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Higgs model with T-parity. We find that a finite amplitude is obtained only when all

contributions from the T-odd lepton sector are included. This is in contrast to lepton fla-

vor violating processes mediated by gauge bosons where the partners of the right-handed

mirror leptons can be decoupled from the spectrum. These partners are necessary to can-

cel the divergence in the Higgs mass introduced by the mirror leptons but are otherwise

unnecessary and assumed to be decoupled in previous phenomenological studies. Further-

more, as we emphasize, including the partner leptons in the spectrum also introduces a

new source of lepton flavor violation via their couplings to the physical pseudo-Goldstone

electroweak triplet scalar. Although this extra source also affects lepton flavor changing

gauge transitions, it decouples from these amplitudes in the limit of heavy mass for the

partner leptons. We find that the corresponding Higgs branching ratio into taus and muons

can be as large as ∼ 0.2 × 10−6 for T-odd masses of the order a few TeV, a demanding

challenge even for the high luminosity LHC.
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1 Introduction

The discovery at the LHC [1, 2] of a Standard Model (SM) like Higgs [3–5] appears to

have settled the nature of the electroweak symmetry breaking (EWSB) mechanism, but

the lack of any signs of physics beyond the SM still leaves unsolved the apparent fine tuning

problem of the electroweak scale. While lack of observed new physics strongly constrains

the most natural models addressing the hierarchy problem, room still exists for a solution

at ∼TeV which is perhaps observable at the LHC.

Although supersymmetry is the most well known solution, Little Higgs models [6] also

offer an elegant solution and will be further tested in the coming years at the LHC. (For

a review see refs. [7–9].) A popular, phenomenologically viable realization of this class

of models is the Littlest Higgs model with T-parity [10–12] (LHT), which is protected at

tree level against constraints from electroweak precision [13, 14] data (EWPD). Restricting

ourselves to ‘non-linear’ Callan-Coleman-Wess-Zumino [15] constructions [12, 16], the LHT

possesses a global SU(5) symmetry broken spontaneously at a scale f ∼TeV down to an

SO(5) subgroup. This gives rise to a Goldstone sector containing the SM Higgs doublet as

well as an electroweak triplet with zero vacuum expectation value (vev).1 Two different

1This is true only if T-parity remains exact, but a tiny vev along the neutral direction of this pseudo-

Goldstone scalar triplet can be invoked to give very small Majorana masses to the SM neutrinos [17].
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SU(2)×U(1) subgroups of SU(5) are gauged with equal strength and broken spontaneously

down to a diagonal subgroup which is identified with the SM gauge group, while the broken

gauge symmetries lead to a set of massive vector bosons with mass ∼ f . Utilizing a Z2

automorphism inherited from the global symmetry breaking structure, a ‘T-parity’ can be

defined for the gauge sector under which all SM particles are even and with mass scale

v ∼ 246 GeV and (almost) all new particles are odd with mass scale f .

There have been many phenomenological studies of this type of Little Higgs models [18–

30]. A number of these have examined specifically the possibility of lepton flavor violation

(LFV) in processes at LEP and LHC or other experiments [18, 26–29].2 The underlying

source of this LFV comes from the Yukawa sectors responsible for generating the masses of

the light SM leptons and the heavy T-odd ‘mirror’ leptons. In particular, it arises from the

rotations in flavor space which are necessary to diagonalize their mass matrices. However,

as we emphasize in this work, this is not the only possible source of LFV in the LHT. Apart

from the T-odd mirror leptons, which acquire a mass ∼ f after the SU(5) breaking, there are

additional T-odd lepton doublets (also vector-like) required to maintain the SO(5) global

symmetry protecting the Higgs mass from dangerous divergences [11]. These do not acquire

a mass from the SU(5) breaking and are often not necessary for understanding the essential

aspects of the LHT or much of its phenomenology. Thus, in virtually all phenomenological

studies of LFV in the LHT, it is assumed that these additional leptons completing the

SO(5) right-handed representations are decoupled from the spectrum, though light enough

to not reintroduce a fine tuning in the Higgs mass for which they serve as a cutoff at two

loops [11]. However, as we examine more closely below, such a decoupling does not hold

when dealing with Higgs decays. Moreover, since they do not acquire a mass from the same

mechanism which generates masses for the mirror leptons, these partner leptons must be

given separate masses. These masses, which softly break the global SO(5), will themselves

carry generation indices and introduce additional flavor structure in the Yukawa sector.

The rotations of these additional lepton fields, required to diagonalize their mass ma-

trix, are independent of the previous rotations needed to diagonalize the SM and mirror

lepton masses and introduce a potential new source of LFV. In this sense, previous stud-

ies which assume these partner leptons are heavy are not exhaustive. Furthermore, since

the new contributions from the heavy partner leptons are necessary to render LFV Higgs

decay amplitudes finite, any previous estimates of these decays which neglect them must

be recomputed to give an unambiguous prediction. In contrast, LFV effects mediated by

photons or Z bosons which explicitly depend on these new rotations become negligible in

the limit of heavy partner leptons and in particular, there is no divergence introduced when

the partner leptons are neglected. So while LFV effects, in h→ τµ for instance, from the

partner leptons can be sizable even when they are heavy compared to the SU(5) breaking

scale f , they do decouple in processes mediated by gauge bosons such as Z → τµ. This

implies that h→ τµ decays, for which constraints from LHC are weaker [35], could be sig-

nificantly larger than naively expected given constraints on LFV from processes mediated

by photons or Z bosons.

2Similar studies for the Simplest Little Higgs model can be found in refs. [31–34], and references therein.
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We compute the one-loop contributions to h → τµ decays and show that the T-odd

particles sum to a finite amplitude, but only once all T-odd leptons are included. We

emphasize this here because the contributions from the mirror leptons, which are not de-

coupled in studies of γ and Z mediated LFV transitions, are not finite by themselves in

h → τµ.3 This is in contrast to Z → τµ for example where they are indeed finite. Fur-

thermore, as we examine below, including the partner leptons in the spectrum necessarily

introduces new couplings to the physical pseudo-Goldstone electroweak triplet scalar which

will enter into LFV amplitudes and which depend explicitly on the rotations of the heavy

partner lepton fields needed to diagonalize their mass matrices. Although this extra source

also enters in gauge boson mediated LFV amplitudes, its effects decouple in the limit of

heavy mass for the partner leptons. For h → τµ their contribution, through which the

new LFV source enters, does not decouple in the limit of heavy partner lepton masses

and instead grows logarithmically. These logarithmic corrections are indicative of a soft

breaking of the global SO(5) by the partner lepton masses and are related to corrections

to the Higgs mass. Therefore, the partner lepton masses cannot be taken arbitrarily large

without reintroducing a fine tuning problem in the Higgs mass at two loops.

To be self contained and to fix our notation we review in the next section the LHT and

provide the new set of Feynman rules necessary for computing LFV Higgs decays, including

the couplings involving the heavy partner leptons. The interested reader can go directly to

section 3 where we present the calculation of the h→ ``′ amplitude. For completeness, the

detailed expression of the contribution independent of the new LFV source in the h→ ``′

amplitude is gathered in the appendix. Section 4 is devoted to a short phenomenological

discussion, including the effect of the proper redefinition of the final mass eigenstates. We

also point out the main parametric limits for the h → τµ branching ratio, which can be

raised up to ∼ 0.2× 10−6 in the limit of large mirror and partner lepton masses, becoming

a demanding challenge even for the high luminosity LHC. A detailed phenomenological

discussion will be presented elsewhere [38], together with a reanalysis of LFV processes

mediated by neutral gauge bosons which includes the new contributions from the right

handed partner leptons. The final section is devoted to our conclusions.

