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Part I: Theory of Neutrino Masses and Mixing

@ Dirac Neutrino Masses and Mixing

@ Majorana Neutrino Masses and Mixing

@ Sterile Neutrinos

C. Giunti — Neutrino Physics — | — MISP 2019 — Moscow — 20-23 Feb 2019 — 2/66



Fermion Mass Spectrum
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Dirac Neutrino Masses and Mixing

@ Dirac Neutrino Masses and Mixing
e Higgs Mechanism in SM
o SM Extension: Dirac Neutrino Masses
o Three-Generations Dirac Neutrino Masses
e Mixing
o CP Violation: Jarlskog Reparameterization Invariant
o Lepton Numbers Violating Processes
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Dirac Mass
Dirac Equation: (ig — m)v(x) =0 (@ =~"0,)

Dirac Lagrangian: Zp(x) = v(x) (i — m) v(x)

Chiral decomposition: v; = P,v, vr = Pru, v=v+ VR
1-+° 14++°
Left and Right-handed Projectors: P, = 27 , Pr= +2’y

P?=P., Pi=Pgr, P .+Pr=1, PPgr=PrP.=0
L =vLiu + VRiQug — m(V[vr + URVL)

In SM only v, by assumption => no neutrino mass
Note that all the other elementary fermion fields (charged leptons and quarks)
have both left and right-handed components

Oscillation experiments have shown that neutrinos are massive

Simplest and natural extension of the SM: consider also vg
as for all the other elementary fermion fields
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Higgs Mechanism in SM

Higgs Doublet: ®(x) = (?};((;))) 02 = 1o = ¢l 64 + ¢lo
Higgs Lagrangian: Ziggs = (D”d))T(D“d)) — V(|®]?)

Higgs Potential: V/(|®[?) = 12|®|% + \|®|*
2

2
2<0and A >0 = V(o) =21 (|¢\2 - 7)

v = —“72 = (ﬁGF)_1/2 ~ 246 GeV

Ve 2_ 2 _ 1 (0
Vacuum: Vi, for [®]° = 5 — (®) = 7 <v>

Spontaneous Symmetry Breaking: SU(2), x U(1)y — U(1)q
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» Unitary Gauge: ®(x) % <V+(l)4(x)> — P2 = V; +vH + % 2

2

2
> V= (10P = %) = AW2H2 4 AvH3 + 5 HE
my = V2Av2 = /242 ~ 126 GeV

—p2~(89GeV)? A= —£ ~013

C. Giunti — Neutrino Physics — | — MISP 2019 — Moscow — 20-23 Feb 2019 — 7/66



SM Extension: Dirac Neutrino Masses

LL = <ZZ> €R VR

Lepton-Higgs Yukawa Lagrangian

L= —yefL¢ER —y”H&VR + H.c.

Spontaneous Symmetry Breaking

*= 75 () oimet= 5 (")

Z R
=25t 0, )

Y ) ("*(';"(X)) vg + H.c.
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g = Y™ gy YoM
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v = (\szF>_1/2 — 246 GeV

PROBLEM: y” <1071 « y¢~ 107
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Three-Generations Dirac Neutrino Masses

- Vey ro_ VLL = vy
© \=¢ " \e=n " \e=v
leg = €p %R = R RETR

V;R V,QR V;R

Lepton-Higgs Yukawa Lagrangian

gH’L:— Z [Yaﬁ an)g,BR—i_Yﬁ OéLq)VBR +HC

a,f=e,u,T
Spontaneous Symmetry Breaking
v+ H(x)

1 0 -
O(x) = — ® =iy & = .

2 \ v+ H(x)

N
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H . -
L = — <V\+@ > S VT o YUV vhe] + Hee

a76:e7u77—

H\ r— _
L= — (V\% > [E’L Yl v Y u,f?] + H.c.

