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Part I: Theory of Neutrino Masses and Mixing

@ Dirac Neutrino Masses

@ Majorana Neutrino Masses

@ Dirac-Majorana Mass Term
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Part 1l: Neutrino Oscillations in Vacuum and in Matter

Neutrino Oscillations in Vacuum

CPT, CP and T Symmetries
Two-Neutrino Oscillations

Question: Do Charged Leptons Oscillate?

Neutrino Oscillations in Matter
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Part 11l: Phenomenology of Three-Neutrino Mixing

Phenomenology of Three-Neutrino Oscillations
Absolute Scale of Neutrino Masses

Tritium Beta-Decay

Cosmological Bound on Neutrino Masses
Neutrinoless Double-Beta Decay

Conclusions

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 4




Part |

Theory of Neutrino Masses and Mixing
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Dirac Neutrino Masses

@ Dirac Neutrino Masses

]

¢ € ¢ € € ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢

Dirac Mass

Higgs Mechanism in SM

Dirac Lepton Masses

Three-Generations Dirac Neutrino Masses
Massive Chiral Lepton Fields

Massive Dirac Lepton Fields
Quantization

Mixing

Flavor Lepton Numbers

Total Lepton Number

Mixing Matrix

Standard Parameterization of Mixing Matrix
CP Violation

Example: 912 =0

Example: ¢13 = 7/2

Example:m,., = m,
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Dirac Mass

Dirac Equation: (igd — m)v(x) =0 (@ =v"06,)
Dirac Lagrangian: .Z(x) = 7(x) (id — m) v(x)
1— ,),5 B 1+ ,),5

2 U

V=V +VR

Chiral decomposition: v; =

L =VLidv, + VRiGvg — m (I/_LI/R + WVL)
In SM only v; = no Dirac mass
Oscillation experiments have shown that neutrinos are massive

Simplest extension of the SM: add vg
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Higgs Mechanism in SM

SM: fermion masses are generated through the Higgs mechanism
: ot (x)

Higgs Doublet: ®(x) =
gg (x) <¢0(X)

Higgs Lagrangian: Ziiges = (D, P)T(DH) — V(P)

Higgs Potential: V(&) = u? ®Td 4 X (d1d)2

2
p2 <0, A>0=— V(cb):)\(cbfcb—V;) L with v = /—£

S

Vacuum: Vi, for T = "72 — (P) =2 <0>

v
Spontaneous Symmetry Breaking: SU(2), x U(1)y — U(1)q

Unitary Gauge: ®(x) = % (V +(;-I(x)>
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Dirac Lepton Masses

L[_ = <Zt> ZR VR

Lepton-Higgs Yukawa Lagrangian

L= —y [ ®Llgr -y [ Pvgr +Hec

Unitary Gauge

1 0 ~ . 1 [v+H(x)
¢(X):_2<V+H(X)> b=imnd :—2< 0 )
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v — v
LHL = _ye_2eLeR_yV_ﬁ LVR
A v
Yy yr __
— 4 ¢lrH— —7;vp H+H.c
J2 ERTT R
¢ Vv v vV
my=y"— my, =y’ —
AV =Y A
Yt m Y my
ng '\/E v gl/H -\/E v
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Three-Generations Dirac Neutrino Masses

/_(VeL> /_( V,LL) /_(V'IrL)
el — ul — TL —
by =e ,LL = py L =7
b = ep ;;R = pg Lr=Tg
Ver V;I;R VR
Lepton-Higgs Yukawa Lagrangian
XH’L:— Z I:Ya’B aL¢ZﬁR+ (DV,BR:| +HC
a’ﬁ:elﬂl‘r
Unitary Gauge
0 ~ v+ H(x
CD(X):% CD:i'rzcb*:% (x)
v+ H(x) 0
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v+ H - —
LHL = — ( 7 > [Y;% R+ Yob Vs V;3R:| + H.c.
a’ﬁ:e7#7‘r
v+ H\ — —
L = — (— €0 Y™ty + V] Y™ V] + Hee
) ﬂ
A A AR
£, = | pup br = | Ur V= |V VR = | Vug
! /
TL TR Vit ViR
(e v ve (e vy v
— 2 2 / v — v v v
CEE o E e e
YT e YT M Y‘T‘T YT e YT 1 Y‘T‘T
Mle _ L YIZ MIV — v YII/

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 12




H\ r— _
L = — (%) €L Y™l + V] Y™ V] + He

Diagonalization of Y’ and Y" with unitary Vf, V&, V¥, V%
L=Vit  tr=ViLr  vi=V!/n.  vp=Ving
Kinetic terms are invariant under unitary transformations of the fields

v+ H

/2

Vit v Vg = vt Y = yidap (a,8 = e, p,T)

LuL =~ ( ) 2oV vher + o0V TY" Vigug| + He

vy vy = v Yy = yi 0k (k,j=1,2,3)

Real and Positive v, y¥
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Massive Chiral Lepton Fields

er €r
o =Vvile =y b= Vil = | ug
TL TR
V1L VirR
V3L V3R
v+ H\ r—
D%H,L: — ( \/§ ) [KL Y££R+n_LY”nR} + H.c.
v+ H S 3 -
= — ( ) [ Z yifaLeaR—i- Zy}: Vil Vkr| -+ H.c.
V2 a=e,u,T k=1
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Massive Dirac Lepton Fields

ea = eaL + eaR (a =& U, T)

Vk = VkL + VKR (k=1,2,3)

L 3 v
YaV 57— yk vi__
L= — “=loly — Uk Vi Mass Terms
— oy
— Z byl H— Z Tk Gevi H Lepton-Higgs Couplings
a=e,u,T ﬁ k=1 2

Charged Lepton and Neutrino Masses

L v
YoV _ka
mg === (a=¢eu,T my = k=1,2,3

Lepton-Higgs coupling o< Lepton Mass
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Quantization

o(p) ul" () &= + b (p) Vi (p)

=+1
S (B~ me) ui” ()
P RTVE B+ m) v (p) = 0
EE 6 = 1l (p)
) = —np)
{a ()a Ny = {6 (p), b (')} = (21)* 2E4 83 (B — B') S
{ai (b)) (0} = &l (p).2 ””<p')}—o
{8 (2), B (0} = {847 (1), 47 ()} =0
{i (p)b "(p')} = {ak T(p)b“*( N} =0
(@ (p), ()} = L (p), b ()} = 0
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Mixing
Charged-Current Weak Interaction Lagrangian

.Zj(cc) = ———jW,+H.c

2\f

Weak Charged Current: iy =jﬁv,|_ +j5V,Q

Leptonic Weak Charged Current

Jwi = > Z’Yp(l— )el =2 3 VoL 17 laL = 2V 17 )

a—ep,T wletir
= Vit vp=V/n
Sy =20 Vi vVie = 2mp VT iy e = 2mp Ul gy
Mixing Matrix
ut = v/ vt U=Vt
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Definition: Left-Handed Flavor Neutrino Fields
Vel
V| = Un,_ = VLZTI/IL: VuL
VrL

They allow us to write the Leptonic Weak Charged Current as in the SM:
Syl =207 =2 ) Var Y lar

a=e,u,T

Each left-handed flavor neutrino field is associated with the
corresponding charged lepton field which describes a massive charged
lepton (e, u, T).

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

3
jﬁv,L =2n Ul yPe =2 Z Z Uzk Uit 1° Lot

k=1a=¢e,u,T
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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) +1 0 O (vs,et) -1 0 O
(vurw™) 0 +1 0 || (v, u*) 0 -1 0
vry,™™) 0 0 +1] (v¢,77) 0 0 -1

T?

‘L:Le+L#+LT‘

Standard Model: Lepton numbers are conserved
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» Leptonic Weak Charged Current is invariant under the global U(1) gauge
transformations

Loy — €% 8y VoL — €'%% vy, (a=e,u,T)

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

I8 =Val Y Var + LoV’ La Opil =
and a conserved charge:
Lo = / &3x 0(x) Bole = 0
Lot = / _&p (a1 (p) 2 (p) — 65" () B2 ()]
(27)3 2E : e a
d’p (Wt y () (Wt p(h)
+ [ Gepae L [ 012) o6 62 p)
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> Lepton-Higgs Yukawa Lagrangian:

3
v+ H - _
LHL=— ( > [ > Vilarlar+ > yi Ui vkr| + Hec.
\/§ a:e,;.c,‘r k:].
3
> Mixing: Vol = Z Uak Vil — Vil = Z U;k Vol
k:]. a:e)/J‘)T
3
v+ H - _
LHL=— ( > > [}ﬁ bat bor +Val Yy, Uak yi vir| +H.c.
\/i a:e,;.c,‘r k:].
» Invariant for )
eaL — e'?e ‘eaL; Vol — e'?e Val
3 3
bar = € lar, Y Uak i ViR = €'%° Y Unk ¥ Vir
k=1 k=1

» But kinetic part of neutrino Lagrangian is not invariant

3
(v) E— —
Liinetic = Z Vol iPVal + Z VkRIQVIKR
a:e,;.c,‘r k:].
because Ei:l Uak Y{ Vkr s not a unitary combination of the vyg's
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D
5 mge meD# mET VeR
gmass:_(VeL VuL V‘TL) m'lée m%# m’BT VuR +H.c.
Mre Mry  Mrr VrRr

Le, Ly, Ly are not conserved

Lis conserved:  L(vqr) = L(vgL) = |AL| =0
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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 — e'? Vil , VKR — e'? VKR (k = 1,2, 3)
laL — e'? laL, eaR — e'? ZaR (a = e,,U,,T)
» From Noether's t?beorem:
FPEYTN vt Y L la 8, =0
k=1 a=e,u,T
Conserved charge: L, = /d3xj2(x) dola =0

Z/ 27r)3 2 - i . {""(jl) (p) 2% (p) — bl (p) by (p)]

+ 2 | ey 27r325h 2 [ ) p) — b ) 2]

a=e,u,T
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Mixing Matrix

Leptonic Weak Charged Current: jﬁv’l_ =2na UTyP e,

, Unn Uz Uss Uer Ue2 Ues
U= \/LJr VZ/ = U21 U22 U23 = Uﬂl U,uz U,u3
Us1 Uz Uss Ui Ura Urs
Unitary Nx N matrix depends on N? independent real parameters
W =3 Mixing Angles
N=3 -
N(N+1
% =6 Phases

Not all phases are physical observables

Only physical effect of mixing matrix occurs through its presence in the

Leptonic Weak Charged Current
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3
Weak Charged Current: jﬁv’l_ =2 Z Z Ut Us e P Lar
k=1 a=e,u,T
Apart from the Weak Charged Current, the Lagrangian is invariant
under the global phase transformations
vk = ey (k=1,2,3), by — €%ty (a=e,pu,T)

