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Experiments soon to be performed, such as Coulomb dissociation of hadrons and e*e ~ e e + hadrons, will

be able to measure radiative decays of mesons with J = 2++, 1+, 0++, and 1+ . In advance of these
experiments, predictions are made for rates and angular distributions in such processes as A, ,~my, fo—i py,
and fo~yy. These predictions are based only on vector dominance and single-quark selection rules, but will

permit the first tests of such hypotheses for excited mesons. Results include: (a) relatively large partial widths
for fo~yp and fo —iyy: I'(fo~yp) 1.S MeV and I (fo—«yy) 8 keV; (b) the suppression of X = 0, +1 decays
relative to P = ~ 2 for these processes; (c) relative phases for helicity amplitudes in these processes, implying
definite angular distributions in yy ~fo~nn. and fo~yp~ym+m; and (d) the nearly complete suppression of yy
couplings of 0++

qq states.

I. INTRODUCTION

In the past two years many heavy narrow meson
resonances have been discovered, largely through
their coupling to photons. For some fortunate
reason, possibly because they contain new con-
stituents, these mesons couple less strongly to
the ordinary hadrons than one might have ex-
pected. The new heavy mesons thus are an ideal
testing ground for theories of electromagnetic
transitions of hadrons.

Models of one- and two-photon emission by
hadrons often rely on explicit quark descriptions.
These models are highly predictive, correlating
a wide range of transition matrix elements with
one another. However, when the numerical pre-
dictions fail it is often hard to see any consistent
pattern in the failure.

A less ambitious approach is to abstract sym-
metries from quark models and to test these sym-
metries first. As regards transitions, these
symmetries have a simple physical interpretation:
If they are valid, it appears that a single quark
participates in pion or photon emission. The
most elegant statement of this assumption is con-
tained in the work of Melosh. '

The single-quark-transition assumption has
been shown to be consistent with data in a wide
variety of cases. ' 4 Of course, it is always of
interest to see how widespread its validity might
be. Recently, with the additional help of the vec-
tor-dominance hypothesis, we have extended the
single-quark description to make a number of
predictions about the electromagnetic decays of the
new mesons. ' Further implications of these pre-
dictions have been discussed in Ref. 6. The
strongest predictions deal with the electromag-
netic decays of the new candidates for qq, K=1
mes ons.

In order to test the underpinnings of the above

calculations, it would be very helpful to test the
single-quark-transition and vector-dominance
assumptions for electromagnetic transitions of
the "old" qqL=1 mesons: the fo, A„A„B, 5,
and others below 1.5 GeV. These mesons tend
to have large hadronic widths, so that the electro-
magnetic branching ratios are small. Fortunately,
there are specific experiments sensitive to the
electromagnetic processes. The decay width of

A. , -~y can be measured by exciting the pion to
an A, in the Coulomb field of a nucleus. ' A forth-
coming experiment at Fermilab will use this
method. The "two-photon" process in e 'e -e 'e
+ hadrons' can be used to produce the f„' and will
be studied shortly at SPEAR. ' Finally, some
processes are expected to be relatively prominent
despite the fact that they are electromagnetic:
fo yp is one of these. The use of track-sensitive
targets and other devices to detect single photons
may make this mode easier to study than in the
past. Many radiative transitions of the positive-
parity mesons are likely to be measured in the
next year or two, and they will be of some theo-
retical. interest for the reasons mentioned above.
Consequently, we have prepared a brief summary
of the electromagnetic decay widths and helicity
amplitudes for the best-studied positive-parity
mesons. [Further predictions may be made with
the help of U(3) invariance. ] Our approach is
primarily to provide a guide to "interesting" ex-
periments. One point of more theoretical interest
is that the processes mentioned here are the first
nontrivial ones cohere the single-quark (Melosh
transformation) descriptions ofpion emission
and Photon emission overlap. By demanding con-
sistency of two ways of describing the decays
&, -y~, &, -Z~, and B-Z~, we obtain powerful
constraints, "which can then be tested in such
processes as f, -yp, f, -yy, and (0")-yy. We
shall indicate specific ways of testing these con-
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straints.
In Sec. II we review notation and give expres-

sions for transition matrix elements to y+ meson
and y+y. In Sec. III we endow these expressions
with numerical. values by using vector dominance,
thus predicting both partial widths and individual
decay helicity amplitudes. Section IV deals with
concrete experimental. tests of these predictions
in hadron, photon, and colliding lepton beams.
It contains explicit predictions of cross sections
and angul. ar distributions. Section V contains a
summary and conclusions. An appendix deals with
angular correlations in yy-p, +g, a useful "cal.-
ibration" process.

