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11) Introduction
Standard Model of Elementary Particle Physics: SU(3)c x SU(2)r x U(1)y

Species # >
Quarks 10 10
Leptons 3 13
Charge 3 16
Higgs 2 18

18 free parameters. . .
+ Gravitation
+ Dark Energy
+ Dark Matter

+ Baryon Asymmetry




Standard Model of Elementary Particle Physics: SU(3)c x SU(2)r, x U(1)y

Species # >
Quarks 10 10
Leptons 3 13
Charge 3 16
Higgs 2 18

+ Neutrino Mass m,,




Standard Model* of Particle Physics

add neutrino mass matrix m,, (and a new energy scale?)

Species >
Quarks 10

Leptons 13
Charge 16
Higgs 18




Standard Model* of Particle Physics

add neutrino mass matrix m,, (and a new energy scale?)

Species > Species +#
Quarks 10 Quarks 10
Leptons 13 —> Leptons 12 (10)
Charge 16 Charge 3
Higgs 18 Higgs
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General Remarks

e Neutrinos interact weakly: can probe things not testable by other means
— solar interior
— geo-neutrinos

— COosmIC rays

e Neutrinos have no mass in SM
— probe scales m,, o< 1/A

— happens in GUTs

— connected to new concepts, e.g. new representations of SM gauge group,
Lepton Number Violation

= particle and source physics
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12) History
1926 problem in spectrum of S-decay

1930 Pauli postulates “neutron”
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Fermi theory of 3-decay
discovery of 7, by Cowan and Reines (NP 1985)
Pontecorvo suggests neutrino oscillations

helicity h(v.) = —1 by Goldhaber =V — A

discovery of v, by Lederman, Steinberger, Schwartz (NP 1988)

first discovery of solar neutrinos by Ray Davis (NP 2002); solar neutrino
problem

discovery of neutrinos from SN 1987A (Koshiba, NP 2002)
N, = 3 from invisible Z width

SuperKamiokande shows that atmospheric neutrinos oscillate
discovery of v,

SNO solves solar neutrino problem

the third mixing angle




Future History

20ab CP shown to be violated

20cd mass ordering determined

20ef Dirac/Majorana nature shown
20gh value of neutrino mass measured

20ij new physics discovered

20kl 777
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13) Neutrinos and the Standard Model
SUB)e x SU©2)L x U(L)y = SUB)e X U(L)em With @ = I3+ 1Y

L,= ( ve ) ~(2,-1)

ER = (1,—2)
~ (1,0) total SINGLET!!




Masses in the SM:

—Ly =g.L®ep +gyzci>VR—|—h.c.

with

2 ¢°
¢ =

and (i) = 7:7-2 ¢* = 7:7-2
L
after EWSB: (®) — (0,v/v/2)T and (®) — (v/v/2,0)T
(V)

v
—Ly = ge ﬁ@eR%—gy EWVR + h.c.=m.erer +m, VL Vg + h.c.

< in a renormalizable, lepton number conserving model with Higgs doublets the
absence of v means absence of m,,




Quark Mixing
9

V2

with u = (u,c,t)T, d = (d, s,b)?

—Loc =

W; urL Y Vdr

Quarks have masses <> they mix
<> mass matrices need to be diagonalized
< flavor states not equal to mass states

results in non-trivial CKM (Cabibbo-Kobayashi-Maskawa) matrix:

0.97427 4+ 0.00015 0.22534 +0.00065  0.0035179:9001°
V= 0.22520+0.00065 0.9734419-00016 0.04121+9-0011
0.0086770:9002  0.0404T90081  0.999146705000%

small mixing related to hierarchy of masses?
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I11) The PMNS matrix
Analogon of CKM matrix:

g 45— _
—Loc=—F4l YW Uvp W
CC /2 L7 LW,

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

_ *
vo =UZ, v;

connects flavor states v, (a = e, u, 7) to mass states v; (i = 1,2, 3)

mass terms go like /1, ¢r and 7 vg (?)

(flavor = massif m, =0=U = 1)




Number of parameters in U for N families:

complex N x N 2 N?
unitarity —N?
rephase v;, /; —(2N —1)

1

2 N?
N2
(N —1)°

a real matrix would have 5 N (N — 1) rotations around 7j-axes

2

in total:

families angles

phases

2 1
3 3
4 6
N N (N —1)

this assumes v mass term, what if Majorana mass term v

0

1
3
(N —=1)

T

?




Number of parameters in U for N families:
2 N? 2 N?
—N? N?
N | N(N - 1)

complex N x N

unitarity

rephase /,,

a real matrix would have N (N — 1) rotations around ij-axes

in total:

families

angles

phases

extra phases

2
3
4
N

1
3
6
SN (N -1)

1
3
6
SN(N-1)

1

2

3
N —1

T

Extra N — 1 “"Majorana phases” because of mass term v* v

(absent for Dirac neutrinos)




Majorana Phases

e connected to Majorana nature, hence to Lepton Number Violation

e | can always write: U = U P, where all Majorana phases are in
P = diag(1, €', ei?2 '3 . ):

e 2 families:

cos) sind
U =
—sinf cos6




e 3 families: U = R23 ng R12P

0 —s23 23
C12 C13 512 C13
—is —10
—S812C23 — C12 823 S13 € C12 C23 — 512 523 S13 €

s s
$12 S23 — C12C23 S13 € —C12 S23 — S12 C23 S13 € *

with P = diag(1, €', /)
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112) Neutrino Oscillations (in Vacuum)

Neutrino produced with charged lepton « is flavor state
v(0)) = [va) = Ug; |v5)
evolves with time as
v(t)) = Usje™ 7 |vy)

amplitude to find state |vg) = Ug, |v;):

A(ve = vg,t) = (ualv(t)) = Ugi Ug; e Bit (v|v;)
N——

= U3 Ugie " &




Probability:

P(vo — vg,t) = Pog = |A(ve — vg,t)|?

