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We present theoretical estimates of the inclusive prompt photon energy spectrum in direct decays of B-hadrons through the
charged current processes B—»X.+7v and B-»X, +7v, and the flavour changing neutral current (FCNC) processes B-X,+vand
B—X4+7 (here the subscript q on X, denotes the quark flavour in the transition b—q). It is argued that the various components
in the inclusive spectrum can, in principle, be disentangled using the photon energy and flavour tagging the hadron(s) recoiling
against the photon in B-decays, thereby providing a new technique to determine the CKM matrix elements | V,, I, 1V ls 1 Visls
and |V4|. In particular, the high energy part of the inclusive photon energy spectrum being dominated by the electromagnetic
penguins could provide the first direct measurement of the CKM matrix element | ¥;,|. We quantify this by firming up predictions

for the inclusive decays B—X,+7 in the standard model.

1. Introduction

Semileptonic B-decays have provided valuable in-
formation on the properties of the b-quark, in partic-
ular the Cabibbo-Kobayashi-Maskawa (CKM) [1]
matrix elements | V| and | V| [2]. In this paper,
we focus on radiative B-decays. We present a first es-
timate of the inclusive photon energy spectrum in the
decays B—X+y. With a high-resolution electromag-
netic calorimeter and large enough B-meson sample,
it should be possible to measure the prompt (hard)
photon radiation spectrum in the weak decays of
heavy quarks. Quite importantly, precision measure-
ments of the inclusive and exclusive photon energy
spectra in B-decays may provide new techniques to
determine the CKM matrix elements. We elaborate
this point on the example of the decay B—»X,+7y
which would determine the CKM matrix element
| Visl-

! Partially supported by Schweizerischer Nationalfonds.

To get the inclusive photon spectra in B»X+vy,
both the charged current (CC) radiative transitions
B— (X, X,)+7, involving the basic couplings in the
SM lagrangian [3], and the flavour changing neutral
current (FCNC) processes B— (X, X3) +7, induced
by the so-called electromagnetic penguins, have to be
taken into account. The former decays are sensitive
to the CKM matrix elements | V| and | V,,| as can
be seen in table 1, where the dominant CC transi-
tions at the quark level are listed together with their
CKM matrix element dependence. The FCNC radia-
tive decays B— (X, X4) +7, on the other hand, are
essentially determined by the magnetic moment op-
erators, whose Wilson coefficients are dominated by
the top quark contribution in the processes b—
(s,d)+7+(g). This brings to the fore the depen-
dence of the rates of the top quark mass (»1,) and the
CKM matrix elements |V,| (for BoX,+v) and
[ Vial (for BoX4+7v) [4,5]. It follows that a precise
measurement of the prompt photon energy spectra in
B decays has, in principle, the potential of determin-

226 0370-2693/92/% 05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved.



Volume 293, number 1,2

Table 1
CC radiative b-quark decays contributing to B— (X, X, ) +7and
their CKM matrix element dependent factors K.

PHYSICS LETTERS B

n Reaction K,
1 b_’CdﬁY 3chb|2|Vud|2
2 b-cdey 3) Veo | Veal?
3 b-csiay 3| Veo || Vsl
4 b_'CSCY 3|Vcb|2|Vcs|2
5 boce vy | Vep|?
6 bocpvy | Vepi?
7 b-ct™ vy | Ve |?
8 b—uday 3| Vol ?| Vaal?
9 b—udcy 3| Vil Veal®
10 bousiy 3| Vol 2| Vsl ?
11 b—uscy 3| Vol ?| Ves |2
12 boue vy | Vol ?
13 b—*uu—‘_’Y II/uI:I2
14 bout vy | Vo2

ing the four CKM matrix elements: | V!, | Vil,
| Visl, and | Viq|. We calculate the components of in-
terest of the inclusive photon energy spectrum in B-
decays, taking into account the B-meson wave func-
tion effects consistently in both the CC and FCNC
sectors, using the experimental constraints from the
inclusive lepton energy spectrum in semileptonic B-
decays. Summing up the four components provides
the inclusive photon energy spectrum in B> X+ vy.

