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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
fraction of K,°’s which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques | proposed to extend this limit.|

In this measurement, K,” mesons were pro-
duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the
circulating protons by a 13-in.X 13-in. X 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at ~20 ft..
and a 6-in.X 6-in.X 48-in. collimator at 55 ft. A
13-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.

The experimental layout is shown in relation to
the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0,7%X 1072 steradians. The spark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,° regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K,° decays were observed
from a volume of He gas at nearly STP.
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FIG. 1. Plan view of the detector arrangement.
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FIG. 2. (a) Experimental distribution in m* com-
pared with Monte Carlo calculation. The calculated
distribution is normalized to the total number of ob-
served events. (b) Angular distribution of those events
in the range 490 <m* <510 MeV. The calculated curve
is normalized to the number of events in the complete
sample.

We would conclude therefore that K,° decays to
two pions with a branching ratio R=(K,~7n"+7")
(K,°—all charged modes) = (2.0 0.4)X 10~% where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,°. The presence of a
two-pion decay mode implies that the K,° meson
is not a pure eigenstate of CP, Expressed as
K,=2"V[(KyKo) +€(Ko+K,)] then le|*=R 7 7,
where 7, and 7, are the K,° and K,° mean lives
and R is the branching ratio including decay to
two 7°, Using branching ratio
quoted above

lef =2,3X1073,
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Prize share: 1/2

Prize share: 1/2

The Nobel Prize in Physics 1980 was awarded jointly
to James Watson Cronin and Val Logsdon Fitch "for
the discovery of violations of fundamental

symmetry principles in the decay of neutral K-
mesons."

[https://www.nobelprize.org/prizes/physics/1980/summary/ ]
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Abstract

I was supposed to review the status of & /e both at the CKM Workshop in September
in Heidelberg and recently at the Discrete 2018 Conference in Vienna. Unfortunately
I had to cancel both talks for family reasons. My main goal in these talks was to
congratulate NA48 and KTeV collaborations for the discovery of new sources of
CP violation through their heroic efforts to measure the ratio ¢’/ in the 1980s and

... 1 a mha a a aYalata ava a ada a' O ava /\ ava asava

other conferences this year I will reach this goal in this writing. In this context
I will give arguments, why I am convinced about the presence of new physics in

e’ /e on the basis of my work with Jean-Marc Gérard within the context of the
Dual QCD (DQCD) approach and why RBC-UKQCD lattice QCD collaboration

and in particular Chiral Perturbation Theory practitioners are still unable to reach
this conclusion. I will demonstrate that even in the presence of pion loops, as
large as advocated recently by Gisbert and Pich, the value of &' /e is significantly
below the data, when the main non-factorizable QCD dynamics at long distance
scales, represented in DQCD by the meson evolution, is taken into account. As
appropriate for a Christmas story, I will prophesy the final value ot € /¢ within the
SM, which should include in addition to the correct matching between long and short
distance contributions, isospin breaking effects, NNLO QCD corrections to both
QCD penguin and electroweak penguin contributions and final state interactions.
Such final SM result will probably be known from lattice QCD only in the middle
of the 2020s, but already in 2019 we should be able to see some signs of NP in the
next result on €’ /e from RBC-UKQCD. In this presentation I try to avoid, as much
as possible, the overlap with my recent review of Dual QCD in [1].
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plan

e phenomenology of neutral kaon decay

e understanding non-leptonic kaon decay within the SM
- electroweak effective Hamiltonian analysis
- exact (lattice) vs. approximate (effective theory/large N/models)
- why is it so hard?
- state-of-the-art quantitative results

e understanding the anatomy of A/=1/2

- the strategy

- (old) results for QCD amplitudes
- large N

- insight into light meson physics

e outlook
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neutral kaon decay

K$ 1(JF) = 3(07)
Mean life 7 = (0.8954 4 0.0004) x 10719s (S=1.1) Assum-
ing CPT
Mean life 7 = (0.89564 + 0.00033) x 10710 s  Not assuming
CPT
Scale factor/ p
Kg DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Hadronic modes
79 70 (30.6940.05) % 209
Tt (69.20+0.05) % 206
K} I(J7) = 3(07)

mKL — mKS
— (0.5293 + 0.0009) x 101° s~ (S=1.3) Assuming CPT
— (3.484 4 0.006) x 10712 MeV ~ Assuming CPT
= (0.5289 + 0.0010) x 101° A s=1  Not assuming CPT