2 Reviewing the LHT

Here we summarize the LHT to fix our notation and provide the new Feynman rules

necessary for the one loop calculation of the h → τµ amplitude. Since the amplitude is

higher order in an operator expansion in SM fields it is in general suppressed by v2/f2 and

clearly decouples when f goes to infinity. Thus, in general the Feynman rules involving

the heavy T-odd particles must also be worked out to this order. Though we attempt to

be as self-contained as possible, we closely follow the presentation in refs. [26, 39].

The LHT is a non-linear σ model with a SU(5) global symmetry broken down to SO(5)

by the vev of a 5× 5 symmetric tensor,

Σ0 =

 02×2 0 12×2

0 1 0

12×2 0 02×2

 . (2.1)

3Against what is stated in refs. [36, 37].
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The 10 unbroken SU(5) generators T a, which leave invariant Σ0 and hence satisfy the

equality T aΣ0 + Σ0(T a)T = 0, generate the SO(5) algebra; whereas the 14 broken SU(5)

generators Xa, which fulfill the relation XaΣ0 − Σ0(Xa)T = 0, expand the Goldstone

matrix Π = πaXa parameterizing the 5× 5 symmetric tensor

Σ(x) = eiΠ/fΣ0eiΠ
T /f = e2iΠ/fΣ0 , (2.2)

with f the scale of new physics (NP). It is important to note that this breaking fixes the

embedding of SO(5) in SU(5), with the fundamental representation of SU(5) reducing to

the defining (real) representation of SO(5), both of dimension five.

An SU(2)1×SU(2)2×U(1)1×U(1)2 subgroup of the SU(5) is gauged and generated by

Qa1 =
1

2

 σa 0 0

0 0 0

0 0 02×2

 , Y1 =
1

10
diag(3, 3,−2,−2,−2) ,

Qa2 =
1

2

 02×2 0 0

0 0 0

0 0 −σa∗

 , Y2 =
1

10
diag(2, 2, 2,−3,−3) ,

with σa the three Pauli matrices. The vev in eq. (2.1) breaks this gauge group down to the

SM gauge group SU(2)L×U(1)Y , generated by the combinations {Qa1+Qa2, Y1+Y2} ⊂ {T a}.
The orthogonal combinations are a subset of the broken generators, {Qa1 −Qa2, Y1−Y2} ⊂
{Xa}. Thus, the Goldstone matrix

Π =



−ω
0

2
− η√

20
−ω

+

√
2

−i π
+

√
2

−iΦ++ −iΦ
+

√
2

−ω
−
√

2

ω0

2
− η√

20

v + h+ iπ0

2
−iΦ

+

√
2

−iΦ0 + ΦP

√
2

i
π−√

2

v + h− iπ0

2

√
4

5
η −i π

+

√
2

v + h+ iπ0

2

iΦ−− i
Φ−√

2
i
π−√

2
−ω

0

2
− η√

20
−ω

−
√

2

i
Φ−√

2

iΦ0 + ΦP

√
2

v + h− iπ0

2
−ω

+

√
2

ω0

2
− η√

20


(2.3)

decomposes into the SM Higgs doublet φT = (−iπ+, (v+h+ iπ0)/
√

2)T , a complex SU(2)L
triplet Φ, and the longitudinal modes of the heavy gauge fields ω±, ω0 and η.4

Gauge Lagrangian. T-parity is introduced to make the new heavy particles T-odd,

keeping the SM fields T-even (invariant). Its action on the gauge fields Gi exchanges the

two gauge groups SU(2)1 ×U(1)1 and SU(2)2 ×U(1)2,

G1
T←→ G2 . (2.4)

4In the following we use for the SM fields and couplings the conventions in ref. [40]. In particular,

φ+ = −iπ+, φ0 = π0.
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T-parity then requires the gauge couplings to be equal leading to the gauge Lagrangian

LG =

2∑
j=1

[
−1

2
Tr
(
W̃jµνW̃

µν
j

)
− 1

4
BjµνB

µν
j

]
, (2.5)

which is T parity and gauge invariant where we have defined

W̃jµ = W a
jµQ

a
j , W̃jµν = ∂µW̃jν − ∂νW̃jµ − ig

[
W̃jµ, W̃jν

]
, Bjµν = ∂µBjν − ∂νBjµ

(2.6)

and repeated indices are understood to be summed. The SM gauge bosons are the T-even

combinations multiplying the unbroken gauge generators,

W± =
1

2
[(W 1

1 +W 1
2 )∓ i(W 2

1 +W 2
2 )] , W 3 =

W 3
1 +W 3

2√
2

, B =
B1 +B2√

2
; (2.7)

whereas the heavy gauge bosons are the T-odd combinations

W±H =
1

2
[(W 1

1 −W 1
2 )∓ i(W 2

1 −W 2
2 )] , W 3

H =
W 3

1 −W 3
2√

2
, BH =

B1 −B2√
2

. (2.8)

Scalar Lagrangian. Likewise, to keep the SM Higgs doublet T-even and make the re-

maining Goldstone fields T-odd, we define the T action on the scalar fields

Π
T−→ −ΩΠΩ , Ω = diag(−1,−1, 1,−1,−1) , (2.9)

where Ω is an element of the center of the gauge group commuting with Σ0 but not with

the full global symmetry.5 Hence,

Σ
T−→ Σ̃ = ΩΣ0Σ†Σ0Ω , (2.10)

while the scalar kinetic Lagrangian is given by

LS =
f2

8
Tr
[
(DµΣ)†(DµΣ)

]
, (2.11)

with the covariant derivative defined as

DµΣ = ∂µΣ−
√

2i

2∑
j=1

[
gW a

jµ(QajΣ + ΣQaTj )− g′Bjµ(YjΣ + ΣY T
j )
]
. (2.12)

Fermionic Lagrangian. Implementing T-parity in the fermionic sector of the Littlest

Higgs model is less straightforward. Three types of couplings are needed to give masses to

all leptons in the model. It is the misalignment between these couplings which results in

the two sources of LFV which are beyond the SM.6

5Note that we have reversed the sign of Ω as compared to the literature, to make it a group element.
6LFV is highly suppressed in the SM due to the tiny neutrino mass which we take them as massless

throughout this work.
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Following refs. [11, 12] for each SM left-handed (L) lepton doublet we introduce two

incomplete SU(5) multiplets in fundamental representations:

Ψ1 =

−iσ2l1L
0

0

 , Ψ2 =

 0

0

−iσ2l2L

 , (2.13)

where lrL =
( νrL
`rL

)
, r = 1, 2; and

Ψ1 −→ V ∗Ψ1 , Ψ2 −→ VΨ2 , (2.14)

under the SU(5) transformation V . T-parity is then defined

Ψ1
T←→ ΩΣ0Ψ2 , (2.15)

where the T-even combination is given by Ψ1 + ΩΣ0Ψ2 and identified with the SM left-

handed lepton doublet, up to the proper normalization. The orthogonal combination

Ψ1 − ΩΣ0Ψ2 defines a second left-handed lepton doublet which is T-odd (see eqs. (2.13)

and (2.15)), and which must be paired to a right-handed (R) ‘mirror’ lepton doublet lHR
in order to obtain a large (vector-like) mass of O(f). (H stands for heavy.)

