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1. Introduction

Tau lepton is a fundamental particle of the Standard Moddl)(&d knowledge of its proper-
ties with high accuracy is absolutely mandatory for pre@bgtests [1]. Its hadronic decay modes
provide a unique laboratory to study and develop low ener@PQThey also allow to measure
SM fundamental parameters like the QCD strong couplingnetds of the Cabibbo-Kobayashi-
Maskawa matrix, the strange quark mass. Also hadronic mafdedepton decays play a critical
role as a probe to search for signals of new physics beyond2gM [

Since the 90’s the decay library TAUOLA [3] is the main Monte Carlo (MC) eventrgeator
that is applied to simulate-lepton decay events in the analysis of experimental datia &ioB-
factories and LHC. It has been used by the collaborations AiE4], CLEO [5], at both B-
factories (BABAR [6] and BELLE [7]) as well at LHC [8, 9] expenents. The library TAUOLA
can be easily attached to any MC describing the productiocharésm like KORALB, KORALZ
and KKMC [10, 11]. The code provides the full topology of thedli particles including their spin.
Currently the code is capable to simulate more than 20 haddatay modes.

In this note we discuss the status of the SM two- and threemebkannels of the-lepton
decay installed in TAUOLA. Mainly, we concentrate on tier®, it m m~ andK K~ decay
modes. Our choice is related with the fact that being thegraant two- and three-meson decay
modes, these channels give information about resonangeklved in production and about the
hadronization mechanism [12]. In addition, using the coraden of vector current and correcting
for isospin-violating effects, the precise data for the 4wwon mode can be used to estimate the
leading-order hadronic contribution to the anomalous reagmomentum of the muon [13]. Also
the two- and three-pion decay modes are used for spin-pamni&ysis of the Higgs boson and
studies of the Higgs-lepton coupling at LHC.

2. Two-meson decay modes of T-lepton

The MC TAUOLA contains altogether the two-meson decay madis two pions Br ~
25.52%), two kaonsEr ~ 0.16%), one pion and a kaoBi ~ 1.27%). Therefore the modes
with the n(n’) meson have not yet been included in the code. Motivationshf®n decay mode
measurements as well the related hadronic current cadculatthe framework of the Resonance
Chiral Lagrangian (RChL) approach can be found in [14].

2.1 Hadronic current of two-meson decay modes

For T decay channels with two mesorig,(p;) andhy(p,) with massesm andmy, respec-
tively, the hadronic current reads

JH=N[(pr—p2— %(pﬁ— p2))HFY (s) + %(pl + P2)HFS(9)], (2.1)

wheres= (p; + pz2)? andA;» = m2 — m2. The normalization factaX is equal 1 for ther r° chan-
nel, while the other three normalization factors are relddg SU(3) symmetry using the Clebsh-
Gordan coefficients:
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The formulae for the vector{Y (s)) and scalarES(s)) form factors depends on the channel. In
the general case both vector and scalar form factors aremirefn the isospin symmetry limit,
M = Myp, Mc: = Mo, the scalar form factor vanishes for both two-pion and twork modes
and the corresponding channel is described by the vector flctor alone.

2.2 Two-pion form factor and comparison with the Belle data

As mentioned above the scalar factor contribution for thepion channel is negligibly small,
so the width is defined by the pion vector form factor alonerréntly, the MC TAUOLA includes
four parametrizations for the vector form factor of two E@#’ (s)

e Kuhn-Santamaria (KS) parametrization [15]:

2
Ty (S + BBW, (9 + VW, (9). BW(S) = g

whereM is a resonance mass ahgdy(s) is the resonance energy-dependent width that takes
into account two-pion loops;

P (9=

e Gounaris-Sakurai (GS) parametrization used by BELLE [1JERH and CLEO collabora-

tions:
FY(9) = Ty BWES(S) + BBWSS(S)+ YBNgS(s).
BWOS(s) — M? + dMT r(S)

