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• At the Littenberg fest we have to talk about the 
`Littenberg mode’. 


• We have already heard about this in this FEST, 
but I will try to add a theory perspective


• precise determination of SM parameters


• or: ruling out new physics for over 25 years
G. Valencia, Monash University

K ! ⇡⌫⌫̄



Littenberg Fest - BNL - 2016

reviews on rare kaon decays

• SUSY John Hagelin


• ChPT, long distance 

Rare Kaon Decays 
JOHN S. HAGELIN* and LAURENCE S. LITTEZNBERGP 

‘Maharishi International Universiry, Fairjield, IA 52555, U.S.A. 
tBrookhaven National Laboratory, Upton, NYI1973, U.S.A. 

ASSTHACT 

We present a comprehensive review of the current theoretic+ and ax rimental status of rare 
kaon decays. ge- The Standard Model oontributions to ti + v+w, III + v vv, and KL + w'ee 
are analyzed in detail, followed by a discussion of alternative theoretical frameworks that 
could modify the Standard Model predictions. Special attention is paid to "direct" super- 
symetric flavor-changing neut ra l  currents induced by renormalization-group scaling in 
minimal and in non-minimal supersymetry. Ws review the theoretical motivations for the 
lepton number-violating &cays RI + ne and K+ + if+ne , and present bounds on the new inter- 
actions which mediate these processes. Wa describe the present cadre of rare kaon 
detectors, discuss the significance of their recent results, and assess to what extent their 
future results are likely to address the fundamental issues outlined above. 

IWTRODUCTIOW 

With the gauge structure and fermion Content of the Standard SU(Z)L x U(l)y EleCtrowe& 
Mel firmly in place, the primary challenge is to understand the mechanics of electroweak 
synn\etry breaking through which the W* and 2, as wall as all quarks and leptone, receive 
their masses. For this -se, the Siggs boson was historically introduced. Sowever the 
Siggs, having spin-o, is badly behaved at the quantum mechanical level, and must either be 
rendered meaningful by supersymmetryl or else replaced by fermion oondensatas in a dynamical 
aymetry breaking (wtechnicolor”) echheme2* The key point is that, in either case, quantum 
mechanical consistency requires physics beyond the Standard Wodel. This new physics 
associated with electroweak symmetry breaking constitutes the most important and exciting 
frontier of physics in the next decade. 

Rare decays provide a Critical test of the radiative structure of the Standard Model and a 
sensitive probe of physics beyond the Standard Wodel. Because rare decays directly involve 
100~ processesP the question of quantum mechanical consistency is particularly relevant. 
MY new physics which affects the Standard Model at the quantum machanical level is likely 
to play a central role in the physics of rare decays. In this review, ws present a 
c-prehensive overview of the current theoretical and experimental status of the most 
interesting and important rare kaon decays. 
important, and in some respects unique 

Wa show that rare kaon decays indeed provide an 
, window on the nature and origin of this new physics. 

*Alternatively, one must fine tune the Riggs mass2 order-by-order in parturbation theory to 
an accuracy better than one part in 103' in order to maintain np~ < Mpl. 
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Table 1: Searches for lepton flavor violation in
K decay

90% CL
Mode upper limit Exp’t Yr./Ref.

K+→π+e−µ+ 1.2×10−11 BNL-865 2005/Ref. 21
K+→π+e+µ− 5.2×10−10 BNL-865 2000/Ref. 18
KL→µe 4.7×10−12 BNL-871 1998/Ref. 22
KL→π0eµ 7.6×10−11 KTeV 2008/Ref. 23
KL→π0π0eµ 1.7×10−10 KTeV 2008/Ref. 23

Physics beyond the SM is also pursued through the search

for K+ → π+X0, where X0 is a new light particle. The

searches cover both long-lived particles (e.g., hyperphoton,

axion, familon, etc.), and short lived ones that decay to muon,

electron or photon pairs. The 90% CL upper limit on K+ →

π+X0 is 7.3× 10−11 [24] for the case of massless X0; additional

results as a function of the X0 mass can be found in [37].

Recently these limits have been reinterpreted in connection

with a dark photon [25] or dark Z [26]. Such vectors have

also been sought in their e+e− decay mode by NA48 [27].

Additional bounds for a short lived pseudoscalar X0 decaying

to muons or photons are B(KL → π0π0µ+µ−) < 1×10−10 [28]

and B(KL → π0π0γγ) < 2.4× 10−7 [29].

C. Measurements of Standard Model parameters:

In the SM, the decay K+ → π+νν is dominated by one-loop

diagrams with top-quark intermediate states and long-distance

contributions are known to be quite small [2,30]. This permits

a precise calculation of this rate in terms of SM parameters.

Studies of this process are thus motivated by the possibility of

detecting non-SM physics when comparing with the results of

global fits [31,32].

BNL-787 observed two candidate events [33,34] in the clean

high π+ momentum and one event [35] in the low-momentum

region. The successor experiment BNL-949 observed one more

in the high-momentum region [24] and three more in the low-

momentum region [36] yielding a branching ratio of (1.73+1.15
−1.05)×

10−10 [37]. A subsequent experiment, NA62, with a sensitivity

goal of ∼ 10−12/event was proposed [38] at CERN in 2005.

August 26, 2015 18:45

ΛNP > 100 TeV

CMS h → μ τ ??
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Figure 1: Role of rare kaon decays in deter-
mining the unitarity triangle. The solid arrows
point to auxiliary modes needed to interpret the
main results, or potential backgrounds to them.

B. Explicit violations of the Standard Model : Much ac-

tivity has focussed on searches for lepton flavor violation (LFV).

This is motivated by the fact that many extensions of the min-

imal Standard Model violate lepton flavor and by the potential

to access very high energy scales. For example, the tree-level

exchange of a LFV vector boson of massMX that couples to left-

handed fermions with electroweak strength and without mixing

angles yields B(KL → µe) = 4.7 × 10−12(148 TeV/MX)4 [4].

This simple dimensional analysis may be used to read from Ta-

ble 1 that the reaction KL → µe is already probing scales of over

100 TeV. Table 1 summarizes the present experimental situation

vis-à-vis LFV. The decays KL → µ±e∓ and K+ → π+e∓µ±

(or KL → π0e∓µ±) provide complementary information on po-

tential family number violating interactions, since the former

is sensitive to parity-odd couplings and the latter is sensitive

to parity-even couplings. Limits on certain lepton-number vio-

lating kaon decays also exist, some recent ones being those of

Refs. [18,19,20]. Related searches in µ and τ processes are

discussed in our section “Tests of Conservation Laws.”

August 26, 2015 18:45
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PHYSICAL REVIEW D VOLUME 39, NUMBER 11

CP-violating decay XL = n. vv

1 JUNE 1989

Laurence S. Littenberg
Department ofPhysics, Brookhauen National Laboratory, Upton, New York 11973

(Received 6 January 1989)

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

39 3322 1989 The American Physical Society

39 CP-VIOLATING DECAY KL, ~~ vv 3323

sistent with all known input can be obtained. For the
purpose of estimating the size of the various contribu-
tions to Kl m vv, I choose one such set: $2=0.08,
$3 0.03, 6= 165', I,= 100 GeV, I,= 1.5 GeV. Then,
ignoring QCD corrections, for three generations, this
gives

B(K+—&m.+vv) =2.5 X 10
and remembering that

~
e~ =0.002 275,

B (KL ~m. vv), =5. 18X 10 X4. 18X 3
X0.70X 10 (10.99X 10 )

=5.5X 10
B(KI ~m vv)d;„„=4.18X3

X0.70X10 (1.07X10 )

=10-"

tains a, larger fraction of the photons produced in the
latter process than in the former (0.214 vs 0.135). There
were 156 events observed in the interval 180—225 MeV.
To be conservative, I do not subtract the contribution of
KL ~2m or other backgrounds and use 181 events as an
upper limit for Kl —+m vv events. There were 4031
KL~3~ events in the normalizing sample. A limit on
the branching ratio for KL —+m vv can then be extracted
as follows:

B(KI ~n. vv) &B(KI~3' )(N, /N3„)
X (@3~/ez~)(e2„/e~») 3

where the e's are the acceptances for single photons from
the various processes and the factor 3 is the ratio of the
number of photons emanating from Kl ~3m to the
number emanating from KL ~m vv. As discussed above
E3/e'2 =0.269 and e2 /e = 1.02 XO.214/0. 135= 1.62.
This then yields

Note that although the real part of the K+ amplitude is
10 times as large as the imaginary for these values of the
parameters, this is far outweighed by the small value of e.
The ratio of direct to indirect CP violation is roughly'
1800. This is to be contrasted with the case of
KL ~~ e+e where this ratio is —1:1 and K ~2m
where it is' —1:300. In addition, as in the case of
KI ~~ e+e, but not of K —+2~, the relevant hadronic
matrix element need not be calculated ab initio, but as we
have seen, may be obtained from the known rate of K,3
decay. Thus from the point of view of the standard mod-
el, one has the potential for an extremely clean deter-
mination of the CP-violating product $z$3$&, if one can
measure KL ~m vv at the requisite level. As will be dis-
cussed below, such an experiment is very difficult. How-
ever, as will also be discussed, the effective present bound
on this process is quite weak, so that a huge window for
new physics (nonstandard CP-violating currents, Kl ~m
+ new scalar, etc.) exists.
Although there has been no dedicated search for

KL ~~ vv our ignorance of the branching ratio ''s not
quite complete. Following a suggestion by Hoffman, ' it
is possible to extract such a limit from the work of Cro-
nin et al. , ' ' an early measurement of KL ~2m . In
that experiment, the signal for KL —+2m was a single
photon whose c.m. energy was greater than that possible
from KL ~3~ (maximum 165 MeV) and less than that of
Kl ~2y (249 MeV). The photon spectrum from
KL —+2m is a Oat box extending from 19 to 229 MeV.
The interval between 180 and 225 MeV was selected as
the signal region. The overall acceptance for photons
from the normalizing reaction, KL ~3~, was 0.269 times
that for those photons from KL —+2m that fall into in this
interval. As shown in Fig. 1(a), photons from KL ~m vv
also span the interval from 180 to 225 MeV (Ref. 20) al-
though on the average they are somewhat softer than
those from KL ~2m . As a result, the experimental
efficiency in the 180—225-MeV range for photons from
the former decay is about 2% less than that for photons
from the latter decay. Furthermore, this interval con-

B(KL~m. vv) &0. 13 (90%%uo c. l. ) .
A tighter bound can be obtained by subtracting the

backgrounds calculated in Ref. 19 as well as the expected
contribution from KI ~m. m . This leaves 85+12 events
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FIG. 1. Distributions of daughters of KI ~~ vv. (a) Distri-
bution of gamma energy in the KL center of mass. Vertical lines
indicate region used to obtain the upper limit discussed in the
text. (b) Distribution of m. pT. Vertical line indicates maximum
pT of ~ from KL
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Rare K → πνν̄ Decays
Ulrich Haisch
Theoretical Physics Department, Fermilab, Batavia, IL 60510, U.S.A. and
Institut für Theoretische Physik, Universität Zürich, CH-8057 Zürich, Switzerland

We present a concise review of the theoretical status of rare K → πνν̄ decays in the standard model (SM). Particular

attention is thereby devoted to the recent calculation of the next-to-next-to-leading order (NNLO) corrections to the

charm quark contribution of K+
→ π+νν̄, which removes the last relevant theoretical uncertainty from the K → πνν̄

system.

1. INTRODUCTION

The rare processes K+ → π+νν̄ and KL → π0νν̄ play an outstanding role in the field of flavor changing neutral

current transitions. The main reason for this is their unmatched theoretical cleanliness and their large sensitivity to

short-distance (SD) effects arising in the SM and its innumerable extensions. As they offer a very precise determina-

tion of the unitarity triangle (UT) [1], a comparison of the information obtained from the K → πνν̄ system with the

one from B-decays provides a completely independent and therefore critical test of the Cabibbo-Kobayashi-Maskawa

(CKM) mechanism. Even if these K- and B-physics predictions agree, the K → πνν̄ transitions will play a leading,

if not the leading part in discriminate between different extensions of the SM [2], as they allow to probe effective

scales of new physics operators of up to a several TeV or even higher in a pristine manner.

