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Physics of the tau lepton
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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 ven
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 witt
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.

Keywords: Phenomenology of the tau lepton.

DOI: https://doi.org/10.31349/SuplRevMexFis.3.020715

1. Introduction could be explained by the creation and decay of a couple of
heavy leptons, the tau leptons to be, nametye™ — 747~

The Standard Model of particle physics (SM) [1-3] is de-ith the decays* — etv.p, andr~ — p v, , With a

fined by a fundamental loca#lU(3)c x SU(2)r, x U(l)y ~ massM, ~ 2GeV and hypothesizing the existence of a new

gauge symmetry, a Higgs field and a well defined spectrum ofqy neutrinoy... A later confirmation came in 1977 from the

matter that includes quarks and leptons, that interact quirallyp| UTO collaboration at the DORIST e~ storage ring [7],

with the electroweak gauge bosons and Higgs, through  and finally the conclusion that the dynamics of the tau lepton

SU(2) left doublets and right singlets. Apart of the fact that jn the SM was the same than electron and muon was asserted

leptons have no color and do not feel the strong force, thergy the ARGUS detector at the DORIS Il storage ring [8] in

are some important differences in the electroweak structurgggo. The direct observation of the tau neutrino took place

of quarks and leptons: while the quark families are constiten years later by the DONUT collaboration at Fermilab [9].
tuted by two flavours, lepton families are made of a neutrino

and a charged lepton, both with the same flavour, and there Although th_e dyr_1am_|cs of the tau lepton has thoroughly
is no right-handed neutrino. Moreover, for reasons that d(peen_studled since its dlscovery,_ and some experiments have
not seem related with the fundamental symmetry, it is kind offONtributed to its phenomenological analysis, it has been the

accidental that there are three families of quarks and Iepton§.tartI of the 2.1hSt r(]:endtury lthat has pfushheg the phy?cs O].c th.e
A relevant feature to point out is that while the three quarktau epton with the development of the B-meson factories:

families correspond to six flavours, the labels of flavour, gen—"a"""‘j""lr at SLAC (1999-2008) [10] and Belle at KEK (1999-

eration or family are equivalent for leptons: we have three,2010) [11,12]. These are asymmetricc™ colliders pro-

namely,e, u andr. In addition, while we have a very rich ducing plenty of B mesons but they happen to be tau lep-

quark flavour dynamics, lepton flavour is conserved in alton factories t.oo. Although their data acquisition period has
ended they still have enough data to be analysed. The present

processes. In this note we will dwell on the physics of the I : { Belle) h
tau lepton, the third family. Third because the order of dis-Be e-Il experiment at SuperKEK (an upgrade of Belle) as
started to collect data in 2019 [13] and, with an expected in-

covery and increasing mass. ‘ ted luminosity of 50 ab . will h the frontier of
The discovery of the muon lepton in cosmic-ray show- egrated luminosity o au, Wit push the frontier ot our
henomenological analyses of tau decays.

ers [4] produced a question about the differences betweeR
electron and muon. Apart of their different masses it did not  Within the SM the setting provided by the tau lepton is
seem that they had any other distinction. In the early severunique. As the only known lepton to be heavier enough to
ties of the twentieth century the question was still around andlecay into light flavoured hadrons, it brings a benchmark for
prevailed the general mood that heavier leptons could also exhe studies that involve strong interactions at low energies
ist and could be observed with the new colliders [5]. Then, inand the dynamics of hadronization. The same basic reason
1975 the collaboration of the Mark | detector at tHe=~ col- is behind the accurate determination of some SM parameters.
lider in SLAC, sifting through 35000 events, found 24 with This goal has guided a big part of the amount of work done
a . corresponding to an opposite sign.e. ete™ — pteT on the tau lepton. Besides, in the last ten years the tau lepton
[6]. These anomalousgi‘e” events represented a puzzle that 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, allvhere B is short for baryon number and is the weak hy-
leptons of equal electric charge have the same electroweglercharge. This symmetry has relevant consequences: i) dif-
interactions, independently of their flavour. Departures offerent leptons are characterized by a specific flavour that is
this principle have been reported by the LHCb experimentconserved in all processes in the SM (with massless neu-
at LHC, in semilepton decays of B mesons, although as ofrinos); another consequence is that lepton number=
today, there is no asserted discovery of new physics [14]. N, + N, + N, is also conserved; i) baryon number is con-
Although there is a very rich phenomenology around theserved in all SM processes. The latter feature brings more
tau lepton in many processes, in this text | will only focus oninformation on the hadron decays of the tau: although there
the features that involve its decays. In Sec. 2, | will recallis enough phase space to decay into baryons (pratp,
some basic properties of the tau lepton and relevant aspects), there is no enough phase space for a pair of them and,
of its dynamics in the SM. The analyses of tau decays withiraccordingly, the tau lepton cannot decay into baryons, only
the SM, both lepton and hadron, will be collected in Sec. 3mesons are allowed.
In Sec. 4, | will provide a quick look to the issue of lepton In the SM tau decays are driven by the charged current of
flavour violation as a promise of new physics in the tau secteptons
tor. My conclusions and summary are collected in Sec. 5.

