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Outline

Motivation: It is exceedingly important to
determine UTs as precisely as possible....

Progress in lattice eps’
KUT
B UT: esp gamma

Summary



Main point for lattice eps’ effort

Calculational framework for K=> pi pi & eps’
Obstacles aglore and major break-throughs

Lattice ir f m Y e‘venf finit vanishing lattice spacing! :
cﬂ % X\- rg?\(ym My %f -?'IRS' de‘- lujglﬁ

Dlrect K=> pi pi w/o ChPT using fini vo{cor tion fu ctlons
Non-perurbative renormalization m j“ ﬂ oo o- MPR
1%t [prot-type] demonstratmn...."'ZOlSG 74 L g T
Difficulty therein : strong 1=0 pi pi phase mll-g

1t complete result with GPBC, 2020 l’go ’ Mm ﬂnK\ Tom’f\

2"d independent method developed, 2023
Lattice applications to Kaon UT
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Recapitulate: Many fascinating aspects of kaons=>
led to several profoundly important discoveries in
Particle Physics
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Use lattice to calculate 6 quantities:
ReAO, ReA2 known from expt; 60,62 via

W\
ChPT etc..So very good checks; . k
ImA. ImA2 unknown ﬁd.‘ﬁu

= B Po/ReRo /

AVONS g = 228011 x 107

S i
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A.S. in Proceedings of Lattice ‘85 (FSU)..1* Lattice meeting
ever attended

The matrix elements of some penguin operators control fn the
standard model another CP violation parameter, namely e'!E.G‘B)
el
[ndeed efforts are now undervay for an improved measurement of this

{mportant paramter.m In the absence of a reliable calculation for |
these parameters, the experinental measurements, often achieved at
e e ——— s e et ————_

tremendous effort, cannot be uged effectively for constraining the J

tMy. [t 18 therefore clearly {mportant to see hov far one can go

with iC techniques {n alleviating this old but very difficult




A monumental
. experimental achievement!
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QCD with domain wall quarks * . JAV
| 5T SieonulVon
Y T. Blum* and A. Soni’ .
Department of Physics, Brooknaven National Laboratory, Upton, New York 11973
/f wo f Physics, Brookh | Labo ¢ (,)[h

(Recerved 27 November 1996)
Q\) vPﬁ" p We present lattice calculations in QCD using Shamir’s variant of Kaplan fermions which retain the con-
}[ tinuum SU(N) 1 XSU(N)p chiral symmetry on the lattice i the it of an infinite e\na dimension. In pa- 7
N 'b LSﬁ ticular, we show that the pion mass and the four quark matrix element related to Ko -K; mixing have the
expected behavior n the chiral limit, even on lattices with modest extent in the extra dimension, e.g.
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Weak Transition Matrix Elements
from Finite-Volume Correlation Functions*®

= R 21 Ak Rkt T2 T akk
Laurent Lellouch ™", Martin Luscher~

I' LAPTH, Chemin de Bellevue, B.P. 1 10, 74941 Annecy-Le-Vieux Cedex, France
2 CERN, Theory Division, 1211 Geneva 23, Switzerland

Received: 29 March 2000 / Accepted: 10 April 2000

Dedicated to the memory of Harry Lehmann

Abstract: The two-body decay rate of a weakly decaying particle (such as the kaon)
is shown to be proportional to the square of a well-defined transition matrix element
in finite volume. Contrary to the physical amplitude, the latter can be extracted from
finife-volume correlation functions in euclidean space without analytic continuation.
The K — nm transitions and other non-leptonic decays thus become accessible to
established numerical techniques in lattice QCD.
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Relating lattice ME to physical amplitudes

2 0 7 ATy
Ay = FX \/’fV Vs ;; [(zz + 'ry,,(u))Z}jHMSMjg/% lat]

F is the Lellouch-Luscher factor which relates finite volume ME to the infinite volume

1= Lo, zj\/mz?“ﬁiff A /m ¢ (Uil

mq \ dq
- @ is a somewhat complicated
Ov - ‘DL \ L“j o 5 é‘w& function of g and boundary
T £ Conditions [See Daigian Zhang
3.(\ ‘ thesis]
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Ensemble  USED Jn Ap

+ 32%64 Mobius DWF ensemble with IDSDR gauge action at =1.75. Coarse lattice
spacing (a"'=1.378(7)GeV) but large, (4.6 fm)*box.

Ny
+ UsingMobius params (b+cj=32/12and L =12 obtain same explicitySB as
the . =32 Shamir DWF +IDSDR ens. used for AI=3/2 but at reduced cost. an\d 5— 00| %

» Utilized USQCD 512-node BG/Q machineat BNL, the DOE “Mira” BG/Q o 4 ’ol'g
machmes at ANL and the STFC BG/Q “DiRAC” machines at Edinburgh, UK.

