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1 Introduction

Rare processes are suppressed decay modes of particles originated by approximate symme-
tries of the SM. They provide an ideal place to look for new physics because their suppressed
amplitudes can be of similar size as the (virtual) effects due to new particles and interac-
tions. It turns out that having a good control of SM uncertainties is crucial to disentangle
the effects of such New Physics contributions in precision measurements at flavor factories.

In this paper we study the rare 7= — n(’)W_VT decays, which will be forbidden if
G—parity [1] were an exact symmetry of the SM (G = Ce™2 with C the charge conju-
gation operation and I; the components of the isospin rotation operators). This process
was suggested long ago [2] as a clean test of Second Class Currents (SCC) following a
classification proposed by Weinberg [3] for strangeness-conserving interactions. According
to this classification, SCC must have quantum numbers PG(—1)7 = —1 as opposite to
(first class) currents in the SM which have PG(—1)7 = +1. Since isospin is only a par-
tial symmetry of strong interactions, G—parity gets broken by the u — d quark mass and
electric charge differences and 7= — 7)1~ 1, decays can occur, although at a suppressed
rate. This suppression makes interesting these decays to study the effects of genuine SCC,
(i.e. not induced by isospin breaking effects), such as the ones induced by the exchange of
charged Higgs [4, 5] or leptoquark bosons [6]. We study these processes in the framework

LGenuine SCC can also be searched for in nuclear 3 decays, although having a good control of isospin
breaking effects, which is a challenge in these processes [7] (see [8] for a recent analysis).



of an effective Lagrangian where the effects of New Physics are encoded in the most general
Lagrangian involving dimension-six operators with left-handed neutrino fields.

Our study focuses on different partial and total integrated observables on 7= —
77(’ )~ v, decays, as they can exhibit different sensitivities to the various effective couplings.
Previous studies (including specific beyond the SM approaches) have focused mainly in the
estimates of the branching fractions in the 107> ~ 1076 (1076 ~ 1078) range for the 7
(') decay channels [9-17] , as well as on the invariant mass distribution [18-20]. An im-
portant source of uncertainty in most of these estimates arises from the predictions used
for the scalar form factor contribution. Of course, a good knowledge of the scalar form
factor is necessary in order to assess the possible contributions of beyond SM effects. Once
the 77 — n(')ﬂ*VT decays have been observed at future superflavor factories, we expect
that detailed studies of the different observables will be very useful to disentangle the New
Physics effects from the SM isospin-violating contributions.?

The current experimental limits for the SCC tau branching ratios of 7= — nn~v are:
Br < 9.9x 1075, 95% CL (BaBar [23]), < 7.3x 107°, 90% CL (Belle [24]) and < 1.4 x 1074,
95% CL (CLEO [25]) collaborations, respectively. Those upper limits lie very close to the
SM estimates based on isospin breaking [9-20]. The corresponding BaBar limit for the
7~ — n'n v, decays is < 7.2- 1075, 95% CL [26], while Belle obtained < 4.6 - 1076, 90%
CL [24] (CLEO set the earlier upper bound 7.4 x 107°, 90%CL [27]). Future experiments
at the intensity frontier like Belle II [28], which will accumulate 4.5 x 10 tau lepton pairs
in the full dataset, are expected to provide the first measurements of the 7= — 77(’)7T*VT
SCC decays [29].

This paper is organized as follows: in section 2 we set our conventions for the effective
field theory analysis of the 7= — v, ud decays, to be used in the remainder of the article.
In section 3, we discuss the different effective weak currents contributing to the considered
decays and define their corresponding hadronic form factors. The tensor form factor within
low-energy QCD is computed in section 4. In section 5 we discuss the different observ-
ables that can help elucidating non-SM contributions to the 7= — n’7~ v, decays and in
section 6 we state our conclusions.

2 Effective theory analysis of 7= — v, ud

The effective Lagrangian with SU(2);, ® U(1) invariant dimension six operators at the weak
scale contributing to low-energy charged current processes® can be written as [32, 33]

1 1
£ — Lo+ EZ a;0; — Lgm + 2 Z &; O, (2.1)

with &; = (v?/A?)a; the dimensionless new physics couplings, which are O(1073) for an
scale A ~ 1 TeV.

2Dedicated studies of backgrounds specific for these SCC decays have been carried out recently in
refs. [21, 22].
3The most general effective Lagrangian including SM fields was derived in refs. [30, 31].



