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3 Families of Fundamental Particles
Ve U Vy C vr L . . .
-+ their antiparticles
e d L S T b
« 3 types (flavours) of active v’'s and &'s

« The notion of "type” (‘flavour”) - dynamical;

Ve. Ve+Mn — e —+p,; Uy ﬂn_.l.tl_.n_ut:“ etc.

ey Fvn yEULE =e,u,m; vy E o, L =e,p,T.
The states must be orthogonal (within the precision
of the corresponding data): (v/|v;) = &y, (7]|7;) = 0y,
(7[lv)) = 0.

« Data (relativistic v's): v; () - predominantly LH ( RH).
Standard Model: v, 7 - vy (x);




v (x) form doublets with l;(z), | = eu, T:

v(x)
lr(x)

[ =e, u,T.

« No (compelling) evidence for existence of (relativistic)
v's (v's) which are predominantly RH (LH): vr (v}.)

If vp, vy exist, must have much weaker interaction than
vy, V. vg, vy, - ‘'sterile”, "inert" .

E. Fontecorvo, 1967

In the formalism of the SM, vy and vy - RH v fields
vr(x); can be introduced in the SM as SU(2) singlets.

No experimental indications exist at present whether the
SM should be minimally extended to include vgr(z), and

if it should, how many vgr(xz) should be introduced.

vp(x) appear in many extensions of the SM, notably in
SO(10) GUT 's.



The RH v's can play crucial role
i) in the generation of m(v) # O,

ii) in understanding why m(r) < my, mgq,
iii) in the generation of the observed matter-antimatter
asymmetry of the Universe (via leptogenesis).

The simplest hypothesis is that to each vy (z) there cor-
responds a vigr(z), l = e, u, 7.

ﬁhmﬁHv INn the SM: @mh = 0, H..Sm = 0, thus M\E\m = 0; ﬁhmﬁHv
- have no gauge couplings.

M + m(v) = 0: L; = const., l =e,u, T,

S
L= Le+ Ly + Lr = const.



Compelling Evidences for v—0Oscillations

—Vatm: SK UP-DOWN ASYMMETRY
0z—, L/E— dependences of u—like events

Dominant Vy — Vr K2K, MINOS,; CNGS (OPERA)

— U/~ Homestake, Kamiokande, SAGE, GALLEX/GNO
Super-Kamiokande, SNO, BOREXINO; KamLAND

Dominant Ve — Vy 1 BOREXINO

— LSND: pominant mt — Ve,

MiniBOONE 2010: /y, — Ve incompatible, I/y, — Ve compatible (17)

3.
EFAHVHMS@.EFAHV,t%rmavnﬂumwo_..me,Fﬂ.
=1

E. Pontecorvo, 1957; 195k8; 1967,

Z. Maki, M. Nakagawa, S. Sakata, 1962;



T
v = Y. Ujv l=ep7, n=>3.
7=1

n > 3. possible, e.g. if yyg(z) present in the SM;
at least 3 v; “light”, choose: vi,v2,v3, m123 S 1 eV.

All compelling data compatible with 3-r mixing:
3
VL = .MH Ujvi l=e,u,T.
.H__H

/5

v T #= 0: Dirac or Majorana particles.

r-Mmixing: flavour neutrino oscillations possible.
vu, E; at distance L: P(vy —vr) #0, P(vy, — ) <1

P(vp —vpy) =Py — vy, B, L U, Eum. — EMV



Three Neutrino Mixing

3
L = M Tﬂ__._u_. L -
=1
7 1s The Fontecorvo-Maki-Nakagawa-Sakata n_u____._____?_mu neutring mixing matrix,

HHnH d._u 2 d._u 3

U= Hm.fH q.__.n 2 ﬂ.__._”m
H;.-..- T T

71 T2 T3

e [V - nxn unitary:

n 2 3 4
mixing angles: tn(n — 1) 1 3 6
CP-violating phases:
 v;— Dirac: tn—1(m-2) 0 1 3
» vj— Majorana: n(n— 1) 1 3 6

n =23 1 Dirac and
2 additional CP-violatina phases, Majorana phases

s.M. Bilenky, J. Hosek, 5. T.F., 1920



Majorana Neutrinos

Can be defined In QFT using fields or states.
Fields: x.(z) - 4 component (spin 1/2), complex, my
Majorana condition:
C (Xe(2)" =&xi(z), |&°P=1, ClpuC=—;,; C"=-C, ct=cf

— Invariant under proper Lorentz transformations.
— Reduces by 2 the number of components in yi(x).

Implications:

U(1) : xp(x) — mmﬂmHmnHu — impossible

— vilx) cannot absorb phases.

- ﬁm._m..._:u =0 ﬁm._m_ == _m,,__. .H:_.. == _H_“. I = _H_..

— xil(x): 2 spin states of a spin 1/2 absolutely neutral particle
— Xk = Xk



Propagators: W(z)—Dirac, v(z)—Majorana
<OIT(Wa(z)Wg(y))|0 >= Sos(z — ) ,
<OT(Wa(a)Ws(y))|0>=0, <O|T(Va(2)Ws(y))|0>=0.
< 0|T(xa(2)Xs(¥))|0 >= Sis(z —y)
< OIT (xal2)xs WN]0 >= —£"S . (z — ¥)Crs

< 0T (Xa(z)Xs(y))|0 >=& C 1 STa(x —y)

r—1

'ep x(x) __Unﬁu — Nlcp 70 HHHJ, Nep = L1 .



PMNS Matrix: Standard Parametrization

1 0 0
U=V | 0 &= 0
0 0 &=
C12C13 S12C13 s1ze 0
V = | —s12003 — 128235136 12023 — 81282351360 §23C13
8512823 — EmﬁmmmHmmE — 12823 — mumﬁmmmHmmE €23C13

® 5 = SiNfy, c;; = cosl;, 0; = [0,3],
s & - Dirac CP-violation phase, d = [0, 27],

e 0o, 31 - the two Majorana CP-violation phases.

2 _ 2 3
.D.Eﬂlﬁu. m;.

o Am? =Am3, =7.6x107° eV? > 0, sin“f> = 0.305, cos2f1> = 0.26 (30),

o |Am2, | =|Am2 | = 2.35x 102 eV?, sin? 263 = 1,

¢ 013 - the CHOOZ angle: sin“#3 < 0.041 (0.050) 2o (3c) (see further).

Fogli, Lisi, Marrone, Falazzo, Rotunno, arXiv: 1106 6028



Neutrino Oscillations in Vacuum

Suppose at t =0 in vacuum

Ve > = |v1 > Ccosf+|vo > sing,
_Ttmﬂu = = |_?.H > sind + _?.M > COS 0, V12 Mm1o .|\W 0

After time ¢t in vacuum

ve > =e vy > cosbte 2wy > sinb, Bro = \p” 4+ mi
A(ve — vy t) =< vplve >1= Wmmj 20 (e~ that _ g—ibit)
P(ve — vp;t) = 5sin?20 (1 — cos(Ey — Eq)t)

.ﬁﬁTMLTm.ﬁvm.mumm”u.|.muﬁhxm¢m.xt_.ﬁv

V. Gribov, B. Pontecorvo, 1969



Neutrinos are relativistic: t = L, E; — E; = (m3 — m%)/(2p)
vac — 4nk

AMM T WHVﬁ = ASW o EWVL@\.AMEV — Mqﬂhwgnu 0osc — Al

Qs

L_.Uﬁtm — ﬁt“ﬁv — Wm:._m 20 ﬁH — COS 2T L v, vac — A K

Luac 05C = Am?2

vac oL E[MeV]
hmmn = 2.5 m Dﬂm?aum_

E 23 MeV, Am?[eV?] 28 x 1072 : LY 22100 km
E=1 GeV, Am?[eV?] =2.5x 1073 L% = 1000 km

Effects of oscillations observable if

sin2 26 — suf ficiently large, L & LY%°

os5C

Two basic parameters: sin? 20, Am?
SK, K2K, MINOS; CNGS (OPERA): dominant vy — Ur

KamLAND: De — Ue; Ve — Uy + 7)) /V2
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Source Type of v E[MeV] L[km] min( Am?) [eV]

Reactor Ve ~ 1 1 ~ 1077
Reactor e ~1 100 ~ 1072

Accelerator Uy Uy ~ 103 1 ~ 1
Accelerator Vs D ~ 107 1000 ~ 1077
Atmospheric v'S v, ., Ty, ~ 102 104 ~ 1074
Sun V. ~1 1.5 % 10° ~ 1071

Correspond to: CHOOZ (L ~ 1 km), KamLAND (L ~
100 km), pe disappearnce; E = (1.8 + 8.0) MeV;

to accelerator experiments - past (L ~ 1 km);
recent, current: K2K (L ~ 250 km), MINOS (L ~ 730
km), v, disappearnce; OPERA (L ~ 730 km), v, — vr;

T2K (L ~ 250 km), future NOvA (L ~ 800 km), v, dis-
appearnce, v, — ve; £~ 1 GeV;

SK experiment studying atmospheric vy, vy, ve, Ve (E =
0.1 =100 GeV), and solar ve (£ = 5+ 14 MeV) oscil-
lations, and to the solar v experiments (E = 0.29 -+ 14
MeV).



