Neutrinos——The Basics & Hot Topics
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* A brief history of neutrinos
* Basic neutrino interactions
* Dirac and Majorana masses
* Flavor mixing & CP violation
* Oscillation phenomenology
* Neutrinoless double-f§ decay
* Typical seesaw mechanisms
* Two types of cosmic neutrinos

* Matter-antimatter asymmetry
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Neutrinos: s0000000 special? 1

Properties:
charge =0
spin = /2
mass =0
speed = c

fIavors Left-handed
ﬂ E Human Body
.. g ®, = 340 x 10%v/day




Neutrinos

Neutrinos: s
witness and participant
in the evolution of

the Universe
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Atoms

neutrino decoupling
t=1second

Neutrinos

4.6% Dark Energy 10% Dark Matter
72% 63%

Dark Matter
23%

Photons
15%

-

Atoms
12%

Today photon decoupling
t = 13.7 billion years t = 380 000 years



Lecture Al

% Neutrinos from new physics
% Interactions and discoveries

% Three families of the leptons



Beta decays in 1930 4
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Two ways out? 5

mmmm) + giving up sth
» adding in sth ¢

Three-Body Final State

Helium-3 (1, 2)
Niels Bohr . Wolfgang Pauli
Tritium (2, 1) (1930)
? Electron and
neutrino share
. > the available
A& TS\ enerygy.
O O
Electron Antineutrino

(N, 2)— (N—=1,Z+ 1)+ e +V .
Pauli put forward this idea in a letter instead of a paper.....



Solvay 1933 6

Pauli participated + sold his neutrino idea in this congress

INSTITUT INTERNATIONAL DE Puvuou: 22 — 29 Octobre 1933
—

FermiD" ' “:: Pauli Lawrence ,e
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Leitner
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Fermi’s theory

Enrico Fermi assumed a new force for 1 will be remembered

B decay by combining 3 new concepts:
% Pauli’s idea: neutrinos
% Dirac’s idea: creation of particles

% Heisenberg’s idea: isospin symmetry

/

for this paper.

------ Fermi in Italian
Alps, Christmas 1933

Basic Current-Current Interaction

Lepton current
(electron/neutrino)

N

Nucleon current
P (neutron/proton) n

Initial
state

n=>p+te +V

<I




Fermi’s paper 8

E. Fermi's publications on the Weak Interaction

]E @%lﬁative Theory of Beta Rays”
E4tEr submilited 16 hature (1503) 31 Dec, 1933

ANNOIV-YOL <N 2 QUINDICNALE 3i DICEMBRE 1089 . X1t

This is Fermi's best LA RICERCA SCIENTIFICA

theoretical work! ED 1L PROGAESSO TECNICO NELL' ECONOMIA NAZIONALE
---- C.N. Yang

Tentativo di una teonie dell emissione
dei raggi “beta”

Note dol geof. ENRICO FERMI

Rinstonts: Teorin della emimsione dei raggi P delie sostanie radicamive, foodata '

Pipoten the gli elertroni emess: dai ouciei mom esistane peima dells disintegrazions

ma vengine iormat, ivsieme 3d un vewiring, in modo asalogo ala formations di

wquanio di juce che accompagra un Wl quantco di tm atomo Confroste dells
woria coa lesperienza

Published first in this journal and later in Z. Phys. in 1934



Weak interactions 9

From Fermi’s current-current interaction to weak
charged-current gauge interactions (exercise: g).
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Weak interactions

10

Electron-neutrino scattering

Neutron  decay / inverse [} decay

Electron e~ v Electron d d
neutrino Neutron [ [— [y ) Proton
d u
R \\
yw N _
| \-\W
N e~ Electron
n—-p+e +v, <
Electron Ve e~ Electron ;/e Electron
neutrino antineutrino
Electron e~ e~ Electron q 3
Proton [ ;— L 4 ) Neutron
u d
7 |
> + J
I Vet p—o>nte Y wt *
|
Electron v, v, Electron Electron Ve e Positron
neutrino neutrino antineutrino

Exercise: draw an electron-antineutrino scattering Feynman diagram.




