PHYSICAL REVIEW D

VOLUME 37, NUMBER 1

1 JANUARY 1988
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Chiral-symmetry-breaking corrections of order m

3/m} to the main effect which arises from the

axial-vector anomaly in 7° 7° and 7’°—2y decays are estimated by using gauge invariance and
vector-meson dominance, which holds at about the 25% level. The inclusion of these corrections
requires a large -1’ mixing angle= —(25%4)° and substantial violation of nonet symmetry for Fy
and F, the axial-vector decay constants for 73 and 7.

I. INTRODUCTION

If up-, down-, and strange-quark masses are set equal
to zero, then the chiral SU(3)xSU(3) symmetry is a
property of the QCD Lagrangian. The spontaneous
breaking of this chiral symmetry (resulting in the ap-
pearance of eight massless pseudoscalar Nambu-
Goldstone bosons) or equivalently PCAC (partial conser-
vation of axial-vector current) plus the axial-vector
anomaly fixes' the two-photon decays of pseudoscalar
mesons in terms of the matrix elements

(k=3,8,0 with the corresponding P, =7 74,70, and we
write for simplicity F g =F8:Fy =Fp). Unlike F_
(which is known experimentally, F,=93 MeV), Fg and
F, are not simply related to other well-known physical
processes. With certain assumptions to be stated below
for Fg, the recent measurements of 7 and 7’ radiative
widths? have been interpreted>* as an indication of large
mixing angle (—6=~20°) between 73 and 7,. This result,
of course, depends on the value of Fg/F,_ used. If one
uses Fg /F_ =1, one obtains

—0=(17.5£4.5)
Fy/F,=1.0840.11 .

(2)

Recently the value Fg/F,=1.25, which has been ob-
tained by the chiral one-loop renormalization® of Fg and
F,, has been used. On the other hand, 7°—2y and
17— 2y amplitudes are not renormalized® at the chiral
one-loop level and have thus the standard expressions of
current algebra; the use of these with Fg/F_=1.25 and
the experimental radiative widths of 7% 7, and 7’ gives
the solution®

—60=(23£3)°, (3a)
Fy/F,=1.04%£0.04 . (3b)

As is well known, the current-algebra calculation for
the radiative widths crucially involves the extrapolation

37

of the matrix elements of the divergence of the axial-
vector current,
)

from g¢’=(k,+k,)?=0 to —g’=+m} (mp=m,,
m,,m,). Because m, is small compared to a light-
hadron mass (e.g., m,~770 MeV), one may hope that
the neglect of this extrapolation is justified, but for 7 and
7' mesons the extrapolation is potentially dangerous.
The purpose of this paper is to study this question and
to estimate the corrections due to explicit breaking of
chiral symmetry when the pseudoscalar Goldstone bo-
sons acquire their masses (or equivalently quark masses
are not set equal to zero). We show that the gauge in-
variance and vector-meson dominance enable us to esti-
mate (g2/m2) corrections to the main effect, which
arises from the axial-vector anomaly term. As will be
discussed, these corrections are small (1.2%) for 7° de-
cay but could be substantially large for n and 7’ decays
(~17% for n decay and 40% for decay in the ampli-
tudes). However, these estimates may be off by about
25% since our use of vector-meson dominance may be
off by this amount. When these corrections are includ-
ed, we obtain

Agy
axk

<}/(k1 Jy(ky)

—0=(25x4), (4a)
F,/F,.=0.641+0.07 , (4b)

