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•  General introduction to the 
Unitary Triangle Fit 

•  SM Analysis  
•  Tensions and unknown
•  Uncertainties in lattice                                           

calculations;
•  From simple to complicated;
•  Future directions, new/old  

ideas 
•  Beyond the SM  
•  Conclusion 

PLAN OF THE TALK 

Thanks to 
Bona, Ciuchini, Lubicz, 
Silvestrini,Sachrajda, 
Tantalo, … 

Impossible to cover all recent developments – a selected list of topics – 
apologies for the  interesting work that is not reported here  



                                                           
 
 

•  Provides the best determination of the CKM parameters; 
•  Tests the consistency of the SM (``direct”  vs ``indirect” 

determinations) @  the quantum level; 
•  Provides predictions for SM observables (in the past for 

example sin 2β  and   Δms ) 
•  It could lead to new discoveries (CP violation, Charm, !?) 

STANDARD 
MODEL  
UNITARITY  
TRIANGLE 
 ANALYSIS 
 (Flavor Physics)   



The fundamental issue is to find signatures of new 
physics and to unravel the underlying theoretical 
structure;

Precision Flavor physics is a key tool, 
complementary to the large energy

 
searches at the 

LHC;

If the LHC  discovers new elementary particles BSM, 
then precision flavor physics will be necessary to 
constrain the underlying framework;

The discovery potential of precision flavor physics 
should not be underestimated.



The extraordinary progress  of the experimental 
measurements requires accurate theoretical 
predictions 

Precision flavour physics requires the control of 
hadronic effects for which lattice QCD simulations 
are essential.



Lquarks    =   Lkinetic + Lgauge + LYukawa

Flavor physics in the Standard Model  
 
In the SM,  the quark mass matrix,  from which the CKM 
matrix and CP violation originate,  is  determined by the 
coupling of the Higgs boson to fermions.  

CP invariant 
CP and symmetry breaking 
are striclty correlated 

EWSB has many accidental 
simmetries may violate 

accidental 
simmetries 



 
Absence of FCNC  at tree level  (& GIM 
suppression of FCNC @loop level)  
 
Almost no CP violation at tree level  
 
Flavour Physics is extremely sensitive 
to New Physics (NP) 
 
In competition with Electroweak 
Precision  Measurements 



WHY RARE DECAYS ? 
Rare decays are a manifestation of broken 
(accidental) symmetries e.g. of physics 
 beyond the Standard Model 

Proton decay                              baryon and lepton
                                                   number conservation

µ  ->  e  + γ     
    lepton  flavor number
νi        ->        νk      found !



RARE DECAYS WHICH ARE ALLOWED
IN THE STANDARD MODEL  

FCNC:
 qi     ->  qk   +    ν   ν

 qi     ->  qk   +    l+
  l

-

 qi     ->  qk   +    γ

these decays occur only via 
loops because of GIM and 
are suppressed by CKM  

THUS THEY ARE  SENSITIVE TO  
NEW PHYSICS 



CP Violation in
 the Standard Model 



Lquarks    =   Lkinetic + Lweak int + Lyukawa

In the Standard Model  the quark mass 
matrix, from which  the CKM Matrix and  
CP originate, is determined by the Yukawa 
Lagrangian which couples  fermions and 
Higgs 

CP invariant 

CP  and symmetry breaking are  
closely related  !  



QUARK  MASSES ARE GENERATED 
 BY DYNAMICAL SYMMETRY  
BREAKING 

Charge -1/3 ∑i,k=1,N
 [ mu

i,k (ui
L uk

R
 ) 

           + md
i,k (di

L dk
R) + h.c. ]

Charge +2/3 

Lyukawa ≡   ∑i,k=1,N
 [ Yi,k (qi

L HC ) Uk
R 

                                           + Xi,k (qi
L H ) Dk

R + h.c. ]