2. BASIC PROPERTIES OF K → πνν̄

The striking theoretical cleanliness of the K → πνν̄ decays is linked to the fact that, within the SM, these

processes are mediated by electroweak (EW) amplitudes of O(G2
F ), which exhibit a hard Glashow-Iliopoulos-Maiani

cancellation of the form

Aq(s → dνν̄) ∝ λqm
2
q ∝

⎧

⎪

⎪

⎨

⎪

⎪

⎩

m2
t (λ

5 + iλ5) , q = t ,

m2
c(λ + iλ5) , q = c ,

Λ2
QCDλ , q = u ,

(1)

where λq = V ∗

qsVqd denotes the relevant CKM factors and λ = |Vus| = 0.2248 is the Cabibbo angle. This peculiar

property implies that the corresponding rates are SD dominated, while long-distance (LD) effects are highly sup-

pressed. A related important feature, following from the EW structure of the SM amplitudes as well, is that the

K → πνν̄ modes are governed by a single effective operator, namely

Qν = (s̄LγµdL) (ν̄Lγ
µνL) , (2)

which consists of left-handed fermion fields only. The required hadronic matrix elements of Qν can be extracted,

including isospin breaking corrections [3], directly from the well measured leading semileptonic decay K+ → π0e+ν.

After summation over the three lepton families the SM branching ratios for K → πνν̄ can be written as [4–7]

B(K+ → π+νν̄) = (5.04 ± 0.17)

[

(

Imλt

λ5
X

)2

+

(

Reλt

λ5
X +

Reλc

λ
(Pc + δPc)

)2
]

× 10−11 ,

B(KL → π0νν̄) = (2.20 ± 0.07)

(

Imλt

λ5
X

)2

× 10−10 .

(3)

Inami-Lim

charm contributes to real part, K+


but irrelevant for imaginary part KL
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Isospin and isospin breaking

The effective Hamiltonian for the tree level decay K+ → π0e+ν is given by

Heff(K+ → π0e+ν) =
GF√

2
V ∗

us(s̄u)V −A(ν̄ee)V −A . (13.7)

Using isospin symmetry we have

⟨π+|(s̄d)V −A|K+⟩ =
√

2⟨π0|(s̄u)V −A|K+⟩. (13.8)

Consequently neglecting differences in the phase space of these two decays, due to mπ+ ̸= mπ0

and me ̸= 0, we find

Br(K+ → π+νν̄)

Br(K+ → π0e+ν)
=

α2

|Vus|22π2 sin4 ΘW

∑

l=e,µ,τ

∣∣∣V ∗
csVcdX

l
NL + V ∗

tsVtdX(xt)
∣∣∣
2

. (13.9)

13.2.3 Basic Phenomenology

We are now ready to present the expression for the branching fraction Br(K+ → π+νν̄)

and to collect various formulae relevant for phenomenological applications. Using (13.9) and

including isospin breaking corrections one finds

Br(K+ → π+νν̄) = κ+ ·
[(

Imλt

λ5
X(xt)

)2

+
(

Reλc

λ
P0(X) +

Reλt

λ5
X(xt)

)2
]

, (13.10)

κ+ = rK+
3α2Br(K+ → π0e+ν)

2π2 sin4 ΘW
λ8 = 4.11 · 10−11 , (13.11)

where we have used

α =
1

129
, sin2 ΘW = 0.23, Br(K+ → π0e+ν) = 4.82 · 10−2 . (13.12)

Here λi = V ∗
isVid with λc being real to a very high accuracy. rK+ = 0.901 summarizes isospin

breaking corrections in relating K+ → π+νν̄ to K+ → π0e+ν. These isospin breaking

corrections are due to quark mass effects and electroweak radiative corrections and have been

calculated in [241]. Next

P0(X) =
1

λ4

[
2

3
Xe

NL +
1

3
Xτ

NL

]
(13.13)

with the numerical values for X l
NL given in table 29. The corresponding values for P0(X) as

a function of Λ(4)

MS
and mc ≡ mc(mc) are collected in table 30. We remark that a negligibly

small term ∼ (Xe
NL − Xτ

NL)2 has been discarded in (13.10).

Using the improved Wolfenstein parametrization and the approximate formulae (2.37) –

(2.39) we can next put (13.10) into a more transparent form [34]:

Br(K+ → π+νν̄) = 4.11 · 10−11A4X2(xt)
1

σ

[
(ση̄)2 + (ϱ0 − ϱ̄)2

]
, (13.14)

206

× 𝜋+K+ (s̄d)V�A

𝛎
𝛎

× 𝜋0KL (s̄d)V�A

𝛎
𝛎 ×K+ 𝜋0(s̄u)V�A

𝛎
e+

Now, from (10.8) we have

KL =
1√
2
[(1 + ε̄)K0 + (1 − ε̄)K̄0] (13.39)

where we have neglected | ε̄ |2≪ 1. Thus the amplitude for KL → π0νν̄ is given by

A(KL → π0νν̄) =
1√
2

[
F (1 + ε̄)⟨π0|(s̄d)V −A|K0⟩ + F ∗(1 − ε̄)⟨π0|(d̄s)V −A|K̄0⟩

]
(ν̄ν)V −A.

(13.40)

Recalling

CP |K0⟩ = −|K̄0⟩, C|K0⟩ = |K̄0⟩ (13.41)

we have

⟨π0|(d̄s)V −A|K̄0⟩ = −⟨π0|(s̄d)V −A|K0⟩, (13.42)

where the minus sign is crucial for the subsequent steps.

Thus we can write

A(KL → π0νν̄) =
1√
2

[F (1 + ε̄) − F ∗(1 − ε̄)] ⟨π0|(s̄d)V −A|K0⟩(ν̄ν)V −A. (13.43)

Now the terms ε̄ can be safely neglected in comparision with unity, which implies that the

indirect CP violation (CP violation in the K0 − K̄0 mixing) is negligible in this decay. We

have then

F (1 + ε̄) − F ∗(1 − ε̄) =
GF√

2

α

π sin2 ΘW
Im(V ∗

tsVtd) · X(xt). (13.44)

Consequently using isospin relation

⟨π0|(d̄s)V −A|K̄0⟩ = ⟨π0|(s̄u)V −A|K+⟩ (13.45)

together with (13.7) and taking into account the difference in the lifetimes of KL and K+ we

have after summation over three neutrino flavours

Br(KL → π0νν̄)

Br(K+ → π0e+ν)
= 3

τ(KL)

τ(K+)

α2

|Vus|22π2 sin4 ΘW
(Imλt · X(xt))

2 (13.46)

where λt = V ∗
tsVtd.

13.3.3 Master Formulae for Br(KL → π0νν̄)

Using (13.46) we can write Br(KL → π0νν̄) simply as follows

Br(KL → π0νν̄) = κL ·
(

Imλt

λ5
X(xt)

)2

(13.47)

κL =
rKL

rK+

τ(KL)

τ(K+)
κ+ = 1.80 · 10−10 (13.48)

212

• isospin breaking corrections: quark masses, 
electroweak radiative corrections


• reduce B (K+➔ 𝜋+ νν) and B(KL ➔ 𝜋0 νν) relative to 
B(K+➔ 𝜋0 e+ ν) by 10% and 5.6%, respectively 
W.J. Marciano, Zohreh Parsa Phys.Rev. D53 (1996) 1-5 
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Latest (?) results

Now, from (10.8) we have

KL =
1√
2
[(1 + ε̄)K0 + (1 − ε̄)K̄0] (13.39)

where we have neglected | ε̄ |2≪ 1. Thus the amplitude for KL → π0νν̄ is given by

A(KL → π0νν̄) =
1√
2

[
F (1 + ε̄)⟨π0|(s̄d)V −A|K0⟩ + F ∗(1 − ε̄)⟨π0|(d̄s)V −A|K̄0⟩

]
(ν̄ν)V −A.

(13.40)

Recalling

CP |K0⟩ = −|K̄0⟩, C|K0⟩ = |K̄0⟩ (13.41)

we have

⟨π0|(d̄s)V −A|K̄0⟩ = −⟨π0|(s̄d)V −A|K0⟩, (13.42)

where the minus sign is crucial for the subsequent steps.

Thus we can write

A(KL → π0νν̄) =
1√
2

[F (1 + ε̄) − F ∗(1 − ε̄)] ⟨π0|(s̄d)V −A|K0⟩(ν̄ν)V −A. (13.43)

Now the terms ε̄ can be safely neglected in comparision with unity, which implies that the

indirect CP violation (CP violation in the K0 − K̄0 mixing) is negligible in this decay. We

have then

F (1 + ε̄) − F ∗(1 − ε̄) =
GF√

2

α

π sin2 ΘW
Im(V ∗

tsVtd) · X(xt). (13.44)

Consequently using isospin relation

⟨π0|(d̄s)V −A|K̄0⟩ = ⟨π0|(s̄u)V −A|K+⟩ (13.45)

together with (13.7) and taking into account the difference in the lifetimes of KL and K+ we

have after summation over three neutrino flavours

Br(KL → π0νν̄)

Br(K+ → π0e+ν)
= 3

τ(KL)

τ(K+)

α2

|Vus|22π2 sin4 ΘW
(Imλt · X(xt))

2 (13.46)

where λt = V ∗
tsVtd.

13.3.3 Master Formulae for Br(KL → π0νν̄)

Using (13.46) we can write Br(KL → π0νν̄) simply as follows

Br(KL → π0νν̄) = κL ·
(

Imλt

λ5
X(xt)

)2

(13.47)

κL =
rKL

rK+

τ(KL)

τ(K+)
κ+ = 1.80 · 10−10 (13.48)

212

The effective Hamiltonian for the tree level decay K+ → π0e+ν is given by

Heff(K+ → π0e+ν) =
GF√

2
V ∗

us(s̄u)V −A(ν̄ee)V −A . (13.7)

Using isospin symmetry we have

⟨π+|(s̄d)V −A|K+⟩ =
√

2⟨π0|(s̄u)V −A|K+⟩. (13.8)

Consequently neglecting differences in the phase space of these two decays, due to mπ+ ̸= mπ0

and me ̸= 0, we find

Br(K+ → π+νν̄)

Br(K+ → π0e+ν)
=

α2

|Vus|22π2 sin4 ΘW

∑

l=e,µ,τ

∣∣∣V ∗
csVcdX

l
NL + V ∗

tsVtdX(xt)
∣∣∣
2

. (13.9)

13.2.3 Basic Phenomenology

We are now ready to present the expression for the branching fraction Br(K+ → π+νν̄)

and to collect various formulae relevant for phenomenological applications. Using (13.9) and

including isospin breaking corrections one finds

Br(K+ → π+νν̄) = κ+ ·
[(

Imλt

λ5
X(xt)

)2

+
(

Reλc

λ
P0(X) +

Reλt

λ5
X(xt)

)2
]

, (13.10)

κ+ = rK+
3α2Br(K+ → π0e+ν)

2π2 sin4 ΘW
λ8 = 4.11 · 10−11 , (13.11)

where we have used

α =
1

129
, sin2 ΘW = 0.23, Br(K+ → π0e+ν) = 4.82 · 10−2 . (13.12)

Here λi = V ∗
isVid with λc being real to a very high accuracy. rK+ = 0.901 summarizes isospin

breaking corrections in relating K+ → π+νν̄ to K+ → π0e+ν. These isospin breaking

corrections are due to quark mass effects and electroweak radiative corrections and have been

calculated in [241]. Next

P0(X) =
1

λ4

[
2

3
Xe

NL +
1

3
Xτ

NL

]
(13.13)

with the numerical values for X l
NL given in table 29. The corresponding values for P0(X) as

a function of Λ(4)

MS
and mc ≡ mc(mc) are collected in table 30. We remark that a negligibly

small term ∼ (Xe
NL − Xτ

NL)2 has been discarded in (13.10).

Using the improved Wolfenstein parametrization and the approximate formulae (2.37) –

(2.39) we can next put (13.10) into a more transparent form [34]:

Br(K+ → π+νν̄) = 4.11 · 10−11A4X2(xt)
1

σ

[
(ση̄)2 + (ϱ0 − ϱ̄)2

]
, (13.14)
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latest numerical results K+

Brod, Gorbahn, Stamou 2011: (7.81+0.80-0.71 ± 0.29) × 10-11

Buras, Buttazzo, Girrbach-Noe, Knegjens 2015: (9.11 ± 0.72) × 10-11

|( ) |( )

CKMfitter Group (J. Charles et al.), Eur. 
Phys. J. C41, 1-131 (2005) [hep-ph/0406184], 
updated results and plots available at: 
http://ckmfitter.in2p3.fr
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latest numerical results KL

Brod, Gorbahn, Stamou 2011: (2.43+0.40-0.37 ± 0.06) × 10-11

Buras, Buttazzo, Girrbach-Noe, Knegjens 2015: (3.00 ± 0.30) × 10-11
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add Laurie’s result

Brod, Gorbahn, Stamou 2011: (2.43+0.40-0.37 ± 0.06) × 10-11

Buras, Buttazzo, Girrbach-Noe, Knegjens 2015: (3.00 ± 0.30) × 10-11

Littenberg 1989

| )(

}

Littenberg 1989 
new CKM elements

isospin breaking

 W.M.,Z.P.
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paraphrase Milind Diwan according to Laurie

Littenberg 1989

| )(

}

Littenberg 1989 
new CKM elements

isospin breaking

 W.M.,Z.P.

