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Contents of this talk: 

• Physics with τ decays 
• Mass, lifetime 
• Lepton universality 
• |Vus| from τ decays 
• Lepton Flavor violation in τ decays 

• Physics with τ produced 
• from B decays 
• from Top decays 
• from Higgs decays 

Apologies for not covering αs, g-2, SUSY, exotica, Lepton Flavor 
violation at the LHC, CP Violation : this list is not exhaustive!



Overview 
of τ physics

Swagato 
Banerjee

Overview of τ physics

4

Contents of this talk: 

• Physics with τ decays 
• Mass, lifetime 
• Lepton universality 
• |Vus| from τ decays 
• Lepton Flavor violation in τ decays 

• Physics with τ produced 
• from B decays 
• from Top decays 
• from Higgs decays 

Apologies for not covering αs, g-2, SUSY, exotica, Lepton Flavor 
violation at the LHC, CP Violation : this list is not exhaustive!

Part 1



Overview 
of τ physics

Swagato 
Banerjee

Introduction to τ decays

5

τ 

υ
e 
υµ 

W 

e µ u 

d' 

u u 

d' d' 

20%   20%                60% 

|d’> = Vud|d> + Vus|s>

Including QED &
QCD corrections:

Naive prediction:

•  A lot of progress in tau physics since its discovery on all the items described 
before         important experimental efforts from  
LEP, CLEO,	B	factories:	Babar,	Belle,		
BES,	VEPP-2M,	LHCb,	neutrino	experiments,… 
 

         More to come from LHCb,	BES,		
	VEPP-2M,	Belle	II,	CMS,	ATLAS	

 
 

•  But τ physics has still potential  
“unexplored frontiers” 

 deserve future exp. & th. efforts 
 
 
 

•  In the following, some selected examples and the conference will give more! 
 

 

 
 
 

 

 

1.3  τ   lepton as a unique probe of new physics 

Experiment Number of τ  pairs 

LEP ~3x105 

CLEO ~1x107 

BaBar ~5x108 

Belle ~9x108 

Belle II ~1012 

13 Emilie Passemar 
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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�⇢
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=
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25
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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
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)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
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5 · f (m2

e

/m2

⌧ )/f (m
2

e

/m2

µ) · (�⌧��
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)
[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⌫⌫̄)
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e
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e
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2

⌧ )/f (m
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⌧ ) ·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)%



Overview 
of τ physics

Swagato 
Banerjee

The |Vus| element of CKM Matrix

10

1 

1 

1 

λ 

λ2 λ 

λ3 

λ3 λ2 

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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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



Overview 
of τ physics

Swagato 
Banerjee

Approaches to |Vus|

12

� |Vus|f+(0)

� |Vus|
|Vud|

FK
F�

� |Vus|f1(0)

Kl3 decays:

Kl2 decays:

Hyperon decays:

τ decays:
� ms, |Vus|
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•                                               parton	model	predic+on		

 
 
 

•     

•    
 
 

  
 
 
 
 
 

 
 

 
 
      

 
 

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

8 

M. González-Alonso /23 

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

(Inclusive) Hadronic tau decays 

Tau physics 
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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]).
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[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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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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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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Belle ⌧ ! hK0
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0⌫ V+A spectral functions
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BABAR ⌧ ! hhh⌫ spectral functions
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BABAR ⌧ ! hhh⌫ spectral functions
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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 ~ 1-3% 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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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

HFLAV 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, HFLAV 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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From 2016, HFLAV-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 HFLAV 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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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
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�⌫⌧ )
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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
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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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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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 [Preliminary]

-3.1σ

-1.1σ

-2.4σ

• |Vus| has been measured using inclusive and exclusive tau decays. 
• Preliminary results from Maltman’s estimate agrees with unitarity.
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YEAR
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Belle II physics prospect – tau LFV 

I. Heredia 

MWPF2015


main background from  ee

ISR

  

reduce sensitivity by a factor ~7


very clean mode

reduce sensitivity by a factor of 50

B() B()

mSUGRA+seesaw 10
-7

10
-9

PRD 66(2002) 115013

SUSY+SO(10) 10
-8

10
-10

PRD 68(2003) 033012

SM+seesaw 10
-9

10
-10

PRD 66(2002) 034008

Non-Universal Z' 10
-9

10
-8

PLB 547(2002) 252

SUSY+Higgs 10
-10

10
-7

PLB 566(2003) 217

          possible reach by Belle II (50 ab
-1

)     <10
-9

      < 10
-10   

     →  good to test NP 

Belle II can reduce most of theese limits by 1 ~2 orders of magnitude

LFV is suppressed in SM → a few models predict enhancements within Belle II's reach.
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Contents of this talk: 

• Physics with τ decays 
• Mass, lifetime 
• Lepton universality 
• |Vus| from τ decays 
• Lepton Flavor violation in τ decays 

• Physics with τ produced 
• from B decays 
• from Top decays 
• from Higgs decays 

Apologies for not covering αs, g-2, SUSY, exotica, Lepton Flavor 
violation at the LHC, CP Violation : this list is not exhaustive!