Lad= 3 ;s A=) W] +he., @)
2. Dynamics and properties of the tau lepton =eu,T

The tau lepton has two properties that mark the differenc&Vith gc = g, = g = g, the SU(2)., coupling. This current
with the rest of leptons. One of them is its high mass, indrives the tau decay into leptons — v,£~ v, for £ = e, p

comparison withe and, [15] and those with final quarks~ — v, (ud,us) and charge
conjugates. Only with this information and the correspond-
M; = 1.77686 (12) GeV, (1) ing one for hadrons, as shown in Fig. 1, we can make good

where the number in parentheses indicates the error of tH stimates for the exclusive branching ratios into leptons and

last corresponding figures. As a consequence, allowing S e inclusive decays into hadrons. Nptice that the t_otal num-
dynamics, it becomes the only known lepton that can deca er of decays comes from.the possible 2 lepton f|nal states
into light-flavoured hadrons. The second property is relate ddegd _to thoie Into gadrc:cnse. f9br| thf('edlquarkka W'dtthf
with the global symmetries of the SM lagrangian [16]. In the Vual® times the number of possible final quarke,Nc, the

presence of Yukawa couplings but with massless neutrinos, ﬂuark colours, and 3”3'090“5'3 for tlae_quark, resulting in
has a global symmetry a total of2 + Ne(|Vaual?® + [Vus|?) full width. We show the

figures in Table I; the agreement is fairly good for this
Ul)e xU1), xUQ1); xU1)pxU()y, (2) rough guess.

Ur

d“ ‘/ud -+ & VYuS
W=
I..... N

=

FIGURE 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). Her&,; andV,,; are the CKM matrix elements.

TABLE |. 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 Estimate Experiment [15]
Br(r — evv) [2+ Ne (|Vaal? + |Vas[?)] 17.82(4)%
Br(t — pwv) ~ 20% 17.39(4)%
Br(r — non-strange hadrohs Ne|Vaal? [24+ Ne (Vaal? + |Vus|?)] 7 = 58% 62(4)%
Br(r — strange hadrons Ne|Vas|? [2+ Ne (Vaal® + [Vas )] 7' =~ 2% 2.6(7)%
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PHYSICS OF THE TAU LEPTON 3

The interesting fact is that more accurate determinationgn a self-explanatory notation. These results come from

within the SM are able to correct these naive estimates andld LEP data and show a tension related with the tau cou-

explain reasonably well the experimental measurements. pling. The possibility of a breaking of universality cen-

tered in the third family,.e. imposing a global symme-

try [U(2)e,, x U(1);]° that distinguishes the. coupling

from the one of electron and mud8)( coming from an en-

We will now dwell on the richness and variety of the tau de-£'9Y scale much above th_e ele_ctrowea_k one, was analyse_d n
. : N . Refs. [18, 19] with no avail. This breaking could not explain

cay processes driven by the diagrams in Fig. 1. | will only i o . .

