Theory and Phenomenology of Massive Neutrinos
Part I: Theory of Neutrino Masses and Mixing

Carlo Giunti

INFN, Sezione di Torino
and
Dipartimento di Fisica Teorica, Universita di Torino

giunti@to.infn.it
Neutrino Unbound: http://www.nu.to.infn.it

IHEP — 23, 26, 29 September 2016

http://www.nu.to.infn.it/slides/2016/giunti-160923-ihepl.pdf

C. Giunti and C.W. Kim
Fundamentals of Neutrino Physics and
Astrophysics

Oxford University Press

15 March 2007 — 728 pages

and Astrophysics

C. Giunti — Theory and Phenomenology of Massive Neutrinos — | — IHEP — 23 Sep 2016 — 1/101


giunti@to.infn.it
http://www.nu.to.infn.it
http://www.nu.to.infn.it/slides/2016/giunti-160923-ihep1.pdf

©

(]

©

©

Part I: Theory of Neutrino Masses and Mixing

Dirac Neutrino Masses and Mixing

Majorana Neutrino Masses and Mixing

Dirac-Majorana Mass Term

Sterile Neutrinos
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Fermion Mass Spectrum
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Dirac Neutrino Masses and Mixing

@ Dirac Neutrino Masses and Mixing
@ Higgs Mechanism in SM
o SM Extension: Dirac Neutrino Masses
@ Three-Generations Dirac Neutrino Masses
e Mixing
@ CP Violation
o Lepton Numbers Violating Processes

C. Giunti — Theory and Ph logy of Massive Neutrinos — | — IHEP — 23 Sep 2016 — 4/101




Dirac Mass
Dirac Equation: (i) — m)v(x) =0 (@ =~"0,)

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

Chiral decomposition: v, = Pyv, vr = Pgru, v=v+Vgr
1—7° 1+4°
Left and Right-handed Projectors: P, = 27 , Pr= 27

P?=P., Pi=Pgr, P .+Pr=1, PPgr=PrP.=0
L = TLiaVL Jrﬁi@VR — m(TLVR JFWI/L)

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

do(x)

Higgs Lagrangian: Zhiggs = (DHCD)T(DWD) — V(|®?)

Higgs Doublet: ®(x) = <¢+(X)) |02 = dfd = ¢+¢++¢o¢o

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

2
p2<0and A >0 = V(|®]?)=2A (|¢,‘2 — v7>

v = —”72 = (\@GF)_I/2 ~ 246 GeV

. . 2 _ v? _ 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)-/(x)> —|0)2 = V; +vH+ L H?

2

2
> V=2 (|0 = %) = AV2HE AR 4 § Y
my = V2\v2 = /242 ~ 126 GeV

—p2~(89GeV)? A= —£ ~013
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SM Extension: Dirac Neutrino Masses

LL = (Zt) €R VR

Lepton-Higgs Yukawa Lagrangian

LHL = —y L dlR —y”H@VR +H.c.

Spontaneous Symmetry Breaking

o= \2 (v +(,)Ll(x)> ® =02 @ = \2 (V +:(X)>

é R
a2yt 0, )

Y o @) <"+(’)"(X)> vg + H.c.
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— LT trH— 2 [ vr H+Hc
5 L*R 5 LVR
¢V v vV
my = — my, = —
=Y /2 y V2
g = Y™ gy Y
V2 v V2w
~1/2
v = (\@GF> = 246 GeV
PROBLEM: y” <1071 « y¢~ 107
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Three-Generations Dirac Neutrino Masses

ro— Ve - VLL = vy
T \w=q " \w=n T \e=q
ler = €R uR = IR RETR
VéR VLR V;—R

Lepton-Higgs Yukawa Lagrangian

Spontaneous Symmetry Breaking

L= > |
a,f=e,u,T
1 0
d(x) = —
) V2 \v+ H(x)

® =

jop ®F =

B OéLqDEBR—’_YB an)VBR +HC

1 [v+H(x)

vz o

C. Giunti — Theory and Phenomenology of Massive Neutrinos — | — IHEP — 23 Sep 2016 — 10/101




0

v+ H _ S
LHL =~ < > Z {Yo/é% a LR+ Y Var V}J’R} +He
\/E a?B:enU'vT

H\ -
DL = — <V\2 ) [Z’L Yl + v Y”’uﬁ;] +H.c.

/ / / /
[ i (o R
— !/ — / — —
L= | ML Lp = | KR V=Y Vp = | Yur
/ / / /
T T, 1% 1%
L R L TR
14 " " v v v
Yee Ye,u YeT Yee Yeu YeT
Yi=(ve v YL Y=Yy vrovy
" 4 " v v v
YTe YT,[L YTT YTe YT/J Y’T T
M/E _ v YIZ M/l/ — v Y/l/

V2 V2
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H\ _
DL = — <V\% ) [Z’L Yl + v Y”’uk] + H.c.

Diagonalization of Y and Y’” with unitary Vf, V,g, vy, Vg

/ 4 / 4 / /
LZVLE[_ ER:VRER VL:VZ/n[_ VR:VEHR

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

Liin = LLiPl) + LRIl + V] idV] + vRidrR
= Vigvie + ...

