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3 Families of Fundamental Particles

V@ U Vlu C VT t
-+ their antiparticles
e d u S T b

« 3 types (flavours) of active v/s and 7's

o The notion of “type” (“flavour”) - dynamical;

Ve. Ve +Nn — e —+ p; vy at —>,u+—|—uu; etc.

vy F vy, D FEDy, LE =e u, 7 vy E oy, LU =e,p, 7.
The states must be orthogonal (within the precision
of the corresponding data): (vj|v) = &y, (T|7;) = 0y,
(T|lv)) = 0.

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



v (x) form doublets with I (z), | = eu, T
(VZL(ZU))
l=e,pu,T
lr(x)

« NO (compelling) evidence for existence of (relativistic)
v's (v's) which are predominantly RH (LH): vp (71.)

If VR vy, exist, must have much weaker interaction than
vy, VL vR, vy - sterile’”, “inert”

_ B. Pontecorvc_), 1967
In the formalism of the SM, vp and vy - RH v fields

vp(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 vr(x) 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) # 0,

i) in understanding why m(v) < my;, mq,
iii) in the generation of the observed matter-antimatter
asymmetry of the Universe (via leptogenesis).

The simplest hypothesis is that to each v;; (x) there cor-
responds a yip(x), l=e¢e, u, .

I/ZR(CC) in the SM: Qel =0, Ty = 0, thus Yiww = 0; I/ZR(ZE)
- have no gauge couplings.

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



Compelling Evidences for v—QOscillations

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

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

— V. Homestake, Kamiokande, SAGE, GALLEX/GNO
Super-Kamiokande, SNO, BOREXINO; KamLAND

Dominant Ve — Vit BOREXINO; KamLAND; ... LowNu

— LSND: pominant v, — ve;

MiniBOONE 2010: Vy — Ve incompatible, D,u — D@ compatible (1?)

n
VlL(x) — 'Z]_ Ul] VjL(aj>7 VjL(CE) . My # 0, l=emu,T.
]:

B. Pontecorvo, 1957; 1958; 1967;
Z. Maki, M. Nakagawa, S. Sakata, 1962;



n
L= ) UjvL l=ep1, n=>3.
j=1

n > 3. possible, e.g. if yjp(x) present in the SM;
at least 3 v; “light”, choose: vq,v9,v3, m123 5 1 eV,

All compelling data compatible with 3-r mixing:

3
v = ). Uy l=e,pu,T.
j=1

Vi, M 2 0: Dirac or Majorana particles.
v-mixing: flavour neutrino oscillations possible.
vy, E; at distance L: P(vy —vr) #0, P(vy —vy) <1

P(Vl — Vl/> = P(Vl — Uy, E,L;U, mJQ — m%)



Three Neutrino Mixing

3
Vi — E Ulj viL .
j=1

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing matrix,

Uel UeQ Ue3

U7'1 UT2 UT3
e U - n xXn unitary:

N 2 3 4

mixing angles: In(n—1) 1 3
CP-violating phases:
e vj— Dirac: f(n—1)(n—-2) 0 1 3
e v;i— Majorana: In(n — 1) 1 3 6

n = 3: 1 Dirac and
2 additional CP-violating phases, Majorana phases

S.M. Bilenky, J. Hosek, S.T.P.,1980



Majorana Neutrinos

Can be defined in QFT using fields or states.
Fields: xir(x) - 4 component (spin 1/2), complex, my
Majorana condition:

C (e(@)" =&xu(a), |&°=1, C 'y C=—v); C"=-C, ' =C1

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

Implications:

U(1l) : xi(z) — 9 (z) — impossible

— xx(x) cannot absorb phases.
—Qu1y=0: Qe =0, =0, L=0,...
— xkx(x): 2 spin states of a spin 1/2 absolutely neutral particle

— Xk = Xk



Propagators: W(z)—Dirac, x(x)—Majorana
<O|T(Wa(z)Ws(y))|0 >= Sys(z —y) |
<OT(Wa(z)Ws(y))I0>=0, <OT(Wa(z)Ws(y))0>=0.
< O|T (xa(z)X5(¥))|0 >= Sis(z —y) ,
< O|T(xalz)x5(¥))|0 >= —€"S;,.(z — y)Cug

< O|T(Xa(®)Xs(W))I0 >= ¢ CL1S3(x — y)

Ucp x(z) Usp =ncp o x(&), nep = +i .



PMNS Matrix: Standard Parametrization

1 0 0
U=V | 0 &% 0
0 0 €7
C12C13 $12C13 s13e” %
V = | —s12c23 — c12523513¢"  c1ac23 — 512523513€°  sa3ci3
512823 — C12C23513€"  —c12823 — $12C23513€°  ca3Ci3

® s;; =sinb;;, cij = cosbj, 0;; =[0,3
e § - Dirac CP-violation phase, § = [0, 27],

e a1, 31 - the two Majorana CP-violation phases.
e Am2 =Am3;, £ 7.6 x 1075 eV2 > 0, sin?612 = 0.305, cos261> & 0.26 (30),

o |Am2, | =|Am2,| =25 x%x 1073 eV?, sin?26,3 = 1,

atm‘

e 013 - the CHOOZ angle: sin?613 < 0.040 (0.056) 20 (30).
A.Bandyopadhyay, S.Choubey, S.Goswami, S.T.P., D.P.Roy, arXiv:0804.4857;
T. Schwetz et al., arXiv:0808.2016



Neutrino Oscillations in Vacuum

Suppose at t =0 in vacuum

Ve > = |1 > cosO+4|vy > Sing,
|I/ > =—|I/1>Sin9—|—|l/2>COSH; vio. mi1o+0
,LL(T) ) )

After time ¢t in vacuum

Ve >+ = e_iE1t|V1 > COS H—I—e_iE2t|V2 >sing, B = \/p2 + m%)Q
A(ve — vy t) =< vyl|ve >= %sin 20 (e_iEQt — e_iElt)

P(ve — vu;t) = 3sin?20 (1 — cos(Ep — Ep)t)

P(ve = ve;t) = Pee = 1 — P(ve — vy, t)

V. Gribov, B. Pontecorvo, 1969



Neutrinos are relativistic: t £ L, Ey — E1 = (m3 — m%)/(2p)
(EQ — El)t = (m% — m%)L/(Qp) — o L rac = ArE

Lyac» Hosc — Am?2

1) — Lein2 L _ 4AnE
P(ve — vp;t) = 55in©20 (1 = Cos2mpae), Lose = A

~ E({MeV
Lyse =225 m ek

E 23 MeV, Am?[eV?] 28 x 107> : LY%< 2100 km
E=1 GeV, Am?[eV?] 2£25x 1073 : LY% = 1000 km

Effects of oscillations observable if
sin? 20 — suf ficiently large, L 2 LY%

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

KamLAND: Ue — Ue; Ve — (Uy + U7) /2
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Ve — Ve
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baseline = 180 Kin
P =1-sin"20 sin° (Am°L/4E)
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Source Type of v  E[MeV] L[km] min(Am?)[eV?]