Performing this transformation, the Charged Current becomes
3
Jwi=232 Y. Tae " Ui ba
k loa=eu,T
— 2 g i(p1—9e) Z Z VL g ) —i(pr—ep1) Uz, e i(po—pe) VP Lot

k 1o=eu,™ N 1=2 N—1=2
There are 1 + ( —1)+ (N —1)=2N —1 =75 arbitrary phases of the
fields that can be chosen to eliminate 5 of the 6 phases of the mixing
matrix
2N — 1 and not 2N phases of the mixing matrix can be eliminated

because a common rephasing of all the fields leaves the Charged Current
invariant <= conservation of Total Lepton Number.
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» The mixing matrix contains

N (N +1)
2

(V-1)(N-2)

~(2N-1)= >

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 Uei Uex Ues)\ [rviL
vt | = | Uur U2 Uz | | varL
VrL UT]. U‘T2 UT3 V3L

U = Rx3 Wiz Rp2

1 0 0 C13 0 51367"613 c1p s12 0

= 0 C23 523 0 1 0 —S512 C12 0

0 —523 (23 —5136'513 0 C13 0 01
c12€13 s12¢13 s13e77013

= | —sos—cs3size®3  cpos—spsssize®3  ssas

s12523— C12C23513€7013  —c1o83—s12023513€7013  cpzc13
. ™
Cap = COS P ap Sap = sinP4p 0< ¥ < > 0<d13<2m

3 Mixing Angles %15, ¥23, #1353 and 1 Phase 13
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CP Violation

» U=U* <= CP symmetry
» General conditions for CP violation (14 conditions):
1. No two charged leptons or two neutrinos are degenerate in mass (6
conditions)
2. No mixing angle is equal to 0 or /2 (6 conditions)
3. The physical phase is different from 0 or 7 (2 conditions)
> These 14 conditions are combined into the single condition det C # 0

C=—j [MIV MIVT , MIZ MIZT]

detC =-2J (m;%Q - m,i) (m,%3 - m,i)

» Jarlskog invariant: J = Sm[U,ﬁ Ue2 U Ue3]
[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 = RzRizWh»

cos %1 sin e 912 0
W12 = | —sin 191267"512 CcoSs 1912 0
0 0 1
1 00
%1 =0 — Wi,=10 1 0|=1
0 01

real mixing matrix U = Rx3Ry3
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Example: ¢35 =7/2

U = RysWi3R12

cos %13 0 sin 1913e*’513
Wiz = 0 1 0
—sin 1913e’513 0 cos %13
0 0 e

P13 = 71'/2 — Wis = 0 1 0
e )
0 0 e~if13

U=| —sincs—cisse®3  cncs—sinszes 0

s12523—C12C23€/013 —c1253—s12C3€7013 0
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0 0 e~i0ns
U= |U#1|e">‘141 |U;z2|ei>"‘2 0
| Ur1 |6'>‘T1 | UT2|6')‘T2 0

)‘,ul_)\,112:)\7’1_)\7'2:i:7'r )\71—)\#1:)\72—)\’“2:&7(

vk — e®* y (k=1,2,3), Ly — €% 4, (a=e,u,T)

e=iee 0 0 0 0 e B\ e g 0
U_>< 0 e 0 > |Uﬂ1\e'>‘f‘1 \U#2|e'>‘#2 0 ( 0 e%2 0 )

0 0 e ieT |Ur1|err1 |UpalePr2 0 0 0 %3
0 0 ei(—813—petp3)
U= ‘U#1|ef(>\,trw+¢1) ‘U#2|ef(>\,427<m+tpz) 0
|Ur1|e/Ar1=e7+01) |Uo|el(Ar2—eT+92) 0

p1 =0 Pu = )\,ul or = Ar1 P2 =Py _)\;;2 :)\;;1 _)\,u2
‘P2:SOT_)\T2:E7":)\7'1_)\7-2I|:7r:)\#1—)\#2 OKI

0 0 +1
U: (|U;t1 |U;t2| 0 )
|Ur1| —|Ur2| 0
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Example: m,, = m,,

JorL =2 U yP e

U= RizRi3Wa3 = jyL=20C WhRLRE % 4

1 0 0
Wos =10 cos 993 sin U3 g0
0 —sint¥ye 03 cos Vo3

Wosn; = n'L RioRi3 = U — ja/,L = 2n_’L UlJr ’)’p I
V> and v3 are indistinguishable
drop the prime = Jv =20 Utyre,

real mixing matrix U = RixRi3
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Jarlskog Invariant

J= Sm[Uﬂg, Ue2 Upp U:3]

» All the imaginary parts of the rephasing-invariant quartic products
Uak Usk Uaj Us; are equal up to a sign:

Sm| Usx Upk Unj Upj] = +J
» In the standard parameterization
2 .
J = c12512623523¢13513 5in 13

1
=3 sin 2115 sin 29,3 cos Y13 sin 21%13 sind3

» The Jarlskog invariant is useful for quantifying CP violation in a
parameterization-independent way

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 34




Maximal CP Violation

v

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

1
6v/3

» In the standard parameterization it is obtained for

|J|max =

1912:1923:71'/4, 513:1/\/5, sin613::i:1

» This case is called Trimaximal Mixing. All the absolute values of the
elements of the mixing matrix are equal to 1/\/5:

— __1 _1 _1 — 17 Fim

e$i7r/6 _eii7r/6 1
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GIM Mechanism

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

» The unitarity of V/, V£ and V} implies that the expression of the
neutral weak current in terms of the lepton fields with definite masses is
the same as that in terms of the primed lepton fields:

JoL =28t V[V v + 28] £ v°l, + 28k LY LR
=2g/ AL VTP Vi +2g[ B VTP VERL + 28k TR VTP VE R
=2g/ ALY’ nL +2g € 7LL + 28k LRV LR

» The unitarity of U implies the same expression for the neutral weak
current in terms of the flavor neutrino fields v; = Uny:

jgL =28/ vL Uy’ Utw, +2g] 0 vP0 + 2 gL tryPeR
=28/ ULy v + 28 LLYLL + 28k LR Y7L
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Lepton Numbers Violating Processes

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

Example: p* — e + 1, pt— et et +e”

uw —e +v

> Unk
k

Uek = 0 = only part of vi propagator o< my contributes

GemS 3a . I

= — DU Uee—E g )
19273 32 zk: k2, .

BR oy i booe
U;k Urk
Suppression factor;  —X S107M for my SleV
myy
(BR)the < 1074 (BR)ep < 107
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Majorana Neutrino Masses

@ Majorana Neutrino Masses

9
o
9
o
9
o
o
9
o
9
o
9
o

Two-Component Theory of a Massless Neutrino
Majorana Equation

Majorana Lagrangian

Majorana Antineutrino Jargon

Lepton Number

CP Symmetry

No Majorana Neutrino Mass in the SM
Effective Majorana Mass

Mixing of Three Majorana Neutrinos
Mixing Matrix

Neutrinoless Double-Beta Decay
Effective Majorana Neutrino Mass
Majorana Neutrino Mass < (o, Decay
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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#8, — m)9 =0

» Chiral components of a Fermion Field: ¥ = 4, + ¥

» The equations for the Chiral components are coupled by the mass:

’.’Y'ua,u"ﬁL = myr
’.’Y'ua,u"pR =my,

» They are decoupled for a massless fermion: Weyl Equations (1929)

0, =0
iv8,Yr =0

» A massless fermion can be described by a single chiral field ¥; or ¥r
(Weyl Spinor).
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v

¥ and 1Y have only two independent components: in the chiral

representation
_ (0 _ (xr
"/’L—(XL) 1/JR—<O>

The possibility to describe a physical particle with a Weyl spinor was
rejected by Pauli in 1933 because it leads to the violation of parity

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: ¥gr and 9, are not independent.

» The relation connecting ¥r and ¥; must be compatible with the Dirac

equation:

iv0u YL = mYr IO, YR = myy
The two equations must be two ways of writing the same equation for
one independent field, say v, .
» Consider iv*0,9r = my,
Take the Hermitian conjugate and multiply on the right with 4°:
—i8 k17" = my,
Py = = —iguhry* = mPr
» Transpose and multiply on the left with C (C ’y[ Cl=—y,)=
I8, CUr =mCy.

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 41




v

v

v

v

v

v

v

CWT is right-handed and C%T is left-handed
T8, CUr' = mCy. has the same structure as iYL = myg

We can consider them as identical by setting

—T .
Yr=ECPr  with  [§f =1
¢ is unphysical phase factor which can be eliminated by rephasing

Y- 2y = Yr=CyL

Majorana Equation: | iv#0,9 = mCWT

The field ¥ =9 +Yr =YL + CWT is called Majorana Field

Majorana Condition: [¢ = C%

A Majorana Field has only two independent components

.
Chiral representation: 9 = (IUXXL>
L
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Charge Conjugation: 1/1LC = CWT

Majorana Field: ¥ = ¢, + 1/},_C Majorana Condition: ¢ = 1/1C

The Majorana condition implies the equality of particle and antiparticle
Only neutral fermions can be Majorana particles

Dirac equation for fermion with charge g coupled to electromagnetic
field Ay:

(i7", — qY*Ay—m)9 =0 (particle)
(i7", + qy*A, — m)9© =0 (antiparticle)

If g # 0, 9 and € obey different equations and the Majorana equality
cannot be imposed

For a Majorana field, the electromagnetic current vanishes identically:
Py = PCyyC = —pTChyrcy’ =geytTCly = —Pyty =0
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Majorana Lagrangian

» Let us consider first the Dirac Lagrangian
P = V(i@ —m)v =v[idv, + VRidvgr — m (VR v + VL VR)

» In order to write a Majorana Mass Term using v, alone, we make the
substitution vp — I/LC = CV_LT

» Majorana Lagrangian:

M= % rigve+ v igve —m (vl v+ 7rvf )|

» The overall factor 1/2 avoids double counting in the derivation of the
due to the fact that v and 7 are not independent (v¢ = CL ")

oM =V idv, — g (—I/LTCTVL -I-V_LCI/_LT)
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» Majorana Field: v =v; + I/LC

» Majorana Condition: v¢ = v

1
» Majorana Lagrangian: M = Eﬁ(i@ -—m)v

» The factor 1/2 distinguishes the Majorana Lagrangian from the Dirac
Lagrangian

» Quantized Dirac Neutrino Field:

3
v(x) = / (2:)73[)% ’Zi;l a(h)(p) u (p) e—iPx b(h)T(p) () (p) eip'x]