= L1iJl + LRiPlr + VLiPv, + DRiJvR
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H\ r— _
L = — <V\% > [e'L Yl + v Y 1/;;,] +Hec

=V b=Vher v, =V'n, vkp=Ving
v+ H
V2
Vit vy v = vt Yl =y das (o, 8= e, p,T)

«

= (1) it i e

VITYY VE =YY Y=y b (kj=1,2.3)
Real and Positive yﬁ, Vi
VIY'Ve =Y = Y =V, YV
18 9 3 9
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Consider the Hermitian matrix Y'Yl

It has real eigenvalues and orthonormal eigenvectors:

Y'Y= \ve & Z(Y/Y/T)aﬁ(Vk)ﬁ = Ae(Vi)a
B

Unitary diagonalizing matrix: (Vy)gx = (vk)s
Y'YV =Av, — V]Y'YTV =N with Ay = M\edy
The real eigenvalues )\, are positive:

Ak = Z(VT Yk (Y/TVL)ak = Z(VT Y ka(VI YL,

—ZVT Yka( V] Y Z|VT Jkal? >0

Then, we can write VY'YV, = Y2 with  (Y)y = yidy
real and positive y, = /A
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Let us write Y’ as Y/ = V, YV},
This is the diagonalizing equation if Vi is unitary.
VE=Y VY Ve=YTv iyl with Yi=Y
Vive = Y IV Y'Yty y-t=y-ly2y-1 -1
VeRVE = YTV Y-ty vy = vty y-2y]y
Y2 = Vvj(yH(v) v,
VeVE = YTV vy Ly vy = v Ty iy Tty =1
In conclusion: VLT Y'Vr =Y  with unitary V; and Vg

(Y)ij = yk0xj  with real and positive yj
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Massive Chiral Lepton Fields

€L er

eL:VfT /LE o ER:VéT _— LR
TL TR
L V1R

n = VET V,L = | v ng = VET 1/;? = | R
V3L V3R

H\ r—
L = — (v\—% ) [EL Yilg+mL Y nR} 4+ H.c.
v+ H
- _( 2 ) Z Ya aLfaR-FZyk VkL VkR

QA=6,lL,T

+ H.c.
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Massive Dirac Lepton Fields

ga = eaL + gaR (a = €&, T)

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

l 3 v
YaV 57— yk v__
LHL = — byl — E Uy Vk Mass Terms
a=e,[,T \/i k=1 \/§
vh — >y
— g X b H— E X grvi H Lepton-Higgs Couplings
o \/§ [eege’) k:1 \/i k k p gg p g

Charged Lepton and Neutrino Masses

YoV _ YKV

% (a=e,u,T) my 3

Lepton-Higgs coupling o< Lepton Mass

(k=1,2,3)
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Quantization

3
)= [ s |40 ) o0 () o) e

h=+1
o m h) =0
SR e
ﬁ‘ 5|z u”(p) = hu (p)
pmz (p) = —h v (p)
{a"(p). a1 (p)} = (60" (p). b (p')} = (2m)* 2B, 6*(B — ) O
{a (p). 2 (P)y = {3 (p), 4, ' ()} = 0
{8 (p). b ()} = {5 (p). 5" 1)} = 0
{37 (p). b))} = {2 (). (1)} = 0
{a" (). b (p)} = {2 (p). £ (P')} = 0
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Mixing
Charged-Current Weak Interaction Lagrangian

Z(CC) = 2;3[JWW + H.c.

Weak Charged Current: Jw =JwL +tiwaq

Leptonic Weak Charged Current

JWL—2 Z EIL'Y VaL—sz’YpVL

a=e,u,T
b=Vt vi=Vin
Jﬁj L= 2EV5T’YP Ving =28~ VfT Vin . =2£,~+"Ung

Mixing Matrix

Ly v
u=Vvtv
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Definition: Left-Handed Flavor Neutrino Fields
Vel
V| = Un[_ = VfT VZ/ n = VfT I/z = VuL
VrL

They allow us to write the Leptonic Weak Charged Current as in the SM:
=20 v =2 Y Tt var
a=e,u,T

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

Ji = 2(@Y veL + LY v + TP 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

=20 Un =2 > Zﬁaw Uak Vi
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

(Ve,e) 41 0 O (vS,et) -1 0 O
(Vu,w™) 0 41 0 || (v5,nt) 0O -1 0
(vrey7™) 0 0 +11 (v

L=Le+L,+L|

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

» Dirac mass term:

D D D
o o o o [e e e [
P =— Vel VpL VL) mﬁe mﬁu mﬁT vur | +H.c.
Mre Mz, Mrey VrrR

Le, Ly, L; are not conserved

» L is conserved: L(voar) = L(vp) = |AL| =0
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» Leptonic Weak Charged Current is invariant under the global U(1) gauge
transformations

lor — e’ 1 Vol — e've Vol (Ct =& Hu, T)

> If neutrinos are massless (SM), Noether's theorem implies that there is,
for each flavor, a conserved current:

38 = Val VoL + oV Lo Opjl =0
and a conserved charge:
/ *x ja(x) doLa =0
L / b ERIOERIGEUGLAIG]
« (27)3 2E Va Va Va
b [ e 3 [d()o(6) B (p) 60
(2m)32E el

C. Giunti — Theory and Phenomenology of Massive Neutrinos — | — IHEP — 23 Sep 2016 — 23/101



» Lepton-Higgs Yukawa Lagrangian:

v+ H
gH,L=—< \@> > v aLfaR+ZkakLVkR +H.c

a=e,u,
3
» Mixing: v, = Z Upk Vit — VgL = Z Ui Val
k=1 a=e,u,T
3
v+ H — L
L=~ ( NG ) > |vhtartor +Tar Y Uaky¥ vir| +Hee.

a=e,u,T k=1
» |Invariant for )
gaL — e'¥e gaLv Vol — e’ Vol
3 3
lar = €% bar, Y Uk Yk vir = €% Uak YK ViR
k=1 k=1
» But kinetic part of neutrino Lagrangian is not invariant

k,net,c— § VaLl@VaL-i-E UkRIQVKR

a=e,|,T

because Zk:l wk YK Vkr 1S not a unitary comblnat|on of the vy r's
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Total Lepton Number

» Dirac neutrino masses violate conservation of Flavor Lepton Numbers
» Total Lepton Number is conserved, because Lagrangian is invariant
under the global U(1) gauge transformations
Vil — ei‘p Vil , VKR — ei“" VKR (k = ]., 2, 3)
lor — €% 0,1, lor — €9 loR (a=e,pu,7)
» From Noether's theorem:

p—zvk’y vk + Z lala 9P =0

a=e,u,T
Conserved charge: L, = /d3xja(x) OoLla =0

3
DY o Z 1(0) ) (6) — B (0) B )]
k=1 h=+1

h h h h

+ ) 277 st S [0 o () - £ () £ ()]
a=e,u,T h=+1
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Mixing Matrix