Reactor Ue ~ 1 1 ~ 1073
Reactor De ~1 100 ~ 107°

Accelerator Vs Uy ~ 103 1 ~1
Accelerator Uy, Uy, ~ 103 1000 ~ 1073
Atmospheric v's v, Dye ~ 103 104 ~ 107
Sun Ve ~ 1 1.5 x 108 ~ 101!

Correspond to: CHOOZ (L ~ 1 km), KamLAND (L ~
100 km), e 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;

future: T2K (L ~ 250 km), NOvA (L ~ 800 km), vy
disappearnce, v, — ve; E~ 1 GeV,

SK experiment studying atmospheric vy, Uy, ve, Ve (E =
(0.1 -~ 100) GeV), and solar ve (EF = (0.29 =~ 14) MeV)
oscillations, and to the solar v experiments.



|Vl>:Z]Ul>;|Vjvﬁ]>7 l:ealuaT
T — ut + v, decay at rest:

Ej = E+4+m%/(2mz), pj = E—{m2/(2E), E = (mz/2)(1—
mZ/m2) = 30 MeV, ¢ = (1 4+m;/m3)/2 = 0.8.

Taking m; =1 eV: E; £ E(1+ 1.2 x 10719),
pj = E(1— 4.4 x10716).

Problem avoided if one uses the fact that the V; state is
entagled with the u1 state.



A(vyp —» vp) = > Ul’j D; U;l, LI =e,u, 1,

D] — e—iﬁj (Cljf—xg) — e—i(EjT—ij) : p] — |p]| -

dpir = (Ej — Ex)T — (pj — pr) L
2

- o _ Ei+Eg . mj?.—mk _
= (£ - Ex) T pj+pr L] L

' opitpr
First term - negligible:

« L and T related: T = (E; + E) L/(p; + px) = L/v,
v = (E;/(E; + E;))v; + (Ex/(E; + E))v, - the “average” velocity of v; and g,
Vjk = Djk/ Ejk;

P =Pk =D
(additionally suppressed by (mJQ- +m?)/p?>. L =T up to ~ ’mf-,k/pz);

o bj # FEy, pj # b, J 7 ki the same conclusion

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



~ m2—m2
Spjp = gy L =2m L%k sgn(m? —mg), p= (pj+pi)/2,
v =4 ~ 25 m plMeV]
Jk = 7T|Am]k| |Am]2-k|[eV2]

is the neutrino oscillation length associated with AmJQ.k.

e One can safely neglect the dependence of p; and p, on the masses m; and my
and consider p to be the zero neutrino mass momentum, p = E.

« The phase dp;y is Lorentz invariant.

0,2 = \/(QEO'E)Q —- (2p(7p)2

Condition for producing coherently vy, vo,...:

2
g2 > Amjk



The 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 v;. In the wave packet treatment of the problem, the
interference between the states of v; and vy 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:
0Py OuD < L;?k/(27r), o.p(p)y 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 v, should
also overlap 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; # vy, satisfies
|(vj —vp)T| € max(ozp,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
o Spatial localisation condition
AL - dimensions of the v- source (and/or detector):

e IiIMme |localisation condition
AFE - detector’'s energy resolution:

om(L/LY)(AE/E) < 1.
If 2t AL/LY, > 1, and/or 2n(L/LY)(AE/E) > 1,

P(vy — vy) = P(p — op) = 55Uy 1% U2



Atmospheric Neutrinos vy, vy, ve, Ve, £ ~1 GeV (0.20 -
100 Gev)

vu+N—-pu +X, o+ N->pT+X
ve+ N —e +X, e+ N—eT +X

K2K, MINOS vy (17“), E ~1 GeV
vu+ N —p + X

Reactor ve, £ ~2 MeV: CHOOZ,KamLAND (2-8 MeV)
Ve +p — e_l_ +n



Yyheric neutrinos Zenith angle dist. of

—AtmosphericvHux—
10 3¢
Zenith angle :;
/ Downward 0, 8
(=10~100 km) =
O | ‘_‘w
X %
= 2
RIS
= i
. o S
LR - — Fluka flux
UpWard \\‘ '1 ililillllElIlllllll

-1 -0.5 0 0.5 1
coso

Ev > afew GeV
Up/Down Symmetry

L=up to 13000 km)



Event classification

Fully Contained
(Ev ~1GeV)

T T~

Partially Containec
(Ey ~10GeV)

Stopping u (Eyv~10GeV)
Through-going u (E, ~100GeV)

v detector

round
500 ton fid.)

ID): 11,146 20 inch PMTs(SK-1)
OD): 1,885 8 inch PMTs
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h angle distributions

Best fit
_ _ sin220=1.0, Am2=2.0x10-3 eV?2
scillations Null oscillation
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§500 S 45 g
| Ba00 =T -
+ 5 s T a2
St St == C
2300 | e 23 E + - i
S200 - E2 + + "
z g Z 15 : + + = 0.4 ——
e 02 >
L1 07\\ Ly v by T 0;\\\\\ I T 07\\\\\\\\\\\\\\\\\
1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -08 -06 -04 02 0
cosO cosO cosO
— @350 2 - P
= c =100 [ - c
5300 - ;; ¥ - 3‘2 3 J
250 - - 80 - > 3 E
= E 7 ° c g o
5200 JI—W Rt 5 60 S 25 ¢ +*
E1s0 - * + g e 2 ¢ ]
+2 ok ma S 40 + FLS e
100 L5 g o Lttt £ 1 e
50 - - 0.5 -
| O] TR N T N (1) | e T | Y = P B N R
1 105 (;]se 0.5 1 105 J)se 05 1 -1 -08 -0.20860.4 02 0
Il TT N ll T] <= Il TT :
~13000km  ~500km ~15km ~13000Kkm

~500km



SK: L/E Dependence, u—Like Events

(=) O G
0 = N O

©oo
N & O

o

1 10 10° 10° 10
L/E (km/GeV) (SK 1+2+3)