» Quantized Majorana Neutrino Field [b(")(p) = a")(p)]
_ d’p Y () (D) () e=iP% 1 2 (o) y(B)( ) wiP
1) = [ Grag 3 [0 ) a1 (p) () ¢

» A Majorana field has half the degrees of freedom of a Dirac field
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Majorana Antineutrino Jargon

» A Majorana neutrino is the same as a Majorana antineutrino
» Neutrino interactions are described by the CC and NC Lagrangians

cC_ _ 8 (5p 7 AH t
L1 = \/E(VL'Y LW+l Yy W#)
v 2 cos Py VLY VL 4

» In practice, since detectable neutrinos are always ultrarelativistic, the
neutrino mass can be neglected in interactions
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v

v

v

In interaction amplitudes we neglect corrections of order m/E

destroys left-handed neutrinos
creates right-handed antineutrinos

Dirac:
__ | destroys right-handed antineutrinos
{ creates left-handed neutrinos
VL{ destroys left-handed neutrinos
creates right-handed neutrinos
Majorana:

__ | destroys right-handed neutrinos
L\ creates left-handed neutrinos
Common definitions:
Majorana neutrino with negative helicity = neutrino
Majorana neutrino with positive helicity = antineutrino
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Lepton Number

The Majorana Mass Term
1
gn':/;ss = Em(VZ_CTVL—i_VICVz)
is not invariant under the global U(1) gauge transformation
vV — e'? |48

L><—1<——>L><+1

The Total Lepton Number is not conserved: | AL = +£2

However, the Total Lepton Number is conserved in interactions in the
ultrarelativistic approximation of massless neutrinos

Best process to find the violation of the Total Lepton Number:
Neutrinoless Double-8 Decay

N(A Z) > N(A Z+2)+2e” (BBy)
N(A Z) = N(A Z—-2)+2e" (BBq,)
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CP Symmetry

» Under a CP transformation

Ucpre(x)Ucp = €57 2P vl (xp)
UCPVL (X)UCP _fcp ’YO vi(xp)
UcpZL(x)Ucp = €57 v () 7°

UcprS (x)Ucp = —€5° o(xp) 7°

with [657[2 = 1, x¥ = (x, %), and x = (x, ~%)

> The theory is CP-symmetric if there are values of the phase fSP such

that the Lagrangian transforms as
UcpZ(x)Ugp = Z(xp)

in order to keep invariant the action | = /d4x Z(x)
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» The Majorana Mass Term

LX) = =5 m (V€ () v (x) + 7(x) v ()]
transforms as

Uch Zihs()Uch = — 5 m (€SP oE(ep) v ()

—(€SP"2 v E (xp) v (p)]

> Ucpjmass( )UEP er'YIass(XP) for £CP +i

» The one-generation Majorana theory is CP-symmetric

» The Majorana case is different from the Dirac case, in which the CP
phase ¢SP is arbitrary
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No Majorana Neutrino Mass in the SM

» A Majorana Mass Term o [1/,_7— ct vV —V_LCV_LT] involves only the

neutrino left-handed chiral field v;, which is present in the SM (one for
each lepton generation)

> Eigenvalues of the weak isospin /, of its third component /5, of the
hypercharge Y and of the charge Q of the lepton and Higgs multiplets:

I b Y Q=hk+¥

|48 1/2 0
lepton doublet L, = 1/2 -1

{ -1/2 -1
lepton singlet lr 0 0o -2 -1

+ 1/2 1
Higgs doublet ®(x) = ") 1/2 / +1

#°(x) —-1/2 0

» v/ Clyy has s =1 and Y = —2 — needed Higgs triplet with Y =2
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Effective Majorana Mass

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

Kinetic terms:  9idy ~ [E]4, (3u¢)T ot ~ [E]4

Mass terms:  m9y ¢ ~ [E]*, m? ¢ ¢ ~ [E]*

CC weak interaction:  wgy* €, W, ~ [E]*

Yukawa couplings: Lo ® €5 ~ [E]*

Product of fields ¢4 with energy dimension d = dim-d operator
Coupling constant of &4 has dimension [E](¢~%)

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 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

Approach analogous to effective non-renormalizable four-fermion Fermi
theory of weak interactions, which is a low-energy manifestation of the
SM
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O4~4 is suppressed by a coefficient M%) "\where M is a heavy mass
characteristic of the symmetry breaking scale of the high-energy unified
theory:

&= Lo+ L 05+ L 06+

M M
. coy  GF + .
Analogy with 2 = W,JW
(S \/5
t ow 86 Gr g
Os = jwudw M2 V2 - 8m?,

M=d=4) is 5 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] )T (®T 1 L) + Hec.

1
=5 (L]t m7ly) - (¢T Fd) 4+ Hec

L = 2M (L,_ CTTQTLL) (¢TT2’7_"¢)+H.C.

. B ¢+ Symmetry 0
» Electroweak Symmetry Breaking: ¢ = <¢0 m v/v/2

2
Symmetry M 1 gsv T At g5V
> L — = v C'lyy +He. = |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

vZ md . .
» mx — &« — natural explanation of smallness of neutrino masses

(special case: See-Saw Mechanism)

» Example: mp ~ v ~ 10?2 GeV and M ~ 10" GeV = m ~ 1072 eV
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Mixing of Three Majorana Neutrinos

1 —
v, IM = 5 (V;_T ctmtu] — v MH CV;_T)
>y = vy 1 - — -
V'I,—L = 5 Z (V&LC Maﬂ VﬂL V&LM ZLCV[I')’L)

a’ﬁ:eY/‘LIT

> In general, the matrix ML is a complex symmetric matrix

ZVaL aﬁ VplaL = ZV,BL (CT)T

o,

- ZV,@LC MéﬁVaL ZV C M,@aVIBL
a.B

My = Mb, — M-=m-T
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v

v

v

v

v

v

v

1

M = 5 (V,'_T ctmty, —v Mt C V'LT)
Diagonalization: v} = n; V}'T with unitary Vv

(VYT MEVE =M, My =me g (k,j=1,2,3)

Real and Positive my

Vi
Left-handed chiral fields with definite mass: n; = VfT v, = |y
V3L
1
M = 5 (nLTCTI\/InL —n_LI\/ICn,_T>
13 _
— 5 Z my (VIZI—_ CT Vgl — VkLCV[Z_L>
k=1
Majorana fields of massive neutrinos: vy = vy + VkCL VkC = vy
141 1 3 1
n= |1 :>gM:Ezrk(ia_mk)ykziﬁ(ia_l\/l)n
V3 k=1
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v

v

v

v

Mixing Matrix

Leptonic Weak Charged Current:

Jpyo=2mtUty e, with U= VTV

Definition of the left-handed flavor neutrino fields:

‘ Vel
I/L:UI'IL: VLTV’L: VuL
UrL

Leptonic Weak Charged Current has the SM form

Sl =207l =2 ) VarVlas

a=e,u,T

Important difference with respect to Dirac case:
Two additional CP-violating phases: Majorana phases
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1 3

» The Majorana Mass Term ZM = 5 Z my (I/,Z—L Clvy — 7 C Vﬁ) is
k=1
not invariant under the global U(1) gauge transformations
v — ey (k=1,2,3)

» The left-handed massive neutrino fields cannot be rephased in order to
eliminate the two phases that can be factorized on the right of the
mixing matrix

1 0 0
pV=0 e* o
0 0 e

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

» Standard parameterization:
C12€13 S12€13 sj3e 01
D _ 6 is
U™ = | —s1003 — c12523513€'°®  C10003 — S10523513€%%3 $23C13

i6 13
S1253 — C12623513€'°  —C12523 — S12C23513€'° 3€13

» Jarlskog invariant: J = c12512(:23523c123513 sind13 as in the Dirac case
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» DM = diag(e’?‘l, ei>‘2, ei>‘3), but only two Majorana phases are physical

» All measurable quantities depend only on the differences of the
Majorana phases
by — ei"’fa — M e(u—9)
e/A=X) remains constant

» Our convention: A; =0 = DM = diag(l, 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 Ax=0o0rm/2ormor3m/2
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Neutrinoless Double-Beta Decay

2+

B+ 0As

0+ 6,

76
35Ge

BB~
O+

76
VSIS
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Two-Neutrino Double-@ Decay: AL =0

1 N
N(AZ) = NAZ+2)+e +e +ie+be ( U
(Tih) ™" = Goy [ Moy |
second order weak interaction process
in the Standard Model d o
Neutrinoless Double-8 Decay: AL =2
N(AZ) 5 NAZ+2)+e +e ' ”

(7—1()/V2)_1 = Goy [IMoy|? |mﬁl3|2

effective
Majorana  mgg = » U2, mi Vet e
mass k d W
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Im[mgﬁ]

2
meg =y U3 my
k

Effective Majorana Neutrino Mass

mgg = |Ue1|2 my + |Uez|2 eia2 mo + |Ue3|2 ei°‘3 ms3

Qp = 2)\2

|Uf13‘26ia3 ms3

mgag
ag
|Uea |2y
Qi
|Ulﬂ1 |277L1 Re[mﬁg]

Im[mygg]

a3 = 2 ()\3 — 513)

mgp

9

complex Ug, = possible cancellations

|Uea|?ei2my

|Uer >y
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Majorana Neutrino Mass < (36,, Decay

[Schechter, Valle, PRD 25 (1982) 2951]

[Takasugi, PLB 149 (1984) 372]
Majorana Mass Term

M_ _1

(V_,ful_ —i—V_LVE) =im (VZ-CT VL +I/ICI/Z>

two conditions:

u, d, e are massive

p ar+ |\
u u N W
e e .
BBy s = BBy -
e e P ,
u d U | e
Ve

standard left-handed weak interaction exists
cancellation with other diagrams is very unlikely
(no symmetry, unstable under perturbative expansion)
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Dirac-Majorana Mass Term

@ Dirac-Majorana Mass Term
One Generation

Real Mass Matrix
Maximal Mixing

Dirac Limit

Pseudo-Dirac Neutrinos
See-Saw Mechanism
Majorana Neutrino Mass?
Right-Handed Neutrino Mass Term
o Singlet Majoron Model

@ Three-Generation Mixing

o Number of Massive Neutrinos?
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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
fma—is—s = gmass + "gmass + fmass
gn?ass = -—mpVUgrv, + H.c. Dirac Mass Term
1
gn&ass =5 mg VLT ct v, + H.c. Majorana Mass Term
1
92”“5355 =3 mg V,-;’; ct vr +H.c. New Majorana Mass Term!
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» Column matrix of left-handed chiral fields: N; = <Vé> = ( V_L-,—>
Uk CUR

