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Scope of Flavour Physics @ FCC-ee

2

• Flavour physics reach with O(1013) Z decays (108 W, 106 Higgs, top) 
• rare decays of c- and b-hadrons and CP violation in the heavy-

quark sector 
• rare lepton decays 
• rare Z, (W, h, t?) decays 

• In the context of ultimate potential of the LHCb upgrade and Belle II 
experiments.  

• Possibility/utility of dedicated PID (π / K / p separation) detector 
• Baseline focus on combination of conservative benchmarks and 

exploratory new observables
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Flavor physics circa 2030: possible scenarios
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FCC-ee flavour physics benchmarks & explorations



⇒ Bu,c→μν,τν  

• inclusive |Vub| measurements theory limited,  
• final BelleII exclusive precision: ~2.2%

Leptonic or semileptonic decay modes involving 
Bs, Bc or b−baryon

5

Belle II — LHCb: complementarity & competition

luminosity � ⌘ �3 |Vub| exclusive

SB! KS
SB!⇡+⇡� �ACP

NB: these plots show statistical errors only, important issues swept under the rug

• Details depend on Belle II and LHC LS2–3 schedules [Urquijo, private communications]

Z L – p. iv

Improvement via 
Bu,c→μν,τν @ FCC-ee? 

|Vub| preclude us from providing a confident and precise numerical prediction of the
branching ratio within the SM. Instead, taking into account other subleading sources
of uncertainty in the B ! ⌧⌫ mode – the B� lifetime and electromagnetic corrections
– which contribute around 1% to the error on the branching ratio, we obtain the
following precise parametric estimate

Br(B� ! ⌧�⌫̄(�))SM = 1.13(1)⇥ 10�4

✓
fB

0.2GeV

◆2 ✓ |Vub|
4⇥ 10�3

◆2

. (2)

In addition, neglecting for the moment the di↵erences in EM corrections between the
di↵erent charged lepton modes, the lepton universality ratios can also be precisely
predicted

Br(B� ! µ�⌫̄)

Br(B� ! ⌧�⌫̄)

�

SM⇤
= 4.49⇥ 10�3 ,


Br(B� ! e�⌫̄)

Br(B� ! ⌧�⌫̄)

�

SM⇤
= 1.05⇥ 10�7 , (3)

where the asterisk denotes that EM corrections have been neglected or subtracted as
will be discussed shortly.

Within the SM, the two main sources of uncertainty in the Br(B ! ⌧⌫) due to
fB and |Vub| are in fact reducible by combining information on �mBd

and the CKM
unitarity triangle angles in the ratio Br(B� ! ⌧�⌫̄)/�mBd

[9]. The virtue of this
ratio is that quadratic sensitivity to a dimensionful hadronic quantity (fB) is replaced
by a linear dependence on the dimensionless bag parameter B̂Bd

, which is presently
known at 9% precision from Lattice QCD computations [6]. In addition, the CKM
parametric dependence is modified compared to eq. (1) and can be rewritten intirely
in terms of unitarity triangle angles �CKM and �CKM. Using the results of a global
CKM fit [8] without the leptonic B decay included, this leads to an uncertainty in
the ratio of 11%. Unfortunately, tensions in such a fit at present again preclude us
from stating a reliable and precise SM prediction⇤.

Considering again the muon and electron final states, it is well known that the
emission of an additional photon in B ! `⌫ can lift helicity suppression [11]. The
inner bremsstrahlung (IB) photons originating from point-like sources can be com-
puted exactly using Low’s theorem. However, they are still helicity suppressed and
thus cancel in ratios between the three lepton flavor final states in eq. (3). Helicity
suppression is lifted by additional structure dependent (SD) contributions which can
thus give relevant contributions to light lepton final states. In general, the radiative
leptonic decay rate spectrum due to SD terms can be written in terms of two hadronic
form factors [11], which parametrize the hadronic matrix element h�|b̄�µ(1��5)u|Bi .
It has been pointed out recently [12], that these contributions may be resonantly en-
hanced due to the presence of the nearby B⇤ pole. Experiments impose finite cuts on
final state photon (E� < Ecut

� ⇠ O(200 MeV)) and lepton (E` > Ecut
` ⇠ O(2.4 GeV))

⇤
For a recent discussion on possible new physics implications of these tensions c.f. [8, 10].

2


�(B+ ! ⌧+⌫)

�(B+
c ! ⌧+⌫)

�

SM⇤
= 0.782

����
VubfB
VcbfBc

����
2

(see talk by Becirevic)



Leptonic or semileptonic decay modes involving 
Bs, Bc or b−baryon (see also talks by Becirevic, Vale Silva)

Searches for Bc ! ⌧⌫ at FCC-ee

BR(Bc ! ⌧⌫) measured in a e+e� collider at the Z pole
I Searches of B� ! ⌧�⌫ above Bc B̄c threshold really measure

Mangano&Slabospitsky, PLB410(1997)299

FCC�ee
z }| {
BReff =

Belle & BaBar
z }| {
BR(B ! ⌧⌫) +

TH.input
z}|{
fc
fu

BR(Bc ! ⌧⌫)

I Bc contribution suppressed by fc/fu ⇠ 10�3-10�2 but enhanced by |Vcb|2
|Vub|2

f 2
Bc
f 2
B

⇠ 700

fc/fu : Fraction of hadronization into Bc over B
I Traded by experimental data and computable TH. input

R` =
fc
fu

BR(Bc ! J/ µ⌫)
B ! J/ K

I R` measured by CDF and reconstructed from LHCb data

J. Martin Camalich (CERN) Indirect future sensitivity at LHCb/BelleII/FCC-ee January 18th 2017 16 / 20



Leptonic or semileptonic decay modes involving 
Bs, Bc or b−baryon

Searches for Bc ! ⌧⌫ at FCC-ee

Model calculations predict BR(Bc ! J/ µ⌫) 2 1 � 7%!

Wang, Fang&Xiao, arXiv: 1212.5903

Ongoing efforts in LQCD!

I Preliminary results to select models

HPQCD Collaboration, PoS LATTICE2016 (2016) 281

I Constrains BR(Bc ! ⌧⌫) < 10%

Akeroyd&Chen, 1708.04072

J. Martin Camalich (CERN) Indirect future sensitivity at LHCb/BelleII/FCC-ee January 18th 2017 17 / 20

M. Acciarri et al. [L3 Collaboration], Phys. Lett. B 396, 327 (1997). 
P. Abreu et al. [DELPHI Collaboration], Phys. Lett. B 496, 43 (2000). 
R. Barate et al. [ALEPH Collaboration], Eur. Phys. J. C 19, 213 (2001).

(see also talks by Becirevic, Vale Silva)
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Searches for Bc ! ⌧⌫ at FCC-ee

Model calculations predict BR(Bc ! J/ µ⌫) 2 1 � 7%!

Wang, Fang&Xiao, arXiv: 1212.5903

I Projections made for ⇠ 109Z bosons Akeroyd, Chen, Recksiegel, 0803.3517

Interesting redo projections for 1013 Z ’s at FCC-ee!

J. Martin Camalich (CERN) Indirect future sensitivity at LHCb/BelleII/FCC-ee January 18th 2017 17 / 20

With 1013 Z bosons, can look towards other related systems:

�(B+ ! µ+⌫)

�(B+ ! ⌧+⌫)

�

SM⇤
= 4.46⇥ 10�3


�(B+

c ! µ+⌫)

�(B+
c ! ⌧+⌫)

�

SM⇤
= 4.15⇥ 10�3

(see also talks by Becirevic, Vale Silva)



Leptonic or semileptonic decay modes involving 
Bs, Bc or b−baryon

With 1013 Z bosons, can look towards other related systems:

�(B+ ! µ+⌫)

�(B+ ! ⌧+⌫)

�

SM⇤
= 4.46⇥ 10�3


�(B+

c ! µ+⌫)

�(B+
c ! ⌧+⌫)

�
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Confronting lepton flavor universality violation in B decays with high-pT tau lepton
searches at LHC

Darius A. Faroughy,1, ⇤ Admir Greljo,2, 3, † and Jernej F. Kamenik1, 4, ‡

1Jožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia
2Physik-Institut, Universität Zur̈ich, CH-8057 Zur̈ich, Switzerland

3Faculty of Science, University of Sarajevo, Zmaja od Bosne 33-35, 71000 Sarajevo, Bosnia and Herzegovina
4Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia

(Dated: September 23, 2016)

We confront the indications of lepton flavor universality (LFU) violation observed in semi-tauonic
B meson decays with new physics (NP) searches using high pT tau leptons at the LHC. Using
e↵ective field theory arguments we correlate possible non-standard contributions to semi-tauonic
charged currents with the ⌧+⌧� signature at high energy hadron colliders. Several representative
standard model extensions put forward to explain the anomaly are examined in detail: (i) weak
triplet of color-neutral vector resonances, (ii) second Higgs doublet and (iii) scalar or (iv) vector
leptoquark. We find that, in general, ⌧+⌧� searches pose a serious challenge to NP explanations of
the LFU anomaly. Recasting existing 8 TeV and 13 TeV LHC analyses, stringent limits are set on
all considered simplified models. Future projections of the ⌧+⌧� constraints as well as caveats in
interpreting them within more elaborate models are also discussed.

