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Brief Introduction to Neutrino Masses and Mixing

@ Brief Introduction to Neutrino Masses and Mixing
¢ Fermion Mass Spectrum

Standard Model: Massless Neutrinos

Extension of the SM: Massive Neutrinos

Lepton Numbers

Neutrino Oscillations

©
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Fermion Mass Spectrum
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Standard Model: Massless Neutrinos

@ m— @

Standard Model: | § = no Dirac mass term

P mP | g (no R, )

Majorana Neutrino: € =

= Majorana mass term

M M C
m L R

pulel
1
Py
|

Standard Model:Majorana mass ternmot allowed bySU(2). U(1)y
(no Higgs triplet)
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Extension of the SM: Massive Neutrinos

Standard Model can be extended with; (e, er; UL Ugr; d. dr; )
L+ r Dirac neutrinomassterm® mP | g mP. 100GeV

surprise:Majorana neutrino mass forg is allowed! ¥ m¥ ¢ g
. 0 mP <
total neutrino mass term ~ P*M L¢ Y R
m Mg R
mM can be arbitrarily larggnot protected by SM symmetries)
mM¥  scale of new physics beyond Standard Modelm¥ ~ mP
mD m (mD)Z
M 1
mg ml'\?’I
natural explanation of smallness
of light neutrino masses
massive neutrinos are Majorana!
3-GEN e ective low-energy 3- mixing

. L 0
diagonalization of mP , mp m'F\{’I

see-saw mechanism

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

Standard Model: Lepton numbers are conserved
Le I— L Le L L
(e €) +1 O 0 (S e) 1 0 0
( ) 0 +1 0 ¢+t 0 1 0
( )y 0 0 +1| (¢ *) o o0 1
L=letL +L |
mee mg mg eR
Dirac mass termm® | g el L L m% mP mP° R
mP, mP  mP R
Le, L , L are not conserved, buit is conserved( r)= L( ) L=0
mge mg' my' eR
Majorana mass terrm™ | & e L L mMmM mM °r
m'V'e mM mM CR
L, Le, L , L are not conserved( ¢)= L( ) L=2
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Neutrino Oscillations

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

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

Flavor Neutrino Production: j, | =2 - L L= Uk w
—e k
Fields = = U,k = = U, k States
k k
k(t X) - e IExt+ ipkX K (t X) = U ke iExt+ipkx
k
K = U k (t x) = U e By
=e =e k
(t x)
Transition Probability
2
P (txs= (tx) *= tx) = U e By,
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ultra-relativistic neutrinos = t x=L source-detector distance

E2 2 m2 M2
Bt px (B pl= *—Pkp= K ==

= L
Ex + px Ex + px 2E

2
P (LE) = U,e mL2Ey,
k
2
= U, U U U exp it
- KD KD exp I
ki
mg  mg m?
m2 L
P (LE) = 4 U U U U sir? 4Ek’
k j )
+2 U, UyU U, Mig -
k
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Two-Neutrino Mixing and Oscillations

2
2
= Uk « (=€) e
k=1
#
1
U= cos sin e =COS 1 +Sin >
sin  cos = sin 1 +cos o
m? mZ, m: m?
. - .2 . m2|_
Transition Probability: P, =P _=sin?2 sir B
Survival Probabilities: P =P =1 P

e e e
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Three-Neutrino Mixing and Oscillations

@ Three-Neutrino Mixing and Oscillations
e Solar Neutrinos and KamLAND
e Atmospheric Neutrinos and LBL
o Three-Neutrino Mixing
o Allowed Three-Neutrino Schemes
o Mixing Matrix
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Solar Neutrinos and KamLAND

1.4F
1.2+
1.0k
g
2 0.8
4 A ILL
© 0.6 x Savannah River
z o Bugey
X Rovno
0.4 o Goesgen
A Kral\sr:;)y?jrsk
O Palo Verde
0.2 w Chooz
e KamLAND
0.0, I I I I
100 10 10 1t 10

Distance to Reactor (m)
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Atmospheric Neutrinos and LBL

C. Giunti  Phenomenology of Neutrino Mixing and Oscillations 17 March 2009, APC Kolloquium, Paris 13




Homestake
Kamiokande
Solar GALLEX/GNO & SAGE
e Super-Kamiokande
SNO

mi, (76 02) 10 SeV?