/ / / /
[ R s [
— / / — —
b = | b = | 1R vi= v, vr = | V4R
| * Vi, Vi
Yee Yeu Yer Yo Yo Yo
Yi=(ve v v YV=\vYL vy oy
¢ 4 " v v v
YT e YT §4 Y’T T Y’T e Y’T 2 YT’T
M/Z _ 4 Y/Z M/I/ _ 4 Y/V

V2 V2
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H\ r— _
Ly = — <V\2> [efL Yl + v Y 1/;?] +Hec

Diagonalization of Y’* and Y’ with unitary V/, V4, V¥, V¥

/ l / l / /
L:VLEL R:VRER I/L:VZ/nL VR:VEnR

Important general remark: unitary transformations are allowed
because they leave invariant the kinetic terms in the Lagrangian

Liin = LIl + LRIl + V] idV] + vRidrg
= Viigvie + ...

= EI(?EL + E’(?ER + Wi(?l/[_ + ﬁi(?l/R
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H\ r— _
Ly = — <V\%> [e’L Yl + v Y 1/;?] +Hec

Diagonalization of Y’* and Y’V with unitary Vf, V,f,, vy, Vg
/L:erl- /R:VIQ’ER I//L:VEHL V;?:VEHR

v+ H
V2

VT vy v = vt Y=y dag (o, B=e, )

L=~ < > &V Y Vier + AV Y Ving| +Hee.

vty vy = v YY = yi 8k (k,j=1,2,3)

Real and Positive yﬁ, Vi

V) Y Vg = Y
9 18 9 3
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Massive Chiral Lepton Fields

gH,L

QA=6,[L,T

€L eRr
Ve =e = | Vil b = tr = | g
TL TR
V1L "R
VfTvzanE Vol V;Tuk:n,qz VR
v3L V3R
V—|—H |:7 Y _
- Y lr+7 Y”n}+H.c.
(\@) L R+ NL R
v+ H
= —< NG ) > va aLﬂaR-FZyk UL VKR

+ H.c.
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Massive Dirac Lepton Fields

by = EaL + eaR (Oé =&, T)

vk =vie +vr - (k=1,2,3)

4 3 v
YaV 75— .yk v
L)L = — byl — Z Uy Vg Mass Terms
a=e,u,T \/i k=1 \/i
yf 3 yV
— Z & Pl H— Z k vk H Lepton-Higgs Couplings
a=e,u,T \/§ k=1 2

Charged Lepton and Neutrino Masses

4 v
YoV _ka
m, === (a=eur my = k=1,2,3

Lepton-Higgs coupling oc Lepton Mass
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Mixing
Charged-Current Weak Interaction Lagrangian

.,?j(cc) = JyW, +H.c

2f

Weak Charged Current: Ay :J'ﬁv,L +j€V7Q

Leptonic Weak Charged Current

Jpe=2 3" U v =20 4"y

a=e,u,T
/ 4 / v
L= VL EL Vv, = VL n;

JCJL =20 V" VY ng = 28+° V[ VY np = 287" Uny

Mixing Matrix: u=Vvrvy
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Definition: Left-Handed Flavor Neutrino Fields
Vel
o1\ ¢
L=Un.= VLT Vin = VLTVLZ Vnl
VrL

They allow us to write the Leptonic Weak Charged Current as in the SM:

=200 v =2 Y larV’ var

a=e,,T

Each left-handed flavor neutrino field is associated with the
corresponding charged lepton field which describes a massive charged

lepton: . _ - —
JﬁJ,L =2(er Y veL + 1LY vuL + T vrL)

In practice left-handed flavor neutrino fields are useful for calculations in
the SM approximation of massless neutrinos (interactions).

