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1. FCC-ee Feasibility Study. Motivation.    

• Next-generation particle collider housed in a 90km underground tunnel 

• Building-up on the CERN accelerator complex … 

• … and building-up on the successful LEP / LHC strategy:  implementation in 
stages with first an e+e- machine, followed by a high-energy hadron collider.  
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1. FCC-ee machine and expts — executive summary   

Christophe Grojean FCC week, May 30, 20229

FCC-ee Physics Programme

FCC-ee
•Axion-like	par3cles,	dark	photons,		
Heavy	Neutral	Leptons	 
•	long	life3mes	-	LLPs	

direct searches  
of light new physics

"

flavour factory 
(1012 bb/cc; 1.7x1011 !!) 

! physics

•!-based EWPOs  
•lept. univ. violation tests 

B physics
•Flavour EWPOs (Rb, AFBb,c)  
•CKM matrix,  
•CP violation in neutral B mesons 
•Flavour anomalies in, e.g., b ➝ s!! 

"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top

3

detector req.

detector hermeticity 
tracking, calorimetry

particle flow 
energy resol. 

particle ID

momentum resol. 
tracker

vertexing, tagging 
energy resolution 

hadron identification

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N" 
•Rl, AFB  
•mW, ΓW

• Triptych: Higgs / Top / EW factory (Intensity).

© C. Grojean
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FCC-ee Physics Programme

FCC-ee
•Axion-like	par3cles,	dark	photons,		
Heavy	Neutral	Leptons	 
•	long	life3mes	-	LLPs	

direct searches  
of light new physics

"

flavour factory 
(1012 bb/cc; 1.7x1011 !!) 

! physics

•!-based EWPOs  
•lept. univ. violation tests 

B physics
•Flavour EWPOs (Rb, AFBb,c)  
•CKM matrix,  
•CP violation in neutral B mesons 
•Flavour anomalies in, e.g., b ➝ s!! 

"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top

3

detector req.

detector hermeticity 
tracking, calorimetry
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energy resol. 
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momentum resol. 
tracker

vertexing, tagging 
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hadron identification

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N" 
•Rl, AFB  
•mW, ΓW

• Probable imo that Flavour Physics requirements are the most 
demanding in vertexing, PID, calorimetry

© C. Grojean
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2. Key points: FCC-ee luminosity and operation   

• We‘re speaking of 105 Z/s , 104 W/h,  1.5 103 H and top /d, in a very 
clean environment: no pile-up, controlled beam backgrounds, E and p 
constraints, ~w/o trigger loss. 

• In particular, you do the LEP in a minute!  Some Flavour 
measurements are still dominated by LEP experiments. 
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FCC feasibility Mid-term report - Physics and Experiments 

‧Baseline: 
‧16 years nominal program. 
‧4 interaction points. 
‧Versatility in run scenarii (e.g. could start w/ Higgs run)  
‧Possibility of additional runs (e.g. e- Yukawa w/ 125 GeV run).  

2. Key points: FCC-ee luminosity and operation   
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‧Baseline: 
‧Flexibility is key, e.g. one year at the Z pole, installation of RF, one year 

for WW, then full ZH program, …  

2. Key points: FCC-ee luminosity and operation   
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2. FCC-ee Feasibility Study timeline    
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2. FCC-ee Feasibility Study: mid-term review key points    

‧Racetrack placement and democratic reach-out:
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2. FCC-ee Feasibility Study: mid-term review key points    

‧Racetrack placement and democratic reach-out: © J. Gutleber
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2. FCC-ee Feasibility Study: mid-term review key points    

‧Racetrack placement and democratic reach-out: (as of january 2024)  
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2. FCC-ee Feasibility Study: mid-term review key points    

‧Message#1: the machine design is matured as underlined by the mid-term 
review.  

‧Message#2:  this schedule is (imo) the only conservative schedule of the 
projects on the market. Can be felt discouraging but realistically solid.    
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3. The Physics Case at large  
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3. The Physics Case at large: big picture  
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• Ultimate quantum completeness 
consistency test of the SM. 

• The improvements in theory 
prediction precision is part of the 
FCC program. 
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3. The Physics Case at large: the indirect constraints
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3. The Physics Case at large: the big picture 

• Ultimate quantum completeness 
consistency test of the SM. 

• The improvements in theory 
prediction precision is part of the 
FCC program. Precision 1.4 GeV. 
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3. The Physics Case at large: the Higgs factory 

• Two energy points (240 and 360 GeV) for the program

• Invincible precision on the absolute couplings and width. Interplay with HL-LHC. 

Results as in the CDR 2018 
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3. The Physics Case at large: the Higgs factory 

• It is interesting to note that the extrapolations provided for the CDR have mostly 
received confirmation from the latest studies, featuring more realistic detectors

© J. Eysermans, as  
was shown end of 
january 2024.  
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3. The Physics Case at large: the top threshold 

• Can get the top quark mass at the level of 20 MeV. Top width at 50 MeV. 
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3. The Physics Case at large: the strong coupling constant

• The prospects for the strong coupling constant at Z and WW its width. 

© D. D’Enterria
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3. The Physics Case at large: discovery potential

• Much more than what I’m flashing here for Heavy Neutral Leptons. Full program 
feature Axion-like Particles, dark sectors etc…  
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3. The Physics Case at large: discovery potential

• The Z pole can be a rich factory of Lepton Flavour violation processes. We’ll see 
later for the tau lepton.

Bottomline:  With the expected tracking performance at FCC-ee (beam spread 
equivalent resolution at 45 GeV),  the current limits are pushed by three orders of 
magnitude, e.g. O(10-9 —10-10).    
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• Lepton Flavour-Violating Z decays in the SM with 
lepton mixing are typically < 10-50.

• Any observation of such a decay would be an 
indisputable evidence for New Physics.  FCC-ee 
exploration [JHEP 1504 (2015) 051]. Z →τμ/e is 
unique at FCC. 

• The dominant background is (Z →ττ), where one 
tau decays into a close to beam energy lepton. 
The search is limited by the momentum resolution. 
A lot of phenomenology to explore yet.  
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3. The Physics Case at large: detector concepts

• The physics reach is obviously intimately related to the detector performance 

• So far three detector concepts defined by calorimetry 
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4. Flavours at FCC-ee: setting the scene 
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A- Particle production at the Z pole: 

• About 15 times the nominal Belle II anticipated statistics for B0 and B+.
• All species of b-hadrons are produced. 

   

26S. Monteil

4) FCC-ee ABCD specifics for Flavour Physics.

Particle species B0 B� B0
s ⇤b B+

c cc ⌧�⌧+

Yield (109) 740 740 180 160 3.6 720 200

Table 1: Particle abundances for 6 · 1012 Z decays. Charge conjugation is implied.
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B- The Boost at the Z:

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

C- Versatility : the Z pole does not saturate all Flavour possibilities. Beyond 
the obvious flavour-violating Higgs and top decays, the WW operation will 
enable to collect several 108 W decays on-shell AND boosted. Direct 
access to CKM matrix elements.

