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Abstract. Inclusive photon energy spectrum and decay 
rate for the rare radiative decays of the B hadrons, B 
--" 7 + Xs (here X~ denotes hadrons with total strangeness 
quantum number S = - 1), are calculated in the standard 
theory of electroweak interactions, using the b quark 
decay model. The calculations have been done in the 
framework of an effective low-energy Lagrangian based 
on the gauge invariant operators of dimension 6. The 
large QCD effects, contained in the Wilson coefficients 
of these operators, are included in our approach. The 
shape of the photon energy spectrum and the branching 
ratio BR(B ~ 7 + X~) are sensitive to the top quark mass. 

1 Introduction 

In this paper we present a calculation of the inclusive 
photon energy spectrum from the rare decays of the b 
quark, b ( g l ) ~ 7 + X s ,  which one expects to measure 
through the inclusive radiative decays of the B hadrons. 
Here X~ stands for hadron(s) with an overall strangeness 
quantum number S equal to -1 .  Estimates of the 
branching ratio for these decays, modeled after the quark 
decay process b -~ s + 7, have been presented in a number 
of publications [-1]-[9]. It is now generally accepted that 
QCD effects enhance the decay rate very significantly. 
However, at the partonic level the said decay by itself 
would give a discrete photon spectrum due to its two- 
body nature. A continuous photon spectrum from the 
partonic process can be obtained by including the B 
meson wave function effects, parametrized, for example, 
through the Fermi motion of the initial quarks in a po- 
tential model. The shape of the resulting spectrum will 
then be completely model dependent. 

The photon spectrum in rare B decays can also be 
calculated in terms of the decays of the B hadrons into 
specific final states, like B ---, (K*, K** .... ) + 7 [i0]. Judg- 
ing from the present dispersion in theoretical estimates 
of the branching ratios [-4], [10], [11], [12], this exercise, 
apart from being messy, is also going to yield a model 
dependent spectrum. It is quite likely that the decays 

b ~ 7 + Xs are dominated by multi-hadron states, making 
the search for rare radiative B-decays in 2-body and qua- 
si 2-body (7 + hadron) decays a difficult proposition. An 
analogy with the Cabibbo-Kobayashi-Maskawa (CKM) 
suppressed semileptonic b decays, b ~ u + 1 + vt, would 
suggest that inclusive searches of the radiative rare B 
decays may lend themselves to experimental detection 
earlier than the corresponding searches in exclusive final 
states. Hence the need for a reliable theoretical estimate 
of both the inclusive photon energy spectrum and 
branching ratio for the process B--+ 7 + Xs. 

A non-trivial photon energy spectrum at the partonic 
level emerges, if one includes the QCD corrections from 
the gluon bremsstrahlung diagrams via the process 
b ~ s + g + 7. A complete calculation in O(as), yielding 
both the photon spectrum and decay rate, requires the 
evaluation of one-loop virtual corrections to the process 
b--+ s+7, additionally. Our aim is to evaluate both the 
virtual and bremsstrahlung contributions to the effective 
operators responsible for the decay B ~ ~ + Xs. Experi- 
mental prerequisite for the feasibility of our proposal 
is, apart from a good electromagnetic calorimeter, the 
ability to determine the strangeness of the hadronic mat- 
ter recoiling against the (hard) photon. Requiring that 
the invariant mass of the 7 + X~ system be equal to the 
B-hadron mass would provide a powerful veto against 
the non-B background. The more frequent radiative de- 
cays of the B hadrons, involving the transition B ~ 
+ Xc, can be eliminated by restricting the invariant mass 
of the hadronic system to lie below the D *-meson mass. 