The immediate interest in such a measurement,
however, lies in the high-frequency part of the pho-
ton spectrum since it is a sensitive probe of the FCNC
electromagnetic penguins in B-decays. With an eye
on the imminent developments in this field, in par-
ticular from the CLEO Collaboration [6], we revisit
the decays B— X, +7 by taking into account the de-
pendence of the rates and photon energy spectrum on
the various parameters of the underlying theoretical
framework. In particular, we focus on the inclusive
branching ratio BR(B—X;+v) and calculate the
bounds on the CKM matrix element | V], that would
follow from the experimental measurement of this
quantity.

The paper is organized as follows. In section 2, we
discuss the calculations of the matrix elements for the
CC transitions leading to the photon energy spectra
in the decays b—(c,u)+Y+vy, where Y denotes a
quark-antiquark or lepton pair. We also specify the
essential features of the B-meson wave function model
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that we have used to get the photon energy spectra
from the decays B— (X, X,)+v and B- (X, X4)
+7v. Section 3 summarizes the calculations for the
FCNC decays B»X,+v and B—»X,+7y [4,5]. The
resulting branching ratios for the decays B»X +y
and B— X +7 and their dependence on the various
parameters, including the CKM matrix elements, top
quark mass, and the renormalization scale are also
presented here. Finally, in section 4 we summarize
the main features of the inclusive photon energy
spectra presented in this paper. An estimate of the
exclusive branching ratio BR (B—»K*+7) is also given
here.

2. CC radiative B-decays

The CC radiative decays B-+X_ +vy and B—»X,+y
that we want to calculate are modelled after the quark
decays given in table 1. They represent single photon
bremsstrahlung processes from all the charged fer-
mion lines (leptons and quarks) evaluated in the
spectator model. Note that we have neglected the so-
called W-exchange two-body decays, since they are
generally considered negligible in B-decays [7]. Also,
there is no compelling evidence in the experiments
calling for a revision of this opinion. The most con-
vincing support in favour of the dominance of the
spectator model contribution is the (near) equality
of the charged- and neutral B-meson lifetimes, gotten
indirect through the ARGUS and CLEO measure-
ments of the semileptonic branching ratios [8]:

Tp+ BR(B*->D™%*y)
Tgo  BR(B°->D®*)—¢+y)

=0.96+0.14. (1)

We now specify the approximations used in calculat-
ing the inclusive photon energy spectrum from the
CC processes. First, we have left out the QCD correc-
tions to the decays listed in table 1. It is to be noted
here that the renormalization group improvements of
the effective four-Fermi interactions are known from
analogous studies in the non-radiative B-decays and
they could have been included without much ado.
These improvements are, however, numerically not
important [7,9,10]; also they represent only a part of
the corrections. It is to be noted that the radiative
semileptonic decays contribute more significantly to
the CC radiative B-decays due to the smallness of the
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electron and muon mass. Hence, the dominant (and
non-trivial ) corrections in CC decays are expected to
arise from the leading QCD contribution to the sem-
ileptonic radiative decays, including real and virtual
gluon bremsstrahlung processes such as b— (c, u)2v,
+v+g, which, as far as we know, are not yet calcu-
lated. These corrections will be needed as the experi-
mental precision on the inclusive photon energy
measurements improve. For a first estimate, the CC
processes listed in table 1 are quite adequate. How-
ever, it is well known that the QCD corrections to the
electromagnetic penguins in the decays b— (s, d) +y
are very important [11]. We of course keep these
correction, both real and virtual, in the evaluation of
the FCNC radiative decays B— (X, X) +7 along the
lines described in refs. [4,5].

