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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 Il: Neutrino Oscillations in Vacuum and in Matter

Neutrino Oscillations in Vacuum

CPT, CP and T Symmetries

Two-Neutrino Oscillations

Neutrino Oscillations in Matter
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Part 11l: Experimental Results and Theoretical Implications

Solar Neutrinos and KamLAND

Atmospheric and LBL Oscillation Experiments
Phenomenology of Three-Neutrino Mixing
Tritium Beta-Decay

Neutrinoless Double-Beta Decay
Cosmological Bound on Neutrino Masses
Experimental Neutrino Anomalies

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

>

V=V +VR

Chiral decomposition: v; =

L =VLidv, + VRiGvg — m (VLVr + UrVL)
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

Higgs Doublet: ®(x) = <<§;((§))>

Higgs Lagrangian: ZAiiges = (D, ®)1(DH) — V(P)
Higgs Potential: V(®) = pu? ®Td + X (dTd)?

2
B2<0,A> 0= V()= A (010 - ), with v= /- &

Vacuum: Vi, for T = V; — () = % (8)

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[_ = (;ﬁ) KR VR

Lepton-Higgs Yukawa Lagrangian

L= —y [ dLlgr -y [ Pvgr +Hec

Unitary Gauge

1 0 ~ . 1 [v+H(x)
¢(X):_2<V+H(X)> b=imnd :—2< 0 >
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vV — v
LhL = —ye—szfR—yV—\/i LVR
A v
Yy yo __
—— ¥l ¢l H— —=7/vp H+H.c
J2 ERT TR
v v
me=y" =Y
L my v m,
geHZEZT gVH_EZT
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Three-Generations Dirac Neutrino Masses
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/_<V{9L> /_( V;LL) /_<V‘IrL
el — ul — TL —
Ly =e LL = py L =T
b = ep I;LR = Lr=Tg
Ver VLR ViR
Lepton-Higgs Yukawa Lagrangian
gH’L:— Z |:Yaf)' aL¢ZﬁR+ (DVf)'R:| +HC
aﬁ:e:#—:”'
Unitary Gauge
0 ~ v+ H(x)
O(x) = =5 d=impd* = L
V2 A\ 4 H(x) v2 0




v+ H ¢ T —
LHL = — ( 7 > [Yé‘ﬁ R+ Yob Vit VbR} + H.c.
a’ﬁ:e7#7‘r
v+ H\ — —
L = — <—\2 > €0 Y™ty + V] Y™ V] + Hee
AR AR AR
£, = | pup br = | Ur V= |V VR = | Vug
!/ /
TL TR Vit ViR
Yoo Yeu Yer Yo Yeu Yef
Ye=| YL Y Y YV=| Yy Yy vy
YA YR YR ARG
M/Z _ L YIZ MIV — L YII/
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H\ r— _
L = — (%) €L Y™l + V] Y™ V] + He

Diagonalization of Y’* and Y" with unitary Vf, V&, V¥, V%
= Vi b=Vier v, =V/n, vp=Ving
Kinetic terms are invariant under unitary transformations of the fields

v+ H

/2

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

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

VLVT (4 VE =Y Yk'j :y;: 6kj (k,_j - 17213)

Real and Positive v, v/
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VIY'Ve=Y = Y =V Y V}
2N? N2 N N2
18 9 3 9
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Massive Chiral Lepton Fields

€L €R
o =Vvile =y b= Vil = | ug
TL TR
ViL ViR
n,= VLVTV'LE Vo1 ng = VETV;?E V2R
V3L V3R
v+ H\ —
D%H,L: — < \/5 ) |:£L Y££R+n_LY”nR} + H.c.
+H pp— N
- — o C.
<V )l Y Vilarlar+ Y yE Vi vkr| + H.c
V2 a=e,u,r k=1
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Massive Dirac Lepton Fields

Zcx = eaL + eaR (a = &N, T)

Vk = VL + VkR (k=1,2,3)
l 3 v
YoV yk vi__
= — Ayl — Uy Ve Mass Terms
a:e;t,'r \/5 o k=1 \/5
— L yy
— Z ZE lo by H — Z 2k v H Lepton-Higgs Couplings
a=e,u,T \/5 k=1 2
Charged Lepton and Neutrino Masses
L v
ma:% (a:e),u"T) mk:y\k/iv (k:1)2)3)

Lepton-Higgs coupling o< Lepton Mass
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Quantization

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

w) = [ ol ¥
T emEeE ~,
(h)
- - =0
PP =E =B+ m? (B — mi) U/(h)(P) -
B+ mi)vi"(p) =0
p-x (h h
|P| by )(P) - hu( )(P)

"X (n h
”w WP(p) = —h v (p)

G (P ()} = {bk’”()bk '(p)} = (o) 260 8°(B — B') O
B (), 3 (P} = {3 (Pl | (¢)} =0
{8 (p), bk}(p')} 7). 6073} = 0
{P(p)b ()} = 42" (p), b (p)} = 0
{al (p), " (P} = {2 (p), B (P)} = 0
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Mixing
Charged-Current Weak Interaction Lagrangian

,Zj(cc) = ———jiW,+H.c

2f

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

Leptonic Weak Charged Current

Jwi = > Z’YP<1— )el =2 3 VoL 17 laL = 2V 77 )

e, s
€ = Vit v, =V¢n,
Jon =2a0 VT Ve =2 v vy e = 2mp UT P gy
Mixing Matrix
ut = vy v u=vHtwy
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Definition: Left-Handed Flavor Neutrino Fields
Vel
V| = UnL = VLZTI/IL = | VuL
VrL

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

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
Jyp=2mp UMl =2%" 3 Ui oY bar
k:].a:e)/'l"‘r
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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 0
(vurw™) 0 41 0 || (v, u*) 0 -1 0
vry,™™) 0 0 +1] (v¢,77) 0 0 -1

‘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 — €'P% vy, (a=e,u,7)

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

JE =Tar Y var + Lo 7P La 0o =
and a conserved charge:
Lo = / &3 2(x) Bola = 0
L= | O p [0 a2 )~ 552 () B0
“ (2m)3 2E = = *
d’p (Wt y () (Wt p(h)
— - b
+ [ arae £ A @1d20) - 6 )6l o)
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> Lepton-Higgs Yukawa Lagrangian:

3
v+ H _— _
LHL=— < ) [ > Vilarlar+ > vV vkr| + Hec.
‘\/E a:e,/.t,'r k:].
3
> Mixing: vy = Z Uak VL 4 VL = Z U:ck Val
k:]. a:e)p‘)T
3
v+ H _— o
LHL=— < ) > [}ﬁ Cat bor +Val Yy, Uak yi vir| +H.c.
‘\/5 a=e,u,T k=1
» Invariant for )
ZD(L — e'?e ZaL; Vol — ' Val
3 3
bar = € Lar, D Uak YK ViR = €%° Y~ Unk ¥ Vir
k=1 k=1

» But kinetic part of neutrino Lagrangian is not invariant

3
(v) E— .
Liinetic = Z Vol iQVal + Z VkRIPVIR
aze,/.l.,'r k:].
because Ei:l Uak Y{ Vkr s not a unitary combination of the viz's
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D .
gmass:_(VeL L VTL) e

Mg, Mer VeRrR

m2,  mP v +H.c
St I Rl B

m'r/.l. mz VrrR

Le, Ly, Ly are not conserved

L is conserved:

L(I/aR) = L(Vﬁ[_) = |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
v — €' v, ViR — €'P UkR (k=1,2,3)
eocL — e'? eaL) eaR —e'? ZaR (a - e,p,,'r)
» From Noether's t3heorem:
jp:Zy—k7pyk+ Z 2o’ Ly 8,jf =0
k=1 a=e,u,T
Conserved charge: L, = /d3xj2(x) dola =0

Z/ 27r)3 >E h il [ar(/’l) (p) a,(f;)( ) — b,(/f)T(p) b,(,'k’)(p)]

+ X | ey 27r325h INCRORSORLACLAT

a=e,u,T
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Mixing Matrix

> Leptonic Weak Charged Current: jf,’v’l_ =2na UMy 4,

, Ui U Uss Uer Uer Ues
> U= \/LJr VZ/ = U21 U22 U23 = Uﬂl U,uz U,u3
U1 Uz Usz Ui Uro Uz

» 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 effect of mixing matrix occurs through its presence in the
Leptonic Weak Charged Current
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3
Weak Charged Current: jf,’v’l_ =2 Z Z Ukt UL P Lot
k=1 a=e,u,T
Apart from the Weak Charged Current, the Lagrangian is invariant
under the global phase transformations
v — ey (k=1,2,3), by — €%ty (a=euT)

Performing this transformation, the Charged Current becomes
3
Jwi=232 Y. Tae " Ui ba
k loa=eu,T
— 2 o i(p1—9e) Z Z UL g ) —i(pk—p1) Uz, e i(pa—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

(N-1)(N-2)
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 Uer Ue2 Ues) [rviL
vt | = | Uur U2 Uz | | varL
UrL U‘rl U7'2 U‘r3 V3L

U = Rx3 Wiz Rp2

1 0 0 C13 0 51367"513 c1p s12 0

= 0 3 523 0 1 0 —S512 C12 0

0 —523 (23 —5136'513 0 C13 0 01
c2c13 s12¢13 s13e77013

= | —sos—cisn3size®3  cpos—spsnisize®3  ssas

s12503— C12C23513€7013  —c1o83—s12023513€013 cpzc13
. ™
Cap = c0s P 4p 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 (mi - m,i) (m,%3 - m,i)

» Jarlskog invariant: J = Sm[Uﬁ@ 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= R3RizWh»

cos %1
Wis = | —sin 191267'512
0

1
1912:0 — Wi,=10
0

real mixing matrix

sin ¥1pe 1012
cos P19
0

o = O
= O O

U= RxsRi3

()
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Example

: Vi3 =m/2

U = RysWi3R12

cos V13 0 sindi3e 013
Wi3 = 0 1 0
—sin®3e3 0 cos P13
0 0 e/

Y3=m/2 =  Wi=| 0 1 0
—eifis 0
0 0 e—i%13

U=| snas—cosse®s  crcs—snses 0

sizs3—cr2c3€®13 —cras;3—siacp3e’®13 0
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0 0 e~ ions
U= |U#1|e">‘“1 |U#2|e">‘“2 0
|Ur1 |e’>‘“ | UT2|e’>‘T2 0

