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Plan of the Lecture
1. Introduction.

2. Massive Neutrinos, Neutrino Mixing and Oscillations: Overview.

3. Three Neutrino Mixing. Massive Majorana versus Massive Dirac Neutrinos 1. Dirac
and Majorana CP Violation.

4. Meutrino Oscillations in Vacuum: Theory and Experimental Evidences.

h. Matter Effects in Neutrino Oscillations: T heory.
Meutrino Oscillations in the Earth.

CP Violation in Neutrino Oscillations.

Flavour Conversions of Solar Neutrinos.

6. Three Neutrino Mixing: the Angle #1z and Indications Tfor Dirac CF Violation.
7. Open Questions in the Physics of Massive Neutrinos.

8. Understanding the Pattern of Neutrino Mixing.

9. The Absolute Scale of Neutrino Masses.

10. The Nature of Massive Neutrinos.
Massive Majorana versus Massive Dirac Neutrinos IL

Origins of Dirac and Majorana Massive Meutrinos.
T he Seesaw Mechanisms of Meutrino Mass Generation.

11. Determining the Nature of Massive Neutrinos.
12. Future LBL Neutrino Oscillation Experiments on san(Ams,) and CP Violation (7).
13. Conclusions.

Will not cover: Leptogenesis Scenario of Generation of the Baryon Asymmetry of the
Universe. Dirac and Maljorana Leptonic CP-Violation and Leptogenesis.



3 Families of Fundamental Particles
Ve U Vy C vt

+ their antiparticles
e d [ S T b

« 3 types (flavours) of active v's and 7's
« The notion of “type” (‘'flavour”) - dynamical,

Ve. Ve+n — e —+ p,; vy ﬂn_ll.tn_ll_lttn etc.

« [ he flavour of a given neutrino is Lorentz invariant.

ey FE vy, D FEop, LFE! =e,u,1m vy #Fop, LI =e,p, 1.
The states must be orthogonal (within the precision
of the corresponding data): (vj|lv;) = o, (Dj|Dy) = oy,
(7/|lv) = 0.



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

vir(z) form doublets with I (z), | = eu, T

yr(x)
()

« No (compelling) evidence for existence of (relativistic)
v's (¢'s) which are predominantly RH (LH): vy (77.)

If vy, vy exist, must have much weaker interaction than
vy, V. vy, vr, - sterile”, “inert”

..w”.m_t.._ﬂ

Fontecorvo, 1967

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

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

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



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

The RH v's can play crucial role

1) in the generation of m(v) # 0O,

ii) in understanding why m(v) < my, mgq,

iii) in the generation of the observed matter-antimatter
asymmetry of the Universe (via leptogenesis).

The simplest hypothesis is that to each v; () there cor-
responds a v,g(x), | = e, u, T.

ST I_I wﬂwﬁﬁxv — 0 hm — ﬁﬁﬁmﬁ.. [ = €, L, T,
L=Le+ Ly + Ly = const.



There have been remarkable discoveries in neutrino
physics in the last ~ 15 years.



Compellings Evidence for v—Oscillations

—Vatm: SK UP-DOWN ASYMMETRY

Br—, hﬁ.__q.__.n.q_| dependences ol u—like events

Dominant vV, — Vr K2K, MINOS, T2K; CNGS (OPERA)

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

Dominant Ve — Uy 1 BOREXINO

— Ve Qu_,._UJ.._ ﬂmm_hﬁﬁ._..mv” Dayva Bay, RENO, Double Chooz

Dominant /e — ﬁ.t.ﬂ

T2K, MINOS (v, from accelerators): Vy — Ve



Compelling Evidences for v—QOscillations: v mixing

T
_EV”MSM_EVU vi: m;i#0, l=epup,7, n=>3,
7=1

T
v (z) = .MH Ujvit(z), vj(z): mj#0,; l=en,r7.
.HHH

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

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
Neutrino Mixing matrix.

Vi, m; #= 0: Dirac or Majorana particles.

Data: at least 3 vs are light: v1 23, m123 5 1 eV.



The Charged Current Weak Interaction Lagrangian:

£ (z) = |% P> [(z)va (1 — 75) vy (z) W(z) + h.c.,

— &, 1, T

ErﬁHVHMQQErQYﬁr@fﬂbﬁ#o“hHm:Eﬂ.
j=1



We can haven >3 (n =4, orn=5, or n = 6,...) If,
e.g., sterile vp, vy exist and they mix with the active
flavour neutrinos v; (7)), | = e, u, T.

Two (extreme) possibilities:

1) mgs. . ~1eV,
In this case Ve(p) — VS oscillations are possible (hints

from LSND and MiniBooNE experiments, re-analises of
short baseline (SBL) reactor neutrino oscillation data

( “reactor neutrino anomaly”, data of radioactive source

callibration of the solar neutrino SAGE and GALLEX ex-
periments ( “Gallium anomaly"):

i) Mas,. ~ (102 —103) GeV, TeV scale seesaw models;
Mys, . ~ (109 — 1013) Gev, “classical” seesaw models.

We can also have, in principle:
mg ~ 1 eV (vy,) — vs), ms ~ 5 keV (DM), Mg ~
(10 — 103) GeV (seesaw).



All compelling data compatible with 3-r mixing:

3

L = .MH Uyjvit  l=emu,
-.w”

The PMNS matrix U - 3 x 3 unitary to a good approxi-
mation (al least: |U;,| & (<<)0.1, l =e,u, n=4,5,...).

v, m; #= 0: Dirac or Majorana particles.
3-v mixing: 3-flavour neutrino oscillations possible.
vu, B at distance L: P(vy — vy)) 70, P(vy — vu) <1

P(v; — vyy) = P(vy — vy, E, L;U; m3 — mf, m3 — m%)



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 HM_d._u 3

U= Ui Uz U
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, S.T.F., 1980



Majorana Neutrinos

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

C (%(z))" =&x(z), |&F=1

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

Implications:

U(1) : xe(z) — e (z) — impossible

— vilx) cannot absorb phases.
I .m._,.quD D Qg =0, L, =0, L=0,..

Es

— 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 .



Special Properties of the Currents of y(z)—Majorana:

(z)vax(z) =0 Qpy=0 (Qp)(W)#*0);

Has imortant implications, e.g. for SUSY DM (neutraline) abundance determi-
nation (calculation).

x(@)oasx(x) =0 pu, =0 (puuw#F0)
Y(z)oasysx(z) =0 d, =0 (dy 0, if CP is not conserved)

y(x) cannot couple to a real photon (field) .

v(x) couples to a virtual photon through an anapole moment :

(gas @ — qags)vavs Fulq®).



PMNS Matrix: Standard Parametrization

1 0 0
U=V~FP, = 0 &= 0 .
0 0 &
€12¢13 512013 s13e "
.—\\ — — 812023 — ﬁ“_.mmmmm“_.m.mm..m C1 2023 — m“_.mmmwm“_.m.mm..m 823013
S12823 — _.H_.Mﬂmwm”_.w_mm..% — 12823 — MHMDMWMHWWE C23C13

* 54 = sin _mﬁ.u; Cij = CO5 _mﬁ.u; _m.ﬁu == _”_Dd_ Wln”_,
¢ & - Dirac CPV phase, d =[0.2x]; CP Inv.: ¢ =0,7.2m,

* oz, a3 - Majorana CPV phases; CP inv.: aoysy = k(F)x, (') =0,1,2...
S .M. Bilenky, J. Hosek, S.T.F., 1980
o Am2 = Am2, = 7.54 x 1079 eV2 > 0, sinf5 = 0.308, cos26;; = 0.28 (30),

o |Am3) )| =248 (2.44) x 1073 eV?, sin?fas = 0.425 (0.437), NH (IH),

» 015 - the CHOOZ angle: sin®f;3 = 0.0234 (0.0239), NH (IH).
F. Capozzi, E. Lisi et al., arXiv:1312.287828



« Fogli et al., Phys. Rev. D86 (2012) 013012, global
analysis, b.f.v.: sin©0{3 = 0.0241 (0.0244), NH (IH).

o Am? =Am3 =7.54x10°° eV? >0, sin“#> = 0.308, cos26> = 0.28 (30),

o |[Am2) | =248 (2.44) x 1072 eV?, sin?fas = 0.425 (0.437), NH (IH),
e 615 - the CHOOZ angle: sinf;5 = 0.0234 (0.0239), NH (IH).

o lo(Am3,) = 2.6%, lo(sin’0i2) = 5.4%;

lo(|Ams, (oq) = 3%, lo(sin®f23) = 14%;
L] Hﬂnm_jmmwm“u = ”_._U_w.m:
e 30(Am3,): (6.99 —8.18) x 107° eV?; 3o(sin®fA12) : (0.259 — 0.359);

s mi_bﬁwzmu_u : 2.19(2.17) — 2.62(2.61) x 1072 eV?;
3o(sin“fy3) : 0.331(0.335) — 0.637(0.663);

e 35(sin?#y3) . 0.0169(0.0171) — 0.0313(0.0315).

