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The radiative decays of the charged and neutral p meson are discussed assuming that the decay vertices
are dominated by the low-mass 7= and wr intermediate states. The transitions p — 7+, p® = 7t 47"+,
p® = 747104y, pt~ — 7T~ 4-7%+y and p° — 9+ are considered in detail. The probability for the emis-
sion of a photon with energy exceeding 15 MeV in the process p® — =++=n~+~ relative to the 2= decay is
found to be 1.7X1072, indicating that the (27++) decay width is comparable or greater than the (r+7) one.
The internal bremsstrahlung and direct emission processes are included in the calculation of the various

partial widths.

1. INTRODUCTION

HE 750-MeV isovector p meson has been observed

only through its two-pion main decay mode! in

the various charge states. Its attributed quantum num-

bers are 1=+ in the customary notation (spin, parity,
G parity).

The appreciable background of two-pion nonresonant
states which accompanies the p-meson production in
most of the reported experiments, and its large width
(100-120 MeV), have precluded to date a search for
other less frequent decays of the p (e.g., the electro-
magnetic decays). Typical of the present experimental
status is, for example, the recently reported? ratio of
0° — neutrals (presumably mostly 7%+, as a 27° decay
is strictly forbidden)/p® — #t+7~<(6435)9%,. How-
ever, future adequate experiments with p’s produced at
higher energies will probably give much cleaner samples®
which could be used to study the unfrequent decays.
The additional decays will throw light on both electro-
magnetic and strong interactions of the p meson.

We intend to discuss in this work the first-order (in
the “fine-structure” constant a=1/137) electromagnetic
decays of the p meson. The most frequent ones in this
class are expected to be the (r+7v), (2r+~), and prob-
ably (n+7v) decays.

Generally, a radiative decay of particle 4, namely,
A — Y ; Bi+y, can possibly occur through two distinct
mechanisms: (a) emission of a photon by an ingoing or
outgoing charged particle participating in the process
A — Y"; B; (internal bremsstrahlung), and (b) “direct”
emission process which reflects the internal structure of
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the interactions of the decaying particle. The p — w+v
can occur only as a ‘“direct” decay, while the p — 27+
process has also an “‘internal bremsstrahlung” part.
Hence, no obvious argument can be given a priori as to
which of the two is more frequent. The (3r+7v) decay
has only a direct part; therefore, we expect its width to
be much smaller than the partial widths for the (x+7)
and (2r+7) decays and we will not discuss it further in
this work.*5

Clearly, the estimates we are going to make of the
direct parts of the radiative decays will be model-de-
pendent. The use of a specific model employed in this
work is suggested by its ability of giving reasonable
results for the w decays, as discussed in the next section.
Unless the p meson has some unexpected features (e.g.,
large anomalous magnetic moment), the calculation
presented here of the “internal bremsstrahlung” part
in the (2r-++) decay, which mainly involves the rules
of the quantum electrodynamics, should be quite
reliable.

2. METHOD

Gell-Mann and Zachariasen® have proposed a “pole
approximation” method to calculate the p — 7+ and
w—> 7+7 decays. Namely, they assumed in the sense
of dispersion theory that the dominant intermediate
states and (wm) and (pr), respectively, followed by the
transitions w — v and p— . Although we know that
both w and p interact with nucleons, since the above-
mentioned intermediate states are appreciably lighter
than a nucleon-antinucleon pair, it is reasonable to
expect also in a perturbation theory that the nucleon
states give only a small correction, especially for a
strong enough coupling constant f,,.. This model was
used to estimate the’ (w— w+v)/(w— 37) and5

4The p— 37+~ decay can be estimated by assuming the
following mechanism: p — (w)+7 — (2w+~v)+7. Within this
approximation, since the width of w for 2r++ decay is signifi-
cantly smaller than for =4y decay (see reference 5), clearly
T (37 +7) KT, (2r+) (“direct”). The decay p — 5+ will appear
in 259, of the cases as a p — 3w+~ decay, but it can be identified
through its monoenergetic v ray
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(0 — 27+4v)/(w — 3m) ratios with apparent fair success,
keeping in mind the still scarce experimental information.
We propose in this article to use the same vertex to
estimate the p — 2w+ direct decay (in particular, that
part of this decay which cannot be obtained by gauge
invariance, as it will be explained in the next section),
assuming it to proceed p — (w)+7 — (r+7)+=. This
method, combined with unitary symmetry® and the
assumption that the p meson dominates the electric pion
form factor, enables us to obtain the different electro-
magnetic and strong decays of w and p expressed in
terms of two coupling constants, f,.- and f,..° (besides,
of course, the electromagnetic coupling constant). four
is still unknown although measurable, while f,.- is
deducible from the measured width of the 27 decay of p.
Remembering our inability of handling a Lagrangian
approach to this problem with the strongly interacting
nucleons included, the method described, if the meas-
ured rates will continue to prove it reliable, should be
considered as an interesting and valuable substitute.

