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Motivation

After the discovery of neutrino oscillation,
flavor violation only remains unmeasured in
the charged lepton sector. In the minimal
extension of the SMa:

BR (µ → eγ) ≲ 10−54 (1)

aPhys. Lett. B 67 (1977), Phys. Rev. D 16,
(1977)

MEG’s present upper bounda:
BR (µ → eγ) ≤ 4.2× 10−13.

Many collaborations are interested in this
type of process:

MEG,
MEGA,
SINDRUM (II),
Mu2e,
Mu3e,
Bell II.

aPhys. Rev. Lett. 110, (2013)
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τ leptons are expected to be coupled strongly with new physics and have many
possible LFV decay modes due to their large mass1.

1Eur.Phys.J.C 81 (2021)
4 / 38



LH models2 are an attempt to solve the hierarchy problem. This is done making the
Higgs a pseudo-Goldstone boson of a new approximate global symmetry broken at a
scale f O(TeV ).

Two types of LH models:

Product group models [SU(2)× U(1)]N

Simple Groups Models SU(N)× U(1)

Features of LH models:

Loop-level generated Higgs mass.

”Little” particles with masses of O(f ), that cancel the main one loop corrections
to the Higgs mass in the SM

UV completion of the mode is expected at Λ ∼ 4πf TeV.

2Phys. Rev. Lett. 86 (2001),Phys. Lett. B513 (2001),Ann. Rev. Nucl. Part. Sci. 55(2005)
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Simplest Little Higgs Model

The first model of the “simple group” was constructed by Kaplan and Schmaltz3:

Global symmetry

[SU(3)× U(1)]2 .

Gauge symmetry

[SU(3)L × U(1)X ] .

Spontaneous symmetry breaking

[SU(3)× U(1)]2 → [SU(2)× U(1)]2 .

Explicit symmetry breaking

[SU(3)L × U(1)X ] →
[SU(2)L × U(1)x ] .

This is achieved by two vacuum
condensates:

⟨Φ1⟩ =

 0
0
fcβ

 , ⟨Φ2⟩ =

 0
0
fsβ

 (2)

3JHEP 0310, 039 (2003)
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The dynamics of the fields at low energies
can be parameterized as:

ϕ1 = exp

(
iΘ

′

f

)
exp

(
itβΘ

f

) 0
0
fcβ


(3,1)

,

ϕ2 = exp

(
iΘ

′

f

)
exp

(
− iΘ

ftβ

) 0
0
fsβ


(1,3)

,

(3)
whit the misalignment angle:

cβ = cosβ, sβ = sinβ, tβ = tanβ.
(4)

This parametrization has the form of an
SU(3) (broken) transformation

Θ =
η√
2
13×3 +

(
02×2 h
h† 0

)
,

Θ
′
=

ξ√
2
13×3 +

(
02×2 k
k† 0

)
,

(5)

where

h =

(
h0

h−

)
, h0 =

1√
2
(v + H − iχ)

k =

(
y0

x−

)
, h± = −ϕ±.

(6)
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Basic Fields and expansion: Gauge Sector

The SU(3)L × U(1)X is made a local
symmetry by the introduction of the
gauge-covariant derivative:

Dµ = ∂µ − igAa
µTa + igxQxB

x
µ , (7)

gx =
gtw√

1− t2w/3
.

The kinetic terms for the Φi field can be
written as:

LΦ = (DµΦi )
† (DµΦi ) i = 1, 2. (8)

The mass of the charged gauge bosons are

MW =
gv

2

[
1− v2

12f 2

(
c4β
s2β

+
s4β
c2β

)]
,

MX =
gf√
2

[
1− v2

4f 2

]
.

(9)
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The neutral gauge bosons masses are:4 :

MA = 0,

MY =
gf√
2
,

MZ ′ =

√
2fg√

3− t2w

(
1−

(
3− t2w

)
v2

16c2w f
2

)
,

MZ =
gv

2cw

(
1− v2

16f 2
(
1− t2w

)2 − v2

12f 2

(
s4β
c2β

+
c4β
s2β

))
,

(10)

4JHEP 1103 (2011), 080
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Fermion sector

The SM fermions that are doublets under SU(2) must be enlarged to triplets under
SU(3).

Leptons
Each lepton family consists of an SU(3)
left-handed triplet 3 and two right-handed
singlets 1

LTm = (νL ℓL iNL)m , ℓRm, NRm,

Quarks
Universal embedding

QT
m = (uL dL iUL)m , uRm, dRm, URm.