D- Comparison w/ LHC and B-factory. Advantageous attributes:

27S. Monteil

4) FCC-ee ABCD specifics for Flavour Physics.
hEXbi = 75%⇥ Ebeam; h��i ⇠ 6.
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D- Comparison w/ LHC and B-factory. Advantageous attributes: 

Important note: there’s a hole in this table. The Heavy Quarks production at 
the LHC is invincible. The exquisite luminosity at the Z pole mitigates this 
LHC(b) advantageous attribute to a certain extent. Yet, the statistics at play 
for fully charged modes is commensurate with those of LHCb-Upgrade II. 

28S. Monteil

4) FCC-ee ABCD specifics for Flavour Physics.
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4) FCC-ee ABCD specifics for Flavour Physics.

2106.01259
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Invariant-mass resolution is a must: exquisite tracking is necessary and at 
reach. Invariant-mass resolution as it is in the current state of IDEA fast 
simulation:    

Seems granted w/ state-of-the-art tracker.  Ultra-high resolution calorimetry is 
in addition desirable to touch high performance for modes w/ neutrals

29S. Monteil

4) FCC-ee ABCD specifics for Flavour Physics.

2106.01259
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Final remarks on this section - 

Advantageous attributes  / detector requirements 

• The boost of the Z makes the b-flavoured (tau) particles fly  ~3 (2) mm on 
average.  Flavour Physics successful if those are resolved with high precision in 
particular when the mom. of the tracks is low  

      —> go beyond the state-of-the art.   
• CP violation studies requires excellent KS and neutral pions reconstruction. In 

order to make full advantage of the available statistics, exquisite energy and 
angular reconstruction in calorimetry  

      —> go beyond the state-of-the art. 
• Hadronic p / K / π  Particle IDentification has to come from the dE/dx (dN/dx) or a 

Cerenkov detector to fit in front of the ECAL
      —> go beyond the state-of-the art.  

Four IPs provide opportunities for a flavour-oriented detector concept.

30S. Monteil

4) FCC-ee ABCD specifics for Flavour Physics.
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Aparté 
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Aparté
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• The different tracking systems on the table are already very powerful and 
are meeting physics requirements. Some subtleties from Flavour Physics 
however, such as placing the vertex detector within the beam pipe …   

• But … 

• … Detector Concepts built on calorimetry. 

• The Physics Case at large requires high granularity calorimeters, ideally 
both transverse granularity and longitudinal  segmentation. 

• Flavour Physics requires in addition high energy-resolution.  

32S. Monteil

Aparté
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Aparté

• There’s a difference! addressing or not this Physics. Target: 2%!
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Flavour Physics requires in addition high energy-resolution, e.g.  Radiative 
decays: separation of b → sγ  and b → dγ . Academic exercise w/ B0 → K*γ.  

33S. Monteil

Aparté
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Aparté

GRAiNITA@ FCC 1S. Monteil

GRAiNITA: fine sampling crystal grain 
calorimetry. 

FCC PED Week — Annecy — January 2024  

Stéphane Monteil,��
Clermont University, LPC-IN2P3-CNRS. 

On behalf of the GRAiNITA Group: 
IJCLab: S.Barsuk, I.Boyarintseva, D.Breton, G.Hull, J.Lefrançois, MH.Schune;  
ISMA:  A.Boyarintsev, I.Tupitsyna, LPClermont:  H.Chanal, Y.Hou, M.Magne, 
S.Monteil, D.Picard, M.Yeresko; TSNUK: O.Bezshyyko, A.Dubovik, A.Kotenko, 
N.Semkiv.  

Based on arXiv:2312.07365 

Hot from the press:  
accepted by JINST
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• Reaching an exquisite energy resolution while preserving high transverse 
granularity

Aparté:  principles of GRAiNITA

Typical sampling calorimeter  
(e.g. Shashlik)

Crystal calorimeter

�E

E
⇠ 10%p

E

�E

E
⇠ 1� 2%p

E

• Can we make the best of the two 
approaches ?  

• Fine sampling 

• Local containment of the scint.light 
(inspired by A. Cabrera et al. LiquidO 
Commun Phys 4, 273 (2021) 
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• Possible candidate for the grains: ZnWO4  

• ISMA: dedicated R&D to produce ZnWO4 grains with the flux method 
(inexpensive method). Production technique mastered.  

• Scintillation decay time ok for FCC-ee (~75 kHz at the Z pole). 

• About 1 kg produced.  

• Other options under consideration, e.g. BGO. 

Aparté: the grains, the fibres, the liquid 

©A. Contamine and C. Fayard
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Aparté: the first paper result.  

• Average dE/dx for muons in the prototype: ~1.5 MeV / (g.cm-2) 

• Density of the prototype is about half that of ZnWO4  (~4 g.cm-3) 

• The length of prototype seen by a muon is about 6 cm 

• The energy deposited in the prototype by a cosmic muon is O(40 MeV) 

• About 400 photo-electrons  

• About 10 p.e. per MeV, e.g. 
10000 p.e. per GeV. !! 

• More to study: mirror ends on 
fibres, heavy liquid …   

Should these numbers be confirmed, the  

 1% stochastic target is at reach !   arXiv:2312.07365 
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Aparté: the Clermont test bench. Towards constant term

• Accurate (1mm at 15 cm) knowledge of 
the muon trajectory in the prototype 
thanks to a Si telescope prototype 
(TPX3)

• Aim at measuring the response of the 
GRAiNITA prototype as a function of 
the actual (length) passage of the 
particle, the distance to the fibre etc… 

• Start to address the non-uniformities.   

• To be used further in muon test beam.   
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Aparté: the Clermont test bench. Towards constant term

• TPX3 qualification: 

• comparison of the angular distribution of 
muons (use seven days sent  by the 
manufacturer) with the canonical model   

      I(θ)=I0 cos2.22(θ) m−2s−1sr−1

• works fine:  0.73 muons /min observed 
while 0.74 / min were predicted 

• Status of the bench:

• commissioning
First photon seen 2 weeks ago! ©M. Magne

©H. Chanal
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Aparté: the Clermont test bench. Towards constant term

• Pulse Shape Discrimination 

• Different ways to deposit the energy shall reflect into different scintillation 
times: next step is to educate an optical model (test beam at low energy 
first and simulations). 

©M. Yeresko and Y. Hou
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5) Reviews of current activities (Design/Feas. Study)
‧A look back: 

‧The Flavour Program was not explored in the very-initial works about 
FCC-ee (but a mention to tau final states). It is now part of the program 
on its own right.   

‧The case has to be thought of out of the anticipated very-rich 
experimental landscape at the horizon 2040 : there are LHCb Upgrade 2 
(not yet approved but highly desirable — 300 /fb), Belle II (some thoughts 
about Belle III — 250 /ab) and Super Tau-Charm Factory (STCF).        

‧The question was: is there a valuable addition to the Flavour physics 
case that will be developed in the next two decades?

