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The relation between the processes y+E —& ~+E and m+E —+ p+E, according to the vector-dominance
model (VDM), is reexamined. The VDM is dined in terms of the behavior of the invariants in the matrix
elements of the vector current. The consequences of the VDM, and assumptions about asymptotic proper-
ties, for measurable quantities are discussed. The inability of the VDM to account for the results of polar-
ized-photoproduction experiments is con6rmed. An appendix provides a detailed discussion of the relation
between invariants and density matrix elements in various frames.

I. INTRODUCTION

'HE vector-dominance model (VDM) has been
used' to obtain relations between electromagnetic

processes and hadronic reactions involving vector
mesons (p, co, and p). Early successes have been followed

by recent apparent failures. ' One of these involves the
comparison of the two processes'

V(&)+N(pt) ~~(q)+N(ps), (1 1)

~(q)+N(p, ) ~ p(k)+N(p, ). (1.2)

These processes, of course, are related to each other by
time reversal and the substitution p ~ y. Recent
photoproduction experiments with polarized photons
have shown striking disagreements with predictions
based on VDM.4 There have been a number of sub-
sequent e6orts to account for the discrepancy without
abandoning VDM. ' 8

The question of whether a particular modified theory
is still VDM is, of course, partially subjective, since it
depends on how one chooses to define the phrase
"VDM." Our viewpoint is as follows: Consider the
matrix element (tt~ V"~b), where, for example, V& is
the isovector current, and the states u and b are
u=sr(q)N(p&) and b=N(pt). This may be expanded in
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For a review, see, e.g., J. J. Sakurai, in Lectlresin Theoretical
Physics (Gordon and Breach, Science Publishers, Inc. , New York,
1969), Vol. XI.' These include: (1) nucleon form factors (dipole 6t) Lsee, e.g.,
G. Weber and R. E.Taylor, in Proceedings of the 1967International
Symposium on Electron and Phonon Interactions at High Energies
(Stanford Linear Accelerator Center, Stanford, Calif. , 1967)j;
(2) photoproduction of oe mesons from complex nuclei (G.
McClellan et al , Phys. Rev Lett. ers 22, 37.7 (1969);F. Bulos et al. ,
ibid 22 490 (19. 69)j; (3) the ratio P(cocle.y)/I'(I»~3e) PJ. E.
Augustin et al. , Phys. Letters 2SB, 503 (1969)j; and (4) e. photo-
production, discussed in the present paper.' We shall, in the case of photoproduction, be concerned with
the sum do./dt(yp —+ m.+n)+do-/dt(yn ~ 2f p), since this sum has
no interference terms between isovector photons (p's) and isoscalar
photons (co's).

4 C. Geweniger et al. , Phys. Letters 28B, 155 (1968);R. Diebold
and J. A. Poirier, Phys. Rev. Letters 22, 255 (1969);L. J. Gutsy
et ul. , ibid. 22, 424 (1969).' A. Bialas and K. Zalewski, Phys. Letters 28B, 436 (1969).' F. T. Meiere, Phys. Rev. 182, 1561 (1969).' F. T. Meiere, Phys. Letters 30B, 44 (1969).

8 Z. G. T. Guiragossian and A. Levy, Phys. Letters 30B, 48
(1969).
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some set of invariants A;. Then the A; will have poles
at h'=m, ' (tt= p,—ps); the residues will be related to
the matrix element for p+b ~ a Leg. , (1.1)$. The
matrix element for tt+y ~ b t e.g., (1.2)$ will be related
to the A; (h'=0). This so far is independent of the
VDM and will be true of any theory. The simplest
version of the VDM is the assumption that

A, =C;/(k' —m ') (1.3)

where C, is independent of O'. In a more sophisticated
version, we may be willing to tolerate some k' de-
pendence. Clearly, as long as we are only concerned
with processes (1.1) and (1.2), we can at most measure
C;(h'=0) and. C, (k'=m ') thus, if we were to allow
just linear terms in each of the C;, we would already
have destroyed the predictive power of the VDM. We
therefore only allow k' dependence in C;, when we have
a specific reason for it. We will certainly allow no
singllarities in the A; other than the p pole and kine-
matic singularities.

