
Eur. Phys. J. Plus (2021) 136:1117
https://doi.org/10.1140/epjp/s13360-021-02077-5

Regular Art icle

Challenges for tau physics at the TeraZ

Antonio Picha

IFIC, Universitat de València – CSIC, Catedrático José Beltrán 2, E-46980 Paterna, Spain

Received: 18 April 2021 / Accepted: 17 October 2021
© The Author(s) 2021, corrected publication 2022

Abstract The very high statistics, low backgrounds and clean back-to-back kinematics of
a TeraZ facility would provide an optimal laboratory for precision measurements of the τ

properties. A few important topics in τ physics where very relevant contributions could be
made are highlighted.

1 Introduction

The precise investigation of the third fermion family can provide crucial hints on our under-
standing of the flavour problem. The heavier fermions are expected to be more sensitive to
the unknown dynamics responsible for the observed structure of three sequential generations,
exhibiting a very broad range of different mass scales and mixing angles. The leptonic nature
of the τ provides, in addition, a clean environment to perform accurate tests of the electroweak
interaction. Moreover, since the τ is heavy enough to decay into hadrons, it constitutes an
ideal tool for studying low-energy effects of QCD [1].

Our knowledge of the τ lepton was spectacularly boosted by the clean data samples
collected by the LEP experiments, at the Z peak, which promoted τ physics to the level of
precision tests. Since then, the B factories have accumulated a much larger statistics of about
109 τ+τ− pairs, establishing strong upper bounds of few times 10−8 on many neutrinoless
lepton-flavour-violating τ -decay rates [2]. The on-going Belle-II experiment will significantly
increase the available samples to around 4.6 × 1010 produced τ+τ− pairs [3], which could
push these limits further down by more than one order of magnitude.

However, the experimental values of many τ properties, such as the main branching
ratios or the inclusive spectral distributions, are still dominated by the LEP data, in spite
of the much lower statistics that was available at that e+e− collider. The most complete
data sample provided by the ALEPH experiment contains only 3.3 × 105 reconstructed τ

decays [4], but nevertheless, it plays still a leading role in many phenomenological analyses
and determines the current limits on the theoretical interpretation of the most interesting
observables. The special kinematical configuration of the back-to-back τ+τ− pairs emerging
from a Z decaying at rest offers an ideal scenario for τ analyses, with controllable systematic
uncertainties and relatively low backgrounds. Tagging one τ and selecting the event in the
other hemisphere, one can collect a very large set of τ decays without any bias or selection
requirement, which allows for a precise measurement of the τ branching fractions without
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Table 1 Experimental determinations of the ratios g�/g�′ [1,8,9]

Γτ→μ/Γτ→e Γπ→μ/Γπ→e ΓK→μ/ΓK→e ΓK→πμ/ΓK→πe ΓW→μ/ΓW→e

|gμ/ge| 1.0017 (16) 1.0010 (9) 0.9978 (18) 1.0010 (25) 0.998 (4)

Γτ→e/Γμ→e Γτ→π /Γπ→μ Γτ→K /ΓK→μ ΓW→τ /ΓW→μ

|gτ /gμ| 1.0011 (14) 0.9965 (26) 0.986 (7) 1.004 (16)

Γτ→μ/Γμ→e ΓW→τ /ΓW→e

|gτ /ge| 1.0028 (15) 1.022 (12)

any need for an external normalization. Obviously, inclusive studies of τ decay distributions
benefit also from this clear kinematic advantage.

The TeraZ option of a future FCC-ee collider running at the Z peak would produce an
enormous data sample of 1.7 × 1011 τ+τ− pairs [5], in extremely clean kinematic and back-
ground conditions, opening a broad range of interesting opportunities. In the next sections, I
survey a few examples of relevant tests of our currently accepted theoretical framework that
could be significantly improved at a TeraZ facility.

2 Lepton universality

In the Standard Model (SM), all leptons couple to the W± bosons with exactly the same
strength: ge = gμ = gτ ≡ g. The most accurate phenomenological tests of the universality of
the leptonic charged-current couplings are summarized in Table 1. The strongest constraints
come from π and τ decays and confirm the flavour universality with a 0.15% precision.
The accuracy of the τ determination of |gμ/ge| is directly set by the current uncertainty
on the experimental ratio Γτ→μ/Γτ→e, which could be improved at TeraZ. Improvements
on |gτ /ge| would require also more precise measurements of the τ lifetime and mass. The
lifetime could be accurately measured either at Belle-II or at the Z peak, while a future
tau-charm factory operating at the τ+τ− threshold [6,7] could certainly determine mτ with
high precision.

