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Neutrino mixing

OSCILLATING

Neutrinos come in three types, called flavors.

There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest
aspects of neutrinos is that they don't pick
just one flavor and stick to it. They oscillate
between all three.

V

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they
travel close to the speed of light. Neutrino
masses are so small that so far no experi-
ment has succeeded in measuring them. The
masses of other fundamental particles come
from the Higgs field, but neutrinos might get
their masses another way.
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Neutrino parameters and the known unknow

e Neutrinos are special!! It's flavor and mass eigenstates are related by :

|V€'7 Vs VT)A—avor = aill/h V2, V3>r7r—1ass

e Pontecorvo-Maki-Nakagawa-Sakata parametrization:

Ci12Gis ) S12Ci3 ) Size=] 10 0
Upmns = | —S12Gos — Cr2S13523€™ C12Co3 — S12513523€™ CisSps | |0 eon/? 0
S1253 — C1oS13C3e™®  —CiaSp3 — S12513Caze’®  Ci3Gps | L0 0 efe31/2

here Cjj = cosfj; and S;; = sin ;.
e Large Lepton Mixings

0.79 — 0.86 0.50 —0.61 0.14 —0.16
[Upmns| ~ | 0.24 —0.52  0.44—0.69 0.63 —0.79
0.26 — 0.52 0.47 —0.71 0.60 — 0.77

e Small Quark Mixings

0.9745 — 0.9757  0.219 — 0.224 0.002 — 0.005
[Vekm| ~ | 0.218 —0.224  0.9736 — 0.9750  0.036 — 0.046
0.004 —0.014 0.034 — 0.046  0.9989 — 0.9993
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Neutrino parameters and the known unknowns

e Neutrinos are special!! It's flavor and mass eigenstates are related by :

lve, vus VT>£avor = Uailv1, v2, V3)l—1ass

e Pontecorvo-Maki-Nakagawa-Sakata parametrization: | Uy = Uppins

C12Ci3 ) S12C13 ) Sie=®l 0 0
Upmns = | —S12Cos — C12S13523¢"°  CiaGos — S12S13Sa3e’® Ci3Sys | [0 eon/? 0
S1253 — C12S13C3e™®  —CiaSp3 — S12513Cp3e’® Ci3Gp3 | L0 0 efe31/2

here Cjj = cosfj; and Sj; = sin6;;. Figure : D. Meloni, 1709.02662
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Neutrino parameters and the known unknowns

m? m?
-_— V(
I 1 L__IY
W
In Standard Model: determined by | .4 S . -,
arbitrary Yukawa coupling constants
T 4 s b Am2
e o -y
solar~7.6x10e V|
L . —— 1,
o o atmospheric 1
¥ ~2.5x10%V? )
. -«— atmospheric
. ® ~25x10%V?2
v <«—  inverted hierarchy 5
v v o -+my~
?
I a—r : W om0 tece  tews  tenio tew2
0 0
meV eV keV MeV GeV TeV
0.8 Normal Ordering (best fit) Tnverted Ordering (A = 2.6)
0.2 bip £1o 30 range bip £1o 30 range
1 ;u@.z 0.3047 01 0.269 - 0.343 030475013 0.269 - 0.343
(%] 33445077 3127 35.86 33452077 3127  35.87
1 \
0.45 sin’ B3 057310088 0.405 — 0.620 05781004 0410 - 0.623
0.15 iﬂ;;/" 492719 520 495119 39.8 = 52.1
10 0022201009955 0.02031 - 0.02430 | 00223850058 002053 — 0.0
9 85741 8.20 - 8.97 8,600 12 8.24 - 8.98
0.04 5 .
194732 105 -+ 405 8745 192 - 361
0
2 L 742503 6.82 -804 742503 6.82 = 8.04
1 105 oV?
0 2 .
i A;"“,, FRBIGHIN £2431 5 42509 | -2498T00% 2384 - -2.413
‘98 2000 2005 2010 2015 2020 100 eV
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'‘Big’ Data

