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Decay
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Transition from a (unstable) state to other (stable) state  

Conservation : Energy-momentum, charge, CPT, etc. 

Key observation : decay probability 

Observable

Kinematics 
How many momentum state  

for given energy 

Dynamics 
For given process to consider 
Nature of (mixed) interaction 
Coupling constants, mixing 

etc. 
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An alternative is proposed to specific Lagrangian models of current algebra. In this alternative there are
no explicit canonical fields, and operator products at the same point Lsay, j„(x)j&(x)g have no meaning.
Instead, it is assumed that scale invariance is a broken symmetry of strong interactions, as proposed by
Kastrup and Mack. Also, a generalization of equal-time commutators is assumed: Operator products at
short distances have expansions involving local Gelds multiplying singular functions. It is assumed that the
dominant fields are the SU(3)&&SU(3) currents and the SU(3)XSU(3) multiplet containing the pion field.
It is assumed that the pion field scales like a field of dimension 6, where d, is unspecified within the range
1&6(4; the value of 6 is a consequence of renormalization. These hypotheses imply several qualitative
predictions: The second Weinberg sum rule does not hold for the difference of the E* and axial-X* propa-
gators, even for exact SU(2})&SU(2};electromagnetic corrections require one subtraction proportional to
the I= 1, I,=O 0 field; q ~ 3m. and m 0 ~ 2y are allowed by current algebra. Octet dominance of nonleptonic
weak processes can be understood, and a new form of superconvergence relation is deduced as a consequence.
A generalization of the Bjorken limit is proposed.

I. INTRODUCTION
'HERE are a number of problems in strong inter-
actions which involve the short-distance behavior

of the SU(3)&(SU(3) currents but which cannot be
solved by Gell-Mann's current algebra' alone. These
problems include the convergence or divergence of
Weinberg sum rules, ' divergences in radiative correc-
tions to strong interactions, the nature of the Bjorken
limit, ' etc. Various models have been proposed to
handle these problems, such as the algebra of fields, 4
the quark model, or the 0. model. ' These models give
conflicting answers to some of the problems mentioned.
One therefore must consider what further alternatives
to these models exist, and hence to get an idea of the
range of answers possible to the problems listed.
This paper presents a framework in which one can

discuss some alternatives to specific Lagrangian models.
The present framework does not involve Lagrangians:
There are no canonical fields in the formalism, and
operator products at the same point, for example, the
product j„(x)j&(x) of two currents, have no meaning.
To replace the Lagrangian methods of analyzing short-
distance behavior, two hypotheses are proposed. The
first is that the strong interactions become scale-in-
variant at short distances. This was proposed by Kas-
trup and Mac. ' This means that scale invariance is a
broken symmetry in the same sense as chiral SU(3)
XSU(3). The other hypothesis is that there exist

* Supported in part by the OfFice of Naval Research,
f The author thanks the Alfred P. Sloan Foundation for support.' M. Gell-Mann, Phys. Rev. 125, 1067 (1962); Physics 1, 63

(1964).' S. Weinberg, Phys. Rev. Letters 18, 507 (1967); S. Glashow,
H. Schnitzer, and S. Weinberg, ibid. 19, 139 (1967); T. Das,
V. Mathur, and S. Okubo, ibid. 18, 761 (1967).' J. D. Bjorken, Phys. Rev. 148, 1467 (1966).

'- T. D. Lee, S. steinberg, and B. Zumino, Phys. Rev. Letters
18, 1029 (1967).' M. Levy, Nuovo Cimento 52A, 23 (1967);M. Gell-Mann and
M. Levy, ibm. 16, 705 (1960).' G. Mack, Nucl. Phys. B5, 499 (1968), and references cited
therein.
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"operator-product. expansions" for products of two (or
more) local fields near the same point. For example,
one can construct expansions for products such as
j„(x)j„(y) or j„(x)j„(y)j (z) when y and z are near x.
These expansions contain functions m'hich are singular
when y=x or y is on the light cone through x. These
expansions give a more detailed picture of the short-
distance behavior of products than one gets if one only
knows equal-time commutators. These expansions origi-
nated in detailed studies of renormalization in pertur-
bation theory. ' The importance of scale invariance for
the analysis of short-distance behavior is apparent in
the power-counting arguments of Dyson and in the
relation betw'een the renormalizability of an interaction
and its dimension, pointed out by Umezawa et al. "
Scale invariance is sometimes thought of as a feature

special to certain strictly Lagrangian theories. However,
an analysis of the Thirring model' shows tha, t scale
invariance can persist in a theory where, for example,
the canonical commutators have been destroyed by
renormalization effects. (The Thirring model involves
a spinor field in one space, one time dimension with a
Fermi coupling. ) While scale invariance persists, the
scaling laws for particular fields change as the coupling
constant changes. This will be assumed to hold for
strong interactions also, so that the scaling laws for
strongly interacting fields will be assumed to differ
(because of renormalization effects) from free fields.
The hypotheses of this paper leave much to be deter-

mined; nevertheless, when combined in a simple way
with current algebra, one can make a, number of qualita-
tive predictions. The applications considered in this

J. Valatin Proc. Roy. Soc. (London) A222, 93 (1954); A222
228 (1954);A)25, 535 (1954); A226, 254 (1954);W. Zimmermann,
Nuovo Cimento 10, 597 (1958); K. Nishijima, Phys. Rev. 111,
995 (1958);R. Haag, ibg'd. 112, 668 {1958);R. Brandt, Ann. Phys.
(N. Y.) 44, 221 (1967);W. Zimmermann, Commun. Math. Phys.
6, 161 (1967).' S. Sakata H. Umezawa, and S. Kamefuchi, Progr. Theoret.
Phys. (Kyoto 7, 377 (1952); H. Umezawa, ibM 7, 551 (1952). .
s See K. Johnson, Nuovo Cimento 20, 773 (1961).
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Abstract

A non-technical description of the Operator Product Expansion and Renormalization Group

techniques as applied to weak decays of mesons is presented. We use this opportunity to

summarize briefly the present status of the next-to-leading QCD corrections to weak decays

and their implications for the unitarity triangle, the ratio ε′/ε, the radiative decay B → Xsγ,

and the rare decays K+ → π+νν̄ and KL → π0νν̄.
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Amplitude for a decay of a given meson M 
into a final state F is given as

Fermi Constant : Universal gauge coupling of the Weak int. 

CKM Matrix Element : Quark mixing 

Wilson Coefficient : Short distance (perturbative) contribution 

      Hadronic matrix elements : Long distance (non-perturbative) 



Branching ratio 

6

From measured values

Precise measured Cabibbo angle



 Hadronic matrix elements

7

C. Smith, arXiv:1409.6162

K➔πνν

K➔πlν

Figure 1: The hadronic effects in the matrix elements of the short-distance top and
charm-quark penguin operators are brought under control thanks to their relation
with the charged-current-induced semileptonicKℓ3 processes [16]. For the purely long-
distance up-quark contribution to the Z penguin, the strategy relies on the photon
penguin [8], which is entirely dominated by a similar up-quark contribution when
CP-conserving (as in K+ → π+ℓ+ℓ− and KS → π0ℓ+ℓ− [13, 14]).

energy scale, they are still parametrized in terms of quark fields, whose hadroniza-
tion into the initial kaon and final pion is not necessarily local. Technically, this
step boils down to the evaluation of the hadronic matrix elements ⟨π0|sγµd|K0⟩
and ⟨π+|sγµd|K+⟩. The chiral symmetry relates these matrix elements to
those relevant for the charged-current K → πℓν decays, ⟨π+|sγµd|K0⟩ and
⟨π0|sγµd|K+⟩, see Fig. 1. Further, the impact of isospin symmetry breaking as
well as of long-distance QED effects can be treated perturbatively. The preci-
sion achieved is such that these sources of hadronic uncertainties are very small,
at the few percent-level for the K → πνν decay rates [16]. For comparison, re-
member that the lack of a similar strategy for the uncertainties on the matrix
elements like ⟨ππ|sΓd|K⟩ [17] is the main reason why the theoretical control
over the ε′ observable remains so challenging to this day.

• Long-distance penguins and radiative decays: The second type of long-
distance effects are the up-quark contributions to the penguins. Those are
purely non-local, and have to be dealt with entirely in terms of meson external
states and loops in the context of chiral perturbation theory. Precision is then
limited by the rather slow convergence of the chiral expansions (around 30%
per order), and by the regular occurrence of free parameters, the counterterms,
whose presence is often required to absorb loop divergences. However, as said

5



Branching ratio 
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From measured values

Precise measured Cabibbo angle

Long distance contribution

Lim-Inami function  
Short distance contribution

To get the matrix-elements of these 
operators, and to carry out the phase-
space integration. parametrization with 
Ke3 decay
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Determination of the Br. 
- Using tree-level observables - 

11

3 CKM inputs from tree-level observables 7

|✏
K

| 2.228(11) ⇥ 10�3 [38] F
K

156.1(11) MeV [44]

S
 K

S

0.682(19) [45] B̂
K

0.750(15) [44, 46]

�M
K

0.5292(9) ⇥ 10�2 ps�1[38] F
Bd

190.5(42) MeV [44]

�M
d

0.507(4) ps�1 [45] F
Bs 227.7(45) MeV [44]

�M
s

17.761(22) ps�1 [45] F
Bs

q
B̂

Bs 266(18) MeV [44]

�
�
73.2+6.3

�7.0

�
�

[47] ⇠ 1.268(63) [44]

|V
us

| 0.2252(9) [45]

��
s

/�
s

0.138(12) [45] ⌘
cc

1.87(76) [48]

⌧
Bd

1.519(5) ps [45] ⌘
ct

0.496(47) [49]

⌧
Bs 1.512(7) ps [45] ⌘

tt

0.5765(65) [50]

↵
s

(M
Z

) 0.1185(6) [38] ⌘
B

0.55(1) [50,51]

m
c

(m
c

) 1.279(13) GeV [37]

M
t

173.34(82) GeV [52]

Table 1: Values of theoretical and experimental quantities used as input parameters.

e↵orts in the next decade. The combination of K

+ ! ⇡

+

⌫⌫̄ and K

L

! ⇡

0

⌫⌫̄ is
particularly powerful in testing NP. Assuming that NA62 and KOTO will reach the
expected precision and the branching ratios on these decays will be at least as high
as the ones predicted in the SM, these two decays are expected to be the superstars
of flavour physics after 2018.

