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Why flavour?

q,

up

Yukawas are the low-energy remnant of a UV theory
No explanation for the hierarchical structure

= Why does the third generation seems so special?
= Why aren’t flavour hierarchies predicted by symmetry principles?

The UV dynamics links together the Higgs and the fermion content

Unambiguous sign that the UV dynamics between the Higgs and fermions is
non-universal
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= SM predictions for flavour-changing processes are parametrically small and
therefore allow for testing heavy new physics

= If precision was infinite, we could access all energy scales

= High control of theoretical and experimental precision is needed
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Partonic vs Hadronic picture

Hpartonic = T1p
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Partonic vs Hadronic picture

Hpartonic = MMb Khadronic = AQcD
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Partonic vs Hadronic picture

Hpartonic = 11 Hhadronic = AQCD

Predicting flavour observables requires
devising non-perturbative techniques
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How do we study flavour now?

LHCb

Strengths

® Huge heavy-flavour statistics: B?, B,
Bs, Be, Ay, charm

® Excellent vertexing, tracking, and PID
® |deal for charged final states and
time-dependent measurements.
Limitations

® Hadronic environment: large
backgrounds

® Limited missing-momentum
reconstruction

® Electrons, photons, and fully neutral
modes are challenging

Belle Il

Strengths

® Cleanete™ — Y(4S) — BB
environment

® Known initial state momentum
® Powerful for missing energy, photons,
inclusive modes, and r physics
Limitations

® No access to Bs, Bc, and heavy
baryons

® Much smaller heavy-flavour statistics
than LHCb
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Projections for early 2040s

2503.24346, ESPP

Experiment ATLAS CMS LHCb Belle I
Assumed data sample 3000 fb~* 3000fb~" | 300fb~! 50ab~!
Semileptonic B decays
[Vis| — — 1% 1.2%
[Ves | — — — 1.0%
R(D), R(D*) — — 3.3%, 3.0% 1.4%, 1.0%
Leptonic B decays
B(B? — ptp™) [107°] (0.33 — 0.40) 0.22 0.16 —
B(B® — ptp) [1071] (0.32 — 0.48) 0.12 0.12 —
B(BT = 1tu,) — — — 6%
B(BT — utv,) — — — 5%
Flavour-changing neutral current b — s¢¢ decays
PY(B® - K*uT ™) [1077] (47 — 82) 23 12 —
B(BT° - K+*0up) — — — 8%, 23%
B(BTY — K+ 0r+r7) (1074 — — — <09,<15
Flavour-changing neutral current b — s+ decays
B(B = X.v; By > 1.6GeV) | — | = | — | 47-88)%
Lepton flavour violation in — decays
B(rt = pTy) [1078] — — — <0.7
B(rt = ptptp ) [1078) < (0.13 — 0.64) ‘ <0.39 ‘ <0.26 < (0.02 —0.17)
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Projections for early 2040s

2503.24346, ESPP

Experiment CMS LHCb Belle 1l
Assumed data sample O(5) 3000fb~" | 300fb~! 50ab~!

Semileptonic B decays Limprovement I

[ Vs | 1% 1.2%
[Ves | — — — 1.0%
R(D), R(D¥) — — 3.3%,3.0% | 1.4%,1.0% )
Leptonic B decays ~ d
B(B? — ptp™) [107°] (0.33 — 0.40) 0.22 0.16 —
B(B® — ptp) [1071] (0.32 — 0.48) 0.12 0.12 —

B(BT = 1tu,) — — _
B(BT — utv,) — — —

0(10)

Flavour-changing neutral current b improvement
PY(B® - K*uT ™) [1077] (47 — 82) 23 12

B(BT° - K+*0up) = = = 8%, 23%
B(BTY — K+ 0r+r7) (1074 — — — <09,<15
Flavour-changing neutral current b — s+ decays

B(B = X.v; By > 1.6GeV) | — | = | — | 47-88)%

Lepton flavour violation in — decays
B(rt = pty) 1077
B(rt — ptptp) [107°]

<07
< (0.02 - 0.17)