The low-scale O(1 GeV) effective Lagrangian for semi-leptonic ({ = e, pu, 7)
strangeness and lepton-flavor conserving transitions® involving only left-handed neutrino
fields is given by (subscripts L(R) refer to left-handed (right-handed) chiral projections)

—4Gp
Iy
NI

Loc = (1 + [UL]M) Cryuver upy*dy + [rlee Loyuver ury dr

+[splee Crver URdr + [srlee Crver Urdg

+[tL]M ERU,uz/VZL ugotdr| + h.c., (2.2)

where G stands for the tree-level definition of the Fermi constant, o*” = i[y*,4"]/2, and
vy = vRp = S;, = sg = tr, = 0 gives the SM Lagrangian. In the Lagrangian above, as usual,
Higgs, W+, and Z boson degrees of freedom have been integrated out, as well as ¢, b and
t quarks. Since we will be considering only CP-even observables, the effective couplings

5

VLR, SL,Rr, and t7, characterizing New Physics” can be taken real.

In terms of equivalent effective couplings® (ex r = vL g, €5 = SL + Sg, €p = Sp —
sr and ep = t1) we have the following form of the semileptonic effective Lagrangian’

(particularized for ¢ = 7):

GF Vud
V2

Loc — — (1 ter +€R> Tl = y5)vr - ﬂ[v“ - (1= QER)V“%}CZ

+7(1 —v)vr -1 [/e\s — EP’Y5:| d+2er 7o (1 —y5)vy - uo™d| +h.c., (2.3)

where € = €;/(1 + €, + €eg) for i = R, S, P,T. This factorized form is useful as long as
conveniently normalized rates allow to cancel the overall factor (1 + e, + er). Keeping
terms linear in the small effective couplings, the €’s reduce to the expression in ref. [32].

3 Semileptonic 7 decay amplitude

Let us consider the semileptonic 7~ (p) — n)(p,)7 (px)v+(p') decays. Owing to the par-
ity of pseudoscalar mesons, only the vector, scalar and tensor currents give a non-zero
contribution to the decay amplitude, which reads:®

M= My + Mg+ Mr
_ GrVuaVSew
V2

4Strangeness-changing processes are discussed in an EFT framework in refs. [34-36].

(1+er+e€r) [L,H" +€sLH + 2epL,, H"], (3.1)

5These couplings, as functions of the &; couplings of the SM electroweak gauge invariant weak-scale
operators, can be found in appendix A of ref. [32].

SThe physical amplitudes are renormalization scale and scheme independent. However, the individual
effective couplings ¢; and hadronic matrix elements do depend on the scale. As it is conventionally done,
we choose u = 2GeV in the MS scheme.

"The factor 2 in the tensor contribution originates from the identity o**~% = —%e‘“’aﬁaa@.

8The short-distance electroweak radiative corrections encoded in Sgw [37743} do not affect the scalar and
tensor contributions. However, the error made by taking /Sgw as an overall factor in eq. (3.1) is negligible.



where we have defined the following leptonic currents

()71 = y5)u(p),
L = a(p)(1+v)u(p), (3-2)
L,uz/ = ﬂ(p')am,(l + 75)“(]9)7

h
=
|
I~

In eq. (3.1) we have defined the following vector, scalar and tensor hadronic matrix
elements

AQCD

H" = (07~ |dy"u|0) = cv Q" Fi(s) + CS%QMFO(S% (3.3)
H = ("7~ |du|0) = Fs(s),

H" = (n" 7~ |do" u|0) = iFr(s)(phpy — PRp}),

where we have defined ¢ = (p,o +pe), Q" = (P — pe)* + (A /8)d", s = ¢* and

Ay = m? - m?, A?g}é = myo? — miﬁ + m?ﬁ — mfro; the constants cg = \/g, cy =2,
denote Clebsch-Gordan flavor coefficients. In the 7' case cg = % (cy remains to be v/2).
For simplicity we have not written the labels in the F, o g7 form factors, which are different
for specific hadronic channels.

The divergence of the vector current relates the Fgs(s) and Fy(s) form factors via

AQCD
0+
Fs(s) = cSﬁFo(s) : (3.6)
Since [44, 45]
QCD
m:B 1_1@ ~ B (3.7)
(mg — my) 4 mg—m ’ ’

where m = (my, +my)/2 and BF? = (0|gq|0) ~ —(270MeV)?3 [46], it is seen — by using
F ~ 92MeV — that B ~ M,. Thus, Fg(s) basically inherits the strong isospin suppression
of Fy(s).

Observe that the scalar contribution in eq. (3.4) can be ‘absorbed’ into the vector
current amplitude by using the Dirac equation L = L,¢"/M, and eq. (3.6). This can be
achieved by replacing

ARSK AT ses
S TEOKT  (STROKT g , (3.8)
s s mr(mg —my,)

in the second term of eq. (3.3). We will see in the next section that the remaining contribu-
tion to eq. (3.1), given by the tensor current (Mr), is also suppressed in low-energy QCD.

