
VOLUME 73, NUMBER 21 PHYSICAL REVIEW LETTERS 21 NovEMBER 1994

CP Violation in the Decay b sy in the Two-Higgs-Doublet Model
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In the most general two-Higgs-doublet model with an approximate family symmetry and CP violation
originating solely from the relative phase of two vacuum expectation values, CP asymmetry in the decay
b sy may arise from the CP violation of the charged Higgs boson interactions with fermions. This
asymmetry may be larger than in the standard model and can lie between 10 2 and 10 '. The decay
rate of b sy is allowed to be smaller or larger than in the standard model.

PACS numbers: 13.40.Hq, 11.30.Er, 12.60.Fr

The decay of the form b ~ sy represents the first
observation [1] of a process in B decay clearly involving
a loop in the standard model. The rate of the decay
is roughly that expected [2] from a loop involving a t
quark and W-. In the simplest extension of the standard
model, the two-Higgs-doublet model (2HDM), there may
be a significant contribution from the loop in which 8'-
is replaced by the charged Higgs boson H-. Here we
discuss b ~ sy in the general 2HDM with an emphasis
on possible CP-violating efects.

The Yukawa interaction in general in the 2HDM is

Ly = y, (r, y, + r, y, )D„+ tJ, (r', y, + r,'y, )U„,

(1)
where qL is the quark doublet and DR and UR are the
right-handed quark singlets. I i and I 2 are matrices in
flavor space. The presence of both I'i and I 2 in general
lead to flavor-changing neutral Higgs boson exchange
(FCNE) processes. To avoid these it is customary to
choose either

model 1: I' = I = 0;1 1

model2 IU =0, I =0
It has been pointed out by Cheng and Sher [3] and others
and reemphasized by Hall and Weinberg [4] that FCNE
may be suppressed by an approximate flavor symmetry,
in which case both I'i and I 2 may be significant. The
point is that the constraints on FCNE are not so severe
given the small size of Higgs boson couplings; all that
is required is to suppress the off-diagonal terms in I l

and I2 by factors of 10 or 100 as occurs in elements
of the quark mixing matrix. The consequences of' an
assumption of approximate global U(1) family symmetries
(AGUFS) (i.e., one for each family) have been worked out
in detail in [5] and emphasized recently in [6]. AGUFS
are sufficient for a natural suppression of family-changing
currents (for both charged and neutral currents). In
particular, as we have pointed out [5,6], this has important
consequences for the charged Higgs boson couplings
allowing significant new CP-, T-, and P-violating effects
on both indirect CP violation (e) and direct CP violation
(e'/e) in kaon decay and electric dipole moments of the
neutron (D„) and electron (D,).

Our other assumption is that all significant CP violation
arises from the Higgs vacuum expectation values

(4'1) = «s p e'
~

2

v
sin p. (2)

A,"(t) = C,"0„,
with

G0,„=— 2eu, (p) r""c(1 + y5)ub(pb)FI, „8y2~' (8)

This leads to a phase in the Cabibbo-Kobayashi-Maskawa
(CIGAR) matrix as in the standard model but provides a
variety of new sources of CP violation.

The important H coupli-ngs can be obtained neglecting
FCNE and only considering the standard CKM quark
mixing. Neglecting the small off-diagonal terms, one
finds for the top mass

m, e 's' = (h~ cos pe ' + h2sin p)v, (3)

where hi (h2) are the 33 diagonal elements of I'~ (I 2 ).
The phase B, must be removed by rephasing t&. The
coupling of H- to tR then has the form

HbL, VJ; tt—t; (h~ sin P e ' —h2 cos P)v e' '

g, m, H bLJ
—
VJ; ttt;, (4)

where V is the CKM matrix. A similar equation holds for
the bR couplings. It is easy to show that the coefficients
g„gb can be written

sin Bf e' ' ' —cot p, (5)
sin P cos P sin B

where trf = + for b and o.f = —for t and Bf serves to
parametrize the ratio h2/hi. In the limiting case of model
1, B& = Bb = 0, i.e., g, = gb = —cot p. In the case of
model 2, Bb = B, B, = 0, i.e., gb = tan p, g, = —cot p.
In general Eq. (5) can be seen as interpolating between
the values tan p and —cot p; however, outside of these
limits gf has a complex phase.

