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Dirac Neutrino Masses and Mixing

@ Dirac Neutrino Masses and Mixing
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Flavor Lepton Numbers

Total Lepton Number

Mixing Matrix

Standard Parameterization of Mixing Matrix
CP Violation

Example: #10 =0

Example: 913 = /2

Example: My CGilwa- Neutrino Physics — Torino, 17-21 May 2010 — 7

Fermion Mass Spectrum
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Dirac Mass

Dirac Equation: (igd — m)v(x) =0 (@ =v"8,)

Dirac Lagrangian: .Z(x) = v(x) (i§ — m)v(x)

Chiral decomposition: v, = Pv, vg = Pgrv, vV=v +UR

1—9°
P = P
L 5 o+ R

_1+7°

P?=P%=1
2 ) L R )

PLPRr = PrP. =0

L =vLidv, +VRidvg — m (Vivr + URvy)

In SM only v, = no Dirac mass

Oscillation experiments have shown that neutrinos are massive

Simplest extension of the SM: add vg

| C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 8




Higgs Mechanism in SM

$o(x)

Higgs Doublet: ®(x) = <¢+(X)> 02 = ofo = ¢l ¢, + pldo

Higgs Lagrangian: Ziiges = (D, P)1(DF®) — V(|9[?)

Higgs Potential: V/(|®[%) = p?|®[? + A|®[*

2
W<0andA>0 = V(o) =x(j0P - %), with v=1/-%

Vacuum: Vi, for |#? = V?z — (®) = % (8)

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

Unitary Gauge: ®(x) = % <v +3—I(X)>
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Dirac Lepton Masses

L = (;t) Lr VR

Lepton-Higgs Yukawa Lagrangian

S =—y L[ ®lr—y' [ [ Dvgr +Hec.

Unitary Gauge

1 0 V|
CD(X)_E(V-FH(X)) d=ioy® 7%

o _ yl 7= 7, 0
Zun =~ 55 (7 &) <v+ H(X)> tr

2 0

20 )77
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V(0)
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v v o
L = —ye*ﬂ LZR_)/UT& LVR
A v
Yy Yy
—~— ¥ lrH—- —7/vrH+Hc
> LER /2 LVR
v v
my :yZ _ﬁ my :yV _\/E
¢ m v m,
gZH:L = guH:*y =
\/§ v \/§ v
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Three-Generations Dirac Neutrino Masses

Lepton-Higgs Yukawa Lagrangian

Lp=— > YT 0tpr+ YT vhg| +He

o,f=e,u,T
Unitary Gauge

0 - v+ H(x)
¢(X):$<V+H(X)> S =joy® :k( . )
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v+ H
V2

Diagonalization of Y’¢ and Y with unitary Vf, Vﬁ,, VP, Vg

Ly = — ( ) €0 "l + v Y™ vg] + He.

! 4 / £ ! i
L:VLEL ER:VRER VL:VLUn[_ VR:V;?/"R

Kinetic terms are invariant under unitary transformations of the fields

LhL =

)

(%

VfT YIZ V,g = Yl Y(fﬂ = yi 60:/5 (a,,B = 6K, T)

) [V VEer + 70V Y™ VEvR| 4+ Hee.

VZT \d VE =YY Y[Z :)/;:ka (k,j = 1a2)3)

Real and Positive yﬁ, Y
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. ) S [V e+ Y Vo vhe] + He.
o,f=e,u,T

HY — —
g,_,,_:—<v\—/+_§ )[K’L y' ’R—|—V;_Y“’u;?]—|—H.c.

€ €r Ver Ver
! 1 /! ! J ! e !
L= | KL L= | pg V=V, VR = |Vur
! ' ! !
TL TR Vi ViR
(/4 174 17 1w v v
l YEE Yeél YEZ YEE Yep Ye‘r
1 — 1. 1 1 v — v v v
YIS Ve Ve YEE Ve Ve
Y’re Y’r,u YTT YTe YT/L YTT

Mll — v Y/Z MIV — v Ylu

V2 V2
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VIYVe=Y = Y =V, Y V}
2N? N> N N?
18 9 3 9
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Massive Chiral Lepton Fields

€L €r
_ it — At —
L=V =wm Lr=Vg lr = | ur
TL TR
Vi ViR
— VVT — VVT e
ng= V= v nr = Vr = | 2R
V3L V3R

v+ H
Ll = —
e ( V2

+H
= - (VW) [ >oove aLlaR+Zyk VkLVkR:| +H.c

Q=€,l,T k=1

) [E Y g + AL Y nR] T He
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Quantization

V() = / (27r)32E 2

h==+1
(h)
0 ) 2 (p—mi)u"(p) =0
p-=Ex=4p +m
g B+ mi)vi"(p) =0
- h
5 u(p) = hu{” (p)
ﬁ)_f h h
H vW(p) = —hv”(p)

(1), 247 (00} = {647(0), b ()} = (27r)3 260835 — B) b
{ak (p),ak P} =12 (o), 4l =

)
(
{bk (p) by ))(p )} = {6 (p), b(h (p)} =
(p
h)t

{a(p), bk 0 = (o), Y "(p )}—
£ (p), B (00} = {4 (), b (0)} = 0
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()i p)e P + 6 (o) v (p) €

Massive Dirac Lepton Fields

ea = eaL + eaR (a =&, T)
Vi = VkL + VKR (k=1,2,3)

Z 3 v
YaV 45— YV
L= — 22 loly — E Uk Uk Mass Terms
o N7
— Tl b H — E 2 v H Lepton-Higgs Couplings
g ot gy g Lepton e Couping

Charged Lepton and Neutrino Masses

v
(a=ep,T) mk:yk—\/ﬁv (k=1,2,3)

Lepton-Higgs coupling o Lepton Mass
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Mixing
Charged-Current Weak Interaction Lagrangian

gl(cc) = 2fJWW +H.c

Weak Charged Current: Jw =Jiw.L+iwq
Leptonic Weak Charged Current

jgv,L: z ( )el =2 Z aL’Y laL_zVL’Ypfl
a=¢€,u,T a=e,u,T
E’L:VfKL u;_:V[’nL

S =2n Ve Ve = 2mp VT VP e = 2mp UTyP

Mixing Matrix

Ut = vyt vt U= Vv
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Definition: Left-Handed Flavor Neutrino Fields

‘ Vel
u,_:Un,_:V,_Tu,'_: 1/#[_
VrL

They allow us to write the Leptonic Weak Charged Current as in the SM:

Jw =200y 8 =2 > Vel lar

a=ée,u,T
Each left-handed flavor neutrino field is associated with the
corresponding charged lepton field which describes a massive charged
lepton:
JovL = 2(TeL v e + VLV’ o + VeV’ L)
In practice left-handed flavor neutrino fields are useful for calculations in
the SM approximation of massless neutrinos (interactions).

If neutrino masses must be taken into account, it is necessary to use

3
.0 = o * —
Jy=20pUT Pl =23 S Uni O v bar
k=1 a=e,u,T
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D D D

: S I
fmass:_(yel— 7 IJTL) m/ée m%“ m%T Uur | +Hec

m're m‘rp me VrR

Le, Ly, Ly are not conserved

Lis conserved:  L(vqr) = L(vgr) = |AL| =0
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Flavor Lepton Numbers

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

le L, L, le L, L,
(Ve,e) +1 0 0 || (¥S,e") -1 0 O
aow) 0 41 0 || (vg,u7) 0 -1 0
vr,7™) 0 0 +1]|| (w¢,7%) 0 0 -1

‘L:Le+L#+LT‘

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

transformations

o — €% lyy ValL — €' Ugy (a = enu‘)T)

» If neutrinos are massless (SM), Noether's theorem implies that there is,

for each flavor, a conserved current:

_/ﬁ :m’Y’J VaL‘i‘E’Ypea apjg =0
and a conserved charge:
Lo = /d3xjg(x) 8ol =0
d3p

Lot = [ g 3 (0) 3 (0) = 6121 (6) B0 ()

3
+ [ arpae 2 [ @10 - o 0ol o)
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Lepton-Higgs Yukawa Lagra ngia n:

v+ H :
L=~ < ) [ > Yelarlar + Zy;’fV_kLVkR] +Hec
k=1

a=e,pu,T
3
Mixing: vy = Z Uak Vil <~ Vil = Z k Val
k=1 a=eu,T
v+ H - >
gH’L = — ( ) Z [ lal_eaR + Vol Z U&k .y;: VkR:| + HC
V2 a=e,u,T k=1

Invariant for )
eaL — e'Pe eaL) Var — ' Val
3 3
lor = € Lar, Y Uak Y VR = €92 Uak i ViR
k=1 k=1
But kinetic part of neutrino Lagrangian is not invariant
3

(v) . .
fkinetic = z VaL/aVaL + Z VkRIaVkR
a=e,u,T k=1
because Zizl Uxk Y¥ vkr s not a unitary combination of the vr's
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Mixing Matrix

Leptonic Weak Charged Current: jﬁV,L =2m Ut P4,

Ur U Uss Uei U Ues
U= V ¢ VL = U21 U22 U23 = Up,l U'ug Up3
Ui Usx Uss Ui Up Ups

Unitary Nx N matrix depends on N? independent real parameters

N(N -1

% =3 Mixing Angles
N=3 = ww+y

— 5 = 6 Phases

Not all phases are physical observables

Only physical effect of mixing matrix occurs through its presence in the
Leptonic Weak Charged Current
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Total Lepton Number

» Dirac neutrino masses violate conservation of Flavor Lepton Numbers
» Total Lepton Number is conserved, because Lagrangian is invariant

under the global U(1) gauge transformations
vk — € v, Ukr — €'° vig (k=1,2,3)
oy — €% Ly, lor — €% lar (a=e,u,T)
From Noether's t3heorem:
F="TYv+ Y, laVla 8,/ =0
k=1 a=e,l,T
Conserved charge: Ly = /d3xj3(x) Oola =0

Z/ (27r)3 2Eh - > [ (0 el (p) — 52 (p) B ()]

(M)t (h) ()t (h)
S [ o5Ee 3 [0l e) - 6 0) B e)
(2m) 3th il[ ]

a=e,u,T
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3
Weak Charged Current: jﬁm_ =2 Z Z Uit Uk ¥P Lar
k=1 a=e,u,T
Apart from the Weak Charged Current, the Lagrangian is invariant
under the global phase transformations (6 arbitrary phases)
vk = ey (k=1,2,3), by > €4y (a=epu,T)

Performing this transformation, the Charged Current becomes
3
fve=2% > TaeT Uy v la
k=1 oa=e,u,T
3
P o a—i(p1—ye) g e i(k—p1) [jx  Li(Pa—wc) P
JWrL 2 L ,_/Z Z VkL \e , Uak & Y ZaL
1 k=1 a=e,u,T 2 2
There are 5 arbitrary phases of the fields that can be chosen to eliminate
5 of the 6 phases of the mixing matrix
5 and not 6 phases of the mixing matrix can be eliminated because a

common rephasing of all the fields leaves the Charged Current invariant
<= conservation of Total Lepton Number.
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» The mixing matrix contains 1 Physical Phase.

> It is convenient to express the 3 x 3 unitary mixing matrix only in terms

of the four physical parameters:

3 Mixing Angles and 1 Phase
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Standard Parameterization

1 0 0 C13 0 s13 PRRE C12
U=1]0 o3 sp3 0 1 0 —S12
0 —s3 &3/ \—s13e3 0 a3 0

Example of Different Phase Convention

1 0 O. C13 0 513 C12
U=1]0 €3 5236'523 0 1 0 —S12
0 —5236_’513 C23 —s13 0 as 0

Example of Different Parameterization

v
Cis sl,e ™ 0\ /1 0 0 Cli3
el
U= | —sjyen Cio 0|0 o5 s 0
0 0 1) \0 —sp3 53/ \—si3
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512
C12

512
C12

o

o

Standard Parameterization of Mixing Matrix

VeL Ueaa Ue2 Ues\ (v
vur | = | Upr Uy Upz | | vor
UrL U‘rl UT2 U‘r3 U3
1 0 0 C13 0 5136_'613 cio s12 0
U=10 o3 s3 0 1 0 —s1p c12 0
0 —523 23 —5136'513 0 C13 0 01
c12¢13 s12€13 s13e7713
= | —sncs—csn3size®13  cposz—spsisize®3 spas
s12s23—Cr223513€°13  —cros3—spc3size®l3 osas
. ™
Cap = cos P ,p Sab = sin P 4p 0<%, < > 0<éd13<27

3 Mixing Angles '1912, 1923, 1913 and 1 Phase 513
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CP Violation

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

C — —I [MIU MIVT, M/l MllT]

Vi
2 2 2 2 2
(v~ ) () ()

» Jarlskog rephasing invariant: J = gm[Uez Uz, UZQ U,B]

[C. Jarlskog, Phys. Rev. Lett. 55 (1985) 1039, Z. Phys. C 29 (1985) 491]

detC =-2J (mg2 —m? ) (m33 — mﬁl) (m,2/3 — mﬁz)
2

[O. W. Greenberg, Phys. Rev. D 32 (1985) 1841]

[I. Dunietz, O. W. Greenberg, Dan-di Wu, Phys. Rev. Lett. 55 (1985) 2935]

[ C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 32 |




Example: ¥, =0

U = RysRi3Whp

cos 12 sin®pe %12 0
Wi = | —sin '191267'.612 cos P12 0
0 0 1
1 00
1o =0 - Wp=1[01 0]=1
0 01
real mixing matrix U = Ry3Ri3
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0 0 e 013
U= \Uu1|e">‘f‘1 |U#2‘6M“2 0
|U-,—1|€'A"1 |U72|e’}‘*2 0

}\,ul_}\,uZZ)\‘rl_)\'Q:l:"r ATl_)‘ﬂleT2_A;l.2:|:7r

v — ey (k=1,2,3), by = €8, (a=e,pu,T)

e—ive 0 0_A 0_)\ e—i%13 d®1 0 0
U_)< 0 ePn 0 ) |Up1le" Bt |Upale™#? 0 ( 0 e 0

0 0 eier |Urile?r1 [Upolerr2 0

0 0 ei(—813—pete3)
U= | |Un|eCm=erteD) |y,,|eCuz=onte2) 0
|Ur1|e/Ori=07+01) | Upp|eiAr2=er+92) 0

Y1 = 0 Du = )‘,ul Or = )\'rl P2 =Qu — A,u2 = A,ul - )\,u2

(pQ=(p7—)\72:i:7r=}\71—}\7-2:i:7r:)\#1—)\#2 OK!

