
Lorenzo Calibbi


The 8th China LHC Physics Workshop (CLHCP2022)

Flavour Physics @ Tera Z

Nanjing Normal University, November 25th 2022



A vast subject… 

2 Lorenzo Calibbi (Nankai)Flavour physics at Tera Z

in preparation


Prepared for submission to JHEP

Topics for the CEPC Flavor White Paper

Contents

1 Introduction 1

2 Description of CEPC facility 1

2.1 Key Collider Features for Flavor Physics 2

2.2 Key Detector Features for Flavor Physics 2

3 Charged Current Semileptonic and Leptonic b Decays 3

4 Rare/Penguin and Forbidden b Decays 4

4.1 Dileptonic Modes 5

4.2 Neutrino Modes 5

4.3 Radiative Modes 6

4.4 Lepton Flavor Violating (LFV), Lepton Number Violating(LNV) and Baryon

Number Violating (BNV) Decays 6

5 Hadronic b Decays and CP Violation Measurements 7

6 Spectroscopy and Exotics 8

7 Charm Physics 9

8 ⌧ Physics 9

9 Flavor Physics at Higher Energies 10

9.1 Flavor Physics from Z Decays 11

9.2 Flavor Physics from W Decays 11

9.3 Flavor Physics from Higgs and Top 12

10 Two Photon and ISR Physics with Heavy Flavors 12

11 Summary 13

1 Introduction

2 Description of CEPC facility

The Circular Electron Positron Collider (CEPC) is a double-ring e+e� collider with a 100

km circumference and two interaction points (IP) designed to precisely measure the Higgs

boson and related particles. The CEPC Conceptual Design Report [1] includes exquisite

details of the CEPC detector system. It operates at
p
s ⇠ 240 - 250 GeV for Higgs Factory,
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Today, I can only mention 

few selected topics


(guided by personal bias)

For a number of excellent talks, 

check out the flavour session of the 
recent international CEPC workshop

https://indico.ihep.ac.cn/event/17020/sessions/10719/#20221025
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CEPC Physics Program
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CEPC	Operation	mode ZH Z W+W- ttbar

~	240 ~	91.2 ~	160 ~	360

Run time [years] 7 2 1 -

CDR	

(30MW)

L	/	IP	[×1034	cm-2s-1] 3 32 10 -

 [ab-1, 2 IPs] 5.6 16 2.6 -

Event yields [2 IPs] 1×106 7×1011 2×107 -

Run	time	[years] 10 2 1 5

Latest	

(50MW)

L	/	IP	[×1034	cm-2s-1] 8.3 192 27 0.83

 [ab-1, 2 IPs] 20 96 7 1

Event	yields	[2	IPs] 4×106 4×1012 5×107 5×105

Large physics samples: ~106 Higgs, ~1012 Z, ~108 W bosons, ~106 top quarks

Physics potential similar to FCC-ee, ILC, CLIC

The Z-peak run of CEPC can deliver a few ×1012 visible Z decays

https://indico.ihep.ac.cn/event/17020/contributions/117889/attachments/64239/74992/20221024-CEPC-Workshop-goodR.pdf
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70 OVERVIEW OF THE PHYSICS CASE FOR CEPC

Particle Tera-Z Belle II LHCb

b hadrons
B+

6⇥ 10
10

3⇥ 10
10 (50 ab�1 on ⌥(4S)) 3⇥ 10

13

B0
6⇥ 10

10
3⇥ 10

10 (50 ab�1 on ⌥(4S)) 3⇥ 10
13

Bs 2⇥ 10
10

3⇥ 10
8 (5 ab�1 on ⌥(5S)) 8⇥ 10

12

b baryons 1⇥ 10
10

1⇥ 10
13

⇤b 1⇥ 10
10

1⇥ 10
13

c hadrons
D0

2⇥ 10
11

D+
6⇥ 10

10

D+
s

3⇥ 10
10

⇤
+
c

2⇥ 10
10

⌧+ 3⇥ 10
10

5⇥ 10
10 (50 ab�1 on ⌥(4S))

Table 2.4: Collection of expected number of particles produced at a tera-Z factory from 1012 Z-boson
decays. We have used the hadronization fractions (neglecting pT dependencies) from Refs. [431, 432]
(see also Ref. [433]). For the decays relevant to this study we also show the corresponding number of
particles produced by the full 50 ab�1 on ⌥(4S) and 5 ab�1 on ⌥(5S) runs at Belle II [430], as well
as the numbers of b hadrons at LHCb with 50 fb�1 (using the number of bb̄ pairs within the LHCb
detector acceptance from [435] and the hadronization fractions from [431]).

icated studies that take into account reconstruction efficiencies, background systematics,
etc.

In Section 2.5.1 we discuss the prospects of measuring a number of rare b-hadron de-
cays at the tera-Z factory of CEPC: we cover leptonic decays, semi-leptonic decays, and
decays with missing energy. Particular emphasis is laid on rare decays to final states with
tau leptons, in which the sensitivity of the tera-Z program of CEPC might be unparal-
leled. We also comment on possible implications of the current hints for lepton-flavor-
universality violation in rare B decays, that have been observed by LHCb. A discussion
of tau decays follows in Section 2.5.2, where we discuss the prospects of CEPC to sig-
nificantly improve lepton universality tests in leptonic tau decays as well as its prospects
for measuring rare, lepton-flavor violating tau decays. Flavor violating Z decays are dis-
cussed in Section 2.5.3.

2.5.1 RARE B DECAYS

2.5.1.1 LEPTONIC DECAYS B
0 ! `

+
`
� AND BS ! `

+
`
�

The purely leptonic Bs ! `+`� and B0
! `+`� decays are strongly suppressed in

the Standard Model and therefore highly sensitive to new-physics contributions. Their

Plenty of flavour physics opportunities from Z → bb, Z → cc, Z → 𝜏𝜏 :

CEPC Study Group arXiv:1811.10545for each 1012 Z decays

https://arxiv.org/abs/1811.10545


Lorenzo Calibbi (Nankai)Flavour physics at Tera Z

Tera Z as a Flavour Factory

5

Advantages of a high-energy e+e- collider as flavour factory:

Luminosity


L=100/ab, O(1012) Z decays ⇒ O(1011) bb, cc, and 𝜏𝜏 pairs

Energy

besides producing states unaccessible at Belle II


MZ ≫ 2mb, 2m𝜏, 2mc ⇒ surplus energy, boosted decay products 
(better tracking and tagging, lower vertex uncertainty etc.)

Cleanliness

as for any leptonic machine, full knowledge of the initial state

(e.g. Z mass constraint on invariant masses more powerful)              
⇒ it enables searches involving neutral/invisible particles



What flavour physics can we study at a Tera Z?
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… in one word everything

precise measurements

[CKM UT angles, CPV…]

rare decays 

[(semi-)leptonic B decays…]

forbidden processes

[lepton flavour (universality) 

violation, lepton/baryon 

number violation…]

exotic hadrons

[tetraquarks, 

molecules…]

tau physics

charm physics

flavour-violating

Z decays
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• They would point to new physics coupling preferably to muons (and 
also 𝜏 ?) at scales < O(10-100) TeV


• Expected LFV/LFUV effects in

Possible motivation: hints of LFU violation, muon g-2 etc.
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NP in b ! s``
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ψ/J
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S)

ψ

LHCb Run 1 + 2016
SM from DHMV

A decade of deviations in b ! sµµ

Some indication of Lepton Flavour
Universality Violation
Consistenly explained through NP
shifts of b ! s`` Wilson coeffs
Compatible with NP leptoquark
models (in particular)

[Algueró et al, Altmanshoffer et al,Geng et al., Ciuchini et al, Hurth et al, Isidori et al.. . . ]
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Figure 15: Comparison of the experimental determination of aµ [66, 67] with the lattice
result of the BMW collaboration [73] and the white paper result [68]

of staggered fermions based on 4 times stout smeared [80] gauge fields. For the reference
volume with a spatial extend of L ⇠ 6 fm, 27 configurations where generated that closely
scatter around the physical point. The set of ensembles features 6 lattice spacings ranging
from 0.12 fm to 0.06 fm. On top of these configurations, U(1) gauge fields in the QEDL
scheme [81] where generated. Further configurations with a di↵erent action where used for
the finite volume corrections.

For the calculation of aµ, the time momentum representation [82] was used in which the
magnetic moment can be written as a integral

aµ = ↵2
Z 1

0
dt K(t)G(t) (15)

where G(t) is the euclidean twopoint correlation function

Jµ =
1
3e

Z
d3x hJµ(~x, t)Jµ(~0, 0)i. (16)

Here, Jµ is the quark electromagnetic current and K(t) is a known weight function. As it
is customary in lattice computations, aµ is split into light quark (alight

µ ), disconnected (adisc
µ ),

strange (adisc
µ ) and (acharm

µ ) quark parts which can be computed separately.
For the scale setting, the mass of the omega baryon was measured on the lattice and com-

pared with the experimental value [83] to determine the lattice spacing. A careful analysis
of the relevant correlation function allowed to determine the scale with a precision of a few
permil and to calculate the intermediate scale w0 [84] with a uncertainty of four permil.

