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One-loop flavor changing electromagnetic transitions
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We discuss the effects of the external fermion masses in the flavor-changing radiative transitions of a heavy
fermion (quark or leptonto a lighter fermion at the one-loop level, and point out an often overlooked crucial
difference in the sign of the charge factor between transitions of the downstygey and the up type
—uy. We give formulas for thé&— f y effective vertex in various approximations and the exact formula for
t—cyandr—puy.

PACS numbds): 12.15.Lk, 13.40.Ks

I. INTRODUCTION factor of 5 in the amplitudes of the up-type transitions.
Moreover, in theb— sy transition the intermediate state is
Flavor-changing radiative transitions—fy are pro- dominated by the contribution of the top quark and therefore
cesses in which a fermiofquark or lepton undergoes a it is well justified to neglect the effects of the external fer-
flavor change accompanied by the emission of a real or virmion masses as it was done beffit§ but it is doubtful that
tual photon. They are the result of an interplay between théuch an approximation will hold in other cases, especially in
weak and electromagnetic interactions at the loop level, oftea—uy and 7— uy, not to mentiont—cy, in which the
enhanced by QCD effects. As such, they have considerablaass of the initial particle is comparable or larger than any
theoretical and experimental interest, not only because theipternal (boson or quarkmass.
provide an excellent test of the standard model but also be- In this paper, we will correct the abovementioned short-
cause they hold the promise of being sensitive to new physsomings and proceed on to examine the effect of the external
ics. They are operating in many different situations, for ex-fermionic masses in flavor-changing radiative transitions.
ample in radiative weak decays of hyperons, suchi®ds After writing down the rules and conventions of calculations
—py andE°— Ay, in rareB meson decays§— X¢y), and  in Sec. ll, we will evaluate in Sec. Il the effective vertex for
in rare D meson decaysd— V). They may also occur in F— fy assuming first small but nonvanishing external fermi-
rare processes involving leptons, such Ks>wete™, r  onic masses. Although the methods we follow are applicable
—uy, andv,—vete”. to both quarks and leptons, we refer specifically to quarks for
At the quark or lepton level, all flavor-changing electro- convenience. We calculate the inclusive rates dpr-q;y
magnetic transitions may be divided into two categories: on@nd examine the effects of the external masses on the decay
involving the upper components of weak isospin doubletgates in some detail; we also give an estimate of the QCD-
and the other their lower components, as shown in Table I. ligorrected branching ratio af—uvy. In Sec. IV, we derive an
one loop processes, the initial fermiéncreates an interme- exact formula, withm,=0 but nonvanishingn,, for the ef-
diate state of a boson and a fermifrwhich, after emitting  fective t—c+y vertex and demonstrate the importance of the
a photon, returns to a fermionic stdtas depicted in Figs. 1 initial quark mass. We conclude with Sec. V.
and 2 for an example of quark transition.
The amplitudes of these penguin processes were evalu- [l. FEYNMAN RULES IN THE
ated many years agd,2]. In particular, a simple analytic 'T HOOFT —FEYNMAN GAUGE
formula obtained by Inami and Lifil] has often served as .
the starting point for several more advanced calculations of 'N€ standard electroweak model formulated in any renor-
QCD corrections[3—5] or properties of detailed particle malizable gaugé&, contains, in addition to the usual physi-
models[5,6]. The interested reader is referred to a recent

. . . TABLE |. Elementary flavor-changing radiative pr .
review [7] for further discussion. Unfortunately several au- ementary flavor-changing radiative processes

thors have overlooked the fact that this formula applies only F f f,
to amplitudes of the typsdy, which were the primary object
of interest to Inami and Linp1], and have used it unchanged  »; Vs e, u 7
to study processes of the tymaiy. As we shall see, this c u ds,b
oversight will cause an error in sign and magnitutly a t c(u) d,s,b
T no(en) v;,j=1,2,3
s d u.c,t
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FIG. 1. Contributions toq,—qsy vertex:

W WV E e d gt “¥ emission from bosons.
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cal particles(the photonA,, bosons Vﬁ and quarks;), —ig
uv
the unphysical would-be Goldstone scalar bosaiis ¢° ——— (W boson.

