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Introduction

@ The world largest statistics of 7 leptons collected by eTe~ B factories (Belle and
BABAR) opens new era in the precision tests of the Standard Model (SM).

@ Basic tau properties, like: lifetime, mass, couplings, electric dipole moment,
anomalous magnetic dipole moment, etc. should be measured experimentally as
precisely as possible in order to test SM and search for the effects of New
Physics.

@ In the SM 7 decays due to the charged weak interaction described by the
exchange of W+ with a pure vector coupling to only left-handed fermions. There
are two main classes of tau decays:

@ Decays with leptons, like: 7= — £~ ypvr, 77 — £ Dy,
T — 0T v 0,6 = e, u. They provide very clean laboratory to
probe electroweak couplings, which is complementary/competitive to
precision studies with muon (in experiments with muon beam). Plenty of
New Physics models can be tested/constrained in the precision studies of
the dynamics of decays with leptons.

@ Hadronic decays of r offer unique tools for the precision study of low energy
QCD.
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Introduction: e™e~ B factories

Integrated luminosity of B factories

(fb™) 1ab™
1200 2 ’ Belle Detector
l o msonancﬁe * Ac 1 Cherenkov cnt.
—KEKB p=sy  Y(5S): 121D SC solenoid TR Lot Loz
1000 |- ] — RWme] v (45): 711" LSt AN
“““ Y(3S): 37" Iy —
Y(25): 25" 1%
200 Y(1S): 6 b TOF counter
Off reson./scan: = N % <
~100 fb" 8GeV ¢ gu® 1=\ Central Drift Chamber
600 i = e »\:\{Il\’all cell +He/C,H,
N\
\
w ~ 550 fb™" Sivocdet/ . pJK, detection
400 | ! | On resonance: ¥4Iy DSSD 15l ReCiFe
Y(4S): 433"
Y(38):30 b !
200 I / T Y(25): 14 b
= Off resonance:
0 7 ~54 !

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1

o(bb) = 1.05 nb N5 = 1.2 x 10°
o(c€) = 1.30 nb N¢z = 2.0 x 10°
o(r7) =0.92nb N, = 1.4 x 10°

B factories are also charm and 7 factories !
B factory experimental strategy is proved to be fruitful to search for
New Physics.
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Precision studies of 7 at e™e~ B factories

@ Michel parametersin T — fvv (p, 1, &, §) at Belle : arXiv:1409.4969

@ Study of the radiative leptonic decays 7 — fvvy:
BABAR : Measurement of B( — £vv~); PRD 91, 051103(R) (2015)
Belle (prelim.): 7 = —1.3 4 1.5 4- 0.8, £~ = 0.5 & 0.4 4= 0.2; arXiv:1609.08280

@ Lepton universality with 7 — €vv and 7 — hv (h==,K) at BABAR :

(3), = 1.0036 £ 0.0020, (£, = 0.9850 =+ 0.0054; PRL 105, 051602 (2010)

@ Tau lifetime:
Belle: 7. = (290.17 4 0.53(staf) 4 0.33(sys}) fs; PRL 112, 031801 (2014)

BABAR (prelim.): 7~ = (289.40 + 0.91(stal) & 0.90(sys}) fs; Nucl. Phys. B 144, 105 (2005)

@ Tau mass:
Belle: m, = (1776.61 + 0.13(sta) 4 0.35(sys)) MeV/c?; PRL 99, 011801 (2007)
BABAR : m, = (1776.68 4 0.12(stal) = 0.41(sys)) MeV/c?; PRD 80, 092005 (2009)

Accuracy comparable with the most precision measurements done by BES and KEDR at the =+~ production threshold.

@ Tau electric dipole moment (EDM):
Belle: Re(d, ) = (1.15 4 1.70) x 10~ " e-cm, Im(d.-) = (—0.83 4 0.86) x 10" e-cm;
PLB 551, 16 (2003) (J Ldt = 29.5 fb—1) We are working on EDM with full Belle statistics

@ Hadronic contribution to a,, (t— — 7 7%,):
Belle: a/i™ = (523.5 & 1.1(sta) = 3.7(sys)) x 10~ '; PRD 78, 072006 (2008)
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Michel parameters

In the SM charged weak interaction is described by the exchange of W £ with a pure
vector coupling to only left-handed fermions ("V-A”" Lorentz structure). Deviations from
"V-A" indicate New Physics. 7=~ — ¢~ v, (£ = e, p) decays provide clean laboratory
to probe electroweak couplings.