This definition of the VDM still leaves some vague-
ness, especially in the choice of an appropriate set of
invariants 3;.We attempt to use the simplest definition
possible; some complications due to gauge invariance
intrude, however.

In Sec. II, we introduce a number of useful definitions,
and present relations among the defined quantities.
Section III is devoted to a discussion of asymptotic
(large-s) properties. In Sec. IV, we discuss what k'
dependence can be expected according to our criteria,
and whether the experimental discrepancy can be
accounted for in this way. Our general conclusion is
that it cannot, i.e., if the experimental results4 hold up,
then the VDM should be regarded as having failed.

This is a quantitative failure rather than a gross
qualitative one. Thus VDM does provide the right
order of magnitude, i.e., the missing terms in (1.3) are
not orders of magnitude larger than the one present.
This is characteristic of all the recent failures' of VDM.
The failure appears more dramatic for polarised photo-
production because polarization results depend sensi-
tively on the relative sizes of the omitted terms in
digerertt A,.

In an appendix we provide a careful discussion of p
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density matrix elements in different reference frames
and their relation to the invariants.

IL DEFINITIONS AND CONSEQUENCES

We are concerned with the two processes (1.1) and
(1.2), for which we have adopted a corrunon notation
with regard to the momenta. Ke define s, t, and u as
usual:

s= (p&+k)'= (p +q)' (2.1a)

t= ( -k)'= (p p)', - (2.1b)

u= (pt —q)'= (Pg —k)'. (2.1c)

Both processes are related to the matrix element

I'1~ ——y'P~, 1 5~ ——y'AP~,

I 2' —y5qP

I'&~ ——y'k~,

P4P —
pe P

F6"=y'Aq",

I'7~ ——q'Ak~,

I'8"=y'A', y",

(2 5)

where P= ', (p t+-p g), M is the mass of the nucleon,
and p is the mass of the pion. The I'; are a kinematically
simple set of covariants. However, because of current
conservation, they are not all independent. When
current conservation is used to eliminate two of them,
one obtains a gauge-invariant set, such as the con-
ventionally chosen F,. The A;, however, will, as a result,
contain kinematic singularities. The 2; can, of course,
be written as a function of the A, :

( (q)N(p ) I
V"

I N(p )), (2 2)

where V" is the isovector current. We expand (2.2) in
two ways:

(.(q)N(p, ) lev IN(p, ))

=p u(pg)I';I'u(pt)A;(k', s,t) (2.3a)

Al ——2q kA.
2 = —2P kA —O'A-

A g
——q kA4 —A 4+2MA4,

A4 ———
q kA3 —k'A6 —P kA4,

A5 ——2A4, A6 ——A3,
A.7=A6 ) A8= A 1—2MA4.

(2.6)

I',~ =q'(Aqg —k~),

I'g~=2y'(q kP~ —P kq~),

I'4~ =q'(kq~ qkq~), —
I',g=2yg(kP~ —P keg) —2MI', g,

I',~ =q'(q kk~ —k'q~)

I'g& =q '(kk —kgb")

(2.4)

—=Q u(pg)I';"u(pt)A;(kg)s)t), (2.3b)

The amplitude for photoproduction Lprocess (1.1)g
will be (2.2) (evaluated at k'=0) times e„(the polar-
ization vector of the photon). (Note that Ag and Ag do
not contribute. ) The amplitude for process (1.2) is
similar, but, instead of the A;, involves the quantities

k2 —m 2

a;(s, t) = lim A, (k', s,t). (2.7)
k~mpg ef

The rate for the process is of course proportional to
the square of the amplitude. Further, the experiments
of interest do not measure nucleon polarizations, but
do use polarized photons (or measure the p density
matrix). We are therefore interested in the quantity

Ag"=— g (~NI V~IN)*(~NI V" IN)
N SPinS

g& "B&+PI'P"Bg—+ql'q"Bg+ (P&q "+ql'P")B4+ (PI'q" q&P")Bg+k"k "B—g+ (k"P"+P"k")B7

(2.8a)

+ (k"q"+q"k")B+g(k"P"—P"k")Bg+(k"q"—q"k")B p. t(2.8b)

(k' —mg')'
at'"=—lirn A&"

It 2 mp& ~ 2
(2 9)

( .)
and expand this in terms of b,'s (i= 1, . . . , 10).