Fogli ef al., arXiv:120k.5254v3



« Dirac phase 6: v < vy, ) < p, LF#E ;) A% « Jep < sinyssing:

F.Il Krastev, S T.F. 1988

1
Jep =Im{Ua UpULU} = 5 SiN26125iN 2023 51n 2613 COS P13 SiN &

Current data: |Jop| & 0.035 (can be relatively large!); b.f.v. with § = 37/2:
Jop = —0.035.

« Majorana phases as1, a3z1:

- V] < vy, V) — m_ﬁ not sensitive:
S.M. Bilenky, J. Hosek, S. T.P.,19280;
F. Langacker, S. T.F., G. Stejgman, S. Toshey, 1927

— _.nnqﬁuu._ in (33)p,—decay depends on 91, ¥31;
— Mg — e+ ) etc. in SUSY theories depend on asg 31;

— BAU, leptogenesis scenario: ﬁmu 21,31 "'



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-



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 ve.: CHOO/Z KamLAND, Double Chooz, RENO,
Daya Bay (£ =2 — 8 MeV)

Ved+p—el +n
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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: CHOO/Z, Double Chooz, RENO, Daya
Bay (L ~1 km), KamLAND (L ~ 100 km);

ve disappearnce; £ = (1.8 -8.0) MeV;

to accelerator experiments - past (L ~ 1 km);

past, current: K2K (L ~ 250 km), MINOS (L ~ 730
km), v, disappearnce; OPERA (L ~ 730 km), vy — vr;
T2K (L ~ 295 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).



Ay —vp) =2 Up; D; mﬂh , LlU=e 1

.U.U._. — m|ﬁ.ﬂu_. AH.__ﬁ|HGu — m|ﬁ.ﬁm.ﬂ__.mj|ﬁ.u_.hv

O = Mﬁ kL =2r s, sgn(m? —mz), p = (p; +pr)/2,
” ~ p[MeV]
LY, = hﬂ_bﬂ =225 m i

is the neutrino oscillation length associated with D:Eum._m.

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

» The phase d¢;;. Is Lorentz invariant.

0,2 = (2Eog)? + (2pop)?

Condition for producing coherently vy, 9, ...:

o2 > _.D.EWF._



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



Two-Neutrino Oscillations in Vacuum

SK ((100-12742) km), K2K (250 km); CNGS (OPERA),
MINOS (730 km); T2K (295 km); dominant v, — vr;

m
P(uy — vr; L) = P(, — br; L) 2 sin2 20,3 sin2 2731%,

Plvy —vy, L) =Py — vy, L) =1—P(vy —vr, L).

KamLAND (~ 180km): 7. — 7.

Am3, L
of )

CHOOZ, Double Chooz, Daya Bay, RENO (~ 1 km):

Ve — Ve

P(We —ve, L) =1 — m_: 22615 (1 — cos

2
P(We —ve; L) =1 — 5 L sin22643 (1 — cos bﬁ%hv.
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Observing the Oscillations of Neutrinos



Atmospheric neutrinos Zenith angle dist. of
Atmospheric v flux

107 =
- VY,
Zenith angle = 0.3.05 Gev
o
p, He ... Downward g, ..m. 102F
[=10~100 km ! il E 0.9-1.5 Gav
[} 1 (7 ] i
+ L — -
mt, KE . -
L n
e
.ﬂuﬁ_ [——"
+ ~ 10 b 2.0-5.0 GaV
ol 'V (= R 2
v, 5 |
it LR T -~ —— Honda flux
-.«Hﬁ; LTNERRY e Bartal flux
s — N - Fluka e
CHUE-_.__.N—.-E ._ AR TEEE TN NN R

= . -1 -0.5 0 (RES) 1
L=up to 13000 km) cosH

Ev > a few GeV
Up/Down Symmetry



« 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

T__.x 1L

“disappearance’ )
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MINOS: v, Spectrum (v, ‘“disappearance”

MINOS Preliminary
1.5 ——
O .—v
5 | + :
3 ._. l_rlwm &
o | 7] ml
'®) —_—
- 13
._m 0.5 —4— Far deleclor dala 10
'®) Best oscillation fit _ PO
— Stats. only decay fit m
ﬁn.nﬂ B mﬁ.mﬁm.a_..__,,., ﬂmmaj,_m.ﬂm.:ﬂm fit 7 -

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.



e Data-BG-GeoV,
- —— Expectation based on osci. parameters
IF + determined by KamLLAND
= i
= 0.8
u..M B —
S i |+
~ 0.6 + 4 —e—
__nl__n_ B | .
2z _ _
S 04
5 +
0.2
E-.—ll—-______._.-—._.-._.__._.____._.__._.-._.-—__._.__._.____._.-

20 30 40 50 60 70 80 90 100
L/E, (km/MeV)

KamLAND: IL/E—Dependence (reactor ., L =180 km, E = (1.8 - 10) MeV)
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baseline = 1850 Kin

P =1-sin"20 sin° (Am°L/4E)
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Solar Neutrinos: ve, E ~ (0.26 — 14.4) MeV
Super-Kamiokande, F = (5.0 — 14.4) MeV

R(SK) nﬁ.mﬁtmv Yi=epur P(ve = v) o(vie™ — ve™)
= .u.ﬁb.mml — T.mmlv _”nvmmﬁmv;ﬁqmﬁm — ?mv

+0Q(1e) (1 — P(ve — ve)) Zum ~Yu(@e )

o(Vee  —lee™)

= o(vee™ — vee ) [Pe(ve) + 0.16(Pe(vy) + Pe(vr))]

P(ve — ve) + P(ve — vyu) + P(ve — vr) =1,

o(vpe™ —vye” ) = o(vre” — vre).



SNO, CC: E 22 (5.0 — 14.4) MeV

ve+ D —e” +p+p
R(SNO) x o(ve+ D — e~ +p+ p) PL(ve) P(ve — ve)

=o(ve+ D —e” +p+p) Pe(re)
SK: @K (ug) = Pe(re) + 0.16(Pe(vy) + Pe(vr))
SNO CC: &>NO(,.) = D (1)

No oscillations: ®g(v,) + Pe(vr) = 0, ®>K(v.) =
HSNO (1)



B .. 68%C.L.
B o 68%C.L.
B o s

B 0. 68%C.L.
| 1 | _
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Neutrino Oscillations in Matter

When neutrinos propagate in matter, they interact with
the backgrpound of electrons, protons and neutrnos,
which generates an effective potential in the neutrino
Hamiltonian: H = Hyac + Vegf.

This modifies the neutrino mixing since the eigenstates
and the eigenvalues of Hyqe and of H = Huyac + Vegy

are different, leading to a different oscillation probability
w.r.t to that in vacuum.

Typically the matter background is not CP and CPT
symmetric, e.g., the Earth and the Sun contain only
electrons, protons and neutrons, and the resulting oscil-
lations violate CP and CP T symmetries.

