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Within our present knowledge, the tau is the heaviest lepton and the only one decaying into hadrons, a fact that makes it the source of a very
rich phenomenology. It represents the third family of leptons in the Standard Model, a feature that helps its classification but whose real
meaning is not asserted yet. The tau lepton provides: i) a clean and unique environment to study both the hadronization of QCD currents,
in an energy region populated by resonances, and the phenomenological determination of relevant parameters of the model; ii) together with
the muon, they have a very constrained flavour dynamics (in the absence of neutrino masses) due to an accidental global symmetry of the
Standard Model. In consequence, the tau lepton brings an excellent benchmark for the study of QCD at low energies and, at the same time,
for the search of new physics.
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1.

Introduction

The Standard Model of particle physics (SM) [1–3] is defined by a fundamental local SU (3)C × SU (2)L × U (1)Y
gauge symmetry, a Higgs field and a well defined spectrum of
matter that includes quarks and leptons, that interact quirally,
with the electroweak gauge bosons and Higgs, i.e. through
SU (2) left doublets and right singlets. Apart of the fact that
leptons have no color and do not feel the strong force, there
are some important differences in the electroweak structure
of quarks and leptons: while the quark families are constituted by two flavours, lepton families are made of a neutrino
and a charged lepton, both with the same flavour, and there
is no right-handed neutrino. Moreover, for reasons that do
not seem related with the fundamental symmetry, it is kind of
accidental that there are three families of quarks and leptons.
A relevant feature to point out is that while the three quark
families correspond to six flavours, the labels of flavour, generation or family are equivalent for leptons: we have three,
namely, e, µ and τ . In addition, while we have a very rich
quark flavour dynamics, lepton flavour is conserved in all
processes. In this note we will dwell on the physics of the
tau lepton, the third family. Third because the order of discovery and increasing mass.
The discovery of the muon lepton in cosmic-ray showers [4] produced a question about the differences between
electron and muon. Apart of their different masses it did not
seem that they had any other distinction. In the early seventies of the twentieth century the question was still around and
prevailed the general mood that heavier leptons could also exist and could be observed with the new colliders [5]. Then, in
1975 the collaboration of the Mark I detector at the e+ e− collider in SLAC, sifting through 35000 events, found 24 with
a µ corresponding to an opposite sign e, i.e. e+ e− → µ± e∓
[6]. These anomalous “µ e” events represented a puzzle that

could be explained by the creation and decay of a couple of
heavy leptons, the tau leptons to be, namely: e+ e− → τ + τ −
with the decays τ + → e+ νe ν τ and τ − → µ− ν µ ντ , with a
mass Mτ ∼ 2 GeV and hypothesizing the existence of a new
tau neutrino, ντ . A later confirmation came in 1977 from the
PLUTO collaboration at the DORIS e+ e− storage ring [7],
and finally the conclusion that the dynamics of the tau lepton
in the SM was the same than electron and muon was asserted
by the ARGUS detector at the DORIS II storage ring [8] in
1990. The direct observation of the tau neutrino took place
ten years later by the DONuT collaboration at Fermilab [9].
Although the dynamics of the tau lepton has thoroughly
been studied since its discovery, and some experiments have
contributed to its phenomenological analysis, it has been the
start of the 21st century that has pushed the physics of the
tau lepton with the development of the B-meson factories:
BaBar at SLAC (1999-2008) [10] and Belle at KEK (19992010) [11, 12]. These are asymmetric e+ e− colliders producing plenty of B mesons but they happen to be tau lepton factories too. Although their data acquisition period has
ended they still have enough data to be analysed. The present
Belle-II experiment at SuperKEK (an upgrade of Belle) has
started to collect data in 2019 [13] and, with an expected integrated luminosity of 50 ab−1 , will push the frontier of our
phenomenological analyses of tau decays.
Within the SM the setting provided by the tau lepton is
unique. As the only known lepton to be heavier enough to
decay into light flavoured hadrons, it brings a benchmark for
the studies that involve strong interactions at low energies
and the dynamics of hadronization. The same basic reason
is behind the accurate determination of some SM parameters.
This goal has guided a big part of the amount of work done
on the tau lepton. Besides, in the last ten years the tau lepton
has been at the origin of some seeming deviations of the uni-
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versality SM rule, that says that, for massless neutrinos, all
leptons of equal electric charge have the same electroweak
interactions, independently of their flavour. Departures of
this principle have been reported by the LHCb experiment,
at LHC, in semilepton decays of B mesons, although as of
today, there is no asserted discovery of new physics [14].
Although there is a very rich phenomenology around the
tau lepton in many processes, in this text I will only focus on
the features that involve its decays. In Sec. 2, I will recall
some basic properties of the tau lepton and relevant aspects
of its dynamics in the SM. The analyses of tau decays within
the SM, both lepton and hadron, will be collected in Sec. 3.
In Sec. 4, I will provide a quick look to the issue of lepton
flavour violation as a promise of new physics in the tau sector. My conclusions and summary are collected in Sec. 5.