The B's (b's) can, of course, be written in terms of the A's (a' s). We give here the relationship for the first four
S s:

Since A&"=A "&', 8~, 89, and 810 are pure imaginary, while the other 8; are real. Further, since the rates are
proportional to e„*A&"e„,and e k=0, only the first five 8 s are measurable.

We similarly define

—M'Bt ——IP kA)+Mq kAg+Mk'AgI' tI.P kA4+ ', q kA—g+ ,'k'AgI' —-L(q k —k'-)' —k'tjI-,'At —MA4I',

q k —k'
MgB, =Iq kA, +kA, p «kA, + A-, +(Ift)L(q k —k)g —ktjLIA, I

—tIA, I j,

(2.10)

(2.11)

' We define f, by the equation (p'~ V„~0)=f,4„.
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M'B2 ——[(P k)' —k'(M' —-'f)]LA2I' —tLP kA2+-'k'A2)' —)P kA4/-'k'(A2+Ai&) )'y-'k')Ai —2MA4~'

—P k2 ReAi(P kA2+-', k'A2)* —Mk'2 Re(P kA, +-'k'A, )(A,+A,)*, (2.12)

M'B4 q——.—kP k[~A 2~
2+Re(A A2*2—AiA2*)]+q kk'M' ReA2(A2+A2)*+Mk' ReAiA2*

+q kt ReA2(P kA2+-', k2A2)*+(q k —k') ReAi(P kA2+-', k2A2)*

+(q k —k') ReA4[P. kA4+-', k'(A2+Ai&)]*. (2.13)

3

p jj &~j/2'
k=1

(2.15)

As discussed in the Appendix, the p;; will depend on
the reference frame (i.e., on the choice of the e„i'). We
always choose e"& and e12& as transverse (e&'& k=O,
i=1& 2) and e&2& as longitudinal; we also choose e&2& as
normal to the production plane (a&2& p= a&2& q=O).
The calculation of the r;; in terms of b; for various
frames is discussed in the Appendix. Two frames of
interest are the helicity or center-of-mass frame (pi+k
at rest) and the Gottfried-Jackson frame (q at rest).
(These frames may be defined equivalently in terms
of the choice of a quantization axis in the p rest frame.
See Appendix for discussion. ) Here we state the results
for these two frames at large s. For the helicity frame,

2'22"= —f i—f(&4+f2—f 4),

~22 ~1

(2.16a)

(2.16b)

r22" = —bi+ (1/k') [(P k)'b2+ (q k —k')'b2

+2(q k —k')P kb4], (2.16c)

Reri2" ——(—f/k2)'f2{ —-',P kb2+ (q k —k')b2

+[P k ——', (q k —k')]b4},

For the Gottfried-Jackson (GJ) frame,

f(P k)'
b2

(q k)' —p,'k'

r22 J= —bg,

(2.16d)

(2.16e)

(2.17a)

(2.17b)

The results of p experiments are given in terms of
density matrix elements. For some choice of p polar-
ization vectors e„"1 (satisfying e„i'&k"=0), we define
an "un-normalized density matrix":

(2 14)

The usual density matrix is simply the r;, normalized:

For a real photon there are, of course, only two
polarization states, both transverse (i.e., states 1 and
2 in the notation introduced above for the p). The rates
for photoproduction for photons in polarization state i
will be proportional to E;;,where R is the same function
of the B's that r is of the f&'s. [It can be shown that
R,,(k2=0) is independent of the frame chosen and that
R,2(k2=0) =0.]To use the VDM to compare polarized-
photoproduction and p-production experiments, we will
need relations between E;,(k2=0) (i= 1, 2), on the one
hand, and the r;j(k'=2&2,2), in some frame, on the other,
since these are the measured quantities. This will be
discussed in Sec. IV; as a preliminary, we discuss
asymptotic (large-s) properties of the invariants, since
these will enable us to simplify the expressions for the
R's (r's).