Uel Ue2 Ue3
U= VfT VIi={Ua U2 Us
UTl UT2 UT3
Unitary Nx N matrix depends on N? independent real parameters
N(N -1
(2) =3 Mixing Angles
N=3 "= ww+
— 5 = 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: jWL—Q Z ZﬁaLv Uok Vi
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 — €94y, (a=epn,T), vk — €%y (k=1,2,3)

Performing this transformation, the Weak Charged Current becomes
3

Wi=2 2 D fare 0 Vo v

a=e,u,T k=1
3

JPWTL — 2 e~ ilpe—¢1) Z Zm e (Pa=ve) NP e P1)
1 a=e,l,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 Ui Ue2 Ues\ [riL
vt | = | Ui U2 Ugs Z9
VrL U Uz Urz) \vaL
1 0 0 C13 0 5136_'.613 c1p s12 0
U = 0 C23 523 0 1 0 —S12 C12 0
0 —S23 (23 —5136’513 0 C13 0 01
c12€13 S12€13 s13e7/913

— is is
= | —s12c23—c12523513€'°13  cracp3—s125p3513€' 913 sp3c3

S12523—C12C23513€/913  —c1o503—s12023513€7913 o313

Cap = c0s Up S.p = sinUap 0<¥, < 0<d13<2rm

YRS

3 Mixing Angles ’1912, ’1923, ’1913 and 1 Phase (513
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Standard Parameterization

1 0 0 C13 0 513e_i‘513 C12 sip O

U= 0 23 523 0 1 0 —S12 C12 0

0 —S23 (23 —5136'613 0 C13 0 0 1
Example of Different Phase Convention

1 0 0 C13 0 513 C12 S12 0

U=10 3 5236'623 0 1 0 —S12 C12 0

0 —52367'513 3 —s13 0 3 0 0 1
Example of Different Parameterization

clo sl,e @ 0\ /1 0 0 ci3 0 si3

U= | —s],eo Clo 0] [0 o3 sp3 0 1 0

/ / / /
O 0 1 O _523 C23 —513 O C13
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CP Violation
U# U* = CP Violation (CPV)

General conditions for CP violation (14 conditions):

1. No charged leptons or neutrinos are degenerate in mass (6 conditions)
2. No mixing angle is equal to 0 or 7/2 (6 conditions)

3. The physical phase is different from 0 or 7 (2 conditions)

These 14 conditions are combined into the single condition
detC#0  with  C=—i[M* M MM

detC = —-2J (mlz,2 — mgl) (mg3 — ml2,1) (m?,3 — mi)
(2 — m2) (2~ m2) (2~ m2) #0

Jarlskog rephasing invariant: J = \sm[Ueg UasUpn U#3]
[C. Jarlskog, Phys. Rev. Lett. 55 (1985) 1039, Z. Phys. C 29 (1985) 491]
[O. W. Greenberg, Phys. Rev. D 32 (1985) 1841]

[I. Dunietz, O. W. Greenberg, Dan-di Wu, Phys. Rev. Lett. 55 (1985) 2935]
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Example: ¥, =0

U = R3RizWho

cos V12 sindpe 012 Q
Wi = | —sindqo g 012 cos 1o 0
0 0 1

1 00
191220 — W12: 01 0|=1
0 01

real mixing matrix U = Rx3Ri3
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Example: 913 = 7/2

U = R3sWi3Rr2

cos 13 0 sin 1913e_i513
Wiz = 0 1 0
—sindy3e3 0 cos Y13
0 0 e /m

1913 = 7T/2 — W13 = 0 1 0
_elf13 0
0 0 e 1013

U= —s10C3—C12523€/013  croco3—s12523€7013 0

S12523—C12Cp3€/013 —c128523— 51263013 0
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0 0 e i

U= |Uu1|ei>‘“1 |U#2‘ei’\”2 0
]Uﬂ]e”\fl ‘UTZ‘G’)\TZ 0
)\,ul - )\,u2 - )\Tl - A7'2 t )\Tl - A;Ll = A7'2 - )\u2 t
v — ey (k=1,2,3), lo — €%ty (a=e, )

e 00 0. 0 e ™3\ feer o o
U— 0 een 0 [Up1le v [Upale#2 0 0 e¥2 0

0 0 e/ \ [UnlePrt |Unler2 0 0 0 e¥3
0 0 ei(—013—petp3)
U= | [Uulemmenten) |y, Cuamente 0
[Urq|efPri=erte1) U ,|el(Ara—erte) 0

v1=0 Pu = )‘ul or = An P2 = SO,u_A/Q = >\Ml _>\M2
2= 0r At T =A1— AT =Ag — A OK!

0 0 +1
U = ‘Uul‘ |UM2| 0
|U‘rl| 7‘U‘r2| 0
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Example: m,, = m,,

Jwp=2mc U8

U= RRisWs = jjj =2n, Wi RIRE 7 41

1 0 0
Wos= 1|0 cos %23 sin o3 e 1023
0 —sindyze 923 cos 923

W23nL = n’L R12R13 = Ul — -jleV,L = 2I‘T/L U/]L ’)/p EL
V> and v3 are indistinguishable
drop the prime — iy =2nL U e

real mixing matrix U= RixRi3
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Jarlskog Rephasing Invariant

Simplest rephasing invariants: \Uoék|2 = UakUsi s Uak U3 U Ug;
Simplest CPV rephasing invariants: Sm[UakU;jng Usj] = +J
o X

J= %m[Ue2 UZ3 U;2 U/J'3:| =%m |- X e}

In standard parameterization:
2 -
J = c12512623523¢13513 5in 013

1
= 3 sin 21915 sin 2953 cos 13 sin 21913 sin d13

Jarlskog invariant is useful for quantifying CP violation due to U # U*
in a parameterization-independent way.

