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3 Families of Fundamental Particles

Ve U vy C v+ L

e d 0wos ~ 3| T their antiparticles

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

Ve. Ve+mn — e 4+ p,; Uy rt — tHT + vy, etc.

« T he flavour of a given neutrino is Lorentz invariant.
ey F vy, pFEop lE=epu, 7, vy #Fop, L =e,p,T.
The states must be orthogonal (within the precision
of the corresponding data): (v/|v;) = &y, (D)) = oy,
(7f|v)) = 0.
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« Data (relativistic v's): v () - predominantly LH ( RH).
Standard Theory: v, 1 - v (x);

vir(x) form SU(2); doublets with Iy (x), | = eu, T

v (x) _
hhﬁuﬂv 1 ..m — & U, T

« NOo (compelling) evidence for existence of (relativistic)
v's (v's) which are predominantly RH (LH): vr (¥r.)

If VR, vy, exist, must have much weaker interaction than
v, v. vg, vy - ''sterile”, “inert”
B. Pontecorvo, 1967

In the formalism of the ST, vp and vy, - RH 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 vgr(x), and
iIf it should, how many vg(x) should be introduced.
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vr(x) appear in many extensions of the ST, notably in
SO(10) GUT's.

The RH v's can play crucial role

i) in the generation of m(v) # 0,

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

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

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

ST + m(v)=0: Ly=const., l =e,u,T;
L=1Le+ Ly + Ly = const.
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There have been remarkable discoveries in neutrino
physics in the last ~ 15 vears.
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Compellings Evidence for v—QOscillations

—Vatm: SK UP-DOWN ASYMMETRY

Hz—, L/FE— dependences of p—like events

Dominant Vi —r V+  K2K, MINOS, T2K; CNGS (OPERA)

— U5 Homestake, Kamiokande, SAGE, GALLEX/GNO
Super-Kamiokande, SNO, BOREXINO; KamLAND

Dominant Ve — TR EOREXINO

—Ue (from reactors): paya Bay, RENO, Double Chooz

Dominant Ve — Uy 7

T2K, MINOS (v, from accelerators): UV, — e
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Compelling Evidences for v—QOscillations: v mixing

T
vy >= > Ujlv; >, vj: my#0; l=ep7; n=3,
j=1

Tt
v (z) = .MH UpjviL(z), vj(z): m;#0,;, l=ep,r.
..H“

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

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
neutrino mMixing matrix.

L/

j,» m; 7 0. Dirac or Majorana particles.

Data: at least 3 vs are light: v1 53, m123 5 1 eV.

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



The Charged Current Weak Interaction Lagrangian:

LY (a) = - > U2)va (1 —7s) vy (z) W(z) + h.c.,

g
M_J\m m“m...-.-uh_u....__l

T
v (z) = .MH Uyjvj(z), vig(z): mj#0;, l=ep,7.
..H“

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



These discoveries suggest the existence of
New Physics beyond that of the ST.
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These data imply that

my; <<< Mep,r, Mg, ¢ = U,C, t,d, s, b
For my, < 1 eV: EE\E“.Q < 10°°

For a given family: 1072 < m;,/m, < 102
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The New Physics can manifest itself (can have a
variety of different ‘“flavours”):

o INn the existence of more than 3 massive neutrinos: n > 3
(n=4,0orn=05, orn=26,...).

« In the observed pattern of neutrino mixing and in the
values of the CPV phases in the PMNS matrix.

« In the Majorana nature of massive neutrinos.

e In the existence of LFV processes: i — e+, u — 3e,
1 — e conversion, etc., which proceed with rates close to
the existing upper limits.

« In the existence of new particles, e.g., at the TeV scale:
heavy Majorana Neutrinos N, doubly charged scalars,...

« In the existence of new (FChNC, FCFNSNC) neutrino
interactions.

e INn the existence of “unknown unknowns' ...
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We can haven >3 (n =4, orn=5, or n = 6,...) Iif,
e.g., sterile vp, v; exist and they mix with the active
flavour neutrinos v (), l = e, pu, T.

Two (extreme) possibilities:

1) mas. . ~1eV,
in this case v,,) — vg 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. ~ (10°—103) GeV, TeV scale seesaw models;
My, ~ (109 —1013) GeV, ‘“classical” seesaw models.

We can also have, in principle:
ma =~ 1 eV ﬁ?mmtv —r .f.%v. mg ~ 5 keV _ﬁ_U__{_v. pw_vmﬂm ~
(10 — 103) GeV (seesaw).
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All compelling data compatible with 3-r mixing:

3
L= .MH Ujvie l=ep,T.
.Hw“

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

L/

j,» m; 7 01 Dirac or Majorana particles.

3-v mixing: 3-flavour neutrino oscillations possible.
vu, E; at distance L: P(vy — v o)) #0, Py — ) <1

P(v; — vy) = P(y, = vy, B, L;U;m3 — m%, m3 — m%)
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Three Neutrino Mixing

3
- T
YL = m ._,\._h._;.__.“_“_l.
i=1

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

Uer U Uiz
.-....._q — .-....__q.n._”.._. ._....__q.n._”M .-....._q.n._nw

[ [ L/

<71 s T2 43

e [ - n = n unitary:

n 2 3 4
mixing angles: =n(n — 1) 1 3 6
CP-violating phases:
e v;— Dirac: s(n—1)(n-2) 0O 1 3
e v;— Majorana: sn(n— 1) 1 3 6

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

S.M. Bilenky, J. Hosek, S.T.P., 1930
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Majorana Neutrinos

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

C (Xe(x)" =&xil), &P =1, CuC=—1,

M

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

Implications:

U(1) 0 xe(z) = ey (x) — impossible

— yirl{x) cannot absorb phases.

- ﬁ.w__.:".\_.,.__ =0 : ﬁ.wm_ == __ﬂ_". .ﬁ..__ == _ﬁ__. L = _H_".

— xr(x): 2 spin states of a spin 1/2 absolutely neutral particle
— Xk = Xk
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Propagators: W(z)—Dirac, y(z)—Majorana
< O[T (Wa(z)Ws(; = Sz — )
< 0T (Wal(z)Wa(y)[0>=0, <OT(Walz)Ws(y))|0>=0.

< 0|T(xa(x)X3(¥))0 >= S2,(x —y) ,

< 0|T (xal(z) xs(¥))|0 >= —£"Sh.(z — y)Cysa |

.MH D_Hﬂm..rﬂnm.um.wﬂm__—uu_ﬁ_ ..,..:.v” .m ﬁl.:..‘_._.m_.._”_.rﬂ.,_..__.w.“wﬂ“.m.. o 1__.___.u

Uep x(x) Usp =nep vo x(&'), nep=+i .
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PMNS Matrix: Standard Parametrization

1 0 O
U=VP, pP=1|0 &% 0O )
0 0 e
e12€13 $12€13 s1ze *?
V = | —s12c23 — 128238136  c12003 — 81282381360 so3ci3
S12 823 — ﬁ.._.m__w,.mw_m.._.w__..h.__.m —C12833 — _“uh".._.m__.l.,mw.m.._.wn..h.__...m Co3C13

L sin md..q.. Cij = _ﬂnum_ﬁ_..q.. m,_..q. = —D...W”_.
e 4 - Dirac CPV phase, § = [0.27]; CP inv.: d =0, 7.2,
e a1, a3l - Majorana CPV phases; CP inv.: azya1y = k(E)m, k(K')=0,1,2...