=Y U UpiUp; Upy gt BB
ij 2

7

Ve

j.o.‘ﬁ e 1R

1

—...= EXERCISE!

A afy
P.g =005 —4 ZRe{Z;?B} sin” TJ +2 Zlm{$j6}81n Aij

j>i J>1

with phase




J>1

Ai' o .
Pog =00 —4 ZRe{j-?ﬁ} sin” 7‘7 + 2 ZIm{JéjB}Sln A

J>1

o = 3: survival probability
a # [3: transition probability

requires U # 1 and Am?, ;7 0

> . P.g =1 < conservation of probability

jgﬁ invariant under Uy, — €% U, €%

= Majorana phases drop out!




CP Violation

In oscillation probabilities: U — U™ for anti-neutrinos

Define asymmetries:

Ao = P(vgy = 1vg) — P(Vy = 7Ug) = P(vg = vg) — P(vg — vy)
=4y Im{J "} sin Ay

Jj>1

e 2 families: U is real and Im{j{;‘ﬁ} =0 Va, B,1,]

e 3 families:

Am?2 Am?2 Am?
1L sin BTS2 sin 2”]”;3L) oo

where Jop =Im {Ue; U,2 Uz, U[ﬁ}

— % sin 26015 sin 26053 sin 2013 cos f13 sin d

Aep=—Ar =D,y = (sin

2

vanishes for one Amj; =0 orone 6;; =0o0r § =0,7




Two Flavor Case

cosf sinf 1
= T2 = |Ug1|*|Un2|? = = sin® 26
—sinf cos6 4

2
Ams,

L
1F

and transition probability is | P,5 = sin” 26 sin®

prob(y,~y,)







prob(y,-y,)

e amplitude sin? 26

e maximal mixing for 0 = 7/4 = v, = \/g(ul + v3)

e oscillation length Lo = 47 E/Am3, = 2.48 va Ae:r/; km
21
L

= Py = sin? 26 sin® T——
LOSC

is distance between two maxima (minima)

eg.. E = GeVand Am? = 1073 eV?: Lo >~ 103 km




e Data- BG-GeoV,
— Expectation based on osci. parameters
+ determined by KamL AND
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L > L...: fast oscillations (sin2 L/ Losc) %

and Poo =1-2 ’Ua1’2 |Ua2’2 — ’Ua1’4 T ’Ua2’4

sensitivity to mixing




o
Sinn ™ & G
A

L > L. fast oscillations (sin® 7L/ Logc)

1
2
and Pog =2 |U0z1|2 |Uoz2|2 — ’Ua1’2 ’Uﬁ1|2 + ’Ua2|2 ’Uﬁ2|2 — % in® 26

sensitivity to mixing




"% dem 74
‘-_"‘—

3

L < Lgsc: hardly oscillations and P,3 = sin? 26 (Am?L/(4F))?

sensitivity to product sin” 26 Am?




<P> = const.

TTT

107! -

o Ll
g 107

107

o4
1072 107!
sin’26

large Am?: sensitivity to mixing
small Am?: sensitivity to sin? 20 Am?

maximal sensitivity when Am?L/E ~ 27




Characteristics of typical oscillation experiments

Source

Flavor

E [GeV]

L [km]

(Am2 ) min [eV2]

Atmosphere
Sun
Reactor SBL

Reactor LBL
Accelerator LBL

Accelerator SBL

(=) (=)

Ve, Vy

10...

10®
101
107
107

1

104

10~
10—11
103
10°
101

1




Quantum Mechanics

Can't distinguish the individual m;: coherent sum of amplitudes and interference




Quantum Mechanics
Textbook calculation is completely wrong!!

e F;, — E; is not Lorentz invariant

e massive particles with different p; and same E violates energy and/or
momentum conservation

definite p: in space this is €?*, thus no localization




Quantum Mechanics
consider E; and p,; = \/EJ2 —m3:

B .
pj = B +m? -2 with £ = —2E

T Om?2

: om?
mj :O J

mj:O

OF ;
2
Ej = pj +mj 5
J lm.=0
J

in pion decay m — uv:

m; my, '
PiE e ) T ome

thus,
Am?

ij
2F

m
>~O.8 in B, — E; ~(1-¢)




wave packet with size 0,(g 1/0,) and group velocity v; = 0F;/0p; = p;/ E;:

(:U—vz-t)2}

2
4oz

Y; X exp {—z(Ez t—p;x) —

1) wave packet separation should be smaller than o, !

L
LAv <o, = < £
Losc Op

(loss of coherence: interference impossible)

2) m? should NOT be known too precisely!

om? 2
Y 5, = 0T, > b

if known too well: Am? > dm? = —
Y Op, Am?

(I know which state v; is exchanged, localization)

In both cases: P, = |Ua1|* + |Uaz2|?* (same as for L > L)




Quantum Mechanics

total amplitude for @ — 3 should be given by

A x Z/ Aﬁj ojexp{—i(E;t —pz)}

with production and detection amplitudes

— 5.2
Aaj As; ocexp{—(p D) }

2
dos
we expand around p;:

| 9B)

r (p —pj) = E; +v; (p — pjy)

P=Dj
and perform the integral over p:

L . T — v,t)?
AocZexp{—z(Ejt—pja:)—( 4023) }

j X




the probability is the integral of |A|? over t:
2 e A\ Vi T Uk -
P= [dt|Al" cexpq =i |(E; —Ey)5—5 — (P —Dx)| T
Vi + Ui

y (v; — vg)?z? (EJ — Ek)Q
eX — —
Pl 402(2 +02)  402(02 + )

now express average momenta, energy and velocity as

) Efmi
Pi= 2F

~ m2 D m?
By~ E+4(1-¢)-2 =D J

oB 7 B, = 2E?
this we insert in first exponential of P:

2

E: —F _ (H: — B | =
( J k)fUJQ-—I—’U]% (pj pk) ok




the second exponential (damping term) can also be rewritten and the final

probability is

7 2 2
o

- CcO - 27T2(1 - 5)2 oa;c

(ijh> LSy

with

4 E2 4T E
coh f " 5, and Losc_ 7T2

expressing the two conditions (coherence and localization) for oscillation
discussed before




Quantum Mechanics

derivation of formula also works in QFT, when everything is a big Feynman
diagram:

d_ 1 ,IFE

d- 1/3

Earth

(Lorentz invariance, energy and momentum conservation at every vertex, etc.)
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113) Results and their interpretation — what have we
learned?

