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The angular distribution of~+~ in the decay ofb~s~+~ is studied. We point out that a large forward-backward asymmetry 
in the angular distribution of the dileptons is expected from the short-distance contribution in the standard model for a heavy top 
quark mass. The asymmetry is a measure of the contribution of the Z and W+W exchange diagrams, as well as the top quark 
mass. 

1. Introduction 

Rare B-decays, in par t icular  those involving the f lavour changing neutral  current  ( F C N C )  b-quark transi t ions 
b~s~, and b~s~+~  - ,  provide impor tan t  testing grounds for the s tandard  model  at the quantum ( loop)  level, 
since such t ransi t ions are forbidden in the Born approximat ion .  The rates and dis t r ibut ions  in these decays thus 
provide sensit ivity to possible higher mass scales a n d / o r  new interactions.  In the s tandard  model  the so-called 
short-distance contr ibut ions  to these decays are domina ted  by the top quark whose mass is expected to lie in the 
range 100 GeV < m, < 200 GeV. Precise measurements  of  rare B-meson transi t ions will not only provide  a good 
est imate of  the top quark mass but  also of  the W + W  - and Z-exchange diagrams. 

In this note, we concentrate  on the rare B-decays, b~s~+~ - (~=e ,  ~t). These processes have been s tudied 
extensively; in part icular,  the decay rates and the differential  invar iant  di lepton mass dis t r ibut ions and their  
dependence  on the top quark mass have been investigated in earl ier  work [ 1-7 ]. The long distance contr ibut ion 
to the decays b~s~+~ is, however, still somewhat  controversial .  In particular,  the relative sign between the 
short- and long-distance contr ibutions,  which reflects itself in the di lepton invariant  mass dis tr ibut ion,  is not 
yet a settled mat ter  [ 8,9 ]. 

Here, we present  a unif ied t rea tment  of  both the short-distance and long-distance QCD correct ions in the 
effective hami l tonian  approach.  In this method the heavy degrees of  freedom (in the present context top quark 
and W ± bosons)  are integrated out and the resulting effective hami l tonian  consists of  operators  involving only 
the light quanta  with ( renormal iza t ion  group)  improved  Wilson coefficients. The same d iagrammat ic  approach 
is then used to est imate the long-distance contr ibut ion from the in termedia te  J/tg, tg' and the charmed hadron 
cont inuum. This framework,  in our opinion,  is free of  ambiguit ies,  as far as the relative sign of  the two contri-  
but ions is concerned. The main result o f  this paper  is a detai led study of  the angular d is t r ibut ion of~+~ - in the 
inclusive decays b~s~+~ - ,  obta ining a large fo rward-backward  asymmetry  in the angular dis t r ibut ion of  the 
di leptons for heavy top quark mass m t / M w  > 1. In the s tandard model,  the decays in question occur through the 
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7, Z and W + W  - intermediate states. The asymmetry is related to the circumstance that the right-chiral and left- 
chiral couplings of  the leptonic current are different due to the Z and W + W  - exchanges. Therefore, the asym- 
metry is a direct measure of  the contribution of  these diagrams. Since, as shown below, the aforementioned 
asymmetry is driven by the top quark, it is a genuine short-distance effect and its magnitude is a good measure 
of  the top quark mass. 

2. Invariant dilepton mass distribution and forward-backward asymmetry in b ~ s~ +2 

In what follows we shall ignore the B-hadron wave function effects and consider the decay of  a b-quark and 
set mb= mB, SO that the kinematics and the resulting dilepton spectra of  the decay b~s~+12- mimic the B-hadron 
decays Bd.,~X~+~+~ - .  We start by defining the kinematic variables needed to study the forward-backward 
asymmetry. The decay distributions of  interest are characterized by two Mandelstam variables s and u: 

s = ( s + + s - )  2, u = ( p - - s - ) 2 - - ( p - - s + )  2 [ 4 m ~ < ~ s < ~ ( m b - - m s ) 2 , - - u ( s ) < ~ u < ~ u ( s ) ] ,  

U(S) = 4 [ S - -  (mb -}-ms) z ] [s--  (mb - m s )  2 ] , (1) 

where s +, s -  and p are the four-momenta of~ +, ~- and the b-quark (B-meson),  respectively. The variable u is 
related to the angle between the momentum of  the B-meson (or the outgoing s-quark) and that of  ~+ in the 
center of  mass frame of  the dileptons ~ + ~-,  

z = c o s  0=  u / u ( s ) .  (2) 