0 0 +1
U= (\Uul\ [Un2| 0 >
|Ur1] —|Ur2| 0O
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0 0 &3

Example: 93 = 7/2

U = RysWi3Ryo

cos P13 0 sin®ze 93
Wis = 0 1 0
—sin®3e3 0 cos %13

0 0 e s
P13 = 7('/2 — Wiz = 0 1 0
-3 0 0
0 0 e—i613
U=| —snas—cosse®3  cpos—snsses 0
sps3—ccseld —cipsz—soze®3 0
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Example: m,, = m,,

Jor = 2AL Uy 8,

U= RipRisWes = jj =20 WhRIRE, 42 £1

1 0 0
Wos =10 cos P93 sin 19236‘_'523
0 —sin®yze 3 cos %23

Whosn, = n’,_ RisRi3 = U - ja/,L = 2n_’L UIT ’YP Yo
v, and v3 are indistinguishable
drop the prime = oy =2np UL

real mixing matrix U= RippRi3
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Jarlskog Rephasing Invariant

Simplest rephasing invariants:  |Uak| = Uak Uy,  Uak Ui UﬂkUﬁJ

Sm [ Uak Uz Up i Ugj | = +J

X o
o X

J = Sm[Uea U3 U Uys| = Sm

In standard parameterization:
2 .
J = c12512023523¢135135in 013

1
= g sin 2’1912 sin 21923 COS'L913 sin 2'[913 sin (513

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

All measurable CP-violation effects depend on J.
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GIM Mechanism

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

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

oL =28l V[ v V| + 28 €, 7L, + 28R r VbR
=2gt g V) Ty Vng +2g B VTP VERL + 2gL R VR 4° VEtR
=2g/nry’n, +2g  £LY°lL + 28k bRV LR

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

JoL =28/ DLUY Ulwy + 28 € 77, + 28R TR Lr
=28 ULy v+ 28 BLyPlL + 28k ErY LR
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Maximal CP Violation

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

1
613

> In the standard parameterization it is obtained for

|J‘max -

P1p = B3 = T/4, 51321/\/§, sindi3 = *1

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

1 i .
VL 7 ]Flﬁ L b Lo T
U=|-3F55 3 I | == | et eFime
12 : _21 f \/§ eFim/6  _oEim/6
2T 2F3 V3
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Lepton Numbers Violating Processes

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

Example: pt — et + 1, pt et et 4o

> Uiy Uek = 0 = only part of v propagator o my contributes

Gem® 3a m? W-- S w

= lad U - o

19273 321 Z ek 2, ‘ .

wo Z8 e
BR [};k ITJM
Suppression factor: e <1071 for  my <1eV
mw
(BR)the 5 10747 (BR)exp S 10711
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Majorana Neutrino Masses and Mixing Two-Component Theory of a Massless Neutrino

[L. Landau, Nucl. Phys. 3 (1957) 127], [T.D. Lee, C.N. Yang, Phys. Rev. 105 (1957) 1671], [A. Salam, Nuovo Cim. 5 (1957) 209]

» Dirac Equation:  (iy#8, — m)9 =0
: ) .. » Chiral decomposition of a Fermion Field: =Y+
@ Majorana Neutrino Masses and Mixing » Equati f pth Chiral ; ¢| d’l/}bL 1/}R.
o Two-Component Theory of a Massless Neutrino quations for the Lhiral components are coupled by mass:
¢ Majorana Equation T8, = myr
¢ Majorana Lagrangian -
ivo =m
¢ Majorana Antineutrino? 7"0uYR v
o Lepton Number
o CP Symmetry » They are decoupled for a massless fermion: Weyl Equations (1929)
s No Majorana Neutrino Mass in the SM ]
o Effective Majorana Mass i 8upL =0
o Mixing of Three Majorana Neutrinos iv8,9Yr =0
o Mixing Matrix
> A massless fermion can be described by a single chiral field ¥, or ¥r
(Weyl Spinor).
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» 9, and YR have only two independent components: in the chiral Ma-lorana Equatlon

representation

» Can a two-component spinor describe a massive fermion? Yes! (E.

0
XR1 Majorana, 1937)
_(0)y_| O _[xr) _ | Xr2
1/}L = X = X ¢R - 0 = 0 T
- XLl 0 » Trick: g and 7, are not independent: |9Yr =CY,
L2
» C, isright-handed: PrCY, =C9P.  (CylCt=—m,)
» The possibility to describe a physical particle with a Weyl spinor was L : R-¥L L u u
rejected by Pauli in 1933 because it leads to parity violation (¢, \i—‘ YR) » Majorana Equation: kS = chT
: WYL =
> The discovery of parity violation in 1956-57 invalidated Pauli’s reasoning, . . - B —T
opening the possibility to describe massless particles with Weyl spinor > Majorana Field: ¢ =91 +Yr =91 +CY1
fields = Two-component Theory of a Massless Neutrino (1957) » Majorana Condition: |4 = CET — €
» V' — A Charged-Current Weak Interactions — v, X
. ,'0.2 * A%
> In the 1960s, the Two-component Theory of a Massless Neutrino was » Only two independent components: 9 = ( Xi(L = Xiil
incorporated in the SM through the assumption of the absence of vg Xi2
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> Y= 'z/)C implies the equality of particle and antiparticle
> Only neutral fermions can be Majorana particles

» For a Majorana field, the electromagnetic current vanishes identically:

Py =9y = —pTCIpreg” =TeyrTely = Pty =0
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» Majorana Field: v =y + VLC

» Majorana Condition: v© = v
. . M 1_,.
» Majorana Lagrangian: £ = 5 v(ig—m)v
» The factor 1/2 distinguishes the Majorana Lagrangian from the Dirac

Lagrangian

» Quantized Diraac Neutrino Field:
_ d°p B (o) s (o) e iPx 1 T oY (R ip-x]
/09 = [ Gryae 5 |20 e 60 () o)

» Quantized Majorana Neutrino Field [b(")(p) = a(")(p)]

3 _ .
v(x) = (2:)731321&_ hzzﬂ [a(h)(p) UM (p) e P 1 2t (p) v (h)(p) e,p,x]

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

Dirac Lagrangian

ZP = T(ig-m)v

LIy, + VRidvgr — m (VRvL + VL VR)

VR — VLC:CV_LT
. m
= vLidv — > (—I/LTCTI/L—I—V_LCV_LT)

Majorana Lagrangian

M = vLidv — g (—VLTCTVL+V_LCV_LT)

. m —~= _
UL idv, — 5 (VLCVL+1/LVLC)
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Majorana Antineutrino?

» A Majorana neutrino is the same as a Majorana antineutrino
» Neutrino interactions are described by the CC and NC Lagrangians
g - —
25 = ~/ (VL’)’”ZL Wy + Ly v WJ)

gNC_ & graky, 7
i 2 cos By VLY VL cu

> In practice, since detectable neutrinos are always ultrarelativistic, the
neutrino mass can be neglected in interactions
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Lepton Number

In interaction amplitudes we neglect corrections of order m/E

_ ,,C
destroys left-handed neutrinos [><1 — — L><—1

creates right-handed antineutrinos

Dirac: B c o
_{ destroys right-handed antineutrinos v = L=+1 vp = L=-1

creates left-handed neutrinos m — c
M =7 idv — 5 (V,_Cu,_—i—V_LV,_)
{ destroys left-handed neutrinos

creates right-handed neutrinos Total Lepton Number is not conserved: |AL = £2

Majorana:
V_{ destroys right-handed neutrinos

. Best process to find violation of Total Lepton Number:
creates left-handed neutrinos P P

Neutrinoless Double-8 Decay
Common definitions: _ _ _
Majorana neutrino with negative helicity = neutrino N(A,Z) = N(A, Z +2) +2e7 + 2% (66ov)
Majorana neutrino with positive helicity = antineutrino N(A Z) = N(A Z —2)+2et +25 (BB
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CP Symmetry

» The Majorana Mass Term
AN el _
L (¥) = =5 m [VE () w(x) + 7)o (x)]
transforms as

Under a CP transformation

Ucpri(x)Ugs = &7 72 v ()

1
M -1 _ CP\2 - C
UCPVE(X)UEé =— SP* ’)’0 vi(xp) Ucpgmass(X)UCP ) m [_(Eu ) vL(xe) v (xp)
UceZr(x)Ucp = €577 v (xp) 7" —(&5”" Y vE (xe) vi(p)]
Ucpvf (x)Ucp = =& 7(xe) 7"
with [¢SP12 =1, x# = (X0, %), and x} = (x°, —%) oM ~1_ oM [
v P > Ucpjmass(X)UCP - jmass(XP) for €V =i

The theory is CP-symmetric if there are values of the phase £5F such
that the Lagrangian transforms as

-1 _
UcpZ(x)Ucp = Z(xp) » The Majorana case is different from the Dirac case, in which the CP
in order to keep invariant the action / = /d4x$(x) phase ¢S is arbitrary

» The one-generation Majorana theory is CP-symmetric
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No Majorana Neutrino Mass in the SM

» Majorana Mass Term [V,_T ct v, —7,.C Z/_LT] involves only the neutrino

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

» Eigenvalues of the weak isospin /, of its third component /3, of the
hypercharge Y and of the charge Q of the lepton and Higgs multiplets:

Ik | Y]e=nK+¥

VL 1/2 0
lepton doublet L = 1/2 -1

A ~1/2 ~1
lepton singlet lr 0 0 |-2 -1
1/2 1

Higgs doublet ®(x) — <¢+(X)> 12| V2
¢o(x) -1/2 0

» v/ Clv  has I3 =1 and Y = —2 = needed Higgs triplet with Y = 2
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» SM Lagrangian includes all &4<4 invariant under SU(2), x U(1)y
» SM cannot be considered as the final theory of everything
» SM is an effective low-energy theory

» It is likely that SM is the low-energy product of the symmetry breaking
of a high-energy unified theory

> It is plausible that at low-energy there are effective non-renormalizable

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

> All 04 must respect SU(2), x U(1)y, because they are generated by the

high-energy theory which must include the gauge symmetries of the SM
in order to be effectively reduced to the SM at low energies
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Effective Majorana Mass

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

Kinetic terms:  9idy ~ [E]*,  (8.9)T 8%¢ ~ [E]*

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

CC weak interaction: g o€, W, ~ [E]*

Yukawa couplings:  y L;®¢g ~ [E]*

Product of fields &4 with energy dimension d = dim-d operator
Loy = Conla = CGoy~IE]"°

O4>4 are not renormalizable
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Og>4 is suppressed by a coefficient M*~9, where M is a heavy mass
characteristic of the symmetry breaking scale of the high-energy unified
theory:

.fZ.,(fSM+&ﬁ5+ﬁ

M M206+...

Analogy with .fe(fﬁc) o< Gr (Ter¥Per) (BLYpveL) + - -
& _, Gk _ g

M2 T2 8m,

2

O — (I/_e[_"ype/_) (?L7pVeL) + ...

M?*=9 is a strong suppression factor which limits the observability of the
low-energy effects of the new physics beyond the SM

The difficulty to observe the effects of the effective low-energy
non-renormalizable operators increase rapidly with their dimensionality

Os = Majorana neutrino masses (Lepton number violation)

0Os == Baryon number violation (proton decay)
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» Only one dim-5 operator:
Os = (L] on®)CT (T oo L) +Hec

1
=5 (L] CtorTLy) - (T o 7®) + Hec

L = % (LT ctor7Ly) (®T 0 7®) + H.c.

Lo o ¢+ Symmetry 0
» Electroweak Symmetry Breaking: ® = ( =% v/y/2

¢0 Breaking
2
Symmetry M 1 85V T At g5V
> L ——— Laes = = v C'yp+He. = |m==—
> Breaking mass 2 M L Lt M
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Mixing of Three Majorana Neutrinos
DipM _ 1 ITCT ML ! H
’ mass EVL v, + H.c.
Ver
>y =Yy
1
Vi, =5 ST v CtMEigup +He

a,f=e,pu,T

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

Z V&TL ct Méﬂ V/ISL = - Z V;'a[ Méﬁ (CT)T Val
a,f a,f

T L T L
Z V;SL ct Mas VoL = z Val ct Mgq V,ISL
a,f ]

Miy=Mb, — Mi=m-T
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> The study of Majorana neutrino masses provides the most accessible
low-energy window on new physics beyond the SM

2 2
v m,
> Mmoo — ox —2

o< natural explanation of smallness of neutrino masses

(special case: See-Saw Mechanism)

» Example: mp ~ v ~ 102 GeV and M ~ 10 GeV = m ~ 10 2eV

C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 58

1
M = EVILT ctMtul + He

| 2
1
» U =V/n = M = 5sz(v;/)TcT ML VY v, +Hec
» (VYT MEVY =M, My =mi by (kJj=1,2,3)
Vi
» Left-handed chiral fields with definite mass: n; = V[’T v = | vy
V3L
1
M = 5 (nZ—CT/\/In,_—nT_MCnZ—)
13
= 5 z my (IJZ;_CT Vi — Ui C VIZ—L)
k=1
» Majorana fields of massive neutrinos: vy = vy + 1/,5_ ch =V
"1 13 1
= | =M= EZu_k(/'@—mk)uk = Eﬁ(ia_ M)n
V3 k=1
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Mixing Matrix

v

3
: 1 . S
Majorana Mass Term ZM = 5 g my v, Ctug + H.c. is not invariant

Leptonic Weak Charged Current: k=1

under the global U(1) gauge transformations
fyp=2ncUty e with U= VIV v = €% v (k=1,2,3)
» Left-handed massive neutrino fields cannot be rephased in order to
Definition of the left-handed flavor neutrino fields: eliminate two Majorana phases factorized on the right of mixing matrix:
1 0 0
. Vel pM=lo e* o
vi=Un, = \/l_T IJ;_ = | VuL 0 0 i3

VrL

v

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

Leptonic Weak Charged Current has the SM form » Standard parameterization:
—fs\ /10 0
Hd — 955 AP _ 77— AP Ci2C13 ) S12C13 ) s13€e (
Jw,L = ULyl =2 Z Val V* LaL U= | —sncs3— C12523513¢_9'513 Cl2C3 — 5125235136"5_13 $3C13 0 e 0
QA=€,4,T S1253 — CL2C3513€°°8  — oSy — Ssipcsize’s C23C13 0 0 €™

Important difference with respect to Dirac case:

. . . ) 2 .
Two additional CP-violating phases: Majorana phases > Jarlskog rephasing invariant:  J = ci2s12¢23%23¢13513 5in 913
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Dirac-Majorana Mass Term

DM = diag(e")‘1 , e ei>‘3), but only two Majorana phases are physical

All measurable quantities depend only on the differences of the
Majorana phases

Ly — €%, ey oi(Ak—9) @ Dirac-Majorana Mass Term

e’™«=%) remains constant ¢ One Generation
» Real Mass Matrix
Our convention: \; =0 = pM = diag(l, ei)‘Z, ei>‘3) o Maximal Mixing
s Dirac Limit
CP is conserved if all the elements of each column of the mixing matrix  Pseudo-Dirac Neutrinos
are either real or purely imaginary: o See-Saw Mechanism
6i13=0orm and A, =0or 7r/2 or T or 37r/2 o Majorana Neutrino Mass?
o Right-Handed Neutrino Mass Term

s Singlet Majoron Model
@ Three-Generation Mixing
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\4

\4

v

\4

One Generation

If vg exists, the most general mass term is the

Dirac-Majorana Mass Term

D+M _ D L R
gmass - gmass + fmass + "E/ﬂmass
LRe = —mp VRV + Hec. Dirac Mass Term

1
Lr==-mv Cly, +Hec

R _
fmass =

5 Majorana Mass Term

1
— MR 1/,%— ct Vg + H.c.