The LEP measurements of ΓW→τ /ΓW→e,μ suggested 2.4σ and 2.6σ deviations from
lepton universality in |gτ /ge| and |gτ /gμ|, respectively, at the 1% level, which were very
difficult to reconcile with the indirect constraints from τ decay at the 0.15% level [1]. The
recent ATLAS determination of ΓW→τ /ΓW→μ [8], in perfect agreement with the SM expec-
tation, has eliminated this long-standing anomaly, showing the importance of performing
new precise measurements of statistically limited observables. The ATLAS measurement
alone would imply |gτ /gμ| = 0.996 ± 0.007. The much larger error in the table reflects the
sizeable discrepancy with the old LEP value. A preliminary CMS measurement of the W
leptonic branching fractions [10] fully confirms the ATLAS result.

The universality of the leptonic couplings of the Z boson was precisely tested at LEP
[11,12]. The measured ratios of vector and axial-vector couplings [1]

vμ

ve
= 0.961 ± 0.061 ,

vτ

ve
= 0.959 ± 0.029 ,

aμ

ae
= 1.0002 ± 0.0013 ,

aτ

ae
= 1.0019 ± 0.0015 , (1)
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are in perfect agreement with the SM. A more precise determination would obviously be
possible at the TeraZ, together with significantly improved precision tests of the electroweak
interaction.

3 Lorentz structure of the tau decay amplitude

The leptonic decay amplitude �− → ν��
′−ν̄�′ can be parametrized in a model-independent

way by writing the most general, local, derivative-free, lepton-number conserving, four-
lepton interaction Hamiltonian, consistent with locality and Lorentz invariance. It contains
ten operators with their corresponding complex couplings gnεω [1]:

H = 4
G�′�√

2

∑

n,ε,ω

gnεω
[
�′
εΓ

n(ν�′)σ
] [

(ν�)λΓn�ω

]
, (2)

The subindices ω and ε indicate the chiralities (left or right) of � and �′, respectively, while
n = S, V, T labels the type of interaction (scalar, vector, tensor). Taking out the global
normalization factor G�′� that is determined by the total decay rate, these couplings are
bounded to the ranges |gSεω| ≤ 2, |gVεω| ≤ 1 and |gTεω| ≤ 1/

√
3. In the SM, gVLL = 1, while

all other couplings are identically zero. Any possible contribution from new-physics at higher
scales would result in nonzero values for some of these effective couplings.

The different contributions can be disentangled by measuring the energy and angular
distribution of the final charged lepton, complemented with polarization information when-
ever available. This has been successfully achieved in μ-decay experiments, which have
demonstrated that the bulk of the decay amplitude is indeed of the predicted V − A type,
|gVLL | > 0.960 (90% C.L.) [9] (information from the inverse transition νμe− → μ−νe is
also needed), and have established upper bounds on all other couplings.

The model-independent analysis of the τ decay is more challenging because of its much
shorter lifetime. The polarization of the secondary charged lepton has never been measured,
and the inverse production cross section σ(ντ �

− → τ−ν�) seems far out of reach. The initial
τ polarization can be accessed through the correlated distribution of the τ+τ− pairs produced
in e+e− annihilation. The LEP experiments took advantage of the τ polarization provided
by the Z decay to extract the available information. The current constraints are shown in
Table 2. Upper bounds exist for the couplings with an initial right-handed τ because the
data agree with the SM. However, the Lorentz structure of a left-handed decaying τ remains
undetermined. Although significant improvements should be expected from Belle-II [3],
the optimal conditions provided by a TeraZ facility would definitely allow for much higher
sensitivities.

4 Constraints on violations of lepton flavour and lepton number

With the large data samples collected at the B factories, sensitivities of a few times 10−8

(90% CL) have been reached in many leptonic (τ → �γ , τ → �′�+�−) and semileptonic
(τ → �P0, τ → �V 0, τ → �P0P0, τ → �P+P ′−) lepton-flavour-violating τ decays [13].
Thanks to its very clean signature, competitive limits on the decay τ → 3μ have been also
set by LHCb. The absence of final neutrinos makes these decay modes easier to identify, and
many final states have very low backgrounds. Thus, in first approximation, the sensitivity
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Table 2 95% CL experimental bounds on the leptonic τ -decay couplings [9]