_T._w_v — Mu.w qhuw _ﬁu_ﬁuvu l=epu,1
1+ — puT + v, decay at rest:

E; = E+m%/(2mz), p; = E—¢m?/(2E), E = (mx/2)(1—-
m?/m2) = 30 MeV, £ = (1+ EKEMV\M >~ 0.8.

Taking m; =1 eV: E; 2 E(1+4 1.2 x 10716),
p; = E(1—4.4x10"16).

Problem avoided if one uses the fact that the v; state 1S
entagled with the ut state.



Ay — vp) = 5 Up; D; &t L1 = e, T,

b.“_._. — m|ﬁ.ﬁu AH.T..|H_UH__ — .w|ﬁ.mm.w_.m...|ﬁu.hv

opj = (Ej — Ex)T — (pj —pp)L

_ N  BEj4+ER . mf-mi
= (B - Eg) |T p;+pi Li+<m b

First term - negligible:
« L and 7' related: T'= (FE; + E;) L/(p; + i) = L/7v,

v = (&;/(E; + E))v; + (E/(E; + Ey))v, - the "average” velocity of v; and vy,
Vik = Pik/ ik

*Pj =P =P
(additionally suppressed by _Hﬁw.n_'ﬂﬂmuxﬂm” L =T up to Eﬁm_ﬂxﬁﬁ:
« £, # Ey, p; # pr, J 7 ki the same conclusion

(neutrinos are relativistic, L = T up to corrections ~m> /E? ).



Emlﬂm
op L |mﬂ.hﬁ m@j@ﬂ Iﬁwrv p = (p; +p1)/2

!

%ﬁuw -

MeV]
LY, =4r P 2225 m PlMeV]
ik _brﬂ.ﬂ_w_ _Drﬂam.ﬂﬂ:mﬂ 2]

is the neutrino oscillation length associated with Am? e

o One can safely neglect the dependence of p; and p. on the masses m; and m;
and consider p to be the zero neutrino mMmass momentum, p = F.

« The phase dpj;, is Lorentz invariant.

o2 = fh__ﬁnmbm_a.&vm + nMﬁnﬂﬁvm

Condition for producing coherently vq,v9,...:

o, 2> _Dnﬂw_p._



T he equation used above corresponds to a plane wave description of the propa-
gation of neutrinos v;. It accounts only for the movement of the center of the
wave packet describing 1. In the wave packet treatment of the problem, the
interference between the states of »; and w1y is subject to a number of condi-
tions, the localisation condition (in space and time) and the condition of over-
lapping of the wave packets of v; and v at the detection point being the most
important. For relativistic neutrinos, the localisation condition in space reads:
Orp, Trp < bwiﬁmi, o.p(p) being the spatial width of the production (detection)
wave packet. Thus, the interference will not be suppressed if the spatial width of
the neutrino wave packets detetermined by the neutrino production and detection
processes is smaller than the corresponding oscillation length in vacuum. In order
for the Interference to be nonzero, the wave packets describing v; and i, should
also owverlap In the point of neutrino detection. This requires that the spatial
separation between the two wave packets at the point of neutrinos detection,
caused by the two wave packets having different group velocities v; = v, satisfies
|(v; — v )T| < max(orp.o.p). If the interval of time T is not measured, T in the

preceding condition must be replaced by the distance L between the neutrino
source and the detector.



Examples
« Spatial localisation condition
AL - dimensions of the v- source (and/or detector):

Mﬂb,h\hw.w < 1.
« [ime localisation condition
AF - detector's energy resolution:

2m(L/ L )(AE/E) S 1.
If 2nAL/LY, > 1, and/or 2n(L/ LY )(AE/E) > 1,

P(v; — vy) = P(0p — bp) = 55 1Up| % U412



Atmospheric Neutrinos vy, v, ve, e, E ~1 GeV (0.20 -
100 Gev)

vu+N—-p +X, 9,4+ N-pT+X
ved+ N —e +X, Do+ N—-et +X

K2K, MINOS, T2K, vy (vy), E ~1 GeV

vu+N—=p +X (we+N—e +X)

Reactor v, E ~2 MeV: CHOOZ KamLAND, Double
Chooz, RENO, Daya Bay (F =2 — 8 MeV)

Ved+p—el +n



tmospheric neutrinos

Zenith angle dist. of

—Atmospheric v Hlux—
10 3¢ -
- ' v,
Zenith m—n_@_m hlu.v.,, 0.3.0.5 GeV
He Downward 0. nm_ 10 2E S—
L=10~100 km)} (ln T C 0.8-1.5 GeV
5 A
, Kt 5
: o
e — —
g 10 & 3.0-5.0 GeV
+ =
...___—t n.... ; vu_n
SR
.c___.p L ' {m —  [Fluka flux
C—uimﬂ& 1 ._n__mm__n___m._
L=up to 13000 km) R

Ev > a few GeV
Up/Down Symmetry



. Event classification

Fully Contained

(Ev ~1GeV)
- Partially Containec
. __”.m.__.__ !_Eﬂﬁw
Water Cherenkov detector )
I Stopping p(E,~10GeV)
000 m underground Through-going p (E, ~100GeV)

0,000 ton (22,500 ton fid.)
nner-detector(ID): 11,146 20 inch PMTs(SK-1)
yuter-detector(OD): 1,885 8 inch PMTs
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« 232388888

-ESE!EEE

Zenith angle distributiions

._____._.._._.$ ..____._.._”

2-tflavor oscillations

mg..

Best fit

sin?20=1.0, Am?=2.0x103 eV?

Mull oscillation

- P

: S0
45 ,_:h
|I+I.++ - = ms l 4
F  — e = H |_|_|_J|_ m
.Muz ettt .mﬁ + + w_..i .
20 o C—
Z 15 + + + W.i -
———
Sub-GeV e-like “io - 02 [*
0 0 0
-1 -5 .u...f .5 1 -1 -5 E..“”.lw 0.5 i -1 -5 E.."m 0.5 i -1 -0.8 0.6 w—.l E 0
- d —
mu.i_ m_—.l. I_ .m._m.u,h
Magn — 20 1 w3 -
L .m — .m ol 4+ 1B o+
.+._.L| E [+ - $eTef 2
-~ “E i+ Zw is e BT g
100 Lo v w LT B 1"
Multi-BeV e-like | 59 2l 05
o : (1]
=1 0.5 0 5 1 =1 .5 1] 0.5 o =1 -08 06 D4 B2 D
~13000km - ~500km - 15km ~1 3000k m ~S00km



SK: L/E Dependence, u—Like Events

Data/Prediction (null oscillation

i—-m =TT T =TT T T =TT T =TT
1.6
1.4

._.w u? | ; 1]
o W_E?ifﬂ

0.4F
0.2
2 3 4
1 1 10 10 10

L/E (km/GeV) (SK 1+2+3)



Prob.[v —= ]

L/E analysis

m__.:_"w,_.H
E
m L

Neutrino decay : Pux = (C0878 +8in"0 x exp(~ =)’

: 1 o L
Neutrino decoherence :  Pu =1-75sin"20x (1-exp(yo=))

Neutrino oscillation : Py =1-—sin?20sinZ(1.27

| Use events w ith high resolitbn n L/E
. ==> | The first dip can be observed

—_

=
o

=
]

- Direct evidence for oscillations
— Strong constraint to oscillation
L parameters, especially Am? value

=
'

=
L)

=

Sl

11 H JGu Aca
LE (kmiGev}



SK: Atmospheric » Data
=

10 . . .
.ﬂl..,__-ll..n i )
v - -
2
o -
= -
= ¢
i 999% C.L. -
—— 90% C.L.
— 68% C.L.
-3
L— D 1 1
0.7 0.8 0.9 1
sin“2e

Am3, = Am3, = 2.4 x 1072 eV2, sin?20,tm = sin? 2023 = 1.0

Am2, = (1.9-2.9) x 1073 eV2, sin?26,5 >0.92, 99% C.L.