1
L = SN[ CTMN +He M= (:é :2)

» 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, = UT N, = <V1L>
vaL

UTMU:<m1 n?) Real my > 0
2

0
goim 1 4 He = — - Uk
> L inass =5 Z my v Cvg + .c.——E Z my Uy Vg
k=1,2 k=1,2
C
Vk = VkL + Vkl_
> Massive neutrinos are Majoranal Vg = VkC
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Real Mass Matrix

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

mg m
» M = L D
mp Mg

> we consider real and positive mg and mp and real m;

> A real symmetric mass matrix can be diagonalized with U = O p
cos¥  sin?
0= <— sin?d cos19>

pr 0 2
= =+1
p <0 p2> Pk

+ —mr)*>+4 2]
5 [mL + mg \/(m/_ mg)~ + 4 mg
» m] is negative if m mg < m3

' 2
»OTMO:<m1 0,) tan2g9 = — "0
0 my mr — mg
m12,1 =

0 2

2
UTMU:pTOTI\/IOp:<p1m1 po ) —
2

mj
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» m) is always positive:

1
m2:m'2:5 [mL+mR—|—\/(mL—mR)2—|—4m2D]

> If memg > m3, then m{ >0 and p3 =1

1
m1:§ [mL+mR—\/(mL—mR)2+4m2D]

cos?¥ sin?
p=landpp=1 = U:<—sin19 cosﬁ)
> ImemR<m2D, then m'1<Oand p%:—l
1
m1=§[\/(mL—mR)2—|—4m2D—(mL—|—mR)

_ icost? sintd
pr=iand pp=1 — U_<—isin19 cos19>
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» If Am? is small, there are oscillations between active v, generated by v
and sterile vs generated by V,g:

Am? L
Py, (L, E) = sin® 2 sin’
—wv.(L, E) =sin sin < 4E>

Am? =m3 —m? = (my + mR)\/(mL — mg)* +4m}
> It can be shown that the CP parity of vy is £5F = i p2:
Ucpvi(x)Ucp = i pj 70 vic(xp)

» Special cases:
» m = mrg =— Maximal Mixing
» mi=mr=0 =— Dirac Limit
» |m|,mr € mp = Pseudo-Dirac Neutrinos

» m =0 mp<Kmr = See-Saw Mechanism
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Maximal Mixing

v =m/4

p%:+1, m; = mp — mp if mLZmD
p%:—l’ m; = mp — mp if mp < mp
my = mg + mp

m; < mp

VL = \;—;— (VL - V/%)

Vo = 1 (VL + VI%)

v2

m=v v == [(VLJFVR) - (VLC+V’g>]

/2

Vo = Uy + I/2CL = % [(VL +vRr) + (VLC + Vlg)]
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Dirac Limit

pi =1, my = mp
p%z-i-]., mp = mp

» mlz,l = Zl:mD —— {

» The two Majorana fields v; and v, can be combined to give one Dirac
field:

1 .
v=— (i1 +1)=v.+ 1R

2

» A Dirac field v can always be split in two Majorana fields:

1
I/ZE[(I/—VC>+(V+VC>]
B i v—vC 1 v+v€ B 1 .
_ﬁ<_'7>+ﬁ<7>_ﬁ('”+”)

» 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|,mR<<mD‘

m m
mh ~ TEER
’ 2
mp+m
m'1<0 = p%:—l - m2,1:mD:|:#

The two massive Majorana neutrinos have opposite CP parities and are
almost degenerate in mass

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
tan2ﬂ:$>>1 — Jd~7/4
mr — mp
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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]
‘ m =0 mp<K mR‘

» L

mass

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 =— mg ~ Mgyt > Vv

2 2
m m
! D 2 ~ Mp
y M= pi=-1, m=~—
mg — 5 mg
!
my, >~ mg p5=+1, m~mp
» Natural explanation of smallness of neutrino masses
.. . mp
» Mixing angle is very small: tan29 =2 — < 1
m

R
> 17 is composed mainly of active v;: vy ~ —iv;

> 1) is composed mainly of sterile vg: vy ~ V,g
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Majorana Neutrino Mass?

V3 U d S [ ) t

o= WL

1074 1072 1072 107" 10° 10" 102 10® 10* 10° 106 107 10% 10° 10'0 10" 10%2
m [eV]

known natural explanation of smallness of ¥ masses

See-Saw Mechanism (if vg's exist)

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

Majorana v masses <= |AL| =2 <= [0, decay

both imply ) M2
see-saw type relation m, ~ —EW

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 vg respects the SU(2), x U(1)y Standard Model
Symmetry!

LY = —% m (ﬁuR—i—ﬁVﬁ)

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 (L_L¢VR + 7R O LL)

—— —mp (VLvr + VR VL)
o (@)70 o
Ly =—ys (nvgvr -+t TRVE) e ~3mr (VEvr + TR VE)

— . 1 < m y
n=2""2((m) +p+ix) s = =3 (170) (1 ) (24) +He

mg > mp
scale of L violation EW scale

m2
— See-Saw: |m ~ L

mgr

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

Iy

Ly , =%

2
\/EX [Vz’)’ v R [Vz’)’ v+ 01y Vz) + <_mR> vy Vl]
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Three-Generation Mixing

L R
mass T gmass + gmass

gD—f—M gD

mass

mass_ Z Z VsR aL+HC

s=1a=e,u,T
1

L _ IT pt pgl )
gmass = 2 Z Vol C Maﬁ VﬂL + H.c.
)ﬁ e]/" T
R .,
mass Z CT MSS’ VS/R + H.c.
s,s'=
1C
v V<I-3L YR
1 L 1 ] 1C — .
L=\ ¢ V=Y Vg = :
R v /C
TL VNSR

mass

-
DM N/LT ¢t MPMN/ 4 H.c. MP+M _ </\/IL MP
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» Diagonalization of the Dirac-Majorana Mass Term = massive
Majorana neutrinos

> See-Saw Mechanism = sterile right-handed neutrinos have large
masses and are decoupled from the low-energy phenomenology

> At low energy we have an effective mixing of three Majorana neutrinos
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Number of Massive Neutrinos?

Z vV = VeV, v, active flavor neutrinos

N >3

N
mixin = VpL = Upkv a=eurT .
& ok Z ok kL  Ho no upper limit!

k=1
Mass Basis: Vi Uy V3 VUi Vs
Flavor Basis: Ve Vy Vr Vg Vs

ACTIVE STERILE

STERILE NEUTRINOS

singlets of SM = no interactions!

active — sterile transitions are possible if v, ... are light (no see-saw)

4

disappearance of active neutrinos
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Part 1l

Neutrino Oscillations in Vacuum and in Matter
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Neutrino Oscillations in Vacuum

@ Neutrino Oscillations in Vacuum
@ Ultrarelativistic Approximation
o Neutrino Oscillations in Vacuum
@ Neutrinos and Antineutrinos
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Ultrarelativistic Approximation

Only neutrinos with energy 2 0.1MeV are detectable!

Charged-Current Processes: Threshold

v+A—=>B+C
4

U

2
E, = (mstmc)”
2ma

s =2Ema+ m> > (mg + mc)2

ma
2

Ve + 'Ga — "Ge+ e~
ve +3Cl = ¥ Ar+e”
’7&+p_)n+e+
Vot n—ptp

Vpte — Vet

Ein = 0.233 MeV

Ei, = 0.81 MeV
Ein = 1.8 MeV
Ew, = 110 MeV
mZ
Ew ~ 5 =10.9 GeV

Elastic Scattering Processes: Cross Section oc Energy

v+e —v+e

o(E) ~ oo E/me

oo ~ 107*cm?

Background = Ey, ~ 5MeV (SK, SNO), 0.25 MeV (Borexino)

Laboratory and Astrophysical Limits —
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Neutrino Oscillations in Vacuum

[Eliezer, Swift, NPB 105 (1976) 45] [Fritzsch, Minkowski, PLB 62 (1976) 72] [Bilenky, Pontecorvo, SINP 24 (1976) 316]

[Bilenky, Pontecorvo, Nuovo Cim. Lett. 17 (1976) 569] [Bilenky, Pontecorvo, Phys. Rep. 41 (1978) 225]

Flavor Neutrino Production: JCV L=2 Z Val Y Lol Vol = Z Uak Vi

a=e,u,T

Fields DgL = Z Uy Ukt |Ve) = Z Uiy lve) States
K

|I/k(t,X)) _ e—iEkt"l‘iPkX |Vk> = |I/a(t,X)) _ Z U;k e—iEkt+ika |Vk>
k

vy = > Usklvg) = Ia(t,x))= > | D Use BPUgy | |ug)

B=e,u,T B=eu,m \ k

Avg—vg (t,X)
Transition Probability

2 o .
Puasa(t, %) = [(plVa(t, X)) = [Avu g (6,2)] = 3 Usie™ P Uy
k
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ultra-relativistic neutrinos =— t~x =L source-detector distance

E2 _ 2 m2 m2
Ekt—kaZ(Ek—pk)L:EI;_’_z: :Ek+kpkL22—Ek
2
—im?
Prasvg(LE) = |3 Usy e ™28 Ugy
k
i i AmiL
= Z UakUpkUajUgjexp | —i 5E
k.
Amij =m; — mJ2

* * . 2 AmijL
Prasvp(L/E) = 5aﬁ—4ZRe[UakuﬁkUajUﬁj] sin

e 4E
>J 5
o (AmgL
+23° Im| Uz Upk U U | s.n< o >
k>j
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Neutrinos and Antineutrinos

Antineutrinos are described by CP-conjugated fields:
P_y0co™ = —Ccv*

C = Particle = Antiparticle
P = Left-Handed = Right-Handed

. CP
Fields: v, = Z UakVke — v aL = Z kaL
CP - —
States: |vy) = Z aklVi) — Vo) = Z Uak|Pk)
k

NEUTRINOS U < U* _ANTINEUTRINOS

AmzL
Pracnp (L E) = 2 Uanl Uil + 2Re 3 U k“ﬁk“w“ﬁfexp< zE)
k>j

Ami;L
Prwc(1s E) = B2 Uak P Uael? + 2Re S Uak U U “ﬁfex"< zé’)
k>j
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CPT, CP and T Symmetries

o CPT, CP and T Symmetries
o CPT Symmetry
o CP Symmetry
o T Symmetry
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CPT Symmetry

CPT
Pog—ve

Pua—wﬁ
CPT Asymmetries: ACPT = Pua—svp — Pog—pa

Local Quantum Field Theory — ACPT 0 CPT Symmetry

Am?.L
Procsval E) = 3| Uarl?|Upk? +2Re 3 UékUﬁk“af“ﬁfeXp< 2F )
k>j

is invariant under CPT: u s Ut a S B

Plla—)l/ﬁ = Pﬂﬁ—)ﬂa

Po,—v., = Po,—5, (solar ve, reactor v, accelerator 1/#)
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CP Symmetry

