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Branching Ratio Branching Ratio

µ− → e−γ 5.7 × 10−13 µ− → e−e+e− 1.0 × 10−12

Conversion Rate

µ− → e− 7.0 × 10−13

Branching Ratio

τ− → e−γ 1.2 × 10−7 τ− → µ−e+µ− 1.7 × 10−8

τ− → µ−γ 4.5 × 10−8 τ− → e−µ+e− 1.5 × 10−8

τ+ → e+γ 3.3 × 10−8 τ− → µ−e+e− 1.8 × 10−8

τ+ → µ+γ 4.4 × 10−8 τ− → e−µ+µ− 2.7 × 10−8

τ− → e−e+e− 2.7 × 10−8

τ− → µ−µ+µ− 2.1 × 10−8

Z → µe 7.5 × 10−7 h → µe 3.5 × 10−4

Z → τe 9.8 × 10−6 h → τe 6.1 × 10−3

Z → τµ 1.2 × 10−5 h → τµ 2.5 × 10−3

Table IX: Benchmark prediction for lepton flavor violating processes mediated by electro-weak

gauge and Higgs bosons. (g − 2)µ =, although it is flavor conserving.

FPA2013-46570.

Appendix: Flavor conserving observables

Recall that so far we have neglected mℓ2 in

F γ
M =

αW

16π

∑

i(jk)

{
mℓ1 [V

†(W †W )V ]ℓ2ℓ1 + mℓ2 [V
†(W †W )V ]†ℓ2ℓ1

}
[. . . ] (A.1)

−iF γ
E =

αW

16π

∑

i(jk)

{
mℓ1 [V

†(W †W )V ]ℓ2ℓ1 − mℓ2 [V
†(W †W )V ]†ℓ2ℓ1

}
[. . . ] (A.2)

(Since the particles in loops are heavier than external ones, loop integrals [. . . ] are real.)

Now we may take mℓ = mℓ1 = mℓ2 to obtain the anomalous magnetic dipole moment

aℓ = (gℓ − 2)/2 and the electric dipole moment dℓ of lepton ℓ:

aℓ =
(gℓ − 2)

2
= 2mℓF

γ
M(0) , (A.3)
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• Little Higgs models stabilise the Standard Model (SM) Higgs doublet making 
it part of the Goldstone bosons associated with the breaking of a large 
enough global symmetry above the electro-weak scale v ∼ 246 GeV. In the 
littlest case SU(5) breaks down to SO(5) at f ∼ few TeV.	

• If the model can incorporate a Z2 symmetry under which SM particles are 
even and the extra particles are odd, the latter must be pair produced and 
hence, their indirect effects are suppressed by at least one loop and the 
direct ones by the available energy -which must be larger than twice the 
lightest odd particle-. 	

• Such a discrete symmetry is realised in the Littlest Higgs model with T-parity 
(LHT). Hence, in this case Lepton Flavour Violating (LFV) amplitudes are 

suppressed by a factor                             . Smaller branching ratios can be 
accommodated allowing for small mixing angles. 	

• Previous studies of                                                          only include part 
of the T-odd spectrum. As recently noticed, Higgs decays are only one-loop 
finite if all T-odd particles are taken into account. What requires a reanalysis 
of all processes.  

µ ! e�, µ ! eēe, µN ! eN

1

16⇡2

v2

f2
⇠ 4⇥ 10�4
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Littlest Higgs
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Generators of the gauge subgroup [SU(2)⇥ U(1)]1 ⇥ [SU(2)⇥ U(1)]2 ⇢ SU(5):
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SU(5) ! SO(5) :
24 = 14 + 10

SU(2)1 ⇥ U(1)1 ⇥ SU(2)2 ⇥ U(1)2 ! SU(2)1+2 ⇥ U(1)1+2

GLOBAL

GAUGE

�H , ZH ,W±
H

�, Z,W±

Littlest Higgs [Arkani-Hamed, Cohen, Katz, Nelson ’02]