S o . the seeming violation of universality. However the ATLAS
bear in mind, in this note, dominating processes and | will nOtcoIIaboration at LHC [20] recently provided a new result
take into consideration subleading radiative processes: pho- yp
tons can be attached where any electrically charged particle
lies. Inthe lepton decays, to the natural cleanliness of the pro-
cesses we add, for the first time, two possible decay channels; . . . o .

SO ] in good agreement with the universality principle. This
this situation will allow us to know more about the flavour as- . : .
. .~ shows that more precise experimental results are required to
pects of these leptons. Moreover, in hadron decays, being asnettle this issue

initial decaying lepton, the produced hadrons decouple from i .
i yinglep produ Up The dynamical structure of the coupling of the leptons

the initial state and it is driven by the hadronization of thet0 the gauge boson in the charged curr@)ti¢ predicted
charged current in low-ener CD. Along this note we will ; ; .
g 9y Q 9 be V-A in the SM. We already know that this feature is

consider the same dynamics for charge conjugated process@s . . L .
and their equivalence will be understood. We now underliné’_"eII established but possible deviations from the SM predic-
the main physics features of both decay types in turn.

3. Tau decays within the Standard Model

7/ = 0.992(13), @)

tions could be asserted at the B-factories. This goal can be
achieved through the Michel parameters [21,22] in gen-

3.1. Lepton decays eral complex, defined by the matrix element of the tau decay

i,j=R,L
The left-hand diagram in Fig. 1 gives the leading contribution _ 4sz a g |pa — Tl 8
for the decays— — v,¢~ 7, for £ = e, u. Once the dom- A V2 a:;/Tg“< i) n ) (Fr)miTalrs), (8)
inant electroweak corrections are included, the width of the o
decay is [17] for ¢ = e, u. HereG,, is the Fermi coupling singularized

G2 P for each processl'® indicate the scalal® = 1, vector
ZETT (M2 M) rew,  (4) I'V = v* and tensof' 7 = o+ //2 interactions and, finally,
19273 L and R the left- and right-handed chiralities of the electri-
where the higher order electroweak correction is given by ~ cally charged leptons, respectively. For a fixedseét j the
neutrino chiralitiesn andm are also determined. The SM
S (1 N 3 M? ) (1 a(M;) {25 3 WQD 5) predicts thay},; = 1 while all the rest are zero. The present
Bw 5 M2, om 4 ’ situation is described by the figures in Table Il. It can be seen
that there is still room for improvement and the phenomeno-
that amounts tore, =~ 0.9960. In Eq. 4), Gr is the |ogical analyses of lepton decays of the tau lepton need to

Fermi constant and the corrections due to the mass of thse pursued to settle our know|edge on the dynamics of the
final lepton are encoded ifi(x) = 1 — 8z + 8x% — z* — interaction.

1222 Inx, that are tinyf(M2/M?) ~ 0.999999 or very
small f(M:/M?) ~ 0.972559. As a consequence the SM
width, dominated by the first factor on the right-hand side
of Eg. @), is almost independent of the final lepton, ast

: he right-hand diagram in Fig. 1 is the leading contribu-
our rough guess and the experimental measurements alreaggn to the process of production of hadrons through —
were pointing out in Table I.

. O . . . vy (ud,us). The amplitude for— — v, H, whereH is short
This scenario is a result of the equality of couplings ing " - ron final state. is given by

the lagrangianl), 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 de-TasLE II. Bounds on the Michel parameters from the decay—
cays of the gauge bosoe. W~ — £~y forl = e, i, 7. If v~ U, at95 % CL [15]. Notice that the tensor operators corre-
one takes a look to the ratios of widths, that the SM predictsponding to equal chiralities vanish identically. We implement this
to be 1, in the PDG [15] we have: information by setting vanishing couplingg;, andg%: p.

