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Kaons

KL → π0ll

 K+ → π+νν
KL → π0νν

K+ → π+ll

Bringing Everything together
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Most Sensitive to short distance (NP) effects

LFUV effects

where a+(LD) is the “true” long-distance parameter which should be independent of the
lepton flavour. So if from experiment we get di↵erent fits for the muon and the electron
channel, this is from the short-distance NP contributions8
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7V = ↵e
aµµ+ � aee

+

2⇡
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2VudV ⇤
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, (4.97)

or

Csd,µ
9
� Csd,e

9
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aµµ+ � aee
+p

2VtdV ⇤
ts

. (4.98)

Replacing FV �! FV�V+(z), we can get the other observables such as AFB in term
of all Wilson coe�cients. From basic principles, the relative sign is still unclear for me.
However, considering eq. 32 in Ref. [34] (see also [36]) it seems relative positive sign in
eq. (4.93) and hence relative negative sign in eq. (4.94) (although even in Ref. [34] the
text above eq. 32 indicates an ambiguity). In other words negative relative sign between
the long-distance V+(z) term and the short distance FV term as given in eq. (4.69) within
or basis.

For the relation between lepton flavour universality (LFUV) in s ! d and in b ! s
transitions, in the case of MFV (where my understanding is that any NP in s ! d
transitions are accompanied by V ⇤

tsVtd and any NP in b ! s transitions by V ⇤
tsVtb), we

have Csdµ,NP

9
= Csbµ,NP

9
. Therefore, assuming MFV, the LFUV from K+ ! ⇡+`¯̀ would

be described exactly as in eq. (4.99) also for B-physics

(Csb,µ
9
� Csb,e

9
)
���
MFV
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aµµ+ � aee

+p
2VtdV ⇤

ts

. (4.99)

This is the same as eq. (23) in Ref. [30]9.
However, if MFV is not assumed, the situation changes. In this case for simplifying

the relations, assuming that any LFUV observed in the K+ ! ⇡+`¯̀ decay is only due to
muons, in our basis this amounts to having NP contributions in the s ! d transitions,
described by

Hsd,µ
e↵,NP

= �4GFp
2
�sd
t

↵e

4⇡
Csdµ,NP

9
(s̄�µPLd)(µ̄�

µµ). (4.100)

On the other hand, a short-distance NP contribution in the muon sector of b ! s
transitions, described by

Hsb,µ
e↵,NP

= �4GFp
2
�sb
t

↵e

4⇡
Csbµ,NP

9
(s̄�µPLb)(µ̄�

µµ) . (4.101)

If the NP contribution is not distinguishing between d- and b-quarks, we get

Csb,µ
9

(flavour-blind between b and d-quarks) =
VtdV ⇤

ts

VtbV ⇤
ts

Csd,µ
9

= �
aµµ+ � aee

+p
2VtbV ⇤

ts

. (4.102)

8In principle I would say there should be a ± sign as absolute values are involved. However, as there
are apparently physical arguments to why a+ should be negative (see e.g. the discussion between eqs. 16
and 17 in Ref. [34]), this ambiguity is resolved. � note that the NP contribution in general can be
complex.

9Although the e↵ective Hamiltonian describing B decays in eq. (14) of Ref. [30] uses operator defini-
tions with slightly di↵erent prefactors compared to what we have in eq. (??), the Wilson coe�cients are
the same.
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The paper is organised as follows: in section 2 we analyse the decay modes of interest

in considerable detail. The considered processes are K+(KL) ! ⇡+(⇡0)⌫⌫̄ in section 2.1,

LFUV in K+ ! ⇡+`` decays in section 2.2, KS,L ! µµ̄ in section 2.3 and KL ! ⇡0`¯̀ in

section 2.4. The analyses in each of these subsections (along with the appendices) are self-

contained and o↵er an up-to-date evaluation of the SM values as well as the corresponding

uncertainties. In section 3 we present a global picture involving all the decays, which

illustrates the existing bounds from the di↵erent observables. Section 3.1 is devoted to

the description of the methodology of our fit. In section 3.2 we perform a global fit to

current experimental data. Section 3.3 o↵ers possible improvements in the fits at the end

of the run for most of the experiments. This includes using the o�cial projections for some

observables as well as choosing optimistic reaches for the others. Finally, we conclude in

section 4.

2 Theoretical framework

In this section, we set up the convention to be followed for the rest of the paper. The s ! d

transitions can be parameterised by the following e↵ective Hamiltonian:

He↵ = �4GFp
2
�sd
t
↵e

4⇡

X

k

C`
kO

`
k , (2.1)

where �sd
t ⌘ V ⇤

tsVtd and the relevant e↵ective operators are

O`
9 = (s̄�µPLd) (¯̀�

µ`) , O`
10 = (s̄�µPLd) (¯̀�

µ�5`) ,

O`
L = (s̄�µPLd) (⌫̄` �

µ(1� �5) ⌫`) , (2.2)

with PL = (1��5)/2. The most general Hamiltonian also includes scalar and pseudoscalar

operators, as well as the chirality-flipped counterpart of the above operators where the

quark currents are right-handed. In this instance, we focus on this small subset of op-

erators which have the same structure as the most relevant operators for explaining the

neutral current B-anomalies [3–7]. TheWilson coe�cients C`
k include any potential (flavour

violating) New Physics contribution parameterised as1

C`
k = C`

k,SM + �C`
k . (2.3)

In recent years, there has been much progress in the measurements of rare kaon decays.

However, still several of the rare kaon decays have not been observed and there are only

upper bounds available for them. In general, di↵erent New Physics contributions with

various combinations of the operator structures of eq. 2.2 can contribute to kaon decays.

Nonetheless, given the rather limited experimental data currently available for rare kaon

decays and the fact that New Physics is more conveniently explored in the chiral basis,

we limit our analysis to the class of NP scenarios where the charged and neutral leptons

are related to each other by the SU(2)L gauge symmetry. As we consider only left-handed

1
Within the considered basis, a real �Ci results in both real and imaginary short-distance contributions

in the e↵ective Hamiltonian.
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The short distance effects (SM +NP) can be  
parametrised as

Consider left handed  
quark currents.

Charged and neutral leptons are related by  gauge symmetry:  
Correlations between different Kaon sectors

SU(2)L

Figure 1. BR(K+ ! ⇡+⌫̄⌫) (left) and BR(KL ! ⇡0⌫̄⌫) (right) as a function of �Ce
L and �Cµ

L =
�C⌧

L. The dotted grey line represents the lepton flavour universality scenario. In the left plot, the
brown solid (dotted) line corresponds to the measured central value (1� experimental uncertainty)
by NA62 [15]. In the right plot, the upper bound on BR(KL ! ⇡0⌫̄⌫) is not visible for the scanned
values.

quark currents, the di↵erent Wilson coe�cients that we consider are related to each other

as �C`
L ⌘ �C`

9 = ��C`
10. With this background, we set up the theoretical description of

the di↵erent decay modes in the following subsections.

2.1 K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫̄

These rare decay modes receive dominant short-distance (SD) contributions. Their high

sensitivity to any NP e↵ect while having very small theoretical uncertainties justify their

status as being among the eagerly awaited measurements from the corresponding experi-

ments [15, 17]. In the notation discussed above, the branching fractions for these modes

are given as [36] (see also [37–47])

BR(KL ! ⇡0⌫⌫̄) =
L
�10

1

3
s4W

X

`

Im2
h
�tC

`
L

i
, (2.4)

BR(K+ ! ⇡+⌫⌫̄) =
+(1 +�EM)

�10

1

3
s4W

X

`


Im2

⇣
�tC

`
L

⌘
+Re2

⇣
� �cXc

s2W
+ �sd

t C`
L

⌘�
,

(2.5)

where the sum is over the three neutrino flavours. Considering the relevant input param-

eters as collected in appendix A, we calculate the short-distance SM contribution given

by Xc and C`
L,SM = CL,SM = �X(xt)/s2W (see appendix B). The values of the branching

fraction for the SM, corresponding to these inputs are given in table 2 where the theory

uncertainties are estimated using a Monte Carlo method, assuming Gaussian errors for the

input parameters.

