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1.   Introduction and Motivation: 
Why studying flavour physics? 
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•  New era in particle physics :            
         (unexpected) success of the Standard Model: a successful theory of 
microscopic phenomena with no intrinsic energy limitation 
 

•  Several decades of  
experimental successes 
Ø  Gauge sector (LEP, SLC) 

 
Ø  Prediction of the quark  

top before its discovery 
 

Ø  CP violation measured  
in Kaons decays  
(NA48, KLOE, KTeV),  
and B decays (BaBar,  
Belle) 
 

Ø  Higgs boson 
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The Standard Model (SM)



•  Was this unexpected?  
Not really!           Consistent with (pre-LHC) indications coming from indirect 
NP searches (EWPO + flavour physcs) 

•  Shall we continue to test the Standard Model and search for New Physics? 
 

Yes!          Despite its phenomenological successes, the SM has some deep  
 

unsolved problems: 
–  hierarchy problem 
–  flavour pattern 
–  dark-matter, etc…. 

•  Strong interaction not so well understood:  
confinement, etc 
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•  Shall we continue to test the Standard Model and search for New Physics? 
 

Yes!          Despite its phenomenological successes, the SM has some deep  
 

unsolved problems: 
–  hierarchy problem 
–  flavour pattern 
–  dark-matter, etc…. 

–  Strong interaction not so well understood:  
confinement etc 

 
 
 

•  Consider the SM as as an effective theory,  
i.e. the limit –in the accessible range  
of energies and effective couplings–  
of a more fundamental theory, with  
–  new degrees of freedom  
–  new symmetries 
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Particle physics

Central question of QFT-based particle physics

L =?

i.e. which degrees of freedom, symmetries, scales ?

H

H
ig

g
s

3 générations

SM best answer up to now, but
neutrino masses
dark matter
dark energy
baryon asymmetry of the
universe
hierarchy problem

S. Descotes-Genon (LPT) Heavy flavours 20/01/14 3

3 generations 



 

•  Where do we look?   Everywhere!  

 search for New Physics with a broad search strategy given the lack of            
     clear indications on the SM-EFT boundaries (both in terms of energies and        
     effective couplings)  
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Where is the tail?

Y. Grossman NP with flavor factories KEK, Oct. 28, 2014 p. 26

Key unique role of  
Flavour Physics 
 
e+ e- machines such as  
Belle II offer a very clean  
environment 

Where is the tail? Y.	Grossman@KEKFF’14 
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e+ e�bb̄

bū

b̄u

⌥(1S) = hbb̄i
⌥(4S) = hbb̄i

10

andBs mesons. Samples of b-flavored hadrons of di↵erent
types are available from production at higher energies,
in e+e� collisions on the Z resonance at LEP (ALEPH,
DELPHI, L3, OPAL experiments) and SLC (SLD experi-
ment), as wells in hadron collisions at the Tevatron (CDF
and D0 experiments) and the LHC (LHCb, ATLAS, CMS
experiments).

The cross sections for the process e+e� ! bb̄ at the
⌥(4S), ⌥(5S) and Z resonances are 1.1 nb, 0.3 nb, and
6.6 nb, respectively. The cross section for b-hadron pro-
duction in hadron collisions is much larger, e.g. �(pp !
bb̄) ⇠ 300 µb at a center-of-mass energy of

p
s = 7 TeV.

Table I gives an overview of the data samples recorded
by the various experiments.

TABLE I: Overview of the b-hadron samples recorded
by various experiments. For LEP and SLC the numbers
of produced Z bosons is given instead of the integrated

luminosity
R Ldt.

Experiment
p
s (GeV)

R Ldt ( fb�1) BB/bb̄ pairs

Belle 10.58 711 7.72⇥ 108 BB

BABAR 10.58 426 4.68⇥ 108 BB

CLEO 10.58 16 1.71⇥ 107 BB

ARGUS 10.58 0.2 2⇥ 105 BB

LEPa,c ⇠ 91 ⇠ 4⇥ 106 Z ⇠ 6⇥ 105 bb̄

SLD ⇠ 91 ⇠ 6⇥ 105 Z ⇠ 9⇥ 104 bb̄

LHCb 7000, 8000 3.2 2.6⇥ 1011 bb̄

ATLAS, CMSc 7000, 8000 25 ⇠ 1012 bb̄

Tevatronb,c 1960 10 ⇠ 1011 bb̄
a LEP is representative of the ALEPH, DELPHI, L3, and

OPAL experiments.
b Tevatron is representative of the CDF and D0 experiments.

c Quoted numbers are per experiment.

Semileptonic and leptonic decays of the B meson
are best studied in e+e� collisions, where the four-
momentum of the inital state is known and the events are
rather clean. Their study in hadron collisions is di�cult
due to the large hadronic background and the unknown
initial state, which makes a reconstruction of the neutrino
impossible. Moreover, hadron-collider experiments must
trigger on specific exclusive decay modes, preferentially
with charged particles in the final state. The B-factory
experiments can reconstruct a large variety of B-meson
decay modes with a high e�ciency and are thus able to
perform inclusive measurements.

In this article, we will primarily focus on the measure-
ments of the high-luminosity B-factory experiments Belle
at KEKB and BABAR at PEP-II. They provide the cur-
rently most precise results on B ! `⌫ and B ! X`⌫
decays. If competitive results from other experiments
exist for a specific decay mode, they will be mentioned
as well. The PEP-II collider operated from 1998 to 2008,

KEKB from 1998 to 2010 at a center-of-mass energy ofp
s = 10.58 GeV, equal to the mass of the ⌥(4S).
The production of B mesons in e+e� collisions at the

⌥(4S) resonance is illustrated in Fig. 4. The ⌥(4S) is
the lightest bb̄ resonance with a mass above the BB pair
production threshold: m⌥(4S) = 10.58 GeV > 2mB =
10.56 GeV. It decays almost exclusively to B-meson
pairs, with about equal probability to B+B� and B0B0.
The current upper limit for non-BB decays of the ⌥(4S)
is 4% at the 95% confidence level (Olive et al., 2014).

B! threshold 

(a)

(b)

FIG. 4: B-meson production in e+e� collisions at the
⌥(4S) resonance: (a) cross section for e+e� ! hadrons,

(b) diagram for BB production.

The energies of the collinding electron and positron
beams were chosen to be asymmetric, which resulted in
a boost of the ⌥(4S) resonance and the B mesons pro-
duced in its decay. This boost allows for a better spa-
tial separation of the two B-meson decay vertices. The
flight lengths of the B mesons are used to determine
their lifetimes and are thus important for time-dependent
measurements, in particular the measurement of time-
dependent CP asymmetries. Table II lists some of the
operation parameters of the KEKB and PEP-II colliders.

2. Detectors

The detection of B ! `⌫ and B ! X`⌫ decays re-
quires a reliable reconstruction and identification of the
charged lepton ` = e, µ and, in the case of semileptonic
decays, the hadrons that form the hadronic final state X.
In addition, the other particles in the event need to be
reconstructed to infer the kinematics of the undetected
neutrino from either the missing energy and momentum
in the event or the reconstruction of the second B meson.

B�

B+
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cū

⇡�
….

⌫̄`

⇣
pe+e� � pBtag � pD

⇤
� p`

⌘2
= (p⌫)

2 = m2
miss v 0

0

Belle |Vcb| measurement with B ! D ` ⌫̄`

* Reconstruct 2nd B via hadronic modes, look
for events with lepton and D-meson candidates

* Measure �B in bins of w v q2 = (pB � pD)2

by using

M2
miss = (pB � pD � p`)

2 = (p⌫)2

* Simultaneously extract |Vcb| and non-
perturbative QCD dynamics: Outline

2

Vqb

W �

`�

⌫̄`

b

ū q

ū

Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

as illustrated in Fig. 17.1.1. These are governed by the
CKM-matrix elements Vcb and Vub, and since the inter-
mediate W -boson decays leptonically, do not involve any50

other CKM-matrix elements. Hence, measurements of the
B ! X`⌫ decay rate can be used to directly measure |Vcb|
and |Vub|.

The theoretical description of semileptonic B decays
starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GFp

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

where PL = (1 � �5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The di↵erential B decay rates take the
form

d� / G2
F |Vqb|2

��LµhX|q̄�µPLb|Bi��2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the e↵ective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b ! q current.
The latter do not a↵ect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element hX|q̄�µPLb|Bi in
Eq. (17.1.2). This factorization is violated by small elec-60

tromagnetic corrections, for example by photon exchange
between the quarks and leptons, which must be taken into
account in situations where high precision is required.

The challenge in the extraction of |Vcb| and |Vub| is
the determination of the hadronic matrix element of the65

quark current in Eq. (17.1.2). For this purpose, di↵erent
theoretical methods have been developed, depending on
the specific decay mode under consideration. In almost all
cases, the large mass of the b-quark, mb ⇠ 5 GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final state X = D⇤, ⇡, ....
In this case, one parameterizes the necessary hadronic ma-
trix element in terms of form factors, which are nonper-
turbative functions of the momentum transfer q2. This75

is discussed in Sections 17.1.2 and 17.1.4. Two methods
to determine the necessary form factors are lattice QCD
(LQCD) and light-cone sum rules (LCSR). In LQCD the
QCD functional integrals for the matrix elements are com-
puted numerically from first principles. Heavy-quark e↵ec-80

tive theory (HQET), and nonrelativistic QCD (NRQCD),

were first introduced, at least in part, to enable lattice-
QCD calculations with heavy quarks. Even when these
formalisms are not explicitly used, heavy-quark dynam-
ics are usually used to control discretization e↵ects. An85

exception are the most recent determinations of mb from
lattice QCD, discussed below, which use a lattice so fine
that the b quark can be treated with a light-quark formal-
ism. A complementary method is based on LCSR which
use hadronic dispersion relations to approximate the form90

factor in terms of quark-current correlators, which can be
calculated in an operator product expansion (OPE).