where B is short for baryon number and Y is the weak hypercharge. This symmetry has relevant consequences: i) different leptons are characterized by a specific flavour that is
conserved in all processes in the SM (with massless neutrinos); another consequence is that lepton number, L =
Ne + Nµ + Nτ , is also conserved; ii) baryon number is conserved in all SM processes. The latter feature brings more
information on the hadron decays of the tau: although there
is enough phase space to decay into baryons (proton, Λ, Σ,
...), there is no enough phase space for a pair of them and,
accordingly, the tau lepton cannot decay into baryons, only
mesons are allowed.
In the SM tau decays are driven by the charged current of
leptons
LSM ⊃ −

i=e,µ,τ

2. Dynamics and properties of the tau lepton
The tau lepton has two properties that mark the difference
with the rest of leptons. One of them is its high mass, in
comparison with e and µ, [15]
Mτ = 1.77686 (12) GeV ,

(1)

where the number in parentheses indicates the error of the
last corresponding figures. As a consequence, allowing SM
dynamics, it becomes the only known lepton that can decay
into light-flavoured hadrons. The second property is related
with the global symmetries of the SM lagrangian [16]. In the
presence of Yukawa couplings but with massless neutrinos, it
has a global symmetry
U (1)e × U (1)µ × U (1)τ × U (1)B × U (1)Y ,

(2)

X

¤
g £
√i ν i γ µ (1 − γ5 ) `i Wµ† + h.c. , (3)
2 2

with ge = gµ = gτ = g, the SU (2)L coupling. This current
drives the tau decay into leptons τ − → ντ `− ν ` , for ` = e, µ
and those with final quarks τ − → ντ (ud, us) and charge
conjugates. Only with this information and the corresponding one for hadrons, as shown in Fig. 1, we can make good
estimates for the exclusive branching ratios into leptons and
the inclusive decays into hadrons. Notice that the total number of decays comes from the possible 2 lepton final states
added to those into hadrons, i.e. for the d quark a width of
|Vud |2 times the number of possible final quarks, i.e NC , the
quark colours, and analogously for the s quark, resulting in
a total of 2 + NC (|Vud |2 + |Vus |2 ) full width. We show the
figures in Table I; the agreement is fairly good for this
rough guess.

F IGURE 1. Leading tree-level Feynman diagrams describing the decays of the tau lepton in the SM, for lepton final states (left) and hadron
final states (right). Here Vud and Vus are the CKM matrix elements.
TABLE I. Comparison between a naive estimate and its experimental result for some tau decay branching ratios, as determined by the
Feynman diagrams in Fig. 1.
Branching
Br(τ → eνν)
Br(τ → µνν)
Br(τ → non-strange hadrons)
Br(τ → strange hadrons)

Estimate
¡
¢¤−1
2 + NC |Vud |2 + |Vus |2

Experiment [15]

' 20%
£
¡
¢¤−1
NC |Vud |2 2 + NC |Vud |2 + |Vus |2
' 58%
£
¡
¢¤
2
2
2 −1
NC |Vus | 2 + NC |Vud | + |Vus |
' 2%

17.39(4)%

£
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17.82(4)%
62(4)%
2.6(7)%

3

PHYSICS OF THE TAU LEPTON

The interesting fact is that more accurate determinations
within the SM are able to correct these naive estimates and
explain reasonably well the experimental measurements.

3.

Tau decays within the Standard Model

We will now dwell on the richness and variety of the tau decay processes driven by the diagrams in Fig. 1. I will only
bear in mind, in this note, dominating processes and I will not
take into consideration subleading radiative processes: photons can be attached where any electrically charged particle
lies. In the lepton decays, to the natural cleanliness of the processes we add, for the first time, two possible decay channels;
this situation will allow us to know more about the flavour aspects of these leptons. Moreover, in hadron decays, being an
initial decaying lepton, the produced hadrons decouple from
the initial state and it is driven by the hadronization of the
charged current in low-energy QCD. Along this note we will
consider the same dynamics for charge conjugated processes
and their equivalence will be understood. We now underline
the main physics features of both decay types in turn.
3.1.