* sign of Am3,,, not determined. If #23 # 7. 23, (7 — 623) ambiguity.

3-v mixing: Am3; >0, m1 < ma2 <ms (NH); Am3; <0, ma < my < ma (IH).



K2K: v, Spectrum

events/0.2GeV

18

16

14

12

10

o N & O

I.JI.JI.I

I.JI.J

I.I|I|I|l||.|I.J




MINOS: v, Spectrum

MINOS Preliminary
RS, .—v
T | + :
= 1 Z
3 ._. l_rlu_H 2
o | 7] ml
- —_—
- 13
o 0.5 —4— Far deleclor dala 10
'®) Best oscillation fit _ PO
— Stats. only decay fit m
ﬁn.nﬂ mﬁ.mﬁm.a_..__,,., ﬂmmaj,_m.ﬂm.:ﬂm fit - -

L
Reconstructed neutrino energy (GeV)



""atmospheric'' parameters

m |- ] I I — | 1 I | _ I | I I _ I I I -|

- . global -

41 . -

E“ -MINOS ]
o 3 -
o ) i
~5 2 -
m = )

< } i

1 —atmospheric

E i 1 1 1 1 — | 1 | | —m | | 1 | _ 1 | 1 1 |

o 0.25 0.5 0.75 1

T. Schwetz, arXiv:0710.5027 [hep-ph]

e sian of AmZ,,, not determined;
3-v mixing: Am3, > 0, m1 < m> < ms (normal ordering (NO));
Am3, < 0, mg < my < mso (Inverted ordering (I10)).

taz, (7 — P23) ambiauity.



Survival Probability
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Matter Effects in Neutrino Oscillations
Matter can affect strongly r—oscillations:

Mean free path in matter with p = p(FEarth):
E~1 MeV, L; ~5x 10 km; Rp =6371 km

E~1 GeV, Lf~ 5 x 102 km

v coherent scattering on e, p, n - effective potential
(index of refraction)

H\w__w_?ﬁ — Hﬁﬁﬁ‘___.wv — Hﬁﬁ_fﬁtv /\MQ.___.H._?.._.W
Ve = V(ve) —V(u) = — V2GRN
Vir =V (vu) — V(vr) =0 (leading order)

Veu 7= Veu: CP, CPT violated
L. Wealfenstein, 1978; V. Barger et al., 19280; P. Langacker et al., 1923;
S.F. Mikheyev, AYu. Smirnov, 1985; etc.



HI Aq(t, tg) —e(t) €'(t)
Ag(t, to) €(t) e(t)

where & = L/g, hw = Etﬁﬂu.

e(t) = W [ w
._._ﬁ..wv —_—
In matter, Hy, = Ho + H;ppy.

cos 260 — /2G Nc(1)].

2 2

Hglvy o >= Eq 2|v1 2 >, not eigenstates of Hy,.

Ag(t, to)

2
— M5 — 7.

(1)



Consider first Ne = const.
.m.qﬁ_.f.u_. M >= ;m“ _T.H_. M =,

Then at t =0 in matter

ve > = |v{" > cosOm+|vh > sinOm,
Vi) > = |_w_.m3 > sin mﬂlT_w_.Mg > COSOm;
!
m_:.__ M%E — £ - _ tan 26
Vet (1— ) +tan? 20
Tes
COS 20, = 1- 5\2

ﬁf Nres)?+tan? 20

rres — Am2Cos28 ~ 6 Am<[eV?] _3
NZ = = 2EVAG = 6.56x10 E[MeV] cos260cm™ = Na,
1

EJ — B =47 QHT )2 cos2 26 m_.:mm&m

.__.._.____-.__.w._m_m



hqutmﬁm N ﬁtv — _mt@v_m — Wm::_m 20m [1 — anmﬂ.% ],
1

Lim = 22200 — o AG — Ne)2cos2 20 + sin? m&|u |
S _ arres — Am?cos26
The resonance condition: Ne = N2 = DEV2G -

At the resonance:
sin? 20, = 1, min(ES* — ETY), LIS% = LY/ sin 20.

Limiting cases:

12

Ne < NTes: @, =

.

, B, = E15, Lp =LY
Ne > N[ Om = 5, ve — vy, sUppressed.

In this case: |ve) = |V5Y), |lvu) = — 1Y),



Antineutrinos: Ne — (—Ng)

Am2cos20 > 0: De — v, suppressed by matter; ve — vy
can be enhanced.

Am?cos20 < 0: ve — v, suppressed by matter; v —
can be enhanced.

Oscillations in matter (Earth, Sun) are neither CP- nor
CP T- invariant.



Earth: N7t ~ 2.3 Ny em™3, NS¢ ~ 6.0 Ny em™>

P"™(ve — vy t) = Mm_: 2260, (1 — cos m,qha ), LT~ LY9C

OsC

sinZ 24 Nres — Am?cos26
(1-57 e )2 cos226+sin229 — 2FEV2Gr

sin? 20,, =

Ne = N[ MSW resonance
Am?cos20 > 0: ve — vy

Am?cos20 < 0: e — iy,



The Earth

Tigure 1

Earth: E.,. = 3446 km, Ao = 2885 km

Earth: N™™ . 2.3 Ny em >, NP~ 57 Ny cm >



The Earth

100

i

0E (=F ] (=X -] (=X -}

==nF,

FIG. 1. Dty profik of the Earth.

R. = 3446 km, R, = 2885 km; N™" .03 Ny em >, N~ 57 Ny cm >



Earth matter effect in vy — ve, vy — ve (MSW)

0.50 - o .
neutrinos
———  wvacuum
0.40 - antineutrinos -
L=7330km
- 2
0.30 sin (26,,)=1. |

sin’(20,)=.1

P(v.—v)

0.20

0.10

0.00

E[GeV]/Am’[eV~]

Am? =25x107° eV?, F"*= = 7.5 GeV; P =sin?#3P> = 0.5P>;
NI =23 cm > Na; L= = L¥/sin20 = 7500/0.33 km; 27L/Ly = .

. I. Mocioiu, E. Shroclk, 2000




Earth matter effects in v, — ve, vy — ve (NOLR)

m__._mmF. = 0.010

N

oy

e

Madir Angle (deg.) E /A m® (Mev/ev®)
S T.F., 1298;
M. Chizhowv, M. Maris, 5. T.F., 1998; M. Chizhov, S. T.P., 1299
.mu_ﬁh.___m —* h.___TU =Py = HHMMMUIM.MUM?T.___H._HE_ — h.___t_”.._n.uu- b = 613, b._,._{wm = b._,._ﬁwﬁ_._._n
Absolute maximum: Neutrino Oscillation Length Resonance (NOLR);
Local maxima: MSW effect in the Earth mantle or core.



