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About MJRM

Theoretical Physics

Vice Magazine

« Why does the Universe contain more
matter than antimatter ?

» What are the laws of nature beyond
those of the Standard Model & General
Relativity ?

» How do quantum field theories work ?
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My pronouns: he/him/his



Fundamental Symmetries & Neutrinos

EDM searches: Ovpp decay searches:

BSM CPV, Origin of Matter Nature of neutrino, Lepton
number violation, Origin of

Matter
Electron & muon prop’s & Radioactive decays & other
interactions: tests
SM Precision Tests, BSM SM Precision Tests, BSM

“diagnostic” probes “diagnostic” probes




Fundamental Symmetries & Neutrinos

EDM searches:
BSM CPV, Origin of Matter

Lecture Il

Ovpp decay searches:

Nature of neutrino, Lepton
number violation, Origin of
Matter

Lectures | & 11

Electron & muon prop’s &
interactions:

SM Precision Tests, BSM
“diagnostic” probes

Radioactive decays & other
tests

SM Precision Tests, BSM
“diagnostic” probes




Lecture | Goals

Review the basic theoretical formulation of neutrino
oscillation phenomenology

Review some of the open questions in neutrino physics

Provide a simple overview of classes of neutrino mass
models with example illustrations

Invite questions !



Il.
Ill.
IV.

Lecture I Outline

Overview

Neutrino oscillations imply non-zero m,
Open questions

Neutrino Mass Models

Discussion questions



[. Overview

Theoretical complement to D. Parno’s
excellent experimental overview
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Neutrino Masses

fermion masses

(large angle MSW)
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Neutrino Masses

fermion masses

Partners
(large angle MSW)
S Partners
s > 2 o Z o .
< s < 1
[Higgs Mechanism ]
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Neutrino Masses
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The Origin of Matter

Cosmic Energy Budget

Dark Matter

68 %

Dark Energy




The Origin of Matter

Cosmic Energy Budget

Dark Matter

68 %

Dark Energy




Ingredients for Baryogenesis

1

* B violation (sphalerons)
» C & CP violation

» Qut-of-equilibrium or
CPT violation



Ingredients for Baryogenesis

1

* B violation (sphalerons)
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Ingredients for Baryogenesis

* B violation (sphalerons)
» C & CP violation

» Qut-of-equilibrium or
CPT violation

Scenarios: leptogenesis,
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold
baryogenesis, post-
Sphaleron baryogenesis...

Standard Model BSM

v
v



Ingredients for Baryogenesis

* B violation (sphalerons)
» C & CP violation

» Qut-of-equilibrium or
CPT violation

ScenarioS: leptogenesis,

EW baryogenesisyATek-

Dine,asymmetric DM, cold
baryogenesis, post-
Sphaleron baryogenesis...

Standard Model BSM

v
v



Fermion Masses & Baryon Asymmetry

fermion masses

Partners

(large gfigle MSW)
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Electroweak baryogenesis:
Baryon asymmetry & m, from
EW symmetry breaking
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Fermion Masses & Baryon Asymmetry

fermion masses
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Baryon asymmetry & m, from
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Fermion Masses & Baryon Asymmetry

fermion masses

Partners

(large gffigle MSW)

Vi eev2oVs Partners

o
<
J

A9M
Ao

AdW

\_

[Something else ? ] [Higgs Mechanism ]

L N

Leptogenesis: Baryon Electroweak baryogenesis:

asymmetry & m,, from Baryon asymmetry & m, from

lepton number violation EW symmetry breaking
Lecture Il Lecture Il
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Neutrino Masses

fermion masses

Partners
(large gfigle MSW)
Vi eev2oVs Partners
= (0] = o) —
® CBD < ® % ® @
<\__ < J < < < <

“‘See saw mechanism” Physical state masses

2
m
my =~ —D ~eV
My
mo ~ My ~ 1072 - 1075 GeV

New heavy neutrino-like particle =
its own anti-particle

21



Neutrino Masses

(large gffigle MSW)

fermion masses

Partners
Vi eev2oVs Partners
E > <] = 5 & 4
<\ < J < < < <
“‘See saw mechanism” ‘Leptogenesis”

Heavy neutrino decays in early
universe generate baryon asym

A

its own anti-particle

New heavy neutrino-like particle =

22




Il. Neutrino Oscillations Implies m £ O

23



A. Two Level System

Flavor (weak interaction) Mass eigenstates:
eigenstates:
‘VA> 7|VB> ‘V1> ; ’V2>

Unitary transformation:

(1) = (e sme ) (1))
N

%

24



A. Two Level System

Initial state, created by weak interaction (e.q. p-decay):
|¢(0)> = |VA> = COS (912 |V1> -+ sin 612 |V2> €.g., Vp = Vg
Time evolution:

[P(t)) = e 1t cos 645 1) + e P2t sin 6, |v9)

What is probability of being in state |v, ) at
time t after creation ?

