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e+ e− e+ e− S1 ( 3.56 ±0.21 ) × 10−8 249

π0µ+µ− CP,S1 [s] < 3.8 × 10−10 CL=90% 177

π0 e+ e− CP,S1 [s] < 2.8 × 10−10 CL=90% 230

π0ν ν CP,S1 [t] < 2.6 × 10−8 CL=90% 230

π0π0ν ν S1 < 8.1 × 10−7 CL=90% 209

e±µ∓ LF [o] < 4.7 × 10−12 CL=90% 238

e± e±µ∓µ∓ LF [o] < 4.12 × 10−11 CL=90% 225

π0µ± e∓ LF [o] < 7.6 × 10−11 CL=90% 217

π0π0µ± e∓ LF < 1.7 × 10−10 CL=90% 159

K ∗(892)K ∗(892)K ∗(892)K ∗(892) I (JP ) = 1
2 (1−)

K∗(892)± hadroproduced mass m = 891.66 ± 0.26 MeV
K∗(892)± in τ decays mass m = 895.5 ± 0.8 MeV
K∗(892)0 mass m = 895.81 ± 0.19 MeV (S = 1.4)
K∗(892)± hadroproduced full width Γ = 50.8 ± 0.9 MeV
K∗(892)± in τ decays full width Γ = 46.2 ± 1.3 MeV
K∗(892)0 full width Γ = 47.4 ± 0.6 MeV (S = 2.2)

p

K∗(892) DECAY MODESK∗(892) DECAY MODESK∗(892) DECAY MODESK∗(892) DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

K π ∼ 100 % 289

K0γ ( 2.46±0.21) × 10−3 307

K±γ ( 9.9 ±0.9 ) × 10−4 309

K ππ < 7 × 10−4 95% 223

K1(1270)K1(1270)K1(1270)K1(1270) I (JP ) = 1
2 (1+)

Mass m = 1272 ± 7 MeV [u]

Full width Γ = 90 ± 20 MeV [u]

K1(1270) DECAY MODESK1(1270) DECAY MODESK1(1270) DECAY MODESK1(1270) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

K ρ (42 ±6 ) % 46

K∗
0(1430)π (28 ±4 ) % †

K∗(892)π (16 ±5 ) % 302

K ω (11.0±2.0) % †

K f0(1370) ( 3.0±2.0) % †

γK0 seen 539
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Scale factor/ p

K0
L

DECAY MODESK0
L

DECAY MODESK0
L

DECAY MODESK0
L

DECAY MODES Fraction (Γi /Γ) Confidence level(MeV/c)

Semileptonic modesSemileptonic modesSemileptonic modesSemileptonic modes
π± e∓ νe [o] (40.55 ±0.11 ) % S=1.7 229

Called K0
e3.

π±µ∓ νµ [o] (27.04 ±0.07 ) % S=1.1 216

Called K0
µ3.

(πµatom)ν ( 1.05 ±0.11 ) × 10−7 188

π0π± e∓ ν [o] ( 5.20 ±0.11 ) × 10−5 207

π± e∓ ν e+ e− [o] ( 1.26 ±0.04 ) × 10−5 229

Hadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modes

3π0 (19.52 ±0.12 ) % S=1.6 139

π+π−π0 (12.54 ±0.05 ) % 133

π+π− CPV [q] ( 1.967±0.010) × 10−3 S=1.5 206

π0π0 CPV ( 8.64 ±0.06 ) × 10−4 S=1.8 209

Semileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photons
π± e∓ νe γ [f,o,r ] ( 3.79 ±0.06 ) × 10−3 229

π±µ∓ νµ γ ( 5.65 ±0.23 ) × 10−4 216

Hadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairs
π0π0γ < 2.43 × 10−7 CL=90% 209

π+π−γ [f,r ] ( 4.15 ±0.15 ) × 10−5 S=2.8 206

π+π−γ (DE) ( 2.84 ±0.11 ) × 10−5 S=2.0 206

π02γ [r ] ( 1.273±0.033) × 10−6 230

π0γ e+ e− ( 1.62 ±0.17 ) × 10−8 230

Other modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairs
2γ ( 5.47 ±0.04 ) × 10−4 S=1.1 249