coming from the spontaneous symmetry breakKegwell as P*— My
the Faddeev—Popov ghosts which, however, do not contrib- Ill. CONTRIBUTIONS TO THE EFFECTIVE VERTEX

ute to processes considered here because the external par-

ticles are fermions In writing down the following Feynman In the lowest order, i.e., at the one-loop level, the pro-
rules we use the convention that definegoing momenta cesses in which a quark undergoes a flavor change accompa-
for particles entering the vertex amaitgoingmomenta for nied by the emission of a real or virtual photon are repre-
particles leaving the vertex. Quark flavors will be denoted bysented by the diagrams in Figgal-1(d) and Figs. 2a),2(b).

i orj, and the left and right projection operators by=(1  In the first group, the photon is emitted by a scalar or a
— v5)/2 andR= (1+ yz)/2. vector boson in the intermediate state, whereas in the second
The rules for the elementary vertices are it arises from an internal fermion. As we are eventually in-
terested in real, transversally polarized photon emission, the
transition should take place in a magnetic mode character-

q—QqiA,:—ieQyy, with Qizz(u),— E(d), ized by the operatoro,,q”, and we need not concern our-

3 3 selves with diagrams in Fig. 3 since they are all proportional

toy,.
W5 (p)—W, (p)A, i +ieQul(p+p’) .0\, We perform our calculations in dimensions and len
=4—-2w. For convenience we also introduce an arbitrary
+(P'—2p), Ot (P—2P" )\, ] scale parameter with the dimension of masso that the
coupling constang remains dimensionless even in arbitrary
with Qu=*1(W™), n dimensions. The kinematic variables to be used are defined

in Fig. 4. In particular, the initial quark has momentéhand
massM; the final quark has momentumand massn. The
internal quark, with masey, may have flavorsi,c, ort for
an initial quark of thed type, ands,d, or b for an initial

e (p)—e¢ (p")A,:—ieQg(pt+p’),

with Qs==1(¢"), quark of theu type. It is understood that the various partial or
. . ) total vertex operators obtained in the following fay
W, —o~A,:+tieMyg,,, —(qyy are to be inserted between the initial statéP) and

the final stateu;(p)e**(q), whereu; andu; are the fermion

. —ig (,) spinors, ands#(q) is the photon polarization vector with

Gi— W, : \/5 YuL U5, momentumg=P—p. A summation over all allowed quark
flavors | and an integration over the loapdimensionalk

_ momentum are both implicit.
—i

g ) From the rules given above, the expression corresponding
di—gje i—=——li(mL—m R)U;". . .
i \/‘ My to Fig. 1(a) is
L2
. . . =i
The symboll; which appears in the last two rules is re- iT’f(a)=M2“’ _g) N yPL vL
lated to the weak isospin of the initial quark. For V2 k—m,

=+1 (u type quark the Cabibbo-Kobayashi-Maskawa (—i)2(ieQuX*,,)

(CKM) matrix element isU{")=V; , and forl;=—-1 (d TR 6
type quark U{)=V;;. Note thatl;=Qyy (or Qg) and thus, [(D K)2=MEI[(P—K)Z=M§]
with the exception of thee) AW and qqW vertices, all other
vertices depend on the sign of the charge of the quark or
boson involved. Finallyg is the positive unit of the electric i
charge,e>0. q q
The relevant boson propagators in the 't Hooft—Feynman
(é=1) gauge are 4 w qr
(a)
% (scalay, FIG. 2. Contributions ta};— g;y vertex: emission from internal
p—My quark.
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where the following shorthand notations have been used: The diagram in Fig. @) is similar to that in Fig. (c),
with the scalar and vector bosons exchanging roles in the