3 CKM inputs from tree-level observables

3.1 Determination of the branching ratios

As discussed in the introduction, the CKM matrix can be determined by the tree-
level measurements |V

ub

|, |V
cb

|, |V
us

|, and the angle � of the UT. Although this is in
principle the optimal strategy, it is currently marred by disagreements between the
exclusive and inclusive determinations of both |V

ub

| and |V
cb

| – for recent reviews
see [53–55]. We proceed to present the latest results of both determinations, as well
as our weighted average, with which we will give the SM predictions in what we call
strategy A.

The most recent exclusive determinations from lattice QCD form factors are [32,
44,56]

|V
ub

|
excl

= (3.72 ± 0.14) ⇥ 10�3

, |V
cb

|
excl

= (39.36 ± 0.75) ⇥ 10�3

. (3.1)

The inclusive values are given by [44,57]

|V
ub

|
incl

= (4.40 ± 0.25) ⇥ 10�3

, |V
cb

|
incl

= (42.21 ± 0.78) ⇥ 10�3

. (3.2)

We take a weighted average and scale the errors based on the resulting �

2 (specifi-
cally, we follow the method advocated in [38]), which gives

|V
ub

|
avg

= (3.88 ± 0.29) ⇥ 10�3

, |V
cb

|
avg

= (40.7 ± 1.4) ⇥ 10�3

. (3.3)

3 CKM inputs from tree-level observables 8

B(K+ ! ⇡

+

⌫⌫̄) B(K
L

! ⇡

0

⌫⌫̄)

Xt0.9%

PcSDHXL
1.8%

dPc,u

2.9%

»Vcb» 9.9%

g

6.7%

other0.5%
Xt1.2%

»Vcb»
7.0%

g

7.1%

»Vub»
14.9%

other1.0%

Figure 1: Error budgets for the branching ratio observables B(K+ ! ⇡+⌫⌫̄) and B(K
L

!
⇡0⌫⌫̄). The remaining parameters, which each contribute an error of less than 1%, are

grouped into the “other” category.

For the CKM angle � we take the current world average of direct measurements [47]

� = (73.2+6.3

�7.0

)�

. (3.4)

Using this, together with |V
us

| = � already given in (2.7), we can determine the full
CKM matrix.

In particular, we can determine the quantities �

t

and �

c

, which enter the ex-
pressions for the branching ratios in (2.1) and (2.10), as functions of these input
parameters. These expressions are:

Re�
t

' |V
ub

||V
cb

| cos �(1 � 2�

2) + (|V
ub

|2 � |V
cb

|2)�
✓

1 � �

2

2

◆
, (3.5)

Im�

t

' |V
ub

||V
cb

| sin �, (3.6)

Re�
c

' ��

✓
1 � �

2

2

◆
, (3.7)

which, with respect to their leading order in �, are accurate up to O(�4) corrections.
The (exact) numerical values for Re�

t

and Im�

t

obtained from our three di↵erent
choices of V

ub

and V

cb

in (3.1)-(3.3) are given in Table 2.
These expressions can then be directly inserted into (2.1) and (2.10) in order to

determine the two branching ratios. Using our averages from (3.3) together with
(3.4) gives

B(K+ ! ⇡

+

⌫⌫̄) = (8.4 ± 1.0) ⇥ 10�11

, (3.8)

B(K
L

! ⇡

0

⌫⌫̄) = (3.4 ± 0.6) ⇥ 10�11

. (3.9)

In Figure 1 we show the error budgets for these two observables, and see that
the CKM uncertainties dominate. In particular in the case of K

+ ! ⇡

+

⌫⌫̄ we
observe large uncertainties due to |V

cb

| and �, while in the case of K

L

! ⇡

0

⌫⌫̄ the
uncertainty due to |V

ub

| dominates but the ones from |V
cb

| and � are also large. The
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| = � already given in (2.7), we can determine the full
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t

and �
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pressions for the branching ratios in (2.1) and (2.10), as functions of these input
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which, with respect to their leading order in �, are accurate up to O(�4) corrections.
The (exact) numerical values for Re�
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and Im�

t

obtained from our three di↵erent
choices of V
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in (3.1)-(3.3) are given in Table 2.
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In particular, we can determine the quantities �

t

and �
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, which enter the ex-
pressions for the branching ratios in (2.1) and (2.10), as functions of these input
parameters. These expressions are:

Re�
t
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||V
cb

| cos �(1 � 2�

2) + (|V
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|2 � |V
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✓
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2

2

◆
, (3.5)

Im�
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Re�
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2

2
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which, with respect to their leading order in �, are accurate up to O(�4) corrections.
The (exact) numerical values for Re�

t

and Im�

t

obtained from our three di↵erent
choices of V

ub

and V

cb

in (3.1)-(3.3) are given in Table 2.
These expressions can then be directly inserted into (2.1) and (2.10) in order to

determine the two branching ratios. Using our averages from (3.3) together with
(3.4) gives

B(K+ ! ⇡

+

⌫⌫̄) = (8.4 ± 1.0) ⇥ 10�11

, (3.8)

B(K
L

! ⇡

0

⌫⌫̄) = (3.4 ± 0.6) ⇥ 10�11

. (3.9)

In Figure 1 we show the error budgets for these two observables, and see that
the CKM uncertainties dominate. In particular in the case of K

+ ! ⇡

+

⌫⌫̄ we
observe large uncertainties due to |V

cb

| and �, while in the case of K

L

! ⇡

0

⌫⌫̄ the
uncertainty due to |V

ub

| dominates but the ones from |V
cb

| and � are also large. The

A. Buras, arXiv:1503.02693
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- Using loop-level observables - 
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4 CKM inputs from loop-level observables 17

{|"
K

|, �M
d

/�M
s

, S
 K

S

}
SM

{�M
d

, �M
s

, S
 K

S

}
SM

{|"
K

|, �M
d

, �M
s

, S
 K

S

}
SM

|V
cb

| [10�3] 42.59+1.41

�1.26

41.30+2.65

�2.47

42.35+1.25

�1.13

|V
ub

| [10�3] 3.62+0.15

�0.14

3.51+0.27

�0.25

3.61+0.15

�0.14

|V
td

| [10�3] 8.96+0.28

�0.28

8.68+0.66

�0.62

8.95+0.27

�0.28

|V
ts

| [10�3] 41.79+1.43

�1.27

40.52+2.60

�2.42

41.55+1.27

�1.14

B(K+ ! ⇡+⌫⌫̄) [10�11] 9.18+0.79

�0.71

8.39+1.76

�1.41

9.08+0.74

�0.68

B(K
L

! ⇡0⌫⌫̄) [10�11] 3.01+0.33

�0.29

2.66+0.84

�0.63

2.98+0.32

�0.28

B(B
s

! µ+µ�) [10�9] 3.69+0.30

�0.26

3.46+0.49

�0.43

3.64+0.27

�0.24

B(B
d

! µ+µ�) [10�10] 1.09+0.08

�0.08

1.02+0.17

�0.15

1.09+0.08

�0.08

Im(�
t

) [10�4] 1.43+0.08

�0.07

1.35+0.20

�0.17

1.42+0.07

�0.07

Re(�
t

) [10�4] �3.46+0.18

�0.19

�3.25+0.40

�0.45

�3.43+0.17

�0.18

Table 3: Results of the fit to the CKM matrix elements for various combinations of inputs

as detailed in strategy B, and the corresponding observable predictions.

precise result for |V
cb

| than the alternative of using �M

d

and �M

d

separately, as
well as favouring a higher central value. The most accurate determination (given in
the last column of the table), follows from including all inputs. The corresponding
CKM matrix elements of interest are:

|V
ub

| = (3.61 ± 0.14) ⇥ 10�3

, |V
cb

| = (42.4 ± 1.2) ⇥ 10�3

,

|V
td

| = (8.94 ± 0.27) ⇥ 10�3

, |V
ts

| = (41.6 ± 1.2) ⇥ 10�3

. (4.8)

For completeness, we give here the sides of the UT as determined from our full
fit, that read

R

t

= 0.937 ± 0.032, R

b

= 0.368 ± 0.013, (4.9)

while its angles are

↵ = (89.0 ± 5.0)�

, � = (21.5 ± 0.8)�

, � = (69.5 ± 5.0)�

, (4.10)

and its apex

%̄ = 0.129 ± 0.030, ⌘̄ = 0.344 ± 0.017. (4.11)