It has been tried®” to estimate the f,,~ coupling
constant from the measured width of the #° decay, sup-
posedly proceeding predominantly via #°— p4w—
v=++. However, in this case the mass of the intermediate
states considered is comparable to that of possible
nucleon-antinucleon intermediate states and, therefore,
cancellations which could change considerably the out-
lined estimate are likely to occur.’® Hence, the foor
coupling constant still awaits a more direct measure-
ment. But it should be kept in mind that the possible
inadequacy of the “pole approximation” in the #° decay
does not invalidate the use of the method in the p and w
decays. In this article, we do not include any form factor
dependence for the pwr vertex.

In discussing the first-order electromagnetic decays of
p, one should mention also the possible p® — 9+ proc-
ess (the very probable quantum numbers of 7 are 0—).
Similar to the philosophy of the predominance of the
pwm vertex in the pionic radiative decays of p and w, we
assume the ppn vertex to be responsible for the # radia-
tive decay of the p meson. Previously, this vertex was
used to estimate the 2y and 2w+ decays of the 5.7
In that case, an argument similar to the one mentioned
in connection with the #° decay could be invoked.
Nevertheless, the use of the ppy vertex in the p — 5+
process is obviously more satisfactory.

To summarize, we shall discuss the electromagnetic
decays of p by conjecturing the dominance of low-mass
intermediate states. The states included are 27 and 4,
and we assume for the latter to be practically an wmr
state.

8 M. Gell-Mann, Phys. Rev. 125, 1067 (1962).

® In making this statement we imply f,=f, from unitary
symmetry and f,= f,r» from the p dominance of the pion form
factor. See references 6-8 for more detailed discussion.
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3. DECAY OF NEUTRAL ¢ MESON

For completeness, we shall briefly discuss the p — 7+~
decay, although it was previously treated® along the
same lines. If one assumes that the decay is dominated
by p%— w+x? followed by w — v one obtains,?

Fp°(7r0'Y) = a(fpwr2/47r) (fwz/“"”f')—1
X (m2—me2)12)'m,m, 2 (1)

In obtaining (1) one uses for the pwr vertex the
expression

(fpww/m‘/r)eaﬂ'yépa(p)eﬂ(p)p'y(w)ﬁa(w), (2)

where €.ys is the 4th-order completely antisymmetric
unit tensor, the p’s are the energy-momentum 4-vectors
and the ¢’s the polarization vectors of the indicated
particles. At the vertex of the w-— v transition we
insert®® (em,?/V3f,), while for the p®— v transition
one writes (em,?/ f,). We estimate the value of f, as
explained in reference 9.

Different approaches for estimating the I',(ry) /T ,(27)
ratio have appeared in the literature.’:1* For example,
one could take for the pertinent electromagnetic and
strong interactions the simplest form compatible with
Lorentz and gauge invariance, without assuming any
detailed structure. Then the interaction Lagrangian
densities describing the respective decays are

ieG ort
L(p+ — 7r+’y)=_(p,‘+ Fa'r>€pwu‘r+H-C-
2m 9%,

and

{ .
L(p— 27)= EGp,ﬂ(rb(')ﬂrc) €abe

in an obvious notation (g, b, ¢ are isotopic spin indices).
One then obtains in first-order perturbation theory
T'p(my)/Tp(2m)=5.2%.1* The strong coupling is elimi-
nated from the ratio in this approach. In the model we
use, the p — w4y partial width is related to the w width
for 3 decay through the pwr vertex. Numerical figures,
which could differ appreciably from the “perturbational
approach” are presented at the end of this section.