S.M. Bilenky, J. Hosek, S.T.P., 1930
o Am? = Am32, Z7.54x 10 5 eV? >0, sin“#i2 = 0.308, cos26» = 0.28 (3¢),

s _DEW:E_ = 247 (2.42) x 1073 eV?, sin® 3 = 0.437 (0.455), NO (10),

e 13 - the CHOOZ angle: sin®#,3 = 0.0234 (0.0240), Capozzietal. NO (10).
F. Capozzi et al. (Bari Group), arXiv:1312.2878v2 (May 5, 2014)
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. Fogli et al., Phys. Rev. D86 (2012) 013012, global
analysis, b.f.v.: sin?f13 = 0.0241 (0.0244), NO (10).

. D.w;m_ = Am3, =754 x 10°° eV? =0, sin® ;> = 0.308, cos26,> = 0.28 (30),

o |[Am3, ;)| =247 (2.42) x 1073 eV2, sin® 63 = 0.437 (0.455), NO (10),
e th3 - the CHOOZ angle: sin® ¢z = 0.0234 (0.0240), NH (IH).

. H_.,qﬂba.:whu = 2.6%, lo(sin®f;5) = 5.4%:

lo(|Am3, o5))) = 2.6%, 1o(sin®623) = 9.6%;
L] H_.Qnm._jmm_.m_u = mm__m\__w.
e 30(Am2,): (6.99 — 8.18) x 107 % eV?; 30(sin“f12) : (0.259 — 0.359);

s mqn_bﬂw:mﬂ_u : 2.27(2.23) — 2.65(2.60) % 107 eV?;
3o(sin®#23) : 0.374(0.380) — 0.628(0.641);

™ m_qnm._:mmﬁu : G_Gu_.m.mn_u__uu_.ﬂmu — D_Gmmmnﬂ_ﬂmmmu.
F. Capozzi et al. (Bari Group), arXiv:1312.2878v2 (May 5, 2014)
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« Dirac phase §: vy <> vy, Jp <> Uy, L F U AlL  Jep xsinfizsing:

P.I Krastev, S.T.P., 1938

1 . . . .
Jop =1Im ﬁbp UpUbUnt = a Sin 265 8iN 2653 5iN 26,3 oS3 5N 4

Current data: |Jop| = 0.040|sind| (can be relatively large!).

« Majorana phases asq, a31:

— V] < Yy, V] 4> Uy not sensitive;
S.M. Bilenky, 1. Hosek, S.T.P.,1980;
P. Langacker, S. T.P., G. Steigman, 5. Toshev, 1937

— _ﬂ ﬂ.ﬂ,uv_ in (383)o,—decay depends on (¥x21, (¥31;
— I (pt— e+ ~) etc. in SUSY theories depend on asz 31;

— BAU, leptogenesis scenario: 0, 21 31"
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Solar Neutrinos v., £ ~1 MeV: B. Pontecorvo 1946
Ve +wﬂ Cl —37 Ay + e

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

v+e —rv4+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 ur SNO

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

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Ve +3 Ga —'1 Ge + e

W%%w_m (60t), 1990-; GALLEX/GNO (30t, LNGS), 1991-
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Atmospheric Neutrinos vy, vy, ve, Ve, £ ~1 GeV (0.20 -
100 Gev)

v+ N—o>p +X, 4+ NospT+X
ve+ N — e + X, mml_nEJ,fmlT X

K2K, MINOS, T2K, v, (7,), E ~1 GeV

vu+N—=>u +X (We+N—=e +X)

Reactor ve.: CHOOZ KamLAND, Double Chooz, RENQO,
Daya Bay (£ =2 — 8 MeV)

mm+ﬁl.m++ﬁ

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015
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Neutrino Oscillations in Vacuum

Suppose at t =0 in vacuum

lve > = |v1 > CcosbO+|vo > Sind,
_t:?v > = —lvg >sinf +|vp >cosf; wvyo: mpo#F0

After time ¢t in vacuum

: : /
ve >1= e 1y > cosf4e 2 vy > sing, By 5 = ﬁcm + m% 5

A(ve = v t) =< vplve >1= Wm_.: 20 (e~ that — g—ilint)

P(ve — vy;t) = 2sin?26 (1 — cos(Ea — E1)t)

.hﬂ.ﬁh.__mlu__..m.._.m“wvm.hﬂ-mm”uul.mu.ﬁtmlv.?‘:“ﬁv

V. Gribov, B. Pontecorvo, 1969
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Neutrinos are relativistic: t 2 L, E; — E1 = (m3 —m?%)/(2p)
ﬁmm — mva — AEW — Eth\ﬁMﬁv — D mknn._ H\m%_un = 41K

(& DE

vac — 4k

P(ve — vy t) = Wmm:m 260 (1 — ﬁamwﬂ%v, Ltse = A2

s

vac o2 E[MeV]
L4 =25 m AmZ[eV2

E =3 MeV, Am?[eV?] 28 x 1072 : LY% 2 100 km
E 21 GeV, Am?[eV?] 225x1073: LY =2 1000 km

Effects of oscillations observable if

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

O SC

Two basic parameters: sin2260, Am?
SK, K2K, MINOS; CNGS (OPERA): dominant v, — v,

KamLAND: T — Ue; Ue — (Up + 07) /V/2
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baseline = 180 Km ]

P_. = 1-sin’20 sin’ (Am’L/4E, ) -

cc

i

A.l.vrcl_ 1 1 1 1 | 1 L L L | 1 1 1 1 | -

me. in MeV
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Source Type of v E[MeV]  L[km] min{Am?)[eV?]

Reactor 7, ~ 1 1 ~ 103
Reactor i, ~1 100 ~ 102

Accelerator Uy U ~ 10° 1 ~1
Accelerator Vys U ~ 103 1000 ~ 103
Atmospheric v's ey i e ~ 103 104 ~ 104
Sun Ve ~ 1 1.5 x 10° ~ 101

Correspond to: CHOOZ, Double Chooz, RENO, Daya
Bay (L ~1 km), KamLAND (L ~ 100 km);

ve disappearnce; F = (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), v, — vr,
T2K (L ~ 295 km), NOvA (L ~ 800 km), v, disap-
pearnce, v, — ve, £~ 1 GeV,

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

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



) = U5 v b)), L=e p, T
mt — puT 4 v, decay at rest:

Ej = E+m?%/(2mz), pj = E—&m?%/(2E), E = (mz/2)(1-
EW\EWV = 30 MeV, £ =(1+ meﬁwwvxm = 0.8.

Taking m; =1 eV: E; =2 E(14 1.2 x 10716),
pj = E(1—4.4x10710),

Problem avoided if one uses the fact that the Vj state is
entagled with the uT state.

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Ay = vp) =35 Up; Dj Q.H___ , LlU=e pu, 1,

I,J- I I,Ex-ﬂlx.h
.U..w ”m .H.Hu;__ AH.&. H_H_u_ ”m .H_A ;__ ﬁ_;__ u_ . .w-......_—.m.

1l
=

dpip = (Ej — Ex)T — (pj — pi) L

— R . . ;...lm_h__lT;m‘mm | qﬁ.u__ |,_:1w# .

First term - negligible:

« L and T related: T'= (E; + E) L/(p; + pr) = L/v,
v = (E;/(E; + ED)vi + (B (E; + E))ve - the "average" velocity of v; and vy,
Uik = Pik/ Ej ki

P =pp=7p
(additionally suppressed by (m? +mg)/p?: L =T up to ~ wﬁ.ﬂw#mw.,mwu“

« by #= Ei, pj # p, J # k: the same conclusion

(neutrinos are relativistic, L = T up to corrections ~ E.w.-rm.mwbu.

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



—~ Em — Ew

0k = Mﬁ L =2x h: m@:?x qurv p = (pj+pr)/2

- MeV)
~25m Pl
_.D.EE_ _D.Emm.w:m?m“_

is the neutrino oscillation length associated with ..D.E,w,..