Why the sun shines? 11

Only the neutrinos
could be observed.

W
»@-I— —  energy — —|—26+ —I—
e

4p — “He + 2e™ + 2v, + 26.73 MeV

99
99

Hans Bethe (1939), George Gamow & Mario Schoenberg (1940, 1941)

N
1 %He light/photon

Raymond Davis: born in
1914, discovery in 1968
and Nobel Prize in 2002

Observed the solar neutrino
and its anomaly in 1968




Neutrinos in 1956 12

F. Reines and C. Cowan detected reactor antineutrinos via
Incident 7 p N e—l— n

antineutrino e

* / Gamma rays

Gamma rays

Neutron capture

Exercise: 5.t
two flashes

gﬂgmﬁgzg separated
RIS IANRE ?
Inverse
heta by some us
Positron decay Us = 10_68
annihilation

Liquid scintillator
and cadmium



Positive result? 13

Reines and Cowan'’s telegram to Pauli on 14/06/1956:

We're happy to inform you that we’ve definitely detected
neutrinos from fission fragments by observing inverse
decay of protons. Observed cross section agrees well with
expected 6x10*cm®  (Pauli didn't reply, a case of champagne)

Such a theoretical value was based on a parity-conserving
formulation of the p decay with 4 independent degrees of
freedom for V’'s.

>
| FE ;
U(?e])) = U(I/en) ~01x10"* (1\16&) cm?

This value is at least doubled after the discovery of parity
violation in 1957, leading to the two-component neutrino
theory in 1957 and the V-A weak theory in 1958.



Neutrinos in 1957 14

The neutrino should have no mass: 2-component v theory

* Abdus Salam
received 15/11/1956,
Nuovo Cim. 5 (1957) 299

John Ward wrote to Salam:

So many congratulations
and fond hopes for at least
one-third of a Nobel Prize.

Norman Bombey in

“Abdus Salam: How to Win
the Nobel Prize”, Preprint
arXiv:1109.1972 (9/2011).

* Lev Landau
received 9/1/1957,
Nucl. Phys. 3 (1957) 127

* T.D. Lee, C.N. Yang
received 10/1/1957,
Phys. Rev. 105 (1957) 1671

Bruno Pontecorvo challenged
the massless v theory in 1957




Reines’ excuse 15

A new paper on this experiment published in Phys. Rev. in

1960 reported a cross section twice as large as that given
in 1956.

Reines (1979): our initial analysis grossly overestimated
the detection efficiency with the result that the measured
cross section was at first thought to be in good agreement
with [the pre-parity violation] prediction.

{over 39 years}

|

The Nobel Prize finally came to Frederick Reines in 1995!



Pontecorvo’s idea 16

% Theory of the Symmetry of Electrons and POS|trons
Ettore Majorana 3

Nuovo Cim. 14 (1937) 171

Are massive neutrinos and antineutrinos
identical or different — a fundamental
puzzling question in particle physics.

% Mesonium and Anti-mesonium
Bruno Pontecorvo

Zh. Eksp. Teor. Fiz. 33 (1957) 549
Sov. Phys. JETP 6 (1957) 429

If the two-component neutrino theory turned
out to be incorrect and if the conservation law
of neutrino charge didn’t apply, then neutrino
-antineutrino transitions would in principle be
possible to take place in vacuum.




Electron and its neutrino 17

The electron was discovered in 1897, by Jogg-ph Thomson.

The electron’s anti-particle, positron,
was predicted by Paul Dirac in 1928,
and discovered by Carl Anderson in
1932.

A%

In 1956 Clyde Cowan and Frederick
Reines discovered the positron’s
partner, electron antineutrino.




Muon 18

The muon particle, a sister of the electron,
was discovered in 1936 by Carl Anderson
and his first student S. Neddermeyer; and
independently by J. Street et al.

