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Tau lepton m_=1.78 GeV - decays in hadrons
Br (t - hadrons) = 64.8%

Precise measurements of the hadronic tau decay modes allow the low and intermediate

energy study:
M(T7 - v.h7) = Gr
/5

Hj;: = <h_|( :Ld dﬁ“(l_ﬁ )“ + L« C’ﬂy(l_ﬁP )“) |U>

My, 727 (1 = 75)7]

* hadronization mechanism (pQCD does not work, ChPT low tail)
*Wess-Zumino anomaly (ex. KK )
* resonance parameters
* Okuba-Zweig-lizuka suppressed modes ( ex. ¢ K)
* second class currents (ex.wtmn )

* measure |V_us| CKM matrix (modes with K)

Nonetheless.... Knowledge of the dynamics is important for Higgs polarization
measurement and agreement MC/data, searched for beyond SM
physics

., BaBar / Belle data

»

Precise analysis of available data
for 2 pion + 3 pion modes ~44% hadr Br to check




The Physics of the B Factories arXiv:1406.6311
Belle MCl/data
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TAUOLA (Monte Carlo generator for tau decay modes)

CPC version R. Decker, S.Jadach, M.Jezabek, J.H.Kuhn, Z. Was,
Comp. Phys. Comm. 76 (1993) 361

Cleo version Alain Weinstein : http://www.cithep.caltech.edu/~ajw/korb_doc.html#files

* BaBar version

* Belle version

Aleph version B. Bloch, private communications

Features of all versions:

* based on VMD, i.e. 3 scalar modes BW(V1)*BW(V2), reproduces LO ChPT limit
* wrong normalization for 2 scalar modes, except 27, only vector FF |, no scalar FF

* not correct low energy behaviour of the vector part for KK modes

* 3 scalar mode results are not able to reproduce experimental data

Belle ( 27, K7 ) spectra, BaBar 3 meson invariant mass spectra

published




Hadronic currents for two and three meson decay modes

J =<Hadrons|(V-A), e|0>= X(Lorentz Structure)'F(Q?s)

Hadronic form factors are:
* Model: Resonance Chiral Lagrangian (Chiral lagrangian with the explicit
inclusion of resonances , G.Ecker et al., Nucl. Phys B321(1989)311)

* The resonance fields (V,,, A, antisymmetric tensor field ) is added by explicit way

* Reproduces NLO prediction of ChPT (at least)
* Correct high energy behaviour of form factors — relation between model parameters

Finite numbers of parameters (oneoctet: f_, F, G, F,)

Modes: 27tt, 2K t, Kntt, 3tt, KKttt — 88% o0f tau hadronic width
self consistent results within RChL for TAUOLA

We will start with T~ — 7T T T Vv_
Br(t-— m n* " v,)/Br(tT- — hadrons v.) = 14.1%
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For 3 pion modes
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Modification of RChL - inclusion of 0 meson

* omeson is not in RChL scheme
* BW approach

* the RChL current structure (single and double resonance contributions)

2F Gy . .
N % [0, BW, (51)Fy (¢, 51) + B, BW,(52) Fo (¢, 52)]
4F Gy q

FI'™ — FM+ [ﬁr-'JBI-If’g(sl)Fg (¢%.51) + 6,BW,(52)F,(q°, 32)}

3F? ¢? — MZ —iM, T, (¢?)

m> 7. () 9 =AM z,m2)R2
BW () = o rg ) = ra ™ F, ((j ; q’) = exp _
(@) m2 —x —imyI',(x) () O (m?2) 8¢?
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Fitting strategy

* Fit functions is semi-analytic functions, distributionson s, s, g°

dI'/dg2 ds1 ds2 -> 1d dimensional distributions (s1, s2, g2) to fit to BaBar data

\ ; ; - ) /: 0 /: 0
G2 Vi) (MT . 1) {Wﬁﬁ 1(1+2 7 )(WA—J-WB)]