An interesting feature of these decay modes is that an experimental result consistent

with the SM prediction does not necessarily imply the absence of NP. This is due to the

fact that summation over the three species of neutrinos can result in a relative cancellation

– 4 –

Starting Point:

Conventional Beginnings*

*Disclaimer: The terminology “Conventional” is subjective 



Figure 7. The bounds from individual observables. The right panel is the zoomed version of
the left panel. The coloured regions correspond to 68% CL when there is a measurement and the
dashed ones to upper limits at 90% CL. KL ! µµ̄ has been shown for both signs of the long-
distance contribution. For KL ! ⇡0eē and KL ! ⇡0µµ̄, constructive interference between direct
and indirect CP-violating contributions has been assumed.

In figure 7, for each individual observable, we show the 68% CL regions in the (�Ce
L, �C

µ
L)

plane for those observables which have been measured, as well as the 90% CL upper lim-

its for the observables where there are only upper bounds. Note the mild tension in the

upper part of the 68% CL region of K+ ! ⇡+⌫⌫̄ (in maroon) with the upper bound on

KL ! ⇡0eē (dashed blue line). This is specific to the case where we choose �Cµ
L = �C⌧

L. A

contrasting picture corresponding to �Ce
L = �C⌧

L is presented in figure 12 in appendix C.

A zoomed version is shown in the right plot. Other decays include KL ! µµ̄ shown

with the orange (blue) band for negative (positive) long-distance contributions. The upper

bound from KL ! ⇡0⌫⌫̄ is indicated by the dashed green line. The region of intersection

by the horizontal blue dashed and the vertical red dashed lines represent the parameter

space allowed by KL ! ⇡0`¯̀. While this is instructive, it would be useful to find the region

in the (�Cµ
L = �C⌧

L, �C
e
L) plane which is consistent with all observables. This prompts the

implementation of a global fit, similar to those employed for B decays. However, given the

limited experimental data for most observables, we adapt a multi-prong strategy for the fits

taking into account both the current and future possibilities for many of these observables.

3.1 Global fits

We begin with the definition of the �2 statistic as follows:

�2 =
NX

i,j=1

⇣
Oth

i (�Ce,µ
L )�Oexp

i

⌘
C�1
ij

⇣
Oth

j (�Ce,µ
L )�Oexp

j

⌘
, (3.1)

where Ci,j denotes the total (theoretical and experimental) covariance matrix. Note that

an observable Oth
i in eq. 3.1 is expressed as a function of �Ce,µ

L , and the contribution

due to �C⌧
L is in principle not fixed in a two-dimensional fit to �Ce,µ

L . Henceforth, unless

– 13 –
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Observable SM prediction Experimental result Reference Precision for projections

BR(K+ → ω
+
εε̄) (7.86± 0.61)↑ 10→11 (10.6+4.0

→3.5 ± 0.9)↑ 10→11 [1] 15% [23]

BR(K0
L → ω

0
εε̄) (2.68± 0.30)↑ 10→11

< 1.99↑ 10→9 @90% CL [61] 25% [23]

LFUV(aµµ+ ↓ a
ee
+ ) 0 ↓0.014± 0.016 [4, 27] Current

BR(KL → µµ̄) (+) (6.82+0.77
→0.29)↑ 10→9

(6.84± 0.11)↑ 10→9 [62] Current
BR(KL → µµ̄) (↓) (8.04+1.47

→0.98)↑ 10→9

BR(KS → µµ̄) (5.15± 1.50)↑ 10→12
< 2.1(2.4)↑ 10→10 @90(95)% CL

[5] < 6.4↑ 10→12 @95% CL (LHCb@300 fb→1 [42, 43])(
0.9+0.7

→0.6 ↑ 10→10
)

BR(KL → ω
0
eē)(+) (3.46+0.92

→0.80)↑ 10→11

< 28↑ 10→11 @90% CL [17] 25% [23]
BR(KL → ω

0
eē)(↓) (1.55+0.60

→0.48)↑ 10→11

BR(KL → ω
0
µµ̄)(+) (1.38+0.27

→0.25)↑ 10→11

< 38↑ 10→11 @90% CL [18] 25% [23]
BR(KL → ω

0
µµ̄)(↓) (0.94+0.21

→0.20)↑ 10→11

Table 1: The SM predictions, current experimental values, and projected precisions. In the last
column, “Current” signifies that the measurement precision or the upper bound is maintained at the
current experimental level.

This reduces the dimensionality of the space from 3 to 2. The current status and the expected
sensitivity are given in Table 1. In order to facilitate comparison with the analyses of [15], the
same CKM inputs have been used in the computation of the SM predictions in Table 1.

The impact of the current status of measurements on the Wilson coe!cients is illustrated in
Fig. 1. For KL → µµ̄ we assume a positive sign for the long distance (LD) contributions. The
light (dark) purple bands represent the 68% (95%) confidence interval regions in the ϑCe

L↓ ϑC
µ
L

plane and the purple cross represents the best-fit points.

Figure 1: Results of the global fit for the scenario ωCω
L = ωCµ

L with the best-fit point indicated by
the purple cross. The fit is implemented using the existing data with a positive signed long-distance
contribution to KL → µµ̄.
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and thus leading to a very small branching fraction. Any enhancement in the branching
fraction is not possible for reasonable values of the Wilson coe!cients of the operators
considered here. At present, this mode is characterised by an upper bound which is
roughly two orders of magnitude away from its SM value [5]. With 300 fb→1 of data [41],
the LHCb is expected to reach an upper bound 6.4→ 10→12 at 95% CL on the branching
fraction [5, 42, 43]. Thus, this mode will have the least influence on the projected fits.

• KL → ω0εε̄: These modes are characterised by four di”erent contribution: 1) A di-
rect CP-violating contribution due to short-distance physics [44–47], 2) an indirect CP-
violating contribution induced due to K

0 ↑ K̄
0 oscillation [26], 3) an interference term

resulting from the two mentioned contributions [26, 48–50], and 4) CP-conserving piece
due to ωω ↓ εε̄ rescattering [51–55]. This makes this mode a promising testing ground
for direct CP-violation [26]. The existing status of their measurement is roughly one
order of magnitude away from their respective SM predictions [17, 18]. KOTO-II will be
expected to play a crucial role in reaching the SM expectation. We consider a potential
measurement of both these modes at 25% precision.

Table 1 provides a numerical summary of this section with the values for the precisions used
in this analysis. A theoretical exposition for each of the decay modes is given in [15] where
the computation of the SM and the corresponding theoretical uncertainties are detailed. That
analysis serves as a benchmark based on which the proposal in this paper is formulated and
detailed in the next section.

3 Numerical Methodology

For our study, we consider a global fit to all rare kaon decays mentioned in the previous section
using a frequentist approach:

ϑ
2(ϖCω

L) =
∑

i,j

(
O

th
i (ϖCω

L)↑O
exp
i

)
C

→1
i,j

(
O

th
j (ϖCω

L)↑O
exp
j

)
(3.2)

as implemented in the publicly available SuperIso program [56–60]. Here Ci,j is the covari-
ance matrix which entails the experimental and theoretical uncertainties and correlations, and
O

th
i (ϖCω

L) and O
exp
i are the theoretical and experimental values for the i-th observable, respec-

tively. As mentioned in the previous section and indicated by O
th
i (ϖCω

L), we only consider NP
e”ects in ϖC

ω
L = ϖC9 = ↑ϖC10 in this work. However, this can be further expanded to also

include contributions from scalar and pseudoscalar operators (e.g., see [16, 49] for the impact
of the latter contributions in K ↓ ϱεε decays). We adopt the numerical prescription of [15]
to serve two purposes: First, to highlight the role of the individual observables to the global
fit. Secondly, it will also emphasise the importance of future experiments in narrowing down
the parameter space of Wilson coe!cients of the operators under consideration. This analysis
would thus present the state of the art for the future precision of these Wilson coe!cients. For
simplicity, we adopt the following relation between the semileptonic Wilson coe!cients

ϖC
e
L ↔= ϖC

µ
L = ϖC

ε
L .
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Projection! 
Two strategies employed

Projection A

Projection B

For observables with upper bound,  
the SM is used as a central values. 