To extrapolate to the infinite volume limit, in addition to the reference volume of
Lref ⇠ 6 fm used for the majority of the calculation, a big volume with Lbig ⇠ 11 fm was
introduced. The di↵erence in aµ between these volumes has been calculated with an action
that has highly suppressed taste breaking e↵ects. The remaining small correction was cal-
culated using two loop staggered chiral perturbation theory. The validity of that method has
been verified by comparing its predictions for the di↵erence between the large volume and

Figure 5: Summary of all the published R(D(⇤)) measurements [31].

2.3 Special mention to b! c`⌫̄ anomalies

A special mention among the flavour anomalies must go to a completely di↵erent class of
measurements, namely b ! c`⌫̄ transitions. These decays, ruled by tree-level processes in
the Standard Model, have shown another intriguing pattern of deviations. Similarly to Eq. 1,
one can create a Lepton Flavour Universality ratio based on the ratio

R(⇤)
D =

B(B! D(⇤)⌧⌫̄)
B(B! D(⇤)µ⌫̄)

, (3)

which is equally well predicted by the theory and provides a fundamental test of the SM.
During the last 10 years, measurements from di↵erent experiments have shown a consis-
tent tension with the SM prediction, with the current world average which is found to be
around three standard deviations away from the Standard Model. Figure 5 summarizes all the
available measurements in the R(D)-R(D⇤) plane. This class of measurements is particularly
interesting being the only one involving ⌧ leptons.

3 b! s`` anomalies: Theory

Flavour Changing Neutral governed decays have always played a leading role in the search for
New Physics. In recent times the decays B! K`` and B! K⇤(! K⇡)`` have been particu-
larly prominent. The latter 4-body decay is parametrized in terms of 4 quantities: three angles
and the dilepton invariant mass squared denoted by q2 (see Refs. [32–34] for definitions).
Moreover, all form factors that enter the matrix elements of this decay reduce to only two
quantities, called soft form factors, in the limit that the final meson has a large energy [35].
These quantities, of course, as any hadronic quantity, have an inherent hadronic uncertainty
associated. Looking a bit far in prehistory, already in 1995, it was realized in Ref. [36] that
the zero of one observable, called forward backward asymmetry of the B ! K⇤`+`� decay
exhibited an interesting property. The observable has the peculiarity that at the value of q2

determined by its zero an exact cancellation of soft form factors at LO occurs. This o↵ered
a strategy to identify New Physics by using a clean combination of Wilson coe�cients (see
definitions below) free from soft form factors. While interesting, it is experimentally rather
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7. – 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 2 [1, 6]GeV2,(64)

RK⇤ ⌘
BR(B0

! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [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
B0

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�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (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]

<latexit sha1_base64="khHBgdO6JgQSKqMjxapo8gJtYuU=">AAAB+3icbVDLSgNBEOyNrxhfMR69DAbBg4RdCeox6MVjBPOA7BJmJ51kyOzsMjMrhiW/4sWDIl79EW/+jZPHQRMLGoqqbrq7wkRwbVz328mtrW9sbuW3Czu7e/sHxcNSU8epYthgsYhVO6QaBZfYMNwIbCcKaRQKbIWj26nfekSleSwfzDjBIKIDyfucUWOlbrEUEt/EhBH/3EchiC/TbrHsVtwZyCrxFqQMC9S7xS+/F7M0QmmYoFp3PDcxQUaV4UzgpOCnGhPKRnSAHUsljVAH2ez2CTm1So/0Y2VLGjJTf09kNNJ6HIW2M6JmqJe9qfif10lN/zrIuExSg5LNF/VTQey30yBIjytkRowtoUxxeythQ6ooMzaugg3BW355lTQvKt5lpXpfLdduFnHk4RhO4Aw8uIIa3EEdGsDgCZ7hFd6cifPivDsf89acs5g5gj9wPn8APYOTTA==</latexit>

b ! c `⌫
<latexit sha1_base64="t3j+MxnmxWxV2YAOyhlZOIozMag=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgEL5akFPVY9OJFqGA/oA1ls920SzebsDsr1lD/iBcPinj1p3jz37htc9DWBwOP92aYmRcknClw3W8rt7K6tr6R3yxsbe/sFu29/aaKtSS0QWIey3aAFeVM0AYw4LSdSIqjgNNWMLqa+q17KhWLxR2ME+pHeCBYyAgGI/XsYhfoA6Q3OhaTp8FppWeX3LI7g7NMvIyUUIZ6z/7q9mOiIyqAcKxUx3MT8FMsgRFOJ4WuVjTBZIQHtGOowBFVfjo7fOIcG6XvhLE0JcCZqb8nUhwpNY4C0xlhGKpFbyr+53U0hBd+ykSigQoyXxRq7kDsTFNw+kxSAnxsCCaSmVsdMsQSEzBZFUwI3uLLy6RZKXtn5epttVS7zOLIo0N0hE6Qh85RDV2jOmoggjR6Rq/ozXq0Xqx362PemrOymQP0B9bnD+8uk0Y=</latexit>

Muon g � 2

Di Luzio Nardecchia '17 Allwicher et al. '21
<latexit sha1_base64="v+kDwGjVSsGE4TBWng3hoYB5ZPk="></latexit>

b ! s⌧⌧, b ! s⌧µ, b ! s⌫⌫, ⌧/Z decays . . .
see e.g. Feruglio Paradisi Pattori ’16 & ’17

https://arxiv.org/abs/1706.01868
https://arxiv.org/abs/2105.13981
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<latexit sha1_base64="P5O7iBn5NVC6FO9SM1mTBJ83HTI=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMF+wFNLJvtpl262YTdiVJC/4cXD4p49b9489+4aXPQ1gcDj/dmmJkXJIJrdJxvq7Syura+Ud6sbG3v7O5V9w/aOk4VZS0ai1h1A6KZ4JK1kKNg3UQxEgWCdYLxTe53HpnSPJb3OEmYH5Gh5CGnBI30EHgY29pDkubVr9acujODvUzcgtSgQLNf/fIGMU0jJpEKonXPdRL0M6KQU8GmFS/VLCF0TIasZ6gkEdN+Nrt6ap8YZWCHsTIl0Z6pvycyEmk9iQLTGREc6UUvF//zeimGV37GZZIik3S+KEyFbV7NI7AHXDGKYmIIoYqbW206IopQNEFVTAju4svLpH1Wdy/q53fntcZ1EUcZjuAYTsGFS2jALTShBRQUPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCMs5KP</latexit>

b ! s⌧⌧

Rare b ! s⌧⌧ Decays

I Rare b decays with taus in the final state are very weakly
constrained at the moment.

I Expected sensitivities at LHCb and Belle II still
far from the SM predictions.

BR(Bs ! ⌧⌧)SM = (7.7 ± 0.5)⇥ 10�7 (Bobeth et al. 1311.0903)

BR(B ! K ⌧⌧)SM = (1.2 ± 0.1)⇥ 10�7 (Du et al. 1510.02349)

(Belle II Physics Book 1808.10567)

Wolfgang Altmannshofer (UCSC) B Decay Anomalies and Future Colliders October 25, 2022 19 / 24

• Unobserved, weakly constrained (~10-4-10-3 by Belle, Belle II can provide 
an O(10) increased sensitivity)


• They can have huge new-physics enhancement (especially in theories 
addressing the B physics anomalies) 


• Tera Z prosp: Belle II

LHCb
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Figure 7: Expected precisions (@1� C.L.) for the measurements of B0
! K

⇤0
⌧
+
⌧
�, Bs !

�⌧
+
⌧
�, B

+
! K

+
⌧
+
⌧
� and Bs ! ⌧

+
⌧
� at Belle II, LHCb and the future Z factories.

The error bars represent the precisions obtained by varying the experimentally measured

backgrounds by one sigma and the semi-quantitatively estimated ones by a factor of two,

upward and downward respectively. The double bars below the inverted triangle denote the

sensitivities with a finite spatial resolution, i.e., 5µm and 10µm respectively, for the tracker.

Figure 8: Normalized distributions of the reconstructed B-meson mass for the B
0

!

K
⇤0
⌧
+
⌧
� measurement before cuts 1-3 are applied. Here the spatial resolution for the tracker

is assumed to be 5µm (left) and 10µm (right). The dashed and solid curves are based on the

reconstruction scheme developed for an ideal tracker (see Sec. 2) and the one improved for a

tracker with finite spatial resolution (see footnote 9).
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Li L. and Liu T. '20

Below we will pursue a dedicated sensitivity study in four b ! s⌧
+
⌧
� benchmark channels

(see Tab. 3) at the future Z factories. This study is organized as follows. We develop

the scheme of reconstructing the signal B mesons in Section 2, and discuss their major

backgrounds in Section 3. Analysis results and their interpretations in e↵ective field theory

(EFT) are presented in Section 4. We conclude and take an outlook in Section 5.

2 Scheme of Reconstructing the b ! s⌧+⌧� Events

In this study, the e
+
e
�
! Z ! bb̄ events and their shower are simulated using Pythia8 [22].