All measurable CP-violation effects depend on J.
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Maximal CP Violation

Maximal CP violation is defined as the case in which |J| has its
maximum possible value

v

1
J = Max| 12512 G353 C25135in 013 | = ——
|/ max | c12512 €23523 Ci3513 13| 613

1

1 1 2

2 2 37\/5

> In the standard parameterization it is obtained for
1912:1923:7T/4, 513:1/\/§7 sin(513::|:1

» This case is called Trimaximal Mixing. All the absolute values of the
elements of the mixing matrix are equal to 1/+/3:

1 1 i )

V3 Vi T3 1 1 1 i

U= _%:':2\1/§ %:':2\'/§ % - _e:tl7r/6 e$/7r/6 1

1o Sl 1 V3 eFiT/6  _oEin/6
2123 2T 2/3 V3
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GIM Mechanism

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

» Neutral-Current Weak Interaction Lagrangian:

(NC) g
“ ~ 2cosdy

iz% Jz =gy +ibq
> Leptonic Weak Neutral Current:  (gf = 1, g/ = —% +sin® V9w, gk = sin® Jw)
JgL =28[ V[ Vi +2[ € "€, + 28R LV LR
» Invariant under mixing transformations with unitarity Vf, V,é' %€
Jou = 28t A VTP VI + 2L 8 VTP Vil + 28k TR VE 4 Vi e
= 2gV AL’ . + 28] L. 7Pl + 28k bR R

» Invariant also under the mixing transformation v; = U n; which defines
the flavor neutrino fields:
Jo =281 LU Ul vy + 28] €778, + 28R ER 7 LR
= 2/ ULV v + 281 LL "L + 28R LRV 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: u= — et +v, pf—eftef +e”
noo—e +v
u,xé‘\\w
K T Vk T e
v, U

Z U;kUek =0 — GIM suppression: A x Z i Ue f(mg)
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4 = _2; W [eva (1 —5) e+ Ve (L —s) 4 ]
T o2 we Zk: TkUsva (1 =7s)e + Uiy (1 —s)p + - - ]
év
W.--~ “\\W
I " o

Univa(1 =) PHme Ugya(l —s)
p*—mj

A x g Ue Uekva (1 — 75)5; 5 Upk’Yﬁ (L —s5)up
k k
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1 m2\ m?
22=P_2< 2k> ~ _2<1+ zk>
pe — my p p

2 2 2
m m
k k k
A x E UekU;k — g Uek 2 — E :UekU:kT
P my,
k k
2
2.5
= OFm 3o S~y e
- 3 ek
19273 327 p
BR
[Petcov, Sov. J. Nucl. Phys. 25 (1977) 340; Bilenky, Petcov, Pontecorvo, PLB 67 (1977) 309; Lee, Shrock, PRD 16 (1977) 1444]
. m —
Suppression factor: —k <107 for my <1leV
myy
(BR)the S 107 (BR)exp < 107
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Majorana Neutrino Masses and Mixing

@ Majorana Neutrino Masses and Mixing
@ Two-Component Theory of a Massless Neutrino
Majorana Equation
CP Symmetry
Effective Majorana Mass
Mixing of Three Majorana Neutrinos

¢ ¢ ¢ ¢
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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:  (i7"'d, — m)¢ =0
» Chiral decomposition of a Fermion Field: ¢ =1, + g

» Equations for the Chiral components are coupled by mass:
VDb = mg
i7“8u¢R =myy

» They are decoupled for a massless fermion: Weyl Equations (1929)
0 =0
i’)/uauwl? =0

» A massless fermion can be described by a single chiral field 1, or ¥r
(Weyl Spinor).
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» Chiral representation of v matrices:

o [0 -1 . [0 & s (1 0
T=l21 o0 T3 o0 T =1lo -1

XR1

» Four-components Dirac spinor: 1) = (XR> — | XR2
XL XL1

XL2

» The Weyl spinors v); and g have only two components:

0 XR1
0 0 XR XR2

(e L) <XL) i YR RY < 0 ) 0
XL2 0
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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)

'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: Wu et al. discover Parity violation in S-decay of ®9Co
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v

v

v

v

v

Parity: x* = (x°,X) N xb = (x%,—%) = x,

The transformation of a fermion field ¢(x) under parity is determined
from the invariance of the theory under parity.

Dirac Lagrangian:
Zb(x) = U(x) (i = m) ¥(x) = D(x) (7°00 + 7D = m) ¥(x)
JP
EP(XP) (I"}/an — i’ykak — m) @ZJP(XP)

It is equal to Zp(xp) if [P (xp) = &p 72 ¥ (X)

Invariance is obtained from the action because

Oxp _
8)(‘ — 1.

I = / d*x Zp(x) = / d*xp Zp(xp)
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> P(x) 5 PP (p) = Ep 0 ¥(x)
> Pu(x) > 9P ) = &p 70 v (x)

1—45 14+4°

> Pyf =& 27 VO =¢&p° 27 Y =0
1++° 1—~°

> Pry)) = ¢&p 5 Oy =¢&p° > L = by

v

Therefore wf is right-handed: in this sense v, ; 0y

v

Explicit proof in the chiral representation:

vl =& YL =¢p (_01 ‘01) (;) =~ <’§;)
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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 measured the polarization of the
neutrino in the electron capture e™ + 2Eu — 2Sm* + v, with the
subsequent decay 1°2Sm* — 152Sm + v = neutrinos are left-handed
—> V| [PR 109 (1958) 1015]
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Left-Handed Neutrinos

» 1958: Goldhaber, Grodzins and Sunyar measure neutrino helicity

S:=1/2 5 _¢
o o
e 152y

hy = hsm= = h, = 1

S.=1 S, =-1/2
e -
4—. *— >
-p 152G * Ve
S
9 =1 5. =0
"\ N\ - @
v 1529m

SZ 24:1/2 Sz =0
e + O

e 152Fy

S.=—1 8§ =+1/2
4—. *—>
_f) 152G * v
=l 50
<\ U <—.
v 1529m

hy = hsme = h, = +1

h, = —0.91 4+ 0.19 = NEUTRINOS ARE LEFT-HANDED: v,
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V — A Weak Interactions