+ Performed 2]6 independent measurements (4 MDTU sep.).

+ Cost1s ~1 BG/Q rack-day per complete measurement
(4 configs generated + 1 set of contractions).

+ G-parity BCs 1 3 spatial directions results in close matching of kaon and
T energies:

N&ﬁ,g m=490.6(2.4) MeV e
P H lu\l" ‘ E_(1=0)= 498(11) MeV
w v E ()= 5T302.9) MeV
\\ Q,ﬂ“\ E=0746(14)MeV  (m = 143.1(2.0) MeV) /\/‘

12/20/2017 IMSC; HET-BNL;soni
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(d.¢) (<1077 GeV) (p*,7) (x1077 GeV)

(¢.4) (<10 M GeV) (", 7*) (x107 ' GeV)

9

10

0.383(77)
2.89(30)
0.0081(58)
0.081(23)
0.0380(68)
—0.410(28)
0.001863(56)
—0.00726(14)
—8.7(1.5) x 1075

2.37(38) x 1074

0.335(64)
2.81(28)
0.0050(42)
0.088(17)
0.0339(53)
—0.398(27)
0.001900(56)
—0.00708(13)
—8.5(1.4) x 1073

2.13(32) x 1074

0

()

0.20(14)
1.24(35)
0.552(99)
—8.78(60)

0.02491(75)
—0.2111(40)
—0.133(22

—0.0304(49)

0

0

0.12(10)
1.34(27)
0.492(77)
—8.54(57) ‘b
0.02540(75)
—0.2060(39)
—0.128(21)

—0.0273(41)

Total

2.99(32)

[

.86(31)

—7.15(66)

—6.93(64)

TABLE XVIII: The contributions of each of the ten four-quark operators to Re(Ag) and Im(Ag)

e ]

for the two different RIESMOM, intermediate schemes. The scheme and units are listed in the

column headers. The errors are statistical, only.

Chais ky el L PRO 2000



Errorsource | Value _g?‘j 5 TQ(W& 14 AN U\ﬂ

Excited state .
Unphysical kinematics | 5% % 0( Error source Value
Finite lattice spacing | 12% } v Re( AO) ]m( AO)
Lellouch-Liischer factor | 1.3%

Matrix elements |13.7% [ 15.7%

Finite-volume corrections| 7%

Missing Gy operator | 3% U/ Parametric errors | 0.3% | 6% &

Renormalization | 4% ¢ . - ._ _
Wilson coefficients| 12% | 12% \
Total 15.7% N aa aJ D l
' Total 19.8% | 20.7% '

TABLE XXV: Relative systematic errors on the infinite-volume matrix elements of

MS-renomalized fourquark operators (' TABLE XXVI: Relative systematic errors on Re(Ag and m(A).

LHCb Implications 2023; BNL-HET-soni 16



EXPr

Value

Quantity
331 x5 G KW
Im(Ap)
Re(Ag)/Re(Ay)
D-o0(66 Re(e'/e)

2.99(0.32)(0.59)x 1077 GeV

-6.98(0.62)(1.44)x 10~ GeV J, 0}

19.9(23)(4.4) M
0.00217(26)(62)(50) \/ SIA bﬂﬂ/

TABLE I: A summary of the primary results of this work. The values in parentheses glve da @w

statistical and systematic errors, respectively. For the last entry the systematic error associated

with electromagnetism and isospin breaking is listed separately as a third error contribution.

I3 fe@ja,,(. G C\ﬂ\(eL,mt\mf/ta(, JHEf 2020

LHCb Implications 2023; BNL-HET-soni 17



AM, / AM
* -|Vcbci
sin 23
|Vuchb|

FIG. 12: The horizontal-band constraint on the CKM matrix unitarity triangle in the p — 1) plane

obtained from our calculation of €', along with constraints obtained from other inputs [6, 70, 71].

The error bands represent the statistical and systematic errors combined in quadrature. Note that
the band labeled &’ is historically (e.g. in Ref. [72]) labeled as &’ /e, where ¢ is taken from

experiment.
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Motivations for independent calculation of eps’ with PBC

For the first time RBC-UKQCD calculated eps’ from 1% principles with a modest
accuracy of ¥35%. Because of naturalness reasoning, continuing to search for a
BSM-CP odd phase with eps’ is important and therefore continuing to calculate
eps’ with better accuracy is highly desirable.

