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We calculate hyperon radiative decays using quark-diagram analysis taking both weak
and electromagnetic interactions to be short-distance processes. The second-quantized
quark fields are expanded in terms of MIT bag modes, so as to be consistent with quark
confinement. In this paper, we present the general formulation of the quark-diagram cal-
culation and use the =% —py process to illustrate the procedure. We rederive traditional
baryon-pole-model results. The calculation indicates the need of some nonleptonic weak
interaction with chiral structure different from (V—A4) @ (V —A4).

I. INTRODUCTION

Weak radiative decays such as £+ —py and
A—ny are a good place to study nonleptonic weak
interactions. Such radiative decays are presumed
to be the combined effects of electromagnetic and
nonleptonic weak interactions. Though the experi-
mental information for such radiative decays is
more scarce than for pionic decays, the calculation
of photon emission is much simpler and more reli-
able than the calculation of pion emission and we
can still learn a lot about the structure of nonlep-
tonic weak interactions from such weak-radiative
processes.

Earlier calculations of these processes are based
on symmetry principles and the baryon-pole
model.! These models used tree diagrams as indi-
cated in Fig. 1. Two-body weak transition vertices
are also responsible for pionic decays and can also
be represented by pole diagrams as in Fig. 2.2
Later improvements on these simple pole-model
calculations were attempted using dispersion-
theoretic techniques combined with current alge-
bra.’

The Weinberg-Salam model of electroweak in-
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FIG. 1. Typical pole diagrams for weak-
electromagnetic decays of hyperons in the baryon-pole
model, also known as Graham-Pakvasa model. In Fig.
1, Y and B denote the initial and final baryons, B’ and
B" denote the internal baryons. Open circles represent
two-body weak vertex, and the triangles represent the
electromagnetic vertex.

teraction is recognized by now as a good theory of
leptonic and semileptonic processes. It is to be ex-
pected that the weak hadronic currents in this
model are also the source for nonleptonic weak
processes. In order to test this point, we must
have a clear way to separate the strong-interaction
effects from the weak-interaction effects. The
development of “factorization” theory* guarantees
that every nonleptonic weak amplitude can be fac-
torized into a product of a coefficient function (to
which hard gluons contribute) and a matrix ele-
ment of some local operator (to which soft gluons
contribute). The coefficient function can be calcu-
lated by renormalization-group techniques.” The
matrix element can be either parametrized by some
parameters which are fitted by data or calculated
from certain quark models [nonrelativistic SU(6)
model, MIT bag model, and so on].

Since the only available data are for (S+—p7)
process, we calculate it in the standard model. We
use quark-diagram analysis and factorization
theory so that we can easily see how the observed
decay width and angular distribution (or equiva-
lently, the asymmetry parameter) relate to the
structure of the four-fermion Hamiltonian.

8 B
B .
o) YT m (b) =t e ol ™
J 8
(e) —m—” (d) —'
Ko K™
T ™

FIG. 2. Particle-pole diagrams for hyperon nonlep-
tonic weak decays, where open circles represent three-
body strong-interaction vertices, and shaded circles
represent two-body weak-interaction vertices.
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Hyperon radiative decay is a higher-order elec-
troweak process, and calculations should be per-
formed in the framework of a full relativistic
quantum field theory which is consistent with
quark and gluon confinement. The only such
theory we have at the present time is the second-
quantized MIT bag model.® The only undeter-
mined parameter in the dynamical quantities calcu-
lated by bag model is the overall normalization
constant which relates the matrix element of the
operator calculated in hadronic static bag states
and the matrix element of the same operator calcu-
lated in hadron plane-wave states. Though there
are several papers discussing the relations between
static bag states and plane-wave states,”? there is
still no rigorous calculation of such a normaliza-
tion constant.

It is believed that one can use one set of data to
fix this normalization constant; all other predic-
tions are then unambiguous and are of physical
significance. In our analysis of hyperon radiative
decays, we use the total decay width of the =—py
transition to fix this normalization constant. The
asymmetry parameter of this decay is independent
of the normalization constant and is a prediction
of our model. Decay widths and asymmetry
parameters of other hyperon radiative decays, such
as A—ny and Z°— 3%, can also be predicted, but
they will be presented elsewhere.

In this paper, we present the general formulation
of quark-model calculation of hyperon radiative
decays. We recover the baryon-pole-model result
and therefore provide some theoretical justification

of that phenomenological model. We also show
]

that the contribution from high radially excited
resonant states are ignorable. The standard model
predicts too small a value for the asymmetry
parameter a = —0.154, which may be an indication
of the existence of some “intrinsic” nonleptonic
current-current weak interactions with chiral struc-
ture different from (V' —A4) ® (V —A). This new
interaction may help us to understand quantitative-
ly the AI =% enhancement in weak interactions
and the unequal-lifetime problem in charm mesons
(D *)/7(D%) =5, which the standard model cannot
explain unambiguously.

The paper is organized as follows: In Sec. I, we
give the kinematics of the radiative decay and de-
fine three types of quark transition amplitudes
which give the complete third-order electroweak-
interaction contribution to this radiative decay. In
Sec. III we evaluate the hadronic matrix elements
of those quark transition amplitudes. In Sec. IV,
we give the numerical results of our calculations
and our conclusions. In the Appendix we give the
results of two-quark integrals and four-quark in-
tegrals which appear in the four-quark transition
amplitude.

II. KINEMATICS
OF HYPERON RADIATIVE DECAY
AND INTERACTION LAGRANGIAN

The most general electlromagnetic vertex func-
tion involving two-spin-5 fermions has the follow-
ing Lorentz-invariant structure’:

itp(p)T up(p")=ip(p) [ Y*[F{(g*)+F1(qg*)ys1+io"q,[F} (g} 4+ F5(q*)ys]+q FY (g®) + F4(g*)ys)}up(p’)

where g#*=(p —p'} and FY(g?) and F(¢?),

i =1,2,3 are vector and axial-vector form factors,
respectively. Conservation of electromagnetic
current relates F},A4(g?) form factors and F 4(q?)
form factors as follows:

2

FY (q2)=_—————MB‘iMB‘ FY(g®), Mp#£My, (2.2a)
A2 q° Ag 2

Flgh=——1—Fi@g" . (2.2b)
[ VAN VA

F;’(qz)=0 if Mp=Mp.. The above equations nor-
malize F}4(g%>=0) to zero.

(2.1)

|

When the photon is a real photon (g2=0), the
transversality condition €-¢=0 eliminates the static
form factors F(0) and F4(0); only F5(0) and
F4(0) contribute. In this paper, we use C and D to
denote F3(0) and F4(0) in =t —py process. C is
called the transition magnetic dipole moment and
D is called the transition electric dipole moment.