[Feynman, Gell-Mann, PR 109 (1958) 193; Sudarshan, Marshak, PR 109 (1958) 1860; Sakurai, NC 7 (1958) 649]
» The Fermi Hamiltonian (1934) Hz = g (py“n) (év*v) + H.c.
explained only nuclear decays with AJ = 0.
> 1936: Gamow and Teller extension to describe observed nuclear decays
with [AJ] = 1: [PR 49 (1936) 895]
5

Hg = Z (g (PY n) (eQjve) + g (PXY n) (8Q5ve)] + Hec.
j=1
with Q=1 02=~% Q3 =0 Q* =725 Q5 =45
» 1958: Using simplicity arguments, Feynman and Gell-Mann, Sudarshan
and Marshak, Sakurai propose the universal theory of parity-violating
V — A Weak Interactions:

= S o7 (107 ) [er (1))

+ [ (=) ] v (1= °) V] } +He.

1—7
2

in agreement with v, = v
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v

\4

v

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; =

o P
Parity is violated: V| — R

@

left-handed neutrino right-handed neutrino

mirror

Particle-Antiparticle symmetry (Charge Conjugation) is violated:

v-Sme v(h = 1)) [pth==1)]
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>

Charge conjugation: 9(x) < Pe(x) = &c C@T(X)
Charge conjugation matrix: CyTC 1 —Yuur ct=ct ¢cT=-

Useful property: C (q/S)ch1 =~°

Yu(x) S5 f(x) = &cCoL (%)

_ A5 _ (DT o
P = e 5 e = eee I ece@ip)T = 0

Prof = &cC(YrPL)T = v

C
Therefore 9} is right-handed: in this sense ¢, = g

. . . . 0
Explicit proof in the chiral representation: ( 2 )

vf = —€cr°Cui = &c (_01 ‘01) (1) (002 )( ) 5(/0 xt)
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Helicity and Chirality

3 i .
)= [ oyrgg 2 (#7060 ) e+ 60 () ) 2

UM (p)uM(p) = 2E (””(p) (")(p) = 2h|p|
v () (p) = 2E "1 (p)y*vI"(p) = —2h|B]
1— -
o)) = a1 (p) (1 )““’)(p) = E— hlp|
2
o " (p)ui(p) = E 4 1Bl ~ 26 — 5
m2
o (p)uf " (p) = £~ B :?
v )" (p) = v (p < 7 = E + h|p|
()t ) ~
e o) =Bl g
v (o) (p) = E+rp\~2Ef;'iE
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v

Majorana Equation

Can a two-component spinor describe a ma

ssive fermion?

Yes! (E. Majorana, 1937)
Trick: ©¥g and ¢, are not independent: VYr =Yf = CET
charge-conjugation matrix:  Cv/ ™' = —,
€ is right-handed:  Pryp€ = ¢ Pu§ =0

oL = mipg  —  |in"OubL = myf

Majorana equation

Majorana field: ¢ =, + g = ¥ + ¢f

Majorana condition
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v

v

\4

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:

Pyt = ey = —pTCIHCPT =Pey Tl = gt = 0

X12

. I'O.2X* _X*
Only two independent components: ¢ = L) = L1
XL XL1

XL2
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Majorana Lagrangian

Dirac Lagrangian
Z° = T(ig-m)v
= DLidv, + VRIJvr — m (VR v + VL VR)
VR — V[ = co"

P S Ty - % (—VLTCTVL +17LCITLT)

Majorana Lagrangian
M = Tridy — g (—uLTCT VL +zTchTLT>

. m —
=vLidv — 5 (VEVL —|—17LVE)
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» Majorana field: v =v; +vf
such that it satisfies the Majorana condition v = v

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

» Quantized Dir33c Neutrino Field:
_ d°p (o) M (p) e=P% 1 HOT (o) (D) () P
o) = [ aE 2 [0 e 60 () (p) ]

» Quantized Majorana Neutrino Field [6(")(p) = a(")(p)]
_[_&p 1) () D) (p) e~ % 4 AW (p) (1)) eiPx
u(x)—/wh:ﬂ[a () u"(p) e + oM (p) v("(p) £

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

><1HHL -

v, — L=+1 vi — L=-1

. m —
gM IWI@VL—E (I/ZI/L +7LVZ)

Total Lepton Number is not conserved: AL =42

Best process to find violation of Total Lepton Number:

Neutrinoless Double-5 Decay

N(AZ) = N(AZ+2)+2e +2 (88
N(AZ) = N(AZ-2)+2et +26c (88
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CP Symmetry

» Under a CP transformation

vi(x) -~ P A0 VE (xp)

vE(x) 5 €SP 20wy (xp)
E(x) s €SP VR (xp) AP
VE(x) 5 €SP o (xp) A°

with [€SP12 =1, x# = (x0,%), and x5 = (x0, —%)

» The theory is CP-symmetric if there are values of the phase 5P such
that the Lagrangian transforms as

L(x) =25 2(xp)

in order to keep invariant the action /| = [ d*x.Z(x)
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» The Majorana Mass Term

grr'\\/slass :_7mr +VL( )VE(X)]

transforms as
cP 1 _
Lihes() o = 2 m [ (&SP 7Lp) vE ()

(&SP Vi (xe) v

> gn':/lass( ) "gn':/lass( ) for SP =+

» The one-generation Majorana theory is CP-symmetric

» The Majorana case is different from the Dirac case, in which the CP
phase £5P is arbitrary
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No Majorana Neutrino Mass in the SM

» Majorana Mass Term o |:VZ— |l v — TLCTLT} 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:

I B |Y|Q=ht¥
145 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) = ?+(x) 1/2 /214
¢o(x) —1/2 0
> VLT C'vi has 3 =1and Y = —2 = needed Y = 2 Higgs triplet
(I=1hLkL=-1)
» Compare with Dirac Mass Term o gy, with 3 =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

S5 T )

zNC — g

-2y Z
2 cos Yw LY VL 4n

. destroys left-handed neutrinos
Dirac: v . . .
creates right-handed antineutrinos

destroys left-handed neutrinos

Majorana: v . .
J 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.$(x) — Z(x) ~ [E]*

Kinetic terms:  idy ~ [E]", (quﬁ)T otp ~ [E]*

Mass terms:  mutp ~ [E]*,  m?¢lo ~ [E]*

CC weak interaction: g o€, W, ~ [E]*

Yukawa couplings:  y L, ®¢g ~ [E]*

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

O4~4 are not renormalizable
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SM Lagrangian includes all & y<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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O4~4 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 = Lom + ﬁg, +

M ./\/l2 O6 + ..