The precision on R

t

, � and |V
cb

| using the above strategy is already impressive,
and will continue to improve with new lattice results. Using for instance the im-

proved error estimates for ⇠ and f

Bs

q
B̂

Bs from [31] (keeping the central values

from [44]) we find the very precise results:

|V
cb

| = (42.0 ± 0.9) ⇥ 10�3

, � = (70.8 ± 2.3)�

, R

t

= 0.945 ± 0.015. (4.12)

In Figure 5 we show the fitted ranges for |V
ub

| and |V
cb

| and compare them with
the inclusive, exclusive and our averaged values in (3.1)–(3.3). We distinguish be-
tween three di↵erent cases: the blue area corresponds to the fitted range of |V

ub

| and
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Abstract 

We analyze the decay KL + r”vV in a model independent way. If lepton flavor is conserved the final state is (to a 
good approximation) purely CP even. In that case this decay mode goes mainly through CP violating interference between 
mixing and decay. Consequently, a theoretically clean relation between the measured rate and electroweak parameters holds 
in any given model. Specifically, r( KL -+ #vD)/r (K+ + r+vV) = sin’ 6 (up to known isospin corrections), where 0 is 
the relative CP violating phase between the K - I? mixing amplitude and the s + dvF decay amplitude. The experimental 
bound on BR( K+ + &vV) provides a model independent upper bound: BR( KL + T”vY) < 1.1 x  lo-‘. In models with 
lepton flavor violation, the final state is not necessarily a CP eigenstate. Then CP conserving contributions can dominate 
the decay rate. @ 1997 Published by Elsevier Science B.V. 

In the Standard Model KL + n-‘ovV is dominantly a 
CP violating decay [ I]. The main contributions come 
from penguin and box diagrams with an intermediate 
top quark and can be calculated with very little theo- 
retical uncertainty [ 2,3]. It then provides a clean mea- 
surement of the Wolfenstein CP violating parameter 7 
or, equivalently, of the Jarlskog measure of CP viola- 
tion J and, together with Kf + T+vV, of the angle p 
of the unitarity triangle [ 31. The Standard Mode1 pre- 
dictions are BR( Kf 4 n+vij) = (9.1 f3.2) x  lo-” 
and BR(KL + V~OVV) = (2.8 % 1.7) x lo-” [4]. 
Such rates are within the reach of near future exper- 
iments [ 41. The Standard Mode1 contributions to the 
amplitude are fourth order in the weak coupling and 
proportional to small CKM matrix elements. Conse- 

* Research supported by the Department of Energy under contract 
DE-ACO3-76SFOOS 15. 

quently, this decay can be sensitive to new physics 
effects [ 5 ] . 

In this paper we study the K + n-ufi decay in a 
mode1 independent way. We are mainly interested in 
the question of what can be learned in general if a rate 
for KL + ?r”vF much larger than the Standard Model 
prediction is observed. We find that the information 
from a measurement of the rate is particularly clean 
and simple to interpret if lepton flavor is conserved. In 
this case the KL + n-‘ovV decay is dominated by CP vi- 
olation in the interference between mixing and decay. 
The theoretical calculation of the decay rate is then 
free of hadronic uncertainties and allows a clean deter- 
mination of CP violating parameters even in the pres- 
ence of new physics. Knowledge of neither the mag- 
nitudes of the decay amplitudes nor the strong phases 
is required. Models with Z-mediated flavor changing 
neutral currents serve as an example of these points. 
In models with lepton flavor violation, the final n-OovV 

0370-2693/97/$17X)0 @ 1997 Published by Elsevier Science B.V. All rights reserved. 
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FIG. 1. Schematic (a) side and (b) end views showing the
upper half of the E787 detector. Č: beam Čerenkov counter;
B4: beam hodoscope; I and T: trigger scintillators; RSPC:
multiwire proportional chambers.

K1 decay modes are the most important background
sources. K1 ! m1nm (Km2), a two-body decay with a
64% branching ratio, produces a 236 MeVyc m1. K1 !
p1p0 (Kp2), a two-body decay with a 21% branching
ratio, produces a 205 MeVyc p1. Since the K1 !
p1nn momentum spectrum extends to 227 MeVyc, we
can search for it either above or below the Kp2 peak.
While there is more phase space with Pp , 205 MeVyc,
interactions with detector material can shift a Kp2 pion
down into this region, making the background severe [13];
in this paper, we report on the search above the Kp2 peak.
The dominant source of pions with Pp . 205 MeVyc is
beam pions—about two-thirds of the beam particles are
pions—that scatter from the target into the range stack.
The search for K1 ! p1nn follows a threefold strat-

egy: (i) the incident beam particle is identified as a K1

that has stopped in the target, with no beam particles at
the apparent kaon decay time; (ii) the only observed decay
product is a single charged-particle track identified as a
p1 that must be delayed in time with respect to the kaon;
(iii) the energy, range, and momentum of the p1 each
lie between the Kp2 and Km2 peaks. A multilevel trig-
ger employs each of these elements to reject background
events on-line, while the analysis makes more refined use

of detector information for further rejection. Km2 can sur-
vive only if the muon is misidentified as a pion and the
kinematics are reconstructed incorrectly. Kp2 can survive
only if both photons from the p0 decay are missed and the
kinematics are reconstructed incorrectly. Scattered beam
pions can survive only if the p1 is misidentified as a K1

with the scattered track mismeasured to be delayed, or if
it is missed by the beam counters and follows a K1. The
measures taken to deal with the main background sources
are also very effective against other backgrounds, such
as radiative Km2 decays or K1 charge exchange inter-
actions followed by K0

L ! p1l2nl. Backgrounds from
other K1 decay modes were examined and found to be
negligible.
After establishing the overall analysis strategy, we

adjusted the cuts with the intention of reducing the total
expected background to significantly under one event in
the final sample. The final cuts used were developed
during studies of the known background processes. In
these studies, we take advantage of the redundant methods
available for the rejection of each background by dividing
the cuts used to suppress it into two groups. One group
of cuts is relaxed or inverted to enhance the background
sample, then the other group is applied and its rejection
is measured. This background-study technique allows us
to use data to infer background levels of less than one
event. For example, a large sample of Km2 background
events is obtained by removing the transient digitizer
particle identification cuts, and this sample is used to
measure the Km2 rejection of the kinematic analysis.
Similarly, the transient digitizer rejection is measured with
kinematically selected muons. Assuming these rejections
are independent, they are combined and used to estimate
the number of Km2 events that will survive the full
analysis. Correlations between the two groups of cuts will
introduce an error in the background estimates from this
method, and we group the cuts to minimize these effects.
The detector calibration procedures and analysis soft-

ware used for the final analysis presented here [14] have
been refined considerably since Ref. [12]. Improvements
included increased acceptance of the transient digitizer
particle identification cuts and improved kinematic resolu-
tions with reduced kinematic tails. An initial analysis [15]
had been completed before the calibration and software
improvements were finished, observing background in ex-
cess of predictions. The final analysis had a significantly
higher acceptance and did not suffer from some anomalies
in the transient digitizer signals and the kinematic recon-
struction that may have affected the background predic-
tions in the initial analysis.
The background from Km2 (including K1 ! m1nmg)

was evaluated by separately measuring the rejections of
the transient digitizer particle identification and kinematic
cuts, and is estimated to be less than 0.15 events. The
background from Kp2 was evaluated by separately mea-
suring the rejections of the photon veto and kinematic cuts,
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While there is more phase space with Pp , 205 MeVyc,
interactions with detector material can shift a Kp2 pion
down into this region, making the background severe [13];
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are also very effective against other backgrounds, such
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actions followed by K0
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other K1 decay modes were examined and found to be
negligible.
After establishing the overall analysis strategy, we

adjusted the cuts with the intention of reducing the total
expected background to significantly under one event in
the final sample. The final cuts used were developed
during studies of the known background processes. In
these studies, we take advantage of the redundant methods
available for the rejection of each background by dividing
the cuts used to suppress it into two groups. One group
of cuts is relaxed or inverted to enhance the background
sample, then the other group is applied and its rejection
is measured. This background-study technique allows us
to use data to infer background levels of less than one
event. For example, a large sample of Km2 background
events is obtained by removing the transient digitizer
particle identification cuts, and this sample is used to
measure the Km2 rejection of the kinematic analysis.
Similarly, the transient digitizer rejection is measured with
kinematically selected muons. Assuming these rejections
are independent, they are combined and used to estimate
the number of Km2 events that will survive the full
analysis. Correlations between the two groups of cuts will
introduce an error in the background estimates from this
method, and we group the cuts to minimize these effects.
The detector calibration procedures and analysis soft-

ware used for the final analysis presented here [14] have
been refined considerably since Ref. [12]. Improvements
included increased acceptance of the transient digitizer
particle identification cuts and improved kinematic resolu-
tions with reduced kinematic tails. An initial analysis [15]
had been completed before the calibration and software
improvements were finished, observing background in ex-
cess of predictions. The final analysis had a significantly
higher acceptance and did not suffer from some anomalies
in the transient digitizer signals and the kinematic recon-
struction that may have affected the background predic-
tions in the initial analysis.
The background from Km2 (including K1 ! m1nmg)

was evaluated by separately measuring the rejections of
the transient digitizer particle identification and kinematic
cuts, and is estimated to be less than 0.15 events. The
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and is estimated to be less than 0.14 event. The back-
ground from beam pion scattering was evaluated by sepa-
rately measuring the rejections of the beam counter and
timing cuts, and is estimated to be less than 0.07 event.
Monte Carlo studies indicated that the background from
K1 charge exchange interactions was about 0.1 event.
Figure 2(a) shows the range in scintillator versus kinetic

energy for charged tracks in the final sample. Only events
with a measured charged track momentum in the accepted
region 211 # Pp # 243 MeVyc are plotted. The rect-
angular box defines the search region in kinetic energy
(115 # Tp # 135 MeV, corresponding to 213 # Pp #
236 MeVyc) and range (34 # Rp # 40 cm of scintilla-
tor, corresponding to 214 # Pp # 231 MeVyc), and en-
closes the upper 15% of the K1 ! p1nn phase space.

