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The flavor puzzle

Cosmological QCD  electroweak GUT Planck
constant scale scale scale mass
10 °GeV 10~° 10~° 107! 10° 10’ 10" 10" 10"

Zupan: 1903.05062

UTfit Coll.: 2212.03894

Xing: 2210.11922
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Masses and mixings of quarks and Leptons
have a peculiar structure
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Probe heavy wediators with rare processes: SM as Effective Theory

(d)

£ _ Q(d) (Which NP? Models of Flavor Review)
SMEFT = ——
A Altmannshofer, Greljo: 2412.04549

BSM does not need to respect
accidental features of the SM
(e.9.: FCNCs at tree-level,
baryown/Lepton number changing)

Many channels cannot be probed
yet at LHC and flavor-factories
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Probe heavy wediators with rare processes: SM as Effective Theory

(d)

C
LSMEFT = Z ﬁdi)
d,i

(which NP? Models of Flavor Review)

Altmannshofer, Greljo: 2412.04549

Minimal Flavor violation (MFV): NP has the same flavor structure as the SM

[—1 Generic Flavor Structure B NMFV
Re(Ck)  mmm Re(Cp) Ce, UTg¢
Im(Cx)  m Im(Cp) Cg,

U
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Cs

Ca4

UTfit Coll.: 0707.0636, 2212.03894

cha\/g NP at —10 TeV scale

Probe heavier scales = more ‘Precisiow



Movre preoisiow = cirewlar collider
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CEPC TDR: 2312.14363
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Movre preoisiow = cirewlar collider
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CEPC TDR: 2312.14363

Monteil, Wilkinson: 2106.01259
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Attribute

Y(45)

All hadron species

High boost

Enormous production cross-section

Negligible trigger losses

Low backgrounds

Initial energy constraint

NSNS

* ...but Large Lumiwosita
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some  Searches
At Z—poLe

o b— STT
e b — svr
o bq —> KV L the back&up slides

® 7T PhysiCS inthe backup slides

Oﬁc Z_,—'PoLe ~ valid also for Linear colliders

e Higgs FCNCs

e Direct CKM measurment

More downe Lin

CEPC Flavor White Paper: 2412.19743 ;’
ECFA Report (to appear soon)
INFN Input (to appear soon)

Many workshops

(and way wmore to be dowe)
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Bexp(B — K*17) S 3 X 1073 BaBar 160509637

BSM (B — K*TT) ~U 10_7 Kamenik, Monteil, Semkiv, Vale Silva: 1705.11106

Awmple space for NP!

FCC-ee > LHC FCC-ee > Bellell

mdad

Better reconstruction More statisties
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b — sTT

Talk by T. Miralles at 7th FCC week
https://indico.cern.ch/event/1307378

Precision of BF measurement as function of the resolution
Various IDEA configuration

0.5IP  0.67IP 0.831P 0.5 Q
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e SVand TV longitudinal smearing : 20 pm ( : FCC
*  IDEA improved Ny =6x 10"
%  IDEA baseline o
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e Evidence (30)
___________________________________ L
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*°* Observation (50)
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SV and TV transverse smearing in gm

vertex resolution Ls cruetal!




0.001

107

Sensitivity on BR

1074

0

107

b — sTT

Li, Liu: 2012.00665

| I Bellell
| 71 LHCb

| M Giga-Z
| M Tera-Z

| [ 10xTera-Z

Extend to other modes also possibLe
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FCC-ee > LHC

el

Better reconstruction

b — svu

Plane normal to thrust axis
defines the hemispheres

Ambhis, Kenzie, Reboud, Wiederhold: 2309.11353

Decay Candidate Candidate Children
BY - K*0yp K* K*n¥
B? — ¢vv ) KTK~

FCC-ee —> ®Rellell

B2 can reach ©(10%)
with full luminosity




b — svu

Ambhis, Kenzie, Reboud, Wiederhold: 2309.11353

O (1%) preciston at SM Level!

