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Alberto Lusiani — Pisa Tau Decay Measurements

e introduction

e tau mass, tau lifetime, other tau properties

e tau branching fractions and spectral functions
e lepton flavour violation searches

e other measurements

e elaboration of tau results

> lepton universality
> | Vi
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Alberto Lusiani — Pisa Tau Decay Measurements Introduction

Three phases of tau experimental measurements
Tau discovery phase

e establish evidence for new heavy lepton with:
ete” =7t T = etvel,, TT — puT DL,
e MARK | at SPEAR (SLAC), later PLUTO & DASP at DORIS (DESY)

Precision SM tests phase

e lepton universality (with leptonic BFs, tau lifetime, tau mass)

o Z couplings (Mz—+~, AFE Apol, A,ffl, etc.)

e s and muon g—2 hadronic contribution with tau hadronic decays

o |Vis| with 7 — X, decays

e LEP experiments (~200k tau pairs each), ARGUS, CLEO (~14M tau pairs), BES

New Physics search phase

e search for Lepton Flavour Violation (LFV)

e measurement of small BFs whose previous results were statistics-limited
e B-factories BABAR (~500M tau pairs), Belle (~900M tau pairs)
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Main differences between recent experiments

around charm-tau threshold (BES, BESIII)

e best for tau mass (beam energy calibration via resonant depolarization)

Z° peak (LEP 1)

e much smaller samples w.r.t. B-factories

e but several advantages

> precise absolute luminosity measurements (~0.5 per-mille)

> can select tau pairs on just one hemisphere with good efficiency and purity

» stiff tracks, small amount of multiple scattering

» large hadron e"e™ — gg track multiplicity = high rejection of qg background

e outstanding analysis contribution by ALEPH

B-factories (CLEO, BABAR, Belle)

e much larger samples
e cannot select tau pairs on a single hemisphere with decent efficiency and purity
e lowish hadron e"e™ — qg track multiplicity = difficult rejection of qg background

e multiple scattering limits momentum resolution
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Tau mass

PDG 2015 average ® most precise measurements by

1776.86 + 0.12 ete~ colliders at 777~ threshold

BES 2014 o

1776.91+ 0.12 +0-10 » few events but very significant
S1x012 g3

BaBar 2009

1776.68 £ 0.12 + 0.41
KEDR 2007

+0.25
1776.81 ~023 +0.15

2 g
H-oH
—eo+—
H—eo—H
—+e+— Belle 2007
1776.61+ 0.13 + 0.35
OPAL 2000
1775.10 £ 1.60 = 1.00
——— CLEO 1997
1778.20 £ 0.80 + 1.20
P BES 1996
1776.96 +0.18 +0.25
I P P FET T e

-0.21-0.17
ARGUS 1992

1776.30 £ 2.40 + 1.40

DELCO 1978
1783.00 * 500
1776 1776.5 1777 17775 1778

m, [MeV/c’]
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Tau Decay Measurements

Tau lifetime

285

290
T, [X 10%° s]

HFAG Summer 2014
290.29 + 0.52

PDG 2014 average
290.30 + 0.50

Belle 2013
290.17 + 0.53 + 0.33

Delphi 2004
290.90 + 1.40+ 1.00

L3 2000
293.20 + 2.00+ 1.50

ALEPH 1997
290.10 + 1.50 + 1.10

OPAL 1996
289.20 # 1.70+ 1.20

CLEO 1996
289.00 + 2.80 + 4.00

HFAG-Tau

e |EP experiments, many methods
> impact parameter sum (IPS)
» momentum dependent impact
parameter sum (MIPS
» 3D impact parameter sum (3DIP)
> impact parameter difference (IPD)
> decay length (DL)

e Belle

» 3-prong vs. 3-prong decay length
> largest syst. error: alignment
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Mass & lifetime difference 7% vs. 7=, dipole moments

(M- — m;_)/Mayerage (can signal CPT violation)

<2.8-107* BELOUS 2007 Belle, 414 fb~!
<5.5.100* AUBERT 2009AK BABAR, 423fb~!
<3.0-107% ABBIENDI 2000A OPAL

(Tr+ — Tr—)/Taverage (can signal CPT violation)

<7.0-107% BELOUS 2014 Belle, 711fb ™1

dipole moments (EDM # 0 can signal CP, T violation)

—0.052 < a, < 0.013 at 95% CL DELPHI 2004 [(g—2)-/2]
—0.22 < Re(d,)[107*® ecm] < 0.013 at 95% CL  Belle 2003 [r EDM]
—0.25 < Im(d,)[107*° ecm] < 0.008 at 95% CL  Belle 2003 [r EDM]