(1) SU(5) ! SO(5) by S0 =

0

B

B

@

02⇥2 0 12⇥2

0 1 0

12⇥2 0 02⇥2

1

C

C

A

, S(x) = eiP/ f S0eiPT/ f = e2iP/ f S0

where P(x) = f

a(x)Xa and Xa are the 24 � 10 = 14 broken generators ) 14 GB

G ⌘ SU(5) � [SU(2)⇥ U(1)]1 ⇥ [SU(2)⇥ U(1)]2 (gauge)
hSi=S0����! SU(2)L ⇥ U(1)Y

[unbroken]: Qa
1 + Qa

2, Y1 + Y2 ) 4 gauge bosons (g, Z, W+, W�) remain massless

[broken]: Qa
1 � Qa

2, Y1 � Y2 ) 4 gauge bosons (AH, ZH, W+
H , W�

H ) get masses of order f

4 WBGB (h, w

0, w

+, w

�) eaten by (AH, ZH, W+
H , W�

H )

10 GB: H (complex SU(2) doublet)
| {z }

, F (complex SU(2) triplet)

(2) EWSB: SU(2)L ⇥ U(1)Y
hHi��! U(1)QED ) H =

p
2

0

@

�ip

+p
2

v+h+ip0

2

1

A

3 WBGB (p0, p

+, p

�) eaten by (Z, W+, W�)
1 GB: h
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Littlest Higgs with T-parity

– Fermion (lepton) sector:

(a) Introduce SU(2)L doublets l1L, l2L, lHR, l̃c
L and a singlet cR in

Y1[5] =

0

B

B

@

�is2l1L

0

0

1

C

C

A

Y2[5] =

0

B

B

@

0

0

�is2l2L

1

C

C

A

YR =

0

B

B

@

�is2 l̃c
L

cR

�is2lHR

1

C

C

A

Y1
T ! WS0Y2 Y1

G�! V⇤Y1, Y2
G�! VY2

YR
T�! WYR YR

G�! UYR

T-even Standard (light) Singlet (decouples)

lL = 1p
2
(l1L � l2L) = (nL `L)T

cR
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2
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L = (ñc

L
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L)
T
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LEPTONS PER FAMILY

Left� handed

Right� handed

Littlest Higgs with T-parity
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L
˜̀c

L)
T

José I. Illana (ugr) Higgs Flavour Changing in Little Higgs Models 7

 L =

0

BBBB@

�i�2 l̃cR

�L

0

1

CCCCA
T� even

All the other leptons T ! odd

! R

T� even (SM)

T� even (SM)



F. del Águila, Corfu 2017 LFV in LHT 8

Littlest Higgs with T-parity

! To obtain (heavy, vector-like) mirror fermion masses preserving gauge and T

LYH = �k f
�

Y2x + Y1S0x

†� YR + h.c.
x = eiP/ f T�! Wx

†W

x

G�! VxU† ⌘ UxS0VTS0

(b) Introduce (light) standard (down-type) fermion singlets (`R) with mass terms
preserving gauge and T [Chen, Tobe, Yuan ’06]
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4 , i, j 2 {1, 2} , x, y, z 2 {3, 4, 5}
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Littlest Higgs with T-parity

B To obtain (heavy, vector-like) mirror fermion masses preserving gauge and T
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Littlest Higgs with T-parity

B So far

LY � � l`p
2

v `L`R + h.c.

LYH � �
p

2k f lHLlHR + h.c.

(c) To provide the mirror partners l̃c
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to break SO(5) by introducing its left-handed counterpart l̃c
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R, ˜̀c
R)

T in an
incomplete SO(5) representation

YL =

0

B

B

@

�is2 ˜̀c
R

0

0

1

C

C

A

LM = �M l̃R l̃L + h.c.

