Lectures | : Neutrino Theory Basics

M.J. Ramsey-Musolf A
U Mass Amherst L

/

. — AMHERST CENTER FOR FUNDAMENTAL INTERACTIONS
\ \ Physics at the interface: Energy, Intensity, and Cosmic frontiers

L
\ University of Massachusetts Amherst

http://www.physics.umass.edu/acfi/

NNPSS, Wright Laboratory
Yale 6/18-29/18




About MJIRM

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 ?

sy MICHAEL J. RAMSEY-MUSOLF

My pronouns: he/him/his



Fundamental Symmetries & Neutrinos

EDM searches:
BSM CPV, Origin of Matter

0!"" decay searches:

Nature of neutrino, Lepton
number violation, Origin of
Matter

Electron & muon prop4Ai&
interactions:

SM Precision Tests, BSM
AfhagnosticAprobes

Radioactive decays & other
tests

SM Precision Tests, BSM
AfhagnosticAprobes




Fundamental Symmetries & Neutrinos

EDM searches:
BSM CPV, Origin of Matter

Lecture I

0!"" decay searches:

Nature of neutrino, Lepton
number violation, Origin of
Matter

Lectures | & Il

Electron & muon prop4Ai&
interactions:

SM Precision Tests, BSM
AfhagnosticAprobes

Radioactive decays & other
tests

SM Precision Tests, BSM
AfhagnosticAprobes




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 !



Lecture | Outline

./ Overview

1./ Neutrino oscillations imply non-zero m,
I1l./ Open questions

V. Neutrino Mass Models

V.!" Discussion guestions



|. Overview

Theoretical complement to D. ParnoOs
excellent experimental overview
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Neutrino Masses
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Neutrino Masses
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The Origin of Matter

Cosmic Energy Budget

Dark Matter

68 %

Dark Energy
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Ingredients for Baryogenesis

1

* B violation (sphalerons)
* C & CP violation

 Out-of-equilibrium or
CPT violation



Ingredients for Baryogenesis

1

* B violation (sphalerons)
* C & CP violation

 Out-of-equilibrium or
CPT violation

Standard Model
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Ingredients for Baryogenesis

Scenarios: leptogenesis,
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold
baryogenesis, post-
sphaleron baryogenesisk

Standard Model BSM
» B violation (sphalerons) 4 4
« C & CP violation x v/
* Out-of-equilibrium or 2 v

CPT violation



Ingredients for Baryogenesis
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Fermion Masses & Baryon Asymmetry

fermion masses

Partners
(large gfigle MSW)
s Partners
= =) ® = = o —
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[Something else ? ] [Higgs Mechanism ]

N

Electroweak baryogenesis:
Baryon asymmetry & m; from
EW symmetry breaking
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Fermion Masses & Baryon Asymmetry

fermion masses
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Electroweak baryogenesis:
Baryon asymmetry & m; from
EW symmetry breaking
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Fermion Masses & Baryon Asymmetry

fermion masses

Partners

(large gffigle MSW)

V1 @ .\’2.\’3

Partners

o
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A9M
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[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 gffigle MSW)
Vi eev2oVs Partners
(0]
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OSee saw mechanismO Physical state masses
2
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~ 1022 b 10 GeV

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

fermion masses

Partners
(large gffigle MSW)
V11 OV2OVs Partners
= 3 (0] = = @ e |
< (0]
<2 J < : T <
OSee saw mechanismO OLeptogenesisO

Heavy neutrino decays in early
universe generate baryon asym

A

New heavy neutrino-like particle =
its own anti-particle
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Il. Neutrino Oscillations Implies m, £ 0
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A. Two Level System

Flavor (weak interaction)
eigenstates:

|Il A#, |II B#

Unitary transformation:

#0$ # |
|VA# L COS (912 S11 912

|VB# - I sin (912 COS (912

S#

"

Mass eigenstates:

1) 5 |v2)

$
| #
|V2#

V
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A. Two Level System

Initial state, created by weak interaction (e.g. “-decay):

|$(0)#: |"A#: COS #12 |"1#—|— Sin#lz

Yot eqg., .= 1,
Time evolution;

|$(t)#: G_iE 1t COSH, | 1#+ e_iE 2t Sin#12

nn 2#

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

P("a% " 4) OSurvival probability®
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A. Two Level System

Survival amplitude:

$/A |’¢(t)# e! IE 1t COS(912$/A |V1#+ e! IE 2t Sin(912$/A |V2#

. ! . 1]
— e! IE 1t COg 912 +S|n2 9128! |(E2! Eg)t

Survival probability:

P(vy % va) =11 4co$0,Sint 01,Si[(Ex! Eqt/ 2]
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A. Two Level System

Survival probability:

P(va % v4) =11 4c0$6,Sin°01,SIn°[(Ex! Eqt/ 2]

Massive, relativistic neutrinos (why ?)