Re(a¥) < 1.1-107% at 95% CL ALEPH 2003 [weak (g—2)./2]
Im(a¥) < 2.7-107% at 95% CL ALEPH 2003 [weak (g—2)-/2]
Re(d?)[107*® ecm] < 0.05 at 95% CL ALEPH 2003 [weak 7 EDM]
Im(dY)[107*® ecm] < 0.11 at 95% CL ALEPH 2003 [weak 7 EDM]
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Branching fractions and spectral functions

Branching fractions
e leptonic BFs = lepton universality tests (SM EW tests)

e leptonic radiative BFs = tau dipole moments
(S-Eidelman, M.Passera et.al., arXiv:1601.07987 [hep-ph])

BFs + spectral functions (hadronic invariant mass distributions)

e hadronic final states =

> as(m-), running of as from m- to mzo

» alternative way to determine muon g—2 hadronic contribution
e “strange” hadronic final states =

> alternative | V| determination, CKM unitarity test
(theory systematics different from lattice QCD systematics on kaon decays)
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Branching fraction fit - HFAG 2016 prelim.

e global fit: best way to combine measurements on BFs, BF ratios, inclusive BFs
e since 2010, fit in by-yearly reports by Heavy Flavour Averaging Group (HFAG)

» common systematic errors taken into account

» published results improved using updated values for external parameters
» no PDG-style automatic error-scaling, exceptions analyzed case-by-case
» using selection of preliminary results

e less complete and less refined fit in PDG
e work in progress (A.L.): port HFAG fit to PDG 2016

» drop preliminary results
> investigate all differences in common set of measurements and their relations

e in the following, results labeled “HFAG 2016 preliminary”
(under PDG review for PDG 2016)
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Branching fraction fit - HFAG 2016 prelim.

General information Results by experiment

e 171 measurements
(no new results since HFAG 2014)

experiment  number of results

o fit 104 quantities flErs 2
(BFs or ratios of linear comb. of BFs) CLEO -
related by 58 constraints Bt 2

) OPAL 19

o X?/d.of. =134.9/125, CL = 25.73% Belle 15

e use unitarity constraint (PDG tradition) DELPHI 14
(in HFAG no unitarity constraint enforced to L3 11
reduce “pollution” from hadronic to leptonic CLEO3 6
modes) TPC 3

e 5.44 error scale factor for inconsistent ARGUS 2
BABAR and Belle K™K~ K" v, HRS 2

CELLO 1

e without unitarity constraint, fitted results
sum up to 1 within the statistical uncertainty
of ~1 per mille
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branching fractions - HFAG 2016 prelim.

B(tr—...) HFAG 2016 prelim B(t—...) HFAG 2016 prelim.
wo o, (17.3951 4 0.0385) - 10~ 2 h™h™ h"37°%, (0.0212 + 0.0030) - 10~ 2
e Devr (17.8199 £ 0.0399) - 10~ 2 K Ky, (0.1437 4+ 0.0027) - 10~ 2
v, (10.8194 4 0.0513) .10~ 2 K K 7, (0.0061 4 0.0018) - 102
K~ v, (0.6965 + 0.0097) - 10~ 2 3h™2h" v, (ex. K°) (0.0822 + 0.0032) - 102
ﬂ’ﬂ‘lm (25.4967 =+ 0.0893) - 10;2 3h™ 20" 7, (ex. K°) (0.0164 + 0.0011)-102
K 7 v, 0.4330 4 0.0148) - 10~ = 0.1389 + 0.0072)-10~2
7 21%; (ex. K°) 29.2638 + 0.0964; 1072 ;*:],ZVT E0<0155 i o,ooogg .1072
K™ 2%, (ex. K°) (0.0652 =+ 0.0218) - 10~ > K~ n%nu, (0.0048 + 0.0012) - 10~ 2
7 37%, (ex. K°) (1.0436 + 0.0707) - 102 K% .10~2
- W (0.0094 + 0.0015) - 10
K™ 37°%0, (ex. K°,n) (0.0483 + 0.0212) - 10~ 2 s (0.0410 + 0.0092) - 10~2
S o -
hf‘:go vr (ex. K°m) Eg-;;g ﬂit gﬁfi},; - 1872 b mlwu, (0.4089 +0.0420) - 102
s 7 5 5 . - .10~
il o e o ™ wys (1.9499 + 0.0645) - 10 :
L (0. -0053) - . K™ ¢v- (¢ — KK) (0.0037 + 0.0014) - 10~
}Ko;ol” (8-38(2; = 8-3(1)29) : 1872 K™ 7w, (ex. K° w) (0.2930 + 0.0069) - 102
— o 0.6 40 ( '12 2i ; 2;1)'1 . K- w0, (ex. K®w,m)  (0.0395 & 0.0142)-10~2
AR et el o 2 (oo saeor) 107
7 KeKOw, (0.1001 + 0.0241) - 102 g e (0.0401 +0.0145)- 10
_KeKpvm : : . 7 K K v, (0.0018 + 0.0002) - 102
n T KSK v, (0.0018 + 0.0002) - 10
—_0,.0,0 —2
m mKsK vy (0.0327 - 0.0119) - 10 : e 42 modes (PDG 2015 has 31)
K°h™h™ h'u, (0.0255 = 0.0199) - 10~
T w T, (ex. K°,w) (8.9911 + 0.0511) - 10~ 2 ® unitarity is enforced in the fit
- —_+_0 0 -5
wom T (S Ko’w) (2'7384:&0'0710)'1072 ® w/o enforcement, 1 — >~ B; = (0.091 £ 0.106)%
h™h h" 27 v, (ex. K, w,n)  (0.0979 £ 0.0357) - 10
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Most recent measurements in HFAG fit, high multiplicity final states

