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Spin effects in the radiative b: aug decay of a polarized b quark
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Using the general formalism of structure functions (SF s), the polarization effects in the rare
radiative decay of polarized b quarks, b ~ sag, are analyzed. Parametrizing the matrix element
for the decay b ~ 8pg in terms of weak magnetic moments, which describe the transitions b + sp
and b ~ sg, we 6nd exact expressions for the SF's which are valid for a wide class of models for
the FCNC's. We demonstrated that the different asymmetries in this decay are very sensitive to
the model of FCNC's. The numerical calculations (with and without @CD corrections) show that
asymmetry in b —+ p(sg) is large in absolute value and its energy dependence is very sensitive to the
choice of model. We also analyze the relative importance of different contributions to the asymmetry
in b m p(sg).

PACS number(s): 14.65.Fy, 13.25.Hw, 13.40.Hq, 13.88.+e

I. INTRODUCTION

8(B -+ pX, ) = (2.32 6 0.51 + 0.32 + 0.2) x 10, (1)

8(B m K'p) = (4.5 6 1.5+ 0.9) x 10 (2)

An attractive property of the radiative Bdecays is that
the measurements of the photon energy spectra in their
inclusive and exclusive decays [3] will provide indepen-
dent measurements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements Vq, and Vqs, which can be tested
against the ones measured &om B-B mixing.
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The b ~ Bpg decay, like the simpler decay b + sp,
must be extremely sensitive to the structure of funda-
mental interactions at the electroweak scale. Being a
typical Ravor-changing neutral current (FCNC) process,
it does not arise at the tree level in the standard model
(SM), and takes place only at the one-loop level. It is
possible that models beyond the standard model such as
two Higgs doublet models, supersymmetry (SUSY), etc. ,
having interesting implications for these decays.

The process b —+ spy is particularly interesting because
its rate is intermediate between the simplest radiative
decay b ~ 8p, and the most of the other FCNC processes
involving leptons, b ~ sl+l, or photons, b + spy.

A deeper theoretical investigation of the radiative B
decays is motivated by the new experimental achieve-
ments in this direction. Recently the CLEO Collab-
oration presented experimental results on the inclusive
B ~ pX, [1] and exclusive B ~ K'p [2] decays:

From this point of view, investigation of the b —+ Spg
decay becomes very interesting, since this decay gives a
nontrivial contribution to the photon energy spectrum in
inclusive B ~ pK, decay. For example, the analysis of
(1) yields the following bound for CKM matrix elements
[3,4]:

0.62 &
V.

at mq ——176 GeV [5].
Measurements of only the total branching ratios for the

radiative b decays do not allow one to distinguish between
the SM and the two Higgs doublet model (2HDM) at
mH ——600 GeV, independently of the accuracy of future
experiments [6]. Thus one must resort to the polarization
eKects in difFerent FCNC processes. The simplest ones
are the asymmetries of the polarized b-quark decays, b ~
sp and b —+ spy. It is well known that the b quarks
are produced with 94% polarization at the CERN e+e
collider LEP in e+e -+ bb, process at the Z peak (at
sin 0~ = 0.2321 + 0.0004).

Despite the large polarization of the b quark, its mea-
surement is not a simple task. Of course the P-odd lon-
gitudinal b-quark polarization can be measured in the
weak decays of the b quark. But the main new problem
is how the polarization transfer kom the heavy quark
produced in Z decay, Z + bb, to the experimentally ob-
served hadron with nonzero spin [7] takes place. One can
assume that the Ab baryon, which accounts roughly for
10% of all b hadrons, retains the initial b quark spin, if
produced directly. A naive spin-counting model predicts
a 47—94% range for the As polarization in the LEP con-
ditions. Therefore, the measurement of Ag polarization
can serve in the analysis of b-quark polarization.

The next problem is the measurement of the Ag polar-
ization. But, using the exclusive Ap decays, measuring its
degree of polarization is not without problems. Firstly,
the b baryons are best observed inclusively at LEP, via an
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excess of jets containing a hard lepton and a charged (cor-
related) A, . On the contrary, suggestions for measuring
polarization in inclusive semileptonic Ab decay use only
the electron spectrum, which is not suKciently sensitive
to Ab polarization; moreover, the fragmentation uncer-
tainties introduce additional diKculties.

Another possible method is based on the measurement
of the special ratio y = (E,)/(E ) of the average energy
of the produced leptons [8].

But in any case, the b-quark polarization is large and
therefore polarization effects can give new information
about the dynamics of the rare decays. The large b-quark
polarization in e+ e ~ Z ~ bb allows us to study the
different asymmetries in the decay b —+ Spg. The cor-
responding amplitude for the decay b ~ 8pg is defined
by two different magnetic moments, which correspond to
the transitions b + sp(F2) and b ~ sg(F2), and by the
specific form factor of the box diagram (Fig. 1). Both
functions E2 and E2 depend on the fundamental param-
eters, namely, the top quark mass in the SM, and the
mass of the charged Higgs boson, m~ and tanP = vq/v2
[9] (vq and v2 are the vacuum expectations values for the
Higgs sector of the 2HDM) in the 2HDM.

