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Neutrino mass

» From neutrino oscillations:

Amj, =7.50 x 10~%eV? |
|Am2, | = 2.55 x 10 %eV?(NO), 2.45 x 10 3eV?(I0O) .

[ de Salas, Forero, Gariazzo, Martnez-Mirav, Mena, Ternes, Trtola, Valle, JHEP02(2021)071 J

» From cosmology:

> m, <0.12eV

[ Planck Collab., Aghanim, et. al., A&A 641, A6 (2020) ]

» From [-decay:

mg = 1/|U2|m? < 1.1eV (0.2 eV expected)

[KATRIN Collab... Aker, et. al., arXiv: 1909.06048, 2103.04755 ]
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e What is the dynamical origin associated with neutrinos
mass generation ?



The Standard Model:
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a Leptons
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» The SM fermions under SU(3)c ® SU(2), ® U(1)y group, C denotes color, L implies left
handed chirality, and Y is the hypercharge
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> Here, Q= T3+ Y/2



Helicity:

» Helicity is the projection of the spin along the direction of momentum:
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where & = (0, 0%, 0%) are 2 X 2 Pauli matrices

>
N | =
ST

» Here,

o Q

» The helicity operator commute with the Dirac Hamiltonian:
[H,£.5]=0;, H=a.p+8m

“Helicity is a good quantum number”

> The eigenvalues of h are & 1. Also, h = +1 (-1) is called right (left)-handed,
where spin and momentum vector parallel (antiparallel)

{For Dirac, Majorana and Weyl fermions: P. B. Pal, arXiv: 1006.1718}




Goldhaber-Experiment:

In 1957, Goldhaber, Grodzins and Sunyar experiment to measure the

Neutrino-Helicity
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Right-Handed Neutrino Left-Handed Neutrino 62

> 152Fy is a spin O state the sum of the ®>Sm* and v spins must be equal to the
spin of the electron
» Hence, the polarization of the v (left/right handed) is always the same as '*2Sm*

> 1525m* decays to ®2Sm spin-0 state and -

» Thus, s emitted at the direction of ®2Sm* have the same helicity as vs

Measured polarisation of photons = H(r) = —1.0 & 0.3 = neutrinos are left-handed



Chirality or Handedness:

» The chirality/handedness operator in the Pauli-Dirac representation:

(U
5 _ ;0 1.2.3
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> Here, 7°, and ~''s are defined as:

(94) (% %)

> Properties 7v°: {7°,v*} = 0,(7°)? = 1,(7°)" = ~°, and eigenvalues +1.

> Define: v2¢r = +9r, V¢ = —11, where g(1).) is the right (left)-handed
field.

» Its possible to write ¢ = g + Y, where

1+’Y

YR = Y =Pryp, b=

with Pg, P, are the chirality projection matrices.
» Properties of Pg, P;:

Pr+ P =1, (Pr)>=Pr, (P)*=P, PrP.=PPr=0



Dirac Equation:

» The Di L ian,
e Dirac Lagrangian (g

L= g(x)(i
where 1 = 1%, @ = v#0,, and 9 = (

m)y(x),
392

» The Euler-Lagrange equation:
() e -
“\o@.))  ow

(i — myp(x) =0,

» The Dirac equation:

where

[a(p, s)u(p,s)e " + b (p, s)v(p,s)e?] ,

#0- | e &

with bt(a) is creation (annihilation) operator and u, v are spionrs.
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The Dirac Lagrangian:
C=U(id
= (Wr+9)(i @ — m)(vr + 1),
PN S 4 J— -
= Yri @ Yr +Pii @ b — m(Pripr + Pror)

- m)y,

Kl

g, and ¢, have independent kinetic terms but coupled by the mass term
Non-zero Dirac mass needs both 1, and g

In massless limit, we have: i@ YrL =0

[ % Also called Weyl equation

Using Dirac equation for m =0 i.e., i@ ¥ = 0, one can show:

B )
T Y=
|P|
TP T.p
== YR = +Yr —— Y = =Y,
|P| |P

Chirality coincides with helicity in the massless limit



Fermion masses:

» In the SM, the mass of fermions arises as a result of the Higgs mechanism.

» The Higgs-lepton Yukawa Lagrangian: £ O y.lq®lr + h.c.

