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neutral kaon decay

VoLuME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T
J. H. Christenson, J. W. Cronin,:I V. L. Fitch,l' and R, Turlay§

Princeton University, Princeton, New Jersey
(Received 10 July 1964)

This Letter reports the results of experimental
studies designed to search for the 27 decay of the

K, meson. Several previous experiments have . . .
served!’? to set an upper limit of 1/300 for the The NObel Prlze m PhYSlCS
fraction of K,°’s which decay into two charged pi- 1980

ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.
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The Nobel Prize in Physics 1980 was awarded jointly to James
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orarne) Target Helium Bag o Watson Cronin and Val Logsdon Fitch "for the discovery of

Water violations of fundamental symmetry principles in the decay of
Cerenkov .
neutral K-mesons

FIG. 1. Plan view of the detector arrangement.



neutral kaon decay

K 1Py =307)
Mean life 7 = (0.8954 + 0.0004) x 1071%s (S =1.1) Assum-
ing CPT
Mean life 7 = (0.89564 + 0.00033) x 1070 s  Not assuming
CPT
Scale factor/ p
K9 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
S i
Hadronic modes
7970 (30.69+0.05) % 209
ata~ (69.20-£0.05) % 206
K} () = 3(07)

mKL — mKS
— (0.5293 + 0.0009) x 101% A s~1 (S =1.3) Assuming CPT
— (3.484 £ 0.006) x 10712 MeV  Assuming CPT
= (0.5289 + 0.0010) x 1019 A s~1  Not assuming CPT

Mean life 7 = (5.116 £ 0.021) x 1078 s (S = 1.1)
Scale factor/ p

K?_ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Semileptonic modes
rteTu, ) [o] (40.55 £0.11 )% S=17 229
™ utu, ) [0] (27.04 £0.07 )% S=11 216
Hadronic modes, including Charge conjugationx Parity Violating (CPV) modes
370 (19.52 +£0.12 ) % S=16 139
at o~ w0 (12.54 £0.05 ) % 133
ata~ CPV [q] ( 1.967+0.010) x 10~3 S=15 206

7070 cPV ( 8.64 +0.06 ) x 10~4 S=1.8 209



neutral kaon decay

Hamiltonian for KV Ksystem determined by hermiticity + CPT

_ (A p
menir (A7)

eigenstates of Hamiltonian are | K 5) = %(|KO> £+ u—(o>) £ CP conserved
(p = q = 0).CP violation in SM leads to mixing:
: L p—q

T () el 1K) = s () + el E = T

|Ks) =

CP-violation parameters accessible via decay amplitudes into two pions

—iT[K® — (rm)7] = A;e®T T[(rm); — (77)1]i=0 = 2€%°7 sin §;

o <T[KL — (wm)o]  T[Ks — (W?T)Q]) 1 Ji(62—80+7/2) ReA, <ImA2 B ImA()>
\/§ T[[(L — (7T7T)()} T[[(S — (7T7T)()} N ﬂ / RBA() RGAQ RGA()




neutral kaon decay

experiment:

g| = (2.228 £ 0.011) x 1073 Average: (16.7 +2.3) 10™

NA48
(14.7+2.2)10™

KTeV
(20.7+2.8)10™

/
Re (%) — (1.65 + 0.26) x 10~°

NA31
(23.0+6.5)10™

E731

Ap (7.4+6.0)10™

= 22.39

0 0.002 0.004 0.006



neutral kaon decay

experiment:

] = (2.228 £ 0.011) x 10~°

/
Re (5—> = (1.65+£0.26) x 107° =

€

Ao

= 22.39

1-5llll

excluded area has CL> 095

10 —

o T i 1 11 11 11
%I I l

o
K
S

569
>
=

sol. weos2p<0
{excl. atCL>0.95) -

llllllllllllllll

0.5 1.0 15 20

[CKMFitter 2014]



neutral kaon decay

experiment:

1.5

] = (2.228 £0.011) x 10~°
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(similar observations in baryon sector e.g. A / ¥ — N, heavy meson decay, ...)