We have also left out the QED virtual corrections
to the processes in table 1, as a result of which our
calculations are ill-suited to describe the soft photon
energy spectrum in radiative B-decays. There is no
experimental interest in the soft photon spectrum
either, since it is inundated by the initial state radia-
tion (in e*e~ production processes) and secondary
photons from the pion and kaon decays produced in
B-decays and in background processes. Depending on
the experimental details, the photon energy spectrum
above a certain threshold (say E, > 1.0 GeV in the B-
rest frame) should, however, be reliably given by the
sum of the CC contributions in table 1 and the FCNC
contributions discussed in the next section. With these
remarks, we now proceed to outline the derivation of
the inclusive photon energy spectrum in B-decays.

We define the kinematics of the CC radiative B-
decays on the example of reaction n=1 in table 1,

b(p1)—>c(py)+d(ps) +u(ps)+y(k) . (2)

The fully differential decay width for a b quark de-
caying at rest reads as

4
ar,= (227[) 0*(py —p2—D3—Ds—k)
b
X | M, |3 du(p,) du(ps) du(ps) du(k) , 3)

where the sum over the final spin and colour factors
and average over the initial spin and colour are im-
plied. The symbol du(p) defines the invariant mea-
sure for each particle in the final state, du(p) =d3p/
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(27)32p°. The spin- and colour-averaged matrix ele-
ment squared can be expressed as

| M, |3 =128n0em G} | 4K, . (4)

Here K,, is a reaction dependent factor given in table
1 and the reduced matrix element squared |A4|? is
given below:

0t Qi
2_ . -2 ERPAN
|A1*=2p;ps (171 -kp4 k+ kPl ‘k

+2p,'ps (pQ kps sz k)

—4(Q2Q3p,'Pa—Q1Qap2D3)

(2 &) K Bp, pa-
—P2'P3 1'k+p4-k (B'papi-k—B'pips-k)

—DiDa sz p? )(Bpspzk B-p;ps-k)
—4B-Bp>'p3p1°Ds, (5)
with

B#=2<Q|P’1‘ _ Q0% Qsl’g Q4P£)’ (6)

Pk Dk Dk Dak

and Q; are the electric charges of the fermions. For
the non-leptonic radiative decays (reactions 1-4 and
8-11 in table 1), they have the values @, = Q3 = — 1,
Q, =0, =+1%, while for the semileptonic decays (re-
actions 5-7 and 12-14 in table 1), they have the val-
ues O =—1, @,=+%, O;=—1, Q,=0. To get the
photon energy spectra from these processes, the in-
tegration over the phase space has been done using a
Monte Carlo programme. To avoid the collinear re-
gion which, due to the smallness of m,, is accentuated
in the semileptonic decay involving the electron, b—
(u, ¢)ev, +7, one could put a cone around the elec-
tron direction and exclude the (y+e) collinear con-
figuration. With the matrix element given in (5), this
can be done for a given experimental setup. For the
sake of this paper, we set the electronic radiative de-
cay width equal to the muonic. We have compared
the photon energy spectra in the CC b-quark transi-
tions with the corresponding ones obtained in ref.
[12] and we are in agreement with their results. To
get the photon energy spectrum from the B-hadron
decays, however, one has to incorporate the wave
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function effects. The resulting CC spectra will be pre-
sented after we have described the wave function
model being used.

The B-meson wave function model as applied to
the FCNC decays is discussed in refs. [4,5]. This
model has previously been used in the derivation of
inclusive semileptonic distributions [13,14], where
it is known to give a good description of the mea-
sured lepton energy spectrum. In this model the b-
quark is given a non-zero momentum having a gaus-
sian distribution represented by an a priori free (but
adjustable) parameter, pg:

__4 —pz) _
¢(1’)‘7TIE°XP(,,% , p=lp|. (7)

The energy-momentum constraint is imposed in the
form

W?2=Mz+m2—2My\/p*+m?, (8)

where My is the B-meson mass, W, the effective mass
of the b-quark, and m,, the mass of the spectator
quark in the B-meson, B=bq. The mass of the decay-
ing b-quark varies according to eq. (8). The photon
energy spectrum from the decay of the B-meson at
rest is then given by

%= | ¢(p)p2dp%:(W,P,E), )