‧The answer is: YES. Focus was put on the study of modes that are likely 
unique to FCC-ee. It happens in addition that there is no place where 
FCC-ee does not compete valuably, and hence provides at least a useful 
comparison.  
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5) Reviews of current / foreseen activities (Feas. Study)
‧Rare semileptonic decays and leptonic decays:  

‧b→sτ+τ- , e.g. B0 → K*0	τ+τ-.  (case for mid-term review)
‧b→sνν, e.g. Bs→ φνν  
‧Bc → τν; b→s(d) 𝓁𝓁

‧CP violation studies: 
‧The CKM γ angle, e.g. Bs→ DsK.  
‧The semileptonic asymmetries (CP breaking in mixing). 
‧The CKM α angle, e.g. B0 → (𝜋0𝜋0). 
‧The matrix elements Vub and Vcb  ….

‧Tau Physics:  
‧Lepton flavour violating τ decays
‧Lepton-universality tests in τ decays.

‧Charm Physics: 
‧The rare decays, e.g. D→𝜋νν, D0→γγ  
‧The hadronic decays, D+→𝜋+𝜋0 … 
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5) Reviews of current activities (Feas. Study)
‧Flashing some of the recent studies: b→sνν

© A. Wiederhold, M. Kenzie 
arXiv:2309.11353
 

First indication of such a 
transition just came from 
Belle II (2023). 

Analysis based on the 
hemisphere missing energy 
measurement confronting the 
event properties.  
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• Bc → τ+ν: another fundamental test of lepton universality. Counterpart of 
RD,D*. A promising study lies here [2105.13330, see also 2007.08234]

Bottomline:   few percent precision mostly limited yet by the 
knowledge of the normalisation BF (J/ψ𝜇𝜈). 

© X. Zuo et al.

5) Reviews of current activities (Feas. Study)

https://arxiv.org/abs/2105.13330
https://arxiv.org/abs/2007.08234
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• B+ → τ+ν: access |Vub| with the only knowledge of the decay constant. 

Bottomline:   similar yields / purities as for Bc → τ+ν. A paper out. arXiv
2305.02998 that makes the synthesis of both analyses. 

© X. Zuo

3) Reviews of current activities (Feas. Study)

© X. Zuo et al.
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• Sub-degree gamma angle measurement with just one mode : 

• A lot more to do with neutrals !  
• Several null tests of the SM accessible w/ potentially unprecedented 

precision, e.g. semileptonic asymmetries, φs in penguin-dominated 
diagrams … 

𝛿 𝑠𝑖𝑛ଶ𝜙ெ ൎ 𝛿 𝑠𝑖𝑛ଶ𝛾 ൎ 5 ൈ 10ିଷሺ𝑠𝑡𝑎𝑡. ሻ
𝛿 𝜌 ൎ 3.2 ൈ 10ିଷሺ𝑠𝑡𝑎𝑡. ሻ

≅ 𝛿 𝛾 ൎ 0.4° ሺ𝑠𝑡𝑎𝑡. ሻ

Measurement of CP violation with 𝑩࢙ → 𝑫ࡷ࢙

PDG: 𝛾 ൌ ሺ71.1ିହ.ଷାସ.ሻ°

Result 3 :

න𝐿𝑑𝑡 ൌ 150 𝑎𝑏ିଵ

Potential statistical gain of factor 4-5 with 𝐷௦േ → 𝐾∗𝐾േ, 𝜙𝜌േ,… but background needs to be studied (see later)+
Additionnal potential gain (another factor ~2 ) with 𝐵௦ → 𝐷௦∗േ𝐾∓,𝐷௦േ𝐾∗∓, 𝐷௦∗േ𝐾∗∓ , most modes including g(s)

© R. Aleksan  

3) Reviews of current activities (Feas. Study)
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• Tau Physics: Lepton Flavour Universality

Bottomline:   lifetime resolution obtained with three-prongs decays. 
Orders of magnitude improvements.  

5) Reviews of current activities (Feas. Study)

© A. Lusiani

Comment: B-factories did not improve (much) LEP measurements 
(Belle II might). FCC-ee has much better experimental conditions than 
LEP  and about 5× the statistics of tau pairs w.r.t. Belle II. 
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• Tau Physics: Lepton Flavour Violation

Bottomline:   improved sensitivity by about two orders of magnitude.

5) Reviews of current activities (Feas. Study)

© A. Lusiani
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6) Focus on two analyses
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6) Focus#1: the CKM matrix element Vcb

• At the horizon of the next electron collider, the knowledge of the CKM profile is 
expected to have been deeply revisited by LHCb and Belle II/III. 

• The CKM angle γ might be known at the sub-degree precision; as will the angle β.  

• One relevant figure of merit to devise the possible bottlenecks in precision that 
would alter the global interpretation of the CKM profile is a quasi-model-
independent analysis of the BSM contributions in neutral kaon and beautiful-meson 
mixing phenomena.    

• Bottomline: one needs the matrix element |Vcb| at a much-higher precision than 
what semileptonic B decays can provide. The next couple of slides to justify the 
statement. |Vcb| is the normalisation of the UT in the SM and beyond (in a large 
class of BSM models).

• Longstanding tensions in exclusive / inclusive determinations to be fixed!  
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• 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 (Flavour violation only from the Yukawas-MFV hypothesis). 

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

6) Focus#1: the CKM matrix element Vcb
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• The unitarity triangle: fixing CKM 
parameters w/ |Vub|, |Vcb| and gamma. 
This is the anticipated landscape after 
Belle II and LHCb Upgrade I.    
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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,

• Knowing the CKM 
parameters, one can 
introduce the constraints of 
the B mixing observables 
depending on the NP 
complex number  (here 
parameterised as Δ).   
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2003 2013 Stage I Stage II

|Vud| 0.9738 ± 0.0004 0.97425 ± 0 ± 0.00022 id id

|Vus| (K!3) 0.2228 ± 0.0039 ± 0.0018 0.2258 ± 0.0008 ± 0.0012 0.22494 ± 0.0006 id

|εK | (2.282 ± 0.017) × 10−3 (2.228 ± 0.011) × 10−3 id id

∆md [ps−1] 0.502 ± 0.006 0.507 ± 0.004 id id

∆ms [ps−1] > 14.5 [95% CL] 17.768 ± 0.024 id id

|Vcb| × 103 (b → c"ν̄) 41.6 ± 0.58 ± 0.8 41.15 ± 0.33 ± 0.59 42.3 ± 0.4 [17] 42.3 ± 0.3 [17]

|Vub| × 103 (b → u"ν̄) 3.90 ± 0.08 ± 0.68 3.75 ± 0.14 ± 0.26 3.56 ± 0.10 [17] 3.56 ± 0.08 [17]

sin 2β 0.726 ± 0.037 0.679 ± 0.020 0.679 ± 0.016 [17] 0.679 ± 0.008 [17]

α (mod π) — (85.4+4.0
−3.8

)◦ (91.5 ± 2)◦ [17] (91.5 ± 1)◦ [17]

