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Preliminaries

® Will try to merge two somewhat different stories:

— | am most excited by the upcoming large increases in data: what can they teach us?
BSM discovery potential + complementarity with high-pr searches

Luminosity ratio: (Full LHC) /(Run 1 4 Run 2) is slightly greater for LHCb than at ATLAS & CMS

— Or one could focus on current “anomalies” (i.e., tensions with SM predictions)
Stimulated theoretical and experimental progress + might get first established

® Beyond LHC & Belle Il: FCC
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What | was asked to talk about...

® “Global view on precision Physics: How do high-energy LHC and flavor physics pro-
grams complement each other?” to trigger a discussion addressing questions like:

e What has been achieved in the field after the Higgs discovery?
(i) B, constraints caught up with By; (i) R(D™)) started in 2012; (iii) AAcp late 2011

e What are the perspectives of the field?
If BSM scale > few TeV, flavor may be the best chance to detect its first signals

e What needs to be developed to create further advance
... regarding HL-LHC?
Theory improvements could have big impact on BSM sensitivity... some examples
... regarding future collider projects?
| think FCC-ee flavor program must be richer than what's known =- think abouit it...
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Workshop advertisement

Flavours at FCC Workshop

Physics at the Flavoured Circular Collider: Now —summer 2027, deepen understanding
of the potential of the FCC for heavy flavour physics in the quark and lepton sector


https://indico.cern.ch/event/1588013

Flavor physics — many puzzles

® Flavor = what distinguishes the three generations? (break [U(3)]° global sym.)
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 Yukawa couplings to Higgs,

® BSM flavor: TeV scale (hierarchy puzzle) <« “naive” scale of flavor & C'P violation
New particles that couple to quarks or leptons = new flavor param’s,

® Baryon asymmetry requires CPV beyond the SM — how precisely can we test it?
(Not necessarily in flavor changing processes, nor necessarily in the quark sector)

O (high scale sensitivity)
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Origin of high scale sensitivity

® |arge suppressions in the SM — back of an envelope calculation of Amg:

® Why 1S AmK/mK ~T7x1071°7

SR 2 VeV K

mgk W S W ]
Predicted m. ~ 1.5 GeV (Gaillard & Lee; Vainshtein & Khriplovich, 1974)

In the SM:

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

o (X)
g s A 9° Agep 3
) { ~ — > x 10° TeV
s 5 AmK M)2< AmK 5 g
® [g ~ O(107°)]

Similar story for many other flavor-changing neutral current (FCNC) processes
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Some lessons — known since 1970s

® Flavor was critical in developing the SM, and mostly an input to model building

® All TeV-scale NP models must contain some mechanism to avoid violating constraints

E.g., in SUSY, to suppress flavor and C P violation, impose: universality, heavy squarks, alignment
Devised to make deviations small from the SM, revisit model building when tensions with SM arise

® The SM suppressions are strongest for kaons (1st — 2nd generation)

For many models, Amg and ex are the most constraining — 3rd gen. “looks” different
The idea of (dominantly) 3rd generation NP goes back (at least) to the mid-90s [hep-ph/9512388, hep-ph/9607394]

® \What can future data tell us?
If deviations from SM, upper bound on BSM scale, help understand its structure

~
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https://arxiv.org/abs/hep-ph/9512388
https://arxiv.org/abs/hep-ph/9607394

Outline

® Testing quark flavor (CKM)
® B decays & recent tensions with SM

® Far future: FCC
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ATLAS & CMS competitive in some modes

= 7 -
& [ Peak luminosity ]
‘r\g 6 i_.“ [ ;/LOS(;S upgrade rade ] / / - — 'j
S L Integrated luminosity  (delivered) / 7
1‘ 5 :_ [ — :Wn/ Loszs upgrade wlo QCS upgrade ] :
>t ]
= [ Projected by SuperKEKB/Belle I | / ]
2 9 / .
= | Run 3 .
=] 7l
E - LS2 / f/ ]
g ]
~ ? Riin-2. 2 7 7 I N
RUN-£-;:/ .
/ ]
‘ LST el ]
Ir 4 ]
[ Run 1 / ]
o< idafl M ‘ ] ) —

Jan 2024 Jan 2029 Jan 2034 Jan 2039
Date

70

60

50

40

—30

20

10

0

® Belle Il goal: over 50 x Belle data set

® LHCb Upgrade ” in LS4 (inst. lumi.: 1.5 % 1034) ) Discussions about physics & feaS|b|||ty
of an upgrade (polarization? 250/ab?)

