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Recent data from the ATLAS and CMS detectors at the Large Hadron Collider at CERN give a hint of
possible violation of flavor in the leptonic decays of the Higgs boson. In this work we analyze the flavor
violating leptonic decays H0

1 → lil̄j (i ≠ j) within the framework of a minimal supersymmetric standard

model extension with a vectorlike leptonic generation. Specifically we focus on the decay mode H0
1 → μτ.

The analysis is done including tree and loop contributions involving exchange ofW, Z, charged and neutral
Higgs bosons and leptons and mirror leptons, charginos and neutralinos and sleptons and mirror sleptons. It
is found that a substantial branching ratio of H0

1 → μτ, i.e., of as much as Oð1Þ%, can be achieved in this
model, the size hinted by the ATLAS and CMS data. The flavor violating decays H0

1 → eμ, eτ are also
analyzed and found to be consistent with the current experimental limits. An analysis of the dependence of
flavor violating decays on CP phases is given. The analysis is extended to include flavor decays of the
heavier Higgs bosons. A confirmation of the flavor violation in Higgs boson decays with more data that is
expected from LHC at

ffiffiffi
s

p ¼ 13 TeV will be evidence of new physics beyond the standard model.

DOI: 10.1103/PhysRevD.94.115029

I. INTRODUCTION

Recently the ATLAS [1] and the CMS [2] Collaborations
at CERN have observed some possible hints of flavor
violating decays of the Higgs boson H0

1. Thus the ATLAS
Collaboration finds [1]

BRðH0
1 → μτÞ ¼ BRðH0

1 → μþτ−Þ þ BRðH0
1 → μ−τþÞ

¼ ð0.77� 0.62Þ% ð1Þ

while the CMS Collaboration finds [2]

BRðH0
1 → μτÞ ¼ BRðH0

1 → μþτ−Þ þ BRðH0
1 → μ−τþÞ

¼ ð0.84þ0.39
−0.37Þ%: ð2Þ

For the eμ and eτ modes the experiments find a 95% C.L.
bounds so that

BRðH0
1 → eμÞ < 0.036%;

BRðH0
1 → eτÞ < 0.70%: ð3Þ

More data are expected in the near future, which makes an
investigation of the lepton flavor violation in Higgs decays a

timely topic of investigation. Thus in the standard model
there is no explanation of flavor violating leptonic decays of
the Higgs boson and if they are confirmed that would be
direct evidence for new physics beyond the standard model.
In thisworkweexplain the flavor violating leptonic decays of
the Higgs boson in the framework of an extended minimal
supersymmetric standard model (MSSM) with a vectorlike
leptonic generation following the techniques discussed in
[3–5]. Flavor changing Higgs decays are of significant
theoretical interest and for some previous works see, e.g.,
[6–28].
In the analysis of this work the three leptonic generations

mix with the vectorlike generation, which leads to flavor
violation for the Higgs interactions. The analysis is carried
out at the tree (see Fig. 1) and loop level where loop
diagrams involving W, Z, leptons and mirror leptons (see
Figs. 2 and 4), charginos, neutralinos, sleptons and mirror
sleptons (see Figs. 3 and 5), and charged Higgs, neutral
Higgs, sleptons and mirror sleptons (see Figs. 6 and 7) are
taken account of. It is shown that flavor violating decays of
the Higgs boson of the size hinted by the ATLAS and CMS
data can be achieved consistent with the Higgs boson mass
constraint. The dependence of the branching ratio of the

FIG. 1. Tree level contribution to the flavor violating μ�τ∓
decay of the neutral Higgs bosons.
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flavor violating decay μτ as well as the dependence of the
Higgs boson mass on CP phases is analyzed.
The outline of the rest of the paper is as follows. In Sec. II

we give a description of the extended MSSM model. In

Sec. III an analytic analysis of the triangle loops Figs. 2–7
that contribute to the flavor changing processes is given.
Numerical analysis is given in Sec. IV. Here we also study
the dependence of the flavor violation on CP phases.
Conclusions are given in Sec. V. Further details of the
analysis are given in the appendix.

II. THE MODEL

As mentioned in Sec. I the model we use for the
computation of the flavor violating leptonic decays of the
Higgs boson is an extended MSSM which includes a
vectorlike leptonic generation. As is well known, vectorlike
multiplets appear in a variety of unified models including
string and D brane models [29–32]. Many applications of
these vectorlike multiplets exist in the literature [3–5,33–
35]. In our analysis we include one vectorlike matter
multiplet along with the three generations of matter. We
begin by defining the notation for the matter content of the
model and their properties under SUð3ÞC × SUð2ÞL×
Uð1ÞY . For the four sequential leptonic families we use
the notation

ψ iL ≡
�
νiL

liL

�
∼
�
1;2;−

1

2

�
;lc

iL ∼ ð1; 1;1Þ; νciL ∼ ð1; 1; 0Þ;

ð4Þ

where the last entry on the right-hand side of each ∼ is the
value of the hypercharge Y defined so thatQ ¼ T3 þ Y and
we have included in our analysis the singlet field νci , with i
runs from 1–4. For the mirrors we use the notation

FIG. 2. Left panel: The W loop diagram involving the exchange
of sequential and vectorlike neutrinos and mirror neutrinos. Right
panel: The Z loop diagram involving the exchange of sequential
and vectorlike leptons and mirror leptons.

FIG. 3. Left panel: The chargino loop diagram involving the
exchange of sequential and vectorlike sneutrinos and mirror sneu-
trinos. Right panel: The neutralino loop diagram involving the
exchange of sequential and vectorlike sleptons and mirror sleptons.

FIG. 4. Left panel: The W loop diagram involving the exchange
of neutrinos and mirror neutrinos. Right panel: The Z loop
diagram involving the exchange of charged leptons and charged
mirror leptons.

FIG. 5. Left panel: Chargino loop diagram involving the
exchange of sneutrinos and mirror sneutrinos. Right panel:
Neutralino loop diagram involving the exchange of sleptons
and mirror sleptons.

FIG. 6. Loop diagrams with neutral Higgs, charged leptons and
mirror charged leptons.

FIG. 7. Loops with charged Higgs, neutrinos and mirror
neutrinos.
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χc ≡
�
Ec
μL

Nc
L

�
∼
�
1; 2;

1

2

�
; EμL ∼ ð1; 1;−1Þ;NL ∼ ð1; 1; 0Þ:

ð5Þ

The main difference between the leptons and the mirrors is
that while the leptons have V − A type interactions with
SUð2ÞL ×Uð1ÞY gauge bosons the mirrors have V þ A
interactions. Further details of the model including the

superpotential, Lagrangian, and mass matrices are given
below.
As discussed above the analysis is based on the

assumption that there is a vectorlike leptonic generation
that lies at low scales. Including this vectorlike generation
we discuss the superpotential, soft terms, mass matrices and
particle and sparticle spectrum that enters in the analysis in
this section. Thus the superpotential of the model for the
lepton part is taken to be of the form

