Lepton Mixing and charged Lepton
Flavour Violation from Inverse Seesaw

Based on “Charged lepton flavour violation from inverse seesaw with flavour and CP symmetries”
(FPDM, C. Hagedorn, '24) ;

“Lepton mixing and cLFV from ISS with non-degenerate heavy states ”
(FPDM, C.Hagedorn, ‘25)
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Flash Introduction to Neutrino Physics

e 1930 : Pauli's hypothesis to explain #-decay

(_https://neutrinos.fnal.gov/history/ )
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Flash Introduction to Neutrino Physics

e 1930 : Pauli's hypothesis to explain #-decay

* 1956: Discovered at Los Alamos (Reines and Cowan)

Formulation of GSW theory of
linteractions (approx 1960-1970): LH|

* 1958: Neutrinos are only LH (Southpaw)
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Flash Introduction to Neutrino Physics

e 1930 : Pauli's hypothesis to explain #-decay

* 1956: Discovered at Los Alamos (Reines and Cowan)

* 1958: Neutrinos are only LH (Southpaw) L-It_
linteractions (approx 1960-1970): LH

and massless neutrinos :

pa—

* 1962: Discovery of muon neutrino (Lederman)
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Flash Introduction to Neutrino Physics

e 1930 : Pauli's hypothesis to explain #-decay

* 1956: Discovered at Los Alamos (Reines and Cowan)

linteractions (approx 1960-1970): LH

* 1958: Neutrinos are only LH (Southpaw)
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* 1962: Discovery of muon neutrino (Lederman)
* 1968 : Detection of Solar Neutrinos (Homestake exp.)
* Only 1/3 of electron neutrinos observed...
* 1985 : Detection of Atmospheric Neutrinos (Kamiokande and IMB)
* Smaller ratio of muon neutrinos to electron neutrinos observed

* 1998 : First evidence of Atmospheric Neutrino Oscillations (Super-Kamiokande)
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Flash Introduction to Neutrino Physics

e 1930 : Pauli's hypothesis to explain #-decay

* 1956: Discovered at Los Alamos (Reines and Cowan)

linteractions (approx 1960-1970): LH

* 1958: Neutrinos are only LH (Southpaw)
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* 1968 : Detection of Solar Neutrinos (Homestake exp.)

* 1962: Discovery of muon neutrino (Lederman)

* Only 1/3 of electron neutrinos observed...
* 1985 : Detection of Atmospheric Neutrinos (Kamiokande and IMB)

* Smaller ratio of muon neutrinos to electron neutrinos observed
* 1998 : First evidence of Atmospheric Neutrino Oscillations (Super-Kamiokande)
e 2000 : Discovery of Tau neutrino (DONUT collaboration)
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Flash Introduction to Neutrino Physics

e 1930 : Pauli's hypothesis to explain #-decay

* 1956: Discovered at Los Alamos (Reines and Cowan)

| Formulation of GSW theory of
linteractions (approx 1960-1970): LH|

* 1958: Neutrinos are only LH (Southpaw)

pa—

* 1968 : Detection of Solar Neutrinos (Homestake exp.)

* 1962: Discovery of muon neutrino (Lederman)

Evidences of
oscillation in the
neutrino sector is
incompatible with

massless neutrinos!

* Only 1/3 of electron neutrinos observed...
* 1985 : Detection of Atmospheric Neutrinos (Kamiokande and IMB)

e Smaller ratio of muon neutrinos to electron neutrinos observed

Flavour dynamics

* 1998 : First evidence of Atmospheric Neutrino Oscillations (Super-Kamiokande) \
_needs explanations! ]

e 2000 : Discovery of Tau neutrino (DONUT collaboration)

(_https://neutrinos.fnal.gov/history/ )
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First Problem: Neutrino Masses

 SM does not predict Majorana

Neutrino masses at renormalizable
level
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First Problem: Neutrino Masses

1
S —
 SM does not predict Majorana @W — A<LLHH>
Neutrino masses at renormalizable
level

 Majorana Masses generated via
Weinberg operators
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First Problem: Neutrino Masses

 SM does not predict Majorana
Neutrino masses at renormalizable

level
. . (H ) (H)
 Majorana Masses generated via , |
Weinberg operators ! :
I N S N |
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First Problem: Neutrino Masses

M
The Inverse Seesaw (ISS) [Hol < Iy | < My

U
_ _ 1 _ I L .
F = — LY, HN® — NMyS — ES%SS +h.c.=— (g, N° S) M| N° M=|mp D Myg
T
o 5 @ Myg Hg
( R. N. Mohapatra and J. W. F. Valle, ('86); R. N. Mohapatra (’86); J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez and J. W. F. Valle, (’87) )
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First Problem: Neutrino Masses

< <M
The Inverse Seesaw (ISS) [Hol << 1mip| o

, vy Q0 mp %
- S @ Myg g
( R. N. Mohapatra and J. W. F. Valle, ('86); R. N. Mohapatra (’86); J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez and J. W. F. Valle, (’87) )
. U S
U MU = A48 U =|"" _ _ Ho
( T V> m,, & mp(Myg)' psMygmy, ~ zﬁ"z
0
In the basis in which charged lepton mass matrix is diagonal, ~
~ ) ) . . . Uy — (1 — 7’]) UO
U is the (non-unitary) leptonic mixing matrix
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First Problem: Neutrino Masses

The Inverse Seesaw (ISS)

1%
] ) I . L ove gy
S

( R. N. Mohapatra and J. W. F. Valle, (’86); R. N. Mohapatra (’86); J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez and J. W. F. Valle, ('87) )

S, T describe the mixing of light and sterile neutrinos
(S, T <K U,) = Can induce cLFV processes

(R. Alonso, M. Dhen, M. B. Gavela, T. Hambye (‘12))
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That explains the masses, but...
What about the mixing?

4 A
G, G,
(Residual symmetry (Residual symmetry
of m)) of m;ml)
: 2 2 2 di
diag{m,, m;, m;} = U;m;mlUl mlf iag) _ Uim U* Upiing = U;Uy

m, , mfml and the mixing Up,,n¢ is completely fixed by the symmetry!
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That explains the masses, but...
What about the mixing?

G, and CP
/ / \

Gy Gl
(Residual symmetry (Residual symmetry
of m)) of m;ml)
- 2 22 02 diag) __ —
diag{m,, m;, m;} = U;m;mlUl m\48) = UTm U* Uppns = U'U,

m, , mfml and the mixing Up,,n¢ is completely fixed by the symmetry!
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What about the Mixing?
A(3n?), A(6n?) and CP
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What about the Mixing?

A(3n?), A(6n?) and CP

( J.A. Escobar, C. Luhn (°07, ‘08))
A(3n?) (A(6n?)) is a non-Abelian finite subgroup of SU(3) of order 3n? (6n?) : A(6n?) ~ (Z, X Z,) X S

Here, we consider only n 4 3 (not divisible by 3)
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Charged Leptons: Neutral leptons
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What about the Mixing?
A(3n?), A(6n?) and CP
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Charged Leptons: Neutral leptons

Three possible ways of choosing
generators of the residual symmetries:

Case1) Z=c"* X =abc*d*X,
Case2) Z=c"" X=c%d'X,
Case 3) Z = bc"d" X =bc’d"X,

0 0 1

1 00 (F. Feruglio, C. Hagedorn, R. Ziegler, ('13))
XO —
0 1 0

Form of the generators depends on the particular
representation chosen.




What about the Mixing?
A(3n?), A(6n?) and CP

. ™.

Charged Leptons: Neutral leptons
G, = diag (Zy x Z§") G,=7Z,XCP
Three possible ways of choosing (J.A. Escobar, C. Luhn (107, °08) )
generators of the residual symmetries: G, has a variety of 3-dim. representations 3,
Casel) Z=c"" X =abc'd”X, 3 = 3, Complex, Faithful three-
Case2) Z=c"? X=c%d'X, dim. representation

Case 3) Z = bc"d" X =bc’d"X,
3’ = 35 Real, Unfaithful three-dim.

