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8 = p+p in the two-Higgs-doublet model
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The rare decay 8~p p 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,~p+p, branching fractions 10 ' are possible in this scenario. For the process
Z~bq+ bq, we find the charged-Higgs-boson contribution leads to branching fractions 10

(tanp) 'u; V;.(a; b; y&)d&H—
2 Mti,

+H. c. ,

with g being the usual SU(2)L coupling constant and V~
being the relevant Kobayashi-Maskawa' matrix element.
The coefficients a, - and b, are given by

a;. —=m„+md tan P, b, =m„—md tan P .
l J t J

(2)

For lepton s, assuming massless neutrinos, the corre-
sponding couplings are

The recent observation of Bd -Bd 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 Bd, ~p+p and Z —+bq+bq. It has recently
been pointed out that this simple extension can explain
the large 8-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-doub1et extension is a common feature of
many scenarios: SUSY, Peccei-Quinn models, and E6
superstring-inspired models. In these two-Higgs-doub1et
models, each doublet gives a mass only to quarks of a
given charge, thus avoiding difficulties associated with
Aavor-changing neutral-Higgs-boson exchange. Each
doublet obtains a vacuum expectation value (VEV) U,

(i=1,2) subject only to the constraint that Ui+U2=U,
with U being the usual VEV of the SM. Qne usually
defines the quantity tanp= u, /U2 so that generic
charged-Higgs-boson coupling to the quarks is given by

(tanP)v, (1+ys)/;H+ H. c.
2 Mii,

Note that the tbH coupling grows rapidly with increas-
ing m, so that for some values of tanp it becomes strong.
If we demand that this coupling not be too strong as to
endanger perturbation theory one obtains a bound on
tanp as a function of m, . One signal for a large tbH 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 tbH 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

m,
tan

600 CteV

in our analysis that follows. The constraint (4) ensures a
"narrow" t quark as well as a perturbative coupling at
the tbH vertex.

The diagrams which may potentially contribute to the
B~p+p process are shown in Fig. 1. However, for
on-shell muons in the fina1 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 HP (where P 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-
tars of m„/mit, in amplitude compared with those com-
ing from the loop-generated bqZ vertex.

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

igq(p)I b(p +q)"G (q) .

I & can be decomposed in several ways. Two convenient
decompositions are given by (neglecting the mass of the
light quark q)
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I ~=Dye(1 y5)+Eph, (I+y5)+Fql(1+y5)
and (with mo being the b-quark mass)

=(D+ ,'mb—E)yz(1 ys)

+ (F —,'E—)qq(1+ y ~)

.E+i—o~ q'(I+yg)

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

GF mbE= — — (V, V,*)gE;, (8)

which can be obtained from (6) by using the Gordon
decomposition. We obtain the following expressions for
the factors D, E, and F:

G m 3
D= (V,b V;q)(tan p) ' g D;,

8 2m i=1

D2=C'[(V+ A)J9 —(V —A)Jio],

D3 =C'( V'+ A')Ji2,

E, =C[J,+J~(tan P) '],
E~ =C'[( V+ A )J~+ ( V —A )J6

+(V —A)J, (tan'P) '],
F, =C[J,+J,(tan'p) '],
Fz ——C'[(V —A)J6+(V —A)J&(tan p) '] .

(9)

, (Va Viq) X F

b(p+q) (K])

where the sum extends over the various contributing dia-
grams in Fig. 1.

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

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

—C'( V'+ A ') +C'( V —A ) —C (10)

q(p)

&H-

p+(K2)

t~' j~ H

which vanishes for each of G=y, Z, or g.
To proceed with the B~p+p calculation, we couple

the off-shell Z boson to a pair of muons and obtain the
desired amplitude (in the q =m~ —+0 limit)

ig CzMz —q(p)I zb (p +q)P(k, )y (U —a„y5)p(kz),

where

(iv)
Vp=

2~w

1——+2x W

a„=
2~w

1

2
(12)

cw=cosOw .

b(p+q) H, Q, W

(K ))

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

q(p) H, qb, W
p (K2)

r= GFm~ f~q
2m.

Bq

2m
2

mBq

' 1/2

1 —4 " (Zc~X)
mBq

(13)

FIG. 1. Diagrams contributing to the process B~p+p
with mz (f~ ) being the mass (decay constant) of the B
meson and
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TABLE I. Couplings and coefticients used in obtaining the bqG amplitude. T; are the SU(3), generators.