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

K9 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Semileptonic modes
r+etu, ‘ [o] (40.55 +0.11 ) % S=1.7 229
USRS ) [o] (27.04 +£0.07 )% S=1.1 216
Hadronic modes, including Charge conjugationx Parity Violating (CPV) modes
370 (19.52 £0.12 ) % S=1.6 139
ata— 70 (12.54 +0.05 ) % 133
Tt~ CPV [q] ( 1.96740.010) x 103 S=1.5 206

70 70 cPV (1 8.64 +0.06 ) x 10~ 4 S=1.8 209
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neutral kaon decay
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CP-violation parameters accessible via decay amplitudes
Into two pions
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neutral kaon decay

experiment: Average: (16.7 +2.3) 10™
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neutral kaon decay

experiment:

] = (2.228 £0.011) x 107

/
Re (%) — (16.5 T 2.6) x 10~*

— | =22.35 —iT[KY — (nm)7] = A;e"1

(similar observations in baryon sector, e.g., A/>— Nm, heavy meson decay, ...)

[fully?] satisfactory understanding of result within SM lacking for 45 years
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effective weak Hamiltonian analysis

2

S, d S d M <K MVQV, m%, mg(‘?) =
W _
> 1 1 2
>WW\A< X p2 _m2 ~ m2 ]_—|—(/) (:Lz
u u u u X X L X




effective weak Hamiltonian analysis

2

S, d S d M <K MVQV, m%, m?(‘?) =
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effective weak Hamiltonian analysis

S d S d
W >g<
u u u u

2:;;& §>W< \?“
>¢§ E>< \@

mi. < M3, m;, m=(7) =

C

1 1 | p® \
> _ 2 — > 1+O(—2>

M mx L

p

2

T K — nr| = <7T7T\H$VH\K> + O ( p2 )
My,

HET = ka Verm) Ck (/M) O (1)

i

Wilson coefficients four-quark operators

(short-distance physics) (long-distance physics)



effective weak Hamiltonian analysis

CP-violation effects neglected (th‘/}s 1073), keep active charm quark:
ud Vs
& gW >k O' O' O'

o—-+

Q1 = (Suypuc)(Unyude) £ (Suyudy)(Uyuun) — [u 4 ¢

ok (m2 — m?) {ma(5.dn) + ma(5ndy)}

(do not contribute to physical K — 77 transitions)



effective weak Hamiltonian analysis

CP-violation effects neglected (th‘/}s 1073), keep active charm quark:
ud Vs
& gW >k O' O' O'

O—_1T

Q1 = (Suypuc)(Unyude) £ (Suyudy)(Uyuun) — [u 4 ¢

ok (m2 — m?) {ma(5.dn) + ma(5ndy)}

(do not contribute to physical K — 77 transitions)

Ao| Kk (Mw) () 1=0|Qy | K ky (Mw)
Aa| k) (Mw) ((7m)1=2|Q7 | K) k(M)

O bulk of effect should come from long-distance QCD contribution
[Galillard, Lee; Altarelli, Maiani 1974]

O reliable non-perturbative determination mandatory

[Cabibbo, Martinelli, Petronzio; Brower, Maturana, Gavela, Gupta 1984]



effective weak Hamiltonian analysis

if charm quark is also integrated out (perturbation theory at m.?):

10
Lw S M, = i VdV* > [z T Q
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effective weak Hamiltonian analysis

if charm quark is also integrated out (perturbation theory at m.?):

10

< E] eff gW * L V;fd‘/y;
9 O several four-quark operators (2xcurrent?, 4xQCD/EW

l penguins), includes “CP-violating” structures
O missing GIM mechanism quadratic divergences in

s d
penguin operators (log if charm active)
O suggests enhancement mechanism due to peculiar role

of charm scale

2 2
m,. — 11
2
™
~ In 207 :ugmc



effective weak Hamiltonian analysis

useful relation to neutral kaon mixing:

) u,c,t d
_ S n d _
M Oreua OIS ER B
: d W~ § _

) KO (5~v=d)(5v:d)| KO
gchK:< |(78u 2(72“ )| K*) 0
s b emi

in the chiral limit, this amplitude is the same as the contribution to kaon decay in the /=3/2 channel
(with active charm)



how to tackle it

approximate methods/effective theory

O spectacular failure of naive 1/N. expansion

O elaborate approaches that combine 1/N,,
chiral perturbation theory+4vector
dominance, and quark-hadron duality claim
SUCCESS
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approximate methods/effective theory

O spectacular failure of naive 1/N. expansion

O elaborate approaches that combine 1/N,,
chiral perturbation theory+4vector
dominance, and quark-hadron duality claim
SUCCESS

lattice QCD |rest of this talk]