The forward-backward asymmetry is obtained by integrating the double differential branching ratio (d2BR/ 
dz d~) with respect to the angular variable (z),  

f l d z  d 2 B R / d z  d ~ -  f ° _ j d z  dZBR/dz d~ 
A (g) =- f ~ d z  dZBR/dz dg + fo_, dz dZBR/dz dg '  (3) 

where g = s~ m ~. In the region where A (g) is positive, the number  of  ~ + scattered in the forward hemisphere is 
more than the one in the backward hemisphere in the center o f  mass frame of~+~ - .  

We now record the formulae for the differential branching ratio, angular distribution and asymmetry for the 
decays b--,s~+~ - .  Following ref. [4 ], we work in the framework of  the (one-loop) QCD corrected effective weak 
hamiltonian, obtained by integrating out the top quark and the W + bosons. This leads to the following invariant 
amplitude for b-,s~+~ - ,  

M= 2x/2GF sinl_20w o~ 4~ ( - Vc* Vcb) [AgLTubL~LT~QL "k- BgLT#bL~R 7~'~R -t- Cgia~, (qV/q2) ( m s L +  mb R )b~TUl~ ] , 

(4 )  

where L = ( 1 - ~5 ) / 2, R = ( 1 + Ys ) / 2, qU = s + ~' + s -  ~', V~ s are the Cabibbo-Kobayashi -Maskawa matrix elements, 
and sin 2 0w is the weak angle in the standard model with sin 2 0w-~ 0.2 3. The form factors in eq. (4) are given by 

A = B +  C "°x (x , )  + C Z ( x , ) ,  ( 5 ) 
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F 
B= _sin 20wLFl.¢x,)  + 2CZ(xt) _ 4 (lnx, + 1 ) 

+[3C~(mb)+C2(mb)] g(rhc, g)+(3/o~2)x ~ M2v_q2_iMv,Fv, j 

[4x /c~(Mw)][  4 ( l_ r / -11 /23)+8~(1- r / -29 /23) ]C2(Mw)] ,  + 

C = { ? l _ 1 6 / 2 3 [ F 2 ( x t )  116-  - -10 /23  1~9 (7128/23 -- T3-g t r/ -- 1 ) C 2 ( M w ) - - -  -1)C2(Mw)]}sin2Ow, 

.,:~ = ( m,/Mw ) 2, ( 5 cont'd ) 

where C~ and C2 are the QCD corrected Wilson coefficients: C1(mb)=--1(~-6/23--~112/23), C2(mb)= 
__ 1 (?]- -6 /23Jt_?i I2 /23) ,  with q=c~(mb)/O~(Mw) and C2 (Mw) = - 1. Note that the expression in the large paren- 
theses multiplying the factor 3C~ (mb)+ C2 (rnb) represents the long-distance contribution to the decay ampli- 
tude for b--,s~+£ -.  The pole contributions from the J/t~ and tO' with the Breit-Wigner form are explicitly indi- 
cated and g(z, ~) represents the contribution from the ce continuum obtained from the electromagnetic penguin 
diagrams, following ref. [ 4 ]. 

m 
[ 16z 2 2N/1  4z2 ( _~2)( i 1 + x / l _ 4 z Z / g l  ) ]  

g(z,g)=- 41nz2-287 9 g +-9 ~ 2+ l n l l _ x / l _ 4 z 2 / g  I +in  (g>_-4z2), 

[ 8 16z2 4 /4z2 ( 4_~_) 1 ] 
= -  4 1 n z - ~ - ~ - ~ - ~ - + ~ N / - - ~ - - 1  2+ arctan , 2 (6) x/4z /g- 1' (s~<4z2) " 