With GPBC configs have to be specially created making it very expensive to use
multiple lattice spacings for taking a continuum limit.

With PBC no need for special configs and in fact two different lattice spacings
with ~physical pions already exist, so taking the continuum limit seems a lot
more viable

Given the importance of the result on eps’ and the complexity of the calculation,
an independent calculation of K=> 2 pion and epsilon’ with possibly using PBC
seems highly desirable

With GPBC a lattice calculation of corrections on eps’ due to EM+isospin appears
very difficult, with PBC this may be less problematic

Driving force behind current RBC/UKQCD-PBC effort is
Masaaki Tomii



a? [GeV-]

Ensembles already generated for periodic BC

» 243 x 64, a1 =1.0 GeV: measurements w 258 confs done — soon 440 confs
» 323 x 64, a' = 1.4 GeV: measurements w 107 confs done — ~250 confs in a year
» 483 x96,a!l=1.7 GeV & 643 x 128, a' = 2.4 GeV: future work

LHCb Implications 2023; BNL-HET-soni 20



KAON2022 Masaaki Tomii (UConn)

Precision performance ..

sv’/

328 G-parity BC
(previous work)

323 Periodic BC

—
243 Periodi (w/o AMA correction)

# of configurations 741

Al = 1/2 ME via Qolat 10% 14% 14%
(1)
EITor Yo Al = 1/2 ME via Qo 6.5% 8.9% 11%
(statistical) |
Re Ao 11% 13% 14%
\ /
Preliminary

Good precision performance of PBC (ME with excited-state i)
compared to G-parity BC calculation (ME with ground-state rr)

LHCb Implications 2023; BNL-HET-soni
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o J -2300l % 1}) cymonry 254 ¢-c Msgeay T eTal

Quantity This work Experiment
(\,’ § Re(A») 1.74(15)(48) x 1078 GeV ~ 1.479(4) x 1078 GeV
Im(As) —5.91(13)(1.75) x 10713 GeV
Re(Ap) 3.13(69)(95) x 1077 GeV  3.3201(18) x 10~7 GeV
Tua{Aq) —9.3(1.5)(2.8) x 10-!! GeV RPLORKTOS |
Re(Ag)/Re(As) 18.0(4.4)(7.4) 22.45(6)
w = Re(A2)/Re(Ay) 0.056(14)(23) 0.04454(12)
Re(g'/e) 31.8(6.3)(11.8)(5.0) x 104 16.6(2.3) x 10~*

TABLE I. A summary of the primary results of this work shown in the middle column. The
values in parentheses give the statistical and systematic errors, respectively. For the last entry the
systematic error associated with electromagnetic and isospin breaking effects is listed separately as
the third error, which we inherit from the estimation in Ref. [2] based on the large- N, expansion
of QCD and ChPT [49]. The corresponding experimental values are shown in the right column if

applicable.

LHCb Implications 2023; BNL-HET-soni 22



the next year or two...That
of the major source

| - So M 2R S ThE P /07
Key points (so far) on our PBC effort

Demonstrated that wit @P matrix elements of
ground and 1%t two excited states can be extracted quite
well

Good quality of signals with PBC obtained rather
efficiently

On our way to get results from 2 lattice spacings

Optimistic that we can get epsilon’ in the cositinuum
limit (for the iso-symmetric) case in

appreciably reduce one
stematic errors.

 PBC and othermethods being studied to deal with

EM+IB

L0 Stamy phe i) aQac Ly kone
:—f%,e/)f\ Nowmgp AL }07%’0(23



Power of the lattice: Only method to systematically reduce the NP error!

——————————— Historical example: By
W gpram - Average LV 20T IN=241T7 ]

[ 0.74£0025 b Average LS 2010 (Np=2+1)

[ 0.72420.045 i SBW 2010 (Np=241) ]

[ 0.749:0026 - RBC-UKQCD 2010 (Np=2+1)]
sol0L 072420084 —— ALV 2009 (N=2+1) ]
patcsil 0,./3:004 - ETMC 2009 (Np=2

B 0.738£0.035 —8— JLQCD 2008 (Np=2

£ 0.782+0.07 e CP-PACS 2008 (Ng=0 ]

B 0.72+0.039 e RBC-UKQCD 2007 (Np=2+1) |
2005 - 0.83+0.18 t———+—— HPQCD 2006 (Nr=2+1)

- 0.699+0.025 b RBC 2004 (Nz=2)

0.87+0.061 e Becirevic 2003 (Np=0
i 0.73+0.015 .l RBC 2001 (Nz=0.Q?
2000 F 0.789+0.027 e CP-PACS 2001 (Ne=0.Q7)
g
- 08630058 —— JLQCD 1997 (Nz=0) -

T 0862007 —a—i Blum-Som 1997 (Ne=0) 4 First DWF
1995 - .
1990~ 0862012 ———  Bemard- Som 1990 (Np=0)

| 0.96+0,05 —+—  Kileupetal 1990 (V=2 ]

L 0.75+0.15 Bardeen at el 1987 (/N -

- Bemard et al. 1985 (Np=0)

1985 1+ # Exbrbboreta1985 l_"'r‘ir—ﬂ.