For others the same current central value 
Is chosen 

For all observables 
best fit values from the existing 
global fit is used as central value



The strategy is further simplified by considering three scenarios

Sequential addition of observables, with target precision, to the global 
analysis

Scenario 1:

 
15 % for K+ → π+νν
25 % for KL → π0νν

Scenario 2:

+ 25 % for KL → π0ee

Scenario 3:

+ 
25 % for KL → π0μμ



The strategy is further simplified by considering three scenarios

Sequential addition of observables, with target precision, to the global 
analysis

Scenario 1:

 
15 % for K+ → π+νν
25 % for KL → π0νν

Scenario 2:

+ 25 % for KL → π0ee

Scenario 3:

+ 
25 % for KL → π0μμ

Reminder: 
The choice of central values 

are the two Projections  



Figure 2: Results corresponding to Scenario 1. The top row illustrates the impact on parameter
space with the consideration of the golden channels of kaon decays at their projected precisions. The
dark (light) red represents 2ω CL regions for Projection A (B). The left (right) plot of the lower row
gives the impact of the individual observables on the fit for Projection A (B).

best-fit values obtained from the existing fits as the measured central value for the observables,
the orange and the maroon regions exhibit a larger overlap. In either plot, inferring from the
extent of overlap with the 2ω regions of the fit with the orange contour, suggests the importance
of a precise KL → ε

0
ϑϑ̄ measurement. The light blue regions are the regions allowed by

BR(KL → µµ̄). The complete immersion of the 2ω regions inside this region indicates the weak
influence of the decay modes on the final fits.
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25 % for KL → π0νν
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Scenario 2

This scenario is characterised by all the ingredients of Scenario 1 with the addition of a projected
precision for KL → ω

0
eē. It is assumed that the branching fraction for this decay mode would

be measured with 25% precision, which is the same as that considered for KL → ω
0
εε̄. The 2ϑ

regions corresponding to Projection A and B are given in the upper plot of Fig. 3. It illustrates
a further reduction in the available parameter space in comparison to the corresponding plot in
Fig. 2. The fact that this reduction is due to the addition of KL → ω

0
eē is visible in the lower

plots of Fig. 3. The dark blue regions represent the 1ϑ allowed regions of BR(KL → ω
0
eē) for

the corresponding projection. The fact that the available parameter space has moved so as to sit
inside the dark blue region is suggestive of the impact of the measurement of BR(KL → ω

0
eē)

on the global fit.

Figure 3: Results corresponding to Scenario 2. The top row illustrates the impact on the parameter
space with also the inclusion of BR(KL → ω0eē) to the fits. The dark (light) red represents 2ε CL
regions for Projection A (B). The left (right) plot of the lower row gives the impact of the individual
observables on the fit for Projection A (B).
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Scenario 3

The final scenario builds on Scenario 2 by adding the observable BR(KL → ω
0
µµ̄) to the fits.

Similar to the other cases, it goes with the assumption that it will also be measured with 25%
precision. On studying the results of the fit in the top row of Fig.4, it seems that there is no
visual reduction in the available parameter space compared to Scenario 2. However, we find that
this addition has the potential to separate the two Projections that are based on two di!erent
hypotheses: loosely they are SM-like and non-SM like. The overall result is quite significant as
it also illustrates the power of precise measurements in kaon decays on the eventual conclusions.
The bottom row of Fig. 4, gives the impact of the individual observables on the available regions
for either projection. As the available region due to BR(KL → ω

0
µµ̄) is rather broad due to

huge uncertainties, the dominating observable in this case is also BR(KL → ω
0
eē) as seen from

the overlap of the best-fit regions with the blue regions.

Figure 4: Results corresponding to Scenario 3. The top row illustrates the impact on parameters
space with also the inclusion of BR(KL → ω0µµ̄) to the fits. The dark (light) red represents 2ε CL
regions for Projection A (B). The left (right) plot of the lower row gives the impact of the individual
observables on the fit for Projection A (B).
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 KL → π0νν
KL → π0ll

Two possible Directions for Future

NA62
KOTO2

More measurements bring out more  
features in the parameter space

Disentangling SM and  
Non-SM like scenarios

Summary 1

Scalar 
operators  

Using 
K+ → π+ll



Figure 7. The bounds from individual observables. The right panel is the zoomed version of
the left panel. The coloured regions correspond to 68% CL when there is a measurement and the
dashed ones to upper limits at 90% CL. KL ! µµ̄ has been shown for both signs of the long-
distance contribution. For KL ! ⇡0eē and KL ! ⇡0µµ̄, constructive interference between direct
and indirect CP-violating contributions has been assumed.

In figure 7, for each individual observable, we show the 68% CL regions in the (�Ce
L, �C

µ
L)

plane for those observables which have been measured, as well as the 90% CL upper lim-

its for the observables where there are only upper bounds. Note the mild tension in the

upper part of the 68% CL region of K+ ! ⇡+⌫⌫̄ (in maroon) with the upper bound on

KL ! ⇡0eē (dashed blue line). This is specific to the case where we choose �Cµ
L = �C⌧

L. A

contrasting picture corresponding to �Ce
L = �C⌧

L is presented in figure 12 in appendix C.

A zoomed version is shown in the right plot. Other decays include KL ! µµ̄ shown

with the orange (blue) band for negative (positive) long-distance contributions. The upper

bound from KL ! ⇡0⌫⌫̄ is indicated by the dashed green line. The region of intersection

by the horizontal blue dashed and the vertical red dashed lines represent the parameter

space allowed by KL ! ⇡0`¯̀. While this is instructive, it would be useful to find the region

in the (�Cµ
L = �C⌧

L, �C
e
L) plane which is consistent with all observables. This prompts the

implementation of a global fit, similar to those employed for B decays. However, given the

limited experimental data for most observables, we adapt a multi-prong strategy for the fits

taking into account both the current and future possibilities for many of these observables.

3.1 Global fits

We begin with the definition of the �2 statistic as follows:

�2 =
NX

i,j=1

⇣
Oth

i (�Ce,µ
L )�Oexp

i

⌘
C�1
ij

⇣
Oth

j (�Ce,µ
L )�Oexp

j

⌘
, (3.1)

where Ci,j denotes the total (theoretical and experimental) covariance matrix. Note that

an observable Oth
i in eq. 3.1 is expressed as a function of �Ce,µ

L , and the contribution

due to �C⌧
L is in principle not fixed in a two-dimensional fit to �Ce,µ

L . Henceforth, unless
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5 KS → µ+µ−

The most general decomposition of K0 (K̄0) → !+!− decay amplitudes does not include only
the s-wave (A) component in Eq. (1), but also a p-wave (B) term:

A(K0 → !+!−) = ū!(iB + Aγ5)v! , (36)

with a corresponding decay rate given by [28]

Γ(KL,S → !+!−) =
mKβ!