128(2m)5 M, F2 \_ ¢2 3 M?2

T

Wa = —(V'FL+VEE + VIF) (Vi Fy + Vo, Fa + V3, F3)* » resonances

To smooth integrand

X3 1 i
I Fx)dx = J ‘q’[t)f(g[t))dt x=g(t) = A? 4+ AB tg(}fl +t(y, — yl}) Yy, = arctg (XIAB )
Xy o A=077, B =18

* 16 point Gaussian integration was done using Fortran Cernlib

* Minuit from Cernlib for fitting, Hesse for stat uncertainty

* C wrapper for Tauola

* integration over bin / the central bin value

* al width: using the g-function approximation / calculated at some g? + extrapolation using a

polynomial



Calculation of the a width

Cald) = 205,60 (¢ — om)
+ FKi( )0 (¢ — (mx + 2mk)?) + Ff(qQ)F) (¢° — (mx + 2mk)?)

—5 M? 2
Fﬂ',K 2 _ i T | Ak
a (4 102(27)3 F3 F2 )M, ( ) )

[ dsdt (VEFy + VI F + VEE)™ (Vi Fy + Vo, Fa + Vo, FB2)™5)" V=T (pj — pi)o

1. g-function approach for 3 pion piece and a fixed KK 7 part (Table 4, arXiv 1203.3955)

(**) calculated at 9 points, other g2 extrapolated as

f

(g2 —9Im2)>(a — b(g® — 9Im2) + c(¢? — 9IMm2)?), Im2 < ¢ < (M, +mg)?,
9(@®)=q T(d-e€/C+[/q" —g/P), (Mp +man)? < ¢* < 3(Mp +mx)?,
—3(M,+m,
h + 2pd (§P+iﬂ)2} A 3(M,+mqg)? < ¢? <m2,

.. random scanning

2. 3 pion contribution calculated at some @? - points (**) + extrapolation using a polynomial

.. final fit; parallelization



BaBar data

Fit results

* 10 MeV/bin (twice decreased)

* separated statistical and systematical errors

0.5

M{r =) (GeV)

T T T T T T T T T ﬁ'l_‘
T ooz 3 < 2 ) & i
3 1 2 = 1 & ]
= § 1 <€ ooab i 4 = o002 il
= 0,015+ — 3 I !I 1 = il
= O L 1 = I g 1 = '
z Gk 1 £ ooz [ 1 4 = H
= 0.01 1 = § 1 e ; : -
5 s &= - i X 4 = | I % =
E i 5 E - & i A 4
= i T - e 1 = - £ 1‘1‘ 1
= 0.005( 4 Eea .- 3 14 T ! 1
g 1 & F s J Ny
= i . ] = ' i — &
' I | — 2 DE n T
19 e IE ] 11 I 1l Bk . L
= T T = (T
0. oI o.sf Jff '
i 1. 5

15 )
M) (Gel)

B, M., Tz M, M., T, F Fy

Min | 0.767 1.35 0.30 0.99 0.400 0.400 0.088 0.11

Max | 0.780 1.50 0.50 1.25 0.550 0.700 0.094 0.25

Fit | 0.771849 | 1.350000 | 0.448379 | 1.091865 | 0.487512 | 0.700000 | 0.091337 | 0.168652
Fa4 B, g B, Yo s R,

Min | 0.1 0.37 -10. 10. “10. A6 -10.

Max | 0.2 2017 10. 10. 10. 10. 10.

Fit | 0.131495 | -0.318551 | -8.795038 | D.763701 | 1.264263 | 0.656762 | 1.866913

y>/ndf = 6658/401 stat

v /ndf = 889/401 stat+syst «—— 2262 /132

, ) (Tauola2012)
= 2.0001-1071° GeV

— T e



Fit results

_/

at its limit

M,

M,

T,

ﬂ"fﬂl

_n!"'_"lr e F &

F

Fv

MMin

0.767

1.5

0.30

0.99

0.400 0.400

(0.058

0.11

Max

0.780

1.50

0.50

1.25

Fit

(Min

0.771549

A

=y

1.350000 |

0.44

ERYE]

Ck ep

1.091865

0.550 0.700

0.094

0.487512
fie 8 N

0. 700000
da

0.001337

-

0.168652

0.25

(***)

0.1

-0.37

-10.

