g’'/e from the lattice and some of its
iImplications
Amarjit Soni, HET-BNL

(adlersoni@gmail.com)
EPS 2015: 07/24/15

Based on RBC-UKQCD
arXiv:1505.07683

And manuscript in prep
with Lehner
And Lunghi Vienna

Lattice eps',EPS 07/24/ 2015; A. Soni


mailto:(adlersoni@gmail.com)

Re(e/e)

60

-4
x10 3

50 — Woods
JE7T31 A | _

40 - Burkhardt
NA3l kTeV
e 1999

Barr NA48 2%’3

20 = NA31 2001

1 — Gibbons
10 _:' E73] NA4S NA4R

] 1999 final

3 : average

-10 - Patterson
E731

1988 1990 1993 1999 2001 2002 2003

Lattice eps',EPS 07/24/ 2015; A. Soni

K.Qel'v\K‘Nlc

UncnioiCC

\/l)

TR )

D6 20/



outline

 Long, long time coming: Obstacles aglore!
e Reminder of essential basics

* Method of choice: Direct K=> rur a la Lellouch-Luscher
e 15t results

e Few implications

e Outlook
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MOTHER of all (lattice) calculations to date:
A Personal Perspective

« ~1/3 of a century

* 9 PhD thesis: Terry Draper (UCLA), George Hockney(UCLA),
Cristian Calin (Columbia=CU), Jack Laiho(Princeton), Sam Li(CU),
Matthew Lightman(CU), Elaine Goode(Southampton), Qi
Liu(CU), Daigian Zhang(CU)

 Post-docs & such: Tom Blum (U Conn), Matthew Wingate
(Cambridge), Chris Dawson(google), Chris Kelly (RIKEN-BNL-RC)



[.  Wilson Fermions with Lattice x S is a pre-requisite for

Bernard ~’'82 this physics
See also Martinelli et al [WF] | Off-shoot B-physics important
Giusti et al [WF] observables identified & studied=>
Sharpe et al [Stag F] evolved into UT
Il (a) DWF with Blum ~’95 LOxPT; Quenched approx.[QA] CRAY @ NERSC
lI(b) DWF with RBC[with Same
Blum, Christ and Mawhinney QA is disastrous for this physics
became “flagship” projectof [Golterman-Pallante] pathologies; QCDSP ~1TF
RBC] ~'97. NPR of full AS=1 accomplished for

the 15t time used since then.

[1l. DWF with full QCD Used LOxPT + full QCD QCDSP ~ 1TF
RBC, ~ ‘02 Large chiral corrections
IV. DWF with full QCD Direct K=>ntm, [Lellouch-Luscher QCDOC~10TF
RBC + UKQCD, ~ ‘06 method] @ threshold
V. DWF with full QCD, Direct K=>mtm, [Lellouch-Luscher BG/Q ~ 100TF@BNL;
RBC + UKQCD ~ ‘11 method] ; physical kinematics RBRC;ANL; Edinburgh
Vi. Same ~now Same Seeking new hardware

~1.5PF;NERSC;ANL;BNL
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ﬁYb typed {Dlgto VA/EC BD
FIG. 1. Examples of the four types of diagram Lﬂn"rlbutlrlg to

the Al = 1/2, K — wm decay. Lines labeled £ or s represent
light or strange quarks. Unlabeled lines are light quarks.
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Ensemble

- 323x64 Mobius DWF ensemble with IDSDR gauge action at p=1.75. Coarse lattice
spacing (a*=1.378(7) GeV) but large, (4.6 fm)3box.
M

Ny

- Using Mobius params (b+c)=32/12and L =12 obtain same explicit xSB as
the L=32 Shamir DWF + IDSDR ens. used for AI=3/2 but at reduced cost.

« Utilized USQCD 512-node BG/Q machineat BNL, the DOE “Mira” BG/Q
machines at ANL and the STFC BG/Q “DIRAC” machines at Edinburgh, UK.

- Performed 216 independent measurements (4 MDTU sep.).

