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Overview	of	Kaon	physics



- FCNC	and	CP	violation	in	Kaon	system	are	suppressed	in	the	SM	

SM NP
If

Kaon observables	are	sensitive	to	NP	at	a	very	high	scale,	which	is	not	accessible	at	
the	LHC

c.f.	meson	mixing

Why	Kaon?

Several	on-going	experiments	for	Kaon	observables
(	KOTO/NA62/LHCb +	KLOE-2/TREK…	)

Using	recent	result	of	lattice	calculation,		there	is	discrepancy	in	ε’/ε between	SM
value	and	data (discuss	in	detail	later)
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Direct	CPV	(decay) ✏0

ε and	ε’

Indirect	CPV	(mixing)

1964	KL→2π	was	observed	 Discovery	of	CP	violation
CP	odd CP even

Indirect	CPV	(mixing)
Direct	CPV	(decay)

CP even
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Highly	suppressed	and	sensitive	to	NP
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Vcb exclusive vs. inclusive	problem	

ε evaluated	from	inclusive	|Vcb|	is	consistent	with	the	measured	value		
On	the	other	hand	there	is	4σ	tension	with	exclusive	|Vcb|	(still	tension	in	averaged)	

SM	prediction	of	ε is	sensitive	to |Vcb|

⌘i :	QCD	correction		 NNLO	:	Brod and	Gorbahn 1108.2036
�i = V ⇤

isVid, S0 : Inami-Lim function

ε

' |Vcb|2�2
⌘̄

h
|Vcb|2(1� ⇢̄)⌘ttS0(xt) + ⌘ctS0(xc, xt)� ⌘ccS0(xc)

i

Indirect	CP	violation	ε gives	severe	constraint	on	NP

O(10%) NP	room	on	ε is	still	allowed		

s̄

d
W

W

u, c, t u, c, t

See	e.g.	Bailey,	Lee,	Lee,	Leem 1808.09657
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✏(SD) / Im�t

h
Re�c⌘ccS0(xc)� Re�t⌘ttS0(xt)� (Re�c � Re�t)⌘ctS0(xc, xt)

i

|✏|
exp

= 2.228(11)⇥ 10�3

Teppei Kitahara: Karlsruhe Institute of Technology, PPP2018, YITP, August 7, 2018

Probing new physics by precision measurements of kaon decays
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εK discrepancy

SM prediction of the indirect CP violation εK is sensitive to |Vcb|

"K = "K(SD) + "K(LD) εK (LD) = -3.6(2.0)% × εK (SD)SM  [Buras,Guadagnoli, Isidori ’10]

"K(SD) / Im�t [�Re�t⌘ttS0(xt) + (Re�t � Re�c) ⌘ctS0(xc, xt) + Re�c⌘ccS0(xc)]

Wolfenstein 
 parametrization

Leading contribution is proportional to |Vcb|4

' ⌘̄�

2|Vcb|2
⇥
|Vcb|2(1� ⇢̄)⌘ttS0(xt) + ⌘ctS0(xc, xt)� ⌘ccS0(xc)

⇤

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

|ϵK |×103

|εK| predictions
(±1σ error bar)

measured value

inclusive |Vcb|

exclusive |Vcb|

Theoretical prediction of εK with 
inclusive |Vcb| is consistent with the 
measured value, while there is 4.0σ 

tension in exclusive |Vcb| case
[LANL-SWME, 1710.06614] 
Wolfenstein parameters are determined by  
the angle-only fit

errors are 
dominated by 
|Vcb|, η, ηct, ηcc

-

|εK|×103

8

|✏|⇥ 103



ε:	Vcb exclusive	vs.	inclusive

Inclusive

Bernlochner,	Ligeti,	Papucci and	Robinson	1708.07134

Exclusive

1.	Model-dependent	method	:	CLN
Caprini,	Lellouch,	and	Neubert (CLN)		hep-ph/9712417

2.	Model-independent	method	:	BGL

2	different	methods	for	functional	form	
of	form	factors:

Boyd,	Grinstein,	and	Lebed	(BGL)		hep-ph/9705252

Recent	discussions	on	exclusive	Vcb :
Bigi,	Gambino	and	Schacht	1703.06124/1707.09509

Grinstein	and	Kobach 1703.08170The	gap	might	be	explained	in	part	with	BGLmethod	

Large	deviation	from	heavy	quark	symmetry	?

1) 2)

See	e.g.	Bailey,	Lee,	Lee,	Leem 1808.09657

Belle ICHEP2018

The	situation	of	exclusive	Vcb is	still	unclear See	talk	WG2

• .......................tagged.....

• ..................untagged

ICHEP2018 Eiasha.WAHEED

• .......................untagged

5

Recent.Semileptonic.and.Leptonic.Measurements.at.Belle.

B ! D⇤`⌫

B ! µ⌫

B ! ⌘(
0)`⌫

B ! D⇤⇡`⌫`• .........................tagged

ICHEP.Preliminary

arXiv:1803.06444,.submided.to.PRD

Phys..Rev..D.96,.091102(R).2017

arXiv:1712.04123,.to.appear.in.PRL.
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In the	SM, there is accidental cancellation between ImA0 and ImA2

due to the enhancement	factor	1/ω

2 Basic formulae 10

with [31, 32]

B
(1/2)
6

= B
(3/2)
8

= 1 (43)

in the large-N limit. As had been demonstrated in [10], B
(1/2)
6

and B
(3/2)
8

exhibit a
very weak scale dependence. The dimensionful parameters entering (41), (42) are given
by [33,34]

mK = 497.614MeV, F⇡ = 130.41(20)MeV,
FK

F⇡
= 1.194(5) , (44)

ms(mc) = 109.1(2.8)MeV, md(mc) = 5.44(19)MeV . (45)

In [34], the light quark masses are presented at a scale of 2GeV, and we have evolved
them to µ = mc = 1.3GeV with the help of the renormalisation group equation. For the
comparison with lattice results below, we also need their values at µ = 1.53GeV, which
are found to be

ms(1.53GeV) = 102.3(2.7)MeV, md(1.53GeV) = 5.10(17)MeV . (46)

Below, we will neglect the tiny errors on mK , FK , and F⇡.
It should be emphasised that the overall factor h in (41), (42) depends on the nor-

malisation of the amplitudes A
0,2. In [10] and recent papers of the RBC-UKQCD col-

laboration [23, 35] h =
p

3/2 is used whereas in most recent phenomenological pa-
pers [4, 17, 20, 21], h = 1. Correspondingly, the experimental values quoted for A

0,2

di↵er by this factor. To facilitate comparison with [10] and the RBC-UKQCD collabora-
tion results [23, 25, 35], we will set h =

p
3/2 in the present paper and consequently the

experimental numbers to be used are

ReA
0

= 33.22(1)⇥ 10�8 GeV , ReA
2

= 1.479(3)⇥ 10�8 GeV , (47)

which display the �I = 1/2 rule

ReA
0

ReA
2

⌘ 1

!
= 22.46 . (48)

We also note that while equation (41) is identical to (5.10) in [10], the definition of B(3/2)
8

in the present paper di↵ers from [10] [cf (5.18) there]. This is to ensure that B(1/2)
6

= 1

and B
(3/2)
8

= 1 both correctly reproduce the large-N limit of QCD. In contrast, (5.18)
in [10] was based on the so-called vacuum insertion approximation, in which additional

terms appear in the normalisation of B(3/2)
8

. Such terms misrepresent the large-N limit
of QCD. With our conventions, 1/N corrections in (41) and (42) are represented by the

departure of B(1/2)
6

and B
(3/2)
8

from unity. They have been investigated in [22] and very
recently in [24] with the result summarised in (4). We refer to this paper for further
details.

We now turn to the parameter q which enters (36). We first note that, like B(1/2)
6

and

B
(3/2)
8

, it is nearly renormalisation-scale independent. Its value can be estimated in the
large-N approach [17]; as this approach correctly accounts for the bulk of the experimental
value of ReA

0

, the ensuing estimate can be considered a plausible one. In the large-N

ΔI=1/2	rule

EW penguin	operatorQCD penguin	operator

(exp.)

�, Z0

EW	penguin	is	comparable	to	QCD	penguin	due	to	the	enhancement	factor

ε’/ε
A(K0 ! (⇡⇡)I=0,2) = A0,2e

i�0,2
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Short	distance

Decay	amplitude	 Short	distance

Long	distance	(Matrix	elements)

Matrix	element

- NLO	result	has	been	available	since	early	90’s
- NNLO	QCD	calculation	is	in	progress Cerda-Sevilla,	Gorbahn,	Jager,	Kokulu 1611.08276

- First	lattice	result	by	RBC-UKQCD in	2015 1502.00263	1505.07863

ε’/ε discrepancy

1 Introduction

A deviation of the standard model (SM) prediction from the experimental result is
recently reported in the direct CP violation of the K ! ⇡⇡ decays, which is called
✏0. The latest lattice calculations of the hadron matrix elements significantly reduced
the theoretical uncertainty [1–4] and yield [5, 6]

✓
✏0

✏

◆

SM

=

8
<

:

(1.38 ± 6.90) ⇥ 10�4, [RBC-UKQCD]
(1.9 ± 4.5) ⇥ 10�4, [Buras et al.]
(1.06 ± 5.07) ⇥ 10�4. [Kitahara et al.]

(1.1)

They are lower than the experimental result [7–10],
✓

✏0

✏

◆

exp

= (16.6 ± 2.3) ⇥ 10�4. (1.2)

The deviations correspond to the 2.8–2.9� level.
Several new physics (NP) models have been explored to explain the discrep-

ancy [11–21]. In the literature, electroweak penguin contributions to ✏0/✏ have been
studied.#1 In particular, the Z penguin contributions have been studied in de-
tail [11, 13, 15, 22]. The decay, s ! dqq̄ (q = u, d), proceeds by intermediating the Z
boson, and its flavor-changing (s–d) interaction is enhanced by NP. Then, the branch-
ing ratios of K ! ⇡⌫⌫̄ are likely to be deviated from the SM predictions once the
✏0/✏ discrepancy is explained. This is because the Z boson couples to the neutrinos
as well as the up and down quarks. They could be a signal to test the scenario.

Such a signal is constrained by the indirect CP violation of the K mesons. The
flavor-changing Z couplings a↵ect the indirect CP violation via the so-called double
penguin diagrams; the Z boson intermediates the transition, both of whose couplings
are provided by the flavor-changing Z couplings. Such a contribution is enhanced
when there are both the left- and right-handed couplings because of the chiral en-
hancement of the hadron matrix elements. This is stressed by Ref. [15] in the context
of the Z 0-exchange scenario. In the Z-boson case, since the left-handed coupling is
installed by the SM, the right-handed coupling must be constrained even without
NP contributions to the left-handed one. Such interference contributions between the
NP and the SM are overlooked in Refs. [11, 13, 15, 22] [23]. Therefore, the parameter
regions allowed by the indirect CP violation will change significantly. In this letter,
we revisit the Z-boson scenario.#2 It will be shown that the NP contributions to the
right-handed s–d coupling are tightly constrained due to the interference, and thus,
the branching ratio of KL ! ⇡0⌫⌫̄ is likely to be smaller than the SM predictions if
the ✏0/✏ discrepancy is explained. We will discuss that NP parameters are necessarily
tuned to enhance the ratio. A degree of the parameter tuning will be investigated to
estimate how large B(KL ! ⇡0⌫⌫̄) and B(K+ ! ⇡+⌫⌫̄) can become.

#1 QCD penguin contributions, e.g., through Kaluza-Klein gluons, have also been considered [11].
#2 In this letter, we focus on the s–d transitions. The �F = 2 transitions such as �mB generally

involve the interference contributions.

1

From	the	lattice	result,	ε’/ε has	been	calculated	in	SM	using	data	for	ReA0,2

average	of	NA48 and KTeV

SM	
with	Lattice

Exp

⇣✏0

✏

⌘

SM
= (1.06± 5.07)⇥ 10�4

Kitahara,	Nierste and	Tremper,	1607.06727

c.f.	RBC-UKQCD	/ Buras,	Gorbahn,	Jager and Jamin 1507.06345

2.8σ difference NP	in	ε’/ε ?O(1)

h(⇡⇡)I |H|K0i =
X

n

h(⇡⇡)I |On|K0iCn
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ε’/ε discrepancy

Result	in	DQCD	approach	gives	a	strong	support	to	lattice	result.	On	the	other	hand,		
result	in	ChPT is	consistent	with	data

- O6 &	O8 have	dominant	effects	on	ε’/ε due	to	chiral	enhancement				

O6 = (s̄↵d�)V�A

X

q

(q̄�q↵)V+A

O8 =
3

2
(s̄↵d�)V�A

X

q

eq(q̄�q↵)V+A

Non-perturbative
parameter

h(⇡⇡)0|O6|Ki /
h(⇡⇡)2|O8|Ki /

B(1/2)
6

B(3/2)
8

EW penguin

QCD penguin

Buras,	Buttazzo,	Girrbach-Noe and Knegjens 1503.02693
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Abstract

We present a new analysis of the ratio "0/" within the Standard Model (SM) using a
formalism that is manifestly independent of the values of leading (V �A)⌦ (V �A)
QCD penguin, and EW penguin hadronic matrix elements of the operators Q

4

,
Q

9

, and Q
10

, and applies to the SM as well as extensions with the same operator
structure. It is valid under the assumption that the SM exactly describes the data
on CP-conserving K ! ⇡⇡ amplitudes. As a result of this and the high precision
now available for CKM and quark mass parameters, to high accuracy "0/" depends

only on two non-perturbative parameters, B(1/2)
6

and B(3/2)
8

, and perturbatively
calculable Wilson coe�cients. Within the SM, we are separately able to determine
the hadronic matrix element hQ

4

i
0

from CP-conserving data, significantly more pre-

cisely than presently possible with lattice QCD. Employing B(1/2)
6

= 0.57±0.19 and

B(3/2)
8

= 0.76± 0.05, extracted from recent results by the RBC-UKQCD collabora-
tion, we obtain "0/" = (1.9± 4.5)⇥ 10�4, substantially more precise than the recent
RBC-UKQCD prediction and 2.9� below the experimental value (16.6±2.3)⇥10�4,

with the error being fully dominated by that on B(1/2)
6

. Even discarding lattice input

completely, but employing the recently obtained bound B(1/2)
6

 B(3/2)
8

 1 from
the large-N approach, the SM value is found more than 2� below the experimental

value. At B(1/2)
6

= B(3/2)
8

= 1, varying all other parameters within one sigma, we
find "0/" = (8.6 ± 3.2) ⇥ 10�4. We present a detailed anatomy of the various SM
uncertainties, including all sub-leading hadronic matrix elements, briefly comment-
ing on the possibility of underestimated SM contributions as well as on the impact
of our results on new physics models.
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- Wait	for	improved	lattice	results						See	C.	Kelly	talk	(next)

- Error	for	ε’/ε is	dominated	by	B6
(1/2)

- Two	ways	of	analytic	approaches

1 Introduction

A deviation of the standard model (SM) prediction from the experimental result is
recently reported in the direct CP violation of the K ! ⇡⇡ decays, which is called
✏0. The latest lattice calculations of the hadron matrix elements significantly reduced
the theoretical uncertainty [1–4] and yield [5, 6]

✓
✏0

✏

◆

SM

=

8
<

:

(1.38 ± 6.90) ⇥ 10�4, [RBC-UKQCD]
(1.9 ± 4.5) ⇥ 10�4, [Buras et al.]
(1.06 ± 5.07) ⇥ 10�4. [Kitahara et al.]

(1.1)

They are lower than the experimental result [7–10],
✓

✏0

✏

◆

exp

= (16.6 ± 2.3) ⇥ 10�4. (1.2)

The deviations correspond to the 2.8–2.9� level.
Several new physics (NP) models have been explored to explain the discrep-

ancy [11–21]. In the literature, electroweak penguin contributions to ✏0/✏ have been
studied.#1 In particular, the Z penguin contributions have been studied in de-
tail [11, 13, 15, 22]. The decay, s ! dqq̄ (q = u, d), proceeds by intermediating the Z
boson, and its flavor-changing (s–d) interaction is enhanced by NP. Then, the branch-
ing ratios of K ! ⇡⌫⌫̄ are likely to be deviated from the SM predictions once the
✏0/✏ discrepancy is explained. This is because the Z boson couples to the neutrinos
as well as the up and down quarks. They could be a signal to test the scenario.