- Gavela etal 1985 (Np=0)

- 03 Donoghne et al 1983 (SU(3

s & PCAC), No emor estumate 4
IQED I 1 1 I | I 1 L L | 1 L 1L L | I |

0.0 05 1.0 1.5
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K-UT

LHCb Implications 2023; BNL-HET-soni
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Blucher, Winstein and

* Click to add t N Construction of a
b () Kaon UT

Kt > ntup

LTeBERG AL —HEFVD mmmmﬁmﬁf

PR3 v 9 . PL® 50
0

s G i

Also constrain KL=>pi0 nu nu via KO=>pi0 mu+mu- (c AS in Lat23)

LHCb Implications 2023; BNL-HET-soni 26



: olao AS 17
KO=>pi0 mu+ mu-’”i*‘w;mﬁ

LHCb: Ks
JPARC:KL

Pheno: Isidori et al...;D’Ambrosio et al;Schact +
AS (WIP)

Lattice: RBC+UKQCD many papers on
closely related rare K-decays /7 I9)0-|0¢C (77

| l%b(a |\§/)_o
l’?u\, QXII)’E

|
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CECCUCCI Rew.

_ af  Wel oy pe
BK* — ntvi) = (8.39+0.30) x 107! AN
R SR = ) [40.7x10‘3] [73.2"]

In the above formula, the explicit numerical uncertainty is the theoretical one originating from
QCD and electroweak uncertainties, which amounts to 3.6%. Taking the latest values (28) for
Vislag = (41.0 £ 1.4) x 107 and y = (72.1731)’, one finds the following:

B(K+ —> J’T-l_l)f?)gm ={8.3 2 1.0) x 10,

The predictions are currently dominated by the parametric uncertainty that will plausibly be re-
duced by new measurements of | V| and y by LHCb and Belle I1.
cannot be detected. A long series of decay-at-rest searches for K* — 7 v have culminated with
the final results of the BNL E787/E949 experiments, which found the following (50):

B(K+ — JT+U1_J)E737/E949 = (1731-15:) X 10_“.

From these analyses, the best upper limit, at 90% confidence level (CL), has been obtained:
B(K" — st vi)Nnas2016-2017) < 17.8 x 10711,
The 2016-2017 data also allow one to set a 68% CL mean value for the branching ratio:

+ +.,0 o +7.2 —11
B(K"™ — =& UU)NAéz(zam—zm?) = (4-8_4_3) x B
LHCb Implications 2023; BNL-HET-soni 30



CECCUCCI Rew.

104 5
Y| Camerini
105 F
. - Klems
107 F ¥ Cable v Experimental upper limit
F . at 90% confidence level
" W Wisano ¢  Experimental measurement
T a - ¥ E787 ] Theoretical prediction
:% 10 -' v
@ - v
107 ¢ . E787+E949  NA62 EN1
10710 ’“L t
ol . . .1, B I P P A f ’ ’
1960 1970 1980 1990 2000 2010 2020

Year of publication ) ] 'f"‘ Naﬁﬂ ‘

Figure 4 g‘ﬂ Paﬁs " 3!
Timeline of theoretical predictions and experimental results for K™ — 7t vi (10, 51, 57-64). Figure adapted with permissich from

Reference 58; copyright 2020 CERN for the benefit of the NA62 Collaboration. ' p ' tﬁ

the NA62 Collaboration reported the following:

B(K+ - 3’T+V17)NA62(2016-2018) = (11-0f§j(5)sm = O-3syst) X 10_11,

LHCb Implications 2023; BNL-HET-soni 31
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CECCUCCI Rew.

