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CKM Matrix

2

V-A interaction via W-exchange with quarks have Vij

CKM Unitarity violation: |Vud|2 + |Vus|2 + |Vub|2 = 1 + ΔCKM

 ΔCKM  ~ (v/Λ)2 sensitive to new physics in large class of  models

Standard  
Model

New 
Physics
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J.C.Hardy & I.S. Towner, PRC 91 (2015) 025501

Particle Data Group 2016

Precision measurement of |Vus| is a test of CKM unitarity

Vij: Mixing between Weak and Mass Eigenstates

• |Vud| = 0.97417 ± 0.00021 (from nuclear β decays) 

• |Vub| = (4.09 ± 0.39) x 10-3 (from B → Xu ℓ ν decays) 

 ⇒  |Vus|CKM = 0.22582 ± 0.00091
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� |Vus|f+(0)

� |Vus|
|Vud|

FK
F�

� |Vus|f1(0)

Kl3 decays:

Kl2 decays:

Hyperon decays:

τ decays:
� ms, |Vus|
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d' d' 

20%   20%                60% 

|d’> = Vud|d> + Vus|s>

Including QED &
QCD corrections:

Naive prediction:

•  τ	lepton	discovered	in	1976	by	M.	Perl	et	al.		
(SLAC-LBL	group)	
-	Mass:																																							-	Life+me:		

 
 
 
 
 

•  Enormous	progress	in	tau	physics	since	then		
(CLEO,	LEP,	Babar,	Belle,	BES,	VEPP-2M,		
neutrino	experiments,...)		

–  Early years: consolidate τ as a standard lepton  
no invisible decays and standard couplings 

–  Better data: determination of fundamental 
SM parameters and QCD studies 

	

 
 
 

 

 

The τ  lepton 

1.77682(16) GeVmτ =

PDG’14 

132.096(10) 10 sττ
−= ⋅

Experiment Number of τ  pairs 

LEP ~3x105 

CLEO ~1x107 

BaBar ~5x108 

Belle ~9x108 

4 
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•                                               parton	model	predic+on		
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2.2  Theory 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) ≈ NC

Emilie Passemar 

  Rτ = Rτ
NS + Rτ

S ≈ Vud

2
NC + Vus

2
NC
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  Extraction$of$αS$and$Vus.$The$idea$is$simple:$

(Inclusive) Hadronic tau decays 
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QCD switch 

(αS=0) 
€ 

Rτ ≡
Γ τ →ντ + hadrons( )
Γ τ →ντ  e

−  ν e( )
≈ NC

€ 

Rτ = Rτ
S=0 + Rτ

S≠0 ≈ NC Vud
2

+ NC Vus
2
≈ 2.85 + 0.15

€ 

Vus
2

Vud
2 ≈

Rτ
S≠0

Rτ
S=0

€ 

Vus
2

11 

  

Vus

2

Vud

2 =
Rτ

S

Rτ
NS  Vus

ud usd V d V sθ = +

Parton model:

∝|Vud|2 ∝|Vus|2
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•                                                                                    naïve QCD prediction         
 
 
 

  Experimentally 
 
 
 
 

•  Difficulty            QCD corrections : 
 
 
 
•   

 
 

 
 
      

 
 

2.1  Introduction 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) = Rτ
NS + Rτ

S ≈ Vud

2
NC + Vus

2
NC

1
3.6291 0.0086e

e

B B
R

B
µ

τ

− −
= = ±

Emilie Passemar 

( )2 2
ud C us C SR V N V Nτ α= + +Ο

CKM 2014, 9 September 2014 

( )2 2 2 2(0) ( ) ( )

2
1 D D

C EW us ud ud ud us us
D

R N S V V V Vτ δ δ δ
≥

⎧ ⎫⎡ ⎤⎡ ⎤= + + + +⎨ ⎬⎣ ⎦ ⎣ ⎦⎩ ⎭
∑

QCD part determined using OPE 

Spectral Moments:

Finite energy sum rules ⇒ SU(3) breaking sensitive to ms :

Rkl
� =

� 1
0 dz(1� z)kzl dR�

dz , z = q2

m2
�

Zeroth order moments are simply the τ branching fractions 

Truncation errors studied with QCD lattice inputs in terms of weights:

10th International Workshop on e+e− collisions from φ to ψ (PhiPsi15)

δRw
V +A(s0) ≡

Rw
V +A;ud(s0)

|Vud|2
−

Rw
V +A;us(s0)

|Vus|2
, one then has

|Vus| =

√

Rw
V +A;us(s0)/

[

Rw
V +A;ud(s0)

|Vud|2
− δRw,OPE

V +A (s0)

]

.

(3)
The resulting |Vus| should be independent of s0 and the
choice of weight, w, provided all experimental data, and
any assumptions employed in evaluating δRw,OPE

V +A (s0),
are reliable. Since integrated D = 2k+2 OPE contri-
butions scale as 1/sk0, problems with assumptions about
higher D non-perturbative contributions, e.g., will pro-
duce an unphysical s0-dependence in |Vus|.

The conventional implementation of Eq. (3) [1] em-
ploys w=wτ and s0 =m2

τ . With this choice, the spectral
integrals Rwτ

V +A;ud,us(m
2
τ ) are determinable from inclu-

sive non-strange and strange hadronic τ branching frac-

tions, but assumptions about higher dimension D = 6,8
OPE contributions, in priniciple present for a degree 3
weight like wτ , are unavoidable. Using a single w and
single s0 precludes subjecting these assumptions to w-
and s0-independence tests. It is a long-standing puz-
zle that this implementation produces inclusive τ |Vus|
determinations > 3σ below 3-family-unitarity expecta-
tions (the most recent version, |Vus|=0.2176(21) [7], e.g.,
lies 3.6σ below the current unitarity expectation, |Vus|=
0.2258(9) [6]). Tests of the conventional implementation,
however, show sizeable s0- and w-dependence [8] (see
also, e.g., the left panel, and solid lines in the right panel,
of Fig. 1), indicating the existence of systematic prob-
lems in the conventional implementation. The dashed
lines in the right panel show the results of the alternate
implementation discussed below.

2 2.5 3
s0 [GeV2]

0.215

0.22

0.225

0.23

|V
us

|

w
τ
(y)

ŵ(y)

2 2.5 3
s0 [GeV2]

0.222

0.225

0.228

|V
us

|

w2(y), VSA D=6
w3(y), VSA D=6
w4(y), VSA D=6
w2(y), fitted C6
w3(y), fitted C8
w4(y), fitted C10

Fig. 1. Left panel: |Vus| from the wτ and ŵ FESRs with standard [1] OPE treatment (including CIPT for the D=2
series). Right panel: Comparison of conventional implementation results with those obtained using central fitted
C6,8,10 values and the FOPT D=2 prescription favored by lattice results, for the weights w2,3,4 defined in the text.