Such a signal is constrained by the indirect CP violation of the K mesons. The
flavor-changing Z couplings a↵ect the indirect CP violation via the so-called double
penguin diagrams; the Z boson intermediates the transition, both of whose couplings
are provided by the flavor-changing Z couplings. Such a contribution is enhanced
when there are both the left- and right-handed couplings because of the chiral en-
hancement of the hadron matrix elements. This is stressed by Ref. [15] in the context
of the Z 0-exchange scenario. In the Z-boson case, since the left-handed coupling is
installed by the SM, the right-handed coupling must be constrained even without
NP contributions to the left-handed one. Such interference contributions between the
NP and the SM are overlooked in Refs. [11, 13, 15, 22] [23]. Therefore, the parameter
regions allowed by the indirect CP violation will change significantly. In this letter,
we revisit the Z-boson scenario.#2 It will be shown that the NP contributions to the
right-handed s–d coupling are tightly constrained due to the interference, and thus,
the branching ratio of KL ! ⇡0⌫⌫̄ is likely to be smaller than the SM predictions if
the ✏0/✏ discrepancy is explained. We will discuss that NP parameters are necessarily
tuned to enhance the ratio. A degree of the parameter tuning will be investigated to
estimate how large B(KL ! ⇡0⌫⌫̄) and B(K+ ! ⇡+⌫⌫̄) can become.

#1 QCD penguin contributions, e.g., through Kaluza-Klein gluons, have also been considered [11].
#2 In this letter, we focus on the s–d transitions. The �F = 2 transitions such as �mB generally

involve the interference contributions.

1

SM	with	Lattice Exp
⇣✏0

✏

⌘

SM
= (1.06± 5.07)⇥ 10�4

See	J.Aebischer talk	(WG3,	Wed)

Values	extracted	from	the	lattice	result

2.8σ
difference

Large	NC Dual	QCD approach ChPT (FSI)
✓
✏0

✏

◆

SM

= (15± 7)⇥ 10�4

References 14

in (11) appears from present perspective to be final in our approach, significant
improvement on the lattice result is expected in the coming years. This will
allow to find out whether at some level of 20% new physics could still be
responsible for the �I = 1/2 rule. An analysis anticipating such possibility
has been presented in [33].

• As the upper bound on B(3/2)
8 in (35) has been already indicated in [41], one

of the most important results of our paper is the upper bound on B(1/2)
6 . Our

estimate suggests that B(1/2)
6  B(3/2)

8 < 1, but the precise values can only be
obtained by lattice methods.

• Among other results of our approach supported by recent results from RBC-

UKQCD is the strong suppression of hQ3,5(µ)i and B(1/2)
8 ⇡ 1.

If indeed the emerging pattern B(1/2)
6  B(3/2)

8 < 1 and B(3/2)
8 = 0.8 ± 0.1 will

be confirmed by more precise calculations one day, the very recent analysis in [40]
and our paper show that "0/" within the SM will be found roughly by a factor
of two below the data. For a detailed phenomenological discussion of the state of
"0/" including all errors and future theoretical and experimental prospects we refer
to [40].
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✏
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Interpretation	of	ε’/ε discrepancy	

RH	scenario

Little	Higgs	Model	with	T-parity	 	Blanke,	Buras	and	Recksiegel		1507.06316		
Modified	Z	scenario							Buras,	Buttazzo	and	Knegjens1507.08672/Buras,	1601.00005	
	 	 									Endo,	Kitahara,	Mishima	and	KY	1612.08839/Bobeth,	Buras,	Celis	and	Jung	1703.04753
Z’	models		 	 Buras, Buttazzo, Knegjens	1507.08672	/Buras	1601.00005
331	model 															Buras	and	De	Fazio	1512.02869/1604.02344
MSSM	Chargino	Z	penguin 	Endo,	Mishima,	Ueda	and	KY	1608.01444
													Gluino	Z	penguin	 Tanimoto	and	KY		1603.07960

Endo,	Goto,	Kitahara,	Mishima,	Ueda	and	KY	1712.04959	
													Gluino	Box									Kitahara,	Nierste	and	Tremper		1604.07400,1703.05786

								Crivellin, D'Ambrosio, Kitahara,	Nierste	1712.04959
								Chobanova,	D’Ambrosio,Kitahara,	Marfnez,	Santos,	Fernández	and	KY		1711.11030

Vector-like	quarks	 	 						Bobeth,	Buras,	Celis	and	Jung	1609.04783	
Right	handed	current 						Cirigliano,	Dekens,	Vries	and	Mereghetti		1612.03914		
																																																											Alioli,	Cirigliano,	Dekens,	de	Vries	and	Mereghetti		1703.04751
Leptoquark				 																									Bobeth	and	Buras	1712.01295		
LR	symmetric	model 						Haba,Umeeda	and	Yamada	1802.09903/1806.0342
Type-III	2HDM	 						Chen	and	Nomura		1805.07522/1808.04097
Chiral-flavorful	vectors																		Matsuzaki,	Nishiwaki	and	KY	1806.02312
Diquark	model 						Chen	and	Nomura		1808.04097

Motivated	by	ε’/ε discrepancy,	several	new	physics	models	have	been	studied

Different	implications	(correlations	&	predictions)	for	other	observables	appear	
depending	on	models		 � Possibility	of	model	discriminations

Clean	signal	:	K→	πνν

Goto,	Kitahara,	Mishima,	Ueda	and	KY	1712.04959
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KL→π0νν and	K+→π+νν- -

ρ

η KL→	π0νν

K+→	π+νν
UT

- Highly	suppressed	in	the	SM	:	BRSM~10
-11

- Theoretically	clean	 (Hadronic	matrix	element	can	be	estimated	using	isospin	symmetry)

- Neutral	decay	KL→	π0νν is	purely	CP	violating	mode

Buras,	Buttazzo,	Girrbach-Noe and	Knegjens 1503.02693

BR(KL ! ⇡0⌫⌫̄)SM = (3.00± 0.30)⇥ 10�11

BR(K+ ! ⇡+⌫⌫̄)SM = (9.11± 0.72)⇥ 10�11
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KL→π0νν and	K+→π+νν- -

BR(KL ! ⇡0⌫⌫̄)
exp

BR(K+ ! ⇡+⌫⌫̄)
exp

- KOTO	at	J-PARC	reported	new	result	from	the	2015	data	this	summer		

KOTO@J-PARC

NA62@CERN

KOTO@ICHEP2018

NA62@FPCP2018

- KOTO-phase2	aims	to	measure	at	10%	accuracy	

- NA62	at	CERN	observed	one	event	in	2016	data	

- Expected	about	20	SM	events	from	the	2017-2018	data	sample	

< 3.0⇥ 10�9(90%C.L.) New	2018

< 14⇥ 10�10(95%C.L.) New	2018

E391a

BNL	949/E787

See	M.	Koval talk	(WG3,	Wed)

BR(KL ! ⇡0⌫⌫̄)SM = (3.00± 0.30)⇥ 10�11

BR(K+ ! ⇡+⌫⌫̄)SM = (9.11± 0.72)⇥ 10�11
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		ε’/ε	�	K→πνν		-	Examples	-

There	are	interesting	correlations	between	Kaon	observables
depending	on	the	chiral	structure	of	coupling	(LH	and/or	RH)

ΔL and/or	ΔR

Z

s d

q, ⌫ q̄, ⌫̄
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CPV	� Strong	correlation
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Figure 2: 95% C.L. allowed regions for "0/" and KL ! ⇡0⌫⌫̄. Left: model with flavour-
changing Z boson couplings �sd

R = �0.5�sd
L . Center: modified Z, LH scenario �sd

R = 0. Right:
5 TeV Z’ with �qq

R = 1 and �⌫⌫
L = 0.5. The plots are for B6 = 1 (blue), B6 = 0.76 (green),

and B6 = 0.57 (red). The hatched regions are the SM predictions at 2�. The gray band shows
the experimental result for "0/".

In the left panel of figure 2 we show the correlation between "

0
/" and KL ! ⇡

0
⌫⌫̄

in the case of �sd
L (Z) = �2�sd

R (Z), and compare it with the opposite correlation that is
present in the LH scenario (central panel). The di↵erent colours correspond to di↵erent

choices of the parameters B

(1/2)
6 and B

(3/2)
8 :

B

(1/2)
6 = 1.0, B

(3/2)
8 = 1.0 (blue), (55)

B

(1/2)
6 = 0.76, B

(3/2)
8 = 0.76 (green), (56)

B

(1/2)
6 = 0.55, B

(3/2)
8 = 0.76 (red) . (57)

The first choice is motivated by the upper bound from large N approach [42], B

(1/2)
6 

B

(3/2)
8 < 1. The second choice uses the central value for B

(3/2)
8 from the RBC-UKQCD

collaboration [60] extracted in [18], and assumes that B

(1/2)
6 = B

(3/2)
8 saturating the

previous bound. Finally, the third choice uses the central values for both B

(1/2)
6 and

B

(3/2)
8 from the RBC-UKQCD collaboration, with B

(1/2)
6 extracted in [40] from the lattice

results in [41].
As expected, in our simple model the requirement of satisfying the data on "

0
/" auto-

matically implies enhanced values of B(KL ! ⇡

0
⌫⌫̄), while in the LH model suppressed

B(KL ! ⇡

0
⌫⌫̄) is predicted.

4.6.2 Simplified Z0 model

Another example of a model in which B(KL ! ⇡

0
⌫⌫̄) and "

0
/" can be simultaneously

enhanced has been already considered in [39]. In this model, not the electroweak penguin
operator Q8, but the QCD penguin operator Q6 is a↵ected by NP. A tree-level exchange
of Z

0 with left-handed flavour violating quark couplings and flavour universal structure
of diagonal RH quark couplings generates the Q5 operator, and through renormalisation
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Figure 2: 95% C.L. allowed regions for "0/" and KL ! ⇡0⌫⌫̄. Left: model with flavour-
changing Z boson couplings �sd

R = �0.5�sd
L . Center: modified Z, LH scenario �sd

R = 0. Right:
5 TeV Z’ with �qq

R = 1 and �⌫⌫
L = 0.5. The plots are for B6 = 1 (blue), B6 = 0.76 (green),

and B6 = 0.57 (red). The hatched regions are the SM predictions at 2�. The gray band shows
the experimental result for "0/".

In the left panel of figure 2 we show the correlation between "

0
/" and KL ! ⇡

0
⌫⌫̄

in the case of �sd
L (Z) = �2�sd

R (Z), and compare it with the opposite correlation that is
present in the LH scenario (central panel). The di↵erent colours correspond to di↵erent

choices of the parameters B

(1/2)
6 and B

(3/2)
8 :

B

(1/2)
6 = 1.0, B

(3/2)
8 = 1.0 (blue), (55)

B

(1/2)
6 = 0.76, B

(3/2)
8 = 0.76 (green), (56)

B

(1/2)
6 = 0.55, B

(3/2)
8 = 0.76 (red) . (57)

The first choice is motivated by the upper bound from large N approach [42], B

(1/2)
6 

B

(3/2)
8 < 1. The second choice uses the central value for B

(3/2)
8 from the RBC-UKQCD

collaboration [60] extracted in [18], and assumes that B

(1/2)
6 = B

(3/2)
8 saturating the

previous bound. Finally, the third choice uses the central values for both B

(1/2)
6 and

B

(3/2)
8 from the RBC-UKQCD collaboration, with B

(1/2)
6 extracted in [40] from the lattice

results in [41].
As expected, in our simple model the requirement of satisfying the data on "

0
/" auto-

matically implies enhanced values of B(KL ! ⇡

0
⌫⌫̄), while in the LH model suppressed

B(KL ! ⇡

0
⌫⌫̄) is predicted.

4.6.2 Simplified Z0 model

Another example of a model in which B(KL ! ⇡

0
⌫⌫̄) and "

0
/" can be simultaneously

enhanced has been already considered in [39]. In this model, not the electroweak penguin
operator Q8, but the QCD penguin operator Q6 is a↵ected by NP. A tree-level exchange
of Z

0 with left-handed flavour violating quark couplings and flavour universal structure
of diagonal RH quark couplings generates the Q5 operator, and through renormalisation

LH	scenario LH+RH
scenario

Buras,	Buttazzo and	Knegjens 1507.08672	/	Buras	1601.00005	/	Bobeth,	Buras,	Celis and	Jung	1703.04753Z	scenario
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Figure 3: (ϵ′/ϵ)SUSY is shown as a function of mq̃ (left). Here, mq̃ ≡ mQ̃i
= mŨ3

, tanβ = 50
and |(TU)13| = |(TU)23| at SE = 400. The CP-violating phase is maximal. The Wino mass
mW̃ is 1, 2, 3TeV for the blue solid, dashed and dotted lines, respectively, while it is equal to
mq̃ on the black line. On the red (orange) region, ∆ (ϵ′/ϵ) is saturated at the 1σ (2σ) level.
The SM value follows Ref. [2]. Right: correlation between B(KL → π0νν̄) and (ϵ′/ϵ)SUSY is
shown.

particles are lighter than 1–2TeV.
The SM predictions of ϵ′/ϵ are expected to be improved in the near future. If the

discrepancy would be confirmed, the chargino contributions could provide an attractive
solution.

Acknowledgements: We thank Toru Goto for helpful discussions. This work is supported by
JSPS KAKENHI No. 16K17681 (M.E.) and 16H03991 (M.E.).
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SM

Different	correlations	between	ε’/ε and	K→πνν may	allow	to	distinguish	among	
models	

Crivellin,	D'Ambrosio,	Kitahara and	Nierste
1703.05786

Large	trilinear	couplings	bring	enhancement	of	ε’/ε

ε’/ε� K→πνν - Examples -
Gluino box

Teppei Kitahara: Karlsruhe Institute of Technology (KIT), KEK-PH 2016, February 10, 2016 KEK 

Interpretations of ε’K/εK in the MSSM
/18

Gluino box (“Trojan penguin”)

In spite of QCD correction, gluino box diagram can break isospin 
symmetry through mass difference between right-handed squark masses 

“It is neither (pure) penguins nor of electroweak origin. Nevertheless, at 
low energies their effects are parameterized by an extension of the usual 
basis of electroweak penguin operators.”

I am gluino box... thus I cannot 
break  isospin symmetry...

Doubt!
You can do it!

You become EW penguin operator 
in the low energy effective theory

http://www.clipartlord.com/

[Kagan, Neubert, PRL83(1999),
Grossman, Kagan, Neubert, JHEP10(1999)]

SL

dL

x
uR

uR

Ū

SL

dL

x
dR

dR

D̄- 6= 0
contribute to
 ΔI=3/2 process

g
~

14

Large	isospin	breaking	(																							)	gives	effect	
on	ImA2

mŨ 6= mD̃

NA62

BR(KL ! ⇡0⌫⌫̄)

BR(K+ ! ⇡+⌫⌫̄)

KOTO

<	1.2	SM

<	1.4	SM

TU

Chargino Z	penguin Endo,	Mishima,	Ueda and	KY	
1608.01444

<	0.6		SM

O(10~100%)	effect

ε’/ε � SUSY	scale	<	4-6	TeV

LH	Z	scenario	� negative	correlation		btwn ε’/ε
and	KL→π0νν
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Recent	other	progress	for	ε’/ε

SMEFT	study	: (SM	effective	field	theory)	[SU(2)�U(1)	inv.]	(μEW <	μ <	μNP)

- Z	penguin	scenario

-Model	independent	approach

ΔS=1	operators	generate	ΔS=2	contributions,	through	top-Yukawa	enhanced	RG	evolution

Bobeth,	Buras,	Celis and	Jung 1703.04753
Endo,	Kitahara,	Mishima and	KY 1612.08839/	Endo,	Goto,	Kitahara,	Mishima,	Ueda	and	KY	1712.04959

Aebischer,	Bobeth,	Buras	and	Straub	1808.00466

The	constraints	from	K0 and	D0 mixing	as	well	as	EDM	are	potentially	important

Due	to	the	RG	effect,	observables	have	correlation	

BSM	operators

Matrix	elements	of	BSM	operator	are	calculated	in	DQCD

Aebischer,	Buras	and	Gérard		1807.01709	/	Aebischer,	Bobeth,	Buras,	Gérard	and	Straub	1807.02520

Master	formula	including	BSM	operators	is	derived	with	DQCD

Scalar	&	tensor	operators,	which	have	chiral	enhancement,	are	important

Chromomagnetic operator
- ETM	collaboration	has	reported	the	first	Lattice	result	for	the	K→π	 matrix	element	of	

the	chrome	magnetic	operator

- DQCD	gives	a	similar	result

CMO	contribution	is	not	significant	in	the	SM,	but	it	could	be	important	in	some	NP	models

ETM	collaboration,	1712.09824

Buras	and	Gérard	1803.08052

L = LSM +
X

i

CiOd�5
i

See	J.Aebischer talk	(WG3,	Wed)
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It	could	be	used	to	probe	NP	contributions.	
However,	there	are	LD	contributions	(K→γγ)	in	SM:	

K→μμ

11 / 21

LD in KS ! µ+µ�
<latexit sha1_base64="91jlWcrhYumFKG5XQ2VZVBTKUwg="></latexit><latexit sha1_base64="91jlWcrhYumFKG5XQ2VZVBTKUwg="></latexit><latexit sha1_base64="91jlWcrhYumFKG5XQ2VZVBTKUwg="></latexit><latexit sha1_base64="91jlWcrhYumFKG5XQ2VZVBTKUwg="></latexit>

 This contribution were evaluated in ChPT at O(p^4). 
30

metry (Chiang and Gilman, 2000; Littenberg and Valen-
cia, 1996), or directly calculated in CHPT (Geng et al.,
1994). Theoretical predictions can be summarized as fol-
lows (Littenberg and Valencia, 1996):

BR(K
L

! ⇡+⇡�⌫⌫̄) ' (6.9)

1.8⇥ ⇥
(1.37� ⇢)2 + 0.17 ⌘2

⇤⇥ 10�13,

BR(K
L

! ⇡0⇡0⌫⌫̄) ' (1.37� ⇢)2 ⇥ 10�13,

BR(K± ! ⇡±⇡0⌫⌫̄) ' 7⇥ ⇥
(1.37� ⇢)2 + ⌘2

⇤⇥ 10�15.