P ( VA — UV A) “Survival probability”



A. Two Level System

Survival amplitude:

(val(t)) = et cos O12(va V1) + e~ 2t gin O12(v |12)

—i Bt [ i(EQ—EQ)t}

— ¢ cos? @15 + sin? O19e”

Survival probability:

P(VA — VA> =1-— 4C082 (912 SiIl2 (912 SiIl2 [(EQ — E1>t/2]
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A. Two Level System
Survival probability:
P(VA — VA) =1-— 4COS2 612 Sin2 912 SiIl2 [(EQ — El)t/Q]

Massive, relativistic neutrinos (why ?)

m3 —m?  m3—m? _ -
Ey— B =1/p24+m2 —/pP2+m~ 2 L~ 2 1 t=L/v~L
2T VE TR TV TIRE T, 2
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A. Two Level System
Survival probability:
P(VA — VA) =1-— 4C082 612 SiIl2 912 SiIl2 [(EQ — El)t/Q]

Massive, relativistic neutrinos (why ?)

2 2 2 2
ms — 1 ms — 1
E—E:\/2—|—m2— 2 4 m? 2 L~ 2 1
T b 2= VP L 2p 2F

Plvga —vy) = 1— 4 cos? 015 sin? 015 sin

2 2 L
— 1 — sin? 20;, sin? [<m2 i) ]
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A. Two Level System

P(vg — v4) = 1 —4cos?f15sin® 615 sin

Two massless neutrinos: 6,,= 0

At least one massive neutrino: 61274 Oand P (vy— v,) <1

Dependence on Am? x (L/E)

Transition probability: 7 (v, — vg) =1 - P (vy— v,)
29



B. Three Light Neutrinos

Lepton mixing:

s = yZﬁNR + h.c. [:]a = EabH(;k

Pontecorvo-Maki-Nakagawa-Sakata

(

Ni = (Tn);; Neg® VPuMNs = SJ Sy
(
(

JZV_ = [_J/YMT_VPMNSL

30



B. Three Light Neutrinos

Pontecorvo-Maki-Nakagawa-Sakata

VPMNS

— _'6—
c12€13 $12€13 size” "

6 6
—512C93 — 61282381362'5 1203 — 5‘1282381362_(S $93€13
$12593 — €12€93513€"°  —C12593 — 512¢93813€"° (9313 |

‘ .91 .31
x diag(1l, "2, "2 .

1 0 0 C13 0 .Slge_id C12 s19 0
0O 93 s93 0 1 0 —s512 c12 O
0 —s93 93 —s13€ 0 13 0 0 1

“Atmospheric” “Reactor” “Solar”



B. Three Light Neutrinos

Oscillation probability (vacuum)

P(Va — Vﬂ) —

i>)

+ 2 Z 3(U¢aiUpiUqjUg;)sin (Amizj
i>)

Sap — 42 R(U¢giUpiUq;Ug;) sin® (

L
2E

)

L

Am? —

U 4F

)

Veuns = U
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C. Oscillations in Matter

References:

P Hernandez, CERN-2016-005

33



Matter Effects: MSW

Forward scattering in matter

CC Hamiltonian

Ve, u,r Ve, u,r
Heo = 2V2G ey, Prve] [Dey" Pre]
ZO
Fierz transf
e e — 233Gy [ePre] [P Pov]
_ Ne — 0
<€’y,uPL6>unpol. med. — 5u07 <HCC + 7_[Nc>unp01. med. — va/y (]- _ 75)”
G N Nn
& Ne —F) 3 0 0
Nn
Vin = 0 TI; (_ 2 ) 0
0 0 %)
v2 L2 34