—— Sensitivity (FCCee) |

— Sensitivity (FCCee) [
Current Limit
[ SM Prediction
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b — svu

Ambhis, Kenzie, Reboud, Wiederhold: 2309.11353

B(A, — Avir){ | R |
B(B — Ksl/ﬁ) T : & {

B(B, — ¢vi) - e Extracted by assuming CKM unitarity
B(B — K*vv) - —o—

NZ =06 X 1012
HFLAG 2021 1 | . |
0.037  0.038 0039 0040 0041  0.042
| Al

Measure SM Llevel and constraint NP

Belle II: 2311.14647 B(B — Kviz) 2023
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Bedeschi, Gouskos, Selvaggi: 2202.03285
Gouskos’ talk at “FCC Physics Workshop” (indico.cern.ch/
event/1176398/)
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Direct measurement with jet tagger/PID

~ 0.1 - 1% systematics expected on L0 0208 e 08

tagoer parameters jet tagging efficiency

— _ —

| Decay SM prediction exp. bound indir. constr.

| B(h—bs) (8941.5)-107° 0.16 2 x 1073
Q B(h —bd) (3.8£0.6) 107 0.16 1073
B(h —cu) (2.7£0.5)-10"%" 0.16 x 1072

h — BSM Meson mixings
(CMS+ATLAS, 2207.00043)


http://indico.cern.ch/event/1176398/
http://indico.cern.ch/event/1176398/

H — qq

Kamenik, Korajac, Szewc, MT, Zupan:
2306.17520

10—2_
10—3_

D
i
—10™ '//;— Bhsew = 2.5 x 1073
= Bhoeuw =29 x107%
—10_3'--/ ' I

- Bh—>cu = 16%
tmprove bounds on all channels _10-2- — D — Dmixing
B(h = cu) < 6.6 x 1074 0 103 102

Yuc

B(h — cu) <4 x107*  Liangetal: 231003440

Decay SM prediction exp. bound indir. constr.
. B(h—bs) (89+1.5)-107° 0.16 2 x 1073
- B(h—bd) (3.840.6)-1077 0.16 103
B(h—cu) (2.7£0.5)-10"*" 0.16 x 1072

h — BSM Meson mixings
(CMS+ATLAS, 2207.00043)



CKM

Bedeschi, Gouskos, Selvaggi: 2202.03285
Gouskos’ talk at “FCC Physics Workshop” (indico.cern.ch/
event/1176398/)
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http://indico.cern.ch/event/1176398/
http://indico.cern.ch/event/1176398/

Marzocca, Szewc, MT: 2405.08880

0985 \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ . .
L Liang, Li, Zhu, Shen, Ruan: 2406.01675
e e .
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|Vcb|

Direct measurement with jet tagger/PID , S
“Lattice-free” determination, can resolve

~ 0.1 - 17 systematics expected on tnclustve vs exclustve tenston

tagger paraveters

|

| V. Current FCC-ee FCC-ee FCC-ee '
“ (PDG) (6. =1%) (6 =0.1%) (Stat. only) |
Vs 0.975+£0.006  (0.6%)  0.36% 0.05% 0.008% |

Vol (40841.4)x 1073 (3.4%)  0.52% 0.16% 0.14% |
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nternational
JON Collider
Collaboration

Technically challenging...