BABAR PRD 86, 092010 (2012)
Study of high-multiplicity 3-prong and 5-prong tau decays at BABAR

Mg11 = 7 27°wry (ex. K°) (7.3+£1.2+1.2).107°
Fg12 = 27 7 37%; (ex. K% m,w, f1) (0.1£0.08 +0.30)-10—*
Mg21 = 31 2w vy (ex. KO w, f1) (7.68 = 0.04 = 0.40) - 104
Fgo2 = K~ 27 2ntw, (ex. KO) (0.6 +05+1.1)-10"°
Mg31 = 21 7wy (ex. K°) (8.44+0.4+0.6)-10~°
g3z = 3n 2" 7%u; (ex. KO, m,w, f1) (0.36 == 0.03 = 0.09) - 10—4
g3z = K 21 27t 7%, (ex. K°) (11+£0.4+04)-10°°
Fo10 = 21 7 nur (n — 37°) (ex. K°) (8.27+0.88 +0.81) - 105
Fo11 = 7 270wy (n — ntm~7°) (ex. K°)  (4.57 4 0.77 +0.50)- 10>
Fo2o = 7 fivr (A — 21 21h) (5.20 +0.31 £ 0.37) - 105
Fo30 = 27 7, (n — 77~ 7°) (ex. K°)  (5.394+0.27 +0.41) 10>
Toaq = 2m 7w nur (n — v7) (ex. K°) (8.26 4 0.35 4 0.51) - 10—°
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Most recent measurements in HFAG fit, modes = — X ZlKg Vr

BABAR PRD 86, 092013 (2012)

The branching fraction of 7 — 7~ K¢K2(7°)v decays

Tz =71 KK, (2.31+£0.04 +£0.08)-10~*
Mso = n°KKJvr  (1.60 £ 0.20 +0.22) .10

Belle PRD 89, 072009 (2014)
Measurements of Branching Fractions of 7 decays with >1 K2

M5 =7 Ko, 8.32:1073 +0.3% + 1.8%
M7 = K- K%, 14.8-10~% £ 0.9% + 3.7%
Fa0 = 7~ K700, 3.86-1073 4+ 0.8% + 3.5%
Fas = K 7°K°u, 14.96-10% £ 1.3% + 4.9%
Fa7 =7 KSKSv- 2.33.107% + 1.4% + 4.0%

so = = m°KIKQw,  2.00-1075 + 10.8% + 10.1%
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Tau Decay Measurements

Improvements from recent K2 BFs results

—_—T—— T
L)

—e—i

—e—
o
e
—_——————
——

8 9 10
B(r ~ mK° V) [x107]

HFAG 2016 prelim.
83981 0.1403
DG 2013 Fi

LEPH
9.2800 + 0.5600
BaBar 2000 prelim.
8.4000 £ 0.0400 £ 0.2300
Belle 2014
8.3200 £ 0.0200 + 0.1600
L3
9.5000 + 1.6200

OPAL
93300 + 0.8400

HFAG

————————
HFAG 2016, prelim.
<] 1.4791+ 0.0530
PDG 2013F
—e——4 ALEPH19%
1.5800 + 0.4500
——t ALEPH 1999
1.6200 + 0.2400
ro4 Belle 2014
1.4800 £ 0.0100 £ 0.0500
—— CLEO
1.5100 + 0.3000
—— 1

B L2 HFAG
B(r - K'K"v) [x10°]

1o
——A
[ I TP P U
2 3 4 5

B(r ~ wK°m0v)[x 107

HFAG 2016, prelim,
38229 +0.1287
t
ALEPH 1999
3.4700 £ 0.6500
ALEPH 1998
2.9400 + 0.8200
BaBar 2009 prelim.
3.4200 £ 0.0600 + 0.1500
Belle 2014
3.8600 £ 0.0400 + 0.1400