Experimental searches are still far above the expected SM
rates and have reached the following 90% C.L. limits:

BR(K+ ! ⇡+⇡0⌫⌫̄) < 4.3⇥ 10�5 (Adler et al., 2001),

BR(K
L

! ⇡0⇡0⌫⌫̄) < 8.1⇥ 10�7 (Ogata et al., 2011).

(6.10)

B. K ! �(⇤)�(⇤)

The amplitude for a transition of the type

K(p) �! �⇤(q1) �
⇤(q2) (6.11)

is determined by a tensor amplitude Mµ⌫(q1, q2) that has
the most general form compatible with gauge invariance:

Mµ⌫ =


gµ⌫ � qµ1 q

⌫

1

q21
� qµ2 q

⌫

2

q22
+

q1 · q2
q21q

2
2

qµ1 q
⌫

2

�
M2

K

a(q21 , q
2
2)

+


qµ2 q

⌫

1 � q1 · q2
✓
qµ1 q

⌫

1
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qµ2 q
⌫

2

q22
� q1 · q2

q21q
2
2

qµ1 q
⌫

2

◆�

⇥ b(q21 , q
2
2)

+ i "µ⌫⇢�q1⇢q2� c(q
2
1 , q

2
2). (6.12)

Thus, for instance, the amplitude into two real photons is
given by A = Mµ⌫(q1, q2) "µ(q1)"⌫(q2). Bose symmetry
implies that the invariant amplitudes a(q21 , q

2
2), b(q

2
1 , q

2
2)

and c(q21 , q
2
2) are symmetric functions of their arguments.

If CP is conserved the amplitudes a and b contribute
to K0

1 (KS

) ! �⇤�⇤ while the amplitude c determines
K0

2 (KL

) ! �⇤�⇤. When one of the photons is on-shell
(q21 = 0 for instance), Mµ⌫ is described by two invariant
amplitudes,

Mµ⌫ = (qµ2 q
⌫

1 � q1 · q2gµ⌫) b(0, q22)
+ i "µ⌫⇢�q1⇢q2� c(0, q

2
2), (6.13)

which also remains valid for both photons on-shell.
These processes are dominated by long-distance dy-

namics, in particular those with both photons on-shell
or when o↵-shell photons produce lepton pairs. Short-
distance amplitudes give only tiny contributions.

Since the photon does not couple directly to neutral
particles, the only possible local contributions should
come from field strength tensors, which are absent at
O(p2). Moreover, the O(p4) Lagrangians L�S=1

G8p
4 and

L�S=1
G27p

4 in Eq. (2.16) only contain two operators with Fµ⌫

KS

⇡+, K+

�

�

FIG. 10 Lowest-order [O(p4)] contributions to KS ! ��.

terms, but they are coupled to at least two charged par-
ticles. Therefore, the leading K ! �⇤�⇤ contribution is
generated by a non-local O(p4) loop amplitude that is
necessarily finite. In the following and unless explicitly
stated we assume CP invariance.

1. KS ! ��

The photons produced in this decay have parallel po-
larizations (F

µ⌫

Fµ⌫) and, up to one loop, there is no
short-distance contribution due to Furry’s theorem (Gail-
lard and Lee, 1974b). This decay arises, at leading order,
from a finite two-pion one-loop amplitude with one ver-
tex from L�S=1

G8p
2 or L�S=1

G27p
2 (D’Ambrosio and Espriu, 1986;

Goity, 1987), as shown in Fig. 10. Its contribution is

b(4)(0, 0) =
2

⇡
↵F0

✓
G8 +

2

3
G27

◆�
1� r2

⇡

�
F

✓
1

r2
⇡

◆
,

(6.14)
where rP = M

P

/M
K

and F (x) is given in Eq. (A1). The
charged-kaon loop contribution vanishes because of the
factor (1� r2

K

) = 0.
The decay width is given by

� (K
S

! ��) =
M3

K

64⇡

��b(0, 0)
��2. (6.15)

Taking the LO values of the couplings G8 and G27,
Eq. (6.14) results in BR(K

S

! ��) = 2.0⇥ 10�6, which
compares rather well with the present experimental world
average (Nakamura et al., 2010)

BR(K
S

! ��) = (2.63± 0.17)⇥ 10�6. (6.16)

Although the full O(p6) amplitude has not been cal-
culated, the dominant e↵ects were implemented through
(i) the inclusion of unitarity corrections from K

S

!⇡⇡!
⇡+⇡�!�� (Kambor and Holstein, 1994), and (ii) a local
contribution introducing an unknown coupling constant
(Buchalla et al., 2003),

b(4+6)(0, 0) =
2↵F0

M2
K

B(M2
K

) +
4↵G8

⇡ F0
M2

K

�
1� r2

⇡

�
a1,

(6.17)
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1. KS ! `+`�

The main contribution comes from the amplitude B
��

that gives the transition K
S

! �⇤�⇤ ! `+`� (Ecker and
Pich, 1991). This two-loop amplitude is finite because
chiral symmetry forbids any CP-invariant local contribu-
tion at this order. The result can be written as

R`

S

=
�(K

S

! `+`�)

�(K
S

! ��)
(6.36)

=
↵2�2

`

m2
`

2⇡2|H(0)|2M2
K

��I
`,disp + iI

`,abs

��2 ,

where H(0) follows from Eq. (A3) and I
`,disp (I

`,abs) in-
dicate the dispersive (absorptive) parts of the two-loop
diagrams. The ` = e case is dominated by the absorp-
tive contribution: I

e,disp ' 1.4, I
e,abs ' �35. This gives

Re

S

= 7.8⇥ 10�9 corresponding to

BR(K
S

! e+e�) = 2.1⇥ 10�14, (6.37)

to be compared with the recent bound by Ambrosino
et al. (2009b):

BR(K
S

! e+e�) < 9⇥ 10�9 (90% C.L.). (6.38)

For ` = µ there is a slight dominance of the dispersive
contribution, I

µ,disp ' �2.8, I
µ,abs ' 1.2, which implies

Rµ

S

= 1.9⇥ 10�6 and

BR(K
S

! µ+µ�) = 5.1⇥ 10�12, (6.39)

to be compared with the (almost 30-year-old) bound
(Gjesdal et al., 1973)

BR(K
S

! µ+µ�) < 3.2⇥ 10�7 (90% C.L.). (6.40)

There exists a small short-distance contribution to this
decay through the CP-violating component of the s-wave
amplitude C in Eq. (6.35), which in the SM was esti-
mated for the muon case as (Buchalla et al., 1996; Isidori
and Unterdorfer, 2004)

Csd = �G
F

↵(M
Z

)

⇡ sin2 ✓
W

p
2m

µ

F
K

Im (V ⇤

ts

V
td

)Y (x
t

),

(6.41)
where Y (x

t

) is given in Buchalla et al. (1996). Using
the Wolfenstein parametrization, the short-distance con-
tribution to the branching ratio is given by

BR(K
S

! µ+µ�)sd = 1.4⇥ 10�12

����
V
cb

0.041

����
4 ����

�

0.225

����
2

⌘2

' 1.7⇥ 10�13, (6.42)

an order of magnitude short of the CP-invariant contri-
bution.

2. KL ! `+`�

If CP invariance is preserved this decay is given by the
amplitude C in Eq. (6.34). It is convenient to normalize
the rate to the K

L

! �� mode:

R`

L

=
�(K

L

! `+`�)

�(K
L

! ��)
(6.43)

= 2�
`

⇣↵
⇡
r
`

⌘2 �|F
`,disp|2 + |F

`,abs|2
�
.

The absorptive amplitude gets contributions from several
available on-shell states (Martin et al., 1970), but the ��
intermediate state dominates completely (Fig. 12):

F
`,abs =

⇡

2�
`

ln

✓
1� �

`

1 + �
`

◆
. (6.44)

The dispersive part arises from the one-loop diagram
K

L

! �⇤�⇤ ! µ+µ� and local CHPT terms to ab-
sorb the loop divergence (Gómez Dumm and Pich, 1998;
Isidori and Unterdorfer, 2004; Knecht et al., 1999a):

F
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ln2
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◆
+
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� 1
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+ 1
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12�
`

+ 3 ln
m

`

µ
+ �(µ), (6.45)

where the local contribution can be split into its long-
distance and short-distance components:

�(µ) = �
��

(µ) + �
sd

. (6.46)

�
��

(µ) compensates the scale dependence of the one-loop
amplitude, while �

sd

accounts for the short-distance con-
tribution s̄ d ! µ+µ�.
The K

L

! µ+µ� decay is well established experimen-
tally. The measured rate (Nakamura et al., 2010)

Rµ

L

= (1.25± 0.02)⇥ 10�5 (6.47)

appears to be nearly saturated by the absorptive contri-
bution (6.44), Rµ

L

|abs = 1.195⇥ 10�5. The di↵erence be-
tween these two numbers provides an experimental mea-
surement of the modulus of the dispersive amplitude and,
therefore, up to a two-fold ambiguity, of the local term:

�(M
⇢

) =

(
3.75± 0.20

1.52± 0.20
. (6.48)

The K
L

! e+e� rate is then predicted to be Re

L

=
(1.552± 0.014)⇥ 10�8 or (1.406± 0.013)⇥ 10�8, respec-
tively. Both values are in agreement with the present
experimental result Re

L

|exp = (1.65± 0.91)⇥ 10�8 (Am-
brose et al., 1998), obtained with only four events. In-
cidentally, this is at present the tiniest branching ra-
tio ever measured: BR(K

L

! e+e�) = 9+6
�4 ⇥ 10�12.
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Ecker and Pick (1991)

operators are given by:

QA = (s�µPLd)(`�µ�5`), Q̃A = (s�µPRd)(`�µ�5`),

QS = ms(sPRd)(``), Q̃S = ms(sPLd)(``),

QP = ms(sPRd)(`�5`), Q̃P = ms(sPLd)(`�5`), (2.8)

where PL,R are the left and right-handed projection operators. For B(K0

S,L ! µ+µ�) #3,
there are two contributions from S-wave (AS,L) and P-wave transitions (BS,L), resulting
in: #4

B(K0

S,L ! µ+µ�) = ⌧S,L�(K
0

S,L ! µ+µ�) = ⌧S,L
f2

KM3

K�µ
16⇡

�

|AS,L|2 + �2

µ|BS,L|2
�

, (2.9)

with

AS =
msMK

ms +md
Im(CP � C̃P ) +

2mµ

MK
Im(CA � C̃A), (2.10)

BS =
2G2

FM
2

Wmµ

⇡2MK
Bµ

S�� �
msMK

ms +md
Re(CS � C̃S), (2.11)

and

AL =
2G2

FM
2

Wmµ

⇡2MK
Aµ

L�� �
msMK

ms +md
Re(CP � C̃P )�

2mµ

MK
Re(CA � C̃A), (2.12)

BL =
msMK

ms +md
Im(CS � C̃S), (2.13)

where

�µ =

s

1�
4m2

µ

M2

K

. (2.14)

Here, the long-distance contributions are [16–18, 42]:#5

2G2

FM
2

Wmµ

⇡2MK
Bµ

S�� = (�2.65 + 1.14i)⇥ 10�11 (GeV)�2, (2.15)

2G2

FM
2

Wmµ

⇡2MK
Aµ

L�� = ±(0.54� 3.96i)⇥ 10�11 (GeV)�2, (2.16)

and ⌧S,L are the K0

S,L lifetimes. Here, fK = (155.9 ± 0.4) MeV [34]. Note that there is
a theoretically and experimentally unknown sign in Aµ

L�� , which is determined by higher
chiral orders than O(p4) contributions [46, 47], and they provide two different constraints on
B(K0

L ! µ+µ�)EXP/SM in table 1. This sign can be determined by a precise measurement
of the interference between K0

L ! µ+µ� and K0

S ! µ+µ� [18]. In addition, in the MSSM,
#3 The electron modes are suppressed by m

2

e/m
2

µ, and we do not consider them in this paper.
#4 Our result agrees with refs. [42–45]. However, it disagrees with notable literature [6, 22] after discarding

the long-distance contributions. We found that CSM

10

should be �C

SM

10

in eq. (3.45) of ref. [22], and (CP �C

0
P )

should be (C0
P � CP ) in eq. (2.4) of ref. [6].

#5 Note that B

µ
S�� is denoted by A

µ
S�� in refs. [18, 42].
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 30% uncertainty to the branching ratio due to final-state 
interactions of pions.

 Photons have parallel polarizations            .Fµ⌫F
µ⌫
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1. KS ! `+`�

The main contribution comes from the amplitude B
��

that gives the transition K
S

! �⇤�⇤ ! `+`� (Ecker and
Pich, 1991). This two-loop amplitude is finite because
chiral symmetry forbids any CP-invariant local contribu-
tion at this order. The result can be written as

R`

S

=
�(K

S

! `+`�)

�(K
S

! ��)
(6.36)

=
↵2�2
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m2
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2⇡2|H(0)|2M2
K

��I
`,disp + iI

`,abs

��2 ,

where H(0) follows from Eq. (A3) and I
`,disp (I

`,abs) in-
dicate the dispersive (absorptive) parts of the two-loop
diagrams. The ` = e case is dominated by the absorp-
tive contribution: I

e,disp ' 1.4, I
e,abs ' �35. This gives

Re

S

= 7.8⇥ 10�9 corresponding to

BR(K
S

! e+e�) = 2.1⇥ 10�14, (6.37)

to be compared with the recent bound by Ambrosino
et al. (2009b):

BR(K
S

! e+e�) < 9⇥ 10�9 (90% C.L.). (6.38)

For ` = µ there is a slight dominance of the dispersive
contribution, I

µ,disp ' �2.8, I
µ,abs ' 1.2, which implies

Rµ

S

= 1.9⇥ 10�6 and

BR(K
S

! µ+µ�) = 5.1⇥ 10�12, (6.39)

to be compared with the (almost 30-year-old) bound
(Gjesdal et al., 1973)

BR(K
S

! µ+µ�) < 3.2⇥ 10�7 (90% C.L.). (6.40)

There exists a small short-distance contribution to this
decay through the CP-violating component of the s-wave
amplitude C in Eq. (6.35), which in the SM was esti-
mated for the muon case as (Buchalla et al., 1996; Isidori
and Unterdorfer, 2004)
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↵(M
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⇡ sin2 ✓
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p
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Im (V ⇤

ts

V
td

)Y (x
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(6.41)
where Y (x

t

) is given in Buchalla et al. (1996). Using
the Wolfenstein parametrization, the short-distance con-
tribution to the branching ratio is given by

BR(K
S

! µ+µ�)sd = 1.4⇥ 10�12

����
V
cb

0.041

����
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' 1.7⇥ 10�13, (6.42)

an order of magnitude short of the CP-invariant contri-
bution.