Part 2
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Type-II Two Higgs Doublet Model

b

u

W+ ⌫

`+
+

b

u

H+ ⌫

`+

B
⇣

B+ ! `+⌫
⌘

2HDM
= B

⇣
B+ ! `+⌫

⌘

SM
·
0

@1 � M2
B tan2 �

M2
H+

1

A
2

Already tightly constrained by weak radiative B meson decays
M

H+
> 580 GeV

Steinhauser, https://arxiv.org/pdf/1702.04571.pdf
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B+ ! `+⌫

b

u

W+

⌫
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B
⇣
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⌘

SM
=

G2
F MBM2

`

8⇡

 
1 � M2

`

M2
B

!2

fB
2|Vub |2⌧B

SM Prediction PDG 2016

B
⇣

B+ ! e+⌫e

⌘
(1.09 ± 0.21) · 10�11 < 9.8 · 10�7 CL=90%

B
⇣

B+ ! µ+⌫µ

⌘
(4.65 ± 0.91) · 10�7 < 1.0 · 10�6 CL=90%

B
⇣

B+ ! ⌧+⌫⌧

⌘
(1.03 ± 0.2) · 10�4 (1.06 ± 0.20) · 10�4

All numerical values are extracted from: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016)

Thomas Keck – B2TauNu 21.04.2017 4/20

Type-II Two Higgs Doublet Model

b

u

W+ ⌫

`+
+

b

u

H+ ⌫

`+

B
⇣

B+ ! `+⌫
⌘

2HDM
= B

⇣
B+ ! `+⌫

⌘

SM
·
0

@1 � M2
B tan2 �

M2
H+

1

A
2

Already tightly constrained by weak radiative B meson decays
M

H+
> 580 GeV

Steinhauser, https://arxiv.org/pdf/1702.04571.pdf

Thomas Keck – B2TauNu 21.04.2017 6/20

B+ ! ⌧+⌫⌧ : Current status

0 1 2 3 4 5

B(B ! �⌫)/10�4

Belle (hadronic tag):
(0.72+0.27

�0.25 ± 0.11) · 10�4

Belle (semileptonic tag)
(1.25 ± +0.28 ± 0.27) · 10�4

BaBar (hadronic tag)
(1.83+0.53

�0.49 ± 0.24) · 10�4

BaBar (semileptonic tag)
(1.7 ± +0.8 ± 0.2) · 10�4

PDG 2016
(1.06 ± 0.2) · 10�4

|Vub|exc |Vub|inc

Theoretical prediction and experimental measurement are compatible.

Thomas Keck – B2TauNu 21.04.2017 5/20

B+→ τ+ν  Decays  

V. Lüth Nagoya WS - March 27-28, 2017 5 

In the SM this decay proceeds via weak quark annihilation,   
 
 
 

The B decay constant fB encapsulates all hadronic effects  
Lattice QCD:              fB =  0.191±0.009 GeV""""""""Eur."Phys."J."C74:2890"(2014)"
HFAG-2014: """"""""""|Vub | = (3.53 ±0.29) 10-3 
"
"

The"latest"CKM"FiBer"results"in"a"SM"predicHon"of""the"branching"fracHon  
"
"
"
"
"

In"the"type"II"2HDM,"the"charged"Higgs"modifies"the"BF"""""" 
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Belle II (50 ab-1) sensitivity ∝ 1/√L
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B! D⇤⌧⌫

B

D∗

W+b

c

ν

µ+/τ+

B

D∗

H+b

c

ν

µ+/τ+

B

D∗

LQ

b

c

ν

µ+/τ+

• In the Standard model, the only di↵erence between B! D(⇤)⌧⌫ and
B! D(⇤)µ⌫ is the mass of the lepton

• Theoretically clean: ⇠ 2% uncertainty for D⇤ mode

• Ratio R(D(⇤)) = B(B! D(⇤)⌧⌫) / B(B! D(⇤)µ⌫) is sensitive to e.g
charged Higgs, leptoquark

• Current world average for R(D(⇤))in ⇠ 4� tension with Standard Model!
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#    S.L. decays involving a τ± have an additional helicity amplitude (for D*τν) 
 
 
                                                                          
 

                  For  Dτν, only H00 and Hscontribute! 
 
#     A charged Higgs (2HDM type II) of spin 0 coupling to the τ will only affect Hs  
                                                                                                                 
                                                                                              -   for Dτν
                                                                                                   +  for D*τν

 This could enhance or decrease the BF, depending on tanβ/mH 
  
 
 

                                                                                      
   

B → D(*) τ ν Decays 

7 

Z. Phys, C46, 93 (1990) 

PRD 78, 015006 (2008) 
PhD 85, 094025 (2012) 

/ H�
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What you can’t do at a hadron collider

D⇤+ D0

⇡+

K�

⇡+

⌧�

⌫�

⌫µ

µ�

⌫�

BsigBtag

�(4S)

• Traditional methods for measuring these decays rely on e+e� ! BB
event properties

• Fully reconstruct other B ! measurement of signal B kinematics
• Signal B + other B should be entire event ! strong rejection against

other missing reconstructable particles
• In a hadron collider the BB centre of mass isn’t fixed ! rest of event
provides little constraint on the signal B kinematics

• Event also contains a lot of junk from the proton-proton interaction !
reconstructing the whole event is meaningless

