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Abstract

The quantityRK = Γ(K → eν)/Γ(K → µν) studied by the experiment NA62 at CERN
is known to probe lepton-flavour violating (LFV) parametersof the Minimal Supersymmetric
Standard Model (MSSM). A non-zero parameterδ13RR can open the decay channelK → eντ

and enhanceRK over its Standard-Model value. In the region of the parameter space probed
by NA62 the contribution from a bino-stau loop diagram is numerically dominant and the mixing
between left-handed and right-handed staus is important. For large values of the stau mixing angle
θτ the commonly adopted mass insertion approximation is not accurate. We therefore express the
supersymmetric contribution toRK in terms of the mass of the lightest stau eigenstate, the mixing
angleθτ , and other relevant MSSM parameter such astanβ and the charged-Higgs boson mass
MH and plot the parameter regions constrained byRK . We further study to which extentRK

can be depleted through MSSM contributions interfering destructively with the SM amplitude for
K → eνe. This lepton-flavour conserving (LFC) mechanism involves the parameter combination
|δ13LLδ

13

RR|, which can be constrained with a naturalness considerationfor the electron mass or
with the measurement of the anomalous magnetic moment of theelectron. The LFC effect onRK

is marginal, an NA62 measurement ofRK significantly below the Standard Model expectation
would indicate physics beyond the MSSM.

1 Introduction

The discovery of neutrino oscillations has shown that individual lepton numbers are not conserved.
This phenomenon constitutes physics beyond the Standard Model in its original formulation, which
involves only renormalisable interactions and contains noright-handed neutrino fields. Nevertheless,
the Standard Model can accommodate neutrino oscillations with the help of a dimension-5 term,
which leads to a Majorana mass matrix for the neutrinos. By diagonalising this matrix one obtains the
physical neutrino masses and the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix encoding the
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strength of the flavour transitions [1, 2]. The dimension-5 mass term is naturally generated if right-
handed neutrino fields are added to the Standard-Model (SM) Lagrangian: being gauge singlets these
fields permit fundamental Majorana mass terms, which are notprotected by the SM gauge symmetry
and can consequently be very large. Integrating out the heavy right-handed neutrinos generates the
dimension-5 term and the desired small neutrino massesmνi

through the famous see-saw formula
[3–7]. With this set-up lepton-flavour violating (LFV) decays of charged leptons likeℓj → ℓiγ (where
ℓ1,2,3 = e,µ,τ ) occur at unobservably small rates, because the transitionamplitudes are suppressed by
a factor of(m2

νj
−m2

νi
)/M2

W . This situation is dramatically different in the Minimal Supersymmetric
Standard Model (MSSM), which contains new sources of flavourviolation in the soft supersymmetry-
breaking sector. To study LFV effects one commonly adopts a weak basis of the (s)lepton multiplets
in which the lepton Yukawa couplings are flavour-diagonal. The off-diagonal elements of the charged
slepton mass matrix,∆mij

XY with i,j = 1,2,3 andX,Y = L,R, give rise to LFV decays of charged
leptons through loops containing a slepton and a neutralino. By confronting MSSM predictions with
experimental upper bounds on LFV decay rates one can derive constraints on these elements, which
are usually quoted for the dimensionless parameters

δij
XY =

∆mij
XY

√

m2
iX
m2

jY

. (1)

HeremiX denotes thei-th diagonal element of the slepton mass matrix with chirality X = L,R. If
all δij

XY are small,miX essentially coincides with the corresponding physicali-th generation charged
slepton mass. A different avenue to constrain theδij

XY in Eq. (1) are studies of deviations from lepton
flavour universality (LFU). This approach has been proposedin Ref. [8], which exploits the impressive
experimental precision of

RK =
Γ(K → eν)

Γ(K → µν)
. (2)

This notation implies a sum over all three neutrino species.The experimental situation is summarised
in Tab. 1. The cancellation of the hadronic uncertainties makes the theoretical prediction ofRK very
clean: Including bremsstrahlung the SM value is given by [9–11]

RSM
K =

m2
e

m2
µ

(m2
K −m2

e)
2

(m2
K −m2

µ)2
(1 + δRQED) = (2. 477 ± 0. 001) · 10−5 (3)

The large helicity suppression of the SM contribution to theelectronic decay mode makesRK sensi-
tive to effects of a charged Higgs boson. In the MSSM the charged-Higgs contribution cancels from
RK at tree-level. Yet, as pointed out in Ref. [8], at the loop level LFU-violating contributions involv-
ing ∆mij

XY can lead toRK 6= RSM
K . It is convenient to parametrise theµ− e non-universality inRK

in terms of the quantity∆rµ−e defined as

RK = RSM
K

(

1 + ∆rµ−e
)

. (4)

Supersymmetric contributions which are linear inδij
XY cannot interfere with the SM amplitude in

K → ℓνℓ, because they lead to a final state with charged lepton and neutrino belonging to different
fermion generations. Therefore these contributions will necessarily increaseΓ(K → ℓν). In Ref. [8] a
mechanism involving the productδ13LLδ

13
RR has been proposed to achieve a suppression ofΓ(K → eνe)

and therefore ofRK . Recently, two new observables have been found to constrainthe very same
combination of supersymmetric FCNC parameters [12]: Firstly, ’t Hooft’s naturalness criterion has
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Experiment RK [10−5] errorδRK/RK