N(r~ - v 077 =

3.2. Hadron decays

lgar| <0.72  [gZr| <0.95  |gar| <2 |gir| <2
lgkr| <0.18  [gra| <012 |grr| <0.52  |g/r| <1
lgkr| =0 l9irl <0.08 |ghr| <051 |gi | =0

p/e = 0.996(8), T/e =1.043(24),
7/p = 1.070(26) , (6)
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4 J. PORTOIES

to separatd?, = R, s=0 + R s=1, whereS indicates the

Gp _ strangeness of the final states. The non-strange component
A= WVCKM U, V(1 = 5)ur is determined experimentally into vector (even number of pi-
iL ons) and axial-vector (odd number of pions) parts, although
x (H|(VH — AF)e™o0)Qy,) 9) they have also other non-strange contributions. Rhg—,
whereV,,,, is the relevant CKM matrix element afiyj, isthe ~ component has an odd number of kaons in the final state.
hadron vacuum. Herd@’; = q;v.9: and Afj = G V54 As we did in Sec. 2, we can perform a naive and sim-

are the corresponding vector and axial-vector QCD currentqjle estimate ofR, from its decomposition aboveR, ~
beingi, j = u,d, s the flavour indices. They will depend on N¢|Vial? + Neo|Vus|? = Ne(1 — |Vup|?) =~ Ne, where

the flavour content of the hadron final stdi®’ In Eq. 9)  we have used the unitarity of the CKM matrix and the tiny
notice, in particular, the exponential of the QCD lagrangianvalue of|V,,;|. Experimentally,R, can be determined in two

It reminds us that the hadronization has to be carried out invays, either by calculating the numerator as the sum of all
the presence of the strong interaction. The determination gossible tau decays into mesons, or extracting from the total
this matrix element is straightforward (feasible) for quarks inwidth the leptonic decays [27]

the final state, a process that gives relevant information on

theinclusive decaysf the tau leptoni.e. in the sum of all > Ti(t7 — v, mesong

exp __ —
hadron processes, but fails to convey the information of a par- Rz = T(t— — vre D) = 3.6355(81),
ticular decay channel with mesons in the final state, namely 1-B._B
exclusive decaysThere are several circumstances that ex- R = l§ B = 3.6370(75), (11)

plain this situation. Quarks are not observed in the final states
and, therefore, a hadronization process has to be carried O\H/tnereBg — T(r~ — vy t-7,)/Ts, £ = e, 1, beingT', the
H H H P H - T T - bl ’ T
to determine or paremeFerlze a_partlcular decay..Thls |mp!|e§Otal width. These correct our estimate above Bp%.
the treatment of strong interactions at low energies, a regime We can give a more detailed account of the theoretical de-

where our knowledge of QCD is rather poor. The situationis "
even more involved because, with a mass a bit below 2 Ge\peription ofR,. It can be shown that the hadron decay rate of

the tau lepton decays in an energy region populated by man#]he tau Ifetprfor;lczn be;_wrllttetntas e:crlrl]ntegrali O\II?r thte_ mvarzlgnt
hadron resonances and mesons. asss of the hadron final state, of the spectral functions [23]

In this Section we will briefly comment on both types of (see Fig. 2),

decays, their features, difficulties and the winnings we get L

from them.

R, = 127r/da: (1—x)? [(1 + 22) ImIT™ (M 22)
3.2.1. Inclusive tau decays 0
The analysis of the total tau hadron widile,. the sum of all + |mH(0)(M72$)} ; (12)

meson final states in the decay of the tau lepton, reassures us

the basics of QCD and it is able to gives us determinations othat correspond to

SM parameters [23—-26]. The relevant observable is the full
i i i _ J J

width normalized to one of the leptonic decays, namely H(J)(S) = |Vyal? (Hq(id),v(s) + Hfide(s)) ‘S_O

I'(r— — v, meson$ -

It~ = vre 7,)

where the radiation of final state photons in numerator and

denominator are usually taken into account. It is customaryrom the hadron correlators

R. = , (10)

J J
+ |Vvus|2 (HELS)V(S) + HSLS?A(S)) ‘S:l ’ (13)

FIGURE 2. The full tau hadron decay width(r~ — v, meson$ 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. Fis3 020715



PHYSICS OF THE TAU LEPTON 5
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FIGURE 3. Experimental measurement of tife= 0 vector and axial-vector spectral functions by the ALEPH and OPAL experiments at

LEP Il [28]. Hereu; = 27 Ime;QU foru = v, a andU = V, A. In the vector function is clearly seen the contribution of ti&70),
while in the axial-vector function it is clear the contribution of th€1260) and its prominent width.