=(P+p—2Kk),9,,t(P+k—=2p),9,, intermediate state. The corresponding vertex operator is
PR ? iT# ,u “N gQS(mL mR) ! (—ig v L)
d)y— | — |\ T =
and 1A V2My, k—m | V2 ¥
i=u type: Qu=-+1\=VyV}, y (ieMw)(i)(—1)
—k)2=MGI[(P—Kk)2—M]
i—d type: Que — 1A =VAV, . 3 [(p—k) wll( ) wl
. . . _9 ‘e 42 Nl(d)
It is convenient to put Eq1) in the form = Qs\ : (10
. -9 Ni@ ith the followi ion in th tor:
T =y L29Qu 2 (4)  Wwith the following expression in the numerator:
1
. _ _ N gy=(mL—mR) (k+m;) y“L. (11)
with the following expressions for the numerator and de-
nominator: The photon may be emitted also from the intermediate
quark as shown in Figs.(@,2(b). The diagram in Fig. &)
Nf(a= v L(K+m) y7LX* ., represents the transition operator

D1=(K2—m))[(p—k)2-MGI(P—K)2-MZ]. (5

Corresponding to Fig.(b) is the transition operator

iT‘zt(a):Msz (—ieQy")

ig pL) i
27 p—k-m

) i —ig =i
i9Qs —igQs X ( pr)
iT4 = u2N mL—mR P—k—m | V2 k?—M3
1(b) ,U« | \/— W( IR) |—— K—m, \/_MW 2 I \/_ W
—g°e N%
i2(~ieQg) (P+p—2k)* = a2, 12
X (mL—MR) E PR D,
[(P=K) "= MRl (P—K)"=M{y]
) whereN5, andD, stand for
_ —9 e 42900\ l(b) ©)
s N5 = ¥ (p—Kk+m) y*(P—k+m)y,L,
If the initial quark flavorq; is of theu type, Qs=+1; oth- D,=(K2—M2)[(p—k)Z2—m?][(P—k)2—m?].
erwiseQs= —1. The expression for the denominaioy re- (13
mains the same as defined above, whereas in the numerator
one has Similarly for Fig. 2b), we have
N4 :i(mL—mR)(ker)(m L-MR)(P+p—2k)* iTS “N IgQS(mL mR)
1(b) M\ZN | | | p . 2(b)— /‘L | \/— W | ﬁ—k—m|
(7
For Fig. 1c), the Feynman rules yield X(—ieQ yﬂ)P—k—m
: —ig I | —igQs -igQ
iTf(g= >N Y L) (mL X| —=(mL-MR) |——
4o 27 Jem | V2my vy, M MR et
ieMy)(—i)(i —g?
MR ] 2( w(=i)( )2 o0 g, MNZ@’ »
[(p—K)?=MEI[(P—k)*~M{] 2
-ge 20 Nl(c) together with the expression for the numerator:
=—— 1N (8
1
with the numerator given by Ng(b):M_z(mL_ mR)(p—K+m)
w
Nf(9= v*L(K+m)(MR—mL). €) X yH(P—Kk+m)(mL—MR). (15)
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MQO W,SO% §’Y FIG. 3. Emission from initial or final quark.

Thus, all partial contributions to the effective radiative when the external particles go on shell, which is all we need.

vertex may be written in the form When the initial and final quarks are on the mass shell, we
_g% N may use the Dirac equatiOIf&Ji(P)=Mui(P) andu¢(p)p
iTgaz 5 MZ‘”QpM# (p=1,2;a=a,b, ...) =mu(p) to express the operatdy ), in terms of the four-

vectorsP,, q,, andy, or, alternativelyjio,,q", q,, and

(16) Y. the two bases being related by

with the charge factor

Q1=Qg(Qw or Qg), Q=Q. (17

After Feynman parameterization of the denominators, the
integration overn-dimensional momentum space is per-
formed in the standard way. Consider for exampfg, . The
terms independent of the integrated momentuare evalu-
ated as follows:

2P,R=R(io,,9"+q,+My,)+Lmy,, (19
2P,L=L(i0,,9"+q,+My,)+Rmy,.
These relations are understood as being sandwiched between

u(p) and u(P). The induced complete;q;y vertex will
then assume the general form

wa dk 1 f d"k f fl g T,~R(9%y,—d,8)F +io,,q"(RMG+LmH), (20)

M n D_ n

(2m)" =1 (2m) whereF, G, andH are appropriate form factors. For an on-
shell photong?=0, we may set,&*(q)=0, and the coef-
ficient of F should vanish. The singular terms, such/as