PDG 2006 2. 45 ± 0. 11 4.5%
NA48/2 2003 2. 416 ± 0. 043 ± 0. 024 2.8%
NA48/2 2004 2. 455 ± 0. 045 ± 0. 041 3.5%

KLOE 2. 55 ± 0. 05 ± 0. 05 3.9%
Kaon 2007 2. 457 ± 0. 032 1.3%
PDG 2008 2. 447 ± 0. 109 4.5%
PDG 2010 2. 493 ± 0. 036 1.4%

KLOE 2009 2. 493 ± 0. 025 ± 0. 019 1.7%
NA62 Jan 2011 2. 487 ± 0. 013 0.5%
NA62 Jul 2011 2. 488 ± 0. 010 0.4%

Table 1: Experimental values forRK [13–21]. We use the published result of Ref. [18] quoted in
the second-to-last row, which corresponds to∆rµ−e = 0. 004 ± 0. 005. The result in the last row,
reported by NA62 at conferences [20,21], corresponds to thefull data set collected by NA62 in 2007–
2008. For the future an experimental accuracy ofδRK/RK = 0. 1 − 0. 2% is feasible for the NA62
experiment [17].

been applied to the electron mass yielding a non-decouplingupper bound on|δ13LLδ
13
RR|. Secondly, a

powerful bound on|δ13LLδ
13
RR| has been derived from the anomalous magnetic moment of the electron.

The latter constraint decouples, i.e. becomes weaker for larger superpartner masses, but the bounds
on |δ13LLδ

13
RR| are comparable to the ones found from the electron mass for typical sparticle spectra. In

Sect. 2 we use the results of Ref. [12] to assess the possible maximal effect onRK from loop diagrams
involving δ13LLδ

13
RR. In Sect. 3 we study MSSM contributions involving a single power of eitherδ13LL or

δ13RR. These contributions feedK → eντ and therefore increaseRK . In Sect. 4 we conclude.

2 Lepton-flavour conserving loop corrections

In a two-Higgs-doublet model of type II the following Hamiltonian describes leptonic Kaon decays
[22]:

H =
GF√

2
Vus

[

uγµ(1 − γ5)sνℓγµ(1 − γ5)ℓ− msmℓ

M2
H

tan2 β u(1 + γ5)sνℓ(1 − γ5)ℓ

]

(5)

yielding the decay rate

Γ(K → ℓνℓ) =
G2

F

8π
m2

ℓmKf
2
k |Vus|2

(

1 − m2
ℓ

m2
K

)2 [

1 −m2
K

tan2 β

M2
H

]2

, ℓ = e, µ (6)

where the second contribution in the square brackets stems from the additional charged-Higgs ex-
change. At tree level the relative Higgs contribution to thedecay rate is independent of the lepton
flavour and thus cancels in the ratioRK defined in Eq. (2). However, SUSY loop corrections can
introduce a dependence on the lepton flavour: In the largetan β regime of the MSSM the relation be-
tween the Yukawa couplings and the measured fermion masses can change significantly, with the loop
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suppression compensated by a factor oftan β ∼ 50. In the decoupling limitMSUSY ≫ v,MH these
enhanced corrections arise in a very intuitive way from a loop-induced non-holomorphic Higgs cou-

pling [23]. (Heretan β = vu/vd denotes the ratio of the two Higgs vevs,v =
√

v2
u + v2

d = 174 GeV
is the electroweak scale,MH represents the charged-Higgs boson mass, andMSUSY is the mass scale
of the supersymmetric particles entering the loop diagrams.) In our case of lepton Yukawa cou-
plings the applicability of the decoupling limit is not clear a priori, because some of the superpart-
ners involved (e.g. neutralinos) can easily have masses around or even belowv. To cover the case
MSUSY ∼ v,MH one must resort to a diagrammatic resummation oftan β-enhanced corrections,
which has been worked out for quarks in Refs. [24,25] and for leptons in Refs. [12,26]. The desired
all-order relation between the Yukawa couplingyℓ and the physical lepton massmℓ is

−yℓvd = mℓ + Σℓ − Σ2
ℓ + Σ3

ℓ − . . . (7)

whereΣℓ is the piece of the one-loop self-energy proportional tomℓ tan β. In the on-shell renormali-
sation scheme the mass counterterm is justδmℓ = Σℓ up to terms which are not enhanced by a factor
of tan β. Eq. (7) is conventionally written as

−yℓ sin β =
mℓ tan β

v(1 + ǫℓ tan β)
=

g2√
2MW

mℓ tan β

1 + ǫℓ tan β
, ǫℓ tan β = −Σℓ

mℓ

. (8)

−yℓ sin β is just the Higgs coupling to right-handed down-type leptons contributing to the second
terms in the square brackets in Eqs. (5) and (6). Putting everything together one finds

RK = RSM
K











1 −m2
K

tan2 β

M2
H

1

(1 + ǫs tan β)(1 + ǫe tan β)

1 −m2
K

tan2 β

M2
H

1

(1 + ǫs tan β)(1 + ǫµ tan β)











2

, (9)

whereǫs is the analogue ofǫℓ for the strange Yukawa coupling. This reads

∆rµ−e = − 2m2
K tan2 β

M2
H |1 + ǫs tan β|

[

1

|1 + ǫe tan β| −
1

|1 + ǫµ tan β|

]

(10)

in terms of the notation of Eq. (4). Lepton universality is violated forǫe 6= ǫµ. In the MSSM with
minimal flavour violation (MFV) the only source ofǫe 6= ǫµ are different values of the selectron and
smuon masses. A sizable slepton mass splitting between the first and second generation is theoretically
hard to justify and we do not consider this possibility any further.

