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Seesaw models

Weinberg operator: [Weinberg, PRD 22 (1980) 1694]

Lies = 5 S (TA) (H'Lt) + e

generates Majorana masses for LH neutrinos on EWSB.

HN 7 H
S H H,’ ‘Y’ SH H,’
N 4 1 N 4
\ 4 |A \ d
Ng Nr : x =
L L /\ L L
L L
Type-l Type-ll Type-lll
RH Fermion singlet Scalar triplet Fermion triplet
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Intersting features:

@ The BRs of various CLFV decay modes are closely depends on details of
neutrino mass model

@ Numerous detailed studies have explored CLFV decays of leptons into a
lighter lepton and a photon, particularly within the three seesaw
mechanisms.

@ In contrast, CLFV decays of mesons have received comparatively less
attention in the literature.

@ The decay amplitudes for both radiative and mesonic CLFV processes
are governed by the same set of flavor-violating seesaw parameters.

@ Bounds on these parameters—primarily obtained from radiative CLFV
decays—can be used to predict rates for meson CLFV processes.
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Lagrangian [Minkowski(1977), Mohapatra, Senjanovic (1980)]

_ 1—
-LType—I =-LYp HNgr — ENICQ Mg Nr + h.C.,

where H = io,H*, Yp := 3 x k complex matrix of Yukawa couplings
Mg =k X k complex symmetric matrix of Majorana masses.

1 — —
Lu = 5 (Mo Ng+NgMpvi + N Mg Ni) + hee.
1
= iﬁLM 1’ch +h.c
v YDU
where, n;y = ( ),- Mp = ——
Ny V2

The minimum value of k = 2 (at least two of the light neutrinos have non-zero masses)
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Block Diagonalization of M (v, ~—5 v;)
WIMW = WT( A%) ﬁ? )Wz( ﬂév A/(I)N )=MI.
where, e .
W:( Rt ]I—%R*R)
R = My Mg 3 x k matrix.

Note: Mp is usually parametrized in Casas-lbarra form, which contains a number of
unknown and unphysical parameters.[Casas, Ibarra(2001)]

Neutrino mass matrix

In the limit Mp < Mg, the light (m,) and heavy (My) neutrino mass matrices
are

m, ~ -MpMz'M[, and My ~ M.
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_ Secsawmodelsoverview |
Diagonalising matrix: U = W U] . Grimus and L. Lavoura JHEP(2000)]

Diagonlization of Neutrino mass matrix

u o0
a=(5 a)
such that

diag )
U{MIUI = [ mB Mgiag ]: Md’”g = diag(ml, my, ms, My, ...My).
N

Finally

o (e U _ (I-iRRY U, RUy
“\un, Unn) ™~ —R'U, (I-iR'R)Uy)
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Seesaw models overview

The neutrino flavour eigenstate can be written as

Vo = [(M+n) U,],; vi + Rax Ni.

The PNMS matrix which connects the neutrino flavor state to the light mass
eigenstates is non-unitary because of light-heavy neutrino mixing arising
through R

1
Upping = (11 - ERR*) u, = @+n)U,.
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Charged current (CC) and neutral current (NC) weak
interaction: [Ibarra, Molinaro, Petcov (2011)]

(i) v; with definite masses m;:

g _
tc = ———=by,(d-ys)[A+nU],,viW'+hec,
cc 22 Yu 7s) | m W],
v 8 .
NC T DcosBy V,Ly#(ll I+n+n )u) viLZ¥.

(ii) Ny with W*and Z°

Ly = 2\/_ lo Vi Rak (1 = y5) NkWH + hec.
LN = —Lvaw RuNiw, ZH + h.c.
NC 2 cos Oy #
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Lagrangian:

1 — .
—Lype- 1 = ETka(Mz)kuZz + V2T (Ys)iaLar + ..

The Majorana mass matrix My := real and diagonal. The Yukawa coupling
matrix (Yz)ka =k X 3 complex matrix, which leads to mixing between the SM
leptons and the triplet fermions.

8
Liene = m( R} ) layu(1—ys) s ZF + hec,

where we have substituted n = —RR*/2.
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Type |: BR for the radiative CLFV decay (1 — ey)

3C¥em 2 —!'-J-I-)
Br(u—ey) = |T]| I
(‘u v 327 ) ___n!\rJ“'"'-"' "-“.5-.1 B
where T = Z ReeRyy [f(xx) = £(O)],
) = 10 — 43x; + 78x7 — 49x] + 4x} + 18x7 log(x) ,
3(xk - 1)4
and xe = (Mi/My)?