3γ < 7.4 × 10−8 CL=90% 249

e+ e−γ ( 9.4 ±0.4 ) × 10−6 S=2.0 249

µ+µ−γ ( 3.59 ±0.11 ) × 10−7 S=1.3 225

e+ e−γγ [r ] ( 5.95 ±0.33 ) × 10−7 249

µ+µ−γγ [r ] ( 1.0 +0.8
−0.6 ) × 10−8 225

Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )
violating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modes

µ+µ− S1 ( 6.84 ±0.11 ) × 10−9 225

e+ e− S1 ( 9 +6
−4 ) × 10−12 249

π+π− e+ e− S1 [r ] ( 3.11 ±0.19 ) × 10−7 206

π0π0 e+ e− S1 < 6.6 × 10−9 CL=90% 209

π0π0µ+µ− S1 < 9.2 × 10−11 CL=90% 57

µ+µ− e+ e− S1 ( 2.69 ±0.27 ) × 10−9 225

HTTP://PDG.LBL.GOV Page 8 Created: 10/6/2015 12:18

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

Scale factor/ p

K0
L

DECAY MODESK0
L

DECAY MODESK0
L

DECAY MODESK0
L

DECAY MODES Fraction (Γi /Γ) Confidence level(MeV/c)

Semileptonic modesSemileptonic modesSemileptonic modesSemileptonic modes
π± e∓ νe [o] (40.55 ±0.11 ) % S=1.7 229

Called K0
e3.

π±µ∓ νµ [o] (27.04 ±0.07 ) % S=1.1 216

Called K0
µ3.

(πµatom)ν ( 1.05 ±0.11 ) × 10−7 188

π0π± e∓ ν [o] ( 5.20 ±0.11 ) × 10−5 207

π± e∓ ν e+ e− [o] ( 1.26 ±0.04 ) × 10−5 229

Hadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modes

3π0 (19.52 ±0.12 ) % S=1.6 139

π+π−π0 (12.54 ±0.05 ) % 133

π+π− CPV [q] ( 1.967±0.010) × 10−3 S=1.5 206

π0π0 CPV ( 8.64 ±0.06 ) × 10−4 S=1.8 209

Semileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photons
π± e∓ νe γ [f,o,r ] ( 3.79 ±0.06 ) × 10−3 229

π±µ∓ νµ γ ( 5.65 ±0.23 ) × 10−4 216

Hadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairs
π0π0γ < 2.43 × 10−7 CL=90% 209

π+π−γ [f,r ] ( 4.15 ±0.15 ) × 10−5 S=2.8 206

π+π−γ (DE) ( 2.84 ±0.11 ) × 10−5 S=2.0 206

π02γ [r ] ( 1.273±0.033) × 10−6 230

π0γ e+ e− ( 1.62 ±0.17 ) × 10−8 230

Other modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairs
2γ ( 5.47 ±0.04 ) × 10−4 S=1.1 249

3γ < 7.4 × 10−8 CL=90% 249

e+ e−γ ( 9.4 ±0.4 ) × 10−6 S=2.0 249

µ+µ−γ ( 3.59 ±0.11 ) × 10−7 S=1.3 225

e+ e−γγ [r ] ( 5.95 ±0.33 ) × 10−7 249

µ+µ−γγ [r ] ( 1.0 +0.8
−0.6 ) × 10−8 225

Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )
violating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modes

µ+µ− S1 ( 6.84 ±0.11 ) × 10−9 225

e+ e− S1 ( 9 +6
−4 ) × 10−12 249

π+π− e+ e− S1 [r ] ( 3.11 ±0.19 ) × 10−7 206

π0π0 e+ e− S1 < 6.6 × 10−9 CL=90% 209

π0π0µ+µ− S1 < 9.2 × 10−11 CL=90% 57

µ+µ− e+ e− S1 ( 2.69 ±0.27 ) × 10−9 225

HTTP://PDG.LBL.GOV Page 8 Created: 10/6/2015 12:18

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

Scale factor/ p

K0
L

DECAY MODESK0
L

DECAY MODESK0
L

DECAY MODESK0
L

DECAY MODES Fraction (Γi /Γ) Confidence level(MeV/c)

Semileptonic modesSemileptonic modesSemileptonic modesSemileptonic modes
π± e∓ νe [o] (40.55 ±0.11 ) % S=1.7 229

Called K0
e3.

π±µ∓ νµ [o] (27.04 ±0.07 ) % S=1.1 216

Called K0
µ3.