O first-principles approach, uncertainties can
be systematically improved

O has reached precision era, main player in
flavour physics — e.g., Bk

O however, Al=1/2 and &'/e remain very
difficult problems



lattice QCD

N¢ .
1 iy _— W e
LQCD — 292 tr [FMVF'LL ] T ;% [Zﬁ — mq} % | 23972 e P tr [F,upra]
— N —— ——

cP

first-principles approach = control all systematic uncertainties

1T 1T

® spa

cetime = Euclidean lattice

e allows to define path integral rigorously and

compute it via Monte Carlo methods

e QCD recovered by removing cutoffs at

physical kinematics

e val

les of Lagrangian parameters fixed by

IN¢-

-1 hadron masses/decay constants —

everything else are predictions



lattice QCD

WHAT'S THAT
SYMBOL MEAN-

NOTHING, B8UT |F T
CAN GET ENOUGH
ARROW sTRIKES, T CAN
CALCULATE PV/

[ SMBC ]




lattice QCD

CLS N¢

— 2
ETMC N = 2 0207
(clover) ETMC Ny = 2 a[fm] ' ' ' '
BGR Ne =2 A i , | . .
JLQCD N; = 2 015 @ © 6 0o o A A
(plag) TWQCD Ne =2 + O x ;gxm% A, A
(Iwa) TWQCD Ny =2 X - A | =
(HEX) BMW Ne = 2 + 1 Qo @D O ©a® & g1 O
(stout) BMW Ny =2 + - % ¢ §+<> ) f . + ] ©
(stout-stag) BMW Ng = 2 + 0.10 OO Qg O O ORI A X
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[Flavour Lattice Averaging Group 2019]
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two no-go theorems stand in our way

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

symmetry group

[Nielsen, Ninomiya 1982]

e absence of chiral symmetry leads to
complicated operator mixing and severe power

divergences
[ Bochicchio et al. 1985]
[Maianl et al. 1987]

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

[Capitani, Giusti 2001]
[CP, Sint, Vladikas 2004°
[Frezzotti, Rossi 2004]

why is it so difficult?

Maiani-Testa: physical decay amplitudes with
>1 final hadron cannot be extracted from

Euclidean correlation functions |in oo volume)

[Maiani, Testa 1990]

—iT[KY — (nm)7] = A; €1

T{(rm); — (77)1]i=0 = 2€%°7 sin §;

e avoid by working at large finite volume to
disentangle pion rescattering effects (requires

volumes being reached only recently)

[Lellouch, Luscher 1998]
[Lin, Martinelli, Sachrajda, Testa 2001]




K—rr in lattice QCD: why is it so difficult?

two no-go theorems stand in our way

Nielsen-Ninomiya: no ultralocal lattice Maiani-Testa: physical decay amplitudes with

regularisation preserves the full chiral >1 final hadron cannot be extracted from

symmetry group Euclidean correlation functions

e absence of chiral symmetry leads to e use effective low-energy description of Hef in
complicated operator mixing and severe power XxPT to relate K—nrm amplitudes to
divergences computable quantities

e use regularisations with exact chiral symmetry e avoid by working at large finite volume to
(not ultralocal), or better chiral properties disentangle pion rescattering effects (requires

volumes being reached only recently)
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O direct CP violation:

[Bai et al., PRL 115 (2015) 212001]

/
Re (8—) = (15+7) x 1074 xPT-based, large log effect from final state interactions

1 [Gisbert, Pich 2017]
22(14: 5)><](Y_ [Cirigliano, Gisbert, Pich, Rodriguez Sanchez today]

Re (8 ) = (1.94+4.5) x 107*  dual QCD-based

[Buras, Gorbahn, Jager, Jamin 2015]



K— rtrt: state of the art

e’ /e-2018: A Christmas Story

Andrzej J. Buras

TUM Institute for Advanced Study, Lichtenbergstr. 2a, D-85748 Garching, Germany

Physik Department, TU Miinchen, James-Franck-Strafle, D-85748 Garching, Germany

E-mail: aburas@ph.tum.de

Abstract

I was supposed to review the status of & /e both at the CKM Workshop in September
in Heidelberg and recently at the Discrete 2018 Conference in Vienna. Unfortunately
I had to cancel both talks for family reasons. My main goal in these talks was to
congratulate NA48 and KTeV collaborations for the discovery of new sources of
CP violation through their heroic efforts to measure the ratio ¢’/ in the 1980s and