)\,ul_)\,u2:>\'r1_>\'r2:i:7'r )\Tl_)\,u1:>\7'2_>\,u2:l:7r

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

emive Q0 0 0 BN\ seer o o
U_>< 0 e'*r 0 > | U1 [Upale™s2 0 (0 ei®2 0)

0 0 e ieT |Ur1|err1 |Upa]e?r2 0 0 0 €3
0 0 ei(—=813—pet¥3)
U= ‘U#1|ef(>\;41*<P#+lP1) ‘U#2|ef(>\;42*<P#+lP2) 0
|Ur1|e/Pri=e7+01) |Uo|e/(Ar2—er+92) 0

p1 =0 Pu = >\,u1 or = Ar1 P2 =Py _)\,u2 :)\;;1 _>\,u2
§02:go'r_)\'r2:l:7r:)\'rl_)\7-2I|:7r:)\#1—)\#2 OKI

0 0 +1
U: (|Uu1 |Uu2| 0 )
|Ur1] —[Ur2| 0
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Example: m,, = m,,

JoL =2 Uy ey

U= RizRi3Wa3 = jyL=20C WhRLRE 7 4,

1 0 0
Wos =10 cos 993 sin ’19236_'623
0 —sint¥ye 03 cos Vo3

W23nL = n'L R12R13 =U — ja/,L = 2n_'L UlJr ’)’p ZL
V> and v3 are indistinguishable
drop the prime = Jv =20 Utyre,

real mixing matrix U = RixRi3
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Jarlskog Invariant

J= %m[U,ﬂ 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| sk Upk Unj Upj] = +J
» In the standard parameterization
2 -
J = c12512623523¢13513 5in 013

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
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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
6v/3

» In the standard parameterization it is obtained for

|J|ma>< =

1912:’1923:71'/4, 513:1/\/5, sin613::t1

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

i .
V3 3 :Fﬁ 1 1 1 F1
F 1 _ _eiﬂr/ﬁ e$/7r/6 1
e$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/, 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:

JgL =28l VY v + 28 € YL + 28R LR Y LR
=2g/ ALV P Vi + 28] B VTP VERL + 28R TR VTP VE R
=2gl Ay’ n. +2gl L.yl + 28k Ry UR

» 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] 01 vP0 + 2 gL try LR
=28/ ULy v + 28 LLYLL + 28k LR YPLR
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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

Z U;kUek = 0 = only part of v, propagator ox my contributes
k

Gemt 3 . o

= — DU Uee—E g )
19273 321 zk: k2, ,

BR . " boe
U;k Urk
Suppression factor;  — X S107M for my SleV
myy
(BR)the < 1074 (BR)exp < 107"
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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
Effective Majorana Mass

Mixing of Three Majorana Neutrinos
Mixing Matrix

o
9
o
9
o
9
o
9
o
9
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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)4 =0

» Chiral components of a Fermion Field: ¥ = ¢, + 9¥g

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

’.'Y'ua,u'l//L = myr
i'yua,u’l//R =my,

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

o, =0
iv0,Yr =0

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

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

0 XR1

(0 _1] O _[XRrR) _ | XR2
¢L_<XL>_ XL1 ¢R_<O>_ 0
X2 0

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: ¥r and 9, are not independent.

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

equation:

i = myr i Yr = my,
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 7°:
—i8 k17" = my,
Py = = —iguhry* = mPr
» Transpose and multiply on the left with C (C ’y[ Cl=—y,)=
I8, CUr =mCy.

C. Giunti — Neutrino Physics — Torino, 4-8 May 2009 — 41




v

v

v

v

v

v

v

CET 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 =Y + CWT is called Majorana Field

Majorana Condition: |9 = C%

A Majorana Field has only two independent components

.
Chiral representation: 1 = (IUXXL>
L
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Charge Conjugation: 1/JLC = C%T

Majorana Field: ¥ = 1, + ¢LC Majorana Condition: ¢ = 1/JC

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", — q¥ Ay —m)9 =0 (particle)
(I8, + qy*A, — m)9© =0 (antiparticle)

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

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

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

» In order to write a Majorana Mass Term using v, alone, we make the
substitution vp — Vf = 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¢ = C. ")

oM =V idv, — g (—I/LTCTVL +1/_LCV_LT>
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» Majorana Field: v =v; + VLC

» Majorana Condition: v¢ = v

» Majorana Lagrangian: .M =

7(id — m)v

N —

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

» Quantized Dirac Neutrino Field:

3
v(x) :/(2:)7525 ,,;1 a"(p) uM(p) e~ + b(h)T(p) v (p) e,-p.x]

» Quantized Majorana Neutrino Field [b(")(p) = a")(p)]
_ d’p Y () (D) () e=iP% 1 2 ( o) (D) ( ) wiP
v(x) = / (r)s2E h:Zil [3 (p) u™(p) e™** + a"(p) vi¥(p) e ]

» 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_ _ & (5om 7, Ak T
A1 = \/§<I//_’)’ LW, +LlyH v W#>
N =gy

Ly 2 cos Py PLY VL fu

» 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

y destroys left-handed neutrinos
L) 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
gﬂ’,\l/laSS: §m<VLTCTVL+VZCVZ>

is not invariant under the global U(1) gauge transformation

vV — e'? 148

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 v (xp)

UCPVL( )UCP ECP ’)’ vi(xp)
UcpPL(x)Uch = €577 v (xp)7°

UCPVL (x )UCP = —E VL(XP)’YO

with [€SP12 = 1, x# = (x0, %), and xp = (X0, —%)

> The theory is CP-symmetric if there are values of the phase £EP 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) + T(x) v ()]
transforms as

Uch Zhs()Uch = — 5 m [~ (€SP PE(ep) v ()

—(€SP"2 v E (xp) v (p)]

> UCPgmaSS( )UEP gn,:gss(XP) for gcp :l:l

» The one-generation Majorana theory is CP-symmetric

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

» A Majorana Mass Term [1/,:’— ct v —I/_LCI/_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 @ 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/ Clvy 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: i@y ~ [E]*, (6M¢>)Jr o ¢ ~ [E]*

Mass terms:  myp ~ [E]*,  m’¢l¢ ~ [E]*

CC weak interaction:  gupy?¢ W, ~ [E]*

Yukawa couplings:  yL;®Lg ~ [E]*

Product of fields ¢4 with energy dimension d = dim-d operator
Lon = Conla = oo~ I[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 g 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+ 05+ L 06+ .

M M
, (CC) Gr i
Analogy with L™ = ——= jiy,.J
e \/_
t ow 86 Gr g
O = Jwuw e — % = 8m%/V

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

OUs = Majorana neutrino masses (Lepton number violation)

U¢ = Baryon number violation (proton decay)

C. Giunti — Neutrino Physics — Torino, 4-8 May 2009 — 54




» Only one dim-5 operator:
Os = (L] )T (®T 1 L) + Hec.

1
=5 (L[ T 7Ly) - (T 7 )+ Hee.

L5 = 2M (LIt rm7L) (¢T 7 7d)+He

P o ¢+ Symmetry 0
» Electroweak Symmetry Breaking: ® = < = 3 v/v/2

¢0 Breaking
Symmetry M 1 g5 v2 T At g5V
> L ———— Lnes = = v C'vp+Hec — |m=
Breaking 2 M 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 mp . .
» 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, =5 Z (V&LC Maﬁ VoL — Vo M ;CV;IB’L>

a’ﬁ:eY/‘LIT

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

Z VaL ocﬁ V;’aL = Z V,BL (CT)T

o,

L T L
= Z V,BL ct Mag VoL = Z Vi C Mga Va1
a,f a,B

My = Mb, — M-=m-T
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v

v

v

v

v

v

v

Dg/pl\/l

mass

1

S (vl et Mty v MM euT)

2

Diagonalization: v = n; V}'T with unitary Vv
(VYT MEVE =M, Mg =meég (k,j=1,2,3)
Real and Positive my

V1L
Left-handed chiral fields with definite mass: n; = VZ’T v, = |y
V3L
1
Lhes = 5 (n[ Cc'Mn, —mTMCn])
13 -
= 5 Z (VIZ—L CT Vgl — VkLCV/Z_L>
Majorana fields of massive neutrinos: vy = vy + I/kCL I/kC = vy
141 1 3 1
n= |1 :>3M:EZV_k(ia_mk)sziﬁ(ia_M)n
V3 =
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v

v

v

v

Mixing Matrix

Leptonic Weak Charged Current:

Jhyo=2mtUty e, with U= VTV

Definition of the left-handed flavor neutrino fields:

‘ Vel
uL:UnL: VLTVIL: VulL
UrL

Leptonic Weak Charged Current has the SM form

Sl =207l =2 ) ViV las

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 ﬂnﬂss =3 Z my (I/,Z—L Clvy — 7 C V,Z—L> is
k=1
not invariant under the global U(1) gauge transformations
Vil — e'Pk Vil (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=l0 e* 0
0 0 e

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

» Standard parameterization:
C12€13 S12€13 sj3e 01
D _ i6 is
U™ = | —s1003 — c12523513€'  C1o003 — S10523513€%%3 $23C13

6 13
S1253 — C12623513€'°  —C12523 — S12C23513€'° ¢3C13

» Jarlskog invariant: J = c12512<:23523<:123513 sind13 as in the Dirac case
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» DM = diag<ei>‘1, ei>‘2, e’%), but only two Majorana phases are physical

» All measurable quantities depend only on the differences of the
Majorana phases
by — ei“’fa — M eu—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=0orm/2ormor37m/2
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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
@ Singlet Majoron Model

@ Three-Generation Mixing

@ 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
"gmass - jmass + "g/ﬂmass + gmass

gn?ass = -—-mpVgrv.+ H.c Dirac Mass Term
L 1 T ot .
Linass = 5 meyv, C'vp +H.c Majorana Mass Term
R 1 T At .
Lass = > mrvg C'vg +H.c. New Majorana Mass Term!
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» Column matrix of left-handed chiral fields: N = (Zé) = ( . )

R CoR'
1 mg m
Lmas' =5 NLCTMNL+He M= (mé m?)