4 Hadronization of the tensor current

The hadronization of the tensor current, eq. (3.5), is one of the most difficult inputs to be
reliably estimated. In the tau lepton decays under consideration, the momentum transfer



ranges within (mng) +my)? < s < M2, which is the kinematic region populated by light res-
onances. Here we will neglect the s-dependence, namely F%”]m (s) = F}”’(,) (0) = Fg"(,), and
we will estimate its value using Chiral Perturbation Theory [47-50]. We do not consider ten-
sor current contributions at the next-to-leading chiral order in order to keep predictability.

A comment is in order with respect to neglecting resonance contributions in the
hadronization of the tensor current, as it couples to the JP¢ = 17~ resonances, being
the p(770) its lightest representative. In principle, one should expect a contribution from
these resonances to the considered decays, providing an energy-dependence to Fr and in-
creasing its effect in the observables that we study. The p(770) will contribute very little
to the n'm decay mode, owing to kinematical constraints, and the contributions of p(1450)
and p(1700) will be damped by phase space and their wide widths. Thus, it is quite jus-
tified to assume F%ml(s) = F;WI(O) = F}m/. Our previous reasoning does not apply to the
vector resonance contribution to F.7(s), however. It is predicted by large-N¢ arguments
that vector resonances couple to the tensor current with a strength only a factor 1/v/2
smaller than to the vector current [52] (which is also supported by lattice evaluations [53—
55]). Consequently, the p(770) contribution to F"(s) should not be negligible (the vector
current contribution of the p(770) state to the 7= — nm~ v, branching ratio is ~ 1/6,
according to ref. [20]). As a result, our limits on the allowed values of €7 obtained from the
71 decay mode, which are presented in the next section, could be made stronger including
this missing contribution. However, as we will see, the main point of this article is that
7~ = V" v, decays are competitive setting limits on non-standard scalar interactions in
charged current decays, while they are not in tensor interactions.” This main conclusion
is not affected by our assumption F"(s) = F"(0) = EF". Therefore our analyses (right
panel in figures 5 and 6) involving the tensor source with a constant form factor should be
simply viewed as a benchmark to compare with those with the scalar source, and not as a
full fledged and theoretically sound computation.

According to ref. [56], there are only four operators at the leading chiral order, O(p?),
that include the tensor current. Only the operator with coefficient Ay contributes to the
decays we are considering:'’

Lo=A (Y frw) —ihg (Hupu) + . (4.1)
where t)" = uttrul + ut*Ty and (...) stands for a trace in flavor space. The chiral
tensors entering eq. (4.1) are w, = i [uf(d, —ir,)u — u(d, — if,)ul], including the left-

and right-handed sources ¢, and r,, the (chiral) tensor sources, t* and its adjoint; and
W =uF f”uT +utF 2w, including the field-strength tensors for £, and r,,.

9As we discuss at the end of section 6, our upper limit on €7 is ~ 0.5, while the 10™* level is reached
in radiative pion decays. Our educated guess for the p(770) contribution through the tensor current to the
7~ — nm v, decays (based on its contribution through the vector current) is that with a good understanding
of the former we could probably reach ex < 1072, but not the 10™* level.

9We note that although SU(3) flavor symmetry was considered in ref. [56], extending it to U(3) (for a
consistent treatment of the " meson) does not bring any extra operator at this order, as this extension
entails the appearance of a log(det[u]) factor, which adds O(p?) to the chiral counting, belonging thus to
the next-to-leading order Lagrangian that we do not consider. Also, odd-intrinsic parity sector operators
including the tensor source first appear at O(p®) [56].



The non-linear representation of the pseudoGoldstone bosons is given by uw =

exp{\/%F

i+ +
ez K
— i /" )
¢ ™ ﬁ K s
K- KO 1
with ny = Cgn+Cyn' and ns = —Cyn+Cyn' the light and strange quark components of the
n, 0’ mesons, respectively (73 is the pseudoGoldstone having the flavor quantum numbers

of the A3 Gell-Mann matrix, which coincides with the 7° neglecting isospin breaking).
These constants describing the  — ' mixing are given by [57-59]

F (cosé?o \/§sin08> 0, = F (f 60508 sin90>

1= VBeos(Os —00) \ s fo 7= VBeos(Bs — ) \ o fs

C. = F (\f cos«90 sin08> o = F (cos@s _ \/isin%)

V3cos(0s — 6) f3 fo "7 VBcos(fs — o) \ fo fs
(4.2)

and the corresponding values of the pairs of decay constants and mixing angles are [60-63]

fs = (—21.24£1.6)°, 60y =(—92+17)°, fo=(126+004)F, fo=(1.17+0.03)F
(4.3)
with F' ~ 92.2MeV being the pion decay constant.
We recall [56] that the tensor source (t#¥) is related to its chiral projections (" and
1) by means of

Y = PIARE, AP — (g grP — ghP v 4 ehtAR) (4.4)

with Vo, " ¥ as the tensor current.