... 1 a mha a a aYalata ava a ada a' O ava /\ ava asava

other conferences this year I will reach this goal in this writing. In this context
I will give arguments, why I am convinced about the presence of new physics in

e’ /e on the basis of my work with Jean-Marc Gérard within the context of the
Dual QCD (DQCD) approach and why RBC-UKQCD lattice QCD collaboration

and in particular Chiral Perturbation Theory practitioners are still unable to reach
this conclusion. I will demonstrate that even in the presence of pion loops, as
large as advocated recently by Gisbert and Pich, the value of &' /e is significantly
below the data, when the main non-factorizable QCD dynamics at long distance
scales, represented in DQCD by the meson evolution, is taken into account. As
appropriate for a Christmas story, I will prophesy the final value ot € /¢ within the
SM, which should include in addition to the correct matching between long and short
distance contributions, isospin breaking effects, NNLO QCD corrections to both
QCD penguin and electroweak penguin contributions and final state interactions.
Such final SM result will probably be known from lattice QCD only in the middle
of the 2020s, but already in 2019 we should be able to see some signs of NP in the
next result on €’ /e from RBC-UKQCD. In this presentation I try to avoid, as much
as possible, the overlap with my recent review of Dual QCD in [1].
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I will give arguments, why I am convinced about the presence of new physics in
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scales, represented in DQCD by the meson evolution, is taken into account. As
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m Our computation: @ ~ —0.7D
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[Boyle et al.,
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far-reaching effort by RBC/UKQCD collaboration

T @& —@

Contraction @ Contraction @

m Naive factorisation approach: @ ~ 1/3@

m Our computation: @ ~ —0.7QD

O “emerging understanding of A/=1/2 rule”

of the art

0272 (A, If) [109}

3.0

latest update:

RGAQ

R@AQ N

— 31(11)

[RBC/UKQCD 2015]

)y

[Boyle et al.,

PRL 110 (2013) 152001]



plan

phenomenology of neutral kaon decay

understanding non-leptonic kaon decay within the SM

e understanding the anatomy of A/=1/2

- the strategy

- (old) results for QCD amplitudes
- large N

- insight into light meson physics

outlook



based on:

e A. Donini, P. Hernandez, CP, F. Romero-Lépez, to appear.

e P. Hernandez, CP, F. Romero-Lépez , Large N: scaling of meson masses and decay
constants, EPJC 79 (2019) 865.

e A. Donini, P. Hernandez, CP, F. Romero-Lépez, Nonleptonic kaon decays at large
Nc, PRD 94 (2016) 114511.

e E. Endress, CP, Exploring the role of the charm quark in the Al=1/2 rule, PRD 90
(2014) 094504.

e P. Hernandez, M. Laine, CP, E. Torré, J. Wennekers, H. Wittig, Determination of the
AS = 1 weak Hamiltonian in the SU(4) chiral limit through topological zero-mode

wave functions, JHEP 0805 (2008) 043.

e L. Giusti, P. Hernandez, M. Laine, CP, J. Wennekers, H. Wittig, On K—nm
amplitudes with a light charm quark, PRL 98 (2007) 082003.



anatomy of Al=1/2

[Giustli, Hernandez, Lalne, Weilsz, Wittig 2004]

several possible sources for A/=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

e = My, = TNg = Mg 7 mc>>mu:md,§ms
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several possible sources for A/=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

e = My, = TNg = Mg 7 mc>>mu:md,§ms

implementation (Mark [):

O active charm
O use chiral fermions (good renormalisation, access to very low masses)

O = give up (too expensive) direct computation, use ChiPT = no FSI



anatomy of Al=1/2

dynamics of Goldstone bosons at LO given by chiral Lagrangian

£ =1FTy [9,U0,U'] — ST [UMT /Nt 4 h.c.}

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

light charm: HD = 4]?}2 Vis Vud Z {97971 + 9293}
o= F2
Or =T TM+ TT — lu < (] Ty =—=U8,U"
V2
heavy charm: Hf,f) = 4]?;2 VisVud {927Q27 + g89s + géQé}
3
Qo7 = - jj“j:d + =TT
3 2. T
q=u,d,s

. . sd
Qr = ML F? [er/Nf + UTe_w/Nf} ,



anatomy of Al=1/2

dynamics of Goldstone bosons at LO given by chiral Lagrangian

£ =1FTy [9,U0,U'] — ST [UMT /Nt 4 h.c.}

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

9
. i 4 Jw * aYl aYe
light charm: HW — 4MVQVVUSVUCZ; {g7 97 + g5995}
B 1
g27(0) = g7, g(0) = g; + 591+
92
heavy charm: 7‘[‘(,3) — 4]\;2 VJSVud {927Q27 —+ QSQS —+ géQé}
%%
957" ()| ~ 0.50, g5 " ()| ~ 10.5

