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Outline 

• I will start by some specifics for Flavour Physics at FCC-ee.   

• Two subjects gathered in this talk: 

1) Complete decay chain reconstruction by means of the 
vertex distances measurements. 

 2) Normalisation matters ! |Vcb| as a key observable for future 
optimal interpretation of CP-violating observables. 

Virtual Workshop FCC-France —  May 2020.  
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0) FCC-ee specifics for Flavour Physics.
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0) FCC-ee specifics for Flavour Physics.

• A- Particle production: 

• About 15 times the Belle II anticipated statistics for B0 and B+.
• All species of b-hadrons are produced. 
• Expect ~4.109  Bc-mesons assuming 

• B- The Boost at the Z:

• Fragmentation of the b-quark: 
• Makes possible a topological rec. of the decays w/ miss. energy.

Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

hEXbi = 75%⇥ Ebeam; h��i ⇠ 6.

fBc/(fBu + fBd) ⇠ 3.7 · 10�3

Particle production (109) B0 / B
0

B+ / B� B0
s / B

0
s ⇤b / ⇤b cc ⌧�/⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150
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1) Vertexing performance and Flavours:

Virtual Workshop FCC-France —  May 2020.  
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1) Vertexing and Flavours:  physics motivation (Damir) 

• The LHCb experiment measured a set of observables in electroweak 
penguin (EWP) transitions of a b quark, which are found in persistent and 
consistent tensions w.r.t. the Standard Model predictions. 

• In particular, the Lepton Flavour Universality in quark transitions is 
challenged. This is observed by comparing the rates of pairs of electrons and 
muons in the decays B0 → K*0	l+l-.  FCC-ee shows a fantastic sensitivity to 
low q2 ee final states. cLFV processes would come often naturally aside.  

• Should these current tensions be confirmed, the next laboratory to guide the 
relevant model of the effect comes from transitions as  b→ sτ+τ-. Even if they 
are not confirmed, this is a place to go, third generation couplings.    

• The available statistics and the capacity to fully reconstruct the decay even in 
the absence of the tauonic neutrinos at FCC-ee is beyond foreseeable 
competition. The reconstruction of the mode B0 → K*0	τ+τ-  has received a 
special attention in the FCC-ee context. 
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1) Vertexing and Flavours:  position of the problem

• The b→ sτ+τ- transition implies two undetected particles in 
the decay chain. 

• The backgrounds coming from double charm production in 
b-hadron chain are rich. The average charged-track 
multiplicity in b-hadron decays is large. Ds →τν is large.  

• The kinematic reconstruction of the neutrinos (or constraints 
on it) is key to beat the backgrounds.    

• One would like in addition to use the actual kinematics of the 
decay to check for additional observables: angular analysis. 
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• The state-of-the-art vertexing performance applied to FCC-ee allows to 
reconstruct the missing momentum in decays inferred from the decay 
flight distances.  Counting the degree of freedoms. 

• Example:  X → Y ( Y→[a]b ) Z  with a not reconstructed.  

• Three momentum components to be searched for: 
• The measurement of X momentum direction fixes 2 d.o.f. 
• An additional constraint closes the system: mY or a tertiary vertex.   
• Usually, quadratic form of the constraints:  solution up to an ambiguity.  

FDX

Z

b

a

X

1) Vertexing and Flavours:  reconstruction principle
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• Example:  B0 → K*0	τ+τ-.  

• Six momentum components to be searched for: 
• B0  momentum direction from Kπ fixes 2 d.o.f. 
• τ momenta direction fixes 4 d.o.f.
• Mass of the τ  provides 2 additional constraints 
• The system is in principle over-constrained.  

1) Vertexing and Flavours:  application to B0 → K*0	τ+τ-. 

FDB
Kτ

π

B0

π

π

π

π

π
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1) Vertexing and Flavours:  application to B0 → K*0	τ+τ-. 

• Makes use of partial reconstruction 
technique to solve the kinematics of 
the decay.

• Fast simulation of signal and 
backgrounds (Pythia + EvtGen + 
parametric tracker and vertex 
detector). 

• Backgrounds: (pink - DsK*taunu 
and yellow DsDsK*) [signal in 
red+green].   

• Conditions: baseline luminosity, SM 
calculations of signal and 
background BF, vertexing and 
tracking performance as ILD 
detector. Primary vertex →  3 um, 
SV  →  7 um,  TV →  5 um  

• At baseline luminosity, under SM 
hypothesis, about 103 events of 
reconstructed signal.  O(5%) on BF.

