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The rare decay B—pu ™ u™ is studied within the context of the two-Higgs-doublet extension of the
standard model. We show that for a reasonable range of model parameters, the charged-Higgs-
scalar contribution exceeds the conventional contributions from the standard model. For the pro-
cess B,—putp”, branching fractions X 107% are possible in this scenario. For the process
Z —bg + bg, we find the charged-Higgs-boson contribution leads to branching fractions X 107,

The recent observation of B,-B;, mixing by the
ARGUS Collaboration' has revived interest in CP viola-
tion? and rare modes® in B-meson decays. In particular,
there has been a significant amount of work examining
the influence of non-standard-model physics [e.g., addi-
tional Higgs fields, a fourth generation of fermions, and
supersymmetry (SUSY)]* on rare B decays.

In this paper we wish to examine the influence of
charged Higgs bosons, which result in the two-Higgs-
doublet extension of the standard model (SM), on the rate
decays B, —ptu~ and Z—bg+bg. It has recently
been pointed out that this simple extension can explain®
the large B-B mixing without a heavy top quark, and also
leads to much interesting phenomenology involving the
light charged and possibly neutral Higgs bosons.® This
two-Higgs-doublet extension is a common feature of
many scenarios: SUSY, Peccei-Quinn models,” and E,
superstring-inspired models.® In these two-Higgs-doublet
models, each doublet gives a mass only to quarks of a
given charge, thus avoiding difficulties associated with
flavor-changing neutral-Higgs-boson exchange.” Each
doublet obtains a vacuum expectation value (VEV) v;
(i=1,2) subject only to the constraint that v?+v3=0v?
with v being the usual VEV of the SM. One usually
defines the quantity tan=v,/v, so that generic
charged-Higgs-boson coupling to the quarks is given by

1
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with g being the usual SU(2), coupling constant and V;
being the relevant Kobayashi-Maskawa'® matrix element.
The coefficients a;; and b;; are given by
a,-jzmui-i-mdjtanzﬁ, b, =m, —m, tan’B . (2)
i J
For leptons, assuming massless neutrinos, the corre-
sponding couplings are

m;
L=-5 3 (tanB (1 4y )l H +Hee. 3

Note that the 7bH coupling grows rapidly with increas-
ing m, so that for some values of tanf it becomes strong.
If we demand that this coupling not be too strong as to
endanger perturbation theory one obtains a bound on
tanf as a function of m,. One signal for a large b H cou-
pling would be a “wide” t-quark, e.g., if t —bH is kineti-
cally allowed we must demand I', /m, <<1. Similarly, if
we demand that the 7bH be smaller than, say, the QCD
coupling (a;~0.2) a bound is obtained which is semi-
quantitatively similar. We will thus use the constraint

tanf8 > M @)
=600 Gev
in our analysis that follows. The constraint (4) ensures a
“narrow” t quark as well as a perturbative coupling at
the 7bH vertex.

The diagrams which may potentially contribute to the
B—utu~ process are shown in Fig. 1. However, for
on-shell muons in the final state, electromagnetic current
conservation leads to a null contribution for the photon-
exchange term. As we show in Appendix B, the box dia-
grams with HH, HW, and H¢ (where ¢ is the unphysical
Higgs field of the SM) exchange are all found to be chiral-
ly suppressed; i.e., they are scaled down by additional fac-
tors of m, /my, in amplitude compared with those com-
ing from the loop-generated bgZ vertex.

For completeness we calculate the general gbG vertex
with G a gauge boson (=, Z, or gluon). We can take this
vertex to be given by

igg(p)T;b(p +9)GNq) . 5)
I') can be decomposed in several ways. Two convenient
decompositions are given by (neglecting the mass of the

light quark g)
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=Dy, (1—vs)+Ep,(1+v5)+Fq,(1+7v5) (6)
and (with m being the b-quark mass)

+H(F—1E)q;(1+ys)
+iZ00,0"(1+75) %)
which can be obtained from (6) by using the Gordon

decomposition. We obtain the following expressions for
the factors D, E, and F:

D= S(ff_;" —(V,, V3 (tan?B) ! élp,. ,

E=— "y vy S K, (8)
g2 T H =

F=— My Y S
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where the sum extends over the various contributing dia-
grams in Fig. 1.
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FIG. 1. Diagrams contributing to the process B—pu*u~.