Although the polarization effects in b ~ Sp do not de-
pend on the QCD corrections, this is not the case for the
above-mentioned form factors in the decay b —+ 8pg. For
example, in SM, QCD corrections increase (in absolute
value) both the photonic F2 and the gluonic F2 weak
magnetic moments. As a result, the total probability of
the b ~ sag is increased essentially [10—16]. And the fi-
nal answer for different observable characteristics of the
decay b ~ Bpg depends on the relative values of E2 and
E2. Therefore, in the SM the process b ~ sag contains
additional information. Thus the study of the energy
spectra of produced particles in the different inclusive ex-
periments, such as b ~ p(sg) and b ~ g(sp) or b + s(pg)
(where parentheses contain undetected particles), will be
useful. The specific infrared behavior of both possible
pole mechanisms (Fig. 1) of the decay b ~ sag, whose
amplitudes are defined by the corresponding magnetic
moments of b —+ Sp and b ~ Sg transitions, indicates the
kinematical regions for the b -+ Bpg decay where only one
(F2 or F2) form-factor contribution is important. For in-
termediate values of p or g energies, the box-diagram
contribution and different interference contributions are
essential. Therefore, such regions are interesting for the
determination of the relative signs of different form fac-
tors. Such information has a primary meaning not only
for studying the QCD corrections but also for determin-
ing the correct FCNC model as well.

But the most sensitive observables that are sensitive to

delicate details of the mechanisms of the decay b ~ sag
must be those related to the polarization effects. All
polarization effects are important for the reconstruction
(partially or fully) of the complicated spin structure of
the amplitude of the b —+ sag decay. In principle, the
polarization effects allow us to check the relative contri-
butions of different mechanisms which are predicted in
the framework of the standard short-range calculations.

The simplest, and the cheapest, polarization effects in
the rare b decays are the different asymmetries induced
by the initial b-quark polarization. As mentioned above,
such a situation is realized in the reaction e+e —+ bb

at the Z peak. The P-odd longitudinal polarization of
the produced b quarks induces at least two independent
asymmetries, if two particles are detected in the final
state of b + sag. Inclusive decays b -+ p(gs) or b -+
g(ps) are characterized by only one asymmetry. We will
show that such asymmetries are P odd, but T even, and
they are the consequence of nonconservation of P parity
in the decay b —+ sag. The transversal (relative to the
decay plane) b-quark polarization induces P-even, but
T-odd asymmetry in the b ~ sag decay. For this decay
there are at least three different sources of such T-odd
asymmetry.

The complexity of the various elements of the CKM
matrix.

The complexity of the decay amplitude for t & 4m
(t is the square of effective s + g mass, m, is the mass
of c quark) due to the box diagram contribution. From
the general point of view such complexity is a result of
unitarity conditions in the pg channel, due to the chain
of transitions: b ~ scc ~ Sgp.

The effects of final state interaction. The most impor-
tant contribution is due to the strong g + 8 interaction
(without any threshold).

Note that transversally polarized b quark could be pro-
duced in e+e ~ bb reaction at relatively small energies,
for example, in future B factories.

The polarization effects of produced photons in the
unpolarized b -+ sag decay was studied in [17] and [18].

In this work we study the polarization effects induced
by the longitudinal polarization of the b quark in the
b ~ sag decay in the framework of the SM and two
Higgs doublet models [9].

Our paper is organized as follows. In Sec. II we write
the amplitude of the b ~ Spg decay in terms of form fac-
tors F2(b ~ sg) and F2(b ~ sp), and Q (the contribution
of the box diagram). Both form factors E2 and F2 are
calculated in the framework of the 2HDM as functions of
mt, m~, and tanP. We analyze the eKects of the QCD
corrections on the dependences of both form factors E2

u, c,t

Y (kl) g (k~)

{a)

b (Pl) W, H

u, c,t,
b ~ s

(b)

+ exchange diagrams

(c)

FIG. l. (a) The box diagrams with W and
H exchanges. The Havor-changing photon
and gluon vertices are given by their weak
magnetic form factors depicted as blobs in
(h) and (c), respectively. The wave (spiral)
line represents photon (gluon).
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and E2 to these parameters, and compare the predictions
of SM with predictions of those 2HDM. The SF's which
determine the asymmetries in the polarized 6-quark de-
cay (with the detection of two produced particles) are
calculated in Sec. III. The expressions for these SF's in
terms of the corresponding form factors are valid in the
general case, and do not depend on the FCNC model.

We obtain the expressions for diBerent asymmetries in
terms of SF's and discuss the consequences of the radia-
tive zeros [19] in the decay amplitude corresponding to
the massless vector bosons (p or g). The inclusive P odd-
asymmetries for the decays b ~ p(gs) or b ~ g(ps) are
calculated in Sec. IV. Section V contains the discussion
of results and the numerical calculations.

II. MATRIX ELEMENT AND WEAK MAGNETIC FORM FACTORS

The amplitude for the process 6 ~ Spg, corresponding to the Feynman diagrams in Fig. 1, can be written in the
form

M = VggV;, e„'(ki)e„'(k2)s(p2) T„~—b(pi),
27r2 2

2.
T~~ = ——1[1+ 2Q(z~)/z~][(ki —k2)~e~p~p — epglK crpPk2pklcrklu + &po pPk2pkio k2p]'APL

1 2 1 2

(2p2 +V k2 2pi +y.k2+F2 " " o„ki —o„ki " (msR+ m, L)

