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Neutrino parameters and the known unknowns: 'Big' Data

In Standard Model: determined by .
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Neutrino parameters and the known unknowas: 'Big' Data

In Standard Model: determined by | .o
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Flavor symmetries, why?
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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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Flavor symmetries, why?

Simple example: © — 7 permutation symmetry and TBM

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

such a mixing matrices can easily diagonalize a 1 — 7 symmetric (transformations ve — ve, vy = Vr,
vy — vy, under which the neutrino mass term remains unchanged) neutrino mass matrix of the form

A B B
m = B8 ¢ D |,
B D C

With A+ B = C + D this matrix yields tribimaximal mixing pattern where sj5 = 1/\/§ i.e.,01p = 35.26°

® Observed mixing matrix :

2 1 c
NG 3

U ~ I 1 _ 1 (?)

NS R
% v v
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General Framework

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 et.al. 1003.3552, Altarelli, Feruglio 1002.0211, King 1301.1340
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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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Non-zero 613

Normal Ordering (best fit)

Inverted Ordering (Ay” = 2.6)
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Non-zero 613: Decendents of tribimaximal mixing

e TM;, TM3 Vs Current data:

Gluza, Karmakar,Zieba et al 2310.20681
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Origin of neutrino mass?

Dirac or Majorana Particle??

Biswajit Karmakar (University of Silesia)



Neutrino Mass : Cosmology to 0v(5(

Gluza, Karmakar, Zieba et al 2310.20681

1
0.16 Disfavored by cosmology
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0.100 KamLAND Zen P
= — 10
% 0.08 ° o %
< No ; ‘ 2 oot o
£ € 3 L
W s : 3 o i2
5 5 . &
0.04 H £ 0.001 NO € 1€
CMB-$4 + BAO > 107 g 13
515 .
0.001 0.005 0.010 0.050 107 0.001 0.010 0.100
mq (eV) mq (eV)

® Absolute neutrino mass : m,’i < 0.9 eV? (The KATRIN Collaboration 2022)
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Neutrino Mass Generation

511 NEUTRINOS ARE MASSLESS |
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Neutrino Mass Generation

S f K Right-handed singlet: Scalar triplet: Fermion triplet:
eesaw frameworks (type-l seesaw) (type-ll seesaw) (type-lll seesaw)

1 , N _yr Lo
m, = Y“T'Tvym‘z my = )AJ"L\T}”) my, = Yit "

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 ]

e 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 | In this talk we explore this less explored possibility

Biswajit Karmakar iversity of Silesia)




Neutrinos and Dark Matter

Are they connected?

Dark Neutrino Standard
Matter Mass Model

Caldwell, Mohapatra 1993; Peltoniemi, Valle 1993, Asaka, Blanchet, Shaposhnikov 2005; Boehm 2008; Kubo, Ma,
Suematsu 2006; Hambye, Kannike, Ma, Raidal 2007; Lindner, Schmidt, Schwetz 2011; Borah, Adhikari 2012;
Restrepo, Zapata, Yaguna 2013; Huang, Deppisch 2014; Escudero, Rius, Sanz 2016; Borah, Karmakar, Nanda

2018;..many more..

Biswajit Karmakar (University of Silesia)



Flavor Symmetries, Neutrinos and Dark Matter

@ Example :

DM interaction with SM
through (¢) €

@ A schematic representation of dark matter (v, XO) interaction with SM to generate non-zero 073 in the
presence of the U(1) flavor symmetry. The A4 flavons help in generating base TBM mixing.

Bhattacharya , Karmakar, Sahu, Sil 1603.04776
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Flavor Symmetry and Hybrid Mass Mechanisms: Why?

e Ratio of solar to atmospheric mass difference :

Amdoy, 741 x 1075 V2 3y 10-2
= >~ ~ 3 X
Amidyy 251 x 1073 eV?2

o Two different mass scales that might originate from entirely separate mechanisms !!

e Minimal | Scoto scenario: Rojas, Srivastava, Valle 1807.11447
Greek word ‘skétos’ — ‘darkness’

_ 1 _ 1
L=—Y ioyH* Ng + EMRNENR + YEKioon ™ F + 5Mffcf

The number of right-handed neutrinos added to the SM is not fixed as they do not carry any anomaly
Schechter, Valle 1980
® The total neutrino mass reads:

2

; V2o o
My = 7’\71\1\/,’\,\/;V + F(Myg, My, , Me)Mg Y Yi.

where

Mgt (MF/0,) M s (/1)

F (Mg, My, , M¢) = ,
2 2 2 2 2
327 MZ— M2 MZ— M2 ]

where M"R and M"/ are the masses of the neutral component of 7.