W
4F

P(vy, — ve) £ sin? fp3 sin” 267% sin
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v coherent scattering on e, p, n - effective potential
(index of refraction)

Ve = V(ve) — V(vu) = vV2G pNe
ﬂmt = V(Ve) — a\m_ﬂ.tv — = z\MﬁﬂﬁEm
Vir =V (vu) — V(vr) =0 (leading order)

L. Wolfenstein, 1978; V. Barger et al., 1980; P. Langacker et al., 19283

Ves = V(ve) — V(vs) = (\Mﬁu_ﬁﬁfﬂm - Waﬁv

m‘lxﬂ__m.w — .Tﬂﬁmmv — Hﬂﬁm.mv — — f\wm‘hﬂ.ﬁ?ﬂm — |23Lv _— H
Viis = V() — V(ws) = V2G p(— Hﬁﬁv
Vs = V(D) — V(Ds) = — ,\mnﬁTuE:v = — Vs

Veu 7= Veu: CP, CPT violated

F. Langacker, S. T.FP. et al.,, 1987



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; ve — vy
can be enhanced.

V. Barger et al., 19280; S.P. Mikheyev, A Yu. Smirnowv, 1985

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

F. Langacker, S. T.F., 5. Toshev, G. Steigman, 1927



Earth: N™ant 2.3 N, em™3, N ~ 6.0 Ny em ™3

PM(ve — vy, t) = sz,_m 20m (1 IanMﬂhW ), L.~ LYac

osc

] M | m,_____._i.:_mm . Am~<cos 26
Sl _M M_mu — — sin< 26 2
ﬁ”_. _._____Hwh__,_mmu CO5 Mm_l_lm_:.._ 20 : P __mn..__.\.\|MAU_.T_
Ve

Ne = N'¢%: MSW (Mikheyev, Smirnov, Wolfenstein) res-

e
onance

Am?cos20 > 0: ve — vy

Am?cos20 < 0: ve — 1y



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)

c.mc1 . . -
neutrinos
—_——— YacuLuim
0.40 antineutrinos -
L=7330km
sin®(20,,)=1.
0.30 sin®(20,)=1
0.20
0.10
0.00 5 —
10° 10

E[GeV]/Am’[eV~]

Am?® =25x 1073 eV?, E™ = 6.25 GeV; P¥ = sin®#3P2" = 0.5P2;
NTes =23 cm > Na; L7 = L¥/sin 2013 = 6250/0.32 km; 2nL/L,, = 0.757(# ).



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
=M. Bilenky, J. Hoselk, 5. T.F.,12280;
W. Barger, 5. Pakvasa et al.,1930.

Py —wvp) =Py —ip) . 1FU=ep,1
CPT-invariance:
P(y — ) = P(oy — 1)
=1t Py —u)=Pu—un)
T-invariance:
Plyy =) =Py —u), I#T
3/—mixing:
Lmﬁu =Py—w)—Plip—iw), [#F=ep,7

A =Py —u)— Plu—u), 1 #1

(ep)  _ alps) (e,7)
b.ﬁﬁnﬂu - L._wnnﬂu - Ib._.ﬁ_uu

F.I. Krastev, 5. T.F., 1928; V. Barger, 5. Pakvasa et a/., 1920



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



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.



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)



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).
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Solar Neutrino

Production: pp Chain

REACITTON

e & S 1 IR Rt i N i

p+e 4+ p—*H+ w,

T 4+ 10— “lle 4+ ~

"Hae oo Y Hae A T ST
ar

e o 11 Fer — "D + o
“Be | oo S A

T | oy — gk
Y13

N3 4+ 1 — L1+

b (15)
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et (e )
O B0 = A A
{0117 1442
[ 1.0}
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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.



The neutrinos
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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].

SN TR e
BRO-NOSLh

. _ T m il

3 R T S T 1’

SNO-OUSal

RATIO TO SSM PREDICTION
o
b
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a 14

ENERGY (MeV)

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



mﬂ A
{,.m. = ...__,w:r
= U?Emﬁ+ﬂmmh.?m
= Vi = 9
L= Ve cos © - _.n.._u_,__.r s
Te .
N, w [
b
_..m_"..." —.Uh.ﬂ_.:m..uu_u...._rnwu#...u u.mv E{F- -_p.n_.n

kgﬁ;




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.
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The reference scheme: 3-r mixing

SrHMqﬁErHHPFﬂ
=1

3-flavour neutrino oscillation probabilities

P(v; — vp): Ew — EH = D,EMH_ Hm — HH = Dﬁwwu



PMNS Matrix: Standard Parametrization

1 0 0
U=VP, P=| 0 &= 0 .
0 0 e+
v €12¢13 . §12C13 E s1ze 0
= | —si2co3 — c1os03s13€ £12C03 — 5125235136 523013
s12803 — c1pep3size’  —cypspz — siocpasize’  cozers

® 5 = sinfy;, ¢; = cosdy;, 8; = [0, Wﬁ?

d - Dirac CPV phase, d = [0,2x]; CP inv.: 6§ =0, m,2m;

ao1, a3 - Majorana CPV phases; CP Inv.. asya1) = E(E ), (') =0,1,2...
S.M. Bilenky, J. Hosek, S.T.P., 1980
Am? = Am3, = 7.54 x 107° eV? = 0, sin“fz = 0.308, cos261> = 0.28 (30),

2
_.D.Emp__“mﬂ_

f1s - the CHOOZ angle: sin?6;s = 0.0234 (0.0239), NH (IH).

F. Capozzi, E. Lisi et al.,

>~ 048 (2.44) x 1072 eV?, sin2f.s = 0.425 (0.437), NH (IH),

arXiv:1312.2878



o sgn(Am3y,) = sgn(Am3, ) not determined
Amzy,, = Am3, > 0, normal mass ordering (NO)

Amz,. = Am3, < 0, Inverted mass ordering (IO)
Convention: M1 < Mo < M3 - NO, M3z < mj < mo - 10

Ami (NO) = — Am3,(10)

M <5 Mo < M3, NH.
m3 < my < mo, IH,

m1 = mg = ms, misz >> Amiy,, QD; m; 2 0.10 eV.

o mo = Jms + Am3,, ms = /m + AmZ, - NO;

® M = .__.....xﬂuw -+ D.Emm — .D.E_WH, Mo = .__.....ﬁﬂ_w —+ D.Emm - 10




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



Absolute Neutrino Mass Scale

The Absolute Scale
of Neutrino Mass

h J_.1U
‘v v O=cillation
(hass)

V]
b * Cosmology, ff Decay,

How tar above zero
is the whole pattern?

Oscillation Data = vAm-®,, < Mass[Heaviest v,]

itm

Due to B. Kayser



« March 8, 2012, Daya Bay: 5.20 evidence for 613 = 0,
sin?2 26,3 = 0.092 + 0.016 + 0.005.

« April 4, 2012, RENO: 4.90 evidence for 613 # 0,
sin? 26013 = 0.113+£0.013 = 0.019.

« Nu'2012 (June 4-9, 2012), T2K, Double Chooz: 3.2¢
and 2.9¢ evidence for 813 = 0.

« Daya Bay, 23/08/2013:
sin2 2613 = 0.090 =+ 0.009.

. RENO, 12/09/2013 (TAUP 2013):
sin2 26013 = 0.100 + 0.010 (stat.) +0.012.
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T2K: Search for Yy — Ve oscillations

T2K: first results March 2011 (2 events);
June 14, 2011 (6 events): evidence for 613 = 0 at 2.50;
July, 2013 (28 events).

For |[Am35| = 2.4 x 1073 eV?, sin?20,3 =1, § =0, NO
(IO) spectrum:

sin? 2013 = 0.18, best fit.