Now we turn to the p— n+v decay. By using an
expression similar to (2) for the ppy vertex (with p re-
placing w) one obtains

Tpo(my) =a(fopn?/4m) (fo*/4m)
X (mp2"' My?) 3(24)“1m,,—3m,,_2. 3)

If we conjecture approximate unitary symmetry,

2We use rationalized natural units such that %=c¢=1
e/4r=1/137. * ¢ and

8 G. Feinberg, Phys. Rev. Letters 8, 151 (1962).
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namely, f,,~foor and f~f,, we get

Tpo(m%)/T po(ry)
= (mp2—m+?)%/3(my2—m,?)?=3.3. (4)

As the masses of the = and 7 are quite different, indi-
cating a break in the unitary symmetry, the same may
be true for the respective coupling constants. Then, the
estimate (4) will change by the appropriate factor. The
factor % in (4) is due to the fact that the (m+v) transi-
tion proceeds through the isoscalar part of the electro-
magnetic current, while the (y++) transition involves
the isovector part.!® The v energies in these decays are
363 MeV for the p— 7+ decay and 173 MeV for the
p° — 9+ transition.

The decay p°— 2r++v can proceed only through
electric transitions because of parity and charge con-
jugation invariance (the charge conjugation quantum
number for the p® meson is —1). Therefore, the lowest
allowed final state is an .S state for the pions, realized by
an electric dipole transition. The p° — a7~ proc-
ess will have an “internal bremsstrahlung” part con-
tributed by the emission of photons by the outgoing
charged pions from the decay p® — #n*<7—, and a possi-
ble “direct” part. The p®— 2x%4+y decay is possible
only as a direct process, and will be visualized in our
model as proceeding p® — (w)+7°— (w%4-v)+=°. This
is the only final state which can be obtained in the p°
decay from the dominant intermediate wr state. Hence,
in our picture, the p° — 747"+ and the p — 274y
occur through completely different channels.

In order to calculate the p® — #t-4-7~+4v decay, the
knowledge of the p®— w+-n— vertex is needed. As is
well known, the p meson is supposed to be the vector
meson coupled to the conserved isotopic spin current.!®
An analysis of the existing experimental data!” shows
good evidence for the universality of the p meson
coupling to pions and nucleons, giving for.?/4m
~ f,nn%/4r>~2. Accordingly, we take for the p — w14,
vertex the expression

Fonn€® - (p1—p2), (5)

and we assume in the following no form factor de-
pendence for the p <> 27 vertex. The main contribution
to the photon spectrum comes from the low-energy
photons; therefore, no strong form-factor effects for the
off-the-mass-shell expression (5) is to be expected.

The matrix element for the emission of a photon with
4-momentum £k, as picturized in Figs. 1(a) and 1(b), is

16 In the case of the w decays to (#°+v) or (n+v) this
factor operates in the opposite direction, so that we obtain
(o (7%) /T (17)) =3 (m2—m2)3/ (mi2—m,?)?=24. This reduces
the (n+v) mode to only about 4%, of the (w+v) mode, compared
to the 359, expected in the p case.

16 C. N, Yang and R. L. Mills, Phys. Rev. 96, 191 (1954); J. J.
Sakurai, Ann. Phys. (N. Y.) 11, 1 (1960).

17 J, J. Sakurai, in Proceedings of the International School of
Physics “Enrico Fermi,” Varenna, Como, Italy, 1962 (to be pub-
lished).
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F16. 1. Diagrams for decay p® — 27+.

given!d by
P e pO)em
Mi=ef,rne® - (pH —p)
1= efpre®- (=0 )( P p<‘>-k)
PH D pO) e
+ef,,,,,e(">-k< le ) (6)
PR PR

The first term in (6) is the well-known bremsstrahlung
term which would appear alone if the p <> 27 transition
were structure independent. The second term appears
because of the special form (5) of this transition. The
expression (6) is not gauge invariant and needs to be
supplemented by the “direct emission” term [ Fig. 1(c)],
which can be obtained by replacing in (5) p™*) — p
—ee™ and p) — p)+ee?). This additional term has
the form

Ma=—2¢f,pre® e, )

It can be easily checked that M,4-M, is gauge invariant.
We would like to emphasize that generally, not all the
direct terms can be deduced from gauge invariance, as
outlined above. A general term, which vanishes as £ — 0
and is Lorentz and gauge invariant, can be added to
M=M\+M, to represent additional direct processes.
However, in our case, as we assume that the vertices
porm and pwr are sufficient in calculating the p decays,
and no 7wt~y final state can be obtained in first order
from the pwr vertex, (6) and (7) contain all the possible
processes leading to p® — at+7".