P2p+ Yp i Pip+'Yp 1{Oac 2c &s n 2c mph'+ m, I.3 ( 2 ip2 2 ipi )
Here e„(ki) is the four-vector of real photon polarization (e . ki ——0, ki = 0), e„ is the four-vector of real gluon
polarization (e k2 ——O, k22= 0), A are the SU(3) Gell-Mann matrices and a = 1, . . . , 8 is the color index. Function
Q(z, ) corresponds to the box diagram with a c quark in the internal lines, F2 ——F2 + F22 D, E2 ——E2 + E2HD
and F2sM{F2sM) and F22HDM{F22HDM) describe weak magnetic moment of the b -+ sp(b -+ sg) transition in the SM
and 2HDM models. The functions F, M and F2sM were calculated in [4,20,21] and F22 and E2 in [9,10,22]:

z.
Q(z, ) = —2arctan

~ ~, z, & 4,
q4 —z, )

Q(-) =-- '+» '(-,'[."'+("-4)'"])-2' 1 [-.'(."+( -4)'")1 ~ &4

(5)

~SM
2

~2HDM
2

FSM
2

y 2HDM
2

24(x —1)4 [6x(3x —2) lnx+ (x —1)(7—5x —8x2)],

v
~

2x(3x —2) lnx+ (7 —5x —8x ) ~

+ 2vv'(x —1)[2(2 —3x) lnx+ 3 —8x+ 5x ]24(x —1)4 ~ 3

8(x —1)4 [6x 1nx+ (x —l)(x' —5x —2)],

24(x —1)4 (v [6x lnx+ (x —1)(x —5x —2)] + 6vv'(x —1)(—2 lnx —3+ 4x —5x )),

v„v,'. + v.,v.*. + v„,v„*. = 0. (7)

Prom direct experimental measurement it is known that
the third term in (7) is negligible compared to the second,
yielding

where z, = 2kik2/m„x = m~/mL, , x = m~/mH, m~
is the mass of the charged Higgs boson, which appears in
the 2HDM models.

Note that the complex nature of the form factor Q(z, )
above z = 4 is a result of the unitarity condition for the
decay amplitude in the channel b -+ s(pg).

In (4) we used the unitarity property of CKM matrices:
namely,

V.,V.*, = —v~, v,*, . (8)

We would like to note that the Lagrangian describing
the interaction between the quarks and the charged Higgs
fields has the form [23]

(m„v6,;Ld~ —mdiv u,;Rd~ )V~ H + H.c. ,
2

(9)
where m„and mg are masses of up and down quarks.

In the literature there are two widely used versions of
the 2HDM, known as model I and model II. Model I and
model II can be labeled in the form
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v' = cotP (model I),
—1/v' = cotP (model II). (io)

C2(p), Cy(iM), and Cs(iM). The complete leading logarith-
mic calculations for these coefficients lead to the result
[6,12,15]

Note that one recovers SM in the limit v = v' = 0.
Therefore, at least two new independent parameters

appear in the general 2HDM model: namely, m~ and
tanP. It is important that only these parameters de-
termine, as the tree level, all the phenomenology of the
2HDM scalar sector which is necessary for the physics at
e+e and the hadron colliders.

One can see that the matrix element (4) satisfies the
gauge invariance conditions with respect to the photon
and the gluon:

T„„k»„——T„„k2„——0 .

8

H, ff = — VgbV, *, ) C~ (P)O(P)
4GF

j=»
(12)

where C~(iI) are the Wilson coefficients at some scale g.
The dominant operators for our problem are 0», 02, 07,
and 08, where 07 and 08 describe the magnetic-moment-
type operators of dimension 6:

07 ——

O8 =

e
uu„(mbR+ m, L)bF„„,16+2

gs scr„(mbR+ m, L) bG„—
16vr2 2

(i3)

The contribution of the two diagrams associated with
the operator O» vanishes, due to the specific color behav-
ior, i.e. , due the proportionality of TrA ~ 0. Therefore
in the following, we need only three dominant coefBcients,

Note that expression (4) has an interesting property.
Namely, the resulting amplitude of the decay 6 ~ 8pg
is determined by the same magnetic transition form fac-
tors which describe the 6 —+ Sp and 6 ~ 8g decays. It
is an illustration of the validity of the Low's low-energy
theorem for a high-energy decay such as b ~ sag (see
[22] and [24]).

Note that in Eq. (4) for the amplitude of b —+ sag
decay we have not included the @CD corrections. The
@CD corrections [10—15] can be described by the efFective
Hamiltonian

C2(mb) = 2'[n
'~" + n"~"]C~(Mw),

C.( b) =~ ""(C.(Mw)+ ', [n' -" 1]C—(Mw)}
—0.175C2 (Mw),

Cs(mb) = g ~ Cs(Mw) —0.122C2(Mw), (i4)

where il = n, (mb)/n, (Mw), n, = g, /47r. At the elec-
troweak scale p = M~, i.e., for g = 1, we have

C2(Mw) =1,
(M ) F FSM + F2HDM

(M ) F FSM + F2HDM (15)

12'
n, (mb) =

(33 —2' ) ln mb2/A2

( 6(153 —19NF) lnln(mb/A ) )x! 1—
(33 —2'-)' ln(mb/A')

(16)

and Nf ——5, A~ ~ = 225 MeV. The results of numerical
estimates of all four form factors E2, E2, F2,ff, and F2,ff
are depicted in Figs. 2 and 3.

In SM, @CD corrections increase in absolute value
the photon weak form factor E2 ff &om F2 ——0.1969
to F2 ff —0.3112 and the gluon form factor E2, kom
E2 ——0.078 to F2 ff ——0.18. From these it follows that

The behavior of these form factors in the 2HDM de-

Note that C7(Mw) and Cs(Mw) are model dependent,
but Eq. (14) holds for any model.