José I. Illana (ugr) Higgs Flavour Changing in Little Higgs Models 9

Littlest Higgs [Arkani-Hamed, Cohen, Katz, Nelson ’02]
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where P(x) = f

a(x)Xa and Xa are the 24 � 10 = 14 broken generators ) 14 GB

G ⌘ SU(5) � [SU(2)⇥ U(1)]1 ⇥ [SU(2)⇥ U(1)]2 (gauge)
hSi=S0����! SU(2)L ⇥ U(1)Y

[unbroken]: Qa
1 + Qa

2, Y1 + Y2 ) 4 gauge bosons (g, Z, W+, W�) remain massless

[broken]: Qa
1 � Qa

2, Y1 � Y2 ) 4 gauge bosons (AH, ZH, W+
H , W�

H ) get masses of order f

4 WBGB (h, w

0, w
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�) eaten by (AH, ZH, W+
H , W�

H )

10 GB: H (complex SU(2) doublet)
| {z }

, F (complex SU(2) triplet)
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José I. Illana (ugr) Higgs Flavour Changing in Little Higgs Models 4

Littlest Higgs [Arkani-Hamed, Cohen, Katz, Nelson ’02]

(1) SU(5) ! SO(5) by S0 =

0

B

B

@

02⇥2 0 12⇥2

0 1 0

12⇥2 0 02⇥2

1

C

C

A

, S(x) = eiP/ f S0eiPT/ f = e2iP/ f S0

where P(x) = f

a(x)Xa and Xa are the 24 � 10 = 14 broken generators ) 14 GB

G ⌘ SU(5) � [SU(2)⇥ U(1)]1 ⇥ [SU(2)⇥ U(1)]2 (gauge)
hSi=S0����! SU(2)L ⇥ U(1)Y

[unbroken]: Qa
1 + Qa

2, Y1 + Y2 ) 4 gauge bosons (g, Z, W+, W�) remain massless

[broken]: Qa
1 � Qa

2, Y1 � Y2 ) 4 gauge bosons (AH, ZH, W+
H , W�

H ) get masses of order f

4 WBGB (h, w

0, w

+, w

�) eaten by (AH, ZH, W+
H , W�

H )

10 GB: H (complex SU(2) doublet)
| {z }

, F (complex SU(2) triplet)

(2) EWSB: SU(2)L ⇥ U(1)Y
hHi��! U(1)QED ) H =

p
2

0

@

�ip

+p
2

v+h+ip0

2

1

A

3 WBGB (p0, p

+, p

�) eaten by (Z, W+, W�)
1 GB: h

José I. Illana (ugr) Higgs Flavour Changing in Little Higgs Models 4

Littlest Higgs with T-parity

B To obtain (heavy, vector-like) mirror fermion masses preserving gauge and T

LYH = �k f
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x = eiP/ f T�! Wx
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(b) Introduce (light) standard (down-type) fermion singlets (! R) with mass terms
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Littlest Higgs with T-parity
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Heavy masses ! f

Large masses

JHEP08(2004)061

Figure 2: The diagrams responsible for cancelling the quartic divergence. Diagram (a) is there
only for the U(1)Y gauge boson since χ is an SU(2)W singlet and doesn’t couple to W and Z bosons
directly.

close to the cutoff scale, so it is appropriate to integrate them out below their masses.
The low energy effective theory after integrating out the third site is then described by the
T -invariant two-site model discussed here, except for the trivial choices of the SU(3) or
SO(5) groups. In this way, the three-site model may be viewed as a possible UV extension
of the two-site model, in which all fermions transform linearly under the full symmetry,
although in principle there could be other possibilities.

3. An SU(5)/ SO(5) model with T parity

Having the experience with the QCD-like minimal moose model, we can now generalize
this construction to other little Higgs models. In particular, we will focus on the littlest
Higgs model based on an SU(5)/SO(5) non-linear sigma model [12], which is the most
extensively studied little Higgs model in the literature. It has been claimed that, in order
to be compatible with the precision data, the original model needs to be fine-tuned and
the viable parameter space is thus severely constrained [20, 19, 21]. From the discussion
in the previous sections, however, we can see that the strong constraints can be removed
completely, hence providing a natural model for electroweak symmetry breaking if the T -
parity can be implemented. In this section we show that this is indeed possible. A few
more new states are needed to complete the construction, which will be explained along
the way.