The most general, Lorentz invariant four-lepton interaction matrix element:

=2 % aaerem)| [ameonueo).
N=S,V,T
ii=L,R
rS=1,1rv=q*r1" = — AV
¥ 2\/—(7 7 =)
Ten couplings gi'j“, in the SM the only non-zero constant is g‘l_/l_ =1

Four bilinear combinations of gﬂ.\‘, which are called as Michel parameters (MP): p, 7, &
and § appear in the energy spectrum of the outgoing lepton:

dr(+¥) 4GZM.E? 2
SoaC = F(zﬂ)4max1 /x2 — x2 (x(l —X)+ §p(4x2 —3x —x2) + 7x%o(1 — x)

1 2 E m
:FéPTcosegf x2—x§[1—x+§5(4x—4+,/1—x§)}), X= % xXg= -2

Emax

IntheSM: p=2,n=0,6=1,6=3
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Status of Michel parameters in 7 decays

Michel par. Measured value Experiment SM value
p 0.747 £ 0.010 £ 0.006 CLEO-97 3/4
(eor ) 1.2%

f} 0.012 £+ 0.026 4+ 0.004 ALEPH-01 0
(eor p) . /0

1.007 + 0.040 + 0.015 CLEO-97 1
(eor p) 4 3%
f(; 0.745 4+ 0.026 + 0.009 CLEO-97 3/4

(eorp) 2.8%

Eh 0.992 + 0.007 + 0.008 ALEPH-01 1

(all hadr.) 1 1%

& oossfooz & 073540020

With x300 Belle statistics we can improve MP uncertainties by one order of magnitude
In BSM models the couplings to = are expected to be enhanced in comparison with .
Also contribution from New Physics in — decays can be amplified by (m—T)".

o

2
@ Type Il 2HDM: 7,,(7) = DuMz (tﬁgzﬂ) ; Zul) — Mz 3500
HE

5
—0.096 < kY < 0.037: DELPHI Abreu EPJ C16 (2000) 229.

@ Unparticles: Moyotl PRD 84 (2011) 073010, Choudhury PLB 658 (2008) 148.

@ Tensor interaction: £ = ;S-w* {177“(1 =577 4 = (170“ nu(l — 75)T> }

@ Lorentz and CPTV: Hollenberg PLB 701 (2011) 89
@ Heavy Majorana neutrino: M. Doi et al., Prog. Theor. Phys. 118 (2007) 1069.
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Method, study of ({vv; pv) and (pv; pv) events

Effect of 7 spin-spin correlation is used to measure £ and 6 MP.
Events of the (17 — ¢Fuvv; 7= — pEv) topology are used to measure: p, 1, £,£ and
5055 while (¥ — pFv; 7% — p*v) events are used to extract £2.

T helicity —
+ g H o
T helicity oot (VV; pY) _—
o o8 0. g /7
Vi Qo <
0. éxcr'
0.7: UC/ it resutt A = 4‘Ap
" 0.7:
Vg
do(¢Foy, pil/ 4
( ) = Ao + pA1L + nAz + §,E6A3 + £,60A, = ZAiei

dE;dQ;dQ%dm2  dQ,dQ i=0
o(E;, 7,9y, 0r)

3y, . Pp. U, O7)

b
- G s, =) 2 ST sy =) '
F(Z) = = = =
dp,dQ,dp,dQ,dm2. dSr é dEjdQydQ%dm2  dOrdr

‘dor

N
L=TIPY, PY = 7@¥)/n(E /f = (1, 0,1, €pe, €p€ede)
bale}

Prota = (1 — Z APt + MPrg *™ + APl + APl ? + MaPige (MC)

MP are extracted in the unbinned maximum likelihood fit of (¢vv; pv) events in the 9D phase
space Z = (ps, €0S 6, br, Py, COSO,, ¢pp, M2, COSBr, br)in CMS.

T
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Data fits and systematic uncertainties

7 -
Helicity sensitive variable w = ﬁ f(Hpj:,r'ij:)dq> =< (Hp:t,ﬁ'f:t) >o,

P
> (€ p] i e lein] ot M"‘“‘m‘ G
B & ", 3 X, %
z S w<-035 % g /035 <2035 3 ] .15\,\
zg k" zljs f N, Zg J \'\
o H;/‘E'E;rﬂ_ mE f ;&1\#@3 SQ,J ) e \,\
05 1 15 2 25 3 35 4 45 5 5 05 115 2 25 3 35 4 45 5 5 05 1 15 2 25 3 35 4 45 5 5
ES¥S (Gev) ECYS (Gev) ESMS (Gev)
Spin-spin correlation manifests itself through momentum- momentum correlations of final
lepton and pions.
Source A(p).% AM).% B(E,0). % B(5,89).%
Physical corrections
ISR+O(a®) 0.10 0.30 0.20 0.15
T — Lvvy 0.03 0.10 0.09 0.08
T — pry 0.06 0.16 0.11 0.02
Background 0.20 0.60 0.20 0.20
Apparatus corrections
Resolution @ brems. 0.10 0.33 0.11 0.19
o (Ebeam) 0.07 0.25 0.03 0.15
Normalization
AN 0.11 0.50 0.17 0.13
without Data/MC corr. 0.29 0.95 0.38 0.38
trigger eff. corr. ~1 ~ 2 ~ 3 ~ 3

We are working on the Data/MC efficiency corrections (trigge r, 4ID, track rec., =° rec.).
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Michel parameters in 7 — lvvy, ({ = e, u) (1)

C. Fronsdal and H. Uberall, Phys. Rev. 113 (1959) 654. (m, = 0)
A. B. Arbuzov and T. V. Kopylova, JHEP 1609 (2016) 109. (m, # 0)