This value is by a factor of ~ 2 bigger than the value
obtained in the Daya Bay and RENO experiments.
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Up to 2nd order in the two small parameters |a| =
|[Am3,|/|AmE,| < 1 and sin? 613 < 1:

P2y man(y, — ve) = Py + Pains + Peoss + P3,

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

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

Psing = — a 4035y (sin A)(sin AA) (sin[(1 — A)A]),

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

P3

— .D.,__ﬂth — man_ 2E

vy — Vel 0, A— (—0), (—A)



Im {Uey Upp Ukp Ui}

1
3 Sin 2612 sin 260>3 sin 26013 cosf13siNo
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arXiv:1312.2878
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« Dirac phase 6: v < vy, ) < p, LF#E ;) A% « Jep < sinyssing:

F.Il Krastev, S T.F. 1988

1
Jep =Im{Ua UpULU} = 5 SiN26125iN 2023 51n 2613 COS P13 SiN &

Current data: |Jop| & 0.035 (can be relatively large!); b.f.v. with § = 37/2:
Jop = —0.035.

« Majorana phases as1, a3z1:

- V] < vy, V) — m_ﬁ not sensitive:
S.M. Bilenky, J. Hosek, S. T.P.,19280;
F. Langacker, S. T.F., G. Stejgman, S. Toshey, 1927

— _.nnqﬁuu._ in (33)p,—decay depends on 91, ¥31;
— Mg — e+ ) etc. in SUSY theories depend on asg 31;

— BAU, leptogenesis scenario: ﬁmu 21,31 "'



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

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

my < mp € ms, NH,
ma < m < ma, IH,
m1 2 mos = ms, miag > Amay,, QD m; = 0.10 eV.
o Determining, or obtaining significant constraints on, the absolute scale of vy-
masses, or min(m;).

e Status of the CP-symmetry In the lepton sector: violated due to 4 (Dirac),
and/or due to asz, a3 (Majorana)?

« High precision determination of Am?, #12, Amz, ., 23, b1z

¢ Searchina for possible manifestations, other than ww—oscillations, of the non-
conservation of L;, | = e, i, 7, such as e+, T [+, 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



Large sinf13 = 0.16 (Daya Bay, RENO) - far-reaching
Implications for the program of reserach In neutrino
physics:

» For the determination of the type of vr— mass spectrum
(or of sgn(Am?2,,,)) in neutrino oscillation experiments.

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

- For the predictions for the (33)q,-decay effective Ma-
jorana mass in the case of NH light » mass spectrum

(possibility of a strong suppression).



Large sinf13 = 0.16 (Daya Bay, RENO) + 6 = 37/2 -
far-reaching implications:

« For the searches for CP violation in v-oscillations; for
the b.f.v. one has Jop = — 0.035;

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

of the Universe (BAU).

If all CPV, necessary for the generation of BAU is due
to &, a necessary condition for reproducing the observed

BAU is
|sinf;3 sind| < 0.09

S, Pascoli, S. T.FP., A. Riotto, 2006,



Neutrino Mixing: New Symmetry~?

o 010 = .._wmu_ = %4_ Oo3 = %mﬁﬁ: - #ﬁl\.v 013 = %
[ 2 1 \
Af__x w_] QM _ €
Ubmns = |f_1W ﬂW |ﬂ|qu.v '
1 /1 /1
\ Vs V3 V2D )

Very different from the CKM-matrix!
¢« 10 =7/4—0.20, 6013=0+47/20, O3 =7/4 —-0.11.

« Uppmns due to new approximate symmetry?



A Natural Possibility (vast literature):

— @ﬂ__.mﬁnmmu, Y Q0o o UkipimLe Plaoy,om),

with

-

0 (

— ._.MW  Upim =
1
V2 \

T
-
LN
-
=t

<
RS ©

——
——

Utri =

- =

-

——

N
M“_LMII—*M =

mm
n_u
T

B = B =t

-

= | O = |
- e )
LI = | LI = | L

.
|

. q_ﬁ.mnnmm% 1) - from diagonalization of the [~ mass matrix;

» Upim tri,Lc P(a21,a31) - from diagonalization of the v
mass matrix;

« J(o, ), - from diagonalization of both the [ and v
mass matrices.

F. Frampton, STF, W. RHodejohann, 2003



Utritbim): Groups Ag, Sy, T', ... (vast literature)

(Reviews: G. Altarelli, F. Feruglio, arXiv:1002.0211; M. Tanimoto et al., arxiv:1003.3552;
S. King and Ch. Luhn, arXiv:1301.1340)

« Upim: alternatively U(1), L'=Le— Ly,— L+

S T.F., 1982



None of the symmetries leading to Uy, Upimy Or Oother
approximate forms of Uppns Can be exact.

Which is the correct approximate symmetry, i.e.,
approximate form of Uppns (if any)?

In the two cases of U, given by U, or Upm, the

requisite corrections of some of the mixXing angles
are small and can be considered as perturbations to
the corresponding symmetry values.

Depending on the symmetry leading to Uy, and
on the form of Uy,, one obtaines diifferent exper-

Imentally testable predictions for the sum of the
neutrino masses, the neutrino mass spectrum, the

nature (Dirac or Majorana) of v; and the CP vi-
olating phases In the neutrino mixing matrix. Fu-

ture data will help us understand whether there is
some new fundamental symmetry behind the ob-

derved patterns of neutrino mixing and ._D.S;W



Predictions for o

Assume:
» UppmnNs = q_muﬁmm%v Q(¢, p)UremMm Plaz21,a31),

o _w_u - minimal, such that

i) sinf13 = 0.16; BM: sin?6y> = 0.31 ;

i) sin26p3 can deviate significantly (by more than
sin2613) from 0.5 (b.f.v. = 0.42-0.43).

From i), i) 4+ me << my << my!

Ulbp(0%;, 1) = R12(055) Ro3(053) . Q(é,¢) = diag(1,e™, 1)

Leads to & = d(019,093,013) - new sum rules for &!

C. Marzocca, S.T.P., A. Romanino, M.C. Sevillia, arXiv:1302.



For Utpm:

B tan6y3 20 et .
Ccosd = S ein 201 s 014 14 (3sin“6012 —2) (1 — cot® fo3 sin“013)]

For Utgm + b.f.v. of 615,053,013

0 =3n/2orw/2 (6 =266° or § = 94°)

D. Marzocca, S.T.F., A. Eomanino, M.C. Sevillia, arxiv:1302.

T’ model of lepton flavour: Utgpm ., 6 = 37/2 or w/2.
I. Girardi, A. Merconi, STFE, M. Sginrath, ardiv:1312.1966



For Ugwmm:

1 2 . D
COS ) = — cot 261> tané 1 — cot“ -2 sin“ @ )
2sin 14 12 23 A 23 Hmu

For Ugp + b.f.v. of 619,093, 013:

d=

L. Marzocca, 5. T.F., A, Romanino, M.C. Sevillia, arxiv: 1302,



The next most important steps are:

« determination of the nature - Dirac or Majorana, of
massive neutrinos.

« determination of the neutrino mass hierarchy;

. determination of the absolute neutrino mass scale (or
min(m;));

« determination of the status of the CP symmetry in the
lepton sector.



The Absolute Neutrino Mass Scale and Mass Spectrum



Absolute Neutrino Mass Measurements

Troitzk, Mainz experiments on 3H —3 He + e + ve:
my, < 2.2 eV (95% C.L.)

We have my,, = mq 3 in the case of QD spectrum. The
upcoming KAT RIN experiment is planned to reach sen-
sitivity

KATRIN: my,, ~ 0.2 eV

I.e., it will probe the region of the QD spectrum.



Improved f energy resolution requires a B1G f spectrometer.

.. KATRIN

e\ Sosignal if m; > 0.35 eV

_——
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Mass and Hierarchy from Cosmology

Cosmological and astrophysical data on Muu.ﬁﬂu” the Planck 4+ WMAP (low I < 25)
+ ACT (large | == 2500) CMB data 4+ ACDM (6 parameter) model + assuming

3 llght massive neutrinos, Implies
MEH =3 < 0.66eV (95% C.L.)
7

Adding data on the baryon acoustic oscillations (BAO) leads to:

Y mj=x<023eV (95% C.L.)