-10. -10.

-10.

-10.

Max

0.2

0.17

10).

10, 10.

10.

10,

Fit

0.131425

-0.318551

-8.795938

9.763701 |1.264263 |(

).HAHGTHL

1.866913

0‘50':60

Yo

Oc

M,

M,

T,

M.,

M, I's

F

Fv

Min

0.

767

1.35

0.30

0.99

0.400 0.400

0.088

0.11

(Max

0.

780

1.50

0.50

1.25

0.550 0.700

0.094

0.25

Fit

0.772774

1.350000
Fa

0.410404

.ﬁp’

1.116400

0.4953530.465

Qe Yo

367

0.089675

0.167130

R

Min (0.1

-0.37

-10. -10.

-10.

Max|0.2

-0.17

10. 10.

10.

Fit

0.146848

-0.301847

1.09498110.582533

0.000315

asinCleo: =0



Validation of results

* Statistical errors and correlations between model parameters
* Convergence of the fitting procedure
* Toy MC studies to check of behaviour near the minimum

* Estimation of systematic uncertainties



Validation of results

* Statistical errors and correlations between model parameters
- Hesse algorithm of Minuit package
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Validation of results

*

Convergence of the fitting procedure
to verify that the found minimum is a global minimum

- start with random scan of 210 K points

- select 1K with the best chi2

- from them select 20 points with maximum distance

- use them as a start point for the full fit and apply the full fit procedure

> 50% converge to the minimum
(others falls with number of parameters at their limits,
converge to local minimum with higher chi2)

Indicates that the found minimum point is a global minimum
and the fitting procedure does not depend on an initial point



Validation of results

*

*

* Toy MC studies to check of behaviour near the minimum
8 MC samples (different seeds) of 20 million generated with
() the fit parameter values (‘global minimum"), i.e. difference is “statistical error”, a set “Toy”
(1) the set “Toy” is fitted
(a) the starting point is the 'global' minimum
(b) the starting point is the initial parameter values

The results of fit are consistent, i.e. the fitting procedure is stable



Validation of results

* Estimation of systematic uncertainties
Used systematical covariance matrix from BaBar experiment to include
the correlations between bins



([AN/EN( )] N)/(20MeV ey

Limitations of the model

1-5:| TT | TTrT | T LI TTrTr TTT |||||
1.4;— —; ,E 137 T
1.3 = 3 14F
1.2 g 130
—
il TAUOLA 2012 %
E Tk E :5; 1.1 =
1 o ] E
0.9f = z r E
o = B
0.8F = = 08
a.?f— — 08
0.6 _ 0.7
0.5:|||I|||I|||||||||||||||I| 05_
0 0.2 0.4 06 0.8 1.2 1.4 16 18 2 b L L L L i

([dN/dM(m ) IN)(10MeV/c?)

0.02

0.01-

*’ﬁ“ 1(1620)

¥

¥
&
[
L |

.-r""'

L a 1:5 pr 4
M) (GeV)

TAUOLA 2014

g
=
K2

=
= =
(=] —
— (4]

0.005

([dN/AM(7 ) JIN)/I(1OMeV/c?)

L5

T e e L T T T T T [ T ]

0.01

([dN/dM(x =*)]/N)/(10MeVic?)

0 02 04 D6 0.8 1 121,41313.

M(z'x") (GeV)

0.03

0.02

f,(1370) -
f,(1270) |

o \
A .D TR TR | .: ﬂ:'.
II'.I.r'l & 1 1&1-_ hEt _; 111;
il 1 b | 1
0.9 ' 0.9}

e
M) [G e'u"} M(r'r*) (GeV)

The resonance structure of data is richer than of the model

Future extension?Can it be pursued with 1dim histo fit?