(πµatom)ν ( 1.05 ±0.11 ) × 10−7 188

π0π± e∓ ν [o] ( 5.20 ±0.11 ) × 10−5 207

π± e∓ ν e+ e− [o] ( 1.26 ±0.04 ) × 10−5 229

Hadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modes

3π0 (19.52 ±0.12 ) % S=1.6 139

π+π−π0 (12.54 ±0.05 ) % 133

π+π− CPV [q] ( 1.967±0.010) × 10−3 S=1.5 206

π0π0 CPV ( 8.64 ±0.06 ) × 10−4 S=1.8 209

Semileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photons
π± e∓ νe γ [f,o,r ] ( 3.79 ±0.06 ) × 10−3 229

π±µ∓ νµ γ ( 5.65 ±0.23 ) × 10−4 216

Hadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairs
π0π0γ < 2.43 × 10−7 CL=90% 209

π+π−γ [f,r ] ( 4.15 ±0.15 ) × 10−5 S=2.8 206

π+π−γ (DE) ( 2.84 ±0.11 ) × 10−5 S=2.0 206

π02γ [r ] ( 1.273±0.033) × 10−6 230

π0γ e+ e− ( 1.62 ±0.17 ) × 10−8 230

Other modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairs
2γ ( 5.47 ±0.04 ) × 10−4 S=1.1 249

3γ < 7.4 × 10−8 CL=90% 249

e+ e−γ ( 9.4 ±0.4 ) × 10−6 S=2.0 249

µ+µ−γ ( 3.59 ±0.11 ) × 10−7 S=1.3 225

e+ e−γγ [r ] ( 5.95 ±0.33 ) × 10−7 249

µ+µ−γγ [r ] ( 1.0 +0.8
−0.6 ) × 10−8 225

Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )
violating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modes

µ+µ− S1 ( 6.84 ±0.11 ) × 10−9 225

e+ e− S1 ( 9 +6
−4 ) × 10−12 249

π+π− e+ e− S1 [r ] ( 3.11 ±0.19 ) × 10−7 206

π0π0 e+ e− S1 < 6.6 × 10−9 CL=90% 209

π0π0µ+µ− S1 < 9.2 × 10−11 CL=90% 57

µ+µ− e+ e− S1 ( 2.69 ±0.27 ) × 10−9 225

HTTP://PDG.LBL.GOV Page 8 Created: 10/6/2015 12:18

(parts of)

http://pdg.lbl.gov/2015/tables/rpp2015-tab-mesons-strange.pdf



4

KL➔π0νν & K＋➔π＋νν

Flavor Changing Neutral Current



Highly suppressed process (in SM)

5

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

3

C. Smith, arXiv:1409.6162



 Hadronic matrix elements

6

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



The cleanest mode in theory

7

2 Basic formulae 4

• computation of complete NLO electroweak corrections to the top quark con-
tribution to K

+ ! ⇡

+

⌫⌫̄ and K

L

! ⇡

0

⌫⌫̄ in [8];

• reduction of uncertainties due to m

t

(m
t

), m

c

(m
c

) and ↵

s

(M
Z

), with the last
two relevant in particular for the charm contribution to K

+ ! ⇡

+

⌫⌫̄.

While incorporating these advances in our presentation we will also include

• NLO QCD corrections to the top quark contributions [1–3] and NNLO QCD
corrections to the charm contribution [4–6];

• isospin breaking e↵ects and non-perturbative e↵ects [10, 11].

2.1 K+ ! ⇡+⌫⌫̄

The branching ratio for K

+ ! ⇡

+

⌫⌫̄ in the SM is dominated by Z

0 penguin di-
agrams, with a significant contribution from box diagrams. Summing over three
neutrino flavours, it can be written as follows [3, 11]

B(K+ ! ⇡

+

⌫⌫̄) = 

+

(1 + �
EM

)·
"✓

Im�

t

�

5

X(x
t

)

◆
2

+

✓
Re�

c

�

P

c

(X) +
Re�

t

�

5

X(x
t

)

◆
2

#
, (2.1)

with



+

= (5.173 ± 0.025) · 10�11


�

0.225

�
8

, �
EM

= �0.003. (2.2)

Here x

t

= m

2

t

/M

2

W

, � = |V
us

|, �

i

= V

⇤

is

V

id

are the CKM factors discussed below,
and 

+

summarises the remaining factors, in particular the relevant hadronic matrix
elements that can be extracted from leading semi-leptonic decays of K

+, K

L

and K

S

mesons [11]. �
EM

describes the electromagnetic radiative correction from photon
exchanges. X(m

t

) and P

c

(X) are the loop functions for the top and charm quark
contributions, which are discussed below. An explicit derivation of (2.1) can be
found in [33]. The apparent large sensitivity of B(K+ ! ⇡

+

⌫⌫̄) to � is spurious as
P

c

(X) ⇠ �

�4 (see (2.6)) and the dependence on � in (2.2) cancels the one in (2.1)
to a large extent. Therefore when changing � it is essential to keep track of all the
� dependence.

