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~-p Mixing and Photon Interactions from an Extension of Odorico's Bootstrap*
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The bootstrap condition applied by Odorico to the scattering of pseudoscalar mesons is
extended to processes involving vector mesons and photons. The &-p xnixing angle is
predicted to be the quark-model value. A photon interacting as a U-spin scalar is one of
a small number of solutions.

V.t =f,s.f,.o

Vts= frs~f rac ~

V.~ =f,~sf,;»

V..=f,s.f,~.

V~.=f,.of,;.,
V..=f,u.f,I;-

where f„,, is the VPP interaction constant, and

a summation ovex' the V mesons r is implied.
The first index of V;,. is the channel of the resi-
due. The T-trajectory residues are defined by
analogous formulas, with the TPP interaction
constants denoted by d„,, Thus, T„=d„„,d„,~,
etc.' Since f and d are antisymmetric and sym-
metric, respectively, in the last two indices, it
follows that

if i, j, and 0 represent the three Mandelstam

Recently, Qdorico has proposed a strong boot-
strap condition for VPP and TPP interactions,
where P denotes a pseudoscalar meson, and V

and T Reggeized vector and tensor mesons, ' The
condition is such that the zeros in PP-I'P am-
plitudes are straight lines in the Mandelstam
plane. This requires not only an internal sym-
metry group, but, if the group is SU(3), it also
requires the q -X mixing angle to be tan '(I/@ 2).'

In this paper we extend Odorico's hypothesis to
the invariant amplitudes for the processes PP
-PV and PP-Py, where y is a photon (defined to
be any weakly interacting vector particle). Pre-
dictions are obtained for the &-y mixing angle,
and various ratios of VVP, TVP, VyP, and TyP
interaction constants.

The PP-PP Process. —In order to show where
the results come from, we consider first PP
scattering, and describe the relation between
Odorico's hypothesis and an earlier bootstrap hy-
pothesis. Mass differences between P mesons
are neglected. The s-, t-, and u-channel ampli-
tudes are taken to be ab-cd, ae-bd, and eb-ad,
respectively. The various V-meson tx'aj ectory
residues are

channels 7i.n any order,
In previous xeferences, the author has used

various dynamical assumptions to write the fol-
lowing bootstrap condition for each pair of Man-
delstam channels'.

T;, —V;, = T,; —V,.;. (3)

One could include a positive proportionality con-
stant in front of the T terms of this equation.
Our normalization convention for d/f is that this
constant may be omitted.

It can be shown that Odorico's bootstrap on the
residues, which follows from this assumption of
linear zeros, ls equivalent to Eq. (3) and the Rtf-
ditional condition

T,,V, ,(T,,' —V,,') = O,

for each of the six sets of values for i and j,4'5

This condition is unusual in that a linear com-
bination of solutions for any of the external mes-
ons may not be a solution.

We first summarize brieQy some well-known
implications of the regular bootstrap equation,
Eq. (3). Tins condition requires a I ie-group
symmetry. ' If the conditions were extended so
that all particles may be external, the particles
must correspond to the regular and singlet rep-
resentations of one of the groups SU(n). ' We take
the group to be SU(3). The VPP interactions in-
volve only octets; the overall intexaction con-
stant is denoted by f,«. The TPP interaction
constants are 4888, d»„da», and d»„where the
first subscript is the representation of the T
trajectory. The constants f„,', d„,', and d„,'
are normalized to be equal to the sum over all
PP states coupled to a particular V or T, while

d„, is equal to d(T,P,P,.), where j is any octet
state and P, is the P singlet. The condition of
Eq. (3), applied only to PP scattering, deter-
mines the rati. os of these constants in terms of
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one real parameter ~, i.e.,
'

f888
=

(r8) d888

S Zj2 Z
d818 l 888~

In all solutions li.sted in this paper, sign changes
that do not change the magnitude of any interac-
tion constant al e lgnox'ed. No limitation of the

q -X mixing angle is implied by Eq. (3).
The additional restrictions, that result from

the Odorico condition of Eq. (4), are obtained
most easily by considering first the amplitudes
K'm'-E'(q, X), and then checking the results
with other amplitudes. This procedure shows
that r must be either (&)'~' or —(I'~', and that
the mixing angle is 8 =tan '(1/v2), where q
= (cosO)q8 —(sino)7l, . The solution y = (,—',)'~ was
discussed by Qdox'lco several experimental argu-
ments are given in support of this solution in
Ref. 1. The solution r = —(I'+ was overlooked
in Ref. 1; it corresponds to the usual quark mod-
el in which the q interacts as if made of a strange
quark and a strange antiquark.

