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VI. DISCUSSION

The theoretical results for the capture rate given in
Table I are to be compared with the recent experimental
results

T(u=+p —n+v; pp singlet) Joxpt. = 64070 sec™
[Bologna-CERN (Ref. 3)],

I'(y—+He? — H34») Joxpt. = 150546 sec? (44)
[Berkeley (Ref. 25)7,
= 14654-67 sec™!
[Carnegie (Ref. 26)].

The over-all agreement between theory and experiment
is gratifying and must be viewed as lending general sup-
port to the belief in the validity of V-4 interaction,
muon-electron universality, CVC, and PCAC. '
The capture rate is not very sensitive to the values of
Fp and the present experimental errors are still too large
to eliminate one or the other version of PCAC. How-

%61, B. Auerbach, R. J. Esterling, R. E. Hill, D. A. Jenkins,
J. T. Lach, and N. Y. Lipman, Phys. Rev. 138, B127 (1965).

2D, B. Clay, J. W. Keuffel, R. L. Wagner, Jr., and R. M.
Edelstein, Phys. Rev. 140, B586 (1965).
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Tasre I. Theoretical capture rates in units of sec™’. The cap-
ture rates (a), (b), (c), and (d) are, respectively, for GpN and Fa
X(0; p— n)=1.18, Gp% L and F4(0; p = n)=1.18, Gp™ and Fy
X (0; p— n)=1.23, and Gp% L and F4(0; p — n)=1.23.

Capture Capture Capture Capture
rate rate rate rate
Process (a) (b) (c) @
wWwtp—nty 625 613 662 654
w+He®— H34» 1449 1525 1449 1525

ever, in view of the recent spectacular success of the
Gell-Mann-Lévy version of PCAC in the application of
current algebra to various problems of elementary-
particle physics, we believe that the capture rates with
Gp% L and F4(0; p— n)=1.23, as given in the last
column of Table I, are the best theoretical values at the
present time.

Note added in proof. The final result of the experiment
of Ref. 3 has been reported as

I'(u+p— n+v; up singlet) Jexpr= 651457 sec™

(Phys. Rev., to be published) which is in excellent
agreement with our theoretical estimate (d) in Table I.
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A low-energy theorem is derived for the structure-dependent axial-vector form factor in the radiative
decay K — I+v+7 in the soft-kaon approximation. Corrections of the order of (mg2/mv?®) (V=p, w, @)
are obtained in the pole-dominance approximation. In each approximation, the model predictions of both
(i) asymptotic SU(3) and (i) current mixing are investigated. The quantity |vx|=|ax(0)/F(0)]| is
calculated in both approximations and in both models. It is found that the soft-kaon result is shifted upward
by approximately 20%; the separation between the models in the two approximations is of the same order

of magnitude.

I. INTRODUCTION

THE techniques of current algebra have recently
been used? to study the radiative decays of
charged pions. In particular a low-energy theorem for
the structure-dependent axial-vector part of the radi-

* Work supported in part by the National Science Foundation,
the U. S. Atomic Energy Commission, and the Rutgers Research
Council.

t Rutgers Faculty Fellow on leave of absence (1968-1969).
Present address: Department of Theoretical Physics, Imperial
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1T, Das, V. S. Mathur, and S. Okubo, Phys. Rev. Letters 19,
859 (1967).

2§, G. Brown and G. B. West, Phys. Rev. 168, 1605 (1968).

ative decay w — I+v-+ has been derived both in.the
soft-pion approximation' and in the pole-dominance
approximation (PDA).2 In this paper we consider the
extension of such techniques to the analogous radiative
decay K — I4v++y where the theoretical situation is
much less clear. One of the bases for our interest in such
a calculation is the expectation that the PDA calcula-
tion of, say,! d4/dv(¢*=0, A?=0), in this case, might
prove substantially different from the SKA (soft-kaon
approximation) result because of hardly negligible ““cor-
rection terms” of the order of mx?/mv* (V=p,w, ¢). At
the same time, we are not aware of any experimental
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data on this decay mode as yet, although such an ex-
periment would appear to be feasible.?

In Sec. IT we outline the soft-kaon approach to this
problem. There, two expressions for the sum rule
for ax(v=0)=dA/dv(0,0) are derived, depending on
whether results of asymptotic SU(3) obtained by Das,
Mathur, and Okubo,* or results of the current-mixing
model of Oakes and Sakurai® are used.

