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Standard parameterisation
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Standard parameterisation
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Standard → Wolfestein parameterisation
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“Blackboard”







tensions in Vcb and Vub 
(inclusive vs exclusive)





Cabibbo tension1.1   Introduction: 4.2  Vus and CKM unitarity: All data, “Conv.” Vud 
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Fit results, no constraint

Vud = 0.97414(21)
Vus = 0.22456(35)
χ2/ndf = 8.0/1 (0.5%)

ΔCKM = −0.00062(45)
−1.4σ

|Vud| = 0.97418(21)
|Vus| = 0.2233(6)

|Vus|/|Vud| = 0.2313(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9698(17),  fK/fπ = 1.1967(18) 

With scale factor S = 2.8
Vud = 0.97414(60)
Vus = 0.2246(10)

V us/V ud 

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.8

Vud 

Vus 

unitarity

fit

Vud 

Update 
Emilie Passemar 
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12. CP violation in meson decays 21

transitions lead to final states that are similar to the b → uuq transitions and have similar
phase dependence. Final states that consist of two-vector mesons (ψφ and φφ) are not
CP eigenstates, and angular analysis is needed to separate the CP -even from the CP -odd
contributions.

Table 12.1: Summary of b → qqq′ modes with q′ = s or d. The second and third
columns give examples of final hadronic states. The fourth column gives the CKM
dependence of the amplitude Af , using the notation of Eqs. (12.76, 12.78,12.80),
with the dominant term first and the subdominant second. The suppression factor
of the second term compared to the first is given in the last column. “Loop” refers
to a penguin versus tree-suppression factor (it is mode-dependent and roughly
O(0.2 − 0.3)) and λ = 0.23 is the expansion parameter of Eq. (12.48).

b → qqq′ B0 → f Bs → f CKM dependence of Af Suppression

b̄ → c̄cs̄ ψKS ψφ (V ∗
cbVcs)T + (V ∗

ubVus)Pu loop× λ2

b̄ → s̄ss̄ φKS φφ (V ∗
cbVcs)P c + (V ∗

ubVus)Pu λ2

b̄ → ūus̄ π0KS K+K− (V ∗
cbVcs)P c + (V ∗

ubVus)T λ2/loop
b̄ → c̄cd̄ D+D− ψKS (V ∗

cbVcd)T + (V ∗
tbVtd)P t loop

b̄ → s̄sd̄ φπ φKS (V ∗
tbVtd)P t + (V ∗

cbVcd)P c
∼< 1

b̄ → ūud̄ π+π− π0KS (V ∗
ubVud)T + (V ∗

tbVtd)P t loop

The cleanliness of the theoretical interpretation of Sf can be assessed from the
information in the last column of Table 12.1. In case of small uncertainties, the expression
for Sf in terms of CKM phases can be deduced from the fourth column of Table 12.1 in
combination with Eq. (12.73) (and, for b → qqs decays, the example in Eq. (12.79)). Here
we consider several interesting examples.

For B → J/ψKS and other b → ccs processes, we can neglect the Pu contribution to
Af , in the Standard Model, to an approximation that is better than one percent:

λψKS
= −e−2iβ ⇒ SψKS

= sin 2β, CψKS
= 0 . (12.81)

In the presence of new physics, Af is still likely to be dominated by the T term,
but the mixing amplitude might be modified. We learn that, model-independently,
Cf ≈ 0 while Sf cleanly determines the mixing phase (φM − 2 arg(VcbV

∗
cd)). The

experimental measurement [21], SψK = 0.673 ± 0.023, gave the first precision test of the
Kobayashi-Maskawa mechanism, and its consistency with the predictions for sin 2β makes
it very likely that this mechanism is indeed the dominant source of CP violation in meson
decays.

For B → φKS and other b → sss processes (as well as some b → uus processes), we
can neglect the subdominant contributions, in the Standard Model, to an approximation

July 30, 2010 14:36

b → cūs vs b → c̄us B± → D0K± vs B± → D̄0K±

↵+ � + � = (180.6± 7.2)�
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Test of unitarity
and of new physics



Anomalously small loop-induced FCNC

Expect:


Instead: 106 smaller


 


i = 3: f = O(1), |VtdVts| « 1


i = 1,2: |VidVis| = O(1), f « 1
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Symmetry origin of suppression: U(2)5 

In an appropriate basis


Approximately U(2)5 symmetric


ε = 0 in the symmetric limit

� =

�

⇤
0 0 0
0 0 0
0 0 �33

⇥

⌅ + small (U , D, E)



Flavour tensions / anomalies



“Clean” observables?