CP
Pl/a—)l/ﬁ — Pl_/a—)l_/ﬁ

CP Asymmetries: Aaﬁ = Poysvp — Pognis |CPT = Aaﬁ = Agz

CcP AmJL * ok AmkjL
As (L E)—2Reg UakUBkauUBJexP 3F 72Reg UakUgiUgjUgjexp | —i 3F

k>j k>j

Ami-L
ASE(LLE)=4Y" U, — 9
5 ( kZ>1 Bikj S‘”( SF )

Jarlskog invariants: Jogikj = Im[Uak Uk Uaj Uﬁj]

violation of CP symmetry depends only on Dirac phases
(three neutrinos: Jog.kj = ic12512CQ3523c123513 sind13)

<ASE> = 0:>| observation of CP violation needs measurement of oscillations
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T Symmetry

T
Pua—wﬁ — Puﬁ—wa

T Asymmetries: Alﬁ = Pua—svp — Pug—va

CPT = 0=AS" =Puss — Prosra
Pua—>uﬁ 'Duﬁ—wa + Puﬁ—wa - Pl76—>17a
= Alp+Ase =Als —ASy = |Alp=ASs

Am2L
ALG(LE) =4 Jugiig sin< 2/:? )
k>j

‘ violation of T symmetry depends only on Dirac phases ‘

<Alﬂ> = O:>| observation of T violation needs measurement of oscillations |
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Two-Neutrino Oscillations

@ Two-Neutrino Oscillations
@ Two-Neutrino Mixing and Oscillations
o Types of Experiments
o Average over Energy Resolution of the Detector
@ Anatomy of Exclusion Plots
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Two-Neutrino Mixing and Oscillations

o)
vy,
2
Vo) = Z Uak [Vk) (a=e,u) Ve
k=1
9
14
U— cos? sind |Ve) = cos ¥ |v1) + sin? |vo)
- \—sin? cos® |vu) = —sin® |v1) + cos 1)
Am? = Am3; = m35 — m?
Transition Probability: P, =P = sin? 299 sin? AnlL
y: Ve—vy — T vp—ve — 4E
Survival Probabilities: Presve =Pyysv, =1—= Py,
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two-neutrino mixing transition probability

a#p o, =euT

Am?L
.2 . 2
Pyo—vg(L, E) =sin” 29 sin (T)

E[MeV]
Am?[eV?] L[km]
E[GeV]

2 2
—sin2 20 sin2<1.27 M)

=sin? 29 sin? (1.27

oscillation length

AmE E[Mev]

E [GeV]
by — 47 7L
Am? Am2 [V Am? [e\V7]

1905 —

km
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Types of Experiments

Two-Neutrino
Mixing

. o AmPL observable if
Py.—vs(L, E) —5|n22195|n2< 1E ) AmL > 1
T

SBL Reactor: L ~ 10m, E ~ 1 MeV
L/E <10eV~2=Am? > 0.1eV? Accelerator: L ~ 1km, E > 0.1 GeV

ATM & LBL Reactor: L ~ 1km, E ~ 1MeV CHOOZ, PALO VERDE
L/E < 10%eV 2 Accelerator: L ~ 103 km, E > 1GeV K2K, MINOS, CNGS
U Atmospheric: L ~ 10?2 — 10*km, E ~ 0.1 — 102 GeV
Am? > 10"*eV?2 Kamiokande, IMB, Super-Kamiokande, Soudan, MACRO, MINOS

SUN L~10%km, E ~0.1—10MeV

> Homestake, Kamiokande, GALLEX, SAGE,
Super-Kamiokande, GNO, SNO, Borexino

Matter Effect (MSW) =107* <sin?2¢9 <1, 1078eV2 < Am? < 1074 eV?

L
£~ 101t eVl Am? > 107t eV

VLBL Reactor: L ~ 10°km, E ~ 1 MeV
L/E <10°eV2=Am? > 107°eV? KamLAND
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Average over Energy Resolution of the Detector

2 2
Pra—svg(L, E) = sin® 219$in2<Am L) _1 sin® 299 [1 - cos<Am L)]

2

AE 2E

g . ‘ .a
TG
| ‘H‘ :
oot “ Al H
N |
N w»»‘mw\\
3 ™o \‘ "
Sl t
0100 1000 10000 100000
L (km)
Am?>=10"3eV  sin’20=1 (E)=1GeV  AE =02GeV

Py (L, E)) = % sin? 26 [1 - /cos<A2mE2L> qb(E)dE] (@ # )
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m2
( Va—wﬁ(L E)) = lsm 219[ /cos(A2 L) ¢(E)dE] (a # B)

2Py,
(Pch—)Vﬁ(Li E)> PLnaiwﬁ — sin2 29 S Ve

1— [ cos(452L) ¢(E) dE

=)
=

1 | H
08 E L
EXCLUD q)m#.
~ 06F
& |
B o4t “ -
3 N e
o rotate =
3
0 and =
ot 10° 10* 10! mirror 2
Am? (eV) >

10 5

215 3%
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90% (L, L <2.3)
99% (L, L <4.6)

2
10
ok SRP i)
E By
- s
i E
" E BUG " GOSGEN <10
<
]
£
S oL 1
2 -
e KRASNOYARSK:-~. 0
[ 2|
107 L L 10
107 0" 1

sin’20

Reactor SBL Experiments: 7o — ¢

107 102 107

VEA’VT

RUS

90% C.L. 10 £ 90%C.L.
T R TI R b ¥ L M
0* 1% 107 10 1 107 107" 1
sin® 28 sin® 28
. =) (=) (=) (=)
Accelerator SBL Experiments: vy, — vy and ve — vy

1
sin?26

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 98

(=)

(-
Accelerator SBL Experiments: v, — ve



log Am?

Anatomy of Exclusion Plots

T sin? 29 ~ 2P

sin229 > P

Am? =~ 4<%>71 V sin§219

log sin? 24

> Am? > (L/E)

1
P~ Esin2219 = sin?29 ~ 2P

» Min <cos(A2m,:_2L>> > -1

sinf29 = —2F s p

1—Min <cos(A§”E2 L)) -

Am? ~ 21 (L/E)~?

> Am? < 2m(L/E)~!

Am?L ~1 1 /Am?L
N2 )T T2\ 2E

Ly
Am?~a( L T
m <E> sin? 20
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Question: Do Charged Leptons Oscillate?

» Mass is the only property which distinguishes e, u, T.

» The flavor of a charged lepton is defined by its mass!

» By definition, the flavor of a charged lepton cannot change.

THE FLAVOR OF CHARGED LEPTONS DOES NOT OSCILLATE

[CG, Kim, FPL 14 (2001) 213] [CG, hep-ph/0409230] [Akhmedov, JHEP 09 (2007) 116]
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Correct definition of Charged Lepton Oscillations

[Pakvasa, Nuovo Cim. Lett. 31 (1981) 497]

P D

14! € U, T Vo

Analogy

» Neutrino Oscillations: massive neutrinos propagate unchanged between
production and detection, with a difference of mass (flavor) of the
charged leptons involved in the production and detection processes.

» Charged-Lepton Oscillations: massive charged leptons propagate
unchanged between production and detection, with a difference of mass
of the neutrinos involved in the production and detection processes.

NO FLAVOR CONVERSION!

The propagating charged leptons must be ultrarelativistic, in order to be
produced and detected coherently (if 7 is not ultrarelativistic, only e and p
contribute to the phase).
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Practical Problems
» The initial and final neutrinos must be massive neutrinos of known type:

precise neutrino mass measurements.

» The energy of the propagating charged leptons must be extremely high,
in order to have a measurable oscillation length

ATE ATE E
5 T >~ 71'2 ~2x 1071 (—> cm
(m2—m2) — mg GeV

detailed discussion: [Akhmedov, JHEP 09 (2007) 116, arXiv:0706.1216]
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Neutrino Oscillations in Matter

@ Neutrino Oscillations in Matter
o Matter Effects
o Effective Potentials in Matter
@ Evolution of Neutrino Flavors in Matter
o Constant Matter Density
o MSW Effect (Resonant Transitions in Matter)
o Averaged Survival Probability

@ Crossing Probability
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Matter Effects

a flavor neutrino v, with momentum p is described by

|Va Z Uock |Vk
Mo lvi(p)) = Ei|vi(p) Ee=1/p? + m}
in matter H=Ho+ H Hi [Va(p)) = Va |[va(p))

V,, = effective potential due to coherent interactions with the medium

forward elastic CC and NC scattering

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 104




Effective Potentials in Matter

Ve, l/ s Ur Ve, I/ s Vr

T /\

e ,p,n

: y 2
Vee = v2GeN, viel = vl = vNC:v,\(,C):—7

GEN,

V. = Ve + Wae V,=V;=VWnc (common phase)
Ve =V, = Ve

antineutrinos: Vee=-Vee  Vne = —Wnc
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Evolution of Neutrino Flavors in Matter

Schrédinger picture: i% lva(p, t)) = Hlva(p, t)), |va(p,0)) = |va(p))
flavor transition amplitudes: vap(p,t) = (va(p)|va(p, t)), ©ap(p,0) = dap
i% pap(p,t) = (vs(p)|H|va(p, t)) = (vs(p)|Holvalp, 1)) + (vs(p)|Hilva(p, t))

(vs(p)[Holva(p, t)) = Z(Vﬁ(p)l?lolvp(p)) {vo(p)lva(p, t))
—_———

Pap(p, t)
= Epjzuﬁk (Vi (P)[Holv;(p)) Upj @as(p, t)

=

(e (P)[Hilval(p, £)) = Y (ws(p)Hilva(p)) Pap(p,t) = Vs pap(p, t)

g 0pp Vi

. d "
I 9 $ab = Z <Z Upk Ex Upi + 6pp Vﬁ) Pap

P k
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2

2E
Ve = Ve + Wne V, =V, = Wc

ultrarelativistic neutrinos: Ex=p+—=

. d m;
i 3 a8(p,X) = (P + Vic) @as(p,X) + ) (Z Usi 5 Upk + Bae Spe vcc> Pas(p,X)

P

’Lﬁaﬁ(p,x) — ‘Paﬁ(p,x) eipx—i—ifox Ve (x') dx/

U
. d ipx+i [ Ve (x') dx’ d
,&,‘/)aﬁ:ep-ﬁ-fo ne(x') ( p— VNC+/d )‘Paﬁ

. d m: .
! a "/Joz[j’ - zp: (zk: U[j’k 2_Ek ok + 5,6e 5pe VCC) "/Jap

PVoc_”/ﬁ |‘Pa,8|2 |"/’a[3|2
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evolution of flavor transition amplitudes in matrix form

iiwa:i(UMqu)wa

dx 2E
Vo mp 0 0 Acc 00 A 2EV,
Wo=(va ) MP=[o0mo | A=("0"00) "CIIEC
Yar 0 0 m? 0 00 - File

effective J ) 2 4t matter 21t 5 effective J
mass-square _ _ mass-square
matrix MVAC =UM"U UM~ U -2 EY - MMAT matrix

in matter

in vacuum .
potential due to coherent

forward elastic scattering
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simplest case: two-neutrino mixing

cos?¥  sint

V. — Vv, transitions with U = )
€ H —sin®  cos?

cos?®m? + sin9m3 cos® sin® (m3 — m?)

