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The Standard Model
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The Standard Model

Mixing in the quark sector

Weak interaction eigenstates differ from the mass eigenstates
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The Standard Model

Mixing in the lepton sector

Neutrinos oscillate changing flavor...but charged leptons do not!

 νe
νµ
ντ

 =

 Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 ν1

ν2

ν3

 νe
e
↔ νµ

µ
↔ ντ

τ
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The Standard Model

Charged lepton flavor violation occurs at one loop level in the SM but it is
highly suppresed.

µ ν e

γ

W

B(µ→ eγ) =
3α

32π
|
∑
i

U∗µiUei
m2
νi

m2
W

|2 ≈ 10−54

This is an example of a highly suppressed LFV process in the SM. New
physics can provide mechanisms yielding a larger decay rate.
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The Standard Model

Where to look for LFV ?

LFV leptonic decays
1 radiative: li → ljγ
2 leptonic: li → lj l̄k lk
3 semi-leptonic: li → ljM, li → ljM1M2

µ− e conversion in nuclei

Higgs and gauge boson decays:
1 Z → li lj
2 H → li lj

Quarkonium decays:
1 V → li lj
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The Standard Model

Searches for LFV processes: leptonic decays

LFV processes

• Present and future limits:

LFV process Present best UL (90% CL) Future sensitivity

B(µ → eγ) 1.2× 10−11 [MEGA 1999]

2.8× 10−11 [MEG 2010] 10−13 − 10−14 [MEG]

B(τ → eγ) 3.3× 10−8 [BaBar 2010] 3 × 10−9 [SuperB]

B(τ → µγ) 4.4× 10−8 [BaBar 2010] 2.4× 10−9 [SuperB]

B(µ → eeē) 1× 10−12 [SINDRUM 1988] 10−13 − 10−14 [MEG]

B(τ → eeē) 2.7× 10−8 [Belle 2010] 10−9 − 10−10 [SuperB]

B(τ → µµµ̄) 2.1× 10−8 [Belle 2010] 10−9 − 10−10 [SuperB]

B(τ → eµµ̄) 2.7× 10−8 [Belle 2010] 10−9 − 10−10 [SuperB]

B(τ → µeē) 1.8× 10−8 [Belle 2010] 10−9 − 10−10 [SuperB]

José I. Illana (ugr) A brief review on Lepton Flavor Violation at the ILC 4
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The Standard Model

Searches for LFV processes: µ− e conversion and Z decays

LFV processes

• Present and future limits:

LFV process Present best UL (90% CL) Future sensitivity

R(µ → e, Au) 7.0× 10−13 [SINDRUM2 2004] 10−16 [Mu2E (Fermilab)]

R(µ → e, Al) 10−16 [COMET (J-PARC)]

R(µ → e, Ti) 4.3× 10−12 [SINDRUM2 2004] 10−18 [PRISM/PRIME (J-PARC)]

B(Z → µ±e∓) 1.7× 10−6 [LEP 1995] 2× 10−9 [GigaZ]

B(Z → τ±e∓) 9.8× 10−6 [LEP 1993] 6.5κ × 10−8 [GigaZ] κ ∈ [0.2, 1]

B(Z → τ±µ∓) 1.2× 10−5 [LEP 1997] 2.2κ × 10−8 [GigaZ]

José I. Illana (ugr) A brief review on Lepton Flavor Violation at the ILC 5
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The Standard Model

Searches for LFV processes: Quarkonium decays

Bðϕ → eμÞ < 2.0 × 10−6;

BðJ=ψ → eμÞ < 1.6 × 10−7; BðJ=ψ → eτÞ < 8.3 × 10−6;

BðJ=ψ → μτÞ < 2.0 × 10−6;

Bðϒ → μτÞ < 6.0 × 10−7;

Bðϒð2SÞ → eτÞ < 8.3 × 10−6; Bðϒð2SÞ → μτÞ < 2.0 × 10−6;

Bðϒð3SÞ → eτÞ < 4.2 × 10−6; Bðϒð3SÞ → μτÞ < 3.1 × 10−6;

where each mode is to be understood as BðV → lαlβÞ ¼
BðV → lþ

α l−
β Þ þ BðV → l−

αlþ
β Þ [32–36].