» 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:<”81 n?) Real mx > 0
2

1 1 L
> "g’ﬂrrlljats'vl = 2 Z my VkTLCT v +He = 3 Z my Uy Vi
k=1,2 k=1,2

C
Vi = VkL + Vi

> Massive neutrinos are Majoranal vk = VkC
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v

v

v

v

Real Mass Matrix

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

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

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

[ cos?¥  sintd _(p1 O >
O_(—sin't? cosﬂ) ’o_(O p2> ==+l

4 2
OTMO:<m1 O,) tan2g9 = — "0
0 m mr —mg
1
myq = 5 [mL +mg + \/(mL — mg)? + 4m2D]
m] is negative if m mg < m3

UTMU = pTOTMOp = pimy 0 — | m=p2m
B Lo pm A
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» mj is always positive:

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

> If m mg > m3, then m{ >0 and p7 =1

1
m1:§ [mL+mR—\/(mL—mR)2+4m2D]

cos?¥  sin?
p=landpp=1 = U:<—sin19 cosﬁ)
> If mpmp < m2D, then m'l < 0 and p% =1
1
m1=§[\/(mL—mR)2—|—4m2D—(mL—|—mR)

_ icost? sintd
pr=iand pp=1 — U_<—isin19 C0519>
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» If Am? is small, there are oscillations between active v, generated by v
and sterile vs generated by I/,g:

Am?L
Py, —v.(L, E) = sin® 2% sin? < m )

4E

Am? =m3 —m? = (mL—l—mR)\/(mL— mgr)? + 4 m3,
> It can be shown that the CP parity of vy is £5F = i p2:
Ucpvi(x)Ucp = i pj 7% vic(xp)

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

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

v =7/4

myq = my £ mp

pi=+1, m=m —mp if mg>mp
p%:—l, m =mp—mg if mg<mp
my = mp + mp

mp < mp

Vi = \;_Ii (I/L — I/,g)

Vo = % (VL + V,g)
—7;' (v +v) = (v +v5)]

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

C
Vi =Vt v =
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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
V:§[<V—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

C. Giunti — Neutrino Physics — Torino, 4-8 May 2009 — 69




Pseudo-Dirac Neutrinos

‘|mL|,mR<<mD‘

my + mg
mé,lzTimD
m; + mg
m'1<0 — p%:—l — m2,12mD:|:f

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:L>>l — Y ~7/4
mr — mg
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See-Saw Mechanism

[Minkowski, PLB 67 (1977) 42; Yanagida (1979); Gell-Mann, Ramond, Slansky (1979); Mohapatra, Senjanovic, PRL 44 (1980) 912]
‘ m =0 mp<K mg ‘

» 7L s 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 > v

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;

> 15 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 <gl/R+ﬁu,§>

Majorana mass term for v breaks Lepton number conservation!

» Lepton number can be explicitly broken

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

Three possibilities: to the lepton number current

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

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

Lo = —yq (L_Lq’VR + 7R O LL)

——— —mp (VLvr + VR VL)
o (@)£0 o
Ly =—ys <UV§VR+77TWV,§,> — —%mR (V,%VR+WV,§,>
(m#0
=272 ((n) + p+ix) Loass = —2 (7 7) (9 m2) (1) + Hee
n= n p X mass — 2 V| VR mp mg vh .C.
m2
mg > 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

Iy

Ly , =%

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

+ 2L 4+ ¥R

mass mass mass

mass_ Z Z VsR aL+HC

s=1a=e,u,T
1

gD—‘rM gD

mass

L /1T L !
gmass = 2 Z VOLL CT Maﬂ VﬂL =+ H.C.
)ﬁ e]“ T
mass Z C M /VS/R + H.c.
s ,s'=
f 1C
/ VIL / VfL 1C Y1k
L= I/;_-‘,C v, = V;LL Vp = .
/
VL V;\ICSR
DM _ IT At p DM D+M Mt
DM NL CTMPHING +He MO = ()
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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 ek 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
o Ultrarelativistic Approximation
o Easy Example of Neutrino Production
o Neutrino Oscillations in Vacuum
@ 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
4

U

2
E, = (mstmc)”
2ma

s =2Ema+ m3 > (mg + mc)2

ma
2

Ve+ 'Ga — "Ge+ e~
ve +3Cl = ¥ Ar+e”
De+p_)n+e+
Vptn—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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Easy Example of Neutrino Production

ot 4y, vy = Uk
k
two-body decay = fixed kinematics EE = pi + mi

2\ 2 2
2 mz (g M\ mi (), M
P="4 ! m?2 2 1—i_mz
7 at rest: ) A2 ) 5 .
E2 ﬂ ]__ﬂ _|_ﬂ ]__ﬂ + My
KT g m2 2 m?2 4 m?2
2
m
0" order: mk:0:>pk:Ek:E:ﬁ<1——g>:30MeV
2 ms

2
15t order: Ek:E—i—f% psz—(l—ﬁ)mk
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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(/’V L=2 Z Val Y Lol Vol = Z Uak Vi

a=e,u,T

Fields DgL = Z Uy Ukt |Ve) = Z K |vk)  States
K

vi(t, x)) = e HEPC ) = Jua(t, X)) ZU* 1)

vy = > Usklvg) = Ivalt,x))= > <ZU;keiEkt+ikaUﬁk> lvg)

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

Avg—vg (t,X)

Transition Probability
2

Pusvs (1) = | Va(t, X)) = [Avesn (8,0 =

§ : *  —iExt+iprx
Uake k Pk Uﬁk
k
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ultra-relativistic neutrinos =— t~x =L source-detector distance

EF2 _ 2 2 2
Ect —pix = (Ex—pe) L=k Py = Ty~ Ty

Ex+px  Ex+pe ~ 2E

2
—im?
Praosa(LLE) = 37 Usee™ ™ H2E Ugy
k
i i AmL
= ZUakngUajUﬁjexp Y=
ki
Amij =m; — mJ2

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

i 4E
>J 5
o (AmiL
+ 237 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) — o) = Z Uak|Pk)
k

NEUTRINOS U < U* _ANTINEUTRINOS

Am3.L
Prarsun (L E) = 22 Uakl*l Upkl? +2Re 3 Uz Upi Ues U, ex"( E >
k>j

Am?.L
Poacsi( E) = 32 Vel Upil? +2Re 3 U Ui U “ﬁfex"< 3E >
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

CcPT
Prg—ve

PVa—)Vﬁ
CPT Asymmetries: ACPT = Puo—svp — Pog—pa

Local Quantum Field Theory — ACPT 0 CPT Symmetry

Amk L
P,,a_“,[3 (LLE) = Z|Uak| |Uﬁk|2+2ReZ kU'@kUaJUﬁJ exp< 2EJ )
k>j

is invariant under CPT: u s Ut a S B

Pua—)l/,@ = Pﬁﬁ—)ﬁa

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 = Prosvp — Pogsis |CPT = Aaﬁ = Agz

CcP AmJL * ok AmkjL
AL (L E)*2Re§ UakUBkauUﬁjexP 3F 72Reg UakUgiUgjUgjexp | —i 3F

k>j k>j

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

Jarlskog invariants: Jop:kj = Im [U;k Upk Uy UEJ-]

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 — Prgva

CPT = 0=AS" =Pus — Prysra
Puaﬂuﬁ 'Duﬁﬂua + Puﬁﬁua - Pl_/sﬁfa
= Alp+Ase = Al — ASy = |Alp = ASh

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

‘ violation of T symmetry depends only on Dirac phases ‘

<Alﬁ> = 0:>| 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
@ Average over Energy Resolution of the Detector
@ Anatomy of Exclusion Plots
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Two-Neutrino Mixing and Oscillations

o)
V/,

2
Va) =D Uaklvh) (@ =e,p) e
k=1

14

U— cos? sind |Ve) = cos ¥ |v1) + sin? |vo)
~ \—sin? cos? |vu) = —sin® |v1) + cos 1)

2 2 _ .2 2
Am®=Am5y = m; — mj

" . . o AmPL
Transition Probability: Pyesv, = Puysve = sin? 2¢ S|n2< iE >

Survival Probabilities: Poesve =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]
—— =247 —————m =247 ————
Am? Am? [eV?] Am? [eV?]

LOSC
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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? 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, 107%eV2 < Am? < 107%eV?

L
£~ 101t eV2=Am? > 107 eV

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

Am?L 1 [ Am?L
o2 - 2 _ T an2 o
Pyo—svs(L, E) = sin“ 29 sin ( 1E ) = 5 sin 20 _1 cos( oF )]

L AN ‘ T
T
Al

B N ”M H“

| “ H ‘ ‘ “ H
ok - H
100 1000 10000 100000
L (km)

Am?>=10"3eV  sin?20=1 (E)=1GeV  AE =0.2GeV

(P (L, E)) = % sin? 26 [1 - /cos<A2mE2L> ¢(E)dE] (@ # )
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Am?L

( Va—n/ﬁ(L E)) = 1 sin? 299 l /cos( >¢(E)dE] (a #B)

2Py,
(PVa—w,r;c(L) E)> PLna:Vﬁ — sin2 29 S Ve

1— [ cos(452L) ¢(E) dE

=)
=

1 H
08 | E‘
EXCLUDED R T.I
~ 06F ‘ |
4 \ i
B o4t I ) ‘ ;
3 SN S
v rotate 2
[y ' ! and =
o 1o? 10°* 10! mirror 2
Am? (eV) >

10 5
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2
10
o b e %
; 3
: “E
<10 ¢
[ BUGEY GOSGEN
<
]
£
S oL 1k
2 -
o E KRASNOYARSK:-. 0 e
E 90% (L, oL <2.3)
r 99% (L oL <4.6)
2|
0? L L 10 L L -
o - ) 107 107 0t 1
sin20 sin“ 20
- (=)
Reactor SBL Experiments: 7o — ¢ Accelerator SBL Experiments: vy — Ve

RUS

L‘ - Vo =V, .
R 10 F 0 <
90%C.L. CDHS 90% C.L. CHOO. ]

0* 1% 107 10 1 107 107" 1
sin® 28 sin® 28

. =) (=) (=) (=)

Accelerator SBL Experiments: v, — v and ve — vr
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log Am?

Anatomy of Exclusion Plots

T sin? 29 ~ 2P
sin229 > P
Y
Am?2 ~ 27r<%>_1

Amz = 4<%>71 V sinI;Q'ﬁ

log sin? 209

> Am? > (L/E)~

1
P~ §sin2219 = sin?29 ~ 2P

» Min <cos(A2mEzL>> > -1

sin29 = —2F s p

1—Min <cos(A§"‘,:.2 L)> -

Am? ~ 21 (L/E)~?