An a priori sizable source of lepton non-universality are the diagrams involving a double insertion
of LFV mass insertions [8], see Fig. 11. Instead of the tree level coupling which is proportional to
me tan β the diagram gives a contribution proportional tomτ tan β. This is the dominant contribu-
tion to the LFC self energy through double LFV and is given as (with the notation and conventions
explained in Appendices A, B of Ref. [12])2:

ΣFV
e =

α1

4π
µM1mẽL

mẽR
mτ̃L

mτ̃R
δ13LLδ

13
RR

mτ tan β

1 + ǫτ tan β
F0(M

2
1 ,m

2
ẽL
,m2

ẽR
,m2

τ̃L
,m2

τ̃R
). (11)

1The SU(2) partner diagram of Fig. 1 involving a charged Higgsboson was shown in Ref. [8].
2Interchanging the chiralities of the twõτ yields the analogous expression withδ13

LRδ31
LR.
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eL eR

H0∗
u

τ̃L τ̃R

ẽL ẽR

B̃

Figure 1: Dominant double LFV contribution to the electron mass renormalisation.

Throughout this paper we chooseµ, the gaugino mass parameters, the trilinear SUSY breaking terms,
and all off-diagonal slepton mass matrix elements real. Thereforeǫs, ǫℓ are real as well. Eq. (11) de-
scribes a non-decoupling effect, becauseF0 ∝ M−6

SUSY. The contribution ofΣFV
e to the resummation

formulae in Eq. (8) is [12]:

−ye sin β =
g2√
2MW

(

me + ΣFV
e

)

tan β

1 + ǫe tan β
. (12)

Writing

ΣFV
e ≡ mτ tan β

1 + ǫτ tan β
∆e

LR (13)

to adopt a notation similar to Ref. [8] the charged-Higgs coupling to the electron changes to

−ye sin β =
ig2√
2MW

me

1 + ǫe tan β
tan β

(

1 +
ΣFV

e

me

)

(14)

=
ig2√
2MW

me

1 + ǫe tan β
tan β

(

1 +
mτ

me

tan β

1 + ǫτ tan β
∆e

LR

)

. (15)

Recalling the discussion after Eq. (7) we see that there is a one-to-one correspondence between the
electron mass countertermΣFV

e and the enhanced Yukawa coupling in Eq. (14). In Ref. [12] ’t Hooft’s
naturalness criterion has been applied to to the electron mass to derive a bound on|ΣFV

e |: Within
theories with MFV the smallness ofme is justified by the chiral symmetry gained in the limitye → 0.
In our case a second symmetry-breaking parameter,yτδ

13
LLδ

13
RR is present, and the naturalness principle

forbids large accidental cancellations between the two contributions tome. Demanding|ΣFV
e | . me

one finds the bounds in Tab. 2 [12], which can be summarised as

∣

∣δ13LLδ
13
RR

∣

∣ . 0. 1 . (16)

The authors of Ref. [8] have used∆e
LR = O(10−4) to bringRK into better agreement with the

NA48/2 result of 2004, see Tab. 1. This value implies a 2000% change in the electron mass which is
incompatible with the naturalness principle.

After considering the MSSM we turn our argument into a model-independent analysis: For the nat-
uralness bound onye it is inessential in which theory the self-energyΣFV

e is calculated. Any theory
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with a tree-level Higgs sector corresponding to a type-II 2HDM and a self-energy contributionΣFV
e

not proportional toye affects the charged-Higgs coupling through the finite counterterm

δye =
ye

me
δme =

ye

me

ΣFV
e − ǫe tan β

1 + ǫe tan β
≃ ye

me
ΣFV

e . (17)

If we take the upper bound from the fine tuning argument|δme| = me, the allowed range forye lies
between 0 and twice the tree-level valueme/vd. The largest allowed value for−∆rµ−e in Eq. (4)
therefore corresponds to

∆rµ−e
min,LFC = −4

m2
K tan2 β

M2
H(1 + ǫs tan β)

. (18)

This bound assumes that (as in the MSSM) the muon Yukawa coupling is not substantially affected.
Takingtan β = 50, ǫs tan β = 0. 3 (which corresponds to a typical loop suppression factorǫs = 1

16π2

andtan β = 50), and a charged-Higgs mass ofMH = 300 GeV we find∆rµ−e
min,LFC = −5 · 10−3,

which can be probed by NA62 but is not in the5σ discovery reach of this experiment. Of course
our consideration equally applies to positive values of∆rµ−e

min,LFC, i.e. the naturalness bound implies

|∆rµ−e
LFC | ≤ 5 ·10−3. We have discussed negative contributions, because∆rµ−e < 0 is an unambigous

sign of an LFC mechanism, while∆rµ−e > 0 can be more easily accomodated with LFV new
physics as analysed in Sect. 3. In Ref. [27] (which is an update of Ref. [8]) a thorough analysis
of several observables in quark and lepton flavour physics has been performed. While most of the
points in the scatter plots of that paper satisfy the constraint from Eq. (18), an inclusion of Eq. (16)
into the analysis would eliminate the outliers in these plots. Further the use of Eq. (16) would make the
results of Ref. [27] less dependent on the anomalous magnetic moment of the muon, whose theoretical
prediction in the SM involves uncertainties which are not fully understood.

