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Flavor transitions in the quark sector

1 2 i) [D) . .
Lsmwpy ~ —3(Fu)” + i Dy Gauge couplings to fermions

+ |D,H]? = V(H) Short-range weak interactions
Higgs self-interaction

+ YHyp +he. Structure of flavor:

Spectrum of fermion masses
(+ 2o d>a /\dl4CkOg> CKM matrix
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— Flavor transitions pattern is likely to change in the presence of NP
— Goal here is to test the SM, and possibly point out tensions
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The Cabibbo-Kobayashi-Maskawa matrix

15 JuNE 1963 . . _ ore .
UNITARY SYMMETRY AND LEPTONIC DECAYS Universality of AS=0,] weak transitions;

Nicola Cabibbo Cabibbo introduces a

CERN, Geneva, Switzerland 1 iy
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Progress of Theoretical Physics, Vol. 49, No. 2, February 1973 (13)

CP-Violation in the Renormalizable Theory|
of Weak Interaction

No CPV with 2 generations;
KM consider a 34 one,
It CKM matrix in the literature

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

CKM 23 in Santiago: O(100) talks devoted to its study during this week!
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Introduction

The CKM
Vud
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Tests of the CKM matrix
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— Double requirement: precision in meas. and theo. prediction
— Observables with very different properties are available:
o Tree: eg., |V
e Loop: e.g., Amy, Amy, ek, sin(2/3)
e CP-conserving: e.g., |Viup|, Amy, Ams
e CP-violating: e.g., v, €k, sin(23)
@ Exp. uncs.: eg., «, sin(283), v

@ Syst. uncs.: e.g., |Vip|, |V, €x, Amg, Ams
CKM status 18 Sept. 2023 7/32

Luiz Vale Silva (University of Valencia)



Theoretical inputs

— Need to deal with hadronic effects inherent to the quark sector

— Determine 527/1(/\//3) ~ X;Ci(p) x Oi(p), where p ~ O(few) GeV:
C; collects short-distance physics; O; collects long-distance physics

m — v, K — wlv, etc.: decay constants, form factors
Ex.: fr, £f77(0)
_pufﬂ = <O\(d7#“/5u)\7r(p)>,

2T @) e+ ) + KT (@) P = ) = (7(p) (5 PLu) K (p))

(semi-)leptonic decays

, . bag-parameters
Meson-mixing

1

2.2 2 _
smifBr =

— Lattice QCD: extractions of non-perturbative parameters;
averages typically dominated by systematic uncertainties
(fermion action, a — 0, L — oo, mass extrapolations...)
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Progress over the years

— Long road for a better theoretical control (e.g., Lattice QCD), and
more accurate data (LEP, KTev, NA48, BaBar, Belle, CDF, D@, LHCb, CMS, ...)
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Statistical approach

e CKMifitter: Frequentist statistics based on a x? analysis
e Y2.: goodness-of-fit under SM (or NP), estimators for Vcky
e Ax? (x*-distributed): Confidence Level (CL) intervals
@ Range fit scheme (Rfit) incorporates theoretical uncertainties

Rfit Example in 1D, 0 & 1 & 1ipeo (Noor = 1)
L= £stat X Etheo: p-value

2 1.0

xX°=-2/mL N

Lo exp. data os

. H 04

Liheo: had. inputs
[cf. Charles, Descotes-G., Niess, LVS '17] f r— U

2 fIat bottom quadrat|c walls

>

O N S

UTfit: Bayesian approach [Ciuchini et al. hep-ph/0012308] [See M. Bona on Tue @ 17h35]
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Analysis and results

