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II.- CKMmatrix elements determination
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CKMmatrix element determination

Obtained from themeasurement of the q2-distribution

(ml~0)

Then, measurement of  gives f+(0)|Vij|. We can determine |Vij| provided we have a theory prediction (symmetries are very

useful) for f+(0) [lattice determinations, EFTmethods, etc.]

Suppression of f- contribution for light leptons

The Fermi theory is the low-energy EFT of the V-A CC interaction in the SM, which

corresponds to integrating theW out. Note GF~g
2/2, with the NP/high-energy scale.

FFs encode

non-PT QCD
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CKMmatrix element determination

Conserved vector current (CVC) relation for f+(0):

If that is the case (approximate flavor symmetry):

Very useful for light quarks (ChPT) and also for B->D(*) decays at zero-recoil (HQET).
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CKMmatrix element determination

Vud is obtained from superallowed 0+->0+ nuclear  decays (less precise from +->0e & n->pe)
1. Transitions within JP=0+ isotriplets (T=1)

2. Elementary process: p—>ne+
3. Only conserved vector current

4. 15 measured to better than 0.2%

5. Internal consistency as a check

6. SU(2) is very good—> corrections are small

From exp.: f - phase space (Q value)

t - partial half-life (t1/2, branching ratio)

Small differences in ft due to isospin breaking:

a. RadCors (em. interactions violate isospin)

b. Nuclear WFs are not SU(2) symmetric

(proton and neutron distributions differ)

(PS) (gA,n)
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CKMmatrix element determination

Vus is obtained from Kl3 decays: K ->  l 

Short-distance EW RadCor
Long-distance EW RadCor IB at q2=0 (for K+,

normalized by neutral)

1(1/2) for neutral (charged) Kaons

Average of the six modes (+/S/L,e/)

FLAG (lattice)

Vus/Vud is obtained from K2/2 decays, using FLAG for fK/f. Averaging with Kl3, leads to

Vus is obtained, with less precision, from tau decays into K() & the S spectral function, & from hyperon decays.

Measured distribution

(Valuable ChPT input)
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CKMmatrix element determination: 1st row unitarity test

Average between K2/2 & Kl3, leads to

From superallowed 0+->0+ decays:

Vub is negligible, with current precision: |Vub|
2~(0.004)2~1.6x10-5< (Comparable) uncertainties on |VuD=d,s|

2

Unitarity test (giving rise to the Cabibbo tension):

a 2.2 deviation.

D=d D=s
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CKMmatrix element determination

Vcd is obtained from Dl3 decays: D ->  l   from Dl2: D->()  decays. The
normalization (in the former) and the decay constants (in the latter) are obtained from

lattice QCD.

exp theo

exp theo

It is also accessible from  scattering data, sensitive to |Vcd|xBR(D)
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CKMmatrix element determination: (1st &) 2nd row unitarity test

Vcd is obtained from Dl3 decays: D ->  l  from D->()  decays & from  scattering data producing D2:

Vcs is obtained from D -> l  or from Ds->()  decays:

Vcb is negligible, with current precision: |Vcb|
2~(0.004)2~1.6x10-5< (Comparable) uncertainties on |VcD=d,s|

2

Unitarity test: |Vcd|
2+|Vcs|

2+|Vcb|
2=0.999(12), saturated by the Vcs uncertainty.

f+
DK(0) from lattice QCD

FromWdecays, one can verify 1st & 2nd row unitarity: |Vud|
2+|Vus|

2+|Vub|
2+|Vcd|

2+|Vcs|
2+|Vcb|

2=2.002(27), using lepton

universality, with LEP data (|Vub,cb|~0).

1st col.: |Vud|2+|Vcd|2+|Vtd|2=0.997(2) (|Vtd|~0, error from |Vcd|)
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CKMmatrix element determination

Other unitarity tests require someVtq element.

The problem is that t has only been seen decaying to b quarks, |Vtb|~1.

PDG finds (S=1.5) (t->Wb)/(t->W(d+s+b))=0.957(34), constraining |Vtb|
2/(|Vtb|

2+|Vtd|
2+|Vts|

2).

There remain the 13 & 23 elements, B-physics related. HQET & Lattice QCD are fundamental (also important LCSRs).

Vcb is obtained from the B -> (D/D*)l l decays [exclusive] or from the b->c l l process [inclusive]. (Bc->l l) is not yet
precise enough. Error in extrapolating data to the zero-recoil point, predicted by HQET. Inclusive predictions use

OPE(S,mb
-1).