τ− → e−ν̄eντ

|gSRR | < 0.70 |gSLR | < 0.99 |gSRL | ≤ 2 |gSLL | ≤ 2

|gVRR | < 0.17 |gVLR | < 0.13 |gVRL | < 0.52 |gVLL | ≤ 1

|gTRR | ≡ 0 |gTLR | < 0.082 |gTRL | < 0.51 |gTLL | ≡ 0

τ− → μ−ν̄μντ

|gSRR | < 0.72 |gSLR | < 0.95 |gSRL | ≤ 2 |gSLL | ≤ 2

|gVRR | < 0.18 |gVLR | < 0.12 |gVRL | < 0.52 |gVLL | ≤ 1

|gTRR | ≡ 0 |gTLR | < 0.079 |gTRL | < 0.51 |gTLL | ≡ 0

scales linearly with the integrated luminosity. Substantially improved limits, reaching at least
10−9, are then to be expected from Belle-II [3].

Stringent upper bounds in the range (2.0−8.4)×10−8 (90% CL) have been also set on the
lepton-number-violating decay modes τ− → �+P−P ′−, with � = e, μ and P, P ′ = π, K
[14]. The combined violation of baryon and lepton quantum numbers has been tested in the
decay τ− → p̄μ−μ+, where an upper limit of 1.8 × 10−8 (90% CL) has been established
[15].

The huge data sample that would be accumulated at a TeraZ facility could increase in a
drastic way the sensitivity to new-physics scales in these neutrinoless decay modes, perhaps
providing the first clear evidence of lepton-flavour violation in τ decays. The large number
of accessible τ decay modes violating the lepton flavour would provide complementary
information, allowing us to unravel the particular type of dynamics underlying any observed
experimental signature.

5 QCD tests with hadronic tau decays

The semileptonic decays τ− → ντ H− probe the matrix element of the left-handed quark
current between the vacuum and the hadronic state H−. The observed quantum numbers of
the final hadrons make possible to disentangle the vector and axial-vector currents and also
separate the Cabibbo allowed (d̄u) and Cabibbo suppressed (s̄u) sectors. Thus, the τ provides
an excellent laboratory to study the dynamics of the QCD Goldstone bosons (π , K , η) in the
resonance region, around 1 GeV.

An exhaustive study of exclusive decays, with well-identified final states, can be per-
formed at Belle-II. However, the accurate determination of the inclusive hadronic distributions
requires a much higher control of experimental systematic uncertainties without introducing
relative biases (normalizations, acceptances) among the different final states. The special
kinematical and background conditions of a TeraZ facility are optimal for this task.

The inclusive distributions directly measure the absorptive parts (spectral functions) of the
two-point correlators of the QCD vector and axial-vector currents. The weighted integrals
of these spectral functions can be accurately predicted with short-distance operator-product-
expansion techniques. The dominant perturbative contributions are currently known with
an impressive four-loop accuracy, i.e. at O(α4

s ), while non-perturbative corrections are sup-
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pressed by at least four powers of the τ mass (the exact power depends on the weight function
adopted) [16].

The Cabibbo-allowed component of the τ hadronic width can be expressed in the form
[17]

Rτ,V+A ≡ Γ (τ− → ντ + hadrons [d̄u])
Γ (τ− → ντ e−ν̄e)

= NC |Vud |2SEW {1 + δP + δNP} , (3)

where NC = 3 is the number of QCD colours and SEW = 1.0201±0.0003 [18–20] accounts
for the electroweak radiative corrections. The non-perturbative contribution δNP turns out to
be heavily suppressed by a factor m−6

τ . This small correction can be directly determined from
the data, through the study of weighted integrals of the hadronic invariant mass distribution
with less-suppressed power corrections [21]. The detailed studies performed by the ALEPH
[4,22–25], CLEO [26] and OPAL [27] collaborations confirmed long time ago that δNP is
indeed below 1%.

The perturbative contribution δP has been computed to O(α4
s ) [1,28], including resumma-

tion of large logarithms [29], and is very sensitive to the strong coupling [17,30,31]. Since
αs is large at the τ mass scale, δP completely dominates the theoretical prediction, enhancing
very significantly Rτ,V+A by about ∼ 20%. The unknown higher-order perturbative cor-
rections are the largest source of theoretical uncertainty [29,32]. The most recent analyses,
performed with updated ALEPH τ decay distributions, give [33,34]

α
(n f =3)
s (m2

τ ) = 0.328 ± 0.013,−→ α
(n f =5)
s (M2

Z ) = 0.1197 ± 0.0015, (4)

in nice agreement with the value obtained from the Z hadronic width at s = M2
Z ,

α
(n f =5)
s (M2

Z ) = 0.1199 ± 0.0029 [9]. The comparison of these two determinations of the
strong coupling, at two very different energy scales, constitutes a beautiful test of the predicted
QCD running:

α
(n f =5)
s (M2

Z )

∣∣∣
Z

− α
(n f =5)
s (M2

Z )

∣∣∣
τ

= 0.0002 ± 0.0029Z ± 0.0015τ . (5)

Accurate measurements of the spectral hadronic distributions would make possible to pin
down more precisely the non-perturbative corrections. A very large data sample is specially
needed to access the higher range of kinematically allowed energies, where the large size of
the experimental errors is hampering the precision of current theoretical analyses.

