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new physics in neutrinos and �K → πνν̄

• SM calculations of �  are very clean, so 
precise comparisons to experiment are eventually 
expected

• here we consider somewhat unusual extensions of 
the SM that may affect these rare modes through the 
unobserved neutrinos

• this is in part motivated by the charged B anomalies in 
�

–new light sterile neutrino possible explanation
• also motivated by a renewed interest in charged 

lepton flavour violation experiments
–SU(2) of SM relates it to neutrino lepton flavour 

violation

K → πνν̄

R(D), R(D⋆)



� : SM and ‘usual’ extensionsK → πνν̄

ℋ =
GF

2

α
πs2

W
V⋆

ts Vtds̄γμd ((X(xt) + XN)∑
ℓ

ν̄ℓγμPLνℓ)
SM (top) ‘usual’ NP
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Z′�
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usually related to �ϵ, ϵ′�

• adding NP to the SM



usual predictions/constraints…
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4.4 BK+ which is satisfied in a nearly model independent
way [17]. 2

In this paper we revisit these modes in the context of
generic new physics motivated by the new results that are
expected soon for the charged mode from NA62 at CERN
and for the neutral mode from KOTO in Japan. Our paper is
organised in terms of the neutrino interactions as follows: in
Sect. 2 we briefly review extensions of the SM in which the
neutrino interactions are left handed and flavour conserving;
in Sect. 3 we consider extensions of the SM with right-handed
neutrino interactions; in Sect. 4 we discuss the lepton flavour
violating case. In Sect. 5 we study interactions that violate
the GN bound and finally, in Sect. 6, we conclude.

2 New physics with lepton flavour conserving
left-handed neutrinos

In this case the effective Hamiltonian describing the effects
of the new physics (NP) takes the form

He f f =
GF√

2

2α

πs2
W

V ⋆
tsVtdXN s̄γµd

∑

ℓ

ν̄ℓγ
µPLνℓ, (5)

where the parameters encoding the NP are collected in XN
and the overall constants have been chosen for convenience.
Notice that this form is valid for both left-handed and right-
handed quark currents as only the vector current is operative
for the K → π transition. Numerically it is then possible to
obtain the rates from the SM result, Eq. 2, via the substitution
X (xt ) → X (xt ) + XN . This has been done in the literature
for a variety of models [19] so we will not dwell on this case
here. In Fig. 1 we illustrate the results. In general XN ≡
zeiφ and the parameterisation in Eq. 5 implies that φ = 0
corresponds to NP with the same phase as λt = V ⋆

tsVtd.
The green curve corresponds to φ = 0 (so called MFV in
[19]) and its two branches correspond to constructive and
destructive interference with the charm-quark contribution
in Eq. 2. The tick marks on the curve mark values of |XN | =
z. If we allow for an arbitrary phase, this type of NP can
populate the entire area below the GN bound, making it nearly
impossible to translate a non-SM measurement into values
of z and φ.

We illustrate two more situations: the blue line shows φ

being minus the phase of λt , which corresponds to CP con-
serving NP which does not contribute to the neutral kaon
mode. The red line shows φ being the same as the phase of
λt , which corresponds to NP which doubles the SM phase.
Interestingly this case nearly saturates the GN bound. For
comparison, we show the purple oval representing the 1σ

2 It was recently noted that the GN bound applied to the experimental
result for K+ → π+νν needs to treat a possible two body intermediate
state separately [18].

Fig. 1 New physics with lepton flavour conserving left-handed neutri-
nos. The green line illustrates the case XN real, the red line corresponds
to XN having a phase equal to that of the λt (central value) and the blue
line to XN having a phase equal to minus that of the λt . For comparison
the purple marks the SM 1σ region and the green marks the 90% c.l.
from BNL-787 combined with BNL-949. Finally the vertical dashed
red line marks a possible future limit for BK+ at 1.3 times the SM

SM allowed region as predicted using the parameters and
uncertainties in CKMfitter [11]. For the NP, however, we
have only included the SM central values in Eq. 5. Allowing
the SM parameters to vary in the rates that include NP, turns
the green line into an arc-shaped region as can be seen in
Ref. [19] for example.