Taking the functional derivative of eq. (4.1) with respect to t,g, putting all other
external sources to zero, expanding u and taking the suitable matrix element, it can be
shown that in the limit of isospin symmetry

5L (P) \/’A 5£O(P4)
Z’<7T7T #PT 0> = 2(19 py —pip’), <7T77(’) 5§PT 0> =0. (45
afs afB

Once isospin symmetry breaking is taken into account, the leading contributions to the
tensor hadronic matrix elements are given by:

oLy \fA2
i<7r7ro 5; 0> = (p* Po ngé)a (4.6)
af
NI JE’T) V2A
Z<7T n) 5;—;5 0) = eryr~g (030] — p5P5) (4.7)

For the numerical values of the isospin breaking mixing parameters we will take the de-
terminations €, = (9.8 £ 0.3) - 107 and €5,y = (2.5 £ 1.5) - 1071 [20]. To our knowledge,



there is no phenomenological or theoretical information on As. However, Ay appearing
in the Lagrangian eq. (4.1) was predicted — using QCD short-distance constraints — in
refs. [64, 65] to be

(0]gq|0)
where we took (0|gq|0) from [46]. This yields 4%, = 0.028 £ 0.002, which is consistent
with the chiral counting proposed in ref. [56]. As a conservative estimate,!! we will assume

% < 0.05 in our analysis. This, in turn, results in |F}"| < 0.094 GeV~! and \F;Fm/\ <

2.4-1072 GeV~! (we note that, according to our definition in eq. (3.5), F%mm includes
the factor €, (). If, instead, the tilded form factors of ref. [20] are used, then ’Ewn’ =

‘F\;M(/) = % < 9.59GeV~!). Our uncertainty in the sign of Fr translates in the
corresponding lack of knowledge for the interference between tensor and scalar or vector
contributions. We finally note that the overall suppression given by the €_, ¢, factors in
eq. (4.7), together with our estimate of [Ay|, make 7= — 7~ n)u; decays not competitive
with the radiative pion decay in setting bounds on non-standard tensor interactions.

5 Decay observables

Most of the existing studies of 7~ — 7~ )v, decays have focused on the branching ratio [9—
17] and only a few of them have provided predictions for the spectra in the invariant mass of
the hadronic system [18-20]. Once these G—parity forbidden decays have been discovered
at Belle II, the next step will be to characterize their hadronic dynamics and to look for
possible effects of genuine SCC (New Physics). This will require the use of more detailed
observables like the hadronic spectrum and angular distributions or Dalitz plot analyses.
In this section we focus in the decay observables that can be accessible in the presence of
New Physics characterized by the effective weak couplings described in section 2.

In the rest frame of the 7 lepton, the differential width for the 7= — 71, decay is

’r 1
dsdt — 32(2m)3M3

M2, (5.1)

where W is the unpolarized spin-averaged squared matrix element, s is the invariant mass

of the n/7~ system (taking values within (1m0 + my)? <s< M?)and t = (p +pn</))2 =

(p — pr—)? with kinematic limits given by ¢~ (s) < t < ¢t (s), and

ti(s) = 2—18 2s(M? + mz(o —8)—(M? — 5)(s +m?2 — m727<,)) + (M? - 5) /\(s,m%,mi<,)) ,
(5.2)

where the Kallen function is defined as \(z,y, z) = 22 + y? + 22 — 22y — 222 — 2y2.

1YWe note that the operators with coefficients A; and Ao in eq. (4.1) share the same chiral counting
order [56].



5.1 Dalitz plot

The unpolarized spin-averaged squared amplitude in the presence of New Physics interac-
tions is given by

IM[? =

QG%‘VM[PSEW 9
8—2(1 +er +er)” (Moy + Mpy + Mpo+ Moo + Myy + Mrpr) (5.3)

where Moy , M4+ and Mypr originate from the scalar, vector and tensor contributions
to the amplitude respectively, and Moy, M7y, Mrg are their corresponding interference
terms. Their expressions are

cD €ss
M0+ = 2CVCS77’L,?_ X Re[F+( ) ( )]A?(OK+ <1 —+ 7’n7_(7’nd—'rnju)>

X (8(7713. — s+ Zﬂ'"?(/) — Qt) + mzAm(/)) s

Mry = —deyerm?sRe[FrF7(s)] <1 %
m2

Mg = —4CSAK0K+€Tm-rSRe FrFi(s (

x (3(m3—3—2t+2m<>) Am()) ;