γ (mod π) — (68.0+8.0
−8.5

)◦ (67.1 ± 4)◦ [17, 18] (67.1 ± 1)◦ [17, 18]

βs — 0.0065+0.0450
−0.0415

0.0178 ± 0.012 [18] 0.0178 ± 0.004 [18]

B(B → τν) × 104 — 1.15 ± 0.23 0.83 ± 0.10 [17] 0.83 ± 0.05 [17]

B(B → µν) × 107 — — 3.7 ± 0.9 [17] 3.7 ± 0.2 [17]

Ad
SL × 104 10 ± 140 23 ± 26 −7 ± 15 [17] −7 ± 10 [17]

As
SL × 104 — −22 ± 52 0.3 ± 6.0 [18] 0.3 ± 2.0 [18]

m̄c 1.2 ± 0 ± 0.2 1.286 ± 0.013 ± 0.040 1.286 ± 0.020 1.286 ± 0.010

m̄t 167.0 ± 5.0 165.8 ± 0.54 ± 0.72 id id

αs(mZ) 0.1172 ± 0 ± 0.0020 0.1184 ± 0 ± 0.0007 id id

BK 0.86 ± 0.06 ± 0.14 0.7615 ± 0.0026 ± 0.0137 0.774 ± 0.007 [19, 20] 0.774 ± 0.004 [19, 20]

fBs [GeV] 0.217 ± 0.012 ± 0.011 0.2256 ± 0.0012 ± 0.0054 0.232 ± 0.002 [19, 20] 0.232 ± 0.001 [19, 20]

BBs 1.37 ± 0.14 1.326 ± 0.016 ± 0.040 1.214 ± 0.060 [19, 20] 1.214 ± 0.010 [19, 20]

fBs/fBd
1.21 ± 0.05 ± 0.01 1.198 ± 0.008 ± 0.025 1.205 ± 0.010 [19, 20] 1.205 ± 0.005 [19, 20]

BBs/BBd
1.00 ± 0.02 1.036 ± 0.013 ± 0.023 1.055 ± 0.010 [19, 20] 1.055 ± 0.005 [19, 20]

B̃Bs/B̃Bd
— 1.01 ± 0 ± 0.03 1.03 ± 0.02 id

B̃Bs — 0.91 ± 0.03 ± 0.12 0.87 ± 0.06 id

TABLE I. Central values and uncertainties used in our analysis (see definitions in Ref. [10]). The entries “id” refer to the
value in the same row in the previous column. The 2003 and 2013 values correspond to Lepton-Photon 2003 and FPCP 2013
conferences [4]. The assumptions entering the Stage I and Stage II estimates are described in the text.
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σ = arg
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t∗
ij
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where λt
ij = V ∗

ti Vtj and V is the CKM matrix. We used
NLO expressions for the SM and LO for NP, and ne-
glected running for NP above the top mass. Operators
of different chiralities have conversion factors differing by
O(1) factors [6]. Minimal flavor violation (MFV), where
the NP contributions are aligned with the SM ones, cor-
respond to σ = 0 (mod π/2).
Analogously, in K mixing, we choose to parameterize

NP via an additive term to the so-called tt contribution
to MK

12 in the SM. This is justified by the short distance
nature of NP, by the fact that in many NP models the
largest contribution to MK

12 arise mostly via effects in-
volving the third generation (“23–31” mixing), and more
practically, since this allows one to maintain a consistent
normalization for NP across the three down-type neu-
tral meson systems. In this paper, D-meson mixing is
not considered, due to the large uncertainties related to
long-distance contributions.

Comments are in order concerning our assumption of
neglecting NP in charged current b → u, c transitions. If
a NP contamination is present and has a different chiral
structure than the SM, it will manifest itself by modify-
ing decay distributions, such as the lepton spectrum in
semileptonic B decays. On the contrary, if NP has the
same chiral structure as the SM, it cannot be physically
separated in the determination of ρ̄ and η̄. In such a case,
the extracted values of these parameters will not corre-
spond to their SM values. This discrepancy will propa-
gate to the NP fit, and will manifest itself as a nonzero
value for hd,s [7], with a specific pattern for hd,s and σd,s.

III. GENERIC FIT FOR Bd AND Bs MIXINGS

Table I shows all inputs and their uncertainties used in
our fit, performed using the CKMfitter package [4, 8, 9]
with its extension to NP in ∆F = 2 [10] (for other stud-
ies of such NP, see Refs. [5, 11–16]). We use standard
SM notation for the inputs, even for quantities affected
by NP in ∆F = 2 whose measurements should be rein-
terpreted to include NP contributions (e.g. α, β, βs).
We consider 2003 (before the first measurements of α
and γ) and 2013 (as of the FPCP 2013 conference), and
two future epochs, keeping in mind that any estimate of
future progress involves uncertainties on both experimen-
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2003 2013 Stage I Stage II

|Vud| 0.9738 ± 0.0004 0.97425 ± 0 ± 0.00022 id id

|Vus| (K!3) 0.2228 ± 0.0039 ± 0.0018 0.2258 ± 0.0008 ± 0.0012 0.22494 ± 0.0006 id

|εK | (2.282 ± 0.017) × 10−3 (2.228 ± 0.011) × 10−3 id id

∆md [ps−1] 0.502 ± 0.006 0.507 ± 0.004 id id

∆ms [ps−1] > 14.5 [95% CL] 17.768 ± 0.024 id id

|Vcb| × 103 (b → c"ν̄) 41.6 ± 0.58 ± 0.8 41.15 ± 0.33 ± 0.59 42.3 ± 0.4 [17] 42.3 ± 0.3 [17]

|Vub| × 103 (b → u"ν̄) 3.90 ± 0.08 ± 0.68 3.75 ± 0.14 ± 0.26 3.56 ± 0.10 [17] 3.56 ± 0.08 [17]

sin 2β 0.726 ± 0.037 0.679 ± 0.020 0.679 ± 0.016 [17] 0.679 ± 0.008 [17]

α (mod π) — (85.4+4.0
−3.8

)◦ (91.5 ± 2)◦ [17] (91.5 ± 1)◦ [17]

γ (mod π) — (68.0+8.0
−8.5

)◦ (67.1 ± 4)◦ [17, 18] (67.1 ± 1)◦ [17, 18]

βs — 0.0065+0.0450
−0.0415

0.0178 ± 0.012 [18] 0.0178 ± 0.004 [18]

B(B → τν) × 104 — 1.15 ± 0.23 0.83 ± 0.10 [17] 0.83 ± 0.05 [17]

B(B → µν) × 107 — — 3.7 ± 0.9 [17] 3.7 ± 0.2 [17]

Ad
SL × 104 10 ± 140 23 ± 26 −7 ± 15 [17] −7 ± 10 [17]