tan2 SOL 047 006

BOREXino
Reactor

. (KamLAND)
e disappearance

Kamiokande
IMB
Super-Kamiokande miTM (24 01) 10 %eV?
MACRO
Soudan-2 sir? ATM 050 007

Atmospheric

Accelerator

. (K2K & MINOS)
disappearance

Two scales of m?: mi;y 30 mig,

Large mixings: arm 45 so. 34
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Three-Neutrino Mixing

1
D
N

L= Uk k (
k=1

three avor elds: o, ,

three massive elds: 1, 2, 3

2 2 2 _ 2 2., 92 o o o _
my;+ M3+ mMi3=m; mi+mzg my+mp mz=0

mio, = mg (76 02) 10 SeV?

M2 m3, mi, (24 01) 10 3eV?
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Allowed Three-Neutrino Schemes

m? m?
3 2
_13 ,
MsoL <__
1
M2\ M
12
] > mZoL 1
1 3
"normal” "inverted"
di erent si f m? 2
gns or  ms; m3z

absolute scale is not determined by neutrino oscillatiottada
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Mixing Matrix

Analysis A

< ]

S '

b : n,5 1,
e 5 N
£

5 90Y CL Kamiokande (multi-GeV)

Ut Ue |Ue

7 B 90 CL Kamiokande (sub+multi-GeV)
i

U= U; Uy |Us

2
m3, M3y ‘
U, U, |Uj
f
ATM
2 _ 2 _ 2
Mchooz = M3 =  Mamm

CHOOZ: .
SIf2 chooz =4 Uz (1 Uez ?)

Ues?. 5 10 2

po e
0i 02 03 04 05 06 07 08 g8 1
sin'(2q)

SOLAR AND ATMOSPHERIC OSCILLATIONS

[CHOOZ, PLB 466 (1999) 415

ARE PRACTICALLY DECOUPLED!
[Palo Verde, PRD 64 (2001) 112001]
Uer 2 cod soL Uz 2 sirf soL
U s 2 sir? ATM U 2 CO§ ATM
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Bilarge Mixing

1 0 0 C13 0 S13€ 13 Ci2 Si2 0 10 0
= 0 Cx3 o3 0 1 0 s;pc20 0€e 2 0

0 s3 03 si3€ 80 g3 0 01 0 0 ¢€:

23 ATM 13 CHOOZ 12 soL 0
C12C13 S12C13 s;ze | 13 1 0 0

= S12C23 C12923513€ 13 C12C23 S12S3S13€ 13 Sp3Cis 0e 2 0

S12%23 C12C23513€' 13 C12%3 S12C23813€' 13 Co3C13 0 0 €3

R — 0 022 : _ +0 07

sif 13 0035 (90% C.L.)

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

Hintof 13 O

[Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801; Balantekin, Yilmaz, JPG 35 (2008) 075007]

Sir? 13=0 016 0010 rogi, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801]
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Absolute Scale of Neutrino Masses

@ Absolute Scale of Neutrino Masses
¢ Mass Hierarchy or Degeneracy?
o Tritium Beta-Decay
¢ Neutrinoless Double-Beta Decay
e Cosmological Bound on Neutrino Masses
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Mass Hierarchy or Degeneracy?

normal scheme inverted scheme
100 T T T 100 T T T
QUASI QUASI
DEGENERATE DEGENERATE
E 0 o, E
,,,,,, e
g w2k M E g 10 2F E
1S 1S
NORMAL INVERTED
10 3¢ m SCHEME E 10 3¢ ms SCHEME
NORMAL INVERTED
HIERARCHY HIERARCHY
10 fO 4 16 3 l(; 2 16 H 10 10 fO 4 16 3 l(; 2 16 H 10
Lightest Mass: m; [eV] Lightest Mass: mj3 [eV]

2 _ 2 2 _ a2 2 2 _ 2 2 _ 2 2
m;=mp+ My = Mp+ Mgo mp = m3 M3 = M3+ Mgy
2 _ 2 2 _ a2 2 2 _ 2 2 2 2
M;=mp+ M3 = M+ Mgy m;=mp+ my; M+ My
Quasi-Degenerate fam; m; mz m mAZT,\,I 5 10 2eV
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Tritium Beta-Decay