[fully?] satisfactory understanding of result within SM framework lacking for 40 years



outline

® computing kaon decay amplitudes
O EW effective Hamiltonian analysis
O why is it so difficult?
O status

® understanding the anatomy: strategy
O disentangling scales
O low-energy effective description and the role of chiral symmetry

O can’s and cannot’s

® some results
O long-distance effects in GIM limit

O towards the physical charm mass scale

® conclusions and outlook
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effective weak Hamiltonian

KO

S d
W
u u

S

u

2
>8< TK — 7] ~ (| H | K) + O ( p2 >
My

d d
_P P_ _
S < _ < n

u
W:%l< -

d

Q

u

HET — \/—ka Vo) Cr (e /My ) Ok ()

/

four-quark operators
(long-distance physics)



effective weak Hamiltonian

V%d‘/;

’lLd 'u,s

MMY
X E>< i?

wa S (kO + k5 Q5)
o=+

CP-violation effects neglected ( ~ 1073), keep active charm quark:

eff gW *
o 2]\42 VsV

Qli — (EL’YMUL)(QL”YudL) + (ELW’udL)(’aL’MUL) — |u < ]
Qs = (mi, —m?) {ma(S.dr) + ms(Sndy)}




effective weak Hamiltonian

CP-violation effects neglected ( V%dv;’ ~ 1073), keep active charm quark:
ud us
eff gW * § : e o Mo

Qli = (Suypun) (Urypdy) + (Suyude)(Unyuun) — |u < ¢
Qs = (m2 —m2){ma(5.ds) + ms(Sndy)}

(do not contribute to physical X' — 77 transitions)

Ao
As

ki (Mw) () 1=0|Q7 |K) ki (Mw)

TR Ohw) (mm i@ 1K) k)

O bulk of effect should come from long-distance QCD contribution

O reliable non-perturbative determination mandatory



effective weak Hamiltonian: integrating out the charm

S d

MM W

% s d
10
eff gW * V;fd‘/til;
5373 VudV, i i] Qi = —
H 2M2 us ; [Z + 7Y ] Q T VudVJS

O several four-fermion operators contribute (2 current-current, 4 QCD penguins,
4 EW penguins)

O missing GIM mechanism leads to quadratic divergences in penguin operators (cf.
log divergences if charm active)

O suggests enhancement mechanism due to peculiar role of charm scale



effective weak Hamiltonian: integrating out the charm

S d

MM i
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o

ViV
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[Shifman, Vainshtein, Zakharov 1975-77]




large N?

HET ~ GpJHTH
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N — o0

since then, much work to refine the analysis by incorporating contributions from
resonances / chiral theory effects, ...



lattice QCD?
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lattice QCD?

| Budapest-Marseille-Wuppertal collaboration
—5— Q
:*
i *
L S 2
53 A
—A
=='el I N
P
K — experiment
— width
o input f
=TT s QcD FAG2013 1B Bs

+

— ™ our average for Ne=2+1+1 e

+

N H{+—+ ETM13E H{
I - HPQCD 13 -

Z

™ our average for Ne=2+1 -

‘:_ A RBC/UKQCD 13A (stat. err. only) | + H

o~ —HH— HPQCD 12 — .-
I - HPQCD 12/ 11A H

pd —m— FNAL/MILC 11 —H—

— H+—  HPQCD 09 »——o{[,—o—<
- our average for Ny =2 -
L ALPHA 13 —H —

N — ETM 13B, 13C =
Il L {1+ ALPHA 12A —{ —

z 4, ETM 12B L

H— ALPHA 11
— [ — ETM1I1A — H—
w ; ETM 09D

150 175 200 225 MeV 210 230 250 MeV



no-go theorems

Maiani- Testa: physical decay amplitudes with more than one hadron in final state
cannot be extracted from Euclidean correlation functions