» L should be gauge singlet under the SM gauge group SU(3)¢ x SU(2). x U(1)y, where C, L,
and Y denote color, left-handed chirality and weak hypercharge

Here £o ~ (1,2, =1), ® ~ (1,2,1), and Leg ~ (1,1, —2)

> SU(2) doublets: £o = (ver,e) and & = (o1, )7

> Note: Multiplication of two doublets 2 ® 2 = 1 ¢ 3

ﬂL‘b L—f{
\

C'__7 (I
L= LA
DA

L

VL

» Important: No such term for ‘neutrino’ in SM as there is no vg
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» In the unitary gauge, ® can be written as

1 0
*=r {UJFH(X)]’

where, v is the vacuum expectation value or vev that arises from the
spontaneous breaking of the SM symmetry

» The Higgs-lepton Yukawa Lagrangian:

7(’U+H

y = \/§>Ye le b + H.c.

» The mass terms for electron:

Ly = meeeLeeRa

1

> For top quark: m; ~ 5 ~ 170 GeV = y, ~ O(1)

> For electron: m. ~ 0.5 MeV, 2= ~ 170 GeV = y. ~ 0O(1079)



Neutrino mass:
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Neutrino mass:

How to write neutrino mass term?
> Add right-handed neutrinos in the SM

» The Higgs-lepton Yukawa Lagrangian: £ D yl,EéusR + h.c.
where & = jg?d*

» Dirac neutrino mass:

=S owa, = -5

=13
2 = ~10
v, 20 ey \7f ~\F4GraNV=y 3 J

» There is no explanation for the extremely small values of y,

» This doesn’'t mean that the possibility of Dirac neutrino is ruled out



Majorana Neutrino:

So, what's the way out?



Majorana Neutrino:

So, what’s the way out?

.

-

“E. Majorana”

Charge-conjugation
» Under charge conjugation the spinor fields transform:
v=nuv ' =CuC'=Co"

» By definition particle-antiparticle creation and annihilation operator are related

as,

b=n:d bt =nrdf

» Thus, Majorana field operator can be written as,

p,s)u(p,s)e”"* + bl (p,s)v(p,s)e”™)

/m
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Properties of Charge-conjugation operator

» In the Dirac representation:

» Also,

CyC™h ==, C()TCT =",
ct=ct, ¢"=-C

> Now, we write:

c

v=v.+vr=v t+v ,
—T
=v+Cv',

To check C 7T is right-handed, P, (C /") =0

» Now, one has vf =C (", and v = —v/C1



Cont...
» Dirac mass term:

Ll =—muov, Vv=uvp+u

—m Ugry + h.c.

» Notice, only Tgy,, and U, vg survives, whereas v,v, = 0 = Ugrvg
> As the v{ has the correct properties to replace vg, the Majorana mass term can
be written as

1 —
LM = —Em vfv + h.c.

1
Em VLTCTVL + h.c.

» The Majorana mass term in matrix form:

mass

1 —
Lo = *E(VCLMVL) + h.c.
1
Py Z (], CtMapvsL) + h.c.

o, B=e,p,T

» Using anti-commutation property of neutrino field one can show:

Msa = Mag ,

i.e., Majorana mass matrix is symmetric
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» The Majorana Lagrangian:
1 — —
L=—-3 [VTi dor+ufi

vf — m(vfu + mivf )]

> Lepton number (L):
under global U(1) gauge transformation v — e“v,

£D

—mvv, AL=0, conserved lepton #

1
LV = Em viCcty, AL=+2, violated lepton #

» Also, hypercharge Y = —1 for v,. Thus v'Cfv = Y = -2

» Since the SM does not contain any particle with Y = —2, Majorana neutrino
mass term is not possible in the SM

» In the minimally extended SM i.e. SM + 3 vk, it is possible to have Majorana
neutrino mass term

LM = }muTC‘I/ i AL=42Y =0
- 72 R R — ) —



Seesaw mechanism:

» The Dirac-Majorana Lagrangian has the form,

£D+M — ED + ﬁM

mass mass mass,R

» |t can be written as,

_£D+M

1
mass = VRMpVL + EVRMRVE + h.c.

2 2 2
1_
= EVCMV + h.c.

where,

1_ 1 1
7me,§uf‘, + —Urmpv, + —UrMgrg + h.c.
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» M can be diagonalized:

vmu=| ™ ©
0 my

where,U = Op with
0= co.s 7] sin 6 ’ . P
—sinf cos@ 0

omo— | ™ 0O
0 m

, _ Me  /MET A
’ 2

» One can write,

> If mp << Mg,

P2
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» Therefore,
2
my~ Mg and mj~ VD (using correct phase)
R
» v, is very heavy for large value of Mg

2

. . . m
» 1, is very light for the small value of the ratio —2
R

( This is the famous ‘See-saw mechanism’}

[Minkowski77, Yanagida79, GelMann/Slansky/Ramond79, Mohapatra/Senjanovic80, Schecter/Valle80]