20-
157
107
ml
_”_I | I I I I
d 02 0.4 0.6 03 1
(523) 2 Pau (Vo) — V(o)) = Povi NOLR: “Dark Red Spots”, FPo, = 1;
=0

Vertical axis: Am?/FE [1077¢V2/MeV]; horizontal axis: sin®26,3; 4,
M. Chizhov, S.T.P., 1999 (hep-ph/9903399,9903424)



» For Earth center crossing v's (¢, = 0) and, e.g. sin“26,z = 0.01, NOLR

occurs at £ = 4 GeV (Am?(atm) = 2.5 x 1072 eV?).
S.T.P., hep-ph /2805262

* For the Earth core crossing v's: -, = 1 due to NOLR when

] o "
tan &M /2 = tang¢’ = 4,/ COS 20, .,
\/ cos(20r, — 40.,)

% cos 28,

tan®“¢/2 =tang¢’ = +,/
ﬂ . \/ — cos(201,) cos(26y, — 40,,)

dman (peere) - phase accumulated in the Earth mantle (core),
g (&) - the mixing angle in the Earth mantle (core).

Pz, =1 due to NOLR for 4, = 0 (Earth center crossing 1's) at,
e.g. sin“ 28,3 = 0.034; 0.154, I = 3.5; 5.2 GeV (Am2(atm) = 2.5 x 1072 eV?).

M. Chizhov, S. T.F., Phys. Rev. Lett. 83 (1999) 1096 (hep-ph/9903399); Phys. Rev. Lett. 85
(2000) 3979 (hep-ph /0504247); Phys. Rev. D63 (2001) 073003 (hep-ph/9903424).



Chromosphere
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Solar Neutrino

Production: pp Chain
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4p — *He+4 2eT 4 2u..

pp neutrinos, E < 0.420 MeV, E = 0.265 MeV,

"Be neutrinos, E=0.862 MeV (89.7% of the flux), 0.384 MeV (10.3%) .,
5B neutrinos, E < 14.40 MeV, E = 6.71 MeV,

pep Nneutrinos, E=1.442 MeV,

of 1°N, E < 1.199 MeV, E = 0.707 MeV,

of 1°0, E < 1.732 MeV, E = 0.997 MeV.



Flux EF'00 CIl=Ar Ga—Ge
b, x 10710 5.95(1 775} 0.00 69.7
Dpep x 1078 1.40(1 775} 0.22 2.8
bg, x 1079 477(1 Tos 1.15 34.2
dg x 1076 5.03(1 T5 6.76 14.2
Dy x 1078 5.48(1 7512 0.09 3.4
®©o x 1078 4.80(1 T2 0.33 5.5
Total 8.55 T 4 129.8 T2




Solar Neutrinos v, £ ~1 MeV: B. Pontecorvo 1946
ve 43701 =37 Ap 4+ e~

R. Davis et al.,, 1967 - 1996: 615 t CyClg; 0.5 Ar
atoms/day, exposure 60 days.

v+e —uv+e

Kamiokande (1986-1994), Super-Kamiokande (1996 -),
SNO (2000 - 2006), BOREXINO (2007 - );

ve+ D —e +p+p, SNO

v+D—vi+n—+p, l=e urT SNO

Super-Kamiokande: 50000t ultra-pure water,
SNO: 1000t heavy water (D-0)



Ve +3 Ga —'1 Ge + e

W%mmwm (60t), 1990-; GALLEX/GNO (30t, LNGS), 1991-



Superk, SNO

jChlerine |

Neutrino Flux

1 E]
Neutrino Energy (MeV)
Figure 2: Differential Standard Solar Model neuteino floses [14].
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Figure 3: Comparison of measorements to Standard Solar Model predictions.



Flux B 0 CI=Ar Ga—Ge
Ppp 10 10 5.95(1 75} 0.00 69.7
Dpep x 1075 1.40(1 55} 0.22 2.8
®pe x 10°° 4.77(1 20 1.15 34.2
®g x 1076 5.03(1 4ih 6.76 14.2
dy x 1078 5.48(1 017 0.09 3.4
do x 1078 4.80(1 512 0.33 5.5
Total 8.55 T 120.8 *?




Experiment

Observed rate/BP04 prediction

Fredicted Rate
at alobal best-fit

Fredicted Rate
at solar best-fit

Ga 0. 52 = 0.0249 U.555 U. 540
Cl 0.301 = 0.027 0.356 0.345
SK(ES) 0.406 £ 0.014 0.394 0.395
SNO(CC 0.274 £ 0.019 0.289 0.289
SNO(ES 0.38 £ 0.052 0.386 0.386
SNO(NC 0.895 £ 0.08 0.889 0.908

The observed rates w.r.t predictions from the latest Standard Solar Model
BP04. Shown are also the predicted rates for the best fit values of Am3, and
sin® -, obtained in the analysis of the i) global solar neutrino data, and ii)
aglobal solar neutrino +KamLAND data.
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MSW Transitions of Solar Neutrinos in the Sun
and the Hydrogen Atom

i (acthi) = (7 <8 ) (afhi) @

where & = L/g, @. — Qtﬁﬂu.

2
e(t) = w wm cos 26 — ,\mm?am:vr
Rﬁv — 2 2

—_ _EQM — _EQH_..
« Standard Solar Models

No(t) = Emﬁamxl \E ro ~ 0.1R5, Re = 6.96 X
10°km



The region of v production: r 5 0.2Rg
20 Ny em™3 < Ne(zg) < 100 Ny em ™3
Suppose Ne(zg) > NI |ve) = V).

Possible evolution:

The system stays at this level; at the surface: |v5") = |vg)

P(ve — ve) =2 [(velvp)|? =sin? @, Adiabatic

At Ne = NZ°°, where E5' — E7' is minimal, the system
jumps to lower level |v]*); at the surface: |v7") = |v1)

P(ve — ve) = |{ve|v1)]|? = cos?6, Nonadiabatic

Type of transition: P’ = P(v5'(tg) — v1), Jjump proba-
bility



Introducing the dimensionless variable

Z = irgV2GpN(to)e =, Zo= Z(t = tp),
and making the substitution

.L._w_ﬂﬁ.". M.Du — _”.N..\q.m._uu_u|_n .m|_HM|m_u“_|_|~.. r.ﬁn_ _m_:._u__um"._ ..hu..__m._ﬂﬁ...M.Du_..

Al (t, tg) satisfies the confluent hypergeometric eguation (CHE):

,ﬁm%ﬂ+@|5 %|;YE;3HP

where

2
a=1+iro &7°sin20, c=1+1iro 57



T he confluent hypergeometric equation describing the v, oscillations in the Sun,
coincides in form with the Schroedinger (energy eigenvalue) equation obeyed by
the radial part, vy (r), of the non-relativistic wave function of the hydrogen atom,

W(r) = Ly (r) Y. (0, ¢),

r, 8 and ¢ are the spherical coordinates of the electron in the proton's rest
frame, | and m are the orbital momentum gquantum numbers (m = —1,....1), k is
the guantum number labeling (together with [) the electron energy (the principal
quantum number is equal to (k+1)), En (Ex < 0), and Y,.(#, ¢") are the spherical
harmonics. The function

W, (Z) = Z72 eZ/2 yfy(r)

satisfies the confluent hyperaeometric equation Iin which the variable Z and the
parameters a and ¢ are in this case related to the physical quantities characterizing
the hydrogen atom:

7 =2 %{Fmﬁ JEr, a=ay =I4+1—/—E;/Ey, c=c = 2(1+1).
0]

ag = h/(m.e?) is the Bohr radius and E; = m.e*/(2h?) = 13.6 eV is the ionization
energy of the hydrogen atom.



Quite remarkably, the behavior of such different physical
systems as solar neutrinos undergoing MSW transitions
In the Sun and the non-relativistic hydrogen atom are
governed by one and the same differential equation.



Any solution - linear combination of two linearly independent solutions:

®la,c;Z), Z®la—c+1.2—c Z), ®(a'.d; Z=0)=1,d,¢/#0,—1,-2,..

1

AQve = vyy) =5 sin20 {®la—c,2— ¢ Z0) — T Bla— 1,61 %0) |-

2

Sun: Ne(z) = N(zgle =, g =0.1R., R, =7 x 10° km

The reaion of v- production:

20 Ny em™> % N.(zg) £ 100 Ny em™3: |Zg| = 500 (1)

The solar . survival probability:

P(ve = v.) =5+ (5 — P') cos 267, cos 26,

S T.F., 1988
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The solar . survival probability:

P(ve — v.) = 5+ (5 — P') cos 267, cos 26,

2 2
...ﬁr_ _ mlmﬁﬂobmmm_ m_jmm|mlwﬂﬂobmﬁ_
H|mlmqﬁ1_ub.mﬁl
Case 1: cos269, = -1, P =0, P = }(1 — cos 26).