Despite the appreciable experimental work on the latter
observables, only a few theoretical studies have been
carried out so far. The authors of Ref. [37] applied
a vector meson dominance approximation to μ → 3e and
expressed the width of the latter process, Γðμ → eeeÞ ¼
Γðμ → VeÞΓðV → eeÞ. Since the values of ΓðV → eeÞ are
very well known experimentally [16], the experimental
bound on Γðμ → 3eÞ is then used to obtain an upper bound
on the phenomenological coupling gVμe, which is then
converted to an upper bound on ΓðV → μeÞ. A similar
approach has been used in Ref. [38], where instead of
μ → eee, the authors considered the μ − e conversion in
nuclei (N), which they described in terms of a product of
couplings gVμe and gVNN . The latter could be extracted from
the experimentally measured ΓðV → pp̄Þ, and with that
knowledge the experimental upper bound on RðμTi → eTiÞ
results in an upper bound on ΓðV → μeÞ. A more dynami-
cal approach in modeling the V → lαlβ processes has been
made in a supersymmetric extension of the SM with type I
seesaw [39].
Sterile fermions were proposed in various neutrino mass

generation mechanisms, but the interest in their properties
was further motivated by the reactor/accelerator anomalies
[40–43], a possibility to offer a warm dark matter candidate
[44–46], and by indications from the large scale structure
formation [47–49].
Incorporating neutrino oscillations (masses and mixing

[1]) into the SM implies that the charged current is
modified to

−Lcc ¼
gffiffiffi
2

p Uαil̄αγμPLνiW−
μ þ c:c:; ð1Þ

U being the leptonic mixing matrix, α the flavor of a
charged lepton, and i ¼ 1;…; nν a physical neutrino state.
If one assumes that only three massive neutrinos are
present, the matrix U corresponds to the unitary
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. In
that situation the GIM mechanism makes the decay rates
BðV → l∓

α l%
β Þ completely negligible, ≲10−50. That fea-

ture, however, can be drastically changed in the presence
of a non-negligible mixing with heavy sterile fermions.

In what follows we will consider such situations, derive
analytical expressions for BðV → lαlβÞ, and discuss a
specific realization of the inverse seesaw mechanism,
known as (2, 3)-ISS [50]. We will also discuss a simplified
model in which the effect of the heavy sterile neutrinos is
described by one effective sterile neutrino state with non-
negligible mixing with active neutrinos.1 Despite several
differences, our approach is similar to the one discussed in
Ref. [53], where the SM has been extended by new, heavy,
Dirac neutrinos, singlets under SUð2Þ ×Uð1Þ, and applied
to a number of low energy decay processes. Our sterile
neutrinos are Majorana and we apply the approach to the
leptonic decays of quarkonia for the first time.
The remainder of this paper is organized as follows: In

Sec. II we formulate the problem in terms of a low energy
effective theory of a larger theory which contains heavy
sterile neutrinos, we derive expression for BðV → lαlβÞ
and compute the Wilson coefficients. In Sec. III we briefly
describe the specific models with sterile neutrinos which
are used in this paper to produce our results presented in
Sec. IV. We finally conclude in Sec. V.

II. LFV DECAY OF QUARKONIA—EFFECTIVE
THEORY

In this section we formulate a low energy effective theory
of the LFV decays of quarkonia of type V → l%

α l
∓
β , and

express the decay amplitude in terms of the quarkonium
decay constants and the corresponding Wilson coefficients.
The latter are then computed in the extensions of the SM
which include the heavy sterile neutrinos. We also derive
the expression relevant to ΓðZ → l%

α l
∓
β Þ.

A. Effective Hamiltonian

Keeping in mind the fact that we are extending the SM
by adding sterile fermions, without touching the gauge

1In this work, due to the tension between the most recent
Planck results on extra light neutrinos (relics) and the reactor/
accelerator anomalies, we will consider the effect of (heavier)
sterile neutrinos not contributing as light relativistic degrees of
freedom [51]. We will require our models to be compatible with
current experimental data and constraints and to fulfill the so-
called perturbative unitary condition which puts a strong con-
straint on the models for the very heavy sterile fermion(s) [52].

ABADA et al. PHYSICAL REVIEW D 91, 113013 (2015)

113013-2
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CMS new results on LFV

Recently

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP/2015-027
2015/02/27

CMS-HIG-14-005

Search for lepton-flavour-violating decays of the Higgs
boson

The CMS Collaboration⇤

Abstract

The first direct search for lepton-flavour-violating decays of the recently discovered
Higgs boson (H) is described. The search is performed in the H ! µte and H ! µth
channels, where te and th are tau leptons reconstructed in the electronic and hadronic
decay channels, respectively. The data sample used in this search was collected in pp
collisions at a centre-of-mass energy of

p
s = 8 TeV with the CMS experiment at the

CERN LHC and corresponds to an integrated luminosity of 19.7 fb�1. The sensitivity
of the search is an order of magnitude better than the existing indirect limits. A slight
excess of signal events with a significance of 2.4 standard deviations is observed. The
p-value of this excess at MH = 125 GeV is 0.010. The best fit branching fraction is
B(H ! µt) = (0.84+0.39

�0.37)%. A constraint on the branching fraction, B(H ! µt) <
1.51% at 95% confidence level is set. This limit is subsequently used to constrain the
µ-t Yukawa couplings to be less than 3.6 ⇥ 10�3.

