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H¿\W¿l i
Àl j

¿ decay in the two Higgs doublet model
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We study the lepton flavor violating~LFV! H1→W1l i
2l j

1 and the lepton flavor conserving~LFC! H1

→W1l i
2l i

1 ( l i5t,l j5m) decays in the framework of the general two Higgs doublet model, the so-called
model III. We estimate the decay width of LFV~LFC! decay at the order of magnitude of 10211–1025 GeV

(1029–1024 GeV), for 200 GeV<mH6<400 GeV, and intermediate values of the couplingj̄N,tm
E ;5 GeV

( j̄N,tt
E ;30 GeV). We observe that experimental results for the process under consideration can give compre-

hensive information about physics beyond the standard model and the existing free parameters.
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I. INTRODUCTION

The charged Higgs boson carries a distinctive signatur
the Higgs sector in models beyond the standard model~SM!,
such as the two Higgs doublet model~2HDM! and the mini-
mal extension of the standard model~MSSM!. Therefore, its
discovery will be evidence of the multidoublet structure
the Higgs sector. In the literature, charged Higgs boson
cays have been widely studied.

Charged Higgs boson production in hadron colliders w
studied in@1# and more systematic calculations of producti
process at the CERN Large Hadron Collider~LHC! have
been presented in@2#. At the LHC the dominant production
channel forH1 is gb→H1t. One expects more than 100
events for a Higgs boson massmH15400 GeV, with an in-
tegrated luminosity ofL5100 fb21 @3#. At the Tevatron, the
Collider Detector at Fermilab~CDF! and D0 Collaborations

have searched forH1 bosons through the processpp̄→t t̄ ,
with at least one of the top quarks decaying viat→H1b.
They have excluded the regions with lightH1 @4#. At present
the model independent lower limit on the charged Higgs
son mass ismH1.77.4 GeV@5#.

Charged Higgs boson decay into a tau and neutrino
analyzed in@6# and in@7# and it was shown that the domina
decay modes of the charged Higgs boson areH1→t1n and

H1→tb̄. However, the other candidate for a large branch
ratio ~BR! is the processH1→W1h0, and it has been exam
ined in @8,9#. The analysis in@8# was related toH1

→W1h0 decay, in the framework of the 2HDM, includin
loop corrections, and for some reasonable choice of free
rameters those corrections could be as large as;80% of the
tree level result. In@9#, the chance of detecting the charg
Higgs boson of the MSSM at the Large Hadron Collider,
the W1h0 mode, was studied and it was concluded that
charged Higgs boson signal overcomes the background
optimum tanb values between 2 and 3. In@10# the above
decay was analyzed in the MSSM and the electroweak
rections were obtained. It was observed that, for low tanb,
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these corrections caused an enhancement at the orde
20%.

The work in @11# is devoted to the decays of the charg
Higgs boson, including the decays modesW1g and W1Z,
mostly in the framework of the 2HDM and MSSM. In@12#,
the analysis ofH1→W1g, H1→W1Z, and H1→W1h0

decays was done in the context of the effective Lagrang
extension of the 2HDM. In this work the BRs were obtain
at the order of magnitude of 1025,1021, andO(1), respec-
tively.

Lepton flavor violating~LFV! interactions are interesting
since they do not exist in the SM and give a strong sig
about the new physics beyond. Such decays are of grea
terest at present and the experimental search has been
proved. TheH0→tm decay is an example of a LFV deca
and it was studied in@13,14#. In @13# a large BR, at the orde
of magnitude of 0.1–0.01, was estimated in the framew
of the 2HDM. In @14# its BR was obtained in the interva
0.001–0.01 for the Higgs boson mass range 100–160 G
for the LFV parameterkmt51.

Our work is devoted to the analysis of the LFVH1

→W1l i
2l j

1 and the lepton flavor conserving~LFC! H1

→W1l i
2l i

1 ( l i5t,l j5m) decays in the framework of the
general 2HDM, the so-called model III. This LFV decay o
curs through the chain processes,H1→W1(h0* ,A0* )
→W1l i

2l j
1 , whereh0,A0 areCP even neutral Higgs boson

beyond the SM. This decay is rich in the sense that its de
width depends on the masses of the new particles, nam
mH6,mh0,mA0, the leptonic Yukawa couplings, and total d
cay widthsGh0,GA0. In our analysis, we observe large va
ues, at the order of magnitude of 1024 GeV, for the decay
width of the process, for outgoingt and m leptons. This is
informative in the determination of the upper limits of th
Yukawa couplings for LFV interactions and also in the pr
diction of the new Higgs boson masses and the total de
widths of the new neutral Higgs bosons.

