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INntroduction

» Flavour is one of most puzzling aspects of SM
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» Flavour is one of most puzzling aspects of SM
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INntroduction

» Flavour is one of most puzzling aspects of SM

» ad hoc, many parameters, peculiar patterns
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= strong suppression of (most) flavor changing processes
within SM - unexplained!



INntroduction

» Flavour is one of most puzzling aspects of SM

= strong suppression of flavor changing processes within
SM - unexplained!

- allows to probe deep UV dynamics

EU Strategy Update 2020
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INntroduction

» Flavour is one of most puzzling aspects of SM

= strong suppression of flavor changing processes within
SM - unexplained!

- allows to probe deep UV dynamics

indirect / low EU Strategy Update 2020 direct probes
1910.11775
energy probes of FCNCs
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Flavour Physics @ FCC(-eg)

 Planned high-pT & high statistics experiments at FCC-ee would
record O(1013) Z boson, O(109) Higgs decays

e clean ete- collisions, boosted decay products - Flavour factory

e allows to go beyond ultimate precision of LHCb and Belle ||

Working point  Lumi. / IP [10°* ecm™2.s™!] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab™! /year 2
Z second phase 200 52 ab~! /year 2 150 ab~1

Particle production (10°) B B~ BY A, ¢ 71 7F
Belle 11 275 275 mn/a n/a 65 45
FCC-ee 400 400 100 100 800 220




Flavour Physics @ FCC(-eg)

 Planned high-pT & high statistics experiments at FCC-ee would
record O(1013) Z boson, O(109) Higgs decays

e clean ete- collisions, boosted decay products - Flavour factory
e allows to go beyond ultimate precision of LHCb and Belle ||

e CKM (|Veo| & |Vup|) determination, rare decays of ¢- and b-hadrons
(b = s T+1, w) and CP violation in the heavy-quark sector (v, as)

e tau lepton properties (Mass, lifetime) and rare decays

e ..(many avenues remain unexplored)



Competitive Flavour Probes with SM bosons?

 Planned high-pT & high statistics experiments at FCC-ee would
record O(1073) Z boson, O(106) Higgs decays

» Recent advances in jet physics and statistics

* revolution of jet tagging algorithms using ML
b-tagging Pé\fthlENEt gluon tagging Bedeschi et al., 2202.03285
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- novel analysis technigues exploiting solvable probabilistic models
for complicated events (tractable likelihoods vs. of cut & count)

- Novel tests of flavor conversion in and beyond SM ®



Tagging on-shell FCNCs @ FCC-ee

» FCC-ee with clean environment & excellent vertexing would allow
for efficient charm & even strange quark flavor tagging

c-tagging strange-tagging
- .' (IIIJE{l) FCC-ee Simulation (IDEA)
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Bedeschi et al., 2202.03285

* One can contemplate Z/h—qq’ decay searches
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Tagging on-shell FCNCs @ FCC-ee

» While FCNCs forbidden at tree-level in SM, they are generated at 1-

loop, e.q.
P, €.9 B(Z — bs) = (4.2 +0.7) x 1078,

B(h — b3) = (2.7+0.5) x 107

Vin Vi Vin Vi
7 ba) ~ 3 q h ba) ~ 2 2 q
Mnpa(Z — bG) ~ g°mz (4r)2 ° Mnpa(h = bq) ~ g7y yormn (4r)2
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Tagging on-shell FCNCs @ FCC-ee

» While FCNCs forbidden at tree-level in SM, they are generated at 1-
loop

« BSM Z & Higgs FCNCs are induced in models of VL fermions,
multi-Higgs models

LD gsLb(gL%LbL)ZM T gﬁj(gR%LbR)Z“
+ysp(Spbr)h + be(ELsR)h + h.c.,

» Example: VL D-quark

—Line Dy ¢t Hd), + v ¢t Huly + y4G: HDr + MpDyDg + h.c.,
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Tagging on-shell FCNCs @ FCC-ee

» While FCNCs forbidden at tree-level in SM, they are generated at 1-
loop

« BSM Z & Higgs FCNCs are induced in models of VL fermions,
multi-Higgs models

LD gsLb(gL%LbL)ZM T gﬁj(gR%LbR)Z“
+ysp(Spbr)h + be(ELsR)h + h.c.,

» Example: integrating out VL D-quark

(2 m; (2
LoLq O EXOZ (dA*Prd’) Z, — X — (d' Prd?)h + h.c.,

L
g Jsp =

20W (XSS T Xélg)a 959 — 07

d
Ysp = X23mb/v, Yps = — 32m8/fu
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Tagging on-shell FCNCs @ FCC-ee

» While FCNCs forbidden at tree-level in SM, they are generated at 1-
loop

« BSM Z & Higgs FCNCs are induced in models of VL fermions,
multi-Higgs models
L3 gsLb(gL%LbL)ZM + gﬁj(gR%LbR)Z“
s (5.0R)h + Yps(br,sr )R + h.c.