Submitted to Physics Letters B

c� 2015 CERN for the benefit of the CMS Collaboration. CC-BY-3.0 license

⇤See Appendix A for the list of collaboration members
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Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µt decays. Right: best fit
branching fractions by category.

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

20
 G

eV

0

10

20

30

40

50

60

Data
Bkgd. uncertainty
SM H

ττ→Z
Other

t, t, tt
µ, e, τMisID'd 

LFV Higgs, (B=0.84%)

Data
Bkgd. uncertainty
SM H

ττ→Z
Other

t, t, tt
µ, e, τMisID'd 

LFV Higgs, (B=0.84%)

 (8 TeV)-119.7 fb

CMS

 [GeV]
col

)τµM(
100 200 300

Bk
gd

 (f
it)

D
at

a-
Bk

gd
 (f

it)
  

-0.1

0

0.1

 [GeV]
col
)τµM(

100 200 300

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

20
 G

eV

-4

-2

0

2

4

6

8

10
 signal (B=0.84%)τµ→LFV H

Bkgd. uncertainty

Data-Bkgd

 (8 TeV)-119.7 fb

CMS
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observed data and the fitted background. Right: background subtracted Mcol distribution for
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Hµτ coupling

y . 3.6× 10−3
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CMS new results on LFV

Same excess detected by ATLAS, but less sensitivity

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: JHEP CERN-PH-EP-2015-184
17th August 2015

Search for lepton–flavour–violating H ! µ⌧ decays of the Higgs
boson with the ATLAS detector

The ATLAS Collaboration

Abstract

A direct search for lepton–flavour–violating (LFV) H ! µ⌧ decays of the recently dis-
covered Higgs boson with the ATLAS detector at the LHC is presented. The analysis is
performed in the H ! µ⌧had channel, where ⌧had is a hadronically decaying ⌧–lepton. The
search is based on the data sample of proton–proton collisions collected by the ATLAS ex-
periment corresponding to an integrated luminosity of 20.3 fb�1 at a centre–of–mass energy
of
p

s = 8 TeV. No statistically significant excess of data over the predicted background
is observed. The observed (expected) 95% confidence–level upper limit on the branching
fraction, Br(H ! µ⌧), is 1.85% (1.24%).

c� 2015 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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Figure 3: Post–fit combined mMMC
µ⌧ distribution obtained by adding individual distributions in SR1 and SR2. In

the lower part of the figure, the data are shown after subtraction of the estimated backgrounds. The grey band
in the bottom panel illustrates the post–fit systematic uncertainties on the background prediction. The statistical
uncertainties for data and background predictions are added in quadrature on the bottom part of the figure. The
signal is shown assuming Br(H ! µ⌧)=0.77%, the central value of the best fit to Br(H ! µ⌧). The last bin of the
distribution contains overflow events.

and VH Higgs boson production, and ±4% for the Z ! µµ and VV backgrounds. Finally, an additional
±5.7% systematic uncertainty on Br(H ! ⌧⌧) is applied to the SM H ! ⌧⌧ background.

6 Results

A simultaneous binned maximum–likelihood fit is performed on the mMMC
µ⌧ distributions in SR1 and SR2

and on event yields in WCR and TCR to extract the LFV branching ratio Br(H ! µ⌧). The fit exploits
the control regions and the distinct shapes of the W+jets and Z ! ⌧⌧ backgrounds in the signal regions to
constrain some of the systematic uncertainties. This leads to an improved sensitivity of the analysis. The
post–fit mMMC

µ⌧ distributions in SR1 and SR2 are shown in figure 2, and the combined mMMC
µ⌧ distribution

for both signal regions is presented in figure 3. Figure 2 illustrates good agreement between data and
background expectations in SR1. A small excess of the data over the predicted background is observed
in the 120 GeV< mMMC

µ⌧ <140 GeV region in SR2. This small excess in SR2 has a local significance of
2.2 standard deviations and a combined significance for both signal regions of 1.3 standard deviations.
This corresponds to a best fit value for the branching fraction of Br(H ! µ⌧)=(0.77 ± 0.62)%. Due to
the low significance of the observed excess, an upper limit on the LFV branching ratio Br(H ! µ⌧) for
a Higgs boson with mH = 125 GeV is set using the CLs modified frequentist formalism [61] with the
profile likelihood–ratio test statistics [62]. The observed and the median expected 95% CL upper limits
are 1.85% and 1.24+0.50

�0.35%, respectively. Table 3 provides a summary of all results.