It was not the “pion” particle predicted by
Hideki Yukawa in 1935. And this marked
the first flavor puzzie.

Isidor Rabi famously asked:

WHho ordered that?

Isidor Isaac Rabi



Muon neutrino 19

The muon neutrino, the muon’s neutral counterpart, was
discovered by Leon Lederman, Melvin Schwartz and Jack
Steinberger in 1962.

Neutrino flavor conversion was proposed by
Z. Maki, M. Nakagawa and S. Sakata in 1962.

! ,"

Neutrinos convert
into antineutrinos
first proposed by
Bruno Pontecorvo
in 1957.




Original idea of v-mixing 20

Progress of Theoretical Physics, Vol. 28, No. 5, November 1962

The paper on -neutrino discovery was received by PRL on 15/6/1962
Remarks on the Unified Model-of Elementary Particles

Ziro MAKI, Masami NAKAGAWA and Shoichi SAKATA
Am2L>

E

P(vy — Vo) = 1 — sin® 20 sin? (1 27

(Received June 25, 1962)

A particle mixture theory of neutrino is proposed.assuming the exigtence of two kinds
of neutrinos. Based on the neutrino-mixture theory, a possible unified model of elementary
particles is constructed by generalizing the Sakata-Nagoya model* Our scheme gives a

Y,=Y; COS 0 — Y, sin 0,

y,="Y; sin 0 + v, cos 0.

>  Bruno Pontecorvo formulated |
neutrino oscillation in 1968.




The 3" family? 21

Antonino Zichichi: hunting
for heavy leptons in 1960’s

IN HONOUR OF A. ZICHICHI ON THE XXX ANNIVERSARY OF THE
PROPOSAL TO SEARCH FOR THE THIRD LEPTON AT ADONE

C.S. Wu, T.D. Lee, N. Cabibbo,
V.F. Weisskopf, S.C.C. Ting, C. Villi,
M. Conversi, A. Petermann,
B.H. Wiik and G. Wolf

Edited by
0. Barnabei, L. Maiani, R.A. Ricci and F. Roversi Monaco
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Tau and its neutrino 22

The tau particle was discovered by Martin Perl in 1975 via:

et +e” —>e* + 1" +undetected particles

V,
T /
e,

L
W "<
v,

In 2000, the tau neutrino was finally
discovered at the Fermilab.

The lepton family is complete!



Lecture A2

% The standard model
% Lepton number and flavors

% Examples of neutrino interactions



SM particle content 24

FERMIONS leptons

Matter
building
block
particles

photon

Higgs boson

BOSONS

Force
carrying
weak bosons particles

elephant




Electroweak Lagrangian 25

The standard electroweak model’s
Lagrangian can be written as

]- Sheldon Lee Abdus Salam Steven Welnberg

_Z (quVW:;V _|_ B)U’VBMV) . Glashow Prize share: 1/3 Prize share: 1/3

Prize share: 1/3

La
Ly = (D'H) (D, H) — p>H'H — X\ (H'H)’

Lo = QriBQ, + T ilbt, + Uid Uy + Dridl Dy, + Bnid Ey |
Ly =—-Q Y, HUg — Q. Y4HDy — ¢, Y,HER + h.c.,

After electroweak symmetry breaking, we are left with weak neutral-
and charged-current neutrino interactions:

_ﬁcczg\/_z P =) v W, —l—h.c.]