M2 —s+ f(s) — i/ n(s)’
wheref(s) includes the real part of the two-pion loop function;

e parametrization based on the Resonance Chiral LagrangiahL() [16]:

i=p.p.p" i
Fr(s) = : (2.3)

whereB,, is the two-meson loop functich For the physical meaning of the model parame-
tersk, andGy; see [16, 17];

e combined parametrization (combRChL) that applies disperapproximation at low energy
and modified RChL result at high energy [18]:

5(s)

. RV az
s<s: FY(s) =exp|ais+— 52+ /ds’m ,

4r‘n2

1Comparing the imaginary part of the loop functiBég), Eq.(A.3) in Ref. [16], and Eq. (13) in [7] one obtains

Im
VI n(s) = svMy Ty ImB”z(zlE/l\Z) for s> (M +myp)?, whereM; andl; are the resonance mass and width, respec-
tively.
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M3+ (B+Y)s
s>s5: FY(s) = 23"2 1
M3 — s+ EMp [Bgz(s) + 5552(5)]
B Bs B ys
192ms 192ms 7 ’
MZ/ _ p B7T MZ// _ p BTT
o — St Myo3 22(S) or — ST+ Myo3 22(S)

wheres is the high energy limit of the applicability of the dispensirepresentation. It is
supposed to satisfy.aGeV? < 5 < 1.5Ge\? [18] and we leave it as a fitting parameter.

In all the above parametrizations, except for the RChL dmepton form factor is given by in-
terfering amplitudes from the known isovector meson resoesp(770), p'(1450 andp” (1700
with relative strengths 13 andy. Although one could expect from the quark model {andy be
real, we allow these parameters to be complex (followind3BeLE, CLEO and ALEPH analysis)
with their phases are left free in the fits. In the case of thélR@arametrization we restrict our-
selves to thep(700) and p’(1450 contributions, the relative’ strength (which is a combination
of the model parametefs;, Gy, andF) being a real parameter.
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Figure 1: The pion form factor fit to Belle data [7]: the GS parametii@mat(left panel), the combRChL
parametrization (right panel). At the bottom of the figuhe tatio of the theoretical prediction to the data is
given.

For the energy-dependent width of th€770)-meson, two-pion and two-kaon loop contribu-
tions are included for both RChL and combRChl parametonati whereas in the case of KS and
GS thep width is approximated only by the two-pion loops. Th&1450 andp” (1700 widths
include only two-pion loops for all parametrizations excépy the RChL one. In this later case
both two-pion and two-kaon loops are included.

Results of the fit to the BELLE data [7] are presented in Figgnd 2. The best fit is obtained
with the GS pion form factory? = 95.65, the result is presented in the left panel of Fig. 1) and
the worst with the RChL onex€ = 15693, the left panel of Fig. 2), which is not able to reproduce
the high energy tail. As mentioned above, the two main diffiees of the RChL parametrization
compared to the others are 1) fhiémeson absence, 2) a real value of thgl450-meson strength.
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Figure 2: The pion form factor within the RChL parametrization is fitte BELLE data [7]: the fit without
p” (1700 (left panel) and with it (right panel).

To check the influence of the’ (1700 on the RChL result, this resonance has been included in the
same way as fgo’(1450; however, this inclusion has not improved the result (seeight panel of
Fig. 2). In an effective field theory, like RChL, complex vatucome only from loops. Therefore,
we conclude that missing loop contributions could be resjida for the disagreement and that the
complex value of thg8 and y parameters might mimic missing multiparticle loop conitibns.
The same conclusion was reached in Ref. [16] where it wass&dethat the two-pseudoscalar
loops cannot incorporate all the inelasticity needed taues the data and other multiparticle
intermediate states can play a role. This point will be ckedcky adding first a four-pion loop
contribution to thep’-resonance propagator.

In the case of the combRChL parametrization, which cornedpdo the right panel of Fig. 1,
the fitting curvature does not present a smooth behavioursiea,. Therefore more sophisticated
fitting techniques will have to be implemented.