Considering the leading loop diagram, the decay ampli-
tude of b sy can be written

(.ylTlb) =—'5, = v, (A„ + 6,8bA,", + 66,'~"„), (6)

where v, = V,&V,*,. A, , A, , and A, can be generally
expressed

gw, H(t) ( w.H0 (7)
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and C; the Wilson coefficient functions [2]

C, = —yt' 23[2A(x, ) + 3D(x, )(yt '/ ' —I) + —„,(yI
' ' —1)],

y ) 'E(y )(n / -I)]
C,", = —n'""6[A(y ) + 3D(yi)(n '"' —I)].

where A, 8, D, and E are the integral functions of x, = m~2/m& and y, = m2/mH. and are defined in Ref. [2] and

yt = a, (miv)/a, (mb).
With these considerations, we now evaluate the decay rate of b sy. To reduce the uncertainties from the CKM

matrix elements and b-quark mass, one usually relates B(b sy) to the inclusive semileptonic decay rate I'(b cet )
[7,8]

8(b sy) = I (b ~ sy)
I'(b ce p)

—Ih

X 8'"r(b cev) = 0.031[[C, + Re(g, gb)C, ] + [lm(g, gb)C, ] ]8'" (b cet),

(10)

where C " = C + ~g, ~
CH.

In general g, is expected to be of order unity or less if
the Yukawa couplings of the top quark are reasonable. In
this case, the term proportional to

~ g, ~2 makes only a small
contribution. In our numerical examples and figures we
let ig, )2 = 0, but results with )g, (2 = 1 are very similar.
On the other hand, trb may have a magnitude considerably
larger, as in the limiting case of model 2 with large
tan P. In Fig. 1 we show the ratio of the 2HDM result
for the branching ratio to that for the standard model as
a function of Re(gbg, ) and Im(gbg, ) for mH. ——m, . For
quite reasonable values the result can be either greater or

&m(4tfb)
5"

smaller than in the standard model. This is in contrast to
model 2 in which the rate is always greater than in the
standard model. The possibility of a smaller value has
also been noted in model 1 [7].

If it is established that the rate for b s + y differs
from that in the standard model, this could be the first
indication of the existence of a charged Higgs boson; at
the present, however, there is considerable uncertainty

[9] in the standard model rate. In the 2HDM discussed
here, however, there is the possibility of a more distinct
signature of the charged Higgs contribution due to CP
violation. To calculate the CP-violating rate difference
between 8 and 8 decays, it is necessary to include final-
state-interaction effects. Using the general formalism in

[10], the decay amplitude of b sy in Eq. (6) is modi-
fied by including the corresponding absorbtive terms via

'Ty = v, (A, + iA, t,z,y) + PvqiA, (ri)tzqq zy-

+ u, [g, gb(A, + iA, t,g, y + $,$,"(A, + iA, t,s,y)],
(11)

where vq = VqbV*, are products of CKM elements and

t;,~ are the scattering amplitudes. A~0 and AH are
expressed

with

gwH CwH 0~g A, (t) = C, O,s, (12)

Re(gtgb)

FIG. 1. The solid lines show the ratio r = I'2HDM(b

sy)/I s11r(b sy) as a function of Im(g, gb) and Re(g, gb). The
three solid curves are for r = 0.5, 1, 1.5, which correspond to
radii R = 1.56, 2.2, 2.69, respectively, with the central point at
Im(g, gb) = 0 and Re(g, gb) = 2.2, and mH+ = m, . The dotted
lines are for CP asymmetry A, = 2%, the dashed lines are
for A, = 5%, and the dot-dashed line is for A, = 10% with
m~+ = m, .