Let us now discuss the effect of @CD corrections on
the values of the form factors E2 and F2 in SM and the
two version of the 2HDM for the difFerent values of the
fundamental parameters tanP and mII. Since its discov-
ery, the t quark mass has been determined and is now
known [5]. We will use, in our estimates, the central
values of this mass, namely mz ——176 GeV. For the es-
timation of F2 eff: Cs(mb) and F2,ff = Cq(mb), we use
the following expression for n, (mb):
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FIG. 2. The m~ dependence
of the form factors E2, E2,
F2,g, and Fq g calculated for
tan P = 0.2, mq —176 GeV;
(a) model I and (b) model II.
Here lines 1, 2, 3, and 4 corre-
spond to the F2, Fq, Fq, g, and
Fz & respectively.
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FIG. 3. cotP dependence of
the form factors F2,, Fq, F2, g,
and F2,,~ at mq ——176 GeV,
m, H = 700 GeV; (a) model I
and (b) madel II.
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pends on the versions of this model (namely, model I
or model II) and on the values of the parameters tanP
and m~. For example, the most interesting predictions
of model I are the following: for the suitable values of
tanP and mII all four form factors are positive and their
values are larger than the corresponding values in SM;
the form factors E2, E2, E2 ~ and E2 g are decreasing
functions of mIx (at any value of tanP); the QCD correc-
tions diminish the form factors F2 and E2 (for all values
of tang and m~), so F2,eff & F2 and F2,,ff & F2., the
relative values of F2(F2) and E2,ff(F2,ff) depend on the
values of mxx and tang, for instance F2,ff & F2,ff, if
m~ ( mH and E2, g & E2 g if mII & mH, where the
mass m~ depexlds on tanP, for example, for tanP = 0.2,

mH ——300 GeV; all four form factors E2, E2, E2,g, and

Eq, ff increase monotonically with cotP (for any values of
m~).

But in the case of model II we have totally di8'erent
predictions for these form factors: all four form factors
E2, E2, E2,~, and E2,g are monotonically increasing
functions of mH (for any values of tanP); for all val-

ues of tang all these form factors are negative and sat-
isfy the inequalities ~F2,ff~ & ~F2,ff~ and ~F2~ & ~F2~;

the relative values of Fq(F2) and F2,ff(Fq, ff) depend on

mxx, at mH & 350 GeV, F2 off (E2,ff) & F2(F2) and, for

mIx & 350 GeV, F2,ff(F2,ff) & F2(F2); all four form
factors increase in absolute value with increasing cotP.

These properties of the form factors E2 ~ and E2 ~ in-
dicate a strong dependence on the parameters tang and
mJx. Moreover, the inclusion of QCD corrections change
the relative values of di8'erent contributions to the am-
plitude of the decay 6 ~ sag. All these must have an
essential inhuence on the behavior of di8'erent polariza-
tion effects in this decay.

What can we say about the mass of mJx and tanP? Of
course the experimental results from the e+e collider
LEP [25] provide the strongest direct limit on the masses
of charged Higgs bosons: m~~ & mz/2. The restrictions
on the mxI and tanP can be obtained from the CLEO
result on 8(B, —+ A, p) (1) and our calculations. Assume
that I'(B, -+ A, p) I'(b ~ sp) + I'(b -+ sag); so, for
8(B ~ A, p), we obtain (see also [4])

8(B m A.p) = 6— 0.107+ 1
0.107j—0.0269as + 0.1389ax

vr g r 1 —2o.2 3vrf r) ~' g(r)[1 —2c./37rf{r)]
+25.66~ax

~
+ 13.27axas + 17.68~as~ + 0.265$ . (17)

Here and in the future we will use the notation aq

sF2,~ff y a2 s (1 + 2Q/z, ), and a3 —F2 ff r
m, /ms, and function g{r) = 1 —8r + 8r —24r lnr
is the phase volume factor for I (b ~ clvx). The function
f (r) accounts for QCD corrections to the semileptonic
(b -+ clvx) decay, f (r) = 2.51 (see [26]), and the fac-
tor 0.107 is the measured semileptonic branching ratio
8(B ~ Xlv, ) [27]. Ixx (17) the last term in curly brack-
ets proportional to o., corresponds to the box diagram
contribution, and the erst two terms describe the inter-
ference terms between box and Figs. 1(b) and 1(c). Using
(1) and (17) we get a restriction on the tanP dependence
of m, H (Fig. 4) From this figure it follows that in model

II for tanp & 0.22, the restriction to mH practically does
not depend on tanP.

These limits are almost the same coming &om 6 ~ Sp
[28], are comparable to restrictions coming froxn Z -+ bb,
and are stronger than restrictions from 6 m cwv Bp —Hp
mixing, and other FCNC processes [29,30].

III. THE STRUCTUB.E FUNCTIONS

Because the kinematics of any three-particle decay is
determined by two energies of any pair of produced par-
ticles, the decay probability can be written in the form
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(in the rest kame of decaying b quark)

d'r
dE, dE, 64~ mb

'

where E~ and E9 are the energies of p and g, and mg is
the b-quark mass.

Let us establish the dependence of the decay prob-
ability to the b-quark polarization. The polarization
states of the b quark, as any free fermion with four-
momentum pi and mass mb, can be characterized by the
four-pseudovector (; so the density matrix of the b quark
is defined by the standard formula

-', (p~+ mb)(1+(ps) .