< (0.13 —0.64) < 0.39 < 0.26
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Flavourful opportunities at FCC-ee

Particle production (10°)  BY/B° Bt/B~ BY/BY BF/B; Ay/A ce Tt

Belle Il, 50 ab— 1 27.5 27.5 n/a n/a n/a 65 -

LHCb, 300 b~ 1 3.6 x 10° 3.6 x 10° 1.2 x 10° 1.2 x 10% 1.2 x 10° 7.1 x 10° -

FCC-ee, 6 x 102 Z 740 740 180 4 160 720 200
Advantages:

= Combines some of the best features of pp colliders and B factories
= Relatively high production cross section (B(Z — bb) ~ 15%)
= Very boosted topologies allow for a good vertex reconstruction

Detector requirements:

= Particle identification
= \ertex Locator
= Good calorimeter
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Flagship opportunities
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Flagship opportunities
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Flagship opportunities
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Flagship opportunities
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Flagship opportunities

B — K*ee

polarised A,
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Flagship opportunities

B — K*ee

T properties

polarised A,
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Flagship opportunities

B — K*ee

polarised A,

T properties

+ many other modes!
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What are the theory challenges for the coming years?

e |tis hard to say in general terms

® The same theoretical challenges that are already very pressing are also
important for FCC-ee

¢ |n the long run, the key player for precise flavour prediction will be Lattice QCD

= For many observables we still have ~ 10% precision but we know how to improve
= New avenues stemming from spectral reconstruction techniques are now feasible

= For some quantities like decay constants, we are already at the % frontier and the
next step is a full QED+QCD LQCD calculation

® Analytic/EFT methods remain essential to complement lattice inputs and
control QED radiation in realistic Monte Carlo simulations
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Lattice QCD progress

J X
Inclusive semileptonic Béand Dy, decay

[Barone et al. JHEP (2023)], [Barone et al. arXiv:2504.03358],
[De Santis et al. arXiv:2504.06063], [De Santis et al. arXiv:2504.06064]

Examples for . )

Hustation kv From A. Juttner, ESPP Open Symposium
P % Loy
ex.€'le, AMy long-distance effects in
[Bai et al. PRD 2024] rare leptonic decays

eg K= ¢ s
[Chao et al. PRD 2024] P

new and exploratory directions rare hyperon decay
. . :
in lattice QCD for flavour [Erben et al. arXiv:2504.07727]
son o o [ [
y st vmar | e, | omeen | Ruc
s . 4 e | R -
QCD+QED for semileptonic decays 5 cmumn | Rulh) cmuw long-distance contributions to
[Christ et al. arXiv:2402.08915] 28| emur | DB [ emsm | Roew rare kaon decay
) dw | Roew

long-distance contributions to

charm mixing
[Di Carlo, Erben, Hansen arXiv:2504.16189]
R W b

image anov1701.05016

[Boyle et al. PRD 2023]

¥ 0.0] ¢
short/long-distance contributions to
radiative decays
e.g. By = ppy, Dy = €y
[Frezzotti et al. PRD 2024], [Frozzotti ot a\ PRD202 4]
"
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An example: B(B — K*(*(7)

X107 —_—
r LHCb 8.4 fb™ 1
0.15- [ SM from FLAVIO (BSZ:2015) |
g B3 sM from EOS (GRVDV:2022) ]|
01 ] ® Consistent pattern of deviations
| = e What are the prospects at HL-LHC
= and FCC-ee?
ci | " | — " |
0 5 10 15
q? [GeVI ]

= For HL-LHC, one can rescale the experimental yields based on luminosity

= For FCC-ee, one has to infer what the reconstruction efficiency is for the
specific decay mode
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For HL-LHC, we rescale using the current B — K™ uu and the ratio
B — K*uu/B — K*ee