> Am? < 2m(L/E)~!
AmPL oL AmPLN?
CN\T2E )T T2\ 2E

Ly
Am?~a( L P
m <E> sin? 20
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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
MSW Effect (Resonant Transitions in Matter)
@ Averaged Survival Probability
o Crossing Probability
@ Solar Neutrinos
@ Electron Neutrino Regeneration in the Earth
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Matter Effects

a flavor neutrino v, with momentum p is described by

|Va Z Uock |Vk
Ho [vk(p)) = E [vk(p)) E = 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
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Effective Potentials in Matter

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

T s /\

e ,p,n

e n \/§
Ve = V26N, Vil = vl o vy =2 = — - Ge N,

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( 5(P)[Holve(P)) (ve(p)Iva(p, t))
—_———

Pap(p, t)
= Usk (v(p)|Holv5(p)) Up; @eco(py )

k
P N akj Ek

(e (P)[Hilval(p, t)) = Y (vs(P)Hilva(p)) Pap(p,t) = Vo 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

ultrarelativistic neutrinos: Ex=p+ 2_Ek E=p t=x

Ve = Ve + Wne V, =V, = Wc

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

Yap(p, X) = Qap(p, x) eipx—i—ifox Ve (x') dx/
4

. d o pr-l-ifX VNC(X’)dX’< . d )
Idx%‘ﬁ_e 0 p VNc+IdX Vap

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

Pya—wﬁ = |§0a,[3|2 = |’¢a,3|2
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evolution of flavor transition amplitudes in matrix form

iiwa:i(UMqu)wa

dx 2E
Yare mp 0 0 Acc 00 A 2EV,
Wo=(deu ] MP=(o0mo| A=("900) AT
Par 0 0 m? 0 00 - File

effective J ) 2t 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?  sind
Ve — Yy, transitions with U =

—sind  cos?

20t cos?®m? + sin9¥m3 cos® sin® (m3 — m?)
UM~ UT = ; 2 2) cin249 m2 2,9,2,2
cos® sint (m5 — mg) sin“¥mg + cos*¥mj

I
=32 H S Amsin29 Am? cos2d
/l\

irrelevant common phase

1 1 (—Am2 cos2® Am? sin219>

Ym? = mi + m3 Am? = m3 — m?
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T
dx

Yee | _ 1 —Am?cos2® + 2Acc  Am?sin29
Yeu) AE Am?sin29 Am? cos2?

)

"pee
"peu

)

Vee(0) ) _ (1
initial ve — (zﬂeﬂ(o)) a <0>

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

T
dx

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

Yeu) 4E Am?sin29 Am? cos2 ) \ Yep

)

dAcc
dx

Diagonalization of Effective Hamiltonian
VYee | [ cosOm  sindum )\ (91
Yep) \—sindy costyv | \ 9o
4 (v _[Acc, 1 (a0 \](w
dx \¥2) | 4E T4E\ 0 Amyy) | \¥2

T

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?cos2y

AR = AmPcos2d =— NR =
CcC e 2\/§EGF
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) )0
(3) = (o ) () = (%) = (som mo) (3)
o = (B0)-(0) = (50 (o)
Y(x) = costu exp (ng"§*)

Am?
Pao(x) = sindm exp <—i me>

4E

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

2
Pyu v, (x) = sin 20y sin2 (AZ:E"X>
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Am}; (10 SeV?)

o N B O

MSW Effect (Resonant Transitions in Matter)

NE/Ny
T

T
ﬁ_' Ve ™ V) V™1

N./Ny (ecm™3)

L =107 |
[ ve™1g ’/“i‘j N
L 1 L
20 40 60 80 100
N./Ny  (em™)
NE/Ny
T
L v, vy N
- vy 1% B
Lo vy 4
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 + costhy 12
tan 29
tan 29y = an
1— __Acc
Am? cos 29

Amﬁﬂ = { (Am2 cos 2} — Acc)2

1/2
+ (Am2 sin 219)2]
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x]
dx

VYee | [ cosBm  sindm )\ (¥
Yep) \—sindy costyv | \ 9o

91\ [Acc 1 [(-am O 0 i
<¢2>_[E+E< 0 Am§,|>+ ddu
T X

irrelevant common phase

1

maximum near resonance

¥1(0)\  [cos®), —sind,
¥2(0)) — \sin®d,  cos®,

[EE:
0 sindyy

r XR Am (x' R Am2 (x'
P1(x) ~ cos'l?(,i,' exp | 7 i () dx’ A?l + sinﬂgﬂ exp | —i ()
4E AE
L o 0 0
Am?, (x'
Xexp | i M( ) dx’
4E
- *R
R 2 (1 R 2 ()
Ams (x") Ams (x")
0 . M ! R - 90 . M
x) ~ |cos¥y, ex i dx' | Aj, + sind), ex —i
¥2(x) M exp ( / “E > 12 M exP ( / IE
L 0 0
x

xXexp | —i
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Averaged Survival Probability

Yee(x) = costyy Y1(x) + sindy; P2(x)
neglect interference (averaged over energy spectrum)
Poon(X) = |[(Wee(x))]? = cos?8yy cos?0Y |AR P + cos?8y, sin®9Y, | A 2
+ sin®07%, cos?Ohy |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 (— )
Sln
e Am, /2E Am? sin?29
adiabaticity parameter: = =
2|ddm/dx| R 2E cos2? ‘d"(‘iﬂ
x IR

A ox 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 1 —exp (_%75{20)
Am?sin?29
" 2E cos20 |dlnAc |
F=1-—tan’®
BRI T e T Acc = 22EG:N,

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]
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Electron Neutrino Regeneration in the Earth

(1-2P}",,) (Pgarth, —sin9)

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

sun+earth __ psun
’Due—we - ’Due—we +

14 T T

12 1
“— 10 ] h .
§ o ] pgareh, is usually calculated numer-
= 6 Bl . . .
o o ] ically approximating the Earth den-

Coow . S .

o sity profile with a step function.

0 + + + + + +

6 ] Effective massive neutrinos propa-
”Ej ] gate as plane waves in regions of
£ ]
=3 ] constant density.
)
z 2r —— Data 1

LF - Our approximetion Wave functions of flavor neutrinos

0 L L L L L L . . .

01000 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 (
LOW (LOW Am?):

Large Mixing Angle):

SMA (Small Mixing Angle):

QVO (Quasi-Vacuum Oscillations):

VAC (VACuum oscillations):

1074
SMA LMA
SR @
T w*
>
L
‘E LOW.
E w07
10°°
10°°
1010 VAC

0.001 0.01 0.1
tan®@

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

Am? ~5x 10 %eV?,
Am? ~7x 10 %eV?,
Am? ~5x 10 %eV?,
Am? ~ 107 % eV?
Am* <5x107%eV?, tan’d ~1

)

tan’9 ~ 0.8
tan’® ~ 0.6
tan’® ~ 1073
tan’d ~ 1

10~ T T T T
107 | # LMA ¥
(é
104 F T sva .
1076 | 3
i 1077 |- 90 % C.L. mwQ 3
uE 10 m= 95 % C.L. =
3 w99 % CL. < 3
10 = 9973 % CL = -
10-10 |- Cl + Ga + SK + Sp(D) + Sp(N) -
°B free + BP2000 .
10 | Just So -
10-12 ! ! ! !
10~ 10~ 10-2 107t 100 10!

tan?(8)

[Bahcall, Krastev, Smirnov, JHEP 05 (2001) 015]
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[6V?]

m?

] solid line:
1 (typical SMA)

dashed line:

(typical LMA)

dash-dotted line:

0 L i
w*wr w® 1w uJ‘3 w0 10F 10

(typical LOW)

/Ny fem 9]
0% 10
10

107 3

107 |

oWt e I3 10
ﬁ 10
CowrE E T
10

10 E E
0" B 10
1 07 ! ! ! 10

100 10t 10 10t 10° 10° 10!

N/Ny  [em N/Ny  fem 9

typical SMA

typical LMA

Am? =5 x 107 %eV?
tanZd® =5 x 10~

Am? =7 x 107 5eV?

tan29 = 0.4
Am? =8 x 1078 eV?
tan29 = 0.7

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 107° eV? sin?28 = 0.57

LOW: Am? =7.9 x 10~ 8 eV?

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

sin?29 = 0.95

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)

x 107%eV? tan?® = 0.26

x 1079 eV?

x 1078 eV?

x 10712 eV?

x 10710 eV

Am? = 4.2
Am? =52
Am® =176
Am? =55
Am? = 1.4

LMA:
SMA:
LOW:
Just So:
VAC:

tan? ® = 0.72
tan?® = 1.0
tan® ® = 0.38
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[Bahcall, Krastev, Smirnov, JHEP 05 (2001) 015]

tan®® = 5.5 x 104



In Neutrino Oscillations Dirac = Majorana

dvg 1

. _ - 1 -
Evolution of Amplitudes: it~ oF y (U/\/I U +2Ev>a5 ”
difference: Dirac: (D)
: Majorana: yM) — U(D)D(}\)
1 9 e O
0 e'?21 ... 0
D()\) = (; . : ) = DT D 1
0 0 - eim
m; 0 0
2 0 m 0 ) 2 . 2
= — DM?=M?D — DM?D'=m

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

Experimental Results and Theoretical Implications
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Solar Neutrinos and KamLAND

@ Solar Neutrinos and KamLAND

o The Sun

¢ Standard Solar Model (SSM)

o Homestake

o Gallium Experiments

o SAGE: Soviet-American Gallium Experiment

o GALLEX: GALLium EXperiment

o GNO: Gallium Neutrino Observatory

o Kamiokande

o Super-Kamiokande

@ SNO: Sudbury Neutrino Observatory

o KamLAND

@ Combined Fit of Solar and Reactor Neutrino Data
Sterile Neutrinos in Solar Neutrino Flux?
Determination of Solar Neutrino Fluxes
Details of Solar Neutrino Oscillations
Future

<

¢ ¢ ¢
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The Sun

Extreme ultraviolet Imaging Telescope (EIT) 304 A images of the Sun
emission in this spectral line (He Il) shows the upper chromosphere
at a temperature of about 60,000 K

[The Solar and Heliospheric Observatory (SOHO), http://sohowww.nascom.nasa.gov/]
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Standard Solar Model (SSM)

(pp) (pep)

p+p— H+e" +ve

99.6%

p+e +p—*H+v,

0.4%

2H+p—3He+7

85% 2% 107°%
*He + *He — “He + 2p
159
ppl il (hep)
*He + “He — "Be + v
99.87% 0.13%
("Be) | "Be+e¢~ — Li+v, "’Bo+p—N‘B+w|
| "Li+p— 2'He "B — *Be' +¢* + v, | (°B)

ppll

ppllL

pp chain and CNO cycle

4p+2e” — *He+ 2ve + 26.731 MeV

PC+p— "N+ l——| BN BC et tu | (BN)
’ BN +p— C+ 'He @ ’ B0+ p— MN+y
Isso% l
(**0) ’""04"&\‘+#+u,|——(A'x+p_,l30+1
[ore T
”X+1}~>'EO+";| |170+p~)“X+‘Hr
B0 +p— TF 4y l——l YF 570+ et v | (MTF)

Bahcall SSMs

[J:N. Bahcall, http://www.sns.ias.edu/"jnb]
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Neutrino Flux

| Chlorine M

\Gallium

1012

1"
10 /_Q 1%

lolnr
10°
108 i
107 f
108 |

108 F

102 f

10!