(B

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¢p;; is Lorentz invariant.

Om2 — f.xﬁmmﬁhvm + ﬁMﬁQﬁvm

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

2
02 > |Amsy
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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 v 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:
TP, Trl) < bw_rmnmi. 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 vy 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; = v, satisfies
|(v; — w)T| < max(ocp,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.

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



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

2rAL/LY, < 1.

e« TIMe _anm__mmﬂ_u: condition
AFE - detector's energy resolution:

2r(L/LY)(AE/E) < 1.
If 2rAL/LY, > 1, and/or 2x(L/LY)(AE/E) > 1,

L._.m.mth — ED — L..W.mwl.,h — wl.,hmv = M.w. _QE_M _q_ﬁ_"_m

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Two-Neutrino Oscillations in Vacuum

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

112

2 mb.q.;mHh
Sin< 2623 sin“ —3—,

1 - P(vy — v L).

KamLAND (~ 180km): e — e

2
P(De — De; L) 21 — 55sin?2015 (1 — nam% .

CHOOZ, Double Chooz, Daya Bay, RENO (~ 1 km):
?___m.._ — .T__m..,
D.Emwh

i)

P(Ve — Ue; L) 2 1 — 5sin? 2643 (1 — cos
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baseline = 180 Km ]

P_. = 1-sin’20 sin’ (Am’L/4E, ) -

cc

i

A.l.vrcl_ 1 1 1 1 | 1 L L L | 1 1 1 1 | -

me. in MeV
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Observing the Oscillations of Neutrinos
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Atmospheric neutrinos Zenith angle dist. of
Atmospheric v flux

10 —
: VY,
. R : TR
Zenith angle W I 0.3-0.5 Ge
p, He ... Downward g, ﬂm Emw...!!..itu.fin,#u.u;
[=10~100 km}) “ T F b
s L B
+ = % n i
£, K s -
1 L
H
3 "
4 = 10 - 3.0-5.0 GaV
A h 8 = -
N 3 F _
b R . N Henda flux
e g Ve, . R Bartal i
o= i e . - e Fluka flux
W
CHUEN—_-”& /.......... ._ piwedoww by el vy
s 3 -1 0% 0 (BRI
L=up to 13000 km) P

Ev > a few GeV
Up/Down Symmetry
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Y. ToTnuU kA, S

Zenith angle distributien(1D)
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. Event classification

Fully Contained

{(Ev ~1GeV)
_umq.zm__.—__. Containec
(Ey ~10GeV)
Water Cherenkov detector )
| Stopping p(E,~10GeV)
000 m underground Through-going p (E.~100GeV)

30,000 ton (22,500 ton fid.)
nner-detector(ID): 11,146 20 inch PMTs(SK-1)
yuter-detector(OD): 1,885 8 inch PMTs
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Zenith angle distributions

Best fit

Vp € Vq - sin220=1.0, Am2=2.0x10-3 e\/2
2-flavor oscillations Null oscillation

50 50 - 14
H Mﬂ! S o M M .“k 1.2
. .
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c0sf) coh oty cosf

) | o~
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SK: L/E Dependence, u—Like Events

0 s

m 1.8 ———rrrr——rrrr——rrrr—r—rrrrrm
= 1.6

S 1.4

2 1.2 #

= : t T

£ 1 3

S o8f ._.{ﬁfhi

S 08¢ H
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Q 7y 1 102  10° 10°

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

_n_,:,_m_.u
E
m L

Neutrino _u__.u..__..,..m_dh._1 : Pus = (CO520 +5in<0 x exp(- mm:m
1

: " L
Neutrino decoherence : P =1-73sin"20 x (1 -exp(-y=))

Neutrino oscillation : Py =1-sin"20sin®(1.27

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

- Direct evidence for oscillations

- Strong constraint to oscillation
L parameters, especially Am? value

o ot
LE (kmiGeV)
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SK: Atmospheric » Data
=

10 ¢ ; ; .
E-I.I.ll. )
”v .
D
od —
5 <
99% C.L. R ——
— 90%: C.L.
— mmn.._______.u ﬁU—I
-3
.— D i i
0.7 0.8 0.9 1
sin°20

AmZ,  =Am2Z, =24 x10 3 eV?, sin® 20aem =sin” 2623 = 1.0 ;

mzy = (L9 — 2.Y) X ev =, 5In 23 <~ U.HL, o «.L.
Am3, =(1.9-2.9) x 1032 eV?, sin“263 > 0.92, 99% C.L

e sign of AmZ,,, not determined. If 23 # §: fha3,

atm

2 — tk3) ambiguity.

3~ mixing: b.w:wP >0, m1 <mo < ms3 (NH); D.EWH < 0, ma < my < mz (IH).
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K2K: v, Spectrum (v, “disappearance”)
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MINOS: v, Spectrum (v, "disappearance’)
MINOS Preliminary

I

—4— Far detector data
Best oscillation fit

—
an

o
o

Stats. only decay fit -

Ratio to no oscillations

0102 OULINAN

Stats. only decoherence fit
| _ |

b3~ &% & 70
Reconstructed neutrino energy (GeV)
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""atmospheric'' parameters

.m R ] I I ] _ 1 ] I 1 _ ] I _ ] | ] I |
_ - global i
4|~ - .
om -MINOS .
o I3[ 7
_._._._m.. - -
N =2 ]
= - i
=] ) i
s atmospheric _
hu_ i 1 1 | 1 _ 1 1 | 1 m | 1 1 | _ 1 1 1 1 i
0 0.25 0.5 0.75 1
, 2
sin 6,,
5 . Schwetz, arXiv:0710.5027 |hep-ph|

e sign of Lo not determined,

atm

3-v mixing: Am3, >0, m1 < mo2 < m3 (normal ordering (NO));

D;.;wh < 0, mz < m1 < mo (inverted ordering (I0O)).

e If O3 = T

—

Bz, (3 — H23) ambiguity.

5.T. Petcov, CERN-JINR European HEFP School, Bansko, 12-14 /09 /2015



e Data-BG- GeoV,
| Expectation based on osci. parameters
- + determined by KamlL. AND
- i
m -
= 0.8
m B ——
S 0.6f + _ .
A 6
2 .
.”m 0.4 .+.
0.2
$=||-—_-___.-__—__-__-__-___.-_-__________-.—__-

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

KamLAND: L/E—Dependence (reactor v,, L =180 km, E = (1.8 - 10) MeV)
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baseline = 180 Km ]

P_. = 1-sin’20 sin’ (Am’L/4E, ) -

cc

i

A.l.vrcl_ 1 1 1 1 | 1 L L L | 1 1 1 1 | -

me. in MeV
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Solar Neutrinos: ve, E ~ (0.26 — 14.4) MeV
Super-Kamiokande, £ = (5.0 — 14.4) MeV

R(SK) Bmmtmv Ni=epur PWe = 1)) o(ve” = ve™)
= o(Vee™ — Vee™) Tvmﬁtmv;ﬁﬁtm — Ve )

FOR(we) (1 — Plve — ve)) 02l )

o(vee™ —1ee™)

= g(vee” — vee ) [Pe(ve) + 0.16(Pe(vy) + Pe(vr))]

P(ve — ve) + P(ve — vy) + P(ve — vr) = 1,
o(vue™ = vye™ ) = o(vre™ — vre™).
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SNO, CC: E = (5.0 — 14.4) MeV

ve+D —e  +p+0p
R(SNO) xo(ve+D — e~ +p+p) nv__mﬁﬁmﬁuﬁtm — Ve)

