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Key Points

1. K+ =>pi+ nu nu off and on the lattice
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Key points (contd)

* 2. KL => pi0 nu nu ; Gold-plated but experimentally

exceedingly challenging. Status & Outlook
/) l”‘?*’g/w‘f/?'“g St MM /)/?DQ7

3.KL=>pi ee ; Early work; interesti oneering paper & PhD thesis by
German Valencia.
Atwood + AS unpublished Py 990
Important paper on background issues by Greenlee 7 1
Because of the extremely important point due Greenlee, it does not
seem that KL=> pi ee is useable
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4. KO=> pi0 mumu i.e.’KL AND KS extremely useful to study for

experiments, pheho AND for the lattice. , , L
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Summary



Main purpose: strongly advocate that
lattice community should pay high
priority to get precise results for KO to
pI0 Mu+ Mu- . ( i
L/KJ\A? dx (Y ) /,gz.&)m
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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 €’/€, where € is taken from

experiment.
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KAON2022 Masaaki Tomii (UConn)

Precision performance

323 G-parity BC
(previous work)

# of configurations 741
Al = 1/2 ME via Qolat 10%
0,
hrar Al = 1/2 ME via Qgt 6.5%
(statistical)
Re Ao 11%

323 Periodic BC
(w/o0 AMA correction)

107

243 Periodic BC
258
14% 14%
8.9% 11%

13% 14%

\d/

Preliminary

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

Rare K decays: off & on the lattice; Soni (BNL-HET)

27

PBL
c’,/go‘\}l/

Mff walCl
el



Quantity This work Experiment

Re(A») 1.74(15)(48) x 1078 GeV  1.479(4) x 10~8 GeV M "5 4"‘4&4 l
Tm(As) —5.91(13)(1.75) x 10713 GeV 05 “(,

Re(Ap) 3.13(69)(95) x 1077 GeV  3.3201(18) x 107 GeV

Im(Ao) —9.3(1.5)(2.8) x 10~ GeV Ligs =067 L
Re(Ap)/Re(Az) 18.0(4.4)(7.4) 22.45(6)

w = Re(Asz)/Re(Ay) 0.056(14)(23) 0.04454(12)

Re(e'/¢) 31.8(6.3)(11.8)(5.0) x 10~ 16.6(2.3) x 1074

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.
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Key points (so far) on our PBC effort

 Demonstrated that with GEVP matrix elements of ground and 1t
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 continuum limit (for the
iso-symmetric) case in

about a year...That should appreciably reduce one of the major

source of systematic errors.



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

— Historical example: By

BB tocto (ol

— ONF T LIS TRATION

—r—T— ——
W5 7372002 - Average LTV I0TT (N/=04T) ]

L 0.74+£0.025 - Average LS 2010 (N5=2+1)

[ 0.72420045 e SBW 2010 (Nr=241) ]

[ 0.749£0026 b RBC-UKQCD 2010 (Np=2+1]
010 - 0.72420.084 —— ALV 2009 (Np=24+1 <]
L 0.73:003 - ETMC 2009 (Ng=2

L 0.738+0.055 ——y JLQCD 2008 (Np=2

| 0.782+0.07 —a CP-PACS 2008 (V=0 |

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

r 0.699+0025 s RBC 2004 (Ng=2)

0.87+0.061 —— Becirevic 2003 (Np=0

I 0.73x0.015 sl RBC 2001 (Np=0,Q?

2000 - 0.789£0.027 4 CP-PACS 2001 (Ng=0,Q7)

l 08630058 i JLQCD 1997 iNg=0) P

[ 086007 —s—  Blum-Som 1997 Np=0) ¢ First DWF
1995 - .
19901 0Ges00s I

- 0.75£015 Bardeen atel 1987 (1/N)

- Bemard et al. 1985 (Nz=0)

1985 H+} «—Cabtbboetal 185 =
r Gavela et al. 1985 (Np=0)
F 03 Donoghue et al 1983 (SU(3
& PCAC), No error estunate 4
1980 1 1 I 1 1 I L | I I I I | " I
0.0 03 10 15

Rare K decays: off & on the lattice; Soni (BNL-HET)

