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Abstract

The well understood structure of Upmns matrix mandates a Cabibbo mixing matrix in the first two gener-
ations of the charged lepton sector if we assume Tri-bimaximal mixing in the neutrino sector. This ansatz,
called Tri-bimaximal-Cabibbo mixing, on the other hand, is ruled out immediately by charged lepton
flavour violating decays of mesons. In this article, we aim to show that the resurrection of the theoret-
ically well motivated Tri-bimaximal mixing scenario comes naturally within Minimal Flavour Violation
hypothesis in the lepton sector. We analyse the flavour violating currents y — eee, uTi — eTi, 1° — Ty~
and K; — pe™ in this scenario and show that the New Physics that generates mixing among the charged
lepton could lie within the reach of hadron colliders. Though the most stringent constrain on New Physics
is > O(26 TeV) for maximal coupling, more natural coupling relaxes it to > O(4 TeV).
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1. INTRODUCTION

The discovery of neutrino oscillation [1] has been of fundamental importance in understanding the flavour mixing in the neutral
lepton sector. One such mixing matrix, motivated from discrete family symmetry like the Ay, is the Tri-bimaximal mixing (Urp) [2].
But a non-zero measurement of the reactor angle by RENO [3] and Daya Bay [4] experiments rule out this hypothesis. Nevertheless,
since it is theoretically well motivated and the rest of the angles predicted match the experimental results well enough, various
variants based on the Tri-bimaximal mixing have been postulated [5].

Tri-bimaximal-Cabibbo [5] (TBC) mixing is an ansatz that emerged from a Tri-bimaximal hypothesis by including the non-
zero reactor angle in the mixing of charged lepton sector. But, mixing in the charged lepton sector will contribute to the lepton
flavour violating processes like 71° — e*u~, Ky — pte™,uN — eN,u — eee etc. Such decays are searched for at high-intensity
experiments giving rise to stringent bounds of BR(7® — e*p~) < 3.2 x 10710 [6] (NA62 CERN), BR(K; — pute™) < 4.7 x 10712
[7] (BNL), BR(uTi — eTi) < 6.1 x 10713 [8] (SINDRUM II), BR(it — eee) < 1 x 10712 [9] (SINDRUM). Using the most general
set of operators, TBC mixing without any flavour symmetry in the lepton sector is then ruled out by the current limits on LFV
decays 717 — et~ and K — ute~. We show that the Minimal Flavour Violation (MFV) hypothesis [10, 11], with a choice of basis
including the Cabibbo mixing among the charged leptons, can protect TBC mixing ansatz from these strong bounds.

2. TBC MIXING INDUCED LFV

In general the mixing in the lepton sector (Upmns) can be written as, Upmns = LleL Uﬁ. Where LIEL is the mixing in the charged lepton
sector and U} is the mixing in the neutrino sector. If we assume the TBC ansatz then,
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where ¢{, = cos 6], and s{, = sin 6{,. Mixing in the first two generations of charged leptons gives a non-zero reactor angle in Upyys,
which satisfies the relation sin 613 = sin 65,/ V2. The approximate relation 613 ~ 6./ V/2 is obtained if we take 0, = 0 ~ 130. The

atmospheric and solar angles, sinf1, = 1/ V3 and sinfy; = 1/v/2 arein agreement with the TBC ansatz. Since TBC ansatz satisfies
the experimentally observed angles, it motivates the study of mixing in the charged lepton sector.

21. Kp — ute”
The Low Energy Effective Field theory operators need to be matched with operators in chiral perturbation theory to get meson
decays. We use the matching and decay rate expressions used in Ref.[12, 13, 14]. We take the ratio of flavour conserving I'(Kp —



Andromeda Proceedings BSM 2023, Hurghada, Egypt

#t ™) and the flavour violating decays I'(Kp — ute™) to cancel out the hadronic factors and is given as,

|PV|KLW(7”%<L — (my + me)?)
|P;1‘KLW(7”%<L — (my +my)?)