=o(ve+ D —e” +p+p) Pe(re)
SK: &5K(1g) = de(re) +0.16(de(vy) + Pe(vr))
SNO CC: nﬁumzﬁumt@v = _nﬁvmmﬁmv

No oscillations: ®g(vy) + ®Pe(vr) = 0, >K(vy) =
nvszﬁt@v
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""'solar'' parameters
| I

20 —
< 1s) -
Eﬂu_ — -
o - 5
— 10} _
o o B — B
= -\ .
<] | -

S —

0.2 0.4 0.6 0.8
. 2
sSin m:m

. Schwetz, arXiv:0710.5027 |hep-ph|
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Dirac CP-Nonconservation: 4 in Uppmns

Observable manifestations in

— — !
v <ruvp, vp<rvp, LI =ep T
e not sensitive to Majorana CPVP (¥21, 31
CP-invariance:
N. Cabibbo, 1978
S.M. Bilenky, J. Hosek, S.T.P.,1930:

_ _ V. Barger, S. Pakvasa et al.,1980.
Plyy—=wv)=Plu—n). 1#1'= m.:_m.,ﬂ

CPT-invariance:
F_.....H_HE._ — H._._.:u = Tnmﬁ — HI._._._HU
l=1: Ply—uwn)=PH—n)
T-invariance:
.n.:un”ﬁ.__h —% H._.hhu — ._..LHHH.___.._ —% H._.hu". ___ MW __h_

3/—mixing:
bMMumTﬂﬁhlv H.__b.:u |._C_nmh|v HI.__b.:u . hmm__h.”__..h._.:qﬂ

bm_m.h.:“__ = ._C_nuﬁ._.h — H,.__ﬁu — .T_ﬂﬁ._.ﬁ —F H.___._u". / MW __h_

(eq) __ alpry (e.7)
.;._.ﬂﬁ_u,,‘r - .;._.ﬁﬁ_u,,_* - I.b._.ﬂﬁ_u,‘r

PI. Krastev, S. T.P., 1988: V. Barger, S. Pakvasa et al.,, 1930
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In vacuum: bwhﬂf = Jep £

1 . . . .
Jop =M {Ung UpUbUy} = mm_: 2815 5in 2853 5in 26,3 cO50;3 5N &

D A FAY
Fre = gin(—=% EE L) +sin( Emmbu + sin( EEE

Q28C

] P.I Krastev, S.T.P., 1938
In matter: Matter effects violate

CP : Py — ) #= P(5y — byp)

CPT : Py — ) #= P(or — 1)

P. Langacker et al., 1987

Can conserve the T-invariance (Earth)
.m,u...n””.._.h — H._.hhu — TMH.___.._ — H._.hu_. l MW ___h_

In matter with constant density: P?E = r_a.n,_:nm%ﬁ

r_:...m:“ _ r_d_..u_n _u,",_ﬂ_u

Rep does not depend on f23 and 4, |Rep| £ 2.5
P.I Krastev, S.T.P., 1938
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Rephasing Invariants Associated with CPVP

Dirac phase 3:

Jep =Im{Ua U UL UL} .
C. Jariskog, 1985 (for quarks)

CP-, T- violation effects in neutrino oscillations
P. Krastev, S.T.P., 19383

Majorana phases asy, aay:

Si=Im{Ual)s}, So=Im{lU=U}3} (not unique);, or
S =Im{UaUl}, S5=Im{U;aU 5}

J.F. Nieves and P. Pal, 1987, 2001
G.C. Branco et al., 1936
J.A. Aguilar-Saavedra and G.C. Branco, 2000

CP-violation: both Im{U. U5} =0 and Re{lU.1U5} #=0 .
S1, S2 appear in |[<m>| in (33)o.~decay.

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

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



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

Mean free path in matter with p =p(Farth) : N =
b?ﬂbnﬂwlm .

E~1 MeV, Ly~ 2.5x 10 km; Rp=6371 km

E~1 GeV, L;~ 2.5 x 108 km

For p = p(center of the Sun): N = 100 N4 em ™3,
E~1 MeV, Ly~ 1013 km; Rgy, = 6.96 x 10° km

v coherent scattering on e, p, n - effective potential
(index of refraction)
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rﬂmtﬁ pPlesence O ..m.. wattere. crn nwrﬂg?mxm.
\ R \]
_._vuﬁ _Umr_...?_..wrﬁ.. _;.m J-oscillation:
\

N+ L, REGY* L
H.._._p. » 3 v
e - Foe @] =

Fﬁﬁ Wizl = pil e
Ve e~ £ % O Tu
2% - e s P
= 4 = .w___..:_l Fs 1 mu — M ..m.t:
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v coherent scattering on e, p, n - effective potential
(index of refraction)

,F\m.:_ —_— #\ﬁﬁ.____mv — #\ﬁn\.___.;v — /\MQ&HE%
Vir = V(vy) — V(vr) =0 (leading order)

L. Wolfenstein, 1978; V. Barger et al., 1980; P. Langacker et al., 1983

Ves = fwm?,mv — ﬂwmﬁmv — z\MQhﬂmEﬁ — WESV

ﬁI\mm — ﬂwmmmv — ﬂwmﬂmv — z\MQhﬂ.mEm — WE:V = — Ves
Vis = V() — V(vs) = V2Gp(—3 Ny)
Vis = V(D) — V(0s) = — V2Gp(—5Nn) = — Vs

Vep 7= Vep: CP, CPT violated

P. Langacker, S.T.P. et al., 1987
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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 + Vg

This modifies the neutrino mixing since the eigenstates
and the eigenvalues of Hyqe and of H = Hyac + Virf

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 onl
electrons, protons and neutrons, and the resulting oscil-
lations violate CP and CPT symmetries.

. . . 2 AMZ L
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ﬁl Aa(t, tg) —e(t) €(t) \ [ Aal(t,tg)
Ag(t, to) €(t) e(t) )\ Ag(t to)

where ¥ = /g, Q = .ﬁtﬁﬂv.

e(t) uw Tﬁwnomma V2 szﬁ:v_
____mwv 2 2

— EM — EH.
In matter, Hy, = Hg + H;jpt
Hol|v1 2 >= F1 2|v1,2 >, not eigenstates of Hy,.
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Consider first N = const.
Hm|v] >= ET% |V >.

Then at t =0 in matter

lve > = 1] > cOSbOpy 4|yt > sinby,,
vy > = —|vi" > sinbn+|vs" > cosbp;
!

Sin20,, = ——~— = tan2o .

Vel+te? KAHI%vm+ﬁm:m 20
N res

cos 26, = ! ,Eﬁ.\ Ne _

,\ﬁu?ﬁﬁﬂmim:m 20

res Am? cos 26 ~ 6 Am2[eV?] -3
N = = 2EV2G = 6.56x10 E[Mev] OS5 20cm™ > Na,
1

EJ — B = &m’ TH — Ne )2 cos? 20 + sin? wmvu

._m.______ww__.m_
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Pl (ve = v) = |Au(D)|? = 5sin? 20, [1 — cos2ap. ],

1
L . 8
h MqﬂhH = [V Aﬁ“__. o Eﬁmwvm ﬁ.n...mm 20 m_ﬁm M.mwv m .

e __ nres . Am?cos26
The resonance condition: Ne = N = 2BV 2G

Lm =

At the resonance:
sin? 20, = 1, min(ES* — ETY), L% = LY/ sin 26,

Limiting cases:

112
112

Ne < NL€%: 0, = 0, Lm_mﬁm E12, Lm = LY.

110

Ne > NI O = 5, ve — vy, sSuppressed.

In this case: |ve) = |v5Y), |vu) = — V]!

