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Outline

® Why flavor?

Unique sensitivites

® Recent examples of knowns and unknowns
Lots to do, both for theorists and experimenters

® Far future: FCC

Huge increases in data, what can they teach us?
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What is flavor physics?

® Flavor = what distinguishes generations? [oreak U(3)g x U (3), xU(3)a xU(3)r xU(3).]
Experimentally: rich and sensitive ways to probe the SM, and search for NP

® SM flavor: masses? mixing angles? 3 generations? — most of the SM parameters
Flavor in SM is simple: only from Higgs interactions, many testable relations

® BSM flavor: TeV scale (hierarchy problem) < “naive” flavor & C'P viol. scale
New particles that couple to quarks or leptons = new flavor param’s, clues about BSIM

® Baryon asymmetry: how precisely can we probe for CPV beyond the SM?
(Not necessarily related to flavor changing processes, nor necessarily to the quark sector)
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Flavor physics and Oppenheimer

“Nothing about Oppenheimer was uncomplicated”

“You cannot come up with a simple version of him”

A bit like flavor physics...

® The interesting messages are not simple, the simple messages are not interesting
(This is also oversimplified)
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https://www.businessinsider.com/oppenheimer-fact-vs-fiction-what-the-movie-got-right-wrong-2023-7

New physics scales probed

® Heavy new physics generates dimension > 4 operators in SMEFT
L = SM+Z 5105@+Z

® Dim-5 L L¢¢ discovered, iff m,, violates lepton # (0v35?); No dim-6 term established yet

® Baryon number violation: % = A >10'°GeV

- o . (¢D"¢)”
® Higgs & precision electroweak: e

= A >10"GeV
QRQQ

A2

Flavor and CPV are the only experimental probes of the 10° — 10° TeV scale

® Flavor and C P violation (and EDMs): = A >10%% Gev

® New physics could show up any time the sensitivities improve (by a substantial amount)
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Origin of high scale sensitivity

® Back of an envelope calculation of Amg: loop, CKM, GIM suppressions

® Why 1S AmK/mK s 0 Y

In the SM: 25 02 |V, Vo2 K

i W s
Predicted m. ~ 1.5 GeV (Gaillard & Lee; Vainshtein & Khriplovich, 1974)

® If exchange of a heavy particle X contributes at the"SM level:

- (X)
dg s gd AmK

25 g AQCD
AmK M)2< AmK

— e > % 103 TeV

S S

[g ~ O(107%)]

Similar story for many other flavor-changing neutral current (FCNC) processes
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Scales, as shown in European strategy

(hatched: MFV)
mesons  leptons » Higgs to
107§ 9 S 3 ?’ 5 99 P §107 107}
105 o s ii% i 106
AT R T I
gl i X ERCEITY =
@ 10%: < T S Q =10 [<b]
5 . m E % R 2 P =
310 - i N 10° 1000}
102- mw =YYy SR ae
: =~ STIT ¥
107 & SIS Sk £ B 10! 1ot
o N N NS 0
10 N ~N N 10
N RN N N
SEESEEEEESN [2511.03883]
Observable [1910.11775]

® All TeV-scale NP models must contain some mechanism to avoid violating constraints
Models devised to make deviations from SM small, revisit model building when tensions with SM arise

® Suppressions in SM are strongest for kaons, often Am g & e are the most constraining
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https://arxiv.org/abs/1910.11775
https://arxiv.org/abs/2511.03883

Large upcoming improvements

Key Observables in Heavy Flavour Physics [ESPPU 2026 Projections]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-020/
https://arxiv.org/abs/2503.24346

Past LHCb and Belle Il data taking

Total recorded luminosity by year — pp
Belle Il Online luminosity Exp: 7-42 - All runs

—
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Integrated luminosity

2025 (13.6 TeV): 11.81/fb _ 20.0
2024 (13.6 TeV): 9.56 /b % | . [ Recorded Weekly
2023 (13.6 TeV): 037 /b -
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800

,_
=
‘

\

2022 (13.6 TeV): 0.82/fh . 700
2018 (13 TeV): 2.19/fb
2017 (13 TeV): 1.71/fb

(I8 2016 (13 TeV): 1.67/fb

= 2015 (13 TeV): 0.33/fb = 12,5 e e 500
——— 20128 TeV): 2.08/fb =
60— 2011 (7TeV): L11/1b —

2010 (7 TeV): 0.04/fb

Recorded integrated luminosity [fb~!]
Total integrated luminosity [fb~1]

Total integrated Weekly luminosity [fb~1]

100

0— : 0.0 -
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(Hardly any LHCb result is available yet from Run 3)
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Future LHCb and Belle Il plans

Run 1 Run 2 Run 3 Run 4 Run5 = 7 . . . . —70
= 16 né Z Peak luminosity ]

L = = [ w/QCS upgrade rade
an 14 -_ - o~ ] =3 350 LQ V_)Q 6_ [ inLS2 ] _60

g = ﬂ S) ﬂ ﬂ = ) r Integrated luminosity  (delivered) ]

g 12 :_ i 300 l ? _L 5 :_ [ — Z/Lc;is upgrade w/o QCS upgrade ] :50

E 10 E_ —— :::::’::Ited e o o o '/: 250 § g 4 Projected by SuperKEKB/Belle 11 | 540
? 8 E_ mmniE expected with improved LHC optics at Run 5 i' 200 g g [ I / Run 3 E
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S sk 150 g LS2 1%
- -— 6 - m < . —

