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Charged Lepton Flavor Violation?

 Sought for more than 70 yearsÉ
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     Unitary rotation matrices, couplings to photon and Z remain flavour-diagonal:

 In the SM fermion masses, thus the  flavour sector ,

stems from the Yukawa interactions:

Standard Model: LFU and no LFV

AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 7

exist in fact a number of reviews on this subject, which concentrate on theoretical [28, 29]
or experimental aspects [30, 31, 32, 33, 34, 35] or both [36, 37], some including CLFV
in the broader subjects of muon physics [38] or theories of massive neutrinos [39]. We
tried to be complementary to these excellent reviews, presenting things in a somewhat
pedagogical spirit with the hope that newcomers to the Þeld of muon CLFV might Þnd
it useful for a Þrst tour.

In the theoretical part we try to emphasize the conditions, under which a new physics
model leads to sizeable rates for CLFV processes. In order to do so, in section2, we
Þrst brießy review the lepton sector of the Standard Model and show why lepton family
numbers are conserved in absence of right-handed neutrinos. We then show how minimal
departures from the original formulation of the Standard Model (such as introducing a
second Higgs doublet) can drastically change the picture and induce large CLFV; the
interesting and (experimentally) new subject of LFV decays of the Higgs boson is also
brießy discussed. In section3 we introduce neutrino masses to the game and review some
details of the standard calculation of µ ! e! from oscillating neutrinos, showing how
this leads to negligible rates unless the new dynamics at the origin of neutrino masses
lies at rather low energy scales. Before moving to discuss predictions of some speciÞc
models, we present a brief discussion of model-independent approaches to CLFV based on
e! ective operators (section4). We then discuss, in section5, CLFV in supersymmetric
models as a case study of model-dependent predictions, on which we give more general
remarks in the subsequent section6. We conclude the theory part reviewing in section
7 the possible link between CLFV and lepton ßavour non-universality in semi-leptonic
B -meson decays that several experiments have recently hinted at.

In the experimental part we highlight the general aspects of the design of experiments
aimed at the most sensitive searches for CLFV, in particular of those involving muons
(mu-e-gamma, mu-to-three-e, and mu-to-e-conversion) albeit in a uniÞed picture we try
to involve also the heaviest lepton, the" . Section8 starts by introducing general concepts
regarding the search for rare decays, such as Òsingle event sensitivityÓ and Òsignal regionÓ.
In section 9 we discuss the generation and decay of positive and negative muons, free and
in orbit, and in section 10 and 11 we analyse the general aspects, and the di" culties,
of detecting low energy electrons, positrons and photons. Before starting the review
of the experiments, in section12 we make some comments on the need of calibrations
and monitoring of the experiments, and the care that should be used in their simulation
through Monte Carlo codes. In section13 we review present and programmed muon
experiments. In this description we did not want to be comprehensive: those eager of
full details are referred to the technical articles describing the experiments. But each
experiment is built around some clever ideas, and those we have tried to pass to our
readers. We will have a look at tau channels in section14 before looking at future
directions in section 15. Our conclusions are drawn in section16 in the hope to have
made the theory part accessible to experimentalists as well as the experimental part
readable by theorists!

2. Ð The lepton sector of the Standard Model and its simple extensions

The ßavour sector of the Standard Model (SM) Ði.e. the fermion masses and the
mixing among di! erent generations Ð arises from the Yukawa couplings of the fermion
Þelds with the Higgs Þeld# :

(1) " L Y = ( Yu )ij QL i uR j !# + ( Yd)ij QL i dR j # + ( Ye)ij L L i eR j # + h.c.
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whereSU(2)L indices were omitted andi and j run over the three families, such thatYf

(f = u, d, e) are in general complex 3! 3 matrices(3). The Þelds are deÞned as follows:
QL are the left-handed (LH) quark doublets, QT

L = ( uL dL ), uR and dR the right-handed
(RH) up and down quarks respectively,L L the LH letpon doublets, L T

L = ( ! L eL ), and
eR the RH leptons. The conjugate Higgs Þeld is as usually deÞned as!! " i "2! ! , where
"2 is the second Pauli matrix. Fermion mass terms of the kindmf f L f R arise upon the
breaking of the electro-weak (EW) symmetrySU(2)L ! U(1)Y by the vacuum expectation
value (vev) of the Higgs Þeld,#! $T = (0 v)/

%
2 (v & 246 GeV), such that:

(2) (mf )ij =
v

%
2

(Yf )ij , f = u, d, e

In the original formulation of Standard Model, the Lagrangian in Eq. (1) does not give
rise to mass terms for the neutrinos, which are thus exactly massless. The Yukawa
matrices and thus the fermion mass matrices can be diagonalised by unitary rotations of
the Þelds, as follows:

(3) Yf = Vf öYf W  
f , f = u, d, e

where öYf denotes diagonal Yukawa matrices. Given the unitarity of the matricesVf and
Wf , applying these transformations does not modify the kinetic terms and the neutral-
current interactions, such as the fermion couplings to the photon and theZ boson, which
then result ßavour conserving. Similarly the fermion couplings to the physical Higgsh
are proportional to the mass matrix, thus they can be diagonalised in the same basis and
no ßavour violation is induced in the interactions with the Higgs either:

(4) ' L h øf f =
mf

v
øf L f R h + h.c.

On the other hand, the two rotations in Eq. (3) do induce ßavour violation in the
charged-current interactions with the W bosons:

(5) L cc =
g

%
2

"
uL #µ (V  

u Vd)dL + ! L #µ (V  
! Ve)eL

#
W +

µ + h.c.

As we can see, ßavour violation in quark sector arises from the fact that, in general,
diagonalising Yu and Yd requires Vu (= Vd. Such a misalignment gives rise to ßavour-
changing transitions controlled by the matrix VCKM " V  

u Vd, which is nothing but the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [17, 19]. On the other hand, in the lepton
sector of the original Standard Model with massless neutrinos, one can chooseV! = Ve,
because no other term in the Lagrangian involves the lepton doublets, and the leptonic
ßavour is exactly conserved. Clearly, this feature does not hold any longer in extensions
of the Standard Model addressing the generation of mass terms for the neutrinos, as we
will discuss in the next section. In other words, the Lagrangian in Eq. (1) is invariant

(3) As already noted in the caption of Table I we collectively indicate the up-type quarks, the
down-type quarks and the charged leptons with u, d and e respectively.
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øf R ! µ f R )Z µ
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 Rotations to the fermion mass basis:

Couplings to the Higgs also flavour-conserving (aligned to the mass matrix):

 No (tree-level) flavour-changing neutral currents

Gauge interactions flavour-univeral

!4

flavour-universal couplings to gauge bosons

(but not flavour-universal!)



but flavour-universal!
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Flavour violation occurs in charged currents only:
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whereSU(2)L indices were omitted andi and j run over the three families, such thatYf

(f = u, d, e) are in general complex 3! 3 matrices(3). The Þelds are deÞned as follows:
QL are the left-handed (LH) quark doublets, QT

L = ( uL dL ), uR and dR the right-handed
(RH) up and down quarks respectively,L L the LH letpon doublets, L T

L = ( ! L eL ), and
eR the RH leptons. The conjugate Higgs Þeld is as usually deÞned as!! " i "2! ! , where
"2 is the second Pauli matrix. Fermion mass terms of the kindmf f L f R arise upon the
breaking of the electro-weak (EW) symmetrySU(2)L ! U(1)Y by the vacuum expectation
value (vev) of the Higgs Þeld,#! $T = (0 v)/

%
2 (v & 246 GeV), such that:

(2) (mf )ij =
v

%
2

(Yf )ij , f = u, d, e

In the original formulation of Standard Model, the Lagrangian in Eq. (1) does not give
rise to mass terms for the neutrinos, which are thus exactly massless. The Yukawa
matrices and thus the fermion mass matrices can be diagonalised by unitary rotations of
the Þelds, as follows:

(3) Yf = Vf öYf W  
f , f = u, d, e

where öYf denotes diagonal Yukawa matrices. Given the unitarity of the matricesVf and
Wf , applying these transformations does not modify the kinetic terms and the neutral-
current interactions, such as the fermion couplings to the photon and theZ boson, which
then result ßavour conserving. Similarly the fermion couplings to the physical Higgsh
are proportional to the mass matrix, thus they can be diagonalised in the same basis and
no ßavour violation is induced in the interactions with the Higgs either:

(4) ' L h øf f =
mf

v
øf L f R h + h.c.

On the other hand, the two rotations in Eq. (3) do induce ßavour violation in the
charged-current interactions with the W bosons:

(5) L cc =
g

%
2

"
uL #µ (V  

u Vd)dL + ! L #µ (V  
⌫ Ve)eL

#
W +

µ + h.c.

As we can see, ßavour violation in quark sector arises from the fact that, in general,
diagonalising Yu and Yd requires Vu (= Vd. Such a misalignment gives rise to ßavour-
changing transitions controlled by the matrix VCKM " V  

u Vd, which is nothing but the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [17, 19]. On the other hand, in the lepton
sector of the original Standard Model with massless neutrinos, one can chooseV⌫ = Ve,
because no other term in the Lagrangian involves the lepton doublets, and the leptonic
ßavour is exactly conserved. Clearly, this feature does not hold any longer in extensions
of the Standard Model addressing the generation of mass terms for the neutrinos, as we
will discuss in the next section. In other words, the Lagrangian in Eq. (1) is invariant

(3) As already noted in the caption of Table I we collectively indicate the up-type quarks, the
down-type quarks and the charged leptons with u, d and e respectively.
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exist in fact a number of reviews on this subject, which concentrate on theoretical [28, 29]
or experimental aspects [30, 31, 32, 33, 34, 35] or both [36, 37], some including CLFV
in the broader subjects of muon physics [38] or theories of massive neutrinos [39]. We
tried to be complementary to these excellent reviews, presenting things in a somewhat
pedagogical spirit with the hope that newcomers to the Þeld of muon CLFV might Þnd
it useful for a Þrst tour.

In the theoretical part we try to emphasize the conditions, under which a new physics
model leads to sizeable rates for CLFV processes. In order to do so, in section2, we
Þrst brießy review the lepton sector of the Standard Model and show why lepton family
numbers are conserved in absence of right-handed neutrinos. We then show how minimal
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second Higgs doublet) can drastically change the picture and induce large CLFV; the
interesting and (experimentally) new subject of LFV decays of the Higgs boson is also
brießy discussed. In section3 we introduce neutrino masses to the game and review some
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this leads to negligible rates unless the new dynamics at the origin of neutrino masses
lies at rather low energy scales. Before moving to discuss predictions of some speciÞc
models, we present a brief discussion of model-independent approaches to CLFV based on
e! ective operators (section4). We then discuss, in section5, CLFV in supersymmetric
models as a case study of model-dependent predictions, on which we give more general
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7 the possible link between CLFV and lepton ßavour non-universality in semi-leptonic
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In the experimental part we highlight the general aspects of the design of experiments
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(mu-e-gamma, mu-to-three-e, and mu-to-e-conversion) albeit in a uniÞed picture we try
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In section 9 we discuss the generation and decay of positive and negative muons, free and
in orbit, and in section 10 and 11 we analyse the general aspects, and the di" culties,
of detecting low energy electrons, positrons and photons. Before starting the review
of the experiments, in section12 we make some comments on the need of calibrations
and monitoring of the experiments, and the care that should be used in their simulation
through Monte Carlo codes. In section13 we review present and programmed muon
experiments. In this description we did not want to be comprehensive: those eager of
full details are referred to the technical articles describing the experiments. But each
experiment is built around some clever ideas, and those we have tried to pass to our
readers. We will have a look at tau channels in section14 before looking at future
directions in section 15. Our conclusions are drawn in section16 in the hope to have
made the theory part accessible to experimentalists as well as the experimental part
readable by theorists!