As
SL × 104 — −22 ± 52 0.3 ± 6.0 [18] 0.3 ± 2.0 [18]

m̄c 1.2 ± 0 ± 0.2 1.286 ± 0.013 ± 0.040 1.286 ± 0.020 1.286 ± 0.010

m̄t 167.0 ± 5.0 165.8 ± 0.54 ± 0.72 id id

αs(mZ) 0.1172 ± 0 ± 0.0020 0.1184 ± 0 ± 0.0007 id id

BK 0.86 ± 0.06 ± 0.14 0.7615 ± 0.0026 ± 0.0137 0.774 ± 0.007 [19, 20] 0.774 ± 0.004 [19, 20]

fBs [GeV] 0.217 ± 0.012 ± 0.011 0.2256 ± 0.0012 ± 0.0054 0.232 ± 0.002 [19, 20] 0.232 ± 0.001 [19, 20]

BBs 1.37 ± 0.14 1.326 ± 0.016 ± 0.040 1.214 ± 0.060 [19, 20] 1.214 ± 0.010 [19, 20]

fBs/fBd
1.21 ± 0.05 ± 0.01 1.198 ± 0.008 ± 0.025 1.205 ± 0.010 [19, 20] 1.205 ± 0.005 [19, 20]

BBs/BBd
1.00 ± 0.02 1.036 ± 0.013 ± 0.023 1.055 ± 0.010 [19, 20] 1.055 ± 0.005 [19, 20]

B̃Bs/B̃Bd
— 1.01 ± 0 ± 0.03 1.03 ± 0.02 id

B̃Bs — 0.91 ± 0.03 ± 0.12 0.87 ± 0.06 id

TABLE I. Central values and uncertainties used in our analysis (see definitions in Ref. [10]). The entries “id” refer to the
value in the same row in the previous column. The 2003 and 2013 values correspond to Lepton-Photon 2003 and FPCP 2013
conferences [4]. The assumptions entering the Stage I and Stage II estimates are described in the text.
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where λt
ij = V ∗

ti Vtj and V is the CKM matrix. We used
NLO expressions for the SM and LO for NP, and ne-
glected running for NP above the top mass. Operators
of different chiralities have conversion factors differing by
O(1) factors [6]. Minimal flavor violation (MFV), where
the NP contributions are aligned with the SM ones, cor-
respond to σ = 0 (mod π/2).
Analogously, in K mixing, we choose to parameterize

NP via an additive term to the so-called tt contribution
to MK

12 in the SM. This is justified by the short distance
nature of NP, by the fact that in many NP models the
largest contribution to MK

12 arise mostly via effects in-
volving the third generation (“23–31” mixing), and more
practically, since this allows one to maintain a consistent
normalization for NP across the three down-type neu-
tral meson systems. In this paper, D-meson mixing is
not considered, due to the large uncertainties related to
long-distance contributions.

Comments are in order concerning our assumption of
neglecting NP in charged current b → u, c transitions. If
a NP contamination is present and has a different chiral
structure than the SM, it will manifest itself by modify-
ing decay distributions, such as the lepton spectrum in
semileptonic B decays. On the contrary, if NP has the
same chiral structure as the SM, it cannot be physically
separated in the determination of ρ̄ and η̄. In such a case,
the extracted values of these parameters will not corre-
spond to their SM values. This discrepancy will propa-
gate to the NP fit, and will manifest itself as a nonzero
value for hd,s [7], with a specific pattern for hd,s and σd,s.

III. GENERIC FIT FOR Bd AND Bs MIXINGS

Table I shows all inputs and their uncertainties used in
our fit, performed using the CKMfitter package [4, 8, 9]
with its extension to NP in ∆F = 2 [10] (for other stud-
ies of such NP, see Refs. [5, 11–16]). We use standard
SM notation for the inputs, even for quantities affected
by NP in ∆F = 2 whose measurements should be rein-
terpreted to include NP contributions (e.g. α, β, βs).
We consider 2003 (before the first measurements of α
and γ) and 2013 (as of the FPCP 2013 conference), and
two future epochs, keeping in mind that any estimate of
future progress involves uncertainties on both experimen-
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2003 2013 Stage I Stage II

|Vud| 0.9738 ± 0.0004 0.97425 ± 0 ± 0.00022 id id

|Vus| (K!3) 0.2228 ± 0.0039 ± 0.0018 0.2258 ± 0.0008 ± 0.0012 0.22494 ± 0.0006 id

|εK | (2.282 ± 0.017) × 10−3 (2.228 ± 0.011) × 10−3 id id

∆md [ps−1] 0.502 ± 0.006 0.507 ± 0.004 id id

∆ms [ps−1] > 14.5 [95% CL] 17.768 ± 0.024 id id

|Vcb| × 103 (b → c"ν̄) 41.6 ± 0.58 ± 0.8 41.15 ± 0.33 ± 0.59 42.3 ± 0.4 [17] 42.3 ± 0.3 [17]

|Vub| × 103 (b → u"ν̄) 3.90 ± 0.08 ± 0.68 3.75 ± 0.14 ± 0.26 3.56 ± 0.10 [17] 3.56 ± 0.08 [17]

sin 2β 0.726 ± 0.037 0.679 ± 0.020 0.679 ± 0.016 [17] 0.679 ± 0.008 [17]

α (mod π) — (85.4+4.0
−3.8

)◦ (91.5 ± 2)◦ [17] (91.5 ± 1)◦ [17]

γ (mod π) — (68.0+8.0
−8.5

)◦ (67.1 ± 4)◦ [17, 18] (67.1 ± 1)◦ [17, 18]

βs — 0.0065+0.0450
−0.0415

0.0178 ± 0.012 [18] 0.0178 ± 0.004 [18]

B(B → τν) × 104 — 1.15 ± 0.23 0.83 ± 0.10 [17] 0.83 ± 0.05 [17]

B(B → µν) × 107 — — 3.7 ± 0.9 [17] 3.7 ± 0.2 [17]

Ad
SL × 104 10 ± 140 23 ± 26 −7 ± 15 [17] −7 ± 10 [17]

As
SL × 104 — −22 ± 52 0.3 ± 6.0 [18] 0.3 ± 2.0 [18]

m̄c 1.2 ± 0 ± 0.2 1.286 ± 0.013 ± 0.040 1.286 ± 0.020 1.286 ± 0.010

m̄t 167.0 ± 5.0 165.8 ± 0.54 ± 0.72 id id

αs(mZ) 0.1172 ± 0 ± 0.0020 0.1184 ± 0 ± 0.0007 id id

BK 0.86 ± 0.06 ± 0.14 0.7615 ± 0.0026 ± 0.0137 0.774 ± 0.007 [19, 20] 0.774 ± 0.004 [19, 20]

fBs [GeV] 0.217 ± 0.012 ± 0.011 0.2256 ± 0.0012 ± 0.0054 0.232 ± 0.002 [19, 20] 0.232 ± 0.001 [19, 20]

BBs 1.37 ± 0.14 1.326 ± 0.016 ± 0.040 1.214 ± 0.060 [19, 20] 1.214 ± 0.010 [19, 20]

fBs/fBd
1.21 ± 0.05 ± 0.01 1.198 ± 0.008 ± 0.025 1.205 ± 0.010 [19, 20] 1.205 ± 0.005 [19, 20]