10

Is this coupling consistent with existing data in other channels?

What is the new physics behind this coupling?
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Hµτ induced decays

Here we address the first question: Higgs mediated LFV processes

τ−
µ−(p1)

H µ+(p2)

µ−(p3)

τ−

µ−(p3)

H

µ−(p1)

µ+(p2)

Figure: The τ− → µ−µ+µ− decay.

2S+1LJ
H

µ

τ

Figure: The QQ[2S+1LJ ]→ µτ decay.
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Hµτ induced decays

τ
µ

2S+1LJH

Figure: The τ → µQQ[2S+1LJ ] decay.

W

H

W π

µ

τ

Figure: The W → τµπ decay.
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Quarkonium non-relativistic techniques

Heavy Quarkonium annihilation and creation

Non-relativistic systems: v ≈ αs(Mv) three different energy scales:
1 Quarkonium mass: M : perturbative calculations.
2 Quarkonium inverse size: Mv : NP
3 Quarkonium energy levels: Mv2 : NP

NRQCD: Systematic expansion in v and αs .

Novelty: contributions from color octet Q̄Q configurations.

Here we are interested in the order of magnitude of the BR’s. In a
first approximation we consider only color singlet contributions ⇒ old
quarkonium techniques.
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Quarkonium non-relativistic techniques

The invariant amplitude for the annihilation of color-singlet quarkonium in
a 2S+1LJ angular momentum configuration QQ[2S+1LJ ]→ X is given by
18

M[QQ[2S+1LJ ]→ X ] =

∫
d4q

(2π)4
Tr [O(Q, q)χ(Q, q)]

O(Q, q) is the operator entering the free quarks transition

M[Q(
Q

2
− q, s2),Q(

Q

2
+ q, s1)→ X ] = v(

Q

2
− q, s2)O(Q, q)u(

Q

2
+ q, s1),

and χ(Q, q) denotes the wave function for the QQ[2S+1LJ ] bound state

χ(Q, q) =
∑
M,Sz

2πδ(q0 − q2

2mQ
)ψLM(q)PS ,Sz (Q, q)〈LM;SSz |JJz〉. (1)

18Kuhn et.al 1979, Guberina et.al. 1980
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Quarkonium non-relativistic techniques

Here, PS ,Sz stands for the spin projectors

PS ,Sz (Q, q) =

√
Nc

mQ

∑
s1,s2

u(
Q

2
+ q, s1)v(

Q

2
− q, s2)〈1

2
s1;

1

2
s2|SSz〉

=

√
Nc

8m3
Q

(
/Q

2
+ /q + mQ)

{
γ5

/ε(Q,Sz)

}
(
/Q

2
+ /q −mQ)

where ε(Q,Sz) denotes the polarization vector of the spin one system.
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Quarkonium non-relativistic techniques

s-wave quarkonium

Wave function is rapidly damped in the relative momentum q. Leading
terms are given by PS,Sz (Q, 0) and O(Q, 0). In the zero-binding
approximation: M ≈ 2mQ

M[QQ[2S+1SJ ]→ X ] =

√
3|R(0)|2
16πM

Tr

[
O(Q, 0)

{
γ5

/ε(Q,Sz)

}
( /Q −M)

]
for

{
S = 0
S = 1

}
with M denoting the quarkonium physical mass and∫

d3q

(2π)3
ψ00(q) =

R(0)√
4π
.
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Quarkonium non-relativistic techniques

p-wave quarkonium

The wave function at the origin vanishes ⇒ leading terms given by the
linear term in the expansion in q.

M[QQ[2S+1PJ ]→ X ] = −i
∑
M,Sz

〈1M; SSz |JJz〉 ×

εα(M)

√
3

4π
R ′(0)Tr

[
Oα(Q, 0)PS,Sz (Q, 0) +O(Q, 0)PαS,Sz (Q, 0)

]
,

where

Aα(Q, q) ≡ ∂A(Q, q)

∂qα

and in this case∫
d3q

(2π)3
qαψ1M(q) = −i

√
3

4π
R ′(0)εα(M).
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Quarkonium non-relativistic techniques