3.88 x 10— 40.7 x 10-3 sin73.2°

which, taking the latest values (28) for |V |ag = (41.0 £ 1.4) x 1077, [Viplave = (3.82 £ 0.24) x
107, and y = (72.1771)", leads to the following numerical prediction:

B(K? — n’vi) = (3.24+0.6) x 1071,

2 e :
B(K? — 7°%7) = (3.36 £ 0.05) x 10—11[ Vs :| [ V] } [ sin y ] |

While the experimental situation for K* — 7+ v shows that we have two independent experi-
mental techniques that can reach SM sensitivities, with the NA62 experiment on the way to mak-
ing a precise measurement, the situation for the neutral mode is more complex. Progress has
been hampered by the lack of a clean experimental signature because no redundancy is available
once the 7° mass is used as a constraint to reconstruct the decay vertex. The KOTO experiment at
J-PARC builds on the experience of the predecessor experiment E391a (67), which was performed
at KEK. It is based on the technique of letting a well-collimated “pencil” beam enter the decay
region surrounded by high-performance photon vetoes. By vetoing extra photons and applying a
transverse momentum cut (150 MeV/c) to eliminate residual A — nx? decays, KOTO is expected
to reach SM sensitivities by the mid-2020s. The KOTO experiment has published the best upper
limit (68):

B(KLO — JTOUL_?)K()T() < 30)x 10_9 (90% CL)

N oo d’ 2 oy o¥ masmrl’w'f/ 90

LHCb Implications 2023; BNL-HET-soni 33
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Dalitz analysis: Giri,Grossman, Soffer & Zupan
PRD ‘03; Atwood, Dunietz + AS, PRD’01

* Both emphasize model independent (diff 3‘;{. ]

approaches) analysis . <1~ k’iﬁ.
. . 0 .

via the Dalitz plot W=7, '}Q—f —

* Following the then existing experimental data from F
637 CO_I la It should be realized that three body states K™ p~, K Spol
analysis Uland K**7~ can all lead to the common final state

though it d¢K;m 7. If one examines the distribution in phase space,

1.Briefly ADS uses local regions of DP to look for minimum values of gamma; followed by searches
globally

2. The crucial point is that it then uses A+S method of “optimized observables” (PRD92) and
demonstrates that
solution to gamma thus obtained are just as good as the optimal construction gives

LHCb Implications 2023; BNL-HET-soni 37



Optimised observables (Atwood+AS, PRD 45,'92); see esp
sec Il

Yor W Sjimy Cp A # ddonit

»
expand the total gfterential cross section in terms of A we

have ..
Construction is

3 = 20+ 7&21 . (6) used extensively

these days in

ML applications

% Tw s'm‘;lb ‘mo& s
5“«\ ‘™ S ppepen
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38



The ultimate theoretical error on v from B —- DK

decays A s~dlo

r%BfW”L A Wha?ot% SR

74214))114

[ He S - M

b ukuo'(/‘lr“ Q
eV

Joachim Brod and Jure Zupan

Department of Physics, University of Clpcinnati,

Cincinnati, Ohio 45221,U.5.A.

E-mail: brodjm@ucmail .uc.edu, zupan)e@ucmail.uc.edu

ABSTRACT: The angle v of the standard CKM unitarity triangle can be determined from
B — DK decays with a very small irreducible theoretical error, which is only due to second-
order electroweak corrections. We study these contributions and estimate that their impact

on the v determination is to introduce a shift |§4t < O(1077), well below any present or

N,

planned future experiment.
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Summay + Outlook ., ;230

(AdM& w 26771
After decades of development and effort, using DWQ, and GPBC in 2020
completed the 15t calculation of eps’ with a modest accuraty of 35% at a ToM |
single lattice spacing™~1.38 GeV; resulting eps’ is compatjble with experimerit T
within 1 sigma '
We are well on our way to get eps’ along scattering phases again), in a
completely independent set up using PBC. Driving force Tor this effort is
MASAAKI TOMII. With this method we are hopeful to get eps’ for the 15t
time in the continuum limit

Showed how using eps’ + eps + Br (K+ => pi+ nu nu) can construct the K-UT

Also T(O=>pi0\mu+ mu- input from LHCb, JPARC, pheno and lattice should
provide important constraints for the gold plated KL=>pi0 nu nu mode
being pursued by the KOTO expt @ JPARC

UT gamma: DO Dalitz decays with 1 pi0 in FS ....Belle-ll, LHCb
UT gamma: ADS PRD method should also be used

It is exceedingly important to determine/constrain UTs as precisely as
possible as it is highly unlikely to be just a triangle
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N W(.L aesulh ol e Resultsfor w (
ceded Wfie higre~ € b W?
S ,l. Jjgr A0 sing Re(A ) and Re(A ) from and/our lattic value for gc

) FER AR (A andthephas shifts ¢ vaf?
(4

[ ,) :
ll:”fv‘ / e’ iwel®27%) [TmAy,  ImA,
) v o

3 V2% |ReA; Red,
RBC-UKQCD PRL'15
EDITOR’S CHOICE

= 1.38(5.15)(4.43) x 1074, 2 §4e Covf:
16.6(2.3) x 10~ * “b
Bearing in mind the largish errors in this first calculation, we
interpret that our result are consistent with experiment at
~20 level

