Neutrino Mass Models: A sampler




Prime message from atmospheric neutrinos
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Simple mixing patterns

* Maximal v,-v. mixing = 0,3 = /4 Also = 8,3=0
 Only 0., varies from model to model

cosfy, sin@?, 0

. — _Sin 9(1)2 Ccos 9(1)2 1
sin 07, _ €os 015 1
V2 V2 V2

 Tribimaximal (TBM), Bimaximal (BM), Golden Ratio (GR), etc.

Model | TBM | BM GR | NSM

0V, | 35.3° | 45.0° | 31.7° | 0.0°<—_,
Mixing angles
: : . either O or
- Flavour symmetries can be used to realize such mlx:gs\Lmaxima| (/4) J
(@)

0
Dark Matter?

0,570 , these can only be starting points
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Major iIssues

C12€13 512€13 s13e %
1) 1)
Upuns = | —C23S12 + S23si3cize’ C23C12 + 523513512€"°  523C13
$93512 4 C23513C12€"  —S23C10 + C23513512€"  Co3C13
« Mass ordering unknown
* Which octant for 0,5
« What is the value of the CP-phase 87
* Origin of small neutrino mass?
Normal hierarchy: Inverted hierarchy:
v. IR I v. IR ‘ /-:- Vs
v« N v s
i am2 T
, i . ‘“/
Amgy
Il . I
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Notation/Conventions

Dirac mass
For charged leptons

Fermion mass term: mpWW = mp(W)TC— W = mpW, Ui + h.cl

Lepton No. conserved

Majorana mass W& = W = m,, (0)1C~ 1Y

AL =2 (For neutral fermions only!)

Vi

In SM L,; = (Z) lir, (i=e€, u, 7) No v;r
/)L

Charged lepton mass

Lcharged lepton — }/;jLiLHljR
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Neutrino Masses

In SM no RH v = No Dirac mass.
Also, Lepton No. is conserved = No Majorana mass.

Dirac mass (Add right-handed neutrinos N;)
N; are singlets under SM (a sterile fermion)

EDirac mass — _yiijzHNj ) H = 7:0-2H

Why is y?; so very small compared to Yukawa couplings for quarks and
charged leptons?

Separate Higgs doublet with tiny vev for neutrinos?
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Neutrino Masses

_ _ =Leptogenesis?
Majorana mass (Violate Lepton number) ° ©° O

e.g., Lepton No. violating interactions in BSM, R-parity violation in
SUSY, etc.

1
EWeinbefrg — 9 M

See-saw (Add new fermions/scalars)
H - +H H \Y/ H H ~ +H
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Neutrino mass (Loops)

1/(16 =) suppression for n-loop diagram < smallness of m,

See e.g., Farzan, Pascoli, Schmidt, JHEP 1303, 107 (2013)

One |OOp examples Cai, Herrero-Garcia, Schmidt, Vicente, Volkas, Front. Phys. 5, 63 (2017)
Zee model: Singly-charged scalar

Scotogenic model (Ma): Dark matter

SUSY: Superparticles, R-parity violation

Two loop example
Zee-Babu: Doubly-charged scalars

Three loop example
Krauss-Nasri-Trodden: Charged scalars, neutral fermions, Z2

symmetry
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Mass and mixing information

NuFIT 3.0 (2016)

Normal Ordering (best fit)

Inverted Ordering (Ayx” = 0.83)

Any Ordering

bfp £1o
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Concrete examples
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Massless neutrinos

J. Kersten and A. Yu. Smirnov, PRD 76, 073005 (2007)
R. Adhikari and A.R., PRD 84, 033002 (2011)

Type-l see-saw models which automatically lead to 3 massless
neutrinos due to symmetries.

M = ( 0 Mp ) . condition for zero eigenvalues of M

MY Mg
L1 L2 3 Ml M4 M5
MD = X117 QaXgo9 Q33 and MR = M4 M2 M6
Brx1  Pora  Pars Ms Mg Ms3

o] =g =3 0r 31 =3y = 3
or OdZ:/BmOéj :/Bja(fl’#.]) , etc.