) I
W Heve + o =00 zpEpE@Q T) @ TP

Q= Msy Msye me=1858keV

Kurie plot

K(T) = d_dr - @ T) @ T m

2F(E) pE

e

m, 22eV (95% CL)

Mainz & Troitsk

[Weinheimer, hep-ex/0210050]

i1 future: KATRIN (start 2012)

0 L L L L L [arXiv:0810.3281]
18.1 18.2 18.3 18.4 18.5 e
T Q m., Q sensitivity:m ,  02eV (3y)
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12
Neutrino Mixing = K(T)= (Q T) U > (Q T)> m?

analysis of data is
a ] di erent from the
no-mixing case:

. j 2N 1 parameters
\ Uk 2=1

k

if experiment is not sensitive to massasy Q T)
e ective mass: |m? = Uek °m2

m& 2 2 1
- T Uk 2 1 Z——F
@ 7 @1 U 2Q T)°

Q T) (@ T)>) m?

K?=(Q T)°  Ux?’
k

_ 2 1 i
=(Q T)1§

m

Q T
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m? =

2 2 2 2 2 A2
Uer “Mi+ Uez “mM3+ Uez “M3

10 T T T T 10 T T T T
NORMAL SCHEME INVERTED SCHEME
# Mainz & Troitsk # # Mainz & Troitsk #
10 E 10 E
% KATRIN % KATRIN
- E T 10'E E
1S S e, s
< 10 2L <
3 v I I I 3 v I I I
007 107 10z 10 10 10t 007 107 10z 10t 10 10t
Lightest Mass: m; [eV] Lightest Mass: m3; [eV]
; — 2 2 2 _ 2
Quasi-Degeneratem; mp; mz3 m = m m Uek m
k
FUTURE: IF m 4 10 %eV= NORMAL HIERARCHY
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Neutrinoless Double-Beta Decay

2+
76
+ 33AS
O+
76

0+

76
345€

E ective Majorana Neutrino Mass: m = UG Mk

k
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Two-Neutrino Double- Decay: L=0

(A 2) (AZ+2)+ e +e + ¢+ ¢ \

second order weak interaction process .
in the Standard Model

(TZ) '=G 5?2 <
<

Neutrinoless Double- Decay: L =2

(A 2) (AZ+2)+ e +e
(T102)1:GO 0o*m ?

e ective
Majorana m = U3 my T
mass k .
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E ective Majorana Neutrino Mass

m = Uezkmk complexUgk possible cancellations

M = U 2myp+ U 2€ 2my+ Ugs 2€ 3mg
2=2 2 3=2( 3 13)

Imm ] Im[m ]

erszei *mg

m
3
m
ﬂzjzé 2m; jUeoj’€ 2m;
2 2
JUea?my Refm ] JUea?my Refm ]
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Experimental Bounds
CUOR|C|NO(130TE) [PRC 78 (2008) 035502]

T?, 3 10%%y (90% C.L)[= |[m . 019 068eV
Heidelberg-Moscow’°Ge) (epaa 12 ooy 147
TY, 19 10y (90% C.L)[= |m . 032 10eV
IGEX ("8Ge) pro 65 (2002) 092007
T, 157 10P°y (90% C.L)[= |m . 033 135eV
NEMO 3 (199M0) pre 95 (2005) 162302
T, 46 10%y (0% C.L)= |m . 07 28eV

FUTURE EXPERIMENTS
COBRA XMASS CAMEQO, CANDLES

m few10 lev
EXO, MOON, Super-NEMQ CUORE Majorang GEM, GERDA
m few 10 2eV
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ev]

oy

Bounds from Neutrino Oscillations

— 2 2 2
m = Uer“mM+ U € Z2mo+ Ugz“€ img
10t 10
NORMAL SCHEME INVERTED SCHEME
[ Yy & 1°
101 #HEXP# > 101
D
CP violation ! -
102 ] 102
103 103
4 4
10 101t 10 104 103 102 101 10°
m [eV] mg  [eV]

FUTURE:IF m . 10 2eV = NORMAL HIERARCHY

C. Giunti Phenomenology of Neutrino Mixing and Oscillations 17 March 2009, APC Kolloquium, Paris

10t



o Decay Majorana Neutrino Mass

g . a we g 02D
— F>— I_)_ _>d N
e e .
0 F>—o - 0
e € Pt
ra - pRAS
u W
e e(h=+1)