Computed ReAO good agreement with
expt

Offered an “explanation” of the Delta I1=1/2

enhancement
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Emorsource | Value gjs ‘{’Qmﬁ& € /V\ J\f)

Excited state

Unphysical kinematics | 3% & q
Finite lattice spacing | 12% } v Re( m lm( 4
Lellouch-Liischer factor | 1.3%

Matrix elements | 15.7% | 15.7%

Error source Value

Finite-volume corrections| 7%
Missing G operator | 3% \/ Parametric errors | 0% | 6% &

1791 (1 ¢ y i ¥ -
Renomalization | 4 N D- J Wilson coefficients| 12% | 12% \
Total 15.7% aa‘ a l

: Total 19.8% 1 20.7%

[ABLE XXV: Relative systematic errors on the infinite-volume matrix elements of

M enomalized four-quak operators 0 TABLE XXV Relative systematic errors on Re(Ap) and Im(A).
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pissecting (the much easier) 81=3/Z2 [1=2
ntie] Amp on the lattice: 2 contributing
topologies only

Ny~ ul
-
T (v)

: O &
: i 25 o AR
Slmzt::tiasm - uﬁhm D+@ ~o- DRAM&TIL
Significantly  ESLS Hﬁ%@@@ - CH/V[E/»MTIDA/Z
different [ 50 (e 0 1O NN
from 10 . %m% 00, m“d‘ b v\ )
phenomenologi 0.5 @%Mmm%mmig J
cal 0.0 L— "
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FIG. 3: Contractions (1), -2) and (1) + (2) as functions of
t from the simulation at threshold with m. ~ 330 MeV

and A = 20.
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RA\

Why EWK cannot be neglected ; 3&4_@“

* Despite Qe pyy << Ogp  » EWK contributions are extremely
important and CANNOT be neglected:

* EWK are (8,8) and QCD are (8,1), and (8,8) go to constant whereas
(8,1) vanish in the chiral limit

* EWK, i.e. those due Z exch have Wilson coeff that go as mt? /mW?

BlP S5 AP

 In € they enter as FIHAZ hnAﬂ

ReA, ReA, ﬂ
2

16
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ICHEP2014: Similar results
from UTFIT (D. Derkach) as
well from G. Eigen et al.

Current O(few%) tests are far away

from O(0.1%) asymmetry in KL=>pi pi

p-valu% 5
T L T A T T - .

30 ,

o A lesson from history (I)
2013 s

25 7 o - T
NP 4 "Aspecial search at Dubna was carried out by E. Okonov and his
Phase -|  group. They did not find a single K, 2 n* = event among

= 1 600 decays into charged particles [12] (Anikira et al., JETP 1962). At

- —|  that stage the search was terminated by the administration of the
0 15 3 "
‘‘‘‘‘ 1 Lab. The group was unlucky.
N -Lev Okun, "The Vacuum as Seen from Moscow"
1.0 L
05 H ¢ B 3
] 1964: BF=2x 10
"""""""""" | - A failure of imagination ? Lack of patience ?
0.0 . S R
= = = h = 0'4 = Had KL=>pi pi been abandoned,
d

, , history of Particle Physics would have
NP/SM amplitude ratio been significantly different!
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LATICE
wopk$

A monumental

w
- '
20 NA3l 2001 § o
W : :
T gy =
] : ave -
5 10 T Glbbons% NA48 NA43 or
] E731 ]
] 1999 final 3
0- ;
.-
-10‘2 Patterson "
( l E731 3
t& 20- =
1988 1990 1993 1999 2001 2002 2003
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XTRAS



“min

—0.010 +
—0.015 -
—0.020 A +
—0.025 - + }
—0.030 - ﬁ ﬁ | |"+ ‘ *H
—0.035 - +} # l:"
DA s "
O 3Ix2t,.=7
—0D.045 1 $ 3x2ty, =8
@ 2x2tun=6
W 1x1&y,=56aopt
—0.050 + o 1mlr, =&
# Ix3thn=6sys
—D.OSE'H T T T
3 4 S 7 8
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o~ 0,002 A
0.001 ~
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Exploring excited-state signals

nint energies in PBC
» ~ 2mpy for ground st.