39 B—p*u~ IN THE TWO-HIGGS-DOUBLET MODEL . 251

Terms labeled with the index 1 originate from diagram
(iii) where the gauge boson attaches itself to the H™;
terms labeled with the index 2 come from diagram (iv)
where the gauge boson couples to the ¢ quark; terms la-
beled with the index 3 arise from the self-energy diagrams
(i) and (ii). Explicitly we have

D,=CJ,, ,
=C'[(V+ Ay—(V— AW ],
D=C'(V'+ A", ,
E,=C[J,+J,(tan’®)"'], ©
=C'[(V+AJs+(V— AN,
+(V — A),(tan?B) '],
Fy=C[J;+J,(tan?8)" '],
=C'[(V— A ¢+(V — A g(tanB) '] .

In (9) the coefficients C, C', V, V', 4, and A’ are given in
Table I for G=v, Z, and g. J; (i =1,12) are integrals
over Feynman parameters which we evaluate numerically
and are given in Appendex A. Given Egs. (5)-(9) and the
integrals in Appendix A, we have complete expressions
for the general qu vertex resulting from charged-Higgs—
scalar exchange.!!

A short calculation shows that the gbG amplitude is
finite. The poles from each diagram can be summed and
lead to a term proportional to

—C'(V'+A4A")+C'(V—4)—C (10)

which vanishes for each of G=v, Z, or g.

To proceed with the B—pu ™ calculation, we couple
the off-shell Z boson to a pair of muons and obtain the
desired amplitude (in the g>=m3 —0 limit)

—ig?CyzM 7 2g(p)T5b (p + @)k )yMv, —a,ys)u(k,)
(11)
where
1 |[_1
v, 2, 2+2xW )
__1 |1
W, 1T 2| ' (12)
cy=cosOy

Using standard current-algebra relations and neglecting
terms of order m,, we obtain the following decay rate for

B—utu™:
2

Gim} m2 |2
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(13)

with m B, f Bq) being the mass (decay constant) of the B
meson and
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TABLE I. Couplings and coefficients used in obtaining the bgG amplitude. T; are the SU(3), generators.
Gauge
boson C C’ 4 A 4 A’
Y —sinfy sinfy 2 -1
cos20y 1
z S8 Vw —1 1_4 1 142 —1
2cosOy 2cosfy 27 3%w 2 I 2
g 0 & /g Ti 0 T,‘ 0
mp : _ -
X=(D+1m,E)+ q (F—1E) . (14) (corresponding to f,=93.3 MeV), mp =mp, and

my

To be specific we consider the decay B, —u*u~; the cor-
responding decay rate for B;,—u " u~ is obtained by an

approximate rescaling (assuming f B, = f B, and
mEd szs)
|V l?
(B, —>p*tu )= thflz T(B,—p*u™). (15)
ts

In our numerical calculations we take f35=100 MeV
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FIG. 2. The branching fraction for B,—u*u™ as a function
of my with m, =50 GeV for different values of tanf consistent
with our constraint on the 7bH coupling. Also shown is the SM
prediction.

|V, V.1 =1(0.98)(0.042)|. Other choices of these parame-
ters lead to different values of I'; which can be obtained
by simple rescaling.

Figures .2-5 show the branching fraction for
B,—utu~ from the charged-Higgs-boson contribution
to the amplitude only, for four values of the t-quark mass
(m,=50, 100, 150, and 200 GeV, respectively) as a func-
tion of the charged-Higgs-scalar mass (my ) for different
values of tanf consistent with the constraint on the
Higgs-boson coupling in Eq. (4). Also shown in each
figure is the prediction of the SM for the same #-quark
masses as given above as obtained from the work of
Inami and Lim.'? Note that in all cases the branching

B (Bsg—ptu™)
my = 100 GeV

-
-

108

SM

o'

TTTTTT

02 03 04 OS5 06 07 08 09
my (TeV)