~ 2
Moo — AQCD 2,4 Fo( €ss
0 = s me (1= o JIREI 1+ oe =)
M, = &|Fy(s) [ s+ D, 0)% - ( o) (5426 = 2m2) + A2 4 s(s + 4t))
+ 4m2(/)s (m2 —t) +4s°t(s +t — mi)] ,
My = 46 F2s? [m;;(,) (m2 —5) — me]m (m2 — 5)(s + 2t —m2) — mi(3m2 + s)

+2m2 ((s +m2)(s +2t) — 2m3) — s ((s + 2t)* — m2(s + 4t)) ] . (5.4)

where we have defined A ) = m2_ — mi(,), o) = m2_ + m2(,).

New Physics effects can appear in the distribution of Dalitz plots, with a large enhance-
ment expected towards large values of the hadronic invariant mass (note eq. (3.8)). The first
line of figure 1 shows the square of the matrix element Woo obtained using the SM predic-
tion for 7= — 7~ nu, form factors [20]; it can be appreciated that the dynamics is mainly
driven by the scalar resonance with mass ~ 1.39 GeV (other two most populated spots in

the Dalitz plot correspond to effects of the vector form factor, around the p(770) peak, in

the ) channel). In the first line of figure 2 we show the squared matrix element | M|? for two
representative values of the set of (€5, €7) parameters that are consistent with current upper
limits on the B(t~ — 7w nu;). A comparison of the plots in the first line of figure 1 (left
panel) and figures 2 show that the Dalitz plot distribution is sensitive to the effects of tensor
interactions but rather insensitive to the scalar interactions. For these, the most probable
area around the p peak gets thinner, while the one corresponding to the ao(1450) state gets
wider, compared to the SM case. In the case of tensor interactions, the effect of the p is
diluted and the a(1450) effect is also less marked than in the standard case. Given the fact
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Figure 1. Dalitz plot distribution WOO in the SM, eq. (5.3): the nm (n'm) case is shown in the
left (right) column. The figures in the second row show the double differential decay distribution in
the (s, cos @) variables according to eq. (5.5) normalized to the tau width, for both decay channels.
The Mandelstam variables, s and ¢, are normalized to M?2.

that the p contribution to these processes is much better known than that of the a(1450),
observing a weak p meson effect in the Dalitz plot could be a signature of non-standard
interactions, either of scalar or tensor type. Uncertainties on the scalar form factor prevent,
at the moment, distinguishing between both new physics types by this Dalitz plot analyses.

In the case of 7= — 7 n'v, decays the vector form factor contributes negligibly. Then,
a comparison of the first rows of figures 1 (right panel) and 3 (where the representative
allowed values of (€g, er) differ from those taken for the 1 channel) shows almost no change
for scalar new physics. Tensor current contributions would decrease the ag(1450) effect
compared to the SM. However, uncertainties on the scalar form factor will prevent drawing
any strong conclusion from this feature.

5.2 Angular distribution

The hadronic mass and angular distributions of decay products are also modified by the
effects of New Physics contributions and can offer a different sensitivity to the scalar and
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Figure 2. Dalitz plot distribution for 7= — 7 nv, decays: left-hand side corresponds to (€g =
0.002,er = 0), while the figures in the right-hand side are obtained with the choice (€s = 0,ép =
0.3). The figures in the first row correspond to eq. (5.3). Figures in the lower row corresponding
to eq. (5.5) are normalized to I',. The Mandelstam variables, s and ¢, are normalized to M?2.

tensor interactions. For this purpose it becomes convenient to set in the rest frame of the
hadronic system defined by p;: + ﬁn(,) = pr — Py, = 0. In this frame, the pion and tau lepton
energies are given by B, = (s + M2)/2\/s and E, = (s +m2 — mz(,))/Z\/E. The angle 6
between the three-momenta of the pion and tau lepton is related to the invariant ¢ variable
by t = m2 +m2 — 2E, E + 2|px||P;| cos 0, where |pr| = /E2 — m2 and |p,| = /E2 — m2.