If neutrino masses must be taken into account it is necessary to use

J =20y Un =2 " ZﬁaL’YpUakaL
a=e,u,T k=1
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Flavor Lepton Numbers

Flavor Neutrino Fields are useful for defining
Flavor Lepton Numbers
as in the SM

Le L, L, le L, L,

(ve,e”) 41 0 O (vs,et) -1 0 O
(Vu,w™) 0 41 0 || (w5, p") 0O -1 0
(vry77) 0O 0 41| (v5,77) 0 0 -1

L=Le+Lly+Lr

Standard Model: Lepton numbers are conserved
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» L, L, L; are conserved in the Standard Model with massless neutrinos

» Dirac mass term:

D D D
o Y
< z—(ye/_ UpL I/T/_) mﬁe m%u m%T vur | +H.c
Mzre mT,u mr, VrR

Le, L, L; are not conserved

» L is conserved: L(var) = L(vg) = |AL| =0
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Mixing Matrix

’ Uel Ue2 Ue3
U= VLT VIi={Ua U2 Us
UT]. UT2 UT3
A unitary Nx N matrix depends on N? independent real parameters:
N(N-1
(2) =3 Mixing Angles
N=3 = nyw=+1)
— = 6 Phases

Not all phases are physical observables!

Neutrino Lagrangian:

kinetic terms + mass terms + weak interactions
Mixing is due to the diagonalization of the mass terms.
The kinetic terms are invariant under unitary transformations of the
fermion fields.
What is the effect of mixing in weak interactions?
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Weak Charged Current: _]WL =2 Z Z%LV Unk ViL
a=e,u,T k=1

Apart from the Weak Charged Current, the Lagrangian is invariant
under the global phase transformations (6 arbitrary phases)

by — €2 0, (a=e,pu,T1), vk — €%k g (k=1,2,3)
Performing this transformation the Weak Charged Current becomes

JWL_Z Z ZZ(XLe iPa pUke\pkykL

a=e, |, T k=1

JPWT L =2 e~ i(pe—¢1) Z ZE e—i(Pa—gpe) AP Upi el (Pk—¢1) Vil
1 a=e,u,T k=1 2 2

There are 5 independent combinations of the phases of the fields that

can be chosen to eliminate 5 of the 6 phases of the mixing matrix

5 and not 6 phases of the mixing matrix can be eliminated because a
common rephasing of all the lepton fields leaves the Weak Charged
Current invariant <= conservation of Total Lepton Number.
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» The mixing matrix contains 1 Physical Phase.

> It is convenient to express the 3 x 3 unitary mixing matrix only in terms
of the four physical parameters:

3 Mixing Angles and 1 Phase
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Standard Parameterization of Mixing Matrix

Vel Ua Ue2 Ues\ [ruL
vt | = | Ui Up2 Uz VoL
VrL Ui U Urz) \raL
1 0 0 C13 0 513e_i613 cp s12 0
U= 0 C23 523 0 1 0 —S512 C12 0
0 —S23 (23 —5136’513 0 C13 0 01
C12€13 S12€13 s13e77013

— is is
= | —s1i2c3—c12523513€'°13  crocp3—siasp3size’3 sp3c3

S12S3—C12C3513€13  —crosm3—sipca3s13€13 o33

Cab = COSVap Sab = SinV4p 0<v < 0<d3<2m

|3

3 Mixing /-\ngles ’1912, ’1923, ’1913 and 1 Phase (513
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Standard Parameterization

1 0 0 C13 0 513e_i513 C12 S12
U= 0 23 523 0 1 0 —S12 C12
0 —Sy3 (23 —5136'513 0 C13 0 0
Example of Different Phase Convention
1 0 0 C13 0 513 C12 512
U= 0 3 5236'623 0 1 0 —S512 C12
0 —5236_'513 3 —s13 0 3 0 0
Example of Different Parameterization
Clo sl,e @ 0\ /1 0 0 ci3 0
U= | —s],eo Clo 0] [0 o3 si3 0 1

o

(e}

C. Giunti — Neutrino Physics — | — MISP 2019 — Moscow — 20-23 Feb 2019 — 24/66



CP Violation: Jarlskog Reparameterization Invariant

» There is CPV if U* # U.
> Simplest invariants:  |Uax|® = Uai Uy, Uak Uy Ujy Ugj
> Simplest CPV invariants:  Im[Uqi U3 Uj Ugj| = +J

Jarlskog invariant:  J = Im[Uer;‘3UZQUM3] =Im[- x o

\{

In standard parameterization:
2 .
J = c12512023523€13513 5iN 613

1
= 3 sin 21915 sin 293 cos 13 sin 21913 sin d13

v

For CPV all mixing angles must be different from 0 and /2!

v

The Jarlskog invariant is useful for quantifying CPV in a
parameterization-independent way.