Data/Prediction (null oscillation



L/E analysis

. I NIV VR 1518
Neutrino oscillation : P, =1-sin%20sin (1'27T)
Neutrino decay : Puw = (005 +5ir?9 exp(- L=

. " L
Neutrino decoherence :  Pu =1-5sin"20x (1 -exp(-y,=)

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

- Direct evidence for oscillations

~ Strong constraint to oscillation
parameters, especially Am2 value

|
| 10 0 10 1
LE (km/GeV)



SK: Atmospheric v Data

10 . ; .
C\]’\
N i
D
C\IE __________ -
_—
5 <
—— 99°% C.L. <‘"-~» ___________________
—— 90% C.L.
— 68°% C.L.
-3
10 ' '
0.7 0.8 0.9 1
Sin229

Am2,. = Am3; = 2.4 x 1073 eV2, sin?0atm = sin® 2023 = 1.0 ;

Am3, = (1.9 -2.9) x 1073 eV?, sin?203 > 0.92, 99% C.L.
e sign of Am3,,, not determined. If 023 # Z: 6023, (5 — 623) ambiguity.

atm

3-v mixing: Am3; >0, m1 < mo <mz (NH); Am2,; <0, mz < mi < my (IH).



K2K: v, Spectrum
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MINOS: v, Spectrum

MINOS Preliminary

+

g = L L L ]
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= "atmospheric" parameters
B I I I I I I I I I I I I I I I I I I I i
B - global |
4 : ~
o -MINOS .
cr)CD 3 ]
i) i i
= L i
= i i
< i _
1 atmospheric _
O B | | | | I | | | | I | | | | I | | | | |
o) 0.25 0.5 0.75 1

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

e sign of Am?2,  not determined;

3-v mixing: Am3; > 0, m1 < mz < mz (normal ordering (NO));
Am3; <0, m3z <mi <ms (inverted ordering (I0)).

o If O3 # %Z 0>3, (% — 923) ambiguity.



Survival Probability

e« Data-BG - Ge®,
- Expectation based on osci. parameters
1 + determined by KamLAND
0.8—
i L
0.6 + | T ==
ot f
0.2
ol L b b b b b by
30 40 50 60 /0 80 90 100

20

L/E, (km/MeV)
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Ve — Ve
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Ev in MeV



"solar" parameters

0.2 0.4 0.6

O
00

. 2
sin 912

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



Matter Effects in Neutrino Oscillations
Matter can affect strongly v—oscillations:

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

E~1 GeV, Ly~ 5 x 10> km

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

Veun =V (ve) = V() = v 2G  Ne

Veu = V(ve) = V(u) = — \/§GFN6

Viur =V (vy) — V(vr) = 0 (leading order)
Veu 7= Veu: CP, CPT violated

L. Wolfenstein, 1978; V. Barger et al., 1980; P. Langacker et al., 1983;
S.P. Mikheyev, A.Yu. Smirnov, 1985; etc.



4 ( Aa(t, to) ) _ ( —e(t) €(1) ) ( Aal(t, to) ) (1)
dt \ As(t;to) (1) ) )\ Ap(tito)
where X = lg, 6 = V,u(T)'

e(t) = L [[A7° cos 20 — v/2G pNe(1)],

2
€(t) = AZL% sin 26, with Am?2 = m% — m%

In matter, Hyn = Ho + H;p:.
Hglv1 2 >= Eq 2|v1 2 >, not eigenstates of Hy,.



Consider first N = const.

Then at t = 0 in matter

Ve > = V7' > cOSOm—+|v5 > sin O,
Vy(ry > = —|vi" > sinbOp+|v3" > cosOm;
sin 26,, = € _ tan 260
V€242 \/(1 NTGS)Q—I—tanQ 20’
o res
C0S 20, = 1—Ne/Ne :

_ Am2cos20 ~ 6 Am?2[eV?] _3
Nres = ToNeTeR = 6.56x10 ElMev] C€OS 20 cm Na,
1

B — B = 41 (1 — )2 cos? 20 4 sin? 20)




PR (ve — vp) = |Au(D)|? = 55in® 26 [1 — cos2m-- ],

m _1
Ly, = E227TE1 = LY ((1 — NTeS)Q cos? 20 + sin 26’) 2

NTes = Am? cos 20

Ther nan ndition: N, =
e resonance conditio e 2 EN2C

At the resonance:
sin? 20, = 1, min(ES* — ET*), LTS = LY/ sin 20.

Limiting cases:

12

Ne K Nges: Qm 9, ET?QEELQ' ngLv.

=)

Ne > NI Om = 5, ve — vy, SUppressed.

2
In this case: |ve) =  |V5Y), |lvu) = —|V]).



Antineutrinos: Ne — (—Ng)

Am?cos20 > 0: e — iy, suppressed by matter; ve — vy,
can be enhanced.

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

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



Earth: N/t 2.3 Ny em™3, N ~ 6.0 Ny ecm™3

P (Ve — vy t) = 2sm 220,, (1 — cos 27er ), L%~ LY%<

sin? 26 res — Am? cos 260
(1— NT65)2c05229—|—sm 20 T ¢ T 2EV2Gp

sin? 20,, =

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

Am?cos20 < 0: Ue — Uy,



The Earth

Marnitle

Nadir

Earth: Nmant ~ 2.3 Ny em=3, N ~57 Ny em™3



The Earth

15.0

10.0

p gfem]

5.0

0.0 :
0.0 0.2

0.4 0.6 0.8

1.0
x=r/R.

FIG. 1. Density profile of the Earth.

R. = 3446 km, R,, = 2885 km; N™ ~'2.3 Ny em™3, N~ 57 Ny em™3



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

0.50 ‘ ‘
neutrinos
———- vacuum
0.40 - antineutrinos -
L=7330km
- 2
sin"(26,,)=1.
= 0.30 ¢ sin’(20,)=.1
T
=
a 0.20 -

—
‘-
T e

E[GeV]/AmZ[eV’]

I. Mocioiu, R. Shrock, 2000



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

sin® 2 6, = 0.010

A

————
2= E

——
Na————

S
NN

\

7>

\
\

IVONAN

b

—_————
————_~

\\

NS

I

N //

[/ .
/’/"Zz’i%!%/’ifg
=

2 2
Nadir Angle (deg.) E /A m~ (MeV/eV©)

S.T.P., 1998;
M. Chizhov, M. Maris, S.T.P., 1998; M. Chizhov, S.T.P., 1999
P(ve — vu) = Poy = (523) 2P3u(Ve(u) = V(e))r Ov = 013, Am? = Am2,.;
Absolute maximum: Neutrino Oscillation Length Resonance (NOLR);
Local maxima: MSW effect in the Earth mantle or core.