The decay distribution in the (s, cos ) variables in the framework of the most general
effective interactions is given by

d*T _ G%qud‘QSEW
d+/sdcost 128m3m,

m2 2 ()
renten? ("2 -1) 1 { csafSR, P 0P
2

~ 2

S€s 220 ¢V Lpmq®) ~
X(1+—7F——= 16 —F —erF
O ) R e

~ 10 —
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Figure 3. Dalitz plot distribution for 7= — 7~ n'v, decays: figures in the left correspond to (€5 =
0.006, ér = 0), while those in the right side are obtained with the choice (€5 = 0,€r = 10). The fig-
ures in the first row correspond to eq. (5.3). The figures in the lower row to corresponding to eq. (5.5)
are normalized to the tau width. The Mandelstam variables, s and ¢, are normalized to M?2.

o ) ~ -
+4|p *s (1—m—> [ VIFT T (s) P +der Fis cos29+405AIQ££+\pﬂ\\/§cose
T

X (1+%) [cvRe[Fo(s)F;z(s)]—zmiTngTRe[Fo(s)]]} . (5.5)
When the effective couplings of new interactions are turned off, we recover the usual
expressions for this observable in the SM [66]. It is interesting to observe that no new
angular dependencies appear owing to the presence of new interactions, although the co-
efficients of cosf terms get modified by terms that increase with the hadronic invariant
mass s. In this respect, it is interesting to point out that the last term of eq. (5.5), which
is linear in cosf, would allow to probe the relative phase between the scalar and vector
contributions in the absence of new physics. We note that similar modifications to the
angular and hadronic-mass distributions are expected for allowed 7= — (P P2)~ v, decays,
although the effects of scalar and tensor interactions should be very small in those cases.
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Results obtained using eq. (5.5) are plotted in the second row of figure 1 for nm~
(n'7~) in the left (right) panel for the SM case. In the second row of figures 2, 3 we plot
the (s, cos @) distributions, which are defined from eq. (5.5), using the same representative
values of (€g, €r) parameters for every channel employed above.

In general, a comparison between figures 1, 2 and 3 shows that, remarkably, differences
between SM and New Physics distributions can be obtained either using the (s, t) or the (s,
cos)) Dalitz plot analyses. Then, the experimentally cleanest of these will be more useful
restricting non-standard interactions. If both are available, consistency checks can be done
by comparing their respective data.

5.3 Decay rate
Integration upon the ¢ variable in eq. (5.1) gives the hadronic invariant mass distributions

)

2 3 =1 o8 |2
dr GFSEqu— VudF+ (O) 9 S 2 1/2 2 2
ds 384755 (€L +e) <1_ m?) A (oo me?)
X [XvA +esXg+erXr +/E\%XS2 —i-/e\fszTz] , (5.6)
where
L[, = =) 25
Xva =3 [3|chr TS)PAL o +IFT T (s)PA (S’mn(’)z’m”2> <1+ m%)} ’
2
R— o "
Xg = 24 ?7()(8)|27r7’7(>7
S My mq — My,
—6v2 Re[F(s)]F
Xr = sm 7[r*:7L(§> ) Z)\ <S’m"</)2’mﬂ2) ’
T |FLT(0)]
3 @) ; @)
Xg2 = W|F5r ! (S))‘Qma (5.7)
T u
4 |Fr|? s 2
X = AP (8 Y (oo, m)
(TR A= RN A

Notice that when e, = eg = €5 = ép = 0 we recover the SM result from [20]. We also note
that by using finiteness of the matrix element at the origin, and the fact that the form
factors are normalized at the origin, we have [20]

QCD
() G Ay ()

FY 77(0) = = AKKFgr" (0), (5.8)
CTrfn(’) 7‘—777(,)
and "
wnl

Fra (g = Fio' (s) (5.9)

+,0 a—n() ) .
FL o (0)

which have been used to write eq. (5.6).
In figure 4 we plot the invariant mass distributions of the hadronic system for 7= —
W_T](/)VT decays. Noticeable differences are observed outside the resonance peak region
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Figure 4. Left figure shows the nm~ hadronic invariant mass distribution for the SM (solid line)
and €; = 0.004,é7 = 0 (dashed line), é€; = 0, €7 = 0.6 (dotted line). Right figure shows the n'm~
hadronic invariant mass distribution for the SM (solid line) and é; = 0.005, €7 = 0 (dashed line),
€ = 0,ér = 10 (dotted line). Units in axis are given in powers of GeV and the decay distributions
are normalized to the tau decay width.

(Mg ~ 1.39 GeV, [20]) when we allow for small departures from the SM. Again, the hadronic
spectrum in both cases (77 and 7n’) is able to distinguish New Physics contributions
provided the scalar form factor contributions are known to a sufficient level of accuracy (we
will quantify this statement in the next section). While the scalar non-standard interactions
basically modify the spectrum (which essentially keeps its shape) as a global factor, tensor
interactions act quite smoothly over the phase space (contrary to the scalar form factors,
which are extremely peaked around /s ~ 1.39GeV). This would soften the n channel
spectrum visibly (in logarithmic scale). Since the 7’ channel is so much dominated by the
scalar form factor, the change in the spectrum would be even harder to be appreciated, and
only a precise measurement of its tale could show a deviation from the SM case hinting to
vector-tensor interference.