In Sect. 2, we briefly describe the framework of our 
calculation together with a discussion of the regulariza- 
tion procedure and the approximations used therein. In 
Sect. 3, we calculate the process b ~ sgT, which provides 
the photon spectrum in the energy region away from 
the endpoints E~=0 or E~,=E~ a" (infrared singular 
points). In Sect. 4, leading order virtual corrections to 
the process b--+s7 are worked out. Section 5 contains 
the derivation of the inclusive width for the process B 

7 + Xs. Numerical results for the inclusive branching 
ratio and the photon energy spectrum are presented in 
Sect. 6, and their dependence on the input parameters, 
in particular the top quark mass, is displayed. 
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2 Effective hamiltonian for the decay B - ~  ~ + X~ 

We use the radiative decays of the b quark to estimate 
the inclusive radiative decays of the B hadrons and the 
ensueing photon energy spectrum. The calculations re- 
ported here have been done within the framework of 
an effective Hamiltonian, as discussed for example by 
Grinstein et al. [13]. The operator basis for the effective 
Hamiltonian, responsible for the decay under considera- 
tion B ~ ? + X~, consists of four-quark operators and the 
magnetic moment type operators of dimension 6. Opera- 
tors of higher dimension are suppressed by powers of 
the masses of the heavy particles (W-boson and top 
quark) which have been integrated out, and hence are 
not considered here. To leading order in the small mixing 
angles a complete set of operators, relevant for the pro- 
cesses b ~ s?, s?g, is contained in the effective Hamilton- 
ian: 

4 G  F s 

Heft-: V~ )~t j=12 Cj(#)O j(#) (1) 

where Gv is the Fermi coupling constant and (Vii are 
the CKM matrix elements) 

C~(#) = Wilson coefficients at scale # 

and the various operators O~ are: 

01 = (CL~ ~I~ bc~)(gL~ '/u CL~) 

02 = (6L~ 7" bL~)(gL~ 7, CL~) 
03 = (gL~ ~U bL,) [02Lp 7u UL~) +... + (GC~ 7~ bLp)] 
04 = (gL~ 7 u bL~) [(aLp 7u UL~) +... + (bL~ 7, bL ~)1 

Os = (SL ~ 7" bE ~) [(UR~ ~u URn) +. . .  + (bR~ 7, bR~)] 

o6 = ( ~  ~ b~) [-(a.~ 7. u.~) +... + (g.e 7. b.~)l  

07 = (e/16 n 2) g~ a~(mb R + m~ L) b~ Fu~ 

Oa = (gs/16 n 2) ~ a"" (m~ R + ms L) T~ b~ GA~ 

1+7~ L=_ 1 75; R -  2 

(2) 

e and gs denote, respectively, the QED and QCD cou- 
pling constant. The effects of QCD corrections, con- 
tained in the Wilson coefficients Cj(#), have been evalu- 
ated to leading logarithmic accuracy. It is known that 
the operators O3, 04, Os, 06 only get contributions from 
operator mixing [-13]; as these coefficients are small, 
their effect is neglected in the following calculations. The 
coefficients C1(#), C2(p), C7(#)are given in [13], [141, 
whereas C8 may be found in [151. 

At # = rob, which is the relevant scale for the b quark 
decay, these coefficients read as follows: 

C1 (mb)=l [t]-6/23 _1712/231 C2 (mw) 
C2 (rob) = �89 it] - 6/23 _[_/~ 12/233 C2 (mw) 

C7 (mb)= tl- 16/23 { CT(mw)_ ~ [t/10/23 _ 1] C2(mw) 

- ~9 [~ 2'/23-1] C2(mw)} 
c~ (rob) = ,1- ' 4/23 { c~ (m. , ) -  1%~ [~,/23 _ 11 c2 (my) 

+_~  [~26/23_ 1] c~(mw)} 
(3) 

eS(mb). At the scale #=row, where the match- with t / -  C~s(mw) 

ing conditions are imposed [16], we have (again to lead- 
ing logarithmic accuracy): 

Cj(mw)=O, j =  i, 3,4, 5, 6 

C2 (row) = 1 
x 

C7 (my)= 24 ( x -  1) 4 [6 x (3 x -  2) 