• Isospin relations 

• Koto anomaly: 		  

• hadronic matrix elements related to  by isospin 

• Lepton flavour universality (LFU) 

•  anomalies 

• uncertainties partially cancel in ratios of observables

KL → π0νν̄, K± → π±νν̄

K+ → π0eν

RK, RK*, RD, RD*



KOTO

• Koto 

•  

• 4 events, 0.05 expected 

•  

•  

•  tension

KL → π0νν̄

BR(KL → π0νν̄)KOTO = 21+20
−11 ⋅ 10−10

BR(KL → π0νν̄)SM ≈ 0.34 ⋅ 10−10

3.8 σ

• NA62 

•  

• 2 events, 1.5 expected 

•  

•

K+ → π+νν̄

BR(K+ → π+νν̄)NA62 < 1.85 ⋅ 10−10

BR(K+ → π+νν̄)SM ≈ 0.84 ⋅ 10−10

Grossman-Nir bound 
 

2.1 tension with BSM 
(asumes  origin for both)

BR(KL → π0νν̄) ≲ 4.3 BR(K+ → π+νν̄) ≲ 8.1 10−10

s → dX



Grossman-Nir bound
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Pheno-gym: how to violate the GN bound

•   with   

• blind to NA62 
not to KOTO 

•  

• NA62 X decay in detector, rejects 
KOTO X decay outside detector 

•   

• NA62 looks for , rejects 
KOTO sees  from off axis mimicking  + missing pT 

K → πX MX ∼ mπ

K → πX, X → SM

X → γγ

π+

γγ π0

25

Figure 3: Left: m
2
miss of K+ decays relevant to the K

+
! ⇡

+
⌫⌫̄ measurement. The m

2
miss is

computed under the hypothesis that the charged particle in the final state is a ⇡
+. The signal

(red) is multiplied by 1010 for visibility. The dashes areas denote the regions where to search for
signal. Right: m

2
miss versus ⇡+ momentum of selected K

+ decays on minimum bias data. The
signal regions 1 and 2 and the three background regions are also indicated.

The signature of a K
+

! ⇡
+
⌫⌫ decay is a K

+ in the initial state and a ⇡
+ with missing

energy in the final state. The main kinematic variable is m
2
miss ⌘ (PK � P⇡)

2, where PK and
P⇡ are the 4-momenta of the K

+ and ⇡
+, respectively. The m

2
miss of the signal is broadly

distributed, as shown in Fig. 3 (left). The search for the signal is performed in two intervals of
the m

2
miss spectrum either side of the K

+
! ⇡

+
⇡
0 peak.

Possible backgrounds are: K
+

! ⇡
+
⇡
0 , K+

! µ
+
⌫ and K

+
! ⇡

+
⇡
+
⇡
� entering signal

regions through non–gaussian resolution and radiative tails of the m
2
miss; K

+
! l

+
⇡
0
⌫l decays

and rare processes like K+
! ⇡

+
⇡
�
e
+
⌫, which are broadly distributed across the signal regions;

events mimicking K
+
! ⇡

+
⌫⌫̄ originating along the beam line via inelastic interactions of beam

particles with the material; K+ particles decaying before entering the fiducial volume defined
as downstream of the last station of the GTK (GTK3). Each source of background requires
di↵erent rejection procedures, depending on the kinematics and on the type of charged particle
in the final state. The estimation of the expected background is done separately for each process.
A blind analysis procedure has been adopted, with signal and control regions kept masked until
the evaluation of the signal and background is complete.

The selection of the K
+

! ⇡
+
⌫⌫̄ decays (briefly denoted ”PNN selection“) proceeds as

detailed below. A STRAW track associated to signals in RICH, LKr and CHOD defines a
⇡
+. A signal in KTAG associated to a GTK track defines a K

+. The K
+ is coupled to the

⇡
+ by matching in time and space the corresponding tracks. Selection criteria applied to the

reconstructed decay vertex define the fiducial decay region downstream of GTK3. Additionally,
events are rejected if the ⇡

+ track originates from the beam aperture of the final collimator.
Fig. 3 right shows the distribution of the selected events in the (m2

miss, p⇡+) plane. Here p⇡+ is the
⇡
+ momentum. The m

2
miss is computed using the K

+ and ⇡
+ momenta measured in GTK and

STRAW assuming the K
+ and ⇡

+ masses, respectively. This plane defines two signal regions,
termed Region 1 and 2, and three background regions mostly populated by K

+
! ⇡

+
⇡
0, K+

!