Finally we have included in the plot a vertical red dashed
line which marks a 30% uncertainty from the SM central
value. This number has been chosen as it corresponds to the
statistical uncertainty that can be achieved with 10 events
that agree with the SM, in the ball park of what is expected
from NA62.

3 A light right handed neutrino

In models which contain a light right handed neutrino the
effective Hamiltonian can be written as

He f f =
GF√

2

2α

πs2
W

V ⋆
tsVtd

1
2
s̄γµd

×
(

Xt
∑

ℓ

ν̄ℓγ
µPLνℓ + X̃ ν̄Rγ µPRνR

)

, (6)

where the first term is the SM, the new physics is parame-
terised by X̃ and its coupling to quarks can be through either a
left or right handed current. In writing Eq. 6 we have assumed
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X-G He, G.V., and  Keith Wong  
Eur.Phys.J. C78 (2018) no.6, 472 

• there is interference 
between SM and NP

• in principle can cover all 
the allowed window

• green curve: same phase 
as in SM

• other constraints limit the 
allowed regions and are 
model dependent

• this type of NP can’t 
violate the GN bound



But the neutrinos are not seen

• can have different neutrinos
– additional light neutrinos (right-handed - sterile in SM)
– different flavour neutrinos (lepton flavour violation)

s̄

d

νi

ν̄i

∑
i=e,μ,τ

s̄

d

νi

ν̄j

s̄

d

ν3R

ν̄3R



�  additional neutrinoK → πνν̄

• New light sterile neutrino

• No interference with SM, can only add to SM rates

ℋ =
GF

2
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ℓ
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new RH �ν

νR νR

Z′� Z′�

u, d u, d

NOT directly related
to �ϵ, ϵ′ �

|VR
bd |2 + |VR

tu |

new parameters
can be tiny

sterile: 
couples only to NP



Additional light (sterile) neutrino
same phase as SM 
top contribution

Out[!]=

SM model to 68.27%
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an example of a model 

• add a new light neutrino
• needs to be sterile with respect to SM to satisfy light neutrino 

counts. Postulate it is part of a right-handed doublet with the �
Interacts with a �

• needs to mostly appear with a tau lepton to satisfy observed 
patterns of LF universality (and this helps with BBN 
constraints)

• �  couple strongly (weakly) to the third (first two) 
generations: avoids LHC constraints (low 𝞂prod)

• electroweak strength corrections to processes between a third 
generation fermion pair and one from 1st or 2nd generation

• one such neutrino already appears in models that single out 
the third generation 

τ
W′ �, Z′�

W′�, Z′�

Phys.Rev. D66 (2002) 013004, 
Phys.Rev. D68 (2003) 033011 
Xiao-Gang He, G. V.



gR VU⋆
Rtt VU

Rtt

s

d

Z′�W
t

t
+ related

�(sd) → νRν̄R

• first 2 generations couple after rotation to mass eigenstates
• three (sets) of parameters come into play

• mixing between  �  (tiny)

• right handed rotation angles (arbitrary but constrained)
• strength of the new interaction (can be large)

Z − Z′�

s

W 0

Z′�

d
gR VD⋆

RbsV
D
Rbd

→
gR

2 cos θW

α
2π sin θW

I(xt, xH) γμPL

neutral currents quark sector



strength of �  singles out third generationgR

• perturbative unitarity: �

• From �  at LEP: �

• From other fits to LEP data: �

• the �  can be much lighter than in other models because 
they evade LHC searches that do not use third generation 
fermions

•  can be made to satisfy all FCNC constraints, with room to 
accommodate deviations of EW strength in processes that 
involve a transition between a third generation fermion and a 
lighter one, such as �

gR ≲ 10 gL

Z → τ+τ− gR

gL
ξZ ≲ 3 × 10−3

gRMZ ∼ gLMZ′�

Z′ � (W′�)

K → πνν̄



• Meson mixing

• Specifically for kaons this implies�

• a combination of �  mixing and �  mixing with a few other 
assumptions leads to a stronger �

• �  mixing also limits the new loop contributions, implying  for the 
Inami-Lim function �  (this one depends on 
complicated details of the model, hidden in the � )

• FCNC constraints can be summarised by:  

VD⋆
RbsV

D
Rbd ≲ 1.5 × 10−4

Bs Bd
VD⋆

RbsV
D
Rbd ≲ 6.7 × 10−7

Bs
I(xt, xH) ≲ 𝒪(10)

xH

VD
Rbi ∼ δbi

Flavour constraints

for kaons
� ∝ (VD⋆

RbsV
D
Rbd)2 d̄iγμPRdjd̄iγμPRdj

dj

Z 0
di dj

di



collecting for �K → πνν̄

• the effective coupling is

• loop term in second bracket can be �  
– by construction this one has the same phase as the SM top-quark 

contribution
– its magnitude is very model dependent (details of the scalar sector and 

symmetry breaking)

• FCNC tree-level term at most a few percent
– too small to contribute when made to satisfy B mixing constraints

• first bracket can be order 1 from LEP constraints, has it been 
improved? (no)

∼ 𝒪(1)

X̃ = − ( M2
Z

M2
Z′�

g2
R

g2
L ) ( s2

W

2
I(λt, λH) +

πs4
W

α
Vd⋆

RbsVd
Rbd

V⋆
tsVtd )



• CMS uses ‘TAT’ (topcolor assisted technicolor) model with

•  �  σ(pp → Z′�)ℬ(Z′� → ττ)TAT ∼
1
3

σ(pp → Z′ �)ℬ(Z′� → ττ)SSM

third generation limits on �  Z′�

V.Khachatryanetal.,CMSCollaboration.JHEP1702,048(2017). https://doi.org/10.1007/JHEP02(2017)048. 
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• can it be 900 GeV?  need �(σℬ) ∼ 3 × 10−2 (σℬ)SSM

are these limits on �  mass general? (no)Z′�

V.Khachatryanetal.,CMSCollaboration.JHEP1702,048(2017). https://doi.org/10.1007/JHEP02(2017)048. 
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adapting the bound

• at TeV masses the �  channel is open

• if third generation dominates then �
• however production cross section is very suppressed

• likely dominated by terms not calculated, but very small

Z′ � → tt̄

ℬ(Z′� → τ+τ−) → 1/8

u

u
Z′�SSM

σ × B(Z′� → ττ) ∼ (σ × B(Z′� → ττ))SSM

12.5 %
3.37 %

gR

gL
|VU

Rtu |2
2

or ξ2
Z .

u

u
Z′�NU

gL

2 cos θW
γμ(gV + gAγ5)

gR

2 cos θW
sin θW VU⋆

RtuVU
Rtu γμ(1 + γ5)

VU
Rtu ∼ Vub



Number of light neutrinos

• there is one light right handed neutrino! why not seen at 
LEP?

– LEP standard result n = 2.9840 ± 0.0082
• assumes Lepton universality and no new particles

– direct limit n = 3.00 ± 0.08

• basically it has to couple through �  mixing

• the limit on new physics from the invisible Z width 
– there is 13.3 MeV error in this measurement so our right handed 

neutrino is unobservable by LEP

Z − Z′�

�(Z ! ⌫R3⌫̄R3) < 3⇥ 10�4 MeV

�(Z ! ⌫R3⌫̄R3) =
1

24

↵

cos2 ✓W

g2R
g2L

⇠2ZMZ0



number of light neutrinos: cosmology?

• it is known that 

• the new right handed interaction is stronger that weak, at least for 
third generation 

• The �  can scatter with the new light neutrino and bring it to 
thermal equilibrium with SM particles that could give ΔNeff ∼ 1

• our model only lets them scatter with tau so the decoupling 
temperature is mτ whereas TBBN is of order 1 MeV, so there is a 
suppression factor

• also known that neutrinos that decouple above the QCD phase 
transition (200 MeV) only contribute an effective 0.1 per species