We decay B mesons exclusively and their intermediate particles (⌧ leptons, D mesons, etc.)

inclusively. The decays of ⌧± ! ⇡
±
⇡
±
⇡
⌥
⌫ and ⌧

±
! ⇡

±
⇡
±
⇡
⌥
⇡
0
⌫ are modeled respectively

by the CLEO [23], with an intermediate state of a1(1260)± ! ⇢(770)0⇡± mostly [23, 24],

and the Novobrisk [25], with an intermediate state of ⇡±
!(782) instead. The signal events

are generated only for the q
2
⌘ m

2
⌧⌧ windows defined in Tab. 3. The detector e↵ects are

simulated using Delphes3 [26], with a CEPC-detector template [27] being applied.

As discussed above, our analysis will focus on the four benchmark channels of b ! s⌧
+
⌧
�

listed in Tab. 3 with ⌧
±
! ⇡

±
⇡
±
⇡
⌥
⌫. These events have no neutral particles except neutrinos

in their final states. Then the yet-to-be-determined neutrino momenta leave six d.o.f. to fix

for the B-meson reconstruction. We demonstrate the topologies of these four classes of events

in Fig. 1. For B
0
! K

⇤0(�)⌧+⌧�, the decay vertex of B0 can be fully reconstructed due to

the prompt decay of K⇤0
! K

+
⇡
� (� ! K

+
K

�). But for B
+
! K

+
⌧
+
⌧
�, the B

+ decay

vertex can be constrained to be along ~VK+ only. The story is even worse for Bs ! ⌧
+
⌧
�,

where the Bs decay vertex is invisible to the detector at all. In view of the di↵erences, below

we will develop dedicated strategies for reconstructing these benchmark B-meson events.

Figure 1: Schematic pictures of the B0
! K

⇤0(�)⌧+⌧� (left), B+
! K

+
⌧
+
⌧
� (middle) and

Bs ! ⌧
+
⌧
� (right) events. The dashed arrows represent spatial displacement of B mesons

and ⌧ leptons between their production and decay vertexes (~V ), and the solid ones denote

three-momenta (~p) of their decay products or accompanying particles.

Let us start with the measurements of B0
! K

⇤0
⌧
+
⌧
� and Bs ! �⌧

+
⌧
�. A preselection

of these events is applied to ensure their successful reconstruction. We first require for each

– 4 –

3-prong 𝜏 decays

https://arxiv.org/abs/2012.00665
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b ! s⌫⌫
2

Current Limit Detector SM Prediction
BR(B0

! K
0
⌫⌫̄) < 2.6⇥ 10�5 [3] BELLE (3.69± 0.44)⇥ 10�6 [1]

BR(B0
! K

⇤0
⌫⌫̄) < 1.8⇥ 10�5 [3] BELLE (9.19± 0.99)⇥ 10�6 [1]

BR(B±
! K

±
⌫⌫̄) < 1.6⇥ 10�5 [4] BABAR (3.98± 0.47)⇥ 10�6 [1]

BR(B±
! K

⇤±
⌫⌫̄) < 4.0⇥ 10�5 [5] BELLE (9.83± 1.06)⇥ 10�6 [1]

BR(Bs ! �⌫⌫̄) < 5.4⇥ 10�3 [6] DELPHI (9.93± 0.72)⇥ 10�6

TABLE I. Constraints and predictions for various b ! s⌫⌫̄ decays. The updated BR(Bs ! �⌫⌫̄) comes from our calculation,
details in Sec. 2.

Hadrons Belle II LHCb (300 fb�1) CEPC (1012Z)
B

0, B̄0 5.4⇥ 1010 ⇠ 3⇥ 1013 1.2⇥ 1011

B
± 5.7⇥ 1010 ⇠ 3⇥ 1013 1.2⇥ 1011

Bs, B̄s 6.0⇥ 108 ⇠ 1⇥ 1013 3.1⇥ 1010

B
±
c - ⇠ 2⇥ 1011 1.8⇥ 108

⇤b, ⇤̄b - ⇠ 2⇥ 1013 2.5⇥ 1010

TABLE II. The number of b-hadrons expected to be produced
in Belle II, LHCb, and CEPC. Here, the Belle II column cor-
responds to its 50 ab�1 ⌥(4S) run and its 5 ab�1 ⌥(5S) run.
For more details, see [34].

The abundant energy at the Z pole allows b quarks to
hadronize into di↵erent hadrons. As TABLE II shows,
the productions of B0/B̄0 and B± are comparable to
those at Belle II, while Bs/B̄s is almost two orders of
magnitude more. For even heavier hadrons such as Bc

and ⇤b, the advantage of the Z factories is even more
pronounced. As an e+e� collider, CEPC also bene-
fits from negligible pileup, good geometric coverage of
the detector, and a fixed center-of-mass energy that al-
lows good precision of the missing momentum. The ad-
vanced calorimetry [35–37] and state-of-the-art tracking
system [38] proposed for future detectors further improve
the performance in measuring the missing energy. Given
these advantages, accurate measurement of the missing
energy of neutrinos is very likely. The situation is quite
di↵erent for hadron collider detectors such as LHCb,
where the missing momentum of a given event cannot
be determined directly. In addition, compared to B fac-
tories such as Belle II, the higher b hadron boost from Z
decay makes the tracking more accurate. Therefore, the
measurements in terms of energy/momentum [39] and di-
rection/displacement [33, 40] are more precise and allow
better discrimination of signal and background events.

We focus on the exclusive process Bs(B̄s) ! �⌫⌫̄. The
current upper limit of the branching ratio of this chan-
nel is about 5.4 ⇥ 10�3, set by the DELPHI detector
at LEP [6]. The threshold is much weaker than other
b ! s⌫⌫̄ channels listed in TABLE I. Most b ! s⌫⌫̄
processes are measured by B factories, where Bs produc-
tion is limited. At the Z pole run, extensive statistics
of Bs and the precise � reconstruction [41] are simulta-
neously fulfilled. Therefore, we expect that the observa-
tion of this channel and the precise measurements will

be realized for the first time in Z factories. The current
projection of BR(Bs ! �⌫⌫̄) at CEPC comes from the
luminosity re-projection of the LEP study [33]. How-
ever, the background suppression " at the LEP search is
only O(10�3) [6]. For CEPC, the same strategy leads
to a background size of & 107, which makes the anal-
ysis vulnerable to background uncertainties. Therefore,
we need to develop a new analysis framework to reduce
the SM backgrounds by more than O(10�6) to provide
a healthy signal-to-background (S/B) ratio near O(1).
In such a case, the measurement of the rare Bs ! �⌫⌫̄
achieves relative precision at the percentage level and is
robust to systematic uncertainties. We have set up an-
other benchmark for flavor physics at the Z pole with
previous phenomenological studies [34, 42–48]. It is also
true that CEPC detector design shares many commonal-
ities with other proposals for future Z factories, such as
the Tera-Z mode of FCC-ee [49] and the Giga-Z mode
of ILC [50]. Therefore, the methodology and results of
this work will also serve as references for these projects.
This paper is divided into five sections. Section 2 intro-

duces the physical background and interpretation of the
e↵ective theory of Bs ! �⌫⌫̄ decay. Section 3 describes
the detector model, software framework, and the simu-
lated samples used in this study. Section 4 presents the
analysis of Bs ! �⌫⌫̄ at CEPC. Conclusions are summa-
rized in Section 5.

2. PHYSICS OF Bs ! �⌫⌫̄

As discussed in the introduction, many NP scenar-
ios could lead to deviations of Bs ! �⌫⌫̄ from the
SM. This section focuses on the model-independent ap-
proach, which describes the contributions of SM and NP
as Wilson coe�cients of the low-energy e↵ective theory
(LEFT). If there are no BSM particles lighter than mBs ,
the low-energy e↵ective Hamiltonian fo b ! s⌫⌫̄ could
be written as [1, 51]

He↵ = �4GFp
2
VtbV

⇤
ts(CLOL + CROR) + h.c. , (1)

OL(R) =
e2

8⇡2
(s̄�µPL(R)b)(⌫̄`�µPL⌫`) . (2)

• Also these modes can be greatly enhanced by new physics responsible 
for the B anomalies


• A Tera Z can measure                with a percent level precision:
see e.g. LC Crivellin Ota '15
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used for data management and formatting.

FIG. 2. The topology of FCNC Bs ! �⌫⌫̄ decay at the Z

pole.

Realistic particle identifications (PID) are also in-
cluded. The most important e↵ect is the large num-
ber of charged pions faking charged kaons. Even a low
rate of K/⇡ misidentifications can yield many fake �.
Other sources of fake kaons, such as protons or muons,
are neglected because they are much rarer than pions
in our samples. Estimated from Monte Carlo (MC)
sampling, the typical multiplicities for K±, ⇡±, and p
in the event are about 2.1, 17.2, and 0.9, respectively.
Their momentum distributions above ⇠ 15 GeV range
are highly suppressed. The kaon PID is crucial for fla-
vor physics because it could improve the reconstruction
accuracy of hadrons. According to CEPC CDR [33], the
K/⇡ separation power [68, 69] can achieve 3� or higher
if dE/dx, dN/dx and time of flight information are in-
cluded. For more details on PID techniques, see also [70].
So a universal K/⇡ separation power & 3� at CEPC is a
reasonable and conservative assumption. As will be ex-
plained in the later section, to ensure a stable and high
accuracy for the reconstruction of hadrons decaying to
kaons, a 3-� K/⇡ separation would be necessary. There-
fore, we take the 3� K/⇡ separation power as the bench-
mark value for the rest of this paper. However, since an
authentic K/⇡ PID algorithm is still under development,
the K/⇡ separation is simulated using the Gaussian ap-
proximation. Reconstructions of � with alternative K/⇡
separation powers are also analyzed. In addition to fake
�, backgrounds from semileptonic b-hadron decays con-
tribute significantly, see discussions in section 4B. We
adopt the lepton PID algorithm and performance in [71]
to better represent the lepton information.

