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Part 1: Neutrino Masses and Mixing
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“Standard Model” <> Massless Neutrinos

I Y Q=L+%
v 1/2 0
lepton doublet L, = o 1/2 / —1
bol ~1/2 —1
lepton singlet CoRr 0 0 —2 —1
u 1/2 2/3
quark doublet Q.1 = q‘;)L 1/2 / 1/3 /
q,7 —1/2 —1/3
U 4/3 2/3
quark singlets qcl”)R 0 0 / /
a9 R —2/3 —1/3
T 1/2 1
Higgs doublet b = ¢ 1/2 / 1
@Y —1/2 0
) —
Loe=— Y  YopLar®lsr+He
a’/BZe’/’l’77—
D D UA & U ~ .
Lug=— Z Yab QoL P Gor — Z Yab Qar P qyr + H.c. (P=iT2®")
a,b=d,s,b a,b=d,s,b

Spontaneous Symmetry Breaking = Dirac Mass Terms of type m (%@DR + %lDL)
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“Standard Model” <= Two-Component Theory of Massless Neutrinos

[Landau, Nucl. Phys. 3 (1957) 127; Lee and Yang, Phys. Rev. 105 (1957) 1671; Salam, Nuovo Cim. 5 (1957) 299]

. . - L — s
V — A coupling: j, =0y, (1—75) e=2Vr v, €L vy = 5, V5 VL, = —VL,

2
)
(1)) Left-Handed Chirality

1 —
Chiral representation: 5 = ((1) _01) = 2% — (8

Weak interactions involve only two

XR 0 0 XR 0 .
V= = vy = 0 = of the four components of the Dirac
XL XL XL neutrino field!
4 4
four two
components components

(particle+antiparticle) : N
Four components: ® Two components: particle 1 ( antiparticle
- " negative hel. positive hel.
(negative+positive hel.)
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Dirac Equation: (iv*9, —m)r=0 = (moao + i7" 0y —m)v =0
N——"

2R
Chiral representation: +°=( % '), 3=(5%9) <,( o o i(_aoJr&'v))(g‘(f):o
1\—0p—0O: —m
i(0g— G-V =m
Two equations coupled by mass: ( ’ H) X L
1(0o+0-V)xr=mXxr

m =0 = xgr (or xr) is not needed! — two components!

((90 — 0 - 6) xr, = 0| Weyl Equation (1929) (Rejected by Pauli because parity violating!)

(two-component)

1947: m, < 500eV = neutrino may be massless (plausible because m, < m.)

Maximal Parity Violation + Massless Neutrino = Two-Component Theory
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Chirality and Helicity

(30 —- 3. ﬁ) vp(z) =0 massless chiral field Y = (g g,)
(Weyl Equation in four-component)
Fourier expansion: vr, /d3 Z b(h) ( ) o +d(h)T (h)<p)€ip'a:}
h=+1

Wave function: Vg") (x,p) = (0|lvp(x)|p, h) U(L )( Yo~ i o —iBtipE

(30—i-§> Véh)(:v,p)z()é (—’iE i - p) ()( p) =0

Massless two-component neutri-

o 2l ( ) ( ) nos described by vy have neg-
E = p| = ‘Z‘)’| (z.p) = (z,p) = h= -1 ative helicity and antineutrinos
massless
Helicity have positive helicity!

v (x) o /d3p [b](?_)us-;)(]0)6_“9"73 — dz(f)T’zJSL)(p)eip'x}
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Massive fermion =- Chirality # Helicity

Massless fermion = Chirality = Helicity

Helicity in Different Frames

Helicity is conserved: [/f;, f]] = 0 =— Good quantum number for classification of states!

— —

D, S —D, S
But in general not Lorentz invariant: b quOSt : b
h=-—1 V| > |7] h =41
boost
ﬁ‘ - e 5 < ‘—
S p Vi>|v p S
h=-—1 L3 VI> 18 h=+1
V=&
E
Massive fermion == both helicity states must exist: f(h = —1 #bOOSt f(h=+1)
V| > |]

Massless fermion = boost is impossible = Helicity is Lorentz invariant!

Neutrino can be exclusively left-handed only if massless!
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Exotic Neutrino Properties

~+ Dirac Mass ~» Magnetic Moment

~» Majorana Mass ~» Decay
Exotic = Beyond the Standard Model with Massless Neutrinos

what is exotic today may be standard tomorrow!
or
what was exotic yesterday may be standard today?
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Original GWS Standard Model was different from the Standard Model of the 80's and 90's!
1967 - Weinberg - “A model of leptons”. One generation (e).
1970 - Glashow-lliopulos-Maiani - GIM Mechanism: ¢ quark predicted.
1973 - Kobayashi-Maskawa - Three generation mixing.
1974 - BNL & SPEAR - ¢ quark discovered (J/v = cc).
1975 - SPEAR - 7 lepton discovered.
1977 - FNAL - b quark discovered (Y = bb).

1998 ~ 2002 - SK, SNO, KamLAND, K2K - vegr, V4R, Vrr 7

Dirac neutrino mass terms generated with standard Higgs mechanism

But surprise: possible Majorana mass for v.r, VR, VrR!
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Majorana Neutrinos

1937: Majorana discovers the possibility of existence of truly neutral fermions

Charged Fermion (electron) + Electromagnetic Field #

o, — eyt A, — =0 ticl
(1710, = er Ay =m) ¥ parteEe ¢ = 1 forbidden
(iv*0, + eyt A, —m)Y© = antiparticle

Neutral Fermion (neutrino) + Electromagnetic Field

o, —m)rv =20 particle
(170, ) v¢ = v allowed
(ty*0, —m) v =0 antiparticle

Ve =v Majorana condition particle=antiparticle

e =CP eyl el =y, Cl =C71 T =—C,chf =
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. 9 1
Chiral Representation: v = xR - _202 XL four independent
XL 0 XR components
Majorana — g2yt two independent
Vo=p = { *E L *XL equivalent —
Fermion XL =10 XR components

Dirac Fermion needs independent left and right chiral projections

YR 0 YR
Y = = + 0 =YL +Yr

Majorana Fermion needs only one independent chiral projection

- 2. % - 2. %
—10 0 —10
v = AL = + A0 %
XL XL 0

Two-component neutrino can have a Majorana mass!
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i(0o—37-V)xL =mxnr . (50—5'6)XL:—W02X2

i(80+5’-§)XR:mXL e — (80"‘53'6)0-2)(2:777/)([/

Dirac equation i) equivalent

. . — ;2
(chiral representation) XR = —i0°X],

Majorana condition

Majorana Equation: (O — 7 - ﬁ) XL tm o’ xE =0

\ .

Weyl

Two-component neutrino with Majorana mass!

poco esplorato, un minor numero di entita ipotetiche.

Per quanto non sia forse ancora possibile chiedere all’'esperienza una decisione tra questa
nuova teoria e quella consistente nella semplice estensione delle equazioni di Dirac alle

particelle neutre, va tenuto presente che la prima introduce, in questo campo ancora

procedimento rispetto alla interpretazione elementare delle equazioni di Dirac & che

non vi & piu nessuna ragione di presumere |'esistenza di antineutroni o antineutrini.

[E. Majorana, Nuovo Cimento 5 (1937) 171]
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CPT Transformations of Dirac and Majorana Neutrinos

Parity (Space Inversion): t LN L

p——D, L=xp—L = s—35, Helicity: h:ﬁp—>—h
p
. T ST .
Timereversal: t - —t, T —
. > L LTz I - S'p T
p—=D, L=IZxp——-—L = §— —35, Helicity: ]’L:|T‘p—>h
p

. . PT L PT
Space-Time Inversion: t — —t, ¥ — — X

PrLB, sch—s,  hob—h, (B h) S5 v(p,—h)
v(B,h) 5 5(p,—h)  Dirac
CPT: cpT
v(p,h) — v(p, —h) Majorana
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Boost

Dirac and Majorana Degrees of Freedom

CPT

CPT

<

>

CPT

D(ﬁa _h)
Boost
D(_ﬁa h)

v(p,h) s - v(p,—h)
Boost 180° Rotation Boost
v(=p, —h) |7 v(=D,h)

V(ﬁa h) and D(_ﬁa h)
v(~P, —h) and v(p, —h)

have different interactions

4

four degrees of freedom

V(ﬁa h) and V(_ﬁa h)
v(~P, —h) and v(p, —h)

have same interactions

4

two degrees of freedom
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Majorana Mass

Two-Component Majorana Equation: (Op — 7 - ﬁ) XL +maoxi =0
Four Components 0 i (Bo—5-%) (0)—(mo) Lo ) —

: : i (8p+3-V) 0 XL 0 m 0
(chiral representation) 0 ~—— N y

vy, ;1%

Four-Component Majorana Equation: o, vy +mrvi =0

. | e — _
Lagrangian: L = 5 |—ivpy" (Ouvr) + 4(0, v )Y v — m(gva + VLI/@)]
— —victvy, +opeop”
I/z = CﬁT, VE — _V}j Ct —vreTopT

Euler-Lagrange 1
srang Oy, or _ Ok =0 = =(iv"Ouvr + iv" O + mCoL —mC L) =0
Equations 8(auVL) ovr 2 H’—T/
—Cvp

Majorana Mass Term: LY =—im (Vivp + L)
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Majorana Neutrino <=

No Conserved Lepton Number

L., L,ua L, L:L€+LM+LT

L =>=x—-1 «— |V

=v| — L==41

Conserved Lepton Number

Dirac mass term
D _ _
LY = —mp (VL Vr +UR VL)
Invariant under
iA iA
vV, — €7 Uy, Vp — €7 VR

v — e Mg UR — e M\Ug

Noether

AN
4

Global Gauge Invariance

Theorem

Majorana mass term

N o __

L7 = —my (I/L vy +v§ I/L)
not invariant under

vy, — edup vy — e

vp — e g vé —e

Majorana Neutrino

Truly Neutral Fermion
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the chiral fields vy, and vg (if it exists!)

are the building blocks of the neutrino Lagrangian

1

ONLY v;, == Majorana Mass Term

1

£¥=—§mLﬁV:—§mL (ﬁ#—ﬁ) (vp +vi) = —§mL (EVL +ﬁui)
1
=5 mL (vict VL:ﬁCﬁql)
ve =Crpt, v =-vlCl vy Cvy
vy, AND vg = Dirac Mass Term
LP = —mpvv=—mp (U +VR) (vr. + vr) = —mp (VL vr + VR VL)
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SURPRISE!

v, AND vg = Dirac—Majorana Mass Term

LM =gy o+ P me o
M =
1/ myp Mmp Uy, mp MR
mp MR V% U
| Nep =1 .
— §NLTCTMNL+H.C. VR
diagonalization
L T 1
[} N, =Uny, np= = U " MU=
fields with definite mass V2L 0
DM 1 + 1 _
L =3 Z myvi; C' v + h.c =3 MUk Vi
k=1,2 k=1,2
Vp = VgL + Vig Massive neutrinos are Majorana!
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1/ mrL m 1% 1
M=o (v wm) | L e = NECT M N+ He
2 mp MR VE 2

mr,, mpgr can be chosen real > 0 by rephasing the fields vy, vgr

simplest case: real mp = U =Op (CP invariance)
9 sin 0 2 9 in o
M:(%IIS %2)’ O:(—C(;isnﬁcszgéﬁ)’ p:(po1 pg) ,lekl” =1, U:(—pélcgisnﬁgssgéﬁ)
O M(’):( ,>:>tan219: , myq == |mp+mgE/(mp—mgr) +4mg
0 my mpR — myj, ’ 2

m/, negative if m% > mpmpg

0 0 0 2ml 0 i=+1
UTMU = pToTMop= (4 2 ) (" %) (% pg)z(“;”l . ) = my, = p2 M (,)12 )

/
Om2

5 costy sind 1cost  sinv
p=l—=v=|" p "
—sind  cosv —sintd  cosd
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Vet ) gy vk (t, — ) . = ipy = +i  CP parity of v

] ] ] [Wolfenstein, Phys. Lett. B107 (1981) 77]
Important In neutrinoless dou bIe—B decay [Bilenky, Nedelcheva, Petcov, Nucl. Phys. B247 (1984) 61]
[Kayser, Phys. Rev. D30 (1984) 1023]

n general v(t, @) b, n YO vE(t, —T) the product of the CP parities of
Vet 7) P % v(t,—7) Particle and antiparticle is —1

(k2 =1, yc=C9")

Majorana Constraint vy = v, = 1, = —n, = N, = ¢ imaginary CP parity!
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CP transformation of Ny = (ZE:L%) is determined by CP invariance of Lagrangian

1— T * c
£D+M:—§NEMNL—%NLM N§ (MT = M)
Cp 0 c
; CP S — LPM L S NLEMENE + S Net MU TN,
N — =&y Np 2 2

CP . 0 C
. . - . N — 1y Np

M real = CP invariance <:>§M£=—M:>f=(ég):7j:> CP 0
N; — i~y N

N =Unp, n, =U" Ny U=0p Pkj = Pk Ok;j
N¢ =U*n§ n$ = U" N oro=1I pi = +1
np =UN Ny, S5 i UTAO Ne =i UTU* 4008
n
n:iUTU*:i(UTU)*:i(pC’)TC’)p)*:in N = ipy = +i
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. : cCc g __ g - T
CP invariance of L ——EVLVMELWM—EKLWMVLWM 7
Ur C—Pw*yOCV (5 C—Pw*yOCEL
UL —iqvl CT A0 0, =5 — it Ct40
e <L, P igvm VLW“T—i_L’y“TELW“
V2 V2

CP invariance OK!