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

« G-parity BCs in 3 spatial directions results in close matching of kaon and
T energies:
l CP\ L M&%fpg m,=490.6(2.4) MeV e
P H \/8 ( E_(1=0) = 498(11) MeV

E_(1=2) = 573.0(2.9) MeV

5ﬁ/ K\C‘(\Qt\“\d/“ E=274.6(1.4)MeV  (m = 143.1(2.0) MeV) /(‘

Lattice eps',EPS 07/24/ 2015; A. Soni
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i Re(Ap){GeV) Im{Ag)(GeV)
1 1.02(0.20)(0.07) = 10~ 0
2 3.63(0.91)(0.28) =< 107 0
3 —1.19(1.58)(1.12) < 10~ " 1.54(2.04)(1.45) =< 102
4 —1.86(0.63)(0.33) = 107 1.82(0.62)(0.32) = 10—
9 5 —8.72(2.17)(1.80) = 10" 1.57(0.39)(0.32) =< 10 '
é[ ) é‘ﬁ 3.33(0.85)(0.22) = 10~ * —3.57(0.91)(0.24) = 10!
7 2.40(0.41)(0.00) = 10! 8.55(1.45)(0.00) = 10 '
8  —1.33(0.04)(0.00) = 10" —1.71{0.05)(0.00) % 10~ '
9 —7.12(1.90)(0.46) = 10— '* —2.43(0.65)(0.16) =< 10— '
10 7.57(2.72)(0.71) = 10 = —4.74(1.70)(0.44) = 10 %
Tot 4.66(0.96)(0.27) = 10~ —1.90(1.19)(0.32) =< 10—

TABLE 1. Contributions to Ag from the ten continuum, MS
operators J;(), for g = 1.53 GeV. Two statistical errors are
shown: one from the lattice matrix element (left) and one
from the lattice to MS conversion (right).

Lattice eps',EPS 07/24/ 2015; A. Soni
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Description Error| Description Error
Finite lattice spacing 8% Finite volume Th
Wilson coefficients 127 |Excited states <%

Parametric errors 57| Operator renormalization 15% é,/
Unphysical kinematics < 3/ |Lellouch-Liischer factor ~ 11%

Total (added in quadrature) 26%

TABLE II. Representative, fractional systematic errors for the
individual operator contributions to Re(Ag) and Im(Ajy).

Lattice eps',EPS 07/24/ 2015; A. Soni 12



Rel ;) = 466(100)(121) x 1077 GV 3oyt be EVPJC
(o) =~ 190(8)(1.04)x 107" GeV

= L - T
Redy = 1.381(46),1, (258), 107" GeV., | Re(ddy) = 1.50(4) 14) X 107 GeV; J Y gx:o ﬁ'ﬁd’
_ - 3 V
[ITL‘\Q = —6.54(46)4*{“‘(]20)53.5[]0 13 GeV l (A ) 699(20)st|(84 syst X 10 GB % ROIS- (KD

VW‘—_V 6 485 XALYR Y
D s M
a,%?lflf&&,\l < %YV 44 XI;VHJ Coitimnd

HO KA RYX Relefyp = -(66:2 0 10" A

For A2 error is now completely dominated by perturbation theory calculation of

Wilson coeffs.



Results for &' EW f
- Using Re(A ) and Re(A ) from experiment and Aur lattice values for @CDF
Im(A,) and Im(A,) and the phase shifts, /_,—-?
/ ;5 pt(02—00)
Re g _ Re we ImA, B ImA,
5 V2e ReA, ReAp
= 1.38(5.15)(4.43) x 1074,  (thiswork)
16.6(2.3) x 10~* (experiment)

Bearing in mind the largish errors in this first calculation, we interpret that our result agrees with

experiment at ~2co level

Lattice eps',EPS 07/24/ 2015; A. Soni 14



Proof of the pudding: underlying method Is
systematically improvable

« BK in full QCD with DWF '07 error O(7%)
e ~2012 many discretizations , WA error O(1-2%)
o KI3 O(1/2%), A2 O(10%) , fB’s O(few %) , BB’s O(few%)........

e 0 doubt that A0, A2 for €” will not go that way for quite
sometime to come......... to ~10% total