Anomaly Free embeddinga

QT
1 = (dL − uL iDL) , dR , uR , DR ,

QT
2 = (sL − cL iSL) , sR , cR , SR ,

QT
3 = (tL bL iTL) , tR , bR , TR ,

aJ. Korean Phys. Soc. 45 (2004)
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Heavy neutrinos

After EWSSB this lagrangian yields the lepton masses:

LY ⊃ −fsβλ
m
N

[(
1− δ2ν

2

)
N̄RmNLm − δνN̄RmνLm

]
+ ξβ

fv√
2Λ

λmn
ℓ ℓ̄RmℓLn + h.c., (11)

where

δν = − v√
2ftβ

,

ξβ =

[
1− v2

4f 2
− v2

12f 2

(
s4β
c4β

+
c4β
s4β

)]

the charged lepton mass eigenstates are related to
the flavour eigenstates by the rotation:

ℓLm −→ (VℓℓL)m = Vmi
ℓ ℓLi , (12)

according to (11) each heavy neutrino is mixed just
with the light neutrino of the same family.(

νL
NL

)
m

=

[(
1− δ2ν

2 −δν

δν 1− δ2ν
2

)(
VℓνL
Nℓ

)]
m

.

(13)
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General Structure of the LFV Processes

Figure 1: Effective LFV vertex, where
Vµ = γ,Z ,Z ′.

Figure 2: Generic penguin and box diagrams for
ℓ → ℓkℓaℓ̄b.

We calculate our amplitudes as an
expansion, until the second order of
the parameter: v/f ,
ℓ → ℓaγ
µ− e nuclei conversion,
same-flavors decays (ℓ → 3ℓa),
same-sign decays,

(
ℓ → ℓkℓaℓ̄a

)
,

wrong-sign decays
(
ℓ → ℓkℓk ℓ̄a

)
,

ℓ− τ nuclei conversion.

12 / 38



Feynman Diagrams: ℓ → ℓaγ

We can classify the contributions to
ℓ → ℓaγ into two types of topologies:

Figure 3: Feynman diagrams for ℓ → γℓa

Defining the mass ratios:

xi =
M2

Ni

M2
X

≃ O (1) , ω =
M2

W

M2
X

≃ O
(
v2/f 2

)
,

(14)
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Feynman Diagrams: ℓ → ℓkℓaℓ̄b

Figure 4: Diagrams for ℓ → ℓkℓaℓ̄b decays, where
Vm = X ,W and Sm = x , ϕ.

Figure 5: Box diagrams for ℓ → ℓkℓaℓ̄b decays.

14 / 38



Feynman Diagrams: ℓ → ℓa nuclei conversion

Figure 6: Relevant box diagrams for ℓN → ℓaN conversion, where Vn(Sn) = X ,W (x , ϕ),
um(dm) = u, c(d , s) and Um(Dm) = U,C (D,S).
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Numerical results

The first step is setting the range for the free parameters of SLH model: f , tβ, MNi
,

δν , V
ℓi and δq,

scale of compositeness, f
Direct search of Z ′ bosons at LHC5, set the lower limit as6 f ≳ 7.5 TeV at 95%
C.L. We fix the upper limit7 f ≲ 85 TeV.

The ratio of the two vevs tβ = f1/f2
Perturbative unitarity analysis8 binds 1 ≤ tβ ≤ 9. For small f
(10 ≤ f (TeV) ≤ 20), tβ can vary freely in this interval, while for
20 ≤ f (TeV) ≤ 80, the approximate relation tβ = 2

15 f (TeV)− 25
15 holds.

5JHEP 10 (2017)
6Phys. Rev. D 97.7 (2018),
7Phys. Rev. D 97.11 (2018)
8Phys. Rev. D 97.11 (2018)
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Heavy neutrinos
This ”little” neutrino masses are unknown. We will take the ratios involving them
as9: 0.1 ≤ x1 ≤ 0.25, 1.1x1 ≤ x2 ≤ 10x1, 1.1x2 ≤ x3 ≤ 10x2.

Neutrino mixing δν
According to data10, δν ≲ 0.05, that we will take.

Mixing matrix V ℓi

We do not have any information of the mixing matrix V ℓi . According to previous
work11, we have scanned over −1 ≤ sij ≤ 1 ensuring the low-energy restrictions.

9Phys. Rev. D 94.5 (2016)
10JHEP 03 (2011), New J. Phys. 17.7 (2015), EPJ Web Conf. 60 (2013)
11Phys. Rev. D 94.5 (2016)
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Quark mixing δq
We assume that the mixing effects are suppressed in the tβ > 1 regime12, so it
implies: δq = ∓δν .