[Ibarra, Molinaro, Petcov (2011)]

k =2 (minimum number of RH neutrinos)
M, = M1(1 +Z),Z <1

T2 (225 Rk, [f(n) - £O)].

1+
RMRL1 is essentially independent of the heavy neutrino mass M

Jai More (lITB, India) Phoenix2025, IIT Hyderabad, 2025



Type lll: BR for the radiative CLFV decay (u — ey)

30zem

Br(u = ey) = TP

The amplitude T is given by

T = Z RoR:y [-2.23 + A(xi) + B(yi) + C(zi)],

where x; = (Mk/Mw)2 Yk = (Mk/Mz)2 and z; = (Mk/MH) and My :: mass of
the Higgs boson. The loop functions are given by

A(xx)

Byx) =

Czr)

[Abada, etal. (2008)]

Jai More (lITB, India)

—30 + 153x; — 198x7 + 75x7 + 18(4 — 3x3)x7 log(x)

3(xe — 1)* '
33 — 18y, — 45yk + 30yk + 18(4 — 3yr)yx log(yk)
3(yk — 1)*
-7 + 12z + 37: 8z + 6(3z; — 2)z log(zk)
3(zk — 1)*
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Radiative CLFV decays

Extraction of R from Y — €)' [JHEP 03 (2025) 183]

Bounds on the product IRglR;’;ll in type-| seesaw for z = 1073 with R = M; M!

’ Type-| ‘ M, =100 GeV ‘ M;=1TeV

RaR;, | [ 343X 107° 1.17 x 107
IRaR?,| 9.62x 1073 328 x107°
IRaR, | 11.1 x 1073 3.79x 1073

Bounds on the product |RH1RE1| in type-IIl seesaw for z = 103 with R = M; M

[ Type-lll | M; =100 GeV | M =1TeV |
RaR;,[ | 369%x10° | 539x107°

IR, R* 1.03x 1072 | 151x 1073

T1|
Rk, 119x10° | 1.74x 1072

1l
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Meson CLFV decays

CLFV meson decays in seesaw models( g1 — g2 ¢

The generic four Fermi Hamiltonian

4G
Heg — Z i Vig: [Co Og + C10 Ono),

] =u,c,t

here the operators
a _
Oy = g[qz Y =ys) aullla yu ],
a _
Oy = %[qzy“ (1 =ys) @lllayuys G-

Vi Vie = product of the CKM matrix elements.
Cy and Cyp := Wilson coefficients
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Meson CLFV decays

Diagrams contributing to 41 — qzt’gt’; CLFV process in type-| seesaw:

1, W fp 1, @ i
—_—— < g o= <
Au,ct y i M Au,c,t \ A\
—_— > > >
q, w L q, w I
(@ (b)
q, W fp 9, @ £p
—— WV, < - <
Au,ct \ AR Au,ct \ Al
——- - . .- > Pk = = = oo o - >
q, @ Lo q, ] t
©) (W

2W exchange is the most dominant
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Coqy = x4 [Raleﬂ] [

1
—Zewfl(xt,xl)

2 sin
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Meson CLFV decays

Additional diagrams contributing to g; — qugﬁg CLFV process in type-lll
seesaw:

4,

b

@

7, © t

Coqmy = X [RmR;l] [ or(xe , x1)]
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Meson CLFV decays

Purely leptonic decay:

Gza? ﬁ :
Br(K, — pte’) = 2TK@f§me§ [1 - —2] [R(VisV; d)] Cof2.
K

Semileptonic decay:

Br(K" — n*ute”)
Br(B— M€} ¢;)
Br(B - VEL)

ak |Cof?,
249 |Col*> X 1077,
2(a9 + bo) |Col* x 107°.

where the numerical factor, af = 1.94 x 107" [Carrasco, Lami et al. (2016)] &
M’-pseudoscalar meson, V- vector meson
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Meson CLFV decays

Upper bound on CLFV Meson decay

e Type-I Type-lll

Decay Exp. limit M, = 100(1000)GeV My, = 100(1000)GeV
Br(K; — pe) 6.3 % 10712 4.32(1.11) x 10720 1.67(3.37) x 10717
Br(K* — n*ute”) 1.1x 10710 5.48(1.42) x 1022 2.12(4.28) x 102!
Br(Bg — pe) 54x107° 2.64(0.68) x 1071 1.01(2.06) x 10718
Br(Bs — pt) 34x107 6.19(0.16) x 10~12 2.37(4.81)x 10711
Br(B* — K*ur) 3.1x 1075 6.76(1.75) x 1012 2.60(5.25) x 10711
Br(B* = ntur) 72% 1075 2.61(0.67) x 10713 1.00(2.02) x 10712
Br(Bg — ¢yr) 2.0% 1075 1.18(0.30) x 107! 4.53(9.18) x 107!