. CcC _ _
Analogy with ﬁfe(ﬁ ) & GF (VeL"eL) (€LvpVeL) + - -
86 G g2

O — (Tel_')/peL) (FLV VeL) “+ ... =L B
’ M2 mi,

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

05 = Majorana neutrino masses (Lepton number violation)

Os = Baryon number violation (proton decay)
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» Only one dim-5 operator:
Os = (L] oo ®)CT (dT 0o L) +H.c.
1
=5 (L] CTonG L)) (®T 026 ®) + H.c.

Lo = %(LZCTUZ&LL) (@7 026 ®) + H.c,

» Electroweak Symmetry Breaking: ® = (i;r> S‘By:a]%z) <V/(iﬁ>

2
Symmetry M 1 g5v T ot g5V
> L — = = v, C'vy +Hec. — m=
> Breaking mass 2 M L L M
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» The study of Majorana neutrino masses provides the most accessible
low-energy window on new physics beyond the SM

2 m
> MmMX — X —
MM

natural explanation of smallness of neutrino masses

(special case: See-Saw Mechanism)

» Example: mp ~ v ~ 10> GeV and M ~ 101°GeV = m ~ 1072%eV
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Mixing of Three Majorana Neutrinos

1
/ M = EVZT CtMLy] +He
VeL
> U = Vl’u_ .
/ o L
VTL _5 526 CMBVﬁL+HC
a7 = 7;"/7

» In general, the matrix M’ is a complex symmetric matrix
ZV Mis v, = Z(&TLCT’V’é@%QT
= ZVﬁL (CJr v o= ZVBLC MLB v
= Z C Mﬁa I/ﬂ/_

MLy = Mb, — ME=mLT
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v

v

v

v

1
M =V "My +He

mass 2
1
vi=Vim = Zye=ov (V) CTMEV v +He
(VHYTMEVY =M, My =mi b (k,j=1,2,3)
i
Left-handed chiral fields with definite mass: n; = V[’T I//L = vy
V3L
1
L = 5 (n[cT M n, —nTMCn[)
13
= 5 Z my (V,ZLCT VgL — T;(LC VIZL)
k=1
Majorana fields of massive neutrinos: v, = vy + vg; Vi = Vg
1 1 3
n= || =M= 5 Z Vi (i) — my) Vk\yk:y;
V3 k=1
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Mixing Matrix

Leptonic Weak Charged Current:

J =2€4"Un.  with  U=V/TV

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

S =207 v=2 Y Tar?"vaL

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 = 172,3)

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

0, — e, (a=e,u,T)
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» Weak Charged Current: _/W L =2 Z ZfaL NP Upk Vit

a=e,u, T k=1

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

JWL_2 Z Zf L€ —ipa pUkI/kL

a=e,u,T k=1
ot o T (e
JwL=2¢€_"" § § Cor /P2 3P Uy vy
1 01267},&77'/(:1 2

» 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
DV = [0 e* o
0 0 e

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

» Standard parameterization:

C12€13 S12€13 si3e 013 1 0 0
U= —sioco3—crosx3s13€913  craco3—siospzsize’®13 523C13 0 e2 0
s12S3—C12Co3513€13  —crosm3—S12Co3513€013 €23€13 0 0 el?3

C. Giunti — Theory and Phenomenology of Massive Neutrinos — | — IHEP — 23 Sep 2016 — 73/101



DM = diag(e’“il , e ei)‘?’), but only two Majorana phases are physical

All measurable quantities depend only on the differences of the
Majorana phases

by — €90y = M — /=)
e/(A«=A)) remains constant

Our convention: A\ = 0 — DM = diag(l, e e’“3)

CP is conserved if all the elements of each column of the mixing matrix
are either real or purely imaginary:
d013=0o0orm and Ar=0or7/2o0rmor3n/2
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Dirac-Majorana Mass Term

@ Dirac-Majorana Mass Term
@ One Generation
@ See-Saw Mechanism
o Three-Generation Mixing
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One Generation

If vg exists, the most general mass term is the
Dirac-Majorana Mass Term
D+M _ D L R
gmass - fmass + gmass + "E/ﬂmass
ED

mass — —MpVr v + H.c. Dirac Mass Term

1
BZE 5 ML v/ C'v +He. Majorana Mass Term

1
LR = 5 MR v Clug + He. New Majorana Mass Term!
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v

Column matrix of left-handed chiral fields: N, = (ylg> = < VLT>
Vp Cvgr

mg mp
mass

1
LM _ N CTMN +He M=
2 mp Mg

The Dirac-Majorana Mass Term has the structure of a Majorana Mass
Term for two chiral neutrino fields coupled by the Dirac mass

» Diagonalization: n, = Ul N, = <V1L>
var
UTI\/IU:<m1 0) el e = 6
0 m2
Y mfC e =L o
== 2,

v

Vi = Vg + VkL

Massive neutrinos are Majoranal Vk = Vg
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Real Mass Matrix

CP is conserved if the mass matrix is real: M = M*

mg m . .
M = <mL mD> we consider real and positive mg and mp and real m;
D R

A real symmetric mass matrix can be diagonalized with U = O p

[ cos?  sind _[(p1 O '
O_<—sin19 cosﬁ) p—<0 p2> Pe==+1

4 2
OTIVIO:<m1 0,) tan29 = — "0
0 my mr — mp
1
my, = 5 [mL + mp + \/(mL —mgr)® + 4sz]
/. . . 2
mj is negative if mymrp < mp