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



AAITES o Ew__m@ 28
E) - m_ﬁjﬁwu min (£~ &™)
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Antineutrinos: Ne — (—Ng)

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

Am2cos?26 < 0O ve — vy, SUppressed by matter; ve — vy
can be enhanced.

V. Barger et al., 19280; S.P. Mikheyev, A.Yu. Smirnov, 1935

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

P. Langacker, S. T.P., S. Toshev, G. Steigman, 1937
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Earth: N7t 23 N4 em™3, N ~ 6.0 Ny em ™3

P"™(ve — vy, t) = Wﬂ:m 20 (1 — cos Mﬂ%y L™ ~ Lvac

SC
(S

. D sinZ 20 s _ Am2cos?20
sin< 26, = : NTE =
™ (1-De)2cos220+sin229 7€ 2EV2G
i

Ne = NI¢%: MSW (Mikheyev, Smirnov, Wolfenstein) res-
onance

Am?cos26 > 0: ve — vy,

Am?cos26 < 0: e — i,
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T'he Earth

Tigute 1

Earth: K. = 3446 Km, Ham = 2885 Km

Earth: -ﬂ.h.__._m..__. ~ 23 Nyem 2 N9 57 Ny em 3

r i
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The Earth

pigren ]

Lo

Qi oz [=E Y o (=8

1.
=iy

FI. 1. Tty profle of the Earih.

R. = 3446 km, R,, = 2885 km; N .23 Ny em 3, N“*°~57 Nyem 3
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Earth matter effect in v, — ve, vy — Ve (MSW)

0.50 - o B
neutrinos
——— wvacuum
0.40 - antineutrinos -
L=7330km
2
0.30 - sin (20,;)=1. |

sin’(20,,)=.1

E[GeV]/Am’[eV’]

AmZ2=25x 102 eV, E™ = 6.25 GeV: P¥* = sin® #3 2" = 0.5 P2v:

i yrL F

N7 2223 cm™3 Na; L' = L/sin 20,3 = 6250/0.32 km; 2L /L., = 0.757(# 7).
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Earth matter effects in v, — ve, vy, — Ve (NOLR)

e 2 6, - 0.010

E /A m*® (MeVieVv=)

Madir Angle (deg.)
S.T.P., 1998:
M. Chizhov, M. Maris, S.T.P., 1998: M. Chizhov, S.T.P., 1999

Py, »v,) =P, = (s23) meT_Tﬁ._T.; = V) By =013, Am? = Am?2

rh___.._.:_"
Absolute maximum: Neutrino Oscillation Length Resonance (NOLR);

Local maxima: MSW effect in the Earth mantle or core.
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0 0. 0.4 0f 03 A

(823) " Pau(Vu) = V) = P2vi NOLR: “Dark Red Spots”, P, = 1;
Vertical axis: Am?/FE [10 7eV2/MeV]; horizontal axis: sin?26;3; 6, =0
M. Chizhov, S.T.P., 1999 (hep-ph/9903399,9903424)
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e For Earth center crossing v's (¢, = 0) and, e.g. sin’2#;3 = 0.01, NOLR

occurs at £ =4 GeV (Am?(atm) = 2.5 x 1072 eV?).
S.T.P., hep-ph /9805262

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

[

| - i
tan ®man /2 = tan ¢! = &, | ——0520m
\/ cos(20y, — 44;,)

|
|

cos 26"
tan ® """ /2 = tan I - ___ I
5 ’ /___ —cos(2607 ) cos(26" — 46" )

e r L

pME (HEOE) - phase accumulated in the Earth mantle (core),
¢ (¢) - the mixing angle in the Earth mantle (core).

Fs, =1 due to NOLR for #, = 0 (Earth center crossing 's) at,
e.g. sin“ 263 = 0.034; 0.154, E = 3.5; 5.2 GeV (AmZ(atm) = 2.5 x 10 3 eV?).

M. Chizhov, S. T.P., Phys. Rev. Lett. 83 (1999) 1096 (hep-ph/9903399); Phys. Rev. Lett. 35
(2000) 3979 (hep-ph/0504247); Phys. Rev. D63 (2001) 073003 (hep-ph/9903424),
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Dirac CP-Nonconservation: 4 in Uppmns

Observable manifestations in

— — !
v <ruvp, vp<rvp, LI =ep T
e not sensitive to Majorana CPVP (¥21, 31
CP-invariance:
N. Cabibbo, 1978
S.M. Bilenky, J. Hosek, S.T.P.,1930:

_ _ V. Barger, S. Pakvasa et al.,1980.
Plyy—=wv)=Plu—n). 1#1'= m.:_m.,ﬂ

CPT-invariance:
F_.....H_HE._ — H._._.:u = Tnmﬁ — HI._._._HU
l=1: Ply—uwn)=PH—n)
T-invariance:
.n.:un”ﬁ.__h —% H._.hhu — ._..LHHH.___.._ —% H._.hu". ___ MW __h_

3/—mixing:
bMMumTﬂﬁhlv H.__b.:u |._C_nmh|v HI.__b.:u . hmm__h.”__..h._.:qﬂ

bm_m.h.:“__ = ._C_nuﬁ._.h — H,.__ﬁu — .T_ﬂﬁ._.ﬁ —F H.___._u". / MW __h_

(eq) __ alpry (e.7)
.;._.ﬂﬁ_u,,‘r - .;._.ﬁﬁ_u,,_* - I.b._.ﬂﬁ_u,‘r

PI. Krastev, S. T.P., 1988: V. Barger, S. Pakvasa et al.,, 1930
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In vacuum: bwhﬂf = Jep £

1 . . . .
Jop =M {Ung UpUbUy} = mm_: 2815 5in 2853 5in 26,3 cO50;3 5N &

D A FAY
Fre = gin(—=% EE L) +sin( Emmbu + sin( EEE

Q28C

] P.I Krastev, S.T.P., 1938
In matter: Matter effects violate

CP : Py — ) #= P(5y — byp)

CPT : Py — ) #= P(or — 1)

P. Langacker et al., 1987

Can conserve the T-invariance (Earth)
.m,u...n””.._.h — H._.hhu — TMH.___.._ — H._.hu_. l MW ___h_

In matter with constant density: P?E = r_a.n,_:nm%ﬁ

r_:...m:“ _ r_d_..u_n _u,",_ﬂ_u

Rep does not depend on f23 and 4, |Rep| £ 2.5
P.I Krastev, S.T.P., 1938
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Up to 2nd order in the two small parameters |«

|Am34|/|Am3;| < 1 and sin? 6,3 < 1:

L._.u%% Ep:ﬁtt¢ﬁmvmmuo+bﬁm_:m+munom%+muw.