II. NOTATION AND MATRIX ELEMENTS

The single-quark selection rules for on-shall
couplings of pions and photons are conveniently
described with the help of the Melosh transforma-
tion. Helicity amplitudes for single-pion and
single-photon emission are proportional to the
matrix elements of the lightlike axial charge Q,
and the lightl. ike dipole operator D„respectively.
Both Q, and D+ have simple transformation prop-
erties under an SU(6)~ algebra of currents: Q,
transforms as

Q, ~35(8, 3)„&L,=0 (a)

+35(8, 3),b L =k 1, (b)

D~ ~35(8, 1)0, &Lg ——1 [D(0, 0)]

+35(8, 3)„DID =0 [D(1, 1)]

+35(8, 3)„~L.=1 [D(1, 0)]

+35(8, 3) „&L,=2 [D(1,—1)]

Here the quantities in parentheses on the right
label reduced matrix elements; the labels in Eq.
(I) correspond to D(W, W, ). The reduced matrix
elements are free parameters, distinct for each
pair of SU(6) XO(3) multiplets. We shall be con-
centrating on the processes

35, I =I-(v or r)+35, I =0 (8)

in this paper.
One should note that in Eqs. (6) and (t) the

Melosh transformation has generated all of the
single-quark-transition terms. The partial widths
for single-pion emission are given by~

p, (m„' —I,')'
mf „' 2J'„+1 4M„'

Q, ~35 (8, 3)o, &L, =0,

while D, transforms as

D, ~35 (8, 1)„b,L.= l.
Here we have used the notation' '

SU(6)q, (SU(3), SU(2) v )g~, &L, .

(2)

(3)

while those for singl. e-photon emission are given
by

While hadrons seem to fall into irreducible
multiplets of an SU(6)N, &&O(3) "constituents" al-
gebra, there are sound theoretical and experi-
mental reasons for believing that the SU(6)~ "con-
stituents" algebra is not the same as the SU(6)v
"currents" algebra. Melosh postulated that a
unitary transformation V connects the two alge-
bras:

[ hadron) =
~
I.R., constituents)

= V
~
I.R., currents) . (4)

Then the matrix elements of interest are

(hadron'~(Q5 or D)~+h rad)on

=(I.R. ', currents(V'(Q, or D+)V~I.R. , currents).

(10)

Here P„and P& are the magnitude of the pion and
photon 3-momenta in the rest frame of A. ; the
pion 'decay constant f, is 135 MeV.

To facil. itate the presentation of tables and the
application of vector dominance we redefine helic-
ity amplitudes'. ~q', A q, andAq~~~ for singl. e-
pion, single-photon, and two-photon processes.
In terms of these new amplitudes the partial widths
are given by

(12)

Melosh noted that in the free-quark model. the
transformed charges Q, —= V+@8V and D+ ——V+D+ V
still have relatively simple transformation prop-
erties under the SU(6)I, "currents" algebra, name-
ly,

I'(A-rr) = p~' 1 2

8w 2 2 J~+1

If one defines the transition matrix SK&; by
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(14)

cg —
(2 B ) 1/2(2 + )

1/2

8/, =5/,. +i (2w)'5'(P, —P/)3R/, X/;, B W6
D(0 0)

&2 W3

24 '
3g~f„6

3g ~-i+2(P~ ~» ~2) /I/l~ PA~- (16)

«»ll three cases. Here p =p or p& and Az =A& '
Aq~, or Az~». W. also have

and helicity amplitudes (for decays) by

~A~1+2(A lt 2I t Jkz )

=S~" ~ (0)K„„,(P, A,„A,,), (15)

where A. =—A., —A,» then The two-photon couplings are obtained by apply-
ing vector dominance once again in the same way:

A ~(A -yy) = —[A~(A -yp')+ 3A ~(A -y~)
gp

A.„"= (A, A, (Q,(B, Z&

for single-pion emission, and

A&P~ =2e(A, ~jD, (B,~=I&

for single-photon emission. In E&I. (17),

M -M

(18)

+ s v 2 A z(A -yy)).
We have summarized this information in Table I.

The first section of Table I is the most general
single-quark-transition description of pion emis-
sion by I.= 1 mesons. ' The second section is not
the most general description of photon emission,
which would contain three parameters rather than

8 8Aq(A-ys) = —A~(A-pox)+ A~(A-&um)
Zp g &d

e
+ A g(A Qw)

= —[A ~(A -p'n ) + —,'A ~(A -&o w)
g'p

+ —,'v 2Ag(A -Pw)]. (20)

For the cases that will be of interest here,
P„=,/P„=1 to within about 4%.

We shall appl. y vector dominance in the following
way:

Process Helicity
Coefficient of

a b Scale factor

A+ p Ox+
2

A' -p'x'i ~=p

A=p

A, =l
A, =p

A. =p

——i8V 3 —,'2V 6

0 ~v6

i~3 i~6

i8~6 0

i

-',v 2

~is'3

-', v 2

1
3

TABLE I. Helicity amplitudes A~ for pion and photon
eDlis s ion.

