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Flavour phenomenology plays a fundamental role in 
indirect searches of New  Physics: 
 
-  looks for deviation from the SM whatever the origin  
-  needs good  theoretical control of the SM contribution only 
-   in general cannot provide precise information on the NP scale, but 

a positive result would be a strong evidence that NP is not too far 
(i.e. in the multi-TeV region) 

Physics Motivations: 
Flavor and New Physics

       the path leading to TeV NP
is narrower after the results of
the LHC



Marco Ciuchini Page 5 KEK-FF 2013 

 ρ = 0.153 ± 0.013 η = 0.343 ± 0.011   2016 results 

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 = (92.0 ±  2.0 )0  
sin2β = 0.696 ± 0.018 
β = (21.82  ±  0.72 )0  
γ = (65.8 ±  1.9)0  
A = 0.833 ± 0.012

 λ = 0.22497 ± 0.00069 
 



2016



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	
  effects	
  cannot	
  
be	
  neglected	
  anymore:	
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Phenomenological relevance of precision 
physics  in the Standard Model and beyond 
 
|Vus |F Kπ(0) = 0.2165(4)  - exp      ε =0.2%    
   
|Vus |fK /|Vud|fπ =0.2760(4)  ε =0.2% 
 
 
|Vud |= 0.97417(22)             ε =0.02%   
 
|Vud |2+|Vus |2+|Vub |2 = 1  in the SM  (|Vub |2 ≈ 1.6 10-5) 
 



 
•  |Vud |2+|Vus |2+|Vub |2 = 0.9998(5) or 0.9999(6) from 

semileptonic and leptonic respectively 

STANDARD 
MODEL  
UNITARITY  
TRIANGLE 
 ANALYSIS 
(FLAG)   



In the isospin symmetric lattice world  
up and down have the same mass 
and the electric charge is switched off 
1) Isospin is explicitly broken by  
the up and down mass difference  
 
 
 
 
2) Electromagnetic interaction 

Isospin Symmetry Breaking

md �mu

⇤QCD
⇠ 0.01

↵ ⇠ 0.0073





Courtesy by A. Patella at Lattice 2016
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Finite volume effects depend  on the regulator of the zero 
mode, but this  is not relevant to the following discussion. 
Hadron masses are infrared finite 

Dµ⌫ [k] =
1

L4

a2Gµ⌫ [k]

4

P
µ=1,..4 sin

2
(kµa/2)

1

4

P
µ=1,..4 sin

2
(kµa/2)

= 0 when kµ = 0 or

~k = 0

**





Liu @ Lattice 2016
see also talk by A. Patella 



SM expectation 
Δms = (16.92 ± 0.99 ) ps-1 

QED Corrections  to  Hadron Masses, or  
SU(3)c × U(1)   on the Lattice   

QED  corrections to the hadron masses only require an 
ultraviolet cutoff 

1)  We need a physical condition for any renormalizable 
coupling to fix the scale i.e. to renormalize the strong 
(and the electromagnetic) coupling; 

2)  We must fix the masses of a certain number of hadrons, 
corresponding to the different flavors, to their physical 
value;  

3)  All the other hadron masses are finite and can be  
predicted 

4)  Quark masses are determined in your preferred 
renormalization scheme 

  



SM expectation 
Δms = (16.92 ± 0.99 ) ps-1 

QED (Isospin) Corrections   in  
Hadronic Processes    

After the renormalization of the SU(3)c×U(1) Lagrangian 
you still need 

1)  The renormalization of the operators mediating the 
physical process of interest (e.g. the Weak effective 
Hamiltonian). But this is not a novelty; 

2)  A complex procedure to remove the infrared cutoff 
because in general the amplitudes, contrary to the 
masses, are infrared divergent. 

A method to solve this problem is presented . This will be 
done by discussing an explicit example and will allow the 
discussion of some important theoretical subtelties 



How to solve the problem of the 
infrared divergences discussed 
through an explicit example   
 
 
 
N.Carrasco, V.Lubicz, G.M., 
C.T.Sachrajda,  S. Simula, F.Sanfillippo,  
N.Tantalo, C.Tarantino, M.Testa 
NOTE: Chiral Perturbation Theory is 
NOT Used 

⇡ ! `+ ⌫` + (�)



Leptonic decays at tree level 
Since the mass of the pion is much lower than MW we use the 
effective Hamiltonian 

He↵ = �GFp
2
V ⇤
ud(d̄�

µ(1� �5)u) (⌫̄`�µ(1� �5)`)

from which we compute 

�tree
0 (⇡+ ! `+⌫`) =

G2
F |Vud|2f2

⇡

8⇡
m⇡ m

2
`

✓
1� m2

`

m2
⇡

◆2

•  0  in Γ0  means zero photons 
•  GF  is the Fermi constant       

defined from µ decay 
•  fπ  is computed in lattice 

QCD 
νℓ

ℓ+u

d

π+



Leptonic decays at O(α) – The ultraviolet matching 
in the ``W Regularization”  
If GF  is the Fermi constant defined at O(α) from µ decay  in the 
standard (convention dependent ) way 

1

⌧µ
=

G2
Fm

5
µ

192⇡3


1� 8m2

e

m2
µ

� 
1 +

↵

2⇡

✓
25

4
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◆�

S.M.Berman, PR 112 (1958) 267; T.Kinoshita and A.Sirlin, PR 113 (1959) 1652 
then the effective Hamiltonian in the W-regularization  
is given by (Sirlin PRD 22 (80) 971) 

He↵ = �GFp
2

V ⇤
ud

✓
1 +

↵

⇡
log

MZ

MW

◆
(

¯d�µ
(1� �5

)u) (⌫̄`�µ(1� �5
)`)

matching the  (Wilson) lattice to the W-regularization.  
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W Regularization  

He↵ = �GFp
2

V ⇤
ud
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matching the  (Wilson) lattice to the W-regularization.  