The mirror leptons introduce divergences into the Higgs mass as well as the h → τµ

amplitude which we examine below. These divergences must be cancelled by introducing

additional right handed ‘partner’ leptons ψ̃R, along with lHR and an additional singlet χR,

to form a complete SO(5) multiplet which we define as:

ΨR =

 ψ̃R
χR

−iσ2lHR

 , ΨR −→ UΨR . (2.16)

ΨR is a T-eigenvector

ΨR
T−→ ΩΨR . (2.17)

The mirror leptons obtain their masses through the non-linear Yukawa Lagrangian:

LYH = −κf
(

Ψ2ξ + Ψ1Σ0ξ
†
)

ΨR + h.c. , (2.18)

where ξ = eiΠ/f . This is T-invariant, since eq. (2.9) implies

ξ
T−→ Ωξ†Ω , (2.19)

as well as invariant under global SU(5) transformations,

Σ = ξ2Σ0 −→ V ΣV T ⇒ ξ −→ V ξU † ≡ UξΣ0V
TΣ0 , (2.20)

– 6 –
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where V is the global SU(5) transformation while U takes values in the SO(5) Lie algebra

and is a function of V and Π. We note that the gauge singlet χR is T-even and is assumed

to be heavy since it plays no role in the following.7

The remaining leptons become massive through two other different Yukawa La-

grangians. The SM combination lL = l1L−l2L√
2

in eqs. (2.13)–(2.15) will obtain a mass

through the following Yukawa couplings [13, 19]

LY =
iλ

2
√

2
fεxyzεrs

[
(Ψχ

2 )x(Σ)ry(Σ)sz + (Ψχ̃
1 Σ0Ω)x(Σ̃)ry(Σ̃)sz

]
`R + h.c. , (2.21)

where summation over x, y, z = 3, 4, 5 and r, s = 1, 2 is understood.

Although all SU(5) indices are contracted and the SM right-handed leptons are as-

sumed to be SU(5) singlets, this Lagrangian is not invariant under the SU(5) global sym-

metry. In addition to the breaking due to Σ0 and the incomplete Ψ1,2 multiplets, the Ψ1,2

non-zero entries do not have the proper quantum numbers to construct the SM terms.

Indeed, in order to enforce gauge invariance under the SM, extra U(1) charges outside the

SU(5) are needed since `R is required to have hypercharge −1. Then, the term in brackets

in eq. (2.21) must have hypercharge 1, but being an SU(5) singlet this U(1) charge must

lie outside the SU(5) as well.

Following refs. [13, 19, 29] we compose two other incomplete SU(5) multiplets in fun-

damental representations 5 and 5∗, respectively:

Ψχ̃
1 =

 χ̃l1L
0

0

 , Ψχ
2 =

 0

0

χl2L

 , (2.22)

where χ is a scalar with the proper charges to endow χl2L with the charges corresponding

to the last two components of 5∗. More precisely, we will only require that it transforms

properly under its gauged subgroup. The charge assignments fulfilling this requirement

are gathered in table 1 [29]. Thus, the introduction of χ allows us to change the sign of

the gauged U(1) charges in SU(5) for l2L while also giving the correct hypercharge to χl2L.

The action under T-parity is then defined as

Ψχ̃
1

T←→ ΩΣ0Ψχ
2 . (2.23)

An explicit realization of this extra scalar factor is obtained identifying χ with (Σ†33)
1
4 , and

χ̃ with (Σ33)−
1
4 , which have the correct Y1,2 charges, (Y χ

1 , Y
χ

2 ) = (− 1
10 ,

1
10) and (Y χ̃

1 , Y
χ̃

2 ) =

( 1
10 ,−

1
10), and T-transformation properties [19].8

Turning back to the partner lepton doublets ψ̃R in eq. (2.16) they are T-odd, as desired,

but must be heavy enough to agree with EWPD. Since they do not receive a mass from

7If we had defined the T action on the fermions Ψ1
T←→ −Σ0Ψ2, ΨR

T−→ −ΨR and the Yukawa

Lagrangian with Ω’s, LYH = −κf
(
Ψ2ξ + Ψ1Σ0Ωξ†Ω

)
ΨR + h.c., all new fermions would be T-odd and the

new Lagrangian invariant under the new T-parity [12], but not under the full global symmetry because Ω

does not commute with SU(5) nor with SO(5), though it does commute with the gauge group. Regardless,

the explicit couplings entering in our calculation are the same in both cases.
8This particular realization will not play an essential role in h→ τµ at the order to which we work.
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Y ′1 Y ′2 Y ′′1 Y ′′2

χ 2
5

3
5 −1

2 −1
2

χ̃ 3
5

2
5 −1

2 −1
2

l2L −1
5 − 3

10 0 0

l1L − 3
10 −1

5 0 0

χl2L
1
5

3
10 −1

2 −1
2

χ̃l1L
3
10

1
5 −1

2 −1
2

Table 1. Charge assignment under U(1)′1×U(1)′2×U(1)′′1 ×U(1)′′2 , where the first two single prime

factors are the abelian subgroups inside SU(5) while the double primed abelian groups live outside.

The gauged U(1)1 × U(1)2 correspond to the sums Yb = Y ′b + Y ′′b , b = 1, 2 where the total sum

Y = Y1 + Y2 gives the hypercharge.

the Yukawa couplings in eq. (2.18) as the mirror leptons do, they remain massless as long

as no other left-handed doublet is introduced to allow for the generation of a vector-like

mass. The corresponding mechanism giving them a mass provides a new source of LFV if

misaligned with the Yukawa couplings in eqs. ( 2.18) and (2.21), making the discussion of

their origin essential. Of course, as already emphasized and to be shown explicitly below,

these partner leptons are also required to obtain a finite amplitude for h→ τµ.

A simple solution for giving ψ̃R a mass is to write an explicit mass term with an

incomplete SO(5) defining representation ΨL = (ψ̃L, 0, 0)T which includes a left-handed

counterpart ψ̃L = −iσ2(l̃R)c with which to form a vector like mass term [11, 12]. There are

other ways to generate a mass, but regardless of which mechanism is assumed it necessarily,

but softly, breaks the SO(5) to give a large mass to ψ̃R (and/or χR) alone in the ΨR

multiplet.9 This enters in corrections to the Higgs self-energy for which the ψ̃R mass serves

as a finite cutoff at two loops [11, 12]. Thus these masses can not be taken arbitrarily

large without reintroducing a fine tuning into the Higgs mass. As we show below, this soft

breaking of SO(5) also manifests itself at one loop and O(v2/f2) in h→ τµ as a logarithmic

non-decoupling behavior when the partner lepton masses are taken large. In our analysis

we will simply parameterize the partner lepton masses as follows,

LM = −MT ψ̃Lψ̃R + h.c. = −Ml̃L l̃R + h.c. , (2.24)

where ψ̃R = −iσ2(l̃L)c and l̃L = (ν̃L ˜̀
L)T (with T meaning transpose).

9We could instead include the left-handed counterpart of ψ̃R in an SO(5) spinor (pseudo-real) represen-

tation 4, giving them a mass through a Yukawa coupling with new scalars also transforming as a 4, for

5 ⊂ 4× 4. In this way χR in ΨR would also receive a mass when the SM neutral singlet within the scalar

spinor representation gets a vev. In contrast the SM neutral singlet lepton in the left-handed fermion multi-

plet 4 does not receive any mass because 5 is in the antisymmetric product of 4×4. (As already emphasized,

the embedding of SO(5) ⊂ SU(5) implied by the breaking along Σ0 in eq. (2.1) reduces the fundamental

representation of SU(5) to the defining (real) representation of SO(5), 5 = 5; and no pseudo-real represen-

tation is generated by tensor product of real ones. Hence, the vev along the spinor representation of SO(5)

not only breaks this global symmetry group but its eventual embedding in an SU(5) representation would

be different to the assumed one in the non-linear realization of the LHT.)