�9 log x - ( x -  1)(8x 2 + 5 x -  7)] 

--X 
C8(mw)=8(x_ l )~[6x logx+(x -1 ) (xZ-5x -2 ) ]  (4) 

with x = m2/m 2. 

b.(p) o l  ~(p') b.(p) 01 , ~ )  

(~) (6) 

}o. 
q) (s) 

lOt IOv 
- 

(9) (10) 

Fig. 1. The Feynman diagrams contributing to the decays b ~sy,  
sg7 



O2 O2 

(h) 

Fig.  2. Graphs (a) and (b) vanish as long as the photon/gluon is 
on-shell. These simple "subgraphs" are responsible for the fact that 
many graphs, which/t priori would contribute to b-~ sy +sg7,  in- 
deed vanish. Some of these graphs are listed in this figure 

The contributing Feynman graphs involving the op- 
erators 01, 02, 07 and 08 are shown in Fig. 1. We work 
in the Landau gauge and have used dimensional regular- 
ization to treat the divergencies. The scale # which enters 
through dimensional regularization has been set to # 
=rob, as the coefficients C~(#) are also calculated at the 
same scale. The ultraviolet singularities are subtracted 
according to the MS scheme [17], i.e., in the same way 
as was done by Grinstein et al. [13] for the QCD-correc- 
tions to the operators On . . . .  ,08.  The treatment of 7s 
in n-dimensions also follows the prescription of [13], 
namely that 75 anti-commutes with all other y-matrices. 
We also remark that the regularized versions of the dia- 
grams related to On and 02 are obtained without doing 
first a (four dimensional) Fierz rearrangement of the Fer- 
mi fields; hence there are no traces in the Dirac space 
at the level of the matrix elements. 

The infrared singularities occurring in the diagrams 
associated with the operators 07 and Os are also regular- 
ized dimensionally. Since we are working with a nonzero 
s quark mass, there are no collinear singularities asso- 
ciated with these diagrams. Hence it is sufficient to in- 
clude only the two (four dimensional) transverse polar- 
izations of the gluon/photon, whereas in the case where 
ms=0 the additional d - 4  polarizations would make a 
finite contribution. For details of this point see [18]. 
Note also, that the graphs where only one boson (photon 
or gluon) is radiated from an internal quark line vanish 
in dimensional regularization as long as this photon/ 
gluon is on shell. Figure 2 shows some of these diagrams. 
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3 The process b -~ sg? 

In this Sect. we concentrate on the calculations relevant 
for the decay: b (p) ~ s (p') + g (r) + 7 (q). 
The results for the contributions of the various operators 
from the diagrams shown in Fig. 1 are listed below: 

Contribution to O1: Diagrams (1)  and (2)  

The two diagrams associated with the operator On vanish 
as they contain a factor involving the colour matrices, 
trace (2A), which is zero. 

Contribution to 02 : Diagrams (3)  and (4)  

While calculating the diagrams (3) and (4) one encounters 
integrals which have ultra-violet singularities; we calcu- 
late them in d = 4 - 2 e  dimensions. Note, however, that 
these singularities cancel in the combined matrix element 
and, therefore, no subtraction is needed for these dia- 
grams. Furthermore, there are no infrared singularities 
associated with the diagrams (3) and (4) either. They 
lead to a finite invariant matrix element M2 which can 
be written as: 

M2 = Q. VC2 (#) 6 (p') T2 u (p), Q. = 2/3 (5) 

with 

V= 4iGv 2~ e gs 2 ~  
]/~ 32~ 2 2 

T2 = {dl [-(ps) 0 - (pq)  r  (5 q) r  0r 

+ d2 (q t/) r + d3 (r 5) ~ + 2 d4 [(r e) (p t/) r - (p 5)(q t/) r } L 

+ {d 5 (5 t/) + d 6 ~j r + d7 (r 5)(q t/) + d 4 [(r 5) 0 r 

- (at / )  r  (rob R -  ms L) (6) 

with 5 and 17 the polarization vectors of the photon and 
the gluon, respectively. The coefficients d~, ..., d 7 are: 

dl = 2tc(qr) 

d2= 2tc(pr) 

d 3 = - 2 • ((p r) + (q r)) 

d4=~c 

d5=~c(qr) 

d 6 = - tr (q r) 

d7 = ~c (7) 