. - _mi!' m? _ m3! m? _
2 1 p 2 p 1 2p ZE
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A. Two Level System
Survival probability:
P(va % v4) =11 4c0$6,Sin°01,SIn°[(Ex! Eqt/ 2]

Massive, relativistic neutrinos (why ?)

. - _mi!' m? _ m3! m? _
2 1 p 2 p 1 2p ZE

VSN TR
P(IA I IA) = 1" 4cog "123in2 "128in2 (m2 4Em1)L

I 1]
, (m3" miL

= 1" sin®2"4,sin
12 AE

28




A. Two Level System

P('a! !a)

' 1]
_ . (m2" m?)L

I 1
o (M3" mi)L

1" sin®°2"4,sin
12 AE

Two massless neutrinos: #,=0

At least one massive neutrino: #129! Qand P(/,— 1,)<1

Dependence on $m? x (L/E)

Transition probability: P (!, — /5)=1-P (I, — !,)
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B. Three Light Neutrinos

Lepton mixing:

Lmass = y£HNr + h.cC. H, = #uH,,

Pontecorvo-Maki-Nakagawa-Sakata

Vll_i = (S!)ij VLdjiag
Nk = (Tn)y NR™° VpMnNg = S!TS"
Qi = (S)y 45
glRi = (T")ij ggeijag

JW" = E $,u% VPMNS L

I

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

OAtmosphericO OReactorO OSolarO 31



B. Three Light Neutrinos

Oscillation probability (vacuum)

P(,,!

!5):

1>]

Sap — 42 R(U¢giUpiUq;Ug;) sin® (

i>)

+ 2 Z 3(U¢aiUpiUqjUg;)sin (

, L
Amg; ﬁ)

L

Am? —

U 4F

)

Veuns = U
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C. Oscillations in Matter

References:

« P. Hernandez, CERN-2016-005
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Matter Effects: MSW

Forward scattering in matter

CC Hamiltonian

Ve, u,r Ve, u,r
Heo = 2V2G ey, Prve] [Dey" Pre]
ZO
Fierz transf
D T e - H_
nne ne =2 2Gr [e5,P.€] [a$"P.! ]
N€ H 1]
ﬂEV;LPLGO/&)npoL med. — 5p07 <HCC + HNC>unpoI. med. — Vm! 0(1 — | 5)
G \Vi n
GO 0
Nn
Vi = 0 S5(-%) o
o 0 S
v2 L2 34



Matter Effects: MSW

Forward scattering in matter

CC Hamiltonian

Ve, u,r Ve, u,r

Heo = 2V2G ey, Prve] [Dey" Pre]
ZO

Fierz transf

p,M, € n.e #_

p,n,e p,n,e =2 2Gp [@MpLe] [Q$“PL! 6]

N. .
SEVMPLGO/&npoL med. — 5p07 HCC + HNC>unpoI med. — V ! 0(1 =L )

Neutral current

Gr N 0
\/_ : ‘ contribution
V., = GF )
G
V2
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Matter Effects: MSW

Forward scattering in matter

CC Hamiltonian

Ve, u,r Ve, u,r

Heo = 2V2G ey, Prve] [Dey" Pre]
ZO

Fierz transf

p,M, € n.e #_

p,n,e p,n,e =2 2Gp [@MpLe] [Q$“PL! 6]

N. .
SEVMPLGO/&npoL med. — 5p07 HCC + HNC>unpoI med. — V ! 0(1 =L )

Q: why noe,p NC

Gr N 0
\/_ : ‘ contributions ?
V., = GF ) '
G
V2
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Matter Effects: MSW

Forward scattering in matter

<HCC + HCC>unpoI. med. — _rvm$0(1 — $5)!