The expected sensitivity of NA64 experiment we can express the conversion probability
of ℓ− τ conversion as the ratio13

R =
σ (ℓ+ N → τ + X )

σ (ℓ+ N → ℓ+ X )
∼ 10−13 − 10−12, (15)

where

σ (e + Fe → e + X ) = 0.129× 105 GeV−2, σ (µ+ Fe → µ+ X ) = 0.692 GeV−2,

σ (e + Pb → e + X ) = 1.165× 105 GeV−2, σ (µ+ Pb → µ+ X ) = 6.607 GeV−2.
(16)

12JHEP 01 (2006)
13Phys. Rev. D 98.1 (2018)
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Mean values for muon physics
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Mean values for tau physics I

20 / 38



Mean values for tau physics II
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(a) BR(µ → eγ) vs. BR(µ → eeē),
BR(τ → eγ)

(b) BR(µ → eeē) vs. R(µ → e : Ti),
R(µ → e : Au)

Figure 7: Scatter plots for muon LFV processes.
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(a) BR(τ → eeē) vs. BR(τ → eeµ̄),
BR(τ → eµµ̄)

(b) BR(τ → eeē) vs. BR(τ → µµē),
BR(τ → µeē)

Figure 8: Scatter plots for ℓ → 3ℓ′ tau decays.
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Figure 9: BR(τ → µµµ̄) vs. R(µ → τ : Fe), R(µ → τ : Pb)
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The CDF MW measurement within the SLH model

SLH does not have SU(2) custodial symmetry, and the tree-level SM relation ρ = 1 is
no longer valid:

ρ = 1 +
v2

8f 2
(
1− t2W

)2
, where δρ =

v2

8f 2
(
1− t2W

)2 ≡ αT (17)

A theory with Z ′ bosons can modify the oblique parameters14 (T , S , U)

S = 4s2W Ŝ/α, T = T̂/α (18)

In SLH model

T̂ ≈ 0, Ŝ ≈
4M2

W

M2
Z ′
(
3− t2W

) = 4W =
4Y

t2W
. (19)

14Phys. Rev. D 72 (2005), arXiv: 2204.04191 [hep-ph]
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(a) Scatter plot using MW = 80.379 GeV. (b) Scatter plot using MW = 80.4242 GeV.

Figure 10: Correction to the oblique parameters S and T in the SLH.
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Conclusion

As is well-known, processes with muons would most likely be the discovery
channels for LFV.

Tau physics will be needed for characterizing the underlying new physics.

We verified that although the SLH modifies the ρ parameter is in agreement with
EWPD using the PDG W mass but if we take the recent CDF MW measurement,
this is in tension with electroweak precision data.

28 / 38



Thank You

Questions?
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Feynman Rules

Vµf̄i fm Vertex gV f̄i fm
L gV f̄i fm

R

W+ν̄iℓi
1√
2sW

(
1− δ2ν

2

)
0

W+N̄mℓi −δν
1√
2sW

Vmi
ℓ 0

Z ℓ̄iℓi
2s2W−1
2cW sW

+
δZ(2s2W−1)

2sW c2W

√
3−t2W

tW + δZ sW
c2W

√
3−t2W

Z ν̄iνi
1−δ2ν
2cW sW

− δZ(1−2s2W )
2sW c2W

√
3−t2W

0

ZN̄iNi
δZ

sW
√

3−t2W
+ δ2ν

2cW sW
0

ZN̄mνi −δν
1

2cW sW
Vmi
ℓ 0

Table 1: Vertices [V µff ] = ieγµ (gLPL + gRPR) for the lepton sector.

30 / 38



Z
′
ℓ̄iℓi

2s2W−1

2sW c2W

√
3−t2W

+
δZ(1−2s2W )

2sW cW
sW

c2W

√
3−t2W

− δZ tW

Z
′
ν̄iνi

2s2W−1

2sW c2W

√
3−t23

(
1− (3−t2W )δ

2
νc

2
W

1−2s2W

)
− δZ

2cW sW
0

Z
′
N̄iNi

1

2sW
√

3−t2W

[
2− δ2ν

(
3− t2W

)]
0

Z
′
N̄mνi

δν
√

3−t2W
2sW

Vmi
ℓ 0

Table 2: Vertices [V µff ] = ieγµ (gLPL + gRPR) for the lepton sector.
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ℓ → ℓaγ

The amplitude ℓ → ℓaγ is proportional to the vertex in figure 1, only dipole form
factors contribute to this decay15. Neglecting mℓa ≪ mℓ, the total width for ℓj → ℓiγ
is given by16:

Γ (ℓj → ℓiγ) =
αm3

ℓj

2

(∣∣F γ
M

∣∣2 + ∣∣F γ
E

∣∣2) . (20)

15JHEP 01 (2009), Nucl. Phys. B 551 (1999
16Phys. Lett. B119, Phys. Rev. D 53, Phys. Rev. D 63, Phys. Rev. D 67.