Extensive sensitivity projections: LHCb Upgrade 1l [1808.08865]; Belle |1 [1808.10567]; and including ATLAS & CMS @ HL-LHC [2503.24346]

BERKELEY CENTER FOR
THEORETICAL PHYSICS

ZL—p.7

/\l /\
reeeerer

|||‘
m

~



https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/2503.24346

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

Testing quark flavor

® (u,c, t) W* (d, s, b): 9 complex couplings = many relations

Vd Vs Vb 1 — 37 A AN (p —in)
Verkm = | Vea Ves Ve | = —A 1— 322 AN? +...

Vida Vis Vip AXN3(1 = p—in) —AN? 1

A\

Only 4 parameters: \ (“Cabibbo angle”, from K — wfv), A (from b — cfv)
used to be less precise: p and 7 (only source of C'P violation)

Measurements: magnitudes ~ decay rates; phases ~ C'P violation
G

® Many observables are f(p,n) — want to compare:
— b= uwlv = |Vu/Vep|* o p? + n?
= Amp,/Amp, = [Via/Vis|? o< (1= p)? 417
— C'Pviolation in K, B, B, decays

(0,0) 1.0
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The CKM fit in the SM
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™ | excluded area has CL > 0.95 |

® Spectacular progress in last 25 years
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® The CKM mechanism describes consistently
C P violation and flavor changing processes 05
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The CKM fit in the SM |

0.7

T e e

® Spectacular progress in last 25 years s E1E E
® The CKM mechanism describes consistently = El ‘ ) :
C P violation and flavor changing processes 3 3

® Looser constraints if NP is allowed in fits ) T S DI N e
. 06 é—% () % E

Full fit (upper plot) vs. tree-level (lower plot) S E

® LHCb: B, constraints caught up with By - E 2 E
® O(20%) NP contributions to most loop-level  *j ¥ & b =
processes (FCNC) are still allowed / : E
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Fits with NP parameters added to the SM

® What if BSM parameters are added to these fits?

® Consider: tree-level decays dominated by SM, BSM only significant in FCNCs (loops)

b W~ d b Xj _d
® General parametrization of many scenarios " M TR R
by two real BSM parameters; redo CKM fit: Py ! = —
h e%7 = Axp(B® — B°) /Asy(B° — B°) SM: Csm NP- Cnp
Cm2 A2
w
® sn=0 If not, then CKM mechanism plays a role in C'P violation
(If n = 0, CKM matrix conserves C P)
®sh=>1 If not, then CKM mechanism is dominant
ZL—p. 10 crere) m



Is n» = 0 allowed?

1-CL
1-5_""I""!""I"''I""IIIII
® CKM fit with ~ and o parameters added: ; ' HeVE 1=
. _ _ N FPCP 2007 _|
he?” = A(B— B%) /Asu(B°— BY) — 1 T ] os
. 1 o7
® Weak interaction plays a role in C'P violation, P ..
even It NP Is present (only known since 2004!) = o 1.
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Is h ~ O(1) allowed?