The two-body radiative decay amplitude
A(Z*—py), in the rest frame of 3, has the form!®
172

At Spy)=i in(p)(C +Dys)

_ N
47TQ()EN
X o*'e,q,us(p')8*p'—p—q) . (2.3)
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The magnitude of the photon momentum gq,, in the
rest frame of X is completely determined by
baryon masses,

(M2 —My?)

M, (2.4)

14| =
From (2.3) the angular distribution of the photon
is given by

Ms*—My? |’

Ms

1
167

w(6)=

X(|C |24 |D|)[1+a(p)], (2.5)
where §'is the polarization vector of = in its rest
frame, p'is the direction of the proton momentum,
and « is the asymmetry parameter given by

L1 =[S W )+ T )W ()]

£
V2

— (g% 48" D'2Z,(x)[ 4 (x) —sin®0p T (x)] +-ed , ()T (x) .

The charged current J ,(f)(x) is defined by
I (x)=Up(x)y, VDL (x)

and
IS =[P 1",

where
Up(x)=[ur(x),cr(x),t(x)],

Dy (x)=[d(x),s;(x),br(x)] .

201
2Re(C*D)
a=———"='_ (2.6)
IC|?+|D|?
The decay rate is found to be
3
1 | Ms>—My?
R=—|—""——— C|*+|D|?. .
P M (|C|*+|D|*% 2.7

We study this hyperon decay process in the
“standard” model. In Feynman—'t Hooft gauge,
the electroweak (EW) interaction Lagrangian .Zwg
(Ref. 11) consists of four terms

4
jWE=2$i7

i=l

(2.8)

where % , 3 4 represent the quark — gauge-boson,
quark —Higgs-boson, gauge-boson— gauge-boson,
and gauge-boson — Higgs-boson interactions,
respectively. .#; is given by

(2.9)

(2.10a)

(2.10b)

(2.10c)
(2.10d)

Ur(x) and Dg(x) are similarly defined. Each flavor quark carries three colors, but we suppress the color in-

dex here. V¢ is the unitary weak mixing matrix'?

(4] —$51C3 —S$183

Ve= [s1¢y €1€2€3—5,53e™ cica83 45,03 |,

515, €1C3834C53e™ ¢15,53—cocqe™

c; =cos0;,s; =sinb; .

JEm(x) is the electromagnetic current and J¥ is given by

J¥(x)= 5[ UL (x)*UL (x)— Dy (x)¥*Dp (x)] .

£, is given by

(2.10e)

(2.10f)

+ — —
fz(x)=-i’—:—xl[UL(x)mew’DR(x)—UR(x)m‘U’VCTDL(x)]

_ Q‘ix) [Dr(x)m PVetU, (x)— Dy (x)Vem VU (x)] .
v

(2.11)
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In the above equation v is the vacuum expectation value of the neutral component of the Higgs doublet and

m, 0 0 mg 0 0
mP=10 m, 0|, mP=|0 m;, 0. (2.12)
0 0 m, 0 0 m,

£ 5 and £, are given by
ZLy(x)=ie 3,4, ([ W M)W Hx) — W)W )T+ [0, W (x) =3, WP )T M0 (x P
—[8, W7 () =3, W, () IW M)A (k) (2.13)

L= ¢ T AH W, () +0* W (x)4H(x)]

Vil
+(—ie)AM(x) {[3,0(x 16! T (x) — ' T (x)[3,05 1}
~+terms not relevant to this calculation . (2.14)

To take into account strong interactions, we use the MIT bag model'* along with QCD. In the bag model
the quarks move freely and independently in a cavity, the confinement being produced by an external pres-
sure B. Quark-gluon coupling is considered as weak; hence we can ignore corrections due to the gluon-
exchange diagrams which are O(a/m) weaker than the zeroth-order result. However, we do make exception
for those gluon-exchange diagrams which produce color-octet operators 1n AS =1 weak transitions. These
operators which are absent in the SU; (2) X Uy(1) model suppress AI =~ ones.'*

We assume that each baryon is made up of three quarks which are combmed in such a way as to give the
correct quantum numbers of that baryon. The radiative decay amplitude 4(2—p¥) is in the third-order
term in the perturbation expansion series of the electroweak Lagrangian .£wg. The relevant part is

A py)=—i [d* [d% fd“ e” )1/2<p|J§M(x)JAS_1(y)JMS0z)|z><—zDW<y—z) (2.15)

where
e—ik-(y—z)

|
Dyly —z)= d*k
wly —2) (27)“f K2

—MW2+i6 ’
and

N 3 (2.16)
J{A‘S:](y):——*g—sinO cosd T, )P (1 —v5)s,(») ,
3 1 3a§1 5)S ¢

3
Ths_o@)==8-cos0, S d(2)y 1 —ys)uy(z) .
0 202 'Z-l 5

Operator-product-expansion theory can help us to construct an effective local weak Lagrangian from the bi-
local one,

Gr
—zfd yfd 2 T ks 1 W as=0z)Dy(y —z)= ‘/ismﬂlcos%fd Yy > C'TS ”3uaaua ad(y) p .

i=1
(2.17)

The C;’s are Wilson coefficients which are calculated by QCD renormalization-group equations, ‘T334 B is
the color-Lorentz matrix which specifies the color and Lorentz structure of the corresponding operator
0,0’,. . . are spinor indices and a,f,. . . are color indices. Higher-order gluon exchanges make I" different
from the zeroth-order value
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T35 =8apduply (1= Ina(1 =y .
The hyperon-radiative-decay amplitude is therefore the matrix element of the effective electroweak La-
grangian,

sinf,cosf,cosb;

A(Z—py)=—iGge 72

S fd4x fd“y %€, (p | Jm (x)ilg o0, o (9, (¥)sg (¥} | Z)
i,a....,p

o p

47T(27Tq0

XCTLw 8% . (2.18)

P>

Carrying out the Wick reduction of Eq. (2.18), we find three types of terms: (i) terms with “no contrac-
tions” between quark fields, (ii) terms with one contraction between quark fields, and (iii) terms with two
contractions between quark fields. We shall denote them by A4, A4, and A,,, respectively, and represent

them diagrammatically in Figs. 3—5. The gauge-invariance condition implies that 4,, must be a local
magnetic-moment-type transition between s and d quarks:

. 3
l 4

Ayy=—""+—|d"x

* 27TV7T‘10f El

(p | do(x)0*(F) +F3ys)sqe(x) | 2 )€,q,e™ . (2.19)

The quark parameters F} and F4 are picked up from the one-loop-order s-d-y vertex'>:

Gre 11
F)=———F——(mg+my) ViVia | — %+
2 4 \/-2-77_2 d s i:%g; is ¥ id 36
ms,—m
FA— s d FY,
ms+md

where t; =m; /my and m; =m,, m_, m,.