10

FIG. 3. Same as Fig. 2 but for m, =100 GeV.
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fraction B falls quite rapidly with both increasing my
B(Bg—p*p”) and tanf. For m, =50 GeV (where small tanf values are
Mt = 150 Gev allowed by our coupling constraint) there is a significant
region of parameter space which leads to values of B
which are much larger than that predicted by the SM.
For example, if my;=200 GeV and tanf=0.1, the
charged-Higgs-boson contribution to the branching frac-
tion exceeds that from the SM by an order of magnitude.
As m, increased (see Fig. 3), the SM prediction for B in-
creases whereas tanf is now further constrained by Eq.
(4). This leads to a more restricted parameter space than
in the m, =50 GeV case where the charged-Higgs-boson
contribution can be significantly larger than that from
the SM. Note also that for fixed tanf as m, is increased
the curves for B as a function of my flatten out with in-
creasing my. These trends continue in the cases of
m, =150 and 200 GeV as shown in Figs. 4 and 5, respec-
tively, where the coupling constraint [Eq. (4)] is even
stronger. Once m, =200 GeV is reached, there is only a
rather small region of parameter space which leads to B
values larger than that predicted by the SM. Even in this
small region, the increase in B is at most a factor of 7-8
over its SM value. It is thus clear from this analysis that
due to the coupling constraint, charged-Higgs-boson
effects will be most noticable if m, is small (~50 GeV)
0 and tanf3 takes on small values ( $0.25) as well.
What are the prospects for observing decays such as
B, —u*u~ at branching fractions of order 1078 The
FIG. 4. Same as Fig. 2 but for m, =150 GeV. prospect of searching for rare B decays at the Supercon-
ducting Super Collider (SSC) has been a subject of much
discussion in the past few years and spectrometers espe-
_ cially suited for this kind of physics have been designed.'*
B(Bg = p'u7) While the rate for bb production at the SSC is very high
my =200 GeV (~5X10° pairs/sec at a luminosity of 10°* cm ™ 2sec™!)
not all b’s which are produced can be used to study rare
decays. Cox and Wagoner,'® using the B—J/¢+X
trigger to unambiguously tag b&’s (including trigger
efficiencies and detector acceptances) estimate that
~6X10% B, mesons will be usable (per 10”-sec year) to
study rare B; modes. This estimate includes a factor of
~<1 for b—B; and assumes a 12-GeV muon absorber.
04 . The B,—u*p™ mode will be easily reconstructed with
high efficiency in such a detector and usable rates are
sufficiently large to explore the range of branching frac-
tions discussed here (~107%).

This same mode should also be observable at dedicated
B factories using e te ™ collisions.!* While backgrounds
are somewhat smaller for e “e ~ machines, B, production
rates are also smaller. One should not expect more than
10°~107 B,’s/yr at such machines making it difficult if
not impossible to explore branching fractions as small as
~10%. Thus it seems that the SSC offers the best pros-
pect for seeing the B, —u "~ decay mode.

How about the rare Z decay modes (bg +bgq) induced
by charged Higgs scalars? Using Egs. (5)-(9) and noting
52 oL L | | | | that F terms do not contribute here (since g-€;=0) we
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FIG. 5. Same as Fig. 2 but for m, =200 GeV. (D7+MZE") (16)
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TABLE II. Values of the branching fraction (B) for Z — bg + bq arising from charged-Higgs-boson-
exchange loop diagrams for different values of m, and my. In each case the value of tan3 was chosen to
maximize the value of B consistent with our constraint on the charged-Higgs-boson coupling to the ¢

quark.
M, (GeV) My (GeV) tanf3 B,
50 50 0.1 1.72X 1077
50 200 0.1 6.31x1077
50 500 0.1 7.37X 1077
50 1000 0.1 7.66X 1077
100 50 0.2 6.45X1078
100 200 0.2 6.49x 1077
100 500 0.2 7.56X 1077
100 1000 0.2 7.75% 1077
150 ‘ 50 0.3 9.03x 107!
150 200 0.3 5.69X 1077
150 500 0.3 7.49% 1077
150 1000 0.3 7.77X 1077
200 50 0.4 4511078
200 200 0.4 4.66x1077
200 500 0.4 7.27X1077
200 1000 0.4 7.75% 1077

which can be compared to the more typical decay mode
Z —vv:

2
M

N(Z —>v)=2—% (17
967TCW

Table II shows the values of B,=I(Z-—bg

+bq)/T(Z —all) with ¢ =s for representative values of
m, and My with tanf chosen in each case so as to max-
imize this ratio. One sees that in all the cases shown the
value of B, S7.8X1077; the largest value we found
(B;=1.2X107°) was for m, =175 GeV, m;, =25 GeV,
and tan8=0.3. The ratio is very small due to small
Kobayashi-Maskawa (KM) angle factors as well as the
coupling constraint [Eq. (4)]. For g=d final states B,
will be even smaller by the ratio of |V,;|?/|V, | Since
B, $107¢ it is clear that this mode will be unobservable
at upcoming CERN LEP I and SLAC Linear Collider
(SLC) experiments.

