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Outline

e Status and challenges in flavour physics:
e Today: LHCb and Belle |

® |n the future: Tera-Z at FCC-ee

e Focus on B physics

® Focus on some subjects that are important or that | like,
not necessarily what FCC-ee can do best



Belle |l
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Clean: only 1 B-B pair,
Constrained kinematics: known Ecps(B)

~ 60 B's per sec, ~ 1/4 of total events
high reconstruction efficiency, “no" trigger

Ideal for decays with 7°, ~, v

Today: 700 (Belle) + 400 fb~* (Belle 1)
= ~ 1.2 x 10° BB pairs

p(B) ~ 1.5 GeV
flight distance ~ 0.1 mm
= decay-time resolution ~ 0.30 ps

LHCD (also ATLAS, CMS)

B hadrons + (O(100) charged particles
Unconstrained kinematics

~ 20’000 B's per sec., 1% of total events
low reconstruction efficiency, need trigger

ldeal for very rare decays to charged particles

Today: 3 (Run 1) +6fb~" (Run II)
~ 10%2 bb jet pairs in acceptance

p(B) ~ 100 GeV
flight distance ~ 1 cm
= decay-time resolution ~ 0.05 ps




LHCDb vs Belle Il vs Tera-Z environments

BeIIeH/ Tera-Z: 5 X 1012 Z’s
q -
q (I

p(B) ~ 0.3GeV/c

\ Particle species B° Bt BY Ay, BY ¢ 7t 7F
e a1 (@€ {udsc) e — T(45) — BB Yield (x10°) 310 310 75 65 1.5 600 170

Attribute Bellell pp ZY
All hadron species  /
High boost v
Enormous production cross-section v

Negligible trigger losses
Low backgrounds
Initial energy constraint
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Timeline (outdated)

Large Hadron Collider (LHC) High Luminosity LHC (HL-LHC)
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ATLAS/CMS 190 b1 m] 4500fb-1 ] 3000 fb-! ——pp
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Belle Il 400 fb-1 =] 7 ab- m—] 50 ab-! =)
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JuperKEKB

® Today: LHCb running ~ stable (upstream tracker + vertex detector seem OK)
Belle Il re-started in February, pixel detector off due to beam losses

e Direct future (~2028): LHCb ~ 30fb~! and Belle Il ~ 5ab™!
e carly 2030s: LHCb ~ 50fb~! and Belle Il ~ 50 ab™!
e late 2030s: LHCb upgrade Il ~ 300 fb~! and Belle Il ~ 250 ab~!

e 2040s FCC-ee : Tera-Z: 5 X 10'% Z decays



How b physics works

e \We mostly perform precision measurement of

0
processes that aren’t tree level: / b

e Box diagrams that appear in B-B" and BS-BQ mixing

® Penguin diagrams mediating some B hadron decays

\

® New physics, even heavy, could interfere with these
diagrams, modifying observables

e Example: Argus observed substantial BY-B mixing
— means the top quark is very heavy




The CKM matrix

CKM matrix: rotate down-type quarks from
mass to flavour basis

U u
Vug/ ) u*b/
—— L b ——

5 h 3

\W—

b

Constraints best visualised as unitary triangle
in complex plane
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SM standard candles i
N E
= E o E
Left side and y depend on tree-level decays :
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Belle + Belle 1l
JHEP02(2022)063

Gamma: today

Most precise method today:

> use BT —» DYK* with DY 3-or 4-body decay
- measure Ap in bins of DY Dalitz plane

- use BESIIl inputs fromeTe™ — DDV to gety

05 1 15 2 25 13I 1
m? (Kgaﬁ) [GeV?/c*

Other methods exist (less precise today):
> Bt — DYK* with D" 2-body decays _ T Data
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https://arxiv.org/pdf/2110.02350
https://arxiv.org/abs/2404.12817
https://cds.cern.ch/record/2873713/files/LHCb-CONF-2023-004.pdf
https://arxiv.org/abs/2110.12125

Gamma: future

e sub-degree precision will be reached from
combination of different methods

® no systematic bottleneck expected

e |HCb expected to drive the precision,
both in medium-term future and with HL-LHC

Belle 50ab~ ' | LHCb 50fb— ' | LHCb 300fb~ ! | FCC-ee
~ 1.5deg ~ 1.0deg ~ 0.35 deg ~ 0.25 deg
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V.| & |V, |:today A LI R s
[ o = Exclusive [V .| 68% CL contours -
ch | | ub | S 46f . _
e o
. > 42 e IV_I: global fit —
Exclusive measurements: E Average _+_ E
= | -
V.| & |V.,|@Belle(ll): B— nty, 38 =
3.6 =
V.|/|V., | @LHCb: e.g. 3 U E
32 —
Inclusive measurements: B - X .2v, B — X (v 3 E -
- Impossible in hadronic environment: need known kinematics  28F =
. C A B R SR | R -
and full event reconstruction 36 38 40 47 44
IV, [107)
Different frameworks for excl. and incl. predictions 3
(|attice VS HQET) . arXiv:2406.10074