The phenomenological determination of tRe observ-
able permits to obtain predictions for some SM observables
as the strong couplings (1M2) [23], the mass of the strange
) @) o quark [24], or the CKM matrix elemerit, [25] (see, for
=(¢"q" — ¢ 9" );; 7 (¢°) instance, [26] for a detailed account). | will sketch the proce-

pee(0) o dure in the case of the QCD strong coupling constant.
+q"q Hij,j(q ) (14)

In these expressionkindicates the total angular momentum  1he hadron correlatorH /) (s) (13) are analytic every-
of the hadron final state anfl, = V,,, A,,, the vector or axial- where in the complex plane,,except on the positive real axis.
vector QCD currents. H_encg, we can use Cauchy’s theorem to rg—wrlte the expre-
The spectral decompositiong. the imaginary part of Sionin Eq.12) in terms of the full correlators,e.
these correlators, can be observed experimentally as the sum
of all possible final states with mesons. Itis show in Fig. 3 the
results by ALEPH and OPAL at LEP Il as collected in [28].
By including those data in Eq12) and decomposing
R; s—o into its vector and axial-vector partd?, s—o =

15 (0) =1 [ dlac (T TG0 T ()| n)

R, = Gm'f dz(1l — z)? ([1 + 22]TTOFD [ M2
|z|=1

R, + Ry.4, itis obtained [28, 29] —2z IO [fo}) : (16)
Ry = 1.783(11)9(,,(2)\,,A , Rra= 1.6'95(11)exp(2)\,,A ,
R, =0.1615(40). (15)

and the correlators can be parameterized by a dimensionally
Here the second error is due to a possible mishap in the idemriven set of gauge-invariant scalar operators, an Operator
tification of the vector or axial-vector contribution. Product Expansion (OPE), as

Supl. Rev. Mex. Fis3 020715



6 J. PORTOIES

with Cp = Cp(M?2z, ). In the case at hand, if we consider

H(J)(S) _ 1 the c_hi_ral limit an_d neglec_t thg dependence of the Wilson
055 (—s)P/2 coefficients, the first contributing term in E®Q) is the one
B with D = 6 in the OPE expansione. there is a suppresion
% C},‘])(S,u) (Op(p)). (17) factor1/M¢, atleast, in the leading contribution ég.. The
(O]=EP hadronic vacuum expectation values of operators in/£Q), (

for D > 2, are calledQCD condensatesThey parameter-

Notice the new: parameter dependence. This is a new factor-
e the strong non-perturbative corrections and, in principle,

ization scale which separates non-perturbative effects, hlddé be det d lattice 1371, ph I 18
in the vacuum matrix elements of the operators, and short an be determined using lattice [37], phenomenology [38]

distance physics in the Wilson coefficients. Obviously, the® QICD S%ﬂ[ggz[ggt‘milfor instance. -5'2)%620153;[ updated

correlator does not have ja dependence that, accordingly, analysis o ata [41] gived,, = — (13), a

has to cancel. Th® — 0 part corresponds to the unit oper- faxpected much smal_ler than the p_erturbatlve Correctlon and

ator and it gives the contribution of perturbative QCD only, in good agreement W'th .the theoretical prospect [2?]'

with massless quarks. Their masses enter inthe 2 term Hence, a determination efs(1/?) results from this pro-

andD = 4 already includes non-perturbative physics. cedure. They differ basically in the analyses carried out in the
The fact that vector and axial-vector currents are conferturbative component dt;, as commented above. | quote

served in the chiral limit, implies that only thE((’“)(s) some of the latest determinations (taken from Refs. [35, 42,

correlator contributes in Eq16), and the polynomial part 43], respec- tively)

in front suggests that th& + A is a clean observable be-

cause it has a dominant perturbative contribution, while non- ag(M?) = 0.328(13), [35],
perturbative effects arise at leastiat= 6. We can write )
these contributions as as(M;) = 0.308(8), [42],
Rrvia = No|Vaa*Sew [1 4 05 + 6o (18) as(M?) = 0.312(7). [43]. (21)
where S, = 1.0201(3) contains some electroweak correc-
tions [17,30]. They are in good agreement and their differences show the

