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- : NH (10) IH (10)
Introduced from neutrinos: T T
10-5 eV? 749 0010 49 0119
Known: omse | 425300093 | _2.510+002
103 eV* ).025
» Massive:1 may be relativistic NuFIT 6.0 (2024)
* Three flavor, PMNS mixing Minimal Seesaw: Miightest=0  [1909.09610]
NH: m;, =0, my= JAm3, , my= \JAm3, ;
Unknown: Sterile-Heavy spices H: m, = \/l A= my= il my =0

e As HNL & LLP in collider

* As non-unitarity UV orig. U =

1 0 0 C 0 slge‘i‘sv ¢, S, 0
0 ¢y 5p 0 | 0 —-s, ¢, O]P,
0 —s,, Cpy —Slgei‘sv 0 s 0 0 1

=>Motivation: Quantitively constrains the SS P, =Diag{e¥, e, 1}
through Parameterization

« Majorana or Dirac, Ordering, Responsible for matter-antimatter asymmetry...
P. S. Bhupal Dev [2503.21212]


http://www.nu-fit.org/

Minimal-SS (MSM, Type-I):
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Well-known seesaw formular:
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Comparing with Cl & NR (approximated) K = sign{ (Mgl)gz/(MgI)u} =41
1. Comparing with Casas-Ibarra’s: T

 EMSM’s :
Mp = (AUy) D, (UgS)! + RDnB”
=~ RDN

 Casas-Ibarra’s:

MD ~ 1 U\/DV () \/DN
1 (MEM™M)11 = (M1
 Correlated through:
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2. Comparing with the Nature Reconstruction: [hep-ph/0310278]

* EMSM’s : Mp = (AUy) D, (UpS)T + RDyBT
=~ RDN

e Natural Reconstruction’s:
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Summary on DoFs:

The 11 DoFs for 7 different parameterization scheme are listed:

Parameterization 11 independent parameters in parameterizations of MSM

EMSM My, mg(my), 0o, ths, b, 6., o,

_-"H-l, ﬂﬂ!rg, 5'1,1: 51,1

Casas—Ibarra ma, M3

tha, th3, tag, 0u, o,

My, My, |w|, argw

Natural Reconstruction ma, mz(mq), O1a, 013, Oo3, 0. O,

My, Ms, |ay|, arga;

My, Mo, 6,,. 6.(6,).

Modified Casas—Ibarra ma, mz(mq), O1a, 013, Oo3, 0. O,

, arg Pio

Bi-Unitary ma, my(my), My, Ms, 6, 62, 5, rﬁL, YL, HR, YR

(m1),

(1)
Blennow-Fernandez-Martinez ms, ma(my), 612, 613, ta3, 6, o,

(m1)

(m1)

(m1)

Vector Representation
arg teo, arg iy, arg uro

ma, ma(mai), M1, Ma, ue1, wu1, |ue2l, |uu2l,

Conclusion: The MSM has 11 DoFs, through 614 and 614,
we can explicitly depict the unitarity violation, and constrain
the Light-Heavy mixing in turn and the following application.



Application:

Constrains as HNL:
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Current bounds Future sensitivities

V2

V3y, Ve /1. Br(p — ey)

3.1 x 1071 18 6.0 x 10~ [21

cLFV: Br(p — eee)

1.0 x 10712 19 1.0 x 10716 22

=> Non-unitarity Ryse (Ti)

1.0 x 10718 20) 1.0 x 10718 [23,24




Constrains on Non-Unitarity:  (AU)(AUp)! = AAT =1 — RR! 5
eg' (M1 ~ MQ)

Heir. (M, <« My)

Non-unitary para. v oscillation EWPT
1 — e 3.9-1072 9.4-107°
1—ay, 6.2-107° 1.3-107*
1 —arr 1.4-1071 2.1-1074 [2306.01040]
|| 1.8-1072 2.4-107° [2103.01998]
e 4.2-1072 4.4-107°
|ty 1.1-1072 2.6-1071
‘v 95%C.L., where a = A
Mixing v oscillation EWPT
angles Degeneracy Hierarchy Degeneracy Hierarchy
01. , 9.0 x 107%(5.2° . 4.3 %1077 (0.25°
6“ 4.4 x 1072 (2.5°) . B-2)  50x107 (0.17°) . (0.25%)
15 — -
02, r 1.1 x 1071 (6.4° ; 1.6 x 107%(0.92°
H‘“ 7.9 x 1072 (4.5°) A0 G4 g2 (0.6a0) 28X 10 (0-927)
25 — -
034 1.8 x 1071 (10.4°) 8.9 x 1072 (0.51°)

) 1.0 x 1071 (5.99) 7.2 x 1072 (0.41°)
35 _ _




L eptogenesis (Based on Ulysses Package V2.0.1 and “2BE3F’,

Big Bang
Seesawscaldl s
(1014 GeV)
lassical lept nesi
1012 GeV -- - - - - - Classical leptogenesis
109GeV --J8---- = eeeeeeeeeeeeeceaon.
sphaleron
T4 T
6GeV --fobel - PE® ..
10°GeV Interested
mass scale
TeV scale-- 5 @ SESlSaSTTrErreEEEE e
EW scale - "““sphaleroniBfg T

GeV scale

“2RESsp” mode)

* (lassical thermal CP asymmetry:

N; ‘\\ N; __E; N; \\\
- H “H
[1909.09610]

* Resonant CP asymmetry'

Mixing
Oscillation

Anisimov, Buchmuller, Drewes,
Re: Spector Washout

* Boltzmann Equation:

Mendizabal, 1012.5821
—p1aWi Z (Cixﬁ + C’E’) Npgp

dNy,

7 = -y (NN1 — NK%) - \
dNaa (1) €q
7 = Z (eaaDl (NNl — NN1) _plaWINaa)

aZe?l’l’?T



Leptogenesis (Based on Ulysses VV2.0.1 and “2BE3F", “2RESsp” mode)[2007.09150] [2301.05722]

= s [0 (8] o)+ [0 () (03] G
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YY), (YTY),, :

My =M >Ti  pp e (6.1240.03) x 1010
M — M, <T. [PLANCK, 2018]
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Conclusion:

« EMSM solve the exact Seesaw relation in MSM,
 Return to approximated scenario v/
 Correspondence with C-I and NR’s v

« Make a general table list for 11 params.

Application

 Constrains to v-N mixing angles and HNL masses scale
* Probing Leptogenesis

May for further Research

 1-loop applicability

* Light-sterile neutrino models



Thanks for your listening!

Questions are Welcomed



» 3-Step Parameterizing MSM (miightest=0): ( ,f

3t

# Stepl DoFs counting:

(o]

Buy ten-5x5 rotation matrices in the complex plane:

((gn ?) = 09301301, (é UG) = Oys, (é g) = 0U35025015034094014
DoFs Light-light Heavy-heavy Interplay (v-N)
Complex phases 3 1 6
Mixing angles 3 1 6 11 DoFs
Summed: 7 5: -1 Up. phase 0: -2 basis select. 2: -9 Cond.-1 Up
TEfOMIiGEVERSl 0 = UD,U” + RDyR" L

NH : diag{O, ma, m3}

Mp ¥ (AU,)D,(U,S)" + RDyB"

014, 014| BEfOMIREAY
diag{Ml, MQ}




Appendix. A Solution: cls  sppein
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Appendix. B Solution:
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Appendix. C loop function
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Appendix. D 1-loop level (Feynman Gauge)
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l \ l |
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