1 OO0 (F. Feruglio, C. Hagedorn, R. Ziegler, ('13)) representation
XO — O O 1

010

Form of the generators depends on the particular
representation chosen.

- — = o —— ———
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What about the Mixing?

A(3n2), A(6n%) and CP

. ™.

Charged Leptons: Neutral leptons
G, = diag (Z; x Z{**) G,=27,XCP
_ _ 1 _

<L, =— LY, HN® — NMyS — ES%SS +h.c.

Different choices of Gf representation
result in different phenomenology:

" FP. Di Meglio
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What about the Mixing?

A(3n2), A(6n%) and CP

./ ™.

Charged Leptons: Neutral leptons
G, = diag (Z; x Z{**) G,=27,XCP
_ _ 1 _

<L, =— LY, HN® — NMyS — 556/455 +h.c.

Different choices of Gf representation
result in different phenomenology:

e Optiont: L~3 ; N~3 ; §$~3

e Option2: L~3 ; N~3 ; §~3
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e Option3: L~3 ; N~3; §~3 —

" EP. Di Meglio



What about the Mixing?

A(3n2), A(6n%) and CP

./ ™.

Charged Leptons: Neutral leptons
G, = diag (Z; x Z{**) G,=27,XCP

_ _ _ (C. Hagedorn, J. Kriewald, J. Orloff, A. M. Teixeira, (‘21))
Different choices of Gf representation

o oy (1 00 1 00
result in different phenomenology: Yo=y0——(0 1 0 Mys=Myl 0 1 0O
Mo \o 0 1 0 0 1
e Optiont: L~3 ; N~3 ; §$~3
g 00
s =UF(09] 0 1y 0 [ Ug(6y)
0 0 pu3
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What about the Mixing?

A(3n2), A(6n%) and CP

./ ™.

Charged Leptons: Neutral leptons
G, = diag (Z; x Z{**) G,=27,XCP

LY, HN®

Different choices of Gf representation

(FPDM, C. Hagedorn, (24))

L 1 00 1 00
result in different phenomenology: My= Myl0 1 0 ue= |0 0 1
0 0 1 010
yi 00
e« Option2: L~3 ; N~3 ; §~73 mp = (HYU*@)[ 0y, 0] Ug(6p)
0 0
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What about the Mixing?

A(3n2), A(6n%) and CP

./ ™.

Charged Leptons: Neutral leptons
G, = diag (Z; x Z{**) G,=27,XCP

_ _ _ (FPDM, C. Hagedorn, ('25, To appear soon!))
Different choices of Gf representation

1 00 1 00
result in different phenomenology: Ypo= y(0 1 0 o= o[ 0 0 1
0 0 1 010
M, 0 O
Mys=UyOp| 0 M, 0 U6
0 0 M
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What about the Mixing?

A(3n2), A(6n%) and CP

./ ™.

Charged Leptons: Neutral leptons
G, = diag (Z; x Z{**) G,=27,XCP

Different choices of Gf representation

result in different phenomenology:

In this discussion, we focus on Options 2 and 3

e Option2: L~3 ; N~3 ; §~3

S ——— e —— —— e ———

e Option3: L~3 ; N~3; §~3 —
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Option 2

n,, ~ 72 — My gy, = <H>WU2< @[O0 ¥y O|UzO 0 0 1 )Ur@| 0 ¥y, O U6
0 0 ¥y 010 0 0 ¥

Heavy neutral states spectrum: Three almost

H IX: : i
eavy neutral states mass matrix degenerate Pseudo-Dirac Pairs

Vo~ @ My 1 1
h ML, ug Mi=456) X Mo — 5//‘0 Mi=7.8,9) ¥ Mo + 5'“0

Remember the ISS condition:

| po | << |mp | <K< My

S ——— e — s
e =
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m mD,uSmD = (H ) Y7 UiI< )10 », O U%(HR) 0 0 1 )UxBH0 vy, O U;(HL)
0 0 ¥y 010 0 0 ¥

U (6;) = Q(3)sz(‘9L)

AT
Un(6) = 3R, (0) (Pl
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Option 2

m, = W’””Dﬂsmg = <H>V02U£k )10 » O U%(HR)(() 0 1) Un(05)| 0 y, O ULT(HL)
0 0

0 0 y 010 0 0
Q(3) €2(3), €2(3") are unitary
Are determined by residual symmetry (specified by the
2(3") CASE and n, s, t) and its embedding in Gf.




Option 2

m, = W’””Dﬂsmg = <H>V02U£k )10 » O U%(HR)(() 0 1) Un(05)| 0 y, O ULT(HL)
0 0

0 0 y 010 0 0
R.(6)) €2(3), €2(37) are unitary
Are determined by residual symmetry (specified by the
R;,(6R) CASE and n, s, ) and its embedding in G, .

R; (0, g) is arotation on the ij plane




Option 2

myzﬁmDﬂSmgz(H)Vosz(QL) 0 vy, O U%(HR)(() 0 1) Un(05)| 0 y, O ULT(HL)
: : 0 0 0 10 0 0

Parameters of the theory:
My, poy 5 i 0p» Og
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Option 2

1 n 00 1 00 y 0 0
m, ~ MszﬂSmD_<H>_U*(‘9L) O y O Ug(HR)<O 0 1) U@ 0 ¥y, O Uz(é’L)
0 0 ¥y

* [n our numerical analysis:

M, € [150 GeV; 10 TeV]

e ——————— e
e = — —_———
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Option 2

) P yl O O 1 O O yl O O
m, & —mppusmb = (H)~—-U*0) || 0 v, O|UL@| 0 0 1) Ux@)|0 ¥, 0] U6
M M; 0 0

* [n our numerical analysis:

My € [150 GeV, 10 TeV] g € [0.1 keV; 10% keV]
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Option 2

| ) yi 00 1 0 0 yip 00
m, & —mpusmb = (Hy—U@) [| 0 v, 0|Uk@p( 0 0 1) UgGp| 0 ¥, 0| Uiy
Mo Mo 0 0 v 0 0
3 Y3

* [n our numerical analysis:
M, € [150 GeV; 10 TeV]  uy € [0.1 keV; 10° keV] Oy € [0; 2x]

e
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Option 2

v, 0 0 v 0 0

: . 1 100 )

my%ﬁmgusmg = <H>WU2< 0|10 ¥, OJULGR| 0 0 1 )Ur@|0 ¥ O]| U6
0 0 0 0 Vs

* [n our numerical analysis:
M, € [150 GeV; 10 TeV]  uy € [0.1 keV; 10° keV] O, € [0; 27]

* Fixed by fitting LO predictions of the masses to experimental values
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Option 2

yl O O 1 O O yl O O

1 % T T

m, ~ 7 —mpugmy, = (H >WU @10 y2 OfUz@| 0 0 1 )Ur@|O0 y, O] U6)
0 0 y,

* [n our numerical analysis:

M, € [150 GeV; 10 TeV]  uy € [0.1 keV; 10° keV] 6, € [0; 27]

* Fixed by fitting LO predictions of the masses to experimental values

* Fixed by fitting prediction of mixing to lepton mixing data
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Option 2

yl O O 1 O O yl O O

1 % T T

m, ~ 7 —mpugmy, = (H >WU @10 y2 OfUz@| 0 0 1 )Ur@|O0 y, O] U6)
0 0 y,

* [n our numerical analysis:

M, € [150 GeV; 10 TeV]  uy € [0.1 keV; 10° keV] 6, € [0; 27]

* Fixed by fitting LO predictions of the masses to experimental values

* Fixed by fitting prediction of mixing to lepton mixing data

» We consider my = 0.03(0.015) eV for NO(IO)

T ~EPS2025,
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Option 2 y SRR e
0% W 4 14
1 < < < 1
. > > d
cLFV in the ISS . N ;
p— ey u — 3e u —e GConversion
Heavy sterile states and their mixing with light neutrinos can lead to
unsuppressed processes that violate flavour in the Charged Lepton
Sector!
"FP.Di Meglio  EPS2025,