2. Ð The lepton sector of the Standard Model and its simple extensions

The ßavour sector of the Standard Model (SM) Ði.e. the fermion masses and the
mixing among di! erent generations Ð arises from the Yukawa couplings of the fermion
Þelds with the Higgs Þeld# :

(1) " L Y = ( Yu )ij QL i uR j !# + ( Yd)ij QL i dR j # + ( Ye)ij L L i eR j # + h.c.
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whereSU(2)L indices were omitted andi and j run over the three families, such thatYf

(f = u, d, e) are in general complex 3! 3 matrices(3). The Þelds are deÞned as follows:
QL are the left-handed (LH) quark doublets, QT

L = ( uL dL ), uR and dR the right-handed
(RH) up and down quarks respectively,L L the LH letpon doublets, L T

L = ( ! L eL ), and
eR the RH leptons. The conjugate Higgs Þeld is as usually deÞned as!! " i "2! ! , where
"2 is the second Pauli matrix. Fermion mass terms of the kindmf f L f R arise upon the
breaking of the electro-weak (EW) symmetrySU(2)L ! U(1)Y by the vacuum expectation
value (vev) of the Higgs Þeld,#! $T = (0 v)/

%
2 (v & 246 GeV), such that:

(2) (mf )ij =
v

%
2

(Yf )ij , f = u, d, e

In the original formulation of Standard Model, the Lagrangian in Eq. (1) does not give
rise to mass terms for the neutrinos, which are thus exactly massless. The Yukawa
matrices and thus the fermion mass matrices can be diagonalised by unitary rotations of
the Þelds, as follows:

(3) Yf = Vf öYf W  
f , f = u, d, e

where öYf denotes diagonal Yukawa matrices. Given the unitarity of the matricesVf and
Wf , applying these transformations does not modify the kinetic terms and the neutral-
current interactions, such as the fermion couplings to the photon and theZ boson, which
then result ßavour conserving. Similarly the fermion couplings to the physical Higgsh
are proportional to the mass matrix, thus they can be diagonalised in the same basis and
no ßavour violation is induced in the interactions with the Higgs either:

(4) ' L h øf f =
mf

v
øf L f R h + h.c.

On the other hand, the two rotations in Eq. (3) do induce ßavour violation in the
charged-current interactions with the W bosons:

(5) L cc =
g

%
2

"
uL #µ (V  

u Vd)dL + ! L #µ (V  
! Ve)eL

#
W +

µ + h.c.

As we can see, ßavour violation in quark sector arises from the fact that, in general,
diagonalising Yu and Yd requires Vu (= Vd. Such a misalignment gives rise to ßavour-
changing transitions controlled by the matrix VCKM " V  

u Vd, which is nothing but the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [17, 19]. On the other hand, in the lepton
sector of the original Standard Model with massless neutrinos, one can chooseV! = Ve,
because no other term in the Lagrangian involves the lepton doublets, and the leptonic
ßavour is exactly conserved. Clearly, this feature does not hold any longer in extensions
of the Standard Model addressing the generation of mass terms for the neutrinos, as we
will discuss in the next section. In other words, the Lagrangian in Eq. (1) is invariant

(3) As already noted in the caption of Table I we collectively indicate the up-type quarks, the
down-type quarks and the charged leptons with u, d and e respectively.

 Rotations to the fermion mass basis:

UPMNS ! V  
! Ve
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No LFV   ( Ye only ÔdirectionÕ in the leptonic flavour space)
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Standard Model: LFU and no LFV
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Wf , applying these transformations does not modify the kinetic terms and the neutral-
current interactions, such as the fermion couplings to the photon and theZ boson, which
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are proportional to the mass matrix, thus they can be diagonalised in the same basis and
no ßavour violation is induced in the interactions with the Higgs either:
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On the other hand, the two rotations in Eq. (3) do induce ßavour violation in the
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As we can see, ßavour violation in quark sector arises from the fact that, in general,
diagonalising Yu and Yd requires Vu (= Vd. Such a misalignment gives rise to ßavour-
changing transitions controlled by the matrix VCKM " V  

u Vd, which is nothing but the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [17, 19]. On the other hand, in the lepton
sector of the original Standard Model with massless neutrinos, one can chooseV! = Ve,
because no other term in the Lagrangian involves the lepton doublets, and the leptonic
ßavour is exactly conserved. Clearly, this feature does not hold any longer in extensions
of the Standard Model addressing the generation of mass terms for the neutrinos, as we
will discuss in the next section. In other words, the Lagrangian in Eq. (1) is invariant

(3) As already noted in the caption of Table I we collectively indicate the up-type quarks, the
down-type quarks and the charged leptons with u, d and e respectively.

 In the SM fermion masses, thus the  flavour sector ,

stems from the Yukawa interactions:



¥ In the SM + massive neutrinos:   
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Why are we searching for CLFV?
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  In presence of NP at the TeV we can expect large effects 

¥ Neutrinos oscillate " Lepton family numbers are not conserved!  
  We have to introduce neutrino mass terms:

    Large mixing, but huge ÔaccidentalÕ (?) suppression due to small neutrino masses  
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couplings, in perfect analogy to what occurs to the other fermions:

L D = ! (Y! )ij ! R i !!   L L j + h.c. = " (mD
! )ij =

v
#

2
(Y! )ij .(15)

In such a case, the smallness of neutrino masses can be accounted for only by assuming
tiny values for the entries of Y! , the largest of which should be ! 10! 12(6). As a
consequence, the second option is perhaps more appealing, namely introducing non-
renomalisabe operators giving rise to Majorana masses for the LH neutrinos alone:

L M = !
1
2

mM
! ! c

L ! L + h.c.(16)

Terms of this kind violate the total lepton number L and can be already generated by
the only dimension-5 operators compatible with the SM symmetries that one can write
as [92]

L $
Cij

"

"
L c

L i "2!
# "

! T "2L L j
#

+ h.c. = " (mM
! )ij =

Cij v2

"
,(17)

where " corresponds to the mass scale of extra degrees of freedom Ñassociated to the
breaking of LÑ that have been integrated out. The fact that ( mM

! )ij % v is then
naturally explained if " & v.

In either way neutrino masses are accounted for, lepton ßavour violation in the charged
current interactions of eq. (7) becomes physical and controlled by the matrixUPMNS '
(V  

e V! ), which is usually called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [93,
94]. Also notice that UPMNS is the matrix that diagonalises the neutrino mass matrix in
the basis of diagonal charged lepton masses, thus connecting neutrino ßavour and mass
eigenstates

! " =
$

k=1 ,3

U" k ! k , # = e, µ, " .(18)

As is well known, besides inducing neutrino oscillations,UPMNS can in principle give
rise to CLFV as well. This can only occur through loop diagrams involving neutrinos
and W bosons. For example, a diagram contributing to theµ ( e$ decay is shown in
Þg. 3. A detailed description of the calculation of the resulting%i ( %j $ rate Ñoriginally
published in [95]Ñ can be be found in [96]. In the following we review some important
features of it, specialising inµ ( e$, being " ( e$ and " ( µ$ completely analogous.

In general, the transition is described by an e#ective muon-electron-photon interaction
that we denote V" , where # is a Lorentz index. The decay amplitude is then given by

M (µ ( e$) = i øue(p ! q)V" uµ (p)&" " (q),(19)

wherep and q are the four-momenta of the muon and the photon respectively,ue and uµ

are the Dirac spinors for the electron and the muon, and&# the polarisation vector of the

(6) Moreover, since ! R are complete singlets under the SM gauge symmetries, nothing forbids
Majorana mass terms of the kind ! c

R ! R , which would change the picture as we will see below.
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¥ PMNS becomes ÔphysicalÕ: neutrino mass eigenstates couple to charged  

leptons of different flavours

Cheng Li Õ77, Õ80; Petcov Ô77 
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¥ Unambiguous signal of New Physics 

¥ Stringent test of NP coupling to leptons 

¥ It probes scales far beyond the LHC reach

Why are we searching for CLFV?
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7. Ð Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B -physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s! + ! ! , and (ii) charged-current b ! c!"
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK "
BR(B + ! K + µ+ µ! )

BR(B + ! K + e+ e! )
= 0.745+0 .090

! 0.074 ± 0.036 for q2 # [1, 6]GeV2,(64)

RK ! "
BR(B 0 ! K " 0µ+ µ! )

BR(B 0 ! K " 0e+ e! )
= 0.685+0 .113

! 0.069 ± 0.047 for q2 # [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK ( ! ) )SM = 1.00±0.01
[207]. Besides RK ( ! ) , other tensions with the SM predictions (at the 3# level) are reported
in b ! sµ+ µ! transitions, in particular, in the rate of the decays B ! K " µ+ µ! [208] and
B 0

s ! $µ+ µ! [209], and in the angular distributions of B ! K " µ+ µ! [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined $ 4# deviation from the theory predic-
tions [215, 216]:

RD "
BR(B ! D%" )exp / BR(B ! D%" )SM

BR(B ! D ! " )exp / BR(B ! D ! " )SM
= 1.34 ± 0.17 ,(66)

RD ! "
BR(B ! D " %" )exp / BR(B ! D " %" )SM

BR(B ! D " ! " )exp / BR(B ! D " ! " )SM
= 1.23 ± 0.07 ,(67)

where ! = e, µ and B and D (" ) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D (" ) %" at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e! ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s! + ! ! (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e! ective operator involving only muons – (s̄&µ PL b)(µ̄&µ µ) or (s̄&µ PL b)(µ̄&µ PL µ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5# level, see [219]
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In recent years,B -physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton ßavour universality (LFU) in
semi-leptonic B decays. If conÞrmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the ßavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s! + ! �, and (ii) charged-current b ! c!"
processes.

The following ratios of branching ratios Ð belonging to the Þrst class Ð have been
measured by LHCb [205, 206]:
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BR(B + ! K + e+ e�)

= 0 .745+0 .090
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= 0 .685+0 .113
�0.069 ± 0.047 for q2 # [1.1, 6]GeV2,(65)

whereq2 is the dilepton invariant mass squared, the Þrst quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK ( ! ) )SM = 1 .00± 0.01
[207]. BesidesRK ( ! ) , other tensions with the SM predictions (at the 3# level) are reported
in b ! sµ+ µ� transitions, in particular, in the rate of the decays B ! K ⇤µ+ µ� [208] and
B 0

s ! $µ+ µ� [209], and in the angular distributions of B ! K ⇤µ+ µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined$ 4# deviation from the theory predic-
tions [215, 216]:
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= 1 .23± 0.07 ,(67)

where ! = e, µ and B and D (⇤) charges were averaged.
Both classes of anomalies Ð if conÞrmed Ð would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D (⇤) %" at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e! ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s! + ! � (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e! ective operator involving only muons Ð (øs&µ PL b)(øµ&µ µ) or (øs&µ PL b)(øµ&µ PL µ) (in the
latter case, only LH Þelds appear) Ð which can lead to a destructive interference with
the SM contributions and hence to a deÞcit of muon events [218]. Recent global Þts
to the data show that this scenario is preferred to the SM at the 4-5# level, see [219]
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B-physics LFU anomalies

RK ( ! ) !
BR(B " K (! ) µ+ µ" )
BR(B " K (! ) e+ e" )

=1+-0.01 in the SM: lepton flavour universality
Bordone et al. Ô16

C
an

di
da

te
s 

/ (
a.

 u
.)

0.0

0.5

1.0
!e+e+ K!+B

!µ+µ+ K!+B
+)K!e+(e" J/!+B
+)K!µ+µ(" J/!+B

LHCb simulation

dilepton opening angle [rad]
0 0.1 0.2 0.3 0.4 0.5

! 
!

J/r "
 / 

!
J/r

0.90

0.95

1.00

1.05

1.10

LHCb

Figure 1: (Top) distributions of the opening angle between the two leptons, in the laboratory
frame, for the four modes in the double ratio used to determineRK . (Bottom) the single ratio
r J/ ! relative to its average value

!
r J/ !

"
as a function of the opening angle.

than ßuctuations, and taking into account the spectrum of the relevant variables in the
nonresonant decay modes of interest, a total shift onRK is computed for each of the
variables examined. In each case, the resulting variation is within the estimated systematic
uncertainty on RK . The rJ/ ! ratio is also computed in two- and three-dimensional bins
of the considered variables. Again, no trend is seen and the deviations observed are
consistent with the systematic uncertainties onRK . An example is shown in Fig. S7 in the
Supplemental Material [70]. Independent studies of the electron reconstruction e! ciency
using control channels selected from the data also give consistent results.