Matter Effects: MSW

Forward scattering in matter

CC Hamiltonian

Ve,u,t Ve, u,r
Heo = 2V2G ey, Prve] [Dey" Pre]
ZO
Fierz transf
pre e — 236y [y, Pre] [ Pav
— Ne — 0
<€’y,uPL6>unpol. med. — 5u07 <HCC + 7_[NC>unp01. med. — va/y (1 T 75)”

Gp (Ne 0 0 Neutr'al c.urrent
2 G ‘ contribution
| VA 0 =E | ()
m \/§ ‘ GF
0 : V2 35



Matter Effects: MSW

Forward scattering in matter

CC Hamiltonian

Ve,u,t Ve, u,r
Heo = 2V2G ey, Prve] [Dey" Pre]
ZO
Fierz transf
pre e — 236y [y, Pre] [ Pav
— Ne — 0
<€’y,uPL6>unpol. med. — 5u07 <HCC + 7_[NC>unp01. med. — va/y (1 T 75)”

Gp (Ne 0 0 Q: Wl7y no e,p NC
2 G contributions ?
V. = 0 =L | )
m V2 / Cr
! : V2 36



Matter Effects: MSW

Forward scattering in matter
<7_[CC + HCC>unpol. med. — DVmVO(l — 75)”

ZE (Ne — 1) 0 0
J — 0 G_F _Nn 0
Vin = 7 (=7)
)

0

o

&(_
NG 2

Dirac Eq: Effective mass = f(E, h)

VT Helicity Am? & mixing angles

M? = M?+ 4EV,, depend on E & N,

AN

Matrices



Matter Effects: MSW

Am? & mixing angles
depend on E & N,

Two-flavor example:

2
Am? = \/ <A7712 cos 20 F 2vV2E G Ne) + (Am? sin 20)2,

(Am2 sin 26‘) 2

P
20 =
- (Am?)2

Resonance:

_ o Am?
sin® 20 = 1 V2Gr NeF 2F

cos260 =0




Matter Effects: MSW

Resonance: would be level crossing

mi(N,) ini(N,) P. Hernandez
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Matter Effects: MSW

Variable maftter density (sun)
Consider adiabatic variation of N,

~

1) = |ve) cos ) — |v,) sin 0.

-~

|9) = |ve) sinf + |v,) cos.

Electron neutrino produced at center of sun

Yo} . )
2V2G ] fe(O)T>> Am2cos20  0=g =l =Imn)
Exiting sun: N, =0
H —s O Ve =V,

40



Matter Effects: MSW

P(ve — ve)

1
1— 2 sin? 20 /ﬁ
L— sin? 6

v
Am?2 cos 20
Eres =
2v2GrN,(0) E

MSW resonance energy

P. Hernandez

2 2 /
D 1?90 sin? (m2—m1)L] Neutrino spectrum
A= S e [ 4E includes both regions:
/7 need to take the “MSW
effect” into account

L/E >> 1 : average to 1/2

41



Solar Neutrinos

Standard Solar Model (SSM)

12 G -] ande

2 10 E T T T T T 3 P(Ve —) Ve)
S 10 E Pp 2
| E |
= £ 3 1— =sin%26
E  af 13N Y T 1 2
= Q !:': 150 o 3
: B A, 3
ERTIL s Hl + 5
~ K = i sin”

- { 3
S Vﬂjl}e’ E —%
. ;
g 102 F E

L Al

; A m I : : A AL A
@ 0.1 0.2 0.5 1 y 5
Neutrino energy (MeV) P Hernandez

Am? cos 20
Eres = A 7t
2 ‘/EGFN e (U) E

MSW resonance energy

* Analysis of terrestrial spectrum requires
convolution of SSM predictions w/ MSW effect

42



Oscillation Parameters

Particle Data Group & H. Murayama

"~ COfSW - /
=7 CHORUS =t
- “NOMAD Parameter best-fit 30
100 Prsc. U=y N _ 2 -5 2
o e Am3, [1075 eV 2 7.37 6.93 - 7.96
Amglm] (1073 eV 2] 2.56 (2.54) 2.45 — 2.69 (2.42 — 2.66)
- ok S5 sin” 0o 0.297 0.250 — 0.354
Daya Bay 5oy MINOS 2 OVA @ in? y3, Am? 0 0425 0.381 — 0.615
10 3 | Daya Bay 95%ToR% T: 1 Sin 3, m31(32) > .42 o Wl
| sinfy3, Am3, 5, <0 0.580 0.384 — 0.636
«g’ sin20y3, Am3, 50 >0 0.0215 0.0190 — 0.0240
2, sinfy3, Am2, 5, <0 0.0216 0.0190 — 0.0242
I ,
EIO o s/m 1.38 (1.31)  20: (1.0- 1.9)
(20: (0.92-1.88))
107
All limits are at 90%CL
| unless otherwise noted
Normal hierarchy assumed
10 12 whcnc:’a'relcv t . .
104 102 10° 107
tan®0
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Oscillation Parameters