The PP-PV process. We lab—el the particles
a, b, t"., and d, as before, identifying d with the
V meson. The VPP and TPP interaction constants
are taken to be one of the two solutions to the PP
-PP equations. The new, VPP and TVP, inter-
action constants are denoted by D„~, and I„„„re-
spectively. The three subscripts correspond to
the SU(3) indices of the T or V on the trajectory,
and the external V and P, respectively. The var-
ious residues may be obtained by replacing the
first f or d by D or I', respectively, in the PP
-PP residues of Eq. (1), i.e. ,

These satisfy the symmetry conditions of Eq. (2).
The PI'-PV scattering amplitude 7 may be

written in the form 7 = e 818p 'p&'p &'E&A(s, f, u),
where p' is the four-momentum of the P meson
i, and F. is the polarization vector of the V mes-
on. We assume that the invariant amplitude
A(s, i, u) satisfies the same restrictions imposed
on the PP-PP amplitudes in Ref. 1. It can be
shown that this condition is equivalent to the
special condition of Eq. (4), together with the
following bootstrap equation:

V .-V. .=-(7 . . -V..)

where the T and V are those of Eq. (6). The dif-
ference in sign between Eq. (3) and Eq. (7) occurs
because the factor e„81~p~'p8 p l' is antisym-
metric in the exchange of any two P mesons.
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The Eand D may be written in terms of the
constants F88„388„D88„andD„„where the
second and third indices are the representations
of the external V and P mesons, respectively. It
can be shown that the regular bootstrap condition,
Eq. (7), 1 equil'es tllat these satisfy tile condltlon

888 (5 ) 888) 881 888& 818 888& (

where r is the parameter of Eq. (5) and 8 is a
new real constant, as yet arbitrary. The D and
E are normalized as are the d and f.

One may find the restrictions imposed by the
Odorico condition of Eq. (4) by considering first
the amplitudes K'g'-K'(u&, y), and then checking
the other PP-PV amplitudes, Although the al-
gebra is different from that of the PP scattering
case, the results are remarkably similar. %e
neglect one special, nonphysical solution, in
which D», is finite, but E88„BBa„andD», are
zero. For each of the two allowed values of
~ [(,—',)'~ and —('8)'~], tbe ratio R is restricted to
one of the two values (118)'~ and —(8)'~, and the
&u-y mixing angle is a=tan '(1/W2), where cu
= (sin n) u&8+ (cos n) a, . The solution 8 = —(8)'~ is
the quark-model solution suggested by experi-
ment; in it the @pm coupling constant vanishes. '
This prediction for the mixing angle has been
made before from a duality condition, together
with the assumption that the w-q mass difference
is so great that the trajectories cannot be con-
sidered degenerate. ' In contrast, our predi. ction
makes no use of the w-y mass difference.

The Photon interactions. We now turn —to the
PP-Py process, where the photon (y) is defined,
a priori, to be any vector particle interacting
sufficiently weakly that intermediate y trajector-
ies may be neglected. The bootstrap conditions
are the same as for the PP-PV case. The new
interactions ax'e of the types TyP and VyP. It is
clear that a solution to the regular bootstrap
equation of Eq. (f) is obtained if the y interactions
are proportional to those of any linear combina-
tion of vector mesons. In a previous wox'k by the
author, it has been shown that this is essentially
the only solution to photon bootstrap equations.
Specifically, the result is

E(T,yP,.) = pm, (9a)

D(V~yP&) p[D~&y + SD888(20) 5
& ']~ (9b)

where x is any linear combination of the states
of the V octet, and p, and 8 are real proportion-
ality constants. The indices i and j range over
the singlet and octet states in Eq. (9b). The con-
stant D888(20)

' is included for convenience.
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If there is only one photon, the octet state x
must be self-conjugate, i.e., x= (sinP)p'+ (cosP)&u, .
We apply the Odorico condition of Eq. (4) to at-
tempt to determine the angle P and the SU(3) sin-
glet interaction parameter S. The- procedure used
is to consider first tbe amplitude K s'-E'y, and
then check with other PP-Py amplitudes. The
resulting solutions are independent of whether
the ratio r of Eq. (5) is (—,',)'~ or —(5)'~. We ne-
glect one special solution, in mhich the photon
interacts as a pure SU(3) singlet. It is clear
from the PP-PV results that the angles P= 0 and
90', corresponding to pure isoscalar and iso-
vector photons, must lead to solutions. Our re-
sult is that the only other solutions are obtained
by rotating these by k 60 1n tile SU(3) (byper-
charge-I, ) plane. The photon must interact
either as the middle component of an. I-, U-, or
V-spin triplet, or an I-, U-, or V-spin singlet,
The U-spin singlet solution, tanP= &3, agrees
with experiment. As far as we know, this is the
most stringerit limitation on photon interactions
that has been obtained from any bootstrap prin-
ciple.