Massive neutrinos
—Lye = 4COS 0. Z 7o Y (L =5)val 2, obey t_he same NC
& or CC interactions




Lepton (flavor) number 26

Muon u™— v Neutrino
N - —>— -
N
N

N
Example 1 N

~ nt o —— ut vy,

\‘< e Electron
v, Electron antineutrino Example 2

Edward Witten (opening talk at Neutrino 2000) —"Using the fields of
the SM, it is impossible at the classical level to violate the baryon and
lepton number symmetries by renormalizable interactions.”

e |v. e | v || v, A A A
L |\|+1|+1{—1|(—1||+1|+1|—1|—1||+1|+1[—1|—1
L ||+1|+1|=1|=1{lofo|lo|offolo|lO]|O
L,)JO0]10]0O0|[O||+1|+1{—1(=1|J]O0[0O0]0]O0

Lllolololollolo]o|o||+1]+1|=1]=1

E. Witten
In the SM: both the lepton number and flavor numbers are conserved.




Some processes 27

Neutrino Source L Neutrino Detector )ﬁ
/ ALLOWED /
w_ .,/ e T <
..-? —

' Yu : Vi :
w Time A W+
I

Inverse muon decay

-
v o+ N— !.,L+ + X
1L
Lepton
number —1 + 0 = -1 + 0
Pion decay c
T — 1+ Yy Forbidden by [ v, T N7 p~ + X X(n+1, p-1)
Lepton total-lepton-number - Lepton N(n, p)
number 0 = 41 —1 conservation _number =1 + 0 # +1 + 0
N N Neutrino v
uwt—et + vy Muon p~ —> o > —e >— Electron e~
N 7/
—.\\ /1 -
ut—et +e” +et w- \_ W

wo + N, p) - e + Nn, p)

w- + Nn,p)—=et +Nn+2,p—2)
Gamma Y

+ e
pt—>et Ty, +v

- Exercise: {§i88MIERRFE/ BRFHEIA?




CC + NC 28

Ve Ve Ve 1,1 Ve, 1,1

cC NC ’

Something wrong?
Electron antineutrino?
e e e, q e, q

from A. Strumia + F. Vissani, hep-ph/0606054

Matter effects: Forward scattering of neutrinos interferes with free
neutrino propagation, leading to refraction. Scattering of neutrinos on
electrons and quarks mediated by the Z boson is the same for all the 3
flavors, and that is why it does not affect flavor conversions between
the active neutrinos. While scattering of the electron (anti)neutrinos

and the electrons mediated by the W boson can change the behaviors
of flavor oscillation of massive neutrinos.



Neutrino-electron scattering 2o

Neutrinos in Particle

Physics, Astronomy
and Cosmology

L ‘\. - o -
:‘,\ as g % A
=3 b7\
" RN
oA
; pe i E
§ ST AU
Roag s \
e =
il
4 ) Sl

* &‘;Ik"—?tﬁ}‘&ﬁ @ Springer

1
Cl = —5+ sin? 6 ~ —0.262

o) "3 (14)) + (Ch) Ch = sin® 0, ~ 0.258




(bCC“ = 1767005 (stat.) ") g (syst.) x 109 em~=2 7!
The SNO reSUIt @Eb — 92 39—|—8 g%( tat) 0 1 (syst ) y 106 Cmiz 5*1

One = 5.0970 4 (stat.) 7000 (syst.) x 106 em™2 57!
Tm 85 SNO SNO | ¢(v.) = 176755 (stat. )+8'88 (syst.) x 109 cm =2 s~1
rﬂ: 7:_ q)ES ¢CC (,b(Vp,T) = 3. 41+8 ié( tat) 04" (Syst ) X 106 Cm—Q S—1
= - | .
o -
e OF-. bcc = o)
- 5 ¢eEs = ¢(Ve) +0.15590(v,7)
6::1 SNO one = ¢Ve) +O(Vyur) .
A Nucllex/0610020
3F '
23— J. Bahcall
15
0_ I B
0

Solar electron neutrinos convert to
muon or tau neutrinos!