=6.14 x 1072 )

[(Kp — pte)
TC(Kp — ptp~)

= |(Ua]7)ey|2

In the above equation |(UL)e,|?> ~ 0.05. Using the experimental bounds on BR(K, — ' p™)exp = (6.84£0.11) x 107 [15] and
BR(K, — pe™ )exp < 47 x 10712 [7] we get,

T(Kp = pte )exp -

0.687 +0.011) x 1073 3
I'(Kp — ]’DL,ui)exp ( ) ®)

This experimental result is in contradiction with the TBC mixing induced ratio given in Eq.(2), thus ruling out the TBC ansatz
for operators containing down sector quarks. For completeness, we will also discuss the flavour violating pion decay.

3. MINIMAL FLAVOUR VIOLATION WITH TBC MIXING

The Minimal Flavour Violation (MFV) hypothesis assumes that the Standard Model (SM) Yukawa couplings are the only source
of flavour symmetry breaking [10, 11]. This means all the higher dimensional operators should be constructed out of the SM
Yukawa couplings, satisfying the flavour symmetry Gr : SU(3)g x SU(3), x SU(3)4 x SU(3)r x SU(3).. The Yukawa couplings
are considered as non-dynamical fields (spurions) which transform under the flavour symmetry Gr : Gor x Grr (Gor : SU(3)g X
SU(3)y x SU(3)4, Grr : SU(3) x SU(3),) as,

Yy~ (3,31), Yy~ (313), Y.~ (33).
Higher dimensional operators are constructed using these Yukawa couplings satisfying the flavour symmetry Gr. For the purpose

of this article, we will assume MFV in the lepton sector and not in the quark sector.
In the case of minimal field content, mass terms in the lepton sector are,

2
L= —vY]eReL zigivjvai +h.c (1)
where, A is the energy scale of the lepton number violation and v = 256 GeV is the vacuum expectation value of the Higgs field.

3.1. Analysis

Various operators that we consider that satisfy the flavour symmetry are listed in Table 1. These operators in minimal field content

Scalar Tensor Vector
O°1 = (LA™Y eg) (drASTQL) O™l = (Lo ATY eg)(drowAT' QL) | OV = <Lm%‘ALL)<QLAV 7uQL)
0% = - (LLA?(:?R)(QL/\SSZ;T ug) | 012 = —(Lyo" A'Y}er)(QrojwAT?it?ug) | OV2 = (Lpy*ALL) (LA 2y, L)
0> = (LA™Y, er)(erA™Ly)

Table 1: Operators satisfying flavour symmetry [11]. Qr and Ly represents SU(2) doublet quark and lepton. ug, dg and eg represent
SU(2) singlet up quark, down quark and charged lepton respectively.

scenario with fermions in their mass basis are shown in Table 2

MMEV operators in minimal field content scenario

05t (T MU s Deer) (ARAS UL ) + (8L Upmnsm Uyns Deer ) (dRASdL)

on (VL‘TWm%/U;mnsDeeR)(dRva/\ up) + (eLo™ Upmnsmy upmnsDeeR)(dRvaAT dL)
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0s? Ly (TLm3US s Deer ) (ErAS2v) + (e Upmnsm? UpmnsDeeR)(eR/\53€L)

oVt L (et myve + ey Upmns g U ppser) (A A oy + dpyuAVdp)
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Table 2: MMFV operators in minimal field content scenario.
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Figure 1: Limits on Appy from BR(K; — pte™)exp for different values of /\Vl / A , in vector operator scenarios with minimal field
content scenario.