L3
41000 + 1.2400

HFAG

—e—

JUFIIFE PP P B
T 15 2

B(r ~ K€K V) [x 107

HFAG 2016, prelim,

1.5032 + 0.0707
DG 2013 Fi

1.590¢

ALEPH

15200 + 0.7900

ALEPH

1.4300 + 0.2900

Belle 2014

15000 + 0.0200 + 0.0700

CLEO

1.4500 + 0.4100

HFAG

™ HFAG 2016, prelim
2.3324 £ 0.0652

o PDG 2013 Fi
—— e ALEPH
2.6000 + 1.1200

‘o Babar 2012
2.3100 £ 0.0400 £ 0.0800
o Belle 2014

2.3300 + 0.0300 + 0.0900

—_——— CLEO
2.3000 + 0.5800

15 2 25 374 HFAG
B(r — T K K, v) [x 107]

—_—
15 2

B(U - K, K, € V) [x 107]

HFAG 2016, prelim,
1.8400 + 0.2100

§ -
BaBar 2012

1.6000 + 0.2000 + 0.2200
Belle 2014

2.0000 + 0.2200 + 0.2000

HFAG

e 2 BABAR preliminary results are shown above, but not used in HFAG 2016 prelim. fit
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Tau Decay Measurements

Measurement pulls - HFAG 2016 prelim., no scaling

Measurements pulls

Measurement pulls probability

Maximum measurement pull probability

number of

o N & o

1 I‘
654321001 2
pull

number of measurements

3

<

>

@

a~

w

~

-

o

00 01 02 03 04 05 06 0.7 08 09 10
probability

3.0

~
o

~
o

number of measurements
e
o &

°
&

°
o

210 12 3 4 6

5 -4 -3 2 -
probability in Gaussian sigma's

two outliers: BABAR and Belle B(7 — K~ K~ KTv;) results

(probabilities expressed as n. of Gaussian sigma's)

e rightmost plot: pull probability by measurement, should that pull be the maximum of

n.d.o.f. Gaussian pulls: apply scaling for Pmax(pull;) > 30
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Impact of BABAR and Belle B-factories - HFAG 2016 prelim.

B-factories improved small BFs, not large BFs

e cannot select tau events with just one hemisphere with good efficiency and purity
e lower hadronic multiplicity = more difficult to discriminate 77 vs. hadrons

e less precise knowledge of the luminosity

B-factories tend to measure lower BFs

44 44

BaBar

Belle

number of measurements
N w

number of measurements
~ w

N
N

o
o

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
standard deviations standard deviations

e updated plots of feature mentioned in PDG reviews

e results with no B-factories inputs obtained with the HFAG fit techniques
(PDG reviews use old enough PDG editions results)
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Pisa

u Decay Measurements

Leptonic branching fractio

'AG 2016 prelim.

T —— S R
o HFAG 20186, prelim
17.8200 + 0.0400
PS ALEPH 2005 PS
17.8370 + 0.0720 + 0.0360
—t——— CLEO 1996 H—e—H
17.7600 + 0.0600 + 0.1700
Py DELPHI 1999 P
17.8770 + 0.1090 + 0.1100
H—e—H L3 2001 H——e—Hi
17.8060 + 0.1040 + 0.0760
H—e—H OPAL 1998 H—e——H
17.8100 + 0.0900 + 0.0600
P . | P - Pl IR A R
17.6 17.8 18 17.2 17.3 17.4
e ,2 HFAG o 2
B(T" ~ €V, v,) [x107] 2016 prelim B(T - WV, v, [x107]

HFAG 2016, prelim.
17.3950 + 0.0380

ALEPH 2005

17.3190 + 0.0700 + 0.0320
DELPHI 1999

17.3250 + 0.0950 + 0.0770

L3 2001
17.3420 + 0.1100 + 0.0670

OPAL 2002
17.3400 + 0.0900 + 0.0600

HFAG

New Vistas in

0.9762 + 0.0028
P ARGUS 1991

[P BABAR 2009

H-o—+ CLEO 1996

094 096 098 1 102
HFAG

B(T -~ WV, vy)/B(T - eV, vy)

o HFAG 20186, prelim.

0.9970 + 0.0350 + 0.0400
0.9796 + 0.0039 + 0.0005

0.9777 + 0.0063 + 0.0087
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Tau radiative leptonic decays (E, > 10 MeV)

Tau Decay Measurements

L I L B

—t———
o
rod

16 17 18 19
T eyvvV[i0?