IM(&) I' —IM( —&) I'

IM(() I'+ IM(() I' (23)

Therefore the function X in (20) corresponds to the SF
characterizing the decay of the unpolarized b quark.

If the photon in the decay b —+ sag is produced nor-
mally to the spin direction of the b quark, then only Sq
contributes to the corresponding asymmetry

where we introduce the following dimensionless variables:
x = 2E~/ms, y = 2Es/ms, z = 2E, /mg, x + y+ z = 2,
s = mz(1 —x), and t = m&z(1 —y), and 8~& is the angle
between three-momenta of p and g.

Any asymmetry in b ~ sag decay is defined by the
ratio

The moduli square of the decay matrix element can be
written in the form

7AQ
A& E9 sin 0~9S~ —— y sin 6'pgS&

2
(24)

IM'I = N[x + Y(()], (20) with the same coeKcient of proportionality. The angle
cos0~9 is determined by

Y(() = ( kgSg (s, t) + (.kzSz(s, t)
+e p~s( kgpkz~pgsSs(s, t), (21)

where S, (s, t), i = 1 —3, are real Lorentz-invariant struc-
ture functions (SF's), which depend in general on two
independent variables: namely, s = (pq —k~) and

(pq —kz) or xq —— ' and xz —— '. In deriv-2E~ 2'
ing Eq. (20) the relation ( pq

——0 is used.
The SF's Sq(s, t) and Sz(s, t) describe the P-odd but

T-even asymmetries in the decay b + sag, which are
induced by the components of ( (in the b-rest frame) in
the decay plane. Such asymmetries are nonzero even if
the amplitude for b —+ sag decay is real.

The structure function Ss(s, t) describes the P-even
and T-odd decay asymmetry which corresponds, in b-

quark rest frame, to the transversal (to the decay plane)
polarization of b quarks with a resulting correlation
( . k x q, where k and q are three-mornenta of p and
g. Such asymmetry can appear only in the kinematical
region where the decay amplitude contains an imaginary
part. For example, the box diagram [Fig. 1(c)] introduces
a nonzero imaginary part in the corresponding contribu-
tion in the region with s + t & m& + m, —4m .

Let us connect the SF's Sq and. S~ with the decay asym-
metries which are induced by the definite components of
( along or normal to the three-momenta of the final par-
ticles. If the photon is produced along the b-quark spin
direction then the corresponding asymmetry can be writ-
ten in the form

A~~ E~Si + E9 cos 0~9S~
mQ

(xSq + y cos e~sSq), (22)

where N is the normalization factor. Here the overbar
of M describes the summing over polarizations of final
particles in the decay b —+ sag, and summing over color
states of final g and s, with averaging over color states of
initial b quark.

The general expression for Yj (linear in () can be writ-
ten as [31]

1 —4 —x —ycos0~9 = 1+ 2
zy 1+2p)

where 4 = m, /mz&and p = (1 —6 —x —y)/xy.
Similarly if the gluon is produced along (or normal)

to the spin direction of the b quark, the corresponding
asymmetries are defined by the combinations of S& (x, y)
and Sg(x, y):

A~~ E~ cos 0~9Si + E9Sq

'[(x+2p)S. +yS.],
As~ = E, sino~ss, = mbxQ P(1+—P)S~. (26)

For completeness, let us find the combinations of the
S& and S& which determine the asymmetries A~ and A~~

of s-quark production along (II) or normal (J ) to the
b-quark spin directions:

A~~ E~ cos 0&,Si + E9 cos 09,S~,
E& sing&~Si + E9 sjng9+Sg ) (27)

where 0~, and 09, are the angles between p and s, and g
and s, which are determined by the formulas

coso~, =

cos ~gs

xz + 2(1+ 6 —x —z)
xgz& —4a

yz + 2(1+ A —y —z)
ygz' —4A

(28)

Using these formulas it is easy to calculate any exclusive
asymmetry in the decay of the polarized b quark, b ~
s fg.

To describe the kinematics of the decay b ~ sag, it
is convenient in some cases to change the set of inde-
pendent kinematical variables. Namely, instead of two
energies E& and E9 we can use some angle between the
corresponding three-momenta and one of the energies E~
or Es, der/dE~d costs or dzr/dEsd costs. It is easy to
obtain the relations
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d2I' d2I' mb(mb —2E~)E~
dE~d cos 8~a dE~dEa 2[mb —E~(l —cos 8~a)]2

'

d21' d I' mbE (mb —2E )
dEad cos 8~a dE~dEa 2[ma —Ea(1 —cos 8~a)]2

' (mb —E.) ' —p~

2(mb —E, +!p!cos8~. )
' (32)

where on the right side the photon energy must be elim-
inated with the help of the relation

mbEb(mb —2E~)
2[mb —Ea(1 —cos 8~a)]

' (30)

In a similar manner one can obtain the relations

d2I' d2I'

dE~d cos 8~, dE~dE,
m~ —2mE, + m2

(mb —E, +!p!cos8~, )2 '

(31)

The gluon energy must be eliminated 6.om the right-
hand side of Eq. (29) with the help of the relation

where p is the three-momentum of the s quark. Note
that the zero in the denominator at cos0~, = —1 is com-
pensated by the corresponding zero in the numerator, so
E~(cos8~. = —1) = mb —E. +!p!.