2c, GeV/Bm
4.5 5 5.5 6 6.5

)2 c
Ev

en
ts

 / 
(0

.0
2 

G
eV

/

0

10

20

30

40

50
Signal Model

Wrong signal model

) background modelν τBs (with Ds -> 

) background modelν τBd (with Ds -> 

eeFCC-

4.5 5 5.5 6 6.55−
4−
3−

2−
1−
0
1
2
3

4
5



Flavours @ FCC-ee 11S. Monteil

1) Vertexing and Flavours:  evolution of performance
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 Performance  / Conditions ILD-like ILD /2 ILD / 4 

Efficiency of the  identification of 
the correct solution (%) 

42,3 52,6 62

Invariant mass  resolution (core) 
[MeV/c2]

42(1) 36(1) 27(1)
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Invariant mass resolution is key to beat the backgrounds. Not at the limit yet !  
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1) Vertexing performance and Flavours.

• With state-of-the-art vertexing performance, O(5%) measurement of 
the BF at SM value at reach in FCC-ee. 

• Initial work completed on fast simulation (experimentally) AND 
phenomenologically [hep-ph 1705.11106, LVSilva et al.]. 

• Next step is to evaluate the sensitivity on the measurements of the 
branching fraction differential in q2 and the additional observables of 
angular analysis of the decay.      

• Since very demanding requirements,  made it a case study for vertex 
detector (and beam-pipe) design. 

• Note: likely not only vertex-detector oriented: check the absence of calorimeter 
deposit in each of the neutrinos direction. This challenges simultaneously the 
granularity of the calorimetric apparatus and the angular resolution from partial 
reconstruction tracking. Also π0  reconstructed in the tau decay chains would 
improve dramatically the statistics.         
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2) |Vcb|: a key observable

Virtual Workshop FCC-France —  May 2020.  
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2) |Vcb| measurement: physics motivation 

• The |Vcb| element of the CKM matrix makes the normalisation of the unitarity 
triangle. 

• Though the Unitarity is better displayed in the (ρ, η) plane, any profile of the 
CKM matrix requires the knowledge of A, primarily given by |Vcb|
measurement. 

• |Vcb| is usually determined from semileptonic decays of b-hadrons. Requires 
the knowledge of form factors of the decays. Significant hadronic (theoretical 
uncertainties). 

• We are entering a time (already for the LHCb upgrade II) where 
normalisation matters. It will likely limit the EW interpretation of CP-
observables.  Search for BSM in ΔF = 2 processes is one example of it. 

• FCC-ee offers, at WW threshold,  a new avenue for its measurement.
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2) |Vcb| measurement: position of (Flavour) problem

• Quasi-model-independent approach to constrain BSM Physics 
in   neutral meson mixing processes 

Assumptions:

!only the short distance part of the mixing processes might receive NP contributions.  

!Unitary 3x3 CKM matrix. 

! tree-level processes are not affected by NP (so-called SM4FC: b→qiqjqk (i≠j≠k)). As 
a consequence, the quantities which do not receive NP contributions in that scenario 
are:  



• Knowing the CKM parameters, one can 
introduce the constraints of the B mixing 
observables depending on the NP 
complex number  (here parameterised 
as                                  ).   
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2) |Vcb| measurement: position of (Flavour) problem
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

• The unitarity triangle: fixing CKM 
parameters. This is the anticipated 
landscape after Belle II and LHCb 
upgrade.    



• Pheno. work in preparation on the perspectives of this model-independent 
analysis at future facilities (Phase I is LHCb-upgrade + Belle II, Phase II 
stands for LHCb upgrade II and Belle upgrade, Phase III is FCC-ee). Main 
conclusions here. 

• The constraint is in fair agreement w/ the SM prediction (h=0, σ=0). 
• Still significant room O(25%) for BSM contributions.
• When converted to BSM energy scale at natural O(1) couplings, the NP limit 

is O(PeV).   
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2) |Vcb| measurement: position of (Flavour) problem

[Z. Ligeti, M. Papucci and 
CKMfitter, in preparation]

[Constrains as of today.]
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2) |Vcb| measurement: position of problem
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• The SM is now taken as a reference. What is 
the NP parameter space that one can 
constrain? 