We note that
∣

∣δ13LLδ
13
RR

∣

∣ can also be bounded in a completely different way: The anomalous magnetic
moment of theelectrongives essentially the same bound as Eq. (16) forMSUSY = 500 GeV and
involves the same supersymmetric particles in the loop asΣFV

e as shown in Ref. [12]. Thus relaxing
the naturalness bound|ΣFV

e | ≤ me to lower ∆rµ−e
min,LFC in Eq. (18) requires the choice of larger

bino or selectron masses to comply with the electron magnetic moment. Should future NA62 data
point towards∆rµ−e < 0, an analysis in conjunction with the electron magnetic moment will place
correlated lower bounds on these sparticle masses.

While NA62 is gaining statistics in the forthcoming years, we may expect increasingly better informa-
tion onMH andtan β from LHC experiments, so that the bound∆rµ−e

min,LFC = −5 · 10−3 quoted after

Eq. (18) may eventually become tighter. Any future NA62 measurement of∆rµ−e below∆rµ−e
min,LFC

will then establish a more exotic new physics explanation than type-II charged-Higgs exchange, such
as t-channel leptoquark exchange.

3 Lepton-flavour violating loop corrections

Flavour-violating self-energies in the charged-lepton line can induce the decaysK → ℓνℓ′ with ℓ 6= ℓ′

[8]. A sizable effect is only possible inK → eντ , so that LFV self-energies can only increaseRK .
In this section we estimate the maximal effect of lepton-flavour violating loop corrections toRK . A
large correction toRK involves largẽτL–τ̃R mixing. We cannot rely on the expansion inv2/M2

SUSY

adopted in Ref. [8, 27] in this region of the MSSM parameter space, because thẽτ mixing angleθτ

vanishes forv/MSUSY → 0. We use the exact formulae of Ref. [12], which express∆rµ−e in terms



3 Lepton-flavour violating loop corrections 7

scenario x = 0. 3 x = 1 x = 1. 5 x = 3. 0 for

1 M1 = M2 = mL = mR
0.261 0.073 0.050 0.026 δ13RRδ

13
LL > 0

0.234 0.059 0.040 0.023 δ13RRδ
13
LL < 0

2 3M1 = M2 = mL = mR
0.301 0.083 0.057 0.029 δ13RRδ

13
LL > 0

0.269 0.067 0.045 0.024 δ13RRδ
13
LL < 0

3 M1 = M2 = 3mL = mR
0.292 0.082 0.057 0.031 δ13RRδ

13
LL > 0

0.235 0.067 0.042 0.027 δ13RRδ
13
LL < 0

4 M1 = M2 = mL

3 = mR
0.734 0.210 0.142 0.071 δ13RRδ

13
LL > 0

0.702 0.190 0.127 0.064 δ13RRδ
13
LL < 0

5 3M1 = M2 = mL = 3mR
0.731 0.205 0.137 0.067 δ13RRδ

13
LL > 0

0.693 0.179 0.116 0.054 δ13RRδ
13
LL < 0

Table 2: Different mass scenarios and the corresponding upper bounds for
∣

∣δ13RRδ
13
LL

∣

∣. mR,L denotes
the average right and left-handed slepton mass, respectively, M1 andM2 the bino and wino masses
andx = µ/mR. In all scenarios,tan β = 50 and sgnµ = +1.

of the masses of the physical stau eigenstatesτ̃1,2 rather than the diagonal elementsm2
τ̃L,R

of the stau

mass matrix. Since NA62 runs concurrently with the LHC, it isanyway useful to express∆rµ−e in
terms of the physical quantities probed in high-pT physics.

ΣℓjR−ℓiL
is relevant for theW -coupling to leptons ifj > i (and thus contributes to threshold correc-

tions of the PMNS matrix as studied in Ref. [12,28]), whereasfor j < iΣℓjR−ℓiL
is responsible for the

correction of the charged-Higgs coupling. The charged-Higgs couplings to leptonsΓH+

ℓiνℓj
including

an analytic resummation oftan β-enhanced corrections are listed in Eqs. (31a-c), (32a-c) and (33a-
c) of Ref. [12]. For the decoupling limitMSUSY ≫ v these charged-Higgs couplings were derived
earlier in Eqs. (92-95) of Ref. [29], which further uses the iterative procedure of Ref. [30] to resum
thetan β-enhanced terms. In this paper we are interested in theτL → eR self-energy contributing to
RK as shown in Fig. 2, aiming at constraints onδ31RR to be obtained from future NA62 data. With the
LFV Higgs couplings at hand one can calculate the decay ratessumming over all neutrino species and
compute the ratio. TheH+eντ vertex, which involves the enhancement factor ofmτ/me, is the only
relevant contribution toRK : Corrections to the muonic decay mode are irrelevant due to the much
smaller enhancement factor ofmτ/mµ. In view of the result of the previous section we can further
rule out large effects inΓH+

eνe
. In the LFV case the deviation from the SM is essentially given as:

∆rµ−e
LFV =

m4
K tan4 β

M4
H (1 + ǫs tan β)2 (1 + ǫτ tan β)2

m2
τ

m2
e

[

Σχ̃0

τL−eR

mτ

]2

. (19)

HereΣχ̃0

τL−eR
denotes the sum of the two self-energies appearing in Fig. 2.For theτL → eR-transition

only the two diagrams in Fig. 2 are not suppressed withye. We explicitly account for stau mixing
with mixing angleθτ ∈ [−π/4, π/4] and stau mass eigenstatesτ̃1 = τ̃L cos θτ − τ̃R sin θτ , τ̃2 =

τ̃L sin θτ + τ̃R cos θτ . We use the following identities (withm(0)
τ = mτ/(1 + ǫτ tan β) and the
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ντ

H−

τR τL eR

H∗

u

τ̃1,2

τ̃1,2 ẽR

B̃ ντ

H−

τR eRτL

τ̃1,2 ẽR

H̃ B̃

H∗

u

Figure 2: Dominant LFV self energies in external legs leading to flavour non-diagonal charged-Higgs
couplings.B̃ andH̃ denote the relevant bino and higgsino components of the neutralinosχ0

1 . . . χ
0
4,

respectively.

trilinearA-term set to zero since it is nottan β enhanced):

sin(2θτ ) =
2∆m33

LR

m2
τ̃1
−m2

τ̃2

=
−2m

(0)
τ µ tan β

m2
τ̃1
−m2

τ̃2

, cos(2θτ ) =
m2

τ̃L
−m2

τ̃R

m2
τ̃1

−m2
τ̃2

(20)

m2
τ̃1,2

=
1

2

(

m2
τ̃L

+m2
τ̃R

±
√

(m2
τ̃L

−m2
τ̃R

)2 + 4|∆m33
LR|2

)

(21)

sgn
(

m2
τ̃1
−m2

τ̃2

)

= sgn
(

m2
τ̃L

−m2
τ̃R

)

(22)

The correlation of sgn
(

m2
τ̃1
−m2

τ̃2

)

with sgnµ and sgnθτ can be read off from

mτ̃1 = mτ̃2 −
2µm

(0)
τ tan β

sin(2θτ )
. (23)

Since we want to use the mixing angle and the mass of the lightest stau,mτ̃l
, as inputs we express the

masses of the left- and right-handed stau in terms ofm2
τ̃l

andθτ :

m2
τ̃L

= m2
τ̃l

+
µm

(0)
τ tan β

| sin(2θτ )|
(1 − sgn(θτ ) cos(2θτ )) , (24)

m2
τ̃R

= m2
τ̃l

+
µm

(0)
τ tan β

| sin(2θτ )|
(1 + sgn(θτ ) cos(2θτ )) . (25)

The phenomenologically interesting large values of∆rµ−e involve large values of|µ|. Varying |µ|
to larger values withm2

τ̃L,R
fixed increases the mass splitting between the two stau mass eigenstates

τ̃l and τ̃h and will eventually lower the smaller physical stau massmτ̃l
below its experimental lower

bound. We avoid this problem by varying the parameters for fixedmτ̃l
. Treating the flavour violating

off-diagonal elements up to linear order and including staumixing we get for the left diagram in
Fig. 2:

ΣB̃
τL−eR

= − α1

4π
M1mẽR

mτ̃R
δ13RR sin θτ cos θτ

(

f1

(

M2
1 ,m

2
ẽR
,m2

τ̃1

)

− f1

(

M2
1 ,m

2
ẽR
,m2

τ̃2

))

= − α1

4π
M1mẽR

mτ̃R
δ13RR µ

mτ tan β

1 + ǫτ tan β
f2

(

M2
1 ,m

2
ẽR
,m2

τ̃1
,m2

τ̃2

)

.
(26)

Here and in the following we need the loop functions

f1(x,y,z) =
xy ln x

y
+ xz ln z

x
+ yz ln y

z

(x− y)(x− z)(y − z)
, f2(x,y,z,w) =

f1(x,y,z) − f1(x,y,w)

z −w
. (27)
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For the right diagram in Fig. 2 we get the following contribution:

ΣH̃−B̃
τL−eR

=
α1

4π

mτ tan β

1 + ǫτ tan β
M1 µ mẽR

mτ̃R
δ13RR·

·
[

sin2 θτf2

(

M2
1 , µ

2,m2
τ̃1
,m2

ẽR

)

+ cos2 θτf2

(

M2
1 , µ

2,m2
τ̃2
,m2

ẽR

)]

.

(28)

In order not to get negative slepton masses,|δ13RR| must for sure be smaller than 1. Here, we only
consider a single flavour-violating mass insertions. Contributions with double mass insertion, e.g.