III. HADRONIC MATRIX ELEMENTS

In this section, we shall calculate the hadronic
matrix elements of the three transition amplitudes
Ajqgs Aug, and A, defined in Sec. II, using the MIT
bag model, which is a phenomenological model for
hadrons in QCD. The bag model has been success-
fully applied to the nonleptonic weak decays of hy-
perons and K mesons'® and K -K s mass-difference
estimates.!” The model has also been used to study
the radiative decays of baryon and vector-meson
resonances. '8

FIG. 3. Quark diagram representing the six-quark
transition amplitude 4 ¢,, where the shaded box is weak
vertex.

—29t;2431t;,—8

(2ti2‘”3ti3)

24(1—¢,) 4(1—1¢,)*

(2.20)

|

In the MIT bag model the baryons are bound
states of three quarks. The quark fields satisfy
free Dirac equations inside the bag and on the sur-
face satisfy a linear boundary condition,

inp(x)=1(x) , (3.1
and a nonlinear boundary condition
3 -
— = 3-2
n, ax, PY(x1(x)=2B , (3.2)

r r
(a) U > u (c) U:>>\:U
dD:S d S
(U ———T | U =l

(b) U U (d) u V]
dj/\'cs d)‘;s
U s V) U z U

FIG. 4. Quark diagrams representing the four-quark
transition amplitude A4, where the shaded box is the ef-
fective local four-fermion weak interaction.
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p
d=x~s
U

~— U

y—= ~—U
FIG. 5. Quark diagram representing the two-quark
transition amplitude 4,,.

where n,, is the unit vector normal to the surface
of the bag and B is the “bag volume pressure.”
The fields vanish outside the bag regions. Assum-
ing a spherical bag, n =(0,7), and the nonlinear
condition implies that only quark modes with total
angular momentum J =-;— can exist in the bag.
There are two types of solutions with opposite par-
ities: (1) the even-parity solution,

Veom=—1),m(X,t)

_ N olknr Xnt o—iolfn—1t
Vidr |— ,,jl(k,,r)(f'?XM ’
(3.3a)

and (2) the odd-parity solution,

Vfom,=+1,m(X,1)
ﬁn iE’ﬂ_ljl(Enr)a'"ﬂM

— ~ e —iolfn +1)
Vdr jo(k,,r)XM ’

(3.3b)
where N, N, » are normalization constants,
o(f,n,x) is the quantized energy, the index f speci-
fies flavor quantum number, index n plays the role
of principal quantum number which labels each set
of k=41 mode energies in order of increasing
values, and « is the parity index. M is the spin in-
dex,

Xm=+1= [(1)], XM=_1= [(1)] ,

Jo(z) and j,(z) are spherical Bessel functions,

a)(n,——l)—mq 172

oln,—1)+m,

n=

’

1/2
with w(n, —1)= lk,,2+qu]

and (3.4)
172

o(n,+1)—m,
o(n,+1)+m,

n

~ 12
with o(n, +1)= £, +m;? |,

where the flavor index f is suppressed and m, is
the quark-mass parameter. The momenta k, and
k, appearing in Egs. (3.3) and (3.4) are the roots
of the quantization equation which result from the
linear boundary condition Eq. (3.1),

_Zn
nz,= , (3.5
A = T m Ry +ofon,— DRy (3.5a)
. Z,
tanZ, = , (3.5b)

1—m,Rp+o(f,n,+1)Rp

where Z,=k,Rp, Z, =EnRB, and Rj is the bag
radius. The rest mass of hadron can be expressed
as
M, =3 w;(f,n,k)+BV +(zero-point energy

! +gluon energy+ - - - ) .

(3.6)

The charge-conjugate state of ¥y, ., denoted
by wfc«,,,,,(, M 18 its antiparticle state. The symmetry
properties

Z,=—Z7Z_, (3.7a)

o(f,n,k)=—o(f,—n,—«) (3.7b)

give the usual “hole” interpretation of antifermion

to '[’f’,n,x,M .
Every quark field of a certain flavor f and color
i has the expansion

9}(f,t)= > [aM(f,”’K’i)'l’ﬂn,K,M(i)e_iw(f’n’m
n,x,M

+bi(fomksi WF o (X)eiS 0]

(3.8)
The creation and annihilation operators satisfy the
usual anticommutation relations, namely,

{ap(fim ki), ade (f/,n' i)
=81, M0, O nOxwdiir  (3.92)
and
fbM(f,n,K,i),bL'(f’,n’,K',i’)}
=81,187, 78w BB - (3.9b)

A low-lying baryon (such as p,n,=7,...) has all
its quark constituents in relative s-wave states; each
quark model has a parity index k= —1 (positive-
parity solution) and energy given by the lowest
positive solution of Eq. (3.5).

The quark representations of = and p are given
by
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€ijk . . . .
[Z+,1)= 1/]]?; [a;{=+1(u,t)aL=+1(u,])a;h*l(s,k)—a;;:“(u,z)a;,z_.(u,J)a;rl:H(s,k)] |0), (3.10a)

€ijk . .
=+, 1) = x/lT?; lagr— _1(wDagr— 1w aty - _ (s, ) —ajy— _ (a1 (u,j)afy_ +1(s,k)]|0) , (3.10b)

1po 1) =~ 1ad o (wDady— sy (uj)aly - _ (k) —a] Nl hal |
T V8 M=+1\hl)ay — 1 \U,])ay - 1@, _aM=+1(u,l)aM=_1(u,J)aM=+1(d,k)]|0>, (3.10c)

Eijk . .
|p,l>=‘/”1—8[a}h_l(u,t)a[f,:“(u,J)a;,=_1(d,k)—aL=_1(u,i)a},=_,(u,j)a},=+1(d,k)]]O). (3.10d)
In the above equations, quantum numbers n = +1 and k= —1 are suppressed.
Two helicity amplitudes are defined as
172
Ey+M 2
A(S,—p, +y)=i NTTN g+—1
8mqoEN Ey+My
x {[x{@exg)ax,1Cc+i[x|(@ @ X, 1D)8* By +§)8(g +Ey —Ms) , (3.112)
172
Ey+My 2
) =i| = —4
AZ—Pry)=i 8mgoEN -t Ey+My
X {[XF(@X§)aX,]C+i[X}(@ )X, 1D} Py +q)8(g +Ey—Ms) , (3.11b)

where the parameters C and D are those defined in Eq. (2.3),

0
1

1
0

’

X1= , X,=

and the two equations are defined in the rest frame of =. These two amplitudes can be calculated by the
phenomenological Lagrangian

£ o (R D=iPp(x)*(C +Dy5)¢z(x)F‘”2(x) (3.12)
as follows:

A op,+1)=im)? [ ditp,y| Lm0, | 28 By +7) (3.13a)

A, —p+N)=i2m? [ dtlpy| L 10 (0,0)| 2)8 By +7) - (3.13b)

The matrix elements in (3.13) can be calculated by the quark transition amplitudes defined in the last sec-
tion.