The results of the Þts to them(K + ! + ! ! ) and mJ/ ! (K + ! + ! ! ) distributions are shown
in Fig. 2. A total of 1943± 49 B + ! K + µ+ µ! decays are observed. A study of the
B + ! K + µ+ µ! di" erential branching fraction gives results that are consistent with pre-
vious LHCb measurements [12] but, owing to the selection criteria optimised for the
precision onRK , are less precise. TheB + ! K + µ+ µ! di" erential branching fraction
observed is consistent between the 7 and 8 TeV data and the 13 TeV data.

The value ofRK is measured to be

RK = 0.846+ 0 .060
! 0.054

+ 0 .016
! 0.014 ,

where the Þrst uncertainty is statistical and the second systematic. This is the most
precise measurement to date and is consistent with the SM expectation at the level of
2.5 standard deviations [21,32,35,39,41]. The likelihood proÞle as a function ofRK is
given in the Supplemental Material [70]. The value forRK obtained is consistent across
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7. Ð Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years,B -physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton ßavour universality (LFU) in
semi-leptonic B decays. If conÞrmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the ßavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s! + ! ! , and (ii) charged-current b ! c!"
processes.

The following ratios of branching ratios Ð belonging to the Þrst class Ð have been
measured by LHCb [205, 206]:

RK "
BR(B + ! K + µ+ µ! )
BR(B + ! K + e+ e! )

= 0 .745+0 .090
! 0.074 ± 0.036 for q2 # [1, 6]GeV2,(64)

RK ! "
BR(B 0 ! K " 0µ+ µ! )
BR(B 0 ! K " 0e+ e! )

= 0 .685+0 .113
! 0.069 ± 0.047 for q2 # [1.1, 6]GeV2,(65)

whereq2 is the dilepton invariant mass squared, the Þrst quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK ( ! ) )SM = 1 .00± 0.01
[207]. BesidesRK ( ! ) , other tensions with the SM predictions (at the 3# level) are reported
in b ! sµ+ µ! transitions, in particular, in the rate of the decays B ! K " µ+ µ! [208] and
B 0

s ! $µ+ µ! [209], and in the angular distributions of B ! K " µ+ µ! [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined$ 4# deviation from the theory predic-
tions [215, 216]:

RD "
BR(B ! D%" )exp / BR(B ! D%" )SM

BR(B ! D ! " )exp / BR(B ! D ! " )SM
= 1 .34± 0.17 ,(66)

RD ! "
BR(B ! D " %" )exp / BR(B ! D " %" )SM

BR(B ! D " ! " )exp / BR(B ! D " ! " )SM
= 1 .23± 0.07 ,(67)

where ! = e, µ and B and D (" ) charges were averaged.
Both classes of anomalies Ð if conÞrmed Ð would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D (" ) %" at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e! ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s! + ! ! (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e! ective operator involving only muons Ð (øs&µ PL b)(øµ&µ µ) or (øs&µ PL b)(øµ&µ PL µ) (in the
latter case, only LH Þelds appear) Ð which can lead to a destructive interference with
the SM contributions and hence to a deÞcit of muon events [218]. Recent global Þts
to the data show that this scenario is preferred to the SM at the 4-5# level, see [219]
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7. Ð Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years,B -physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton ßavour universality (LFU) in
semi-leptonic B decays. If conÞrmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the ßavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s! + ! ! , and (ii) charged-current b ! c!"
processes.

The following ratios of branching ratios Ð belonging to the Þrst class Ð have been
measured by LHCb [205, 206]:

RK "
BR(B + ! K + µ+ µ! )
BR(B + ! K + e+ e! )

= 0 .745+0 .090
! 0.074 ± 0.036 for q2 # [1, 6]GeV2,(64)

RK ! "
BR(B 0 ! K " 0µ+ µ! )
BR(B 0 ! K " 0e+ e! )

= 0 .685+0 .113
! 0.069 ± 0.047 for q2 # [1.1, 6]GeV2,(65)

whereq2 is the dilepton invariant mass squared, the Þrst quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK ( ! ) )SM = 1 .00± 0.01
[207]. BesidesRK ( ! ) , other tensions with the SM predictions (at the 3# level) are reported
in b ! sµ+ µ! transitions, in particular, in the rate of the decays B ! K " µ+ µ! [208] and
B 0

s ! $µ+ µ! [209], and in the angular distributions of B ! K " µ+ µ! [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined$ 4# deviation from the theory predic-
tions [215, 216]:

RD "
BR(B ! D%" )exp / BR(B ! D%" )SM

BR(B ! D ! " )exp / BR(B ! D ! " )SM
= 1 .34± 0.17 ,(66)

RD ! "
BR(B ! D " %" )exp / BR(B ! D " %" )SM

BR(B ! D " ! " )exp / BR(B ! D " ! " )SM
= 1 .23± 0.07 ,(67)

where ! = e, µ and B and D (" ) charges were averaged.
Both classes of anomalies Ð if conÞrmed Ð would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D (" ) %" at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e! ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s! + ! ! (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e! ective operator involving only muons Ð (øs&µ PL b)(øµ&µ µ) or (øs&µ PL b)(øµ&µ PL µ) (in the
latter case, only LH Þelds appear) Ð which can lead to a destructive interference with
the SM contributions and hence to a deÞcit of muon events [218]. Recent global Þts
to the data show that this scenario is preferred to the SM at the 4-5# level, see [219]
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7. Ð Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B -physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s! + ! ! , and (ii) charged-current b ! c!"
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK "
BR(B + ! K + µ+ µ! )

BR(B + ! K + e+ e! )
= 0.745+0 .090

! 0.074 ± 0.036 for q2 # [1, 6]GeV2,(64)

RK ! "
BR(B 0 ! K " 0µ+ µ! )

BR(B 0 ! K " 0e+ e! )
= 0.685+0 .113

! 0.069 ± 0.047 for q2 # [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK ( ! ) )SM = 1.00±0.01
[207]. Besides RK ( ! ) , other tensions with the SM predictions (at the 3# level) are reported
in b ! sµ+ µ! transitions, in particular, in the rate of the decays B ! K " µ+ µ! [208] and
B 0

s ! $µ+ µ! [209], and in the angular distributions of B ! K " µ+ µ! [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined $ 4# deviation from the theory predic-
tions [215, 216]:

RD "
BR(B ! D%" )exp / BR(B ! D%" )SM

BR(B ! D ! " )exp / BR(B ! D ! " )SM
= 1.34 ± 0.17 ,(66)

RD ! "
BR(B ! D " %" )exp / BR(B ! D " %" )SM

BR(B ! D " ! " )exp / BR(B ! D " ! " )SM
= 1.23 ± 0.07 ,(67)

where ! = e, µ and B and D (" ) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D (" ) %" at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e! ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s! + ! ! (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e! ective operator involving only muons – (s̄&µ PL b)(µ̄&µ µ) or (s̄&µ PL b)(µ̄&µ PL µ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5# level, see [219]
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tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D (⇤) %" at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e! ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s! + ! � (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e! ective operator involving only muons Ð (øs&µ PL b)(øµ&µ µ) or (øs&µ PL b)(øµ&µ PL µ) (in the
latter case, only LH Þelds appear) Ð which can lead to a destructive interference with
the SM contributions and hence to a deÞcit of muon events [218]. Recent global Þts
to the data show that this scenario is preferred to the SM at the 4-5# level, see [219]

SM diagrams:

LHCb measurements (                          ): 

sµµ ßavour-changing neutral current (FCNC) transition [ 1, 2]. The uncertainties are
dominated by the limited knowledge of the B to light meson hadronic form factors [3Ð5].

(ii) Deviations from SM expectations inB ! K ! µ+ µ" angular observables [6Ð9] (also based
on the b ! sµµ transition), where form factor uncertainties are much smaller than for
the branching ratios, but hadronic uncertainties are nevertheless signiÞcant [10,11].

(iii) Apparent deviations from µ-e universality in b ! s!! transitions in the processesB !
K !! and B ! K ! !! (via the µ/e ratios RK [12] and RK ! [13], respectively). Here the
theoretical uncertainties are negligible [14] and the sensitivity is only limited by statistics
at present.

(iv) Apparent deviations from " -µ and " -e universality in b ! c!# transitions [15Ð21]. Un-
certainties are dominated by statistics, with non-negligible experimental systematics but
small theoretical uncertainties [22Ð25]. (Note that e-µ universality in b ! c!# transitions
is tested to hold at the percent level [26Ð28].)

While the deviations in (i) and (ii ) could be alleviated by more conservative assumptions on
the hadronic uncertainties, it is tantalizing that a simple description in terms of a single non-
standard Wilson coe! cient of a semi-muonic operator like (øs$! PL b)(øµ$! µ) or (øs$! PL b)(øµ$! PL µ)
leads to a consistent description of(i), (ii ), and (iii ), with a best-Þt point that improves the
Þt to the data by more than Þve standard deviations compared to the SM (for a single degree
of freedom) [29Ð34]. Moreover, it was shown that simpliÞed models with a single tree-level
mediator can not only explain (i), (ii ), and (iii ), but even all four categories of deviations
simultaneously without violating any other existing constraints [35Ð40].

Taken together, these observations explain the buzz of activity around these deviations and
the anticipation of improved measurements of the theoretically clean ratiosRK and RK ! . The
purpose of this article is to examine the status of the tensions after inclusion of a number of
updated or newly available measurements, in particular:

¥ The new measurement ofRK by the LHCb collaboration combining Run-1 data with
2 fb" 1 of Run-2 data (corresponding to about one third of the full Run-2 data set). The
updated measurement Þnds [41]

RK =
BR(B ! Kµµ )
BR(B ! Kee)

= 0 .846+0 .060
" 0.054

+0 .016
" 0.014 , for 1.1 GeV2 < q2 < 6 GeV2 , (1)

where the Þrst uncertainty is statistical and the second systematic, andq2 is the dilepton
invariant mass squared. The SM predicts lepton ßavour universality, i.e. RSM

K is unity
with uncertainties that are well below the current experimental sensitivities. While the
updated experimental value is closer to the SM prediction than the Run-1 result [12],
the reduced experimental uncertainties imply a tension between theory and experiment
at the level of 2.5%, which is comparable to the situation before the update.

¥ The new, preliminary measurement ofRK ! by Belle [42]. Averaged over B ± and B 0

decays, the measuredRK ! values at low and highq2 are

RK ! =
BR(B ! K ! µµ)
BR(B ! K ! ee)

=

!
0.90+0 .27

" 0.21 ± 0.10, for 0.1 GeV2 < q2 < 8 GeV2 ,

1.18+0 .52
" 0.32 ± 0.10, for 15 GeV2 < q2 < 19 GeV2 .

(2)

2
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Figure 1: Two projections of the WET Þt to b ! sµµ and RK ( ! ) in the plane of the Wilson

coe! cients Cbsµµ
9 and Cbsµµ

10 (left), and Cbsµµ
9 and C!bsµµ

9 (right). Solid (dashed)
contours include (exclude) the Moriond-2019 results forRK and RK ! . Individual
constraints are shown at 1! , the result of the global Þt is shown at 1 and 2! . As
RK only constrains a single combination of Wilson coe! cients in the right plot, its
1! contour corresponds to" " 2 = 1. For the other sets of data, 1 and 2! contours
correspond respectively to" " 2 " 2.3 and 6.2.

In this case, they cannot lead to signiÞcant modiÞcations in semi-leptonicb ! sµµ transitions
[65]. However, the preference of the combination discussed in appendixA for a suppressed
Bs ! µ+ µ" branching ratio means that a destructive interference of these Wilson coe! cients
with the SM contribution to the leptonic decay can lead to a moderate improvement of the
likelihood.

3.1.2. Scenarios with a pair of Wilson coe ! cients

Next, we consider the likelihood in the space of pairs of Wilson coe! cients. The results in
Table 1 suggest that NP in both Cbsµµ

9 and Cbsµµ
10 ought to give an excellent Þt to the data.