We also analyze the LFCH1→W1l i
2l i

1 ( l i5t) decay in
model III. We observe that the decay width of the proce
reaches the value 1023 GeV, depending on an appropria
choice of the free parameters. This analysis allows a pre
tion for the leptonic constant, which is responsible for t
t-t transition.

The paper is organized as follows. In Sec. II, we presen
©2003 The American Physical Society06-1
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theoretical expression for the decay width of the LFV dec
H1→W1l i

2l j
1 and the LFC decayH1→W1l i

2l i
1 , l i5t,l j

5m, in the framework of model III. Section III is devoted t
discussion and our conclusions.

II. THE CHARGED HIGGS H¿\W¿l i
Àl j

¿ DECAY IN THE
TWO HIGGS DOUBLET MODEL

In this section, we derive the expressions for the L
H1→W1l i

2l j
1 and LFC H1→W1l i

2l j
1 ( l i5t,l j5m) de-

cays in the general 2HDM, the so-called model III. The le
tonic part of the process can be regulated by the Yuka
interaction in the leptonic sector

LY5h i j
E l̄ iLf1EjR1j i j

E l̄ iLf2EjR1H.c., ~1!

where i , j are family indices of leptons,L andR denote the
chiral projectionsL(R)51/2(17g5), f i ( i 51,2), are the
two scalar doublets, andl iL andEjR are the lepton doublet
and singlets, respectively. On the other hand theH1→W1

transition is possible with the help of scalar bosons, the
Higgs bosonH0, and theCP even ~odd! new particleh0

(A0). The part of the Lagrangian that is responsible for th
transitions is the so-called kinetic term

~Dmf i !
1Dmf i5S ]mf i

11 i
g8

2
Bmf i

11 i
g

2
f i

1
tW

2
WW mD

3S ]mf i2 i
g8

2
Bmf i2 i

g

2
f i

tW

2
WW mD .

~2!

Heref1 andf2 are chosen as

f15
1

A2
F S 0

v1H0D 1S A2x1

ix0 D G , f25
1

A2
S A2H1

H11 iH 2
D ,

~3!

where onlyf1 has a vacuum expectation value,

^f1&5
1

A2
S 0

v D , ^f2&50. ~4!

By considering the gauge andCP invariant Higgs potential
which spontaneously breaks SU(2)3U(1) down to U(1) as

V~f1 ,f2!5c1~f1
1f12v2/2!21c2~f2

1f2!21c3@~f1
1f1

2v2/2!1f2
1f2#21c4@~f1

1f1!~f2
1f2!

2~f1
1f2!~f2

1f1!#1c5@Re~f1
1f2!#2

1c6@ Im~f1
1f2!#21c7 , ~5!

with constantsci ,i 51, . . . ,7,H1 andH2 are obtained as the
03500
y

-
a

e

mass eigenstatesh0 and A0, respectively, since no mixing
occurs between twoCP even neutral bosonsH0 and h0 in
the tree level and the internal new scalarsh0 andA0 play the
main role in bothH1→W1l 1

2l 2
1 andH1→W1l 1

2l 1
1 decays

~see Fig. 1!.
Now, we consider the lepton flavor changing proce

H1→W1l i
2l j

1 where l i ,l j are different leptons flavors
e,m,t. This process is driven by the flavor changing intera
tion in the leptonic sector and the strength of this interact
is carried by the Yukawa couplingsj i j

E , which are the free
parameters of the model III version of the 2HDM. They c
have complex entries in general and be restricted by us
experimental measurements. Notice that, in the followi
we replacejE with jN

E where ‘‘N’’ denotes the ‘‘neutral.’’
The vertex function forH1→W1 is connected to the

l i
2l j

1 outgoing leptons by intermediateh0 andA0 bosons and
the matrix element squared of the processH1→W1l i

2l j
1 is

obtained as

uM u25
g2

2
h„$@~ml j

1ml i
!22k2#uA2u21@~ml j

2ml i
!22k2#

3uB2u2%uph0u21$@~ml j
1ml i

!22k2#uA82u2

1@~ml j
2ml i

!22k2#uB82u2%upA0u224ml j
ml i

3Im@~AA8* 2BB8* !ph0pA0* #22~ml j

2 1ml i
22k2!