104 :/
109

+10%

“Be “Be

0.1

0.3 1 3 10

Neutrino Energy (MeV)

[J.N. Bahcall, http://www.sns.ias.edu/~ jnb]
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Flux

1012
1011
1010
109
108
107
108
105
10*
108

102

[Castellani, Degl'Innocenti, Fiorentini, Lissia, Ricci, Phys. Rept. 281 (1997) 309, astro-ph/9606180]
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[Castellani, Degl'Innocenti, Fiorentini, Lissia, Ricci, Phys. Rept. 281 (1997) 309, astro-ph/9606180]
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0.1 — 1 T T T T T T 1
0.08 i
e Bahcall-Pinsonneault 2000 |

—— LOWL1 + BiSON Measurement {
0.04 |

0.06 |-

0.02 ]

0.02 - 1

(Model-Sun)/Sun
o

0.04 - ]

0.06 |- ]

0.08 4
« 7Be lowered (1o off Ga) 1

-0.1

n n n 1 n n n 1 n n 1 n n n 1 n n n

0 0.2 0.4 0.6 0.8 1
R/R,

[J.N. Bahcall, http://www.sns.ias.edu/~ jnb]
predicted versus measured sound speed
the rms fractional difference between the calculated and the measured sound speeds

is 0.10% for all solar radii between between 0.05 Rg and 0.95 R and

is 0.08% for the deep interior region, r < 0.25 Rg, in which neutrinos are produced
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Homestake
Ve+3Cl = 3Ar+ e~ [Pontecorvo (1946), Alvarez (1949)] radiochemical experiment
Homestake Gold Mine (South Dakota)
1478 m deep, 4200 m.w.e. = &, ~4m~2 day *
steel tank, 6.1 m diameter, 14.6 m long (6 x 10° liters)
615 tons of tetrachloroethylene (C»Cly), 2.16 x 10%° atoms of 37Cl (133 tons)
energy threshold: ES' = 0.814 MeV — 8B, "Be, pep, hep, *N, °0, 17F

exp

1970-1994, 108 extractions =~ =—> RSCS'M = 0.34£0.03 [apJ 496 (199) 505]

Cl
RGP =256+023SNU  RZFM =7.6713SNU
1 SNU = 1036 events atom—"! s~ -

15 Predicted %Cl Rate vs. Time 1

(1 FWHM Results)
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5
T
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Gallium Experiments

SAGE, GALLEX, GNO

radiochemical experiments

Ve+ 1Ga— 1Ge+ e~

threshold: E$? = 0.233MeV = pp, "Be

SAGE+GALLEX+GNO ==

REY =724 +4.7SNU

[Kuzmin (1965)]

, 8B, pep, hep, 13N, 1°

exp

R2EM — 12819 SNU
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SAGE: Soviet-American Gallium Experiment

Baksan Neutrino Observatory, northern Caucasus
50 tons of metallic "*Ga, 2000 m deep, 4700 m.w.e. = &, ~ 2.6 m—2 day_1

detector test: >*Cr Source: R = 0.9573 157002 (pre 50 (1000) 20e

ARATTIN
JM “H‘\M k} H}}HHW WM M}HJH}NH\”W

T T T T T T T T T T T T T
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
Mean extraction time

C. Giunti — Neutrino Physics — Torino, 4-8 May 2009 — 128




GALLEX: GALLium EXperiment

Gran Sasso Underground Laboratory, Italy, overhead shielding: 3300 m.w.e.

30.3 tons of gallium in 101 tons of gallium chloride (GaCl3-HCI) solution

RGALLEX
May 1991 — Jan 1997 — i_\)asw = 0.61 £ 0.06 (pLB 477 (1999) 127]
Ga
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GNO: Gallium Neutrino Observatory

continuation of GALLEX: 30.3 tons of gallium
GNO

May 1998 — Jan 2000 - /;%ﬁ = 0.51 £0.08 [pLE 490 (2000) 16]
Ga
*or ‘ ‘ ‘ ‘ T Jsz0
= 250 Combined GALLEX and GNO — | 5a0
g 20l ‘ 65 GALLEX Runs 4 19 GNO Runs :E;tg g
M }Hw w | M: W | i
p v T | o 80 E
o
s } } i 13

1991 1992 1993 1994 1995 1998 1997 1998 1999 2000
RGALLEX+GNO
Ga =0.58 +0.05

SSM
RGa
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Kamiokande

water Cherenkov detector v+e —v+te
Sensitive to Ve, vy, Vr, but o(ve) ~60(vy r)

Kamioka mine (200 km west of Tokyo), 1000 m underground, 2700 m.w.e.
3000 tons of water, 680 tons fiducial volume, 948 PMTs
threshold: Ef2™ ~ 6.75MeV = 8B, hep
Jan 1987 — Feb 1995 (2079 days)

Kam

R
Rg:SM = 0.55+0.08 [PRL 77 (1996) 1683]
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Super-Kamiokande

continuation of Kamiokande
50 ktons of water, 22.5 ktons fiducial volume, 11146 PMTs
threshold: EX®™ ~ 4.75MeV = 8B, hep
1996 — 2001 (1496 days)
RSK

v

RSSM — 0.465 £ 0.015 (s, pLe 539 (2002) 179]
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the Super-Kamiokande underground water Cherenkov detector
located near Higashi-Mozumi, Gifu Prefecture, Japan
access is via a 2 km long truck tunnel

[R. J. Wilkes, SK, hep-ex/0212035]
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Super-Kamiokande cos 6, distribution

Eventldagktonlbin
N
o

+ PPN e tne
0.1 ettt

-1 -0.8 -06 -04 -0.2 o] 0.2

[Smy, hep-ex/0208004]

0.4

0.6

0.8 1

cos Og,,,

the points represent observed data,
the histogram shows the best-fit signal
(shaded) plus background, the horizon-
tal dashed line shows the estimated back-
ground

the peak at cosfs,, = 1 is due to solar
neutrinos

Super-Kamiokande
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Super-Kamiokande energy spectrum

normalized to BP2000 SSM

Combined +
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[Smy, hep-ex/0208004]
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Time variation of the Super-Kamiokande data

o
T

3SM (#10)

o
T

Flux in 10%cm s

IS
T

1997

1998

O NC (+1d)

I x*=47 (69%C.L) 4

(flat x?=10.3 or 17% C.L.)

£ 1/ corrected

data pomts # [

I
0 500

1500 2000
Days since Analysis Start

The gray data points are measured every 10 days.

The black data points are measured every 1.5 months.
The black line indicates the expected annual 7% flux variation.

The right-hand panel combines the 1.5 month bins to search for yearly variations.

0. 5 1
Fraction of the Year

27

2.6

N

4

N

.3

The gray data points (open circles) are obtained from the black data points

by subtracting the expected 7% variation.
[Smy, hep-ex/0208004]

C. Giunti — Neutrino Physics — Torino, 4-8 May 2009 — 136




SNO: Sudbury Neutrino Observatory

water Cherenkov detector, Sudbury, Ontario, Canada

1 kton of D>0, 9456 20-cm PMTs
2073 m underground, 6010 m.w.e.
CC: Vet+d—=p+pt+te
NC: v+d—=p+ntv
ES: v+e —v+e
CC threshold: EZNO(CC) ~ 8.2 MeV
NC threshold: E3NO(NC) ~ 2.2 MeV = 8B, hep
ES threshold: E3NC(ES) ~ 7.0 MeV

D,0O phase: 1999 — 2001 NaCl phase: 2001 — 2002
ngo RSNO
wssw = 0.354+0.02 wssw = 0.31+0.02
Rgﬁo Rg&o
aogw = 1.01 +£0.13 aosm = 1.03+£0.09
ngﬁo R%o
REEM = 0.47 £ 0.05 RE%M =0.44 +0.06
[PRL 89 (2002) 011301] [nucl-ex/0309004]
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®oNO = 1.76 £ 0.11 x 10° cm~2s7?
®INO = 5.41 £0.66 x 10°cm™2s7?

Vp,Vr

SNO solved
solar neutrino problem

U

Neutrino Physics
(April 2002)

[SNO, PRL 89 (2002) 011301, nucl-ex/0204008]

Ve — Vy, Vy oscillations

U

Large Mixing Angle solution
Am? ~ 7 x 1072 eV?
tan? 9 ~ 0.45

@, (x 10°cm?s?)

----- Qoo 68% C.L.

—— g}y 68%, 95%, 99% C.L.

I o e8%ClL.
Bl o 6s%ClL.
I @’ ee%ClL.
I o e8%CL.

25 3 35
@ (x10°cm?sY)

«— 20 r ]
3 [@ ]
" L ]
S L ]
~ 15+ —
£ L i
< L ]
0L a

5L n

0 02 04 06 08 1

tan’0

[SNO, PRC 72 (2005) 055502, nucl-ex/0502021]
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KamLAND

Kamioka Liquid scintillator Anti-Neutrino Detector
long-baseline reactor v, experiment
Kamioka mine (200 km west of Tokyo), 1000 m underground, 2700 m.w.e.