(823)_2P3y(1/e(,u) — l/,u(e)) = P>,; NOLR: “Dark Red Spots”, P, = 1;
Vertical axis: Am?/E [10~7eV?/MeV]; horizontal axis: sin®260;3; 6, =0
M. Chizhov, S.T.P., 1999 (hep-ph/9903399,9903424)



e For Earth center crossing v's (6, = 0) and, e.g. sin?20;3 = 0.01, NOLR

occurs at £ = 4 GeV (Am?(atm) = 2.5 x 1073 eV?).
S.T.P., hep-ph/9805262

e For the Earth core crossing v's: P>, = 1 due to NOLR when

— cos 20!
cos(207 — 40" )’

tan ®M" /2 = tan ¢’ = i\/

cos 26!,
— cos(20!") cos(20!" — 46'!)

tan ®“°"¢/2 = tan¢” = \/

dman (pcer€) - phase accumulated in the Earth mantle (core),
0. (0!) - the mixing angle in the Earth mantle (core).

P>, =1 due to NOLR for 0, = 0 (Earth center crossing v's) at,
e.d. sin®20;3 = 0.034; 0.154, E =2 3.5; 5.2 GeV (Am2(atm) = 2.5 x 1073 eV?).

M. Chizhov, S.T.P., 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).






Solar Neutrino Production:

pp Chain

REACTION TERM. v ENERGY
(70) (MeV)
P+ p —"H+ et + 2 (99.96) < 0.420
or
p+e +p— 2H 4+ 2, (0.44) 1.442
“H + p — %He + -y (100)
He + *He — o + 2 p (85)
or
3He -+ *He — "Be 4 -~y (15)
“‘Be + e — "Li + v (15) { 822:13- ?8;2
Ti4+ p — 2 «
or
"Be + p — 8B + ~ (0.02)

5B — ®Be* et 4+ o,
SBe* —» 2 «

or

SHe +~ p — *He 4+ et 4+ 1.

(0.000004)

< 15

18.8




4p — “He + 2et + 2v..

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%) ,
8B neutrinos, E < 14.40 MeV, E = 6.71 MeV,

pep neutrinos, E=1.442 MeV,

of 13N, E < 1.199 MeV, E = 0.707 MeV,

of 1°0, E < 1.732 MeV, E = 0.997 MeV.



Flux BP'00 Cl—Ar Ga—Ge
Dpp x 10710 5.95(1 399 0.00 69.7
Ppep X 1078 1.40(1 T29 0.22 2.8
pep 0.01
dpge x 107° 4.77(1 195 1.15 34.2
Pg x 107° 5.93(1 214 6.76 14.2
by x 1078 5.48(1 1019) 0.09 3.4
Po x 1078 4.80(1 1222) 0.33 5.5
Total 8.55 T, 129.8 12




Solar Neutrinos v., £ ~1 MeV: B. Pontecorvo 1946
ve +37C1 =37 Ar + e~

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

v+e —v—+e

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

ve+D —e +p+p, SNO

v+D—vi+n+p, l=¢epu17 SNO

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



Ve —|—71 Ga — 1 Ge + e

gé\(%E (60t), 1990-; GALLEX/GNO (30t, LNGS), 1991-



SuperK, SNO

L)
1012 —
3 Bahcall
11
10 m¢17
10!0 r
> E
= worr
= 3 +10%
108e 3
g 3 "Be
- — 10”7 E
5 el
= 10°r
<v 3
= 106
104 F 1
102 |
3
102 f
[ 1
1051 0.3 1 3 10

Neutrino Energy (MeV)
Figure 2: Differential Standard Solar Model neutrino fluxes [£].

SNO+SK/D20
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=
< SNO-CC/salt
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1
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Figure 3: Comparison ol measurements to Standard Solar Model predictions.



Flux BP'00 Cl—Ar Ga—Ge
Dpp x 10710 5.95(1 399 0.00 69.7
Ppep X 1078 1.40(1 T29 0.22 2.8
pep 0.01
dpge x 107° 4.77(1 195 1.15 34.2
Pg x 107° 5.93(1 214 6.76 14.2
by x 1078 5.48(1 1019) 0.09 3.4
Po x 1078 4.80(1 1222) 0.33 5.5
Total 8.55 T, 129.8 12




Experiment

Observed rate/BP04 prediction

Predicted Rate
at global best-fit

Predicted Rate
at solar best-fit

Ga
Cl
SK(ES)
SNO(CQC)
SNO(ES)
SNO(NCQC)

0.52 + 0.029
0.301 £ 0.027
0.406 = 0.014
0.274 + 0.019
0.38 + 0.052
0.895 + 0.08

0.555
0.356
0.394
0.289
0.386
0.889

0.540
0.345
0.395
0.289
0.386
0.908

The observed rates w.r.t predictions from the latest Standard Solar Model
BPO04. Shown are also the predicted rates for the best fit values of Am3, and
sin?01,, obtained in the analysis of the i) global solar neutrino data, and ii)
global solar neutrino +KamLAND data.
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MSW Transitions of Solar Neutrinos in the Sun
and the Hydrogen Atom

4 ( Aa(t, to) ) _ ( —e(t) (1) ) ( Aa(t, to) ) (2)
dt \ Ag(t,to) €(t) e(t) Ag(t, tog)

where X = Ug, 6 = V,u(T)'

e(t) =3 [A—mz 05260 — V/2G Ne(t)].,

€(t) =
o« Standard Solar Models

Sln 20, with Am?2 = m% m%.

Ne(t) = Ne(to)exp{—t;;()}, ro ~ 0.1R5, Ry = 6.96 x
10°km



The region of vy production: r < 0.2Rs
20 Ny em™3 < Ne(zg) < 100 Ny em ™3
Suppose Ne(zg) > NI |ve) = V5.
Possible evolution:

The system stays at this level; at the surface: |[v5') = |vo)

P(ve — ve) = |(ve|vo)|? = sin?6, Adiabatic

At Ne = N/, where EJ' — EY* is minimal, the system
jumps to lower level |v]*); at the surface: [v7") = |vy)

P(ve — ve) = |(ve|v1)|? = cos? 9, Nonadiabatic

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



Introducing the dimensionless variable
/ = iToﬂGFNe(to)e_%, Zo = Z(t = to),
and making the substitution

(Z—Zo)+i ft: e(t)dt!