FIG. 2. Charged-track range vs kinetic energy for (a) data
and (b) K1 ! p1nn Monte Carlo for events satisfying the
selection criteria (see text) and having measured momentum
211 # Pp # 243 MeVyc. The rectangular box indicates the
search region for K1 ! p1nn and K1 ! p1X0 (MX0 ¯
0). The horizontal and vertical dashed lines in (b) are the
theoretical end points of K1 ! p1nn in range and energy,
respectively.

Note that the range cut defines the kinematic search region.
No events are observed in the signal region. There are six
events above the signal region, which is consistent with the
5.5 6 0.6 expected from the Km2 background study. The
events clustered at Tp ≠ 108 MeV and Rp ≠ 30 cm are
Kp2 decays where both photons from the p0 are missed.
The number of such events is consistent with Monte Carlo
estimates of the photon detection inefficiency [16].
Where possible, we used calibration data taken simul-

taneously with the physics data for the acceptance calcu-
lation. We relied on Monte Carlo estimates for only the
solid angle coverage, the accepted region of the p1 spec-
trum, and the losses from p1 nuclear interactions and de-
cays in flight. The p1 spectrum for K1 ! p1nn was
calculated using a standard model matrix element with
massless neutrinos [17]. Figure 2(b) shows the spectrum
of Monte-Carlo–simulated K1 ! p1nn after the full
analysis. Km2 calibration data were used to measure losses
from the beam analysis, from the charged track reconstruc-
tion inefficiency, from the K1 ! p1 delayed coincidence
requirement, and from accidental energy depositions at the
kaon decay time above our approximately 1 MeV photon
veto threshold. Scattered beam pion data were used to
measure the acceptance of the transient digitizer and kine-
maticp1ym1 separation cuts. The acceptance calculation
is summarized in Table I, resulting in a total acceptance
of 0.0027 for K1 ! p1nn and 0.0127 for K1 ! p1X0

(MX0 ≠ 0). The uncertainty in the acceptance has a neg-
ligible effect on limits set with these data.
During typical running conditions, 3 3 105 kaons en-

tered the stopping target per 1.5 s beam spill. We mea-
sure the fraction that decayed at rest in the target to be
0.65 using an analysis ofKm2 data and the well knownKm2
branching ratio. This normalization to Km2 removes some
sources of systematic error from our sensitivity. Our final
measured exposure for these data is 3.49 3 1011 stopped
kaons. The acceptance (especially the Monte Carlo simu-
lation of p1 nuclear interactions) and stopping fraction

TABLE I. Acceptance factors for K1 ! p1nn and K1 !
p1X0 (MX0 ≠ 0). Each table entry represents the acceptance
from a number of related cuts.
Category p1nn p1X0

Solid angle 0.43 0.43
p1 spectrum 0.15 0.73
p1 nuclear absorption 0.53 0.50
p1 decay in flight 0.92 0.92
K1 ! p1 delayed coincidence 0.75 0.75
p1ym1 kinematics 0.87 0.88
p1 ! m1 transient digitizer tagging 0.41 0.41
m1 ! e1 transient digitizer tagging 0.84 0.84
Accidental vetoes 0.67 0.67
Beam analysis 0.84 0.84
Reconstruction 0.69 0.69
Net acceptance 0.0027 0.0127
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energy (E) of charged decay products were made using
the target, a central drift chamber [13], and a cylindrical
range stack with 21 layers of plastic scintillator and two
layers of straw tube tracking chambers. Pions were dis-
tinguished from muons by kinematics and by observing
the p ! m ! e decay sequence in the range stack using
500-MHz flash-ADC transient digitizers (TD) [14]. Pho-
tons were detected in a 4p-sr calorimeter consisting of
a 14-radiation-length-thick barrel detector made of lead/
scintillator and 13.5 radiation lengths of undoped CsI
crystal detectors (also read out using CCD digitizers) cov-
ering each end [15]. In addition, photon detectors were
installed in the extreme forward and backward regions,
including a Pb glass Čerenkov detector just upstream of
the target. A 1-T solenoidal magnetic field was imposed
on the detector for the momentum measurements.
In the search for K

1 ! p1nn̄, we required an iden-
tified K

1 to stop in the target followed, after a delay of
at least 2 ns, by a single charged-particle track that was
unaccompanied by any other decay product or beam par-
ticle. This particle must have been identified as a p1

with P, R, and E between the Kp2 and Km2 peaks. A
multilevel trigger selected events with these characteris-
tics for recording, and off-line analysis further refined the
suppression of backgrounds. To elude rejection, Km2 and
Kp2 events would have to have been reconstructed in-
correctly in P, R, and E. In addition, any event with a
muon would have to have had its track misidentified as a
pion—the most effective weapon here was the measure-
ment of the p ! m ! e decay sequence which provided
a suppression factor 1025. Events with photons, such as
Kp2 decays, were efficiently eliminated by exploiting the
full calorimeter coverage. The inefficiency for detecting
events with p0s was 1026 for a photon energy thresh-
old of about 1 MeV. A scattered beam pion could have
survived the analysis only by misidentification as a K

1

and if the track were mismeasured as delayed, or if the
track were missed entirely by the beam counters after a
valid K

1 stopped in the target. CEX background events
could have survived only if the K

0
L

were produced at low
enough energy to remain in the target for at least 2 ns, if
there were no visible gap between the beam track and the
observed p1 track, and if the additional charged lepton
went unobserved.
The data were analyzed with the goal of reducing the

total expected background to significantly less than one
event in the final sample. In developing the required re-
jection criteria (cuts), we took advantage of redundant
independent constraints available on each source of back-
ground to establish two independent sets of cuts. One set
of cuts was relaxed or inverted to enhance the background
(by up to 3 orders of magnitude) so that the other group
could be evaluated to determine its power for rejection.
For example, Km2 (including K

1 ! m1nmg) was studied
by separately measuring the rejections of the TD particle
identification and kinematic cuts. The background from
Kp2 was evaluated by separately measuring the rejections

of the photon detection system and kinematic cuts. The
background from beam pion scattering was evaluated by
separately measuring the rejections of the beam counter
and timing cuts. Measurements of K

1 charge exchange in
the target were performed, which, used as input to Monte
Carlo studies, allowed the background to be determined.
Small correlations in the separate groups of cuts were in-
vestigated for each background source and corrected for if
they existed.
The background levels anticipated with the final analy-

sis cuts were b

Km2 ≠ 0.02 6 0.02, b

Kp2 ≠ 0.03 6 0.02,
bbeam ≠ 0.02 6 0.01, and bCEX ≠ 0.01 6 0.01. In to-
tal, b ≠ 0.08 6 0.03 background events were expected
in the signal region [16]. Further confidence in the back-
ground estimates and in the measurements of the back-
ground distributions near the signal region was provided
by extending the method described above to estimate
the number of events expected to appear when the cuts
were relaxed in predetermined ways so as to allow or-
ders of magnitude higher levels of all background types.

FIG. 1. (a) Range R vs energy E distribution for the K

1 !
p1nn̄ data set with the final cuts applied. The box enclosing
the signal region contains a single candidate event. (b) The
Monte Carlo simulation of K

1 ! p1nn̄ with the same cuts
applied.
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state is not necessarily a CP eigenstate. We show that 
in this case the CP conserving contributions can be 
significant and even dominant. The results are still in- 
formative but more complicated to interpret, as they 
depend on both CP violating and lepton flavor violat- 
ing parameters. We give an explicit example of mod- 
els with leptoquarks (or, equivalently, supersymmetry 
without R-parity), 

Our notation follows Refs. [ 6,7]. We define the 
decay amplitudes A and A, 

A = (~~v,lHIti), A = (,“v~~H~~). (1) 

If the final n-‘ovV is a CP eigenstate then in the CP limit 
1 A/A 1 = 1; if it is not then A and A are not related by a 
CP transformation. We further define the components 
of interaction eigenstates in mass eigenstates, p and q: 

Iks) = PI0 7 410. (2) 

Note that lq/pI is measured by the CP asymmetry in 
KL + dv and is very close to unity: 1 - lq/pI = 

2Re E. Finally, we define a quantity A, 

A-44. 
PA 

The decay amplitudes of KL and KS into a final 7r”vV 
state are then 

(~“~VIH]K~,~) = pA F q.% (4) 

and the ratio between the corresponding decay rates is 

I-(KL + T~OVV) 1 + IAl2 - 2ReA 
l-(Ks --+ m-‘VP) = 1 +]Aj2+2ReA’ 

(5) 

We first assume that the final state is purely CP 
even. This is the case to a good approximation when 
lepton flavor is conserved. In general, a three-body fi- 
nal state does not have a definite CP parity. However, 
for purely left-handed neutrinos (which is presum- 
ably the case if neutrinos are massless), the lowest di- 
mension term in the effective Hamiltonian relevant to 
KL + v”vF decay is K(d,r) (FiLrC”ViL). Using the 
CP transformation properties of the leptonic current, 
we find that this interaction ‘forces’ the ViYi system 
into a state of well-defined CP, namely CP even. As 
far as Lorentz and CP transformation properties are 
concerned, we can then think of the final TVS state 
as a two-body 7.rZ* state which, when produced by 

KL decay (namely, carrying total angular momentum 
J = 0)) is CP even [ 8,9]. Higher dimension operators 
can induce CP conserving contributions. For example, 

K( &,J,T) (FiLy”dUyva) will lead to an amplitude that 
is proportional to pr . ( pp - pv ) and, consequently, to 
a CP odd final state. However, these contributions are 
O(&&) N lop4 compared to the leading CP vio- 
lating ones and can be safely neglected. (In the Stan- 
dard Model this operator arises from the box diagram 
when external momenta are not neglected.) With mas- 
sive neutrinos, new CP conserving operators arise, e.g. 
KV(qVi). The final state is now equivalent (in the 
Lorentz and CP properties) to a two-body rH* state 
(where H is a scalar), which is CP odd. However, as- 
suming that any right-handed component in the light 
neutrinos is due to their masses, this amplitude is pro- 
portional to the neutrino mass and again negligible. 
We conclude then that, for any model where lepton 
favor is conserved, the CP conserving transition am- 
plitude for KL + ?r”vV is highly suppressed and can 
be neglected. 

