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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
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Part |

Theory of Neutrino Masses and Mixing
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Dirac Neutrino Masses

@ Dirac Neutrino Masses
e 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: (id — m)v(x) =0 (@ =7"0,)
Dirac Lagrangian: L (x) = 7(x) (id — m)v(x)
1— ,),5 1+ ,),5

2

Vv=v_+1R

Chiral decomposition: v =

L =7 idv. + URidvg — m (D vRr +TRL)
In SM only v == no Dirac mass
Oscillation experiments have shown that neutrinos are massive

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

SM: fermion masses are generated through the Higgs mechanism

Higgs Doublet: ®(x) = (2;83)
Higgs Lagrangian: Lpiggs = (D,®)T(D*®) — V(®)

Higgs Potential: V(®) = p? T + X (dTd)?

2
u2<0,A>0::sV(q>)=>\(q>T¢—§) ,with v = /- £

2 0
Vacuum: Vi for @To = - = (o) = % o

Spontaneous Symmetry Breaking: SU(2). x U(1)y — U(1)g

Unitary Gauge: ®(x) = <V +?—I(x)>
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Dirac Lepton Masses

L|_ = <2|:> KR VR

Lepton-Higgs Yukawa Lagrangian

I—H,L = —yeL_LCDZR —y”L_LffJVR + H.c.

Unitary Gauge

_ 1 0 ~_ . .1 [v+HKX
CD(X)——2 <v+H(x)> dP=ind =5 ( 0 )
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vV — 14
Lyl = —y* —ZZLZR -y _ﬂTVR
A v
Yy yr __
——4l g H——=7 vy H+H.C
3 LR 3 LR
m ¢ vV m.o=
_Y i _m _y_m
gZH \/z v gl/H \/z v
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Three-Generations Dirac Neutrino Masses

A VéL A V,II.LL A V‘IrL
VAT T\ = T\ =
Lr = ek LR = UR LR = TR
Ver VLR VrR

Lepton-Higgs Yukawa Lagrangian

LuL=- > [Ya,B al Plpr +
a,f=e,u,T
Unitary Gauge
d(x) = 2 0 ®
X) = — =
V2 v+ H(x)

i ®*

V2

1 [vHHX
0

IV ;L&')V[gR} + H.c.
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v+ H — —
Ly =— ( NG ) Z [Y&% ;L%R + Yl;’b Zn V,[’3R:| + H.c.
a’ﬁ=e7#77—

+ H\ — —
Ly =— (%) €0 Y™ b + ] Y 1| +He

! / ! /

/ eL ) €r ) VeL / Ver
— ! — ! — ! — !/
EL = ,U:L fR = /LR I/L = VML VR = V;LR

! / ! !/
T T 1% 12
L R TL TR
74 /1 "’ v v v
’ Yeg Ye é.c Ye Z‘ Yee Ye 1] Ye T
1 / 12 12 v v v v
vi=| Ve Y Y YV =YL vy oY
/ 2 2 v v v
Y‘re Y‘r,u YTT YTE Y‘r,u YTT
Mle — v YIZ MIV — v YII/
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+ H\ (— —
Ly =— (%) €0 Y™t + ] Y 1| +He

Diagonalization of Y’* and Y" with unitary V¢, V&, V¥, V¥
L=V &= Vite v =V'nL g = VEmg

Kinetic terms are invariant under unitary transformations of the fields

H\ —
Ly =— (V ) VY ViR + VY ViR | + Hee.

o

VP vt vl =Yt Y=yl (B=emT)
VEY" VE =Y YE =y oy (k,j=1,2,3)

Real and Positive yZ, v/
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VIYe=Y = Y =W v »u
22 N* N N2
18 9 3 9
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Massive Chiral Lepton Fields

eL €R
L = Vfo' = | r = VFgT = | pr
TL TR
ViL ViR
n_ = VET V|I_ = 128 nR = VFI:T VII:Q = V2R
V3L V3R
+ H\ —
I—H,L = — (V\/i ) [KL YZER +n_ Y” nR] + H.c.
v+ H S 8 L
= - ( ) [ ST Vil ter + ) WU VkR] +H.c.
\/é a=E€,u,T k=1
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Massive Dirac Lepton Fields

by = Lo + LR (x=e,u,1)
Ve = UL + R (k=1,2,3)
Ly, = > y‘f‘vl_l Zy‘zvz/_u Mass Terms
HL= — = — K Uk
a=e,u,T \/E o k=1 \/E
Ve -~ W
22l bl H—>" “Emn H Lepton-Higgs Couplings
a=E€,U,T ﬁ k=1 2

Charged Lepton and Neutrino Masses

My = —= (a:e,,u,,'r) mk:ykv (k=1)2)3)

V2

Lepton-Higgs coupling o< Lepton Mass
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Quantization

_ h h in.
® ) 4™ (p) e=P* + 5™ (p) u ™ () P

_ d*p
") _/ P 2E. 2 |

h=+1

—F =./82 + m2 (% — mx) U;Eh)(p) =0
p Ex p°+ my (;5+mk)v|fh)(p)=0

Pz u

pL

B3
H

{2 (p), (“’”(p)} {68 (), 5 (0} = (2m)? 26 63(B — B) b

(@), a0} = {a (p), al (P} = 0

{b&“)(p) bS‘ ')} = b1 (o), b ()} = 0

& p), 5 ()} = {8 (p), B (P} = 0

{2 (), b&“ Moy = a1 (o), b ()} = 0

(p) = hu”(p)

i (p) = —hy(p)
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Mixing

Charged-Current Weak Interaction Lagrangian

(coy _ g
L = —-— i W, + H.c.
! 2,27

Weak Charged Current: i = j\’,’\,,L + j\’,’v,Q

Leptonic Weak Charged Current

j\7v,L: Z Z’)’P(l—’)’g)) L, =2 Z aL’yplaL—ZuL'yPE'

=T a=e,u,T
L=V v = V¢n,
A, =2nL VfT’y” Vie =2ng VET VEyP e =2nC UMy e
Mixing Matrix
ut = v u=viw
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Definition: Left-Handed Flavor Neutrino Fields
VeL
V= Un|_ = VfTV(_: VuL
VrL

They allow us to write the Leptonic Weak Charged Current as in the SM:
ML =200l =2 ) Tl lal

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, 7).

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
Jyo=2npUT P e =2%" 3 Uit Lar

k=1 a=¢,u,r
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Flavor Lepton Numbers

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

(e,e) +1 0 O @,e*) -1 0 O
(u,p) 0O +1 0 @ﬁ,u+) 0 -1 0
(w,7™) 0 0 41| @S, 7% 0 0 -1

L=Le+L,+L|

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

lol — €9 4y Vol — €92 vg (a=e,u,T1)
» If neutrinos are massless (SM), Noether’s theorem implies that there is,
for each flavor, a conserved current:
jap ZH’YP VozL"'E'ypea 8/7./.54 =0

and a conserved charge:
Lo = / 3 2(x) Bole =0

Lo *p O, O ),y ()
Lot = [ Gy 125210242 - 6210 620)

d3p M, (0 (Mt L)
R MR OPROBMCY R
(2m)32E hzﬂ[ ]
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Lepton-Higgs Yukawa Lagrangian:

v+ H - 3 _
LuL=-— ( > [ S Vil ler + ) v T VkR] +H.c.

\/i a=e,u,T k=1
3
Mixing: v, = Z Uak Yk =5 WL = Z Uk Val
k=1 a=e,u,T
v+ H —— - &
Ly =— (—) > [)/21 Cot bor + Vol »_ Uak W VkR] +H.c.
\/i a=e,u,T k=1

Invariant for _
eaL — e'¥e ZaL; Val — e'¥e Val
3 3
eaR — eltpa eaR ) Z Uak YkV VKR — eltpa Z Uak YkV VKR
k=1 k=1
But kinetic part of neutrino Lagrangian is not invariant
3

v _ — . )
I—kinetic - Z Ual i@ + Z VR IBVR
a=e,u,T k=1
because Zﬁzl Uak ¢ kR 1S NOt @ unitary combination of the vr’s
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JJPy— . S N
Lmass:—(VeL Iz I/TL> mlIse m%# mlg VR | +H.C.
Mre m'r;.c mz; VrR

Le, L, L, are not conserved

Lis conserved:  L(var) = 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
we—efu,  wr—efur (k=123
eaL — el(peaL; eaR — el(peaR (a = e,,u,,'r)
» From Noether’s t?peorem:
=YY+ > lala 8P =0
k=1 a=e,u,T
Conserved charge: L, = / d3x j2(x) dole =0

LS d*p Mt \ () M,y ()
L= / @y 2E 2o, [0 1A (R) — 6P B 0)]