Vub is obtained from the B -> (/)l l decays [exclusive] or from the b->u l l process [inclusive]. (B->l l) is not yet precise
enough. More difficult than Vcb for the light quark (=>LCSRs) & the background from charm.

S=3.0

S=1.4

exp theo model (in getting the BR from the partial measurement)
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CKMmatrix element determination

Other unitarity tests require some Vtq element.

The problem is that t has only been seen decaying to b quarks, |Vtb|~1.

PDG finds (S=1.5) (t->Wb)/(t->W(d+s+b))=0.957(34), constraining |Vtb|
2/(|Vtb|

2+|Vtd|
2+|Vts|

2).

Still, |Vtd| & |Vts| can be accessed from the B & Bs neutral mesonmixing oscillations

(see neutral mesonmixing):

Similarly, for Bs system, thismixing is ~ Vts
2 S(rt,rt).

Cleaner:
With better future data, also from K->  ,
Bs->  or B->(/K*) (see rare decays)
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CKMmatrix element determination: summary of unitarity constraints

|Vcd|
2 + |Vcs|

2 + |Vcb|
2 = 0.999(12)

|Vud|
2 + |Vus|

2 + |Vub|
2 + |Vcd|

2 + |Vcs|
2 + |Vcb|

2 = 2.002(27) (W decays)

|Vud|
2 + |Vcd|

2 + |Vtd|
2 = 0.997(2)

|Vtd|
2 + |Vts|

2 + |Vtb|
2 ~ |Vtb|

2 = 0.957(34)

|Vus|
2 + |Vcs|

2 + |Vts|
2 = 1.001(12)

|Vub|
2 + |Vcb|

2 + |Vtb|
2 ~ |Vtb|

2 = 0.957(34)

a 2.2 deviation.
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III.- CPV measurements
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The neutral Kaons system &CPV

C

P

P

CCPCP

For ultra-relativistic particles, helicity 
(projection of spin intomomentum)

degenerates into chirality (Lorentz

invariant), so that LH (V-A cc in the SM)

neutrinos have negative helicity.

C & P are bothmaximally violated by

weak interactions but their combination,

CP, is very approximately conserved (
represents internal quantum numbers,

like electric charge)

This is extremely important, because the Zakharov conditions for the Baryon Asymmetry of the Universe are:

- B (or L) violation, which are possible through anomalies (not covered here).

- C &CP violation, enabled by weak interactions within the SM (we will discuss CPV extensively).

- Interations out of equilibrium in the evolution of the Universe, so asymmetries are not washed away (not covered here).
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The neutral Kaons system &CPV

States in the flavor basis:

Weak interactions mix (maximally, since it is a two-level system) both states at order g4~GF
2, so that

In absence of CPV, K1,2
0 would be the KS,L, so that

KL->3 & KS->2 (KL->2 & KS->3would be forbidden).

KL,S are the mass and lifetime eigenstates

O(1)GeV s hitting a p target produce only K0(Exercise:Why?), which evolve according to
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The neutral Kaons system &CPV

O(1)GeV s hitting a p target produce only K0, which evolve according to

which, in terms of the flavor states, is

This gives rise to the oscillation pattern

It happens analogously for other neutral-antineutralmesons, D0-D0,B0-B0,Bs-Bs. In the approximation that a  oscillation is

described involving only two flavors, it is similar (with =0 -so far-, they propagate at v~c).

Discovery of CPV through BR(KL -> + -)=1.97(1)x10-3 & BR(KL -> 0 0)=8.64(6)x10-4 at Brookhaven Cosmotron

(Christenson,Cronin, Fitch, Turlay 1964).

Note that the difference between 3m~mk is relatively large making KL~570KS, which does not happen for D's or B's.



Flavor Physics & CPV CLASHEP2025 Pablo Roig (Cinvestav) 38

General mixing formalism

Arbitrary mixture of the two flavor states (P=K,D,B,Bs)

Time evolution in themeson rest frame

Assuming CPT, the mixingmatrix is

F=2 transition amplitude (F=S,C,B)

Box diagrams Non-local contributions with dispersive (M) & absorptive () parts

On-shell states to which bothmeson and anti-meson can decay

Real, in absence of CPV
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General mixing formalism

Physical eigenstates

With

& eigenvalues

If M12 & 12 were real, q/p=1& (P1 <-> KS, P2<->KL)
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General mixing formalism

If there is CPV, the twomass eigenstates are no longer orthogonal

The time-evolution of states is described by

Where the time-dependence is encoded in

With the parameters

x & y characterize the mass splitting (determining the oscillation frequency) and the inverse lifetime difference. These

parameters are quite different for the diverse neutral meson systems: K, D, B, Bs.
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General mixing formalism

Dependence onmt hinted it being very heavy from ARGUS 1987 data!!