If the final state r”ovV is CP even, then KL -+ n-“vi; 
vanishes in the CP limit. This can be seen directly from 
Eq. (5): if CP is a good symmetry then [q/pi = 1, 
IA/AI = 1 and A = 1. With CP violation we can still 
neglect CP violation in the mixing (lq/pj # 1) and 
in the decay (IA/AI # 1). As mentioned above, the 
deviation of lq/pI from unity is experimentally mea- 
sured and is 0( 10-s). The deviation of (A/AI from 
unity is expected to be even smaller: such an effect re- 
quires contributions to the decay amplitude which dif- 
fer in both strong and weak phases [ 61. While in the 
presence of new physics we could easily have more 
than a single weak phase involved, we do not expect 
the various amplitudes to differ in their strong phases. 
An absorptive phase comes from light intermediate 
states. In the language of quark subprocesses, only an 
intermediate up quark could contribute. But there is a 
hard GIM suppression that makes these contributions 
negligibly small [ IO- 14,3]. Therefore, it is safe to as- 
sume that ]A( = 1 to 0( IO-“) accuracy. The leading 
CP violating effect is then Im A # 0, namely inter- 
ference between mixing and decay. This puts the ratio 
of decay rates (5) in the same class as CP asymme- 
tries in various B decays to final CP eigenstates, e.g. 
B --f @KS, where a very clean theoretical analysis is 
possible [ 61. 

CP Limit (CP symmetry is exact)

CP EVEN                                  CP ODD
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formative but more complicated to interpret, as they 
depend on both CP violating and lepton flavor violat- 
ing parameters. We give an explicit example of mod- 
els with leptoquarks (or, equivalently, supersymmetry 
without R-parity), 

Our notation follows Refs. [ 6,7]. We define the 
decay amplitudes A and A, 

A = (~~v,lHIti), A = (,“v~~H~~). (1) 

If the final n-‘ovV is a CP eigenstate then in the CP limit 
1 A/A 1 = 1; if it is not then A and A are not related by a 
CP transformation. We further define the components 
of interaction eigenstates in mass eigenstates, p and q: 

Iks) = PI0 7 410. (2) 

Note that lq/pI is measured by the CP asymmetry in 
KL + dv and is very close to unity: 1 - lq/pI = 

2Re E. Finally, we define a quantity A, 

A-44. 
PA 

The decay amplitudes of KL and KS into a final 7r”vV 
state are then 

(~“~VIH]K~,~) = pA F q.% (4) 

and the ratio between the corresponding decay rates is 

I-(KL + T~OVV) 1 + IAl2 - 2ReA 
l-(Ks --+ m-‘VP) = 1 +]Aj2+2ReA’ 

(5) 

We first assume that the final state is purely CP 
even. This is the case to a good approximation when 
lepton flavor is conserved. In general, a three-body fi- 
nal state does not have a definite CP parity. However, 
for purely left-handed neutrinos (which is presum- 
ably the case if neutrinos are massless), the lowest di- 
mension term in the effective Hamiltonian relevant to 
KL + v”vF decay is K(d,r) (FiLrC”ViL). Using the 
CP transformation properties of the leptonic current, 
we find that this interaction ‘forces’ the ViYi system 
into a state of well-defined CP, namely CP even. As 
far as Lorentz and CP transformation properties are 
concerned, we can then think of the final TVS state 
as a two-body 7.rZ* state which, when produced by 

KL decay (namely, carrying total angular momentum 
J = 0)) is CP even [ 8,9]. Higher dimension operators 
can induce CP conserving contributions. For example, 

K( &,J,T) (FiLy”dUyva) will lead to an amplitude that 
is proportional to pr . ( pp - pv ) and, consequently, to 
a CP odd final state. However, these contributions are 
O(&&) N lop4 compared to the leading CP vio- 
lating ones and can be safely neglected. (In the Stan- 
dard Model this operator arises from the box diagram 
when external momenta are not neglected.) With mas- 
sive neutrinos, new CP conserving operators arise, e.g. 
KV(qVi). The final state is now equivalent (in the 
Lorentz and CP properties) to a two-body rH* state 
(where H is a scalar), which is CP odd. However, as- 
suming that any right-handed component in the light 
neutrinos is due to their masses, this amplitude is pro- 
portional to the neutrino mass and again negligible. 
We conclude then that, for any model where lepton 
favor is conserved, the CP conserving transition am- 
plitude for KL + ?r”vV is highly suppressed and can 
be neglected. 

If the final state r”ovV is CP even, then KL -+ n-“vi; 
vanishes in the CP limit. This can be seen directly from 
Eq. (5): if CP is a good symmetry then [q/pi = 1, 
IA/AI = 1 and A = 1. With CP violation we can still 
neglect CP violation in the mixing (lq/pj # 1) and 
in the decay (IA/AI # 1). As mentioned above, the 
deviation of lq/pI from unity is experimentally mea- 
sured and is 0( 10-s). The deviation of (A/AI from 
unity is expected to be even smaller: such an effect re- 
quires contributions to the decay amplitude which dif- 
fer in both strong and weak phases [ 61. While in the 
presence of new physics we could easily have more 
than a single weak phase involved, we do not expect 
the various amplitudes to differ in their strong phases. 
An absorptive phase comes from light intermediate 
states. In the language of quark subprocesses, only an 
intermediate up quark could contribute. But there is a 
hard GIM suppression that makes these contributions 
negligibly small [ IO- 14,3]. Therefore, it is safe to as- 
sume that ]A( = 1 to 0( IO-“) accuracy. The leading 
CP violating effect is then Im A # 0, namely inter- 
ference between mixing and decay. This puts the ratio 
of decay rates (5) in the same class as CP asymme- 
tries in various B decays to final CP eigenstates, e.g. 
B --f @KS, where a very clean theoretical analysis is 
possible [ 61. 
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state is not necessarily a CP eigenstate. We show that 
in this case the CP conserving contributions can be 
significant and even dominant. The results are still in- 
formative but more complicated to interpret, as they 
depend on both CP violating and lepton flavor violat- 
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els with leptoquarks (or, equivalently, supersymmetry 
without R-parity), 
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far as Lorentz and CP transformation properties are 
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as a two-body 7.rZ* state which, when produced by 

KL decay (namely, carrying total angular momentum 
J = 0)) is CP even [ 8,9]. Higher dimension operators 
can induce CP conserving contributions. For example, 

K( &,J,T) (FiLy”dUyva) will lead to an amplitude that 
is proportional to pr . ( pp - pv ) and, consequently, to 
a CP odd final state. However, these contributions are 
O(&&) N lop4 compared to the leading CP vio- 
lating ones and can be safely neglected. (In the Stan- 
dard Model this operator arises from the box diagram 
when external momenta are not neglected.) With mas- 
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KV(qVi). The final state is now equivalent (in the 
Lorentz and CP properties) to a two-body rH* state 
(where H is a scalar), which is CP odd. However, as- 
suming that any right-handed component in the light 
neutrinos is due to their masses, this amplitude is pro- 
portional to the neutrino mass and again negligible. 
We conclude then that, for any model where lepton 
favor is conserved, the CP conserving transition am- 
plitude for KL + ?r”vV is highly suppressed and can 
be neglected. 