Option 2
cLFV in the ISS TN e

H — ey u —e GConversion
Present bounds are non-constraining. BR(u = ey) S6x 107  Meg-li
Main constraints come from future BR(u — 3e) < 20(1) x 1071 Mu3E Phase-I (ll)
bounds:
CR(u —e, Al) < 7.08.00x 107"  COMET Ph Il (Mu2E)

S ——— =Tarism s e e e ——— ——
By — = =
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(FPDM, C. Hagedorn, ('24))

O tion 2: Case h Case 2), n=14, s=1, =2 (u=0) , NO

010 -
Predictions are bounded by o .
both experimental bounds on z IO%-M"- %
cLFV processes as by 107 - - -
bounds on unitarity violation o 15
S o _
1.3% 107 ;} = |
nS]1.2x107 1.1 x 107 : 10*%*-
9.0x10™* 5.7x10™ 1.0x 1073 o T

( M. Blennow, E. Fernandez-Martinez, J. Hernandez-
Garcia, J. Lopez-Pavon, X., D. Naredo-Tuero ('23)

10144

CR(u—e, Al)
3

[
=
]

1072 f————rrm — . .
150 10° 10* 10? 10°

M, [GeV] o [eV] 2 Or



https://arxiv.org/search/hep-ph?searchtype=author&query=Blennow,+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Fern%C3%A1ndez-Mart%C3%ADnez,+E
https://arxiv.org/search/hep-ph?searchtype=author&query=Hern%C3%A1ndez-Garc%C3%ADa,+J
https://arxiv.org/search/hep-ph?searchtype=author&query=Hern%C3%A1ndez-Garc%C3%ADa,+J
https://arxiv.org/search/hep-ph?searchtype=author&query=L%C3%B3pez-Pav%C3%B3n,+J
https://arxiv.org/search/hep-ph?searchtype=author&query=Marcano,+X
https://arxiv.org/search/hep-ph?searchtype=author&query=Naredo-Tuero,+D

(FPDM, C. Hagedorn, ('24))

O tion 2: Case 2 Case 2), n=14, s=1, r=2(u=0), NO

1077 ————e N 1 ! ! ! ! ! ! 1 !
107 - - - -
? 10—13 . " il " i "
S
Mu3E Bound reached “ '
(}7 N
S
s _
an
[ e A — — : :
10—6 - M | . — ] 1 ]
L :{ -
COMET bound reached ) e
O L i
F
10726 >

150 103 10* 102 103 10* 10° 0 . 7 w21
My [GeV] Ho [eV] Or




(FPDM, C. Hagedorn, ('24))

O tion 2: Case 2 Case 2), n=14, s=1,r=1(u=1), NO

07

10710 - m
Modulation in function of @ T . '
1
5? 10716 - 5 ’
Enhancement of rates for L | _

sin(260,) ~ 0 e
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contributions DR R
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Aﬂdb [(}C‘/] Ho [C\/] 6b?



(FPDM, C. Hagedorn, ('24))

O tion 2: Case 2 Case 2), n=14, s=1,r=1(u=1), NO

1077 74—

10—10 -

10—13 -

10—I6 -

BR(u — ey)

Predictions are compatible with

future boundson u — ¢
transitions!

#ha i

ﬁ -
10—I9_ '

1072 L——
1077 T——

10—10 -

10—13 -

10—I6 -

BR(u — 3e)

Lower limit for p, can be
extrapolated:

10—I9 -

107 —
1070 T+——

10—10 -
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CR(u—e, Al)
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(FPDM, C. Hagedorn, ('24))

Option 2: Case 2

Case 2), n=14, s=0,tr=1(u=-1), NO
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COMET and Mu2E

BR(u — ey) are only have big potential
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Option 2: Case 2

Case 2), n=14,s=1, t=2wu=0) ,NO
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Summary for Option 2:

* For Option 2, all symmetry breaking information is contained in the Yukawa
couplings Y;

e Spectrum of the heavy sterile states is made of three quasi-degenerate pseudo-
Dirac couples

* Mixing of heavy sterile states with light neutrinos ( described by 7 ) induces testable
signals for processes violating Charged Lepton Flavour

* Future experiments could test the parameter space considered in our analysis

e o e R
e =
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Summary for Option 2:

* For Option 2, all symmetry breaking information is contained in the Yukawa
couplings Y;

e Spectrum of the heavy sterile states is made of three quasi-degenerate pseudo-
Dirac couples

* Mixing of heavy sterile states with light neutrinos ( described by 7 ) induces testable
signals for processes violating Charged Lepton Flavour

* Future experiments could test the parameter space considered in our analysis

LET’S NOW MOVE ON TO OPTION 3'!

e o e R
e =

" FP. Di Meglio "EPS2025,



(FPDM, C. Hagedorn, ('25, To appear))

Option 3

1 0 O 1 0 O
We remark that, for Option 3 : Yp= {0 1 O ps= Ho|l 0 0 1

M, 0 O
The flavour symmetry is broken by the M Mys = UnOy| O My 0 | Us:(0)
mass term. 0 0 M,

S ——— s e —— e ———
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Option 3

We remark that, for Option 3 :
L~3 :;: N~3 :; §~3

The flavour symmetry is broken by the M
mass term.

As for Option 2, the heavy neutral states
mass matrix is approximately:

Yp

(FPDM, C. Hagedorn, ('25, To appear))

1 0 0
= Y%|l0 1 0 Hg =
0 0 1

y

1 0 0
0 0 1
O 1 O

M, 0 O
0 | Ugi(6)
0 0 M,

The spectrum of heavy sterile states is:

my = M —
ms = M, —

Ho Ho
7 m7—M1+7
Ho Ho
7 m8—M2+7
Ho Ho
7 m9—M3+7




(FPDM, C. Hagedorn, ('25, To appear))

As per Option 2, spectrum of heavy sterile states is made of
three pseudo-Dirac Couples

The main difference respect to Option 2 is the fact that
heavy states are now non-degenerate!

As for Option 2, the heavy neutral states The spectrum of heavy sterile states is:
mass matrix is approximately: my, = M, — Ho m, = M, + %
o M ! !
Mh% T w m5=M2_70 m8=M2+7O
Mys  HUg Ho Ho
mg = M3 — — mg = M3 + —




(FPDM, C. Hagedorn, ('25, To appear))

As per Option 2, spectrum of heavy sterile states is made of
three pseudo-Dirac Couples

The main difference respect to Option 2 is the fact that
heavy states are now non-degenerate!

As for Option 2, the heavy neutral states The spectrum of heavy sterile states is:
mass matrix is approximately: my, = M, — % m, =M, + %
o M ! !
Mh% T w m5=M2_70 m8=M2+70
Mys  HUg Ho Ho
meg =Mz ——  mg=M;+—



Option 3: Numerical Scan

Yo

* [n our numerical analysis:

Yo = [10_4, 1]



Option 3: Numerical Scan

Ho

* [n our numerical analysis:

1o € [0.1 keV; 10° keV]

- — - D —— - - ——
- By — P = —————

~ EPS2025,



Option 3: Numerical Scan

* [n our numerical analysis:

0. € [0; 2r]



Option 3: Numerical Scan

* [n our numerical analysis:

Vo € [107% 1] py € [0.1 keV; 10° keV] O € [0; 27]

* Fixed by fitting LO predictions of the masses to experimental values

- ——— o e R —— ——— —
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Option 3: Numerical Scan

* [n our numerical analysis:

Vo € [107% 1] py € [0.1 keV; 10° keV] O € [0; 27]

* Fixed by fitting prediction of mixing to lepton mixing data

- ——— o e R — ——— —

" FP.DiMeglio =~ EPS2025,



Option 3: Numerical Scan

* [n our numerical analysis:

Vo € [107% 1] py € [0.1 keV; 10° keV] O € [0; 27]

* Points of the scans are generated in a way that lightest sterile state’s mass is
above 150 GeV

S ——— =Tarism s e e —— e —

" FP.DiMeglio =~ EPS2025,



Option 3: Case 2

107°

1071 -
10—14 -

Predictions are similar to Option 2 10715 -

BR(u — ey)