2. KL ! `+`�

If CP invariance is preserved this decay is given by the
amplitude C in Eq. (6.34). It is convenient to normalize
the rate to the K

L

! �� mode:
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(6.43)
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�
.

The absorptive amplitude gets contributions from several
available on-shell states (Martin et al., 1970), but the ��
intermediate state dominates completely (Fig. 12):
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1 + �
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◆
. (6.44)

The dispersive part arises from the one-loop diagram
K

L

! �⇤�⇤ ! µ+µ� and local CHPT terms to ab-
sorb the loop divergence (Gómez Dumm and Pich, 1998;
Isidori and Unterdorfer, 2004; Knecht et al., 1999a):
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where the local contribution can be split into its long-
distance and short-distance components:

�(µ) = �
��

(µ) + �
sd

. (6.46)

�
��

(µ) compensates the scale dependence of the one-loop
amplitude, while �

sd

accounts for the short-distance con-
tribution s̄ d ! µ+µ�.
The K

L

! µ+µ� decay is well established experimen-
tally. The measured rate (Nakamura et al., 2010)

Rµ
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= (1.25± 0.02)⇥ 10�5 (6.47)

appears to be nearly saturated by the absorptive contri-
bution (6.44), Rµ

L

|abs = 1.195⇥ 10�5. The di↵erence be-
tween these two numbers provides an experimental mea-
surement of the modulus of the dispersive amplitude and,
therefore, up to a two-fold ambiguity, of the local term:
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. (6.48)

The K
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! e+e� rate is then predicted to be Re
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=
(1.552± 0.014)⇥ 10�8 or (1.406± 0.013)⇥ 10�8, respec-
tively. Both values are in agreement with the present
experimental result Re

L

|exp = (1.65± 0.91)⇥ 10�8 (Am-
brose et al., 1998), obtained with only four events. In-
cidentally, this is at present the tiniest branching ra-
tio ever measured: BR(K

L

! e+e�) = 9+6
�4 ⇥ 10�12.

�
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FIG. 11 Dominant contribution to KL ! ��.

where B(s) can be found in Kambor and Holstein (1994).
Including the 27-plet contribution in B(s), the exper-
imental rate (6.16) implies a1 = (�1.2 ± 1.3) ⇥ 10�3,
showing that unitarity corrections are enough to repro-
duce the measured branching fraction.

2. KL ! ��

This decay produces photons with perpendicular po-
larizations ("

µ⌫⇢�

Fµ⌫F ⇢�) and then it is the amplitude
c(0, 0) in Eq. (6.13) that contributes. Owing to its GIM
suppression, the short-distance amplitude only gives a
few-percent contribution to the full width (Gaillard and
Lee, 1974b; Herrlich and Kalinowski, 1992; Ma and Pra-
mudita, 1981; Pramudita, 1988). Accordingly this decay
is also dominated by long-distance dynamics.

The dominant contribution, shown in Fig. 11, is given
by the weak transition of the kaon into a non-flavored
pseudoscalar meson and its corresponding decay into
two photons (Ma and Pramudita, 1981), the latter be-
ing determined by the anomalous Lagrangian LWZW in
Eq. (2.15). At lowest order in the chiral SU(3) expansion
[O(p4)], only ⇡0 and ⌘8 propagate. However, the ampli-
tude vanishes exactly due to the Gell-Mann-Okubo mass
relation (Gell-Mann, 1961; Okubo, 1962). Therefore, the
decay starts at O(p6) where the singlet ⌘1 state is also
included:

c(6)(0, 0) = � 2

⇡
↵F0 (G8 �G27)F2(⇢̂, ⇠, ✓), (6.18)

where

F2 =
1

1� r2
⇡

+
1

3
�
1� r2

⌘

�
h
(1 + ⇠) cos ✓ + 2

p
2⇢̂ sin ✓

i

⇥

F
⇡

F
⌘8

cos ✓ � 2
p
2
F
⇡

F
⌘0

sin ✓

�

� 1

3(1� r2
⌘

0)

h
2
p
2⇢̂ cos ✓ � (1 + ⇠) sin ✓

i

⇥

F
⇡

F
⌘8

sin ✓ + 2
p
2
F
⇡

F
⌘0

cos ✓

�
. (6.19)

Here ✓ is the mixing angle between ⌘8 and ⌘1 states:

 
⌘

⌘0

!
=

 
cos ✓ � sin ✓

sin ✓ cos ✓

! 
⌘8
⌘1

!
. (6.20)

Although there is still some discussion on the value of
✓, we take ✓ = �20� arising in the large-N

C

analy-
ses (Herrera-Siklódy et al., 1998; Kaiser and Leutwyler,
1998). ⇠ parametrizes the amount of SU(3) breaking
(Donoghue et al., 1986):

⇠ =
p
3
h⌘8|L|�S|=1|K0

2 i
h⇡0|L|�S|=1|K0

2 i
� 1, (6.21)

while ⇢̂ carries the information of the breaking of nonet
symmetry through the weak interactions of the singlet at
O(p2) (Donoghue et al., 1984):

⇢̂ = �
r

3

8

h⌘1|L|�S|=1|K0
2 i

h⇡0|L|�S|=1|K0
2 i

. (6.22)

If SU(3) and nonet symmetries are exact we have ⇠ = 0
and ⇢̂ = 1. Finally, F

⇡

, F
⌘8 and F

⌘1 are the decay con-
stants of the pion, ⌘8 and ⌘1, respectively. The values
of the symmetry-breaking parameters are still not pre-
cisely known. We take F

⌘8/F⇡

= 1.34 and F
⌘1/F⇡

= 1.0
from Kaiser and Leutwyler (1998) [see also Feldmann and
Kroll (2002)]. The SU(3) breaking parameter was esti-
mated to be ⇠ ' 0.17 (Donoghue et al., 1986), but this
value was challenged with the claim that it cancels with
an additional s ! dgg contribution (He et al., 2003).
Hence we will consider, conservatively, ⇠ ⇠ 0.0 � 0.2.
Finally, dominance of the pion pole seems to require a
small breaking of nonet symmetry, ⇢̂ ' 0.8 (Cheng, 1990;
D’Ambrosio and Portolés, 1998a).
The decay width is given by Eq. (6.15) with the func-

tion c(0, 0) instead of b(0, 0). If we consider the experi-
mental determination (Nakamura et al., 2010)

BR(K
L

! ��) = (5.47± 0.04)⇥ 10�4, (6.23)

a value of ✓ = �20� accommodates ⇠ = 0 with a value of
⇢̂ ' 0.7 while ⇠ = 0.2 requires ⇢̂ ' 0.8.

3. KS ! �`+`�

The amplitude for processes with one o↵-shell photon
decaying into a lepton pair is given by

A =
e

q22
Mµ⌫(q1, q2) "

⇤

µ

(q1) ū(k)�⌫v(k
0), (6.24)

with q2 = k + k0. At O(p4) the amplitude b(0, q22) in
Eq. (6.13) is uniquely determined by a one-loop calcu-
lation of the K0

1 ! ��⇤ transition (Ecker et al., 1988;
Sehgal, 1973). The dominant octet contribution is

b(4)(0, q22) =
4

⇡
G8 ↵F0

�
1� r2

⇡

�
H(z), (6.25)

where z = q22/M
2
K

and H(z) is given in Eq. (A3). The
result for the spectrum in q22 is usually normalized to the
two-photon width as

1

�
��

d�

dz
=

2

z
(1� z)3

�����
H(z)

H(0)

�����

2
1

⇡
Im⇧(z), (6.26)

 Leading O(p^4) contributions given by the Wess-Zumino 
anomaly vanishes between       and       due to the         
Gell-Man - Okubo mass formula. 

 Higher-order contributions spoil this cancellation. 

 Only the absolute value of the amplitude can be determined                          
from                          .B(KL ! ��)

exp
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operators are given by:

QA = (s�µPLd)(`�µ�5`), Q̃A = (s�µPRd)(`�µ�5`),

QS = ms(sPRd)(``), Q̃S = ms(sPLd)(``),

QP = ms(sPRd)(`�5`), Q̃P = ms(sPLd)(`�5`), (2.8)

where PL,R are the left and right-handed projection operators. For B(K0

S,L ! µ+µ�) #3,
there are two contributions from S-wave (AS,L) and P-wave transitions (BS,L), resulting
in: #4

B(K0

S,L ! µ+µ�) = ⌧S,L�(K
0

S,L ! µ+µ�) = ⌧S,L
f2

KM3

K�µ
16⇡

�

|AS,L|2 + �2

µ|BS,L|2
�

, (2.9)

with

AS =
msMK

ms +md
Im(CP � C̃P ) +

2mµ

MK
Im(CA � C̃A), (2.10)

BS =
2G2

FM
2

Wmµ

⇡2MK
Bµ

S�� �
msMK

ms +md
Re(CS � C̃S), (2.11)

and

AL =
2G2

FM
2

Wmµ

⇡2MK
Aµ

L�� �
msMK

ms +md
Re(CP � C̃P )�

2mµ

MK
Re(CA � C̃A), (2.12)

BL =
msMK

ms +md
Im(CS � C̃S), (2.13)

where

�µ =

s

1�
4m2

µ

M2

K

. (2.14)

Here, the long-distance contributions are [16–18, 42]:#5

2G2

FM
2

Wmµ

⇡2MK
Bµ

S�� = (�2.65 + 1.14i)⇥ 10�11 (GeV)�2, (2.15)

2G2

FM
2

Wmµ

⇡2MK
Aµ

L�� = ±(0.54� 3.96i)⇥ 10�11 (GeV)�2, (2.16)

and ⌧S,L are the K0

S,L lifetimes. Here, fK = (155.9 ± 0.4) MeV [34]. Note that there is
a theoretically and experimentally unknown sign in Aµ

L�� , which is determined by higher
chiral orders than O(p4) contributions [46, 47], and they provide two different constraints on
B(K0

L ! µ+µ�)EXP/SM in table 1. This sign can be determined by a precise measurement
of the interference between K0

L ! µ+µ� and K0

S ! µ+µ� [18]. In addition, in the MSSM,
#3 The electron modes are suppressed by m

2

e/m
2

µ, and we do not consider them in this paper.
#4 Our result agrees with refs. [42–45]. However, it disagrees with notable literature [6, 22] after discarding

the long-distance contributions. We found that CSM

10

should be �C

SM

10

in eq. (3.45) of ref. [22], and (CP �C

0
P )

should be (C0
P � CP ) in eq. (2.4) of ref. [6].

#5 Note that B

µ
S�� is denoted by A

µ
S�� in refs. [18, 42].

– 4 –

 Photons have perpendicular polarizations                      .✏µ⌫⇢�F
µ⌫F ⇢�
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FIG. 12 Two-photon contribution to K0 ! `+`�.

1. KS ! `+`�

The main contribution comes from the amplitude B
��

that gives the transition K
S

! �⇤�⇤ ! `+`� (Ecker and
Pich, 1991). This two-loop amplitude is finite because
chiral symmetry forbids any CP-invariant local contribu-
tion at this order. The result can be written as

R`

S

=
�(K

S

! `+`�)

�(K
S

! ��)
(6.36)

=
↵2�2

`

m2
`

2⇡2|H(0)|2M2
K

��I
`,disp + iI

`,abs

��2 ,

where H(0) follows from Eq. (A3) and I
`,disp (I

`,abs) in-
dicate the dispersive (absorptive) parts of the two-loop
diagrams. The ` = e case is dominated by the absorp-
tive contribution: I

e,disp ' 1.4, I
e,abs ' �35. This gives

Re

S

= 7.8⇥ 10�9 corresponding to

BR(K
S

! e+e�) = 2.1⇥ 10�14, (6.37)

to be compared with the recent bound by Ambrosino
et al. (2009b):

BR(K
S

! e+e�) < 9⇥ 10�9 (90% C.L.). (6.38)

For ` = µ there is a slight dominance of the dispersive
contribution, I

µ,disp ' �2.8, I
µ,abs ' 1.2, which implies

Rµ

S

= 1.9⇥ 10�6 and

BR(K
S

! µ+µ�) = 5.1⇥ 10�12, (6.39)

to be compared with the (almost 30-year-old) bound
(Gjesdal et al., 1973)

BR(K
S

! µ+µ�) < 3.2⇥ 10�7 (90% C.L.). (6.40)

There exists a small short-distance contribution to this
decay through the CP-violating component of the s-wave
amplitude C in Eq. (6.35), which in the SM was esti-
mated for the muon case as (Buchalla et al., 1996; Isidori
and Unterdorfer, 2004)

Csd = �G
F

↵(M
Z

)

⇡ sin2 ✓
W

p
2m

µ

F
K

Im (V ⇤

ts

V
td

)Y (x
t

),

(6.41)
where Y (x

t

) is given in Buchalla et al. (1996). Using
the Wolfenstein parametrization, the short-distance con-
tribution to the branching ratio is given by

BR(K
S

! µ+µ�)sd = 1.4⇥ 10�12

����
V
cb

0.041

����
4 ����

�

0.225

����
2

⌘2

' 1.7⇥ 10�13, (6.42)

an order of magnitude short of the CP-invariant contri-
bution.

2. KL ! `+`�

If CP invariance is preserved this decay is given by the
amplitude C in Eq. (6.34). It is convenient to normalize
the rate to the K

L

! �� mode:

R`

L

=
�(K

L

! `+`�)

�(K
L

! ��)
(6.43)

= 2�
`

⇣↵
⇡
r
`

⌘2 �|F
`,disp|2 + |F

`,abs|2
�
.

The absorptive amplitude gets contributions from several
available on-shell states (Martin et al., 1970), but the ��
intermediate state dominates completely (Fig. 12):

F
`,abs =

⇡

2�
`

ln

✓
1� �

`

1 + �
`

◆
. (6.44)

The dispersive part arises from the one-loop diagram
K

L

! �⇤�⇤ ! µ+µ� and local CHPT terms to ab-
sorb the loop divergence (Gómez Dumm and Pich, 1998;
Isidori and Unterdorfer, 2004; Knecht et al., 1999a):

F
`,disp =

1

4�
`

ln2
✓
1� �

`

1 + �
`

◆
+

1

�
`

Li2

✓
�
`

� 1

�
`

+ 1

◆
+

⇡2

12�
`

+ 3 ln
m

`

µ
+ �(µ), (6.45)

where the local contribution can be split into its long-
distance and short-distance components:

�(µ) = �
��

(µ) + �
sd

. (6.46)

�
��

(µ) compensates the scale dependence of the one-loop
amplitude, while �

sd

accounts for the short-distance con-
tribution s̄ d ! µ+µ�.
The K

L

! µ+µ� decay is well established experimen-
tally. The measured rate (Nakamura et al., 2010)

Rµ

L

= (1.25± 0.02)⇥ 10�5 (6.47)

appears to be nearly saturated by the absorptive contri-
bution (6.44), Rµ

L

|abs = 1.195⇥ 10�5. The di↵erence be-
tween these two numbers provides an experimental mea-
surement of the modulus of the dispersive amplitude and,
therefore, up to a two-fold ambiguity, of the local term:

�(M
⇢

) =

(
3.75± 0.20

1.52± 0.20
. (6.48)

The K
L

! e+e� rate is then predicted to be Re

L

=
(1.552± 0.014)⇥ 10�8 or (1.406± 0.013)⇥ 10�8, respec-
tively. Both values are in agreement with the present
experimental result Re

L

|exp = (1.65± 0.91)⇥ 10�8 (Am-
brose et al., 1998), obtained with only four events. In-
cidentally, this is at present the tiniest branching ra-
tio ever measured: BR(K

L

! e+e�) = 9+6
�4 ⇥ 10�12.

�
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FIG. 11 Dominant contribution to KL ! ��.

where B(s) can be found in Kambor and Holstein (1994).
Including the 27-plet contribution in B(s), the exper-
imental rate (6.16) implies a1 = (�1.2 ± 1.3) ⇥ 10�3,
showing that unitarity corrections are enough to repro-
duce the measured branching fraction.

2. KL ! ��

This decay produces photons with perpendicular po-
larizations ("

µ⌫⇢�

Fµ⌫F ⇢�) and then it is the amplitude
c(0, 0) in Eq. (6.13) that contributes. Owing to its GIM
suppression, the short-distance amplitude only gives a
few-percent contribution to the full width (Gaillard and
Lee, 1974b; Herrlich and Kalinowski, 1992; Ma and Pra-
mudita, 1981; Pramudita, 1988). Accordingly this decay
is also dominated by long-distance dynamics.