It is well known [ 10,11 ] that the Wilson coefficient sum 3 C~ (mu) + C2 (mb) depends very sensitively on the 
QCD scale parameter AQCD, as well as the renormalization point/z. For instance, taking AQCD = 400 MeV and 
the scale /z=m b one has 3C~(mu)+C2(mb)=-O.17, while for AQCD=100 MeV one obtains 3 C l ( m b ) +  
C2(mb)=--0.41,  and for AQCO=100 MeV and using the renormalization point / t=2mb one finds 
3C~ (2mu)+ C2 (2mu)= -0 .58.  Although the QCD corrected inclusive nonleptonic decay rate is stable against 
changes in Aoco, the semi-inclusive channels B~J /~Xs  and B--,~' Xs have rather large rate uncertainties due to 
cancellations in the relevant combination of the Wilson coefficients. Since the leading order renormalization of 
the particular combination is very significant, in our opinion, higher order QCD corrections need to be calcu- 
lated to estimate the semi-inclusive decay channels in question quantitatively. 

On the other hand, in the present note we are mainly concerned with the short distance part, in particular the 
dilepton asymmetry. To circumvent the (yet unresolved) problem concerning the semi-inclusive rate we shall 
use the data on these decays. Using the branching ratios from the Particle Data Group [12]; BR(B--,J/~X 

~+~-X ) = BR ( B--, J /~X ) BR (J/~--,~+~-) ~ 0.01 × 0.07 = 7 × 10 -4 fixes the constant K introduced in the res- 
onance part of the amplitude for b~s~+~ -. Numerically, a value x[3G (rnu) + C2(mb) ] = -- 1 reproduces the 
data well. 

The relative phase between the ce continuum and the pole terms in the present work has been determined 
with the help of the dispersion analysis as in ref. [ 3 ], though the actual contributions presented here are quite 
different. Other functions in eq. (5) can be extracted from ref. [ 13 ], 

3 x 3 (  X ) 2 3 X 
C"°~(x)+CZ(x)=]x+-4~-x + 4 ~ - x  lnx, C Z ( x ) = ¼ x + 8 1 _ ~  + 

3 2x2-x 
- -  l n x ,  

8 ( 1 - x )  2 

6 3 x -  151x2+82x 3 6 3 x -  138x2+ 59x3+ 10x 4 
FIS~(x)= 3 6 ( 1 - x )  3 + 3 6 ( 1 - x )  4 l n x ,  (7) 
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7 x -  5x 2 - 8x 3 2x 2 - -  3 X  3 

F2(x)- 1 2 ( 1 _ x ) 3  + 2 ( l _ x ) ~  l n x .  (7 cont 'd)  

The double differential distribution (normalized to the branching ratio ) can easily be obtained from eq. (5):  

d B R  B R ( B ~ 9 + X )  3°~2 2- - ( 1 )2 
d z d g -  IVuul2+lVcbl2p(ffl 2) 327r 2 IVcl u(s) 

x { (  ]ALE+ 1812){(1 -ms2) 2 -  [$2"~- ~(,~)2Z2 ] } 

+ I CI 2 (4/~) { - ½ ( 1 +rhs 2 ) [g2-  ~(d)2z2-  2 ( 1 + rh2)g+ ( 1 - r h 2 )  2 ] - ( 1 + ,h4 + 6rh 2)g+ ( 1 +rh 2) ( l - r h 2 )  2} 

4 Re[ (A*+B*)C] [ (rh2+ 1 ) g -  ( 1 - th2) 2 ] + 2 (  IAI 2 -  1812)gfi(g)z-4 Re[ (A*-B*)C] [ ( 1 + rh2)fi(g)z]},  

(8) 

where fi(d) = x / [ g -  ( 1 +ths) 2 ] [ g -  ( 1 - rhs)2], Vc= Vc*s Vcb and P(rh 2 ) is a phase space factor, which we take to 
be P(rh 2 ) =0.55.  The explicit expressions for the dilepton invariant mass distribution and the asymmetry de- 
fined in eq. (3) are 

1 
d BR (' d2BR 

dg - J dZdzdg  
--I 

B R ( B ~ 9 + X )  a2 ( ~ ) 2  
= I Vub I~+ I vcb 12p(rn 2) 8~ 2 I vc I:fi(g) 

×{(1AI2+ I B I 2 ) [ - 2 g 2 + g ( l ÷ r h  2 ) + ( 1 - r h 2 )  2] 

+ I CI 2 (2/~) [ - ( 1 + rh2)~ 2 -  (1 + 14rh~ + , h 4 ) g +  2( 1 +rh  2 ) (1 - r h ~ )  2 ] 

