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Two-Component Theory of a Massless Neutrino

[L. Landau, Nucl. Phys. 3 (1957) 127], [T.D. Lee, C.N. Yang, Phys. Rev. 105 (1957) 1671], [A. Salam, Nuovo Cim. 5 (1957) 299]

» Dirac Equation:  (iv*9, —m)y =0
» Chiral decomposition of a Fermion Field: ¢ =, + ¢¥p
» Equations for the Chiral components are coupled by mass:
IOy = myr
i’yu@;ﬂbﬁ’ =myy
» They are decoupled for a massless fermion: Weyl Equations (1929)
o =0
iV 0,Yr =0
» A massless fermion can be described by a single chiral field 1, or ¥g
(Weyl Spinor).
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11 and ¥R have only two independent components: in the chiral
representation

0 XR1

_(0 = 0 _ XR)Z XR2
L <XL>_ XL1 VR (0 | 0
XL2 0

The possibility to describe a physical particle with a Weyl spinor was
rejected by Pauli in 1933 because it leads to parity violation (¢, = ¥g)

The discovery of parity violation in 1956-57 invalidated Pauli’s reasoning,
opening the possibility to describe massless particles with Weyl spinor
fields = Two-component Theory of a Massless Neutrino (1957)

V — A Charged-Current Weak Interactions = v/

In the 1960s, the Two-component Theory of a Massless Neutrino was
incorporated in the SM through the assumption of the absence of vg
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Majorana Equation

Can a two-component spinor describe a massive fermion?

Yes! (E. Majorana, 1937)

Trick: g and 1, are not independent:  |[¢Yr = Y] = CET

charge-conjugation matrix: nyMT c 1= —Yu

15 is right-handed: Pryf = 9§ Piyp =0

VO = mipgp  — | in" O = myf

Majorana Field: ¢ =, + g = by + 9§

Majorana Equation

Majorana Condition
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1 = 1) implies the equality of particle and antiparticle
Only neutral fermions can be Majorana particles

For a Majorana field, the electromagnetic current vanishes identically:

Py = eyt = —TCIyCy T = ey Tehp = iy =0

Xi2

. I-O.2X* _X*

Only two independent components: 1 = L) = L1
XL XL1

XL2
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Majorana Lagrangian

Dirac Lagrangian
LP = w(ig—m)v

= DLiQu +TVRiIJur — m (VRvL + VL VR)
VR — VEZCI/_LT
1 m
E'XD — V_Li(?VL_E(_VLTCTVL+V_LCV_LT)

Majorana Lagrangian

M= vLidu — g (—Z/LTCTVL —I—Z/_LCZ/_LT)

. m —
=vLiduv — > (I/EVL +V_L1/f)
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Lepton Number
(> — 1>

v = L=+1 vi = L=-1

M= =2 (Vv + L)

Total Lepton Number is not conserved: AL =42

Best process to find violation of Total Lepton Number:

Neutrinoless Double-5 Decay

N(AZ) - N(A Z+2)+2e +28  (BBy,)
N(AZ) 5 N(AZ-2)+2et +2:c  (BB)
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No Majorana Neutrino Mass in the SM

» Majorana Mass Term o [V,_T dl v — I/_LCV_/_T} involves only the neutrino
left-handed chiral field v;, which is present in the SM

» Eigenvalues of the weak isospin /, of its third component /3, of the
hypercharge Y and of the charge Q of the lepton and Higgs multiplets:

Il K |Y|Q=h+T
14 1/2 0
lepton doublet L, = 1/2 -1
l -1/2 -1
lepton singlet lr 0 0 |—-2 -1
X 1/2 1
Higgs doublet ®(x) = 0+ 1/2 24
¢o(x) —1/2 0
> I/LTCT vy has 3 =1and Y = —2 = needed Y = 2 Higgs triplet
(I=1hLkL=-1)
» Compare with Dirac Mass Term o Tgy, with 5 =1/2 and Y = —1

balanced by ¢9 — v with 5 = —1/2 and Y = +1
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Confusing Majorana Antineutrino Terminology

A Majorana neutrino is the same as a Majorana antineutrino

Neutrino interactions are described by the CC and NC Lagrangians
cC _ g ([— 7 +
L = 3 <VL YL W, + Lyt v WM)

g _
N = = gty Z
v 2 cos Yw LT VL4
. destroys left-handed neutrinos
Dirac: v . . .
creates right-handed antineutrinos

destroys left-handed neutrinos

Majorana: v . .
) L { creates right-handed neutrinos

Common implicit definitions:

left-handed Majorana neutrino = neutrino
right-handed Majorana neutrino = antineutrino
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Mixing of Three Majorana Neutrinos