In inclusive semileptonic decays, one considers the sum
over all possible final states X that are kinematically al-
lowed. Employing parton-hadron duality one can replace95

the sum over hadronic final states with a sum over par-
tonic final states. This eliminates any long-distance sensi-
tivity to the final state, while the short-distance QCD cor-
rections, which appear at the typical scale µ ⇠ mb of the
decay, can be computed in perturbation theory in terms of100

the strong coupling constant ↵s(mb) ⇠ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ⇤QCD/mb ⇠ 0.1, with ⇤QCD

a typical hadronic scale of order mB �mb ⇠ 0.5 GeV. This
is called the heavy quark expansion (HQE), and it system-105

atically expresses the decay rate in terms of nonperturba-
tive parameters that describe universal properties of the
B meson. This is discussed in Sections 17.1.3 and 17.1.5.

17.1.1.3 Experimental Techniques

As in other analyses of BB̄ data recorded at B facto-110

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e� ! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e� ! qq(�) with q = u, d, s, c.115

The suppression of the continuum background is achieved
by requiring at least four charged particles in the event and
by imposing restrictions on several event shape variables,
either sequentially on individual variables or by construct-
ing multivariable discriminants. Among these variables are120

thrust, the maximum sum of the longitudinal momenta of
all particles relative to a chosen axis, �✓thrust, the angle
between the thrust axis of all particles associated with the
signal decay and the thrust axis of the rest of the event,
R2, the ratio of the second to the zeroth Fox-Wolfram mo-125

ments, and L0 and L2, the normalized angular moments
(introduced in Sec. 9).

The separation of semileptonic B decays from BB̄
backgrounds is very challenging because they result in one
or more undetected neutrinos. The energy and momentum
of the missing particles can be inferred from the sum of
all other particles in the event,

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

where (E0,p0) is the four-vector of the colliding beams. If
the only undetected particle in the event is one neutrino,

[Illustration by F. Tackmann]

I. Introduction: Summary of the exp. and theo. situation
a Recap of incl. and excl. measurements

b Recap of the ’1/2’ vs ’3/2’ problem

II. Discovery of potential 2S charmed state(s) by BABAR

III. Our Proposal and its Viability

IV. Prediction of �(B ! D

0(⇤) ` ⌫̄`) using light-cone sum rules

V. Summary

2 / 15

! Encoded in Form Factors and need theory input for normalization.

[arXiv:1510.03657, accepted by PRD]
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FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! ¯D0e+⌫e sub-sample. Points

with error bars are the data. Histograms are (from top to bottom) the B ! D`⌫` signal (green), the B ! D⇤`⌫` cross-feed

background (red), and other backgrounds (blue). The p-values of the fits are (from left to right) 0.55, 0.21, and 0.10.
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FIG. 2. Same as Fig. 1 for the B+ ! ¯D0µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.71, 0.38, and 0.42.
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FIG. 3. Same as Fig. 1 for the B0 ! D�e+⌫e sub-sample. The p-values of the fits are (from left to right) 0.30, 0.10, and 0.96.
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FIG. 4. Same as Fig. 1 for the B0 ! D�µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.92, 0.39, and 1.00.
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data (only results for f+ are shown on this plot). For Belle data, the uncertainties are represented by the vertical error bars

and the bin widths by the horizontal bars. The solid curve corresponds to the result of the fit. The shaded area around this

curve indicates the uncertainty in the coe�cients of the BGL series.

We interpret our measurement of ��/�w in terms of �EW|Vcb| by using the currently most established method,
i.e., by fitting ��/�w to the Caprini, Lellouch and Neubert (CLN) form-factor parameterization and by dividing
�EWG(1)|Vcb| by the form factor normalization at zero recoil G(1) to obtain �EW|Vcb|. Assuming the value G(1) =
1.0541 ± 0.0083 [15], we find �EW|Vcb| = (40.12 ± 1.34) � 10�3. Recent lattice data also allows to perform a combined
fit to the model-independent form-factor parameterization by Boyd, Grinstein and Lebed (BGL). We find �EW|Vcb| =
(41.10 ± 1.14) � 10�3 with the lattice QCD data from FNAL/MILC [15] and HPQCD [32].

Assuming �EW = 1.0066 ± 0.0016 [12], our results correspond to a value of |Vcb| = (39.86 ± 1.33) � 10�3 for the fit
using the CLN form-factor parameterization and G(1), and |Vcb| = (40.83 ± 1.13) � 10�3 for the fit using the BGL
parameterization and lattice data.

These results supersede the previous Belle measurement [36]. Compared to the previous analysis by BaBar [6], we
reconstruct about 5 times more B ! D`⌫` decays; this results in a significant improvement in the precision of the
determination of �EW|Vcb| from the decay B ! D`⌫` to 2.8%. The value of �EW|Vcb| extracted with the combined
analysis of experimental and LQCD data is in agreement with both |Vcb| extracted from inclusive semileptonic de-
cays [3] and |Vcb| from B ! D⇤`⌫` decays [4, 5]. The measured branching fractions are higher although still compatible
with those obtained by previous analyses [6].

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
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by using
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Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

as illustrated in Fig. 17.1.1. These are governed by the
CKM-matrix elements Vcb and Vub, and since the inter-
mediate W -boson decays leptonically, do not involve any50

other CKM-matrix elements. Hence, measurements of the
B ! X`⌫ decay rate can be used to directly measure |Vcb|
and |Vub|.

The theoretical description of semileptonic B decays
starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GFp

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

where PL = (1 � �5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The di↵erential B decay rates take the
form

d� / G2
F |Vqb|2

��LµhX|q̄�µPLb|Bi��2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the e↵ective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b ! q current.
The latter do not a↵ect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element hX|q̄�µPLb|Bi in
Eq. (17.1.2). This factorization is violated by small elec-60

tromagnetic corrections, for example by photon exchange
between the quarks and leptons, which must be taken into
account in situations where high precision is required.

The challenge in the extraction of |Vcb| and |Vub| is
the determination of the hadronic matrix element of the65

quark current in Eq. (17.1.2). For this purpose, di↵erent
theoretical methods have been developed, depending on
the specific decay mode under consideration. In almost all
cases, the large mass of the b-quark, mb ⇠ 5 GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final state X = D⇤, ⇡, ....
In this case, one parameterizes the necessary hadronic ma-
trix element in terms of form factors, which are nonper-
turbative functions of the momentum transfer q2. This75

is discussed in Sections 17.1.2 and 17.1.4. Two methods
to determine the necessary form factors are lattice QCD
(LQCD) and light-cone sum rules (LCSR). In LQCD the
QCD functional integrals for the matrix elements are com-
puted numerically from first principles. Heavy-quark e↵ec-80

tive theory (HQET), and nonrelativistic QCD (NRQCD),

were first introduced, at least in part, to enable lattice-
QCD calculations with heavy quarks. Even when these
formalisms are not explicitly used, heavy-quark dynam-
ics are usually used to control discretization e↵ects. An85

exception are the most recent determinations of mb from
lattice QCD, discussed below, which use a lattice so fine
that the b quark can be treated with a light-quark formal-
ism. A complementary method is based on LCSR which
use hadronic dispersion relations to approximate the form90

factor in terms of quark-current correlators, which can be
calculated in an operator product expansion (OPE).

In inclusive semileptonic decays, one considers the sum
over all possible final states X that are kinematically al-
lowed. Employing parton-hadron duality one can replace95

the sum over hadronic final states with a sum over par-
tonic final states. This eliminates any long-distance sensi-
tivity to the final state, while the short-distance QCD cor-
rections, which appear at the typical scale µ ⇠ mb of the
decay, can be computed in perturbation theory in terms of100

the strong coupling constant ↵s(mb) ⇠ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ⇤QCD/mb ⇠ 0.1, with ⇤QCD

a typical hadronic scale of order mB �mb ⇠ 0.5 GeV. This
is called the heavy quark expansion (HQE), and it system-105

atically expresses the decay rate in terms of nonperturba-
tive parameters that describe universal properties of the
B meson. This is discussed in Sections 17.1.3 and 17.1.5.

17.1.1.3 Experimental Techniques

As in other analyses of BB̄ data recorded at B facto-110

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e� ! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e� ! qq(�) with q = u, d, s, c.115

The suppression of the continuum background is achieved
by requiring at least four charged particles in the event and
by imposing restrictions on several event shape variables,
either sequentially on individual variables or by construct-
ing multivariable discriminants. Among these variables are120

thrust, the maximum sum of the longitudinal momenta of
all particles relative to a chosen axis, �✓thrust, the angle
between the thrust axis of all particles associated with the
signal decay and the thrust axis of the rest of the event,
R2, the ratio of the second to the zeroth Fox-Wolfram mo-125

ments, and L0 and L2, the normalized angular moments
(introduced in Sec. 9).

The separation of semileptonic B decays from BB̄
backgrounds is very challenging because they result in one
or more undetected neutrinos. The energy and momentum
of the missing particles can be inferred from the sum of
all other particles in the event,

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

where (E0,p0) is the four-vector of the colliding beams. If
the only undetected particle in the event is one neutrino,

[Illustration by F. Tackmann]

I. Introduction: Summary of the exp. and theo. situation
a Recap of incl. and excl. measurements

b Recap of the ’1/2’ vs ’3/2’ problem

II. Discovery of potential 2S charmed state(s) by BABAR

III. Our Proposal and its Viability

IV. Prediction of �(B ! D

0(⇤) ` ⌫̄`) using light-cone sum rules

V. Summary

2 / 15

! Encoded in Form Factors and need theory input for normalization.