• Needed completely di↵erent methods

}Hadronic or 
Semi-leptonic

Illustration of 
background 

separation for 
hadronic tag

2-D PDFs Based on Keys Functions  

V. Lüth Nagoya WS - March 27-28, 2017 10 
pl* (GeV)                       m2

miss (GeV2)                                     pl* (GeV) 

D0τν

D0lν

D*0lν

D**0lτν

BB 

 2-D m2
miss vs p*l, difficult 

 to describe analytically 
#   correlations 
#    irregular functions 
 

 Solution 
#    non-parametric Kernal  
    Estimators  (KEYS) 
#    optimize bias vs variance 
    (smoothing)

56 2-D PDFs 
#  D, D*τ signals (8) 
#  D, D*l  Normalization (8) 
#  D**l /τ  (8)   
#  Normalization feed down 
#  Signal feed down 
#  B0 – B+  crossfeeds  
#  BG  BB  
#  BG  non-BB 

B� D(*)τν: Extraction of Yields from M.L. Fit 

!  Unbinned 2-D M.L. fit 
                                          Missing mass squared            e±",µ± momentum in B rest frame

   
!  4 signal samples:  D0l, D*0l, D+l, D*+l,  (e± or µ±) 
!  4 D(*)π0lν control samples 
 

!  PDFs from MC (approximated using Keys fct.) 

!  Fitted Yields (22 free parameters) 
!  4 D(*) τν  Signal 
!  4 D(*) lν   Normalization 

!  4 D**lν   Background 

!  Fixed Backgrounds 
!  B0-B+ cross feed 
!  BB combinatorial BG 

!  Non- BB continuum: e+e-→ff (γ) 
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2-D PDFs Based on Keys Functions  
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D0τν

D0lν

D*0lν

D**0lτν

BB 

 2-D m2
miss vs p*l, difficult 

 to describe analytically 
#   correlations 
#    irregular functions 
 

 Solution 
#    non-parametric Kernal  
    Estimators  (KEYS) 
#    optimize bias vs variance 
    (smoothing)

56 2-D PDFs 
#  D, D*τ signals (8) 
#  D, D*l  Normalization (8) 
#  D**l /τ  (8)   
#  Normalization feed down 
#  Signal feed down 
#  B0 – B+  crossfeeds  
#  BG  BB  
#  BG  non-BB 

3ν

1ν



Overview 
of τ physics

Swagato 
Banerjee

Strategy in e+e- colliders

35

2. Introduction 4/25

What you can’t do at a hadron collider

D⇤+ D0

⇡+

K�

⇡+

⌧�

⌫�

⌫µ

µ�

⌫�

BsigBtag

�(4S)

• Traditional methods for measuring these decays rely on e+e� ! BB
event properties

• Fully reconstruct other B ! measurement of signal B kinematics
• Signal B + other B should be entire event ! strong rejection against

other missing reconstructable particles
• In a hadron collider the BB centre of mass isn’t fixed ! rest of event
provides little constraint on the signal B kinematics

• Event also contains a lot of junk from the proton-proton interaction !
reconstructing the whole event is meaningless

• Needed completely di↵erent methods

}Hadronic or 
Semi-leptonic

� 𝑅 𝐷∗ with Semileptonic Tagging

• Independent analysis of the previous 𝑅 𝐷(∗) measurement
• More background due to a ν in  𝐵tag → 𝐷(∗)𝑙−  𝜈𝑙

ÆFocus on  𝐵0 → 𝐷∗+𝜏−  𝜈𝜏
• Signal/normalization separation based on smaller cos𝜃𝐵−𝐷∗𝑙

Signal mode

Normalization mode

Signal event

Normalization event

cos𝜃𝐵−𝐷∗𝑙
sig

 𝑝𝜈 cos𝜃𝐵−𝐷∗𝑙 =
𝐸beam

∗ 𝐸𝐷∗𝑙
∗ − 𝑚𝐵

2 − 𝑚𝐷∗𝑙
2

2|𝑝beam
∗ ||𝑝𝐷∗𝑙

∗ | 𝑝𝐵

 𝑝𝐷∗+𝑙

Belle Collaboration, Phys. Rev. D 94, 072007 (2016)

Mini-workshop on D(*) Tau Nu and Related Topics

7/23

Illustration of 
background 

separation for 
semi-leptonic tag
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A Challenge to Lepton Universality in B Meson Decays — 4/10

Figure 2. Belle II (a) and LHCb (b) single event displays: Trajectories of charged particles are shown as colored solid lines, energy
deposits in the calorimeters are depicted by red bars. The Belle II display is an end view perpendicular to the beam axis with the
silicon detector in the center (small orange circle) and the device measuring the particle velocity (dark purple polygon). This is a
° (4S) ! B+B� event, with B� ! D0

t

�
n̄

t

, D0 ! K�
p

+ and t

� ! e�n

t

n̄e, and the B+ decaying to five charged particles (white
solid lines) and two photons. The trajectories of undetected neutrinos are marked as dashed yellow lines. The LHCb display is a side
view with the proton beams indicated as a white horizontal line with the interaction point far to the left, followed by the dipole magnet
(white trapezoid) and the Cherenkov detector (red lines). The area close to the interaction point is enlarged above, showing the tracks
of the charged particles produced in the pp interaction, the B0 path (dotted orange line), and its decay B̄0 ! D⇤+

t

�
n̄

t

with
D⇤+ ! D0

p

+ and D0 ! K�
p

+, plus the µ

� from the decay of a very short-lived t

�.