Diagonalization of the Mass Matrix  
Up to singular cases, the mass matrix  can always be 

diagonalized by 2 unitary transformations
ui

L → Uik
L uk

L                 ui
R → Uik

R uk
R

M´= U†
L M UR            (M´)† = U†

R (M)† UL 
Lmass ≡ mup (uL uR + uR uL ) + mch(cL cR + cR cL ) 

+ mtop(tL tR + tR tL ) 



N(N-1)/2           angles           and        (N-1)(N-2) /2     phases

N=3      3 angles + 1 phase      KM  
the phase generates complex couplings i.e.  CP 
violation;   
6 masses +3 angles +1 phase = 10 parameters 

Vud Vus Vub 
Vcd Vcs Vcb 
Vtb Vts Vtb 

 

 



CP Violation is natural with three quark
generations (Kobayashi-Maskawa)

With three generations all CP
phenomena are related to the same

unique parameter ( δ )

 NO Flavour Changing Neutral Currents (FCNC) 
at Tree Level 

(FCNC processes are good candidates for observing 
NEW PHYSICS)



Vud Vus Vub 

Vcd Vcs Vcb 

Vtd Vts Vtb 
 

 

Quark masses & 
Generation  
Mixing 

Neutron 
Proton 

νe 

e- 

down 
up 

W 

| Vud | 

| Vud | = 0.9735(8)
| Vus | = 0.2196(23)
| Vcd | = 0.224(16)
| Vcs | = 0.970(9)(70)
| Vcb | = 0.0406(8)
| Vub | = 0.00409(25)
| Vtb | = 0.99(29)
            (0.999)

β-decays 

updated values later 



Textures There is a clear correlation 
between mixings and masses 

mu ~ 4 MeV   mc ~ 1200 MeV mt ~ 170 GeV  

md ~ 8 MeV   ms ~ 110 MeV  mb ~ 4.3 GeV  

Orizontal U(2)    :      ψL
         ψL

c

Lhiggs
 = Y H  [  (ψL

a)(ψ Lb)c  Sa b +(ψL
a)(ψ Lb)c  Aa b   ]

            
Symmetric 

tensor Antisymmetric 
tensor 



 Md =  M  (√x
-√x
1+x

0 )
diag(M) = M (x  , 1) x = md  /  ms

( √x
  1 )V1  =

(  1
-√x )V2  =

λ1  =  M x

λ2  =  M 

Sin θc~ √md/ ms 

R.Gatto ‘70  

Masses & 
Mixings  
(including the 
CP phases ) 
are related !! 



  1 - 1/2 λ2          λ A λ3(ρ - i η)   

      - λ    1 - 1/2 λ2     A λ2

    A λ3   ×
  (1- ρ - i η)

     -A λ2         1

+ O(λ4) 

The Wolfenstein Parametrization  

λ ~ 0.2   A ~ 0.8     
η ~ 0.2   ρ ~ 0.3  

Sin θ12 = λ 
Sin θ23 = A λ2 

Sin θ13 = A λ3(ρ-i η) 
Vtd

Vub



a1 

a2 

a3 

b1 

b2 

b3 

d1 

e1 

c3 

The Bjorken-Jarlskog Unitarity Triangle 
| Vij | is invariant under

phase rotations
a1 = V11 V12

* = Vud Vus
*

a2 = V21 V22
*    a3

 = V31 V32
*  

a1 + a2 + a3 = 0 
(b1 + b2 + b3 = 0 etc.)  

a1 
a2 a3 

α β 

γ 
Only the orientation depends 
on the phase convention 
 



 STRONG CP VIOLATION 
 

Lθ  =   θ Gµνa Ga
µν                      Ga

µν = εµνρσ Ga
ρσ

 

Lθ  ~   θ  Ea · Ba

This term violates CP and gives a contribution to the 
electric dipole moment of the neutron 

en   <  3  10-26 e cm

    θ  < 10-10   which is quite unnatural !! 





