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What an exciting history!

• Theta – tau puzzle…………Nature does care about L vs R

• … the Nobel goes to Kids!   
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ΔmK : a powerful constraint on BSM
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Delta I=1/2 rule/ puzzle:    a challenge for 
generations

• Ks

• K+
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BSM-CP: Theoretical motivation
• To the extent that  SM is not a complete theory, BSM-CP 

phase(s) are exceedingly  likely to exist
• Adding fermions, scalars or gauge bosons as a rule entails new 

phase(s)
• Explicit examples: 4G SM:  + 2; LRS : at least +  1; 2HDM : 

neutral scalar sector
as well as charged sector can have new phases; SUSY or WEXD 
[see e.g Agashe, Perez & AS, PRD ’04; c also Neubert et al’08; 
Buras et al ‘08] : tens of new O(1) CP-odd phases arise naturally

• SM cannot account for baryogenesis…..CKM CP not enough
• Due to all of the above (and some more), searching for BSM  

CP-phase(s) is just about the most powerful way to look for 
NP…..an early realization & a driving force for past few decades 
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Use lattice to calculate 6 quantities:
ReA0, ReA2 known from expt; δ0,δ2 via 

ChPT etc..So very good checks;
ImA. ImA2 unknown
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With C. Bernard
[UCLA]

Serves as a template for the need of 
Lattice calculations for more economical 

use of almost all experimental data
From IF
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A key point to emphasize is that overcoming 
each major obstacle led to significant 

application to phenomenology and/or lattice
[necessity is the parent of…….]
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EXTREMELY valuable inputs from countless:
• Fred Gilman and Mark Wise

• Andrzej Buras et al

• Guido Martinelli et al

• Yigal Shamir

• Laurent Lellouch + Martin Luscher
• ……
• ……..
• ……..
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Basic calculational framework
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Δ S=1 HW
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ODE to YESTERYEARS!
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Looks great; but looks 
can be deceiving…

In fact at level of O(2σ)
tension(s) exist

O(10-15%) new 
physics is possible

and is HUGE!

Use exptal data + lattice WME to test SM & search for new physics
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A monumental 
experimental achievement!
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Results for
ε'

Using Re(A ) and Re(A ) from
experiment
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Bearing in mind the largish errors in this first calculation, we 
interpret that our result  are  consistent with experiment at 

~2σ level 
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RBC-UKQCD PRL’15
EDITOR’S CHOICE

LARGE 
CANCELLATION!!

Computed ReA2 excellent agreement 
with expt

Computed ReA0 good agreement with 
expt

Offered an “explanation” of  the Delta I=1/2 
enhancement
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A possible difficulty: strong phases

• The continuum and our lattice determinations of 
strong phase

difference differs at the ~2σ level:

•
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Unravelling the ΔI=1/2 rule

5/5/2020 Pheno 2020 V: soni-BNL-HET 34



Dissecting (the much easier) ΔI=3/2 [I=2 ππ] Amp on the 
lattice: 2 contributing topologies only
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Simplest basic step is
Significantly  different

from 
phenomenological

Expectations!
12/20/2017
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RBC-UKQCD PRL 2012: Unravelling the origin of the textbook Delta I=1/2 Puzzle:
Unnatural(“accidental”) suppression of ReA2 at m_pi ~140 MeV

UNLIKE WHAT TEXT BOOKS SAY, INFACT NAÏVE 
FACTORIZATION FAILS IN I=2 K=> 2 pi decays
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Net effect in A2

•This large cancellation between N2 and N  
[N=3,for QCD] leads to a reduction in ReA2 
compared to “naïve expectations” by a factor of 
about  4 to 5     in the original effect of around 
22.5

•Then there is a factor of 2 to 3 from renorm…=> 
bringing the total to [8 to 15] of the needed 22.5

•Still needed is factor of ~ [  1.5  to  2.8] …can of 
course come from ReA0 over “naïve expectations”
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More on A0
• Another important fact about Re A0 is that at a scale of ~1.3 GeV or more,
the contribution from penguin operators, Q3,Q4,Q5,Q6,is negligibly small.
• Indeed, ~85% of ReA0 originates at these scales from Q2 which is just the 

original
• Weak interaction 4-q operator: [s-bar gamma_muL u]X[d-bar gamma_uL u],
which originates from integrating out the W-boson.
• The essential moral is that if you take the original weak interaction 4q operraor
and non-pertubatively compute its matrix element between K to pi pi in the I=0 
channel then it accounts for most (~85%) of Re A0…..
• Lastly, but equally importantly, it should be stressed that the SVZ-penguin 

operator Q6 is in fact the dominant contributor to Im A0. 
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Im A0 & ε’
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IB+EM effects…..not yet from 
lattice
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Summary + Outlook                1 of 2 pages
• After decades of effort, overcoming major hurdles, using DWQ with essentially 

continuum-like fermions along with improved renormalization methodology, 
cutting edge statistical analysis and algorithmic advances RBC-UKQCD is 
presenting an updated result on SM-eps’ ~   21.7(26)(62)(50)X10-4

which is in good agreement with the measured value 16.6(2.3)X10-4        

• Bearing in mind that this is an extremely treacherous calculation loaded with 
numerous avenues of errors and oversights, an independent calculation has 
been in process for about ~3 years within RBC-UKQCD. This effort is led by Tom 
Blum with (g.s.) Dan Hoying U Conn-BNL, Taku Izubuchi et al. This path uses PBC 
unlike the currently finished result which used GPBC…we hope to have 1st

results from PBC in ~ 2 years.
• Also GPBC effort will be continued at other lattice spacing(s)
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Summary + Outlook          

• Lattice efforts to incorporate IB + EM effects are being studied but have 
some ways to go before they can tackle K=> pi pi and eps’

• With physical pions, kaons and such first glance at lattice ChPT is quite 
encouraging, see RBC-UKQCD, David Murphy et al 2015 and DM, PhD 
thesis, Columbia Univ

• This begs the question  that much simpler path could now be used via 
BDSPW [LO ChPT] and/or L+S [NLOChPT] to address eps’…This could be 
tens of times simpler though at some cost in accuracy……….all this needs 
to be studied…Mattia Bruno, Christoph Lehner + AS et al

• Hope to have an improved result on eps’ with O(15%) errors in ~2 years
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EXTRAS
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1. Expect Delta mK with total error < ~ 25%  in < 1 yr
2. 2. Calculation with next gen. supercomputer being started now , expect improved

answer with error  ~15-20% in ~1-2 years. [contrast with pert theory @~40%] 

See update by 
Bigeng Wang @

Lattice 2018
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Remarks
• In the past ~6 years, RBC-UKQCD developed methods for 

extended applications of Lellouch-Lusher method to 2 
insertions of the weak operator for tackling non-local matrix 
elements [NLME]

• ALL loop suppressed transitions in the SM receive some
non-perturbative [``brown-muck’’] contributions

• ΔmK extremely sensitive to BSM ‘cause as a rule they contain 
[unlike SM] non-(V-A)2 ; see Beall, Bander, AS PRL’82 => 1st

target of our effort for NLME has been therefore ΔmK
• Pert. Theory @ NNLO [see Brod + Gorbahn, PRL 2012] 

estimates ~40% LD contamination; not reliable as NLO 
estimates [ Herrlich + Nierste] were about the same…may 
well be indicating poor convergence of pert. Theory.
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Non-local ME [1st ex. Kl-Ks mass 
diff]
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Mass depends  of ReA2, A0

Due to the cancellation,  3/2 amplitude decreases  
significantly as the

pion mass is lowered  towards its physical value
12/20/2017