J

Data on weak lensing of gaalaxies by large scale structure, combined with data
from the WMAFP and Planck experiments might allow to determine
N m; d 2 (0.01 — 0.04) eV.

Ail!

NH: >~;m; < 0.05 eV (30);

IH: ©°;m; > 0.10 eV (30).



Mass and Hierarchy from Cosmology
1.50m . r

1.00F
0.70 Planck+WP

v

Planck+WP+BAQO

0.50

W 0.30
= 0.20}

-
0.15

0.10
[H

NH

'KATRN |

10~ 0.001 0.01

M min _”___w{”_

0.1




These data imply that

n...”...wtu___. <<< Em_t_ﬂ, n........wﬁ. q — u, G, ﬁ, __uq; S, b
For my, S 1 eV: my,/my, S 107°

For a given family: 1072 < myq/mgr S 102



The Nature of Massive Neutrinos I:

Majorana versus Dirac Massive Neutrinos



Majorana Neutrinos

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

C (%(z))" =&x(z), |&F=1

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

Implications:

U(1) : xe(z) — e (z) — impossible

— vilx) cannot absorb phases.
I .m._,.quD D Qg =0, L, =0, L=0,..

Es

— 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 .



Special Properties of the Currents of y(z)—Majorana:

(z)vax(z) =0 Qpy=0 (Qp)(W)#*0);

Has imortant implications, e.g. for SUSY DM (neutraline) abundance determi-
nation (calculation).

x(@)oasx(x) =0 pu, =0 (puuw#F0)
Y(z)oasysx(z) =0 d, =0 (dy 0, if CP is not conserved)

y(x) cannot couple to a real photon (field) .

v(x) couples to a virtual photon through an anapole moment :

(gas @ — qags)vavs Fulq®).



Properties of Currents Formed by vi(z). v2(x): v2 — v1 +7., ¥2 — ¥ixiyL. €tc.
X1(z)va(v — ays)xa(z) (alz)y" (1 —e)xalz) ., ..) ¢

e CF Is conserved:. v =0 mﬂ = _H_u IT mop = n2cp ndfw;n. = |ﬂ_.m_u..hn_u
e CP is not conserved: v =0, a =0

(Has Iimortant implications also, e.q. for SUSY neutralino phenomenclogy:
et +e —x1+x2, xe— x1+1T+1, etc.)

¥i(x)oaa(pie — dizys)xa(z) (F*%(z)):

e CP is conserved: pio>=0 (dio = 0) If nqicp = nocp (mep = —mocp)

o CP Is not conserved: pi2=0, diz=0



Dirac - Majorana Relation (if any...)

Majorana Mass Term of vp(z), | = e, p. 7, Can lead to Dirac neutrinos with defi-
nite mass if it conserves some lepton charge:

1 .
tlE) = — 5 vigla) My vip(z) + hoe. |, vig =C __MS..hnHuu._.
LY (z) conserves, eg. L'=L.—L,— L. ifonly M., =M,.. M., =M,.#0
S TP, 1982
e Dirac v, W, is equivalent to two Majorana v's, x1 2, having the same (positive)

mass, opposite CP-parities, and which are "maximally mixed'":

X1+ X2

V2
Example ZKM v vop(z) = Wy = XETX2L oy € — XLL— XaL

V2 V2

» Pseudo-Dirac Neutrino: the symmetry of £5,(z) is not a symmetry of Liu(x)

W(r) = . my=mp=mp>0.ncp =ipj.p1=—p2 (C GG = pixs)

suppose: vp(z) =W = (x11 4 x2r)/v2, and to “leading order’ mi = msz, but
due to "higher order” corrections mi #=mg, |mz — mi| = |Am| € m1 o

All Majorana effects ~ Am

e Suppose: my =1y, p1 = —p2, but y1 o are not maximally mixed:
ver(z) = x11.€OS ¢ + xor Sing = W cosd + WE sing'

All Majorana effects are ~ mp cos¢’'sind’



In the case of conserved L' = L. — L, — L;:

0 M., M.
M= M., 0 0
M. 0 0

Bio=m/4, #13 =0, tanbfzs = h._r,_..qu.ﬁ,_;mt .

mz = 0 - spectrum with IH, mq1 = mg3, x12 - equivalent to one Dirac v, W .

Adding L'-breaking term, e.g. M., |Mc|/ {_.m_,.hmn + M2 ~ 0.01, leads to m1 # mo
compatible with Am? .



Pontecorvo, 1058:
X1+ x2
V2 o

Y12 - Majorana, maximal mixing .

viz) = m1 F=mz2 >0 ,1mep = —1pcp

Maki, Nakagawa, Sakata, 1962:

ver(x) = Wy oSt + Wor sin e,
H.______.Hh._”Hu_ == |__.t_.“_.h m.:..__m_ﬂ |_| Emh ﬁDm_mﬁ .

W, - - Dirac (composite), #~ the Cabbibo angle.



Determining the Nature of Massive Neutrinos



Dirac CP-Nonconservation: 6 in Uppns

Observable manifestations in

V] <> Uy, V] < U, L =e, u, T

¢ not sensitive to Majorana CPVP o1, 371

= M. Bilenky, J. Hosek, S.T.F., 1220;
F. Langacker et al., 1987

A(y; < T.ﬁv =) qhﬁmlﬁ.ﬁmuﬁlﬁuHuth
J

U=VP: P (Bit=pz)pt = c~UEjt=p;2)

P - diagonal matrix of Majorana phases.

The result is valid also in the case of oscillations in mat-
ter: v, oscillations are not sensitive to the nature of v;.



Vj— Dirac or Majorana particles, fundamental problem
Eu.|D._En” conserved lepton charge exists, L=L_.+ L, 4+ L., bm_" mﬁ Hlxu"

tu.lEE_@E:m” no lepton charge is exactly conserved, _.x..u — HI,_...\.q.

The observed patterns of I/—mixing and of Am2, and Am? can be related to
Majorana .T__..w and an approximate symmetry:

L'=L.— L,— L;
S. T.P., 1282
See-saw mechanism: _q.‘..h_u_l Majorana

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



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



(83)o,—Decay Experiments:
- Majorana nature of v,
- Type of v—mass spectrum (NH, IH, QD)
- Absolute neutrino mass scale
H J-decay, cosmology: m, (QD, IH)
- CPV due to Majorana CPV phases



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

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

H.._._.mm _ M _Wm..nmu“_ —

2

= _EH 75 035+ ma 57, 075 e 4 mg 875 e, o =46, - CHOOZ

21, 31 - the two Majorana CPVF of the PMNS matrix.
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,



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

| — i .
l<m>| = i \ am? sin? 106 + \/Am2, sin? Emmw_m__._i , my & my < 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),
B =0, 013-CHOOZ, a =3, Gy = a31.

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.



(.l

(.01

l<mzl  [eV]

(.00

NI
Le-05 0,000 0,001 0.01 0.1 1

1) [eV]

sin“ 13 = 0.0236 +0.0042; § = 0.
lo(Am32)) = 2.6%, 1lo(sin#12) = 5.4%, F:DEW:HU_U = 3%.
From G.L. Fogli ef al., arXiv:1205.5254v3

2o(|<m>=| ) used.



Best sensitivity: GERDA (7°Ge), EXO (1°°%e), KamLAND-ZEN (13%Xe).

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

|l<m>| =(0.1—-0.9) eV (99.73% C.L.); b.f.v.: |[<m>| = 0.33 eV.

IGEX "Ge: |[«m>| < (0.33—-1.35) eV (90% C.L.).
Recent data - NEMO3 (1°“Mo), CUORICINO (*°Te):

|<m>| <(0.45—0.96) eV, |<m=>| <(0.18-0.64) eV (90% C.L.).