Case 2: 69 =0, PP =0, m?mlétlp| sin? 26

Case 1: SNO, Super Kamiokande; P = 0.3: cos?26 > 0!

Case 2: pp neutrinos.



PMNS Matrix: Standard Parametrization

1 ") 0
U=VP, = 0 &% 0 |,
0 0 &=
—8
V= C12C13 " 512C13 5 513€
- —812023 — C128323813€ C12C23 — §12823513€ §23C13
812823 — Emnmmmpmma — {12823 — mpmnmmmpmm& C23C13

* 5, = sin m&.. ;5 = COS _mmu.. m_m.n_m = TUQW_.
s 0 - Dirac CP-violation phase, o = [0, 27],

e oo, w31 - the two Majorana CP-violation phases.
S .M. Bilenky, J. Hosek, S.T.F., 1280
o Am? =Am3 2 7.59x 1075 eV?2 > 0, sin#2 = 0.318, cos202 = 0.26 (30),

o |Am2, | =|Am2| =24 x 1077 eV?, sin“263 = 1,

e 015 - the CHOOZ angle: sin“#3 < 0.031 (0.047) 20 (30) (see further).

Mezzetto, Schwetz ef /., arXiv:1003. 52300



3—v Mixing Analysis: Am?2 < |Am2, ]
P3 2 5in* 9,3 + cos* 613 P2,
.__u.m__..”.__.ﬂ‘.m__.qI_l.._u.m__.,_n_m_n1

P =2+ (5 — P')cos205(to) cos 26012 (f12 = 0.),
P =0 L. Wolfenstein, 1278; S. Mikheyev, A. Smirnov, 1985;
FP'#= 0 (general or LZ): S. Parke, W. Haxton, 19226;
FP-double exponential, _n..m:.un.n” S T.F., 1988

N. — N.cos< 3,

S

—2mra

Im.nw_u m:_ -
£ — g 2E
P = : : o~ 0.1H.

&N oo
1 — mlmu:.n_ o

S.T.F., 1988

LMA: PP & 1, < P2 >Z0
Jd. Rich, 5. T.F., 1988

A
P2 = sin* 0,5 + cost 015 |1 — sin? 20,5 sin m
4F
A
Pioor = 1 —sin?26;3sin?( 3&33

4F
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""atmospheric'' parameters

m |- ] I I — | 1 I | _ I | I I _ I I I -|

- . global -

41 . -

E“ -MINOS ]
o 3 -
o ) i
~5 2 -
m = )

< } i

1 —atmospheric

E i 1 1 1 1 — | 1 | | —m | | 1 | _ 1 | 1 1 |

o 0.25 0.5 0.75 1

T. Schwetz, arXiv:0710.5027 [hep-ph]

e sian of AmZ,,, not determined;
3-v mixing: Am3, > 0, m1 < m> < ms (normal ordering (NO));
Am3, < 0, mg < my < mso (Inverted ordering (I10)).

taz, (7 — P23) ambiauity.



sin2613 = 0.016 +0.010, sinf13 = (0.077 — 0.161) , 1o

E. Lisi et al., arxiv:0206.2649

Atmospheric v data: cosd = —1 favored over cosd = +1

J. Escamilla et al., arXiv:02805.2924

New data from T2K and MINOS (June 2011), to be
discussed further, strengthen these indications.
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T. Schwetz et al., arXiv:08028.2016[hep-ph]



Neutrino Oscillation

Parameters

parameter bf+lea lo acc. Z2a range 3o range
Am3, [107°] 7.65+0.23 3% 7.25 -8.11 7.05—-8.34
|Am2,|[1073] 2470 )7 5% 2.18 —2.64 2.07 — 2.75
SIn® @12 0.3041 0052 7% 0.27 — 0.35 0.25 — 0.37
sin® flo3 0.507 o8 14% 0.38 — 0.64 0.36 — 0.67

s5in® 613 0.016 £ 0.010 0.01 - 0.026 < 0.04 = 0.056

Best fit values (bf), lo errors, relative accuracies at 1o, and 2¢ and 3o allowed
ranges of three-flavor neutrino oscillation parameters from a combined analysis

of global data.

M. Maltoni, T. Schwetz ef al., arXiv:0812.3161; E. Lisi et al., arXiv:0806.2649 (F12)



o san(Am2, ) = san(Am3,) not determined

Ams = Am3, > 0, normal mass ordering

Ame, = Am3, < 0, inverted mass ordering
Convention: M1 < Mo < M3 - NMO, m3z < mjp < mo - IMO

my <€ Mo < ma, ?.__I_..
ms <€ my < mo, IH,

m1 2 mos = ms, miag > Amay,, QD) m; = 0.10 eV.

« Dirac phase ¢: v} « Uy, V] .q,lxh: [ \Lh HJ L_mmu o Jep oo Sinthzsind
« Majorana phases asq, a31:
— V] <=V, HI,_..h — _.‘I‘_...t not sensitive;
S.M. Bilenky, J. Hosek, S.T.P.,1980;
F. Langacker, S. T.F., G. Steigman, S. Toshev, 1927
— |<m>| in (88)o,—decay depends on (91, (¢31;
— N — e—+~) etc. in SUSY theories depend on g 31;
— BAU, leptogenesis scenario: QMH_MH |



The (Mass)? Spectrum

F
Va i V2 2
) V) 3 | Am sol
a
(Wlass)? _&_Er.&a or 5
b.H_”.._. arm

W L) 3

;__EH n Am s0l Vv, ¥
Normal [nverted

Am? 2 7.6x10%eV2,  Am’, =24 x 107 eV?

atm

Are there more mass eigenstates, as LSND suggests,
and MiniBooNE recently hints?

Cue to B. Kayser



The Absolute Scale
of Neutrino Mass

v Uscillation
(Mass) A

W
m_m “v Cosmology, f Decav,

How far above zero
is the whole pattern?

Oscillation Data = vAm-? . < Mass|Heaviest v, |

Cue to B. Kayser



Future Progress
¢ Determination of the nature - Dirac or Majorana, of v; .

e Determination of san(Ams2,. ), type of v— mass spectrum

my < mp € m3, NH,
ma € mn < mo, IH,
my = mo = ms, mi o5 >> Amay,, QD; m; 2 0.10 eV.
¢ Determining, or obtaining significant constraints on, the absolute scale of v;-
masses, or min(m;).

s Status of the CP-symmetry in the lepton sector: viclated due to 4 (Dirac),
and/or due to az, a3 (Majorana)?

» High precision determination of Am?, 0., Am,,,., atm.

* Measurement of, or improving by at least a factor of (5 - 10) the existing upper
limit on, sin®#,s.

e Searching for possible manifestations, other than w—oscillations, of the non-
conservation of L;, | = e, pu, 7, such as e+, T 1+ -, etc. decays.



¢ Understanding at fundamental level the mechanism giving rise to the v— masses
and mixing and to the L;—non-conservation. Includes understanding

— the origin of the observed patterns of r-mixing and v-masses ;
— the physical origin of PV phases in Ugpns

— Are the observed patterns of v-mixing and of Am3, 5, related to the exis-
tence of a new symmetry?

— Is there any relations between g—mixing and v— mixing? Is ¢ + d.=m /4 7
— IS a3 = w/4, Or #23 > w/4 or else #z3 < 7 /47

— Is there any correlation between the values of CFPV phases and of mixing
angles in Ugpns ?

¢ Proaress in the theory of v-mixing miaht lead to a better understanding of the
origin of the BAU.

— Can the Majorana and/or Dirac CPVP in Ugmns be the leptogenesis CPV
parameters at the origin of BAU?Y



HOW?
e Vi—, Vatm— €Xperiments
SK' (vatm);
INO (vatm); MEMPHYS
MINOS (v3'™); ATLAS, CMS (»3'™) (7)
SNO (2006)
SAGE
BOREXINO
LowNu (XMASS, LENS,...)