γγ γ

di di di di di di 

(C+
j)C (C+

j)C

U+
k

D-
k D-

k

N0
j

D-
k D-

k

ga

LΔF=0 = -i/2 Ce ψσµνγ5ψ Fµν 

 -i/2 CC ψσµνγ5 taψ Gµνa 

-1/6 Cg fabc Ga
µρ G bρν Gc

λσ  ε µνλσ 

Neutron electric dipole moment in 
SuperSymmetry 

 Ce,C,g can be computed 
perturbatively



CKM 

 

THE 



For details see: 
UTfit Collaboration 

 
http://www.utfit.org 



DIFFERENT LEVELS OF THEORETICAL 
UNCERTAINTIES (STRONG INTERACTIONS) 

1)  First class  quantities, with reduced or  negligible  theor. 
uncertainties 

2) Second class  quantities, with theoretical errors of O(10%) 
or  less that can be

     reliably estimated

3) Third class  quantities, for which theoretical predictions 
are model dependent (BBNS, charming, etc.) 

In case of discrepacies we cannot 
tell whether is new physics or
we must blame the model



Quantities used in the  
Standard UT Analysis 

Inclusive vs Exclusive
Opportunity for lattice 
QCD

Vub/Vcb εK Δmd Δmd/Δms 

levels @ 
68% (95%) CL 

f+,F 

BK 

fBBB 1/2 ξ 



Other Quantities used in the  
 UT Analysis  

sin 2β cos 2β α sin (2β + γ) 

B→J/Ψ K0 B→J/Ψ K*0 B→ππ,ρρ B→D(*)π,Dρ 

γ 

B→D(*)K 



Marco Ciuchini Page 29 KEK-FF 2013 

 ρ = 0.145 ± 0.014  η = 0.349 ± 0.010   

Consistence on an 
over constrained fit 

of the CKM parameters 

CKM matrix is the dominant source of flavour mixing and CP violation 

In the 
hadronic 
sector,  the 
SM CKM  
pattern 
represents 
the 
principal 
part of the 
flavor 
structure 
and of  CP 
violation  

 α = (88.2 ±  0.1 )0  
sin2β = 0.699 ± 0.068 
β = (22.3  ±  0.66 )0  
γ = (65.8 ±  2.2)0  
A = 0.825 ± 0.012

 λ = 0.22502 ± 0.00053 
 

Winter 2018 results  
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CKM Matrix in the SM  
Winter 2018  
 

  Standard Parametrization (PDG)  
  Sin θ12 = 0.22502 ± 0.00053  
  Sin θ23 = 0.04190 ± 0.00058  
  Sin θ13 = 0.003669 ± 0.000096         δ  =  67.3  ± 2.2 
       Wolfenstein Parametrization (PDG)  
       λ= 0.22502 ± 0.00053        A = 0.825 ± 0.0.12  
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2014-18

Experimental progress so impressive that we can fit 
the hadronic matrix elements (in the SM) 
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Experimental progress so impressive 
that we can fit the hadronic matrix 
elements (in the SM) 

0.843   Pull =+1.2



Do we still care? Tensions and Unknowns
1)  A ``classical”  example B -> τν  

2)  |Vub | and |Vcb | inclusive vs exclusive 

3)  |Vcb |, B mixing and εK

4)  D-mixing 

5)  R(D) and R(D*)

6)  B -> K* ll

7)  Physics BSM ?



                                                           
 

•  What can be computed and                                             
what cannot be computed  

 



B-

W-
νl

l-

The Simplest Example



COULD WE COMPUTE THIS PROCESS WITH  
SUFFICIENT COMPUTER POWER ? 

THE ANSWER IS: NO 
 
IT IS NOT ONLY A QUESTION OF COMPUTER POWER  
BECAUSE THERE ARE COMPLICATED   
FIELD THEORETICAL PROBLEMS 
 
Euclide vs Minkowski 



Semileptonic (K,D,B)

Leptonic (π,K,D,B)

(some) Radiative and Rare    long distance effects
(also K -> π l+l- )



Non-leptonic
but only below the 
inelastic threshold
 (may be also
 3 body decays)

Neutral meson mixing (local)

B -> ππ,Kπ, etc.  No !

