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Introduction
● The SM has a very important accidental 

symmetry: no tree-level FCNC ⇒  FCNC 
finite and calculable

● Flavour violation only in charged weak 
currents, governed by unitary CKM matrix

● Flavour violation only arises at loop level: 
unitarity of CKM implies GIM suppression
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Introduction
● No CPV in weak interactions with two 

generations ⇒ CPV suppressed by 
hierarchical structure of CKM matrix, but 
CKM phase large

● CKM unitarity implies triangular relations 
among products of CKM elements: unitarity 
triangles

● CPV related to angles of unitarity triangles
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The Unitarity Triangle
● From

● The area of the UT is proportional to J 
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b→d Transitions
● VubVud* ~ VcbVcd* ~ VtbVtd* ~ λ3

– All CKM factors comparable: rich structure in 
ΔF=1 b→d

– dispersive ΔF=2 (M12~ΔmBd) dominated by top 
exchange: SD, calculable w. LQCD

– absorptive ΔF=2 (Γ12~ΔΓBd) calculable in HQET, 
dominant contribution has top CKM: arg(Γ12/M12) 
tiny, negligible CPV in mixing
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b s→  Transitions
● VubVus* ~ λ4 << VcbVcd* ~ VtbVtd* ~ λ2

– suppression of up contribution: simple structure 
of ΔF=1 b→s, squashed UT, tiny βs 

– dispersive ΔF=2 (M12~ΔmBs) dominated by top 
exchange: SD, calculable w. LQCD

– absorptive ΔF=2 (Γ12~ΔΓBs) calculable in HQET, 
dominant contribution has top CKM: arg(Γ12/M12) 
tiny, negligible CPV in mixing
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c u→  Transitions
● VubVcb* ~ λ5 << VusVcs* ~ VudVcd* ~ λ

● very strong suppression of bottom contribution: 
simple structure of ΔF=1 c u→ , super-squashed 
UT, no penguin operators, CPV down by  rCKM~6.5 10-4

– GIM mechanism⇔U-spin (SU(3))
– both dispersive ΔF=2 (M12~ΔmD) and absorptive ΔF=2 

(Γ12~ΔΓD) dominated by long distance: currently not 
calculable (see however ongoing progress in LQCD)
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ΔC=2 AMPLITUDES
● Since GIM⇔U-spin, classify ΔC=2 

amplitudes in terms of U-spin:

● CPV effects expected at O(rCKM/ε)~2 10-3 ~ 
1/8º for nominal U-spin breaking ~ 30%
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APPROXIMATE UNIVERSALITY
● CPV effects in ΔC=2 amplitudes enhanced by 1/ε (factor 

of ~3)
● No enhancement expected (confirmed by ΔACP) for CPV in 

ΔC=1 amplitudes
● Work at leading order in rCKM/ε: take all decay amplitudes 

real, but allow for CPV in ΔC=2, with SM~1/8º plus 
possible NP in M12

● Corrections for DCS decays calculable and tiny
● Corrections for SCS decays not calculable but additional ε 

suppression from suitable U-spin combinations  
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APPROXIMATE UNIVERSALITY

● Working at linear order in rCKM/ε, two 
different sources of CPV arise:
– “dispersive CPV”, measured by ΦM = arg (M12), 

sensitive to NP in ΔC=2;
– “absorptive CPV”, measured by ΦΓ = arg (Γ12), 

sensitive to CPV in decay amplitudes thanks to 
the U-spin enhancement.
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Global Fit of CPV in 
B and D decays

● Interference of b→c and b→u decay 
amplitudes measures

● Interference involves D-D mixing
● Perform a global analysis extracting γ and D 

mixing parameters simultaneously, combining 
D decays sensitive to D mixing with B(s) 
decays sensitive to γ 

see LHCb 2110.02530
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D-Mixing Definitions
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D-Mixing Data
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Time-Integrated B Decays
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Time-Integrated data
ADS & GLW
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Time-Integrated Data
GGSZ
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Time-Dependent B Decays
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Time-Dependent Data
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Results: D mixing parameters

Betti et al. 2409.06449
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Results: D mixing parameters

Betti et al. 2409.06449
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Results: D mixing parameters

Betti et al. 2409.06449
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Results: γ

Betti et al. 2409.06449
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Results: γ

Betti et al. 2409.06449
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Results: γ