= For ¢ = u the relative uncertanty is below the %

= For £ = e the relative uncertanty is still above the %

FCC-ee
dN = dB(B — K*tte¢~

d ) [qmlrn Qmax] NZ : B(Z — bb) : 2fB : ( dq2 ) [q12nin7 qijax] * €reco
I T—
e Efficiency is inferred e;eco ~ 0.8 from 26: E
B — K*77 studies odE E
03E 3
e Confirmed by preliminary studies 25 oty of 5. Hontl (@) 3
ClE ;) 1‘0 1‘5 2‘0 ;5




The theory predictions depend strongly on the B — K™ hadronic matrix
elements

At the current status, the K™ is always considered stable and narrow, but there
are attempts to go beyond this approximation [Leskovec et al, '25, Erben et al, '26]

* We need to define benchmark scenarios

MB, C. Cornella, J. Davighi, 25

¢ Projections for B(B — K*ete™)

4
] P ® High Lumy projections: ogtat = Osyst
s z * Theory projections:
o ]
{ Pl:UFi_>UFi/27
1 Py:op, = or /5,
L s 1 """""""" 2 } """""""" e Only with P2 we can fully exploit the
i ‘ FCC-ee statistics

— current — FCC+P;
—— HL-LHC+P — FCC+Ps
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The V,, puzzle

Long-standing discrepancy between exclusive and inclusive V., determination

4.5

X B(By — ptu™)

10°

)

0.04 0.042 0.044
[Ver|

0.036 0.038

= The puzzle creates a bias in interpreting the experimental data as SM-like or
not

= First inclusive LQCD determination of V., is now available  .antaio, Flavour@Fcc part i
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https://indico.cern.ch/event/1644557/contributions/7112689/attachments/3296385/5895474/presentation.pdf

V., at the W threshold

Why interesting?
e | attice-free determination of CKM elements.

Total uncertainty on |Vy| [%]

¢ Particularly relevant for |V.3|, independent of inclusive/exclusive semileptonic B

10.0

5.0

2.0

decays.

® Uses the clean FCC-ee environment and jet-flavour tagging calibrated at the Z
pole.

D. Marzocca, M. Szwec, M. Tammaro, '24

T T T T T
—— 5.6 ab~! at 230 GeV
8 ab~! at 550 GeV
—— 20 ab~! at 160 GeV
|Vio|™! uncertainty
|Vis| discrepancy

£ \
European Strategy,

| I | | |
0.2 0.5 1.0 2.0 5.0
Uncertainty on tagging efficiency [%)]

® The key ingredient is the error on the

tagging efficiency

® Reaching the sub-percent precision
is doable
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Di-neutrino modes at FCC-ee

4
b kb

Porust axis

Plane normal to thrust axis
defines the hemispheres

Events are reconstructed using the
thrust axis

o bl

22 Ipil
Particles associated with the signal
events are required to have cos > 0

Signal candidates are required to
have two opposite-sign tracks

Events are required to have at least
one primary vertex and an
intermediate resonance on the mass
window of the K*
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Prospects for di-neutrino modes

Y. Amhis, M. Kenzie, M. Reboud, A. R. Wiederhold '23

+ sM
B(B — Kvp) 2023
B(B — Kvp)
N B(B - K*v)
BN B(B, — ¢vi)
 B(A, — Avp)

OL,R = (E’YHPL,Rb)(ﬂ’yM(l — ’75)11)

® Theory uncertainties reduced by a
factor of 10

® For B — K means going below 1%

® Relative experimental uncertainties
from 0.53%-9.86%

e For B — K*vv it means a reduction

of ~ 10 wrt Belle Il
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BSM for flavour at FCC-ee

® Even though the core of the flavour program is definitely centred around the
precision frontier, wondering about BSM potential is interesting

® Which BSM? Hard question...