H. Klapdor-Kleingrothaus et al., PL B586 (2004),

T(7°Ge) = 2.2379:** x 1025 yr at90% C.L.
Results from 2012-2013:

T(136Xe) > 1.6 x 10%°yr at90% C.L., EXO

T(136Xe) > 1.9 x 10%°yr at90% C.L., KamLAND — Zen
T(76Ge) > 2.1 x 10%°yr at90% C.L., GERDA.

T(76Ge) > 3.0 x 10%°yr at90% C.L., GERDA + IGEX + HdM.



L arge number of experiments: |[<m>| ~ (0.01-0.05) eV

CUORE - 130T¢,
GERDA - "°Ge,
KamLAND-ZEN - 136Xe:
EXO - 136xe:

SNO+ - 130Te:

AMORE - 199Mo (S. Korea);
CANDLES - 48Ca:
SuperNEMO - mmmm.:.“
MAJORANA - "0Ge;
COBRA - 116Caq:;

MOON - 100Mmo.



@ GERDA: Experimental Setup

Clesmsonan and lock

Cionnir o] roem #.
Cie—sirings
.
— ©
L
= -« ;
Water purification &
Radon monikr — —
Ay
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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



T he Nature of Massive Neutrinos II:

Origins of Dirac and Majorana Massive Neutrinos



« Massive Dirac Neutrinos: U(1), Conserved (Additive)
Charge, e.g., L.

- Massive Majorana Neutrinos: No Conserved (Additive)
Charge(s).

The type of massive neutrinos in a given theory is de-
termined by the type of (effective) mass term LY (z)

neutrinos have, more precisely, by the symmetries L (x)
and the total Lagrangian L(xz) of the theory have.

Mass Term: any by-linear in fermion (neutrino) fields in-
variant under the proper Lorentz transformations.



The type of massive neutrinos in a given theory is determined by the type of
(effective) mass term LY (x) neutrinos have, more precisely, by the symmetries
LY (r) and the total Lagrangian £(x) of the theory have.

¢ Dirac Neutrinos: Dirac Mass Term, requires vg(x) - SU(2); singlet RH v fields
LY(x) = — mrlz) Mpy vr(z) + h.c. , Mp — complex
o £ (z) conserves L: L = const.
Mp = VMWt V.U — unitary (bi — unitary trans formation), W = Upyns

¢ ST 4+ 3 vg(zr) - RH v fields: n =23

h{mﬂu_ mﬂ__u _E..m_”unu_ nU.__”Hu _mm,__.m“_ ﬁhhmﬂu_ + h.c. .

ﬁ.
Mp = —=Y", v=246 GeV.
D o)

No explanation why m(v;) <<< my, my.

No DM candidate.

No mechanism for generation of the observed BALU.



The LFV processes T — et 4~ decay, p= — e~ +et+e~
decay, 7= — e~ + v decay, etc. are allowed.

However, they are predicted to proceed with unobserv-
able rates:

5 12

T T E.u
0. .u* J

BR(p— e+7) = 357 |Ue; U5 M3,

327

= (2.5 —3.9) x 107>,

My = 80 GeV, the W= — mass

S TP, 1976
“New Physics”: v; — vy, v — vy, 1,/ = e, u, 7 oscillations.



e Majorana v;: Majorana Mass Term of vip(z), | =e,u, T

H - —
_“Hu - = H.__hl..ﬂhnhHu ’ 1 .__.E.____h H.__Hh._“:...uu I_I____H_H . i’ “_.,..”__.D_H__” |J__.Mr_|

o If Myy =0, L; 7 const., L # const.,, n =273
o yp(z)—fermions: M = M T, complex.
MEes = [TV M7, 17 — unitary (congruent transformation); U = Uppins
v; = x;(@) = Ulwie() + Ufn = C (G(=)T, m; #0, j=1,2,3
CP-invariance: M* = M, M - real, symmetric.
M8 = (mf,m5, ms): m), = py;m;, m; = 0, p; = £1

Xi. m; = 0 nep(x;) = ip;

H@nﬁu not possible in the ST: requires Mew FPhysics Beyond the ST

(33 o,~decay is allowed; typically also BR(yu — e+~), BR(jt — 3e), CR(p~+N —
~ 4 A) can be “larg€e", i.e., in the range of sensitivity of ongoing (MEG) and
future planned experiments.



e Majorana v;: Dirac4+Majorana Mass Term; requires both wr(z) and vir(z):

1 1
banle) = —vr(e) Mpy vie(z)+ > ﬁm_.h_hau_ Y MEE v () + > ﬁm_.mnau c1 ngmmur ur(z)+h.c. .,

mh.h. 5
Moo= (N R ) =MT (T = MR (MRRYT = MR
.._.un,__

o If Mpyy 7 0 and ML #£ 0 and/or MR #£ 01 L # const., L # const.; n =6 (> 3)
e M =MT, complex.

M®e =W MW, W —unitary, 6 x6; W' =(U" V'), U=Upuns: 3 x6.
&
ur(z) =Y Uyx;(z), x;(z) —Majorana , m; #0, l=e,u7;
=1
&
vi(z) =C (mrlz)" = MEMH%HU . v (z) : sterile antineutrino
j=1

v+ alx) possible in the ST + ygr: M =10

(33 o~decay is allowed:;
phenomenology depends on the relative magnitude of My and MR,



T he Nature of Massive Neutrinos I11I:

The Seesaw Mechanisms of Neutrino Mass Generation
« Explain the smallness of r—masses.

« [ hrough leptogenesis theory link the r—mass genera-
tion to the generation of baryon asymmetry of the Uni-
verse.

. Fukugita, T. Yanagida, 1926,



Three Types of Seesaw Mechanisms

Require the existence of new degrees of freedom (parti-
cles) beyond those present in the ST

Type I seesaw mechanism: v;p - RH vs' (heavy).

Type II seesaw mechanism: H(x) - a triplet of
HO9 H—,H~~ Higgs fields (HTM).

Type III seesaw mechanism: T(x) - a triplet of fermion
fields.

The scale of New Physics determined by the masses of
the New Particles.

Massive neutrinos Vj - Majorana particles.

All three types of seesaw mechanisms have TeV scale
versions, predicting rich low-energy phenomenology

((B3)g,~decay, LFV processes, etc.) and New Physics
at LHC.



Type I Seesaw Mechanism
» Requires both vy (z) and vygr(x).

. Dirac+Majorana Mass Term: ML = 0, |Mp =
YV /2| << |MER|

« Diagonalising MER, N; - heavy Majorana neutrinos,
M; ~TeV; or (10° — 1013) GeV in GUTs.

For sufficiently large M, Majorana mass term for vy (x):

My =02 (YT M71YY = Uppns m9°9 Ubyns -

v, YV = Mp, Mp ~ 1 GeV, M; = 10'° GeV: M, ~ 0.1
eV.



o % o % -
i .
Ui E_H, vy,

e vpp(z): Majorana mass term at “"high scale” (~TeV; or (107 — 101%) GeV in
SO(10) GUT)

1 B 1 _
u(@) =+ S vip(z) €71 (M)}, up(a) +he.=—= 3 N; M;N;
J

s Yukawa type coupling of vp(z) and vpg(x) involving & (x):

Ly(z) = mmﬁmﬁﬁu .H.H._ﬁHu (it2) iy (z) + h.c.,
= Y} N;r(z) ®' (z) (ir2) ¢¥yr(z) +h.c.,
Mp = —Y¥, v=246 GeV.

V2



Type II Seesaw Mechanism

—_—
S o

b~ _ P

s

H

_
_
_
_
) >

Vir Vg,

Cue to 1. Girardi

~ 2 —1 _ = dia 1]
My = hv® My~ = Uppns my, 7 Upps -

h ~ 102

v =246 GeV, My ~ 1012 GeV: M, ~ 0.6 eV.



Type III Seesaw Mechanism

¢ ¢

_ |
_ |
_ |
_ |
_ |
> . > . >

twm WN Vi,

My =02 (Yp)! M Y = U yns m929 UL, e -

vYp ~1 GeV, My~ 1010 GeV: M, ~ 0.1 eV.



