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Flavor in the quark sector<

(Gauge couplings to fermions) Particle physics
framework

LSM e _%(F;zu)z + fi—'D(*
(Higgs self-interaction)
+ |D,H|?* — V(H)

(short-range weak interactions)

Y _ s
+ H Yy + h -C. Experimental Theoretical
(spectrum of fermion masses, CKM matrix) data inputs

* Goal is testing the SM, and possibly point out tensions

* Many flavour observables enjoy the status of precision physics,
thanks to progress in different fronts (e.g. QCD inputs)

* Flavor transitions pattern is likely to change in the presence of NP




Measuring t

he CKM matrix
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D'ﬁf:;r;_ D™= B D .
OB B - — W (0,0) J_E: (0.1)
@ Tree: e.g., |V ~
: d S b
o Loop: e.g., Amy, Ams, ek, sin(23) i a \
u 1 s
@ CP-conserving: e.g., |Viup|, Amy, Am,
~|cn W -

e CP-violating: e.g., v, €k, sin(2/3)
@ Exp. uncs.: e.g., a, sin(2/3), v PE [ ] |
@ Syst. uncs.: e.g., |Viupl|, |Va|, €k, Amyg, Amg ~




Theo. inputs: hadronic effec

B(s) B , KK: bag—parameters
Meson-mixing B B,_r B[ , B;\
Emi fg B = K (5 ,”PLd) (57, PLd)|K)

m — v, K — mlv, etc.: decay constants, form factors

Ex.: f; fK_”"(O)
_p,u ™ — <0|( a',“-hf;5u)|ﬂ(p)>'

@) P+ P ) + FE7™(P) P — P ) = (m(P)| (57 PLu) K (p))

(semi-)leptonic decays

— Determine EE’L(NP) ~ 2 C(p) x Oi(p), where i ~ O(few) GeV:
C; collects short-distance physics; O; collects long-distance physics

— Lattice QCD: extractions of non-perturbative parameters;
averages dominated by systematic uncertainties
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CEM Process Ohservables Non-perturbative theoretical inputs
[Vial ot =0+ 4 | Vi et = 0L97373 £ 0.00009 = 0.00053 [14] Nuclear matrix elements
K — miy, ViolsLfE="(0) = 0.21635 + 0.00038 Be] | fE-T(0) = 09675+ 0.0011+ 0.0023
I n p u tS Vil K = ev, B(K = ev,) = (1.582 £ 0.007) - 107> [39]
K — pwy, B{K — ) = 0.6356 £ 0.0011 [39] fr = 15557 2017 £ 0.57 MeV
T Ku, B(r = Kv,) = (0.6986 = 0.0085) - 102 [19]
Vi [V K — /7 — v, ﬁ L3367 £0.0028 [39] filfs = L1973 00007 0.0014
s Ku 1w, e (6.437 +0.092) - 1072 [19]
v N Vodlnot lattice = 0.230 = 0.011 [39]
Vel D= T B(Dom) = (1.20:£0.27). 1{1:: [19] fo./fo = L1782 0.0006+ 0.0033
D — ey, B(D — puy,) = (3.77 =0.17)- 10 [19]
f | t t er D - il |‘l:’,,r£|gLff—”{{l} = {1.1422 +0.0018 [|.f%] FO=m0) = 0.624 % 0.004 £ 0.006
W —es Vs lnot lattice = 0.967 = 0.011 [40]
[CKMfitter] |Vea| g” :: T E{D” ) z {“3 f“‘“f}: l{l_i ['f] fo, = 249.23 +0.27 + 0.65 MeV
,. iy (D = py) (5.43 =0.16) - 10 [I.J]
D — Kl Vielsn fE=5(0) = 0.7180 £ 0.0033 [19] =Ry = (0.742 = 0.002 = 0.004
Rfit V| semileptonic B [V s, = (3.86 = 0.07 £ 0.12)- 107 see text form factors, shape functions
L Al ‘Cstat % fvtheo ] B - 1, B(B - 7v.) = (1.00 £ 0.24) - 10~ [19] fe./fs = L2118 £ 0.0020 + 0.0058
2 [Vea| semileptonic B [Ves|sL = (41.22 = 0.24 £ 0.37) - 1n—* see text form factors, OPE matrix elements
X® = —2{n L semileptonic Ay ;’ﬂ:‘::’j:’b’f‘;‘ = (0.918 £ 0.083) - 1072 [27] %ﬁz—l = 1.471 £ 0.096 £ 0.290
E'stat: exp. data Vap/Ver| semileptonic B, %f% = (3.25 =0.28)- 1077 [41] “ﬁ;;f*;g;ﬁ— = (1.363 £ 0 = 0.065
. inclusive Vb Vet |inet = 0,100 = 0,006 = 0.003 29
£th80: had In pUtS 0k B — wm, pm, pp = lbmufthiug ratios, C'P asymmetries w{[* t{]?xt isospin symmetry
A B = (ce) K sin(2/7)[.q 0.708 = 0.011 [19] subleading penguins neglected
4 B — DMK 4 = (65.97 30 [19] GGSZ, GLW, ADS methads
b, B. =+ J/U(KK, ) (daJo—scas = ~0.039 £ 0.016 [19]
Amy Amg = 0.5065 = 0.0019 ps—* o] | Be,/Bp, =  1.007%0.010+0.014
[LVS, 2405.08046] ViV Am, Am, = 17.765 + 0.006 ps [42] Bg. = 1313+ 0.012+0.030
B, = pp B(B,— pp) = (345+0.29)-10~9[x(1 —0.063)]  [19] B, —  228.75£0.69 £ 1.87 MeV
Vi Vie and EK |= k| = {2.228 = 0.011) - 10— [39] By = 07567 = 0.0020 %= 0.0123
Vi Ve Ke - 0.940 % 0.013 + 0.023