Betti et al. 2409.06449
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The UTA
● Recent improvements/extensions in UTfit:

– skeptic combination of Vud and Vus given the 
tension with unitarity – otherwise get artificially 
small uncertainty as in CKMfitter talk yesterday

– revised exclusive Vcb and Vub with new FFs
– skeptic 2D combination of Vub and Vcb given the 

tension among inclusive and exclusive
– inclusion of ε’/ε with lattice matrix elements

See also CKMfitter
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|Vub| AND |Vcb| INCL. & EXCL.
● Skeptic 2D combination of 

inclusive and exclusive:
– |Vcb|excl = (40.13 ± 0.55) 10-3

– |Vcb|incl = (41.97 ± 0.48 ) 10-3 

– |Vub|excl = (3.57 ± 0.23) 10-3 

– |Vub|incl = (4.13 ± 0.26) 10-3 

– |Vub/Vcb| = (8.7 ± 0.9) 10-2

●  we get:
– |Vub| = (3.84 ± 0.35) 10-3

– |Vcb| = (41.20 ± 0.74) 10-3, 
Ξ=0.11

Martinelli et al.

Finauri & Gambino

Martinelli et al.

PDG24

LHCb/FLAG

● Global fit: 
|Vub| = (3.73 ± 0.09) 10-3, 
|Vcb| = (41.91 ± 0.40) 10-3
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Full UTA

 ρ = 0.158 ± 0.009
 η = 0.352 ± 0.010 
 λ= 0.2250 ± 0.0007
 A = 0.826 ± 0.009

Re(ε’/ε) = (1.60 ± 0.28) 10-3

BR(Bs →μ+μ-) = (3.44 ± 0.12) 10-9

BR(B → τν) = (8.72 ± 0.41) 10-5
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UTfit Over the Years
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UTfit & Exp Over the Years
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NEW PHYSICS IN ΔF=2

● Generalize the UTA allowing for NP in loop-
mediated processes:
– Vud, Vcb, Vub, γ from trees and α unaffected 

(provided no huge NP effect in EWP)
– NP allowed in ΔF=2 processes

● Extract both CKM parameters and NP 
contributions
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NP ANALYSIS: RESULTS

ρ = 0.167 ± 0.025
η = 0.361 ± 0.027
to be compared w.
ρ = 0.158 ± 0.009
η = 0.352 ± 0.010
in the SM. Improvements 
in |Vub|, |Vcb|, γ and α 
crucial to increase the 
sensitivity to NP!
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NP Contributions

Marginalizing on the phase: ANP
d/ASM

d < 30% 
and ANP

s/ASM
s < 25% at 95% probability
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FROM ΔF=2 TO THE NP SCALE
● HeffΔ

F=2 = ∑i=1
5 Ci Oi + ∑i=1

3 Ci
' Oi

'

● In the SM only O1 (V-A)
● Operators with i>1 are RG- and chirally-

enhanced
● In general, Ci ~ FiLi/π2 

● Take Li=1 and Fi = 1 (generic) or Fi ~ F1
SM 

(next-to-minimal flavour violation)
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FROM ΔF=2 TO THE NP SCALE
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The Next Frontier:
Global Fits in the SMEFT

● Assuming no sizable NP effect in tree-level 
processes is reasonable, but can we be more 
general?

● Most general gauge-invariant effective 
theory built with SM fields: the SMEFT

● 2499 B- and L-conserving operators at D=6
● Goal for the next decades: explore the full 

landscape of the SMEFT
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First steps in the SMEFT
● Flavour assumptions: U(3)5 (59 ops), U(2)5 (124 

ops), MFV, ...
● Work at linear order in the SMEFT
● Determine simultaneously SM parameters + 

SMEFT coefficients
● Need to generalize expressions for all 

observables
● Combine with EW, Higgs, top & DY
● Everything implemented from scratch in HEPfit
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U(2)5 Results - PRELIMINARY

deBlas et al; see also Allwicher et al; Bartocci et al; Hiller et al; 
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Conclusions
● Impressive experimental progress in CPV in B 

and D decays, best summarized by the UTA
● Current data still allow for NP contributions in 
ΔF=2 processes at the level of 25-30% of the 
SM. This however already corresponds to 
impressive bounds on the NP scale.

● First steps towards a fully general SMEFT 
analysis, long way to go but leads to unbiased NP 
search and hopefully to evidence of NP!
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