E E 5 = S 40 ]
2 /] 50 54 2r Run-'2/./” [ 20
= = F u

8 2 e e 0o 0 ° 3\/0 : 50 & L LS1 / / ]
a E e — 1 4 10

oL =T S—— -~ IR T M PP W P - Run 1 ik .
2010 2015 2020 2025 2030 2035 2040 olaid afl M . . g
Year Jan 2024 Jan 2029 Jan 2034 Jan 2039 D
ate

® LHCb upgrade in LS2 (inst. lumi.: 2 x 10%) @ Belle Il goal: over 50 x Belle data set

[ LHCb Upgrade llin LS4 (inst. lumi.: 1.5 % 1034) ® Discussions about phySiCS & feas|b|||ty
ATLAS & CMS competitive in some modes of an upgrade (polarization? 250/ab?)
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The CKM quark mixing matrix

® The (u, ¢, t) W= (d, s, b) couplings: (Wolfenstein parm., A ~ 0.23)
Vud, Vus Vub — %)\2 )\ A>\3(p — ’1,’17)
Vekm = | Ved Ves Vi | = —A 1 — %A2 AN? + ..
Via Vis Vi AN (1 — p —in) —AN 1
CKM matrix

9 complex couplings depend on 4 real parameters = many testable relations
One complex phase in Vokw: only source of C'P violation in quark sector (besides 6gcp)

® Want: overconstraining measurements sensitive to different short-distance physics
(E.g., separate determinations from tree-level and loop-dominated processes)

Lincoln Wolfenstein: ‘I do not care what the values of the Wolfenstein parameters are, so you should not
care either, the only thing that matters is whether their independent determinations are consistent’
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Snapshot: CKM fit in the SM

. SpectaCL”ar progress in |ast 25 years 1.5 T LB B r*| I L B B I
B excluded area has CL > 0.95 E %} |

® Magnitudes: Semileptonic decay rates 1ol ¢ I
g . - . d 1

B, s mixing (loops: Vig & Vi) o . ;

® Relative phases: C'P violation 05 ]
L . . . . L & g

® Unitarity triangles: visualize SM constraints P i (— 1
(p-n) Y ’
Vudvb+Vcdvb+‘/td b—O E ;:

ViVl V. Vi 051 g
ViaViy Vi Vi i | ]

i : V 4

CPV in SM  Area 1.0 - Yoo Y

Y=0, =i s s <o -

(0’0) (1’0) _1 5 | I | I 1 1 1 i I I | I 1 1 1 I 1 1 1 I | | l—

) 0.5 1.0 1.5 2.0

-1.0 -0.5 0.0
® The CKM mechanism describes consistently C'P & flavor violation 5
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Snapshot: CKM fit in the SM

0.7

® Spectacular progress in last 25 years E TN
® Looser constraints if NP is allowed in the fit ik e,
Full fit (upper) vs. tree-dominated (lower) plot = :° e

® Implies, e.g., that 10—20% corrections : E
to B— B mixing are still possible e /BN e S
et 0:9 065—3 (o) %—i

Y oe 1= ™ % U _;
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Recent tensions between SM and data




Hints of deviations from the SM

® From a distance, everything looks fine... looking closer:
Less than half of B decays measured; most incalculable, but we have theories for some (HQET, SCET)

— Charged-current semileptonic b — ¢ decays (e.g., B — D) /()

— Neutral-current (FCNC) semileptonic decays (e.g., B — K )¢0)

— Charged-current nonleptonic b — ¢ decays (e.g., B - D™¥h [h = K, «])
— Dominantly FCNC nonleptonic decays (e.g., B — Kh)

There are more...

® Intriguing tensions with the SM = experimental scrutiny, new theory ideas
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The B — D™ riz decay rates

0.40

68% CL contours

® BaBar, Belle, LHCh: R(X)=— (I;i ;i;:;y) |

2.x0 (was ~ 3.50) from SM prediction: theory _osof
robust due to heavy quark symmetry + LQCD =z
(Some confusion due to recent BaBar analysis, bad x?)

Belle Il¢

® Imply NP scale < few TeV g [PT— ROy aes S el
. . . HH l.:LAG24 (l\ff=2+1 folr R(D*)) . | . P(y?) = 0;76% |
Mediators within / near ATLAS & CMS reach L S R B R L L

® Tree level: three ways to insert mediator: (bv)(c7), (b7)(cv), (be)(Tv)
overlap with ATLAS & CMS searches for b, leptoquark, H*

® Models built to fit these impacted ATLAS & CMS searches, motivated LFV searches
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Large future improvements