[a(l—x—y) +bx+cy]® from all diagrams likewise completely cancel ¢8}. Hence,
with real photon radiative processes in mind, we may drop
_ Fde'lixd 1 all such terms in the individual contributions. When the

(4m)%Jo M\ZNA1 above simplifications are appliedy, reduces on the mass

shell to
Amru? |
X > I'i+w)
W41

1-x
Tiar 4@ ZQWE Af dxf dyAl<r.>

X{RM[1—x+y(1—-2x)]
+Lm[1-x+2z(1-2x)]}lioc*"q,, (21

for a=(p—k)2>—M3,, b=k?—m?, c=(P—k)?>~M3,, and
MZA1=MZ,(1—x)+m>x— P2xy— p?xz—q%yz,

z=1-x-Yy.
whereGg/\2=g?(8Mg,) and
Terms with explicitk-dependent integrands are handled in a V2=g7l(8My)
similar way. With the summation over the internal quarks

now explicit, thek integration therefore carries E€l) into Ay(r)=1=x+rx=rixy=rexz (22
—g% dk N, with r)=m#/M3,, ri=M?/M%,, andr;=m?/M%,. The con-
iTiL(a):TQWMZwE )"J "D tributions from all the other diagrams may be reduced to this
! (2m)" 1 standard form.
i02e 1w Let us sum up the partial contributions in each gropp (
9 QwE A f dxf dy =1,2) of diagrams to get the transition operators
" 327 M3, Ay
XR{[—4xP*+2(1-22)q*][(1—x)P—z4] q
T(1=x)(gy*P—Py*g) +(—xP-zO[(1-Xx)P
— 28]y + [ (1= X) P— €[~ xP+(1-2)d] Pk Nk
+4(1—n)y*Fy}. (18
. . P k p
Here F; comes from the singular part of the quadrdtic
dependent integrand. This result will considerably simplify FIG. 4. Kinematic variables in one-loop diagrams.
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eGr with a symmetry reflecting that betweey and h,. Here
T§=—2Qp2 M[RMGy(r))+LmHy(ry)]ioc*"q,, f andL, are functions ofr only. Writing g, —g(o)
a\2m ! 03 +r g( ) and hp—h(°)+r h(Y, we see thafF, comes from
23 thexy mtegralfg(of)/A(O) (or its equallh(?/A (), while K,
where we have useQ, defined in Eq(17), and introduced andL, arise from various terms linear morr¢ in g,, hy,
the functions or A,,. Together the functions,, K,, andL determineGp
andH, for p=1,2 to first order irr;,r;. They are given by
1 1-x 1 (d=r—-1)
0 0 p
F.(r) ' (1-5 22)+3r3|
1 1-x 1 i(r)=——=(l=or—2ar —Lnr,
Hp(r)zf de' dy——hy(r,x,y) 4d° 2d*
o Jo Ap

r
(p=1,2, (24 Kl(r)zﬁ(ls—m—lg&% 17r3—4r%)
where\(r) is given in(22) and ,
r
Ao(r)=X+Tr(1—X)—rXy—rxz, +@(—3+13r+5r2) Inr,
01(r,x,y)=1—x+z+y(1—2x)+rx(1l—y)—rxz
r
hy(r,x,y)=1—x+y+2z(1—2x)+rx(1—2z)—r;xy, Ly(r)= @(7—65 —141r%+23r3—4r)
0o(r,X,y)=—2X(1—-y)+r(—1+X+Xy)+rxz r3
+—6(13+2r) Inr,
ho(r,x,y)=—2x(1—2)+r(—1+x+x2Z)+r;Xxy. 3d
(25)
2
These expressions display a symmetry betwgeandh,, Fo(r)= L(—Z—Sr +r2)+ ilnr
3 4 !

for a givenp , under simultaneous interchangeyf; andz,
r¢. They reduce to

91(r,X,y) =2+ (r—2)x—(r+2)xXy—rxz, K,(r)=

r

(41— 237 +3r2—29r3+6r%)
2d5
hy(r,X,y)=2—4x+(r+2)x>+(r+2—r;)xy,

r
2
9o(r,X,y)=—r+(r —2)X+(r + 2)Xy+rxz, + ﬁ(—2+8r+9r )Inr,

ho(r,X,y)=—r+2rx—(r+2)x2—(r+2—r;)xy.