5 New Majorana Mass Term!
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Real Mass Matrix

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

mp

m ) we consider real and positive mg and mp and real m;
R

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

M=
=
O:
OoTMO =

cos?¥  sing _(p1 O '
(—sin'ﬂ cosz?) p<0 p2> P =+l

m;y 0 2m
Lo tan29 = —— 2
0 m mg —mg

1
m'2’1 =3 [mL + mg %+ \/(mL —mg)® + 4m2D}

m is negative if m mg < m3

2m, 0
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Column matrix of left-handed chiral fields: N, = (;é) = (
R

1
Lot = SN[ CtMN +He M= (,’:é :2)

The Dirac-Majorana Mass Term has the structure of a Majorana Mass

Term for two chiral neutrino fields coupled by the Dirac mass

Diagonalization: n, = U' N, = <V1L>
V2L

UTIVIU_<m1 r:) Real mx > 0
2

0
2P ] i Ct He = -2 7
mass *5 Z my Vi C v + -C-*_E Z my Vi Vi
k=1,2 k=1,2
c
Vi = Vil + Vi
Massive neutrinos are Majorana! Vg = ch
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m) is always positive:

1
my = mj = 5 [mL+mR+\/(mL_mR)2+4m2D}

If mymg > m3, then m| > 0 and p? =1

1 2 2]
-5 - - 4
my = 5 [ml_ + mg \/(m,_ mgr)” + mp

cos? sin?
pr=landpp=1 = U_<—sin19 cos'ﬂ)

If mymg < m3, then m{ < 0 and p? = —1

my = % [\/(mL — mR)2 +4m2D —(mL+ mR)}

. icos? sin?d
pr=iandp=1 — U_(—isin'z? cos’z?)
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VL

Cog’

)



» If Am? is small, there are oscillations between active v, generated by v,
and sterile v generated by V,gi
Am? L

P, L, E) =sin?29 sin® | — -~
v—v. (L, E) = sin® 29 sin ( 4E>

Am2:mg—m%:(mL+mR)\/(mL—mR)2+4m%

> It can be shown that the CP parity of vy is £,SP =ip2:
Ucrui(x)Ucp = i o v° vk (xp)
» Special cases:

» m =mr =— Maximal Mixing

» m =mr =0 == Dirac Limit

v

|mi|,mgr € mp == Pseudo-Dirac Neutrinos

» m =0 mp <K mg =— See-Saw Mechanism
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Dirac Limit

p%:—l’ miy = mp
p§:+1) my = mp

v

m'2,1::|:mD == {

\4

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

1 .
Z/:—2(IV1—|—IJ2):I/L—|—VR

7

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

V:%[(V—I/C>+(V+VC)]
i v—vC 1 [v+v© N
‘$<_’7>+5<7>_5(”’1M)

A Dirac field is equivalent to two Majorana fields with the same mass
and opposite CP parities

v

v
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Maximal Mixing

mp = mgr
¥ =m/4
!
myq = mp + mp

m=mp—mg if mg<mp

i)
=
Il
I
—_

{p%:—l—l, m=mg—mp if mg>mp

mo = m; + mp

m; < mp

Vi = % (V[_ —Vfg)

Vo = % (VL +VI(?:)
e —|-y1CL = \_/—é [(V[_ +vR) — (VLC —I-Vlg)]
VoL + V5 = % [(VL +vR) + (VLC +Vig)]

V2
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Pseudo-Dirac Neutrinos

‘|mL|,mR<<mD‘

m m
mhy, ~ LR
’ 2
mp +m
m11<0 - p%:—l - mg,lszi%

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

The best way to reveal pseudo-Dirac neutrinos are active-sterile neutrino
oscillations due to the small squared-mass difference

Am? ~ mp (my + mg)

The oscillations occur with practically maximal mixing:

2
tan2d = ——° 31 = Y~ /4
mr — mp
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See-Saw Mechanism

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

|m1_:0 mD<<mR‘

» LL . is forbidden by SM symmetries => m; =0

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

» mpg is not protected by SM symmetries — mg ~ Mgyt > v
2 2

m m
my ~ ——D p3=-1, m~—-=L )
> mgr —— ) mg
mh ~ mp p5=+1, m~mg V)1

» Natural explanation of smallness of neutrino masses
. . mp
» Mixing angle is very small: tan29 =2 — K1
mgr
» 17 is composed mainly of active v;: vy ~ —ivy;

» vy is composed mainly of sterile vg: vy ~ u,%
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Right-Handed Neutrino Mass Term

Majorana mass term for vg respects the SU(2); x U(1)y Standard Model
Symmetry!

1 -

M JE—

Lp = —3 m (V,C? VR + VRV,C?)

Majorana mass term for vr breaks Lepton number conservation!

» Lepton number can be explicitly broken

> Lepton number is spontaneously broken
locally, with a massive vector boson coupled
Three possibilities: to the lepton number current

» Lepton number is spontaneously broken
globally and a massless Goldstone boson
appears in the theory (Majoron)
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Majorana Neutrino Mass?

1Z ud S c b t
Mﬁs e o T
S — L B
4!
L L L L L L L L L L L 1 L L J
107* 1073 1072 10 10° 10' 102 10® 10* 10° 10® 107 10% 10° 10 10! 102

m [eV]

known natural explanation of smallness of ¥ masses

. See-Saw Mechanism (if vg's exist)
New High Energy Scale M = { 5-D Non-Renormaliz. Eff. Operator
Majorana v masses <= |AL| =2 <= Bfo, decay
2

both imply Miy

see-saw type relation m, ~

Majorana neutrino masses provide the most accessible
window on New Physics Beyond the Standard Model
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Singlet Majoron Model

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

Lo =—yq (L_L¢VR + R of LL) —— —mp (VLvr +VrRVL)

(®)£0
— 7,C t 5= 4,C _1 e 5= 4,C
Ly=—ys ("IVRVR+"7 VRVR) o 2™ (VRVR+VRVR)
_ 271/2 . L _ 1 - — 0 mp VL H
nm= (<n>+p+1X) massf_E(VLVR)(mDmR)(VE)*F .C.

2

mg > mp = See-Saw: |my ~ -2

scale of L violation EW scale R

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

) m mp \ 2
Ly = % X [V_z'f’v - m—z [727° 0 + 717, ) + (m—i) 7YY
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Three-Generation Mixing

D+M _ D L R
fmass - fmass + "gmass + "gmass

Ns
D 7 D,/
Lrss =— > > VMV +Hec.

s=1a=e,u,T

1
Lr = 5 ST v CtMEigup +He

o,f=e,u,T
1Y
R _ IT At pgR 1
gmass = 5 Z VSR C MSS’ VSIR -+ H.C.
s,s'=1
1C
, vl VIR
T r_ ! 1C — .
L=\ ¢ V=Y VR = :
R !
VL V;\%;R
1 mt mPT
LM = N CPMPTMNG + He  mPtM = (T T
2 M M
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Number of Flavor and Massive Neutrinos?

g‘105 R e B LSS M IS S § -
: Z =
- x| ALEPH
80 F e‘e —hadrons E DELPHI
S L3
[ OPAL
103E 4 20 -
£ t average measurements,
error bars increased
- by factor 10
102050 E 10
PETRA — ! St etaag,
: KEKB TRISTAN SLC
PEP-II .
0 £ ) ) ) IT'prl ) ) L];P IlI 3 0 ! . . . .
0 20 40 60 80 100 120 140 160 180 200 220 86 88 90 E9:2 G 9“;
Centre-of-mass energy (GeV) cm [ e ]
[LEP, Phys. Rept. 427 (2006) 257, arXiv:hep-ex/0509008]
Mz = § Mzt § Iz g5 + Minv Fiv =N T7505

{=e,u,T q#t

\ N, = 2.9840 + 0.0082
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» Diagonalization of the Dirac-Majorana Mass Term = massive
Majorana neutrinos

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

» At low energy we have an effective mixing of three Majorana neutrinos
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eteT s Z v = v vy vy active flavor neutrinos
N
mixing = vV > Uak, a=euT N=3
IX1 = = T
& ok Pt ak kL e no upper limit!
Mass Basis: Vi Vs V3 Vi Us
Flavor Basis: Ve Vy Vr Vg Vs,

ACTIVE STERILE

STERILE NEUTRINOS

singlets of SM' == no interactions!

active — sterile transitions are possible if vy, ... are light

4

disappearance of active neutrinos
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Sterile Neutrinos

Sterile means No Standard Model Interactions

\4

v

Obviously no electromagnetic interactions as normal active neutrinos

Thus Sterile means No Standard Weak Interactions

\{

v

But Sterile Neutrinos are not absolutely sterile:

» Gravitational Interactions
» New Non-Standard Interactions of the Physics Beyond the Standard Model
which generates the masses of sterile neutrinos
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Neutrino Oscillations in Vacuum

@ Neutrino Oscillations in Vacuum
o Ultrarelativistic Approximation
o Easy Example of Neutrino Production
o Neutrino Oscillations in Vacuum
o Neutrinos and Antineutrinos
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Part 1l

Neutrino Oscillations in Vacuum and in Matter
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Ultrarelativistic Approximation

Only neutrinos with energy = 0.1MeV are detectable!

Charged-Current Processes: Threshold

v+A—-B+C
U

s =2Ema+ mj > (mg + mc)?

U

E
th 2

_(ms+me)

ma

2

ve+Ga— "Ge+ e
ve +37Cl = ¥ Ar + e~
Ue+p—n+el
Vpyt+n—ptu

Vy+ e —vetpu

Ein = 0.233 MeV

Ew = 0.81 MeV
Ew = 1.8 MeV
Eh = 110 MeV
2
Eup = 5 =10.9 GeV

Elastic Scattering Processes: Cross Section o« Energy

v+e —v+e

o(E) ~aoE/me

oo ~ 10 *cm

2

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

Laboratory and Astrophysical Limits —
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Easy Example of Neutrino Production

s ut +y, vy = Z Upkvi

two-body decay = fixed kinematics

2\ 2 2
pi:m_g"<1_m_> _m_i(1+m/‘>+m2
4 m2 2 m2 4 m2

T at rest: 5 b
2 m> 2 m? 4
E2 ﬂ 1-— Kk + ﬂ 1— K + mk
k 4 m2 2 m2 4 m?2

0th order: mkzoip;(:Ek:E:m’r

15t order:

m2
Ek:E+§ﬁ

2
~E—(1—¢) Mk
pe=E—(1-€) -7 ‘

11m2 0.2
52 m )
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2
Puaﬂu/s(t,x) = “A,,D(_,l,l_‘,(t,x)‘2 —

Z U;kefiEkH»ipkx Uﬁk
k

ultra-relativistic neutrinos — t~x=1L

source-detector distance

E2 _ 2 2 2
Ect—pex~ (Ex—pe) L=k Py My My

Ex + px Ex + pk 2E

2
PVa_”’ﬁ(L’ E) = Z Uak e imiL/2E Upk
k
AkaL
= > Uz UpkUqjUpjexp SF
kyj

Amij =mj — mJ2
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Neutrino Oscillations in Vacuum

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

Lec ~ W, (TeryPer + Uy il + U7y’ 1)

States

Fields Vo = Z Ua Vi d [va) = Z Unlvic)
k k

initial flavor: ¢ = e or u or T

|I/k(t,x)) — e—iEkt+ipkx |Vk> = |1/a(t, X)) — Z U;k e—iEkt+ika |Vk)
k

B=e,u,T

B=eu,m \ k

)= > Usklvg) = [alt,x) = > (ZU;ke_iEkHikaUﬂk) vg)

Avg—vg(t:X)

Avs05(0,0) = > Uz Upie = Sap Aysy(t > 0,x > 0) # bap
k
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Neutrinos and Antineutrinos

Right-handed antineutrinos are described by CP-conjugated fields:
P_qcoT = —Cv*

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

. cP
Fields: v, = z Ugkvie. — v a,_ = z U*kuk,_
K

CP |-
States: [vg) = Y Usilvi) = |Pa) = Z Uak|Pk)
P K

NEUTRINOS U <= U* _ANTINEUTRINOS

Am?.L
Pro—sus(L, E) = ZU;kUﬁkUajUﬁjexp<_, ki )

2E
Ami.L
Prassop(L,E) = Uak Upi Uz, Uﬁjexp<—l 212? )
ki
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CPT, CP and T Symmetries

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

CP

PVQ—N/ﬂ PD,,—»Dﬂ

CP Asymmetries: ASS = Py, yuy — Poaszy |CPT = ASE = —ASh

2
ASH(LE)=4>" |m[U*kUﬂkUa'U* ] sin Amyl
af\ - = a ) Y Bj 2FE

Jarlskog rephasing invariant: Im[U;k Ugk UaJ-UEJ-] =+J

2 .
J = c12512C23523C{3513 5in 013
violation of CP in neutrino oscillations is proportional to

|Ues| =sin®13  and  sindi3
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CPT Symmetry

cPT
Pog—7a

Pu,,%uﬁ
CPT Asymmetries: ACPT = Pupsvp — Popsg

Local Quantum Field Theory =— ACPT 0  CPT Symmetry

Am
Pracswp(LLE) =3 U kUﬂkUaJUﬂJexp< kf)
<

is invariant under CPT: U = = B

‘ Puaﬂuﬂ - PI7‘5—H7Q

Py, v, = Ps, 55, ‘ (solar ve, reactor 7., accelerator v,,)
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T Symmetry

T
Pl/a%l/ﬂ — PVﬂ*)Va

T Asymmetries: Alﬁ = Pupovs = Pupova

CPT = 0= ACPT = Pua—u/ﬁ - Pﬁﬁ—»ia
= PVQ*)Vp PVﬂ*)Va + Pllﬁ*)l/a - Pl_/ﬁ*)lz:x
T CP T CP
= Aaﬁ + Aﬁa = Aaﬂ - Adﬁ - Adﬁ - A

Am2L
T _ * NTILR P kj
Aaﬁ(L,E)4§k>3|m[uakuﬂkuajuﬁj]s.n( oE )

Jarlskog rephasing invariant: Im[U;k Upk Uy UEJ} =4J
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Two-Neutrino Oscillations

@ Two-Neutrino Oscillations
o Two-Neutrino Mixing and Oscillations
e Types of Experiments
o Average over Energy Resolution of the Detector
¢ Anatomy of Exclusion Plots
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two-neutrino mixing transition probability

a#p af=eumT

Am?L
Pye (L, E) —sin22'z9$in2< :’E )

LOSC _

2 2
—sin2 20 sin2<l.27 M)

E[MeV]

2[a\/2
=sin? 29 sin’ (1.27 %)
oscillation length
ATE E [MeV] E [GeV]
5 = 247 ————— 5 2m:2.4772 5. km
Am Am? [eV?] Am? [eV?]
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Two-Neutrino Mixing and Oscillations

1)

v,
2
Vo) = Z Ugk [vx) (a=-e,pn) v,
k=1

vy

U— cos?¥  sin® |Ve) = cos @ |vy) + sin® |vy)
~ \—sin? cos? |vu) = —sin® |v1) + cos ¥ |vy)

2 — 2 _ 2 2
Am* = Amy; = m; — mj

. - . . Am?L
Transition Probability: Presv, = Poysve = sin? 20 S|n2< iE )

Survival Probabilities: Poesve = Py, = 1= Py,
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Types of Experiments

Two-Neutrino
Mixing

Am?L observable if
Pyusws (L, E):sin22195in2( ;"E ) AL > |
1E <

SBL Reactor: L ~ 10m, E ~ 1 MeV
L/E <10eV2=Am? > 0.1eV? Accelerator: L ~ 1km, E > 0.1GeV

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

SUN L~10%km, E ~0.1-10MeV
L 11 5 5 Homestake, Kamiokande, GALLEX, SAGE
=~ - > 10 M eV? ' ' ' '
E 107 eV =Am™ 2 10 eV Super-Kamiokande, GNO, SNO, Borexino

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

VLBL Reactor: L ~ 10 km, E ~ 1 MeV
L/E <10°eV 2=Am? > 10 °eV? KamLAND
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Average over Energy Resolution of the Detector m?L

(Prasup(L, E))_ sin 219[ /cos(A )qb(E)dE] (@ # B)