CP parity of charged lepton is also imaginary!
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Maximal Mixing

2 1
tan 29 = Mo my 1 = — {mL—I—mRzlz\/(mL—mR)Q—l—élm%
mRr — M, ’ 2

mp =mp — U=m/4, mh; =mg £ |mp

imp| > mr >0 = ma = [mp| —mr, pr =1, v =

7z
ma = |mp|+mr, p;=+1, v = 5 (vL +Vk)

C
V1 = V1L + Vi =

Majorana Neutrino Fields: ?[
Vo = Var, + V5, = 75 (v +vr) + (Vi + V)]

C. Giunti, Neutrino Mixing and Oscillations — 23




m; =mpr =0 =— Dirac Neutrino Field

v1 and v, have the same mass my; = mo = |mp| and opposite CP parities.

The two Majorana fields 11 and v» can be combined to give one Dirac field v

|
v=—(iv1 + 1) =vL + VR

V2

Viceversa, one Dirac field v can always be splitted in two Majorana fields

yzé[(y—ycw(uwcn _ % (—z%) 4 ;5 (”j;c) — %(mwg)

S

Majorana Neutrino Fields (11 = v{, vo = 15):

In general: one Dirac field = two Majorana fields with same mass and opposite CP parities
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CP parity of Dirac = 2 Majorana neutrino field

n(t,7) o — it —T)  w(t,F) o iy w(t, 1)
1 . CP . o 1 .
v=— (i1 + 1) — 17 —= (—ivy + o)

V2
V) =i + Ui = 73 (vr +vRr) — (v§ +vR)]
Vo = oy, + V5 = NG [(VL + VR) + (VL T VR)]

cp . .
v — i7" (Vi +vR) = i7" v

Dirac neutrino field has definite CP parity = ¢
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Pseudo-Dirac Neutrinos

mr, + Mg
mr, mr < |mp| = mh; ~ > + |mp| = pi=-1, p5=+1
mrp +mg mp + Mg
my >~ |mp| — 5 . Mg =~ |mp|+ 5 —  Am? ~ |mp|(mp + mpg)
2mD . . ..
tan 29 = >1 = ¥ ~xn/4 practically maximal mixing!

mpr —1Mmrp,

Vi =~ ;—%(VL—V%) vy >~ %(iylL—l—l/QL)

Uog, ™~ %(VL—I—I/JC%) Vp ~ \%(—iulL—l—I/gL)

1 11 1 1 1 r 0

U i

SVv2loio1) v2 - 1) \o 1

active (vr) — sterile (vr) oscillations!
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See-Saw Mechanism

[Yanagida, 1979] [Gell-Mann, Ramond, Slansky, 1979] [Witten, Phys. Lett. B91 (1980) 81] [Mohapatra, Senjanovic, Phys. Rev. Lett. 44 (1980) 912]

2 1
tan 29 = —— 0 mo, = = {mLerRi\/(mL —mg)* +4m}
mpr — ML ’ 2
2
m m
mp =0, |mp|<mp = tan2¥=2—2, m’lz—ﬂ, mbh ~ mg
mg mg
(mp)?
my ~ ——— < |mp| pi=—1
mRg
Mo ™~ MR p3 = +1

mp
tanv ~ — <1 = v ~—vy, Vo >VUp
mpg

Example: |mp| ~ Mgw ~ 10°GeV, mpg ~ Mgyt ~ 10" GeV = m; ~ 10" %eV

. 0 mp
See-Saw Mass Matrix: M = Why my = 07
mp MR
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VL | < Is=1/2 — Symmetry
LL — LM ~ V%VL (L%ag (I))C 1((I)TO'2LL) _ V%VL
KL non-renormalizable Breaking
I3=1
doublet triplet

Effective Lagrangian

[Weinberg, Phys. Rev. Lett. 43 (1979) 1566, Phys. Rev. D22 (1980) 1694] [Weldon, Zee, Nucl. Phys. B173 (1980) 269]

minimum dimension lepton-number violating operator invariant under SU(2)z x U(1)y

I (L oy ®)C (T 0y L) + Hec.

M
_ ¢—|— Symmetry 0
¢ = < ¢O ) Breaking (U/\/i)
M _ 1 gv mé ——
L =3 /\/l C v + Hee. ~ _WD (vp)¢vrp + H.c.
2
my ~ % See-Saw Type Plausible Cut-Off: M < Mp ~ 102 GeV
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General Considerations on Fermion Masses

In Standard Model fermion masses are generated through Yukawa couplings

,CH’gZ— Z ygﬁLaL @€5R+H.C.

a7/8:€7/’l/77-

the coefficients y, g are parameters of the model

4

explanation of parameters must come from new physics Beyond the SM

4

all fermion masses give info on new physics BSM
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smallness of v masses is additional mystery = more info?

U d S c b t

141 Vo V3 e

-

A

I
I
I
I
I
\|
¥

|
|
] (] (] (] \
l I I I I I I I I I I i I I

(
10-% 1073 1072 107! 10° 10' 10% 10° 10* 10° 10° 107 10%® 10° 10'° 10't 10!2
m leV]

_ * See-Saw Mechanism
known natural explanations of smallness of v masses:

*  Effective Lagrangian

( .
* Majorana v masses!

m2

both imply ¢ x see-saw type relation mjight ~ D

M

x  New high energy scale M

\

general features of SU(2)r x U(1)y invariant models with additional scalars and
fermions (unless special symmetries forbid all Majorana mass terms)
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neutrino masses provide a window on New Physics Beyond the Standard Model
most accessible window on NPBSM at low energy

the lepton-number violating dimension 5 operator (LY L)(®? ®) — mpvivy is the
operator beyond the Standard Model with minimum dimension (quarks are Dirac!)

Y(®) =1, Y(Lp)=-1, Y{r)=-2, Y(Qr)=1/3, Y(d%)=4/3, Y(¢8)=-2/3
next: lepton and barion number violating dimension 6 operators ~ qqqf (AL = AB)
(aR"af) (@TLe) . (Qf@r)(af tr), (QfQr)(@fLr),

T T T T
(qg q%) (q% IZR), (q% q%) (qg ER) — p—oetn?, etc
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Majorana mass term for vi respects SU(2);, x U(1)y Standard Model Symmetry!

1 _
£y = —5m (V& VR + VR VE)

Majorana mass term for vr breaks Lepton number conservation!

Three possibilities:

\

(L Lepton number can be explicitly broken

— Lepton number is spontaneously broken locally, with a mas-
sive vector boson coupled 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(LrPvr+Tr®TLy) W —mp (VL Vr + VR VL)
_ - 1 _ L
‘CT]:_yS (UV%VR—I—??TVRI/I%) m —§mR <V]C:€I/R—|—I/RV%)
n
1
0—1/2 . _ — — 0 VL
n= 2 / (<n> ‘|—,0—|—ZX> Lass = _5 (VL VR) (mD mg> (y%) + H.c.
m2
meg > mp — See-Saw: |mq ~ m—g
scale of L violation EW scale
p = massive scalar X = massless pseudoscalar Goldstone boson = Majoron
Majoron weakly coupled 7 . mp . m 2
_ _ Ly = —=x |727%v2 — == [27°01 + 717512 + (—D> Zh e
to light neutrino V2 mR mR
Majoron weakly coupled . 5 weak long-range force
YsGF mp = 5 : :
to matter through £t =+ mp —2 th spin-dependent
o matter throug X—f o2 " - x fY°f with spin-dependen

W — v loop and Z — x mixing potential ~ 1075 cm? /r3
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Three-Neutrino Mixing

[Bilenky & Petcov, Rev. Mod. Phys. 59 (1987) 671]
Dirac neutrino mass term generated

SM with v , V » Vr — i I
eftr Yplty VTR by standard Higgs mechanism

cP :—ZVQRMOE)BVBL—FH.C. (a, B=¢e,u,T) MP = complex 3 x 3 matrix
o,

MP can be diagonalized by the biunitary transformation VIiMPU =M

vi=v-1, Ur=u-1t, My; = my, Ok , real my > 0

POSSIBLE?

C. Giunti, Neutrino Mixing and Oscillations — 34




Proof that MP can be diagonalized by a biunitary transformation

consider M P (MP)T: Hermitian == can be diagonalized by the unitary transformation

VIMP (MO 'V =M?,  Vi=VvTh o M

2 2
j — mk 5k;3, I’eal mk

choosing an appropriate matrix U, it is always possible to write

MP=VMU'  with My =\/miy=msy; = [VIMPU=M
only problem: is U unitary?
Ul =MtviMP, vUv=mPYvmt (M =M)
magically U is unitary!

UU=M1VIMP(MP)'VM—1 =1
UUT = (MPYI'WVM2VIMP = (MY VVTI(MPYD) =Y (MP)1vViMP =1
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diagonalized Dirac mass term: Lh = — g My Vi, Vi
k=1

3 )

VaL = E Uakz ViL
N k=1
mixing: 3 > (a=-e, u,T)

VaR = E Vak VkR

k=1 y,

no right-handed fields in weak interaction Lagrangian

4

right-handed singlets are sterile and not mixed with active neutrinos

weak charged current: CCT =2 Z bar VpVar = 2 Y YEQL Yo Uak Vi

o=e,u,T a=e,un, T k=1

U = unitary 3 X 3 mixing matrix

we assumed for simplicity that the mass matrix of charged leptons is diagonal

otherwise U = U(E)Jr U@)
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N x N Unitary Mixing Matrix = N? parameters

Physical Parameters in N x N Mixing Matrix

N(N-1)

5 Mixing Angles
w Phases

Weak Charged Current: jECT — QZKQL%VQL — QZEQL% akVEL

o,k

Lagrangian is invariant under global phase transformations of Dirac fields

0
l, — el

v — Ry

— 2Z€aLe w0 “Yo Uake qkak:L

_ 9 Z 7 | iw:—ee)%Uakei(m—m),,kL
1

\ 1 N —1 N —1

number of independent phases that can be eliminated: 2N — 1 (not 2N!)

number of physical phases:

N (N +1) (N —1) (N —2)

2

_ (2N —1) =

remains global phase freedom of lepton fields =— conservation of L
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N (N —1) (N —1) (N —2)

2
N = 3 = 3 Mixing Angles and 1 Physical Phase (as in the quark sector)

N x N Unitary Mixing Matrix: Phases

Mixing Angles and

standard parameterization (convenient) (cij = cosVij, sij =sind;;)
1 0 0 C13 0 8136_i513 c12 S12 0
U = R23 W13 R12 =10 C23 893 0 1 0 —S19 C19 0
0 —S5923 C23 —8136i513 0 C13 0 0 1
—1013
C12C13 512C13 513€

%)
3 C12C23 — S12523513€"°1®  Sa3C13

_ 5
= | —S12¢23 — C12523813€""
5 5
512823 — C12€23513€"°13  —C12823 — S12C23513€°°1%  C23C13
phase d13 associated with s13 = CP violation is small if ¥;3 is small

in other parameterizations phase can be associated with si5 or so3

CP violation is small if any mixing angle is small

if any element of U is zero the phase can be rotated away = no CP violation
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| . L BT ety
Dirac mass term allows L., L,, L, violating processes like

poo—e ?’

® W W

Y Ui Uek = 0 = GIM Mechanism
k

i ﬁl Vg ¢ e

9 U,:k U(k
Gsz 3 N M
I' = 5 E UMkUek— W W
19272 327 - mw g ® © ?
BR "o I U, \ e U I vy, |
: mg _
Suppression factor: —— < 107 for my, <1eV
mw
(BR)exp <107 H (BR)the < 1072

14 orders of magnitude smaller!
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NUMBER OF MASSIVE NEUTRINOS?

Z —Vvv = V.V, Vv, active flavor neutrinos

y = N >3
mixing =  Un = Z UakViI a=e€, T
1 no upper limit!
Mass Basis: VT Vs Vs V4 |4
Flavor Basis: Ve UV, Vr Vs, Vs,
ACTIVE STERILE
STERILE NEUTRINOS
singlets of SM = no interactions!
active — sterile transitions are possible if vy, ... are light (no see-saw)

4

disappearance of active neutrinos
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Dirac-Majorana mass term

active v, (o =e, u, T) + sterile vsg (s = $1,82,...,5\)

LP == Tr M2 var +He.

1 I
M g L
LD+M — oMy pD oy oM L] = —3 E vir Mysvsr + H.c.
o,

1
El\é[ — —5 ZVSRMSRS’ VE’R +HC
S,S

MP, MY, M% are complex matrices

MY, M*® are symmetric
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example: ¢ =Crrt, v, =-vLlCl

L
Z Vor MagvprL = — Z var CV M2 vpr
.3

MCIKJB:MBLCK
T _ _
C —_C —> __ZVBLC BVQL > — :[I

M?* is symmetric!
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LOM = g+ P+ Ly

write Lagrangian in compact form for mass diagonalization

VelL
: : VL

column matrix of left-handed fields: N; = VL = | vuL
VR

VrL

1 —
LM = —5 N MPT™ Ny + Hee. =

34+ N) x (3+ N) symmetric mass matrix: MPT™ =

diagonalization: Np =Uny,,

Ur=u-! POSSIBLE?
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1 S 1
_5 ZV((;L M£B VBL — ZVSRM;?X Val, — 5 ZVSR
(){,,8 S, s,s’

U MP™MU =M, My; = my 6,

1
5 NPt MP™ N 4+ Hee.

ME, ve 5+ He.