Run 2 Run 3 Run4 Run5 Run6 . . . . .
18\ e 18 —— R(D*) (had FEL lep 7) |
16: 16! ---- R(D) (had FEI, lep 7)
oy O R TR W | WO N | - —— R(D*) (SLFE]L lep 1)
= 14f = 14 ---- R(D) (SLFEL lep7) ]
g’ 19 =P —— R(D*) (had FEI, had 7) |
3 . = —— R(X) (had FEL lep7) |
E 10¢ E 1011 —— 7R(n) (had FEI) ]
O F 3 ¥ ]
5 9 5 8 ‘\\\\\\\\\;
3 o6 AN NEEE RN 3 6 ]
5 - BEEANSAN RIS 0 RN ANNEE BEEEEEEE e o - 1
Boab NN\ N TR B4 ORI 1
of Optimistic NN e of Optimistic " T =EsIsseoo
I LHCb unofficial T-===---======—u__ I Belle II unofficia ) ——————— " "ZTFEER
== e = 0 TV — : : :
TFTFTIIFFFTIFFES TIFIFFIIFFeess
A S A AL A Y R 2 2 2 2 2 A A
Data sample up to year Data sample up to year

® Measurements will improve a lot, and reach few % in several decay modes

® May establish NP, even if deviations from SM decrease

[2101.08326]

® Will at least lead to much more robust |V,| — critical for precision in many observables
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https://arxiv.org/abs/2101.08326

|V.s| and pushing HQET further

® |V.,| impacts many rare B and K decay rate predictions (and ek), since Vi, Vig o A

® |V, | is measured from “zero recoil” limit of dT'(B — D™)¢p)/dq?

HQET most constraining + LQCD most precise
In practice, measuring all distributions helps — additional information

AIC Best Order Distribution

® Many open questions — need a lot more data:

How to fit data: truncate model independent (BGL)
param.? (Many proposals, Akaike information criterion, etc.)

Optimal combination w/ unitarity constraints & LQCD? -
Some tension between LQCD and data

04
e 03
S

[Bernlochner, ZL, Persson, Robinson, to appear]

® Not to mention tension between exclusive and inclusive determination
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R and R+ now: SM-like, but rates too small?

B(B - KWutu)

K() B(B — K(*)e"‘e_)

1.4r

1.2

LLHCh
9fh!

Rk low-¢¢ =0.994%00%
Rk central-g> = 0.949H0%
Ry low-¢> = 0.9275000

Rg+ central-¢> = 1.0271047F

R k-

0.8

0.6

{ Data
SM

1 ——

X°=16,p=0812 0 =0.2

[LHCb, 2212.09153]

0.1 < ¢2 < 1.1GeVZ (low-¢2), 1.1 < ¢2 < 6.0 GeV? (central)

Ry low-¢> Ry central-¢> Ry~ low-¢> Ry~ central-¢°

dB(B" = gutur)idg? (GeV-2cY)

x10~3
=== BSM best fit
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[Smith, LHCP 2024]
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https://arxiv.org/abs/2212.09153
https://indico.cern.ch/event/1253590/contributions/5814190/attachments/2869879/5024277/LHCP_bsllbclnu.pdf

The P/ angular distribution in B — K*utp~

® “Optimized observables” [1202.4266 + long history]
(assumptions about factorizable / nonfactorizable)

Global fits: best fit, still: NP reduces Cy

[Altmannshofer, Straub; Descotes-Genon, Matias, Virto; Jager, Martin Camalich;
Bobet, Hiller, van Dyk; many more]

® Difficult for lattice QCD, large recaoil

What calculation determines how far below m ;/,,, this com-
parison is reliable? (Different than e*e~ — hadrons)

® Tests: other observables, ¢ dep., B; and A, decays

LHCb

‘ T T T T
8.4 fb!
|| SM from ABCDMN:2024

B SM from EOS (GRvDV:2022) .

—— LHCb 8.4 b
—+ LHCb4.7 b
—+ CMS 140 fb’!

215

| | I ! !
15
[LHCb, [2512.18053] g2 [GeV*/c*]

BSM, fluctuation, SM theory?

® |s the cc loop tractable? Impacts many interesting decay rates & C'P viol. observables
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https://arxiv.org/abs/2512.18053

Intense discussions of theory uncertainties

100fF T T T T T T BEBLELELE E
_ ,| LHCb8.4fb
® My hope: data will help to make progress 21;)0 ~ .+ Dm | }\ i
— K3 Total ) -
\ \ . i Signal ' .
Large data sets ofte.n inspired progress in c«% 200ff e i :
theory, and developing new approaches ¢ . H - 1 pasticle nonlocal i :
L S Rl ampltudes 1t
® Only robust deviations based on model- 71005 } .- Inerference
independent theory will be seen as signs £ sof-# Sl || e
of new physics § g /-
Recent LHCDb full angular analysis [2512.18053] reinvigorated study of fg ﬁ 5 e
hadronic effects: Altmannshofer, Christensen, Stang|, [2603.27753]; |§‘.§ T E‘EE Il‘il I"z?:%. 5’| .
0.0 2.5 5.0 1> 10.0 125 150 175

Alvarez-Cartelle, Capdevila, Lunghi, Matias [2605.06567]

[LHCb, BY — K*0,F ,~ 2405.17347]

q* [GeV?¥/c*]

>

ZL—-p.18 ;;Eiﬂ»

BERKELEY CENTER FOR
THEORETICAL PHYSICS  |BERKELEYILEAS



https://arxiv.org/abs/2512.18053
https://arxiv.org/abs/2603.27753
https://arxiv.org/abs/2605.06567
https://arxiv.org/abs/2405.17347

B — Kvv — unique to eTe™ colliders

® Similar short-distance contributions, and much simpler long-distance ones

SM Average
0.497 +0.037 1.340.4
—— Belle 1T 362 fb !, combined)
s 2.34+0.7 This analysis

&
Belle II (362 fb!, hadronic)
(¢

.