I. INTRODUCTION

Lepton flavor universality (LFU) of weak interactions
is one of the key predictions of the standard model (SM).
Experimentally it has been probed at the percent level
precision both directly in W decays at LEP [1], but also
indirectly via precision measurements of pion, kaon, D
meson and tau lepton decays (see for example [2–5]).
Over the past several years, there has been accumulating
evidence for departures from LFU in (semi)tauonic de-
cays of B mesons. In particular, Babar [6, 7], Belle [8, 9]
and LHCb [10] have all reported measurements of LFU
ratios

R(D(⇤)) ⌘ �(B ! D(⇤)⌧⌫)

�(B ! D(⇤)`⌫)
, (1)

where ` = e, µ, systematically larger than the corre-
sponding very precise SM predictions [11–14]. A recent
HFAG average of all current measurements [2]

R(D⇤) = (1.25 ± 0.07) ⇥ R(D⇤)
SM

, (2a)

R(D) = (1.32 ± 0.16) ⇥ R(D)
SM

, (2b)

puts the combined significance of these excesses at the
4.0 � level (assuming R(D) = R(D⇤) the significance
exceeds 4.4 �). Both R(D(⇤)) exhibit deviations of the
same order and a good fit to current data prefers an ap-
proximately universal enhancement of ⇠ 30% in both
observables over their SM values. This relatively large
e↵ect in charged current mediated weak processes calls
for new physics (NP) contributions in b ! c⌧⌫ transi-
tions [15]. At the tree level, the possibilities are reduced

⇤Electronic address:darius.faroughy@ijs.si
†Electronic address:admir@physik.uzh.ch
‡Electronic address:jernej.kamenik@cern.ch

to the exchange of a charged scalar (H+) [16, 17] or vec-
tor (W 0) [18, 19] bosons, or alternatively colored states
carrying baryon and lepton numbers (leptoquarks) [20–
23]. Importantly, all possibilities imply new charged (and
possibly colored) states with masses at or below the TeV
and with significant couplings to the third generation
SM fermions, making them potential targets for direct
searches at the LHC. The aim of the present work is to
elucidate and quantify the current and future sensitivity
of the LHC high-pT experiments (ATLAS and CMS) to
such NP. In particular we will show that quite generally
NP relevant to the R(D(⇤)) anomalies can be e�ciently
probed using high-pT tau pair production at the LHC.

The rest of the paper is structured as follows. In sec-
tion II we employ e↵ective field theory (EFT) arguments
to correlate NP contributions to R(D(⇤)) with high-pT
signatures involving tau leptons. We then examine ex-
plicit single mediator extensions of the SM which can
be matched onto the EFT addressing the LFU anomaly
in Sec. III. The resulting constraints coming from exist-
ing ⌧+⌧� searches by ATLAS and CMS are presented in
Sec. IV. Future experimental prospects as well as possible
directions for model building in order to alleviate ⌧+⌧�

constraints are discussed in Sec. V.

II. EFFECTIVE FIELD THEORY

At su�ciently low energies, the exchange of new mas-
sive particles induces e↵ects which can be fully captured
by the appearance of local higher dimensional operators
within an e↵ective field theory description where the SM
contains all the relevant degrees of freedom. The leading
contributions appear at operator dimension six. While
the e↵ects in semileptonic B decays can without loss of
generality be described in terms of e↵ective operators re-
specting the QCD and QED gauge symmetries relevant
below the electroweak breaking scale v

EW

' 246 GeV,

Especially, given surprising current experimental situation concerning LFU:

(see also talks by Becirevic, Vale Silva)



  

⇒ asl(s,d) 
• Current exp. unc. ~0.5% 
• Will be improved by order of 

magnitude by BelleII & LHCb  
• Still order of magnitude above 

precision of SM predictions:

Leptonic or semileptonic decay modes involving 
Bs, Bc or b−baryon

CP	viola8on	in	Bs-Bs	mixing		

9	

PRL	117	(2016)	061803	

Note:	asl(Bd)	and	asl(Bs)	are	very	
small	in	the	SM	

•  Latest	measurement	of	asl(Bs)	using	
BsàDs(KKπ)μνX	decays	

Artuso,	Borissov,	Lenz	[arXiv:1511.09466]	

•  CP	violaIon	in	neutral	B-meson	mixing	
manifests	itself	if	

•  Interest	triggered	by	a	measurement	
from	D0	yielding	an	anomalous	like-
sign	dimuon	asymmetry	
–  PRD	89	(2014)	012002	

•  Precise	measurements	of	semileptonic	
asymmetries	from	LHCb	do	not	
confirm	the	anomaly	
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	 Naive extrapolation of LEP results suggests 
sensitivity of FCC-ee better than 10-4 

More detailed studies underway

OPAL, hep-ex/9901017 
ALEPH, CERN-EP-2000-105

(see talk by Arogancia)



⇒ Bd,s→ττ 

• In the SM known to 6% precision: 

• First direct exp. bounds by LHCb: 

• Expected sensitivity at Belle II to BRs of O  (10−4) ∼ O(10−5) 

• Sensitivity at FCC-ee could be improved with partial reconstruction techniques

Leptonic or semileptonic decay modes involving 
Bs, Bc or b−baryon

11

Bobeth et al., 1311.0903

1 b ⇧ d, s�+�� transitions and lepton flavor non-universality

B-meson decays to ⇥+⇥� final states are experimentally largely uncharted territory. While
a few bounds like Br (Bd ⇧ ⇥+⇥�) < 4.1·10�3 [18] and Br (B+ ⇧ K+⇥+⇥�) < 3.3·10�3 [19]
do exist, they are all orders of magnitudes away from the corresponding SM predictions. In
view of the fact that measurements of ⇥+⇥� final states remain a big challenge at LHCb,
and that it is unclear whether an sensitivity beyond O(10�3) can be reached [20], Belle II
might be the only next-generation machine that may allow to explore these modes in some
depths in the near future.

1.1 Standard Model Predictions

1.1.1 Purely Leptonic Modes

The most recent SM predictions for the branching ratios of the purely leptonic Bs ⇧
⇥+⇥� and Bd ⇧ ⇥+⇥� decays include NNLO QCD corrections and NLO electro-weak
corrections [1]. They are given by

BR(Bs ⇧ ⇥+⇥�) = (7.73± 0.49)⇤ 10�7 , (1)

BR(Bd ⇧ ⇥+⇥�) = (2.22± 0.19)⇤ 10�8 . (2)

These SM predictions refer to the average time-integrated branching ratios. The uncer-
tainties are dominated by CKM elements and the B meson decay constants. The used
input parameters are all collected in [1]. (There are new lattice results for the decay
constants, but they do not yet appear in any “o⇥cial” FLAG average, yet. One
could also update the numbers with the latest CKM fits? All that would not
have any significant impact...)

1.1.2 Semi-Leptonic Modes

Predictions for exclusive semi-leptonic decays depend on form factors. In the semi-tauonic
decays the di-lepton invariant mass, q2, is restricted to the range from 4m2

� ⌃ 12.6 GeV2

to the kinematic endpoint (mB � mH)2, where H = �,K,K⇥, .... To avoid contributions
from the resonant decay through the narrow ⌅(2S) charmonium resonance, B ⇧ H⌅(2S)
with ⌅(2S) ⇧ ⇥+⇥�, SM predictions are typically given for a di-tau invariant mass q2 >
15 GeV2. In this kinematic regime, lattice computations are expected to provide reliable
results for the form-factors. In recent years, various lattice results became available for
B ⇧ � form factors [2, 3], B ⇧ K form factors [4, 5], B ⇧ K⇥ form factors [6] and Bs ⇧ ⇤
form factors [6].

