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0 Seesaw mechanisms
@ Radiative mass models

e Other mass models: overview
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Dirac and Majorana mass terms for neutrinos

@ Dirac mass term:

Lp = —yDE(DCl/,q + h.c.
— EWSB — —mprivg+ h.c.
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Dirac and Majorana mass terms for neutrinos

@ Dirac mass term:

Lp = —yDE(DCl/,q + h.c.
— EWSB — —mprivg+ h.c.

@ Majorana mass term for vpg:
1 c
Lr = —émR(VRI/R—I—h.C.)
o “After EWSB” Majorana mass term for v, :
1T ¢

Needs physics beyond the SM



Dirac mass + Majorana mass for vg

1 _ _
L = ——mprrg— meV,gI/LC — —mnygug + h.c.

__ 0 mp Ve
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Dirac mass + Majorana mass for vg

—
9]
(9]

L = ——mprrg— —mDEVL — fm,qEVR + h.c.
__ 0 mp I/f
_E(VL V'%)(mD MF;)(I/F{ + h.c.

Diagonalization (mp < mg)

> (2
@ Eigenvalues my ~ —Z—g ;M2 = MR 1__2.;;‘&

@ Mixing angle § ~ mp/mg
@ New basis:

ZTA cosf sinf v
vor )\ —sinf cosé ve
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Majorana does not let Dirac alone !

9
_ 1L
L= < ViL V ) < 0 mo > ( V2L¢'> +he.

1 c 1
C
= - ViV - 12290 %
2”71 1LV{L 2”72 a1v2L A c
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Majorana does not let Dirac alone !

1 — my 0 V&

- __ | 5 9 1L

L= 2(V1L V2L)< 0 m2><V2L>+h.C'
1 c 1

T C
2 1LYy 2 2V 2L 7L~ }L C

@ Two Majorana neutrinos: vq; and vy
@ Light neutrinos are also now Majorana !
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The seesaw of masses

“Naturally” light masses for neutrinos

@ Light neutinos get a mass m, ~ m?/mg
@ With mp ~ GeV and mg ~ 10° GeV, m, ~ eV
@ “Seesaw mechanism” = light neutrino masses

x~
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Type-l seesaw: neutrino mass from singlet N

Feynman diagrams:
b~ N

o
o

—Legr ~ Q(@q))(qﬂh)

"aT;C"(eC) (£1)p PPy ~ Ksl (L dD
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Type-lll seesaw: neutrino mass from SU(2), triplet ©

Feynman diagrams: -

¢\\\ Z e )_

Y T
7Leff ~ VZZ (ELC?CD) : ((D ?EL)

_ "7&“’ (£9)a(lL)p®cPy ~ K5l L D
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Type-Il seesaw: neutrino mass from triplet Higgs

e m vy forbidden by SU(2), x U(1):
0] ~(2,1) x (2,1) = (1,2) + (3,2)



Type-Il seesaw: neutrino mass from triplet Higgs

e m vy forbidden by SU(2), x U(1):
0] ~(2,1) % (2,1) = (1,2) + (3,2)
7AV)
o IfaHiggstripletA=| A_ - (8, —2) exists, then
A__

Lm=—f(r- A)wf — pdT (7 A)o possible
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Type-Il seesaw: neutrino mass from triplet Higgs

e m vy forbidden by SU(2), x U(1):
0] ~(2,1) x (2,1) = (1,2) + (3,2)

7AV)
o IfaHiggstripletA=| A_ - (8, —2) exists, then
A__
Lm=—f(r- A)wf — pdT (7 A)o possible
@ Feynman diagram:
JA
C
L.

e Effective mass m; = f(Ag)/v/2
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Details of Type-Il seesaw

Feynman diagrams:
N
N
VAN
/
s C
v, x
f —
Lo ~ 215 (ET0) - (OTT0)

M2

-
= SD)a(t)p®cPg ~ r5lLUOD

4,
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Seesaw summary

Type I:

Type IlI;

Type Il

—Lefr ~

*»Ceff

Letr

2
YD (a)(@Tr,) Ji /__'

Mn

KE;\IZICd (69)a(lL)pPo®g ~ rslif OO

2
Y2 (S70). (077 1,) /Q/

Ms
o —

abcd(ELC) (EL)b(D by~ k5l £ DD
el (ZCTEL

4
A .
2> ‘

L&“’@)am)b%% ~ sl OO
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Constraints on seesaw models

ko\\/)- j\D 17¢) EM/L‘S‘\'

Type-l seesaw
@ If N is heavy, cannot be produced in the lab
@ If Nis light, yp < 1 = cannot be produced in the lab

Type-lll seesaw
@ ¥ can be produced at LHC through gauge interactions

Type-Il seesaw

@ (A) also affects My and Mz

= _ My 142((A0)/(%0))?
® Measurements of p = gz = T50a0) (o0

restricts (Ag)/(®g) < 0.07



Administrator
Pencil

Administrator
Pencil


@ Radiative mass models



° 1§ ~(2,1) x (2,1) = (1,2) +(3,2) 40 h_
@ Can form an invariant with h_ : (1, -2)
@ A consistent model needs 2 Higgses, ¢ and ¢’

@ Neutrino mass through loop diagram: (S5, S/, are some
combination of ¢, ¢, and h)

5;-5%
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Babu’s model: h_(1,—2) and k. ,(1,4)

@ Both hy and k. carry two units of B — L charge
® ki :(1,4) neutralises ISz : (1,—4) o

(1/—2_)/ K)(l/—Z) /&Qjﬂ)‘ﬂ-


Administrator
Pencil


e Other mass models: overview



Spontaneous B — L violation

@ Majorana mass implies broken B — L symmetry
@ Breaking possible explicitly through, e.g., Margrg

= -] d—) \—%B'L: '3,

@ Alternatively, coupling v&Svg, B-L=
“Higgs” S with lepton number (or B — L charge) oft-2

@ S may get a vacuum expectation value by spontaneous
symmetry breaking, which breaks B — L
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Spontaneous B — L violation

@ Majorana mass implies broken B — L symmetry
@ Breaking possible explicitly through, e.g., Margrg
e Alternatively, coupling v&Svpg,
“Higgs” S with lepton number (or B — L charge) of -2
@ S may get a vacuum expectation value by spontaneous
symmetry breaking, which breaks B — L
Consequences:

@ = A massless Goldstone boson, the “Majoron” J

@ Limits on J through the processes
p—e+d,y+e—e+d

@ Stringent limits from cooling rates of stars
@ One or more Majorons may also be emitted in Ov 33



Left-right symmetric model

@ Gyeak = SU(Z)L X SU(Q)R X U(1)B_1_
© Q=ly +hr+(B—L1)/2
@ SU(2)g broken, SU(2), unbroken = Alkg = A(B—-L)/2

@ Type Il Seesaw mechanism possible, with H(2,1) and
A(3,-2)



Left-right symmetric model

@ Gyeak = SU(Z)L X SU(Q)R X U(1)B_1_
© Q=ly +hr+(B—L1)/2
@ SU(2)g broken, SU(2), unbroken = Alkg = A(B—-L)/2

@ Type Il Seesaw mechanism possible, with H(2,1) and
A(3,-2)

@ Cangiveriseto = — e e et, u= — e ve,
utem — et
@ Constraints on the coupling ~ 10~3Gr



Many more models...

@ GUT-based models: SU(5), SO(10)
@ Supersymmetric models (RPV, LR symmetric)
° ..
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