+ some long distance contributions to K and D neutral 
meson mixing + short distance contributions to B-> K(*) l+l-



Radiative corrections to weak amplitudes 
 important for hadron masses, leptonic and  semileptonic 
decays,  |Vus|,  but also for D and B decays



The	
  accuracy	
  of	
  la>ce	
  calcula?ons	
  of	
  the	
  hadron	
  spectrum	
  
(and	
  hence	
  of	
  the	
  quark	
  masses)	
  and	
  of	
  the	
  decay	
  constants	
  
and	
   form	
   factors	
   is	
   such	
   that	
   isospin	
   breaking	
   and	
   em	
  	
  
effects	
  cannot	
  be	
  neglected	
  anymore:	
  

FLAG	
  Collabora,on,	
  arXiv:1607.00299	
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•  |Vud |2+|Vus |2+|Vub |2 = 0.9998(5) or 0.9999(6) from 

semileptonic and leptonic respectively 

STANDARD 
MODEL  
UNITARITY  
TRIANGLE 
 ANALYSIS 
(FLAG)   

Relevant also in D and B meson decays



+ perturbative renormalization
courtesy of C. Pena   



Do we still care? Tensions and Unknowns
1)  A ``classical”  example B -> τν  

2)  |Vub | and |Vcb | inclusive vs exclusive 

3)  |Vcb |, B mixing and εK

4)  D-mixing 

5)  R(D) and R(D*)

6)  B -> K* ll

7)  Physics BSM ?



Marco Ciuchini Page 44 KEK-FF 2013 B(B       τ ν) Old = (1.67 ± 0.30) 10-4 
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LATTICE PARAMETERS  (2017)
It does not make sense to improve the precision 
on BK  if we do not control long distance effects;
Similarly for fπ or fK without radiative corrections



Marco Ciuchini Page 46 KEK-FF 2013 

Long Distance Effects in Neutral Meson Mixing   

exp
3.19(41)(96)
lattice unphysical 
masses 

Lattice 2017
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Long Distance Effects in Neutral Meson Mixing   
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Long Distance Effects in Neutral Meson Mixing   

Within reasonable approximations                                                        
can be extended to D meson mixing
M. Ciuchini,V. Lubicz, L. Silvestrini, S. Simula 
(progresses made by  M. T. Hansen & S.
Sharpe,1204.0826v4,1409.7012v,1504.04248v1)
Also CPV in D -> ππ  or KK
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Let us assume that the Standard Model contributions to M12 and Γ12  are real
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Do we still care? Tensions and Unknowns
1)  A ``classical”  example B -> τν  

2)  |Vub | and |Vcb | inclusive vs exclusive 

3)  |Vcb |, B mixing and εK

4)  D-mixing 

5)  R(D) and R(D*)

6)  B -> K* ll

7)  Physics BSM ?
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Vub Exclusive = 0.00369 ± 0.00015
Vcb Exclusive = 0.0392 ±  0.0007
Vub/Vcb  Exclusive = 0.083 ±  0.006
Vub Inclusive = 0.00441 ±  0.00022
Vcb Inclusive = 0.0422 ±  0.0007
Belle = 0.04247  ±  0.00100

2016
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Incl

Excl
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BK1
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-  B mixing with  large 

lattice matrix  elements 
smaller  Vcb
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Exclusive
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LATTICE !!
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A.  Buras
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Marco Ciuchini Page 64 KEK-FF 2013 

Do we still care? Tensions and Unknowns
1)  A ``classical”  example B -> τν  

2)  |Vub | and |Vcb | inclusive vs exclusive 

3)  |Vcb |, B mixing and εK

4)  D-mixing  (already discussed)

5)  R(D) and R(D*) (and Vcb of course)

6)  B -> K(*) ll

7)  Physics BSM ?
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Marco Ciuchini Page 66 KEK-FF 2013 Low recoil region (w=1) accessible to lattice calculations
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B -> D-D*  
same lattice configurations used   mb a ≈ 1.1  in the best case
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Form factors from single 
and double  ratios of lattice 
correlation functions