See D. Parno slides

parameter best fit & 10 30 range
>  Am2, [107%eV?] 755707  7.05-8.14
)
_&g |Am?2,| [1073eV?] (NO)  2.5040.03  2.41-2.60
£ |Am2,| [10~3eV?] (I0) 2.42700%  2.31-2.51
S sin?6,,/107 3.201020  273-3.79
3
S sin?6y3/107! (NO) 5471030 4.45-5.99
= sin26,3/10"! (10) 5511018 453-5.98
O
T  sin26;3/1072 (NO) 216019983 1.96-2.41
= sin?6;3/1072 (10) 2.22070078  1.99-2.44
§ 5/m (NO) 1.321021  0.87-1.94
§/m (10) 1.56%01  1.12-1.94
deSalas et al, 1708.01186 (May 2018)

1.3%

Ajure3rodun O dAIje[aI

4.7%
4.4%

3.5%

44



lll. Open Questions

Majorana or Dirac ?

Mass hierarchy ?

Absolute mass ?

CPV ?

Light sterile neutrinos ?
Neutrino vs. quark mixing ?
Theoretical origin of m,
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lll. Open Questions

Majorana or Dirac ?

Mass hierarchy ?

Absolute mass ?

CPV ?

Light sterile neutrinos ?
Neutrino vs. quark mixing ?
Theoretical origin of m,
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Absolute Mass & Mass Hierarchy

1 p— () (m,)’ e——
(Am’)
(m,)’ e——
(Amd)
(Ae)
— ) — (my)’
(Am?)_,
e (m)’ (m)'m —
NORMAL SPECTRUM INVERTED SPECTRUM
) 2 —
Miightest™ — ?




Absolute Mass & Mass Hierarchy

| B

p— ()"

(Am®)

S ()’

(Am) .
. (m,)"

(m,)’ e——
(Am’)

(m,)’ ——

)

(m,)’ s e—

NORMAL SPECTRUM f INVERTED SPECTRUM

Oscillation
Expts

l mlightest2= ?

48




Absolute Mass & Mass Hierarchy

1 ——— l‘m,)" (m:]:—fmT
(m,):ﬁ:‘d—
(Am®)
— sm:—(m,)’
J‘ Iu‘-(ml)’ (m.)' s —_—
NORMAL SPECTRUM INVERTED SPECTRUM
Miightest> = !
« 3H B-decay
« Cosmology & astrophysics

49



Kinematic Neutrino Mass Measurements

SH — °He e v

Lriaarri

[+ e +V / [ region close to 3 end point
€ | B-decay - P
08 |

El

100 entire 8,06 | _
spectrum 9 [ m(ve) =0 eV

08 E /

— 04

[0]
o = only 2 x 103 of all
04 0.2 decays in last 1 eV
! m(ve) =
02} 0

0 1 1 1 1 3 2 1 0
2 6 10 14 18
electron energy E [keV] E-EqleV]
dN 2
2 mV
o (By— Eo)? |1—- ——=
p @ ( 0 — e)
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Neutrino Mass & Cosmology

Matter Power Spectrum

BRGTY Sg TL Y  We  RT
. ?..,,._. . ‘e '1..,\.'2'

' "2 Y '
: o':!.- SR ..‘. "' = .',u

:.} I‘o .." - p a0 s ST ) ..‘._ d
13, ox) =[p(x)—pl/p *
s, -7l TS ot Transition to

non-rel v matter

—ZmV:O

—ZmV:O.2 1\

—2im,=0.7 eV
ZmV:Z eV

Xm,<0.12eV

—4
Pradiation X @

Matter Domination : Radiation Domination

[6®mat CcONst] g [8®,,q decays]

1

horizon size

Massive neutrinos suppress power (relative to
large scale power) at scales below free
K. Abazajian ACFI neutrino mass workshop streaming scale
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Neutrino Mass & Cosmology