substantially different from (2) and (3), particularly for
F, which indicates large nonet-symmetry breaking for
F, and Fg. The result for the 1-n' mixing angle is ob-
tained from the 73 sum rule only and is thus indepen-
dent of the pure-gluon component which might be
present in 77 and %' in addition to gq states mg and 7.
The large mixing angle may be consistent with the one
used in the linear mass formula for pseudoscalar mesons.
The consistency of a large mixing angle with the quadra-
tic mass formula has been discussed in Ref. 4. Below we
give the details of our calculation.
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II. CHIRAL-SYMMETRY-BREAKING CORRECTIONS (yUky 1y (ky) | Tp(0) | 0) =€f(k et ky X(—TE,), (5b)
The S-matrix element for P—2y is defined by where
Tk = —ie, gk kg AL - (5¢)
(ylky (k) | P(q)) =i (2m)%%(q —k, —k,) # pral eI
Now we have the Ward identity
x(y(ky)y (k) [ 7p(0)]0) —igaMk, =M~ (62)
(5a) where separating out the pseudoscalar-meson P pole and
possible pole P’ due to the radial excitation of P, we
with have
J
—ik,x —ik
Ml,= [ atxdiye e (0| TV (x) V™ () 4,,(0)) | 0)
Fypig, Fypiq, .
=T~ ST —-3 55Tk (6b)
D e Ll q*+mp "
[
where n=cosf ng—sinf 7, ,
. (10b)
(0] Ayn | P(q))=iFypq; » (6¢) 7’ =sin@ ng+cosb 1, ,
and for k=3, P =m only with F;_ =F,_ while for k=8,0, we get, from Eq. (6¢) [cf. Eq. (1)],
P =7 and %', and similarly for radial excitations P’. In .
Eq. (6a), an-:cosﬂFg, an'=5m9Fs R
(10c)
- f a4x d4y e _ikl'xe _ikzy FO'q = —“Sine Fo, Fon' =C059F0 .
Then writing
X0 TV (x)V™ ()3, 4;,(0)) [ 0) . (7 , ,
r;7=r;,
Using now PCAC with the axial-vector anomaly d g g
an
d 2
—a;:Akk(x)=FPmPPk(X) 167 zSpe#vaﬁF#,,(x ( ), COSOFB n+s‘n6r8n=l-«zv ,
(8) —sind [ +cos6 T =T, ,
with k=3,8,0, i.e., separating out the pseudoscalar-  We can rewrite the sum rule (10a) as
meson P pole and other possible pole P’ due to its radial Fo. .
excitation and keeping the anomaly term, we obtain —Fp |Tk,+ }—i—l“’fv =—q; Tk, + ?Sﬁewaﬁklakw ,
2
Fromp i pr (10d)

kamg
Mkvzz I*k,vP+2
S ot e

i
+ pye S,’.fe#vaﬁklakw . )

Substituting in the Ward identity (6a) and using (6b), we
obtain the sum rule

_szP uv szP =*‘IAF

uvi

[ ok
+2_‘n,i—SPel“’aﬂk1akZB .
(10a)

For k=8 or 0 when P =7 and 7', writing 7 and 7’ in
terms of ng and 7, as

where Fp is now defined as in Eq. (1). Chiral symmetry
requires that Fp. vanishes in the chiral limit, so that
Fp=rp—Fp , (11)
where 7, has been estimated® to be 2V2.
Now to estimate l",'f‘,, relative to I“;jv, ie.,
A P’-—»Z'y/ Ap_.,,, we use the quark annihilation model’
which gives

2

|47(0)] 2

4rra? "“P

2"\/3

r, (P)=

YY( 3

mﬁ

=4ma’| A —_—,
ma [ P2y 16

(12a)
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giving
2
[ Aoy | ZT/% ; 3_’3 (m,-2+m,é/4)m,,1/2 4710 .
(12b)
This gives, for example, for the pion case,
Ar_ay | l m, | 14 (m, /2mys)? VAR
Anzy | My | 1+(my2mye)? | 97(0) |
(13a)

where myg is the average of nonstrange-quark masses
(~300 MeV). Potential models, which give good fit to
masses of heavy-quarkonium states, would give®

i (0) _
¥ |_ |00 (13b)
¥™(0) ¥,(0)
Setting m » ~ 1300 MeV, we see that
A_.
Im=2y zl . (13¢)

This together with (11) is too small. In any case, togeth-
er with (11), we see that

—i(V(k)Vj(ky) | Ai(q)) =€k e (ky)er(q)