In obtaining the numerical values in (2.2) [11], the MS scheme with

sin2

✓

w

(M
Z

) = 0.23116, ↵(M
Z

) =
1

127.925
, (2.3)

has been used. As their errors are below 0.1% these can currently be neglected.
Note, however, that although the prefactor of the e↵ective Hamiltonian, ↵/ sin2

✓

w

,
is precisely known in a particular renormalisation scheme (MS in this case) it re-
mains a scheme dependent quantity, with the scheme dependence only removed by
considering higher order electroweak e↵ects in K ! ⇡⌫⌫̄. An analysis of such ef-
fects in the large m

t

limit [9] demonstrated that in principle this scheme dependence
could introduce a ±5% correction in the K ! ⇡⌫⌫̄ branching ratios, and that with
the MS definition of sin2

✓

W

these higher order electroweak corrections are found

2 Basic formulae 6

where we have added the errors in quadratures. We will use this value in our
numerical analysis. In obtaining the error in (2.9) we kept � fixed at its central
value, as its error is very small and the strong dependence on � in P

SD

c

(X) is
canceled by other factors in the formula for the branching ratio as discussed above.

2.2 KL ! ⇡0⌫⌫̄

The branching ratio for K

L

! ⇡

0

⌫⌫̄ in the SM is fully dominated by the diagrams
with internal top exchanges, with the charm contribution well below 1%. It can be
written then as follows [39,40]

B(K
L

! ⇡

0

⌫⌫̄) = 

L

·
✓

Im�

t

�

5

X(x
t

)

◆
2

, (2.10)

where [11]



L

= (2.231 ± 0.013) · 10�10


�

0.225

�
8

. (2.11)

We have summed over three neutrino flavours. An explicit derivation of (2.10) can
be found in [33]. Due to the absence of P

c

(X) in (2.10), the theoretical uncertainties
in B(K

L

! ⇡

0

⌫⌫̄) are due only to X(x
t

) and amount to about 1% at the level of
the branching ratio. The main uncertainty then comes from Im�

t

, which is by far
dominant with respect to the other parametric uncertainties due to 

L

and m

t

, with
the latter present in X(x

t

).

2.3 Experimental prospects

Experimentally we have [41]

B(K+ ! ⇡

+

⌫⌫̄)
exp

= (17.3+11.5

�10.5

) · 10�11

, (2.12)

and the 90% C.L. upper bound [42]

B(K
L

! ⇡

0

⌫⌫̄)
exp

 2.6 · 10�8

. (2.13)

The prospects for improved measurements of B(K+ ! ⇡

+

⌫⌫̄) are very good.
One should stress that already a measurement of this branching ratio with an accu-
racy of 10% will give us a very important insight into the physics at short distance
scales. Indeed the NA62 experiment at CERN [20, 21] is aiming to reach this pre-
cision, and it is expected to accumulate 100 SM events with a good signal over
background figure by 2018. In order to achieve a 5% measurement of the branching
ratio, which will be the next goal of NA62, more time is needed. The planned new
experiment at Fermilab (ORKA) could in principle reach the accuracy of 5% [43].4

Concerning K

L

! ⇡

0

⌫⌫̄, the KOTO experiment at J-PARC aims in the first
step in measuring B(K

L

! ⇡

0

⌫⌫̄) at SM sensitivity and should provide interesting
results around 2020 on this branching ratio [15,22]. There are also plans to measure
this decay at CERN and one should hope that Fermilab will contribute to these

4Unfortunately the US P5 committee did not recommend moving ahead with ORKA and it appears
that the precision on B(K+ ! ⇡

+
⌫⌫̄) will depend in the coming ten years entirely on the progress made

by NA62.