Following the notation and the basis in ref. [12], we consider a non-linear sigma model
arising from a 5 × 5 symmetric matrix Φ, transforming under the global SU(5) symmetry
as Φ → V ΦV T , with a vacuum expectation value

Σ0 =

⎛

⎜⎝ 1

⎞

⎟⎠ , (3.1)

which breaks SU(5) → SO(5). The unbroken generators T a and broken generators Xa

satisfy Σ0TaΣ0 = −T T
a and Σ0XaΣ0 = XT

a , respectively. Same as [SU(3) × SU(3)]/SU(3),

– 9 –

H.C.	Cheng,	I.	Low,	hep-ph/0405243

SM masses⇠ v
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IX X XI XII

Figure 1 . Topologies contributing to h ! !! ! .

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

scales as

M / 1
16" 2

v2

f 2 # ! $2 sin 2%. (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
di! erences with the corresponding gauge boson mediated processes Z, & ! !! !. 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 di! erent topologies are depicted
in Figure 1.14 Individually these amplitudes produce infinite and finite pieces at O(1). This

13 As we discuss below, for very large masses of the partner lepton doublets these Þnite integrals can
manifest a logarithmic behavior.

14 There are new topologies with non-renormalizable couplings in this case, compared with the corre-
sponding gauge transitions [26].

– 15 –

arXiv:1705.08827 [hep-ph]
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C(1)
UV I II III IV V+VI VII+VIII IX+X XI+XII Sum

!, ⌫H – – • • – – 1 �1 •
!0, `H – – • • – – 1

2 �1
2 •

⌘, `H – – • • – – 1
10 � 1

10 •
Total – – • • – – 8

5 �8
5 •

Table 6. Divergent contributions proportional to 1
✏ , with ✏ = 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.

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

✏ , with ✏ = 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
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 !, ⌫H and �, ⌫̃c, ⌫H 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 � and
⌫̃c contributions to be decoupled without introducing a divergence, but clearly does not
hold for h ! ⌧µ. We will further discuss the Z, � ! ``0 amplitudes elsewhere.
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✏
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examining the table, and looking for example at the !, ⌫H and �, ⌫̃c, ⌫H 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 � and
⌫̃c contributions to be decoupled without introducing a divergence, but clearly does not
hold for h ! ⌧µ. We will further discuss the Z, � ! ``0 amplitudes elsewhere.
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✏
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C
( v

2

f2
)

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

WH , ⌫H 0 0 – – – • – – 0

WH ,!, ⌫H – – – – 0 – – – 0

!, ⌫H – – 1
4 �1

8 – – �1
6

5
24

1
6

ZH , `H • 0 – – – • – – 0

ZH ,!0, `H – – – – 0 – – – 0

!0, `H – – • � 1
16 – – �13

48 + xH
cW
sW

7
16 � xH

cW
sW

5
48

AH`H • 0 – – – • – – 0

AH , ⌘, `H – – – – 0 – – – 0

⌘, `H – – • � 1
16 – – � 23

240 � xH
sW
5cW

� 17
240 + xH

sW
5cW

�11
48

ZH , AH , `H – 0 – – – – – – 0

!0, ⌘, `H – – – 1
8 – – – – 1

8

WH ,�, ⌫H – – – – 0 – – – 0

�, ⌫H – – • • – – �1
8

1
24 � 1

12

!,�, ⌫H – – – 1
6 – – – – 1

6

!0,�P , `H – – – 1
24 – – – – 1

24

⌘,�P , `H – – – � 1
24 – – – – � 1

24

�, ⌫̃c, ⌫H – – �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. (2.33) with tW =

sW
cW

.