No data for ©0 ®0 7&- 111!

... and will be not available in near future.

Difference is with the sigma meson contribution
fit SIGMA parameters to TO TO - BaBar data
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2.1% higher than the PDG value



[dN/AM(K K*)/N)/(10MeV/c?)

([dN/dM(K 7))/N)/(10MeV/c?)

0.04

0.02

0.04}

0.01f

T>KKrmtv

First fitting results to BaBar preliminary data

0.03- |

0.02/

([dN/dM(K K*)J/N)/(10MeV/c?)

0.04-
0.03;
0.02f

0.01F

15
M(K') (GeV)

1.4 1.6
M(K TK*) (GeV)

il

1.4
M(K'K*) (GeV)

._L‘

Blue — RChL

0.1

1T T 1 ‘ 1T T T ‘ 1T T T

([dN/AM(K*)]/N)/(10MeM(c?)

| ‘ I ‘ I I

MH | ________ |

Red — Cleo

i
M(~K*) (G

1.2
eV)



[dN/AM(K K*)/N)/(10MeV/c?)

T>KKrmtv

First fitting results to BaBar preliminary data
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Two meson modes: J* = N|(pr — p2)*F" () + (pr + pg)”‘Ff"(s)]

=0 (for 2° )

0.003 Vector FF: D.Gomez Dumm & P. Roig

s>1.35 GeV ?

Y 2 f'i(ﬁ! " I'(,'.'J”
M) + (@e? +a'e" )s

0.002

IIIIIIIIlIIII|III

) = ——t ™ :
0.001 M3 {1+ g (Ax(s) + 34k (5) | 5
o/ei? s o'e?” s
MZ[145CyAx(s)]—s M2 [1+5CpmAx(s)] s
O: | E
. o : s< 1.35 GeV 2
0.9t s
- : ' ' - . 3 oo 1(
0.5 1 1.5 F{;(S:‘ = exp|ais + ESZ R 5_/ daf 51(3) :
2 T Jone (8')3(s — s —ie)

Fit to Belle analytical FF



T>mTV

Two meson modes: o =

N [(1”1 — pg)'qu (‘3) -+ ([)1 + pg)’uFS(.

0.003

0.002

0.001

IIIIIIIIIlIIII|III_

IIIIIIIIlIIII|III

o.9§—

0.5 1 1.5

fit to the Belle analytical function

\ =0 (for 2’ x)

Vector FF: D.Gomez Dumm & P. Roig

s>1.35 GeV ?
ﬂ‘ff' + (ai'eicﬁ' + ﬂ'”ﬁi‘ﬁ”) =

Rils) = ——t 1
M [1 + Ty (Ar(s) + EAK(S))} ~ 8
B o'et? s o't 5
MZ[1+5CyArn(s)]—s M2/ [14+5CpAx(s)) —s
< 1.35 GeV ?
. 3 o !
T a2 2 g ( )
Fi(s) = — =4, d
v(s) cxp[ﬂzls—l— 23 +ﬂ_/;m3 TV s—an]
; ImFE® (s)
tanél(s) = :&D)
ReFy, (s)
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Conclusion and plans

Currently there are (preliminary) 1d invariant mass spectra available for:

BaBar data
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Fitting 1d distributions in t—>rnn'x*v has already given us insight into fitting
models of low energy QCD (RCHL):

Information on missing resonances
Problems and with multi-dimensional fitting — data provided by collaborations

*1d projection — multi-dimentional fit for 3 pion mode
* K K1 mode fit

* 2 pion RChL current fit to Belle data
* 4 pion RChL current in Tauola and fit to BaBar data

* general fitting strategy for 3 meson modes

Belle data analysis ??



Backup Slides



The tau invariant mass distributions are essential to update the simulation of
tau decays for LHC, SuperB factories...