Lepton decays

The left-hand diagram in Fig. 1 gives the leading contribution
for the decays τ − → ντ `− ν ` for ` = e, µ. Once the dominant electroweak corrections are included, the width of the
decay is [17]
Γ(τ − → ντ `− ν ` ) =

G2F Mτ5
f (M`2 /Mτ2 ) rEW ,
192π 3

(4)

where the higher order electroweak correction is given by
µ
¶µ
·
¸¶
3 Mτ2
α(Mτ ) 25
2
rEW = 1 +
1+
−π
, (5)
2
5 MW
2π
4
that amounts to rEW ' 0.9960. In Eq. (4), GF is the
Fermi constant and the corrections due to the mass of the
final lepton are encoded in f (x) = 1 − 8x + 8x3 − x4 −
12x2 ln x, that are tiny f (Me2 /Mτ2 ) ' 0.999999 or very
small f (Mµ2 /Mτ2 ) ' 0.972559. As a consequence the SM
width, dominated by the first factor on the right-hand side
of Eq. (4), is almost independent of the final lepton, as
our rough guess and the experimental measurements already
were pointing out in Table I.
This scenario is a result of the equality of couplings in
the lagrangian (3), a feature of the SM known as universality
of the lepton couplings, that is spoiled for massive neutrinos.
The cleanest way to study this universality involves the decays of the gauge boson, i.e. W − → `− ν ` for ` = e, µ, τ . If
one takes a look to the ratios of widths, that the SM predicts
to be 1, in the PDG [15] we have:
µ/e = 0.996(8) ,
τ /µ = 1.070(26) ,

τ /e = 1.043(24) ,
(6)

in a self-explanatory notation. These results come from
old LEP data and show a tension related with the tau coupling. The possibility of a breaking of universality centered in the third family, i.e. imposing a global symmetry [U (2)e,µ × U (1)τ ]5 that distinguishes the gτ coupling
from the one of electron and muon (3), coming from an energy scale much above the electroweak one, was analysed in
Refs. [18, 19] with no avail. This breaking could not explain
the seeming violation of universality. However the ATLAS
collaboration at LHC [20] recently provided a new result
τ /µ = 0.992(13) ,

(7)

in good agreement with the universality principle. This
shows that more precise experimental results are required to
settle this issue.
The dynamical structure of the coupling of the leptons
to the gauge boson in the charged current (3) is predicted
to be V-A in the SM. We already know that this feature is
well established but possible deviations from the SM predictions could be asserted at the B-factories. This goal can be
a
, in genachieved through the Michel parameters [21, 22] gij
eral complex, defined by the matrix element of the tau decay
Gτ `
A=4√
2

i,j=R,L
X

a
gij
h`i |Γa |(ν` )n ih(ν τ )m |Γa |τj i ,

(8)

a=S,V,T

for ` = e, µ. Here Gτ ` is the Fermi coupling singularized
S
for each process, Γa indicate the
√ scalar, Γ = 1, vector
V
µ
T
µν
Γ = γ and tensor Γ = σ / 2 interactions and, finally,
L and R the left- and right-handed chiralities of the electrically charged leptons, respectively. For a fixed set a, i, j the
neutrino chiralities n and m are also determined. The SM
V
predicts that gLL
= 1 while all the rest are zero. The present
situation is described by the figures in Table II. It can be seen
that there is still room for improvement and the phenomenological analyses of lepton decays of the tau lepton need to
be pursued to settle our knowledge on the dynamics of the
interaction.
3.2.

Hadron decays

The right-hand diagram in Fig. 1 is the leading contribution to the process of production of hadrons through τ − →
ντ (ud, us). The amplitude for τ − → ντ H, where H is short
for a hadron final state, is given by
TABLE II. Bounds on the Michel parameters from the decay τ − →
ντ µ− ν µ , at 95 % CL [15]. Notice that the tensor operators corresponding to equal chiralities vanish identically. We implement this
T
T
information by setting vanishing couplings gLL
and gRR
.
S
|gRR
| < 0.72

S
|gLR
| < 0.95

V
|gRR
|

V
|gLR
|

< 0.18

T
|gRR
|≡0
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< 0.12

T
|gLR
| < 0.08

S
|gRL
|≤2
V
|gRL
|

S
|gLL
|≤2

< 0.52

V
|gLL
|≤1

T
|gRL
| < 0.51

T
|gLL
|≡0
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GF
A = √ VCKM uντ γµ (1 − γ5 )uτ
2
× hH|(V µ − Aµ )eiLQCD |ΩH i ,