If the final state r”ovV is CP even, then KL -+ n-“vi; 
vanishes in the CP limit. This can be seen directly from 
Eq. (5): if CP is a good symmetry then [q/pi = 1, 
IA/AI = 1 and A = 1. With CP violation we can still 
neglect CP violation in the mixing (lq/pj # 1) and 
in the decay (IA/AI # 1). As mentioned above, the 
deviation of lq/pI from unity is experimentally mea- 
sured and is 0( 10-s). The deviation of (A/AI from 
unity is expected to be even smaller: such an effect re- 
quires contributions to the decay amplitude which dif- 
fer in both strong and weak phases [ 61. While in the 
presence of new physics we could easily have more 
than a single weak phase involved, we do not expect 
the various amplitudes to differ in their strong phases. 
An absorptive phase comes from light intermediate 
states. In the language of quark subprocesses, only an 
intermediate up quark could contribute. But there is a 
hard GIM suppression that makes these contributions 
negligibly small [ IO- 14,3]. Therefore, it is safe to as- 
sume that ]A( = 1 to 0( IO-“) accuracy. The leading 
CP violating effect is then Im A # 0, namely inter- 
ference between mixing and decay. This puts the ratio 
of decay rates (5) in the same class as CP asymme- 
tries in various B decays to final CP eigenstates, e.g. 
B --f @KS, where a very clean theoretical analysis is 
possible [ 61. 
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formative but more complicated to interpret, as they 
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we find that this interaction ‘forces’ the ViYi system 
into a state of well-defined CP, namely CP even. As 
far as Lorentz and CP transformation properties are 
concerned, we can then think of the final TVS state 
as a two-body 7.rZ* state which, when produced by 

KL decay (namely, carrying total angular momentum 
J = 0)) is CP even [ 8,9]. Higher dimension operators 
can induce CP conserving contributions. For example, 

K( &,J,T) (FiLy”dUyva) will lead to an amplitude that 
is proportional to pr . ( pp - pv ) and, consequently, to 
a CP odd final state. However, these contributions are 
O(&&) N lop4 compared to the leading CP vio- 
lating ones and can be safely neglected. (In the Stan- 
dard Model this operator arises from the box diagram 
when external momenta are not neglected.) With mas- 
sive neutrinos, new CP conserving operators arise, e.g. 
KV(qVi). The final state is now equivalent (in the 
Lorentz and CP properties) to a two-body rH* state 
(where H is a scalar), which is CP odd. However, as- 
suming that any right-handed component in the light 
neutrinos is due to their masses, this amplitude is pro- 
portional to the neutrino mass and again negligible. 
We conclude then that, for any model where lepton 
favor is conserved, the CP conserving transition am- 
plitude for KL + ?r”vV is highly suppressed and can 
be neglected. 

If the final state r”ovV is CP even, then KL -+ n-“vi; 
vanishes in the CP limit. This can be seen directly from 
Eq. (5): if CP is a good symmetry then [q/pi = 1, 
IA/AI = 1 and A = 1. With CP violation we can still 
neglect CP violation in the mixing (lq/pj # 1) and 
in the decay (IA/AI # 1). As mentioned above, the 
deviation of lq/pI from unity is experimentally mea- 
sured and is 0( 10-s). The deviation of (A/AI from 
unity is expected to be even smaller: such an effect re- 
quires contributions to the decay amplitude which dif- 
fer in both strong and weak phases [ 61. While in the 
presence of new physics we could easily have more 
than a single weak phase involved, we do not expect 
the various amplitudes to differ in their strong phases. 
An absorptive phase comes from light intermediate 
states. In the language of quark subprocesses, only an 
intermediate up quark could contribute. But there is a 
hard GIM suppression that makes these contributions 
negligibly small [ IO- 14,3]. Therefore, it is safe to as- 
sume that ]A( = 1 to 0( IO-“) accuracy. The leading 
CP violating effect is then Im A # 0, namely inter- 
ference between mixing and decay. This puts the ratio 
of decay rates (5) in the same class as CP asymme- 
tries in various B decays to final CP eigenstates, e.g. 
B --f @KS, where a very clean theoretical analysis is 
possible [ 61. 
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state is not necessarily a CP eigenstate. We show that 
in this case the CP conserving contributions can be 
significant and even dominant. The results are still in- 
formative but more complicated to interpret, as they 
depend on both CP violating and lepton flavor violat- 
ing parameters. We give an explicit example of mod- 
els with leptoquarks (or, equivalently, supersymmetry 
without R-parity), 

Our notation follows Refs. [ 6,7]. We define the 
decay amplitudes A and A, 

A = (~~v,lHIti), A = (,“v~~H~~). (1) 

If the final n-‘ovV is a CP eigenstate then in the CP limit 
1 A/A 1 = 1; if it is not then A and A are not related by a 
CP transformation. We further define the components 
of interaction eigenstates in mass eigenstates, p and q: 

Iks) = PI0 7 410. (2) 

Note that lq/pI is measured by the CP asymmetry in 
KL + dv and is very close to unity: 1 - lq/pI = 

2Re E. Finally, we define a quantity A, 

A-44. 
PA 

The decay amplitudes of KL and KS into a final 7r”vV 
state are then 

(~“~VIH]K~,~) = pA F q.% (4) 

and the ratio between the corresponding decay rates is 

I-(KL + T~OVV) 1 + IAl2 - 2ReA 
l-(Ks --+ m-‘VP) = 1 +]Aj2+2ReA’ 
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We first assume that the final state is purely CP 
even. This is the case to a good approximation when 
lepton flavor is conserved. In general, a three-body fi- 
nal state does not have a definite CP parity. However, 
for purely left-handed neutrinos (which is presum- 
ably the case if neutrinos are massless), the lowest di- 
mension term in the effective Hamiltonian relevant to 
KL + v”vF decay is K(d,r) (FiLrC”ViL). Using the 
CP transformation properties of the leptonic current, 
we find that this interaction ‘forces’ the ViYi system 
into a state of well-defined CP, namely CP even. As 
far as Lorentz and CP transformation properties are 
concerned, we can then think of the final TVS state 
as a two-body 7.rZ* state which, when produced by 

KL decay (namely, carrying total angular momentum 
J = 0)) is CP even [ 8,9]. Higher dimension operators 
can induce CP conserving contributions. For example, 

K( &,J,T) (FiLy”dUyva) will lead to an amplitude that 
is proportional to pr . ( pp - pv ) and, consequently, to 
a CP odd final state. However, these contributions are 
O(&&) N lop4 compared to the leading CP vio- 
lating ones and can be safely neglected. (In the Stan- 
dard Model this operator arises from the box diagram 
when external momenta are not neglected.) With mas- 
sive neutrinos, new CP conserving operators arise, e.g. 
KV(qVi). The final state is now equivalent (in the 
Lorentz and CP properties) to a two-body rH* state 
(where H is a scalar), which is CP odd. However, as- 
suming that any right-handed component in the light 
neutrinos is due to their masses, this amplitude is pro- 
portional to the neutrino mass and again negligible. 
We conclude then that, for any model where lepton 
favor is conserved, the CP conserving transition am- 
plitude for KL + ?r”vV is highly suppressed and can 
be neglected. 

If the final state r”ovV is CP even, then KL -+ n-“vi; 
vanishes in the CP limit. This can be seen directly from 
Eq. (5): if CP is a good symmetry then [q/pi = 1, 
IA/AI = 1 and A = 1. With CP violation we can still 
neglect CP violation in the mixing (lq/pj # 1) and 
in the decay (IA/AI # 1). As mentioned above, the 
deviation of lq/pI from unity is experimentally mea- 
sured and is 0( 10-s). The deviation of (A/AI from 
unity is expected to be even smaller: such an effect re- 
quires contributions to the decay amplitude which dif- 
fer in both strong and weak phases [ 61. While in the 
presence of new physics we could easily have more 
than a single weak phase involved, we do not expect 
the various amplitudes to differ in their strong phases. 
An absorptive phase comes from light intermediate 
states. In the language of quark subprocesses, only an 
intermediate up quark could contribute. But there is a 
hard GIM suppression that makes these contributions 
negligibly small [ IO- 14,3]. Therefore, it is safe to as- 
sume that ]A( = 1 to 0( IO-“) accuracy. The leading 
CP violating effect is then Im A # 0, namely inter- 
ference between mixing and decay. This puts the ratio 
of decay rates (5) in the same class as CP asymme- 
tries in various B decays to final CP eigenstates, e.g. 
B --f @KS, where a very clean theoretical analysis is 
possible [ 61. 
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state is not necessarily a CP eigenstate. We show that 
in this case the CP conserving contributions can be 
significant and even dominant. The results are still in- 
formative but more complicated to interpret, as they 
depend on both CP violating and lepton flavor violat- 
ing parameters. We give an explicit example of mod- 
els with leptoquarks (or, equivalently, supersymmetry 
without R-parity), 
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We first assume that the final state is purely CP 
even. This is the case to a good approximation when 
lepton flavor is conserved. In general, a three-body fi- 
nal state does not have a definite CP parity. However, 
for purely left-handed neutrinos (which is presum- 
ably the case if neutrinos are massless), the lowest di- 
mension term in the effective Hamiltonian relevant to 
KL + v”vF decay is K(d,r) (FiLrC”ViL). Using the 
CP transformation properties of the leptonic current, 
we find that this interaction ‘forces’ the ViYi system 
into a state of well-defined CP, namely CP even. As 
far as Lorentz and CP transformation properties are 
concerned, we can then think of the final TVS state 
as a two-body 7.rZ* state which, when produced by 

KL decay (namely, carrying total angular momentum 
J = 0)) is CP even [ 8,9]. Higher dimension operators 
can induce CP conserving contributions. For example, 

K( &,J,T) (FiLy”dUyva) will lead to an amplitude that 
is proportional to pr . ( pp - pv ) and, consequently, to 
a CP odd final state. However, these contributions are 
O(&&) N lop4 compared to the leading CP vio- 
lating ones and can be safely neglected. (In the Stan- 
dard Model this operator arises from the box diagram 
when external momenta are not neglected.) With mas- 
sive neutrinos, new CP conserving operators arise, e.g. 
KV(qVi). The final state is now equivalent (in the 
Lorentz and CP properties) to a two-body rH* state 
(where H is a scalar), which is CP odd. However, as- 
suming that any right-handed component in the light 
neutrinos is due to their masses, this amplitude is pro- 
portional to the neutrino mass and again negligible. 
We conclude then that, for any model where lepton 
favor is conserved, the CP conserving transition am- 
plitude for KL + ?r”vV is highly suppressed and can 
be neglected. 