The dominant contribution, shown in Fig. 11, is given
by the weak transition of the kaon into a non-flavored
pseudoscalar meson and its corresponding decay into
two photons (Ma and Pramudita, 1981), the latter be-
ing determined by the anomalous Lagrangian LWZW in
Eq. (2.15). At lowest order in the chiral SU(3) expansion
[O(p4)], only ⇡0 and ⌘8 propagate. However, the ampli-
tude vanishes exactly due to the Gell-Mann-Okubo mass
relation (Gell-Mann, 1961; Okubo, 1962). Therefore, the
decay starts at O(p6) where the singlet ⌘1 state is also
included:

c(6)(0, 0) = � 2

⇡
↵F0 (G8 �G27)F2(⇢̂, ⇠, ✓), (6.18)

where

F2 =
1

1� r2
⇡

+
1

3
�
1� r2

⌘

�
h
(1 + ⇠) cos ✓ + 2

p
2⇢̂ sin ✓

i

⇥

F
⇡

F
⌘8

cos ✓ � 2
p
2
F
⇡

F
⌘0

sin ✓

�

� 1

3(1� r2
⌘

0)

h
2
p
2⇢̂ cos ✓ � (1 + ⇠) sin ✓

i

⇥

F
⇡

F
⌘8

sin ✓ + 2
p
2
F
⇡

F
⌘0

cos ✓

�
. (6.19)

Here ✓ is the mixing angle between ⌘8 and ⌘1 states:

 
⌘

⌘0

!
=

 
cos ✓ � sin ✓

sin ✓ cos ✓

! 
⌘8
⌘1

!
. (6.20)

Although there is still some discussion on the value of
✓, we take ✓ = �20� arising in the large-N

C

analy-
ses (Herrera-Siklódy et al., 1998; Kaiser and Leutwyler,
1998). ⇠ parametrizes the amount of SU(3) breaking
(Donoghue et al., 1986):

⇠ =
p
3
h⌘8|L|�S|=1|K0

2 i
h⇡0|L|�S|=1|K0

2 i
� 1, (6.21)

while ⇢̂ carries the information of the breaking of nonet
symmetry through the weak interactions of the singlet at
O(p2) (Donoghue et al., 1984):

⇢̂ = �
r

3

8

h⌘1|L|�S|=1|K0
2 i

h⇡0|L|�S|=1|K0
2 i

. (6.22)

If SU(3) and nonet symmetries are exact we have ⇠ = 0
and ⇢̂ = 1. Finally, F

⇡

, F
⌘8 and F

⌘1 are the decay con-
stants of the pion, ⌘8 and ⌘1, respectively. The values
of the symmetry-breaking parameters are still not pre-
cisely known. We take F

⌘8/F⇡

= 1.34 and F
⌘1/F⇡

= 1.0
from Kaiser and Leutwyler (1998) [see also Feldmann and
Kroll (2002)]. The SU(3) breaking parameter was esti-
mated to be ⇠ ' 0.17 (Donoghue et al., 1986), but this
value was challenged with the claim that it cancels with
an additional s ! dgg contribution (He et al., 2003).
Hence we will consider, conservatively, ⇠ ⇠ 0.0 � 0.2.
Finally, dominance of the pion pole seems to require a
small breaking of nonet symmetry, ⇢̂ ' 0.8 (Cheng, 1990;
D’Ambrosio and Portolés, 1998a).
The decay width is given by Eq. (6.15) with the func-

tion c(0, 0) instead of b(0, 0). If we consider the experi-
mental determination (Nakamura et al., 2010)

BR(K
L

! ��) = (5.47± 0.04)⇥ 10�4, (6.23)

a value of ✓ = �20� accommodates ⇠ = 0 with a value of
⇢̂ ' 0.7 while ⇠ = 0.2 requires ⇢̂ ' 0.8.

3. KS ! �`+`�

The amplitude for processes with one o↵-shell photon
decaying into a lepton pair is given by

A =
e

q22
Mµ⌫(q1, q2) "

⇤

µ

(q1) ū(k)�⌫v(k
0), (6.24)

with q2 = k + k0. At O(p4) the amplitude b(0, q22) in
Eq. (6.13) is uniquely determined by a one-loop calcu-
lation of the K0

1 ! ��⇤ transition (Ecker et al., 1988;
Sehgal, 1973). The dominant octet contribution is

b(4)(0, q22) =
4

⇡
G8 ↵F0

�
1� r2

⇡

�
H(z), (6.25)

where z = q22/M
2
K

and H(z) is given in Eq. (A3). The
result for the spectrum in q22 is usually normalized to the
two-photon width as

1

�
��

d�

dz
=

2

z
(1� z)3

�����
H(z)

H(0)

�����

2
1

⇡
Im⇧(z), (6.26)

 Leading O(p^4) contributions given by the Wess-Zumino 
anomaly vanishes between       and       due to the         
Gell-Man - Okubo mass formula. 

 Higher-order contributions spoil this cancellation. 

 Only the absolute value of the amplitude can be determined                          
from                          .B(KL ! ��)

exp
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operators are given by:

QA = (s�µPLd)(`�µ�5`), Q̃A = (s�µPRd)(`�µ�5`),

QS = ms(sPRd)(``), Q̃S = ms(sPLd)(``),

QP = ms(sPRd)(`�5`), Q̃P = ms(sPLd)(`�5`), (2.8)

where PL,R are the left and right-handed projection operators. For B(K0

S,L ! µ+µ�) #3,
there are two contributions from S-wave (AS,L) and P-wave transitions (BS,L), resulting
in: #4

B(K0

S,L ! µ+µ�) = ⌧S,L�(K
0

S,L ! µ+µ�) = ⌧S,L
f2

KM3

K�µ
16⇡

�

|AS,L|2 + �2

µ|BS,L|2
�

, (2.9)

with

AS =
msMK

ms +md
Im(CP � C̃P ) +

2mµ

MK
Im(CA � C̃A), (2.10)

BS =
2G2

FM
2

Wmµ

⇡2MK
Bµ

S�� �
msMK

ms +md
Re(CS � C̃S), (2.11)

and

AL =
2G2

FM
2

Wmµ

⇡2MK
Aµ

L�� �
msMK

ms +md
Re(CP � C̃P )�

2mµ

MK
Re(CA � C̃A), (2.12)

BL =
msMK

ms +md
Im(CS � C̃S), (2.13)

where

�µ =

s

1�
4m2

µ

M2

K

. (2.14)

Here, the long-distance contributions are [16–18, 42]:#5

2G2

FM
2

Wmµ

⇡2MK
Bµ

S�� = (�2.65 + 1.14i)⇥ 10�11 (GeV)�2, (2.15)

2G2

FM
2

Wmµ

⇡2MK
Aµ

L�� = ±(0.54� 3.96i)⇥ 10�11 (GeV)�2, (2.16)

and ⌧S,L are the K0

S,L lifetimes. Here, fK = (155.9 ± 0.4) MeV [34]. Note that there is
a theoretically and experimentally unknown sign in Aµ

L�� , which is determined by higher
chiral orders than O(p4) contributions [46, 47], and they provide two different constraints on
B(K0

L ! µ+µ�)EXP/SM in table 1. This sign can be determined by a precise measurement
of the interference between K0

L ! µ+µ� and K0

S ! µ+µ� [18]. In addition, in the MSSM,
#3 The electron modes are suppressed by m

2

e/m
2

µ, and we do not consider them in this paper.
#4 Our result agrees with refs. [42–45]. However, it disagrees with notable literature [6, 22] after discarding

the long-distance contributions. We found that CSM

10

should be �C

SM

10

in eq. (3.45) of ref. [22], and (CP �C

0
P )

should be (C0
P � CP ) in eq. (2.4) of ref. [6].

#5 Note that B

µ
S�� is denoted by A

µ
S�� in refs. [18, 42].

– 4 –

 Photons have perpendicular polarizations                      .✏µ⌫⇢�F
µ⌫F ⇢�
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model, where the ✏0K/✏K tension is explained by an additional Z-penguin contribution.
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Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more excit-
ing due to the NA62 experiment at CERN, which aims
to reach a precision of 10 % in B(K+ ! ⇡+⌫⌫) com-
pared to the standard model (SM) in 2018 [1, 2], and
the KOTO experiment at J-PARC, which aims, as a first
step, at measuring B(KL ! ⇡0⌫⌫) around the SM sensi-
tivity [3–5]. The LHCb experiment also has an impres-
sive kaon physics program [6]. New physics motivated
from the ✏0K/✏K tension [7–9] or B-physics anomalies may
be tested in rare kaon decays too. Experimentally kaons
in two muons in the final state can be considered gold
channels, and this motivates theoretical studies.

Within the SM, the branching ratios are predicted to
be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indi-
cated by LD (SD). Here, the leading chiral contribu-
tion at O(p4), KS ! ⇡+⇡� ! �� ! µ+µ�, is the-
oretically clean [10, 13]: KS ! ⇡+⇡� is described in
terms of G

8

(and G
27

) which represents the leading cou-
pling of the |�S| = 1 nonleptonic weak Lagrangian [14]
and sgn(G

8

) < 0 is taken; we just assume the sign pre-
dicted by the |�S| = 1 partonic Lagrangian comput-
ing the hadronic matrix elements of four-quark opera-
tors in the large-NC limit (or employing naive factoriza-
tion) [11, 15, 16]. The values of Eqs. (1) and (2) are

based on the best-fit result for the CKM parameters
in Ref. [17]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). In-
deed, di↵erently from the previously discussed KS de-
cay, the leading O(p4) of A(KL ! �� ! µ+µ�) given
by the Wess-Zumino anomaly [18] is vanishing due to
the delicate cancellation enforced by the Gell-Mann–
Okubo formula of the two contributions with ⇡0 and ⌘
exchanges [14, 19]. Higher chiral orders spoil this can-
cellation and unfortunately also the cleanness of the pre-
diction even of the sign of A(KL ! ��) [15, 16]. When
sgn[A(KL ! ��)] = ±sgn[A(KL ! (⇡0)⇤ ! ��)], we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [15, 16] .

On the other hand, experimental results are [20]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound is [21]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by 2 orders of magnitude, an up-
grade of the LHCb experiment is aiming to reach the SM
sensitivity, specifically, the LHC Run 3 (from 2021) [22].
Note that the branching ratios into the electron mode are
suppressed by m2

e/m
2

µ, and the detector sensitivity to the
electron mode in the LHCb is weaker than the muonic
mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states,

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference
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Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more excit-
ing due to the NA62 experiment at CERN, which aims
to reach a precision of 10 % in B(K+ ! ⇡+⌫⌫) com-
pared to the standard model (SM) in 2018 [1, 2], and
the KOTO experiment at J-PARC, which aims, as a first
step, at measuring B(KL ! ⇡0⌫⌫) around the SM sensi-
tivity [3–5]. The LHCb experiment also has an impres-
sive kaon physics program [6]. New physics motivated
from the ✏0K/✏K tension [7–9] or B-physics anomalies may
be tested in rare kaon decays too. Experimentally kaons
in two muons in the final state can be considered gold
channels, and this motivates theoretical studies.

Within the SM, the branching ratios are predicted to
be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indi-
cated by LD (SD). Here, the leading chiral contribu-
tion at O(p4), KS ! ⇡+⇡� ! �� ! µ+µ�, is the-
oretically clean [10, 13]: KS ! ⇡+⇡� is described in
terms of G

8

(and G
27

) which represents the leading cou-
pling of the |�S| = 1 nonleptonic weak Lagrangian [14]
and sgn(G

8

) < 0 is taken; we just assume the sign pre-
dicted by the |�S| = 1 partonic Lagrangian comput-
ing the hadronic matrix elements of four-quark opera-
tors in the large-NC limit (or employing naive factoriza-
tion) [11, 15, 16]. The values of Eqs. (1) and (2) are

based on the best-fit result for the CKM parameters
in Ref. [17]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). In-
deed, di↵erently from the previously discussed KS de-
cay, the leading O(p4) of A(KL ! �� ! µ+µ�) given
by the Wess-Zumino anomaly [18] is vanishing due to
the delicate cancellation enforced by the Gell-Mann–
Okubo formula of the two contributions with ⇡0 and ⌘
exchanges [14, 19]. Higher chiral orders spoil this can-
cellation and unfortunately also the cleanness of the pre-
diction even of the sign of A(KL ! ��) [15, 16]. When
sgn[A(KL ! ��)] = ±sgn[A(KL ! (⇡0)⇤ ! ��)], we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [15, 16] .

On the other hand, experimental results are [20]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound is [21]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by 2 orders of magnitude, an up-
grade of the LHCb experiment is aiming to reach the SM
sensitivity, specifically, the LHC Run 3 (from 2021) [22].
Note that the branching ratios into the electron mode are
suppressed by m2

e/m
2

µ, and the detector sensitivity to the
electron mode in the LHCb is weaker than the muonic
mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states,

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference
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Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more excit-
ing due to the NA62 experiment at CERN, which aims
to reach a precision of 10 % in B(K+ ! ⇡+⌫⌫) com-
pared to the standard model (SM) in 2018 [1, 2], and
the KOTO experiment at J-PARC, which aims, as a first
step, at measuring B(KL ! ⇡0⌫⌫) around the SM sensi-
tivity [3–5]. The LHCb experiment also has an impres-
sive kaon physics program [6]. New physics motivated
from the ✏0K/✏K tension [7–9] or B-physics anomalies may
be tested in rare kaon decays too. Experimentally kaons
in two muons in the final state can be considered gold
channels, and this motivates theoretical studies.

Within the SM, the branching ratios are predicted to
be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indi-
cated by LD (SD). Here, the leading chiral contribu-
tion at O(p4), KS ! ⇡+⇡� ! �� ! µ+µ�, is the-
oretically clean [10, 13]: KS ! ⇡+⇡� is described in
terms of G

8

(and G
27

) which represents the leading cou-
pling of the |�S| = 1 nonleptonic weak Lagrangian [14]
and sgn(G

8

) < 0 is taken; we just assume the sign pre-
dicted by the |�S| = 1 partonic Lagrangian comput-
ing the hadronic matrix elements of four-quark opera-
tors in the large-NC limit (or employing naive factoriza-
tion) [11, 15, 16]. The values of Eqs. (1) and (2) are

based on the best-fit result for the CKM parameters
in Ref. [17]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). In-
deed, di↵erently from the previously discussed KS de-
cay, the leading O(p4) of A(KL ! �� ! µ+µ�) given
by the Wess-Zumino anomaly [18] is vanishing due to
the delicate cancellation enforced by the Gell-Mann–
Okubo formula of the two contributions with ⇡0 and ⌘
exchanges [14, 19]. Higher chiral orders spoil this can-
cellation and unfortunately also the cleanness of the pre-
diction even of the sign of A(KL ! ��) [15, 16]. When
sgn[A(KL ! ��)] = ±sgn[A(KL ! (⇡0)⇤ ! ��)], we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [15, 16] .

On the other hand, experimental results are [20]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound is [21]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by 2 orders of magnitude, an up-
grade of the LHCb experiment is aiming to reach the SM
sensitivity, specifically, the LHC Run 3 (from 2021) [22].
Note that the branching ratios into the electron mode are
suppressed by m2

e/m
2

µ, and the detector sensitivity to the
electron mode in the LHCb is weaker than the muonic
mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states,

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference

ar
X

iv
:1

70
7.

06
99

9v
2 

 [h
ep

-p
h]

  1
5 

N
ov

 2
01

7

TTP17–031

Direct CP Violation in K ! µ+µ�

Giancarlo D’Ambrosio1, ⇤ and Teppei Kitahara2, 3, †

1INFN-Sezione di Napoli, Via Cintia, 80126 Napoli, Italia
2Institute for Theoretical Particle Physics (TTP),

Karlsruhe Institute of Technology, Engesserstraße 7, D-76128 Karlsruhe, Germany
3Institute for Nuclear Physics (IKP), Karlsruhe Institute of Technology,

Hermann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen, Germany
(Dated: November 16, 2017)

A rare decay KL ! µ+µ� has been measured precisely, while a rare decay KS ! µ+µ� will
be observed by an upgrade of the LHCb experiment. Although both processes are almost CP-
conserving decays, we point out that an interference contribution between KL and KS in the kaon
beam emerges from a genuine direct CP violation. It is found that the interference contribution can
change KS ! µ+µ� standard-model predictions at O(60%). We also stress that an unknown sign
of A(KL ! ��) can be determined by a measurement of the interference, which can much reduce
a theoretical uncertainty of B(KL ! µ+µ�). We also investigate the interference in a new physics
model, where the ✏0K/✏K tension is explained by an additional Z-penguin contribution.