= Existing flavour tensions provide concrete benchmark scenarios

= An interesting class of scenarios is the ones where new physics is coupled mainly
to the third generation

Flavour Puzzle o

2 4 6
10° x Br(B* =K * i)

T T T T
T A | 56 CL dortous
@ ﬁ ;/_\

8 10
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Projections for new physics in the 3rd family

® Assuming the current central values

® Improved theory predictions and experimental measurements

0.025

0.02

0.015

FCC-ce [1o] ¢

B B(B - Kvi)

RG> o)
Blr > i)
B(B — Kr7)

[ \
European Strategy,

. Global fit [Current/ 2040s/ FOC-ce]
Sp 95.0% CL:
99.8% CL: sz
2 -1 o0 1 2 3 1

™
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Projections for new physics in the 3rd family
® Assuming the current central values

® Improved theory predictions and experimental measurements

0.025
FCC-ce [1o] ¢
( { \
= B(B — Kvr) European Strategy,
0.02 R — crir)

Blr — i)
B(B — Kr7)
0.015

(qi,y;”—aql/) ,yl—LTllgi” )_) = 00

0. . Global fit, [Current/ 20405/ FCC-cc]
Sp 95.0% CL:
99.8% CL: sIirz
005
ot 0 2% dixing between third
- —

and light quark families
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Projections for new physics in the 3rd family

e Assuming the current ce

ntral values

® Improved theory predictions and experimental measurements

0.025
0.02
0.015

(@) Erre )= 35 oo

0.005

—0.005

FCC-ce [1o] ¢

B B(B - Kvi)
RG> o)
Blr > i)
B(B — Kr7)

[ \
European Strategy,

. Global fit, [Current/ 2040s/ FCC-ce]
Sp 95.0% CL:
99.8% CL: sIirz
-2 -1 0 1 2 3 4. . 5 .
nlixing between third
—

and light quark families

Flavour can be studied at FCC-ee from
low- and high-energy perspective with unprecedented precision
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Summary

FCC-ee offers a unique environment to study flavour physics from all
perspectives

Theoretical precision is a key aspect; a lot of progress has been made and is
ongoing

We are in the process of defining the flavour physics program, and there is
much more to come

Regular updates at the Flavour@FCC Workshop (June 2026 and November
2025) and final write-up by the end of 2027
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https://indico.cern.ch/event/1644557/
https://indico.cern.ch/event/1588013/
https://indico.cern.ch/event/1588013/
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The B, — D;,K(r) decays

(s)
Why?
= crucial inputs to extract fragmentation fractions from data
B GF ® Currently a 40 descrepancy
A(Bg — D;‘*’L*) \/7 qu2 V p a1 (D +L )f MB, Huber, Gubernari, Jung, van Dyk, 20
® |nitiated further works on
B(1~>D

x A, (]\[L)zMD*e (A=0)-q power correction

M.L. Piscopo, A. Rusov, '23

MB, Gubernari, Jung, van Dyk, in preparation

* New form factor analyses suggest a
15% downward shift in the scalar
form factor

® This would reduce the tension with
experimental data

® Thisisjustfor B — D*, B — Dis

05 unchanged at the current status

0 2 4 6 8 10
¢*[GeV?]

I

oo
=

0.7
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News from the lattice

Eo 27 E—mp — ic

= Spectral densities are connected to correlation functions

~ 4B _
CH(t,q) ~ e P'p"(E,q)

B, 2T

One has to solve a very complicated inverse problem

H"(q) ~ /oo & _p*(E,q)
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News from the lattice

Solution: smeared correlators

~dE  pMEaq) . /°° dE
Hi(q)~ [ 22 22 2K (B, q)p"(E,
(a) /EU 2r E—mp—ic 10 ), 2 B (E Q)

® The smearing makes the problem solvable in a finite volume

e This technique has been successfully applied to various problems like g — 2
computation, inclusive semileptonic D decays

B, — n e~
04 e(m) :(n‘\m — Eyl ° Extend to B - K€+€_
H Lattice o = 0.5 ~=|
" Vtns Ds= Dy VRS +0s Model a=05- -

Lattice a = 0.3 |

Attempt the € — 0 limit

Model e = 0.3 - =

Include more ensembles

—

R[5S 1 o] lattice units]

T ® Perform non-perturbative
(G.Gagliardi at BFA] renormalisation

14
m [GeV]

314


https://agenda.infn.it/event/44057/contributions/257444/attachments/134136/200622/GG_BFA.pdf
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