« Reactor Experiments ~ (1 — 180) km (SKGd)

« Accelerator Experiments
MINOS 732 km
CNGS (OPERA) 732 km



« SUuper Beams

T2K, SK (HK) 205 km
NOvA ~800 km
LENE (Fermilab-DUSEL)  ~1200 km

SPL+/3—beams, MEMPHYS (0.5 megaton):
CEREN-Frejus ~140 km

v—Factories ~ 3000, 7000 km
. (38)g,—Decay, >H 3—Decay

« Astrophysics, Cosmology
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T2K: First results March 2011

Observed 1 ¢ -event passing all cuts and having all the characteristics of
being due to v, — v. oscillations. The estimated background is: 0.30 =
0.07(syst.) events; 29% probability to observe 1 event when the expected
average is 0.3 events.

NH: sin?26;3 < 0.44; IH: sin?2613 < 0.53 (90% C.L.)

Assumed: |Am2;| = 2.4 x 1072 eV?, sin“203 =1, 6 = 0.

T2K: Latest results June 14, 2011 (1.43 x 102° pot, full data analysis)

Observed 6 « -events passing all criteria for being due to v, — v. oscilla-
tions. The estimated background (¢,z = 0): 1.5 £ 0.03(syst.) events; the
probability to observe > 6 events given 1.5 are expected: 7 x 1073

Evidence for 613 =0 at 2.50.
For |Am2,| =2.4x 1072 eV?, sin“20.s = 1, § = 0, NO (IO) spectrum:

(25sin? 653) sin?260,3 = 0.11 (0.14), best fit;

0.03(0.04) < (25in?653) sin? 26013 < 0.28(0.34), 90%C.L.



Number of events /(250 MeV)

) -

p=rr=x

0 1000 2000 3000
Reconstructed v energy (MeV)



fE% CL

B 90% CL

e Beat fit 1o T2K data
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m A <0 -
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Japan experienced very severe earthquake on March 11th 2011 at 14:46 JST.
The J-PARC facllity suffered some damadges. Fortunately, the Tsunami did not
hit the J-PARC.

“Our present priority 1s to restore life-supporting infrastructure such as
electricity, water supply and gas at J-PARC. It may take some time, but we
promise the full recovery of the J-PARC accelerator and T2K experiment in
the near future. I thank you for the messages of solidarity and sympathy™.
Director of the Institute of Particle and Nuclear Studies, KEK

Koichiro Nishikawa

Spokesperson of the T2K experiment

Takashi Kobayashi

We wish success to our colleagues from T2K, J-PARC and KEK in their
reconstruction efforts.



MINOS: Latest results June 24, 2011 (8.2 x 102° pot, prelim.)

Observed 62 ¢ -events passing all criteria for being due to v, — . oscilla-
tions. Estimated background: 49.54+ 2.8 + 7.0(stat.) events.

1.70 excess above background.
For |Am2; =2.4 x 1072 eV?, sin26:3 =1, § = 0, NO (IO) spectrum:

(2sin? 653) sin? 2613 = 0.04 (0.08), best fit;

0 < (25sin?6053) sin?2613 < 0.12 (0.19), 90%C.L.
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G.L. Fogli et al., June 29, 2011: global data analysis.

Evidence for 613 #= 0 at > 3o.
sin? 13 = 0.021 (0.025)+0.007, old (new) reactor fluxes;

0.001(0.005) < sin® 63 < 0.044(0.050), 3o

Global data: coso= - 1 clearly favored over cosd = +1;

best fit: sinf13 cosd = —0.14.



Synopsis of global 3v oscillation analysis
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oS a = -1 oS5 = +1 E

-0.2 -0.1 Q0.0 0.1 0.2
cos d sin B 5

Global data: cosdé= - 1 clearly favored over cosd = +1;

best fit: sinf13 cosdo = —0.14.



Neutrino oscillation parameters summary.

Results of the global 3 oscillation analysis, in terms of best-fit values and
allowed 1, 2 and 3¢ ranges for the mass-mixing parameters, assuming old
reactor neutrino fluxes. By using new reactor fluxes, the corresponding
best fits and ranges for sin“#> and sin“#.z (in parentheses) are basically
shifted by about +0.006 and +0.004, respectively, while the other param-

eters are essentially unchanged.

-

Parameter dm?/107% ev? sin® #12 sin® 13 sin“ f.: Am?/ 1077 ev*
Best fit 7.58 0.306 0.021 0.42 2.35
mn_ 312) %D .025)
1o range 7.32 — 7.80 0.291-07324 0.013-0028 0.39 —0.50 2.26 — 2.47
(0.206 — 0.329) (0.018 — 0.032)
27 range 7.16 — 7.99 0.275— 0.342° '0.008 — 0.036 0.36 — 0.60 2.17 — 2.57

(0.280 — 0.347) (0.012 — 0.041)
37 range 6.99 — 8.18 0.250 — 0.359° 0.001 — 0.044 0.34 — 0.64 2.06 — 2.67

(0.265 — 0.364) (0.005 — 0.050)

Fogli, Lisi, Marrone, Falazzo, Eotunno, ardiv: 11066028



Large sin? 13 = 0.021 - far-reaching implications for the
program of reserach in neutrino physics:

« For the searches for CP violation in v-oscillations;

« FOr the determination of the type of v— mass spectrum
(or of m@:mb.:ﬂﬁﬂb iNn neutrino oscillation experiments.

« For understanding the patern of the neutrino mixing
and its origins (symmetry, etc.?).

« For the observation of the Earth mantle-core enhance-
ment (Neutrino Oscillation Length Resonance) in the
Ve() = Vyu(e) (OF Ve(u) — Vyu(e)) OScillations of the atmo-

spheric neutrinos crossing the Earth core.

« For the predictions for the (33)g,-decay effective Ma-
jorana mass in the case of NH light v mass spectrum
(possibility of a strong suppression).

« Important implications also for the "flavoured” lepto-
genesis scenario of generation of the baryon asymmetry

of the Universe.



Prospects for 9s

Ciizzowe ry potential at 2 o tor NH Discowvery pot=nkial at 3 & for (4
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Width: experiments with » beams - dependence on the CP phase; DayaBay -

syst. uncert. 0.18% — 0.6%
Mezzetto, Schwetz, 1003. 5800
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The 3-neutrino mixing - still the reference framework.

3-v oscillation parameters summary.

parameter best it £1a 20 3o
Am3, [107%eV?]  7.587.20 7.16—-7.99 6.99-8.18
|AmZ, | [1072 eVv?]  2.357045 2.26 — 2.47 2.06 — 2.67
sin‘ 65 0.30675 5  0.275-0.342  0.259-0.359
sin“ o3 0.427 000 0.36—0.60 0.34-0.64

0.02177'06d  0.08 - 0.036  0.001 — 0.044

.m
m:,_mE (0.025+0.007) B.Emlo.oﬁuB.ggmlo.omS

Fogli, Lisi, Marrone, Falazzo, Eotunno, ardiv:1106.6028

sin? 03 upper (lower) row - old (new) reactor fluxes.



Neutrino Mixing:

e T

L m“_.m”m.

112

=14

B2z = Batm

5.4 13
2 1
VE V3 °©
[ ~ | _ /v i _ Ji].
FMMNS — ___.____ 6 .___.____ 3 J__.____ 5 '
S S £
-5 V3 V3
Very different from the CKM-matrix!
* Ccosfho = cos(f — 5) Hwﬂmﬁu_ﬁé, Sinfo = ,WQI
o L =(0.20-0.25): @.+60:=(47+t1.2)9% = T4 7

e Upyns due to new approximate symmetry?

)1

S

).



A Natural Possibility:

U=1I ._.__..._..__M ) Ubimtry Plazr, ast)
with
= 1

= = 1 1
VTR 5 T O
[T — ' 1 i1 S L 41 1
tri — - ,__,____ I3 { E { > ' bim — Hm w emm
1 1 5 5 +5 =
—\s V3 V3 g 2 vz

o -_.m....._h__” A\) - from diagonalization of the I~ mass matrix,

* Upimctpy P - Trom diagonalization of the v—mass matrix.

o Uny: 81, = 1/3, s35 = 1/2, s75 = 0, in agreement with the current data.