Biswajit Karmakar (University of Silesia)



Flavor Symmetry and Hybrid Mass Mechanisms:

e Ratio of solar to atmospheric mass difference :

2
Am? v —v? ’ Am2 ! ’ Asv? M;Y?
MaTM ~ My ) Msor ™~ 3272 W £

AmZop N ( 1 )‘)/\2 MnM; Y?m
Amipy 32m2) 7 M7 - mi? Yy

® Benchmark Values :

My = 10'? GeV, My = 10* GeV, M, = 10° GeV, Yy = 1071, vy = 10~*
My = 10° GeV, My = 10° GeV, My, = 10° GeV, Yy = 107%, vy =103
My = 10* GeV, My = 10* GeV, My, =10° GeV, Yy = 1075, ¥y =10~*

@ Scoto-seesaw scenarios : Accommodates DM candidates

e Flavor symmetric scoto-seesaw / discrete dark matter scenarios:
Observed neutrino mixing
Hierarchy of neutrino masses
Accommodates DM candidates
Low Energy Signatures

Biswajit Karmakar (University of Silesia)



Flavor symmetric scoto-seesaw

e Can we reproduce the neutrino mixing scheme?

2 1

= x % * = %

Ve 3
|Urnm; | = G koo [Utm,| = | * e * |,

2 % % * = %

V6 V3

Biswajit Karmakar (University of Silesia)



Flavor symmetric scoto-seesaw:

Standard Model with A4 discrete flavor symmetry

Biswajit Karmakar (University of Silesia)



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)

@ Productrule: 3@3=101@®1" ®3,P3s

0 11=1,11=1"11"=1
1" ®1" =1’ etc

Biswajit Karmakar (University of Silesia)



Flavor symmetric scoto-seesaw : TM, mixing

Standard Model with A4 discrete flavor symmetry

Type-I Seesaw

TBM Mixing

Biswajit Karmakar (University of Silesia)



Flavor symmetric scoto-seesaw : TM, mixing

Standard Model with A4 discrete flavor symmetry

Type-I Seesaw + Scotogenic Contribution

' 4

TBM Mixing &g " Required 8,

Biswajit Karmakar (University of Silesia)



Flavor symmetric scoto-seesaw : TM, mixing

Standard Model with A4 discrete flavor symmetry

Type-I Seesaw Scotogenic Contribution

TBM Mixing

Biswajit Karmakar (University of Silesia)



Flavor symmetric scoto-seesaw : TM, mixing

Standard Model with A4 discrete flavor symmetry

Type-I Seesaw + Scotogenic Contribution

Lol Required 8 |

Observed Neutrino Mixing,

Prediction on neutrino mass,
OvBp and LFV decays

Biswajit Karmakar (University of Silesia)



Flavor symmetric scoto-seesaw : TM, mixing

[ Type-1 Seesaw contribution: ] Ganguly, Gluza, Karmakar 2209.08610

YNy - ~ YNy - - 1 _ 1 _
LTREE = Tl(ups)va1 + TQ(Lgoa)HNRZ + 5/\/l,\,1 N, N, + 5/\/l,\,2 N, Nr, + hoc.,

o L, ¢y and ¢ps — Ay triplets; H, NRl’ NR2 — Ay singlets

e A, multiplication rules: If we have two triplets (aj, a2, a3) and (by, by, b3), their products are given by
=3®3=1+1 41" 43,4+35

1~ aiby +asbs + aghy, 1’ ~ agby + arby + agby, 1"’ ~ axby + agby + arbs,

2a1by — apbz — azby aybz — azby
3s 0~ 2azb3 — a1bp — ab1| ,3a4 ~ |a1by — axhy
2apby — ajb3 — azby a3b; — a1bz

e Flavon fields get VEVs along (¢s) = (0, vs, —vs), (®a) = (va, Va, Va)