[arXiv:1510.03657, accepted by PRD]
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FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! ¯D0e+⌫e sub-sample. Points

with error bars are the data. Histograms are (from top to bottom) the B ! D`⌫` signal (green), the B ! D⇤`⌫` cross-feed

background (red), and other backgrounds (blue). The p-values of the fits are (from left to right) 0.55, 0.21, and 0.10.
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FIG. 2. Same as Fig. 1 for the B+ ! ¯D0µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.71, 0.38, and 0.42.
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FIG. 3. Same as Fig. 1 for the B0 ! D�e+⌫e sub-sample. The p-values of the fits are (from left to right) 0.30, 0.10, and 0.96.
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FIG. 4. Same as Fig. 1 for the B0 ! D�µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.92, 0.39, and 1.00.
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FIG. 7. Di�erential width of B ! D`⌫` and result of the combined fit to experimental and lattice QCD (FNAL/MILC and

HPQCD) data. The BGL series (Eq. (8)) is truncated after the cubic term. The points with error bars are Belle and LQCD

data (only results for f+ are shown on this plot). For Belle data, the uncertainties are represented by the vertical error bars

and the bin widths by the horizontal bars. The solid curve corresponds to the result of the fit. The shaded area around this

curve indicates the uncertainty in the coe�cients of the BGL series.

We interpret our measurement of ��/�w in terms of �EW|Vcb| by using the currently most established method,
i.e., by fitting ��/�w to the Caprini, Lellouch and Neubert (CLN) form-factor parameterization and by dividing
�EWG(1)|Vcb| by the form factor normalization at zero recoil G(1) to obtain �EW|Vcb|. Assuming the value G(1) =
1.0541 ± 0.0083 [15], we find �EW|Vcb| = (40.12 ± 1.34) � 10�3. Recent lattice data also allows to perform a combined
fit to the model-independent form-factor parameterization by Boyd, Grinstein and Lebed (BGL). We find �EW|Vcb| =
(41.10 ± 1.14) � 10�3 with the lattice QCD data from FNAL/MILC [15] and HPQCD [32].

Assuming �EW = 1.0066 ± 0.0016 [12], our results correspond to a value of |Vcb| = (39.86 ± 1.33) � 10�3 for the fit
using the CLN form-factor parameterization and G(1), and |Vcb| = (40.83 ± 1.13) � 10�3 for the fit using the BGL
parameterization and lattice data.

These results supersede the previous Belle measurement [36]. Compared to the previous analysis by BaBar [6], we
reconstruct about 5 times more B ! D`⌫` decays; this results in a significant improvement in the precision of the
determination of �EW|Vcb| from the decay B ! D`⌫` to 2.8%. The value of �EW|Vcb| extracted with the combined
analysis of experimental and LQCD data is in agreement with both |Vcb| extracted from inclusive semileptonic de-
cays [3] and |Vcb| from B ! D⇤`⌫` decays [4, 5]. The measured branching fractions are higher although still compatible
with those obtained by previous analyses [6].

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
7 / 19
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1.4  Recap of the last decade of BaBar & Belle:  
      a rich harvest  

10 Emilie Passemar 
University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

Recap of the last decade of BaBar & Belle: a rich harvest
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•  Baryon asymmetry in cosmology  
→ New sources of CPV in quarks and charged leptons  

•  Quark and Lepton flavour & mass hierarchy 
→ L-R symmetry, extended gauge sector, charged Higgs  

•  Finite neutrino masses 
 → Tau LFV  

•  19 free parameters 
→ Extensions of SM relate some GUTs 

•  Puzzling nature of exotic “new” QCD states.  

•  The hidden universe (dark matter)  
 

 
 

 
 

  

 
 
 

 

 

1.5  The case for new physics manifesting in Belle II  

11 Emilie Passemar 



1.6  Belle II expectations 

12 Emilie Passemar 

At the KEK 2014 workshop, the working groups are asked to 
choose the 5 golden observable (to be available soon). 

Highlights of the KEK 2014 workshop

Prospects at Belle II

Extrapolate Belle measurements to 5 and 50 ab�1

Systematic uncertainties scale primarily with integrated luminosity, with the exception of ACP

measurements of channels with K0
s :

⇥ asymmetry of K0/ K0 interactions in material (⇥ired � 0.2%) Phys. Rev. D 84, 111501 (2011)

Ideally separate the reducible and irreducible systematic errors (unchanged throughout data
accumulation) when extrapolating.

- Over 200 channels in our WG
(must be done by hand so very time-consuming and prone to errors...)

- Few modes are systematically limited, so treat all syst. errors as redcible for now.
- Apply scaling to all stat. and syst. errors to Belle results via:

�Belle II =
�

(�2
stat + �2

syst)
LBelle
50ab�1 + �2

ired

Special care will be given to golden modes (e.g., K0�0).

P. Goldenzweig Charmless Hadronic B Decays 30.10.2014 7 / 22

Many charmless!

Time dependent CPV in π0π0 
(photon conversion) ???

New PID (better K-pi separation): 
B-> ργ factor 10 sig/backg.???

P. Urquijo, B2TiP, Semileptonic & Leptonic WG 16
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Full reconstruction of B  

* modes w/ multiple !’s 

* inclusive measurements 

Hermeticity  

* minimal trigger for, e.g. Dalitz analysis 

* precision " measurements 

Neutral particles 

* and for !, !!, "+, etc.   

other notable features 

* good PID for both #± and e± 

* high flavor-tagging efficiency  

! "#$%&'())(*&)+,-&./01
/0

�0,K0
S ,K

0
L

2(33(&44&567(*8-9&!:;<&6=&>?@&&

,-A&"B")*,5C1#&D&$;&E(*&(7(-)

0.910 � 0.35

Missing energy channels!

Update on the tagging efficiency???

B2TiP KEK 2014 highlights

Focus of  Krakow 2015
comparison/competition/

complementarity to LHCb ??? 
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FIG. 2: SuperKEKB and LHCb integrated luminosity projections in ab�1 and fb�1 respectively
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1.6  Belle II expectations 

13 Emilie Passemar 

XIIth B physics, Napoli Phillip URQUIJO

Latest SuperKEKB Luminosity Profile

11

SuperKEKB luminosity projection
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2.   Belle II Theory Interface Initiative and Golden 
Channels for Belle II 
 
 
 

Emilie Passemar 



2.1   Why B2TIP? 

15 Emilie Passemar 

Why B2TiP

KEK where Belle II is hosted is the natural gathering point where 

flavour physics experts meet to discuss and develop topics of  

flavour physics for Belle II. 

Deliverable: “KEK green report”  by the early 2017

NEW IDEAS

What’s new in Belle II 

compared to Babar/Belle?
➡ Efficiencies and precision of 

the new hardware
➡ New analysis softwares and 

methods 

What’s new in theory after Babar/

Belle & LHCb result?
➡ Progresses in QCD
➡ New physics models and their 

constraints 
➡ New observables

See details on the slide at the kickoff  meeting: 
http://kds.kek.jp/getFile.py/access?contribId=14&sessionId=0&resId=0&materialId=slides&confId=15226

Report detail, see slide by Ch. Schwanda



9 working groups
See details on the B2TiP website

https://belle2.cc.kek.jp/~twiki/bin/view/Public/B2TIP

WG1 G. De Nardo, A. Zupanic, M. Tanaka, F. Tackmann, A. Kronfeld

WG2 A. Ishikawa, J. Yamaoka, U. Haisch, T. Feldmann

WG3 T. Higuchi, L. Li Gioi, J. Zupan, S. Mishima

WG4 J. Libby, Y. Grossman, M. Blanke

WG5 P. Goldenzweig, M. Beneke, C.-W. Chiang, S. Sharpe

WG6 G. Casarosa, A. Schwartz, A. Kagan, A. Petrov

WG7 Ch.Hanhart, R.Mizuk, R.Mussa, C.Shen, Y.Kiyo, A.Polosa, S.Prelovsek

WG8 K. Hayasaka, T. Feber, E. Passemar, J. Hisano

WGNP R.Itoh, F.Bernlochner, Y.Sato, U.Nierste, L.Silvestrini, J.Kamenik, V.Lubicz

I:  Leptonic/Semi-leptonic II: Radiative/Electroweak III: phi1(beta)/phi2(alpha) IV: phi3 (gamma) 

V: Charmless/hadronic B decays VI: Charm VII: Quarkonium(like) VIII: Tau & low multiplicity NP: New Physics

 

 
 

 

2.2  9 working groups 
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2.2  9 working groups 

17 Emilie Passemar 

Crucial contribution from Mexican groups 
           [Experiment and Theory] 



2.3  Table of Golden modes for B physics 

18 Emilie Passemar 

XIIth B physics, Napoli Phillip URQUIJO

B-physics @ Belle II

5

1 Introduction

Table 18: Expected errors on several selected flavour observables with an integrated lumi-

nosity of 50 ab�1 of Belle II data. The current results from Belle, or from BaBar where

relevant (denoted with a †) are also given. Errors given in % represent relative errors.