Early main results as by-products:
— check solar fusion in Sun — solar neutrino problem

— look for nucleon decay — atmospheric neutrino oscillations

data for long time describable by 2-flavor formalism

genuine 3-flavor effects since 2011
— third mixing angle!
— mass ordering?

— CP violation?

have entered precision era




3 families: U = R23 R13 ng P
0 0 C13 0 si13 500
C23 S23 0 1 0
0 —s23 o3 —s13€° 0 C13
C12 C13 512 C13
—is —10
—S812C23 — C12 523 S13 € C12 C23 — 512523 513 €

48 —10
$12 S23 — C12 C23 S13 € —C12 §23 — 512 €23 S13 €

with P = diag(1, e’®, /)




Characteristics of typical oscillation experiments

Source

Flavor

E [GeV]

L [km]

(Am2 ) min [eV2]

Atmosphere
Sun
Reactor SBL

Reactor LBL
Accelerator LBL

Accelerator SBL

(=) (=)

Ve, Vy

10...

10®
101
107
107

1

104

10~
10—11
103
10°
101

1




Interpretation in 3 Neutrino Framework

assume Am3; < |Am3;| ~ |Am3,| and small 6;3:
e atmospheric and accelerator neutrinos: Am3,L/E < 1

2 Am§1
4 F

L

P(v, — v;) =~ sin” 20,3 sin

e solar and KamLAND neutrinos: |Am3,|L/E > 1

2
2 A7”’”621

L
1F

P(ve = v.) ~ 1 — sin® 20,5 sin

e short baseline reactor neutrinos: Am3,L/E < 1

2
o Ams,

Pve > ve) ~1— sin? 2613 sin L

EXERCISE!




Summing up

—id
Ci12 C13 S12 C13 S13 €

) )
—S812C23 — C12 823 S13 € C12 C23 — S12 823 S13 € $23 C13
i )
S$12 823 — C12 C23 S13 € —C12 S23 — S12C23 S13 € C23 C13
0 —19 0
C13 S13 € C12 S12
0 1 0

is
—S23 €23 —S13 € 0 C13

~~ ~~

atmospheric and SBL reactor solar and

LBL accelerator LBL reactor

. Y
" Pawer Flant Arcurd - Werld




—10
C12 C13 512 C13 S13 €

— 70 10
U= —S812C23 — C12 823 S13 € C12 C23 — 512 823 S13 € 523 C13
70 10
§12 823 — C12 C23 S13 € —C12 §23 — S§12C23 S13 € C23 C13
—id
1 0 0 C13 0 S13 € g C12 S12
O C23 S23 0 1 0 —S12 C12 0

0 —S$923 C23 —S13 615 0 C13 0 0 1

~~ ~~ ~~

atmospheric and SBL reactor solar and

LBL accelerator LBL reactor

1 0 ¢ @ \/}Fe 0
0 1 0 —\/§+e 0
0 1 0

€

(SiIl2 913 = 62)
2
Ams4




Status of global Fits

LBL Acc + Solar + KL + SBL Reactors + SK Atm

T AL B B B | TNT T T L P T T T

oo ML P I LA IR R NP
0.25 0.30 0.35 0.3 04 05 06 0.70.01 0.02 0.03

R A2 A=
sin“0,, sin“0,, sin“0,,

Fogli, Lisi et al., March 2014




PMNS matrix is given by

0.779...0.848 0.510...0.604 0.122...0.190
0.183...0.568 0.385...0.728 0.613...0.794
0.200...0.576 0.408...0.742 0.589...0.775

compare with CKM:

0.97427 +0.00015  0.22534 4 0.00065  0.00351F) 00014
V= 022520+ 0.00065 0.97344705007¢  0.041273%001

0.0086739952%  0.0404+5:555L  0.9991467 399992

< WTF? large mixing??




Two Mass Orderings

Normal Inverted

v I (N )

A
Am%l
-
A

A3 m

[] Vi

B

y
vy

tAm%l
y
4 2 200 - W

unknown sign of larger Am?




Present knowledge

1
L= 5 v m, v with m, = U diag(mq, mo, ms3) Ul

9 physical parameters in m,

2 2

023 and |m3 — m3|
013 (or |Uesl)

mi, maz, 13
sgn(m3 — m3)
Dirac phase ¢

Majorana phases a and 3










What's that good for?

Predictions of All 63 Models

=
=

anarchy
texture zero
SO(3)

A,

s S Sy

mmmn bbby

g S RND
SO(10) lopsided
SO(10) symmetric/asyr[n

=
o

Number of Models

NERRRRRRNN

9
8
7
6
5
4
3
2
1
0]

0.001

. 2
sin'e,,

Albright, Chen




Astrophysik

kosm. Strahlung
Supernova

BBN

Flavorphysik

Quarkmischung

Supersymmetrie

LHC
ILC

Kosmologie

Dunkle Materie
Baryon—
asymmetrie

SO(10)
See—Saw
Protonzerfall




EXERCISE: Lepton Flavor Violation
Suppose BR(u — e7) o< |[(m,m])ep|*.

In general, can it be zero? What does the experimental value |U.3| ~ 0.15 imply
for the BR?