4(2 G(t) + t) 
K-- 

(qr) t ' 

where t -  2 (q r) and G (t) is defined by the integral - -  2 
m c  

1 

G(t)= S dY l~ 1 - ~ y ( 1 - y ) - i s )  (8) 
0 Y 

which yields: 

G ( t ) = - 2 a t a n 2 ( ]  , / - ~ ;  t < 4  
\I/ +-+V 
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(9) 

Contribution to 07: Diagrams (5) and (6) 

The matrix element associated with the gluon brems- 
strahlung diagrams (5) and (6) can be written as: 

M~ . . . .  : 4 VC 7 (#) u (1)') T7 u . . . .  U (p) (10) 

with 

T brems = Ee~ Or 

+ 2e5(pe) (ll~ + 2e3(re)(prl) + e3(re) Or R 

+ m~ L) 

+ [ -  2es (ptl) ~ -  ee(qt/) ~ + e4(r ~) ~ + e3 (et/)r 
+ e5 ~ ~ r [(rob 2 + m 2) L + 2 m~ mb R]. 

The coefficients el, ..., e5 are: 

el = - 2f2(qr)+ 2f2(pr)+ 2fl (Pr) 

e2 = - 4fl (p r) 

e3 = 2 f l  

e 4 = 2 f 2  

e5 = - f l  - f2  
1 1 

f l -  2(pr)' f 2 -2 (p ' r )  

(11) 

(12) 

Contribution to Os : Diagrams (7) and (8)  

The matrix element associated with the gluon brems- 
strahlung diagrams (7) and (8) reads as follows: 

M brems -- 4 rl T b . . . .  s - ~e VCs(#)ft(P ') u(p), O e = - l / 3  (13) 

with 

Tbr~ms = [gl ~ ~+gz(etl)--2g3(re)(Prl)+2g3(re)(qrl) 

+ 2 gs(ptl)r ~ ] (m  b R + ms L) 

+ [g3(re) O + g4(e r/) ~ --g5 0#~] [( m2 + m2) L 

+ 2 m~ mb R]. 

The coefficients g~, ..., g5 read: 

gt = 2h~ (pr ) -  2h~ (qr) + 2h2 (pr) 

g2 = - 4 h2 (p r) 

g3=2ht  

g4 = 2 h 2 

gs=h l+h2  

1 1 
h~-  2(pq)' h2-2(p,q).  

(14) 

(15) 

The final matrix element M for the process b ~ sg7 con- 
sists of the three pieces we have just calculated: 

M = M 2 + M  b . . . .  ..~M b . . . .  . (16) 

In order to get the decay width, we square the matrix 
element M and sum over the polarizations, spins and 
colours of all the particles involved in the decay: 

IMI~ = ~ IMI 2 (17) 
p o l . ,  s p i n ,  col .  

The quantitiy [M[~ 2 only depends on scalar products of 
the external particles. In the rest frame of the decaying 
b quark all these scalar products are fixed if the photon 
energy E, and the gluon energy Eg are specified. The 
expression for [M[ 2 is too long to be presented here. 
The double differential decay width in E~ and Eg in the 
rest frame of the b quark is: 

1 lIMIz2 dE, dEg (18) d F =  64~3 m~ 

The factor (1/6) in this equation comes from averaging 
over the spin and colour of the b quark. The Dalitz 
boundary in these two variables is specified below: 