Gauge
boson

stnw sln0 ~ 2
3

0

Z
cos28 gr

2cosO~
1

2 cosI9~ 3X~1 4 1

2
1 2+—xw2 3

2

X=(D+—,'mbE—)+ (F ,'E) —. —
mb

(14)

i

Ve/2
(15)

In our numerical calculations we take f~ =100 MeV

I
0-8

To be specific we consider the decay B,~p+p, ' the cor-
responding decay rate for Bd~p p is obtained by an
approximate rescaling (assuming fz —f~ and

$

m~ =m~ )
d $

(corresponding to f =93.3 MeV), mz =m~, and
$

~ V» V,', ~

= ~(0.98)(0.042) ~. Other choices of these parame-
ters lead to dift'erent values of I d which can be obtained
by simple rescaling.

Figures . 2 —5 show the branching fraction for
8, ~p+p from the charged-Higgs-boson contribution
to the amplitude only, for four values of the r-quark mass
(m, =50, 100, 150, and 200 GeV, respectively) as a func-
tion of the charged-Higgs-scalar mass (mH) for different
values of tang 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 t-quark
masses as given above as obtained from the work of
Inami and Lim. ' Note that in all cases the branching

IO
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I
0-8

I
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Io'
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IO IQ
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FIG. 2. The branching fraction for 8,~p p as a function
of mH with m, =50 CxeV for different values of tang consistent
with our constraint on the tbH coupling. Also shown is the SM
prediction.

IO
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FICx. 3. Same as Fig. 2 but for m, = 100 GeV.
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FIG. 4. Same as Fig. 2 but for m, = 150 GeV.
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fraction B falls quite rapidly with both increasing mH
and tanP. For m, =50 GeV (where small tanP values are
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 mH =200 GeV and tanP =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 tanP 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 tanP as m, is increased
the curves for B as a function of mH flatten out with in-
creasing mH. 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)
and tanP takes on small values ( 50.25) as well.

What are the prospects for observing decays such as
B,~p+p at branching fractions of order 10 ? The
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. '

While the rate for bb production at the SSC is very high
(-5 X 10 pairs/sec at a luminosity of 10 cm sec ')
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
e%ciencies 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

for b~B, and assumes a 12-GeV muon absorber.
The B,~p+p mode will be easily reconstructed with
high efFiciency in such a detector and usable rates are
suSciently large to explore the range of branching frac-
tions discussed here (-10 ).

This same mode should also be observable at dedicated
B factories using e e collisions. ' While backgrounds
are somewhat smaller for e+e machines, B, production
rates are also smaller. One should not expect more than
10 —10 B,'s/yr at such machines making it dificult if
not impossible to explore branching fractions as small as
—10 . Thus it seems that the SSC oA'ers the best pros-
pect for seeing the B,~p p decay mode.

How about the rare Z decay modes (bq+bq) induced
by charged Higgs scalars? Using Eqs. (5)—(9) and noting
that F terms do not contribute here (since q hz=0) we
find that

FIG. 5. Same as Fig. 2 but for m, =200 GeV.

M
I (Z~bq+ bq ) = (D + ,'MzE )—(16)
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TABLE II. Values of the branching fraction (B) for Z~bq+bq arising from charged-Higgs-boson-
exchange loop diagrams for different values of m, and mH. In each case the value of tang was chosen to
maximize the value of 8 consistent with our constraint on the charged-Higgs-boson coupling to the t
quark.

m, (GeV)

50
50
50
50

100
100
100
100
150
150
150
150
200
200
200
200

m„(OeV)

50
200
500

1000
50

200
500

1000
50

200
500

1000
50

200
500

1000

tan/3

0.1

0.1

0.1

0. 1

0.2
0.2
0.2
0.2
0.3
0.3
0.3
0.3
0.4
0.4
0.4
0.4

1.72 X 10-'
6.31 X 10
7.37 X 10-'
7.66 X 10
6.45 X 10-'
6.49 X 10
7.56 X 10-'
7.75 X 10-'
9.03 X 10
5.69 X 10
7.49 X 10
7.77 X 10-'
4.51X 10-'
4.66 X 10
7'.27 X 10-'
7.75 X 10-'

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

g'Mz
I (Z~vv) =

96mcw
(17)

Table II shows the values of Bz = I (Z ~bq
+bq)/I (Z~all) with q =s for representative values of
m, and MH with tanp chosen in each case so as to max-
irnize this ratio. One sees that in all the cases shown the
value of Bz ~7.8X10; the largest value we found
(Bz=1.2X10 ) was for m, =175 GeV, mH =25 GeV,
and tanP=0. 3. The ratio is very small due to small
Kobayashi-Maskawa (KM) angle factors as well as the
coupling constraint [Eq. (4}j. For q=d final states Bz
will be even smaller by the ratio of

I V,dl'/I V„I'. Since
Bz 10 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 inAuenee of
charged-Higgs-scalar exchange on the rare processes
B~p+p and Z~bq+qq. In the former case we found
that branching fractions for B,~p+p can be larger
than 2 X 10 (for our values of the KM elements and
f~ ) while the similar branching fraction for Bd~@ pS

will be scaled down by a factor
~ V,d ~ /~ V„~ . The present

experimental limit for Bd ~@+p is 5 X 10 (Ref. 15).
The region of low m, and small tanp produces the largest
enhancement of these rate decays due to a charged Higgs
scalar. The rare process Z~bq+bq has a very small
branching fraction (-10 ) in the model discussed here.