r,;=0(1) as s~ ~ . (3.1a)

This is, of course, an unproved assumption for vector-
meson production. %e have the empirical fact' that
do/dQ for photoproduction appears to be approximately

s ', which suggests that (for k'=0)

E,;=0(1) as s~ ~ . (3.1b)

We assume that (3.1) holds for all k'.
From (2.16b) [or (2.17b)], the assumption (3.1)

implies

From (2.17a), since

Bi=0(1)~ (3.2)

2P k=-2, (s—u) —+s, (3.3)

III. ASYMPTOTIC PROPERTIES

Ke now wish to consider the behavior of the 8's and
A's (l&'s and a' s) in the large-s limit. We will avoid the
explicit use of the language of Regge theory.

The differential cross section da/dQ for 2' pX
with p in the ith polarization state is proportional to
s 'r;;. Since we do not expect the cross section for this
process to remain constant at large s, we assume

2 2GJ — gt+{k2[(q.k)2 j22k2]}-1{(P, k)2

X (q. k k2)2/2/[(q. k)2 j22k2]2b2

+2P k(q k —k')[(q k)' —j22k2]b4}

—f 'j2-P k(q. k —k')
Rerg3GJ=P P b2+b4

k' (q k)' —j22k2

GJ & GJ 0

we now And

(2 '17c) Now (2.16a) implies

B2 0(1/s2) . —— (3.4)

B, B4 0(1), — ——(3.5)
(2.17d) "See, e.g., B. Richter, in Proceedings of the 1967 Internutional

Symposium on Electron end Photon Interactions ct High Energies
(2.17e) (Stanford Linear Accelerator Center, Stanford, Calif. , 1967}.
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and (2.16c) leads to As—=A3+A6 pss '. (3.20)

(g k —k')83+P k84 ——0(1). (3.6)

Combining (3.5) and (3.6) leads to

84——0(1/s),
83=o(1)

(3.7)

(3.8)

It is readily seen that with (3.2), (3.4), (3.7), and (3.8),
all of the R;; calculated in Sec. II are 0(1).

Ke now consider what these imply for the 2;. Con-
sider first what we learn from the requirement on the
behavior of Bi. Equation (2.10) gives Bi as—the sum
of three terms, of which the first two are, in the physical
region (t &0), necessarily positive, and the last is
necessarily negative. Thus if the, last term increases as
s —& ~, at least one of the first two must increase, and
at the same rate, in order for the total 8j to be constant.
Similarly, if either of the first two terms increases, so
must the last one.

Suppose
—,'A i—cVA4 Ps, u) 0. (3.9)

where
Ai 4 Pi 4s,

2pi ~p4=p

(3.10)

(3.11)

and, of course, one (but not both) of the p, may be zero.
If, say, Pi is not zero, then the first term in (2.10) will
increase as s —+ ~, and faster than the last one, Net'ess

A7=—k'A6+g kA3 p7s +' (3.12a)

P,= —(1/2m)P, . (3.12b)

Then at least one of A~, A4 must increase at least as
fast as s". Ke write

A;=0(1) . (3.21b)

It is easy to see that Eqs. (3.21) imply 84 —+ 0(1/s) as
desired, so that no further information is obtained from
the asymptotic requirement on 84. LOf course, some of
the A; could vanish more rapidly a,t large s than (3.21)
implies without violating our assumption (3.1).j

IV. TESTING VDM

As noted at the end of Sec. II, to test the VDM, we
need predictions relating the R;; at the two measured
values of k'=0 and m, '. Since in our view the clearest
phrasing of the VDM is as a statement about matrix
elements of V„, we first wish the E,; written in terms
of the 2;, the invariants in this matrix element.