+ 6  R e [ ( A * + B * ) C ]  [(1 +rh2)g - ( 1 - n ~ 2 ) 2 ] } ,  

1 0 

dz dz d~ - dz dg 
0 --1 

B R ( B ~ 9 + X )  3o~ 2 2 . . 2 (  l ) 2 
= iVubl2+lVcbl2P(~2) 327t 2 IVcl u(s)  

X{2( IA 12- 1812)g-4  Re[ (A*-B*)C] (1 + rhs2) }. (9)  

In the limit ms=0,  the asymmetry assumes a very simple expression, 

3 (IA 12- [B12)£-2  Re[ (A*-B*)C] 
A(~, m s = 0 ) =  

2 ( IAI2+ IBI2)(1 + 2 g ) +  ICI2(2/g)(1 + 2 g ) - 6  R e [ ( A * + B * ) C ]  

3 (C8°×+ C z) [ (CS°X+ CZ+2  Re B)g-2C] (10) 
- 2 2181-' ( 2 g +  1 ) + [ C ( 2 ~ +  1 ) - 6 C ]  ( C + 2  Re B )  + I CI 2 ( 2 / s )  ( 1 + 2g) ' 

where C= (2B°x+ (~ z. Eq. (10) shows that the asymmetry is proportional to CB°x+ C z. The asymmetry in the 
dilepton angular distribution can be qualitatively understood as follows. As shown above, the decays b-,sJ~+~ - 
occur through 7, Z and W + W -  exchange diagrams. For low mt ( m J M w  < 1 ) the photon contribution dominates 
and the vector-like interactions to the leptonic current remain substantial, consequently the asymmetry is small. 
However, for m,/Mw> 1, the contribution from the Z-exchange diagrams becomes important  and the coeffi- 
cient of the left-handed leptonic current grows as m 2, leading to a large asymmetry. (A part of  the coefficient 
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for the vector current also behaves in the same way because Z also couples to the vector current. ) We also note 
that the asymmetry depends on the invariant dilepton mass. At and near the J / ~  and tg' peaks, the asymmetry 
is small since the resonances couple to the vector leptonic currents. 

3. Numerical results and discussion 

We have used the following parameters in our numerical calculations: 

m b = m B = 5 . 2 8 G e V ,  r n c = l . 5 0 G e V ,  m s = 0 . 5 0 G e V ,  A ~ = 0 . 1 G e V ,  

q=as(mb)/as(mw)=l.66,  Vcs=0.97, Vcb=0.045, B R ( B - * ~ 9 + X ) = 0 . 1 2 .  (11) 

Our results are summarized in figs. 1-3. In fig. 1, we show the invariant dilepton mass distribution d BR/dm2~, 
corresponding to eq. (9),  for three assumed values o f  the top quark mass, m, = 100, 150, 200 GeV. Away from 
the resonance region, m 2 = mj/w.w , 2  , the dilepton mass distribution is sensitive to the top quark mass, as already 
noted in the literature. We remark that we have a constructive (positive) interference, supporting the sign in 
refs. [ 3,8,9 ], and in disagreement with ref. [ 6 ]. The double differential distribution d2BR/dz  dg[~=o.3 is shown 
in fig. 2a for m, = 100, 150, 200 GeV, whereas fig. 2b shows the same double differential distribution for a fixed 
value of  m, = 150 GeV and three different values of  the variable g, as indicated. Finally, in fig. 3, we show the 
asymmetry for the decays b~s~+~ - ,  defined in eq. (3),  in three different invariant dilepton mass ranges for the 
assumed values of  the top quark mass, m~= 100, 150, 200 GeV. The branching ratios for the processes b~s~+~ - 
are given in table 1 with the indicated cuts on the dilepton mass. 