– 8 –
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Although it does not have any consequence in our calculation, we comment that the

Yukawa-type Lagrangian LYH fixes the transformation properties of the heavy fermions

including their gauge couplings. In particular the non-linear couplings of the right-handed

heavy fermions [11, 13] are fixed to be,

LF = iΨ1γ
µD∗µΨ1 + iΨ2γ

µDµΨ2

+iΨRγ
µ

(
∂µ +

1

2
ξ†(Dµξ) +

1

2
ξ(Σ0D

∗
µΣ0ξ

†)

)
ΨR (2.25)

+ΨR → ΨL

with the covariant derivative defined as

Dµ = ∂µ −
√

2ig(W a
1µQ

a
1 +W a

2µQ
a
2) +

√
2ig′ (Y1B1µ + Y2B2µ) . (2.26)

This Lagrangian includes the proper O(v2/f2) couplings to Goldstone fields that render the

one-loop lepton flavor changing amplitudes mediated by gauge bosons ultraviolet finite [25,

26]. Finally, as discussed above, in order to assign the proper SM hypercharge Y = −1 to

the charged right-handed leptons `R, one can enlarge the global SU(5) with two extra U(1)

groups for which we can write down the corresponding gauge and T-invariant Lagrangian

L′F = i`Rγ
µ(∂µ + ig′Y Bµ)`R . (2.27)

These are all the necessary Lagrangian terms for the lepton sector and the type of

process we are interested in, up to family indices that we shall introduce in the following.

In order to perform the calculation in the mass eigenstate basis we have to diagonalize the

full Lagrangian

L = LG + LS + LYH + LY + LM + LF + L′F , (2.28)

and re-express it in the mass eigenstate basis. The corresponding masses and eigenfields

up to O(v2/f2) and the relevant Feynman rules are collected below and are obtained by

expanding L to the required order.

2.1 Mass eigenfields and Feynman rules

An important technical part of this paper is to prove unambiguously the finiteness of the

process under study (h → ``′ ), and the need to include the full set of T-odd scalars and

fermions. We will discuss the details of the calculation in next section, but first we collect

here all the required Feynman rules and define the mass eigenstates.

2.1.1 Mass eigenfields

Gauge fields. After EWSB the SM gauge boson mass eigenstates (see eq. (2.7)), which

are the T-even, are obtained by diagonalizing LS in eq. (2.11):

W± =
1√
2

(W 1 ∓ iW 2) ,

(
Z

A

)
=

(
cW sW
−sW cW

)(
W 3

B

)
, (2.29)
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with

W a =
W a

1 +W a
2√

2
, B =

B1 +B2√
2

; (2.30)

whereas the T-odd mass eigenstates, expanding the heavy sector up to order v2/f2, are

(see eq. (2.8)):

W±H =
1√
2

(W 1
H ∓ iW 2

H) ,

(
ZH
AH

)
=

 1 −xH
v2

f2

xH
v2

f2
1


(
W 3
H

BH

)
, (2.31)

with

W a
H =

W a
1 −W a

2√
2

, BH =
B1 −B2√

2
, xH =

5gg′

4(5g2 − g′2)
. (2.32)

Their masses to order v2/f2 are (with e the electric charge, sW (cW ) = sin θW (cos θW ),

with θW the electroweak mixing angle, and v ' 246 GeV)

MW =
gv

2

(
1− v2

12f2

)
, MZ = MW /cW , e = gsW = g′cW ,

MWH
= MZH = gf

(
1− v2

8f2

)
, MAH =

g′f√
5

(
1− 5v2

8f2

)
. (2.33)

Scalar fields. The scalar fields must be also rotated into the mass basis [14]:

π0 → π0

(
1 +

v2

12f2

)
,

π± → π±
(

1 +
v2

12f2

)
,

h → h ,

Φ0 → Φ0

(
1 +

v2

12f2

)
,

ΦP → ΦP +
(√

10η −
√

2ω0 + ΦP
) v2

12f2
,

Φ± → Φ±
(

1 +
v2

24f2

)
± iω± v2

12f2
, (2.34)

Φ++ → Φ++ ,

η → η +
5g′η − 4

√
5[g′(ω0 +

√
2ΦP )− 6gxHω

0]

24g′
v2

f2
,

ω0 → ω0 +
5g(ω0 + 4

√
2ΦP )− 4

√
5η(5g + 6g′xH)

120g

v2

f2
,

ω± → ω±
(

1 +
v2

24f2

)
± iΦ± v2

6f2
.
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The fields η, ω0 and ω± are the Goldstone bosons of the gauge group SU(2)1 × SU(2)2 ×
U(1)1×U(1)2 breaking into the SM. They are eaten by the heavy gauge bosons AH , ZH and

W±H , respectively, while π0 and π± are the Goldstone bosons of the SM gauge group. The

physical pseudo-Goldstone bosons include the Higgs boson with mass Mh ' 125 GeV [41],

and the scalar triplet of hypercharge 1, with a mass MΦ which we assume to be a free

parameter of order f [17], though both masses are a priori calculable since they can be

obtained in the LHT through a Coleman-Weinberg mechanism [42].

Fermionic fields. Fermion masses and mass eigenvectors are obtained from the diago-

nalization of the 3× 3 matrices κ, λ and M in LYH , LY and LM , respectively. For each of

the three SM left-handed lepton doublets there is an extra vector-like doublet,

lrL =

(
νrL
`rL

)
, r = 1, 2 , lHR =

(
νHR
`HR

)
, (2.35)

with (see eqs. (2.13)–(2.17))

lL =
l1L − l2L√

2
, lHL =

l1L + l2L√
2

, l = ν, ` , (2.36)

where we have omitted flavor indices. The fields νL, `L are the SM (T-even) left-handed

leptons and νHL, `HL (νHR, `HR) are T-odd left (right) handed leptons with masses O(f).

In addition to three SM right-handed charged leptons `R, which are assumed to be singlets

under the non-abelian symmetries, there is a second heavy vector-like doublet per family,

l̃L = (ν̃L ˜̀
L)T and its Dirac partner l̃R = (ν̃R ˜̀

R)T . These come from the partner leptons ψ̃R
needed to complete the SO(5) multiplet ΨR in eqs. (2.16) and its partner ψ̃L in eq. (2.24).

Let us now introduce flavor indices and masses and mass eigenleptons, which we shall

denote as the current eigenfermions but with family indices. Since T-parity is exact, the

T-even SM charged leptons ` do not mix with the heavy T-odd leptons. Thus the SM mass

eigenstates result from the diagonalization of the 3 × 3 matrix λ in eq. (2.21)

λij√
2
v = (V `

L)ik m`k (V `†
R )kj , (2.37)

where i, j, k = 1, 2, 3, V `
L,R are 3 × 3 unitary matrices and m`1,2,3 = me,µ,τ (up to loop

corrections O(v2/f2)). The charged T-odd lepton masses result from diagonalizing a 6× 6

matrix, which is block diagonal (see eqs. (2.18) and (2.24)),(
κijf
√

2 0

0 Mi′j′

)
=

(
(V H
L )ik 0

0 (ṼL)i′k′

)(
m`Hk 0

0 m˜̀
k′

)(
(V H†
R )kj 0

0 (Ṽ †R)k′j′

)
, (2.38)

where i, j, k, i′, j′, k′ = 1, 2, 3 and m`H1,2,3, ˜̀
1,2,3

are the mass eigenvalues, and V H
L,R, ṼL,R are

3 × 3 unitary matrices.10 The heavy (T-odd) charged and neutral leptons have the same

10The Yukawa Lagrangian in eq. (2.18) does not mix T-odd charged leptons without and with tilde

because they are embedded with opposite (hyper)charges in ΨR.
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mass and diagonalization matrices at leading order. At next order the 3× 3 top-left block

gets a correction
√

2κijf →
√

2κijf
(
1− v2

8f2

)
and hence,

mνHk = m`Hk

(
1− v2

8f2

)
. (2.39)

There is also a correction of this order combining νHL and (ν̃L)c in which case a diagonal-

ization of the corresponding 12 × 12 mass matrix for the heavy neutrinos is needed. This

gives corrections to heavy neutrino masses which are O(v4/f4) and mixings among heavy

neutrinos O(v2/f2). This translates into higher order O(v4/f4) corrections to the one-loop

Higgs decay under study and is therefore neglected.