W ¼ −μϵijĤi
1Ĥ

j
2 þ ϵij½f1Ĥi

1ψ̂
j
Lτ̂

c
L þ f01Ĥ

j
2ψ̂

i
Lν̂

c
τL þ f2Ĥ

i
1χ̂

cjN̂L þ f02Ĥ
j
2χ̂

ciÊL

þ h1Ĥ
i
1ψ̂

j
μLμ̂

c
L þ h01Ĥ

j
2ψ̂

i
μLν̂

c
μL þ h2Ĥ

i
1ψ̂

j
eLê

c
L þ h02Ĥ

j
2ψ̂

i
eLν̂

c
eL þ y5Ĥ

i
1ψ̂

j
4Ll̂

c
4L þ y05Ĥ

j
2ψ̂

i
4Lν̂

c
4L�

þ f3ϵijχ̂ciψ̂
j
L þ f03ϵijχ̂

ciψ̂ j
μL þ f4τ̂cLÊL þ f5ν̂cτLN̂L þ f04μ̂

c
LÊL þ f05ν̂

c
μLN̂L

þ f003ϵijχ̂
ciψ̂ j

eL þ f004 ê
c
LÊL þ f005 ν̂

c
eLN̂L þ h6ϵijχ̂ciψ̂

j
4L þ h7l̂

c
4LÊL þ h8ν̂c4LN̂L; ð6Þ

where ^ implies superfields, ψ̂L stands for ψ̂3L, ψ̂μL stands
for ψ̂2L and ψ̂eL stands for ψ̂1L. Mixings of the above type
can arise via nonrenormalizable interactions. Consider, for
example, a term such as 1=MPlν

c
LNLΦ1Φ2. If Φ1 and Φ2

develop VEVs of size 109–10, a mixing term of the right size
can be generated. We assume that the couplings in Eq. (6)
are complex and we define their phases so that

fk ¼ jfkjeiχk ; f0k ¼ jf0kjeiχ
0
k ; f00k ¼ jf00k jeiχ

00
k ;

hi ¼ jhijeiθhi ; h0i ¼ jh0ijeiθ
0
hi ; h00i ¼ jh00i je

iθh00
i ; ð7Þ

where k, i take on the appropriate values that appear in
Eq. (6).
The mass terms for the neutrinos, mirror neutrinos,

leptons and mirror leptons arise from the term

L ¼ −
1

2

∂2W
∂Ai∂Aj

ψ iψ j þ H:c: ð8Þ

where ψ and A stand for generic two-component fermion
and scalar fields. After spontaneous breaking of the electro-
weak symmetry, (hH1

1i¼v1=
ffiffiffi
2

p
and hH2

2i¼v2=
ffiffiffi
2

p
), we

have the following set of mass terms written in the four-
component spinor notation so that

−Lm ¼ ξ̄TRðMfÞξL þ η̄TRðMlÞηL þ H:c:; ð9Þ

where the basis vectors in which the mass matrix is written
are given by

ξ̄TR ¼ ð ν̄τR N̄R ν̄μR ν̄eR ν̄4R Þ;
ξTL ¼ ð ντL NL νμL νeL ν4L Þ;
η̄TR ¼ ð τR ĒR μR eR l̄4R Þ;
ηTL ¼ ð τL EL μL eL l4L Þ; ð10Þ

and the mass matrix Mf of neutrinos is given by

Mf ¼

0
BBBBBBBBB@

f01v2=
ffiffiffi
2

p
f5 0 0 0

−f3 f2v1=
ffiffiffi
2

p
−f03 −f300 −h6

0 f05 h01v2=
ffiffiffi
2

p
0 0

0 f500 0 h02v2=
ffiffiffi
2

p
0

0 h8 0 0 y05v2=
ffiffiffi
2

p

1
CCCCCCCCCA
: ð11Þ

We define the matrix element (22) of the mass matrix as mN so that

mN ¼ f2v1=
ffiffiffi
2

p
: ð12Þ

The mass matrix is not Hermitian and thus one needs biunitary transformations to diagonalize it. We define the biunitary
transformation so that
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Dν†
R ðMfÞDν

L ¼ diagðmψ1
; mψ2

; mψ3
; mψ4

; mψ5
Þ: ð13Þ

In ψ1, ψ2, ψ3, ψ4, ψ5 are the mass eigenstates for the neutrinos, where in the limit of no mixing we identify ψ1 as the light
tau neutrino, ψ2 as the heavier mass mirror eigenstate, ψ3 as the muon neutrino, ψ4 as the electron neutrino and ψ5 as the
other heavy four-sequential generation neutrino. A similar analysis goes to the lepton mass matrix Ml where

Ml ¼

0
BBBBBBBBB@

f1v1=
ffiffiffi
2

p
f4 0 0 0

f3 f02v2=
ffiffiffi
2

p
f03 f003 h6

0 f04 h1v1=
ffiffiffi
2

p
0 0

0 f004 0 h2v1=
ffiffiffi
2

p
0

0 h7 0 0 y5v1=
ffiffiffi
2

p

1
CCCCCCCCCA
: ð14Þ

We introduce now the mass parameter mE defined by the (22) element of the mass matrix above so that

mE ¼ f02v2=
ffiffiffi
2

p
: ð15Þ

The mass squared matrices of the slepton-mirror slepton and sneutrino-mirror sneutrino come from three sources: the F
term, the D term of the potential and the soft supersymmetry (SUSY) breaking terms. After spontaneous breaking of the
electroweak symmetry the Lagrangian is given by

L ¼ LF þ LD þ Lsoft; ð16Þ

where LF is deduced from −LF ¼ FiF�
i , while the LD is given by

−LD ¼ 1

2
m2

Zcos
2θW cos 2βf~ντL ~ν�τL − ~τL ~τ

�
L þ ~νμL ~ν

�
μL − ~μL ~μ

�
L þ ~νeL ~ν

�
eL − ~eL ~e�L þ ~ER

~E�
R − ~NR

~N�
R þ ~ν4L ~ν

�
4L − ~l4L

~l�
4Lg

þ 1

2
m2

Zsin
2θW cos 2βf~ντL ~ν�τL þ ~τL ~τ

�
L þ ~νμL ~ν

�
μL þ ~μL ~μ

�
L þ ~νeL ~ν

�
eL þ ~eL ~e�L þ ~ν4L ~ν

�
4L þ ~l4L

~l�
4L

− ~ER
~E�
R − ~NR

~N�
R þ 2 ~EL

~E�
L − 2~τR ~τ

�
R − 2~μR ~μ

�
R − 2~eR ~e�R − 2~l4R

~l�
4Rg: ð17Þ

For Lsoft we assume the following form:

−Lsoft ¼ ~M2
τL ~ψ

i�
τL ~ψ

i
τL þ ~M2

χ ~χ
ci� ~χci þ ~M2

μL ~ψ
i�
μL ~ψ

i
μL þ ~M2

eL ~ψ
i�
eL ~ψ

i
eL þ ~M2

ντ ~ν
c�
τL ~ν

c
τL þ ~M2

νμ ~ν
c�
μL ~ν

c
μL þ ~M2

4L ~ψ
i�
4L ~ψ

i
4L þ ~M2

ν4 ~ν
c�
4L ~ν

c
4L

þ ~M2
νe ~ν

c�
eL ~ν

c
eL þ ~M2

τ ~τ
c�
L ~τcL þ ~M2

μ ~μ
c�
L ~μcL þ ~M2

e ~ec�L ~ecL þ ~M2
E
~E�
L
~EL þ ~M2

N
~N�
L
~NL þ ~M2

4
~lc�
4L
~lc
4L

þ ϵijff1AτHi
1 ~ψ

j
τL ~τ

c
L − f01AντH

i
2 ~ψ

j
τL ~ν

c
τL þ h1AμHi

1 ~ψ
j
μL ~μ

c
L − h01AνμH

i
2 ~ψ

j
μL ~ν

c
μL þ h2AeHi

1 ~ψ
j
eL ~e

c
L − h02AνeH

i
2 ~ψ

j
eL ~ν

c
eL

þ f2ANHi
1 ~χ

cj ~NL − f02AEHi
2 ~χ

cj ~EL þ y5A4lHi
1 ~ψ

j
4L
~lc
4L − y05A4νHi

2 ~ψ
j
4L ~ν

c
4L þ H:c:g: ð18Þ

The trilinear couplings Ai are also complex and we define
their phases so that

Ai ¼ jAijeθAi : ð19Þ

We define the scalar mass squared matrix M2
~τ in the basis

ð~τL; ~EL; ~τR; ~ER; ~μL; ~μR; ~eL; ~eR; ~l4L; ~l4RÞ: ð20Þ

We label the matrix elements of these as ðM2
~τÞij ¼ M2

ij
where the elements of the matrix are given in [36]. We

assume that all the masses are of the electroweak size so all
the terms enter in the mass squared matrix. We diagonalize
this Hermitian mass squared matrix by the unitary trans-
formation