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

Majorana Mass Term

1 - — ¢
L= 5Mee g eLt el oL
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Experimental Positive Indication
[Klapdor et al., MPLA 16 (2001) 2409; FP 32 (2002) 1181; NIMA 5 22 (2004) 371; PLB 586 (2004) 198]

TOP=119 10®y T9,=(069 418) 10°y(3 ) 42 evidence

i — SSE
— 2n2b Rosen - Primakov

~

Counts/keV
w
Counts / keV

n

1 Q=2039 keV/

N\ 4
2 = 1L 0 500 1000 1500 2000 2500 3000
2000 2010 2020 2030 2040 2050 Energy keV

Energy, keV b

pulse-shape selected spectrum 38 evidence  |pis 586 (2004) 198)

the indication must be checked by other experiments
135. o . 412 = 022eV. m . 16eV

if con rmed, very exciting (Majorana and large mass scale)
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Cosmological Bound on Neutrino Masses

neutrinos are in equilibrium in primeval plasma through Wweateraction reactions
¢ e NN en pe P net n pe o
weak interactions freeze out
GET® T2 Mp GyT*4 Gy H=  Tge 1MeV

ee e

neutrino decoupling

weak = N Vv
1676 10 “eV

(T =2 725 0001K)

1
3

Relic Neutrinos: T = %_ T 1945K= kT

01827T° 112cm?®

. 3 3
number density: ny = Z(—Z)ngfg = n,,
: _— n M 1 m 5 MK
density contribution: = —** = = h2=z kX

v _ a2 ¢ h29414eVv 9414 eV

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

h 07, . 03 = mg . 14eV
k
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Current power spectrum P(k) [(h-! Mpc)?]

Power Spectrum of

Density Fluctuations

Wavelength A [h~! Mpc]
1000 100

1000 ¥

® Cosmic Microwave Background
®SDSS galaxies
#Cluster abundance

10 i
E = Weak lensing
4 Lyman Alpha Forest
TE vl v v v v il VN
0.001 0.01 0.1 1 10
Wavenumber k [h/Mpc]
[Tegmark, hep-ph/0503257]
Solid Curve: at CDM model
0 _ - 0 0 _
(y=028 h=072 % D =016
3
Dashed Curve: my =1leV
k=1

hot dark matter
prevents early galaxy formation

) -

k|
(X1) (x2) = ZBE e**P(k)
small scale suppression
P(k)
8
P(k) m o1
k Mk
08 leV m h?
for
k&ky 0026 2~ hMpc !
nr Tev m p

[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 CDM
To=137 02Gyr h=0 71"%5%
0=102 002 b =0 044 0004 m=027 004

3
h?> 00076 (95% conf) = m¢ 07leV
k=1

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

CMB + HST + SN-la + BAO
To=1372 012Gyr h=0705 0013
00179 o 1 00081 (95% C.L.)
pb =0 0456 00015 m=0274 0013

mq 067eV (95% C.L.) Ne =44 15
k=1
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Fogli, Lisi, Marrone, Melchiorri, Palazzo, Rotunno, Ser&ilk, Slosar

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

Flat CDM
Case Cosmological data set (at 2
1 CMB 119 eV
2 CMB + LSS 071 eV
3 CMB + HST + SN-la 075 eV
4 CMB + HST + SN-la + BAO 060 eV
5 CMB + HST + SN-la + BAO + Ly 019 ev

2 (95% C.L.) constraints on the sum of masses .
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mc. 06eV ( 2)  CMB +HST + SN-la + BAO

k=1
3
mq. 02eV ( 2) CMB + HST + SN-la + BAO + Ly
k=1
NORMAL SCHEME INVERTED SCHEME
100 100
# CMB+HST+SNa+BAO,/# # CMB+HST+SNA&+BAO,/#
P # CMB+H. <SN-|/§L AO+Ly  # v;’é;\oﬂy #
€ ms €
102 102
mz
Sy ~ma
3 . , , 3 . , .
10 103 10 2 101 100 10 103 10 2 101 100
Lightest Mass: m; [eV] Lightest Mass: m3; [eV]
3