Z′ �, W′�

56 X.-G. He, G. Valencia / Physics Letters B 779 (2018) 52–57

Fig. 4. R(D) vs R(D⋆). 1σ (solid curve) and 2σ (dashed curve) allowed regions from 
the HFLAV collaboration [8] shown in red, the SM central values of Eq. (2) as the 
blue point and the predictions of this model as the black region. The tick marks 
along the model prediction indicate the required W ′ mass in TeV. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

non-universal model discussed here, this branching fraction ap-
proaches 25% when gR >> gL and W ′ couples almost exclusively 
to the third generation. At the same time the production cross-
section at LHC for our W ′ would be very suppressed due to its 
negligible couplings to the light fermions. Roughly then,

σ × B(W ′ → τν)

∼
(
σ × B(W ′ → τν)

)
S M

25%
8.5%

(∣∣∣∣
gR

gL

V Rud

V ud

∣∣∣∣
2

or ξ2
W

)

. (26)

For the first term in the last bracket, corresponding to a direct 
coupling of the W ′ to the light quarks, we have: V Rud = V u⋆

Rtu V d
Rbd; 

V d
Rbd ! 2.5 × 10−4 from Bd mixing [56]; and fitting the existing 

body of FCNC constraints implies that V u⋆
Rtu ∼10−3 [51]. For the 

second term in the bracket we already saw that ξW is at most 
10−3 in this scenario and we conclude that the corresponding σ ×
B(W ′ → τν) in our model is more than 6 orders of magnitude 
smaller than that of an SSM W ′ and the CMS data does not place 
any significant constraint.

The CMS paper also quantifies their result using a type of non-
universal W ′ that also singles out the third generation dubbed 
‘NUGIM’ [57,58]. In this case the CMS data excludes a W ′ with 
mass below 2.0–2.7 TeV. Comparing the relevant figure of merit, 
σ × B(W ′ → τν), of this model to ours we see that B(W ′ → τν)

can be quite similar but

σ (pp → W ′)this model ∼σ (pp → W ′)NUGIM

∣∣∣∣
V Rud

(sE/cE)

∣∣∣∣
2

. (27)

Whereas V Rud can (and in fact is constrained to be) very small, 
the parameter sE/cE of NUGIM is of order one (for this reason the 
W −W ′ mixing in the NUGIM model is not important in σ (pp →
W ′)). The net result is that the CMS limits do not directly apply to 
our model. A separate study is needed for an accurate comparison 
of our model to LHC results, taking into account production from 
heavier quarks.

As mentioned before, our model relies on the existence of an 
additional light neutrino to explain these anomalies and this can 
have other observable consequences. In Ref. [26] we have already 
seen that there are no significant constraints from the invisible Z
width. At the same time the model can provide an enhancement

to the rare K → πνν modes [59] where new results are expected 
from NA62 and KOTO.

The existence of a light right-handed neutrino contributes to 
the effective neutrino number 'Nef f which is also constrained by 
cosmological considerations and this may affect the viability of our 
model. There is some uncertainty as to the value of this constraint, 
but commonly used numbers are, for example [60],

'Nef f <

{
0.28 for H0 = 68.7+0.6

−0.7 km/s/Mpc

0.77 for H0 = 71.3+1.9
−2.2 km/s/Mpc .

(28)

As we saw above, our model requires

(
gR MW

gL MW ′

)4 |V ℓ
R3τ |2|V Rcb|2

|V cb|2
∼0.3 (29)

to explain the R D(∗) anomalies and this is only slightly weaker than 
the usual weak interaction. At the same time, the exchange of a 
W ′ can bring the new νR into thermal equilibrium with the SM 
particles through scattering of right-handed neutrinos with tauons 
at a rate proportional to (gR MW /gL MW ′ )4|V ℓ

R3τ |4 relative to the 
usual weak interaction. In fact, with V Rcb/V cb ∼1 this would re-
sult in 'Nef f ∼1 bringing into question the viability of our model. 
The mixing induced interaction, proportional to ξW , is smaller and 
does not lead to large contributions to 'Nef f .