All measurable CPV effects depend on J.

v
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GIM Mechanism

[S.L. Glashow, J. lliopoulos, L. Maiani, Phys. Rev. D 2 (1970) 1285]

» Neutral-Current Weak Interaction Lagrangian:

GNO _ 8
' 2 cos Y Iz%p

> Leptonic Weak Neutral Current:  (gf =1, g/ = —1 +sin® 9w, gk = sin® Jw)

.p _ .p -p
Jz =1z 1Jzq

J5 =28/ V1 V| + 281 €, 1) + 28k Lr 1 LR
> Invariant under mixing transformations with unitary V/, V4, V}:
: V= 7 A RV
jg’l_ = 2g/ AL VLV]L vV nL+ ng £ VLT'L” VfﬁL + 2gf? LR VRJr ~P Vfé Lr
= 2g/ ML ny+2g[ €7 L1 + 28k RV LR

» Invariant also under the mixing transformation v; = U n; which defines
the flavor neutrino fields:
Jou =28/ VLU~ Uy + 2g[ €1 77€1 + 28R Er 7 LR
=2g/viyv + 2gf Ll + 2g,€ Lr Y LR

» Mixing has no effect in neutral-current weak interactions.
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Lepton Numbers Violating Processes

Dirac mass term allows L, L, L; violating processes

Example: = — et +v, pf et tef e
uwoo—e +v
gv
W --=""7~ W
e
Uk Uer,
Z wUek = —  GIM suppression: A x Z i« Uek F(my)
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i”l(cc) -

Uy ¢ ? ¢ U
U;k'Yﬂ(l —5) P+ my UekYa(1 — 75)

2
PQ_mk

_ + ¥
A x E UeUekVa (1 - 75)5; 2 (1 + ’75)7,3Uuku,u
k k
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o
k k P k
G2m® 3 2 |2
r— FMp 2@ Z U U, my
- 3 ek ¥k 2
1927> 327 p myy,
BR
[Petcov, SINP 25 (1977) 340; Bilenky, Petcov, Pontecorvo, PLB 67 (1977) 309]
[Lee, Shrock, PRD 16 (1977) 1444]
. my —
Suppression factor:  —~ <107 for  my <1leV
myy
—4 —11
(BR)the ,S 10 ! (BR)exp 5 10
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Majorana Neutrino Masses and Mixing

@ Majorana Neutrino Masses and Mixing
Two-Component Theory of a Massless Neutrino
Majorana Equation

Effective Majorana Mass

Mixing of Three Majorana Neutrinos
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Two-Component Theory of a Massless Neutrino

[Landau, NP 3 (1957) 127; Lee, Yang, PR 105 (1957) 1671; Salam, NC 5 (1957) 299]

Dirac Equation:  (iv*0, — m)¢ =0
Chiral decomposition of a Fermion Field: ¢ = ¢, + g

Equations for the Chiral components are coupled by mass:
i'?/uaqu = muyg
i Our = mipL

They are decoupled for a massless fermion: Weyl Equations (1929)
iV 0L =0
iV Oubr =0

A massless fermion can be described by a single chiral field 1, or ¥r
(Weyl Spinor), which has only two independent components (half the
number of degrees of freedom of a Dirac field, which has four
independent components).
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» Chiral representation of v matrices:

o [0 -1 . (0 & s (1 0
T 1 o0 T =% o0 T = o 41

XR1
» Four-components Dirac spinor: 1) = (XR> — | XR2
XL XL1
XL2
» The Weyl spinors v; and g have only two components:
0
O 0 XR)
=Py = = = Pry = =
Y= Py <XL) i Yr = PR < 0
XL2
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» The possibility to describe a physical particle with a Weyl spinor was
P
rejected by Pauli in 1933 because it leads to parity violation (¢ = ¥g)