CKM Process Non-perturbative theoretical inputs
Via| 0" Vodloel +0.00009 + 0.00033 Nuclear matrix clements
IS Viels S 527 (0) = 021635 + 0.00038 FEOF0) = 09675 £0.0011+ 0.0023
Vsl K = ev, B(K — ev) = (1.582 £ 0.007) - 10~°
K = i, B(K = pu) = 56+ 0.0011 Ix = 155,57 £ 0.17 £ 0.57 MeV
T Ku, B(r — Kv.) = (0.6986 & 0.0085) - 10-2
K = w7 = pw, b sened = 1.3367 + 0.0028 felfe = 11073400007+ 00014
7= Kug /1= = (6.437 £0.092) - 102
vN [ Vealuot astice = 0.230 = 0.011
[Vt | b B(D ~ 1) - (.1‘2”1”‘27? m:‘ fo./fo = L1782 £0.0006 + 0.0033
D = B(D = i) = (3.77£017) - 101
D =l [VealsL £2=7(0) = 0.1426 + 0.0018 foeT) = 0.624 4 0.004 £ 0.006
W = es |Ves Inot 1attice = 0.967 + 0.011
Veul Dy = e B(D, > 7w} = 1331”1““?‘]”7? in, — 249.23 +0.27 + 0.65 MeV
D, = pr, B(D, = pv,) = (5.43 £0.16) - 1072
D - Kl [Voslsn fE5(0) = 0.7180 = 0.0033 oK) = 0.742 £ 0.002 £ 0.004
ol semileptonic B [Vislse = (3.864 0,07 £0.12) - 103 form factors, shape fimetions
B rus B(B — v;) = (1.09 £0.24) - 101 fo,/fe = 1.2118 £0.0020 £ 0.0058
[Vas| semileptonic B Voo sz = (11.22+ 024 £0.37) - 10°* form factors, OPE matrix elements
semileptonic Ay ,’\‘%”,”% E (0.918 = 0.083) - 102 s LATL = 0.006 0,290
Was/Vesl | sermiteptonic B, | L2210 e = (3.254+028) - 10~ e el 0,363 40,001 £ 0065
inclusive ““uf‘,ﬁ‘un‘t = 0.100 4+ 0.006 + 0.003 '
o B = aw, pr, pp branching ratios, C'P asymmetries isospin syimmetry
3 B = (cc) X sin(23) g = 0.708 + 0.011 subleading penguins neglected
! BY — DRt cos(2) = 0.91+0.25
5 B — DK 5 = (65.9737)° GGSZ, GLW, ADS methods
s By — JU(KK, (65 )b—recs = 0.039 +0.016
Ay Aang = 0.5065 + 0.0019 ps ! Bg,/Bs, = 1.007 £ 0.010 + 0.014
ViV Am Am = 17.765 £ 0.006 ps~* By = 1.313 £ 0.012 + 0.030
B — py B(B. = (3.45£0.20) 10" [x (1 - 0.063)] fa, = 22875 + (.69 £ 18T MeV
ViVie and =S (2,228 £0.011) - 10* Bic = 0.7567 +0.0020 + 0.0123
ViVis = 0.040 £0.013 £ 0.023

black: no or slight change; red: substantial update since CKM'21
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Overall results of the CKMfitter 2023 update

The global fit remains excellent, preliminary results:
CKM'21: p-value ~29% (1.10) — CKM’23: p-value ~ 67% (0.40)

jaf3nmmnnans papys Y
; /%
10 % Amy & Amg ]
_ +0.0047 0 Ry .
A = 0.8215"00s2 (0.8% unc.) - sin2p
: 05—
: S
A = 0.22498 73-59922 (0.1% unc.) 7 E \

@
Al
\/

7 =0.1562 790112 (4.9% unc.)

o :
o
LI e

. »*
o O & N
7 =03551700057 (1.5% unc.) £ \
0 H E ] 1.0 — y ’ 23
68% C.L. intervals S ¥ 17 420 i AN
- = 0 ; P A P T N ) AN
p7 77 ~ 20%’ more preCIse U 8-1.?1.0 -0.5 0.0 0.5 1.0 15 2.0
P

By Unitary Triangle:

[For direct CPV in charm, see U. Nierste Today @ 15h45] : vabl' a, Bt Y, @ ‘€
Am_, Am K
d! s
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Overall results of the UTfit 2023 update

Summer update:

A = 0.827 £ 0.010 (1.2% unc.) £
A = 0.2251 + 0.0008 (0.4% unc.) i
p = 0.160 + 0.009 (5.6% unc.)
71 = 0.346 £ 0.009 (2.6% unc.)
68% probability intervals

= o
2l UT .
)
summern 23
SM fit Y Amy
am,
C Am,
08 /.
r i
0.6~ / ’
% 'I/ /
04~ X3 - X
o2f // Vo
r Vcb
By Unitary Triangle: R P R F B (1 (TR R
p

Consistent values for the Wolfenstein parameters between the fits
For CKMfitter and UTfit fits with exactly the same inputs,

Luiz Vale Silva (University of Valencia)
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http://www.utfit.org/UTfit/WebHome

Analysis and results

CKMfitter: consistency among classes of obs.

tree level loop-induced

Amg& Am,
T . rEm

sin 2B

xciudad area i L= 095

CP—conserving CP—violating

T
Amg& Am,
Amy

sin28

excioded area s L= 095

?
P /St ET L FE R AU RTRT] RANRU AN
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UTHit: consistency among classes of observables

tree level sides of By UT, ex angles of By UT
I:|2— I:‘Zz_ |;_—‘2_@

mmmmm K ‘Summer23

1= ree-only . Am, 1= angles
&
Am‘,m5
08 0.8 0.8
s 06 05~
0.4 04f- uak — o
E— \
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02~ |h 02 Vi 02
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CKMfitter Pulls: individual tensions

ull = 2. 42 %ﬁuu 82
P Oexp — A/ X'min Xmin,!OeXp' s oi5
) « 13
! Oexp- Xmin W/O Oexp cpszﬁ 0.8
sin 28 1.2
n, 07
) am, 08
— If Gaussian uncs., 5@ 10
uncorrelated random vars.: Vg 05
mean 0 and variance 1 B} e
A, |
. = 0.5
— Here, correlations pOS) 08
cs not lattice -
are expected Vs 03
B(K.) 07 :
) ) B(K.) 17 e
— Some large pulls in relation to | B<) 22 |
the 1st f the CKM tri v S s R TN
e 1st row of the matrix opolis()1 15 2253
ull (o
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First two generations: |V,4| and |V, plane

%|Vud| from nucleartranSItlonS 0-230:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\:
Rfit: add theo. uncs. linearly 0228 [-K, and t->Kv 5
[Hardy, Towner '20] 0.226 -I! Direct (ight green) |
‘ﬂ ]
[See M. Gorshteyn on Thu @ 11h30] L All(yellow) ]
— 0224 - K ]
3 L N
> [ ]
— |Vis| from K, 7, 7 decays o222 ]
[rad. correcs.: xPT, Cirigliano, Neufeld '11; RxT, Arroyo- 0.220 }Kmlﬁ\z and ->Kv/t->1v Indirect {
U., Hernandez-T., Lopez-C., Roig, Rosell '21 '21] [ j
0.218 - B decays b
[See M. Moulson on Wed @ 09h00] [ Summerzs excluded area has CL > 0.95 | |
o b bvcc b cee i Tecc T
02 1)6950 0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990
. v |
— Fair agreement among ud
different classes of inputs, |V,q|: £0.006% [ind.], £0.005% [comb.]
Kz and T2 pulls of 2.2 |Vys|: £0.40% [ind.], £0.10% [comb.]
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First two generations: |V4| and | V.| plane

— B(Ds — tv;), W — c5 -

[BESIII 2303.12600; CMS 2201.07861]

[See T. Wang on Tuesday @ 09h30] 0.98 Indirect(yellow)
Direct(tusk) B physics(green)
— FP77(0): syst. 2x smaller 0se
'21, FP-7(0) = 0.621 + 0.018 £ 0.012 S8
23, FP=7(0) = 0.624 + 0.004 + 0.006 0.94