Keywords: rare kaon decay, direct CP violation

Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more excit-
ing due to the NA62 experiment at CERN, which aims
to reach a precision of 10 % in B(K+ ! ⇡+⌫⌫) com-
pared to the standard model (SM) in 2018 [1, 2], and
the KOTO experiment at J-PARC, which aims, as a first
step, at measuring B(KL ! ⇡0⌫⌫) around the SM sensi-
tivity [3–5]. The LHCb experiment also has an impres-
sive kaon physics program [6]. New physics motivated
from the ✏0K/✏K tension [7–9] or B-physics anomalies may
be tested in rare kaon decays too. Experimentally kaons
in two muons in the final state can be considered gold
channels, and this motivates theoretical studies.

Within the SM, the branching ratios are predicted to
be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indi-
cated by LD (SD). Here, the leading chiral contribu-
tion at O(p4), KS ! ⇡+⇡� ! �� ! µ+µ�, is the-
oretically clean [10, 13]: KS ! ⇡+⇡� is described in
terms of G

8

(and G
27

) which represents the leading cou-
pling of the |�S| = 1 nonleptonic weak Lagrangian [14]
and sgn(G

8

) < 0 is taken; we just assume the sign pre-
dicted by the |�S| = 1 partonic Lagrangian comput-
ing the hadronic matrix elements of four-quark opera-
tors in the large-NC limit (or employing naive factoriza-
tion) [11, 15, 16]. The values of Eqs. (1) and (2) are

based on the best-fit result for the CKM parameters
in Ref. [17]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). In-
deed, di↵erently from the previously discussed KS de-
cay, the leading O(p4) of A(KL ! �� ! µ+µ�) given
by the Wess-Zumino anomaly [18] is vanishing due to
the delicate cancellation enforced by the Gell-Mann–
Okubo formula of the two contributions with ⇡0 and ⌘
exchanges [14, 19]. Higher chiral orders spoil this can-
cellation and unfortunately also the cleanness of the pre-
diction even of the sign of A(KL ! ��) [15, 16]. When
sgn[A(KL ! ��)] = ±sgn[A(KL ! (⇡0)⇤ ! ��)], we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [15, 16] .

On the other hand, experimental results are [20]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound is [21]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by 2 orders of magnitude, an up-
grade of the LHCb experiment is aiming to reach the SM
sensitivity, specifically, the LHC Run 3 (from 2021) [22].
Note that the branching ratios into the electron mode are
suppressed by m2

e/m
2

µ, and the detector sensitivity to the
electron mode in the LHCb is weaker than the muonic
mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states,

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference

ar
X

iv
:1

70
7.

06
99

9v
2 

 [h
ep

-p
h]

  1
5 

N
ov

 2
01

7

[PDG]

[LHCb Run 1]
SM sensitivity at Run 3 (2021-)

sign ambiguity

The SM CPV contribution in the Ks decay is totally covered 
by the uncertainties in the LD contribution. 

13 / 21

SM predictions

TTP17–031

Direct CP Violation in K ! µ+µ�

Giancarlo D’Ambrosio1, ⇤ and Teppei Kitahara2, 3, †

1INFN-Sezione di Napoli, Via Cintia, 80126 Napoli, Italia
2Institute for Theoretical Particle Physics (TTP),

Karlsruhe Institute of Technology, Engesserstraße 7, D-76128 Karlsruhe, Germany
3Institute for Nuclear Physics (IKP), Karlsruhe Institute of Technology,

Hermann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen, Germany
(Dated: November 16, 2017)

A rare decay KL ! µ+µ� has been measured precisely, while a rare decay KS ! µ+µ� will
be observed by an upgrade of the LHCb experiment. Although both processes are almost CP-
conserving decays, we point out that an interference contribution between KL and KS in the kaon
beam emerges from a genuine direct CP violation. It is found that the interference contribution can
change KS ! µ+µ� standard-model predictions at O(60%). We also stress that an unknown sign
of A(KL ! ��) can be determined by a measurement of the interference, which can much reduce
a theoretical uncertainty of B(KL ! µ+µ�). We also investigate the interference in a new physics
model, where the ✏0K/✏K tension is explained by an additional Z-penguin contribution.

Keywords: rare kaon decay, direct CP violation

Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more excit-
ing due to the NA62 experiment at CERN, which aims
to reach a precision of 10 % in B(K+ ! ⇡+⌫⌫) com-
pared to the standard model (SM) in 2018 [1, 2], and
the KOTO experiment at J-PARC, which aims, as a first
step, at measuring B(KL ! ⇡0⌫⌫) around the SM sensi-
tivity [3–5]. The LHCb experiment also has an impres-
sive kaon physics program [6]. New physics motivated
from the ✏0K/✏K tension [7–9] or B-physics anomalies may
be tested in rare kaon decays too. Experimentally kaons
in two muons in the final state can be considered gold
channels, and this motivates theoretical studies.

Within the SM, the branching ratios are predicted to
be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indi-
cated by LD (SD). Here, the leading chiral contribu-
tion at O(p4), KS ! ⇡+⇡� ! �� ! µ+µ�, is the-
oretically clean [10, 13]: KS ! ⇡+⇡� is described in
terms of G

8

(and G
27

) which represents the leading cou-
pling of the |�S| = 1 nonleptonic weak Lagrangian [14]
and sgn(G

8

) < 0 is taken; we just assume the sign pre-
dicted by the |�S| = 1 partonic Lagrangian comput-
ing the hadronic matrix elements of four-quark opera-
tors in the large-NC limit (or employing naive factoriza-
tion) [11, 15, 16]. The values of Eqs. (1) and (2) are

based on the best-fit result for the CKM parameters
in Ref. [17]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). In-
deed, di↵erently from the previously discussed KS de-
cay, the leading O(p4) of A(KL ! �� ! µ+µ�) given
by the Wess-Zumino anomaly [18] is vanishing due to
the delicate cancellation enforced by the Gell-Mann–
Okubo formula of the two contributions with ⇡0 and ⌘
exchanges [14, 19]. Higher chiral orders spoil this can-
cellation and unfortunately also the cleanness of the pre-
diction even of the sign of A(KL ! ��) [15, 16]. When
sgn[A(KL ! ��)] = ±sgn[A(KL ! (⇡0)⇤ ! ��)], we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [15, 16] .

On the other hand, experimental results are [20]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound is [21]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by 2 orders of magnitude, an up-
grade of the LHCb experiment is aiming to reach the SM
sensitivity, specifically, the LHC Run 3 (from 2021) [22].
Note that the branching ratios into the electron mode are
suppressed by m2

e/m
2

µ, and the detector sensitivity to the
electron mode in the LHCb is weaker than the muonic
mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states,

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference
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be observed by an upgrade of the LHCb experiment. Although both processes are almost CP-
conserving decays, we point out that an interference contribution between KL and KS in the kaon
beam emerges from a genuine direct CP violation. It is found that the interference contribution can
change KS ! µ+µ� standard-model predictions at O(60%). We also stress that an unknown sign
of A(KL ! ��) can be determined by a measurement of the interference, which can much reduce
a theoretical uncertainty of B(KL ! µ+µ�). We also investigate the interference in a new physics
model, where the ✏0K/✏K tension is explained by an additional Z-penguin contribution.
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Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more excit-
ing due to the NA62 experiment at CERN, which aims
to reach a precision of 10 % in B(K+ ! ⇡+⌫⌫) com-
pared to the standard model (SM) in 2018 [1, 2], and
the KOTO experiment at J-PARC, which aims, as a first
step, at measuring B(KL ! ⇡0⌫⌫) around the SM sensi-
tivity [3–5]. The LHCb experiment also has an impres-
sive kaon physics program [6]. New physics motivated
from the ✏0K/✏K tension [7–9] or B-physics anomalies may
be tested in rare kaon decays too. Experimentally kaons
in two muons in the final state can be considered gold
channels, and this motivates theoretical studies.

Within the SM, the branching ratios are predicted to
be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indi-
cated by LD (SD). Here, the leading chiral contribu-
tion at O(p4), KS ! ⇡+⇡� ! �� ! µ+µ�, is the-
oretically clean [10, 13]: KS ! ⇡+⇡� is described in
terms of G

8

(and G
27

) which represents the leading cou-
pling of the |�S| = 1 nonleptonic weak Lagrangian [14]
and sgn(G

8

) < 0 is taken; we just assume the sign pre-
dicted by the |�S| = 1 partonic Lagrangian comput-
ing the hadronic matrix elements of four-quark opera-
tors in the large-NC limit (or employing naive factoriza-
tion) [11, 15, 16]. The values of Eqs. (1) and (2) are

based on the best-fit result for the CKM parameters
in Ref. [17]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). In-
deed, di↵erently from the previously discussed KS de-
cay, the leading O(p4) of A(KL ! �� ! µ+µ�) given
by the Wess-Zumino anomaly [18] is vanishing due to
the delicate cancellation enforced by the Gell-Mann–
Okubo formula of the two contributions with ⇡0 and ⌘
exchanges [14, 19]. Higher chiral orders spoil this can-
cellation and unfortunately also the cleanness of the pre-
diction even of the sign of A(KL ! ��) [15, 16]. When
sgn[A(KL ! ��)] = ±sgn[A(KL ! (⇡0)⇤ ! ��)], we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [15, 16] .

On the other hand, experimental results are [20]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound is [21]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by 2 orders of magnitude, an up-
grade of the LHCb experiment is aiming to reach the SM
sensitivity, specifically, the LHC Run 3 (from 2021) [22].
Note that the branching ratios into the electron mode are
suppressed by m2

e/m
2

µ, and the detector sensitivity to the
electron mode in the LHCb is weaker than the muonic
mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states,

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference
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be observed by an upgrade of the LHCb experiment. Although both processes are almost CP-
conserving decays, we point out that an interference contribution between KL and KS in the kaon
beam emerges from a genuine direct CP violation. It is found that the interference contribution can
change KS ! µ+µ� standard-model predictions at O(60%). We also stress that an unknown sign
of A(KL ! ��) can be determined by a measurement of the interference, which can much reduce
a theoretical uncertainty of B(KL ! µ+µ�). We also investigate the interference in a new physics
model, where the ✏0K/✏K tension is explained by an additional Z-penguin contribution.
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Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more excit-
ing due to the NA62 experiment at CERN, which aims
to reach a precision of 10 % in B(K+ ! ⇡+⌫⌫) com-
pared to the standard model (SM) in 2018 [1, 2], and
the KOTO experiment at J-PARC, which aims, as a first
step, at measuring B(KL ! ⇡0⌫⌫) around the SM sensi-
tivity [3–5]. The LHCb experiment also has an impres-
sive kaon physics program [6]. New physics motivated
from the ✏0K/✏K tension [7–9] or B-physics anomalies may
be tested in rare kaon decays too. Experimentally kaons
in two muons in the final state can be considered gold
channels, and this motivates theoretical studies.

Within the SM, the branching ratios are predicted to
be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indi-
cated by LD (SD). Here, the leading chiral contribu-
tion at O(p4), KS ! ⇡+⇡� ! �� ! µ+µ�, is the-
oretically clean [10, 13]: KS ! ⇡+⇡� is described in
terms of G

8

(and G
27

) which represents the leading cou-
pling of the |�S| = 1 nonleptonic weak Lagrangian [14]
and sgn(G

8

) < 0 is taken; we just assume the sign pre-
dicted by the |�S| = 1 partonic Lagrangian comput-
ing the hadronic matrix elements of four-quark opera-
tors in the large-NC limit (or employing naive factoriza-
tion) [11, 15, 16]. The values of Eqs. (1) and (2) are

based on the best-fit result for the CKM parameters
in Ref. [17]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). In-
deed, di↵erently from the previously discussed KS de-
cay, the leading O(p4) of A(KL ! �� ! µ+µ�) given
by the Wess-Zumino anomaly [18] is vanishing due to
the delicate cancellation enforced by the Gell-Mann–
Okubo formula of the two contributions with ⇡0 and ⌘
exchanges [14, 19]. Higher chiral orders spoil this can-
cellation and unfortunately also the cleanness of the pre-
diction even of the sign of A(KL ! ��) [15, 16]. When
sgn[A(KL ! ��)] = ±sgn[A(KL ! (⇡0)⇤ ! ��)], we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [15, 16] .

On the other hand, experimental results are [20]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound is [21]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by 2 orders of magnitude, an up-
grade of the LHCb experiment is aiming to reach the SM
sensitivity, specifically, the LHC Run 3 (from 2021) [22].
Note that the branching ratios into the electron mode are
suppressed by m2

e/m
2

µ, and the detector sensitivity to the
electron mode in the LHCb is weaker than the muonic
mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states,

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference
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be observed by an upgrade of the LHCb experiment. Although both processes are almost CP-
conserving decays, we point out that an interference contribution between KL and KS in the kaon
beam emerges from a genuine direct CP violation. It is found that the interference contribution can
change KS ! µ+µ� standard-model predictions at O(60%). We also stress that an unknown sign
of A(KL ! ��) can be determined by a measurement of the interference, which can much reduce
a theoretical uncertainty of B(KL ! µ+µ�). We also investigate the interference in a new physics
model, where the ✏0K/✏K tension is explained by an additional Z-penguin contribution.
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Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more excit-
ing due to the NA62 experiment at CERN, which aims
to reach a precision of 10 % in B(K+ ! ⇡+⌫⌫) com-
pared to the standard model (SM) in 2018 [1, 2], and
the KOTO experiment at J-PARC, which aims, as a first
step, at measuring B(KL ! ⇡0⌫⌫) around the SM sensi-
tivity [3–5]. The LHCb experiment also has an impres-
sive kaon physics program [6]. New physics motivated
from the ✏0K/✏K tension [7–9] or B-physics anomalies may
be tested in rare kaon decays too. Experimentally kaons
in two muons in the final state can be considered gold
channels, and this motivates theoretical studies.

Within the SM, the branching ratios are predicted to
be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indi-
cated by LD (SD). Here, the leading chiral contribu-
tion at O(p4), KS ! ⇡+⇡� ! �� ! µ+µ�, is the-
oretically clean [10, 13]: KS ! ⇡+⇡� is described in
terms of G

8

(and G
27

) which represents the leading cou-
pling of the |�S| = 1 nonleptonic weak Lagrangian [14]
and sgn(G

8

) < 0 is taken; we just assume the sign pre-
dicted by the |�S| = 1 partonic Lagrangian comput-
ing the hadronic matrix elements of four-quark opera-
tors in the large-NC limit (or employing naive factoriza-
tion) [11, 15, 16]. The values of Eqs. (1) and (2) are

based on the best-fit result for the CKM parameters
in Ref. [17]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). In-
deed, di↵erently from the previously discussed KS de-
cay, the leading O(p4) of A(KL ! �� ! µ+µ�) given
by the Wess-Zumino anomaly [18] is vanishing due to
the delicate cancellation enforced by the Gell-Mann–
Okubo formula of the two contributions with ⇡0 and ⌘
exchanges [14, 19]. Higher chiral orders spoil this can-
cellation and unfortunately also the cleanness of the pre-
diction even of the sign of A(KL ! ��) [15, 16]. When
sgn[A(KL ! ��)] = ±sgn[A(KL ! (⇡0)⇤ ! ��)], we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [15, 16] .

On the other hand, experimental results are [20]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound is [21]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by 2 orders of magnitude, an up-
grade of the LHCb experiment is aiming to reach the SM
sensitivity, specifically, the LHC Run 3 (from 2021) [22].
Note that the branching ratios into the electron mode are
suppressed by m2

e/m
2

µ, and the detector sensitivity to the
electron mode in the LHCb is weaker than the muonic
mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states,

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference
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A rare decay KL ! µ+µ� has been measured precisely, while a rare decay KS ! µ+µ� will
be observed by an upgrade of the LHCb experiment. Although both processes are almost CP-
conserving decays, we point out that an interference contribution between KL and KS in the kaon
beam emerges from a genuine direct CP violation. It is found that the interference contribution can
change KS ! µ+µ� standard-model predictions at O(60%). We also stress that an unknown sign
of A(KL ! ��) can be determined by a measurement of the interference, which can much reduce
a theoretical uncertainty of B(KL ! µ+µ�). We also investigate the interference in a new physics
model, where the ✏0K/✏K tension is explained by an additional Z-penguin contribution.
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INTRODUCTION

Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more exciting
due to NA62 experiment at CERN, aiming to reach a
precision of 10 % in B(K+ ! ⇡+⌫⌫) compared to the
SM already in 2018 [1, 2], and KOTO experiment at J-
PARC aiming in a first step at measuring B(KL ! ⇡0⌫⌫)
around the SM sensitivity [3–5]; also LHCb experiment
has an impressive kaon physics program [6]. New physics
motivated from the ✏0K/✏K tension [7–9] or B-physics
anomalies may be tested in rare kaon decays too. Ex-
perimentally kaons in two muons in the final state can
be considered gold channels and this motivates theoreti-
cal studies.