&


http://ckmfitter.in2p3.fr/

Current status of flavours
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. | Lexcluded area has OL>0.85 Bq Unitary Trian Ie
* A single phase must be responsible for CP - Y %‘(“ y ANy
violation across distinct flavour sectors Yk B Amy & A
: - sinep '
* Observables of very different natures il
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Con3|stency among observab
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* If NP in loop: extraction of p, n degraded

e Overall agreement w/ the SM, but some
existing tensions
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New era of flavour aheac

LHCb LHCb Upgrade I —— LHCb Upgrade II ———
LS3 |
L = 1010 Ls2 L£=2x103cm2s1 HCLN:E E::::;f | LS4 L£=12x10%cm?s L~ 300 fb1
L=4x1032cm2s1 Injector Upgrades b I "':mt ~ 50 fb1 TR LS5 int
Lierlzgrszl LHCb Upgrade Ib l
(Consolidation)

2010-2018 | 2019-2022 | 2022-2025 | 2026-2028 | 2029-2032 | 2033-2034 | 2035-2038 | 2039 [2040 - 20XX

Increased Lumi by x 5 | Limited to ~ 6 int. ~ 40 int. per bunch crossing ~ 40 int. per bunch crossing
Limited to ~ 6 int. per I per bunch crossing
bunch crossing

HL-LHC
 LHCDb Upgrades [1812.07638]; Belle 1| [1808.10567]

 Phase |: LHCDb-upgrade | 50/fb, & Belle Il 50/ab
* Other later phases (more uncertain) left in back up



Experimental inputs

Quantity Current (Rfit) Unc. Phase I g
sin(23) g 0.011 0.005 ZﬁZ
gl 3.4° 1° Miv
[Vus|/|Ven|as 10 % 3 % : ;
(@) b= cas) 21 mrad 14 mrad o VI

* Sizes of 1o relative uncertainties [HL-LHC 1812.07638; Belle 11 1808.10567]
* Important role played by LHC in extracting quantities above

* |[Vuw/Ve|: lattice determination of A, form factors [Detmold, Lehner, Meinel ‘15];
extraction from Bs carries currently similar uncertainty (but larger)

* [3 and ¢s: penguin pollution, various estimates (QCDF, SU(3), etc.) w/ small
central values and uncs. in the range |AB|~<1° [Boos, Mannel, Reuter ‘04;
Ciuchini et al. ‘05; De Bruyn, Fleischer ‘14; Frings, Nierste, Wiebusch ‘15; ...]