...but has advantages of both Lepton. and hadrow colliders

Muon Smasher’s Guide: 2103.14043

. — — — = — = . — = = — =

Vs [TeV] 1 | 3|6 10| 14 | 30| 50 | 100 ‘
|
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|Cobpul % [TeV]

Asb/zu
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Top FC coupLLw@s from | |
single top production | |

Probe bsuu operators

Slu from (7_'F,LL) (ILLFIu) but also other combinations
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—TKE—— UFe\f‘2]

Mu3e-II

Muon Smasher’s Guide: 2103.14043
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Buttazzo, Paradisi: 2012.02769

Probe dipoles (uuHX)
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95% CL limit on d,, [e - cm]




A [TeV]

1 Low energy mMuC-3 mMuC-10

100

80
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40
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More (preLimiwarg) results

See Lucchesi’s talk from yesterday

]Low energy W MuC-3 mMuC-10

N 1500 e DS VA .
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Muc-10 caw significantly tmprove sensitivity for bottom/charm/tau



Take-home messages

Long-standing flavor puzzle, but SM works very well

Better BSM sewsitivi’cg regquLres more precisiow

Circular Leptow colliders (FCC/CepC/Muc) are an deal ground for flavor physics
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Standard Model of Elementary Particles

mass
charge

spin

QUARKS

LEPTONS

U(3)?

three generations of matter interactions / force carriers
(fermions) (bosons)
I II II1
=216 Mevicd | [ =1273Gewid ) [ =17257Gevic ) f[o =125.2 GeV/ct
% 0 0
¥ ” 1 ‘ 0 H
W up ' gluon higgs
=4.7 MeV/c 1 =935Mewé | =4.183 Gev/c? 0
-% - -¥ 0
@ ('@ | @ (]
{ down {strange t bottom J photon
_J
«0511 MeV/c | | =105.66 MeV/c® | | =1.77693 GeVic |
-1 -1 -1 v
@ | O | ® 2
| @)
electron muon tau N wn
O =
_ | mS
<0.B eVicF 1 [ <017 Mevic <18.2 MeV/& ? rs=81:1.3t592 Gev/ic 8
0 0 ] +1 - (e0]
W | W (W (® |3
4 S 9
electron muon tau g v
M neutrino | neutrino t neutrino W boson v

U(3)y XU (3)y XxU(3)g xU(3)e x U(3)e

Flavor symwmetry for me = 0



Standard Model of Elementary Particles

three generations of matter

interactions / force carriers

(fermions) (bosons)
I II I11
mass =2.16 Mev/c’ =1.273 Gevic’ =172.57 GeV/ic’ aVO =125.2 GeV/ic*
charge | % #* % 0 p 0
spin | ¥% y Y 3 ¥ 3 1 0 H
u charm to luon higgs
_up_J{ charm J|_tor )8 99
=4.7 MeV/c? =935 MeV/c? =4.183 GeV/c? f(;
-¥ -4 -¥ 0
'@ 'O O || @
) t down Mstrange tbottom photon
y y J
«0.511 MeV/c «10566 Mewicd | [ =1.77693 Gevicd | [[=91.188 Gevic
-1 -1 -1 0 C ¥y
¥% 9 % w % ;y 1 =
@
Lelectron k muon ‘k tau Zboson | Vi
y y O
. 7 m3
Z <0.B eV/icF <0.17 MeV/c? <18.2 MeV/c&E =80.3692 GeV/c? o)
o 0 0 0 +1 - (o 0]
¥% % % 1 O
W W ® | ® S
electron muon tau <O
Y
- neutrino k neutrino k neutrino W boson ws

E)q:L'LthLg broken bgj Yukawa terms

UD*=U1)gxU1) xU(1), x U(1),

Accldental s Y mmetries!

B = U(3) = UB)y x UB)u x URB)a x UR)e x U).



b — glv

Zuo, Fedele, Helsens, Hill, Iguro, Klute: 2305.02998

FCC-ee > LHC

el

Better reconstruction
Lower backgrounds

lS’(BJr — 7T U,) o |Vbq\2

B(Bf = rTv,)®™ = 229(9) x 1072
B(BT = v )™ = 0.87(5) x 10~*

HeLicitg suppressed, but
predicted to be relatively large

FCC-ee > Bellell

B2 cannot produce B,
O (20%) preciston for BT
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Zuo, Fedele, Helsens, Hill, Iguro, Klute: 2305.02998