Neutrino-nucleon scattering 3:

The inverse 3 decay:

Proton Neutron

cCQ
QCQ

2

I
v+ p—o>n+tet {W+
I

_/\

Electron Ve e Positron
antineutrino

2
Cross section _ N u( E, ,
of scattering: o(v.p) =o(v,n)~9.1x10 (Me\/) cm

Historically, the existence of weak neutral currents was first established in the
Gargamelle bubble chamber at CERN in 197331 This experiment, which observed
the highly expected events of v, + N — v, 4+ hadrons and 7, + N — 7, + hadrons,
crowned the long-range neutrino program initiated by CERN at that time and
brought CERN a leading role in the field of high energy physics. It also provided an
unprecedentedly strong support to the standard electroweak model formulated by
Sheldon Glashow, Steven Weinberg and Abdus Salam in the 1960s22 These three




Detection of CvB

* CvB-induced mechanical effects on Cavendish-type torsion balance;

32

* Capture of relic v's on radioactive 3-decaying nuclei (Weinberg 62);

* Z-resonance annihilation of UHE cosmic v’s and relic v's (Weiler 82).

Temperature today
4 1/3

T, = (—) T ~1.945 K
11 ¥

Mean momentum today
(p,) ~ 3.151T,
~ 5.281 x 107* eV

At least 2 v's cold today
Non-relativistic v's!

(Irvine & Humphreys, 83)

no energy threshold on incident v’s
mono-energetic outgoing electrons

Relic neutrino capture on

-decaying nuclei

N—o>N+e +7,

vV,+N — N'+e~

\
2 \  beta-decay ﬂ
o \ background o
- \ > Rl
@ | N neutrino
s | ‘ ‘ capture _
o \ , signal
o \ 3
-g \
5 \ m,=0
\
m,, # 0 \ for either
\ | ‘ active or
‘ m, \u m, 73 sterilev's

kineticenergy of electrons




arxXiv:1305.7513v1

Cross-Section (mb)

- -
o=}
A 2

e
Q
~

i d
e =
- -i
w o

d

Q
—
(=]

A

=
-
[2e]

10—22
10-25 |
10-28

10"

J.A. Formaggic and G.P. Zeller: a review.

A brief summary

33

1 barn = 10728 m?

Accelerator

Atmospheric
SuperNova

Galactic

Extra-Galactic

10* 10? 1 10° 10 10° 10° 10" 10"

10" 10" 10"

Neutrino Energy (eV)



Exercise: Glashow resonance 34

v,+e — W™ — anything  Unique for electron anti-v’s!

(S.L. Glashow 60) £, =~ My, /(2m,) ~ 6.3 PeV

E | 3

107 & =

_ | o(7.N) 3

10-33 z_ A\ _z

WE - §_ O,Qg) y fk‘i — %

An interesting = 10 3 & - E
discriminator °© £ E
between py & 107" & .
pp collisions C 3
at an optically 1079 £ Gandhi et al 96 3

thin source of =

- | | I.IJ 11 L iii 11 1 1111 | R |
cosmic rays.
(AnChordZaui 10° 10 10° 10° 10'° 10"

et al 05, Hummer et al 10) E [GeV]




Lecture A3

% The Dirac mass term
% The Majorana mass term

% Electromagnetic properties



What is mass? 36

MaSS is the inertial energy of a particle existing at rest.

« A massless particle has no way to exist at rest. It must

always move at the speed of light.
« A massive fermion (lepton or quark) must exist in both

the left- and right-handed states.

The Brout-Englert-Higgs mechanism yee
Is responsible for the originof W /Z u
and fermion masses in the SM. ~

L, = L(F,G)+L(f,H)+L(G,H)+L(G)-V(H)

Higgs
50

All the bosons were discovered in
Europe, and most of the fermions
were discovered in America.




Masses of force particles 37

force strength range mediator mass
strong 1 107®m gluon/z  ~10°MeV
EM 1/137 oo photon =

weak 107 107®m w/z/H  ~10°GeV
gravitation 6x10™° o graviton =0

Yukawa relation for the
mediator’'s mass M and
the force’s range R:

#1558 (Hideki Yukawa): His first paper in
1935 made him get the Nobel Prize in 1949.