A&~& i (A
+

y7&+) A&~ ~ (A+ pox+)
gp

A&», (A,'-y s') = —A&'&, (A,'-p'~'),
g'p

(22)

A ~,(B-y7r) —A ', (B-(dr).
g&d

These relations lead, respectively, to""

A, : D(1, 1)+ 12 D(1, 0)

(23)

We then compare the following matrix elements:
A+ -ye+

2

A+ yn+i
ye+

6 ~yp

D~yp 8

f ~yp

A=1

A, =l
A, =l
A, =p

A. =p

A, =l

—',Ws ~i, 6

-'~6

0 ~i, 3

0
8

0 0

--'v 3 -'v 68 i2

0

p 1~3

~a
(

~s ~8,
)

D(l, 1)+ 12 D(1, 0)

(24)
yY

a

a
D -yy

fo yy

&=0

A, =p (
)'aa

W2 (Ws Ws

) (26) fo, D, e taken as "ideally mixed" states involving non-
strange quarks.
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two. ' However, Eq. (27) implies one constraint
among these three parameters. It is precisely
this constraint which leads to the vanishing of the
A, =0 amplitude for D«yp. This amplitude is

& ~=.(D -rp) D(o, 0) —l ~&D(l, 0) (29)

in the more general description. Its vanishing
is necessary, in fact, for the consistency of the
vector-dominance hypothesis'. If we pass from
q' = 0 to q

' = m p' for the emitted photon, the r esi-
due of the p pole describes the emission of two
identical transversely polarized spin-1 particles
by a spin-1 particle. Yang has shown this cannot
occur, "so A ~ 0(D -yp) must vanish, and

with the help of analyses of the spin parity of the
B such as those performed in Ref. 15. There,
it was found that

I ~,(B-&uw) 0.18+0.08 (Ref. 15a)
g I'q(B-&ow) 0.09+0.09 (Ref. 15b)

X= aj.

which translates into

a 0.57+0.13 (Ref. 15a)
b 0.38+0.19 (Ref. 15b}

(34)

(35)

with the help of Table I.
A third estimate, made primarily for simplicity

in the first of Ref. 2, simply sets

D(0, 0) = 3 v 2 D(1, 0). (30)
a—=0
b

(36)

Equation (27) implies an overall scale for photonic
transitions in addition to the constraint implied
by Eq. (30). Hence the predictions of Table I
real. ly test two sePaxate pieces of physics over
and above the single-quark-transition hypothesis:
the constraint (30}, and the overall scale (27)
relating one-photon emission rates to those for
one-pion emission. The tests of the latter might
fail while the constraint (30) continued to hold.
This would be reflected in relative agreement
of predictions within a singl. e section of Table I,
but not of predictions relating one section to an-
other.

III. NUMERICAL PREDICTIONS OF PARTIAL %WIDTHS

D= a ——,'v 2b, - (31)

In order to make use of Table I, one must esti-
mate the reduced matrix elements a and b from
known processes such as A, -pw, f, -ww, and
B

In the pionic decays considered here, there are
two independent combinations of a and b, governing
D-wave and S-wave decays, respectivel. y;

QI'(p-e'e ) =
3 gp j'4n' ' (37)

If we use" I'(p-e'e ) =6.1+0.7 keV, we obtain

2 2~03
4w

(38)

Here and elsewhere we take m
p

= 7'70 MeV. The
nn width of the meson is given by

This corresponds to a selection rule in which
the qq, J =1 meson always decays to w+(qq, I, =0
meson} with a change of one unit of I,, relative
to the decay axis.

In view of the range of values just quoted for
a/b, we shall present our results for the three
values a/b = 0, —,, —,. As mentioned, the combination
a —(2&2b/3) is fixed by the strength of D-wave
decays. Ne shall. take the best known of these,
I'(A~-pw) =72 MeV, as input. '~

In order to apply the vector-dominance hypoth-
esis, one needs a value of gp. We have estimated
this number in several. ways. The leptonic width
of the p meson is given by

S=—a+ 3m 2b. (32) g 2 p+3
I"(p-ww) =-

34m m
(39)

The D-wave combination is known very precisely
from processes such as A, pw, fo-ww, and
SU(3)-related decays. "

The S-wave combination (32) may be estimated
either from decays which are purely S-wave, e.g. ,

g~, or from decays which are largely so,
e.g. , B-~m. This latter method was adopted in
Ref. 14. The result was

(33)

This value is consistent with the observed S-wave
decay widths, ' though a slightl, y smaller value
would be favored by ~-qn.

An independent estimate of a/b may be made

where P*=359 MeV/c is the magnitude of the
pion c.m. -system three momentum. If we use"
I'( p -ww) = 150 a 10 MeV, we find

g 2
= 2.9 +0.2.

4w
(40)

The values I'(wo yy) =7.92+0.42 eV (Ref. 18) and
I'(~-w'y) = 870+50 keV (Ref. 17) imply

Finally, vector dominance relates such processes
(d «7t' y and w

0 2 & P*(w'-yy) '
2/4, (,0

)
I'(~ -w'r)

gp
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g 2~—=3.0~0.2.
4w

(42)

For the purposes of this calculation, we shall
take a value consistent with (38), (41), and (42),
namely

2'-=27
4n'

(43)

There may be some real variation between the
p mass-shell value (38) and the value at q' = 0
obtained from (42). The discrepancy between
(38) and (42) given an idea of how well we expect
vector dominance to work.

With the choices of parameters discussed above,
the coefficients in Table I l.ead to the predictions
of Table II.

Some interesting experiments to test the pre-
dictions of Table II will be discussed in the next
section, but a few remarks are worth making at
once.