• Large improvement from now to Phase I. Less 
dramatic progresses afterwards.  

[Z. Ligeti, M. Papucci and 
CKMfitter, in preparation]

~late 202x:  
Belle II + LHCb Upgrade I 

~203x  
Belle II (250 /ab) + LHCb U. II

204x:  
FCC-ee
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2) |Vcb| measurement: position of the problem

• The precision does not improve as it should from Phase I to Phase II and III.   

• Two bottlenecks: |Vcb| precision and the hadronic parameters of the mixings 
(LQCD).The phase II precision as an example.  

• Remove the uncertainties on |Vcb| and hadronic parameters. Keep the other 
observables as they are expected to be measured. 
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2) |Vcb| measurement: position of the problem
• Lessons (in particular) for FCC-ee 

• ΔF = 2 processes (K, B0 and Bs mixing observables) are powerful tools to 
search for / constrain BSM contributions. They are only on aspect of what 
can be accessed.   

• When reaching the precision attainable at FCC-ee (already true at an 
earlier Phase), two bottlenecks were identified: |Vcb| is a one of them. 
Interplay of |Vcb| precision w/ the uncertainties of the hadronic parameters 
of the mixings (LQCD).

• At FCC-ee,  the precision on mixing hadronic parameters considered here 
corresponds to LQCD anticipations devised at HL-LHC period. It has to 
be re-investigated for FCC-ee times to make the best of the statistical 
gains. 

• Yet, FCC-ee can be a game changer for |Vcb|.  



• First look by Marie-Hélène Schune here. 

• Make a measurement at high-pT. 

• Use the WW threshold: 108  pairs w/ ~67% quarks. 

• Name of the game is the b- and c- jet-tagging purity (efficiency). 
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2) |Vcb| measurement: the WW threshold

W

Vcb b
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1 12. CKM Quark-Mixing Matrix

12. CKM Quark-Mixing Matrix

Revised January 2018 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y. Sakai (KEK).

12.1 Introduction
The masses and mixings of quarks have a common origin in the Standard Model (SM). They

arise from the Yukawa interactions with the Higgs condensate,

LY = ≠Y
d

ij Q
I
Li „ d

I
Rj ≠ Y

u
ij Q

I
Li ‘ „

ú
u

I
Rj + h.c., (12.1)

where Y
u,d are 3◊3 complex matrices, „ is the Higgs field, i, j are generation labels, and ‘ is the 2◊2

antisymmetric tensor. Q
I
L are left-handed quark doublets, and d

I
R and u

I
R are right-handed down-

and up-type quark singlets, respectively, in the weak-eigenstate basis. When „ acquires a vacuum
expectation value, È„Í = (0, v/

Ô
2), Eq. (12.1) yields mass terms for the quarks. The physical states

are obtained by diagonalizing Y
u,d by four unitary matrices, V

u,d
L,R, as M

f
diag = V

f
L Y

f
V

f†

R (v/
Ô

2),
f = u, d. As a result, the charged-current W

± interactions couple to the physical uLj and dLk

quarks with couplings given by

≠gÔ
2

(uL, cL, tL)“µ
W

+
µ VCKM

Q

ca
dL

sL

bL

R

db + h.c., VCKM © V
u

L V
d

L
† =

Q

ca
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

R

db . (12.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] is a 3 ◊ 3 unitary matrix. It can be
parameterized by three mixing angles and the CP -violating KM phase [2]. Of the many possible
conventions, a standard choice has become [3]

VCKM =

Q

ca
1 0 0
0 c23 s23
0 ≠s23 c23

R

db

Q

ca
c13 0 s13e

≠i”

0 1 0
≠s13e

i” 0 c13

R

db

Q

ca
c12 s12 0

≠s12 c12 0
0 0 1

R

db (12.3)

=

Q

ca
c12c13 s12c13 s13e

≠i”

≠s12c23 ≠ c12s23s13e
i”

c12c23 ≠ s12s23s13e
i”

s23c13
s12s23 ≠ c12c23s13e

i” ≠c12s23 ≠ s12c23s13e
i”

c23c13

R

db , (12.4)

where sij = sin ◊ij , cij = cos ◊ij , and ” is the phase responsible for all CP -violating phenomena in
flavor-changing processes in the SM. The angles ◊ij can be chosen to lie in the first quadrant, so
sij , cij Ø 0.