~Dτ†M2
~τ
~Dτ ¼ diagðM2

~τ1
;M2

~τ2
;M2

~τ3
;M2

~τ4
;M2

~τ5
;

M2
~τ6
;M2

~τ7
;M2

~τ8
M2

~τ9
;M2

~τ10
Þ: ð21Þ

The mass2 matrix in the sneutrino sector has a similar
structure. We work in the basis
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ð~ντL; ~NL; ~ντR; ~NR; ~νμL; ~νμR; ~νeL; ~νeR; ~ν4L; ~ν4RÞ ð22Þ

and write the sneutrino mass2 matrix in the form ðM2
~νÞij ¼

m2
ij where the elements are given in [36]. As in the charged

lepton sector we assume that all the masses are of the
electroweak size so all the terms enter in the mass2 matrix.
This mass2 matrix can be diagonalized by the unitary
transformation

~Dν†M2
~ν
~Dν ¼ diagðM2

~ν1
;M2

~ν2
;M2

~ν3
;M2

~ν4
;M2

~ν5
;M2

~ν6
;

M2
~ν7
;M2

~ν8
;M2

~ν9
;M2

~ν10
Þ: ð23Þ

III. ANALYSIS OF FLAVOR VIOLATING
LEPTONIC DECAYS OF THE HIGGS BOSON

Flavor changing decays of this extended MSSM model
arise at both the tree level due to lepton and mirror lepton
mass mixing and at the loop level. There are several
diagrams that contribute to the decays. These include the
exchange of the charged W bosons and neutrinos and
mirror neutrinos (see the left panel of Fig. 2), exchange of
Z bosons and leptons and mirror leptons (see the right
panel of Fig. 2), exchange of charginos, sneutrinos and
mirror sneutrinos (see the left panel of Fig. 3) and the
exchange of neutralinos, charged sleptons and mirror

charged sleptons (see the right panel of Fig. 3).
Additional diagrams which involve Higgs-neutrino-
neutrino, Higgs-lepton-lepton, Higgs-sneutrino-sneutrino
and Higgs-slepton-slepton vertices are given in Figs. 4
and 5. Other diagrams involving neutral and charged
Higgs running in the loops are given in Figs. 6 and 7.
So at the tree level, there is a coupling between the fields
H1

1, H
2
2, μ and τ due to mixing given by (see Appendix)

−Leff ¼ μ̄χ31PLτH1
1 þ μ̄η31PLτH2

2

þ τ̄χ13PLμH1
1 þ τ̄η13PLμH2

2 þ H:c: ð24Þ

The loop corrections produce the effective Lagrangian

Leff ¼ μ̄δξμτPRτH1
1 þ μ̄ΔξμτPLτH1

1

þ μ̄δξ0μτPRτH2
2 þ μ̄Δξ0μτPLτH2

2 þ H:c: ð25Þ

This effective Lagrangian written in terms of the mass
eigenstates of the neutral Higgs H0

i with i ¼ 1, 2, 3 reads

Leff ¼ μ̄ðf−αs31i þ αsig þ γ5f−αp31i þ αpi gÞτH0
i

þ τ̄ðf−αs13i þ α0si g þ γ5f−αp13i þ α0pi gÞμH0
i ð26Þ

where the couplings are given by

αskji ¼
1

2
ffiffiffi
2

p ðχkjfYi1 þ iYi3 sin βg þ ηkjfYi2 þ iYi3 cos βg

þ χ�jkfYi1 − iYi3 sin βg þ η�jkfYi2 − iYi3 cos βgÞ;

αpkji ¼
1

2
ffiffiffi
2

p ð−χkjfYi1 þ iYi3 sin βg − ηkjfYi2 þ iYi3 cos βg

þ χ�jkfYi1 − iYi3 sin βg þ η�jkfYi2 − iYi3 cos βgÞ;

αsi ¼
1

2
ffiffiffi
2

p ðfδξμτ þ ΔξμτgfYi1 þ iYi3 sin βg þ fδξ0μτ þ Δξ0μτgfYi2 þ iYi3 cos βgÞ;

αpi ¼ 1

2
ffiffiffi
2

p ðfδξμτ − ΔξμτgfYi1 þ iYi3 sin βg þ fδξ0μτ − Δξ0μτgfYi2 þ iYi3 cos βgÞ;

α0si ¼ 1

2
ffiffiffi
2

p ðfδξ�μτ þ Δξ�μτgfYi1 − iYi3 sin βg þ fδξ0�μτ þ Δξ0�μτgfYi2 − iYi3 cos βgÞ;

α0pi ¼ 1

2
ffiffiffi
2

p ðfΔξ�μτ − δξ�μτgfYi1 − iYi3 sin βg þ fΔξ0�μτ − δξ0�μτgfYi2 − iYi3 cos βgÞ; ð27Þ

where the matrix elements Y are defined by

YM2
HiggsY

T ¼ diagðm2
H0

1

; m2
H0

2

; m2
H0

3

Þ ð28Þ

and χij and ηij are given in Eq. (A27). The decay of the neutral Higgs H0
i into an antitau and a muon is given by
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ΓiðH0
i → τ̄μÞ ¼ 1

4πm3
H0

i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðm2

τ þm2
μ −m2

H0
i
Þ2 − 4m2

τm2
μ�

q �
1

2
ðj − αs31i þ αsi j2 þ j − αp31i þ αpi j2Þðm2

H0
i
−m2

τ −m2
μÞ

−
1

2
ðj − αs31i þ αsi j2 − j − αp31i þ αpi j2Þð2mτmμÞ

�
;

ΓiðH0
i → μ̄τÞ ¼ 1

4πm3
H0

i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðm2

τ þm2
μ −m2

H0
i
Þ2 − 4m2

τm2
μ�

q �
1

2
ðj − αs13i þ α0si j2 þ j − αp13i þ α0pi j2Þðm2

H0
i
−m2

τ −m2
μÞ

−
1

2
ðj − αs13i þ α0si j2 − j − αp13i þ α0pi j2Þð2mτmμÞ

�
: ð29Þ

We give a computation of each of the different loop
contributions to δξμτ, Δξμτ, δξ0μτ and Δξ0μτ in the
appendix.