Lellouch-Luscher: avoid by working at large finite volume to disentangle
pion rescattering effects (requires volumes being reached only now)

chiPT: use effective low-energy description of weak Hamiltonian to relate
physical K — w7 amplitudes to computable quantities




no-go theorems

Maiani- Testa: physical decay amplitudes with more than one hadron in final state
cannot be extracted from Euclidean correlation functions

Lellouch-Luscher: avoid by working at large finite volume to disentangle
pion rescattering effects (requires volumes being reached only now)

chiPT: use effective low-energy description of weak Hamiltonian to relate
physical K — w7 amplitudes to computable quantities

Nielsen-Ninomiya: no ultralocal lattice regularisation preserves full chiral symmetry

absence of chiral symmetry leads to complicate operator mixing and
severe power divergences

use regularisations with exact chiral symmetry (not ultralocal), or better
chiral properties




renormalisation and chiral symmetry

active charm:
Qli = (Suypun) (U ypdy) £ (Suypdo)(Unyuun) — [u < ¢l

mixes with  (m2 —m?2) {mq(5.dx) + ms(5rdy)}

resp. (My — me)sd, (my —me)(ms —mg)sysd, Qf;(k) ' ®I]

charm integrated out:

(); always mixes with lower-dimensional operators via power divergences
(no GIM factor); more severe mixing/divergences if chiral symmetry is
broken



direct computations

state of the art: computation by RBC/UKQCD collaboration

O two-pion final state
O (almost) exactly chiral fermion regularisation (DW)

o effective Hamiltonian with charm integrated out

Rer

= 9.1(2.1) for mk = 878 MeV m, = 422 MeV
ReA2
Rer

= 12.0(1.7) for mk = 662 MeV m, = 329 MeV
ReA2

improvement in the way (smaller pion masses / larger volumes)



direct computations

state of the art: computation by RBC/UKQCD collaboration

O two-pion final state

O (almost) exactly chiral fermion regularisation (DW)

o effective Hamiltonian with charm integrated out

“emergent understanding”

S5 5
T @ —®

Contraction @ Contraction @

m Naive factorisation approach: @ ~ 1/3D

m Our computation: @ ~ —0.7QD

Ca2(A,t) [107]

3.0

D =

2.5 - —Q o |
2.0 *(}) i%%%‘%@@ i
1.5 ¢ %‘H’ by, ]
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outline

computing kaon decay amplitudes
O EW effective Hamiltonian analysis
O why is it so difficult?

O status

® understanding the anatomy: strategy
O disentangling scales
O low-energy effective description and the role of chiral symmetry

O can’s and cannot’s

some results
O long-distance effects in GIM limit

O towards the physical charm mass scale

conclusions and outlook



a strategy to understand the role of the charm quark

several possible sources for Al=1/2 enhancement:
O physics at charm scale (penguins)
o physics at “intrinsic” QCD scale ~ Agcp

o final state interactions

O all of the above (no dominating “mechanism”)

separate low-energy QCD and charm-scale physics: consider amplitudes as a function
of charm mass for fixed u,d,s masses

Me =My = Mg = Mg —> M > My = Mg < Mg

O active charm
O use chiral fermions (good renormalisation, access to all kinematical regimes)

O give up direct computation (chiral fermions too expensive) = no control of FSI



effective low-energy description

dynamics of Goldstone bosons at LO given by chiral Lagrangian

L= 1T [0,09,01] — 43T [UMte®/Ne 4 hee]

weak interactions accounted for by low-energy counterpart of effective Hamiltonian

light charm:  HH) = G VisVud Z {9797 + 9593}
o=+

4 M5, 2
F2
OF =TT £ TIT — Ju s d Ty = 7 U, U

heavy charm:  4(8) = 4]‘?;2 VisVua {927Q27 + 9398 + g5Qg

3
Qo7 = v j,fujﬁd +o T,

1

Q=5 ), THJ,
q=u,d,s

sd

Y

Q/S — mlEFQ |:U€i9/Nf _|_ UTe—ie/Nfi|



effective low-energy description

dynamics of Goldstone bosons at LO given by chiral Lagrangian

L= 1T [0,09,01] — 43T [UMte®/Ne 4 hee]