The present (published) best limits on the inclusive FCNC b-decays involving dileptons have been obtained 
at the CERN SPPS [ 14]: BR (Bd.,~ Xs + p + p -  ) < 5.0 × 10-5(90% CL) (see also earlier references in the Parti- 
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Fig. 1. The dif ferent ia l  b ranch ing  rat io  d B R / d g  as a funct ion of  the scaled invar ian t  d i lepton mass ~=s/m~, in the decay b ~ s ~  +~-.  
Assumed top quark  mass  values  mt = 100, 150, 200 GeV are ind ica ted  on the curves. 
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Fig. 2. (a) .  The angular distribution d2BR/dzdA in the decay b--,s~+~ , for a fixed value of the scaled dilepton invariant mass g=0.3 .  
Assumed top quark mass values m~= 100, 150, 200 GeV are indicated on the curves. (b).  The angular distribution d2BR/d-dg in the 
decay b--,s~+~ - for a fixed value of  the top quark mass, ,'nt= 150 GeV, and the indicated values of  the scaled invariant dilepton mass, 

.~=0.3, 0.4, 0.6. 
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Fig. 3. Forward-backward asymmetry of the dileptons on the de- 
cays b~ s~+l~-, A (,~), as a function of the scaled invariant dilep- 
ton mass, g, for the indicated values of the top quark mass. 

Table 1 
Branching ratio for the decay B-~+~ Xs with ~= e, g in different regions of the dilepton invariant mass. (i): 1.0 GeV2~<s~ (Mj/~-o~) 2, 
(ii): (~.'v/j/v-~)2 ~<s~< (]l//j/~ + 6) 2, (iii): (Mj/~,+d)2<~s<~ (M,,.-~) 2, (iv): (M~,,-~)2<~s<~ (M~,,+~) 2, (v): (Mv.+~)2<~s<~ (Mb-M~) 2, 
where we assume an energy resolution ofO=20 MeV at the J/~¢ and ~¢' resonances. 

nh (GeV) Region 

(i) (ii) (iii) (iv) (v) 

100 1.8>< 10 6 6.8X 10 -4 4.3X 10 -7 3.3X 10 -5 1.8X 10 -7 
150 2.7><10 6 6.8><10-4 6.6><10-7 3.3><10 s 4.1XI0 7 
200 4.3><10 -6 6.8><10 4 1.1><10 6 3.3><10-5 8.5X10-7 

cle Da ta  G r o u p  [12]  ) to be c o m p a r e d  wi th  the SM es t imates  [15] :  B R ( B a , u - , X s + g + g - ) = 7 . 0 ×  10 -6  ( for  

m r =  150 G e V ) ,  and B R ( B o , u - ~ X ~ + e + e  - ) = 1 .2×  I0- 5 ( for  m r =  150 G e V ) .  We m e n t i o n  here  that  the present  

best  l imi t  on the F C N C  rad ia t ive  B-decays B - ~ X s + 7  due  to the C L E O  Col l abora t ion  [16]  is: 

BR ( B - ,  Xs + 7)  < 8.4 × 10-4  (90% CL ), which is a fac tor  ~ 2 away  f rom the expec ta t ions  in the s tandard  mode l  
[15] .  

The  f o r t h c o m i n g  run o f  the F e r m i l a b  Teva t ron  col l ider  (pf~, x / s =  1.8 TeV ) is expec ted  to increase the present  

expe r imen ta l  sens i t iv i ty  in the  d i l ep ton  channel  by one  to two orders  o f  magni tude .  Likewise,  the p l anned  

th reshold  e + e -  B-factor ies  and  the p r o t o n - p r o t o n  coll iders,  L H C  and SSC, are expec ted  to increase the sensi- 
t iv i ty  in this channel  to a level o f  10 - s  or  better .  

We are hopefu l  that  the F C N C  b-quark  decays  wou ld  be measu red  in one  or  more  o f  the present  and  future  B- 

facilities. In that  event ,  the d i lep ton  invar ian t  mass  d i s t r ibu t ion  and the  f o r w a r d - b a c k w a r d  a s y m m e t r y  o f  the 

d i lep tons  in the decays  b--,s~+~ s tud ied  here  wou ld  be good  measures  o f  rnt. Converse ly ,  knowing  mt direct ly  

- a possibi l i ty  at the T e v a t r o n  col l ider  o f  the present  b o u n d s  on the top  quark  mass m t =  130 + 30 G e V  f rom the 
LEP data  [ 17 ] are correc t  - the expe r imen ta l  obse rva t ion  o f  the rare B-decays b--.s~+~ - and  b-*sy  wou ld  pro-  

v ide  prec is ion  tests o f  the s tandard  m o d e l  in the crucial  and as yet un tes ted  F C N C  sector  o f  B-decays.  
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