CLEO 2000

1.750 £ 0.060 £ 0.170
BaBar 2015

1.847 + 0.015 + 0.052
Fael & Passera 2015
1.645 £ 0.019 £ 0.003

L B e e N B |

—t——t———

PRI I S T N S S |

3.6 3.7 3.8
L TRVAY V[10'3]

CLEO 2000

3.610 + 0.160 + 0.350
BaBar 2015

3.690 + 0.030 + 0.100
Fael & Passera 2015
3.572 + 0.003 + 0.006

o (see also M.Passera presentation in this workshop)
e CLEO 2000: T. Bergfeld et al., PRL 84 (2000) 830

e BABAR 2015: PRD 91, 051103 (2015)
e Fael & Passera 2015: NLO calculation, JHEP 07 (2015) 153, arXiv:1602.00457 [hep-ph]
e 3.50 discrepancy between BABAR 2015 and NLO calculation, to be investigated
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e spectral functions, 2005, revised in

@ F O - i
;; 3 e ALEPH vector Tﬁ:, [ e ALEPH axial
C — Perturbative QCD (massless) 12 [— Perturbative QCD (massless)
25 :— - Parton model prediction . [ --- Parton model prediction
C = r I’v e 3n
2 - 810,31, 6M(MC) 08 L ,* % Tarl 3rerd,5m
wrnre kk°(MC) C é %0‘ Tikk-bar(MC) |
15 F C ¢
E Tikk-bar(MC) 06 |- 4%
L L S AU I = S
: r P «;;H»
1F 04 F
L F )
L - [
05 F § T r p:
5 | 02 - s
: - £
o L o _._._‘_g!(Lu_l_LLL._l_.JJJ_LLLL.J_UJJJ_u_._._
0 05 1 15 2 25 3 3.5) 0 05 1 1.5 2 25 3 3.5
s (Gevz) s (GeVZ)

e Davier, Hocker, Malaescu, Yuan, Zhang, EPJC 74 (2014)
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S B e e e e B L =, B e e e T B
>0 | - OPAL vector | ® - OPAL axial |
2.5 f T“\ RETS f 25 - 0 3, 7m0 20" 7
r 1 W 3,7 3" f W 3n22" —
| I H MC corr. 1 ) H MC corr. *
L 1 ] L ]
r + — perturbative QCD (massless) | — perturbative QCD (massless) | |
[ | --- naive parton model ] -- naive parton model ]
151 Ty 1 15 1
I ] ]
e, 1 Ir ]
A Ll ‘HHH\H ] ]
[ ] , i i
0.5 r i L% 5 0.5 5
% z z
4 1 1 1

0 0 0.5 1 1.5 2 25 3 0 0 . X

s (GeV?) s (GeV?)

e OPAL coll., EPJC 7 (1999)

New Vistas in Low-Energy Precision Physics (LEPP), 4-7 April 2016, Mainz, Germany



Alberto Lusiani — Pisa Tau Decay Measurements

ALEPH and OPAL strange V+A spectral functions

© ~ FroTTrTTTT T T T T T T T T T T T T T
t 6F ALEPH f 35 + OPAL
3 4 h [ + (K) from PDG
5F O Km 3 0 (k)
F Krut - B (Kowknn)
4 V% b 0 (Kom)
E |53 K n (M C) ) E -- ;amanon model
3F B K4an(MO) E
>E B K51t (MC) 1-5;’
[ TR [ | ke
1t 05 £
o b L PR
0.5 1 ) 2 5 05 1 15 2 25 3
Ma552 (GeV/cz) siGeV’
ALEPH, Phys. Rep. 421 (2005) 191 OPAL, EPJC 7 (1999)
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B-factories 7 — Knv V+A spectral functions

£ T T 104k
% 102 > K% - K2r
e f ] R
g 1 S 10°%
Q1 3 %
2 F E =
g f IR EEE!
G0 SN =y .
§ s ”q’q
[ ] @ *
107 Giof
E i >
£ i L
[ iR b : P
10'3;H\3"m"‘\kuwuwuf}d"ml ! . . . . .
04 06 08 1 12 14 16 18 2 08 1 12 14 16
M- (Gevic?) Vs. GeV/c2
BABAR, PRD 76 (2007) 051104 Belle, PLB 654 (2007) 65

(not background-subtracted)
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Tau Decay Measurements