Elliptic constraint on UT
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General mixing formalism

x & y characterize the mass splitting (determining the oscillation frequency) and the inverse lifetime difference. These

parameters are quite different for the diverse neutral meson systems: K, D, B, Bs. Width andmass differences:

KL~570KS

x,y<0.8%

x~77%,y<1% x~27,y~-6%

(no%missing)

x~y=1/2 B decays are an optimal place to search for

CPV signals. Effects are smaller in K decays

(although CPV was discovered there) and

are difficult tomeasure in D decays.

March 2025, first

CPV observed by

LHCb in baryon

(b) decays
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Indirect CPV in the neutral Kaons system

CPV needs the interference between two contributions to the amplitude for a given process.

It can arise frommeson-antimesonmixing, final-state interactions, or from both.

this proves there is indirect CPV, coming from themixing amplitude.

CPV requires big asymmetries, that are enhanced (as well as possible NP effects) in suppressed decays.

Indirect CPV not yet established in Bd/s system: in agreement with SM expectation, |q/p|~1,

equivalently, asl
q=(|p|4-|q|4)/(|p|4+|q|4)~|q/Mq|sinq~(mb

2/mt
2)(mc

2/mb
2)<<1, so very sensitive to NP!!
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Direct CPV

CPV needs the interference between two contributions to the amplitude for a given process.

It can arise frommeson-antimesonmixing, final-state interactions, or from both.

If we know the flavor of the decaying particle (Is it P or P?)=> (P->f)(P-> f) => CPV in the decay amplitude (direct CPV).

At least two contributions (with different weak & strong phases) are needed and the asymmetry ismaximized if both have

similarmagnitude:

Weak phases (i) change sign under CP (like the CKM phase).

Strong phases (i) keep sign under CP (from intermediate on-shell states, for instance +− in D->K+K- decay)

Exercise: Is the corresponding weak phase difference proportional to

the Jarlskog invariant? Only for the leading contribution?



Flavor Physics & CPV CLASHEP2025 Pablo Roig (Cinvestav) 45

Direct CPV

The search for direct CPV in neutral Kaons, 'K needs to account for their mixing (giving rise to indirect CPV, K) [Not
found yet in K+ decays].

~1/22 suppresses 'K. However, direct CPV is found through

Since this is <<1, using the measurements of 00,+- =>

Hyperbolic constraint for the UT
Short-distance QCDcorrections
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: CPV frommixing-decay interference

(B0->0)

(Bigi & Sanda '81)

Themixing ratio is given by a

known weak phase !!

Assumption: Only one weak decay amplitude=>s depend only on weak phase (mind the penguins)

We are considering CP self-conjugate decaymodes

With M12,12∈Re, CP |P0>=-|P0> & CP- andmass and lifetime eigenstates coincide.

CP requires

B0->0
common factor for CP-

conjugate decaymodes

Hadron uncertainties cancel!!

With the definitions:
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Exercise:

Verify the

approximations

in this and the

previous slide

and understand

the usefulness

and importance

of the Bigi-

Sanda formula

Many (some

withmany s)
measurements

of CPV in B

decays, but

difficult to

interpret due to

hadron

uncertainties

 is obtained from

B(s)->D(s)K decays

++=172(5)°

Exercise:

Discuss

similarly

Bs->J/ 
B->KL/S 
s −  
s−S/L 



CP conserving CP violating

Tree level
Loop level
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Consistency of different UT determinations

(Similar results by UTfit)





Belle did not find any hint of CPV in a binned FB asymmetry analysis, but precision is not enough to disprove BaBar, which

should be possible at Belle-II & STCF (ACP~O(10
-4) within reach.

It is impossible to explain this anomaly by heavy new physics (EFT analysis) due to tight constraints from analiticity &

unitarity on the strong phase + n EDM& Dmesonmixing constraints on the weak phase.

in the SM, it is ~2Re[K].

The BaBar anomaly: CPV in ->KS  
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n EDM &D

mixing constraints
Depends on 
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T-violationmeasurement (in agreement with CPT, given the CPVmeasurement)

(Bigi & Sanda '81)

CPT theorem:

Interactions described

by a local QFT, with

Lorentz invariance and

Hermiticity, are CPT

invariant. So, CP=T-1.

There are extremely

precise tests from

equality of masses &

lifetimes of particles

and antiparticles. A

dynamical check can

verify (CP)T=I. BaBar

checked it with 14, as
shown here

(asymmetries).

Unambiguous tests in

other systems have

been impossible so far. Key: Understand

bases definitions