AmPL) 1 [ Am?L max
P L, E) = sin® 299 sin? = = sin?29 |1 — cos . 2P
raows (b E) iE )73 oF (Prorsp(L,E) < P, = sin®20 < - ALY o) dE
Ve “““H“‘”‘\H\‘H H' _fc°s( )¢()
E \ A
08 | AN H :
0 “w \‘ | \ \ \‘ ‘H ‘ 1 =
=~ 0.6 ¢ f \ |
7 / \ 08
o 04F Nl 3 06
M HH :
’ _ / ‘H‘ ‘\ H ‘ 02 rotate 2
E J \/ u U i d <
0 B, e : [ -3 = -1 an r
100 1000 10000 100000 10 e 10 mirror S
L (km) J
Am?=10"3eV  sin?20=1 (E)=1GeV  AE =02GeV
Am 2L )
(Prnsp(L,E)) = = sin20 |1 — [ cos $(EVE|  (a+p) E——
2 59
| C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 97 | C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 98
. 2" Anatomy of Exclusion Plots
b Fog : > Am? > (L/E)™!
< armen "CFR
% [ Buge: \ .2 ~ € 1
Sl ! sin® 20 =20 P~ Esin2 20 = sin? 209 ~ 2P
“E “F moo L, L<23) )
) TR L<t0) > Min <cos(A2",’5L)> > -1
’ ‘;71 sin’ze‘;‘ ' ! o o o w20 (\IE op
. _ _ ) (=) (=) 22
Reactor SBL Experiments: e — De Accelerator SBL Experiments: v, — Ve ?0 Sin 2'[9 = W Z P
Tl [T 553?1‘-“ 1% | < sin? 29 > P 9 1
- corr s . - Am® ~ 2w (L/E)~
“5103 .CHOR,L:.JS. “;51 Am* ~ 27T<E>

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

N " ,
_ ! / AmPL 1/ AmPL
1 W= Ve LR Ve 2V N Am2 ~ 4(L\-1 [P cos 2E ~1- 2 2E
90% C.L. 10 £ 90%CL. M m* ~4(g) sin? 20
CDHS.
10" 10° 10> 10’ 1 107 10° 1 log sin2 29
sin” 20 sin” 20

-1
L P
O O ) ) Am2:4<* 2
Accelerator SBL Experiments: vy, — v and ve — vy E sSin 29
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Neutrino Oscillations in Matter Effective Potentials in Matter

%\/ W
W 1z
e Ve e ,pn e,p,n

@ Neutrino Oscillations in Matter
e Effective Potentials in Matter

_ n 2
o Matter Effects Vee = V2GeN, Vl\(IeC ) _ _V,\(I‘é) = W= V,&IC) = —%GFN,7

@ Evolution of Neutrino Flavors in Matter

¢ Two-Neutrino Mixing

o Constant Matter Density Ve = Vee + Ve Vi = Vr = Wnc

» MSW Effect (Resonant Transitions in Matter) only Vcc = Ve — V), = Ve — V- is important for flavor transitions

¢ Averaged Survival Probability ) ] — —

¢ Crossing Probability antineutrinos: Vee = —Vee Vne = —Wne

¢ Solar Neutrinos

o Electron NeilfFifitstReNeuping Reisisn 1 Aofieel 24 AYhy 2010 — 101 [ C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 102 |

Matter Effects Evolution of Neutrino Flavors in Matter
Schrédinger picture: f% lv(p, 1)) = Hlv(p, 1)), [v(p, 0)) = |va(p))
flavor transition amplitudes: wp(p, t) = (vp(p)|v(p, t)), 0p(p,0) = bap

a flavor neutrino v, with momentum p is described by g
i—es(p,t) = (ws(p)|H|v(p, 1)) = (ve(p)[Holv(p, 1)) + (ve(p)[Hilv(p, t))

va(p)) = Uk lvi(p)) =
k Wa(P)[Holv(p, 1)) = > (vp(p)[Holv,(p)) (wa(p)Iv(p, 1))
P2+ m? ,, Lo
Ho [vk(p)) = Ex [vk(p)) Ex=+/p -
k = 75 Upe (o) Mol (p) Uy 061 )
in matter = Ho+ Hi |va(p)) = Ve va(p) T

V, = effective potential due to coherent interactions with the medium We(P) [ Hilv(p, £)) = Z Ws(P)Hilvp(p)) 0a(p, £) = Vi 05(p, t)
—

forward elastic CC and NC scattering i 3o Ve

. d N
9 %8 =y <Zk: Upk Ex Upic + 6 Vﬁ) ®p

P
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2
L . m
ultrarelativistic neutrinos: Ex=p+ =L E=p t=x ) - ] ] ]
2E evolution of flavor transition amplitudes in matrix form

Ve = Ve + Wne V,=Vr = Wnc

41 -
/awafE(UM U +A)\Ua

. d m
i 55 #e(P,x) = (p+ Vic) pp(p, x) + > <; Upk 55 Ui+ 8pe dpe VCC) #p(Px)
P

s o e mi 0 0 Acc 00
Yp(p,x) = pp(p, x) P H o el Ve <¢“> - < 0 T . ) A:< SCN)
U ¥r 0 0 m} 000
. d . ipx+ifx Ve (x') dx’ . d
Ve <_” Ve &> e Acc = 2EVcc = 2V2EGEN,
d mi * maesfsresc(;ivaied 2 2yt Mmatter 27t 2 mai%sc;i\;ered
M _ - u —_ —_ u
’&"/}ﬂ_z ZUﬁkEUpk_F&ﬁe&pe Vee ‘Z/’p ~ matrix Myac = UM U' —— UM~ U +2EY_MMAT 'matrtié(
e k 'n vacuum potential due to coherent in matter
forward elastic scattering
Puasvp = |pl” = [¥p°
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Two-Neutrino Mixing
.d (%) 1 (-Am2 0528 + 2Acc  Am? sin2’0> (zpe)
i I = 2 i 2
Ve — v, transitions with U = (_CZT,?ﬁ 2:):?;) dx \¥u 4E Am*sin29 Am*cos2d | \ 1,
2 2 -2 2 : 2 2
2t _ [ cosP@mi +sin“m3 cosd sing (m3 — mi)
umtu <cos'l9 sin® (m3 — m?) sin9m? + cos®9¥m3 initial ve. =— ¥e(0)) _ (1
Yu(0) 0
1y N 1 [—Am?cos2® Am?sin29
=25 T Am?sin20  Am? cos2®
T

PVe*}V[L(X) = WJ#(X)F

irrelevant common phase
Pueswe(x) = [e(x)]? = 1 = Py, (%)

Ym? = m? + ms Am? =mi —m?
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(

Constant Matter Density

-d (e
Ia 1[}“

Yu

)

.d
i
dx

Pe\ [ costm
’(ﬁ# - —sin'z9M

Ve = Uy

_ 1 (—Am?cos29 +2Acc Am*sin2d ) (.
T 4E Am? sin29 Am? cos2?9
dAcc
dx

Diagonalization of Effective Hamiltonian
Pe)\ [ cosPy  sindy L
Yu) \—sindy costm ) \ 9o

irrelevant common phase
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d (p\ 1 (-am 0 W
"ax \92) T2E\ 0 amd) \4

A E+L —-Am? 0 P
P 4TE 4E 0 Am3, Wy

o) () = (%) = (oo o
= (F-() = (29)

4E

A 2
Pa(x) = sindy exp (—i me)

2
P1(x) = costm exp (iAmMX>

4E

P,,eﬂ,,u(x) = W’u(x)‘Q = |=sindm1(x) + C(’S"9M"/J2(X)|2

. . Am?,x
Pyesv,(x) = sin® 20\ sin? ( 4EM )
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) (%

)

)

D

(10 %eV?)

2 5
Myp, Mgz

Effective Mixing Angle in Matter
tan 27

1 Acc
Am? cos 28

tan 2%y =

Effective Squared-Mass Difference

Amdy = \/(Am2 cos 29 — Acc)? + (Am?sin 28)?

Resonance (9m = m/4)

Am? cos 29

AR = AmPcos?® — NR="—"T"T-—-2
CcC e 2\/§EGF
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MSW Effect (Resonant Transitions in Matter)

NE/N,

o

L ‘ P
L 1| ve = cosPp vy + sinty o
r ] v, = —sindy vy + costhy vo
i /J 1
[ Ve™Vy V™1 a tan 219
L ‘ ‘ tan 29y =
20 40 60 S0 100 Acc
No/Ny  (em™3) 1-— >
NN Am* cos 29
T
L Ve v
L 1 > 5 2
L " L1 | Amy = [ (Am? cos 29 — Acc)
L v v, i ) 1/2
r 1 + (Am2 sin 219) ]
Lo Am®=7x10 %eV2 9 =10 |
L L L L
20 40 60 80 100
N./Na (em™)
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PYe\ [ costy  sintm L
Yu) \—sindy costm ) \ 9o
.d P _ Acc 1 [—Am? 0 0 _id— P
a0l (0 am) o ) (2
T dx

irrelevant common phase T
maximum near resonance

¥1(0)\ _ [cos® —sindd\ (1)  [cost,
¥(0)) — \sin®d,  cos®d 0)  \sin®,
®Roamd (<), Roamd ("),
Pi(x) ~ |:c0519?,| exp (l/ :A—E dx .Aifl + sim??,, exp | —i :AE dx .AQRI
0 0
x AmZ, (x'
X exp <1/ I;\AE( ) dx’)
R g R and (<)
Am? (x' X'
|:c0519?\/| exp (l/ 4ME dx’) ‘AE +sin19?/| exp <7[/ 4ME dx’) A§2:|
0 0

Pa(x) ~
e (—i/ AmEAE(x’) dxl)
R
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Crossing Probability
F
exp (~37F) — exp (~57555)
c = F [Kuo, Pantaleone, PRD 39 (1989) 1930]
™
o Am?,/2E Am?sin?29
adiabaticity parameter: v = = =
2|ddw /dx| r 2E cos2?d ‘d:;_xcc
R
Ax x F =1 (Landau-Zener approximation) (parke, PRL 57 (1986) 1275]
Ax1/x F = (l — tan? '19)2 / (1 + tan? 19) [Kuo, Pantaleone, PRD 30 (1989) 1930]

[Pizzochero, PRD 36 (1987) 2293]
A exp (—X) F=1-ta n2 s [Toshev, PLB 196 (1987) 170]

[Petcov, PLB 200 (1988) 373]

Review: [Kuo, Pantaleone, RMP 61 (1989) 937]
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Averaged Survival Probability

Ve(x) = costy Pu(x) + sindy a(x)
neglect interference (averaged over energy spectrum)
P (x) = (9e(x))? = cos™dy cos®0Yy |ALy[* + cos®dyy sin®By | A5, 2
+ sin?9y, cos? 8y |AD|? + sin?9y, sin?0Y | AN 2
conservation of probability (unitarity)
AL 2 = AR = P AL = AP =1~ P

P. = crossing probability

_ 1 1
Py, (x) = > + (5 — Pc) cos28Y, cos29y,

[Parke, PRL 57 (1986) 1275]
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Solar Neutrinos

X RO
SUNE b = oo <_X_o> Ne = 245 Nafem® 20 = 350
) —sun 1 1 0
o log(n,/N,) vs. R/Ry 1 Py, = 3 + (5 - Pc) cos2¥), cos21d
2 BP2000 4 . . F
1F P exp ( E’YF) — eXp (_ E’ysinzﬁ)
z ¢ ™ F
2o 1—exp (=57575)
Tl - Am?sin?29
r 7_2Ec05219‘%|R
o F=1-tan?®
T o s oa RO‘)SRQ 08 o7 08 o8 1 ACC _ 2\/§EG|: Ne

numerical |dInAcc/dx|g  for x < 0.904Rg
for x > 0.904Rg

practical prescription:
[Lisi et al., PRD 63 (2001) 093002] |dInAcc/dx|g =

Ro
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[eV?]

m?

Electron Neutrino Regeneration in the Earth

sun+earth __ pHsun
P =Pl

p (glem’)

NN, (cm™)

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

Ve—rVe

(

1— 2ﬁ5“" ) (Pearth

Ve—Ve V2—Ve

— sin219)

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

8 ]

6 ]

4 ]
Data

2r Our approximation

0 t t t t t t

6 ]

5 ]

4 ]

3 ]

5L ]
Data

1 Our approximation

0 T ST

0 1000 2000 3000 4000 5000 6000
r (Km)

pea rth

ooy, is usually calculated numer-
ically approximating the Earth den-
sity profile with a step function.

Effective massive

neutrinos propa-

gate as plane waves in regions of

constant density.

Wave functions of flavor neutrinos
are joined at the boundaries of steps.
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L vl i
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N/Ns  [emY

solid line:
(typical SMA)

dashed line:
(typical LMA)

dash-dotted line:
(typical LOW)

Am? =5 x 1076 eV?
tan29 =5 x 10~*
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tan?29d = 0.4

Am? =8x 10 8eV?
tan2®¥ = 0.7
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Phenomenology of Solar Neutrinos

LMA (Large Mixing Angle):

LOW (LOW Am?):

SMA (Small Mixing Angle):

QVO (Quasi-Vacuum Oscillations):
VAC (VACuum oscillations):

107
SMA LM
B3 @
el
H
Ca
E LOW,
o ‘7
10
10 ° L
=
o VAC = -
0001 001 01 1 10
tan@

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

Am’ ~5x107°eV?, tan’® ~ 0.8
Am* ~7x107%eV?, tan’® ~ 0.6
Am? ~5x107%eV?,  tan?® ~ 1073
Am? ~ 107 %eV?, tan’® ~ 1
Am’ <5x107%eV?, tan’d ~ 1
107 T T T T
107 é [FT.
10° F o sMA 3
10- E

3 107F 90 % CL. mwQ E
L ojeef = %L LS
4 f == 92%CL c 3
0o == semnCL z A
10710 |- Cl + Ga + SK + Sp(D) + Sp(N) 4
%B free + BP2000 .
100 | sust st
10-18 L L L L
10 100 10° 10 100 100

tan?(6)

[Bahcall, Krastev, Smirnov, JHEP 05 (2001) 015]
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[Bahcall, Krastev, Smirnov, PRD 58 (1998) 096016]

0.2 ]
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0.8 E
Toe R ]
2 0.4 [ T —— =
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Energy (MeV)
SMA: Am? =5.0 x 107 %eV? sin?29 = 3.5 x 1073
LMA: Am? = 1.6 x 1072 eV? sin?29 = 0.57
LOW: Am? =7.9 x 1078 eV? sin?29 = 0.95

[Baheall, Krastev, Smirnov, JHEP 05 (2001) 015]
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Energy (MeV)
LMA: Am? =42 x10"%eV? tan’ 9 =0.26
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LOW:  Am? =7.6x 10 %eV? tan?9 =0.72
Just So%: Am? =5.5x 1072eV? tan? 9 = 1.0
VAC: Am? = 1.4 x 1070 eV? tan? 9 = 0.38
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In Neutrino Oscillations Dirac = Majorana

. g1 -
Evolution of Amplitudes: /= - 3 (umPu +2Ev)aﬂ Vs
Dirac: u®
diff : Part Il1
erence { Majorana: UM = y®)p(»)
Lo o Experimental Results and Theoretical Implications
0 eir21 ... 0
D(}\):<:e: o ) - Dl=pD1
6 0 efxm
m? 0 0
2 0 m 0 2 2 2 Mt 2
M? = _ _ — DM?=M?D =— DM2D'=M
00 - m