Combining the uncertainties from the relevant CKM elements and form factors leads
to SM predictions for the branching ratios of the semi-tauonic decays with an accuracy of
around 10%-15%. The presence of broad charmonium resonances above the open charm

1

• Br(Bs → τ+τ−) < 3.0 × 10−3 

• Br(Bd → τ+τ−) < 1.3 × 10−3

LHCb-CONF-2016-011

(in progress)

(see talks by Monteil, Vale Silva)



⇒ Bd,s→ττ

Apart from tensor operators all Lorentz structures are tested

Bs!!+!‒: The unbounded

QS,AB = (s̄PAb) (�̄PB�)

QV,AB = (s̄�µPAb) (⇥̄ �
µPB⇥)

s

Bs

b

s

"+

"#

b s

"#"+

b

s

"+

"#

spin 0: S,P

"+

"#

b

spin 1: V,A

b

s

"+

"#

"+

"#

b

s

Z"
LQ

e.g. Z" e.g. leptoquark (LQ)

• Apart from tensors, all BSM 
bs(d)ττ Lorentz structures 
can be tested  

• Relatively most sensitive 
probe for scalar and  

• vector operators

Leptonic or semileptonic decay modes involving 
Bs, Bc or b−baryon
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⇒ b→sττ 

• LFU tests with FCNC B decays 

• Theoretically extremely clean

Lepton Flavor Universality Tests

BRs have O(15%) uncertainties due to form factors and CKM elements

theoretically cleaner are ratios of branching ratios involving different lepton flavors

R⇧⇧0
K =

BR(B � K �+��)[q2
1 ,q

2
2 ]

BR(B � K �⇥+�⇥�)[q2
1 ,q

2
2 ]

Rµe
K =

BR(B ⇥ Kµ+µ�)[1,6]

BR(B ⇥ Ke+e�)[1,6]
= 1.00023±0.00063

R⇥e
K =

BR(B ⇥ K⇥+⇥�)[14.18,max]

BR(B ⇥ Ke+e�)[14.18,max]
= 1.161±0.040

R⇥µ
K =

BR(B ⇥ K⇥+⇥�)[14.18,max]

BR(B ⇥ Kµ+µ�)[14.18,max]
= 1.158±0.039

(Bouchard et al. 1306.0434)

� QCD 2loop virtual corrections
(known) are not included in
these predictions
(are the ratios affected?)

� NLO QED corrections might
lead to few % shifts

(known for the inclusive
B ⇥ Xs⌅+⌅� decays,
but not yet calculated
for the exclusive modes)

� effect of charmonium
resonances?

Wolfgang Altmannshofer (PI) b ! s⌧⌧ January 14, 2015 6 / 17
W. Altmannshofer @ FCC-ee flavour WG meeting 2 

B2TiP draft report

M. Bordone et al., 1605.07633

1.1.3 Lepton Flavor Universality Ratios

We define lepton flavor universality (LFU) ratios in the following way

R``0
H =

BR(B ! H`+`�)

BR(B ! H`0+`0 �)
, (13)

where the branching ratios in the numerator and denominator are integrated over the same
q2 region. The main advantage of such ratios is their theoretical cleanliness. CKM elements
cancel out exactly in the ratios. Also form-factor uncertainties cancel almost exactly in
electron - muon ratios. In ratios involving taus, the form-factor uncertainties get reduced.

The SM predictions for LFU ratios in the B ! ⇡ and B ! K decays read [8]

Rµ⌧
⇡+ = 1.18± 0.06 , Rµ⌧

⇡0 = 1.19± 0.06 , (14)

Rµ⌧
K+ = 0.87± 0.02 , Rµ⌧

K0 = 0.87± 0.02 , (15)

for 15 GeV2 < q2 < 22 GeV2.
For LFU ratios in the B ! K⇤ decays we find [10]

Rµ⌧
K⇤+ = 2.44± 0.09 , Rµ⌧

K⇤0 = 2.45± 0.08 , (16)

for 15 GeV2 < q2 < 19.2 GeV2.

1.2 Probing New Physics

Since the b ! s, d⌧+⌧� decays involve third-generation fermions in the final state, one can
envisage new-physics scenarios (such as models with extended Higgs or gauge sectors or
scenarios with lepto-quarks) that give rise to e↵ects in the ⌧+⌧� modes, while leaving the
e+e� and/or µ+µ� channels unaltered. In a model independent approach, tau specific new
physics in rare B decays can be described by the following e↵ective Hamiltonian

HNP = �GFp
2
VtbV

⇤
ts

e2

16⇡2

X

i

⇣
CiOi + C 0

iO
0
i

⌘
, (17)

with the operators

O7 = (s̄�µ⌫PRb)F
µ⌫ , O0

7 = (s̄�µ⌫PLb)F
µ⌫ , (18)

O9 = (s̄�µPLb)(⌧̄ �
µ⌧) , O0

9 = (s̄�µPRb)(⌧̄ �
µ⌧) , (19)

O10 = (s̄�µPLb)(⌧̄ �
µ�5⌧) , O0

10 = (s̄�µPRb)(⌧̄ �
µ�5⌧) , (20)

OS = (s̄PRb)(⌧̄PL⌧) , O0
S = (s̄PLb)(⌧̄PR⌧) . (21)

These operators correspond to b ! s transitions, the corresponding operators for b !
d transitions are obtain by obvious replacements of the quarks. In order to constrain
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⇒ b→sττ 

• LFU tests with FCNC B decays 

• Surprising exp. situation (μ/e) 

1.1.3 Lepton Flavor Universality Ratios
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⇒ b→sττ 

• LFU tests with FCNC B decays 

• Surprising exp. situation (μ/e) 

• Final Belle II precision <4% 
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⇒ b→sττ 

• LFU tests with FCNC B decays 

• Surprising exp. situation (μ/e) 

• Motivates LFU tests with τ’s 

• Strongest current bound:                                                                  
(BaBar, PoS ICHEP 2010, 234)

Experimental Situation

only very few results from direct searches for rare B decays with taus in
the final state are available

� strongest current bound (BaBar, PoS ICHEP 2010, 234)

BR(B ⇤ K ⇥+⇥�)[14.23,max] < 3.3 � 10�3

� expected sensitivity at Belle II to BRs of O(10�4) ⇥ O(10�5)

indirect constraints (model-dependent) from B ⇤ K (⇥)��̄

� strongest current bound (BaBar, PRD 87, 112005 (2013))

BR(B ⇤ K��̄) < 1.7 � 10�5

� expect order of magnitude better sensitivity at Belle II
� constraints from B ⇤ K��̄ can be avoided if e.g. only right handed

taus involved
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1.1.3 Lepton Flavor Universality Ratios

We define lepton flavor universality (LFU) ratios in the following way

R``0
H =

BR(B ! H`+`�)

BR(B ! H`0+`0 �)
, (13)

where the branching ratios in the numerator and denominator are integrated over the same
q2 region. The main advantage of such ratios is their theoretical cleanliness. CKM elements
cancel out exactly in the ratios. Also form-factor uncertainties cancel almost exactly in
electron - muon ratios. In ratios involving taus, the form-factor uncertainties get reduced.

The SM predictions for LFU ratios in the B ! ⇡ and B ! K decays read [8]

Rµ⌧
⇡+ = 1.18± 0.06 , Rµ⌧

⇡0 = 1.19± 0.06 , (14)

Rµ⌧
K+ = 0.87± 0.02 , Rµ⌧

K0 = 0.87± 0.02 , (15)

for 15 GeV2 < q2 < 22 GeV2.
For LFU ratios in the B ! K⇤ decays we find [10]

Rµ⌧
K⇤+ = 2.44± 0.09 , Rµ⌧

K⇤0 = 2.45± 0.08 , (16)

for 15 GeV2 < q2 < 19.2 GeV2.

1.2 Probing New Physics

Since the b ! s, d⌧+⌧� decays involve third-generation fermions in the final state, one can
envisage new-physics scenarios (such as models with extended Higgs or gauge sectors or
scenarios with lepto-quarks) that give rise to e↵ects in the ⌧+⌧� modes, while leaving the
e+e� and/or µ+µ� channels unaltered. In a model independent approach, tau specific new
physics in rare B decays can be described by the following e↵ective Hamiltonian

HNP = �GFp
2
VtbV

⇤
ts

e2

16⇡2

X

i

⇣
CiOi + C 0

iO
0
i

⌘
, (17)

with the operators

O7 = (s̄�µ⌫PRb)F
µ⌫ , O0

7 = (s̄�µ⌫PLb)F
µ⌫ , (18)

O9 = (s̄�µPLb)(⌧̄ �
µ⌧) , O0

9 = (s̄�µPRb)(⌧̄ �
µ⌧) , (19)

O10 = (s̄�µPLb)(⌧̄ �
µ�5⌧) , O0

10 = (s̄�µPRb)(⌧̄ �
µ�5⌧) , (20)

OS = (s̄PRb)(⌧̄PL⌧) , O0
S = (s̄PLb)(⌧̄PR⌧) . (21)

These operators correspond to b ! s transitions, the corresponding operators for b !
d transitions are obtain by obvious replacements of the quarks. In order to constrain

3

Expected sensitivity at Belle II to BRs of O  (10−4) ∼ O(10−5)

(see talks by Monteil, Vale Silva)
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⇒ b→sττ
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K⇤+ = 2.44± 0.09 , Rµ⌧

K⇤0 = 2.45± 0.08 , (16)

for 15 GeV2 < q2 < 19.2 GeV2.