Parameter Ordering NuFit 5.2 de Salas et al. Capozzi et al.
bf+1lo 30 range bftlo 30 range bf+lo 30 range
sin? 015/10~! NO, 10 3.03797%2 2.70 — 3.41 318707 2.71 — 3.69 3.03700 2.63 — 3.45
sin? 653/10~1 NO 4517010 4.08 - 6.03 574701 4.34 —6.10 4557018 4.16 — 5.99
10 5.601010 412-6.13 5787510 433-6.08 569751 4.17 — 6.06
sin2 013/10~2 NO 22257000 2,052 —2.398 220079950 2.000 — 2.405  2.237000 2.04 —2.44
10 22231008 2048 —2.416 22257%0%0 2.018-2424 223700 2.03 - 2.45
5/ NO 1207070 0.80-1.94 1.087973 0.71 —1.99 1.247978 0.77 —1.97
10 1535932 1.08 — 1.91 1.5810% 1.11 — 1.96 1.524919 1.07 — 1.90
Am3 /10~ %eV? NO, 10 7.41797%0 6.82 — 8.03 7.50°%% 6.94 — 8.14 736002 6.93 — 7.93
[AmZ,, [ /10~ 3eV? NO 2.507%%222, 2.427 — 2.590 2.55%%23 2.47 —2.63 2.485;20'_3033& 2.401 — 2.565
10 2.486700% 24062570 2457002 237-253 24557008 2376 — 2.541
F. Capozzi, et al. NO F. Capozzi, et al! NO F. Capozzi, et al: NO
P.F. de Salas, et al: P.F. de Salas, et al: P.F. de Salas, et al:
NuFit: NuFit: NuFit: -
0.3 0.4 0,5 0.6 0.7 0.25 0.3 5 0.35 0.4 0 0.01 5 0.02 0.03
sin” fo3 sin” 619 sin” 63
F. Capozzi, et al: 10 F. Capozzi, et al 10 F. Capozzi, et al: 10
P.F. de Salas, et al: P.F. de Salas, et al: P.F. de Salas, et al:
NuFit: NuFit: NuFit:
0.3 0.4 0.5 0.6 0.7 0.25 0.3 P 0.35 0.4 0 0.01 0.02 0.03
sin? 03 sin2 09 sin ;3
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Neutrino parameters and the known unknowas

v . <«—  normal hierarchy_—

<«—  inverted hierarchy_____

— -1
solar~7.6x10%eVY
—— -

atmospheric
~2.5%10%V?

2
-y

Normal Ordering (best fit) Tnverted Ordering (A

7

26)

bip £10 30 range bip 10 30 range
02 bf bf 5
1 sin® 01z 0.30495013 0.269 — 0.343 030410012 0260 - 0.343
1 012/9 33445077 31.27 - 35.86 3 n - 35.87
0.45 ;lg\uu sy 0.405 - 0.620 0410 - 0.623
0.15 B3/ 492719 395520 39.8 - 52.1
- &
10 sinfis | 0.0222070 00005 002034 0.02430 | 002238700003 0.02053 — 0.02434
2 8571013 8.20 -+ 8.97 8607012 8.24 898
0.04 .
194552 105 - 405 192 - 361
0
2 742555 682 804 742802 6.82 5 8.0

‘98 2000 2005 2010 2015 2020

2431542599 | -2498%00%  -2.584 5 2413
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Neutrino Mixing: General Frameworks

@ Neutrino mixing anarchy is the hypothesis that the leptonic mixing matrix can be described as the result of
a random draw from an unbiased distribution of unitary 3 X 3 matrices.

@ Random analysis without imposing prior theories or symmetries on the mass and mixing matrices.
@ This hypothesis does not make any correlation among the neutrino masses and mixing parameters
de Gouvea, Haba, Hall, Murayama : 9911341, 0009174, 1204.1249
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Neutrino Mixing: General Frameworks

@ Neutrino mixing anarchy is the hypothesis that the leptonic mixing matrix can be described as the result of
a random draw from an unbiased distribution of unitary 3 X 3 matrices.

@ Random analysis without imposing prior theories or symmetries on the mass and mixing matrices.
@ This hypothesis does not make any correlation among the neutrino masses and mixing parameters
de Gouvea, Haba, Hall, Murayama : 9911341, 0009174, 1204.1249

Texture

@ More specific studies with imposed mass or mixing textures for which models with underlying symmetries
can be sought.