2 2 
m a x  mb -- ms 

Eva[0, E~ ], E ~ X -  2rob 

Eg~[  mb(mb-2E')-m22m b ' mb(mb--2E')--m2]2~b~E~ -]" (19) 

Photon energy spectrum from b ~ sgy 

First, note that the virtual graphs associated with 07 
only give a 6-function contribution to the photon spec- 
trum at E~ "x, whereas the virtual graphs from Os lead 
to a &function contribution localized at E, = 0. Away 
from the two end-points the photon spectrum is given 

o 

"o 

30~, , ~ , i ~ L , , i , , , , i J , ~ , I t , 

Effective Lagrangian  

with/without QCD corrections / 

20 ......... with QCD corr. / 
/ 

m~ = 130 GeV / / 

mo : 15 GoV // 

10 / / / / / / /  1 
i.i/,// 

0 ~ L~- ] I I I t 
0.0 0.5 1.0 1.5 2.0 2.5 

E~ [GeV I 

Fig. 3. The photon energy spectrum with/without QCD corrections 

to the effective operators including also the operator Os, illustrating 
that the coefficient C 8 gets suppressed by QCD effects (see small 
E<domain), whereas Cv gets QCD enhanced (see large E~-domain) 
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~9:#/ 1 o ~ , , [ , , , l l J 1 1 1 ~ l l l q  
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

E~, [GeV] 

Fig. 4. The photon energy spectrum from B ~ 7 + X~ in the interval 
ETe[0.5, 2.0] GeV, for m~=0.5 GeV, m~=l.5 GeV, and m,=100, 
130, 160, 200 GeV 

by the contributions we have worked out up to now. 
In Fig. 3 we show that the QCD effects have a substan- 
tial influence on the shape of the photon energy spec- 
trum. For small photon energies the spectrum is domi- 
nated by the 08 contribution, which becomes infrared 
singular for E ~ 0 .  Figure 3 illustrates that QCD de- 
creases the coefficient Ca, i.e., 

Cs (mb) ~ Cs (mw) 

For E.e ~ E ~  ax, the O7 contribution is the dominant one 
as it involves an infrared singularity for Eg ~ 0. Figure 3 
also displays the well-known fact that QCD increases 
the coefficient Cv, 

C7 (n%) >> C7 (row). 

In Fig. 4, we show the photon energy spectrum in the 
range 0.5 GeV < E~ < 2.0 GeV(E~ ~x ~ 2.5 GeV), for an as- 
sumed charmed quark mass m~= 1.5 GeV and some re- 
presentative values of the top-quark mass. We note that 
the shape of the photon energy spectrum is sensitive 
to the top quark mass, with the effect becoming more 
pronounced for the harder (E~ > 1.5 GeV) photons. 

Due to the large suppression of the coefficient Ca 
by QCD effects, we neglect the Os contribution complete- 
ly in the following discussion, i.e., we put -Cs(mb)= O. 
As already mentioned, there is still a (nonintegrable) in- 
frared singularity at E~ '~. In order to calculate the inclu- 
sive branching ratio and obtain a reasonable photon 
spectrum also near E~ "x, we have to include the virtual 
processes associated with 07, which cancel this singulari- 
ty. Before turning to this point we would like to remark 
that the photon energy spectrum from the decays 
b ~ s + g + 7 (in the Born approximation without taking 
into account the QCD effects in the Wilson coefficients 
of the effective operators) has also been calculated in 
ref. [19]. Where a direct comparison is possible, our re- 
sults are also in agreement with the (cut-off dependent) 
results for the branching ratio BR (b-os+g+~,), re- 
ported in [-20]. 
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4 The process b --, s7 including virtual corrections 

In this section we present the calculations for the process 
b-~ sy according to the diagrams (9) and (10) in Fig. 1. 
The operator 07 has already been given in (2). In the 
Landau gauge, the matrix element corresponding to the 
sum of graphs (9) and (10) is given by: 