1
, M= "yTcT MLy +He
Vel 2
- V/LE VLL 1 IT At pgl 1
v, =5 Z Vot C' Mg + Hee.

a?ﬁ:eHLL?T

» In general, the matrix M’ is a complex symmetric matrix

ZV ct MLﬁyﬁL_Z( Tt MLﬁyﬁL)T

a

= ZyﬁL Mg (CHT vl = vhrCtMEs vl

o,f
= Zl/ ct Mﬁal/ﬁl_

L L_ LT
Mys = Mﬁa — M-=M
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Diagonalization of Majorana Mass Matrix

1
M = 51/,’_7—(3T M:v) 4+ H.c.
1

v =Vn — M= EV’LT(V[)TCT MY VY v) 4+ H.ec.

VOTMEVE =M, Mg=mby  (kj=1,23)
V1L

Neutrino fields with definite mass: n, = V}/Tv] = | v,
V3L

13
M T S———
g = 5 ; my (UkL CT Vil — VkLC UkL)
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Mixing Matrix

Leptonic Weak Charged Current:

Jmo =207 Ung  with  U=VTV

As in the Dirac case, we define the left-handed flavor neutrino fields as

; Vel
VL:UnL: VLTV/L: i
VrL

In this way, as in the Dirac case, the Leptonic Weak Charged Current
has the SM form

ijT,LZQEVPVLZQ > Loty var

a=e,u,T

Important difference with respect to Dirac case:
Two additional CP-violating phases: Majorana phases
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. 1 . .
» Majorana Mass Term M = 5 Z my Z/kTL CT v + H.c. is not invariant
k=1
under the global U(1) gauge transformations

VgL — e"p" VL (k = 1,2,3)

> For eliminating some of the 6 phases of the unitary mixing matrix we
can use only the global phase transformations (3 arbitrary phases)

Oy — e, (a=e,pu,T)
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» Weak Charged Current: _/W L =2 Z ZEO‘L AP Upk ViL
a= evﬂﬂ'k 1

» Performing the transformation E — e (,, we obtain

-/WL_2 Z Zf L€ ~ia pU ok VKL

a=e,lu,T k= 1

F=2eln Y 3 T e e U

1 a= e?l'L?T k 1

> We can eliminate 3 phases of the mixing matrix: one overall phase and
two phases which can be factorized on the left.

» In the Dirac case we could eliminate also two phases which can be
factorized on the right.
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» In the Majorana case there are two additional physical Majorana phases
which can be factorized on the right of the mixing matrixd:

1 0 0
pV=[0 ™ o
0 0 e

» UP is a Dirac mixing matrix, with one Dirac phase

» Standard parameterization:

c12€13 512C13 si3e~ 013 1 0 0
_ is is i
U=| —sipc3—crasms13e13  cracoz—siospzsize’®13 $23€13 0 €2 0
S12503—C12C23513€7913  —c1o5p3—512Co3513€7013 ©3C13 0 0 e'?3
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One-Generation Dirac-Majorana Mass Term

If vg exists, the most general mass term is the

Dirac-Majorana Mass Term
PO = gDy ol g PR

4P = —mpUry, +He Dirac Mass Term

1
ot = EmLVZ-CTI/L—FH.c.

v; Majorana Mass Term forbidden by SM Symmetries

1
PR = EmRI/;—CTVR—I—H.C.
New vr Majorana Mass Term allowed by SM Symmetries!
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Seesaw Mechanism

1 — 0 m v
D+M _ c D L
L =73 (I/L Z/R) ( ) <I/C> + H.c.

mg can be arbitrarily large (not protected by SM symmetries)

mpg ~ scale of new physics beyond Standard Model = mg > mp

2
. o 0 m m
diagonalization of D — my~ L2 mp ~ mg
mp Mg mpg

natural explanation of smallness
@ of light neutrino masses
massive neutrinos are Majoranal

@ /\ vp~ —i(vp —vf) Vph ~ VR + VR
seesaw mechanism

3-GEN = effective low-energy 3-v mixing

[Minkowski, PLB 67 (1977) 42]
[Yanagida (1979); Gell-Mann, Ramond, Slansky (1979); Mohapatra, Senjanovic, PRL 44 (1980) 912]
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Effective Majorana Mass from New Physics BSM

Dimensional analysis: ~ Fermion Field ~ [E]*/? Boson Field ~ [E]
Dimensionless action: | = /d4x$(x) — Z(x) ~ [E]*