In Sec. III we derive an expression for 4 (¢%A?) in
PDA, after calculating the various form factors by the
dispersion-theoretic technique of Das, Mathur, and
Okubo.® The SKA results for dA4/dv(0,0) are then
merely the limiting values (mx®— 0) of the corre-
sponding PDA. expressions. We find that although
individually large, the aggregate effect of the correction
terms on |yx|=|ax(0)/F(0)| [F(») is the structure-
dependent vector form factor] is just a shift to larger
values of the order of 209, of the soft-kaon result in
both models.4 Moreover, the differences in the model4®
predictions are of the same order of magnitude. The
remaining source of uncertainty in the numerical esti-
mates of |vx| in the two models*® resides, of course, in
the calculation of |F(0)|; there we have chosen to
relate the VV P couplings by nonet symmetry.”

II. LOW-ENERGY THEOREM IN THE DECAY
K+ — 4 v++v: SOFT-KAON APPROXI-
MATION (SKA)

Following Ref. 1 we write

‘".... (2ko)ll2/d4x —1q-2

XO|T{Vulem (), [Va! (0)+45! O) T} K+, (1)

with the axial vector part of M, (for arbitrary ¢?) being
given by

M AW,g)=A4(,¢")0u+B,¢)q.ku+C (#,9)q.9,
+D(y:q2)quv+E (V,q2)k,;ky . (2)

Using current algebra and taking the soft-kaon limit
k — 0, one finds

MI"A ("'= 0, 92)
=—[Aw*(0)—2w"®(Q—Aw"® (91 Fx, ()

where the decay constant Fg is defined by
(0143, (0) | K+ (k)= —1k\F x/ (2k0)"?, ©)

3 We wish to thank Professor S. L. Meyer for some discussions
on this point.

4T, Das, V. S. Mathur, and S. Okubo, Phys. Rev. Letters 18,
761 (1967), 19, 470 (1967).

5R. J. Oakes and J. J. Sakurai, Phys. Rev. Letters 19, 1266
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( “T)Das, V. S. Mathur, and S. Okubo, Phys. Rev. Letters 19,
1067 (1967).

7 S. Okubo, Phys. Letters 5, 165 (1963).
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and
A,‘y“"(q)=i/d4x eiee
X{O| T{A,4+® (x),4,%4®(0)}|0), (5)
A,V @ (q)=i/d“x eire
XO|T{V,.@(2),V,=(0)}|0). (6)

Analogous to the result obtained in Ref. 1, one finds

4 (V= 0: qz)
_ __1__ pas(m2)— py () (m*)— py s (m?) e, ()
Fg @+m?
C(»r=0, ¢»
[ 1 / pas(m?)— py (s (m*)— py(s) (m?)
= — dm?
Fx m2(92+m2)

Vector-meson dominance implies that

A(0,0)= [ / s (m?)+ py g (m?)— P.;s (7”2)] / Fe

m2
G?2 G2 G2 Ggg?
- F— g > / Fx, ©)
m,2 mi: m,: mg?
with?
G? G2 G.?
L (10)

and Weinberg’s first spectral function sum rule,3

G2 Gkl Gg Ggy?
2 = =Fg?, (11)
m,,2 mxj mKﬁ mKA2
implies that
A4(0,0)=Fxg. (12)

The sum rule which then emerges from the straight-
forward manipulation of the preceding material (as in

8 S. Weinberg, Phys. Rev. Letters 18, 507 (1967). Note that in
this paper G, is defined (as in Ref. 4) by
G,&9(9)/ (290)2={0| V,® (0) | °(q))
= (AN2O0| V24 (0)|p*(g)),

with (Gp2/m ) =F.2; also JSdm?ps(m?) =3Gk+?, as in the first, but
not the second of Ref. 4
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Ref. 1) is

—0)—dA 0,0
ag(v= =d—y( 0)

1 [ pas(m?)— pves (m?)— pvsy (m?)
S dm?
F K mt
HEsx |, (19)
where the derivative of the kaon electromagnetic form
factor fx(¢?) is given by
JE'(0)=—%{"x
— _(GPGpKK ', GwGpKK lr GwGwKK> ’ (14)
V3m,t  V3m,t

myt

and may be further reduced to*

11 1 m G 2\ (m2—m,?)
i @=—] (] )
km? m,? m,}G,ﬁ/ MM 2
Thus,
1 /G G2 G2 G2
aK(y=O)=—-FK{—( K4 I3 ¢ __)

Fg?