In conclusion we have examined the influence of
charged-Higgs-scalar exchange on the rare processes
B—u*u~ and Z—bg+4gq. In the former case we found
that branching fractions for B,—u*u~ can be larger
than 2X 1078 (for our values of the KM elements and
f Bs) while the similar branching fraction for B, —u*u~

will be scaled down by a factor |V,;|2/|V,|2. The present
experimental limit for B; —»utu™ is <5X107° (Ref. 15).
The region of low m, and small tanf produces the largest
enhancement of these rate decays due to a charged Higgs
scalar. The rare process Z —bg+bg has a very small
branching fraction (~ 1077) in the model discussed here.
Finally, let us mention that we have been rather con-
servative to choose the allowed values of tanf3 by using
the constraint given in Eq. (4). The ratio of the vacuum
expectation values (VEV’s) of the two Higgs-boson dou-

blets, v, /v; (=1/tanf) is a very important parameter in
this calculation, since the dominant term, D in Egs. (8)
and (14), depends on the fourth power of this ratio. For
example, choosing (v, /v,)=10 and m, =100 GeV, we get
the values of the branching ratio, B(B, —»utu™)=(3, 2,
1)X 1077 for my =25, 50, 100) GeV, respectively. This
choice would correspond to f fEH /47 ~0.6. Similarly, for
the same ratio of the VEV’s, but m, =75 GeV, we get
B=(1, 0.5)X 1077 for my=(25, 50) GeV, respectively.
This choice corresponds to foEH /4m~0.4. For such
choices, the branching ratio for the process Z — bg + bq
is also enhanced significantly. Thus, larger values of the
branching ratios are possible than those given in Figs.
2-5 and Table II.
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APPENDIX A

In this appendix we give the explicit expressions for the
integrals used in the text with 8=m2/m? and
e=—q*/m}:



J,=8f01dx fol_xdy D' (1—x—y)

1 t(1—1¢)dt
270 fo t+8(1—1) (Ab
1 1—x _
J2=8f0dxfo dy D7y (1—x —y)
8 1 tX1—1t)dt
2020 t+8(1—1) (a2)
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J3=8 [ dx [y Di'L(1~2y)
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sa02d0 t+8(l—n 271" (43
1 1—x _
J4=8f0dxfo dy D{'ly(1—2y)
142 143
U T
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where D =exy +(x +y)+8(1—x —y). Similarly, we ob-
tain

Js=8['dx [ "dy Dy

qio %sfolﬁ-g(—tl—)f—i;—)_ ’ (43
Jo=8['dx [ay Dy '(1—x —y)
— )2

o [ = (A6)
J7=sf0‘dx fol_xdy Dy x(1—x —y)

qzio %SIOI:—:}S:(‘IL_)—Z*(?)- ’ (A7)
Jg=8[lax [dy Dy (x +p)1—x —y)

—4)2

-l
Jy=5 [ dx fo‘”qy(—D;l)

qzio —SIOIT%E%)?{% ’ (A9)

1 1—x —
Jw“—‘fodx fo dyle(1—x —y)yD; ' +1+InD,]

= 1+ [ dt(1—oin[t +801-0], (A10)

q2—>0

where D, =x +6(1 —x)—e(y*—y+xp). Also, we obtain
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Iy = fo‘dx fol“"dy InD,

~ fldttln[t +8(1—01,
g?—0"0
Jnp=[dr1—om1—1 +50) .

(A11)

(A12)

Note that the ¢g’=m3}—0 limit is appropriate for the
B—u*p~ process, whereas for Z—bg+bq, qg*=m2
and is not negligible.

APPENDIX B

In this appendix we give the expression for the chirally
suppressed amplitudes contributing to the B—utpu~
process arising from the various box diagrams (HH, WH,
and ¢H) shown in Fig. 1. In what follows we define
x;=m2/M},.

We find the following contributions.

HH:
GEMy A1 —n
l‘gZTT(th Vg ), x H qy,(1—ys)bpy (I—=ysn,
(B1)
with
Hy=—(x,—xy) '—x,(x,—xy) Mn(x, /xy) . (B2)
oH:
GiMy, N _ —
2[";’27( V,bV,q)x,x”quyk(l—ys)buy (1—ysiu ,
(B3)
where
H, = len(le_—x,lnx, +x,xy4In(x, /xH) B4)
: XX 1—xNxy—x,)
WH:
_G}M},
1—3’5;21(V,,,V,Z)(xbx#)l/z(tanZB)szij(1—)/5)
Xy bay y* (1—yu .  (BS)

One sees that in all cases, chiral suppression exists in
each of the above terms. Both HH and ¢H terms ~x,,
whereas the WH term ~(x,x,)'”? and is further
suppressed by tang8 (assuming tan’g < 1, of course).
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