Kinetic terms:  idy ~ [E]", (8uqb)Jr Mo ~ [E]*

Mass terms:  mdyp ~ [E]*,  m? ¢l¢ ~ [E]*

CC weak interaction: gy, W, ~ [E]*

Yukawa couplings:  y L, &l ~ [E]*

Product of fields &y with energy dimension d = dim-d operator
Loy = Conla = Coy~[EI7°

O4~4 are not renormalizable
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SM Lagrangian includes all 0y<4 invariant under SU(2); x U(1)y
SM cannot be considered as the final theory of everything
SM is an effective low-energy theory

It is likely that SM is the low-energy product of the symmetry breaking
of a high-energy unified theory

It is plausible that at low-energy there are effective non-renormalizable

ﬁd>4 [S. Weinberg, Phys. Rev. Lett. 43 (1979) 1566]

All 04 must respect SU(2), x U(1)y, because they are generated by the
high-energy theory which must include the gauge symmetries of the SM
in order to be effectively reduced to the SM at low energies
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O g4 is suppressed by a coefficient M*~9, where M is a heavy mass
characteristic of the symmetry breaking scale of the high-energy unified
theory:

85 86
L = % == 0O = 0,
VRGN VERC

: cc _ _
Analogy with Ze(ff ) Gr (Very”er) (ervpveL) + - -
86 GF &

= —
M2 2 8md,

2

O — (Terv"er) (€LvpveL) + - -
M*=9 is a strong suppression factor which limits the observability of the
low-energy effects of the new physics beyond the SM

The difficulty to observe the effects of the effective low-energy
non-renormalizable operators increase rapidly with their dimensionality

Os = Majorana neutrino masses (Lepton number violation)

U¢ = Baryon number violation (proton decay)
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» Only one dim-5 operator:
Os = (L] 02®)CT(¢T 05 L)) +H.c.
1
=5 (L] CT oG L)) (®T 0265 ®) +Hec

L = 2M (L] CTopGLy)-(®T 007 )+ Hec

» Electroweak Symmetry Breaking: & = <(§;> SEZ:%%:Z} (V/(i/§>

2
Symmetry M 1 gsv T ot g5V
> L ———— L = = v C'vp+He — |m=
> Breaking mass 2 M L L M

C. Giunti — Neutrino Theory and Phenomenology — NBIA PhD School — 23-27 June 2014 — 21



» The study of Majorana neutrino masses provides the most accessible
low-energy window on new physics beyond the SM

> mx v x M natural explanation of smallness of neutrino masses

(special case: Seesaw Mechanism)

» Example: mp ~ v ~ 10?>GeV and M ~ 10*® GeV = m ~ 107?eV
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Seesaw Mechanism from Effective Lagrangian

» Dirac—Majorana neutrino mass term with m; = O:
LPM — _mp (TR + 7L vR) + % mgr (V;-CT VR + V,T?C VE)
» Above the electroweak symmetry-breaking scale:
LOTM — (W&DT Ly +L_L$I/R) + % mg (V;-CT VR + VLCV,’Q)

» If mp > v = vg is static = kinetic term in equation of motion can

be neglected:
8$D+M L
0 =5 — =mgug C' =y L, @

(YV)z T t T
(LL O‘2¢)C ((D O‘2LL)—|—H.C.

D+M D+M
OV, DM
mpr

N —
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L = %(L[U2¢)CT (T o5 L)+ Hee
1 v\2
LM~ -3 ()r/m;): (L] oo ®)CT (®T 0n L)) +Hec
v\2
g:_(yz) M= mp

» Seesaw mechanism is a particular case of the effective Lagrangian

approach.

» Seesaw mechanism is obtained when dimension-five operator is
generated only by the presence of vg with mg ~ M.

> In general, other terms can contribute to .%5.
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Generalized Seesaw

» General effective Dirac-Majorana mass matrix:
mg m
mp  mgr

» m; generated by dim-5 operator:

mp < mp < mpg

> Eigenvalues:

‘mL_M mp ':0
mp mgr — f

ﬁ—(ﬁ(—ka)u—i—mLmR—m%:O

,u:%[mR:l:\/mf?—4(mLmR—m2D)}
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LT
'u:§ mRi\/m,%—ll(m/_mR—mD)
1 I _ om2 1/2
— 2 | mg + mg (1—4'”“”"’2 mD>
2 mpg
1 —
25 mR:I:mR (1—2mLmR2 mD>:|

+ = Mheavy =~ MR
2

mp
- 7 Might =M — —
mg
2 2
m m
Type | seesaw: m; < L — Miight = —
m% m
mp
Type Il seesaw:  m; > — =  mMjigpe ~ my
mgr
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Right-Handed Neutrino Mass Term

Majorana mass term for v respects the SU(2), x U(1)y Standard Model
Symmetry!

