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Neutrino Oscillations — Non-zero neutrino masses.

EW-SSB

Ly ZY,,ZL I:Il/,q +hec. ———— — (m,,my,q + h.C)
mo_ Y, v
T

* This requires an extreme fine-tuning, © (10~'2), of Y, to generate
masses of sub-eV range. Unnatural ! (S Pascoli Lectures) !

To avoid this extreme fine-tuning, many neutrino mass mechanism
has been proposed

Of these, see-saw models are the most popular !



Purpose of the work

Neutrino q Lepton flavour violation
Oscillation In neutrino sector

* This necessarily leads to Charged lepton flavour violation (CLFV)

W oscillation W
l, v, vg— g

+ Amount of CLFV depends on the details of the neutrino mass model

* In this work, we establish relations between Branching Ratios of radiative
CLFV and meson CLFV decays in seesaw models.



Seesaw Mechanism

What is the origin of tiny neutrino mass ?

» Dimension-5 operator in SM fields —» Neutrino mass
Zs = X(LTUZH) CT(H'o,L) 222 &vLC‘vL +H.c.

2A

(Weinberg, PRD 22 (1980) 1694)

" Completion I

Type-1 Type-lll



Seesaw Description : Type-l Ng(1,0)

Minkowski, 1977  Yanagida, 1979

Gell-Mann, Ramond, Slansky, 1979 Mohapatra, Senjanovic, 1980

. 1
ACTypefI =—LYpHNgR — EN"% Mg Ng + h.c.

The mass matrix M can be diagonalised in two steps:

T 0 MD _(my 0 _
diag 0

2, Wmm:<%

0 M,c\jliag> = diag(m1,m2,m3,M1,...Mk).



Light-Heavy mixing

w = (VI-RAT R _(1-1RA} R
- -R" VI-RR) —\ -R'" I-}R'R

W. Grimus and L. Lavoura (2000)

(U 0
U"(o UN>

The complete diagonalising matrix
U— U, Un\ (@-3RRY)U, R Uy
T \Un, Uw) —RU, (I-3R'R) Uy

Upmns = <H - %RRT> U,=({I+n)U, | = Non-Unitary

where R = MyMg".

We can take Uy to be Identity — Mpg is diagonal.



Radiative ;n — ey Decay

/va =[U,( +nlv;+ RaKNK]

\
Active flavour Light-heavy mixing in
Type-l and Type-lll
* Charged current
L= =y (=) [+ U] W +h.c.
2¢/2

———

g]cvc =- Ll;}’ﬂ(l - yS)RaKNKW” +h.c
0/2 —
* Flavor changing neutral current in Type-IIL

Lrene == T@W(R"KR )y, (1 =yl Z" +h.c.

Petcov,77 Marciano, Sanda, 77
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Strong GIM suppression!




Observable effects!!

Now the GIM cancellation is not exact due to the
non-unitary nature of PMNS matrix.

Saem 12

Br{n—e) =455

3 M2
T:Z[(1+77)Uu]ej[(1+77)Uy]Z/-F< >+ZF?ekR* <M2>.

=1

Ibarra, Molinaro, and Petcov (2011)



Light-heavy mixing:Constraint on R (Theoretical)

* Casas Ibarra parameterisation (Casas, Ibarra (2001)

R= MM =4/mlavox /Mg

* There is a lot of freedom in parameterizing the unphyscial matrix O

* Due to this freedom, the light-heavy mixing matrix will only have
a mild dependence on M

* The strongest constraints on K come from experiments



Constraint on R from p — ey

» For K=2, nearly degenerate case : Type-I

M,=M(1+2),Z<<1

3a (2427
B,R,(ﬂaey)z—a< > |R€1R:‘1|2[F(X1)—F(O)]2

R \1+7 R
(Ibarra, Molinaro, Petcov(2011))
with
2
FiXg = 10 — 43X, + 78XZ — 49X} + 4X¢ + 18X log X v My
o 3(Xg— 1) ’ =\ My,



Bounds on |Rex R|

LFV Decays | Present Exp. Bound
Br(p—ey) | 42 x 107" wec o)
Br(r — ey) | 3.3 x 1078 casar (2009)
Br(r — uy) | 4.4x1078 seie 2021)
Type-I M; =100 GeV | M; =1 TeV
|Ret R34 3.43 x10° 1.17 x 107°
|Re1 RZ4 | 962x10° |3.28x10°°
IR Ryl 11.1 x10~° [ 3.79 x 1073

* The constraints on the seesaw parameter |Re1 R}, | exhibit mild
dependence on the masses of heavy particles through loop functions.