Referring to (2.16), (2.10)-(2.13), and the asymptotic
relations (3.21), we find that, at large s, the R;, (i= 1, 2)
in the helicity frame are

Examining 83 gas given by (2.12)j and using (3.18),
we see that if u~( —1, u~& 0, then 83——0(1) as desired.
Suppose then that one or both of u~ and ug+1)0. If
us+1)~u5, then the first term in (2.12) will increase,
and more rapidly than any other term with the ex-
ception (when u8+1=u5) of the second. However, both
of the first two terms are positive and thus cannot
cancel each other. Thus us+1 cannot be ~&uf, and )0.
Similarly, if u8+1&u& and u5) 0, the second terin will
increase too rapidly. Thus o.&&0, ns& —1.

Thus we have found from our study of B~, 8&, and
83 that"

A, =0 (1/s), iA 5 (3.21a)

pv= p4—
Combining these, we find

(3.13)

Similarly, the second term will increase too rapidly
unless

(P k)'-
Rii"= Ai+&~ Ag+

k
Ag/

2P. k I'

which implies

sA i+2&A 7=0(1),
sA4+A7=0(1),

(3.15)

(3.16)

A i—2MA4 ——0 (1/s) . (3.17)

Next we examine 82, using (2.11). Again we have
three terms, the first two positive and the last negative.
Now the requirement is that 82 —+ 0(1/s'). An analysis
similar to the above leads to

A i,2,4,7= 0(1/s) .
Now we turn to 83. %e suppose

An~pcs

(3.18)

(3.19)

P=O, (3.14)

and the last term in (2.10) does not increase. Each of
the remaining terms (both positive) must now sepa-
rately be constant at large s, so that

(P.k)'
R~2" ——

L /Ai/' —t/A4/'Q.
M' (4 2)

"Meiere (Ref. 7) has argued from Regge theory that A ~ should
behave comparably to sA; (i/5), in agreement with (3.21).~ By "extra" we mean beyond a factor (k' —nz, ') ' in A, , or
beyond (k' —m ') ' in the R;,.' This argument does not account for the discrepancy in com-
paring R22 with r22, which also exists, according to R. Diebold
and J. A. Poirier, Phys. Rev. Letters 22, 906 (1969).For a con-
trary view of the data, see Ref. 8.

We note that all terms in (4.1) and (4.2) are 0(1).This
includes those involving A~, since, unlike the other 2;,
Ag is 0(1).

Meiere has argued that the explicit k' multiplying A5
in (4.1) gives rise to an extra k' dependence" of Rii",
which accounts for the experimental discrepancy
between polarized photoproduction and p production. ' "
However, we note that k'A5 appears in (4.2) in the
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combination

As+ As=-
2I' k

Ag,
2I' k

(4.3)

where As is defined in Eqs. (2.3) and (2.5). Meiere
implicitly assumes that the gauge-invariant A2 and A5
lack extra" k' dependence. This clearly implies that the
kinematically simple A~ does have such extra k' de-
pendence. We feel that the reverse is more likely to be
true within the framework of the VDM.

Why should A& and A5 have extra k' dependence'
The answer lies in kinematic singularities induced by
the use of a gauge-invariant set of covariants. Thus,
from (2.6) we see that if Ai/0 at q k = r {ps+i'—t) =0
(and there is no reason to expect Ar to vanish at this
point), then A, must have a pole there. But if As has
such a pole, then the kinematically simple A2 will have
one also—contrary to expectation —unless A5 has a
pole at q k=o of the right size.

The behavior is, for example, observed in a simple
I'"eynman-diagram model involving s- and I-channel
nucleon poles and a t-channel pion pole. In this model,

invariance). It has been argued that this amounts to an
ambiguity in the VDM, since (4.5) could be written in
different frames, i.e. , with superscripts GJ'on both sides,
or DH (for Donohue-Hogaasen), etc. These equations
would have different —and mutually contradictory—
content since R""(ks=0)=R;, (k =0)=RALPH(k'=0)

but rirs/r&P', etc. (Note, however, that r&s is
independent of frame. ) Thus it has been argued' that
the VDM is satisfied if (4.5) is experimentally verified
with uey choice of frame.