[JHEP 03 (2025) 183]
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Comparision: Seewsaw model vs A4 mass model

A4 based model [X. G. He, Y. Y. Keum and R. R. Volkas, JHEP 04 (2006), 039]

@ Predicts tri-bimaximal mixing purely based on symmetry and symmetry
breaking.

@ Does not require fine tuning of parameters (VEVs or YCs).
@ Fermion content is same as SM + multiple Higgs scalar.

@ Higgs doublets in the model lead to charged lepton flavour violation.

@ A small perturbation in the Majorana mass matrix of the heavy right-chiral

neutrinos in this model, can lead to sin” 613 ~ 0.02 and maximal CP
violation [A. Dev, P. Ramadevi and S. U. Sankar, JHEP 11 (2015), 034].
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Comparision: Seewsaw model vs A, mass model

The gauge and the A, quantum numbers of all the fermions J
SUB)eSUR)e U(1)y ® As

I 2 1 o vie ) L B
Qu=( 4 )~ 62 1)) po=( 4t )-a2-0(9)

digr ® dog D dag ~ (3, 1,—%)(1@1_’@1_") 1R ® fog ® (3R ~ (1, 1, —2) (1691_’@1_,’)

U1R @ UsR D Uzr ~ (3, 1, %)(l@l_l@l_") vr ~ (1,1,0) (é)
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Comparision: Seewsaw model vs A, mass model

The gauge and A4 quantum numbers of three Higgs fields

oF oM
q>[ ]~<Lz,—1><§), ¢[ °]~<1,2,_1><1>, £~ 1,1,0/().
(o} oN

i
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Comparision: Seewsaw model vs A, mass model

The gauge and A4 quantum numbers of three Higgs fields

Py
o}

;
i = " ~(1,2,-1(3), ¢o=

i

] ~(1,2,-1)(1), 2 ~(110/(3).

VEV of Higgs fields

0 0
(P1) =(P2) ={P3) = [ ], (¢o) = [ ], (XY = (0,ws, 0).

v Do

*Vacuum alignment is key to obtain TBM form of PMNS matrix
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Comparision: Seewsaw model vs A, mass model

Yukawa Lagrangian

_ 1
_fL MffR — V. Mpvg + EV£ C_l Mg Vg + h.c.

Higgs VEVs, we have Mp = hyuyll
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Comparision: Seewsaw model vs A, mass model

Yukawa Lagrangian

_ 1
_fL MffR — V. Mpvg + EV}; C_l Mg Vg + h.c.

Higgs VEVs, we have Mp = hyuyll

Mass matrices for charged fermions and the neutrinos

h1f 0 0 M 0 h;ﬂl)z
My=V3olUL| 0 hy O |L Mg=| 0 M 0
0 0 I’lgf thZ 0 M

where f = (u,4d, {).
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Comparision: Seewsaw model vs A, mass model

The matrix U,

w is cube root of unity.
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Comparision: Seewsaw model vs A, mass model

The matrix U,

1 1 1 1
Uy,=—| 1 w a? |,
V31 ? w
w is cube root of unity.
The diagonalizing matrix of Mz
1 1 0 -1
U=—| 0 v2 0
V2 1 0 1
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Comparision: Seewsaw model vs A, mass model

The matrix U,

1 1 1 1
Uy,=—| 1 w a? |,
V31 ? w
w is cube root of unity.
The diagonalizing matrix of Mz
1 1 0 -1
U=—| 0 v2 0
V2 1 0 1
PMNS matrix
2 1
% % (?n/é
u=u,u,=| % —-% -“—%
V6 V3 V2
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Comparision: Seewsaw model vs A, mass model

Steps to obtain mass eigenstates of neutral scalar
e Obtain mass square matrix from the potential
e Obtain the diagonalizing matrix Uy of the mass square matrix