» Parity is the symmetry of space inversion (mirror transformation)

4 y y »
x x
right-handed frame mirror  left-handed frame

» Parity was considered to be an exact symmetry of nature

> 1956: Lee and Yang understand that Parity can be violated in Weak
Interactions (1957 Physics Nobel Prize)

» 1957: Wu et al. discover Parity violation in 3-decay of ®°Co
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» 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)

» 1958: Goldhaber, Grodzins and Sunyar measure the neutrino helicity
with the electron capture process

e” + 152Eu — 1925m* 4 1,
152Sm* N 152Sm _|_,7

The neutrino helicity is the same as the measurable helicity of the
photon when it is emitted in the same direction of the *>Sm* recoil.
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S.=1/2 S —0 S.=-12 g
o o o o
e 152k e 152y
S.=1 S, =-1/2 S,=-1 S,=+1/2
_— - B —
4—. o——> 4—. o—>
—p 152G m* Vel P -p 152GQy* Ver P
S.=1 S.=0 =l s =0
- =@ - -—@
v 1528m gl 1528m
hy = b = h, = —1 hy = hsme = h, = +1
hy = —

0.91 £ 0.19 = NEUTRINOS ARE LEFT-HANDED: v,

[Goldhaber, Grodzins and Sunyar, PR 109 (1958) 1015]
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Quantization

3
v(x) = / (2:)31321:_ hgl [a(h)(p) uM(p)e=Px 4 b(h)T(p) V() (p) efPx

B-X iy — _pyh)
B (p) = —hv"(p)
{a"(p), a™(p')} = {6 (p), bMI(p')} = (27)* 2E 63 (B — B') O
{a"(p),a™)(p)} = {aP1(p), a1 (p')} =0
{6 (p), b7 (p')} = {bMT(p), BT (p')} =0
{a")(p), b"M)(p')} = {1 (p), b (p')} =0
{a")(p), b (p")} = {aPi(p), bM)(p')} =0

C. Giunti — Neutrino Physics — | — MISP 2019 — Moscow — 20-23 Feb 2019 — 37/66



v

v

v

v

Left-handed neutrino: |1, (p)) = |v(p, h = —1)) = a7 (p)|0)

Right-handed neutrino:  |vg(p)) = |v(p, h = +1)) = a(p)|0)

Left-handed antineutrino:  |7.(p)) = |7(p, h = —1)) = b(T)T(p)[0)

Right-handed antineutrino:  |7g(p)) = |7(p. h = +1)) = b (p)|0)
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Helicity and Chirality

3
()= [ Goyrgg 2 [0 o) e+ 60 (p) () P

h=-+1
uMt(p)uh)(p) = 2E uMt(p)y®uh (p) = 2h|B|
vt (p)v(")(p) = 2E v (p)y®v("(p) = —2h|p|
1— 5
o)) = a1(p) (257 ) uOp) = E i
2
( )T( )u£ )( ) =E+|p| ~2E — ,an left-handed neutrinos
2
(+)T( ) £ )(p) =E — |p| ~ ;nE suppressed right-handed neutrinos

1—+° .
A1) = ) (15 ) ip) = 4 i
2

m
2E
m2
v, '(p)v; ' (p) = E+|B| ~2E — 5E suppressed left-handed antineutrino

vf_)T(p)Vf_)(p) —|p| ~ right-handed antineutrinos
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Standard Model

Glashow (1961), Weinberg (1967) and Salam (1968) formulate the
Standard Model of ElectroWeak Interactions (1979 Physics Nobel Prize)
assuming that neutrinos are massless and left-handed

Universal V — A Weak Interactions

Quantum Field Theory: v, = |v(h=-1)) and [D(h=+1))
Parity is violated: VL*P»% lv(h = —1)>£+]E@1><EH[
real world mirror world
0} | 0l

S , S
left-handed neutrino THETOT right-handed neutrino

Particle-Antiparticle symmetry (Charge Conjugation) is violated:

[v(h = —1))-=[ph==1)]

C
V| —7BR
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Majorana Equation

» Can a two-component spinor describe a massive fermion?