TeV Scale Type I See-Saw Mechanism

Type I see-saw mechanism, heavy Majorana neutrinos N, at the TeV scale:
My, ™~ — Euﬁmﬁim. M = diag(My, Mo, M3), M;~ (100 — 1000) GeV.

N = 9 T (BV) (1l — ) Na WS 4+ hoe.. (BV) = Upao s
o NG Yo (BEV )ex(1 — 95) Ny +  (RV ) £3+k 3
LYV = I%ﬂﬁq (RV ) Ner, 2% + h.c

+ All low-energy constraints can be satisfied in a scheme with two heavy
Majorana neutrinos Ny 3, which Torm a pseudo-Dirac pair:

Mz = My(1l42), 0<z< 1.

« Only NH and IH » mass spectra possible: min(m;) = 0.



* Requirements: |[(REV);| “sizable”
+ reproducing correctly the neutrino oscillation data:

1y2v?  ms 2
BVY..|° = = 7 ; fmalll . NH.
I(RV ) | 2 MZ o + 3 ¢zt iy me/maUps| :
_ﬁ.m.._\uu _M H .w__.M.m_...M EM T |_I . ._..|.__.ﬁ.._. 2 [ H .w__.M.m_..M _ﬁ.._. |_I .ﬁ.._. _M H—I—
= = _ iy/my fmol = - _ il CIH,
o 2 M2 my +mp | 2TV THTEA 4 p2 t
M
(BRV)pp = +i(BV)yy)——, =e,p,7,
V g

y- the maximum eigenvalue of Y, v, =174 GeV.

A. Iparra, E. Molinaro, S.T.P., 2010 and 2011
4 parameters: M, z, y and a phase w.

Low energy data:

(BRV)al? = 2x103,

|

(RV)ul® = 08x1077,
(BRV)a]? = 26x10°.

5. Antusch et al., 2008

Observation of N, > at LHC - problematic.



LFV processes: yu — e+, u — 3¢, p- + N — e + N: can proceed with
exchange of virtual N;:

Y 1Z)

W W - m
By,
I ] ) o, ] N, ) ~n.| o ) i . 1_.__:_ B} _.Hu .
tu 5 . F____,w e hu v____ F____mm e
W= W- - -

i aﬂm_m_ (i il _m_m_w U
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Current limits and potential sensitivity to |[(EV).| and [(EV),1| from data on
LFV processes for NH (upper panels) and IH (lower panels) spectra, for M; =
100(1000) GeV and, i) y = 0.0001 (magenta pts), ii) y = 0.001 (blue pts), iii)
y = 0.01 (red pts) and iv) y = 0.1 (cyan pts).



i

—
— 5__“: —
G G —
1 1
2471 2
mi m |
. . JE—
7 _n____“__u -
= 2 =
: : —
2w = .
h h.__u_ 1
h h
2 2
5 5
-l -l
if b -4
1 110
i) i)
(] (]
15" ot
a 200 400 B0 B0 1000 2

%10

The ratio of the p — e relative conversion rate and the branching ratio of the
1) p — ey decay (solid lines), 1) u — 3e decay (dashed lines), versus the type I
see-saw mass scale My, for three different nuclei: 35T1 (blue lines), 1Al (areen
lines) and 137Au (red lines).



The exchange of virtual N; gives a contribution to |<m>| :

|<m>| 2| (Upyns)2m — 3, F(A, M) (RV)?Z B82S0
F(A, M) = f(A).

For, e.qa., *®*Ca, "°Ge, %Se, 1*%Te and 1°°Xe, the function f(A4) takes the values
flA) = 0.033, 0.079, 0.073, 0.085 and 0.068, respectively.

+ The Predictions for |<m>| can be modified considerably.



Novrmal ierarchy Liverted Ilicrarchy
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|<m>| vs [(RV).| for ®Ge in the cases of NH (left panel) and IH (right panel)
light neutrino mass spectrum, for M1 = 100 GeV and i) v = 0.001 (blue), ii)
y = 0.01 (green). The gray markers correspond to |<m > = 1>, (Uparws)Z ;).

AL Ibarra, E. Molinaro, S. T.F., 2010 and 2011



T’ model of lepton flavour: Utgm, 0 = 37/2 or w/2.

[. Girardi, A. Meroni, STF, M. Spinrath, arxXiv:1312.1966
« Light neutrino masses: type I seesaw mechanism.
¢ Vj - Majorana particles.

. Diagonalisation of M,: Urgm® , ® = diag(1,1,1(i))

« UTpNn COrrected” by
UL, @ = R12(65,) Ro3(053)Q . @ = diag(1,¢™,1)



T' model of lepton flavour: Utgn, 0 = 37/2 or 7 /2.

« T': double covering of A4 (tetrahedral symmetry
group).

T 1. 1,12 2 2" 3

« 1" model: ver(x),v,r(x)Yr(x) - triplet of 17,
er(z),ug(x) - a doublet, Tr(x) - a singlet, of 17
fm.mmHvatmﬁHv_EﬁmﬁHv - a triplet of T

the Higgs doublets Hy(z), H, ;(z) - singlets of 1”.

» The discrete symmetries of the model are 7" x Hop X
Zg x Z3 x Z% x Z, the Z, factors being the shaping sym-

metries of the superpotential required to forbid unwanted
operators.



Predictions of the 1’ Model

- m1 p 3 determined by 2 real parameters + b2

NO spectrum A : (m1,mo,m3) = (4.43,9.75,48.73) - 1073 eV
NO spectrum B: (mq1,mo,m3) = (5.87,10.48,48.88) - 1073 eV

10 spectrum :  (mq,mo,m3) = (51.563,52.26,17.34) - 10> eV

3
NO A: > m;=6.29x 10 % eV,
=1
3 2
NOB: Y m;=652x10 2eV,
=1
3 2
IO : m; =12.11 x 102 eV,

7=1



e 010,003,013, 0, an1,a31 determined by 3 real parameters.

Given the values of 619, 653,013, 0, an1, 31 are predicted:

§ =2 3m/2 (266°) (or /2 (94°));

12

NO A: ar1 = +47.0° (or —47.0°) (4 27),

~23.8° (or +23.8°) (427).

|12

31
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Determining the »r—Mass Hierarchy nmmznb.ﬁwﬁﬁv

I I1H NH

Our convention for 10: m3 < m1 < mo.



Determining the v—Mass Hierarchy nm@:ﬁquwﬂad

* Reactor . Oscillations in vacuum (Day Bay II (JUNO), RENO5L0).

» Atmospheric v experiments: subdominant v, () and e — D

oscillations (matter effects) (HK, PINGU (IceCube), INO).

ul...__?_.

* LBL v—oscillation experiments (T2K, NOvA; LBENO, LBNE, v—factory);
desianed to search also for CP violation.

e “H J-decay Experiments (sensitivity to 5 x 1072 eV) (NH vs IH).
e (33)n,—Decay Experiments; »,— Majorana particles (NH vs IH).
* Cosmology: 3 .m; (NH vs IH).

¢ Atomic Physics Experiments: RENP.



Reactor . Oscillations in vacuum

Am? L .
Hlnnmhru — wnnmpmﬁ sin< 26.. Tlnom e

Puo(7. — ) =1 4 sin®26:s ( s

A hv

" M . M "
-+ sin< 26813 sin“#. sin iE ol

o = — 1 -2 HAm? L 1 4
Bo(ve —v.) =1 — 5 sin” 2613 T — COS ﬂulu — 5 COS

amiL oo mb.ﬂmh _ AmL

#mﬁuq

13 sin® 20. T — COS Dmﬁmﬁhu

. T . .
-+ sin< 26,3 cos= . sin T 5

0. =010, Am2 = Am2, >0: sinf12 < 0.36 at 3o
Amiz = Am3; > 0, NH spectrum,
Amy = Ams5 >0, IH spectrum

Am? L sin Abﬂmh _ AmiL

1E, u ,

"
¥

M. Piai, S.T.P., hep-ph /0112074,



The reactor v detected via

ve +p — et +n.