After that EM & isospin effects will have to be ascertained
quantitatively.
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Results from Global Fits to Data (CKMFitter Group)

Great progress on @5 or y (first
from B factories and now in the
last two years from LHCb (several
new results at ICHEP2014). These

measure the phase of V)

B P T o e o G N R L e e e e

NP
Phase

05 -

-1.0 -0.5 0.0 0.5 1.0 15 2.0

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

T 1--[__'_'

3.0 exciuded area has CL = 0.85
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hd
NP/SM amplitude ratio

Looks good
(except for an issue with 1V, 1) 07/

But a 10-20% NP amplitude in By
mixing is perfectly compatible
'withratl'current data.
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A lesson from history (1)

"A special search at Dubna was carried out by E. Okonov and his
group. They did not find a single K, = =* = event among

600 decays into charged particles [12] (Anikira et al., JETP 1962). At
that stage the search was terminated by the administration of the
Lab. The group was unlucky."

-Lev Okun, "The Vacuum as Seen from Moscow"

<
(RS e &)
1964: BF=2x 103 Caomm) FIT Gt
ALY

A failure of imagination ? Lack of patience ? (_b/fw / é Lf
Lattice eps',EPS 07/24/ 2015; A. Soni @ NL
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=> Precision! Precision! Precision!
Need of the day.

=> Also, since we are searching for
small effects, using different probes
may be valuable



*In B’s, In conjunction with experiments, Lattice WME
helped in attaining a milestone in our understanding
of CP

* Analogously can lattice sharpen tests now via K’s?

 Since m IS ~10 times lighter, the non-perturbative
effects are much more difficult and quantitatively a
lot bigger, can the lattice meet this long-standing
challenge and render K-tests become precise?



Promising developments on the lattice in K-
decays......... RBC-UKQCD AT

. X — &
* In the process of taming €’ also
 Long-distance (non-local) effects; most interesting & important in

AmK because of extreme sensitivity to chiral structure of Heff see Beall,
Bander + AS, PRL ‘82 ....60(40%) Brod & Gorban

See N.Christ et al PRD’13; PRL'14... Look forward to
AmK from lattice as a useful observable for constraining NP. . B
7 b fuggumbs /%’v bt 10
o eK LD .....60(7%).....N.Christ talk @LAT’15 & }nany more
e Kt =>mnvv....60(few%)......Xu Feng talk @ lat’15

K =>nee..... A. Lawson talk @ Lat’15; [A.Portelli]; C. Sachrajda
@LAT 14

» => Pathways to K-UT




A dream for some

Blucher, Winstein and
Yamanaka ‘09
(p,n)
Kt S atup
vy

B Fislow o0

1

Fig. 14. Unitarity triangle.

Lattice eps',EPS 07/24/ 2015; A. Son
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More on K- decays >rare K’'s TakaNmpgonalle & LR AU

-—

. KL =>mnlvv hold Iated l.e Theory super-clean; Aamt2 Xn J
LTENBIRG IRDED K, e I
- Nofy \ t_y
W '\m“_j ok P L T
* Observe: The above expt is exceedingly /|

challenging (esp for precision) and expensive.

 Assertion: Once the (exptal) community realizes we mean business by
reducing errors on Im AO to around ~ 20% they will get the message loud
and clear: It is much more cost effective to invest in better lattice

calculation(s) of eps’ ......

Lattice eps',EPS 07/24/ 2015; A. Soni 22
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In the “beginning” “Dawn “ of
the asymmetric B-Fac era i i Atwood &AS, hepph/0103197
ase—

I I I I I I ‘l-.l' I 1 ’-

B-CP Feb’01 Ise, Japan : o

15t Hint of

confirmation of CKM oor

ETA—bar

CP description

—
—
— -

New physics will be a perturbation, important
Most bands due to use clean theory and lots of statistics

To theory errors

BNL, 3/22/11; A. Soni



MLB debut
September 12, 1846 for the New York Varkess
Last MILE ramce
Ny 8 1665 fo e e York Vs
i

=
e L s

‘ The Future

= Yogi Berra: “lts difficult to make
predictions, especially about the future”