3Im@~A A8* 1BB8* !ph0pA0* #… ~6!

where

h5
k21~mH6

2
2mW

2 !222k2~mH6
2

1mW
2 !2

mW
2

, ~7!

and

pS5
i

k22mS
21 imSGS

~8!

with the transfer momentum squaredk2. GS is the total decay
width of the S boson, forS5h0 A0. In eq. ~6! the factors
A,A8,B,B8 are functions of the Yukawa couplings

FIG. 1. Tree level diagrams contribute toG(H1→W1l i
2l j

1), i
5e,m,t, decay in the model III version of 2HDM. Solid line
represent leptons; dashed lines represent theH1,W1, h0, andA0

fields.
6-2



e

gg

m
b
T

s
ou

w
th
d

e

e
d
c

son

he

e-

n

lue

H1→W1l i
2l j

1 DECAY IN THE TWO HIGGS DOUBLET MODEL PHYSICAL REVIEW D67, 035006 ~2003!
A52
i

2A2
~jN,l j l i

E 1jN,l i l j
* E !,

A85
1

2A2
~jN,l j l i

E 2jN,l i l j
* E !,

B52
i

2A2
~jN,l j l i

E 2jN,l i l j
* E !,

B85
1

2A2
~jN,l j l i

E 1jN,l i l j
* E !. ~9!

Finally, the decay widthG is obtained in theH6 boson rest
frame using the well known expression

dG5
~2p!4

mH6

uM u2 d4S p2(
i 51

3

pi D)
i 51

3
d3pi

~2p!32Ei

, ~10!

wherep (pi ,i 51,2,3) is the four-momentum vector of th
H1 boson (W1 boson; incomingl j and outgoingl i leptons!.

III. DISCUSSION

This section is devoted to analysis of the charged Hi
decaysH1→W1(t2m11t1m2) andH1→W1t2t1. The
Yukawa couplingsjN,tm

E (jN,tt
E ) play the main role in the

leptonic part of the LFVH1→W1(t2m11t1m2) @LFC
H1→W1( l t

2l t
1)] process. These couplings are free para

eters of the model used and they should be restricted
respecting the appropriate experimental measurements.
upper limit of the couplingjN,tm

E has been predicted a
;0.15, by using the experimental result for the anomal
magnetic moment of the muon in@15#. However, the strength
of the couplingjN,tt

E is an open problem and waiting for ne
experimental results in the leptonic sector. Furthermore,
total decay widths ofh0 andA0 are unknown parameters an
we expect that they are at the same order of magnitud
GH0;0.1–1.0 GeV, whereH0 is the SM Higgs boson.

Notice that the couplingsjN,tt
E andjN,tm

E , are complex in
general and in the following we use the parametrization

jN,i j
E 5A4GF

A2
j̄N,i j

E , ~11!

whereGF51.663731025 GeV22 is the Fermi constant. In
our numerical calculations, we takemW580 GeV.

At this stage, we would like to discuss the various charg
Higgs boson decays which are dominant and can be use
the calculation of the BRs. The candidates for these de
modes of the charged Higgs boson areH1→W1h0, H1

→t1n, and H1→tb̄ @6–9#. The total decay width of the
charged Higgs boson is approximated by

G tot~H1!5G~H1→W1h0!1G~H1→tb̄!1G~H1→t1n!

1G~H1→cs̄!.
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Here we present the various BRs of the charged Higgs bo
decays:

BR~H1→tb̄!,1,

BR~H1→t1n!,0.1,

BR~H1→W1h0!,0.01,

BR~H1→m1n!5,0.001,

BR~H1→cs̄!,0.0001 ~12!

have been obtained, for tanb;10 andmH1;400 GeV, in
the MSSM @9#. These results are strongly sensitive to t
choice of tanb, and increasing values of tanb make H1

→t1n andH1→m1n more dominant compared to the d
cay H1→W1h0. In @12#, H1→W1h0 was predicted at the
order of O(1) , in the context of the effective Lagrangia
extension of the 2HDM.

Now we start to analyze the three-body decayH1

→W1(t2m11t1m2). In Fig. 2, we present thej̄N,tm
E de-

pendence of the decay widthG for the decay H1

FIG. 3. The mH6 dependence of the decay widthG„H1

→W1(t2m11t1m2)… for the fixed values ofj̄N,tm
E 51 GeV,

GA05Gh050.1 GeV,mh0585 GeV, andmA0590 GeV.

FIG. 2. j̄N,tm
E dependence of the decay widthG„H1

→W1(t2m11t1m2)…, for real coupling j̄N,tm
E , GA05Gh0

50.1 GeV mh0585 GeV and mA0590 GeV. Here the solid
~dashed, small-dashed! line represents the case for the mass va
mH65200(300,400) GeV.
6-3
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→W1(t2m11t1m2), for real coupling j̄N,tm
E , GA05Gh0

50.1 GeV,mh0585 GeV andmA0590 GeV. Here the solid
~dashed, small-dashed! line represents the case for the Hig
boson massmH65200(300,400) GeV.G is strongly sensi-
tive to the couplingj̄N,tm

E , since it is proportional to the
square of this coupling. Furthermore, this figure shows thaG
is enhanced with increasing values of the charged Hi
mass, as expected.G is at the order of magnitude o
10211 GeV for mH65200 GeV and it is enhanced to th
value 1025 GeV for mH65400 GeV, even for intermediat
values ofj̄N,tm