EXERCISE: Neutrino Telescopes

Pee Pe,u PeT
Py Pur
P, P., P, P.

Transition amplitude after loss of coherence:

P(v, — v3) Z|Um| Ui |

if 023 = w/4 and 6135 = 0: what happens to a “pion source”
(P2 : @) : @)= (1:2:0)7

Obtain the first order corrections (023 = /4 — €1 and 613 = ¢3). How large can
they become?
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Degeneracies
Expand 3 flavor oscillation probabilities in terms of R = Am? /Am3 and |U.s:

in® (1- A)A in® AA
sin_( ) + R? sin” 2015 cos® fa3 el
(1-A)? A2

+sin J sin 2913 R sin 2612 COS 613 sin 2623 sin A o AAA S (Al_ A)A
A(1- A)

in AA sin (1- A)A

+ cos 0 sin 2013 R sin 2015 cos 013 sin 26053 (:OSASln . > (A )

A(1-A)

Ami
4 F

P(v, — v,,) = sin” 203 sin” 03

L

with A = 2v2Grn. E/Am? and A =

® (o3 <> m/2 — O3 degeneracy
e (13-0 degeneracy

e §-sgn(Am3) degeneracy

Solutions: more channels, different L/FE, high precision,. ..




Typical time scale

True NO

-
-
!
—
P
—
—]
-
-
_‘
f
—
—]
LU
o)
f—
—
=
—
=
b}
-
>

2020 2025 2030
Date




3 Tasks

Now that neutrino mass is introduced:
e Determine parameters

e Explain values of parameters

e Check if minimal description is correct
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I111) Dirac vs. Majorana masses

Observation shows that neutrinos possess non-vanishing rest mass
Upper limits on masses imply m, < eV

How can we introduce neutrino mass terms?




a) Dirac masses

add vg ~ (1,0):

— ~  EWSB U . .
Lp =g, LPrg ’ \/ﬁguVLVR:myVLVR

But m, < eV implies ¢, S 10712 << ¢,

highly unsatisfactory fine-tuning. . .




actually, m. = 10=%m;, so WTF?

point is that

with  m, >~ my

d
has to be contrasted with

Ve

with m, ~ 10" %m,

€




b) Majorana masses (long version)

need charge conjugation:

electron e™: |y, (20" + e A*) —m|y =0 (1)
positron et: [y, (i0* — e A*) —m|y° =0 (2)

Try ¢¢ = S*, evaluate (S*)~! (2)* and compare with (1):
S =172

and thus

: : —T —T
Y =iy " =ivnywy =C¢

flips all charge-like quantum numbers




Properties of C"

Ol =0" =0~ =—C
Cr,C~t = —’yff
CyC~'=ng

Cyurs C™ = (Yus

)T

properties of charged conjugate spinors:
(p°)° =4
=T C
Ewg — ¢_§¢1
(Yr) = ()R
(Yr) = (¥°)L
C flips chirality: LH becomes RH




b) Majorana masses (short version)

—T —T
charge conjugation: ¢ = iy Y* =iy oy =CY

flips all charge-like quantum numbers

connection to chirality:

C flips chirality: LH becomes RH




Mass terms
L =m,vrvg+ h.c =m,(VLvg +VRVL)

both chiralities a must for mass term!

Possibilities for LR:

(i) vr independent of vz Dirac particle

(i) vg = (v1)¢: Majorana particle

== (v +vR) =)+ (Wr) =vp+vy =v:

= Majorana fermion is identical to its antiparticle, a truly neutral particle

= all additive quantum numbers (Q, L, B,...) are zero




in terms of helicity states +: 4 d.o.f. for Dirac particles:

Lgrwn 132

[mm ‘/'%




in terms of helicity states +: 2 d.o.f. for Majorana particles:

Lonem ‘f%

r

J-




Mass term for Majorana particles:

1
Umy v = 5 VL + (vr)¢my (vr + (vp)©)

e Majorana mass term

o Ly oc v v* = NOT invariant under v — e*® v
= breaks Lepton Number by 2 units

fen .
h




Dirac vs. Majorana

in V — A theories: observable always suppressed by (m/E)?
suppose beam from 7" decays: 77 — ut v,
can we observe 7, +p — n+ ut ?
chirality is not a good quantum number: “spin flip”

emitted v,, (negative helicity) is not purely left-handed:

m=0 m m=0
uy(p) = uf" = (p) + o uig ™" ()

Pruy # 0 and u* can be produced IF u oc v (+» Majorana!)
= amplitude o< (m/FE) = probability o< (m/FE)?
= only N4 can save the day!




o /-decay:

e Meson decays

Dirac vs. Majorana

I'(Z — vpup)

~1—3

F(Z — VMVM)

e neutrino-antineutrino oscillations

P(vy — Ug) =

1
E?

Z Uoéj Uﬁj U:M;Ugi mim; o~ HE;—Ei)t
t,J
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[112) Realization of Majorana masses beyond the SM

a) Higher dimensional operators

Renormalizability: only dimension 4 terms in £

SM has several problems — there is a theory beyond SM, whose low energy limit
is the SM — higher dimensional operators:

1
— 0O+ ...

1
£:£8M+£5+£6—|—...:£SM—|—KO5—|—A2

gauge and Lorentz invariant, only SM fields:

it follows : Weinberg 1979




Weinberg operator is LLO®®P

\
\

Seesaw Mechanisms are realizations of this effective operator by integrating out

heavy physics




Master Formula: 24+ 2 =3+ 1
General remarks: SU(2), x U(1)y with2®2 =36 1:

Ld~ (2,+41)® (2,—1) = (3,0) @ (1,0)

To make a singlet, couple (1,0) or (3,0), because 3® 3 =5®3 P 1

Alternatively:
LL~ (2,41)® (2,41) = (3,+2) & (1, +2)

To make a singlet, couple to (1, —2) or (3, —2). However, singlet combination is
v (¢ — ¢ v°, which cannot generate neutrino mass term

— (1,0) or (3,-2) or (3,0)
type | type Il type IlI




b) Fermion singlets (type I)

introduce Nz ~ (1,0) and couple to g, L ® ~ (1,0)
Hence, ¢, L ® Ny is also singlet and becomes ¢, v/v20f Nr = mp7r, Ng

in addition: Majorana mass term for Ng

—VLmDNR—I- NC Mp Nr + h.c.