Points converge as the mass of the
lightest heavy sterile state
approaches the threshold of

150 GeV

4,5,6,7,8,9

logiomin{m;[GeV]};

Position of the minima depends on
the particular point in parameter

space (in particular on )

Minima is really deep for my = 0.03(0.015) eV for - = T - |
NO(IO 100+ 10 1072 107! 1 102 103 10* 105  10° 0 r I 3 2
1) Yo Ho [eV] O

== —_— e =




OptiOn 3: Case 2 Case2), n=14, s=1, r=1(u=1),NO

0—6
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1]0 | i | N oy . y

. pd _

10—14 -
- 5.5

10—]8 -

BR(j — e7) |

¢ dependence is the same as per Option 2

10—22 -

10726 o
107° s
Points converge as the mass of the - 45 2

lightest heavy sterile state

approaches the threshold of =
150 GeV ©
i é
Position of the minima depends on g0 =
the particular point in parameter — «.. < _
space (in particular on p ) L
s

1026 : . : . .
10~# 1073 1072 107! | 102

== —_— e =




BR(7— ey) BR(7— 3pu) BR(7— uy)

BR(7— 3e)

Option 3: Case 2

Case 2), n=14, s=1, t=2w=0) ,NO

T | 1

107% e
10—10 -

10—14 -
10—18 -

1 =22

10—26

- 5.5

1078
10—10 -

10—]4 -
10—18 -

1 =22
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1078
107 1
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10—18 -

1 =22
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Option 2 VS. Option 3

We have discussed two Options in an ISS framework to reproduce the light neutrino mass
spectrum and Mixing Data

Both solutions are equally successful in this regard
Both predict cLFV signals that could be detectable in the near future

Is there any hope to distinguish the two options via these?

e —— eSS ey —

" FP.DiMeglio =~ EPS2025,



Option 2 VS. Option 3

Filter points of the scan
corresponding to a range of

1y € [8 X 10%,10°] GeV
Upper and Lower limits predicted for the rates
are comparable:

Differences are never larger than a factor O(3)
for 6’5 -Independent cases,

Never larger than a factor ©O(6) for 0
-dependent cases

No sensible difference between the two
Options can be found!

BR(u — 3e) BR(u — ey)

CR(u—e, Al)

y Y
10~* 10~ 10‘02 107! | 10~ 10~ 10‘02 107! |
10—17: — — il — il — il — P | — il P |
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1071 *f
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W »i Wi ¥
et +f
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10—2( ff f
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10—21
10716
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150 10° 10* 150 10° 10*
My [GeV] M, [GeV]
Option 2 + Option 3

Case 2), n=14, s=1, =2 (u=0)

e[8.0x10%:1.0x 10°] eV
. po € [ le 0




Option 2 VS. Option 3

Filter points of the scan L B :: |
corresponding to a range of R Caiitinsnad B |

1y € [8 X 10%,10°] GeV o] ot

Case 2), n=14,s=1,t=2u=0) , mp= le-14 eV
po €[8.0x 10%;1.0x 10°] eV

NO 10
Yo Yo
10~# 1073 1072 107! 1 10~ 1073 1072 107! 1

BR(i — €7)

107" 5

10—2()
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In the decoupling limit, similar considerations hold

CZ 10—"’-% j;r*ﬁ fﬂ
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distinguishing the two_Options! TR TR RNR
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SUMMARY AND CONCLUSIONS

 We considered an ISS framework embedded with flavour and CP symmetries

 Two Options of the framework have been considered, each characterised by different
representations of the fields and different spectrum of heavy states

 Option 2’s heavy sterile states spectrum is composed of 3 almost-degenerate
pseudo-Dirac couples

 Option 3 ’s heavy sterile states spectrum is composed of 3 non-degenerate
pseudo-Dirac couples

 Both Options predict cLFV signals which could be tested by future facilities

* Predictions for the two options are really similar, so chances of distinguishing
between the two mostly comes from detection of heavy states of the spectrum

e e
g ——— =
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BACKUP SLIDES



Generalised CP Tranformations

Given a set of fields ¢, a generalised CP transformation is defined as :

, —>
Px) > ¢ =X p*(Xcp)  Xcp = (XO, — X)
(W. Grimus, M.N. Rebelo (‘95))

(W. Grimus, G. Ecker, H. Neufeld ('84, '87, ’88))

S ——— s e —— e ———
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Generalised CP Tranformations

Given a set of fields ¢, a generalised CP transformation is defined as :

0 —>
Px) > ¢'=X P *(xcp)  Xcp=7,— X)
(W. Grimus, M.N. Rebelo (‘95))
(W. Grimus, G. Ecker, H. Neufeld (’84, '87, ’88))

CP is an involution transformation (CP? = 1), implying:
X*X = XX* having taken X unitary, constant and symmetric.

S ——— e — e e = —— e
g ——— P =

EPS2025,



Option 2

n,, ~ 72 — My gy, = <H>WU2< @[O0 ¥y O|UzO 0 0 1 )Ur@| 0 ¥y, O U6
0 0 ¥y 010 0 0 ¥

Heavy neutral states spectrum: Three almost

H IX: : i
eavy neutral states mass matrix degenerate Pseudo-Dirac Pairs

Vo~ @ My 1 1
h ML, ug Mi=456) X Mo — 5//‘0 Mi=7.8,9) ¥ Mo + 5'“0

Remember the ISS condition:

| po | << |mp | <K< My

S ——— e — s
e =
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m mD,uSmD = (H ) Y7 UiI< )10 », O U%(HR) 0 0 1 )UxBH0 vy, O U;(HL)
0 0 ¥y 010 0 0 ¥

U (6;) = Q(3)sz(‘9L)

AT
Un(6) = 3R, (0) (Pl

FP.DiMeglio  EPS2025,



Option 2

m, = W’””Dﬂsmg = <H>V02U£k )10 » O U%(HR)(() 0 1) Un(05)| 0 y, O ULT(HL)
0 0

0 0 ¥y 010 0 0 y
Q(3) €2(3), €2(3") are unitary
Are determined by residual symmetry (specified by the
2(3) CASE and n, s, t) and its embedding in Gf.




Option 2

yl O O 1 O O yl O O

I % T i

m, = IV mD,uSmD = (H >WUL @10 » OlUO)[0 0 1 )UBI0 y, O U/ (6,)
0 0 ¥y 010 0 0 ¥

R.(6)) Q(3), €2(3") are unitary
Are determined by residual symmetry (specified by the
Ri1(Gr) CASE and n, s, t) and its embedding in G .

R; (0, p) is a rotation on the ij plane

Codifies residual freedom in the choice of 2 matrices

FP.DiMeglio  EPS2025,



Example: Case 2 Z(r) = ("> X(r) = c(r)’d(r)’Xy(r)

1 O 0
Same structure for all s,7: Q28)(u,v) = e"" UpgRy; <_Z> [O e "m0 ]
0O 0 —i

i 0 0
s even, { odd: Q3")(u,v) = e U R 4 G) [o e”lT 0]
0 0 1
U, (0,) = Q3)R.(0 ¢ 00
1(0r) = QO)R;(0;) seven, feven:  Q@)uv) = Uy (0 I o)
00 —1

AT
Ur(Og) = 9(3')sz(9R)(P 1?1)

i 0 O
s odd, 7 even: QR Yu,v) = Urg (O 1 O)
0O 0 1

-1 0 O
. T g
s odd, 7 odd: Q8" )(u,v) = e_3lZUTBR13 <Z) [ 0 e'= O]
0O 0 1

( C. Hagedorn, E. Molinaro, A. Meroni, (‘14))

FP.Di Meglio



Example: Case 2 Z(r) = c(y">  X(r) = c(r)’d(r) Xy(r)

| . i 0 O
Q(3I)(u, V) — e_lZUTBR13 <Z> O e_'% O
0O 0 1

i 0 0
Q(3')(u,v)=UTB<() 1 o)
00 —1

i 0 0
Q(S')(u,v):UTB<O 1 o)
00 1

o~

AT
Un(6) = 3R, (0) (Pl

—1 0 O
i —3l£ T s T
QB3Y(u,v)=e 1UrgR 5 <—> [ el ()]
1

( C. Hagedorn, E. Molinaro, A. Meroni, (‘14) )

e s — —— e e
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Example: Case 2 Z(r) = c(y">  X(r) = c(r)’d(r) Xy(r)