Two obvious theoretical systematic issues exist which
might account for the observed w- and s0-instabilities.
The first concerns the treatment of D = 6, 8 OPE con-
tributions. Both the conventional implementation and
generalized versions just mentioned [8], estimate D = 6
contributions using the vacuum saturation approxima-
tion (VSA) and neglect D = 8 contributions. The VSA
D= 6 estimate is very small due to significant cancella-
tions, both in the individual ud and us V+A sums and in
the subsequent FB difference of these sums. With size-
able channel-dependent VSA breaking observed in the
flavor ud V and A channels [9], such strong cancellations
make the VSA estimate potentially quite unreliable. The
second possibility concerns the slow convergence of the
D = 2 OPE series for ∆Πτ . With ā = αs(Q2)/π, and
ms(Q2), αs(Q2) the running strange quark mass and

coupling in the MS scheme, one has, to four loops [10]
(neglecting O(m2

u,d/m
2
s) corrections)

[∆Πτ (Q
2)]

OPE

D=2 =
3

2π2

ms(Q2)

Q2

[

1+
7

3
ā+19.93ā2

+208.75ā3+ · · · ] . (4)

Since ā(m2
τ )≃ 0.1, convergence at the spacelike point on

|s|= s0 is marginal at best, raising questions concerning
the choice of truncation order and truncation error esti-
mates for the corresponding integrated series. The D=2
convergence/truncation issue is also evident in the signif-
icant difference (increasing from ∼ 0.0010 to ∼ 0.0020 be-
tween 3- and 5-loop truncation order) in |Vus| results ob-
tained using alternate (fixed-order (FOPT) and contour-
improved (CIPT)) prescriptions (prescriptions differing

PhiPsi15-2

fractions similarly to the kaon case, using the same lattice QCD estimates, in order to check the overall experimental
consistency.

In the following Sections 5.1 and 5.2 we update the CKM coefficient |V
us

| determinations that were shown in the
previous report using the 2015 determination of |V

ud

| [73] and the updated averages from HFAG 2016 and PDG
2015 for the other quantities.

5.1 |V
us

| from B(⌧ ! X
s

⌫)

The ⌧ hadronic partial width is the sum of the ⌧ partial widths to strange and to non-strange hadronic final states,
�

had

= �
s

+ �
VA

. The suffix “VA” traditionally denotes the sum of the ⌧ partial widths to non-strange final states,
which proceed through either vector or axial-vector currents.

Dividing any partial width �
x

by the electronic partial width, �
e

, we obtain partial width ratios R

x

(which are equal
to the respective branching fraction ratios B

x

/B
e

) for which R

had

= R

s

+ R

VA

. In terms of such ratios, |V
us

| is
measured as [72]

|V
us

|⌧s

=

s

R

s

/


R

VA

|V
ud

|2 � �R
theory

�
,

where �R
theory

can be determined in the context of low energy QCD theory, partly relying on experimental low energy
scattering data. The literature reports several calculations [72, 74, 75]. In this report we use Ref. [72], whose
estimated uncertainty size is in between the two other ones. We use the information in that paper and the PDG 2015
value for the s-quark mass m

s

= 95.00 ± 5.00 MeV [8] to calculate �R
theory

= 0.242 ± 0.032.

We proceed following the same procedure of the 2012 HFAG report [2], using the universality improved B

uni

e

=
(17.815 ± 0.023)% (see Section 4) to compute the R

x

ratios, and using the sum of the ⌧ branching fractions to
strange and non-strange hadronic final states to compute R

s

and R

VA

, respectively.

Using the ⌧ branching fraction fit results with their uncertainties and correlations (Section 2), we compute B

s

=
(2.909±0.048)% (see also Table 13) and B

VA

= B

hadrons

�B

s

= (61.85±0.10)%, where B

hadrons

is equal to �
hadrons

defined in section 4. PDG 2015 averages are used for non-⌧ quantities, including |V
ud

| = 0.97417 ± 0.00021, which
comes from Ref. [76] like for the previous HFAG report.

We obtain |V
us

|⌧s

= 0.2186 ± 0.0021, which is 3.1� lower than the unitarity CKM prediction |V
us

|
uni

= 0.22582 ±
0.00091, from (|V

us

|
uni

)2 = 1 � |V
ud

|2. The |V
us

|⌧s

uncertainty includes a systematic error contribution of 0.47%
from the theory uncertainty on �R

theory

. There is no significant change with respect to the previous HFAG report.

5.2 |V
us

| from B(⌧ ! K⌫)/B(⌧ ! ⇡⌫) and from B(⌧ ! K⌫)

We follow the same procedure of the HFAG 2012 report to compute |V
us

| from the ratio of branching fractions
B(⌧ ! K

�⌫⌧ )/B(⌧ ! ⇡�⌫⌧ ) = (6.438 ± 0.094) · 10�2 from the equation

B(⌧ ! K

�⌫⌧ )
B(⌧ ! ⇡�⌫⌧ )

=
f

2

K

|V
us

|2

f

2

⇡ |Vud

|2

�
1 � m

2

K

/m2

⌧

�
2

(1 � m

2

⇡/m
2

⌧ )
2

R⌧K/⌧⇡

We use f

K

/f⇡ = 1.1930 ± 0.0030 from the FLAG 2016 Lattice averages with N

f

= 2 + 1 + 1 [77].

The ratio of radiative corrections R⌧K/⌧⇡ is estimated as R⌧K/⌧⇡ = R(⌧�!K

�⌫/K�!µ�⌫) /R(⌧�!⇡�⌫/⇡�!µ�⌫)·
R(K�!µ�⌫ /⇡�!µ�⌫), where R(⌧�!K

�⌫/K�!µ�⌫) /R(⌧�!⇡�⌫/⇡�!µ�⌫) = [1 + (0.90 ± 0.22)%] / [1 +
(0.16 ± 0.12)%] [78] and R(K�!µ�⌫ /⇡�!µ�⌫) = 0.9930 ± 0.0035 [79, 80].

We compute |V
us

|⌧K/⇡ = 0.2231 ± 0.0018, 1.3� below the CKM unitarity prediction.

We determine |V
us

| from the branching fraction B(⌧� ! K

�⌫⌧ ) using

B(⌧� ! K

�⌫⌧ ) =
G

2

F

f

2

K

|V
us

|2m3

⌧ ⌧⌧
16⇡ �

h

✓
1 � m

2

K

m

2

⌧

◆
2

S

EW

.

We use f

K

= 155.6 ± 0.4 MeV from FLAG 2016 with N

f

= 2 + 1 + 1 [77] and the radiative correction S

EW

=
1.02010 ± 0.00030 [81]. We obtain |V

us

|⌧K

= 0.2223 ± 0.0016, which is 1.9� below the CKM unitarity prediction.
The physical constants have been taken from PDG 2015 (which uses CODATA 2014 [82]).