However, we take the viewpoint that the VDM is a
theory with more specific content than the above view
implies and we have obtained (4.5) with the helicity
frame specified as a consequence of the simple form
which (4.1) and (4.2) take in this frame. In contrast,
we find, for example, in the GJ frame

—&(P.k)'
Riio~ —Rsso~= (Ig kA, +k'A, I'

(q k)' —p'k'

iIg'kAQI' —k'IAiI —
q k(q. k —k')

y2 ReAiAs* —L(g k)s —asks)IA Is) (46)

Ag
(s—M') (n —M')q k(k' —m p')

(4.4a)

A;~
(i—ii') g. k (k' —m, ')

(4.4b)

(s —M')(u —M') k' —m„'
(4.4c)

Thus at large s Lwhere the second term in (4.4c)
vanishes', there is no extra k' dependence of As, al-
though there is such a dependence in As and As (via
the q k factor).

Our conclusion is that A2 is more significant than A2
or A5, and less likely than either to have extra k'
dependence. ' A similar study of A&, 3,4 provides no
reason to anticipate extra k' dependence in these
quantities. Since (4.1) and (4.2) can be written as a
function of A~, 3,4 and A. ~, we expect no extra k' de-
pendence in R~~" or 822", so we reproduce the simple
VDM prediction'5

R""(k'=0, s, t) = (efp/m ')'r;P (s,() (i = 1) 2) . (4 5)

The superscript indicating the frame on the left-hand
side of (4.5) is redundant since R;;(ks=0) is inde-
pendent of the frame (this is a consequence of gauge

"A similar conclusion has been reached independently by M.
Krammer (private communication).

"M. Krammer and D. Schildknecht, Nucl. Phys. B1, S83
(1968). H. Fraas and D. Schildknecht (ibid 86, 395 (1968)).
obtain (4.5) from a discussion which, like ours, is based on con-
sideration of the A;; instead of our asymptotic assumption (3.1),
these authors make assumptions about the relative importance of
diferent A;.

The extra k' dependence cancels out of the term in-
volving

I
A 4 I

', but not out of any other. There is no
reason to anticipate that the extra k' dependence of the
remaining terms will precisely cancel each other. Thus
we do not expect ('4.5) to hoM with superscripts GJ.

One frame in which it has been suggested' that (4.5)
may hold is the DH frame. "This is the dynamically
defined frame in which the density matrix is diagonal.
The eigenvalues of the R;, matrix (aside from Rs2) are
(for large s)

a=Ai —(t/2P k)As,

b=A3,
c= —(1/2P k)(As+q kAs),

d=As+As.

(4.8)

Note that the pole in A5 is cancelled by the explicit
q k in (4.8). We know of no reason for substantial ks

dependence in the quantities a, b, t, and d. There is
certainly no reason to anticipate that the rather in-
volved function of them which appears in (4.7) will be
independent of k2.

One reason which has been advanced' for preferring
the frame is that in it Rer~e= 0, so there is no "mixing"

''J. T. Donohue and H. Hogaasen, Phys. Letters 25B, 554
(1967).

s {Rii+Rss~L(Rri —R3~)'+4RrP)'")
=[(P k)'/2M'](

I

aI' tI bI'+k'(—
I
dI' tI cI')—

~L(I ~ I' —i
I
b

I

'—k'I d I'+k'iI ~ I')'
—4tk'(Re(ac*+ bd*))s$'~'), (4.7)

where
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of transverse or longitudinal p's, just as there is no
mixing of transverse and longitudinal photons. How-
ever, it is true in a22y frame that R~2(k'=0) = R22(k'= 0)
=0. LIn the DH frame we do not, in general, have
r22 ——0, so that it cannot be argued that if (4.5) held in
the DH frame, we would have the pleasing result that
an equation similar to (4.5) held for all the components
of the R and r matrices. ]

We also note that r2pH= r22", and Eq. (4.5) appears
to hold experimentally neither for i = 1 d'or for i = 2."