T

match to experiment @ LO in xPT



determining weak LECs: m,=m,

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

QCD SU(4) xPT
R o) = G RE0) = e
C(ao,0) = [ & / ay (J(2) QE(0) i (1)) Clao) = [ & (F3(2) T O)suco
Clao) = [ @ (757 () 7o0)). CHoow) = [ ' [ @ () QFO) T Wisuio
Qr (2

Jo(T)] g oY) s



determining weak LECs: m,=m,

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

(2
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C(

1

Yo) =
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/

QCD

d3x/d3
d3 <J5

C=(x0,Yo)

(@0:90) = G0 Clyo)

y (J§(x) Q;(0) J5* (y))

\

3" (@) Jg " (0))

zE

R (20, %0) = 61 R;

SU(4) xPT
+ C:"(xo,yo)
RE(z0.10) = =
FE0:50) = B e (o)
C(z0) = / B (T2 (x) TE0))sua)
(20, o) = / & / Ay (T8 () QF (0) T3




determining weak LECs: m,+m,

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

QCD SU(3) xPT
Ro7 = Zf_Rfja R;:(mO y()) __ Ci:(a?()ay())
Rs= 2] [Rf — R + 'R + 27 [Ry + ¢ R} Z C(20)C(yo)
C (0, yo) = / d’x / d’y (J§"(x) Q5 (0) Jg* (1)) Co7(20, 40) = / A3z / d*y (T3 (@) Q27(0) T3 (y))su(3) -
O (o) = / @ (J3P () JE(0)) Cawos) = [ & [ dy (T (@) Qu(0) T3 (w))suis
Ci o) = [ & [ d%y (@) @ 0) T () Cl (o, 90) = / a2 / Ay (T () Q4(0) T (1))sus
Q1 (2)
Q7 (2

[JO (x)]du [JO (y)]us [JO(x)]du [JO(y)]us



determining weak LECs: m,+m,

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

QCD SU(3) xPT
R27 — Z+R—|— R;:(CEO y()) _ i: (3707 yO)
Ry = Z; [R+ RS +ctRI) + 27 [Ry + ¢ R} 7’ C(x0)C(¥0)
C=(x0,%0) /d3 /d3 (J3(x) QF(0) J&* (y)) Cor(z0,y0) = [ Az [ Ay (T (x) Q27(0) T (y))su(3) »

[
Clao) = [ @2 (57 () I 0). Cawos) = [ & [ dy (T (@) Qu(0) T3 (w))suis
[

CiF (w0, 0) = / &2 / Ay (T8 () @ (0) T (4)) Cl (0, o) =

\ R27($Oa ?JO) — 9277227(51;0, yo) , /

Rs(z0,y0) = 9sRs(zo, y0) + 9sRs(x0, yo)



quenched overlap results

O fixed a ~ 0.12 tm |
O sophisticated variance reduction techniques Z-SE -
O computations spanning both p- and s-regime 2_ t ;R -

} ¢

. 15— ® _|

g 9 i
This work  0.51(3)(5)(6) 2.6(1)(3)(3) I 3 ] -
" Exp” ~ 0.5 ~ 10.4 sl s = 7 _

Large IV, | | mls/z

O large chiral corrections, consistent with xPT prediction

O AI=3/2 in the right ballpark (n.b. charm enters only via loops / quenching subdominant [?])
O A/=1/2 about a factor 4 too small to reproduce physical enhancement

O remarkable enhancement of A/=1/2 channel present for light charm: pure “no-penguin™ effect




quenched overlap results

O fixed a ~ 0.12 fm
O sophisticated variance reduction techniques
O computations spanning both p- and s-regime

O add heavy(-ish) charm + perturbative operator mixing

RJlr R1
1 I 4 [ |
0.9/ _ 3.6 N
0.8 N ﬂ 1 _ 321 -
0.7 1 L] 4 i 2.8 I =
0.6~ [ - 240 1 g E
0.4 - 1.6 —
03— am = am | — 1.2 :— am = am —:
n C u 1 B C B u ]
0oL » am_ = 0.04| | 0.8 :_ » am_ = 0.04| -
I « am_=0.2 | - - = am_ = 0.2 ]
0.1 « am_=04 | - 0.4~ » am = 04 | 7
O ] | I | I | | | l ] O N | | | ' | l | I |
0.002 0.01 0.02 0.03 0.04 0.002 0.01 0.02 0.03 0.04
daimn dim



quenched overlap results

@ fixed a ~~ 012 fm 3—l. g, _I_
e &g
O sophisticated variance reduction techniques _ T |
O computations spanning both p- and e-regime Ml !
O add heavy(-ish) charm + perturbative operator mixing 1
1_
. e ¢
05 | 0. | 0.2
am
“Experimental” values: e go7 ~ 0.9
@ gg ~ 10.5