2. Introduction 3/25

Experimental challenge

B! D⇤⌧⌫ B! D⇤µ⌫

• Di�culty: neutrinos - 2 for (⌧ ! ⇡⇡⇡⌫)⌫, 3 for (⌧ ! µ⌫⌫)⌫
• No narrow peak to fit (in any distribution)

• Main backgrounds: partially reconstructed B decays
• B ! D⇤µ⌫,B ! D⇤⇤µ⌫, B ! D⇤D(! µX )X ...
• B ! D⇤⇡⇡⇡X , B ! D⇤D(! ⇡⇡⇡X )X ...

• Also combinatorial, misidentified background
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Tag Decay
BaBar (2012) hadronic τ⁻→ ℓ⁻ν̅ℓντ
Belle (2015) hadronic τ⁻→ ℓ⁻ν̅ℓντ
LHCb (2015) τ⁻→ µ⁻ν̅µ ντ

Belle (2016) semi-leptonic τ⁻→ ℓ⁻ν̅ℓντ
Belle (2016) hadronic τ⁻→ π- ντ, ρ- ντ

R(D) and R(D*) exceed SM predictions 
by 2.2σ and 3.4σ respectively. 
Considering the R(D)-R(D*) correlation 
of -0.23, the resulting combined χ2 is 
18.62 for 2 degree of freedom, 
corresponding to a p-value of 8.8 x 10-5. 
The difference with the SM predictions 
reported above, is at about 3.9σ.
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B. Siddi
INFN Ferrara

Mini-workshop on D(*) tau nu and related topics
Measurement of R(D*) with hadronic tau decays �6

Good precision in ! decay vertex reconstruction

The most abundant background source due to 
hadronic B decays into D*3"X.

Background coming from B→D*3"X is 
suppressed by 3 orders of magnitude

Vertex Inversion method

Analysis strategy
• Most dominant background:
56 → "∗'07 (BF	~100 times larger 
than signal)

è Suppressed by requiring the -
vertex to be downstream wrt <
vertex along beam direction

4Moriond	EW	- 24	March	2017F.	Betti	- INFN	Bologna	&	LHCb	Collaboration

𝜋−

𝜋−

𝜋+

𝜋−

𝜋+

𝐾+

(𝜋0)

 𝜈𝜏
𝜈𝜏

𝜏+

𝐷0𝐷∗− vertex
≈ 𝐵0 vertex

𝐵0

Primary
Vertex

4"

• Background surviving the first selection is dominated by 56 → "∗5=7, 
with >? → 3AB à e.g. ℬ <D → &∗&E∗ → 3AF ~4 times larger than signal

èTwo partial reconstruction techniques are applied to compute 
variables which discriminate between signal and background à
compute also HI and - decay time

• Normalization obtained requiring the - vertex to be upstream wrt &D
vertex

B(B0 ! D⇤3⇡ +N)

B(B0 ! D⇤⌧⌫)SM
⇠ 100

Inversion cut → ! vertex is downstream with 
respect to the B0 vertex with a significance of at 
least at 4#.

Select J2 → K2K3K2 KL MNJ decay channel
Experimentally convenient to measure:

6LHCP	2017	- 19/05/2017F.	Betti	- INFN	Bologna	&	University	of	Bologna

ℛ(&∗) with hadronic $ decays

Rhad(D⇤) =
B(B0!D⇤�⌧+⌫⌧)

B(B0!D⇤�⇡+⇡�⇡+)

R(D⇤) = Rhad(D⇤)⇥ B(B0!D⇤�⇡+⇡�⇡+)
B(B0!D⇤�µ+⌫µ)

Signal

Normalization

Same 
final state 

Most of 
systematic
uncertainties 

cancel
• Pro: good J vertex reconstruction
• Cons: large hadronic background

External 
input

B. Siddi
INFN Ferrara

Mini-workshop on D(*) tau nu and related topics
Measurement of R(D*) with hadronic tau decays �6

Good precision in ! decay vertex reconstruction

The most abundant background source due to 
hadronic B decays into D*3"X.

Background coming from B→D*3"X is 
suppressed by 3 orders of magnitude

Vertex Inversion method

Analysis strategy
• Most dominant background:
56 → "∗'07 (BF	~100 times larger 
than signal)

è Suppressed by requiring the -
vertex to be downstream wrt <
vertex along beam direction

4Moriond	EW	- 24	March	2017F.	Betti	- INFN	Bologna	&	LHCb	Collaboration
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• Background surviving the first selection is dominated by 56 → "∗5=7, 
with >? → 3AB à e.g. ℬ <D → &∗&E∗ → 3AF ~4 times larger than signal

èTwo partial reconstruction techniques are applied to compute 
variables which discriminate between signal and background à
compute also HI and - decay time
• Normalization obtained requiring the - vertex to be upstream wrt &D

vertex

B(B0 ! D⇤3⇡ +N)

B(B0 ! D⇤⌧⌫)SM
⇠ 100

Inversion cut → ! vertex is downstream with 
respect to the B0 vertex with a significance of at 
least at 4#.