VQ

(Q k)' —Q'k'

1/2

(A1b)

(A1c)

The remaining polarization vector e„(') is clearly the
spacelike unit vector orthogonal to e(2), e('), and k.
Since it is orthogonal to e(", it can be written as a
linea, r combina, tion of P, q, and k. Thus

fp =(Kqgp+(2r2Rp+G2kp ) (A2)

V. CONCLUDING REMARKS

We have reached a rather negative conclusion: We
see no way of accounting for the results of polarized-
photoproduction and p-production experiments within
the framework of the VDM. This conclusion coincides
with other apparent failures of the VDM. 2 As noted in
the Introduction, these failures are not order-of-
magnitude failures. Thus, apparently, the p pole is a
major part of matrix elements of V„, but other con-
tributions are (in total) comparable. We have ap-
parently learned that the idea that electromagnetic
interactions of hadrons could be entirely understood
in terms of p-meson interactions is—perhaps dis-

appointingly but not surprisingly —too optimistic.

APPENDIX

The form of the relations between the b's and the
density Inatrix elements depends on the frame in which
the latter are evaluated, i.e., on the way the p polar-
ization states are characterized. Thus, for example, one
may choose a frame in which some four-vector Q
characteristic of the problem is at rest. One may choose,
e.g. , Q=P2+k; this corresponds to the center-of-mass
or helicity frame. Alternatively, one might choose Q =q;
this is the so-called GJ frame.

In any given frame, we choose e„(' ) as purely space-
like (and therefore transverse); e„(2) is longitudinal, i.e.,
its space component is parallel to k, and it therefore
has a time component, since all three polarization
vectors are characterized by e k=o.

We choose c„(2) as perpendicular to the production
plane. In covariant language, this means that c(2) is
orthogonal to all three independent four-vectors of the
problem: P, q, and k. (Note that this is independent of
the choice of Q.)

To give similarly a covariant characterization of e„('),
we note that in our chosen frame, Q is purely timelike,
and a linear combination of k and Q will in general
have a time component, plus a space component
parallel to k—both properties of e„(2).If we choose that
linear combination of k and Q orthogonal to k, and of
length —1, we will clearly have ~„(3).Thus we find

where R is some combination of P and q, linearly
independent of Q. e(') is orthogonal to e"), which is a
linear combination of Q and k; since e&') is also orthog-
onal to k, it will therefore be orthogonal to Q. We thus
have

,(j) .,(~) ~~, (i) .g (A3)

Using this equation, plus e") k= e") Q=0, we find

Q'k' —(Q k)'= {R2(g k)'+Q'(R. k)'
—2(Q R)(Q k)(R k)

yk2((g R)2—Q2R2]}(2/2 (A4)

—(Q. k)2 Q2k2- 1/2

k'
(AS)

Clearly e(') corresponds to a state in which the com-

ponent of spin along Q is zero, and e&') &ic(2) correspond
to spin components along Q of &1. Thus the use of
different reference frames (choices of Q) to define the
~'s can alternatively be viewed as the use of diferent
quantization axes (Q's) in the p rest frame.

We now consider specific examples. First, the helicity
frame. This is characterized by Q= p)+k; it is easy to
see that we obtain the same e(') if we use Q=p) (in
general, Q is equivalent to Q+Pk, since e(') k=0).
Since, in the end, we will be interested in large s, we

keep only the leading terms. We find

2(2) q= —(q k —k')/Q(k2)+O(1/s), (A6a)

Equations (A3) and (A4) can be used to calculate
e(') R. Since P and q can be written as a linear com-
bination of R and Q (and e(') Q=O), this yields c") P
and e(').q. This in turn gives us A&"e„")and enables us
to calculate the r;;, i.e., we do not need an explicit form
for e (')

Ke also note a way of describing the polarization
states we have defined, other than as the transverse
and longitudinal states in the Q rest frame. In the k

rest frame, all three e„'s will be purely spatial, and

e(&,2).Q — ~ (&,2)go=0

""'= vugg. +v.k. , (A1a) e(2) .P= P.k/Q(k2)+O(1) . — (A6b)
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%e choose E= q and obtain

nit ' —— t+—0(1/s),
e"'P= 2v'( —t)+0(1/s) i

e"'q= —v'( —t)+o(1/s).
(A7)

Using e"& P= e's& q=0 and (A6) and (A7), we derive
(2.16).