21

[PDG2015]
E.Gamiz, M.Jamin, A.Pich, J.Prades & F. Schwab, arXiv 0709.0282 [hep-ph]

K.Maltman, R.J.Hudspith, R.Lewis, C.E.Wolfe, J.Zanotti, arXiv 1511.08514 [hep-ph]
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Alberto Lusiani – Pisa Tau Decay Measurements

ALEPH non-strange spectral functions, 2005, revised in 2014
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• Davier, Höcker, Malaescu, Yuan, Zhang, EPJC 74 (2014)
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h
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e
τ

τ
τ

τ ν γ

τ ν ν γ

− −

− −

Γ →
≡
Γ →

dR
ds

τ

, , ,V SAR R R Rτ ττ τ= + +

,VRτ , 0v shττ ν−
=→ +

,ARτ , 0A shττ ν−
=→ +

,SRτ   τ
− →ντ + hV +A,s=1

(even number of pions) 

(odd number of pions) 

Emilie Passemar CKM 2014, 9 September 2014 

Originally published in 2005, Revised calculations in 2014
M.Davier, A.Hoeker, B.Malaescu, C.Z.Yuan & Z.Zhang, EPCJ 74 (2014) 2803
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, , ,V SAR R R Rτ ττ τ= + +
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,ARτ , 0A shττ ν−
=→ +
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OPAL Collaboration,  EPCJ 7 (1999) xxxx

Alberto Lusiani – Pisa Tau Decay Measurements

OPAL non-strange spectral functions, 1999
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Alberto Lusiani – Pisa Tau Decay Measurements

ALEPH and OPAL strange V+A spectral functions
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OPAL
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Strange Spectral Functions from ALEPH & OPAL are not so precise
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Some [preliminary] measurements from B-Factories are available

Alberto Lusiani – Pisa Tau Decay Measurements

B-factories ⌧ ! K⇡⌫ V+A spectral functions
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Alberto Lusiani – Pisa Tau Decay Measurements

Belle ⌧ ! hK0
S⇡

0⌫ V+A spectral functions
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Alberto Lusiani – Pisa Tau Decay Measurements

BABAR ⌧ ! hhh⌫ spectral functions
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Alberto Lusiani – Pisa Tau Decay Measurements

BABAR ⌧ ! hhh⌫ spectral functions
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τ Branching Fractions are well measured
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Most of the branching fractions are highly correlated. 
Sources of correlation between the same experiment: 

Track reconstruction ~ 1% for 1-vs-1 topology 
Secondary vertex reconstruction ~ 1.5% for KS 
Calorimeter bump reconstruction ~ 3% for π0 
Particle identification ~ 2-4 % 
Luminosity uncertainty ~ 1% 

Sources of correlation between different experiments: 
Tau-pair cross-section uncertainty ~ 0.36% 
Uncertainty on Branching Fractions of backgrounds 

➡Simultaneous averaging of all branching fractions
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Heavy Flavor Averaging Group (HFAG)
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Global fit to 170 measurements of τ Branching Fractions: 
39 from ALEPH 
35 from CLEO 
23 from BaBar 
19 from OPAL 
15 from Belle 
14 from DELPHI 
11 from L3 
6 from CLEO3 
3 from TPC 
2 from ARGUS 
2 from HRS 
1 from CELLO

HFAG tries to take into account correlations 
between measurements, as well as dependence 
on common external parameters such as tau-

pair cross-section and background 
normalization errors between experiments. 

As much as possible, HFAG tries to avoid 
inflating measured uncertainties using old 

PDG-style scale factors to account for spread 
between the different measurements. Instead, a 
confidence level (CL) for the average is quoted.
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ALEPH quotes the correlation matrix for hadronic modes, 
but PDG used to translate the matrix into pion modes, 

which were obtained by subtracting the kaon contribution.  
HFAG uses hadronic branching ratios from ALEPH paper. 
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HFAG tau fits in PDG
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From 2016, HFAG-style fits have been adopted by PDG. 
Chin.Phys. C40 (2016) no.10, 100001. 

According to PDG naming convention,  
47 basis nodes are fitted to 170 measurement  

with constraint that linear sum of  basis nodes add up to unity 
⇒ 170 - 47 + 1 = 124 degrees of freedom 

In HFAG notation, 135 quantities consisting of 47 basis nodes  
and 88 linear combinations or ratios of linear combinations  

are expressed as constraints. 
Both the methods are equivalent. 

Quality of fit: 
        Unity-constrained fit: χ2 / dof = 137.4/124, CL = 19.3% 
Non-Unity-constrained fit: χ2 / dof = 137.3/123, CL = 17.8%  
Residual from unity in un-constrained fit = (0.035 ± 0.103)%
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PDG Tau Branching Fraction Fit and mini-review PDG 2016 Tau Branching Fractions Fit

Error scaling in PDG 2016 Tau Branching Fraction Fit (2)
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• two outliers: BABAR and Belle B(⌧ ! K�K�K+⌫⌧ ) results

“a posteriori” justification for error scaling choice
• with many measurements, expect some pulls on the Gaussian tails
• 169 measurements, but independent pulls are n.d .o.f . = 124
• consider acceptable pulls with global significance <3� (Gaussian),

when they are the maximum pull out of 124 Gaussian pulls ) two unacceptable pulls

Alberto Lusiani, SNS & INFN Pisa – PDG Collaboration meeting, 24 October 2016, CERN 14 / 23

Table 1 – continued from previous page

⌧ lepton branching fraction Fit value / Exp. HFAG Fit / Ref.

(0.4150 ± 0.0530 ± 0.0400) · 10�2 OPAL [29]

�85

�60
=

K�⇡+⇡�⌫⌧ (ex. K 0)
⇡�⇡+⇡�⌫⌧ (ex. K 0)

(3.254 ± 0.074) · 10�2 HFAG Summer 2016 fit

�87 = K�⇡�⇡+⇡0⌫⌧ (0.1331 ± 0.0119) · 10�2 HFAG Summer 2016 fit

�88 = K�⇡�⇡+⇡0⌫⌧ (ex. K 0) (8.115 ± 1.168) · 10�4 HFAG Summer 2016 fit
(6.100 ± 4.295 ± 0.000) · 10�4 ALEPH [51]
(7.400 ± 0.800 ± 1.100) · 10�4 CLEO3 [52]

�89 = K�⇡�⇡+⇡0⌫⌧ (ex. K 0, ⌘) (7.761 ± 1.168) · 10�4 HFAG Summer 2016 fit

�92 = ⇡�K�K+ � 0 neutrals ⌫⌧ (0.1495 ± 0.0033) · 10�2 HFAG Summer 2016 fit
(0.1590 ± 0.0530 ± 0.0200) · 10�2 OPAL [53]
(0.1500+0.0900

�0.0700 ± 0.0300) · 10�2 TPC [50]

�93 = ⇡�K�K+⌫⌧ (0.1434 ± 0.0027) · 10�2 HFAG Summer 2016 fit
(0.1630 ± 0.0270 ± 0.0000) · 10�2 ALEPH [51]
(0.1346 ± 0.0010 ± 0.0036) · 10�2 BaBar [43]
(0.1550 ± 0.0010+0.0060

�0.0050) · 10�2 Belle [44]
(0.1550 ± 0.0060 ± 0.0090) · 10�2 CLEO3 [45]

�93

�60
=

⇡�K�K+⌫⌧
⇡�⇡+⇡�⌫⌧ (ex. K 0)

(1.593 ± 0.030) · 10�2 HFAG Summer 2016 fit

(1.600 ± 0.150 ± 0.300) · 10�2 CLEO [49]

�94 = ⇡�K�K+⇡0⌫⌧ (0.611 ± 0.183) · 10�4 HFAG Summer 2016 fit
(7.500 ± 3.265 ± 0.000) · 10�4 ALEPH [51]
(0.550 ± 0.140 ± 0.120) · 10�4 CLEO3 [52]

�94

�69
=

⇡�K�K+⇡0⌫⌧
⇡�⇡+⇡�⇡0⌫⌧ (ex. K 0)