If the final state r”ovV is CP even, then KL -+ n-“vi; 
vanishes in the CP limit. This can be seen directly from 
Eq. (5): if CP is a good symmetry then [q/pi = 1, 
IA/AI = 1 and A = 1. With CP violation we can still 
neglect CP violation in the mixing (lq/pj # 1) and 
in the decay (IA/AI # 1). As mentioned above, the 
deviation of lq/pI from unity is experimentally mea- 
sured and is 0( 10-s). The deviation of (A/AI from 
unity is expected to be even smaller: such an effect re- 
quires contributions to the decay amplitude which dif- 
fer in both strong and weak phases [ 61. While in the 
presence of new physics we could easily have more 
than a single weak phase involved, we do not expect 
the various amplitudes to differ in their strong phases. 
An absorptive phase comes from light intermediate 
states. In the language of quark subprocesses, only an 
intermediate up quark could contribute. But there is a 
hard GIM suppression that makes these contributions 
negligibly small [ IO- 14,3]. Therefore, it is safe to as- 
sume that ]A( = 1 to 0( IO-“) accuracy. The leading 
CP violating effect is then Im A # 0, namely inter- 
ference between mixing and decay. This puts the ratio 
of decay rates (5) in the same class as CP asymme- 
tries in various B decays to final CP eigenstates, e.g. 
B --f @KS, where a very clean theoretical analysis is 
possible [ 61. 
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The process KL ~+ vv offers perhaps the clearest window yet proposed into the origin of CP
violation. The largest expected contribution to this decay is a direct CP-violating term at
=few X 10 ' . The indirect CP-violating contribution is some 3 orders of magnitude smaller, and
CP-conserving contributions are also estimated to be extremely small. Although this decay has nev-
er been directly probed, a branching ratio upper limit of —1 /o can be extracted from previous data
on KL—+2m. . This leaves an enormous range in which to search for new physics. If the
Kobayashi-Maskawa (KM) model prediction can be reached, a theoretically clean determination of
the KM product sin02sin03sin5 can be made.

The Glashow-Iliopoulos-Maiani- (GIM-) mechanism'-
suppressed processes K +~m. +vv (Refs. 2—5) and
KL ~m. e+e (Ref. 6) have been much discussed recently
as tests of the standard model (SM). In each case the
current experimental limit ' lies more than 2 orders of
magnitude above the SM prediction, affording a large
window for new physics. If the predicted levels can be
reached, these decays put interesting constraints on the
Kobayashi-Maskawa (KM) matrix parameters and on
the top-quark mass. The latter process is particularly in-
teresting from the point of view of CP since the predicted
direct CP violation is of the same order of magnitude as
the indirect (state-mixing) contribution. By contrast, rel-
atively little attention has been paid to the closely related
and no less interesting process KL ~m vv (Ref. 10). As I
will discuss below, this decay is expected to have a
branching ratio of —10 ". Since there is no published
upper limit on this decay, it offers a potentially enormous
range in which to search for new effects. As in the case
of KL ~~ e+e, Ki ~~ vv is CP violating in leading
order. However, unlike the former process, there is no
potentially large, 2y-mediated CP-conserving contribu-
tion. " In fact the potential long-distance contributions
in general are suppressed by CP violation and/or the
GIM mechanism to extremely small levels.
In the excellent approximation that X+~m+vv and

K —+n vv are short-distance dominated, ' their ampli-
tudes are related by isospin: 2 (K ~n. vv) =(1/
&2)A (K+~m+vv). It then follows that the amplitudes
for decays of the CP eigenstates E, and Kz into ~ vv are
equal to the real and imaginary parts, respectively, of the
amplitude for K ~vr+vv (Ref. 10). Ignoring higher-
order CP-violating effects,

A (K vr vv)=eA (K, m vv)+A(K ~ vv) .

In principle this leads to interference effects, but as will
be shown, the first term is so much smaller than the
second that these can be ignored. Note that modulo very
small QCD corrections and assuming massless leptons, '

8(K+ tr vV)=8(K+ m e+v) 2'
16m sin 0~

X g V*, Vj.dD(x ).V„,

for each neutrino flavor, where sz, s3, and 5 are the usual
KM parameters. Currently favored values of the KM pa-
rameters and m, give 0.5—8.0X10 ' for the branching
ratio summed over three neutrino flavors. '
The branching ratio for the indirect CP-violating con-

tribution is then

K
8(KL ~tr vv), =i@i 3X0.70X10

X[D(x, )+sz(sz+s3cs )D (x, ) ]
while that of the direct is

B(KL ~m. vv)d;„„=
7 +

3 x0.70x10-'

X [s,s,ssD (x, )]'
In the context of the standard model with three genera-

tions, bounds have been derived ' on s2, s3, and to some
extent on 5 and m„ from measurements of or limits on
~b, 8(b~cev), 8 Bmixing, I (b~-uev)/I'(b~cev), ex-
clusive B decay branching ratios, E, E', etc. Neither ex-
periment nor theory is sufficiently advanced to allow
specific predictions, but sets of parameters which are con-

for each neutrino flavor, where V, are the KM matrix
elements, x.=(m. /mn, ), and D(x) is a kinematic func-
tion which is -0.004 for m„and of order 1 for reason-
able values of m, . Substituting for the constants and the
K 3 branching ratio, assuming small mixing angles, and
ignoring QCD corrections, '

8 (K+~n+vv) =0.70X 10 ~D(x, )+sz(s2+S3e' )

XD(x, )i
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Leading CP Violation effect : Phase  
Arbitrary phase between Direct and Indirect CP Violation
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As a result of this cleanliness, the CP violating phase 
can be extracted almost without any hadronic uncer- 
tainty, even if this phase comes from new physics. 
Specifically, defining 0 to be the relative phase be- 
tween the K - R mixing amplitude and the s --f dvF 
decay amplitude, namely A = e2”, we get from Eq. 
(5) 

r( KL + GT~~~) 1 - cos28 
[‘(K, + 7~‘vV) = 1 +cos2e 

= tan’ 6. (6) 

This ratio measures 0 without any information about 
the magnitude of the decay amplitudes. In reality it will 
be impossible to measure I( KS + T~ovV>. We can 
use the isospin symmetry relation, A(p + ~~0~6) 
/A( K’ --j s-+I@) = l/d, to replace the denomina- 
tor by the charged kaon decay mode: 

I -cos28 = 
2 

= sin2 8, (7) 

where Yis = 0.954 is the isospin breaking factor [ 151. 
The ratio (7) may be experimentally measurable, as 
the relevant branching ratios are 0( lo-“) in the Stan- 
dard Model and even larger in some of its extensions. 
It will provide us with a very clean measurement of 
the CP violating phase 0 which has a clear interpreta- 
tion in any given model. 

In the Standard Model, the penguin and box di- 
agrams mediating the s + dvfi transition get con- 
tributions from top and charm quarks in the loop. 
The charm diagrams carry the same phase as the 
mixing amplitude, arg( VcdVct,). The top diagrams de- 
pend on arg( &V,: ) , so that their phase difference 
from the mixing amplitude is the angle p of the uni- 
tarity triangle. Had the top contribution dominated 
both K,, - n”ovV and Ki + r+vF, we would have 
0 = p. However, while the charm contribution to 
KI. + n-“vovV is negligible, it is comparable to the top 
contribution to K+ -+ s-+vfi. Then we cannot di- 
rectly relate the experimentally-derived 0 of Eq. (7) 
to the model parameter p, and a calculation of the 
charm and top amplitudes is also needed [ 31. With 
new physics, the magnitude of the decay amplitude is 
generally not known. The ratio (7) is most useful if 
both K1. + TTOVC and Ki + r+vF are dominated by 
the same combination of mixing angles. The phase of 

this combination is then directly identified with 8, and 
we need not know any other of the new parameters. 

Eq. (7) allows us to set an upper bound on 
BR( KL --f n-OvV). Using sin2 8 < 1 and r~, /TKI = 
4.17, we have 

BR(KL+rovt) <4.4xBR(K++7~‘vv). (8) 

Using the 90% CL experimental upper bound [ 161 

BR( K+ -3 7T+vv 1 

we get 

BR( KL -+ n-‘vV) 

Actually, Eq. (8) 

< 2.4 x 10-9, (9) 

< 1.1 x lO-R. ( 10) 

assumes only isospin relations and 
does not even require that the final state is CP even. 
Therefore, the bound ( 10) is model independent. This 
bound is much stronger than the direct experimental 
upper bound [ 171 BR(KL + ~TOVF) < 5.8 x IO-‘. 

New physics can modify both the mixing and the 
decay amplitudes. The contribution to the mixing can 
be of the same order as the Standard Model one. How- 
ever, E = 0( 10-s) implies that any such new contribu- 
tion to the mixing amplitude carries the same phase as 
the Standard Model one (to 0( 10-j) ) On the other 
hand, the upper bound (9) which is about 30 times 
larger than the Standard Model prediction [ 31 allows 
new physics to dominate the decay amplitude (with 
an arbitrary phase). We conclude that the only rele- 
vant new contribution to ucp can come from the decay 
amplitude. This is in contrast to the B system where 
we expect significant effects of new physics mainly in 
the mixing amplitude (see, e.g. [ 181 1. 