Observables Expected th. accuracy Expected exp. uncer-
tainty

Facility (2025)

UT angles & sides
�1 [�] *** 0.4 Belle II
�2 [�] ** 1.0 Belle II
�3 [�] *** 1.0 Belle II/LHCb
|Vcb| incl. *** 1% Belle II
|Vcb| excl. *** 1.5% Belle II
|Vub| incl. ** 3% Belle II
|Vub| excl. ** 2% Belle II/LHCb
CPV
S(B ! �K0) *** 0.02 Belle II
S(B ! ⌘0K0) *** 0.01 Belle II
A(B ! K0⇡0)[10�2] *** 4 Belle II
A(B ! K+⇡�) [10�2] *** 0.20 LHCb/Belle II
(Semi-)leptonic
B(B ! ⌧⌫) [10�6] ** 3% Belle II
B(B ! µ⌫) [10�6] ** 7% Belle II
R(B ! D⌧⌫) *** 3% Belle II
R(B ! D⇤⌧⌫) *** 2% Belle II/LHCb
Radiative & EW Penguins
B(B ! Xs�) ** 4% Belle II
ACP (B ! Xs,d�) [10

�2] *** 0.005 Belle II
S(B ! K0

S⇡
0�) *** 0.03 Belle II

S(B ! ⇢�) ** 0.07 Belle II
B(Bs ! ��) [10�6] ** 0.3 Belle II
B(B ! K⇤⌫⌫) [10�6] *** 15% Belle II
B(B ! K⌫⌫) [10�6] *** 20% Belle II
R(B ! K⇤``) ** 0.03 Belle II/LHCb
Charm
B(Ds ! µ⌫) *** 0.9% Belle II
B(Ds ! ⌧⌫) *** 2% Belle II
ACP (D0 ! K0

S⇡
0) [10�2] ** 0.03 Belle II

|q/p|(D0 ! K0
S⇡

+⇡�) *** 0.03 Belle Ii
�(D0 ! K0

S⇡
+⇡�) [�] *** 4 Belle II

Tau
⌧ ! µ� [10�10] *** < 50 Belle II
⌧ ! e� [10�10] *** < 100 Belle II
⌧ ! µµµ [10�10] *** < 3 Belle II/LHCb

17/17



2.3  Golden modes for Tau, Low Multiplicity and EW 

19 Emilie Passemar 

•  B factories are also Tau factories! 
 

 45 billion 𝜏+𝜏− pairs in full dataset 
 

 from 𝜎(𝜏+𝜏−)E=𝛶(4S)= 0.9 nb  
 

•  Golden modes: 
–  Tau LFV : τ → 3µ/µγ/µh/µhh 

–  CP violation in τ → Kπντ and/or τ → Kππντ  

–  Precision two track final state: e+e- → π+π- 

–  Dark photon → invisible 

 
  
  

 
 

 

 

 

 
 

Experiment Number of τ  pairs 
LEP ~3x105 

CLEO ~1x107 

BaBar ~5x108 

Belle ~9x108 

Belle II ~1012 
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•  B factories are also Tau factories! 
 

 45 billion 𝜏+𝜏− pairs in full dataset 
 

 from 𝜎(𝜏+𝜏−)E=𝛶(4S)= 0.9 nb  
 

•  Golden/Silver modes: 
 

 
  
  

 
 

 

 

 

 
 

Experiment Number of τ  pairs 
LEP ~3x105 

CLEO ~1x107 

BaBar ~5x108 

Belle ~9x108 

Belle II ~1012 
Table 17: Belle II Golden/Silver observables for ⌧ physics and low multiplicity.
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•  B factories are also Tau factories! 
 

 45 billion 𝜏+𝜏− pairs in full dataset 
 

 from 𝜎(𝜏+𝜏−)E=𝛶(4S)= 0.9 nb  
 
 
•  Golden modes: 

–  Tau LFV : τ → 3µ/µγ/µh/µhh 
Interest of Mexican Group in study  
of 𝜏− → l−(𝜋0𝜋0,𝜋0𝜂,𝜂𝜂) channels  

 

–  CP violation in τ → Kπντ and/or τ → Kππντ  

τ− → KS 𝜋0𝜋−𝜈𝜏: BR and spectrum measurements interesting for CP 
violation studies and isospin breaking in K*(892) 
 

–  Precision two track final state: e+e- → π+π-�
 

–  Dark photon → invisible 

 
  
  

 
 

 

 

 

 
 

Experiment Number of τ  pairs 
LEP ~3x105 

CLEO ~1x107 

BaBar ~5x108 

Belle ~9x108 

Belle II ~1012 

Mexican involvment 

G.	Lopez-Castro’17 



3.   Examples 



•  The CKM Mechanism source of Charge Parity Violation in SM 
 

•  Unitary 3x3 Matrix, parametrizes rotation between mass and weak interaction 
eigenstates in Standard Model  
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The CKM Mechanism

The CKM Mechanism source of ChargeParityViolation in SM
• Unitary 3x3 Matrix, parametrizes rotation between mass and weak interaction 

eigenstates in Standard Model

• Fully parametrized by four parameters if unitarity holds: three real parameters 
and one complex phase that if non-zero results in CPV

• Unitarity can be visualized using triangle equations, e.g. 
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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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•  Unitary 3x3 Matrix, parametrizes rotation between mass and weak interaction 
eigenstates in Standard Model  

 
  
  

 

•  Fully parametrized by four parameters if unitarity holds: three real 
parameters and one complex phase that if non-zero results in CPV  

•  Unitarity can be visualized using triangle equations, e.g.  
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eigenstates in Standard Model
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and one complex phase that if non-zero results in CPV
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Existence of CPV phase established in 2001 by BaBar & Belle 

•  Picture still holds 15 years later, constrained with remarkable precision  
•  But: still leaves room for new physics contributions  

  
  

 
 

 

 
 

CKM picture over the years: from discovery to precision 
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Existence of CPV phase established in 2001 by BaBar & Belle
• Picture still holds 15 years later, constrained with remarkable precision
• But: still leaves room for new physics contributions



3.1  Probing the CKM mechanism 

27 Emilie Passemar XIIth B physics, Napoli Phillip URQUIJO
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2 Global analyses
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Fig. 10: sin 2�1 versus Br(B ! ⌧⌫) derived from the global fit (contour) and direct mea-

surements (data points) for current world average values (left) and Belle II projections

(right).
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Fig. 11: UT fit today (left) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(right). Four tests are shown ...
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Loop

Tree

CP conserving

CP violating

2 Global analyses

Table 6: Parameter values for each scenario. The label “id” and “id*” denotes that the value

is the same as the column to the left, and two to the left respectively.

World average SM-like

Input 2016 Belle II

(+LHCb)

2025

Belle II (+LHCb) 2025

|Vub|(semileptonic)[10�3] 4.01 ± 0.08 ± 0.22 ±0.10 3.71 ± 0.09

|Vcb|(semileptonic)[10�3] 41.00 ± 0.33 ± 0.74 ±0.57 41.80 ± 0.60

B(B ! ⌧⌫) 1.08 ± 0.21 ±0.04 0.817 ± 0.03

sin 2� 0.691 ± 0.017 ±0.008 0.710 ± 0.008

�[�] 73.2+6.3
�7.0 ±1.5

(±1.0)

67 ± 1.5 (±1.0)

↵[�] 87.6+3.5
�3.3 ±1.0 90.4 ± 1.0

�md 0.510 ± 0.003 - -

�ms 17.757 ± 0.021 - -

B(Bs ! µµ) 2.8+0.7
�0.6 (±0.5) 3.31+0.7

�0.6 (±0.5)

fBs
0.224 ± 0.001 ± 0.002 0.001 -

BBs
1.320 ± 0.016 ± 0.030 0.010 -

fBs
/fBd

1.205 ± 0.003 ± 0.006 0.005 -

BBs
/BBd

1.023 ± 0.013 ± 0.014 0.005 -

|Vcd|(⌫N) 0.230 ± 0.011 - -

|Vcs|(W ! cs̄) 0.94+0.32
�0.26 ± 0.13 - -

fDs
/fDd

1.175+0.001
�0.004 - -

B(D ! µ⌫) 0.374 ± 0.017 ±0.010 -

✏K 2.228 ± 0.011 - -

|Vus|fK!⇡
+ (0) 0.2163 ± 0.0005 - 0.22449 ± 0.0005

B(K ! e⌫) 1.581 ± 0.008 - 1.5689 ± 0.008

B(K ! µ⌫) 0.6355 ± 0.0011 - 0.6357 ± 0.0011

B(⌧ ! K⌫) 0.6955 ± 0.0096 - 0.7170 ± 0.0096

|Vud| 0.97425 ± 0.00022 - -

to be feasible in practice. However, in some cases only a restricted set of Wilson coe�cients 966

contributes and such model-independent fits are possible. These cases are discussed in this 967

section. 968

2.2.1. Tree-level decays. Ryoutaro Watanabe 969

(Semi-)leptonic B meson decays are derived from the quark level process, b ! q`⌫ for q = u 970

and c. The SuperKEKB/Belle II has su�cient e�ciencies to precisely measure a variety of 971

observables for B̄ ! D(⇤)`⌫̄, B̄ ! ⇡`⌫̄, and B̄ ! `⌫̄ (for ` = ⌧ , µ, e). As we know that a 972

clear discrepancy of 4� in RD(⇤) ⌘ B(B̄ ! D(⇤)⌧ ⌫̄)/B(B̄ ! D(⇤)`⌫̄) (for ` = µ or e) has been 973

realized between the present data [203–207] and the SM predictions, it would be deserved 974
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B2TiP Book, CKMFitter

Expect substantial 
improvements to tree 
constraints!University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape
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2001 2015

Existence of CPV phase established in 2001 by BaBar & Belle
• Picture still holds 15 years later, constrained with remarkable precision
• But: still leaves room for new physics contributions



E.g: Solving the discrepancy Vub/Vcb 
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• Individual determinations leave a consistent picture
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•  A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics:  
1.  LFU test in b → c charged currents: τ vs. light leptons (µ, e) : 
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Lepton Flavor Universality

A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics: 

I) LFU test in b → c charged currents: τ vs. light leptons (μ, e)

SM prediction quite solid: f.f. uncertainty cancel (to a good extent...) in the ratio 
Consistent results by 3 different exps. → 4σ excess over SM (combining D and D*)
D & D* channels are well consistent with a universal enhancement (~15%) of the 
SM bL → cL τL νL amplitude  (RH or scalar amplitudes disfavored)
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I) LFU test in b → c charged currents: τ vs. light leptons (μ, e)