Py = sin2 053 5122013 §in2[(4 — 1)A],

(A-1)2
Py = o2 2 Sin 2015 .: .2
3 = a* COS< 03 =—7+2 sin“(AA),
Pips = — ;mﬁmmuﬁs A)(sin AA) (sin[(1 — A)A)]),

Proes = a 2J02O (c65 AY(sin AA) (sin[(1 — A)A]),

A(1—-A)

— D.EWHW — man_2F

Vy = Vel 0, A— (—=6), (—A)
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Chromosphere

—ﬁ - _? .u.._.—...“.” ¥

e

5.T. Petcov, CERN-JINR European HEFP School, Bansko, 12-14 /09 /2015



Solar Neutrino Production:

pp Chain

TRIn AT IO

1A —EL 4 e

o
E+e 4+ p— "H | o
S [ T — T TTea -+ r

10 | b ek -2

Lan

Flle + 11lle — "DBo o oy

L ETH | - = 1A + 5

Tha | o — 2w

Lhr

BT — Phe® 4 om | 4 e,
Sl S TrL PP oax
-
*He 4+ pp — Tile + & 4 7,

T FR. M. s TS
{503 { TeV )
RETREIVY o D i
{03.4-13 1. dep 2

(L))

&5

(15)

(L5 0.6 1 905
- 0.383 1055
{0.02)

UNIBLBELER

= 15

155
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4p — *He+ 2et + 20,

e 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%) ,
e °B neutrinos, E < 14.40 MeV, E =6.71 MeV,

e pep neutrinos, E=1.442 MeV,

e Of 12N, E < 1.199 MeV, E = 0.707 MeV,

e Of 120, E < 1.732 MeV, E = 0.997 MeV.
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The neutrinoes 147
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Flux EP'00 Cl=Ar Ga—G
Dpp x 1010 5.95(1 T0o! 0.00 69.
Dpep % 1078 1.40(1 TJ3; 0.22 2.
Pge x 1079 477(1 T35 1.15 34,
Py x 1076 5.93(1 T01d) 6.76 14,
Py x 1078 5.48(1 T019) 0.09 3.
Po x 1078 4.80(1 T972) 0.33 5,
Total 8.55 T3 1208 T
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Solar Neutrinos v., £ ~1 MeV: B. Pontecorvo 1946
Ve +wﬂ Cl —37 Ay + e

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

v+e —rv4+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 ur SNO

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

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Ve +3 Ga —'1 Ge + e

W%%w_m (60t), 1990-; GALLEX/GNO (30t, LNGS), 1991-
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| SuperK, SNO
Ehlerine

Neutrino Flux
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0o 0.3 0 3 10
Neutrinoe Energy (MeV)
Figure 2: Differential Standard Solar Model neutrino floses [14].
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Figurc 3: Comparison of measurements to Standard Solar Model predictions.
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FTux EP 00 CI=Ar Ga—Ge
®pp X 10 1V 5.05(1 J005) 0.00 69.7
Ppep x 10°E 1.40(1 T99H 0.22 2.8
Pge x 1072 4.77(1 1959 1.15 34.2
dg x 10°° 5.93(1 T3{2) 6.76 14.2
by x 1078 5.48(1 22 0.09 3.4
®o x 108 4.80(1 7072 0.33 5.5
Total 8.55 +H H 1208 ._.wm_
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Experiment

Observed rate/BP04 prediction

FPredicted Rate
at global best-fit

Predicted Rate
at solar best-fit

Ga U.52 = 0.0Z2Y9 U.555 U.540
Cl 0.301 = 0.027 0.356 0.345
m_x.,.n_mmm 0.406 = 0.014 0.394 0.395
SNO(C 0.274 = 0.019 0.289 0.289
SNO(ES 0.36 = 0.052 0.386 0.386
SNO(NC 0.895 £ 0.08 0.589 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)
global solar neutrino +KamLAND data.
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MSVVW Transitions of Solar Neutrinos in the Sun

and the Hydrogen Atom

al R )= (66 @) (468

where (¥ = L/g, m — Qtﬁ,ﬂv.

«(t) =35 [5

€(t) = ,_S sin 20, with Am? = m3 — m5.

® c05 20 — V2G pNe(1)],

« Standard Solar Models

Ne(t) = Em:ovmxi Mi ro ~ 0.1Rs, R
10°km
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The region of vs production: » < 0.2Rs
20 Ny em™3 < Ne(xg) < 100 Ny em ™3
Suppose Ne(xg) > NI |ve) = |5

Possible evolution:

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

P(ve — ve) 2 |(ve|lva)]? =sin?6, Adiabatic

At Ne = N[, where ET' — EV' is minimal, the system
jumps to lower level |v{*); at the surface: |v{") = |vq)

P(ve — ve) = |(ve|r1)]?2 = cos?6, Nonadiabatic

Type of transition: P’ = P(v5*(tg) — v1), Jjump proba-
bility
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Introducing the dimensionless variable
L= .__“w.n_(.\m.”wh...__._____q.\_ﬂﬁ_uuﬁ Ps_p. .H_u_ — .Hmﬁ. — H._u_u_.
and making the substitution

At to) = (2/20)c ¢ & 20F1 ]

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

bu_nw., u_uu.,

{ 2+ (c—2) ff —a} ALt o) =0,

where

a=1+irg &2 m._:m..mq c =1+ irg DE.

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



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, i (r), of the non-relativistic wave function of the hydrogen atom,

Eﬂm.._.u — W@Eﬂﬂuﬂ_ﬁﬂm&q __..__wh_u.

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

Yu(Z) = 272 12 oy (r)

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

T
Z =2 ;|,\|m£\mb a =ay =Il4+1—\/—E;/Ey, ¢ =c¢ = 2(141)
0

ag = N/ (m.e?) is the Bohr radius and E; = m.e*/(2h%) = 13.6 ¢V is the ionization
energy of the hydrogen atom.
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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.
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Any solution - linear combination of two linearly independent solutions:

Pla,c; Z2), ZV dla—c+ 1.2 - Z), Pla.d:Z2=0)=1,a.¢d£0,-1,-2,.

1

A(ve = vyy) = 7 sin 20 ﬁ.ﬁ.nﬁ —,2 — ¢ Zp) — e'ltto 3 P(a—1,¢ Zp) W :

2

Sun: N.(x) = N.(zg)e =, rp =0.1R,, R, =7 x 10° km

The region of . production:
20 Ny em 2 £ No(xo) £ 100 Ny em 3: |Zp| = 500 (1)

The solar . survival probability:

P(v. = v.) =24 (53— P')cos26° cos 29,

LT

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015
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Averaged Survival Probability in the Sun

0.65 : : . i

0.6 —

0.55

0.35

0.3 \ |--\.‘

0.25

L L L |
nﬂmu-__m 107"
AmMTE  (eV/MeV)
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The solar . survival probability:

0 cos 24,

LT

P(ve = ve) =3+ (5~ P)cos 26

_Am? 2 _Am?
.._.H:__ _ mlmqﬂn_ mw.m. sin mlmlmq:n_ Mw.m
B, - Am2
l1—e 07 2E
Case 1: cos269, = —1, P/ =0, P = 1(1 — cos26).

Case 2: 69, =0, PP =0, P(ve —»ve) =1 — 1sin?20

Case 1: SNO, Super Kamiokande: P = 0.3: cos26 > 0!

Case 2. pp neutrinos.
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""'solar'' parameters
| I

20 —
< 1s) -
Eﬂu_ — -
o - 5
— 10} _
o o B — B
= -\ .
<] | -

S —

0.2 0.4 0.6 0.8
. 2
sSin m:m

. Schwetz, arXiv:0710.5027 |hep-ph|
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The reference scheme: 3-r mixing

L= ) Ujvj. l=epr
j=1
3-flavour neutrino oscillation probabilities
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PMNS Matrix: Standard Parametrization

1 0 0
U=VEF, =0 &% 0 \
0 0 el 3
C12C §12C spge 0
12€13 . $12013 . §13¢€
V= | —s12e23 — c12823813¢® 12023 — s12823813¢™  s23c13
$12803 — C120238136"°  —e12803 — s1oe23813€”  eo3e13

® S = Sin mi..q.. Cij = ﬁnumm_,_.._: m,_.,q. = —ﬂrw_.
e 4 - Dirac CPV phase, § = [0.27]; CP inv.: d =0, 7. 2m;
e a1, az1 - Majorana CPV phases; CP inv.: agyay = k(K )m, k(K')=0,1,2...

