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Outline 
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Neutral Kaons at order αEM 

• Tests of standard-model CP violation 

will need higher precision. 

• Indirect CP violation (ε ) 

– Can be computed at the percent level 

– Larger, parametric uncertainty in Vcb will 

be reduced by Belle II     

• Direct CP violation (ε ′) 
–  ∆ I = 1/2 rule, A2/A0 = 1/22, suggests A2 

may acquire EM corrections ~ 22 αEM 

– Similar effect on ε ′ : 
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K0 – K0 mixing + E&M 

• The usual theoretical framework is 

consistent with E&M and mu ≠ md 

• Usual Wigner-Weiskopf treatment is 

quite general: 
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K0 – K0 mixing at order αEM  

• Add electroweak corrections to standard 

Inami-Lim calculation. 

• Both short- (perturbative) and long-distance 

(non-perturbative) are needed. 

• Infra-red divergence cancels when long-

distance lattice photon is included.  

(6) 

• Possibly interesting 

project after the ~5% 

long-distance effects 

have been computed. 
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K 
0  π π  with E&M 

• Many challenges 

– Without isospin π π system becomes a general           
2-channel problem 

– Infrared problems (use Lubicz et al. [arXiv:1611.08497] ?) 

– 3-particle lattice states:    |π π γ > 

• Earlier continuum treatment: Cirgliano, et al. 

[arXiv:hep-ph/008290] – try to improve using lattice 

methods 
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K 
0  π π  – Lattice strategy 

• Exploit perturbation theory in αEM 

• Identify three independent components 

1)  π + π −  Coulomb force  – discussed here 

2) transverse radiation     – not yet considered 

3) mπ + − mπ 0                 – easy, I=0 and 2 are not mixed 

• Distinguish 1) and 2) by using Coulomb gauge: 
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K 
0  π π  – Lattice strategy 

• Address 3) by using mq = mq
(0) + mq

(1) for q=u,d 

– mq
(0)  removes E&M mass shift: mπ + (mq

(0))= mπ0(mq
(0)) 

– mq
(1)  restores physical masses:  

         mπ +/0 (mq
(0) + mq

(1)) = 139.6/135.0 MeV 

• Focus in this talk on only the Coulomb force. 
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K 
0  π π  decay without E&M 

• Define:  

• T-invariance: 

 

• Requires AI to be real. 

• CPT implies: 

 

• Giving a CP violating matrix element: 

 

 

• Gives   
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K 
0  π π  decay with E&M 

• Now the S matrix is not diagonalized by 

isospin eigenstates: 

 

• Diagonalize                 ,     , use T to choose Ω 

orthogonal and define:  

 

 

     with 
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K 
0  π π  decay with E&M 

• Use these new out states to represent the 

Watson theorem: 

 

     CP conservation implies As
γ is real 

• For physical out states: 

 

 

• Which in turn determines ε ′: 

 

 

• Determine As
γ in δs

γ and Ωcs using lattice QCD 
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Finite quantization + Coulomb I 
• Following Luscher introduce Helmholtz equation 

 

• Use finite volume Fourier modes for VL(r  ) 

 

 

• Assume L sufficiently large that there exists RC 

obeying:  

        RQCD < RC << L   and   VL(r ) ≈ 1/|r |  |r |= RC  

• At RC equate the strong + Coulomb solution with 

the s-wave component of GC 

• Determine GC(r ) to first order in αEM 
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Finite quantization + Coulomb I 
• Finite volume energy is determined by matching 

the strong + Coulomb and the Helmholtz solutions: 

 

• Following Luscher this can be done by comparing 

the left and right sides as |r |  0 

• Result is φC(E) + δ0(E) = nπ  with η = e2/v and  

 

 

 

    (See also Bean and Savage arXiv:1407.4846) 

• However, VL introduces large (1/L)n corrections 
(14) 
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Finite quantization + Coulomb II 

(15) 

′ 

• A better approach: 

– Use 

– Choose RT > Rstrong and RT < L/2 

• Usual single- and double-channel finite-volume 

quantization can be employed. 

• Resulting “truncated” phase shift determines the 

physical Coulomb scatter phase analytically, 

including –η ln(2kr) or − η ln (2k/µ) term. 

• Correction is not needed for η+ − , η00  or ε : 



Lat17  6/21/2017 

Lattice calculation 

(16) 

• Add explicit, 1st-order Coulomb interaction: 

 

 

 

 

 

 

•  ∆Es determines the shift in the phase shift δ s, s = 0, 2 

•  ∆ NII are O(αEM) corrections giving the new S matrix 

eigenstates allowing us to compute                                        

x                               s=0, 2 and ε ′ 

γ 

t 
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Conclusion 

(17) 

• Many important issues not yet understood. 

• Determine if a lattice treatment of the 

transverse photons is possible. 

• If “yes”, then a lattice calculation of the 

Coulomb corrections might be developed 

over the next three years. 
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