It is interesting to remark that in the radiative decay

18 In our notation and chosen metric 4 -B=A4,B;—A-B.
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K — 27+, because of cancellations, only an expression
parallel to the first term in (6) remains in that part of the
matrix element for the radiative decay which is calcu-
lated by relating it to the matrix element for K — 27.1°

The partial width for the decay p— w7t is
now given in terms of (6) and (7) by

T po(rta™y)
1
. / (2m)$5(pP — p P — pO— )| Mot Ma]?)
2m,

d3P “+) d3p ) d3k
(21)32p0 P (21)32p0 (27)32k

©)

>~ denotes average over the initial p polarization and
sum over the photon polarization states. The integration
over p) and ) is most easily carried out by using a
four-dimensional notation,? with the phase-space
volumes of ™) and p given by

d3p(+) dS? =)
bo +) p0(~)

=0(Q- R)o(Q*+R*—4m,*)d*Qd'R, )

=48(p D —m,2)d(p ) — ma2)dp P dip

where Q=p®4p and R=pH—p). We obtain
finally for the probability of emission of a photon with
energy exceeding % in the process p® — #t+nr"4y

km dk
T o 7y) = 20 e/ o) (3mey) / 1w, (1)

where k. is the maximum possible y energy in this
process given by

bm=(m,/2)— 2m.%/m,)=323 MeV.
For the y-energy spectrum /(%) one has

1(5)=| % (m” k>+m"2(4k k )]1 e
=| kn| ——Fk |+—(4k—kn) |In—
® [ 2 1—¢

™y

—s[(—?—k)(km+4k)~k2], (12)

om0

The partial width for the decay p® — w47 using (5)
comes out to be

Lpo(wta™) = (fons®/4m)(12)7H(m,) 2 (m,> — 4m*)*2,  (14)

so that the relative probability for emitting a photon

where

(13)

19 H. Chew, Phys. Rev. 123, 377 (1961).
20 R, H. Dalitz, Phys. Rev. 99, 915 (1955).
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F16. 2. The relative probabilitiesTR,=[T,0(xtzx =) /T (xt7")]
and Ry'=[T,+~(xt =) /T p+ ~(x 2% ] for emission of a photon
with energy exceeding £ MeV.

with energy greater than % is

Pp°(7r+7"_7)
Ry=————=8am (7)Y (m 2 —dm,2)~3/2
Tpo(wta™)

km dk
I(k)—. (15
x/k - 05)

Ry is plotted in Fig. 2 as a function of k. For convenience,
a few values of Ry, are tabulated in Table I.

A v energy of 15-30 MeV is a reasonable lower limit
of the experimental detection ability. One notices an
unusually high bremsstrahlung radiative decay prob-
ability, compared to other known processes like20
K — 3n+v or®* K — 2r++. This is mainly due to the
large phase space available in p decay. Moreover, be-
cause of the contributions of the “direct” term (7) and
the second term in (6), the slope of the R, curve is
somewhat different from the one encountered in the K
radiative decays. Obviously, the contribution of these
terms is mainly in the high-energy range of the spec-
trum. To give an idea on the magnitude of the “direct”
term, if one takes only the expression (7) to calculate

2 J. D. Good, Phys. Rev. 113, 352 (1959).
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Tasik I. The relative probabilities Rx= [T (r*r~y) /T 0 (x+r™)] and Ry =[T,*~(x" %) /T~ (xtx0) Je
for emitting a photon with energy greater than Z.

k (MeV) 15 30 45 60 105 165 225 285
Ry 1.7X1072 1.0X1072 7.2X1073 5.3X1073 2.4X1073 1.1X1073 5.8X10~* 2.1X10™
Ry 5.6X1073 3.5X1073 2.4X1073 1.7X1073 7.8X10™ 3.3X10™ 1.6X10™ 4.7X1075

a Rz’ does not include the contribution of the wr intermediate states to the p*.~ — 7+~ 4204 transition.

the decay under discussion, one obtains
Em
F’=2a(f,,”2/47r)(3m,,7r)"1/ ktdk,
0

which gives for the ratio R a value of 1.6XX107%. The &
energy spectrum for this term starts at O and has a
maximum at about £=255 MeV.