UTMU = ToTMop = (M 0 ) =
=P P = 2 My = Py My
0 pym,
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> m) is always positive:

my =mh = [mL+mR+\/(mL—mR)2+4m2D]

> If mpmg > m2D, then m} > 0 and p% =1

1
N e
costy sind
pr=land pp =1 = U= <—sin19 COS19>
> If mpmg < m3, then mj < 0 and p? = —1
1 2
m1:2[\/(mL—mR) +4m2D_(mL+mR)]
_ jicos? sind
p1 =1 and P2 = 1 = U= <—/s|n19 C0519>
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» If Am? is small, there are oscillations between active v, generated by v,
and sterile vs generated by vg:

2
P, (L E)= sin? 29 sin® <ML>

4E

Am2:m%—m%:(mL+mR)\/(mL—mR)2+4m2D

> It can be shown that the CP parity of vy is (P = i p?:

CP 2 CP

cp .
— &7 (xe) =ipi 2 =1

vi(x) =

» Special cases:
» m=mg = Maximal Mixing
» mi=mg =0 =— Dirac Limit

> |my|,mgp < mp = Pseudo-Dirac Neutrinos

» m; =0 mp << mg — See-Saw Mechanism
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Maximal Mixing

2mD

——— = d=x/b
mr — mp

mé,lszimD
p%z—i-l, m; = mp — mp if m; > mp
,0%:—1, my = mp — mg if m; < mp
mo = my + mp
my < mp

—i

v = — (v — Vs
1L \/E(L R)

1
VoL = E(VL+VI%)
—i
v =1+ vy = % (v +vR) — (V[ + vR)]

1
v =1y + vy = ﬁ [(ve +vR) + (v[ +vg)]
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Dirac Limit
m; = mgr = 0
p% =-1 mi = mp
ps=+1 my = mp
The two Majorana fields v and v, can be combined to give one Dirac
field:

CcP _ _;
. =

i
CP _ ;
5 =

/
m2’1 — :l:mD — { j

1.
v=—=(irn+wr)=v +vr

V2

A Dirac field v can always be split in two Majorana fields:
1 C C
v =5 =) + (r+0°)]
i ( I_Z/I/C>+ 1 <V+VC> 1 (i1 + 1)
— = — — — = — Y
va\ o va ) Tvalve ) v

A Dirac field is equivalent to two Majorana fields with the same mass
and opposite CP parities
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Pseudo-Dirac Neutrinos
’|mL|, mrp K mD‘

, NmL+mR

m271 =~ > + mp

m; + mg

m’1<0 == p%:—l = mp1~mp=x >

The two massive Majorana neutrinos are almost degenerate in mass and
have opposite CP parities (67 = —i, &P =)

The best way to reveal pseudo-Dirac neutrinos are active-sterile neutrino
oscillations due to the small squared-mass difference

Am? ~ mp (mL + mg)

The oscillations occur with practically maximal mixing:

2
tan2 = 0 51 — 9~ /4
mr —mg
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See-Saw Mechanism

[Minkowski, PLB 67 (1977) 42; Yanagida (1979); Gell-Mann, Ramond, Slansky (1979); Mohapatra, Senjanovic, PRL 44 (1980) 912]

’mL:O mD<<mR‘

» Lk is forbidden by SM symmetries = m; =0

» mp < v~ 100GeV is generated by SM Higgs Mechanism
(protected by SM symmetries)

» mpg is not protected by SM symmetries =— mgr ~ Mgyt > Vv

2 2

m m

/ D 2 D

my ~ ——— =-1, m~—

» 1 mR S p; ’ 1 mR
/

my >~ mg =41, m~mgp

» Natural explanation of smallness of neutrino masses

» Mixing angle is very small: tan29 =2 o <1
mR

> v is composed mainly of active v;: v ~ —iy;

> 1 is composed mainly of sterile vg: v ~ vp
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Connection with Effective Lagrangian Approach

» Dirac—Majorana neutrino mass term with m; = 0:
1
LPtM — _mp (VrRvL +7LVR) + 5 mp (V;_CT VR + V;;CVE)
» Above the electroweak symmetry-breaking scale:
~ — 1
$D+M = —y” (WCDT L+ L (DI/R) + 5 mg (I/;—CT VR + Z/I?CV,*?)

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

be neglected:
8$D+M

S~ mRVECI L6

0

v ~ E—
VR = _r d)TCLLT
mg

[y

1/)2

$D+M_>$5D+M ~_ = (v

(L] o2 ®)CT(®T 0p L)+ Hec.
2 mgr

C. Giunti — Theory and Phenomenology of Massive Neutrinos — | — IHEP — 23 Sep 2016 — 85/101



L5 =

- % (L] 02 ®)CH (T 0p L) + Hec.

1 V)2
$5D+M =3 ) (LZ—U2 q))c]L (¢T02 L)+ Hec
2 mgr
v\2
g:_(yz) M = mp

» See-saw mechanism is a particular case of the effective Lagrangian
approach.

> See-saw 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 ..
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Generalized Seesaw

> General effective Dirac-Majorana mass matrix:
mg m
M= < L D)
mp mg
» my generated by dim-5 operator:

m; < mp < mg

» Eigenvalues:

mp mr — [

u2—(ﬁ(+mR)u+mLmR—m2D:0

W= % [mR:I:\/m%,—4(mLmR—m%)}
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12

NI~ NI~ N~

)
e £ me (1_2"Wmo>]

+ = Mheavy = MR

- 7 Might = ‘mL -

m, m,
— = Might = —
mRZ mg

m
Type Il seesaw:  m; > —2  — Miight = My
mgr

Type | seesaw: m; <
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Majorana Neutrino Mass?