O large chiral corrections, consistent with xPT prediction

O AI=3/2 in the right ballpark (n.b. charm enters only via loops / quenching subdominant [?])
O A/=1/2 about a factor X 3.0-3.5 too small to reproduce physical enhancement

O heavy charm adds to the enhancement, but effect is moderate up to mhys/4 - mPphys/2




Al=1/2 @ large N,

[RBC/UKQCD 2013-15]
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Al=1/2 @ large N,

[RBC/UKQCD 2013-15]

@) @D understanding by comparing connected-

s ) g s ) g disconnected contributions to three-point
L L . . .
@< >@ @< >@ functions difficult to interpret physically

Contraction @ Contraction @
3.0
D 5~

2.5 ri - @J% ﬁ ) the leading large N scaling of each
g 2.0 ;] iiﬂ]qlﬁ ; contribution is however different:
= 151117 ‘H’% [I]c]J[M] i connection with the physical amplitudes
% o " %H%Mi@@@mmmm _ can be established by studying the N
S g N%Q dependence

O5T ¢@@®®®®®®®®®®®®®®®®@g% |

0.0 | | | | [Donini, Hernandez, CP, Romero-Lopez 2016]

0 D 10 15 20 29 [cf. also Blum et al., PRD 91 (2015) 074502]



Al=1/2 @ large N,

[RBC/UKQCD 2013-15]
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Al=1/2 @ large N,

[RBC/UKQCD 2013-15]
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Al=1/2 @ large N,

n.b.: relation between kaon mixing and A/=3/2 decay amplitude holds outside the chiral
limit for m,=mg=ms;, since in that case chiral logs coincide - at leading log
(mt w0 | Hy | K) i

_ At GV
mi —m2 | _ o 2 T

Tl Hy | Kt 9 my :
(" 1O Hy | K)o = e T HWIR (1 I log & )
ms=mMmy

m47, — m2 4 (47 F)? (4T F)?

thus, large N corrections to the physical amplitude are fixed by those in A+

O caveat 1: in physical kinematics, chiral logs much larger for mixing amplitude

O caveat 2: higher-order ChiPT effects argued to be larger



Al=1/2 @ large N. numerical study

e simulate for N.=3,...,8 at fixed lattice spacing, change quark mass along m,=ms=ms=mc
- quenched: use line of constant physics provided by Regensburg+Scotland+Wales study of meson physics

- dynamical: use gradient flow scale ty to set constant physics

e use Wilson fermions for sea (HiRep code), twisted-mass QCD for valence

- twisted valence a la Frezzotti-Rossi allows to avoid mixing with wrong-chirality operators
- mixed-action approach requires matching of valence and sea, performed with meson mass

- check for residual cutoff effects by changing value of csw + ongoing simulation on finer lattice

e develop necessary SU(4) xPT to better understand meson dynamics

- bonus: get large-N. insight on LECs and meson interactions



Al=1/2 @ large N. numerical study

quenched simulations in 163 lattices at

(roughly) constant PS mass

N. T/a I5; AMPCAC aMmPps R;rare R, .

3 48 6.0175 -0.002(14) 0.2718(61) 0.774(21) 1.218(31)
4 48 11.028 -0.0015(11) 0.2637(39) 0.783(15) 1.198(19)
b 48 17.535 0.0028(9) 0.2655(31) 0.839(8) 1.145(12)
6 32 25.452 0.0013(7) 0.2676(28) 0.871(6) 1.125(7)
7 32 34.8343 -0.0034(6) 0.2819(19) 0.880(5) 1.122(5)

renormalisation (Rl scheme) at scale around 2
GeV performed using one-loop P.T.

perturbative two-loop RG running in Rl to
connect to RGls



Al=1/2 @ large N. numerical study

163 lattices at

(roughly) constant PS mass, string tension

quenched simulations in

N. T/a I5; AMPCAC aMmPps R;rare R, .

3 48 6.0175 -0.002(14) 0.2718(61) 0.774(21) 1.218(31)
4 48 11.028 -0.0015(11) 0.2637(39) 0.783(15) 1.198(19)
b 48 17.535 0.0028(9) 0.2655(31) 0.839(8) 1.145(12)
6 32 25.452 0.0013(7) 0.2676(28) 0.871(6) 1.125(7)
7 32 34.8343 -0.0034(6) 0.2819(19) 0.880(5) 1.122(5)

renormalisation (Rl scheme) at scale around 2
GeV performed using one-loop P.T.