6 Results and discussion

Equation (5.6) can be integrated to obtain the total decay rate of the 7= — 7 Vv, decays,
using the expressions for the form factors discussed in ref. [20] and in section 4. Since the
total decay rate depends upon several effective couplings, we can explore how New physics
effects inducing scalar and tensor interactions can be constrained by measurements of the
branching fractions. For this purpose, we compare the decay rate (I') for 7= — ﬂ*n(’)yT
including all the interactions with respect to the one (I'’) obtained by neglecting €5 and
er couplings. Integrating eq. (5.6) we get the shift produced by new physics contributions
as follows
A:ﬂzag + Bér + vé% + e

= "To s + Ber + veg + der . (6.1)
Clearly, A = 0 when we have only vector current contributions to the decay amplitude.
The numerical values of the coefficients are: a ~ (7-10%,9-10%), 8 ~ (1.1,-8-107%), v ~
(1.6 - 105,1.9 - 10°) and § ~ (21,0.1) where the first (second) value refers to 7 (77)
channel. Easy-to-estimate uncertainties on these values are given by the corresponding
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Figure 5. A as a function of €g (for e = 0) and €p (for € = 0) for 7~ — 7~ nv, decays. Horizontal
lines represent current values of A according to the upper limits on the branching fraction obtained
by Babar (dotted line), < 9.9 x 1075, 95% CL [23], Belle (dashed line), < 7.3 x 1075, 90% CL [24]
and CLEO (solid line), < 1.4 x 1074, 95% CL [25].

20\
15}

20.010  —0.005 0000  0.005
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Figure 6. A as a function of €g (for ¢ = 0) and er (for € = 0) for 7~ — 7~ 1n'v; decays. Horizontal
lines represent current values of A according to the upper limits on the branching fraction obtained
by Babar (solid line), < 7.2- 107, 95% CL [26] and Belle (dashed line), < 4.6 - 1075, 90% CL [24].

errors of € given the quadratic dependence of observables on these mixing coefficients.

s
For the mogt interesting case of o™, this yields the range [300,800], approximately.

Eq. (6.1) is a quadratic function of the effective scalar and tensor couplings that can
be used to explore the sensitivity of 7= — 77_17(’ Ju. decays to the effects of New Physics.
This can be achieved in two different ways. Firstly, we can represent the constraint on
scalar (tensor) couplings obtained from the current upper limits on I' by assuming ep =
0 (respectively, € = 0). This is shown in figure 5 where we represent with horizontal
lines the current experimental upper limits on A and eq. (6.1) for 7= — 7~ nu, decays.
According to this procedure, we get the constraint —0.008 < €g < 0.004 which corresponds
to the BaBar’s upper limit assuming e = 0, left-hand side of figure 5. Constraints on
tensor interactions are weaker: |er| < 0.4, assuming €g = 0 and BaBar’s upper limit, right-
hand side of figure 5. Similar conclusions can be obtained for limits on the scalar coupling in
the case of 7= — 7 /v, decays, see figures 6. In this case —0.011 < e€g < 0.007. It can be
noticed that much looser limits are obtained for the tensor coupling in this case, [ep| < 11.
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represents A = 0, the dotted line is the Belle 90%CL limit, the doubly dotted line is the BaBar
95%CL limit and the dashed line is the CLEO 95%CL limit. In the right side we have contours of
constant A(7~ — 7’7~ v;) in the €g — ér plane. The inner solid circle is the SM prediction, A = 0,
the dotted line is the BaBar 95%CL limit and the dashed line is the Belle 90%CL limit.
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Figure 8. The thick solid line in the middle shows the contour for the SM Branching Ratio of
7= — 7 nu,. In the hypothetical case of this value being measured by Belle-II with 50%(band
bounded with dotted lines) and 20%(band bounded with dashed lines) precision, some nonzero
allowed range of values for €g,er can be determined. In the left-hand side we have the case of

T~ — 7w nu,, while on the right 7= — 7~ n'v; is shown.
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A es(er =0) er(es = 0) €s er
Q]
Babar | [-8.3,3.9]-107% | [-0.43,0.39] | [-0.83,0.37] - 102 [-0.55,0.50]
Belle | [-7.7,2.9]-107% | [-0.51,0.47] | [-0.75,0.29] - 102 [-0.48,0.43)
CLEO | [-9.5,5.0]-1073 | [-0.62,0.57] | [-0.95,0.49] - 102 [-0.66,0.60]
Belle IT | ([-4.8,2.0] - 1073 | [-0.12,0.08] | [-4.9,—4.3] - 103 | [-0.20,—0.25]J
[-2.6,3.0] - 1074 [0.15,0.20]
wn
Babar | [~1.13,0.68]- 1072 | [er| <11.4 | [-1.13,0.67] - 102 [-11.9,11.9]
Belle | [-1.07,0.60]-1072 | [ér| <10.6 | [~1.06,0.61] - 1072 [-11.0,11.0]
Belle IT | [-4.8,2.3]-1073 | [-1.35,1.41] | [-4.8,—4.3] - 1073 | [-3.4,-2.7]U
[—2.4,2.4] - 1074 [2.7,3.3]