1 O 0
Same structure for all s,7: 2(3)(u,v) = e UrgR 5 <_E> [O e "m0 ]
O 0 —i

U (6;) = Q(3)sz(‘9L)

In the basis in which U, =1 :
Uppyns = Up(0;) = £2(3) Rz’j(‘gL)

( C. Hagedorn, E. Molinaro, A. Meroni, (‘14))

S ——— =Tarism s e e e S e
By — = = =

EPS2025,



Example: Case 2

The predictions for mixing angles and
CP invariants:

sin? 0,; = %(1 — COS @, cos(20,))

1
2 4+ cos ¢, cos(26;)

Sin2 912 —

U (6;) = Q(3)sz(‘9L)

T SiIl2 0.. — 1 i \/5 sin ¢, cos(26;)
_ / ij 23 2 2 + cos ¢, cos(26;)
Ur(6r) = Q3R (Op)\ Py s
Jep = 63
In the basis in which U; = 1 I, = % <[cos ¢, + COS(ZQL)] sin ¢, — sin ¢, Cos @, sin(26’L)>

PMNS L( L) (3) l]( L) L =%sin(2q§u)sin(29L)

e o e R
e =
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Example: Case 2

The predictions for mixing angles and
CP invariants:

sin? 0,; = %(1 — COS @, cos(20,))

) 1
sin” @, = ST
cos ¢, cos(26;)
Ui (0,) = Q(3)le(‘9L) |
sinzﬁ B l 1 \/5 sin ¢, cos(26;)
237 9 2 + cos ¢, cos(26;)
sin(26; )
Jp =
CP 6\/5
In the basis in which Ul =1: I, = % <[cos ¢, + COS(ZQL)] sin ¢, — sin ¢, coS @, sin(26’L)>

PMNS L( L) (3) l]( L) L =%sin(2q§u)sin(29L)

Predictions of mixing only depend on £2(3) !!

e o e R
e =

" FP. Di Meglio "EPS2025,



Generalised CP Tranformations

Given a set of fields ¢, a generalised CP transformation is defined as :

, —>
Px) > ¢ =X p*(Xcp)  Xcp = (XO, — X)
(W. Grimus, M.N. Rebelo (‘95))

(W. Grimus, G. Ecker, H. Neufeld (84, ’87, ’88))
CP is an involution transformation (CP? = 1), implying:

X*X = XX* having taken X unitary, constant and symmetric.

When combined with Flavour Symmetries, a consistency
condition is required: (M. Holthausen, M. Lindner, M.A
X'p(@)X =p(gh* g8 €G; T schmidt (14)

- — = o —— ———
g ——— P =
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Generalised CP Tranformations

Given a set of fields ¢, a generalised CP transformation is defined as :

, —>
Px) > ¢ =X p*(Xcp)  Xcp = (XO, — X)
(W. Grimus, M.N. Rebelo (‘95))

(W. Grimus, G. Ecker, H. Neufeld (84, ’87, ’88))
CP is an involution transformation (CP? = 1), implying:

X*X = XX* having taken X unitary, constant and symmetric.

When combined with Flavour Symmetries, a consistency
condition is required: (M. Holthausen, M. Lindner, M.A
X'p(@)X =p(gh* g8 €G; T schmidt (14)

CP has to be an AUTOMORPHISM of the flavour group




Option 2
cLFV in the ISS TN ;

Relevant (approximated) loop functions for Option 2:

Y/’tO Ho )
M, ’ M,

Gfa ~ ﬂaﬁ + @(

muo

fa 7 0,1 Yy
F* = 2(12 | 6logxo>naﬂ+@(Mo,MO)

Yug o

Fga A ﬂaﬂ (5 — 310ng) —+ @( M, ’ MO)
3a Yzﬂo /4(%
Fiot m = 21,5+ O( o)

Fiot =2n,, [—4 =1V, ° (F poxl0:Xp) — Fp (X0, Xp) — 4)

F,uedd — 2776/4 1 — ‘ th |2 (FXbox(Oﬂxt) o FXbox(xO’ xt) T 1)




Option 2
cLFV in the ISS TN ;

Relevant (approximated) loop functions for Option 2:

Y
G % Ny + O30 570)
070 . Photon Penguins
fa o 7 1 Ho My
Fle x 2(12 -~ logx0>77aﬁ+ @(MO, Mo)
ﬁ N _ YMO Ho
FZa AN ﬂaﬂ (5 3 lngO) + @( MO ’ MO)
2 2
fa . Yuy  py
FbOX ~ Zﬂaﬁ+ @( M, ,M(%)

Frueun _ 20 | =4 =V \2 (F pox(0:Xp) — F (X0, Xp,) — 4)

F,uedd — 2776/4 1 — ‘ th |2 (FXbox(Oﬂxt) o FXbox(xO’ xt) T 1)




Option 2
cLFV in the ISS

Relevant (approximated) loop functions for Option 2:

Y/’tO Ho )
MO ’ MO

o 7 1
Fyﬁ m—2<12 | 610gx0>77aﬁ+@(

Gfa ~ ﬂaﬁ + @(

YIMO mu())
MO , MO

a Yuy p
Fg ~ Nop (5 —31()ng) + @(M;)’M(;) } Z Penguin

Y 2,Mo /4(%
My > M3

)

box

F’B3a A Zﬂaﬁ+ @(

Frueun _ 20 | =4 =V \2 (F pox(0:Xp) — F (X0, Xp,) — 4)

Fﬂedd — 2}78/4 1 — ‘ th |2 (FXbox(O’xt) o FXbox(xO’ xt) T 1)




Option 2
cLFV in the ISS

Relevant (approximated) loop functions for Option 2:

fa Ypg ko
G},O{Nﬂaﬁ_l_ @(MO,MO)
fa o 7 1 Yuy  muy
F* = 2(12 | 6logxo>naﬂ+@(Mo,Mo)
p Yy p
Fj* % gy (5 = 3logxg) + O(57.70)
Ba . Yy g
FbogN znaﬁ_l_@( M, ’Mg)

Frueun _ 20 | =4 =V \2 (F pox(0:Xp) — F (X0, Xp,) — 4)

Fﬂedd — 2}78/4 1 — ‘ th |2 (FXbox(O’xt) o FXbox(xO’ xt) T 1)

Box Diagrams
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Option 2
cLFV in the ISS TN e

Relevant (approximated) loop functions for Option 2:

Rates of the processes are

Na . .
g proportional to 7 at LO for Option 2!
Nap
Ve 2 .2 2
Nap H = A2 U, (6;) dlag(yl » Yo V3 )UL(QL)T
0
naﬁ
Hey
Hey

 EPS2025,
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The form of the 1 matrix elements depends on the particular case:

1

Caset) 1l =1l |2803 + AV} (= 1+ cos(20) — /3 sin(26)) )

1

Case2) = E% 2Ay35, — Ay3, (1 — cos (26, ) cos ¢, + V3 <cos (26, ) sin ¢, — i sin (26, ) >)

Case3) 1, = —776{ 2(1 +iy/3)(Ay3, — 28y3)) sin® (4,,) & (7= ¢,,)+

Ayzzl COS (29L>(1 l\/g)él (2¢m> \/5 sin (26’L> (252 (¢m _ 3¢s> (7 \/5)52 (¢m 3¢s)> }

e o e R
e =

" FP. Di Meglio "EPS2025,



p— —

1

Case2) = g;y(’) 2Ay% — Ay?, (l — cos (26,) cos ¢, + \/3 <cos (26, ) sin ¢, — i sin (26, ) >)

We show some results for Case 2...