3 zero eigenvalues = o] =ag =asz and B =0, etc.

B = Z”k {(ﬁZ — 5j)2 a:f:L‘J,,QMk + 2z120w3 (Bi — B5) (85 — Bk) ijW—i)}

1 zero eigenvalue =

(i, 7, k cyclic)

Scaling ansatz realistic models:
e.g., R.Samanta, P. Roy, and A.Ghosal
May 31, 2018 Neutrino Mass Models .... EPJC 76, 662 (2016)
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Standard see-saws

T ,
(mv)ij — ,UZEk [(YN)ik(YN)kJ:|

« Type-| b
Majorana mass of N,. Lepton No. violated.
«  Type -1l An SU(2) triplet scalar A. No RH v g - o
Either A gets a vev violating lepton number L
or it has a trilinear coupling to a pair of H which get veuv. My ! A
) 1
(my)ij = (Y/_\)ij Eos _
. Type -1l - AN,

Similar to Type — | but £; are SU(2) triplets

(Three RH SU(2)-singlet neutrinos Ny /X to give masses to all

neutrinos)

May 31, 2018

H < H

Ye) i (Y2)k;
(my)i; = v Xy {( E)}\}};;)k }

Majorana mass of X . Lepton No. violated.
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Generalised see-saw

* Inverse see-saw (in addition to the RH neutrinos add an SM
singlet Majorana neutrino, S)

The Majorana mass, J, breaks lepton no.

0 Mp 0
M = Mg 0 Mp
0 M}; 1

For ;1 < Mp << Mg one gets m,, = Mp(Mz) " u(Mg) ™' M7

Smallness of m, can be partially attributed to the smallness of y. Mg ~ 1 TeV OK

Other see-saw variants, texture zeros of the matrices, etc.

Common feature: Nx(sterile). Where is it? Many studies: sterile mixing, colliders, etc.

See e.g., Rasmussen, Winter, PRD 94 073004 (2016)
May 31, 2018 Bambhaniya, Chakrabortty, Goswami, Konar, PRD 88 075006 (2013)
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Combine see-saws?

Small quantities in the neutrino sector: 0,5, R = Am?,, /Am?_, (0,5 - T/4)
Perhaps they are vanishing to start with (due to symmetry) and have a

different origin from the rest?

Example:

Type Il see-saw = 0,3, 8,5, (e.9., TBM) and Am?,,
Type | see-saw (sub-dominant) = 6,3, 6, and Am?,

Consequence:
Interrelationships

and nudges 6,3, 0,, into correct range

Implementation:

Choose discrete symmetry G (e.g., S3, A4)
Include RH neutrinos

Choose scalars in appropriate G representations
Obtain mass matrices and find consequences

>
>
>
>
>

Assign Left- and Right-handed leptons to chosen multiplets of G

Soumita Pramanick and AR PRD 93, 033007 (2016)
Soumita Pramanick, arXiv: 1711.03510

Similarwith dominant Type 1: D. Borah and M.K. Das, PRD 90, 015006 (2014)
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Combine see-saws?

Features:

For S3/A4 possible to arrange appropriate fermion and scalar assignments
Rich scalar sector

CP-violation arises from complexity of right-handed v mass matrix Mg

7

TBM and GR glve l IH:edM INDITI'E| Drd:aring Flrst;D:tant I l
| " ' |
8,5 beyond range 85 | |
5 |
For Real Mg only normal ordering is allowed. g e |
& |
+ 55 l |
[ lr |
L : | |
Complex Mg permits inverted ordering, P
. . 3 az 33 24 25 26
CP-violation. v Ny 012 n degrees
120 :1 R Mixing Normal Ordering Inverted Ordering
e : Pattern 5 023 ) 023
§ 1ol ""f-'%,.“,___;_—__;l_:;:;___________: _____________ quadrant octant quadrant octant
§ wpP— NSM First/Fourth | First | Second/Third | Second
— i Ve D BM, TBM, GR | Second/Third | First | First/Fourth | Second
&0 | " -~
= ey Tg.ﬁ ] Soumita Pramanick and AR PRD 93, 033007 (2016)
Poamamam el e e Soumita Pramanick, arXiv: 1711.03510