A= 7 e
T~ ey T_\@\@‘\( =& H v

Photon carries information about spin state of outgoing lepton, as a result two
additional parameters, 77 and £k, can be extracted.
These parameters were measured in 7 decays at Belle for the first time.

dr(++ — ¢Fo,vry a B
# = e 22 [F(x,y,d) £ P (Bp cos 0yG(x,y,d) + cos O~yH(x,y,d))|,
dx dy dQ, dQ- 6473 y
—c2md 3 _ 2 /g2 o — _ _
o= GFm-,—/1927' , Bp = /1 — m[/E[, X =2Ep/mr,y = ZEW/mT, d=1— ﬁecoseg,Y

do(¢FT vy, ptov)

F =Fg +7F;, G =Gy + £€xGy, H = Hy + £€xH
0 1 0 il 0 L E*dO*dE*dQ* dQ*dm2 _ do
dEFdQF dEXdQx dQ%dmZ  dQrdQr

= Ag + AL + ErAy
b 2 +

do(tF vy, pTv) / do(eFTvvy, pTv)

dE

F(Z) = — = —
dppdQpdp~ ARy dppdQpdm2  dfy F Qg dEX A dQ%dm2 | dQrdR,

|JACOBIAN| d& .-
@

~(K _
L IE[ P00 p) _ FEW)  Fo+ Fia+ 788

— = L Ne = [ Fe@dZ, (k=0,1,2)
e N@)  Ng+ Nymt Npes K /k

71 and &6 are extracted in the unbinned maximum likelihood fit of (¢vv+y; pr) events in the 12D

phase space in CMS.
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Michel parameters in 7 — fvv~y, (( =e, u) (Il)

Nev/0.01000 GeV™*

N-- = 646 x 10°, selected: 71171 (pvvy; pr) and 776834 (evvyy; pr) events

[TV 2% T uvvy Contour of likelihood
L — §rof T I 57
|:| T TRV, ] (56.5%) %ma M{pr e
bl Z ]
s o5
A y Wl e, e ok
Y| I e, e S)
0 ] - I ~
0.6 |:| others (8.8%)
04 . Belle preliminary
0.2 —8
01 02 03 04 05 06 07 08 09 G980 1 S B 2
E, (GeV) cosf, a
Source oy o% oh op.
Normalization 4.3 094 0.15 0.04
Background PDF 2.5 0.24 0.67 0.22
Branching ratios 3.8 0.05 0.25 o0.01
Cluster merge in ECL 2.2 0.46 0.02 0.06
Detector resolution 0.74 020 0.22 0.02
Data/MC eff. corr. 1.9 0.14 0.04 0.04
Total 7.0 1.1 076 0.24

27 June 2017

Belle preliminary

7=-13+15+0.8
€k =0.540.440.2
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rement of B(r — (vvy) at BABAR (l)
Ldt =431fb~*

Selections:

@ 2-track events with zero net charge and 1 photon with E., > 50 MeV;
@ 0.9<thrust<0.995, signal hemisphere: £ + ~, tag hemisphere: track+neutrals;
@ reject (T — Ves events, Eiot < 9 GeV, distance between track and photon clusters

dgy < 100 cm.
g o gt 500"
w25k 0
S1of@]|, ey N L @ SasE® L
E 3t - eyve 3 S 40
3 1of - evy 1020 2
£ I Other t decays 8 G 35
S —— Dat: 8
@ 08 o 15 W 3g
osb g 25|
& 10 2.0
0.4 15|
ok B 05| 10
0.5}
o o 10 20 30 40 50 60 70 ° 010 012 014 016 018 020 0.22 0,242 o 70 075 080 085 090 095 100
d,, (cm) M, (Gevic?) cos 8,
14710 30720 x10°
o1 o o
§ (@ Ty N © Pl S £
212 | 3t - pyve Sasp g
§ I 2
& 1.0 -y 3 & 4F
[ Other t decays S 20 &
o8l e -y E
4 Daia e B
0.6 w
|- 2=
0.4 19
02f osE | i
ohd [, oobuens e R
01020 W0 50 BT 010 015 020 025 030 035 0.40 045 050 54098 0ee 07 098 099 100
d,, (cm) M, (Gevic) cos 6,

evvy 0.22 < E, < 2.0GeV, Mg, > 0.14GeV/c?, cos fe, > 0.97,8 < de, < 65Cm
prvy 0.10 < E, < 2.5GeV, M,,, < 0.25GeV/c?, cosf,, > 0.99,6 < d,, < 30cm

Neel(prry) = 15688 £ 125 Nge(evv~y) = 18149 + 135
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Measurement of B(r — (vvv) at BABAR (Il)

prvsy evvy
B— Nsel(1 — fig) (%) 0.480 +£0.010 0.105+0.003
20.+Le fhg 0.102 £0.002 0.156 +0.003
T — pVvy T — evry

Photon efficiency 1.8 1.8
Particle identification 15 15
Background evaluation 0.9 0.7
BF 0.7 0.7
Luminosity and cross section 0.6 0.6
MC statistics 0.5 0.6
Selection criteria 0.5 0.5
Trigger selection 0.5 0.6
Track reconstruction 0.3 0.3
Total 2.8 2.8