weak interactions accounted for by low-energy counterpart of effective Hamiltonian

light charm:  HH) = 45\];2 Vs Vud Z {9797 + 9599}
o=%

1

—g

g27(0) = g, g8(0) = g7 + -

heavy charm:  #/(3) — G Vel v

M2, e Vud {927Qa27 + 9898 + 939%}

937" (Mec)| ~ 0.50, gs + (Me)| ~ 10.5



determination of low-energy constants: light charm

match suitable correlation functions in QCD and ChPT (infinite volume: K — 7
amplitudes)

QCD SU(4) ChPT
Ci(aj’g y()) + _ Cz'i(:C()?yO)
+ _ i ’ R : —
RZ (3307%) C(£O)C<y0) 1 (ZEO ZJO) C(xO)C(yO)
C(aov) = [ @ [ &y (") Q) T () o) = [ @2 (T3 @) T O
Clzp) = / &3z (ISP () JP(0)) C;" (0, yo) = / &’z / &y (T3 (2) Q7 (0) Tg*

ZfRit(xoayo) — ngf(xoa yo)



determination of low-energy constants: heavy charm

match suitable correlation functions in QCD and ChPT (infinite volume: K — 7
amplitudes)

QCD SU(3) ChPT
+
Ro7 = ZF_R;L’_, Rq;i(xoayo) _ Cz (5607:(/0)
Ry = 2 [Rf — R +c¢"Ry]+ 27 [Ry +c¢ Ry | C(x0)C(yo)

C (20, yo) = / dz / 0By (T8 () QE(0) JE*())  Carlo, o) = / da / &y (T () Qar(0) T () sus)
C(ao) = / & (TP (@) JE*(0)) (20, 0) = / P / By (T () Qs(0) T (9))sugs)

O (20, 90) = / Bz / By (J8 () QH0) () Chlwo.yo) = / s / By (T () Q4(0) T (1))sugs)

/

Ro7(z0,Y0) = g27R27(x0, Y0)
Rs(x0,90) = gsRs(z0,y0) + 9sRs(z0, yo)



kinematical regimes in ChPT

p-regime: m_L 2> 1 e-regime: m_L <1
AVAV NS
< L > < L >
mXV > 1 mXV <1
standard ChPT in finite volume: reordering of expansion:
mNp2 L_l,T_le m~p4we4 L_17T_1N€

O LECs universal
O only a subset of NLO terms in chiral Lagrangian survive in the €-regime

o chiral effective Hamiltonian has no NLO terms in the €-regime




kinematical regimes in ChPT
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setup summary + remarks

O we are after a computation of chiral effective couplings governing kaon decay

O setup allows to disentangle charm scale physics from low-energy QCD physics,
not including FSI

O keeping active charm crucial for disentanglement + renormalisation
O access to different kinematical regimes crucial to control systematics
O (expensive) exactly chiral fermions mandatory (use of ChPT, renormalisation)

o0 only QCD computation of matrix elements of four-quark operators needed,
other pieces available

Wilson coefficients
ChPT computations

non-perturbative composite operator renormalisation



outline

computing kaon decay amplitudes
O EW effective Hamiltonian analysis
O why is it so difficult?
O status

understanding the anatomy: strategy
O disentangling scales
O low-energy effective description and the role of chiral symmetry

O can’s and cannot’s

® some results
O long-distance effects in GIM limit

O towards the physical charm mass scale

conclusions and outlook



lattice computation

Q1 (2)
Q1 (2
[Jo(#)] g To@us  [o(@)] g o ()]s

(vanishes in GIM limit)

proof of concept + qualitative exploration:

o stay quenched (dynamical fermion effects not crucial, chiral reg. expensive)
O keep all three light quarks degenerate ms; = m,, = mq = my
O access very light masses (€-regime): severe variance problem

o outside GIM limit = penguin (“eye”) contractions: severe variance problem



lattice computation: variance problems

light charm: strong signal-to-noise ratio dependence on quark mass

OO .