In the following, we give the details of the calculation procedure for Agy(Z1—p, +7), A4g(Z1—p,+7),
and Ay, (2,—p, +7) in the MIT bag model. We just state the results for the other helicity amplitudes, since
its calculation is essentially similar.

A. Evaluation of six-quark transition amplitude 4,

In calculating 4¢,(2;—p, +7) the following integral is important:
L= 3 [d% [ d% COTSERG (P, | Ty (x)euy(X)iTa,oWe,o Wdp,Wsg,p )| 2™, (3.14)
By

ia,...B’
"/ ,
0,0',...p,p
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where the Wilson coefficients C;’s and the color-Lorentz matrices "T'3:3°%% are those introduced in Sec. IL
Expanding each quark field in Eq. (3.14) in terms of the bag states as given in Eq. (3.8), and substituting
|Z,) and |p,) by quark representations given in Eq. (3.10), integral I, can be reduced to

L= 3  QulCITga 8% Diit P, v, mom, 8(0)8(0(s, +1,— 1) —w(l, +1,—1))
i,o,...B
Yt 2

X | S &% B, Oty e =TT | [ [ @ Busty oI Wb T b T Wi 9

(3.15)
where all the quark wave functions belong to n =1 and k= —1 mode, and the coefficients
a.B,B
D (M My MM

specify the spin and color configuration of quarks in initial and final states. It is given by a sum of prod-
ucts of Kronecker 8’s. Notice however that we should have m; > m,, where I denotes the light quarks u,d,
to explain the hyperon-nucleon mass difference. This requires

o, +1,—)>w(l,+1,—1), (3.16)

and so the 8 function causes the integral to vanish. Ag,, being proportional to I, vanishes identically.
Higher-order gluon exchanges which connect the diagram in Fig. 3 may change this result, but this ampli-
tude is suppressed by higher powers of the weak QCD coupling constant, and it is beyond the scope of our
analysis in this paper. Our result is consistent with a recent calculation of hyperon radiative decays,'!® which
is done in a nonrelativistic quark model.

B. Evaluation of the four-quark transition amplitude A,

A4q(Z1—p, +7) receives contributions from all the four diagrams in Figs. 4(a), 4(b), 4(c), and 4(d). The
amplitudes of the four diagrams are determined by the following integrals:

1= 2 f d*x [ dbyCl T GeBEp, | T (X)EliSF (x —p)otiw, o (9)dp,, (V)5 (9):| 2y e,

a, ..p
(3.17a)

1= 2 [ d* [ a%yC “OTge 88 (p, | daEliSE (x —p))oSaro 0)Tp,(Pupry ()] Zp)e >,

a,. . p
(3.17b)

Y= 2 [ d*x [ d%C TG0 85 () | oo WSy —x)euw (0)]pdp,(D)sg ()| 5y )e™

a,...p
(3.17¢)
= 3 [d* [d%C OTLLEEAp, | due WSy —x)esw(0)]yig, (g, (1):| 2, Ve,
it
(3.17d)

where
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iSx =)=3, [V nust e g DIOXC—yO) =85 o e (XIPF e (PO —xO)] . (3.18)
nx,M

Integrating out the two time variables in Eq. (3.17) the four equations can be reduced to the typical form:

9= 'Ea (2m)C; TG e 8% G5, u, 8 + Ey — M)
o
M.M,,. .. .M,
x1—iS 1 [dexrp w (R)ED M(me—iﬁ’-?]
nichy o(Ln,k)—o(s,+1,—1) R

X | S @ Bumco T W00, A W, T W 15

1 I -
+l,,KEM o(l,n,k)+ols,+1,—1) [fd3x¢’u,M](X)t‘l/!z,n,x,M(x)e_’q "]

X [fdSy;Z’s,n,K,M,a(v)'pu,Mz,a'(?>'Zd,M3,p(V)¢s,M4,p'(—y’)] ] . (3.19)

We have suppressed the n =1, k= —1 indices for the ground-state positive-parity wave functions in I3,
9 F") and T3 5 . The coefficient GM Afz M,,m, exhibits all possible color and spin configurations of quarks

in the hyperon and proton, and it is given by

. (8acrBpg —Bapdurs)
G M, = B . (283,837,533, + 263 53 53 103 — 8371877 1837187 — B3 63 6w 61

(3.20)
The two integrations in Eq. (3.17) give only a quark energy conservation 8 function, namely,
2md(q +o(l,+1,—1)—a(s,+1,—1)) ;

we have to insert the bag energy BV and zero-pomt energy by hand to give a phenomenologically correct
hadronic energy conservation.’ I} @ I ) and T > are similarly calculated:

If'= 3 nC T BEHG v, 8(q +Ey—Ms)

i,a...,B"
—2 , [fd3x,7,dM (X)ey M(f)e'ia.y]
nk,M w(l, n,k)—aw(s,+1—1) M 1K,

X | [ @Bt o T W0, Wt T it )

j 1
+1n§M w(l,n,K)+a)(s’+1’_l)

| @50, (D060 (D7 |
X | [ 5T ncsto Wty T sty o Wt 9| ] , 621

where

(840088 —0a80a8) 1 _1_ _ — Ig+1g+1
o, =0 (283 830,53t + 203, Di; B3, B, — 83 8,830, — B, B 010,

(3.22)
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™= }_‘, 2mC; ST B GRE r,m, 8 +Ex — M)

B’
P
M‘ oM,
D> ! [fd3x$,,,,KM(z)s¢,,M(sz)e-"?'Y]
n,K’MZw(l,-k1,——1)—w(l,n,K)——co(s,+1,——1) R 2
x|f 9T t,,0 Wm0 Tt o I Wt 1) |
. I 5 TC v (g
T U T~ almm—al,+1,—1 FEETAT ]

X [ f d3y¢'u,M1,o(V)djin,x,M,a'(S;)Jd,Myp(v)'ps,M,{,p’(y) ] ] ’ (3.23)

where Gﬁfﬂﬁ%3 M, is defined in Eq. (3.20);

M= 3 @mncwreses H,?,“Af; M3,M45(q +Ey—Ms5)

ha...,B
a,...,p'
M. .M,

. 1 B -
X [l 2 [fd3x¢s,n,x,M(X)f¢s,M2(f)e_'q X l

nop O +1,—1)—ao(s,n,kK)

X | @Bt T Wt A Wbty o bt ) |

+i L

ney O 41, —1)+w(s,n,k)

S 5B R, (K)o =17 |

-7 = C —=\77 - —
X [ f d3y¢d,M1,a( y )t/}s,n,x,M,a’( y )'x[}u,M},p( y )¢u,M4,p’( y ) ] ] s (324)

where H%if"8, 4, is defined in Eq. (3.22).