However, the aforementioned scattering of right-handed neu-
trinos with tauons is only effective for temperatures T R above 
Tτ ∼mτ . At the time of big bang nucleosynthesis (BBN), the tem-
perature is about T B BN ∼1 MeV, implying that 'Nef f is sup-
pressed by a factor

r =
(

g∗(T B BN)

g∗(T R)

)4/3

(30)

where g∗(T ) is the effective number of relativistic degrees of free-
dom at temperature T and g∗(T B BN ) = 10.75. In addition, g∗(T R)
is larger than g∗(T Q C D) ∼58 since the QCD phase transition tem-
perature T Q C D is of order a few hundred MeV [61]. All this implies 
that the contribution to 'Nef f from our additional neutrino is less 
than 0.1 and safely within the BBN constraint.

Similarly, τ decay processes into νR plus other SM particles 
are also suppressed by the same factor r, but one might worry 
about additional processes without this suppression. For example, 
νR scattering off an electron or a muon. However, these are pro-
portional to the additional mixing parameters |V ℓ

R3e(µ)|4 and can 
be made sufficiently small by lowering V ℓ

R3e(µ) .
Another potentially worrisome process is the exchange of a Z ′

in the scattering of a νR off an electron or SM neutrino νL . In this 
case the interaction strength is proportional to (g2

Y /M2
Z ′ )

2 [49], 
and when compared to Z exchange induced νL scattering off an 
electron or νL , it is suppressed by a factor of (M Z /M Z ′ )4. The con-
straint on 'Nef f becomes in this case a lower bound on the Z ′

mass, M Z ′ " 200 GeV.
In conclusion we find that new right handed currents affect the 

semi-tauonic B decay anomalies in a way that is consistent with 
current bounds, including those on the effective number of neu-
trino species from BBN. A confirmation of a high value for R( J/ψ)

would exclude them as a viable explanation and would also ex-
clude new left-handed currents. The most promising way to rule 
out this explanation of the anomalies is the exclusion of a W ′ in 
the τ -channel at LHC in the mass range 1–1.4 TeV. The suppression 
of our W ′ couplings to light fermions significantly complicates this 
comparison.
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�  LFVK → πνν̄

• Lepton flavour conserving

• Lepton flavour violating (e.g. leptoquark exchange) will 
in general also produce LFC couplings

• no interference between LFV and SM

ℋ =
GF

2

α
πs2

W
V⋆

ts Vtds̄γμd ((X(xt) + XN)∑
ℓ

ν̄ℓγμPLνℓ + X̃N ν̄RγμPRνR)
SM (top) ‘usual’ NP new RH �ν

ℋeff =
GF

2

α
πs2

W
s̄γμd ∑

ℓ
(V ⋆

ts Vtd Xt + λ5Wℓℓ) ν̄ℓγμPLνℓ + λ5 ∑
i≠j

Wijν̄iγμPLνj

SM (top) LFVLFC



�  constraints on LFV new physicsK → πνν̄

ℬK+(SM ) +
κ̃+

3 ∑
i≠j

Wij
2

ℬ
K L

(S
M

)+
κ L 3

∑ i≠
j

(W
ij

−
W

⋆ ji
)

2

2

Out[!]=

SM model to 68.27%

|Weμ| ≤ ||Wμe||, arbitrary ϕeμ and ϕμe

|Weμ| = ||Wμe||, ϕμe = π - ϕeμ

|Weμ| = ||Wμe||, ϕμe = -ϕeμ

NA62 yesterday 90% c.l



Charged lepton flavour violation

• New physics at some high scale that respects the 
symmetries of the SM

• Effective theory at the electroweak symmetry breaking 
scale is written in terms of left-handed doublets

• So left handed leptons enter as  �  into operators 
such as:      �

• Which can give rise to both types of LFV decays

• �  or �

• �

l = (ν
ℓ)

ℒ ⊃ c4 s̄γμPRd l̄ γμPLl + h . c .