2.3 Two-kaon and kaon-pion decay modes

The expressions for the two-kaon vector form factor coiecidth the two-pion form factor.
Currently, we have implemented only one parametrizatiaihhénTAUOLA code, namely the mod-
ified RChL result Eq.(26) of Ref. [19]. Assuming ti& (3) symmetry we have kept the same
value for the parametesand d and estimated a partial widi{2.65+ 0.01%)101°> GeV, which
is only about 60% of the PDG value [20]. As corrections of or@®% are expected it would be
interesting to make a direct fit of the two-kaon form factottte corresponding experimental data.
However, till now only the branching ratio is available [21]

The Kt decay mode measurement allows to measureKthieesonance parameters as well
the Cabibbo-Kabayshi-Maskawa matrix elemelwgs|. For this mode both scalar and vector form
factors play a role. Currently, only the following paranmetions of the vector kaon-pion form
factor have been implemented in TAUOLA: the RChL approadj §hd the parametrization based
on the dispersion approximation [23]. The scalar form faig@omputed using the private code of
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M. Jamin [24]. The model parameters are fixed to their valua® 22, 23] and a fit to the Belle
data will be a task of our future work.

3. Three-meson decay modes of 1-lepton

The following three-meson decay channels are implememd@UOLA [3, 19]: three-pion
(P andrr m t) modes, two-kaon and one-piok (1 K+, KO K©, K~ n°K9), two-pion
and one-kaon ~°m®, K~ 1", K°r®mr), two-pion and thep-meson ( 7°71-). Two theoretical
parametrizations for the hadronic form factors, the RChiraach and the standard Vector Meson
Dominance (VMD) approximation, have been implementedexibde, whereas the other channels
are based only on the VMD approximation [3].

3.1 Threeemeson hadronic currents and form-factors

For the final state of three pseudoscalars, with mompnta,, ps and massesy, Ny, Mg, re-
spectively, the most general hadronic current compatiltie tive Lorentz invariance can be written
as

JH =N {Tf [ci(p2 — ps) " Fo(0? 51, %) + Co(p3 — P1) F2(0%, 51, %2) + Ca(p1 — P2) " F3(0, 51, 9) |

+Caq Fa(0,51,%2) — @Qse_“mpﬁ 5 PSFs(,51,%2) } (3.1)
where as usualy, = guv — quq\,/q2 denotes the transverse projectaf, = (p1+ p2 + p3)¥ is

the total momentum of the hadronic system and the two-meas@miant mass squared is given by
s = (pj + p«)?. Here and afterward in the pap€rstands for the pion decay constant in the chiral
limit. The normalization coefficient i&l = coSOcanibho fOr modes with an even kaon numbers,
otherwiseN = sinBcapibbo-

The scalar functiong;(g?,s;,s;) are the hadronic form factors. In general they depend on
three independent invariant masses that can be constrinotadhe three meson four-vectors: we
chosed?, s1, s,. Of the hadronic form factork;, i = 1,2,3 which correspond to the axial-vector
part of the hadronic tensor, only two are independent, hewir convenience we keep all of them
in Eq. (3.1) and in the code. The pseudoscalar form fa€tas proportional tom?/g? [19], thus
it is suppressed with respect g i = 1,2,3. The vector form factor vanishes for the three-pion
modes due to the G-parity conservati&ig”™ = 0.

3.2 Comparison with the BaBar preliminary data for the " i m~ decay mode

Among the three-mesonlepton decay channels the three-pion modes have the targjes,
Br ~ 9.3% for i°m®mr andBr ~ 9.0% for " - 17~ We would like to remind that precise mod-
eling of the three-pion modes are important not only for tiuelys of the hadronization in itself but
also for the tau-lepton mass measurement and, togethetwatpion decay mode, it is used for
studies of the Higgs-lepton coupling by Alice and CMS Calledtions at LHC, CERN.