The perturbative contribution is very sensitivedg and  size of the incertitude in the determination of this parameter.
can be written in terms of thes(u) coupling asdé, =
1 Kn A (ag) [31-33], where thek,, coefficients are
known up toO(«§) and 3.2.2. Exclusive tau decays

" 1 dx (—Mzx)
Al )(as) o fli_l T ( T ) Plz), (19) Let us consider now the study of decays of the tau lepton into
specific hadron channels. We can come back to [€)garid
ponder a particular hadron chanrél This will have some
possmle quantum numbers (angular momentum, isospin, par-
...) that we have to care about in our description. Hence,
it |s customary to parameterize the hadron matrix element as

with P(z) = 1 — 2z + 223 — z*. This function only de-

pends o, = ag(M?2)/m and the integrals are expanded

in powers of this parameter. There is a well known mcer—

titude in the evaluation of these integrals because the SIZ

able value of the QCD coupling constant at the scal&/of

Hence,R, has a significant dependence on higher-order per-

turbative corrections. There are, essentially, two procedures (H|(V, — A,)e'"e®|Q,) ZU ,5,.),  (22)

that are usually used: i) an expansionAf") (as) in pow-

ers of ag(M?) and truncating the integrand to a fixed per-

turbative order invg(s), calledfixed-order perturbation the- where L/, indicates all possible Lorentz structures written

ory, FOPT, and ii) using the exact solution fag(s) given  with all the independent momenta of the process and re-

by the renormalization-group—function equation, called specting all known symmetries and quantum numbers, and

contour-improved perturbation thearyCIPT. See, for in- F;(Q?,s....) are scalar functions of the independent invari-

stance, Refs. [34-36]. As a reference, the perturbative coants. The later are tHerm factorsof the process [44]. Form

rection in Eq./L8) amountsy, ~ 20%. factors contain the information of the hadronization, Fig. 4,
Let us now consider the non-perturbative correctignn and their construction and determination provides the des-

Eq. (18). This is parameterized by the power corrections incription of these decays. Their theoretical construction be-

Eqg. (17) and it is given by longs to the non-perturbative energy region of QCD and, in
-1 ) consequence, relies in models of the interaction. Success-
2mj|{ - dr(l —z)*(1 + 2z) ful 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 rela-
x Z ’ (20) tions [52,53].

Supl. Rev. Mex. Fis3 020715
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FIGURE 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,/1 — 4m2 /s. As can be seen in Fig. 3 the dynamics of this
smoothly at high transfer of momenta [54, 55]. This can beform factor is dominated by the contribution of th€770)
understood from the properties of the vector and axial-vectoresonance. Hence, in the theoretical construction of the form
two-point correlatorsi4). They were studied, within pertur- factor we need to implement the role of this resonance; more-
bative QCD, in Ref. [56] where it was shown that both spec-over the asympotic behaviour of the form factor, commented
tral functions go to a constant value at infinite transfer of mo-above, gives thaky (¢%) — 0 for ¢> — oco. All this informa-
menta, namely ||ﬂ§]1.)v/A(q2) — N¢/(127) asq®> — oo,  tion has to be included in the construction of this form factor.
in the chiral limit and at one-loop in QCD. By local duality An efficient procedure is the one designed by resonance chi-
this can be understood as the sum of infinite positive contribural theory that, in addition, matches the chiral behaviour for
tions of intermediate hadron states, hence if the infinite sum? < MPQ, wherel,, is the mass 0p(770) [47,51,58-60].
gives a constant, heuristically it can be expected that any one Notice that the vector current also drives hadronization
of the contributions vanishes in that limit, and this behaviourin e*e™ scattering and, in consequence, the form factors of
translates into the form factors. both processes are directly related.