The formalism of SF's allows us to analyze the inclu-
sive decays of the polarized b quark with the detection
of only one particle in the 6nal state. In this case the
dependence of the decay probability on the transversal b

polarizations disappears and such (inclusive) decay asym-
metries depend on SF's Sq and S2 only.

So, for example, the spin-dependent contribution to
the gluon spectrum is determined by the integral

(( ' klSl + ( k2S2)~(pl p2 kl k2) (n[plaY1(t) + k2nY2( )] ( k2Y2(t)I t —(kl k2)
d A]d P2 2

8
(33)

because ( pl ——0.
The function Y2(t), which characterizes the asymmetry of the t distribution in the decay 6 -+ agp (more exactly

the correlation of type fq, q is the three-momentum of the gluon), can be calculated using the formula

+(~)
Y, (t) =-

-(u)

1( 1 —4 —x —yb
dx —

! x+2
I sl(*,y) + s2(*, y)

y )
(34)

where the limits of integration are

x+(y) =1—,x (y) =1—b, —y.
1 —g

(35)

The contributions to Y2(t), which is proportional to a22, a22, and a2aa, can be calculated analytically without any
problems, but the contributions of the other possible three terms (which are proportional to al, ala2, and alas) can
be calculated only numerically.

However, for the calculation of the spin-dependent contribution to the s-quark energy spectrum, b + spy, the
exact expression for the form factor Q(u), u = (kl + k2)2 is not needed, and all the integrations can be computed
analytically:

h(pl p2 kl k2) (( klS1 + ( k2S2) (n[p2nP1(u) + plnP2(u)] 6 ' p2 1(u) (36)

For the SF Pl(u) which characterizes the longitudinal (P-odd) asymmetry of the type (.p, one gets the integral

—2' 8+ (~)
Pl(u) =

g(u —m~~—m~)~ —4m~~m~ f
~+(~)

gz2 —4b, („)
d !

-s (s -s)*'+ ('+

f ua+ m2b(u+ a) —mb4 —m, (a —mb) )a! —2+
(u —m' —m2) 2 —4m'm' (37)

where

2 2

a~(u) = (mb + m2 —u)2 —4m2mb, xg(z) = 1 ——+ ~z —4A . (38)

These integration limits are simpli6ed considerably in the limit 4 —+ 0:

mg —'ll my
—'ll2 2

2s~ —— + 0&s&m —u.
2 b
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Let us also write, for completeness, the spin-dependent contribution to the photon spectrum in the decay 6 ~ sag.
In this case it is necessary to calculate the integral

d2k2 d3p2
k2S2~(pl p2 kl k2) (n[klcxQ1(s) + plea Q2(s)] (( kl)Q1(s) (40)

The SF Qz(s), which depends on one invariant variable only, is determined by the expression

Q, (.)=,, dt
l
t+m,'+2m,' ',

l
S,(t)s —m~)

v+( )

dy I y + 2
l
S2(z, y),

v-(~) x )
(41)

2

where t+(s) = m + m, —s, t = m2 —' and y+(x) = 1 —&/1 —x, y (z) = 1 —& z.
The resulting asymmetry of the decay 6 ~ psg, with the detection of a photon only, would be determined by the

following combinations of SF's:

27r
kg

l
Qg(s) + ( ~+ (~)

dtS, (s, t) =(.ka Q, (x)+—
) ~- (~)

dySg (x, y) I (42)

Using the matrix element (4) we can obtain now the expression for the SF's S,(x, y) in terms of the form factors F2,
I'2, and Q. These expressions must be valid for different possible models of FCNC's, such as the SM or 2HDM.

After summing over polarizations of final particles in 6 ~ 8pg decay, and averaging over the color states of the
initial 6 quark, and summing over the color states of 6nal s quark and gluon, we can obtain the following expressions
for the SF s Sq, . . . , S3 in terms of dimensionless variables x and y (which are valid in the limit 4 = 0):

S~(z y) = ms(la2I'+ 2la~l'(x+ y —1)(*y—x+ 1)/*'(y —1)
+2lasl'(x+ y —1)(2 —y+ y )jy'(x —1)
+Rea2a~( —2x+ 2xy+ y —2y+ 2) j(y —1)x
+2 Reaq a3 (x + y —1)(2 —2x + xy + xy —y ) /xy (1 —x) (1 —y)

+Rea2a3( —2 + 2x + xy)/(x —1)y),
S2(* y) = m~(la2I'+ 2la~l'(*+ y —1)(2 —*+x')/*'(y —1)

+2lasl'(x+ y —1)(xy —y+ 1)/y'(x —1) + Reaia2(zy+ 2y —2)/x(y —1)
+2 Reaqas(x + y —1)(2 —2y + xy —x + x y) jxy(1 —x) (1 —y)

+Rea2a3(x + 2xy —2x —2y+ 2)/y(x —1)),
2 —x 2 —y

S3(x, y) = 2m&lma2
l

a3+ az
~(yx —1 xy —1 )

(43)

From these expressions one can see that the SF's Sq(x, y)
and S2(x, y) contain all of the six possible contributions,
which are induced by three different Feynman diagrams
in Fig. 1: namely, three moduli squares and three inter-
ference terms. Each such contribution does not depend
on the choice of gauge for the photon or gluon polar-
ization vectors, because the contribution of each Feyn-
man diagram satis6es the gauge invariance conditions
separately. Nonzero contributions of each Feynman di-
gram to P-odd SF's Sq(x, y) and S2(x, y) are connected
with the P-invariant violation for each mechanism of the
b ~ sag decay. The three contributions to SF's Sq(x, y)
and S2(x, y), which are proportional to af, a3, and aza3,
go to zero along the line x+ y = 1. This line is a part
of the border of physical region for 6 ~ sing decay which
corresponds to the production of p and g with parallel
three-momenta (collinear kinematics). Such behavior is

the manifestation of the general properties of amplitudes
for the process involving gauge bosons with zero mass,
namely, a photon or (and) gluon, a phenomena which is
known as radiative zeros [19].