3.2 New sources of flavor violation contributing to h ! ``0 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, � ! ``0, 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 ! ``0 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 ! ``0 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

16 We have validated our calculation using the Mathematica package FeynCalc [43, 44].
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4 Model dependent limits on the Higgs coupling to a pair of di ! erent
leptons in the LHT

We now estimate the corresponding branching ratio for the most interesting experimental
channelh ! ! + µ! + ! ! µ+ . To this end we still have to correct for the Þnal mass eigenstates.
Indeed, the contributions to h ! "" " in Eq. (3.2) imply that the corresponding o! -diagonal
entries "" " of the charged lepton mass matrix also receive one-loop corrections with the
Higgs Þeld insertion replaced by thevev. 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 Þnal lepton mass eigenstates.17

This factor 2/3 can be easily understood as follows. At orderv2/f 2 we can completely
describe the SM charged lepton masses and their couplings to the Higgs boson by means of
the following e! ective Lagrangian, written in the basis deÞned by Eq. (2.38),

L e! = "

#
2

v
m! i

ølL i # "R i +
cij

f 2 |#|2ølL i # "R j + h .c. + . . . (4.1)

=
!"

" m! i $ij +
1

2
#

2

v3

f 2 cij

#
+

h
v

"
" m! i $ij +

3

2
#

2

v3

f 2 cij

#$
ø"L i "R j + h .c. + . . . ,

wherecij are the corresponding (one-loop) Wilson coe" cients. The key point is the relative
factor of 3 between the Yukawa coupling and the mass term at orderv2/f 2, 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"phys
L,R are the charged leptons in the physical basis andUL,R

are 3 $ 3 unitary matrices that can be written, up to order v2/f 2, as

UL,R = 1 +
v2

f 2 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 o! -diagonal terms. Then, the condition that
the mass matrix is diagonal in the physical basis in particular requires that the coe" cients
of the o! -diagonal terms of orderv2/f 2 cancel in this basis

cij v

2
#

2
+ ( AL )ij m! j " m! i (AR)ij = 0 , (i %= j, physical basis), (4.4)

17 In contrast, for the gauge couplings the e! ect of this Þnal 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

p
2

+ (AL)ij

m`j

v
� m`i

v
(AR)ij

�
h ¯`L i `Rj + . . .

=

1p
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

�(h ! ⌧+µ�
+ ⌧�µ+

) =

Mh

16⇡

m2
⌧ +m2

µ

v2
4

9

(|c⌧µL |2 + |c⌧µR |2) , (4.6)

and its branching ratio

Br(h ! ⌧µ) = Br(h ! b¯b)
�(h ! ⌧+µ�

+ ⌧�µ+
)

�(h ! b¯b)
' 0.6

m2
⌧

6m2
b

4

9

(|c⌧µL |2 + |c⌧µR |2) . (4.7)

Now, using Eq. (3.3), with the mixing matrices (the V columns correspond to e, µ and ⌧ ,
respectively)

V =

0

B@
1 0 0

0 cos ✓1 sin ✓1
0 � sin ✓1 cos ✓1

1

CA , W =

0

B@
1 0 0

0 cos ✓2 sin ✓2
0 � sin ✓2 cos ✓2

1

CA , (4.8)

we obtain

Br(h ! ⌧µ) ' 0.2⇥ 10

�6 , (4.9)

for f = 1 TeV, fixing the heavy gauge boson masses MWH ,ZH ,AH
in Eq. (2.34) and M� 'p

2Mhf/v [48], and m`H2,3 = 1.0, 8.1 TeV, ml̃2,3
= 10, 50 TeV, and ✓1,2 =

⇡
3 ,

⇡
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
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We now estimate the corresponding branching ratio for the most interesting experimental
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entries "" " of the charged lepton mass matrix also receive one-loop corrections with the
Higgs Þeld insertion replaced by thevev. Hence, a further diagonalization of this mass
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(3.2) for the actual Þnal lepton mass eigenstates.17
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describe the SM charged lepton masses and their couplings to the Higgs boson by means of
the following e! ective Lagrangian, written in the basis deÞned by Eq. (2.38),
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wherecij are the corresponding (one-loop) Wilson coe" cients. The key point is the relative
factor of 3 between the Yukawa coupling and the mass term at orderv2/f 2, 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"phys
L,R are the charged leptons in the physical basis andUL,R

are 3 $ 3 unitary matrices that can be written, up to order v2/f 2, as

UL,R = 1 +
v2

f 2 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 o! -diagonal terms. Then, the condition that
the mass matrix is diagonal in the physical basis in particular requires that the coe" cients
of the o! -diagonal terms of orderv2/f 2 cancel in this basis
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Figure 1: Topologies contributing to γ, Z → ℓℓ′.