(Vg.lR\

\ng.\/R)

(MP)*

MR

meOa



Proof that MP™ = (MP+M)T" can be diagonalized by UX MP™{U = M

an arbitrary complex matrix can be diagonalized by the biunitary transformation

VIMPMW =M, My =mpéy, mp>0, Vi=vV-1 Wwi=w-!
3
MPT™ — v Ayt MD—i—M(MD—i—M)T vV VERVal
| >y
(MD—H\/I)T _ (WT)TMVT MD—I—M(MD—H\/I)T — (WT)T M2 WT
/

VMVI=WhHT M2 WT = WIVvM?=MWTV
W'V =D, Dy =e* 6y,

MP™ = VMW= WHTWITVMWT=WHT DM WT
= (WHT DY2 M DYV2WT = (DYV2WHT M (DYV2WT) = (UNHT M UT
Y

U MP™MyU =M
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left-handed VnL
[
components _ : vy VrL
ny = : = U'" Ny, Ny = = . =Unyp,
of fields with Vp VsiR
definite mass \V(3+N)L) :
\VENR)

1 —
LPM — —5 Vi MP™ Ny + He.
3+N
Z my Vi Vi + H.c.

k=1

[ )

1

1
= ——n%MnL—I—H.C.:—§

2

fields with definite mass are Majorana: n = —np+nf =U' N, +UT N¢

i)

b N | 3N B
L =—§nMn=—§kaVka
k=1
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34N

Vol = Z Uak Vi, (=€, u,T)

mixing relations: 3’1?;\1,

C
VSRZE Usk VL (8281,---731\/)
k=1

Sterile neutrino fields v,r are connected to Active neutrino fields v,
trough the Massive neutrino fields v,

4

Active = Sterile oscillations are possible!

4

disappearance of active neutrinos
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Physical Parameters in N x N Mixing Matrix for Majorana Neutrinos

N(N-1) angles
N xN Unitary Mixing Matrix = N? parameters 2

N(N+1) h

— 5 pnases

not rephasable

!
Weak Charged Current: ]ECT Z Car, Vo Uak ViL
ok
rephasable

Lagrangian is not invariant under global phase transformations v, — e*“* 1,
Majorana mass term: v, C 'v., — e*?*vl.C vy Lepton number is not conserved!
only IV phases in the mixing matrix can be eliminated rephasing the charged lepton fields

-'- _—
cCl 52 ZEaL e " v, Unk kL

N
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N (N +1 N (N -1
number of physical phases: ( 2+ ) — N = ( 5 ) (Sarmﬁiﬁg?fgefefs)
—1 —1)(N —2
N (N ) _ (N —1)( ) N N1
2 N 2 J ——
g “Majorana phases”

“Dirac phases”

1 0 0

. 0 et21 ... 0

Uae =UD e 21 =0 = U=UPD(), D)= .
overall phase Co S
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Three Light Majorana Neutrinos (< See-Saw)

N =3 — 3 Mixing Angles 1 Dirac Phase 2 Majorana Phases
standard parameterization (convenient) (cij =cosdy;, sij =sindy;)

U = R23 Wiz Ri2 D()\)

_‘5
1 O O C13 O S13€ 013 Cl12 S12 O 1 0 O
— 0 C23 S23 0 1 0 —S12 C12 0 0 €z>\21 0
0 — 8923 (C23 —81361513 0 C13 0 0 1 0 0 €z>\31
—id
C12C13 $12C13 S13e 13 1 0 0
— i513 i513 0 i>\21 O
— —812C23 — C12523513€ C12C23 — S8128238513€ S$23C13 €
) i i\
S$12823 — C12C23813€ 13 —(C12823 — S12C23813€ 3 C23C13 0 0 e73!

Majorana phases are relevant only in processes involving Lepton number violation

/B/BOVI I/Ot i D/Bl
these processes are suppressed by smallness of neutrino masses because of helicity mismatch

in the limit of negligible neutrino massess Dirac = Majorana!
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CP invariance

CP c OP,

CP invariance of E?C = Ny, — i7" Nf = Nf — i7" Ng
[— 1 . T
LPM — -5 Vi MPT™ N — 5 N MPTMT N (MPTMT = pyP+M)
1 1 "
oM CF 5 N MPHMNG — o N MO N,
CP invariance <= MPTM — pyP+M™ gy
Ny =Ung np = UT N U=0D Dy.j = Dy O
N¢ =U*n§ nS =U' N¢ Oro=1I Di = +1
ny =UN Ny, S5 iUTAONE =i UTU* 40 nS i, = CP parity of vy,
n
n=iUU*=i(UTU) =i(DOTOD)" =iD? n = iD} = +i

important: relative CP parities ny; = ni/n; = D;/D3 = *1
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standard parameterization of CP-invariant Majorana mixing matrix

U = Ra3 Ri3 R12 D()\)

1 0 0 C13 0 S13 C12 S12 0 1 0 0
— 0 C23 823 0 1 0 —S12 C12 0 0 6M21 0
O —S5923 (C23 —S13 O C13 O O 1 0 O 6M31
C12C13 $12C13 $13 I 0 0
= | —S12¢23 — C12523513 C12C23 — S12523513 S$23C13 0 2t (
812823 — C12€235813 —C12823 — $12€23513 C23C13 0 0 et

. equal or opposite
A =0, g — Mkj = e ki — 41 ; ?F_)
CP parities

: m N1 :
if Apj = 5 = e'Mi =i = complex U
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Neutrinoless Double-3 Decay (60y,): AL =2

N(AZ) - N(A,Z+2)+e +e” d " "
2 N
L8, o |(m) -
. U
effective ,
Majorana |(m)| = Z UZy mi my —=% v
mass k
Ge — ®Se+e +e” Uej— =
. L0001 100Ry 1 o™ 4 e~ //,
examples: 150, _, 1805y | o 4 o
18630, 136, 4 o 4 o™ d K U
Two-Neutrino Double-5 Decay (AL = 0)
d N u
\\W
N(A, Z) = N(A, Z) +e” +e” +ve+ e —
second order weak interaction process p v
W
d u
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Im(m)

‘ U63 |262i)\31 M3

Zng Mk

| []e2 ‘262”\21 Mo

[Uer [P Re(m)

complex U, = possible cancellations among my, ms, m3 contributions!

2 220\ 2 _2iA
\<m>| = HUel‘ mi + ‘Ueg‘ e 217712 + |Ue3| e 317713‘
T 2iNp;
conserved CP — J\;; =0, 5 — e = = £1
opposite CP parities of v, and v; = e?™i = —1 =  maximal cancellation!
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EXAMPLE: 2 MASSIVE NEUTRINOS

[(m)| = “Uel|2 my 4 |Uga|? €212 mg‘
T
)\2125 — \<m>|:’|U€21|m1—|U622|m2’
conserved CP 1
cancellation

opposite CP parities
if m1 ~ mo and |U%| ~ |U%| ~ 1/2 = |(m)| can be extremely small!

Dirac neutrino: perfect cancellation
(

equal mass

maximal mixing

| opposite CP parities

1 Dirac neutrino = 2 Majorana neutrinos with <

\

mi1 = Mo
|Uel|2:‘Ue2‘2:1/2 > — |<m>‘:O
)\21:7'('/2 )
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See-Saw Mechanism

O (MD)T
MP ME

MY =0 — MPtM =

eigenvalues of M > eigenvalues of MP? = MP™ is block-diagonalized

Miight 0
0 M, heavy

W MPTM W ~ Wi~w-?

corrections ~ (M*) =t M

(MP)F (MM )1 P 2(MP)T (MR

W] |
2\ 2T (M) MR (P ()

Mlight — _(MD)T (MR)_l MD Mheavy — MR
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Mlight ~ —(MD)T (MR)—l MD

=MI — QUADRATIC SEE-SAW M = high energy scale
(MD)T MDD (mf)2
Miight >~ — v — my, ~ /\Z

MR

mi Mo M3 ~ (772:{)2 : (mg)2 : (772?]5)2

Mﬂ Mp = _LINEAR SEE-SAW Mp = scale of Mp
D
M M
Might =~ — /\/lD MP = my ~ WD m£

mlzmgzmgwm{:mgzmg
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Summary of Part 1: Neutrino Masses and Mixing

in the “Standard Model” neutrino are massless by construction
implementation of “two-component theory”

“Standard Model” can be naturally extended to include neutrino masses
add I/GRv V,uRv I/TR
surprise: Majorana Masses

known natural explanations of smallness of ¥ masses
See-Saw Mechanism, Effective Lagrangian

Y
Majorana v Masses, New High Energy Scale

4

Neutrino Masses are powerful window on New Physics Beyond Standard Model
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Part 2: Neutrino Oscillations in Vacuum and in Matter
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Detectable Neutrinos are Extremely Relativistic

Only neutrinos with energy larger than some fraction of MeV are detectable!

Charged-Current Processes: Threshold

v+A—-B+C

Y
s=2FEmuy —|—mi > (mp —I—mc)2
U 2
(mp +mc) ™A
By = —
2m a 2

% Yo +37Cl — 37"Ar 4+ e~
e+ 1Ga— 1Ge+ e
bUe+p—mn+tet
SVp+n—p+pu
SVy+e — Vet

Ein, = 0.81 MeV
Ein = 0.233 MeV
Ei, = 1.8 MeV
Ein = 110 MeV

2
my

2me

= 10.9 GeV

Elastic Scattering Processes: Cross Section o< Energy

Tt rvt+e —vte

Background = Fy, ~ 5MeV

Laboratory and Astrophysical Limits —

o(FE) ~ oo E/me

o0 ~ 10~** cm

2

(SK, SNO)

m, < 1leV

Y
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Easy Example of Neutrino Production: ™=yt 4y, T —u 47,
two-body decay == fixed kinematics E? =pi +ms
( 2 2\ 2 2 4
o _ma (o) mE () omy
Pk =" m2 2 m2 4m?2
7 at rest: < , N\ 2 , , )
E‘2 — % — % + % 1 — % + my,
\ g 4 m2 2 m2 4m2

0" order: mkzﬂépk:Ek:E:%
1 order: | By~ B4k fvE—(l—g)m—z
TR oF Pk = oF
\ /
general!
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Neutrino Oscillations in Vacuum: Plane Wave Model

Neutrino Production: jEC =2 Z VoL VplarL Vol = Z Uasr Vi, Fields
aIe?/‘L?T
(O|var|vs) Z Uk Uj, Olveevy) o Z UakUbi = 00 |va) = Ulplvk)  States
k,j k
océkj

‘Vk(w,t» _ e—iEkt+ipk:1;|Vk> — ‘Va(w,t» _ ZU;k: o i Ektt+iprx |Vk>

1
et = 3 (Z U;kez‘Ekthwﬁk)W@ )= 3 Uslvs
B:enua’r\ k P p=ep.7
Aya_?:ﬁ(a:,t)
Transition Probability
2
2 5 . .
Por s (2,) = [l )2 = [ A (1) = |30 U Pettimry,
k
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ultrarelativistic neutrinos — t~x =1  source-detector distance

wtoppr = (B —p) b= g b= g L= op

2
Proors (L B) = |3 Uy i 28 1,
k
= Z Uar|*|Us1|? < constant term
k
Am3 L
+ ZReZ UarUsrUa;Ug; exp —i2—g <« oscillating term
k> 0

coherence

2 _ 2 2
Amy,; = my —m;
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NEUTRINOS AND ANTINEUTRINOS

antineutrinos are described by CP-conjugated fields: v =/0¢cot = —Ccv*

C = Particle = Antiparticle
P — Left-Handed = Righ-Handed

Fields: v, = ZUO"“V’“L <, VaL = Z kaL
States: |vg) Z relvgy — \Va ZUak|Vk

NEUTRINOS U < U™ _ANTINEUTRINOS

Am
2 kJ
Pramss (1 B) = 3 ol Usnf + 2Re 30 kUakUaaUmeXP< % )
j

Am
, k
P00 ) = S O U+ 30 U Uy 5

k>j
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CPT Symmetry

CPT

Pl/oé—ﬂ/g E Pﬂﬁ—H?a

CPT Asymmetries: ACPT =Py, vy — Poson,

Local Quantum Field Theory — ACPT =0 CPT Symmetry

| Am3 ;L
indeed, P, _,,(L,E) Z|Uak| Upt|* +2Re;§ ok UpkUajUg; exp| —i 2E
j

is invariant under CPT: U =S U a S 4

Pl/a—ﬂ/ﬁ — Ppﬁ—ma

in particular P, .. =P, .5, (solar v, reactor v, accelerator v,,)
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CP Symmetry

CP
Pl/a—ﬂ/g Pﬂa—N?g

CP Asymmetries: Aaﬁ =P, vy — Po,—i; CPT = Aa,@ = Agﬁ

Am?2 Am
kg kg
ASP(L E) = 2Re E kUﬁkUagUgj exp (—z o > — 2Re E UakUﬁkU Ug; exp( >

k>j k>j 2L
Am?. L
ASE (L, E) _4§Ja5,w sin 2_;73
J

Jarlskog rephasing (U, — e Uare) invariants: JoBiki = Im[U;kngUajUgj]

violation of CP symmetry depends only on Dirac phases

(three neutrinos: JaBikj = :|26128126238236%3813 sin d13)

<A§§ =0 = | observation of CP violation needs measurement of oscillations
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T Symmetry