BBs/BBd
1.00 ± 0.02 1.036 ± 0.013 ± 0.023 1.055 ± 0.010 [19, 20] 1.055 ± 0.005 [19, 20]

B̃Bs/B̃Bd
— 1.01 ± 0 ± 0.03 1.03 ± 0.02 id

B̃Bs — 0.91 ± 0.03 ± 0.12 0.87 ± 0.06 id

TABLE I. Central values and uncertainties used in our analysis (see definitions in Ref. [10]). The entries “id” refer to the
value in the same row in the previous column. The 2003 and 2013 values correspond to Lepton-Photon 2003 and FPCP 2013
conferences [4]. The assumptions entering the Stage I and Stage II estimates are described in the text.
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where λt
ij = V ∗

ti Vtj and V is the CKM matrix. We used
NLO expressions for the SM and LO for NP, and ne-
glected running for NP above the top mass. Operators
of different chiralities have conversion factors differing by
O(1) factors [6]. Minimal flavor violation (MFV), where
the NP contributions are aligned with the SM ones, cor-
respond to σ = 0 (mod π/2).
Analogously, in K mixing, we choose to parameterize

NP via an additive term to the so-called tt contribution
to MK

12 in the SM. This is justified by the short distance
nature of NP, by the fact that in many NP models the
largest contribution to MK

12 arise mostly via effects in-
volving the third generation (“23–31” mixing), and more
practically, since this allows one to maintain a consistent
normalization for NP across the three down-type neu-
tral meson systems. In this paper, D-meson mixing is
not considered, due to the large uncertainties related to
long-distance contributions.

Comments are in order concerning our assumption of
neglecting NP in charged current b → u, c transitions. If
a NP contamination is present and has a different chiral
structure than the SM, it will manifest itself by modify-
ing decay distributions, such as the lepton spectrum in
semileptonic B decays. On the contrary, if NP has the
same chiral structure as the SM, it cannot be physically
separated in the determination of ρ̄ and η̄. In such a case,
the extracted values of these parameters will not corre-
spond to their SM values. This discrepancy will propa-
gate to the NP fit, and will manifest itself as a nonzero
value for hd,s [7], with a specific pattern for hd,s and σd,s.

III. GENERIC FIT FOR Bd AND Bs MIXINGS

Table I shows all inputs and their uncertainties used in
our fit, performed using the CKMfitter package [4, 8, 9]
with its extension to NP in ∆F = 2 [10] (for other stud-
ies of such NP, see Refs. [5, 11–16]). We use standard
SM notation for the inputs, even for quantities affected
by NP in ∆F = 2 whose measurements should be rein-
terpreted to include NP contributions (e.g. α, β, βs).
We consider 2003 (before the first measurements of α
and γ) and 2013 (as of the FPCP 2013 conference), and
two future epochs, keeping in mind that any estimate of
future progress involves uncertainties on both experimen-
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2003 2013 Stage I Stage II

|Vud| 0.9738 ± 0.0004 0.97425 ± 0 ± 0.00022 id id

|Vus| (K!3) 0.2228 ± 0.0039 ± 0.0018 0.2258 ± 0.0008 ± 0.0012 0.22494 ± 0.0006 id

|εK | (2.282 ± 0.017) × 10−3 (2.228 ± 0.011) × 10−3 id id

∆md [ps−1] 0.502 ± 0.006 0.507 ± 0.004 id id

∆ms [ps−1] > 14.5 [95% CL] 17.768 ± 0.024 id id

|Vcb| × 103 (b → c"ν̄) 41.6 ± 0.58 ± 0.8 41.15 ± 0.33 ± 0.59 42.3 ± 0.4 [17] 42.3 ± 0.3 [17]

|Vub| × 103 (b → u"ν̄) 3.90 ± 0.08 ± 0.68 3.75 ± 0.14 ± 0.26 3.56 ± 0.10 [17] 3.56 ± 0.08 [17]

sin 2β 0.726 ± 0.037 0.679 ± 0.020 0.679 ± 0.016 [17] 0.679 ± 0.008 [17]

α (mod π) — (85.4+4.0
−3.8

)◦ (91.5 ± 2)◦ [17] (91.5 ± 1)◦ [17]

γ (mod π) — (68.0+8.0
−8.5

)◦ (67.1 ± 4)◦ [17, 18] (67.1 ± 1)◦ [17, 18]

βs — 0.0065+0.0450
−0.0415

0.0178 ± 0.012 [18] 0.0178 ± 0.004 [18]

B(B → τν) × 104 — 1.15 ± 0.23 0.83 ± 0.10 [17] 0.83 ± 0.05 [17]

B(B → µν) × 107 — — 3.7 ± 0.9 [17] 3.7 ± 0.2 [17]

Ad
SL × 104 10 ± 140 23 ± 26 −7 ± 15 [17] −7 ± 10 [17]

As
SL × 104 — −22 ± 52 0.3 ± 6.0 [18] 0.3 ± 2.0 [18]

m̄c 1.2 ± 0 ± 0.2 1.286 ± 0.013 ± 0.040 1.286 ± 0.020 1.286 ± 0.010

m̄t 167.0 ± 5.0 165.8 ± 0.54 ± 0.72 id id

αs(mZ) 0.1172 ± 0 ± 0.0020 0.1184 ± 0 ± 0.0007 id id

BK 0.86 ± 0.06 ± 0.14 0.7615 ± 0.0026 ± 0.0137 0.774 ± 0.007 [19, 20] 0.774 ± 0.004 [19, 20]

fBs [GeV] 0.217 ± 0.012 ± 0.011 0.2256 ± 0.0012 ± 0.0054 0.232 ± 0.002 [19, 20] 0.232 ± 0.001 [19, 20]

BBs 1.37 ± 0.14 1.326 ± 0.016 ± 0.040 1.214 ± 0.060 [19, 20] 1.214 ± 0.010 [19, 20]

fBs/fBd
1.21 ± 0.05 ± 0.01 1.198 ± 0.008 ± 0.025 1.205 ± 0.010 [19, 20] 1.205 ± 0.005 [19, 20]

BBs/BBd
1.00 ± 0.02 1.036 ± 0.013 ± 0.023 1.055 ± 0.010 [19, 20] 1.055 ± 0.005 [19, 20]

B̃Bs/B̃Bd
— 1.01 ± 0 ± 0.03 1.03 ± 0.02 id

B̃Bs — 0.91 ± 0.03 ± 0.12 0.87 ± 0.06 id

TABLE I. Central values and uncertainties used in our analysis (see definitions in Ref. [10]). The entries “id” refer to the
value in the same row in the previous column. The 2003 and 2013 values correspond to Lepton-Photon 2003 and FPCP 2013
conferences [4]. The assumptions entering the Stage I and Stage II estimates are described in the text.
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where λt
ij = V ∗

ti Vtj and V is the CKM matrix. We used
NLO expressions for the SM and LO for NP, and ne-
glected running for NP above the top mass. Operators
of different chiralities have conversion factors differing by
O(1) factors [6]. Minimal flavor violation (MFV), where
the NP contributions are aligned with the SM ones, cor-
respond to σ = 0 (mod π/2).
Analogously, in K mixing, we choose to parameterize

NP via an additive term to the so-called tt contribution
to MK

12 in the SM. This is justified by the short distance
nature of NP, by the fact that in many NP models the
largest contribution to MK

12 arise mostly via effects in-
volving the third generation (“23–31” mixing), and more
practically, since this allows one to maintain a consistent
normalization for NP across the three down-type neu-
tral meson systems. In this paper, D-meson mixing is
not considered, due to the large uncertainties related to
long-distance contributions.