® CKM fit with h, , and o, ; parameters added:  he”” = Axp(B’— B°)/Asu(B® — B)

p-value
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® | HCb: BSM contributions to B, mixing are even more constrained than those to By
® Weak interaction dominates observed C P violation: BSM/SM < 20%

~
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Improvements in next ~ 10 years

® At 95% CL: NP < (0.25 x SM) = NP <(0.08 x SM)
_ LHCb 50/fb + Belle Il 50/ab
. i edafea‘ g | ‘ ,"“"Ey ph-ﬂsel! :

Ciil? /4.5 TeV\?
® Scale: h ~ [Ciy| ( e)

| ‘/Tﬁ)': ‘/t] |2 A 0.15 0.08 } {

2.3 x 10° TeV & o P ;

= A ~ { 20 TeV (tree + CKM) ]
2 TeV (IOOp + CKM) 0.05 oo B

. C O m p | e m e n ta ry to h ig h -pT S e a rC h e S 0.03.00 005 0.10 0.15 0.20 0.25 030 0.35 0.740 0.03.00 0.02 0.04 | 4/,‘IO.OG — 0.08 — 0.710

(E.g., similar to HL-LHC m; reach) h, [2006.04824] h,
[color: 20, dotted: 30]

® BSM sensitivity will continue to improve

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

Recent “anomalies”

NB: | dislike this phrase... Recent examples of “who ordered that?”

(Puzzles in the data / theory / Nature?)






Hints of deviations from the SM — few years ago

® Intriguing tensions with the SM = experimental scrutiny, new theory ideas

I I

® Some could be unambiguous NP signals B>k e Bk
(vertical axis is an unspecified function) DO 11 CP asym
B->D"tv

Except for theoretically cleanest cases, cross-checks

Ve incl/excl

E
needed to build robust case E o-2
— measurements of related observables g Wl incliexd
— independent theory / lattice QCD calc. g y +B+K:+u— a+ngu|ar
® g — 2 used to be most significant: B S
HVP contributions scrutinized . )
Big lattice QCD effort 1 : : .

significance (o)

Won'’t cover many; e.g., 1st-row unitarity tension on the mend? [Gorchtein, Katyal, Ohayon, Sahoo, Seng, 2502.17070]

~
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https://arxiv.org/abs/2502.17070

Hints of LFU violation — major recent focus

® |_epton non-universality would be clear evidence for NP o

1) RrgandRg~ (B— XpTp™)/(B— Xete™) ~ 20% correction to SM loop
2) R(D)and R(D*) (B — Xr0)/(B — X(e, n)v) ~ 20% correction to SM tree .

Accessible scales: Ry Sfew x 101 TeV, R(D™) < few x 100 TeV

® Theor. less clean: 3) P! angular distribution (B — k*u*u7)
4) B — ¢outp~ and similar b — syt rates

Could fit 1), 3), 4) with one operator: C$) /O ~ —0.2, Og,, = (570 Prb) (i 1)
® Viable BSM models... leptoquarks? No clear connection to DM & hierarchy puzzle

® What are smallest deviations from SM, which can be unambiguously established?
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The B — D™ riz decay rates

~ 0.4 T
o
F B — XTD E " Prelim._CKi
e BaBar, Belle, LHCb: R(X)=— ¢ )
I'(B — X(e/u)v) B
: 03F
~ 3.50 from SM expectations: theory robust due 5
to heavy quark symmetry + lattice QCD 025
® Imply NP scale < few TeV 02 :“M”gs T e,
Mediators within / near ATLAS & CMS reach T L

R(D)
® 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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Aside: why not do this in SMEFT?

® Operator analysis (Lorentz invariance, not adding vg):
(v PLb)(Ty" Prv), (ev,Prb)(Ty"Prv), (¢Prb)(TPLv), (ePrb)(TPLv), (o™ Prb)(Tou PLv)
Whether b, 7, cin L- or R-handed fields, connectionto b — st™77,b — svir,t = cT 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 (llgg) 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. 17 crere) m
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https://arxiv.org/abs/2402.09535

Large future improvements

Run 2 Run 3 Run4 Run b5 Run 6
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® 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

Motivated many groups to push HQET further

® Determine all 6 B — D™) [y form factors from 4 distributions in e, - modes (m; = 0)
One Isgur-Wise function + 3 at O(Aqep/mep) + O(A{ep/ ™Mz, 2) 1170805330, 2206.11281)

S

® O(1/m?,): number of unknown functions proliferate HQET Isgur-Wise functions
’ order All RC Expansion VC Limit
Studied truncations of O(1/m?) terms: vanishing chro- o ! ! !
momagnetic (VC) limit or residual chiral (RC) expansion ngb 20 1 5
2
(Other approach is to include 1/m2 using light-cone sum rules) [1908.09398] Vmep 32 3 3
O

Justify truncations from first principles?