Similar with dominant Type 1: D. Borah and M.K. Das, PRD 90, 015006 (2014)
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e The Zee Model

Escalcw"s — HJE'Lth( +) y €12 — —€21 — 1 y €44 — 0 )

where hl — hu y hg =

EYukawa — Y;jLth €iR fzj L/LJLX

Lepton No. violation
Note no Ng

With only h, giving masses to the leptons, i.e., Y#; = 0, one

fzg — fji

A. Zee, PLB 93, 389 (1980)

has the neutrino mass matrix: 7;; < f;; (mzJ — mgz)
Imposing the solar/atmospheric mass splitting ratio yields a

Koide, PRD 64, 77301 (2001)
Frampton, Oh, and Yoshikawa, PRD 65, 073014 (2002)
See also X-G He, EPJC 34, 371 (2004),

too large 0;,. So Y%, # 0 must be taken.

Phenomenology of the model has been extensively studied

A. Raychaudhuri
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Scotogenic Model

E. Ma, PRD 73, 077301 (2006)

* Add discrete Z, symmetry to the standard model

o All SM particles even under Z,
o Include RH neutrinos N, and scalar doublet n, both odd under Z,
o Z,is unbroken, < n% =0 = Neutrino Dirac mass = 0. o y
o N, Majorana mass is allowed v
o Also allowed is a quartic scalar term: Az (¢1n)2 ”;f"'r \“‘310
Ly ukawa = JijLir@ejr + hijLitnNjr + h.c e

* One-loop diagram for neutrino mass

o Asv? hixhik - N
(My)ij = 18 2 oyl if m, ~ Mj

- Lightest of N, or Re (n%/Im (nY is a dark matter candidate
protected by Z, symmetry

May 31, 2018 Neutrino Mass Models ....
A. Raychaudhuri



http://www.google.co.in/url?url=http://appliedphysics.caluniv.in/&rct=j&frm=1&q=&esrc=s&sa=U&ei=K1-RU_ObJ5aPuAS2sIK4Ag&ved=0CDkQ9QEwDA&usg=AFQjCNHYYITPZ2V5thFkc2eISnmBKuZ93A
http://www.google.co.in/url?url=http://appliedphysics.caluniv.in/&rct=j&frm=1&q=&esrc=s&sa=U&ei=K1-RU_ObJ5aPuAS2sIK4Ag&ved=0CDkQ9QEwDA&usg=AFQjCNHYYITPZ2V5thFkc2eISnmBKuZ93A

A SUSY example

S. Rakshit, G. Bhattacharyya, and AR PRD 59, 091701 (R) (1999)
Review: S. Rakshit, MPLA 19, 2239 (2004)
Bilinear R-parity: S. Roy, B. Mukhopadhyaya, and F. Vissani, PLB 443, 191 (1998)

R-parity violating superpotential
Wi = s\ Li Ly B + N, LiQ;Df, + N/ U DSDf; + pi LiH.y,

)\ijk — _)\jik ’ ;Ijk - ;,kj ’ (Zv.jak — 1?233)

Nijks Ay ;1 violate L, A i1, violates B|

m; Am3 (d)
mjk nkj m g2

= (Mw)mn ~ 23,
Left-right ]

ik din

squark mixing

Me Am3 (1)

M2

= (mz/)mn ~ %%Amjk)\nkj

mg (m;) average squark (slepton) mass
Am?(f) ~ mm left-right sfermion (squark or slepton) mixing

Neutrino mass and mixing can be reproduced
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he Zee-Babu Model

Vi,

Add to SM, a singly-charged (h*) and a doubly charged scalar (k**) {
Both SU(2) singlets

Locatars = ph™h=kXTh.c., and
Ly wkawa = YijLir Hejr +
with fi; = —fji, 9ij = 9ji

Lepton No. violated
No Ng

Together, the couplings resultin a 2-loop contribution to
the Majorana neutrino mass matrix

. . * A. Zee, NPB 264,99 (1986)
Mj X f@m hmnfnj mmm?Imn _ K.S. Babu, PLB 203, 132 (1988).
where I,,, = I, is a loop integral from the diagram.