IV. NUMERICAL ANALYSIS

As discussed in the introduction, the promising Higgs
boson decays for the observation of flavor violation are μτ,

i.e., τ̄μ, τμ̄. In the MSSM one has three neutral Higgs
bosons H0

1, H
0
2, H

0
3 with H0

1 being the lightest which is the
observed Higgs boson. As is well known in the presence of
CP phases the CP even and CP odd Higgs bosons mix [37]
(for a recent analysis see [38]). Thus the mass eigenstates in
general have dependence on CP phases. We investigate the
dependence of the flavor violating decays as well as of the
Higgs boson mass on the CP phases in the analysis.
We also note that one may allow large CP phases
consistent with the current limits on electric dipole moment
(EDM) constraints due the cancellation mechanism dis-
cussed in many works [39–41]. Thus the flavor violating
branching ratios of H1 into τ̄μ, τμ̄ are given by

TABLE I. The light Higgs boson H1 decay branching ratios
into flavor violating decay modes τμ, eμ, eτ. Column 2 gives the
contribution at the tree level while column 3 gives the result
with tree plus loop contributions. The results of the table
are consistent with the experimental data of Eqs. (1)–(3). The
mass for the Higgs boson is mH0

1
¼ 125 GeV. The parameters

used are tanðβÞ¼15, m0¼12×103, m~ν
0¼12×103, jμj¼600,

θμ¼2.5, jA0j¼8000, jA~ν
0j¼8000, θA0

¼2, θA~ν
0
¼3, jm1j¼320,

jm2j¼400, θm1
¼1×10−1, θm2

¼0.2, mA¼300, mu
0¼1500,

md
0¼1500, jAu

0 j¼5400, jAd
0j¼6000, θAu

0
¼0.3, θAd

0
¼0.6,

jh6j¼2600, jh7j¼30, jh8j¼7500, jhq6j¼6500, jhq7j¼6500,
jhq8 j¼6500, θh6¼0.2, θh7¼0.1, θh8¼1, θhq

6
¼−3, θhq

7
¼−3,

θhq
8
¼−3, jf3j¼20, jf03j¼0.2, jf003j¼0.003, jf4j¼0.8,

jf04j¼0.3, jf004j¼0.1, jf5j¼0.004, jf05j¼0.002, jf005j¼0.002,
jh3j¼15, jh03j¼0.2, jh003 j¼0.003, jh4j¼60, jh04j¼1.5,
jh004 j¼0.1, jh5j¼60, jh05j¼1.5, jh005 j¼0.1, θh3¼1.05,
θh0

3
¼−4×10−1, θh00

3
¼1.1, θh4¼−1, θh0

4
¼−0.9, θh00

4
¼−2.4,

θh5¼−1, θh0
5
¼−9×10−1, θh00

5
¼−2.4, χ3¼1.05, χ03¼−0.4, χ003¼

1.1, χ4¼−1, χ04¼0.3, χ004¼−1.4, χ5¼1.5, χ05¼1.5, χ005¼1.5. The
mirror and the fourth sequential generation masses are
mE¼210, mN¼300, mG¼440, and mGν

¼100 and the Yukawa
couplings are y2¼6.39, y02¼0.432, y05¼0.426, and y5¼5.7.
The parameters mA, h3, h03, h

00
3 , h4, h

0
4, h

00
4 , h5, h

0
5, h

00
5 , y2, y

0
2

are as defined in [38]. All masses are in GeV and angles are
in rad.

Higgs decay Treel level Tree plus loop

BRðH0
1 → τμÞ 0.325 0.321

BRðH0
1 → eμÞ 3.386 × 10−6 3.350 × 10−6

BRðH0
1 → eτÞ 3.613 × 10−2 3.572 × 10−2

TABLE II. W and Z loop contributions to δξμτ, Δξμτ, δξ0μτ,
Δξ0μτ arising from the exchange diagrams of Figs. 2 and 4 for
two points (i) and (ii) on two curves of Fig. 8. (i) is on the
dashed green curve for mA ¼ 300 at tanðβÞ ¼ 15 which is the
parameter point of Table I and (ii) is on the dashed blue curve
for mA ¼ 400 at tanðβÞ ¼ 20. Changes in these loop contribu-
tions are solely due to the change in tanðβÞ. The light Higgs mass
eigenstate for (i) is mH1

0
¼ 124.98 and for (ii) is

mH1
0
¼ 124.96 GeV.

Quantity Loop contribution

(i) δξμτ 6.82 × 10−9 − 3.02 × 10−9i

(i) Δξμτ −7.41 × 10−10 − 2.63 × 10−9i

(i) δξ0μτ −3.39 × 10−10 − 1.30 × 10−9i

(i) Δξ0μτ −1.11 × 10−8 − 3.94 × 10−8i

(ii) δξμτ 9.09 × 10−9 − 3.99 × 10−9i

(ii) Δξμτ −5.56 × 10−10 − 1.97 × 10−9i

(ii) δξ0μτ −3.39 × 10−10 − 1.30 × 10−9i

(ii) Δξ0μτ −1.11 × 10−8 − 3.95 × 10−8i
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BRðH0
1 → τ̄μÞ ¼ ΓðH0

1 → τ̄μÞ
ΓðH0

1 → μ̄τÞ þ ΓðH0
1 → τ̄μÞ þP

iΓðH0
1 → f̄ifiÞ þ ΓH1DB

;

BRðH0
1 → τμ̄Þ ¼ ΓðH0

1 → μ̄τÞ
ΓðH0

1 → μ̄τÞ þ ΓðH0
1 → τ̄μÞ þP

iΓðH0
1 → f̄ifiÞ þ ΓH1DB

; ð30Þ

where fi stand for fermionic particles that have coupling with the Higgs boson and have a mass less than half the Higgs
boson mass and ΓH1DB is the decay width into diboson states which include gg, γγ, γZ, ZZ, WW. Thus the computation of
the branching ratios of Eq. (30) involves the decay widths

ΓiðH0
i → f̄fÞf¼b;d;s ¼

3g2m2
f

32πm2
Wcos

2β
Mi

�
jYi1j2

�
1 −

4m2
f

M2
i

�
3=2

þ jYi3j2sin2β
�
1 −

4m2
f

M2
i

�
1=2

�
;

ΓiðH0
i → f̄fÞf¼τ;μ;e ¼

g2m2
f

32πm2
Wcos

2β
Mi

�
jYi1j2

�
1 −

4m2
f

M2
i

�
3=2

þ jYi3j2sin2β
�
1 −

4m2
f

M2
i

�
1=2

�
;

ΓiðH0
i → f̄fÞf¼u;c ¼

3g2m2
f

32πm2
Wsin

2β
Mi

�
jYi2j2

�
1 −

4m2
f

M2
i

�
3=2

þ jYi3j2cos2β
�
1 −

4m2
f

M2
i

�
1=2

�
: ð31Þ

The decays into ZZ and WW final states are off shell with
the final states being dominantly four fermions. We note
that τμ final states do not originate from any of the diboson
decay modes of the Higgs boson. Further, at a mass of
125 GeV the Higgs boson is effectively in the decoupling
limit. Thus we approximate the diboson decay widths as
given by the standard model.
Although the flavor violating τμmode of the Higgs boson

in the model we consider arises already at the tree level as
shown in Fig. 1 here we give an analysis of this decay by
inclusion of both the tree as well as the loop contributions
arising from the exchange diagrams of Figs. 2–7 which are
computed in Sec. III. In this extendedMSSMmodel one has
one vectorlike generation of leptons which consists of a
sequential fourth generation and amirror generation. It is the
mixing of the normal three generations with the vector
generation that leads to the flavor violating decays. The
flavor mixing arises via the mass matrices, the details of
which can be found in Sec. II. To show that suchmixings can
indeed produce flavor violating Higgs decays of significant

size, i.e.,Oð1Þ%, we give in Table I a numerical analysis for
flavor violating decays for a specific point in the parameter
space. In Table ImA is the mass of the CP odd Higgs boson
before loop corrections are taken into account.We usemA as

TABLE III. SUSY, neutral Higgs boson, and charged Higgs loop corrections to δξμτ, Δξμτ, δξ0μτ, Δξ0μτ arising from the exchange
diagrams of Figs. 3 and 5–7 for the same two parameter points as discussed in Table II. Changes in the SUSY loop contributions are
solely due to the change in tanðβÞ while changes in the neutral and charged Higgs loop corrections are due to both of the changes in
tanðβÞ and mA where mA enters the theory through the Higgs mass matrix only.