Harrison, Perkins, Scott, 2002
‘triy. Groups A4, S4,... (vast literature)
(Reviews: Altarelli, Feruglio, 1002.0211, Tanimoto et al., 1003.3552)
Typically, 813 ~ (A.)° is predicted.



o Upim: 89, = 1/2, 55, = 1/2, s{, = 0; s{, = 1/2 must be corrected.
wim: Groups S4,...; typically iz ~ A..
o Vi alternatively U7(1),

L'=L.—L,— L (&Am2 < |Am3,.])
S TP, 1982
Upim(triy requires a p— 7 symmetry of M,

e Additional possibility: sin?fis = m._“maﬂ = 0.28, "Golden ratic”; As.

Kajivama et al., 2007; BEverett, Stuart, 2008, 2011

costiz sinfs 0
- L L ComH. 1
Ucr = 2 p N
_ siNf: COS o 1
2 2 V2

Feruglio, 2011

Which is the correct approximate form of Upmns? Perhaps none of the above(?).



For sin‘ 0;; = A;; “small”, A2 >> A1z (natural),

sin? 010 = W —sin 269, sinf13 coso , Upim,

0 is the Dirac CPV phase;

Ubim: sin207, = £1, only sin264{, = —1 is possible
If sinf13 cosod < 0.

sin?010 = & F m% sinfy3 cosd , Usi.

P. Frampton, S.T.P., W. Rodejohann, 2004 ;
S. King, 2005; S, Antusch, 5. King, 2005; 1. Masina, 200&;
K.. Hochmuth, 5. T.F., W. Rodejohann, 2007

Can be tested experimentally.



The case of Upjm

Lo [ . T : . ] .
m é 004
I m L m
“ " . .02 -
m 0.0 " " 1B oom "
m . =02 - _
—0.5 I o
| k 2o
=L L : n ]
(R} (05 010 e 15 .20 o0 .05 0.10 15 0.20
ki, | fein 3
W e ”_.
Jop =1m {Ua UpULUl} = 5 51N 20125IN 2623 51N 2613 COS 13 5IN )

D. Marzocca, 5. T.P., A. Romanino, M. Spinrath, 2011



The case of Uy
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0. Marzocca, S.T.F., A, Romanino, M. Spinrath, 2011




Rephasing Invariants Assoclated with CPWVF

Dirac phase 4:
L.ﬁﬁ = Im ﬁqmu E._tm mu.*m HHMHM ;
. Jdarlskog, 1985 (for _n__._n__.xmu

CP-, T- violation effects In neutrino oscillations
F. Krastev, 5. T.F., 1988

Majorana phases o1, 31

S =Im{UaU5}, So=Im{UxU5} (not unique); or
Sy =Im{UAUSL}, S, =Im{U2Us}

A.F. Nieves and P. Fal, 1987, 2001
G.C. Branco et al., 1986
A.AL Aguilar-Saavedra and G.C. BEranco, 2000

CP-violation: both Im{UU/,U*} =0 and Re{U U5} # 0.
S1, Sz appear in |[<m>| in (33)g.~decay.

In general, J-p, 51 and 5> are independent.



Dirac CP-Nonconservation: ¢ in Uppmns

Observable manifestations in

- - /
v« vpy, V< vp, LU =epT
* not sensitive to Majorana CPVP @91, 31

CP-Invariance:
M. Cabibbo, 1978

S.M. Bilenky, J. Hosek, S.T.P.,1980;
Fﬂ;“v_w . EQ — Tmm__ . ﬂ_: 1 u.#l P — o, .7 V. Barger et al.,1920.
CPT-invariance:
Py —w) = Plop — 1)
I=1: Ply—uy)=Pluy—n)
T-invariance:
Py — ) =Py —u), 1FT
3/ —mixing:
A = Py, — ) — P(Bi— ), 1#I=epT

A =Py —u)— Plu—u), 1 #1

bm_.m.tu — Lm_w.qu _ Ihm_.m.qu
F.1. Krastev, 5. T.F., 1988



In vacuum: mﬁnmvmf = Jeptoe

1 i
Jop =Im{Uyq UpULU} = wm.:,_m&m Sin 2653 5iN 2615 cosfy35in d

Dl Al Am2
Frec — sin H..w sin mm..w sin E..w

. P1 Krastev, S.T.P. 12383
In matter: Matter effects violate

CP: Py — w) # Py — )

CPT : Py — ) & Ploy — )

F. Langacker et al., 1987
Can conserve the T-invariance (Earth)
Py =) =Py — 1), LFET
In matter with constant density: ~ A{#) = jmatpFmat

.._Em_ﬁ — r_ﬁ_n _umn_u

Reop does not depend on faz and 8,  |Rep| & 2.5
P.I Krastev, S.T.P., 1988



Up to 2nd order in the two small parameters |a| =
|[Am3,|/|AmE,| < 1 and sin? 613 < 1:

Py man(ye — v,) = Py + Pans + Peoss + P3

ot
Py = sin? 63 mmﬂ|wﬂHmm sin2[(A — 1)A],

0
a? cos? 03 m_:wmm;m sin2(AA),

Psing = o 4055y (sin A)(sin AA) (sin[(1 — A)A]),

Prgss = o mmﬂmﬂ?ﬁ A)(sin AA) (sin[(1 — A)A]),

P3

— .D.,__ﬂth — man_ 2E

Ve — Uy 0, A— (—0), (—A)



P':""*'p. — V)

For L = 1200 km (~ Fermilab to DUSEL),

and sin?26,; = 0.04
(Parke)

_Pﬁ?n_umm&,mﬂﬂ
Ly, i
1
!
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HOW?

« Reactor Experiments at L ~ 1 km: D-CHOO/Z, Daya
Bay, RENO (start: 2010; 2012; 2011)

MINOS, CNGS (OPERA), L ~ 730 km:
Sin? 613

« Super Beams: 643, 9,
JHF (T2K), SK (HK) 205 km (started)
NUMI (NOvA) ~800 km (2013)

LBNE (Fermilab-DUSEL)  ~1200 km (2020)

SPL+/3—beams, UNO (1 megaton):
CERMN-Frejus ~140 km

v—Factories ~ 3000, 7000 km
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covery potential at 3o in 2018
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Schwetz, arXiv:1003.5800[hep-ph]



The (Mass)? Spectrum

F
Va i V2 2
) V) 3 | Am sol
a
(Wlass)? _&_Er.&a or 5
b.H_”.._. arm

W L) 3

;__EH n Am s0l Vv, ¥
Normal [nverted

Am? 2 7.6x10%eV2,  Am’, =24 x 107 eV?

atm

Are there more mass eigenstates, as LSND suggests,
and MiniBooNE recently hints?

Cue to B. Kayser



If Vj— _._Smu_ﬂq.mjm Emﬂﬁ_n_mm. q_u?‘_zm contains (3-1Y mixing)
d-Dirac, 921, @31 - Majorana physical CPV phases

V-oscillations V] < Uy, V] _qu.t. ILI'=euT,
» are not sensitive to the nature of I/,

S.M. Bilenky et al.,1880;
F. Langacker et al., 1987

* provide information on Am? = m? — m{, but not on the absolute values
of 1/; masses.

The Majorana nature of T.m“ can maniftest itself in the existence of AL = £2
processes:

Kt —a 4 pt 4 pt
pm 4+ (AZ) s pT 4+ (AZ-2)

The process most sensitive to the possible Majorana nature of v..u. - (83w~
decay

(AZ) = (A, Z+42)+e +e
of even-even nuclei, **Ca, "°Ge, #?se, 1"“Mo, 11°Cd, 13" Te, 1¥°Xe, 1°UNd.
2n from (A.,Z) exchange a virtual Majorana Vg (via the CC weak Iinterac-

tion) and transform into 2p of (A,Z+42) and two free € .