» New Yook Yimkess (1864, 183=-1085)
= New York Mets (1972-187%)
__ Career highlights and awards

w15+ All-Giar seleccion (1648, 1940, 1950, 1951, 1952, |

1053, 1054, 1955, 1934, 1957, 1958, 1959, 1960,
1951, 1562

» 3= AL MVD (1051, 1054, 1055)
= New Yook Vimkees =2 retired
_ = Mzjer League Baseball All-Cenmury Team
At ol e Netuoml

Baseball Hall of Fame
S Stowe -
Vate | 8% #7154 fzarnmd Rallon
U\k BNL, 3/22/11; A. So.

w 13= World Senies champion (1947, 1840, 1930, 1951,
‘\ 1952, 1953, 19346, 1938, 1041, 1052, 1969, 1977,
C\IO"\ 1673}
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A new observable on the horizon €' /
@ C"'Kmmd O\Qm\,u

A d\sx\ .

30 BRK'+m'w)@20.— T

agl, -~ ) \ 2.5
BRIK'=+r*vwi@1g D [ 000000000 L Lo - W
; II'.I c 20
i nmiee
Nis | !,f s
r'lf'l
10 10

I__- ﬂ cazo '(ﬂ%
Su \,eww;EW\\\%S "‘\ Peh




Summary + outlook

o Significant progress in K=> it with physical massesand
kinematics

* Presented 1t computation of €'/ with controlled errors:

"1.38(5.15)(4.43) x 10~ '7 146 [Q’ZM (v ! @WT

 Trying hard to reduce syst and stat errors
 Fall ‘15 detailed paper, hopefully with some improvements

* New (faster) hardware later this year or’16=> should have significantly reduced errors
In 1-3 years

» Expect errors< ~ 10% in ~5 years; thence EM & isospin needs tackling
» Experimentalists ought to think of improved measurements of €’, error now ~15%
» Perhaps easier than precise measurement of KL=>mnvv



Xtras



0.02

0.015

0.01

0 e pxanass

0 : 4

—0.005

—0.01

15 16 14 12 W0 3 G 4 2 0

0.04

0.02 | x

—0,02 } 3 > - |

Q6
il

—0.04 X

—0.06

—0.08

For now, signal is rather weak; a lot more statistics is needed
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Power of the lattice: Only method to systematically reduce the NP error!

) — 1 Historical example: By - . .
I 0.737+0.02 Average LLV 20TT (Nz=2+T1)
0.74=0.025 Average LS 2010 (Np=2+1)

B -
L vl ]
i 0.724+0.045 —— SBW 2010 (Np=2+1) ]
i 0.749+0.026 e RBC-UKQCD 2010 (Np=2+1)]
2010 - 0.724+0.084 e ALV 2009 (Np=2+1) a
el 0.73+0.03 - ETMC 2009 (Np=2) i
L 0. 7380055 — 1LQ(_D 2008 \..— |
B 0.782+0.07 B CP-PACS 2008 |\ i
i 0.72+£0.039 e RBC-UKQCD ’007 ‘~" =241} |
2005 0.83=0.18 A HPQCD 2006 (Np=2+1) =]
u 0.699+0.025 et RBC 2004 (Ng=2) E
| 0.87+0.061 b Becirevic 2003 | Np=0) K
i 0.73=0.015 i RBC 2001 (Ng=0, Q") m
2000 0.789+0.027 e CP-PACS 2001 (Ng=0.Q7) ] K K
5 L .
> B 0.863+0.058 b JLQCD 1997 (Np=0) -
i 0.86:0.07 i Blum-Som 1997 (Ng=0) 4 First DWF
1995 ]
1990 B 0.86+0.12 o Bemard — Soni 1990 (NF=0) |
L 0.96+0.05 —a—  Kilcup et al 1990 (Ng=2) i
F 0.75+0.15 Bardeen at el. 1987 (1/N 1
- Bemarde-t:il 1985 (N5 :Dl -
1985 =+t - Cabtbboetal—1985 -.‘»,—L
F Gavela et al 1985 (Ng=0) .
F 0.3 Donoghue et al 13.“:‘.: SU(3 .
o & PCAC), No ermor esttmate -
1980 A ; k : ! . c c . ' : : ' 2 ' - |
0.0 0.5 1.0 1.5