SM prediction quite solid: f.f. uncertainty cancel (to a good extent...) in the ratio 
Consistent results by 3 different exps. → 4σ excess over SM (combining D and D*)
D & D* channels are well consistent with a universal enhancement (~15%) of the 
SM bL → cL τL νL amplitude  (RH or scalar amplitudes disfavored)
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SM	predic*on	solid:	f.f.	uncertainty	
cancels	(to	a	good	extent...)		
in	the	ra*o		
	
	

Consistent	results	by	3	different	exps								3.9σ	excess	over	SM	(combining	D	and	D*)  
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Semitauonic decays: Results

~3.9σ deviation from SM predictions



 

 
 

3.2  Lepton universality & NP 
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Belle II impact plots
Current 2-3σ deviations will be clarified: new physics effect or just statistical fluctuations?!
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14(6)σ deviation with 50(5)ab-1 of  data!
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Currently the deviation is ~3σ... 
K. Hara for B2TiP LAL NP-workshop
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Figure 2: Future prospect case a): reducing the errors of ⇥2, ⇥1, ⇥3 with their central values being
the same as of today. Though we see a slight tension between ⇥2, ⇥3 and ⇥1, the minimum ⇤2/ndof
found on this plane is 1.50, thus showing a good agreement with SM.
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Figure 3: Future prospect case b): reducing the errors of ⇥2, ⇥1, ⇥3 with the central value of ⇥2, ⇥1, ⇥3

taken from the lower end of the currently allowed 1� range. This choice of the central value enlarge
the discrepancies and the minimum of ⇤2/ndof is found to be 85.5/7, which corresponds to 8�
deviation from the SM.
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Figure 3: Future prospect case b): reducing the errors of ⇥2, ⇥1, ⇥3 with the central value of ⇥2, ⇥1, ⇥3

taken from the lower end of the currently allowed 1� range. This choice of the central value enlarge
the discrepancies and the minimum of ⇤2/ndof is found to be 85.5/7, which corresponds to 8�
deviation from the SM.

3

If  the 3 
central values 
are all slightly 
lower (within 
1σ range)...

SM agree

8σ deviation!

If  the central 
values remain 

as they are 
now...



•  A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics:  

 

2.  LFU test in b → s neutral currents: µ vs. e :  

 
 

 

 

 

 
 

3.2  Lepton universality & NP 
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2.6σ deviation from the SM 

 0 | Motivation

Is New Physics lurking in semi-leptonic B-decays?

[Bobeth, Hiller, Piranishvili (07)]

RSM
K = 1.003± 0.0001

vs.

RK =
Br[B+ ! K+µ+µ�][1,6]
Br[B+ ! K+e+e�][1,6]

= 0.745 · (1± 13%) [LHCb (14)]

3 a 2.6σ signal of Lepton Flavour Universality Violation (LFUV) in  
                 decaysB ! K`+`�

[Figure from De Cian (14)]
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2.  LFU test in b → s neutral currents: µ vs. e :  
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Anomalies in B decays?
b ! sll and decays to ⌧

“RK⇤ = Br(B ! K⇤µµ)/Br(B ! K⇤ee) anomaly” (FCNC)!
Simone Banfi for LHCb, CERN seminar 2017-08-18

“Compatibility with SM 2.2-2.4� (low-q2) 2.4-2.5� (central-q2)”

“Rare decays will largely benefit from the increase of energy (cross-section) and
collected data (⇠ 5fb�1 expected in LHCb) in Run 2”

Grinstein LUV B-decays 17 May, 2017 4 / 42

Anomalies in B decays?
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“Compatibility with SM 2.2-2.4� (low-q2) 2.4-2.5� (central-q2)”

“Rare decays will largely benefit from the increase of energy (cross-section) and
collected data (⇠ 5fb�1 expected in LHCb) in Run 2”

Grinstein LUV B-decays 17 May, 2017 4 / 42

S.	Bifani,	LHCb@CERN’17 

Compatibility with SM 2.2-2.4σ (low-q2) 2.4-2.5σ (central-q2) 
 



•  A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics 

 
 
 
 

•  This has triggered intense theoretical activities: 
D & D* channels are well consistent with a universal enhancement (~15%) of 
the SM bL → cL τL νL amplitude (RH or scalar amplitudes disfavored)  
 
 

•  Natural to conceive NP models where LFU is violated more in processes 
involving 3rd gen. quarks & leptons (↔ hierarchy in Yukawa coupl.)  
 
 

•  Belle II contribution very important:  
–  Cleanest environment: Belle covers ~70% of all tau Inclusive Br decays!  
–  Perform angular distribution analyses 
 

 

 

 
 

3.2  Lepton universality & NP 
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3.3  Tau LFV 

•  Lepton	Flavour	Number	is	an	«	accidental	»	symmetry	of	the	SM	(mν=0)	
	

•  In	the	SM	with	massive	neutrinos	effec*ve	CLFV	ver*ces	are	*ny		
due	to	GIM	suppression										unobservably	small	rates!	
	

E.g.:		

	
	
	
	

•  Extremely	clean	probe	of	beyond	SM	physics	

•  In	New	Physics	models:	seazible	effects	
Comparison	in	muonic	and	tauonic	channels	of	branching	ra*os,	
conversion	rates	and	spectra	is	model-diagnos*c	
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 µ → eγ

  
Br µ → eγ( ) = 3α

32π
U µi

*

i=2,3
∑ Uei

Δm1i
2

MW
2

2

< 10−54

 eµ

  Br τ → µγ( ) < 10−40⎡⎣ ⎤⎦

Petcov’77, Marciano & Sanda’77, Lee & Shrock’77… 
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● ATLAS BaBar Belle CLEO LHCb

90% CL upper limits on τ LFV decays

3.3  Tau LFV 

•  Several	processes:	
	
 

 
 

 
 
 
 
 

•  48	LFV	modes	studied	at	Belle	and	BaBar	

•   
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   τ → ℓγ ,  τ → ℓα ℓβℓ β ,  τ → ℓY
  P ,  S,  V ,  PP , ...
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Overview 
of τ physics
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Belle II physics prospect – tau LFV 

I. Heredia 
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main background from  ee

ISR

  

reduce sensitivity by a factor ~7
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very clean mode
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     →  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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Conclusion and outlook 

•  The SM has been very successful so far to describe phenomenology 
But this is not the end of the story 

•  Belle II gives us a unique opportunity to explore the SM very precisely in the 
sector of flavour physics 

•  Important B2TIP initiative to assess the discovery opportunities 

•  Examples where Belle II can make a difference: 
•  CKM determination and Unitary triangles 
•  LFU tests in B physics 
•  Tau LFVs 

 

•  But many others, e.g.: Quarkoniums, exotics, D physics, CP asymmetries, 
weak mixing angle, second class currents, Di-photon physics, Dark sector, etc. 
 

•  Important Mexican contributions to Belle II in many sectors 
 We will hear more during the conference 

 

•  Stay tuned! Exciting times are ahead of us 
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7.   Back-up 



Conclusion and outlook 

•  Leptonic	Universality	hints	

•  Hadronic	τ-decays	very	interes*ng	to	study	
–  Very	precise	determina*on	of	αS			

–  Extrac*on	of	Vus		
	

•  Charged	LFV	are	a	very	important	probe	of	new	physics	
	

•  Several	topics	extremely	interes*ng	to	study	that	I	did	not	address:	
–  Michel	parameters	
–  CPV	asymmetry	in	τ → Kπντ 	
–  EDM	and	g-2	of	the	tau		
–  Neutrino	physics	
 

•  A	lot	of	very	interesLng	physics	remains	to	be	done	in	the	tau	sector!		
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5.   LFC processes: anomalous magnetic moment 
of the muon 



5.1  Introduction 

 
•  The gyromagnetic factor of the muon is modified by loop contribution 
 
•  We can also study ae with better experimental precision  

but if new physics heavy then more sensitivity in aµ �
�
�
�
�
�
�
�
aτ    even more sensitive but insufficient experimental  
accuracy 
 

•  But  ae  important if NP is light  
          Important constraints on NP scenarios  

45 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

•  In lowest order, where mass effects appear, contributions 

from heavy virtual particles scale as m2
e /µ  :  

 aµ should be roughly 50 times more sensitive to NP than ae ! 

γ 

µ ? •  Loose about a factor of 800 in experimental precision 

The experimental precision for aµ will be worse than for ae, so why do it ? 

aτ even more sensitive, but insufficient experimental accuracy 

45 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

•  In lowest order, where mass effects appear, contributions 

from heavy virtual particles scale as m2
e /µ  :  

 aµ should be roughly 50 times more sensitive to NP than ae ! 

γ 

µ ? •  Loose about a factor of 800 in experimental precision 

The experimental precision for aµ will be worse than for ae, so why do it ? 

aτ even more sensitive, but insufficient experimental accuracy 

45 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

•  In lowest order, where mass effects appear, contributions 

from heavy virtual particles scale as m2
e /µ  :  

 aµ should be roughly 50 times more sensitive to NP than ae ! 

γ 

µ ? •  Loose about a factor of 800 in experimental precision 

The experimental precision for aµ will be worse than for ae, so why do it ? 

aτ even more sensitive, but insufficient experimental accuracy 

Giudice, Paradisi, Passera’12 

Eidelman, Giacomini, Ignatov, Passera’07 
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5.2  Contribution to (g-2)µ	
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Loop contributions: 
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... or some unknown 
type of new physics ? 
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Hadronic 
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“Light-by-light 
scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 

Need to compute the SM prediction with high precision!           Not so easy!  
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5.3  Confronting measurement and prediction 

QCD!Sector:!Muon!magne8c!moment!gµA2!!