V¢
L + h.c.
Ngr

e+ h.c.

L\
> ¥




b) Fermion singlets (type I)

0 mp VE
mp MR NR
U M, U+ h.c.

L =1L, Ng)

+ h.c.

Diagonalization with T M, U* = D = diag(m,,, M) and

cos) sind
U =
—sinf cos6




mp

diag(m,,, M)

with

general formula:

tan 20 = —]\247:50




Note: mp associated with EWSB, part of SM, bounded by v/\/§ = 174 GeV
Mg is SM singlet, does whatever it wants: = Mgz > mp

Hence, 0 ~ mp/Mpr < 1

v =vy, cost — N§ sinf ~ vy, with mass m, ~ —m?% /Mg

N = Npg cosf + v§ sinf) ~ Np with mass M ~ Mg

in effective mass terms
1 1 -

compare with Weinberg operator:

2

also: integrate Nr away with Euler-Lagrange equation




matrix case: block diagonalization

0 mp VE

mb5 Mg

write down individual components:




write down individual components:

My pmp +mpp+pMpgp"
0 mp — pmp p* + p Mg
M —ptmp —mk p* + Mg

now, p (aka 6 from before) will be of order mp/Mg:

pmp +mpp+pMgp"

mp +pMgr = p=—mp Mg'
Mg

insert p in m,, to find:

m, = —mDM]glmg




(type I) See-Saw Mechanism

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond, Slansky; Mohapatra,

Senjanovié (77-80)







THE SEESAW

E g










See-Saw Scale

See-saw formula:

m, = mp /Mg ~ v* /Mg

with m, ~ \/Am3 it follows

MR ~ 1015 GeV

Note: not necessarily correct. ..
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Parameter Count

o m,:9=06+3

® ™Mp and MRZ 1I8=9+9
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Parametrization

m, = —mp M};l mg — Umglag Ul

is “solved” by

mp = iU \/m>? R/ Mg

where complex orthogonal I contains the unknown parameters

C12C13 512C13 513
R = —S812C23 — C12523513 C12C23 — 12523513 523C13
512823 — C12C23513  —C12523 — 512€23513 C23C13

Note: these are now complex angles, ¢12 = coswia = cos(p12 + i012)

102



Higgs and Seesaw

1.) relies on Yukawa coupling with Higgs

2.) sterile neutrinos Ny couple to Higgs <> vacuum stability bound

103



Paths to Neutrino Mass

approach

ingredient

SUQR)L xU)y
quantum number

O'F messenger

“SM”

(Dirac mass)

RH v

Ngr ~ (1,0) hNR®L

“effective’

(dim 5 operator)

new sca|e

+ LNV

hLC®PL

A = 1014 Ge

“direct”

(type Il seesaw)

Higgs triplet
+ LNV

RhLCAL + pud®A

“indirect 1"

(type | seesaw)

RH v
4+ LNV

WNR®L + NpMpN

c
R

“indirect 2"

(type Il seesaw)

fermion triplets

+ LNV

AR L® + TrE M S

plus seesaw variants (linear, double, inverse,. . .)

plus radiative mechanisms
plus extra dimensions

plusplusplus
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c) Higgs triplet (type Il)

Lx LLt —vv*
has isospin I3 = +1 and transforms as ~ (3, +2)
= introduce Higgs triplet ~ (3, —2) with (I3 = Q — Y/2):

HT V2HTT 0 0
A = —
V2HY  —HT vpr 0

with SU(2) transformation property A — U AUT:

- . vev _ _
L=g,Liro AL* — g, vr VL v = m, VL V],
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Constraints on vy

® mV:gvaSe\/jvTSeV/gu

® p-parameter

( - )2_[)_21}(1}%—1—}1}@2)@@-2

M7 cos Oy
(

3 L vi Y
1 [=4andY =1
v? + 207
v? + 4v7
= vr S 8 GeV

I=1andY =2

\
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vr < v because

V=-MTr(AA") +p@tinA®

with g—X = (0 one has |vr = ,u_fv;
MA

coupling of SM Higgs with triplet drives minimum vy away from zero
vr can be suppressed by Ma and/or p

compare with Weinberg operator:

c M3
gv K

A=

Type Il (or Triplet) See-Saw Mechanism

Magg, Wetterich; Mohapatra, Senjanovic; Lazarides, Shafi, Wetterich;

Schechter, Valle (80-82)

107



d) Fermion triplets (type Ill)

The term
Lx LY D
is a singlet if X ~ (3,0): “hyperchargeless triplet”

EO/\/§ Y+
¥ =x9/V/2

O =

additional terms in Lagrangian

LV2Ys X0 + %Tr ¥ My x¢}

give a “Dirac mass term” m7 = v Yy and Majorana mass term My, for neutral

component of X

108



overall mass term for neutrinos

(mp)®

My,

mV:_

same structure as type | see-saw

Type Il See-Saw Mechanism

Foot, Lew, He, Joshi (1989)

compare with Weinberg operator:

C”U2

A=y

My,
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The 3 basic seesaw models

Q—> i.e. tree level ways to generate the dim 5 operator

Right-handed singlet: Scalar triplet: Fermion triplet:
(type-| seesaw) (type-Il seesaw) (type-lll seesaw)