In TAUOLA the following three-pion form factors are availab

e CPC version [3], which includes only the dominaat— p 7 mechanism production. The
form factor is a product of the Breit-Wigner amplitudes foe 8 andp mesons;
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e CLEO parametrization is based on the Dalitz plot analysrsiexh out by the CLEO col-
laboration and includes the following intermediate stats— (p;p’)m, a1 — om, a3 —
f2(1270m, a; — fo(1370 1. In fact, there are two variants of this parametrizatione Tdr-
mer is based on the CLE@n°rr analysis [5] and applies the same current forfther rrt
mode. The latter uses th@n°m current from [5] and ther 7 " current from the un-
published CLEO analysis [257. All resonances are modeled by Breit-Wigner functions and
the hadronic current is a weighted sum of their producThe model parameters are the
resonance masses and widths as well as their weights;

e modified RChL parametrization [28]. It is based on the RChules for the three-pion cur-
rents [29] and an additional scalar resonance contribufitle RChL current is a sum of the
chiral contribution corresponding to the direct vert¥x — rrtr, single-resonance contri-
butions, e.gW~ — pr, double-resonance contributions,\&s — a; — p7. Only vector
and axial-vector are included in the RChL hadronic curreiitse scalar resonance contri-
bution was included phenomenologically by requiring thehRGtructure for the currents
and modelling theg-resonance by a Breit-Wigner function. It is worth mentianihat the
main numerical problem was related with thgresonance width. Tha;-width entering
the a;-resonance propagator, is written down as the imaginarygighe two-loop axial-
vector-axial-vector correlator [29] and is a double ing@f the same hadronic form factors
that appear in the hadronic currents (for details, see B&¢tion 3). We apply the 16-point
Gaussian quadrature method to make the correspondingedoubgrations. More details
about the modified RChL parametrization can be found in [19].

The CLEO parametrization for the~ 7 71" mode has not yet been fitted to the BABAR
preliminary data [6], so, for comparison with the BaBar pnghary data and the prediction based
on the modified RChL parametrization, we use the numeridakgaof the parameters fitted to the
old CLEO data [5]. The fit to the BABAR data will be a task fordite work.

The one-dimensional distributions of the two- and thrempinvariant mass spectra calculated
on the base of the modified RChL parametrization have bee fitt the BABAR preliminary
data [6]. The fit result is presented in Fig. 3. Finally, aftee introduction of the parallelized
calculation, the precise calculations of tagwidth value was incorporated into the project and
its value is recalculated at every step of the fit iterationmuist be pointed out that without the
scalar resonance contribution the RChL parametrizationiges a slightly better result than the
CLEO parametrization whereas the scalar resonance inolssiongly improves the low two-pion
mass invariant spectrum. Discrepancy between theoredpadtra and experimental data can be
explained by missing resonances in the model, such as théwedtor resonance; (1600, the
scalar resonanc&(980) and the tensor resonanég(1270. Inclusion of these resonances in the
RChL framework will be a future task.

Comparison of ther m r* current in the framework of the modified RChL with the ChPT
result has demonstrated that the scalar resonance caianithas to be corrected to reproduce the

2|t is interesting to point out that the difference betweessthvariants of the CLEO parametrization is related with
the scalar and tensor resonance contributions. More reéantssion on this topic can be found in [26].

3This approach was contested in Ref. [27] where it was dermatest that the corresponding hadronic form factors
reproduced the leading-order chiral result and failed poa@uce the next-to-leading-order one.
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Figure3: Thet™ — m mm mtv; decay invariant mass distribution of the three- and twaygigstems. The
BABAR data [6] are represented by the data points, overlgithb results from the modified RChL current
as described in the text (blue line) and the old fit curve frdoikO [5] (red-dashed line) overlaid.

low energy ChPT limit. The corresponding calculation is iogress.