0

Pmax

where ¢(p) is normalized as
[oorr2ap=1, (10)
0

Dmax 18 the maximum allowed value of p, and dI}, /
dE, is the photon energy spectrum from the decay of
the b-quark in flight, having a mass W and momen-
tum p. This can be obtained by Lorentz boosting the
b-quark decay spectrum at rest. The physical kine-
matic threshold in the problem and the energy—mo-
mentum constraint eq. (8) have to be respected. The
dependence of the inclusive rates for both B»X,+7y
and B— X+ on the wave-function parameter, pg, is
negligible, though the photon energy spectra, very
much like the lepton energy spectra in semileptonic
B decays, are sensitive to its value. We take the best
fit for pr obtained from a fit of the ARGUS and
CLEO inclusive lepton energy spectrum pr=0.301
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0.09 GeV [15,16]. The branching ratio for the both
the CC and FCNC radiative decays are calculated us-
ing the total B-decay width, I',:

Ftot=(ru|Vub|2+rc|Vcb|2)FO >
WGt
19273 °

Iy= ra=7, ro~3. (11)
The values of r, and r. include phase space and QCD
corrections [7,17]. The dependence on the effective
b-quark mass, W g, which enters as the fifth power in
both I',,; and all the radiative decays considered here
cancels to a very large extent in the respective
branching ratios. Note that the spectra and all the de-
cay rates are calculated directly in terms of the B-me-
son mass. The effective b-quark mass, entering in I,
can also be expressed in terms of the B-meson mass
and the parameter pr. A very good (numerical) func-
tional dependence of W g for the present model can
be parametrized as

W2y~ M2 —2Mype-1.28 . (12)

In the numerical estimates, a number of quark and
lepton masses and the CKM matrix elements are
needed. For the CKM matrix, we always use the Wol-
fenstein parametrization [18]. The explicit form of
this matrix and an update of the actual values of the
CKM matrix elements can be seen in ref. [19]. Un-
less stated otherwise, the parameters used in our
analysis are listed in table 2, and the others are taken
from the PDG tables [20].

The inclusive photon energy spectra from the CC

Table 2
List of parameters and their default values used in the numerical
estimates of the B-decay rates and photon energy spectra.

Parameter Default value
m, (GeV) 140

m. (GeV) 1.68
m, (GeV) 0.50
my=my (GeV) 0.30
u(GeV) 5.0
A% (GeV) 0.225
pr (GeV) 0.3
[Vl 0041
A 0.041
|Viol /1 Vs 0.14
[Veal = Vsl 0.220
Vel =1 Vaal 0.975
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Fig. 1. Inclusive photon energy spectra from the CC decays B— (X,, X, ) +7, their sum, and the corresponding spectra from the FCNC
decays B—X,+v and B»X4+7. (a) Including only the semileptonic CC radiative decays given in table 1, (b) including only the non-
leptonic CC decays in table 1, (¢) including all the CC decays in table 1, (d) the inclusive photon energy spectrum in the decays B-»X +y

obtained by summing up the spectra in (c).

radiative decays including the B-meson wave func-
tion effects are plotted in figs. la-1Ic, corresponding
to the non-leptonic decays, semileptonic decays and
their sum, respectively. In each of these figures, we
show the contribution from the decays B—X.+7,
B-X,+7 and their sum B— (X, X,)+7, as well as
the contribution from the FCNC processes B—» X +y
and B X, +v (discussed in the next section). We
postpone a discussion of these spectra to section 4.

