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Experimental Theoretical
data inputs

* Goal is testing the SM/CKM mechanism, and point out possible tensions
* Many flavour observables enjoy the status of precision physics
* Flavour transitions pattern is likely to change in the presence of NP
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Measuring t

he CKM matrix
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Theo. inputs: hadronic effec

BBy, KK: bag-parameters

Meson-mixing Bg., Bg./Bg,, Bk

2m2 f2Bk = (K|(3v"P.d) (57, PLd)|K

m — (v, K — wlv, etc.: decay constants, form factors
B & #0777 10)
—pufs = (O1(dv50)lm(p)),
(@) e+ P u + FE7 (@) — i = (m(p))| (371 PLu) K (P))
— Determine Egﬂf,, npy ~ LiCi(p) x Oi(p), where p ~ O(few) GeV:
C; collects short- dlstance physics; O; collects long-distance physics

(semi-)leptonic decays

— Lattice QCD: extractions of non-perturbative parameters;
averages dominated by systematic uncertainties

Stat: essentially size of gauge configurations FLAG reports:
Syst: fermion action, a- 0, L - co, mass extrapolations... guide to sort results



Statistical framework

* CKMfitter: frequentist statistics based on a X analysis
* X’°min. goodness-of-fit under SM (or NP), estimators for g=Vckwu
* A\y’: Confidence Level (CL) intervals

Oth(@) _ Omeas ) .

UOHIE&S

L(@) =[] Lo(@), x*(a)=-2nL(q) =) (
@

@

max likelihood ratio of likelihoods
X*(q) = min (@), Ax*(q) =x*(q) — x(9)

LVS goodness-of-fit, best fit estimators confidence levels



Range fit scheme incorporates theoretical uncertainties
 stat: agreement of data & prediction; theo: accuracy of (QCD) parameters

* Theoretical uncertainties strictly contained in a range. Ex.: { € [-A, A]
 Different sources of syst. uncertainty are combined linearly

g;zduct of likelihoods Example - 1D, 0 Lose & Loper (Ndof _ 1)
£ ~ E’stat A Ctheo, X p-value
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Three decades of CKM fi
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Progress over the years

Early era: CDF, LEP, CLEO Charmless show up; a,/J ~13%
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2025 _CKM Process _ _ _ _Observables _ _ _ Non-perturt
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Current status of flavour s
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excludad area has CL = 095

* A single phase must be responsible for CP violation y BaUnitary Triangle-

across distinct flavour sectors 1.0

?ﬂ Amy & Amg
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* Observables of very different natures
* The global fit remains excellent: p-value ~44% (0.80)
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O .osC
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Consistency among observabl
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Global fit: X?min ~26.4 (Nt ~26 naively)

If Gaussian uncs., uncorrelated
random vars.: mean 0 and variance 1

Here, correlations are expected; pulls
can be 0 due to the Rfit model for
systematics

no clear indication of significant
deviations from CKM picture
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< l/LLd_ _Vys—>vub

First two rows: Ves Ves Ve

Vie Vis Vi

0-230IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIlI

— | Vig| from nuclear transitions
Rfit: add theo. uncs. linearly

[Hardy, Towner '20] 0.228 —K, and t->Kv

Direct (light green)

— |Vis| from K, m, 7 decays 0.226 |
B ‘AII (yellow)

[rad. correcs.: xPT, Cirigliano, Neufeld '11; RxT, Arroyo- 0.224
— 0

U., Hernandez-T., Lopez-C., Roig, Rosell 21 "21] >=

T 0222
* Observables used in the extraction of A

display a good agreement 0.220
- |Vud|, KUZ/T[U21 sz: p'Value ""98%
= [Vudl, Kyl Tz, Ky, [Vuslf(0), Kez: p-value ~19% %' rem i |

TEEED " excluded area has CL > 0.95 |

d TEStOfLInltal’lty IVud|2+|Vus|2+|Vub|2'1 0.216 o s b b v Pl T s T
Consistent Wlth 0 at ~<20 0.950 0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990