The misalignment between the mass matrices of the T-even (SM) and T-odd (heavy)

leptons is a source of flavor mixing. We can work without loss of generality in the mass

eigenstate basis diagonalizing the SM Yukawa couplings in LY . We can then write the

mixing matrices parameterizing the misalignment between the different leptonic sectors as

V ≡ V H†
L V `

L , W ≡ Ṽ T
L V

H
L . (2.40)

These will enter explicitly into the Feynman rules and amplitudes we study below. As we

will see, the new source of LFV we emphasize here enters through the mixing matrix W .

2.1.2 Feynman rules

In order to calculate the Higgs decay into two different charged leptons at one loop, we

need to complete the Feynman rules for the LHT worked out previously in the literature.11

In particular, we have to work out the terms of LS + LYH + LY involving a Higgs up to

order v2/f2. We just present the Feynman rules in the mass eigenstate basis which are

necessary for the calculation of the LFV processes discussed in this work. They are given

in tables 2− 5 in terms of generic couplings for the following general vertices involving

scalars (S), fermions (F) and/or gauge bosons (V):

[SFF] = i(cLPL + cRPR) ,

[SVµVν ] = iKgµν ,

[VµFF] = iγµ(gLPL + gRPR) ,

[SSFF] = i(fLPL + fRPR) , (2.41)

[S(p1)S(p2)Vµ] = iG(p1 − p2)µ ,

[SS(p1)S(p2)] = iJ
(
p2

1 + p2
2 + 4p1 · p2

)
,

where all momenta are assumed incoming. The conjugate vertices are obtained replacing:

cL,R ↔ c∗R,L , K ↔ K∗ , gL,R ↔ g∗L,R , fL,R ↔ f∗R,L , G↔ G∗ , J ↔ J∗ . (2.42)

11In particular, in ref. [26] the Feynman rules in appendix B.2 for one scalar and two right-handed leptons,

cR in SFF, have a typo. The flavor subscript for m`i should be j, and not i. The sign conventions are

chosen to be compatible with those employed for the SM in ref. [40], which coincide with those in ref. [39]

up to a sign in the definition of the abelian gauge couplings in the covariant derivative in eq. (2.12).
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[SFF] cL cR

h `i`j −δij
m`j
v

(
1− v2

6f2

)
−δij

m`j
v

(
1− v2

6f2

)
h νHi νHj

m`Hi
v δij

v2

4f2

m`Hi
v δij

v2

4f2

h `Hi `Hj 0 0

h νHi ν̃
c
j

m`Hi
v W †ij

v2

4f2

m`Hi
v W †ij

v2

4f2

Φ0 `Hi `j 0 Vij
m`j√

2f

(
1 + v2

4f2

)
ΦP `Hi `j 0 iVij

m`j√
2f

(
1 + v2

4f2

)
Φ+ νHi `j

m`Hi√
2f
Vij

v2

8f2 Vij
m`j√

2f

(
1− v2

8f2

)
Φ+ ν̃ci `j Wik

m`Hk√
2f
Vkj 0

Φ++ ˜̀c
i `j −Wik

m`Hk
f Vkj 0

η `Hi `j i
m`Hi
2
√

5f
Vij

(
1− xHtW v2

f2

)
−iVij

m`j
2
√

5f

[
1 + (11

24 − xHtW ) v
2

f2

]
ω0 `Hi `j i

m`Hi
2f Vij

(
1 + xH

tW
v2

f2

)
−iVij

m`j
2f

[
1− (1

8 −
xH
tW

) v
2

f2

]
ω+ νHi `j −im`Hi√

2f
Vij iVij

m`j√
2f

(
1 + v2

8f2

)
ω+ ν̃ci `j iWik

m`Hk√
2f
Vkj

v2

8f2 0

Table 2. Scalar-Fermion-Fermion couplings at O(v2/f2). The corresponding couplings involving

the ΨRi neutral singlet, χRi, vanish. We use tW = tan θW = sW
cW

. (The coupling Φ++ ˜̀c
i`j does not

enter in the calculation of h→ ``′, but it does in Z, γ → ``′ in order to cancel other contributions.)

[SVµVν ] K [VµFF] gL

h W+
H W−H −g2 v

2 W+
H νHi `j

g√
2
Vij

h ZH ZH −g2 v
4 ZH `Hi`j −

(
g
2 + g′

10xH
v2

f2

)
Vij

h AH AH −g′2 v4 AH `Hi`j

(
g′

10 −
g
2xH

v2

f2

)
Vij

h ZH AH −gg′ v4

Table 3. Scalar-Vector-Vector and Vector-Fermion-Fermion couplings at O(v2/f2). The right-

handed Vector-Fermion-Fermion couplings gR vanish.

3 Higgs coupling to a pair of different charged leptons at one loop in the

LHT

The global symmetries of the LHT prevent tree level LFV Higgs decays, but they are

generated at one loop via the T-odd particles. Since they are forbidden at tree level, the

one loop decays are finite and a prediction of the LHT as we explicitly show below. To
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[SSFF] fL fR

h Φ0 `Hi `j 0 Vij
m`j√
2vf

(
1 + 5v2

12f2

)
h ΦP `Hi `j 0 iVij

m`j√
2vf

(
1 + 5v2

12f2

)
h Φ+ νHi `j −m`Hi√

2vf
Vij

v2

12f2 Vij
m`j√
2vf

(
1− 7v2

24f2

)
h Φ+ ν̃ci `j −Wik

m`Hk√
2vf

Vkj
v2

12f2 0

h η `Hi `j 0 −iVij
m`j

2
√

5vf

[
1 + (47

24 − xH
sW
cW

) v
2

f2

]
h ω0 `Hi `j 0 −iVij

m`j
2vf

[
1− (5

8 − xH
cW
sW

) v
2

f2

]
h ω+ νHi `j i

m`Hi√
2vf

Vij
v2

12f2 iVij
m`j√
2vf

(
1− v2

24f2

)
h ω+ ν̃ci `j iWik

m`Hk√
2vf

Vkj
v2

12f2 0

Table 4. Scalar-Scalar-Fermion-Fermion couplings at O(v2/f2). The corresponding couplings

involving the ΨRi neutral singlet, χRi, do not vanish, but at the order in which we work they do

not contribute to the processes we are interested in. The coupling hφ++ ˜̀c
i`j does vanish.