(0.1353 ± 0.0405) · 10�2 HFAG Summer 2016 fit

(0.7900 ± 0.4400 ± 0.1600) · 10�2 CLEO [49]

�96 = K�K�K+⌫⌧ (2.174 ± 0.800) · 10�5 HFAG Summer 2016 fit
(1.578 ± 0.130 ± 0.123) · 10�5 BaBar [43]
(3.290 ± 0.170+0.190

�0.200) · 10�5 Belle [44]

�102 = 3h�2h+ � 0 neutrals ⌫⌧ (ex. K 0) (0.0985 ± 0.0037) · 10�2 HFAG Summer 2016 fit
(0.0970 ± 0.0050 ± 0.0110) · 10�2 CLEO [54]
(0.1020 ± 0.0290 ± 0.0000) · 10�2 HRS [55]
(0.1700 ± 0.0220 ± 0.0260) · 10�2 L3 [40]

�103 = 3h�2h+⌫⌧ (ex. K 0) (8.216 ± 0.316) · 10�4 HFAG Summer 2016 fit
(7.200 ± 1.500 ± 0.000) · 10�4 ALEPH [9]
(6.400 ± 2.300 ± 1.000) · 10�4 ARGUS [56]
(7.700 ± 0.500 ± 0.900) · 10�4 CLEO [54]
(9.700 ± 1.500 ± 0.500) · 10�4 DELPHI [20]
(5.100 ± 2.000 ± 0.000) · 10�4 HRS [55]
(9.100 ± 1.400 ± 0.600) · 10�4 OPAL [57]

�104 = 3h�2h+⇡0⌫⌧ (ex. K 0) (1.634 ± 0.114) · 10�4 HFAG Summer 2016 fit
(2.100 ± 0.700 ± 0.900) · 10�4 ALEPH [9]
(1.700 ± 0.200 ± 0.200) · 10�4 CLEO [48]
(1.600 ± 1.200 ± 0.600) · 10�4 DELPHI [20]
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HFAG and PDG tau b.f. averages and |Vus | determination from tau data Tau Branching Fractions Fits

Measurement pulls, pulls probability - HFAG 2016 prelim., no scaling
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• two outliers: BABAR and Belle B(⌧ ! K�K�K+⌫⌧ ) results
• (probabilities expressed as n. of Gaussian sigma’s)

Alberto Lusiani, SNS & INFN Pisa – Tau 2016, 19-23 September 2016, IHEP, Beijing 13 / 25

PRL 100 (2008) 011801 
PRD 81 (2010) 113007

No automatic error scaling, but only in this case, a scale factor of 5.44 is applied, 
which improves CL on non-unity constrained fit from 1.1% to 17.8%.
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HFAG and PDG tau b.f. averages and |Vus | determination from tau data Tau Branching Fractions Fits

HFAG 2016 basis modes (preliminary)

B (⌧ ! . . .) HFAG 2016 prelim.

µ�⌫̄µ⌫⌧ 17.3917 ± 0.0396
e

�⌫̄
e

⌫⌧ 17.8162 ± 0.0410
⇡�⌫⌧ 10.8103 ± 0.0526
K

�⌫⌧ 0.6960 ± 0.0096
⇡�⇡0⌫⌧ 25.5023 ± 0.0918
K

�⇡0⌫⌧ 0.4327 ± 0.0149
⇡�2⇡0⌫⌧ (ex. K0) 9.2424 ± 0.0997
K

�2⇡0⌫⌧ (ex. K0) 0.0640 ± 0.0220
⇡�3⇡0⌫⌧ (ex. K0) 1.0287 ± 0.0749
K

�3⇡0⌫⌧ (ex. K0, ⌘) 0.0428 ± 0.0216
h

�4⇡0⌫⌧ (ex. K0, ⌘) 0.1099 ± 0.0391
⇡�

K̄

0⌫⌧ 0.8386 ± 0.0141
K

�
K

0⌫⌧ 0.1479 ± 0.0053
⇡�

K̄

0⇡0⌫⌧ 0.3812 ± 0.0129
K

�⇡0

K

0⌫⌧ 0.1502 ± 0.0071
⇡�

K̄

0⇡0⇡0⌫⌧ (ex. K0) 0.0234 ± 0.0231
⇡�

K

0

S

K

0

S

⌫⌧ 0.0233 ± 0.0007
⇡�

K

0

S

K

0

L

⌫⌧ 0.1047 ± 0.0247
⇡�⇡0

K

0

S

K

0

S

⌫⌧ 0.0018 ± 0.0002
⇡�⇡0

K

0

S

K

0

L

⌫⌧ 0.0318 ± 0.0119
K̄

0

h

�
h

�
h

+⌫⌧ 0.0222 ± 0.0202
⇡�⇡�⇡+⌫⌧ (ex. K0,!) 8.9704 ± 0.0515
⇡�⇡�⇡+⇡0⌫⌧ (ex. K0,!) 2.7694 ± 0.0711
h

�
h

�
h

+2⇡0⌫⌧ (ex. K0,!, ⌘) 0.0976 ± 0.0355

B (⌧ ! . . .) HFAG 2016 prelim.

⇡�
K

�
K

+⌫⌧ 0.1434 ± 0.0027
⇡�

K

�
K

+⇡0⌫⌧ 0.0061 ± 0.0018
⇡�⇡0⌘⌫⌧ 0.1386 ± 0.0072
K

�⌘⌫⌧ 0.0155 ± 0.0008
K

�⇡0⌘⌫⌧ 0.0048 ± 0.0012
⇡�

K̄

0⌘⌫⌧ 0.0094 ± 0.0015
⇡�⇡+⇡�⌘⌫⌧ (ex. K0) 0.0218 ± 0.0013
K

�!⌫⌧ 0.0410 ± 0.0092
h

�⇡0!⌫⌧ 0.4058 ± 0.0419
K

��⌫⌧ 0.0044 ± 0.0016
⇡�!⌫⌧ 1.9544 ± 0.0647
K

�⇡�⇡+⌫⌧ (ex. K0,!) 0.2923 ± 0.0067
K

�⇡�⇡+⇡0⌫⌧ (ex. K0,!, ⌘) 0.0410 ± 0.0143
a

�
1

(! ⇡��)⌫⌧ 0.0400 ± 0.0200
⇡�2⇡0!⌫⌧ (ex. K0) 0.0071 ± 0.0016
2⇡�⇡+3⇡0⌫⌧ (ex. K0, ⌘,!, f

1

) 0.0013 ± 0.0027
3⇡�2⇡+⌫⌧ (ex. K0,!, f

1

) 0.0768 ± 0.0030
K

�2⇡�2⇡+⌫⌧ (ex. K0) 0.0001 ± 0.0001
2⇡�⇡+!⌫⌧ (ex. K0) 0.0084 ± 0.0006
3⇡�2⇡+⇡0⌫⌧ (ex. K0, ⌘,!, f

1

) 0.0038 ± 0.0009
K

�2⇡�2⇡+⇡0⌫⌧ (ex. K0) 0.0001 ± 0.0001
⇡�

f

1

⌫⌧ (f
1

! 2⇡�2⇡+) 0.0052 ± 0.0004
⇡�2⇡0⌘⌫⌧ 0.0193 ± 0.0038
1 � �

All

0.0355 ± 0.1031

note: a linear combination sums up to 1

Alberto Lusiani, SNS & INFN Pisa – Tau 2016, 19-23 September 2016, IHEP, Beijing 12 / 25
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fractions similarly to the kaon case, using the same lattice QCD estimates, in order to check the overall experimental
consistency.