(calculation) so clean, theorists are not really needed!
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SM parametric error
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Figure 2 – Left panel: comparison of 68% C.L. regions for B(KL ! ⇡0⌫⌫̄) and B(Bs ! µ+µ�) versus B(K+ !
⇡+⌫⌫̄), using di↵erent CKM inputs as described in the test 11. Right panel: correlation of B(Bs ! µ+µ�) versus
B(K+ ! ⇡+⌫⌫̄) for fixed values of �: the dashed regions correspond to the 68% C.L. from the uncertainties
on all other inputs, while the inner filled regions correspond only to the uncertainties from the remaining CKM
inputs 11.

Similarly, the top loops have been determined with NLO QCD corrections 15,16 and NLO EW
corrections 17, for which a numerical update gives 11

X(xt) = 1.481 ± 0.005|
th

± 0.008|
exp

. (3)

That leaves only the CKM matrix element inputs VtdV
⇤
ts and VcdV

⇤
cs.

For studies of NP it is preferable to use CKM inputs that are derived from tree-level ob-
servables, namely from |Vus|, |Vub|, |Vcb| and the unitarity triangle angle �, as these are not
likely to be tainted by NP. However, in doing so we encounter the currently large discrepan-
cies between exclusive and inclusive determinations of the CKM matrix elements |Vcb| and |Vub|
from semileptonic B decays (see 18). Specifically, we have |Vub|excl

= (3.72 ± 0.14) ⇥ 10�3 19

versus |Vub|incl

= (4.40 ± 0.25) ⇥ 10�3 20 and |Vcb|excl

= (39.36 ± 0.75) ⇥ 10�3 21 versus |Vcb|incl

=
(42.21 ± 0.78) ⇥ 10�3 22. This e↵ect is unlikely to be due to NP 23. One way to proceed is to
assume both determinations are equally correct and take a weighted average, inflating the errors
via the PDG method 24, which gives

|Vub|avg

= (3.88 ± 0.29) ⇥ 10�3

, |Vcb|avg

= (40.7 ± 1.4) ⇥ 10�3

. (4)

Using these values together with |Vus| = 0.2252 ± 0.0009 and � = (73.2+6.3
�7.0)

� 25 gives the
branching ratio predictions

BR(K+ ! ⇡

+

⌫⌫̄) = (8.4 ± 1.0) ⇥ 10�11

, BR(K
L

! ⇡

0

⌫⌫̄) = (3.4 ± 0.6) ⇥ 10�11

. (5)

In Figure 1 we show the corresponding error budgets, where the CKM errors are clearly seen
to dominate both predictions. The parametric dependence on the leading CKM input of both
decays is given by 11

BR(K+ ! ⇡

+

⌫⌫̄) = (8.39 ± 0.30) ⇥ 10�11

 |Vcb|
40.7 ⇥ 10�3

�
2.8 

�

73.2�

�
0.708

(6)

BR(K
L

! ⇡

0

⌫⌫̄) = (3.36 ± 0.05) ⇥ 10�11

 |Vub|
3.88 ⇥ 10�3

�
2

 |Vcb|
40.7 ⇥ 10�3

�
2


sin �

sin(73.2�)

�
2

(7)

A comparison can be made with the CKM inputs determined purely from the loop-level observ-
ables |✏K |, �Md, �Ms and SJ/ KS

, assuming no NP enters these observables 11. The dominant
uncertainty in this case is QCD lattice input, which, using the latest FLAG results 21, results in
the more precise predictions

BR(K+ ! ⇡

+

⌫⌫̄) = (9.1 ± 0.7) ⇥ 10�11

, BR(K
L

! ⇡

0

⌫⌫̄) = (3.0 ± 0.3) ⇥ 10�11 (8)

arXiv:1505.04928

FLAVOUR(267104)-ERC-98

K ! ⇡⌫⌫̄ in the Standard Model and Beyond

R. Knegjens
TUM Institute for Advanced Study, Lichtenbergstr. 2a,

D-85747 Garching, Germany

The precision expected for the rare K ! ⇡⌫⌫̄ decays by the NA62 and KOTO experiments
in the coming decade will rival their current SM predictions. In preparation for this upcoming
opportunity, we review the SM predictions and discuss the sensitivity of these decays to
models beyond the Standard Model, considering in particular simplified Z and Z0 models
as benchmarks. In the latter case we also discuss how these decays could ultimately probe
distance scales as small as zeptometers i.e. peek into the Zeptouniverse.

1 Introduction

Since the turn on of the LHC half a decade ago, the high energy physics community has yet to
discover a conclusive signal of New Physics (NP), its coveted goal. However, it has narrowed
down the search; in particular placing lower mass bounds on several hypothesized NP particles
via direct searches. And much progress has also been made on indirect searches, which may be
our last hope in the LHC-era should the NP scale prove to be out of reach of direct searches. By
indirect searches we refer in particular to flavour changing neutral currents (FCNC) processes,
which are necessarily loop suppressed in the Standard Model (SM) due to the GIM mechanism,
and further so by the almost diagonal CKM matrix structure. In contrast, FCNCs in models
of NP need not be suppressed at all. A prominent example is meson mixing, which is driven
by �F = 2 FCNC processes that can probe NP scales up to thousands of TeV 1,2 if the NP is
unsuppressed, or, equivalently, down to distances smaller than a zeptometer. The catch is that
were NP detected through such channels, many details would remain hidden.

This is where rare �F = 1 FCNC decays enter, which have the advantage that their operator
structure, for example whether they couple left (LH) or right handedly (RH) to quarks or leptons,
is exposed by the spin structure of the final state. This would reveal much about the nature of the
NP, and it is thereby worth asking what scales could ultimately be reached by such processes.
The two famous examples to be discussed in this talk are the rare decays K

+ ! ⇡

+

⌫⌫̄ and
K

L

! ⇡

0

⌫⌫̄. These decays are driven by electroweak (EW) loops, in particular Z-penguins
with internal top quarks. The two decays di↵er only by their spectator quarks, though due to
its CP-even final state the K

L

! ⇡

0

⌫⌫̄ decay is almost completely CP violating, in contrast
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CKMfitter global fit results as of Summer 14:

Wolfenstein parameters
UT angles and sides
UTsangle and apex
CKM elements
Input parameters
Rare decay branching fractions

For a more extensive discussion, please read the summary of inputs and results.

Wolfenstein parameters and Jarlskog invariant:

Observable Central ± 1 σ ± 2 σ ± 3 σ

A 0.810 [+0.018 -0.024] 0.810 [+0.025 -0.030] 0.810 [+0.032 -0.035]
λ 0.22548 [+0.00068 -0.00034] 0.22548 [+0.00096 -0.00068] 0.2255 [+0.0010 -0.0010]
ρbar 0.1453 [+0.0133 -0.0073] 0.145 [+0.032 -0.015] 0.145 [+0.042 -0.022]
ηbar 0.343 [+0.011 -0.012] 0.343 [+0.022 -0.025] 0.343 [+0.034 -0.036]

J [10-5] 2.96 [+0.19 -0.18] 2.96 [+0.30 -0.22] 2.96 [+0.42 -0.27]

UT angles and sides:

Observable Central ± 1 σ ± 2 σ ± 3 σ

sin 2α -0.036 [+0.042 -0.082] -0.036 [+0.084 -0.189] -0.04 [+0.12 -0.25]
sin 2α (meas. not in
the fit) -0.053 [+0.046 -0.146] -0.053 [+0.090 -0.209] -0.05 [+0.13 -0.26]

sin 2β 0.692 [+0.018 -0.019] 0.692 [+0.037 -0.037] 0.692 [+0.055 -0.052]
sin 2β (meas. not in
the fit) 0.771 [+0.017 -0.041] 0.771 [+0.034 -0.103] 0.771 [+0.050 -0.141]

α [deg] 91.0 [+2.3 -1.2] 91.0 [+5.5 -2.4] 91.0 [+7.2 -3.6]

CKMfitter

Buras group
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The prospects for improved measurements of B(K+ → π+νν̄) are very good. One

should stress that already a measurement of this branching ratio with an accuracy 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 precision, 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 KL → π0νν̄, the KOTO experiment at J-PARC aims in the first step in

measuring B(KL → π0νν̄) 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 efforts in the next decade.

The combination of K+ → π+νν̄ and KL → π0νν̄ 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 |Vub|, |Vcb|, |Vus|, and the angle γ 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 |Vub| and |Vcb|— 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]

|Vub|excl = (3.72± 0.14)× 10−3, |Vcb|excl = (39.36± 0.75)× 10−3. (3.1)

The inclusive values are given by [44, 57]

|Vub|incl = (4.40± 0.25)× 10−3, |Vcb|incl = (42.21± 0.78)× 10−3. (3.2)

We take a weighted average and scale the errors based on the resulting χ2 (specifically, we

follow the method advocated in [38]), which gives

|Vub|avg = (3.88± 0.29)× 10−3, |Vcb|avg = (40.7± 1.4)× 10−3. (3.3)

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

γ = (73.2+6.3
−7.0)

◦. (3.4)

Using this, together with |Vus| = λ already given in (2.7), we can determine the full

CKM matrix.
4Unfortunately the US P5 committee did not recommend moving ahead with ORKA and it appears

that the precision on B(K+ → π+νν̄) will depend in the coming ten years entirely on the progress made

by NA62.

– 7 –
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SM Pc and X(xt) error
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The inclusion of NLO and NNLO QCD corrections have reduced considerably the large

dependence on the renormalisation scale µc (with µc = O(mc)) present in the leading order

expressions for the charm contribution. The two-loop electroweak corrections on the other

hand reduced the dependence on the definition of electroweak parameters. An excellent

approximation for P SD
c (X), including all these corrections, as a function of αs(MZ) and

mc(mc) is given in (50) of [7] (see appendix B). Using this formula for the most recent

input parameters [37, 38]

λ = 0.2252(9), mc(mc) = 1.279(13)GeV, αs(MZ) = 0.1185(6) (2.7)

we find

P SD
c (X) = 0.365± 0.012. (2.8)

Adding the long distance contribution in (2.5) we finally find

Pc(X) = 0.404± 0.024, (2.9)

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 λ fixed at its central value, as its error is

very small and the strong dependence on λ in P SD
c (X) is canceled by other factors in the

formula for the branching ratio as discussed above.

2.2 KL → π0νν̄

The branching ratio for KL → π0νν̄ 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(KL → π0νν̄) = κL ·
(
Imλt
λ5

X(xt)

)2

, (2.10)

where [11]

κL = (2.231± 0.013) · 10−10

[
λ

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 Pc(X) in (2.10), the theoretical uncertainties in

B(KL → π0νν̄) are due only to X(xt) and amount to about 1% at the level of the branching

ratio. The main uncertainty then comes from Imλt, which is by far dominant with respect

to the other parametric uncertainties due to κL and mt, with the latter present in X(xt).

2.3 Experimental prospects

Experimentally we have [41]

B(K+ → π+νν̄)exp = (17.3+11.5
−10.5) · 10

−11 , (2.12)

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

B(KL → π0νν̄)exp ≤ 2.6 · 10−8 . (2.13)

– 6 –

JHEP11(2015)033

The inclusion of NLO and NNLO QCD corrections have reduced considerably the large

dependence on the renormalisation scale µc (with µc = O(mc)) present in the leading order

expressions for the charm contribution. The two-loop electroweak corrections on the other

hand reduced the dependence on the definition of electroweak parameters. An excellent

approximation for P SD
c (X), including all these corrections, as a function of αs(MZ) and

mc(mc) is given in (50) of [7] (see appendix B). Using this formula for the most recent

input parameters [37, 38]

λ = 0.2252(9), mc(mc) = 1.279(13)GeV, αs(MZ) = 0.1185(6) (2.7)

we find

P SD
c (X) = 0.365± 0.012. (2.8)

Adding the long distance contribution in (2.5) we finally find

Pc(X) = 0.404± 0.024, (2.9)

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 λ fixed at its central value, as its error is

very small and the strong dependence on λ in P SD
c (X) is canceled by other factors in the

formula for the branching ratio as discussed above.

2.2 KL → π0νν̄

The branching ratio for KL → π0νν̄ 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(KL → π0νν̄) = κL ·
(
Imλt
λ5

X(xt)

)2

, (2.10)

where [11]

κL = (2.231± 0.013) · 10−10

[
λ

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 Pc(X) in (2.10), the theoretical uncertainties in

B(KL → π0νν̄) are due only to X(xt) and amount to about 1% at the level of the branching

ratio. The main uncertainty then comes from Imλt, which is by far dominant with respect

to the other parametric uncertainties due to κL and mt, with the latter present in X(xt).