IV 4l

K|2/TC|2 and t->Kv/t->mtv Indirect
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. < l/LLd_ _Vys—>vub
First two rows: Ve Ve Voo
Vie Vis Vi
* Finite nuclear size effects reassessed 0230 - e
recently; shift by ~1 standard deviation in
the extracting of |V| 0.228 K, and t->Kv

Concerns about nuclear structure
dependence and isospin breaking remain

* Recent update of |Vis[f:(0) by FLAVIANET 0224
* The two above would improve slightly our >"

0.226 Direct (light green)

Al (yellow)

test of unitarity (preliminary) i
0.220 :—K,Z/nI2 and 1->Kv/1->mv Indirect
[Gorchtein, Seng ‘23; Gorchtein, Katyal, . B decll
Ohayon, Sahoo, Seng ‘25; He, Gorchtein, I fﬂ i A es GLs 095 1
HEInZ, Ohayon, Platter, Seng ‘26] 0.216 _I I S N R |e|X|C|u|? |a|r??|?8: [ |>| | L1 |_
[Seng Galviz Gorchtein Meissner ‘21] 0.950 0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990

IV 4l



First two rows: V.

° High preCiSion: DS_)-BV and D_)ng 1-00_] T T | T 17T I 1T 1T | T 17T 1T 17T 1T TT T TT I_
* Test of unitarity: |Ved|*+|Ves|*+|Veo|>-1 consistent I ]
with O at ~<1o0 0.98 Indirect(yellow) -
. (SD) QED corrections - Direct(tusk) %h?physics(green) -
would push |V.s| towards lower values 06 | N
. (LD) QED estimates for Ds»8v  —» T .
point at a large effect opposite to SD > I |
» Structure dependent QED corrections under 094" i
discussion. LD QED not fully estimated for - Nucleon & Kaon(blue) -
semi-leptonic 002 - N
[BOlOgnani’ RebOUd1 Van Dyk’ Keri VOS ‘24] 090 _] L1 1 | L1 1 1 | L1 11 | | Ie)l(cllufjeldl aIr.ela|hlasl (I3LI>|?I95I I_
[Kitahara, Miyamoto, Sasaki ‘25] 0.19 0.20 0.21 0.2|2V 0|.23 0.24 0.25 0.26

cd
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Vud Vus ! Vub

First two rows: Ver Vis* Vi

Vie Vis Vi

similar theo. frameworks for charmed and charmless modes, but
different tools for inclusive (OPE in 1/m], shape functions)

and exclusive (HQET, Form Factors from Lattice QCD) A N AAARE AR B hld;ri-valu%.o
. . . e - e T Moo
 Exclusive and inclusive have similar  *®* ¢ E .
error budgets 0.0050 [V, Gesied =N b
C 3 0.7
* Our inputs for excl. and incl. are T T —— =N P
compatible at about 1-20 2 L .
230.0040 = 0.5
* Semi-leptonic [Vl and [Vulew. are — FESEEESEEEIEiEER H o,
preferred by their indirect extractions - il 1 Mos
0.0030 — —
E V|V . 0.2
[Vuo/ Vo 0.0025 |~ TV =
[ 1 r ' 1 0.1
/\b—> p//\b —>/\c (LHCb), - EEsmmeres excluded area has CL > 0.95 E
C L [l R T 0.0

0.0020 | e
Bs - K/Bs - Ds (LHCD), 0.032 0.034 0.036 0.038 0.040 0.042 0.044 0.046 0.048

LVS inclusive (Belle) V.|



IAF|=2

* Precision SM observables: Ams, Amqg, €x

* €x. Ut-tt scheme [Brod, Gorbahn, Stamou '19]

— Scheme conversion to NNLO (~2% shift) go fee O
[Gorbahn, Jaeger, Kvedaraite ‘24] < > <

- (~1% shift) [Brod, Kvedaraite, W W
Polonsky '21; Brod, Kvedaraite, Polonsky, Youssef '22] u,c,t

- 1/m¢? corrections: dimension-8 local operators (~1% shift) (;1 > q.z

[Ciuchini, Franco, Lubicz, Martinelli, Silvestrini, Tarantino '21]
 Lattice accuracy for the Bag Parameters around a few percent "
Indirect extractions consistent, but indirect Bag Parameters qz\\ /

not competitive w/ Lattice QCD v
q1/ \
g2




The unitary a angle

— Branching ratios and CP asymmetries for B — 7w, pm, pp
— lsospin analysis constrains hadronic penguin and tree amplitudes

As in previous editions:

— Average dominated by
B — mm and B — pp

— B — @, pp agree w/

— B — pmis in tension

« [ind.]