+[ 1 N 1 N (m,ﬁcf\(mw?—mf)]}. (16)

M2 My m¢2G,,2/ mim,’

mrs mpt omSt mt

Expression (16) may be simplified somewhat if we
accept (i) the proposal of Das, Mathur, and Okubo*
that S dm?pas(m?) satisfy the Gell-Mann-Okubo for-
mula, or (ii) the proposal of Oakes and Sakurai® (OS)
that S dm?m%p.s(m?) satisfy the Gell-Mann-Okubo
formula. In case (i) we find®

[ax (»=0)Jomo

(mK*2/ Mk 42 (F 1r/ Fg)?
e[
(mg2—mrs?) mg2
F./Fg)?
—--(—/—Ii)—[S(m¢"’+m‘,,2)—|—m,,2—4mm2:]:]
Immet
1 1 1 1 (dmg2—m,?)
+[ p Ly L Ll ”]},(17)
me: m,: mg 3 mimt

9 For calculational purposes we do not assume the existence of
the « meson in this paper. [However, see K. Kang, Phys. Rev.
Letters 21, 857 (1968), for arguments on the other side.] Thus
from Ref. 4 we have, for example,

Grx*=Gg 4l

mg**
1- = 2)=FK2:
MK,

and
Gr ®

my*?
where it is assumed that mx = 1320 MeV.
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while in case (ii), where®

G2 G2 1 1 G
“a a6 ——1], (9
mot myt 3 mrst m,t
we find!?
(mgs?/mg,?)  (Fa/Fg)?
[aK(O)]os=~FK|: =
(mKAZ—mK*2) ﬂl,,2

_ (Fs/Fg)

. 5 4m,,2—mx*2)
3mK* m,

2/ 1 2
+{=+—)]
3 m,,z MK*2

In case (ii) we need the results,!!

mim,?
Gl=———————
m(myi—my?)
4 1 1
X( ——————)Gﬁzl.43(;p2,
3mK*2 3m,,2 mﬁ
) (20)
G

m,? (my?—m,?)

4 1 1
(et smanc
R 3m,,2 m¢2
We shall present numerical calculations of the ratio®
|vk|=|ax(0)/F(0)| in the next section, where the
“corrections” of the order of (mx*/my?) (V=p, w, ¢)
in PDA are taken up.

III. POLE-DOMINANCE APPROACH TO
THE DECAY K*— v+

In the pole-dominance approach to the decay K+—
Iy we are concerned with the retarded amplitude

M, A= / dix ¢ia-

X016 @)LV ™ (x), 45! (0) ]| K+ (k) (2ko)*2,  (21)

10 As in case (i) we assume the validity of the second spectral
sum rule in the subgroup SU(2)XSU(2).

11 Qur notation follows that of the second of Ref. 4.

2 Tn view of the experimental situation we confine ourselves here
solely to numerical estimates of this quantity.
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with absorptive part,
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AbsM 4= —im Z;(OI Vue™(0)] p°(q) ; M2 (24020 (9) ; N A (0)| K+ (k) (2k0)1%8 (g2+-1m,%)

—ir §<0| Vue™(0)] 0(q); N2(me*+a%) e (q) ; N A5 (0)| K+ (k) (2k0)"/%8 (g*+m )

— i ;(01 V™ (0)]w(g); N2 (407w (q) ; N A5 (0)| K+ (k) (2k0)/25 (g*+m0?)

+im(0] 43, (0)| K*+(A))2 (mx?+ AAK+H(A) | Vo™ (0)| K+ (k) (2k0) 25 (A% +m?)
+ir Z;(O | 45,1 (0)| K a*(4); N2 (mxc >+ ADVXK 4H(A); M V™ (0) | K+(R)) (ko)1 28 (A%+-mr 47),  (22)

where A,= (k—¢),. On substituting the definitions®

O]Vl (0) | p°(g)=Greu” (),
0]V, (0)| p,0())= (1/V3)G .06’ (q) ,
<0 [ A 3141 (0) | KA+(A)>= _‘GKAGV(KA) (A) )

(23)

and the relevant form factors tabulated in the Appendix
in Eq. (22), one finds

Abs4 (¢2,4%)
G
=G, PO (W5 m )t P (A5 (g m )

G
+r—P1@ (A95(g2+ m.?
3 1“2 (A%)s(g )

+7Gr, 01 (q2)3 (a4 mE42) .

From Eq. (24) we first determine A4(¢%A?) up to
“unknown” pole terms in ¢*:

(24)

2

4.0 = _GKAQl(q )+ Cy

mKA2+A2 V=p, 0,0 mV2+q2

_ (Gx/Fr) Gy - (q2+ mKﬁ)
mrl+A mri+A7 VN ¢+myt
GXV c
& b ——, (25)
(sz_mKAz) v mv2+q2

where

gv=G,, (1/\/3)G¢.w ) (26)
and then fix the pole residues Cy (V=p, ¢, w) by refer-

ence to the absorptive part of 4 as given by (24). Thus,
G2 G,Gg,G&»*

] )
FK ’}1’LKA2—'-WL,,2 (27)
Gw,w2 Glp,wGKAGsK"”w

o= )

Fk ME L Me,0?