T

Pua—>yg — PVB—WQ

T Asymmetries: A P, v — P,

CPT = 0=A5" =P, ., — Py,

— Pya—w[g - P, Vg—Vq + Pl/g—wa — Pﬂg—n?a
T T CPp T CP
A B—i_A AaB_Aozﬁ — AO‘B :Aaﬁ

Am?2 . L
ALg(L,E) =4 " Japu; sin (2—§7>

k>j

violation of T symmetry depends only on Dirac phases

observation of T violation needs measurement of oscillations
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Two Generations (k =1, 2)

cost  sind 5 5 5 5
U= Am~ = Amy, = m5 — m3

—sin?d  cos?V

Am?L
Transition Probability (o # f3): P, ., (L, E) =sin® 20 sin2< Z’E )
Survival Probability (o = (3): P, (L,E)=1-P, _,,(L,E)
. . I
Averaged Transition Probability: (Pr—vy) = 5 Sin 29
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TYPES OF EXPERIMENTS

Two-Neutrino

2 observable if
N = | Py, (L, E) = sin®2¢ sin” (AZE,L ) Am2],
Mixing 1B

> 1

SBL (high statistics) Reactor SBL: L ~ 10m, F ~ 1 MeV

L/E<1eV™? = Am?>0.1eV® Accelerator SBL: L~ 1km, E > 1GeV

ATM & LBL Reactor LBL: L ~ 1km, £ ~ 1MeV CHOOZ, PALO VERDE
L/E <10%eV ™2 Accelerator LBL: L ~ 10°km, E > 1GeV K2K, MINOS, CNGS
) Atmospheric: L ~ 102 — 10*km, F ~ 0.1 — 10> GeV

Am? Z 10" 4eV? Kamiokande, IMB, Super-Kamiokande, Soudan, MACRO
SUN L~10°km, E ~0.1—10MeV

L Homestake, Kamiokande, GALLEX, SAGE,

— ~ 10 ey 2 ; 2 > 1011 .2
E 107" eV Am < 10 eV Super-Kamiokande, GNO, SNO

Matter Effect (MSW) = 107% <sin?290<1  107%eV? < Am? <107 %eV?
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MSW effect (resonant transitions in matter)

a flavor neutrino v, with momentum p is described by |v,(p Z e lve(p
Ho lvi(p)) = Ex [vi(p)) By, = \/p? +m]
in matter H ="Ho + H; Hr [va(p)) = Vo [va(p))

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

forward elastic CC and NC scattering
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EFFECTIVE POTENTIAL IN MATTER

%\/
TV

es Vs Vr Ve, V), V

A

€ 7p7 € 7p7
e n \/§
Voo = V2GEN, e = v = vge = W = —5 GrN,

V. = Voo + Wae V,=V:=Vxc (common phase) — V.-V, =Vcc

antineutrinos: VCC = —Vcc VNC = —VNC
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d
Schrodinger picture: z& va(p, 1)) = H|va(p, t)), va(p,0)) = |va(p))

flavor transition amplitudes: vap(p,t) = (v3(p)|va(p, t)), ©ap(D,0) = dap

(;175 80045(]9, t) - <Vﬁ(p)‘H|Va(p, t)> — <Vﬁ(P)|H0|Va(p, t)> + <V5(p)|H]‘Va(p, t)>

(vg(p)|Holva(p,t)) = Z< 3(p)|Holv,(p )>\<I/p( )‘Va(p,t)z
( t)
=2 > Usk{n |Ho|v;,< DU Gap(ps )

p k.j g
5kjEk

(s (D) Hilva(p,t) = Y (vs()[Hilvp () ¢ap(p,t) = Vi pap(p,1)
53,V

P

- d
Ly Pap = > <YUBkEkUk+5ﬁpVﬁ> Pap
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2
L . m
ultrarelativistic neutrinos: E,=p+ —E£ E=p

2F t=x
‘/e:VCC‘|‘VNC VH:VT:VNC
. d
i gz Pes Py @) = P+ WNe) Pas(p @) + 7 <Y Usk 57 Upk + 0pe Ope VCC> ap (P, 7)
Vos (pr ) = Pap(p, ) ePPH I Ve @) da’
Y
d . o 1
. a4 __ ipz+i [ Vne(a')da' [ _ - d
Zdajw‘w ¢ ( p VNC‘Fde)gpaﬁ

d *
_ZIZ‘ wa,ﬁ — y <y U,Bk P U ok + 5,86 5pe VCC) ¢ozp

Py vy = |papl® = [Yapl’
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evolution of flavor transition amplitudes in matrix form

d 1
) 2 77t
1 — Vv, =— (UM“U"+A)W¥
de ¢ 2F ( ) @
Vae 5 mi 0 0 Acc 00 Acc = 2EV,
‘I’a:(%u) M= 0 m3 o0 AZ( 0 00> Cc;zﬁE%FN
Yar 0 0 m2 0 00 c
effective 5 2t atter 2t 5 effective .
mass-squared - - mass-square
matrix MVAC =UM"U UM U +2 EY o MMAT matrix
in vacuum in matter

potential due to coherent
forward elastic scattering

cost®? sind

oy St (two-neutrino mixing)

simplest case: v, — v, transitions with U = (

29 2 29 2 . 2 2
UM2 UT _ cos“Umi+sin“vms cos? 81n19(m2—m1) _ 1 Em2 X 1 (—Am2 c0s29 Am?2 sin2d
cosv sim(}(mg—m%) sin?®¥m? +cos*9¥m3 2 ) Am? sin29 Am? cos2¥

.

irrelevant common phase

Ym? =m7 + ma Am? =mi —m?
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d [ Yee 1 [ —Am?cos2¥ + 2Acc  Am? sin20 Vee
dx Vep 4L Am? sin29 Am? cos2 (L

thee (0) 1

initial v, — =

Pep(0) 0

P, (z) = Weu(w)ﬁ
P (x) = Wee(x)‘Q =1- PVe_”/,u (z)

tan 2v

Diagonalization = Effective Mixing Angle in Matter:  tan2vy\ = anA
CC

1 —
Am? cos 29
Am? cos 29
Resonance (Jy = m/4): Agc — Am2cos ) — NeR _ Am~ cos
2V2EGE

Effective Squared-Mass Difference:  Amj, = \/(Am2 cos 2 — Acc)” + (Am?2sin 29)°
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LY,

(1075eV?)

2
Amyy
S NN = O

90
80
70
60
50
40
30
20
10

(&

NI /Ny

I f I
- Ve ™2 Vy V), >V
i 9 =10""* |
U, 1/1I Vy 1o | | |
0 20 40 60 80 100
N./Nsy (cm™3)
N[ /Na
I
- v, D) _
~ V'u 14 -
L V9 Uy .
- "L, Am? =7 x 1070eV2 ) = 1073 -
| | | |
0 20 40 60 80 100
N,/Ny (cm?)

Ve = COSU\ V1 + Sinth Vo

v, = —sinthy v1 + costh V2
tan 2v
tan 2191\/[ = at
1 Acc
Am? cos 2

Ami = [ (Am2 cos 29 — Acc)2

1/2
+ (Am2 sin 219) 2 ]
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Vee costyyy  sinty (0

Ve —sinthy  costy (5
dw
d [ Acc 1 [ —Am3, 0 0 —1 Wy
1— + ) + d9 dz
dz \ o, 4E  AE 0 Am3, M 0 (L5
1 dx
irrelevant common phase 1

maximum near resonance

11 (0) cos¥y; —sindy; | [1 costy,

12(0) sind);  cosdy, 0 sindy,

TR TR 2 /
Y1 () [cosﬁg/[ exp ( AmM ) ) .A11 + smﬁM exp ( AWZ\;?(CE ) dx’) AQRl]
0
X exp ( AmM daz )

TR TR TR 2 /
Ya(x) [COSTS‘M exp ( AmM ) ) A + sindyy exp ( Amy () dx’) AQRg]

; AE
X exp ( / AmM ')
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Yee(x) = costyp 1 (x) + sindy; Yo ()

neglect phases (averaged over energy spectrum)

Py, oy () = [(0hee(2))] = cos?9]; cos?y | AR |? + cos?9f; sin®9y | A |2
+sin®0y; cos?y |ADL|? + sindy; sin0); | A|?

AL P = [AS )P =1 - P, AL)? = |AS 7 = P. crossing probability

_ 1 1
Pl/e—We (:U) = — + (5 — P ) C08219 008219%/1 [Parke, PRL 57 (1986) 1275]
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CROSSING PROBABILITY

279)

_ exp (—%WF) — exp (—E

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

C Lo (“57bg)
diabaticit tor: - Amy/2E | Am? sin?20
dadiabatiCity parameter: Y = 2|d19M/d,CIj| o = 2E003219‘d1r£00 ‘R
Axx F =1 (Landau-Zener approximation)  [parke, PRL 57 (1986) 1275]
A x 1/:13 F = (1 — tan? 19)2 / (1 + tan? 19) [Kuo, Pantaleone, PRD 39 (1989) 1930]
A X exXp (—f) F=1-— tan2 ) [Pizzochero, PRD 36 (1987) 2293, Toshev, PLB 196 (1987) 170, Petcov, PLB 200 (1988) 373]

[Kuo, Pantaleone, RMP 61 (1989) 937]
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R
SUN: Ne(x) >~ NS exp (—%) N¢ = 245 N /cm? Ty = 10024
4:""I""I""I""I'"'I""I""I""I""I""I: — sun 1 1
.f 1 P, ., ==—+(=—-F: cos219 cos2v
i log(n_/N,) vs. R/R, © N 2 2
2 | BP2000 . - -
; ] p :exp —§'yF)—eXp( 5V 5 )
1 —exp (—57rg)
Am? sin?209
V= dInA
2F cos2v |TCC|R
F=1-—tan?9
Acc = 2V2EGr N,
practical prescription: numerical [dInAcc/dx|y  for z < 0.904Rg
18.9
[Lisi et al., PRD 63 (2001) 093002] ‘dlIlAcc/dz‘R — R— for x > O-9O4R@
©
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Earth Matter Effect:

p (g/cm’)
SN (@) (0]

NJ/N, (cm™)

14
12

10

N

0

N W s~ 01O O

Ve_>ye

—=sSun

Psun—l—earth

Ve_)]/e

(1 . 2Fsun ) (Pearth

Ve—Ve Vo2—le

cos21

— sin219)

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

- —— Data
[ Our approximation

-------- Our approximation

0 1000 2000 3000 4000 5000 6000
r (Km)

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

Pearth

Vog—lVe

proximating the Earth density profile with a

is usually calculated numerically ap-

step function.

Effective massive neutrinos propagate as
plane waves in regions of constant density.

Wave functions of flavor neutrinos are joined

at the boundaries of steps.
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LMA (Large Mixing Angle):
LOW (LOW Am?):
SMA (Small Mixing Angle):

QVO (Quasi-Vacuum Oscillations):

VAC (VACuum oscillations):

10°% ¢ :
o - SMA LMA ]
100 ¢ E
> g ]
3 L ]
E 10.7 g LOW .
1078 - -
10°° & ;
107 %0 VAC ]
0.001  0.01 0.1 1 10
tan’ @

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

10!

Am? ~5x 107%eV?, tan? ¥ ~ 0.8
Am? ~T7x10"8eV?, tan? ¥ ~ 0.6
Am? ~5x1076eV?, tan® 9 ~ 1073
Am? ~ 10792eV?2, tan? ¥ ~ 1
Am? <5x10710eV2,  tan?d ~ 1
10_3 E T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T IIII?
10- | @ LMA 3
10 o, s 3
10-¢ E 3
T
3 1077 k 90 % C.L. LOWQ E
NE 10-8 - mem 95 % C.L. =S -
S [ o 99 % CL. <3
10-9 E —— 99.73 % C.L. i_ y
jo0-10 L Cl + Ga + SK + Sp(D) + Sp(N) |
8B free + BP2000
10-11 Just So?
—_—
10_12 L L IIIIIII L L IIIIIII L L IIIIIII L L IIIIIII L L L L 1Lll
10-4 10-3 10-2 10-1 100
tan?(0)

[Bahcall, Krastev, Smirnov, JHEP 05 (2001) 015]
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90 N T L I'l'll'll:l/"):l'-l'ﬁﬂ;
b r VAR solid line: Am?2 =5 x 1076 eV?

70 (typical SMA) tan®19 =5 x 1074
B ° ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, | £ e dashed line: Am? =7 x 107%eV?
b (typical LMA) tan2 9 = 0.4

105— dash-dotted line: Am? = 8 x 108 eV?