* Z /(2703 oF Z [(h)T(P) aeh)(P) ng'”(p) bgh)(p)]

a=e,u,T h=+1

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 24




v

v

v

v

v

Mixing Matrix

Leptonic Weak Charged Current: j(,’\,’L =2n Uty e,

, U U Uss Uer Uez Ues
U=VEVE=|Un Up Us|=|Ua Usp U
Usr Uz Uss Ui Ur2 Uss

Unitary N'x N matrix depends on N? independent real parameters

w =3 Mixing Angles
N =3 =
+
w =6 Phases

Not all phases are physical observables

Only physical e [edt of mixing matrix occurs through its presence in the
Leptonic Weak Charged Current
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3
Weak Charged Current: ji, | =2> > T Ui 7 Lot
k=1 a=e,u,7
Apart from the Weak Charged Current, the Lagrangian is invariant
under the global phase transformations _
w— ey (k=1,2,3), by = €% 4y (a=¢e,u,T)
Performing this transformation, the Charged Current becomes
3
=2 > Tae M Upce® P la
k=1 a=e,u,7
3
j\7V,L =2 ¢ 1(p1—¢e) Z Z T e (pen) UZ, el (pa—ve) VP Lo
1 k=1a=e,u,T N—1=2 N-1=2
Thereare 1+ (N — 1)+ (N —1) =2N — 1 =5 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

_(N-D)(N-2) _

~@N-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 Uer Uez  Ues Z18
VuL | = U,ul U;.LZ U,u3 VoL
VrL Ui Ur2 Urs) \vaL

U = R Wiz R

1 0 0 C13 0 51364613 c12 s12 0

=10 C23 523 0 1 0 —S12 C12 0

0 —523 23 —5136|513 0 13 0 01
C12C13 $12€13 s1ze 1913

= | —s12c23—C125235136'%13  C12C23—5125235136'%13  sp3C13

$12523—C12C23513€/913  —C12823—512C23513€/913  Cp3C13

. ™

3 Mixing Angles 912, ¥23, ¥13 and 1 Phase 13

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 28




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 dilerent from 0 or 7 (2 conditions)
» These 14 conditions are combined into the single condition det C # 0

C = _I'[M/l/ MIVT , MIZ MIZT]

detC =-2J (m,%2 - m31> ( ) (m s )
2 _

(ﬁ—ﬁﬂﬁ—%ﬂ

» Jarlskog invariant: J = \sm[Uﬂg Ueo Uﬂz 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= Rp3RizWh»

cos P12 sin®pe~i92 Q
Wi = | — sin 191264512 CcoS 1912 0
0 0 1
1 00
%10 =0 == Wio=10 1 0| =1
0 01

real mixing matrix U = Ry3R13
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Example: 913 =7/2

U = RosWi3Ry2

cos P13 0 sin 191364613

Wis = o 1 0
—sin®?3e!% 0 cosdis

0 0 e 01
Y13 = 77/2 == Wiz = 0 1 0
_eltz 0
0 0 e—id13
U = —s12cas—c125231813  C1pCo3 51252361913 0
$12523—C12C23€'913  —C12523—S12C23€'%13 0
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0 0 e~1013
U= | |Uule™ |Uple*2 0
|U71|e'>‘71 |UT2|e|>\Tz 0
)\,ul_)\,uZZ)\Tl_)\TZ:tﬂ' )\Tl_)\,ul:)\'rZ_)\,uZiﬂ-
w— ey (k=1,2,3), by = €% ly (a=¢eu,1)
e—ive 0 0 0_)\ 0_)\ efi513 eiv1 0 0
U— ( 0 e7ivr 0 > |Uu1\ef pl \U#2|ef w2 0 ( 0 eiv2 0 )
0 0 e 'eT [Ur1leirr1 |Usoleirr2 0 0 0 eivs
el(—813—pe+p3)

0 0
U= ‘U#1|ei(>\urw+w1) ‘U#2|ei(>\,tsz+wz) 0
|Ur1]efAri=e7+91) |Usp|efAr2—er+92) 0

p1=0 Yu = )\,ul or = An1 P2 = 9Yu _)\pZ = )‘#1_)‘#2
P2=Pr = A2 ET = A1 — A2 £ = Ap1 — A2 OK!

0 0 +1
U= (|U,,1 [Uu2| O )
|Ur1| —|Ur2| O
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Example: m,, = m,,

j\7v,L =2n Uty L
U= RipRisWos == jiy | =20 WhRIRE, v
1 0 0
Woz =10 COoS U3 - sin ’19236_'523
0 —singyze 192 €0S Y23
Wosn = nf_ RioRi3 = U’ s j\f;v’L = 2n_f_ UlJr ’)’p EL
v, and v3 are indistinguishable
drop the prime = jyLo=2n UMy

real mixing matrix U = RipRi3
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Jarlskog Invariant

J= Sm[UMa Ue2 U U§3]

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

Sm| Uz Upk Unj Up;] = +J
» In the standard parameterization
J = c1p51203503¢75513 SiN G13

1 . . . .
= 8 Sin 2191, Sin 29,3 €0S %13 SiN 21%13 SiNd13

» The Jarlskog invariant is useful for quantifying CP violation in a
parameterization-independent way
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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 6\/§

» In the standard parameterization it is obtained for
19122’1923271’/4, 51321/\/5, sindi1z3 = £1

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

VBB ]Flﬁ 1 il /6 ‘1/6 T
U= —5F 57 5F 5~ — = ___ | —efim eTim 1
2vs 2B V3 \ rine  _tine
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GIM Mechanism

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

» The unitarity of V¢, V4 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:

=280 7PV + 26l 7l + 28k € VLR
=2gt e VTP Ve + 28l 8L VTP VE B + 28 BR VTP Vi R
=2g/ ALY’ nL +2g €L Y7L + 2 gk LR Y LR

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

B =280 LUy Ul v +2g €L yPL + 2 gk IR 7P LR
=28 DLy’ v+ 28 €LYl + 28k TR VLR
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Lepton Numbers Violating Processes

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

Example: p= — eT +vy, pF o et +et+e”

poo—e +y

z Uik Uek = 0 == only part of v propagator oc my contributes
k

. GFmi 3 W.--~ ‘\\I\’V

T 19278 327

Z uk Uek

BR

N
\

"o ? Uy, ¢ e
Uy, Usk

Suppression factor: r;n—k <1071 for  mg <lev
W

(BR)the 5 10_47 (BR)exp 10_11
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Majorana Neutrino Masses

@ Majorana Neutrino Masses

¢ € ¢ ¢ ¢ € ¢ ¢ ¢ ¢ ¢ ¢ ¢

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
E [edtive Majorana Mass

Mixing of Three Majorana Neutrinos
Mixing Matrix

Neutrinoless Double-Beta Decay

E [edtive Majorana Neutrino Mass
Majorana Neutrino Mass < (30, 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: (iv#8, —m)¢ =0
» Chiral components of a Fermion Field: ¥ = 9 + ¥R
» The equations for the Chiral components are coupled by the mass:

’.’Y'ua,u"ﬁL = myrR
’.’Y'ua,u"ﬁR =my_

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

iv*0u =0
iv*8,Yr =0

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

1 and ¢Yr have only two independent components: in the chiral

representation
_(0 _ [xr

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 v
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Majorana Equation

Can a two-component spinor describe a massive fermion? Yes! (E.
Majorana, 1937)

Trick: ¥r and v are not independent.

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

equation:
70, = myr iv*0,Yr = myL
The two equations must be two ways of writing the same equation for
one independent field, say %, .
» Consider iv*0,9r = miy
Take the Hermitian conjugate and multiply on the right with v°:
— 8Pk v 7% = myL
P =9t = —igPry* = myL
» Transpose and multiply on the left with C (Cy} C™! = —,) ==
I8, CPr =mCyPL
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CﬁT is right-handed and Czp_RT is left-handed
T8, CUr' =mCy. has the same structure as iT*O, YL = myr

We can consider them as identical by setting

Yr=€CYL with g2 =1
¢ is unphysical phase factor which can be eliminated by rephasing

Y — 2 == R=CYL

Majorana Equation: |iv*8,4 = mCyL

The field ¥ = ¢ +yYr =y + CﬁT is called Majorana Field

Majorana Condition: |4 = CET

A Majorana Field has only two independent components

P20 %
Chiral representation: ¢ = ('UXXL>
L
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Charge Conjugation: %C = C9r"

Majorana Field: ¢ = ¢ + 9F Majorana Condition: 9 = 9

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 A,:
(I8, — q7*AL, —m)y =0 (particle)
(i48, + gy A, — m)y© =0 (antiparticle)

If ¢ #0, ¥ and %C obey dilerent equations and the Majorana equality
cannot be imposed

For a Majorana field, the electromagnetic current vanishes identically:

Py = Pyt = —yTClyrcg = gey Tty = —gyry =0
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Majorana Lagrangian

» Let us consider first the Dirac Lagrangian
LP= v(id— m)v =y idv. +URidvg — m (VR v + DL LR)

» In order to write a Majorana Mass Term using v alone, we make the
substitution vg — vC =Co "

» Majorana Lagrangian:

LM= % [V—L;ayl_+¥iauf —m(EVL“LV_LVE)]

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

LM=gidy — g (—1/;_'— CTVL+V_|_CV_|_T>
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» Majorana Field: v =y + 1

» Majorana Condition: v© = v

. . 1
» Majorana Lagrangian: LM = Ev(ia —m)v

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

» Quantized Dirac Neutrino Field:

= d’p Q) W) —ip-x T W) ip-x
/0= [ Gryae L, 200800 506 Oy
» Quantized Majorana Neutrino Field [6(M" (p) = a®™ (p)]

= d°p W) Q) —ip-x Mt M ip-x
V)= | Grysag 2o 2@ ) e+ a1(p) vO(p) €]

h=+1

» 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

I—|,C|_C = —% (V_L'Y'U'ZL W, + 2 y*u W;[)

LNC=—_ & __pryry 7
Ly 2c0sdyy =T Pk

» In practice, since detectable neutrinos are always ultrarelativistic, the
neutrino mass can be neglected in interactions
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» In interaction amplitudes we neglect corrections of order m/E

y destroys left-handed neutrinos
Y] creates right-handed antineutrinos

» Dirac:
__ | destroys right-handed antineutrinos
L { creates left-handed neutrinos
destroys left-handed neutrinos
L) creates right-handed neutrinos
» Majorana:

__ | destroys right-handed neutrinos
Y3 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
LM = 5m (I/,T clu + VEC VE)
is not invariant under the global U(1) gauge transformation
V. — e'¥ 148

151 — L=
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-G Decay
N(AZ) > N(A, Z+2)+2e”  (BBo,)
NAZ) - NAZ-2)+2e" BBs,)
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CP Symmetry

» Under a CP transformation

Ucpr (x)Ugp = €57 7% 1L (xp)

Ucpr ()Ugp = —£SP" Y0y (xp)
UL (x)Ugp = €577 € (xp) 7°
UcprC (x)Ugp = —€5F 7 (xp) 7°

with [¢SP12 = 1, x# = (x0, %), and xb = (x°, —%)

» The theory is CP-symmetric if there are values of the phase ¢S such
that the Lagrangian transforms as
UcpL ()Ugs = L (xp)

in order to keep invariant the action / = / d*x L (x)
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» The Majorana Mass Term

L) = 5 m [1E 001 () + 700 v (0]

transforms as
_ 1 _
Uce Lbass (OUGH = — 5 m [ —(€57) 7L0xe) o ()

—(€SPM)2 1 (xp) VL(XP)]

> UcpLmass(COUgh = Limass(xp)  for [ £5F =i

» The one-generation Majorana theory is CP-symmetric

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

» A Majorana Mass Term [VLT cty — 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 /3, of the
hypercharge Y and of the charge Q of the lepton and Higgs multiplets:

I kY Q=hk+X

2
73 1/2 0
lepton doublet L, = 1/2 -1

A -1/2 -1
lepton singlet LR 0 0 -2 -1
* 1/2 1
Higgs doublet oGy = | ¢ @) 12 Y2
¢°(x) -1/2 0

» ' CTy has k=1and Y = —2 == needed Higgs triplet with ¥ =2
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Effective Majorana Mass

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

Kinetic terms:  9idy ~ [E]*,  (8,9)' 84¢ ~ [E]*

Mass terms:  my 4 ~ [E]*, m? ¢! ¢ ~ [E]*

CC weak interaction: o v# £, W, ~ [E]*

Yukawa couplings: Lo ® £ ~ [E]*

Product of fields Og4 with energy dimension d = dim-d operator
Coupling constant of Oy has dimension [£]~(@~4

Og>4 are not renormalizable
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SM Lagrangian includes all Og<4 invariant under SU(2),. x U(1)y
SM cannot be considered as the final theory of everything
SM is an e [edtive 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 e [edtive non-renormalizable

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

All O4 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 e Ledtively reduced to the SM at low energies

Approach analogous to e Ledtive non-renormalizable four-fermion Fermi
theory of weak interactions, which is a low-energy manifestation of the
SM
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Og~4 is suppressed by a coe [cieht M@~ where M is a heavy mass
characteristic of the symmetry breaking scale of the high-energy unified
theory:

L =L5M+%O5+%OG+...

. co _ GF + ..
Analogy with L~ = —%JJVMJ\‘,‘V. 2
. g6 Gr g
O6 — ﬂ h = s — = =
W dw M2 V2 8m\2N
M~-%) s a strong suppression factor which limits the observability of
the low-energy e [edts of the new physics beyond the SM

The di Cculky to observe the e [edts of the e [edtive low-energy
non-renormalizable operators increase rapidly with their dimensionality

Os == Majorana neutrino masses (Lepton number violation)

Os == Baryon number violation (proton decay)
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» Only one dim-5 operator:
Os = (L] md)CT(dT 7 L) +H.c.

1
=5 (LI CT 7 L) - (@7 m 7FP) + H.c.
Ls =20 (L Clry 7 L) - (07 72 70) + Hec.

. [¢*\  symmetry 0
» Electroweak Symmetry Breaking: ® = _—

¢° Breaking v/v/2
Symmetry M 1 g5 V2 T At g5
> Ls — Ljas =3 v C'yy+He, = |m=
Breaking 2 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 2
v mD . .
> mx oM natural explanation of smallness of neutrino masses

(special case: See-Saw Mechanism)

» Example: mp ~ v ~ 102GeV and M ~ 10 GeV == m~ 10 2eV
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Mixing of Three Majorana Neutrinos

1 —
vy I—rr'\{lasszz(VII_TCTMLVII__VII_MLTCVII_T)
>y = vy 1
— T L T
v ) E, (V&LC MaﬁVﬁL VoL M ;CVéL)
a’ﬁzell‘L)T

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

_ T
Z Vo C aﬁ Ve = — > VﬁL 5 €’ vy
a,B
Z I/ﬁL ct M!;ﬁ v = Z vt I\/I[%a V[’ﬂ_
a,f a,B

L_ gL T
MaB—MBa = M-=M
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v

v

v

v

v

v

v

1 _
Ltss =5 (v ct M-~ MM e

Diagonalization: v{ = n_ V! with unitary v}
(VO M-V =M, Mqj=mdg (kj=123)
Real and Positive my

141N
Left-handed chiral fields with definite mass: n_. = VfT v = |
V3L
1
Littss = 5 (nl c'Mn —ACMCn])
13 _
= 5 Z my (VkTL Clug — 7 C VKT,_)
k=1
Majorana fields of massive neutrinos: v = v + 15 Ve = i
121 1.3 1
n=|w|=LM= 5 SOw (i@ - m) v = zﬁ(iﬂ— M) n
1/3 k=1
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Mixing Matrix

» Leptonic Weak Charged Current:

Go=2ncUtyr e with U= VITw

» Definition of the left-handed flavor neutrino fields:

. Vel
V= Un|_= VLTI/(_: VuL
UrL

» Leptonic Weak Charged Current has the SM form

ML =200P =2 ) Vel hal

a=e,u,T

» Important diLerbnce with respect to Dirac case:
Two additional CP-violating phases: Majorana phases
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_ 13 _
» The Majorana Mass Term LM = > > mi (ykTL Clug - C z/kTL) is
k=1
not invariant under the global U(1) gauge transformations
kL — e' Pk kL (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
pM={0 &% 0
0 0 &

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

c12€13 S12€13 sp3e 1013
D _ is is
U™ = | —s1203 — c12523513€'°%  c1a0o3 — s12523513€'°% sp3€13
$12503 — C12C23513€' 98 —C1a803 — s12Co3513€' %3 cozcin

» Jarlskog invariant: J = clzslzczgszgclzg,slg sind13 as in the Dirac case
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» DM = diag (e“l, ez ei“), but only two Majorana phases are physical

» All measurable quantities depend only on the diLerknces of the
Majorana phases
by — %0, == M 5 x9)
e Q«=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:
d013=0orm and A =0o0rm/2ormor3r/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

d N
NAZ)=NAZ+2)+e +e +ve+ 1k

(T2) ™" = Gy [ My |?

second order weak interaction process .

in the Standard Model p /x’n'

Neutrinoless Double-@ Decay: AL =2

d AN
NAZ) > NAZ+2)+e +e Y

(T2/) ™ = Gou [Mow | [mgg|?

my —=—% Vg

e [edtive

Majorana  mgg = » Uz mk Uf"j e
mass k W

d s
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Effective Majorana Neutrino Mass

— 2 . .
meg =y Ugc mi complex Ugx = possible cancellations
k

mgg = |Ue1|2 mq + |U92|2 e m, + |U93|2 €% ms
a =2Xx,  az3=2(X3—013)

Im[mgg] Im[mgp]

|Ues|2e1%my

TTLBB
ag a3
o mpg -
|Uea |2y |Uea|?€'%2my
(&%) [e5)
|Uea [*my Re[mgg] |Ue [P Re[mgpg]
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Majorana Neutrino Mass < (36, Decay

[ u d u \I‘V+
— —> l\\
I e
BB s = BBow
—> %e_ € 77,
u d |

[Schechter, Valle, PRD 25 (1982) 2951] [Takasugi, PLB 149 (1984) 372]

Majorana Mass Term

LM =—-Im (V_EVL +1/_|_Vf> =im (V[_r ctu +1/EC1/,’§>
- u, d, e are massive
two conditions:

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

o Three-Generation Mixing

o Number of Massive Neutrinos?