A. Buras, arXiv:1503.02693



8http://www.lnf.infn.it/wg/vus/content/Krare.html
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という関係が得られる。E1、E2 は入射 γ のエネルギーである。Eqs.(2.3-2.6)を用いると、π0 の
崩壊位置 Zvtx が求まる。
得られた Zvtx を使うと 2つの γ の運動量ベクトルを得ることができ、その和が π0 の運動量ベ
クトルになる。したがって π0 のビーム軸に垂直な運動量成分 Pt も求めることが出来る。この 2
つのパラメータ Zvtx と Pt をシグナルとバックグラウンドの識別に利用する。この部分について
は参考文献 [21]に詳しく記述されている。またこの 2つのパラメータ平面上でシグナルイベント
は Fig.2.3のように分布する。図の赤枠で囲まれる部分を signal boxと呼ぶ。

Fig. 2.2 K0
L → π0νν からの π0 の再構成。
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Fig. 2.3 K0
L → π0νν 分布。赤枠で囲ま

れた部分を信号事象と同定する。横軸の 0
は Front Barrel( 2.6.1)の上流端。

2.3 バックグラウンド
KOTO実験のバックグラウンド事象 (以下 B.G.)は次の２つに分類することが出来る。
1つは K0

L 自身が B.G.の源となるものである。代表的な例としては、K0
L → 2π0 の崩壊で生成

された４つの γ のうち 2 つを検出できなかった (miss veto) 場合が挙げられる。もう１つはビー
ムコア周りに存在するハロー中性子が源となるものである。この場合，ハロー中性子は検出器中の
物質と相互作用し、π0 を生成し、その信号をシグナルと見誤る事に起因する。ここではこれらの
B.G.について簡単にまとめる。

2.3.1 K中間子 B.G.

Table2.1に K0
L の主な崩壊モードと分岐比をまとめておく。これらは K中間子 B.G.の元にな

り得る。以下、各モードについて簡単にまとめておく。
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KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam 
• 2γ + nothing

• Calorimeter + Hermetic veto

• Signal reconstruction
• Assume 2 gammas come from π0

• Require large transverse momentum
• z vertex - Pt distribution

4

2.3 バックグラウンド 11

という関係が得られる。E1、E2 は入射 γ のエネルギーである。Eqs.(2.3-2.6)を用いると、π0 の
崩壊位置 Zvtx が求まる。
得られた Zvtx を使うと 2つの γ の運動量ベクトルを得ることができ、その和が π0 の運動量ベ
クトルになる。したがって π0 のビーム軸に垂直な運動量成分 Pt も求めることが出来る。この 2
つのパラメータ Zvtx と Pt をシグナルとバックグラウンドの識別に利用する。この部分について
は参考文献 [21]に詳しく記述されている。またこの 2つのパラメータ平面上でシグナルイベント
は Fig.2.3のように分布する。図の赤枠で囲まれる部分を signal boxと呼ぶ。

Fig. 2.2 K0
L → π0νν からの π0 の再構成。
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Fig. 2.3 K0
L → π0νν 分布。赤枠で囲ま

れた部分を信号事象と同定する。横軸の 0
は Front Barrel( 2.6.1)の上流端。

2.3 バックグラウンド
KOTO実験のバックグラウンド事象 (以下 B.G.)は次の２つに分類することが出来る。
1つは K0

L 自身が B.G.の源となるものである。代表的な例としては、K0
L → 2π0 の崩壊で生成

された４つの γ のうち 2 つを検出できなかった (miss veto) 場合が挙げられる。もう１つはビー
ムコア周りに存在するハロー中性子が源となるものである。この場合，ハロー中性子は検出器中の
物質と相互作用し、π0 を生成し、その信号をシグナルと見誤る事に起因する。ここではこれらの
B.G.について簡単にまとめる。

2.3.1 K中間子 B.G.

Table2.1に K0
L の主な崩壊モードと分岐比をまとめておく。これらは K中間子 B.G.の元にな

り得る。以下、各モードについて簡単にまとめておく。
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 π0 reconstruction
EM calorimeter provides energies and incident positions of two 
photons 

With an assumption that π0 decays at beam center and π0 rest 
mass, we can obtain a distance between calorimeter and 
decaying vertex. 