@ It’s an intermediate approach
@ Some texture zeros of neutrino mass matrices can be eliminated.
Alejandro Ibarra, Graham Ross: Phys.Lett.B 2003
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Neutrino Mixing: General Frameworks

Neutrino mixing anarchy is the hypothesis that the leptonic mixing matrix can be described as the result of
a random draw from an unbiased distribution of unitary 3 X 3 matrices.

@ Random analysis without imposing prior theories or symmetries on the mass and mixing matrices.
@ This hypothesis does not make any correlation among the neutrino masses and mixing parameters
de Gouvea, Haba, Hall, Murayama : 9911341, 0009174, 1204.1249

@ More specific studies with imposed mass or mixing textures for which models with underlying symmetries
can be sought.

@ It's an intermediate approach
@ Some texture zeros of neutrino mass matrices can be eliminated.
Alejandro Ibarra, Graham Ross: Phys.Lett.B 2003

Theoretical studies where some explicit symmetries at the Yukawa Lagrangian level are assumed and
corresponding extended particle sector is defined.

@ The symmetry-based approach to explain the non-trivial mixing in the lepton sector known as family
symmetry or horizontal symmetry

Reviews: Tanimoto 1003.3552, Altarelli, Feruglio 1002.0211, King 1301.1340, Chauhan et.al. 2310.20681 (BK).
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Neutrino Mixing: General Frameworks

Neutrino mixing anarchy is the hypothesis that the leptonic mixing matrix can be described as the result of
a random draw from an unbiased distribution of unitary 3 X 3 matrices.

@ Random analysis without imposing prior theories or symmetries on the mass and mixing matrices.
@ This hypothesis does not make any correlation among the neutrino masses and mixing parameters
de Gouvea, Haba, Hall, Murayama : 9911341, 0009174, 1204.1249

@ More specific studies with imposed mass or mixing textures for which models with underlying symmetries
can be sought.

@ It's an intermediate approach
@ Some texture zeros of neutrino mass matrices can be eliminated.
Alejandro Ibarra, Graham Ross: Phys.Lett.B 2003

Theoretical studies where some explicit symmetries at the Yukawa Lagrangian level are assumed and
corresponding extended particle sector is defined.

@ The symmetry-based approach to explain the non-trivial mixing in the lepton sector known as family
symmetry or horizontal symmetry

Reviews: Tanimoto 1003.3552, Altarelli, Feruglio 1002.0211, King 1301.1340, Chauhan et.al. 2310.20681 (BK).

@ Flavor from Fractal Mass Chains, Ibarra, Singh, Vempati 2509.04811
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General Framework: Symmetry based approach

@ Fundamental symmetry in the lepton sector can easily explain the origin of neutrino mixing which is
considerably different from quark mixing.

@ Incidentally, both Abelian or non-Abelian family symmetries have potential to shade light on the Yukawa
couplings.

@ The Abelian symmetries (such as Froggatt-Nielsen symmetry) only points towards a hierarchical structure
of the Yukawa couplings.

@ Non-Abelian symmetries are more equipped to explain the non-hierarchical structures of the observed
lepton mixing as observed by the oscillation experiments.

Family Generators
symmetry G S,T,U

T pregerved S,U preserved
v

¢

Charged Neutrino
Lepton Sector Sector

S. F. King 1301.1340

typically, Ge = Z3 and Gy, = Z» X Zo.
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Flavor symmetries, why?

Ci2Gi3 s S12Ci3 ) Si3e7 0
Upmns = | —S12Goz — C12513523?(; CioGp3 — 5125135236’5_5 C13523
S12523 — C12513 Cose’ —C1253 — S12513Co3e’ Ci3Co3

4
(Prior to 2012)
[523 =1/v2 (023 = 45°) and 613 = 0]

4
€12 512 0
U _S12 ‘12 ,%
0 = 2 2 2
I B
V2 V2 V2
012 = 45°(s1p = 1/V/2) 6010 = 35.26°(s12 = 1/+/3) 012 = 31.7° 012 = 30°(s;p = 1/2)
Bimaximal Mixing Tribimaximal Mixing Golden Ratio Mixing Hexagonal Mixing
1 1 2 1 J - 1 3 1
— -1 1 1 _ 1 1 _ 1 — — — 1
1 _1 _ - 1 — 1 1 3 1
2 2 V2 Ve V3 V2 VAR2e  VAR2e V2 B a2 V2

Fukugita, Tanimoto, Yanagida PRD98; Harrison Perkins, Scott PLB02; Dutta,Ramond NPB03;  Rodejohann et. al. EPJC10
(GR: tan 015 = 1/¢ where ¢ = (1 + /5)/2)
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Flavor symmetries, why?