Masses of matter particles 38

leptons

fm\

>,

gluon

\ i

nhoton

Higgs boson

H

A
wiz

weak bosons

quarks

N

Dirac mass:
introducing the right-
handed neutrino field
and allowing Yukawa
interactions

Majorana mass:
Using the left-handed
neutrino field and its
charge-conjugate one



Some notations

Define the left- and right-handed neutrino fields:

VeL
U, = | VL Ny
I/TL

Extend the SM’s
particle content

NlR
NQR
NBR

39
Uy, = 1_275¢
Yr = 12%¢

The charge-conjugate counterparts are defined below and
transform as right- and left-handed fields, respectively:

(VL)C = CZ/_LT )

- —
(Ng)” =CNy

(VL)C

(VL)TC :

(fﬁa)C::(PVRYTC

(v,)°

= (¥°)g and (Ny)" =

(N¢); hold

Properties of the charge-conjugation matrix:

C,}/Z,jc_l — _f)/p, ?

C,.ngc—l — 75 ’

cl=cl=c! =

They are from the requirement that the charge-conjugated field must
satisfy the same Dirac equation (C = i7*7" in the Dirac representation)




Dirac mass term 40

A Dirac neutrino is described by a
4-component spinor:

v = v; + Ny

Step 1: the gauge-invariant Dirac mass term and SSB:

_‘CDirac — EYVFINR ‘|_ h.C. - ﬁDlI‘aC — ZMDNR ‘|_ hC

Step 2: basis transformation: Mp =Y, (H) with (H) =~ 174 GeV

VTMDU — ]\71/ — Diag{mlv may, m?)} _[’Dlrac V_ijﬁleé{ + h.c.
Mass states link to flavorstates: |, , .. ("
vV =vp + Np = |1,
v = Viy, and Nt = UT Ny Uy
) 3
Step 3: physical mass term and L = UMY =S m,
kinetic term: i—1




Dirac neutrino mixing

Weak charged-current interactions of leptons:

41

v

e Vl

Vr

Vs

) - g _
L.= E(e ) Y (uﬂ) W, +hellL, = E(e ) YV (VQ) W, +hc.
L L

In the flavor basis

One may take mass states = flavor states for the charged
leptons. So V is just the PMNS matrix of neutrino mixing.

Both the mass and CC terms are invariant with respect to
a global phase transformation, and thus lepton number is
conserved. However, lepton flavors are violated.

. 6_ Ve e l’L_ I/,Ua l’L+ 4 T_

[(x) — e@l(;c) N | S FI[+1]—1 1
/ i/ X |[Lc|[+1]+1 0100 0
VL(:E) — e' yL(x) X IZ.llo|o0 +1|+1|-1 0
Ni(z) — e Ng(z)] X z.) o] o 0o|o]o]o]+1




Majorana mass term (1) 42

A Majorana mass term can be obtained by introducing the
Higgs triplet into the SM, writing out the gauge-invariant
Yukawa interactions and Higgs potentials, integrating out
heavy degrees of freedom (type-II seesaw mechanism):

1__
LM&JOI‘&H& — §VLML(VL)C + h.c.

The Majorana mass matrix must
be a symmetric matrix. It can be
diagonalized by a unitary matrix

T

v My (vy)" = [ My (vp)”

= 7, C' Mot = MY (v;)"

Diagonalization:

1—A

o {\/[ajorana — QVLM ( i)c + h.c.

Physical mass term:

VIM, V* = M, = Diag{m,, m,, m,}

v

—-T

v = Viyp and (14)¢ = Cvj

2

3
1_//\ , 1 .
£Ma,Jorana, — 7V MI/V — 5 E :miyiyi
=1

3!
V= + () = [ v
Vs

Majorana condition ()¢ = v




Majorana mass term (2) 43

Kinetic term (you may prove (wL>07ua“(wL>c

= w_]_ﬂ/,u aqu )

i , ;\!_L . ..
‘C'kinetic — Z'ULA/;LO VL = ZVL !p,

oMy,

Oy I _

/p,

=~ DM
5 E ka\,ﬂd V).
k=1

Question: why is there a factor 1/2 in the Majorana mass term?
Answer: it allows us to get the correct Dirac equation of motion.