The T-odd SF S3(x, y) contains the contributions of
two specific interference terms: namely, aiIma2 and
a3Ima~. We can separate these contributions studying
the behavior of the structure functions in the two lim-
iting kinematical regions: namely, x —+ 0(y ~ 1) and
x -+ l(y -+ 0).

IV. NUMERICAL RESULTS AND DISCUSSIONS

We discuss here the results of numerical calculation
for the asymmetries in the radiative decay of polarized 6

quark. For definiteness we choose the x behavior of the
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asymmetry of the process 6 ~ p(sg) with the detection
of photon only. We hope that the results for such an
asymmetry will be illustrative enough and will demon-
strate the main properties of the polarization effects in
the decay b ~ sag.

I et us define the corresponding asymmetry with the
help of the expression

and the three-momentum of the photon, and Pb is degree
of b-quark polarization. If b quarks are produced in the
reaction e+ e ~ Z ~ bb, then 0 is the angle between
the three-momenta of b quark and p. The matrix ele-
ment square for the b M sag decay, summing over the
polarization of produced particles, is written in the form

d2I' = f p( z)[l + Pb coso A( z)]dxdcos0 (44)
~M

~

= Xp(z, y) + ( kgX)(z, y) + (.k2X2(z, y)
+e p~g( kgpk2~pgpXs(x, y) . (45)

where 0 is the angle between spin direction of the b quark Then the decay asymmetry A(x) can be written as

A( )
1~(z)
Ip(z)

'

Ip(z) = dyXp(x, y), (46)

Ig(z) =—
y+ (x)mbx

2

1
"y

I
X~(z y)++—[2(1 —z —y)+zy]X2(z y) ~Z2

where y (x) = 1 —A —z, and y+ ——1 —A/(1 —x) and

Xp(* y) = mb{la21'(z+ y —2) + la~I'(z+ y 1)(2z'y —*' —zy —*+2)/*. '(y )

+~as
~

(x + y —1)(2xy —xy —y —y + 2)/y (x —1) + Rea2aq (x + y —1)(2x + y)/2x
+Reaqas(z+ y —l)(4x y + 5z y —3x + 5zy —6xy+ x —3y + y+ 2)/2xy(1 —x)(1 —y)
+Rea, as(z+ y —1)) .

Let us also recall that the quantities X,(x, y), i = 1, 3, are
proportional to the corresponding structure functions S;.

Any asymmetry in the decay b ~ sag does not depend
on the concrete values of CKM matrix elements. This is
not an exact statement, however; its accuracy is same as
the unitarity relation (9). This behavior of asymmetries
is different &om the differential decay probability where
absolute values are very sensitive to the definite product
of CKM matrix elements. On the contrary, all asymme-
tries which could be expressed as the ratios of the matrix
element squares (with different 6-quark spin orientations)
are sensitive to other fundamental parameters such as mq

(in SM) or mH and tanP.
For numerical calculations we use mb = 5 GeV, m, =

1.35 GeV; for the top quark mass we use the central ex-
perimental value, namely, mq ——176 GeV [5].

Numerical results for A(z) which are obtained in the
SM and in two versions of 2HDM (model I and model
II) are presented in Figs. 5—10. Let us mention the most
interesting peculiarities of these calculations.

The predicted asymmetry A(x) is large in the absolute
value and is characterized by strong x dependence. The
asymmetry A(z) is negative for small z, z ( 0.25, and
positive in the large part of physical region. This is a
global property of A(z) valid for both SM and the 2HDM
(with and without QCD corrections).

The form of x dependence of A(x), and its absolute

values depend strongly on the model of FCNC, and on
QCD corrections.

In SM (Fig. 5), the QCD corrections change the form
of energy dependence of the asymmetry. Moreover, the
point in x variable where the asymmetry A(z) changes
its sign is particularly sensitive to the QCD corrections:
without QCD corrections the asymmetry changes sign at
x 0.25, but with QCD corrections this point is shifted
to x 0.4. It is interesting that the exact position of
this point depends on the mass mq. This property could
be useful for more precise determination of mq, because
&om the experimental point of view such points are very
attractive.

Model II of 2HDM predicts an z dependence of A(x)
which is very similar to the SM case, with and with-
out QCD corrections. The predicted behavior of A(x) in
model II is characterized by the weak dependence on the
parameters as m~ and tanP (Figs. 6 and 7).

Model I of the 2HDM is characterized by the strong
dependence on the parameters m~ and tanP (Fig. 8).
From this figure we see that A(z) is very sensitive to m~.
This is true for A(x) with and without QCD corrections.