- 100 10 10 10° 10 107 10°  10° (typical LOW) tanzﬁ = 0.7

10 # L SOl DL B -

107° E

i E | 5 10k
. RS P . ] 107 NPT R ST BTN BT 10 1 Lol v i v el
10° 10! 10° 10! 102 10% 10* 1074 1073 102 107! 10° 10! 102
N/N4 [em™?] N/N4 [em ™3] N/Ny [em 2]

typical SMA typical LMA typical LOW
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[Bahcall, Krastev, Smirnov, PRD 58 (1998) 096016]

SMA:
LMA:
LOW:

0.8
0.6
0.4
0.2

P(v,~v,)

0.8

P(v,~v,)

0.8
0.6
0.4
0.2

P(v,~v,)

T T T T l T T T T l T T T T 1 F T T T T T T T T T T T T T E
il SMA w08 E
: average ] T 0.6F LMA E
| day ] A04F E
H| — — —night ] A 0.2 F :
| E OF —
C ] 08¢ 3
:L ] t 0.6F SMA E
e EN S SR BTN 204F E
- . A 0.2 F E
e v 08F Low 3
. 1, 0.6 i\ E
————— o === == = = = a, 0.2 E
__: O : ) ) : ) ;
] 35 0.8 3
———————+—+—+——+—+—+ 206 Just So® 3
o LOW 204 3
L ] a, 0.2 -
I\ —: 0 :
AN . 0.8 3
Fro B + 0.6 r
- = 3:0.4 r
C ] a, 0.2 =
[ R TR TR KNS T TR NN S NN NN NN SN O | | 1 L L L E
0 5 10 15 0 5 10 15
Energy (MeV) Energy (MeV)
=5.0x 10" 6ev?2 sin229 =3.5 x 10~3 LMA: Am?2 = 4.2 x 1072eV2 tan2 9 = 0.26
—1.6 x 102 eV? sin229 = 0.57 SMA: Am?2 =5.2x10"6ev?2 tan?29 =55 x 104
=7.9%x 10" 8eV2 sin?229 = 0.95 LOW: Am?2 =76 x 1078eV2 tan?29 = 0.72
Just 502: Am2 = 5.5 X 10_12 eV2 tan2 9 1.0
VAC: Am?2 =1.4 x 10710ev2 tan? 9 = 0.38
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IN NEUTRINO OSCILLATIONS DIRAC ~ MAJORANA

dv 1
Evolution of Amplitudes: —= = UM?U' +2EV
volution of Amplitudes i ZE( + )
_ Dirac: U
difference:
Majorana: UM =P DN
1 0 0
0 etr21 ... 0
DN ={. . . . = DI=D"!
() 0 ev‘lNl
m2 0 0
0 m3 0 5 5 2 i
0 0 - m2

UMMM = gP) DA DT UPHT = UP) M2t
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AVERAGE OVER ENERGY SPECTRUM

Am?L 1 Am?L
. . 9 . 9 = - 92 B
Pva—>Vﬁ(L7E) = sin” 27/ sin ( w ) =5 sin” 2¢ [1 COS( 5L )] (a #* 5)

l
HH!

|

O ——— | R R SR R | L Ll
100 1000 10000 100000
L (km)

Am?* =10"%eV  sin®20=1 (E)=1GeV  AE =02GeV

(P, (L, E)) = % sin 20 [1 _ / COS(A;";L ) S(E) dE] (a + B)
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(P —vs (L, E)) = % sin? 29 |1 — /cos AmL o(F)dE (o # 1)

2K
2 Pmax
. . Vo —V
experiment: (P, ., (L, E)) < P, =~ = sin®20 < it
o 1 — [cos(BLE) ¢(E)dE
g =
0.8 = —
- 06 =
N g —
£ 04 ’ —_— . —
rota(’ice oF
0.2 F =
VUUTTI mirror _
0 | ol | Ll | L §
10~ 1073 1072 10! s
Am? (eV) l2>
-
H\7 11111111 [IRNNEEET L L Livuiinn
—C | = (@) &3] —

C. Giunti, Neutrino Mixing and Oscillations — 86




Summary of Part 2: Neutrino Oscillations in Vacuum and in Matter

detectable neutrinos are extremely relativistic

4

standard expression for the neutrino oscillation probabilities (Amij, Uak)

Neutrino Oscillations can test CPT, CP, T symmetries

Matter Effects are important for Solar neutrinos and VLBL experiments

in Neutrino Oscillations Dirac ~ Majorana

average over energy spectrum

4

constant flavor changing probability
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Part 3: Experimental Results and Theoretical Implications
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Neutrino Fluxes

2ol
= -
(48] |
\ -
100k reactor
NG | (Bugey, d=15m)
> -
2 10°%
% |
z 10°F
104k low energy LAMPF = Los Alamos
B (LAMPF, d=30m)
102 WANF = CERN
TE a CNGS = CERN— Gran Sasso
L high energy
10 E short baseline
— (WANF, d=850m)
10 |
B [A. Geiser, Rept. Prog. Phys. 63 (2000) 1779]
Wof67 long baseline
[ (CNGS, d=730km)
787
10 |
o
10 —
L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ LN " 0712 L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ LU LI
—1 2 , 3 . 4 .5 —1 2 , 3 . 4 5
10 1 10 10 10 10 10 10 1 10 10 10 10 10
£ /MeV £ /MeV
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SOLAR NEUTRINOS

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)

p+p— H+et +v,

(pp)

99.6%

85%

3He + *He — *He + 2p

pte +p—*H+v,

(pep)

0.4%

H+p — 3He+ v

l15%

2 x 107°%

‘He+p — *He 4+ et + v,

ppl

*He + ‘He — "Be + v

99.87%

("Be)

Be +e~ — "Li+ v,

0.13%

Y

Be+p— B+ry

Li+p— 2%He

ppll

B — 8Be* + et 4+ 1,

Y

8Be* — 21He

pplll

(hep)

(°B)

pp and CNO cycles

Ap+2e” — “He + 2ve + 26.731 MeV

(150)

120+p—>13N+’Y

A

"N+ p — ""C +"He

A

99.9%

B0 5 BN +et + 1,

@

Y

BN = BCHet + v,

Y

BC+p— N+

Y

0.1%
A

A

15N+p—>160+’}/

Y

]60+p—>]7F+’y

A

14N—|—p—>150+7

A

70 + p — "N + *He

A

Y

T 5170 + et + o,

Current SSM: BP2000

[Bahcall, Pinsonneault, Basu, AJ 555 (2001) 990]

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

(Gallium  Chlorine ! Superk, SNQ

¥

1012

loll

1010

10°

108

107

106

108

104

103

102

1 L P L
10 0.1 0.3 1 3 10

Neutrino Energy (MeV)

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

|||||||1| ||lll|.|.|| llllll.lll 11111

[Castellani, Degl'Innocenti, Fiorentini, Lissia, Ricci, Phys. Rept. 281 (1997) 309, astro-ph/9606180]
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Rodf/dR

2OO 0.01 0.08 0.19 0.33 0.48 0.61
i | | | | | ]
AV pp+pep y
L _ 7Be _|
L —BB _|

15 — N — - = CNO —
B / \ _
B P _
I AR |
I A W 1
I \ _

10 i ;o \ i
L | / \ ) .. _

/ L

- ./ / .'\‘ \ ]
51— VoY ]

i '/ / ‘ \ i

)/ NN

B /'/ . \ \ N

_/ o \ N ./"\~ —

_// ' ' '\‘ \' \\. _
L - | L1 | | T~ \f\r~|~|\_‘|\_|-g.4_gl‘1"|--|--|--

0 0.05 0.1 0.15 0.2 0.25 0.3

R/Re

[Castellani, Degl'Innocenti, Fiorentini, Lissia, Ricci, Phys. Rept. 281 (1997) 309, astro-ph/9606180]
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0.1 ' ' ' I ' ' ' I ' ' ' I ' ' ' I

0.08 |
I —— Bahcall-Pinsonneault 2000 |

—— LOWL1 + BiSON Measurement -
0.04 -

0.06 -

0.02 - .

i e L B ==myuy
-

—-0.02 - .

(Model-Sun)/Sun
o
||
||
|
1
I
]

[
[
[
\
91
|

-0.04 u
—0.06 - .

—-0.08 —
< "Be lowered (1o off Ga) -

-0.1 - 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 R and 0.95 R, and
is 0.08% for the deep interior region, r < 0.25 R, in which neutrinos are produced
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HOMESTAKE
v, +37Cl =37 Ar + e~ [Pontecorvo (1946), Alvarez (1949)] radiochemical experiment
Homestake Gold Mine (South Dakota), 1478 m deep, 4200 m.w.e. — &, ~ 4m 2 day_1
steel tank, 6.1 m diameter, 14.6 m long (6 x 10° liters)

615 tons of tetrachloroethylene (C5Cly), 2.16 x 103° atoms of 37Cl (133 tons)

energy threshold: ES' = 0.814 MeV = ®B, "Be, pep, hep, 13N, 150, 1TF
1970-1994, 108 extractions =  Rg"/Reg™ = 0.34 4 0.03 (ap) 406 (1005) s05)

RoP =256+ 023SNU  RGM =7.6717SNU

1 SNU = 1072° events atom—! s7! B ' ' ' ' ' ' '
15 Predicted 37Cl Rate vs. Time -
(} FWHM Resylts) g | 4
1.4
17
> 1.2} )
§ 16 Z
g 1.0} ' I, : 10 l I ] _
2 . ! 2
S NIRRT R AU
g osf 137 é . .
g 04| ' HN } } ‘ A 1, 51 )
A T | ———
0.0} ‘ J J J T l o 2000 olﬁl rate ]
1970 1975 1980 1985 1990 1995 0 19|68 ' 1g|76 ' 19|84 ' 19|92 | 20|OO

Year Year of Publication
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GALLIUM EXPERIMENTS

SAGE, GALLEX, GNO

v, + 1TGa — "TGe+ e~ [(Kuzmin (1965)] radiochemical experiments
threshold: EG?* = 0.233 MeV = pp, "Be, ®B, pep, hep, 13N, 120, 1"F
SAGE+GALLEX+GNO = RGP /RZEM = 0.56 + 0.03

RGP =724+47SNU  REM = 12872 SNU
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SAGE: Soviet-American Gallium Experiment

Baksan Neutrino Observatory, northern Caucasus, 3.5 km from entrance of horizontal adit
50 tons of metallic 7' Ga, 2000 m deep, 4700 m.w.e. = &, ~ 2.6 m~2day

detector test: *!Cr Source: R = 0.9570 1570708 1pre 50 (1909) 2246)

1990 — 2001 =  RZACE/RESM — (.54 £ 0.05 (stropn/oc0sus

RIACE =7081029NU  REPM = 12810 SNU

400 —

2+ L+K peaks
e K peak onl
300 P 4

W
| M | WW)W .

frorr T T T [T o [T T T T \
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001

Mean extraction time

Capture rate (SNU)
N
o
o
\

= All runs combined

N

3
s | s
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71Ge Production Raie [atoms/day]

GALLium EXperiment (GALLEX)

Gran Sasso Underground Laboratory, ltaly, overhead shielding: 3300 m.w.e.
30.3 tons of gallium in 101 tons of gallium chloride (GaCls-HCI) solution
May 1991 — Jan 1997 == RGALLEX/RSSM = 0.61 £0.06 [PLB 477 (1999) 127]

Gallium Neutrino Observatory (GNO)

continuation of GALLEX, GNO30: 30.3 tons of gallium

May 1998 — Jan 2000 == GNO/RSSM — 0.51 = 0.08 [pLB 490 (2000) 16]

: MW it )’”*' _____ T

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000
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Kamiokande

water Cherenkov detector v+e —v+te
Sensitive to v, v, v;, but o(v.) ~60(v, ;)
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: E5a™ ~ 6.75 MeV = ®B, hep

Jan 1987 — Feb 1995 (2079 days) == Z?g; = 0.55 £ 0.08 [prL 77 (1996) 1683]

Super-Kamiokande

continuation of Kamiokande, 50 ktons of water, 22.5 ktons fiducial volume, 11146 PMTs

threshold: Egam ~ 4.75MeV = 3B, hep

SK
Rue

1996 — 2001 (1496 days) — RSSM — 0.465 4= 0.015 sk, pLB 539 (2002) 179]
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Super-Kamiokande

e
4 —

T A Gy
R il (Y
o

5 P]' N

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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Event/dagkton/bin
N
(6)]

0.2}

0.15¢

0.1 ftesrtertpossrtonsst?®e® S otppn orytetas Sieyd

0.05¢

o

-1

-0.8 -0.6 -0.4 -0.2

[Smy, hep-ex/0208004]

Super-Kamiokande cos 0y, distribution

the points represent observed data, the histogram
shows the best-fit signal (shaded) plus back-

ground, the horizontal dashed line shows the es-

timated background

the peak at cosfsun = 1 is due to solar neutrinos

‘Super-Kamiokande
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Super-Kamiokande energy spectrum

normalized to BP2000 SSM solar zenith angle (6.) dependence

of Super-Kamiokande data
+W 028
S e £
& &=
= g 27
o)
FE £
S 52.6—
i :
== @T‘ n i w w 2.4 ‘
3 e T I I ‘
i + 1 —e— * g
> 2.3}
=
2N T 22} .
b All Day Night
— N ™ < Lo
6 8 10 12 4 .iL‘e 18 20 21 £ g 2 g g ¢
recoil electron energy in MeV S S S S S O
2 1 08 -06 -04 02 020‘2E oﬁ 56 E0‘8 1
Day-Night asymmetry | cos6,

as a function of energy

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

. TP SSMEo) ]
oﬁ 61 ‘ 3 3 1 x*=47(69%C.L) 127
< | (flat x?=10.3 or 17% C.L.) *
x = - 2.6
T

1/* corrected 1,5

data points

bl

[
Hll

[
. 'I .' .F' 'm l’

e o R R d b b ""Ei'l o |23
i ‘ LSNO CC (+lG) 1
tE | | | | | ] |22
1996 1997 | 1998 | 1999 | 2000 | 2001
[ S S S | S S S E R
0 0 500 1000 1500 2000 0.5 1
Days since Analysis Start Fraction of the Year

The gray data points are measured every 10 days, the black data points 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.
The gray data points (open circles) are obtained from the black data points

by subtracting the expected 7% variation.