δ23LLδ
13∗
RR can be relevant forµ→ eγ [31]. In principle,Σχ̃0

τL−eR
= ΣB̃

τL−eR
+ΣH̃−B̃

τL−eR
is sensitive to the

RR-element. However, the relative minus sign is the origin of a possible cancellation in certain region
of the parameter space. In this approximation the sensitivity to δ13RR vanishes ifµ2 = m2

τ̃1
cos2 θτ +

m2
τ̃2

sin2 θτ . In the case withθτ = 0 the cancellation occurs forµ2 = m2
τ̃L

. This feature was already
discovered in Ref. [32]. In Refs. [8, 27] the decoupling limit MSUSY ≫ v is adopted. In this limit
τ̃L,R appear in the loop functions instead ofτ̃1,2 and thẽτL–τ̃R flip in the bino diagram is incorporated
within the mass insertion approximation (MIA). This results in a simplified version of our Eqs. (26)
and (28); in Eq. (28) the square bracket simplifies tof2

(

M2
1 , µ

2,m2
τ̃R
,m2

ẽR

)

.3 Sinceθτ vanishes for
MSUSY ≫ v, the consideration of large stau mixing requires to go beyond the decoupling limit and
beyond MIA. Furthermore the stau and bino masses can still besmaller thanv; in fact the interesting
region of the parameter space probed by NA62 comes with lightbino and staus.

We now estimate the maximal allowed LFV effect inRK including stau mixing, which depends very
much onµ tan β. At the end of Sect. 2 we already concluded that effective LFCeffects are typically
below the experimental sensitivity. In our plots and numerical examples we use the following values
for the smaller stau massmτ̃l

and the bino mass parameterM1:

mτ̃l
= 120 GeV, M1 = 100 GeV (29)

These values are consistent with the experimental lower bounds of 46 GeV for the neutralino masses
and81. 9 GeV formτ̃l

[13]. The heavier stau massmτ̃h
is then calculated from the mixing angleθτ

andµ. For the off-diagonal element∆m13
RR = mẽR

mτ̃R
δ13RR we choose for simplificationmẽR

=
200 GeV, withmτ̃R

also calculated fromθτ , µ, andmτ̃l
. With this choice the bino diagram increases

with µ, sincemτ̃R
andmτ̃h

increase too. (Setting instead∆m13
RR = m2

ẽR
δ13RR would lead to a finite

limit for ΣB̃
τL−eR

for µ → ∞.) Furthermore, we choosetan β = 50 andµ to be real and positive.
With this chosen input parameters we can analyse the dependence of∆rµ−e on θτ , µ andδ13RR. For
small values ofµ the higgsino-bino diagram dominates, but the maximal valueis rather small. For
largeµ (and other SUSY masses fixed) the higgsino-bino diagram tends to zero whereas the pure
bino-diagram can become sizeable. Without stau mixing thisdiagram would not contribute at all.
Thus, in order to get any sizeable effect, especially for large values ofµ, one has to take stau mixing
into account. With this setup the largest effect inΣB̃

τL−eR
/mτ comes with a relatively large mixing

angle ofθτ ≈ 26◦. In case of the higgsino-bino diagram, stau mixing is not important, this diagram is
maximal for smallµ, but nevertheless approximately one order of magnitude smaller than the largest
values found for the pure bino diagram.Forθτ ≈ 26◦ andµ > 0 one has̃τl = τ̃1, which moreover is
dominantly left-handed.

The maximal possible deviation ofRK from the SM prediction is visualized in Fig. 3 where∆rµ−e

is plotted forδ13RR = 0. 5, MH = 500 GeV andtan β = 50 as a function ofθτ andµ using typical

3The relation between the notation in Ref. [8,27] and ours isΣτL−eR
= mτ tan β

1+ǫτ tan β
∆3e

R . E.g. the second term in∆3e
R cor-

responds to the bino diagram with the following simplification compared to Eq. (26):sin θτ cos θτ (f1

`

M2
1 , m2

ẽR
, m2

τ̃1

´

−

f1

`

M2
1 , m2

ẽR
, m2

τ̃2

´

≈ f ′
1(M

2
1 ,m2

L,m2
R).
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Figure 3: ∆rµ−e for δ13RR = 0. 5, MH = 500 GeV andtan β = 50. Left: As a function ofθτ for
different values ofµ: 800 GeV (red), 400 GeV (blue dashed), 200 GeV (green dotted). Right: In
dependece ofµ for different values ofθτ : 26◦ (red),45◦ (blue dashed),−18◦ (green dotted).

values ofǫs tan β = 0. 3 andǫe tan β = ǫτ tan β = −0. 07. The discontinuity atθτ = 0 just comes
from the fact that̃τ1 andτ̃2 change their roles as heavier and lighter staus. In order to find∆rµ−e for
different values ofδ13RR, MH andtan β one must rescale those plots using that∆rµ−e is quadratic in
δ13RR, ∝M−4

H and∝ tan6 β. One gets a maximal effect of 0.6% for our chosen point ofµ = 800 GeV,
MH = 500 GeV, δ13RR = 0. 5, θτ = 26◦ andtan β = 50, which is already in the reach of NA62. In
the range of500GeV ≤ µ ≤ 900GeV a handy approximate formula (with an error of 7%) for the
maximal effect (occuring atθτ = 26◦) can be found

∆rµ−e
max,LFV ≈ 0. 006

(

500GeV

MH

)4 (

tan β

50

)6 (

δ13RR

0. 5

)2
( µ

800GeV

)2
.

valid formτ̃l
= 120 GeV, M1 = 100 GeV, mẽR

= 200 GeV. (30)