18 We now dispense with kinematical factors [e.g., 2(m 2+ A)V2]
and polarization sums, for simplicity.

and
2 2 2
agay=-E g (TTrED)
mr A V=oo\ gtmyt Jmg 2 A2
GrgvGEV (Gv¥/Fx)
(myi—mg > V=ileo my*g
GK gVGaK’V 1
+ - . , (28)
v=itow  mytg  (myP—mk,’)
with

dA00)  2Gg.?

dv mKA“FK

GKAgVGaK’V
-2

(29)

V=p0,0,0 (my*mg %) (myvi—mg,2)

On making use of the Eqs. (A29-A31) derived in the
Appendix, one finds

dK(0)=—-FK{__1._[GKA2/2__ M 1>

& mm‘*\ Nt ks 2

g, G2 G2 G.?

Nt nramst met m,,,":|

4[ K4 GpGpKK= ]G¢G«>KK+1 GwGwKK:”
1o bnrs mst 2 V3m,  2 V3m,!

+terms{O(nx4—nv), O(no—14)}, (30)
where
mK2
Na™ 1— ) (a=p, P, W, KA)) (31)
Ma®

of course, in the limit mx% — 0, we recover the soft-kaon
limit, Eq. (16).

In order to make some estimate of, say, |vx|, it is
necessary to derive an expression for F (), the structure-
dependent vector form factor, which is given by

M7 (¢#=0, 47

= / diz e i =(0| TV ™ (x), V3,1 (0)} | K+ (k)

(g*=0)

=F(V)6uv)\09)\kv- (32)
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TaBLE I. Values of the parameter |vx| in the DMO and OS  the method of Ref. 6.18 Thus.
models for soft and hard kaons. ’
°(q)| 43 (0) | K+ (%
oKy Daow | POMSOIEE)
DMO model 0.38 0.48 =1e,? ()L P1'P (4%)8
OS model 0.44 0.58 4Py (A)k, (k) P3P (ADk,(g—k), ], ) (A1)
G AHm2\ G, G5*
Py (a7)=— ( ) (A2)
In the pole approximation one finds Fr \A™-mg 42/ (mx,2—m,?)
GrG&°
] gvGrsGrrxv J XTI P — (A3)
[FG)|=| = 33 28 mx?)
V=p0,0,0 mv2(m1<*2—~m1<2— 21/)
ZGpKKFK GKA
We evaluate the unk lings Gregy in (33) 127 A=
e eva ua.te the unknown couplings Gg+xv in (33) Atmx®  mg (A mg )
by assuming nonet symmetry,”* so that Gksx,
= (1/\/7)GK*K¢= Grrgo= (%)Gp‘lrw, with?'® m7r2Gp1rw2/ (477) X[(;sK'P—%(mp‘z* sz)GdK'p] ’ (A4)
=0.40. Note that because of the conventions of Ref. 14,
where and, for V= ¢, w,
o= —cosd wgF-sind wy, 31 (V@141 0)| K+R)
w=sinf wg-}cosf wy, =i, (q)[ P17 (A2)d,,
one has, rather’m +P," (A2)ku(k+9)v+P3(V) (AZ)k,‘(q—k),], (AS)
V3G, [AHmr2\ Gg,GX®
|F(0)| =G G Py (a%)= ( ) , (A6)
pTw Mgt — sz) Fg A2+mKA2 (mKAZ_ m¢2)
GrGi%?
G, G, G Py (%)= ————, (A7)
X[ - @] s 2%+ me)
M2 M, M2
2G,kxFk Gk,
Py® (A2 =
The SKA and PDA predictions for |yx| are compared A+mg?  mg2(A%mg,?)
in Table I for both models of interest.'?
in Table I for both models of interes X[GE o} (mi—me?)Gakre], (AS)
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APPENDIX

We give here the pole-dominant solutions for the
matrix elements occurring in Abs M ,,4 [Eq. (22)] after

14 We use the conventions of Yellin [J. Yellin, Phys. Rev. 147,
1080 (1966)7.

15 G, W. Barry and J. J. Sakurai, Stanford Linear Accelerator
Center SLAC Report No. 382, 1968 (unpublished).

16 Note that in Ref. 4, G,=Gjs cosf+G: sinf and G, = —Gg sinf
+Gi cosf. We also use (G,/G,) =cosd, and (G./G,) = —sind.

17 We have taken (Fx/F,)=1.1in our computations.

with the P being given by the simple replacement
¢— o in the P9 [Eqgs. (A6)-(A8)]; also,