3.3 Comparison with the BaBar preliminary data for the K™K~ decay mode

Contrary to the three-pion channels the decay— K™K~ v; depends both on the vec-
tor and axial vector currents. Two parametrizations forhibdronic form factors are present in
TAUOLA:

e CPC version [3]; Itincludes the dominant production mec$an given bya; — K « K and
a1 — prfor the axial-vector form factors arml — (p11;, K %K) for the vector form factors.
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The form factors are a product of the Breit-Wigner amplitutta each separate resonance;

e RChL parametrization. In the case of the RChL approachesdbmmr current arises from
the Wess-Zumino term and the odd-intrinsic-parity amgit{30]. The form factors receive
contributions from the direct vertex, single-resonanag @ouble-resonance mechanism pro-

duction.
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Figure4: Thet~ — KTK™m v; decay invariant mass distribution of three- and two-megstesns. For
the description of the plots see Fig. 3.

The first fit to the BaBar preliminary data [6] for the two- armlele-particle invariant mass
spectra calculated on the base of the RChL parametrizatipresented in Fig. 3.3. It was carried
out applying the generalized version of the fitting strataggd for therr m 7t mode. Also the
a; width was calculated only at the beginning of the fitting gy and was not changed during
the fit. An improved procedure might require a common fit ohtywt 7~ 7t andK K~ modes
and work on this is in progress.
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4. Conclusion

In this note we have reviewed the theoretical parametdmatfor the two- and three-meson
1-decay modes included in the MC event generator TAUOLA. Iditimh results of the fit for the
invariant mass spectra of the two-pion decay mode to theBiella and for the three-charged pion
channels to the preliminary BaBar data have been discused.

In the case of the two-pion channel the Belle data have beed fitith three parametrizations
for the two-pion form factors. The data have been reproduwittdthe Gounaris-Sakurai pion form
factor parametrization while the RChL parametrization fadled. Comparing the parametrization
context we have concluded that the complex value of the egsmnstrength, used in the Gounaris-
Sakurai parametrization, might tmimic the missing multijgée loops. To check this idea we
intend to evaluate the four-pion loops in tpé&resonance propagator that will be the object of
future study.

For the three-pion charged mode (r* 71~) we have fitted the BaBar preliminary data using
the modified RChL parametrization. The corresponding ttszal approach is based on the Reso-
nance Chiral Lagrangian with an additional modificatiorh® ¢urrent to include the sigma meson.
As aresult, we have improved the agreement with the data&gtarfof about eight compared with
the previous results [31]. Nonetheless, the model shovesagiancies in the high energy tail of the
three pion invariant mass spectrum, which may be relate mwissing resonances, eay.(1640),
in the corresponding theoretical approach. We will comdaraga this point in future multidi-
mensional analysis. The results on the numerical compabstween the TAUOLA three-pion
parametrizations can be found in [26].

Also we have presented the first results of the generalizatighe fitting strategy to the case
of an arbitrary three meson tau decay, specializing td&thi€ ~ 77~ decay mode. We have restricted
ourselves to the pre-tabulateg width approximation and have not recalculated its valudénfit.
This restriction will have to be removed in a common fit of bathrr " andK*K~m~ modes.

The TAUOLA upgrade is of the utmost importance in view of tbheticoming Belle-Il project
[32]. The first physics run of the Belle-ll project is plannedhe fall of 2018. Both allowed and
forbidden tau decay modes in the Standard Model will be nredsuntil 2022 it should record a
data sample fifty times larger than the BELLE experiment ailid@guire more precise theoretical
modeling and further process simulation along the line isfrlbte. Therefore the TAUOLA update
will require both a more refined theoretical approach fortibdronic mechanim production and
the implementation of new hadronic modes in the code, fomgte, then-meson modes [14].

5. Acknowledgements

This research was supported in part by funds of the Foundafti¢’olish Science grant PO-
MOST/ 2013-7 /12, which is co-financed by the European UriRegional Development Fund and
by Polish National Science Centre under decisions DEC/231R/ST2/00107.