UM a2 (UMYt = y®) ppm2ptuPHYt = yP M2 (Pt
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Solar Neutrinos and KamLAND The Sun

@ Solar Neutrinos and KamLAND
o The Sun
» Standard Solar Model (SSM)
¢ Homestake
o Gallium Experiments
o SAGE: Soviet-American Gallium Experiment
o GALLEX: GALLium EXperiment
o GNO: Gallium Neutrino Observatory
o Kamiokande
o Super-Kamiokande
@ SNO: Sudbury Neutrino Observatory

o KamLAND . . -

o Sterile Neutrinos in Solar Neutrino Flux? Extreme ultraviolet Imaging Telescope (EIT) 304 A images of the Sun
o Determination of Solar Neutrino Fluxes emission in this spectral line (He 1) shows the upper chromosphere

o Details of Solar Neutrino Oscillations at a temperature of about 60,000 K

° BOREXI no [The Solar and Heliospheric Observatory (SOHO), http://sohowww.nascom.nasa.gov/]

| C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 123 | C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 124 |




(pp)

85%

3He+3He — *He + 2p

99.6%

p+p—H+et +ve

("Be)

Flux

Standard Solar Model (SSM)

(pep)

pt+e +p—?H+ve

0.4%

2 x 107°%

SHe+p — ‘He+e* + v,

15%

pp chain and CNO cycle

4p+2e” — *He + 2ve + 26.731 MeV

2C+p—"N+y }—-‘ BN BC+el +u,

(=N)

‘5N+p—)"C+‘He BC4+p s N+

T 99.9%

Neutrino Flux

Rydf/dR

(hep) 5
“Ho 1 Ho > "Bo 1 1 (°0) |50 + N+l +u, }-—' “N+p~w“0+7‘
lﬂ.l% Y
15 1 1 [P
99.87% 0.13% | N“’I 0”‘ 0”’} N e
"Be+e” - "Litr, 7Bc+p—»‘E+7| 60 4 ps 1T T 10 4t &
p—""F+y TF—1"0+e' +ve | (MF)
"Li+p—2'He 5B — 8Be” + et + v, | (°B)
ppll
Bahcall SSMs
ool [J.N. Bahcall, http://www.sns.ias.edu/"jnb]
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[Castellani, Degl’Innocenti, Fiorentini, Lissia, Ricci, Phys. Rept. 281 (1997) 309, astro-ph/9606180]
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SuperK, SNO

. .
(Gallium __}Chlorine I
102 - T
Bahcall
1 F/_\
10 PP\ L1%
101 ¢
10°
+10%
108 |
"Be 7Be
107
108 |
108
104 i
‘00 /
102
L
10 IO‘!. 0.3 1 3 10
Neutrino Energy (MeV)
[J.N. Bahcall, http://www.sns.ias.edu/~ jnb]
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[Castellani, Degl’'Innocenti, Fiorentini, Lissia, Ricci, Phys. Rept. 281 (1997) 309, astro-ph/9606180]
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Homestake

0.1 | Ve + 37(:' — 37Ar + e~ [Pontecorvo (1946), Alvarez (1949)] radiochemical eXperiment
0.08 - g Homestake Gold Mine (South Dakota)
P Bahcall-Pinsonneault 2000 | 1478 m deep, 4200 m.w.e. = &, ~4m~2 day™!
008 | —— LOWL1 + BiSON Measurement | steel tank, 6.1 m diameter, 14.6 m long (6 x 105 liters)
| 615 tons of tetrachloroethylene (C2Cly), 2.16 x 1030 atoms of 37Cl (133 tons)
i 0.02 - 1 energy threshold: E§' = 0.814 MeV = 8eBp, "Be, pep, hep, N, *0, F
c — ) R X|
g °f - 1970-1994, 108 extractions = RSCS'M =0.34+0.03 [apJ 496 (109%) 505]
T -0.02 - R a
2 ol 1 REP =256+ 023SNU  RFM =7.6+13SNU
1 SNU = 10730 events atom~! s~! :
~0.06 7 ] a Resal) 15 Predicted *'Cl Rate vs. Time R
-0.08 | g 14
« "Be lowered (lo off Ga) = 12 ’ 5
-0.1 - 7 3 ¢ Gl 1
P E U E S S S B g 10 s o J { [
0 0.2 0.4 0.6 0.8 1 32 £
/R, ‘ mhg 3 1] SN N
[J.N. Bahcall, http://www.sns. ias .edu/~ jnb] § s B &
predicted versus measured sound speed g os } ‘ } "l °r ]
the rms fractional difference between the calculated and the measured sound speeds 2oz 1 Hh } M‘H ‘ } w T} M 1 m—
is 0.10% for all solar radii between between 0.05 Rg and 0.95 Rg and 00 ! ! 0 oL . 2000 observed rate | .
is 0.08% for the deep interior region, r < 0.25 Rg, in which neutrinos are produced reopmoome weme o 1068 1978 ar o o lcaticl P 2000
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Gallium Experiments SAGE: Soviet-American Gallium Experiment
Baksan Neutrino Observatory, northern Caucasus
SAGE, GALLEX, GNO 50 tons of metallic "*Ga, 2000 m deep, 4700 mw.e. = &, ~ 2.6 m—2 day’l

radiochemical experiments detector test: ®1Cr Source: R = 095t8%t88§ [PRC 50 (1999) 2246]

v + 1Ga — 1Ge+ e [Kuzmin (1665)] 1990 — 2001 — % = 0.54 & 0.05 [astro-ph/0204245]
threshold: Etia =0.233MeV = pp, "Be, 8B, pep, hep, 3N, 0, 1F s R ——————
SAGE+GALLEX+GNO  — ISSGS:A — 0.56 4 0.03 - o
Ga gznn— ‘ } } } } %,
REP = 72.4 £ 4.7SNU REM = 12879 SNU ’ \ M } W H H } H H } | 3
: S A A

r T T T T T T T T T T T T
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
Mean extraction time
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GALLEX: GALLium EXperiment GNO: Gallium Neutrino Observatory

continuation of GALLEX: 30.3 tons of gallium

GNO

May 1998 — Jan 2000 — RGégM = 0.51 + 0.08 [pLB 290 (2000) 16]

Gran Sasso Underground Laboratory, Italy, overhead shielding: 3300 m.w.e. 30 T ‘ ‘ T a0
E 2501 Combined GALLEX and GNO | 280 _
30.3 tons of gallium in 101 tons of gallium chloride (GaCl3-HCl) solution g 2o 85 GALLEX Runs 4 TGNORwe | 1240 %
T T ES
May 1991 — Jan 1997 — G/__;SW = 0.61 & 0.06 [pLB 477 (1999) 127] g o 4 H L; N l + - * * # o 80 é
= g oo WA 1o 3
_§_ 00 LAl g b 4 ........... 4 ................................. H ................. :?40 ;
= o5 } } a0 &
(KD Ao I I I I I I I I I 1 -120
1991 1992 1993 1994 1995 1996 1997 1998 1998 2000
RGALLEX+GNO
G2 =058+0.05
R
Ga
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Kamiokande Super-Kamiokande
water Cherenkov detector v+e —sv+e
Sensitive to ve, v, Uy, but o(ve) ~60(vy,r) continuation of Kamiokande
Kamioka mine (200 km west of Tokyo), 1000 m underground, 2700 m.w.e. 50 ktons of water, 22.5 ktons fiducial volume, 11146 PMTs
3000 tons of water, 680 tons fiducial volume, 948 PMTs threshold: Et}ﬁam ~4.75MeV = 8B, hep
threshold: Efo™ ~ 6.75MeV = 8B, hep 1996 — 2001 (1496 days)
_ RSK
Jan 1987 — Feb 1995 (2079 days) RSUSeM = 0.465 4= 0.015 [sk, PLB 539 (2002) 179]
RKam ve
@ = 0.55+0.08 [PRL 77 (1996) 1683]
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Super-Kamiokande cos 6, distribution

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

ground

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

Evenr/da&/kton/bin
N
a

neutrinos

o
N

Super-Kamiokande

0.1+ frptront 2 Ararta

the Super-Kamiokande underground water Cherenkov detector
located near Higashi-Mozumi, Gifu Prefecture, Japan
access is via a 2 km long truck tunnel 0

-1 -08 -06 -04 -02 0 02 04 06 08 1

cos Og,,

[R. J. Wilkes, SK, hep-ex/0212035]
[Smy, hep-ex/0208004]

N/
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Time variation of the Super-Kamiokande data
' SSM (10} ' ' '

: I x2=4769%C.L) 127
(flat x?=10.3 or 17% C.L.)

Super-Kamiokande energy spectrum
normalized to BP2000 SSM solar zenith angle (6-) dependence
of Super-Kamiokande data s S
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Day-Night asymmetry The black data points are measured every 1.5 months.
as a function of energy The black line indicates the expected annual 7% flux variation.
[Smy, hep-ex/0208004] 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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SNQO: Sudbury Neutrino Observatory

water Cherenkov detector, Sudbury, Ontario, Canada

1 kton of D>O, 9456 20-cm PMTs
2073 m underground, 6010 m.w.e.
CC Ve+d—>p+p+e”
NC: v+d—=p+n+v
ES: v+e —v+te
CC threshold: E3N°(CC) ~ 8.2 MeV
NC threshold: EgNO(NC) ~2.2MeV 5 = 8B, hep
ES threshold: EZNO(ES) ~ 7.0 MeV

t

D>0O phase: 1999 — 2001 NaCl phase: 2001 — 2002

SNO SNO

A = 0354 0.02 At = 0.31£0.02
o o

Gy =1.01+0.13 MG = 1.03 % 0.09
Vo Ko

R = 0.47£0.05 R = 0.44 £ 0.06
ES ES

[PRL 89 (2002) 011301] [nucl-ex/0309004]
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KamLAND

Kamioka Liquid scintillator Anti-Neutrino Detector
long-baseline reactor ¥, experiment

Kamioka mine (200 km west of Tokyo), 1000 m underground, 2700 m.w.e.
53 nuclear power reactors in Japan and Korea

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: e + p — e + n, energy threshold: Et'ff” = 1.8 MeV

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

expected number of reactor neutrino events (no osc.): Ng?,’:cﬁﬁy') =86.8 5.6
expected number of background events: NKamLAND 95 + (.99
observed number of neutrino events: NEamLAND — 54
KamLAND KamLAND .
Nobir;ved B ba;::rl?ground — 0.611 & 0.085 = 0.041 9995% CL evidence
Kaml AND ’ ; ’ of U disappearance
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Bs0s

Qs 68% C.LL.

—— 0y 68%,95%,99% C.L.

d;NO = 1.76 £0.11 x 108 cm 257!
OO =5.4140.66 x 10°cm s

Y Vr

[ORES 10°cm2 s

SNO solved I o 8% L.

. B v L

solar neutrino problem I 2 6% C.L.

U I o5 68% CL

Neutrino Physics ’ 2 <10 e )
(April 2002) ~ 20 e —
>
[SNO, PRL 89 (2002) 011301, nucl-ex/0204008] mz @

Ve — vy, V7 oscillations z

{ 10
Large Mixing Angle solution

Am? ~ 7 x 10 %eV? 5
tan? 9 ~ 0.45

=]

02 04 06 8
tan~0

[SNO, PRC 72 (2005) 055502, nucl-ex/0502021]
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confirmation of LMA  (December 2002)

14F
-3
12f 10
1.0} .-&*- s
. ..
s 081
g A 1L
8 0.6F * SavannahRiver
Z o Bugey
X Rovno
0.4+ & Goesgen
A Krasnoyarsk
O Palo Verde ]
02 m Chooz E [ Rate excluded
e KamLAND E Rate+Shape allowed
0.0 I L L L [ . LMA
10' 10 10° 10* 10° | "9 Palo Verde excluded
Distance to Reactor (m) 1 0'5 Lo (I:hOQiZ exce hld;ed | jo
Shade: 95% C.L. LMA 0 02 04,06 08 1
sin“20
Am? =55 x 1075 eV? 95% C.L.
Curve: .
sin“ 29 = 0.83 [KamLAND, PRL 90 (2003) 021802, hep-ex/0212021]
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'a;.

B KamLLAND
B 95% C.L.
99% C.L.
B 99.73% C.L.
* bestfit

""" 99% C.L.
— 99.73% C.L.
r *  bestfit

n MR | n PRI RN N LN P

10! 1 10 20 30 40
tan2912 Ay?

[KamLAND, PRL 100 (2008) 221803]
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Sterile Neutrinos in Solar Neutrino Flux?

0.6
-3
10
=
o™
=]
‘@
O
>
L 4
P Ul
g
<
Active fB otal
Solar + KamLAND
0’ < : e
10 1 H
tan20 Ve — COSTV; + SIN Vs
90%, 95%, 99%, 99.73% (3c) C.L. sin2 N < 0.52 (30.)

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

[0}
fB,totaI = d%% =1.00 & 0.06
B
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[« Data-BG-GeoV,
[ — Expectation based on osci. parameters
I + determined by KamLLAND
> B
£ 0.8~
g B
e -
~ 0.6 +
= L I
Z -
u% 04 +
0.2
0'.|....|....|....|....|....|....|....|....|...

20 30 40 50 60 70 &0 90 100
LyE; (km/MeV)

[KamLAND, PRL 100 (2008) 221803]
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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® =Ko (r=pp,pep, hep,'Be, "B, "N, 0, 'F)

+ luminosity constraint ) I P
Ko = Lo/4m(la.u.)* =8534 x 10 MeVem™ “s
solar constant

Am’ =7.3555eV?  tan’® = 0.4274% (1930)
o S LOUSE(03) o —0omSRCNE) o = L020G (5
5B 7Be b
moderate uncertainty large uncertainty small uncertainty
will improve with new SNO needs "Be experiment
NC data (salt phase) (KamLAND, Borexino?)