It is known experimentally that s13 π s23 π s12 π 1, and it is convenient to exhibit this
hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = ⁄ = |Vus|


|Vud|2 + |Vus|2
, s23 = A⁄

2 = ⁄

----
Vcb

Vus

---- , (12.5)

s13e
i” = V

ú

ub = A⁄
3(fl + i÷) = A⁄

3(fl̄ + i÷̄)
Ô

1 ≠ A2⁄4
Ô

1 ≠ ⁄2[1 ≠ A2⁄4(fl̄ + i÷̄)]
. (12.6)

These relations ensure that fl̄ + i÷̄ = ≠(VudV
ú

ub)/(VcdV
ú

cb) is phase convention independent, and the
CKM matrix written in terms of ⁄, A, fl̄, and ÷̄ is unitary to all orders in ⁄. The definitions of fl̄, ÷̄

reproduce all approximate results in the literature. For example, fl̄ = fl(1 ≠ ⁄
2
/2 + . . .) and one can

write VCKM to O(⁄4) either in terms of fl̄, ÷̄ or, traditionally,

VCKM =

Q

ca
1 ≠ ⁄

2
/2 ⁄ A⁄

3(fl ≠ i÷)
≠⁄ 1 ≠ ⁄

2
/2 A⁄

2

A⁄
3(1 ≠ fl ≠ i÷) ≠A⁄

2 1

R

db + O(⁄4) . (12.7)

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update
6th December, 2019 11:49am
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model independent at present. Combining the D
±

fi
û, D

ú±
fi

û and D
±

fl
û measurements [121] gives

sin(2— + “) > 0.68 at 68% CL [109], consistent with the previously discussed results for — and “.
The amplitude ratio is much larger in the analogous B

0
s æ D

±
s K

û decays, which allows a model-
independent extraction of “ ≠ 2—s [122] (here —s = arg(≠VtsV

ú

tb/VcsV
ú

cb) is related to the phase of
Bs mixing). Recent measurement by LHCb [123] gives (127+17

≠22)¶ using a constraint on 2—s (see
Sec. 12.5).

12.4 Global fit in the Standard Model
Using the independently measured CKM elements mentioned in the previous sections, the uni-

tarity of the CKM matrix can be checked. We obtain |Vud|2 + |Vus|2 + |Vub|2 = 0.9994 ± 0.0005 (1st
row), |Vcd|2 + |Vcs|2 + |Vcb|2 = 1.043 ± 0.034 (2nd row), |Vud|2 + |Vcd|2 + |Vtd|2 = 0.9967 ± 0.0018 (1st
column), and |Vus|2 + |Vcs|2 + |Vts|2 = 1.046 ± 0.034 (2nd column), respectively. The uncertainties
in the second row and column are dominated by that of |Vcs|. For the second row, a slightly better
check is obtained from the measurement of

q
u,c,d,s,b |Vij |2 in Sec. 12.2.4 minus the sum in the first

row above: |Vcd|2 + |Vcs|2 + |Vcb|2 = 1.002 ± 0.027. These provide strong tests of the unitarity of the
CKM matrix. With the significantly improved direct determination of |Vtb|, the unitarity checks
for the third row and column have also become fairly precise, leaving decreasing room for mixing
with other states. The sum of the three angles of the unitarity triangle, – + — + “ = (180 ± 7)¶, is
also consistent with the SM expectation.

The CKM matrix elements can be most precisely determined using a global fit to all available
measurements and imposing the SM constraints (i.e., three generation unitarity). The fit must also
use theory predictions for hadronic matrix elements, which sometimes have significant uncertainties.
There are several approaches to combining the experimental data. CKMfitter [6,109] and Ref. [124]
(which develops [125,126] further) use frequentist statistics, while UTfit [110,127] uses a Bayesian
approach. These approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix significantly
reduce the allowed range of some of the CKM elements. The fit for the Wolfenstein parameters
defined in Eq. (12.5) gives

⁄ = 0.22453 ± 0.00044 , A = 0.836 ± 0.015 , (12.31)
fl̄ = 0.122+0.018

≠0.017 , ÷̄ = 0.355+0.012
≠0.011 . (12.32)

These values are obtained using the method of Refs. [6,109]. Using the prescription of Refs. [110,127]
gives ⁄ = 0.22465 ± 0.00039, A = 0.832 ± 0.009, fl̄ = 0.139 ± 0.016, ÷̄ = 0.346 ± 0.010 [128]. The fit
results for the magnitudes of all nine CKM elements are