2

> Let mp ~ m; ~ 170GeV, Mg ~ 10" GeV = m; = % ~102eV
R

» The mixing angle

mp

2
tan260 = <<1

R
= vy is composed of active v, and v, is composed of sterile vg



The effective theory:

» The SM can be treated as an effective field theory, that is the low energy limit
of a more fundamental theory

» The dominant effective operator is the Weinberg operator L5 ~ I;l ¢ (dim-5)
that can generate a Majorana v mass
Weinberg, PRL43(1979)

d—>’£‘é ?/2 (!
-,CSD_;/\/Q,_&LdPﬂD
Gy
After SSB, (¢“): N/
VAR

N [N
oa™ 1, R v
o EW Symmetry -
breakin
l jrcb ?, ! vl v
o a L
A S A
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» With ¢, and ¢, 3-ways to construct ‘lepton number violating’ terms:
(Effﬁ) (@TEéL) )
(Ea"w) (¢To'ely)

(EU”.EKL) (pTo'eq)

where ¢’ are Pauli matrices and € = io?.

» One can show,
(Eo"eqs) (p7o'el,) = — (Esqﬁ) (¢7<ty)
(o'=t.) (¢70'eg) =2 (T=0) (¢7etr)
here following relation has been used.

(o—i)ab(o—i)cd - 252d6bc - 5ab56d )

and a, b, ¢, d are SU(2) indices
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> L5 with proper SU(2) indices:

1 —
L5 = grar (I ceots) (lyeumos)

where, f,g € {1,2,3}

» Feynman diagram for effective operator:

/ D3
K5 = Ks + K5
Z{h a l{b } « n
.4 AN v 4 V\‘\\ o
NN P 1 0\” P
N P AN
* v P2 | "
D1
SN
N
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» Note: Feynman rules for fermion number violating interactions, Denner, Eck,
Hahn, Kublbeck, Nucl. Phys. B387 (1992), 467-484

irac: Y_ ajorana: 7_{_2
oo YTy e T Xy 2

» The matrix element:

. T Y
iM= <PfP3 |Z“gfefc 5cd¢d€{b5ba¢a|P1 py)

1
15 et (ecd€ba + €catba) PL



Seesaw Mechanism:

> ¢ ~(1,2,—1) and ¢ ~ (1,2, 1) lead to four SM gauge singlet terms

» 7,0, = a singlet and a triplet components:
(1,2,-1)®(1,2,-1) ~ (1,1, -2) & (1,3, —2)

»  $¢ = a singlet and a triplet components: (1,2,1) ® (1,2,1) ~ (1,1,2) & (1,3,2)

> Thus, for £,6,¢o:

1. each ¢ — ¢ forms a fermion singlet and which can arise from the tree level exchange
of a right handed fermion singlet, called the ‘type-I seesaw mechanism’

2. each ¢ — ¢ and ¢ — ¢ forms scalar triplet and this can arises by the tree level

exchange of heavy Higgs triplet giving rise to the ‘type-1l seesaw mechanism’

3. each £ — ¢ forms a fermion triplet and this arises by the tree level exchange of

right-handed fermion triplet giving rise to ‘type-lll seesaw mechanism’

4. each £ — ¢ and ¢ — ¢ pair forms a scalar singlet but this will lead to terms like TLCEL

and which does not generate neutrino mass

u]
o)
I
i
it




type-l seesaw:

P Extend the SM by right-handed singlet fermions Ng
»  The modified SM Lagrangian:

1 1 .
L= Lo+ ENfiy“aMNf - ENgMg;Nf - ((vy)nggw/[ + h.c.) ,

where, Nf = Nf + (N§)©
» The Feynman diagram:

»  The amplitude:

(P+ Mh) {

A= {7! Y )ghECdPL} *l(y )hf(E )abPL}

'(I’ + M,,) {

+ {—l Y )ghECQPL} —I(Y hf(a )dbPL}

=2i(Y] M7y, )gf {€cd€ba + €catba } PL

[J. Kersten, Diploma Thesis (2001), Ray, arXiv: 1005.1938}
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» Remember: 1
A= I'Efigf (ecd€ba + €catba) P

> We get: k=2Y M1y,

» The small neutrino mass:

where,



type-1l seesaw:

» each £ — ¢ and ¢ — ¢ forms scalar triplet

» ¢ — /¢ forms (1,3,-2), one needs Higgs triplet field A with (1,3,2)
L=Lsu+ La

where,

La = Lakin+ Lag + Layuk

» Here 1
~Law = ((YA)MF Caz[) A+ h.e.