1.2 Probing New Physics

Since the b ! s, d⌧+⌧� decays involve third-generation fermions in the final state, one can
envisage new-physics scenarios (such as models with extended Higgs or gauge sectors or
scenarios with lepto-quarks) that give rise to e↵ects in the ⌧+⌧� modes, while leaving the
e+e� and/or µ+µ� channels unaltered. In a model independent approach, tau specific new
physics in rare B decays can be described by the following e↵ective Hamiltonian
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O7 = (s̄�µ⌫PRb)F
µ⌫ , O0

7 = (s̄�µ⌫PLb)F
µ⌫ , (18)

O9 = (s̄�µPLb)(⌧̄ �
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9 = (s̄�µPRb)(⌧̄ �
µ⌧) , (19)

O10 = (s̄�µPLb)(⌧̄ �
µ�5⌧) , O0

10 = (s̄�µPRb)(⌧̄ �
µ�5⌧) , (20)

OS = (s̄PRb)(⌧̄PL⌧) , O0
S = (s̄PLb)(⌧̄PR⌧) . (21)

These operators correspond to b ! s transitions, the corresponding operators for b !
d transitions are obtain by obvious replacements of the quarks. In order to constrain

3

• LFU tests with FCNC B decays 

• Surprising exp. situation (μ/e) 

• Motivates LFU tests with τ’s 

• Example: BSM explanation of (μ/e) anomaly in terms of gauged τ-μ: 

W. Altmannshofer et al., 1403.1269

all possible ⌧+⌧� operators, one should try to measure/bound both purely leptonic and
semileptonic modes, since they have di↵erent blind directions in parameter space [23, 24].
In this respect it is also interesting to note that b ! s⌫⌫̄ decays can constrain the operator
combinations containing a left-handed tau current O9 � O10 and O0

9 � O0
10, due to SU(2)

invariance. On the other hand, b ! s⌫⌫̄ is blind to the orthogonal directions O9+O10 and
O0

9 +O0
10, that contain right-handed tau currents.

Many new physics models can lead to non-standard e↵ects in b ! (d, s)⌧+⌧� decays.
Interestingly, several models that address the LHCb anomalies in the b ! sµ+µ� sector [25,
26, 27, 28, 29, 30, 22] or the evidence of LFU violation in B ! D(⇤)`⌫ decays [31, 32, 33, 34]
predict characteristic deviations in b ! s⌧+⌧� transitions from the SM predictions.

The model proposed in [35], contains a Z 0 boson, associated to the gauge symmetry
of muon-number minus tau-number, Lµ � L⌧ . Given the current anomalies in the b !
sµ+µ� sector, the model predicts a suppression of all semileptonic b ! sµ+µ� decays by
⇠ 20% [36]. The Lµ � L⌧ symmetry implies that all semileptonic b ! s⌧+⌧� decays are
instead enhanced. Translating the predictions for b ! sµ+µ� transitions found in the
MFV scenario of [36] to the tau sector using [10], we find

BR(B+ ! K+⌧+⌧�)Lµ�L⌧ = (1.46± 0.13)⇥ 10�7 , (22)

BR(Bd ! K0⌧+⌧�)Lµ�L⌧ = (1.35± 0.12)⇥ 10�7 , (23)

BR(B+ ! K⇤+⌧+⌧�)Lµ�L⌧ = (1.53± 0.23)⇥ 10�7 , (24)

BR(Bd ! K⇤0⌧+⌧�)Lµ�L⌧ = (1.40± 0.21)⇥ 10�7 , (25)

where the K+,0 branching ratios refer to the q2 region 15 GeV2 < q2 < 22 GeV2, while
the K⇤ rates correspond to 15 GeV2 < q2 < 19.2 GeV2. The Bs ! ⌧+⌧� decay remains
SM-like in the Lµ � L⌧ framework.

In the scenarios discussed in [37, 38, 39], current B physics anomalies are addressed
by new physics in the form of left-handed currents involving mainly the 3rd generation.
In these scenarios the b ! s⌧+⌧� decays can in principle be enhanced by an order of
magnitude compared to the SM predictions. Left-handed currents imply a strong cor-
relation between b ! s⌧+⌧� and b ! s⌫⌫̄ decays. Using the current upper bound on
BR(B+ ! K+⌫⌫̄) < 1.6⇥ 10�7 [40] one finds the following maximal values for the tauonic
branching ratios (using [10])

BR(B+ ! K+⌧+⌧�)LH < 24.5⇥ 10�7 , (26)

BR(Bd ! K0⌧+⌧�)LH < 22.5⇥ 10�7 , (27)

BR(B+ ! K⇤+⌧+⌧�)LH < 22.8⇥ 10�7 , (28)

BR(Bd ! K⇤0⌧+⌧�)LH < 20.1⇥ 10�7 , (29)

BR(Bs ! ⌧+⌧�)LH < 1.5⇥ 10�5 , (30)

where the K+,0 branching ratios refer to the q2 region 15 GeV2 < q2 < 22 GeV2, while
the K⇤ rates correspond to 15 GeV2 < q2 < 19.2 GeV2. Enhancements beyond the above
bounds are possible in the presence of right-handed currents.

4

(~40% enhancement over SM)

(see talks by Monteil, Vale Silva)
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⇒ b→sττ

• LFU tests with FCNC B decays 

• Surprising exp. situation (μ/e) 

• Motivates LFU tests with τ’s 

• Generic NP in LH-currents: strong existing bounds from correlated mode 

• Allowed contributions to rare semitaunic decays below projected Belle II sensitivity: 

all possible ⌧+⌧� operators, one should try to measure/bound both purely leptonic and
semileptonic modes, since they have di↵erent blind directions in parameter space [23, 24].
In this respect it is also interesting to note that b ! s⌫⌫̄ decays can constrain the operator
combinations containing a left-handed tau current O9 � O10 and O0

9 � O0
10, due to SU(2)

invariance. On the other hand, b ! s⌫⌫̄ is blind to the orthogonal directions O9+O10 and
O0

9 +O0
10, that contain right-handed tau currents.

Many new physics models can lead to non-standard e↵ects in b ! (d, s)⌧+⌧� decays.
Interestingly, several models that address the LHCb anomalies in the b ! sµ+µ� sector [25,
26, 27, 28, 29, 30, 22] or the evidence of LFU violation in B ! D(⇤)`⌫ decays [31, 32, 33, 34]
predict characteristic deviations in b ! s⌧+⌧� transitions from the SM predictions.

The model proposed in [35], contains a Z 0 boson, associated to the gauge symmetry
of muon-number minus tau-number, Lµ � L⌧ . Given the current anomalies in the b !
sµ+µ� sector, the model predicts a suppression of all semileptonic b ! sµ+µ� decays by
⇠ 20% [36]. The Lµ � L⌧ symmetry implies that all semileptonic b ! s⌧+⌧� decays are
instead enhanced. Translating the predictions for b ! sµ+µ� transitions found in the
MFV scenario of [36] to the tau sector using [10], we find

BR(B+ ! K+⌧+⌧�)Lµ�L⌧ = (1.46± 0.13)⇥ 10�7 , (22)

BR(Bd ! K0⌧+⌧�)Lµ�L⌧ = (1.35± 0.12)⇥ 10�7 , (23)

BR(B+ ! K⇤+⌧+⌧�)Lµ�L⌧ = (1.53± 0.23)⇥ 10�7 , (24)

BR(Bd ! K⇤0⌧+⌧�)Lµ�L⌧ = (1.40± 0.21)⇥ 10�7 , (25)

where the K+,0 branching ratios refer to the q2 region 15 GeV2 < q2 < 22 GeV2, while
the K⇤ rates correspond to 15 GeV2 < q2 < 19.2 GeV2. The Bs ! ⌧+⌧� decay remains
SM-like in the Lµ � L⌧ framework.