. The helicity amplitude 44,(2,—p, +7) is a linear combination of the four integrals I3 W, (‘” im and
5
172
Ay(Z,—p,+y)=—imT 31—7 ] GresinB;cosf,cos0costs[ 5 214 zfz“) I(‘i) ﬂ’)]63 +9) .
0
(3.25)
The one-loop-order QCD-corrected weak Lagrangian gives the color-Lorentz matrices
5 5 o,
21 Ci (x,u)ra, ,%,%  — zl Ci (t,u)rgzgl’,g”%'
1= 1=
=[(C1+C3)8aaBpp' + C28agBuplly (1 —15) 17 [12(1—¥5) 1
+[C48audpp + Cs8apdarplly (1+75)1°7 [1al1—ys) PP (3.26)

and

2 C (i, d)l—xa a p,p _ 2 C (i, s)ro U,P,B'

i=1 i=1

=[(C +C3)8,a8p5 + C28agBugl [V (1—¥5) 17 [7a(1—y5) PP
+[C48aadpp + Cs8apduplly M1 —75) 17 [ral1+75) 1 . (3.27)
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The small differences in wave-function normalization constants and momenta between strange and non-
strange quarks produce small SU(3)-symmetry-breaking effects in the matrix element. Such small “dynam-
ical” symmetry-breaking effects can be ignored, except in the particular case where all the wave functions in
two-quark integrals and four-quark integrals are of n =1, k= —1 mode, since they contribute to the ampli-
tude of the baryon-pole term in our model where SUr(3)-symmetry-breaking effects are significant. We
shall discuss this point later. All the two-quark integrals and four-quark integrals in I W ,ﬁd), f(z"), and f(ZS)
have been evaluated, and they are given in the Appendix.

We find that all positive-parity intermediate states in the propagator iSy’(x —y) contribute to magnetic
dipole transition, and all negative-parity intermediate states contribute to electric dipole transition. We give
the explicit expression for 44,(2;—p, +7) in the rest frame of =:

Ayg(Z1—p,+7)= 3, AY(Z—p,+7), (3.28)
n=1
where
172
Gre sinf;cos0,cos0;8* (Py +G)8(qg + Ey —M's)

90

X ([X[(€X§) FX (€1 — o+ CFLE™ " +GLE™ ™) +(Cy—COFER '+ GLE )]

+iX[(@ G — Co+ CHEREH + GEE ) +(Co—CUFEEH +GEE D]

(3.29)

A}, is the amplitude, to which the (n — 1)th radially excited intermediate state contributes. X, and X, in Eq.
(3.29) are two-component spinors (?) and ({), respectively. F, f,fl’“‘l is given by

_ INCL [Ny /NDER (51— (N /N DETRG ]

n=1lLk=—1
FiL oll,+1,—1)—w(s,+1,—1) ’ (3.30)
and for n >2
Fn,x=——1_ 1 _2 1
LL olln,—1)—w(s,+1,—1) 3 20(,+1,—1)—w(l,n,—1)—wls,+1,—1)
1 1
"l D a1 [V N ER T ER GBI L (3.31)

The primed quantities in Eq. (3.30) are bag-model parameters for the strange quark and the unprimed
quantities refer to the nonstrange quarks. The parameters are different since we want to include SUg(3)
breaking effects. Fi‘jl’“‘l vanishes in the exact-SUz(3) limit, but the smallness of the symmetry breaking
is enhanced in this amplitude by the singular denominator w(l, +1, —1)—aw(s,+1,—1). The result is fairly
large. L, and L, come from four-quark integrals and are defined in Eq. (A22) and Eq. (A11). R IE(I,H,
Rsl((é 11))’ and R 1%'{;. .. in the above two equations come from two-quark integrals, and are defined in Eq.
(A8). The subscript s in Rsl((olll,) reminds us that this integral contains strange-quark parameters. F, }fj{:“ is
given by

Fn,x=+1___ 1 __% 1
LL olln,+1)—o(s,+1,—1) 3 20(,+1,—1)—o(l,n,+1)—w(s, +1,—1)
= 1 = 1
1 1 a2 |goum E1Bn soum  2EiEnT S5ip
_— 'N“|R ——R R M,,,
3ol +l Dot +1) NN, (00) 3 an+ 3 a1 [ Mi,n




210 LO CHONG-HUAH 26

where R%3%), RI™, and R} are defined in Eq. (A9). M 1,» comes from four-quark integrals, and it is
defined in Eq. (A14). G5~ is given by

1 2 1
oll,n,+1)+ow(s,+1,—1) + 3 20, +1,—1)+olln,+1)—w(s,+1,—1)

1 1
3 wll,+1,—1)+w(s,n,+1)

+ NN, E, RN —E R (§IL1,p » (3.33)

where R'{}7) and R I1n) are defined in Eq. (A9). L, , comes from four-quark integrals and it is defined in
Eq. (A17). GPf=*!is given by

6= |- 1 -2 ;
’ ollbn,—1)+w(s,+1,—1) 3 2w, +1,—1)4o(l,n,—1)—aw(s,+1,—1)
| 1 E\E, 2E\E, _
1 ]N«w,,z RO+ EBr ot BB g g oy

3 wll,+1,—1)+(s,n,—1) 3

where M 1,» is defined in Eq. (A20). "_1 *=—1lis given by

Ny 5Ly, +%Lz,1(+1,~1)][(N’1 /NDER'WH— (N /N PE R, (1)
o(l, +1,—1)—w(s,+1,—1)

where L ; and L, ;(+1,—1) are defined in Eq. (A22) and Eq. (A23). SUg(3)-symmetry-breaking effect is
included in bag integral evaluation. For n >2