Nucleon & Kaon(blue)

D—K .
— £777(0): syst. 3x smaller
21, fP~K(0) = 0.765 £ 0.010 + 0.012
'23, FPK(0) = 0.742 4 0.002 + 0.004

0.92

excluded area has CL > 0.95
b b b e e e

0.9

019 020 021 022 023 024 025 026
v
cd

[See E. Gamiz on Tuesday @ 10h00]

— Ind. inputs determine | Ved|: £0.10% [ind./comb ]
the extraction of |V, | Ve | Ves|: 0.006% [ind./comb ]
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|Vep| and |V,p| semi-leptonic extractions

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)
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|Vep| and |V,p| semi-leptonic extractions

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)

— Exclusive |V
e B — D*(v, BGL: |V,|p_p-= (40.17 + 0.39 4 0.39) x 1073
[Belle '19 (untagged), BaBar '19 (untagged); preliminary Belle (tagged) & Belle Il (untagged)]
[preliminary combination of lattice inputs]
[See M. Prim & R. Cheaib @ EPS-HEP; C. Schwanda on Tue @ 17h15]

o B — Dy, BCL: |Veb|g_p= (40.00 £ 0.93 & 0.37) x 103

[HFLAV+FLAG 2021 combination]
= | Vep|exe.= (40.08 + 0.36 4 0.37) x 1073
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Analysis and results

|Vep|: excl. and incl. B-meson decays

—5 Inclusive: |Vip|ine.= (42.16 + 0.32 £ 0.39) x 10-3 (mkin)

[Fael, Schénwald, Steinhauser '20 '20 '20; Bordone, Capdevila, Gambino '21]

— Excl. and incl. have similar KO - somicpt aver. 3 wo |V,
error budgets el
10 ARG
- . 0.8 — -
— Qur inputs for excl. and incl. g
. g 0.6 r -
differ by about 20 s
2 o4l -
02 |- 3

— Similar averages: L Vo
0.0 .
0.036 0.037 0.038 0.039 0.040 0.041 0.042 0.043 0.044 0.045 0.046

v,

21, |Vep|sp= (41.15 4 0.34 £ 0.45) x 103

'23, |Vep|sp= (41.22 +0.24 £ 0.37) x 103 |Vcb|3 +1.7% [ind.], +0.9% [comb.]
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| V| excl. and incl. B-meson decays

— B = 7lv: |Vip|exer.= (3.60 £ 0.10 £ 0.12) x 103

[FLAG 2021+preliminary Belle Il (tagged)]
— GGOU+BLNP+DGE: | V,p|iner.= (4.13 £+ 0.12 £ 0.14) x 103

[HFLAV 2021, including Belle '21 (tagged)]

— Excl. and incl. have similar [EXEM - semiept aver. (2 wiolV,|
error budgets ) L

— Our inputs for excl. and incl.

- g 06 — —
are compatible at about 1o 3
2 04 -
— Decrease of the uncertainty: o2 » ‘ ]
21, |V,plsL= (3.88 £ 0.08 +0.21) x 10~3 T T T R T R TR T
' ub|SL= . . .

VI
'23, |Vuplsr= (3.86 4 0.07 £ 0.12) x 103
|Vip| £2.1% [ind.] £1.2% [comb.]
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Analysis and results

| V| and | V| plane

— | Vub| /| Veb|imer= 0.100 = 0.006 = 0.003 (GGOU)

[preliminary Belle '23 (tagged)]