> Need excited-state signals to extract
kinematics of K = nirt

Variational method useful [Llscher, 1990]
» Solving GEVP (Generalized Eigenvalue Problem)

C(O)va(t, to) = An(t, to)Clto)va(t, to) {

Picture in non-interacting 2-pion system with rest frame

P E=2/Ip|* + m3
ground st. (0,0,0) 2Mn

1st excited st. 2r/L x (1,0,0)

2nd excited st. 2r/L x (1,1,0)

could be = mg

C(t) : N x N correlator matrix
Caslt) = {Os(£)OR(0)7

» O} = > ,Vvi.0, couples with only n-th, N+1-th & higher states

- )\n(tatO) - e_En(t_tO)

We employ 5 independent rirt operators

» Oj€ Tp=(0,0,0)TTp=(0,0,0)s; Tlp=(0,0,1)TTp=(0,0,-1), TTp=(0,1,1)TTp=(0,-1,-1), Tlp=(1,1,1)Tp=(-1,-1,-1) &0
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TAQe ( ﬂip’)ﬂﬁ Q7 = ;(EQ(IQ)L qz%ﬁ ﬁq((jﬁqﬁ)&
(Sad?) (Hﬁun)f ng §(Eﬂd3)L Z Eq((jﬁ%)fg, EwP
= d e

7= _ﬂ.d 18481, « -
(s = (Sl q%g(%‘mﬁ @gzg(gﬂdﬂ)f_, Ed A % ‘;Z
QCD? Qs = (8us) Qﬁ%) Qlﬂzg(‘%dﬁ)fd ). i)
=115 s
Q.‘j = (gﬂ'dﬂ')ﬂ Z (Qﬁgﬁ)fi: ~’—~; mt
g=u.d,s d
; fma\, p
j//—? Q5= (gﬂ'dﬁ)L E (Qﬁ%)fﬁ $‘-%A t
— q=u,d.s " E wf
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Indirect CP violation in KL=>3 pi

The basic expression for & is

Gzt fate &
122 < Amy,

2 2
71So(xc) (Vs VE) + n2Soxe) (V. V)
_l_2??350(xcixtjvcsv{fdvtsv§d ) (41)

where the numerical inputs we use are summarized in Table 2.
The quantity k. summarizes the impact of long distance effects
and can be extracted from the knowledge of Im Ag and from an
estimate of the long distance contributions to Amyg. Following
Ref. [76], we have:

(42)

Im(A
ke = /2 sin(@e) [ 1 + —2 (Ao)
where p = 0.6 £ 0.3. Using the most recent RBC determination of

Im(Ag) and ¢ of Eq. (32), we obtain x = 0.963 4= 0.014 (see also
the analysis presented in Ref. [77]).

e
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= =<

(a) rypel (b) type2

T
B_ =0 (
T 7
(c) type3 (d) type4
)- L FIG. 2: The four classes of K — wxr Wick contractions. &\ & D
DS OANECTED

ARE NCLIDED | veny appros
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KAON2022 Masaaki Tomii (UConn) 24

Effective matrix elements (Al = 1/2)

Plateau appears
: Example of correlated fit result with
top—tk = 3 && tm—top = 3 (colored filled data points)

0.01 T T T T T T 0.16 : r : : : :
Q2 Qe prerI -
0.00} + | 1 ==} 'Ming
¢ % Lt O T 012} :
-0.01} l f | i{ i s 1
| 7 L Prejip,: T
-0.02} Min 0.08 | _ } . 1
N i
003t ' L] '
I 0.04F 4 ¢ ' [ tor - tc
. L G g | 6 ——
0.04 7 —a— [ | 7 —a—
A 0.00F Sie=e=y 3
-0.05} 10 —— | -
x2/dof = 0.92 11 —e— X2/dof = 0.60 1 e
-0.06 , . , . e . ) . . . 13—
‘ 6 5 4 3 2 1 e 5 4 3 2 1
trm - top trm - top
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O
0.40 -
1438 cfgs !
0.39 - (PRELIMINARY)
¢
0.38 A
£ K 0.37 0 + + |
L o
0.36 - ®
0.35 A
(From dispersion theory + expt. data)
0.34 -
2 4 6 8 10 12 14
t
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A chance (crucial) meeting: Yigal Shamir visits

me in Haifa ~94 summer

* For K=> pi pi project, way to overcome the fine-tuning
problem of Wilson Fermions is to use a new formulation of

fermions on the lattice=> DOMAIN WALL FERMIONS
[computationally much harder but are continuum -like
possessing chiral symmetry]

* Furman + Shamir: hep-lat/9405004
* See also Yigal Shamir, hep-lat 9303005

WDy FoRwAR : L\d»q,t DUF L K> 20 & ? ?(,4(7?.