6.7% of flux from one reactor at 88 km

average distance from reactors: 180 km 79% of flux from 26 reactors at 138-214 km
14.3% of flux from other reactors at >295 km

1 kt liquid scintillator detector: 7. + p — e + n, energy threshold: Etiep = 1.8 MeV

data taking: 4 March — 6 October 2002, 145.1 days (162 ton yr)

expected number of reactor neutrino events (no osc.): Ne’iﬂ;j:;:;“’ =86.8+5.6
expected number of background events: Nt'faachLrAm',\'n% =0.95+0.99

NKamLAND — 54

observed

observed number of neutrino events:

NKamLAND _ p/KamLAND 0 .
observed . LANb;ckground — 0.611 «+ 0.085 + 0.041 999_5 A) CL evidence
NS of ¥, disappearance
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confirmation of LMA  (December 2002)

14F
12} 10 ¢
1.0} _&# ......_.._q*_.._....‘___;. 77777 E
%‘ .....". B
= 0.8 _‘ : L
% 0.6 ; IS|;1\|73nnd1Riva g E
z O Bugey L
X Rovno L
0.4 o Goesgen L
5 Plovads:
0.2 = Chooz [ Rate excluded
e KamLAND E Rate+Shape allowed
00, ! I ! L [ L MA
100 10 100 100 10 | W8 Palo Verde excluded
Distance to Reactor (m) 10'6 Lo (IZhoc:z exlcludled AR i
Shade: 95% C.L. LMA 0 02 04,06 08 1
sin“20
Curve: Am? =55 x 10 5eV? 95% C.L.
urve: .2 29 — 0.83
sin = VU. [KamLAND, PRL 90 (2003) 021802, hep-ex/0212021]
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Combined Fit of Solar and Reactor Neutrino Data

[KamLAND, hep-ex/0406035]

1.2x10*
10 >10% |-
- [ “—
3 3 gaos
& I & 8x10°-
£ £
< <
10° - Solar KamLAND 6x10° — KamLAND+Solar fluxes
- 95%cClL Bl oswcL. B 9% L.
[ --somcL 99% C.L. 99% C.L.
I —99.73% C.L. B o 73%cCL. B B oo.73%CL
[ * solar best fit @ KamLAND best fit W global best fit
Ll Ll Lol L Aol L L L
10? 1 10 0.2 03 04 05 0.6 0.7 0.8
tan? tan?0
. 2 +0.6 -5 2 2 +0.09
Best Fit: Am®=0.82"y5 x 107> eV tan“ 9 = 0.40"5 7
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Sterile Neutrinos in Solar Neutrino Flux?

06 T
-3
10 ¢ ; —_—
[ ] =
r 4 )
L , =
%)
«— L
3 .
o0
1S r
<
Active | mea1
Solar + KamLAND
107 T ' Lo
10 1 H
tan?0 Ve — COSNV; + SINNVs
90%, 95%, 99%, 99.73% (30) C.L. sin2 n < 0.52 (30.)

[Bahcall, Gonzalez-Garcia, Pena-Garay, JHEP 0302 (2003) 009]

s total = fg% —1.00 +0.06
B
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Determination of Solar Neutrino Fluxes

[Bahcall, Pefia-Garay, hep-ph/0305159]

fit of solar and KamLAND neutrino data with fluxes as free parameters

Y &, =Ko (r=pp,pep, hep, Be,’B,°N,*0,"F)
+ luminosity constraint r 5 " o 1
Ko = Lo/4m(la.u.)” =8.534 x 10 MeVem™ “s
solar constant

Am* =73%%ev?  tan®® = 0.4275% (753)

¢8B -1 01+0.06 (+0.22) CD7Be -0 97+0.28 (+0.85) ¢pp -1 02+0.02 (+0.07)
dSSM T —0.06 \—0.17 PSSM T —0.54 \—0.97 dSSM T —0.02 \—0.07
8B “Be PP

small uncertainty

moderate uncertainty
will improve with new SNO
NC data (salt phase)

CNO luminosity:

large uncertainty
needs “Be experiment
(KamLAND, Borexino?)

Leno/Lo = 0.0755 (F53)

[Bahcall, Gonzalez-Garcia, Pefia-Garay, PRL 90 (2003) 131301]
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Details of Solar Neutrino Oscillations

best fit of reactor + solar neutrino data:  Am® ~7 x 107°eV? tan’®¥ ~ 0.4

E,,T_Ws = % + (% — Pc) cos219(,3,| cos2y
_ exp (—%’)’F) — exp (—%’Y—Singﬂ) v Am?sin®29 Fe1l—tan’®
‘ 1—exp (—%'y#) 2E cos29 |d£A R
InA 1 10.54
Acc ~ 2v2EG: NS exp (—Xio) — dd'; ‘ ~ = (,)?5 ~3x10 PeV
o]
E -1
tan? 9 ~ 0.4 —  sin?29 ~ 0.82, cos2d ~ 0.43 y~2x 10" (W)

11
T>1 = P K1 = [P, .. :§+§c05219(,f,| cos2
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cos203;

1

0.8

0.6

0.4

0.2

-0.4

-0.6

-0.8

cos299, =

Am?cos29 — A2

\/(Am2 cos29 — A%)° +

(Am? sin28)?

critical parameter [Bahcall, Pefia-Garay, hep-ph/0305159]

- Ale  _ 2V2EGeNg ([ E N2
Am? cos 29 Am2 cos 29 T\ MeV ) \ N¢
. vacuum averaged
1= 9%, ~9 — P,", ~1—1sin%20 : ”
(< M Ve—Ve 2 survival probability
. matter dominated
1= 9 ~71/2 = P,",, ~sin’d : -
¢> M / Ve—tVe survival probability
1 T
0.9
(<1 (>1 vacuum matter
08 averaged dominated
0.7
(Y
02F
01F (<1 C>1) 4
10"1 1(‘)“ 10! ! 10"1 1(‘]U 161
EN?/N¢ ENYNS  [MeV]
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(E)pp =~ 0.27TMeV, (ro)pp ~0.1Ry = (E N2/NS)pp =~ 0.094 MeV
Erge ~ 0.86MeV, (rg)7ge ~ 0.06 Ry = (E NO/NS)7g. ~ 0.46 MeV
(E)sg ~ 6.7MeV, (ro)sg ~ 0.04 Ry = (E NJ/NS)sg ~ 4.4 MeV

T
0.9 F

08g {"Be ‘B

0.1F

1011 ‘ 1(I)° 1;)1
E NY/N¢ [MeV]

each neutrino experiment is mainly sensitive to one flux
each neutrino experiment is mainly sensitive to ¢

accurate pp experiment can improve determination of %

[Bahcall, Pefia-Garay, hep-ph/0305159]
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Future

Goals of Future Solar Neutrino Experiments

[Bahcall, Pefia-Garay, hep-ph/0305159]

» Improve the determination of ¥
» Accurate measure of solar neutrino fluxes

» Discover or constraint subdominant neutrino conversion mechanisms

Precise Determination of Am? with New Reactor Experiment

LMA: L ~ 70 — 80 km
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Atmospheric and LBL Oscillation Experiments

@ Atmospheric and LBL Oscillation Experiments
@ Atmospheric Neutrinos
Super-Kamiokande Up-Down Asymmetry
Fit of Super-Kamiokande Atmospheric Data
Kamiokande, Soudan-2, MACRO and MINOS
K2K
MINOS
Sterile Neutrinos in Atmospheric Neutrino Flux?

©

¢ © ¢ ¢ ¢
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dN/dInE, (Ktyr)™

Atmospheric Neutrinos

N _

M ~2 at E <1GeV

N(ve + 7e)
uncertainty on ratios: ~ 5%

uncertainty on fluxes: ~ 30%

ratio of ratios

E T wswuw:u\ IRERLL u/!u!\ T mu% 0-015?{ R _ [N(V/J‘ + D“)/N(Ve + De)]data
- L s 1% [Ny + Du)/ N(ve + Pe)lyc
r Y —oo1 &

: ] R, cev = 0.60 £ 0.07 £ 0.05

F \ Jooos [Kamiokande, PLB 280 (1992) 146]

g \ ] K _

F TR S RmUIti'Gev =0.57+0.08+0.07
0 10t 102 10° 104 1005 [Kamiokande, PLB 335 (1994) 237]

i

E,, GeV
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Super-Kamiokande Up-Down Asymmetry

E, = 1GeV = isotropic flux of cosmic rays
A B A B
9u(62°) = gl (m — 62°)  9)(62°) = 9l (62°)

A U A
N6,) = ¢ (r —8,)

(December 1998)

NLJE _ Ndown

Aup-down(guey — [ B Yk )\ () 206 4 0.048 + 0.01
2 (Ns:’ v Ns:zwn>

[Super-Kamiokande, Phys. Rev. Lett. 81 (1998) 1562, hep-ex/9807003]

60 MODEL INDEPENDENT EVIDENCE OF v, DISAPPEARANCE!
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Fit of Super-Kamiokande Atmospheric Data

2
0 T 71 1 1 T
Measure of v, CC Int. is Difficult:
» Ei = 3.5GeV = ~ 20events/yr
< T » 7-Decay = Many Final States
)
=
< vr-Enriched Sample
----- 99% C.L.
— 90% C.L. the _ 2 -3
a8 L. N, =T78+26 @ Am~ = 2.4x10
ol 1 Nex'°—138+50
07 075 08 08 09 095 1
sin%20
N,, >0 @ 240
Vy = Uy
Am2 —21x 10—3 ev2 [Super-Kamiokande, PRL 97(2006) 171801, hep-ex/0607059]
Best Fit: P '
sin©26 = 1.0
future: CNGS v, — v, (OPERA)

1489.2 live-days  (apr 1996 — Jul 2001)
[Super-Kamiokande, PRD 71 (2005) 112005, hep-ex,/0501064]
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Kamiokande,

Soudan-2,

MACRO and MINOS

amPeV?)

< coHsw
2 -
o Kamiokande
§ up
L eoseer
10 F
10°F
Kammkande
miok ande
3 contanentup
10 Famiokande
i
asshCL
4
© 02 04 06

08
sin® 20

[Kamiokande, hep-ex/9806038]

1: Angular distribution
- 2: Energy(Low/High)
1+2

sin’20
[MACRO, hep-ex/0304037]

—~ Am2(eV?)

<

10

0.4 0.6

10

-~ MACRO
Super-K [Ref. 7]
== Super-K [Ref. 26]

8 1
sin? (26)
[Soudan 2, hep-ex/0507068]

T T T T
68% CL. MINOS Atmosphericv
% CL
s 418 days exposure
.+ Bestfit

I I I I
02 04 06

[MINOS, hep-ex/0512036]
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K2K

confirmation of atmospheric allowed region

Mtfargtale NearDetectors KEK

3,180m

Super-Kamiokande

Mtllenoyama
1,360m,

- Amz(evz)

-4

100~z 04 06 08 1
sin“260

(June 2002)

KEK to Kamioka
(Super-Kamiokande)
250 km
Vy = Uy

103

0

0.2 04 06 08 1
sin220

[K2K, PRL 94 (2005) 081802, hep-ex/0411038]

[K2K, Phys. Rev. Lett. 90 (2003) 041801]
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MINQOS

May 2005 — Feb 2006 http://www-numi.fnal.gov/
p g
x107
[T T T T ]
4.0F ® MINOS BestFit =
E MINOS 90% C.L.
35k MINOS 68% C.L.
° <L
Lake Michigan NQ E
E 3.0:-
—~ [
NE‘" 2.5 K2K 90% C.L.
=l N SK 90% C.L.
20-_ SK (L/E) 90% C.L. 1
1.5-‘.|...|...|...|..._-
0.2 0.4 ) 0.6 0.8 1.0
Sin“(20,5)
VP' — VP'

Fermilah — 55— Soudan Am? = 2.741_8:‘2% x 1073 eV?
/ BN sin2 29 > 0.87 © 68%CL

Near Detector: 1 km [MINOS, PRL 97 (2006) 191801, hep-ex/0607088]
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http://www-numi.fnal.gov/

Sterile Neutrinos in Atmospheric Neutrino Flux?