0.4 -

1
0.8

0.6 -

REE

1 l 1 1 1 l 1 1 1 l 1 1 1

heavy charm: simple computational techniques do not yield a signal at all

mix1 0.4

©
\

mix2 0.2

N

\
4

N 4

-
hihl 0

z’O‘A\
u

-0.2
1lTh 0

0.02 0.04 0.08
am

0.08

I
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0.1

-0.1
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3-5 B 1 1 T

3 L —]
2.5 [ ¢ ]
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lattice computation: variance problems

£(2)

[Jo()] g [Jo(¥)]us [Jo(%)] g [Jo(¥)]us

Sink at any y

Traditional way: point-to-all %

Source at fixed z = x,,

Sink at any y

Goal: all-to-all

Source at any x



lattice computation: variance problems

solution for large variances related to very light quark masses: accurate all-to-all
propagators in space of low Dirac modes (low-mode averaging)

OO

MC history MC history (Q=3)
2e-09 T T T T T 3e-08 T T T T T T T
B T 2e-08
1e-09 — le-08
0
0
£ ' 2-1e-08
S A
~ Y 2e-08|- -
-1e-09 — L |
-3e-08 - —
-2e-09 — | -4e-08 - _]
L i -5e-08 - —
1 | 1 | 1 | 1 1 | 1 | 1 | 1 | 1
0 50 100 150 200 0 20 40 60 80 100
Conf Conf

[Giusti, Hernandez, Laine, Weisz, Wittig 2004]
[Giusti, Hernandez, Laine, CP, Wennekers, Wittig 2005]



lattice computation: variance problems

solution for large variances related to closed quark loops: approximate all-to-all
propagators involving all dirac modes (stochastic volume sources and probing)

mix]1

~L ' I ' I T T T T T T T | 0.2
\ - 7 | —
4e-111 u
s 1 0.1 — _ —
mix2 - 1
. L 2 -
(O Ag oL £ 4 4 -
N e~ s : —
hihl _ ] i i i
{igzzi} de-111- . 0.1 .
lh - 1 0.2 1= - .
-8e-11+ — LMA m
i — LMA + SVS/| B i
L | L | L | L | L | L | O 3 | I | I
0 20 40 60 80 100 120 -0.

mix]l  mix2 hlhl 111h

[Endress, CP 2014]



lattice computation: GIM limit

0.8 |- % % 7 25 - 0)
i [0} T -
+ | i Q:I :
i - s | 1
0.6 1 — - %; m,/2

0.4 | . -
PR SRR T NN T SR TR [ S ST T N S S 1 NI S SR [ S SR T N T W S S S "
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06
Simulation parameters:
4 3 3 4
B = 5.8485 — = 167 - 32 a ~ 0.125 fm V~2° - -4fm

ad

Quark masses: p-regime m ~ ms/2—-ms/6 0O(200) cfgs
e-regime m ~ my/40,ms/60 O(800) cfgs

Quenched approximation.

0.08



lattice computation: GIM limit

T T T 3.5 T T T )
1 . ]
VI :
0.8 | -
I ¢ | 2.5 | -
S i : . B ;
I ] o[ -
0.6 - [ $ m,/2 ]
._% ] [ i
i ] 15 [ $ ]
041 | | | ] : | | |
0 0.02 0.04 006 008 ‘o ooz o004 o006 008
Simulation parameters:
4 3 3 -+
B = 5.8485 — = 16° - 32 a ~ 0.125 fm Va2 -4fm

ad

Quark masses: p-regime m ~ ms/2—-ms/6 0O(200) cfgs
e-regime m ~ my/40,ms/60 O(800) cfgs

Quenched approximation.



lattice computation: GIM limit

Expected e-regime features — independence of R* on (xo,y0), m and v— are
all well reproduced by the data.