In the scenarios discussed in [37, 38, 39], current B physics anomalies are addressed
by new physics in the form of left-handed currents involving mainly the 3rd generation.
In these scenarios the b ! s⌧+⌧� decays can in principle be enhanced by an order of
magnitude compared to the SM predictions. Left-handed currents imply a strong cor-
relation between b ! s⌧+⌧� and b ! s⌫⌫̄ decays. Using the current upper bound on
BR(B+ ! K+⌫⌫̄) < 1.6⇥ 10�7 [40] one finds the following maximal values for the tauonic
branching ratios (using [10])

BR(B+ ! K+⌧+⌧�)LH < 24.5⇥ 10�7 , (26)

BR(Bd ! K0⌧+⌧�)LH < 22.5⇥ 10�7 , (27)

BR(B+ ! K⇤+⌧+⌧�)LH < 22.8⇥ 10�7 , (28)

BR(Bd ! K⇤0⌧+⌧�)LH < 20.1⇥ 10�7 , (29)

BR(Bs ! ⌧+⌧�)LH < 1.5⇥ 10�5 , (30)

where the K+,0 branching ratios refer to the q2 region 15 GeV2 < q2 < 22 GeV2, while
the K⇤ rates correspond to 15 GeV2 < q2 < 19.2 GeV2. Enhancements beyond the above
bounds are possible in the presence of right-handed currents.
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the K⇤ rates correspond to 15 GeV2 < q2 < 19.2 GeV2. The Bs ! ⌧+⌧� decay remains
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In the scenarios discussed in [37, 38, 39], current B physics anomalies are addressed
by new physics in the form of left-handed currents involving mainly the 3rd generation.
In these scenarios the b ! s⌧+⌧� decays can in principle be enhanced by an order of
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where the K+,0 branching ratios refer to the q2 region 15 GeV2 < q2 < 22 GeV2, while
the K⇤ rates correspond to 15 GeV2 < q2 < 19.2 GeV2. Enhancements beyond the above
bounds are possible in the presence of right-handed currents.

4

1.1.3 Lepton Flavor Universality Ratios

We define lepton flavor universality (LFU) ratios in the following way

R``0
H =

BR(B ! H`+`�)

BR(B ! H`0+`0 �)
, (13)

where the branching ratios in the numerator and denominator are integrated over the same
q2 region. The main advantage of such ratios is their theoretical cleanliness. CKM elements
cancel out exactly in the ratios. Also form-factor uncertainties cancel almost exactly in
electron - muon ratios. In ratios involving taus, the form-factor uncertainties get reduced.

The SM predictions for LFU ratios in the B ! ⇡ and B ! K decays read [8]

Rµ⌧
⇡+ = 1.18± 0.06 , Rµ⌧

⇡0 = 1.19± 0.06 , (14)

Rµ⌧
K+ = 0.87± 0.02 , Rµ⌧

K0 = 0.87± 0.02 , (15)

for 15 GeV2 < q2 < 22 GeV2.
For LFU ratios in the B ! K⇤ decays we find [10]

Rµ⌧
K⇤+ = 2.44± 0.09 , Rµ⌧

K⇤0 = 2.45± 0.08 , (16)

for 15 GeV2 < q2 < 19.2 GeV2.

1.2 Probing New Physics

Since the b ! s, d⌧+⌧� decays involve third-generation fermions in the final state, one can
envisage new-physics scenarios (such as models with extended Higgs or gauge sectors or
scenarios with lepto-quarks) that give rise to e↵ects in the ⌧+⌧� modes, while leaving the
e+e� and/or µ+µ� channels unaltered. In a model independent approach, tau specific new
physics in rare B decays can be described by the following e↵ective Hamiltonian

HNP = �GFp
2
VtbV

⇤
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16⇡2
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⇣
CiOi + C 0

iO
0
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⌘
, (17)

with the operators

O7 = (s̄�µ⌫PRb)F
µ⌫ , O0

7 = (s̄�µ⌫PLb)F
µ⌫ , (18)

O9 = (s̄�µPLb)(⌧̄ �
µ⌧) , O0

9 = (s̄�µPRb)(⌧̄ �
µ⌧) , (19)

O10 = (s̄�µPLb)(⌧̄ �
µ�5⌧) , O0

10 = (s̄�µPRb)(⌧̄ �
µ�5⌧) , (20)

OS = (s̄PRb)(⌧̄PL⌧) , O0
S = (s̄PLb)(⌧̄PR⌧) . (21)

These operators correspond to b ! s transitions, the corresponding operators for b !
d transitions are obtain by obvious replacements of the quarks. In order to constrain

3

(at most ~ x 20 enhancement over SM)

all possible ⌧+⌧� operators, one should try to measure/bound both purely leptonic and
semileptonic modes, since they have di↵erent blind directions in parameter space [23, 24].
In this respect it is also interesting to note that b ! s⌫⌫̄ decays can constrain the operator
combinations containing a left-handed tau current O9 � O10 and O0

9 � O0
10, due to SU(2)

invariance. On the other hand, b ! s⌫⌫̄ is blind to the orthogonal directions O9+O10 and
O0

9 +O0
10, that contain right-handed tau currents.

Many new physics models can lead to non-standard e↵ects in b ! (d, s)⌧+⌧� decays.
Interestingly, several models that address the LHCb anomalies in the b ! sµ+µ� sector [25,
26, 27, 28, 29, 30, 22] or the evidence of LFU violation in B ! D(⇤)`⌫ decays [31, 32, 33, 34]
predict characteristic deviations in b ! s⌧+⌧� transitions from the SM predictions.

The model proposed in [35], contains a Z 0 boson, associated to the gauge symmetry
of muon-number minus tau-number, Lµ � L⌧ . Given the current anomalies in the b !
sµ+µ� sector, the model predicts a suppression of all semileptonic b ! sµ+µ� decays by
⇠ 20% [36]. The Lµ � L⌧ symmetry implies that all semileptonic b ! s⌧+⌧� decays are
instead enhanced. Translating the predictions for b ! sµ+µ� transitions found in the
MFV scenario of [36] to the tau sector using [10], we find

BR(B+ ! K+⌧+⌧�)Lµ�L⌧ = (1.46± 0.13)⇥ 10�7 , (22)

BR(Bd ! K0⌧+⌧�)Lµ�L⌧ = (1.35± 0.12)⇥ 10�7 , (23)

BR(B+ ! K⇤+⌧+⌧�)Lµ�L⌧ = (1.53± 0.23)⇥ 10�7 , (24)

BR(Bd ! K⇤0⌧+⌧�)Lµ�L⌧ = (1.40± 0.21)⇥ 10�7 , (25)

where the K+,0 branching ratios refer to the q2 region 15 GeV2 < q2 < 22 GeV2, while
the K⇤ rates correspond to 15 GeV2 < q2 < 19.2 GeV2. The Bs ! ⌧+⌧� decay remains
SM-like in the Lµ � L⌧ framework.

In the scenarios discussed in [37, 38, 39], current B physics anomalies are addressed
by new physics in the form of left-handed currents involving mainly the 3rd generation.
In these scenarios the b ! s⌧+⌧� decays can in principle be enhanced by an order of
magnitude compared to the SM predictions. Left-handed currents imply a strong cor-
relation between b ! s⌧+⌧� and b ! s⌫⌫̄ decays. Using the current upper bound on
BR(B+ ! K+⌫⌫̄) < 1.6⇥ 10�7 [40] one finds the following maximal values for the tauonic
branching ratios (using [10])

BR(B+ ! K+⌧+⌧�)LH < 24.5⇥ 10�7 , (26)

BR(Bd ! K0⌧+⌧�)LH < 22.5⇥ 10�7 , (27)

BR(B+ ! K⇤+⌧+⌧�)LH < 22.8⇥ 10�7 , (28)

BR(Bd ! K⇤0⌧+⌧�)LH < 20.1⇥ 10�7 , (29)

BR(Bs ! ⌧+⌧�)LH < 1.5⇥ 10�5 , (30)

where the K+,0 branching ratios refer to the q2 region 15 GeV2 < q2 < 22 GeV2, while
the K⇤ rates correspond to 15 GeV2 < q2 < 19.2 GeV2. Enhancements beyond the above
bounds are possible in the presence of right-handed currents.
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(see talks by Monteil, Vale Silva)
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⇒ b→sττ 

• LFU tests with FCNC B decays 

• Surprising exp. situation (μ/e) 

• Motivates LFU tests with τ’s 

• Strongest current bound                                                                  (BaBar, 
PoS ICHEP 2010, 234) 

• expected sensitivity at Belle II                                                            to BRs of O  (10−4) ∼ 
O(10−5)

Lepton Flavor Universality Tests

BRs have O(15%) uncertainties due to form factors and CKM elements

theoretically cleaner are ratios of branching ratios involving different lepton flavors

R⇧⇧0
K =

BR(B � K �+��)[q2
1 ,q

2
2 ]

BR(B � K �⇥+�⇥�)[q2
1 ,q

2
2 ]

Rµe
K =

BR(B ⇥ Kµ+µ�)[1,6]

BR(B ⇥ Ke+e�)[1,6]
= 1.00023±0.00063

R⇥e
K =

BR(B ⇥ K⇥+⇥�)[14.18,max]

BR(B ⇥ Ke+e�)[14.18,max]
= 1.161±0.040

R⇥µ
K =

BR(B ⇥ K⇥+⇥�)[14.18,max]

BR(B ⇥ Kµ+µ�)[14.18,max]
= 1.158±0.039

(Bouchard et al. 1306.0434)

� QCD 2loop virtual corrections
(known) are not included in
these predictions
(are the ratios affected?)