[Charles+'17]

p-value

* New: B - p1t tension may be due to mismatch in sign
conventions in experimental analyses [Zlebcik ‘26]

* B - ptt discrepancy would then go from 3.00 to 2.10

« Currently under scrutiny by the original collaborations

% --+ B—pp data (WA) [ Combined
e CKM fit
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Other observables: very rare Kaon F

* NA62 2412.12015 first observation; 2016-2022 data
* |Amplitude| a |[Vu*Vis| clean measurement of the R; side

B (KJr — 7r+w7) —

smallest ever BR measured with >50

(13.0733) x 10"

* KOTO Step-2 (starting ~2030) aims at discovery, 20% precision expected

1.0

0.8 |

p-value

02 |

0.0

LVS

CKM prediction for B(K"—m*vv)
CKM prediction for B(Kﬁ%%v)
e B(K*'>mvv) - NAB2 (2024)

Summer 25
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0.4
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3.0+0.1)107"]
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1.8

0-8 T T T | I T T T T I
[— excluded areahas CL > 0.95 : -]
06 K'-»ntvw | —
04 ' // Be -
- T W ]
I= 0.2 ! —
B oy B ]
0.0 — -l .
02 — E ]
B Summer. 25 ] 7]
70.4 1 1 1 l I I
-1.0 -0.5 0.0 0.5 1.0
p

|Amplitude| a Im{V*V:s} direct measurement of |n|

NA62 goal: O(15)% precision when including 2023-2026 data



Other observables: rare b - dy trans
« LHCb 2507.14401

B(B° — p(770)

%)

B(B" — K*(892)

y)

= 0.0189 == 0.0007 £ 0.0005

» Constraint on |Vw/Vs|: limited by the current resolution on form-factor ratios

[Ball, Zwicky ‘06; Ball, Jones, Zwicky ‘06]

% 3 B, & B, oscillations
mmmmm =S Be Vy data (incl. LHCb b— dy)
~— CKMfit (no osc.)
1-0 B T T T T T | T T T I T I"l ¢ T T
1 1
0.8 :— —
o 06 ’ ]
= - '
© 1
? L 1
o 04 - ,' —
0.2 - ,’/ T —
0.0 1 1 1 I 1 ol J.—l——l ,I 1 ) 1 1 \l | 1 1 1 | T T‘I~J L 1 1
0.14 0.16 0.18 0.20 0.22 0.24 0.26
| Via/ Vis |

0.28

€p =

TB—>K* (0)

) = 1.17 + 0.09
“(0)

1.5\\|II|I\IIIIIIII!IIII

0.5

1= o0f

1.0

_15_\IIIII\IIIII!IIIIIIIII
-1.0 -0.5

Other (yet unobserved) b - dy modes to show up at LHCb in the (near) future



Status of NP in B meson mi:

Mo = MSM X (14 h ezw) Black dot: best fit point
T/‘ 0-20 P T T [T
L | excluded area has CL > 0.95 | .
NP parameters : ]
L . 0.8
« Agreement with the SM S 1 Hor
(ha=hs=0) at ~10 . T | Blos
* Allowed size for NP at the < o 1%
level of O(20%) 1 %
. g 0.3
* Extractions of p and n o8 ol
(Wolfenstein parameters) TN,
degrade by factor ~3 . e d g,
. . 0.00 0.05 010 015 020 025 030 035 0.40
[Charles, Descotes-Genon, Ligeti, hy

Monteil, Papucci, Trabelsi, LVS "20] [See also: UTfit; De Bruyn, Fleischer, Malami, van Vliet 23]