Ae(t,to) = (Z/Zo)c_a e Aé(t,to),

AL(t,to) satisfies the confluent hypergeometric equation (CHE):

{ 2L+ (c— 2) f—a} Allt,t0) =0,

where

_ A _ . Am?
a =14 irg Q”El sin? 6, c=1+1irg Sp—



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

W(r) = L (r)Yin (0, ¢,

r, 8 and ¢’ are the spherical coordinates of the electron in the proton’s rest
frame, | and m are the orbital momentum quantum numbers (m = —I,...,1), k is
the quantum number labeling (together with 1) the electron energy (the principal
quantum number is equal to (k+1)), En (B < 0), and Y},,,(6',¢") are the spherical
harmonics. The function

Y1 (Z) = Z7¢12 22 4py(r)

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

r
4 =2 a—\/_Ekl/EI7 a = ap] — l‘l'l_\/_E]/Ekl, C=C = 2(l—|—1),
0

ao = h/(mee?) is the Bohr radius and E; = m.e*/(2R?%) = 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:
®(a,c; 2), Zt1 ¢ d(a—c+1,2—¢, 2); ®(a',d;Z=0)=1,a,d#0,—-1,-2,....

1 . Am?2
Ave = vy(r) = 5 sin26 {Cb(a _ 2 — ¢ Zo) — e d(a— 1, ¢ Zo) } |

T

Sun: N.(z) £ N.(x0)e o, 70 =2 0.1Rs, Ro = 7 x 10° km
The region of v production:
20 Ny em™3 < Ne(zo) $ 100 Ny em™3: | Zo| > 500 (1)

The solar v, survival probability:

P(ve — ve) = 2 + (5 — P') cos 269, cos 20,

S.T.P., 1988



Ve — Ve
Averaged Survival Probability in the Sun

).65 T T T T T T T T T T

0.6

).55

).45 -

).35

).25 -

10 "° 107 *° 107>

A m®/E_ (eV?/MeV)



The solar v, survival probability:

P(ve — ve) = 2 4 (3 — P') cos 269, cos 26,

Case 1: cos209 = -1, PP=0, P = 3(1 — cos20).
. 0 _— [ D — 1 in2
Case 2: O, =0, PP=0, P(ve > ve) =1 — 55sin“20

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

Case 2. pp neutrinos.



PMNS Matrix: Standard Parametrization

1 0 0
U=V | 0 &% 0
0 0 €7
C12C13 $12C13 s13e” %
V = | —s12c23 — c12523513¢"  c1ac23 — 512523513€°  sa3ci3
512823 — C12C23513€"  —c12823 — $12C23513€°  ca3Ci3

® s;; =sinb;;, cij = cosbj, 0;; =[0,3
e § - Dirac CP-violation phase, § = [0, 27],

e a1, 31 - the two Majorana CP-violation phases.
e Am2 =Am3;, £ 7.6 x 1075 eV2 > 0, sin?612 = 0.305, cos261> & 0.26 (30),

o |Am2, | =|Am3,| = 2.4 (2.5) x 1073 eV?, sin?203 £ 1,

atm‘

e 013 - the CHOOZ angle: sin?6;3 < 0.040 (0.056 (0.063)) 20 (30).
A.Bandyopadhyay, S.Choubey, S.Goswami, S.T.P., D.P.Roy, arXiv:0804.4857;
T. Schwetz et al., arXiv:0808.2016



3—v Mixing Analysis: Am2 < |Am2,
Pg” >~ gin4 013 + cos? 013 PQV,
P(%V:PGQ)V_I_P(%VOSC'

P2 =24 (3 — P')cos207,(to) cos2012 (012 = 6),
P’ = 0: L. Wolfenstein, 1978; S. Mikheyev, A. Smirnov, 1985;
P’ # 0 (general or LZ): S. Parke, W. Haxton, 1986;
P’-double exponential, P2V ..: S.T.P., 1988

N, — N, cos? 013,
, 6—27TT S|n 012 . 6—27T7“OA2—WEL2
P = Am?2 ’ To OlR@
1 - 6—271'7"0?

S.T.P.,, 1988

LMA: PP<1l, < P2 >=0
J. Rich, S.T.P., 1988

~ cind 4 . o AmE
PKL—SIn 913—|—COS 913 1 —sin© 261> sin ( 1B L)

A 2
Poor =1 —sin®2613sin?( ZnEatm L)



"solar" parameters

0.2 0.4 0.6

O
00

. 2
sin 912

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



= "atmospheric" parameters
B I I I I I I I I I I I I I I I I I I I i
B - global |
4 : ~
o -MINOS .
cr)CD 3 ]
i) i i
= L i
= i i
< i _
1 atmospheric _
O B | | | | I | | | | I | | | | I | | | | |
o) 0.25 0.5 0.75 1

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

e sign of Am?2,  not determined;

3-v mixing: Am3; > 0, m1 < mz < mz (normal ordering (NO));
Am3; <0, m3z <mi <ms (inverted ordering (I0)).

o If O3 # %Z 0>3, (% — 923) ambiguity.



90% CL (2 dof) [,
GLOBAL

N i
P SK+K2K+MINOS |
i
N™ \
E =
<]

-3 [ SOL+KAML
- +CHOOZ

107

e sin?013 < 0.033 (0.050) at 95% (99.73%) C.L.
T. Schwetz, arXiv:0710.5027[hep-ph]



sin2613 = 0.016 + 0.010, sinf#;3 = (0.077 — 0.161), 1o

E. Lisi et al., arXiv:0806.2649

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

J. Escamilla et al., arXiv:0805.2924



20

15

I I I I |4
- / —]
-| - — - solar+KamL / -
-l atm+LBL+ // -
| CHOOZ / ]
| —— global -
B R
........................................................ Lo
0/ ]
: | | |
0.05 0.1
.2
SIin 613

T. Schwetz et al., arXiv:0808.2016[hep-ph]



Neutrino Oscillation Parameters

parameter bf lo acc. 20 range 30 range
Am3, [107° eV?] 7.6 3% 7.3-8.1 7.1-8.3
|Am3,| [1073 eV?] 2.4 6% 2.1 -2.7 2.0 - 2.8
sin? 615 0.32 9% 0.28 — 0.37 0.26 — 0.40
sin? 63 0.50 16% 0.38—-0.63 0.34—-0.67
sin? 013 — — < 0.033 < 0.050

Best fit values (bf), relative accuracies at 1o, and 20 and 30 allowed ranges of
three-flavor neutrino oscillation parameters from a combined analysis of global
data.