Yes! (E. Majorana, 1937)

» Trick: vg and v, are not independent: |vg =vf =Co"

charge-conjugation matrix: C%TC—l ==

» The relation between v and v, must satisfy two requirements:

> It must have the correct chirality.
This is satisfied, because vf is right-handed:  Prvf =vf Pivf=0

» It must be compatible with the chiral Dirac equations
iV Ouv = mug
i Ouvr = myyg
Check:
iVo.vg = iN'0,Cor " = iCCTINMCO, LT = —iC(v") o, v
= fiC(aﬂl/T_’y")T =mCrr" =muy, OK
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v

v

\4

v

v

iMOuve =mvg  —  |i"Ouw = muf

Majorana equation

Majorana field: v =v; +vg=v+1[

Majorana

condition

v = v° implies the equality of particle and antiparticle

Only neutral fermions can be Majorana particles

For a Majorana field, the electromagnetic current vanishes identically:

W, ,C

Tyt = vyt = T etyrerT = et Tty =~y = 0

Only two independent components: in the chiral representation

*
XL2

XL XL1

XL2
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1
» Majorana Lagrangian: ZM = 5 v(i@—m)v|,_,.

» Quantized Dirac Neutrino Field:

3
Z/(X) = /(2:)3P2E hgl {a(h)(p) u(h)(p) e~ ipx + b(h) (P) V(h)(p) eip-x}

> Quantized Majorana Neutrino Field:  b(")(p) = al")(p)

3
V(X) = / (2:)3sz 2 {a(h)(p) u(h)(p) e iPx 4 a(h)T(p) v(h)(p) eip'x}

» A Majorana field has half the degrees of freedom of a Dirac field
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Total Lepton Number

DG r=v] — 3G

v = L=+1 vpi = L=-1

. m —
M =vLidv, — 5 (yful_ —|—7L1/f)

Total Lepton Number is not conserved: AL =42

Best process to find violation of Total Lepton Number:

Neutrinoless Double-5 Decay

N(A Z) = N(AZ+2)+2e +27% (85,
N(AZ) 5 N(AZ-2)+2et +26c (88
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No Majorana Neutrino Mass in the SM

» Majorana Mass Term o [VLT Cty — ITLCITLT] 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:

/ b |Y|Q=hk+3

1% 1/2 0

lepton doublet L = t 1/2 / -1
A —1/2 -1
lepton singlet lr 0 0 |-2 -1
X 1/2 1

Higgs doublet ®(x) = ¢+ 1/2 / +1
o(x) —1/2 0

> Z/Z—CT vy has kb =1and Y = —2 = needed Y = 2 Higgs triplet (/ =1,
L =-1)

> Compare with Dirac Mass Term o gy with 3 =1/2 and Y = —1 balanced
by ¢o — v with 5 =—1/2and 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
£E=-L (VTV”EL Wy, + liy" v WJ)

g _
R p—— N V4
Ly 2 cos Uw LT VL 4p
. 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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Effective Majorana Mass

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

Kinetic terms:  id) ~ [E]*, ((9M¢>)T oo ~ [E]*

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

CC weak interaction: g o€, W, ~ [E]*

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

Product of fields ¢y with energy dimension d = dim-d operator
Loy = CoylOa = Coy~IEI"

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 G4 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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> O4w4 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:

L =% O O,
SM+M 5+M2 61 -

» Analogy with Fermi effective low-energy theory of weak interactions:

2O Gr (Zer"eL) (€rvpver) + - -

eff
s (arr’er) @) + R S ¥
6 — (VeL"er) (eLVpveL) + - - - ~5 == oo
M V2 8mj,
o Pu Pv
8w + i, PREml, . g
2 _ 2 -
p> — my, iy
fi f2
=
7ig2
_J 8miy,
f3 2v2 fa fa fa
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M4 s 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

05 = Majorana neutrino masses (Lepton number violation)
Us = Baryon number violation (proton decay)

Majorana neutrino masses provide the most accessible low-energy
window on new physics beyond the SM.