> The Higgs triplet A transform in the adjoint representation of SU(2), as,

A =

cr’A’_ A*/\/i ATt
VZ o\ A a2 )

where A+t = (Al — iA?)//2, A° = (A +iA?)/\/2, AT = A% and ¢ are the
Pauli matrices.

[Ray, arXiv: 1005.1938, Akhmedov, arXiv: 0001264 }
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» The term between ¢, and A
A6 T :|
~ | —=¢"eATd + h.c.
ﬁqb ]

» The Feynman diagram:

N v b .
@d\ Y ‘@n A \\‘[ I}/
| PP << M} /
| AT K5
oo
Uiy

f ‘
l%, IL}, \ [on
48 7N
» The amplitude:

A= [7i(YA)gf(€0-i)chL] [

iNg 1
=-2—~/Y, — [€cd€ba + €cacba] P,
Mi( A)gf2[ d€ba + bd] PL

] il

2/\5 YA
M3

K =
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/\5 V2

» After EW breaking, A will get a vev given by (Ag) ~
g g g y (Do) NI

» The neutrino mass term:

1
—La yuk = % Yav] C{A% v, + h.c.

1
= 5m,,z/LTCIJL + h.c.
where,
= —YaA",
V2t

=V2Y, ,
Az\f/w?
7 V2/\5YA
T2 M




type-1ll seesaw:

» each ¢ — ¢ forms a fermion triplet (1,3,0)
» One adds right-handed fermion triplet g (1,3,0) in the SM
» This triplet can be represented as

To— ¥%/v/2 g _ Tio
e /Y2 V2
T F X2
where £F = % YO — %3 and ¥ =g+ 5C
» The Lagrangian:
L=Lsu+ Ls
where,
Ls = Ls kin + L5, mass + Ls, vuk
> Also,

1 —=. ,
Lo =5 Tr [z:zz)z] . DT =08,% + ig[W,,¥]
1 -
_[:):,mass = ETr [ZM):Z] + h.c.

—Ls v = $TIV2Ys L, + L V2Y{ T4

[Ray, arXiv: 1005.1938, Chakrabortty, Dighe, Goswami, Ray, arXiv: 0812.2776 }
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» The Feynman diagram:

» The amplitude:

i(p+ M)
p?— M

i(p+ M)
P —M;

A= [=i(Y{)en(eT0")eaPL] [—i(Ys)nr(e o) abPL]

+ [=i(YY )an(eT0) e PL] [=i(Ye)nr ("0 )asPr]
ST g1 1
= 2i(Yy My YZ)ngL§ [eabEde + €dbEac]

k=2(Yy Ms'Ys)
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» The mass terms:

— 1 —
_Emass = WMZW + 5 [Z%M}:Z%C + hC}

+

[¢°zT1YXVL V28U Vel + 6NV + h.c] ,

where, W = ¥}¢ + ¥
> After electroweak symmetry breaking, (taking (¢) = (0,v/v/2)7)

_[fmass

1— — Y5
STRMEEY + zg"—;w +he
1 _
EZ‘,’?M;Z??C + Z%mguL + h.c.
[ﬂmguL + 0EmpT + ngzng] + he.

- 50 o mp v h
(v =) ( ml My goc ) e

vSMv + h.c.

1
2

Nl N



e In the (v[, Ng, S) basis:

Popular variants of the type-l seesaw:

-
mp Mps
M = mp MR m;s
mps  mgs  Ms
» Double seesaw:
-
0 mp) 0
M= mp 0 mls .
0 mgs Mg
>

with the conditions mp, mgs < Ms and mp < mfes/Ms_
To block-diagonalize M, we define:

T vl
Mp:={ "0 ), Mg= 0 MRS )| and M = o Mp
0 mps Mg )’ Mp Mg
P> The mass of the lightest neutrinos:
4 2
- T -1 T -1 m M
iy, = mpb mpd Mg (mgs) ™ * mp + O (MSTD <1+ i)) .
MRS "Rs
P Correct order of magnitude of m,,:
16 2
0~ ( mp )2 1010 Gev Mg N
v 102GeV mRs 1019GeV

Mohapatra, PRL56(1986)561, Mohapatra, Valle, PRD34(1986)1642, Hettmansperger, Lindner, Rodejohann,
JHEP04(2011)123

=] F

N
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P Inverse seesaw:

0
mp m;s
0 Ms
M is same as ‘double seesaw’, but with the condition Ms < mp < mgs
P The mass of the lightest neutrinos:

4 2
-~ _ m
m, = mg mRS1 Ms (m;S) ! mp + O <M5TD (1
P Correct order of magnitude of m,:
0