Limit On vu—vSAdd Mixture

° 0010 — -,
Nature of atmospheric - S e
p 0008 - Sin%=0.0
O 01‘ ° 0007 1 anzzfzz i 10° ev?
0006 - me b
scillation o
Mode Best fit Ax2 | o ~ 0004
>3
Vy Ve sin?26=1.00; AmP=2.5x10%¢V2 | 0.0 | 0.0 | & oo
VuVe $in?26=0.97; Am>=5.0x10-%eV? |79.3 | 8.9 < Y
Vv, $in226=0.96; Am?=3.6x103eV2 19.0 | 4.4 0.002 yi
LxE 5in?26=0.90; 0=5.3x10*  |67.1{8.2 ’
Vv, Decay c0s20=0.47; 0=3.0x10-%eV2 |81.1[9.0
v, Decay tov, | cos?0-0.33; a=1.1x10%V2 | 14.1]3.8 e R R A B R
0 0.2 0.4 0.6 0.8 1
V= Ve v, — (Costy, + sinévy) V= Ve
sin’
(Smy (SK). Moriond 2002] [Nakaya (SK), hep-ex/0209036]

MINOS: v, — v,

Vy = Ve, Vy — Ve r (NC)
CNGS: ICARUS: v, — ve, v, — v, OPERA: v, — v,
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Phenomenology of Three-Neutrino Mixing

@ Phenomenology of Three-Neutrino Mixing
o Experimental Evidences of Neutrino Oscillations
@ Three-Neutrino Mixing
o Allowed Three-Neutrino Schemes
@ Mixing Matrix
o Bilarge Mixing
o Absolute Scale of Neutrino Masses
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Experimental Evidences of Neutrino Oscillations

Homestake
Kamiokande
Solar GALLEX/GNO & SAGE A 2 640.2) x 10-5 eV2
Ve — Vy, Vr Super-Kamiokande N mSOL ( ) X e
N
SNo tan® ¥soL ~ 0.47 % 0.06
BOREXino
Reactor
- . (KamLAND)
v, disappearance

Kamiokande

. IMB
Atmospheric
Super-Kamiokande AmATM (2 4 + 0. 1) X 10 V
Vy = s
MACRO —
Soudan-2 sin? ¥atm =~ 0.50 & 0.07

Accelerator

. (K2K & MINOS)
v, disappearance

Two scales of Am*: Amimy =~ 30 Amio,

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

3
Var = Uakvie (o =e,p,7)
k=1

three flavor fields: ve, vy, v,
three massive fields: vq, v», v3
Am3 + Am3, + Amiz =m3 —m3 +m3 —m3+m; —m3 =0

Amio = Amd ~ (7.6 £0.2) x 107°eV?

AmBog =~ |Am3)| ~ |AmZ,| ~ (2.4 +0.1) x 10 3eV?
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Allowed Three-Neutrino Schemes

m
V3
/——
/
/
/
/
/
//
A 2 /
Amiry (
\
\
\
\
\ s
\ = 2
\ > Amgyy
141
" ”
normal

different 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 Ua Ue |Ues QO%CLKErmukaﬂe(l:\\;quxev)
5 5 U = Uul U;IQ Uu:% | ‘7 B 90% CL Kamiokande (sub+multi-GeV)
‘ Amy; L |Amy| ‘
U Uss |Usg
f
ATM

Am%HOOZ =Am3; = A’"2ATM

sin® 20crooz = 4|Ues?(1 — |Ues|?)
g

| [VesP <5102 |

CHOOZ: {

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

SOLAR AND ATMOSPHERIC v OSCILLATIONS
ARE PRACTICALLY DECOUPLED!

[CHOOZ, PLB 466 (1999) 415]
[Palo Verde, PRD 64 (2001) 112001]

|Ue1|? ~ cos® ¥soL |Uea|? =~ sin® ¥soL

|UM3|2 ~ Sin2 '19ATM |UT3|2 ~ COS2 7-9ATM
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1 0 0 C13 0 51367'.613 cip s12 0 1 0 0

Uu=10 23 523 0 1 0 —S512 C12 0 0 6'>‘2 0
0 —523 (23 —5136'513 0 C13 0 01 00 e’>‘3
P23 ~ FATM 913 ~ FcHoOZ P12 ~ FsoL BBov
c12c13 s12€13 si3e~ 7013 1 0 O
= | —sics—crosssize®13  crocs—sisssize®3 sycs 0e? 0
s12503—C12C23513€/913  —crosp3—s12c3513€013 33 0 0 e?3
- 2 _ +0.022 s 2 _ +0.07
sin“ 1o = 0.304" 5075 sin“ 923 = 0.50" g

sin? 913 < 0.035  (90% C.L.)

[Schwetz, Tortola, Valle, New J. Phys. 10 (2008) 113011]

Hint of %13 > 0

[Fogli, Lisi, Marrone, Palazzo, Rotunno, NO-VE, April 2008] [Balantekin, Yilmaz, JPG 35 (2008) 075007]
s 02
Sin 1913 = 0016 :l: 00].0 [Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801]

future: measure 13 # 0 = CP violation, matter effects, mass hierarchy
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Hint of %13 > 0

[Fogli, Lisi, Marrone, Palazzo, Rotunno, NO-VE, April 2008] [Balantekin, Yilmaz, JPG 35 (2008) 075007]

Solar, KamLAND Solar & KamLAND + Atm. & LBL & CHOOZ
0.1 1 ] T 1 ] T 1 ]
poos b s || 11 :
2 0.06 | = - = - .
N | _ - . - .
S o004 | 1 1 A
()] [ N N ] N - ]
0.02 | = -~ E - (.”‘-, .
o L 3 [ ] [ | ""’\I f ]
0.2 0.3 0.4 0.2 0.3 0.4 0.2 0.3 0.4
. 2 e 2 . 2
sin“ Yy, sin“ 1, sin“ Y,
Sin2 19]_3 == 0016 :l: 0010 [Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801]

p ) (1=sin’913)’ (1-05sin?91) SOL low-energy & KamLAND

Al (1 —sin® 1913)2 sin? 91, SOL high-energy (matter effect)
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Bilarge Mixing

2
| Ue3 | < 1
Cos S9s 0 Vc(es): CosV1 + Sy V2
U~ —S9sC9p  C9sCn  Sop | — Va ' = —Sy V1 + CysV2
59558, T COsS9a Coa = C9Vu — SopVr

- Cos Sog 0
sin2219A:1:>19A_Z:>U: —5195/\/5 czys/\/i 1//2
5195/\/§ _(:195/\/§ 1/\/§

Solar v — %) ~ % (v —vr)

(DSNO 1
st = 5 = Pu = By, 2Oy for £ 2 6MeV
Ve

1 ( 2/3  1/V3 0 )
sin¥s~ - = 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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Absolute Scale of Neutrino Masses

normal scheme

10° T T T
QUASI
DEGENERATE
107 E 4
=
) ma
= 1072 reesemmnsaneas. 4

m

NORMAL
1073 " SCHEME
3

NORMAL
HIERARCHY
104 L L "
10~ 107% 1072 107!

Lightest Mass:  m; [eV]

2 2

m5 = mi + Ams, = mi + Amgo,

_ 2 2 2 2
= mi + Ams; = mi + Amjry

10°

10°

inverted scheme

T T T
QUASI
DEGENERATE

=107 E
10-5F SCHEME
ms
INVERTED
HIERARCHY
104 " . .
10~ 107% 1072 107! 10°
Lightest Mass:  my  [eV]

2 2 2 2 2
mi = m3 — Am3; = m3 + Amjyy
2 2 2 2 2
my = mi + Amyy > m3 + Ay

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

Amipy ~5x1072eV
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Tritium Beta-Decay

e g A0 (cos9cGr) o _
H—’He+e +7 9T = am WMITF(E)PE(Q—T)\/(Q~ T)* - ms,

Q = M3H — /WEIHe — Me = 18.58 keV

Kurie plot

1/2
dr/dT
K= | et - [@-nyie-17 -]
C UF
o |M|* F(E) pE
|m,, <22eV (95% C.L)]|
Mainz & Troitsk
\E ] [Weinheimer, hep-ex/0210050]
01f my, = 1006V 1 future: KATRIN (start 2010)
98:1 = 1§3 lé4 1é' 6 [hep-ex/0109033]  [hep-ex/0309007]
' ' T T oom, @ sensitivity: m,, ~ 0.2eV
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1/2
Neutrino Mixing — K(T) = l(Q — T)z:|Ue,<|2 (Q-T) - mi]
K

D20 0 e . .
. . analysis of data is
|Ual? =05 my = 10eV

015 ¢ e . ] different from the
[Ue2|* = 0.5 my = 100V o
& o01f ] no-mixing case:
= 2N — 1 parameters
0.05 | \ 7
2
N S . ‘ > Vel =1
184 18.45 185 18. 55 18.6 k

Q—ms —my

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

effective mass: ml% = Z |Uek|*m3

(@-T7) Zwem/ (Q-T) Zwekl{ Qi:)z]

=(Q-T) {1— (Q-T)~

l\)ln—l

(Q T)
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mp = |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
107! 3 3
) E 3
g = My, My
102 4 102 4
’,"r'm ’/'VVI'L;;
1073 - L L L 1073 v L 1 1
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 = mlz,
k
FUTURE: IF mg S4x 1072eV =— NORMAL HIERARCHY
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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

C. Giunti — Neutrino Physics — Torino, 4-8 May 2009 — 168




Two-Neutrino Double-@ Decay: AL =0

d N
N1
NAZ) 5 N(AZ+2)+e +e + e+ AN
(Tih) ™" = Goy [ Moy |
second order weak interaction process ,
in the Standard Model J o
Neutrinoless Double-8 Decay: AL =2
d AN
NAZ) s N(AZ+2)+e +e Y
Ufp—
(7—10/1/2)_1 = Goy [IMoy|? |mﬁl3|2
My —=—
effective
Majorana  mgg = » U2, mi Vet
mass k W

d s
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Uex = possible cancellations
k