Signal mode:

Normalization mode:

B. Siddi
INFN Ferrara

Mini-workshop on D(*) tau nu and related topics
Measurement of R(D*) with hadronic tau decays �15

Conclusions
Semitauonic B decays are great tool to discover new 
physics

Several measurements of R are ongoing, e.g. R(D*), 
R(D), R(J/ѱ), R(Λc) and more modes are possible to 

do

Thanks to the LHCb capability, it is possible to 
reconstruct hadronic tau decays with good precision.

Statistical precision in Signal extraction for hadronic 
R(D*) about 7% for Run1 data → competitive with the 

muonic LHCb measurement (PRL 115, 111803) and 
with the world average (arXiv:1612.07233)

It will be possible to study not only R but also angles, 

polarizations, form factors, and other physical 
quantities

R(D*)
0.2 0.3 0.4

BaBar had. tag
 0.02± 0.02 ±0.33 

Belle had. tag
 0.01± 0.04 ±0.29 

LHCb
 0.03± 0.03 ±0.34 

Belle sl.tag
 0.01± 0.03 ±0.30 

Belle (hadronic tau)
 0.027± 0.035 ±0.270 

Average 
 0.008± 0.015 ±0.310 

S.Fajfer et al. (2012) 
 0.003±0.252 

HFAG
MoriondEW 2017

/dof = 0.4/ 1 (CL = 52.00 %)2χ

Potential LHCb statistical precision for	Run 1
(assuming central	value	from world	average)

Expect results later this year
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B→τ Nagoya 2017 Phillip URQUIJO

Statistical power projections
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• SL background 
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In the SM, BR of the t-quark into leptons are same. 
But, in new physics models, the BR to τ-leptons could be different, 

eg. via contributions from the charged Higgs (t → H+b),  
or decays containing supersymmetric stop quarks (t → t ̃+ X).

At the LHC, pair production of t,̃ decaying via t ̃→ b ντ τ ̃channel 
followed by τ ̃→ τ + gravitino could change BR to τ-leptons.  

Predicted cross-section for pair production of t-̃quark is similar  
(or 12%) as that of pair production of t-quark for mt ̃ = 120 (or 180) 

GeV.  ICHEP2016 limits on mt ̃ from LHC are > 800 GeV.
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Results presented here were recorded at center-of-mass energy of √s = 7 TeV, 
the full 2011 data sample corresponding to an integrated luminosity of ∫L = 4.6 fb-1. 

Reference: ATLAS Collaboration, Phys. Rev. D 92, 072005 (2015)

• This analysis is the first measurement of top quark hadronic and 
semi-leptonic branching ratios. The precision ranges from 2.3% for 
t → jets to 7.6% for t → τh + X. The measured Bτ will vary by 
more than observed uncertainty if B(t ̃→ b ντ τ)̃ times production 
cross-section of t-̃quark is > 3% of pair production of t-quark.
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Fermions

Bosons

Direct observation of H→τ+τ-  
confirms the Higgs-like nature 

of the newly discovered particle.

B(H→τ+τ-) ~ 6.3% at 125 GeV  
B(H→bb̅) ~ 57.5% at 125 GeV 
but τ+τ- has less backgrounds.

H H



Overview 
of τ physics

Swagato 
Banerjee

H → τ+τ-  : event topology

43

 [GeV]H
T
p

0 50 100 150 200

Ev
en

ts
 / 

10
 G

eV

210

310

410

510

610
Data

ττ→(125)H ×50 
ττ→Z

Others
Multijet
Uncert.

 Preselectionhadτhadτ

 = 8 TeVs   -1 L dt = 20.3 fb∫

ATLAS Internal

)
2
j,

1
j(η∆

0 2 4 6

Ev
en

ts
 / 

0.
5

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200

Data
ττ→(125)H ×50 

ττ→Z
Others
Multijet
Uncert.

 Preselectionhadτhadτ

 = 8 TeVs   -1 L dt = 20.3 fb∫

ATLAS Internal

VBF Boosted

• Vector Boson Fusion (VBF) process (σ = 1.6 pb) with 2 well-separated jets 
• Boosted Higgs recoiling against jets from gluon fusion process (σ = 19.4 pb)

“jet 
 separation”

“total  
transverse 

momentum”
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At 125 GeV ATLAS CMS
Observed Significance 4.5 σ 3.2 σ
Expected Signifiance 3.4 σ 3.7 σ

Signal Strength 1.40 +0.43 -0.37 0.78 ± 0.27

JHEP 04 (2015) 117 JHEP 05 (2014) 104
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Higgs Boson at 7 and 8 TeV (Run 1)

ATLAS and CMS have 
combined their Run 1 data to 
extract precise measurement 
of Higgs coupling 

Higgs (125 GeV) compatible 
with SM

  
                       8	

Florencia Canelli  

Higgs Production at 13 TeV (Run 2)

• Overall significance of 
Higgs production: 
~10 σ 

• σ(pp→H+X)= 

SM

  
                       11	

couplings to fermions? 
Run 1 results  

H→bb, i.e. the dominant decay 
remains an experimental 

challenge

Combined > 5σ
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Parametrisation of CP-odd coupling 

6 

• Effective field theory with Lagrangian containing CP-odd terms: 