6/15
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Status before lattice 2014

FLAG [acki et al., '13-14]

Garronl LK1/ 7

FCREG2013 EK
HElH our esbimate for My=2+1
——— SWME 13
‘—‘—F:-' RECAIKQCD 12
F (il Laino 11
Ead]

SWME 114
BMW 11
RECAURQCD 108

- =
s
L SWME 10
F——t e Aubin 09
——L—— RECAUKQCD 074, OB
+—— aur estirmale for by =2
{ff il ETM 104
Z JLGED og
——t T REC 04

0.65 0.70 0.75 0.80 0.85

Y\Mﬂ a0\» N;=241

Lattic;@ Ig/iyh:eak decays;

Micolas Garren (Trinity College Dublin} interactrans

;ED‘.*,‘;VS‘I.‘@“- A..Soni

By = 0.7661(99),

June 24, 2014

17 / 52

N Y
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10 ops are not linearly independent

Os=—0Q1+02+0s,

Qy=

Lattice eps',EPS 07/24/ 2015; A. Soni
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TABLE XLIX. Our final values for physical quantities using
one-loop full QCD extrapolations to the physical kaon mass (choice

2) and a value of ©=2.13 GeV for the matching between the lattice
and continuum, The errors for our calculation arg statistical only. &

Quantity Experiment This calculation

(statistical errors only)
Re Ay(GeV) 3.33% 1077 (2.96+0.17)x 107 C
Re A,(GeV) 1.50% 10~® (1.172+0.053)X 1078 A LSO
w! 222 (25.31.8) C PP
Re(€'/€) (15.3+2.6) X 10~ *(NA 48) —4.0+2.3)%10"*

(20.7+2.8) % 10~ HKTEV) /\

RC: Ao N4 pte 35
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Extremely serious quench patholgy
* Most important for Q6 as it LR=> (S+P)(S-P); AND it makes the most

Important contribution to €’
Source of problem is that H_eff for AS=1 has operators such as Q6 with

Quark content (@ 4) [Ww) kv L
) (%) e abete oo
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F\,Ra(bo 3 W‘ECM’% OK/Bm %\m)Shu Li, PhD thesis,

Conclusion Columbia ‘08

Quantity This analysis Quenched Experiment
Redo (GeV) 4.5(11)(53) x 107 2.96(17) x 1007 3.33x 10~
Red; (GeV) 8.57(99)(300) x 10~ 1.172(53) x 10~%  1.50 x 1078

ImAy (GeV) —6.5(18)(77) x 10~ —2.35(40) x 10~
ImA, (GeV) —7.9(16)(39) x 10~13 —1.264(72) x 102
1/w 50(13)(62) 25.3(1.8) 22.2

Re(e'/€) 7.6(68)(256) x 107*  —4.02.3)x107* 1.65x 1073

‘——’——? » ChPT approach to K > 7 7 faces severe difficulties.
+ RBC/UKQCD studying physical 7 7 final states.
* DWF on coarse lattices and large volumes: 4 = 5 fin?

Vranas auxiliary determinant (Renfrew talk on Wed.)

L RG-E S\/ST@NRT(C gy N. Christ @LATO8
P‘ L0 0ONS DUELHPT. . -
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Mass depends of ReA2, AO

0" [GeV] my MeV] my [MeV] Redy [10° GeV] ReAg[10° GeV] g‘;—ig notes 9{)"}

16 Twasaki| 173(3) 421) 8%(15) 49131 45100  0.1(2.1) | threshold calculation
o Twasaki| 1733)  320(6) 662(11)  2668(14)  321(46) 120(L7)| threshold caleulation

IDSDR | 136(1) 1429(L1) 51.3(39) 1.38(3)(2) : - | physical kinematies
Experiment| -  135-140 404408 L470(4)  32Q)  245(6

TABLE I Summary of simulation parameters and results obtained on three DWF ensembles,

Due to the cancellation, 3/2 amplitude decreases

significantly as the
pion mass is lowered towards its physical value
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