Simple example: p — 7 permutation symmetry and TBM

my, = Ug diag(my, ma, m3)Ug7

such a mixing matrices can easily diagonalize a 4 — 7 symmetric (transformations ve — ve, vy, — vr,
vy — vy, under which the neutrino mass term remains unchanged) neutrino mass matrix of the form

With A + B = C + D this matrix yields tribimaximal mixing pattern where s;o = 1/\/5 i.e., 61p = 35.26°

o Compatible Mixing Matrix :

2 1 0

V6 V3
U~ | —L L _ L1
we voE

V6 V3 V2
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Non-zero 613

Normal Ordering (best fit)

Inverted Ordering (Ay” = 2.6)
bip £1o 30 range bip £1o 30 range

0.30479 013 0.269 — 0.343 0.30470:013 0.269 — 0.343

33.445977 31.27 — 35.86 33455977 31.27 — 35.87

}il}i 023 0.5731005 0.405 — 0.620 057810057 0.410 — 0.623
(623/°) 49.271% 39.5 — 52.0 49.5119 39.8 — 52.1

0.0222010:00065  0.02034 — 0.02430 | 0.0223810:00063

000064 0.02053 — 0.02434
8.5710 15 8.20 — 8.97 8.6070 15 8.24 — 8.98
194752 105 — 405 z 192 — 361
7424030 6.82 — 8.04 7424030 6.82 — 8.04
4251510028 42431 - 42599 | —2498%09% 2,584 » —2.413

Bimaximal Mixing Tribimaximal Mixing Golden Ratio Mixing

Hexagonal Mixing

gD, 2 1 L 0
@ 12 [1) \/1; \7 01 EJTD i 1
=l 2N, f v A Vi N
L L iRy A% L _1_ 1
2 V2 V6 V3 V2 +2 © V2 \

[ Decendents of fixed pattern mixing schemes]
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Origin of neutrino mass?

Dirac or Majorana Particle??




Neutrino Mass : Cosmology to 0v(5(

1
0.16 Disfavored by cosmology i
pu— Disfavored by OvAS
0.1 o ==
0.100 KamLAND -Zen
I~ — [
S 0.08] ° ° < 10
< NO N < 2 0.010 HEXO
13 € &
W 5 £ e 2
0.04 E 0.001 NO € £
E) 3 &5
CMB-S4 + BAO. 1074 g g
s 5
0.001 0.005 0.010 0.050 1074 0.001 0.010 0.100
mo (eV) mo (eV)

o Absolute neutrino mass : m,% < 0.9eV?

(The KATRIN Collaboration 2022)

Karmakar

Flavor symmetric scoto-seesaw



Neutrino Mass Generation

Right-handed singlet: Scalar triplet: Fermion triplet:
(type-l seesaw) (type-ll seesaw) (type-lll seesaw)

.
ey = Yatha?

My M3

m, = YT 7yw o2 my =Yy \I ——Vyo?

o Type-l Seesaw, Type-Il Seesaw, Type-lll Seesaw, etc.: Minkowski 77; Gellman, Ramond, Slansky 80; Glashow,
Yanagida 79; Mohapatra, Senjanovic 80; Lazarides, Shafi; Schechter, Valle 81; Schechter, Valle 80; Mohapatra,
Senjanovic 81; Lazarides, Shafi, Wetterich 81; Mohapatra Valle 86; Foot, Lew, He, Joshi 89; Ma 98; Bajc,
Senjanovic 07....