Hadronic Decay Modes

0+ rorty Tau Lepton Properties
Ty em,=1.78 GeV decays in hadrons
other sCcTt=87um

T 3ty * BR(t—1w) = 35.2%
* BR(t—hadrons) = 64.8%

731y

Typical detector signature

* one or three charged tracks

» collimated calorimeter energy deposits

* large leading track momentum fraction

» possible secondary vertex reconstruction

Precise analysis of available data BaBar | Bell
for 2 pion + 3 pion modes " amart=ete

Knowledge of the dynamics is important for Higgs polarization
measurement and agreement MC/data, searched for beyond SM
physics
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http://annapurna.ifj.edu.pl/~wasm/RChL/RChL.htm

Technical tests to check stability of MC

for every mode
* to check phase space MC / analytical F1 =1, others =0
* MC / analytical for total width

* MC [ analytical result for qg spectrum
* analytical result (Gauss integration) compared with linear interpolated spectrum

An example: three pions (7 — 7 7 7 ):

(
F, =FF_..=0 tocheck phase space

others

F, = physical, F ... =0

others

- F_, = physical
linear interpolation ~ 0.1% for whole spectrum except for ends
MC (6e6): (2.1013+0.016%)-10"3GeV;
semi-analyt(2.1007+0.02% %)-10-*GeV

... fit for m— m - 7+ to BaBar data



Fit to BaBar 20Mev/bin #—-x - # + data (SLAC-R-936)

non trivial dynamics, the simplest from the 3 hadronic modes

Fit Parameters
M o L, M., F F. Fa By

Min. 1.44 0.32 1.00 0.0920 0.12 0.10 -0.36

Max. 1.48 0.39 1.24 0.0924 0.24 0.20 -0.18

Default 1.453 0.40 1.12 0.0924 0.18 0.149 -0.25

Fit 1.4302 0.376061 1.21706 | 0.092318 [ 0.121938 | 0.11291 | -0.208811

2= 226212

ndf=132
NE: B ' . ' _ "% 0.08- ' 91 ' | _ 02: ;F}Ta_t?;.-IISaE-iarIF'r;Iin‘lline;wlTaL.l o0
% _ iE%ﬁ‘,,ffﬂfllemr § - i ] fi’}'#\ ]
L A o\ ]
S oo2- ; S N T B I Y ‘
z | | | 002 - | 1 s Y :
= £ T 3, . RN :

il -_.---"’J-I T T I.‘h"'-‘-'-u_.. l'.'l- : [ L IYH"T'"m_- ] 0t — 0.5 ' ' -I|\'¥1J'§
0.5 1 1.5 0.5 1 1.5 : M) (dev}
M(r ) (GeV) M(m ) (GeV)

(Data -RChL) less 7% ® * &t - T -
(Data -RChL) less 12% ®t * ®® -

RChL without

main contribution from low energy two pion inavariant mass region !! exten_smn cannot
describe the data



Three meson modes the widths of the resonances:

o T ..'1! - [ I ¥ ]_ ¢ o r ; R '
rp[_'[f}]' =y fjﬂ U}i{{;szq"} == -lmi,'l — _-U'i—[q‘}i}{q‘! - :l_.mi-;l SUHJ limit
967 2 2 "y
5 3 (2 (e
3 g° a 1qg°] 9 9 s o i
Labg )= A o3 (M2) 8 (q° —4m:) aplg’) = \/1 — 4 g i M yee =M g
e O R v
4, resonance:
Tala®) = *JT;flfrfjH (7 — 9m3)
PR (¢®)0 (¢* = (mr + 2m)?) + TR (4200 (¢ = (1 + 2m)?)
. —a M, n _J g R, T F L4 ;o BB
Lo ) 192(2m )3 F3F2 M, ( ¢ l) W=al®py = 1£57k=123
[ dsdt (VEF + VEFs + VER)™ (VigFi + VauFa + Va, Fa)™5)° S=1/n!

al width ( 1,,(4%)) is tabulated to avoid problem with triple integration, linear interpolation

TAUOLA update, main test done, results PRD Phys.Rev. D86 (2012) 113008
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