8π

(

|A|2 + β2
! |B|2

)

, β! =

(

1− 4m2
!

m2
K

)1/2

. (37)

The two amplitudes have opposite CP, such that CP-conserving contributions to KL and
KS decays are generated by A and B, respectively. Long-distance contributions generated
by intermediate two-photon states can lead to both A and B amplitudes, but in both cases
these have a negligible CP-violating component. Short-distance contributions of the SM type
can contribute only to the A amplitude, but in this case CP-violating phases are expected
to be O(1). For this reason, within the SM and in any SM extension with the same basis of
effective FCNC operators, we can safely neglect the B term in the KL → µ+µ− amplitude
(as we have done so far). On the other hand, in the KS → µ+µ− case we need to keep both
types of amplitudes and we can write

Γ(KS → !+!−) =
mKβ!

8π

[

(ImAshort)
2 + β2

! (ReBγγ)
2 + β2

! (ImBγγ)
2
]

. (38)

The remarkable feature of Eq. (1) is the fact that the three contributions add incoherently in
the total rate. It is then much simpler to derive constraints on the short-distance component
from the experimental limit on Γ(KS → !+!−): in the most conservative case, we can derive
a model-independent bound on |ImAshort| simply setting to zero the long-distance terms.

Analogously to Eq. (9), within the SM one finds

ImASM
short = −GFαem(MZ)

π sin2 θW

√
2mµFKIm(V ∗

tsVtd)Y (xt) (39)

which leads to

B(KS → µ+µ−)SMshort = 1.0× 10−5 × |Im(V ∗
tsVtd)|2

= 1.4× 10−12 ×
∣

∣

∣

∣

Vcb

0.041

∣

∣

∣

∣

4

×
∣

∣

∣

∣

∣

λ

0.223

∣

∣

∣

∣

∣

2

× η̄2 . (40)

According to the value of η̄ obtained from global CKM fits, this contribution is in the 10−13

range. However, the present constraints on η̄ derived only from ∆S = 1 FCNC processes
are rather weak (see Fig. 4): this implies that, at present, new-physics scenarios where
B(KS → µ+µ−)short reaches the 10−11 level are perfectly allowed.

Contrary to the KL → µ+µ− case, the dispersive long-distance KS → µ+µ− amplitude is
unambiguously determined at the lowest order in the chiral expansion: it arises by two-loop

12

So, eqs. 2.13 and 2.14 become

BR(KL ! ⇡0⌫⌫̄) = BR(KL ! ⇡0⌫⌫̄)SM

+
L

�10

1

3

"
2 Im (�tXSM)

X

⌫

Im (�tX
⌫
NP

) +
X

⌫

Im2 (�tX
⌫
NP

)

#
(2.28)

BR(K+ ! ⇡+⌫⌫̄) = BR(K+ ! ⇡+⌫⌫̄)SM

+
+(1 +�EM)

�10

1

3

"
2 Im (�tXSM)

X

⌫

Im (�tX
⌫
NP

) +
X

⌫

Im2 (�tX
⌫
NP

)

+ 2Re (�tXSM)
X

⌫

Re (�tX
⌫
NP

) +
X

⌫

Re2 (�tX
⌫
NP

)

+ 2
X

⌫

Re (�cX
⌫
c ) Re (�tX

⌫
NP

)

#
, (2.29)

where for X⌫
c appearing in the last line we use eq. 2.27. Actually for BR(KL ! ⇡0⌫⌫̄) we

can directly use eq.2.13 and it was given just to compare with eq.2.21 in Ref [1].

3 KL,S ! µ+µ�

Following Ref. [18] with the e↵ective Hamiltonian

He↵ = �CAQA � C̃AQ̃A � CSQS � C̃SQ̃S � CPQP � C̃P Q̃P +H.c., (3.30)

where the operator basis is defined as

QA = (s�µPLd)(`�µ�5`), Q̃A = (s�µPRd)(`�µ�5`), (3.31)

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

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

The branching ratio of the KL,S ! µ+µ� decays are given by

B(K0

S,L ! µ+µ�) = ⌧S,L�(K
0

S,L ! µ+µ�) = ⌧S,L
f 2

KM
3

K�µ

16⇡

�
|AS,L|2 + �2

µ|BS,L|2
�
, (3.32)

where for the K0

S ! µ+µ� decay

AS =
msMK

ms +md
Im(CP � C̃P ) +

2mµ

MK
Im(CA � C̃A), (3.33)

BS = NLD

S � msMK

ms +md
Re(CS � C̃S), (3.34)
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c appearing in the last line we use eq. 2.27. Actually for BR(KL ! ⇡0⌫⌫̄) we

can directly use eq.2.13 and it was given just to compare with eq.2.21 in Ref [1].
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Following Ref. [18] with the e↵ective Hamiltonian
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where the operator basis is defined as
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QS = ms(sPRd)(``), Q̃S = ms(sPLd)(``),

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

The branching ratio of the KL,S ! µ+µ� decays are given by

B(K0

S,L ! µ+µ�) = ⌧S,L�(K
0

S,L ! µ+µ�) = ⌧S,L
f 2

KM
3

K�µ

16⇡
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|AS,L|2 + �2

µ|BS,L|2
�
, (3.32)

where for the K0

S ! µ+µ� decay

AS =
msMK

ms +md
Im(CP � C̃P ) +

2mµ

MK
Im(CA � C̃A), (3.33)

BS = NLD

S � msMK

ms +md
Re(CS � C̃S), (3.34)

5

Both the `A’ and ‘B’ coefficients receive the SD and LD contributions

The LD for KL is primarily through the A part while KS is through B: CP 
conserving

SD (CP violating) are necessarily in A for both.

Figure 2. Region consistent with the estimation of the LFUV variable in K+ ! ⇡+`¯̀ decays.

right column of table 1. Similar to figure 1, we represent the results in (�Ce, �Cµ) plane in

figure 2. Using the updated values in table 1 and eq. 2.10, we obtain the region consistent

with the measurements. The SM point (0, 0) is about 1.5� away from the region consistent

with the measured values. As illustrated by the green band (within 1� for one degree of

freedom), the non-universality can be explained by a broad range of values. However, a key

point to note is the requirement of a zero electron contribution suggests an unreasonably

large contribution from the Wilson coe�cient for the muon.

2.3 BR(KS,L ! µµ̄), their interference and theoretical errors

The branching ratio of the KS,L ! µµ̄ decays are interesting in di↵erent aspects. The

precise determination of KL ! µµ̄ [62] in addition to the ongoing e↵orts in KS ! µµ̄ by

LHCb [63] prompt the inclusion of these decay modes in the observables of interest. The

analytic form of the branching fractions, in the absence of right-handed and (pseudo)scalar

operators, and suited to our notation is given by [64, 65]

BR(KS ! µµ̄) = ⌧S
f2
Km3

K�µ
16⇡

(
�2
µ

��NLD
S

��2 +
✓
2mµ

mK

GF↵ep
2⇡

◆2

Im2


��c

Yc
s2W

+ �tC
`
10

�)
,

(2.11)

and for the branching ratio of the KL ! µµ̄ decay we have

BR(KL ! µµ̄) = ⌧L
f2
Km3

K�µ
16⇡

����N
LD
L �

✓
2mµ

mK

GF↵ep
2⇡

◆
Re


��c

Yc
s2W

+ �tC
`
10

�����
2

, (2.12)

where the short-distance SM contribution is given by Yc and C`
10,SM = C10,SM = �Y (xt)/s2W

(see appendix D) and the long-distance contributions as extracted in [65] from [64, 66–

68] (see also [58, 69–75]):

NLD
S = (�2.65 + 1.14i)⇥ 10�11 (GeV)�2 , (2.13)

NLD
L = ± [0.54(77)� 3.95i]⇥ 10�11 (GeV)�2 , (2.14)
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Figure 4. BR(KL ! µµ̄) as a function of �Cµ
L(⌘ �Cµ

9 = ��Cµ
10) assuming both possible signs

for the long-distance contribution from Aµ
L�� on the left panel. BR(KS ! µµ̄) as a function of

NP contributions in �Cµ
L on the right panel. In the left (right) panel, the grey band indicates the

experimental measurement (upper limit) while the coloured bands correspond to the theoretical
uncertainties. The LHCb bound and prospect for BR(KS ! µµ̄) are from ref. [63] and ref. [77],
respectively.

of the long-distance contributions. The widths of the coloured bands represent the 1�

theoretical uncertainties. The band has a non-uniform width which appears to be pinched

at �CL ' �5 corresponding to the negligible lower uncertainty at that point. As noted

before and in table 2, the experimental measurement of BR(KL ! µµ̄) is precise with less

than 2% uncertainty and is shown by the grey band in the figure. Thus, irrespective of

the large theory uncertainty and the unknown sign of the long-distance contributions from

Aµ
L�� , NP contribution to �Cµ

L is limited to the [�13.4, 3.4] range at 1�.