4. ANALYSIS METHODS

Fig. 2 shows the typical topology of the target process,
i.e., the charged kaon pair produced by the � decay and
the neutrino-induced missing energy. The signal iden-
tification consists of three steps. First, we reconstruct
� ! K+K� decay vertexes. Second, we use various
features such as the � kinematics, missing momentum,
lepton energy, and b-tagging to separate the signal from
backgrounds. Finally, the Boosted Decision Tree Gradi-
ent (BDTG) method is applied to classify the remaining
events and optimize the background reduction.

A. � Reconstruction

As the only visible component in the Bs ! �⌫⌫̄ signal,
� plays a central role in our analysis. It has a narrow
width (�� ' 4.25 MeV) and a low inclusive production
rate ⇠ 5% in Z ! qq̄ events. The reconstruction chain
of the � candidate follows the steps listed below:

1) We reconstruct all charged kaon tracks. With a finite
K/⇡ separation power, the reconstructed kaon tracks
also contain misidentified pions.

2) Match all pairs of oppositely charged kaon tracks and
use the kinematic fitting package [72] to reconstruct
their vertex.

3) Choose pairs of kaons with invariant mass |mK+K� �
m�| <8.5 MeV.

4) The value of the vertex �2 is calculated by taking the
�2 contribution from each relevant track using the Mi-
nuit algorithm [73]:

�2 =
2X

i=1

✓
|Vi � Vfit|

�i

◆2

, (9)

where Vfit is the fitted vertex position, Vi is the point
on one track that is closest to the other, and �i is the
uncertainty of the i-th track. Only kaon pairs with
�2 < 8 are selected.

For more details on the algorithm and performance,
see [41]. The reconstructed � mass distribution is shown
in Fig. 3.

" =
Number of correctly reconstructed candidate �

Number of � ! K+K� decays
,

p =
Number of correctly reconstructed candidate �

Number of candidate �
.

(10)

The e�ciency and purity of candidate � are defined in
Eq. (10). Similar definitions apply to reconstructed kaon
tracks. The overall e�ciency and purity for candidate
� are 48% and 76%, respectively. To better understand
the significance of PID, we also plot inclusive kaon and �
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FIG. 11. BDTG output distributions for signal and back-
ground events, ranging from -1 to 1. The samples used here
passed all the cuts introduced above and are scaled to 1012 Z

decays.

hemisphere.
• The largest track impact parameter in the signal hemi-
sphere, excluding kaons from any reconstructed �.

• Kaon tracks’ impact parameters from the signal �.
• The signal � invariant mass.

Fig. 11 shows the BDTG responses to the test sam-
ples, with the signal and background distributions peak-
ing at �1.0 and 1.0, respectively. With the optimized
cut of the BDTG response at 0.75, we reject over 98% of
bb̄ and cc̄ backgrounds at the cost of a 44% signal loss.
As summarized in TABLE III, the S/B ratio reaches
77% after the BDTG cut. The 1� Tera-Z sensitivity

of the signal strength is estimated by
p
B+S
S , which cor-

responds to about 1.78%. We also evaluate the sensi-
tivity and S/B ratio with a perfect kaon PID to moti-
vate better future PID performance. Without any fake
kaon tracks and a comparable S/B � 70%, the sensi-
tivity of BR(Bs ! �⌫⌫̄) is 1.52%. The sensitivity of the
branching ratio as a function of the kaon PID is shown in
Fig. 12, which shows stable performance in a wide range
of K/⇡ separation power. Besides, taking the benchmark
3� K/⇡ separation power, Fig. 13 shows the projected
sensitivity as a function of BR(Bs ! �⌫⌫̄). Multiple sig-
nal features included in the analysis allow for high sensi-
tivities even in the no kaon PID case.

C. Constraints on Wilson coe�cients

The event reconstruction is also e↵ective when measur-
ing the � longitudinal polarization fraction FL. Fig. 14
shows the distribution of cos ✓, where ✓ is the angle be-
tween Bs and K+(or K�) in the � rest frame. Here the

FIG. 12. The sensitivity of BR(Bs ! �⌫⌫̄) as a function of
kaon PID, parameterized by the K/⇡ separation power.

FIG. 13. Projected experimental sensitivity at CEPC (1012 Z

decays) as a function of BR(Bs ! �⌫⌫̄), shown as the red
curve. The current upper limit from LEP for BR(Bs ! �⌫⌫̄)
is indicated by green dashed line. The prediction of SM cor-
responds to the blue line used in TABLE III.

truth-level distribution of signal events is reweighed ac-
cording to the SM prediction FL,SM ' 0.53. However,
the background statistics after the BDTG cut is insuf-
ficient for a good background fit. Instead, we use the
background cos ✓ distribution before the BDTG cut and
scale the yields according to the Tera-Z luminosity. The
pBs reconstruction error dominates the �✓ between re-
constructed and the truth values, which is about 0.047.
Such a ✓ reconstruction error corresponds to a di↵erence
⇡ 0.04 between our FL fit and the truth-value. The es-
timated statistical uncertainty of FL is 0.008 at CEPC,
which is subdominant. Since it is not our goal to thor-
oughly estimate the di↵erential measurement of FL in
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Bc ! ⌧⌫

• Key observable to test the LFU 
anomalies in charged-current B decays


• SM prediction for the BR ~ 2%, beyond 
the reach of LHCb

Alonso et al. '16

• Tera Z could measure with percent level 
accuracy (thus providing also a percent 
level accurate measurement of Vcb)

Zheng et al. '20
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Table 2: The cut chain for the muon final state for 109
Z bosons. The numbers in the parentheses and the star at the final row

have the same meaning as in Table 1.

B
±
c ! tnt (0.013) B

± ! tnt (0.013)
dd(15) +uu(12) + ss(15) cc(4.8) bb(3.25)t ! µnn excl. t ! µnn t ! µnn excl. t ! µnn

All events 2,250 10,745 2,213 10,698 419,928,342 119,954,033 151,286,603
b-tag > 0.6 1,576 7,499 1,505 7,199 2,134,617 7,344,014 116,723,067

Energy asymmetry
> 10 GeV 1,387 6,222 1,348 5,848 486,762 1,609,771 30,064,030

Has Muon in
signal hemisphere 1,175 2,204 1,168 2,233 244,752 813,083 19,569,212

Muon is the most
energetic particle 882 222 838 171 9,777 89,290 4,943,760

EB > 20 GeV 877 216 832 166 1,713 39,583 3,516,717
1

st
BDT score > 0.99 394 48 306 28 — 76 1,125

2
nd

BDT score > 0.4 192 13 68 5 — 76? 59

where NS and NB denote the number of signal and background
events that pass all selection cuts, respectively. For the electron
final states, we have s(µe)/µe = 9.7%. We can repeat the en-
tire process for the muon final state. Here we will include the
non-muon t decay channels in the second BDT since the num-
bers of events are significantly larger. The results are shown
in Table 2, and s(µµ)/µµ = 10.6%. Combining the two final
states, we have s(µ)/µ = 7.2%. It is now straightforward to
calculate the s(µ)/µ for both B

+
c
/B

+ ! t+nt at Tera-Z at var-
ious RBc/B. For the B ! tn ,t ! e/µnn analysis, all we need
to do is repeating the second BDT after switching the signal
and background status between it and the Bc. Figure 9 shows
their relationship with RBc/B. Here, the yield N(B± ! t+nt) is
fixed at 1.3⇥104 per one billion Z. The projected s(µ)/µs at
Tera-Z are around O(0.1)⇠ O(1)% level for both B

+
c
! t+nt

and B
+ ! t+nt . At the RBc/B value given in Eq. (2), where

the yield N(B±
c
! t+nt) is around 3.6⇥103 per one billion Z,

we need around 109
Z boson decays to achieve five s signifi-

cance. In Sect. 2 we have discussed the |Vcb| measurement and
with current results we argue that the accuracy could reach up
to O(1)% level with certain improvements.

4.3 Phenomenological Impact on New Physics

As we have shown in Sec. 2, based on the current results on NP
in b ! ctn , the G (B+

c
! t+nt) tends to deviate from SM pre-

dictions, but the statistical importance is not significant. From
Fig. 9, one can see that at CEPC the s(µ)/µ for B

+
c
! t+nt

can reach about 1% level. This includes the constraint in both
the production of B

+
c

and the decay into t+nt . If the production
mechanism is well understood, the result on s(µ)/µ would
also imply that the uncertainties in G (B+

c
! t+nt) are reduced

to the percent level. On the other side, in the future one can also
use the B(B+

c
! J/yp+) as a calibration mode. In theory the

Lattice QCD can calculate the Bc ! J/y transition form fac-
tors while the perturbative contributions are well under control
in perturbation theory.