M_ 1 e —=,,C
LY =—5m(vivR +TRVR)
Majorana mass term for vg breaks Lepton number conservation!

» Lepton number can be explicitly broken

» Lepton number is spontaneously broken
locally, with a massive vector boson coupled

Three possibilities: to the lepton number current

» Lepton number is spontaneously broken
globally and a massless Goldstone boson
appears in the theory (Majoron)
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Singlet Majoron Model

[Chikashige, Mohapatra, Peccei, Phys. Lett. B98 (1981) 265, Phys. Rev. Lett. 45 (1980) 1926]

Lo=—yq (LLPvr+TROTLL) m —mp (VLvr + TR VL)
Ly=—ys (nvgve + 0 TRVE) m —3mr (VR VR + TR VR)
_ . 1,
n=2 1/2(<77>+p+IX) ﬁmass:_E(VfV_R)(n?D ﬂg) (Zé)-i—H.C.
mg >  mp

m2
— Seesaw: | my ~ 2
scale of L violation EW scale

p = massive scalar, x = Majoron (massless pseudoscalar Goldstone boson)
The Majoron is weakly coupled to the light neutrino

L=

2
=5, _MD 5 =5 Mp\ 5
Nl AR (TrYve + 7y vn) + <mR) gy Vé]
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Three-Generation Mixing

D+M __ D L R
gmass - gmass + gmass + gmass

s=1 a=e,u,7

1

L _ /T L
fmass = 5 Z VoL CT Maﬁ V,BL + H.c.
017/3267/177'
1 &
R _ 1T R ./
fmass = 5 Z VSR CT MSS’ VS/R + H.C.
s,s'=1
1C
v V,;L "R
5 L /o ! 1C .
L= (V/c> V=Y Vr = :
R i 1C
TL UNgR
1 MLt mPT
D+M __ 1T D+M pny/ D+M __
Lmass = 5 NI CtMPMN| + He.  MP*M = WD R
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Diagonalization of the Dirac-Majorana Mass Term = massive
Majorana neutrinos

Seesaw Mechanism = right-handed neutrinos have large Majorana
masses and are decoupled from the low-energy phenomenology.

If all right-handed neutrinos have large Majorana masses, at low energy
we have an effective mixing of three Majorana neutrinos.

It is possible that not all right-handed neutrinos have large Majorana
masses: some right-handed neutrinos may correspond to low-energy
Majorana particles which belong to new physics beyond the Standard
Model.

Light anti-vg are called sterile neutrinos

VR— Vsl (left-handed)
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Number of Flavor and Massive Neutrinos?

~10° —
f-; T T T T T T _g 2
g 3
B e Za[ ALEPH
5" e'e —hadrons 3 DELPHI
5 L3
OPAL
1031 20+
E ! + average measur ements,
error barsincreased
10 2 g_CEbR 10
T PETRA —— !
r TRISTAN G| C
10 3 L L L ITHDJ 1 L L |EP I |I I 3 0 y L L L L
0 20 40 60 80 100 120 140 160 180 200 220 86 88 %0 E92 G 9\;‘
Centre-of-mass energy (GeV) cm [ € ]

[LEP, Phys. Rept. 427 (2006) 257, arXiv:hep-ex/0509008]

rz= Z rZ—%Z—’_ Z rz—ﬂlfl + Finy N =N Tz
l=e,u,T q?ét

| N, = 2.9840 & 0.0082
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_ invisible —
ete” - Z E Vallg = Ve Vy Vr

a=active

3 light active flavor neutrinos

N
mixin = U U e N=3
= E v o= T .
& ok akPkL  Hh no upper limit!
k=1
Mass Basis: V1 Vo U3 Uy Us
Flavor Basis: Ve Vy Vr Us Vs,

ACTIVE STERILE

N
Vol = E UakaL o =e, U, T,5,5,...
k=1
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Sterile Neutrinos

Sterile means no standard model interactions

Obviously no electromagnetic interactions as normal active neutrinos
Thus sterile means no standard weak interactions

But sterile neutrinos are not absolutely sterile:

» Gravitational Interactions

» New non-standard interactions of the physics beyond the Standard Model
which generates the masses of sterile neutrinos

Active neutrinos (ve, v, vr) can oscillate into sterile neutrinos (vs)

Observables:
» Disappearance of active neutrinos
» Indirect evidence through combined fit of data

Powerful window on new physics beyond the Standard Model
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