We now give an explicit example of a new physics 
model with potentially large effects on KL_ + n-‘z@. 
We consider a model with extra quarks in vector-like 
representations of the standard Model gauge group, 

d4C3.1 )-l/-i + dJ(3. l),l/.b (11) 

Such (three pairs of) quark representations appear. 
for example, in GUTS with an E6 gauge group. It is 
well known that the presence of new heavy fermions 
with non-canonical SCJ(2) transformations (left- 
handed singlets and/or right-handed doublets) mixed 
with the standard leptons and quarks would give rise 
to tree level flavor changing neutral currents in Z 
interactions [ 191. Moreover, these flavor changing 
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tor by the charged kaon decay mode: 

I -cos28 = 
2 

= sin2 8, (7) 
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The ratio (7) may be experimentally measurable, as 
the relevant branching ratios are 0( lo-“) in the Stan- 
dard Model and even larger in some of its extensions. 
It will provide us with a very clean measurement of 
the CP violating phase 0 which has a clear interpreta- 
tion in any given model. 

In the Standard Model, the penguin and box di- 
agrams mediating the s + dvfi transition get con- 
tributions from top and charm quarks in the loop. 
The charm diagrams carry the same phase as the 
mixing amplitude, arg( VcdVct,). The top diagrams de- 
pend on arg( &V,: ) , so that their phase difference 
from the mixing amplitude is the angle p of the uni- 
tarity triangle. Had the top contribution dominated 
both K,, - n”ovV and Ki + r+vF, we would have 
0 = p. However, while the charm contribution to 
KI. + n-“vovV is negligible, it is comparable to the top 
contribution to K+ -+ s-+vfi. Then we cannot di- 
rectly relate the experimentally-derived 0 of Eq. (7) 
to the model parameter p, and a calculation of the 
charm and top amplitudes is also needed [ 31. With 
new physics, the magnitude of the decay amplitude is 
generally not known. The ratio (7) is most useful if 
both K1. + TTOVC and Ki + r+vF are dominated by 
the same combination of mixing angles. The phase of 

this combination is then directly identified with 8, and 
we need not know any other of the new parameters. 

Eq. (7) allows us to set an upper bound on 
BR( KL --f n-OvV). Using sin2 8 < 1 and r~, /TKI = 
4.17, we have 

BR(KL+rovt) <4.4xBR(K++7~‘vv). (8) 
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assumes only isospin relations and 
does not even require that the final state is CP even. 
Therefore, the bound ( 10) is model independent. This 
bound is much stronger than the direct experimental 
upper bound [ 171 BR(KL + ~TOVF) < 5.8 x IO-‘. 

New physics can modify both the mixing and the 
decay amplitudes. The contribution to the mixing can 
be of the same order as the Standard Model one. How- 
ever, E = 0( 10-s) implies that any such new contribu- 
tion to the mixing amplitude carries the same phase as 
the Standard Model one (to 0( 10-j) ) On the other 
hand, the upper bound (9) which is about 30 times 
larger than the Standard Model prediction [ 31 allows 
new physics to dominate the decay amplitude (with 
an arbitrary phase). We conclude that the only rele- 
vant new contribution to ucp can come from the decay 
amplitude. This is in contrast to the B system where 
we expect significant effects of new physics mainly in 
the mixing amplitude (see, e.g. [ 181 1. 

We now give an explicit example of a new physics 
model with potentially large effects on KL_ + n-‘z@. 
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representations of the standard Model gauge group, 

d4C3.1 )-l/-i + dJ(3. l),l/.b (11) 

Such (three pairs of) quark representations appear. 
for example, in GUTS with an E6 gauge group. It is 
well known that the presence of new heavy fermions 
with non-canonical SCJ(2) transformations (left- 
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agrams mediating the s + dvfi transition get con- 
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pend on arg( &V,: ) , so that their phase difference 
from the mixing amplitude is the angle p of the uni- 
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we need not know any other of the new parameters. 

Eq. (7) allows us to set an upper bound on 
BR( KL --f n-OvV). Using sin2 8 < 1 and r~, /TKI = 
4.17, we have 

BR(KL+rovt) <4.4xBR(K++7~‘vv). (8) 

Using the 90% CL experimental upper bound [ 161 

BR( K+ -3 7T+vv 1 

we get 

BR( KL -+ n-‘vV) 

Actually, Eq. (8) 

< 2.4 x 10-9, (9) 

< 1.1 x lO-R. ( 10) 

assumes only isospin relations and 
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3 years from now

20

 Up-graded detector System 
 Higher beam intensity of J-PARC

2015/07/16 25

Beam request toward 2017
● We want beam  as much as possible after Inner Barre l insta ll

● NA62 will take 100 events toward 2017 for 

– Push Grossman-Nir limit down.

● At least 4800kW*day until 2017 to compete with NA62 in terms of 
Grossman-Nir limit. If we have 500kW*day in this Fall, 4000 kW*day more 
is needed from 2016 to 2017.

2015 April-June

2017

2016

2015 Fall

NA62 ~100 events from 2015-17

2018
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Experimental Status
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Step-by-Step Approach
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Studies on kaon decays 
- Cornerstone of the SM -
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Highly suppressed process (in SM)

24

treatment for the strong interaction at low energy. Before illustrating this, let us first
identify precisely the quantities affected by hadronic uncertainties.

The dominant contribution to K → πνν comes from the Z penguin [5], where the
three up-type quarks circulate. It is CP-conserving for K1 → π0νν and CP-violating
for K2 → π0νν, where

√
2K1,2 = K0 ∓ K

0
are the 0++ and 0−+ neutral kaon CP-

eigenstates, approximately equal to the mass eigenstates KS and KL, respectively.
The loop function induces a quadratic breaking of the GIM mechanism [6], i.e., it is
proportional to m2

q/M
2
W in the mq → ∞ and mq → 0 limit, where mq the mass of the

quark circulating in the loop. Combined with the CKM scaling for the CP-conserving
and CP-violating transitions, we get:

K+ → π+νν
K1 → π0νν K2 → π0νν

m2
t

M2
W

(ReV †
tsVtd ∼ λ5)

m2
t

M2
W

(ImV †
tsVtd ∼ λ5)

m2
c

M2
W

(ReV †
csVcd ∼ λ)

m2
c

M2
W

(ImV †
csVcd ∼ λ5)

m2
u

M2
W

(ReV †
usVud ∼ λ)

m2
u

M2
W

(ImV †
usVud = 0)

The K+ → π+νν decay mode receives both a CP-conserving and a CP-violating
contribution since K+ is not a CP eigenstate.

These scalings explain why the top quark contribution is so large both for the CP-
violating and CP-conserving transitions. The purely long-distance up quark contribu-
tion [7,8] is suppressed by the light quark mass, and is necessarily CP-conserving. The
charm quark contribution ends up as large as the top one for the CP-conserving tran-
sition, because the small mass ratio m2

c/m
2
t is compensated by the large CKM ratio

ReV †
csVcd/ReV

†
tsVtd ∼ λ−4, but stays subleading for the CP-violating transition [9,10].

Note that indirectly, this large CP-conserving charm quark contribution contributes
to the KL → π0νν decay. Indeed, the kaon mass eigenstates are KS ∼ K1 + εK2

and KL ∼ K2 + εK1. Thankfully, ε ∼ 10−3, so this so-called indirect CP-violating
piece enters only at the percent level in the KL → π0νν rate [11]. Finally, it must
be mentioned that if a different CKM phase convention was chosen, for example one
in which ImV †

usVud ̸= 0, then it is only through the interference of the direct and
indirect CP-violating amplitudes that these scalings between the three up-type quark
contributions would be recovered [12].

To really appreciate how peculiar is the Z penguin, it is instructive to compare
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 Hadronic matrix elements
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K➔πνν

K➔πlν

Figure 1: The hadronic effects in the matrix elements of the short-distance top and
charm-quark penguin operators are brought under control thanks to their relation
with the charged-current-induced semileptonicKℓ3 processes [16]. For the purely long-
distance up-quark contribution to the Z penguin, the strategy relies on the photon
penguin [8], which is entirely dominated by a similar up-quark contribution when
CP-conserving (as in K+ → π+ℓ+ℓ− and KS → π0ℓ+ℓ− [13, 14]).

energy scale, they are still parametrized in terms of quark fields, whose hadroniza-
tion into the initial kaon and final pion is not necessarily local. Technically, this
step boils down to the evaluation of the hadronic matrix elements ⟨π0|sγµd|K0⟩
and ⟨π+|sγµd|K+⟩. The chiral symmetry relates these matrix elements to
those relevant for the charged-current K → πℓν decays, ⟨π+|sγµd|K0⟩ and
⟨π0|sγµd|K+⟩, see Fig. 1. Further, the impact of isospin symmetry breaking as
well as of long-distance QED effects can be treated perturbatively. The preci-
sion achieved is such that these sources of hadronic uncertainties are very small,
at the few percent-level for the K → πνν decay rates [16]. For comparison, re-
member that the lack of a similar strategy for the uncertainties on the matrix
elements like ⟨ππ|sΓd|K⟩ [17] is the main reason why the theoretical control
over the ε′ observable remains so challenging to this day.

• Long-distance penguins and radiative decays: The second type of long-
distance effects are the up-quark contributions to the penguins. Those are
purely non-local, and have to be dealt with entirely in terms of meson external
states and loops in the context of chiral perturbation theory. Precision is then
limited by the rather slow convergence of the chiral expansions (around 30%
per order), and by the regular occurrence of free parameters, the counterterms,
whose presence is often required to absorb loop divergences. However, as said
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