Finally, let us mention that we have been rather con-
servative to choose the allowed values of tanp by using
the constraint given in Eq. (4). The ratio of the vacuum
expectation values (VEV's) of the two Higgs-boson dou-

blets, u2/u, (=1/tanp) is a very important parameter in
this calculation, since the dominant term, D in Eqs. (8}
and (14), depends on the fourth power of this ratio. For
example, choosing (u2/u, )=10 and m, =100 GeV, we get
the values of the branching ratio, B (B,~p p ) =(3, 2,
1)X10 for mH=(25, 50, 100) GeV, respectively. This
choice would corresportd to f,bH/4' =0.6. Similarly, for
the same ratio of the VEV's, but m, =75 GeV, we get
B=(1, 0.5)X 10 for mH=(25, 50) GeV, respectively.
This choice corresponds to f,bH /4m =0.4. For such
choices, the branching ratio for the process Z~bq+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 6:—m, /mH and
E= q /pz~.
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J, =5f dx f dyD& '(1 —x —y)

t (1 —t)dt5
o t+5(1 t—) '

J2=5f dx f dy D, 'y(1 —x —y)

5 1-~ t'(1 t)d—t
o 2 "o t+5(1 t)—'

J3=5f dx f dyD, '
—,'(1 —2y)

5 & t(1 t)dt — 1=—J, 2 o t+5(1 t) —2

J,=5f 'dx f ' "dy D, ' ,'y(-1 2y—)

1. 4 dt,
2 o o t+5(1 t)—

(A 1)

(A2)

(A3)

J =s5f dx f dy D2 'y
0 0

i (1 t)'dt—
1$

q2 o' o t+5(1 —t)

Jb=5f dx f dy D2 '(1 —x —y)
0 0

(1 t)'dt-
"o t+5(l t)—

J7=5f dx f dy Dz 'x(1 —x —y)

, 5 l. ~ t(1 t)'dt-
"o t+5(l t) '—

Js=5f dx f dy Dz '(x+y)(l —x —y)

t (1+2t)(1—t)'dt
o t +5( 1 t)—

J,=5f dx f dy( D2 ')—
0 0

(1 t)dt——6
o t+5(l t)—

J» ——f 'dx f '
'dy[e(1 —x —y)yD, '+1+lnDz]

0 0

—,'+ f dt (1—t)ln[t +5(1—t)],q'-0

(A5)

(A6)

(A7)

(A8)

(A9)

(A10)

where D2 —=x+5(1—x)—e(y —y+xy). Also, we obtain

where D t =—exy+(x +y)+5(1 —x —y). Similarly, we ob-
tain

J„=f dx f dy lnD~

1f dt tln[t+5(l —t)], (Al 1)
2 0 0

1J„=f dt(1 —t)ln(1 t+—5t) .

Note that the q =m~~o limit is appropriate for the
8 ~p+p process, whereas for Z~bq+bq, q =mz
and is not negligible.

. GF'~~
i

2 ( V~b Viz)(xbxz)' (tan p)H2qy&(l —y&)32m.2

Xy bPy y'(1 ys)p . —(B5)

One sees that in all cases, chiral suppression exists in
each of the above terms. Both HH and PH terms -x„
whereas the WH term -(x„xb )' and is further
suppressed by tan g (assuming tan P ( 1, of course).

APPENDIX 8

In this appendix we give the expression for the chirally
suppressed amplitudes contributing to the B~p+p
process arising from the various box diagrams (HH, O'H,
and PH) shown in Fig. l. In what follows we define
x;=m; /Mu.

We find the following contributions.
HH:

. GF~W
, (V„V,", )x,x„ii,qy, (1—y, )bpy'(I —y, )p,

32%2

(B1)

with
r

H~ =——(x, —xH) ' —x, (x, —xH) ln(x, /xH) . (B2)

QH:

GFM~
2! ( Vb V,*)x,x„Hzqy~( 1 —y, )bpy ( 1 —yz)p,

327T2

(B3)

where

xHlnxH —x, lnx, +x,xHln(x, /xH )

(1—xH )(1—x, )(xH —x, )
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