f; = — fj = one massless neutrino.

o o Nebot, Oliver, Palao, Santamaria, PRD 77, 093013 (2008)
Mixing and mass splittings can be reproduced K.S. Babu, PLB 203, 132 (1988).
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A three-loop model

_ i Krauss, Nasri, Trodden, PRD 67, 085002 (2003)
KI’aUSS NaS“ TrOdden mOdel Ahrice, Chen, McDonald, Nasri PRD 90, 015024 (2014)
. = _F"_.___f'—'. _-\--"".\_
* Right-handed neutrino Ng s, " A .8
« Two charged SU(2) singlet scalars S,, Pl s, ¢ ":52 ﬂ"*\

« Additional Z, symmetry under which K J ~.

= SM particles and S, are even §\> S < . —
L L R R R L L
= S, and Ny are odd

L="Lsy+ fasLTCL3ST + guNgSllar + MRNECNR + V(S1,S3) + h.c.

fozﬁ — _fﬁa 3 and V(Sl;S2) D) )\8(8185)2 MR < Mgl < M32 ~ le

This results in

2 : (4m°)°
m, ~ v° /A, with A x BN Mg, , m, ~ 0.1eV

Y — charged lepton Yukawa

Z, unbroken = Ny, : A Dark Matter candidate
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Left-Right symmetry, Grand Unification?
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o~

Left-right symmetry

Provides a natural room for Ng.

Under SU(2), x SU(2)g x U(1)g, lepton multiplets: (2,1,1) and (1,2,1)
Q=Tg + Tgr +(B-L)2

Different types of see-saw can be readily incorporated

Choice of scalars:
St 65"
5g) =(3,1,2), Ar = (5;) = (1,3,2)

0 +
;fi ‘i%) =(2,2,0), Ap =
Lo 5 o

Type-lll see-saw, loop masses etc. possible

See e.g., Hati, Patra, Pritimita, Sarkar, Found. Phys. 6, 19(2018)
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GUT models

SO(10) GUT provides a natural framework for inclusion of Left-Right
symmetry through the Pati-Salam SU(4), x SU(2), x SU(2)x route.

[ €L [ ER
= (i) sn= (i) <

Quark-lepton unification: 16 = (4,2,1) + (4,1, 2)
6 64t

¢ b
@(qbl qb%)ClO,AL 5, | , Ar=| &4 | C 126
Lo i 3

Stepwise symmetry breaking provides the required high scales
SO(10) — SU(4), x SU(2) x SU(2)g — SU(3). x SU(2) x U(1)y

Maur Mg

Proton decay!!

May 31, 2018 Neutrino Mass Models ....
A. Raychaudhuri


http://www.google.co.in/url?url=http://appliedphysics.caluniv.in/&rct=j&frm=1&q=&esrc=s&sa=U&ei=K1-RU_ObJ5aPuAS2sIK4Ag&ved=0CDkQ9QEwDA&usg=AFQjCNHYYITPZ2V5thFkc2eISnmBKuZ93A
http://www.google.co.in/url?url=http://appliedphysics.caluniv.in/&rct=j&frm=1&q=&esrc=s&sa=U&ei=K1-RU_ObJ5aPuAS2sIK4Ag&ved=0CDkQ9QEwDA&usg=AFQjCNHYYITPZ2V5thFkc2eISnmBKuZ93A

Summary

Atmospheric neutrino oscillations tell us that 6,5 is maximal (or
nearly so).

Also (Amz)atm ” (Am2)30|.

Solar, reactor, and accelerator oscillation results give additional
iInformation on neutrino mass and mixing.

Is the neutrino Dirac or Majorana?

Many models for neutrino mass and mixing.
Smallness of mass is the primary target.
See-saw Is a popular direction.

Loop models are also widely considered.

Many other directions: Linear see-saw, Dirac see-saw, Extra-Dim, ...

Some models have falsifiable predictions.

An early determination of 0,5, mass ordering, and CP-violation will
considerably narrow down the options. Neutrino mass, not just
splitting? Sterile neutrinos?
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