Best way to fit data; truncation of a model independent (BGL) parametrization?
Optimal combination with constraints from unitarity and lattice QCD?

Some tension of FNAL/MILC vs. data?
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https://arxiv.org/abs/1703.05330
https://arxiv.org/abs/2206.11281
https://arxiv.org/abs/1908.09398

R and Ry~ until 2022 ‘

B — KWyt~ . . .
® LHCb: R, = 2" -1 three bins ~2.50 from lepton universality
K B — K&ete—
1.6 1.6
14— ' T 1.4 '
124 T _ 1.2 \ —_
S 10 I | £ 10 [
s I—"—' o LHOD'19 os{]2.20 I : t e LHOD17
T | 4 Belle'19 0_6_$—l’2—5g o Belle19
H+  BaBar'12 H-+  BaBar'12

e —T T 1 | - 0 T T T T T

0 5 10 15 20 0 2 5 10 12 15 18

I
5 8
¢ [GeV?/c'] g’ [GeV?/c']

® Theorists’ fits quoted 3—50 (sometimes including P, and/or By — ¢u™ ™)

® Modifying one Wilson coefficient in Heg gave good fit: § Cy ,, ~ —1

~
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R and R+ now: SM-like, but rates too small?

1.4

1.2

R k-
r—l
—

0.8

0.6

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

Rg  low-g% =0.994750%
Ry central-g> = 0.9497004
Rge  low-g® = 0927500

Ry central-¢> = 1.027+047%

t

Data
SM

1 ot

y2=1.6p=0812 0 =02

[LHCDb, 2212.09153]

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

dB(BY - outu)ldg? (GeV ¢

0 +,,—
By — ouTp
T —3F— LHCb 9fb
LHCb 3fb'
| SM (LCSR+Lattice)

| SM (LCSR)
SM (Lattice)

Ihy w(28S)

. 10 ’ — 15 ’
g* [GeV?* ]

108
)S v ~=- BSM best fit
& T — == BSM benchmark |
I> SM prediction
o FH  LHOb 2014
S 5 B8 Babar 2012
= - Belle 2019
5 4
FF s
&l
L)
8] 47
S
3 -
T
-
o 29

2 1 6
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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*u*p~

® “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)

1.00 -

0.75 1

T 0.50 1

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

SM from ASZB
Re(C)") = -1

LHCb Run 1 + 2016
CMS Run 2 preliminary
ATLAS Run 1

& 1 [

e

25 5.0 | 75

100 125 150 175
q* [GeV?|

BSM, fluctuation, SM theory?

® |s the cc loop tractable? Impacts many interesting decay rates & C'P viol. observables
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Intense discussions of theory uncertainties

100fF T T T T T | BEBLELELE E
LHCb 8.4fb"!
10* |- A i
Data
~ 250 K Total -
] . b - Signal i I .
® My hope: data will help to make progress S o0l Backgromd 3
Q - . g : .
. . . &) = lpmlcle nonlocal 1l .
Large data sets ofte.n inspired progress in 1508, 1 St sonlocal 1t E
theory, and developing new approaches Z100H 1o Toterforence I
® Only robust deviations based on model- % *’f il
independent theory will be seen as signs S 0~ i s T |
of new physics
e by B PR EPETETETES BT I BN | R o P P .
0.0 2.5 5.0 7.5 10.0 125 15.0 175

0 0 q* [GeV?¥/c*]
[LHCb, BY — K*VuT 1~ 2405.17347]

~
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https://arxiv.org/abs/2405.17347