32 / 38



Amplitude for ℓ → ℓkℓaℓ̄b

We define the amplitudes and form factors as:

Mγpenguin =
e2

Q2
ū(p1)

[
Q2γµ

(
AL
1PL + AR

1 PR

)
+mµiσ

µνQν

(
AL
2PL + AR

2 PR

)]
u(p)

× ū(p2)γµv(p3)− (p1 ↔ p2) ,

MZpenguin =
e2

M2
Z

ū(p1) [γ
µ (FLPL + FRPR)] u(p)ū(p2) [γµ (Z

e
LPL + Z e

RPR)] v(p3)

− (p1 ↔ p2) ,

MZ ′penguin =
e2

M2
Z

ū(p1)
[
γµ
(
F ′
LPL + F ′

RPR

)]
u(p)ū(p2)

[
γµ

(
Z

′e
L PL + Z

′e
R PR

)]
v(p3)

− (p1 ↔ p2) ,
(21)
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Mboxes =e2BL
1 [ū(p1)γ

µPLu(p)] [ū(p2)γµPLv(p3)] (22)

where

AL
1 = F γ

L /Q
2, AR

1 = F γ
R/Q

2, AL
2 = −

(
F γ
M + iF γ

E

)
/mℓ, AR

2 = −
(
F γ
M − iF γ

E

)
/mℓ

FL = −FZ
L , FR = −FZ

R , F ′
L = −FZ ′

L , F ′
R = −FZ ′

R , FLL =
FLZ

e
L

M2
Z

, FRR =
FRZ

e
R

M2
Z

,

FLR =
FLZ

e
R

M2
Z

, FRL =
FRZ

e
L

M2
Z

(23)
We define the box form factors for
same-flavor decays:

B̂L
1 = BL

1 + 2F ′
LL,

B̂L
2 = F ′

LR

(24)

We define the box form factors for
same-sign decays:

B̂L
1 = BL

1 + F ′
LL,

B̂L
2 = F ′

LR

(25)
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Amplitude for µ− e nuclei conversion

µ− e nuclei conversion is similar to µ → eeē.

Γ (µN → eN) = α5Z
4
eff

Z
|F (q)|2m5

µ

∣∣∣2Z (AL
1 − AR

2

)
− (2Z + N) B̄L

1u − (Z + 2N) B̄L
1d

∣∣∣2,
(26)

We have also defined:

B̄L
1q =BL

1q+F q
LL+F q

RL+F ′q
LL+F ′q

RL,

the conversion rate is obtained by
dividing by the muon capture rate:

R =
Γ (µ → e)

Γcapt
. (27)

parameters of the nucleia.

Nucleus Z N Zeff F (q) Γcapt [GeV]

22
48Ti 22 26 17.6 0.54 1.7× 10−18

79
197Au 79 118 33.5 0.16 8.6× 10−18

Table 3: Relevant input parameters for the nuclei under
study.

aPhys. Rev. D 66 (2002), Phys. Rev. C 35 (1987)
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Amplitude for ℓ− τ nuclei conversion

The study of ℓ− τ conversion is a deep inelastic scattering (DIS) of the initial lepton
beam. We are only interested in the ℓ+N (A,Z ) → τ + X case. PDFs encoding the
low-energy non-perturbative QCD effects17.

σℓ−τ = σ̂
(
ξ,Q2

)
⊗ H

(
ξ,Q2

)
. (28)

The perturbative cross sections are18:

d2σ̂ (ℓqi (ξP) → τqi )

dξdQ2
=

1

16πλ
(
s(ξ),m2

ℓ ,m
2
i

) |Mqq(ξ,Q2)|2,

d2σ̂ (ℓq̄i → τ q̄i (ξP))

dξdQ2
=

1

16πλ
(
s(ξ),m2

ℓ ,m
2
i

) |Mq̄q̄(ξ,Q2)|2,
(29)

17PoS DIS2015 (2015), Comput. Phys. Commun. 216 (2017), Comput. Phys. Commun. 133
(2000).

18: JHEP 01 (2021
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The nucleon cross section is19

σ (ℓ+ N → τ + X ) =
∑
i

∫ 1

ξmin

∫ Q2
+(ξ)

Q2
−(ξ)

dξdQ2
[d2σ̂ (ℓqi (ξP) → τqi )

dξdQ2
Hqi

(
ξ,Q2

)
+

d2σ̂ (ℓq̄i → τ q̄i (ξP))

dξdQ2
Hq̄i

(
ξ,Q2

) ]
,

(30)

The total cross section can be expressed as20:

σ (ℓ+ (A,Z ) → τ + X ) = Zσ (ℓ+ p → τ + X ) + (A− Z )σ (ℓ+ n → τ + X ) ,
(31)

19JHEP 01 (2021), Phys. Rev. D 98.1 (2018)
20Rev. D 98.1 (2018)
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(a) Scatter plot using MW = 80.379 GeV. (b) Scatter plot using MW = 80.4242 GeV.

Figure 11: Corrections to the W boson mass provided by the SLH compared to its
measurement.
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