\4
Y
Q

1
I
I
: I
: 1
) i : 1.1+1.1 This analysis
u N Belle II (362 fb!, inclusive)
V[/,+ E : 2.74+0.7 This analysis
- o+ - : I Belle II (63 fb!, inclusive)
b W 3 S : 19415 PRLI27, 181802
& i N Belle (711 fiy!, semileptoni
u Vr 1 1.0(102 (I;ngs,f;)t;n(hseml eptonlc)
. . ; PY Belle (711 b, hadronic)
® Also relevant for dark sector searches (B — K+invis.) | || |
—— ! BABAR (418 b, semileptonic)
: I
I

0.2+0.8 PRD82, 112002

(Is the excess in one bin of q2?) [2309.00075, [2311.14629, 2602.09666]

—_— BABAR (429 fbl, hadronic)
® Input: precise form factor calculation raco 2207124681 0 2 4 6 s 10

105 x Br(B*—K LB;;% I1,2311.14647]

® |f this tension becomes more significant, stopping Belle II: 2. 70 from SM
. O

NAG62 after LHC Run 3 will look even more mistaken
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https://arxiv.org/abs/2309.00075
https://arxiv.org/abs/2311.14629
https://arxiv.org/abs/2602.09666
https://arxiv.org/abs/2207.12468
https://arxiv.org/abs/2311.14647

Nonleptonic b — c decays

® Some B — Dh decays factorize in heavy quark limit (plus power suppressed corrections)
(Physical picture by Bjorken around 1990)

C I T T T T I T T T T I T T T T I
B> D-K* L T —_—— s ]siﬁ) p:::il:ccn[fr? 5}12}(5)55(]2021) 235]
=F==SM prediction [EPJ C 80 (2020) 951]
B D K+ | - Be— -
B> D- gt — == —:
B' > D*x+ | - -
B'5D;K*|F  —— 5
B?—)D; at C y ——— 7]

IR T R R R

2 3 4 5

e : 0 —

[LHCb:| direct CPVin B — Dy 7T+ < 1%, 2603.10860] Branching fraction [10-3 for b — cud, 10 for b — ciis]

® Need: semileptonic form factor near ¢? = 0, plus estimate of corrections

>
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https://indico.cern.ch/event/1644852/
https://arxiv.org/abs/2603.10860

(Still) not understood: the B — K puzzle

® Have we seen new physics in CPV?

Ayt =—0.0831 £ 0.0031 (P +71) PR E“, -

u, g ———yy, d U,  ——_—_—_——u, d
Apr,0=0.02710.012 (P+T+C+ A+ Pey) (C) i, (Pew) wd
W u u, d T
. + b _75
® Large difference — small SM sources? ’ zds . e T
AK+7TO o AK+7T_ = 0.111 £ 0.012 (Annihilation not shown) [Belle, Nature 452, 332 (2008)]

SCET / factorization predicts: arg (C/T) = O(Aqcp/mp) and A + P, small
® Large fluctuations? Breakdown of 1/m expansion? Missing something subtle? BSM?

® Can we understand the theory well enough, so that future data could disprove the SM?
Can there be a similar enhancement in B decay as the AT :% rule for K'? [2604.19612, 2510.13969, [2505.11492]
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https://www.nature.com/articles/nature06827
https://arxiv.org/abs/2604.19612
https://arxiv.org/abs/2510.13969
https://arxiv.org/abs/2505.11492

Belle Il can make unique contribution

® Sum rule based on isospin for dominant amplitudes, and SU(3) for subleading terms:

Skr = A(K 7))+ AK'77) — 2A(K 7% — 2A(K7?) A(f)=T(B—= f)—TI'(B = f)

EXpeCt: |5K7T/A(K+7T_) | S few % [Gronau, hep-ph/0508047]
Limiting uncertainty: A (&%’ o2 —— R ]
g y- ( @ ) '-: e [ncluding Belle II
o) L
IKTl' K e@e

T 20(B — K+n)

o
e

[ sensitivity

® |nteresting well beyond Belle |l
sensitivity = FCC-ee

0.05

IIIIll[V

10 20 30 40 50

Integrated luminosity [ab]

(=]

>
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https://arxiv.org/abs/hep-ph/0508047
https://arxiv.org/abs/2207.06307

(Far) future

Run 1 Run 2 Run 3 Run 4 Run5 =7 ' ' ' ' 770
16— Q Peak luminosity ]
e - / QCS upgrade wio QCS upgrade e |
¥ 4 350" B o [—2 oS | 747w
E 14 b (7') 5’) t7) 2 S Integrated luminosity (deiivered) / ]
o o :_ - - - -l 300 ; 2 5 [ —_— :'/fs{;s"pgrade :/Z;;DSupglade ] . 50
® = = Py m
=] - —actual oA 250 £ = Projected by SuperKEKB/Belle IT / ]
= 10 — = eXxpected D \7 g ] 4 [ —40
-.? :_ =1 m w1 expected with improved LHC optics at Run 5 :' 200 £ é‘ Run 3 o
8 °E 7 2 = 3 LS2 / oy =
= = LS’ .
£ s j 1509 e 1757 JJ/_/_/ ]
= = N T &~ RUMDwpi ] l / 20
2 4F 7 100 5 2 Run2;:7 .
< E 4 8 LS1 / 3
g 2 ) ° "/_ 50 & 1 / 110
o " Run1 / ]
2010 2015 2020 2025 2030 2035 2040 04 Jan 2024 Jan ‘2029 Jan 2034 Jon 5039 0
Year Date