¢ € ¢ ¢ ¢ ¢ ¢

<
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One Generation

If v exists, the most general mass term is the

Dirac-Majorana Mass Term

D+M _ | D L R
Lmass - LmaSS + LmaSS + LmaSS
Ln?ass = —mpUr Y+ H.c Dirac Mass Term
1 .
L mass = 5 M v C'y. +Hc.  Majorana Mass Term
1 .
LR =>-mrug Clg +H.c. New Majorana Mass Term!

2
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» Column matrix of left-handed chiral fields: N = (:E) = (C Z_LT>
R R

1
Lo =S M CTMN +He. M= (:EL) Zg)

» 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 NL — (V1L>
VoL

m 0
UTMU=< ! > Real my >0
0 my -
1 1
D+M — T _ _
> L s = 5 Z myg VkLCT v +H.c.= —3 Z my Vk Vk
k=1,2 k=1,2
— C
U = wL Ty
» Massive neutrinos are Majorana! w = v
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v

v

v

Real Mass Matrix

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

M = <mL mD> we consider real and positive mg and mp and real m,
D MR

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

_ [ cos® sin® _ (P O 2 _
O_<—sin19 cosﬂ) p_<0 p2> Pic =+l

!
OTMO=<m1 0,) tan2g = — 2™ __
0 m mRr — mg
1
m'z,l = > [mL + mr + \/(mL — mR)2 + 4m2D]
m, is negative if m_mg < mj

UTMU = p" 0T MOp = pimy 0 = |mg=ptm
0 phmh S
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» mj is always positive:

my = ml = % [mL+mR +\/(m|_—mR)2+4m2D]

> If mmg > m3, then mj > 0 and p? =

1
m =g [mL"'mR _\/(mL_mR)2+4m2D]

~ o _ [ cos® sin®
pp=landp, =1 == U‘<_sim9 cosﬁ)

» If mmg < m3, then mj < 0 and p? = —1

my % [\/(mL — mr)? +4md — (m_ + mR)}

. L _ [ icos® sin®
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 v generated by I/ng

Am? L
P, _..(L, E) = sin? 2% sin?
a%s() ) sin Sin < 4E >

— — 2
Am? = mg — m% =(m_+ mR)\/(mL — mR) +4m2D
» It can be shown that the CP parity of v is £5F = i pf:
“1_ .20
Ucprtk (x)Ucp = i pic 7~ vk (xP)

» Special cases:

» m =mgr == Maximal Mixing

» m.=mr =0 == Dirac Limit

» |m|,mr €< mp == Pseudo-Dirac Neutrinos

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

v =7/4
myq = my £ mp

m1 = mL — mp if mLZmD

m=mp—m_ if m_<mp

—
DD
[y XYy N
1
|+
(RN

my = m_ + mp

myg < mp

—i
VL — ?(VL—VIE)
Vo = E(VL-FVR)

1
v =+ = 7 [(VL +1R) — (VE + VS)]
C

123 =I/2|_+I/g|_ = ﬁ [(VL+VR)+ (VE +VR)]
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Dirac Limit

2 — 1 —
=— mi=m
> ”1121::l:‘”D == p%_ ’ 1_ °
’ p2_+1) mp = mp

» The two Majorana fields 1 and v» can be combined to give one Dirac
field:

=—( ) =vL+ 1R
14 1V 1% 14 Vi
NG 1+ 1 L

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

=3[ )+ (v

i v—1C 1 (v+C\ 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‘

mg +m
myq L2 R + mp
my + mp
m<0 = pi=-1 = mz,lszif

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 di Lerknce

Am? ~ mp (m_ + mR)

The oscillations occur with practically maximal mixing:

2
tan29 = ——"° s 1 = P~r/d
mRr — 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 < mgR ‘
» L L is forbidden by SM symmetries == m_ =0

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

» mg is not protected by SM symmetries == mr ~ Mgyt > Vv
2 2
! mp 2 — mp
my >~ ——= =-1, m~—=
» M mR - P; , L= R
! j—
my >~ mR p5=+1, mp>~mg
» Natural explanation of smallness of neutrino masses
.. . mp
» Mixing angle is very small: tan29 =2 — < 1
m

R
» v is composed mainly of active v : vy ~ —iy

» u, is composed mainly of sterile vg: v ~ S
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Majorana Neutrino Mass?

V3 U d S [ ) t

o= WL

1074 107 1072 10~" 10° 10" 10*> 10® 10* 10° 10° 107 10% 10° 10' 10' 10"
m [eV]
known natural explanation of smallness of v masses

See-Saw Mechanism (if vr’s exist)

New High Energy Scale M = { 5-D Non-Renormaliz. E[_Dperator

Majorana v masses <= |AL| =2 <= B, decay

both impl 2
i see-saw type relation 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 vg respects the SU(2). x U(1)y Standard Model
Symmetry!

Ly = —% m (EVR +WV§)

Majorana mass term for vr 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_CD VR + 7R OF LL) W —mp (V_sz + VR VL)
Ln=—ys (anq VR"‘??TWV&) m —2 mg (V& VR +Wu§>
_ ) 1
n=2 1/2 {m) +p+ix) Lmass = ) (v w) (n?D QE) (Z:g) + H.c.
m2
mR > mp == See-Saw: |my ~ P
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
] _ mp __ _ mp\ __
Ly = % X [VZ’YSVZ TR [V2’75V1 + Vl’Y5V2) + (m—R> Vl’Y5V1]
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Three-Generation Mixing

D+M _ D L R
I—mass - I—mass + I—mass + I—mass
Ns
D _ ! D ./
I—mass - Z Z Vsr MSa Val +H.c.
s=1 a=e,u,T
1
L — T ot pgl
Lmass = 3 > v CTMggvp +H.c.

a’ﬁZeY/‘LIT

Ns
1
R — T R
LR = 5 > Vg CT M vig +H.c.

s,s/'=1
1C
! VoL VIR
i L [ ] IC
L= ¢ V=V, VR =
R i IC
TL NsR
1 ML
Lopas’ = S N{TCTMP™N] +He  mMP*™M =70
2 M
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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 e [edtive mixing of three Majorana neutrinos
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Number of Massive Neutrinos?

Z—vv = Vv, v, active flavor neutrinos

N
mixin = v, —ZU Y a=eu,T N=3
g e ok ZkL » Fos no upper limit!
Mass Basis: VvV, V2 V3 V4 Us
Flavor Basis: Ve Vu Vr Vs Vs

ACTIVE STERILE

STERILE NEUTRINOS

singlets of SM == no interactions!

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

4

disappearance of active neutrinos
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Part 11

Neutrino Oscillations in Vacuum and in Matter
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Neutrino Oscillations in Vacuum

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

Only neutrinos with energy = 0.1MeV are detectable!

Charged-Current Processes: Threshold

v+A—=B+C Ve +Ga — "Ge+ e~ Eu = 0.233MeV
il , ve +3Cl > ¥Ar+ e Egp = 0.81 MeV
s =2Ema + mp > (ms + mc) Zetp—onte” Ein = 1.8 MeV
( G - Vutn—p+p Ewn = 110 MeV
mg + mc ma _ _ m?
Eth:T_T u,,—&—e —)Ve+ﬂ Eth:ﬁle.QGeV

Elastic Scattering Processes: Cross Section oc Energy
v+e —v+e o(E) ~ 0o E/me oo ~ 10~* cm?

Background == Ey, ~ 5MeV (SK, SNO), 0.25MeV (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: j\f\,,L =2 Z VoL Y Lol Vol = Z Uk vk
a=e,u,t k
Flelds 7ol =) Ul == |va) = Z Uz lw)  States
k

|I/k(t,X)) — e—iEkt+ipkx |Vk> = |I/a(t,X)) — Z U:zk e—iEkt+ipkx |Vk>

)= > Usklvg) = Ia(t,)) = > | D Use BPXUgy | Jug)

B=e,u,t B=e,u,t k

Ave—vg (6,X)
Transition Probability

Pasp (£:%) = |p[va(t, ) = [Avumsn (8,0)] = D Ulie EEHPX g
k
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ultra-relativistic neutrinos == t~x =L source-detector distance

2 2 2 2
Ee—pep = mc Mk
Ex + px Ex+px  2E

Ext —pkx ~ (Bk —px) L=

2
Pras(LE) = |5 Uty e ™2 Yy
k
= ST U UpcUs U Ayl
= %: ak Upk Uaj Ugj EXP| —1 5F

Amﬁj = mﬁ — mj2

Proosvs(L/E) = bag—4>" Re[Uak Upk Uaj Um‘] sin

< 4F
>j ,
Ame. L
+ZZIm[U;kUﬁkUaj Ugj] sin( 2Ekj >
k>j
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Neutrinos and Antineutrinos

Antineutrinos are described by CP-conjugated fields:
VP =40cwT = —cu*

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

Fields: v = Z Uskh vt = Z i
p —

States: |v,) = Z k) — Vo) = ZUak|Vk>

k

U = U* _ANTINEUTRINOS

NEUTRINOS

Am L
P,,a_wﬁ(L, E)= Z | Uak | |U,6k|2 + ZREZ Uk Usk Uqj Uﬁj exp( 2E )

k>
vasip (L, E) = Z|Uak| |Uﬁk|2+2RekZUakU5kU Upi EXp< 2EJ )
>j

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 87




CPT, CP and T Symmetries

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

CPT

Pua—wﬁ Pl_/ﬁ—)l_/a

ACPT —

CPT Asymmetries:

Va—Vp - Pljg—)lja

Local Quantum Field Theory == AS5T =0  CPT Symmetry

Ami L
Pch—”/ﬁ(Li E) Z |Uock| |Uﬁk|2+2ReZ Uak U'@k UOLJ U[)’j eXp (—/ 2Ekj )
k>j

is invariant under CPT: u <= U* a S p

Poo—vg = Pog—va

(solar ve, reactor v, accelerator v,)

Pua—wa = Pﬂa—)ﬂa
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CP Symmetry

CP - _
Pua—>uﬁ — Va— Vg

CP Asymmetries: ASE = P, — Py |CPT = ASE = —AgL

CcP * * -AmEjL * )k -AmiJL
AQB(L,E)ZZRe E Unkuﬁkua,—uﬁj exp| —i 2E — 2Re E UakUBkUQJUm— exp| —i 2E

k>j k>j

(AmEL
ASB(LE) =4 Japig sm( 2Ekj >
k>j

Jarlskog invariants: | Jogkj = Im[U;k Upk Uqj Ugj]

violation of CP symmetry depends only on Dirac phases
(three neutrinos: Ja,B;kj = :|:C12$12C23523C123513 sin 513)

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

T
Pua—wﬁ — Puﬁ—wa

T Asymmetries: Aafj = Puyovs — Pugva
CPT == 0=A%" =Py — Pria

- Pl/a—)l/ﬁ 'Duﬁ—wa + Pl/ Vo Pl_/5—>17a

— AT CP —_ 4T T _— 5ACP
_Aaﬁ+Aa_Aﬁ Aaﬁ - Aa[j’_Aaﬂ

_(Dm§L
Alp(L E) =4 Jugyi sm( 2Ekj >

k>j

‘ violation of T symmetry depends only on Dirac phases ‘

<Alﬁ> = 0::>| observation of T violation needs measurement of oscillations |

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 91




Two-Neutrino Oscillations

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

2
[Va) = Z Uak k) (x=e,p)
k=1

U= cos?  sind |Ve) = cos ¥ |v1) +sind |vy)
~ \—sin® cos? lvu) = —sind |vy) + cos |vy)
Am? = Am3, = m3 — m?
" _ o[ AmMPL
Transition Probability: Pye—sv, = Py, v, =sin“ 29 sin AE
Survival Probabilities: Presve = Py, =1 =Py,
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two-neutrino mixing transition probability
aZFp a,B=epu,T

Am?L
— cin2 P2
Pyo—vg(L, E) =sin® 29 sin ( AE )

2 2
=sin2 29 sin? <1.27 w)

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

—_— cinl P2
=sin“ 249 sin“| 1.27
' ' < E[GeV]

oscillation length

4mE E [MeV E [GeV
oo = ATE _ g g7 EMOVI o4y ELOVI
Am Am? [eV7] Am? [eV7]

km
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Types of Experiments

Two-Neutrino
Mixing

AmZL) observable if

Am?L
AE AE =1

Py.svs (L, E) = sin?29 sin2<

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

ATM & LBL Reactor: L ~ 1km, E ~ 1 MeV CHOOZ, PALO VERDE
L/E < 10*eV—2 Accelerator: L ~ 10°km, E > 1GeV K2K, MINOS, CNGS
U Atmospheric: L ~ 10 — 10*km, E ~ 0.1 — 102 GeV
Am? > 107*eV? Kamiokande, IMB, Super-Kamiokande, Soudan, MACRO, MINOS

SUN L~108km, E ~0.1—10MeV

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

Matter E [edt (MSW) =10~% <sin?20 <1, 1078eV2 < Am? < 107%eV?

L
E 10t ev—2=Am? > 10t 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 ) AmzL _1 )
Pyo—vg(L, E) = sin® 29 sin <—4E =5 sin“ 29 |1
A T
08 - “ c“\‘ ““ |
TQoe‘f N h ‘ _
< osp 1l u‘ i
I
- ‘ M\M ‘.
0100 1000 10000 100000
L (km)
Am?>=10"%eV  sin?20=1 (E)=1GeV  AE=0.2GeV

2

(Pra—vg (L, E)) = % sin? 29 [1 - /cos(Am

L
= >¢(E)dE] (@#8)
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Am?L

(Prusus (L, E)) =  sin 29 [1 -/ cos( ) ¢(E)dE] (a#6)

max — in2 ZPS‘lajWB
Vo —V, )
(Pravg (L, E)) < PRZ,, == sin“2¢ <

1- fcos( mZL) S(E)dE

=)
=

1
| H
08 F E
EXCLUD q)m#.
~ 06F
o \
2 04F s
/ 2
02 rotate 2
0 and -
10 * 10 3 10 2 10 ! mirror 3
Am? (eV) >

10 5

23 59
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2
10
ok SRP i)
E By
3
i E
b BUG ~ GOSGEN <10
<
]
£
S oL 1
2 -
e KRASNOYARSK:-~. 0
[ 2|
107 L L 10
107 0" 1

sin’20

Reactor SBL Experiments: ve — ve

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

L L
107 102 107

1
sin?26

. =)
Accelerator SBL Experiments: v, —

90% C.L. e T 10

RUS

Ve = Vo ‘
90% C.L. CHOOZ~L:. 3

0% 10° 107 10 1 10°
sin® 20

Accelerator SBL Experiments:(;; —

0™ 1
in2
sin® 26

(=) (—) (=)

vr and ve — vr
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log Am?

Anatomy of Exclusion Plots

T sin? 29 ~ 2P

sin228 > P

Am? ~ 2m(L)—1

2 ~g(Ly-1 /P
Am _4<E> sin? 29

log sin? 28

> Am? > (L/E)

1 . .
P~ Esm2219:> sin? 29 ~ 2P

» Min <cos(A2mE2'-)> > -1

. 9 _ 2P
= >
sin” 29 17Min<cos(A5"E2'-)> > P

Am? ~ 2n(L/E)~!

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

cos Am?L o1 1 /Am?L
2E )~ 2

L ‘1\/T
Am? ~4( = _—
m <E> sin 29
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Question: Do Charged Leptons Oscillate?

» Mass is the only property which distinguishes e, u, 7.
» 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

Vi e T \%)

Analogy

» Neutrino Oscillations: massive neutrinos propagate unchanged between
production and detection, with a diLerence 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 di Lerknce 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 u
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
~ ~2x1071 (—> cm
(mZ —mg) — mZ X 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 E [edts

o E [edtive Potentials in Matter
Evolution of Neutrino Flavors in Matter
Constant Matter Density
o MSW E [edt (Resonant Transitions in Matter)
o Averaged Survival Probability
e Crossing Probability
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Matter Effects

a flavor neutrino v, with momentum p is described by

va(p)) = Z o c(p))

Ho [ (p)) = Ex [(p)) Ex = \/p? + m§
in matter H=Ho+H, Hi |va(p)) = Va [va(p))
V, = eledtive 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 /\

Vee = V2GeNe

Ve = _v®

Ve = Ve + Wne V,=V:= Ve

antineutrinos:

Ve — V’u - VCC

Vee = —Vee

e ,p,n

Wne =

v = V2

2

(common phase)

Ve = —Vac
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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, 1)) = (vs(p)|Holva(p, 1)) + (s () Hilva(p, t))

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

Pap(p, t)
= Epjzuﬁk (1 (P) [ Holvi (p)) U pas(p, t)

Okj Ex

(e (P)[Hvalp, £)) = Y (ws(P)[Hi[vo(p)) Pap(p,t) = Vo pap(p, t)

g 0pp Vi

. d N
i 9 Yap = Z (Z Uk Ex Ugic + 6 Vﬁ) Pap

I’ k
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m?2
k

2E
Ve = Ve + Ve V, =V, =W

ultrarelativistic neutrinos: Exk=p+ E=p t=x

. d mé .
i = @as(Px) = (p+ Vi) @ap(p,X) + ) (Z Usk 5 Upic + Bge bpe vcc> Pep(P, X)

P

Yap (P, X) = Pap(p, x) P11 I Vit

4
d et P Vee ey e d
/&¢aﬁ=elpx+lfo Vie (D dx ( p— VNC+/d_>‘Paﬁ
. d
I&"paﬁ zp: Zuﬁk 2Euk+5ﬂ65pe Vee "/Jap

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

d 1
. _ 2 4t
P— _—(UM U +A)w
dx % 2E o
Yoe 2 m% 02 0 Acc 00 Acc = 2EVce
Yo = | Yau M= o mio A= 000 = 2v2EGEN,
Yar 0 O m% 0 00
e [edtive q ) 2 |t matter 2t ) e [edtive g
mass-square — — mass-square
~ matrix Myac = UMU UM U +2EV = Myar _ matrix
in vacuum in matter

potential due to coherent
forward elastic scattering

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 108




simplest case: two-neutrino mixing

- _ _ [ cos® sind
ve — v, transitions with U = (_ sing cosﬂ)