 
 

 

• CP mixing parametrised in terms of 

parameters      and  

• Contributions from individual gauge 

boson fusion processes cannot be 

distinguished experimentally 

• We choose setting 
 

• Can be translated into parameter used 

for the HWW/HZZ CP analysis: 
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Parametrisation of CP-odd coupling 
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Using      as strength parameter, we can look at deviations in ME: 
 

Matrix element 
 
~Cross-section 
 
 
 

 
Interference term 
               CP-odd, no contribution to xsection, 

               source of CP violation 
 
Quadratic term 
               CP-even, quadratic contribution to xsection, 
               no contribution to CP violation 
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 (Not used) 

Optimal Observable 

• Defined using matrix element of process 

• Describes full final state (Higgs boson 
and two tagging jets) 

• Input: reconstructed Higgs mass, jets, 
            Bjorken x 

• Combines higher order phase space 
into single observable 

• Insufficient statistics to perform 
2-dimensional fit – use only O1 
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Multidimensional fits & modeling data
• modeling data with either 

• templates based on kinematic discriminants 

• discriminants based on LO ME or BDT 

• 3D templates describing various event categories  
(one sensitive to signal/background,  
 one sensitive to CP eigenstates,  
 one sensitive to interference) 

• fully correlated multi-dim likelihood   
(including approx. detector effects) 

• CMS: 8D  
              (m4!,m1,2, cosθ1,2, φ, cosθ*, φ1) 
ATLAS: 9D  
(pT4!, η4!, m4!,m1,2, cosθ1,2, φ, cosθ*) 

• used to validate discriminant fits
16

/*)/2  = /*)0+/2 + /*)0-/2 + 2+e(*) *0+ *)0-   

(0-=/*)0-/2 / [/*)0+/2 + /*)0-/2-­

(int= 2+e(*) *0+ *)0-  / [/*)0+/2 + /*)0-/2-­

(0-

0-

0+

e.g.: 

WW analysis
• opposite sign e-μ events selected  

• Events classified based on the exclusive numbers of jets (0 or 1 jet) 

• Main backgrounds, WW, ttbar/tW, and Z/W+jets are extrapolated from data 
control regions 

• CMS: 2D distribution of mll and mT distributions are used to describe events 
ATLAS: 2D distributions of BDT discriminants are used 

22

arXiv:1411.3441

HWW:

HZZ: Hττ:

of H → WW∗ → eνµν and H → ZZ∗ → 4ℓ channels are listed in Table. 9.

Coupling ratio Best-fit value 95% CL Exclusion Regions
Combined Observed Expected Observed
κ̃HVV/κSM −0.48 (−∞,−0.55]

⋃

[4.80,∞) (−∞,−0.73]
⋃

[0.63,∞)
(κ̃AVV/κSM) · tanα −0.68 (−∞,−2.33]

⋃

[2.30,∞) (−∞,−2.18]
⋃

[0.83,∞)

Table 9: Expected and observed best-fit values of (a) κ̃HVV/κSM and (b) (κ̃AVV/κSM) · tanα and 95% CL excluded
regions obtained in the combination of H → ZZ∗ → 4ℓ and H → WW∗ → eνµν analyses. The expected values are
estimated for the signal strengths measured in data and assuming best-fit values for all other nuisance parameters.
The signal strengths are treated independently per decay channel and per collision energy.

7 Conclusion

Studies of the spin and parity of the observed Higgs boson in the H → ZZ∗ → 4ℓ, H → WW∗ → eνµν
and H → γγ decay processes are presented. The investigations are based on 4.5 fb−1 and 20.3 fb−1
of pp collision data collected by the ATLAS experiment at the LHC at

√
s = 7 TeV and

√
s = 8 TeV,

respectively. The SM Higgs boson hypothesis, corresponding to the quantum numbers JP = 0+, is tested
against several alternative spin and parity models. The models considered include non-SM spin-0 and
spin-2 models with universal and non-universal couplings to quarks and gluons. The combination of
the three decay processes allows the exclusion of all considered non-SM spin hypotheses at a more than
99.9% CL in favour of the SM spin-0 hypothesis.

The tensor structure of the HVV interaction in the spin-0 hypothesis is also investigated using the H →
ZZ∗ → 4ℓ and H → WW∗ → eνµν decays. Only one BSM tensor coupling is investigated at a time, while
the other one is set to zero. The observed distributions of the variables sensitive the ratios of the BSM to
SM tensor couplings, κ̃HVV/κSM and (κ̃AVV/κSM) · tanα, are compatible with the SM predictions.

Values of the BSM tensor couplings outside of the intervals −0.75 < κ̃HVV/κSM < 2.45 and −2.85 <
(κ̃AVV/κSM) · tanα < 0.95 are excluded at the 95% CL for the H → ZZ∗ → 4ℓ process. For the H →
WW∗ → eνµν process the ranges −2.2 < κ̃HVV/κSM < −1.0 and −0.85 < κ̃HVV/κSM < 0.4 and −6.0 <
(κ̃AVV/κSM) · tanα < 5.0 are excluded at the 95% CL.