(2) Values of a/b outside the range betueen 0
and 2 are probably excluded by pionic decays.
Within the constraints provided by the helicity
structure of B-~m and the fixed value of D-wave
widths, the 8 waves become too small if a/b&0
and too large if a/b& —,'.

(Z) The decay uidths for A2-yv' and Processes
related by SU(3) are indePendent of a/b The.

decays, '-ym' is tied to A,'-p'r' by vector dom-
inance. We have used the latter process as an
input, as mentioned above.

P) Certain decay widths, e.g. , that for A,'-yv',
are very sensitive to a/b. They involve con-

a/b = 0.25 ~/b = 0.5a/b =pQuantity

TABLE II. Partial widths and helicity-amplitude ratios for decays of positive-parity mesons.

Exper imental
Process value

A2 Pm

f0 7IX
b

A)(].].00) ~pr

6 g7t

~(1200) —~7

Ep (1250) Xvr
A+ -y~+

2
+g g+ ~y++
E' gg0 p~0
A(+ ye+
Q~(1300)
@z(1300)-7&
B+ -pm+
Qf(1300)
QJ(1300) yKO

fp YP

f'-~4
D(1286}-qp

A2-yy
f '-yY

'VY

r (MeV)
r (MeV}
r (MeV)
~(m') /~(m)

r (MeV)

~(&)/~(&)

r (MeV)
r (MeV)
r (MeV)
r (keV)
r (keV)
r (keV)
r (keV)
r (keV)
I (keV}
r (keV)
r (keV)
r (keV)
r (keV)

r (keV)
r (keV)

r'(k. v)
A&P»/AP»
r (keV)
r (keV)
r (keV)
r (kev)

72'
116

94
2

75

0

37
940
340
348 &

312
0

338
376

0
108

82
327
750

0
0.35

360
150

0
4
0
1.7
0.59
0
0

72'
116
210

1.58
144

0.27

88
2240

810
348 g

312
0

1000
1090

0
200
150
605

1490
0.11
0.45

730
150

0
8.0
0.11
3.2
1.1
0.04
0.04

72'
116
620

1.31
390

0.53

270
& 2tH@
& 2&i~
348 g

312
0

3600
3900

0
490
370

148P
4000

0.22
0.54

1960
150

0
20

0,22
8.0
2.8
0.38
0.37

72'
146+16 '

300
1cgd

125+10'
0.61+0.14 ~

0.40+ Q.20
50+ 20

600
450

Input.
Other D-wave predictions are quoted in Bef. 14. These are independent of +/b.
Experimental values are from Ref. 17 unless noted otherwise.
Resonant behavior not established. Appears to be dominantly 8-wave in p& channel.

~ Total width. Other decay modes not established but 4~, 6m possible.
Befs. 15a, 15b, respectively.

~Belated by vector dominance to &2 p&, which was used as an inpot, and hence independent
of a/b.
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I'(f. -yp)
1(f -all) (44)

structive interference between a and b, whereas
we have fixed a quantity, Eq. (31), which involves
destructive interference.

(4) The decay widths for K*(6=+)- yK vanish.
This is a consequence of SU(3) invariance. It
says that the neutral K* resonances with J =1'
and 2 ' cannot be excited in the Coulomb field
of a nucleus. As a result, if one studies Ko+ (Z)
-Q'+ (Z)-(Kvv) + (Z), only the Qe will contribute.

(&) The decay widths for fo-yp and f'-yQ are
Quite large A.s an example, for a/5 = —,',

I'(n'-rr) =8 4.keV. (48)

IV. CROSS SECTIONS AND ANGULAR DISTRIBUTIONS

In this section we develop further experimental
consequences of our predictions. These relate
to three major areas: cross sections for Prima-
koff effect, cross sections for two-photon pro-
cesses, and angular distributions.

(The g' is very close in mass to the 5'; g'-yv'w
and q'-g~n are its dominant decay modes, to be
contrasted with 5o two. } Hence, in a yy experi-
ment sensitive to g' we would expect the production
of the &' to be less than 10 ' that of the q'.

I'(f ' "r4)
I'(f ' -all) (45) A. Cross sections for Primakoff effect

This suggests that one look for the processes
f, -yw'w and f'-yK+K . These processes will
have characteristic angular distributions sensitive
to a/h, as will be discussed in Sec. IV.

(6) The decay width for f0 -yy is appreciable
For the favored value a/h =—„we find

I'(fo-yy) =8 keV.

One would find a much smaller value if one took
5 =0 as in Ref. 19, but we cannot do this in our
approach as the ratio of a/5 is constrained by the
helicity structure in B-~w.20

(&) The dominant helicity amplitudes are & =+&
in f, -yp and f, -yy. This conclusion holds as well
for all SU(3)-related processes, e.g. , f'-yQ,
A, -yy, f' -yy. Table I implies

& x=.(f.-rp) & ~=.(f.-rr)
& x=,(f.-rp) & z=.(f,-rr)

The Coulomb dissociation of pions" and kaons"
in the field of a nucleus already has been studied
at Brookhaven. Even at these energies, it has
been shown that one can detect partial widths of
less than 100 keV when the excited particles are
relatively light. Similar experiments at Fermi-
lab will be able to extend the mass range of the
excited particles to nearly 2 GeV.