The calculation of the partial width for the decay
p°— 2704y, proceeding through an wr intermediate
state [Fig. 1(d)] is identical to the calculation of the
w—> 2+ decay described in reference 5. One obtains

T o (707%Y) = (fowr2/47) (fory2/47) (1 o) ) ‘10 (487) 2
X/’ﬂm F(x)dx, (16)

where x=%k/m, and %m==Fkn./m, The photon energy
spectrum is given by
FE) = AR+ BE) I o
= n——
o(k)—B(k)
where

a(k)=m2—m2—mk, (18a)

6(k)=m,,k[(km—k) / (%—P—k)]m, (18b)

and A(k) and B(k) are the expressions [10(a)] and
[10(b)] of reference 5 with m, and ., interchanged.
The v energy spectrum is practically identical to the one
from the decay w—> 2w%+y given also in reference 5.
fury is the effective coupling for the w — w-+v decay,
and if we take it as proceeding through a pr intermediate
state as discussed in Sec. 2, one obtains after the inte-
gration over F(x)

Pp"("roﬂ'o')’) =a(fpw7r2/47r)2(f92/47")—1
X (10, M) 1,,(487)~1(1.05X 107%). (19)

In Table IT we give the ratios for T',(my)/T,(xr) and
T,o(x%%)/Tpo(ntr~) as a function of the f,.» coupling
constant. For f,= f,= f,== We use a value of 2, corre-
sponding to a p width of 100 MeV. The values of fur
were so chosen as to correspond to the maximum experi-
mental limit put on the » width (=220 MeV), to a
preliminary value for the ratio I',(ry)/ T ,(2r) measured
indirectly by evaluating the pmy vertex from p photo-
production (0.6%) and to the value of f,.» calculated
by assuming the #° decay proceeding predominantly

through the pwr vertex (2.2)X1072 for a #° decay width
of T'xo(2y)=5X10%5 sec™?).

Comparing Tables I and II one sees that the decay
0 — wt+a—+ (for £>15 MeV) is more frequent than
00— 70+, even if f,,.2/4w will prove to be of the order
of unity. Of course, it may be that the p — = process
isnot adequately described by the “pole approximation.”
But even then, as it is not expected to be more frequent
than a few percent of the main decay mode, the =tz —y
mode is comparable with it.

TaBiE II. Decay widths of various ‘““direct” radiative p decays
occuring through the pwr vertex, for different values of fyur2/4w.
The corresponding w width is also given.

Tp('n%y) Tt (@t17y)  1,(3x)

wort/4m  Tp(wy)/Tp(2m)  Tp(2m) [ ) (MeV)

22X102  22X10*  8.8X10°® 8.2X 1077 0.39;
0.60 6.0X107%  6.5X1075 6.1X10~* 11
1.1 1.1X1072  2.2X10™ 2.0X1073 20

4. DECAY OF CHARGED ¢ MESON

The discussion of the radiative decays of the charged
p meson, although involving some additional features, is
generally parallel to the exposition in Sec. 3.

Assuming the existence of the well-established “new”
mesons only (p,w,m,n), the decays to be considered are
pt——at~+vy and pt~— bt 474y, It can be
easily shown?? that to first order in a,

Lpo(a®y)=Tpr- (),

a slight difference being possible due to the phase-space
correction for p~—p% and 7+ ~—7° mass difference.

In discussing the (2r+v) decay, one has to re-
member that the initial and final states are no longer
eigenstates of the charge conjugation operator. This
would allow magnetic transitions in the charged p decay,
so that in addition to the even angular momentum pion
states encountered in the p° decay, odd angular mo-
mentum states are also permitted.

The nt—n% state is obtainable either as an “internal
bremsstrahlung” process (and the related “direct’” one
required by gauge invariance) which follows a
ot~ — wt—+70 transition, or as a direct decay proceed-
ing through the pwr vertex. Hence, in the decay of the

(20)

22 . Feinberg and A. Pais, Phys. Rev. Letters 9, 45 (1962).
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Fi1G. 3. Diagrams for decay p* — #t-+n0+~.

charged p to 2w+, the contributions related to the
prm and pwr vertices will interfere, while in the decay
of the neutral p they lead to different final states.