The visible energy of the detected e
E,is = FE+me— (mp—mp) ~ E—0.8 MeV.

The measured event rate spectrum vs. L/Emn:

N(L/Em) = | R(E, En)®(E)o(Dep — etn; B)PROYqp

|Pno (De — De) — Pio(De — Ue)| o sin? 2013 cos 2615

cos 201> = 0.38: 30 : Ccos20i5 > 0.28: sin?2013 = 0.09.



M, {arb. units}

M, (arb. units)

5

=

M. Pial, S.T.P., 2001
sin? 13 = 0.05, Am3, =2 x 107% eV?, Am3 = 1.3; 2.5; 3.5 x 1072 eV?
L =20 km,AE, = 0.3 MeV.

Am3 =2 x 107% ev?: L =20 km;

Am3, = 7.6 x 107° eV? L =53 km.

NH — light arey; IH — dark arey



025

—
e
—
¥
=

Reactor Events

005

0

sin’ 28, =0.1 No E smearing .

-=- o5, NH 7
— o5, H

[0 20000 RALLY
LIE (Km/GeV)

F. Ghoshal, 5. T.P., arXiv:1011.164&



Fourier Analysis:

NO : cos?6is sin® A +sin? 615 sin?(A — Asq),
IO : sin?615 sin? A + cos? 015 sin?(A — Aoq),

A= A31(NH) = |Azx(IH)|;
sin? @1, = 0.31, co0s2015 =2 0.69.



E =

Power, &k Units

&

J.Learned et al., 2007



Very challenging; requires:

. energy resolution o/Eyis < 3%/v/Eyis;

« relatively small energy scale uncertainty;

« relatively large statistics (~ (300 — 1000) kT GW yr);
« relatively small systematic errors;

« subtle optimisations (distance, number of bins, effects
of “interfering distant” reactors).

Two experiments planned with L = 50 km: Daya Bay II
(20 kT), RENO50 (18 KT). Can measure also sin? 61,
Am3, and |Am3,| with remarkably high precision. Can
be used for detection of SN neutrinos as well.



Atmospheric Neutrino Experiments on m@:mDEWHV



Atmospheric v experiments
Subdominant v,y — v,y and v,y — v, oscillations in the Earth.

.__Uw__n_mw.__n — H.__tu_ = .__Uw__m_nn._.t — H.__nu_ = mwm ._.H.ME“..__UWE_HH.___" — H.__.._.u_ = nwm m__.:
Pa(vy —vy) =1 - mmm Pay, — Mnmmmwm ? — Re (e7" Az, (vy — H.._LH_ :

Po, = Po,(Am2,. 015 E. 0, N.): 2-v v. — v osclllations In the Earth,
vl = s23 1y + €23 Uy, DEWH < _D.EWH_HWH___, L, 22 GevV:

v and As.(v, — ) = Az, are known phase and 2-» amplitude.
NO: v o — vy Matter enhanced, v,y — v,y - suppressed
IO: v, () — v,y Matter enhanced, v,y — v ,)—Suppressed

No charge identification (SK, HK, IceCube-PINGU); event rate (DIS regime):
2o+ N—=1"+X)+o(;p+N—IT+X)]/3



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

c.mc1 . . -
neutrinos
—_——— YacuLuim
0.40 antineutrinos -
L=7330km
sin®(20,,)=1.
0.30 sin®(20,)=1
0.20
0.10
0.00 5 —
10° 10

E[GeV]/Am’[eV~]

Am?® =25x 1073 eV?, E™ = 6.25 GeV; P¥ = sin®#3P2" = 0.5P2;
NTes =23 cm > Na; L7 = L¥/sin 2013 = 6250/0.32 km; 2nL/L,, = 0.757(# ).



Hyper Kamiokande (10SK), INO, IceCube-PINGU:

Iron Magnetised detector: INO

INO: 50 or 100 kt (in India); v, and v, induced events

detected (ut and p7);
not designed to detect v and ve induced events.

IceCube at the South Pole: PINGU (7)

PINGU: 50SK; v, and 7, induced events detected (u™T

and u—, no u charge identification); Challenge: E, < 2
GeV (?)



Water-Cerenkov detector: Hyper Kamiokande (10SK)

Sensitivity depends critically on 623, the “true’” hierarchy.

Jd. Bernabeu, 5. Palomares-Ruiz, S. T.F., 2003

> AM3,L
4FE

No charge identification (SK, HK, IceCube-PINGU);
event rate (DIS regime):

20(;+ N =17+ X)+ o+ N — 1T 4+ X)]/3

P(vy — ve) £ sin? 03 sin? 2074 sin
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Neutrino Oscillation Source

* Northern Hemisphere v, oscillating over one earth radii produces
v (vo) oscillation minimum{maximum) at ~25 GeV
+ Covers all possible terrestrial baselines

* "Beam” is free and never turns off
Foleriz, bosion & Faesaoos, Ao, Aoe OT8, 092003 (2008
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a Decilladon

PINGU: Possible Geometry : s

# By aind

e ~20 strings within
DeepCore volume w/

short string-string _PINGU Geometry
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Future LBL Neutrino Oscillation Experiments on
mm_:nb.ﬂwb (the Hierarchy) and CP Violation



Neutrino Oscillations in Matter

When neutrinos propagate in matter, they interact with
the backgrpound of electrons, protons and neutrnos,
which generates an effective potential in the neutrino
Hamiltonian: H = Hyac + Vegf.

This modifies the neutrino mixing since the eigenstates
and the eigenvalues of Hyqe and of H = Huyac + Vegy

are different, leading to a different oscillation probability
w.r.t to that in vacuum.

Typically the matter background is not CP and CPT
symmetric, e.g., the Earth and the Sun contain only
electrons, protons and neutrons, and the resulting oscil-
lations violate CP and CP T symmetries.

W
4F

P(vy, — ve) £ sin? fp3 sin” 267% sin



sin? mmmﬂw. ..D.bﬂwp depend on the matter potential
Verp = V2Gp Ne,

For antineutrinos V¢ has the opposite sign:
Vepf = — V2GR, Ne.

WEWH vlo (NO): v, ey — Ve(,) Matter enhanced,
Vj(e) = Ve(p) ~ SUPPressed
Am3; <0 (I0): v,y — 7

e(n) Matter enhanced,
V() — Ve(u) —SUPPressed



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

P2y man(y, — ve) = Py + Pains + Peoss + P3,

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

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

Psing = — a 4035y (sin A)(sin AA) (sin[(1 — A)A]),

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

P3

— .D.,__ﬂth — man_ 2E

vy — Vel 0, A— (—0), (—A)



L BL Oscillation Experiments NOvrvA, LBENE, LBNO

NOrA: Fermilab - site in Minnesota; off-axis » beam,
E =2 GeV, L =810 km, 14 kt liquid scintillator; 2013.

LEBNE: Fermilab-DUSEL, L = 1290 km, 700 KW wide
band v beam (first and second osc. maxima at £ = 2.4
GeV and 0.8 GeV); 2 or 3 100 kt Water Cherenkov with
15% to 30% PMT covarage, or multiple 17 kt fiducial
volume LAr detecors; plans to run 5 years with v, and 5

years with v,; 2023 (7)

LAGUNA-LBNO: CERN-Pvyhasalmi, L = 2290 km, wide
band v, 1.6 MW super beam (first and second osc.
maxima at F = 4 GeV and 1.5 GeV); 440 kt Water
Cherenkov, or 100 kt LAr, or 50 kt liquid scintillator
detector; 2023 (?)
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CERN-Pyhasalmi: CP-effect vy—ve

-
*Normal mass hierarchy L=2300 km
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CERN-Pyhasalmi:

O ﬂlm.—“.qmn._“ Vu —? Ve
L=2300 km

Wadnmasay, Seprember 25
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Instead of Conclusions

T he future of neutrino physics i1s bright.