Pair of neutrinos take away transverse momentum (PT) 
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Principle of  experiment

Signature of  KL→π0νν = 2γ+nothing
Calorimeter + Hermetic veto detectors

6OK T
ν

νs

d

KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam
• 2γ + nothing

• Calorimeter + Hermetic veto
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 Detector
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KOTO detector

Signature of  KL→π0νν = 2γ+nothing
Calorimeter + Hermetic veto detectors
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Principle
• KL pencil beam
• 2γ + nothing

• Calorimeter + Hermetic veto
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Timeline of KOTO 

18 

Closing vacuum chamber 
                            (2012 Dec) 

Charged Veto installation (2012  June) 

NCC installation 
(2012 Nov) 

FB installation (2012 Nov) 

Main Barrel installation (2012 Dec) 

Sub detectors (CC04 etc.) 
Installation (2012 Dec) 

2013 Jan engineering run 

1st physics run 
2013 June 

Beamline 
construction 
finished 
(2009 Aug) 

CsI 
calorimeter 
stacking 
finished 
(2010 Feb) (2011 Feb)

2013 May

12

Neutron
 Collar Counter

Kyoto Univ.

2013/09/21  Kyoto Kaon weekly meeting

• Introduction

• J-PARC

• Kaon 

experiments

Contents

So, ...
• KOTO

• Piano

• Papionn

• Pi+KL

KO
s

d

T!
!

PIAn NOthino

poco  a   poco

clustering for n/γ separation
ハロー中性子測定においては、ハロー中性子より~100倍のhit rateを持つKL decay
起源のγがバックグラウンド事象となる　　　　　　　　　　　　　　　　　　　　　
→ NCCはX,Y,Zそれぞれ分割されており、clusteringを行う事で３次元的なシャワー
形状の情報からn/γ separationを実現できる

9

典型的なKLdecay　event(MC)典型的なハロー中性子event (MC)

front hit
無し あり

cluster数
１ 複数
cluster のsize

大 小

おおまかな特徴

シャワーのz方向の発展
大 小

front front

middle rear middle rear

sum sumMC KL decay event
Sum

16

CsI Calorimeter

CFRP cover against 
earthquake

Brought FNAL KTeV CsI

FCVData
Entries  1113168
Mean     0.56
RMS     0.198

Energy depodit (MeV / 5 keV)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

-710

-610

-510

-410

-310

-210

FCVEnergy deposit

FCVData
Entries  1113168
Mean     0.56
RMS     0.198

FCVMC
Entries  999563
Mean   0.5333
RMS    0.1917

FCVEnergy deposit
100keV threshold

Data：11 / 1113168 
          = 0.988±0.299×10-5

MC：10 / 999563    
         = 1.00±0.316×10-5

Upper limit：1.58×10-5

@90%.C.L.

<experimental set up >
beam direction (mm)
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Experimental set up

Drift Chambers Charged Veto Hodoscope
CsI calorimeter

active region

de-active region

1
2 3

4

IneffData
Entries  6092
Mean      150
RMS     36.97

distance between COE and track (mm / 10 mm)
0 20 40 60 80 100 120 140 160 180 200

-410

-310

-210

-110

distance between COE and track

IneffData
Entries  1342
Mean    167.2
RMS     24.87

IneffMC
Entries  7490
Mean    154.5
RMS     33.86

distance between COE and track
dependence between CV inefficiency

 and hit distance 
reject

CV

change flight pass

CsI
chamber trackchamber

no particle penetrate
→become inefficiency

○the effect of multiple scatter
      and hard scatter .
○π→µdecay in flight.

main source of unqualified track 

< conceptual diagram of the KOTO detector >

Evaluation of the inefficiency of a charged particle detector for KOTO experiment
D.Naito1, N.Sasao2, T.Nomura3, H.Nanjo1, N.Kawasaki1, Y.Maeda1, S.Seki1, I.Kamimji1, K.Nakagiri1

1Kyoto Univesrity, 2Okayama University, 3KEK

・π0(2γ)  is measured with the CsI calorimeter
　○Energy
　○Positions 
・Hermetic veto counters surrounding the decay volume 
　→Ensures nothing else.

calculate ○Vertex position
○Transverse momentum 

Cut value

Started in May 2013, at J-PARC(TOKAI, JAPAN)
Goal of the KOTO experiment
　○Discovery of the KL → π0νν decay
　○Search for physics beyond the SM

< decay diagram >

mediate unknown particle ?

　　○small theoretical uncertainty(～2%) 

　　○suppress in the SM(Br～2.4x10-11)

　　　→sensitive  to new physics.