S.M. Bilenky, J. Hosek, S.T.P., 1930
e AmZ = Am3, =754 x 107° eV? > 0, sin®f1» = 0.308, cos26> = 0.28 (30),

o |AmZ, | =247 (2.42) x 1073 eV?, sin?f3 = 0.437 (0.455), NO (10),

e H13 - the CHOOZ angle: sin” #13 = 0.0234 (0.0240), Capozzietal. NO (10).
F. Capozzi et al. (Bari Group), arXiv:1312.2878v2 (May 5, 2014)
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. - 2 2
3—v Mixing Analysis: Am§ < |Amiim|
.,t_u_., = sin® m.._.u + cos* mm_.._.u .,_,L_...u__..ﬂ.

2 . D2 2
.—_,L_,..”__t — .—_.L_.,..”__t I_I .uuu_,..”_.n.numn.
P = wl_. nw — P')cos28L(tp) cos 201> (H12 = 02),
* = 0: L. Wolfenstein, 1978; 5. Mikheyev, A. Smirnov, 1985;
F' £ 0 (general or LZ): S. Parke, W. Haxton, 1986;

F-double exponential, m..m_hc S. T.P., 1938

N, — N,.cos? 3,

e
2mrn—

A o o2
, e 2mra TSI e 25
P = - . ro ~ 0.1H;

i
1 —e 2™

S.T.P., 1988

LMA: PP 1, <P >Z0

L

J. Rich, S.T.P., 1988

W e A 4 in2 in2(Ams
Fgi =sin" 13 4+ cos™ 13 |1 — sin® 26,2 sin nﬂbu
3 - . e 2 Dﬂﬁhwﬁﬂ:
Fehonz = 1 —sin 26,3 sin ﬂ a5 .ﬁ_u
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e sgn(Am2, ) = mm_:nb.w:w;u&u not determined

Amz,,, = Am3, > 0, normal mass ordering (NO)
Ami., = Am3, < 0, inverted mass ordering (I10)
Convention: M1 < Mo < M3 - NO, M3 < M1 < mp-10

b.m.:whn.?&uu = — b:.:wmﬁ:uu

iy <€ Mo < ma, NH.,
T3 <€ T < o, IH.

m1 = mo = ma, miosg >> Amiy,, QD; m; 2 0.10 eV.

® o = .«\w;m + b.wzwf ma = .«\Ew + D.w;wP - NO;
e = ,\w;w + b_.wzwm — D_.EWH. Mo = e\w;w + b_.w;wm - 10
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The (Mass)* Spectrum

F 1
RTE ] .__.__..M M
) _. ¥y ry | Am sol
2
(Mass)? PS._ atrm or P ’
I ulm
.__.__..u ¥ a
,__..__ vDE sol Wy h
Normal Inverted

Am? =7.6x107eV?,  Am?, =24x 107 eV?

Tsol < atm
Are there more mass eigenstates, as LSND suggests,

and MiniBooNE recently hints?

Due to B. Kaysear
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m? m?
A I .__..,_m A
-V,
-V
Euull L, —  ———— T LY
solar~7x10eV?
. I M
atmospheric
~2x103eV?2 |
atmospheric
Emull I ~2x10%eV?
solar~7x10™eV?
m, >4 e - I —-nq
? ?
0 x * 0
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« Dirac phase §: vy <> vy, Up <> Uy, L FE= U Al  Jep xsinbizsing:

Pl Krastev, S.T.P., 1938

1 . . . .
Jop =1Im ﬁbp UpULUL | = 3 Sin 2015 5iN 2655 sin 265 cosfyzsin d

Current data: |Jop| = 0.035 (can be relatively large!); b.f.v. with § = 3x/2:
Jop = —0.035.

« Majorana phases asq, a31:

— V] ¢ Vpr, V] 4> Py not sensitive;
S.M. Bilenky, J. Hosek, S.T.P., 1930
P. Langacker, S. T.P., G. Steigman, 5. Toshev, 1937

- _ﬂ va_ in (83)p,—decay depends on (xD1, X31;
— (g — e+ ~) etc. in SUSY theories depend on asy 31,

— BAU, leptogenesis scenario: m.._ 21,31 !
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Jop = Im{U U, n UL Uy}

1
—Sin 26015 Sin 2653 sin 2613 cosf#13Sin o

3
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LBL
. J—

Acc + Solar + KL

+ SBL Reactors + SK Atm

D LL i1 " 1 1.5 11 i1 A i 1 A A L A ' 1 1 AL = 3 I L1 AL &5 13

g5 7.0 F¥5 80 8B5 20 22 24 26 28 00 0.5 1.0 1.5 2.0
] 5
sSme/10 " evVv?2 AmMZ107 eV © &/ 1

i ; ] ]

, - ; L S T TP PP o ]
0.25 0.30 0.35 0.3 0.4 0.5 06 0.7 0.01 0.02 0.03 0.04

. o . .
sin“0,, Sin’e,, sin“e .,
F. Capozzi, E. Lisi et al., arXiv:1312.2878
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« March 8, 2012, Daya Bay: 5.20 evidence for 6,3 # 0,
sin? 2013 = 0.092 + 0.016 + 0.005.

e« April 4, 2012, RENO: 4.90 evidence for 613 # 0,
sin226013 = 0.113 4+ 0.013 4+ 0.019.

« Nu'2012 (June 4-9, 2012), T2K, Double Chooz: 3.2¢
and 2.9¢ evidence for 613 # 0.

« Daya Bay, 23/08/2013:
sin? 26,3 = 0.090 + 0.009.

« RENO, 12/09/2013 (TAUP 2013):
sin2 2613 = 0.100 + 0.010 (stat.) +0.012.

Am?
1 —sin?2260;3sin?(—212211), no dependence on 653, 4.

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015
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T2K: Search for v, — ve Oscillations

T2K: first results March 2011 (2 events);
June 14, 2011 (6 events): evidence for #13 #= 0 at 2.50;
July, 2013 (28 events).

For |Am35| = 2.4 x 1073 eV?, sin?2023 = 1, § = 0, NO
(IO) spectrum:

sin22013 = 0.14 (1.7), best fit.

This value is by a factor of ~ 1.6 (1.9) bigger than the
value obtained in the Daya Bay and RENO experiments.

PRV (v — ve) = PV (613, Dﬁw:wmv, 612, Am3y,623,6).
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Up to 2nd order in the two small parameters |«

|Am34|/|Am3;| < 1 and sin? 6,3 < 1:

L._.u%% Ep:ﬁtt¢ﬁmvmmuo+bﬁm_:m+munom%+muw.

Py = sin2 053 5122013 §in2[(4 — 1)A],

(A-1)2
Py = o2 2 Sin 2015 .: .2
3 = a* COS< 03 =—7+2 sin“(AA),
Pips = — ;mﬁmmuﬁs A)(sin AA) (sin[(1 — A)A)]),

Proes = a 2J02O (c65 AY(sin AA) (sin[(1 — A)A]),

A(1—-A)

— D.EWHW — man_2F

Vy = Vel 0, A— (—=6), (—A)

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Absolute Neutrino Mass Scale

The Absolute Scale
of Neutrino Mass

Aoy
v Oscillation
(Massk v
b wﬂ w Cosmology, p Decay,
)

How tar above zero
is the whole pattern?

Oscillation Data = vAm*,,, < Mass[Heaviest v,]

atm

Due to B. Kayser

5.T. Petcov, CERN-JINR European HEFP School, Bansko, 12-14 /09 /2015



Absolute Neutrino Mass Measurements

Troitzk, Mainz experiments on °H —3 He + e~ 4+ 7e:
My, <2.2eV  (95% C.L.)