(26) _ 2_1p3 4
Lo(1)= (5= 105+ 332~ 167+ 3r%)

An obstacle to a simple analytic expression for the effec-
tive vertex is thex integration in Eq(24). However, if both r
initial and final quark masses are small compared with the +—(—1+22+9r?)Inr. (29
gauge boson masss, i.e.fjf,r;<1, one may consider mak- 6d°
ing a linear approximation in; andr;:
We have omitted in the above expressions terms that are
1 1 1 ) numerical constants. Such terms independem @fill give
~ + X(riy+rgz) (p=12 vanishing contributions as long &s,, K,, andL, are used
Ap(r) AD(r) (A1) under the sums carried out overﬁe?il allgvuedts in Eq.(23),
for Z/\,=0 by the unitarity of the CKM matrix.
It is understood that fos—d andb—s, we haveQ,=

for AO(r)=1-x+rx, AL(r)=x+r(1-x).

@7 -1, Q,=2/3 and |1=1,2,3 correspond, respectively, to
In this approximations of\ ,, the functionsG, andH, may ~ Y:¢.l whereas for c—u and t—c, we take Q,
be written as =+1, Q,=—1/3, andl=d,s,b.
Inami and Lim[1] have entirely neglected the external
Gp(r)=Fy(r)+rKp(r)+riLy(r), masses in their calculations, so tt@t=H,=F,. For the
stated purpose of their work, they have given the explicit
Hp(r)=Fp(r)+riKy(r)+rilp(r) (p=1,2), expression for—F;+ (2/3)F, valid for the down-type tran-

(28 sitions, such as—dvy or b—svy; namely,
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TABLE Il. Widths for g;— q¢y transitions.

2 r
—F+ 2Fp=———[(1—r)(7—5r—8r?)
Y30 qpr—1) Mode 'y (Gev) I (Gev)
07 s—dy 7.48<10°%° 7.53x10*°
+6r(2=3n)inr] — 5. (30 b—sy 5.06x 10" 5.10<10° "
c—uy 1.50<10°%® 1.50<10°%
—14 - 12
But for the up-type transitions such as-uvy, one should t=cy 4.51x10 27310
use instead the expression
3 2 2 2
FimgFam (1) (510717 B=2, N 2 QuPp(r)=2, M 2, QolPy(r)=Py(ry)].
12(r—1) 37)
—0_
+6r(1—3r)|nr]r—>—r, (31) In the last step we have made use of .the unitarity of the
2 Cabibbo-Kobayashi-Maskaw@KM) matrix to replace\;

with —(\,+\3). In terms of these amplitudes the decay rate
and not the following combinatiofb,6] or its limiting value  for q,—q;v is given by

[4]
2
r I'(gi—q 7)— M) (1——) Al*+[B
—Fl—§F2=—4[(1—r)(1—20r—5r2) I f W | | | |
12(r—1) (39)
=01 The results of our calculations based on E88) are
~6r(1+3ninr] = 12" (32 shown in Table Il together with'y, the corresponding values

of the width when the masses of the external quarks in the
As for the leptonic transitions listed in Table |, the corre-amplitudes are neglected. We have useg=5 MeV, m,
sponding amplitude for the heavy neutrino de¢&9] v, =1.5 GeV,m=174 GeV,my=11 MeV, ms=150 MeV,
—1,7(Q;=1Q,=-1) is and m,=4.9 GeV for the quark massesl,,=80 GeV for
the W boson mass, and the central values of the CKM matrix
3r elements as given in the Review of Particle Phy§id3.
Fl—F2=—3(l—r2+ 2rinr), (33 We see that, with one exception, generdlly=1", i.e.,
4d apart from the kinematic factor/f;)°, the external masses
can be safely neglected in calculating the width fqr
—(sy. The reason is that the mass correction functikps
andL , enter the amplitudeS, andP,, respectively, accom-
pamed by the mass factorsyrir; and [(yr;)?®
+(Jre) 21/ (Jri+ \r{), which are much smaller than 1, the
coefficient of F, [cf. Egs.(28) and (34)]. The exceptional
1 case is the—cvy transition. Since;~4.73, neglecting the
Sp(r)zz[gp(rH me(r)], mass of the initial quark is not justified, and even keeping
just terms linear i, as in Eqs(27),(28) is not enough and
misleading: the approximation has broken down. However,
1 the fact thai"~ 100", for this transition clearly indicates the
Pp(r)=5[Gp(r) = re/riHy(r)], (34 importance of the effect of the external top mass. In Table IIl
we list the contributions of the intermediate quarklss, and