George!Lafferty!!!!!!!!!!!!!!!!!!!!!!!

University!of!Manchester!

13th!Interna8onal!Workshop!on!Tau!

Lepton!Physics! 23!

…!or!…!

Let’s!agree!on!“about!3¾”!

Uncertainty!dominated!by!hadronic!vacuum!

polariza8on!and!lightAbyAlight!scarering,!both!of!

which!need!experimental!input!from!tau!and!e+eA!

Conserved!vector!current!(CVC)!relates!lowA

energy!e+eA!scarering!to!hadronic!¿!decays!
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Uncertainty!dominated!by!hadronic!vacuum!

polariza8on!and!lightAbyAlight!scarering,!both!of!

which!need!experimental!input!from!tau!and!e+eA!

Conserved!vector!current!(CVC)!relates!lowA

energy!e+eA!scarering!to!hadronic!¿!decays!
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Hadronic*Contribu2on*
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γ 

h
a
d 

had 

γ 
  

aµ
had,LO =

α2

3π 2
ds

m
π0
2

∞

∫    K(s)
s

   R(s)

  

12π Im∏γ (s) = σ
(0)[e+e− →hadrons]
σ (0)[e+e− → µ+µ− ]

≡R(s)

 Im[                   ] ∝ |                 had |2 

•  Cannot be computed from first principles due to low-energy hadronic effects 

•  Fortunately, one can benefit from analyticity and unitarity to obtain real part of photon 
polarisation function from dispersion relation over total hadronic cross section data 

Theoretical Prediction:  
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Loop contributions: 
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“Light-by-light 
scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 
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Blum et al.’13 



 

•  Hadronic contribution cannot be computed from first principles  
due to low-energy hadronic effects 

 
 

•  Use  analyticity + unitarity          real part of photon polarisation function from 
dispersion relation over total hadronic cross section data  

 
 
 
 
 

•  Leading order hadronic vacuum polarization : 

 
 
 

•  Low energy contribution dominates : ~75% comes from s < (1 GeV)2                

            ππ contribution extracted from data 

5.4  Towards a model independent determination of 
       HVP and LBL 
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Hadronic*Contribu2on*
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∫    K(s)
s

   R(s)

  

12π Im∏γ (s) = σ
(0)[e+e− →hadrons]
σ (0)[e+e− → µ+µ− ]

≡R(s)

 Im[                   ] ∝ |                 had |2 

•  Cannot be computed from first principles due to low-energy hadronic effects 

•  Fortunately, one can benefit from analyticity and unitarity to obtain real part of photon 
polarisation function from dispersion relation over total hadronic cross section data 
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•  Huge 20-years effort by experimentalists and theorists to reduce error on 
lowest-order hadronic part  
Ø  Improved e+e– cross section data from Novisibirsk (Russia) 
Ø  More use of perturbative QCD 
Ø  Technique of “radiative return” allows to use data from Φ and B factories  
Ø  Isospin symmetry allows us to also use τ hadronic spectral functions  

 
 

 

 
 
 

                      

•  But still some progress  
need to be done 
Ø  Inconsistencies τ  vs. e+e-: 

Isospin corrections? 
Ø  Inconsistencies between  

ISR and direct data:  
Radiative corrections? 

Ø  Lattice Calculation? 
 

New data expected from  
VEPP, KLOE2, BES-III? 
         Belle II 

5.4  Towards a model independent determination of 
       HVP and LBL 

Dominant Region 
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use QCD 

  

aµ
had,LO =

α 2

3π 2 ds
4mπ

2

∞

∫
K(s)

s
R(s)

Due to the strongly decaying integration 

kernel, 73% of dispersion integral stems 

from π+π� channel, which must be 

obtained from experiment  

Plot not fully up to date – for illustration only 
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•  For light-by-light scattering: until recently it was believed that  
dispersion relation approach not possible (4-point function) 
        only model dependent estimates 

•  But recent progress from Bern group: Colangelo, Hoferichter, Procura, Stoffer’14                
     Data driven estimate possible using dispersion relations! 

 

 

 
 

 

 
 
 
               

5.4  Towards a model independent determination of 
       HVP and LBL 
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Loop contributions: 
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… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 

Exp. inputs for evaluation of aµ(had, l-by-l)

e+e− → e+e−π0 γπ → ππγπ → ππ

e+e− → π0γe+e− → π0γ ω,φ → ππγ e+e− → ππγ

ππ → ππ

Pion transition form factor

Fπ0γ∗γ∗

(

q2
1
, q2

2

)

Partial waves for

γ∗γ∗
→ ππ e+e− → e+e−ππ

Pion vector

form factor F π
V

Pion vector

form factor F π
V

e+e− → 3π pion polarizabilitiespion polarizabilities γπ → γπ

ω,φ → 3π ω,φ → π0γ∗ω,φ → π0γ∗

Fig. from G. Colangelo et al, arXiv:1408.2517

D. Nomura (YITP) g − 2: Theory Oct 30, 2014 20 / 21

Slide by M. Vanderhaeghen, talk at “Lepton Moments 2014”, July 2014
D. Nomura (YITP) g − 2: Theory Oct 30, 2014 19 / 21
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5.   CPV in tau decays 
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•    

 
 
 

•  Experimental	measurement	:	

•  CP	viola*on	in	the	tau	decays	should	be	of	opposite	sign	compared	to	the	one		
in	D	decays	in	the	SM	
 
 

BaBar measurement: Rate asymmetry 
BaBar measures the CP rate asymmetry in the decay    
 
 
Observable 
Selection 

   one Ks, one charged track not identified as Kaon 
    up to 3 T0’s, tag-side is e or Q��

Observed level asymmetry 
 
 
 
 
 
Correction 1 

The asymmetry arises from the different K0 and anti-K0 nuclear cross section 
The asymmetry is corrected by –(0.07 +/- 0.01) % 
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0 0( 0 )SK WW S S Qr ro t

Tag-mode N(T+Ks) N(T-Ks) Aobs 

e-tag 99,222  ev. 99,842     ev. (-0.32+/-0.23)% 

Q�tag 70,233  ev. 70,369     ev. (-0.05+/-0.27)% 

0 0

0 0

( ) ( )
( ) ( )

S S
Cp

S S

K K
A

K K
W W

W W

W S Q W S Q
W S Q W S Q

� � � �

� � � �

* o � * o
{
* o � * o

5.1   τ → Kπντ CP violating asymmetry	

49 

  
AQ =

Γ τ + →π +KS
0ντ( ) − Γ τ − → π −KS

0ντ( )
Γ τ + →π +KS

0ντ( ) + Γ τ − → π −KS
0ντ( )

00 0
SK p K q K= +

00 0
LK p K q K= −

   KL KS = p
2
− q

2
! 2Re ε K( )

2 2= -p q ( )0.36 0.01 %≈ ±
Bigi	&	Sanda’05	
in	the	SM	

Grossman	&	Nir’11	

  
AQ exp = -0.36 ± 0.23stat ± 0.11syst( )%  2.8σ from	the	SM!	

BaBar’11	

Grossman	&	Nir’11	

  
AD =

Γ D+ →π +KS
0( ) − Γ D− → π −KS

0( )
Γ D+ →π +KS

0( ) + Γ D− → π −KS
0( )  = -0.54 ± 0.14( )% Belle,	Babar,		

CLOE,	FOCUS	
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Belle (Conti.) 

Result 

2014/10/31 30-31, October, 2014, B2TIP, KEK, Japan 11 

3 2(1.8 2.1 1.4) 10 1.0CPA x at W Q GeV� r r  |

Phys. Rev. Lett.  
107,131801 (2011) 

5.1  τ → Kπντ CP violating asymmetry	
 

•  New	physics?	Charged	Higgs,	WL-WR	mixings,	leptoquarks,	tensor	interac*ons	
(Devi,	Dhargyal,	Sinha’14)?	
	
 
 

 
 
 

•  Problem	with	this	measurement?												It	would	be	great	to	have	other	
experimental	measurements	from	Belle,	BES	III	or	Tau-Charm	factory	

•  Measurement	of	the		
direct	contribu*on		
of	NP	in	the	angular		
CP	viola*ng	asymmetry		
done	by	CLEO	and	Belle	
						Belle	does	not	see		
any	asymmetry	
at	the	0.2	-	0.3%	level		
	
 

Bigi’Tau12 

Very	difficult	to	explain!		
 

Belle’11	
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3. Three hadron system 
References: 
 
 
e.g: 

 
Possible Jp states for 0-+0-+0-  system 

      0-,  1+,  1-   
4 Hadronic Form Factors 

Axial Vector   F1(Q2,s1,s2): K*f,  F2(Q2,s1,s2); h K           B1,B2  
Vector           F3(Q2,s1,s2)                           B3 

Pseudo-Scalar  F4(Q2,s1,s2)                         B4 

 
 

 
2014/10/31 30-31, October, 2014, B2TIP, KEK, Japan 17 

 K. Kiers,K.Little,A. Datta, D. London et al., 
Phys. Rev. D78, 113008 (2008). 
Tau2012 proceeding by K. Kiers 

WQSSW )()()(K)( 321123 pppp GGGG ���� o

5.2  Three body CP asymmetries 
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•  Ex:	τ → Kππντ 
 
 
 
 
 
•  A	variety	of	CPV	observables	can	be	studied	:	 

τ → Kππντ, τ → πππντ rate,	angular	asymmetries,		
triple	products,….				 
 