CNO luminosity: ~ Leno/Lo = 0.055% (L53)

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

best fit of reactor + solar neutrino data:  Am’ ~7 x 10 °eV? tan’9d ~ 0.4

—=sun

Pue—we = % + (% — Pc) C05219(|3/| cos2?d

exp (—39F) —exp (—3755%) An? sin?29 )
«= w. F V= o oama) P =1-tan"d

1 —exp (75')'“—21,) 2Ecos2'z9|? R
hA| 1 10.54

Acc ~ 2v/2EGr NE exp (,1) dln ‘ ~ 1 1058 10y
Xo dx Xo Ro

tan’¥ ~ 0.4 = sin?29 ~ 0.82, cos2d ~ 0.43 v ~2x10* (i)_l
! MeV
—sun,LMA 1 1 0
¥>1 —= P LK1 —= |P, L, ~ 3 + 3 cos29y, cos29
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(EYpp =~ 0.27MeV, (r)pp = 0.1Ry = (E N2/NE)pp =~ 0.094 MeV
Erge ~ 0.86MeV, (rp)rge ~ 0.06 Ry == (E NO/NS)7g ~ 0.46 MeV
(E)sg ~ 6.7MeV, (ro)sg ~ 0.04 Ry = (E NO/NS)sg ~ 4.4 MeV

0.8 2 {"Be B

—5sun,LMA
v,

P,

107t ‘ 16“ 161
ENYNE  [MeV)

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

accurate pp experiment can improve determination of %

[Bahcall, Pefia-Garay, hep-ph/0305159]
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Am? cos2¥ — A2
\/(Am2 cos2¥ — AOCC)2 + (Am? sin 29)?

critical parameter [Bahcall, Pefia-Garay, hep-ph/0305150]

¢ A2 _2\/§EGFN£N12< E )(N}j)

cos29Y, =

T AnmPcos2  AmPcos2  \MeV Ne
0 B 12 vacuum averaged
(K1=dy~9 =P, ~1-3sin20 survival probability

matter dominated

0 ~ P~ gin?
(P 1= dy2m/2= P, =sin'd survival probability

1 T T T 1 T T T
08 0.9
T ¢>1 I =
- - averaged dominated
04 07
02 L 06
£
3 o R
8 B
© 02 R
0.4 03
0.6 02
0.8 01E (<1 ¢(>1
a1 L L a0 L L L
107! 10° 10! 107! 10° 10!
ENY/N:  [MeV] ENY/N¢  [MeV]
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BOREXino

[BOREXino, arXiv:0708.2251]
Real-time measurement of "Be solar neutrinos (0.862 MeV)

v+e—v+te E =0.862MeV — o0,, ~550,,,,

10 2.5

— Fit: '/NDF = 41.9/47
—— All solar neutrinos ! /

$7+12 cpd/100 tons
+CNO: 15$4%5 cpd/100 tons

— *Kr: 227%5 cpd/100 tons
— *%po: 0.91.2 cpd/100 tons

— "Be neutrinos

-

AL B AL E AL TR

N
o
T

Counts/ (10 keV x day x 100 tons)
Counts/(10 keV x day x 100 tons)
S

Il Il Il Il Il Il Il Il I 1l
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 300 100 500 600
Energy [MeV] Energy [keV]

IS R o
700 800

ni%os¢ = 75 + 4day (100 tons) ! nep = 47 £ 7 + 12day ! (100tons)
ngsS =49+ 4day (100tons) 1 (NSO — Nexp)/An ~ 1.9
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Atmospheric and LBL Oscillation Experiments Atmospheric Neutrinos

M ~2 atE<1GeV
N(ve + Ue) ~
@ Atmospheric and LBL Oscillation Experiments

¢ Atmospheric Neutrinos

@ Super-Kamiokande Up-Down Asymmetry

o Fit of Super-Kamiokande Atmospheric Data

¢ Kamiokande, Soudan-2, MACRO and MINOS

e K2K 5 0.015 7 7
- MINOS e (N 5) V(e Pl

- [N(Vu + ﬂu)/N(Ve + 77e)]|v|c

uncertainty on ratios: ~ 5%
uncertainty on fluxes: ~ 30%

ratio of ratios

a

s Sterile Neutrinos in Atmospheric Neutrino Flux?

J- (1015 4K 1u1)

0.01

w©

R, ey = 0.60 £ 0.07 +0.05

S

dN/dInE, (Kt.yr)!
N

0005 [Kamiokande, PLB 280 (1992) 146]

RX gy = 0.57 % 0.08 = 0.07

[Kamiokande, PLB 335 (1994) 237]

ST T T T

°

/W
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Super-Kamiokande Up-Down Asymmetry Fit of Super-Kamiokande Atmospheric Data

2 Measure of v, CC Int. is Difficult:

E, > 1GeV = isotropic flux of cosmic rays > Eun =3.5GeV = ~ 2events/yr

» 7-Decay = Many Final States

D (028) = B (r — 02B)  ¢{M)(62B) = 42 (628)

Am? (eV?)

A *U’ A
$2(8,) = ¢4 (m - 6.)

vr-Enriched Sample
..... 90% G.L Nihe = 78426 @ Am? = 2.4x 1073 eV?
— 90% C.L.

- 68% C.L. NP = 138739

(December 1998) o Tl L N,, >0 @ 24g

07 075 08 085 09 095 1

up down sin®20 .
) v — Ny v [Super-Kamiokande, PRL 97(2006) 171801, hep-ex/0607059]
Aup-down(GK) = | o | = _0.296 + 0.048 £ 0.01 Yu 2 Vr
w NP + Ndown Am? =21 x 1073 eV?
“ » Best Fit: { - : Check: OPERA (v, — v,)
[Super-Kamiokande, Phys. Rev. Lett. 81 (1998) 1562, hep-ex/9807003] sin“20 = 1.0 CERN to Gran Sasso (CNGS)
1489.2 Iive—days (Apr 1996 — Jul 2001) L ~ 732 km <E) ~ 18 GeV
60 MODEL INDEPENDENT EVIDENCE OF v, DISAPPEARANCE! [Super-Kamiokande, PRD 71 (2005) 112005, hep-ex/0501064] INIP & (2006) 305, hep-ex/0611023]
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Kamiokande, Soudan-2, MACRO and MINOS

Kamiokande
‘contained

E 107

Kamiokande
contained + up

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

4 10+ I I I I |
1 I 04 06 08 sz(ze)l
[Kamiokande, hep-ex/9806038] [Soudan 2, hep-ex/0507068]
< P ot . . . .
% 1: Angular distribution - 7 88% L. MINOS Atmospheric v
“ 2: Energy(LowlHigh) EFeI 418 days exposure
"E 142
0
'L
v ] wtl
o® b sl i
L PR s T T T T T . PO |
sin®20 sin’20
[MACRO, hep-ex/0304037] [MINOS, hep-ex/0512036]
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May 2005 — Feb 2006 http://www-numi.fnal.gov/
x10°
T T T
4.0[ ® MNOSBestFit
[ MINOS 90% C.L.
[ === MINOS 68% C.L. ’
S _. 35 :
Lake Michigan :g E
E 3.0:-
N [
g 2.5 KekeouoL
< | sK90% L
| —— SK(UE) 90%C.L.
2.0
1.5F, I I I ]
0.2 0.4 0.6 0.8 1.0
Sin?(26,,)
VF' — Vﬂ
. 0.44 — 2
Fermilab [ Soudan Am? = 2.747058 x 1073 eV

/ 730km ?z‘kn\ sin2 29 > 0.87© 68%CL

Near Detector: 1 km [MINOS, PRL 07 (2006) 191801, hep-ex/0607088]
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K2K

confirmation of atmospheric allowed region (June 2002)

Mttt NearDetectors KEK

Super-Kamiokande A | \‘ e I
| (Super_Kal | k )
o - v, = U

E
2|
10}
3 .
10
10602 04 06 08 1
4 ‘ ‘ ‘ ‘ sin%20
0 =02 04 06 08

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

[K2K, Phys. Rev. Lett. 90 (2003) 041801]
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Sterile Neutrinos in Atmospheric Neutrino Flux?

Limit On v, -v; Add Mixture

Best Fit 1’=172.6/190 (P=81%)
sin’E=0.0

Nature of atmospheric %

sin26=1
Oscillation o L
0.005
Mode Best fit A2 | o ~ 0004
2
Ve 5in?220=1.00; Am>=2.5x10-3eV2 | 0.0 | 0.0 o000
Vu Ve §in220=0.97; Am>=5.0x103%eV2 [79.3[89 | ~
VaVs 5in?20=0.96; Am?=3.6x103eV? |19.0 | 4.4 000z
LxE 5in226=0.90; 0=5.3x10-* 67.1|82
V, Decay €0s20=0.47; 0=3.0x10%eV2 [81.1 9.0
v, Decay to v c0s26=0.33; a=1.1x102%eV2 |14.1 3.8 voor I
B d 0 02 04 0,6 08
v, v, (costy, + sinkv,) =
sinE
S SK), Moriond 2002
[Smy (SK). Morion 1 [Nakaya (SK), hep-ex/0209036]
FUTURE

MINOS: v, —= vy, vy = Ve, Yy = Ve u,r (NC)
CNGS: ICARUS: v, — ve, v, — v OPERA: v, — vy
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Phenomenology of Three-Neutrino Mixing Experimental Evidences of Neutrino Oscillations

Homestake
Kamiokande
Solar GALLEX/GNO & SAGE
Ve = Vyu,Vr Super-Kamiokande
SNO

Amdo ~ (7.6 £0.2) x 107°eV?
%
BOREXino

tan” ¥soL ~ 0.47 & 0.06
@ Phenomenology of Three-Neutrino Mixing _ Reactor
o Experimental Evidences of Neutrino Oscillations Ve disappearance

o Three-Neutrino Mixing
o Allowed Three-Neutrino Schemes

(KamLAND)

Kamiokande

IMB
‘e . Atmospheric
¢ Mixing Matrix L j,, : Super-Kamiokande Amimy ~ (2.4 +0.1) x 1073 eV?
@ The Hunt for ¢ K T MACRO —
. Lo sin? 9ary ~ 0.50 % 0.07
¢ Bilarge Mixing Soudan-2 ~0. .

Accelerator

di (K2K & MINOS)
v, disappearance

Two scales of Am?: Amiry ~ 30 Amig,

Large mixings: datm ~ 45°, JsoL ~ 34°
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Three-Neutrino Mixing Allowed Three-Neutrino Schemes
3 m m
Val = Z Uak Vil (a =& u, T) /_i |
k=1 / Amiyx <
f —

three flavor fields: ve, vy, v, /
/ 2 / 9
Amiry { Amiry
\

three massive fields: v4, v, v3 \

[s

\ 2
\ > Amgyy

Am3; + Amd + Ay = m3 — mf + m3 — m + m} — m} =0
"normal” "inverted”
Amio, = Am3y ~ (7.6 4 0.2) x 10 5eV?
different signs of Amgl ~ Amg2

Amioy =~ |Am3,| ~ |Am2y| ~ (2.4 £0.1) x 103 eV? absolute scale is not determined by neutrino oscillation data

[ C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 163 | [ C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 164 |




Mixing Matrix

- Effective ATM and LBL Oscillation Probability in Vacuum
SOL /|l U [V ER S A ——
5 > U=| Un U |V | o 3 - 2 _—r
‘ Ams, L |Amg,| ‘ v ool Poosvs = Z Uk, Upie Ext| x |eErt
Jr1 Ur2 |Uss k=1
ATM 3 2 3 Am? 2
; mi, L
= Ul Upre "E=EDEl L IN™ U2 Ugke K
N Z_:akﬂk Z_:akﬂkXp oE
CHOOZ: { : ’gCHOOZ = Aam3; = ; MaTM 5 k=1 =1
sin“ 29cHo0z = 4|Ue3| (1 — |Ue3| )
g 2
Ams L
| |Ues $5x 107 | —p <1 Amy - Am
SOLAR AND ATMOSPHERIC v OSCILLATIONS " " « Am?L 2
ARE PRACTICALLY DECOUPLED! [CHOOZ, PLB 46 (1999) 415] Prasvp = |Uaa Up1 + UaoUp2 + UazUps exp| — ¢
[Palo Verde, PRD 64 (2001) 112001]
|Ue? ~ cos?¥soL |Ueol® ~ sin® 9soL UarUp1 + UsaUp> = 8ap — UasUps
|U,L3|2 ~ sin® 9atm |UT3|2 ~ cos? Fatm
| C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 165 | C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 166
.2 .2 Am2L
Am2l 2 Pyo—svp = sin® 284g sin (a # B)
Poasvp = |0ap — UagUps [1 - exp( 2E )] 2 2 2
Am2L sin” 204 = 4|Uas|"|Ups|
:6aﬂ+‘Ua3|2|Uﬁ3|2 2 —2cos )
2E L [ Am2L
A2l Py e =1 —sin“ 2044 sin iE
m
— 26aﬂ\Ua3|2 <1 —cos— ¢ >
A 2L Sil"l2 219(10: :4‘Ua3|2 (1— |Ua3‘2)
m
= bap — 2|Uas|? (5043 - |U53|2) 1 — cos X
2E
2L Uel UeQ Ue3
. m .
= ap — 4 Uns|? (aa,s - |U,33|2) sin? i sin? 28, < 1
U=| Un Uy U ’
. Am?L
atB = Pyyovy =4 Uas|?|Ugs|’ sin’ ( 1E ) U Uy |Urs L
) |Ues|” =~ 4

. Am2L
a = ,3 - Pua—)lla = 4|Uc¢3|2 (1 - ‘Ua3‘2) Sm2 (4E> L]TD)L
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> v, disappearance experiments:

sin? 200 = 4|Ues|? (1= |Ues|?) = 4|Ues|?

» v, disappearance experiments:

sin? 29, = 4|U,3 (1 - |Uu3|2)

<1 +4/1 —sin? 219W>

‘Uu3|2 =

N | —

> v, — Ve experiments:

sin? 29,0 = 4] Ue3‘2‘U/J.3|2
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Hint of %13 > 0

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

1 Solar, KamLAND Solar & KamLAND + Atm. & LBL & CHOOZ
01 —_—————  —_——  —
cosl s | | 1 :
> 006 | E - = - E
~ - ] - ] - ]
£ 004 | J - = — =
0 s ] s ] 5 ]
0.02 | = — = — ]
O B = B a B a
0.2 0.3 0.4 0.2 0.3 0.4 0.2 0.3 0.4
. 2 . 2 - 2
sin“ 1%y, sin“ 1, sin“ 1y,
sin? %13 = 0.016 &= 0.010 [Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801]
p ] (1=sin?913)’ (1-05sin?912)  SOL low-energy & KamLAND
Tlan (1 —sin? 1913)2 sin® 91, SOL high-energy (matter effect)
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1 0 0 C13 0 51337"513 C12 S12 0 10 0

U=10 C23 523 0 1 0 —S12 C12 0 0 e’>‘2 0
0 —523 (23 —5136'613 0 C13 0 01 00 e’>‘3
923 ~ YaTM 913 ~ 9CHOOZ F12 ~ IsoL BPBov
cci3 s12ci3 si3e 013 1.0 0
= | —snas—cosssizels cooz—spsisize®s s3as 0e*2 0
s —croe3s13€013  —cos—snossize®3 oz 0 0 e?3
- 2 _ +0.022 . 2 _ +0.07
sin“ %12 = 0.304" 5016 sin“ %23 = 0.50" g6

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

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

Hint of #13 > 0

[Fogli, Lisi, Marrone, Palazzo, Rotunno, NO-VE, April 2008] [Balantekin, Yilmaz, JPG 35 (2008) 075007]
s 02
Sin 19]_3 = 0.016 + 0.010 [Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801]

future: measure 913 # 0 = CP violation, matter effects, mass hierarchy
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The Hunt for 93

107 10 °
I MiNOS Superbeams | oS
CNGS )
D CHOOz factories
D CHOOZ = R
W < 107 |l NOvA

I NOvA Reactor I
8., Reactor Il 8§ NOVA+FPD  -SUperbeam upgrades
= 107 NOVA+FPD = I 2™GenPDExp
g _ § 1o | I NoFact
§ " 3 Supgrbeams-Reactor gxps
S 2
<] W ]
2 2
% S 102 Branching point
£ /] < Gonv. beamg
S 107! N
E CHOOZ-+Solar excluded E L
@ ) Vr
Reactor experiments . 3
- > 10°
Conventional beams, / CHOOZ+Solar excluded
10° 10°
2006 2008 2010 2012 2014 2016 2018 2020 2005 2010 2015 2020 2025 2030
Year Year

“Branching point” refers to the decision

30 sensitivities. Bands reflect depen- between an upgraded superbeam and/or
dence of sensitivity on the CP violating detector and a neutrino factory program.
phase d13. Neutrino factory is assumed to switch

polarity after 2.5 years.