3. FCNC decays B»X,+yand B-X;+7y

We have already reported the calculations leading
to the inclusive branching ratios for the FCNC de-
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cays B»X+v and B-»Xs+7v, and the resulting in-
clusive photon energy spectra in a series of papers
[4,5]. Since these papers are sufficiently detailed, we
will restrict ourselves to recalling the salient features
of this work necessary for the discussion here. We re-
call that the inclusive rates and spectra have been cal-
culated in the framework of an effective theory with
five quarks, obtained by integrating out the heavier
degrees of freedom (top quark and W™ bosons), by
keeping only the operators with the lowest (mass) di-
mensions. To leading order in the small (weak )-mix-
ing angles, a complete set of dimension-six operators
relevant for the processes b—»s+vy and b—s+y+g is
contained in the effective hamiltonian
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e«(b—vw)——Tl Z GO, (13)

where GF is the Fermi coupling constant, C;(u) are
the Wilson coefficients evaluated at the scale u, and
A=V Vi, with V;; being the Cabibbo-Kobayashi-
Maskawa (CKM ) matrix elements. Note that the op-
erators O, ..., O, are the four-fermion operators, and
0, and O are the QED and QCD magnetic moment
operators, respectively. Their definitions, matching
conditions C;(mw), and the leading log perturbative
QCD corrections giving C;(u) with << my can be
seen in ref. [11]. We use the definitions and esti-
mates of C;(x) from Grinstein et al. in ref. [11]. Dis-
cussing the contribution of the bremsstrahlung dia-
grams b-s+y+g, we recall that the diagrams
associated with O, vanish due to the colour structure.
Also, the coefficient of the operator O, gets sup-
pressed after including QCD effects and its contri-
bution can be neglected. The operators O;, ..., Oy get
contribution only from operator mixing and are also
numerically unimportant. Thus, the dominant con-
tribution to B> X, +7 are due to the operators O, and
O, (the electromagnetic penguin operator) which are
defined as

01 = (CLa?"bra) (Sip¥ucis)
0, =(e/16n*)5,0*" (m,R+m,L)b,F,,
=3(1-75), R=3(1+ys). (14)

Here e denotes the QED coupling constant. The coef-
ficients C,(u), C;(u), obtained in the leading loga-
rithm approximation (LLA) [11], and the corre-
sponding coefficients at the scale my, are listed below:

G () =3(n=2+n'2)Cy(my) ,

Cr(p) =n="92[Cs(mw) — 135 (1'% = 1) C2(mw)
— & (¥ —1)Cy(mw)],

C(mw)=1,

Cr(my)=F,(x), (15)

with 7= (u) /o (mwy ) being the ratio of the QCD
coupling constants and x=m?2/m%,. The Inami-Lim
function F,(x) derived from the penguin diagrams is
given by [21]
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Fy(x)= ﬁ(yx_l—)‘, [6x(3x—2) log x
— (x—1)(8x2+5x=7)]. (16)

It is clear from egs. (13), (15), (16) that a measure-
ment of the inclusive branching ratio for B-»X,+y
provides information on | V| and m,, given other
parameters. Before we quantify this information there
is one point, however, which we would like to stress
here concerning the renormalization scale depen-
dence of the QCD-improved Wilson coefficients in
H_ defined above. We recall here that the coeffi-
cients C,(u) given in eq. (15), being LLA results,
show a significant dependence on the renormaliza-
tion scale u. In the decays of B-hadrons, the b-quark
mass suggests itself as a natural choice, i.e. u=m,,
which is what has been used in the literature to deter-
mine the decay rates in b—s+vy [11]. However, it is
difficult to pin down the scale u that sharply. It is pru-
dent to allow u to vary within some reasonable range.
Following this argument, we shall vary u in the range
my/2< u<2m,. As we shall see this is one of the
dominant uncertainties in the electromagnetic pen-
guin amplitudes.