One can use such results on G (B+
c
! t+nt) to probe NP to

a high precision. In Fig. 10, we show the constraints on Re[CV2 ]
and Im[CV2 ]. If the central values in Eq. (9) remain the same
while the uncertainty in G (B+

c
! t+nt) is reduced to 1%, the
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Fig. 9: s(µ)/µ at Tera-Z versus RBc/B. The estimated range of
RBc/B in Eq. (2) is shown in red band. Be reminded that the

actual uncertainty is larger since we lack uncertainty for
B(Z ! B

±
c

X).

allowed region for CV2 shrinks as the dark-blue region, where
the deviation from the SM is greatly enhanced.

Similar results can be obtained for NP coefficients CS1 and
CS2 , but as we have demonstrated in Sec. 2, both scenarios will
induce dramatic changes to G (B+

c
! t+nt). These NP effects

are so large that they would already be verified or ruled out
before entering into the very precision era of the CEPC. Thus
it is less meaningful to present the constraints for these two
coefficients.

5 Conclusion

Nowadays hunting for new physics beyond the Standard Model
is a primary objective in particle physics. In this paper, we have

https://arxiv.org/abs/1611.06676
https://arxiv.org/abs/2007.08234
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Mode LEP bound (95% CL) LHC bound (95% CL) CEPC/FCC-ee exp.

BR(Z ! µe) 1.7⇥ 10�6 [2] 7.5⇥ 10�7 [3] 10�8 – 10�10

BR(Z ! ⌧e) 9.8⇥ 10�6 [2] 5.0⇥ 10�6 [4, 5] 10�9

BR(Z ! ⌧µ) 1.2⇥ 10�5 [6] 6.5⇥ 10�6 [4, 5] 10�9

Table 1: Current upper limits on LFV Z decays from LEP and LHC experiments and expected
sensitivity of a Tera Z factory as estimated in [7] assuming 3⇥ 1012 visible Z decays.

by searches performed at the LHC. However, the sensitivity of these latter searches is limited
by background events following from Z ! ⌧⌧ decays to such an extent that at most an
improvement by one order of magnitude can be expected after the completion of the future
high-luminosity run of the LHC (HL-LHC) (since HL-LHC will collect up to 3000/fb [8]
of integrated luminosity, and the LHC limits in Table 1 were obtained with 20/fb� 140/fb).
Leptonic colliders instead provide a much more suitable environment to tame such background:
for example, the LEP limit on Z ! µe obtained in [2] was based on a sample of only 4⇥106 Z

decays in a background-free situation, i.e., no candidate events were found.1 These processes
are therefore an ideal target for future leptonic colliders. In particular, both proposed projects
of circular e+e� colliders, CEPC [9, 10] and FCC-ee [11, 12], plan to run for several years at
a center-of-mass energy around the Z pole, thus acting as a “Tera Z factory”, i.e., collecting
O
�
1012

�
Z decays, about six orders of magnitude more than LEP experiments. The last

column of Table 1 shows the expected sensitivity of future e+e� colliders as estimated in [7]
assuming 3⇥1012 Z decays (corresponding to 150 ab�1). As we can see, at least for the Z ! ⌧`

modes, CEPC/FCC-ee could improve on the present LHC (future HL-LHC) bounds up to 4 (3)
orders of magnitude, due in particular to an expected excellent momentum resolution (0.1%
at 45GeV) of the planned detectors.2

Given the outstanding expected sensitivity of future e+e� colliders on the Z ! `i`j decays,
an obvious question is whether this will be sufficient to test or discover new physics (NP)
scenarios. Indeed, in presence of new physics leading to Z ! `i`j , low-energy LFV processes
are unavoidably induced by the virtual exchange of the Z itself: `i ! `jZ⇤

! `jff̄ , where f is
a SM quark or lepton. These processes are subject to strong constraints, which then translate
into indirect bounds on LFVZD rates [13–16]. In this work, we plan to reassess the maximal
possible LFV effects in Z decays in a model independent way, in view of the improved present

1A major advantage of a leptonic collider is the knowledge of the momenta of the colliding partons, so that
the constraint on the invariant mass of the two leptons m2

`i`j = m2
Z can be precisely implemented up to the

beams energy spread, in contrast to the LHC where it is limited by the (large) width of the Z.
2The sensitivity on BR(Z ! µe) is limited to ⇠ 10�8 by backgrounds from Z ! µµ with one of the muons

releasing enough bremsstrahlung energy in the ECAL to be misidentified as an electron [7]. Only in presence
of improved electron/muon separation methods a sensitivity down to 10�10 could be achieved.

2
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Figure 2: Values of the NP scale ⇤ that are accessible by each of the LFV observables with
current bounds (solid bars) and future sensitivities (lighter bars). We assume that C(⇤)  1

for each operator at a time, while the others vanish at µ = ⇤.

different observables, where we have assumed that C(⇤)  1 from perturbativity arguments.
In this case, and opposite to Table 4, we choose the Z dipole operator as input, which implicitly
assumes Ce�(⇤) = 0, since this hypothesis is still challenging but more plausible at µ = ⇤. We
also show Q(1)

'` and Q(3)
'` separately as they have different RGE. Nevertheless, the differences

are numerically small and difficult to appreciate in the Figure.
From Figure 2 we can see that current sensitivities (solid bars) are always worse in the case

of the LFVZD than from low-energy observables, in agreement with our findings in Table 4,
and especially in the case of the dipoles. Despite we chose to switch on only the Z dipole and
not the photon one at µ = ⇤, the RGE generate a photon dipole at low energies, providing a
better sensitivity to NP from low-energy observables even in this extreme case. Unfortunately,
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• LHC searches limited by backgrounds (in particular Z → 𝜏𝜏):

   max ~10 improvement can be expected at HL-LHC (3000/fb)


• A Tera Z can test LFV new physics scales searching for Z → 𝜏 𝓁 at the 
level of what Belle II will do through LFV tau decays (or better)

LC Marcano Roy '21

and future searches for muon and tau LFV decays.
From the theoretical point of view, the absence of signals in direct searches for the produc-

tion of new particles at the LHC suggests an energy gap between the electroweak scale and the
scale where new physics inducing LFVZD may exist, prompting us to work within the context
of an effective field theory (EFT), i.e., introducing a set of higher-dimensional gauge-invariant
local operators to be added to the usual SM Lagrangian. These operators, built out of SM
fields and suppressed by inverse powers of the new physics scale, can parameterise the effects
of any kind of NP models as far as the experimentally accessible energies are lower that the
actual NP energy scale. Such an effective theory is known as the Standard Model Effective
Field Theory (SMEFT) [17, 18] (for a recent review see [19]) and provides the optimal frame-
work for a model-independent analysis. In this context, LFV processes could be induced by
dimension 6 effective operators, as discussed in detail in [20–36]. In this article we will employ
the SMEFT framework to study low-energy constraints on LFVZD. This type of decays have
been also studied within several UV-complete models, such as heavy sterile neutrinos [37–43],
supersymmetry [22, 44], leptoquarks [45], or in scenarios with extended gauge sectors [46–49].
They have also been previously explored in the context of SMEFT in [16, 24, 25, 28, 33].

The outline of this article is the following. In Section 2 we describe the effective field
theory setup that has been employed for our analysis. How the SMEFT operators can induce
LFVZD is shown in Section 3. In Section 4, we discuss how indirect constraints on Z ! `i`j

arise from low-energy LFV observables. The next section contains the results of our analysis,
where we assume that the UV physics induces a single dominant operator (Section 5.1) or
multiple operators that could possibly interfere (Section 5.2). We summarise and conclude in
Section 6 while a number of useful analytical formulae and results are shown in the Appendix.

2 Lepton flavour violation in the SMEFT

Throughout this work, we will assume that the new particles related to the NP scale ⇤

responsible for LFV effects are quite heavy (⇤ � mW ) and that there are no other particles
in between these scales.

In such a scenario, it is convenient to work in the SMEFT framework, where the basic idea is
to parameterise the low-energy effects of the high-energy theory in terms of higher dimensional
operators and the associated Wilson coefficients. More specifically, the Lagrangian will consist
of that of the SM extended with a tower of higher-dimensional operators suppressed by inverse
powers of ⇤:

LSMEFT = LSM +
1

⇤

X

a

C(5)
a Q(5)

a +
1

⇤2

X

a

C(6)
a Q(6)

a +O

✓
1

⇤3

◆
, (1)

where LSM contains renormalizable operators up to dimension-4, Q(n)
a are the effective opera-

tors of dimension-n and the C(n)
a represent the corresponding Wilson coefficients (WCs) which
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Canonical tau lepton universality test plot
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Figure 1: Feynman diagrams for µ� ! e�⌫̄e ⌫µ and ⌧� ! ⌫⌧X� (X� = e�⌫̄e, µ�⌫̄µ, dū, sū).

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 the e, 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-flavour and lepton-
number violation, through a broad range of kinematically-allowed decay modes, complementing the
high-precision searches performed in µ decay. The current experimental limits are given in section 12;
they provide stringent constraints on flavour models beyond the SM.