B(BJr%T Vr) X |Vbq]2

B(B}Y — mtu,)"™M = 229(9) x 1072
B(BT = v )™ = 0.87(5) x 10~*

HeLLoLtH suppressed, but
predicted to be relatively large

High S/® ratio, 1-3% precision projected

Bf = 11y,

FCC-ee Simulation (IDEA Delphes)

—=— Background inflation: lst)lzg
—— Background inflation: 2x N} eXp
Background inflation: 5><kag

Background inflation: 10x Ns)lzg

2 4 6 8
Relative oy, of background fluctuation
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0.061

S
)
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o
o
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Relative (Bt — 71v;
o o
- o
D w

0.011

0.00

BT — 7Ty,

FCC-ee Simulation (IDEA Delphes)

—=— Background inflation: lxNgﬁg

—=— Background inflation: QXNEEE

Background inflation: 5x Nl(j)l?g)

Background inflation: 10X Ngﬁg

//:

2 4 6 8 10
Relative oy, of background fluctuation




bg — (v

Zuo, Fedele, Helsens, Hill, Iguro, Klute: 2305.02998

Extract CKM (depends ow Lattice results)

Predictions

Bt — 7tu, [FCC-ee, 180 ab !, 2%)] o+ = ok
Bt — 7%y, [FCC-ee, 180 ab ', 4%] |—e— I—=— —k—
Bt — 77v, [Belle II, 50 ab™'] —o——=— ——h—
""""" B* ot (Current] | —— 4
CKMfitter (Global fit) —8—

UTfit (Global fit) —=

Inclusive (GGOU) l A l

Exclusive (HFLAV) ® |

Current Values
25 30 35 40 45




bqg — v

Zuo0, Fedele, Helsens, Hill, Iguro, Klute: 2305.02998

b T

LA NP reach: generic 2HDPM

BT > 17y,

~0.4

1.0 -08 -06 -04 -02 00 02 04 00 02 04 06
Re[C§, ()] Re|C5, ()]



Am [ppm]

Tauw Leptow

m+ uncertainty

Super Ta wu-Charm Fac’corg
(STCF) will also enter the
game

Lusiani’s talk at “2nd FCC Italy&France Workshop
(https://indico.cern.ch/event/1457081/)

T uncertainty

.OPAL ® Measurement
1000 — » Estimate
<« Guestimate
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Bellg BaBar
200 1 ® KEDR 2007
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o
BESIII Bellell [Physics Book]
100 - ® >
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T PISG 2018 > (@)1 ]
50 - ® PDG 2024
20 -
STCF CDR, 2024
10 - > < FCC-ee(Z)
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, —_— B
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s DELPHI 2004 3v3

® Measurement
<« Guestimate

DELPHI 2004
o

.PDG 2012
Belle 2013
o

[
PDG 2014

Belle Il
|

4 FCC-ee(Z) CDR

FCC-ee(2)
<
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2010 2020 2030 2040 2050 2060




5% 108

2x10°8

1x10°8 :

5% 107°

2x107°

upper limit

2 x 10710

1x 10710 4

5x 10-11

2 x 10711

Tauw Lep’cow

Lusiani’s talk at “2nd FCC Italy&France Workshop (https://indico.cern.ch/event/1457081/)

B(T - 3u), measured or expected upper limit

1x107° :

5x 10710 4

BaBar 90% cL o
%Belle 90% CL

LHCb 90% CL
CMS 2023 prelim. 90% CL

® Measurement
» Estimate
<« Guestimate

LHCb 50fb-1 95% CL
>

LHCb 300fb-1 95% CL
<

>
Bellell 90% CL STCF CDR, 2023
<

FCC-ee(Z) 90% CL 6-10%? Z, £ scaling
<

2000

2010

2020 2030 2040 2050




upper limit

Tauw Lep’cow

Lusiani’s talk at “2nd FCC Italy&France Workshop (https://indico.cern.ch/event/1457081/)