FP.DiMeglio  EPS2025,



Option 2: Case 2

-1.0 =05 0.0 0.5 1.0 1.5

i i
n n
BR(u — ey) <6x107* Meg-Il BR(u — 3e) <20(1)x 1071 Mu3E Phase-I (Il)

(FPDM, C. Hagedorn, ('24))



Or = 0.785
Or = 0.654
Or = 0.524

g = 0.393

Option 2: Case 2

Or = 0.262
Or= 0.131

BR(u — 3¢)

i - S
0 1.5 2.0

0.0 0.5 1.

~TE-IE
=) =

BR(u — ey) S6x107*  Meg-Il BR(u — 3e) $20x 107!  Mu3E Phase-I (ll)

(FPDM, C. Hagedorn, ('24))



Option 2: Case 2

NO

Double Solution for 0,

CR(u — e, Al) < 7.0(8.0)x 10°7  COMET Phase-II (Mu2E)

(FPDM, C. Hagedorn, ('24))
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Option 2: Case 2

CR(u—e, Al)  NO

CR(u —e, Al) S 7.08.00x 107"  COMET Phase-Il (Mu2E)

(FPDM, C. Hagedorn, ('24))

SiIl2 912 sin2 913 SiIl2 923
n=14; s=t=1 | 0.34 [ 0.021(0.022) | 0.559(0.561)
n=14; s=t=0 | 0.341 0.022 0.5

n=14; s=0;t=1| 0.34 0.022 0.436
n=14; s=1; t =2 | 0.341 0.022 0.5
0, ~ 0.183 (2.959)
Best fit results: ( y,.. < 12)



Option 2: Case 2

{ odd
CR(ug—e, Al) NO
T — * ] ] — ‘ +
S £ 0, Shifts best-fit regions upward:
3r/4 - N g I
Y;y; cot(20)
tan(ég) —_ 5 )
2 P, Vit Y
&
r4 1=
' T— Different choices of &, give
O 4 T ‘F T T T + . . . R
10 05 0.0 0.5 10 15 70 different predictions for cLFV
I
n

CR(u—e,A) $7.0x 107" COMET Phase-lI

(FPDM, C. Hagedorn, ('24))

S ——— e e e —— —— e v
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Option 2: Case 2

Conversion Rate has some interesting properties:

ZG%av%m/f ~ ~ ~ _ G{;‘eD :
CR(u — e, Al) = 4y P <2Fge + F”e> +4y® (F” + 2F’“‘e> + 52
(@nyT,,, d d D¢

(a) Photon Penguin Diagram (b) Z Penguin Diagram (¢) Z Penguin Diagram
. i ‘ -
o . e L e
|14 W
W |14
u dj - u d Uj d
(d) Box Diagram (e) Box Diagram

(R. Alonso, M. Dhen, M. B. Gavela, T. Hambye (‘12))




Option 2: Case 2

Conversion Rate has some interesting properties:

ZG%av%mlf ~ ~ ~ _ G{;‘eD :
CR(u — e, Al) = 4y P <2Fge + F”e> +4y® (F” + 2F’“‘e> + 52
(@nyT,,, d d D¢

| ~Cancellation of the rate:
Doesn’t depend on 0 of 1 !

(a) Photon Penguin Diagram (b) Z Penguin Diagram (¢) Z Penguin Diagram
n . . ’I’Ll R
p o . .
|14 W
W W
u d u d uj _d
(d) Box Diagram (e) Box Diagram

(R. Alonso, M. Dhen, M. B. Gavela, T. Hambye (‘12))




Option 2: Case 2

(a) Photon Penguin Diagram (b) Z Penguin Diagram (¢) Z Penguin Diagram
n . . ’I’Ll R
p o . .
|14 W
W W
d d uj _d
(d) Box Diagram (e) Box Diagram

(R. Alonso, M. Dhen, M. B. Gavela, T. Hambye (‘12))

Conversion Rate has some interesting properties:

ZG%av%m/f P G/°D
CR(M - 6, Al) — ’ :"';., :'r: ” |-
(4r)*T 2e

capt

Up and dbwn qurk contributions
have different sign due to different
charge and weak isospin

| ~Cancellation of the rate:
Doesn’t depend on 0 of 1 !

— —— e

FP.DiMeglio



Option 2: Case 2

(b) Z Penguin Diagram (c) Z Penguin Diagram

(a) Photon Penguin Diagram

(d) Box Diagram (e) Box Diagram

(R. Alonso, M. Dhen, M. B. Gavela, T. Hambye (‘12))

Conversion Rate has some interesting properties:

ZG%av%mg N N N N G{;‘eD -
CR(u — e, Al) = 4y P <2Fge + F’“‘e> +4y® (F” + 2F’“‘e> + 52
(477)2F6apt d d 2e
2
ym L (2 L 372 yp) _ v
2 8V | <8 | 12SW> 4 16eD 2
Mo = exp My,

3 4s2 3
2 \/(n) 4 (p)
8vn+<3 8>VP

Due to factorisation of 77,, , cancellation of the

rate is also independent of the particular case!!

x(gwnc> ~ 6470 > M(gca’w) ~ 6.5TeV

" FP.Di Meglio



Option 3: Decoupling Limit Predictions

In the decoupling limit, we wither have m; — 0, m; — 0 for NO and IO.

2
2 9V<”>+(9+37s2) v»——p gl
w Q Q 10 TS o O o
2‘/(71) + 2 + 3_7Sv% V(P) — S_D I"lOg m 10) _ 8 8 12w 16e my my
_(NO 8 8 12 16¢ ms X = exp +
¥WNO) — exp — 3 4s2 3 1 my
; TFa— T ERV O (___> V) +r——
sVt (T - §> Ve g ’ PR |
Case 1).n=26,5=1., (mp—0)
NO 10
I 0.0
i | |, g =0131 — [
— 5= (262
I | e 5= 0393 - (pp =3 keV)
e = (1,524
i || s = (1.654 I
Io—ll LR ' ' LI L LN L ' ' LN ' ' UL L L AN |
102 10! 10° 10-2
Case 1) Yo Yo

« Stronger dependence on the different values of 0 than for non-decoupling limit
» Single solution for ),

(FPDM, C. Hagedorn, ('25, To appear))




Option 3: Decoupling Limit Predictions

In the decoupling limit, we wither have m; — 0, m; — 0 for NO and IO.

2
2 2y 4 (2_|_3_7S2) v _22p M. ™
2‘/(71) + 2 + 3—7S2 V(P) — S_WD I”lOg ™ _(10) _ 8 8 12w 16¢ n, 08 nm
(NO) _ 8 8 12w 16e My X exp 102 + m,
X exp ; 3 - m, Sym 4 (Z2 _ 3y l+r——
sVt (T —§> v rt : 38 "
|

NO 10
e L < L
= T
P e e e éé_‘;‘—— | —
‘T 1010 S “--g-—:_ | _ | (IMO _ 3 keV)
=
og 10717 - - - -
O
Io_ll | | S | ' ] ' ' ""'ll. ”'.
10— 10~ 10° 10°
Case 3 a) Yo Vo

 Double solution for 0, results in different values of r
« Effectis strongly visible in the decoupling limit, and only for NO.

(FPDM, C. Hagedorn, ('25, To appear))




Option 3: Decoupling Limit Predictions

In the decoupling limit, we wither have m; — 0, m; — 0 for NO and IO.

2
2 ) (9 37 2) (p) _ S my
52 — +({=4+—=s5° | VP ——D —Z]oo—
_(NO 8 8 12" 16¢ ms X = exp +
¥WNO) — exp — 3 4s2 3 1 my
Sy 4 (253 yo 2 SV (5 -5) v R
sV (5 %)Y =
Case 3a), n=160m=1,5=0 ., (mp—0)
| —ts=00
? 10 — o= ().]13]
u | —as=0262 = 3 kel
| 10 (5 = (1,303 (1o = 3 keV)
= | = es= 0524
8 1077 e = 0654 I ] I
|()-11 . — T T T T T T T rr T T 1] T T
|D—1 ID—I |D'Z] ID—Z |0_l |Dl1]
Case 3 a) Yo V0

 Double solution for 0, results in different values of r, and dependence on 0
« Effectis strongly visible in the decoupling limit, and only for NO.