� NLO QED corrections might
lead to few % shifts

(known for the inclusive
B ⇥ Xs⌅+⌅� decays,
but not yet calculated
for the exclusive modes)

� effect of charmonium
resonances?

Wolfgang Altmannshofer (PI) b ! s⌧⌧ January 14, 2015 6 / 17

Experimental Situation

only very few results from direct searches for rare B decays with taus in
the final state are available

� strongest current bound (BaBar, PoS ICHEP 2010, 234)

BR(B ⇤ K ⇥+⇥�)[14.23,max] < 3.3 � 10�3

� expected sensitivity at Belle II to BRs of O(10�4) ⇥ O(10�5)

indirect constraints (model-dependent) from B ⇤ K (⇥)��̄

� strongest current bound (BaBar, PRD 87, 112005 (2013))

BR(B ⇤ K��̄) < 1.7 � 10�5

� expect order of magnitude better sensitivity at Belle II
� constraints from B ⇤ K��̄ can be avoided if e.g. only right handed

taus involved

Wolfgang Altmannshofer (PI) b � s⌧⌧ January 14, 2015 7 / 17

First FCC-ee sensitivity study of B→K* τ τ 

J.F.K., Monteil, Semkiv & Vale Silva, 1705.11106

At SM rates expect up to O(1000) 
reconstructed events at FCC-ee 

• Study of distributions 

• Access to tau spin

(see talks by Monteil, Vale Silva)
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Figure 2: Invariant mass reconstruction of B̄0 → K∗0(892)τ+τ− candidates. The τ particles are
decaying into three prongs τ− → π−π+π−ντ allowing the τ decay vertex to be reconstructed. The
primary vertex (Z vertex) is reconstructed from primary tracks and the secondary vertex (B̄0 ver-
tex) is reconstructed thanks to the K∗(892) daughter particles (K∗(892) → K+π−). Two domi-
nant sources of backgrounds are included in the analysed sample, namely B̄s → D+

s D
−
s K

∗0(892)
and B̄0 → D+

s K̄
∗0(892)τ−ν̄τ . They are modelled by the red and pink probability density func-

tions (p.d.f.), respectively. The signal p.d.f. is displayed in green.

4



• Bs→KSKS, Bd,s→γγ, Bs→Xνν, CP violation in hadronic Bs decays 
with neutrals   

• Example: Bs!$$: Heavy to light

Ample room for exotic new physics entering via 1PI diagrams

1-particle reducible (1PR)

b
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(")

$

1-particle irreducible (1PI)
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Decay modes involving Bs, Bc or b−baryon with 
neutral final state particles

20U. Haisch @ FCC-ee flavour WG meeting 1



Bs!$$: Heavy to light

Further theoretical studies needed to strengthen physics case  

Combining Bs!$$ with B!$l%, Bs!#$, … into global fit 
might allow to cancel common hadronic uncertainties

Double-radiative decay also offers possibility to determine 
properties of Bs-meson light-cone distribution amplitude, 
in particular of its inverse moment &Bs

b
$

Bs

s Q7

$
!

+ subleading power from 1PI graphs

Br (Bs ! ��)SM /
����V

⇤
tsVtb C7

mBs

⇥Bs

����
2

Decay modes involving Bs, Bc or b−baryon with 
neutral final state particles
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• Bs→KSKS, Bd,s→γγ, Bs→Xνν, CP violation in hadronic Bs decays 
with neutrals   

• Example:

U. Haisch @ FCC-ee flavour WG meeting 1



Lepton Flavour violating processes

22

• Direct lepton flavour violating processes Z→eμ,eτ,τμ, Lepton 
flavour violating τ decays, Lepton number violation 

• Example:

(see talk by Dam)

Mogens Dam / NBI Copenhagen

Dependence on number of Zs

As for all searches, limit falls
q as 1/N as long as number of background events is negligible
q as 1/√N when number of background events is sizeable  

19 January 20171st FCC Physics Workshop 8

For momentum 
resolution of 10-3

In general case, when number of background events can be small, use estimator 
of significance: s/√(s+b) 

Z	
  → τμ	
  

Mogens Dam / NBI Copenhagen

Insert signal and smear track momenta
u In these plots, assume Br(Z → τμ) = 10-7, i.e. 100,000 muons

19 January 20171st FCC Physics Workshop 6
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Assumed resolution: 

δp/p = 0.002

Assumed resolution: 

δp/p = 0.001

Sensitivity to signal: 

• Since number of background events is high, use primitive estimator: s/√b
• s and b are number of signal and background events, respectively, in signal region 

• For now, chose signal region as x>1
• Close to optimal cut value

• Eventually one will do more sophisticated statistical analysis, but for now…

• 95% c.l. corresponds approximately to number of signal events equal: s95 = 2√b

Use this as 

signal region

Here, 100% signal efficiency

!!

Preliminary detector study
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Figure 3: Dominant diagrams contributing to (a) Z → µe and (b) µ → eγ, in terms of
gauginos, higgsinos and current eigenstates, showing the approximate linear dependence on the
flavor–changing mass insertions δ12 (crosses), the fermion mass insertions (big dots) and tanβ.

tanβ = 2 to 7.5 × 10−8 for tan β = 50, practically independent of the lepton masses. The
variation is due to the mild dependence of chargino and sneutrino masses on tan β. These
branching ratios are above the values given in Eq. (4). We find that a branching ratio larger
than 2 × 10−9 (2 × 10−8) can be obtained with sneutrino masses of up to 305 GeV (85 GeV)
and chargino masses of up to 270 GeV (105 GeV).

Most of these values of BR(Z → ℓIℓJ), however, are correlated with an experimentally
excluded rate of ℓJ → ℓIγ. We give below the results in the two scenarios (independent off-
diagonal terms and maximal mixing of the three flavors) described in the previous section.

(i) We separate the contribution of each δIJ setting all the other to zero. For the first
two families, after scanning for all the parameters in the model we find that BR(µ → eγ) <
1.2 × 10−11 implies BR(Z → µe) < 1.5 × 10−10, which is below the reach of GigaZ.

A more promising result is obtained for the processes involving the τ lepton. It turns out
(see also next section) that the bounds from τ → ℓIγ can be avoided while still keeping a rate
of Z → τℓI at the reach of the best GigaZ projection (see Fig. 4). In particular, for large
δν̃ 13
LL (or δν̃ 23

LL ) and a light sneutrino (of around 70 GeV) we get BR(Z → τe) ≈ 1.6 × 10−8

for BR(τ → eγ) ≈ 3.5 × 10−8, which is two orders of magnitude below current limits (with
similar results for BR(Z → τµ) and BR(τ → µγ)). This result is due to the sneutrino–chargino
diagram. The contributions due to charged slepton mixing are essentially different in the sense
that they saturate the experimental bound to τ → ℓIγ giving a small effect (at most, one order
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"!l$ bounds can by avoided allowing for largish Z!"l rates 

for large mass insertions *LL   (*LL ), small tan+ & light sneutrinos 
of around 70 GeV, one gets Br(Z!"l) ~ Br("!l$) = O(10-8)
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Lepton Flavour violating processes
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• Direct lepton flavour violating processes Z→eμ,eτ,τμ, Lepton 
flavour violating τ decays, Lepton number violation 

• Example:

LFV: Using 1012 Z decays

Figure 4: BR(Z → τµ) and BR(τ → µγ) as a function of the lightest sneutrino mass (m̃1)
with the other one decoupled (δν̃ 23

LL → ∞), in several SUSY scenarios at the reach of GigaZ.

of magnitude below the reach of GigaZ) in Z → τℓI . We obtain events at the reach of GigaZ
with lightest sneutrino masses from 55 to 215 GeV, lightest chargino from 75 to 100 GeV, and
tanβ up to 7.