, ZE (Ne — 1) ) 0 . 0
Vin = 0 a0
0 0 % (%)

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

VT Helicity $m?2 & mixing angles

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

AN

Matrices



Matter Effects: MSW

$m?2 & mixing angles
depend on E & N,

Two-flavor example:

2
Am? = \/ (Am2 cos 20 F 2v2FE Gp Ne) + (Am? sin 20)2,

(Am2 sin 26‘) 2

. 2 a7
20 =
- (Am?)2

Resonance:

. Am?
sin®2%=1 V2Gp Ne ¥ Y5

cos260 =0




P. Hernandez




Matter Effects: MSW

Variable matter 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

E . )
2\/§GFA;(0)T>> Am2cos20  0=g =l =Imn)
Exiting sun: N, =0
T L le =+ fy
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Matter Effects: MSW

P(ve — ve)

1
1- gs,in2 20 /’ﬁ

L— sin? 0

v

P. Hernandez

P(IA ! 'A) =1" Sin22"12$in2

_—

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

(m3" mi)L

AF

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

MSW res

onance energy

Neutrino spectrum
includes both regions:
need to take the OMSW
effectO into account

41



Solar Neutrinos

Standard Solar Model (SSM)

12 et (3 == .C] ande
10 F T T T T | P(Ve —) Ve)
> - :
¢ sl E
<1010 € wp 3
| 3 4
o £ - 3 1——sin?20
<] = N~ \ 4 2
= 10° 5" k E
B E.- 0 ' ! =
z B S e Y 3
= 108 A7 Hl + )
~ |1 . sin” 6
- { =

4 H | }
> “J] V"JBG" : —é
-t 1 3
< E E |
= F E
Z 102 F ; 3 2

L L = WS N PR s | E=Amc0520 E
= | X 0.2 0.5 1 g 5 20 T 2v2GEN,(0)
Neutrino energy (MeV) P HernandeZ

MSW resonance energy

« Analysis of terrestrial spectrum requires
convolution of SSM predictions w/ MSW effect
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Osclllation Parameters

Particle Data Group & H. Murayama

100

109

10 12

—
)

RENO 959 s
| Daya Bay QS%ZK -

All limits are at 90%CL

| unless otherwise noted

Normal hierarchy assumed

whenever relevant .
1

104 102 10" 102

Parameter best-fit 3o
Am3, [107% eV 2| 7.37 6.93 — 7.96
Amglm) [10-3 eV 2 2.56 (2.54) 2.45 — 2.69 (2.42 — 2.66)
sin® ;9 0.207 0.250 — 0.354
sinf3, Am3, 40 >0 0425 0.381 — 0.615
sin?fg3, Am3y 5 <0 0.58 0.384 - 0.636
sin? 013, Am3, 30 >0 0.0215 0.0190 — 0.0240
sin2fy3, Am3, 5, <0 0.0216 0.0190 — 0.0242
8/ 1.38 (1.31) 20: (1.0 - 1.9)

(20: (0.92-1.88))
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Osclillation Parameters

See D. Parno slides

parameter

best fit + lo

30 range

Sil’l2 0]2/10_1

sin2 013/1()“2

d/m (NO)
§/m (10)

Am?2, [1075eV?]

|Am?2,| [10~3eV?] (NO)
|Am2,| [10~3eV?] (10)

https://globalbt.astroparticles.es/
&,
bt\D
i
p—
3
=,

7.557 01

2.50£0.03
2.4270-03
3.2015:20
9.91%¢39

2.220% 076
1.32f§;§§

7.05-8.14

2.41-2.60
2.31-2.51

2.73-3.79

4.45-5.99
4.53-5.98

1.96-2.41
1.99-2.44

0.87-1.94
1.12-1.94

deSalas et al, 1708.01186 (May 2018)

1.3%

4.7%
4.4%

3.5%

Aurepnaoun o1 aAle|al
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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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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

p— ()

(Am®)

— ‘_(m,):
(Am°)_,
. (m )

NORMAL SPECTRUM

(m,)’ e——
(Am’)

(m,)’ e——

)

(m.)' s \—
INVERTED SPECTRUM

mlightest2 =7
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Absolute Mass & Mass Hierarchy

| B

e ()"

(Am®)

— e ()

(Am)
e (m)’

(m,)’ —
(Am)

(m,)’ ——

)

(m,)’ s e—

NORMAL SPECTRUM T INVERTED SPECTRUM

Oscillation
EXpts

l mlightest2= ?
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Absolute Mass & Mass Hierarchy