so that Eq.(23), when summed over both groups of dia- b) to the amplitudesS=S, —(1/3)S, and P=P;—(1/3)P,

whereas forr-—u~ y(Q;=—1Q,=0) it is simply —F;.

To examine the relative importance of the external
masses, we calculate the decay rates|ef gy, using the
linear approximations im; ,r¢, as defined in Eq23)—(29).
For this purpose, it is convenient to define the amplitudes

grams, may be rewritten as of the t—cy transition for bOtth 0 and m.=1.5 GeV.
\/— TABLE lll. Contributions tot—c+ vy in the linear approxima-

eGeMw tion in m? andm?

T,= 4\/_ > ——=——(A+Bys)iod,,q", (35 c b
Quark S=P(m.=0) S(m¢#0) P(m.#0)
where d 6.12x10°8 6.20x 1078 6.05< 1078
3 2 2 2 S 8.12x10°°© 9.02x10°® 8.81x10 ¢
A= N2 QS()=2 N2 QulS(r)-S(rp], P 5.05¢107%  6.00x10°°  5.90x107*
=1 'p=1 =1 'p=1 I'(GeV) 2.726% 10 12 2.7273<10 12

(36)
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These data show that the mass of the final quark is com- TABLE IV. Values of G, andG, for d,s, andb in t—c+y.
pletely negligible in this case as well, and the difference
betweenl” and T’y for this transition can be entirely attrib- G G, S

”teg tfo th? top mét‘ﬁs i Il make estimates of thed 0-84375-10.80176 —0.19858-10.82598 0.454970.53855
efore leaving this section we will make estimates o e 0.84375-i0.80177 —0.19860+i0.82600 0.45498i0.53855

?g?engzg:gcjrﬁftt'ﬁgtfgfrtt;':;?nyngigi'itéogge 'f’l:‘;'“ﬁq\’: b 0.84541-i0.80377 —0.20823+i0.83341 0.45742i0.54079
P cayql v). I'(GeV)=8.45¢ 10" 13

correct expressioﬁz F,—(1/3)F, which we use differs in

magnitude and sign from the wrong combinatieh= —F;
—(1/3)F, for the relevant values of the argumemt The
QCD-&JGncorrected branching we have obtainBé)=3.90 24n) 1
16 : . r
X107 is about 28 times larger then an esumEﬁ}based Gy(r)=— . —2[(ri—1)(2—r)+r2]J(r)
onF'. To calculate the QCD corrections, one begins with the 2r; ri
Wilson coefficients evaluated at tiemass scale; in particu-
lar the coefficient

1 1 1
+ E[r(ri—r—Z)][ﬁz( 1- F) —132(1_ )

a
e = 1
CrMw) == 5 LR +Firy) (39) o1 } 2
) ) The parameters, 8 are defined by
yields 2.065<10 3, to be compared with—0.414x10 3
when it is calculated with=". The Wilson coefficients are
then evolved down fronM,y to the renormalization scale a_z_ri(1+ri_r_ Va), p= 2_ri(1+r‘_r+ Va),
w=m to give the effective coefficierdS"(m,). The result- (43
ing QCD-corrected branching fraction obtained is reduced by
1% from the estimate of Burdmaat al.[5]. The reason for A=(1+ri2+ r2)—2(rj+r+rr).