The first processes likely to be measurable
at Fermilab are those that have been measured
at lower energies. It has been noted"'" that the
measured rates for p -m y and K*'-K y are
about a factor of 3 lower than one would expect
from SU(3) invariance and the measured rate"
for co -m'y. The singl. e-quark-transition and VDM
hypotheses also lead to predictions of rates con-
siderably larger than those measured and in ac-
cord with those predicted by SU(3) alone. For
example, if one neglects the pion mass, one finds

1 4 „„(B-~w)
W6 A. ~,(B-&uv) (47)

(50)

and the right-hand side of Eq. (47) is known to be
small experimentally. " Equation (47) was first
used in Ref. 21 to evaluate the helicity structure
in f,-yy, but the assumptions used there were
more restrictive. ""

(8) The widths for 0 '-yy are tiny. They vanish
altogether for a =0. The fact that b contributes
neither to 0"-yy nor to the X =0 amplitude for
2++-yy can be traced back to the constraint (30),
which in turn follows from Yang's theorem" as
appl. ied to D-yp. If a large signal is seen in
yy-0+' -m+ n, we would expect it to be due to
something other than a qq state, for example a
dilaton. '4 A dilaton could not explain yy-&(0")
since 6 has I= 1; we expect this process to be
greatly suppressed. For a/h = 4, we expect

I (5o-yy) =40 eV.

In contrast, Sec. IV contains a prediction:

=90 keV.

SU(3) predicts

I"(p -v y) = -', I'(~ -w'y)

=97+6 keV

(51)

(52)

(53)

(if we take m~ =m ), while the number quoted
in Ref. 25 is 35+10 keV. Similarly one may re-
late K*-Ky to p -v y with the help of SU(3). If
one starts from Eq. (51) the results are the pre-
dictions

1(K* K y) =50 keV,

I'(K*0-K'y}= 200 keV.

(54)

(55)

The latter figure is to be compared with the ex-
perimental value" I'(K*'-Koy) = 75+35 keV.
Clearly the resolution of these discrepancies will
be the first order of business in Coulomb dis-
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sociation experiments at high energies. (Our
approach seems to be somewhat less flexible
than that of Ref. 27)

The m and g have been studied via the Primakoff
effect" at lower energies. One new (relatively
light) meson that one could expect to study at
higher energies is the q', whose predicted yy
width (on the basis of the single-quark-transition
hypothesis) is

is the invariant momentum transfer, and

X — '0~ 2SA+ 1
2/~+1 '

1, BWy
p, B=y

m, ~0
2(2Ss+1), ms =0

(63)

3 ~2
I (t)'-yy) = "' 2(2)'t2 cos8- sin8

3

is a statistical factor. The nuclear form factors
have been parametrized according to

x I'(w'-yy) 1"(q') = exp(--,' q'& fl'&), (64)

=6.4 keV, (56)

x I'(~'-yy)

=396+21 eV,

to be compared with the present experimental
value"

1(q yy) =324+46 eV.

(57)

(56)

%hen one comes to the positive-parity mesons,
the predicted wy, Ey, and yy widths of Table II
are very encouraging for Primakoff-effectstudies.
The cross section for the Primakoff effect is'

(59)

Here Z is the charge of the nucleus, E(q2) is its
form factor, 8& is the spin of partic'eA. , 6 is
the laboratory scattering angle,

M~ —M~
2M~

(60)

is the c.m. three-momentum of the photon in the
decays -By,

M~ —M~
28 (61)

where & is the beam energy,

q2 @2(82~ Q2) — Q2 (62)

as noted in Eq. (49). Here 8 is the octet-singlet
mixing angle, "chosen to be 10.4', and I'(w'-yy)
is taken from Ref. 18. The measurement of
I'(q'-yy) would allow the evaluation of I'(q'-py),
I"(q'-rien), and I'„,(q') as well, since the branch-
ing ratios for all these modes are fairly well
known. Indeed, the ratio I"(rL'-yy)/I'(q'-py) is
another test of the vector-dominance hypothesis
which seems to be passed satisfactorily. "'"

The corresponding prediction for q -yy is
3— 2

I (rL -yy) = " — + 2 (-,')'t2 s in 8

and Eg. (59) integrated to obtain the cross sections
shown in Table III. In addition to Eqs. (49), (51),
(54), (55), (57), and the partial widths quoted in

Table II, we have made use of the single-quark-
transition" and vector-dominance-model result

4 a
I'(g -~ 'Y) = 1(g27 gp2/4m

=(4x10 ')(40 MeV)

=16 keV. (65)

The g is a spin-3 isovector meson at 1680 MeV, "
the Regge recurrence of the p. The pion mass
has been neglected in deriving (65).