µ
+
⌫ and K

+
! ⇡

+
⇡
+
⇡
� decays. The analysis is restricted to (15, 35)GeV/c ⇡

+ momentum,
leaving at least 40 GeV of extra energy to veto background events. The selection proceeds

9

NA62



Lepton Flavour Universality (LFU)

•  

• up to U(3)l x U(3)eR breaking effects 

• small when m2 « q2 and anyway calculable 

•   reduces hadronic uncertainties

BR(B → Ae+e−) = BR(B → Aμ+μ−) = BR(B → Aτ+τ−)

BR(B → Al+
1 l−

1 )
BR(B → Al+

2 l−
2 )



LFU in CC B-decays

•  

• tree-level in the SM 

•  

•

b → cτν̄

BR(B0 → D*e+ν̄)
BR(B0 → D*μ+ν̄)

= 1.01 ± 0.03

BR(B0 → D(*)τ+ν̄)
BR(B0 → D(*)l+ν̄)

≡ RD(*) ≠ (RD(*))SM

International Workshop on Discovery Physics at the LHC (Kruger2018)
IOP Conf. Series: Journal of Physics: Conf. Series 1271 (2019) 012009

IOP Publishing
doi:10.1088/1742-6596/1271/1/012009

2

a) b)

Figure 1. Feynman diagrams in the SM for a semileptonic b ! c`⌫ (a) and the rare electroweak
penguin b ! s`` (b) decays.

2. Lepton Flavour Universality in b ! c`⌫ decays

Charged current (semileptonic decays) tree-level b ! c`⌫ decays have a branching fraction of
a few percent and are precisely predicted in the SM. The strongest evidence for a possible
violation of LFU is currently seen in measurements of the branching fractions of semileptonic
decays involving a tau lepton, in particular the measurement of the observables

R(D) =
B(B0

! D+⌧�⌫⌧ )

B(B0 ! D+µ�⌫µ)
[6, 7] and R(D⇤) =

B(B0
! D⇤+⌧�⌫⌧ )

B(B0 ! D⇤+µ�⌫µ)
[6, 7, 8]. (1)

The observed enhancement can be explained in many extensions to the SM, which preferentially
couple to third generation leptons.

2.1. Measurements of R(D⇤)
A precise measurement of a B decay to tau leptons is experimentally challenging at a
hadron collider due to the large background from partially reconstructed B-decays with similar
topologies. Moreover, the signal decay kinematics can not be fully constrained because of the
presence of neutrinos in the final state. Therefore the ratio of R(D⇤) is measured using di↵erent
tau lepton decays to provide independent measurements. LHCb used the muonic ⌧ ! µ⌫⌧⌫µ as
well as the hadronic ⌧ ! ⇡⇡⇡⌫⌧ decay channels.

The muonic decay of the tau has the advantage that both the signal and normalisation
channel in R(D⇤) contain the same visible final state, with the di↵erence of having one and
three neutrinos in the final states, respectively.

The signal and normalisation channels are separated using a fit to three kinematic variables
sensitive to the mass di↵erence between the muon and the tau and the presence of additional
neutrinos: E⇤

µ the energy of the muon in the B0 rest frame, m2
miss = (p(B0) � p(D⇤) � p(µ))2,

the squared missing mass, and q2 = (p(B0) � p(D⇤))2 the squared four-momentum transfer to
the lepton system. The results of the fit are shown in figure 2. The yields extracted by the fit
are used to make a measurement of

R(D⇤) = 0.336 ± 0.027(stat) ± 0.030(syst) [8].

The result was the first measurement of b-hadron decays to tau leptons at a hadron collider
and deviates by 2.1� from the SM (0.252 ± 0.003) prediction [9]. Systematic uncertainties are
dominated by the size of the simulated and control samples.



LFU in CC B-decays



LFU in NC B-decays

•  

• 1-loop in the SM 

•  

• Clean:	 : each about 2.5  tension (q2/GeV2) 
	 	 	 also: : 2  tension 

• Further deviations, and constraints, in observables with hadronic uncertainties

b → s μ+μ−

BR(B → K(*)μ+μ−)
BR(B → K(*)e+e−)

≡ RK(*) ≠ (RK(*))SM

R[1,6]
K , R[0.045,1.1]

K* , R[1.1,6]
K* σ

Bs → μ+μ− σ

6/11

Theory – Lepton Universality in the Standard Model

Lepton Universality in the Standard Model
To cancel experimental and theoretical uncertainties, a double ratio
is calculated instead:

RX =
B(B ! Xµ+µ�)

B(B ! XJ/ (! µ+µ�))

. B(B ! Xe
+
e
�)

B(B ! XJ/ (! e+e�))
(2)

(a) b ! s`` transition via
penguin diagram.

(b) b ! s`` transition via box
diagram.

Figure 2: Feynmann diagrams presenting the B
0 ! K

⇤0`+`� rare decay
process in the SM [4].