BABAR T — hhhv spectral functions

<, 0.03}"' T — < 0.05 T T .
= F (@ BABAR 1| |2 E (e BaABAR |
2 r preliminary % 0.04f preliminary ]
(=3 ‘ - . —
S [ ;g‘a’g% ] S r giﬂi; ]
= 0.02— £ 3 — = r » ]
= F 3 £ g = o.03F % =
= r z % q = F r ]
= - H 3 i1 |E E i ]
= r 7 , '~ 0.02F B
3 o°r i Jli 13 F g:éi ]
g ; N RER T E
07 , o . L | C;gf!g | | .i.i.'-Fg-:
0.5 1 1.5 1 1.2 1.4 1.6
M@ETTTTE) (GeV/c?) MK TTTt) (GeV/c?)
T T T N !
L 2 (o BABAR = i BABAR
= (e =
§ L preliminary % preliminary
S S 0.1—
= r ) = r
= 0.04f / 7 = F
F r i 1 F L
< F B < L
= L q] ] S
= oo ; ~ 0.05- )
% . i i l % [ "
= H - F o
= L -y i = [ g
ol 1 ’.."w._ ,! 1 1
1.2 1.6 P25 1.6 1.7
MK TTK") (GeV/c?) MK K'K") (GeV/c?)

Nugent, Nucl.Phys.Proc.Suppl
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Alberto Lusiani — Pisa Tau Decay Measurements

Belle 7 — hK v V+A spectral functions

0.045 . 0051
= . L
& 004 . o~ F 0’”&
L2 E ¢ L 04— # ¢
S 00355 N > U L)
o E . (] L ] 4
U] E . o O r } y
o ¢ . = o003 [
o 0 o . - 10
S N . T Ky S [ 4 4 T KKgmv
3 - S r .
0.02F N ~ 00o .
E L4 A —
3 0.015 o " g [ S
= E > Y C r ¢ .
kel - © r .
o ool S .\ C 001 0 -
S E S
= 0.005F J = r S
E s h r *,
E . L
Evlvvn b bvrn b b b b v buias bbb b e b b b b e
08 09 1 11 12 13 14 15 16 17 18 1 11 12 13 14 15 16 17 18 19 2
nKT{,(GeV/c) KK nO(GeV/c)

Ryu [Belle] Nucl.Phys.Proc.Suppl. 253-255 (2014) 33

New Vistas in Low-Energy Precision Physics (LEPP), 4-7 April 2016, Mainz, Germany



Lepton Flavour Violation results

Alberto Lusiani — Pisa Tau Decay Measurements

Introduction

e searches for LFV are powerful and clean probe for New Physics effects
e B-Factories are best facilities to search for LFV tau decays
e LFV tau decays are easier to detect than SM tau decays

» typically no undetected neutrinos
> reconstructed decay products invariant mass peaks at tau mass
» reconstructed decay products energy in CM-frame peaks at half the event energy

Most recent LFV searches results from the B-Factories
e BaBar 7 — 3 leptons, PRD 81 (2010) 111101

e Belle 7 — 3 leptons, PLB 687 (2010) 139

o Belle T — (K2, 7 — (K2K2, PLB 692 (2010) 4

Belle 7 — £V, PLB 699 (2011) 251

e Belle 7 — ¢hh', PLB 719 (2013) 346
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HFAG combined a subset of tau LFV upper limits

branching fraction 90% CL upper limits

10°F _
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E Y 1 |Summer 2014 |
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N v i b M v N
N + . . v . . 1 Belle
. i
R M « LHCb
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g . |
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Tau LFV expected upper limits for Bellell

branching fraction 90% CL upper limits
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Other measurements

e CP violation in 7 — Ksmv
e Michel parameters (structure of EW tau decay)
e tau in decay of B, Higgs and other particles
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Elaborations of tau branching fractions and spectral functions

e lepton universality tests

e «; (see also E.Passemar, this Workshop, and March 2016 Mainz QCD Workshop)
e muon g—2 hadronic contribution (see also March 2016 Mainz QCD Workshop)

o |Vis| (see also March 2016 Mainz QCD Workshop)

e fits on moments of spectral functions

» provide uncalculable QCD predictions
» include non-perturbative terms
> help estimating truncated terms in OPE
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Lepton universality - HFAG 2016 prelim.

Standard Model for leptons A, p = e, u, 7 (Marciano 1988)

B/\) GA Gpms m?
T\ — vapp = I = [\B\, = L= = Af| PN,
[ UxPZp(7)] Ap ABxp P 993 m Iy 12
2 2
&X 3 4 2 my
Gy = ———— f(x) =1—8x+8x>—x"—12x%Inx f\,=Ff| —&5
VETVES () AP <m§
where
Ao 3m 14 a(my) <25 2)
I = - r, = — T
W s5M2, 7 2r \ 4

Tests of lepton universality from ratios of above partial widths:

(gl> - \/BTe Tumifuetin ™ _ 4 0012 + 0.0015 = ,| B
: o015 = /2

5 T SM
8u Bue T My f.,-erWr;‘/' Te

(gi> - \/Bw TemifuetW™ _ 1 0030 4 0.0014 — | Bre

8e Bpe TTms’-f‘rp.r'}-Vr; B.,S_l\l_';I
B, f.
(iﬂ) — [Brefre _ 4 0019 + 0.0014
8e Bre f‘rp,

o precision: 0.20—0.23% pre-B-Factories = 0.14—0.15% today
thanks essentially to the Belle tau lifetime measurement, PRL 112 (2014) 031801

e r7=1-432.10"%and ' =1—42.4.10"* (Marciano 1988), My from PDG 2013
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Alberto Lusiani — Pisa

Coupling constants ratios uncertainties contributions - HFAG 2016 prelim.

quantity  uncertainty  contribution

Tr 0.18% 0.090%
Br e 0.23% 0.115%
ms 0.009% 0.022%
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Universality improved B(T — evv) and Ryaq - HFAG 2016 prelim.

Universality improved B(7 — evrp)

e (M. Davier, 2005): assume SM lepton universality to improve Be = B(T — elevr)
fit Be using three determinations:
» B.=B.
> B, = B, f(m?/m2)/f(m?/m?)
> Be = B( — emavy) - (7o /1) (e /m ) - £(m2 /m2) [ £(m2/m2) - (5307%,)/ (661,
[above we have: B(u — evev,) = 1]
o BU" = (17.818 £ 0.022)%  HFAG-PDG 2016 prelim. fit

Riaa = [(7 — hadrons) /T v (7 — evi)
[(r — hadrons)  Bhadrons _ 1 — BE™ — f(m7/m2)/f(mZ/m2)- B&™
T univ (T — evD) (B Buniv

» two different determinations, second one not “contaminated” by hadronic BFs
® Rihaa = 3.6359 4 0.0074 HFAG-PDG 2016 prelim. fit
® Ruad(leptonic BFs only) = 3.6397 4+ 0.0070 HFAG-PDG 2016 prelim. fit

® Rhad =
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Lepton Universality tests with hadron decays - HFAG 2016 prelim.

Standard Model:

2 2
g\ _ B(r— thT) 2mym?Th il— mlz/mﬁ (h=m or K)
8u B(h — u,) (L4 0p)m37, \1 — m3/m2

rad. corr. 6, = (0.16 £0.14)%, dx = (0.90 & 0.22)% (Decker 1994)

(g—") = 0.9966 + 0.0026 , (g—f) = 0.9865 + 0.0071 .
8u /) 8/ Kk

(electron tests less precise because hadron two body decays to electrons are
helicity-suppressed)
Averaging the three g- /g, ratios:

(g;,-) = 1.0002 4= 0.0014 , (accounting for statistical correlations)
8u /) 1wtk

[recent useful contribution from BABAR }E_UT measurement, PRL 105 (2010) 051602]

e Uelr
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Determination of |V,s| from experimental data
from kaon decays

GFmj, - 2 2
T C Stiw (IVislF7(0)) 1 (1+ 88K + 885

. T(KE = ) |Vi? fémK(l m3 /mi)?
F(rE = 030) — |Vial? £2 me(1— m2/m2)2

from tau decays

R(T - XStYa"ge) R(T — Xnonfstrange) . .
| Vis|? B Va2 = 0R; 5U3 breaking,  tau inclusive”

[R(t — X) =T(7 — X)/T(T — evv)]
B(t— = K vr) 2|V (1 = mzK/mE)2 no(t- = K v;)
B(r= =7 vr)  £2|V]* (1 —m2/m2)? no(t— = nvy)
e GR1R| Vs |*mi s mE\? ok
(] B(T *}K VT):T 1—¥ SEW

-

o [(K — mligly]) =

(1+dgm)

_ 2 ~ 2
o I(1 = Krv[y]) = =E== CF SEW" (IVus\fK”( )) I (1 + Sfins + 555(2))
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“tau inclusive” |V,s| determination

R(T — Xstrange) R(T — Xnon-strange)
° 2 - 2 — §RT,SU3 breaking
‘ VU5| | Vudl

® OR; sus breaking can be computed with OPE

> finite-energy sum rules (FESR) with

either fixed-order (FOPT) or contour-improved (CIPT) prescriptions
» strong dependence from m;
» problematic convergence requires special treatment
> non-pert. terms fitted / estimated using tau spectral functions moments
» assumptions on D>4 OPE contributions

e input |Vys| and compute ms, Pich & Prades, hep-ph/9909244
e input ms and compute | V|
» Gamiz, Jamin, Pich, Prades, Schwab, hep-ph/0212230, hep-ph/0408044,
» Maltman, 1011.6391 [hep-ph]
» Maltman (Lattice 2015, 1510.06954 [hep-ph], Mainz QCD Workshop in March 2016
m fit of |Vis| and D>4 condensates on moments of tau spectral functions
m use QCD lattice to quantify OPE truncation error
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Tau branching fractions to strange final states, HFAG 2016 prelim.