Comments are in order concerning our assumption of
neglecting NP in charged current b → u, c transitions. If
a NP contamination is present and has a different chiral
structure than the SM, it will manifest itself by modify-
ing decay distributions, such as the lepton spectrum in
semileptonic B decays. On the contrary, if NP has the
same chiral structure as the SM, it cannot be physically
separated in the determination of ρ̄ and η̄. In such a case,
the extracted values of these parameters will not corre-
spond to their SM values. This discrepancy will propa-
gate to the NP fit, and will manifest itself as a nonzero
value for hd,s [7], with a specific pattern for hd,s and σd,s.

III. GENERIC FIT FOR Bd AND Bs MIXINGS

Table I shows all inputs and their uncertainties used in
our fit, performed using the CKMfitter package [4, 8, 9]
with its extension to NP in ∆F = 2 [10] (for other stud-
ies of such NP, see Refs. [5, 11–16]). We use standard
SM notation for the inputs, even for quantities affected
by NP in ∆F = 2 whose measurements should be rein-
terpreted to include NP contributions (e.g. α, β, βs).
We consider 2003 (before the first measurements of α
and γ) and 2013 (as of the FPCP 2013 conference), and
two future epochs, keeping in mind that any estimate of
future progress involves uncertainties on both experimen-
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2

2003 2013 Stage I Stage II

|Vud| 0.9738 ± 0.0004 0.97425 ± 0 ± 0.00022 id id

|Vus| (K!3) 0.2228 ± 0.0039 ± 0.0018 0.2258 ± 0.0008 ± 0.0012 0.22494 ± 0.0006 id

|εK | (2.282 ± 0.017) × 10−3 (2.228 ± 0.011) × 10−3 id id

∆md [ps−1] 0.502 ± 0.006 0.507 ± 0.004 id id

∆ms [ps−1] > 14.5 [95% CL] 17.768 ± 0.024 id id

|Vcb| × 103 (b → c"ν̄) 41.6 ± 0.58 ± 0.8 41.15 ± 0.33 ± 0.59 42.3 ± 0.4 [17] 42.3 ± 0.3 [17]

|Vub| × 103 (b → u"ν̄) 3.90 ± 0.08 ± 0.68 3.75 ± 0.14 ± 0.26 3.56 ± 0.10 [17] 3.56 ± 0.08 [17]

sin 2β 0.726 ± 0.037 0.679 ± 0.020 0.679 ± 0.016 [17] 0.679 ± 0.008 [17]

α (mod π) — (85.4+4.0
−3.8

)◦ (91.5 ± 2)◦ [17] (91.5 ± 1)◦ [17]

γ (mod π) — (68.0+8.0
−8.5

)◦ (67.1 ± 4)◦ [17, 18] (67.1 ± 1)◦ [17, 18]

βs — 0.0065+0.0450
−0.0415

0.0178 ± 0.012 [18] 0.0178 ± 0.004 [18]

B(B → τν) × 104 — 1.15 ± 0.23 0.83 ± 0.10 [17] 0.83 ± 0.05 [17]

B(B → µν) × 107 — — 3.7 ± 0.9 [17] 3.7 ± 0.2 [17]

Ad
SL × 104 10 ± 140 23 ± 26 −7 ± 15 [17] −7 ± 10 [17]

As
SL × 104 — −22 ± 52 0.3 ± 6.0 [18] 0.3 ± 2.0 [18]

m̄c 1.2 ± 0 ± 0.2 1.286 ± 0.013 ± 0.040 1.286 ± 0.020 1.286 ± 0.010

m̄t 167.0 ± 5.0 165.8 ± 0.54 ± 0.72 id id

αs(mZ) 0.1172 ± 0 ± 0.0020 0.1184 ± 0 ± 0.0007 id id

BK 0.86 ± 0.06 ± 0.14 0.7615 ± 0.0026 ± 0.0137 0.774 ± 0.007 [19, 20] 0.774 ± 0.004 [19, 20]

fBs [GeV] 0.217 ± 0.012 ± 0.011 0.2256 ± 0.0012 ± 0.0054 0.232 ± 0.002 [19, 20] 0.232 ± 0.001 [19, 20]

BBs 1.37 ± 0.14 1.326 ± 0.016 ± 0.040 1.214 ± 0.060 [19, 20] 1.214 ± 0.010 [19, 20]

fBs/fBd
1.21 ± 0.05 ± 0.01 1.198 ± 0.008 ± 0.025 1.205 ± 0.010 [19, 20] 1.205 ± 0.005 [19, 20]

BBs/BBd
1.00 ± 0.02 1.036 ± 0.013 ± 0.023 1.055 ± 0.010 [19, 20] 1.055 ± 0.005 [19, 20]

B̃Bs/B̃Bd
— 1.01 ± 0 ± 0.03 1.03 ± 0.02 id

B̃Bs — 0.91 ± 0.03 ± 0.12 0.87 ± 0.06 id

TABLE I. Central values and uncertainties used in our analysis (see definitions in Ref. [10]). The entries “id” refer to the
value in the same row in the previous column. The 2003 and 2013 values correspond to Lepton-Photon 2003 and FPCP 2013
conferences [4]. The assumptions entering the Stage I and Stage II estimates are described in the text.
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12 in the SM. This is justified by the short distance
nature of NP, by the fact that in many NP models the
largest contribution to MK

12 arise mostly via effects in-
volving the third generation (“23–31” mixing), and more
practically, since this allows one to maintain a consistent
normalization for NP across the three down-type neu-
tral meson systems. In this paper, D-meson mixing is
not considered, due to the large uncertainties related to
long-distance contributions.

Comments are in order concerning our assumption of
neglecting NP in charged current b → u, c transitions. If
a NP contamination is present and has a different chiral
structure than the SM, it will manifest itself by modify-
ing decay distributions, such as the lepton spectrum in
semileptonic B decays. On the contrary, if NP has the
same chiral structure as the SM, it cannot be physically
separated in the determination of ρ̄ and η̄. In such a case,
the extracted values of these parameters will not corre-
spond to their SM values. This discrepancy will propa-
gate to the NP fit, and will manifest itself as a nonzero
value for hd,s [7], with a specific pattern for hd,s and σd,s.