[S(p1)S(p2)Vµ] G [SS(p1)S(p2)] J

h Φ+ W−H g v
4f h Φ0 Φ0 v

12f2

h η AH i
√

5g′ v4f h ΦP ΦP v
12f2

h ω0 ZH −ig v
4f h ΦP η −

√
5
2

v
24f2

h ω+ W−H −ig v
4f h ΦP ω0 1√

2
v

24f2

h Φ+ Φ− v
12f2

h Φ+ ω− i v
12f2

h η η 5v
12f2

h η ω0 −
√

5v
12f2

h ω0 ω0 v
12f2

h ω+ ω− v
12f2

Table 5. Scalar-Scalar-Vector and Scalar-Scalar-Scalar couplings at O(v2/f2). Other combinations

also involving h vanish.

gain intuition for the parametric dependence, first there is the universal one loop-factor

(16π2)−1. In addition, since we can always assume without loss of generality that the SM

charged lepton Yukawa couplings are diagonal, any LFV Higgs decays must proceed via

higher dimensional operators which are suppressed by the scale of new physics f and scale

like v2/f2. Moreover, the LFV Higgs decays must be proportional to the SM Yukawa

couplings λ and to the heavy lepton source of flavor violation ∆κ2 sin 2θ because it is the

– 14 –



J
H
E
P
0
8
(
2
0
1
7
)
0
2
8

misalignment of both sets of couplings which leads to LFV in the Higgs decay.12 Taking

this into account and neglecting integral functions of mass ratios of heavy particles which

are O(1) for masses not much larger than f ,13 the amplitude for the Higgs decay h → ``′

scales as

M∝ 1

16π2

v2

f2
λ ∆κ2 sin 2θ . (3.1)

The two main results of this paper are then first to prove the finiteness of one-loop

h→ ``′ decays in the LHT. As we show below, this relies on non-trivial cancellations among

contributions from the heavy mirror and partner T-odd leptons. Second, the identification

of new sources of LFV present in this class of models which contribute to LFV Higgs

decays, as well as in general to all LFV amplitudes in the LHT.

3.1 One-loop contribution of T-odd particles to h → ``′ in the LHT

We work in the renormalizable ’t Hooft-Feynman gauge. This process shows significant

differences with the corresponding gauge boson mediated processes Z, γ → ``′. First, its

finiteness requires the exchange of the full set of T-odd particles in the scalar and lepton

sectors of the model introduced in the former section. This is apparent from inspection of

the divergent contributions to the h→ ``′ amplitude. The different topologies are depicted

in figure 1.14 Individually these amplitudes produce infinite and finite pieces at O(1). This

means that they are suppressed only by the one-loop factor as well as Yukawa couplings

and mixing angles, but not v2/f2. The total sum however cancels as it must since there is

no available counterterm. Using the Feynman rules in the previous section one finds the

divergent contributions listed in table 6.15 The numbers C
(1)
UV are the coefficients, up to a

global factor, of 1
ε , with ε = 4− d the extra dimensions in dimensional regularization. The

dashes mean that the fields in the row do not close the loop of the topology in the column.

The dots stand for the vanishing of the infinite and finite pieces of the corresponding

diagrams. As indicated by the bullets, the sums of the different topologies in the last

column give not only finite but vanishing contributions (the sum of the contributions with

the same topology gathered in the last row are non-zero and infinite in general, but their

total sum does cancel).

The O(v2/f2) contributions are more interesting. Again there is no counterterm for

the corresponding operator of dimension 6 indicating that amplitude must be finite which

we check explicitly. In table 7 we gather the coefficients C
( v

2

f2 )

UV of the divergent pieces for the

different field contributions (rows) to a corresponding topology (columns). The notation is

12The Yukawa couplings κ giving large masses to T-odd particles must enter squared because only T-odd

particles run in the loop. In fact, it is their difference ∆κ2 that enters, whereas sin 2θ parameterizes the

misalignment.
13As we discuss below, for very large masses of the partner lepton doublets these finite integrals can

manifest a logarithmic behavior.
14There are new topologies with non-renormalizable couplings in this case, compared with the corre-

sponding gauge transitions [26].
15As shown in next section, the divergent part of the amplitude can be written Mdiv(h → ``′) =

1
16π2 (C

(1)
UV + v2

f2
C

( v2

f2 )

UV ) 1
ε

∑3
i=1 V

†
`′iVi`

m2
`Hi
f2

ū(p′,m`′)
(m`′

v
PL + m`

v
PR
)
v(p,m`).
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I II III IV

V VI VII VIII

IX X XI XII

Figure 1. Topologies contributing to h→ ``′.

C
(1)
UV I II III IV V+VI VII+VIII IX+X XI+XII Sum

ω, νH — — • • — — 1 −1 •

ω0, `H — — • • — — 1
2 −1

2 •

η, `H — — • • — — 1
10 − 1

10 •

Total — — • • — — 8
5 −8

5 •

Table 6. Divergent contributions proportional to 1
ε , with ε = 4− d the extra dimensions in dimen-

sional regularization, of each particle set running in the loop and topology in figure 1 contributing

at O(1). A dash means that the field set does not run in the diagram, whereas a dot indicates that

the infinite and finite parts vanish.

as in table 6, but now a 0 means that only the infinite piece cancels. As can be observed

by summing the entries of the last column, which adds to zero, the contribution of the

charged diagrams (those exchanging heavy neutrinos) is finite. It is clear however from

examining the table, and looking for example at the ω, νH and Φ, ν̃c, νH contributions to

the III topology, that the scalar triplet of hypercharge 1 as well as the additional vector-like

partner lepton doublets have to be taken into account to obtain a finite result. This was

perhaps expected since the electroweak triplets and partner leptons are needed in order to

guarantee that the SO(5) global symmetry is preserved. Quite often however it has been

assumed that they are heavy enough to be ignored, that they can be decoupled. This is

true for gauge boson mediated LFV processes where chiral symmetry allows for the Φ and
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C
( v

2

f2 )

UV I II III IV V+VI VII+VIII IX+X XI+XII Sum

WH , νH 0 0 — — — • — — 0

WH , ω, νH — — — — 0 — — — 0

ω, νH — — 1
4 −1

8 — — −1
6

5
24

1
6

ZH , `H • 0 — — — • — — 0

ZH , ω
0, `H — — — — 0 — — — 0

ω0, `H — — • − 1
16 — — −13

48 + xH
cW
sW

7
16 − xH

cW
sW

5
48

AH`H • 0 — — — • — — 0

AH , η, `H — — — — 0 — — — 0

η, `H — — • − 1
16 — — − 23

240 − xH
sW
5cW

− 17
240 + xH

sW
5cW

−11
48

ZH , AH , `H — 0 — — — — — — 0

ω0, η, `H — — — 1
8 — — — — 1

8

WH ,Φ, νH — — — — 0 — — — 0

Φ, νH — — • • — — −1
8

1
24 − 1

12

ω,Φ, νH — — — 1
6 — — — — 1

6

ω0,ΦP , `H — — — 1
24 — — — — 1

24

η,ΦP , `H — — — − 1
24 — — — — − 1

24

Φ, ν̃c, νH — — −1
4

1
24 — — • − 1

24 −1
4

Total 0 0 0 1
12 0 • − 49

120
39
120 0

Table 7. As in table 6 but to O(v2/f2). xH = 5tW
4(5−t2W )

is defined in eq. (2.32) with tW = sW
cW

.

ν̃c contributions to be decoupled without introducing a divergence, but clearly does not

hold for h→ τµ. We will further discuss the Z, γ → ``′ amplitudes elsewhere.

3.2 New sources of flavor violation contributing to h → ``′ in the LHT

We work out the finite part in this subsection to discuss the sources of LFV in the LHT,

and their behavior in the non-decoupling limit.16 These sources also contribute to other

processes like Z, γ → ``′, already discussed in the literature [26, 39], though only the

approximation of decoupled partner leptons and small momenta. These assumptions can

not be made in general and in particular for Higgs decays. First, as shown in the previous

subsection, the partner leptons are needed to make h → ``′ finite. The fact that the

partner lepton mass, which introduces a soft breaking of the global SO(5), can not be

taken to infinity and decoupled manifests as a logarithmic dependence of the h → ``′

amplitude on its mass, as shown below. Second, for on and off shell Higgs and Z decays at

the LHC there will be significant transfer of momenta. Thus a global fit using the complete

expressions for the LFV gauge boson mediated processes is also necessary [38], but we focus

here first on the h→ τµ decay.