The left plot of Fig. 1 shows the best Þt regions in theCbsµµ
9 - Cbsµµ

10 plane. The blue and
orange regions correspond to the 1! constraints from RK and RK ! , and b ! sµµ observables
(including Bs ! µ+ µ" ), respectively. The combined 1 and 2! region is shown in red. The
dotted contours indicate the situation without the Moriond-2019 results for RK and RK ! . The
best Þt point Cbsµµ

9 # $ 0.72 and Cbsµµ
10 # 0.40 has a

!
" " 2 = 6 .5, which, corrected for the

two degrees of freedom, corresponds to a pull of 6.2! . In this scenario a slight tension between
RK and RK ! remains, as it predictsRK # RK ! while the data seems to indicateRK > R K ! .
In addition, there is also a slight tension between theRK & RK ! Þt and the Þt to b ! sµµ
observables, especially in theCbsµµ

9 direction.
Overall, we Þnd a similarly good Þt of the data in a scenario with NP inCbsµµ

9 and C!bsµµ
9 .

The scenario is shown in the right plot of Fig. 1. The best Þt values for the Wilson coe! cients
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7. Ð Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B -physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s! + ! ! , and (ii) charged-current b ! c!"
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK "
BR(B + ! K + µ+ µ! )

BR(B + ! K + e+ e! )
= 0.745+0 .090

! 0.074 ± 0.036 for q2 # [1, 6]GeV2,(64)

RK ! "
BR(B 0 ! K " 0µ+ µ! )

BR(B 0 ! K " 0e+ e! )
= 0.685+0 .113

! 0.069 ± 0.047 for q2 # [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK ( ! ) )SM = 1.00±0.01
[207]. Besides RK ( ! ) , other tensions with the SM predictions (at the 3# level) are reported
in b ! sµ+ µ! transitions, in particular, in the rate of the decays B ! K " µ+ µ! [208] and
B 0

s ! $µ+ µ! [209], and in the angular distributions of B ! K " µ+ µ! [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined $ 4# deviation from the theory predic-
tions [215, 216]:

RD "
BR(B ! D%" )exp / BR(B ! D%" )SM

BR(B ! D ! " )exp / BR(B ! D ! " )SM
= 1.34 ± 0.17 ,(66)

RD ! "
BR(B ! D " %" )exp / BR(B ! D " %" )SM

BR(B ! D " ! " )exp / BR(B ! D " ! " )SM
= 1.23 ± 0.07 ,(67)

where ! = e, µ and B and D (" ) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D (" ) %" at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e! ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s! + ! ! (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e! ective operator involving only muons – (s̄&µ PL b)(µ̄&µ µ) or (s̄&µ PL b)(µ̄&µ PL µ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5# level, see [219]

Aebischer et al. Õ19, Alguer — et al. Õ19, Arbey et al. Õ19,  
Ciuchini et al. Õ19, Kowalska et al . Õ19, + many older refs.

Fits to the data: non-standard contributions preferred at the 4-5 !  level

O! ( !)
10 ! (øs! µ PL (R ) b)( ø"! µ ! 5")O! ( !)

9 ! (øs! µ PL (R ) b)( ø"! µ ")

It seems that we have to fit a deficit of muon events

Aebischer et al. Ô19

SM point

Best fit

(øs! µ PL b)(øµ! µ µ)New physics 
contribution to 

(negative)

(øs! µ PL b)(øµ! µ ! 5µ)

New physics 
contribution to
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which can be however relaxed if CS =CTRelevant constraints from

Where do O9 and O10 come from?

SU(2)-invariant operators (ÔSM EFTÕ):
Differ by SU(2) contractions:

Òsinglet-singletÓ

Òtriplet-tripletÓ
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(and references therein for early theoretical interpretations). Of course, setups involving
more operators Ð possibly also with electrons Ð can also give a good Þt. In terms of the
SU(2)L ! U(1)Y -invariant operators listed in Table IV, the above-mentioned low-energy
operator (øs! µ PL b)(øµ! µ PL µ) arise from both Q(1)

! q and Q(3)
! q (which di ! er by the SU(2)L

contractions) with suitable choices of ßavour indices:

(Q(1)
! q )µµbs = ( øL a

L 2 ! µ L a
L 2)( øQb

L 2 ! µ Qb
L 3)(68)

(Q(3)
! q )µµbs =

!

I =1 ,3

( øL a
L 2 ! µ (" I )ab L b

L 2)( øQc
L 2 ! µ (" I )cd Qd

L 3),(69)

where a, b, c, d are summed-upSU(2)L indices. Interestingly, the second operator also
gives rise to charged-current interactions, hence it can in principle contribute to the class-
II observables, RD ( ! ) , as well [220]. Notice that these operators also induce processes
with Þnal-state neutrinos such asB " K (! ) #ø#, which give a stringent constraint that
can be however relaxed if the fundamental theory generates both operators with equal
coe" cients [221].

What are the consequences in the context of CLFV of possible new physics in the
above form? Would a new physics contribution to these operators imply the arising of
their LFV counterparts ( e.g. (Q(1 ,3)

! q )" µbs ) too? As it should be clear from the previous
sections, (lepton) ßavour-conserving and ßavour-violating operators are not related in
general terms. In other words, we can not draw a deÞnite conclusion unless the underlying
new physics theory that give rise to our operators is fully speciÞed. However, it is also
fair to say that if such large breaking of LFU is veriÞed Ð implying new physics coupling
with very di ! erent strengths to the di! erent lepton generations Ð CLFV e! ects are to be
expected to some extent [222]. Indeed, it is likely that a theory inducing operators like
(Q(1,3)

! q )µµbs in the interaction basis does induce the CLFV counterparts as well, either
directly or at least as a consequence of the rotation to the lepton mass basis Ð cf. Eq. (5)
Ð unless a very speciÞc structure of the lepton Yukawa matrix is assumed (possibly a
consequence of a symmetry of ßavour). As an illustration of the above discussion, let us
consider Ð as in [220, 221, 222, 223, 224, 226, 227] Ð a scenario where the underlying new
physics mainly generates operators involving third generations, i.e.b quarks and taus:
(Q(1 ,3)

! q )" " bb. This choice Ð resembling the hierarchical structure of the SM Yukawas Ð
is a natural consequence of a ßavour structure controlled either by the minimal ßavour
violation ansatz [223] or by a ßavour symmetryU(2)q ! U(2)! acting on Þrst and second
generation quarks and leptons only [224]. Our operators in Eq. (68, 69) Ð and thus
the wanted LFU e! ects Ð are then generated by rotating the LH quarks and the LH
leptons to the respective mass basis. As a consequence, the coe" cients of (Q(1 ,3)

! q )µµbs

result # (Vd)32 ! |(Ve)32|2, where we used the notation of Eq. (5). As we can see, it
is thus unavoidable to generate at the same time the LFV operators (Q(1,3)

! q )" µbs with
coe" cients # (Vd)32 ! (Ve)32. These operators induce the CLFV processesBs " " µ,
B " K (! ) " µ, although with rates below the present limits (if any at all, cf. Table II), at
least for the choices of the parameters Þtting the LFU anomalies and fulÞlling bounds
from B " K (! ) #ø# [221]:

BR(B " K ! " µ) $ 2 ! BR(B " K " µ) $ 2 ! BR(Bs " " µ) ! 10" 6.(70)

More interestingly, radiative e! ects Ð i.e. the RG running of the operators from the new-
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(and references therein for early theoretical interpretations). Of course, setups involving
more operators Ð possibly also with electrons Ð can also give a good Þt. In terms of the
SU(2)L ! U(1)Y -invariant operators listed in Table IV, the above-mentioned low-energy
operator (øs! µ PL b)(øµ! µ PL µ) arise from both Q(1)

! q and Q(3)
! q (which di ! er by the SU(2)L

contractions) with suitable choices of ßavour indices:

(Q(1)
! q )µµbs = ( øL a

L 2 ! µ L a
L 2)( øQb

L 2 ! µ Qb
L 3)(68)

(Q(3)
! q )µµbs =

!

I =1 ,3

( øL a
L 2 ! µ (" I )ab L b

L 2)( øQc
L 2 ! µ (" I )cd Qd

L 3),(69)

where a, b, c, d are summed-upSU(2)L indices. Interestingly, the second operator also
gives rise to charged-current interactions, hence it can in principle contribute to the class-
II observables, RD ( ! ) , as well [220]. Notice that these operators also induce processes
with Þnal-state neutrinos such asB " K (! ) #ø#, which give a stringent constraint that
can be however relaxed if the fundamental theory generates both operators with equal
coe" cients [221].

What are the consequences in the context of CLFV of possible new physics in the
above form? Would a new physics contribution to these operators imply the arising of
their LFV counterparts ( e.g. (Q(1 ,3)

! q )" µbs ) too? As it should be clear from the previous
sections, (lepton) ßavour-conserving and ßavour-violating operators are not related in
general terms. In other words, we can not draw a deÞnite conclusion unless the underlying
new physics theory that give rise to our operators is fully speciÞed. However, it is also
fair to say that if such large breaking of LFU is veriÞed Ð implying new physics coupling
with very di ! erent strengths to the di! erent lepton generations Ð CLFV e! ects are to be
expected to some extent [222]. Indeed, it is likely that a theory inducing operators like
(Q(1,3)

! q )µµbs in the interaction basis does induce the CLFV counterparts as well, either
directly or at least as a consequence of the rotation to the lepton mass basis Ð cf. Eq. (5)
Ð unless a very speciÞc structure of the lepton Yukawa matrix is assumed (possibly a
consequence of a symmetry of ßavour). As an illustration of the above discussion, let us
consider Ð as in [220, 221, 222, 223, 224, 226, 227] Ð a scenario where the underlying new
physics mainly generates operators involving third generations, i.e.b quarks and taus:
(Q(1 ,3)

! q )" " bb. This choice Ð resembling the hierarchical structure of the SM Yukawas Ð
is a natural consequence of a ßavour structure controlled either by the minimal ßavour
violation ansatz [223] or by a ßavour symmetryU(2)q ! U(2)! acting on Þrst and second
generation quarks and leptons only [224]. Our operators in Eq. (68, 69) Ð and thus
the wanted LFU e! ects Ð are then generated by rotating the LH quarks and the LH
leptons to the respective mass basis. As a consequence, the coe" cients of (Q(1 ,3)

! q )µµbs

result # (Vd)32 ! |(Ve)32|2, where we used the notation of Eq. (5). As we can see, it
is thus unavoidable to generate at the same time the LFV operators (Q(1,3)

! q )" µbs with
coe" cients # (Vd)32 ! (Ve)32. These operators induce the CLFV processesBs " " µ,
B " K (! ) " µ, although with rates below the present limits (if any at all, cf. Table II), at
least for the choices of the parameters Þtting the LFU anomalies and fulÞlling bounds
from B " K (! ) #ø# [221]:

BR(B " K ! " µ) $ 2 ! BR(B " K " µ) $ 2 ! BR(Bs " " µ) ! 10" 6.(70)

More interestingly, radiative e! ects Ð i.e. the RG running of the operators from the new-

it gives also rise to charged-current, it 
can address also RD(*)

They both give C9 =-C10

B ! K (! ) ! ø!
Alonso Grinstein Camalich Õ15                 

LC Crivellin Ota Ô15

One can attempt to explain class 1 and 2 anomalies simultaneously

!11
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Simultaneous explanation of the anomalies 

Ops with only 3 rd  family: Q(1)
! q = ( øL 3! µ L 3)( øQ3! µ Q3) , Q(3)

! q = ( øL 3! µ "I L 3)( øQ3! µ " I Q3)
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Flavour structure justified by: 

¥  Theoretical considerations (SM hierarchies, MFV paradigm, É) 

¥  Observed anomalies (3rd generation affected more than 2nd generation,        
2nd generation more than 1st generation)

(in the interaction basis)

CS( øL 3! µ L 3)( øQ3! µ Q3) !" CSV d
23V d !

33 |V e
23|2 ( øL 2! µ L 2)( øQ2! µ Q3)
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controlled by the charges we assign to the SM quarks. In fact, notice that the mechanism
does not depend on the absolute scales! ! " and ! but only on their ratio.