Form factors from direct fit
to correlation functions
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HPQCD June 13 2016
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A.Celis, M. Jung, X. 
Li, A. Pich
arXiv:1612.07757v2
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|Vub | & |Vcb | inclusive vs exclusive and all that 
1)  On the long run exclusive decays based on non-perturbative (lattice) determination 

of the relevant form factors will win;

2)  The  precision  of the theoretical predictions for inclusive decays cannot be 

improved (are the present quoted errors reliable?);

3)  Still (much) more work  is needed,  and different lattice approaches to the physical 

B should be used and compared;

4)  R(D) and R(D*) is an open problem; more lattice collaborations should work on 

these calculations. A comparison with Bs and Bc decays fundamental;

5)   Theoretical calculations and experimental analyses should not  be biased by the 

HQFT - after all ΛQCD/mc ≈ O(1);

6)  I hope to be wrong, but the possibility of new physics in tree level b -> c decays 

looks to me quite remote.
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Do we still care? Tensions and Unknowns
1)  A ``classical”  example B -> τν  

2)  |Vub | and |Vcb | inclusive vs exclusive 

3)  |Vcb |, B mixing and εK

4)  D-mixing  (already discussed)

5)  R(D) and R(D*) (and Vcb of course)

6)  B -> K* ll

7)  Physics BSM ?
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1)   Fit of NP-ΔF=2 parameters in a Model 
“independent” way  

 
2)     “Scale” analysis in ΔF=2 

Is the present picture showing a  
Model Standardissimo ? 

An evidence, an evidence, my kingdom for an evidence  
From Shakespeare's Richard III  
 and A. Stocchi 
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BSM



…. beyond
 the Standard Model 

-  New Physics in Kaon decays 
-  New Physics in B -> K(*) l+l-  
-  New Physics in Mixing 





Courtesy by A. Buras  

NEW PHYSICS 
IN KAON 
DECAYS?
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Xu Feng Lattice 2017







RBC-UKQCD









AND NOW:  

VERY DIFFICULT TO EXPLAIN WITH���
HADRONIC UNCERTAINIES!!



Local operator 
contribution only
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There are good chances that  the 
lattice calculation of the most 
important long distance
contributions via a  charm loop  is 
possible
M. Ciuchini, 
V.Lubicz, G.M.,
L. Silvestrini,
S. Simula

μ

μ
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RADIATIVE/RARE KAON DECAYS 
G. Isidori, G. M., and P. Turchetti, Phys.Lett. B633, 75 (2006), 
arXiv:hep-lat/0506026

N.H. Christ X. Feng A. Portelli and C.T. Sachrajda Phys.Rev. D92 
(2015) no.9, 094512   10.1103/PhysRevD.92.094512   * 

K ! ⇡l+l� K ! ⇡⌫⌫̄

Conserved currents and GIM important
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G. Isidori, G. M., and P. Turchetti

A detailed analysis of the extraction of the amplitude from lattice correlators 
by N.H. Christ X. Feng A. Portelli and C.T. Sachrajda 
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TESTING THE NEW PHYSICS SCALE 
Effective Theory Analysis ΔF=2 

2( )
( )

j
j

j

jC
LF F

C
L

= ⇒Λ =
Λ

Λ
Λ

L is loop factor and should be :  
L=1 tree/strong int. NP 
L=α2

s or α2
W for strong/weak 

perturb. NP 

C(Λ) coefficients are extracted from data 

F1=FSM=(VtqVtb*)2 

Fj=1=0 MFV 

|Fj | =FSM
 

arbitrary phases NMFV 

|Fj | =1 
 arbitrary phases 

Flavour generic 

Effective Hamiltonian in the mixing amplitudes 

LATTICE 
CALCULATIONS 
ESSENTIAL IN 
THIS CASE !!



Mettere problemi con Q4 e Q5 dal feng

open question
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