In the U-spin singlet solution, the singlet-octet
interaction ratio S of Eq. (9b) cannot be zero, but

is restricted to one of the values

8=1, —2, or 4. (10)

This "singlet part" of the photon mould not con-
tribute to antisymmetric (f-type) interactions,
such as the charge of hadrons in an octet. It
mould be detectable i.n the Py decays of vector
mesons. In Table I, we have listed the predicted
coupling constants for various V-Py decays, in
terms of x, 8, and the q-X mixing angle 8. We

have set 8 and the (d-y mixing angle equal to
their values in tbe quark-model solution, —(-,')'/2

and tan '(lv2). The predicted constants for
g and X interactions may be obtained by setting
tan8 equal to 1/W2 and —v2, respectively. "

%e take the u-g'y decay rate as a convenient
standard. The present experimental upper limit
on the p'-p'y decay is about twice that predicted
with no singlet interaction (S =0)." Thus, these
data favor 8= 1 over the other solutions of Eq.
(10). However, if S=1, our prediction is that
the p -m y, co-qy, X-~, and K*'-K'y rates
all are zero. Future experiments that lower the
present upper limits on some of these rates mill

distinguish between our predictions and the usual
ones involving no SU(3) singlet part of the photon. "

Present measurements of the y-qy decay rate
are not all in agreement. ""Basile et aE. rnea-

TABLE I. Coupling constants for V Py decays in
units of pD888/(20)' 2.

M~r g

E*'-x'y
X+'-Z'q

P ~'F g
P O'Y

0
—1+8
2+8

—1+8
—~3l,oos8+ {5)'/ r sin8]

(1/~3) (-1+SI)foos8+(6) / r siu8]
(f) '/2{1+23)[cos8- ~ (6) '/2r sin 8]

sure a rate consistent with a pure octet q and the
quark model [S= 0, r = —(-', )'~j." This measure-
ment is also consistent with Odorico's solution
for tbe q [r = (,—0)'/', tan8 = 1/W2], if S = 1.

In conclusion, our extension of Odorico's boot-
t aphyp th sisp d t a -y gangl

of tan '(I/v 2), and leads to two possible solutions
for VVP interactions, one of which agrees with

experiment. A photon interacting as a U-spin
scalar is one of a small number of solutions. In
this solution, the predicted Py decays of vector
mesons contain a significant term corresponding
to an SU(3) singlet part of the photon.

*Work supported in part by the Uo So Atomic Energy
Commission.
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ERRATA

CONDENSED m PHASE IN NEUTRON STAR
MATTER. Raymond F. Sawyer [Phys. Rev. Lett.
29, 382 (1972)].

On p. 384, the last sentence, which reads,
"Howevex this state has an immense current flow-
ing in the magnetic energy will preclude its for-
mation. magnetic energy will preclude its forma-
tion, " should be replaced by "However this state
has an immense current flowing in the s direc-
tion, and in a homogeneous system the magnetic
energy will preclude its formation. "

MAGNETIC HYPEHFINE MODULATION OF DYE-
SENSITIZED DELAYED FLUORESCENCE IN AN
ORGANIC CRYSTAL. R. P. Groff, R. E. Merri-
field, A. Suna, and P. Avakian [Phys. Rev. Lett.
29, 429 (1972)].

Our magnetic field units, m T (1 millitesla=10
oersteds), were incorrectly expressed by the
journal as m Torr.

INDUCED NEUTRAL CURRENT EFFECTS IN UNIFIED MODELS OF WEAK AND ELECTROMAGNETIC
INTERACTIONS. Kazuo Fukikawa, Benjamin W. Lee, A. I. Sanda, and S. B. Treiman [Phys. Rev. Lett.
29, 682 (1972)].

C. Bouchiat, J. Iliopoulos, and Ph. Meyer pointed out correctly that the contributions of diagrams (c)
and (d) contain a factor

—i(C~n/W2 w) ivy�"(I+y,)v][ey„e],
where r is of order ln[m&/m(&') j. More precisely, for q', m'(Y+) «m~', r is given by

o~m'(F ') —q'e(1 —n) (, mg
' mI '

my
' j
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—

15
— —

2 for g ((mp,

In —
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Numerically r is of order unity for m(I' ) = 1 GeV. Equation (7) should be added to the right hand sides
of Eqs. (3) and (4).

We thank the above authors for communicating their results to us prior to publication.