The measurement of BR(KS ! µµ̄) is in its preliminary stages. This is illustrated by

the right plot of figure 4, where the grey band gives the current upper bound from LHCb

[63] and the pink region gives the computation for a broad range of values of �CL. The

varying width corresponds to the varying uncertainty as a function of �CL. Note that even

with the projected reach of LHCb with an integrated luminosity of 300 fb�1 of data, this

decay mode on its own is not sensitive to the regions of �CL permitted by BR(KL ! µµ̄).

This prompts us to include the interference e↵ects with KL ! µµ̄ in KS ! µµ̄ which was

proposed in [67] (see also [78]). However, it should be noted that the future measurement

of BR(KS ! µµ̄) at LHCb will be a powerful probe of New Physics scenarios involving

scalar and pseudoscalar contributions [65].

Figure 5 gives the impact of the interference of KL ! µµ̄ on the e↵ective branching

fraction of KS ! µµ̄. The results are presented for two extreme values of the dilution

factor D = K0�K̄0

K0+K̄0 , which is a measure of the initial asymmetry of K0 and K̄0. The left

(right) column corresponds to AL�� < 0 (AL�� > 0) and the shaded region in each plot

represents the region ruled out by the measurement of BR(KL ! µµ̄). Comparing with

figure 4, we note that the inclusion of interference e↵ects makes the �Cµ
L ⇠ O(1) region

accessible to the high luminosity phase of LHCb.

– 9 –

Figure 2. Region consistent with the estimation of the LFUV variable in K+ ! ⇡+`¯̀ decays.

right column of table 1. Similar to figure 1, we represent the results in (�Ce, �Cµ) plane in

figure 2. Using the updated values in table 1 and eq. 2.10, we obtain the region consistent

with the measurements. The SM point (0, 0) is about 1.5� away from the region consistent

with the measured values. As illustrated by the green band (within 1� for one degree of

freedom), the non-universality can be explained by a broad range of values. However, a key

point to note is the requirement of a zero electron contribution suggests an unreasonably

large contribution from the Wilson coe�cient for the muon.

2.3 BR(KS,L ! µµ̄), their interference and theoretical errors

The branching ratio of the KS,L ! µµ̄ decays are interesting in di↵erent aspects. The

precise determination of KL ! µµ̄ [62] in addition to the ongoing e↵orts in KS ! µµ̄ by

LHCb [63] prompt the inclusion of these decay modes in the observables of interest. The

analytic form of the branching fractions, in the absence of right-handed and (pseudo)scalar

operators, and suited to our notation is given by [64, 65]

BR(KS ! µµ̄) = ⌧S
f2
Km3

K�µ
16⇡

(
�2
µ

��NLD
S
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✓
2mµ
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Im2


��c
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�)
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and for the branching ratio of the KL ! µµ̄ decay we have

BR(KL ! µµ̄) = ⌧L
f2
Km3

K�µ
16⇡

����N
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L �

✓
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mK

GF↵ep
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Re


��c
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`
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�����
2

, (2.12)

where the short-distance SM contribution is given by Yc and C`
10,SM = C10,SM = �Y (xt)/s2W

(see appendix D) and the long-distance contributions as extracted in [65] from [64, 66–

68] (see also [58, 69–75]):

NLD
S = (�2.65 + 1.14i)⇥ 10�11 (GeV)�2 , (2.13)

NLD
L = ± [0.54(77)� 3.95i]⇥ 10�11 (GeV)�2 , (2.14)
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Figure 2. Region consistent with the estimation of the LFUV variable in K+ ! ⇡+`¯̀ decays.

right column of table 1. Similar to figure 1, we represent the results in (�Ce, �Cµ) plane in

figure 2. Using the updated values in table 1 and eq. 2.10, we obtain the region consistent

with the measurements. The SM point (0, 0) is about 1.5� away from the region consistent

with the measured values. As illustrated by the green band (within 1� for one degree of

freedom), the non-universality can be explained by a broad range of values. However, a key

point to note is the requirement of a zero electron contribution suggests an unreasonably

large contribution from the Wilson coe�cient for the muon.

2.3 BR(KS,L ! µµ̄), their interference and theoretical errors

The branching ratio of the KS,L ! µµ̄ decays are interesting in di↵erent aspects. The

precise determination of KL ! µµ̄ [62] in addition to the ongoing e↵orts in KS ! µµ̄ by

LHCb [63] prompt the inclusion of these decay modes in the observables of interest. The

analytic form of the branching fractions, in the absence of right-handed and (pseudo)scalar

operators, and suited to our notation is given by [64, 65]
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where the short-distance SM contribution is given by Yc and C`
10,SM = C10,SM = �Y (xt)/s2W

(see appendix D) and the long-distance contributions as extracted in [65] from [64, 66–

68] (see also [58, 69–75]):

NLD
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Beginnings

So, eqs. 2.13 and 2.14 become
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⌫
NP

)
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X

⌫

Re (�cX
⌫
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⌫
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)

#
, (2.29)

where for X⌫
c appearing in the last line we use eq. 2.27. Actually for BR(KL ! ⇡0⌫⌫̄) we

can directly use eq.2.13 and it was given just to compare with eq.2.21 in Ref [1].

3 KL,S ! µ+µ�

Following Ref. [18] with the e↵ective Hamiltonian

He↵ = �CAQA � C̃AQ̃A � CSQS � C̃SQ̃S � CPQP � C̃P Q̃P +H.c., (3.30)

where the operator basis is defined as

QA = (s�µPLd)(`�µ�5`), Q̃A = (s�µPRd)(`�µ�5`), (3.31)

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

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

The branching ratio of the KL,S ! µ+µ� decays are given by

B(K0

S,L ! µ+µ�) = ⌧S,L�(K
0

S,L ! µ+µ�) = ⌧S,L
f 2

KM
3

K�µ

16⇡

�
|AS,L|2 + �2

µ|BS,L|2
�
, (3.32)

where for the K0

S ! µ+µ� decay

AS =
msMK

ms +md
Im(CP � C̃P ) +

2mµ

MK
Im(CA � C̃A), (3.33)

BS = NLD

S � msMK

ms +md
Re(CS � C̃S), (3.34)

5Question: What are ways to get a handle on the scalar contributions?
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The study of the rare kaon decay K+ ! ⇡+`+`� is interesting for understanding fundamental
particle interactions. This decay o↵ers insights into both Standard Model physics and potential New
Physics contributions. While primarily driven by vector interactions in the SM, it also provides a
window to explore scalar contributions, which could indicate New Physics. We analyze the K+ !
⇡+`+`� decay, focusing on scalar contributions to the Forward-Backward Asymmetry, and the decay
width.