11



- et *
M
-

Witn Evlflco LuNcE
TRy Requce LY pagirtonTy
WP

Rare K decays: off & on the lattice; Soni (BNL-HET)

12



B(K*—a»n*uﬁ):(Sj‘)iO.BO)x10‘“[ Val ]2'8[ o ]0'74. [\/LO

40.7 x 10-3 134

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
[Vilavg = (41.0 £ 1.4) x 107 and y = (72.1%};)’, one finds the following;

B(K+ = JT+1)1_))SM = (85 i 10) X 10_“. e—'—
The predictions are currently dominated by the parametric uncertainty that will plausibly be re-
duced by new measurements of || and y by LHCb and Belle II.
cannot be detected. A long series of decay-at-rest searches for K™ — 7 vi have culminated with
the final results of the BNL E787/E949 experiments, which found the following (50):

- T
BK* — ™t vi)prgymoag = (17.3152) x 1071 &= j ?—g
From these analyses, the best upper limit, at 90% confidence level (CL), has been obtained:
B(K* — mtvd)Nas2oie2017y < 17.8 x 10711,
The 2016-2017 data also allow one to set a 68% CL mean value for the branching ratio:
B(R* —n  oi)sampsicsor = @872) s 1O~ L zCJ/ lC
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BK® — 7%0) = (3.36 4+ 0.05) x 1011 — 17! T__Wel  7[_siny T
. B ' 3.88 x 103 | | 40.7 x 1073 | | sin73.2° |’
which, taking the latest values (28) for |Vi|awg = (41.0 £+ 1.4) x 1072, [Viplag = (3.82 £ 0.24) x
103, and y = (72.11}:)’, leads to the following numerical prediction:

S M B(K? — 7%vp) = (3.2£0.6) x 10711, <

While the experimental situation for K* — 7 *vv 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 aconstraint to reconstruct the decay vertex. The KOTO experiment at
J-PARC builds on the expe%ce 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 — nr® decays, KOTO is expected
to reach SM sensitivities by the mid-2020s. The KOTO experiment has published the best upper
limit (68):

B(K® — 7°¥)koro < 3.0 x 10~ (90% CL). é

N oo d‘ YRR of nmynrl’wf/ 430
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Timeline of theoretical predictions and experimental results for K™ — 7 vi (10, 51, 57-64). Figure adapted with permission from
Reference 58; copyright 2020 CERN for the benefit of the NA62 Collaboration. r F ' tE

the NA62 Collaboration reported the following:
B(K* — 7T+U‘7)NA62(2016-2018) = (11-0f§j§’sm == 0-3syst) X 10_11,
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Remaining points

* Given that KL=> pi0 nu nu is exptally so challenging why don’t
(can’t) we try replace with KL=>pi0 e+ e-?

15t very nice attempt in this direction was made in a beautiful PhD
thesis work of German Valencia; see also PRD’87 paper by DHV

* Also Atwood + AS (unpublished)
* (insurmountable) difficulty is the “Greenlee” background

* (see PRD Greenlee ‘90) — —

* Why not consider KL=> pi0 mu+ mu-?

* Existing work on KL?;Wmu- by Isidori et al; WIP I?E(]
Schacht+AS
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. 2. The CPC and CPV contributions.



Summary

Considerable progress on the experimental and the theory front on K+ => pi+ nu
nu......This is one important pillar in Kaon UT

KL => pi0 nu nu while gold plated, experimental progress near the SM prediction is
highly unlikely to come for many years perhaps for 10 years

Meantime theoretical progress on eps’ will continually improve and provide a very
useful constraint on the KUT. .

Experimental progress on KO [both KL and
well as LHCb is strongly advocated

)
to pi0 mu+ mu- by KOTO at JPARC as

* In particula e Qttice of KO => pi0 mu+ mu- is strongly

suggested....In this regard existing and ongoing work of RBC-UKQCD on K+ => pi+ nu nu
is noted. Noted is also En-Hung Chao and Norman Christ et al’s work on a related mode
KL=> mu+ mu-

In fact if you can do precisely KI3....you should seriously consider K20 to pi0 mu+ mu-