Lyt 5Lya(+1,—1) SLip+3Lyu(+1,—1)
olbn,—)—ols,+1,—1)  20(,+1,—)—ao(l,n,—D—als,+1,—1)

Lyn+3Loa(+1,—1)

T ol +1,—1)—als,n,—1)
where L , is defined in Eq. (A11) and L, ,(+1,—1) is defined in Eq. (A12) witha=+1and b=—11in
that equation. Fjs~*!is given by

Fn—l K——l

) (3.35)

F’l,l(——l —

1m

N*N,}[E,R °V+ER'G1)], (3.36)

4 2
an—+1 Ml" ?Ml,n—EMLn("*‘l,—l)
LR o(l,n,+1)—ow(s,+1,—1) 2a)(l,+1,—1)—co(l,n,+1)——a)(s,+1,—1)
5 -1
—-;Ml,n_*_?MZ,n("f'l;_l) N14ﬁ [ﬁogé") E]En ! ~ El'll;_i_ 2E1En R"ZE}ZI;
o(l,+1,—1)—o(s,n,+1) " 3 3 ’
(3.37)
where M, ,(+1,—1) has its general definition in Eq. (A15) with a = +1 and b = —1 in that equation.
GP%=""is given by
~ ~ ~ 5y~
Gree—i_ SEiatsLon(+1,-1) . AL+ L, (+1,—1)
LR =l olln,+D)+ols,+1,—1) ' 20(,+1,—D+aolln,+1)—als,+1,—1)
| g 2 =~
<L, +5Ly(+1,—1) i~ ~
9 1,n T 92,0 ’ 435 2 —1p1(1n) 1(n 1)
N,°N,“[E,” R —E R , (3.38)
toltl-DrosntD |V n [En oh—E1R 01)]

where L, ,(41,—1) has its general definition in Eq. (A18) and a =+1, b =—1 in that equation. G’} =1
is given by
My, M+ My (41, 1)
o(l,n,— )+ wl(s,+1,—1) 2a)(l,+1,——1)+a)(l,n,——l)——a)(s,+l,——l)
M4+ My, (+1,—1)
- o(l,4+1,—1)4+w(s,n,—1)

E\E, 2E\E
a2 [R%08+ 3 —R% Y- 3 .

RYIY |, (3.39)
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where M 2,n(+1,—1) has its general defintion in
Eq. (A21) with @ =+1, b = —1 in that equation.

The expression for the other helicity amplitude
A4g(2,—p;+7) can be obtained from Egs. (3.28)
and (3.29) by interchanging the spinors X; and X,
in Eq. (3.29).

All the radially excited intermediate states con-
tribute to the amplitude 4,4,(2;—p, +7); therefore
the upper limit of the summation of » in Eq. (3.28)
can even extend to infinity. However, the contri-
butions from higher radially excited intermediate
states are small, and it can be shown that the series
in Eq. (3.28) converges.

Z, and Z, are both monotonically increasing
functions of the principal quantum number n.
When 7 is large, the quark mass effect is ignorable,
and the quark energies and wave-function normali-
zation constants are proportional to Z, or Z,,

n

1 T
w(f)n’—l)z RB z(n _T)E 5 (3.403)
w(f,n,+1)=—Z~—”—z(n +2)-2, (3.40b)
Ry "Ry
|
27 v

Abaryon pole(zt_’pl +y)=im

90

N,~Z,Rp—3"%, (3.41a)
N,~Z,Rp~—3". (3.41b)

The two-quark integrals and four-quark integrals
have the general structure

sinZ,x
_gy !
J,=Z, fo or S (x)x dx
cosZ,x
+0(Z,7?). (3.42)

f(x) is a product of two or three spherical
Bessel functions of order O or 1, and is independent
of Z,. Since sinZ,x and cosZ,x change phase
rapidly for large n, and f(x) is a smooth function,
the integral J,, is a decreasing function of n. The
amplitude 44, decreases faster than 1/n. We ex-
pect that the series in Eq. (3.28) converges.

We call the following part of AZ;‘(E,—»p Y
the baryon-pole term,

Gre sin@,cos0;cos03[ (C; —C, —C3)FE T =14 (C,— C5)FE =711

X [X[(@x§) 3X,168* Py +7)8(q +Ey—M3)

ie (,u;—,uN )b

=—2 TV xlexg) ax )18 Py +4)8(q +Ey—Ms) , (3.43)

Ms—My

where we approximate 1/w(s,+1,—1)—w(l,+1,—1) in Eq. (3.30) and Eq. (3.35) by 1/(M3s—My), and the

parameters b, us, and py are defined as

12
b= 27
90
3
Nj ,
Us= N, E'R,'o1)
N
Un= N, ER'GY

GpN,%sinb,c0s8,c0803{[ 3(Cy — Cy +C3)+ 5(Cy—C5)IL 1 1 ++(Cy—Cs)Ly 1 (+1,— 1)}

(3.44)

(3.45)

(3.46)

Equation (3.43) is the familiar expression for the parity-conserving amplitude in the baryon-pole model' for
hyperon radiative decays. Our quark-level short-distance analysis can provide some justification of that
phenomenological model. The small SU(3) symmetry-breaking amplitude (us—puy )b is enhanced by the
singular denominator 1/(My—My) and make this baryon-pole term an important contribution to the mag-

netic transition in A4 (2,—p, +7).

Our model is also consistent with the phenomenological “%-resonances model,” which has been recently?!
proposed for calculating the parity-violating amplitude of hyperon radiative decay. Notice that F ,'j,fl"‘=+1

and FJ'z"*=*! both contain terms
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1 1
d
o, +1,—D—als+1L,—1 " o,+1,—D—olsmn+1)
which can be regarded as being approximatlel! the terms 1/(Mys—M3) and 1/(My —Mss) of that model,
My« and M. being the masses of certain 5 nonstrange and strange baryon resonances.

C. Evaluation of the two-quark transition amplitude 45,

Calculation of the two-quark transition amplitude given in Eq. (2.19) is straightforward, and the result is
172

— qo Elz 2Elz
Ay(Z4—p,+7)= =3 (4r?) | = | N;® R°§},é{+TR°§}}§—~—3—R2}{}§
x [Xlexq) ax,Fy +ixle aw,F418% G +Py)8(q + Ey —Ms) . (3.47)

The coefficients —% come from SU(6) Clebsch-Gordan coefficients and color contractions. The other
helicity amplitude A,,(2,—p; +7) can be obtained from Eq. (3.47) by interchanging X, and X, in that equa-
tion. The general structure of the helicity amplitude for such a local two-quark radiative transition has been
studied by Gilman and Wise.?? They write the amplitude as a product of three factors: (1) quark parame-
ters Fy and F4, (2) a numerical coefficient which comes from Clebsch-Gordan coefficients and color con-
tractions, (3) a function F(g) which depends on the overlap of the initial and final wave functions of
baryons (as well as photon momentum). The amplitude in Eq. (3.47) has exactly that structure, and the
function F(q) is the calculable integral

2E?
3

E
F(@)=N," |R%0+—-R% 1)~

211)
R
in our model.