Table III shows that many processes involving
excitation of the higher-mass mesons should be
as easy to study as p, K*, m, and g excitation,
which already have been seen at lower energies.
For example, we note the following

(1) Coulomb excitation of the A,' and Q „' should
be considerable, Diffractive hadronic excitation
of these resonances (due to the Pomeron) also
will occur. It may be possible to separate the
two processes from one another on the basis of
different helicity structures; if excitation occurs
in the same hei. icity amplitudes it may be possible
to separate the Coulomb and hadronic contributions
by using beams of boih signs.

(2) The A,' and K** (1420) should be prominent.
This was anticipated in Ref. 8; our estimates
are somewhat less optimistic than theirs, how-
ever. These estimates are insensitive to the value
of a/b, in contrast to the estimates for A ', and

Q& production.
(8) The Qs signal should be detectable. lt is

fairly sensitive to a/b There wi. ll be a back-
ground of diffractive hadronic excitation of Q„',
however. The most promising final state for
study of this system would be K~m'w . If Cou-
lomb-Pomeron interference occurs, the w' and

in this final state need not be symmetric in
their momenta and angular distributions.

(4) The w', t)', and f0 signals all should be com-
parable to one another for incident 100 Ge V pho-
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TABLE III. Expected cross sections for Coulomb excitation of resonances.

Beam &
(energy)

Excited Assumed
state B I (J9-Ay)

C
(&2) ~~'=2. 37 fm

~ (pb) on
CU

(B')' '=4 O3 fm
Pb

(&') '~'= 5.42 fm

& (200 GeV) p (770)
&g {1100)
B (1237)
&, (131O)
g-'{1680)

~{200Gev) E+ (89O)
Q~(13~0)
Qg(1300)
~++-(1420)

+(100 GeV) K* {890)
Qg(&300)

y(100 GeV) & (135)
+549)
g'(958)

f()(1270)

90 keV
1 MeV

200 keV
350 keV
16 keV'

50 keV
1 MeV

150 MeV
300 keV

200 keV
600 keV

792 eV
396 eVg

6.4 keV
8 keV

13
38

5
11
0.3

52
20

0.10
0.O5

0.10
0.21

260
730

93
210

5

250
620

93
200

1000
370

2.1
0.93
1.9
3.7

1900
5200

650
1500

33

1800
4400

650
1400

7400
2600

16
6.8

13
25

Based on Eq. (51).
Except as noted otherwise, assumed partial widths are rounded-off valves based on Table

II for a/b = 4. Coulomb-excitation cross sections are dix ectly proportional to partial widths
and may be scaled accordingly. t See Eq. (59).]

Based on Eq. (65).
Based on Eq. (54).
Based on Eq. (55).
Ref. 18.

~ Based on Eq. (57).
Based on Eq. (56).

tons The Prima. koff excitation of f, is an inter-
esting possibility. It may not be easy, since the

fo is relatively broad, and other processes could
contribute to the ~'m final state. An alternative
for detecting the large f,yy coupling is the use
of colliding beams, which we describe below.

B. Cross sections for two-photon processes

For m(yy) between 1 and 1.5 GeV the process
yy-w+m is expected to be dominated by the f„
and yy X'K should be dominated by the fo, A„
and f '." We ean estimate rates for these pro-
cesses on the basis of Table II. These rates are
best compared with the rate of nonresonant muon

production: yy-p, 'p. , calculable from quantum
electrodynamics. The cross section for this lat-
ter process is' '

4gn s
(vr wv )—= , &-» .—&).S mp

Here s is the square of the total energy in the
photon-photon center of mass. A high-s approxi-
mation has been used to obtain Eq. (66). When

the geometric acceptance is a function of muon

direction, a differential cross section must be

x ln, —1 (68)

In Figure 1 we have plotted Eg. (68) as a func-
tion of v's for the different values of I'&& quoted
in TableII. Wehave used F„=141MeVand1 &= 170
MeV. [emote addedin proof The most ree. ent val-
ues for these quantities, quoted in Ref. 17, are
I',„=146 MeV and I'&= 180MeV. ] One sees that the
total rates for pion production atWs=~ are compar-
able to those for muon production. However, the an-
gular distributions are expected to be rather different.
The muons tend to be Peaked at 0'and 180'in the Pho-

used in place of Eg. (66). This cross section is
presented in the Appendix.

The total cross section for yy-n'm in the region
of the f, may be written as

+ - 2o I"~~I'vv
(yy-f, - )= 3,

—(~ )

(6'7)

Correspondingly, the ratio of m'n production to
production is

oz(yy-f, -n'm ) 5 r„„I'»
ar(yy-g'p ) 3o.' (vs -m~)'+-,'I'~'
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0/b= 1/2

I

+ 2

2

1.2 1.5

Ws (GeV)

1.4

FIG. 1. Ratio of pion-pair production to muon-pair
production in photon-photon reactions as a function of
vs.