In the following Sections 5.1 and 5.2 we update the CKM coefficient |V
us

| determinations that were shown in the
previous report using the 2015 determination of |V

ud

| [73] and the updated averages from HFAG 2016 and PDG
2015 for the other quantities.

5.1 |V
us

| from B(⌧ ! X
s

⌫)

The ⌧ hadronic partial width is the sum of the ⌧ partial widths to strange and to non-strange hadronic final states,
�

had

= �
s

+ �
VA

. The suffix “VA” traditionally denotes the sum of the ⌧ partial widths to non-strange final states,
which proceed through either vector or axial-vector currents.

Dividing any partial width �
x

by the electronic partial width, �
e

, we obtain partial width ratios R

x

(which are equal
to the respective branching fraction ratios B

x

/B
e

) for which R

had

= R

s

+ R

VA

. In terms of such ratios, |V
us

| is
measured as [72]

|V
us

|⌧s

=

s

R

s

/


R

VA

|V
ud

|2 � �R
theory

�
,

where �R
theory

can be determined in the context of low energy QCD theory, partly relying on experimental low energy
scattering data. The literature reports several calculations [72, 74, 75]. In this report we use Ref. [72], whose
estimated uncertainty size is in between the two other ones. We use the information in that paper and the PDG 2015
value for the s-quark mass m

s

= 95.00 ± 5.00 MeV [8] to calculate �R
theory

= 0.242 ± 0.032.

We proceed following the same procedure of the 2012 HFAG report [2], using the universality improved B

uni

e

=
(17.815 ± 0.023)% (see Section 4) to compute the R

x

ratios, and using the sum of the ⌧ branching fractions to
strange and non-strange hadronic final states to compute R

s

and R

VA

, respectively.

Using the ⌧ branching fraction fit results with their uncertainties and correlations (Section 2), we compute B

s

=
(2.909±0.048)% (see also Table 13) and B

VA

= B

hadrons

�B

s

= (61.85±0.10)%, where B

hadrons

is equal to �
hadrons

defined in section 4. PDG 2015 averages are used for non-⌧ quantities, including |V
ud

| = 0.97417 ± 0.00021, which
comes from Ref. [76] like for the previous HFAG report.

We obtain |V
us

|⌧s

= 0.2186 ± 0.0021, which is 3.1� lower than the unitarity CKM prediction |V
us

|
uni

= 0.22582 ±
0.00091, from (|V

us

|
uni

)2 = 1 � |V
ud

|2. The |V
us

|⌧s

uncertainty includes a systematic error contribution of 0.47%
from the theory uncertainty on �R

theory

. There is no significant change with respect to the previous HFAG report.

5.2 |V
us

| from B(⌧ ! K⌫)/B(⌧ ! ⇡⌫) and from B(⌧ ! K⌫)

We follow the same procedure of the HFAG 2012 report to compute |V
us

| from the ratio of branching fractions
B(⌧ ! K

�⌫⌧ )/B(⌧ ! ⇡�⌫⌧ ) = (6.438 ± 0.094) · 10�2 from the equation

B(⌧ ! K

�⌫⌧ )
B(⌧ ! ⇡�⌫⌧ )

=
f

2

K

|V
us

|2

f

2

⇡ |Vud

|2

�
1 � m

2

K

/m2

⌧

�
2

(1 � m

2

⇡/m
2

⌧ )
2

R⌧K/⌧⇡

We use f

K

/f⇡ = 1.1930 ± 0.0030 from the FLAG 2016 Lattice averages with N

f

= 2 + 1 + 1 [77].

The ratio of radiative corrections R⌧K/⌧⇡ is estimated as R⌧K/⌧⇡ = R(⌧�!K

�⌫/K�!µ�⌫) /R(⌧�!⇡�⌫/⇡�!µ�⌫)·
R(K�!µ�⌫ /⇡�!µ�⌫), where R(⌧�!K

�⌫/K�!µ�⌫) /R(⌧�!⇡�⌫/⇡�!µ�⌫) = [1 + (0.90 ± 0.22)%] / [1 +
(0.16 ± 0.12)%] [78] and R(K�!µ�⌫ /⇡�!µ�⌫) = 0.9930 ± 0.0035 [79, 80].

We compute |V
us

|⌧K/⇡ = 0.2231 ± 0.0018, 1.3� below the CKM unitarity prediction.

We determine |V
us

| from the branching fraction B(⌧� ! K

�⌫⌧ ) using

B(⌧� ! K

�⌫⌧ ) =
G

2

F

f

2

K

|V
us

|2m3

⌧ ⌧⌧
16⇡ �

h

✓
1 � m

2

K

m

2

⌧

◆
2

S

EW

.

We use f

K

= 155.6 ± 0.4 MeV from FLAG 2016 with N

f

= 2 + 1 + 1 [77] and the radiative correction S

EW

=
1.02010 ± 0.00030 [81]. We obtain |V

us

|⌧K

= 0.2223 ± 0.0016, which is 1.9� below the CKM unitarity prediction.
The physical constants have been taken from PDG 2015 (which uses CODATA 2014 [82]).
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Bs = (2.909 ± 0.048)%

To get R, we normalize by
Be = (17.816 ± 0.041)%

However, the error on Be  
can be improved using  
lepton universality and 

 improved measurements 
of mass (mτ) and  

lifetime (ττ).

Table 13: HFAG Summer 2016 ⌧ branching fractions to strange final states.

Branching fraction HFAG Summer 2016 fit (%)

K�⌫⌧ 0.6960 ± 0.0096
K�⇡0⌫⌧ 0.4327 ± 0.0149
K�2⇡0⌫⌧ (ex. K 0) 0.0640 ± 0.0220
K�3⇡0⌫⌧ (ex. K 0, ⌘) 0.0428 ± 0.0216
⇡�K 0

⌫⌧ 0.8386 ± 0.0141
⇡�K 0

⇡0⌫⌧ 0.3812 ± 0.0129
⇡�K 0

⇡0⇡0⌫⌧ (ex. K 0) 0.0234 ± 0.0231
K 0h�h�h+⌫⌧ 0.0222 ± 0.0202
K�⌘⌫⌧ 0.0155 ± 0.0008
K�⇡0⌘⌫⌧ 0.0048 ± 0.0012
⇡�K 0

⌘⌫⌧ 0.0094 ± 0.0015
K�!⌫⌧ 0.0410 ± 0.0092
K��⌫⌧ (� ! K+K�) 0.0022 ± 0.0008
K��⌫⌧ (� ! K 0

SK 0
L ) 0.0015 ± 0.0006

K�⇡�⇡+⌫⌧ (ex. K 0,!) 0.2923 ± 0.0067
K�⇡�⇡+⇡0⌫⌧ (ex. K 0,!, ⌘) 0.0410 ± 0.0143
K�2⇡�2⇡+⌫⌧ (ex. K 0) 0.0001 ± 0.0001
K�2⇡�2⇡+⇡0⌫⌧ (ex. K 0) 0.0001 ± 0.0001

X�
s ⌫⌧ 2.9087 ± 0.0482

5.3 |V
us

| from ⌧ summary

We summarize the |V
us

| results reporting the values, the discrepancy with respect to the |V
us

| determination from
CKM unitarity, and an illustration of the measurement method:

|V
us

|
uni

= 0.22582 ± 0.00091 [from
p

1 � |V
ud

|2 (CKM unitarity)] ,

|V
us

|⌧s

= 0.2186 ± 0.0021 � 3.1� [from �(⌧� ! X

�
s

⌫⌧ )] ,

|V
us

|⌧K/⇡ = 0.2231 ± 0.0018 � 1.3� [from �(⌧� ! K

�⌫⌧ )/�(⌧� ! ⇡�⌫⌧ )] ,

|V
us

|⌧K

= 0.2223 ± 0.0016 � 1.9� [from �(⌧� ! K

�⌫⌧ )] .