B(r — pvy)[EZ > 10MeV] = (3.69 + 0.03 £ 0.10) x 103

B(r — evvy)[EZ > 10MeV] = (1.847 + 0.015 + 0.052) x 10~2

Measured branching ratios agree with the LO predictions (B(uvrvy) = 3.663 x 1073,

B(evvy) = 1.834 x 10~2), however the LO+NLO prediction for the 7 — evvy

(B(evvy) = 1.645 x 10~2) differs from the experimental result by 3.5¢. It is important to embed
NLO corrections to the MC generator (TAUOLA) of the radiative leptonic decay. Also background
from the doubly-radiative leptonic decays should be properly studied and subtracted.

M. Fael, L. Mercolli and M. Passera, JHEP 1507 (2015) 153.
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Lepton universality in the SM

9e=0,=0,

Ve

B(L™ — ¢ ewi(v))  9fgi mp Feon(mL, )

ML™ — D = -
(L7 = 7 2en (7)) P 32M¢, 19273

Feor(ML, Mg) = f(x)(l + g%) (1 4 a(ZTrL) (? _ Trz>)

f(x) =1 —8x +8x® —x* — 12x%Inx, x = my/m_

B(p~ — e vevu(y)) =1

T m_i Feor(My, Me) g

gT -
— =4/B(t— — p v (v))— , — = 1.0029 + 0.0015 (HFAG201
\/ ( ” ( ))TT mi Feor(M-, m.) " ge ( U

. M2, Feor(M,, m 7
Tie M Feor(Mys Me) 07 4 5010 4 0.0015 (HFAG201)

gT -
— = /B(t— — e v, —_ s
\/ ( evr (1) Tr mi Feor(M-, Me) " g,

. [Br- = p=2u02(7)) Feon(mr,m
9 _ |BUZ = p77uve(9)) FeordMr,Me) Q0 _ 4 0019 4 0014 (HFAG201)
Je B(t— — e~ ev,(7v)) Feor(M-, my) " Qe
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Test of lepton universality at  BABAR (1)

JLdt =467 b~ *

Selections:

@ 4-track events with zero net charge;

@ 0.1/5 < ESMS < 0.7/5, | cos(85YS)| < 0.7

@ thrust> 0.9, signal hemisphere: £/h(¢ = e, u; h = 7,K), tag hemisphere: T — nrnv;
@ signal hemisphere: EXAE < {1.0, 0.5, 0.2, 0.2} GeV for {e, u, 7, K}, respectively

extray
g Em - Ja0000 I ™ K
g 30000 NP 731102 369091 25123
% 20000 20000 Purity 97.3% 78.7% 76.6%
“ 10000 Total Efficiency 0.485% 0.324% 0.330%
2 o Particle ID Efficiency 745% 74.6% 84.6%
S - ‘“M)H\\ R —— o Systematic uncertainties:
20w | S Particle ID 032 051 094
s S Detector response 0.08 0.64 0.54
N s o0 Backgrounds 008 044 085
%s: E | : Trigger 010 010 0.0
LI Ey ] 350 7~ " modelling 0.01 0.07 0.27
o ) Radiation 0.04 0.10 0.04
F m ] 02 B(r— —a n wtv;) 0.05 0.15 0.40
i ] LI I Lorr 002 039 020
B Mgmlr‘m;s,c. Total [%] 036 10 L5

T — evw: Neel = 884426, & = (0.589 + 0.010)%, purity is (99.69 + 0.06)%
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Test of lepton universality at  BABAR (lI)

R, = B(r = 1v) _ 4 9796 4 0.0016 + 0.0036
B(t — evv)
R, = BT =) _ (59451 0.0014 + 0.0061
B(r — evv)
Rk = B(r = Kv) _ 03882 + 0.00032 4 0.00057
B(t — evv)
.
(g—“) — [R, Feor(MrsMe) _ 4 1636 + 0.0020
Je Fcorr(m-r, mp)

(g )2 B(r — hv,)  2mymim, <1—mi/mﬁ>2

g B(h — pvy) (14 6p)miz, \ 1 —mf/m2

( ) = 0.9856 £ 0.0057, (g—T) = 0.9827 + 0.0086
K

"

< ) = 0.9850 + 0.0054 (2.80 away from SM

( > = 1.0000 £ 0.0014 (HFAG2017)
u T4+7+K
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Measurement of 7, at Belle (1)

Use the data sample of [ Ldt = 711 fb~* with N, = 650 x 10°
Analysisofete™ — 7777 — (rTntr ™ 0,, 7Tn 7 v, ) events.