In the GJ frame, we have Q=It, and we readily
calculate

Taking R= pi, we find

trit
—'= —t(P k)'/[(q k)' —tt'k']+0(s),

e(') q=0, e(').P= —Q.g '. (A9)

Equation (2.17) follows.
For completeness, we note the relation between our

density matrix elements, based on linearly polarized
states, and those based on circularly polarized states.
Since

e(3) q=—
-(q k)' —tt'k' "' e&~l= W (1/%2)(ei'&aie "~), ei'~= ei'i, (A10)

it follows that"

(q k —k')P k
~(3).P—

(k'[(q k)' —ts'k'j}"'
(ASb)

r88 r00 q rl~ ——V2r 0.

r++ r+— rss r+++r+
(A11)
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Veneziano Model for Compton Scattering of Pions

MASUD AHMAD, FAYYAZUDDIN, AND RIAZUDDIN

Institnte of Physics, Pnieersi ty of Istamabod, Raioatpindi, 2'ahistan

(Received 30 April 1969; revised manuscript received 30 September 1969)

Compton scattering of pions is investigated in the Veneziano model. It is shown that the removal of
parity doubling causes undersirable features, such as inconsistency with the low-energy theorem or the
appearance of an unwanted pole in the energy variable (s=0) in one of the amplitudes. If we ignore the
problem of parity doubling or overlook the pole at s=0, we get a sum rule which closely resembles that
obtained from superconvergence relations or the quark model, or current algebra.

I. INTRODUCTION

HE Veneziano' model has been used to describe
meson-meson scattering with good results. As

emphasized by Lovelace, ' this model might be connected
with chiral algebra. For x-x, x-K, and A&pz systems, ' 4

some of the results of current algebra and chiral sym-
Inetry have been obtained by this model.

In this paper we consider the possibility of construct-
ing a Veneziano-type formula for Compton scattering
of pions. We write two possible representations for two
of the invariant amplitudes, taking care that the leading
trajectory is not parity-doubled. We observe that one
of the representations is inconsistent with the low-

energy theorem, whereas the second introduces an
unwanted pole at s=0 in one of the amplitudes. How-
ever, if we ignore the problem of parity doubling or
overlook the pole in the s variable, we get the following
relation between the decay widths of A2, A2l,„and co for

' G. Veneziano, Nuovo Cimento 57A, 190 (1968).' C. Lovelace, Phys. Letters 28B, 26S (1968).' K. Kawarabayashi, S. Kitakado, and H. Yabuki, Phys.
Letters 288, 432 (1969).' Payyazuddin and Riazuddin, Phys. Letters 28B, 561 (1969);
298, 262(E) (1969);Ann. Phys. (N. Y.) 55, 131 (1969).

the decay mode mp '.

I'(As —+ sr'): I'(Asr, ~ sr'): I"(co —+ sr')
=0.416 MeV: 0.625 MeV: 1.17 MeV.

Using p dominance, we then predict I'(As —+ psr) = 12.1
MeV and I'(A sr, -+ psr) = 38.7 MeV, where we have used
copsr coupling constant as obtained from I'(to —&sr')
=1.17 MeV. These results are compatible with the
experimental values. ' We also obtain a sum rule in-
volving ~my and Alxy coupling constants. This sum
rule is very similar to the sum rule obtained' previously
by three different methods, one of which is based on the
SU(3) &&SU(3) algebra of currents. Thus one obtains a
further support for the point of view that the Veneziano
model is connected with chiral algebra. One can express
Arsy coupling constants in terms of 3 (the anomalous
magnetic moment of Ai). 3=0 gives I'(co —+ sr') =1.26
MeV, whereas for ~3~ =1 we get I'(co —+sry)=0. 95
MeV. Both these results are consistent with the experi-

' For experimental values for the decay widths of the mesons
see Particle Data Group, Rev. Mod. Phys. 41, 109 (1969).

6 H. Pagels, Phys. Rev. Letters 18, 316 (1967);H. Harari, ibad.
18, 319 (1967); Fayyazuddin and Riazuddin, ibid. 18, 719
(1967).