® Of the future colliders discussed, only FCC would go well beyond LHCb + Belle Il goals



Breadth and surprises

® Most cited physics paper of each B factory was not a part of the planned program:

® BaBar:

® Belle:

® LHCb:

Evidence for an excess of B — D11, decays
BaBar Collaboration = J.P. Lees (Annecy, LAPP) et al. (May, 2012)
Published in: Phys.Rev.Left. 109 (2012) 101802 « e-Print: 1205.5442 [hep-ex]

pdf ¢ links & pol  [4 cite [@ reference search £ 1,364 citations

Observation of a narrow charmonium-like state in exclusive B — K:I:‘JT-I'?T_J/@[J decays
Belle Collaboration « S.K. Choi (Gyeongsang Natl. U.) et al. (Sep, 2003)
Published in: Phys.Rev.Left. 91 (2003) 262001 = e-Print: hep-ex/0309032 [hep-ex]

pdf & links & Dol [4 cite B reference search <) 2,938 citations

Observation of .J /1/p Resonances Consistent with Pentaquark States in A} — J /1)K~ p Decays
LHCb Collaboration + Roel Aaij (CERN) et al. (Jul 13, 2015)
Published in: Phys.Rev.Left. 115 (2015) 072001 = e-Print: 1507.03414 [hep-ex]

pdf ¢ links & DOI [ cite F@ reference search <) 2,129 citations

® Huge data sets often gave surprises, both in breadth and depth (likely same for FCC-ce)
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FCC-ce data sets for flavor

® Production yields compared to Belle Il goal: [2106.01259]

Particle production (10°) B°+ B B* B4+ B Ay+A, BFf cc rtr

Belle Il (50ab™?) 27 27 tbd — — 65 45
tera-Z (5x 102 Z) 600 600 150 130 3 600 170

Comparison with LHCb more complex: roles of trigger, LHCb has advantage if final
state is fully reconstructed, if there are neutrals, tera-Z may win

oW (108 WW): W — bc can give a Ve
Estimate 0.2% uncertainty, independent of B decays Montei @ 7th FCC Workshop, Jan 2024]; [2405.08880]

L 7 : my IS a flavor parameter... can FCNC sensitivity surpass that of HL-LHC?
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https://arxiv.org/abs/2106.01259
https://indico.cern.ch/event/1307378/contributions/5721481/attachments/2790716/4866685/FCC_Vcb_monteil.pdf
https://arxiv.org/abs/2405.08880

Flavor physics at FCC-ce

® 10°xLEP is the right target (mass scale) « (uncertainty)~*/? o (stat)~*/*

® Can one appreciate / anticipate a 10° improvement?  (Recall: Belle Il / ARGUS ~ 10°)

Theory and experimental techniques both changed a lot! (e.g., full hadronic reconstruction)
Asymmetric B factories on Y (4.S) were devised for C P violation, less ideal for (semi)leptonic decays

® \What was not even tried at LEP? (due to lack of statistics or lack of physics interest)

® Some rare decay sensitivities may improve linearly with statistics; e.g., Z — ur, ue, etc.

O
(7 lifetime & mass, Ry, R, for each ¢ flavor, etc.)
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Towards theory at the per mille level

® Theory uncertainty of v is negligible (2nd order EW)
World average v = (66.4 & 2.8)°

Theory uncert. of everything else nontrivial at ~ 1% level

® Vlost precise so far: sin28 = 0.7104+0.011 (22.624+0.45)° _
Precision of v may overtake that of 3

® Can the precision of 8 keep up with statistics?

There are claims of possibly large V., (“penguin”) contamination e i wwaenco ]
1.5 | l ] | i ] I | l ] I I l | I;[l L1 1
® Which other measurements can reach such precision? ™ * % 2 ® 8
(Both theory and experiment) [2006.04824| — expectation early 2040s]
ZL —p 26 f(reeeee |/|\|
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https://arxiv.org/abs/2006.04824

B, — J/1 h using SU (3) flavor

® Expand amplitudes: A = (V;V.y) (A + eA™M) + (Vi Vi) A + ...
® SU(3) flavor symmetry = 5 ALY 4 AWM 3 A relations [ZL & Robinson, [1507.06671]

® 16 observables vs. 6 independent complex amplitudes: 1 A, 2 A%, 3 AY

® 4 relations when working to this order

® “‘New” relation: (might have been implicitly known)
szKS — 825 = —|Vea/Ves|? (c25/c2p,) (Syrg T 528,) [ZL, Y. Nir, R. Schein, 2506.21675]
= S¢  —sin28 = 0.001 + 0.015

Ll\

® Uncertainty can be reduced by better measurement of Sy . in Bs — 9 Kg (Run 1 only!)
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https://arxiv.org/abs/1507.06671
https://arxiv.org/abs/2506.21675