In the following, we shall calculate separately these
two contributions to the pt~— 7t 470+ decay.
The calculation of the interference term is quite tedious,
though straightforward. As long as our lack of knowl-
edge of the w width prevents us from knowing its relative
importance, we feel the effort would not be justified.

For the matrix element of the transition pt— zt
+x%+7, represented by the Feynman diagrams 3(a)
and 3(b) we obtain

17(+)-€(7) P(p).e('y)
M1(+)=efp7m€(p) . (P(+)_p(0))(
p(+).k P(p).k
[CIPICY]
+efp7r1r€(p)'kp ‘ + efp”'
p(—#).k ZP(")-k

X[(,E(p) . e<7))k' (P(+)_P(0))
— (e E)eM - (pH—p@)]. (21)

The direct term, represented in Fig. 3(c), which will
complement M) to a gauge-invariant matrix element
M@ =M+ M, is given by

Mo = —fppne®- M, (22)

In writing (21) we assume that the charged p meson has
no anomalous magnetic moment and, accordingly, no
electric quadrupole moment. The factor entering at the
three-leg vertex with an incoming (p,) and outgoing (p,")

23 R, P. Feynman, Phys. Rev. 76, 769 (1949).
%T, D. Lee and C. N. Yang, Phys. Rev. 128, 885 (1962).
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vector meson coupled to a photon e, () is?3:24

(P"}'P,)ﬂa#ﬂ_ﬁv"sw_ P#‘sw-

If it turns out that an anomalous magnetic moment
plays a role in the electromagnetic interactions of the
p meson, the prescriptions of reference 24 for the inter-
action between the electromagneticfield and charged
vector mesons with arbitrary magnetic moment should
be used to perform the calculations. We have used for
the p propagator

(23)

p“(p)py(p)\ 1

)
m,* }P(p)z‘ mp?

D”V(P) = <g”y_

neglecting its width.
Using the matrix element M ™ we find

km

T+~ nt%) =a( fore?/47) (3rm,) ! /

k

dk
J(k)—, (24)
k

where
(4 3 1r2 1
J(k)=[(ﬁ—k)km+ ” k} 1ni$
2 My —
mp k&2 /m, k
—s’z(——k>[k+km+-—(——+—)]
2 mo\ 6 8
k? m, k2E 2m. %k
e E N o Bt D
M, 24 24 m,

with £ defined in (13).
The relative decay probability for emitting a photon
with energy greater than %, will be given by

| Tyr(rtay)
k= —

=4dam ()" (m 2 —4m )3/
Tpro~(ataf) ’ ’

Fm dk
B)—
X/k J( )k (26)

which is plotted in Fig. 2, while a few values are given
in Table I.

Now we proceed to estimate separately the direct
decay T, contributed by the wr intermediate state
[without including the interference with M)7]. The
calculation is analogous to the one discussed in the
previous section, and it proves convenient to work in
the (#°47v) c.m. system. We find

Te~(rtndy)= (foar®/47) - (fary?/4m)

Xma2(36rm,)~1(1.25X102). (27)

For the effective wmry vertex we use
(fm‘lr’)'/mw) ° Gaﬁyépa(m) Gﬂ(w)kyea(y)

and we neglect, as before, the w width in the expression
for its propagator. If we relate the f, .y effective coupling
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to the f,or vertex one has fury=¢f,0r/f, and we get

f'p+-“(7r+'—1r°7) =a(fpw1r2/47r) 2(fp2/47")_l
Xm2(36mwm,)"1(1.25X10?). (28)

The ratio T,+-(zxt—al)/T,+~(z+ =% is given in
column 4 of Table II. A few remarks should be made at
this point. The values of T',+~(zt—x%) and T ,o(x'7%),
for the same f,.r, are quite different even after allow-
ance is made for a factor of 3 appearing in the latter
because of the indistinguishability of the neutral pions.
The reason for it is that in the former decay magnetic
transitions which bring P state pion pairs in the final
state take place, in addition to the electric transitions
which are the only ones contributing to the p° decay.
The structure of the p — 274~y matrix element, due to
the expression for the pwr vertex, favors the appearance
of the higher pion relative momenta in the final state,
increasing the partial width for the decay of the charged
p. The interference term which appears in the
p° — 27%4~ decay is responsible for the reduction in
its rate.