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

« 3H "-decay

« Cosmology & astrophysics




Kinematic Neutrino Mass Measurements

SH! SHe e T KATRIN

Lriaarri

te +V / I region close to 8 end point
e} B-decay g P
08 [
ERN
100 entire S, 06 [ _
spectrum i) [ m(ve) =0 eV
08 o /
— 04
©
06 |- = only 2x 10713 of all
iy 0.2 decays in last 1 eV
' m(ve) =
02} 0
..................
0 Il 1 1 1 3 _2 1 O
2 6 10 14 18
electron energy E [keV] E-EqleV]

m;
(Eo" Ee)?

dN
| " 2 "
g, | (Eo" Ed® 1
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Neutrino Mass & Cosmology

Matter Power Spectrum

BT R

oy ¥ -f.' '-‘ Y .- '\'
‘f! > TR s, i

|

'.}IO.."") _;‘,o‘...‘

b(\)—[p(\ —p] p |

Transition to N\ SDSS Ly-o3
non-rel / matter 1

1

—ZmV:O

—ZmV:O.2 1\

—2im,=0.7 eV
ZmV:Z eV

"'m,<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
streaming scale

51
K. Abazajian ACFI neutrino mass workshop



Neutrino Mass & Cosmology

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

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

Wy=% + Yoy + %

& ! & DM

Later Earlier

Radiation
Domination

Matter Domination i

Free Streaming Scale

53
K. Abazajian ACFI neutrino mass workshop



Neutrino Mass & Cosmology

Matter Power Spectrum Neutrino Free Streaming

Wy=% + Yoy + %

& ! & DM

Later Earlier

Radiation
Domination

Matter Domination i

Free Streaming Scale

&', (power) suppressed
for L < Ly

54
K. Abazajian ACFI neutrino mass workshop



Neutrino Mass & Cosmology

Matter Power Spectrum Neutrino Free Streaming
Wy=% + Yoy + %

& ! & DM

Later Earlier

Radiation
Domination

Matter Domination i

Free Streaming Scale

Increase m,
-_—>

Suppression moves
&', (power) suppressed to smaller scales —

for L < Ly Larger k
95

K. Abazajian ACFI neutrino mass workshop



Neutrino Mass & Cosmology

Matter Power Spectrum

Later Earlier

Radiation
Domination

Matter Domination i

Increase m,

Neutrino Free Streaming

Wy=% + Yoy + %

& ! & DM

Free Streaming Scale

Increase m,
-_—>

Suppression moves

m,<0.12eV &', (power) suppressed to smaller scales —

Palanque-Dalabrouille 015 for L < L,

K. Abazajian ACFI neutrino mass workshop

Larger k
56



V. Neutrino Mass Models

fermion masses

Partners
(large le MSW)
ﬁ" e Partners
b~ =] ® = < ® —
ZL < =) <\ U2 S
[Something else ? ] [Higgs Mechanism ]

How do we understand the origin
of m, theoretically ?
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V. Neutrino Mass Models

Type | see-saw QSMO, MSSMO
Type Il see-saw LRSM

Type lll see-saw GUTs

Inverse see-saw LRSM

Radiative MSSM

+ combinations & many other examples

58



V. Neutrino Mass Models

Type | see-saw ASMO, MSSMO
Type |l see-saw LRSM

Type lll see-saw GUTs

Inverse see-saw LRSM

Radiative MSSM

+ combinations & many other examples
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Mass Term?

Limass= YBH & + h.C.  Lpass= BHHTL + h.c

Dirac Majorana

60



Mass Term?

Limass= YBH & + h.C.  Lpass= BHHTL + h.c

Dirac Majorana

T

Lepton number violating

61



Neutrino Mass Models

Type | see-saw AOSMO, MSSMO
Type Il see-saw LRSM

Type lll see-saw GUTs

Inverse see-saw LRSM

Radiative MSSM

+ combinations & many other examples

62



Type | See-Saw

Lmass ngHgR + h .C. Lmass— _@CHH L + h .C.