2.3 Experimental prospects

Experimentally we have [41]

B(K+ → π+νν̄)exp = (17.3+11.5
−10.5) · 10

−11 , (2.12)

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

B(KL → π0νν̄)exp ≤ 2.6 · 10−8 . (2.13)
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In obtaining the numerical values in (2.2) [11], the MS scheme with

sin2 θw(MZ) = 0.23116, α(MZ) =
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 effective Hamiltonian, α/ sin2 θw, is precisely

known in a particular renormalisation scheme (MS in this case) it remains a scheme de-

pendent quantity, with the scheme dependence only removed by considering higher order

electroweak effects in K → πνν̄. An analysis of such effects in the large mt limit [9]

demonstrated that in principle this scheme dependence could introduce a ±5% correction

in the K → πνν̄ branching ratios, and that with the MS definition of sin2 θW these higher

order electroweak corrections are found below 2%. However, only the complete analysis of

two-loop electroweak contributions to K → πν̄ν in [8] for the top contribution could put

such expectations on firm footing. The same applies to the NLO electroweak effects in the

charm contribution to K+ → π+νν̄ evaluated in [7].

The short distance function X(xt) relevant for the top quark contribution, including

NLO QCD corrections [1–3] and two-loop electroweak contributions [8], is

X(xt) = 1.481± 0.005th ± 0.008exp, (2.4)

where the first error comes from the remaining renormalisation scale and scheme uncer-

tainties, as well as the theoretical error on the MS parameters due to the matching at

the electroweak scale, while the second one corresponds to the combined experimental er-

ror on the top and W masses entering the ratio xt, and on the strong coupling αs(MZ).

The central value and errors in (2.4) have been obtained using the MS couplings with full

NNLO precision [34] — 3-loop running in the SM and 2-loop matching at the weak scale

(plus 4-loop QCD running of αs and 3-loop QCD matching in αs and yt) — and varying

the renormalisation scale between Mt/2 and 2Mt. The NLO EW correction has been in-

cluded, using the result presented in [8], in order to eliminate the large EW renormalisation

scheme dependence of the pure QCD result. See appendix A for details about the different

contributions to X(xt).

The parameter Pc(X) summarises the charm contribution and is defined through

Pc(X) = P SD
c (X) + δPc,u, δPc,u = 0.04± 0.02, (2.5)

with the long-distance contributions δPc,u calculated in [10]. Future lattice calculations

could reduce the present error in this part [35]. The short-distance part is given by

P SD
c (X) =

1

λ4

[
2

3
Xe

NNL +
1

3
Xτ

NNL

]
(2.6)

where the functionsXℓ
NNL result from QCD NLO [3, 36] and NNLO calculations [4, 5]. They

also include complete two-loop electroweak contributions [7]. The index “ℓ” distinguishes

between the charged lepton flavours in the box diagrams. This distinction is irrelevant in

the top contribution due to mt ≫ mℓ but is relevant in the charm contribution as mτ > mc.
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The inclusion of NLO and NNLO QCD corrections have reduced considerably the large

dependence on the renormalisation scale µc (with µc = O(mc)) present in the leading order

expressions for the charm contribution. The two-loop electroweak corrections on the other

hand reduced the dependence on the definition of electroweak parameters. An excellent

approximation for P SD
c (X), including all these corrections, as a function of αs(MZ) and

mc(mc) is given in (50) of [7] (see appendix B). Using this formula for the most recent

input parameters [37, 38]

λ = 0.2252(9), mc(mc) = 1.279(13)GeV, αs(MZ) = 0.1185(6) (2.7)

we find

P SD
c (X) = 0.365± 0.012. (2.8)

Adding the long distance contribution in (2.5) we finally find

Pc(X) = 0.404± 0.024, (2.9)

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 λ fixed at its central value, as its error is

very small and the strong dependence on λ in P SD
c (X) is canceled by other factors in the

formula for the branching ratio as discussed above.

2.2 KL → π0νν̄

The branching ratio for KL → π0νν̄ 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(KL → π0νν̄) = κL ·
(
Imλt
λ5

X(xt)

)2

, (2.10)

where [11]

κL = (2.231± 0.013) · 10−10

[
λ

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 Pc(X) in (2.10), the theoretical uncertainties in

B(KL → π0νν̄) are due only to X(xt) and amount to about 1% at the level of the branching

ratio. The main uncertainty then comes from Imλt, which is by far dominant with respect

to the other parametric uncertainties due to κL and mt, with the latter present in X(xt).

2.3 Experimental prospects

Experimentally we have [41]

B(K+ → π+νν̄)exp = (17.3+11.5
−10.5) · 10

−11 , (2.12)

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

B(KL → π0νν̄)exp ≤ 2.6 · 10−8 . (2.13)
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sin2 θw(MZ) = 0.23116, α(MZ) =
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 effective Hamiltonian, α/ sin2 θw, is precisely

known in a particular renormalisation scheme (MS in this case) it remains a scheme de-

pendent quantity, with the scheme dependence only removed by considering higher order

electroweak effects in K → πνν̄. An analysis of such effects in the large mt limit [9]

demonstrated that in principle this scheme dependence could introduce a ±5% correction

in the K → πνν̄ branching ratios, and that with the MS definition of sin2 θW these higher

order electroweak corrections are found below 2%. However, only the complete analysis of

two-loop electroweak contributions to K → πν̄ν in [8] for the top contribution could put

such expectations on firm footing. The same applies to the NLO electroweak effects in the

charm contribution to K+ → π+νν̄ evaluated in [7].

The short distance function X(xt) relevant for the top quark contribution, including

NLO QCD corrections [1–3] and two-loop electroweak contributions [8], is

X(xt) = 1.481± 0.005th ± 0.008exp, (2.4)

where the first error comes from the remaining renormalisation scale and scheme uncer-

tainties, as well as the theoretical error on the MS parameters due to the matching at

the electroweak scale, while the second one corresponds to the combined experimental er-

ror on the top and W masses entering the ratio xt, and on the strong coupling αs(MZ).

The central value and errors in (2.4) have been obtained using the MS couplings with full

NNLO precision [34] — 3-loop running in the SM and 2-loop matching at the weak scale

(plus 4-loop QCD running of αs and 3-loop QCD matching in αs and yt) — and varying

the renormalisation scale between Mt/2 and 2Mt. The NLO EW correction has been in-

cluded, using the result presented in [8], in order to eliminate the large EW renormalisation

scheme dependence of the pure QCD result. See appendix A for details about the different

contributions to X(xt).

The parameter Pc(X) summarises the charm contribution and is defined through

Pc(X) = P SD
c (X) + δPc,u, δPc,u = 0.04± 0.02, (2.5)

with the long-distance contributions δPc,u calculated in [10]. Future lattice calculations

could reduce the present error in this part [35]. The short-distance part is given by

P SD
c (X) =

1

λ4

[
2

3
Xe

NNL +
1

3
Xτ

NNL

]
(2.6)

where the functionsXℓ
NNL result from QCD NLO [3, 36] and NNLO calculations [4, 5]. They

also include complete two-loop electroweak contributions [7]. The index “ℓ” distinguishes

between the charged lepton flavours in the box diagrams. This distinction is irrelevant in

the top contribution due to mt ≫ mℓ but is relevant in the charm contribution as mτ > mc.
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Figure 2 – Left panel: comparison of 68% C.L. regions for B(KL ! ⇡0⌫⌫̄) and B(Bs ! µ+µ�) versus B(K+ !
⇡+⌫⌫̄), using di↵erent CKM inputs as described in the test 11. Right panel: correlation of B(Bs ! µ+µ�) versus
B(K+ ! ⇡+⌫⌫̄) for fixed values of �: the dashed regions correspond to the 68% C.L. from the uncertainties
on all other inputs, while the inner filled regions correspond only to the uncertainties from the remaining CKM
inputs 11.

Similarly, the top loops have been determined with NLO QCD corrections 15,16 and NLO EW
corrections 17, for which a numerical update gives 11

X(xt) = 1.481 ± 0.005|
th

± 0.008|
exp

. (3)

That leaves only the CKM matrix element inputs VtdV
⇤
ts and VcdV

⇤
cs.

For studies of NP it is preferable to use CKM inputs that are derived from tree-level ob-
servables, namely from |Vus|, |Vub|, |Vcb| and the unitarity triangle angle �, as these are not
likely to be tainted by NP. However, in doing so we encounter the currently large discrepan-
cies between exclusive and inclusive determinations of the CKM matrix elements |Vcb| and |Vub|
from semileptonic B decays (see 18). Specifically, we have |Vub|excl

= (3.72 ± 0.14) ⇥ 10�3 19

versus |Vub|incl

= (4.40 ± 0.25) ⇥ 10�3 20 and |Vcb|excl

= (39.36 ± 0.75) ⇥ 10�3 21 versus |Vcb|incl

=
(42.21 ± 0.78) ⇥ 10�3 22. This e↵ect is unlikely to be due to NP 23. One way to proceed is to
assume both determinations are equally correct and take a weighted average, inflating the errors
via the PDG method 24, which gives

|Vub|avg

= (3.88 ± 0.29) ⇥ 10�3

, |Vcb|avg

= (40.7 ± 1.4) ⇥ 10�3

. (4)

Using these values together with |Vus| = 0.2252 ± 0.0009 and � = (73.2+6.3
�7.0)

� 25 gives the
branching ratio predictions

BR(K+ ! ⇡

+

⌫⌫̄) = (8.4 ± 1.0) ⇥ 10�11

, BR(K
L

! ⇡

0

⌫⌫̄) = (3.4 ± 0.6) ⇥ 10�11

. (5)

In Figure 1 we show the corresponding error budgets, where the CKM errors are clearly seen
to dominate both predictions. The parametric dependence on the leading CKM input of both
decays is given by 11
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A comparison can be made with the CKM inputs determined purely from the loop-level observ-
ables |✏K |, �Md, �Ms and SJ/ KS

, assuming no NP enters these observables 11. The dominant
uncertainty in this case is QCD lattice input, which, using the latest FLAG results 21, results in
the more precise predictions

BR(K+ ! ⇡

+

⌫⌫̄) = (9.1 ± 0.7) ⇥ 10�11

, BR(K
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! ⇡
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⌫⌫̄) = (3.0 ± 0.3) ⇥ 10�11 (8)
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B(K+ ! ⇡+⌫⌫̄) for fixed values of �: the dashed regions correspond to the 68% C.L. from the uncertainties
on all other inputs, while the inner filled regions correspond only to the uncertainties from the remaining CKM
inputs 11.
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In obtaining the numerical values in (2.2) [11], the MS scheme with

sin2 θw(MZ) = 0.23116, α(MZ) =
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 effective Hamiltonian, α/ sin2 θw, is precisely

known in a particular renormalisation scheme (MS in this case) it remains a scheme de-

pendent quantity, with the scheme dependence only removed by considering higher order

electroweak effects in K → πνν̄. An analysis of such effects in the large mt limit [9]

demonstrated that in principle this scheme dependence could introduce a ±5% correction

in the K → πνν̄ branching ratios, and that with the MS definition of sin2 θW these higher

order electroweak corrections are found below 2%. However, only the complete analysis of

two-loop electroweak contributions to K → πν̄ν in [8] for the top contribution could put

such expectations on firm footing. The same applies to the NLO electroweak effects in the

charm contribution to K+ → π+νν̄ evaluated in [7].

The short distance function X(xt) relevant for the top quark contribution, including

NLO QCD corrections [1–3] and two-loop electroweak contributions [8], is

X(xt) = 1.481± 0.005th ± 0.008exp, (2.4)

where the first error comes from the remaining renormalisation scale and scheme uncer-

tainties, as well as the theoretical error on the MS parameters due to the matching at

the electroweak scale, while the second one corresponds to the combined experimental er-

ror on the top and W masses entering the ratio xt, and on the strong coupling αs(MZ).

The central value and errors in (2.4) have been obtained using the MS couplings with full

NNLO precision [34] — 3-loop running in the SM and 2-loop matching at the weak scale

(plus 4-loop QCD running of αs and 3-loop QCD matching in αs and yt) — and varying

the renormalisation scale between Mt/2 and 2Mt. The NLO EW correction has been in-

cluded, using the result presented in [8], in order to eliminate the large EW renormalisation

scheme dependence of the pure QCD result. See appendix A for details about the different

contributions to X(xt).