perturbative two-loop RG running in Rl to
connect to RGls
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Al=1/2 @ large N. numerical study

quenched simulations in 163 lattices at

(roughly) constant PS mass, string tension

N. T/a I5; AMPCAC aMmPps R;rare R, .

3 48 6.0175 -0.002(14) 0.2718(61) 0.774(21) 1.218(31)
4 48 11.028 -0.0015(11) 0.2637(39) 0.783(15) 1.198(19)
b 48 17.535 0.0028(9) 0.2655(31) 0.839(8) 1.145(12)
6 32 25.452 0.0013(7) 0.2676(28) 0.871(6) 1.125(7)
7 32 34.8343 -0.0034(6) 0.2819(19) 0.880(5) 1.122(5)

renormalisation (Rl scheme) at scale around 2
GeV performed using one-loop P.T.

perturbative two-loop RG running in Rl to
connect to RGls
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O very linear behaviour in N

O expected large N limit, corrections at N.=3
in 30% ballpark

O strong anticorrelation of corrections for the
two amplitudes



Al=1/2 @ large N. numerical study

quenched simulations in 163 lattices at

(roughly) constant PS mass, string tension

N. T/a I5; AMPCAC aMmPps R;rare R, .

3 48 6.0175 -0.002(14) 0.2718(61) 0.774(21) 1.218(31)
4 48 11.028 -0.0015(11) 0.2637(39) 0.783(15) 1.198(19)
b 48 17.535 0.0028(9) 0.2655(31) 0.839(8) 1.145(12)
6 32 25.452 0.0013(7) 0.2676(28) 0.871(6) 1.125(7)
7 32 34.8343 -0.0034(6) 0.2819(19) 0.880(5) 1.122(5)

renormalisation (Rl scheme) at scale around 2
GeV performed using one-loop P.T.

perturbative two-loop RG running in Rl to
connect to RGls

(A= + AT)

|

3 (A7 — A7)

1.30
1.25
1.20
1.15
1.10
1.05
1.00
0.95
0.90

0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

0.00

0.05

0.10

0.15

0.20
1/N,

0.25

0.30

0.35

0.40

0.00

0.05

0.10

0.15

0.20
1/N,

0.25

0.30

0.35

0.40



Al=1/2 @ large N. numerical study

dynamical simulations at varying PS mass
(+ extra quenched points)

Ensemble | N LxT B mg aM M (MeV)
A301 20 x 36 -0.4040 | 0.2191(36) 570
A302 3 24 x 48 1778 -0.4060 | 0.1831(17) 480
A303 24 x 48 ' -0.4070 | 0.1612(24) 420
A304 32 x 60 -0.4080 | 0.1384(15) 360
A401 20 x 36 -0.3725 | 0.2035(14) 530
A402 4 24 x 48 3 570 -0.3752 | 0.1804(7) 470
A403 24 x 48 ' -0.3760 | 0.1714(8) 440
A404 32 x 60 -0.3780 | 0.1397(8) 360
A501 20 x 36 -0.3458 | 0.2128(9) 560
A502 5 24 x 48 5 069 -0.3490 | 0.1802(6) 470
A503 24 x 48 ' -0.3500 | 0.1712(6) 450
A504 32 x 60 -0.3530 | 0.1328(8) 350
A601 20 x 36 -0.3260 | 0.2150(7) 570
A602 6 24 x 48 8 974 -0.3300 | 0.1801(5) 470
A603 24 x 48 ' -0.3311 | 0.1690(7) 450
A604 32 x 60 -0.3340 | 0.1354(7) 360

other technicalities as before




Al=1/2 @ large N. numerical study

dynamical simulations at varying PS mass

(+ extra quenched points)

Ensemble | N LxT B mg aM M (MeV)
A301 20 x 36 -0.4040 | 0.2191(36) 570
A302 3 24 x 48 1778 -0.4060 | 0.1831(17) 480
A303 24 x 48 ' -0.4070 | 0.1612(24) 420
A304 32 x 60 -0.4080 | 0.1384(15) 360
A401 20 x 36 -0.3725 | 0.2035(14) 530
A402 4 24 x 48 3 570 -0.3752 | 0.1804(7) 470
A403 24 x 48 ' -0.3760 | 0.1714(8) 440
A404 32 x 60 -0.3780 | 0.1397(8) 360
A501 20 x 36 -0.3458 | 0.2128(9) 560
A502 5 24 x 48 5 069 -0.3490 | 0.1802(6) 470
A503 24 x 48 ' -0.3500 | 0.1712(6) 450
A504 32 x 60 -0.3530 | 0.1328(8) 350
A601 20 x 36 -0.3260 | 0.2150(7) 570
A602 6 24 x 48 8 974 -0.3300 | 0.1801(5) 470
A603 24 x 48 ' -0.3311 | 0.1690(7) 450
A604 32 x 60 -0.3340 | 0.1354(7) 360

other technicalities as before
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Al=1/2 @ large N. numerical study

dynamical simulations at varying PS mass

(+ extra quenched points)