Type-ll Seesaw

J. Schechter and J. W. F. Valle 1980

G. Lazarides, Q. Shafi, and C. Wetteric 1981

® Here an SU(2), scalar triplet field (A) with hypercharge Y = 2, is
added to the SM.

- (O4F )

¢ The radiative CLFV decays are mediated by the charged and doubly
charged components of the scalar triplet. These particles do not couple
to quarks and hence play no role in the CLFV decays of mesons.



u — ey Decay Type-lll Seesaw

Z
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Br (1 — &) = Z |Rec R4 [2 [-2.23 + A(x) + B(yi) + C(2)]P

| Type-lll | Mg, =100 GeV | My, =1TeV |
[ReiR,| | 369x10° | 539x10°
B R*| | 1.03x1073 | 151 x 103
|RT1R | 1.19 x 1073 1.74 x 1073




CLFV Meson Decays

« For the transition ql - qzl;_l; (Becirevic, Jaffredo, Pinheiro, Sumnesari(2024))

l
qi a
4Gy,
H, = 7 D VE Vi[04 + €105

j=uct }/ g
With

a a _
Oy = —Igor"(1 = v5)q11ay,14] 010 = ——[@r"(1 = vs)qillLyy,¥s5l6]
8z

81
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CLFV Meson decay in Type-I

The effective Hamiltonian for all diagrams in Type-| seesaw:
Hotr = frpo—1 [ (1= 75)a1] [Tar"(1 = 75)0s]
— —

V-A

GEM; . .
f'laj/peflz % Z ‘/IQ1‘/f¢72)(/ZRekRukI1(vaxk)
k \W—/

j=u,cit

® The amplitude depends on the same set of seesaw parameters as the
radiative CLFV decays.

e Type-I

Vi, v,

Auc,t i +W-—> O

'q W 7,, q, W 3




CLFV Meson decay in Type-lll

¢ The effective Hamiltonian for all diagrams in Type-lll seesaw:

Hetr = frype—ini [@7“(1 —5)q1] [Car™(1 — Ws)fﬁ}

—_———
V-A

¢ All the six triangle diagrams in Type-Ill have comparable contributions.
* Additional contribution in Type-III:

1, w by L <

hu.c.t

(@)

+ W= O

_’ C9(III) = Xt[RalleJ] Itot(Xt’ Xl)



CLFV in K decays

® The amplitude for purely leptonic kaon decay K| — pte is the
sum of the amplitudes for K® — ute~ and KO — pte.

1

|KL) = EOKO) +]K%),  CPIK%) = —[K?).
Gzaz m2 ? 2
Br(K. — pte™) =27 3£7r3 femem? | 1— m—g [Re(VisViy)]7 |Col?
K

* The semi-leptonic decay simplifies to, after integrating over the phase
space,

Br(K* — ntute”) = af |Col*, & =1.94x 107"