Same	principle	as	in	charm,	see	Bevan’15	
	
Difficulty	:	Treatement	of	the	hadronic	part	
Hadronic	final	state	interac*ons	have	to	be	taken	into	account!	
										Disentangle	weak	and	strong	phases	
	

	
•  More	form	factors,	more	asymmetries	to	build	but	same	principles	as	for	2	bodies	

 
      Belle does not see any asymmetry at the 0.2 - 0.3% level  
 

 
 
 
 
 

e.g.,	Choi,	Hagiwara	and	Tanabashi’98	
Kiers,	Li\le,	Da\a,	London	et	al.,’08	
Mileo,	Kiers	and,	Szynkman’14	
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Alberto Lusiani – Pisa Tau Decay Measurements Elaborations of tau results

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

◆
=

s
B⌧e

Bµe

⌧µm5

µfµe rµW rµ�
⌧⌧m5

⌧ f⌧e r⌧W r⌧�
= 1.0012 ± 0.0015 =

s
B⌧e

BSM

⌧e
✓

g⌧

ge

◆
=

s
B⌧µ

Bµe

⌧µm5

µfµe rµW rµ�
⌧⌧m5

⌧ f⌧µr⌧W r⌧�
= 1.0030 ± 0.0014 =

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 2013
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Alberto Lusiani – Pisa Tau Decay Measurements Elaborations of tau results

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 = (17.818 ± 0.022)% HFAG-PDG 2016 prelim. fit

R
had

= �(⌧ ! 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
• R

had

= 3.6359 ± 0.0074 HFAG-PDG 2016 prelim. fit

• R
had

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

New Vistas in Low-Energy Precision Physics (LEPP), 4-7 April 2016, Mainz, Germany 5 / 40



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

New Vistas in Low-Energy Precision Physics (LEPP), 4-7 April 2016, Mainz, Germany 6 / 40



•  New era in particle physics :            
         (unexpected) success of the Standard Model: a successful theory of 
microscopic phenomena with no intrinsic energy limitation 

•  Relies on  
 

 
 
 

 

 

1.1  The triumph of the Standard Model 

56 Emilie Passemar 

The Standard Model (SM)



•  Shall we continue to test the Standard Model and search for New Physics? 
 

Yes!          Despite its phenomenological successes, the SM has some deep  
 

unsolved problems: 
–  hierarchy problem 
–  flavour pattern 
–  dark-matter, etc…. 
 
 
 

 
 

 
 

 
 
 

 

 

1.2  Quest for New Physics 
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Strong interaction not so well understood:  
confinement, etc 
 



•  New era in particle physics :            
         (unexpected) success of the Standard Model: a successful theory of 
microscopic phenomena with no intrinsic energy limitation 

•   Key results at LHC after run I + beginning of run II  
–  The Higgs boson (last missing piece of the SM) has been found:  

         it looks very standard 
–  The Higgs boson is “light” (mh ~ 125 GeV → not the heaviest SM particle) 
–  No “mass-gap” above the SM spectrum (i.e. no unambiguous sign of NP 

up to ~ 1 TeV)  
 
 
 

•  Was this unexpected?  
Not really!           Consistent with (pre-LHC) indications coming from indirect 
NP searches (EWPO + flavour physcs) 

 

 
 
 

 

 

1.1  The triumph of the Standard Model 
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1.4  Belle II expectations 
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XIIth B physics, Napoli Phillip URQUIJO

Latest SuperKEKB Luminosity Profile

11

SuperKEKB luminosity projection
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•  A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics:  
1.  LFU test in b → c charged currents: τ vs. light leptons (µ, e) : 

 
 
 
 
 
 
 

 
 

 
 

 
 

3.2  Lepton universality & NP 
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G. Isidori –  Kaon Physics: the next step                                          Kaon 2016, Birmingham, Sept 2016

Lepton Flavor Universality

A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics: 

I) LFU test in b → c charged currents: τ vs. light leptons (μ, e)

SM prediction quite solid: f.f. uncertainty cancel (to a good extent...) in the ratio 
Consistent results by 3 different exps. → 4σ excess over SM (combining D and D*)
D & D* channels are well consistent with a universal enhancement (~15%) of the 
SM bL → cL τL νL amplitude  (RH or scalar amplitudes disfavored)
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W
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NP
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Lepton Flavor Universality

A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics: 

I) LFU test in b → c charged currents: τ vs. light leptons (μ, e)

SM prediction quite solid: f.f. uncertainty cancel (to a good extent...) in the ratio 
Consistent results by 3 different exps. → 4σ excess over SM (combining D and D*)
D & D* channels are well consistent with a universal enhancement (~15%) of the 
SM bL → cL τL νL amplitude  (RH or scalar amplitudes disfavored)

 bL           cL

W

τL                 νL

 bL           cL

τL                 νL

NP

SM	predic*on	solid:	f.f.	uncertainty	
cancels	(to	a	good	extent...)		
in	the	ra*o		
	

Consistent	results	by	3	different	exps										4σ	excess	over	SM	(combining	D	and	D*)  
 
  



•  A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics:  

 

2.  LFU test in b → s neutral currents: µ vs. e :  

 
 

 

 

 

 
 

3.2  Lepton universality & NP 
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2.6σ deviation from the SM 

 0 | Motivation

Is New Physics lurking in semi-leptonic B-decays?

[Bobeth, Hiller, Piranishvili (07)]

RSM
K = 1.003± 0.0001

vs.

RK =
Br[B+ ! K+µ+µ�][1,6]
Br[B+ ! K+e+e�][1,6]

= 0.745 · (1± 13%) [LHCb (14)]

3 a 2.6σ signal of Lepton Flavour Universality Violation (LFUV) in  
                 decaysB ! K`+`�

[Figure from De Cian (14)]

 0 | Motivation

Is New Physics lurking in semi-leptonic B-decays?

[Bobeth, Hiller, Piranishvili (07)]

RSM
K = 1.003± 0.0001

vs.

RK =
Br[B+ ! K+µ+µ�][1,6]
Br[B+ ! K+e+e�][1,6]

= 0.745 · (1± 13%) [LHCb (14)]

3 a 2.6σ signal of Lepton Flavour Universality Violation (LFUV) in  
                 decaysB ! K`+`�

[Figure from De Cian (14)]

vs 

LHCb’14 

17

LFU violation tests: RK, RK*, RXs

• this is why we are all here at this the workshop

• Advantages of e+e- environment
• efficiencies for muon/electrons almost the same
• signal extracted from Mbc — very similar for both modes
• almost all systematics cancel

        in the ratio, except the lepton ID
• measurement in low, and high q2

        regions possible 



2.  LFU test in b → s neutral currents: µ vs. e :  

•   Compatibility with SM 2.2-2.4σ (low-q2) 2.4-2.5σ (central-q2) 
 

 
 

 

 

 

 
 

3.2  Lepton universality & NP 
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Anomalies in B decays?
b ! sll and decays to ⌧

“RK⇤ = Br(B ! K⇤µµ)/Br(B ! K⇤ee) anomaly” (FCNC)!
Simone Banfi for LHCb, CERN seminar 2017-08-18

“Compatibility with SM 2.2-2.4� (low-q2) 2.4-2.5� (central-q2)”

“Rare decays will largely benefit from the increase of energy (cross-section) and
collected data (⇠ 5fb�1 expected in LHCb) in Run 2”

Grinstein LUV B-decays 17 May, 2017 4 / 42

Anomalies in B decays?
b ! sll and decays to ⌧

“RK⇤ = Br(B ! K⇤µµ)/Br(B ! K⇤ee) anomaly” (FCNC)!
Simone Banfi for LHCb, CERN seminar 2017-08-18

“Compatibility with SM 2.2-2.4� (low-q2) 2.4-2.5� (central-q2)”

“Rare decays will largely benefit from the increase of energy (cross-section) and
collected data (⇠ 5fb�1 expected in LHCb) in Run 2”

Grinstein LUV B-decays 17 May, 2017 4 / 42

S.	Bifani,	LHCb@CERN’17 



 

 

 

 
 

3.2  Lepton universality & NP 
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18

LFU violation tests: RK, RK*, RXs

Even with 50 ab-1, measurement still statistically dominated.

18

LFU violation tests: RK, RK*, RXs

Even with 50 ab-1, measurement still statistically dominated.



3.3  Tau LFV 

•  In	New	Physics	scenarios	CLFV	can	reach	observable	levels	in	several	channels	

 
 
 
 
 
 
 
 

•  But	the	sensi*vity	of	par*cular	modes	to	CLFV	couplings	is	model	dependent	
	

•  Comparison	in	muonic	and	tauonic	channels	of	branching	ra*os,	conversion	rates	
and	spectra	is	model-diagnos*c	
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Lepton Flavor Violation in example BSM models 
� Neutrino-less t decays:  optimal hunting ground for non-Standard Model LFV effects

� Topologies are similar to those of t hadronic decays

� Current limits (down to ~ 10-8), or limits anticipated at next generation e+e- colliders, directly
confront many New Physics models

David Hitlin    1st Conference on CFLV - Lecce

3

May 8, 2013

Talk by D. Hitlin @ CLFV2013 



2.2  CLFV processes: tau decays 

•  Several	processes:	
	
 

 
 

 
 
 

•  48	LFV	modes	studied	at	Belle	and	BaBar	

•   
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   τ → ℓγ ,  τ → ℓα ℓβℓ β ,  τ → ℓY
  P ,  S,  V ,  PP , ...

65 



2.2  CLFV processes: tau decays 

•  Several	processes:	
	
 

 
 

 
 
 

	

•   
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   τ → ℓγ ,  τ → ℓα ℓβℓ β ,  τ → ℓY
  P ,  S,  V ,  PP , ...
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•  Promising	prospects	at	Belle	II!	