2 2
2E+E —MZ —m
TTh2 Ty o X

%7, , Bryr

CoSth1 2 =

@ 7 momentum direction is determined with two-fold ambiguity in CMS, for
the analysis we use the average axis.
@ Asymmetric-energy layout of experiment allows us to determine 747~
production point in LAB independently from the position of beam IP.
1148360 events were selected with  ~2% background contamination, the

main background comes from ete” — qq (q =u, d, s).
16/33
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Measurement of 7, at Belle (lI)

Decay length PDF

_ Entries/ 10 um

P) =N [ e/ AR = X's )i + NigoR(6i ) + P(x),

@ )\, - estimator of c7;
@ R(x; P) - detector resolution function;
@ Niygs, Pep(X) - background PDFs from MC

pull

x (cm)
—e— 289.0£28+40 CLEO Systematic uncertainties
bt 2802¢17:12  OPAL Source Acr (pum)
Silicon vertex 0.090
P 290.1£15+11  ALEPH detector alignment '
be 2032:20+15 L3 Asymmetry fixing 0.030
Fit range 0.020
~ 290.9+1.4+1.0  DELPHI Beam energy, ISR, FSR  0.024
2006+ 1.0 mean PDG Background contribution  0.010
T-lepton mass 0.009
Total 0.101
% 290.17:053:0.33 Belle c7, = (86.99 & 0.16(sta + 0.10(sysd)) pm.
7 = (290.17 + 0.53(staf) £ 0.33(sys}) fs.
285 290 295
T, (fs) T+ — T, —|/Taverage< 7.0 x 10~% at 90% CL.
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Hadronic 7 decays

Cabibbo-allowed decays (B ~ cos? 6c) Cabibbo-suppressed decays (B ~ sin? )
B(S = 0) = (61.85+0.11)% (PDG) B(S = —1) = (2.88 + 0.05)% (PDG)

) S=0 Gr_ ., 5 cos 6. - (hadrongq”)|35~ °(g2)|0) 2 2
. - _ . I <
'M“{s - _1} Vil SR I (hadrongg*)[35~—(a?)0) [ * = M7
v

The main tasks

@ Measurement of branching fractions with highest possible accuracy

@ Measurement of low-energy hadronic spectral functions

@ Determination of the decay mechanism (what are intermediate mesons and
their contributions)
@ Precise measurement of masses and widths of the intermediate mesons

@ Search for CP violation

@ Comparison with hadronic formfactors from et e~ experiments to check CVC
theorem

@ Measurement of [incusive(S = 0) to determine as
@ Measurement of Finclusive(S = —1) to determine s-quark mass and Vys:

o Rstrange= Bstrange/ Be

Rstrange
[Vus| = Rnon—strange o o Rnon—strange= Bnon—strange’ Be
T vz theory
ud ) SRiheory - SU(3)-breaking contribution
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CPV in hadronic 7 decays at B factories

@ CPV has not been observed in lepton decays
@ Itis strongly suppressed in the SM (ASF, < 10~12) and observation of large CPV
in lepton sector would be clean sign of New Physics

@ 7 lepton provides unique possibility to search for CPV effects, as it is the only
lepton decaying to hadrons, so that the associated strong phases allows us to
visualize CPV in hadronic = decays.

I.CPVin 7= — 7~ Kg(> 0n%)v, at BaBar (Phys. Rev. D 85, 031102 (2012) )
Data sample of [ Ldt = 476 fb~! was analyzed

T(rt—atK2(>0m0)or)—T (7~ -7~ KI(>0m0)vr
r(r+—»7r+K°(>o7r0)uT)+r(T — = K0(>07r0)u.,. _( 0.36 £0.23+0.11)%

Acp =

2.80 deviation from the SM expectation: Acp = (40.36 +0.01)%

Il. CPVin 7= — K27~ v, at Belle ( Phys. Rev. Lett. 107, 131801 (2011) ) [Ldt=699 fh—1
Angular distributions were analyzed, Acp(W = MKSW) was measured (dw = d cos 3d cos 0):

J cos 3 cos w(dcﬂ)— = dzz’j )dw
Acp(W) = — T ~ (cos Bcos ) _ — (cos[Bcos ) 4
dw
J( ) 8 lthxgw
0.02[| - data
e
sl
s o
[Im(ns)| < 0.026

te 1z 1416
W (GeVic?)
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Lepton-flavor-violating (LFV) 7 decays

Y

W Model B(r — pv) B(r — €4¢)
______ MSUGRA+seesaw 108 109
»~ ™ SUSY+SO(10) 10—8 10—10
r A SM+seesaw 10—9 10—10
T ! V Non-universal Z 109 10-8

SUSY-+Higgs 10—10 10—8

-—_—
Vi Vu(e) H (e)
@ Probabililty of LFV decays of charged leptons is extremely small

2
in the Standard Model, B(1 — () ~ <Am“2"> <107%

@ Many models beyond the SM predict LFV decays with the
branching fractions up to < 10~8. As a result observation of LFV
is a clear signature of New Physics (NP).