[Smy, hep-ex/0208004]
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Sudbury Neutrino Observatory (SNO)

water Cherenkov detector, Creighton mine (INCO Ltd.), Sudbury, Ontario, Canada

1 kton of D0, 9456 20-cm PMTs CC: vetd—p+p+e
NC: 1% —|— d — p —|— n _|— Y
2073 m underground, 6010 m.w.e. ES. e e

\

CC threshold: E5NC(CC) ~ 8.2 MeV
NC threshold: ESNC(NC) ~ 2.2MeV p = °B, hep
ES threshold: ESNC(ES) ~ 7.0 MeV

/

D50 phase: 1999 — 2001 (306.4 days) NaCl phase: 2001 — 2002 (254.2 days)
RSNO RSNO
s = 0.35 £ 0.02 ReGr = 0.31 £ 0.02
sy = 1.01£0.13 Aner = 1.03 4 0.09
NC NC
Res’ .47 +0.05 Res” — 0.44 + 0.06
RISESSM - Y. . R%SSM — V. .

[PRL 89 (2002) 011301] [nucl-ex/0309004]
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MAIN CHARACTERISTICS OF SOLAR v DATA

. . Ei v Flux Operating Re*P
Experiment Reaction (MeV) | Sensitivity Time RBP2000
SAGE 1990 — 2001 0.54 £ 0.05
pp, "Be, ®B,
GALLEX Ve + 'Ga — ™' Ge + e~ (CC) | 0.233 pep, hep, 1991 — 1997 | 0.61 4 0.06
13N, 15(), 17F
GNO 1998 — 2000 | 0.51 £ 0.08
"Be, ®B,
Homestake ve +37Cl =37 Ar + e~ (CC) | 0.814 pep, hep, 1970 — 1994 | 0.34 +0.03
13N, 1501 17F
Kamiokande 6.75 1987 = 19951 g 554 0.08
_ _ 2079 days
v+e —v+e (ES) 1996 — 3001
Super-Kam. 4.75 1496 days 0.465 £ 0.015
ve+d—p+p+e (CQ) 6.9 *B 0.35 £+ 0.02
SNO 1999 — 2001
DO phase v+d—p+n+v (NC) 2.2 306.4 days 1.01 +£0.13
v+e —v+e (ES) 5.2 0.47 +0.05
ve+d—>p+p+e (CC) 6.9 0.31 +£0.02
SNO 2001 — 2002
NaCl phase v+d—p+n+v (NC) 2.2 254.2 days 1.03 £ 0.09
v+e —v+e (ES) 5.2 0.44 £+ 0.06
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2v active oscillations. all data
10 E
E T T \\HH‘ T T \\HH‘ T T \\HH‘ T L T T T

SNO SOLVED SOLAR NEUTRINO PROBLEM i

U’ 10° =
NEUTRINO PHYSICS

sm? (eV?)

OKKAM'S RAZOR

CONSIDER SIMPLEST HYPOTHESIS R -

I ‘

- - 10 L LIl L1 LIl L Ll 11l L Ll 1111 Ll Ll
Ve — Uy, Uy oscillations T
2
tan®1y,,
U 90%, 95%, 99%, 99.73% (30) C.L.

L. . [Fogli, Lisi, Marrone, Montanino, Palazzo, PRD 66 (2002) 053010]
Large Mixing Angle solution
see also
[SNO, PRL 89 (2002) 011302]
I—MA [Barger, Marfatia, Whisnant, Wood, PLB 537 (2002) 179]
[Bahcall, Gonzalez-Garcia, Pefia-Garay, JHEP 07 (2002) 054]

2 _5 2 [SK, PLB 539 (2002) 179]
Am - 5 X 10 ev [de Holanda, Smirnov, PRD66 (2002) 113005]
[Aliani et al., PRD 67 (2003) 013006]
tan2 19 ~ O 4 [Bandyopadhyay et al., PLB 540 (2002) 14]

[Creminelli, Signorelli, Strumia, hep-ph/0102234]
[Maltoni, Schwetz, Tortdla, Valle, PRD 67 (2003) 013011]
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KamLAND = spectacular confirmation of LMA

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 — et + n, energy threshold: Efgp = 1.8 MeV

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

expected number of reactor neutrino events (no osc.): NE2ol NP = 86.8 £ 5.6
expected number of background events: Ngﬁgﬁgﬁ = 0.95 = 0.99
observed number of neutrino events: NEamLAND _ 5/

KamLAND KamLAND
Nobserved B Nbackground — 0.611 + 0.085 =+ 0.041 9995% C.L. evidence

KamLAND = '
expected of U, disappearance
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Nobs/Nexp

1.4F
1.2
1.0 _#%_ %..__1#._ ——
0.8 -
A ILL
0.6 x Savannah River +"
O Bugey :
X Rovno :
0.4+ & Goesgen
A g;lasrqﬁ)y%rsk
0.2\ E Ch(())ozer ¢
e KamLAND
O-O_ | | | | |
10" 10° 10° 10* 10°
Distance to Reactor (m)
Shade: 95% C.L. LMA
Am2, =55x10"%eV”
Curve:

sin? 29, = 0.83

[KamLAND, PRL 90 (2003) 021802]
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Fits of reactor + solar neutrino data

2v Solar + CHOOZ + KamLAND 10°

10 RN N RN RN RN RN R

LMA -l

% LMA- | _
B S,
% 210
. 2
o 3
£
10° - .
2d.o.f
90 % C.L
........... 95 7%
— 99 7% 1 10'5 L | I I I I I I
"""""" 99.73 % 01 02 03 04 05 06 07 08 09 1
107 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ tgze
0 01 02 03 04 05 06 07 08 09 |
Sin’ s, 68.3% (10) 90%, 95%, 99%, 99.73% (30 C.L.
2
. [de Holanda, Smirnov, hep-ph/0212270]
[Fogli et al., hep-ph/0212127]
see also Best Fit: LMA-I
[Barger, Marfatia, hep-ph/0212126] 5
[Maltoni, Schwetz, Valle, hep-ph/0212129] Am2 ~ 7 X 10_5 eV
[Bandyopadhyay et al., hep-ph/0212146] 5
[Bahcall, Gonzalez-Garcia, Pena-Garay, hep-ph/0212147] tan 79 ~ 04

[Nunokawa, Teves, Zukanovich Funchal, hep-ph/0212202]

[Aliani, Antonelli, Picariello, Torrente-Lujan, hep-ph/0212212] 2
[Balantekin, Yuksel, hep-ph/0301072] tan 79 < 1 at 350- [Bahcall, Pefia-Garay, hep-ph/0305159]
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Sudbury Neutrino Observatory (SNO)

DO phase

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

n+d— *H+~v(6.25MeV)

2 Nov 1999 — 28 May 2001: 306.4 live days

Nxel = 576.57537%
NP = 1967.778L9
Nps© = 263.673%
PN = 5095073700
P = 1.76700° +0.09
PpC = 2397033 +0.12
@SNO
q)ggo = 0.346 + 0.032 £ 0.036
NC

NaCl phase

[nucl-ex/0309004, 6 September 2003]

n 4 35Cl — 3°Cl + several 7's

26 Jul 2001 — 10 Oct 2002: 254.2 live days

NRS® = 1344.2789%

NP = 1339.67%3%

Np§© = 17037331
UL’ = 5.21+0.274+0.38
Pec” = 1597507 008
PpsC = 22179355 +£0.10
oo _ 0.306 =+ 0.026 £ 0.024
R
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(\r'\ T T T T T T T T
3 (@ 1 [ (b)
(\IE _4 C >
<10 [ 1 F : -
- —90% CL
| —95% CL
99% CL
. —99.73% CL
10, — —
10 1 10 1
tan20 tan20
Am? =71718 x 1077 eV? 9 =32.5"11 ¥ <90 at 5.40

[SNO, nucl-ex/0309004]

C. Giunti, Neutrino Mixing and Oscillations — 112




Sterile Neutrinos in Solar Neutrino Flux?

0-6 | T T T T T T T T T T T T T T T T l
3 i ]
10 - 05 -
i ] 04 :
I | = i )
i . N i ]
g 03 - .
&0 i y - 1
Q?_), 4 02 .
~_ 10 i )
= i B ]
< i 01 - .
[ . B i ‘ T ‘ T I | ‘ ]
Active 0 075 1 125 15 175
Solar + KamLAND fB,total
-5
10 ‘ ,
10 2 1 Ve — COSNV, + SIN NV
tan @ 5
90%, 95%, 99%, 99.73% (3¢ C.L. sin-n < 0.52 (30)
[Bahcall, Gonzalez-Garcia, Pena-Garay, JHEP 0302 (2003) 009] P
8
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

) ar®.=Kqo (r=pp,pep, hep, Be,*B,’N, °0, 1F)

+ luminosity constraint
Ko = Lo /4n(lau.)? = 8.534 x 10" MeVem 2571

solar constant

2 +0.4 2 2q9 +0.08 /+0.39
(I)SB —1 01—|—0.06 (—|—0.22) (I)7Be —0 97+O.28 (—|—0.85) (I)Pp —1 O2—|—0.02 (—I—0.0?)
PSSM — Y 1—0.06 \-0.17 ssm — Y90 -0.54 \—0.97 PSSM — +Y2-0.02 \-0.07
8B "Be pp :
moderate uncertainty large uncertainty small uncertainty
will improve with new SNO needs ‘Be experiment
NC data (salt phase) (KamLAND, Borexino?)

CNO |Um|nOS|ty CCNO/;C@ — 0.0t%g (—tgg) [Bahcall, Gonzalez-Garcia, Pefia-Garay, PRL 90 (2003) 131301]
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Future Determination of Solar Mixing Parameters?

9 T T T T T T T T T T T T ‘ T T T T
= T ] I I ] ] I ]
«; ! | ! I P EP S+K |
--------- B +lum
T L e — S+K3yr |
o N> 8 s,
E ™ L q) B E N
= 3 ]
| ]
_ S f
S I ]
£ 7 .
3 | _. ]
-4 I ]
10 + I |
: 6 | | | | ‘ | | | | ‘ | | | | ‘ | | | |
0.3 0.4 0.5 0.6 0.7
. tan’8,,
. 9 T T T T ‘ T T T T ‘ T T T T ‘ T T T T
SEEEEEE S+K3yr+[Be] +5% :
o 4 [Pl g B *
1 — [ — PPl 1% |
95% CL KamLAND sensitivity S g .
! )
408.5 ton, 5 years o | j
ratefshape analysis above 2.6 MeV i\—DL - 1
o 5*: IS'r} b 5t mat;c rrﬂr , : N B ]
6 e [ ety e i o i E7l ,
0.6 ﬂﬁﬁ 0.7 G?E 08 085 09 095 1 : 1
sin“26 I ]
6 | | | | ‘ | | | | ‘ | | | | ‘ | | | |
precise Am? will be determined by KamLAND 03 04 05 06 07
tan"®,,
[Inoue (KamLAND), Moriond 2003] [Bahcall, Pefia-Garay, hep-ph/0305159]
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best fit of reactor - solar neutrino data: Am2 ~7x10"°eV? tan?v9 ~ 0.4

—Surn 1 1
P, . =—+|=—P.|cos2¥y cos20
e e 2 2
exp (—57F) —exp (—5vy) Am? sin?20 ;
1 — exXp (_§’Ysin219 2F cos2v ’ e ’R
dInA 1 10.54
Acc =~ 2\/§EGFN§ exp — — il [P ~3x 107 PeV
X0 dx o Ro
7\l
tan®d ~ 0.4 = sin®29 ~ 0.82, cos2V ~ 0.43 v~ 2 x 104 ( )
MeV
—sun,LMA - 1 1 0

v>1 — P11 = ~ — + — cos2vy; cos2y

Ve—lVe 2 2
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Am? cos 29 — AY
cos29Y; = cC
2 . 2
\/(Am2 cos 29 — AL.)” + (Am?2sin 29)
.. 0 0 0
critical parameter: — Acc _ 2\/§EGFNe ~ 19 b Ne
see [Bahcall, Pefia-Garay, hep-ph/0305159] Am2 COS 2{9 Am2 COS 2{9 Mev Ng
—Surll .
(K1 — W ~ 0 — P, _, ~1—1sin"20 vacuum averaged
e Ve survival probability
—sun . .
(>1 — 191%[ ~ /2 N P, . o~ sin2y9 matter dommajcgd
e Ve survival probability
]EIIIII T T T T E 15""| T T T T E
E ‘C <1 ‘C > 1‘ E E vacuum matter E
0'65_ _é 0'85_ averaged dominated _é
S _ é 3
R E g
S 3 (N
] 01f [¢<1] (> 1] 4
EN°/N¢  [MeV] EN°/N¢  [MeV]
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(E),p ~ 0.27MeV , (ro)py ~ 0.1 Rg —  (ENY°/N¢),, ~ 0.094 MeV
Erge ~ 0.86 MeV | (ro)rge ~ 0.06 Ry =  (EN°/NS)rp, ~ 0.46 MeV
(E)sg ~ 6.7MeV, (ro)sg ~ 0.04 Ry~ =  (EN?/N)sp ~ 4.4MeV

15"”” T T ':""'I T T '%""'I
E I ! : 3
09F ? =
3 ! ! i 3
0.85— %pp ' "Be %“B —
E I ' : 3

0.6 E

sun,LMA

Ve—V,

0.5

P

0.4E

0.3 E
02F 3 3

01F 3

E I , :
0 :l 1 ll:l 1 1 1 ‘l 11 lll 1 1 l 1 11 lll
1071 109 101

ENY/N¢  [MeV]

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

accurate pp experiment can improve determination of ¥}  (sahcall, Peia-Garay, hep-ph/0305159]
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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? and tan®y with New Reactor Experiment

+* LMA_I L ~ 70 — 80 km [Bandyopadhyay, [Cgﬁzlﬁ?ayt EZZWSI:T}ICB%IZES??]? (2003) 113011]

* LMA_II L ~ 20 — 30 km [Schoenert, Lasserre, Oberauer, Astropart. Phg/s 18 (2003)],

[Choubey, Petcov, Piai, hep-ph/0306017]
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ATMOSPHERIC NEUTRINOS

N (v, + 1)
N(ve + )

~2 at F <1GeV

P theoretical error on ratios: ~ 5%
R theoretical error on absolute fluxes: ~ 30%

ratio of ratios

[N(VH + D/J)/N(Ve + De)]data

B = N 2 /N (e + 7y

R =0.63810017 £0.050 at E < 1GeV

R=0.67579-932 +0.080 at £ > 1GeV

[Super-Kamiokande, hep-ex/0105023]
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Super-Kamiokande Up-Down Asymmetry

Plane tangent to S vy entering S

— any v entering the sphere S later exits it

v exiting S _
— steady state = @ (S) = P°"(S)

Detector
Sample

_ > : :
vy path E, 2 1GeV = isotropic flux

Earth :
— isotropy = ®™(s) = ®°"*(s), Vs € S

—DeS = o"P(D) = &V (D),

[B. Kayser, Review of Particle Properties, PRD 66 (2002) 010001]

NuP _ Ndown
Y

Aup—down SK) = Vi
Vy ( ) <N55 + lelgwn

> = —0.311 = 0.043 = 0.01 70!