(FPDM, C. Hagedorn, ('25, To appear))




Re { U/j‘;3Ue3} Im { U/jf3Ue3}

Re { U;tez} Im { U;foez}

It can be proven that, when a cancellation is not
possible, this is replaced by a local minimum

(FPDM, C. Hagedorn, ('25, To appear)) e
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Regions in which X exists

| o
0
| Case 3 a,
) Case |, n=16, m=1, s=0
n=26, s=1 oy = 1.93 |
< < o
f i
§ "' H l‘\
L —2 ks '
) ‘ Bl
— » i.
E ' 'y
= r b~
< 3 Hi
0 1 ]
g 7 | mo B
10 : :; .
| i !; I
| - l; :
4 B
i (.
| I bell g
. v ' :
| :: :l : ----- r[=2 I'R ;arg{UlJz*Ucz}:;
| I (!
—5 - :E :: : """" rI=2 rR ;arg{U#Z*Uez}:%
_ : : .
| :: by : )
- : P - =-S5 sarg(Up Ue)= 7
i i 2
_6 I :. -;l i
-04 -0.2 0.0 0.2 04

(FPDM, C. Hagedorn, ('25, To appear))

It can be proven that, when a cancellation is not
possible, this is replaced by a local minimum

For BR(u — ey) , the cancellation happens for :

—1+wi+r(—=1+wj)

X=-3 :
—14+w, +r(—14+wy)
W2 7"W2
—1+w,+r(—14+wy) - 2 - N 2 . 2
LW —6% 2 3 W, —1+w2+r(—1+w3)w3 —1+wS+r(=1+w3)
3(=1+ws+r(—1+4+w3)
m ms
W2 —_ W3 —_—
my my




Regions in which X exists

[ : 3 3
| Re { UsUs | m{ U5UL |
Case 3 a,
-1 Case 1, n=16, m=1, s=0 | . .
n=26, s=1 oy =193 It can be proven that, when a cancellation is not
O - . : .. -
~ ey possible, this is replaced by a local minimum
> 2 e
< AL
g - For BR(u — ey) , the cancellation happens for :
en —3 B NO : i
2 S HHE
| M 10 :.' E: : X=_3—1+w§+r(—1+w§) .
| : il —1+w,+1r(—14+w3)
—4 4 HUE , )
| : B —1+w, +r(—1+wy) - 2w2 T 2rw3 b
| : :: : _____ =2 rg ;al'g{U#z*Ucz}=§ LW —6% 2 3 W2 —1+w2+r(—1+w3)w3 —1+w3+r(=1+wj)
| : (! 3(=1+ws+r(—1+4+w3)
-3 : :: : """" =2 IR ;al'g{Uyz’*Uez}=110
[ i EE E """ = r=-3IR ;al'g{Uyz*Uez}=% W, = E Wy = @
-0.4 -0.2 0.0 0.2 0.4

Expression of the Location of the local
minima is similar but way more involved...

(FPDM, C. Hagedorn, ('25, To appear))




Regions in which X exists

Case 3b.1), n=20.m=11.5=0

Alll A ' 1111111 A A lllllll A A lllllll A A lllllll A A lllllll A A Allllll A A Allllll
107" 1 ! _ I
A~
3 —
) —lﬁ- .‘...‘.../f I _‘ I -
B ¢ ,"o...'.
\> ".'-".o..
s _10 e / o T
m ]O — ._:.‘::‘o ".- - - '.-‘}:....- -
'.°;.'. ..- ‘.":' *
10—22 YYT] L4 T T T VYYY] T T T L4 YYTYI T T T 1 TYYYI L T T T VYYYI L T T T YYTYI L T T L] YYV'I T T L4 1 Y'VYI
10— 102 10! 10° 10— 102 10" 10°
Y0 Yo

Cancellations of BR(u — ey) can generally happen for values of the lightest
sterile state mass close to 150 GeV

(FPDM, C. Hagedorn, ('25, To appear))




The Conversion rate also shows a cancellation for:
Differently from Option 2, cancellation

depends upon the particular CASE

9 37 9 (p)
. —V<">+< + 3 )Vp——D 2 log 22 + 1 lo
( expression of r and spectrum) = exp| 12w 6™ - 2o
— =
iV(n)_|_ w3 V(p) @_14_,‘ ﬁ_l
3 3 8 m, m,
Case 1), n=26,5=1
NO 10
. — s = ().()
—~ 1073 - oo s - - -
— et — 5= ().13]
§ vnte | e — 5= 0262
| 107" 1 LTS B 7 gs = 0.393 B (IMO — 3 keV)
> — s = 0,524
10717 - I | e 5= 0.654 i
I()—22 v LN L L L LD | v LI L L LB | v LN L L B LB | v v """l. v LI L L L LA N | v L L L L LB | v LN L L L BB | v v """l.
10-3 102 107! 10° 103 102 10" 107
Case 1) Yo Yo

« Weak dependence on the different values of 0
» Single solution for ),

(FPDM, C. Hagedorn, ('25, To appear))
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The Conversion rate also shows a cancellation for:
Differently from Option 2, cancellation

depends upon the particular CASE . o 2 L
gV(”) + <§ + —S2> Vi ——D Zlog—=+r—=log—=
m nm nm

' 12°w 16
( expression of r and spectrum) % = exp B < m
3V<n>+(i—3)v<p> @—1+r(ﬁ—1>
8 3 8 m, m,
Case 3b.1), n=20.m=11,5=0
NO 10
— 5= 0.0 _ _ _
— — 5= 0.13] .
< B
o165 020 i i - (uy = 3 keV)
| —a= 0303 Ho = 2 ~€
= | = es=0524 -
% 0777 e 5= 0654 I ] I
|D—12 ! UL | ! UL | ! UL | ! UL L |
10~ 102 107! 10° 3

« Stronger dependence on the different values of 0
» Single solution for ),

(FPDM, C. Hagedorn, ('25, To appear))




Re { UsU,; | im { UU,5 }

When no cancellation happens, we find a local minima: R = , = with rx #ry
Re { U;tez} Im { U/jfoez}
9 9 3 ’ 17
2 Oym 4 (24 37.2) ) _ v ™00 X2 4 2B 10 B
(mln) 2m(1 3) 2 1 _%R _ %I¢ 8 V T <8 T 12 SW) Vp 16€D nm, log my + rml log my
y() = 2 MWGXp ) —F2 F2ch? %R’I - 3 452 13 T m m
HoV ~F = Eip gv<n>+(TW—§)v<p> —2—1+r<—3—1)
my my
With:

—54e(V™ 4+ V) + 52(3D — 148eVP)) (-1 + =+ (-1 + @)> —2e(9V™ + (=9 + 32s3V)V<P>)<@ log = + r,— log ﬁ) >
m m m

nm, nm m

u2

p=are {20,

my

my ns ns3
log P + "R log 71)

my n

—54e(V™ + V) + 52(3D — 148e V(1) <—1 +—=+7 (—1 + —)) — 2¢OV + (=9 + 328%)V<P>)<

(FPDM, C. Hagedorn, ('25, To appear))




Re { UsU,; | im { UU,5 }

When no cancellation happens, we find a local minima: R = , = with rx #ry
Re { U;tez} Im { U/jfoez}
9 9 3 ’ 17
2 Sym 4 (2 L1372 yp) _ 2 100 22 4 2B 100 8
(mln) 2m(1 3) 2 1 _%R _ %I¢ 8 V T <8 T 12 W) Vp 16€D nm, log my + rml log my
) 0 — 2 MWeXP ) —F2 F 202 ‘%R,I -~ 3 452 3 T m m
HoV ~F = Eip gv<n>+(TW—§)v<p> —2—1+r<—3—1)
my m
With:

—2¢(9V™ 4 (=9 + 32s§)v<P>)<@ log 22 + 1,2 1og ’"-) )
my my my

) ml
)

—54e(VW + V) + 523D — 148eVP) (-1 + 2 + 1y (-1 + —)

¢ = |arg {U;tez}

my

n

—54e(V) 4+ V(P)) 4 s2(3D — 148eV(P) <—1 + 2 4+ (—1 + —) —2e(OVW + (=9 + 328%)V<P>)<

my ns ns3
log P + "R log 71)

Way too complicated... What does this mean???