KL→π0νν
2γ

undetected
signal event @ KOTO

2γ + nothing

CsI calorimeter

KL

ν

Charged Veto

charged

charged

○Charged particle counters in front of the CsI calorimeter.
○reject Kaon decays including charged particle below one-1010th.
　→need 10-3 inefficiency against a charged particle which 
        penetrates CV toward the calorimeter  at 100 keV threshold .

< CV and CsI calorimeter>

<CV over view> <each module design>

○two plastic scintillator planes (48strips + 44strips).
○make overlap of scintillator strips to reduce the gap.
　groove wavelength shifting fibers.

　use MPPC for the both-end readout of the fibers.

analysis flow

<photo of CV>

Introduction to the KOTO experiment

Introduction to Charged veto

to achieve high light-yield and efficiency over the whole area.

Evaluation of the inefficiency of a Charged veto
○measured in June, 2012, at the Koto beam line.
○environment of  the experimental area：air(beam power:6kW)

○tracking：Drift chambers + Hodoscopes(require 2 tracks)

1 reconstruct XY of 2tracks by the drift chambers

 matching of hodoscope hit and track2

matching of CV hit and the track4

<hodoscope (blue) and CsI active region(red) >

track from chamber

COE@CsI

define as "hit distance"

5

1 4 ensure track reconstruction
5 ensure charged-particle hit position

conclusion
○We designed and constructed, evaluated CV performance.
○CV requires 10-3 inefficiency for rejection of background.
○CV achieves ～2×10-5 inefficiency.

○main systematic uncertainties.
　→due to accidental hit (3%).
　→due to contamination of unqualified track(1.7±0.14%).

calculate hit position on CsI3

2

RCVData
Entries  1113168
Mean   0.5619
RMS    0.2042

Energy depodit (MeV / 5 keV)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
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RCVEnergy deposit

RCVData
Entries  1113168
Mean   0.5619
RMS    0.2042

RCVMC
Entries  999563
Mean   0.5351
RMS    0.1977

RCVEnergy deposit
100keV threshold

Data：14 / 1113168
           = 1.258±0.336×10-5

MC：10 / 999563   
         = 1.00±0.316×10-5

Upper limit：1.88×10-5

@90%.C.L.

front layer Rear layerthe track position of
inefficiency event
○Black square (0.6×0.6mm2)：
　hole for fixing scintillator.
○most inefficiency event 
  penetrate the hole or bounds
  of scintillators.

check energy deposit of CV6

reject unqualified track5

track near the CsI hit

track far from the CsI hit

5

CsI

CV

NCC

MBFB



Data taking in 2013
January : Engineering run in vacuum 

 11 kW X 1.5 days + 15 kW X 6.5 days 

March-April: Tuning for physics run 

 15 kW X 5 days 

May: Physics run 

 20 kW X 1 day + 24kW X 4 days (~ 100 hours)

15
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Results of  
 May 2013
Removed B.G. events 
learned from the E391a. 
(π0 production at the 
detectors) 

We found two new 
sources of the B.G. 

Upgraded detector  for 
run 2015
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KLà π+π-π0

Low pt events
• KL-> π+π-π0

CC05 CC06

vacuum pipe

γ

γ
π+π-

CSI
CC04

2 gammas from pi0 hit the CsI calorimeter.
charged pions are interacted in vacuum pipe and can not be detected by 
the veto detectors.

12
14年3月7日金曜日

π+ and/or π- were not detected due 

to interaction inside vacuum pipe



KLà π+π-π0
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CsI CC04 CC05 CC06

BHCV
BPCV

Beam pipe

MB

2015/07/16 13

To suppress low P 
T
 events

● Beam pipe (5mm t) 

           SUS →  Aluminum

● Installed Beam Pipe Charged Veto

– Plastic scintillator 5-mm thick

– Wavelength shifting fiber readout

PMT

WLS fiber

Plastic scintillator

Beam pipe

CC05 CC06

1m

~1/60 reduction expected

CC05

Beam Pipe

CC05
BPCV

Beam pipe with lighter material 

Stainless Steel -> Aluminum 

Beam Pipe Charged Veto 

5mm-thick Plastic Scintillator 

Wavelength shifting fiber  readout

1/60 additional reduction



Halo neutron events
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High Pt and downstream events

• Hadron cluster events
• Most serious BG events
in the first physics run

• Events spread into the
the signal box

• Single halo neutron make 
two clusters.   

n

13

Rec. z [mm]
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4

1.9±1.1

Halo neutron

14年9月5日金曜日

Study of neutron cluster events

• Remove cluster shape cut  to enhance 
neutron clusters events

• Use Al target data to develop new cuts and 
estimate # of BG inside the signal box

• Confirm event property to be similar 
between Al target and physics run.