M
Mgs Mgs
2 /TeV 2 M.
= <7mD ) - ° eV
102GeV mRgs 0.1keV

Akhmedov, Lindner, Schnapka, Valle, PRD53(1996)2752, Barr,PRL92(2004)101601

DA
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P Linear seesaw:

0 mp  mps
M= mp 0 mphs )

mps  mgs  Ms

with the conditions that mgs is much larger than mp and mps.
»  To block-diagonalize M, we define:

0 5 0 M}
Mp = ™ ), Mg:= MRS ) and M = D
mps mgs  Ms Mp Mg

P The mass of the lightest neutrinos:

T 1 T -1 T 1 T, T -1
m,, = mp mps Ms (mgs)™ " mp — [mD Mgs Mps + Mps (Mgs) mD]

P Correct order of magnitude of m,:

3
my & (102"(7;;\/) (10,211(22\/) (101is€\/) o

Malinsky, Romao, Valle, PRL95 (05 o v



Popular radiative seesaw models:

|Radiative mass generation

: DM
— %=

Scotogenic (E. Ma)

:’ i, ) \: Higgs portal (scalar DM)
1 1 \ .
4 & 3 - DM
v Tl P h Lt
Zee Babu -

[Credits: Peinado, UC Riverside’l‘}]




Neutrino Mixings:
» The charged current weak interaction Lagrangian:

g _
L = = VarY lo WP + H.c.

- £ 3 3 UL WP+ He.
\/5 a=e,u,T k=1,2,3

» The mass and flavor states are related as
[va) = Z Ulilvi)
k

where U is the PMNS mixing matrix and parameterized as

1)

/

1 0 0 \ cosf, 0 ¢ sinf,\ cosf, sing, 0)
0 cosf, sinf, 0 1 0 -sing, cosd, 0
|0 -sing, cosf, |l -¢smf, 0 cosd, | 0O 0
Atmospheric, Reactor Solar

K2K, MINOS, T2K, etc. Accelerator KamLAND
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» A N x N unitary mixing matrix contains N? independent parameters:

.. N(N —1) N(N + 1)
mixing angles = — phases = EEr—
» Note: not all phases are physical observables
g =24 " Vap (413)

(the quark mixing matrix has no effect on the quark weak neutral current, because
of the GIM mechanism, see eqn (3.178)). Apart from the weak charged current, the
Lagrangian is invariant under global phase transformations of the quark fields of
the type

gl — eV g, qf — eV gl (4.14)
with @ = u,¢,t and k = d, s,b. Performing this transformation, the quark charged
current in eqn (4.13) becomes

. — . o
Mra=2 >0 D alirte Ve Vare™s g, (4.15)
a=u,c,t k=d,s,b
which can be written as
g it —wd) U, oy e—iE—vE) ik —vF) oD
Mq=2¢ Z Z gl e Var e\ve Grr > (4.16)
1 a=u,c,t k=d,s,b N-1=2 N-1=2
where we have factorized an arbitrary phase e~ %< =¥) and we have indicated the
number of independent phases in each term. From this expression, it is clear that

there are
1+(N-1)+(N-1)=2N-1=5 (4.17)




v

v

Cont...

v

# of physical phases:

. N(N2+ D _on-

v

D= (/v—1)2(/v—2)

Total # of physical parameters:

. N(sz D, (N-1)(N-2)

=(N-1)

For 2-flavor neutrino oscillations: N =2 = #; =0,#, =1

For 3-flavor neutrino oscillations: N =3 = #; =1, #, =4

N



Wrap-up Comments:

» An attempt has been made to explain smallness of
neutrino mass

» Noticed that Dirac mass term ~ U vk is not possible for
neutrino in the SM

» For Majorana mass term ~ VLTVL has Y = —2, since the SM
does not have any fields with Y = 2, so in the SM no
Majorana mass term

» The lowest dimensional operator is the dim-5 operator
llpd which could generate a Majorana neutrino mass

» Later, type-l, Il, and Ill ‘seesaw mechanisms’ have been
discussed to address neutrino mass

u]
o)
I
i
it
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Wrap-up Comments:

» An attempt has been made to explain smallness of
neutrino mass

» Noticed that Dirac mass term ~ U vk is not possible for
neutrino in the SM

» For Majorana mass term ~ VLTVL has Y = —2, since the SM
does not have any fields with Y = 2, so in the SM no
Majorana mass term

» The lowest dimensional operator is the dim-5 operator
llpd which could generate a Majorana neutrino mass

» Later, type-l, Il, and Ill ‘seesaw mechanisms’ have been
discussed to address neutrino mass

thank you
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