C P violation in BT — nw*x9

_ I(B™ — 7 ) =T (Bt = nx?)
I'(B- —» w7V —T'(Bt = ntnP)
World average: Acp(B* — n57%) = —0.01 £ 0.04

® Theory: Acp(BE — 7n57%) = 0in the “isospin limit”, however: (Grossman, ZL, Nir, 2605.04137)

® Direct CP asymmetry: Acp(BE — 75x®) =

electroweak penguins, m — n mixing, isospin violation in QCD penguins, Al =5/2
SM prediction: Acp(B* — 770 ~ 3 x 1073

® Understanding the in charmless B decays is important:
— Acp(B* — n*70) has direct implications for the extraction of a from B — =7

— May help understand the K« puzzle (Gronau’s sum rule based on isospin)
— Acp(D* — 77%) may shed light on the puzzle regarding the large value of AAcp

ZL-p.28 crere?) m
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https://arxiv.org/abs/2605.04137

If BGM in b — c7v, must study vy & 7 modes

0.4 —

® SM and data in 3¢ tension in R(D™), if established, &
requires O(10%) correction to a tree-level SM process

035

0.3

® |f NP is charged under SU(2), unavoidable connection to
b — sTTT~ or b — svi — correlations distinguish models

L.R 17, (UL) (79 (UL)
NP g NP g

v (77) ST (73 (UL)
|Stefanek]

025

0.2

b b; r

Only tera-Z can measure B — K*rt7—, K*vi at SM level
Belle Il: B(B —» K*rT77) < 1.8 x 1072 (SM ~1o—6) [2504.10042]

® Boost of B in Z decay provides ideal environment (expect ~ 1000 events)

ZL—-p.29
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https://indico.cern.ch/event/1349196/contributions/5833361/attachments/2862147/5007781/stefanek_corfu_PDF.pdf
https://arxiv.org/abs/2504.10042

Bgs — pTup~: interesting at all imaginable statistics

® Bsv(Bs, — putu~) ~ 3 x 1079, BSM predictions extended orders of magnitudes higher

® BSM(Bd — 'LL+ILL_) ~J 10_10, LHCb eXpeCtS EO.7T1?_9| : dlt 68<I>/9<|>/99I°/CL| L ]
10% (300/fb), CMS expects 15% (3/ab) S 06 - ® LHCb
SM uncertainty ~ (2%) @ f]23q @ CKM, and %o.s_— ot -
may be further reduced 04r }
0.3 -
® Measure |V,;|, using only isospin, from: 02k ]
B(B, — (7)/B(By — utu~) oal LU= -
(Most precise |Vy|... at FCC-hh statistics...?) oO[LHC?21-°&392’8“]éJA i x107
. L . B(BY- utu-
® A decay with mass-scale sensitivity (dim.-6  pPDG average: [LHCb, CMS, ,iTLAS/il 1
operator) that competes with K — wvw B(Bs — ptpu~) = (3.344£0.27) x 1079
ZL-p.30 recenn) @'


https://arxiv.org/abs/2108.09284

Actual discovery potential? E.g., SUSY in Z — ¢1¢~

® Consider a SUSY simplified model: ¢, g heavy, only electroweakinos & sleptons light

Dote—  #iae i
. _ (x10°) 20767 L+ 25 0.05 0.05 Ratio of hadrons to leptons
o Measurement' Re - hod ' Systematic limitation in Midterm Report resolved by Feasibility Study Acceptance for 135“’“
adrons
2 y 3000 o X0
: ‘ ‘ }‘ [Knapen bahghoff ZL, [2407 13815]
, o 2500 F L || »«
2 i ) 2000 -
£ 14 'S'
. igr s . § 500 F
e Ultimate sensitivity depends on «a;, sin®6,,, etc. = AN e
S 2D e SN L PIESED)
Several measurements combined for best physics reach 00 R LN
Even better sensitivity to flavor violating effects (e/u/7) ] RO —
® Can prObe beyOnd (or between) HL- LHC exclusions T R R T TR

[GeV]

® Complementary to SMEFT studies, a specific model may have |mporfant correlations

>
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https://arxiv.org/abs/2407.13815

Final remarks




What are the largest useful data sets?

® No one has seriously explored it!

® Many measurements will remain far from being limited by theory uncertainties:

— For v = ¢3, theory uncertainty only from higher order EW
— B, 4 — pp, B — pv and other leptonic decays (lattice QCD, [double] ratios)

— A%® — will experimental systematics become limiting?
— Lepton flavor violation & lepton universality violation searches
— Dark sector searches, etc...