[Physics at a Fermilab Proton Driver, Albrow et al, hep-ex/0509019]
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Bilarge Mixing

|Ue3|2 <1

Cos So 0 Ve = CygV1 + SysV2

(S)
U~ —S95Coa CosCop S9a o Va ' = —SgsV1 + Cyso
S9s59a T C9sS9a Coa = Co9aVu — S9pVr
Cos S8g 0

sin2219A:1:>'z9A_%:>U: —5195/\/5 Cﬂs/\/i 1/\/5
5195/‘/§ _‘:195/‘/§ 1/‘/§

Solar ve — v{%) ~ 7 (v —vr)
(DSNO 1
oSS = 3 = Pu = By, > By, for E 2 6MeV
Ve
1 2/3  1/V3 0
sin® g ~ 3= U~ ~1/v6 1/V3 1/V2
1/vV6  —1/V3 1/V2
Tri-Bimaximal Mixing
[Harrison, Perkins, Scott, hep-ph/0202074]

C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 173 |

Mass Hierarchy or Degeneracy?

normal scheme inverted scheme
10° T T T 10° T T T
QUASI QUASI
DEGENERATE DEGENERATE
0E L, i E 07 e, E
_ B
o m =
= 107% frossssessss=-. | — 1077 F o

m

INVERTED

10 3k - 4 10%F iy SCHEME
NORMAL INVERTED
HIERARCHY HIERARCHY
10 |1u ! u; N |(; 2 u; ! 10° 10 l‘U . u; 4 lt; 2 u; ! 10°
Lightest Mass:  my  [eV] Lightest Mass:  mgy V]

2 2 2 2 2 2 2 2 2 2
my = my + Amy = my + AmgoL my = mz — Amz; = m3 + Amjry
2 _ 2 > _ 2 2 > 2 2 2 2
m3 = mi + Amg; = my + Amjry my = mi + Amj; ~ m3 + Amjry

Quasi-Degenerate for my &~ my ~ m3 ~ m, > \/Amiy, ~ 5 x 1072eV
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Absolute Scale of Neutrino Masses

@ Absolute Scale of Neutrino Masses

Mass Hierarchy or Degeneracy?

Tritium Beta-Decay

Neutrinoless Double-Beta Decay

Bounds from Neutrino Oscillations

o fBo, Decay < Majorana Neutrino Mass
e Cosmological Bound on Neutrino Masses

o
o
o
o
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Tritium Beta-Decay

dr  (cosdcGr)’
a7 — 23
Q = M3H - M3He — Me = 18.58 keV

*H— *He+e™ + 7

IM? F(E)pE (Q — T) /(@ — T)* — m,

Kurie plot
1/2
K= (cosﬂcGF(;Zr/d Tz N [(Q “TV(@-TY - m?,e] /
(cos9G)" | pap F(E) pE
04 |m, <22eV (95% CL)]|
B 23 E Mainz & Troitsk
\:J o [Weinheimer, hep-ex/0210050]

m,, = 100eV

0 ! L ! [hep-ex/0109033]  [hep-ex/0309007]
18.1 18.2 18.3 18.4 18.5 18.6 e
T Q-m, Q sensitivity: m,, ~ 0.2eV
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1 future: KATRIN (start 2010)



1/2
2 2 2 2 2 2 2
Neutrino Mixing == K(T) = [(Q—T)>_ |Uu/’ (Q—T)Q—mi] mg = |Ue1|* mi + |Ue2|* m5 + |Ues|* m3
k

0.2 T T . .
[Ual? =05 mi =106V anaIySIS of data is 10! T T T T 10! T T T T
015 F ] different from the NORMAL SCHEME INVERTED SCHEME
|Ueaf? =05 my = 1006V
g o1l ] no_mixing case: | | Mainz & Troitsk | ; | Mainz & Troitsk |
= 10°F E 10" E
< 2N — 1 parameters
0.05 b . _
. ‘ ‘ : Z |Uek|2 -1 =, KATHIN ] = il KATRIN , ]
184 18.45 185 18.55 186 P = =
Q—my T Q—m = = T 1tz ‘
if experiment is not sensitive to masses (m, < Q — T) 1 02k -
effective mass: mfg = Z \Uek|2mi '1,,’,'{‘
k ~ . . . _ . . .
T T T N T L T R T I TS R T NET
5 ) Lightest Mass:  my  [eV] Lightest Mass:  mg [eV/]
1 m
K2 = (Q— TP Ul [1 - — ~(Q— T) Ukz[lf—i"] _
( ) z,;' i (Q-T) ( ) ijl il 2(Q-TY) Quasi-Degenerate: my ~my ~mz3 ~m, — m% ~ m,%z |Uek|2 =m?
_ 2 1 m)23 ~ 2 2 k
=@=T) [1* 2g-Tp| =@ Dy@-Tr—m FUTURE: IF mg S 4x1072eV — NORMAL HIERARCHY
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Neutrinoless Double-Beta Decay Two-Neutrino Double-§ Decay: AL =0
1 N U
2t N ‘ W
N(AZ) 5> N(AZ+2)+e +e + e+ e =
76 7,
3+ As
33 _
7 (T2) ™ = Gow [ Mo
0f . _ Ve
second order weak interaction process L e
6o in the Standard Model J W .
32 .
Neutrinoless Double-8 Decay: AL =2
d . u
N N(AZ) 5> NAZ+2)+e +e W .
0 ov \—1 2 2 Vet — —
(T1/2)™" = Goy [Moy|” [mgg|
ggSe my ——% Vg
effective
Effective Majorana Neutrino Mass: mgg = Z U2 mi Majorana mgg = Z U2, my Vet — M
k mass k ; W l
, u
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Ugi = possible cancellations
k

mgg = |Uel|2 my + |U62|2 ei"‘Q mo + |Ue3|2 e’m m3

as =2X» az =2(A3 — d13)

Tm[mggs| Tm[mggs)

|Uea €2

mpp
Qg
. mpp
|Uea €2 P
9
|Uer [Py Re[ms3] |Uer|*ma Re[mss]
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Bounds from Neutrino Oscillations

mgg = |Ue1|2 my + |Ueg|2 ei°‘21 my + |Ue3|2 ei°‘31 m3

CP conservation

a1 =0, 7 asz; =0, T
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Experimental Bounds

CUORICINO (130Te) [PRC 78 (2008) 035502]

T >3x10*y  (90% C.L.)

— |Imgp| 5 0.19 - 0.68eV|

Heidelberg-Moscow (7°Ge) (epa 12 (2001) 147

T >1.9x10%y (90% CL) = ‘ |mgp| <0.32 — l.OeV‘

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

T > 157 x 10%y  (90% C.L.) | —>

|mps| <0.33 —1.35¢V |

NEMO 3 (lool\/lo) [PRL 95 (2005) 182302]

T, > 46 x 102y (90% C.L.)| = \ imgp| < 0.7 — 2.8eV‘

[eV]

gy

V]

gl

FUTURE EXPERIMENTS

COBRA, XMASS, CAMEO, CANDLES

|mgp| ~ few 10t eV

EXO, MOON, Super-NEMO, CUORE, Majorana, GEM, GERDA
|mgp| ~ few 102 eV
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CP Conservation: Normal Scheme

my

1074 KL -
10 100 107

L
107!
[eV]

L
10°

10"

[eV]

gy

V]

gl

10" ™ ™ T T

an _m
/\M:TJ:_

LEXP L

10°* 7 AL il AL AL
107 107 1072 1071 10° 10"
mo [ev]
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Counts / keV.

8

8

CP Conservation: Inverted Scheme

mgg = ‘Ue]_‘2 my + |Ue2|2 ei"‘Ql mo + ‘Ue3|2 ei"‘31 m3

10! T T T T 10! T T T T
\,:“%:n =20
- 10t T T T T 10! T T T T
NORMAL SCHEME INVERTED SCHEME
N 1l =
& & 100 100
i 1 _ Sy 4 N T A
3 107F 3 107!
4 4 CP violation
L L L e 102 & 1072 E
10! 102 107! 10° 10! E §
1073 103 F E
4 4 'l Al Al Al
s J s 10 1073 1072 107! 10° 10! 10 1074 1072 1072 107! 10° 10!
B B m [eV] ms  [eV]
| I ] FUTURE: IF |mpg| < 10726V =—> NORMAL HIERARCHY
e T T T B TR R T T T B T
ms V] m eVl
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Experimental Positive Indication BBo Decay o Majora na Neutrino Mass
[Klapdor et al., MPLA 16 (2001) 2409]
0.44 .
T1072 = (2.23J_r0 31) X 10% y 6.50 evidence [MPLA 21 (2006) 1547] .
. e = ve(h = —1)
8 T T T T T d u d u A l o
S s —prims A - -
64 j S”)’u;/ F>— = 1313()7/ -
o e ;]/
E d u d U] gy
34 7o =v.(h = +1)
3 3 - ]
© -
awsorey ] f |- I 1 [Schechter, Valle, PRD 25 (1982) 2951]  [Takasugi, PLB 149 (1984) 372]
y 13 pq el g U
oA 1 AR
500 1000 Ene‘r;;?kev 2000 2500 3000 2000 2010 2020 2030 2040 2050 2060 M ajora na Mass Term
energy, keV

[PLB 586 (2004) 198]

[MPLA 21 (2006) 1547]

the indication must be checked by other experiments
|mﬂﬁ| =0.324+0.03eV [MPLA 21 (2006) 1547]

if confirmed, very exciting (Majorana v and large mass scale)
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M 1 e —_
‘CeL = —35 Mee (Vecl_ Vel + Vel V;:L)
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Cosmological Bound on Neutrino Masses

A
44
®High-Z SN Search Team
421 © Supernova Cosmology Project
=) L ]
g 40
E
381 b
Eé — 0,=0.3,0,20.7
36 e 0,=0.3, Q,20.0 ]
3af - Q=1.0,Q,=00 ]

A(m-M) (mag)

0.01 0.10 1.00
z

[Springel, Frenk, White, Nature 440 (2006) 1137] [http://cfa—www.harvard.edu/supernova/|
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Relic Neutrinos

neutrinos are in equilibrium in primeval plasma through weak interaction reactions

_ _ = = = =) - __
S ete veSve VUNS UN venSpe” UepSnet nspe i

weak interactions freeze out
Tweak = Nov ~ GET°~T?/Mp ~ /Gy T* ~ \/Gup ~ H="Tyec ~ 1 MeV

neutrino decoupling

1
4\
Relic Neutrinos: T, = (—) Ty~ 1.945K = k T, ~ 1.676 x 10™*eV

11 (Toy=2.7254£0.001 K)

_ 3¢

number density: ng = 2 & T} = ny, 5, ~0.1827 T2 ~112cm~3
m
. . Ny, 5. Mg 1 my > mi
densit tribution: Qj = 2% X~ = |Q, h ==k =
e {pcf"mﬁ' )” o T T, 12 94.14eV “" T 9al4ev
<= 8mGy

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

h~07, 9,503 = > mSl4eV
k
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& 1000

Lyman-alpha Forest

Ly-o emission

Q142242309 \
z=3.62

flux:

Ly-p emission Ly-o forest

25T
AR

T T

[BIRIED

i L I
4880 4900 4920 4940 4960 4980 5000
AIA

[Springel, Frenk, White, astro-ph/0604561]

Rest-frame Lyman o, B, 7 wavelengths: A% = 1215.67 A, A% = 1025.72 A, Af'y =972.54 A

Lyman-c forest: The region in which only Lyer photons can be absorbed: [(1 + zq)AO ,(1+ zq))\oa]
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Power Spectrum of Density Fluctuations

Wi 1 th A [h™! M]
Vovclength A [b7t Mpe] ) hot dark matter

prevents early galaxy formation

104

5(%) = 7”(’?){ P

3 T = —
(5(2)852)) = [ gz €™ PR

T

|

® Cosmic Microwave Background
®5DSS galaxies

T

Current power spectrum P(k) [(h~! Mpc)?]
>
8

small scale suppression

#Cluster abundance

10 = Weak lensin 3
E ALyml;n] Alphi Forest i AP(k) ~ -8 &
0.001 Wo.m . 1(0.1 1 10 ~ —08 (Zk mk) < 0.
avenumber k [h/Mpc) =~ . _ P —TY
leV Qm b2

[Tegmark, hep-ph/0503257]

Solid Curve: flat ACDM model
(O, =0.28, h=0.72, QF /P, = 0.16)

B
3
Dashed Curve: E my = 1eV
k=1
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for
k > ko 2 0.026 4 / 1’”'{/\/Qm hMpc?
e

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

)



WMAP (First Year), AJ SS 148 (2003) 175, astro-ph/0302209

CMB (WMAP, ...) + LSS (2dFGRS) + HST + SN-la = Flat ACDM

To=137+02Gyr  h=071%3%

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

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

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

CMB + HST + SN-la + BAO

To = 13.72 £ 0.12 Gyr h =0.705 +0.013
—0.0179 < 9 — 1 < 0.0081 (95% C.L.)
Qp = 0.0456 + 0.0015 Q= 0.274 £0.013
3
> m<0.67eV (95% C.L.) Negr = 4.4+ 1.5
k=1
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3
S m <066V (~20)  CMB + HST + SN-la + BAO
k=1

3

Y me$02eV (~20) CMB + HST + SN-la + BAO + Lya
k=1

NORMAL SCHEME INVERTED SCHEME
10° 100
| CMB4+HST+SNAa+BAQ'| | CMB+HST+SyMa 1 BAY|
| CMB+H¥ \s‘,\l{ BAO+Lya | Iy BAO+Lya |
1
= 10 4 =
oh &
g my / g my
107 - - 10~ - -
ma
/ S
/my /mg
10 3 5 3 10 3 14 3
103 10 10! 10° 103 10 * 10! 10°
Lightest Mass:  my  [eV] Lightest Mass:  ms  [eV]

3
FUTURE: IF z me <9 x 10 2eV = NORMAL HIERARCHY
k=1
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Fogli, Lisi, Marrone, Melchiorri, Palazzo, Rotunno, Serra, Silk, Slosar

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

Flat ACDM
Case Cosmological data set ¥ (at 20)
1 CMB <119 eV
2 CMB + LSS <0.71 eV
3 CMB + HST + SN-la < 0.75 eV
4 CMB + HST + SN-la + BAO < 0.60 eV
5 CMB + HST + SN-la + BAO + Lyaa < 0.19 eV

20 (95% C.L.) constraints on the sum of ¥ masses ¥.
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Indication of BBo, Decay: 0.22eV < |mgg| < 1.6eV (~ 30 range)

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

10! T T 10! T T
[CMB+LSS+SNIa+BAO [CMB+LSS+SNIa+BAO
= OsC.. = OsC
CMB+1.5$+SNIa+BAO+Lya CMB+1.5$+SNIa+BAO+Lya
100 F g E 100F E
s Bpo N BB
& &
S I
= £
107 F E 107 F E
,_/
NORMAL SCHEME —/ INVERTED SCHEME
-2 L 1 —2 1 1
10 10 2 10! 10° 10! 10 10 2 10 ! 10° 10!
Lightest Mass:  m;  [eV] Lightest Mass:  m3 [eV]

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

@ Experimental Neutrino Anomalies

®

LSND

Four-Neutrino Schemes: 2+2 and 3-+1
@ 2+2 Four-Neutrino Schemes
@ 3+1 Four-Neutrino Schemes

MiniBooNE
CCFR
MINOS

Gallinm Annmn(ﬁynti — Neutrino Physics — Torino, 17-21 May 2010 — 197

Four-Neutrino Schemes: 242 and 3+1

m
2]
3
2
Amggy
1
[z
noyon

m?
—
2
Amggy,
3
V5
2
"341"
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Beam Excess