Tension between inclusive and exclusive: %
- Precise studies of QCD parameterisations using unfolded =
-
=

HH  exp data
kinematic distributions | - —— lat fit \
-» Improving understanding of various peaking backgrounds that -== lat+exp fit |
may bias the result : - exp fit Belle (Il) B ‘—> D¢v
| |
0 - . :
1.0 1.2 1.4

12 w =p*(D)


https://arxiv.org/abs/2406.10074

V., | &|V,|:future

FCC-ee Simulation (IDEA Delphes)

20001

FCC-ee could measure |V , | with BT — t7v
- only decay constant as theory input

—
o
-
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Candidates / (0.8 GeV)
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FCC-ee can also measure B, — 770

)

-> precision on V_, limited by knowledge b — B.

fragmentation fraction
-> (also important to investigate R+ anomaly)

Real benefit @ FCC-ee: |V, | from W' — cb

> ~ 0.5 % precision, 3X better than SL decays at
HL-LHC or Belle Il
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— Total fit
W Bf > 1y,
B BT - 7Ty,
mm Z° - bb Bkg
7" — cc Bkg

] t  Generated data
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FCC-ee Simulation (IDEA Delphes)

> mm 7° - bb Bkg
@) 7% — c¢ Bkg
00 t  Generated data

Candidates / (0.

ot
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45 20 25 30 35

Can separate B.and B™ well, as B,

has a shorter lifetime
arXiv:2305.02998

40 45

Maximum hemisphere E (GeV)

Belle 50ab~+ | FCC-ee | th
Vip SL 1-3% ~ 1% ~ 1%
Voo BT = 77v | ~ 3% ~ 2% ~ 2%
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https://arxiv.org/pdf/2305.02998

Mixing diagram and mixing frequency

Other measurements in the CKM triangle are A |V |e / b

related to the B"-B mixing box diag.
-> suppressed, sensitive to new physics

lbox| ~ | V,,|*~ B%-B° osc. freq. Am,:

N (B® - B%(1) or B° — B%1)) ~ 1 — cos(Amyt)

Accuracy dominated by LHCb using B’ - D*_/ﬁy 05 - —

1=

But: theory prediction (lattice) 10 X less accurate N

than measurement, even worse for BY-BY
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Mixing phase and sin 2/

B
Historical flagship at LHCb & Belle II: L0 e
5‘/ : + B9-BO° yield asymmetry |
— Q) - Total fit
N(BO — JIwK)(t) — N(BO — JIwK)(?) N o5l PRL132(2024)021801

= sIn 2p sin Amt

N(BY — JIwK)(t) + N(B® = J/wKs)(1)

0.

Best known angle, future accuracy will depend on how
much we control: 0
-» time resolution

-> flavour tagger calibration

23}
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- LHCDb
- 6fb~ !
- B (=L )KQ (= wta)

;

——

—1.0 ——— R - ! - L1 L
-> interference with penguin decays, can be constrained 00 25 50 7o 100 125 150
: t|ps
from the data (using e.g. B — J/yr") ps|
Belle now LHCb now | Belle 50ab™" | LHCb 300fb~"

209+ 1.0deg | 23.1 20.6deg | £ ~ 0.3deg + ~ 0.1deg

Marginal improvements from FCC-ee (maybe in the
study of penguin-free modes?)
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LHCb: more data
Belle II: better tagging



https://arxiv.org/abs/2309.09728

PRL114(2015)041601

Semileptonic asymmetries

72 Y v Y —r
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a; = —— -
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unlike mixing freq., clean theory prediction 2
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LHCb: decay time shape in B — D(*)_/ﬁy vs B — D(*H,u_v decays

Challenges: to control: 2 IF TISItahdlarclll\'/Io'delK | T
- Production asymmetry 5 oF | N 5 E
= Detection asymmetries (calibrated with D decays) 1 :
-> Backgrounds F s =
FCC-ee with similar analysis = best precision 20 -
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L o BaBar D'lv - . ' i
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https://arxiv.org/abs/1409.8586

Su mma ry PRD102(2020)056023

Fit the CKM triangle measurements with
parameterisation:

Apor =AM (1 + hy 4 €"4)

box

e Today, hy, <~ 15%

e Would reduce to ~ 3 % with FCC-ee, HL-LHC,
Belle |l

® Control of theory uncertainties critical to reach
this precision

17

0.02

0.00

0.00

004 — .-~

p-value
0.20I]II|IIII|IIIII IIIIIIIIIIII IIIIIlIIll 1-0
— | excluded area has CL> 0.95 E
B itter 0.9
Summer 19
0.8
015 ="~ ]
0.7
0.6
0.10 — 0.5
0.4
0.3
0.05 —
0.2
| 0.1
0.00 I 1 1/1 1 I 111 I 111 0-0
000 005 010 015 020 025 030 0.35 0.40
b 0.40
Today
-value
0.10 T | T T T I T T T T T T T p
I | excluded area has CL > 0.95 —
o |
itter
L Phase llI
0.08 — |
0.06 — —