Processes with ⌧ leptons in the final 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
briefly 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 the W -exchange diagrams shown in
Fig. 1, with the universal SM strength associated with the charged-current interactions:

LCC = � g

2
p
2
W †

µ

(
X

`

⌫̄`�
µ(1� �5)` + ū�µ(1� �5) (Vud d+ Vus s)

)
+ h.c. . (1)

The momentum transfer carried by the intermediate W� is very small compared to MW . 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 constant GF/

p
2 = g2/(8M2

W
). The leptonic decay widths

are given by

�`!`0 ⌘ �[`� ! `0�⌫̄`0⌫`(�)] =
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192⇡3
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where f(x) = 1� 8x+ 8x3 � x4 � 12x2 log x , and [24–32]

�`
0
`

RC
=

↵

2⇡


25

4
� ⇡2 +O

✓
m2

`0

m2

`
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takes into account radiative QED corrections, which are known to O(↵2). The tiny neutrino masses
have been neglected and (�) represents additional photons or lepton pairs which have been included
inclusively in �`

0
`

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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No estimate;
possibly 0.003
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Particle IDB(τ→μνν) [%] 17.39 ± 0.05

Quantity Measurement Current precision FCC-ee precision
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Figure 2: Branching fraction of ⌧ ! e⌫̄⌫ 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 the m⌧ 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 1990’ies following the deployment
of their precise silicon vertex detectors [7–10]. More recently, Belle, with its O(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 flight-distance was measured for ⌧ decays to three charged particles. Here,
the largest systematic uncertainty (1.0 fs) came from the 7.5 mm 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 flight distances. As for DELPHI, the dominant systematic

5
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signals [118–120]. The latest study also emphasized the complementarity between cLFV Z

and ⌧ decays [121]. The projected sensitivities to two benchmarks ⌧ exotic decays, ⌧ ! 3µ

and ⌧ ! µ�, are comparable to the Belle II expectations [91]. Additionally, the basic ⌧

properties (e.g., mass and lifetime) and LFU tests in leptonic ⌧ decays are also appropriate

targets at CEPC. Many aspects of ⌧ physics remain to be fully explored at CEPC, including

the ↵s determination in hadronic ⌧ decays [122], the ⌧ polarimetry as a measurement of EW

physics [123], the production of ⌧+⌧� bound states [124], and CP violating ⌧ decays [125].

Measurement Current [126] FCC [115] Tera-Z Prelim. [127] Comments

Lifetime [sec] ±5⇥ 10�16
±1⇥ 10�18 from 3-prong decays, stat. limited

BR(⌧ ! `⌫⌫̄) ±4⇥ 10�4
±3⇥ 10�5 0.1⇥ the ALEPH systematics

m(⌧) [MeV] ±0.12 ±0.004± 0.1 �(ptrack) limited

BR(⌧ ! 3µ) < 2.1⇥ 10�8
O(10�10) same bkg free

BR(⌧ ! 3e) < 2.7⇥ 10�8
O(10�10) bkg free

BR(⌧± ! eµµ) < 2.7⇥ 10�8
O(10�10) bkg free

BR(⌧± ! µee) < 1.8⇥ 10�8
O(10�10) bkg free

BR(⌧ ! µ�) < 4.4⇥ 10�8
⇠ 2⇥ 10�9

O(10�10) Z ! ⌧⌧� bkg , �(p�) limited

BR(⌧ ! e�) < 3.3⇥ 10�8
⇠ 2⇥ 10�9

Z ! ⌧⌧� bkg, �(p�) limited

BR(Z ! ⌧µ) < 1.2⇥ 10�5
O(10�9) same ⌧⌧ bkg, �(ptrack) & �(Ebeam) limited

BR(Z ! ⌧e) < 9.8⇥ 10�6
O(10�9) ⌧⌧ bkg, �(ptrack) & �(Ebeam) limited

BR(Z ! µe) < 7.5⇥ 10�7 10�8
� 10�10

O(10�9) PID limited

BR(Z ! ⇡
+
⇡
�) O(10�10) �(~ptrack) limited, good PID

BR(Z ! ⇡
+
⇡
�
⇡
0) O(10�9) ⌧⌧ bkg

BR(Z ! J/ �) < 1.4⇥ 10�6 10�9
� 10�10

``�+⌧⌧� bkg

BR(Z ! ⇢�) < 2.5⇥ 10�5
O(10�9) ⌧⌧� bkg, �(ptrack) limited

TABLE V. Projected sensitivities of ⌧ physics at the Z-factory run of FCC-ee [115] and recent

Tera-Z updates [127]. All numbers are presented as absolute instead of relative values. For ⌧ ! 3e,

⌧ ! µee, and ⌧ ! eµµ limits, we assume the sensitivities are similar to that of ⌧ ! 3µ. The

expected reaches for several exclusive hadronic Z decays are also listed.

The low multiplicity of aforementioned ⌧ physics studies also inspires the search for

exclusive Z hadronic decays. In those searches, the hierarchy between mZ and ⇤QCD and

small backgrounds o↵er an excellent chance to test the factorization theorem and extract
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Final remarks
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The Z-pole run of the CEPC would offer 
plenty of flavour physics opportunities

O(1012) Z decays would enable us to study many processes with a 
much higher precision than (or inaccessible to) other experiments

If the current anomalies will be confirmed, 
new physics is “behind the corner”

Tera Z provides a unique opportunity to study Z LFV decays, 
rare B decays, tests of LFU in tau decays or Bc decays etc.

However, it may be out of the reach of the LHC, we need to 
discriminate among the possible new physics options elsewhere
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7. – 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 2 [1, 6]GeV2,(64)

RK⇤ ⌘
BR(B0

! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [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
B0

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�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (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]

Geng Li-Sheng et al. ’21, Cornella et al. ’21, Algueró et al. ’21, Ciuchini et al. ’20 + many older refs.

Fits to the data: non-standard contributions preferred at the ~5𝜎 level

O
`(0)
10 ⇠ (s̄�µPL(R)b)(¯̀�

µ�5`)O
`(0)
9 ⇠ (s̄�µPL(R)b)(¯̀�

µ`)

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

Altmannshofer Stangl 

arXiv: 2103.13370
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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 (‘SM EFT’):
Differ by SU(2) contractions:

“singlet-singlet”

“triplet-triplet”
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(and references therein for early theoretical interpretations). Of course, setups involving
more operators – possibly also with electrons – can also give a good fit. In terms of the
SU(2)L ⇥U(1)Y -invariant operators listed in Table IV, the above-mentioned low-energy

operator (s̄�µPLb)(µ̄�µPLµ) arise from both Q(1)
`q

and Q(3)
`q

(which di↵er by the SU(2)L
contractions) with suitable choices of flavour indices:

(Q(1)
`q

)µµbs = (L̄a

L 2 �
µ La

L 2)(Q̄
b

L 2 �µ Q
b

L 3)(68)

(Q(3)
`q

)µµbs =
X

I=1,3

(L̄a

L 2 �
µ(⌧I)ab L

b

L 2)(Q̄
c

L 2 �µ(⌧I)cd Q
d

L 3),(69)

where a, b, c, d are summed-up SU(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 final-state neutrinos such as B ! K(⇤)⌫⌫̄, 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) flavour-conserving and flavour-violating operators are not related in
general terms. In other words, we can not draw a definite conclusion unless the underlying
new physics theory that give rise to our operators is fully specified. However, it is also
fair to say that if such large breaking of LFU is verified – implying new physics coupling
with very di↵erent strengths to the di↵erent lepton generations – 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 – cf. Eq. (5)
– unless a very specific structure of the lepton Yukawa matrix is assumed (possibly a
consequence of a symmetry of flavour). As an illustration of the above discussion, let us
consider – as in [220, 221, 222, 223, 224, 226, 227] – 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 – resembling the hierarchical structure of the SM Yukawas –
is a natural consequence of a flavour structure controlled either by the minimal flavour
violation ansatz [223] or by a flavour symmetry U(2)q ⇥U(2)` acting on first and second
generation quarks and leptons only [224]. Our operators in Eq. (68, 69) – and thus
the wanted LFU e↵ects – 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 processes Bs ! ⌧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 fitting the LFU anomalies and fulfilling bounds
from B ! K(⇤)⌫⌫̄ [221]:

BR(B ! K⇤⌧µ) ⇡ 2⇥ BR(B ! K⌧µ) ⇡ 2⇥ BR(Bs ! ⌧µ) . 10�6.(70)

More interestingly, radiative e↵ects – i.e. the RG running of the operators from the new-
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new physics theory that give rise to our operators is fully specified. However, it is also
fair to say that if such large breaking of LFU is verified – implying new physics coupling
with very di↵erent strengths to the di↵erent lepton generations – CLFV e↵ects are to be
expected to some extent [222]. Indeed, it is likely that a theory inducing operators like
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)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 – cf. Eq. (5)
– unless a very specific structure of the lepton Yukawa matrix is assumed (possibly a
consequence of a symmetry of flavour). As an illustration of the above discussion, let us
consider – as in [220, 221, 222, 223, 224, 226, 227] – a scenario where the underlying new
physics mainly generates operators involving third generations, i.e. b quarks and taus:

(Q(1,3)
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)⌧⌧bb. This choice – resembling the hierarchical structure of the SM Yukawas –
is a natural consequence of a flavour structure controlled either by the minimal flavour
violation ansatz [223] or by a flavour symmetry U(2)q ⇥U(2)` acting on first and second
generation quarks and leptons only [224]. Our operators in Eq. (68, 69) – and thus
the wanted LFU e↵ects – 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)
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)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 processes Bs ! ⌧µ,
B ! K(⇤)⌧µ, although with rates below the present limits (if any at all, cf. Table II), at
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More interestingly, radiative e↵ects – 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(⇤)⌫⌫̄
Alonso Grinstein Camalich ’15                 

LC Crivellin Ota ‘15

One can attempt to explain class 1 and 2 anomalies simultaneously
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Simultaneous explanation of the anomalies 

Ops with only 3rd family: Q(1)
`q = (L̄3�

µL3)(Q̄3�µQ3) , Q(3)
`q = (L̄3�

µ⌧IL3)(Q̄3�µ⌧
IQ3)
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Flavour structure justified by:


•  Theoretical considerations (SM hierarchies, MFV paradigm, …)


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

(in the interaction basis)

CS(L̄3�
µL3)(Q̄3�µQ3) �! CSV

d
23V

d ⇤
33 |V e

23|2 (L̄2�
µL2)(Q̄2�µQ3)
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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 h�i and ⇤ but only on their ratio.