(Still) not understood:

the B — K puzzle

® Have we seen new physics in CPV?
Ap+ - =—0.0831+0.0031 (P+7T)
Ap+,0=0.0271+0.012 (P+T+C+ A+ Pey)

® L arge difference — small SM sources?
Ay o0— Ap+,— =0.111+£0.012

SCET / factorization predicts: arg (C/T) = O

B+, BO
B+, B0 70, -

(T') S“ ko, (P) w
w 5, d b ng\?P 5, d K+ ot
b g \q%<u ’
g9

u, d ———u, d U, d—————u, d

u . ~ ,
J _ 0
w u _ U, d T
B+ b ds
C?, s B+ + K+

at, K*
u u

u

(Annihilation not shown) [Belle, Nature 452, 332 (2008)]

u

(Aqep/mw) and A + P.,, small

® | arge fluctuations? Breakdown of 1/m expansion? Missing something subtle? BSM?

® Can we unambiguously understand theory, so that such data could disprove the SM?

ZL—p.24 crere)
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https://www.nature.com/articles/nature06827

B — Kviv — unique to eTe~ colliders

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

SM Average
).497 4-0.037, ffSL(Jl
. Belle I 362 fbl, combined)
5 5 : : 23+0.7 This analysis
- 1

(3
> u ——01_ Belle II (362 fb !, hadronic)
(3

e o

11411 This analysis

SO 4

—_—— Belle II 362 fbl, inclusive)
2.74+0.7 This analysis

Belle II (63 fb!, inclusive)

19415 PRL127, 181802

=
3
|

N
3

i I Belle (711 fb!, semileptonic)

1.0+0.6 PRD96, 091101

PY Belle (711 fb'!, hadronic)

29+16 PRDS87,111103

® Also relevant for dark sector searches (B — K+invis.)

1
1
|
. . o110 BABAR (418 fb’!, semileptoni
(Is the excess in one bin of g2?) [2309.00075, 2311.14629, etc.] T : FRERpoR

02+0.8 PRDS82, 112002

7 — BABAR (429 b1, hadronic)
1 15i13 PRD87, 112005
1

® |nput: precise form factor calculation [Hpacp, 2207.12468] - . o]
105><Br<B+_>KLBeLl63II 2311.14647]

Belle Il: 2.70 from SM

® |[f this tension becomes more significant, stopping
NA62 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/2207.12468
https://arxiv.org/abs/2311.14647

Bgs — pTup~: interesting well beyond HL-LHC

® Bsvi(B, — ) ~ 3 x 1079, BSM predictions extended orders of magnitudes higher

® Bsni(By — ptp~) ~ 10719, LHCb expects Eoyf‘l?'g. pn s immm——
10% (300/fb), CMS expects 15% (3/ab) 206) e LHCD
SM uncertainty ~ (2%) @ f,_%q @ CKM, and %0'5? | e
may be further reduced 041 “ }

0.3 _
® Measure |V,;|, using only isospin, from: 02k i
B(Bu — gl?)/B(Bd — ,u"',u_) 0_1__ . §... _
(Most precise | V| at FCC-hh?) oO[LHChl’ZTOS‘gg?BZ"’?/ T
: L . B(B - 1t

® A decay with mass-scale sensitivity (dim.-6  pPDG average: [LHCb, GMS, ,iTLAS/]J ‘)

operator) that competes with K — wvw B(Bs — ptpu~) = (3.34 £ 0.27) x 1079
ZL-p.26 rereed) m