— |Vebline. and | Vip|ex. are preferred by their indirect extractions

—_0.00
p-value Q
0.0060 T T L s 1.0 =
F Nl D el e = 0.0055
0.0055 [~ - 0.9
E 3 0.8 0.005
0.0050 [Val,,,,, @ashec) =
5 ] 0.7 0.0045
0.0045 [~ =
r B 0.6 =
— C | 0.004
- e
S0.0040 0.5 E
0.4
0.0035 — vl
E 3 0.3
0.0030 [~ -
EIVelVal 1 §°2
00025 |- [aZTM ; 7 WMo
[ summerzs excluded area has CL > 0.95 ||
00020 Do bov e Ul Tl ] 0
0.032 0034 0.036 0038 0.040 0.042 0.044 0.046 0.048
cb’
Luiz Vale Silva (University of Valencia) CKM status
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« angle

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

[B%F — 70+ 70 pFp=:0 updates: Belle 1] [Detailed discussion: Charles, Deschamps, Descotes-G., Niess '17]

[See M. Dorigo on Tue @ 11h50]

As in previous editions: i

--- B—pp data (WA) 3 Combined

- Bonn data (WA) +— CKM fit
B%—(pn)° Dalitz data (WA)

— Average dominated by
B — mm and B — pp

06 i}

p-value

— B — 7, pp agree w/ « [ind.]

— B — ,O7T |S |n tens|0n [Charles+'17]

EERUE b RrA A M A AR

H

CKM’'18 edition CKM’21 edition
o [dir] (86.4745)° U (-1.8743)°  «[dir] (86.4743)° U (—1.67%1)°

Luiz Vale Silva (University of Valencia) CKM status
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a [dir] (86.2_3_5) U (—1.0_4'9)
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B, v, and (s angles

— Important change in sin(2/3), following preliminary LHCb results
from sin25 = 0.699 + 0.017 to sin23 = 0.708 = 0.011 [HFLAV]

[See T. Latham Today @ 15h55 ]

— 7y more accurate than « [dir.] (HFLAV]

7[o] — 65.9tg:§7[2dir-] 2 ¥ 4 | %
v[°] = 66.297972 [ind ]

n
[T T AT |

v[°] = 66.2379%% [comb.]

[See e.g. S. Stanislaus Today © 17h55, I. Mackay el >

on Tue @ 09h40] 5
— By = J/Y(KK, ) = ¢5°°: includes LHCb preliminary update
from ¢S = —0.057 £ 0.021, to ¢<°° = —0.039 + 0.016 [HFLAV]

[See M. M. Cruz T. Today @ 14h45]
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|AF|= 2 transitions

— Precision SM observables: Am., Amy, €k

[ex, higher order EW corrections: Brod, Kvedaraite, Polonsky '21, Brod, Kvedaraite, Polonsky, Youssef '22]

— Lattice accuracy for the Bag Parameters around a few percent

Indirect extractions:
Bx = 0.77279.97%(9%), g:; = 1.061739%(5%), Bg, = 1.303F

0.055(4%)

— Consistent, but indirect B, EBS/BBd not competitive w/ LQCD

@ Inclusion of ¢’/e

[Bona et al. hep-ph/2212.03894]
@ Study of D meson mixing

[See R. Di Palma @ EPS-HEP]
[ex, dim.-8 operators: Ciuchini, Franco, Lubicz, Martinelli, Silvestrini, Tarantino '21]
Luiz Vale Silva (University of Valencia)
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Sensitivity to NP |AB|= 2

— GIM mechanism suppresses SM
— Extract possible NP contributions, My = (My2)sm (1 + he?)

[See E. Malami on Tue @ 09h00]

[GIM in SMEFT: LVS hep-ph,/2201.03038]

— Main inputs: {Amy, 8}, and {Amq, Bs}
— In presence of NP, extraction of p and 7 degrades by about ~ 3

NP in By, Bs

0.00 L
000 005 010 015 020 025 030 035 040

'd

Luiz Vale Silva (University of Valencia)

[Charles, Descotes-G., Ligeti, Monteil, Papucci, Trabelsi, LVS '20]

NP in By NP in B
5
UTie — 0Tie]
sumrrlf;ﬂa em 5 sumﬂe:
NP fit 10| NP fit
- 5
[ 8 0 4
-5
10
15
| | p | | |
85 1 15 05 1 15
c Co.
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Sensitivity to NP |AF|= 2