The polarization vector εα(M) satisfy the following relations∑
M,Sz

〈1M; 1Sz |00〉εα(M)εβ(Sz) = −gαβ +
QαQβ
M2

,

∑
M,Sz

〈1M; 1Sz |1Jz〉εα(M)εβ(Sz) =
−i
M

1√
2
εαβµνQ

µεν(Jz),

∑
M,Sz

〈1M; 1Sz |2Jz〉εα(M)εβ(Sz) = εαβ(Jz).
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Calculation of the Hµτ LFV decays

Higgs-Quarkonium Coupling

2S+1LJ H
Q

Q
2 + q, s1

Q
2 − q, s2

In the Standard Model

H
f

f̄

gHf̄ f = i mf
v ⇒

O(Q, q) = i
mQ

v
,

The Higgs couples only to 3P0 quarkonium

M[QQ[3P0]→ H] =
3R ′(0)

v

√
3M

π
. (2)
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Calculation of the Hµτ LFV decays

This coupling is proportional to R ′(0) which is O(v2) as compared with
R(0).
Radiative decays involving s-wave quarkonium are of the same order!

H − Q̄Q − γ coupling

k , µ

2S+1LJ
H

Q
2 + q, s1

Q
2 − q, s2

k , µ
2S+1LJ

HQ
2 + q, s1

Q
2 − q, s2

M[H → QQ[3S1]γ] =
eeQR(0)

v

√
3M

π
Tµνε

µην

with

Tµν = gµν −
Qµkν

Q · k .

Mauro Napsuciale 25 (Departamento de F́ısica, Universidad de Guanajuato)Lepton Flavor Violation in Quarkonium and Tau Decays November 5, 2015 22 / 27



Calculation of the Hµτ LFV decays

We calculate:

1 χb0 → µτ

2 Υ→ µτγ

3 χc0 → µτ

4 J/ψ → µτγ

5 τ → µf0(980)

6 τ → µφγ

7 τ → 3µ

8 τ → µe+e−

9 W → µτπ

These decays depend on y and
on |RM(0)|2 , |R ′M(0)|2.
We extract the non-perturbative
matrix elements from the
3P0 → γγ decays and from
3S1 → e+e− calculated in the
same formalism.

3S1
γ

Q
2 + q, s1

Q
2 − q, s2

l+

l−
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Calculation of the Hµτ LFV decays

Γ(QQ[3P0]→ γγ) =
432α2e2

Q |R ′(0)|2
M4

Γ(QQ[3S1]→ l+l−) =
4α2e2

Q |R(0)|2
M2

Process Γexp(GeV ) |R(0)|2(GeV 3) |R ′(0)|2(GeV 5)

Υ→ e+e− 1.28× 10−6 4.856 -

J/ψ → e+e− 5.54× 10−6 0.560 -

φ→ e+e− 1.26× 10−6 5.53× 10−2 -

χ0
c → γγ 2.34× 10−6 - 3.10× 10−2

f0 → γγ 0.29× 10−6 - 1.08× 10−4

Table: Numerical values of the non-perturbative matrix elements extracted from
the leptonic and two photon decays of quarkonia.
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Calculation of the Hµτ LFV decays

Branching ratios for lepton flavor violating decays involving the Hµτ
coupling.

Process Branching Ratio Upper limit

χb0 → µτ 5.5× 10−17 28

Υ→ µτγ 5.7× 10−14

χc0 → µτ 1.5× 10−17

J/ψ → µτγ 5.1× 10−17

τ → µf0(980) 8.4× 10−12 < 3.4× 10−8

τ → µφγ 1.7× 10−14

τ → 3µ 2.3× 10−12 < 2.1× 10−8

τ → µe+e− 7.3× 10−17 < 1.8× 10−8

W → µτπ 3.2× 10−17

28|R ′
χb
(0)|2 = 1GeV 5 from quark model calculations [Likhoded 2012 ]
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conclusions

Conclusions

1 Recently, CMS measured the Hµτ decay finding
BR(H → µτ) = 0.84+0.39

−0.37% (best fit). The Hτµ coupling y is
constrained to y . 3.6× 10−3.

2 y induces LFV decays of quarkonium and the τ meson.
3 We calculate these processes using quarkonium NR techniques.
4 The V → µτ decay width vanishes at leading order.
5 The p − wave decays are far from the reach of forthcoming

experiments.
6 Radiative decays of s-wave quarkonia are induced with branching

ratios even larger than the p-wave non-radiative decays in the case of
b̄b.

7 All the calculated BR’s induced by the Hµτ coupling are smaller than
the upper experimental limits.

8 The most interesting process is τ → µf0(980) and deserves a closer
look.
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conclusions

Nature of the Hµτ coupling?

GRACIAS
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