Mvir t _  4iGv 2t e 
]/2 16n 2 6a~C7(#)a(P') TVi~tu(p) 

T ~rt =2r b R+m~ L)(1 +K,) 

Kg : ~ ( 4  n)" F(I + e){(ll +_ [.) (logZ r - 2  

�9 logr-41ogr)  + 2 } (20) 

with r = my" Note, that the 1/e poles in (20) correspond 

to infrared singularities. The wave function renormaliza- 
tion in diagrams (9) and (10) has been taken into account 
by multiplying the O(c~ ~ contribution for b---, s + 7 with 
the appropriate renormalization constants. 

where Z z ( m  ) in the Landau gauge is: 

as 4tomb 2~ 3 

The final result for all the virtual graphs connected with 
the operator Ov can now be expressed as: 

M}ir t __ 4 iGe 2t e 
]//~ 167c2 gila 67(]2)/~(P') T7 virt g(p) 

T( it' = 2r R + msL) (1 + K*) 

- - ~ ( 4  7c)" r(1 +a) K* 

l + r  2 ~ logr-41ogr)  { (log 
/ 

4e 8 + 3 log r}. (22) 

The matrix element squared with subsequent summation 
over spins, polarizations and colours of the particles is: 

3aGv z 2 
M~irt 2 =~-I&l c~ (1 + 2K*) m6(1 - r)2(1 + r ) +  O(c~s 2) 

(23) 
v i r t  2 [M7 Ix leads to a contribution to the decay width F7 v~rt, 

which we split into an infrared finite and an infrared 
singular part: 
F7virt __ virt virt --/"7, fin -~- F7, sing 

virt - -  - ( 1 - 0  3 (1 F7,sing -- 
ms z 2 C~ (4g)2~ [4 

+r) 96~sa~sGFF2'J F(2-2@[e 

+ 2(11_r + r) loge r.] (24) 
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Fvi~ t q r~3tl+r) rn~ c~G~l)~d~C~(l+v) 
7 , f i n = ~  - -  ] ~ 

a S 1 + r  2 
v = ~ 7 { ( ~ _  r)(log r--41ogr+41ogrlog(1--r))  

--  8 + 3 l og  r + 8 l og (1  --  r)~. 
) 

(25) 

5 Inclus ive  d e c a y  width for B ~ y + X ,  

We briefly outline a derivation of the inclusive decay 
width for B--+7+X, based on the decays b--+ST+SgT. 
The contribution b--+s7 has already been worked out 
in Sect. 4 and is given in (24) and (25). Now we consider 
the part b ~sgT .  In the approximation Ca (m0=0  the 
matrix element M for this process has only two contribu- 
tions (see Sect. 3): 

M = M z + M  ~ ...... . 

As already discussed, I Mg . . . .  12 leads to a (nonintegrable) 
_ max infrared singularity at E 7 -  E~ . On the other hand, the 

IM212 term is completely infrared finite, whereas the (M2, 
M } . . . .  ) interference term has an integrable infrared sin- 
gularity. Therefore, we do the following decomposition 
oflM]~: 

IMI~=F+ b . . . .  2 [M7 Ix. (26) 

F leads to an integrable contribution to the photon spec- 
trum, given below (here G is defined by the Dalitz bound- 
ary in (19)): 

d r F  GF21)~,I e ceC~s 
d E ~ -  768rc s mb ~ (z22+z27) dEg 

z22 = 2 Q  2 C~(#)(qr)21~[ 2 2 2 2 2 z {(rob -- m~ ) -- 2 (m~ + mb)(q r)} 

%7 = 32Q. C2(#) CT(#)(qr) 2 Re(~c) 

m m 2 (qr) + m~)}, (27) 

where Re(~c) denotes the real part of the function K de- 
fined in (7). 
To calculate the contribution to the photon spectrum 
from the part [M~ . . . .  1 2 :  

d / ' ?  . . . .  GC I M g  . . . .  I~ 

we have to integrate over the d dimensional phase space 
due to the infrared singularities. To that end we define 
the quantity F7 b . . . .  (so): 