https://arxiv.org/abs/2108.09284

Far future

Run 1 Run 2 Run 3 Run 4 Run 5 =7 ‘ ‘ ' ' 770
16— aQ Peak luminosity i
= - / QCS upgrade wio QCS upgrade g m |
% E N . - 3505 VE 6L [—— e o 1 7 /. 60
-E 14 :— 5 ﬂ ﬂ 2 é "’E Integrated luminosity (delivered) / ]
mo 1 2 -_ 300 b L 5 [ [ :/Lasis upgrade :/ZS.;CS upgrade ] — 50
™ ™~ ) - —-— > -
=] = —— actual :' 250 Q = Projected by SuperKEKB/Belle IT / ]
= 10 :_ — m— eXpected siei & 0 )0 g e 4 [ 40
.? b= =1 m w1 expected with improved LHC optics at Run 5 ':' 200 £ é‘ I / Run 3f -/_2
4] = < = = — — A
o - 3 = = J LS: 30
£ b 150 © 4 = [ ;7 9
E E > S & -4 i/ .
3 4= ] 100 5 2 Run—Z// H20
x kE . 9 / .
g 2= e oo o s < 50 & 1 i / 410
Y E _—-.——J Run 1 ) / B
Y 1 1 v 1 Y 04 it 2] ﬂf ﬂ ‘ L L - 0
2010 2015 2020 2325 2030 2035 2020 Jan 2024 Jan 2029 dan 2034 Jan 2039
ear ate

® Only FCC-ee would go well beyond LHCb + Belle Il goals — clear case if BSM is seen



FCC-ce data sets for flavor

® 10°xLEP is the right target (mass scale) « (uncertainty)~*/?  (stat)~*/*
Production yields compared to Belle Il: [2106.01259]
Particle production (10°) B°+ B° B* B4+ B A+ A, BFf cc 717
Belle Il (50ab™*) 27 27 tbd — — 65 45
tera-Z (6 x 10" 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

o WwW (10° WW): W — bc can give a Ve
Estimate 0.2% uncertainty, independent of B decays Monteil @ 7th FCC Workshop, Jan 2024]; [2405.08880]

® Some electroweak precision measurements also concern flavor (R, for each flavor, 7., m,)

ZL—-p.27 cecceer]
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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

Towards theory at the per mili

e level

® Theory uncertainty of ~ is negligible (2nd order EW) " ]

-

0

Theory uncertainty of “everything else” being discussed

® Maybe 3 is most likely to be second best?
There are claims of possibly large | V| (“penguin”) contamination =

Recently noticed SU(3) relation (+ Bs; — ¢ Kg data):

[ZL, Nir, Schein, 2506.216795]

X (SziKS -+ 8268)

2

Vcd C23

Sd — S28 = —
YvKg B |Vcs

:
lllllllll!llllllllll

IIIIIIII

sol.wicos2B<0
(excl. at CL > 0.95)

lllJ_lllll

C2ps -1.5

Sy — 826 = —0.037 x (—0.04 & 0.41) = +0.001 £ 0.015

-0.5 0.0 0.5 1.0

15

® Uncertainty dominated now by experimental measurement of SVKs n By — YKg

2.0

ZL—-p. 28
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https://arxiv.org/abs/2506.21675

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, 0as: NP param’s)

0.10 1.0 00—+
i | excluded area has CL >

® CKM fit with 4 BSM param’s added; roggm |
combines many measurements and 0 e :
theory inputs [Charles et al., 2006.04824] _ °* 08w ]
(= conservative view of future progress) .. veb e |

0.2 0.02

® |V,,| becomes a bottleneck: Tera-Z sensi- o
tivity will be better (no LQCD extrapolations)

0.00 0.0 0.00
0.00 0.02 0.04 0.06 0.08 0.10 0.00
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https://arxiv.org/abs/2006.04824

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.30
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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

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

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

| P s .
. _ ot R, (x10%) 0768 L 25 0.05 0.05  Ratio of hadrons to leptons
¢ Measurement' RE T : Systematic limitation in Midterm Report resolved by Feasibility Study Acceptance for h?gmﬂs
hadrons
y y 3000 | ; x 0B
< i [Knapen banghoff ZL, [2407 13815]
U oy
2500 f | || o
z e it I &Q
< ) ) a000 || '
£ £ S' il I
: Qe : S ol
® Ultimate sensitivity depends on «a;, sin®6,,, etc. = AN e
SN mn S Uncompressed) |
Several measurements combined for best physics reach 100 R TN
Even better sensitivity to flavor violating effects (e/u/7) 00 MR
® Can probe beyond (Or between) HL-LHC exclusions % 1000 2000 3660 .......... 000 5000 6000

® Complementary to SMEFT studies, a specific model may have |mporfaGre1¥ correlations

~

ZL_p.31 freeeer M
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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 — pr and other leptonic decays (lattice QCD, [double] ratios)

— A%® — will experimental systematics become limiting?
— Lepton flavor violation & lepton universality violation searches
— Probably many more...