¢2 = (UH)aﬁ cD’g/
where q>2 (B =0,1,2,3) is mass eigenstates of neutral scalar.
It can be shown that
° Sm(CDS) becomes Goldstone boson coupling to Z°
° iRe(CI)g) becomes SM Higgs boson

Finally
e Write the Lagrangian in mass eigenbasis of the scalar fields

e Couplings of ®, and @5 to charged fermions are FV and that of &, and @
are flavour conserving.
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Comparision: Seewsaw model vs A, mass model

Highlights
@ SM Higgs no FV couplings

@ Multiple Higgs, FV couplings

@ f — ¢ couplings dictated by Ay
symmetry
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Comparision: Seewsaw model vs A, mass model

Highlights LFV decays of neutral mesons

@ SM Higgs no FV couplings bn &,

@ Multiple Higgs, FV couplings -

@ f — ¢ couplings dictated by Ay

symmetry ) Gidj = G )
Generic form
& fifir®) + 3'fi fir® + (8j i) firfi (q’g) + (gﬁ) firfiL ((Dg) ,

where f = (u,d, ()

. h y h; o h y h;

=~ (-1+0) §=-—d? = —L(-1+0%) §=-—u,
SN TR ST V2
(i) = (21),(32), (13) [odd] @ij) = (12),(23),(31) [even] .

[Korrapati, More, Rahaman,Umasankar, EPJC (2020)]
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A4 mass model

@ A, mass model contains SM + multiple scalar multiplets, each with a
different set of quantum numbers

@ In general lead to tree level flavour changing neutral couplings (FCNC) of
heavy scalar bosons.

@ The structure of FCNCs can be such that both neutral meson mixing and
radiative CLFV decays are forbidden.

@ However, the FCNCs can lead to some very distinctive meson CLFV
decays.

@ Neutrino mass model:: the meson CLFV decay branching ratios are
larger than those of the corresponding radiative CLFV decay branching
ratios.
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Preliminary results:

CLFV Decays | Branching ratio | Exp. Limit
K* —» nremu* 8.4x1071 1.1x 1071

B* > Kepy” | 25x10T | 1.8x10°8
B* S Ke 1 41%107 31x10°
B > Kut | 39x107° 31x107°
B > meut | 24x10T | 92x10°8

Bt > mtte 1t 43x107° 75x%x 10>

Table: Predicted branching ratios for different CLFV meson three-body decays in A4
mass model.
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Conclusions-I

@ In this study of three seesaw models: BR(Meson CLFV) < BR(Radiative
CLFV)

@ If otherwise, it strongly suggests that the neutrino mass generation
mechanism involves dynamics beyond the simple seesaw framework.

@ A comparison of the branching ratios of the radiative decays and meson
decays will enable us to identify which of the above types of seesaw is
operative in generating neutrino masses.
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Conclusions-II

@ A4 Model predicts the tri-bi-maximal form of the neutrino mixing matrix
purely from the symmetry considerations.

@ The Yukawa couplings of the fermions to the multiple Higgs doublets of
this model are governed by the A, symmetry.

@ This models predict an enhanced branching ratio for CLFV decays, up to
3 to 6 orders of magnitude larger, with distinct decay signatures.

@ Future experiments can test these predictions to differentiate between
various neutrino mass-generation mechanisms
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Takeaways

@ A comprehensive study of charged lepton flavor violation (CLFV),
alongside neutrino oscillations, provides crucial insights into the correct
neutrino mass-generation mechanism.

@ Understanding how neutrinos acquire mass is not only an intriguing
problem but also a challenging one, requiring contributions from both
theory and experiments.

@ The relationship between radiative CLFV decays and meson CLFV

decays can help distinguish between different seesaw mechanisms and
uncover new physics beyond the Standard Model.

@ Symmetry-based models, such as A4, predict enhanced CLFV decay
rates, making them testable in future experiments.

@ If meson CLFV branching ratios exceed radiative ones, it suggests that
the mass-generation mechanism is more complex than simple seesaw
models.
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Conclusions

Happy Guru Purnima

Thank you!
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Conclusions

Extras
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Conclusions

Yukawa Lagrangian of this model [He 2006, Grimus 2012]