(ii) In the case with maximal mixing between the three slepton flavors it is not consistent
to take δIJ ̸= 0 and δIK = δKJ = 0. In terms of slepton mass differences, only two of the
three mass differences are independent (δ23 = δ13 − δ12). In terms of off-diagonal terms δ̃IJ

in the mass matrix, for maximal mixing only one of them can be put to zero. Note that in
this case the non-observation of µ → eγ will constraint all the δIJ parameters, not only δ12: a
non-diagonal δ̃12 mass insertion would be generated through a δ̃13 followed by a δ̃32. In fact,
we find that the constraints from τ → eγ; µγ are always weaker than the one from µ → eγ. A
branching ratio BR(µ → eγ) < 1.2×10−11 implies BR(Z → µe; τe; τµ) <∼ 10−9, and the three
lepton flavor violating decays of the Z boson would be out of the reach of Giga Z.

3.2 Bounds on δIJ from ℓJ → ℓIγ

The bounds on the δIJ parameters establish how severe is the flavor problem in the lepton
sector of the MSSM. We will update them here, including the sneutrino–chargino contributions
neglected in previous works [27] and the general slepton–neutralino contributions (photino
diagrams are typically subdominant as pointed out by Ref. [30]). In addition, we also consider
the case of maximum mixing between the three slepton families.

The limits come exclusively from the process ℓJ → ℓIγ. To estimate the MSSM prediction

7

Update studies of correlations between Z!"l & "!l$ 

[Illiana & Masip, 0207328]

m⌫̃ m⌫̃

U. Haisch @ FCC-ee flavour WG meeting 1
see also V. de Romeri @ FCC-ee flavour WG meetings 1 & 2

(see talk by Dam)
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flavor–changing mass insertions δ12 (crosses), the fermion mass insertions (big dots) and tanβ.

tanβ = 2 to 7.5 × 10−8 for tan β = 50, practically independent of the lepton masses. The
variation is due to the mild dependence of chargino and sneutrino masses on tan β. These
branching ratios are above the values given in Eq. (4). We find that a branching ratio larger
than 2 × 10−9 (2 × 10−8) can be obtained with sneutrino masses of up to 305 GeV (85 GeV)
and chargino masses of up to 270 GeV (105 GeV).

Most of these values of BR(Z → ℓIℓJ), however, are correlated with an experimentally
excluded rate of ℓJ → ℓIγ. We give below the results in the two scenarios (independent off-
diagonal terms and maximal mixing of the three flavors) described in the previous section.

(i) We separate the contribution of each δIJ setting all the other to zero. For the first
two families, after scanning for all the parameters in the model we find that BR(µ → eγ) <
1.2 × 10−11 implies BR(Z → µe) < 1.5 × 10−10, which is below the reach of GigaZ.

A more promising result is obtained for the processes involving the τ lepton. It turns out
(see also next section) that the bounds from τ → ℓIγ can be avoided while still keeping a rate
of Z → τℓI at the reach of the best GigaZ projection (see Fig. 4). In particular, for large
δν̃ 13
LL (or δν̃ 23

LL ) and a light sneutrino (of around 70 GeV) we get BR(Z → τe) ≈ 1.6 × 10−8

for BR(τ → eγ) ≈ 3.5 × 10−8, which is two orders of magnitude below current limits (with
similar results for BR(Z → τµ) and BR(τ → µγ)). This result is due to the sneutrino–chargino
diagram. The contributions due to charged slepton mixing are essentially different in the sense
that they saturate the experimental bound to τ → ℓIγ giving a small effect (at most, one order
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• Direct lepton flavour violating processes Z→eμ,eτ,τμ, Lepton 
flavour violating τ decays, Lepton number violation 

• Example:

Lepton Flavour violating processes
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    Ryu Sawada                                                                               Flavor Physics : Charged leptons                                                                           ICHEP 2016

τ cLFV

● NP prediction of BR is O(10-7–10-10) 

● Belle and Babar searches for ~50 channels of 
rare decays in tau pairs of O(109) 

● No excess of events 

● Upper limits in O(10-8)

22

W.Ootani, “Review of Experimental cLFV Searches”, Neutrino2016, Jul.4-9, 2016, South Kensington, London

• O(1011) τ-pairs will be collected by Belle II at 
SuperKEKB 

• Sensitivity 
• τ→μγ: O(10-(8-9))  BG dominated  
• τ→lll, τ→l+meson:  O(10-(9-10)) still clean

32

LFV τ Decays Prospects

M.Barrett, PoS(FPCP2015)049 
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The Belle II Experiment Matthew Barrett

ments for the foreseeable future. Thus any observation of lepton flavour violation would be a clear
and unequivocal observation of New Physics. There are a number of New Physics models that pre-
dict LFV in t lepton decays with branching fractions as high as 10�10 to 10�7. Belle II could have
sensitivity to observe or see evidence of these decay modes should this New Physics enhancement
exist. Figure 4 shows the possible Belle II sensitivity for a number of t LFV modes. For most of
these modes the Belle II reach is obtained using a simple luminosity scaling from the Belle limits,
which assumes that these modes are background free; this assumption is not valid for t ! eg and
t ! µg , and these projections include the projections of the expected backgrounds.

Figure 4: Current limits for selected lepton flavour violating t lepton decays from the CLEO, BaBar, and
Belle collaborations, and projections of expected limits for Belle II after collecting 50ab�1.

5. Schedule and Commissioning

Beams will start circulating in SuperKEKB in 2016. There will be three phases in the com-
missioning and operation of Belle II.

• Phase 1: SuperKEKB commissioning without Belle II. A commissioning detector will be
used during this phase.

• Phase 2: Belle II will be rolled in, but without the inner vertex detectors.

• Phase 3: This phase will use the full Belle II detector proceeding to full operations.

Physics data taking with Belle II will start in 2018. The goal of Belle II is collect a data set with an
integrated luminosity of 50ab�1. Figure 5 shows how the instantaneous and integrated luminosity
of SuperKEKB/Belle II are projected to evolve over time.

6

● Belle II 

● Accelerator upgrade is finished 

● Full physics run expected to start in 2019 

● 50 ab-1 by 2023—2024 

● Expected sensitivity O(10-9–10-10)

Belle II Physics  /  Bryan Fulsom (PNNL)  /  ICHEP  /  2016-08-05 

Current Status and Schedule 

5 

Belle II Collaboration: ~700 members, ~100 institutions, 23 countries 
 
Phase 1 (complete) 

Accelerator commissioning 
 
Phase 2 (2017) 

First collisions 
Partial detector  
Background study 
Physics possible 

Phase 3 (“Run 1”) 
Nominal Belle II start 

Ultimate goal: 50 ab-1 

See: P. Lewis, Detector 05 Aug 09:20 

Total BaBar+Belle Luminosity 

KEKB Performance 

Belle II Goal 

SuperKEKB Goal 

Belle

Babar

BelleII

Cleo

J.Phys.Conf.Ser. 408 (2013) 012069. 

(see talk by Dam)

Also FCC-ee 
possibly with 

comparable sensitivity!



Lepton Flavour violating processes
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• Direct lepton flavour violating processes Z→eμ,eτ,τμ, Lepton 
flavour violating τ decays, Lepton number violation 

• Example:

Access to genuinely new flavor phenomena by 
exploring large FCC-ee energy?

• Example: LFV Z-decays

• see talks by Haisch & De Romeri

• Similar possibility in the quark sector? i.e.

• Motivation: Probing FCNC Z-penguins directly

• In SM                                 - could be probed to 1% level?