CLFV in B decays

e For purely leptonic decays,

+ Gz ? 2 m2 i 2
Br(Bs = LL;) = 78, 5 01 mg,my, | 1 - — | Vi Vs || Col
Bs

® The semi-leptonic decays simplify to, after integrating over the phase
space,

Br (B - W;zg) =22y |Col? x 107°
Br (B - vege;) = 2(ao + bg) |Cs|? x 102

D. Becirevic et.al (2407.19060)



Upper Bounds on CLFV Meson Decays

Similarly, we can relate B.R. of other radiative and meson CLFV

decays.
Decay Exp. Limit Type-I Type-lll
M=100(1000)GeV | M=100(1000)GeV

Br(K. — ep) 6.3x10" |[ 432(1.11) x10720 || 1.67(3.37) x 10~ ™°
Br(K* — wteu) || 1.1 x10710 || 5.48(1.42) x 10722 || 2.12(4.28) x 10~?'
Br(Bs — ep) 54 x107% |[ 2.64(0.68) x10~™ [ 1.01(2.06) x 10~ T8
Br(BT — Kteu) || 1.8 x1078 |/ 1.05(0.27) x 10~ ® || 4.09 (8.27) x 10~ T®
Br(B® — K*%u) || 1.0x 1078 |/ 2.14(0.55) x 10~ || 0.82(1.67) x 10~ ™
Br(Bs — ¢ eu) 1.6 x 1078 || 2.23(0.57) x 10 6 1086(1.74)x10° ™
Br(BT — wteu) || 9.2x107% || 3.68(0.95) x 10~ 1.42(2.87)x 10"
Br(B® — plep) 3.2x107% [ 8.33(2.15)x 10~ || 3.22(6.50) x 10~/

Table: Predictions of various CLFV meson decays in seesaw models.



 Type-l:  MesonCLFVB.R. ~ 107> X Radiative CLFV B.R.

o Type-1l: Meson CLFV B.R. is negligibly small (~ 1075°) due to
exact GIM cancellation

« Type-Ill :  Similar to type-I with additional contribution from
FCNC of Z-boson to charged lepton

Meson CLFVB.R. ~ 102 x Radiative CLFV B.R.



Conclusion

*  Models addressing neutrino masses also predict CLFV process,
which are experimentally testable

* Inthree basic seesaw models -
Meson CLFVB.R. & Radiative CLFV B.R.
+  Can distinguish between different types of seesaw

»  If experiments find meson CLFV B.R. is greater than
radiative CLFV decay

—> neutrino mass generatuion is not simple seesaw.



Thank You!



Backup!



e Other neutrino mass models can also be explored to study CLFV
decays and establish limits. For an example, the mass model with
A4 symmetry predicts Br(K° — fie) = 3.5 x 10!, which is just
below the current experimental sensitivity (< 5.4 x 1079).

R. Korrapati, J. More, U. Rahaman, and S. U. Sankar (2021)

* Beyond the three canonical seesaw models, extended variants
such as the inverse seesaw and linear seesaw, which operate at
lower scales might enhance the branching ratios.

¢ |f a CLFV meson decay is observed with a branching ratio larger
than radiative CLFV decay in future experiments, it would indicate
that an alternative mechanism, beyond the seesaw models, is
responsible for neutrino mass generation.



For light neutrino exchange

3 2
S I +mUlg [ +m)UI F (%) =~ (N + 1}1e) F(O)

j=1
—> " RekR:F(0).
k

Br (1 — e7) = ae’" Zmemm [F(xc) — F(O)?

10 — 43xx + 78x2 — 49x3 + 4x{ + 18x3 log(xx) Xe = (k2
3(Xk _ 1)4 ’ kK= MW

F(Xk) =



We work in the limit where k = 2 and the two heavy RH neutrinos are
nearly degenerate i.e. Mo = My(1+2),z < 1.

low energy  high energy
measurables free parameters

/—’H
MD = IU#< m O\/ MR Casas, Ibarra, 2001

R = iU,vmO*\/Mg~!

, Usa +i\/7 Uz & (Uso +1/7
R"e:egm Uu3+l\/7 2 :E(Uuerl
(

U +iy /2 U £ (Ug+i

For NH

Ueg) INE:
Uuz) /N1 +z
T U, [VT+2

Ibarra, EM, Petcov, 2010

35138158

— 41
Raz_ilﬁﬁoﬁ
3a 2+2\? .
Br (= 00) = 52 (322) 1R F(x) - FIO)P




Effective Hamiltonian for CLFV meson decays

For the transition g — g2/} (7,

4Gr
eff—T > Vi Vi [Co Os + Cio Oxd],
Jj=u,c,t
a -y Q= 7
Op = g _[G27" (1 — ) q1][la 74 Ls], Oro = g, 1@ (1 =5) Gilllaruys Cs]-
4, w £y A @ 17
—_———— - ey o o oo a oy ————
Auct \ A Auct Al
—_— > > ——
4, w £y q, w L;
(@) (b)
1, W In 1, @ fp
— < WWWW—< e I S
Auct \ AR Auct \ A
U > > l.......] I
q, [ ] I q, (] £y
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Mype—1 = o2 > Vig ViapXi D Rek Ry Xk Z(x; 5 Xk)
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I
w C§ = x> RekRy kXkZ2(x; » Xk)
k
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———————
2 p 12
b _ GgMy, " N b
A d=uet v VN Mype—1= —53 Vias Vi X D Re Ry k Uy 27 (% %K)
i k
b
Cs =% > RekRy: kX Z3(X; , Xk)
S K
w
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............ e
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C _ F'w * c
[ 9=t v UMk Mpe—1 = g2 D Viay Via X D RekRpuk Uek Ul Z° (%, Xk)
J k
C5 =% > RekRisixk T2 (x;, %)
____________  » k