The results from the H → WW∗ → eνµν and H → ZZ∗ → 4ℓ decay channels are combined under the
assumption that the κ̃HVV/κSM and (κ̃AVV/κSM) · tanα couplings have the same values for the HWW and
HZZ processes. As a result of this combination, the regions outside of −0.73 < κ̃HVV/κSM < 0.63 and
−2.18 < (κ̃AVV/κSM) · tanα < 0.83 intervals are excluded at the 95% CL. The corresponding expected
not-excluded intervals at the 95% CL, assuming the SM Higgs boson hypothesis and the signal strength
values measured in data, are −0.55 < κ̃HVV/κSM < 4.80 and −2.33 < (κ̃AVV/κSM) · tan α < 2.30.
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j j parameter (blue) as the final discrim-
inating variable. An Asimov dataset with SM backgrounds plus pure CP-even VBF signal (d̃ = 0) scaled to the
SM expectation was used to calculate the expected values in both cases. The markers indicate the points where an
evaluation was made – the lines are only meant to guide the eye.
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Figure 8: Observed (black) and expected (red) �NLL for the combination of both channels as a function of the
d̃ values defining the underlying signal hypothesis when using the ��sign

j j parameter as the final discriminating
variable. An Asimov dataset with SM backgrounds plus pure CP-even VBF signal (d̃ = 0), scaled to the best-fit
value of the signal strength in the combined fit when using the ��sign

j j parameter (µ = 2.02+0.87
�0.77) was used to calculate

the expected values. The markers indicate the points where an evaluation was made – the lines are only meant to
guide the eye.

as in Ref. [14, 15] is assumed. The 68% CL interval presented in this work is a factor 10 better than the
one obtained in Ref. [15].

As a comparison, the same procedure for extracting the CP-mixing parameter d̃ was applied using the
��sign

j j observable, previously proposed for this measurement and defined in Eq. 11, rather than the Op-

16

68%
(-α,-1.5)U(0,α)(-α,-1.5)U(1,α)

8 Results

The mean value of the Optimal Observable for the signal is expected to be zero for a CP-even case, while
there may be deviations in case of CP-violating e↵ects. A mean value of zero is also expected for the
background, as has been demonstrated. Hence, the mean value in data should also be consistent with zero
if there are no CP-violating e↵ects within the precision of this measurement. The observed values for the
mean value in data inside the signal regions are 0.3 ± 0.5 for ⌧lep⌧lep and �0.3 ± 0.4 for ⌧lep⌧had, fully
consistent with zero within statistical uncertainties and thus showing no hint of CP violation.
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Figure 6: Observed and expected �NLL as a function of the d̃ values defining the underlying signal hypothesis, for
⌧lep⌧lep (green), ⌧lep⌧had (red) and their combination (black). The best-fit values of all nuisance parameters from the
combined fit at each d̃ point were used in all cases. An Asimov dataset with SM backgrounds plus pure CP-even
VBF signal (d̃ = 0), scaled to the best-fit signal-strength value, was used to calculate the expected values, shown in
blue. The markers indicate the points where an evaluation was made – the lines are only meant to guide the eye.

As described in the previous section, the observed limit on CP-odd couplings is estimated using a global
maximum-likelihood fit to the Optimal Observable distributions in data. The observed distribution of
�NLL as a function of the CP-mixing parameter d̃ for the individual channels separately, and for their
combination, is shown in Fig. 6. The ⌧lep⌧lep and ⌧lep⌧had curves use the best-fit values of all nuisance
parameters from the combined fit at each d̃ point. The expected curve is calculated assuming no CP-odd
coupling, with the H ! ⌧⌧ signal scaled to the signal-strength value (µ = 1.55+0.87

�0.76) determined from
the fit for d̃ = 0. In the absence of CP violation the curve is expected to have a minimum at d̃ = 0.
Since the first-order Optimal Observable used in the present analysis is only sensitive to small variations
in the considered variable, for large d̃ values there is no further discrimination power and thus the �NLL
curve is expected to flatten out. The observed curve follows this behaviour and is consistent with no CP
violation. The regions d̃ < �0.11 and d̃ > 0.05 are excluded at 68% CL. The expected confidence intervals
are [�0.08, 0.08] ([�0.18, 0.18]) for an assumed signal strength of µ = 1.55 (1.0). The constraints on the
CP mixing parameter d̃ based on VBF production can be directly compared to those obtained by studying
the Higgs boson decays into vector bosons, as the same relation between the HWW and HZZ couplings

15EPJC 75 (2015) 476 EPJC 76 (2016) 658
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H!ττ : Results : S/S+B plot
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Arun Kumar                                                      CMS Results : H!ττ, WW, μμ                                               LHCP 2017


"  log(S/S+B) plot has been made from every bin from the unrolled 2-D 
distributions (used for limit extraction), with a background subtracted 
inset


"  Excess is clearly visible in the most sensitive bins.
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"  125 GeV SM Higgs

"  Expected (postfit) significance 

is 4.7 σ

"   Observed significance is 4.9 σ

"   Obs. p-value ≈ 6 x 10-8


Expected: 4.7σ, Observed: 4.9σ 
Combined CMS will be > 5σ 

Higgs #τ+τ-

15/05/17 J. Butler, CMS Status, LHCP 18 

•  $Four$decay$topologies$for$τ+τ�:$eµ,$eτh,µτh,τhτh$
•  Three$produc9on$modes:$0:jet$(gg),$VBF,$boosted$(addi9onal$

objects)$
•  Irreducible$sources$of$systema9cs:$W+jets,$DY$Z/γ$#ll,ττ,$t:tbar,$

QCD$

τ+τ�, µτ  most$sensiUve$ µ(signal$strength)=$1.06$+0.25:0.24$
Significance$4.9$σ;$CMS$combined$will$be$>$5$σ

HIGI16I043$LHCP (May 2017) 
 Update from CMS:

Outline


Arun Kumar                                                      CMS Results : H!ττ, WW, μμ                                               LHCP 2017
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"  Focus is on most Recent results.