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

Qp = 2)\2 a3 =2 (}\3 - 613)

Tm[mgs) Tm[mgs)]

|Ues e 3my

mw
o ) a
¢ |Ue3)?e*my 4
. mpp _—
|Uea|?€*2miy |Uez|* €2y
(&%) [e5)
|[J61|27"1 Re[mﬁﬁ] ‘Ut?l‘erbl Re[mﬁﬁ]
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Experimental Bounds
CUORICINO (130Te) [PRC 78 (2008) 035502]

T >3x10%y (90% C.L.)| = |[mgp| < 0.19 — 0.68eV

Heidelberg-Moscow ("©Ge) (epsa 12 (2001) 147
T/ > 1.9 x10%y  (90% C.L.)| = ||mgp| $0.32 —1.0eV

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

T > 157 x 10%y  (90% C.L.) | = ||mpg| < 0.33 — 1.35eV

NEMO 3 (IOOMO) [PRL 95 (2005) 182302]
Tf/"2 > 4.6 x10%y (90% C.L.)| = ||mgg| < 0.7 —2.8eV

FUTURE EXPERIMENTS
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]

Imggl

CP Conservation: Normal Scheme

10! T T T T 10!
i i
Aa==0 An="=0
10°
] =
&
4 S
=
104 L n n " "
107 10 102 107! 10° 10"
] =
&
4 E
=
10,4 L ! A A A 10,4 ’ A A A A
107 102 10 107! 10° 10" 107 10 102 107! 10° 10"
m [eV] m [eV]

C. Giunti
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[eV]

[mggl

[eV]

[mggl

CP Conservation: Inverted Scheme

10!

10! T T T T
az Q@31
Ap=22 = Ap=22 =
2= 0 3= 0
10°
] =
=
=
1072F E £
107 E 107 ]
-y n n " " -y n " " "
R TR TR 10° 10! R T T T 10°
] =
=
< g. 1072
078 3 078 3
—4 4 A A A A -4 £ A A A A
050707 o2 o 10 10" 050707 02 107100
my  [eV] my  [eV]
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lev]

[mpggl

mgp = |Ue1|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| S 1072eV = 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]
ToRT =119 x10®y ), = (0.69 —4.18) x 10y (30)  4.20 evidence

— SSE
— 2n2b Rosen - Primakov

~

Counts/keV
w
Counts / keV

n

Q=2039 keV/

N\
Ry

e e e Enerzglzzliev o zééz 0 500 o0 5o 2000 2500 300
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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BB, Decay < Majorana Neutrino Mass

ﬁﬁ[)lz

= ﬁﬁ Ov

> N
u d e

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

Majorana Mass Term

M 1 — o
Lei = =7 Mee (V;:L Vel + Vel VSL)
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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 Spectnareat Drmsits TS May 2000 — 178
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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 T[T

Q1422+2309
z=3.62

— T T T

flux

-
vl bl

Ly-B emission Ly-o forest

?

5500
observed wavelength [ A1

oxp (1)

I 1 1 1
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, )\Oﬁ = 1025.72 A, )\97 = 972.54 A

Lyman-a forest: The region in which only Ly photons can be absorbed: [(1 + zq)AUE, (1+ zq)AUQ]
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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
rWeak = Nov ~ Gg TSNTQ/MP ~V GNT4 ~ GN ~H= Tdec ~ 1MeV

neutrino decoupling

1
4\ 3
Relic Neutrinos: T, = (—) Ty ~1945K = k T, ~ 1.676 x 107%eV

11 (T~ =2.7252£0.001 K)

3¢(3
number density: nf = Z%gf T} — ny,.7. ~ 0.1827 T3~112cm™3
. N Ny, o Mk 1 my 2 Zk My
densit tribution: Q) = ———— ~ — Q, h* = =——
et {pcf’lHZ' )” ok T e TRty " T oaldev
c*ﬂ

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

h~07, €,<03 = > m<14eV
k
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Current power spectrum P(k) [(h-! Mpc)?3]

Power Spectrum of Density Fluctuations

o lesgEm ALy Rl . hot dark matter
105 g T T T T T T T T T T .
T ‘ ‘ ‘ ‘ prevents early galaxy formation
100 i N p(X)—p
i 6(X) = PX) - )_
I P

66:)62)) = [ g5z € PR

i(w

= Cosmic Microwave Background
@SDSS galaxies

small scale suppression

* Cluster abundance

10 .

3 u Weak lensing

F aLyman Alpha Forest AP(k) ~ -8 QV

I P(k Q
TE v vl vl vl NE ( ) m

0.001 0.01 0.1 1 10 Ek my 0.1
Wavenumber k [h/Mpc] ~ _0-8 1 V Q h2
[S]
[Tegmark, hep-ph/0503257] m
Solid Curve: flat ACDM model for

(@), =0.28, h=0.72, Q% /Q% = 0.16)

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

k > ko ~ 0.026 1’%\/9m hMpc?

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

CMB (WMAP, ...) + LSS (2dFGRS) + HST + SN-la = Flat ACDM
To=13.7+02Gyr  h=0.71"33%

Qo =1.02£0.02 Qp = 0.044 £ 0.004 Q,=0.27£0.04

3
Quh* <0.0076 (95% conf.) == > my <0.71eV
k=1

WMAP (Five Years), AJS 180 (2009) 330, astro-ph/0803.0547

CMB + HST + SN-la + BAO
To = 13.72 + 0.12 Gyr h = 0.705 + 0.013
—0.0179 < Q — 1 < 0.0081  (95% C.L.)

2 = 0.0456 £ 0.0015 Qm =0.274 £0.013

3
> m <0.67eV (95% C.L.) Negr = 4.4 £ 1.5
k=1
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Fogli, Lisi, Marrone, Melchiorri, Palazzo, Rotunno, Serra, Silk, Slosar

[PRD 78 (2008) 033010, hep-ph/0805.2517]

Flat ACDM
Case Cosmological data set Y (at 20)
1 CMB < 1.19 eV
2 CMB + LSS <0.71 eV
3 CMB + HST + SN-la < 0.75 eV
4 CMB + HST + SN-la + BAO < 0.60 eV
5 CMB + HST + SN-la + BAO + Lya < 0.19 eV

20 (95% C.L.) constraints on the sum of ¥ masses X.
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m

3
S m$06eV (~20)  CMB + HST + SN-la + BAO
k=1

3
Z my, S 0.2eV (~20) CMB + HST + SN-la + BAO + Ly«
k=1

[eV]

NORMAL SCHEME INVERTED SCHEME
10° 10°
| CMB+HST+SMa+BAY| | CMB+HST+SMa+BAY |
| MBS ABAO Lya | A BAO Tya |
’ S
D,
i - 10-2 - -
ma
,/"/V'/rym ,/"/",ryng
-3 |/ . . . -3 |/ . . .
10 10~ 1072 1071 10° 10 1073 1072 1071 10°
Lightest Mass:  my  [eV] Lightest Mass:  mg  [eV]
3
FUTURE: IF E mi <9 x1072eV = NORMAL HIERARCHY
k=1
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Indication of By, Decay: 0.22eV < |mgg| S 1.6eV

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

10" T T
[CMB+LSS+SNIa+BAO
= OSC.
CMB+LS$+SNIa+BAO+Lya
10°F ‘ E
N BBor
&
=
10 f E
NORMAL SCHEME
1 -2 1 1
0502 107! 10° 10
Lightest Mass:  m;  [eV]
tension

(~ 30 range)

10! T T
CMB+LSS+SNIa+BAO
= 0sC
CMB+LS$+SNIa+BAO+Lya
10°F / E
Ny BPov
=
=
=
101 F E
/
INVERTED SCHEME
/
102 L L
102 107! 100 10!

Lightest Mass:  m3 [eV]

among oscillation data, CMB+LSS+BAO(+Lya) and 86, signal
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Experimental Neutrino Anomalies

@ Experimental Neutrino Anomalies
e LSND
o MiniBooNE

o Gallium Radipeddive Seuraerhyo ermaents May 2000 — 188




Beam Excess

Dy — Ve

LSND

[PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]

L~30m

1751

15F

1251
10

Beam Excess

B2 p(9,-9,en

p(v..e)n
B other

0.8 1 1.2 1.4
L/E, (meters/MeV)

Amieyp = 0.2eV?

20MeV < E < 200 MeV

10

N

-2
10

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

Karmen CCFR]
Bugey ]

10°

10 10

(> Amapy > Amdg, )
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Events / MeV

Excess Events / MeV

MiniBooNE

[PRL 98 (2007) 231801]

475MeV < E < 3GeV

Vy — Ve L~541m

e Data
[ Ve fromp
3 V. from K™
= v, fromK°
. P misid
CCOA-Ny
. dirt
I other
Total Background

14 15
E}* (Gev)

. data - expected background

......... best-fitv, - ve

5in?26=0.004, A m’=1.0eV?

sin?26=0.2, A m*=0.1eV?

\
0.6 0.8 1 12 14 15
EY* (GeV)

[arXiv:0812.2243]

LT |
< E — .GASZEZOPOT

L f 3

—_ .

[ official E>475MeV 90%CL
10 »

1-
107"
gzl vl il

107

Low-Energy Anomaly!

107 10" 2o d
sIn®(26)

[arXiv:0901.1648]
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p(measured)/ p(predicted)

1.0

0.7 1
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Gallium Radioactive Source Experiments

tests of solar neutrino detectors
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Sources: e~ +°Cr — %V +u,

Detector:  ve+ 1Ga — "Ge+ e~

SAGE Cr
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[SAGE, PRC 73 (2006) 045805]

e~ +3Ar - 3Cl 4+ v,

RGa = 0.87 £0.05

[SAGE, arXiv:0901.2200]
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Conclusions

Ve — Vy,vr with Amig ~83x107°eV? (SOL, KamLAND)

vy — v with Amapy 2.4 x 1073eV?  (ATM, K2K, MINOS)

4

Bilarge 3v-Mixing with |Ue)? <1 (CHOOZ)

B & BBy, Decay and Cosmology = m, < 1eV

FUTURE
Theory: Why lepton mixing # quark mixing?
(Due to Majorana nature of v's?)
Why only |Ues|? < 17
Explain experimental neutrino anomalies (sterile v's?).
Exp.: Measure |Uez| > 0 = CP viol., matter effects, mass hierarchy.
Check experimental neutrino anomalies.
Check BBo, signal at Quasi-Degenerate mass scale.
Improve B & BBy, Decay and Cosmology measurements.
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