I. INTRODUCTION

The semi-leptonicK+
! ⇡+`+`� decay o↵ers interest-

ing information for studying both the physics of the Stan-
dard Model (SM) and New Physics (NP). Within the SM,
the flavor-changing netural current decay K+

! ⇡+`+`�

is induced at the loop level and predominantly occurs
via vector interactions involving single virtual photon
exchange. It can be described in Chiral Perturbation
Theory (ChPT) and provides a window into low-energy
physics [1–3]. Furthermore, due to its suppression in the
SM, it holds the potential to reveal short-distance physics
beyond the Standard Model. One interesting possibility
is the presence of scalar contributions to the decay. Such
contributions can manifest in di↵erent ways, providing a
glimpse into physics beyond our current understanding.

In the context of K+
! ⇡+`+`� decays, scalar con-

tributions can be probed through the Forward-Backward
Asymmetry (AFB) which in the SM vanish. The presence
of scalar interactions introduces non-zero AFB, making
it a powerful probe of NP. While AFB serves as a robust
probe, its e↵ectiveness can be influenced by the lepton
mass, leading to suppression in the electron mode, where
direct measurements are currently lacking.

Alternatively, the decay width o↵ers another avenue
for investigating scalar interactions. While slightly less
sensitive than AFB in the muon channel, the decay width
serves as our primary probe in the electron channel, pro-
viding crucial insights into the presence of scalar contri-
butions.

In this letter, we analyze the K+
! ⇡+`+`� decay,

with a focus on exploring the potential impact of scalar
interactions. Through the examination of the AFB and
di↵erential decay width, we investigate the role of scalar
contributions. Furthermore, we consider the bound ob-
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tained from a fit to data when scalar contributions are
taken into account.

II. FRAMEWORK

The amplitude of the K+
! ⇡+`+`� decay when only

taking into account vector and scalar interactions, as de-
noted by the form factors, fV , and fS can be written
as [4, 5]

M =
↵GF

4⇡
fV (z)P

µ ¯̀�µ`+GFMKfS ¯̀̀ , (1)

where P = pK + p⇡ and q = pK � p⇡, with pK and p⇡
the momenta of the kaon and the pion, respectively and
the dilepton invariant mass squared can be written as
q2 = zM2

K .
Given the above amplitude, the double-di↵erential de-

cay width, in terms of the vector and scalar form factors,
is expressed as [6, 7]
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where ✓ is the angle between the negatively charged lep-
ton and the kaon in the dilepton rest frame, r` = m`/MK ,
�` =

p
1� 4r2`/z, and �(z) ⌘ �(1, z, r2⇡) is the Källèn

function.
The familiar z-spectrum is recovered by integrating
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SM

fV ∝ a + bz + Vππ

Hscalar
eff = Cs𝒪 + C̃s𝒪̃

NOT SM
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Physics contributions. While primarily driven by vector interactions in the SM, it also provides a
window to explore scalar contributions, which could indicate New Physics. We analyze the K+ !
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dard Model (SM) and New Physics (NP). Within the SM,
the flavor-changing netural current decay K+

! ⇡+`+`�

is induced at the loop level and predominantly occurs
via vector interactions involving single virtual photon
exchange. It can be described in Chiral Perturbation
Theory (ChPT) and provides a window into low-energy
physics [1–3]. Furthermore, due to its suppression in the
SM, it holds the potential to reveal short-distance physics
beyond the Standard Model. One interesting possibility
is the presence of scalar contributions to the decay. Such
contributions can manifest in di↵erent ways, providing a
glimpse into physics beyond our current understanding.

In the context of K+
! ⇡+`+`� decays, scalar con-

tributions can be probed through the Forward-Backward
Asymmetry (AFB) which in the SM vanish. The presence
of scalar interactions introduces non-zero AFB, making
it a powerful probe of NP. While AFB serves as a robust
probe, its e↵ectiveness can be influenced by the lepton
mass, leading to suppression in the electron mode, where
direct measurements are currently lacking.

Alternatively, the decay width o↵ers another avenue
for investigating scalar interactions. While slightly less
sensitive than AFB in the muon channel, the decay width
serves as our primary probe in the electron channel, pro-
viding crucial insights into the presence of scalar contri-
butions.

In this letter, we analyze the K+
! ⇡+`+`� decay,

with a focus on exploring the potential impact of scalar
interactions. Through the examination of the AFB and
di↵erential decay width, we investigate the role of scalar
contributions. Furthermore, we consider the bound ob-
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tained from a fit to data when scalar contributions are
taken into account.

II. FRAMEWORK

The amplitude of the K+
! ⇡+`+`� decay when only

taking into account vector and scalar interactions, as de-
noted by the form factors, fV , and fS can be written
as [4, 5]

M =
↵GF

4⇡
fV (z)P

µ ¯̀�µ`+GFMKfS ¯̀̀ , (1)

where P = pK + p⇡ and q = pK � p⇡, with pK and p⇡
the momenta of the kaon and the pion, respectively and
the dilepton invariant mass squared can be written as
q2 = zM2

K .
Given the above amplitude, the double-di↵erential de-

cay width, in terms of the vector and scalar form factors,
is expressed as [6, 7]
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(K+ ! ⇡+µ+µ�)

NA48 exp |fS | <
AFB (�2.4± 1.8)⇥ 10�2 4.2⇥ 10�5

BR (9.62± 0.21)⇥ 10�8 1.0⇥ 10�4

(K+ ! ⇡+e+e�)

E865 exp |fS | <
AFB – –

BR (2.988± 0.040)⇥ 10�7 6.8⇥ 10�5

NA62 exp |fS | <
AFB (0.0± 0.7)⇥ 10�2 7.7⇥ 10�6

BR (9.16± 0.06)⇥ 10�8 5.6⇥ 10�5

NA48 exp |fS | <
AFB – –

BR (3.14± 0.04)⇥ 10�7 6.8⇥ 10�5

TABLE I. Bound on fS at 90% CL, from AFB and the uncertainty of the branching ratio. In each panel, the last column
corresponds to the upper bound obtained from the experimental measurement of the column to its left. For the electron
channel, there are no measurements for the forward-backward asymmetry.

Another interesting observable is obtained by consider-
ing the angular behavior of the decay, with the Forward-
Backward Asymmetry defined as

AFB(z) =

R 1
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�
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dzdcos ✓

�
dcos ✓ �

R 0
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dzdcos ✓
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R 1
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dzdcos ✓
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dcos ✓ +

R 0
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dzdcos ✓

�
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.
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Considering Eq.(2), we have

AFB(z) =
↵G2

FM
5
K

28⇡4
r` �

2
` (z)�(z)Re (f

⇤
V fS)

�✓
d�(z)

dz

◆
,

(5)

which is non-zero only in case there are simultaneously
vector and scalar contributions.

In the SM, the K+
! ⇡+`+`� decay is completely

governed by the vector form factor fV (z) which can be
described as a linear contribution in z accompanied by
the unitarity loop correction [3],[8], expressed as

fV (z) = a+ + b+z + V ⇡⇡(z). (6)

Here, V ⇡⇡(z) accounts for the pion loop contribution
calculated at O(p6) in ChPT [3]. The parameters a+
and b+ are considered as phenomenological constants,
typically extracted from experimental data. Neverthe-
less, recent advancements have been achieved in the-
oretical calculations concerning these parameters (e.g.,
see [9, 10]). On the other hand, the scalar form factor
is highly suppressed and negligible in the SM. Regarding
the available data, precise measurements for the di↵er-
ential decay width distributions of K±

! ⇡±`+`� de-
cay have been conducted since the initial observation of
K+

! ⇡+ee [11] at CERN. In the electron channel, the
most events have been observed by BNL-E865 [5] and
NA48/2 [12], while for the muon channel, there are re-
sults from NA48/2 [13] and more recently NA62 [14].