Nuclear Oyf5-decay

strong in-medium modification of the basic process
dd — uue~ e (v.v,)

comiinuum

virtual excitation
of states of all multipolarnties
in (A Z+1) nucleus

(A1 W\ o

L2

V. Rodin, talk at Gran Sasso, 2006



(33)o,—Decay Experiments:
- Majorana nature of vy
- Type of v—mass spectrum (NH, IH, QD)

- Absolute neutrino mass scale

*H g-decay , cosmoloay: m, (QD, IH)
- CPV due to Majorana CPV phases

Vj— Dirac or Majorana particles, fundamental problem

J

/;—Majorana: no lepton charge is exactly conserved, V; = I/

I/; —Dirac: conserved lepton charge exists, L=IL.+ L, + L, V; mW mu"

T he observed patterns of Y—mixing and of Dﬁwﬁ_ﬁ and Am= can be related to
Majorana H.,_...w. and an approximate symmetry:

.H..._. — .H.._m. - .H...__L” - .H...._.
S.T.P., 1982
See-saw mechanism: ?.m| Majorana

Establishing that v are Majorana particles would be as important as the
discovery of »— oscillations.



A(BBR) oy ~ <m> M(AZ), M(A,Z) - NME,

_.nH _“...___.ﬂ..”......v_ = _Ep_qm“_._m ITEm_q_mm_m glam + ms

H.._._._mm _ 2 _mwﬂ“: —

= |m1 F, 5+ m2 57, cf5 €% +ms3 575 €0, 12 =0, 613- CHOOZ

91, 31 - the two Majorana CPVP of the PMNS matrix; o5, = az — 26
CP-invanance: o2 = 0, &, oz = 0, &,
o = e = +£1, =™ =11

relative CP-parities of /] and V2, and of VY] and V3 .
L. Waolfenstein, 1921,
S. .M. Bilenky, N. Nedelcheva, S.T.P., 1984
BE. Kayser, 1954,



_.nmﬁwwv_ : My, 0. =6, O13, Qo131

M1 - in terms of min(m;), Am2,,, Am?2

S.T.FP., AXu. Smirnov, 1994
Convention: m1 < m-> < mz - NMO, ms < m1 < m> - IMO

¥

while either

{
Ami, = Am3 >0, ms = ___H_ﬁm + Amy,,, normal mass ordering, or

{
Amiy, = Ams, < 0, my = ___,R_Ew + |Ama | — Am?,  Inverted mass ordering

T he neutrino mass spectrum —
Normal hierarchical (NH) if m1 << mo << ms,
Inverted hierarchical (IH) if mz << m1 = mo,

Quasi-degenerate (QD) if my = mo = mz = m, m? >> |Am?2, |, m; = 0.1 eV

Given |Am=2, |, &m=, 0., 013,

atm

<m>| = |<m>=| (Mmgip. a21.031;5S), S = NO(NH),IO(IH).



A(BBR) o, ~ <m> M(AZ), M(A,Z) - NME,

—— ) )
_.ﬂm 7L ..”......v_ = 7___.____D3~m sin? (1 2e'™* < JEDEWH m._jmm“_.m_mw.m , my € mp € mz (NH),

1%

_ﬁm_ﬂwﬁ.ﬂ.v_ f....xEWI_l.DEwm_ﬁﬂmm _mH_.MI_l_wm..m m.:.._m mum_ , T3 < ﬁnﬂu_ﬁf. <7 1o ﬁ__l_u.

|<m>| Zm|cos?biz + e sin 6o

, miaz=m < 0.10 eV (QD),
Bio = 0., 13-CHOOZ, o =asy, 3+ 20 = asq.

CP-invariance: o =0, 4+, 3y =0, +m;

|<m>| £5x103eV, NH;
VAmZ cos261> 20013 eV s |<m>| £, AmZ, =0055eV, IH;

mcos20i2 & |[<M>| £m, mz010eV, QD.



Best sensitivity: Heidelberg-Moscow "°Ge experiment.

Claim for a positive signal at = 3a:
H. Klapdor-Kleingrothaus et al., PL B586 (2004),

|<m>| =(0.1—0.9) eV (99.73% C.L.).

IGEX 7°Ge: |<m>| < (0.33—1.35) eV (90% C.L.).
Taking data - NEMO3 (%Mo), CUORICINO (120Te):
l<m>| <(0.7-1.2) eV, |<m>| <(0.18-0.90) eV (90% C.L.).

Large number of projects: |<m>| ~ (0.01 —0.05) eV

CUORE - 139Tg,
GERDA - "®Ge,
SuperNEMO,
COBRA - '®Cd,
EXO - 13xe,
MAJORANA - °Ge,
MOONMN - 1990,
CANDLES - *8(Ca,
XMASS - 130x%e,



0.1

(il

l<mz=| [eV]

(1.00]

LR 3,631 |
1) - [eV]
=, Pascoli, S.T.F., 20065

The current 20 ranges of values of the parameters used.



(.l

(.01

l<mz=| [eV]

(.00

MNH

[ -5 (L0001 (.00 (.01 .1

my g [EV]

sin®fy3 = 0.015 £ 0.006; 1o(Am?2) = 4%, 1o(sin?0.) = 4%, 1o(|Am2, |) = 6%;

2a(

<m>| ) used.



Majorana CPV Phases and |<m >|
CPFV can be established provided
— |<m>| measured with A £ 15% ;

— Am2,, (IH) or mo (QD) measured with § £ 10% ;

- £ 15;

— ap; (QD): in the interval Eﬁl%f or ﬁWIWQ “

— ._um__jm_m_”.__ < 0.40 .
5. Pascoli, 5. T.F., W. Rodejohann, 2002
. Pascoli, 5. T.F., L. Wolfenstein, 2002

5. Pascoli, 5. T.FP., T. Schwetz, _._m_u-_u_._xomommmm

Mo “MNo-go for detecting CP-Violation via (33)g.~-decay”
V. Barger et al., 2002



Absolute Neutrino Mass Measurements

The Troitzk and Mainz *H g-decay experiments

my, < 2.3 eV (95% C.L.)

T here are prospects to reach sensitivity
KATRIN m,, ~ 0.2 eV

Cosmoloaical and astrophysical data: the WMARP result combined with data from
large scale structure surveys (2dFGRS, SDSS)

MEN. =3 < (0.4—1.7) eV
j
The WMAF and future PLANCK experiments can be sensitive to

Y m;=0.4eV
3

Data on weak lensing of galaxies by large scale structure, combined with data
from the WMAFP and PLANCK experiments may allow to determine

> my 5 = 0.04 eV.
j



Improved f energy resolution requires a B1G f spectrometer.

.. KATRIN

e\ Sosignal if m; > 0.35 eV

_——
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_.mmpo_am afen, 5% 1 om ar
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M, from the See-Saw Mechanism

F. Minkowski, 1977,

M. Gell-Mann, P. Ramond, K. Slansky, 1979;
T. Yanagida, 1979;

F. Mohapatra, G. Senjanovic, 1980.

e Explains the smallness of »—masses.

e T hrough leptogenesis theory links the v—mass generation to the generation
of baryon asymmetry of the Universe Yg.

. Fukugita, T. Yanagida, 1926,

e In SUSY GUT 's with see-saw mechanism of v—mass aeneration, the LFV decays

w—e+t+vy, T—pt+vy, T—et+ ., etc

are predicted to take place with rates within the reach of present and future
experiments.

F. Borzumati, A. Masiero, 1986,
e The v; are Majorana particles; (33)o,—decay is allowed.

See-Saw: Dirac v-mass mp + Majorana mass Mg for Ng



Instead of Conclusions

We are at the beginning of the Road...

The future of neutrino physics is bright.



Supporting Slides



The £ energy spectrum 1s modified according to —

- . 2 1 __.. 2 ) ¢ .
(Ey-£)°O[Ly - £] = BUa[ (£n - Ey[Eg - E) —m7 O|(Ey—m;)- |

Maximum f5 energy when

. _ fenergy
| there is no neutrino mass

Present experimental energy resolution
Is insufficient to separate the thresholds.

Measurements of the spectrum bound the average
neutrino mass —

| -
J.“‘____,. i ,, = 4____M _QE_ _m mny
_ i
Mainz &
Troitzk

._u_._ﬁmﬂ._._._..\;ﬂ .““_,.h__z__qw_ < 2eV

Cue to B. Kayser