(9)

where VCKM is the relevant CKM matrix element and ΩH is the
hadron vacuum. Here, Vijµ = q j γµ qi and Aµij = q j γµ γ5 qi
are the corresponding vector and axial-vector QCD currents,
being i, j = u, d, s the flavour indices. They will depend on
the flavour content of the hadron final state H.i In Eq. (9)
notice, in particular, the exponential of the QCD lagrangian.
It reminds us that the hadronization has to be carried out in
the presence of the strong interaction. The determination of
this matrix element is straightforward (feasible) for quarks in
the final state, a process that gives relevant information on
the inclusive decays of the tau lepton, i.e. in the sum of all
hadron processes, but fails to convey the information of a particular decay channel with mesons in the final state, namely
exclusive decays. There are several circumstances that explain this situation. Quarks are not observed in the final states
and, therefore, a hadronization process has to be carried out
to determine or paremeterize a particular decay. This implies
the treatment of strong interactions at low energies, a regime
where our knowledge of QCD is rather poor. The situation is
even more involved because, with a mass a bit below 2 GeV,
the tau lepton decays in an energy region populated by many
hadron resonances and mesons.
In this Section we will briefly comment on both types of
decays, their features, difficulties and the winnings we get
from them.

to separate Rτ = Rτ,S=0 + Rτ,S=1 , where S indicates the
strangeness of the final states. The non-strange component
is determined experimentally into vector (even number of pions) and axial-vector (odd number of pions) parts, although
they have also other non-strange contributions. The Rτ,S=1
component has an odd number of kaons in the final state.
As we did in Sec. 2, we can perform a naive and simple estimate of Rτ from its decomposition above: Rτ '
NC |Vud |2 + NC |Vus |2 = NC (1 − |Vub |2 ) ' NC , where
we have used the unitarity of the CKM matrix and the tiny
value of |Vub |. Experimentally, Rτ can be determined in two
ways, either by calculating the numerator as the sum of all
possible tau decays into mesons, or extracting from the total
width the leptonic decays [27]
P
i

Rτ =
exp

Rτexp =

1 − Be − Bµ
= 3.6370(75) ,
Be

Z1
2

Rτ = 12π

dx (1 − x)
0

The analysis of the total tau hadron width, i.e. the sum of all
meson final states in the decay of the tau lepton, reassures us
the basics of QCD and it is able to gives us determinations of
SM parameters [23–26]. The relevant observable is the full
width normalized to one of the leptonic decays, namely
Γ(τ − → ντ mesons)
,
(10)
Γ(τ − → ντ e− ν e )
where the radiation of final state photons in numerator and
denominator are usually taken into account. It is customary

(11)

where B` = Γ(τ − → ντ `− ν ` )/Γτ , ` = e, µ, being Γτ the
total width. These correct our estimate above by a 20%.
We can give a more detailed account of the theoretical description of Rτ . It can be shown that the hadron decay rate of
the tau lepton can be written as an integral, over the invariant
mass s of the hadron final state, of the spectral functions [23]
(see Fig. 2),

3.2.1. Inclusive tau decays

Rτ ≡

Γi (τ − → ντ mesons)
= 3.6355(81) ,
Γ(τ − → ντ e− ν e )

(0)

+ ImΠ

h
(1 + 2x) ImΠ(1) (Mτ2 x)

i
(Mτ2 x) ,

(12)

that correspond to
³
´¯
¯
(J)
(J)
Π(J) (s) ≡ |Vud |2 Πud,V (s) + Πud,A (s) ¯
S=0
³
´¯
¯
(J)
(J)
2
+ |Vus | Πus,V (s) + Πus,A (s) ¯
,
S=1

(13)

from the hadron correlators

F IGURE 2. The full tau hadron decay width Γ(τ − → ντ mesons) is proportional to the absorptive part of the hadron production, indicated
here by the dashed line. This can be evaluated from the spectral decomposition (the imaginary part) of the VV and AA correlators.
Supl. Rev. Mex. Fis. 3 020715

5

PHYSICS OF THE TAU LEPTON

F IGURE 3. Experimental measurement of the S = 0 vector and axial-vector spectral functions by the ALEPH and OPAL experiments at
(J)
LEP II [28]. Here uJ = 2π ImΠud,U for u = v,a and U = V, A. In the vector function is clearly seen the contribution of the ρ(770),
while in the axial-vector function it is clear the contribution of the a1 (1260) and its prominent width.

Z
Πµν
ij,J (q)

=i

d4 xeiqx hΩh |T Jijµ (x)Jijν (x)† |Ωh i
(1)

= (q µ q ν − q 2 g µν )Πij,J (q 2 )
(0)

+ q µ q ν Πij,J (q 2 ) .

(14)

In these expressions J indicates the total angular momentum
of the hadron final state and Jµ = Vµ , Aµ , the vector or axialvector QCD currents.
The spectral decomposition, i.e. the imaginary part of
these correlators, can be observed experimentally as the sum
of all possible final states with mesons. It is show in Fig. 3 the
results by ALEPH and OPAL at LEP II as collected in [28].
By including those data in Eq. (12) and decomposing
Rτ,S=0 into its vector and axial-vector parts, Rτ,S=0 =
Rτ,V + Rτ,A , it is obtained [28, 29]
Rτ,V = 1.783(11)exp (2)V/A ,
Rτ,S = 0.1615(40) .