III. GENERIC FIT FOR Bd AND Bs MIXINGS

Table I shows all inputs and their uncertainties used in
our fit, performed using the CKMfitter package [4, 8, 9]
with its extension to NP in ∆F = 2 [10] (for other stud-
ies of such NP, see Refs. [5, 11–16]). We use standard
SM notation for the inputs, even for quantities affected
by NP in ∆F = 2 whose measurements should be rein-
terpreted to include NP contributions (e.g. α, β, βs).
We consider 2003 (before the first measurements of α
and γ) and 2013 (as of the FPCP 2013 conference), and
two future epochs, keeping in mind that any estimate of
future progress involves uncertainties on both experimen-
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• Theory:  none at WW threshold and beyond! Marginal correction to the B 
scale.  Clean observable and hence becomes a benchmark to test the 
Lattice-QCD predictions.  

• Experiment: this study can be a test bench for jet-flavour tagging 
algorithms. The latest (or close) performance of FCC-ee is tested today.  

c-tag b-tag

6) Focus#1: the CKM matrix element Vcb
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• Jet tagging performance supposed as in the previous slide
• Consider (academic) NWW = 108 ;  count the signal and background.

• |Vcb| measurement precision can be 0.15 %, one order of magnitude better 
than the current precision and close to the asymptotic stat. precision.

• Jet-tagging efficiencies shall be determined from data at Z-pole  

Eff. \ 
Flav.

b c uds

b-tag 0.87

c-tag 1 0.65 0.0001

5−10 4−10 3−10 2−10uds
btagP

5−10
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2−10

c bt
ag

P

0.0015

0.002

0.0025

0.003

0.0035

relative precision on Vcb
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The scope: 

•  Semileptonic decays (Electroweak penguins in the SM) with tau in the final states 
are not measured. First evidence with neutrinos just out!  

• One of the flavour physics sectors that are beyond the reach of the current 
experimental programme(s). Boost at the Z / case for luminosity at the Z (FCC-ee). 

• Occupied some space as a change of paradigm for the search of New Physics from 
the Flavour problem(s). Though the excitement has lowered with better 
measurements from LHCb, third fermion generation couplings are a must to study     

• The canonical decays with taus places ultra-demanding requirements on the vertex 
detector (fully solvable kinematics provided the decay vertices are known).

6) Focus#2: the transition b→sτ+τ- 
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• B0 → K*0	τ+τ-: some vertices indeed.   

• 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 
• Since both tau legs provide quadratic equations, one ends up w/ 4 solutions. 
• Yet, the system is over-constrained and in principle fully solvable. 

• B0 → K*0	τ+τ-: some backgrounds as well 

FDB K
τ

π

B0

π

π
π

π

π

π
6) Focus#2: the transition b→sτ+τ- 
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• B0 → K*0	τ+τ-: topological reconstruction + selection

• B0 → K*0	τ+τ-: we could see unambiguously the SM signal with this 
emulated detector! But it is an arbitrarily good one. 

6) Focus#2: the transition b→sτ+τ- 
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• B0 → K*0	τ+τ-: Checking how much to improve a vertex detector design? 
The IDEA example @ FCC-ee. 

• One lesson: need to reduce the material of the beam pipe, or better, put 
the vertex detector in the beam pipe.       

6) Focus#2: the transition b→sτ+τ- 
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7) Connecting the scales: Flavours, Z pole, top   
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7) Connecting the dots: EWPO at the Z pole 

© L. Roehrig et al.

Novel methods in order 
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7) Connecting the dots: EWPO at the Z pole 

© L. Roehrig et al.
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7) Connecting the dots: EWPO at the Z pole 

© L. Roehrig et al.

‧Understanding hemisphere correlations as the ultimate systematics 

‧LEP found that PV resolution was driving the correlation. LEP did 
separate PV measurement per hemisphere. 

‧At FCC-ee, one can use the luminous region to reduce the correlation.      
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‧Exclusive decays as a tagger can also help to reduce the systematic 
uncertainties on the bb forward-backward asymmetry 

‧Light quark contamination and mixing dilution are removed by the 
performance of the tagger. 

‧Remaining uncertainty to tackle are therefore QCD corrections. Could be 
controlled by the angle b/w thrust and the b-hadron candidate.  

‧Seems as well promising. 

‧Work in progress!     
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7) Connecting the dots: EWPO at the Z pole 

© L. Roehrig et al.
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8) Conclusions
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8) Summary I 

‧FCC-ee is the proposal at CERN for the next e+e- Higgs factory. 

‧It is much more than a Higgs factory: 

‧Z factory [O(1013)]
‧b, τ , c factories  [O(1012)] 
‧W factory [O(5.108)] 
‧top factory [O(106)]  

‧The mid-term review went well (I was told). Conclusions to be analysed / 
endorsed by the CERN council (02/02/2024).     

‧There’s a vibrant program for Flavour Physics for the next two decades: 
the completion of Belle II and the desirable advent of the second LHCb 
upgrade (300 /fb). Our knowledge will improve a lot.  

‧FCC-ee is allowing for a continuation of the Flavour program and to 
deepen it further. Four IPs —> one flavour-oriented detector.  



FS-Flavours@ FCC 67S. Monteil

8) Summary II. 

• Is it reasonable to plan a Physics program for seventy years? It was.   

• The previous HEP European planning was only for … 60 years! 

• The new one guarantees that we’re closing the Higgs and Electroweak 
gauge chapters with a precision machine and let options opened to high 
energy protons if the case is made.

• Rendez-vous en 2026 pour la mise à jour de la stratégie européenne de 
la physique des particules!      
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7) Back-up
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• Example: degree alpha measurement : a study to get started. 

• The alpha angle can be measured through an isospin analysis from B0 → 
(𝜋𝜋)+-/00.  The knowledge of parameter S00 , that can be accessed from 
time-dependent studies, allows to lift degeneracies among solutions. 

• Accessible through Dalitz decays of the 𝜋0 in B0 → (𝜋0𝜋0). Vertex is there. 
Statistics too [O(10k)]. A possible case study for EM calo. design.      

7) Back-up
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• Flavour Physics defines shared (vertexing, tracking, calorimetry) and specific 
(hadronic PID) detector requirements. The feasibility study entangles the 
Physics performance and detector concepts. Flavour physics places most 
demanding requirements for vertexing and calorimetry. 

• The feasibility study will be used to systematically address the physics case 
while placing requirements on the detectors. Hadron particle identification 
deserves a special treatment and Flavour physics is at the heart of it.     

• All studies at the Z pole shown above are made for 5.1012  Z decays. Most of 
flavour observables will remain statistically limited. More would be desirable ! 
The machine study from two IPs to four IPs is positive and would bring about 
a factor 2 (1.7) in integrated luminosity. 

• Four experiments can as well allow for different experiment designs, including 
a flavour-oriented concept. 

• Engage and reach out to make this plan happening.

7) Back-up
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7) Back-up

• Two illustrations: 

• 2) From radiative decays: separation of b → sγ  and b → dγ . Academic 
exercise w/ B0 → K*γ.  

• There’s a difference! addressing or not this Physics. 
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