B(T—- uy), measured or expected upper limit

5% 108 - Belle 2008 90% cL BaBar 2010 90% CL M "
e o Belle 2021 90% CL ¢ TeasurEmen
4 Guestimate

2 %1078 -

1x 1078 - STCF 90% CL, [EPJC 83 (2023) 10, 908]

<4
<

- Bellell 90% CL 50 ab-1, V£ scaling
5% 1079 -
2 x107° A

FCC-ee(Z) 90% CL, 61012 7

<

1x107° -

2000 2010 2020 2030 2040 2050



_Jet flavor taggers

FCC-ee Simulation (IDEA)

> 1 1 I 1 ' ] 1 1] ‘ T 1 Ll ’ 1 1 1 ' 1 T 1
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10_3 1 1 1 J 1 l 1 A l 1 L 1

0 0.2 04 0.6 0.8 1

jet tagging efficiency

Up -taggin
p -tagging FCC-ee simulation (IDEA)

10() .

u vs'd (7_classes)

u vs g (7_classes)

y

107" 4

jet misid. probabilit

10_3;

104 T
0.0

0.8

0.4 0.6
jet tagging efficiency

FCC-ee Simulation (IDEA)
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8 e L s tagging
.8 B j=u,q,s,c,b,g
g | e A
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jet tagging efficiency
Down-taggin
10° 99ing FCC-ee simulation (IDEA)
| e d vsu (7_classes)
| — dvss (7
- 107 — dv

jet misid. probabilit

vs b (7_classes)

0.4 0.6
jet tagging efficiency

0.8

1.0

Selvaggi’s talk at “FCC Phenomenology Workshop” (https://indico.cern.ch/event/1278845/)



o 95% Upper limits on B(Z — bs)
107 g — 10~
y : —— 1% Syst I
FPR
——————— 0.1% Syst 3x 107" PR
b _ _s 6b — €5
............. Stat. Only {05 €y €s udsc udcb
3% 1070 Z
X
1070 —
e; < 10~ % limited by vertexing
3x 1077
10~ 3-5um estimated
Barchetta, Collins, Riedler: 2112.13019
TPR
(TPR,FPR,Ae}/e3) B(Z — bs) (95% CL) 15 0.1% feasible?
(04, 10_4, 1%) 1.8 X 10_6 See M. Selvaggi’s plenary talk at “7th

1.8 % 10—7 FCC Physics Workshop”

4,1074, 0.1
0.4, 1077, 0 7 (https://indico.cern.ch/event/1307378)

( )
(0.2, 107>, 1%) 4.2 x 1077
( )

0.2, 107>, 0.1% 42 %1078 < SM level



https://indico.cern.ch/event/1307378

CKM

Bedeschi, Gouskos, Selvaggi: 2202.03285

Gouskos’ talk at “FCC Physics Workshop” (indico.cern.ch/
V \’\l event/1176398/)
’\ s FCC-ee Simulati
-ee Simulation (IDEA)
b 1 E l 1 I 1 [ 1 I 1 | I 1 I I 1 | I
| B 0 sindging
Qo - j=u,d,s,c,b,g |
O B '
e oW 0 e S
T
g - —svsud
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Strange tagger s the Rey = :
Zuo’s talk at “3rd ECFA Workshop” - B : : g : .
. . . . - 1 1 1 1 1 l 1 1 1 l L 1 l 1 1 1
(https://indico.in2p3.fr/event/32629) 10 0 0.2 0.4 0.6 0.8 1

jet tagging efficiency

Tagger at tt run coula tmprove with retraining

|Vud‘ ‘Vus ‘ ‘Vub‘ (41.5 T 0.9) x 1073 (2.2%) ‘
| Vcd |Vc s ‘ ‘//gb’ Future (FCC-ee) {
A\ [ Vid R o([Vis]) ~ 10%
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