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

Y
f = V

f†
Ŷ

f
W

f
, f = u, d, e (3)

where Ŷ f are family-diagonal matrices, and V
f andW

f are unitary matrices corresponding
to rotations of left- and right-handed fields, respectively. Their size can be estimated as:

V
u
ij ⇠ ✏

|QQi
�Qqj |, V

d
ij ⇠ ✏

|QQi
�Qqj |, V

e
ij ⇠ ✏

|QLi
�Q`j |,

W
u
ij ⇠ ✏

|Qui�Quj |, W
d
ij ⇠ ✏

|Qdi
�Qdj | , W

e
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 flavour 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
⇠

0

@
✏
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✏
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✏
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✏
2 1

1
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d
⇠
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✏
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✏
5

✏
5

✏
6

✏
4

✏
4

✏
4

✏
2

✏
2

1

A . (7)

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

✏ ⇡ 0.2 ,

and given the freedom of choosing the O (1) coe�cients in a
u and a

d, the above matrices
can easily fit the observed quark masses and CKM mixing. The order of magnitude of the
rotations following from (4) is

V
u,d

⇠

0

@
1 ✏ ✏

3

✏ 1 ✏
2

✏
3

✏
2 1

1

A , W
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⇠
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3
✏
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✏
3 1 ✏

2

✏
5
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2 1

1

A , W
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⇠

0

@
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✏
2

✏
2 1 1
✏
2 1 1

1

A , (8)
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⇠ Vcb ⇥ Vtb
<latexit sha1_base64="FqMu6jf6oiD80cKWFgZgPy2Xcco=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEBF0W3bisYB/QhDCZTtqhk0mYuRFKqBt/xY0LRdz6F+78GydtFtp6YODcc+7lzj1hKrgGx/m2Kiura+sb1c3a1vbO7p69f9DRSaYoa9NEJKoXEs0El6wNHATrpYqROBSsG45vCr/7wJTmibyHScr8mAwljzglYKTAPvI0j3EnyGk49YDHTBcFhNPArjsNZwa8TNyS1FGJVmB/eYOEZjGTQAXRuu86Kfg5UcCpYNOal2mWEjomQ9Y3VBKzy89nF0zxqVEGOEqUeRLwTP09kZNY60kcms6YwEgveoX4n9fPILrycy7TDJik80VRJjAkuIgDD7hiFMTEEEIVN3/FdEQUoWBCq5kQ3MWTl0nnvOE6Dffuot68LuOoomN0gs6Qiy5RE92iFmojih7RM3pFb9aT9WK9Wx/z1opVzhyiP7A+fwCPapbz</latexit><latexit sha1_base64="FqMu6jf6oiD80cKWFgZgPy2Xcco=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEBF0W3bisYB/QhDCZTtqhk0mYuRFKqBt/xY0LRdz6F+78GydtFtp6YODcc+7lzj1hKrgGx/m2Kiura+sb1c3a1vbO7p69f9DRSaYoa9NEJKoXEs0El6wNHATrpYqROBSsG45vCr/7wJTmibyHScr8mAwljzglYKTAPvI0j3EnyGk49YDHTBcFhNPArjsNZwa8TNyS1FGJVmB/eYOEZjGTQAXRuu86Kfg5UcCpYNOal2mWEjomQ9Y3VBKzy89nF0zxqVEGOEqUeRLwTP09kZNY60kcms6YwEgveoX4n9fPILrycy7TDJik80VRJjAkuIgDD7hiFMTEEEIVN3/FdEQUoWBCq5kQ3MWTl0nnvOE6Dffuot68LuOoomN0gs6Qiy5RE92iFmojih7RM3pFb9aT9WK9Wx/z1opVzhyiP7A+fwCPapbz</latexit><latexit sha1_base64="FqMu6jf6oiD80cKWFgZgPy2Xcco=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEBF0W3bisYB/QhDCZTtqhk0mYuRFKqBt/xY0LRdz6F+78GydtFtp6YODcc+7lzj1hKrgGx/m2Kiura+sb1c3a1vbO7p69f9DRSaYoa9NEJKoXEs0El6wNHATrpYqROBSsG45vCr/7wJTmibyHScr8mAwljzglYKTAPvI0j3EnyGk49YDHTBcFhNPArjsNZwa8TNyS1FGJVmB/eYOEZjGTQAXRuu86Kfg5UcCpYNOal2mWEjomQ9Y3VBKzy89nF0zxqVEGOEqUeRLwTP09kZNY60kcms6YwEgveoX4n9fPILrycy7TDJik80VRJjAkuIgDD7hiFMTEEEIVN3/FdEQUoWBCq5kQ3MWTl0nnvOE6Dffuot68LuOoomN0gs6Qiy5RE92iFmojih7RM3pFb9aT9WK9Wx/z1opVzhyiP7A+fwCPapbz</latexit><latexit sha1_base64="FqMu6jf6oiD80cKWFgZgPy2Xcco=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEBF0W3bisYB/QhDCZTtqhk0mYuRFKqBt/xY0LRdz6F+78GydtFtp6YODcc+7lzj1hKrgGx/m2Kiura+sb1c3a1vbO7p69f9DRSaYoa9NEJKoXEs0El6wNHATrpYqROBSsG45vCr/7wJTmibyHScr8mAwljzglYKTAPvI0j3EnyGk49YDHTBcFhNPArjsNZwa8TNyS1FGJVmB/eYOEZjGTQAXRuu86Kfg5UcCpYNOal2mWEjomQ9Y3VBKzy89nF0zxqVEGOEqUeRLwTP09kZNY60kcms6YwEgveoX4n9fPILrycy7TDJik80VRJjAkuIgDD7hiFMTEEEIVN3/FdEQUoWBCq5kQ3MWTl0nnvOE6Dffuot68LuOoomN0gs6Qiy5RE92iFmojih7RM3pFb9aT9WK9Wx/z1opVzhyiP7A+fwCPapbz</latexit>

Giving e.g. :

Glashow Guadagnoli Lane  ’14, Bhattacharya et al. ’14, LC Crivellin Ota ’15, Feruglio Paradisi Pattori ’16,’17 …
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Operators involving 2nd generations generated by rotations to the mass basis:

Both kinds of anomalies can be fitted. However… 

Lorenzo Calibbi (Nankai)Flavour physics at Tera Z



Radiatively generated LFV and LFUV effects

Ops with only 3rd family: Q(1)
`q = (L̄3�

µL3)(Q̄3�µQ3) , Q(3)
`q = (L̄3�

µ⌧IL3)(Q̄3�µ⌧
IQ3)
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Feruglio Paradisi Pattori ’16 & ’17
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<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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Ops with only 3rd family: Q(1)
`q = (L̄3�

µL3)(Q̄3�µQ3) , Q(3)
`q = (L̄3�

µ⌧IL3)(Q̄3�µ⌧
IQ3)

<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 the B anomalies through left-
handed currents, for two di↵erent C1 vs. C3 configurations (left : C1 = 0, right : C1 = C3). For

C1 = C3, simultaneously imposing all bounds is actually equivalent to impose R⌧/`

⌧ alone. In the
scan the parameters varied in the following ranges: C1,3/⇤2

2 {�4, 4} TeV�2, ⇤ 2 {1, 10} TeV,

|�d,e

23 | 2 {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

configurations. In the scan the parameters varied in the following ranges: C1,3/⇤2
2 {�4, 4} TeV�2,

⇤ 2 {1, 10} TeV, |�e

23| 2 {0, 0.5}, �d

23 2 {�0.2,�0.01}. All bounds refer to 2� uncertainties.

29

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 ’16, ’17

We need a more general flavour structure to explain all anomalies
Buttazzo et al. ’17
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Z LFV prospects

• CEPC can improve on present LHC (future HL-LHC) bounds up to 4 (3) 
orders of magnitude, at least for the Z → 𝜏𝓁 modes


• The question is: can CEPC searches find new physics with these modes?