KL → μ±e∓ Ω− → Ξ−μ±e∓

K+ → π+νμeν̄eμ



Dimension 6 effective Lagrangian

• LFV transitions between down-type quarks    

�

• �

• �

• Several structures appear: 
– �

– in terms of previous notation:   �

– �  do not produce neutrino pairs

– generically different processes are complementary

ℒNP =
1

Λ2
NP (

5

∑
k=1

𝒞ijxy
k 𝒬ijxy

k + (𝒞ijxy
6 𝒬ijxy

6 + H . c.))
𝒬ijxy

1 = qiγ
ηqj lxγηly 𝒬ijxy

2 = qiγ
ητIqj lxγητIly 𝒬ijxy

3 = diγ
ηdj exγηey

𝒬ijxy
4 = diγ

ηdj lxγηly 𝒬ijxy
5 = qiγ

ηqj exγηey 𝒬ijxy
6 = liej dxqy

𝒬1,4 ∼ (ν̄Γν + ¯ℓΓℓ), 𝒬2 ∼ (ν̄Γν − ¯ℓΓℓ)

Wℓℓ′� ≃ 9727 ( 1 TeV
ΛNP )

2

(cℓℓ′�
1 − cℓℓ′�

2 + cℓℓ′ �
4 )

𝒬3,5,6



LFV �  transitionsK+ → π+

ℬ(K+ → π+νν̄) ≤ 2.88 × 10−10 (BNL 787 − 949)

ℬ(K+ → π+e−μ+) < 1.3 × 10−11 (BNL 865)

SM + NP  (NP can only add to SM in this case)

�
<latexit sha1_base64="0yx0uA5Pjl2vFkvoB9skZKJc5+A=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBU9lUse2t6MVjBWsL3aVk02wbms0uSVYoS3+EFw+KePX3ePPfmG0rqOiDgcd7M8zMCxLBtXHdD6ewsrq2vlHcLG1t7+zulfcP7nScKso6NBax6gVEM8El6xhuBOslipEoEKwbTK5yv3vPlOaxvDXThPkRGUkeckqMlbpewEcjbzYoV9yq67oYY5QTXL9wLWk2GzXcQDi3LCqwRHtQfveGMU0jJg0VROs+dhPjZ0QZTgWblbxUs4TQCRmxvqWSREz72fzcGTqxyhCFsbIlDZqr3ycyEmk9jQLbGREz1r+9XPzL66cmbPgZl0lqmKSLRWEqkIlR/jsacsWoEVNLCFXc3oromChCjU2oZEP4+hT9T+5qVXxWrd2cV1qXyziKcATHcAoY6tCCa2hDByhM4AGe4NlJnEfnxXldtBac5cwh/IDz9gmkq4/I</latexit>

ℬ(K+ → π+νν̄) ≤ 1.85 × 10−10 (NA62 yesterday)

ceμ
i = cμe
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μ− Au → e− Au < 7 × 10−13 (SINDRUM II)



comments

• �  depends on �

• whereas �  depends on �
–for these operators the charged LFV mode is more 

restrictive by a factor of about 4
–a measurement of �  at the SM level with 

10% uncertainty will already make this mode more 
restrictive

–of course even with current experimental limits the 
two are complementary 

K+ → π+e−μ+ (c1 + c2 + c4)eμ,μe

K+ → π+νν̄ (c1 − c2 + c4)eμ,μe

K+ → π+νν̄



Charged lepton flavour violation 

• lepton flavour indices include the third generation

• in this case left handed leptons enter as �

• The LFV lagrangian can have terms such as 
          
          �

• Which can give rise to both

• �

• �

• golden rare kaon modes can also compete with charged LFV 
tau-decay modes

l3 = (ντ
τ)

ℒ ⊃ c4 s̄γμPRd l̄3γμPLl1,2 + h . c .

τ− → e−KS

K+ → π+νeν̄τ



�  vs CLFV �  decayK → πνν̄ τ

ℬ(K+ → π+νν̄) ≤ 2.88 × 10−10 (BNL 787 − 949)
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Conclusions

• we studied the effects of new physics affecting the 
neutrinos on the rare decay modes �

• these modes can provide significant constraints on new 
light sterile neutrinos that avoid LEP counts and BBN 
bounds

• these modes also provide constraints on lepton flavour 
violating new physics that are complementary to bounds 
from CLFV experiments

– these extend to CLFV involving tau leptons

• both of these scenarios can only increase the �  
rates as they don’t interfere with the SM

K → πνν̄

K → πνν̄