Other experimental inputs®

Quantity  Current (Rfit) Unc. Phase I TEE L e T g
Vs |sL 0.19 0.042 | /4 A
[Ves|sL 0.61 0.60 N1

o 3.7° 0.6° -
B(B — Tv) 22 % 5 % SO

» Sizes of 10 relative uncertainties [Belle 1l 1808.10567]

* |Vuw| and |Ve| exclusive: assumptions about lattice improvements; only
exclusive extractions considered for projections (“Current” includes inclusive)

 o: limitation from neutral modes, main experimental improvement expected
from Belle Il; need to account for isospin breaking corrections [Charles,
Deschamps, Descotes-G., Niess ‘17]

. . presently small role in extracting p and n



Other experlmental mputv

0-230 Y I vy I o A | TLCT 0 T TT TT BRI | I I | | | O ! I T T TT - | T 17T T 11 I F TN ) I T LT 10 | T T 17
0.228 K, and t->Kv = - .
z i 0.98 — Indirect(yellow) ]
0.226 Direct (light green) i . o g ]
B ] Direct(tusk) B physics(green)
= All (yellow) - B 7
r = 7 0.96 — —
0224 — Ky — — i ]
[7) = . 7
S L o L i
> i = I |
0.222 — —
L 0.94 — —
0.220 _—K|2/n|2 and t->Kv/t->nv Indirect _ B Nucleon & Kaon(blue) -
E ’ 0.92 — —
0.218 |- B decays - r
: fi r : = fi r
|- Summer23 excluded area has CL > 0.95 | | L Esummered excluded area has CL > 0.95 | -
0- N T | | - | | | | | | 1 1 IS | | W | Ll I | | | sl e | |5 [l i | AR e sl | | | s i Rl | | N | | - | | | |
0 950 0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990 0 19 0.20 0.21 0.22 0.23 0.24 0.25 0.26
A V|
ud cd

* |V, [Vus|: NnO expected exp. change from (semi-)leptonic decays, only from lattice inputs
* |Ved|, |Ves|: would need substantial exp (and theo) improvement from the charm sector



Quantity Current (Rfit) Unc. Phasel —  vg—1 < P E
fx 0.5 % 0.3 % K
i (1) 0.4 % 0.1 % :
fj_-} 3 1.1.% 0.5 % A W —
Bg. 3.2 % 0.8 %
fB./ B, 0.6 % 0.4 % ﬁ
Bg./Bg, 2.4 % 0.5 %

Lattice Inputs

Unc. Phase 1

* Sizes of 1o relative uncertainties [1812.07638]
* Ratios: better control of chiral extrapolations to light quark masses

* |sospin and QED corrections for leptonic and semileptonic decays:
known and around 1% effect for K; will be needed for B (and D)
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CKM metrology [Prelimina”

Quantity Current (Rfit) Full agree Unc. Phase I

A 1.8 % 1.9 % 1.4 %
A 0.2 % 0.3 % %o
D 10 % 9.3 %
7 3.7 % 3.6 %

e Sizes of 20 relative uncertainties

- “Current” uncertainties follow Rfit scheme

- “Full agree”: central values adjusted to have perfect agreement among the
constraints, and total theo. unc. treated as

- Future uncertainties treated as Gaussian
* A and A extractions driven by |Vud|, |Vus|, |[Veo| inputs
* Improvement of p, n by factor of 2-3



Reach to New Physics (NP

e Low-energy observables: probe energies much beyond the reach of direct searches

* The bounds on non-SM contributions shape NP candidates
* If deviation seen, possible NP manifestation!

Different sectors: mesons leptons higgs top

u

~ 107
l = [dark: prospect] 1106
108
10
10°
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Observable

Scale [TeV]
H
- f—eee
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W 1y
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[European Strategy Update 2020, arXiv:1910.11775]



NP in B meson mixing

CKM (in presence of NP),

* NP in |AB|=2: bag parameters,
. | decay constants
h, and h_ set sizes M i

- No NP in |AF|=1: NP parameters

tree level in SM (y, |V |, V.|, ...) free of NP b :

BSM

- NP IS Short_dIStance [B-mesogenesis: Mird, Escudero, Nebot '24] g b
- Unitarity of the CKM 3x3 matrix q=d, s

- Unrelated NP in B, and B_ systems 55 5o, Shen oe 201
[CKM fits w/ NP: UTfit; Descotes-G., Falkowski, Fedele, Gonzalez-A., Virto '19; Biswas, Mukherjee, Nandi, Patra '23]



Status of NP in B meson mi»

Black dot: best fit point; 6, and ¢_are unconstrained
Status as of Summer ‘19:

0-20 FIIIIII]IlIIIIlIIIIl IIIIIIII |IIII|III

outdated, but conclusions [ oxsudoramaras 62695 |
should be similar [ i
B . 0.8
Agreement with the SM el 1 W,
(h¢=hs=0) at ~10 ] S i
Allowed size for NP at the £ 010 - Bos
level of O(20%)! 1 [Foa
Extractions of p and n 0.05 1@
(Wolfenstein parm.) | W%
degrade by factor ~3 i 0
[Charles’ DeSCOteS'G., ngetl, 0-0(()).00 0.05 0.10 0.15 OhZ: 0.25; I'I(I).S(I) | I(I).35II I(I).40 00

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



Future improvements

 SM reference: shift the central values
 Compared to Current, improvement by factor >3




Conclusions

* 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 the
fundamental parameters describing the CKM matrix

* The mechanism of CP Violation in the SM (still) gives an
accurate picture of nature: no clear indication of NP

* One example of the impact of NP: B meson mixing
* Exciting future prospects for Belle Il, LHC, NA62,...