U3 ud s ¢

2 1t

107107 102 100 10° 100 102 10° 107 10° 10° 107 10° 10° 10 1c
m [eV]

known natural explanation of smallness of v masses

See-Saw Mechanism (if vg's exist)

New High Energy Scale M = { 5-D Non-Renormaliz. Eff. Operator

Majorana v masses <= |AL| =2 <= [y, decay

both imply ) M%W
see-saw type relation m,, ~

M

Majorana neutrino masses provide the most accessible
window on New Physics Beyond the Standard Model
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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!

1
LM — —§m(1/f?1/R—|-WV,C?)

Majorana mass term for v 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(Lodvg+TRrPTL) m —mp (PLvR + TR VL)
Ly=—ye (v +0'PRVR) 3 mr (Vg vR + TRVR)
_ . 1
n=2 1/2(<77> +p+ix) Limass = 5 (vf 7r) (I??D %B) (Z}é) +Hec
m2
mg > mp = See-Saw: |m;~ D
scale of L violation EW scale R

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

The Majoron is weakly coupled to the light neutrino

. 2
I . mp _ mp\ __
Ly = % X |727°v2 — mr [V275V1 + 1/1757/2) + <mR> V1’75V1]
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Three-Generation Mixing

D+M __ D L R
gmass - gmass + "g’ﬂmass + ‘iﬂmass

s=1 a=e,u,m

1
L T L
gmass = 5 Z V(/XL CT Ma,@ V/BL + H.C.
a7B:e7IJ‘7T
1 &
R T R
"gmass = 5 Z V;R CT Mss/ V;/R + H.C.
s,s'=1
v Vﬁ?
’ V/L ’ fL 1C _ .
N, = e V= 1\Yu Vg = :
R 4 1C
TL VNSR
1 L DT
Ly’ = 5 NI CTMPMN +He MPHM = /\I\ZD AXJR )
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Diagonalization of the Dirac-Majorana Mass Term = massive
Majorana neutrinos

See-Saw 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

VE—Vst (left-handed)
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Sterile Neutrinos

@ Sterile Neutrinos
@ Number of Flavor and Massive Neutrinos?
@ Sterile Neutrinos
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Number of Flavor and Massive Neutrinos?

5
glo T T T T T T § »
5 =
B4 Zal ALEPH
5% e'e — hadrons E DELPHI
5] L3
OPAL
10° 20/
+ average measurements,
error barsincreased
by factor 10
102 10
" TRisTAN SLC
v I I I IT§>|I I I L |EP ! |I I 3 0 L v v L L
0 20 40 60 80 100 120 140 160 180 200 220 86 8 90 Igz G 9\;‘
Centre-of-mass energy (GeV) cm [ € ]

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

rz= Z rZ—mz + Z rZ_H?Iﬁ + Finv Finv =Ny Tzo05
l=e,u,7 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 Z U N>3
mixin Vol = v a=e,uT .
& ok ak kL e no upper limit!
k=1
Mass Basis: V1 Vs V3 Vs Us
Flavor Basis: Ve Vy Vr Vs Vs,

ACTIVE STERILE

N
Vol = E UnakViL =€ [l,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, v-) 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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No GIM with Sterile Neutrinos

[Lee, Shrock, PRD 16 (1977) 1444; Schechter, Valle PRD 22 (1980) 2227]

Neutrino Neutral-Current Weak Interaction Lagrangian:
NC) g 0,
NI~ 8z ey
' 2cosVy " LT VL
The transformation to active flavor neutrino fields is independent of the

existence of sterile neutrinos: v = V v

N - & zpy =5 7 Vat 7’ Val
| 2cosVy " 2 cos Yy pa:eZ%T o o
3+N;

Mixing with sterile neutrinos: 1, = 2 UokVit
k=1

(NO) g 3+Ns 3+ Ns
No GIM: .,2’1 == —m Zp Z Z ﬁ’}/pykL Z U;J Uak
j=1 k=1 a=e,u,T
Z U;j Uak = 5jk but Z U;j Uak 7é 5jk
Q=8€,[l,T,S1,... =€, T
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Effect on Invisible Width of Z Boson?

Amplitude of Z — v decay:

AZ =5 vi) = il - [ d*x £ 012)

g
m Jyk|/d XTL(x) Y vie (x x)|Z) Z

a=e,u,T
If me < mz/2 for all k's, the neutrino masses are negligible in all the
matrix elements and we can approximate

m<yjﬂk’ / d*x TL(x) V* vie(x) Zp(x)|Z) =~ Asm(Z — veity)

Asm(Z — viy) is the Standard Model amplitude of Z decay into a
massless neutrino-antineutrino pair of any flavor { = e, u, T

A(Z = vin) ~= Asm(Z = i) Y Usj Uak

a=e,l,T
3+Ns 3+ Ns
P(Z—vp)=Y "> |AZ - vmi)l
j=1 k=1
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3+Ns 34+Ns 2

» P(Z — vi) ~ Psm(Z — vip) Z Z Z

j=1 k=1 |la=e,u,T
» Effective number of neutrinos in Z decay:

3+Ns 3+Ns 2

=D D D UsjUak

j=1 k=1 |a=e,u,1

3+N;
» Using the unitarity relation Z Uok U;k = 0,3 We obtain
k=1
3+Ns 3+Ns
NE = D D X Ul Do Usi Ui
j=1 k=1 a=e,u,t B=e,u,T
34Ny 3+Ns
= 2 2 Xl Uﬁ!zuﬂékuﬁk— > 1=3
a=e,u,T B=e,u,7 j=1 a=e,u,T
%/—/%’_/
5a6 6(1[3

> N,SZ) = 3| independently of the number of light sterile neutrinos!
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Effect of Heavy Sterile Neutrinos

[Jarlskog, PLB 241 (1990) 579; Bilenky, Grimus, Neufeld, PLB 252 (1990) 119]

3+Ns 3+Ns 2

> N =331 Y Uk Uak| R with

j=1 k=1 |a=e,u,T

(e (e Medmed)
AT omy  2mb m2 (mz = m; = m)

AMx,y,2) = x® +y? + 2% — 2xy — 2yz — 2zx

» Rp<1l — |NP <3

14
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