The parameter Pc(X) summarises the charm contribution and is defined through

Pc(X) = P SD
c (X) + δPc,u, δPc,u = 0.04± 0.02, (2.5)

with the long-distance contributions δPc,u calculated in [10]. Future lattice calculations

could reduce the present error in this part [35]. The short-distance part is given by

P SD
c (X) =

1

λ4

[
2

3
Xe

NNL +
1

3
Xτ

NNL

]
(2.6)

where the functionsXℓ
NNL result from QCD NLO [3, 36] and NNLO calculations [4, 5]. They

also include complete two-loop electroweak contributions [7]. The index “ℓ” distinguishes

between the charged lepton flavours in the box diagrams. This distinction is irrelevant in

the top contribution due to mt ≫ mℓ but is relevant in the charm contribution as mτ > mc.
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Figure 1: R-parity violating diagrams contributing to the process K+ → π+νν̄.

Errors are below 1% and are therefore negligible compared to other errors. The
R-parity violating couplings are contained in the ϵij which are defined as

ϵij =
∑

n

(

λ
′∗
i2nλ

′

j1n

m2
d̃nR

−
λ

′∗
in1λ

′

jn2

m2
d̃nL

)

(200 GeV)2 . (4.4)

Note that we give our constraints for degenerate squarks masses of 200 GeV as the

recent lower bounds on squarks have increased [16]. λ′
ijk are complex parameters

such that the phase of ϵij is a priori not known.

In contrast to the standard model and the SUSY contributions, R-parity violat-

ing couplings can induce processes with a neutrino and an antineutrino of different
flavour in the final state. This leads to the last term in Eq. 4.2. Obviously no

interferences occur with the standard model/SUSY contribution in that case. The
R-parity violating processes with the same neutrino flavour in the final state, how-
ever, interfere with the SM/SUSY contribution as can be seen from the first term in

Eq. 4.2. The resulting contribution to the branching ratio is:

BRInt = −2
κ̄+

12λ2 k(200 GeV)2

∑

l

Re(Cmodel
l ϵll) (4.5)

5. Full analysis and constraints on the λ′

Within this section we will discuss different bounds on the λ′
ijk arising from the

process K+ → π+νν̄. Of course it is not possible to establish bounds on each

of the 27 couplings separately. Under some assumption it is possible to constrain
certain combinations of couplings. We will perform our analysis in three steps.

First we will neglect all contributions except the tree level R-parity violating ones
in order to estimate their order of magnitude in comparison with the SM and SUSY

– 9 –

The neutrinos νν̄ in the SM prediction mean νeν̄e þ
νμν̄μ þ ντν̄τ because it is caused by exchange of Z. On the
other hand, in the FGB contributions, there are two
diagrams as seen in Fig. 1. A decay given in Fig. 1(a) is
induced via Ad

s (i.e., A3
2 or A2

3), so that the final state νν̄
means νμν̄e. Another one [Fig. 1(b)] is induced via A1

1, so
that the final state νν̄ means νeν̄e. Those decay amplitudes
Ma and Mb are proportional to factors 1=M2

23 and
jðUdÞbdjjðUdÞbsj=M2

11, respectively. Under the approxima-
tionUu ∼ 1 andUd ≃ VCKM, we obtain jðUdÞbdjjðUdÞbsj ¼
3.59 × 10−4. On the other hand, we have FGB mass ratios

M2
23

M2
11

¼ 1

2

!
m2

τ

m2
e
þ
m2

μ

m2
e

"
¼ 6.05 × 106; ð2:1Þ

from Eq. (1.4) with n ¼ 2, so that we obtain the ratio of the
matrix element Mb [Fig. 1(b)] to Ma [Fig. 1(a)] as
jMb=Maj ¼ 2.17 × 103. Therefore, we find that the con-
tribution from Fig. 1(a) is negligible compared with that
from Fig. 1(b). Hereafter we neglect the contribution from
the diagram (a).
Let us denote the observed branching ratio Brobs ≡

BrðKþ → πþνν̄Þobs as follows:

Brobs ¼ kðjMðνeν̄eÞj2 þ jMðνμν̄μÞj2 þ jMðντν̄τÞj2Þ;
ð2:2Þ

where Mðνiν̄iÞ denotes matrix elements of Kþ → π0νiν̄i,
and k is a constant which includes phase volume for three
body decay in the limit of massless neutrinos. In the SM,
since

Mðνeν̄eÞ ¼ Mðνμν̄μÞ ¼ Mðντν̄τÞ≡MSM; ð2:3Þ

the predicted branching ratio in SM BrSM can be
expressed as

BrSM ¼ 3kjMSMj2: ð2:4Þ

On the other hand, when we denote a matrix element
corresponding to Fig. 1(b) as MFGB ≡Mðνeν̄eÞFGB, the
observed branching ratio Brobs is given by

Brobs ¼ kðjMSM þMFGBj2 þ 2jMSMj2Þ

¼ 1

3
BrSM

!####1þ
MFGB

MSM

####
2

þ 2

"
: ð2:5Þ

In order to estimate

ðR11Þ2 ≡
!
MFGB

MSM

"
2

¼ 3
BrFGB

BrSM
; ð2:6Þ

we define a parameter

ε≡ BrSMðKþ → πþνν̄Þ
BrðKþ → π0νeþÞ

: ð2:7Þ

We use the following approximate relation

BrFGBðKþ → πþνeν̄eÞ
BrðKþ → π0νeþÞ

¼ jVtdj2jVtsj2ðg2F=8M2
11Þ2fþ

1
2 jVusj2ðg2W=8M2

WÞ2f0
;

ð2:8Þ

where fþ ≡ fðmπþ=mKþÞ, f0 ≡ fðmπ0=mKþÞ, and fðxÞ
is a phase space function fðxÞ ¼ 1 − 8x2 þ 8x6 − x8−
12x4 log x2. Here, we have neglected the lepton masses.
We have also neglected form factor effects in Kþ → πþνν̄
and Kþ → π0νeeþ. We have assumed that both form
factors are approximately similar, so that the effect is
canceled in our estimate of the ratio. Therefore, we obtain

R11 ¼

ffiffiffiffiffiffiffiffiffi
6

ε
fþ
f−

s

ξ
g2F=8M

2
11

g2W=8M
2
W
; ð2:9Þ

where ξ≡ jVtdjjVtsj=jVusj ¼ 1.59 × 10−3 [1]. fþ=f0 ¼
0.964 and g2W=8M

2
W ¼ 1=2v2H ¼ 8.25 TeV−2 (we have

used vH ¼ 246.22 GeV). In the present paper, we will
use the value of ε

ε ¼ ð0.80% 0.11Þ × 10−10

ð5.07% 0.04Þ × 10−2
¼ ð1.58% 0.22Þ × 10−9:

ð2:10Þ

Thus, by using Eqs. (2.5)–(2.10), we can estimate a
value of M11 for given value of Brobs. For example, for
BrSM ¼ 8.0 × 10−10 and Brobs ¼ ð1.7% 1.1Þ × 10−10 gives

M11 ¼ 0.54þ∞
−0.13TeV:: ð2:11Þ

The expression (2.11) is somewhat misleading. The
value M11 ¼ 0.54 TeV means a value of M11 estimated
by using the center value Brobs ¼ 1.7 × 10−10. On the
other hand, the value M11 ¼ ð0.54 − 0.13Þ ¼ 0.41 TeV
means a value estimated by using the upper value
Brobs ¼ ð1.7 þ 1.1Þ × 10−10 ¼ 2.8 × 10−10. The value
M11 ¼ ∞ means nothing but that there is no room for a

FIG. 1. Contributions of FGBs in the rare decay
Kþ → πþνν̄.(a) via Ad

s ¼ A2
3 (or ¼ A3

2). (b) A
b
b ¼ A1

1×
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distance physics, which is dominated by the 27 intermediate state. The short-distance box 
contribution to K L + ~ is small for m t < 200 GeV. I~ If this short-dlstance contribu- 
tion were doubled through the addition of the supersymmetric W z box, such an effect would 
probably go m~noticed. 

Similarly, K 0 - ~0 mixing receives large contributions from long-distance physics which are 
uncertain in both their magnitude and their sign. 31 If the short-distance charm-quark 
contribution (which accounts for about half the experimental K L - K S mass difference) 
were doubled by adding the supersy~metric box, this effect would he lost in these long- 
distance uncertainties. Hence, there exist no useful constraints on these "trivial" super- 
symmetric contributions to PCNC's, which opens the possibility of large [0(I)] corrections 
to the K + ÷ ~+uv amplitude from sparticle masses ~ M W. Since K + + ~+u~ is free of the 
long-distance uncertainties associated with these other processes, it is an excellent place 
to look for these potentially striking supersymmetric effects. 30 

Having said this, we note that the superslan~etric contribution to K + + ~+v~ (Fig. 4) 
vanishes in the limit of exact supersymmetry. This is because a soft supersymmetry-breaking 
mass term is needed to llnk the ~+ and W-, which couple to the up-type squarks and charged 
sleptons, respectively. However, supersymmetry ks necessarily broken at some level, and 
typically one expects a gaugino mass term - M W linking the W+ and W-; hence this 
particular effect does not amount to a dramatic suppression in moat realistic supersymmetric 
models. 30 

All such supersymmetric contributions, however, fall rapidly as {Mw/m ~) , and for 
sparticle masses ~ 150 GeV, are totally unobservable. In our subsequent discussion, we will 
examine a new class of supersymmetric effects which can lead to experimentally interesting 
signatures over a much wider range of supersyn~etric particle masses--so-called "direct" 
FCNC effects. 

~+ ~- 
S . ~  , ~ ~ .T- . ~ V 

i i 
i i 

, C  U,C,t ', ' -  
i ! | | 
| | 

Fig. 4. A "trivial" supersymmetric contribution to K + + w+v~. 

IId~ "Direct" FCNC's in Supersymmetr~ 

In addition to the obvious supersy,=netric contributions to FCNC processes in direct analogy 
with the Standard Model ones, there are also "direct" tree-level FCNC's that result from 
soft supersynmnetry breaking. Even if the soft supersy~m~etry-breaking masses start out 
purely flavor-diagonal, renormalization-group scaling inevitably induces nontrivial mixing 
mmong squark and slepton generations. 32 This appears at low energies as off-generational 
couplings for the neutral gauginos ~, ~, 9., along with departures from the naive expectation 
that the supers!nmnetric KM angles linking ~+qq be equal to the ordinary KM angles. We will 
choose to work in a "super-KM" basis in which all such couplings are assumed to be the 
canonical ones, and where these direct FCNC's appear as off-generational entries in the 

3O ~-~-t and d-s-b squark mass matrlces. It is then straightforward to show that renormal- 
ization-~roup (RG) scaling between Mp1 and M W leads to off-generational squark mass 
terms 6~zij of the form 

C d,.d,)ij'2 = - t3m  ÷ A 

`Trivial’ SUSY

Prog.Part.Nucl.Phys. 23 (1989) 1 

dL                         W
~                   ν L

2

s L                         W
~                   ν L

3

uL 
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~1

~2 ℓ�L  

ℓ�L

~3

~2

Figure 1: Wino-Wino box diagram.

first case is in principle distinguishable from the last two by means of experimental data.
This conclusion can be generalized to most of the other K → π + Xinvisible transitions,
where Xinvisible include other degrees of freedom in addition to the neutrinos.‡

In the following, we shall analyze in more detail the effect of lepton-flavor mixing in
the first case above, when only the operators (2) are relevant, and then the pion-energy
spectrum is identical to the SM case.

3 Lepton-flavor mixing in mass matrices

Since the νj ν̄i final state is not a CP eigenstate, the condition for a non-vanishing KL →
π0νν̄ rate seems to be the breaking of CP or lepton-flavor symmetries. As we explain
below, the condition turns out to be stronger: we need either CP violation in the quark
sector or a new effective interaction that violates both quark and lepton universality.

If the breaking of flavor universality can be confined only to appropriate mass matrices,
both in the quark and in the lepton sectors, and the two sectors are connected by flavor-
universal interactions, quark- and lepton-flavor mixing terms in K → πνν̄ amplitudes
assume a factorizable structure. In this case we can always rotate the neutrino eigenstates
to diagonalize the lepton final state, without any impact on the quark strucutre. As a
result, the inclusive sum over neutrino flavors can be transformed into a sum over CP
eigenstates. It is then clear that the KL → π0νν̄ transition vanishes in absence of CP
violation in the quark sector.

We note the following two points:

1. Even with the factorizable structure, the (lepton) mass matrices may have impact
on K → πνν̄ rates. The eigenvalues of the mass matrices are certainly relevant and,
if more than one non-trivial mass matrix is involved, also their relative rotation
angles can play a significant role.

2. The factorization structure is expected to be broken by higher-order loop effects.
‡For example, there is a possible decay K → πf where f is a “familon,” a Nambu–Goldstone boson of

the spontaneously broken horizontal symmetry. However, this process can be discriminated experimen-
tally because of the two-body kinematics.