VCKM =

Q

ca
0.97446 ± 0.00010 0.22452 ± 0.00044 0.00365 ± 0.00012
0.22438 ± 0.00044 0.97359+0.00010

≠0.00011 0.04214 ± 0.00076
0.00896+0.00024

≠0.00023 0.04133 ± 0.00074 0.999105 ± 0.000032

R

db , (12.33)

and the Jarlskog invariant is J = (3.18 ± 0.15) ◊ 10≠5.
Fig. 12.2 illustrates the constraints on the fl̄, ÷̄ plane from various measurements and the global

fit result. The shaded 95% CL regions all overlap consistently around the global fit region.
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W

q = b, s, s, d, d

q’ = u, c, u, c, d

Vqq’

• Nsig (103) ~  230 103 • Nbkg (106) ~ 1.7 10-3,127, 6.8, 6.8, 127 

https://indico.cern.ch/event/838435/contributions/3635812/attachments/1971221/3279502/FCCee_17Jan2020_v2.pdf


• First look by Marie-Hélène 
Schune here. 

• Numbers picked from Tracking 
and Vertexing at Future Linear 
Colliders: Applications in Flavour 
Tagging — Tomohiko Tanabe. 
ILD@ILC. IAS Program on High 
Energy Physics 2017, HKUST 
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2) |Vcb| measurement: the WW threshold

FCCee	workshop	 January	2020 19

b c uds
Eff b-jet tagger 25%
Eff c-jet tagger 10% 50% 2%

ILD@ILC 
Tracking and Vertexing at Future Linear Colliders:
Applications in Flavour Tagging
Tomohiko Tanabe (U Tokyo)
IAS Program on High Energy Physics 2017, HKUST

Numbers inspired by: 

bTag_c

bTag_uds

Very first look ! 

relative precision on Vcb 0.4 % ? 
(now 1.5%) 

σ(Vcb)/Vcb

Pbtag(uds)  
P b

ta
g(c

)  

Eff. \ q-jet b-jet c-jet uds-jet
b-tag 25 %
c-tag 10 % 50 % 2 %

• With these state-of-the-art inputs, 
precision on |Vcb|  improves from 
1.9% (current) to 0.4%. Ultimate 
statistical precision is O(10-4).

• Actual study in order. A driver for the 
b- and c- tagging performance.  

https://indico.cern.ch/event/838435/contributions/3635812/attachments/1971221/3279502/FCCee_17Jan2020_v2.pdf
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3) Conclusions

• Flavour Physics defines shared (vertexing, tracking, calorimetry) and 
specific (hadronic PID) detector requirements. The next phase of the 
program will entangle the Physics reach and detector concepts.

• This will happen through the case studies at the immediate next stage of 
the project.  

• Two examples of them were provided in this talk. (We have seen one 
more in G. Wilkinson’s talk, yesterday).  

• At least 5 1012 Z decays are wished for the broad case of Flavours 
(most of the measurements are statistically limited). 

• The WW threshold is important as well for Flavours. 
• Theory progresses, as for the EWK observables , are in order to 

benefit for the precision. 
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4) Back-ups

9

Couplings
NP loop Present Sensitivity [TeV] Phase I Sensitivity [TeV] Phase II Sensitivity [TeV]

order Bd mixing Bs mixing Bd mixing Bs mixing Bd mixing Bs mixing

|Cij | = |VtiV
∗

tj | tree level 9 13 17 18 20 21

(CKM-like) one loop 0.7 1.0 1.3 1.4 1.6 1.7

|Cij | = 1 tree level 1× 103 3× 102 2× 103 4× 102 2× 103 5× 102

(no hierarchy) one loop 80 20 2× 102 30 2× 102 40

TABLE VI. The scale of the operator in Eq. (2) probed (in TeV, at 95% CL) by Bd and Bs mixings at present, at Phase I,
and Phase II, if the NP contributions in the two meson mixings are unrelated. The impact of SM-like hierarchy of couplings
and/or loop suppression is shown. (ZL: All numbers need to be recalculated) [revised; ranges derived from 1D]