The above Yukawas are as usual diagonalised by a bi-unitary transformation

Y f = V f   öY f W f , f = u, d, e (3)

where öY f are family-diagonal matrices, andV f and W f are unitary matrices corresponding
to rotations of left- and right-handed Þelds, respectively. Their size can be estimated as:

V u
ij # "|QQ i ! Qqj |, Vd

ij # "|QQ i ! Qqj |, Ve
ij # "|QL i ! Q! j |,

W u
ij # "|Qu i ! Qu j |, Wd

ij # "|Qdi ! Qdj | , We
ij # "|Qei ! Qej | , (4)

such that for the CKM matrix we have

V CKM
ij = V u

ik V d "
jk . (5)

2.2 Froggat-Nielsen charges

While the above-presented setup is general, in the following, we will also consider the
possibility that U(1)F only acts either on the quark sector or on the lepton sector, thus
addressing the ßavour hierarchies only partially.

In the quark sector, a possible charge assignment is

(QQ1 , QQ2 , QQ3 ) = (3 , 2, 0),

(Qu1 , Qu2 , Qu3 ) = (5 , 2, 0),

(Qd1 , Qd2 , Qd3 ) = (4 , 2, 2), (6)

which leads to the following structure for the Yukawa matrices:

Y u #

!

"
"8 "5 "3

"7 "4 "2

"5 "2 1

#

$ , Yd #

!

"
"7 "5 "5

"6 "4 "4

"4 "2 "2

#

$ . (7)

Taking the expansion parameter of the order of the Cabibbo angle,

" $ 0.2,

and given the freedom of choosing theO (1) coe" cients in au and ad, the above matrices
can easily Þt the observed quark masses and CKM mixing. The order of magnitude of the
rotations following from (4) is

V u,d #

!

"
1 " "3

" 1 "2

"3 "2 1

#

$ , Wu #

!

"
1 "3 "5

"3 1 "2

"5 "2 1

#

$ , Wd #

!

"
1 "2 "2

"2 1 1
"2 1 1

#

$ , (8)

2

⇠ Vcb ⇥ Vtb
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Giving e.g. :

Glashow Guadagnoli Lane  Õ14, Bhattacharya et al. Õ14, LC Crivellin Ota Õ15, Feruglio Paradisi Pattori Õ16,Õ17 É

b ! sµµ
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Operators involving 2nd generations generated by rotations to the mass basis:

Both kinds of anomalies can be fitted. HoweverÉ 
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Radiatively generated LFV and LFUV effects

Ops with only 3 rd  family: Q(1)
! q = ( øL 3! µ L 3)( øQ3! µ Q3) , Q(3)

! q = ( øL 3! µ "I L 3)( øQ3! µ " I Q3)
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Feruglio Paradisi Pattori Õ16 & Õ17

BR(Z ! ⌧⌧ )
BR(Z ! ee)
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BR(⌧ ! `⌫⌫̄)

BR(µ ! e⌫⌫̄)
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! ! µ"" ! ! µ# ! ! µ$
<latexit sha1_base64="9YT1+NJ2S94PwS+ooJktaGbtgKQ=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAIrsqMCHZZdOOygr1Ap5RMmrahyWRMToQy9FXc+CpuXCjSnfgyptOC2vrDgZ/vnENy/igR3IDvf3q5tfWNza38dmFnd2//oHh41DDKasrqVAmlWxExTPCY1YGDYK1EMyIjwZrR6GbWbz4ybbiK72GcsI4kg5j3OSXgULdYCYHYEFQoLQ6ZEFk9WNL74WHCl4keqm6x5Jf9THjVBAtTQgvVusVp2FPUShYDFcSYduAn0EmJBk4FmxRCa1hC6IgMWNvZmEhmOml24QSfOdLDfaVdxYAz+nsjJdKYsYzcpCQwNMu9Gfyv17bQr3RSHicWWEznD/WtwKDwLC7c45pREGNnCNXc/RXTIdGEggu14EIIlk9eNY2LcuCXg7vLUvV6EUcenaBTdI4CdIWq6BbVUB1R9IRe0Bt69569V+/Dm85Hc95i5xj9kff1DV62pX4=</latexit><latexit sha1_base64="9YT1+NJ2S94PwS+ooJktaGbtgKQ=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAIrsqMCHZZdOOygr1Ap5RMmrahyWRMToQy9FXc+CpuXCjSnfgyptOC2vrDgZ/vnENy/igR3IDvf3q5tfWNza38dmFnd2//oHh41DDKasrqVAmlWxExTPCY1YGDYK1EMyIjwZrR6GbWbz4ybbiK72GcsI4kg5j3OSXgULdYCYHYEFQoLQ6ZEFk9WNL74WHCl4keqm6x5Jf9THjVBAtTQgvVusVp2FPUShYDFcSYduAn0EmJBk4FmxRCa1hC6IgMWNvZmEhmOml24QSfOdLDfaVdxYAz+nsjJdKYsYzcpCQwNMu9Gfyv17bQr3RSHicWWEznD/WtwKDwLC7c45pREGNnCNXc/RXTIdGEggu14EIIlk9eNY2LcuCXg7vLUvV6EUcenaBTdI4CdIWq6BbVUB1R9IRe0Bt69569V+/Dm85Hc95i5xj9kff1DV62pX4=</latexit><latexit sha1_base64="9YT1+NJ2S94PwS+ooJktaGbtgKQ=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAIrsqMCHZZdOOygr1Ap5RMmrahyWRMToQy9FXc+CpuXCjSnfgyptOC2vrDgZ/vnENy/igR3IDvf3q5tfWNza38dmFnd2//oHh41DDKasrqVAmlWxExTPCY1YGDYK1EMyIjwZrR6GbWbz4ybbiK72GcsI4kg5j3OSXgULdYCYHYEFQoLQ6ZEFk9WNL74WHCl4keqm6x5Jf9THjVBAtTQgvVusVp2FPUShYDFcSYduAn0EmJBk4FmxRCa1hC6IgMWNvZmEhmOml24QSfOdLDfaVdxYAz+nsjJdKYsYzcpCQwNMu9Gfyv17bQr3RSHicWWEznD/WtwKDwLC7c45pREGNnCNXc/RXTIdGEggu14EIIlk9eNY2LcuCXg7vLUvV6EUcenaBTdI4CdIWq6BbVUB1R9IRe0Bt69569V+/Dm85Hc95i5xj9kff1DV62pX4=</latexit><latexit sha1_base64="9YT1+NJ2S94PwS+ooJktaGbtgKQ=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAIrsqMCHZZdOOygr1Ap5RMmrahyWRMToQy9FXc+CpuXCjSnfgyptOC2vrDgZ/vnENy/igR3IDvf3q5tfWNza38dmFnd2//oHh41DDKasrqVAmlWxExTPCY1YGDYK1EMyIjwZrR6GbWbz4ybbiK72GcsI4kg5j3OSXgULdYCYHYEFQoLQ6ZEFk9WNL74WHCl4keqm6x5Jf9THjVBAtTQgvVusVp2FPUShYDFcSYduAn0EmJBk4FmxRCa1hC6IgMWNvZmEhmOml24QSfOdLDfaVdxYAz+nsjJdKYsYzcpCQwNMu9Gfyv17bQr3RSHicWWEznD/WtwKDwLC7c45pREGNnCNXc/RXTIdGEggu14EIIlk9eNY2LcuCXg7vLUvV6EUcenaBTdI4CdIWq6BbVUB1R9IRe0Bt69569V+/Dm85Hc95i5xj9kff1DV62pX4=</latexit>

:

(LFU in Z couplings tested at the permil level)

(LFU in tau decays tested below the percent level)

:

:

Important radiative effects:

b, t
<latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit>

b, t
<latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit>

!
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

!
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

!
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

!
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

Z
<latexit sha1_base64="fjrAFmA8TBhqjGQQQi8Uk0XdXgk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48t2A9sQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJb3ZpqgH9GR5CFn1Fip+TAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXrFXqtTyOIpzBOVyCB9dQhztoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtIuM0A==</latexit><latexit sha1_base64="fjrAFmA8TBhqjGQQQi8Uk0XdXgk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48t2A9sQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJb3ZpqgH9GR5CFn1Fip+TAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXrFXqtTyOIpzBOVyCB9dQhztoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtIuM0A==</latexit><latexit sha1_base64="fjrAFmA8TBhqjGQQQi8Uk0XdXgk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48t2A9sQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJb3ZpqgH9GR5CFn1Fip+TAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXrFXqtTyOIpzBOVyCB9dQhztoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtIuM0A==</latexit><latexit sha1_base64="fjrAFmA8TBhqjGQQQi8Uk0XdXgk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48t2A9sQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJb3ZpqgH9GR5CFn1Fip+TAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXrFXqtTyOIpzBOVyCB9dQhztoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtIuM0A==</latexit>

b, t
<latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit>

b, t
<latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit>

µ
<latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit><latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit><latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit><latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit>

!
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

!
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

µ
<latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit><latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit><latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit><latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit>

Z, !
<latexit sha1_base64="m6lsDyei9U3ZnMWZEWNsVpvhWMU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgQUoiBT0WvHisYD+wDWWy3bRLdzdxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiFqypmkTcMMp51EURQhp+1wfDPz209UaRbLezNJaCBwKFnECBordR4uekMUAvvlilf15nBXiZ+TCuRo9MtfvUFMUkGlIRy17vpeYoIMlWGE02mpl2qaIBnjkHYtlSioDrL5vVP3zCoDN4qVLWncufp7IkOh9USEtlOgGellbyb+53VTE10HGZNJaqgki0VRyl0Tu7Pn3QFTlBg+sQSJYvZWl4xQITE2opINwV9+eZW0Lqu+V/XvapV6LY+jCCdwCufgwxXU4RYa0AQCHJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AmziPoQ==</latexit><latexit sha1_base64="m6lsDyei9U3ZnMWZEWNsVpvhWMU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgQUoiBT0WvHisYD+wDWWy3bRLdzdxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiFqypmkTcMMp51EURQhp+1wfDPz209UaRbLezNJaCBwKFnECBordR4uekMUAvvlilf15nBXiZ+TCuRo9MtfvUFMUkGlIRy17vpeYoIMlWGE02mpl2qaIBnjkHYtlSioDrL5vVP3zCoDN4qVLWncufp7IkOh9USEtlOgGellbyb+53VTE10HGZNJaqgki0VRyl0Tu7Pn3QFTlBg+sQSJYvZWl4xQITE2opINwV9+eZW0Lqu+V/XvapV6LY+jCCdwCufgwxXU4RYa0AQCHJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AmziPoQ==</latexit><latexit sha1_base64="m6lsDyei9U3ZnMWZEWNsVpvhWMU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgQUoiBT0WvHisYD+wDWWy3bRLdzdxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiFqypmkTcMMp51EURQhp+1wfDPz209UaRbLezNJaCBwKFnECBordR4uekMUAvvlilf15nBXiZ+TCuRo9MtfvUFMUkGlIRy17vpeYoIMlWGE02mpl2qaIBnjkHYtlSioDrL5vVP3zCoDN4qVLWncufp7IkOh9USEtlOgGellbyb+53VTE10HGZNJaqgki0VRyl0Tu7Pn3QFTlBg+sQSJYvZWl4xQITE2opINwV9+eZW0Lqu+V/XvapV6LY+jCCdwCufgwxXU4RYa0AQCHJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AmziPoQ==</latexit><latexit sha1_base64="m6lsDyei9U3ZnMWZEWNsVpvhWMU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgQUoiBT0WvHisYD+wDWWy3bRLdzdxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiFqypmkTcMMp51EURQhp+1wfDPz209UaRbLezNJaCBwKFnECBordR4uekMUAvvlilf15nBXiZ+TCuRo9MtfvUFMUkGlIRy17vpeYoIMlWGE02mpl2qaIBnjkHYtlSioDrL5vVP3zCoDN4qVLWncufp7IkOh9USEtlOgGellbyb+53VTE10HGZNJaqgki0VRyl0Tu7Pn3QFTlBg+sQSJYvZWl4xQITE2opINwV9+eZW0Lqu+V/XvapV6LY+jCCdwCufgwxXU4RYa0AQCHJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AmziPoQ==</latexit>

Tau CLFV!