Ensemble | N LxT B mg aM M (MeV)
A301 20 x 36 -0.4040 | 0.2191(36) 570
A302 3 24 x 48 1778 -0.4060 | 0.1831(17) 480
A303 24 x 48 ' -0.4070 | 0.1612(24) 420
A304 32 x 60 -0.4080 | 0.1384(15) 360
A401 20 x 36 -0.3725 | 0.2035(14) 530
A402 4 24 x 48 3 570 -0.3752 | 0.1804(7) 470
A403 24 x 48 ' -0.3760 | 0.1714(8) 440
A404 32 x 60 -0.3780 | 0.1397(8) 360
A501 20 x 36 -0.3458 | 0.2128(9) 560
A502 5 24 x 48 5 069 -0.3490 | 0.1802(6) 470
A503 24 x 48 ' -0.3500 | 0.1712(6) 450
A504 32 x 60 -0.3530 | 0.1328(8) 350
A601 20 x 36 -0.3260 | 0.2150(7)

A602 6 24 x 48 8 974 -0.3300 | 0.1801(5)
A603 24 x 48 ' -0.3311 | 0.1690(7)
A604 32 x 60 -0.3340 | 0.1354(7)

other technicalities as before
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Al=1/2 anatomy: a summary

several possible sources for A/=1/2 enhancement (on top of short-distance’s x2):

O physics at charm scale (penguins)
O physics at “intrinsic’ QCD scale ~ Aqcp
O final state interactions

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



Al=1/2 anatomy: a summary

several possible sources for A/=1/2 enhancement (on top of short-distance’s x2):

O physics at charm scale (penguins) — x [>1.3]
O physics at “intrinsic” QCD scale ~ Aqcp ———  x [1.5-2.0 (glue) x 1.0-1.5 (quarks)]
O final state interactions —_— 7

O all of the above (no dominating “mechanism’) likely, if | were to put my money...

1/ N corrections are very large, consistent with the enhancement (and RBC/UKQCD's findings),
and however still consistent with 1/N. scaling

several interesting byproducts



meson interactions O large N. xPT

Goldstone boson physics is well-parametrized by Chiral Perturbation Theory

Fr = {1 | M, 4L5(p) + 4NgLy(p)] - N M 108 (%7%)}

F2 2 (47 F,)2 1L
Wk
_®
Ly Lo

F? = O(N, 2

M7T
Ls = O(N,) _ Fr NimF{1+4ﬁL5+logs}
Ly = 0O(1) "

[Gasser, Leutwyler 1985]
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meson interactions O large N. xPT
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meson interactions O large N. xPT
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meson interactions O large N. xPT

selected results:



selected results:

e LO LEGs:

F

VN

meson interactions @ large N. xPT

FN],_.:?, — 71(3) MeV

JLQCD/TWQCD 10A[389] 71(3)(8)

N
Ll MeV = Fy,—y = 86(3) MeV

I\
ETM 15A 386]  86.3(2.8)
Engel 14 [50]  85.8(0.7)(2.0)
Brandt 13 149]  84(8)(2)
QCDSF 13 [402]  86(1)
TWQCD 11 394]  83.39(35)(38)
ETM 09C 48] 85.91(07)(*72)
ETM 08 53] 86.6(7)(7)
Hasenfratz 08 397]  90(4)
JLQCD/TWQCD 08A [376]  79.0(2.5)(0.7)(F5?2)
JLQCD/TWQCD 07 [398] 87.3(5.6)
Colangelo 03 1403]  86.2(5)

MILC 10
MILC 09A
MILC 09

PACS-CS 08
RBC/UKQCD 08

36
17
129
162

163

80.3(2.5)(5.4)
78.3(1.4)(2.9)

83.8(6.4)
66.1(5.2)




meson interactions @ large N. xPT

selected results:

e LO LEGs:
- -67(3) 26(4) Nl Mev = F 36(3) MeV F 71(3) MeV
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