(FPDM, C. Hagedorn, ('25, To appear))




When no cancellation happens, we find a local minima: R = , = with rx #ry
Re { U;tez} Im { U/jfoez}
9 9 3 ’ 17

2 Sym 4 (2 L1372 yp) _ 2 100 22 4 2B 100 8

(mln) 2m(1 3) 2 1 _%R _ %I¢ 8 V T <8 T 12 SW) Vp 16€D nm, log my + rml log my
Yo = 2 Myexp ) —F2 — F22 HR1 =~ 3 42 3 T m

HoV ~F = Eip gv<n>+(TW—§)v<p> —2—1+r<—3—1)

my m

General structure of the rate is &£ Re{o@ }2+Im{3 }2

(FPDM, C. Hagedorn, ('25, To appear))




When no cancellation happens, we find a local minima: R = , = with rx #ry
Re { U;tez} Im { U/jfoez}
— 5 _ _1

2 dym o (24 372) yp) _ v 100 22 4 2B 100 8

(mln) 2m(1 3) 2 1 _%R _ %I¢ 8 V T <8 T 12 W) Vp 16€D nm, log my + rml log my
y() — 2 MWGXp ) —F2 F2ch? %R’I - 3 452 3 T m m

HoV ~F = Eip gv<n>+(TW—§)v<p> —2—1+r<—3—1)

m; m

General structure of the rate is &£ Re{o@ }2+Im{3 }2

Re{Z}? and Im{Z}* cancel independently at yéR’I ) respectively

(FPDM, C. Hagedorn, ('25, To appear))




Re { UsU,; | im { UU,5 }
When no cancellation happens, we find a local minima: R = , = with rx #ry
Re { UsU,s | im { U3U., |
—_— 2 - _1

9 n 9 37 Sy m m m m

( ) 2m(13) ) 1_%R_‘%I¢2 §V()+<8+E£>V(p>_l_6el) #log#+r#10g#

yomln — 2 MWexp 2 2 2 %R,I — - - + 1 1 1 1

HoV 2 —Fyp— K19 Jym 4 (2 -2) v 2ot (2-1)
my my

General structure of the rate is &£ Re{o@ }2+Im{3 }2

Re{Z}? and Im{Z}* cancel independently at yéR’I ) respectively

R /

(FPDM, C. Hagedorn, ('25, To appear))




When no cancellation happens, we find a local minima: R = , = with rx #ry
Re { U;tez} Im { U/jfoez}
i 9 3 : I

2 Oym 4 (24 37.2) ) _ v 100 22 4 2B 100 8

(mln) 2m(1 3) 2 1 _%R _ %I¢ 8 V T <8 T 12 SW) Vp 16€D nm, log my + rml log my
y() — 2 MWGXp ) —F2 F2ch? %R’I - 3 452 3 T m m

HoV ~F = Eip gv<n>+(TW—§)v<p> —2—1+r<—3—1)

m; m

General structure of the rate is &£ Re{o@ }2+Im{3 }2

(R.) Let’s see some

Re{ Z1? and Im!{ Z%? cancel independently at respectivel
{Z} {Z} p yaty p y examples!!

0

R /

The minima is shallower the closer r, and r; are

(FPDM, C. Hagedorn, ('25, To appear))
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When no cancellation happens, we find a local minima:

Im { U/jf3 Ue3}
ry = with

r'p F 1}

- -1

2
4 (2437 -
4 +<8 127w 16e
2
Ly %_% V)

2
C > WP S on g Fri ="
HoV —Ep— Kid
Case 2), n=14, u=1 (s=1l.t=1)
NO
013 g5 = 0.785
- — 5= 0654
i — s = ().524
¥ v—16 L =
| 10 m— 5= ().303
r% - — = (262
&
Iﬂ_ll T TT1T1] ™ T T UL
10— 102 10! 10° 10— 10—
y0

(FPDM, C. Hagedorn, ('25, To appear))

I

Yo

10"

2—1+r<ﬁ— )

Case 2)

- Dependence on 0 is rather

weak
 Minima is really shallow due

tor, = ry
e Shallower minima for IO



When no cancellation happens, we find a local minima:

Im { Uk Ue3}
ry = with

'R F 17

- -1

2 —
i) _ 203 )0 oo (1 =Hr= ot N I
B w RJI —
’ po? 2 —H2 — K> (2
8 3 8
KCEIS'E 2) = ]_I. I = ] ( § = ],, f— ] } i (mﬂ — O)
10-!2 s = 0.785
= | m— g = ().054
T |tli% i e
u 10-16 - — I | . -
| — 5= (.393
r% : — = ().262
r ID_ Yo i ) —
&
1022 , ] ]

T LI | L] L] L] L] L) LI
10! 10"
Yo

10—

(FPDM, C. Hagedorn, ('25, To appear))

10—

LI
10!

10"

Case 2)

* In the decoupling limit
minima is much shallower

» Stronger dependence on 0
* Shallower minima for NO



Re { U;‘;3Ue3} Im { U/j<3Ue3}

When no cancellation happens, we find a local minima: g = , 1= with r,#rn,
Re { U;foez} Im { U/jfoez}
- q4 -1
2
2 Oym 4 (2 L1372y _ v M 1002 4 2B 100 B
(min) 2m(1,3) 9) 1 _‘%R o ‘%]¢ 8 Vo <8 + 12 W) 4 16eD m; log my T rml IOg m
y() = 2 MWeXP 2 24h2 %R’I - 452 T m m
oV 2 — Ko — K iV(n)+<_w_2>V(p) _2_1_|_,,<_3_1)
8 3 8 m, m,
Case 3a), n=16,m=1,s5=1
NO (@
— 10! 4 L i u
< mmmmmmn g | e , Case 3 a)
P Bt - 1 ’W -+ As per Case 2, minima is
7 om0 . I ] j I really shallow due to r, ~ 1,
& "
lO—ll ——rr ———— ——TTr — T T T T T T T T T T rTrT — T T oo UL
lD—?v I()—l l()—l lDlZ] IO__'!, |0—1 |O_l I(),:]
YO Vo

(FPDM, C. Hagedorn, ('25, To appear))




Re { UsU,; | im { UU,5 }

When no cancellation happens, we find a local minima: g = , 1= with r,#rn,
Re { U | im { U0, }
9 9 37 ’ I
2 Sym 4 (2 L 372 yp _ v M 100 22 4 2B 100
(min) 2m(13) ) 1 _‘%/R_%I¢ 8V +<8+12 W)Vp 16eD m, log m +rm1 log m,
y() — 2 MWeXP D —FH2 — FH2PH2 %R’I - 3 4s2 3 T m m
HoV ~ Ky — K7 gv<n>+(TW—§)v<p> —2—1+r<—3—1)
my my
Case 3a), n=160m=1,.5=1 (rmp— 0)
M [}
— 10-1* 4 I ] ~ Case 3 a)
* In the decoupling limit, for
I ] i NO, different predictions for
different solutions for 0,
 Shallow minima for NO only
IO_I LI | ' ' LI L L | ' ' LI AN ' ' L ' ' T ' ' UL L
10— 10! 10" 10—+ 10! 10"

Yo Yo

(FPDM, C. Hagedorn, ('25, To appear))




Optlon 3: Case 2 Case 2), n=14, s=1, t=2u=0), NO, mo=1e-14eV
1 . : , , : : : , , :

06
1071 1 )
In the decoupling limit, predictions are of the ? 10-14 1 _
same order of magnitude S \ 5
2
10—22 - -
- 5.0
107%¢ o
107° s
1077 1 45 f%
-
Local minima is much shallower than in the PR =
non-decoupling limit 2 107 ; 038
m <
El
35 8
5
ke
Lower limit is raised due to the ,
shallower minima L
O

(STERE

10> 10° 104 105  10° 0
Ho [eV] O
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