2t _
UMty cos®? sin® (m3 — m?) sin?9m? + cos>¥m3

_ 1 S m? 4 1 —Am? cos29 Am? sin29
2 2\ Am?sin29 Am?cos2?9
/]\
irrelevant common phase
Ym? = mi + m3 Am? = mi —m?
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ii Yee | _ 1 —Am?cos2® + 2Acc  Am?sin29 \ [ 1Pee
dx \Yeu) 4E Am?sin29 Am? cos29 | \ ey

Vee(0) ) _ (1
initial ve — (zpeM(O)) ; <0>

P (%) = [Peu(X)[?
Pye—sve(x) = |"/}ee(x)|2 =1- PVe_)V;L(X)
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Constant Matter Density

T
dx

Yeu) 4E Am? sin29 Am? cos2?

<¢ee> ! (—Am2c05219+2Acc Amzsin219> <¢ee
¢eu

)

dAcc
dx

Diagonalization of Effective Hamiltonian
VYee | [ cosOm  sindum )\ (91
Yep) \—sindy costyv | \ 9o
4 (o) _[Acc, L (a0 \](w
dx \¥2) | 4E T4E\ 0  Am}y) | \¥2

1

irrelevant common phase

0
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Effective Mixing Angle in Matter

tan 29

__ Acc
Am? cos 28

tan 29y =
1

Effective Squared-Mass Difference

Amdy = \/(Am2 cos 29 — Acc)? + (Am?sin 20)?

Resonance (%m = 7/4)

R Am?cos 2y

AR = Am?cos2d =— NR =
CcC e 2\/§EGF
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) ()0
(3) = (o ) () = (%) = (s o) (3)
on = (B0)-(0) = (50 (o)
Y(x) = costu exp <fA;”,§X)

Am?
Pao(x) = sindm exp <—i me>

4E

Puesv,(X) = [eu(x)* = | = sindutp1(x) + cosdmpa(x) |

2
Pyu s, (X) = sin? 28y sin2 <AZ7EE"X>
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MSW Effect (Resonant Transitions in Matter)

N./Ny (ecm™3)

NE/Ny
T T
L ‘,ﬁ Ve™1vy v, ~vp
L | _
\
L ‘\ =107 |
20 40 60 80 100
N./Ny  (em™)
NE/Ny
T
L v, 12 4
= vy v 4
L o v ]
Lo, [Am? =7 x10 BeV? 9 =10 3 |
1 1 1 1
0 20 40 60 80 100

Ve = cos¥\ V1 + sinthy 1o

v, = —sindy vy + costy 12
tan 29
tan 2%y = an
1— __Acc
Am? cos 29

Amﬁﬂ = { (Am2 cos 2y — Acc)2

1/2
+ (Am2 sin 219)2]
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(dJee) B ( costy sim9M> <¢1>
Yep) \—sindy costyv | \ 9o
dm
,'i ’¢1 — E_Fi _Amﬁﬂ 0 + 0 - dx ’¢1
dx \ 9o 4E  4AE 0 Am3, I.d19M U
T

X
irrelevant common phase T

maximum near resonance
¥1(0)\  (cos®ly —sindd\ (1)  [costd
¥2(0)) — \sin®d,  cos®, 0)  \sino}y

r XR 2 R 2 (1 |
Amg, (x Amy, (x
P1(x) ~ 50519(,3,' exp (l/ ‘:\/lE( )dx’> A?l +sin19(,3/| exp (—i/ 4ME( )dx'> .AZRI
L 0 0
x
d

<
N
x
1
(o}
o
a
3
o
o
X
o
N
—
X
>
]
<
o
X\
~
b
S;U
+
o
3
%
go
o
X
o
/‘\
—
=
>
S
X\
o
X\
N—
b
N
;

X 2 (1
Amy,(x) -,
xXexp | —i dx
4E
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Averaged Survival Probability

Yee(x) = costyy P1(x) + sindy; Ya(x)
neglect interference (averaged over energy spectrum)
Poon(X) = |[(Wee(x)) ]2 = cos?8yy cos?0Y |AR P + cos?8y, sin?9Y, | A 2
+ sin®09%, cos?¥hy |AD|? + sin?9y, sin?0Y, |AS, |2
conservation of probability (unitarity)
AL ? = A5 > = P AR [P = [AS)P =1- P

P. = crossing probability

— 1 1
Py (x) = > + (5 - C) cos20Y, cos29%,

[Parke, PRL 57 (1986) 1275]
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Crossing Probability

exp (—57F) — exp (—%’7

c = ) [Kuo, Pantaleone, PRD 39 (1989) 1930]

1 —exp (—

SII'l

Am, /2E Am? sin?29

adiabaticity parameter:

N 2|d¥m/dx| N 2E cos21 ‘M
R dX R
A x x F =1 (Landau-Zener approximation) (parke, PRL 57 (1986) 1275]
Aox1/x F = (1 — tan? ’19)2 / (1 + tan? 19) [Kuo, Pantaleone, PRD 39 (1989) 1930]

[Pizzochero, PRD 36 (1987) 2293]
A o exp (—X) F=1-—tan?® [Toshev, PLB 196 (1987) 170]

[Petcov, PLB 200 (1988) 373]

Review: [Kuo, Pantaleone, RMP 61 (1989) 937]
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Solar Neutrinos

_ ke
©10.54

SUN: Ne(x) =~ NS exp (-Xi> NE =245 Np/em®  xg
0

* ' ' ' ‘ ‘ ‘ ‘ ‘ ‘ ‘ —Ssun 1 1
N 1P =3 + (— — C) cos29Y, cos29

log(n,/N,) vs. R/R, Ve—Ve 2

_exp (=57F) —exp (-5 gvs)
B I —exp (_%75{20)
Am?sin?29
" 2E cos20 |dlnAc |
F=1-—tan’®
B T e T Acc = 2V3EGN,

2 BP2000

v

practical prescription: numerical |dInAcc/dx|g  for x < 0.904Rg

[Lisi et al., PRD 63 (2001) 093002] |dInAcc/dx|g — R— for x > 0.904Rg
O]

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 118




Electron Neutrino Regeneration in the Earth

Psun+earth

PR e
o N B

p (glem’)

O Fr N W M OO ON DN O ®
T

Ng/N, (cm™®)

[Giunti,

-_sun

Ve—Ve

(

sun

1o, ) (P, i)

’Due—we +

cos29
[Mikheev, Smirnov, Sov. Phys. Usp. 30 (1987) 759], [Baltz, Weneser, PRD 35 (1987) 528]

—— Data
Our approximation

[ — Data
Our approximation
. . . . . .

0 1000 2000 3000 4000 5000 6000
r (Km)

Kim, Monteno, NP B 521 (1998) 3]

Pgarth is usually calculated numer-

ically approximating the Earth den-
sity profile with a step function.

Effective massive neutrinos propa-
gate as plane waves in regions of
constant density.

Wave functions of flavor neutrinos
are joined at the boundaries of steps.
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Phenomenology of Solar Neutrinos

LMA (Large Mixing Angle): Am? ~5x10%eV?, tan’® ~ 0.8
m°): m° ~ B n ~ 0.
LOW (LOW Am? Am? ~7x10%eV?, tan’®9 ~ 0.6
SMA (Small Mixing Angle): Am?> ~5x10%eV?, tan®’9 ~ 103
QVO (Quasi-Vacuum Oscillations): Am? ~ 10 %eV?, tan?d ~ 1
VAC (VACuum oscillations): Am? <5x107%eV?,  tan®d ~ 1
10~ T T T T
1074 107 / s LMA
SMA LMA o
A @ T 1
~10¢ 107 3
% E 1o 90 % C.L Q 1
k: 7 Low I e C.L Low
g 10 “ " = 95 % C.L. <
R 10 o semeL < 3
e 100 == 9718 %CL =
10 10-0 [ Cl + Ga + SK + Sp(D) + Sp(N) 1
— 8]
100 VAC S o b B free + BP2000 Just So? ]
- N 10-12 il il il il
0001 001 01 1 10 104 10 10-¢ 10 10° 10
tan’@ tan?(6)
[de Gouvea, Friedland, Murayama, PLB 490 (2000) 125] [Bahcall, Krastev, Smirnov, JHEP 05 (2001) 015]
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[6V?]

m?

solid line: Am? =5 x 100 eV/?
(typical SMA)  tan?9¥ =5 x 10~*
dashed line: Am? =7 x 10 % eV?
(typical LMA) tan’d = 0.4
Wb dash-dotted line: Am? =8 x 10~8eV?
‘LJU‘ W 1w w' o u‘)‘ xutlr’ 0 10t (typlcal LOW) tan2'L9 == 07
N/Ny  [em 9]
B ﬁ h ) S 4
LT 1= 0 ]
N/Ny  [em N/Ny  fem 9 N/Ny  fem 9
typical SMA typical LMA typical LOW
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[Bahcall, Krastev, Smirnov, PRD 58 (1998) 096016]

P(v,-v,) P(vov,)

P(vov,)

0.8
0.6
0.4
0.2

0.8
0.6
0.4
0.2

0.8

0.6

SMA: Am?

average
- day
— — —night

Livalas

il

L

L L e 3

ACANRARERARNRERE

5 10
Energy (MeV)

5.0 X 1070 eV? sin?29 = 3.5 x 1073
LMA: Am? = 1.6 x 107° eV? sin?29 = 0.57
LOW: Am? =7.9 x 1078 eV? sin?29 = 0.95

P(v,~v,)

Just So?

P(v,»v,) P(r,»v,) P(r-v,)

VAC

©OO00O ©O00O0 0000 0000 0000

P(v,~v,)

CNADPPONANINONNDPRONADIDON A DD =

o

5 10
Energy (MeV)
Am? =42 x10°eV? tan? 9 =0.26
Am? =5.2 x 107 %eV?
Am? =17.6 x 108 eV?
Am? =55 x 10~ 2 eV?
Am? = 1.4 x 10~ 0 eV?