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



Vo, Am?2,_, CHOOZ Data:

atm?
&Y [aY)
e 010 = 0o = g, 023 = Oatm = 7, 013 < {5
V3 1 .
2 2
U _ 1 V3 1
PMNS = 22 22 V2
1 _V3 1
21/2 2V/2 V2

Very different from the CKM-matrix!
e COSO12 2 cos(Z — L) = %(1 4+ ), sinfo = %(1 — ),

o )22 (0.20—0.25): 0o +0c=m/47



Natural Possibility:

U= U|Tep(>‘) Ubim(tri)

with
1 1 2 1
s v 0 I
1 1 1
Upim = —1§ §1 ? Uri= | —\/¢ /3 —1\/3
5 -5 5= 1 1 1
2 2 V2 Ve V3 2
o Uﬁep(A) - from diagonalization of the [~ mass matrix,

® Upimtri) - from diagonalization of the v—mass matrix

Further, Am2 < |Am?

atm‘-
e Upim Can be associated with a symmetry:

S.T.P., 1982
® Upim(tri) Can be associated with a p — 7 symmetry of M,
T. Fukuyama, H. Nishiura, 1997; R.N. Mohapatra, S. Nussinov, 1999;...

These symmetries cannot be exact.



For sin®6;; = \;; “small”, A\12 > A13 (natural),

sin? 010 = % —sinfi3 cos¢ , Upim,
¢ is the Dirac CPV phase,

sin? 01> = % — 2\/7§ Sinf13 cOS@ , Uy
P. Frampton, S.T.P., W. Rodejohann, 2004,

S. King, 2005; S. Antusch, S. King, 2005; I. Masina, 2006;
K. Hochmuth, S.T.P., W. Rodejohann, 2007

Can be tested experimentally.



e sgn(Am3,,,) = sgn(Am3,) not determined

Am?2,, = Am3; >0, normal mass ordering

Am2,., = Am3, < 0, inverted mass ordering
Convention: M1 < M2 < m3 - NMO, m3 < mi1 < mo - IMO

my1 < mp < ms, NH,
m3 < m1p < mp, IH,

mi = mo = ma, mi273 >> AmZ,, QD; m; 2 0.10 eV.

e« Dirac phase - V| <> vy, Ijl — Dl/' [ # l/, Agé/) o« Jcp o< Sinf13sind
« Majorana phases as1, a31:
— V] <> Yy, V] <> Uy not sensitive;
S.M. Bilenky, J. Hosek, S.T.P.,1980;
P. Langacker, S.T.P., G. Steigman, S. Toshev, 1987
— |<m>| in (86)o,—decay depends on ¢, (31,
— N(p — e+ ) etc. in SUSY theories depend on a1 31;

— BAU, leptogenesis scenario: 21 37



The (Mass)? Spectrum

A
V3 ry Vs 2
Vi Y }Am sol
2
(Mass)? Am _— or A :
m atm

V, Y 7
v, FAmM2 vt

Normal Inverted

Am? _ =276x10%eV2, Am?, £24x103eV?

sol —

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

Due to B. Kayser



The Absolute Scale
of Neutrino Mass

How far above zero
is the whole pattern?

Oscillation Data = VAm?, . < Mass[Heaviest v,

A v,
} v Oscillation
(Mass)? v,
) ; ?f } Cosmology, f Decay,

Due to B. Kayser



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

e Determination of sgn(Am?2,,,), type of v— mass spectrum

m1 K mo K m3, NH,
m3 < m1p < mp, IH,
mi = mo = ma, mi273 >> Am2,, QD; m; 2 0.10 eV.
e Determining, or obtaining significant constraints on, the absolute scale of v;-
masses, or min(m,;).

e Status of the CP-symmetry in the lepton sector: violated due to § (Dirac),
and/or due to a1, az1 (Majorana)?

e High precision determination of Am2, 0o, Am2,.,, Oatm.

e Measurement of, or improving by at least a factor of (5 - 10) the existing upper
limit on, sin?6;s.

e Searching for possible manifestations, other than v;—oscillations, of the non-
conservation of L;, l =e,u, 7, such as u — e+ ~, 7 — u -+, etc. decays.



e 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 vr-mixing and r-masses ;
— the physical origin of CPV phases in Upmns ;

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

— Is there any relations between g—mixing and v— mixing? Is 61> + 0.=n /4 7
— Is 023 = 7/4, or 023 > w/4 or else O3 < w/47

— Is there any correlation between the values of CPV phases and of mixing
angles in Uppns”?

e Progress in the theory of vr-mixing might lead to a better understanding of the
origin of the BAU.

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



HOW?
e Vo—, Vatm— €Xperiments
SK  (vatm);
INO (vatm); MEMPHYS
MINOS (12t™); ATLAS, CMS (v3™) (?)
SNO (2006)
SAGE
BOREXINO
LowNu (XMASS, LENS,...)

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

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



e Super Beams

T2K, SK (HK) 295 km
NOvA ~800 km
LBNE (Fermilab-DUSEL)  ~1200 km

SPL4p3—beams, MEMPHYS (0.5 megaton):
CERN-Frejus ~140 km

v—Factories ~ 3000, 7000 km

. (88)g,—Decay, 3H B—Decay
o Astrophysics, Cosmology



Rephasing Invariants Associated with CPVP

Dirac phase §:

Jcp = Im {Uel UMQ U:Q U:l} .
C. Jarlskog, 1985 (for quarks)
CP-, T- violation effects in neutrino oscillations
P. Krastev, S.T.P., 1988

Majorana phases as1, a31:

S1 =Im{U U3}, So=Im{UoU}} (not unique); or
Sy =1Im{UnUs}, Sh=Im{U.2Uz5)

J.F. Nieves and P. Pal, 1987, 2001
G.C. Branco et al., 1986
J.A. Aguilar-Saavedra and G.C. Branco, 2000

CP-violation: both Im {U.1U};} # 0 and Re{U.1U5} # 0 .
S1, S2 appear in |[<m>| in (B8)o,-decay.

In general, Jop, S1 and S» are independent.