The phenomenological determination of the Rτ observable permits to obtain predictions for some SM observables
as the strong coupling αS (Mτ2 ) [23], the mass of the strange
quark [24], or the CKM matrix element Vus [25] (see, for
instance, [26] for a detailed account). I will sketch the procedure in the case of the QCD strong coupling constant.
The hadron correlators Π(J) (s) (13) are analytic everywhere in the complex plane, except on the positive real axis.
Hence, we can use Cauchy’s theorem to re-write the expresion in Eq. (12) in terms of the full correlators, i.e.
I
Rτ = 6πi
|x|=1

³
dx(1 − x)2 [1 + 2x]Π(0+1) [Mτ2 x]

´
−2x Π(0) [Mτ2 x] ,

(16)

Rτ,A = 1.695(11)exp (2)V/A ,
(15)

Here the second error is due to a possible mishap in the identification of the vector or axial-vector contribution.

and the correlators can be parameterized by a dimensionally
driven set of gauge-invariant scalar operators, an Operator
Product Expansion (OPE), as

Supl. Rev. Mex. Fis. 3 020715
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Π(J) (s) =
×

X

1
D/2
(−s)
D=0,2,4...
X

(J)

CD (s, µ) hOD (µ)i .

(17)

[O]=E D

Notice the new µ parameter dependence. This is a new factorization scale which separates non-perturbative effects, hidden
in the vacuum matrix elements of the operators, and shortdistance physics in the Wilson coefficients. Obviously, the
correlator does not have a µ dependence that, accordingly,
has to cancel. The D = 0 part corresponds to the unit operator and it gives the contribution of perturbative QCD only,
with massless quarks. Their masses enter in the D = 2 term
and D = 4 already includes non-perturbative physics.
The fact that vector and axial-vector currents are conserved in the chiral limit, implies that only the Π(0+1) (s)
correlator contributes in Eq. (16), and the polynomial part
in front suggests that the V + A is a clean observable because it has a dominant perturbative contribution, while nonperturbative effects arise at least at D = 6. We can write
these contributions as
Rτ,V+A = NC |Vud |2 SEW [1 + δP + δNP ] ,

4

with P (x) = 1 − 2x + 2x − x . This function only depends on aτ = αS (Mτ2 )/π and the integrals are expanded
in powers of this parameter. There is a well known incertitude in the evaluation of these integrals because the sizable value of the QCD coupling constant at the scale of Mτ .
Hence, Rτ has a significant dependence on higher-order perturbative corrections. There are, essentially, two procedures
that are usually used: i) an expansion of A(n) (αS ) in powers of αS (Mτ2 ) and truncating the integrand to a fixed perturbative order in αS (s), called fixed-order perturbation theory, FOPT, and ii) using the exact solution for αS (s) given
by the renormalization-group β−function equation, called
contour-improved perturbation theory, CIPT. See, for instance, Refs. [34–36]. As a reference, the perturbative correction in Eq. (18) amounts δP ' 20%.
Let us now consider the non-perturbative correction δNP in
Eq. (18). This is parameterized by the power corrections in
Eq. (17) and it is given by
I
−1
dx(1 − x)2 (1 + 2x)
δNP =
2πi |x|=1
×

X CD hOD (µ)i
,
MτD (−x)D/2
D≥2

Hence, a determination of αS (Mτ2 ) results from this procedure. They differ basically in the analyses carried out in the
perturbative component of Rτ , as commented above. I quote
some of the latest determinations (taken from Refs. [35, 42,
43], respec- tively)

(18)

where SEW = 1.0201(3) contains some electroweak corrections [17, 30].
The perturbative contribution is very sensitive to αS and
can
in terms of the αS (µ) coupling as δP =
P be written
(n)
K
A
(α
n
S ) [31–33], where the Kn coefficients are
n=1
known up to O(αS4 ) and
µ
¶n
I
1
dx αS (−Mτ2 x)
A(n) (αS ) =
P (x) , (19)
2πi |x|=1 x
π
3

with CD ≡ CD (Mτ2 x, µ). In the case at hand, if we consider
the chiral limit and neglect the s dependence of the Wilson
coefficients, the first contributing term in Eq. (20) is the one
with D = 6 in the OPE expansion, i.e. there is a suppresion
factor 1/Mτ6 , at least, in the leading contribution to δNP . The
hadronic vacuum expectation values of operators in Eq. (20),
for D ≥ 2, are called QCD condensates. They parameterize the strong non-perturbative corrections and, in principle,
can be determined using lattice [37], phenomenology [38]
or QCD sum rules [39, 40], for instance. The most updated
analysis of ALEPH data [41] gives δNP = −0.0064(13), as
expected much smaller than the perturbative correction and
in good agreement with the theoretical prospect [23].