Quantity SUSY Neutral and charged Higgs boson Total

(i) δξμτ 5.9 × 10−8 − 6.0 × 10−8i 7.0 × 10−10 − 7.4 × 10−9i 6.6 × 10−8 − 7.0 × 10−8i
(i) Δξμτ 4.9 × 10−5 þ 6.7 × 10−6i 9.1 × 10−5 − 2.1 × 10−4i 1.4 × 10−4 − 2.0 × 10−4i
(i) δξ0μτ −7.9 × 10−7 þ 8.8 × 10−7i 8.6 × 10−9 − 1.1 × 10−8i −7.9 × 10−7 þ 8.7 × 10−7i
(i) Δξ0μτ −2.4 × 10−6 þ 2.6 × 10−6i 5.4 × 10−6 þ 1.3 × 10−5i 2.9 × 10−6 þ 1.6 × 10−5i

(ii) δξμτ −1.1 × 10−7 − 2.0 × 10−7i 1.6 × 10−10 − 3.0 × 10−9i −9.6 × 10−8 − 2.0 × 10−7i
(ii) Δξμτ 1.1 × 10−4 þ 1.9 × 10−5i 3.6 × 10−5 − 1.5 × 10−4i 1.4 × 10−4 − 1.3 × 10−4i
(ii) δξ0μτ −1.5 × 10−6 þ 2.9 × 10−6i 9.7 × 10−9 þ 1.7 × 10−9i −1.5 × 10−6 þ 2.9 × 10−6i
(ii) Δξ0μτ −5.6 × 10−6 þ 5.6 × 10−6i 5.8 × 10−6 þ 2.7 × 10−5i 1.5 × 10−7 þ 3.2 × 10−5i

TABLE IV. Tree level couplings of τ and μ with the neutral
Higgs boson χ13, η31, χ31, η13 for the same two parameter points
as discussed in Table II. Some changes are smaller than the order
given and thus small to appear here.

Quantity Value

(i) χ13 −9.46 × 10−5 − 6.25 × 10−4i
(i) η31 −3.68 × 10−4 þ 1.27 × 10−3i
(i) χ31 −5.53 × 10−3 þ 1.91 × 10−2i
(i) η13 −5.52 × 10−6 − 3.44 × 10−5i

(ii) χ13 −1.26 × 10−5 − 8.33 × 10−4i
(ii) η31 −3.68 × 10−4 − 1.27 × 10−3i
(ii) χ31 −7.37 × 10−3 þ 2.54 × 10−2i
(ii) η13 −5.52 × 10−6 − 3.43 × 10−5i
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a free parameter in the analysis. In the analysis of Table I we
find that a branching ratio of ∼0.33% is achieved which is
consistent with the size hinted by the ATLAS and the CMS
experiments [see Eqs. (1) and (2)]. In Table I we also give the
relative contribution of the loop vs the tree as well as the
branching ratios for the flavor violating decays H1 → μe
and H1 → eτ. In Table II we give the relative loop con-
tribution from W and Z, and from lepton and mirror lepton
exchange, and in Table III we give the loop contribution
arising from the MSSM sector, i.e., from the chargino and

neutralino exchange, and from the charged Higgs and
neutral Higgs, and from slepton and mirror slepton
exchange. In Table IV we give the tree level couplings of
the Higgs decay to τ and μ in comparison to the loop
corrections to couplings given in Tables II and III as defined
in Eqs. (24) and (25).
We discuss now further details of the analysis which

includes both tree and loop contributions. In the left panel
of Fig. 8 we exhibit the dependence of BRðH0

1 → τμÞ on
tan β and the branching ratio is seen to be sensitive to it. The

FIG. 8. Left panel: BRðH0
1 → μτÞ versus tan β when mA ¼ 200 (red), 300 (green), and 400 (blue) where the solid lines are tree

contributions and the dashed lines are tree plus loop contributions. Right panel:mH0
1
vs tan β whenmA ¼ 200 (red), 300 (green), and 400

(blue) where mH0
1
includes tree and loop contribution.

FIG. 9. Top panels: BRðH0
1 → μτÞ as a function of θAd

0
(left panel) and as a function of θAu

0
(right panel) when jAd

0 j ¼ 4000 (red), 6000
(green), and 8000 (blue) (left panel) and jAu

0j ¼ 5200, 5400, 5600 (right panel). The rest of the parameters are as in Table I. The solid
curves are the tree while the dashed curves are the tree and the loop. Bottom panels: mH0

1
as a function of θAd

0
(left panel) and θAu

0
(right

panel) corresponding to each of the curves of the top panels.
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sensitivity of the light Higgs boson mass on tan β is
exhibited in the right panel of Fig. 8 and one finds that
a shift in the Higgs boson mass in the range 1–2 GeV can
arise from variations in tan β. The rest of the analysis relates
to the dependence of the flavor violating decays and of the
Higgs boson mass on CP phases. Thus Fig. 9 exhibits the
dependence of BRðH0

1 → μτÞ on θAd
0
(top left panel) and on

θAu
0
(top right panel) and the dependence of the Higgs boson

mass mH1
on θAd

0
(bottom left panel) and on θAu

0
(bottom

right panel). In Fig. 10 we exhibit the dependence of
BRðH0

1 → τμÞ on χ3 (left panel) and on χ4 (right panel).
Figure 11 exhibits the dependence of BRðH0

1 → τμÞ on θh8
which enters through the neutrino mass matrix and thus
enters the loop contributions arising from the W and Z
exchange diagrams of Figs. 2 and 4. Figure 12 exhibits the
dependence of BRðH0

1 → τμÞ on A0 ¼ A~ν
0 which enter

through the slepton and sneutrino mass squared matrices
which affect the loop corrections arising from the SUSY
exchange diagrams of Figs. 3 and 5. Finally in Fig. 13 we
exhibit the dependence of BRðH0

1 → τμÞ (left panel) and of
mH1

(right panel) on θμ. The dependence on θμ arises since
it enters the chargino, neutralino, and slepton mass matrices

and thus affects the loop corrections given by the exchange
diagrams of Figs. 3 and 5 and the exchange diagrams of
Figs. 6 and 7.
In summary one finds that a sizable branching ratio for

the flavor violating Higgs decay H0
1 → μτ can arise in the

extended MSSM model with a vectorlike generation. The
branching ratios for the eμ and eτ decays are found to be
much smaller. While the assumed model is a low energy
model, it appears possible to embed it in a UV complete
model. However, an analysis of it is outside the framework
of this work.
Aside from h → τμ there are other flavor violating decays

such as τ → μγ onwhich the BABARCollaboration [42] and
Bell Collaboration [43] have put significant limits on the
branching ratio. The current experimental limit on the
branching ratio of this process from the BABAR
Collaboration [42] and the Belle Collaboration [43] is

Bðτ → μþ γÞ < 4.4 × 10−8 at 90% C:L:ðBABARÞ
Bðτ → μþ γÞ < 4.5 × 10−8 at 90% C:L:ðBelleÞ: ð32Þ
Because of gauge invariance the decay of τ → μγ can occur
only at the loop level. In the MSSM flavor violation can be

FIG. 10. Left panel: BRðH0
1 → μτÞ as a function of the CP phase χ3 when jf3j ¼ 15 (red), 20 (green), and 25 (blue). Right panel:

BRðH0
1 → μτÞ as a function of the CP phase χ4 when jf4j ¼ 0.2 (red), 0.8 (green), and 1.4 (blue). The solid curves are tree level while

the dashed curves include the loop contributions of Figs. 3–7.