A proof: write out the Lagrangian of free massive Majorana neutrinos

1 _ o~
- 5 (iyf,}f”auyf _ U,A{uy,) -

_1 |

£ — ZVL /,LL()H”L — §WA[L(VL)C —l— h.
. _1_//\ I \e

— 'ZVL /H() §ULAIJJ(VL) + h.

C.

C.

1 .
~3 (-i@”’y’qfﬂv’ + v/ M,V )

Euler-Lagrange |y 0L,

oL,

equation: 0 (0rv')

v’

O-.

iy, 0"V — M, =0

—— —
17,0 v, —myp, =0




Majorana neutrino mixing 44

Weak charged-current interactions of leptons:

vV, Y1

9 - g _
L. = \_/5(6 pnt) Y (I/‘u) W, +he||L.= E(e pr) AV (VQ) W, +hec.
L L

v, Vs

In the flavor basis _

The PMNS matrix V contains 2 extra CP-violating phases.

Mass and CC terms are not simultaneously invariant under
a global phase transformation --- Lepton number violation

[(z) — e"l(x)

— —

—L = —v{ M, (1) + h.c.

Majorana 9

—

v (z) = vy (x)

i —id 1

/\c ' —219P
v — e "y and (v )" — e




Schechter-Valle theorem 45

THEOREM (1982): if a Ov3p decay happens, there must be
an effective Majorana mass term.

d ( Ve
~ d ” \W-I_ N
> > 2
8_ \
/8 B Ov >
black box > e~ 7
> > 57
d U, b A
/W—|-
—1 ( De
d Bruno Pontecorvo’s Prediction

[6mee| < 7 x 10~2° ¢V (Duerr, Lindner, Merle, 2011; Liu, Zhang, Zhou, 2016)

Note: The black box can in principle have many different
processes (new physics). Only in the simplest case, which
Is most interesting, it’s likely to constrain neutrino masses



YES or NO? 46

QUESTION: are massive neutrinos the Majorana particles?

One might be able to answer YES through a measurement of the 0vf
decay or other LNV processes someday, but how to answer with NO?

YES

or
I don’t know!

The same question: how to distinguish between Dirac and
Majorana neutrinos in a realistic experiment?

Answer 1: The 0v(3p decay is currently the only possibility.

Answer 2: In principle their dipole moments are different.
Answer 3: They show different behavior if nonrelativistic.



Electromagnetic properties 47

Without electric charges, neutrinos have electromagnetic
interactions with the photon via quantum loops.

Given the SM interactions, a massive Dirac neutrino
can only have a tiny magnetic dipole moment:
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A massive Majorana neutrino can not have magnetic
& electric dipole moments, as its antiparticle is itself.

Proof: Dirac neutrino’s electromagnetic vertex can be parametrized as
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Majorana
neutrinos
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Transition dipole moments 43

Both Dirac & Majorana neutrinos can have fransition dipole moments
(of a size comparable with ._v) that may give rise to neutrino decays,
scattering with electrons, interactions with external magnetic field &
contributions to v masses. (Data: < a few x 107-11 Bohr magneton).
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Summary 49

(A) Three reasons for neutrinos to be massless in the SM.
(B) The Dirac mass term and lepton humber conservation.

(C) The Majorana mass term and lepton number violation.
---- the Majorana mass matrix must be symmetric;
---- factor 1/2 in front of the mass term makes sense.

(D) The 0vpp decay can determine the nature of neutrinos.
---= If a signal is seen, neutrinos must be of Majorana;
---= If a signal is not seen, then there is no conclusion.

(E) Electromagnetic dipole moment of massive neutrinos.
---=- Dirac neutrinos have magnetic dipole moments;
---- Majorana neutrinos have no dipole moments;
---- Dirac & Majorana neutrinos: transition moments.

The phenomenology of massive neutrinos will be explored