Averaging the three above |V
us

| determinations (taking into account all correlations due to the usage of the fitted ⌧
branching fractions and the other mentioned inputs) we obtain:

|V
us

|⌧ = 0.2212 ± 0.0014 � 2.8� [average of 3 |V
us

| ⌧ measurements] .

We could not find a published estimate of the correlation of the uncertainties on f

K

and f

K

/f⇡, but even if we assume
±100% correlation, the uncertainty on |V

us

|⌧ does not change more than about ±5%.

Recent studies [83, 84] indicate that the currently used theory uncertainties for the |V
us

| determination from inclusive
⌧ ! X

s

⌫ appear to be underestimated. This may explain the measured discrepancy with respect to |V
us

| determined
from kaon decays and from |V

ud

| and the CKM matrix unitarity. The same studies propose an alternative determina-
tion of |V

us

| that uses the ⌧ spectral functions in addition to the ⌧ branching fractions. The resulting value of |V
us

|
is consistent with the other |V

us

| determinations.

Figure 1 summarizes the |V
us

| results, reporting recent determinations of |V
us

| from kaon decays [84] and the above
mentioned determination of |V

us

| from inclusive ⌧ ! X

s

⌫ decays [84].
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Bhadrons = Ball - Be - Bµ = (64.76 ± 0.10)%
BVA =  Bhadrons - Bs = (61.85 ± 0.10)%

 [Preliminary]
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Alberto Lusiani – Pisa Tau Decay Measurements

Tau mass

]2 [MeV/cτm
1776 1776.5 1777 1777.5 1778

PDG 2015 average
 0.12±1776.86 

BES 2014

 0.13−
 0.10+ 0.12 ±1776.91 

BaBar 2009
 0.41± 0.12 ±1776.68 

KEDR  2007
 0.15±  0.23−

 0.25+1776.81 
Belle 2007

 0.35± 0.13 ±1776.61 
OPAL  2000

 1.00± 1.60 ±1775.10 
CLEO  1997

 1.20± 0.80 ±1778.20 
BES   1996

 0.17−
 0.25+  0.21−

 0.18+1776.96 
ARGUS 1992

 1.40± 2.40 ±1776.30 
DELCO 1978

 4.00−
 3.00+1783.00 

PDG 2015

• most precise measurements by
e+e� colliders at ⌧+⌧� threshold
I few events but very significant
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Alberto Lusiani – Pisa Tau Decay Measurements

Tau lifetime

 s]-15  [x 10ττ
285 290 295

HFAG Summer 2014
  0.52±290.29 

PDG 2014 average
  0.50±290.30 

Belle 2013
  0.33±  0.53 ±290.17 

Delphi 2004
  1.00±  1.40 ±290.90 

L3 2000
  1.50±  2.00 ±293.20 

ALEPH 1997
  1.10±  1.50 ±290.10 

OPAL 1996
  1.20±  1.70 ±289.20 

CLEO 1996
  4.00±  2.80 ±289.00 

HFAG-Tau
Summer 2014

• LEP experiments, many methods
I impact parameter sum (IPS)
I momentum dependent impact

parameter sum (MIPS
I 3D impact parameter sum (3DIP)
I impact parameter difference (IPD)
I decay length (DL)

• Belle
I 3-prong vs. 3-prong decay length
I largest syst. error: alignment
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HFAG and PDG tau b.f. averages and |Vus | determination from tau data Lepton Universality

Lepton universality - HFAG 2016 prelim.

Standard Model for leptons �, ⇢ = e, µ, ⌧ (Marciano 1988)

�[� ! ⌫�⇢⌫⇢(�)] = ��⇢ = ��B�⇢ =
B�⇢

⌧�
=

G�G⇢m
5

�

192⇡3

f

 
m

2

⇢

m

2

�

!
r

�
W

r

�
� ,

where

G� =
g

2

�

4
p

2M2

W

f (x) = 1 � 8x + 8x3 � x

4 � 12x2lnx f�⇢ = f

 
m

2

⇢

m

2

�

!

r

�
W

= 1 +
3
5

m

2

�

M

2

W

r

�
� = 1 +

↵(m�)

2⇡

✓
25
4

� ⇡2

◆

Tests of lepton universality from ratios of above partial widths:

 
g⌧

gµ

!
=

vuutB⌧e
Bµe

⌧µm5
µfµe r

µ
W rµ�

⌧⌧m5
⌧ f⌧e r

⌧
W r⌧�

= 1.0010 ± 0.0015 =

s
B⌧e

BSM
⌧e

✓
g⌧

ge

◆
=

vuutB⌧µ

Bµe

⌧µm5
µfµe r

µ
W rµ�

⌧⌧m5
⌧ f⌧µr⌧W r⌧�

= 1.0029 ± 0.0015 =

s
B⌧µ

BSM
⌧µ

✓gµ

ge

◆
=

s
B⌧µ

B⌧e

f⌧e
f⌧µ

= 1.0019 ± 0.0014

• 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

•
r

⌧
� = 1 � 43.2 · 10�4 and r

µ
� = 1 � 42.4 · 10�4 (Marciano 1988), M

W

from PDG 2013Alberto Lusiani, SNS & INFN Pisa – Tau 2016, 19-23 September 2016, IHEP, Beijing 16 / 25Lepton universality tests limited by precision of Be/µ, not any more by ττ
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HFAG and PDG tau b.f. averages and |Vus | determination from tau data Lepton Universality

Lepton Universality tests with hadron decays - HFAG 2016 prelim.

Standard Model:
✓
g⌧
gµ

◆
2

=
B(⌧ ! h⌫⌧ )
B(h ! µ⌫̄µ)

2m
h

m2

µ⌧h

(1 + �
h

)m3

⌧⌧⌧

 
1 �m2

µ/m
2

h

1 �m2

h

/m2

⌧

!
2

(h = ⇡ or K)

rad. corr. �⇡ = (0.16 ± 0.12)%, �
K

= (0.90 ± 0.22)% (Decker 1994)✓
g⌧

gµ

◆

⇡

= 0.9961 ± 0.0027 ,

✓
g⌧

gµ

◆

K
= 0.9860 ± 0.0070 .

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

g⌧

gµ

◆

⌧+⇡+K
= 1.0000 ± 0.0014 , (accounting for statistical correlations)

Alberto Lusiani, SNS & INFN Pisa – Tau 2016, 19-23 September 2016, IHEP, Beijing 19 / 25

Alberto Lusiani – Pisa Tau Decay Measurements Elaborations of tau results

Lepton Universality tests with hadron decays - HFAG 2016 prelim.