FIG. 11. BRðH0
1 → μτÞ vs θh8 (the phase of h8Þ when jh8j ¼

750 (red), 7500 (green), 75000 (blue) where the horizontal solid
line gives the tree value and the dashed curves show tree and loop
contributions.The rest of the parameters are common with
Table I.

FIG. 12. BRðH0
1 → μτÞ vs θA0

¼ θA~ν
0
when jA0j ¼ jA~ν

0j ¼ 800
(red), 8000 (green), and 80000 (red) where the horizontal solid
line at the top gives the tree contributions and the dashed curves
give the tree plus loop contributions. The rest of the parameters
are common with Table I.
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generated from the off-diagonal elements of the sleptonmass
squared matrix. The off-diagonal slepton mass squared
matrix leads to flavor violating decays h → τμ and
τ → μγ. Since both h → τμ and τ → μγ occur only at the
loop level and because τ → μγ is severely constrained by
Eq. (32), it is difficult to generate a sizable branching ratio for
h → τμ indicated by Eq. (3). The situation in the extended
MSSM with a vector generation we consider here is very
different. Here the flavor violating decay of the Higgs boson
H1 → τμ already occurs at the tree level and the loop
correction is a negligible correction while τ → μγ occurs
only at the loop level. Indeed two of the authors (T. I. and P.
N.) analyzed the τ → μγ decay in the extendedMSSMwith a
vector generation in [44]. There this decay was found to have
a significant model dependence because of the much larger
parameter spaceof the extendedMSSMrelative to theMSSM
case. However, as discussed above because of the fact that
H1 → τμ already occurs at the tree level while τ → μγ occurs
only at the loop level and further because of the large
parameter space of our model relative to the MSSM the τ →
μγ can be suppressed (see, for example, Fig. 3 of [44] where
the τ → μγ branching ratio varies over awide range.) Further,
the formalism given here allows one to compute the flavor
violating decay Z → μ�τ∓. Interestingly unlike the process
τ → μγ which can occur only at the loop level because at the
tree level this decay is forbidden, the decay Z → μ�τ∓ can
occur at the tree level. Currently the experiment gives an
upper limit on the branching ratio for this process of 1.2 ×
10−5 [45]. We have checked that for the parameter space
considered in this model the branching ratio for Z → μ�τ∓
lies lower than the experimental upper limit stated above. The
analysis of the branching ratio τ → 3μ (which experimentally
has an upper limit of 2.1 × 10−8 [45]) is more involved and
requires a separate treatment.However, basedonour previous
analysis of τ → μγ we expect that the branching ratio of this
process will be consistent with experiment. In summary our
analysis of h → τμ presented here is robust.

V. CONCLUSIONS

Recent data from the ATLAS and CMS detectors at
CERN hint at the possible violation of flavor in the leptonic
decays of the Higgs boson. Such a violation can occur only
in models beyond the standard model of electroweak
interactions. In this work we investigate such violations
in an extension of the MSSM with a vectorlike leptonic
generation consisting of a fourth generation and a mirror
generation. Within this framework we first give a general
analysis of leptonic decays of H0

i → ljlk (i, j, k ¼ 1–3).
The analysis is carried out including tree and loop con-
tributions where the loop contributions include diagrams
with exchanges of W, Z, charged and neutral Higgs bosons,
and of charginos and neutralinos. It is shown that for the
light Higgs boson H0

1 the flavor violating decay branching
ratio for H0

1 → μτ can be as much as Oð1Þ% which is the
size hinted at by the ATLAS and CMS data. We analyze the
H0

1 → eμ, eτ modes and show that the branching ratios for
these are consistent with the current data. Analysis of the
dependence of the μτ branching ratio on CP phases is given
and it is shown that the flavor violating decays are
sensitively dependent on the phases. A small variation of
the Higgs boson mass on CP phases is found and exhibited.
The analysis is then extended to the flavor violating decays
of the heavier Higgs bosons. The analysis is carried out
including tree and loop contributions where the loop
contributions include diagrams with exchanges of W, Z,
charged and neutral Higgs bosons, and of charginos and
neutralinos. A confirmation of flavor violating decays will
provide direct evidence for new physics beyond the
standard model. Such a possibility exists with more data
that are expected from the LHC at

ffiffiffi
s

p ¼ 13 TeV.
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FIG. 13. Left panel: BRðH0
1 → μτÞ versus θμ when jμj ¼ 500 (red), 600 (green), and 700 (blue) where the horizontal solid line at the

top is the tree and the dashed lines are the tree plus loop. Right panel: mH1
vs θμ for the same jμj values as the left panel where the

horizontal solid line gives the tree and the dashed curves give the tree plus loop. The rest of the parameters are common with Table I.
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APPENDIX ANALYSIS OF LOOP CORRECTIONS TO FLAVOR VIOLATING LEPTONIC DECAYS OF
THE HIGGS BOSON

In this appendix we give a computation of each of the different loop contributions to δξμτ, Δξμτ, δξ0μτ and Δξ0μτ discussed
in Sec. III. We put the results in the same order as the Feynman diagrams of Figs. 2–7.
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1jk

mχ0j

16π2
fðm2

χ0j
; m2

~τi
; m2

~τk
Þ

þ
X5
i¼1

X3
l

X3
m¼1

Jlmψ�
1imψ

�
i3l

mτi

16π2
fðm2

τi ; m
2
H0

l
; m2

H0
m
Þ þ gmW sin β

2
ffiffiffi
2

p
X5
i¼1

f1þ 2cos2β þ cos 2βtan2θWgRHþ
i1 RH−

3i

×
mνi

16π2
fðm2

νi ; m
2
H− ; m2

H−Þ; ðA3Þ
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Δξ0μτ ¼ −
4gmW sin βffiffiffi