The effective Hamiltonian for these transitions can be expressed as,

T = fi[giy" (1 —s) qel[er” (1 —s) 1] (1)
where i =(Type-I, Type-Il, Type-Ill) and g, g are quarks.

nype—I = f%pe—l + f'l%/pe—l + f7c'ype—l (2)
a GFMW
Fiype—1 = Z as VIszlZRekR kXL (X 5 Xk ) @)
b GFMW by,
frype—1 = Z as szX/ZRek KUk X2 (X, Xi) (4)
C GZM %
et = Z o ViaeXi Y Rok Rl k Usk Uk X Z° (% , Xk) (5)
k

. 2
where x; = (A%) and xx = (A'L,”—]:/)
The Loop integral functions are

—InXx; In xx 1
(X, Xk) = d + — ,
00X = G x0T %2 T g a0 —xF (- %) —x)

—X/'|an Xk In Xk 1

R R (A e (e A (e

(6)



Type-lll Seesaw (3, 0)

R. Foot, H. Lew, X. G. He, and G. C. Joshi 1988 E. Ma 1998
1__ c -
—Lype-n1 = EW’ZK(MZ)MZZ + V2H'Tk(Ys )kalar + h.c

s _(TVe %
T o5, =02

¢ The neutral component of the triplet ¥° mixes with neutrinos making the

PMNS mixing matrix non-unitary.

e The charged Dirac spinor ¥ = ¥ £° + ¥ 7 mixes with charged leptons.

S m, Yiv r\ 1 /—= = 0 Mp v
L=~ (0 V1) ( 01Z /\5}: ) (w,:,>_§ (Vf zo> ( ML Ms ) (Z°C>



Abada, Biggio, Bonnet, Gavela, and Hambye 2008

_(U+nU, R =t Yapt g
U—<_RTUU e . R=MpMs',n=—5RR"i = —5RR
U (1+21 V2R B 1 \@ngMZ‘>

LT \-V2Rt 142y R \—va2M 'R m, 1

® Unlike type | see-saw, type-lll seesaw contains flavour changing neutral
currents (FCNCs) in the charged lepton sector.

g _
Leone = “Scosty (Rakﬂlﬁ) lovu(1—75) s Z" + h.c.



CLFV Meson decay in Type-lll




Effective Hamiltonian

¢ The effective Hamiltonian for all diagrams in Type-Ill seesaw:

Herr = Frype—in [@7"(1 —5)q1] [Cay*(1 = 75)s

V-A

¢ All the six triangle diagrams in Type-Ill have comparable contributions.

Co ype—in1 = Xt [Re1 Rjq] [Ziot (Xt , X1)]



Seesaw Models

Seesaw Additional Fields Mass Matrix Mixing
. 0 Mp (1— LRRMU, RUy
Type-| Fermion N(1,0) ( ME Mn > ( —ZR*UV o Iy UN>
LYpHNg
INE Mg Np m, ~ —mpMz M) R = MpMg' + O(M3(Mg ')
Type-ll Scalar A(3,1) m! =2Yaua (ml)eye, = (U* dia(my, ma, ms)UT) g0,
At/vV2 At ; _ w? 1 (ml
YatTCAL + he. ( A/O At s ) with up = 7//3’ (Ya)ey = 2uA( my)ee;
wHTAH +he. <A°> = up
+M3 Tr (ata)
. 0 Mp - 1ou, MM ! Uy
Type-li Fermion ¥(3,0) < M M ) (—wgnfg‘)fuy & T)UN)
- 0 _
Ys I+ ( ):):/_‘/E _5\@ > mil = —yJ v - Y e = MpMs ' (MpM; ")t

M Tr (£°5)