The modifications that have to be implemented for
the CKM-suppressed FCNC radiative decays b—d+y
and b—d+y+g have been discussed in ref. [5]. We
recall here that for the decays b—s+7y(+g) the effec-
tive hamiltonian was written in the approximation
where the CKM factor A,=0, which is reasonable
since A, < (4, 4,;) (where 4;=V;, V%). For the de-
caysb-d+yand b—>d+y+g the CKM factors 4; are
replaced by & =V, VY. Now &, & and &, are all of
the same order of magnitude. In the Wolfenstein pa-
rametrization [18], one has &=0(43), where
A=sin 6: =0.22. Hence, the corresponding approxi-
mation &, =0 cannot be made any longer. The differ-
ences due to the inclusion of &, to describe the decays
b—d+v and b»d+g+7 can be most easily built in
the effective hamiltonian framework by modifying the
operators O, and O,, encountered in the decay
b—s+7. The dimension-six operator basis again reads
as

Heﬁ<b~dy)-—§£¢t Y GWow.  an

The operators O, and O, are defined as
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O =- & (CLp¥*bra) (dLa¥ucip)
S (0 57%bra) (&
— g gy La) (QLaVulpg) »
__%
0,=— 7 (CLa?"bra) (JLﬂ?uCLp)

- i— (a7 *bra) (FopPaites) - (18)

With the operators defined in this basis, the match-
ing conditions, C;(my ), and the corresponding Wil-
son coefficients at the scale 4, C;(u), are precisely the
same for the decays b—»d+7 as given earlier for the
b—s+17 case. Also, for the decays b-—»d +7v+g only the
contributions associated with O, and O, are impor-
tant. However, in the diagrams associated with O,
both u- and c- quark propagate in the loop. This is an
important difference in comparison to the b—s+7y+g
case, where there is perfect cancellation in the charm
quark and top quark contributions for the loop-mo-
menta below the charm mass threshold. In the decays
b—d+7y+g, this cancellation is upset due to the non-
vanishing contribution of the u-quark, though the
contribution from the low momentum region in the
loop is numerically small. We shall see later that the
long-distance contribution to the FCNC decays
B— X +7, modelled after the CC decays given in ta-
ble 1, is also numerically small, in particular, in the
high frequency part of the photon spectrum. We
maintain, though we cannot rigorously prove it, that
the FCNC decays B—»Xy+7, very much like their
dominant counterparts, B— X+, are also short-dis-
tance dominated.

The inclusive branching ratio for B—»Xy+7v de-
pends on m, and u through the Wilson coefficients
C;(1), and on the CKM parameters p and 5 which
enter through the CKM factors & and &. In the Wol-
fenstein parametrization these read as

G=A(1—p+in), &=-A2>. (19)

This specifies the theoretical framework; we now
discuss the inclusive branching ratios for the decays
B—X,+vand B— X,+7vand their dependence on the
various input parameters. The default values of the
parameters used in the numerical estimates for the
CC and FCNC branching ratios and energy spectra
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are given in table 2. We shall vary some of these pa-
rameters and discuss their effect below. First of all,
the masses of the light quarks, m,, m4 and m, are nu-
merically not important and we fix them to their de-
fault values given in table 2. The contribution of the
charm quark enters through the loop in the diagrams
for the decays b— (s, d) +y+g. This dependence is
again not very sensitive to the precise value of m,,
but we shall include the effect of its variation in the
range 1.3<m.<1.7 GeV. The b-quark mass in our
approach is not a free parameter. Its value is fixed by
the B-hadron mass and the Fermi motion parameter
D, discussed earlier. The branching ratios for
B-X,+7Y and B—»X +y depend on m,, though un-
fortunately not crucially, as will be shown below. We
vary m, in the presently favoured range from the elec-
troweak phenomenology m, =140t 40 GeV [22]. For
the scale dependence of the strong coupling constant,
which is needed for the estimates of the rates and
spectra for the FCNC decays B— (X, X4) +7v, we use
the two loop § function

()= 127
AU = (33-2N;) log 47/ %)

(1 6(153—19N;) loglog(;tz/Az))
T (33-2N)?  log(u3/4?)