Prospective for the next decat

» Sensitivity projections from ATLAS, CMS, LHCb and Belle: 2503. 24346 =

Early '30 (LHCb 50/fb - Belle 10/ab) Early '40 (LHCb 300/fb - Belle 50/ab)
0,13 ~1.7% <1% precision on n 0:/J ~1.2%
15 [ I xl\ ‘ed‘ ‘ hl IL>‘09‘5 ! T ‘ 7 | T ‘ T : 15 [ I xl\ ‘ed‘ ‘ hl IL>‘09‘5 ! Y ‘ 7 | Y T
o ] o
05| f 05|
= 0.0 : ‘ f = 0.0 :
-0.5 — é -0.5 ; y &
1.0 - Y € _: 1.0 :_ Y &
- am ] - .
715k I\\‘II\\iIII\‘\II\‘\II\II\I\4 715k I\\‘II\\iIII\‘\II\‘\II\II\I\
-1.0 -0.5 0.0 0.5 1.0 15 2.0 -1.0 -0.5 0.0 0.5 1.0 15 2.0
p p

 Using best-fit for the central values, i.e., SM will continue providing a good description of the data
« Theory will have to match experimental (e.g., penguin pollution in 3, isospin breaking in a, etc.)



Conclusions

Global fits shown here:

@ SM framework: CKM mechanism for quark flavor transitions
Theoretical inputs (mainly Lattice QCD)
Experimental results (B factories, LHCb, etc.)

— Global fit of a rich variety of processes sensitive to CP
Violation and SM predictions in agreement

— We are then able to extract accurate values for parameters
describing the CKM matrix: O(1 %) or much better

— The mechanism of CP Violation in the SM (still) gives an
accurate picture of nature: no clear indication of NF
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with CEMiive

& Specific Studies

Prospective studies for
Opportunities in Flavour Physics at the HL-LHC and HE-LHC



Theo. uncertainties

 Statistical uncertainties result from the intrinsic variability of
data, typically distributed normally

* Theoretical uncertainties are different in nature: they are
modeling parameters (§), , that incorporate our
Incomplete knowledge about the properties of a distribution
(Ex.: truncation of a perturbative series)

* Though a priori theoretical uncertainties are a universal issue, In
the context of quark flavor physics they are particularly
Important, due to the strong dynamics

LVS — Model testing...



Finite size effects in superallowed nuclear 3 dect

Gorchtein, Katyal, Ohayon, Sahoo, Seng 2502.17070

« 26MA| -, 2Mg: most precise case

* New analysis: shift towards agreement with unitarity

* Gorchtein @ Implications ‘26: “Cabibbo anomaly disappears? [...] But: only f was revisited; need to
check dons and 8¢”

3090

7t (s)

3070t

Hardy, Towner ‘20

3080}

C Mg *cl **Sc %M

°G;j 34ArSSCa

1{ @} }}H}i}

62Ga

(b)

74Rb

3060
0

10 20

Z of daughter

0.228

0.227 -

0.226 -

0.225 -

Vs |

0.224

0.223

Hardy & Towner
0* > 0* average

Leptonic Kaon/Pion decay

\

This Work
26mp| > 26Mg S

Semileptonic Kaon decay

0.222 -

0.221 -

0.971 0.972 0.973

|Vud|

0.975 0.976



2025: our inputs for |V, |V

* |Ves| leptonic & |V and |Vcs| semi-leptonic: O(1)%

Vea| (WN) 4.8 % 0.230 4 0.011

Ves| (W — ¢5) 34 % 09492 A3
B(D; — p7,) 2.2 % (5.36 £ 0.12) x 103
B(Dg — 77 7;) 1.7 % (5.39 + 0.09) x 102
B(D™ — pv,) QEDIn |V 4.8 % (3.77 £ 0.18) x 104
B(D~ =7 v,)  leptonic? 23 % (1.20 £ 0.27) x 1073
[Vea| f277(0) 13 % 0.1426 + 0.0018
[Ves | f275(0) 0.5 % 0.7180 = 0.0033