A
1 B . .
Matter Power Spectrum Radiatin
density
. Matter-radiation
Later Earlier B crossover point DARK
ENERGY-
. . o DOMINATED]
Matter Domination Rad'latl‘on : B DgI\AAEE?ED
Domination RADIATION-
DOMINATED Matter
= density
- <
Dark energy|density \
T e T "
10 10* 10° 108 10'°

Time since Big Bang (yr)

J. Brau, U. Oregon

52
K. Abazajian ACFI neutrino mass workshop



Neutrino Mass & Cosmology

Matter Power Spectrum Neutrino Free Streaming

Q=8+ Qpy + 5

Later Earlier

Radiation 5pv 510DM
Domination

Matter Domination i

Free Streaming Scale

Lfs X m_1/2

53
K. Abazajian ACFI neutrino mass workshop



Neutrino Mass & Cosmology

Matter Power Spectrum Neutrino Free Streaming

Q=8+ Qpy + 5

Later Earlier

Radiation 5pv 510DM
Domination

Matter Domination i

Free Streaming Scale

Lfs X m_1/2

op, (power) suppressed
for L <L,

54
K. Abazajian ACFI neutrino mass workshop



Neutrino Mass & Cosmology

Matter Power Spectrum Neutrino Free Streaming
Q=8+ Qpy + 2
Later Earlier M 2 &

Radiation
Domination

Matter Domination !

Free Streaming Scale

Lfs X m_1/2

Increase m,,
-_—>

Suppression moves
op, (power) suppressed to smaller scales —

for L <L, Larger k
95

K. Abazajian ACFI neutrino mass workshop



Neutrino Mass & Cosmology

Matter Power Spectrum

Later Earlier

Radiation
Domination

Matter Domination !

Increase m,

2m,<0.12 eV

K. Abazajian ACFI neutrino mass workshop

Neutrino Free Streaming

Q=8+ Qpy + 5

Free Streaming Scale

Lfs X m_1/2

Increase m,,
-_—>

Suppression moves

_ op, (power) suppressed to smaller scales —
Palanque-Dalabrouille ‘15 for L < L

Larger k
56



IV. Neutrino Mass Models

fermion masses

Partners
(large le MSW)
ﬁ" e Partners
b= =] @ = < ® —
ZL < =) <\ 2 2 3
[Something else ? ] [Higgs Mechanism ]

How do we understand the origin
of m,, theoretically ?

o7



IV. Neutrino Mass Models

Type | see-saw “YSM”, “YMSSM”
Type Il see-saw LRSM

Type lll see-saw GUTs

Inverse see-saw LRSM
Radiative MSSM

+ combinations & many other examples

58



IV. Neutrino Mass Models

Type | see-saw “YSM”, “YMSSM”
Type Il see-saw LRSM

Type lll see-saw GUTs

Inverse see-saw LRSM
Radiative MSSM

+ combinations & many other examples
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Mass Term?

Loass = yl_)ﬁVR + h.c. Loinass = %ECHHTL + h.c.

Dirac Majorana

60



Mass Term?

Loass = yl_)ﬁVR + h.c. Loinass = %ECHHTL + h.c.
Dirac Majorana

T

Lepton number violating

61



Neutrino Mass Models

Type | see-saw “YSM”, “YMSSM”
Type Il see-saw LRSM

Type lll see-saw GUTs

Inverse see-saw LRSM
Radiative MSSM

+ combinations & many other examples
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Type | See-Saw

Loass = yl_LﬁVR + h.c. Loass = %ECHHTL + h.c.
Dirac Majorana

One generation: SM + one Ny

»Cmass = yiﬁNR -+ h.c. -+ MNNgNR

63



Type | See-Saw

- ~ y —
Loass = yLHvgp + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
One generation: SM + one Ny Lepton number violating

»Cmass = yiﬁNR -+ h.c. -+ MNNgNR
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Type | See-Saw

- ~ y —
Loass = yLHvgp + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
One generation: SM + one Ny Lepton number violating

»Cmass = yiﬁNR -+ h.c. -+ MNNgNR

‘ Eigenvalues

meo = My 65




Type | See-Saw

Loass = yl_LﬁVR + h.c. Loass = %ECHHTL + h.c.
Dirac Majorana

T

Low-energy eff theory

66



Type | See-Saw

Lonass = yl_)ﬁVR + h.c. Loinass = %ECHHTL + h.c.