~p~x dFvb . . . .  
~7brerns(s0) = f dE__dEe ; SoG[0, 1]. (28) 

soE~ nax 

The role of the regulator so is as follows: 
�9 FTU~ems(0) is the total width corresponding to 
brems 2 Im7 Ix, 

�9 if we want to collect in one bin all the events which 
have a photon having the energy in the interval 

Emax /Terit < E7 ~ E~nax 

then So = 1 E~rit 
E~X" 

Splitting F7 b . . . .  (So) into a singular and a finite part, 

~Tbrems (So)  __ F b r e m s  _t_ F, brems [ 
- - * 7 , s i n g  T ~ t 7 , f i n  ~So] 

the two contributions are: 

• 7  brems - / 1  5 (47r) 2~ [4 
,s~ng - t *  - r )  3 (1 + r ) ~ c ~  s G21A,[ a C } V(2-2e)  

2(1+ r ) l ? r ]  
+ i -- r (29) 

5 
mb 2 2 C 2 ( p l  + P 2 )  �9 rb7,fln tS0j~ ~=(1 --r)3(1 +r)  ~ c~c~ s GFI2~[ 

4 
pl = 8 - 4 S o  + 2 logr + l ~ r -  r l~176 

- 16 log(1  - r ) -  8 l og (1  - So) + - -  
4(1 +r)  

1 - r  

[ 
1 1 

+ ~ l o g  z t /o-~- log 2 r - l o g r  

- log t/o log((1 - r)(1 - So))] 

p2=(1  1 r)3[(3 r 2 - 2 1 r  + 6)(t/o- r) + (1 + 3 r)(t/g- r z) 

2 3 (1--r2)(1--So) 
( q 0 - r 3 )  r/0 

- 2(1 - r ) ( 2 -  r) (r/o l o g q o  - r logr) 

+ ( l l r - - 3 )  l o g ? + ( 1 - r )  

1 

�9 012 l o g t / o - r  2 logr)] (30) 

2 ms r=m~'b t /~176  L i ( x ) = -  log(l--t) .  
0 

Adding the real and virtual contributions from (24) and 
(29), the infrared singularities indeed cancel providing 
a finite inclusive width for b ~ 7 + s, 7 + s + g. 
For So = 0 the expression (30) simplifies: 

5 
F b r e m s  = ( 1  mb 
* ' / , f i n  +r) 96U""sG~l;.d2 C~'p 

p = -- 16(1 --r) 3 log(1 --r) + 4(1 +r)(1 -r)2[2Li(r)  . 
71.2 

3 

1 log  z r] 
4 

+8(1  - r)(5r 2 - 13r+  5) - ( 3 r  3 - 3 r 2 + 9 r -  1) logr. 

(31) 



The total decay width for b ~ST+Sg7 then reads: 

_ b . . . .  F virt • (32) / r r a d - - ~ , f i n  ( 0 ) ' J -  7 , f i n  ! 

where Fbrems/(~ and virt "7,fin ~,vI iF7,fi n are given in (31) and (25), re- 
spectively. The contribution 

Fe= j" ~ETdE,  
0 

is obtained from (27). 

6 N u m e r i c a l  r e s u l t s  

The branching ratio of the inclusive decay B --+ 7 + Xs 

r ( B  - .  7 + x3 
BR(B -~ 7 + Xs) = , (33) 

/trot 

is now calculated using Fr~ d as given in (32), and the 
inclusive b quark width, F~ot: 

Ftot = (ru [ V, bl 2 +r~l Eb[ 2) Yo 

Fo _ m  5 G~ r,~7" rc~3. (34) 
192rc3 

The values of r, and r~ include phase space and QCD 
corrections [21]. In the numerical evaluations we have 
used the following input parameters: rob=5 GeV, ms 
=0 .5GeV,  mw=80.2GeV,  Gr=1.16637.10-5  GeV, c~ 
=1/137.036, ~s=0.23 (corresponding to N I = 5  and A 
=0.15 GeV), I~bl~0.0075 and IEbl=lVtsl~0.045. Note 
that the dependence of the branching ratio BR(B---, 7 
+ Xs) on the b quark mass is very mild. 