Al target 

Al target run physics run 

nn n

30
14年9月5日金曜日

Single neutron produce two clusters  

Newly founded background source 

Studied by using aluminum target data  
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Halo neutron events
To reduce scattering source 

To take data for enhanced neutron events

Beam Line

Gate Valve

Polyimide  
vacuum window

FB

MB

Membrane to separate high vacuum 
 region from low vacuum region

Movable Target

Decay  
Region

NCC

Beam

Tungsten Target 
(2mm𝜙 X 8mm)

Aluminum Target 
(80X80X10mm3) 

Shaft Bellows

Motor



Enhanced neutron events
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Rec. z [mm]

P t
 [M

eV
/c

]
π0 event

neutron event

70-hour data taking with Al-target  
(>15 times more than May 2013) 

To study cluster and pulse shape in  
the calorimeter 

To develop a method to  discriminate 
neutron induced events from the π0 
events



Run in 2015
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10 times larger POT than 
run in May 2013 

Newly installed detectors 
work properly 

Detailed performance 
check in undergoing  

With the data collecting in 
coming beam time (Oct.~ 
Dec.),  we aim at across the 
Grossman-Nir limit.

26kW

33kW

39kW

Integrated POT by May 2013

X 10



Inner Barrel
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Additional reduction for detection inefficiency due to 
punch-through as a factor of 50 

Increase better visible ration portion  

Reduction of background as a factor of three

Additional 5Xo sampling calorimeter



Inner Barrel
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Alternation lead sheet (1mm) and plastic scintillator(5mm) 

Wave length shifting fiber read-out (BCF-92, 𝝓1.5mm)



Inner Barrel
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Slide into the Main Barrel

Fabrication of the 32 modules is undergoing  

Assembling of the modules is preparing to start this month  

Installation will be done in middle of next January



3 years from now

26

 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



In near future
To perform precise measurement of the branching 
ratio (KOTO II) 

It is worth to design an experiment to determine 
branching ratio with comparable uncertainty to that 
of the theoretical calculation 

 For the experiment 

Correct understanding all background sources 

Higher beam intensity 

Larger detector acceptance

27
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��ǒǎǦǨnŰǙǪǤ 

5 

• < 2.0 GeV/c 
• ~106 K-/spill 

Muon • 30 GeV proton 
• <31 GeV/c unseparated 2ndary 

beams (mostly pions), ~107/spill 

• < 1.1 GeV/c 
• ~105 K-/spill 

• < 1.2 GeV/c 
• ~106 K-/spill 

• <10 GeV/c separated 
pion, kaon, pbar 

• ~107/spill K-, pbars 

• 5 deg extraction 
• ~5.2 GeV/c K0 

• Good n/K 

• < 2.0 GeV/c 
• 1.8x108 pion/spill 
• x10 better Dp/p 

105 m 

Hadron Hall Extension
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One solution
Study in 2014 KOTO

5 deg extraction 16deg
36m beamline 20m
8usr solid angle 7.8usr
4m-diamter calorimeter 2m
20m decay volume 3.3m
~100kW x 3e7 sec 

~350 signal with S/N ~3 (K decay) 
ΔBR/BR ~6% 

Peak :1.4 GeV/c → 3GeV/c
Mean : 2GeV/c → 5 GeV/c
                            at beam exit

KOTO

Step2



100 events/107s ?
# of events = Branching ratio*# of K-decay*Acceptance 

 For Br=3X10-11, Acceptance = 0.1 

 Needed K-decay for 100 events :3.3X1014 ( 33MHz) 

 Event definition time as 10ns 

 Accidental coincidence =  0.33 

 Increasing of instantaneous rate as 3 : Always two decay 
inside detector 

Accidental hits have longer decay region (factor of 5 ?) 

Totally new approach is needed

30



Summary
Measurement of the KL➔π0νν decay will enable us to find 
new physics effect. 

KOTO is aiming for the first event. 

High statistics experiment is needed even though lots of 
difficulties. 

large number of KAONS - High intensity beam 

large acceptance and enough background suppression. 

Fully understand accidental activities.  

We started hadron hall extension 

KOTO-II will be performed
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Experimental Status
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Step-by-Step Approach
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Still far from the goal …

K＋➔π＋νν