Dirac Majorana

One generation: SM + one N

L mass = YPHNRr + h.c.+ My MSNg

& 0 m
Lnass= & NS oo
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Type | See-Saw

L mass — ngHgR + h C Lmass - _@CH H L + h C
Dirac Majorana
One generation: SM + one Ng Lepton number violating

L mass = YPHNRr + h.c.+[MyMSNg

& 0 m
Lnass= & NS oo
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Type | See-Saw

L mass — ngHgR + h C Lmass - _@CH H L + h C
Dirac Majorana
One generation: SM + one Ng Lepton number violating

L mass = YPHNRr + h.c.+[MyMSNg
‘ Eigenvalues
& T o mp | &
_ C D 2
Lmass= & I\@R M My N& m, | I\”/]‘_ﬁ




Type | See-Saw

Limass= YEHE + h.C.  Loass= ZEHHTL + h.c

Dirac Majorana

T

Low-energy eff theory

66



Type | See-Saw

mass —

Limass= YBH & + h.C.  Lpass= BHHTL + h.c

Dirac Majorana

a MSMO 3 MSSMO

The Minimal Supersymmetric

vMSM The Standard Model of
P. MermOd Extension of the Standard Model

Spin-1/2 fermions 322’2’,15 Particle Interactions
(MSSM)
u c It g
N1 mass ~keV I II I
hd S| b - dark matter
NN N

N23 mass ~GeV

(2]
c
(0]
&
(o R
9
n

- seesaw
- leptogenesis

Ann. Rev. Nucl. Part. f{‘i’g";‘so
Sci. 59, 191 (2009) boson

Y
ZO
e | pn| 7 W
H




Neutrino Mass Models

Type | see-saw QSMO, MSSMO
Type |l see-saw LRSM

Type lll see-saw GUTs

Inverse see-saw LRSM

Radiative MSSM

+ combinations & many other examples

68



Type Il See-Saw

Limass= YBH & + h.C.  Lpass= BHHTL + h.c

Dirac Majorana

Introduce OComplex TripletGs, ~ (1, 3, 2)

T $°vev — Majorana m,
S B B
L = %hij gcio/(ﬁL Lj +h.c

Lepton number violating 69




Types | & Il: Left-Right Symmetric Model

70



BSM Mass Scale

Parity Breaking Scale ~ MR ?

Energy Scale

Weak Scale ~ M+

71



Left-Right Symmetric Model

Parity Breaking Scale ~ MR ?

Energy Scale

Weak Scale ~ M+

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




Left-Right Symmetric Model

See-saw scale ?

Parity Breaking Scale ~ MR ?

Energy Scale

Weak Scale ~ M+

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




Left-Right Symmetric Model

Gauge boson mass eigenstates

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

CKM Matrices for LH & RH sectors: quarks

I
Uz,
I
Ur;
I
d;;

I
dRz'

= (8,);, Ul
= (T.),, umess
= (8, 0

= ( Td)ij d]rg?ss

L
VCKM

R
VCKM

S, Sy

T, T4
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Left-Right Symmetric Model

Gauge boson mass eigenstates

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

PMNS Matrices for LH & RH sectors: leptons

#Il_i = (S")ij #Ejiag
Ng = (Tn)y Ng™
§ = (S#)ij ﬂag
$I‘Qi = (T#)ij ﬂjag

VPLMNS = Sng
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Left-Right Symmetric Model

Two sources of m, :

|
L = ghij " LI +(L <~ R)+h.c

Type | see-saw Type |l see-saw

0 !
Lo = (L P@F?)(m[) mﬁ><N;>+mLff!L

—— \

0
mN ' ghR $ (F)Q% mL I ghL $ L%
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Neutrino Mass Models

Type | see-saw QSMO, MSSMO
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

Limass= YBH & + h.C.  Lpass= BHHTL + h.c

Dirac Majorana

Introduce new scalars (S) & Majorana fermions (F): OmediatorsO

——————

Attach Higgs lines as appropriate to get Weinberg operator

Recent mini-review: H. Sugiyama, 1505.01738 78



Type Il See-Saw

Limass= YBH & + h.C.  Lpass= BHHTL + h.c

Dirac Majorana

Introduce new scalars (S) & Majorana fermions (F): OmediatorsO

{1, )¢
,!‘r.. |

OZee ModelO
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Type Il See-Saw

Limass= YEHE + h.C.  Loass= ZEHHTL + h.c

PllEEtE Majorana

SUSY with OR parityO violation Pg = (-1)25*3(B-L)

GuperpotentialO
| _ , ,
WaL=1 = ShijkLiLjex + A wiLiHy,
dr.-@-dr
UNA, ANV
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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 mode| ?
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