4
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… (not as many as for the 750 GeV diphoton)
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• simplified notation


• beyond SM modifies the complex quantity X

• Im(X) ≤ |X| combined with known isospin corrections

Grossman and Nir
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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. 
PIISO370-2693(97)002 '0-4  

of Minimal Flavour Violation (MFV) [2]. In the MFV case, flavour violation is
governed solely by the CKM matrix, such that all the Wilson coe�cients in (1)
are flavour independent:

C

(0)bs
i = C

(0)bd
i = C

(0)sd
i . (3)

This strategy then leads to vertical correlations between the observables in ta-
ble 1. For a review of correlations in MFV, see [3].

3. Concrete NP models
In concrete NP models, correlations between observables can arise if the NP
contributions to the Wilson coe�cients depend on a small number of parameters
or if the parameters they depend on are constrained by other observables or
theoretical considerations. These correlations can be vastly di↵erent from model
to model and so allow in many cases to discriminate between di↵erent NP models
solely on the basis of rare decay correlations. For a recent review of this strategy,
see [4].

Naturally, one can also combine these strategies. The class of models fulfilling
constrained MFV (CMFV, [5]) correspond to strategy 2. with the additional assump-
tion that only the operators present in the SM are relevant, corresponding to strategy
1. Concrete NP models also frequently fall into category 2. (e.g. by exhibiting MFV)
or into category 1. (e.g. predicting the absence of right-handed currents).

The rest of the talk will focus on the confrontation of strategies 2. and 3. in the case
of s ! d⌫⌫ and b ! (s, d)`+`� decays, and on strategy 1. in the case of b ! s`

+
`

�

and b ! s⌫⌫ decays.

3 Correlations in MFV and concrete NP models

3.1 KL ! ⇡0⌫⌫ vs. K+ ! ⇡+⌫⌫

The rare decaysKL ! ⇡

0
⌫⌫ andK

+ ! ⇡

+
⌫⌫ are the golden modes ofK physics; they

are extremely rare in the SM due to a power-like GIM suppression and theoretically
clean since the form factors can be extracted from experimental data on K`3 decays.
Their branching ratios can be written as†

BR(K+ ! ⇡

+
⌫⌫) = +

��
⇠X � P(u,c)

��2
, BR(KL ! ⇡

0
⌫⌫) = L Im(⇠X)2 , (4)

where ⇠ = V

⇤

tsVtb/V
5
us and X = � 16⇡2

e2s2w
(Csd

L + C

sd
R ) in the notation of eq. (2). In every

model beyond the SM, both branching ratios only depend on one complex quantity

†Assuming, for simplicity, that the Wilson coe�cients do not depend on the neutrino flavour.
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Beyond Grossman–Nir Bound George W.S. Hou

1. Kaon: the Oldest Frontier

We have known the kaon since almost 70 years, its discovery being one of the defining mo-
ments for the emergence of particle physics. But quaint as it is, the search of the very rare K → πνν̄
decays, which have yet to be established, remains a forefront quest. One fixation for almost 20 years
has been the Grossman–Nir (GN) bound [1], which comes in two forms:

B(KL → π0νν̄) ! 4.3×B(K+ → π+νν̄) (1.1)

< 1.4×10−9. (GN bound) (1.2)

The factor of 4.3 in Eq. (1.1) arises mostly from τKL/τK+ [1] and isospin, while Eq. (1.2), the
commonly perceived “GN bound”, follows from inserting the E787/E949 value [2] for B(K+ →
π+νν̄). Paraphrasing Taylor Swift, the theme of this talk is to “Shake it off!”, i.e. Eq. (1.2), as it is
not fool-proof.

The KOTO experiment running at J-PARC, KEK aims at measuring the Standard Model (SM)
value of B(KL → π0νν̄) predicted around 3× 10−11. But in KOTO’s own proposal and public
presentations, it adheres strictly to the “GN bound”, such that their “business space” does not start
until Eq. (1.2) is reached. Alas, KOTO has suffered inadvertent delays, first the 2011 earthquake
and especially tsunami damage to J-PARC, and then the unfortunate radioactive leak at J-PARC.
Because of the latter, the 2013 run was stopped at only 100 hours. Analysis of this data was finally
announced at CKM2014, with sensitivity comparable to the precursor experiment, E391a [3]:

B(KL → π0νν̄)< 2.6×10−8, (90% C.L.,E391a) (1.3)

which is still far above the GN bound of Eq. (1.2).
Renewed running of KOTO in 2015 hopes to finally breach the GN bound. We emphasize [4],

however, that KOTO should “Shake it off!”, and be aware that above the GN bound of Eq. (1.2) lies
a unique zone for discovery.

2. Blind Senses

“Stupid is as stupid does.” This is one famous line Forrest Gump’s mother always advises.
But Forrest broke through Running, and eventually became rich! With an incoming KL, which
cannot be detected, and detecting two photons as the only handle for the outgoing π0, but without
proper identification because kinematics is unknown, KOTO is quite handicapped compared with
its charged cousin, the K+ → π++ nothing experiments of E787/E949 and NA62.

Fig. 16 of the E787/E949 paper [2] has stared us in the face since a long time, with two signal
boxes pinching the large spot exploding with bright red dots and blue triangles . . . Because of
the large K+ → π+π0 branching ratio, the K+ experiments have elected to kinematically exclude
this blinding spot from the signal boxes, whether using stopped K+, or decay in-flight. After
all, the holy grail is the three-body K+ → π+νν̄ decay. E949 did make a study exploring the π0

window (the “chimney” of Fig. 18, Ref. [2]), but achieved a rather poor limit of B(K+ → π+X0)<

5.6×10−8 for mX0 ∼ mπ0 where X0 is not observed (with X0 → νν̄ a possibility). When combined
with Eq. (1.1), it leads to a much weaker bound than E391a on B(KL → π0νν̄), Eq. (1.3). The root

2
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the fourth generation

• perfect example of complementarity between flavour physics and LHC

• kaons constraining 4th generation parameters until 2012

• Higgs found in 2012: 4th generation ruled out

-ph/9804412 
Toshihiko Hattori, Tsutom Hasuike , Seichi Wakaizumi
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Figure 3: Br(KL ! ⇡0⌫⌫) as a function of Br(K+ ! ⇡+⌫⌫). The dotted line
corresponds to the model-independent GN bound.

SM4. In figure 4 we show the impact of "0/" as a constraint on the correlations

Figure 4: The correlation Br(Bs ! µ+µ�) vs. S � (left panel) Br(KL ! ⇡0⌫⌫)
as a function of Br(K+ ! ⇡+⌫⌫) (right panel) after including the "0/"-constraint
(colour-coding according to Tab. 2).

Br(Bs ! µ+µ�) vs. S � and Br(KL ! ⇡0⌫⌫) vs. Br(K+ ! ⇡+⌫⌫) for the four
di↵erent scenarios for the unknown hadronic parameters R6 and R8. Note that for all
scenarios the allowed range for 0 < S � is severely constrained. This behaviour can be
easily understood; for S � > 0 the contributions from the Z0 penguins with t and t0

have the same sign and overcompensate the contributions of the QCD penguins . The
solution to this problem is to reduce the e↵ect of the Z0 penguins while increasing
the importance of the QCD penguins, e.g. the ’orange’ scenario.

3 Lepton Flavour Violation

The mixing between the fourth and the first three lepton generations is stringently
constrained through an interplay of radiative µ and ⌧ decays and their respective

3

B(Bs ! µ+µ�) = (3.2± 0.2)⇥ 10�9

SM4 with 

TUM-HEP-784/10
April 14, 2013

Flavour physics with a 4th generation

Tillmann Heidsieck1

Physik Department, Technische Universität München, James-Franck-Straße,
D-85748 Garching, Germany

We present an overview of recent work on flavour physics in the pres-
ence of a sequential fourth generation. We will discuss shortly the con-
straints on the new parameters and in the reminder present predictions
for observables like Br(Bs ! µ+µ�), Br(K ! ⇡⌫⌫) and the indirect CP
violation S � in the Bs system. We will further stress the importance of
"0/" as a possible constraint once reliable lattice results for B6 and B8 be-
come available. Lepton flavour violation is also briefly discussed in view of
prospects for ⌧ physics at an upgraded flavour factory as well as upcoming
experiments for µ ! e� and µ� e conversion in nuclei.

PRESENTED AT

6th International Workshop on the CKM Unitarity Triangle
Warwick, England, September 6th - 10th, 2010

1
This work was partially supported by GRK 1054 of Deutsche Forschungsgemeinschaft.
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Buras-MFV

• start with a Z’:


• write NP in terms of SM:


• define MFV as 


• scan `reasonable’ parameters

2 Strategy 6

Z 0 i↵

j�

i�µ�↵�
h
�ij

L (Z
0)PL +�ij

R(Z
0)PR

i

Figure 1: Feynman rule for the coupling of a colourless neutral gauge boson Z

0 to quarks,
where i, j denote di↵erent quark flavours and ↵, � the colours. PL,R = (1⌥ �5)/2.

Step 1:

Determination of CKM parameters by means of tree-level decays and of the necessary
non-perturbative parameters by means of lattice calculations. This step will provide the
results for all observables considered below within the SM as well as all non-perturbative
parameters entering the NP contributions. As |Vub| is presently poorly known, it will
be interesting in the spirit of our recent papers [30,41] to investigate how the outcome
of this step depends on the value of |Vub| with direct implications for the necessary size
of NP contributions which will be di↵erent in di↵erent observables.

Step 2:

We will assume that the ratios

�µµ̄
A (Z 0)

MZ0
,

�⌫⌫̄
L (Z 0)

MZ0
(1)

have been determined in pure leptonic processes. We will further assume that these
ratios are real but could have both signs. In principle these ratios can be determined up
to the sign from quark flavour violating processes considered below but their knowledge
increases predictive power of our analysis. In particular the knowledge of their signs
allows to remove certain discrete ambiguities and is crucial for the distinction between
LHS and RHS scenarios in Bs,d ! µ

+
µ

� decays.

Step 3:

Here we will consider the B

0
s system and the observables

�Ms, S �, B(Bs ! µ

+
µ

�), S

s
µ+µ� , (2)

where S

s
µ+µ� measures CP violation in Bs ! µ

+
µ

� decay [42, 43]. Explicit expressions
for these observables in terms of the relevant couplings can be found in Section 3.

Concentrating in this step on the LHS scenario, NP contributions to these three ob-
servables are fully described by

�bs
L (Z

0)

MZ0
= � s̃23

MZ0
e

�i�23
,

�µµ̄
A (Z 0)

MZ0
, (3)

with the second ratio known from Step 2. Here s̃23 � 0 and it is found to be below
unity but it does not represent any mixing parameter as in [35]. The minus sign is

Figure 3 – Left panel: illustration of coverage of general LH and RH NP with arbitrary CP phase (red region),
compared with correlations occurring in the case of MFV (green region) or purely LH or RH NP subject to kaon
mixing constraint (blue region). Right panel: the MFV relation between K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫̄ using
S KS ' sin 2� versus using the various tree-level inputs of |Vcb/Vub| and � compatible with current constraints.

that are valid only in the SM. In the left panel of Figure 2 a comparison of these results is given
with the tree-level averages given above, as well as taking purely inclusive or exclusive values.

It is tempting to construct SM predictions independent of the tree-level |Vcb| and |Vub|
determinations. To that end we can use that the Bs ! µ

+

µ

� branching ratio is e↵ectively
proportional to |Vcb|2 – its dominant uncertainty, followed by the Bs meson decay constant fBs .
Combining this observable with (6) to eliminate |Vcb|, we then have to a very good accuracy in
the SM the prediction 11

BR(K+ ! ⇡

+

⌫⌫̄) = (65.3 ± 2.9)
h
BR(Bs ! µ

+

µ

�)
i
1.4


�

73.2�

�
0.708


fBs

227 MeV

��2.8

(9)

We show this relation in the right panel of Figure 2 for fixed values of �, and illustrate the small
dependence on the remaining CKM inputs.