MODEL INDEPENDENT EVIDENCE OF v, DISAPPEARANCE!
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Number lq; Events Number R‘; Events
(@)
o

Number rc\); Events
o
o

o
o

o

o

Sub-GeV e-like P<400MeV |

_+++! .t

Sub-GeV p-like P<400MeV |

e T |

e

Sub-GeV e-like P2400MeV |

0 i PSR
_|_|_|_‘_._|_'—
| +
+H

Multi-GeV e-like '

Multi-GeV -like + PC ]

1 -05 ch)se 0.5

1-1 05 0. 05 1

cosO
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Two-Neutrino Oscillation Fit of Super-Kamiokande Atmospheric Data

1 \Y -VT
~l10 IIIIHIIIII
« C ]
> L 4
(b}
j
N
&
< —
X
-2 o
10 ¢ - %
L B o
- : 8
/< :
( ¥
W\ 5
AN s
-3 - =
10 . 3
x
68% C.L.
— 90% C.L.
— 99% C.L.
10 1
0 010203040506070809 1

sin%20

Best Fit: Am? =25x10"%eV? sin?20=1.0 x2. =163.2 d.of. =172
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[lany - 2002 Meutrino 2002 & Munich

Combined allowed regions

Am? {nV"}

o2
10

=3
10

10

Vi u
= | LY LR | i
] x._.H. Y i 1\;:
— FC+PC+UPML combined
— FC+PC
Upgoling through p T
Ullﬂﬂlnn stop pﬂ.lpnnrlnn Ihmunh B

ll‘lll.!ﬂ.lﬂl.iﬂl.ﬁﬂ.ﬂﬂ.‘fﬂlﬂi

v v oscillations

Best fit(Am?=2.5x10-,5in?26=1.0
Pmin=163.2/170 d.o.f)

Mo oscillation
(y2 =456.5/172 d.o.f)

Am2= (1.6~3.9)x103eV2
sin220 > 0.92 @ 90%CL

[Shiozawa (SK), Neutrino 2002]
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Soudan-2 & MACRO

P N\ _

~. MACRO,~~~~~=

. \ CSK

~. ‘e
SOUDAN 2. T
=
I I I I
0.2 0.4 0.6 0.8 1.0

sin? (26)

[Giacomelli, Giorgini, Spurio, hep-ex/0201032]
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K2K

KEK to Super-Kamiokande long-baseline accelerator v,, disappearance experiment (L = 250 km)

K2K Overview

@ KEK 12 GeV PS
GPS "

SPIC/CT proton beam monitors
|I| Al target/Horn 1

Horn 2

::| Pion monitor (Pimon), Ionocopter

(Tsuknka City)

|
1
|
; 200m decay pipe
|
|
|
|

———— Muon monitor (Mumon), beam dump

(Earth berm)
Near Detector Hall:

1 kT Water Cherenkov detector
Fine-grained detector (FGD):
Sci-Fi detector (SciFi)

Pb Glass {PBG)/ Veto walls
Muon Range Detector (MRD)

300m from

(250 km earth) ?

0 Super-Kamiokande @

GPS

[R. J. Wilkes, SK, hep-ex/0212035] [http://neutrino.kek.jp]
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Expected: 80.17%% events Observed: 56 events Probability < 1%

=

10 |

-

- Amz(eVZ)

0 '

EvreSc

[K2K, PRL 90 (2003) 041801]
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K2K = confirmation of atmospheric allowed region

| | | | | | | | |

E SK + K2K )
(\IE :
<] - i
2 .

10 1
. ]

10 | 90% C.L. .

- 1 | eeeeesesenen 99% C.L. B

68% ] B (dof = 2) ]

i 90% | B h

—4 99% i | | | | | | | | | |
10 070102030405060.70809 1 0 0.5 1

in20 . 2
> sin® 219

[Fogli,Lisi, Marrone, Montanino, PRD 67 (2003) 093006]

[Oyama, hep-ex/0210030]
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Sterile Neutrinos in Atmospheric Neutrino Flux?

L) 0.010 —
Nature of atmospheric =
° ° 0.007 -
Oscillation owe |
Mode Best fit Ax2 | © —~ 0004
=
V-V, sin?26=1.00; Am?=2.5x10%eV2 | 0.0 | 0.0 | <& o003 -
vV, sin220=0.97; Am?=5.0x103eV2 [79.3 |89 [ ©
V-V $in?20=0.96; Am?>=3.6x10-3eV2 |19.0 | 4.4 0.002
LxE sin226=0.90; 0=5.3x10% | 67.1|8.2
v,, Decay c0s20=0.47; 0=3.0x103eV2 |81.1]9.0
v, Decay tov, | c0s?6=0.33; a=1.1x102eV> |14.1]3.38 v
Vi
[Smy (SK), Moriond 2002]
FUTURE

Limit On vu—vSAdd Mixture

Best Fit x°=172.6/190 (P=81%)
sin%=0.0
sin?20=1
Am?=2.1x10" ev?

0.2 0.4 0.6 0.8 1
v, —(costy, +singv) V-V
sin

[Nakaya (SK), hep-ex/0209036]

MINOS: v, — v, v, — Ve, V), — Ve ur (NC)
CNGS: ICARUS: v, — v, v, — v, OPERA: v, — v,
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Experimental Evidences

of Neutrino Oscillations

Homestake,

Kamiokande,

GALLEX, SAGE, GNO,

Super-Kamiokande, SNO

Reactor 7. disappearance (KamLAND)

Kamiokande,
Atmospheric v, — v

IMB,

Super-Kamiokande,

MACRO, SOUDAN 2

Accelerator v,, disappearance (K2K)

> ——>

p

AmZpS M = 6.9 x 1077

5.4 x 107° < AmZyy < 9.4 x 1077
[eV?] (99.73% C.L.)

[Maltoni, Schwetz, Tortola, Valle, hep-ph/0309130]

AmALStTIt = 2.6 x 1073

1.4 x 1073 < Amipy < 5.1 x 1073
[eV?] (99.73% C.L.)

[Fogli, Lisi, Marrone, Montanino, PRD 67 (2003) 093006]

THREE-NEUTRINO MIXING

flavor fields v, a =e, u, 7T

2 N 2
AmSUN = Amsj,

3
Val, = E Uak Vi
k=1

massive fields v, — my

Am?ATM = |Am§1\ = |Am§2|

C. Giunti, Neutrino Mixing and Oscillations — 131




ALLOWED THREE-NEUTRINO SCHEMES

m m
Vs V9
9
Amgyy <
41
2 2
Amimy Amiru
)
. — 9
> Amgyy
141 V3
"normal” "inverted”
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AnaysisA

<
/ \ s')’ Ve = Vy
SUN Ue 1 UBQ UeS 5 90% CL Kamiokande (multi-GeV)
- X 90% CL Kamiokande (sub+multi-GeV)
A< Amdy ] | 1
maoq ms3 10
UTl UTQ U7'3 7
ATM

Aménooz = Am3; = Amiry
sin® 2¢cHooz = 4|Ue3|2(1 — Ue3|2>

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

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

CHOOZ:

-4
e e b b b b b b b Ly
10 0 01 02 O 04 05 06 07 08 09, 1
sin“(20)

SOLAR AND ATMOSPHERIC v OSCILLATIONS
ARE PRACTICALLY DECOUPLED! CHOO, PLE 4665 (1000) 415
see also [Palo Verde, PRD 64 (2001) 112001]

TWO-NEUTRINO SOLAR and ATMOSPHERIC v OSCILLATIONS ARE OK!

[Bilenky, Giunti, PLB 444 (1998) 379]

.2 B | Uea|? 2 . 9 . 2
sin” Ysun = 1 — |Ue3|2 = |U€2| sin” darm = |U“3| [Guo, Xing, PRD 67 (2003) 053002]
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— SK 90% C.L.
— SK99%C.L.
CHOOZ 90% CL exclude
[ 1 PALOVERDE 90% CL exclude

[Nakaya (SK), hep-ex/0209036]

1

10

03 04 05
sin’e,,

FUTURE
MINOS: sensitivity |Uez|* ~ 1072

JHF-Kamioka: SenSitiVity ‘Ue3|2 ~ 2 X 10_3 (|U€3|2 ~ 10— % with Hyper-Kamiokande) [hep-ex/0106019]

01 02

OF

ReaCtOI’ EXperimentSZ SenSitiVity |U€3|2 ~ 3 X 10_3 [NuFact 03, http://www.cap.bnl.gov/nufact03]
Neutrino Factory: sensitivity |Ues|* ~ 107°
|Ucs| > 0 = normal or inverted scheme (Earth matter effects) and (maybe) CP violation
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Standard Parameterization of Mixing Matrix

Ro3 W13 Ry
1 0 0 C13 0 8136_1513 c12 S12 0
0 C23 S23 0 1 0 —S12 C12 0
0 — 8923 C23 —81367;513 0 C13 0 0 1
Y23 >~ YAaTM Y13 = YcHOOZ Y12 = Ysun
—1013
C12€C13 S$12€13 S$13€

3

5 5
—512C93 — C12523513€'°Y3  C12C23 — S12593513€°13  S23C13

) id
$12823 — C12C23513€"°'3  —C12823 — S12C23513€"°'3  C23C13

sin2 ﬁCHQQZ = |U€3|2 = Sin2 1913
Uea|? _ 51213

.2 _ 2 2 2 2
sin® Yarm = |Ups|® = s55¢75 = sin® a3

Sin2 ﬁSUN = = SiIl2 1912
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BILARGE MIXING

Co 894 0 Ve = CysV1 + Sy V2
2 ~ S
Ues|* <1 = U~ | —s9.c9, CosCox  Soa | = 3 S — —S9sV1 + Cys o
S95SYA —CYgSY  CYu L — CY Vp — S9AVr
6198 8198 O

sin2 20, ~ 1 = P % = U | —s5./vV2  co V2 1/V2
8198/\/§ _6198/\/§ 1/\/§

() 1(

Solar v, — vy’ ~ NG — V)

CI)SNO

@SSM—3:>(I)1/ ~ O, _(I)UTfOI’EZGMeV

V3 % 0

2
2.9~ ~ T ~| 1 1
LMA#tanz?S_OAﬁﬁS_GjU_ 5 o5 05
1 _ V3 1
22 V2 V2
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INFERENCE OF MIXING MATRIX

‘U62‘2

2 _ 2 -2 o 2
1 — [Ues|? sin” datm = [Ups sin Ycuooz = |Ues|

SiIl2 ﬁSUN =

tan? Y25 = 0.43  0.30 < tan® ¥gun < 0.64 (99.73% C.L.)

[Maltoni, Schwetz, Tortola, Valle, hep-ph/0309130]

sin? 20585t =1 sin? 20aym > 0.86  (99.73% C.L.)

[Fogli, Lisi, Marrone, Montanino, PRD 67 (2003) 093006]

sin? 2095 . =0 sin? 29cnooz < 5 x 1072 (99.73% C.L.)