• It depends on the indirect constraints from other processes


• In particular low-energy LFV processes are unavoidably induced

Nussinov Peccei Zhang ’00; Delepine Vissani ’01; Gutsche et al. ’11; Crivellin Najjari Rosiek ’13; …

Previous model-independent studies: 

Z
<latexit sha1_base64="5jmJUwYEAlZbYWQ7hdHaeo4pdSo=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVFwMYyAfOByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyW92acoB/RgeQhZ9RYqf7QK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndRrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gC4QYzc</latexit>

⌧
<latexit sha1_base64="z9CUlYC8MKYnrjg87GCjPtBDpj8=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9OCh4MVjBfsBbSib7aZdursJuxOhhP4FLx4U8eof8ua/MWlz0NYHA4/3ZpiZF8RSWHTdb2dtfWNza7u0U97d2z84rBwdt22UGMZbLJKR6QbUcik0b6FAybux4VQFkneCyV3ud564sSLSjziNua/oSItQMIq51EeaDCpVt+bOQVaJV5AqFGgOKl/9YcQSxTUySa3teW6MfkoNCib5rNxPLI8pm9AR72VUU8Wtn85vnZHzTBmSMDJZaSRz9fdESpW1UxVknYri2C57ufif10swvPFToeMEuWaLRWEiCUYkf5wMheEM5TQjlBmR3UrYmBrKMIunnIXgLb+8Str1mndZqz9cVRu3RRwlOIUzuAAPrqEB99CEFjAYwzO8wpujnBfn3flYtK45xcwJ/IHz+QMgrY5G</latexit>

µ
<latexit sha1_base64="HflZID0sU8UOL1qYXFtMokviiLI=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQQ8eCl48VrQf0C4lm2bb0CS7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2FmXpgIbqznfaPC2vrG5lZxu7Szu7d/UD48apk41ZQ1aSxi3QmJYYIr1rTcCtZJNCMyFKwdjm9nfvuJacNj9WgnCQskGSoecUqskx56Mu2XK17VmwOvEj8nFcjR6Je/eoOYppIpSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuo4pIZoJsfuoUnzllgKNYu1IWz9XfExmRxkxk6DolsSOz7M3E/7xuaqPrIOMqSS1TdLEoSgW2MZ79jQdcM2rFxBFCNXe3YjoimlDr0im5EPzll1dJq1b1L6q1+8tK/SaPowgncArn4MMV1OEOGtAECkN4hld4QwK9oHf0sWgtoHzmGP4Aff4AXN6N1A==</latexit>

µ
<latexit sha1_base64="HflZID0sU8UOL1qYXFtMokviiLI=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQQ8eCl48VrQf0C4lm2bb0CS7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2FmXpgIbqznfaPC2vrG5lZxu7Szu7d/UD48apk41ZQ1aSxi3QmJYYIr1rTcCtZJNCMyFKwdjm9nfvuJacNj9WgnCQskGSoecUqskx56Mu2XK17VmwOvEj8nFcjR6Je/eoOYppIpSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuo4pIZoJsfuoUnzllgKNYu1IWz9XfExmRxkxk6DolsSOz7M3E/7xuaqPrIOMqSS1TdLEoSgW2MZ79jQdcM2rFxBFCNXe3YjoimlDr0im5EPzll1dJq1b1L6q1+8tK/SaPowgncArn4MMV1OEOGtAECkN4hld4QwK9oHf0sWgtoHzmGP4Aff4AXN6N1A==</latexit>

⌧
<latexit sha1_base64="z9CUlYC8MKYnrjg87GCjPtBDpj8=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9OCh4MVjBfsBbSib7aZdursJuxOhhP4FLx4U8eof8ua/MWlz0NYHA4/3ZpiZF8RSWHTdb2dtfWNza7u0U97d2z84rBwdt22UGMZbLJKR6QbUcik0b6FAybux4VQFkneCyV3ud564sSLSjziNua/oSItQMIq51EeaDCpVt+bOQVaJV5AqFGgOKl/9YcQSxTUySa3teW6MfkoNCib5rNxPLI8pm9AR72VUU8Wtn85vnZHzTBmSMDJZaSRz9fdESpW1UxVknYri2C57ufif10swvPFToeMEuWaLRWEiCUYkf5wMheEM5TQjlBmR3UrYmBrKMIunnIXgLb+8Str1mndZqz9cVRu3RRwlOIUzuAAPrqEB99CEFjAYwzO8wpujnBfn3flYtK45xcwJ/IHz+QMgrY5G</latexit>e.g. : 

<latexit sha1_base64="djRhg0G2LUAFch7eeP0VDknmiDo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUCPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBzEOM7g==</latexit>

f

<latexit sha1_base64="djRhg0G2LUAFch7eeP0VDknmiDo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUCPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBzEOM7g==</latexit>

f

<latexit sha1_base64="BvSPwOga5lAvad37Idig8VBAw6c=">AAACPnicbVBLSwMxGMzWV62vVY9egsXiQcquKHosePFYwT6gKSWbpm1odrMk3wql9Jd58Td48+jFgyJePZpt92AfAwnDzPeRzASxFAY8783Jra1vbG7ltws7u3v7B+7hUd2oRDNeY0oq3Qyo4VJEvAYCJG/GmtMwkLwRDO9Sv/HEtREqeoRRzNsh7UeiJxgFK3XcGgGa4BIBhUmYYHKBCZcyu0hhzk3NWKyU9UClegkT1lVgOm7RK3tT4GXiZ6SIMlQ77ivpKpaEPAImqTEt34uhPaYaBJN8UiCJ4TFlQ9rnLUsjGnLTHk/jT/CZVbq4p7Q9EeCp+n9jTENjRmFgJ0MKA7PopeIqr5VA77Y9FlGcAI/Y7KFeIrHNnXaJu0JzBnJkCWVa2L9iNqCaMrCNF2wJ/mLkZVK/LPvXZe/hqlipZHXk0Qk6RefIRzeogu5RFdUQQ8/oHX2iL+fF+XC+nZ/ZaM7Jdo7RHJzfP7l6q0M=</latexit>

⌧ ! µ ``

⌧ ! µ⇡

⌧ ! µ⇢

· · ·

Z
<latexit sha1_base64="5jmJUwYEAlZbYWQ7hdHaeo4pdSo=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVFwMYyAfOByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyW92acoB/RgeQhZ9RYqf7QK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndRrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gC4QYzc</latexit>

Lorenzo Calibbi (Nankai)Flavour physics at Tera Z



Z LFV prospects
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Observable Operator Indirect Limit on LFVZD Strongest constraint

BR(Z ! µe)

�
Q(1)

'` +Q(3)
'`

�eµ
3.7⇥ 10�13 µ ! e, Au

Qeµ
'e 9.4⇥ 10�15 µ ! e, Au

Qeµ
eB 1.4⇥ 10�23 µ ! e�

Qeµ
eW 1.6⇥ 10�22 µ ! e�

BR(Z ! ⌧e)

�
Q(1)

'` +Q(3)
'`

�e⌧
6.3⇥ 10�8 ⌧ ! ⇢ e

Qe⌧
'e 6.3⇥ 10�8 ⌧ ! ⇢ e

Qe⌧
eB 1.2⇥ 10�15 ⌧ ! e�

Qe⌧
eW 1.3⇥ 10�14 ⌧ ! e�

BR(Z ! ⌧µ)

�
Q(1)

'` +Q(3)
'`

�µ⌧
4.3⇥ 10�8 ⌧ ! ⇢µ

Qµ⌧
'e 4.3⇥ 10�8 ⌧ ! ⇢µ

Qµ⌧
eB 1.5⇥ 10�15 ⌧ ! µ�

Qµ⌧
eW 1.7⇥ 10�14 ⌧ ! µ�

Table 4: Indirect upper limits on BR(Z ! `i`j) considering a single operator at the scale
µ = mZ . The last column shows which low-energy observable gives the strongest constraint.

two non-zero operators at a time, paying special attention to possible flat directions, i.e., fine
cancellations among contributions stemming from different operators. We will see how other
operators beyond those in Eq. (7) could play an important role in this case, and we will assess
whether they could suppress some of the low-energy LFV decays, thus allowing larger LFV Z

decay rates.

5.1 Single operator dominance

We want to analyse the effect of the five relevant SMEFT operators for tree-level LFVZD, i.e.,
the two dipoles and three Higgs-lepton operators, assuming that only one of them is present
at a time, which would be approximately the case if the underlying UV dynamics mostly
matches to a single operator while inducing others at a substantially suppressed level. This
hypothesis, however, needs to be defined at a given scale µ.

We start considering a single non-zero WC at µ = mZ , as this is the relevant scale for the
Z decays. Table 4 shows the results we found for the maximum allowed LFVZD rates after
requiring that all the the low-energy LFV processes that are induced by the same operators
lie below their current experimental limits shown in Table 3. Notice that, in this case, the
RGE effects do not affect the LFVZD, which can be directly computed by means of Eq. (6).
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Present/future limits on LFV tau decays

Upper limits at (Super) B factories

21
The Belle II Physics Book arXiv:1808.10567

• Current estimation with Belle II final statistics : ~10-2 lower
=> Many decay modes are reachable in Belle II !

Tau physics prospect at Belle II
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