!
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

!
<latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit>

t
<latexit sha1_base64="Bigz+bkoGRjWubeLmJFKN5/riEk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Kq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+qnpu1WvWKvVaHkcRzuAcLsGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDb84zq</latexit><latexit sha1_base64="Bigz+bkoGRjWubeLmJFKN5/riEk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Kq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+qnpu1WvWKvVaHkcRzuAcLsGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDb84zq</latexit><latexit sha1_base64="Bigz+bkoGRjWubeLmJFKN5/riEk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Kq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+qnpu1WvWKvVaHkcRzuAcLsGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDb84zq</latexit><latexit sha1_base64="Bigz+bkoGRjWubeLmJFKN5/riEk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Kq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+qnpu1WvWKvVaHkcRzuAcLsGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDb84zq</latexit>

b
<latexit sha1_base64="9GWjce34+IDjx3x21dO0jc8KBI0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSKxiWK27VXYJsEi8nFcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TK6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sual6btVr1SqNWh5HES7gEq7Bgzo04B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx84nz/Aq4zY</latexit><latexit sha1_base64="9GWjce34+IDjx3x21dO0jc8KBI0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSKxiWK27VXYJsEi8nFcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TK6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sual6btVr1SqNWh5HES7gEq7Bgzo04B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx84nz/Aq4zY</latexit><latexit sha1_base64="9GWjce34+IDjx3x21dO0jc8KBI0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSKxiWK27VXYJsEi8nFcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TK6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sual6btVr1SqNWh5HES7gEq7Bgzo04B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx84nz/Aq4zY</latexit><latexit sha1_base64="9GWjce34+IDjx3x21dO0jc8KBI0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSKxiWK27VXYJsEi8nFcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TK6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sual6btVr1SqNWh5HES7gEq7Bgzo04B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx84nz/Aq4zY</latexit>

!
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

!
<latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit>

W
<latexit sha1_base64="ol4LP9soJK2O6DKC0W1FB4ngj3E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSqzssV9yquwTZJF5OKpCjOSx/DUYxSyOUhgmqdd9zE+NnVBnOBM5Lg1RjQtmUjrFvqaQRaj9bHjonV1YZkTBWtqQhS/X3REYjrWdRYDsjaiZ63VuI/3n91IS3fsZlkhqUbLUoTAUxMVl8TUZcITNiZgllittbCZtQRZmx2ZRsCN76y5ukc1P13KrXqlUatTyOIlzAJVyDB3VowD00oQ0MEJ7hFd6cR+fFeXc+Vq0FJ585hz9wPn8Ar/+MzQ==</latexit><latexit sha1_base64="ol4LP9soJK2O6DKC0W1FB4ngj3E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSqzssV9yquwTZJF5OKpCjOSx/DUYxSyOUhgmqdd9zE+NnVBnOBM5Lg1RjQtmUjrFvqaQRaj9bHjonV1YZkTBWtqQhS/X3REYjrWdRYDsjaiZ63VuI/3n91IS3fsZlkhqUbLUoTAUxMVl8TUZcITNiZgllittbCZtQRZmx2ZRsCN76y5ukc1P13KrXqlUatTyOIlzAJVyDB3VowD00oQ0MEJ7hFd6cR+fFeXc+Vq0FJ585hz9wPn8Ar/+MzQ==</latexit><latexit sha1_base64="ol4LP9soJK2O6DKC0W1FB4ngj3E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSqzssV9yquwTZJF5OKpCjOSx/DUYxSyOUhgmqdd9zE+NnVBnOBM5Lg1RjQtmUjrFvqaQRaj9bHjonV1YZkTBWtqQhS/X3REYjrWdRYDsjaiZ63VuI/3n91IS3fsZlkhqUbLUoTAUxMVl8TUZcITNiZgllittbCZtQRZmx2ZRsCN76y5ukc1P13KrXqlUatTyOIlzAJVyDB3VowD00oQ0MEJ7hFd6cR+fFeXc+Vq0FJ585hz9wPn8Ar/+MzQ==</latexit><latexit sha1_base64="ol4LP9soJK2O6DKC0W1FB4ngj3E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSqzssV9yquwTZJF5OKpCjOSx/DUYxSyOUhgmqdd9zE+NnVBnOBM5Lg1RjQtmUjrFvqaQRaj9bHjonV1YZkTBWtqQhS/X3REYjrWdRYDsjaiZ63VuI/3n91IS3fsZlkhqUbLUoTAUxMVl8TUZcITNiZgllittbCZtQRZmx2ZRsCN76y5ukc1P13KrXqlUatTyOIlzAJVyDB3VowD00oQ0MEJ7hFd6cR+fFeXc+Vq0FJ585hz9wPn8Ar/+MzQ==</latexit>

! , q
<latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit><latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit><latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit><latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit>

! , q
<latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit><latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit><latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit><latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit>

!
<latexit sha1_base64="Umw58aDQUttApJQ+bjnYFlwRdFc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOepMhM7PLzKwQQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlApurO9/e6WNza3tnfJuZW//4PCoenzSNkmmGbZYIhLdjahBwRW2LLcCu6lGKiOBnWhyl/udJ9SGJ+rRTlMMJR0pHnNGbS71UYhBtebX/QXIOgkKUoMCzUH1qz9MWCZRWSaoMb3AT204o9pyJnBe6WcGU8omdIQ9RxWVaMLZ4tY5uXDKkMSJdqUsWai/J2ZUGjOVkeuU1I7NqpeL/3m9zMa34YyrNLOo2HJRnAliE5I/ToZcI7Ni6ghlmrtbCRtTTZl18VRcCMHqy+ukfVUP/HrwcF1rXBdxlOEMzuESAriBBtxDE1rAYAzP8ApvnvRevHfvY9la8oqZU/gD7/MHCTCOLQ==</latexit><latexit sha1_base64="Umw58aDQUttApJQ+bjnYFlwRdFc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOepMhM7PLzKwQQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlApurO9/e6WNza3tnfJuZW//4PCoenzSNkmmGbZYIhLdjahBwRW2LLcCu6lGKiOBnWhyl/udJ9SGJ+rRTlMMJR0pHnNGbS71UYhBtebX/QXIOgkKUoMCzUH1qz9MWCZRWSaoMb3AT204o9pyJnBe6WcGU8omdIQ9RxWVaMLZ4tY5uXDKkMSJdqUsWai/J2ZUGjOVkeuU1I7NqpeL/3m9zMa34YyrNLOo2HJRnAliE5I/ToZcI7Ni6ghlmrtbCRtTTZl18VRcCMHqy+ukfVUP/HrwcF1rXBdxlOEMzuESAriBBtxDE1rAYAzP8ApvnvRevHfvY9la8oqZU/gD7/MHCTCOLQ==</latexit><latexit sha1_base64="Umw58aDQUttApJQ+bjnYFlwRdFc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOepMhM7PLzKwQQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlApurO9/e6WNza3tnfJuZW//4PCoenzSNkmmGbZYIhLdjahBwRW2LLcCu6lGKiOBnWhyl/udJ9SGJ+rRTlMMJR0pHnNGbS71UYhBtebX/QXIOgkKUoMCzUH1qz9MWCZRWSaoMb3AT204o9pyJnBe6WcGU8omdIQ9RxWVaMLZ4tY5uXDKkMSJdqUsWai/J2ZUGjOVkeuU1I7NqpeL/3m9zMa34YyrNLOo2HJRnAliE5I/ToZcI7Ni6ghlmrtbCRtTTZl18VRcCMHqy+ukfVUP/HrwcF1rXBdxlOEMzuESAriBBtxDE1rAYAzP8ApvnvRevHfvY9la8oqZU/gD7/MHCTCOLQ==</latexit><latexit sha1_base64="Umw58aDQUttApJQ+bjnYFlwRdFc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOepMhM7PLzKwQQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlApurO9/e6WNza3tnfJuZW//4PCoenzSNkmmGbZYIhLdjahBwRW2LLcCu6lGKiOBnWhyl/udJ9SGJ+rRTlMMJR0pHnNGbS71UYhBtebX/QXIOgkKUoMCzUH1qz9MWCZRWSaoMb3AT204o9pyJnBe6WcGU8omdIQ9RxWVaMLZ4tY5uXDKkMSJdqUsWai/J2ZUGjOVkeuU1I7NqpeL/3m9zMa34YyrNLOo2HJRnAliE5I/ToZcI7Ni6ghlmrtbCRtTTZl18VRcCMHqy+ukfVUP/HrwcF1rXBdxlOEMzuESAriBBtxDE1rAYAzP8ApvnvRevHfvY9la8oqZU/gD7/MHCTCOLQ==</latexit>

!
<latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit>
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!14

Ops with only 3 rd  family: Q(1)
! q = ( øL 3! µ L 3)( øQ3! µ Q3) , Q(3)

! q = ( øL 3! µ "I L 3)( øQ3! µ " I Q3)
<latexit sha1_base64="9MUbK7GZDzivtp/4orhIeVTo3H4="></latexit><latexit sha1_base64="9MUbK7GZDzivtp/4orhIeVTo3H4="></latexit><latexit sha1_base64="9MUbK7GZDzivtp/4orhIeVTo3H4="></latexit><latexit sha1_base64="9MUbK7GZDzivtp/4orhIeVTo3H4="></latexit>

Radiatively generated LFV and LFUV effects

Figure 5: Impact of one-loop-triggered constraints when addressing theB anomalies through left-
handed currents, for two di! erent C1 vs. C3 conÞgurations (left : C1 = 0, right : C1 = C3). For
C1 = C3, simultaneously imposing all bounds is actually equivalent to imposeR! / "

! alone. In the
scan the parameters varied in the following ranges:C1,3/ " 2 ! { " 4, 4} TeV! 2, " ! { 1, 10} TeV,
|! d,e

23 | ! { 0, 0.5} . All bounds refer to 2" uncertainties.

Figure 6: Left (right) : Correlation Br( # # 3µ) vs. Br(B # K #µ) (Br( # # 3µ) vs. Br(# #
µ$)) within our model, while satisfying all other bounds but R! / "

D ( ! ) , for two di ! erent C1 vs. C3

conÞgurations. In the scan the parameters varied in the following ranges:C1,3/ " 2 ! { " 4, 4} TeV! 2,
" ! { 1, 10} TeV, |! e

23| ! { 0, 0.5} , ! d
23 ! { " 0.2, " 0.01} . All bounds refer to 2" uncertainties.
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Z and Tau LFU (and LFV) observables are a limiting factor  
 !  crucial test of the B anomalies!  

(true also for more general flavour structures)

Feruglio Paradisi Pattori Õ16, Õ17

We need a more general flavour structure to explain all anomalies
Buttazzo et al. Õ17



Z flavour physics 

WG: W. Altmannshofer  (UC Santa Cruz) & LC
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Outline

Introduction and Motivations

Tau flavour physics 

WG: LC, E. Passemar  (Indiana U) & E. Stamou  (Chicago U) 



How many taus?
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A. Pich @ Future Tau-Charm Factory Õ18 Proposed  Super Tau-Charm

CEPC potential as a ÒTera-Z factoryÓ:

1012 Z =! 3 " 1010 ! + ! !
<latexit sha1_base64="4PoHTABgd81DBR6UnabVks9W3E0="></latexit>

BR(Z ! ! + ! ! ) " 3.4%
<latexit sha1_base64="JEXAg1e2iC8WsKyCACxUNLvLsSI=">AAACEnicbVBLTwIxGOziC/G16tFLIyGBGMkukOiR4MUjGnlEdiXdUqCh3V3brgnZ8Bu8+Fe8eNAYr568+W8sCwcFJ2kzmfm+tDNeyKhUlvVtpFZW19Y30puZre2d3T1z/6Apg0hg0sABC0TbQ5Iw6pOGooqRdigI4h4jLW90MfVbD0RIGvg3ahwSl6OBT/sUI6WlrlmIHcFh7XoC87eOCqCjUHR3ktynBehIysk9LBcrTq5rZq2ilQAuE3tOsmCOetf8cnoBjjjxFWZIyo5thcqNkVAUMzLJOJEkIcIjNCAdTX3EiXTjJNIE5rTSg/1A6OMrmKi/N2LEpRxzT09ypIZy0ZuK/3mdSPXP3Zj6YaSIj2cP9SMGdfZpP7BHBcGKjTVBWFD9V4iHSCCsdIsZXYK9GHmZNEtFu1wsXVWy1dq8jjQ4AscgD2xwBqrgEtRBA2DwCJ7BK3gznowX4934mI2mjPnOIfgD4/MHpWebiw==</latexit>
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Canonical tau lepton universality test plot
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LFU tests in tau decays

Lorenzo Calibbi (Nankai)Tau and Z Flavour Physics !17

W 

e 

µ 

!  