dipole transition:

i Γµ
γ(pℓ, pℓ′) = i e

[
iF γ

M (Q2) + F γ
E(Q2)γ5

]
σµν Qν , (10)

where Qν = (pℓ′ − pℓ)ν , with total decay width (neglecting mℓ′)

Γ(ℓ → ℓ′γ) =
α

2
m3

ℓ (|F γ
M |2 + |F γ

E|
2) , (11)

where α = e2

4π . The contributions to these two dipole form factors due the exchange of

the T-odd mirror leptons are presented in detail in Refs. [26, 57], where the notation

used here is also introduced (we will rename some functions to easy comparison between

processes). The different one-loop topologies contributing to them in the ’t Hooft-Feynman

gauge are depicted in Figure 1.12 These contributions, as the new ones mediated by mirror

partner leptons below, satisfy F γ
M = −iF γ

E . The charged contributions (those also exchanging

WH and its Goldstone bosons) add to a finite sum, F γ
M |WH

, and similarly the two neutral

12 There are two other new topologies with non-renormalizable Scalar-Scalar-Fermion-Fermion couplings in

the corresponding Higgs decays, h → ℓℓ′, compared with this gauge transition [37].
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C
(1)
UV I II III IV V+VI VII+VIII IX+X Sum

WH 0 0 1
2 −1 + s2

W • – 1
2 − s2

W •

ZH 0 • −1
4 +

s2
W
2 • – 0 1

4 −
s2
W
2 •

AH 0 • − 1
20 +

s2
W
10 • – 0 1

20 −
s2
W
10 •

l̃ – – 1
2 − 2s2

W −2 + 5s2
W – – 3

2 − 3s2
W •

Total 0 0 7
10 −

7s2
W
5 −3 + 6s2

W • 0 23
10 −

23s2
W

5 •

Table I: 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 ?? but with the

Higgs replaced by the Z boson contributing to O(1). Note that in this case the two last diagrams,

XI and XII, are absent. A dash means that the field set does not run in the diagram, whereas a

dot that the infinite and finite parts do vanish.

C
( v2

f2
)

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

WH 0 0 −1
8

1
8 0 0 0 0

ZH 0 • 1
8 −

s2
W
4 − 5c2

W yH • – 0 −1
8 +

s2
W
4 + 5c2

W yH 0

AH 0 • 1
8 −

s2
W
4 + s2

W yH • – 0 −1
8 +

s2
W
4 − s2

W yH 0

l̃ – – 1
8 −1

8 – – • 0

Total 0 0 1
8 −

s2
W
4 0 0 0 −1

8 +
s2
W
4 0

Table II: As in Table I but to O( v2

f2 ). yH = 1−tW
8(5−t2W )

with tW = sW
cW

.

subset (row). In the second table the total sum is zero, which means that the result is

finite but the O( v2

f2 ) contribution is non-vanishing. The upper half of this table includes the

contributions of the T-odd particles previously considered in the literature, being the sum

of all topologies finite for each field subset. Whereas the lower one gathers the contributions

of the new extra lepton doublets and the pseudo-Goldstone scalar triplet, which also add to

zero.

4

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

WH 0 0 1
2 ! 1 + s2

W ¥ Ð 1
2 ! s2

W ¥

ZH 0 ¥ ! 1
4 + s2

W
2 ¥ Ð 0 1

4 ! s2
W
2 ¥

AH 0 ¥ ! 1
20 + s2

W
10 ¥ Ð 0 1

20 ! s2
W
10 ¥

÷l Ð Ð 1
2 ! 2s2

W ! 2 + 5s2
W Ð Ð 3

2 ! 3s2
W ¥

Total 0 0 7
10 ! 7s2

W
5 ! 3 + 6s2

W ¥ 0 23
10 ! 23s2

W
5 ¥

Table I: Divergent contributions proportional to 1
! , with ! = 4 ! d the extra dimensions in dimen-

sional regularization, of each particle set running in the loop and topology in Figure?? but with the

Higgs replaced by theZ boson contributing to O(1). Note that in this case the two last diagrams,

XI and XII, are absent. A dash means that the Þeld set does not run in the diagram, whereas a

dot that the inÞnite and Þnite parts do vanish.