"  H!ττ has been updated with full 2016 luminosity.


"  Other analyses are being updated with more data.


"  Only covering SM Higgs results here.


Analysis% Document% Dataset%

H!ττ%(NEW)% HIGH16H043% 35.9%NH1%(Full%2016%Data)%

H!WW' HIG?15?003' 2.3'E?1'(2015)'

H!μμ' Phys.'LeK.'B'744'(2015)'184' Run?I'data'

µ = 1.06 +0.25 -0.24
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Charged Higgs decay modes

A.	Djouadi,	L.	Maiani,	A.	Polosa,	J.	Quevillon,	V.	Riquer	(arXiv:1502.05653) 

Charged Higgs decay modes

A.	Djouadi,	L.	Maiani,	A.	Polosa,	J.	Quevillon,	V.	Riquer	(arXiv:1502.05653) 

Riccardo Manzoni - Università & INFN Milano Bicocca

• two different scenarios: 	 heavy charged Higgs: 	 mH± > mt - mb 
	 	 	 	 	 	 	 light charged Higgs: 		 mH± < mt - mb 

• signature: 1 τh, ≥ 3 jets, ≥ 1 b-jets, ETmiss and 0! 

• different kinematic selections for the two scenarios 

• topological selections: Δφ(τh, ETmiss) vs Δφ(jet, ETmiss)  

• signal extraction through a fit to mT distribution

H±→τν - strategy
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• two different scenarios: 	 heavy charged Higgs: 	 mH± > mt - mb 
	 	 	 	 	 	 	 light charged Higgs: 		 mH± < mt - mb 

• signature: 1 τh, ≥ 3 jets, ≥ 1 b-jets, ETmiss and 0! 

• different kinematic selections for the two scenarios 

• topological selections: Δφ(τh, ETmiss) vs Δφ(jet, ETmiss)  

• signal extraction through a fit to mT distribution

H±→τν - strategy
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• two different scenarios: 	 heavy charged Higgs: 	 mH± > mt - mb 
	 	 	 	 	 	 	 light charged Higgs: 		 mH± < mt - mb 

• signature: 1 τh, ≥ 3 jets, ≥ 1 b-jets, ETmiss and 0! 

• different kinematic selections for the two scenarios 

• topological selections: Δφ(τh, ETmiss) vs Δφ(jet, ETmiss)  

• signal extraction through a fit to mT distribution
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Charged Higgs

Charged Higgs bosons are primarily produced in decays of (low-mass) or in 
association with (high-mass) a top quark:

mH+ < mtop mH+  > mtop,  5FS mH+  > mtop,  4FS 

Higgs couplings to fermions might be modified in case of an extended 
Higgs sector (MSSM, 2HDM, etc etc) where a charged Higgs is predicted.
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H+ → τ ν @ 13 TeV

For 14.7 fb-1 @ 13 TeV, in mass range of mH = 200-2000 GeV, 
upper limits were set in range of 2.0 pb-1 to 8fb-1 

H+ → τ ν @ 13 TeV
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H+ → τ ν @ 13 TeV

For 14.7 fb-1 @ 13 TeV, in mass range of mH = 200-2000 GeV, 
upper limits were set in range of 2.0 pb-1 to 8fb-1 
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H±→τν - results
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• light H± almost ruled out in MSSM mhmod+ (and most of other) scenario(s)

 (GeV)+Hm
80 90 100 110 120 130 140 150 160

ντ
→+ H

B× b+ H
→t

B
95

%
 C

L 
lim

it 
on

 

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Observed
σ 1±Expected median 
σ 2±Expected median 

 (13 TeV)-112.9 fbCMSPreliminary

τν
+τ → +b, H+ H→t 

+jets final statehτ

 (GeV)+Hm
90 100 110 120 130 140 150 160

β
ta

n 
10

20

30

40

50

60

Observed
Excluded

σ 1±Expected median 
σ 2±Expected median 

3 GeV± 125≠ MSSM
hm

 (13 TeV)-112.9 fbCMSPreliminary

τν
+τ → +b, H+ H→t 

+jets final statehτ

mod+
hmMSSM 

 (GeV)+Hm
200 250 300 350 400 450 500

β
ta

n 

10

20

30

40

50

60

Observed
Excluded

σ 1±Expected median 
σ 2±Expected median 

3 GeV± 125≠ MSSM
hm

 (13 TeV)-112.9 fbCMSPreliminary

τν
+τ → +, H+(b)Ht →pp 

+jets final statehτ

mod+
hmMSSM 



Overview 
of τ physics

Swagato 
Banerjee

Lots of interesting physics with tau’s
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