(20)

αS (Mτ2 ) = 0.328(13),

[35],

αS (Mτ2 )

= 0.308(8),

[42],

αS (Mτ2 ) = 0.312(7).

[43].

(21)

They are in good agreement and their differences show the
size of the incertitude in the determination of this parameter.

3.2.2.

Exclusive tau decays

Let us consider now the study of decays of the tau lepton into
specific hadron channels. We can come back to Eq. (9) and
ponder a particular hadron channel H. This will have some
possible quantum numbers (angular momentum, isospin, parity, ...) that we have to care about in our description. Hence,
it is customary to parameterize the hadron matrix element as
hH|(Vµ − Aµ )eiLQCD |ΩH i =

X

Liµ Fi (Q2 , s, ...) ,

(22)

i

where Liµ indicates all possible Lorentz structures written
with all the independent momenta of the process and respecting all known symmetries and quantum numbers, and
Fi (Q2 , s....) are scalar functions of the independent invariants. The later are the form factors of the process [44]. Form
factors contain the information of the hadronization, Fig. 4,
and their construction and determination provides the description of these decays. Their theoretical construction belongs to the non-perturbative energy region of QCD and, in
consequence, relies in models of the interaction. Successful results come from phenomenological approaches based
on Breit-Wigner descriptions of the resonances [45, 46], in
the use of resonance chiral theory [47–51] or dispersion relations [52, 53].
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F IGURE 4. Form factors carry the information of the hadronization procedure in exclusive decays, in particular of the intermediate hadron
resonances.

Phenomenologically, it is known that form factors behave
smoothly at high transfer of momenta [54, 55]. This can be
understood from the properties of the vector and axial-vector
two-point correlators (14). They were studied, within perturbative QCD, in Ref. [56] where it was shown that both spectral functions go to a constant value at infinite transfer of mo(1)
menta, namely ImΠij,V /A (q 2 ) −→ NC /(12π) as q 2 → ∞,
in the chiral limit and at one-loop in QCD. By local duality
this can be understood as the sum of infinite positive contributions of intermediate hadron states, hence if the infinite sum
gives a constant, heuristically it can be expected that any one
of the contributions vanishes in that limit, and this behaviour
translates into the form factors.
A complementary framework used in the study of exclusive decays is the one provided by the structure functions, but
we are not going to dwell on those here. See Ref. [57] for a
detailed explanation.
I will sketch some examples, namely the decays of the
tau lepton into two and three pseudoscalars. The definition
of form factors is, in general, not unique, but the number of
them for each process is fixed.
Two pseudoscalars
The matrix element for the decay of the tau lepton into two
pseudoscalars, P = π, K, η, η 0 , is driven by the vector current only. It has two form factors that can be defined as
µ
¶
qµ qν ν
hP1 P2 |Vµ eiLQCD |ΩH i = gµν − 2
t
q
× FV (q 2 ) + qµ FS (q 2 ) ,

(23)

where qµ = (p1 + p2 )µ and tµ = (p1 − p2 )µ . Due to
the conservation of the vector current in the SU (3) limit,
∂ µ Vµ ∝ (mi − mj )q i qj , the scalar form factor FS (q 2 ) only
appears when the two pseudoscalars have different masses,
for instance in τ − → ντ Kπ. Moreover, in τ − → ντ π − π 0
the contribution of the scalar form factor is tiny because it is
an isospin breaking effect.
The vector form factor of two pions, for instance, can
be determined experimentally from the vector spectral function defined in Eq. (14), shown in v1 (s) in Fig. 3. They
− 0
are related through |FVππ (s)|2 = 12 vπ1 π (s)/β 3 with β =

p
1 − 4m2π /s. As can be seen in Fig. 3 the dynamics of this
form factor is dominated by the contribution of the ρ(770)
resonance. Hence, in the theoretical construction of the form
factor we need to implement the role of this resonance; moreover the asympotic behaviour of the form factor, commented
above, gives that FV (q 2 ) → 0 for q 2 → ∞. All this information has to be included in the construction of this form factor.
An efficient procedure is the one designed by resonance chiral theory that, in addition, matches the chiral behaviour for
q 2 ¿ Mρ2 , where Mρ is the mass of ρ(770) [47, 51, 58–60].
Notice that the vector current also drives hadronization
in e+ e− scattering and, in consequence, the form factors of
both processes are directly related.
Three pseudoscalars
Both vector and axial-vector currents can contribute to this
amplitude and, in the most general case, it is parameterized
by four form factors:
¶
µ
Qµ Qν
− − +
iLQCD
hP1 P2 P3 |(Vµ − Aµ )e
|ΩH i = gµν −
Q2
£ν A 2
¤
× t13 F1 (Q , s, t) + tν23 F2A (Q2 , s, t)
β γ V
2
+ Qµ F3A (Q2 , s, t) + iεµαβγ pα
3 p2 p1 F4 (Q , s, t) , (24)