III. BRANCHING RATIO VS.
FORWARD-BACKWARD ASYMMETRY

To investigate scalar contributions we consider both
the Branching Ratio (BR) and the Forward-Backward
Asymmetry. The latter is clearly dependent on scalar

contributions, where a non-vanishing AFB necessitates
non-zero scalar contributions. However, due to its pro-
portionality to the lepton mass (r` = m`/MK), it is
highly suppressed in the electron channel. This suppres-
sion does not apply to the branching ratio which is ob-
tained by integrating the di↵erential decay width, Eq.(3),
over z.

We explore the constraints on scalar contributions im-
posed by these two observables. Regarding AFB, we
examine the experimental results and derive the corre-
sponding 90% confidence level (CL) upper bound on fS
employing the relation in Eq.(5). Experimental data for
AFB is, however, only available for the muon channel.
For the branching ratio, to constrain fS , we evaluate
the permissible contributions from scalar interactions (at
90% CL level), considering the uncertainty in the mea-
sured branching ratio of K+

! ⇡+`+`�. For the latter,
whenever the experimental BR is model-dependent, we
consider the “Linear + Chiral” description of Eq.(6) and
take into account only the statistical uncertainty.

The bounds on fS derived from both the BR and the
AFB measurements are presented in Table I, consider-
ing various experimental measurements. In each panel
of Table I, the second column corresponds to the exper-
imental value, while the last column denotes the result-
ing upper bound on fS . Notably, as illustrated in the
lower left panel, the most stringent constraint currently
arises from the NA62 measurement of AFB [14], yielding
an upper bound of 7.7⇥ 10�6 for |fS | at a 90% CL. This
bound is approximately seven times stronger than the one
achievable from the branching ratio as measured by the
same experiment. However, it is important to note that
this constraint may not apply to scenarios involving lep-
ton flavor universality violating scalar contributions. Re-
garding the electron mode, current constraints are solely
derived from the BR measurements, utilizing either the
NA48/2 [12] or E865 [5] results. While the NA62 collab-
oration has yet to measure the electron mode, assuming
a similar enhancement as observed in the muon channel
compared to NA48/2 (a factor of 3), the upper limit for
|fS | in the electron channel could potentially decrease to
⇠ 4⇥ 10�5.

∝ ml

Difficult to do this for the electron mode.

There  
is more
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(K+ ! ⇡+µ+µ�)
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AFB (�2.4± 1.8)⇥ 10�2 4.2⇥ 10�5

BR (9.62± 0.21)⇥ 10�8 1.0⇥ 10�4
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E865 exp |fS | <
AFB – –
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BR (9.16± 0.06)⇥ 10�8 5.6⇥ 10�5
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TABLE I. Bound on fS at 90% CL, from AFB and the uncertainty of the branching ratio. In each panel, the last column
corresponds to the upper bound obtained from the experimental measurement of the column to its left. For the electron
channel, there are no measurements for the forward-backward asymmetry.

Another interesting observable is obtained by consider-
ing the angular behavior of the decay, with the Forward-
Backward Asymmetry defined as
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which is non-zero only in case there are simultaneously
vector and scalar contributions.

In the SM, the K+
! ⇡+`+`� decay is completely

governed by the vector form factor fV (z) which can be
described as a linear contribution in z accompanied by
the unitarity loop correction [3],[8], expressed as

fV (z) = a+ + b+z + V ⇡⇡(z). (6)

Here, V ⇡⇡(z) accounts for the pion loop contribution
calculated at O(p6) in ChPT [3]. The parameters a+
and b+ are considered as phenomenological constants,
typically extracted from experimental data. Neverthe-
less, recent advancements have been achieved in the-
oretical calculations concerning these parameters (e.g.,
see [9, 10]). On the other hand, the scalar form factor
is highly suppressed and negligible in the SM. Regarding
the available data, precise measurements for the di↵er-
ential decay width distributions of K±

! ⇡±`+`� de-
cay have been conducted since the initial observation of
K+

! ⇡+ee [11] at CERN. In the electron channel, the
most events have been observed by BNL-E865 [5] and
NA48/2 [12], while for the muon channel, there are re-
sults from NA48/2 [13] and more recently NA62 [14].

III. BRANCHING RATIO VS.
FORWARD-BACKWARD ASYMMETRY

To investigate scalar contributions we consider both
the Branching Ratio (BR) and the Forward-Backward
Asymmetry. The latter is clearly dependent on scalar

contributions, where a non-vanishing AFB necessitates
non-zero scalar contributions. However, due to its pro-
portionality to the lepton mass (r` = m`/MK), it is
highly suppressed in the electron channel. This suppres-
sion does not apply to the branching ratio which is ob-
tained by integrating the di↵erential decay width, Eq.(3),
over z.

We explore the constraints on scalar contributions im-
posed by these two observables. Regarding AFB, we
examine the experimental results and derive the corre-
sponding 90% confidence level (CL) upper bound on fS
employing the relation in Eq.(5). Experimental data for
AFB is, however, only available for the muon channel.
For the branching ratio, to constrain fS , we evaluate
the permissible contributions from scalar interactions (at
90% CL level), considering the uncertainty in the mea-
sured branching ratio of K+

! ⇡+`+`�. For the latter,
whenever the experimental BR is model-dependent, we
consider the “Linear + Chiral” description of Eq.(6) and
take into account only the statistical uncertainty.

The bounds on fS derived from both the BR and the
AFB measurements are presented in Table I, consider-
ing various experimental measurements. In each panel
of Table I, the second column corresponds to the exper-
imental value, while the last column denotes the result-
ing upper bound on fS . Notably, as illustrated in the
lower left panel, the most stringent constraint currently
arises from the NA62 measurement of AFB [14], yielding
an upper bound of 7.7⇥ 10�6 for |fS | at a 90% CL. This
bound is approximately seven times stronger than the one
achievable from the branching ratio as measured by the
same experiment. However, it is important to note that
this constraint may not apply to scenarios involving lep-
ton flavor universality violating scalar contributions. Re-
garding the electron mode, current constraints are solely
derived from the BR measurements, utilizing either the
NA48/2 [12] or E865 [5] results. While the NA62 collab-
oration has yet to measure the electron mode, assuming
a similar enhancement as observed in the muon channel
compared to NA48/2 (a factor of 3), the upper limit for
|fS | in the electron channel could potentially decrease to
⇠ 4⇥ 10�5.
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Physics contributions. While primarily driven by vector interactions in the SM, it also provides a
window to explore scalar contributions, which could indicate New Physics. We analyze the K+ !
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ing information for studying both the physics of the Stan-
dard Model (SM) and New Physics (NP). Within the SM,
the flavor-changing netural current decay K+
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is induced at the loop level and predominantly occurs
via vector interactions involving single virtual photon
exchange. It can be described in Chiral Perturbation
Theory (ChPT) and provides a window into low-energy
physics [1–3]. Furthermore, due to its suppression in the
SM, it holds the potential to reveal short-distance physics
beyond the Standard Model. One interesting possibility
is the presence of scalar contributions to the decay. Such
contributions can manifest in di↵erent ways, providing a
glimpse into physics beyond our current understanding.

In the context of K+
! ⇡+`+`� decays, scalar con-

tributions can be probed through the Forward-Backward
Asymmetry (AFB) which in the SM vanish. The presence
of scalar interactions introduces non-zero AFB, making
it a powerful probe of NP. While AFB serves as a robust
probe, its e↵ectiveness can be influenced by the lepton
mass, leading to suppression in the electron mode, where
direct measurements are currently lacking.

Alternatively, the decay width o↵ers another avenue
for investigating scalar interactions. While slightly less
sensitive than AFB in the muon channel, the decay width
serves as our primary probe in the electron channel, pro-
viding crucial insights into the presence of scalar contri-
butions.

In this letter, we analyze the K+
! ⇡+`+`� decay,

with a focus on exploring the potential impact of scalar
interactions. Through the examination of the AFB and
di↵erential decay width, we investigate the role of scalar
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tained from a fit to data when scalar contributions are
taken into account.