3 K ! ⇡⌫⌫̄ beyond the Standard Model

Due to vanishingly small neutrino masses, Higgs-like scalar couplings to a pair of neutrinos are
negligible both in and beyond the SM. As a result NP contributions to s ! d⌫⌫̄ transitions
in the K ! ⇡⌫⌫̄ decays are typically mediated by vector bosons. In this case NP generally
enters in two ways: via modified Z couplings to quarks, for example in the MSSM involving
supersymmetric penguin processes, or via a new heavy Z

0-like gauge boson. To illustrate the
main features of such models, we will consider simplified Z and Z

0 models with tree-level FCNC
couplings to quarks – for which we denote left and right handed couplings by �sd

L,R(Z(0)) – and

diagonal coupling to neutrinos, denoted by �⌫⌫
L (Z(0)). The top-quark loop function in the SM

then receives the following NP correction 26:

X(xt) ! X(xt)
SM

+
⇡

2

2M

2

W G

2

F

�⌫⌫
L (Z(0))

V

⇤
tsVtdM

(0)2
Z

h
�sd

L (Z(0)) + �sd
R (Z(0))

i
, (10)

where MZ0 is the mass of the heavy new Z

0 boson. From inspection of (1) we observe that
K

+ ! ⇡

+

⌫⌫̄ is sensitive to both the real and imaginary NP contributions to X(xt), while
K

L

! ⇡

0

⌫⌫̄ only to the latter. In the left panel of Figure 3 the red region illustrates the general
coverage of left and right handed NP with an arbitrary CP violating phases in the K

+ ! ⇡

+

⌫⌫̄

versus K

L

! ⇡

0

⌫⌫̄ plane i.e. in general there is no correlation present.
Minimal Flavour Violation (MFV) is a mechanism to protect against large FCNCs in models

beyond the SM by insisting that FCNCs can only arise from SM Yukawas. For the decays
in question this implies the combination VtdV

⇤
ts X(xt) can be modified by NP provided any

�sd
R (Z 0) = 0, �sd

L (Z 0) =
���sd

L (Z 0)
�� e��t
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Non-universal Z ́

• based on 
SU(3)xSU(2)LxSU(2)RxU(1)B-L  


• Single out the third 
generation 


• generically this produces a 
pattern of couplings:

Z � Z �
f3

f3

f1,2

f1,2

� g tan �R� g cot �R

–From LEP and LEPII using 
Rb, AbFB, and σ(e+e-→τ+τ-):


–For 

–Perturbative unitarity


cot �R tan �W

�
MW

MZ�

⇥
� 1

cot �R � 20

cot ✓R ⇠ 10 =) MZ0 > 450 GeV

tan ✓R =
g

gR
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 Z ́ couplings and FCNC operators

di

dj

Z 0
t

t
dj

di

Z 0

g

2 cos ✓W
q̄i�

µ
(aijPL + bijPR) qjZ

0
µ

bij = sin ✓W cot ✓R cos ⇠ZV D?
RbiV

D
Rbj aij =

↵

2⇡ sin ✓W
I(�t, �H) cot ✓RV ?

tiVtj

5.5  I(�t, �H)
����
V ?

tbVts

0.04

����  6.5 (�MBs)⇠Z = 0 ( no mixing)

Couplings enhanced by cot �R

•  W-W’ and Z-Z’ mixing near zero from b → s γ and Z →τ+τ-


Z’ coupling to tau-neutrino is enhanced, and it is right-handed
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An example Z’

0 5 10 15 20 25 30
0

5

10

15

20

B(K+→ π+ νν)⨯1011

B
(K
L→

π
0
νν

)⨯
10

11

 SM : 2 sigma parameter scan

Z’ MFV Buras group

Z’ Non-universal (RH): He, GV

B
�
K+ ! ⇡+⌫⌫(�)

�
= +(1 +�EM)

"✓
Im(V ?

tsVtd)

�5
Xt

◆2

+

✓
Re(V ?

csVcd)

�
(Pc + �Pc,u) +

Re(V ?
tsVtd)

�5
Xt

◆2
#
.
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New Physics in charm?

– 6–

dominated by an intermediate top-quark state and does not

suffer from the small uncertainty associated with the charm-

quark intermediate state that affects the mode K+ → π+νν.

The branching ratio is given by Ref. 11:

B
(

KL → π0νν
)

= κL

(

Im (V ⋆
tsVtd)

λ5
Xt

)2

≈ 7.6× 10−5|Vcb|
4η2 . (4)

The hadronic matrix element can be related to that measured

in Kℓ3 decay and is parameterized in κL. A recent numerical

evaluation leads to a predicted branching ratio (2.43+0.40
−0.37 ±

0.06) × 10−11 [41]. As noted for the charged kaon mode,

parametric uncertainty in the CKM angles can result in a

central value that differs from this one by up to almost 20%

[42]. The 90% CL bound on K+ → π+νν provides a nearly

model-independent bound B(KL → π0νν) < 1.46 × 10−9 [61].

KEK-391a, which took data in 2004 and 2005, has published

a 90% CL upper bound of B(KL → π0νν) ≤ 2.6 × 10−8 [62].

The KOTO experiment at J-PARC [63], whose initial goal is

to observe it, had a short physics run in the spring of 2013,

reaching a single event sensitivity of 1.29 × 10−8 [65], and

resuming the data taking in May 2015. It was pointed out in a

recent paper that there is a kinematic gap in the Grossman-Nir

bound [61] that makes the KL → π0νν mode interesting for

new physics searches at the current sensitivity level [64].

There has been much theoretical work on possible contri-

butions to rare K decays beyond the SM. A comprehensive

discussion of these can be found in Refs. [14] and [66].

The decay KL → π0e+e− also has sensitivity to the CKM

parameter η through its CP -violating component. There are

both direct and indirect CP -violating amplitudes that can

interfere. The direct CP -violating amplitude is short distance

dominated and has been calculated in detail within the SM [8].

The indirect CP -violating amplitude can be inferred from a

measurement of KS → π0e+e−. The complete CP -violating

contribution to the rate can be written as [67,68]:

BCPV ≈ 10−12[15.7|aS|
2 ± 1.4

(

|Vcb|
2η

10−4

)

|aS|

August 26, 2015 18:45

– 4–

It was approved and ran with a partial detector in autumn

2012, followed by a successful commissioning run in the fall of

2014. The first physics run started in the summer of 2015. The

NA62 experiment will be the first one performed with kaon

decays in flight. In the future, this mode may provide grounds

for precision tests of flavor dynamics [40].

The branching ratio can be written in a compact form

that exhibits the different ingredients that go into the calcula-

tion [41],

B(K+ → π+νν (γ)) = κ+ (1 +∆EM)

[

(

Im (V ⋆
tsVtd)

λ5
Xt

)2

+

(

Re (V ⋆
csVcd)

λ
(Pc + δPc,u) +

Re (V ⋆
tsVtd)

λ5
Xt

)2
]

. (1)

The parameters in Eq. (1) incorporate the a priori unknown

hadronic matrix element in terms of the very well-measured Ke3

rate [2] in κ+; long distance QED corrections in ∆EM [43]; the

Inami-Lim function for the short distance top-quark contribu-

tion [44] including NLO QCD corrections [45] and the two-loop

electroweak correction [41], all in Xt; and the charm-quark con-

tributions due to short distance effects including NNLO QCD

corrections [46] and NLO electroweak corrections via Pc [47],

as well as certain long distance effects via δPc,u [48]. An in-

teresting approximate way to cast this result in terms of the

CKM parameters λ, Vcb, ρ and η (see our Section on “The

Cabibbo-Kobayashi-Maskawa mixing matrix”) [11] is:

B
(

K+ → π+νν
)

≈ 1.6× 10−5|Vcb|
4
[

ση2 + (ρc − ρ)2
]

,(2)

where ρc ≈ 1.45 and σ ≡ 1/(1 − 1
2λ

2)2. Thus, B(K+ → π+νν)

determines an ellipse in the ρ, η plane with center (ρc, 0) and

semiaxes ≈
1

|Vcb|2

√

B(K+→π+νν)
1.6×10−5 and

1

σ|Vcb|2

√

B(K+→π+νν)
1.6×10−5 . A

recent numerical study leads to a predicted branching ratio

(7.81+0.80
−0.71 ± 0.29) × 10−11 [41], near the lower end of the

measurement of BNL-787 and 949. However, parametric uncer-

tainty in the CKM angles can result in numbers that differ from

this one by up to 10% [42].

August 26, 2015 18:45

Pc ! Pc + (L
cd + 

?L
cs )X

0(xc)

W
c

di

� gp
2
Vci�

µ
�
(1 + L

ci)PL + R
ciPR

�

Re(V ?
csVcd)

�

X

0(xc)Im(L
cd + 

?L
cs )

✓
Re(V ?

csVcd)

�

X

0(xc)Im(R
cd

?R
cs )

◆2

✓
Re(V ?

csVcd)

�

X

0(xc)|R
cd

?R
cs |

◆2

+

+

+

Re(V ?
csVcd)

�

X

0(xc)Im(L
cd + 

?L
cs )+
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menu of constraints

!0:09 " Re!s " 0:1, leading to

! 0:014 " Reð"L
cs þ "L

cbÞ þ 0:018 Imð"L
cs ! "L

cbÞ
" 0:015: (81)

A complementary constraint is provided by the parame-
ter #s in Bs decay, analogously to # in Bd decay. In this
case, the mode of interest is !B0

s ! J=c$, which proceeds
from the same b ! sc !c transition as !B0

d ! J=c !K. For the
mixing factor, we have

qBs

pBs

’
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ms;SM&

12 ð1þ !&
sÞ

Ms;SM
12 ð1þ !sÞ

vuut ’ VtsV
&
tb

V&
tsVtb

e!i Im!s ; (82)

and for the ratio of decay amplitudes, as in Eq. (75),

Mð !B0
s ! ðJ=c$ÞfÞ

MðB0
s ! ðJ=c$ÞfÞ

’ %f
V&
csVcb

VcsV
&
cb

½1þ 2i Imð"L
cb ! "L

csÞ(;

(83)

where ðJ=c$Þf is one of the CP eigenstates of the J=c$
final-state and %f its CP eigenvalue. It follows that

e2i#
eff
c$ ¼ !%f

qBs

pBs

Mð !B0
s ! ðJ=c$ÞfÞ

MðB0
s ! ðJ=c$ÞfÞ

’ e2i#
SM
s e2i Imð"L

cb!"L
csÞ!i Im!s : (84)

The SM yields 2#SM
s ¼ 0:03614þ0:00172

!0:00162 [28], but the mea-
surements of Bs ! J=c$ yield the average value 2#eff

s ¼
2#eff

c$ ¼ 0:77þ0:37
!0:29 or 2:36

þ0:29
!0:37 [19]. It is again too early to

attribute this difference to new physics, but it can be used
to impose the bound !0:003 " 2 Imð"L

cb ! "L
csÞ !

Im!s " 0:4, which yields

! 0:09 " 0:026Reð"L
cb þ "L

csÞ þ Imð"L
cb ! "L

csÞ
" 7* 10!4: (85)

VII. SUMMARYAND CONCLUSIONS

We have explored the phenomenological consequences
of anomalous W-boson couplings to the charm quark in a
comprehensive way. Most of the constraints we have ob-
tained are summarized in Table I. In writing them, we have
followed the discussion in Appendix A about the indepen-
dent parameters in the quark-mixing matrices and chosen
arg"L

cd ¼ 0. Consequently, we have used the condition
Im"L

cd ¼ 0 in all the results. All the constraints in this
table are quoted as 1-& errors, but in some cases the
theoretical error is only an order of magnitude and this is
not reflected in the quoted range. The discussion in the text
makes it clear whenever this happens. We leave out from
the table the processes b ! s' and s ! d' since the
resulting bounds are not competitive with the rest.
In Fig. 1 we show the parameter space of the real and

imaginary parts of "L
cs and "L

cb assuming that only one of
them is nonzero at a time. This figure indicates that cur-
rently the phase of "L

cs is only loosely constrained and
ranges from !90+ to 90+. In contrast, the phase of "L

cb is
unconstrained if its magnitude is small (at the 10!3 level).
However, larger values of j"L

cbj, at the few percent level,
are also allowed provided its phase lies in a range roughly
between !150+ and !56+.
We treat the constraints arising from the contributions of

magnetic-dipole operators to CP-violating observables
separately and display those in Fig. 2. These observables
receive contributions from the anomalous couplings
Im"R

cd;cs that are much larger than SM contributions to

the dipole operators. These enhanced contributions to (,
(0, the neutron EDM, and A"# have been studied before as
they arise within LR models and supersymmetry [6,26,39].
The calculations for all of these CP-violating observ-

ables suffer from large theoretical uncertainties which we
have parametrized with B factors in this paper. For illus-
tration, we display two plots in Fig. 2 resulting from
choosing two representative sample sets of values of the
parameters B(;(0;þ;!;n within their ranges in Eqs. (41), (44),

TABLE I. Summary of constraints, with their equation numbers, from various processes.