\\}'f'.'_\ ,/ ~ Ve
~

-
5

N s
: \\ ZR. //
L L
L

L

) ) Foot, Lew, He, Joshi; Ma; Ma, Roy; T.H., Lin,
Minkowski; Gellman, Ramon, Slansky; Magg, Wetterich; Lazarides, Shafi; Notari, Papucci, Strumia; Bajc, Nemevsek,

Yanagida;Glashow; Mohapatra, Senjanovic Mohapatra, Senjanovic; Schechter, Valle Senjanovic; Dorsner, Fileviez-Perez;....

slide by T. Hambye
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Remarks

e Higgs and fermion triplets have SM charges = coupling to gauge bosons in

kinetic terms:
RG effects

production at colliders

FCNC

e naturalness in GUTs: type | ~ type |l > type Il

e note: one, two or three of the see-saw terms may be present in m,
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Remarks

e Higgs and fermion triplets have SM charges = coupling to gauge bosons in

kinetic terms:
RG effects

production at colliders

FCNC

e naturalness in GUTs: type | ~ type |l > type Il

e note: none of the see-saw terms may be present in m,
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Seesaw Phenomenology: Leptogenesis

,u

Take advantage of (L-Higgs-IV) vertex in early Universe!

I'(N; - ®L*) —T'(N; — &' L*)
I'(N; = ®L)+T'(N; = &' L)

o __
YBO(&:,I: —

Fukugita and Yanagida (1986)
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Lepton Flavor Violation in Type Il seesaw
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Phenomenology of heavy singlets: Higgs

Higgs potential is rather flat = corrections are dangerous

This costs too much
energy! | think 'l
hang out down there,

“vacuum expectation value”

. true false

vacuum probably metastable: could tunnel to true vacuum

replacing all fields and forces with new fields and forces

115
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Phenomenology of heavy singlets: Higgs

Higgs potential is rather flat = corrections are dangerous

This costs too much
energy! | think 'l
hang out down there.

“vacuum expectation value”

_ frue false

vacuum probably metastable: could tunnel to true vacuum
replacing all fields and forces with new fields and forces

(not good)

116

'




Phenomenology of heavy singlets: Higgs

Higgs coupling A is driven to negative values by top Yukawa:

By o< —24 Tr (YJYu)Q o< my = myp > f(A)

vacuum stability bound

With m;, = 126 GeV:
e vacuum probably metastable
e could be A\(Mp)) =0

(Holthausen, Lim, Lindner; Bezrukov et al.; Degrassi et al.; Masina)

strong dependence on top mass, oy
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Phenomenology of heavy singlets: Higgs

Lepton-Higgs- N vertex: Dirac Yukawa vy, Y,, N contribution

ABy = —8Tr (Y]Y,)" « mb,

Casas et al.; Strumia et al.; W.R., Zhang

makes vacuum stability condition worse!

— SM without v
My =10" GeV, ap =0
Mo =10" GeV, ap =0
My =10* GeV, ap =0

1010

p [GeV]

(also effect if tricks are played to produce TeV-scale Ny at colliders)
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I113) Limits on neutrino mass(es)

Normal [nverted

v I N
} ¢ Ay
I
A
Am§2 W,
N Vi
2

y
vy

tﬁmgl v
) [

Am3, =8 x 107° eV? |and | |[AmZ,| ~ |[AmZ,| = 2 x 1072 eV?

e normal ordering: Am3; > 0

e inverted ordering: Am3; <0
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Neutrino masses

e neutrino masses <+ (scale of their origin) ™!

e neutrino mass ordering <> form of m,,
1

> >
®, ®,
£ £
3 3
£ £

m;
m;

m; m3

: ‘ : 0.0001 : :
0.001 0.01 b 1 0.0001 0.001 0.01

m [eV] m [eV]

Am3i > m3 ~ AmZ > m3i: normal hierarchy (NH)
|Am3 | =~ m? > m3: inverted hierarchy (IH)

m3 ~ m3 = m3 > Am3: quasi-degeneracy (QD)
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my & ms3 [eV]

mg,

Neutrino masses

1

my

my & ms3 [eV]

mg,

m3

0.001

0.01 ] 0.001 0.01
m [eV] m [eV]

Neutrino mass hierarchy is moderate!

Am%>

NH : o
Ampé

1 Am®

_§Ami

~ (.98
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Upper limits:

e direct searches (Kurie plot of °H)

m(ve) = \/Z Uei|?m? < 2.3 eV at 95 % C.L. (Mainz, Troitsk)

e cosmology (hot dark matter)

Z:Zmigev

e neutrino-less double beta decay (0v503)
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— \/Z’Uei’Q

m(ye)NH \/8%2 s Am@ + 8%3 AmA < m(ye)IH

Limit of KATRIN Limit of KATRIN

Am312 <0 Am312<0

Am312 >0

>
Q£
B
=
2
g
3
=
z
~
N
g

(m,, )ng & (my, )ig [eV]

sin20,3=0 sin>20,;=0.2

0.1

e almost independent on mixing angles

e difference of normal and inverted shows up well below KATRIN limit
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KATRIN

Intensity (count rate, arbitrary units)

N, AE=10ev

L L
8 10

Energy [keV]
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Lambert Conformal Conic Projection,
standard parallels 40°N and 56°N

300 Kilometers

300 Miles




>
o,

=
N
3

z
N

e independent on mixing angles

e systematics?
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I114) Neutrinoless double beta decay

(A, Z) - (A, Z+2)+2e (0vBpo)

e second order in weak interaction: ' o G4 = rare!

e not to be confused with (A, 72) — (A, Z+2)+2e~ + 20, (2v50)

(which occurs more often but is still rare)

132



Need to forbid single 3 decay:

odd/even ﬁ \oclclfodd
even/odd Il @
\ = &

Z

0
° EBindung = E‘u’alumcn B EDherHéi:hc B Eﬁ:‘ﬂulﬂmh B Eﬂymmctric T EFaarbiIdung
e = even/even — even/even

e either direct (Ov53) or two simultaneous decays with virtual (energetically
forbidden) intermediate state (2v3/3)
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How many nuclei in this condition?