16We have validated our calculation using the Mathematica package FeynCalc [43, 44].
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Using the Feynman rules in the previous section, we calculate the one-loop contribu-

tions of the T-odd gauge bosons, scalars and fermions to the h → ``′ amplitude in the

LHT. This can be written as

M(h→ ``′) = ū(p′,m`′)
(m`′

v
c``

′
L PL +

m`

v
c``

′
R PR

)
v(p,m`) , (3.2)

with

c``
′

L(R) =
αW
4π

v2

f2

[
3∑
i=1

V †`′iVi` F (m`Hi ,MWH
,MAH ,MΦ)

3∑
i,j,k=1

V †`′i
m`Hi

MWH

W †ijWjk
m`Hk

MWH

Vk` G(mν̃cj
,m`Hk(i)

,MΦ)

]
.

(3.3)

Note the different index contraction for c``
′

L and c``
′

R , and the mass relations in eqs. (2.33)

and (2.39) between MWH
and MZH and between m`Hi and mνHi , respectively. The function

F is more involved and worked out in the appendix. Making use of the scalar integrals

of three-point functions in ref. [45] (we omit the first three arguments of the three-point

functions, which we take equal to 0 for the external fermion momenta and to Q2 = M2
h for

the Higgs momentum), the function G in the second term reduces to

G(mν̃cj
,m`Hk ,MΦ) =

1

16
− 1

2
C00(M2

Φ,m
2
ν̃cj
,m2

`Hk
)

− 1

8
mν̃cj

m`HkC0(M2
Φ,m

2
ν̃cj
,m2

`Hk
)

− 1

12
M2

ΦC1(m2
ν̃cj
,M2

Φ,M
2
Φ) .

(3.4)

As is apparent from eq. (3.3), there are two sources of LFV present in the LHT model.

They are proportional to the mixing matrices V and W in eq. (2.40) parameterizing the

misalignment of the light lepton doublets with the heavy (vector-like) ones. The unitary

matrix V describes the flavor rotation between the former and their T-odd (left-handed)

doublet (mirror) partners. The unitary matrix W parameterizes flavor rotations between

the right-handed doublet counterparts of the latter and the extra doublets required to give

the partner leptons a mass.

The two sources of LFV in eq. (3.3) have a different dependence on the masses of the

heavy vector-like leptons. The first source coming from the misalignment of the mirror

leptons and involving only the rotation matrix V depend on the mirror lepton masses,

but not on the partner lepton masses, and only decouples when the scale f is taken large.

In contrast, the second source of LFV resulting from the misalignment of the additional

lepton doublets and involving both rotation matrices V and W is also function of the extra

partner lepton masses ml̃i
, which have a different origin and may be a priori much larger

than the scale f . In this limit this contribution grows logarithmically, reflecting the need

for further NP to provide these leptons a mass. The behavior in this limit is dictated by

the second term in eq. (3.4) proportional to C00 and coming from topology III with particle

content Φ, ν̃c, νH . This term grows as lnmν̃cj
and hence, there is no decoupling.
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4 Model dependent limits on the Higgs coupling to a pair of different

leptons in the LHT

We now estimate the corresponding branching ratio for the most interesting experimental

channel h→ τ+µ−+τ−µ+. To this end we still have to correct for the final mass eigenstates.

Indeed, the contributions to h→ ``′ in eq. (3.2) imply that the corresponding off-diagonal

entries ``′ of the charged lepton mass matrix also receive one-loop corrections with the

Higgs field insertion replaced by the vev. Hence, a further diagonalization of this mass

matrix is required to obtain the lepton mass eigenstates at the order in which we work.

This diagonalization and correction has been discussed in ref. [46] for the quark sector

(see also ref. [47]), and amounts to an extra multiplicative factor 2/3 for the amplitude in

eq. (3.2) for the actual final lepton mass eigenstates.17

This factor 2/3 can be easily understood as follows. At order v2/f2 we can completely

describe the SM charged lepton masses and their couplings to the Higgs boson by means

of the following effective Lagrangian, written in the basis defined by eq. (2.37),

Leff =−
√

2

v
m`i lL iφ `R i +

cij
f2
|φ|2lL iφ `Rj + h.c.+ . . . (4.1)

=

[(
−m`iδij +

1

2
√

2

v3

f2
cij

)
+
h

v

(
−m`iδij +

3

2
√

2

v3

f2
cij

)]
`L i `Rj + h.c.+ . . . ,

where cij are the corresponding (one-loop) Wilson coefficients. The key point is the relative

factor of 3 between the Yukawa coupling and the mass term at order v2/f2, originating

from the expansion (v + h)3 = v3 + 3v2h + . . . in the dimension 6 operator above. Due

to this factor the mass and Yukawa matrices are no longer proportional to each other and

diagonalizing the former does not automatically diagonalize the latter. We can go to the

physical basis by means of the usual bi-unitary transformation

`L,R i = (UL,R)ij `
phys
L,R j , (4.2)

where we have emphasized that `physL,R are the charged leptons in the physical basis and

UL,R are 3× 3 unitary matrices that can be written, up to order v2/f2, as

UL,R = 1 +
v2

f2
AL,R , (4.3)

with AL,R antihermitian matrices. The explicit form of these matrices can be found in [46]

but it is not needed for the discussion of the off-diagonal terms. Then, the condition that

the mass matrix is diagonal in the physical basis in particular requires that the coefficients

of the off-diagonal terms of order v2/f2 cancel in this basis

cijv

2
√

2
+ (AL)ijm`j −m`i(AR)ij = 0 , (i 6= j, physical basis), (4.4)

17In contrast, for the gauge couplings the effect of this final rotation is higher order (for the neutral

current couplings) or physically unobservable (for the charged current ones).
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which in turn implies, for the off-diagonal contribution to the Yukawa coupling,

v2

f2

[
3 cij

2
√

2
+ (AL)ij

m`j

v
− m`i

v
(AR)ij

]
h `L i `Rj + . . .

=
1√
2

v2

f2
cij h `L i `Rj + . . . , (i 6= j, physical basis).

(4.5)

Thus we see that the effect of going to the physical basis just amounts to a simple re-scaling

of the off-diagonal Yukawa couplings by a factor 2/3.

The LFV partial width can therefore be written as

Γ(h→ τ+µ− + τ−µ+) =
Mh

16π

m2
τ +m2

µ

v2

4

9
(|cτµL |

2 + |cτµR |
2) , (4.6)

and its branching ratio

Br(h→ τµ) = Br(h→ bb̄)
Γ(h→ τ+µ− + τ−µ+)

Γ(h→ bb̄)
' 0.6

m2
τ

6m2
b

4

9
(|cτµL |

2 + |cτµR |
2) . (4.7)

Now, using eq. (3.3), with the mixing matrices (the V columns correspond to e, µ and τ ,

respectively)

V =

1 0 0

0 cos θ1 sin θ1

0 − sin θ1 cos θ1

 , W =

1 0 0

0 cos θ2 sin θ2

0 − sin θ2 cos θ2

 , (4.8)

we obtain

Br(h→ τµ) ' 0.2× 10−6 , (4.9)

for f = 1 TeV, fixing the heavy gauge boson masses MWH ,ZH ,AH in eq. (2.33) and MΦ '√
2Mhf/v [48], and m`H2,3

= 1.0, 8.1 TeV, ml̃2,3
= 10, 50 TeV, and θ1,2 = π

3 ,
π
25 , respectively.