@ 7 lepton is an excellent laboratory to search for the LFV decays

due to the enhanced couplings to the new particles as well as
large number of LFV decay modes

@ Study of the different 7 LFV decay modes allows us to test
various NP models.
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Results on LFV decays of 7

48 different LFV modes were studied at B factories
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B(r~ —putp”) < 33x1077,
Bt~ —pu p ) < 44x 1077,

UL for BNV and LNV 7 decays with protons from LHCb: PLB 724, 36 (2013)
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The world largest statistics of 7 leptons collected by Belle and BABAR opens new era
in the precision tests of the Standard Model and search for th e effects of New Physics.
Complementary study of leptonic + decays at BABAR and Belle. BABAR measured
precisely the ratio of the leptonic branchning ratios to test lepton universality. While Belle is
working on the precision measurement of Michel parameters.
BABAR and Belle performed complementary study of the radiative leptonic =~ decay
(1 — twvy (L =€, p):
@ With the statistics of 431 fo~* branching fractions were measured with the relative
accuracy better than 3% by BABAR:
B(T — prvy)[E] > 10MeV] = (3.69 + 0.03 4 0.10) x 1073
B(r — evvy)[E] > 10MeV] = (1.847 £ 0.015 4 0.052) x 1072
@ For the first time Belle measured Michel parameters, 77 and £k in 7 — (vv+y decays
on the statistics of 703 fo~*:
7=-13+£15+0.8
£k =054+044+02
An importance of the NLO corrections and doubly-radiative decays was realized for the
precision measurement of the branching ratios.
Both fundamental parameters of ~, needed for the precision tests of the SM, m, and 7,
were measured at BABAR and Belle.
Recent studies of CPV inthe 7~ — 7~ KJ(> 7°)v, decays at BABAR as well as in the
T — Ké’w‘uT decay at Belle provide complementary information about CPV in these
decays and rise a special interest to the study of the 7 — K§7r_ 7%v. decay.
Lots of ongoing T analyses at B factories (rEDM, T — 070/~ vv, 7 — 7l ¢ v,
10

7 — hhhv, 7 — 7r V,...).

Broad T physics program with x50 statistics expected from Belle Il ete™ Super
Flavor Factory in the next decade ( see talk about Belle Il by Changzheng Yuan on June
29th).
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Backup slides
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Michel parameters

p=3 = 3 (16 + 1% + 2lalal” + 2168 + R(hals + 080 )
n= %%(GQXLQIR* +69LrOR +ORRILL +IRLILK +OILRORL + OLLORn )
€ = AR(GROLK ) — AR(GRLOR]) + 1011 + 3IalR | — 3l0R* — Iore "+
+510lR 1* — Slaf, * + 710812 — Flak/? + 519517 — 7 lofl?
£9= 210312~ 2 10%l% + 10812 — =151 — Slalkl® + Slak 2+
P20~ 2iakel? + IR (ool — SR(GRN)

L| + |9¥R‘2 + (‘ggL +29;L|2 -+ ‘QER +ZQER|2) +2 (‘Q;L‘Z -+ |QER‘2)

1

8

2 2 1

e = Jon| o[ + 3

(1o + 26k~ oo+ 20 ") +2 (Joaf" - o)
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Recent test of lepton universality at LEP

LEP EW WG (W - T9/(W - u7,) | o 3
1.0390 + 0.0130 ! !
i LEP EW WG (W - TU)/(W — eV,) |
HFAG Fit (T - €7, V) X T,/T, ! :
1.0008 + 0.0021 : 1.0360 + 0.0140 :
HFAG Fit (T - Ttv)/(Tt - uv) ol i
0.9961+ 0.0030 | !
. HFAG Fit (T — LV, v) X T,/T, j
HFAG Fit (T~ KK - u9,) o | |
0.9857 + 0.0073 : 1.0027 + 0.0021 ]
HFAG Average (T - Ttv;, Kvy) ol
0.9949 + 0.0029 :
HFAG Average (T - eV, v,, TtV Kvy) @
0.9998 + 0.0020 '
HFAG-Tau | HFAG-Tau k
! i
0.9 1 0.9 1
/
lo/g,| la/g

S. Schael et al. [ALEPH, DELPHI, L3, OPAL, LEP EWG]
Phys. Rep. 532, 119 (2013)

2B(W — Tv;)

= 1.066 £ 0.025
BW — uv,) + B(W — ere)

2.60 deviation from the Standard Model
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Further studies of CPV in 7 at ete™ factories

@ Ate'e™ machines with unpolarized beams effect of 7 spin-spin correlation in
ete™ — 71 (¢T)T~ () reaction can be used to study CPV effects in the spin-dependent
part of the decay rate.

@ Theideais to study (tF — hdpv ; % — p*v) events (as an example let's take
hdp = (Km)F). 7% — p*u serves as spin analyzer.

do({*,¢7) _ of e ey ATEE(T) = pty)
2N 0s % 3 (Dy+ D , —
do, 6aez” (Do +Dy6i¢7) dmz_dQ:d$,
dr(rF({") = (Km)¥v) _ (Aot mcpAl) + (‘?’:o aF 77CP§1)C:*
dm2 _dQ; dQ, (Ao + n¢pA1) — (Bo + 1cpB1)C™
do((Km)F, p%) _ oB- ( F 4 nenG )
dm2_dQy dQ.dm2_dQsd$.dQ,  64E2 \ F +iced

F = DoAoA" — DjByiB/, G = DoAA” — DyBy;B/

do((Km) T, pT) do((Km)F, pT)