Standard Model:
✓
g⌧
gµ

◆
2

=
B(⌧ ! h⌫⌧ )
B(h ! µ⌫̄µ)

2m
h

m2

µ⌧h
(1 + �

h

)m3

⌧⌧⌧

✓
1 �m2

µ/m
2

h

1 �m2

h

/m2

⌧

◆
2

(h = ⇡ or K)

rad. corr. �⇡ = (0.16 ± 0.14)%, �
K

= (0.90 ± 0.22)% (Decker 1994)
✓

g⌧

gµ

◆

⇡

= 0.9966 ± 0.0026 ,

✓
g⌧

gµ

◆

K
= 0.9865 ± 0.0071 .

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

✓
g⌧

gµ

◆

⌧+⇡+K
= 1.0002 ± 0.0014 , (accounting for statistical correlations)

[recent useful contribution from BABAR
K�⌫⌧
e�⌫̄

e

⌫⌧
measurement, PRL 105 (2010) 051602]

New Vistas in Low-Energy Precision Physics (LEPP), 4-7 April 2016, Mainz, Germany 34 / 40
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HFAG and PDG tau b.f. averages and |Vus | determination from tau data Lepton Universality

Universality improved B(⌧ ! e⌫⌫̄) and Rhad - HFAG 2016 prelim.

Universality improved B(⌧ ! e⌫⌫̄)

• (M. Davier, 2005): assume SM lepton universality to improve B
e

= B(⌧ ! e⌫̄
e

⌫⌧ )
fit B

e

using three determinations:
I B

e

= B
e

I B
e

= Bµ · f (m2

e

/m2

⌧ )/f (m
2

µ/m
2

⌧ )
I B

e

= B(µ ! e⌫̄
e

⌫µ) · (⌧⌧/⌧µ) · (m⌧/mµ)
5 · f (m2

e

/m2

⌧ )/f (m
2

e

/m2

µ) · (�⌧��
⌧
W

)/(�µ� �
µ
W

)
[above we have: B(µ ! e⌫̄

e

⌫µ) = 1]

• Buniv
e = (17.815 ± 0.023)% HFAG-PDG 2016 prelim. fit

Rhad = �(⌧ ! hadrons)/�univ(⌧ ! e⌫⌫̄)

• R
had

=
�(⌧ ! hadrons)
�

univ

(⌧ ! e⌫⌫̄)
=

B
hadrons

Buniv

e

=
1 � Buniv

e

� f (m2

µ/m
2

⌧ )/f (m
2

e

/m2

⌧ ) ·Buniv

e

Buniv

e

I two different determinations, second one not “contaminated” by hadronic BFs
• Rhad = 3.6349 ± 0.0082 HFAG-PDG 2016 prelim. fit

• Rhad(leptonic BFs only) = 3.6397 ± 0.0070 HFAG-PDG 2016 prelim. fit

Alberto Lusiani, SNS & INFN Pisa – Tau 2016, 19-23 September 2016, IHEP, Beijing 18 / 25

⇒ improvement by almost a factor of 2 from the value of Be = (17.816 ± 0.041)%
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HFAG and PDG tau b.f. averages and |Vus | determination from tau data Lepton Universality

Universality improved B(⌧ ! e⌫⌫̄) and Rhad - HFAG 2016 prelim.

Universality improved B(⌧ ! e⌫⌫̄)

• (M. Davier, 2005): assume SM lepton universality to improve B
e

= B(⌧ ! e⌫̄
e

⌫⌧ )
fit B

e

using three determinations:
I B

e

= B
e

I B
e

= Bµ · f (m2

e

/m2

⌧ )/f (m
2

µ/m
2

⌧ )
I B

e

= B(µ ! e⌫̄
e

⌫µ) · (⌧⌧/⌧µ) · (m⌧/mµ)
5 · f (m2

e

/m2

⌧ )/f (m
2

e

/m2

µ) · (�⌧��
⌧
W

)/(�µ� �
µ
W

)
[above we have: B(µ ! e⌫̄

e

⌫µ) = 1]

• Buniv
e = (17.815 ± 0.023)% HFAG-PDG 2016 prelim. fit

Rhad = �(⌧ ! hadrons)/�univ(⌧ ! e⌫⌫̄)

• R
had

=
�(⌧ ! hadrons)
�

univ

(⌧ ! e⌫⌫̄)
=

B
hadrons

Buniv

e

=
1 � Buniv

e

� f (m2

µ/m
2

⌧ )/f (m
2

e

/m2

⌧ ) ·Buniv

e

Buniv

e

I two different determinations, second one not “contaminated” by hadronic BFs
• Rhad = 3.6349 ± 0.0082 HFAG-PDG 2016 prelim. fit

• Rhad(leptonic BFs only) = 3.6397 ± 0.0070 HFAG-PDG 2016 prelim. fit

Alberto Lusiani, SNS & INFN Pisa – Tau 2016, 19-23 September 2016, IHEP, Beijing 18 / 25
⇒ |Vus| = (0.2186 ± 0.0021) [Preliminary] 

The measured |Vus| values & errors are numerically almost identical using 
• measured Bhad = Bnon-strange + Bs from unity non-constrained τ BR fit, OR 
• Bhad = 1 - (1 + fµ/fe) Beuniv  from unity constrained τ BR fit 
This is because error on Rhad feeds to error on Rnon-strange in calculation of |Vus| 

In both cases, Rhad is normalized using Beuniv 

Dominant contribution to error on |Vus| comes from error on the measured Rstrange. 
δRtheory contributes to 47% of the relative error on |Vus|.
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• Independent of convergence of OPE, as electroweak corrections cancel

• Radiative corrections SEW =1.02010 ± 0.00030 [Erler 2004]
• Long Distance effects (RτK/τπ) known [Decker & Finkmeier 1995, Marciano 2004]

•All non-perturbative QCD effects encapsulated as ratio of meson decay constants:        
fK/fπ = 1.193 ± 0.003, fK = 155.6 ± 0.4 MeV [FLAG 2016 Lattice Averages]

fractions similarly to the kaon case, using the same lattice QCD estimates, in order to check the overall experimental
consistency.

In the following Sections 5.1 and 5.2 we update the CKM coefficient |V
us

| determinations that were shown in the
previous report using the 2015 determination of |V

ud

| [73] and the updated averages from HFAG 2016 and PDG
2015 for the other quantities.

5.1 |V
us

| from B(⌧ ! X
s

⌫)

The ⌧ hadronic partial width is the sum of the ⌧ partial widths to strange and to non-strange hadronic final states,
�

had

= �
s

+ �
VA

. The suffix “VA” traditionally denotes the sum of the ⌧ partial widths to non-strange final states,
which proceed through either vector or axial-vector currents.

Dividing any partial width �
x

by the electronic partial width, �
e

, we obtain partial width ratios R

x

(which are equal
to the respective branching fraction ratios B

x

/B
e

) for which R

had

= R

s

+ R

VA

. In terms of such ratios, |V
us

| is
measured as [72]

|V
us

|⌧s

=

s

R

s

/


R

VA

|V
ud

|2 � �R
theory

�
,

where �R
theory

can be determined in the context of low energy QCD theory, partly relying on experimental low energy
scattering data. The literature reports several calculations [72, 74, 75]. In this report we use Ref. [72], whose
estimated uncertainty size is in between the two other ones. We use the information in that paper and the PDG 2015
value for the s-quark mass m

s

= 95.00 ± 5.00 MeV [8] to calculate �R
theory

= 0.242 ± 0.032.