[ Radiative neutrino mass ]

o Radiative models, started in 80s: Zee 80, Cheng, Li 80; Zee 86; Babu 88; Babu, Ma, Valle, 02; Ma 06;
o For a review of radiative models: Cai, Herrero-Garcia, Schmidt, Vicente, Volkas 17;

Hybrid Scenarios?? | = Th IS ta | k
Non-exhaustive list for Majorana mass + Dirac counterparts
Biswajit Karmakar Flavor symmetric scoto-seesaw



Dark Matter

dark matter pulls on things Intro

Dark matter pulls on stars in galaxies Dark matter pulls on light DM LANDSCAPE

-~ ® @ 102 v KV Gev wwy My 10,

o & e [ — .

= B S
T —
e 9= =
DARK MATTER ORIGIN Introduction
Thermal freeze-out stands out as a plausible mechanism to generate the
@ g ) DM in our Universe to photon decoupling, neutron )
£ . i ey
Need to deplete de 250

DM abundance

scta 1 DM\ /M

N0,

— cquiiprium] oM/ N\

07 7, 10 i
Salars 2025 : A. Hryczuk, F. Koutroulis, A. Long, A. Ibarra, R.
Kolb......

[ freeze out

Relative abundance
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Dark Matter: WIMP Miracle

oo1
000 E
@ Early Universe: DM in thermal equilibrium o :
with the Standard Model. o, 10 E
) ) =0 Increasing <o,v> |
@ Due to the expansion of the Universe DM £ 1o \l/ 1
. . g e a
particles fall out of chemical equilibrium and 5 Tt 3
A 1071 =
cannot annihilate anymore. gm,,. \L 3
. . . . . LT T A L
@ A relic density of DM is obtained which 0l \L !
remains constant = Collisionless cold WIMP % i . 1
Dark Matter s 1
10-7 4
2 3x10~ % em3s ! 10-18 E
° QDMh ~ <ov> 10-0 E
107 L
1 10 100 1000

x=m/T (time -)

WIMP DM typically requires: < ov > few ~ 1072’ cm3s~1 = GeV to TeV masses,
O(1) couplings DM-SM
Qpumh® ~0.12

talk by Rojalin Padhan
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Hybrid Mass Mechanisms: Why?

Neutrino Mass—Squared Differences (NuFit 2024)

0.0025]
0.0020f
= Am’goL,
% 0.0015} — ~0.03
B Am’smv
< 0.0010f
0.0005]
0.0000

Am?y, |Am?23|

Splitting
e Ratio of solar to atmospheric mass difference :
= A 2 2

e Two different mass scales that might originate from entirely
separate mechanisms !!
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Seesaw Vs. Scotogenic Mechanisms

My
—— > X 4« —-
YN N N N
2.2
Type-l Seesaw, neutrino mass = m, = y,\"},‘;, +RHNs
(H) (H)
. ..
2N @ 'Scotos’ : Dark
nr (1) ¢ N 1w (1)
' ! e f,n: Z» odd
L j—a L
f
Scotogenic mass = m, = F(my,, my,, M¢) Mg Yff Y){ +f,n
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Scoto-Seesaw Mechanisms: v mass hierarchy and DM

D L] ¢ L]
\\ ’l \'\ /’
~ -
\ r BN »
A\ | 4 hel
\ ’ 7 By
\ / 77, \?‘r
VR VR 1 \
1 1
\ 1
b 4 3 f ~
L L L L

e Minimal scoto-seesaw scenario: SM + N, f 7
Rojas, Srivastava, Valle 1807.11447

M, = I\\;ijyll\l Y,JV aF .7-_(m,,R, my,, Mf)Mf Yf’ Y#

2 9 2
Amgor, N( ! >2,\2 My M; Yin
AmZ 3272 7 Mfz - mS,R)Z Y(?N)

My ~ 102 GeV, My ~ 10*GeV, mi{® ~ 10°GeV, Y(ny ~ 1071, Y5y ~ 107

0405272

e Seesaw Analog : Sequential dominance: Antusch, Kin
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DM & Neutrino Mixing: Flavor symmetry approach

@) n

Leptonic Flavor Structure, Neutrino Mixing

low energy signatures
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DM & Neutrino Mixing: Flavor symmetry approach

mu > Z,
e

Leptonic Flavor Structure, Neutrino Mixing

low energy signatures
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Flavor symmetric scoto-seesaw: TM mixing