0.06 0.08

0.10

LHCb 300 fb~! Belle 1300 ab™"!,
FCC-ee

O 1 O p-value
: - | excluded area Ihas CL>0.95 | | —
A | Bos
- Phase Il N
0.08 — — 0.8
--------- 0.7
0.06 — — 0.6
< 0.5
0.04 — 0.4
0.3
0.02 — 0.2
0.1
o_oo 1 1 'Il/ 1 1 1 | 1 1 1 | 1 1 1 0.0
0.00 0.02 0.04 0.06 0.08
h, 0.10
—1 -1
LHCb 300 fb™ ", Belle 11l 300 ab
-value
0-10 I T T I T I I | T I I I T p 1.0
- | excluded area has CL > 0.95
0.9
- Phase I
0.08 — — 0.8
0.7
0.06 — — 0.6
<4 0.5
0.04 — — 0.4
0.3
0.02 — — 0.2
0.00 —‘7 I l"’ 1 1 I 1 1 1 I 1 1 0-0
0.00 0.02 0.04 0.06 0.08 0.10

h,

LHCb 300 fb~! Belle 111300 ab™!,
theoretical uncert. removed


https://arxiv.org/abs/2006.04824v1

1.4 ® LHCbH21

b — SCC penguins

i;().sq.},
e Penguin-mediated b — s transitions suppressed in g S I
SM and very sensitive to NP ol T
S S A
e Angular observables and BF for b — suu decays ¢’ [GeV?/c|
. . . 0
() Branching fraction in B — ¢ouu
(B = K" 'up, B, > ¢up) are off PRL127(2021)151801
a.“n 1_' ! ! ! | ! ' 1 ! | ] ! ! ' | ' ' '_
a LHCb Run 1 + 2016
i SM from DHMV ]
0.5: + _:
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Angular distributions in BY — K*utpu~
PRL125(2020)011802
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Charm loopsin b — s£7¢

® NP or charm loops?

e | HCb attempts to control charm loop
contributions from the data

e Tension with SM at the level of ~ 2.1 o, but

mostly free of QCD inputs
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arXiv:2405.1/347
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https://arxiv.org/pdf/2405.17347

D — Kuv: present

qq B( — Kuvi)B BB

Belle 11
f Ldt=362fh!

o IfNPisinb — suu, also expectitinb — svv

® Theoretically clean: no charm loops!

e Belle Il Bt — KTvv analysis with 2 techniques:

250 |

e Exclusive: reconstruct other B in ee — BB to infer
missing energy

Candidates/0.0025

e Inclusive: detect large momentum K7, train classifier

0
based on event topology/occupancy _ 3
e |l e U ——
aw
_5tk . l 1 I . l .
0.980 0.985 0.990 0.995 1.000
e Observe an excess: 3.6 o wrt background only, n(BDTy)

2.8 0 above SM.
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B — Kuvv: future

® FCC-ee sensitivity study for B’ - KT~ ww

® Discriminate from backgrounds using mainly:

e detached Kz~ vertex
® missing energy in hemisphere

® Expected precisions on BF:

Belle II 50ab™' ~ 10%
FCC-ee: ~ 0.5%

e \Would allow more refined analysis to extract additional

observables (f;)

e Similar situation for B, = ¢vv, A, = pKvv
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https://arxiv.org/pdf/2309.11353

b — ST7T

e Similarly, b — szt also sensitive to NP

e Very difficult to see, as tau leptons always decay to at
least 1 neutrino

Decay topology

e At Belle Il, no real hope of observing it

Precision of BF measurement as function of the resolution

O k | 064 ® SVand TV longitudinal smearing : 20 pm .
e Recentstudy foraB” — K 77t~ search at FCC-ee: (C Fee
Y . *  50% reduced material budget in VXD layers and BP

Ny =6x 10"

® using T — 3zv decays

0.4+

ON / N

e sensitivity depends strongly on vertex resolution, 3 o
evidence not guaranteed

R e e L

SV and TV transverse smearing in pum
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https://indico.cern.ch/event/1401678/contributions/5892282/attachments/2840027/4963971/Talk_TM_18-04-2024.pdf

Conclusions

® | have shown prospects in studies of the CKM triangle and penguin decays (esp. with missing
energy), and what Tera-Z can bring

® FCC-ee can do more than what | discussed:

e B physics: , lepton flavour violating decays, , . with
B — nrm, etc.

o : hot much explored, quite some activities now at Belle |
e 7 physics, and Z couplings to leptons

e How much Tera-Z brings also depends on how HL LHCb, Belle Il perform and on progress in
theory predictions
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’ Bs — ¢up angular analysis JHEP11(2021)043
7ow | Fully inclusive decays only Belle II Vep with B — X v PRD.107.072002
== Rare decays with leptons | LHCb > Belle II | LHCb B° —» K*uu arXiv:2405.17347
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