Indeed, the existence of neutrino masses is the first and so far the only
well established phenomenon beyond the SM.
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v

The only SU(2), x U(1)y invariant dim-5 Lagrangian term that can be
constructed with SM fields:

5= [(9) (6711) « (5) (510
Electroweak Symmetry Breaking:

(]ND — EW Symmetry 1 v+ H(X)
Breaking ﬁ 0
% EW Symmetry g'\" 1 85 V2 (7 c I —= )
= —= 14R% Vr vV
> Breaking mass 2 M LoL Lot
2
. . 5V
Majorana neutrino mass: m= g./\/l
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2
. v v
» General Seesaw Mechanism: mo« —=v—

MM

natural explanation of the strong suppression of neutrino masses with
respect to the electroweak scale

» Example: M ~ 10%° GeV (GUT scale)

v~ 102GeV  — ﬁwlo—m — m~102eV
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Type-1 Seesaw Mechanism

j pa— 0 mP v
D+M — L
£D+M _ -5 (Vf VR) ( D %I) <V,C?) + H.c.

m",\;,/' can be arbitrarily large (not protected by SM symmetries)

mM ~ scale of new physics beyond Standard Model = m} >> mP
. . . 0 mP mD)2 M
diagonalization of D M | == Might ~ 71—, Mheavy = Mg
m°  mp my
natural explanation of smallness
V) of light neutrino masses
@ A massive neutrinos are Majoranal

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]

C. Giunti — Neutrino Physics — | — MISP 2019 — Moscow — 20-23 Feb 2019 — 53/66



v

v

v

v

Three Seesaw Types

Since combining the two doublets L; and ¢ one can form singlets and
triplets, there are three types of Seesaw types that can be generated at
the tree level.

Type-l Seesaw: intermediate fermion singlets vg

(®) (0)
x x

M
mp

LL VR V]C? Li

Type-ll Seesaw: coupling with boson triplets A

Lp L
Type-lll Seesaw: intermediate fermion triplets *
(@) (@)
S S
| WL%I |
Ly ) e L

C. Giunti — Neutrino Physics — | — MISP 2019 — Moscow — 20-23 Feb 2019 — 54/66



Singlet Majoron Model

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

Lo=—yq(LoPvg+TR®TL) m —mp (VLvRr + VR VL)
ﬁn:—)/s (U%VR‘FUTWV,%) m —%mR (ﬁVR —|—ﬁl/f-(.)
n

n=2"2((n)+p+ix)

_§(VL 77 ) (1 m2) (Z,é) +H.c
mpr > mp

2
— Type-| Seesaw: 7D
scale of L violation EW scale

mp

p = massive scalar, x = Majoron (massless pseudoscalar Goldstone boson)

The Majoron is weakly coupled to the light neutrino

2
_ mp ,__ — mp\ __
Ly = 7% X V275V2 - miR (V275V1 + 1/1751/2) + <mR> V175V1]
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Mixing of Three Majorana Neutrinos