LSND

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

Uy — Ve

L~30m 20 MeV < E < 200 MeV

2

17.5F

1251

® Beam Excess
B2 pv,~v,e’)n
B plv,e)n

other

04

0.6

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

|
1.4

~10 e
<
&
g
<10 E
Karmen CCFR]
Bugey ]
Ie 3
E NOMAD
,l’
10 ¢ E
E I 90% (L, -L<23)
F99% (L, -L.<4.6)
10’2”””\ S ol i
107 107 10" 1
sin” 20

Amisnp 2026V (> Amjry > Amdo)
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242 Four-Neutrino Schemes

m
vy
2
Amiry
V3
A2
Amgg,
Vs
) 2
Amgo, <|_|__
2
normal

m
vy
, 2
Amgo <|_|__
i
2
Amgpy,
vy
2
Amimyg
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"inverted”
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2+2 Schemes are strongly disfavored by solar and atmospheric data

50
q0f

30

10

[Maltoni, Schwetz, Tortola, Valle, New J. Phys. 6 (2004) 122, arXiv:hep-ph/0405172]

7s < 0.25 (solar + KamLAND)

- 2 2 0 .
s = |Usa|* + |Usz| 99% CL: { 7s > 0.75 (atmospheric + K2K)
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Effective SBL Oscillation Probability in 3+1 Schemes

4 2
) . 2
Pyaﬂ,,ﬁ = Z U;k UﬁkeilEkt * e’Elt
k=1
4 2 4 P 2
; Amiy L
= Z U;kUﬁke_'(Ek_El)t — ZU;kUﬁkeXp< ;nél )
k=1 k=1
Am§1L<<1 Am§1L<<l Aml. s A
2F 2F a7 2
2
Am’L
Puo—vp = |Usa1Up1r + Uz Ugo + Uz Ups + Uza Upa exp< °F >

a1 Up1 + UgaUpa + Ug3Ups = Bap — UgaUpa
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341 Four-Neutrino Schemes

m2 m2 m2 m2
1
B2 B2 Rz Amio <1
2 y 2 %1
Amipyg Vs Amiyyy
9 —
Amgoy, N
2 V3
2 2 A2 2
Amggy, Amgpy, Amggy, Amggy,
V3 2]
— ) —2
Amgop{__
2 2 vy
Amipyg Vs Amirg
Amgo T 1 —lu —
151 V3
"normal” " 3v-inverted” "4y-inverted” fully-inverted

Perturbation of 3-v Mixing

|Ue4|2 < 1 |Up,4|2 < 1 |U'r4|2 < 1 |Us4‘2 ~1

| C. Giunti — Neutrino Physics — Torino, 17-21 May 2010 — 202 |

2

Puaauﬁ =

Am?L
— U* 1—
5&/5 Ua4Uﬁ4|: exp( >E >:|

Am?L
= 8op + |Unal?|Upal? (2—2cos °F )

- 26aﬁ|Ua4\2 <1 — cos

Am?L
= 6ap — 2|Uaal? (Ja,s - |Uﬁ4|2) <1 — cos >

2E
Am?L
2E

= 8ap — 4| Una? (5a,3 - |uﬂ4|2) sin?

. Am?L
a #ﬂ - Pyaﬁuﬁ == 4|Ua4|2‘U/34|2 sm2 < 4E >
Am?L
o o 2 _ 2 . 2
a=f = Prpve="4Uas? (1= |Uual?)sin (45 )
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5 Am?L

P, SE
4E

o

(a # B)

v = sin® 284 sin

sin2 2’[9043 = 4| Ua4|2|Uﬁ4|2

5 Am?L

P, S
4E

(3

Svg = 1 —sin” 2844 sin

Sin? 200 = 4| Una|? (1 = | Uaa[?)

> V. disappearance experiments:

sin? 28ce = 4|Uea|? (1= |Uea ?) ~ 4|Uea|?

» v, disappearance experiments:

sin” 29, = 4|Upal” (1= |Uual?)

> v, — Ve experiments:

[

4‘UH4‘2

U(zl Up,g UF; Ua4
-2
U,ul Uuz U;L[; U;ul sin 219aa<<1
Ui Ury Up |Upns ‘U
-2
sin” 29
Usl USQ U53 U54 |Uo(4|2 ~ %
f
SBL
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Ve Disappearance

LR

T T

Am?eV?]

T

T T

e I T T B

-2 —1
. 10 1
sin?20

[Savannah River (SRP), PRD 53 (1996) 6054]
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» Upper bounds on sin? 2. and sin? 29, imply strong limit on sin? 2%,

10

1
sin? 20,0 = 4 Uea|?| Upal?® ~ Z sin? 20 sin® 29,
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v, Disappearance

e T 10000 . -

) 1000

1000

100

0.5 .0

. .
sin? 20 0 025 050
in2(28)

[CDHSW, PLB 134 (1984) 281]
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L
075 1O

S
[CCFR, Z. Phys. C 27 (1985) 53]



Yy — Ve
T T IIII{Iﬂ | T Illql T 7T IIIIIII T T TTTTIT
B B — NEV + atm + K2K ||
I NEV +atm(1d) ||
E — -
S _
[ i< — ]
N% i < . LSND global
2 LSND DAR
B 10°F E
IS c m
< r ]
10" E
: 1 1 1 II\\III 1 I.ZIIIIII 1 1 1 IIIIII 1
10 10° 10" 10
.2
sin 26LSND

[Maltoni, Schwetz, Tortola, Valle, New J. Phys. 6 (2004) 122, arXiv:hep-ph/0405172]
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» The LSND signal is strongly disfavored:

> Not seen by other 7, — ¥, and v, — v. experiments
» Disfavored by combined fit of data

» Possibility of a Am? > 1eV? relevant for SBL experiments independent
of LSND signal remains interesting: chance to discover Sterile Neutrinos

and open powerful window on New Physics

» There are also direct searches of active-sterile transitions:

» Solar + KamLAND: mixing smaller than 0.25 at 99% CL (constrained by

matter effects and by SNO NC measurement)

» Atmospheric + K2K: mixing smaller than 0.25 at 99% CL (constrained by

matter effects)

» Bounds from observation of NC interactions in SBL (CCFR) and LBL

(MINOS) experiments
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Events / MeV/

Excess Events/ MeV

MiniBooNE

[PRL 98 (2007) 231801]

vy — Ve L ~541m
«sz:
< [
10
EJF (GeV)
"-“} ®  data - expected background
frd bestity, v,
05
C 5in?26=0.004, A m?=1.0eV?
0.4 Sin20=0.2, A mP=0.1eV? 107
oaf
E e g SR i s = SO
E I I T b4
B T B T T 107

E* (GeV)

[PRL 102 (2009) 101802, arXiv:0812.2243]

475MeV < E < 3GeV

. 6.462E20 POT
. official E>475MeV 90%CL

¥ ¥

10°

Low-Energy Anomaly!

107 10" , o1
sIn®(26)

[arXiv:0901.1648]
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CCFR

[PRD 59 (1999) 031101, arXiv:hep-ex/9809023]

103,
102,
30
i
<
T L
10k Bugey U=V,
10_2* L
1072 107" 1
sin?2a
E ~ 100 GeV L~ 1.4km
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MINQOS

[PRD 81 (2010) 052004, arXiv:1001.0336]

341 Schemes

» LBL v, disappearance and v, — v. experiment with E ~ 3 GeV and
> Near Detector at 1.04 km
» Far Detector at 734 km

» Events classified in two groups: CC and NC

> Information on v, — vs from difference between near and far NC energy

d
q
i
'
'
'
'
'
'
'
I
'
f

spectrum y
> Analysis complicated because there are five contributions to NC sample: T T30 40 750 60
1. Genuine NC interactions 60;\ 654 (deg)
2. Misidentified v, CC interactions S50l s 6,5=0°
3. v, CC interactions g ] # * Best fit point
4. Possible v, CC interactions originating from v, — v, oscillations 73407 ;] —90%CL
5. CC interactions of v, beam component < 6..219°
.. . .. N Spepuepuy 13~
> Assumed 4-v Mixing with Mixing Matrix 30F 1 * Best fit point
0 2040 60 ---- 90% C.L.
U = R34(634) Roa (624, 62) R14(614) Ro3(623) R13(613, 61) R12(612, 03) 8,4 (deg)
[MINOS, PRD 81 (2010) 052004, arXiv:1001.0336]
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Gallium Anomaly

Gallium Radioactive Source Experiments e
Tests of the solar neutrino detectors GALLEX (Crl, Cr2) and SAGE (Cr, Ar) ] M e
Detection Process: Ve + 1Ga— "Ge+ e~ i /W“Zc ! % 101
) ) ] £ 5 IlllOOOETD
Ve Sources: e +51Cr—= 5%V +y, e +3Ar = 3C+ v, ':[ET 0 g &\\\\\\\&\\&\\k\\
Sicy 3TAr i L
E[keV] | 747 752 427 432 811 813 5 7ol 7 GALLEX C2 SAGE Ar
B.R. | 0.8163 0.0849 0.0895 0.0093 | 0.902 0.098 e
acs @77 dapm ¥::J:: [SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]
Vv 37Ar (35.04 days) e Rga = 0.88 £0.05
747 keV v (81.6%) m 8‘7{; ))
worevs 752 keV v (8.5%) 101 (stable eV v 2% d L

P [SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]
[SAGE, PRC 59 (1999) 2246, hep-ph/9803418]
[SAGE, PRC 59 (1999) 2246, hep-ph/9803418]
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» Deficit could be partly due to overestimate of
o(ve +Ga— "Ge +e7)

» Calculation: Bahcall, PRC 56 (1997) 3391, hep-ph/9710491
3/2 0.500 MeV

5/27 0.175 MeV

1/2-
10.233 MeV

Ga

> 0G.s. related to measured o(e™ + "*Ge — "*Ga + v,):

065 (°'Cr) =553 x 107 cm? (1 £ 0.004),,

BGT175kev BGTs00 kev

» o(°1Cr) = 0gs.(°1Cr) <1 +0.669 —————— + 0.220

BGTG_S. BGTG.S.

» Contribution of Excited States only 5%!
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Gallium Radioactive Source Experiments
are
Short-BaseLine Neutrino Oscillation Experiments

T

Lol / BT N N A9

T

52 PR (U E VR SRS
0.2 0.4 0.6 08 1

sin®(29)
Fig. i. Region of eiectron neutrino osciilation parameters ruied
out at 90% C.L. by the GALLEX *!Cr source experiment.

[Bahcall, Krastev, Lisi, PLB 348 (1995) 121]
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)

Bahcall: [Bahcall, PRC 56 (1997) 3301, hep-ph/9710491]

from p+ 1Ga - "Ge -+ n measurements [Krofcheck et al., PRL 55 (1985) 1051]

BGT BGT 0.056 BGT
175KV _ ) 056 — 175keV _ 500keV _ 146
BGTgs. BGTgs. 2 BGT¢s.
30 lower limit: BGT 175 ev = BGTs00kev =0
"~ BGTgs. BGTgs.
... BGTi75kev BGTs00kev
limit: ————— . 2 — =0.14 2
30 upper limi BGTcs, < 0.056 x BGTcs, 0.146 x
o(*1Cr) = 58.1 x 107" cm? (15:53¢)
. lo
HaXtOhZ [Hata, Haxton, PLB 353 (1995) 422, nucl-th/9503017; Haxton, PLB 431 (1998) 110, nucl-th/9804011]

“a sophisticated shell model calculation is performed ... for the transition
to the first excited state in "'Ge. The calculation predicts destructive
interference between the (p, n) spin and spin-tensor matrix elements.”

o(°1Cr) = 63.9 x 10~ *® cm? (1 £ 0.106),,
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GALLEX SAGE
Crl Cr2 Cr Ar
R [0953+0.11 0.8127010[0.95+0.12 0.79+ 999
(L) 1.9m 0.6m

| Rga = 0.87 £0.05 |

Am?L
Py (L, E) = 1 — sin2 28 sin2 ( Z_E )

Lose <05 m = Am?>1eV? — v, — v,

_ [dV L723;(B.R)io; Py 0. (L, E)

R E;(B.R.),‘O’,‘deL_2

[Acero, Giunti, Laveder, PRD 78 (2008) 073009, arXiv:0711.4222]
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AP

Am?  [eV3]

SUOIIEO0] SANRUIANY

Future Promising Searches of SBL Oscillations
1 No Osc.
i ,
Gallium Xmin = 8.3
— - 6827%C.L (10) . . . .
T 9545% 0L (20) NdF = 2 » SAGE is planning a new source experiment (v, disappearance)
- / —— 99.73% C.L. (30)
— 0,
GoF =8.1% > Beta-Beam experiments:
Osc. N(A,Z) = NA,Z+1)+e +.  (B)
2
. : {1 Xmin=18 N(A,Z) = NAZ-1)+e" +v. (B
NdF =2 ) )
+ » Neutrino Factory experiments:
L i GoF = 40%
+ = +
. —v,+e" +v
sin? 26 = 0.26 B ¢
Am? = 2.20eV?2 b oy, te + 0
10 o o 2 4 6 8 10
sin®20 v
[Acero, Giunti, Laveder, PRD 78 (2008) 073009, arXiv:0711.4222]
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Neutrino Factory ve Disappearance
Decay Straight 1/, v, d=50m (200kg) + d=2km (32t)
—————————— e TtV @ o @~ 10 g
z - ! 1 ]
8 £ = | 1 5
T TZ o | i @
B . _ ool \ ! o]
@ Circumference: 1609 m @ § g aé 102 \I | (%
5 ) <3 )
+5 & e N /
v, ; \
7777777777 it g @ - ol
| s=600 m | d=2000 m | © N ;
‘ \ d=50 1 B AN i \
- AN \ \
755 m 10 | — FD+ND ">
— FDonly >
[Giunti, Laveder, Winter, PRD 80 (2009) 073005, arXiv:0907.5487] — ND only
. .. . — - FD+ND, no sys.
Near Detectors:  Scintillator or Iron Calorimeter 10~ | Ref.betabeam
with perfect flavor identification Current limit
Systematic Uncertainties: Cross Section, Detector Normalization, 107° 107 107° 107? 107" 10°
.2
Energy Resolution and Calibration, sin” 20
Backgrounds [Giunti, Laveder, Winter, PRD 80 (2009) 073005, arXiv:0907.5487]
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Conclusions Conclusions - Three-Neutrino Mixing

Ve = Uy, vy with Amio ~83x 10 °eV? (SOL, KamLAND)

v, — v with Amipy ~ 2.4 x 10 3eV?  (ATM, K2K, MINOS)

4
Bilarge 3v-Mixing with |U|? <1 (CHOOZ)

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

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

@ Conclusions
o Conclusions - Three-Neutrino Mixing
& Conclusions - Anomalies
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Conclusions - Anomalies

» Existence of sterile neutrinos is possible
> Likely connected with neutrino mass generation

» Active-Sterile transitions have been searched in several experiments and
discussed in global phenomenological analyses of data

» LSND indication of 4-Neutrino Mixing is disfavored

» Gallium Anomaly may be due to v, — v, oscillations with sin? 2 > 0.1
and Am? > 1eV?

» SBL oscillations can be explored with high precision in

> Beta-Beam experiments (pure v, or 7, beam from nuclear decay)

» Neutrino Factory experiments (v, and 7, from u* decay, or 7. and v, from
u— decay)
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