oirac Majorana

“v MSM” ) MSSM’

VMSM i The Standard Model of The Minimal Supersymmetric
bl ggg'}'s F. Mermod Particle Interactions Extension of the Standard Model
Cemeration of M )
u | c [ t g
N1 mass ~keV
1 d S b — dark matter
NN N

N mass ~GeV
2,3

- seesaw
- leptogenesis

Y

0

Z
e 1l T W
Ann. Rev. Nucl. Part. Spin-0 H

. N . o Higgs
Sci. 59, 191 (2009) bo%%n




Neutrino Mass Models

Type | see-saw “YSM”, “YMSSM”
Type Il see-saw LRSM

Type lll see-saw GUTs

Inverse see-saw LRSM
Radiative MSSM

+ combinations & many other examples

68



Type Il See-Saw

— = y —
Loass = yLHvgp + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
Introduce “Complex Triplet”: A, ~ (1, 3, 2)
A — ATV2 AT A% vev — Majorana m,
. A —ATY2

L= %hw [ECiSALLj] R h.c.

Lepton number violating 69




Types | & II: Left-Right Symmetric Model

70



Energy Scale

BSM Mass Scale

Parity Breaking Scale ~ M, ?

Weak Scale ~ M,,*

71



Energy Scale

Left-Right Symmetric Model

Parity Breaking Scale ~ M, ?

Weak Scale ~ M,,*

SU(2), x SU(2)g x U(1)g,,

72



Energy Scale

Left-Right Symmetric Model

See-saw scale ?

Parity Breaking Scale ~ M, ?

Weak Scale ~ M,,*

SU(2), x SU(2)g x U(1)g,,

73



Left-Right Symmetric Model

Gauge boson mass eigenstates

W = cosé W, +sinée ™ W,
W, = —sin& e W, 4+ cosé Wy

CKM Matrices for LH & RH sectors: quarks

I mass
uLz’ — (Su)?,j uLj VL . STS
’U,I . (T) umass CKM ud
Ri u/i5 Ry
m >
déi = (Sd)ij dLgaSS VCI?KM — TJTd
dp; = (Ta)y; dge™

74



Left-Right Symmetric Model

Gauge boson mass eigenstates

—
+
II

cosé W," +sinEe ™ W,
W, = —sin& e W, 4+ cosé Wy

PMNS Matrices for LH & RH sectors: leptons

= (Su)y ve;® vL — gtg
Nll%z‘ — (TN)ij Nlc}i?g PMNS = v
— (Sﬂ)ij gdL;ag
~

diag
Té)ij gRj




Left-Right Symmetric Model

Two sources of m,,:

L = Zhi; [[%eAr L] + (L & R) +he

Type | see-saw Type Il see-saw

= 0 m v N
e (o 3o) G e

—

my, ~ ghy (A})

76



Neutrino Mass Models

Type | see-saw “YSM”, “YMSSM”
Type Il see-saw LRSM

Type lll see-saw GUTs

Inverse see-saw LRSM
Radiative MSSM

+ combinations & many other examples

77



Type Il See-Saw

Loass = yl_)ﬁVR + h.c. Loinass = %ECHHTL + h.c.
Dirac Majorana

Introduce new scalars (S) & Majorana fermions (F): “mediators”

——————

Attach Higgs lines as appropriate to get Weinberg operator

Recent mini-review: H. Sugiyama, 1505.01738 78



Type Il See-Saw

Loass = yl_LﬁVR + h.c. Loass = %ECHHTL + h.c.
Dirac Majorana

Introduce new scalars (S) & Majorana fermions (F): “mediators”

“Zee Model”

Recent mini-review: H. Sugiyama, 1505.01738 79



Type Il See-Saw

Loass = yl_LﬁVR + h.c. Loass = %ECHHTL + h.c.
Dirac Majorana

SUSY with “R parity” violation ~ Pg = (-1)?5*3(B-1)

“Superpotential”
1 _ / /
WarL=1 = SAijkLiL jex + l,-j w;LiHy,
(i{:, - @ - \(\11‘
V\/(]I, dpnAsV
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V. Discussion Questions

What is the see-saw scale (M,,)?

What might the comparison of m,, from
terrestrial & astrophysical determinations
teach us?

How do we know N, =3 ?

How might we determine the correct neutrino
mass model ?
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