1
M =TT M)+ He

V;L mass 2
> U= 1/}’“_ .
/ o L
VTL —5 Bz; CMBVBL+HC
a? = 7“7

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

ZV ct MLBVEL: Z( ’TCTI\/IéBVéL)T
= ZVBL (CT VoL = ZVBLC MLB VoL
= Z 4l Mﬂa N

MLy = Mb, — ME=mLT
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\4

v

1

M = §V,LT C"MYv] +He
1
vi=Vim = Zyo=ou (V) CTMEVI v +He
(V)T Mt vy =M, My = midy (k,j=1,2,3)
V1L
Left-handed chiral fields with definite mass: n; = V[’T I//L = vy
I
1
Do = 5 (n[cT M n; —nTMCnLT)
13
= E Z my (I/,ZI-_CT Vil — TMC V/Z—L)
k=1
Majorana fields of massive neutrinos: vy = vy + vg;
141 1 3
n= || =M= 527"([@_ mk)’/k\yk:y;
V3 k=1
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Mixing Matrix

Leptonic Weak Charged Current:

jmo=284"Ung  with  U=V/V

As in the Dirac case, we define the left-handed flavor neutrino fields as
; Vel
I/L:UHL: VLTV/L: VuL

VrL

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

Jﬁh =207 v =2 Y Loty Var

a=e,u,T

Important difference with respect to Dirac case:
Two additional CP-violating phases: Majorana phases
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3
1
» Majorana Mass Term M = 5 Z my I//Z-L CT vy + H.c. is not invariant
k=1
under the global U(1) gauge transformations

Vil — ehpk Vil (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)

ga — eicpa goz (Ct =6, u,’r)
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» Weak Charged Current: jWL =2 Z ZEQL P Upk ViL
a=e,u,T k=1

» Performing the transformation ¢, — e/~ ¢, we obtain

3
i =23 > Tare " Unkvia

a=e,u,T k=1
_jWL—2e’ E E EaLe (pa—tpe) pUkaL
1 a= e,’LL,Tk 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 matrix:

1 0 0
pM={0 ™ o0
0 0 e

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

» Standard parameterization:

c12€13 $12C13 si3e~ 1013 1 0 0
U= —s1oco3—cros23513€13  craco3—siosp3size’®13 523C13 0 e 0
S1253—C1203513€7913  —ciosp3—s10C03513€7013 c23C13 0 0 el?3
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DM = diag(e"’\1 , e ei/\3), but only two Majorana phases are physical

All measurable quantities depend only on the differences of the
Majorana phases because /(") remains constant under the allowed
phase transformation

by — €90, = &M — &/=9)

Our convention: \; =0 — DM = diag(l7 e ei/\3>

CP is conserved if all the elements of each column of the mixing matrix
are either real or purely imaginary:

013=0orm and X, =0orm/2or7or3m/2
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Sterile Neutrinos

@ Sterile Neutrinos
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Number of Flavor and Massive Neutrinos?

~10°
g T T T T T T _g 2v
£ =
- Z| ALEPH
21 — 4
5" ¢'¢"—hadrons DELPHI
5 L3
o
OPAL
103 E 20
4 average measurements,
error bars increased
o by factor 10
102 E0 ] 0
PETRA — !
KEKB TRISTAN - SI.C
PEP-II —
v L L L I|‘El:.|I L L L]|£P I|I I E 0 ’ - v v L
0 20 40 60 80 100 120 140 160 180 200 220 8 8 9 }?:2 G 9{:
Centre-of-mass energy (GeV) cm[ ¢ ]

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

rZ = Z rZﬁfZ + Z rZ—Hflq + I—inV I_inv = NI/ rZ—)yD
l=e,u,T qFt

| N, = 2.9840 + 0.0082
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4+ - invisible —
eeT -/ — E Vallg = Ve Vy Uy

a=active

3 light active flavor neutrinos

N
. N U . N>3
mixin Vol = E v o= T .
& ok akZkL i no upper limit!
k=1
Mass Basis: V1 UV U3 Uy Us
Flavor Basis: Ve Vy Vr Vs Vs,

ACTIVE STERILE

N
Val = § UnakViL =€ [l,T,5,5,. ..
k=1
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Sterile Neutrinos

Sterile means no standard model interactions
[Pontecorvo, Sov. Phys. JETP 26 (1968) 984]

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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