12/20/2017 IMSC; HET-BNL;soni



* As a result, the large accidental
cancellations significantly enhances
sensitivity of €’ to NP



More demands on the calculation

* ~The 1995 discovery of the huge top
mass accentuated the cancellation of
|I=0 and 1=2 contributions to €’
significantly, putting additional
demands on the calculation but

enhancin@ths@g&\eﬂt/'fa for

new physics ,t MIA Y2
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ABSTRACT: The angle v of the standard CKM unitarity triangle can be determined from
B — DK decays with a very small irreducible theoretical error, which is only due to second-
order electroweak corrections. We study these contributions and estimate that their impact

on the v determination is to introduce a shift |§4t < O(1077), well below any present or

N,

planned future experiment.
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A difficulty: strong phases

* The continuum and our lattice
determinations of strong phase 0\1
Cs ”5(‘1“

diffel | i .
o el {(MHI-’]” B on e

=0ty g fﬁ"&]'
ROC~UKQ Y

o | 2



Challenges of physical K=>pi pi

kinematics on the lattice
:?;.t nest ! umphys el kimematoy @i Liv f’l.ﬂ()iﬂ)/' de'lﬁ‘:g.”“

+ Ramary challenge is to assure physical kinematics: For periodic BCs, amplitude
with 2 stationary pions in final state dominates. However
stationay pion [P| vaosMey

2m, ~ 28 MeV < mg ~ 500 MeV

0
ﬂ' » Desired state with moving'?p%ns IS next-to-leading term:_rltg%ule 26X fits?é NC':;

MW Msfw\:‘ wnm, "\b_l"pj et

/\; + Avoid 2-exp fits by removing stationary pion state from system through

manipulating lattice spatial boundary conditions: CK IT 0{ l

» Antiperiodic BCs on down-quark for A, g

pr=0—-7/L

tune L to match E, and B

=

- G-parity BCS on both quarks for A,

“ﬁ}ham 798
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Resolving the [I=0] Energy & phase shift in the pi pi channel

2015 result has 20+ discrepancy between our =0 1t phase shift (6,=23.8(4.9)
(1.2)°) and dispersion theory prediction (~34°).

[RBC&UKQCD PRL 115 (2015) 21, 212001]
[Colangelo et al, Nucl.Phys. B603 (2001) 125-179]

Observed discrepancy more significant (~50) with 6.5x stats. CK&
Most likely explanation is excited-state contamination. ?6&;‘ L CKm / g
To address added scalar (o=i@¥) 1t1T operator to the 2-pt function calculation.
Combined fits (or GEVP) to it — 11, 0 — 1t and ¢ — 0 correlators result in

considerably lower ground-state energy: Fh 6 F VP _L“, “0

508(5) MeV [1386 cfgs] from Tt — 1Tt alone S’ 0"'\/'““

vs 19¢.317Y4

483(1) MeV [501 cfgs] from sim. fit of all 3 correlators.

New phase shift §,=30.9(1.5)(3.0)° [prelim] compatible with dispersive result, 4

mejdodf
Strong evidence for nearby excited finite-volume 1t1T State.
Indeed such a state with E ~ 770 MeV is predicted by dispersion theory.

Nete: §o= -1l +254R° & E pbrDs 573£+QQMQV
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Bl

Parameter Value
2-state fit 3-state fit

Fit range 6-15 4-15 u ( @
7 0.3682(31) 0.3718(22)
,-\'.‘:m‘“l 0.00380(32) 0.00333(27)

Af —0.0004300(41) | —0.0004318(42)

Eo 0.3479(11) 0.35030(70) R D 0
Abcciin 0.1712(91) 0.1748(67)
_-1;1“” ~0.0513(27) —0.0528(30)

Al', 0.000314(17) 0.000355(13)

E, 0.568(13) 1.5879(65)
"".-:t.-r\-lu. 0.116(29)
Az st 0.063( 10)

A2 0.000377(94)

E> — 0.94(10)
p-value h3l4 0.092

TABLE I11I: Fit parameters in lattice units and the p-values for multi-operator fits (o the / O
two-pojnt functions. Here E; are the encrgies of the states and A}, represents the matrix element
of the operator @ between the state 7 and the vacuum, given in units ol V1 = 10™F, The second
column gives the parameters for our primary fit which uses two-states and three operators. The
third column shows a it with the same three operators and one additional state that is used to

probe the systematic effects of this third state on the K — ox matrix element fis.,
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Re(e'/e) (x10%

3+ times more confs

Better control of
excited-state
contaminations

RBC/UKQCD 2015 —m—
RBC/UKQCD 2020 —e—
Experiment =—¢—

Step scalingin NPR [ 10 15 20 25 a0
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