12+ —

+0. e 1"é_L - " & _ 0 i
02} - i ]

Simulation parameters:

v
B=058485  — =163 -32 a~0125fm  V ~23 .4 fm*
a

Quark masses: p-regime m ~ ms/2—-ms/6 0O(200) cfgs
e-regime m ~ my/40,ms/60 O(800) cfgs

Quenched approximation.



lattice computation: GIM limit

Fits for LECs:

» Choose quantities with smaller mass corrections and statistical errors:
RT, RTR™

» Fit to NLO xPT to extract gi and A~ (exploit smooth €/p-regime transition).

1.2 2
1.1 -
1L R* 1.8 -
0.9 1.6 R*R
0.8 E

0.7 - ) 1.4 -
wslf7

1.2
05

04
1+

03

0.2 0.8

| | |
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06
ma ma

Tension between e- and p-regime may indicate non-negligible higher order
corrections — systematic error included to account for this.



lattice computation: GIM limit

2.5% —;

L : . _
LI ‘; ; 9

s 1 Thiswork 0513)5)(6) 26(03)3)
i . : " Exp” ~ 0.5 ~ 104
L a5+ Lagen !

am

o AI=3/2 comes in the right ballpark (n.b. charm enters only via loops — but also
suggests quenching subdominant [?])

o AI=1/2 about a factor 4 too small to reproduce physical enhancement

o remarkable enhancement of Al=1/2 channel already present for light charm: pure
“no-penguin” effect




lattice computation: towards a physical charm

separate low-energy QCD and charm-scale physics: consider amplitudes as a function
of charm mass for fixed u,d,s masses

Me = My = Mg = Mg —— Me > My, = Mg < Mg




lattice computation: towards a physical charm

separate low-energy QCD and charm-scale physics: consider amplitudes as a function
of charm mass for fixed u,d,s masses

Me = My = Mg = Mg —— Me > My, = Mg < Mg

mix1

0.2

. ;
<i§;2/} de-11 0 ]

i 0.1 — _ —
mix2 -

. . |
cOY ol = 4 H _
N - ’ :

hihl , ] i
<i§;zi} de-11 0.1 = T
11lh - ] 02 1 a
-8e-11} — LMA i
i — LMA + SVS| B i
| | | | | | | | | | | | O 3 | | | |
0 20 40 60 80 100 120 0.

mix]l  mix2 hlhl 111h

[Endress, CP 2014]



lattice computation: towards a physical charm

separate low-energy QCD and charm-scale physics: consider amplitudes as a function
of charm mass for fixed u,d,s masses

Me = My = Mg = Mg —— Me > My, = Mg < Mg

abs. error X 4/ Ncgg Vs. Netg

mix1 0.07 | | ] |

\ A -
r b r —e pOlnt source 7
4e-111 — 0.06 — L tlme ]
| | ~— time + s
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mix2 - 1 —etime+S+cC

- | i 0.05= ~—time + €0 +s B
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lattice computation: towards a physical charm

separate low-energy QCD and charm-scale physics: consider amplitudes as a function
of charm mass for fixed u,d,s masses

Me = My = Mg = Mg —— Me > My, = Mg < Mg

probing: new technique to compute diagonal of inverse of large sparse matrices
[Tang, Saad 2012]

(. | n : n | ) (1\ /.\

0 D(S) = D( SV V" )DH(V, V)
. 0 . H - ' 0 ~ V,:=[v v- . v.], probing vectors v
~ s -— Y1, Y255 VUs]y i
: N | ] . H N 1 .
N N ] . [ 0 Xg = {xy,2q9,...,24,}: Set of solution vectors
C - u W\ \ —  D(S) ~ D(X, V)