Lepton Universality Tests at CMS February 28, 2019 Imperial College London



LFU in NC B-decays

R(K ⇤): (Preliminary) Result

q2
in GeV

2
/c

4
All modes B0

modes B+
modes

[0.045, 1.1] 0.52
+0.36

�0.26
± 0.05 0.46

+0.55

�0.27
± 0.07 0.62

+0.60

�0.36
± 0.10

[1.1, 6] 0.96
+0.45

�0.29
± 0.11 1.06

+0.63

�0.38
± 0.13 0.72

+0.99

�0.44
± 0.18

[0.1, 8] 0.90
+0.27

�0.21
± 0.10 0.86

+0.33

�0.24
± 0.08 0.96

+0.56

�0.35
± 0.14

[15, 19] 1.18
+0.52

�0.32
± 0.10 1.12

+0.61

�0.36
± 0.10 1.40

+1.99

�0.68
± 0.11

[0.045, ] 0.94
+0.17

�0.14
± 0.08 1.12

+0.27

�0.21
± 0.09 0.70

+0.24

�0.19
± 0.07

All measured values are in

accordance with the SM and

other recent measurements.

First measurement of R(K⇤+).

Search for B ! `⌫� and B ! µ⌫µ and Test of Lepton Universality with R(K⇤) at Belle - Markus Prim 22nd March 2019 22/23

Flavour Anomalies Theoretical framework Analysis Inputs Results Conclusions Global Fits of Flavour Anomalies

Hints for LFU violation in b ! s `+`� decays

Measurements of lepton flavour universality (LFU) ratios R
[1,6]
K

, R
[0.045,1.1]
K ⇤ , R

[1.1,6]
K ⇤

show deviations from SM by about 2.5� each. LHCb, arXiv:1705.05802, arXiv:1903.09252
Belle, arXiv:1904.02440, arXiv:1908.01848

R
K (⇤) =

BR(B ! K
(⇤)µ+µ�)

BR(B ! K (⇤)e+e�)

]4c/2 [GeV2q
0 5 10 15 20

KR

0.0

0.5

1.0

1.5

2.0

BaBar
Belle
LHCb Run 1
LHCb Run 1 + 2015 + 2016

LHCb

S. Descotes-Genon & P. Stangl (IJCLab & LAPTh) Beyond the Flavour Anomalies, 1 April 2020 2/31



New Physics parameterisation in WET

• WET = SU(3)c x U(1)em invariant EFT below EW scale 

• 10(μ) + 10(e) independent operators (10 = 4S + 4V + 2T) 

• 6(μ) + 6(e) from tree-level match with D=6 SMEFT (6 = 4V + 2S) 

• Global fits prefer μ, vector, QL (with some flexibility) 

• (Subdominant contributions from dR and e possibly welcome)

31
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New Physics parameterisation in WET
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New Physics parameterisation in SMEFT

• SMEFT = GSM invariant EFT below NP scale 

• 	  	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 from 

• Redundancy
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A coherent picture?

• 		 	 	 	 	 	 	 	  

• 3q → 2q 3l 3l 	 	 3q → 2q 2l 2l 	 	 	 3q → 2q 1l 1l  

• (Cτ)-1/2 	 	 »	 	 (Cμ)-1/2 	 	 	 »	 	 (Ce)-1/2  

•  	 	 	 	 »	 	 		 	 	 	 »	 	

b → cτν̄ b → sμ+μ− b → se+e−

λτ λμ λe

34



Why Beyond?



Some reasons to go beyond the SM

• Experimental “problems” of the SM

• Gravity

• Dark matter

• Baryon asymmetry

• Neutrino masses


• Experimental “hints” of physics beyond the SM

• Quantum number unification


• Theoretical puzzles of the SM

• ⟨H⟩ « MPl 

• Family replication

• Small Yukawa couplings, pattern of masses and mixings

• Gauge group, no anomaly, charge quantization, quantum numbers


• Theoretical problems of the SM

• Higgs mass naturalness problem

• Cosmological constant problem

• Strong CP problem

• Landau poles



Experimental “problems” of the SM

• Gravity


• Dark matter


• Baryon asymmetry


• Neutrino masses



Experimental “hints” of physics beyond the SM

SU(3) SU(2) U(1)

Li 1 2 -1/2

eci 1 1 1

Qi 3 2 1/6

uci 3* 1 -2/3

dci 3* 1 1/3

Y

SO(10)

16

p-decay bounds: M ≫ mH  

an accident?

• Quantum number unification



Theoretical puzzles of the SM

• ⟨H⟩ « MPl


• Family replication


• Small Yukawa couplings, masses and mixings



• Landau poles


• Strong CP problem


• Naturalness problem


• Cosmological constant problem

Theoretical problems of the SM
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