C, = —yI' / [-D(x) + 0.1687],

CH 14/23E( ) CH 14/23 1
D( )

where yI = a, (mii)/a, (mb) = 0.&6

150 MeV and mb = 4.9 GeV.
for AQc D

O,s = — gtt, (p)rr "T'(I + y5)lib(pb)Gp (13)
8 27r2

and C; the Wilson coefficient functions [2,8]
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Asqq is the b ~ sq q amPlitude

c»q(P t)»(1 —r5) ub(Pb) u. (P )r"(1 —y5) v; (P2) ~

G I p,

2
(15)

where ct is the QCD correction with ct = 1.1.
The rate difference is calculated to be

A, ~
—= I (b sy) —I (b sy)

=4i, i (C, C, —C, C, )0,„0, t, ,„l ($$)
Q, C Q, C

+ /4C 0 A tqq -&Im(v, v*) + /4C 0 A qqt qq &Im(vtv g, gb).
q q

(16)

Here we have omitted the flux factor and the phase space
integrals. As shown by Soares [11] after integration
over the phase space variables for A, ~, the absorbtive
term with the sqq intermediate state is suppressed by a
factor of about u, /4 for the up quark, and for the charm
quark it has an additional suppression factor of about
0.12 from phase space. For the absorbtive term with

the sg intermediate state, there is no extra phase space
suppression and its magnitude after integration over the
phase space variables is expected to be suppressed just by
a factor of order n, .

With these considerations, we then obtain the CP
asymmetry observable

(17)

(CH CwH CwHCH)~

2~(b )
—

C, (4 Cb)
S ')t

0.12Re(v, v,') + Re(v, v„*) C,„&tran,
(C Sb)

Im(v, v„*) [C,~ +

Re(/tabb)CH„]ct

u,
2C,',

where the first two terms arise from the new source of
CP violation for the charged Higgs boson interactions
of the fermions with intermediate states sg and sqq
(q = u, c), respectively, and the last term arises from the
CKM phase. This last term has been analyzed in detail

by Soares [11] in the standard model with the resulting
asymmetry between 10 and 10 . Our major interest
lies in the first two terms which can result in a much
larger asymmetry than in the standard model. Values of
the asymmetry considering these terms alone for various
values of Re(g, gb) and Im(g, gb) are illustrated in Fig. 1.
It is seen that asymmetries between 2% and 10% are quite
reasonable. These results, as those in the standard model,
are necessarily uncertain because of the use of quark
diagrams to calculate the final state interaction effect.
However an asymmetry well above 1% would be a strong
indication of this new physics.

It is important to look at effects of g, gb on other ob-
servables. In the case of Re(g, gb) there is no observable
that is as sensitive as the b s + y rate. On the other
hand, Im(g, gb) is relevant for the neutron electric dipole
moment D„due to the Weinberg dimension-6 gluonic

! operator [12]. This operator can be induced from two-

loop diagrams through the charged Higgs boson exchange
with internal loop top and bottom quarks and three ex-
ternal gluons [13]. In the Weinberg three-Higgs-doublet
model, the CP-violating phase arises from the mixings
among the charged Higgs bosons, which is not relevant in
the 2HDM. In the version of the 2HDM discussed here
the CP-violating phase comes from the complex Yukawa
couplings g, and tabb, giving

d„= (3.3 —0.11) X 10 Im(g, gb)[12hc(yb, y, )] ecm,

(18)
where the first value in the bracket is from naive dimen-
sional analysis [12] and the second value in the bracket
is from a recent reanalysis [14] for the hadronic ma-

trix element. hc is an integral function [13] with hc =
1/12 for mH. = m, . From the present experimental upper
limit for the neutron electric dipole moment d„( 1.2 x
10 25 e cm, it is seen that the limit on Im(g, gb) ranges from
0.3 to 10 due to the large uncertainties of the hadronic ma-
trix element. This limit still allows the large asymmetries
discussed above. On the other hand, the detection of such
a CP-violating asymtnetry in b sy would indicate that

d„ is not too far below the present limit.
In conclusion, we have shown that in the most general

two-Higgs-doublet model [5,6] with approximate global
U(1) family symmetries (AGUFS) and CP violation
originating solely from a single relative phase of two
vacuum expectation values, the CP asymmetry in the
decay b sy due to new sources of CP violation
for charged Higgs boson interactions and final-state-
interaction effects can lie between 10 2 and 10 ', which
is 1 order of magnitude larger than in the standard model.
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