Process Eq. Constraint #

D ! ‘) (14) jReð"L
cd ! "R

cdÞj " 0:04 1
Ds ! ‘) (15) 0 " Reð"L

cs ! "R
csÞ " 0:1 2

b ! c‘ !) (22) !0:13 " Re"R
cb " 0 3

B ! J=cK, %cK (31) !5* 10!4 " Imð"R
cb þ "R

csÞ " 0:04 4
Kþ ! *þ) !) (58) !1:3* 10!3 " Reð"L

cd þ "L
csÞ þ 0:42 Im"L

cs " 2:5* 10!4 5
KL ! +þ+! (63) jReð"L

cs þ "L
cdÞ þ 6* 10!4 Im"L

csj " 1:5* 10!4 6
$MK (67) j0:043Reð"L

cd þ "L
csÞ ! 0:015 Im"L

cs ! Reð"R&
cd"

R
csÞ þ 0:28 Imð"R&

cd"
R
csÞj " 8:5* 10!4 7

( (mixing) (69) j0:015Reð"L
cs þ "L

cdÞ þ 0:043 Im"L
cs ! 0:28Reð"R&

cd"
R
csÞ ! Imð"R&

cd"
R
csÞj " 2:5* 10!6 8

$Md (73) !0:031 " Reð"L
cb þ "L

cdÞ þ 0:4 Im"L
cb " 0:003 9

sinð2#Þ (mixing) (77) !1:5* 10!3 " 0:4Reð"L
cb þ "L

cdÞ ! 0:69 Im"L
cb ! 0:31 Im"L

cs " 0:012 10
$Ms (81) !0:014 " Reð"L

cs þ "L
cbÞ þ 0:018 Imð"L

cs ! "L
cbÞ " 0:015 11

sinð2#sÞ (mixing) (85) !0:09 " 0:026Reð"L
cb þ "L

csÞ þ Imð"L
cb ! "L

csÞ " 7* 10!4 12
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and (53) and imposing the constraints in Eqs. (42), (45),
and (54). In each of the plots, the very lightly shaded
(yellow) band satisfies the !0=! constraint, the lightly
shaded (pink) band the ! constraint, the medium shaded
(green) band the A!" constraint, the heavily shaded (blue)
band the dn constraint, and the dark (red) region all of the
constraints. It is worth noting that there is a significant
amount of the parameter space where all of the constraints
can be simultaneously satisfied and that the values of
Im"R

cd;cs involved are typically of order a few times 10!3

or less. Furthermore, as is obvious from the plots, the
neutron-EDM constraint is the most restrictive. Also, in-
terestingly, the allowed region of parameter space easily
accommodates an A!" much larger than the SM predic-

tion, as hinted at by the preliminary measurement by
HyperCP [31].
In order to gain some insight into the constraints in

Table I and Fig. 2, we have extracted the ranges corre-
sponding to taking only one anomalous coupling at a time
to be nonzero (and only for the cases of a purely real or a
purely imaginary coupling). They are collected in Table II.
This table shows that, in general, the left-handed couplings
are much more constrained than the right-handed cou-
plings. Similarly, the imaginary part of the couplings is
more tightly constrained than the corresponding real part.
The largest deviations allowed by current data appear in
the real part of the right-handed couplings, which can be as
large as 10% of the corresponding SM couplings.

0.0020 0.0015 0.0010 0.0005 0.0000
0.0030

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000

Im cd
R

Im
csR

B 0.7, B ' 0.6, B 1.2, B 0.8, Bn 0.2

0.0000 0.0005 0.0010 0.0015 0.0020
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

Im cd
R

Im
csR

B 0.9, B ' 0.5, B 0.5, B 1.3, Bn 0.5

FIG. 2 (color online). Parameter space of Im"R
cd and Im"R

cs subject to constraints from the contributions of magnetic-dipole operators
to !, !0, A!", and the neutron EDM for two representative sets of B!;!0;þ;!;n. The various regions are described in the text.
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FIG. 1 (color online). Parameter space of the real and imaginary parts of "L
cs and "L

cb subject to the relevant constraints in Table I,
under the assumption that only one " is nonzero at a time. The heavily (blue), medium (green), and lightly (yellow) shaded areas in the
left plot satisfy constraints #2, #6, and #8, respectively. The heavily (blue), medium (green), and lightly (yellow) shaded in the right
plot satisfy constraints #9, #10, and #12, respectively. The dark (red) region in each plot satisfies all the constraints in it.
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shaded (pink) band the ! constraint, the medium shaded
(green) band the A!" constraint, the heavily shaded (blue)
band the dn constraint, and the dark (red) region all of the
constraints. It is worth noting that there is a significant
amount of the parameter space where all of the constraints
can be simultaneously satisfied and that the values of
Im"R

cd;cs involved are typically of order a few times 10!3

or less. Furthermore, as is obvious from the plots, the
neutron-EDM constraint is the most restrictive. Also, in-
terestingly, the allowed region of parameter space easily
accommodates an A!" much larger than the SM predic-

tion, as hinted at by the preliminary measurement by
HyperCP [31].
In order to gain some insight into the constraints in

Table I and Fig. 2, we have extracted the ranges corre-
sponding to taking only one anomalous coupling at a time
to be nonzero (and only for the cases of a purely real or a
purely imaginary coupling). They are collected in Table II.
This table shows that, in general, the left-handed couplings
are much more constrained than the right-handed cou-
plings. Similarly, the imaginary part of the couplings is
more tightly constrained than the corresponding real part.
The largest deviations allowed by current data appear in
the real part of the right-handed couplings, which can be as
large as 10% of the corresponding SM couplings.
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under the assumption that only one " is nonzero at a time. The heavily (blue), medium (green), and lightly (yellow) shaded areas in the
left plot satisfy constraints #2, #6, and #8, respectively. The heavily (blue), medium (green), and lightly (yellow) shaded in the right
plot satisfy constraints #9, #10, and #12, respectively. The dark (red) region in each plot satisfies all the constraints in it.
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New physics in charm?

××
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x SM central values from Brod et.al

 SM : 2 sigma parameter scan

modified charm RH couplings

modified charm LH couplings

at the moment overlaps with

SM within uncertainty
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• the PDB mini-review is `more or less the same’ every 2 years…

• simple enough to a theorist: the K+ experiments cut a section 

of the kinematic region that the KL experiments do not. If NP 
falls in that gap, the GN bound doesn’t apply…


• Laurie not satisfied…  very long discussion on different 
acceptance for 2 body mode vs 3 body mode in the two 
experiments (that’s where I can contribute 😉to the 
collaboration…  😀)


• short story: it took a month to produce the sentence:

a loophole in GN?- George Hou
Kaori Fuyuto, Wei-Shu Hou, Masaya Kohda.  
Phys.Rev.Lett. 114 (2015) 171802 

It was pointed out in a recent paper that there is a kinematic gap in the

Grossman-Nir bound that makes the KL ! ⇡0⌫⌫ mode interesting for new

physics searches at the current sensitivity level

http://inspirehep.net/author/profile/Fuyuto%2C%20Kaori?recid=1334374&ln=en
http://inspirehep.net/author/profile/Hou%2C%20Wei-Shu?recid=1334374&ln=en
http://inspirehep.net/author/profile/Kohda%2C%20Masaya?recid=1334374&ln=en
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a loophole in GN?- George Hou

KL→ π0νν > GN? George W.S. Hou (NTU) EPSHEP, Wien, 7/24/2015 6

stable

blinding spot

Bound on K → pX0

𝐗𝟎

1/200 weaker than K+ → p+nn bound

very useful too!

now dark γ or Z
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more on the loophole- George Hou

KL→ π0νν > GN? George W.S. Hou (NTU) EPSHEP, Wien, 7/24/2015 7

Se
e 

   
   

 N
ot

Window basically Same
as E787/949 @ BNL

@ CERN

Se
e 

N
ei

th
er

K+ → p+ “p0” Loophole vs KL → p0𝐗𝟎
The KOTO Expt at J-PARC

can discover                    above
the Grossman-Nir Bound !

KL → p0X0

A Surprise !  “Trivial”

𝑿𝟎

Kinematic exclusion:

“Blind man Blessed by Senses.”

𝑿𝟎
Fuyoto, WSH, Kohda
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Our other collaboration

• a piggyback on Laurie’s mode (add a pion)

ELSFVIER 

26 September 1996 

Physics Letters B 385 (1996) 379-384 

PHYSICS LETTERS B 

The decays K -+ rrrlrvv within the standard model 
L.S. Littenberg a, G. Valencia b 

a Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA 
b Department of Physics, Iowa State University, Ames, IA 50011, USA 

Received 23 April 1996 
Editor: H. Georgi 

Abstract 

We study the reactions K -+ TTVV within the minimal standard model. We use isospin symmetry to relate the matrix 
elements to the form factors measured in Ke4. We argue that these modes are short distance dominated and can be 
used for precise determinations of the CKM parameters p and r]. Depending on the value of the CKM angles we find 
branching ratios in the following ranges: B(KL -+ z-+r-vF) = [2-51 x 10-13; B(KL + z-~~vV) = [l-3] x 10-13; 
B( p .+ T+GT’v??) = [l-2] x 10-14. We also discuss a possible CP-odd observable. 

Rare kaon decays have long been recognized for 
their potential to measure the CKM matrix parame- 
ters p and 71 as well as for their sensitivity to certain 
types of new interactions beyond the minimal standard 
model. Rare decays involving a lepton anti-lepton pair 
are predominantly mediated by four fermion operators 
that can be thought of as the product of a hadronic and 
leptonic currents. In this way it is possible to relate the 
hadronic matrix element to a measured semi-leptonic 
decay and avoid the uncertainties that are inherent to 
purely hadronic decays. This is particularly true for 
processes in which the leptons are neutral since they 
do not have long distance contributions from radiative 
kaon decays [ 11. 

The short distance analysis for [ASI = 1 transitions 
into a ~7 pair has been carried out in detail before. The 
dominant contribution arises from penguin and box 
diagrams with intermediate top and charm quarks. It 
can be written in the form of an effective Lagrangian 
12~31 

xFysy,(l -yS)dFyp(l -y5)v.+H.c. (1) 

where the dependence on the charm-quark, top-quark 
and tau-lepton masses in terms of xi = Mf/M$ and 
Ye = mg/M$ is contained in the functions: 

X(X,) = $ s + 3 
[ 

xy -2 
(& _ 1)2 l0g-G 1 (2) t 

and x( xc, Ye). The function ?i;( xc, ye) is the analogue 
of Eq. (2) for a charm-quark intermediate state. In 
this case, however, the tau-lepton mass dependence is 
important as are the QCD corrections. This function 
cannot be written as compactly as Eq. (2) but it can 
be found in Ref. [ 31. 

To compute the differential decay rate for the pro- 
cess K --+ n-rvi7 we need to compute the matrix ele- 
ment of the hadronic current 2~~ ( 1 - ys ) d between 
the kaon and two pions states. In this note we will 
extract the current matrix element from the one mea- 
sured in Ke4 using isospin symmetry. 

0370-2693/96/$12.00 Copyright 0 1996 Elsevier Science B.V. All rights reserved. 
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The rare decay K0
L → π0π0νν̄ was studied with the E391a detector at the KEK 12-GeV proton

synchrotron. Based on 9.4 × 109 K0
L decays, an upper limit of 8.1 × 10−7 was obtained for the

branching fraction at 90% confidence level. We also set a limit on the K0
L → π0π0X (X → invisible

particles) process; the limit on the branching fraction varied from 7.0×10−7 to 4.0×10−5 for the
mass of X ranging from 50 MeV/c2 to 200 MeV/c2.

I. INTRODUCTION

In the standard electroweak theory, flavor-changing
neutral current (FCNC) processes are strongly sup-
pressed and can only occur via higher-order effects.
Hence, these processes will be sensitive to unknown par-
ticles or interactions that contribute in higher-order loop
diagrams. Such processes are ideal places to look for sig-
nals of new physics beyond the Standard Model (SM).
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In the SM, the FCNC K0
L → π0π0νν̄ decay is pre-

dominantly a CP conserving process. Its branching frac-
tion is sensitive to the real part of the s → dνν̄ tran-
sition amplitude, while the related decays K0

L → π0νν̄
and K+ → π+νν̄ sense the imaginary part and absolute
value, respectively. Like these decays, K0

L → π0π0νν̄
is theoretically clean and uncertainties in the hadronic
matrix element can be removed by using the measured
branching fraction of its relevant semileptonic decay
K+ → π0π0e+ν.

The SM predicts the branching fraction to be (1.4 ±
0.4) × 10−13 [1, 2]. Although the prediction is solid in
the SM, there is a possibility of enhancements from new
physics contributions. In fact, phenomenological analy-
ses give constraints on possible enhancements by up to
an order of magnitude within the allowed range of new
physics parameters from known kaon decays, including
the measured branching fraction of K+ → π+νν̄ [2].

In addition, a new particle X which decays into in-
visible particles, can also contribute to the three body
decay K0

L → π0π0X . There is also a possibility of hav-
ing new pseudoscalar particles, as predicted by several

Phys.Lett. B385 (1996) 379-384
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conclusion

• Laurie’s contributions to rare kaon decays have been 
improving our knowledge of SM parameters and 
`ruling out’ new physics for more than 25 years


–really, pushing them into smaller and smaller 
regions of allowed parameter space


• We expect them to continue doing so for many 
years to come