Within the Standard Model (SM), the branching ratios
are predicted to be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters’. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indicated
by LD (SD). Here, sgn(G

8

) < 0, where G
8

represents a
leading coupling of the |�S| = 1 non-leptonic weak La-
grangian [13], is chosen. That is predicted under reason-
able assumptions [11, 14, 15]. The values of Eqs. (1), (2)
are based on the best-fit result for the CKM parameters
in Ref. [16]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). When

sgn(A(KL ! ��)) = ±sgn(A(KL ! (⇡0)⇤ ! ��)), we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [14, 15] .

On the other hand, experimental results are [17]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound [18]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by two orders of magnitude, an
upgrade of the LHCb experiment is aiming to reach the
SM sensitivity, specifically the LHC Run 3 (from 2021)
[19]. Note that the branching ratios into the electron
mode are suppressed by m2

e/m
2

µ, and the detector sensi-
tivity to the electron mode in the LHCb is weaker than
the muonic mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states:

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference
contribution is first discussed in Refs. [20, 21], and has
been observed and utilized in many processes: e.g., K !
⇡⇡ [22], K ! 3⇡0 [23, 24], K ! ⇡+⇡�⇡0 [25], and K !
⇡0e+e� [26].

INTERFERENCE BETWEEN KL AND KS

We first review the interference contribution briefly,
then we investigate the numerical impact in the mode

of µ+µ� in the SM. A state of K0 (or K
0

) at t = 0,
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be observed by an upgrade of the LHCb experiment. Although both processes are almost CP-
conserving decays, we point out that an interference contribution between KL and KS in the kaon
beam emerges from a genuine direct CP violation. It is found that the interference contribution can
change KS ! µ+µ� standard-model predictions at O(60%). We also stress that an unknown sign
of A(KL ! ��) can be determined by a measurement of the interference, which can much reduce
a theoretical uncertainty of B(KL ! µ+µ�). We also investigate the interference in a new physics
model, where the ✏0K/✏K tension is explained by an additional Z-penguin contribution.
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INTRODUCTION

Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more exciting
due to NA62 experiment at CERN, aiming to reach a
precision of 10 % in B(K+ ! ⇡+⌫⌫) compared to the
SM already in 2018 [1, 2], and KOTO experiment at J-
PARC aiming in a first step at measuring B(KL ! ⇡0⌫⌫)
around the SM sensitivity [3–5]; also LHCb experiment
has an impressive kaon physics program [6]. New physics
motivated from the ✏0K/✏K tension [7–9] or B-physics
anomalies may be tested in rare kaon decays too. Ex-
perimentally kaons in two muons in the final state can
be considered gold channels and this motivates theoreti-
cal studies.

Within the Standard Model (SM), the branching ratios
are predicted to be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters’. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indicated
by LD (SD). Here, sgn(G

8

) < 0, where G
8

represents a
leading coupling of the |�S| = 1 non-leptonic weak La-
grangian [13], is chosen. That is predicted under reason-
able assumptions [11, 14, 15]. The values of Eqs. (1), (2)
are based on the best-fit result for the CKM parameters
in Ref. [16]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). When

sgn(A(KL ! ��)) = ±sgn(A(KL ! (⇡0)⇤ ! ��)), we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [14, 15] .

On the other hand, experimental results are [17]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound [18]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by two orders of magnitude, an
upgrade of the LHCb experiment is aiming to reach the
SM sensitivity, specifically the LHC Run 3 (from 2021)
[19]. Note that the branching ratios into the electron
mode are suppressed by m2

e/m
2

µ, and the detector sensi-
tivity to the electron mode in the LHCb is weaker than
the muonic mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states:

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference
contribution is first discussed in Refs. [20, 21], and has
been observed and utilized in many processes: e.g., K !
⇡⇡ [22], K ! 3⇡0 [23, 24], K ! ⇡+⇡�⇡0 [25], and K !
⇡0e+e� [26].

INTERFERENCE BETWEEN KL AND KS

We first review the interference contribution briefly,
then we investigate the numerical impact in the mode

of µ+µ� in the SM. A state of K0 (or K
0

) at t = 0,
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be observed by an upgrade of the LHCb experiment. Although both processes are almost CP-
conserving decays, we point out that an interference contribution between KL and KS in the kaon
beam emerges from a genuine direct CP violation. It is found that the interference contribution can
change KS ! µ+µ� standard-model predictions at O(60%). We also stress that an unknown sign
of A(KL ! ��) can be determined by a measurement of the interference, which can much reduce
a theoretical uncertainty of B(KL ! µ+µ�). We also investigate the interference in a new physics
model, where the ✏0K/✏K tension is explained by an additional Z-penguin contribution.
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INTRODUCTION

Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more exciting
due to NA62 experiment at CERN, aiming to reach a
precision of 10 % in B(K+ ! ⇡+⌫⌫) compared to the
SM already in 2018 [1, 2], and KOTO experiment at J-
PARC aiming in a first step at measuring B(KL ! ⇡0⌫⌫)
around the SM sensitivity [3–5]; also LHCb experiment
has an impressive kaon physics program [6]. New physics
motivated from the ✏0K/✏K tension [7–9] or B-physics
anomalies may be tested in rare kaon decays too. Ex-
perimentally kaons in two muons in the final state can
be considered gold channels and this motivates theoreti-
cal studies.

Within the Standard Model (SM), the branching ratios
are predicted to be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters’. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indicated
by LD (SD). Here, sgn(G

8

) < 0, where G
8

represents a
leading coupling of the |�S| = 1 non-leptonic weak La-
grangian [13], is chosen. That is predicted under reason-
able assumptions [11, 14, 15]. The values of Eqs. (1), (2)
are based on the best-fit result for the CKM parameters
in Ref. [16]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). When

sgn(A(KL ! ��)) = ±sgn(A(KL ! (⇡0)⇤ ! ��)), we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [14, 15] .

On the other hand, experimental results are [17]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound [18]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by two orders of magnitude, an
upgrade of the LHCb experiment is aiming to reach the
SM sensitivity, specifically the LHC Run 3 (from 2021)
[19]. Note that the branching ratios into the electron
mode are suppressed by m2

e/m
2

µ, and the detector sensi-
tivity to the electron mode in the LHCb is weaker than
the muonic mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states:

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference
contribution is first discussed in Refs. [20, 21], and has
been observed and utilized in many processes: e.g., K !
⇡⇡ [22], K ! 3⇡0 [23, 24], K ! ⇡+⇡�⇡0 [25], and K !
⇡0e+e� [26].

INTERFERENCE BETWEEN KL AND KS

We first review the interference contribution briefly,
then we investigate the numerical impact in the mode

of µ+µ� in the SM. A state of K0 (or K
0

) at t = 0,
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A rare decay KL ! µ+µ� has been measured precisely, while a rare decay KS ! µ+µ� will
be observed by an upgrade of the LHCb experiment. Although both processes are almost CP-
conserving decays, we point out that an interference contribution between KL and KS in the kaon
beam emerges from a genuine direct CP violation. It is found that the interference contribution can
change KS ! µ+µ� standard-model predictions at O(60%). We also stress that an unknown sign
of A(KL ! ��) can be determined by a measurement of the interference, which can much reduce
a theoretical uncertainty of B(KL ! µ+µ�). We also investigate the interference in a new physics
model, where the ✏0K/✏K tension is explained by an additional Z-penguin contribution.
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INTRODUCTION

Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more exciting
due to NA62 experiment at CERN, aiming to reach a
precision of 10 % in B(K+ ! ⇡+⌫⌫) compared to the
SM already in 2018 [1, 2], and KOTO experiment at J-
PARC aiming in a first step at measuring B(KL ! ⇡0⌫⌫)
around the SM sensitivity [3–5]; also LHCb experiment
has an impressive kaon physics program [6]. New physics
motivated from the ✏0K/✏K tension [7–9] or B-physics
anomalies may be tested in rare kaon decays too. Ex-
perimentally kaons in two muons in the final state can
be considered gold channels and this motivates theoreti-
cal studies.

Within the Standard Model (SM), the branching ratios
are predicted to be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters’. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indicated
by LD (SD). Here, sgn(G

8

) < 0, where G
8

represents a
leading coupling of the |�S| = 1 non-leptonic weak La-
grangian [13], is chosen. That is predicted under reason-
able assumptions [11, 14, 15]. The values of Eqs. (1), (2)
are based on the best-fit result for the CKM parameters
in Ref. [16]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). When

sgn(A(KL ! ��)) = ±sgn(A(KL ! (⇡0)⇤ ! ��)), we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [14, 15] .

On the other hand, experimental results are [17]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound [18]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by two orders of magnitude, an
upgrade of the LHCb experiment is aiming to reach the
SM sensitivity, specifically the LHC Run 3 (from 2021)
[19]. Note that the branching ratios into the electron
mode are suppressed by m2

e/m
2

µ, and the detector sensi-
tivity to the electron mode in the LHCb is weaker than
the muonic mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states:

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference
contribution is first discussed in Refs. [20, 21], and has
been observed and utilized in many processes: e.g., K !
⇡⇡ [22], K ! 3⇡0 [23, 24], K ! ⇡+⇡�⇡0 [25], and K !
⇡0e+e� [26].

INTERFERENCE BETWEEN KL AND KS

We first review the interference contribution briefly,
then we investigate the numerical impact in the mode

of µ+µ� in the SM. A state of K0 (or K
0

) at t = 0,
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be observed by an upgrade of the LHCb experiment. Although both processes are almost CP-
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beam emerges from a genuine direct CP violation. It is found that the interference contribution can
change KS ! µ+µ� standard-model predictions at O(60%). We also stress that an unknown sign
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INTRODUCTION

Rare kaon decays have played a crucial role in flavor
physics; now this physics program is even more exciting
due to NA62 experiment at CERN, aiming to reach a
precision of 10 % in B(K+ ! ⇡+⌫⌫) compared to the
SM already in 2018 [1, 2], and KOTO experiment at J-
PARC aiming in a first step at measuring B(KL ! ⇡0⌫⌫)
around the SM sensitivity [3–5]; also LHCb experiment
has an impressive kaon physics program [6]. New physics
motivated from the ✏0K/✏K tension [7–9] or B-physics
anomalies may be tested in rare kaon decays too. Ex-
perimentally kaons in two muons in the final state can
be considered gold channels and this motivates theoreti-
cal studies.

Within the Standard Model (SM), the branching ratios
are predicted to be [10–12]

B(KL ! µ+µ�)
SM

=

(

(6.85 ± 0.80 ± 0.06) ⇥ 10�9(+),

(8.11 ± 1.49 ± 0.13) ⇥ 10�9(�),

(1)

B(KS ! µ+µ�)
SM

= (4.99 (LD) + 0.19 (SD)) ⇥ 10�12

= (5.18 ± 1.50 ± 0.02) ⇥ 10�12, (2)

where the first uncertainty comes from long-distance con-
tributions and the second one denotes remaining theo-
retical uncertainties including the Cabibbo-Kobayashi-
Maskawa (CKM) parameters’. The long-distance (short-
distance) contribution to B(KS ! µ+µ�)

SM

is indicated
by LD (SD). Here, sgn(G

8

) < 0, where G
8

represents a
leading coupling of the |�S| = 1 non-leptonic weak La-
grangian [13], is chosen. That is predicted under reason-
able assumptions [11, 14, 15]. The values of Eqs. (1), (2)
are based on the best-fit result for the CKM parameters
in Ref. [16]. One should note that B(KL ! µ+µ�)

SM

depends on an unknown sign of A(KL ! ��). When

sgn(A(KL ! ��)) = ±sgn(A(KL ! (⇡0)⇤ ! ��)), we
represent + or � in Eq. (1). The choice of + (�) gives
a destructive (constructive) interference between short-
and long-distance contributions to B(KL ! µ+µ�) in
the SM [14, 15] .

On the other hand, experimental results are [17]

B(KL ! µ+µ�)
exp

= (6.84 ± 0.11) ⇥ 10�9, (3)

and the 90% C.L. upper bound [18]

B(KS ! µ+µ�)
exp

< 0.8 ⇥ 10�9. (4)

Although a current bound of B(KS ! µ+µ�) is weaker
than the SM prediction by two orders of magnitude, an
upgrade of the LHCb experiment is aiming to reach the
SM sensitivity, specifically the LHC Run 3 (from 2021)
[19]. Note that the branching ratios into the electron
mode are suppressed by m2

e/m
2

µ, and the detector sensi-
tivity to the electron mode in the LHCb is weaker than
the muonic mode.

Equations (1) and (2) are predictions of pure KL and
KS initial states, respectively. In this Letter, we focus
on interference between KL and KS states:

�(K ! f)
int

/ A(KS ! f)⇤A(KL ! f), (5)

where the initial state is the same K0 (or K
0

), and a
lifetime of this contribution is 2⌧S . Such an interference
contribution is first discussed in Refs. [20, 21], and has
been observed and utilized in many processes: e.g., K !
⇡⇡ [22], K ! 3⇡0 [23, 24], K ! ⇡+⇡�⇡0 [25], and K !
⇡0e+e� [26].

INTERFERENCE BETWEEN KL AND KS

We first review the interference contribution briefly,
then we investigate the numerical impact in the mode

of µ+µ� in the SM. A state of K0 (or K
0

) at t = 0,
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be used to probe NP contributions to the following 
operators:  
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FIG. 12 Two-photon contribution to K0 ! `+`�.

1. KS ! `+`�

The main contribution comes from the amplitude B
��

that gives the transition K
S

! �⇤�⇤ ! `+`� (Ecker and
Pich, 1991). This two-loop amplitude is finite because
chiral symmetry forbids any CP-invariant local contribu-
tion at this order. The result can be written as

R`

S

=
�(K

S

! `+`�)

�(K
S

! ��)
(6.36)

=
↵2�2

`

m2
`

2⇡2|H(0)|2M2
K

��I
`,disp + iI

`,abs

��2 ,

where H(0) follows from Eq. (A3) and I
`,disp (I

`,abs) in-
dicate the dispersive (absorptive) parts of the two-loop
diagrams. The ` = e case is dominated by the absorp-
tive contribution: I

e,disp ' 1.4, I
e,abs ' �35. This gives

Re

S

= 7.8⇥ 10�9 corresponding to

BR(K
S

! e+e�) = 2.1⇥ 10�14, (6.37)

to be compared with the recent bound by Ambrosino
et al. (2009b):

BR(K
S

! e+e�) < 9⇥ 10�9 (90% C.L.). (6.38)

For ` = µ there is a slight dominance of the dispersive
contribution, I

µ,disp ' �2.8, I
µ,abs ' 1.2, which implies

Rµ

S

= 1.9⇥ 10�6 and

BR(K
S

! µ+µ�) = 5.1⇥ 10�12, (6.39)

to be compared with the (almost 30-year-old) bound
(Gjesdal et al., 1973)

BR(K
S

! µ+µ�) < 3.2⇥ 10�7 (90% C.L.). (6.40)

There exists a small short-distance contribution to this
decay through the CP-violating component of the s-wave
amplitude C in Eq. (6.35), which in the SM was esti-
mated for the muon case as (Buchalla et al., 1996; Isidori
and Unterdorfer, 2004)

Csd = �G
F

↵(M
Z

)

⇡ sin2 ✓
W

p
2m

µ

F
K

Im (V ⇤

ts

V
td

)Y (x
t

),

(6.41)
where Y (x

t

) is given in Buchalla et al. (1996). Using
the Wolfenstein parametrization, the short-distance con-
tribution to the branching ratio is given by

BR(K
S

! µ+µ�)sd = 1.4⇥ 10�12

����
V
cb

0.041

����
4 ����

�

0.225

����
2

⌘2

' 1.7⇥ 10�13, (6.42)

an order of magnitude short of the CP-invariant contri-
bution.