10



Tau-lepton decays Olga Shekhovtsova

References

[1] A. Pich, Prog. Part. Nucl. Phyg5 (2014) 41 [arXiv:1310.7922 [hep-ph]].
[2] A. Celis, V. Cirigliano and E. Passemar, Phys. Re\83)2014) 013008.
[3] S.Jadach, Z. Was, R. Decker and J. H. Kuhn, Comput. Physndun.76 (1993) 361.
[4] D. Buskulicet al. [ALEPH Collaboration], Z. Phys. G0 (1996) 579.
[5] D. M. Asneret al. [CLEO Collaboration], Phys. Rev. Bl (2000) 012002 [hep-ex/9902022].
[6] I. M. Nugent [BaBar Collaboration], Nucl. Phys. Proc.f&i 253 (2014) 38.
[7]1 M. Fujikawaet al. [Belle Collaboration], Phys. Rev. I8 072006 (2008) [arXiv:0805.3773 [hep-eX]].
[8] G. Aad et al. [ATLAS Collaboration], Phys. Lef 716 (2012) 1.
[9] S. Chatrchyan et al. [CMS Collaboration], Phys. L&t{716 (2012) 30.
[10] S.Jadach, Z. Was. Comput. Phys. Comr64i§1990) 267.
[11] S.Jadach, B.F.L. Ward, Z. Was. Comput. Phys. Co®8r{1991) 276.
[12] A.J. Bevaret al. [BaBar and Belle Collaborations], Eur. Phys. J7£(2014) 3026.
[13] R. Alemany, M. Davier and A. Hocker, Eur. Phys. J2C1998) 123 [hep-ph/9703220].
[14] R. Escribano, S. Gonzalez-Solis, M. Jamin and P. R&i§R11409 (2014) 042.
[15] J. H. Kuhn and A. Santamaria, Z. Phys4€(1990) 445.
[16] J.J. Sanz-Cillero and A. Pich, Eur. Phys. 2Tq2003) 587 [hep-ph/0208199].
[17] G. Ecker, J. Gasser, A. Pich and E. de Rafael, Nucl. ABi321 (1989) 311.
[18] D. Gomez Dumm and P. Roig, Eur. Phys. J7Z(2013) 2528 [arXiv:1301.6973 [hep-ph]].
[19] O. Shekhovtsova, T. Przedzinski, P. Roig and Z. WassPRgv. D36 (2012) 113008.
[20] K. A. Olive et al. [Particle Data Group Collaboration], Chin. Phys38(2014) 090001.
[21] S. Ryuet al. [Belle Collaboration], Phys. Rev. B9 (2014) 7 [arXiv:1402.5213 [hep-eX]].
[22] M. Jamin, A. Pich and J. Portoles, Phys. Let6®} (2008) 78 [arXiv:0803.1786 [hep-ph]].
[23] D. R. Boito, R. Escribano and M. Jamin, Eur. Phys. 59G2009) 821 [arXiv:0807.4883 [hep-ph]].
[24] M. Jamin, J. A. Oller and A. Pich, Nucl. Phys.@2 (2002) 279 [hep-ph/0110193].
[25] E. I. Shibata [CLEO Collaboration], Nucl. Phys. Proappl. 123 (2003) 40.
[26] Z. Was and J. Zaremba, arXiv:1508.06424 [hep-ph].
[27] D. Gomez Dumm, A. Pich and J. Portoles, Phys. Re@9[2004) 073002 [hep-ph/0312183].
[28] I. M. Nugent, T. Przedzinski, P. Roig, O. Shekhovtsond @. Was, Phys. Rev. B8 (2013) 093012.
[29] D. G. Dumm, P. Roig, A. Pich and J. Portoles, Phys. Lets8B (2010) 158.
[30] D. G. Dumm, P. Roig, A. Pich and J. Portoles, Phys. Re81[2010) 034031.
[31] O. Shekhovtsova, I. M. Nugent, T. Przedzinski, P. Raid Z. Was, arXiv:1301.1964 [hep-ph].
[32] T. Abeet al. [Belle-Il Collaboration], arXiv:1011.0352 [physics.huet].

11