FIG. 2. Definition of angles for pion pair production
by polarized photons. The angle between planes of
photon polarization is g. The second photon is taken to
be polarized in the x-~ plane. The polar and azimuthal
angles of the vr+ (in the c.m. system) are 9 and Q.

and
+Z foZ (70)

ton-photon center of mass" (see the Appendix).
By contrast, we shall see in the next subsection
that the pions are expected to be produced most
copiously at 90 in this frame. With present ge-
ometries, this tends to enhance the probability
of their detection. "

C. Angular distributions

e'e -e'e f (69)

Consider first the process yy fo. This can
occur in states of total helicity +2 or 0, with
amplitudes A, =A, and Ao. Angular distributions
of the decay products of the f, provide information
onAO/A„which is predicted to be small in Table
II,: This will provide a crucial test of the marriage
6f the vector-dominance and single-quark-tran-
sition hypotheses.

In the processes

it is possible to study yy-f, when both photons
have linear polarizations making an arbitrary
angle g with respect to one another in the center
of mass. In process (69), ( is the azimuthal
angle between the two tagged final electrons. In
process (70) it is necessary to polarize the in-
cident photon; the exchanged photon is polarized
linearly in the reaction plane. Information on g
is useful. but not necessary for our purposes.

The final pions emerge back to back in the cen-
ter of mass; let the polar and azimuthal angles
of the w' be (8, Q) with respect to one of the in-
cident photons (see Fig. 2). We have defined the
x axis in Fig. 2 by the demand that the second
photon y, be polarized in the x-~ plane.

It is then a simple exercise in kinematics to
write the amplitude for yy-f, -sv as a function
of the two independent helicity amplitudes A, =A. ,
and A. ,:

(71)

The last two terms in Eq. (71) describe the linearly polarized photons y, and y, . Performing the sum
over helicities, one finds

I OR (rr-fo-&&)I' =
I f(E. . )I'[ 2 v 6A, sin'8 cos(2& —g) -A, (3 cos'8 —1)cosg]'. (72)

Suppose that only one of the electrons in Eg. (69) were tagged. Then one would average over tlI in Eq. (72)
to obtain

(IOR(yy-f, -vv)I')&= I f(E, )I'[ fA, ' sin'8 —s v 6A,A, sin'8(3 cos'8 —1)cos2$+-,'A, '(3 cos'8 —1)']. (73)
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This expression sti1.1. contains azimuthal depen-
dence unless Ap or A2 is zero. Finally, if neither
electron is tagged, one averages Eq. (V3) over
Q and the middle term vanishes. Dominance of

A p leads to a wm distribution peaked at 0 = 0, 180'.
This will be hard to detect in the process of Eq.
(69), as the pions are then projected along the
beam pipe. By contrast, dominance of A, leads
to a mn distribution peaked at 8= 90', the most
favorable situation for observing the pion pair in
either reaction (69)or reaction(70). ~'" Infact, we
expectA2 to be dominant. If A. ,=O Eq. (72) has
an interesting property. When integrated over
either g or Q, it is independent of the other vari-
able of the pair. It has strong correlations in g
and Q, however Co. nsequently an interesting
quantity to plot (if it were available) would be
( sit(', for fixed 2Q —g, integrated over g. If A, = 0
this quantity should behave as cos'(2Q —g). In
polar coordinates this resembles a, four-l. eaf
clover.

A convenient form for Eq. (72) may be obtained
by defining

—3&2 ap= (74)

Then the single-quark-transition prediction is
that

or

& (8) "(I&.l'+ IA.I')k»n'8+
I A, I' cos'8 (76)

W(8) ~1+xsin'8,

with

(7V)

)on(yy-/, -v~) ('

= const&& [sin'8cos(2$ —g)+ p(cos'8 ——,') cosgj',

(76)

where p is constrained by the experimental num-
bers of Table II to lie somewhere between 0 and

1
2 ~

The correlations between g and Q are potentially
important in extracting I'(fo-yy) from any ex-
periment with limited acceptance. Similar cor-
relations exist between g and P for yy-p, 'p, ,
a process which can serve as a "calibration" for
yy-n'm' ." Consequently, these correlations
are discussed in the Appendix.

The predictions of helicity amplitude ratios
for f, -yp -yn'n are easily tested. Consider
the rest frame of the p, with the photon traveling
along the positive z axis (see Fig. 3). Let the
r' make an angle 8 with the photon in this frame.
Then the distribution in 8 is

/
/

/
/

/

FIG. 3. Reference frame for discussions of fo—yp-Vr'7r

3 0

x = 1.5 for a/b =

0.8 2

(76)

This distribution is relatively sensitive to a/b
because of the constructive interference of a and
b in the A. =1 amplitude. More generally, in terms
of the parameter p of Eq. (74), we find the dis-
tribution

W(8) ~1+, sin'8.3+ 2p —3p
(1-p)' (79)

We remind the reader that Table II contains
predictions of the relative phases of A,&, A,&,
andA. ,y . Even though Eq. (76) is not sensitive
to these phases, one can imagine tests which can
determine these phases. These would require
the preparation of the f, in a definite state of
polarization, as indeed is the case in most pro-
duction reactions such as w p-fon or v'p-f, 4+'.

V. SUMMARY AND CONCLUSIONS

The radiative decays of mesons with J = 2",
1",0",1+ provide several useful tests of the
notions of vector dominance and single quark
transitions. We have presented rates and angular
distributions based on these hypotheses, and have
discussed the constraints that follow from de-
manding a consistent description of pion and pho-
ton emission.