LMA:
SMA:
LOW:
Just So:
VAC:

tan? ® = 0.72
tan?® = 1.0
tan? ® = 0.38
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tan?® = 5.5 x 104



In Neutrino Oscillations Dirac = Majorana

dvg 1

. . . _ 274t
Evolution of Amplitudes: it~ 3F y (UM ) +2EV>aﬁ Vg
difference: Dirac: ut)
' Majorana: UM = y®)p(x)
1 g 0
0 e'?21 ... 0
D(A):<; S ) = D'=D7"
0 0 - ePm
m? 0 0
2 0 mj - 0 2 2 2At g2
M= - — DM =MD = DM°D'=M
0 0 - m

UMp2 (oMYt = y® ppm2pt(u®PHF = yPI M2 (yPHt
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Part Il

Phenomenology of Three-Neutrino Mixing
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Phenomenology of Three-Neutrino Oscillations

@ Phenomenology of Three-Neutrino Oscillations
o Experimental Evidences of Neutrino Oscillations
@ Three-Neutrino Mixing
o Allowed Three-Neutrino Schemes
e Mixing Matrix
o Standard Parameterization of Mixing Matrix
o Bilarge Mixing
@ Global Fit of Oscillation Data: Bilarge Mixing
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Experimental Evidences of Neutrino Oscillations

Homestake
Solar Kamiokande Amso, = 7.92(1£0.09) x 10 °eV?
N GALLEX/GNO
vV, Vy, V. 20 .
¢ s SAGE — sin® ¥soL = 0.314 (li%'_ll?s)
Super-Kamiokande
Reactor [Fogli et al, PPNP 57 (2006) 742, hep-ph/0506083]
(KamLAND)

Ve disappearance

Kamiokande

. IMB 2 _ +0.14 -3 2
Atmospheric Ampyry = 2.6 (1,0_15 x 107 eV
N Super-Kamiokande
vV Vr 20 i
# MACRO — sin? 9atm = 0.45 (1f%'_32%)
Soudan-2
Accelerator [Fogli et al, hep-ph/0608060]

. (K2K & MINOS)
v, disappearance

Two scales of Am?: Amimy =~ 30 Amdo,

Large mixings: 9atm ~ 45°, OsoL ~ 34°
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Three-Neutrino Mixing

3
Var = »_ Uakvie (= e,p,T)
k=1

three flavor fields: ve, vy, v,
three massive fields: vy, 1o, v3
Amdo = Am3; ~ 8.0 x 105 eV?

Amdoy = |[Am2| ~ [Am3,| ~ 2.5 x 1073 eV?

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 127




Allowed Three-Neutrino Schemes

m
V3
/——
/
/
/
/
/
/
/
A 2 /
Amiry (
\
\
\
\
\ v
\ = 2
\ > Amgyy
14}
" ”
normal

different signs of Am%; ~ Am3,

2
Amiry

"inverted”

absolute scale is not determined by neutrino oscillation data
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Mixing Matrix

AndlysisA

e (ev?)

SOL /| U Usz |Uus

Ve~

5 90% CL Kamiokande (muti-GeV)

U= Uul U/:,'z U;rs B 90%CL Kamiokande (sub+muti-Gev)
'

‘ Amgl < |Am§1| ‘

Un Ups |Uss

f

ATM

2 _ 2 2
Amgyooz = Amgy = Ampgy

CHOOZ: .
{ sin> 2000z = 4|Ues|2(1 — |Ues|?)

| |UesP <5 %1072 (99.73% C.L) |

[Fogli et al., PRD 66 (2002) 093008]

T T T T T T
01 02 03 04 05 06 07 08 03, 1
sin’(26)

SOLAR AND ATMOSPHERIC v OSCILLATIONS  cyi00. pus 466 (1999) 15
ARE PRACTICALLY DECOUPLED! see also [Palo Verde, PRD 64 (2001) 112001]

TWO-NEUTRINO SOLAR and ATMOSPHERIC v OSCILLATIONS ARE OK!
|Uao 2 y ,  [Bilenky, C.G, PLE 444 (1998) 379]
1 — |Ues? = [Uea|”  sin” Oatm = [Ups| [Guo, Xing, PRD 67 (2003) 053002]
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Standard Parameterization of Mixing Matrix

Vel Uel Ue2 Ue3 viL

vt | = | Uur U2 Uz | | varL

UrL UT]. U‘T2 UT3 V3L
1 0 0 C13 0 51367'.6:l3 cip s12 0 1 0 0
0 C23 523 0 1 0 —S12 C12 0 0 ei>‘2 0
0 —S23 (23 —5136'.613 0 C13 0 01 00 ei>‘3
923 =~ IATM $13 ™ FcHooz F12 > FsoL BBov

c12€13 512C13 size 613 1 0 0

—sipcs—ciosssize®3 cpos—siasasize®3 s3as 0e* 0
s1253—Clac3513€/°13  —crasp3—sipexsi3e’®3 3z 0 0 e*3

CHOOZ + SK + MINOS = sin®®¥chooz = 0.00879:922 @ 2

[Fogli et al, hep-ph/0608060]
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Bilarge Mixing

2
| Ue3 | < 1
Cos Sgs 0 Vc(es): CosV1 + Sy V2
U~ —S9sC9,  C9sCn  Soa | — Va ' = —Sy V1 + CysV2
59558, T COsS9a Coa = C9Vu — SopVr

- C8s S8 0
sin2219A:1:>19A_Z:>U2 —5195/\/5 Cﬁs/\/i 1//2
5195/\/§ _(:195/\/§ 1/\/§

1
Solar ve — {3 ~ — (v —vr)

e

(DSNO 1
q)(S:SCM = 3 = &, ¥, ~d, for E 2 6MeV
Ve

1 ( 2/3  1/V3 0 )
sin9s~ — = U~ | -1/v6 1/V/3 1/V2
3 1/vV6  —1/v3 1/V2
Tri-Bimaximal Mixing
[Harrison, Perkins, Scott, hep-ph/0202074]
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Global Fit of Oscillation Data: Bilarge Mixing

Amd; =7.92(1£0.09) x 107°eV?  sin®¥1, = 0.314 (1131%)
|Am3,| = 2.6 (1731%) x 107%eV?  sin® 0,3 = 0.45 (17937)
sin? 913 = 0.00819:923
[Fogli et al, hep-ph/0608060]

0.82 0.56 0.09
|U|ps ~ | 0.37 —0.47 0.58 —0.65 0.67
0.32-0.43 0.52—-059 0.74

0.78—0.86 0.51—0.61 0.00-0.18
|U|2o ~ [ 0.21 —0.57 0.41 —0.74 0.59—0.78
0.19-0.56 0.39—0.72 0.62—0.80

future: measure ¥13 # 0 = CP violation, matter effects, mass hierarchy
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Absolute Scale of Neutrino Masses

normal scheme

10° T T T
QUASI
DEGENERATE
10 F E
i 102k my |
NORMAL
109 F SCHEME |
mp
NORMAL
HIERARCHY
101 " . "
0 10~ 107% 1072 107! 10°
Lightest Mass:  m; [eV]
2 2 2 2 2
my; = my + Amy; = m] + Amgg,
2

Quasi-Degenerate for my ~ my ~ m3 >~ m, >

— 2 2 _ 2 2
m3 = mi + Am3; = mi + Amjyy

inverted scheme

10° T

T

T
QUASI
DEGENERATE

= 107%E E
g
INVERTED
1073 SCHEME
ms
INVERTED
HIERARCHY
104 L L "
10~ 107% 1072 107! 10°
Lightest Mass:  my  [eV]

2 _ 2 2
mi = m3 — Am3;

2 2
m; = mj + Amj,

12

2 2
m3 + Amiry

2 2
m3 + Amiry

Amipy ~5x1072eV

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 133




Tritium Beta-Decay

dar (cos®cGr)?
dT 273

Q = Msy — Mspe — me = 18.58 keV

*H— He+e + IM[* F(E) pE (Q = T)1/(Q = T)* — m,

Kurie plot
dr/d7 12
K(T) = (o Gr)’ [(Q— T\/(Q—-T) - mue}
s M F(E) pE
oF [m,, <2.2eV (95% CL)]|
04 [ E
M Mainz & Troitsk
g 09 t [Weinheimer, hep-ex/0210050]
0.1 m,, = 1006V 1 future: KATRIN (start 2010)

0: ! ! ! ! [hep-ex/0109033]  [hep-ex/0309007]
181 182 183 184 185 186 L
T Q-—m, Q sensitivity: m,, ~ 0.2eV
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1/2
Neutrino Mixing — K(T) = l(Q — T)Z |Uek |1/ (Q — T)2 — mi]
K

D20 0 ) ]
o ) analysis of data is
[Ua]* =05 my =10eV
0.15 o ) ] different from the
[Ue2|* = 0.5 my = 100V o
S o ] no-mixing case:
< 2N — 1 parameters
0.05 \ 7
2
0 L L L L L n n n L n n n n L L L Z |Uek| = 1
184 18.45 18.5 18.55 18.6 k
Q—ms T Q—m

if experiment is not sensitive to masses (m, < Q — T)

effective mass: mé = Z |Uek|*m3
K

2 2 2 mj 2 2 1 m
K*=(Q-T) Zk:|uek| */1_ﬁ:(Q_T) Zk:|uek| {1—5ﬁ]

5 1 m? 2 P
=(Q-T) {1—5ﬁ] ~(Q-T)\/(Q-T) —m?
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mg = |Ue1|* mf + [Uea|* m3 + | Ues|* m3

10! T T T T 10! T T T T
NORMAL SCHEME INVERTED SCHEME
| Mainz & Troitsk | | Mainz & Troitsk |
10 3 10°F 3
i KATRIN i KATRIN
1071 E _
Eﬂr 3 E My, My
102 E ‘ 4 102k . 4
’,"r'm ’/'VVI'L;;
10-3 v I I I 10-3 v I I I
104 107% 1072 107! 10° 10! 104 10% 1072 107! 100 10!
Lightest Mass:  my  [eV] Lightest Mass:  mg  [eV]

Quasi-Degenerate: my ~mo ~ m3 ~ m, — mé ~ mlz, Z |Uek|2 = mg
k
FUTURE: IF mg S4x 1072eV =— NORMAL HIERARCHY
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Cosmological Bound on Neutrino Masses

@ Cosmological Bound on Neutrino Masses
o WMAP (Wilkinson Microwave Anisotropy Probe)
Galaxy Redshift Surveys
Lyman-alpha Forest
Relic Neutrinos
Power Spectrum of Density Fluctuations

©

¢ ¢ ¢
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WMAP (Wilkinson Microwave Anisotropy Probe)

[WMAP, http://map.gsfc.nasa.gov]
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http://map.gsfc.nasa.gov

Galaxy Redshift Surveys

[Springel, Frenk, White, astro-ph/0604561]
0 Oscillation Physics — 9-13 June 2008, Benasque, Spain — 139




Lyman-alpha Forest

Ly-o emission
T

— T T T

Q1422+2309
z=3.62

flux

-
vl bl

?