IV. NUMERICAL RESULTS AND DISCUSSION

We shall give the numerical estimates of quark transition amplitudes in this section. The set of bag
model parameters we use is the conventional one which gives good predictions of hadron mass spectrum.'?
The parameters are

m;=0 (I, =u,d), m;=0.279 GeV , w(l,+1,—1)R =2.04,
o(s,+1,—1)R =2.909 , o(l,+1,+1)R =3.81, wls,+1,+1)R =4.22,
o(,2,—1)R =5.4, o(1,2,+1)R =7 .

R is the integration limit of radial-variable integrations in two-quark and four-quark integrals; we take it as
the average of the hyperon and proton radii’! and R =5.285 GeV~!.

The integrals of Bessel functions given in Appendix B are all numerically evaluated. The results for Af{,;),
n=1,2 are

172

21 .
Gre sinf;cosf;cosO;

AL (Z,—p,+y)=im 5

X {(XTex g X )[(C; —Cy+C3)—(1.73%X1073)+(C4 — C5)7.8X 1074]

titxle- X (C;—Cy+C3)2.7X 1072 4(Cy—Cs5) (—7.1x1073)]},  (4.1a)
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172

A %’(2,—»1“ +y)=im %’T Gre sinf,cos0,cos0;

X {(Xex§- 7X[(C)—Cy+C3)2.7X10754(C4 —C5)4.13X 107°]

+i(XTeFX I(C; —Cy+C3)(—4.68X1073) +(C,—C5)1.67X1073]} . (4.1b)

Af{;) is a decreasing sequence, and 444(2,—p, +7) can be approximated by the sum of Aﬁ;’ and A%). The
Wilson coefficients in Eqs. (4.1a) and (4.1b) are C; —C, +C;=—2.4 (Ref. 23) and C4—C5=0.06, which
are calculated by Gilman and Wise.

We substitute the expressions in Eq. (2.20) for F}, and F4 in amplitude Ayy(24—p,+7), and use numeri-
cal values for the “electromagnetic vertex””:

E} 2E?
N [R%S0+— RO -5 R(1} | =0.726 .
Then
172

Ayy(Z'—p +y)=i Gre sinfcos0;cos8:{ 7.6 X 10~ *[cos?e, f (m, ) +sin?0,f (m,)]}

x[Xlexg) - ax,+ixle - aw,1, 4.2)

where m,=1.5 GeV. The upper bound of sinf, can be obtained from K; -Kg mass-difference calculation
and charm-meson-decay analysis; we have sinf, <0.3. We consider three possible top-quark masses, m, =15
GeV, 30 GeV, and 60 GeV. They represent three different cases where the model has a light, heavy, and su-
perheavy top quark. f(m,.) and f(m,) are

flm.)=4.6Xx10"%, 4.3)

f(m,=15 GeV)=4.7X 1073, f(m,=30 GeV)=0.118, f(m, =60 GeV)=0.106 .

Aq(21—p,+7) is much smaller than 4,,(2;—p, +7) and the latter determines the whole hyperon-decay
amplitude,

A(Z,—P, +7)=Npd4y(3,—p, +7) .

Np is the normalization constant which normalizes the calculated radiative decay width of X to the mea-
sured value. This normalization constant relates the matrix element evaluated using plane-wave states and
the matrix element evaluated using spherical bag states. The asymmetry parameter defined in Eq. (2.6) is
independent of Np, and is predicted by our model as = —0.154, which is much smaller than the measured
value a=—0.7. Since our calculation is based on first principle, there is no free parameter in the model and
we can use this radiative decay to explore the structure of AS =1 nonleptonic weak-interaction Lagrangian
in the standard model. The wrong prediction of @ may indicate that there may be a right-handed charged

hadronic current which contributes to AS =1 nonleptonic weak transition. Actually the AS =1 weak La-
grangian

.,wa(x) = \/EF sin01 COSG3[(C1 + C3 )Saa'agﬂv + C28aﬁ'8a'B]

X[L*4+XxRM Ly +xRy PP g o (x)t o o (x ) g,p(x)8g ;(x) . (4.4)

[L*=y*1—v5), R*=y*(1+7%s5)] can give an asymmetry parameter = —0.7 where xz—i—.

We summarize the results of this paper as follows.

(1) Our calculation using the second-quantized MIT quark bag model can produce the traditional baryon-
pole-model results for the parity-conserving amplitude as indicated in Eq. (3.43), and also give an expression
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for the parity-violating amplitude which is somewhat similar to the prediction of the %_ baryon-resonance
model. Our quark-model calculation gives some justification of these phenomenological models.

(2) High radially excited resonant states give very little contribution to this radiative decay amplitude.

(3) Only the AT =% part of the weak-interaction Lagrangian contributes to = radiative decay.

(4) There are no ambiguities of relative phase and normalizations between the two-quark transition ampli-
tude and the four-quark transition amplitude in our model. In the standard model, numerical estimates

show 44, is much larger than A4,,.
(5) There may be a right-handed charged hadronic current which contributes to nonleptonic weak decay.

The standard model may not be sufficient for nonleptonic decay.
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APPENDIX: CALCULATION OF TWO-QUARK AND FOUR-QUARK INTEGRALS
The two-quark integrals which appear in I (2‘1), ﬁz") , and are the photon-emission amplitudes.