® In some decays, even in 2040s we’ll have (exp. bound)/SM 2 10°% (Eg., By — ete™, 7777)
O

=- Case for an experiment to exploit flavor @ FCC-hh
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Workshop advertisement

Flavours at FCC Workshop

Physics at the Flavoured Circular Collider — Next workshop @ CERN: June 16—-19
Goal: deepen understanding of the potential of the FCC for flavor physics


https://indico.cern.ch/event/1644557

Conclusions

® Flavor physics probes scales > 1 TeV, sensitivity limited by statistics
New physics could show up any time when measurements improve

® There is much to be learned from future measurements at LHCb, Belle II, ATLAS, CMS
® If any of the tensions with SM becomes decisive = compelling case for largest statistics

® |nteresting challenges both for experiment and theory to maximize sensitivity
Explosion of data always triggered unforeseen developments

® FCC-ee has very rich physics program, can be a discovery machine
In flavor physics, the only way to go well beyond Belle || and LHC(b)

® Clear reasons to aim for the largest data sets that technology may allow

ZL—-p. 33 creced) ‘a
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Constraints on NP parameters added to the SM

® |n a large class of NP models, dominant contributions are to neutral meson mixing

b W d b_ X _d
® General parametrization of many scenarios " M X B
by two real BSM parameters; redo CKM fit: s ! = —
h e*? = Axp(B® — B°) /Asu(B® — B) gm: 8 Np: NP
mi, A2

Tree-level decays dominated by SM, BSM only significant in FCNCs (loops)

® |s h 21 allowed? If not, then CKM mechanism is dominant

Ci 1C;:|2 /4.5 TeV\? 1C;4 )
® Eg., for -2 (g; 1v"q; 1) operator: h o~ —— 2 ( ) ,s0 h < 0.08 implies A > Y % 16 TeV
Az (177 Vv P\ A VivisP
ZL-p.i IZZEUﬂ



Evolving bounds on A,

® CKM fit including h, s and o, ; param’s: 2007 | "
h e’ = Axp(B°— B®) /Asu(B® — BY) o

® LHCb: BSM contributions to B, mixing ‘

3.0 | excluded area has GL > 0.

25

2.0

1.5

1.0

are constrained similar to those to By w Ao

® \Weak interaction dominates observed " [eolor: 20, dotted: 30 " |
C'P violation: BSM/SM < 20% B E D S

1 [Hos o0s LHCD 50/?@,,+"Belle IL50 /ab

® Complementary to high-pr searches Yl :
(E.g., similar to HL-LHC m; reach) s 1< i

® BSM sensitivity will continue to improve il -

UNB.OO 005 0.10 0.15 020 0.25 030 035 0.40
ZL —p.ii "

BERKELEY CENTER FOR

THEORETICAL PHYSICS

9.00
0.00 0.02 0.04 0.06
hd

0.08 0.10
>

A
reoeoeoe]| il

BERKELEY LAB



Sensitivity to new physics in B mixing

® In many BSM scenarios, dominant deviations from SM may be in neutral meson mixing
Assume: (i) 3 x 3 CKM matrix is unitary; (ii) tree-level decays dominated by SM

General parametrization: 1 e?"? = Axp(BY — BY)/Agm(B°— BY)  (has, 04 NP param’s)

® CKM fit with 4 BSM param’s added; : il
combines many measurements and 0 o -
theory inputs [Charles et al, 2006.04824]  °* s wf h
(= conservative view of future progress) T Zi - ol ;

® |V,| becomes a bottleneck; Tera-Z sensi- o 02 oo ]
tivity will be better (no LQCD extrapolations) ,,, B CiREg - TeraZ

h, h,

ZL —p.iii rrr:rrr A
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https://arxiv.org/abs/2006.04824

4 relations for B, — J /4 h at this order

O Ayr+/Ayrt =—|Vea/Ves|?

d
e C KO/ KO _|Vcd/Vcs|2
® (1+ \?)sop = SiKS — 284 — 2(Ax + 5\2AW)025 tany + O(e R A2, R2)2,5)  [1507.06671)
where: A _ T(Bg — ¢yK") —T(BT = yK™) _ 2I(By — 7)) = I(BYT — ¢rT)
T I(By — ¢vKY) +I(Bt > yK+) " 2I(By — ¢n0) + (Bt — ¢rt)
= sin 28 — S¢KS = 0.05 £ 0.03 (4 issues of production asym vs. isospin violation [2306.04686])

® “New” relation: (might have been implicitly known?)

szKS — 825 = —|Vea/Ves|? (c25/c2p,) (SprS + s93,) [ZL, Y. Nir, R. Schein, 2506.21675]

= Sk, — sin2f8 = 0.001 £ 0.015

® Uncertainty can be reduced by better measurement of SvKs N By — 1¥Kg (Run 1 only!)

: A
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https://arxiv.org/abs/1507.06671
https://arxiv.org/abs/2306.04686
https://arxiv.org/abs/2506.21675

Theory challenges / opportunities

® New methods & ideas: recall that the most precise a and v measurements are in
modes proposed in light of Belle & BaBar data

— Better SM upper bounds on S,k — Sykgs Sexg — Sykg: @ANA Srox, — Sykg
And similarly in B, decays, and for sin 2/, itself

— How big can C P violation be in DY — D mixing (and in D decays) in the SM?
— Many lattice QCD calculations (operators within and beyond SM)

— Better understanding of inclusive & exclusive semileptonic decays

— Factorization at subleading order (different approaches), charm loops

— Can direct C'P asymmetries in nonleptonic modes be understood enough to make
them “discovery modes”? [SU(3), the heavy quark limit, etc.]