(20)

We set Nq=>5 and the corresponding 4>’ =225 MeV,
which is the central value from a recent compilation
[23]. The dependence of the branching ratio
BR(B-X,+7) on m, and u is shown in fig. 2, where
it is plotted as a function of u with the upper curve
corresponding to m,=180 GeV and the lower to
m,=100 GeV. Based on this figure, a firm prediction
for this branching ratio in the SM is

BR(B-oX+7)=(2-5)x107*. (21)

This range is somewhat larger than BR(B—X+7v) =
(3-4) % 10~4, given in ref. [4], as we have now in-
cluded the dependence of the branching ratio on the
scale u. As can be seen in fig. 2, the m, dependence of
BR(B—X,+7y) in the assumed m,-range is only
0(25%). It would, therefore, be difficult to extract a
meaningful bound on m, from a measurement of
BR (B—X,+7Y). We remark that the central value in
fig. 2, BR(B—>X, +7)=3.5X10"* (corresponding to
#=5.0 GeV and m,=140 GeV), is not too far away
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Fig. 2. Inclusive branching ratio BR(B—X,+7v) as a function of the renormalization scale x, with the upper curve corresponding to
m; =180 GeV and the lower to m, =100 GeV. The other parameters used in the analysis are shown in the figure.

from the present (conservative) bound on this
branching ratio, namely BR(B-X;+7)<9.0X
10—* (at 90% CL) [6]; hence a measurement in this
channel is in the wings!

While confirming the branching ratio in (21) will
constitute a non-trivial test of the SM in the flavour
sector, one could ask more ambitiously what would
be the main thrust of an eventual measurement of
BR(B-X +7v)? We maintain, that the overriding
theoretical interest in the study of electromagnetic
penguins in B-decays lies in the direct measurement
of the CKM matrix elements | V| and | V4| (more
precisely p and n). To that end, we show the depen-
dence of the branching ratio B—»X,+v on the CKM
ratio (| Vis|/| Veo| ) in fig. 3, where all the other sen-
sitive parameters are varied within the indicated
ranges. The unitarity bounds on the ratio of the CKM
matrix elements 0.25< (| V| /| V| )2<4.0 [20] are
implicitly included in fig. 3. We remark that, despite
considerable uncertainties in the theoretical esti-
mates, a measurement of the inclusive branching ra-
tio for B—»X 47y can provide a non-trivial bound on
the CKM matrix element | V. For the sake of clari-
fying the potential strength of an eventual measure-
ment of BR(B— X, +7v), we note that a hypothetical
value BR(B-X,+7)=(421)X10-* would imply
0.80< | Vis| /| Veo| <1.60,1.e. a determination of | V|
to better than a factor 2.

Finally, the decay rates for B—»X +7 depend on
the CKM parameters p and 57 which enter through the
CKM factors & and &, as already discussed. Numer-
ically, we put A=0.22, A=0.847 (in agreement with
the numerical value for | V| ) and vary the parame-
ters (p, 1), in a consistent way to satisfy all the phe-
nomenological constraints from xg, |Vwl|/| Ve | =
0.14+0.05 and ek, using m,=140140 GeV. This
gives the following range {5]:

BR(B->X4+7v)=(0.8-4)x10-5. (22)

For m;=140 GeV and u=5 GeV, this range is some-
what reduced giving BR(B—»X4+7)=(1.0-3.0) X
103, In the calculation of the photon energy spec-
trum for B— X +7v shown in fig. 1, we have used the
value (p, n)=(0.2, 0.4), the central value obtained
from the fits of the data for m,=140 GeV inref. [5].

4. Inclusive photon energy spectrum in B—X+y

The inclusive photon energy spectra from the
FCNC decays B-» X, +7v and B—X,+7y are shown in
fig. 1. Since these spectra were calculated by us in refs.
[4,5] with the same approximations and parameter
values as used here, we refer to these papers for de-
tails. Following observations concerning figs. 1la-1d
are in order.
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Fig. 3. Inclusive branching ratio BR (B—X,+7) as a function of the CKM matrix element ratio (| V| /| Vep| )2, with the indicated range
of the various parameters. Each value of y leads to the allowed band, and the three indicated bands correspond to u= i m,, m,, and 2m,,.