— Very high energy scales probed

Generic NP NMFV suppression
— 10’ — =
3 UT. % [mRec UT
= ; r K .
2 S o
o summer23 é 102§— mc, summer23
§ 10° 8 E .Cad
w

o o [ [MCg
z 10° Z 10p

10° I

i3
10° E
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Analysis and results

CKMlive web interface

@ Run dedicated CKM SM fits from CKMfitter package @

@ User chooses the set of observables, and the values of the
theoretical and experimental inputs, plus fitting parameters

@ Home

4 Legal information

Luiz Vale Silva (University of Valencia)

Home - The CKMlive project and the CKMfitter group

CKMiive Web Project

KMl i
CKMiiter software.

The CKMive project s brought o you by Jérome CHARLES, Alexandre CLAUDE, Sébastien DESCOTES-

GENON, Stéphane MONTEIL. T maiing ist is avaabl 1 ask any questons
ontheproject
Some lces intoducing the proect

CKM status 18 Sept. 2023
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http://ckmlive.in2p3.fr/

Conclusions

Global fits shown here:

°
° (mainly Lattice QCD)
° (B factories, LHCDb, 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:
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Conclusions ——

SnsmmsmmEEEE i e
1.
1or % Amg & Am,
Fsin2p
05— A 4
-, . L & "
— Exciting future prospects R — \
for Belle II, LHC, NA62,... asf M “ 3
1.0 — Y & 1
B e
s I I I
-1.0 0.5 0.0 05 1.0 15 20
P
Upgradel Upgrade Il =
——r —> ' 10 -
e Runs Run{“su'; o %
" ¥ 0z E s Q
L P g &
2 - o = 250 § <)
- & § § 3 i < =
210 200 § 2% =
£ | 2 El
= * we're here 10 § Q4 3
£ 2 2.
100 — ‘-E’
Il E 2 Pl
3 [
2[Run 1 = : o
olrss L . 3 9 . —
2010 2015 2020 2025 2030 a 2019 2024 2029 2034

THANKS! [from M. Needham @ EPS-HEP]
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CKMfitter Collaboration

MORE DETAILS @

Jéréme Charles, Theory

Olivier Deschamps, LHCb
Sébastien Descotes-Genon, Theory
Stéphane Monteil, LHCb

Jean Orloff, Theory

Wenbin Qian, LHCb/BESIII
Vincent Tisserand, LHCb/BABAR
Karim Trabelsi, Belle/Belle Il
Philip Urquijo, Belle/Belle I

Luiz Vale Silva, Theory

Luiz Vale Silva (University of Valencia)

The CKMifitter group provides:

« Aglobal analysis of measurements determining the CKM matrix parameters
in the framework of the Standard Model and some of its extensions.
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Other triangles, IV
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Progress in |V,4| and | V| plane
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CKMfitter Lattice inputs, |: SL form factors

Theo. inputs: published Lattice papers, with error budgets,
different sources of syst. uncertainty are combined linearly,
using FLAG reports as a guide to sort results
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CKMfitter Lattice inputs, Il: decay constants
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CKMfitter Lattice inputs, Ill: bag parameters
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CKMfitter Lattice inputs, IV: light quark masses

me ()

me(me)

— HPQCD10 (2+1)
ChiQCD14 (2+1)
ALPHA20 (2+1)
—t ETM14A (2+1+1)

— HQPCD14A (2+1+1)
—+ FNAL/MILC/TUMQCD18 (2+1+1)
H— HQPCD20 (2+1+1)
FH——tt  ETM21 (2+1+1)
— Our average
1.2 13 1.4 1.5 1.6

Luiz Vale Silva (University of Valencia) CKM status 18 Sept. 2023 10/11



Appendix

« angl

— Review of the topic:

S

— Isospin triangular relations are well satisfied
— 7 « exhibits a 8 mirror solution
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