ZL—-p.v ‘
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Another FCNC, B — X v ‘

® Maybe the most complex SM calculation; develop Belle inclusive Phys. Rev. Let. 103, 241801 (2009
EFTs and RGEs, multi-loop techniques, SCET E s
. . . S 80 E
Exp. & theor. uncertainty small in different regions < | E
- B ]
® Extract from global fit short-distance and hadronic £ = E
parameters (shape functions) fully consistently =R E
[Bernlochner, Lacker, ZL, Stewart, Tackmann, Tackmann, 2007.04320] o _E
5[ =
® SIMBA: Consistent theory across E., spectrum L T I R

Model-independent treatment of shape fn. E, [GeV]

|CE NV Vis| = (14.77 4 0.515¢ £ 0.59%heory £ 0.08param) X 107°
m,” = (4.750 + 0.027g; + 0.033heory £ 0.003param) GeV

>

. A
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https://arxiv.org/abs/2007.04320

C P violation in D decays and mixing

® ('P violation in D decays:
LHCD, Nov. 2011: AAcp = A+ g- — At - = —(8.21+£2.4) % 10~3 (I think a stretch in the SM)
LHCD, Mar. 2019: AAgp = —(1.82 £ 0.33) X 1073 [1903.08726]

— T T T T T T T T T T T T T

éo. 0.5 -_ Charm Only L ILHCBE
. . L : Beauty and Charm Proliminary ]
® \What is the maximal CPV that could be due to SM? ~ | Summer 2024 ]

CKM factors: |V, Vi) (VeaVua)| =~ 7 x 1074

Before measurements, most theory papers stated (assumed)
that strong interaction suppresses CPV further

® Can we establish if C'P violation in decay or mixing
(more “inclusive”) could still probe BSM?

201 'o.o' o1l '02 03
aK+K %]

ZL - p.vii cereend]
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https://arxiv.org/abs/1903.08726

C P violation in D — D mixing

® Mixing generated by down quarks g° cPvaloned| 3

0.7 S g’

® SUSY: up-type squarks in box dia- 2

grams, interplay of D & K bounds ol g
= alignment, universality, heavy squarks? o

® Connections to FCNC top decays  os

‘l1c
3 20
0.2 B30
® Only learned recently: z/y = O(1) =& G R
(Only in 2021 was Am. ?é 0 established at >30_) 6.1 02 03 04 05 0.6 0.7x(oz;8 0.1 -0.05 0 0.05 Iq/plt-):
® Very high scales probed, further improvements expected
ZL — p. viii coecerd] f
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C P violation in B, ; mixing: Aglff

LHCb: B, to D{guX HFLAV

® Only observed in Kaons ZZ
Bys): SM suppressed by m2/m3, may be lifted by BSM |

B [hep-ph/0202010] .

_ I[B(t) » 07 X] - T[B°(t) —» £ X] @

= -0.01
SL = <

F[Eo(t) — £+X] + F[Bo(t) — E_X] -0.01

2023
68% CL contours
(Alog £ =1.15)

0.00

-0.00

-0.02

Plenty of room between current sensitivity and SM ..l 5o muons & dimuons D0: BY, to DX
predictions (not yet known if LHCb becomes syst. limited) O

As (BO)

® Current status: Exp: A%, = —(2.1£1.7) x 1073 A% = —(0.6 £2.8) x 1073
SM: A¢, = —(4.740.6) x 1074 S = (2.2240.27) X 1072 {1603.07770)

® Unigue to Tera-Z: uncertainty ~ 2.5 x 107° for both A%, and A%, reach SM level

ZL—p.ix creced) m



https://arxiv.org/abs/hep-ph/0202010
https://arxiv.org/abs/1603.07770

Aside: why not do this in SMEFT?

® QOperator analysis (Lorentz invariance, not adding vg):
(67, PLb) (FY"PLv), (&7, Prb)(Fy*PLv), (ePgb)(FPLv), (€PLb)(FPLv), (é6™Ppb)(F0u,PLv)
Whether b, 7, cin L- or R-handed fields, connectionto b — s7™77,b — svir,t — e 77~
2nd and 5th terms can only arise from dim-8 = often neglected
Connection to different generation transitions, only if some flavor structure is imposed

® Semileptonic operators (Ilqq) are a large fraction of the operator basis:

SMEFT: 1053 semileptonic operators, 42% of the 2499 parameters of the dim-6 B& L
conserving terms in the 3-generation SMEFT (558 C'P-even, 495 C' P-odd)  [2402.09535]

LEET: 1944 semileptonic param’s, 54% of the 3631 terms (1017 C' P-even, 927 C P-odd)

ZL-p.x creced) m
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https://arxiv.org/abs/2402.09535

Similar decay of kaons: K — wvv

® Kaon CPV is at the right level (can fit ex with KM phase, but ¢’ notoriously hard)

® K+t — wTvw searched for since 1960s (longer  »;
than Higgs), sensitive to 100 TeV scale
: KOTO direct exclusion @ 90% CL
. . 4
Irreducible theory uncertainty few % (& |Vp|®) . R
0y R S g Grossman-Nir PO
® first > 50 observation [naez, 241212015 % /,--—-T"‘ i
s >
B(Kt — ntvi) = (13.0533) x 10~ g .
Consistent with SM (% 8 X 10_11), atl.70 _SM [iEPJcsz (zojz)r 615]i
K (HEP 09 (202p) 148] | @4TZ 12075
® KOTO B(KL — WOVD) < 2 X 10_9 1011 . . .: . . : . . . .
0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50
B(KJr — 'rr+w7) x10710
ZL —p.xi creeed] f
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