YNy
—

YNy + o - - - o YN. - - ~
TI(L¢5)1HNR1 = Lidsr + Lags3 + L3¢s2)1 HNR, = Tl(o — Lovs + L3vs)1 HNR,

YNy

- o YNy - - - o YNy - - - -~
(Lpa)1HNg, = TZ(L1¢31 + L2¢a3 + L3ga2)1HNg, = TZ(lea + Lova + L3va)1HNR,

o Dirac neutrino mass matrix :

v 0 YN, Va MNl 0
Mp = — YN Vs YNpVa | = vYy, Mg = 0 M .
A N
YNy Vs YN Va

Biswajit Karmakar (University of Silesia)



Flavor symmetric scoto-seesaw : TM, mixing

[ Scotogenic contribution ]

Ys - . 1 _
Lroop = /’\i(ms)gm,; f 4 5M,f(f t h.c.,
(M)Loor = Flmyg,my,, Me)MeYpY}
Vs Vg Vs Vg
Ye o= (YE,YE YD) = (ys— 5.0, —ys— )T
F ( F F F ) (,,s A A s AA

Therefore, the corresponding mass matrix takes the form

10 -1 .
(My)Loop =C| O 0 o |, C7}"(/77,“?/77,”,Mf)vgil)K
-1 0 1 A
@ Effective neutrino mass matrix:
M, = *MDMEIMET; + (Mv)Loop
=  (My)rree + (Mv)Loor
—B+C —B —B—-C
= —-B —A—B A—B .
—B-C A—B —A—B+C
@ After rotation by TBM matrix:
M, = UlgM, U
1 /[ 3C 0 —V3C
== 0 —68B 0 ,
2\-v3c 0 —4A+C

Biswajit Karmakar (University of Silesia)



Flavor symmetric scoto-seesaw : TM, mixing

B Effective neutrino mixing matrix (TM» mixing):

%cosi? % %e"‘b sin 0
U, = cosp , el®sin® 1 cosg _ el®sin® |,
LA 2 Vi v2 m:
_c;sfse _ eid;{"'e f cos\g_ e® ;ﬁ‘ae
NG V2 V3 V2 V6
W Corelations:
pnpo _OSNAC e V3
1— acospac cos ¢ + 2acos(bac + ¢)

B Comparing with Uppyns:

. 2 . 1
) —is —i . 2
sinf@3e” °CP = [ _e sinf, tan“fpp = —— —
3 3 ’ 2  3ein2013

(1 4 sin013c0s9 )2 sin? 013 sin2

2, /2—35in2 613 (2-3sin 013)

tan = .
= (1 _ _sinfj3cos ¢ )2 sin2 013 sin? ¢
V2—3sin? 013 (2—3sin2 613)

Biswajit Karmakar (University of Silesia)



Flavor symmetric scoto-seesaw : TM, mixing

B Predictions:

mNH mlH
060 1 Disallowed
0.100 KamLAND-ZEN + GERDA ¥
0.58 %
kd = ]

g > il 1
£ 056 < o0t0 REXO g
5 S
@ £ El

0.54 £
0.001 §
0.52 =)
NH 2
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(tsey)=10° — 10712 — 107®
1.0
08
. Future reach
0.6 S}
w T
0.4 3
=4
=
0.2
0.0
0 1 2 3 4 5 1000 10° 107 10° 10" 10"
s My, [GeV]
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TM; vs TM,

Gluza, Karmakar, Zieba et al 2310.20681

E E
) LS
0.8 0.2 0.3 0.4 0.5 0.6 0.7 0.8
sin?6,; sin®6y3
20, 20,
NO 10
15 f\ 15 .
: \
E £
S0 S0 <
— 7
0.5 0.5
0.0 BTM, BTM, 10,20,30 * best-fit 0.0 aTM, ETM, 10,20,30 e best-fit
0.010 0.015 0.020 0.025 0.030 0.035 0.010 0.015 0.020 0.025 0.030 0.035

sin®6;5 sin6;,
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TM; vs TM,

Gluza, Karmakar, Zieba et al 2310.20681

NO “THo

0.018 0.020 0.022 0.024 0.026 0.028 0.018 0.020 0.022 0.024 0.026 0.028
sin%6;, sin%6;,
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Flavor symmetric scoto-seesaw (FSS;) : TM; mixing

o Contributions to the neutrino mass:

Ganguly, Gluza, Karmakar, Mahapatra 2311.xxxxx

Y 1 1

c /’\"(L¢5)HNR+ 2MNNRNR+ —(ana)g,ozn F S MFF the.,
2
Y viviyF Mg )M Y}YY

L N+ F (Mg, my,, Me)Me Y

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

T Ve Vs T T Ve v, ve 2y,
Y= (R Y YT = O =) T Ve = (Y YEL V) :(ys/f 2y

o Light neutrino mass matrix :

b 2b 0 2 2 2 o
v o, Ve v
M, = 26 —a+4b  a |,a=yEi— 5 b=y2-5 "2 5
N vy A2 s
0 a N

o Diagonalizing matrix:

Mgy My Me)Mg = 2 F(my o, my,;, M) Mg

\/? cos 6 e~ sing
3 V3, V3
U 1 cos6 | eV sing _cosf e~ sing U
v NG V3 ) V2 3 m
1 cos® _ eVsing cos 4 e~ sing
V6 V3 V2 V2 V3

Biswajit Karmakar (University of Silesia)



FSS; phenomenology : TM; mixing

o Mass eigenvalues:

m = 0,

1

i o= - ( — 2a+5b— V422 + 4ab + 25b2),
2

~ 1

iy = —(—23+5b+ \/432+4ab+25b2).

2
mZ
e Ratio of the solar to atmospheric mass-squared differences: r ~ —%
m:
3
0.034 T
0.032
0.03
=
0.028
0.026 —
s
0.02525 002575 0.02625  0.02675
laj in eV
0.024 -
0.0048 0.005 0.0052 0.0054  0.0056
[b| in eV
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0.601

0.58

sin2623

0.52

0.50

Biswajit Karmakar (University of Silesia)
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I | .
08 \
06 s : ; ;
_2 -1 0 1 =10 =05 0.0 0.5 1.0
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my (meV) | mz (meV) | > m; (meV) | mgg (meV)
83—-9.0 | 49.7—-51.3 | 58.0—-60.3 | 1.61 —3.85




FSS; phenomenology: dark matter

@ 2 viable DM candidates = the lightest neutral scalar (Mandal, Srivastava, Valle, 2104.13401)
= the singlet fermion (Ganguly, Gluza, Karmakar, Mahapatra 2311.xxxxx).
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FSS; phenomenology: dark matter
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o Neutrino mixing dependence of dark matter phenomenology :
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FSS; phenomenology: h — vy
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A3 is the coupling for the interaction (HTH)(nTn)
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FSS; phenomenology: Lepton Flavor Violation
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Xs is the coupling for the interaction (HT n)(HTn)
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FSS; phenomenology: Summary
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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.

It explains the hierarchy of the mass scales involved in neutrino oscillation

Flavor symmetric scoto-seesaw (FSS) scenarios also explain neutrino mixing
angles and CP phases involved.

Possible frameworks : FSS; for TM; mixing and FSS;, for TM, mixing.

Rich phenomenology : h — v+, potential DM candidates, LFV decays.....

@ Not covered: Collider prospect of BSM states, leptogenesis, CP properties of
heavy neutrinos (this afternoon by Janusz Gluza)..

@ Advertisement: For a wide range of phenomenological applications of flavor
symmetric models in energy, intensity, and cosmic frontiers, see
Phenomenology of Lepton Masses and Mixing with Discrete Flavor
Symmetries Chauhan, Dev, Dubovyk, Dziewit, Flieger, Grzanka, Gluza,
Karmakar, Zieba. see, arXiv:2310.20681(under review, Progress in Particle and
Nuclear Physics)

Biswajit Karmakar (University of Silesia)


https://indico.ifj.edu.pl/event/1133/contributions/4192/
https://inspirehep.net/literature/2715897

Thank you for your attention!!