If one varies the lightest stau mass,∆rµ−e scales approximately as(120 GeV/mτ̃l
)2 in the range

100GeV ≤ mτ̃l ≤ 250GeV. The dependence onM1 is roughly linear for50 GeV≤M1 ≤ 100 GeV
and the prefactor in Eq. (30) decreases from 0.006 to 0.0028 if M1 is lowered to 50 GeV. Above
100 GeV theM1 dependence flattens off with a maximum at 200 GeV, at which theprefactor of our
approximate formula becomes 0.0078. A full investigation of the dependences of∆rµ−e onM1 and
mẽR

requires the use of the exact expression, obtained by addingthe quantities in Eqs. (28) and (26)

to findΣχ0

τL−eR
and inserting the result into∆rµ−e in Eq. (19).

In Fig. 4 we show the dependence of∆rµ−e onµ, MH , tan β andδ13RR for θτ = 26◦. It is possible
to reach an effect ofO(0. 5%), whereas for vanishing mixing or smallµ it is hardly possible to reach
the experimental sensitivity. To derive contraints onδ13RR Fig. 5 might be useful. We show regions in
the

(

MH , µ, tan β, δ13RR

)

parameter space where∆rµ−e reaches the future experimental sensitivity
of 0.2%. In Ref. [12] it is pointed out that even large values of tan β = 100 are compatible with the
requirement of pertubative bottom Yukawa coupling.

In order to estimate the contribution ofτL → eR transition toRK in Ref. [8], the authors used

∆31
R = 5 · 10−4 which is related to our notation byΣτL−eR

= mτ tan β
1+ǫτ tan β

∆31
R or

∣

∣

∣
Σχ̃0

τL−eR

∣

∣

∣
/mτ =

0. 025. However, such large values correspond to quite specific points in the MSSM parameter space,
especially extremely largeµ. Thus, in order not to overestimate the effect and to avoid trouble with

too small slepton masses one should rather take at most
∣

∣

∣
Σχ̃0

τL−eR

∣

∣

∣
/mτ ≈ 0. 01 (meaning∆31

R,max =
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Figure 4: ∆rµ−e as a function ofµ, δ13RR, MH and tan β and stau mixing angleθτ = 26◦. Left:
MH = 500 GeV andtan β = 50. Right:µ = 800 GeV andδ13RR = 0. 25.

200 300 400 500 600
30

40

50

60

70

MH @GeVD

ta
nΒ

D r Μ - e
=0.002

200 300 400 500 600 700 800 900
30

40

50

60

70

Μ @GeVD

ta
nΒ

D r Μ - e
=0.002

Figure 5: For different values ofδ13RR = 0. 15 (yellow), 0. 25 (red),0. 5 (green),0. 75 (blue) (from top
to bottom) we plot the regions in which∆rµ−e is below the future experimental sensitivity of 0.002
in theMH–tan β plane withµ = 800 GeV (left) and in theµ–tan β plane withMH = 500 GeV
(right) and stau mixing angleθτ = 26◦. I.e. if δ13RR = 0. 25, the white and yellow areas correspond to
∆rµ−e ≥ 0. 002.
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2 · 10−4). Taking this maximal value and furthertan β = 50 and a charged-Higgs mass ofMH =
500 GeV we end up with∆rµ−e

max,LFV ≈ 0. 007, which is within the experimental sensitivity of the
NA62 experiment.

In Ref. [19] the 95%CL exclusion region forRK for three different values of∆31
R (1 · 10−3, 5 ·

10−4, 1·10−4) is shown in the(MH± , tan β) region and compared with the constraints fromB → τν,
B → Xsγ, Rµ23 = Γ(K → µν)/Γ(K → π0µν) [33] and directH± searches. According to the
discussion in the preceding paragraph we prefer to take∆31

R = 2 · 10−4 as the maximal value, so
that our excluded(MH± , tan β) region is smaller than the one in Ref. [19]. In the following we
use [34–37]

B(B → τν)SM = 1. 13 · 10−4
(

|Vub|
4·10−3

)2 (

fB

200 MeV

)2
, (31)

B(B → τν)exp = (1. 64 ± 0. 34) · 10−4 , (32)

B(B → τν)SUSY =

[

1 −
(

mB

mH+

)2 tan2 β

(1 + ǫ0 tan β)(1 + ǫτ tan β)

]2

B(B → τν)SM (33)

with ǫ0 ≈ ǫs ≈ 1
16π2 ǫτ tan β = −0. 07andµ = 800 GeV as above. In Fig. 6 we plot the region

in the in theMH±–tan β plane satisfying∆rµ−e ≤ 0. 5% for three different values ofδ13RR (0.15,
0.25, 0.5). Overlaid are the constraints fromB → τν, Rµ23 = Γ(K → µν)/Γ(K → π0µν) and
direct H± searches. The prediction ofB(B → τν) within the SM and the MSSM requires the
knowledge of|Vub|. Determinations of|Vub| from different quantities result in substantially different
numerical predictions. For discussions of this “Vub-puzzle” see Refs. [34,37,38]. For our analysis we
consider two extreme scenarios: First, in the left plot of Fig. 6 |Vub| is determined such that the SM
prediction ofB(B → τν) is equal to the experimental value. UsingfB = (191 ± 13) MeV one gets
|Vub| = (5. 04 ± 0. 64) · 10−3 [34]. In the plot we setB(B → τν)SM = B(B → τν)exp and use the
experimental3σ-region. Second, in the right plot of Fig. 6Vub is fixed to the best-fit value of a global
fit to the unitarity triangle [38]. An essential assumption of the second scenario is the absence of new
physics in the CP asymmetryAmix