- The inclusive photon energy spectrum in the de-
cays B—»X+1v, shown in fig. 1d, divides itself in three
regions. The first is the low frequency part E,<1.8
GeV, which is dominated by the CC decay B—X_.+7,
a small intermediate region 1.9< E, <2.1 GeV, where
the CC and FCNC contributions are comparable, and
the high frequency part E,> 2.1 GeV, which is dom-
inated by the FCNC radiative decay B—X+. Pre-
cise measurements of the photon energy spectra in
these regions can therefore be used to test the nor-
malization and shape of the two dominating compo-
nents. The dip in fig. 1d in the region E,= (1.9-2.0)
GeV has an obvious origin.

- The significantly different thresholds in the two CC
radiative transitions, due to the presence of a charmed
hadron in the decays B— X +7 versus non-charmed
light hadrons in B—X,, +7, result in the longer E,-tail
for the latter. However, in the region where the pho-
tons from the dominant CC process B—X_+v range
out (say above 2 GeV in the B rest frame ), the inclu-
sive photon spectrum is dominated by the CKM al-
lowed FCNC radiative decay B— X,+7.

- The separation of the high frequency part of the
spectrum in the two FCNC components B—»X,+y
and B— X, +7v would require flavour tagging the had-
rons recoiling against the photon, for example, by de-
manding the overall strangeness quantum number of
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X4 being 0 and X, being equal to & 1. At the exclusive
level, this can be exemplified by the decays B-K*+
(nm) +vy versus Bop+ (nxw) +y.

— Our calculations also indicate that the long dis-
tance (i.e. CC) contamination to the short distance
piece (i.e. penguin dominated FCNC decays) is small
in the high energy region of the photon spectrum. This
is a rather important conclusion, since otherwise the
final states in the CC radiative decays B—»X,+7v and
the FCNC decays B— X4+ very easily mock up each
other.

- This analysis also demonstrates that probably the
most difficult to measure is the CC component B—
X,—7, since there is no region in which it dominates.
The only way to isolate this component is probably
through the measurement of the photon spectrum in
the low frequency part and demanding the absence
of charmed hadrons in B—X+7, recoiling against the
photon. With a vertex detector, perhaps this is feasi-
ble in a limited range of photon energy, though the
non-B-background will be formidable, perhaps
prohibitive.

Finally, one could use the inclusive photon energy
spectrum in B— X, +v, given in fig. 1, combined with
the assumption of K*-dominance of the hadron mass
spectrum in the limited kinematic domain (my +
m,)<mx<1.0 GeV to estimate the exclusive
branching ratio BR(B—K*+ ), as was done in ref.
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Fig. 4. Inclusive branching ratio BR(B—K*+7) as a function of the renormalization scale x. The three curves correspond to pp=0.21
GeV (top), pr=0.30 GeV (central), and pr=0.39 GeV (bottom), and the other parameters are given in table 2.

[4]. Since one of the new ingredients of the present
analysis is the dependence of the branching ratios on
the renormalization scale, we show this dependence
for BR(B—K*+ ) in fig. 4. The three curves corre-
spond to pr=0.21 GeV (top), pr=0.30 GeV (cen-
tral), and pr=0.39 GeV (bottom ), and the other pa-
rameters are given in table 2. This gives the following
prediction:
BR(B-K*+y)=(3-8)%x10-3, (23)
to be compared with the present experimental bound
[6]: BR(B—»K*+7) <9.0x 10~° (at 90% CL). This
mode therefore should be seen soon, though the
interpretation of the data in this case is model depen-
dent. This, in our model, is exemplified by the pg-
dependence of BR(B—K*+7y) shown through the
three curves in fig. 4. We recall that the inclusive
branching ratios for B—X;+7y and B—»X,+7y do not
depend on pr (more generally on the wave function
model ) and hence are more predictive.

The measurement of the inclusive photon energy
spectrum in B-decays would be a benchmark mea-
surement opening up new experimental opportuni-
ties using prompt photons in heavy quark weak de-
cays. We hope that the calculations presented here are
useful in the interpretation of data on radiative B-

decays, in particular concerning the electromagnetic
penguins.
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