To understand the relative role of the contributions
of different mechanisms in the resulting behavior of in-
clusive asymmetry A(z), we have calculated the z de-
pendence of all six terms in A(x) (Figs. 9 and 10). We
limit ourselves to the SM only (mq ——176 GeV). The
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FIG. 4. Limit for the charged Higgs boson mass as a func-
tion of tanP in the 2HDM. Here solid and dashed lines corre-
spond to model I and model II, respectively.
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FIG. 5. The x dependence of the asymmetry A(x) calcu-
lated in the framework of the SM, where solid and dashed
lines correspond to without +CD corrections and with +CD
corrections, respectively.
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FIG. 6. The x dependence
of the asymmetry A(x) calcu-
lated in the framework of model
II of 2HDM for m~ —— 176
GeV and tanP = 0.7 (a) with-
out +CD corrections and (b)
with +CD corrections. The
solid, long-dash, and short-dash
lines correspond to mH values
300, 500, and 1000 GeV, respec-
tively.
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FIG. 7. The same as in
Fig. 6, but for tanP = 2.
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FIG. 8. The x dependence of
the asymmetry A(2:) calculated
in the framework of madel I of
the 2HDM for m~ ——176 GeV
and tang = 2 (a) without QCD
corrections and (b) with QCD
corrections. The notation is as
in Fig. 6.

difFerent curves are noted by a;az(i, j = 1, 2, 3). These
calculations are based on Eq. (46) with full denominators
Ip(x), but the numerator for each curve contains only one
terxn, proportional to a;a~. In other words, the az, a2,
and a32 curves characterize the contribution of one possi-
ble mechanism only, and the aq a2, aq a3, and a~ a3 curves
characterize the contributions of the corresponding inter-
ference term of different mechanisms.

From the analysis of these figures, we deduce the fol-
lowing conclusions.

All six possible contributions to A(x) are essential
for formation of resulting asymmetry (with and without
QCD corrections).

The contribution proportional to a2& is always negative,
and has a minimum at x = 0.16. This contribution is
small for x & 0.55, and behavior with and without QCD
correction is similar.

The contribution proportional to a3 is always positive
and is characterized by the strong dependence to the
QCD corrections. This contribution is decisive for the
behavior of A(x) in the region x & 0.25. The negative
values of A(x) are determined by the ai contribution.

The interference contributions which are proportional
to aqa3, a2aq, and a3a2 are positive in the full x region;
the location of the aqa2 minimum and its value at the
maximum depend essentially on the QCD corrections.
QCD corrections increase the depth of this maximum and
change its position, from x—:0.3 (without QCD) to x
0.45 (with QCD).

The change of the sign of the asymmetry is mainly due
to the relative contributions of terms proportional to a2&

and a3,. when the term proportional a3 dominates, then
the asymmetry is positive and when az term dominates,
the asymmetry has a negative sign.

(x)
0.60

0.40

(x)
0.80

0.20

—0.00

—0.20
—0.00—

Cl( Qp
Gp Qp

—0.40

—0.60

-0.80 I I I I I I I I [ I I I I I I I I I [ I I I I I I I I I [ I I I I T I I I I [ I I I I I I I I I

0.00 0.20 0.40 0.60 0.80 1.00
X

FIG. 9. The x dependence of diferent contributions to the
asymmetry A(x) calculated in the framework of the SM for
mq ——176 GeV without QCD corrections
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FIG. 10. The same as in Fig. 9, but with QCD corrections.
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V. CONCLUSIONS

We analyzed the polarization effects in the decay 6 —+

Spy induced by the polarization of the initial b quark.
In the general case with the detection of two produced
particles, such effects are characterized by three inde-
pendent structure functions. Two SF's determine the
P-odd and T-even decay asymmetries, which are due to
the components of b-quark polarization vector in the de-
cay plane, and one SF determines the P-even but T-odd
decay asymmetry when the vector polarization of b quark
is orthogonal to the decay plane. For the inclusive de-
cay such as b ~ (sg) or 6 ~ g(sp) with detection of one
particle only, there is one P-odd asymmetry induced by
the longitudinal polarization of the decaying quark. The
calculation of all these asymmetries is very timely now,
because the b quarks, which are copiously produced at
I EP through the reaction e+e ~ Z —+ bb must have
very large polarization, 94%%uo.

It is shown that the decay amplitude is described in
terms of the three form factors I'z, ffl I2 of and Q, and
this statement is model independent, with and without
QCD corrections, since QCD corrections do not change
the spin structure of the decay amplitude. But it is im-
portant to note that the relative role of different contri-
butions to the total matrix element change essentially,
when QCD corrections are taken into account.

As a result, the different asymmetries in the decay
of polarized 6 quarks, 6 —+ 8pg, are very sensitive to

the following important ingredients of any description of
FCNC: QCD corrections; choice of FCNC model; the
concrete values of the corresponding fundamental param-
eters, such as mi in SM, or rn~, tanP in any version of
the 2HDM.

We illustrated all this in the example of decay asymme-
try of b ~ p(sg), calculating the photon energy depen-
dence of inclusive asymmetry in the &amework of the SM
and two popular versions of the 2HDM. The calculations
(with and without QCD corrections) have shown that
this asymmetry is large in absolute value. The asymme-
try is characterized by a strong E~ dependence, which
is very sensitive to QCD corrections, on the particular
model of FCNC and on the version of 2HDM.

We analyzed the relative importance of different con-
tributions to this asymmetry to possible mechanisms of
the decay b ~ Spg, demonstrating the effectiveness of fu-
ture polarization effects for determination not only of the
absolute values of such fundamental FCNC characteris-
tics as the form factors F2 and E2, but their relative sign
also. Of course, similar information must be significant
for the search of the correct model of FCNC.
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