2 1L g 2 L .
Ve V3 NG V3
Ura = | -4 A 1 U ~| 22 L _ 1
TBM \{g \1/5 1\/5 , UpMmNs >~ \{g \@ 1\/5
% Vi v % v v
2 1
\{g * * * \{§ *
Uy, | = V. [Urm, | = 5 |
L * * * 1 *
NG V3

e If S; is considered to be broken spontaneously into Z3 = {1, T, T2} (for the charged lepton sector)
Zy = {1, SU} (for the neutrino sector) such that it satisfies : [T, Mg Myl =[SU, M, ] =0

2 <o 50 o—iv 29 1 259 g—ivy
NG V3 V3 ® 3 V6
Upnpo = | 4 @ Yiov _segmiv _ce | | <o Voo X e
= , =
! G P B B 2 N R A
—L 0 _ s v 20 .—iv 4 S0 50 4 s_ gy 1 20 o—iv 4 6
V6 Vi V2 V3 V2 NG 2 V3 V3 V2
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Flavor symmetric scoto-seesaw:

Standard Model with A4 discrete flavor symmetry

@ A, is considered to be a favored symmetry in the
neutrino sector

@ Even permutation of 4 objects/invariant group of s
a tetrahedron

-+

@ Minimal group which contains 3 dim.
representation (can accommodate three flavors of
leptons)

@ Product rule: 3@3 =101 ®1" P34®3s

0 11=1,11=1"11"=1
1" ®1" =1’ etc
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Flavor symmetric scoto-seesaw : TM; mixing

o L, ¢y and ¢ps — Aq triplets; H, Ng — Ay singlets

e A, multiplication rules: If we have two triplets (aj, ap, a3) and (b1, by, b3), their products are given by
=3®3=1+1"+1"+3,4+3s

1~ aiby + apbs + azby, 1 ~ azb3 + arby + agby, 1" ~ apby + azby + aybs,

2a1by — apbz — azby aybz — azby
3s ~ 2a3b3 — ajby — asby | ,34 ~ |aiby — axbhy | .
2apby — ajb3 — azby azby — a1b3

o Contributions to the neutrino mass: Ganguly, Gluza, BK, Mahapatra, 2311.15997

. 1 _ 1
L = y/’\" (Lps)ANR + EMNN;NR + %(Lgoa)gigzyy*f+ 5Mfffm- h.c.,
2
_ Vo viyi iy
M, = - YN YR + Fmayg, my, s Me)MeYe Y}
N

o flavon fields get VEVs along (¢s) = (0, —vs, vs), (¢a) = (2va, Va, va)

YN -\ s N, - - - o N - - o
T(L¢5)1HNR = = (Li¢s1 + Laos3 + L3ps2)1 HNR = 7(0 — Lovs + L3vs)1 HNR
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Flavor symmetric scoto-seesaw : TM; mixing

v,
Ye=(YE Y YD) = (v W ’
F ( F F F) (s AN s A A )
® Light neutrino mass matrix :
b 2b 0
M, =[2b —a+4b a |,
0 a —a
2 2 2 2
A R
a=yy N/\*vb*ys/\**z}—(mn;?vmn/ﬁMf)M
e Diagonalizing matrix:
\/z cos 6 e sing
3 V3 V3
U, = | -1 cos0 | eV sing _cosf e~ sing U,
Y V6 V3 V2 V2 m
_ 1 cos 0 eV sing cos 4 e~ sing
NG V2 2
: e~ sing 2 1 /6 sin 26 cos
sin 01357/601D = —) sin’ Op=1— ———, sin? O3 = — (1 - 7’¢)
V3 3 —sin20 2 3 —sin20
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Flavor symmetric scoto-seesaw : 1 mMixing

0.14 0.60

Disallowed by cosmology l l
012 | om oo e 0.58
0.10
% x 0.56
=] 5
- ~N
< oos i
5 @ 054 I \
0.52
0.06 o
0.50
0.005 0.010 0.020 0.050 2 1 0 1 2
ms in eV dcp

my (meV) | mz (meV) | > m; (meV) | mgg (meV)
83—-9.0 | 49.7—-51.3 | 58.0—-60.3 | 1.61—3.85
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Flavor symmetric scoto-seesaw : TM; mixing

o Mass eigenvalues: Ganguly, Gluza, BK, Mahapatra, 2311.15997

m = 0,

1

i = 7(—23+5b— Va2 +4ab+25b2),
2

~ 1

iy = —(—23+5b+ \/432+4ab+25b2).