The branching ratio B R ( B ~ 7 + X s )  is plotted as a 
function of the top quark mass in Fig. 5. The dependence 
of the branching ratio on the charm quark mass in the 
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.... b --> �9 7 (,,it~o~t oc~) .._.--- 

1 / - I "  
.z--'" 
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100 150  2 0 0  2 5 0  

m t [GeV] 

Fig. 5. Inclusive branching ratio for the decays B~7+X~ as a 
function of the top quark mass rn, The charm mass dependence 
is indicated by error bars. (Central point: m~= 1.5 GeV; high value: 
m~ = 1.3 GeV; low value: m~= 1.7 GeV.) Also shown are the lowest 
order and QCD improved results for the two body decays b --+ s + 7 
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Fig. 6. Inclusive photon energy spectrum from the decays B ~7 
+ X~ based on the b quark decay calculated with an effective La- 
grangian including QCD corrections. The assumed top quark 
masses are indicated 

range 1.3 GeV__<mc<__l.7 GeV is indicated by the error 
bars. The result of our calculatins for the branching ratio 
is also compared with the ones obtained from the lowest 
order and the QCD improved results for the two-body 
decay b--+s7 in Fig. 5. It is interesting to point out that 
the additional corrections presented here lower the exist- 
ing estimates of the inclusive branching ratio BR(B 
--+7 +Xs), estimated from the QCD improved calcula- 
tions for the decay b ~ s T ,  by about 10% across the 
top quark mass range. To quote a number from our 
calculations: BR(B -~ 7 + Xs) = 3.5.10- 4 for rnt 
= 140 GeV. The present available upper limits on the 
branching ratios B R ( B ~ K * 7 )  are 2.8.10 -4 (CLEO 
[22]) and 4.2.10 -4 (ARGUS [23]). As stated at the very 
outset, it is difficult to convert these numbers into defini- 
tive limits on the inclusive branching ratio BR(B--+7 
+ Xs). 

Finally, we present the inclusive photon energy spec- 
trum obtained from the decays b ~ 7 + s, 7 + s + g. At the 
upper end of the photon spectrum, E~-~ E~ ax, we have 
collected all events, which have a photon energy E~ 
~ fiTmax __ fiTcrit cri t  _~ ~ , E~ ~ 100 MeV together with the contri- 
bution from the decay b --+ s + 7, in one bin. Thus, 

~p~x dF F E~ri t 
~ b i n = F , b  . . . .  { hA_ virt dE~; s o = l  - m a ~ ,  "V.fin tSo,--F<fin+ ~ ~ E, 

s o g p ~  x 

(35) 

where the different contributions on the right hand side 
of (35) are given in (30), (25) and (27), respectively. The 
resulting inclusive photon spectrum is plotted in Fig. 6, 
which also shows the dependence on the top quark mass 
for two representative values, mt= 100 and 200 GeV. 

In this paper we have considered only the case of 
a free b quark decaying in its rest frame. Eventually, 
one should include an appropriate energy-momentum 
smearing (wave function effects describing the b quark 
motion within the B bound-state). This point together 
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with the details of the present  calculat ions will be taken  
up elsewhere [24]. In  conclusion,  we hope that  our  work 
would  encourage experimental  searches of rare radiat ive 
B decays in a more  inclusive way. 

We would like to thank S. Bertolini, B. Gittelman, N. Uraltsev 
and D. Wyler for many helpful discussions. 
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