2. KL ! `+`�

If CP invariance is preserved this decay is given by the
amplitude C in Eq. (6.34). It is convenient to normalize
the rate to the K

L

! �� mode:

R`

L

=
�(K

L

! `+`�)

�(K
L

! ��)
(6.43)

= 2�
`

⇣↵
⇡
r
`

⌘2 �|F
`,disp|2 + |F

`,abs|2
�
.

The absorptive amplitude gets contributions from several
available on-shell states (Martin et al., 1970), but the ��
intermediate state dominates completely (Fig. 12):

F
`,abs =

⇡

2�
`

ln

✓
1� �

`

1 + �
`

◆
. (6.44)

The dispersive part arises from the one-loop diagram
K

L

! �⇤�⇤ ! µ+µ� and local CHPT terms to ab-
sorb the loop divergence (Gómez Dumm and Pich, 1998;
Isidori and Unterdorfer, 2004; Knecht et al., 1999a):

F
`,disp =

1

4�
`

ln2
✓
1� �

`

1 + �
`

◆
+

1

�
`

Li2

✓
�
`

� 1

�
`

+ 1

◆
+

⇡2

12�
`

+ 3 ln
m

`

µ
+ �(µ), (6.45)

where the local contribution can be split into its long-
distance and short-distance components:

�(µ) = �
��

(µ) + �
sd

. (6.46)

�
��

(µ) compensates the scale dependence of the one-loop
amplitude, while �

sd

accounts for the short-distance con-
tribution s̄ d ! µ+µ�.
The K

L

! µ+µ� decay is well established experimen-
tally. The measured rate (Nakamura et al., 2010)

Rµ

L

= (1.25± 0.02)⇥ 10�5 (6.47)

appears to be nearly saturated by the absorptive contri-
bution (6.44), Rµ

L

|abs = 1.195⇥ 10�5. The di↵erence be-
tween these two numbers provides an experimental mea-
surement of the modulus of the dispersive amplitude and,
therefore, up to a two-fold ambiguity, of the local term:

�(M
⇢

) =

(
3.75± 0.20

1.52± 0.20
. (6.48)

The K
L

! e+e� rate is then predicted to be Re

L

=
(1.552± 0.014)⇥ 10�8 or (1.406± 0.013)⇥ 10�8, respec-
tively. Both values are in agreement with the present
experimental result Re

L

|exp = (1.65± 0.91)⇥ 10�8 (Am-
brose et al., 1998), obtained with only four events. In-
cidentally, this is at present the tiniest branching ra-
tio ever measured: BR(K

L

! e+e�) = 9+6
�4 ⇥ 10�12.
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KS ! µ+µ�
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KL ! µ+µ�
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K ! µ+µ�
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operators are given by:

QA = (s�µPLd)(`�µ�5`), Q̃A = (s�µPRd)(`�µ�5`),

QS = ms(sPRd)(``), Q̃S = ms(sPLd)(``),

QP = ms(sPRd)(`�5`), Q̃P = ms(sPLd)(`�5`), (2.8)

where PL,R are the left and right-handed projection operators. For B(K0

S,L ! µ+µ�) #3,
there are two contributions from S-wave (AS,L) and P-wave transitions (BS,L), resulting
in: #4

B(K0

S,L ! µ+µ�) = ⌧S,L�(K
0

S,L ! µ+µ�) = ⌧S,L
f2

KM3

K�µ
16⇡

�

|AS,L|2 + �2

µ|BS,L|2
�

, (2.9)

with

AS =
msMK

ms +md
Im(CP � C̃P ) +

2mµ

MK
Im(CA � C̃A), (2.10)

BS =
2G2

FM
2

Wmµ

⇡2MK
Bµ

S�� �
msMK

ms +md
Re(CS � C̃S), (2.11)

and

AL =
2G2

FM
2

Wmµ

⇡2MK
Aµ

L�� �
msMK

ms +md
Re(CP � C̃P )�

2mµ

MK
Re(CA � C̃A), (2.12)

BL =
msMK

ms +md
Im(CS � C̃S), (2.13)

where

�µ =

s

1�
4m2

µ

M2

K

. (2.14)

Here, the long-distance contributions are [16–18, 42]:#5

2G2

FM
2

Wmµ

⇡2MK
Bµ

S�� = (�2.65 + 1.14i)⇥ 10�11 (GeV)�2, (2.15)

2G2

FM
2

Wmµ

⇡2MK
Aµ

L�� = ±(0.54� 3.96i)⇥ 10�11 (GeV)�2, (2.16)

and ⌧S,L are the K0

S,L lifetimes. Here, fK = (155.9 ± 0.4) MeV [34]. Note that there is
a theoretically and experimentally unknown sign in Aµ

L�� , which is determined by higher
chiral orders than O(p4) contributions [46, 47], and they provide two different constraints on
B(K0

L ! µ+µ�)EXP/SM in table 1. This sign can be determined by a precise measurement
of the interference between K0

L ! µ+µ� and K0

S ! µ+µ� [18]. In addition, in the MSSM,
#3 The electron modes are suppressed by m

2

e/m
2

µ, and we do not consider them in this paper.
#4 Our result agrees with refs. [42–45]. However, it disagrees with notable literature [6, 22] after discarding

the long-distance contributions. We found that CSM

10

should be �C

SM

10

in eq. (3.45) of ref. [22], and (CP �C

0
P )

should be (C0
P � CP ) in eq. (2.4) of ref. [6].

#5 Note that B

µ
S�� is denoted by A

µ
S�� in refs. [18, 42].

– 4 –

where only QA presents in the SM. 

 However, they are dominated by long-distance (LD) 
contributions in the SM. 

�
<latexit sha1_base64="2GfoPRaaNE+b5jFMC8EdxUqcGPc="></latexit><latexit sha1_base64="2GfoPRaaNE+b5jFMC8EdxUqcGPc="></latexit><latexit sha1_base64="2GfoPRaaNE+b5jFMC8EdxUqcGPc="></latexit><latexit sha1_base64="2GfoPRaaNE+b5jFMC8EdxUqcGPc="></latexit>

�
<latexit sha1_base64="2GfoPRaaNE+b5jFMC8EdxUqcGPc="></latexit><latexit sha1_base64="2GfoPRaaNE+b5jFMC8EdxUqcGPc="></latexit><latexit sha1_base64="2GfoPRaaNE+b5jFMC8EdxUqcGPc="></latexit><latexit sha1_base64="2GfoPRaaNE+b5jFMC8EdxUqcGPc="></latexit>

µ

µ̄

16/19



If	#	of	K0 &	K0 in	beam	are	different	from	each	other,	interference	contribution
btwn KS and	KL exists

KS→μμ - Interference	contribution	-

Dilution	factor

�Nonzero	D can	be	achieved	by	an	accompanying	charged	kaon	tagging	
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Dilution factor
                      in proton         D=0 in LHCbN(s) ⇡ N(s̄)
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 Nonzero D could be obtained by tagging an 
accompanying particle, such as                  .K�,⇤0,⇡+
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small angle
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 Detailed MC simulations (including detector simulation 
production and hadronization) are required to obtain 
the values of D.    no official number from LHCb yet!

The	decay	intensity	of	neutral	Kaon	beam	into	f	:

A	state	of	K0 (or	K0)	at	t=0	evolves	into	mixture	of	KS and	KL states	

Interference	contribution

N(K0) :	#	of	K0

D ⌘ N(K0)�N(K̄0)

N(K0) +N(K̄0)

Decay	length	of	the	interference	contribution	is	around	2τS
decay	inside	of	LHCb detector		

Primary
vertex Interference:	τ ~	2τS

KL :	τL

KS :	τS

O(1m)	:	LHCb detector	size

-

I(t) =
N(K0)

N(K0) +N(K
0
)

���hf |Heff |K0(t)i
���
2
+

N(K
0
)

N(K0) +N(K
0
)

���hf |Heff |K
0
(t)i

���
2

=
1

2
|A(KS)|2e��St +

1

2
|A(KL)|2e��Lt +D Re

h
e�i�MKtA(KS)

⇤A(KL)
i
e�

�S+�L
2 t +O(✏̄)

-

B(KS ! µ+µ�)e↵
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Direct CP asymmetry in KS→μμ
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can be achieved by an 
accompanying charged 
kaon tagging and a 
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Interference contribution is comparable size to CPC of KS →μμ thanks to 
the large absorptive part of long-distance contributions to KL→μμ 
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SD	effect	becomes	comparable	in	size	to	LD,	due	to	large																							in	interference		
effect

KS→μμ - Interference	contribution	-

D’Ambrosio and	Kitahara 1707.06999

The	interference	changes	Br.	at	O(60%)	level	in	SM	[more	significant	in	MSSM]	
and	the	sign	of	the	LD	in	KL→μμ can	be	determined	if	D=O(1)	

= B(KS ! µ+µ�) +D B(K ! µ+µ�)int

The	sign	of	LD	 can	be	determined	by	a	measurement	of	the	interference	

LHCb

B(KS ! µ+µ�)e↵

B(
K

S
!

µ
+
µ
�
) e

↵

/ A(KL ! µµ)LD

destructive

Constructive	
:	opposite	direction

destructive

D
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MSSM contribution to K ! µ+µ�
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H, A

K0

sL/R

dR/L

g̃

s̃L/R

s̃R/L

d̃R/L

µ+

µ−

Figure 1. Feynman diagram of the leading (pseudo-)scalar MSSM contributions to K0
S ! µ+µ�

and K0
L ! µ+µ�, which include a gluino and a heavy Higgs boson. The black dot is the corre-

sponding mass insertion term.

where (+) and (�) correspond to the unknown sign of Aµ
L�� in eq. (2.16). The uncertainty

is totally dominated by Bµ
S�� [18] and it will be sharpened by the dispersive treatment of

K0

S ! �(⇤)�(⇤) [49]. If one considers the case of D0 = �D achieved by the accompanying
opposite-charged-kaon tagging, the SM prediction of ACP is simplified:

ACP (K
0

S ! µ+µ�)SMD,�D =

(

�

�0.704+0.156
�0.281

�

⇥D, (+)
�

+0.756+0.302
�0.168

�

⇥D. (�)
(2.31)

In the MSSM, the leading contribution to CA, induced by terms of second order in the
expansion of the squark mass matrix of the chargino Z-penguin, is [6, 50],

CA = � (↵
2

)2

16M2

W

⇥

(M2

U )LR
⇤⇤
23

⇥

(M2

U )LR
⇤

13

M4

2

l
⇣

xQ
2

, xu
2

⌘

, (2.32)

C̃A = 0, (2.33)

where xQ
2

= m̃2

Q/M
2

2

and xu
2

= m̃2

u/M
2

2

. The loop function l(x, y) [50] is defined in ap-
pendix B.1. Here, contributions from the Wino-Higgsino mixing are omitted. Setting
m̃2

Q = m̃2

u gives the MIA result of refs. [40, 51].

The leading MSSM contributions to CS(P )

and C̃S(P )

in K0

S ! µ+µ� and K0

L ! µ+µ�

– 7 –

 Heavy scalar contributions: 
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significant modification!

MSSM	scenario

	Chobanova,	D’Ambrosio,Kitahara,	Marfnez,	
Santos,	Fernández	and	KY	1711.11030

B(
K

S
!

µ
+
µ
�
) e

↵ constructive

A(KL ! µµ)LD

A(KL ! µµ)LD

� ImASD

B(K ! µ+µ�)int / A(KS ! µ+µ�)⇤A(KL ! µ+µ�) � ImASDA(KL ! µµ)LD
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e.g.								LFU	test	( )
LFV ( )

correlation	with	B	physics	( ) see	M.	Bordone talk	(WG3	Wed)

Ke2/Kµ2

KL ! µe

RD(⇤) , RK(⇤) , , ,

see	A.	Juettner talk	(WG3	Wed)K ! ⇡``

Summary
Many	recent	progresses	in	Kaon	physics

Many	other	interesting	topics	(not	covered	in	this	talk)

Kaon	physics	will	continue	to	offer	a	powerful	probe	for	NP!

NP

clean	obs.		
KL ! ⇡0⌫⌫̄

K+ ! ⇡+⌫⌫̄

✏0/✏

KS ! µµ

Discrepancy	?

check

O(10%)

Lattice

Vcb

NP	studies

CP
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RBC-UKQCD lattice result

 The real parts are consistent with those extracted from 
the data. 

Amplitude Lattice QCD Exp. data
ReA

0

[10�7 GeV] 4.66± 1.00± 1.26 [3] 3.322± 0.001 [1]
ImA

0

[10�11 GeV] �1.90± 1.23± 1.08 [3] —
ReA

2

[10�8 GeV] 1.50± 0.04± 0.14 [15] 1.479± 0.003 [1]
ImA

2

[10�13 GeV] �6.99± 0.20± 0.84 [15] —

Table 3:

3.1.2 "0/"

The RBC-UKQCD collaborations have used the following definition for the K ! ⇡⇡ amplitudes:
p
2A

I

ei�I = h(⇡⇡)
I

|H
e↵

|K0i (7)

with I = 0, 2.

hQ
i

i
I

= h(⇡⇡)
I

|Q
i

|K0i (8)

"0

"
= � !

+p
2|"

K

|


ImA

0

ReA
0

(1� !̂
e↵

)� 1

a

ImA
2

ReA
2

�
. (9)

The CP-violating parameter "0/" is given by

"0

"
= Im�

t

· F
"

0(v) , (10)

where F
"

0(v) is real in the MFV. The function F
"

0(v), with v representing the masses of heavy particles
and parameters in NP, is a linear combination of the so-called master functions:

F
"

0(v) = P
0

+ P
X

X(v) + P
Y

Y (v) + P
Z

Z(v) + P
E

E(v) . (11)

How to include NP contribution in a consistent way? The one-loop SM contributions to the
functions X(v), Y (v), Z(v) and E(v), denoted with the subscript 0, are given by

X
0

(x
t

) =
x
t

8


x
t

+ 2

x
t

� 1
+

3x
t

� 6

(x
t

� 1)2
log x

t

�
, (12)

Y
0

(x
t

) =
x
t

8


x
t

� 4

x
t

� 1
+

3x
t

(x
t

� 1)2
lnx

t

�
, (13)

Z
0

(x
t

) = �1

9
lnx

t

+
18x4

t

� 163x3
t

+ 259x2
t

� 108x
t

144(x
t

� 1)3
+

32x4
t

� 38x3
t

� 15x2
t

+ 18x
t

72(x
t

� 1)4
lnx

t

, (14)

E
0

(x
t

) = �2

3
lnx

t

+
x2
t

(15� 16x
t

+ 4x2
t

)

6(1� x
t

)4
lnx

t

+
x
t

(18� 11x
t

� x2
t

)

12(1� x
t

)3
, (15)

where x
t

= m2

t

(µ
t

)/M2

W

with µ
t

⇠ O(M
t

). The coe�cients P
i

, which depend on the hadronic param-
eters as well as on the strong coupling constant ↵

s

, are parameterized in terms of the bag parameters

B(1/2)

6

and B(3/2)

8

:

P
i

= r(0)
i

+ r(6)
i

R
6

+ r(8)
i

R
8

(16)

3

[1] Buras, et al., 1507.06345
[3] RBC-UKQCD, 1505.07863

[15] RBC-UKQCD, 1502.00263

 Scattering phase-shifts are determined from the two-pion 
energy levels in a finite Euclidean volume on the lattice. 

[Lellouch & Lüscher]

 Caveat:  The calculated                phase-shift is smaller 
than the data: 

I = 0 ⇡⇡
<latexit sha1_base64="V/kSoLYZbRXUK03OjvSnXK7JQqE="></latexit><latexit sha1_base64="V/kSoLYZbRXUK03OjvSnXK7JQqE="></latexit><latexit sha1_base64="V/kSoLYZbRXUK03OjvSnXK7JQqE="></latexit><latexit sha1_base64="V/kSoLYZbRXUK03OjvSnXK7JQqE="></latexit>

�0 = 23.8(4.9)(1.2) �
<latexit sha1_base64="pplJKG0rM4kml7I5e4xSmReCkto="></latexit><latexit sha1_base64="pplJKG0rM4kml7I5e4xSmReCkto="></latexit><latexit sha1_base64="pplJKG0rM4kml7I5e4xSmReCkto="></latexit><latexit sha1_base64="pplJKG0rM4kml7I5e4xSmReCkto="></latexit>

(�
0

)
exp

= 38.3(1.3) �
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