/p. 0.3 % >(249.09 + 0.25 + 0.65) MeV
fp./fp QED in |V, [Ves| 0.3%  1.1784 £ 0.0006 4 0.0033

FD=7 () semi-leptonic? ‘\ 0.624 =4 0.004 £ 0.006
0.6 %

fP=K(@)  ([Ves| more critical) 0.742 + 0.002 + 0.004



QED corrections [%]

EW-QED corrections, leptonic Ds déi

Kitahara, Miyamoto, Sasaki 2511.22383

“PHOTOS”: experimental values already corrected for |FSR/|?
Beyond PHOTOS: |ISR|? and interference INT=ISR*FSR
“Hard”: y above Emax (theo. estimated value: vertical line at 54 MeV for {=p)

SD: NDR scheme (dotted: HV scheme); include small 2-loop QCD*QED

(D] — p'vy)

Enax [MeV]

®
2
=
=
—
>
g
=}
Q
a
83
o

for 1. extra neutrino(s) &
smaller kinematic
region for real photons;
iInclusive reconstruction

[(D! — t%v,)

Flmrd ~(
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Scheme for calculations®

¢ Uﬂltarlty )\c - ')\t ')\u, Where )\q = VqS*qu (q:U, C, t), {)\(;2, )\02, )\c )\t} VS {)\uz, )\tz, )\u )\t}
* “c-t” vs. “u-t” parameterizations [Brod, Gorbahn, Stamou ‘19]

u_t” 1-5_IIII|IIII|IIII%|IIIIIIII|I|||_ “C—t” 1.5IIII|IIII|IIII%|IIIIIIIIIIII

area has CL >0.95 |

area has CL > 0.95 |
1 >4

Wr i % Amy & Amg

I|I]II|III
I|I]II|III

1.0 Y &k 1.0 v &k
= % i sol. w/cos2B<0 - % i sol. w/cos2B<0
= Summer 25 E (excl. atCL > 0.95) — = Summer 25 E (excl. at CL > 0.95) —
_1_5_| Lo b b b b b ] _1_5_| ol v b b b g ]
-1.0 -0.5 0.0 0.5 1.0 15 2.0 -1.0 -0.5 0.0 0.5 1.0 15 2.0

p p



p-value

Extraction of the a angle™

* Claim Zlebcik 2609.31828: sign conventions adopted by BaBar and Belle in B - pTt are not consistent
throughout their whole analyses (compare left/right dotted green below)

* B- mtmt: recent Belle 11 2606.20797 measurement of mixing-induced CP-violating S® (compare left/right
dashed red below) [Dorigo, Raiz, Tonelli, Zlebcik ‘25]

 Belle's, BaBar’s, Cleo’s pp, it BRs are corrected according to %/, i.e., Upsilon to B®\bar{B}° and B*B-

% --- B—pp data (WA) [0 Combined E?LE ---- B—pp data (WA) 3 Combined
summer2s . --- B—omn data (WA) +e—= CKM fit ckwiter2026 - -~ B—mm data (WA) = CKM fit
--------- B’—(pn)° Dalitz data (WA) « B—(pm)° Dalitz data (WA)

1-0 i |; T T LI T T .:',:l | r F 1 | }l |s| | ;l L I E T ;l T |; T ﬂ T | I; T IE_ 1-0 | LI LI T T T | LI | T |-i‘| | L | |i| T I‘l-;_‘:l T LI I:_
Lo ! N ! ] n U n i - I nox H
A qgg K gL Uy ! - ni in

0.8 - W T i 08 [, n i
A i ie o [ i

06 [} 1 Fhe L g %
| | BHENREE g % Y &

o4y ! ] URERE AR S ooafp (A
- : A 1 S B

02 /| i ' ' 02 VS Vi i

) . ; v A S ‘ | Loy fi T

0.0 LoDyl 0 1y "I'..';!"'Z'r-.l Pl T B 0.0 copeeewf o [ T T i [ N7 SR

) 20 40 60 80 120 140 160 0 20 40 60 80 100 120 140 160 180

o (deg) ¢, (deg)



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31