Rate at O(α) 
| Vud |  

�(�E) = �0 + �1(�E)

where �(�E) =

Z �E

0
dE�

d�

dE�

contrary to the hadron masses 
at O(α) both  Γ0 and Γ1(ΔE) are  
INFRARED DIVERGENT 
although the divergence cancel in the sum 
 F. Bloch, A. Nordsieck Phys.Rev. 52 (1937) T.D. Lee, M. 
Nauenberg Phys.Rev. 133 (1964)  
and the infinite volume limit cannot be  
separately taken 



MASTER FORMULA for the rate at O(α) 

�(�E) = lim
V!1

(�0 � �pt
0 )+

lim
V!1

(�pt
0 + �1(�E))

•  the infrared divergences in Γ0 and  Γ0
pt  are  

     exactly the same and cancel in the difference 
•  Γ(ΔE) = Γ0

pt +Γ1(ΔE) is infrared finite since is a physical, 
well defined quantity F. Bloch, A. Nordsieck Phys.Rev. 52 (1937) T.D. Lee, 
M. Nauenberg Phys.Rev. 133 (1964)  

•  the infrared divergences in ΔΓ0 (L) = Γ0- Γ0
pt  and        

Γ(ΔE) = Γ0
pt +Γ1(ΔE)  cancel separately  hence  

   they can be regulated  with different infrared cutoff 
•  Γ0 and  Γ0

pt are also ultraviolet finite  
We now discuss the two terms, ΔΓ0 (L)  and Γ(ΔE) 

pt  =  
point-like & 
perturbative

CKM 

 

THE 





Leptonic decays at O(α) – Perturbative Calculation of                                    
Γ(ΔE) = Γ0

pt +Γ1(ΔE) 
 
U.V. & Infrared finite but contains log(MW) & log(ΔE) 
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We think that this is a new result; 
Γ(ΔEl) T.Kinoshita, PRL 2 (1959) 477



Leptonic decays at O(α) – Perturbative Calculation of                                    
Γ(ΔE) = Γ0

pt +Γ1(ΔE) 
 

 



Leptonic decays at O(α) – The first term of the    
Master Formula        ΔΓ(L) = Γ0

 - Γ0
pt  

•  Each of the two terms is U.V. finite but contains log(MW) 
•  Infrared divergences cancel in the difference 

at this order we 
can take the 
difference of the 
amplitudes 
 
Can be computed as 
discussed in arXiv:
1303.4896,Phys.Rev. 
D87(2013)  
NOT by including the 
electromagnetic field in 
the action  

+ disconnected



DISCONNECTED DIAGRAMS 



�pt
0

Universality of the logarithmically divergent 
term and of the 1/L correction 
(Tantalo at Lattice 2016, to appear)

�

pt
0 (L) = C0(r`) + ˜C0(r`)Log [mPL] +

C1(r`)

mPL
+ . . .

Depends  on  the  ir 
regularization.  The 
r e g u l a r i z a t i o n 
dependent part does not 
depend on the  internal 
structure of the hadron

Does NOT depend on the ir 
regularization  or  on  the 
internal  structure  of  the 
hadron

Thus ΔΓ(L) = Γ0
 - Γ0

pt   = Infrared finite,  
independent of the regularization up to O(1/L2)



ΔΓ(L) = Γ0
 - Γ0

pt  

+ disconnected



Courtesy of Silvano Simula Lattice 2016













updated with respect to Lattice 2016 





To conclude  

•  We have presented a method to compute QED corrections to 
hadronic processes; 

•  For these quantities the presence of infrared divergences in the 
intermediate stages of the calculation make the procedure much 
more complicated  than in the case of the hadronic spectrum;  

•  In order to obtain the physical answer virtual corrections and real 
photon emissions must be combined together;  

•  It is not sufficient to add the electromagnetic interaction to the 
quark action,  because separate explicit real and virtual emission 
diagrams must be evaluated for any given process;     

•  We have discussed a specific case, namely the radiative corrections 
to the leptonic decay of charged pseudoscalar mesons. The method 
can e however be extended to many other cases like for example 
to semileptonic decays.  



To conclude  
•  The condition for the applicability  of our strategy is that there is a 

mass gap between the decaying particle and the intermediate states 
generated by the emission of the photon, and that none of these 
states is  lighter than the initial hadron.  

•  In the calculation of electromagnetic corrections a general issue is 
finite size effects. In this respect our method reduces to compute 
infrared finite, gauge invariant quantities for which we do expect 
finite size corrections which are comparable to those 
encountered for the spectrum. This expectation will be checked 
in forthcoming numerical studies.  

•  The implementation of our method, although challenging, is within 
reach of the present lattice technology.  The accuracy necessary 
to make the results phenomenologically interesting is not 
exceedingly high since the effect that we want to predict is, in 
general, of the order of a few percent. 
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