Fp.
Fp

Ap_,
P _0(mp /mp S (14)

AP—»Z'y

at least while we are interested in terms of O (mp}/m}2).
In view of the above and also due to lack of data on ra-
dial excitations for 73 and 7, we shall neglect the contri-
butions from the radial excitations in the sum rule to ob-
tain

i
—F,,r,’;vz —qkrﬁmr Py S,’;em,,k,akw ) (15)

We now estimate the term g, I ﬁvh which on dimen-
sional grounds will be O (¢g2/m}) where m, is a typical
vector-boson or axial-vector-boson mass. What we need
is the matrix element

il"}’jvkz—(y(k,)y(kz)l A,0)]|0),

where a tilde denotes that A,, does not contain any
pseudoscalar-meson pole. This we calculate in the
vector-meson-dominance model for which we first calcu-
late (V;(k,)V;(k,)| A;,|0) to be dominated by the
axial-vector-meson A, pole. The gauge-invariant axial-
vector-meson coupling with two vector mesons (here i,
are indices corresponding to vector mesons p, @, and @)
is defined as

X {[qz_(k% +k% )]%‘ev,uak(kl *k2)a+(6vka3k2p—6,ukaﬁklv )klak2B;bijk . (16)

Then defining the matrix elements of the axial-vector current 4, in a gauge-invariant way as

(I/,(kl )‘/j(kl) | Akk | 0>=€;(k1 )G:(kZ)

X[ 9HGgPIe ek =k ) +h ¥ (g? V€ uvapk 1ok 2891

+81* (g€, rapk 5, —€urapk 1)K 10K 25 +8 95 (g 7)€ 05K 1, —€unapkan Jk1akogl s (17)

we see that pseudoscalar-meson pole contributions to the
above matrix elements are

Fypqx
where k=3,8,0 and for k=3, P =7 only while for k=8
or 0, P=m and 7’ [here ¥y is the coupling strength
for V—V'P and F,p are defined in Eq. (6¢)]. Thus,

high=3 Furlly 18b)
Fg)=23 —5—5— (18b
? qi+m}
and one has the Goldberger-Treiman relation
(18¢)

21 §0)= EFkPY%)VI.P .
P

Now if we use Egs. (10c) and write

cosf y(f’_’yjnﬁ-sinO y‘,ﬁ“_)yﬂ,=y‘,§i)yj,,s ,
(18d)
—sind y(VOI_’Vj,,—}-cose y(‘g)"jﬂ'zy("o.-)"j’?o ,
we can rewrite Eq. (18c) as
2 O =Fpr¥y p (18e)

where Fp is now defined as in Eq. (1).
The axial-vector-meson pole contribution to Eq. (17) is

Fiab™ g~ (k3 +k})]

fikghH= , (19a)

= T T mY)

. Fi b q*—(k?+k2)

high=— 3 —A—r 12 I (19b)
4 my(g +my)
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ijk
gi*(g?)= % f{’% , (19¢)
g¥*(g*)=0, (19d)
where F , and F, are defined by
(0] 4;;3(0) | A(q))=F,46:(q), (20a)
(0| Vi | Vilky))=Fye,lk,) . (20b)

—iTk, =(y(k )y (ky) | Ay |O)

For the vector mesons on their mass shell (k?=—m2,

k3= —m,zzj ), Egs. (18¢) and (19a) give, for ¢2=0,

2
m,Z/ +mV

22FkAbijk—_ém2 . =Fp?’(l€)VjP . 21)
4 y

Thus, finally using Egs. (17) and (19), vector-meson dom-
inance for (y(k,)y(k,)| 4, |0) gives (ki=0=k3)

FkA FV.FV]. 2 B 2 2 B
= - 9d_pike  (ky—ky),———=d—bike Kk, k
%% q2+m,2, mlz/,.mlzlj 2 vuaA\ 1 2’a mi 2 uvaf™ la ZBqA