[Stathopoulos, Laeuchli, Orginos 2013]
[Endress, CP, Sivalingam 2014]



lattice computation: towards a physical charm

separate low-energy QCD and charm-scale physics: consider amplitudes as a function
of charm mass for fixed u,d,s masses

Me = My = Mg = Mg —— Me > My, = Mg < Mg

probing: new technique to compute diagonal of inverse of large sparse matrices
[Tang, Saad 2012]
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lattice computation: towards a physical charm

also need to compute contribution from the subtraction term

Heff gW V*

sy ViV 3 1K QF +4505)
o=

Qli — (§L7uuL)(aL”YudL) + (gL’YudL)(ﬂL%LUL) — |u <]
Qs = (m2 —m2){ma(5.ds) + ms(Sndy)}

complicated in practice, leads to new technical issues not completely sorted out yet
— work with perturbative estimate

oF 3
= > k(W27 (1) {Q + 793} % : @
o=
Q3
of o
R s & W



lattice computation: towards a physical charm

@ 3 = 5.8485, a~ 0.124 fm
@ 32 x 167, L=2fm
@ Niow = 20 | am,  m, [MeV] am # cfgs
. . . . e-regime | 0.002 0.04,0.2 O(400)
@ Dilution: time, spin, color rogime | 002 320 0.04,0.2,0,4 (50, 250 ,500 MeV)  O(400)
@ Quenched approximation 0.03 370 0.04,0.2 ©(400)
R,
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¥ . : ]
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0.5 . 2 i 3 E
041 - 1.6 ]
0.3 - amc = amu —_ 1.2 :— amc = amu —:
0.2__ « am_=0.04| ] 085 » am_=0.04| ]
. = am =02 | | - = am =0.2 1
0.1— - am =04 | 04 » am =04 | 7
I . | L1 ! ! ! | :
05002 0.01 0.03 0.04 05.002 0.01 0.02 0.03 0.04
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u
[Endress, CP 2014]



lattice computation: towards a physical charm

B8 = 5.8485, a~ 0.124 fm
32 x 163, L=2fm
Nlow = 20 | am,  m, [MeV] am, # cfgs
Dilution: t; . | e-regime | 0.002 0.04,0.2 O(400)
LUon: tine, spin, color pregime | 002 320 0.04,0.2,0,4 (50, 250 ,500 MeV)  O(400)
Quenched approximation 0.03 370 0.04,0.2 O(400)
I | |
3r| @ 8y _
o &
i [
2%
1_
_§ i
1 | |
0 0 0.1 0.2
amc
“Experimental” values: ® g7 ~0.5
@ ggs ~ 10.5 [Endress, CP 2014]



lattice computation: towards a physical charm

I ' I ' I
3r @ 8y T 7
o &

1 . | 1 |
0 0 0.1 0.2

am

“Experimental” values:

O did a good job at tackling eye diagrams, work missing for subtraction
o very mild extra enhancement for charm masses up to M. ~ Agcp

O analysis of subtraction term suggests that [=0 amplitude grows quadratically with
charm mass for m. > Aqcp

O better understanding of subtraction crucial




outline

® computing kaon decay amplitudes
O EW effective Hamiltonian analysis
O why is it so difficult?
O status

® understanding the anatomy: strategy
O disentangling scales
O low-energy effective description and the role of chiral symmetry

O can’s and cannot’s

® some results
O long-distance effects in GIM limit

O towards the physical charm mass scale

® conclusions and outlook



conclusions and outlook

® status of problem
O understanding of field theory issues in late 90s crucial for progress
O algorithmic aspects important, but not crucial

O huge progress by RBC/UKQCD in direct computation, others in hot pursuit

® understanding of anatomy

O our strategy works well, is easy to extend to realistic setup (unquenching,
direct computation, ...)

O significant enhancement due to pure low-energy QCD effects seen

O role of charm / precise amount of total QCD enhancement still unclear: go
to larger charm masses (smaller lattice spacings), control subtraction

® looks like the problem may be settled within a decade