® Very broad program, dark sector searches, etc.
® In some decays, even in 2040s we’ll have (exp. bound)/SM 2 10°% (Eg. Byy — ete, 7777)
® (flavor exp. for FCC-hh!?)

ZL-p.32 crere) m



Theory challenges / opportunities

® New methods & ideas: recall that the best o and v measurements are in modes pro-
posed in light of Belle & BaBar data (i.e., not in the BaBar Physics Book)

— Better SM upper bounds on S,k — Syxg, Sexg — Sykg: @ANA Spox, — Syk
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.33 crere) m
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Summary

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

® In most FCNC processes NP/SM ~ 20% still allowed (discovery = upper bound on NP scale)
® Few tensions with SM — some of these (or others) could soon become decisive

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

® FCC-ee can be a discovery machine; tera-Z is a leap from LEP, rich physics program
In flavor physics, the only way to go well beyond Belle 1l & LHC(b)

ZL—p.34 cecceer]
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What is the scale of new physics?

1 2
® Flavor, K, B, D: (bij)

Various mechanisms devised so that NP obeys bounds

= A >10°-10°TeV

107,
Note special sensitivity of meson mixings _ 105,
Z 105,
H'D,H)? 10
® Electroweak: ( A;‘ ) = A 2 10TeV Z 100,
102
® Actual scales may be much less; e.g., in SM: |,

Am 4 m? _

K 2V VP 2 2 w7 x 1071
m 1672 my,

(hatched: MFV)
mesons  leptons Higgs top
Z )

e L 87 s 107
- gii < 106
E g
miz.rmm: B g

Ll 1 g € 104
B > LR 2 8
T s £ a0
= N N S § & 3 2
= = S 9 = ANRRN §10
N S % I f l ? i101
~ NS ~ =
3 SIS SIS 10°
N | HE S N
SEEESESESE B R O|OESES
Observable [1910.11775]

® | ack of NP in flavor tells us something; motivates tera-Z part of comprehensive search

® |[f NP is within any collider’s reach, it must possess nontrivial structures (e.g., MFV-like)
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https://arxiv.org/abs/1910.11775

Another FCNC, B — X v ‘

. Maybe the mOSt Complex SM Ca|CU|at|On, develop Belle inclusive Phys. Rev. Lett. 103, 241801 (2009)
EFTs and RGEs, multi-loop techniques, SCET E sl
. . . S
Exp. & theor. uncertainty small in different regions 2 |
— I
® Extract from global fit short-distance and hadronic £ *}
parameters (shape functions) fully consistently a
[Bernlochner, Lacker, ZL, Stewart, Tackmann, Tackmann, 2007.04320] o
5/
® SIMBA: Consistent theory across E., spectrum 0y e T,
Model-independent treatment of shape fn. E, [GeV]

|C2 Vi 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:
LHCDb, Nov. 2011: AAcp = Ap+ - — A .- = —(8.242.4) x 1072 (Ithink a stretch in the SM)
LHCb, Mar. 2019: AAcp = —(1.82+£0.33) x 1073 [1903.0872¢]

—

S TR LHCH]

' H L E8E Beauty and Charm Preliminary

® \What is the maximal CPV that could be due to SM? ¢ ¢ Summer 2024
FO@kO.Zl_ ]

CKM factors: \VCqub/(X/Cqud)\ ~7x 104
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?