C
( v 2

f 2 )

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

WH 0 0 ! 1
8

1
8 0 0 0 0

ZH 0 ¥ 1
8 ! s2

W
4 ! 5c2

W yH ¥ Ð 0 ! 1
8 + s2

W
4 + 5c2

W yH 0

AH 0 ¥ 1
8 ! s2

W
4 + s2

W yH ¥ Ð 0 ! 1
8 + s2

W
4 ! s2

W yH 0

÷l Ð Ð 1
8 ! 1

8 Ð Ð ¥ 0

Total 0 0 1
8 ! s2

W
4 0 0 0 ! 1

8 + s2
W
4 0

Table II: As in Table I but to O( v2

f 2 ). yH = 1! tW
8(5! t2

W ) with tW = sW
cW

.

subset (row). In the second table the total sum is zero, whichmeans that the result is

Þnite but the O( v2

f 2 ) contribution is non-vanishing. The upper half of this tableincludes the

contributions of the T-odd particles previously considered in the literature, being the sum

of all topologies Þnite for each Þeld subset. Whereas the lower one gathers the contributions

of the new extra lepton doublets and the pseudo-Goldstone scalar triplet, which also add to

zero.
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with

F W
L (x) = !

5
18

+
12x + x2 ! 7x3

24(1! x)3
+

12x2 ! 10x3 + x4

12(1! x)4
ln x ,

F A/Z
L (x) =

1
36

+
18x ! 11x2 ! x3

48(1! x)3
!

4 ! 16x + 9x2

24(1! x)4
ln x ,

F ÷!
L (x) =

2 ! 7x + 11x2

72(1! x)3
+

x3

12(1! x)4
ln x , (16)

F
÷"
L (x) =

20! 43x + 29x2

36(1! x)3
+

2 ! 3x + 2x3

6(1 ! x)4
ln x .

F #
L |WH also has a universal inÞnite loop contribution which cancels due to the unitarity of

the mixing matrices multiplying it. Its also worth to insist that the new contributions pro-

portional to F ÷! ,÷"
L decouple when the masses of the mirror partner leptons÷li go to inÞnity.

Concluding, in the LHT the dipole form factors are proportional, F #
M = ! iF #

E . Whereas

current conservation implies that the vector form factors (in particular, F #
L ) must be pro-

portional to Q2 because they vanish for on-shell photons, although they contribute to the

photon penguin which is also proportional to the photon propagator " Q! 2.

In contrast, the Z penguin involves theZ propagator which for small transfer momentum

processes is proportional toM ! 2
Z , what modiÞes the leading form factors. The dipole ones,

which ßip chirality, are proportional to SM lepton masses and negligible when compared to

the vector ones, as there are also negligible the scalar formfactors. Then, at leading order

the Z !! " vertex reduces to

i ! µ
Z (p", p"! ) = i e F Z

L (Q2)" µPL (17)

because the corresponding right-handed vector form factorF Z
R is also O(m2

" /f 2) in the

LHT. As in the photonic case, the contributions of the T-odd fermions to F Z
L result from

the running of the mirror and the mirror partner leptons inside the loops in Figure 1. Using

the Feynman rules introduced above and splitting these contributions as before, we obtain:

F Z
L = F Z

L |WH + F Z
L |A H + F Z

L |ZH + F Z
L |÷! c + F Z

L |÷"c

=
!

i

V  
"! i Vi "

#W

8$sW cW

"
v2

8f 2
H W (0)

L

#
m2

"Hi

M 2
WH

$
+

Q2

M 2
WH

H W
L

#
m2

"Hi

M 2
WH

$

+(1 ! 2c2
W )

Q2

M 2
WH

%
1
5

H A/Z
L

#
m2

"Hi

M 2
A H

$
+ H A/Z

L

#
m2

"Hi

M 2
ZH

$&'
(18)

+
!

ijk

V  
"! i

m"Hi

MWH

W  
ij Wjk

m"Hk

MWH

Vk"
#W

8$sW cW

Q2

M 2
!