These spectral distributions contain also precious information on the non-trivial structure
of the QCD vacuum. The difference of the vector and axial-vector correlation functions is
a pure non-perturbative object (perturbation theory gives a null contribution to all orders in
αs) that is sensitive to the QCD chiral-symmetry breaking. Current data have already been
used [16,35,36] to extract several relevant parameters characterizing the QCD vacuum and
low-energy couplings of Chiral Perturbation Theory, the low-energy effective theory of the
QCD Golsdstone bosons.

Useful constraints on new physics beyond the SM can be also extracted from the hadronic τ

decays [37], making use of model-independent low-energy effective Lagrangians analogous
to Eq. (2). The semileptonic τ decays offer also the possibility to perform tests of CP symmetry
through appropriate rate asymmetries. BaBar reported a 2.8σ anomaly in the τ+ → ν̄τ π

+KS

CP asymmetry [38], which so far has not been confirmed by Belle [39]. The significance of
this type of tests would greatly benefit from large data samples with controlled systematics
and low backgrounds.
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6 Determination of the Cabibbo quark mixing

The unitarity tests of the quark mixing matrix rely on a broad set of precise experimental
measurements and theoretically determined hadronic form factors and radiative corrections.
Recent improvements on the estimated radiative corrections to the neutron and nuclear β

decays have generated a 3σ unitarity anomaly when combined with the kaon determina-
tions of |Vus | [9]. Independent precise estimates of |Vud | and |Vus | are needed to clarify the
situation.

A very clean and precise determination of |Vus | could be obtained from the ratio of the
inclusive |ΔS| = 1 and |ΔS| = 0 τ decay widths (normalized to the electronic width)
Rτ,S/Rτ,V+A [40,41]. This experimental ratio directly measures |Vus/Vud |, in the limit of
exact SU(3) symmetry. Taking into account the PDG value of Vud and the small SU(3)-
breaking correction δRτ,th = 0.240 ± 0.032 [42–44], one finds

|Vus | =
⎛

⎝ Rτ,S
Rτ,V+A

|Vud |2 − δRτ,th

⎞

⎠
1/2

= 0.2194 ± 0.0019 , (6)

which is 4.2σ lower than the unitarity expectation |Vus |uni = √
1 − |Vud |2 − |Vub|2 =

0.2278 ± 0.0006. Note, however, that the only fully inclusive measurement of the |ΔS| = 1
τ decay distribution was performed at LEP and suffers from a very scarce statistics. Moreover,
the exclusive τ branching ratios measured by BaBar and Belle are on average slightly lower
than the LEP ones, a systematic effect that although slowly improving it is not yet well
understood [9].

Clearly, τ decays could provide a very accurate determination of |Vus |, which does not
involve theoretically estimated hadronic form factors or decay constants. Unfortunately, the
current data on Cabibbo-suppressed τ decays are not precise enough. A TeraZ facility could
obviously resolve the current discrepancies and precisely clarify this important test of the
unitarity of the quark mixing matrix.

7 Tau production in decays of beauty hadrons

The flavour anomalies recently observed in b → cτ ν̄ and b → sμ+μ− decays [45], exhibit-
ing sizeable violations of lepton flavour universality, have triggered a renewed interest in the
study of suppressed decays of beauty particles. Whether they just reflect statistical fluctuations
and/or underestimated uncertainties, or represent true signals of new phenomena, remains to
be understood. Nevertheless, they exhibit the potential sensitivity to physics beyond the SM
of precise flavour measurements.

The possible new-physics explanations of these anomalies can be tested through high-
statistics analyses of these type of decays in different beauty hadrons (mesons and baryons),
and related processes such as b → sτ+τ−, Bs → τ+τ−, Bc → τν or Ds → τν. This
is another area where an e+e− collider running at the Z peak could bring a significantly
improved understanding and, perhaps, establish clear evidence of new phenomena.
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