Now we compare I',+~(zt—n%)/T ,+~(zt—n?) given
for different values of f,,-2/4r in Table II with the
values of R;’ (Table I) taken for, say, £>30 MeV. One
sees immediately that only for small values of f,,.2/4m
(<0.1) we are allowed to neglect the interference be-
tween the two types of decay leading to =+ —w%. The
very different y-energy spectra of these two contribu-
tionsmakesit, however,difficult to estimate the neglected
term. It should be reminded that the y-energy spectrum
obtained from the charged decay through the pwr vertex
is not identical to the one from the decay of the neutral
p through the same vertex. The former has a more
symmetric appearance because, with the inclusion of the
odd angular momentum waves for the pion system, the
probability for lower energy photons is increased.

5. SUMMARY AND DISCUSSION

The first-order electromagnetic decays of the p meson,
namely, p — 7%, p — 1+, and p — 27+~ have been
estimated in this article with the aid of a detailed
mechanism. The philosophy of the underlying model is
the dominance of the low-mass intermediate states in
the decay vertices, in a dispersion-theory sense. We have
included in this work the 27 and 4 intermediate states.
The existence of the three-pion isoscalar resonance, the
« meson, suggests the treatment of the 4r relevant state
as an wr system. This leads to a unified description of
the strong and pionic radiative decays of w and p using
the prr and pwr vertices only, much in line with the
concepts of unitary symmetry.

The (27+7v) decay of the charged and neutral p
mesons is found to be at least of about the same strength
as the (w4-v) one. The still unknown parameter of the
model is the value of the pwr coupling constant. If this
coupling is of the order of magnitude as estimated from
the #° decay,®” and p — 7+~ is indeed proceeding as
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described above, then the 2r++v mode is the predomi-
nant electromagnetic decay of the p meson.

The p— 7+ mode, using unitary symmetry, is
about one-third of the p — 7+~ decay mode.

Within our approach, there is no contribution from
the 47 intermediate state to the p® — a++7~-+ transi-
tion. In the ot~ — 7t —+x%+~y decay, however, the
contributions of the “internal bremsstrahlung” (with
infrared divergence cut off at 15-MeV photon energy)
and of the “direct” part due to the 4« intermediate
state are comparable for certain values of four.

The measurement of the processes estimated in this
work, and the comparison of their widths to those of the
w decays will provide a decisive test of our working
hypothesis, the dominance of the mesonic light inter-
mediate states in the decays of the “new” mesons. One
should not expect more than approximate agreement,
as the inclusion of the neglected nucleonic states could
induce some changes in the rates. Moreover, even for
the mesonic vertices used we have no knowledge of their
actual off-the-mass-shell behavior, and in addition we
have used the strict equality fo= f,= forr-

At present, no direct experimental measurement of
any of the calculated electromagnetic decays of p exists.
Preliminary results?® on the photoproduction of p
mesons indicate a value of 0.69, for T',o(z%)/T po(ztn™).
This would imply for the f,..%/4r coupling constant,
assuming the p — - decay is proceeding through this
vertex, a value of =~0.6. We should remark that for
calculational convenience we used f,or/m. to define a
nondimensional coupling constant, although a more
“characteristic”’ mass for this vertex would be m, or m.,.
This means that the “true” value of the coupling con-
stant is about 18, indicating a very strong coupling.

Recently, evidence has been presented for an enhance-
ment at about 1020 MeV in the effective-mass distribu-
tion for the _KK system. Bertanza e/ al.%® have studied
the Kpairs K from the reaction K—4p — A+K--K at
2.24 and 2.5 BeV/c¢ and the final states which exhibit
this behavior are apparently of the K;°K,° type. Alex-
ander e al.?” have used the reaction 7~+p — K+ K+N
at momenta ranging from 1.51 to 2.25 BeV/c¢ and have
found an enhancement in K;°K° final states at approxi-
mately the same energy as in reference 26.

It has been suggested?® that the peak in the K,°K,°

25 This value for the pmy effective coupling constant is ob-
tainable by assuming the pion exchange to be the dominant
diagram in the process y-+p — p+p observed by D. McLeod, S.
Richert, and A. Silverman, Phys. Rev. Letters 7, 383 (1961); S.
B. Berman, in Proceedings of the Conference on Photon Interactions
[Technology Press, Cambridge, Massachusetts, 1963 (to be pub-
lished)]. See also, W. Alles and |D. Boccaletti, Nuovo Cimento
27, 306 (1963).