—
ot

Slide by A. Giuliani
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Upcoming/running experiments: exciting timel!!

best limit was from 2001. ..

Name Isotope source = detector; calorimetric with source # detector
high energy res. low energy res. event topology event topology
AMoRE 100Mmo 7 - - -
CANDLES 148 ¢4 v - -
COBRA 116¢cd - v -
CUORE 130Te
DCBA 150 Nd
EXO 136 xe
GERDA 76 Ge
KamLAND-Zen 136 xe
LUCIFER 82ge
MAJORANA 76 Ge
MOON 100mo
NEXT 136 xe
SNO+ 130¢
SuperNEMO 82ge
XMASS 136 xe
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Experiment

Mass of

Isotope [kg]

Sensitivity
T10/V2 [yrs]

Status

Start of

data-taking

GERDA

18
40
1000

3 x 102°
2 x 1026
6 x 1027

running
in progress
R&D

~ 2011
~ 2012
~ 2015

CUORE

200

6.5 x 1026*
2.1 x 1026**

progress

~ 2013

MAJORANA

30-60
1000

(1 —2) x 10*°

6 x 1027

progress
R&D

~ 2013
~ 2015

EXO

200
1000

6.4 x 102°
8 x 1026

progress
R&D

~ 2011
~ 2015

SuperNEMO

100-200

(1 —2) x 10*°

R&D

~ 2013-15

KamLAND-Zen

400
1000

4 x 1036

progress
R&D

~ 2011
~ 2013-15

SNO+

56
500

4.5 x 1024
3 x 10%°

progress
R&D

~ 2012
~ 2015
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Interpretation of Experiments

Master formula:

o — G.(Q,2)|Mz(A, Z) 77:6’2

o G,.(Q,Z): phase space factor
o M.(A,Z): nuclear physics

e 1), particle physics
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Interpretation of Experiments

Master formula:

oY — G (Q,Z) |Myx(A, Z) 77:6’2

o G,.(Q,Z): phase space factor; calculable
o M.(A,Z): nuclear physics; problematic

e 1), particle physics; interesting
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3 Reasons for Multi-isotope determination
1.) credibility
2.) test NME calculation

TY/5(A1, Z1) _ G(Q2,Z3) |IM(As, Z5)|?

TP1y(A2,Z3)  G(Q1,Z1) |IM(A1, Z1)P?

systematic errors drop out, ratio sensitive to NME model

3.) test mechanism

TIO/VQ(Al’Zl) . Gx(Q27Z2) |M:C(A27Z2)|2

TV)5(A2, Z2)  Go(Q1, Z1) [Ma(4r, Z1) P

particle physics drops out, ratio of NMEs sensitive to mechanism
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Why should we probe Lepton Number Violation?

L and B accidentally conserved in SM

effective theory: £ = Lonm + % Linv + ﬁ L1.Fv,BNV,LNV + . ..
baryogenesis: B is violated

B, L often connected in GUTs

GUTs have seesaw and Majorana neutrinos

chiral anomalies: 8, J% . = ¢ G, G** #+ 0 with JZ = S G v, ¢; and
n’B L u y 7
Jﬁ =2 i ts)

= Lepton Number Violation as important as Baryon Number Violation

(OvBpB is much more than a neutrino mass experiment)
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Standard Interpretation

Neutrinoless Double Beta Decay is mediated by light and massive
Majorana neutrinos (the ones which oscillate) and all other
mechanisms potentially leading to Ov33 give negligible or no
contribution

141



Non-Standard Interpretations:

There is at least one other mechanism leading to Neutrinoless Double
Beta Decay and its contribution is at least of the same order as the
light neutrino exchange mechanism

d I i ez
< T

142



Schechter-Valle theorem: no matter what process, neutrinos are Majorana:

Blackbox diagram is 4 loop:

G%’ 5} 25
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mechanism physics parameter current limit test

oscillations,
light neutrino exchange ‘Ugi mi‘ 0.5 eV cosmology,
neutrino mass
LFV,

collider

2
S=<.
heavy neutrino exchange — 2 x 108 Gev—1

flavor,

heavy neutrino and RHC 4 x 1016 Ggev—5
collider

flavor,
10_15 Gev—1 collider

e distribution

Higgs triplet and RHC

flavor,

A-mechanism with RHC 27 1.4 x 10— 10 Gev—2 collider,

e~ distribution

flavor,

n-mechanism with RHC 6 x 109 collider,

e~ distribution

72
2111

collider,

short-range R AgUSY
ASUSY = f(mg, mﬁL s maR, mxi)

ﬂavor

. b 7/ /
m= ﬂavor,
by

/ /
Gg 2131 2113
m

b 3
a ASusy

long-range R llid
collider

s

spectrum,

Majorons Kex )| or [(gx)1? |
cosmology
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Lepton Number Violation and Majorana Neutrinos: Neutrinoless
Double Beta Decay

nn — ppe e

has two requirements: v = v AND m, # 0
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Amplitude proportional to coherent sum (“effective mass”):

Mee| = ‘Z U2 mi’ = HU61]2m1 + |Uea|? mao €2 + |U.3]? m3 62"'5‘

= f (9127 M, ‘U63‘7 sgn(Am%), a, 5)

7 out of 9 parameters of m,,!
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The usual plot

hierarchical cancellation quasi—degenerate
(only normal)

' T |
! = = a2,
"u,ffj"{”-"tr T 008 20019
|'

Hl'l.'lllﬂlf.rt-irlli_l:.'