2
p

X5
i¼1

CW
Ri3C

W�
Li1

mνi

16π2
fðm2

νi ; m
2
W;m

2
WÞ −

ffiffiffi
2

p
gmZ sin β
cos θW

X5
i¼1

CZ
R3iC

Z
Li1

mτi

16π2
fðm2

τi ; m
2
Z;m

2
ZÞ

þ
X10
i¼1

X10
k¼1

X2
j¼1

HikCL
3jiC

R�
1jk

mχ−j

16π2
fðm2

χ−j
; m2

~νi
; m2

~νk
Þ þ

X10
i¼1

X10
k¼1

X4
j¼1

LikC0L
3jiC

0R�
1jk

mχ0j

16π2
fðm2

χ0j
; m2

~τi
; m2

~τk
Þ

þ
X5
i¼1

X3
l

X3
m¼1

Jlmψ i1mψ3il
mτi

16π2
fðm2

τi ; m
2
H0

l
; m2

H0
m
Þ þ

X5
i¼1

X5
j¼1

X3
l¼1

ηijψ j1lψ3il

mτimτj

16π2
fðm2

H0
l
; m2

τi ; m
2
τjÞ

þ gmW sin β

2
ffiffiffi
2

p
X5
i¼1

f1þ 2cos2β þ cos 2βtan2θWgLHþ
i1 LH−

3i

mνi

16π2
fðm2

νi ; m
2
H− ; m2

H−Þ

þ
X5
i

X5
j

η0ijL
H−

3i L
Hþ
j1

mνimνj

16π2
fðm2

H− ; m2
νi ; m

2
νjÞ; ðA4Þ

where the form factors are given by

fðx; y; zÞ ¼ 1

ðx − yÞðx − zÞðz − yÞ ×
�
zx ln

z
x
þ xy ln

x
y
þ yz ln

y
z

�
fðx; y; yÞ ¼ 1

ðy − xÞ2 ×
�
x ln

y
x
þ x − y

�
ðA5Þ

and the couplings are given by

CW
Liα

¼ gffiffiffi
2

p ½Dν�
L1iD

τ
L1α þDν�

L3iD
τ
L3α þDν�

L4iD
τ
L4α þDν�

L5iD
τ
L5α�; ðA6Þ

CW
Riα

¼ gffiffiffi
2

p ½Dν�
R2iD

τ
R2α�; ðA7Þ

CZ
Lαβ

¼ g
cos θW

½xðDτ†
Lα1D

τ
L1β þDτ†

Lα2D
τ
L2β þDτ†

Lα3D
τ
L3β þDτ†

Lα4D
τ
L4β þDτ†

Lα5D
τ
L5βÞ −

1

2
ðDτ†

Lα1D
τ
L1β þDτ†

Lα3D
τ
L3β

þDτ†
Lα4D

τ
L4β þDτ†

Lα5D
τ
L5βÞ�; ðA8Þ

CZ
Rαβ

¼ g
cos θW

½xðDτ†
Rα1D

τ
R1β þDτ†

Rα2D
τ
R2β þDτ†

Rα3D
τ
R3β þDτ†

Rα4D
τ
R4β þDτ†

Rα5D
τ
R5βÞ −

1

2
ðDτ†

Rα2D
τ
R2βÞ�; ðA9Þ

where x ¼ sin2 θW . The couplings are given by

CL
αij ¼ gð−κτU�

i2D
τ�
R1α

~Dν
1j − κμU�

i2D
τ�
R3α

~Dν
5j − κeU�

i2D
τ�
R4α

~Dν
7j − κ4lU�

i2D
τ�
R5α

~Dν
9j þ U�

i1D
τ�
R2α

~Dν
4j − κNU�

i2D
τ�
R2α

~Dν
2jÞ; ðA10Þ

CR
αij ¼ gð−κντVi2Dτ�

L1α
~Dν
3j − κνμVi2Dτ�

L3α
~Dν
6j − κνeVi2Dτ�

L4α
~Dν
8j þ Vi1Dτ�

L1α
~Dν
1j þ Vi1Dτ�

L3α
~Dν
5j

− κν4Vi2Dτ�
L5α

~Dν
10j þ Vi1Dτ�

L4α
~Dν
7j − κEVi2Dτ�

L2α
~Dν
4jÞ; ðA11Þ

with

ðκN; κτ; κμ; κe; κ4lÞ ¼
ðmN;mτ; mμ; me;m4lÞffiffiffi

2
p

mW cos β
; ðA12Þ

ðκE; κντ ; κνμ ; κνe ; κν4Þ ¼
ðmE;mντ ; mνμ ; mνe ; mν4Þffiffiffi

2
p

mW sin β
; ðA13Þ

and

U�MCV−1 ¼ diagðm~χ−
1
; m~χ−

2
Þ: ðA14Þ

FATHY, IBRAHIM, ITANI, and NATH PHYSICAL REVIEW D 94, 115029 (2016)

115029-12



C0L
αij ¼

ffiffiffi
2

p
ðατiDτ�

R1α
~Dτ
1j − δEiDτ�

R2α
~Dτ
2j − γτiDτ�

R1α
~Dτ
3j þ βEiDτ�

R2α
~Dτ
4j þ αμiDτ�

R3α
~Dτ
5j − γμiDτ�

R3α
~Dτ
6j þ αeiDτ�

R4α
~Dτ
7j

− γeiDτ�
R4α

~Dτ
8j þ α4liDτ�

R5α
~Dτ
9j − γ4liDτ�

R5α
~Dτ
10jÞ; ðA15Þ

C0R
αij ¼

ffiffiffi
2

p
ðβτiDτ�

L1α
~Dτ
1j − γEiDτ�

L2α
~Dτ
2j − δτiDτ�

L1α
~Dτ
3j þ αEiDτ�

L2α
~Dτ
4j þ βμiDτ�

L3α
~Dτ
5j − δμiDτ�

L3α
~Dτ
6j þ βeiDτ�

L4α
~Dτ
7j

− δeiDτ�
L4α

~Dτ
8j þ β4liDτ�

L5α
~Dτ
9j − δ4liDτ�

L5α
~Dτ
10jÞ; ðA16Þ

where

αEi ¼
gmEX�

4i

2mW sin β
; βEi ¼ eX0

1i þ
g

cos θW
X0
2i

�
1

2
− sin2θW

�
ðA17Þ

γEi ¼ eX0�
1i −

gsin2θW
cos θW

X0�
2i; δEi ¼ −

gmEX4i

2mW sin β
; ðA18Þ

and

ατi ¼
gmτX3i

2mW cos β
; αμi ¼

gmμX3i

2mW cos β
; αei ¼

gmeX3i

2mW cos β
; α4li ¼

gm4lX3i

2mW cos β
ðA19Þ

δτi ¼ −
gmτX�

3i

2mW cos β
; δμi ¼ −

gmμX�
3i

2mW cos β
; δei ¼ −

gmeX�
3i

2mW cos β
; δ4li ¼ −

gm4lX�
3i

2mW cos β
; ðA20Þ

and where

βτi ¼ βμi ¼ βei ¼ β4li ¼ −eX0�
1i þ

g
cos θW

X0�
2i

�
−
1

2
þ sin2θW

�
; ðA21Þ

γτi ¼ γμi ¼ γei ¼ γ4li ¼ −eX0
1i þ

gsin2θW
cos θW

X0
2i: ðA22Þ

Here X0 are defined by

X0
1i ¼ X1i cos θW þ X2i sin θW; ðA23Þ

X0
2i ¼ −X1i sin θW þ X2i cos θW; ðA24Þ

where X diagonalizes the neutralino mass matrix; i.e.,

XTMχ0X ¼ diagðmχ0
1
; mχ0

2
; mχ0

3
; mχ0

4
Þ; ðA25Þ

Q0
ij ¼

1ffiffiffi
2

p fX�
3iðX�

2j − tan θWX�
1jÞg; S0ij ¼

1ffiffiffi
2

p fX�
4jðX�

2i − tan θWX�
1iÞg; ðA26Þ

χ0ij ¼ f2Dν�
R2iD

ν
L2j;

η0ij ¼ f01D
ν�
R1iD

ν
L1j þ h01D

ν�
R3iD

ν
L3j þ h02D

ν�
R4iD

ν
L4j þ y05D

ν�
R5iD

ν
L5j;