(K4 (@] Valm (0)| K+ (k)
=16, 50 (q)[Q1(4%)3,

+0:(A%k, (k+9)utQs(ANE, (g— k)], (A9)
G AZ 2 G.’K,V
Qa)=—24 % ( Ty & . (A10)
Fg v=00,0\ A24my? }mVL—mKA“’
Q:(a)= % Al (A11)
: V=0, 0,0 2(A%-my?) ’
Qs(A%)= il

V=p0,0,0 My? (A2+mv2)
X[GHEV—%(mr 2—mg®)GV]. (A12)
18 We shall consider the application of some of these relations in

a forthcoming work on the K+—K° mass difference done in
collaboration with K. Kang.
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To the matrix elements of (Al), (AS), and (A9),
we add those of the octet vector current (Kat(g)|
XV, ®(0)|K+(k)), and of the unitary-singlet vector
current (K 4+ ()| V. @ (0)| K*(k)),

(Kat(@]Vu®(0)| K+ (k)

=’l:€y(KA) (q)[Rl(Az)sm'l' M ']7 (Als)
G
Ri(aY= 13—
® A2+mK42\ GvG,K'V
V=¢p,0 A2+mV2 /(mxf—mvz)
R:(A%)= 2. laaild (A15)
G e 2 my)
R@)= T —
)=y ———
? V=¢,0 my2(A24my?)
X[GE V=5 (mg P —my)G5V], (A16)
andl
(K4t (@)| Vi@ (0)| K+ (%))
='I:€,,(KA) (Q)ESI(A2)8vu+ v ']’ (A17)
Si(an=— % il (A18)
A = )
' Vo Albmy?
Sy(A)= T avGa®" (A19)
=Y ——,
’ V=¢,0 2(A%+my?)
Sia)= ¥ ——0
M= Y ————
’ V=p.0 my?(A2Hmy?)
X[GE T~} (mxd—me)GA V], (A20)
The divergence conditions, V=p ¢, o,
(V(g)| 8,451 (0)| K+ (k))
ZFKmK2
=——Gyrre -k, (A21)
A2+mK2
(K4t (q)| 9,V lom:8.0(0) |K+(k))= 0, (A22)
with
Go\ [
D), wo
G,/ \m,?

are then sufficient to determine the three s-wave and
three d-wave couplings, G5V, G5V (V=p", ¢, w).
These conditions are

G Gg ,G&P Gk
A 96, kkF g ——

—_m 2
FK MR z— M,

X [GaK’p“%(mpz—sz)GdK'pJ= 0,

mg 42
(A24)
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Gry mg2gvG LY .
LL (o re 2=
Fr @ Vot oo mvz(sz——mKA2)T2( K4 K)
gvG kv
X =0, (A25)
V=pl0,0  my?
Gy  Gg,GX7 G
AVt )Gy kP ——
FK (mKAZ—mv2) mKA2
X[G&¥ =3 (= md)Gokrv]=0,
(V=190,0) (A206)
V3Gx, ' GyG KV Gy
— 1 -
2F g V=0, (mKA"’—mV"') I V=0,0 my?
X[ Y3 t=mt)Gak:V1=0, (A27)
GG Ee—G,GEe
— 3 (ma 2= mi?) (GuG o —G GaF) =0, (A28)
with
mg®  mg? \"!
GaK'p=<2_—"—' ) (mn2'_mK42)
my: Mg,
mg?\ Mg > G,
X (1— ) <_““+ZGpKKFK)
mKAz m,,chA K
mg?\ m,? Gk,
() (5],
m,,z mK}G, 2FK
and
(1 sz) GrGvGE Y
My 2l V=¢,0 \/3mv2mxj
GI{A2 2 GKAGVGaK'V
——— ; (A30)
MEK 4 Fr V3 v=p,0 mKAZMVz(mVZ—MKf)
note that
(1 sz) Gr GvGd&Y
MmE 2 V=¢,0 \/ngmeAz
B Gk, 1 ( Gv? ZGVGVKKFK)
2mKA4FKTV-¢,w mv“FK '\Bm;ft

My Mmg? mg®  mi?
+terms{0(——— ), O( ———-—)} (A31)

my:  m,? Mmr,s  my?

The perturbations O(mx?/ m2—mg?/mg?) may be
straightforwardly obtained by suitably manipulating
Egs. (A26)-(A28).