7 e == X 2 = = '
Kwdn,,dppdnpdmgmdn,r o1,y deﬂdQ}:ﬂdQﬂ-dm%WdQ;dnﬂ-dQT AP 7> W P Up)

OO ., 2%, 2r) '
dpy  dQ dm

T)cp is extracted in the simultaneous unbinned maximum likeliho odfitofthe ((Kw)~,p")

and ((K7)™, p~) events in the 12D phase space. Similar technique was developed to measure
Michel parameters at B factories.
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Electric dipole moment of 7, introduction

Electric dipole moment (EDM) of 7 is strongly suppressed in the
Standard Model (O(10~%7) e-cm), EDM# 0 indicates the
nonconservation of T(CP) and P symmetries. EDM provides powerful
tool to search for New Physics in lepton sector.

e

L=7((i0, — eA )" — m)T—idT?U"”VSTQLAV
Mtzot = M%M + Re(d‘r)Mgze + Im(dT)Mlzm + |d7—|2./\/l§2

dr(r* —h > 3 = S =
%:F(ligmh;) Har = B /B

C + - unitary 77 polarization vector; Hy+ - h polarimeter vector.

M3, (Hh+><H )pe, (Hh+><H )pT :CP—odd T — odd(CPT— cons)

My ~ (Hns —Hy - )Pe, (Hns—H,,-)B- : CP—odd T — even(CPT— viol.)

27133
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Tau EDM, method

Method of optimal variable is used to measure ~ Re(d-) and Im(d-).

M2, M,
Ore=—=, Om = , (Oreim) ~ /OR&Ithotdps

Méy ./\/l
<0Re> = aReRe(dT) + Dbre, <O|m> = aIm|m(dq—) + bim

- [ MEeim)?
ARelm = <0Relm> = M2, —————AdPS, brem = MReImdPS

x 102
> >
§ 12000 77 Sy e Seo0on F TT —> LY b
£ 1000} E50000 ¢ : :
800 F o o 40000 F . .
600 | « 30000 f N %
400 ¢ o '-e 20000 F & 'o%
200F . o, 10000 J 6'\___
‘... L L L sao. L L L L L
O s 0 25 5 vs 10 9% 15 —fo 5 0 5 10 15 20
Oge GeVlie O GeVlie
o 12 I o 12 ‘
€ 1.15] (Re(dr)=5X10""ecm)/(Re(d7)=0) + ++ w € 1.15] (Im(dr)=2X10"%ecm)/(Im(dr)=0) H
1.1 ++ 11F #
105} . ‘¢++ 1,06 o ¢+++
ol
1r etoo0e + 1
LK
095} ++ 44 0.95
0.9k + + ¢ 0.9
0.85 i 0.85 #
0816275 =5 <25 o 25 5 75 10 0.§2 5 0 15 20
Oge GeVie O GeVlie

Experimental review of ~ lepton studies at the B factories D. Epifanov (NSU, BINP) 28/33



Tau EDM at Belle, data/selections

Statistics with [ Ldt = 825fb—1 (N, = 758 x 10°) is used.
In total about 35M events are selected with the purity of 88%.
Select 8 configurations: (evv; uvv), (evv; wv), (evv; pv), (uvv; wv), (pvv; pv),
(mv; ), (wv; pv), (pv; pv).
In the calculation of Oreim the average allowed 7 direction is used. Coefficients are,im
and brem are determined from MC.

mode yield purity(%) background (%)

ey 6434k 958 2y — pwp(2.5), T — en(1.3)

em 2645k 857 71T — ep(6.5) eu(5.1) eK*(1.3)

ep 7219k 917 77 — em2n°(4.6) eK*(1.7)

pm 2504k 805 77 — pp(6.4) pu(4.9) uK*(1.3),
2y — pp(3.1)

up 6203k 91.0 77 — pm2r®(4.3) uK*(1.6) mp(1.1)

7w 921k 719 77 — 7p(11.3) mu(8.8) TK*(2.5)

wp 2656k 77.0 17 — pp(6.7) nmw2w°(3.9) up(5.1)
PpK*(1.4) 7K *(1.4)

pp 6554k 824 717 — pw2m°(9.4) pK*(3.1)

o
°

£ e
S > L
H ® aRe i ® bre
&1 “0.0s] I
g O &m t © Dim
3> L
¢ et D
5 0. ———— e
Lo |
0. -0.05
E—— o
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u EDM at Belle, preliminary result

(h) nr

™,
)
S

5o
0,, (GeV/e)