UM? U =

cos?¥m? + sin9mé cosd sind (m§ — m?)
cosd sind (m3 — m?) sin®¥m? + cos?¥m3

_1_ 5, 1 [(—Am?cos2d Am?sin2d
=-Zm“+Z

2 2\ Am?sin29  Am?cos29
/]\
irrelevant common phase
Zmzzm%+m§ Amzzm%—m%
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.d

"dx

<¢ee> 1 (—Am2c03219+2Acc Amzsin219> <¢ee
4E

Ve AE Am? sin29 Am?cos29 ) \ e,

)

initial ve == (zpeﬂ(o)) B <0>

Pue—w,t(x) = |¢E#(X)|2
'Due—we(X) = |¢ee(x)|2 =1- Pue—w,L(X)

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 110




Constant Matter Density

a
dx

(

Yeu AE Am?sin29 Am? cos29

¢ee> _ 1 (—Am2 c0s29 + 2Acc  Am? sin219> <¢ee
} Yeu

)

dACC _
dx
Diagonalization of E [edtive Hamiltonian

PYee \ _ [ COSTy  SiNT\m U
Yeu) \—sindm cosdm ) \ 92

0

() _[Acc, L (-ang 0 )] (
dx \ ¥ 4E  4E 0 Am?, V2

"

irrelevant common phase
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E [edtive Mixing Angle in Matter

tan 2¢
1_ _ Acc
Am? cos 29

tan 29y =

E [edtive Squared-Mass Di Lerknce

Ay = \/(Bm2 cos 29 — Acc)? + (Bm?sin 29)°

Resonance (9v = m/4)

2
ARc =AmPcos2 == NR = Am© cos 2§
2V/2EGE
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dx \ 92 AE 0 Am, )\
Pee \ [ cosPm  sintm P1 Y1\ _ [cosdm —sindm Pee
Yep )\ —sindm  cosdm ) \ 92 Y2 ) \sindu  cosdm Yepu

_ Pee(0)\ _ (1) _ 1(0)\ (cos®
et T (zpeu(O))‘(o) = <¢2(0)> (w&”)

Am?
P1(x) = costy exp (1 TI:'Y'X>
(x) = sindy ex _ Ay
V2(x) = sindmexp | =14 F

Preasv, (x) = [eu ()2 = | = sindmps(x) + cosmpz(x)[?

. . Ami,x
Pye—sv, (x) = sin? 280 sin? < 41:5" )
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MSW Effect (Resonant Transitions in Matter)

T
L ,ﬁ_r Ve ™ V) V™1

NE/Ny
T

Ve ™ V) l/ﬂw
.

1
20 40 60 80

100
N./Ny  (em™)
NE/Ny
T
L v, 12 4
- vy 1
L 12} I

[Am? =710 FeV?, 9 = 10 9] ~

1 1
20 40 60 80
N./Ny (ecm™3)

100

Ve = COST\ V1 + SiNty v
v, = —sindy vy + costy v2
tan 29
tan 29\ = Ace
1 — C
Am~ cos 2%
Am?y = { (Am?cos 29 — Ac(;)2

1/2
+ (Am?sin 219)2]
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Yee | _ [ COSOM  SiNdm | (91
Yeu) \—sindm cosdm ) \ 92

0 -y
i ’¢1 = E+i _Amﬁ/l 0 + -/ dx ’¢l
x \¥2 4E 4E\ 0 Amf dom P2
T d

X
irrelevant common phase T
maximum near resonance

¥1(0)\ _ [cost —sind$,) (1) _ [cosvd
P2(0) ) \sind),  costy, ) \0)  \ sind,

- XR 1
am? (x) am? (X)
0 . M
~ 9 AR+ sing? AR
P1(x) cosdy, exp (l/ I > 11 + sindy, exp ( / IE ) 21
L N 0 i
Am (x!
X exp ( / M( ) )
XR -
XR 2 (!
R Am2 (x Ame (X
Po(x) ~ cosﬂM exp ( ( ) > A12 +5|m9M exp ( / :lllz( )dx'> A?Z
0 i

« o ( / mM(X ) >
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Averaged Survival Probability

Pee (x) = COSTY, Y1 (x) + sindy, Y2(x)
neglect interference (averaged over energy spectrum)
Presve(X) = [(Yee (x))|? = cos?9Yy cos?By [ATy|? + cos®dy sin®oy |AZ |
+ sin?9%, cos?dpy | A7 + sin?9, sin®9, |AS|2

conservation of probability (unitarity)
AD 2 = AR = P A2 = AR =1~ P

P = crossing probability

_ 1 1
Po. e (x) = 5+ <§ - Pc> c0s29Y, cos28%,

[Parke, PRL 57 (1986) 1275
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Crossing Probability

e (=379F) —exp (~37557)

c — = [Kuo, Pantaleone, PRD 39 (1989) 1930]
1—exp (_%’Ysin%?)
R Ami,/2E Am? sin?29
adiabaticity parameter: v= =
2/ddw/dx | 2F cos2s |iace
X IR

A x x F =1 (Landau-Zener approximation) (parke, Pre 57 (1986) 1275]
A x 1/X F = (1 — tan2 ’19)2 / (1 + tan2 19) [Kuo, Pantaleone, PRD 39 (1989) 1930]

[Pizzochero, PRD 36 (1987) 2293]
A x exp (—X) F=1- tan2 s [Toshev, PLB 196 (1987) 170]

[Petcov, PLB 200 (1988) 373]

Review: [Kuo, Pantaleone, RMP 61 (1989) 937]
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-4

practical prescription:
[Lisi et al., PRD 63 (2001) 093002]

Solar Neutrinos

Ne (x) ~ N¢ exp (—%)

log(n,/N,) vs. R/R,
BP2000

0

I I I I I I I I I |
01 02 03 04 05 06 07 08 09 1
R/R,

numerical |dInAcc/dx|g
|dInAcc/dx|g = ——
Ro

Ro
10.54

NE = 245 Np/cm®

X0 —

P, = % + (% - PC> c0s219%, c0s219
p, = &P (-37F) —exp (—3755)
1-exp (_%%inF?ﬁ)
Am? sin?29
7 2E cos29 | e |
F=1—tan’?

ACC = 2\/§EG|:NE
for x < 0.904Rg
for x > 0.904Rg
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Electron Neutrino Regeneration in the Earth

psun earth 2
Psun+earth — ﬁsun + (l - 2PVe—>Ve> ('Duz—we —sin 19)

Ve — Ve —
eTTe erve €0s2%%
[Mikheev, Smirnov, Sov. Phys. Usp. 30 (1987) 759], [Baltz, Weneser, PRD 35 (1987) 528]

14 T T

12+
_10h .
E sl P,Sj’_t,h,,e is usually calculated numer-
D 4l . . .
o ically approximating the Earth den-
4r 1 . . . .
L cdmain sity profile with a step function.
0 A
6F E [edtive massive neutrinos propa-
‘?g j: gate as plane waves in regions of
=3l constant density.
2 2t ]
—— Data . .
1| owr approimation Wave functions of flavor neutrinos
%0 1000 2000 3000 4000 5000 6000 are joined at the boundaries of steps.
r (Km)

[Giunti, Kim, Monteno, NP B 521 (1998) 3]
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Phenomenology of Solar Neutrinos

LMA (Large Mixing Angle):

LOW (LOW Am?):

SMA (Small Mixing Angle):

QVO (Quasi-Vacuum Oscillations):

VAC (VACuum oscillations):

SMA LMA

VAC

T

—_—

||{| U

0001 001 01
tan®@

[de Gouvea, Friedland, Murayama, PLB 490 (2000) 125]

1

Am? ~5x107%eV?, tan?9 ~ 0.8
Am? ~7x107%eV?,  tan?9 ~ 0.6
Am? ~5x107%eV?, tan?9 ~10°
Am? ~107%eV?, tan®®9 ~ 1
Am?* <5x107%eV?, tan’d ~1
10~ T T T T
1074 | / LMA 3
(é
107 T s 3
1076 | 3
% 1077 | 90 % C.L. Low 3
;i; o == % %CL Q}:
3 F w99 % CL. < 3
1o — 9973%CL = ]
10-0 [ Cl + Ga + SK + Sp(D) + Sp(N) -
®B free + BP2000
10-11 Just So? -
10-12 L L L L
107+ 10-? 10-¢ 1071 100 10t

tan¥(6)

[Bahcall, Krastev, Smirnov, JHEP 05 (2001) 015]
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[6V?]
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0
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solid line:
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dashed line:
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dash-dotted line:
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m?
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N/Ni  fem Y
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V1]

10

10 10° 10!

fem 3]
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10 ?

W

10"

107°

1077

Am? =5 x 10 %eV?
tan?9 =5 x 104

Am? =7 x 10 %eV?
tan?9 = 0.4

Am? =8 x 10~8eV?
tan?9 = 0.7

u
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) .
103 10 * 10" 107 10t 10*
N/Ny  fem 3]

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?
LMA: Am? = 1.6 x 10~%eV? sin29 = 0.57
LOW: Am? = 7.9 x 10~8eV? sin®29 = 0.95

average

Livalas

- day
— — —night

il

L

L L e 3

ACANRARERARNRERE

5 10 15
Energy (MeV)
5.0 x 1076 eV? sin®29 = 3.5 x 1073

P(v,~v,)

Just So?