the smallness of this effect is that(M,y,) makes a very N ) ) ) )
small contribution tocS(m) which is completely domi- For the transition under discussion, they satisfy the condi-
nated byc,(My). Nevertheless the point being made is thattions 0<a<pB<1. J(r) stands for

the correct input functiong , or, even betters, andH, are

crucial for a proper evaluation of the Wilson coefficients. Jr)=—1+Inr,+

r
Elnr+aln at(l-a)in(l—a)

VA
IV. MASS EFFECT IN THE TOP QUARK DECAY _ — [
+B8InB+(1-B)In(1-B)+iw o (44)

Sincemg<m;, andG, andH, must be comparable in
magnitude, the amplitude in ER3) reduces tRMG,, and  and £, is the dilogarithm(Spence integral[11] represented
we need only to perform an accurate evaluation of the intepy
grals

xIn(1—t
Lo(x)=— fo %dt, (45)

1 1-x 1
Gp<r>=f dxf Ay Gp(rxy), 40 | - e
0 0 p which admits the expansion serigs(x)=2x,_,x“/k* for

Ix|<1.

With a top mass larger than the mass of Widoson and
the internal quarkA,; and A, may change signs over the
range of thex,y integrations, and hence the arguments of the
various logarithm functions that appear in the course of the
integrations may become negative, and imaginary parts will
arise. Physically they signal the presence of the intermediate

()= (2+r) +£[( 1)(2—1)+1233(r) states on the mass shell. Thus, for each internal quark
! 2r; r: =d,s,b, the imaginary parts db(r;) correspond to the real
emission process—W*'+q,+ y.
1 1 Values of Gy(r)), Gy(r), and S(r))=3[G(r))
Ez(l_r)_EZ(;) _£2<E” —1G,(r))] for relevantr, in t—cy are recorded in Table
IV. They depend weakly on the mass of the internal quark,
(42 being dominated by the large mass of the initial top quark.

where A;=1—x+rx—r;xy and A,=X+r(1—X)—r;xy,
with ri=r¢, r=r;, andl=d,s,b. After integration ovelry,
which yields logarithm functions, the integration leads to

1
+5[2(1=rj)+r]
ri

013008-7
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Thus, the Glashow-Iliopoulos-Maiani mechanism works ef- V. CONCLUSIONS

fectively to suppress the amplitude We have supplemented the Inami-Lim formula for the

1 —dy effective vertex with an equally simple formula for the
Gy(ry) —ng(h)}- (46)  c—ury vertex[Eq.(31)] under the same assumptions that the
external fermionic masses are negligible. We then proceeded
on to reexamine the external mass effects and obtain the
r,,r;) of the transition amplitudes, the functiodr) and  corresponding formulagEgs. (23), (28),(29)] valid to linear

. 2 2 . .
P(r,) depend strongly on the internal quark mass, as showf'der inM* andm?, the results of which are shown in Table
in Table I1l. The contribution of the intermediatequark is - Since this approximation breaks dowsee Table Il in
then overwhelmingly dominant and the GIM mechanismthe cases such as-cy, in which the initial fe_rm|on mass is
hardly operative. However, this conclusion turns out to beMuch larger than any interal mass, we derive the exact one-
erroneous, as is clear from the data presented in Table NOOP formula for such transitiori£gs.(41)—(45)] and evalu-
Finally, the exactG; and G, scale asr{1~1 [see Egs. ate the corresponding rate of the-cy transition in Table

(41),(42)], whereas their approximate values scale at best alél : G?yen the impc_)rtance of flavor-changing electrom'agnetic
fro~ro~102 [see Egs.(28),(29)], which explains the transitions in testing the standard model and probing new

striking differences in magnitudes that we see in Tables mphysics, itis essential to have reliable _results for these pro-
and IV cesses at the lowest, one-loop level since they are the key

With the amplitude given in Eq46), we find the width components in building up more sophisticated calculations.
I'(t—cy)~8.45< 10 * GeV, which falls between the val-

1
A=B== > X\
2 1<Gsb

In contrast, in the zeroth or first order approximation

ues presented in_ Table I ba.lsed. on the ap.proximatiion ACKNOWLEDGMENTS
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