LN

i
M2y

. —\/Am2 + mist,d,
| A2 Hf.J r*ﬂ \ s . ik

Ill' 2.2 = nyf Ams +misiy
_u,lr;"'i'mi'.jl.L-i_.1

0.0001 0.001 0.1
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Crucial points

NH: can be zero!

inh
IH: cannot be zero! |me.|. = \/Am3 %5 cos 2612

min
nor
max

inh
gllin and |mec|

QD

min

gap between |me.|
QD: cannot be zero! |me.| = = mg c?5 cos 2012

QD: cannot distinguish between normal and inverted ordering
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The usual plot

(life-time instead of |mcc|)

Normal Inverted

i1 iExclhided by

A H vl Xd OO0
0.1 0.0001
Miight (ev)

-(llllll

70.00
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lot against other observables

Normal Inverted Normal Inverted

IR

a
>
)
-
A

<m
— ee
o,

N

s (€V) £m (eV)

1

Complementarity of |me.| = UZ m; , mg = \/|U6,L-|2m2 and X =) m;
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CP violation!

Dirac neutrinos!

Something else does 0v 33!
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Neutrino Mass

m(heaviest) 2 /|m2 — m2| ~ 0.05 eV

3 complementary methods to measure neutrino mass:

Method observable now [eV] near [eV] far [eV] pro

con

Kurie /> |Uei]2 m? 2.3 0.2 0.1

theo. clean

model-indep.;

final?;

worst

best:

Cosmo. > om; 0.7 0.3 NH/IH

systemat.;
model-dep.

OvBps | S UZm;] : 0.1 : NH/IH

fundament.:

model-dep.;
theo. dirty
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Which mass ordering with which life-time?

> mg Mee |

NH \/Ami \/Am% + ]U€3’2Ami ‘\/Amé 4 ’Ue3’2 /Amie%(o‘_ﬁ)‘

~ 0.05 eV ~0.01 eV ~ 0.003 &V = T, 2 10%-29 yrs

IH 2 Ami Ami \/Ami \/1 — sin? 2601, sin® «

~ (0.1 eV ~ (.05 eV ~ 0.03 eV = Tf/’/2 2 102627 yrs

QD 3mo mo mo \/1 — sin® 2015 sin® &

20.1eV = Tlo/’/2 2 10%°726 yrs

(for 10%° yrs you need 10%° atoms, which are 10° mols, which are 100 kg)
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From life-time to particle physics: Nuclear Matrix Elements
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From life-time to particle physics: Nuclear Matrix Elements
eT/ \Te

Um . Ud
e o

Nucl== Nuclear Processf==Nucl

SM verte
V;
>

>

2 point-like Fermi vertices; “long-range” neutrino exchange; momentum
exchange ¢ ~ 1/r ~ 0.1 GeV

NME < overlap of decaying nucleons. ..
different approaches (QRPA, NSM, IBM, GCM, pHFB) imply uncertainty
plus uncertainty due to model details

plus convention issues (Cowell, PRC 73; Smolnikov, Grabmayr, PRC 81;
Dueck, W.R., Zuber, PRD 83)
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typical model for NME: set of single particle states with a number of possible
wave function configurations; solve H in a mean background field

QuaS|‘part|C|e Random Phase AppI’OXImathn (QRPA) (many sing|e partic|e states, few

configurations)

N UClear She” MOdel (NSM) (many configurations, few single particle states)

|nteraCtIng BOSOH MOdel (l BM) (many single particle states, few configurations) (many single particle

states, few configurations)

Generat|ng COOFdInate MethOd (GCM) (many single particle states, few configurations)
projected Hartree-Fock-Bogoliubov model (pHFB)

tends to overestimate NMEs

tends to underestimate NMEs
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From life-time to particle physics: Nuclear Matrix Elements
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Faessler, 1104.3700 .R., Zuber, PRD 83 Gomez-Cadenas et al., 1109.5515

to better estimate error range: correlations need to be understood
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Faessler, Fogli et al., PRD 79

ellipse major axis: SRC (blue, red) and g4

ellipse minor axis: g,
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Recent Results

o "5QGe:
— GERDA: T /5 > 2.1 x 10% yrs
— GERDA + IGEX + HDM: T} /5 > 3.0 x 10%° yrs

o 136Xe:

- EXO'2OO T1/2 > 11 X 1025 yI’S (first run with less exposure: T1/2 > 1.6 x 1025 yrs. . .)
— KamLAND-Zen: T} /5 > 2.6 x 10°° yrs

Xe-limit is stronger than Ge-limit when:

GGe
TXe > TGe &
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Xe vs. Ge: Limits on |m.,|

NME "6 Ge 136xe

GERDA comb KLZ comb

EDF(U) 0.32 0.27 | 0.13
ISM(U) 0.52 | 0.44 | 0.24
IBM-2 0.27 0.23 | 0.16
pnQRPA(U) 0.28 0.24 | 0.17
SRQRPA-B 0.25 0.21 | 0.15
SRQRPA-A 0.31 0.26 | 0.23
QRPA-A 0.28 0.24 | 0.25

SkM-HFB-QRPA 0.29 0.24 0.28

Bhupal Dev, Goswami, Mitra, W.R., PRD 88
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Might not be massive neutrinos. . .

Note: standard amplitude for light Majorana neutrino exchange:

) GeV™° ~ 2.7 TeV >

if new heavy particles are exchanged:

c
E

= for Ov535 holds:
1 eV =1TeV

An

= Phenomenology in colliders, LFV
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Left-right symmetry

dp UR

Senjanovic, Keung, 1983; Tello et al.; Goswami et al.
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Normal

Bhupal Dev, Goswami, Mitra, W.R., Phys. Rev. D88
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Topics not covered

Future Neutrino Experiments
Flavor Symmetries
Leptogenesis

Neutrinos and Dark Matter
Neutrinos in Cosmology
Neutrinos in Astrophysics
Neutrinos in Cosmic Rays

Sterile Neutrinos
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Summary

Neutrinos haye 4 1,

&

isht Lurturel

wiwe, hatamaal, oom
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