Branching fraction HFAG-PDG 2016 prelim. fit

Fo=K vr (0.6965 =+ 0.0097) - 10—2
Me =K 7, (0.4330 +0.0148) - 102
M3 = K270, (ex. K°) (0.0652 + 0.0218) - 102
Mg = K37, (ex. K% n) (0.0483 £ 0.0212) - 102
M5 =7 Kour (0.8398 + 0.0140) - 10— 2
Fa0 =7 Ko7, (0.3823 £ 0.0129) - 10—2
Faa = 7~ Ko7%7%, (ex. K°) (0.0272 + 0.0226) - 102
Ms3 = K°h~h htu, (0.0255 + 0.0199) - 102
M2g = K™ nur (0.0155 + 0.0008) - 102

(

(

(

(

(

(

(

(

(

130 = K~ monur 0.0048 + 0.0012) - 102
32 =7~ Konuy 0.0094 -+ 0.0015) - 102
Ms1 = K- wrr 0.0410 4 0.0092) - 102
Fgo1 = K~ dvr (¢ — KK) 0.0037 + 0.0014) - 102
Mgo2 = K- mlvr (ex. KO w) 0.2930 4 0.0069) - 102

Mgos = K- n 770 (ex. K% w,m)  (0.0395 + 0.0142) 102
0.0001 + 0.0001) -10—2

[goo = K_27r_27r+l/7- (ex. KO)
Fg33 = K 2m 27t 7% (ex. K°) 0.0001 + 0.0001)-10—2
2.9250 4 0.0443)-1072

M10 =X vr
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|Vus| from B(+ — K=rv)

G2m75' i ™ 2 T T SKm 2
e Gk Stw (IVasl£7(0)) 1R (1+ 8850+ 555

e M.Antonelli, V.Cirigliano, A.L., E.Passemar, arXiv:1304.8134 [hep-ph]

o I(t — Kﬂ'u,-['y]) =

» compute the phase space integrals, /£ using K7 form factors
m from 7 — Knv, Belle '08 K27 data
m Ky3 data may also be used for the low energy end of the integral
> first estimate of the long-distance electromagnetic corrections (657;) to 7 — Knw,
> isospin breaking corrections (Sé({j@)) for 7 — K7, vs. 7 — K,
» ££7(0) from FLAG 2013
££7(0) | Vis| = 0.2141 4 0.0014 ., + 0.0021cxp
|V,,s| = 0.2216 + 0.0027 E. Passemar, CKM 2014

e V-Bernard, arXiv:1311.2569 [hep-ph]
First determination of £, (0)|V.s| from a combined analysis of
7 — Krv, decay and mK scattering with constraints from K3 decays

» global fit of tau and K data

v

v
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Tau Decay Measurements

| Vus| results

K3, Maltman, Mainz 2016 (MILC 14)
0.2231+ 0.0008

K,, Maltman, Mainz 2016 (FLAG 15)
0.2250 + 0.0010

CKM unitarity, PDG 2015

0.2255 + 0.0010

T - sincl., Maltman, Mainz 2016
0.2228 + 0.0023 + 0.0005

T - Kmv, Passemar, CKM 2014
0.2216 + 0.0027

T - sincl.,, HFAG 2016 prelim.
0.2192 + 0.0020

T - Kv /1 - 1v, HFAG 2016 prelim.

0.2233 + 0.0019

T - Kv, HFAG 2016 prelim.
0.2214 + 0.0020

T average, HFAG 2016 prelim.
0.2204 + 0.0014

Elaborations of tau results

e Maltman, Mainz 2016 uses

» HFAG 2014 fit data
> available spectral functions
» Adametz thesis on
B(r — KnrOv)
> Moulson CKM 2014 for
kaon experimental inputs
> lattice QCD Nf=2+1+1
form factors
m Kj3: FNAL-MILC 2014
m K,2: FLAG 2015

e Passemar CKM 2014 uses
» HFAG 2014 fit data
e CKM unitarity uses |V,q|
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Conclusions

e many useful tau measurements are available
e B-factories have large samples but

» relatively unfavorable conditions
» precision analyses require hard work and their results are just a piece in
further elaborations (s, |Vus|, g—2 hadronic contribution)

e much more data will be available from Bellell in the near future

e manpower and organization are/will be essential to best exploit the available data
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Backup Slides
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