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

0.84 0.55  0.00 0.76 — 0.88 0.47 —0.62 0.00 — 0.22
Upt ~ | —0.39 0.59 0.71 Ul ~ [ 0.09—-0.62 0.29—-0.79 0.55— 0.85
0.39 —-0.59 0.71 0.11 - 0.62 0.32—-0.80 0.51 —0.83
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[eV]

m

ABSOLUTE SCALE OF NEUTRINO MASSES

m m
V3 P!
13 ) 172
Amgyx <__
141
2 ¢
AmATM AmiT)I
1%} .
normal ——> Am2.. Inverted
R s
1005 L B L) B 1005 T T o o
[ ALMOST [ ALMOST
DEGENERATE DEGENERATE
07 E My E 107" :‘___.__@Lz_@z_.-_-__._____.-_-_w——i?”/ E
N
_# L,
1072 oo TR oo E 102 5
g
-3 — -3 L —
103 E m 103 & s :
INVERTED
HIERARCHY HIERARCHY
1074 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 L1 1111 1074 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 111
10~4 1073 1072 1071 100 10~* 1073 1072 107! 10°
my [eV] ms3 [eV]
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Tritium 3 Decay: *H — *He + e~ + 17,

dl'  (cos¥cGr)?

dT o3 M2 F(E)pE(Q —T) \/(Q—T)2 —m2

Q = M3H — M3He — Me = 18.58 keV

Kurie plot: K (1)= e ?E/dT —[(Q-1)\/(@=T)2=m2_]/*
COSvUcUr
T \MP F(B) pE
T
; m,, <2.2eV  (95% C.L.)
E [Mainz, Troitsk, hep-ex/0210050]

0.1 — m,, — 1006V _ Future: KATRIN [hep-ex/0109033]
N s N sensitivity: m,, = 0.3eV
18.1 18.2 18.3 18.4 18.5 18.6

T Q_ml/e Q
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Neutrino Mixing =— K (T') =

02— T ' T T T
- |Ue1|> =05 mq =10eV
0.15 | .
- |Ug? = 0.5 my =100eV
~ 01+ 5
0.05 \ |
0 : e ol N :
18.4 18.45 18.5 18.55 18.6
Q — my T Q —my

1/2
(Q—-T7)> |Uek|2\/(Q -T)" - mi]

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

D Uekl? =1
k

if experiment is not sensitive to masses (my < QQ —1T) — effective mass

mjy = D [Uermi
k

m2 1 m2
K2 = Q=13 |U. |2\/1——kz<Q—T>2 Vel |1 - 5=
2\ o @-1° 2P| 5ty
= @17 1- 5o | = (@ D@ -1
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[eV]

mp

m,, <2.2eV  (95% C.L.)

10!
""""""""""""""""""" | Mainz & Troitsk | /i
107 .
_______________ KATRN /]
107" e E
10 3

3 ’/’ %3

III

103 el vl
my [eV]

normal scheme

'ERIT) r 1 aanul L1 TR
104 1073 1072 101 10Y

—  mg <22eV (95% C.L.)

10! A B B R BN B
"""""""""""""""""" | Mainz & Troitsk 4 /i
10°F 3
=~ L KATRIN  / ]
107! L e E

=) -

S '
1072 - -

=

l

104 1073 1072 101 10 101

ms [eV]

Inverted scheme

almost degenerate: mi ~ mo >~ ms3 >~ m, — m% ~ m,% g |Ue;€|2 = m,2/
k

VERY FAR FUTURE: IF mg <3 x 10 °eV = NORMAL HIERARCHY
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COSMOLOGICAL LIMIT ON NEUTRINO MASSES

neutrinos are in equilibrium in the primeval plasma through the weak interaction reactions

v Sete” (lj)e = (lj)e (;)N = (;)N Ven S pe™ Uep S net n S pe Ue

weak interactions freeze out

Tweak = Nov ~ GET°~T? /Mp ~ \/GNT* ~ \/Gnp ~ H — Tyec ~ 1 MeV

neutrino decoupling

4 3
Relic Neutrinos: 1), = (ﬁ) T, ~1945K = kT, ~ 1.676 X 1074 eV (Ty=2.725+0.001 K)
3 (3
number density: n; = Z%ng? —> Ny 5, 0.182773 ~ 112cm ™3
o 1
density contribution: Q. = Mvg, vy, Tk ~ Mk — | Q, h? = M <pcz%>
Pe h2 94.14eV 94.14 eV TEN

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

very weak assumptions: h <1, Q, <1 — ka < 94eV
k

reasonable assumptions: h <0.8, Q, <0.1 — ka < 6eV
k
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eV]

T

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
6 L Tiee ~ 1 MeV Q, =8 x 1077 4 : :
10 ¢ ¢ 0, = 0.27 massive neutrinos = hot dark matter
- N TN ~ 0.1 MeV QA =0.73 . :U:
104 a relativistic at matter-radiation equality
I | (zeq ~ 3000)
, when structures start to form
10° .
10° - Tig ~ 0%63\/\7\'\‘ . last CMB Scattering (recombination)
rec ™~ U.0€V —>%
' ' ' Zrec ~ 1300, Trec ~ 37T00K ~ 0.3eV
1077 17 ! -
i Tyt ~ 1.6 x 1072 eV —\_ |
1 1 :I 1 1 1 1 I 1 1 1 1 :I : 1 1 1 i
10-10 10-° 100 10° 1010 galaxy formation at zga ~ 6.8
t |y
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P(k) (h=® Mpc?)

Power Spectrum for n=1 ACDM and ACHDM

Power Spectrum of Density Fluctuations

10

104 £

10°

102 |

10!

102

[Primack,

10t
k (h Mpc™1)

Gross, astro-ph/0007165]

massive neutrinos = hot dark matter

)

relativistic at matter-radiation equality

when structures start to form
hot dark matter prevents early galaxy formation

small scale suppression

AP(k) ~ 8 Q, o 0.8 > o Mk 0.1
P(k) Qum ' leV Qb2

for k> kne ~ 0.026 1m” Vo h Mpc ™!

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

| C. Giunti, Neutrino Mixing and Oscillations — 144




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

108

104

Wavelength A [h-! Mpc] Wavelength A [h-! Mpc]

1000 g

100

10

Wavenumber k [h/Mpc] Wavenumber k [h/Mpc]

[Tegmark, Zaldarriaga, Phys. Rev. D66 (2002) 103508] [SDSS, astro-ph/0310725]
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Wilkinson Microwave Anisotropy Probe (WMAP)

[WMAP, http://map.gsfc.nasa.gov]
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2dF Galaxy Redshift Survey

2dF Galaxy Redshift Survey

Final Data Release, July 2003

L& o
\Q
b@

Q%

12h

13"
40

[2dFGRS, http://www.mso.anu.edu.au/2dFGRS]
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A

Lyman-a Forest

Lyman | Lyman Lyman a Forest

E -

OB+, o+

Mot

4000 4500 5000

Spectrum of quasar Q2139-4434, at z, = 3.23.

!

Lyman-a forest: The region in which only Lya photons can be absorbed: [(1 + 24)A3, (1 + 2¢) Ao ].
Lyman-a+0 region: [(1 + zq))\g, (1+ zq))\%].
Rest-frame Lya, 3, v wavelengths: \0 = 1215.67 A4, A% =1025.72 4, A = 972.54 A.
The Lyman-a emission line (not fully shown) is at A = 5144A.

[Dijkstra, Lidz, Hui, astro-ph/0305498|
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CMB (WMAP, CBI, ACBAR) —+ LSS (2dFGRS, Lyman-a) + HST + SN-Ia

[WMAP, astro-ph/0302207, astro-ph/0302209]

To = 13.74+ 0.1 Gyr, h = 0.7117 b3,
Qior = 1.02 £ 0.02, Qph? = 0.0224 £ 0.0009, QA% = 0.13577 005

ACDM:

Q,h? < 0.0076 (95% confidence) = Y ~my, < 0.71eV = my, < 0.23eV
k

10" F— Y A 10° T L L AL Y,
J CMB + LSS | J CMB + LSS |
o Soeme
10 'E Doy E 10ty R E
- T : . - ma : .
— m3 — mi
N N
L, L,
102 M2 E 1072 F E
S S
10-% S 103 __—
X mi g ] X ms3 g ]
1074 Lol T | T | 1074 T | Lo el T |
10~* 103 1072 107! 10° 104 1073 1072 107! 10°
my [eV] ms3 [eV]
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Hannestad [astro-ph/0303076]

SN mp <1.01eV  (95%)  [WMAP-+CBI4+2dFGRS+HST+SN-la]
S me < 1.20eV (95%)  [WMAP+CBI42dFGRS]
S omp <212eV (95%)  [WMAP+2dFGRS]

Elgaroy and Lahav [astro-ph/0303089]

> mp<lleV (95%) [WMAP+2dFGRS+HST]
k

WMAP + SDSS [astro-ph/0310723]

h~0.70700  Qm~030£004 (lo) ) my, <1.7eV (95%)
k
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MAJORANA NEUTRINOS?

Ud 5 ¢ b ¢
noom aa i
l V‘ | \"I \" | | | | | | | \" | \\LII \“f/ i‘/\\y ;\V\" \\‘y/. | I\\LII J
1074 1073 102 10°! 10° 10%' 10%> 10® 10* 10° 10% 107 10® 10° 10 10'' 10'2
m [eV]

known natural explanations * See-Saw Mechanism

of smallness of  masses:

* Majorana v masses

both imply < % see-saw type relation Miight ™~

| * new high energy scale M

*x  Penta-Dim. Non-Renorm.

Effective Operator

2
Mg

M

Majorana neutrino masses provide the most accessible
window on New Physics Beyond the Standard Model
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MAJORANA NEUTRINOS <= 38y, decay

d . u
\\W
NA,Z) = N(A, Z+2)+e +e” R ¢
effective B
Maj =) U:
ajorana  |{m)] ek Tk U m -
mass k .’ ‘
‘W

d g
, ’ u

complex U,y = possible cancellations among m1, ma, ms contributions

conserved CP
[(m)| = ‘|U€1|2m1 + |Uea|?e" 2 my + |U63|26m31m3’ aop =0, as; =0,

nk; = €"“*i relative CP parity

Heidelberg—l\/loscow (76Ge) |<m>\exp < 0.35eV (90% CL) [EPJA 12 (2001) 147]
|IGEX (76Ge) |<m>\exp < 0.33 —1.35eV (90% CL) [PRD 65 (2002) 092007]

serious problem: about factor 3 theoretical uncertainty on nuclear matrix element!
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Neutrino Oscillations Implications for (33,, decay

|<m>\ = HUel‘le -+ ‘U62‘26z'a21m2 + |Ue3|2€ia31m3

mass hierarchy without fine-tuned cancellations
[Giunti, PRD 61 (2000) 036002]

among mi, me, mg contributions

[(m)] = max[{m) [{m) |k = [Uek|*my

|Uea|? = sin® Isun, ma =~ /AmZyy Ues|? =~ sin® Yooz, m3 =~ /AmZm,

AmZPSt i — 6.9 x 107°,  |Uealpest_nic = 0.56 )

51x107° < Amiyy <1.9x 1074 » =
0.46 < |Ue2| <0.68

best —fit —3
[(m)|5est=iit — 2.6 x 10

1.5 x 1072 < [(m)]2 <6.4 x 1077

J

2 best —fit —3 0 )
AmATelz\?[ = 2.6 x 10 , |U€3|best—ﬁt =0 |<m> best —fit —0
1.4 x 1073 < Am3py <5.1x 1072 b — 3 ;
[(m)]3 < 3.5 x 10~
Uea| <0.22 )

meo contribution |(m)|2 may be dominant! (lower limit for [(m)|)
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CP Conservation: Normal Scheme

10!

az =0 az; =0
100 F

- lHM&GEX, S

1074 1073 1072 107! 10° 10!

mi [eV]
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[eV]

[(m)]

[eV]

[(m)]

CP Conservation: Inverted Scheme

1015 T T B B 1015 UM LA ALAL B AL B
i az =0 az; =0 i
10 E 109 E
L Javmecexy, ] -
w'k 4 < 10k
102 F . £ 10
1072 F - 1073 _
10_4 m| Lol Lol Lol IR 10_4 TR | Lol Lol Lol TR
10~ 103 102 10! 10° 10! 1074 103 102 107! 100 10!
ms [eV] mg [eV]
10" g e
g =0

10° g

1071 F

10°2F

- 1073 - -
vl Ll Ll Ll L |||||||- 10—4- Ll il ‘u vl il Lo
1073 1072 1071 10° 10! 1074 1073 1072 107! 10° 10!
ms [eV] ms [eV]
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[eV]

[{m)]

10! p——rrrem

General Neutrino Oscillations Bounds for (33,, decay

10! p——rrrem

10" 100 E
""""""""""""""""""""""""""""""""""""""""""""""" — [ JHM&IGEX |
10-1 - i 10~ 1 E CP violation .
02F £ 10 3
10-> . 1073 E E
107/ —4 —3 10-2 .......|_1. '””"Io PN 107/ 1 .......|_3. .......|_2. .......|_1. '””"Io P
10 10 10 10 10 10 10 10 10 10 10 10

my [eV]

“normal” scheme
FUTURE:

VERY FAR FUTURE: IF [(m)] <7 x 107 °eV

ms [eV]

“Inverted”’ scheme

NEMO3, CAMEO, Majorana, CUORICINO, XMASS (|(m)| ~ 10~ eV)
GENIUS, CUORE, EXO, MOON, GEM ([(m)| ~ 1072 eV)

—> NORMAL HIERARCHY
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Summary of Part 3: Experimental Results and Theoretical Implications

v, — Vr with AmZy =~ 2.5 X 1073 eV?
Ve — Uy, Vr With AmZyy =~ 7 x 107° eV?

Tritium and Cosmology — m, < 1eV

Y

3v mixing = bilarge mixing with |U.3|* < 1
theory: why |Us|? is so small?

future exp.: measure |U.3| > 0 = normal or inverted scheme and CP violation

data disfavor Active — Sterile transitions
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CONCLUSIONS

Neutrino Physics is a very active and interesting field of research

next years will hopefully bring new interesting results

OPEN FUNDAMENTAL QUESTIONS

Absolute Scale of Neutrino Masses?

Nature of Neutrinos (Dirac or Majorana)?

Are There Sterile Neutrinos?

Short-Baseline v/, — 7. (LSND)? <= MiniBooNE

Electromagnetic Properties of Neutrinos?

Neutrino Unbound
http://www.nu.to.infn.it
Carlo Giunti & Marco Laveder
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