Z ! jbj/b

B(Z ⇥ sb̄) � 10�8

c.f. Isidori & Guadagnoli, 1302.3909

systematics??Need very efficient b-, s-tagging!
Results (preliminary)

no PID ✏K = 95% ✏K = 90%
✏s 7⇥ 10�2 4⇥ 10�2 3⇥ 10�2

✏b 3⇥ 10�4 4⇥ 10�5 5⇥ 10�5

Improvements:
> adjust to b-jet rejection
> more sophisticated vertexing
> modify momentum cut

Matthias Schlaffer 12

Preliminary study in context of LC
Duarte-Campderros G. Perez, M. Sclaffer, A. Soffer 
presented at 
Top physics at the LC 2017 June 2017  



Multibody (meaning 4 and more) hadronic b-
hadron decays

26

• Bs → ψηʼ or ηcΦ: flavour tagging required for weak mixing phase. 
• Bs → DsK : PID required to isolate the signal. 
• Bd,s,u,c → 4h+ :  

• interesting per se in a standard flavour physics case  
• also for dark portal explorations                                                                    

(can proceed through two scalars, vectors)…

see also R. Fleischer @ FCC-ee flavour WG meeting 3

Bs!$$: Heavy to light

Ample room for exotic new physics entering via 1PI diagrams

1-particle reducible (1PR)

b
$

Bs

s Q7
(")

$

1-particle irreducible (1PI)

Bs

$
b

s

"

$

QS,P

= 0
$b

s

"

QS,P

$b

s

"

QS,P

µ+,e+

µ‒,e‒
,

Bs!$$: Heavy to light

Ample room for exotic new physics entering via 1PI diagrams

1-particle reducible (1PR)

b
$

Bs

s Q7
(")

$

1-particle irreducible (1PI)

Bs

$
b

s

"

$

QS,P

= 0
$b

s

"

QS,P

$b

s

"

QS,P

µ+,e+

µ‒,e‒
,

Bs!$$: Heavy to light

Ample room for exotic new physics entering via 1PI diagrams

1-particle reducible (1PR)

b
$

Bs

s Q7
(")

$

1-particle irreducible (1PI)

Bs

$
b

s

"

$

QS,P

= 0
$b

s

"

QS,P

$b

s

"

QS,P

µ+,e+

µ‒,e‒
,



Flavour at high-pT
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• |Vcb| from W decays, FCNCs at the Z-pole, FCNCs beyond the 
Z-pole

Beyond Z-pole?

•                                       (in energy range of FCC-ee)

• With SM value of                              a precision of                  
might be within reach...

• Complementary to conventional measurements at B factories - 
at the scale of mW (running of CKM negligible in SM)

• In addition to more conventional measurements at Z pole

W+ ! cb̄

�(e+e� !W+W�) ⇠ 10pb

B(W+ ⇥ cb̄) � 10�3 �Vcb

Vcb
⇠ 1%

B ! Xc⇤�, B ! Xc⇥�

Beyond Z-pole?

•                                       (in energy range of FCC-ee)

• With SM value of                              a precision of                  
might be within reach...

• Complementary to conventional measurements at B factories - 
at the scale of mW (running of CKM negligible in SM)

• In addition to more conventional measurements at Z pole

W+ ! cb̄

�(e+e� !W+W�) ⇠ 10pb

B(W+ ⇥ cb̄) � 10�3 �Vcb

Vcb
⇠ 1%

B ! Xc⇤�, B ! Xc⇥�

Need efficient heavy flavour tagging or reconstruction



Conclusions

• FCC-ee could be a powerful and competitive probe of flavour 
physics post-2030  

• Effort underway to understand the experimental precision with 
which rare decays of c- and b-hadrons and CP violation in the 
heavy-quark sector & LFV processes could be measured 

• Currently less explored directions: quarkonia physics, flavour 
tagging from Higgs, top decays,… (see talk by Bicudo)



Backup



Further FCC-ee & Flavour WG references

• References for the FCC-ee machine in: 

• http://tlep.web.cern.ch/content/accelerator-studies  

• First look at the FCC-ee Physics Case:  

• arXiv:1308.6176 / JHEP01 (2014) 164. 

• Flavour WG web: http://tlep.web.cern.ch/content/wg6-exp

http://tlep.web.cern.ch/content/accelerator-studies
http://tlep.web.cern.ch/content/wg6-exp


FCC-ee Flavour WG meetings

• FCC-ee Flavour Physics vidyo meetings:  

https://indico.cern.ch/event/336998/,  

https://indico.cern.ch/event/359433/,  

https://indico.cern.ch/event/380986/,  

https://indico.cern.ch/event/403492/,  

https://indico.cern.ch/event/462662/  

• Subscribe to our mailing list!

https://indico.cern.ch/event/336998/
https://indico.cern.ch/event/359433/
https://indico.cern.ch/event/380986/
https://indico.cern.ch/event/403492/
https://indico.cern.ch/event/462662/
https://e-groups.cern.ch/e-groups/Egroup.do?egroupId=10116182&tab=3


Bs,d - oscillations 
⇒ sin2β, α 

Final BelleII & LHCb 
precision comparable & 
statistically dominated  

Theory uncertainties (in 
sin2β) at ~1%

B physics



Apart from tensor operators all Lorentz structures are tested

Bs!!+!‒: The unbounded

QS,AB = (s̄PAb) (�̄PB�)

QV,AB = (s̄�µPAb) (⇥̄ �
µPB⇥)

s

Bs

b

s

"+

"#

b s

"#"+

b

s

"+

"#

spin 0: S,P

"+

"#

b

spin 1: V,A

b

s

"+

"#

"+

"#

b

s

Z"
LQ

e.g. Z" e.g. leptoquark (LQ)

• Bd,s→ee,μμ,ττ, Vub extraction, CP violation in mixing through 
semileptonic asymmetries, Bu,c→μν,τν, b→sττ   

• Example: Bd,s→ττ 
• Apart from tensors, all bs(d)ττ Lorentz structures are tested  

• Present LHCb bounds 

• Br(Bs → τ+τ−) < 3.0 × 10−3 

• Br(Bd → τ+τ−) < 1.3 × 10−3 

• In the SM:  

• Br(Bs → τ+τ−) = 7.73(1±6%) × 10−7 

• Best probe for scalar and  
• vector operators

Leptonic or semileptonic decay modes involving 
Bs, Bc or b−baryon

33

U. Haisch @ FCC-ee flavour WG meeting 1

U. Haisch, 1206.1230

LHCb-CONF-2016-011

Bobeth et al., 1311.0903

1 b ⇧ d, s�+�� transitions and lepton flavor non-universality

B-meson decays to ⇥+⇥� final states are experimentally largely uncharted territory. While
a few bounds like Br (Bd ⇧ ⇥+⇥�) < 4.1·10�3 [18] and Br (B+ ⇧ K+⇥+⇥�) < 3.3·10�3 [19]
do exist, they are all orders of magnitudes away from the corresponding SM predictions. In
view of the fact that measurements of ⇥+⇥� final states remain a big challenge at LHCb,
and that it is unclear whether an sensitivity beyond O(10�3) can be reached [20], Belle II
might be the only next-generation machine that may allow to explore these modes in some
depths in the near future.

1.1 Standard Model Predictions

1.1.1 Purely Leptonic Modes

The most recent SM predictions for the branching ratios of the purely leptonic Bs ⇧
⇥+⇥� and Bd ⇧ ⇥+⇥� decays include NNLO QCD corrections and NLO electro-weak
corrections [1]. They are given by

BR(Bs ⇧ ⇥+⇥�) = (7.73± 0.49)⇤ 10�7 , (1)

BR(Bd ⇧ ⇥+⇥�) = (2.22± 0.19)⇤ 10�8 . (2)

These SM predictions refer to the average time-integrated branching ratios. The uncer-
tainties are dominated by CKM elements and the B meson decay constants. The used
input parameters are all collected in [1]. (There are new lattice results for the decay
constants, but they do not yet appear in any “o⇥cial” FLAG average, yet. One
could also update the numbers with the latest CKM fits? All that would not
have any significant impact...)

1.1.2 Semi-Leptonic Modes

Predictions for exclusive semi-leptonic decays depend on form factors. In the semi-tauonic
decays the di-lepton invariant mass, q2, is restricted to the range from 4m2

� ⌃ 12.6 GeV2

to the kinematic endpoint (mB � mH)2, where H = �,K,K⇥, .... To avoid contributions
from the resonant decay through the narrow ⌅(2S) charmonium resonance, B ⇧ H⌅(2S)
with ⌅(2S) ⇧ ⇥+⇥�, SM predictions are typically given for a di-tau invariant mass q2 >
15 GeV2. In this kinematic regime, lattice computations are expected to provide reliable
results for the form-factors. In recent years, various lattice results became available for
B ⇧ � form factors [2, 3], B ⇧ K form factors [4, 5], B ⇧ K⇥ form factors [6] and Bs ⇧ ⇤
form factors [6].

Combining the uncertainties from the relevant CKM elements and form factors leads
to SM predictions for the branching ratios of the semi-tauonic decays with an accuracy of
around 10%-15%. The presence of broad charmonium resonances above the open charm

1



Heavy Neutrinos & LNV
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• |Vcb| from W decays, FCNCs at the Z-pole, FCNCs beyond the 
Z-pole
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• |Vcb| from W decays, FCNCs at the Z-pole, FCNCs beyond the 
Z-pole
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