FUTURE: IF mq. 9 10 2eV= NORMAL HIERARCHY
k=1
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Experimental Neutrino Anomalies

o Experimental Neutrino Anomalies
o LSND
e MiniBooNE
¢ Gallium Radioactive Source Experiments
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Beam Excess

LSND

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

e L 30m 20MeV E 200MeV

~10%—m g

o E E|

175 ® Beam Excess C F ]
% [ ]

15 F P(M,BN e In ~ r R
p(n,.e)n E 10 & E

125 £ ]
other F Karmen CCFR]
10 Bugey ]
7.5 1 E

[ NOMA
5 [ ]
25 10 & E

P 90% (Ll <23
0 [ 99% (L,cL <4.6) ]
Il Il _2

0.4 0.6 08 1 1.2 1.4 10 mm_?" \2 ‘1
10 10 10 1
L/E,, (meters/MeV) sir’ 2q

2 2 2
Misnp & 02V (1 mipy MsoL)
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MiniBooNE

[PRL 98 (2007) 231801]

e L 541m 475MeV E. 3GeV

e Data
[ n fromm
=3 n, fromK"
= n, fromK°

Events / MeV

Total Background

ESF (GeV)

. data - expected background

,,,,,,,,, best-fitn, ® n,

sin?2q=0.004, D m’=1.0eV?
sin?2q=0.2, D m*=0.1eV?

Excess Events / MeV

020 L
002 0.4 0.6 0.8 1 12 14 15
EF (Gev)

[arXiv:0812.2243]
[arXiv:0901.1648]

Low-Energy Anomaly!
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p(measured)(predicted)

114

1.0

: &\\\\\N&\\\w&\\\\k\\x Rsa=087 005

0.7

Gallium Radioactive Source Experiments

tests of solar neutrino detectors
GALLEX pLe 342 (1995) 440; PLB 420 (1998) 114]

SAGE [PRL 77 (1996) 4708; PRC 59 (1999) 2246; PRC 73 (2006) 045805;arXiv:0901.2200]
Sources: e +°lcr SPlv+ e +3Ar SCl+ o

Detector: .+ ‘Ga "Ge+e

71 GALLEX Cr1
SAGE Cr

[SAGE, arXiv:0901.2200]

GALLEX Cr2 SAGE Ar

[SAGE, PRC 73 (2006) 045805]
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Conclusions

83 10 °eV? (SOL, KamLAND)
24 10 3eV? (ATM, K2K, MINOS)

with  m3g,

with  mzny

Bilarge 3 -Mixing with Uez? 1 (CHOOZ)

& o Decay and Cosmology m . leV

FUTURE

Theory: Why lepton mixing= quark mixing?
(Due to Majorana nature of 's?)

Why only Ugs 2 1?
Explain experimental neutrino anomalies (sterils?).

Exp.: Measure Uez 0  CP viol.,, matter e ects, mass hierarchy.

Check experimental neutrino anomalies.
Check ¢ signal at Quasi-Degenerate mass scale.
o Decay and Cosmology measurements.

Improve &
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Hint of 13 0

[Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801; Balantekin, Yilmaz, JPG 35 (2008) 075007]

Solar, KamLAND Solar & KamLAND + Atm. & LBL & CHOOZ
0.1 [ 1 T T T T T ] [ 1 T T T T T ] [T T T T T T ]
R U I 1 F E
2 0.06 | = - = - .
N = . | . | .
S o004 | 1 F 1 A
N N n = ] B -, ]
0.02 | . - = - (.”‘-, .
o [ E [ . [ AN .
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,
S|r]2 13 = 0 016 0 010 [Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801]
. 2 .
P 1 sirf 13- 1 05sif 1» SOL low-energy & KamLAND
. 2 . .
Lt 1 st 13 “sirf 1o SOL high-energy (matter e ect)
C. Giunti Phenomenology of Neutrino Mixing and Oscillations 17 March 2009, APC Kolloquium, Paris 41




Lyman-alpha Forest

[Springel, Frenk, White, astro-ph/0604561]
Rest-frame Lyman , , wavelengths: © =1215 67A, © =1025 72A, © =972 54A

Lyman- forest: The region in which only Ly photons can be absorbed:[(1 + zq) 0 @+ Zq) 0]
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