+ b€ papk 2 — €urapk 1)Kk 10K 2

+

2
4 ik
2

1
— €napK 1 — €unapk
m;Z/ vAaB™ 1u mz pAap™2v

1

ki k| » (22)

which is explicitly gauge invariant. Substituting Eq. (22) in the sum rule (15) and using Egs. (5c) and (21), we obtain

(with g2=—m})
mp Bk, (k)

k1
AP_F SP'—E 2 2 2 2 FPYVI.VJ.P
ij myi—i-myj my[myj

We replace m2 +m} by the average vector-meson mass
i j

my=4(m} +m,2,j) and can then eliminate Fpy(%),, by

assuming vector dominance of P—yy matrix elements,

which succeeds at $25%. The vector-dominance model
gives

. FyFy
i

AP= 2 2 2 ’y(li(i)VjP ’ (24)
o Mymy,

so that we can write the sum rule (23) as
2 -1
1 1 mp
P FP 217_2 P

2m 3
Note that in this sum rule k=3, 8, and O and corre-
spondingly P =7°, 1, and 7,.

III. NUMERICAL RESULTS

We have
1
" 2v3]

and for vector bosons which are coupled to y’s,

S,=%, 8§ S,,o=\/2_/3 (26)

~1.23m?2 , (27

(23)
[
using m, ~770 MeV, m ~930 MeV. Define
A(Po2y)=——d(P—2y), (28)
4
so that
maa? )
F(P—>27)=_“T|A(P—>2‘}’)| ) (29)
647

where P =7°, u, or 7'. Now from Eqgs. (25) and (26) we
have

A =474 o=—-(1-0.012), (30a)
1
— 42 —-—(1—
A, =it d, = -(1-0.18), (30b)
A, =44, =—(1-0.38) (300)
0 0

F,
where we have used m =135 MeV, m,. =560 MeV, and

mn0=948 MeV. The value of m, is that which one

gets from Gell-Mann-Okubo mass formula. Once the
value of m, is fixed as above one gets m,, from the re-

lation

2 2 _ 2 2
my tmy =my+m:y
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and the experimental values of m, and m,.. It may be
noted that the sum rule (25) is not sensitive to small

variations in My The Gell-Mann-Okubo formula is at

least valid to the same accuracy as vector-meson domi-
nance.
Equation (30a) gives

[ 0=7.45 eV (31)

to be compared with 7.64 eV without the chiral-
symmetry-breaking correction and with its experimental
value’

I"fr’(‘)"‘=7.57i0. 32eV. (32)

Thus we see that with an increased accuracy of the ex-
perimental measurement of I o, the chiral-symmetry-
breaking correction calculated here is testable.

The experimental result? I'(7—2y)=0.53+0.08 keV
and the average value (as quoted in Ref. 2) of
I'(n'—2y)=4.42+0.34 keV together with (29b) and
F_,=93 MeV, give

A,=(1.01£0.08)F; ',
i (33)
A, =(1.2710.05)F ;! ,

where
4, =cosf A4 7 —sinf A 70

and

A, =sinb 4 e +cosf 4, .
Using the experimental values (33), the 75 sum rule (30b)
gives the value of 6 quoted in Eq. (4a). Using this value
of 6 in the 1 sum rule (30c) then gives the result (4b) for

Fy/F,.
Finally if 77 and %’ have pure gluonium component G,
so that Egs. (10b) are replaced by'°

n=cosf 13 —sind,(cosf,n,—sinb,G,) ,
7' =sin6,;73+ cosb,(cosf,71,—sind,G,) , (34)
G =sinf,ny+cosb,G, ,

where G, has no coupling to photons and we have
neglected the very small 73 component in G. Then

ng=cosfn+sinfn’ ,

(35)
No= cost, (—sinB,n+cosbn’' +sinb,G,) ,
so that the ng sum rule (30b) gives then
—0,=(25%4Y) (36a)

and the 7, sum rule (30c) gives (as G, has no coupling to
photons)
F, /cos6,

=0.64+0.07
F

m

or

Fo

=(0.6410.07)cos0, , (36b)

T

so that (4b) is then upper limit for F,/F in this case.
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