2
e Ratio of the solar to atmospheric mass-squared differences:
2
re 2
2
m3
0.034
0.032
0.03
L]
0.028
0.026
ST T e——
002525 0.02575  0.02625  0.02675
|a] in eV
0.024 -
0.0048 0.005 0.0052 0.0054  0.0056
[bl in eV
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Flavor symmetric scoto-seesaw : TM, mixing

Ganguly, Gluza, BK 2209.08610

[ Type-1 Seesaw contribution: ]

YNy - o YNy - - 1 - 1 _
LTREE = T(L@ﬁs)HNRI + T(L¢3)HNR2 + EMNI N, Nry + EMNZ Ng, Ng, + h.c.,

[ Scotogenic contribution ]

. Vs o .1
Li0o0or = E(L“s)émz// f+ EM,f f+hec.,
(My)Loop = Flmng,my, s Me)Me Yz YE
Vs Vg Vs Ve
v _ YEvE YT — (Ve o, v,
F (Yes YE, YE) (,s/\ A 2 /\)

@ Effective neutrino mass matrix:

—1,,T
M, = —MpMg "My + (My)Loopr
= (My)TrEE + (My)LOOP
—B+C —B —B-C
= —B —A—B A—B .
—B—-C A—B —A—B+C

@ After rotation by TBM matrix:

-
M, = UfgM,Urg
1/ 3C 0 -V3cC
== 0 —6B 0 ,
2\-v3c 0 —4A+cC
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Flavor symmetric scoto-seesaw : TM, mixing

B Effective neutrino mixing matrix (TM2 mixing):

\/gcosﬂ % %eid) sin O
U, = 75059+ei¢sin9 U cese  eibsin® Unn
NG V2 V3 V2 -6 ’
Ccsp _ eidsno T cosh _ cihsin®
V6 V2 V3 V2 NG
W Corelations:
« sin V3
tan¢:¢, tan20 = — .
1 — accos pac cos ¢ + 2acos(pac + @)
B Comparing with Uppns:
i 2 i 1
sin 013e_"SCP =/2e " ®sing, tan’0p=— |
3 2 — 3sin2 013
1 sin6y3cosd \2 | sin? 613sin? b
( + in2 (2—3sin2 613)
2, /2—3sin2 03 13
tan = .
» (1 ~ sin03cos 0 )2 sin2 013 sin2 &
\/273 sin2 013 (2—3sin2 013)

For more see 2209.08610
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Flavor symmetric scoto-seesaw : TM, mixing

B Predictions:

mNH =H
0.60 1 Disallowed
0.100 KamLAND-ZEN + GERDA i
0.58 %
8 = S
2 056 ) £
= £ 0.010
@ £ El
0.54 z
0.001 E
0.52 =)
NH Z
0.50 1074
-15 -1.0 -05 0.0 0.5 1.0 15 1078 107 0.001 0.010 0.100
dcp Mightest[€V]
— Br(rsey)=10" — 1072 — 107'®
1.0
08
Future reach
06 S}
w T
0.4 3
=4
I3
0.2
0.0
0 1 2 3 4 5 1000 10° 107 10° 10" 10"

¥s My, [GeV]

For more see 2209.08610
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FSS; phenomenology: dark matter

@ 2 viable DM candidates = the lightest neutral scalar (Mandal, Srivastava, Valle, 2104.13401)

=> the singlet fermion (Ganguly, Gluza, BK, Mahapatra 2311.15997).
Z/Whn Z/W* [k
! o 0 memem PAAAAr - m - - AAMYVY T g e o o
—_—
1
1
1 : wt/a, : sl i s
1 ]
1 r 1 vl T e, ym e ST
T ey, Lo W suont SM
~ N ~
~ - ~ s
x -
PR P . W
P ~ h - - S M
LAV N M 5M e
x € [10%,107]