The crucial experiments lie in the near future.
They involve Coulomb excitation of hadrons,
studies of two-photon processes in colliding lep-
ton beams, and detection of particularly large
radiative decay widths for processes such as
f, -yp. In addition to testing the hypotheses men-
tioned above, such experiments can shed further
light on the relative sizes of various reduced
matrix elements in the theory. The ratios of these
reduced matrix elements can point the way to
further possible selection rules in the decays of
orbitally excited hadrons. As an example, we
have mentioned that the predominance of trans-
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versely polarized w's in 4-con should reflect
itself in a predominance of A. =+2 in f, -yy.

Other authors have come to similar conclusions
about the helicity structo. re and partial. width in

f, -yy working from assumptions quite different
from ours. Schrempp-Otto, Schrempp, and
Walsh" saturated finite-energy sum rules for
ym -yw' with the & in the s channel and with the

fo and e in the t channel. They found

I'(f -yy) = 5.7 keV,

~,»,i~,» «1.
However, they also found

I (&-yy) = 22.2 keV.

This last relation is not necessarily in contri-
diction with our results, if the & in their satura-
tion scheme is not a qq state. If it is such a state,
as the authors of Ref. 37 mention, the width
I'(5-yy) should be appreciable and the 5 should
be visible in colliding lepton-beam experiments.
This would be in direct contradiction to our pre-
dictions.

Renner" obtained I'(f -yy) = 8 keV from an as-
sumption of tensor-meson dominance of the Pom-
eron. A similar helicity structure to ours results,
as a result of the crossing properties of helicity
amplitudes. More recently, Grassberger and
Kogerlers' have obtained A,~~ /A, "~ «I in a
slightly different treatment than that of Ref. 37.

These independent predictions of A. ol&& ~/A ~&& l

are very reassuring. They indicate that there
may be fundamental reasons for the smallness
of the ratio a/b. 4' This ratio is a free parameter
in the single-quark-transition description, but
it contains important dynamical information that
can be used to test more specific models.
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APPENDIX: ANGULAR DISTRIBUTIONS FOR py~ p+ p,

Experiments detecting 8 'e -e 'e w'm also
will. detect e'e -e'e p, 'p. ; in fact, the latter
process probably will dominate the former (see
Fig. 1). There are potentially errors of some
tens of percent associated with the use of the
"equivalent-photon approximation. '"' These can
be avoided to a la.rge extent simply by comparing
rates for the two processes; these rates ought
to scale in the ratio of the cross sections for
yy-f, -w'~ relative to yy-p'p.

When the final electrons are tagged, the plane
in which they are scattered reflects the plane
of polarization of the photons. Let E be the in-
itial lepton energy, E' the final lepton energy,
+ =E —E' the photon energy, and 0' the scattering
angle of the lepton. Denote by I and I~~ the in-
tensities of photons with polarizations perpen-
dicular and parallel to the plane formed by the
initial and final leptons. Then an approximate
expression for the ratio of these intensities is

I~t 2E (Al)

This expression is valid when

g'» m, (& —&')
(A2)

(A3)

s = 4(d(d (A4)

Consequently, one photon must have energy less
than 2vs, and hence will have a high degree of
linear polarization if v s«2E. When the vv or
p. p, system is approximately at rest in the e.m.
of the initial electron and positron, &0th photons
will have a high degree of linear polarization.
This can be important if the geometrical accept-
ance is limited in azimuthal.

Because of these potential polarization effects,
we have quoted cross sections in the text for
yy-fo-& v for photons with arbitrary linear
polarizations with respect to one another (see
Fig. 2). A similar expression can be written for
yy -p.

'
p, . The r esult is (z —= cos 8):

both of which conditions hold for the geometry
to be used at SPEAR. '0 [Equation (A2) is not in
contradiction with the equivalent-photon limit,
which requires only that 0' &(m, /E)'~'. On the
other hand, this last bound is not satisfied by the
present SPEAR experiment, and hence corrections
to the equivalent-photon limit will be important.
These corrections should largely cancel one an-
other when one compares yy-vv and yy-p g. j

When ~ is small, the photons are predominantly
linearly polarized in the plane of the tagged elec-
tron. As + approaches the full beam energy, the
ratio (Al) approaches unity and the photons be-
e ome unpolarized.

When low-mass mm or p, p. pairs are produced
via the reactions e'e -e'e +(v+v or g'p. ), the
square of the center-of-mass energy s is related
to the photon energies by
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+ — 2+p as-x ~ a
(yy y 'g ) = (1-p's') '[sin'g+ p'z'cos'g+ p'(1-z')sin2(p- g) sin2$

+ 4(1-P'~') 'P'(1- z')(1- P') cos'(P —q) cos'P].

Here the angles g, Q, and 8 are as defined in Fig. 2, while P —= (1 —4m„'/s)'~' is the velocity of each muon

in the photon-photon center of mass. When averaged over g and integrated over Q and 8, Eg. (A5) gives
the expression (66) used in the text. As in the case of yy-m m, Eq. (A5) displays strong correlations
in Q and g.
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