0

== (g') pp

)

w

” e P
Po A5 40 5 0 5 0 15 20 %5 0 5 0 5 10 15 20
0, (Gev/e) 0, (GeV/e)
Re(d+) epn em x: ep wp TP pp T
Mismatch of distribution 030 047 035 0.08 017 0.08 0.08 0.34
Charge asymmetry 0.00 0.00 001 0.0 000 0.00 000 0.00
Background variation 0.16 0.03 0.16 0.04 0.02 0.02 0.02 0.33
Momentum reconstruction  0.01  0.06 0.05 000 0.02 0.02 001 0.14
Detector alignment 0.02 0.02 001 001 0.01 001 0.01 0.03
Radiative effects 0.07 0.05 005 0.02 0.02 0.00 0.00 0.09
Total 035 047 039 0.09 017 0.08 0.08 0.50
Im(d+) epn em x: ep wp TP pp T
Mismatch of distribution 0.09 0.09 0.05 0.5 0.07 004 004 0.12
Charge asymmetry 002 019 023 001 001 011 000 0.00
Background variation 0.14 0.01 0.07 0.03 001 001 001 0.01
Momentum reconstruction  0.02 0.05 0.04 0.00 001 0.01 000 0.01
Detector alignment 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00
Radiative effects 0.01 001 001 001 0.01 0.00 0.00 0.00
Total 0.17 022 024 0.06 007 011 004 0.12

Sensitivity: ARe(d,) = 0.33 x 10~ e-cm, Alm(d,) = 0.30 x 10" e-cm

Compare with previous Belle result: PLB 551, 16 (2003) ([ Ldt = 29.5fb 1)
Re(d, ) = (1.15 £ 1.70) x 10~*" e-cm, Im(d, ) = (—0.83 £ 0.86) x 10~*" e.cm
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Studyof 7~ - 7w '

V-, motivation

@ Notable part of the vector spectral function (v(s))
needed for the precision determination of as(s)
@ Test of the CVC theorem for the 47 hadronic system:

v(rT — 7r77r+71'771'ol/.,—) = “;ZX
2o
X (%o(eJre* — 2t ) +o(ete” — 7'r+7'r727'ro))

@ Contribution of the 2nd-class current in the decay

7T s wr vy (w— ntr70)

@ Improvement from B factories is strongly expected

2
mT
T 6Sgw|Vud2(1—s/m2)2(1+2s/m2)

v(s) X

« B(r——V v;) 1dN

B(r——e—ev,) N ds

@ s=M

@ Sgy - electroweak radiative correction

@ Both, branching ratio B(r~ — V~v;)and mass
spectrum ﬁ ‘(’j—’g should be measured precisely

Experimental review of ~ lepton studies at the B factories

Events / 0.032 (GeV)

T T T T T
- OPAL

0 nr? 1]

@ 3nrd, nar’

B MC corr.

— perturbative QCD (massless) ]
- naive parton model

500 (-

400

300

200 [

100 -

T T
« Unfolded 3rtrf]

MMTMW

D. Epifanov (NSU, BINP)

w
@
&8



Study of 7= — 7 w7 v, at Belle (I)

Data sample of [ Ldt = 670 fb ~* (N, = 616 x 10°) is analyzed
After the standard 77 preselection criteria we select events
with particular configuration.

@ Selection criteria on the missing mass and polar
angle of the missing momentum to suppress %“‘"’
background from Bhabha, 1.4, two-photon g o)
4
processes, ». Q; =0. Emu
ntrk=1 + A
@ Event is separated inéch)/‘;wo hemispheres in CMS: 2000 K +
Thrust>0.9, 35° < Ogme, < 145°. sso0}. g ,
@ Tag side: 1 track identified as e or . 1000 [ .
@ Signal side: 3 tracks identified as pions, and 7° sool- §
m —m L *
candidate with —6 < —~ =% <5, & e
it o 0.6 1 16 2 28 3
@ EYE <0.2Gev Stren TGV

~yextra
(rF — eFov; 7+ — pF ) sample is used for the normalization:

_ _ _ Np_ax(1—byp_4z) Ce—p BeBL
B(T - (47r) VT) - E¢—an S Ne—p(1—be_ ) S Be+B,

@ Detection efficiencies: e;_4, ~ 8%, Ee—p ~ 18%
@ Background admixtures: by_4, =~ 12% (primarily from the other = decays), be_,, ~ 4%
@ B. = (17.83 £0.04)%, B, = (17.41 £ 0.04)%

Systematic shift between measured 47 mass distribution and TAUOLA
(VEPP-2M, ete~ — 4) predicted spectrum is notable.
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Study of 7= — 7 7 w7 v, at Belle (Il)

Using part of the full data sample (25 fb—1) preliminary result on the branching
fraction was obtained:

B(r~ — m 7w 7%, )ex kg = (4.38 £ 0.025tar + 0.125y51)% J

Error source AB/B (%) B(r — 4nv) (%) Exp.
Tracking efficiency 0.7 4.60+0.06 +£0.06 ALEPH
Particle identification 15 4194+ 0.10+0.21 CLEO
70 reconstruction 1.5 —
Background

T feed-down background 0.3

qq contribution 0.3
Normalization

background of e — p events 0.5

ABe, AB, 0.1
~ veto 12
Trigger efficiency 0.8
Hadron decay model 0.7
Total 2.8

2 25 3
S(Gev)

Singular-value decomposition (SVD) method was used to get unfolded 47r mass
spectrum. It is crucial to subtract background from the 7= — 7~ t7— 7970, decay
correctly, the analysis is going on.

In contrary to OPAL result, no shoulder is seen around s = 1.5 GeV?/c*.
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