A complementary framework used in the study of exclu-
sive decays is the one provided by structure functionsobut ~ Three pseudoscalars
we are not going to dwell on those here. See Ref. [57] for a
detailed explanation. Both vector and axial-vector currents can contribute to this

| will sketch some examples, namely the decays of thedmplitude and, in the most general case, it is parameterized
tau lepton into two and three pseudoscalars. The definitioRY four form factors:
of form factors is, in general, not unique, but the number of
them for each process is fixed. (P Py P |(V,, — Ay)eter|Q) = (QW —

QMQV)
QQ

Two pseudoscalars x [ty FH(Q2, s,t) + ths F5 Q% 5,1)]

The matrix element for the de_cay Qf the tau lepton into two Qu F{N Q% s,t) + isyamp?pgzﬁ FY(Q? s,1), (24)
pseudoscalars? = w, K, 7,7/, is driven by the vector cur-
rent only. It has two form factors that can be defined as whereQ,, = (p1+pa+p3)u, thy = (pi—p;)*, s = (p2+p3)?
andt = (p; + p3)?. The alphabetical label on the form
> t factors indicate the current that originates it, hence we have
three axial-vector driven form factors and one coming from
x Fy(¢®) + q Fs(¢?), (23) the vector current.
Each specific final state has its own characeristics. For
whereq, = (p1 + p2), andt, = (p1 — p2),. Due to instance, the dominant channelkis — v, w7 [48,49], and
the conservation of the vector current in tH&(3) limit, has no contribution of the vector form factor in the isospin
o'V, o« (m; — m;)g,q;, the scalar form factoFs(¢?) only  limit. Moreover, the scalaFy'(Q?,s,t) is proportional to
appears when the two pseudoscalars have different masses,. and then it vanishes in the chiral limit and, in any case, it
for instance int— — v, K7. Moreover, int~ — v,7—7°  gives a less important contribution compared with the other
the contribution of the scalar form factor is tiny because it isaxial-vector form factors. Also in this channel, Bose symme-
an isospin breaking effect. try requires that (Q?, s,t) = F5*(Q?,t,s). Phenomeno-
The vector form factor of two pions, for instance, canlogical information on the axial-vector three-pion form fac-
be determined experimentally from the vector spectral functors can again be obtained from the experimental measure-
tion defined in Eq.14), shown inv;(s) in Fig. 3. They ment of the axial-vector spectral functien (s) in Fig. 3.
are related through#7:™ (s)|? = 12 vf”o(s)/ﬁ?’ with 5 =  Thisis the dominant contribution of the spectral function and,

(PLPy|V, ehee0 () = (gw - q;gv
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it can be seen that it is dominated by the dynamics generatethe lowest dimension operators giving LFV but conserving
by thea, (1260) wide resonance. What is measureairfs)  baryon number hav® = 6. Analyses within this framework

is the partial width of the process as a functiorff(the rest  have been carried out [70, 71]. In the second reference we
of kinematical variables have been integrated) and this is, nattave studied several semihadron decays, namely (P,
urally, a non-linear function of the axial-vector form factors - — /PP andr — (V, with £ = ¢, 4, and P andV pseu-
FA(Q?, s,t), fori = 1,2. The precise relation is given, for doscalar and vector mesons, respectively. In addition we have
instance, in Ref. [48]. The theoretical construction of thesestudied the lepton conversion proces$d§ A, 7Z) — 71X,

form factors relies, again, on the resonance dynamics and theith N (A, Z) = Fe(56,26) and Pb(108, 82), at the reach
asymptotic constraints at high transfer of momenta. It ha®f NA64 (CERN) [72]. We have concluded that: i) LFV
been carried out, for instance, within resonance chiral theoryfau decays constrain the dynamics stronger than the lep-

in Refs. [48,49]. ton conversion processes, though the later can be used to
Finally, all form factors contribute in the decay — discern the relative weights of different contributing oper-
v, K K [50]. ators; ii) The Wilson coefficienC, of the dipole operator

O, = cos 6,0 — sin 6,0, (Notation of Ref. [69]) happens
to be the more constrained one, providing a foreseen result,
from Belle-ll, of A, > 330 TeV at99.8% CL, for C, = 1.