5500
observed wavelength [ A1

oxp (1)

I 1 1 1 L
4880 4900 4920 4940 4960 4980 5000
Al

[Springel, Frenk, White, astro-ph/0604561]
Rest-frame Lyman o, 8, v wavelengths: A?X = 1215.67 A, Aoﬁ = 1025.72 A, >‘9Y = 972.54 A

Lyman-a forest: The region in which only Ly photons can be absorbed: [(1 + zq)AUﬁ, (1+ zq)Ag]
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Relic Neutrinos

neutrinos are in equilibrium in primeval plasma through weak interaction reactions
=) =) =) ) _ - .
S etem vesSve VNS UN venSpe™ UepSnet nS pe i
weak interactions freeze out
Mweak = Nov ~ GET ~T?/Mp ~ /GyT* ~ y/Gnp ~ H=Tgec ~ 1 MeV

neutrino decoupling

1
4\3

Relic Neutrinos: T, = (—) Ty ~1945K = k T, ~ 1.676 x 107%eV

11 (T =2.725£0.001 K)
e 3¢(3) 3 0
number density: nf = 12 g TP — Ny,,p, = 0.1827 T, ~112cm™
) " Ny, Mk 1 my > 2 Mk
densit tribution: Qj = —* ~ Q, h
ensi }(/pcon ri )u ion K o 129214 eV g = 94 14eV
€T 8mGy

[Gershtein, Zeldovich, JETP Lett. 4 (1966) 120] [Cowsik, McClelland, PRL 29 (1972) 669]

h~07, Q,<03 = > m<14eV
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Current power spectrum P(k) [(h-! Mpc)?]

Power Spectrum of Density Fluctuations

Wavelength A [h-! Mpe]
104 1000 100 10 1

LA s e 1 e s L 130 ey

<

104

1000

i(w

= Cosmic Microwave Background
@SDSS galaxies

* Cluster abundance

10
u Weak lensing

sLyman Alpha Forest

TE v vl vl vl NE
0.001 0.01 0.1 1 10
Wavenumber k [h/Mpc]

[Tegmark, hep-ph/0503257]

Solid Curve: flat ACDM model
(@), =0.28, h=0.72, Q% /Q% = 0.16)

3
Dashed Curve: E my =1leV
k=1

hot dark matter
prevents early galaxy formation

5(%) = p(X)—p

P
d3k

(66)662)) = [ 7557 < PR

small scale suppression

P(ky ~ Q.

X

0.1

for

k > ko ~ 0.026 %\/Qm hMpc?

[Hu, Eisenstein, Tegmark, PRL 80 (1998) 5255]
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WMAP, AJ SS 148 (2003) 175, astro-ph/0302209

CMB (WMAP, ...) + LSS (2dFGRS) + HST + SNla = ACDM
To=137+01Gyr  h=0.71"33%

Qo =1.02+0.02 Qgh?=0.0224+0.0009  Quh?=0.1357335%

3
Quh* <0.0076 (95% conf.) = |> my <0.7leV
k=1

WMAP, astro-ph/0603449

Flat ACDM  (WMAP-+HST: Qp = 1.01073335 , Qa = 0.72 +0.04)

2.0V WMAP

im _ ] 0.91eV WMAP+SDSS

£« 7K™ 0.87eV WMAP+2dFGRS
0.68eV CMB-+LSS+SNla

(95% conf.)
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Goobar, Hannestad, Mortsell, Tu, JCAP 0606 (2006) 019, astro-ph/0602155

Flat ACDM
3 0.70eV CMB+LSS+SNIa

> mi<{ 0.48eV CMB+LSS+SNIa+BAO (95% conf.)
k=1 0.27eV  CMB+LSS+SNla+BAO+Lya

Seljak, Slosar, McDonald, astro-ph/0604335

Flat ACDM CMB-+LSS+SNIa+BAO-+Lya
3

> mi<0.17eV  (95% conf.)
k=1

Fogli, Lisi, Marrone, Melchiorri, Palazzo, Serra, Silk, Slosar, hep-ph/0608060

Flat ACDM
3 0.75eV  CMB+LSS+SNIa

> mi<{ 058eV CMB+LSS+SNIa+BAO (95% conf.)

k=1 0.17eV  CMB+LSS+SNla+BAO+Lya
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[eV]

m

10°

107!

1072 F-

3
> m $05eV
k=1

3
Z my < 0.2eV
k=1

(~ 20)

(~ 20)

T T
NORMAL SCHEME

| CMBFLSS L

IayAO )

af BAO+Lya |

Lightest Mass:
3

FUTURE: IF z mi <9 x 10 2eV = NORMAL HIERARCHY
k=1

my

1
10°
[eV]

CMB+LSS+SNIla+BAO

CMB+LSS+SNIla+BAO+Lya

10°

1071

T T
INVERTED SCHEME

e

| CMB+LSS+%

1a+BXO |

SN

i
< |
icH . 1
= my |
1072 F “ -
1073 = - T '
R 102 107! 10°
Lightest Mass:  mgy [eV]
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Neutrinoless Double-Beta Decay

2+
B+ 0As
ot 5,
Ge

676"

ot

Se

Effective Majorana Neutrino Mass: mgg = Z U2, my
k
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Experimental Bounds

Heidelberg—Moscow (76Ge) [EPJA 12 (2001) 147]

T >1.9x10%y  (90% C.L.)
IGEX (76Ge) [PRD

Tif > 157 x 10®°y  (90% C.L.)

—

Imgp| < 0.32 —1.0eV

65 (2002)

092007

—

|mﬁﬁ| S 0.33 —1.35eV

CUORICINO (130Te) [PRL 95 (2005) 142501]

T >1.8x10%"y  (90% C.L)

—

|m55| 5 02-1.1 eV

NEMO 3 (1°Mo) prios (2

T > 4.6 x 102y (90% C.L)

005) 182302]

—

|m[35| S 0.7 —2.8eV

FUTURE EXPERIMENTS
NEMO 3, CUORICINO, COBRA, XMASS, CAMEO, CANDLES
|m,3ﬁ| ~ few 1071 eV
EXO, MOON, Super-NEMO, CUORE, Majorana, GEM, GERDA
|m,3ﬁ| ~ few 1072 eV
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Bounds from Neutrino Oscillations

mgg = |Ue1|2 my + |Ue2|2 eioc21 my + |Ue3|2 eia31 ms

CP conservation

a21:017r a31:017r
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[ev]

[mggl

[ev]

[mggl

CP Conservation: Normal Scheme

10" T T T T 10"
a; a:
An=r=0 Au=r=0
10°
] =
=
=
3 =
10+ L n n " "
107 10 102 107! 10° 10"
] =
=
4 E
£
< ]073 / P
1074 < i A A A 10—6 - A "A A A
107 10 102 1070 100 10" 107 10 102 1070 10° 10"
my [eV] my [eV]
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[eV]

[mggl

[eV]

[mggl

10!

1072

107

1074 &
10

10!

CP Conservation: Inverted Scheme

Az

g,

n
1073

Az

_an

107°F

1074

107

.
107

[eV]

[mggl

[eV]

Imggl

107

107

10!

1072

107°F

1074

107

10!
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leV]

[mpggl

mgp = |Uel|2 my + |Ue2|2 eiazl my + |Ue3|2 eia31 ms

101 T T T T 101 T T T T
NORMAL SCHEME INVERTED SCHEME
10° 10°
LEXP | _ LEXP |
1071k 4 % 101 F CP violation
CP violation - i_m
102 i é& 102 ﬂ.m i
1073 ” E 103 F E
—4 —4 d 1 d {l
10 107* 107 10! 10 107 102 102 107! 10° 10!
my  [eV] ms  [eV]

FUTURE: IF |mgg| < 102eV = NORMAL HIERARCHY
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Experimental Positive Indication

[Klapdor et al., MPLA 16 (2001) 2409; FP 32 (2002) 1181; NIMA 522 (2004) 371; PLB 586 (2004) 198]
TOV bf __

Tt =119 x10%y T7j, = (0.69 — 4.18) x 10°° y(30) 4.20 evidence

— SSE
— 2n2b Rosen - Primakov

~

Counts/keV
w
Counts / keV

n

Q=2039 keV/

e 201; e Eneré?fgev o zééz 0 500 000 tso 2000 25003000
pulse-shape selected spectrum 3.80 evidence [PLB 586 (2004) 198]

the indication must be checked by other experiments
1.35 < [ Moy | $412 = 0.22eV < |mgg| < 1.6eV

if confirmed, very exciting (Majorana v and large mass scale)
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Indication of BBy, Decay:

101 T T
[CMB+LSS+SNIa+B.
= OSC.
CMB+LS: ;SNIa+BA( +Lya
10F e E
N BPor
&
= )
E
107 F E
NORMAL SCHEME
-2 Il Il
10792 107! 10° 10!
Lightest Mass:  m;  [eV]
tension

[eV]

\mﬁd

0.22eV < |mpg| S 1.6eV

(~ 30 range)

101 T T
[CMB+LSS+SNIa+BAO
a5 0sC
CMB+LS$+SNIa+BAO+Lya
100 e E
BBov
1071 E
,_/
’/ INVERTED SCHEME
2 Il Il
10702 107! 10° 10!

Lightest Mass:  m3 [eV]

among oscillation data, CMB+LSS+BAO(+Lya) and BB, signal

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 153




Conclusions

Ve — Uy, ¥y with Amdg ~83 x 10 °eV? (solar v, KamLAND)

vy — vy with Amipy ~ 2.4 x 10 3eV?  (atm. v, K2K, MINOS)
U
Bilarge 3v-Mixing with |Ue? <1 (CHOOZ)
B Decay, Cosmology, 880, Decay =— m, < 1leV

~

FUTURE
Theory: Why lepton mixing # quark mixing?

(Due to Majorana nature of v's?)
Why only |Ues|? < 17
Improve uncertainties in calculation of Mg, !
Exp.: Measure |Ue3| > 0 = CP viol., matter effects, mass hierarchy
Check BBo, signal at Quasi-Degenerate mass scale
Improve B Decay, Cosmology, 88, Decay measurements
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