where Qµ = (p1 +p2 +p3 )µ , tµij = (pi −pj )µ , s = (p2 +p3 )2
and t = (p1 + p3 )2 . The alphabetical label on the form
factors indicate the current that originates it, hence we have
three axial-vector driven form factors and one coming from
the vector current.
Each specific final state has its own characeristics. For
instance, the dominant channel is τ − → ντ πππ [48, 49], and
has no contribution of the vector form factor in the isospin
limit. Moreover, the scalar F3A (Q2 , s, t) is proportional to
mπ and then it vanishes in the chiral limit and, in any case, it
gives a less important contribution compared with the other
axial-vector form factors. Also in this channel, Bose symmetry requires that F1A (Q2 , s, t) = F2A (Q2 , t, s). Phenomenological information on the axial-vector three-pion form factors can again be obtained from the experimental measurement of the axial-vector spectral function a1 (s) in Fig. 3.
This is the dominant contribution of the spectral function and,
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it can be seen that it is dominated by the dynamics generated
by the a1 (1260) wide resonance. What is measured in a1 (s)
is the partial width of the process as a function of Q2 (the rest
of kinematical variables have been integrated) and this is, naturally, a non-linear function of the axial-vector form factors
FiA (Q2 , s, t), for i = 1, 2. The precise relation is given, for
instance, in Ref. [48]. The theoretical construction of these
form factors relies, again, on the resonance dynamics and the
asymptotic constraints at high transfer of momenta. It has
been carried out, for instance, within resonance chiral theory,
in Refs. [48, 49].
Finally, all form factors contribute in the decay τ − →
ντ KKπ [50].

4. Tau decays beyond the Standard Model
As was collected in Eq. (2) the Standard Model has a global
symmetry that forbids the change of lepton flavour, or the
number of leptons, in any process. As we already know
that this symmetry is violated by neutrino mixing, there is
no apparent reason why processes with lepton flavour violation (LFV) in charged leptons should not occur, although
still it has not been observed and the best upper-bound has
been reached by the MEG experiment: B(µ+ → e+ γ) <
4.2 × 10−13 at 90% CL [61].
The search of lepton flavour or lepton number violations
in processes with tau leptons, at present, cannot compete with
muon related decays. However, as commented in the Introduction, the Belle-II experiment at SuperKEK will improve
bounds, at least one order of magnitude, in tau decays. BelleII has a specific program to look for LFV in decays, both
hadron, i.e. τ → `π, τ → `ππ, τ → `K, etc., and lepton,
i.e. τ → `γ, τ → `0 `+ `− and so on, with `, `0 = e, µ. Their
present bounds on those branching ratios lie between 10−7
and 10−8 [27]. The bounds expected for Belle-II, with an estimated integrated luminosity of 50 ab−1 , can be read from
Ref. [13], and are foreseen to lie around B < 10−9 − 10−10 .
SUSY [62, 63] and Z 0 [64] models, little Higgs [65, 66],
left-right symmetric models [67], and others, have been applied in the analyses of LFV tau decays, giving branching
ratios that lie in the region at reach of the B-factories, i.e.
O(10−7 − 10−10 ). All these rely in the existence of a higherenergy scale, ΛLFV À ΛEW , being ΛEW the electroweak scale,
such that the higher-dimensional non-renormalizable operators violating the lepton global symmetry (2), arise. Based on
this idea, a more model-independent framework is given by
the Standard Model Effective Theory (SMEFT) at the electroweak scale [68, 69], given by
Ã
!
X
1 X (D) (D)
LSMEFT = LSM +
C i Oi
, (25)
ΛD−4
LFV
i
D>4
(D)

with Oi
D-dimensional operators that contain the SM
spectrum of particles and its fundamental symmetries, but
(D)
breaking global lepton flavour conservation, and Ci are dimensionless Wilson coefficients determined by new physics.