P(v,»v,) P(r,»v,) P(r-v,)

VAC

©O00O ©O00O0 0000 0000 0000

P(v,~v,)

CNADPPONANNONNDPRONADIDON A DD =

o

5 10

Energy (MeV)
Am? =42 x 107 %eV? tan? 9 = 0.26
SMA:  Am? =52 x 10~ %eV?
LowW: Am? =7.6 x 10 8eV?
Just So?: Am? = 5.5 x 10712 ev?
VAC: Am? = 1.4 x 10710 ¢V?

LMA:

tan? ® = 0.72
tan? 9 = 1.0
tan? © = 0.38
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In Neutrino Oscillations Dirac = Majorana

. . o dy, 1 2,1t
Evolution of Amplitudes: ar 2E (Ul\/l u'+ 2EV> Vg
Dirac: u®

di [erknce:
! { Majorana: UM = y® p(n)

10 - 0
Oei*2 ... 0 1
D(A)=<: CoL ) = D'=D

00 ...'e”:Nl
m?0 - 0
2 0 mj - 0 2 2 2 2
MP=| 5 = DM?=M?D == DM?D'=M
0 0 - m

UM M2 (MYt = y®) ppZpt(u®Hyt = y® 2 (U@t
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Part 111

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
e Three-Neutrino Mixing
o Allowed Three-Neutrino Schemes
o Mixing Matrix
¢ 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 Amio, =7.92(1£0.09) x 10 °eV?
R GALLEX/GNO
Ve Vy, V. 20 .
o SAGE - sin® ¥soL = 0.314 (17513)
Super-Kamiokande
Reactor [Fogli et al, PPNP 57 (2006) 742, hep-ph/0506083]
- (KamLAND)
Ve disappearance
Kamiokande
. IMB 2 +0.14 —3 _\,2
Atmospheric Amxry = 2.6 (1,0_15 x 107° eV
N Super-Kamiokande
14 Vr 20 .
‘ MACRO - sin® datm = 0.45 (179%)
Soudan-2
Accelerator [Fogli et al, hep-ph/0608060]

. (K2K & MINOS)
v, disappearance

Two scales of Am?: Amiry ~ 30 Am3o,

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

3

Vol = Z Uak kL (a = exll'aT)
k=1

three flavor fields: ve, vy, v,
three massive fields: vy, vs, v3
Am3o, = Am3; ~ 8.0 x 10 %eV?

Amii ~ |Am3,| ~ |Amd,| ~ 2.5 x 10~ 3eV?2
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Allowed Three-Neutrino Schemes

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

di [erent signs of Am3, ~ Am3,

2
Amiry

“inverted”

absolute scale is not determined by neutrino oscillation data
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Mixing Matrix

AndlysisA

e (ev?)

SOL % |Uer Uez |Ues ! v-
5 90% CL Kamiokande (multi-GeV)
U=| Uun Ue |Us ‘: B 90% CL Kamiokande (sub+muli-GeV)
2 2 '
‘ Amy; L |Amg,| ‘ )
Lrl Ur2 UTS
f
ATM

2 — 2 — 2
AmGyooz = Amsy = Ampry,

CHOOZ: .
{ Sln2 2’L9c|-|ooz = 4|U93|2(1 — |Ue3|2)

| |Ues? <5x 1072 (99.73% C.L) |

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

T T T T T T T
0102 03 04 05 06 07 08 09

snz(zs)l
SOLAR AND ATMOSPHERIC v OSCILLATIONS  ¢1002. pL 466 (1996 415]
ARE PRACTICALLY DECOUPLEDI see also [Palo Verde, PRD 64 (2001) 112001]

TWO-NEUTRINO SOLAR and ATMOSPHERIC v OSCILLATIONS ARE OK!

U2 |2 [Bilenky, C.G, PLB 444 (1998) 379]

2 ~ 2 in2 — 2
sin“ ¥soL = m — |U62| sin® darm = |Uu3| [Guo, Xing, PRD 67 (2003) 053002]
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Standard Parameterization of Mixing Matrix

Vel Uer U2 Ues [viL
VuL | = U,ul U;.LZ U,u3 VoL
Vel Ui Ur2 Urs/) \vaL
1 0 0 C13 0 51367“513 c12 s12 0 10 0
Uu=10 C23 523 0 1 0 —S12 C12 0 0 ei}‘2 0
0 —sp3 c23) \—513¢'%2 0 cy3 0 0 1/\0 0 e
923 ~ FaTM 913 ~ JcHooz P12 >~ FIsoL BBov
C12C13 S12C13 s1ze 1613 1 0 O
= | —s12C23—C12523513€%13  C12C23—5125235131%13  sp3C13 0e*2 0
$12523—C12C2351361%13  —C12523—$12C23813€1%13 2313 0 0 e’

CHOOZ + SK + MINOS == sin?$cpooz = 0.008"3923 @ 25

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

2
|Ues|” < 1
Cos Sos 0 Veés): CosV1 + Spsl2
U~ —S95C9,  C9sC9n Soa | — Va ' = —Sy V1 + Cygl2
59559 —C9sS9a  Coa = CopVu — SoaVr

- C8g S8 0
sin2219A:1::>19A_Z::>Uz —Sﬁs/\/z Cﬁs/\/z 1/\/2
5195/\/E _(:195/\/E 1/\/§

1
Solar ve — Vés) ~— (v, —v,)
V2t

b 1
oSSV T3 ®,, ~ 0, ~®, for E > 6MeV

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® 91, = 0.314 (1131%)

|Am3,| = 2.6 (1*312) x 1073eV?  sin?19 = 0.45 (173.3%)

sin® 913 = 0.008*9:223

[Fogli et al, hep-ph/0608060]

0.82 0.56 0.09
|U|ps ~ | 0.37 —0.47 0.58 —0.65 0.67

0.32-0.43 052-0.59 0.74

0.21-0.57 041-0.74 0.59-0.78

0.78—-0.86 0.51—-0.61 0.00-0.18
|U]20 ~
0.19-056 0.39—-0.72 0.62—-0.80

future: measure 13 # 0 = CP violation, matter e [edts, mass hierarchy
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Absolute Scale of Neutrino Masses

normal scheme inverted scheme

100 T T T 100 T T T
QUASI QUASI
DEGENERATE DEGENERATE

my

m [eV]
m [eV]

[/l S A— E 1072 F E
1073 SCHEME E 1073 SCHEME
my ms
NORMAL INVERTED
HIERARCHY HIERARCHY
104K L L L 101K L L L
10 107 1072 107! 10° 104 107 1072 107! 10°
Lightest Mass:  m; [eV] Lightest Mass:  m3 [eV]
m5 = mi + Am3; = mi + Amio, mi = mj — Am3; = m5 + Dmjy
m3 = m; + Am3; = mf + Amgry m3 = mi + Amd; ~ m3 + Amiry

Quasi-Degenerate for my ~ my ~ m3 ~ my, >> /Amipy = 5 X 10 2eV
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Tritium Beta-Decay

dr_ (cosdc Ge)?
dT 273

Q = Msy — Mayye — me = 18.58 keV

*H—o P Het+e + M F(E) pE (Q — T)1/(Q = T)* — m,

Kurie plot
dr/dT Yz
K(T) = (cose Gr)? [(Q— T\/(Q-T)* - mue}
g |MI* F(E) pE
oF (m,, <2.2eV (95% CL)]|
04 F i
M Mainz & Troitsk
\E 02 t ] [Weinheimer, hep-ex/0210050]
0.1 1y, = 1006V 1 future: KATRIN (start 2010)

0 b 1 L L L [hep-ex/0109033]  [hep-ex/0309007]

18.1 18.2 18.3 18.4 18.5 18.6 e .
T Q-m.  Q sensitivity: m,, ~ 0.2eV

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 134




0.2

|Uet? =05 my =
0.15 [

|Ueaf? = 0.5
0.1

K(T)

10eV

my = 1006V

005 F \
n n n n L n n n L n n n n L n

0
18.4 18.45 18.5
Q—ms T

18.55

Q—m

18.6

Neutrino Mixing == K(T) = [(Q T)Z|Uek| V(@Q-T) —mk]

analysis of data is
diLerent from the
no-mixing case:
2N — 1 parameters

(piear=y

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

e [edtive mass:

mﬁ = Z|Uek| mk

2
(@-T) Z|Uek|1/ (Q e @-T) Zerkl{ 1 m

1 mh
= (Q-T)? {1—5ﬁ]:(o—r)1/(o—r) - m
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mp = |Us1|* mf + |Uea|* m5 + | Ues|* m3

10 T T T T 10 T T T T
NORMAL SCHEME INVERTED SCHEME
| Mainz & Troitsk | | Mainz & Troitsk |
100 F E 100F E
E KATRIN i KATRIN )
107! E 101 F E
E:' 3 E iy, 11y !
102E 4 102 4
’,"r'm ’/'VVI'L;;
1073 L l L + 103 v L 1 !
10 10 102 107! 10° 10! 10+ 10 102 107! 10° 10!
Lightest Mass:  m; [eV] Lightest Mass:  mg3 [eV]