CP (B → J/ψKS), from which the angleβ of the unitarity triangle is
determined: Then|Vub| ∝ |Vcb| sin β

sin α
leads to|Vub| = (3. 41 ± 0. 15) · 10−3 [34]. In this case the SM

central valueB(B → τν)SM = 0. 75 · 10−4 is much lower than the experimental value and the SUSY
contribution makes it even smaller. Therefore nowB(B → τν) is much more constraining than in the
scenario of the left plot. Using the2σ region of the experimental value one would exclude the whole
(MH± , tan β) region (except for a very narrow strip withtan β ≈ 0. 3MH+ ); the constraint from
the3σ region is shown in the right plot of Fig. 6. In the future alsoB(B → Dτν) [37, 39, 40] and
B(B → πτν) [41] will probe charged-Higgs effects and will eventually shed light on the situation.

We finally mention two related studies: A prospective error of 0.12% of the NA62 experiment at
CERN is used in Ref. [42]. The parameter scan in this paper respects

∣

∣δ13LLδ
13
RR

∣

∣ ≤ 0. 01, in agreement
with our result. In Ref. [43] it is pointed out, using a general effective theory approach, that in
models with Minimal Lepton Flavour Violation (MLFV and MFV-GUT) the effects are too small to
be observed.

4 Conclusions

The NA62 experiment has the potential to discover new sources of lepton flavour violation by testing
lepton flavour universality through a precision measurement ofRK = Γ (K → eν) /Γ (K → µν) [8].
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Figure 6: Regions with∆rµ−e ≥ 0. 5% for δ13RR = 0.15 (darkblue), 0.25 (blue and darkblue), 0.5
(lightblue, blue, and darkblue). Overlaid in red: exluded by LEP H+ searches; yellow dashed:
3σ exclusion limit fromRµ23; green: 3σ exclusion limit fromB → τν (left: using |Vub| =
(5. 04 ± 0. 64) · 10−3; right: using|Vub| = (3. 41 ± 0. 15) · 10−3).

This kind of new physics dominantly affects the decay rateΓ(K → eν). A lepton-flavour conserving
(LFC) mechanism changingΓ(K → eνe) may suppress or enhanceRK , while new lepton-flavour
violating (LFV) decay modes such asΓ(K → eντ ) can only enhanceRK over its SM value. In this
paper we have studied∆rµ−e ≡ RK/R

SM
K − 1 in the MSSM, extending the analyses of Refs. [8,27].

The LFC contribution to∆rµ−e is driven by the parameter combinationδ13LLδ
13
RR. In Ref. [12] it has

been found that upper bounds on|δ13LLδ
13
RR| can be derived from naturalness considerations of the

electron mass and from the precise measurement of the anomalous magnetic moment of the electron.
(Coincidentally, these two quantities give very similar constraints.) In Sect. 2 we have found that
these bounds imply|∆rµ−e

LFC | . 0. 005 and thereby challenge the large values for|∆rµ−e
LFC | considered

in Ref. [8]. At the same time our result is fully compatible with the range for∆rµ−e
LFC advocated in

Ref. [27]. The naturalness bound extends beyond the MSSM to alarger class of models, namely those
with the tree-level Higgs sector of a 2HDM of type II.

The LFV contribution to∆rµ−e can be larger, because a non-zero parameterδ13RR suffices to open
the decay channelK → eντ and δ13RR is only poorly constrained from other processes. We have
calculated∆rµ−e

LFV in Sect. 3 and found that the proper inclusion ofτ̃L–τ̃R mixing is essential. The
analytical expressions in Refs. [8,27] include theτ̃L − τ̃R flip using the mass insertion approximation
instead of the exact diagonalisation of the stau mass matrix. The interesting region of parameter space
probed by NA62 corresponds to large values ofµ and a sizable stau mixing angleθτ and in this region
the left (bino) diagram in Fig. 2 is dominant. The formulae derived by us are also valid beyond the
decoupling limitMSUSY → ∞, in whichθτ vanishes. In order to facilitate the combination of future
NA62 results with limits or measurements from high-pT experiments, we have expressed∆rµ−e

LFV in
terms of the massmτ̃l

of the lightest stau eigenstate and the mixing angleθτ . For example, for
tan β = 50, µ = 800 GeV,δ13RR = 0. 5, a charged-Higgs mass ofMH = 500 GeV,mτ̃l

= 120 GeV,
a bino mass ofM1 = 100 GeV and a right-handed selectron mass ofmẽR

= 200 GeV we find a
maximal value of∆rµ−e

LFV = 0. 006 corresponding toθτ = 26◦. In Eq. (30) we have derived an easy-
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to-use formula expressing∆rµ−e
LFV in terms of the relevant MSSM parameters. Finally we have plotted

the regions of the MSSM parameter space probed byRK and briefly compared the result with the
constraint from other observables such asB(B → τν).
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