We proceed following the same procedure of the 2012 HFAG report [2], using the universality improved B

uni

e

=
(17.815 ± 0.023)% (see Section 4) to compute the R

x

ratios, and using the sum of the ⌧ branching fractions to
strange and non-strange hadronic final states to compute R

s

and R

VA

, respectively.

Using the ⌧ branching fraction fit results with their uncertainties and correlations (Section 2), we compute B

s

=
(2.909±0.048)% (see also Table 13) and B

VA

= B

hadrons

�B

s

= (61.85±0.10)%, where B

hadrons

is equal to �
hadrons

defined in section 4. PDG 2015 averages are used for non-⌧ quantities, including |V
ud

| = 0.97417 ± 0.00021, which
comes from Ref. [76] like for the previous HFAG report.

We obtain |V
us

|⌧s

= 0.2186 ± 0.0021, which is 3.1� lower than the unitarity CKM prediction |V
us

|
uni

= 0.22582 ±
0.00091, from (|V

us

|
uni

)2 = 1 � |V
ud

|2. The |V
us

|⌧s

uncertainty includes a systematic error contribution of 0.47%
from the theory uncertainty on �R

theory

. There is no significant change with respect to the previous HFAG report.

5.2 |V
us

| from B(⌧ ! K⌫)/B(⌧ ! ⇡⌫) and from B(⌧ ! K⌫)

We follow the same procedure of the HFAG 2012 report to compute |V
us

| from the ratio of branching fractions
B(⌧ ! K

�⌫⌧ )/B(⌧ ! ⇡�⌫⌧ ) = (6.438 ± 0.094) · 10�2 from the equation

B(⌧ ! K

�⌫⌧ )
B(⌧ ! ⇡�⌫⌧ )

=
f

2

K

|V
us

|2

f

2

⇡ |Vud

|2

�
1 � m

2

K

/m2

⌧

�
2

(1 � m

2

⇡/m
2

⌧ )
2

R⌧K/⌧⇡

We use f

K

/f⇡ = 1.1930 ± 0.0030 from the FLAG 2016 Lattice averages with N

f

= 2 + 1 + 1 [77].

The ratio of radiative corrections R⌧K/⌧⇡ is estimated as R⌧K/⌧⇡ = R(⌧�!K

�⌫/K�!µ�⌫) /R(⌧�!⇡�⌫/⇡�!µ�⌫)·
R(K�!µ�⌫ /⇡�!µ�⌫), where R(⌧�!K

�⌫/K�!µ�⌫) /R(⌧�!⇡�⌫/⇡�!µ�⌫) = [1 + (0.90 ± 0.22)%] / [1 +
(0.16 ± 0.12)%] [78] and R(K�!µ�⌫ /⇡�!µ�⌫) = 0.9930 ± 0.0035 [79, 80].

We compute |V
us

|⌧K/⇡ = 0.2231 ± 0.0018, 1.3� below the CKM unitarity prediction.

We determine |V
us

| from the branching fraction B(⌧� ! K

�⌫⌧ ) using

B(⌧� ! K

�⌫⌧ ) =
G

2

F

f

2

K

|V
us

|2m3

⌧ ⌧⌧
16⇡ �

h

✓
1 � m

2

K

m

2

⌧

◆
2

S

EW

.

We use f

K

= 155.6 ± 0.4 MeV from FLAG 2016 with N

f

= 2 + 1 + 1 [77] and the radiative correction S

EW

=
1.02010 ± 0.00030 [81]. We obtain |V

us

|⌧K

= 0.2223 ± 0.0016, which is 1.9� below the CKM unitarity prediction.
The physical constants have been taken from PDG 2015 (which uses CODATA 2014 [82]).
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fractions similarly to the kaon case, using the same lattice QCD estimates, in order to check the overall experimental
consistency.

In the following Sections 5.1 and 5.2 we update the CKM coefficient |V
us

| determinations that were shown in the
previous report using the 2015 determination of |V

ud

| [73] and the updated averages from HFAG 2016 and PDG
2015 for the other quantities.
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) for which R
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| is
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�
,

where �R
theory

can be determined in the context of low energy QCD theory, partly relying on experimental low energy
scattering data. The literature reports several calculations [72, 74, 75]. In this report we use Ref. [72], whose
estimated uncertainty size is in between the two other ones. We use the information in that paper and the PDG 2015
value for the s-quark mass m

s

= 95.00 ± 5.00 MeV [8] to calculate �R
theory

= 0.242 ± 0.032.

We proceed following the same procedure of the 2012 HFAG report [2], using the universality improved B

uni

e

=
(17.815 ± 0.023)% (see Section 4) to compute the R

x

ratios, and using the sum of the ⌧ branching fractions to
strange and non-strange hadronic final states to compute R

s

and R

VA

, respectively.

Using the ⌧ branching fraction fit results with their uncertainties and correlations (Section 2), we compute B

s

=
(2.909±0.048)% (see also Table 13) and B

VA

= B

hadrons

�B

s

= (61.85±0.10)%, where B

hadrons

is equal to �
hadrons

defined in section 4. PDG 2015 averages are used for non-⌧ quantities, including |V
ud

| = 0.97417 ± 0.00021, which
comes from Ref. [76] like for the previous HFAG report.

We obtain |V
us

|⌧s

= 0.2186 ± 0.0021, which is 3.1� lower than the unitarity CKM prediction |V
us

|
uni

= 0.22582 ±
0.00091, from (|V

us

|
uni

)2 = 1 � |V
ud

|2. The |V
us

|⌧s

uncertainty includes a systematic error contribution of 0.47%
from the theory uncertainty on �R

theory

. There is no significant change with respect to the previous HFAG report.

5.2 |V
us

| from B(⌧ ! K⌫)/B(⌧ ! ⇡⌫) and from B(⌧ ! K⌫)

We follow the same procedure of the HFAG 2012 report to compute |V
us

| from the ratio of branching fractions
B(⌧ ! K

�⌫⌧ )/B(⌧ ! ⇡�⌫⌧ ) = (6.438 ± 0.094) · 10�2 from the equation
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We use f

K

/f⇡ = 1.1930 ± 0.0030 from the FLAG 2016 Lattice averages with N
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The physical constants have been taken from PDG 2015 (which uses CODATA 2014 [82]).
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HFAG and PDG tau b.f. averages and |Vus | determination from tau data Determination of |Vus | from Tau Decays

Determination of |Vus | from experimental data

from kaon decays
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• |Vus| has been measured using inclusive and exclusive tau decays. 

• HFAG-PDG fit to branching ratio are being finalized for 2016. 

• Improved |Vus| will require strange spectral functions. 

• Lattice calculations providing stable QCD results. 

• Long standing discrepancy from CKM unitarity resolved using 
Lattice calculations in formulation using weighted strange 
spectral moments. Updated |Vus| from this method using HFAG 
2016 fit inputs are currently under progress.