Quasi-Degenerate: my ~ mp ~ mz ~m, == ms~m>>  |Ux|> = m
k
FUTURE: IF mg S4x 10 2eV = 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]
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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, 3, y wavelengths: A%, = 1215.67 &, A% =1025.72 A, A?Y =972.54 &

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

neutrinos are in equilibrium in primeval plasma through weak interaction reactions
— _ (=) (=) (=) (=) _ — _—
v s ete veSve UNSUN venSpe” vepSnet nspe v
weak interactions freeze out
Mweak = Nov ~ GET°~T?/Mp ~ /GuT* ~ /Gup ~ H == Tgec ~ 1 MeV

neutrino decoupling

1
. . 4\3
Relic Neutrinos: T, = (—) Ty ~1945K == k T, ~1.676 x 10~%eV

11 (T7=2.725:EO.001K)
. 3¢@3
number density: nf = Z%gf T2 == ny 5 ~ 01827 T3 ~112cm™3
. I Ny .o Mk 1 mg 2 Zk my
density contribution: Q = =% % ~ = = |Q, h*= =K T
“(’ ) K Pe h2 94.14 eV v 94.14 eV
Pe=8noy [Gershtein, Zeldovich, JETP Lett. 4 (1966) 120] [Cowsik, McClelland, PRL 29 (1972) 669]

h~07, Q,<03 = ) m S 14eV
k

C. Giunti — Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Spain — 141




Power Spectrum of Density Fluctuations

Wavelength )\ [h 1 Mpe]
104 1000 10 1

T pmuv T

108

T

104

1000 ¥

= Cosmic Microwave Background
@SDSS galaxies

* Cluster abundance

Current power spectrum P(k) [(h-! Mpc)?3]

10
E = Weak lensing
aLyman Alpha Forest
TE . cnd vl vl il NS
0.001 0.01 0.1 1 10
Wavenumber k [h/Mpc]
[Tegmark, hep-ph/0503257]
Solid Curve: flat ACDM model
0 _ — 0 /00 —
(Qy =0.28, h=0.72, Q5 /Q;, = 0.16)
3
Dashed Curve: E mg =1leV
k=1

hot dark matter
prevents early galaxy formation

5(%) = 7”(2){ P
s © -
660862 = [ s € PR

small scale suppression

AP(K) Q,
Zk my 0.1
leVv Qm h?

P(ky Qnm
My /Qm hMpct
leVv

[Hu, Eisenstein, Tegmark, PRL 80 (1998) 5255]

X
|
o
e}
7N

k > kn 2 0.026
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WMAP, AJ SS 148 (2003) 175, astro-ph/0302209

CMB (WMAP, ...) + LSS (2dFGRS) + HST + SNla == ACDM

To=13.7+01Gyr  h=0.71"33%
Qo =1.02+£0.02 Qgh?=0.0224+0.0009 Quh?=0.13570:3%

3
Q,h* <0.0076 (95% conf) == | me <0.71eV
k=1

WMAP, astro-ph/0603449

Flat ACDM  (WMAP+HST: Qp = 1.010* 3335, Qx = 0.72 + 0.04)

206V WMAP
imk 0.91eV WMAP+SDSS

0.87eV  WMAP+2dFGRS

0.68eV CMB+LSS+SNIla

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

Flat ACDM
3 0.70eV CMB-+LSS+SNla

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

Seljak, Slosar, McDonald, astro-ph/0604335
Flat ACDM CMB+LSS+SNla+BAO+Lyx
3

> mc <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
> mc<{ 0.58eV CMB+LSS+SNIa+BAO (95% conf.)
k=1 0.17eV CMB+LSS+SNla+BAO+Lya
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[eV]

m

3
> mg $05eV (~20)  CMB+LSS+SNla+BAO
k=1

3
S mc <026V (~20)  CMB+LSS+SNla+BAO+Lya
k=1

T T T T
NORMAL SCHEME INVERTED SCHEME

-

1CMB+LSS/+S|-'Ia?AOL | CMB+LSS+, -|a+‘534:(dj
F"éAO+Lyul B Mk | CMBZ ,P‘B‘"AO+Lyul
- E 10—1
o
= |
. 10—2 - <—§ —
—3 I H 1 —3 I 1| 1
1o 1073 1072 107! 100 1o 1073 1072 107! 100
Lightest Mass:  m; [eV] Lightest Mass:  m3 [eV]
3
FUTURE: IF > me <9 x 10 ?eV = NORMAL HIERARCHY
k=1
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Neutrinoless Double-Beta Decay

2+
B+ 0As
ot 5,
3 Ge

BB~

ot

18Se

E [ective Majorana Neutrino Mass: meg = > U§ mi
k
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Experimental Bounds

Heidelberg-Moscow (76(38) [EPJA 12 (2001) 147]
T > 1.9 x 10y (90% C.L.)| == ||mgp| < 0.32 — 1.0eV

IGEX (76Ge) [PRD 65 (2002) 092007]

TP, > 157 x 10%y  (90% C.L.) | == ||mgg| < 0.33 — 1.35eV

CUORICINO (130Te) [PRL 95 (2005) 142501]
TP > 1.8 x 10y (90% C.L)| == ||mpg| < 0.2 — 1.1eV

NEMO 3 (100|\/|O) [PRL 95 (2005) 182302]
o > 4.6 x 102y (90% C.L.) | == ||mgs| $ 0.7 — 2.8eV

FUTURE EXPERIMENTS
NEMO 3, CUORICINO, COBRA, XMASS, CAMEO, CANDLES
|m,3ﬁ| ~ few10 leVv
EXO, MOON, Super-NEMO, CUORE, Majorana, GEM, GERDA
|m,3ﬁ| ~ few10 2 eV
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Bounds from Neutrino Oscillations

mgp = |U91|2 mp + |U92|2 eia21 my + |Ue3|2 eia31 ma

CP conservation

a =0, a3 =0,
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[eV]

Imggl

[eV]

Imggl

CP_Conservation: Normal Scheme

10" T T T T 10"
/\leaiz() /\fﬂzﬂ:(]
2
10°
] =
=
=
3 =
10+ L n n " "
107 10 102 107! 10° 10!
] =
=
4 E
£
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] m [eV]
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[eV]

Imggl

[eV]

Imggl

10!

1072

10°F

1074 &
10

10!

CP_Conservation: Inverted Scheme

g,

n
1073

Az

— o

107°F

1074

107

.
107

[eV]

Imggl

[eV]

Imggl

102

107

10!

1072

107°F

1074

107

10!

Neutrino Oscillation Physics — 9-13 June 2008, Benasque, Sp




leV]

[mpggl

mgg = |U91|2 my + |U92|2 eiazl my + |U93|2 eiagl 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| < 10~2eV == 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]

TR =119 x 10%y T, = (0.69 — 4.18) x 10°y(30) 4.20 evidence

— SSE
— 2n2b Rosen - Primakov

~

Counts/keV
w
Counts / keV

n

Q=2039 keV/

N\
Ry

4

Iv 1T

2000 2010 2020 2030 2040 2050 ° 500 1000 Ene}:yo"kev 2000 2500 3000
Energy, keV/ !

pulse-shape selected spectrum 3.80 evidence [PLB 586 (2004) 198]

the indication must be checked by other experiments
135 S Moy S412 = 0.22eV S |mgg| S 1.6eV

if confirmed, very exciting (Majorana v and large mass scale)
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Indication of BB, Decay: 0.22eV < |mgg| S 1.6eV (~ 30 range)

101 T T 101 T T
[CMB+LSS+SNIa+BAO [CMB+LSS+SNIa+BAO
= OSC. = 0sC
CMB+LS! j-/SNIa+BA( Ly CMB+LS! j—/SNIa+BA( Ly
10F e E 100 e E
N BPo. N Bpos
= S
= b = >
= =
107 F E 1071 F .
,_/
NORMAL SCHEME INVERTED SCHEME
102 i L 102 L .
1072 1071 10° 10 1072 107! 10° 10"
Lightest Mass:  m3 [eV]

Lightest Mass:  m;  [eV]

tension among oscillation data, CMB+LSS+BAO(+Lya) and 860, signal
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Conclusions

Ve — Uy, v, With Amdo ~ 8.3 x 10 °eV? (solar v, KamLAND)

v, — vy With Amipy ~ 2.4 x 10 3eV?  (atm. v, K2K, MINOS)
U
Bilarge 3v-Mixing with |Ue3|?> <1 (CHOOZ)
G Decay, Cosmology, 88, Decay == m, < 1leV

~

FUTURE
Theory: Why lepton mixing # quark mixing?
(Due to Majorana nature of v’s?)
Why only |Ues|? < 1?
Improve uncertainties in calculation of Mg, !
Exp.: Measure |Ugs| > 0 = CP viol., matter e [edts, mass hierarchy

Check BBo, signal at Quasi-Degenerate mass scale
Improve G Decay, Cosmology, 568o, Decay measurements
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