Dirac CP-Nonconservation: o in Uppmns

Observable manifestations in

. . /
Vi< vpy, V<vp, LU =epT
e not sensitive to Majorana CPVP (o1, (31

CP-invariance:
N. Cabibbo, 1978

S.M. Bilenky, J. Hosek, S.T.P.,1980;
_ _ V. Barger et al.,1980.
Plyy—uwv)=P—u), l#FI=eprT g
CPT-invariance:
Py — w) = P(uy — 1)
=1 P(l/l—>l/l):P(ljl—>ljl)

T-invariance:
Py —uv) =Py —uv), 1 #1

3V —miXxing:
A =P —u)-Pm—m), l#I=enrT

Ag’ll) = P(Vl — I/l/) — P(l/l/ — l/l), [ # !

4 (67/1‘) — 4 (/’L7T) — 4 (677_)
P.I. Krastev, S.T.P., 1988



In vacuum: A%P“()T) = JCPFO’US"JCC

Jop =IM{Ua U UL U} = sm 2612 Sin 2053 Sin 2013 COSH13SiN§

Am 2
FY% = sin( o7 21L)+sm( 32L)—l—sm( 13

osc

_ P.I. Krastev, S.T.P., 1988
In matter: Matter effects violate

CP: P(Vl — Vl’) 75 P(;l — Ijl/)

CPT: Py, — vp) #= P(yp — 1)

P. Langacker et al., 1987

Can conserve the T-invariance (Earth)
P(Vl — l/l/) — P(Vl/ — l/l) [ # l/

In matter with constant density: A(e’“) = Jmath‘s?:t

J@St — Jvac RCP
Rcp does not depend on 623 and §; |Rep| S 2.5
P.I. Krastev, S.T.P., 1988



Up to 2nd order in the two small parameters |a| =
|Am3{|/|Am3,| < 1 and sin?6;3 < 1:

P%V mcm(VeﬁVu)§P0+Psin5‘|‘Pcos(5+P3r

§ 2
Py = sin2 653 562_219)123 sin2[(A — 1)A],

2

Fn 2
cos? 63 S'”A22912 sin2(AA),

Pins = o Af{gg)(sm A)(sin AA) (sin[(1 — A)A)),

P3:Oé

Prges = @ 82%{_255((:05 A)(sin AA) (sin[(1 — A)A)),

Am2, L 2F
— 31 — man
A=2"00 0 A= /2GeN! =




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

and sin’26,; = 0.04

(Parke)

Atmospheric it Solar + Inf.
& el

LA
"
IIII

|

j} Wy 4 Nu:Normal Inverted

N solid é=m/2
1N dashed 6=3m/2

Note how the
2nd maximum
can help.

Py, —iv,)
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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:
sin2 613

e Super Beams: 613, o, ...
JHF (T2K), SK (HK) 295 km (started)
NuMI (NOvA) ~800 km (2013)

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

SPL+4+3—beams, UNO (1 megaton):
CERN-Frejus ~140 km

v—Factories ~ 3000, 7000 km



@ Reactor |
- O Detector

Double Chooz RENO

M. Mezzetto, T. Schwetz, arXiv:1003.5800[hep-ph]
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Schwetz, arXiv:1003.5800[hep-ph]



Discovery potential at 3 ¢ for NH
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Discovery potential at 3 ¢ for IH
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M. Mezzetto, T. Schwetz, arXiv:1003.5800[hep-ph]



The (Mass)? Spectrum

A
V3 ry Vs 2
Vi Y }Am sol
2
(Mass)? Am _— or A :
m atm

V, Y 7
v, FAmM2 vt

Normal Inverted

Am? _ =276x10%eV2, Am?, £24x103eV?

sol —

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

Due to B. Kayser



Combined

Daya Bay

NOvA

T2K

Double Chooz

ST oS — |

600z S=AF901D

= = = = | v o
o~ o |y

a0
........................... SRt

600z s=3901D

= = = = |y o
o~ o |y

E=re)

600z S3901D

= = = |y =]

2n
3
2

600z S3901D

= = (S =

01 015 02

0.05

02

0.15

0.05

02

01 015 02

Sinz 2913

0.05

23

sin

2013

sin

Sinz 2913

Siﬂ2 2013

aya Bay

D

NOvA

T2K

Double Chooz

0.05

Combined

02

o
—
=1

~
== 3
b=
<
2
=1
o

6002 S3I90T1D =

= = = [SEEN o

o~ o |
<d400
™~
=14
E2d
—
p=
......... T —
Lo
=2
=
o

6002 S3901D o

= = = (SR =]

o~ o |
d400

~
S

600z s=901D
= = [P =

600z S3901D

= = = |y =]

2n
3
2

02

0.15

01
Sinz 213

600z s39go1D
= = (S =

Sin2 2013

sz 2013

Sinz 2913

Siﬂ2 2013



Exemplary fit results for Double Chooz, T2K, NOvA, Daya Bay, and the com-
bination. Shown are fits in the 013-6 plane assuming = 0.1 and § = «/2 (upper
row) and § = 3xw/2 (lower row). A normal simulated hierarchy is assumed. The
contours refer to 1o, 20, and 30 (2 dof). The fit contours for the right fit hi-
erarchy are shaded (coloured), the ones for the wrong fit hierarchy are shown as
curves. The best-fit values are marked by diamonds and boxes for the right and
wrong hierarchy, respectively, where the minimum 2 for the wrong hierarchy is
explicitly shown. (From P. Huber et al., arXiv:0907.1896.)



If v;— Majorana particles, Uppns contains (3-1/ mixing)
d-Dirac, 21, (31 - Majorana physical CPV phases

v-oscillations V] <= Uy, V] <> Vp, LI = e, p, T,
e are not sensitive to the nature of V/;,

S.M. Bilenky et al.,1980;
P. Langacker et al., 1987

e provide information on Am3 = m? —mj, but not on the absolute values
of I/; masses.