CKMfitter Collaboration

MORE DETAILS ©

Jérdme 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 Il

Luiz Vale Silva, Theory

THANKS!

CKM

Home The CEKMfitter group provides:

= & global analysis of measurements determining the CEM malrix parameaters
in the framework of the Standard Model and some of its extensions.

« Graphical and numerical constraints on CKM matrix elements, predictions on
rare K and B meson decays, theoreical paramelers, e

» The statistical reatment is based on Frequentist statistcs and Rfit (Range
fit) for the theoretical uncerainties

Specific Studies

Talks & Writeups
Publications

CKMfitter Group

‘ Plots & Results

Preliminary results as of Moriond 2021
(updaned Jan 2022)

‘ Talks

Warkshoy on High Eneigy Physics Phenamenalgy (WHERP) X

Dec 1-10, Guwahall, india

“Beyond 1st and 3rd generation unitarity triangle: what can we
learn from the others 7" jpai

' Tools

Perform your own flavour analyses online
with CEMiive

& Specific Studies

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

 Phase |: LHCb-upgrade | 50/fb, & Belle 1l 50/ab
* Phase Il: LHCb-upgrade |l 300/fb, & Belle Il upgrade 250/ab
* Phase Ill: Phase Il + FCC-ee

FCC-ee: initial phase of FCC; operates at different EW thresholds:
5x10'2 Z bosons, 108 WW pairs, >10° Higgses, >10° tt pairs

Attribute Y(4S) pp Z°  Particle species B Bt BY Ay, BY cc 717t
All hadron species Y Y " Yield (x10°) 310 310 75 65 1.5 600 170
High boost o/

Enormous production cross-section v/ : . :

Negligible trigger losses % / [FCC Physics Opportunities, Conceptual Design Report]

Low backgrounds v v [Flavour cases: EPJPlus 136, 837 arXiv:2106.01259,

Initial energy constraint v (V) and EPJPIlus 136, 912 arXiv:2106.12168]



https://cds.cern.ch/record/2651294
https://arxiv.org/abs/2106.01259
https://arxiv.org/abs/2106.12168

Experimental inputs

Quantity  Current (Rfit) Unc. Phase I

SIn(20) cq) 0.011 0.005
8 3.4° 1°
(%)[b—mas] 21 mrad 14 mrad
Vs lsL 0.19 0.042
Ve 0.61 0.60

o 1.8° 0.6°

B(B — 1v) 22 % 5 %

- Phases [F

Unc. Phase II
0.002
0.25°
1%

4 mrad
0.032
0.44

id
2 %

Unc. Phase III
0.0008
0.20°

1d
2 mrad
itel
0.17
id
1 %



Lattice inputs: Phases Il &

Quantity

JK
f—:-fr(u)

/B,

Bp,
fB./IBS
Bpg,/Bg,

0.5 %
0.4 %
1.1 %
3.2 %
0.6 %
2.4 %

0.3 %
0.1 %
0.5 %
0.8 %
0.4 %
0.5 %

Current (Rfit) Unc. Phase I Unc. Phases II & III

id




CKM metrology [Preliminary

. Phase III

Quantity Current (Rfit) Full agree Unc. Phase I Unc. Phase I1
A 0.8 % 0.9 % 0.7 % 0.7 % 0.5 %
A 0.1 % 0.2 % 0.1 % 0.1 % 0.1 %
P 4.9 % 4.6 % 1.9 % 0.9 % 0.7 %
7] 1.5 % 1.7 % 0.7 % 0.3 % 0.2 %
lo
20
Quantity Current (Rfit) Full agree Unc. Phase I Unc. Phase II :. Phase III
A 1.8 % 1.9 % 1.4 % 1.2 % 0.9 %
A 0.2 % 0.3 % 0.3 % 0.3 % 0.3 %
P 10 % 9.3 % 3.9 % 1.8 % 1.5 %
n 3.7 % 3.6 % 1.4 % 0.7 % 0.4 %