E . Figure 3 represents themH6 dependence o

G for the fixed values of j̄N,tm
E 51 GeV, GA05Gh0

50.1 GeV, mh0585 GeV, and mA0590 GeV. It is ob-
served thatG reaches large values at the order of magnitu
of 1025 even for the small couplingj̄N,tm

E 51 GeV. This is
interesting in the determination of the upper limit for th
charged Higgs boson massmH6 and also the couplingj̄N,tm

E .
In Fig. 4 we present the total decay widthGh0 dependence

of the decay widthG for GA05Gh0, j̄N,tm
E 51 GeV, mH6

5400 GeV, mh0585 GeV, andmA0590 GeV. G is sensi-
tive to Gh0 and decreases with increasingGh0.

FIG. 5. j̄N,tt
E dependence of the decay widthG(H1

→W1 t2t1), for real couplingj̄N,tt
E , GA05Gh050.1 GeV, mh0

585 GeV, and mA0590 GeV. Here the solid~dashed, small-
dashed! line represents the case for the mass valuemH6

5200(300,400) GeV.

FIG. 4. Gh0 dependence of the decay widthG„H1

→W1(t2m11t1m2)… for GA05Gh0, j̄N,tm
E 51 GeV, mH6

5400 GeV,mh0585 GeV, andmA0590 GeV.
03500
s

e

Here, we will make the same analysis for the lepton co
serving processH1→W1t2t1. Figure 5 denotes thej̄N,tt

E

dependence of the decay widthG, for real coupling,GA0

5Gh050.1 GeV, mh0585 GeV, andmA0590 GeV. Here
the solid~dashed, small-dashed! line represents the case fo
the mass valuemH65200(300,400) GeV.G is strongly sen-
sitive to the couplingj̄N,tt

E . It is enhanced with increasing
values of the charged Higgs boson mass and it is place
the interval 1029–1024 GeV for 200 GeV<mH6

<400 GeV, at intermediate values of the couplingj̄N,tt
E . In

Fig. 6, we present themH6 dependence ofG for j̄N,tt
E

510 GeV, GA05Gh050.1 GeV, mh0585 GeV, and mA0

590 GeV. From the figure it is seen thatG reaches large
values at the order of magnitude of 1024, even for the small
coupling j̄N,tt

E 510 GeV. Determination of the upper limi

for the couplingj̄N,tt
E would be possible with measureme

of the process under consideration.
Figure 7 represents theGh0 dependence of the deca

width G for GA05Gh0, j̄N,tt
E 510 GeV, mH65400 GeV,

mh0585 GeV andmA0590 GeV. G is sensitive toGh0 and
decreases with increasingGh0, as in the LFV processH1

→W1t2m1.
Finally, we consider the couplingj̄N,l i l j

E complex

FIG. 6. The mH6 dependence of the decay widthG(H1

→W1t2t1) for the fixed values ofj̄N,tt
E 510 GeV, GA05Gh0

50.1 GeV,mh0585 GeV, andmA0590 GeV.

FIG. 7. Gh0 dependence of the decay widthG(H1

→W1 t2t1) for GA05Gh0, j̄N,tt
E 510 GeV, mH65400 GeV,

mh0585 GeV, andmA0590 GeV.
6-4
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j̄N,l i l j

E 5u j̄N,l i l j

E ueiu l i l j, ~13!

and study the sinulil j
dependence of the decay width. W

observe that the decay width is not sensitive to the comp
ity of the couplingj̄N,l i l j

E .

At this stage we would like to summarize our results.
We predict the decay width G„H1→W1(t2m1

1t1m2
… @G(H1→W1t2t1# in the interval

10211–1025 GeV (102921024 GeV), for 200 GeV<mH6

<400 GeV, at intermediate values of the couplingj̄N,tm
E

;5 GeV (j̄N,tt
E ;30 GeV). With the possible experiment

measurement of the processes under consideration, s
clues would be obtained in the prediction of the upper lim
of the couplingj̄N,tm

E ( j̄N,tt
E ) . This result is also informative

for the determination of the charged Higgs boson massmH6.
rg

-
s
.
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d

h
.
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We observe that the decay widthG„H1→W1(t2m1

1t1m2)… @G(H1→W1t2t1)# is strongly sensitive to the
charged Higgs boson massmH6.

We observe that the decay widthG„H1→W1(t2m1

1t1m2)… @G(H1→W1(t2t1)# is not sensitive to the pos
sible complexity of the Yukawa coupling.

Therefore, the experimental and theoretical analysis
these decays of the charged Higgs boson would en
strong hints in the determination of physics beyond the S
and the existing free parameters.
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