require the collection of O(10/ab) around
√
s ∼ 15GeV.492

B. If NP contributes to semileptonic B decay493

The discrepancies in semileptonic B decays measure-494

ments may be due to currently underestimated theoreti-495

cal or experimental uncertainties or could potentially be496

(at least partially) explained by the presence of BSM497

contributions in charged current processes. In partic-498

ular the NP in the ℓ = τ channel may produce viola-499

tion of lepton flavor universality (LFU) while NP in the500

ℓ = e, µ channels can both produce LFU deviations and501

potentially contribute to the inclusive vs. exclusive dis-502

crepancy. The τ case has been extensively investigated503

due to the fact that BSM models explaining the R(D(∗))504

anomalies by modifying tauonic processes are less con-505

strained by other measurements [45–52]. On the other506

hand, BSM contributions in the e, µ channels have re-507

ceived less attention [53–58]. In particular, the question508

of the maximum size of the NP-induced deviations in509

these observables achievable in viable models that respect510

other experimental constraints has not been fully studied.511

This is relevant here, as it also corresponds to a violation512

of one of the assumptions of the analysis performed in513

this paper, namely that charged currents processes are514

not significantly affected by BSM physics. Nevertheless,515

we now show that the hd,s − σd,s fit is still relevant for516

this particular scenario.517

If the size of the current anomalies are fully attributed518

to BSM physics, that would imply that NP must exist519

at or below the TeV scale. Depending on the specific520

model that is UV-completing the dimension-6 operators,521

ATLAS and CMS should have a good chance to directly522

produce and detect the particle(s) mediating such charge523

current interactions. On the other hand, in some of these524

models, direct high-pT searches may not fully exclude525

BSM contributions to the point that they cannot affect526

future Vcb, Vub measurements at the level of precision527

attainable in Phases I-III.528

In this case, complementary flavor physics observables529

can provide further insight. For example, if the NP con-530

tributions to b → cℓν transitions has a different Lorentz531

structure than the SM, it will manifest itself by modifying532

kinematic properties of the decays, e.g., the charged lep-533

ton energy or q2 spectrum, τ polarization, etc. Such NP534

effects may be therefore disentangled from the pure V-535

A SM contributions and one could in principle perform536

a combined fit and extract Vcb while constraining NP.537

In such case the future precision to which Vcb and (and538

similarly Vub) will be known is going to be likely worse539

than assumed in Table I. Further quantitative studies540

are needed to assess how much the projections performed541

here will be degraded.542

On the other hand, if NP generates the same V − A543

interaction as the SM (or if the contribution is smaller544

than what kinematic distributions can constrain), it will545

bias the measurement of Vcb and Vub. In this case such546

tree level NP effects will be seen both in this analysis as547

a non-zero contributions to hd,s and σd,s, in the neutral548

Kaon system and in many ∆F = 1 processes [58]. These549

deviations from the SM induced from corrections to the550

charged currents will be present on top of genuine BSM551

FCNC contributions. In fact, the fit performed here as-552

sumes unitarity of the SM and that charged currents are553

only produced by SM processes. Therefore the experi-554

mental determination of e.g. V exp
cb = V SM

cb + δVcb is used555

by the fit to determine via unitarity the CKM combina-556

tions entering meson mixing, such as (VtbV ∗
ts)

fit which557

are then compared with their experimental counterparts558

(VtbV ∗
ts)

exp, with the discrepancies being attributed to559

∆F = 2 NP contributions via the h and σ parameters.560

Similar redefinitions hold for other CKM entries deter-561

mined in charged current processes, such as Vub (and to562

the entries in the first two generations CKM sub-matrix,563

although their impact is less appreciable due to the bet-564

ter precision to which they are known). This remain true565

as long as the tree level determination of products of Vts,566

Vtd and Vtb is not reaching the precision attainable from567

FCNC processes and therefore is inferred from unitar-568

ity. This situation will hold in the foreseeable future.569

So, while in the introduction we have simplified the pre-570

sentation by assuming that the tree level processes are571

unchanged by new physics, hs,d and σs,d really parame-572

terize generic ”tree vs. loop” discrepancies (see [59] for a573

different approach).574

More concretely, assuming that NP pollutes Vcb at tree575

level by δVcb (and similarly for Vub, Vts, Vtd, Vtb and ne-576

glecting contributions to Vcs, Vcd, Vus, Vud for simplicity),577

at leading order in both mc/mt and in the size of new578

3

Central Uncertainties
Reference

value Current Phase I Phase II Phase III

|Vud| 0.97437 ±0.00021 id id id [17]

|Vus| f
K→π
+ (0) 0.2177 ±0.0004 id id id [17]

|ϵK |× 103 2.240 ±0.011 id id id [17]

|Vcd| 0.225 ±0.0043 ±0.003 id id [18]

|Vcs| 0.973 ±0.0094 id id id [18]