ZL —p. i

TTTTTTTTTTTTTTTTTT


https://arxiv.org/abs/1903.08726

C P violation in D — D mixing

® Mixing generated by down quarks g* 0PV allowed : m% E 5
0.7 § ] 4(;
® SUSY: up-type squarks in box dia- | s -~
grams, interplay of D & K bounds | i g
= alignment, universality, heavy squarks? .
® Connections to FCNC top decays o3 -
) 206
0.2 W30
® Only learned recently: z/y = O(1) b= [ R
(Only in 2021 was Am ?é 0 established at >30_) 1 02 03 04 05 0.6 0.7x(°/0°;8 -0.1 -0.05 0 0.05 lq/pli):

® Very high scales probed, further improvements expected

~

ZL—p.iv %
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C P violation in B, ; mixing: Aglff

® Only observed in Kaons 0.01

0.011

0.00

Bys): SM suppressed by mZ/m3, may be lifted by BSM
B [hep-ph/0202010] .
I'[B°(t) = ¢ X] —T[B°(t) = £~ X] =
SL —

-0.02

Plenty of room between current sensitivity and SM .
predictions (not yet known if LHCb becomes syst. limited) 0.3 4553015 0010 0605 50000605 0,610 0315

® Current status: Exp: A%, = —(2.14+1.7) x 1073 A¥; =
SM: Ad, = —(4.740.6) x 107 A% =

LHCb: B, to DuX HFLAV

2023
68% CL contours
(Alog £ =1.15)

-0.00

3-0.01
<

F[Eo(t) — E""X] + F[B()(t) — E_X] -0.011

DO: muons & dimuons DO: BY, to DjuX

As (BO)

—(0.6 £2.8) x 1073
(2.22+£0.27) x 1072 [1603.07770]

® Unique to Tera-Z: uncertainty ~ 2.5 x 107° for both A%, and Ag;, reach SM level
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https://arxiv.org/abs/hep-ph/0202010
https://arxiv.org/abs/1603.07770

Higgs to fermion couplings is what flavor is...

35.9-137 fo'' (13 TeV)

N [ ‘ | TT T T T T TT1TIT T T T T TT1TT T T T T TT1TIT T
gE 1_ALASRun2 g [ ' ' "
< = E Z £ CMS Supplementary z ¥
= F Feex - : wZ,,
LLo> i I~ % «x.is afree parameter ] 5 [ m, =125.38 GeV .
g |L%’ E SM prediction E |.|_|>10*1 §_ p-value - 449 ',"‘ _§
x C ] W r . 1
C E v .
102 ¥ = b .
§ v Leptons Quarks E 10 2 T . ,T'
T - : o Lotonsand s
0E B - lEncE T | - ﬂll
= Force carriers Higgs boson 7 10—3 5_ l,,L /’,' .. n-n
10 ol [« [ A —: F / -
Bl Lol ol Lol = b’ Force carriers Higgs boson B
k> 1_4__1111‘ T T T T T T T T T T l__ L .n.. 0
6 12 B 1 ] 10_4 E
. [ ] Erul 1 |
LL : : E TT T T LU
| il ¥ S e H ................. .
0.8:l|ll 1 1 11 'llll 1 1 l||l||| 1 1 lllllll l__ ﬁ E‘Il ‘ ) ) III‘Il . ) L | ‘ I L ) ]
107 1 10 107 RS TR 1 10 TG
Particle mass [GeV] particle mass (GeV)

® No constraint yet on origin of 1st generation fermion masses
® FCC-ee can establish role of Higgs in .., get close to y, and vy,
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Similar decay of kaons: K — wvo

® 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
B(K* — ntuvp) = (13.0133) x 10~ 11 g .
Consistent with SM (% 8 X 10_11), atl.70 _SM [iEPJcsz (zojz)r,ms]i
] 5 (HEP 09 (202p) 148] | @4TZ 12075
® KOTO B(KL — WOVD) < 2 X 10_9 10-1 . . ; : .

T T T T T T
0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50
B(Kt = ntup) x10710

~

. A
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https://arxiv.org/abs/2412.12015
https://arxiv.org/abs/2412.12015