Lyuk = — [hld Q1 61+ Qop ¢2 + Qap, ¢3) dig + hoa (Q1p, b1 + W*Qyp b2 +w Qyy, 03) dor
+h3a (Qr 1 +w Qap, G + w? Q31 ¢3) dar + 1y (Qy, (131 + Qs <Z~52 + Q1 (17)3) UIR
thaw (Qu, &1 + w? Qap, &2+ w Qy, 63) sk + hsu (Qry, D1+ w Qo + w? Qyy, b3) usr + hec
- I:hIZ(EIL(pl + Dars + Dspps)lig + hoo(D1p¢1 + w*Dapdy + wDsp¢s)lar
+h3e(Dipdr + wDards + w*Dards)lar + ho(Diy vig + Dar, var + Dar vag)do + hﬂ-]
+% []\/[(l/lTR CHrup+vdp C vap + i C 7 sg) + h.c‘]
J% [h'x (1 (var O var + 3R C7 o) + Xa(v3r O Vi + ViR C ' isg)
x5 C7 g + vl C7hig)) + h.c.] ,

where ¢; = ioxd; and o = ioa )
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Conclusions

Part of Yukawa Lagrangian in mass eigenstates of fermion and scalar

0 —

h
L, = —71§

1 1 1
L+ L+ T — 5+ DY
(er + AL TL)(W ot \/7 \/ﬁ \/»5

, 1 1 1 1
+ (e + wig + W’ 7r) < DY+ ———=0" + — D) + —@“)
: y

V2

1 1 2
+ (e + wiip +w T DY ——9 - 07| [e
( L L ’)< Btz © /73+y2 1 /6 3 R
hoe| L 0 L ogo_ Lo Lgo
— 2\ +a+7 B p ——— 0 — Y+ —
V3 (6r + i L)<\/3+x2 B b V2 e

1 1 1
4)0 <1>° + =05 + — @)
V3+ \/ V2 ile e

+ (wer +w? i + 71)

1 1 1
+(vu €L+/1L+wﬁ) <\/3+72 8+\/T7®?+\/§q>0 \/6@;)
+(weL+ﬂL+w TL)< ! ¢'O ! 0 l@g IR

VR Y SR Y i
h'B/Z — P = 1 () 1 0 1 0 1 0
— —=|(eL + fiL + 7, Dy + ———=0] — =Dy + =Py
\/§ (L AL L)( r % \/5 \/6

1 1 2

+ (wPer +wiip + 7 =0+ ==~ =1

( er +wpr TL)( 31 22 o+ 3+y \@ 3
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Conclusions

_ 4 U d v
‘CYl‘k - LYuk + ‘EYuk + LYuk + LYuk
where
h
¢ Y[(s | = 1 =\40 (5 - 2=\ 10, (5 2 =\ 40
Ly, = —%[ (r + oL +7r) 9] +(eL +wi, +w TL) ¢y +(eL +w +a)TL) ¢3]eR

—hlf[V1L¢1+ +Uory + VBL(P;]eR

+%[(EL + Or + To)vir + (@ +wfr +*TL)vor +(r +a)2ﬁL +a)"cL)V3R]qb6
+ h.c.
Note
@ Light neutrino mass nearly degenerate (upper limit 1.1 eV)
Q Mp=1MeVand Mg =1TeV
Q o, Iy < hayg, iz
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Higgs Potential

V =V(gi) + V(x) + V(do) + V(i, x) + V(di, po) + Vo, x) + V(i X, Po)-

Simplification
e FCN interactions of charged leptons are only due to scalar (Higgs doublets).
e x terms are dropped as they do not take part in CLFV.
¢ Neglect admixture of ¢; and ¢y.
e Higgs potential is CP conserving.

Higgs potential becomes

V(da) = ui(@]+¢3+P3) + A1 (9] + 3 + §3)°
+ U3+ As Py + Aa(PF + 3 + 3) ¢,

where ¢2 = ¢! ¢, (@ =0,1,2,3).
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Conclusions

Type lll

Loop function
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Conclusions

The loop integral functions for type | are

~ —Iny; In xi 1
Tl 20e) = [(x/ —x)(1 — x))? ’ (g —2)(1 -2 (-x)(1- xk)] ’
| ~ —xjInx; X In xge _ 1
Fald ) =i [(x/ —x) =52 (G- x)@-xf (- x5)(- xv] '

The loop function for type IlI

FANC ) p— [Il(xt Jx) + (6 cos O +2 + = cos 20 xt)fg(xt)]
2sin” Oy 2
b [(1—ésin26 )I (1) = 2 sin? Oy T (x)]
A O 3 w) Lalx) - 3 w L5(x;
1

4: .2 4 -2
+mxt [5 sin 6Wj4(Xf)—(1—§Sln Qw) I5(xt)].
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