II. FRAMEWORK

The amplitude of the K+
! ⇡+`+`� decay when only

taking into account vector and scalar interactions, as de-
noted by the form factors, fV , and fS can be written
as [4, 5]

M =
↵GF

4⇡
fV (z)P

µ ¯̀�µ`+GFMKfS ¯̀̀ , (1)

where P = pK + p⇡ and q = pK � p⇡, with pK and p⇡
the momenta of the kaon and the pion, respectively and
the dilepton invariant mass squared can be written as
q2 = zM2

K .
Given the above amplitude, the double-di↵erential de-

cay width, in terms of the vector and scalar form factors,
is expressed as [6, 7]

d2�

dz dcos ✓
=

G2
FM

5
K

28⇡3
�` �

1/2(z) (2)

⇥

⇢
|fV |

2 ↵2

16⇡2
�(z)(1� �2

` cos
2 ✓)

+ |fS |
2 z�2

`

+Re(f⇤
V fS)

↵ r`
⇡

�`�
1/2(z) cos ✓

o
,

where ✓ is the angle between the negatively charged lep-
ton and the kaon in the dilepton rest frame, r` = m`/MK ,
�` =

p
1� 4r2`/z, and �(z) ⌘ �(1, z, r2⇡) is the Källèn

function.
The familiar z-spectrum is recovered by integrating

over cos ✓

d�

dz
=

2

3

G2
FM

5
K

28⇡3
�`�

1/2(z) (3)

⇥

⇢
|fV |

2 2
↵2

16⇡2
�(z)

⇣
1 + 2

r2`
z

⌘

+ |fS |
2 3 z�2

`

o
.

Central value

Error Piece

BRAFB

vector ⇠ cos ✓ from Belanger 03.

d2�

ds d cos ✓
=

1

28⇡3m3
K

· �l�
1
2 (s)

�
|FS|2 s�2

l + |FP |2 s

+ |FV |2
1

4
�(s)(1� �2

l cos
2 ✓) + |FA|2


1

4
�(s)(1� �2

l cos
2 ✓) + 4m2

Km
2
l

�

+Re(FSF
⇤
V )2ml�l�

1
2 (s) cos ✓ + Im(FPF

⇤
A)2ml(m

2
⇡ �m2

K � s)
o
, (3.1)

where �(s) = m4
K +m4

⇡ + s2 � 2m2
⇡s� 2m2

Ks� 2m2
⇡m

2
K and �l = (1� 4m2

l /s)
1
2 with s and

cos ✓ bounded by

4m2
l  s  (mK �m⇡)

2 , �1  cos ✓  1

.

From this formula AFB () FS. Is the AFB value given from NA62 in µµ case consistent

with the FS given from the error on the rate?

12th January 2024

good morning on the wave of yesterday’s discussion, I think we should i) do a best fit for

Fs from BNL E865 K� > ⇡ee and the recent NA62 K� > ⇡µµ, ii) which one of other expts

KS� > µµ ee, KL� > ⇡0ll, has a chance to improve at best the fit?
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A three parameter fit

Similar to 
 only bound AFB

fs < 7.7 × 10−6

3

d�/dz AFB + d�/dz

K ! ⇡ee |fS | < |fS | <
E865 8.0⇥ 10�5 –

NA48/2 4.0⇥ 10�5 –

K ! ⇡µµ |fS | < |fS | <
NA48/2 10.0⇥ 10�5 4.1⇥ 10�5

NA62 9.0⇥ 10�5 7.9⇥ 10�6

TABLE II. Upper bound for fS at 90% CL, from the three pa-
rameter fit to a, b and fS using various datasets. For the rele-
vant inputs regarding the theoretical calculations we have con-
sidered PDG 2022 [15], and the external parameters ↵+,�+

are taken from [16], in agreement with NA62 [14].

compared to NA48/2 (a factor of 3), the upper limit for
|fS | in the electron channel could potentially decrease to
⇠ 4⇥ 10�5.

IV. BOUND ON fS FROM
THREE-PARAMETER FIT

The experimentally determined values of a+ and b+
are obtained by analyzing d�/dz data, assuming solely
vector contributions. It is possible to extend this anal-
ysis to include scalar contributions and re-evaluate the
fit for a+, b+, and fS . Additionally, for the muon chan-
nel, measurements of the Forward-Backward Asymmetry
(AFB) can also be incorporated into the analysis.

In Table II we give the upper bound obtained from the
three-parameter fit to a, b, fS with the di↵erent datasets.
The second (third) column corresponds to the fit con-
sidering d�/dz bins, while excluding (including) AFB.
When the AFB is not included, the results are similar to
what one gets from the branching ratio in the previous
section. This is expected as BR e↵ectively encapsulates
the information from the di↵erential decay width bins.
Nonetheless, it would be interesting to see experiments
also explore a three-parameter model, including fS in ad-
dition to a and b when analyzing the data. On the other
hand the bound from the fit including both the d�/dz
and AFB (last column in Table II) is very similar to the

bound obtained from only AFB (as given in Table I). This
is due to the fact that the bound from AFB is far stronger
than the decay width and adding the latter does not o↵er
any further information. The consistency between the fit
and the constraints from the preceding section on fS is
reassuring.

V. CONCLUSIONS

In this letter, we analyzed the data on the K+
!

⇡+`+`� decay and the implications for scalar contri-
butions beyond the Standard Model (SM). By examin-
ing both the branching ratio and the Forward-Backward
Asymmetry, we constrain the parameter fS which charac-
terizes the scalar interactions. The derived upper bounds
on fS from both observables demonstrate the sensitiv-
ity of current experimental measurements, particularly
emphasizing the strength of constraints obtained from
AFB. The most stringent limit on fS arises from the
NA62 measurement of AFB, highlighting its potential to
probe new physics scenarios involving scalar interactions.
Thus, it would be interesting to analyze AFB in smaller
bins, as it could enhance our ability to further scrutinize
scalar contributions. On the other hand for the electron
channel the only bound on fS is via the branching ratio
which can be improved by a more precise measurement
of the decay width. Furthermore, our three-parameter fit
incorporating scalar contributions alongside vector inter-
actions aligns closely with the constraints derived sepa-
rately from AFB and the branching ratio, rea�rming the
coherence of our analysis.
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Figure 1: The 90% and 95% CL upper bound on |fS| obtained by our analysis of di!erent
experimental datasets. Left: bound from BR or AFB as given in Table 1. Right: bound
from 3-dim. fit to fV and fS as given in Table 2. The vertical black line in the left plot
corresponds to the only existing experimental upper bound from E865 [18].

This method is necessary to have a consistent analysis of the data, especially given the direct
measurement of AFB. It is particularly crucial if a non-zero AFB is measured, as is the case
for the NA48/2 measurement of the muon mode.

A comparison between the two methods of sections 3 and 4 is depicted in the left and
right plots of Fig. 1, respectively. The only upper bound available in the literature, which
is obtained using the method of section 3 via BR, is indicated by the vertical black line in
the left plot as given by [18]. All the bounds represented by the colored bars are derived
in this paper through the analysis of various experimental datasets. The slight di!erence of
our upper bound obtained via the BR result of the E865 [18]experiment compared to the
value given in Ref. [18] is expected due to updated input parameters.

The most precise limit on fS that we obtain is 7.9 → 10→6 at 90% CL which is about
one order of magnitude stronger than the bound given in Ref. [18] by the E865 experiment.
Our upper bound arises from the 3-dimensional fit to NA62 data when AFB is included,
highlighting the potential of the latter to probe scalar interactions. It would be interesting
to analyse AFB in smaller bins, as it could enhance our ability to further scrutinise scalar
contributions. As the NA62 collaboration is planning to have an analysis of the full dataset
of the K+

↑ ω+ε+ε→ decay, this consideration will be particularly pertinent to further
constrain the size of the scalar contributions.
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