Since electromagnetic interaction conserves flavor, we omit the flavor indices in the wave functions. The
transition amplitudes for emitting a transversely polarized photon are

f@1,—1,1;4(75)5%,—1,»4'(i’)e_'.a"?dsx= f17}n,—1,M(i)f‘/’l,—l,M’(i)e_iq.xdsx

‘1‘12s)

=(—i)N\N,[X}(@x§) &Xpr [ E.R 'O +ERIDT, (A1)
[0 om0 g ia R~ T T = — [ 41 ()&, pe( KT Fdx
=i, 0} 2 ) | RO — E o R 2P g
(A2)
[ 01, o eYS o R e —9 X% =iN N, (X} (ex§ ) XS E, ' RGN —E,R '8, (A3)
[0 i Ky _yppd K )e 9 Tdix =iV, N, XS (€x8)-3Xp L B, RGN —E,R'(A8)] (A4)
S B RIS (R "9 T dox = —iN\ N, [X}, (25 X5y ] R°E<‘)3¥+§%E"—R°E}7i—§;—E”—R2§}?i] )
(AS)
[0 (Rt _y e B e =TT Fdx =iV, N, [ XS (25 W] [R5+ EQE R 2E§E" R ]
(A6)

The wave functions in the above equations are those given in Egs. (3.3a) and (3.3b). The charge-conjugate
spinor of X, is defined as

XSG =0Xm - (A7)

R'™™ and R™" are defined as

~ 1
RTS=R? [ dx x%jy( §)jp( Zpx )js( Zyx) , (A8)

1 ~
RY7P=R? [ dx x2jy( g)jp( Zpx s Zyx) (A9)
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where R =%(R2 +R,) and R and R, are the bag radii of 2 and p; 7=¢R.

The four-quark integrals are the amplitudes of AS=1 weak transitions. The one-loop-order QCD-
renormalized AS =1 weak-interaction Lagrangian contains operators of (V' —4) ® (V' —A4) type and
(V—A)®(V+A4) type. We therefore calculate the matrix element of a general operator with chiral struc-
ture

[y M1+ays)lool val14bys)]y -

All integrals are evaluated in exact SUg(3) symmetry by giving all quarks a common mass parameter. Fla-
vor indices of wave functions are suppressed. The results are presented below:

Ap(a,b)= fds}’[17’n,-1,M1(V)YA(1+¢1?’5)'/’1,—1,M2(37)][ Y1, — 100, T )7A(1+bYs), 10, (T )]
= fd3Y[$1,_1,M,(§)7}‘(1+‘17’5)¢n,—1,M2(3”)][17/1,—1,M3(?)YA(1+b7’5)¢1,—1,M4(3”)]

NNy ot t t t
=—[(XM XM )(XM XM )L]y,,—(XM O'XM )(XM O'XM )Lz),,((l,b)] N (AIO)
41 172 37 Me 1 2 3 4
where
1
Lyn=R? [ dx x[ joXZ1x)+E %X Z13)] jo(Z1%)jo(Znx )+ Er Egj1(Z1X)j1(Z,x)] (A11)
and

1
L, (a,b)=R? fo dx x? [ab[joz(le )—E )M Z 1) jo(Z1%)jo(Zyx) —E Enj1(Z1%)j1(Zyx)]

E‘%Jf—“ EjolZyx)j(Z1 X E o Zux )j1(Z1%) + Enjol Z1%)j1 (Z,x)] |
(A12)
Bu(@,b)= [ d¥[Pns100,(T WUy, 10, T B1,—10, ¥ IVA+bYsI1, _1,00,( T)]
=— [ @B, 1, (T P4V 1,00, TP, — 100, T WAL DYI, 121, ( T )]
NN, t to t

=l—4T{(XMIXMZ)(XM3XM4)GM1,I;_(XMlaxMz)(XM30XM4)M2,n(a,b)} , (A13)
where
M, ,=R> fol dx x?[ jo(Z1%)jo(Zyx )+ E\E, = j((Z1%)j1(Z,3)]] joH(Z1x)+E % X Z,%)] (A14)
and

1 ~
M, ,(a,b)=R> fo dx x* [b[joz(zhx )—E %1 (Z 1)L jo(Z1%)jo(Zax) —E\E, ™' j1(Z1%)j1(Zyx)]

+ 4“;[ 25\ B o213 )i (Z1 3 N E ol Zox i1 (Zo) + By~ Yo Zix )jn( Zox)] |
(A15)
Cala,b)= [ d¥[ Py, _ 100, (T WU +ar9¥S 41 aa, (DI D1, 10, T W1 +0Y5)y, 10, (T )]
= [ @B (T U4 ay)Ps, _ian TN B1,— 10,0 T 1A +bY)1, 100, (§)]
NPNy o t P ; t i VE
== (X X0, (Kot X1,) L1~ (Xaa,0%1,) X, 0%0g ) 0D} (A16)
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where
~ 1 - _
Ly,=R* fo dx x*[ joAZ1x)+E*jyHZ )] ol Z1%)jo(Zux ) — E\E, =1 (Z1x)j 1 ( Z,%)] (A17)
and
~ 1 ~ ~ ~
Ly ,la,b)=R? fo dx x*? lab[joz(le)—E,zjlz(Z,x)][jo(le)jo( Z,x)+E,E ,~j(Zx)ji( Z,x)]
2ab+4 | . ) o . s
- 3+ Ejo(Z\x)j(Z\x)[ E, ™ jo(Zx)j\( Z,x)—E jo( Z,x)j1(Z1x)] |,
(A18)

D,(a,b)= fd3y[ E,,_I,Ml(S")yk(l-i-a'}’s)l/!i_LMz(?)][ '7'1,—1,M3(3")7’7\(1+b7’5)¢1,—1,M4(3")]

=—d[ Py 10, (Y)Y U +ays)Py, _1an, (I 1,100, ( T 14Dy, _10,(F)]

_ N s X X he Xag da My, —(Xhg 00 Y XLy .00 ) M5 (b)) (A19)

=1 4 { MAM,) M AM )G My 0=\ Xpg OAM, M, 0XM,) M) p\a, >
where
~ 1
M n=R? [ dx x’[ jo(Z1%)jo(ZyX) = E1Epj1 (Z1%)j1 (Zyx) WX Z 1 %)+ Er %1 A Z1x)] (A20)
and
~ 1
M, ,(a,b)=R> fo dxx2(b[joz(Z,x)—E12j12(le)][jo(le)jo(Z,,x)+E1E,,j1(le )j1(Z,x)]

— | B o Z 0 210 Enjol 2301 2o )~ Erja(Z15)jo(Z,0)] |
(A21)

When the SUy (3)-symmetry-breaking effects are included in 4,(a,b), L, ; and L, ;(1,—1) will have the fol-

lowing expressions:
NI

Lyj==-
1,1 N

1
R [ dx x™[jo(Z,%)jo(Z1%)+E 1 E1j1(Z1x)jy (Z',0)1U8(Z1%)+Ev%jy AZ,x)] (A22)

4 1
Lon(+1,—0=22R3 [ dx x? (3EjolZix )1 (Zi0Enjol 210 (Z1%)+ Evjo(Z1% )1 (Z1)]

—[joXZ1x)—E 5 (Z 1 x)jo(Z1x)jo( Z1x)—E E'j1(Z1x)j | (Z1%)]}

(A23)

where symbols with a prime pertain to kinematics of strange quarks.
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