The lowest dimension operators giving LFV but conserving
baryon number have D = 6. Analyses within this framework
have been carried out [70, 71]. In the second reference we
have studied several semihadron decays, namely τ → `P ,
τ → `P P and τ → `V , with ` = e, µ, and P and V pseudoscalar and vector mesons, respectively. In addition we have
studied the lepton conversion processes `N (A, Z) → τ X,
with N (A, Z) = F e(56, 26) and P b(108, 82), at the reach
of NA64 (CERN) [72]. We have concluded that: i) LFV
tau decays constrain the dynamics stronger than the lepton conversion processes, though the later can be used to
discern the relative weights of different contributing operators; ii) The Wilson coefficient Cγ of the dipole operator
Oγ = cos θW OeB − sin θW OeW (notation of Ref. [69]) happens
to be the more constrained one, providing a foreseen result,
from Belle-II, of ΛLFV > 330 TeV at 99.8% CL, for Cγ = 1.
Finally, let us comment on lepton or baryon number violation. The remaining global symmetry in Eq. (2) indicates that total lepton, L, and baryon number, B, are also
conserved. These have a particular property, as the divergences of the corresponding currents are non-zero and equal.
As a consequence they are anomalous, but B − L is not.
Because this anomaly, extensions of the SM cannot have a
gauge boson enticing B or L violation, but it is possible
to have one driving ∆(B − L) = 0. Recently Belle published some results on ∆B = ∆L = ±1 decays [73], for
instance τ − → pµ+ µ− , which branching ratios bounded
around 10−8 . All these processes will also be a goal for
Belle-II. However, those branching ratios should be really
tiny [74], because they should also provide channels of decay
for the proton (with a virtual tau lepton), and we know that
the lifetime of the proton is huge. The analyses of these processes within SMEFT are eligible to present and future developments [75]. For instance, it has been carried out an analysis
with D = 5, 7 operators of the processes τ + → `− P + P + ,
with ` = e, µ and P a pseudoscalar meson [76]. BaBar and
Belle have looked for processes with ∆L = 2 but not involving baryons [27].

5.

Conclusion

The physics of the tau lepton has many interesting aspects.
The tau is the only known lepton that decays into hadrons,
and this is reflected into a very rich, QCD driven, dynamics,
both in the perturbative regime (inclusive processes) and in
the non-perturbative energy region, for instance the study of
hadronization of the QCD currents (exclusive processes).
The tau lepton offers a wide spectrum of processes in
the study of violations of the SM global symmetries. The
seeming violation of universality in B decays at LHCb or the
search for lepton flavour violation could disclose a new energy scale Λ > ΛEW where new physics lies. The Belle-II
experiment will provide, in the next years, a large amount of
information on tau decays, both for SM allowed processes
and in the search of new physics. The theory has to be prepared to handle this future.
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57. Kühn, Johann H. and Mirkes, E., “Structure functions in tau decays,” Z. Phys. C, 56 (1992) 661, https://doi.org/10.
1007/BF01474741 [Erratum: Z.Phys.C 67 (1995) 364].

Supl. Rev. Mex. Fis. 3 020715

PHYSICS OF THE TAU LEPTON

58. G. Ecker, J. Gasser, A. Pich, and E. de Rafael, “The
Role of Resonances in Chiral Perturbation Theory,” Nucl.
Phys. B, 321 (1989) 311, https://doi.org/10.1016/
0550-3213(89)90346-5.
59. G. Ecker, J. Gasser, H. Leutwyler, A. Pich, and E. de Rafael,
“Chiral Lagrangians for Massive Spin 1 Fields,” Phys.
Lett. B, 223 (1989) 425, https://doi.org/10.1016/
0370-2693(89)91627-4.
60. M. Jamin, A. Pich, and J. Portolés, “Spectral distribution for the
decay τ → ντ Kπ,” Phys. Lett. B, 640 (2006) 176, https:
//doi.org/10.1016/j.physletb.2006.06.058.
61. A. M. Baldini et al., “Search for the lepton flavour violating
decay µ+ → e+ γ with the full dataset of the MEG experiment,” Eur. Phys. J. C, 76 (2016) 434, https://doi.org/
10.1140/epjc/s10052-016-4271-x.
62. A. Brignole and A. Rossi, “Anatomy and phenomenology of mu-tau lepton flavor violation in the MSSM,” Nucl.
Phys. B, 701 (2004) 3, https://doi.org/10.1016/j.
nuclphysb.2004.08.037.
63. T. Fukuyama, A. Ilakovac, and T. Kikuchi, “Lepton flavor
violating leptonic/semileptonic decays of charged leptons in
the minimal supersymmetric standard model,” Eur. Phys. J.
C, 56 (2008) 125, https://doi.org/10.1140/epjc/
s10052-008-0625-3.
64. C.-x. Yue, Y.-m. Zhang, and L.-j. Liu, “Nonuniversal gauge
bosons Z-prime and lepton flavor violation tau decays,” Phys.
Lett. B, 547 (2002) 252, https://doi.org/10.1016/
S0370-2693(02)02781-8.
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