As was collected in Eq2j the Standard Model has a global ~ Finally, let us comment on lepton or baryon number vi-
symmetry that forbids the change of lepton flavour, or thedlation. The remaining global symmetry in E@) (indi-
number of leptons, in any process. As we already knowgates that total lepton/,, and baryon numbet3, are also
that this symmetry is violated by neutrino mixing, there isconserved. These have a particular property, as the diver-
no apparent reason why processes with lepton flavour viodences of the corresponding currents are non-zero and equal.
lation (LFV) in charged leptons should not occur, althoughAs a consequence they are anomalous, But L is not.
still it has not been observed and the best upper-bound hd&ecause this anomaly, extensions of the SM cannot have a
been reached by the MEG experimed®{y™ — eTy) < gauge boson enticing? or L violation, but it is possible
4.2 x 10713 at90% CL [61]. to have one drivingA(B — L) = 0. Recently Belle pub-
The search of lepton flavour or lepton number violationslished some results oAB = AL = 41 decays [73], for
in processes with tau leptons, at present, cannot compete witAstancer~ — pu* u~, which branching ratios bounded
muon related decays. However, as commented in the Intr@@round10~%. Al these processes will also be a goal for
duction, the Belle-1l experiment at SuperKEK will improve Belle-1l. However, those branching ratios should be really
bounds, at least one order of magnitude, in tau decays. Bellélny [74], because they should also provide channels of decay

Il has a specific program to look for LFV in decays, both for the proton (with a virtual tau lepton), and we know that
hadron,i.e. 7 — ¢r, 7 — (nm, T — (K, etc., and lepton, the lifetime of the proton is huge. The analyses of these pro-

i.e.7 — {y, 7 — £4T¢~ and so on, witl!, ¢/ = e, . Their ~ cesses within SMEFT are eligible to present and future devel-

present bounds on those branching ratios lie betvigert opments [75]. For instance, it has been carried out an analysis
and10~® [27]. The bounds expected for Belle-11, with an es- With D = 5,7 operators of the processe$ — (=~ PP,
timated integrated luminosity gfoab !, can be read from With £ = e, n and P a pseudoscalar meson [76]. BaBar and
Ref. [13], and are foreseen to lie arouBd< 10~° — 10~1°, Belle have looked for processes wity. = 2 but not involv-
SUSY [62, 63] andz’ [64] models, little Higgs [65, 66], ing baryons [27].
left-right symmetric models [67], and others, have been ap-
plied in the analyses of LFV tau decays, giving branching5. Conclusion
ratios that lie in the region at reach of the B-factories,
O(10~7—10719). All these rely in the existence of a higher- The physics of the tau lepton has many interesting aspects.
energy scale),., > A.,, beingA., the electroweak scale, The tau is the only known lepton that decays into hadrons,
such that the higher-dimensional non-renormalizable operaand this is reflected into a very rich, QCD driven, dynamics,
tors violating the lepton global symmet(®)( arise. Based on both in the perturbative regime (inclusive processes) and in
this idea, a more model-independent framewaork is given byhe non-perturbative energy region, for instance the study of
the Standard Model Effective Theory (SMEFT) at the elec-hadronization of the QCD currents (exclusive processes).
troweak scale [68, 69], given by The tau lepton offers a wide spectrum of processes in
. the study of violations of the SM global symmetries. The
_ (D) (D) seeming violation of universality in B decays at LHCb or the
Lowerr = Lau + D (A@f‘1 Z ¢ ) - (29) search for lepton flavour violation could disclose a new en-
ergy scaleA > A, where new physics lies. The Belle-lI
with (’)ED) D-dimensional operators that contain the SM experiment will provide, in the next years, a large amount of
spectrum of particles and its fundamental symmetries, buihformation on tau decays, both for SM allowed processes
breaking global lepton flavour conservation, af‘fd)) aredi- and in the search of new physics. The theory has to be pre-
mensionless Wilson coefficients determined by new physicgared to handle this future.

4. Tau decays beyond the Standard Model

D>4 7
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