"  

"  

e !  

µ !  

W 

e 

e  ,    , d , s 

,      , u 

!  

"  

µ 

!  

# 

# 

# µ # 

"  "   , u 

Figure 1: Feynman diagrams forµ! ! e! ø! e ! µ and " ! ! ! ! X ! (X ! = e! ø! e, µ! ø! µ, døu, søu).

Together with hadronic e+ e! data, the hadronic" -decay distributions are needed to determine the
SM prediction for the µ anomalous magnetic moment. Section 9 presents an overview of thee, µ and
" magnetic, electric and weak dipole moments, which are expected to have a high sensitivity to physics
beyond the SM. The" lepton constitutes a superb probe to search for new-physics signals. The current
status of CP-violating asymmetries in" decays is described in section 10, while section 11 discusses
the production of " leptons in B decays, which is sensitive to new-physics contributions with couplings
proportional to fermion masses. The large" mass allows one to investigate lepton-ßavour and lepton-
number violation, through a broad range of kinematically-allowed decay modes, complementing the
high-precision searches performed inµ decay. The current experimental limits are given in section 12;
they provide stringent constraints on ßavour models beyond the SM.

Processes with" leptons in the Þnal state are playing now an important role at the LHC, either to
characterize the Higgs properties or to search for new particles at higher scales. The current status is
brießy described in section 13, before concluding with a few summarizing comments in section 14.

2 Lepton Decays

The decays of the charged leptons,µ! and " ! , proceed through theW-exchange diagrams shown in
Fig. 1, with the universal SM strength associated with the charged-current interactions:
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The momentum transfer carried by the intermediateW ! is very small compared toMW . Therefore, the
vector-boson propagator shrinks to a point and can be well approximated through a local four-fermion
interaction governed by the Fermi coupling constantGF /
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W ). The leptonic decay widths
are given by

! "" "! $ ! [$! ! $#! ø! "! ! " (#)] =
G2

"! "m
5
"

192%3
f

$
m2

"! /m 2
"

%&
1 + &"! "

RC

'
(2)

where f (x) = 1 " 8x + 8x3 " x4 " 12x2 logx , and [24Ð32]

&"! "
RC =

'
2%

(
25
4

" %2 + O
)

m2
"!

m2
"

*+
+ á á á (3)

takes into account radiative QED corrections, which are known toO(' 2). The tiny neutrino masses
have been neglected and (#) represents additional photons or lepton pairs which have been included
inclusively in &"! "

RC . Higher-order electroweak corrections and the non-local structure of theW propagator,
are usually incorporated into the e" ective coupling [33,34]
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Neglecting radiative corrections:
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Preliminary study for the FCC-ee (10 11 tau pairs):
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Figure 2: Branching fraction of ! ! eø"" versus ! lifetime. The current world averages of
the direct measurements are indicated with the blue ellipse. Suggested FCC-ee precisions
are provided with the small yellow ellipse (central values have been arbitratily set to todays
values). The Standard Model functional dependence of the two quantities, depending on the
! mass, is displayed by the red band.

FCC-ee, as discussed below. At this level of precision, the universality test would be limited
by the mass measurement, if no new measurements would be available. While FCC-ee may
possibly be able to improve them! measurement by a small factor, substantial improvements
are more likely to come from a next generation of! -factory experiments at the production
threshold.

3.1 Lifetime

The world-average value of the! -lepton lifetime is ! ! = 290.3± 0.5 fs [6]. Precision measure-
ments were pioneered by the LEP experiments in the early 1990Õies following the deployment
of their precise silicon vertex detectors [7Ð10]. More recently, Belle, with itsO(103) times
larger statistics, has improved on these measurements [11].

The single most precise measurement from LEP,! ! = 290.0 ± 1.4 (stat.) ± 1.0 (syst.) fs,
was provided by DELPHI [8]. The analysis employed several complementary methods. The
method with the smallest systematic uncertainty (1.3 fs) was the so-called decay vertex
method, where the ßight-distance was measured for! decays to three charged particles. Here,
the largest systematic uncertainty (1.0 fs) came from the 7.5! m accuracy of the vertex de-
tector alignment. This was estimated from samples of hadronic Z decays with three tracks in
one hemisphere, and its value resulted from the (limited) statistical power of the test samples.

The Belle measurement,! ! = 290.17± 0.53 (stat.) ± 0.33 (syst.) fs, was based on events
in which both ! s decayed to three charged particles. In these events, the constrained kine-
matics combined with the longitudinal boost of the ! ! system provided by the asymmentric
KEKB collider allowed Belle to reconstruct the two secondary vertices as well as the primary
vertex and this way to extract the ßight distances. As for DELPHI, the dominant systematic

5
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Tau LFV: present limits and Belle II prospects
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  Radiative modes affected by ISR photon background:
     Expected sensitivity too optimistic?
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Figure 5: Main background to the ! ! µ" search at FCC-ee. Reconstructed energy versus
mass of all µ" combinations in simulated background events e+ e! ! Z ! ! + ! ! " with one
! ! µø## decay. The right-hand diagram, showing an enlargement of the red boxed region
from the left-hand diagram, has the signal region shown by a red ellipse.

5.1 ! ! 3µ

The present bound of 2.1" 10! 8 on the ! ! 3µ mode comes from Belle [32]. With the excellent
FCC-ee invariant mass resolution, the search for this mode is expected to be essentially
background free, and a sensitivity down to a branching fractions ofO(10! 10) should be within
reach.

5.2 ! ! µ "

The present bound of 2.7 " 10! 8 on the ! ! µ" mode comes from BaBar [33]. The search
for this mode is limited by backgrounds, namely radiative events e+ e! ! ! + ! ! " , with one
! ! µø## decay, and the invariant mass of aµ" pair accidentially in the signal region. An
experimental study of the signal and this dominant background has been performed for FCC-
ee conditions using the Pythia8 event generator [35,36], and smearing the output four-vectors
with realistic detector resolutions. The decay mode! ! $# was used to fake the signal
with the Þnal state particles renamed as$ ! µ and # ! " . For the detector-performance
numbers from Table 2, and by further assuming a position resolution for photons of%x = %y =
(6 GeV/E # 2) mm, resolutions on the mass  and energy ofµ" pairs of %(mµ! ) = 26 MeV
and %(Eµ! ) = 850 MeV were derived. Figure 5 shows the background events in theEµ! vs.
mµ! plane, with a signal region corresponding to 2%resolutions indicated in the right-hand
plot by the red ellipse. The statistics in the Þgure corresponds to nearly 7" 1010 visible Z
decays or about 2% of the full FCC-ee statistics. Scaling to the full statistics, about 20,000
background combinations are expected inside the signal region from which a sensitivity down
to branching fractions of 2" 10! 9 can be estimated.

  In order to de-correlate the Eµ ! and mµ ! variables, the mass variable used here is deÞned bymµ ! =
mraw

µ ! á(Ebeam /E µ ! ), where mraw
µ ! is the measured ÒrawÓ mass.
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Figure 3: FCC-ee search for the lepton ßavour violating decay Z! ! " , " = e, µ. Momentum
distribution of the Þnal state lepton " for the signal (red) and for the background from
Z ! ! ! , with ! ! "ø## (blue). The shown momentum resolution of 1.8 " 10! 3 results from
the combination of the spread on the collision energy (0.9 " 103) and the detector resolution
(1.5 " 10! 3). For illustration, the LVF branching fraction is set here to B(Z ! ! " ) = 10 ! 7.

possibility that FCC-ee may provide competitive sensitivities. The focus here is on! ! 3µ
and ! ! µ$ as benchmark modes for evaluating the sensitivity to cLFV. The analysis strategy
is illustrated in Figure 4, with a tag side to identify a clear standard-model tau decay and a
signal sidewhere cLFV decays are searched for. The presentO(10! 8) bounds on both modes
are set at the b factories [32, 33]. As detailed below, about two (one) orders of magnitude
improvement can be expected at FCC-ee for the decay! ! 3µ (! ! µ$). This turns out to
be largely compatible with the recently published estimates for Belle II [34].

Figure 4: Illustration of the search for lepton ßavour violating ! decays
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¥  " ! ### : background-free  at the  
   B-factories (with 4-7$10 8 tau pairs) 

   If this is the case (?), CEPC can give 
   (3$10 10 pairs and search effic. %10%):  

Comparable to Belle II reach
BR(! ! """ ) ! 4 " 10! 10
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Rescaling by the CEPC number of taus:

(again at the level of Belle II expectation) 

(Q: is it really background free at Tera-Z?)
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Write-up ongoing 

Other obs are being considered: CPV in tau decays, tau EDM, É

Ideal  wish list:  

LFU: Estimate of systematics in leptonic tau BRs measurement 

LFV: Signal & background simulations (in particular 3-body decays)

Personal (more realistic ) view: 

LFU tests should be the priority " letÕs discuss about systematics!  

LFV already taken care of by Belle II (and we can rely on FCC)
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Outline

Introduction and Motivations

Tau flavour physics 

WG: LC, E. Passemar  (Indiana U) & E. Stamou  (Chicago U) 
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Z LFV decays

Is Z LFV still interesting?

¥ LHC searches limited by backgrounds (in particular Z " %%): 
   max ~10 improvement can be expected at HL-LHC (3000/fb) 

¥ CEPC can definitely reach better sensitivities 

¥ Severe indirect constraints from low-energy LFV observables, e.g.: 

BR(Z ! µe) < 7.5 " 10! 7

BR(Z ! ! e) < 5.8 " 10! 5

BR(Z ! ! µ) < 1.3 " 10! 5
<latexit sha1_base64="ibwKE1zisAv47rD10/vh+AZ3qOM="></latexit>

LHC bounds

ATLAS Õ14, Ô18OPAL Õ95, DELPHI Ô97

BR(Z ! µe) < 1.7 " 10! 6

BR(Z ! ! e) < 9.8 " 10! 6

BR(Z ! ! µ) < 1.2 " 10! 5
<latexit sha1_base64="9mGW27QZUeXgoVMLWBcWAA7RcmU="></latexit>

LEP bounds

# 8 TeV, 20/fb

# 13 TeV, 36/fb

# 8+13 TeV comb.

4$10 6 Z "

no candidates "

Z" %% bg. "

Z
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Z LFV decays

Model-independent study ongoingÉ 

Examples within heavy sterile neutrino models:

Figure 7: Predictions for Z ! µøe (top), Z ! ! øe (left) and Z ! ! øµ (right) using the e! ective
vertex computed with the MIA (dashed lines) and the full results in the mass basis (solid lines) for
Y GF

! in Eq. (40) and f = 0 .1, 0.5, 1, 2. The chosen example GF is explained in the text. Shadowed
areas are disallowed by global Þt results (purple) or for giving non-perturbative Yukawa couplings
(yellow).

The Þrst thing we conclude from these plots is that the computed e! ective vertex works ex-
tremely well in the allowed white region. Applying the constraints from both global Þts and
perturbativity imposes an upper bound on vY! /M R, which further supports our criteria of not
computing higher order terms in Eq. (7). For masses below the TeV scale, whenM R is close to
the EW scale, the assumptionv/M R " 1 breaks down and the e! ective vertex stops being a good
approximation. Nevertheless, from these plots we see that the MIA results work very well in the
allowed region also for lighter M R. Consequently, we can conclude that our e! ective vertex is a
very powerful tool to easily estimate the LFVZD rates in the region of M R ! 300 GeV that is
allowed by present constraints.