Table 1. Constraints on the scalar and tensor couplings obtained from current upper limits on the
branching fractions and hypothetical measurements with 20% accuracy at Belle IT experiment.

Secondly, constraints on scalar and tensor interactions can be set simultaneously from
a comparison of experimental upper limits and eq. (6.1). This is represented in figures 7,
for the case of 7~ — 7 1, decays. Clearly, the limits on the scalar and tensor couplings
get slightly relaxed in this case with respect to the ones obtained when one of the couplings
is assumed to vanish. These constraints can be largely improved at Belle II as it is shown
in figures 8, where we compare the limits that can be set on the (€g, €ér) plane by assuming
that the branching ratio of 7~ — 7~ 1)1, can be measured with 50% and 20% accuracy.
Left (right)-hand side of figures 8 shows the sensitivity on the scalar and tensor couplings
that can be obtained from improved measurements of the 7= — 7 nv (t— — 7 1'v;)
branching fraction.

Table 1 summarizes the constraints on the scalar and tensor couplings that can be
derived from the current upper limits on the branching ratios of 7= — 7 1)y, decays.
We also display the constraints that can be obtained from forthcoming measurements of the
branching fraction of these decays at Belle II experiment, by assuming a 20% accuracy.'?

At this point it is interesting to compare the limits in table 1 to those obtained in
ref. [32] (see also [67-69]). For this we need to assume lepton universality because our
study involves the 7 flavor, while theirs electron and muon flavors. However, given the
smallness of possible lepton universality violations, this is enough for current precision. It
is clear that 7= — w*n(’)uT decays are not competitive restricting tensor interactions. Our
upper limits (using present data) are at the level of |er| < 0.5 while the radiative pion
decay reaches the 10~* level through Dalitz plot analysis [64-70]. On the contrary, our

123. Descotes-Genon and B. Moussallam [19] pointed out that with this precision both in the measurement
of the branching fraction of 7= — 7~ nv, decays and in the theoretical knowledge of the participating scalar
form factor, these decays will fix bounds on charged Higgs exchange competitive to those obtained from
B~ — 77 v, data.
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bounds are very competitive in the case of scalar interactions, where we get (with current
data) —0.009 < |€g| < 0.004, while 0T — 0T nuclear 8 decays set limits (from the Fierz
interference term) [71] at a few times 1073.13 The potential of a precise measurement of
these decays at Belle-II is illustrated in the very stringent bounds on €g appearing in table
1. For this, however, it is crucial to improve our knowledge on the theoretical uncertainty of
the scalar contribution.'* Being quite conservative, we have re-calculated these constraints
assuming that the scalar contribution to observables in the 7 channel can be a factor
seven smaller than quoted in [20] (like, for instance in Orsay’s group prediction [19]) and
this results in increasing the upper bound on |€g| one order of magnitude. Before results
of Belle-II searches on these tau decays become available, more precise measurements of
meson-meson scattering would be of enormous help in reducing the errors of the dominant
scalar form factors, allowing thus the derivation of sharp limits on non-standard scalar
interactions, as put forward in this article.

7 Conclusions

The rare 7~ — © 1"u, decays, which are suppressed by G-parity in the Standard Model,
can receive important contributions of New Physics. We have studied these decays in
the framework of the most general effective field theory which incorporate dimension-six
operators and assumes left-handed neutrinos. We have found that the Dalitz plot, hadronic
invariant mass distribution and branching fraction are sensitive to the effects of scalar and
tensor interactions and offer complementary information to the ones obtained from other
low-energy processes.

These decays will probably be observed for the first time at the Belle II experiment.
The different observables studied in this paper will be very useful to characterize the under-
lying dynamics of these decays. Our study indicates that these observables will be able to
set very strong constraints on scalar interactions, or to set limits that are very competitive
with other low-energy processes. To the best of our knowledge, this is the first study aiming
to disentangle SCC from G-parity violation in sensitive observables of tau lepton decays.
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interaction is known, then R, = I'(m — ev(v))/T'(m — pv(y)) could provide the strongest constraint on
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