Ky —ute
The operators that contribute to K — ute™ are:
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We assume that /\fz1 = /\gl and A}’ = AYL. The branching ratio in case of scalar operator becomes,

S1 S1
Ce;tds + Ceysd
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Tk, = 5.116 x 10785 is the mean life time of K} . The branching ratio in case of vector operator is [14],

2
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The limit on Appy from BR(K, — ;ﬁe*)exp in vector operator scenario for different values of A is shown in Fig. 1. In the case of
scalar operator, only the extended field scenario gives significant constrain on Arry.

uN — eN :

The operators that contribute to uN — eN are:

Cégp}uuoes;}uu = (e_L {A+Y:}12 VR) (d_R A?ll dL)
CopaaOonaa = (EL (A"} .”R) (g AJT ur)
ConggOugg = <€L Y1 VL) (L 1AM up +dp Aty dr) (5)

The best limit on # — e conversion comes from the SINDRUM II collaboration, which puts a limit on BR(uTi — eTi)exp <
6.1 x 10~ 13 [8].
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Figure 2: Limits on Ay py from BR(uTi — eTi) for different values of A7? /A}]! in scalar operators in minimal field content scenarios.
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Figure 3: Limits on Appy from BR(uTi — eTi) for different values of Aflz /MYl in vector operators in minimal field content scenarios.
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For scalar operator we consider a scenario when A°* = 0 and A°~ # 0, in this case C endd = /5 8LS(d)7
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In the case of a vector operator %gw(d) = %gw( Ce;uld Ceyl,m,

, . 36 (p) | eydd'z
BR(uTi — eTi) = = (V) 4 )2 A
LFV
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Fig. 2 and Fig. 3 shows the limit on Apry from BR(uTi — eTi)exp for different values of /\f% /A in scalar and vector operator
scenarios. We see that among all the lepton flavour violating decays considered, the highest limit on Ay is from the vector
operator scenario of BR(uTi — eTi). The vector operator constraints Ay more compared to the scalar operator. This is expected
since vector operators are of the order m%, were as the scalar operator is of the order m%me.

4. CONCLUSION

TBC mixing ansatz gives a possible venue for NP that could contribute towards charged LFV. This scenario also brings back the
thought to be dead, but theoretically well-motivated, Tri-bimaximal mixing in the neutrino sector. In this paper, we investigate the
LFV induced by TBC mixing due to mixing in charged lepton sector in the context of various lepton flavour violating decays like
u — eee, T — pe, Kg — pe and uN — eN. A model-independent analysis using the effective field theory operators revealed that
if we assume TBC mixing to be the only source of LFV then it can be ruled out by current limits on lepton flavour violating decays
Ky = pte and ¥ — ety
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Whereas, as we discuss, a natural symmetry like the MFV hypothesis can protect TBC mixing from these lepton flavour vio-
lating decays, rendering the NP available at LHC. Moreover, the neutrino mixing matrix can still be Tri-bimaximal. In Table 3 we
summarise the limit on Ay for the minimal field content scenario in the lepton sector. The strongest constrain on Arry comes
from BR(uTi — eTi). Assuming O(1) couplings in the quark sector, this process bounds the cut-off scale to be Appy > 26 TeV.
Instead, if we assume a slightly lower coupling of NP in the quark sector, this limit could be relaxed to Appy > 2 TeV.

Thus, the lepton flavour violating NP is not only closer to the scale of experiments, but also the neutrino mixing matrix is safe
from the reactor angle. This also means that a theoretically sound neutrino sector exists only with the MFV hypothesis.

Observables Scenario | Limiton A;ry (TeV) | Scenario | Limiton Appy (TeV)
BR(7” — ¢ pu7) 2?111 - 1 6%52?0153 2%11 - @ 3%4X><1$0_*75
BR(ji~ — e~ete-) 21%32 - 11 5.5583 ;210—2 j:%i - Cc% 5.15z?3 ;510—2
TG -
BR(uTi — eTi) 2%21 - 11 205.725827 /)\%21 - ’:’7; ” 1><.812(r3

Table 3: Limit on Ay from different lepton flavour violating decays in minimal field content scenario.
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