In general, the LFV Higgs branching ratios tend to be smaller when ml̃i
∼ m`Hi ∼ MWH

and there are often large cancellations. At any rate, in order to assess the experimentally

allowed regions in parameter space in the LHT these predictions have to be confronted with

the corresponding ones with gauge bosons, and all of them with the stringent experimental

limits on LFV processes. We will present such a detailed study elsewhere [38].

5 Summary and conclusions

We have calculated loop induced lepton flavor violating Higgs decays in the Littlest Higgs

model with T-parity including all contributions from the T-odd lepton sector. We have

shown that a finite amplitude is obtained only when all of these contributions are included

in contrast to lepton flavor violating processes mediated by gauge bosons where the partners

of the right-handed mirror leptons can be decoupled from the spectrum. These partners

are necessary to cancel the divergence in the Higgs mass introduced by the mirror leptons

but are otherwise unnecessary and assumed to be decoupled in previous phenomenological

studies. We have emphasized that these partner leptons can not be decoupled in Higgs
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decays and furthermore, they introduce a new source of lepton flavor violation via their

couplings to the physical pseudo-Goldstone electroweak triplet scalar.

Although this extra source also affects lepton flavor violating processes mediated by

gauge bosons, it decouples from these amplitudes in the limit of heavy mass for the partner

leptons. However, if all the partner leptons are kept at the same order as the other T-odd

particles, all their contributions are expected to be of similar size. This implies that the

contributions of partner leptons as well as the pseudo-Goldstone scalar electroweak triplet

must also be taken into account when estimating LFV processes mediated by photons and

Z bosons. Moreover, an assessment about the parameter space of this model allowed by

experiment requires the calculation of these new contributions and to perform a global fit

to all LFV processes experimentally accessible. A detailed discussion of the corresponding

limits will be presented elsewhere.

Barring these further constraints, we find that the h → τµ branching ratio can be as

large as ∼ 0.2×10−6 for large mixings and all T-odd particle masses of the order a few TeV.
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A Expressions for the amplitudes

The function F in eq. (3.3) can be split depending on the fields running in the loop and

their common mass dependence in 8 pieces corresponding to the first 8 row groupings in

table 6, separated by horizontal lines:18

F = F |WH
+ F |ZH + F |AH + F |ZHAH + F |Φ + F |ωΦ + F |ω0ΦP + F |ηΦP . (A.1)

Using the scalar integrals of two and three-point functions in ref. [45] (see also ref. [26]

for notation; in particular, we omit the first three arguments of the three-point functions,

which we take equal to 0 for the external fermion momenta and to Q2 = M2
h for the Higgs

momentum), these contributions read

F |WH
= − 1

16
− 1

16

m2
`Hi

M2
WH

+
1

2
C00(m2

`Hi
,M2

WH
,M2

WH
) +

m2
`Hi

24
C0(m2

`Hi
,M2

WH
,M2

WH
)

− 1

2

m2
`Hi

M2
WH

[
1

12
B0(0;M2

WH
,m2

`Hi
)− C00(M2

WH
,m2

`Hi
,m2

`Hi
)

]
18Below, we use m`Hi everywhere, although in the (charged) diagrams exchanging mirror neutrinos, mνHi

must be understood. (Similarly to the case of the function G in eq. (3.4), where the relevant mass is mν̃cj
,

when applicable.) Analogously, we denote by MΦ the mass of any scalar triplet component, although they

can differ by a small amount O(v2/f2) after EWSB, which we can neglect at the order we work.
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+
m2
`Hi

2

[(
1

3
+
M2
WH

m2
`Hi

)
C1(m2

`Hi
,M2

WH
,M2

WH
)

−

(
1 +

1

2

m2
`Hi

M2
WH

)
C1(M2

WH
,m2

`Hi
,m2

`Hi
)− 1

2
C0(M2

WH
,m2

`Hi
,m2

`Hi
)

]
,

(A.2)

F |ZH = − 1

32
+

1

4
C00(m2

`Hi
,M2

WH
,M2

WH
) +

1

48
m2
`Hi
C0(m2

`Hi
,M2

WH
,M2

WH
)

− 1

24

m2
`Hi

M2
WH

[
1

2
B1(0;m2

`Hi
,M2

WH
)−B0(0;M2

WH
,m2

`Hi
)

]
+

(
1

8
M2
WH

+
1

12
m2
`Hi

)
C1(m2

`Hi
,M2

WH
,M2

WH
) (A.3)

F |AH = − 1

4

M2
AH

M2
WH

[
1

8
− C00(m2

`Hi
,M2

AH
,M2

AH
)− 1

12
m2
`Hi
C0(m2

`Hi
,M2

AH
,M2

AH
)

]
− 1

8

m2
`Hi

M2
WH

[
1

6
B1(0;M2

AH
,m2

`Hi
) +B0(0;M2

AH
,m2

`Hi
)

]
+
M2
AH

M2
WH

(
1

8
M2
AH

+
1

12
m2
`Hi

)
C1(m2

`Hi
,M2

AH
,M2

AH
) , (A.4)

F |ZHAH =
1

24

m2
`Hi

M2
WH

[
1

2
B1(0;M2

WH
,m2

`Hi
) +

1

2
B1(0;M2

AH
,m2

`Hi
) +B0(0;M2

WH
,m2

`Hi
)

+B0(0;M2
AH
,m2

`Hi
)

]
− 1

4
M2
AH
C1(m2

`Hi
,M2

WH
,M2

AH
)

+
m2
`Hi

M2
WH

(
M2
WH

24
+
M2
AH

24

)[
C1(m2

`Hi
,M2

WH
,M2

AH
) + C0(m2

`Hi
,M2

WH
,M2

AH
)
]
,

(A.5)

F |Φ =
1

16
− 1

2
C00(m2

`Hi
,M2

Φ,M
2
Φ)− 1

24

m2
`Hi

M2
WH

B0(0;M2
Φ,m

2
`Hi

) , (A.6)

F |ωΦ =
1

24

m2
`Hi

M2
WH

[
B0(0;M2

WH
,m2

`Hi
) +B0(0;M2

Φ,m
2
`Hi

)

+(M2
WH

+M2
Φ) C0(m2

`Hi
,M2

WH
,M2

Φ)
]
, (A.7)

F |ω0ΦP =
1

96

m2
`Hi

M2
WH

[
B0(0;M2

WH
,m2

`Hi
) +B0(0;M2

Φ,m
2
`Hi

)

+(M2
WH

+M2
Φ) C0(m2

`Hi
,M2

WH
,M2

Φ)
]
, (A.8)

F |ηΦP = − 1

96

m2
`Hi

M2
WH

[
B0(0;M2

AH
,m2

`Hi
) +B0(0;M2

Φ,m
2
`Hi

)

+(M2
AH

+M2
Φ) C0(m2

`Hi
,M2

AH
,M2

Φ)
]
. (A.9)

We neglect terms proportional to Q2 = M2
h because they are next order in v2/f2. Correc-

tions proportional to light (SM) lepton masses are also neglected everywhere.
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[43] R. Mertig, M. Böhm and A. Denner, FEYN CALC: computer algebraic calculation of

Feynman amplitudes, Comput. Phys. Commun. 64 (1991) 345 [INSPIRE].

[44] V. Shtabovenko, R. Mertig and F. Orellana, New developments in FeynCalc 9.0, Comput.

Phys. Commun. 207 (2016) 432 [arXiv:1601.01167] [INSPIRE].

[45] G. Passarino and M.J.G. Veltman, One loop corrections for e+e− annihilation into µ+µ− in

the Weinberg model, Nucl. Phys. B 160 (1979) 151 [INSPIRE].
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