26],. Bertanza, V. Brisson, P. L. Connolly, E. L. Hart, I. S.
Mitra, G. C. Moneti, R. R. Rau, N. P. Samios, I. O. Skillicorn,
S. S. Yamamato, M. Goldberg, L. Gray, J. Leitner, S. Lichtman,
and J. Westgard, Phys. Rev. Letters 9, 180 (1962).

27 (3. Alexander, O. I. Dahl, L. Jacobs, G. R. Kalbfleisch, D. H.
Miller, A. Rittenberg, J. Schwartz, and G. A. Smith, Phys. Rev.
Letters 9, 460 (1962).

28 J, J. Sakurai, Phys. Rev. Letters 9, 472 (1962).
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mass distribution is indicative of the existence of
another 7'=0 vector meson, called ¢. If this proves to
be correct, the observed states w (780 MeV) and o
(1020 MeV) may well be mixtures of a T'=0 vector
meson belonging to a unitary octet with another =0
vector meson which represents a unitary singlet. In this
case, our estimates for the decay rates and the relations
between the different partial widths connected with the
pwm vertex, will be affected. A quantitative analysis of
this effect at the present stage of experimental knowl-
edge seems to be premature.

Finally, we add a remark on the other strong
decay of p, namely, p— 4. It could well be that this
transition proceeds mainly through the wpr vertex,
ie., pt 0 — (w)+7rt0— (at4a'+7 470, This

PAUL SINGER

would imply that the #t4-7~42#° configuration is prev-
alent in the p’— 4w decay. The knowledge of four
would allow us to estimate the partial width of the
decay. A reported experimental limit is?

(ot = at a0 tr+at)/ (ot — 7t +7°) <5%.
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A x? analysis of electron-proton scattering is made to test for the energy dependence of the form factors,
in the Regge pole form, using the slope of the pole as a parameter. It is found that the form factors can
tolerate considerable energy dependence. However, decisive conclusion regarding such an energy dependence

has to await the data at higher energies.

N the light of the discussion of the photon as a Regge

pole by Blankenbecler, Cook, and Goldberger' a

reanalysis of the proton-electron scattering data is made
here.

The cross section for the p-e scattering via a single
photon exchange is given in terms of the charge form
factor F1(¢?) and momentum form factor Fs(g?) by the
Rosenbluth formula:

do 3 e cos?(6/2) 1
40 A(4n)Eg sint(8/2) 14 (2Ey/ M) sin(8/2)

2
X l Fy? —;@[2 (F1+2MPF,)? tan?(9/2)+ (2MF4)*] t,

where
¢*=—{[2E,sin(6/2)*/[1+ 2E./ M) sin*(8/2) ]},

E,=incident energy and 6=scattering angle of the
electron in the laboratory system.

Fifty-three pieces of data for the cross section and
probable errors are taken from Bumiller, Croissiaux,
Dally, and Hofstadter,? out of a total of fifty-eight

1R. Blankenbecler, L. F. Cook, and M. L. Goldberger, Phys.
Rev. Letters 8, 463 (1962).

2F, Bumiller, M. Croissaux, E. Dally, and R. Hofstadter,
Phys. Rev. 124, 1623 (1961).

pieces, five being discarded on the basis that they do
not lie on a smooth curve. The discarded pieces are

Energy (MeV) Angle (degree)

1. 700 135
2. 700 145
3. 850 135
4. 850 145
S. 900 75

The two-pole formula for the two form factors which
has been found adequate for p-e and n-¢ scattering data
by Hofstadter, de Vries, and Herman?® was tried first
and x? was calculated.

Fi=e[14+A4:¢°/ (¢+A5)+ 420/ (#+46)],
Fa=1.79(¢/2M)[1+A4:¢°/ (¢*+A5)+ A4/ (¢4 46) ],
where M =nucleon mass.
x*=2_[(do/dQ| exp— (do/dQ carc)/ A(do/dQ) T,

where A(do/dQ)=standard deviation.

The fit is considered to be good if x*<N—n, where
N =total number of pieces of data =353 in the present
case, #=number of parameters used.

The values of parameters 4; (i=1, 6) given by Hof-

3 C. de Vries, R. Hofstadter, and Robert Herman, Phys. Rev.
Letters 8, 381 (1962).