∆md [ps−1] 0.5065 ±0.0019 id id id [16]

∆ms [ps−1] 17.757 ±0.021 id id id [16]

|Vcb|SL × 103 42.26 ±0.58 ±0.60 ±0.44 id [19, 20]

|Vcb|W→cb × 103 — — — — ±0.17 [21]

|Vub|SL × 103 3.56 ±0.22 ±0.042 ±0.032 id [19]

|Vub/Vcb| (from Λb) 0.0842 ±0.0050 ±0.0025 ±0.0008 id [20]

B(B → τν)× 104 0.83 ±0.24 ±0.04 ±0.02 ±0.009 [19]

B(B → µν)× 106 0.37 — ±0.03 ±0.02 id [19]

sin 2β 0.680 ±0.017 ±0.005 ±0.002 ±0.0008 [19, 20]

α [◦] (mod 180◦) 91.9 ±4.4 ±0.6 id id [19]

γ [◦] (mod 180◦) 66.7 ±5.6 ±1 ±0.25 ±0.20 [19–21]

βs [rad] −0.035 ±0.021 ±0.014 ±0.004 ±0.002 [20, 21]

Ad
SL × 104 −6 ±19 ±5 ±2 ±0.25 [14]

As
SL × 105 3 ±300 ±70 ±30 ±2.5 [14]

B(Bs → µµ)× 109 3.45 ±0.66 ±0.34 ±0.17 id [20]

B(Bd → µµ)× 1011 10.4 — ±3.5 ±1.0 id [20]

B(Bd → µµ)/B(Bs → µµ) 0.030 — ±0.010 ±0.003 id [20]

m̄c [GeV] 1.288 ±0.012 ±0.005 id id [20]

m̄t [GeV] 165.30 ±0.32 id id ±0.020 [17]

αs(mZ) 0.1185 ±0.0011 id id ±0.00003 [17]

fK→π
+ (0) 0.9681 ±0.0026 ±0.0012 id id [20]

fK [GeV] 0.1552 ±0.0006 ±0.0005 id id [20]

BK 0.774 ±0.012 ±0.005 ±0.004 id [20]

fBs [GeV] 0.2315 ±0.0020 ±0.0011 id id [20]

BBs 1.219 ±0.034 ±0.010 ±0.007 id [20]

fBs/fBd
1.204 ±0.007 ±0.005 id id [20]

BBs/BBd
1.054 ±0.019 ±0.005 ±0.003 id [20]

B̃Bs/B̃Bd
1.02 ±0.05 ±0.013 id id [22, 23]

B̃Bs 0.98 ±0.12 ±0.035 id id [22, 23]

ηB 0.5522 ±0.0022 id id id [24]

TABLE I. Central values and uncertainties used in our analysis. Central values have been adjusted to eliminate tensions when
moving to the smaller uncertainties typical of the future projections. The entries “id” refer to the value in the same row in the
previous column. The assumptions entering Phase I, Phase II and Phase III estimates are described in the text.

The Phase III inputs gather the observables of interest183

that can be measured at a ultimate flavour factory: the184

Frontier Circular Collider FCC-ee.185

The study of high luminosity circular e+e− collid-186

ers operating at the ZH production threshold [34] fol-187

lowed from the first evidence of a relatively low-mass188

Higgs boson. Initial investigations at the physics case189

are gathered in [21] and provide the starting ground of190

the present study. The versatility of the machine centre-191

of-mass energy definition allows to study all relevant192

electroweak thresholds (Z, WW , ZH, and tt̄) and ad-193

dresses electroweak precision physics (Higgs physics, elec-194

troweak precision observables at Z pole and WW thresh-195

olds) in an unrivaled way, benefiting simultaneously from196

both the statistics and the excellent measurement of the197

beam energy at the Z and WW thresholds. This natu-198

ral physics case is complemented by the unprecedented199

statistics attainable at the Z pole (O(5×1012) Z decays),200

[Z. Ligeti, M. Papucci and 
CKMfitter, in preparation]