χij ¼ f1Dτ�
R1iD

τ
L1j þ h1Dτ�

R3iD
τ
L3j þ h2Dτ�

R4iD
τ
L4j þ y5Dτ�

R5iD
τ
L5j;

ηij ¼ f02D
τ�
R2iD

τ
L2j; ðA27Þ
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Gji ¼ −f2f�3 ~D
ν�
ij
~Dν
2i − f�2f

0
3
~Dν�
2j
~Dν
5i − f�2f3

00 ~Dν�
2j
~Dν
7i þ f�2f5 ~D

ν�
3j
~Dν
4i þ f2f0�5 ~Dν�

4j
~Dν
6i þ f2f00�5 ~Dν�

4j
~Dν
8i − f2h6 ~D

ν�
2j
~Dν
9i

þ f2h�8 ~D
ν�
4j
~Dν
10i þ f�2A

�
N
~Dν�
2j
~Dν
4i − μf0�1 ~Dν�

ij
~Dν
3i − μh0�1 ~Dν�

5j
~Dν
6i − μh0�2 ~Dν�

7j
~Dν
8i − μy05 ~D

ν�
9j
~Dν
10i

þ gmZ cos β
4 cos θW

f ~Dν�
ij
~Dν
1i þ ~Dν�

5j
~Dν
5i þ ~Dν�

7j
~Dν
7i þ ~Dν�

9j
~Dν
9i − ~Dν�

4j
~Dν
4ig; ðA28Þ

Hji ¼ f5f0�1 ~Dν�
ij
~Dν
2i þ h01f

0�
5
~Dν�
2j
~Dν
5i þ h02f

00�
5
~Dν�
2j
~Dν
7i − f01f

�
3
~Dν�
3j
~Dν
4i − h0�1 f

0
3
~Dν�
4j
~Dν
6i − h0�2 f

00
3
~Dν�
4j
~Dν
8i þ h8y�5 ~D

ν�
2j
~Dν
9i

− y05h6 ~D
ν�
4j
~Dν
10i − μf�2 ~D

ν�
2j
~Dν
4i þ f0�1 A

�
ντ
~Dν�
ij
~Dν
3i þ h0�1 A

�
νμ
~Dν�
5j
~Dν
6i þ h0�2 A

�
νe
~Dν�
7j
~Dν
8i þ y05A

�
4ν
~Dν�
9j
~Dν
10i

−
gmZ sin β
4 cos θW

f ~Dν�
ij
~Dν
1i þ ~Dν�

5j
~Dν
5i þ ~Dν�

7j
~Dν
7i þ ~Dν�

9j
~Dν
9i − ~Dν�

4j
~Dν
4ig; ðA29Þ

Mji ¼ f4f�1 ~D
τ�
ij
~Dτ
2i þ h1f�4 ~D

τ�
2j
~Dτ
5i þ h1f0�4 ~Dτ�

2j
~Dτ
7i þ f1f�3 ~D

τ�
3j
~Dτ
4i þ f03h

�
1
~Dτ�
4j
~Dτ
6i þ f003h

�
2
~Dτ�
4j
~Dτ
8i þ y5h�7 ~D

τ�
2j
~Dτ
9i

þ h6y�5 ~D
τ�
4j
~Dτ
10i − μf0�2 ~Dτ�

2j
~Dτ
4i þ f�1A

�
τ
~Dτ�
ij
~Dτ
3i þ h�1A

�
μ
~Dτ�
5j
~Dτ
6i þ h�2A

�
e
~Dτ�
7j
~Dτ
8i þ y�5A

�
4l

~Dτ�
9j
~Dτ
10i

þ gmZ cos β
4 cos θW

fcos 2θWð ~Dτ�
4j
~Dτ
4i − ~Dτ�

1j
~Dτ
1i − ~Dτ�

5j
~Dτ
5i − ~Dτ�

7j
~Dτ
7i − ~Dτ�

9j
~Dτ
9iÞ þ 2 sin2 θWð ~Dτ�

2j
~Dτ
2i

− ~Dτ�
3j
~Dτ
3i − ~Dτ�

6j
~Dτ
6i − ~Dτ�

8j
~Dτ
8i − ~Dτ�

10j
~Dτ
10iÞg; ðA30Þ

Lji ¼ f02f
�
3
~Dτ�
ij
~Dτ
2i þ f03f

0�
2
~Dτ�
2j
~Dτ
5i þ f003f

0�
2
~Dτ�
2j
~Dτ
7i þ f4f0�2 ~Dτ�

3j
~Dτ
4i þ f02f

0�
4
~Dτ�
4j
~Dτ
6i þ f02f

00�
4
~Dτ�
4j
~Dτ
8i þ h6f0�2 ~Dτ�

2j
~Dτ
9i

þ f02h
�
7
~Dτ�
4j
~Dτ
10i þ f0�2 A

�
E
~Dτ�
2j
~Dτ
4i − μf�1 ~D

τ�
ij
~Dτ
3i − μh�1 ~D

τ�
5j
~Dτ
6i − μh�2 ~D

τ�
7j
~Dτ
8i − μy�5 ~D

τ�
9j
~Dτ
10i

−
gmZ sin β
4 cos θW

fcos 2θWð ~Dτ�
4j
~Dτ
4i − ~Dτ�

1j
~Dτ
1i − ~Dτ�

5j
~Dτ
5i − ~Dτ�

7j
~Dτ
7i − ~Dτ�

9j
~Dτ
9iÞ þ 2 sin2 θWð ~Dτ�

2j
~Dτ
2i

− ~Dτ�
3j
~Dτ
3i − ~Dτ�

6j
~Dτ
6i − ~Dτ�

8j
~Dτ
8i − ~Dτ�

10j
~Dτ
10iÞg; ðA31Þ

Klm ¼ gmZ cos β

8
ffiffiffi
2

p
cos θW

fðYm1 − iYm3 sin βÞð3Yl1 þ iYl3 sin βÞ − 2ðYm2 − iYm3 cos βÞðYl2 þ iYl3 cos βÞ

− 4Ym2ðYl1 − iYl3 sin βÞ tan βg;

Jlm ¼ gmZ cos β

8
ffiffiffi
2

p
cos θW

ftan βðYl2 − iYl3 cos βÞð3Ym2 þ iYm3 cos βÞ

− 4Yl1ðYm2 − iYm3 cos βÞ − 2 tan βðYm1 − iYm3 sin βÞðYl1 þ iYl3 sin βÞg; ðA32Þ

ψ ijk ¼
1ffiffiffi
2

p fχijðYk1 þ iYk3 sin βÞ þ ηijðYk2 þ iYk3 cos βÞg; ðA33Þ

LH−

ij ¼ f1 sin βDτ�
R1iD

ν
L1j þ f2 sin βDτ�

R2iD
ν
L2j þ h1 sin βDτ�

R3iD
ν
L3j þ h2 sin βDτ�

R4iD
ν
L4j þ y5 sin βDτ�

R5iD
ν
L5j;

RH−

ij ¼ f0�1 cos βDτ�
L1iD

ν
R1j þ f0�2 cos βDτ�

L2iD
ν
R2j þ h0�1 cos βDτ�

L3iD
ν
R3j þ h0�2 cos βDτ�

L4iD
ν
R4j þ y0�5 cos βDτ�

L5iD
ν
R5j

LHþ
ij ¼ ðRH−

ji Þ�
RHþ
ij ¼ ðLH−

ji Þ�: ðA34Þ
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