P. Urquijo  



   
 
 
 
 

 
•  Build	all	D>5	LFV	operators:	

		
Ø  Dipole:	

	
Ø  Lepton-quark	(Scalar,	Pseudo-scalar,	Vector,	Axial-vector):	

	
	

	
Ø  Lepton-gluon	(Scalar,	Pseudo-scalar):	

	

Ø  4	leptons	(Scalar,	Pseudo-scalar,	Vector,	Axial-vector):	
	
•   Each	UV	model	generates	a	specific	pa\ern	of	them	

	
	
	

•   
 

2.3  Effective Field Theory approach 
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L = LSM + C (5)

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...

67 

See	e.g.		
Black,	Han,	He,	Sher’02	
Brignole	&	Rossi’04	
Dassinger	et	al.’07	
Matsuzaki	&	Sanda’08	
Giffels	et	al.’08	
Crivellin,	Najjari,	Rosiek’13	
Petrov	&	Zhuridov’14	
Cirigliano,	Celis,	E.P.’14	
 
    

Leff
D ⊃ −

CD

Λ 2 mτ µσ
µν PL,RτFµν

   
Leff

S ⊃ −
CS ,V

Λ 2 mτ mqGFµ  ΓPL,Rτ  qΓq

   
Leff

G ⊃ −
CG

Λ 2 mτGFµPL,Rτ  Gµν
a Ga

µν

    
Leff

 4ℓ ⊃ −
CS ,V

4ℓ

Λ 2 µ  ΓPL,Rτ  µ  ΓPL,Rµ

 Γ ≡ 1 ,γ µ



2.4  Model discriminating power of Tau processes 

Emilie Passemar 

•  Summary	table:	

 
 
 
 

•  The	no*on	of	“best	probe”	(process	with	largest	decay	rate)	is	model	dependent	
 
 

•  If	observed,	compare	rate	of	processes									key	handle	on	relaLve	strength	
between	operators	and	hence	on	the	underlying	mechanism	

  

Discriminating power: τLFV matrix
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2.6  Model discriminating of BRs  
 
•  Studies	in	specific	models	

  Disentangle	the	underlying	dynamics	of	NP	

 
 
 

 

Buras	et	al.’10	

to the ranges given in Table 3 for the SM4 and the LHT model.

4.7 Patterns of Correlations and Comparison with the MSSM

and the LHT

In [4,55] a number of correlations have been identified that allow to distinguish the LHT

model from the MSSM. These results are recalled in Table 3. In the last column of this

table we also show the results obtained in the SM4. We observe:

• For most of the ratios considered here the values found in the SM4 are significantly

larger than in the LHT and by one to two orders of magnitude larger than in the

MSSM.

• In the case of µ ! e conversion the predictions of the SM4 and the LHT model

are very uncertain but finding said ratio to be of order one would favour the SM4

and the LHT model over the MSSM.

• Similarly, in the case of several ratios considered in this table, finding them to be

of order one will choose the SM4 as a clear winner in this competition.

ratio LHT MSSM (dipole) MSSM (Higgs) SM4

Br(µ�!e�e+e�)

Br(µ!e�)
0.02. . . 1 ⇠ 6 · 10�3 ⇠ 6 · 10�3 0.06 . . . 2.2

Br(⌧�!e�e+e�)

Br(⌧!e�)
0.04. . . 0.4 ⇠ 1 · 10�2 ⇠ 1 · 10�2 0.07 . . . 2.2

Br(⌧�!µ�µ+µ�
)

Br(⌧!µ�)
0.04. . . 0.4 ⇠ 2 · 10�3 0.06 . . . 0.1 0.06 . . . 2.2

Br(⌧�!e�µ+µ�
)

Br(⌧!e�)
0.04. . . 0.3 ⇠ 2 · 10�3 0.02 . . . 0.04 0.03 . . . 1.3

Br(⌧�!µ�e+e�)

Br(⌧!µ�)
0.04. . . 0.3 ⇠ 1 · 10�2 ⇠ 1 · 10�2 0.04 . . . 1.4

Br(⌧�!e�e+e�)

Br(⌧�!e�µ+µ�
)

0.8. . . 2 ⇠ 5 0.3. . . 0.5 1.5 . . . 2.3

Br(⌧�!µ�µ+µ�
)

Br(⌧�!µ�e+e�)

0.7. . . 1.6 ⇠ 0.2 5. . . 10 1.4 . . . 1.7

R(µTi!eTi)

Br(µ!e�)
10�3 . . . 102 ⇠ 5 · 10�3 0.08 . . . 0.15 10�12 . . . 26

Table 3: Comparison of various ratios of branching ratios in the LHT model [55], the

MSSM without [63, 64] and with significant Higgs contributions [65, 66] and the SM4

calculated here.
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used to discriminate among di↵erent e↵ective operators. In the case where dipole operators
dominate, the distribution of events in the Dalitz plot concentrates on borders of the phase
space as shown in Fig. 3 (left-plot).3 Other e↵ective operators also produce distinctive patterns
on a Dalitz plot, see Figs. 3 and 4. One would expect a flat distribution for the same-sign muon
invariant mass spectrum (dBR/dm2

µ�µ�) in the case of dipole operators as shown in Fig. 5.
The vector operators C

VRL,VLR

would produce a spectrum peaked towards low invariant masses
m2

µ�µ� , the scalar operators C
SLL,SRR

on the other hand would give rise to a peaked spectrum
around m2

µ�µ� ⇠ 1 GeV2, see Fig. 5. The discrimination of di↵erent kinds of NP through a
Dalitz plot analysis in LFV leptonic ⌧ decays has been discussed in detail in Refs. [42, 43].

Figure 3: Dalitz plot for ⌧� ! µ�µ+µ� decays when all operators are assumed to vanish with the
exception of C

DL,DR

= 1 (left) and C
SLL,SRR

= 1 (right), taking ⇤ = 1 TeV in both cases. Colors
denote the density for d2BR/(dm2

µ�µ+dm
2

µ�µ�), small values being represented by darker colors and

large values in lighter ones. Here m2

µ�µ+ represents m2

12

or m2

23

, defined in Sec. 3.1.

5 Future prospects

Present experimental limits on LFV ⌧ decays are at the 10�8 level thanks to the large amount
of data collected at Belle and BaBar. As a comparison, before Belle and BaBar the best
upper bound on BR(⌧ ! µ�) was set at the CLEO detector with L ⇠ 13.8 fb�1 of integrated
luminosity, finding BR(⌧ ! µ�) < 1.1 ⇥ 10�6 (90% CL) [68]. Belle and BaBar have finally
stopped collecting data, reaching a final integrated luminosity of L & 1 ab�1 and L ⇠ 550 fb�1

respectively. The upcoming Belle II experiment at the SuperKEKB collider is expected to
deliver L ⇠ 50 ab�1 of data [34]. In cases where the number of background events is not
negligible, the 90% CL upper limit on the BR (BR

90

) is expected to improve with the integrated
luminosity L as BR

90

/ 1/
p
L. One can then expect an improvement of the present upper

bounds by a factor of ten approximately with L ⇠ 50 ab�1 of collected data at Belle II.

3We have kept the muon mass at its physical value for obtaining Figs. 3, 4 and 5.
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Figure 4: Dalitz plot for ⌧� ! µ�µ+µ� decays when all operators are assumed to vanish with the
exception of C

VRL,VLR

= 1 (left) and C
VLL,VRR

= 1 (right), taking ⇤ = 1 TeV in both cases. Colors
are defined as in Fig. 3.

Figure 5: Same sign di-muon invariant mass spectrum for ⌧� ! µ�µ+µ� decays when all operators
are assumed to vanish with the exception of C

VLR,VRL

= 0.3 (continuous black), C
DL,DR

= 0.1 (long-
dashed blue) and C

SLL,SRR

= 1 (short-dashed red), taking ⇤ = 1 TeV.

Prospects for LFV ⌧ decays at a Super Tau-Charm Factory are also encouraging, with an
estimated sensitivity of BR(⌧ ! µ�) . 10�9 with 10 ab�1 [35].

In Figs. 6 and 7 we show future prospects for the observation of LFV ⌧ decays. The figures
show (i) current experimental upper limits on the BRs at 90% CL; (ii) expected future limits
assuming an improvement of the sensitivity by a factor of ten; (iii) upper bounds (colored
bars) that can be derived on the BRs, within each of the benchmark models for single operator
dominance, from the non-observation of LFV ⌧ decays (from Section 4). Among other features,
Fig. 6 implies that if the dipole operator dominates, clearly ⌧ ! µ� is the channel to focus on
(the other have limits below future sensitivity). However, if other operators contribute, then
hadronic decays o↵er greater discovery potential, so they should be vigorously pursued.
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Angular analysis  
with polarized taus 

Dassinger,	Feldman,		
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2.7  Model discriminating of Spectra: τ → µππ 

 

 
 
 

 

• Two basic handles:  2)  Spectra in > 2 body decays 

Spin and isospin of the 
hadronic operator leave 
imprint in the spectrum

Celis-VC-Passemar 1403.5781    

• Two basic handles:  2)  Spectra in > 2 body decays 

Spin and isospin of the 
hadronic operator leave 
imprint in the spectrum

Celis-VC-Passemar 1403.5781    

   
Leff

D ⊃ −
CD

Λ 2 mτ µσ
µν PL,RτFµν

   
Leff

S ⊃ −
CS

Λ 2 mτ mqGFµPL,Rτ  qq
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Celis, Cirigliano, E.P.’14 • Two basic handles:  2)  Spectra in > 2 body decays 

Spin and isospin of the 
hadronic operator leave 
imprint in the spectrum

Celis-VC-Passemar 1403.5781    

Very	different	distribu*ons	according		
to	the	final	hadronic	state!	

   
Leff

G ⊃ −
CG

Λ 2 mτGFµPL,Rτ  Gµν
a Ga

µν

NB:	See	also	Dalitz	plot	analyses		
for	τ	→	μμμ				 Dassinger	et	al.’07	
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