(

H ÷!
L

)
m2

÷! c
j

M 2
!

*

+ (1 ! 2c2
W )H

÷"
L

)
m2

÷! c
j

M 2
!

*+

,

18
Linear Constant
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Preliminary
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B(µ → eγ)

δaµ

θW = 0

θV

.
π
2

3π
8

π
4

π
8

0

10−8

10−10

10−12

10−14

10−16

10−18

B(h → µe)

B(Z → µe)

R(µ → e) in Au

R(µ → e) in Ti

B(µ → eeē)
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Branching Ratio Branching Ratio

µ− → e−γ 5.7 × 10−13 µ− → e−e+e− 1.0 × 10−12

Conversion Rate

µ− → e− 7.0 × 10−13

Branching Ratio

τ− → e−γ 1.2 × 10−7 τ− → µ−e+µ− 1.7 × 10−8

τ− → µ−γ 4.5 × 10−8 τ− → e−µ+e− 1.5 × 10−8

τ+ → e+γ 3.3 × 10−8 τ− → µ−e+e− 1.8 × 10−8

τ+ → µ+γ 4.4 × 10−8 τ− → e−µ+µ− 2.7 × 10−8

τ− → e−e+e− 2.7 × 10−8

τ− → µ−µ+µ− 2.1 × 10−8

Z → µe 7.5 × 10−7 h → µe 3.5 × 10−4

Z → τe 9.8 × 10−6 h → τe 6.1 × 10−3

Z → τµ 1.2 × 10−5 h → τµ 2.5 × 10−3

Table IX: Benchmark prediction for lepton flavor violating processes mediated by electro-weak

gauge and Higgs bosons. (g − 2)µ =, although it is flavor conserving.

FPA2013-46570.

Appendix: Flavor conserving observables

Recall that so far we have neglected mℓ2 in

F γ
M =

αW

16π

∑

i(jk)

{
mℓ1 [V

†(W †W )V ]ℓ2ℓ1 + mℓ2 [V
†(W †W )V ]†ℓ2ℓ1

}
[. . . ] (A.1)

−iF γ
E =

αW

16π

∑

i(jk)

{
mℓ1 [V

†(W †W )V ]ℓ2ℓ1 − mℓ2 [V
†(W †W )V ]†ℓ2ℓ1

}
[. . . ] (A.2)

(Since the particles in loops are heavier than external ones, loop integrals [. . . ] are real.)

Now we may take mℓ = mℓ1 = mℓ2 to obtain the anomalous magnetic dipole moment

aℓ = (gℓ − 2)/2 and the electric dipole moment dℓ of lepton ℓ:

aℓ =
(gℓ − 2)

2
= 2mℓF

γ
M(0) , (A.3)
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Summary

• The Littlest Higgs model with T-parity allows for a lower scale of new 
physics because the new T-odd particles must be produced by pairs and 
then, they contribute to SM processes only at loop order. Thus, for 
example, LFV amplitudes are suppressed by a factor (1/16π2) v2/f2 ∼ 10−7 	

• In order to keep Higgs amplitudes finite at one loop, all the T-odd 
spectrum must run in the loop, implying that all T-odd particles must have 
masses ~ f. In general, however, in definite processes some contributions 
may vanish (decouple) if the exchanged T-odd particles have masses going 
to infinity. 	

• LFV processes are one-loop finite in the LHT. Branching ratios ≺ 10−7 can 
be accommodated allowing for small mixing angles and/or correlated 
heavy masses.
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Thanks for your attention
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