10° M, - M € [0,5] GeV 10° x € [10°,10°] GeV
M,, - M; € [40,60] GeV x € [10,10°] GeV
M, - M; € [130,170] GeV| x € [10,10"] GeV
10°¢
0 200 400 600 800 1000 200 400 600 800 1000
M; in GeV M; in GeV
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FSS; phenomenology: dark matter

1 Un‘dzr Abundant
10
01 e
10—47
0.01
= g 10
¥ 10° Q&y - 3
S =
&5 = 10
| o' 3
10 0o
10°° §
1 10 100 10
10 (M,, - My) in GeV. :
1 10 100 1000 107
M; in GeV

o Neutrino mixing dependence of dark matter phenomenology :

2 6]
2Kk = —
-F(MnRs Mn/» Mf)Mf
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FSS; phenomenology: Lepton Flavor Violation

Br(u- ey)

10

10—12

107

10

10

Decay Modes Scotogenic contribution Seesaw Contribution Remarks
©n— ey v X Yy =
T = ey X X YE =0,Y5=0
T = py X v YE =0
1= 3e v X Vi =0
T — 3e X X YZ =0,Y5 =0
T — 3u X v YE =0
T 10
| {7 |
"’104 107 107 1

102
&

T 10—18
2
=
I

107

= 100 GeV M, = M; + 100 GeV
|b € [0.0048,0.0056]6V 10 | |P1€[0.0048,0.0056]eV
} | ] I I
1 10 100 1000 1 10 100 1000
Mf in GeV Mf in GeV

Xs is the coupling for the interaction (HT n)(HTn)
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FSS; phenomenology: Summary

1 r

0.1}

0.01

& 107}

107}

e |bl € [0.0048,0.0056] eV
X Br(p-oey)<31x10"”

1075 B &
1 10 i
M,, - My) in GeV i ey
10 100 1000
Mf in GeV

10°°
1



Dirac Neutrinos

(m) (x)

: ; (H). (1) (x)

| \ ~ //

} )\ _oae

| i 4 NS

v 1 1 VR v |’ " Ve

L N 1 N L

NR NL NR Ny,

Ay ® Zy — 2o

Borah, Das, BK, Mahapatra 2406.17861
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Conclusion

@ Is there any guiding principle behind the observed pattern of lepton mixing?

(Discrete) flavor symmetry is one such potential candidate.

@ Tiny neutrino mass may originate from hybrid scoto-seesaw scenarios, explaining
the hierarchy of the mass scales involved in neutrino oscillation

@ Flavor symmetric breaking into a remnant Z> symmetry may explain leptonic
flavor structure and DM stability

@ Possible frameworks : FSS; for TM; mixing and FSS, for TM, mixing.
Rich phenomenology : h — ~~, potential DM candidates, LFV decays.....

@ Not covered: Collider prospect of BSM states, leptogenesis, CP properties of
heavy neutrinos
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Thank you for your attention!!




o Multiplication Rules:
It has four irreducible representations: three one-dimensional and one three dimensional which are denoted by
1,1’,1" and 3 respectively. The multiplication rules of the irreducible representations are given by

11=1,1"@1 =1",1"1"=1,1" 01" =1,303=14+1 +1" +3, + 3 (2)
where a and s in the subscript corresponds to anti-symmetric and symmetric parts respectively. Now, if we have

two triplets as A = (a1, ap, a3)T and B = (by, by, b3)T respectively, their direct product can be decomposed into
the direct sum mentioned above. The product rule for this two triplets in the S diagonal basis! can be written as

(Ax B) “wapby + axby + azbs, 3)
(AXB)y w  aib + wlayby + wazbs, (4)
(AXB)yr  w~  athy + waby + w’azhs, (5)
(Ax B)3g «  (azbs +azbp,a3hy +arbs, a1by + apb1), (6)
(Ax B)3, « (axbs —agby,a3by — arbz, arby — azby), (7)

here w (= eziw/3) is the cube root of unity

'Here S is a 3 x 3 diagonal generator of A,.
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