Other projections are found in the CKMfitter webpage; see also CERN courier


https://cerncourier.com/a/lhcb-looks-forward-to-the-2030s/

Experimental and theoretical il

“Current™ 2019,
used only for NP

in |AB|=2

experimental

theory

Uncertainties

Central Reference
- Current [28] Phase | Phase II Phase 111 Phases I-111

|Vl 0.97437 +0.00021 id id id [28]
|V FE==(0) 0.2177 +0.0004 id id id [28]
|V .l 0.2248 +0.0043 +0.003 id id (40.41]
|Vl 0.9735 +0.0094 id id id [28.40.41]
Amy [ps!] 0.5065 +0.0019 id id id [17]
Am, [ps") 17.757 +0.021 id id id [17]
[Vapls x 10° 4296 +0.58 +0.60 +0.44 id [29]
IV el wmaep X 10° . £0.17 [34-36)
|Vl x 10° 3.56 +0.22 +0.042 +0.032 id [29]
|Viup/Vep| (from Ag) 0.0842 +0.0050 +0.0025 +0.0008 id [30]
B(B - ) x 10* 0.83 +0.24 +0.04 +0.02 +0.009 [29,34]
B(B — uv) x 10° 0.37 +0.03 +0.02 id [29]
sin 23 0.680 +0.017 £0.005 +0.002 +0.0008 [29,30.34]
al’] (mod 1807 91.9 +4.4 +0.6 id id [29]
¥[°] (mod 180%) 66.7 +5.6 +1 +0.25 +0.20 [29,30.34]
S [rad] x(-2) =0.035 +0.021 +0.014 +0.004 +0.002 [30.34]
Al x 10° -6 +19 +5 +2 +0.25 [14,17.34,37)
A % 109 3 +300 +70 +30 +2.5 [14,17,34.37]
m; [GeV] 165.30 +0.32 id id +0.020 [28,34]
a,(my) 0.1185 +0.0011 id id +0.00003 [28.34]
fE&==(0) 0.9681 +0.0026 +0.0012 id id [30]
fx [GeV] 0.1552 +0.0006 +0.0005 id id [30]
fa, [GeV] 0.2315 +0.0020 +0.0011 id id [30]
Bp, 1.219 +0.034 +0.010 +0.007 id [30]
fu,/fa, 1.204 +0.007 +0.005 id id [30]
By [Bg, 1.054 +0.019 £0.005 +0.003 id [30]
By /By, 1.02 +0.05 +0.013 id id [30,42.43]
B 8, 0.98 +0.12 £0.035 id id [30.42.43]
Ne 0.5522 +0.0022 id id id [44]

[See for refs.: PRD 102, 056023 (2020), arxXiv:2006.04824
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https://arxiv.org/abs/2006.04824
https://arxiv.org/abs/2106.01259
https://arxiv.org/abs/2106.12168

CKMfitter: Frequentist statistics based on a y? analysis

x2. . goodness-of-fit under SM (or NP), estimators for Vcku
Ax? (x*-distributed): Confidence Level (CL) intervals

Range fit scheme (Rfit) incorporates theoretical uncertainties
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

Rt Example in 1D, 0 4 145¢ + 1theo (Naor = 1)
L= ﬁstat X ﬁtheo- p-value

Y>=-2/mL ' N

Lar: €xp. data |
Liheo: had. inputs
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2019 status plots
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Different representation

- - Soares & Wolfenstein, PRD 47, 1021 (1993)
SM+NP - SM
(By|HABLy |By) = (Bq|HAB=2|Bq) Deshpande, Dutta & Oh, PRL77, 4499 (1996)

X (Re(Aq) +1 Im(Aq) Silva & Wolfenstein, PRD 55, 5331 (1997)

_ ~..__ Cohen et al., PRL78, 2300 (1997)
Re(Ay) +iIm(A,) = Tgeﬂﬁ'q @rossman, Nir & Worah, PLB 407, 307 (1997)

excluded area has CL > 0.68

excluded area has CL > 0.68

o
Im A

NP in Bg mixing




Future improvements

Sensitivines  Summer 2019  Phase 1  Phase I  Phase 111
h 0.26 0.073 (0.049 0.038

h, 0.12 0.065 0.044 0.031
5 -val

0.10 T T T T T T .p value1_0 0.10 T T T T T T T T T T T T |p e ue1.0

excluded area has CL > 0.95 e [ | excluded area has CL > 0.95 -
itter - 0.9 itter - 0.9
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