Second, we see that the shape of the excluded purple area, or the complementary allowed white
area, is di! erent in the µe sector with respect to the ! e and ! µ ones, specially in the lowf and
low M R regime. The origin of this di! erence comes from the strong bound on" eµ, coming from
the upper bound on µ ! e# by MEG [42], which suppresses theO(Y 2

! ) contributions that are the
most relevant ones at this lowf regime.

Finally, we can use Fig. 7 to conclude on the maximum allowed rates for the LFVZD. As it
happens for the Higgs case [27], these large rates are found in the crossing between the global Þt
and perturbativity bounds, which happens at heavy masses around 10 TeV. Taking the benchmark
sensitivities of 10! 9 for the future linear colliders and assuming a modest improvement in the
sensitivities of 10! 11 at FCC-ee, we see that these rates could be accessible at both experiments
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In some cases, Z ! " # can supersede low-energy bounds!
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Figure 2: The Ò3+1 modelÓ: on the left BR(Z ! eµ) and on the right BR( Z ! µ! ), as a function
of the mass of the (mostly) sterile state,m4, for a NH light neutrino spectrum. Blue points are in
agreement with cosmological bounds, while the red ones would require considering a non-standard
cosmology. In grey we denote points already excluded by other (non-cosmological) bounds (see
text for a description). The upper horizontal dashed line corresponds to the expected sensitivity
for a GigaZ facility as a Linear Collider, O(10! 9), the lower one to the FCC-ee" O(10! 13).

while the active-sterile mixing angles are randomly variedin the interval [0 , 2" ], always ensuring
that the condition of Eq. (29) is respected. All CP phases arealso taken into account, and likewise
randomly varied between 0 and 2" .

4.2 LFU violation: Z ! !! decays in the Ò3+1 modelÓ

We begin by addressing the contributions of the additional sterile state to the violation of ßavour
universality, considering the observable! Rlep

Z , introduced in Eq. (22). Although one could have a
non-negligible violation of LFU " O(10! 3), a number of experimental bounds (LFV constraints,
complying with UPMNS data, ...) preclude this possibility, and one has at most! Rlep

Z ! 10! 10,
clearly beyond experimental sensitivity.

4.3 LFV Z decays in the Ò3+1 modelÓ

We proceed to discuss the impact of the additional sterile state regarding lepton ßavour violating
Z decays. In Fig. 2 we illustrate our results regarding the observation of BR(Z ! eµ) and
BR(Z ! µ! ) at a future high-luminosity Z -factory, considering a NH light neutrino spectrum (the
results for an IH spectrum do not exhibit any signiÞcant qualitative nor quantitative di " erence
in what concerns the branching fractions, and so we will not display them here). As already
mentioned in Section 3, we identify in red the points that aretypically disfavoured from standard
cosmology arguments. Grey points denote failure to comply with (at least) one of the following
constraints: #-oscillation data, bounds on the UPMNS matrix, bounds from EW precision data,
LHC bounds, laboratory bounds, constraints from rare leptonic meson decays; conßict with bounds
from cLFV decays, neutrinoless double beta decays orZ -boson decay width data (invisible and
lepton ßavour conserving). Blue points are in agreement with all imposed constraints.
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Figure 2: (a) Mis-identiÞcation probability for muons trav ersing the lead wall, PPb
µe , for

(E/p )min = 0 .95 as a function of momentum: measurement (solid circles with error bars)
and simulation (solid line). (b) Correction factors f Pb = Pµe/P Pb

µe for the considered values
of (E/p )min , as evaluated with simulation. Dotted lines in both plots indicate the estimated
systematic uncertainties of the simulation.

Pb wall installed is not used for the RK measurement. The component from positrons which
traverse the Pb wall and are mis-identiÞed as muons fromK µ2 decay with p > 30 GeV/c and
E/p > 0.95 is suppressed down to a negligible level (! 10! 8) by energy losses in the Pb.

However, muon passage through the Pb wall a! ects the measuredPPb
µe via two principal

e! ects: 1) ionization energy loss in Pb decreasesPµe and dominates at low momentum; 2)
bremsstrahlung in Pb increasesPµe and dominates at high momentum. To evaluate the correc-
tion factor f Pb = Pµe/P Pb

µe , a dedicated MC simulation based on Geant4 (version 9.2) [16] has
been developed to describe the propagation of muons downstream from the last DCH, involving
all electromagnetic processes including muon bremsstrahlung [17].

The measurements ofPPb
µe in momentum bins compared with the results of the MC simulation

and the correction factors f Pb obtained from simulation, along with the estimated systematic
uncertainties of the simulated values, are shown in Fig. 2. The relative systematic uncertainties
on Pµe and PPb

µe obtained by simulation have been estimated to be 10%, and aremainly due to the
simulation of cluster reconstruction and energy calibration. However the error of the ratio f Pb =
Pµe/P Pb

µe is signiÞcantly smaller (! f Pb /f Pb = 2%) due to cancellation of the main systematic
e! ects. The measuredPPb

µe is in agreement with the simulation within their uncertaint ies.
The positive correlation between the reconstructedM 2

miss(e) and E/p , which are both com-
puted using the reconstructed track momentum, leads to an apparent dependence ofPµe on
M 2

miss(e). This e! ect is signiÞcant for intermediate lepton momenta where the K µ2 background
comes from events with underestimatedM 2

miss(e) and a smaller muon mis-identiÞcation proba-
bility (see Fig. 1a). This correlation has been taken into account.

The K µ2 background contamination integrated over lepton momentumhas been computed
to be (6.11 ± 0.22)% using the measuredPPb

µe corrected by f Pb . The quoted error comes from
the limited size of the data sample used to measurePPb

µe (0.16%), the uncertainty ! f Pb (0.12%),
and the model-dependence of the correction for theM 2

miss(e) vs E/p correlation (0.08%). The
Þrst error component is uncorrelated between the lepton momentum bins, while the others are
fully correlated.
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Z LFV prospects

M. Dam @ Tau Õ18 & 1811.09408

A study in the context of the FCC-ee:

¥  Z ! &e :  

In contrast to the LHC, no background from Z ! %% :  

Z mass constraint much more effective (collision energy is known)  

" background rate < 10 -11  (with a 0.1% momentum resolution at ~45 GeV) 

Main issue: muons can release enough energy in the ECAL to be mis-id as electrons. 

Mis-id probability measured by NA62 for a LKr ECAL: 4$10 -6 (for p&~45 GeV)

Bg. from Z " && + mis-id &  

(3$10 -7  of all Z decays)

Sensitivity limited to: 

(Improved e/ & separation? Down to 10 -10 )

BR(Z ! µe) " 10! 8
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Figure 3: FCC-ee search for the lepton ßavour violating decay Z! ! " , " = e, µ. Momentum
distribution of the Þnal state lepton " for the signal (red) and for the background from
Z ! ! ! , with ! ! "ø## (blue). The shown momentum resolution of 1.8 " 10! 3 results from
the combination of the spread on the collision energy (0.9 " 103) and the detector resolution
(1.5 " 10! 3). For illustration, the LVF branching fraction is set here to B(Z ! ! " ) = 10 ! 7.

possibility that FCC-ee may provide competitive sensitivities. The focus here is on! ! 3µ
and ! ! µ$ as benchmark modes for evaluating the sensitivity to cLFV. The analysis strategy
is illustrated in Figure 4, with a tag side to identify a clear standard-model tau decay and a
signal sidewhere cLFV decays are searched for. The presentO(10! 8) bounds on both modes
are set at the b factories [32, 33]. As detailed below, about two (one) orders of magnitude
improvement can be expected at FCC-ee for the decay! ! 3µ (! ! µ$). This turns out to
be largely compatible with the recently published estimates for Belle II [34].

Figure 4: Illustration of the search for lepton ßavour violating ! decays
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BR = 10 -7
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Z LFV prospects

M. Dam @ Tau Õ18 & 1811.09408

A study in the context of the FCC-ee:

¥  Z ! #"  :  

To avoid mis-id, select one hadronic % (>3 prong, or reconstructed excl. mode) 

Main background from Z ! %% (with one leptonic % decay) 

Simulated signal & background: 

~10 -3 momentum res.  

& ~10 -3 collision E spread

Sensitivity:

BR(Z ! !" ) " 10! 9
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Z LFU tests

7.2 Z-Boson Decay Widths and Branching Fractions

As discussed in Chapter 2, the electroweak measurements arequoted in terms of experimentally
motivated pseudo-observables deÞned such that correlations between them are reduced. Other,
more familiar pseudo-observables describing Z-boson production and decays, such as leptonic
pole cross-sections, Z-boson partial decay widths and branching fractions, are obtained through
simple parameter transformations.

Assuming lepton universality, the leptonic pole cross-section ! 0
lep, deÞned in analogy to the

hadronic pole cross-section, is measured to be:

! 0
lep !

12"
m2

Z

! 2
!!

! 2
Z

=
! 0

had

R0
!

= 2.0003± 0.0027 nb, (7.3)

in very good agreement with the SM expectation. Note that this purely leptonic quantity has
a higher sensitivity to #S(m2

Z) than any of the hadronic Z-pole observables, as discussed in
Section 8.6.

7.2.1 Z-Boson Decay Parameters

The partial Z decay widths are summarised in Table 7.1. Note that they have larger correlations
than the original set of results reported in Table 2.13. If lepton universality is imposed, a more
precise value of! had is obtained, because! ee in the relation between the hadronic pole cross-
section and the partial widths is replaced by the more precise value of! !! . The Z branching
fractions, i.e., the ratios between each partial decay width and the total width of the Z, are
shown in Table 7.2.

In order to test lepton universality in Z decays quantitatively, the ratios of the leptonic
partial widths or equivalently the ratios of the leptonic branching fractions are calculated. The
results are:

! µµ

! ee
=

B(Z " µ+ µ! )
B (Z " e+ e! )

= 1.0009± 0.0028 (7.4)

! ""

! ee
=

B(Z " $+ $! )
B (Z " e+ e! )

= 1.0019± 0.0032 (7.5)

with a correlation of +0.63. In both cases, good agreement with lepton universality is observed.
Assuming lepton universality,$ mass e" ects are expected to decrease! "" and B(Z " $+ $! ) as
quoted here by 0.23% relative to the light lepton species e and µ.

7.2.2 Invisible Width and Number of Light Neutrino Species

The invisible width, ! inv = ! Z # (! had + ! ee + ! µµ + ! "" ), is also shown in Table 7.1. The
branching fraction to invisible particles, reported in Table 7.2, is derived by constraining the
sum of the inclusive hadronic, leptonic and invisible branching fractions to unity, and therefore
does not constitute an independent result. The result on! inv is compared to the SM expectation
calculated as a function ofmt and mH in Figure 7.1. It shows a small deÞcit of about 2.7 MeV or
1.8 standard deviations compared to the SM expectation calculated for mt = 178 GeV, mainly
reßecting the observation that the hadronic pole cross-section is slightly larger than expected.

The limit on extra, non-standard contributions to the invisible width, i.e., not originating
from Z " %%, is calculated by taking the di" erence between the value given in Table 7.1 and

172

Universality presently tested at the per-mil level 

LEP exps/SLD combination  

(1.7$10 7 Z decays at LEP + 6$10 5 Z decays with polarised beams at SLC)

hep-ex:0509008

¥ Very important test in view of the LFU anomalies in B decays 

¥ With 10 12 Z, CEPC has no problem of statistics  

¥ Can systematics (lepton-id efficiencies? what else?) be controlled 

so as to measure BRs with e.g. 10 -4 precision?

We need your input!

(Q: Is any EW precision expert studying this ?)
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Ideal  wish list:  

LFV: Study of the muon mis-id for &-e  

           Signal & background study for #-" 

LFU: Estimate of the achievable precision given the systematics

Personal (more realistic ) view: 

Z ! &e is a nice process but   

barring extreme tuning indirect bounds overwhelming  

(sensitivity on & ! e LFV will improve > $1000 within a decade!)  

For Z ! #"  we can readapt FCC-ee simulation 

The priority should be to focus Z LFU assessment!



�F  �F  ! 

Thank you!
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Preliminary study for the FCC-ee (10 11 tau pairs):