» Example: type lll THDM
V2m,;
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Tagging on-shell FCNCs @ FCC-ee

» At present Z/h FCNCs mostly constrained by

OW energy

observables

 Rare (semi)leptonic B & D decays P [2:5.4]

Ps [4,6] 7

B(B" — Ktptpu™) [1.1,6] 7
B(B+ — K*ete) [1.1,6)
B(BY) — ¢utp~) [1.1,6]
B(B) — pu'u7)

B(B" — ptu)

0 1 2
Pull in o
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Tagging on-shell FCNCs @ FCC-ee

» At present Z/h FCNCs mostly constrained by low energy
observables

» Rare (semi)leptonic B & D decays
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Tagging on-shell FCNCs @ FCC-ee

» At present Z/h FCNCs mostly constrained by low energy
observables

» Rare (semi)leptonic B & D decays
* Neutral meson oscillations

Lwer D Co(5rbr)? + CL(51br)* + Ca(51br)(5rbL),

() L .
O, — _ bs
’ 2ms 9.
2
C, . (ygsys )
4 — m% —4 "," —— B, — B, mixing

"4 2 0 2 4
Ysb X107
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Tagging on-shell FCNCs @ FCC-ee

« Main strategy: apply orthogonal b/s or c/u taggers
» Categorize events by # of jets

» construct explicit probabilistic model for events
(example with only b-tags)

B(Z/h — bs)

N(nb,ns) = Zp(nb, 1f, V)Nf(y) 6
/
Nf:B(Z/h%f)NZ/hA @ @
(w) (e
% vt = {0.007, 0.0001, 0.003, 0.80}, Y
g S C b @

* infer the rate through tractable likelihood maximization (profiling)



Tagging on-shell FCNCs @ FCC-ee

- Main strategy: apply orthogonal b/s or ¢/u taggers

 construct explicit probabilistic model for events
(example with only b-tags)

8 X 10_3 oot |\\\

7x 1073

6 x 1073

Stat. only

5% 1073

4% 1073
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Tagging on-shell FCNCs @ FCC-ee

» Main strategy: apply orthogonal b/s or ¢c/u taggers

» construct explicit probabilistic model for events
(example with b- & s-tags)

N(nb,ns) — Zp(nb,ﬂ,g’f, V)Nf(V) B(Z/h - bs)
f

Nf = B(Z/h — f)NZ/h.A

q S c b
€3:Med = 10.007, 0.0001, 0.003, 0.80},}

€% Loose = 10-20, 0.90, 0.10, 0.01},

consistency condition!

Gfs;Med = {0.09, 0.80, 0.06, 0.004}
(ensured via pre-anti-tagging)

€4:Loose = 10-02, 0.001, 0.02, 0.90}
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Tagging on-shell FCNCs @ FCC-ee

- Main strategy: apply orthogonal b/s or ¢/u taggers

 construct explicit probabilistic model for events
(example with b- & s-tags)

95% Upper limits on B(h — bs

............. Stat. only : _3
Y%  Medium WP [

1072

FPR

H 0.2 0.4 0.6 0.8
TPR

= Sensitivity reach statistics dominated!
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Tagging on-shell FCNCs @ FCC-ee

- Main strategy: apply orthogonal b/s or ¢/u taggers

 construct explicit probabilistic model for events
(example with c-tag & c-anti-tag )

95% Upper limits on B(h — cu

10-! 9x 1073
= |0 st
............. Stat Only
v Medium WP
iig/‘b/ 6 x 1073 -
e o A
A, 1072 CL+® <
4 %1073
/ 2% 1072
3 _ . 107
10 0.2 0.4 0.6 0.8

TPR

» Possible improvements with dedicated light-quark tagging”



Tagging on-shell FCNCs @ FCC-ee

« Does it matter?

10734 — ~
10~
3
s 0 |
—10~4 —— By =9.6 x 1074
........ B ps =5 x 1073
_10_3 ..................... B s = 21%
10_2 —— B, — B, mixing
0 103 1072
Ysb

» Current direct constraint from bound on Higgs width

» At FCC-ee direct Higgs measurements complementary &

= //y ——————— Brvon — 2.9 % 103
Bhsew = 21%
—— D — Dmixing
0 103 102
Yuc

competitive with meson mixing constraints!
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Tagging on-shell FCNCs @ FCC-ee

« / FCNCs

 Thelir effects already observed/measured indirectly in b — s [l
transitions - can on-shell measurements compete?

» sensitivity @ FCC-ee limited by
tagger systematics!

* reaching SM requires
Improvements in tagging
(detector limitations)

= ~10-3b-quarks decay within
projected vertexing resolution

1073

15—

95% Upper limits on B(Z — bs)

.,::: /%,/ — 1% SYSt
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Conclusions

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

e Effort underway to understand exp. precision with which rare
decays of ¢- and b-hadrons and CP violation in heavy-quark
sector & LFV processes could be measured

e Flavour Physics defines shared (vertexing, tracking,
calorimetry) and specific (hadronic PID) detector requirements

¢ |n the coming phase important interplay of physics
performance with detector concepts

e On theory side: go beyond benchmark modes — fill in
possible gaps
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Conclusions

e Recent advances in jet tagging allow for high-energy colliders
such as the prospective FCC-ee to place phenomenologically
relevant bounds on rare Z and Higgs decays involving flavored jets

e |ntroduction of “orthogonal” sets of taggers for multi-class
classification & explicit likelihood models

e Bounds on h/Z FCNCs at FCC-ee complementary to meson
MIXing, rare meson decays

e |n case of anomalies observed at low energies, could help
disentangle possible UV sources

e Probing SM Z-FCNCs would possibly require detector-level
Improvements

27



Conclusions

e Recent advances in jet tagging allow for high-energy colliders
such as the prospective FCC-ee to place phenomenologically
relevant bounds on rare Z and Higgs decays involving flavored jets

e |ntroduction of “orthogonal” sets of taggers for multi-class
classification & explicit likelihood models

e Bounds on h/Z FCNCs at FCC-ee complementary to meson
MIXing, rare meson decays

¢ Related applications to W decays:

e Prospects for direct |Vi| extraction at HL-LHC
D. Faroughy et al., 2209.01222

e Extraction of |Vep| from W decays (at FCC-ee)

M.-H. Schune, FCC PE Workshop 2020
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