The Majorana nature of Vj can manifest itself in the existence of AL = +2
processes:

KT = +p" 47
P+ (AZ) - pt 4 (A Z-2)

The process most sensitive to the possible Majorana nature of l/j - (BB)ov-
decay

(A,Z) - (AZ4+2)4+e + e
of even-even nuclei, “8Ca, "°Ge, %°Se, “Mo, !°Cd, '3°Te, 3°Xe, °ONd.
2N from (A,Z) exchange a virtual Majorana Vj (via the CC weak interac-

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



NuclearOvps-decay

strong in-medium modification of the basic process
dd — uue_e_(;eVe)

continuum

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

(A,Z+2)

V. Rodin, talk at Gran Sasso, 2006



(883)g,—Decay Experiments:
- Majorana nature of v;
- Type of v—mass spectrum (NH, IH, QD)

- Absolute neutrino mass scale

3H B-decay , cosmology: m, (QD, IH)
- CPV due to Majorana CPV phases

Vj— Dirac or Majorana particles, fundamental problem
l/j—Dirac: conserved lepton charge exists, L = L.+ L, + L, I/j ;ﬁ Ijj

Vj—Majorana: no lepton charge is exactly conserved, I/j — ﬂj
The observed patterns of V—mixing and of Am32,,, and Am?2 can be related to
Majorana I/j and an approximate symmetry:
L'=L.—L,— L,
S.T.P., 1982
See-saw mechanism: Vj— Majorana

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



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

‘<m>‘ = |m1|Ue1|? + m2|Ue2|? €' + ma|Ues|? e

= |m1 2, 2. +mo 2, 2, € + m3 52, €%
12 ~13 12 ~13 13

, 912 = 9@, 913— CHOOZ

D1, 31 - the two Majorana CPVP of the PMNS matrix; a5; = az1 — 29
CP-invariance: az; = 0, +tm, a3z1 = 0, £7;
N2l = el = 41, n31 = el = +1

relative CP-parities of /1 and VD, and of /1 and V'3 .

L. Wolfenstein, 1981;
S.M. Bilenky, N. Nedelcheva, S.T.P., 1984,
B. Kayser, 1984.



<m>]| : mMj, 0o = 612, 013, Q2131

. . 2 2
™Mi1o3 - in terms of min(m;), Amg,,, Amg

S.T.P., AYu. Smirnov, 1994
Convention: mi1 < mo> < msz - NMO, mz < mi1 < mo - IMO

Am% = Am3,, mp= \/m% + Am%,
while either

Amz,,, = Am3; >0, mz= \/m% + Am3,,, normal mass ordering, or

Amiy, = Am3, <0, mp = \/m;?; + |Am2,,| — Am2, inverted mass ordering

The neutrino mass spectrum —
Normal hierarchical (NH) if m1 << mo << ms3,

Inverted hierarchical (IH) if mz << m1 = mo,

Quasi-degenerate (QD) if m1 = ma = m3 = m, m? >> |Am3,,

;mjf%O.l eV

i 2
Given |Amgim,

, Am32, 0o, 013,

l<m>| = |<m>| (Mmin, a21,231;S), S = NO(NH),IO(IH).



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

[<m>| =|\/Am? sin 6iz¢ + \/Am3, sin? 03¢

, m1 < mpy < mz (NH),

‘< m >’ = \/mg -+ Am% ‘COS2 61> + el sin? 912| , m3 < (<<)m1 < m»o (IH),

‘< ™m >‘ 2 m |cos? 12 + €@ sin? 612

, 123 =m Z 0.10 eV (QD),
912 = 9@, 913-CHOOZ; a = 21, ﬁ —|— 26 = 031 .

CP-invariance: o = 0, +m, By = 0, £+,

[<m>| <5x1073 eV, NH;
VAmMmZ,cos201, £0.013 eV $ |[<m>| < /AmZ, £20.055 eV, IH;

mcos201, S |[<m>| <m, mz010eV, QD .



Best sensitivity: Heidelberg-Moscow "©Ge experiment.

Claim for a positive signal at > 30
H. Klapdor-Kleingrothaus et al., PL B586 (2004),

|<m>| = (0.1-0.9) eV (99.73% C.L.).

IGEX °Ge: |<m>| < (0.33-1.35) eV (90% C.L.).
Taking data - NEMO3 (1°Mo), CUORICINO (%30Te):

|<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 - 130Tg,
GERDA - "%Ge,
SuperNEMO,
COBRA - 116(C(,
EXO - 136Xe,
MAJORANA - "°Ge,
MOON - 199\,
CANDLES - 48Ca,
XMASS - 136xe.
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QD

0.1

0.01

[<m>| [eV]
]

-
o
o
=
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0.0001 0.01 1

Myn  [eV]

S. Pascoli, S.T.P., 2006

The current 20 ranges of values of the parameters used.



- QD
0.1:— IH =
S 5
D, i
N .

e
V_ 001 -
0.0015— NH _E
B 1 1 L1111 I| 1 1 L1111 I| 1 | 1 1 | I I | I| 1 1 1111 I_
le-05 0.0001 0.001 0.01 0.1 1
m [eV]

MIN

sin? 613 = 0.015 £ 0.006; 1o(Am2) = 4%, 1lo(sin?6s) = 4%, lo(|Am2,,|) = 6%;

20(|]<m>| ) used.



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

— Am2,, (IH) or mg (QD) measured with § < 10% ;

- 515

— .- i s 37 57 371 .
a21 (QD): in the interval ~ [T — 3I], or ~ [2F — 31

— tan?6, = 0.40 .
S. Pascoli, S.T.P., W. Rodejohann, 2002

S. Pascoli, S.T.P., L. Wolfenstein, 2002
S. Pascoli, S.T.P., T. Schwetz, hep-ph/0505226

No “No-go for detecting CP-Violation via (83)o,-decay”
V. Barger et al., 2002



Absolute Neutrino Mass Measurements

The Troitzk and Mainz 3H (B-decay experiments

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

There are prospects to reach sensitivity
KATRIN : my, ~ 0.2 eV

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

Y my=X < (04-17)eV
J
The WMAP and future PLANCK experiments can be sensitive to

ij = 0.4 eV
J

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

R 5§ £ 0.04 eV.
j



ed 3 energy resolution requires a BIG p spectrometer.
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M, from the See-Saw Mechanism

P. Minkowski, 1977.

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

R. Mohapatra, G. Senjanovic, 1980.

e EXxplains the smallness of r—masses.

e Through leptogenesis theory links the vr—mass generation to the generation
of baryon asymmetry of the Universe Y.

S. Fukugita, T. Yanagida, 1986.

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

p—et+y, T—oput+y T—ety, 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; (50)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...
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The 8 energy spectrum is modified according to —

2

(Eo - E)O[Eg - E]= SWl’ (Eg - EW(Eo - E) -m? ©[(Eq - m;) - E]

Maximum f energy when ‘
_ , p energy
there 1s no neutrino mass

Present experimental energy resolution
1s insufficient to separate the thresholds.

Measurements of the spectrum bound the average
neutrino mass —

<mﬁ>=\f2|Uef|2”"f2

Presently: (mg)<2eV

Mainz &
Troitzk

Due to B. Kayser