We have my, = mq 23 in the case of QD spectrum. The
:._ww@m.:m:@ KATRIN experiment is planned to reach sen-
Sitivity

KATRIN: my. ~ 0.2 eV

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

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Improved f energy resolution requires a B1G f# spectrometer.

-\, Sosignal if m; > 0.35 eV

_.mo_wo_am_rm fen; 55, 11.06"
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Mass and Hierarchy from Cosmology

Cosmological and astrophysical data on > .m;: the Planck + WMAP (low [ < 25)
+ ACT (large | = 2500) CMB data + ._____.nHDE (6 parameter) model 4+ assuming

3 light massive neutrinos, implies
Y m;=X<066eV (95% C.L.)

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

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

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

M:: : § = (0.01 — 0.04) eV.

NH: »;m; <0.05 eV (30),

IH: ¥;m; > 0.10 eV (30).
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Mass and Hierarchy from Cosmology
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These data imply that

my; <<< Mep,r, Mg, ¢ = U,C, t,d, s, b
For my, < 1 eV: EE\E“.Q < 10°°

For a given family: 1072 < m;,/m, < 102

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



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

e Determination of sgn(Am2,,,,), type of v— mass spectrum

1 <€ Mo <€ ma, MNH.,
T3 <€ 1y < 1o, IH,

m1 = mo = m3, miog >> Amay,. QD; m; < 0.10 eV.

¢ Determining, or obtaining significant constraints on, the absolute scale of ;-
masses, or min(m; ).

e Status of the CP-symmetry in the lepton sector: violated due to & (Dirac),
and/or due to a1, a3 (Majorana)?

e High precision determination of Am?, #12, Am3, , b3, O13

e Searching for possible manifestations, other than wy—oscillations, of the non-
conservation of Ly, | = e, pu. 7, such as p—+ e+, 7 — n-+~, etc. decays.

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



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 v-mixing and v-masses ;
— the physical origin of C'PV phases in Uppns |

— 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 tho+ t.=n/4 7
—Is o3 = 7w/4, Or thzs > w/4 Or else Oz < w/47

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

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

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

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



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.

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Large sinfy3 = 0.16 (Daya Bay, RENQO) - far-reaching
implications for the program of reserach in neutrino
physics:

« FOr the determination of the type of vr— mass spectrum
(or of m@:hb.ﬁwﬁavv in neutrino oscillation experiments.

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

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

(possibility of a strong suppression).

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Large sinfy3 = 0.16 (Daya Bay, RENO) + § = 3n/2 -
far-reaching implications:

« FOr the searches for CP violation in v-oscillations: for
the b.f.v. one has J-p = — 0.030;

« 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 8, a necessary condition for reproducing the observed

BAU is
|sinf13 sind| =& 0.09

S. Pascoli, 5.T.P., A. Riotto, 2006.
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The Nature of Massive Neutrinos I:

Majorana versus Dirac Massive Neutrinos

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Majorana Neutrinos

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

C (xe(z))' = &xue(x), [&7 =1

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

Implications:

U(1) 0 xe(z) = ey (x) — impossible

— yirl{x) cannot absorb phases.

- ﬁ.w__.:".\_.,.__ =0 : ﬁ.wm_ == __ﬂ_". .ﬁ..__ == _ﬁ__. L = _H_".

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

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Propagators: W(z)—Dirac, y(z)—Majorana
< O[T (Wa(z)Ws(; = Sz — )
< 0T (Wal(z)Wa(y)[0>=0, <OT(Walz)Ws(y))|0>=0.

< 0|T(xa(x)X3(¥))0 >= S2,(x —y) ,

< 0|T (xal(z) xs(¥))|0 >= —£"Sh.(z — y)Cysa |

.MH D_Hﬂm..rﬂnm.um.wﬂm__—uu_ﬁ_ ..,..:.v” .m ﬁl.:..‘_._.m_.._”_.rﬂ.,_..__.w.“wﬂ“.m.. o 1__.___.u

Uep x(x) Usp =nep vo x(&'), nep=+i .
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Special Properties of the Currents of y(x)—Majorana:
Y(#)vax(z) =01 Qpy =0 (Quy(W) #0);

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

X(@)oasx(x) =01 =0 (uw#0)
Y(z)oassx(z) =0 : d, =0 (dv # 0, if CP is not conserved)
vixz) cannot couple to a real photon (field) .

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

(908 G° — gags)yesvs Fulq®).

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Properties of Currents Formed by vi(x), valz): y2 — v1 4+, y2 = yviyiyr, etc.
Yi(z)valv — avys)ya(z) (a(z)v* (1 — 4s)xa(z),...) :
e CP is conserved: v =0 (a=0) if mor =nzcr (mor = —1mpeor)

e CP is not conserved: v =0, a =0

(Has imortant implications also, e.g. for SUSY neutralino phenomenology:
et +e =+ x14+x2, xa—=+x1+I1T 41, etc.)

X1(2)oag(pz — dizys)xz(e) (F*(2))
e CP is conserved: M1z =— 0 nnm_.m = _H_u if Morp = Tz 2 _“..:._.__._h\. == |..1.H__m_“._h\,u_

e CP is not conserved: j1>2=0. di2 =0

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Pontecorvo, 1958:

X1+ x2
v(r) = # , m1FEmz >0, mop = —1m2ep

viz - Majorana, maximal mixing .

Maki, Nakagawa, Sakata, 1962:

H,._..:h_n”Hu — ._._.__,.._L__L cos m_".w + ._.—___,Mh_ sin mm___.w ;
vpp(e) = =Wy sinfe + Wop coste

W, > - Dirac (composite), - the Cabbibo angle.

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Determining the Nature of Massive Neutrinos

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Dirac CP-Nonconservation: 6 in UppmnNs

Observable manifestations in

vy < vy, H.I.___hAlme.._ ..m.._..m__”m._t.._q.

e not sensitive to Majorana CPVP x21, 31

S.M. Bilenky, J. Hosek, S.T.P.,1930:
P. Langacker et al., 1987

A(vp < vp) = Sﬁmlﬁmmlﬁ_miﬁmh
J

U=VP : ﬁmummmémiﬂw — —i(Ejt—pjx)

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;.

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



v;— Dirac or Majorana particles, fundamental problem
Vj—Dirac: conserved lepton charge exists, L= L. + L, + L+, U ww Vg

Hthl_,,,x_m‘.@.m:m_ no lepton charge is exactly conserved, /; = m“_m
The observed patterns of IY/—mixing and of Am3,, and AmZ can be related to
Majorana ?..H." and an approximate symmetry:

.ﬁ..__ — .ﬁ...\_ - .ﬁ.f - .ﬁ._.._.

S.T.P., 1982
See-saw mechanism: t.w.l Majorana

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

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



If v;— Majorana particles, Uppmns contains (3-1/ mixing)
d-Dirac, ¥x21, 31 - Majorana physical CPV phases

v-oscillations V] <> vy, V] <> Vp, 11 = e, T,
« are not sensitive to the nature of L/,

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

e provide information on Am?* = m7 — mf, but not on the absolute values
of I/; masses.

The Majorana nature of t.m" can manifest itself in the existence of AL = +2
processes:

Kt o« |_|___h+|_|~_\__,+
po+ (AZ) »pt 4 (AZ-2)

The process most sensitive to the possible Majorana nature of t.w. - (83)au-
decay

(AZ) = (A Z4+2)+e +e¢
of even-even nuclei, “°Ca, "*Ge, ¥*Se, '""Mo, *Cd, #"Te, ¥ Xe, *"Nd.
21 from (A,Z) exchange a virtual Majorana V; (via the CC weak interac-

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

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Nuclear 0vf3-decay

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

edmlininim

virtual excitation
of states of all multipolarities
in {AZ+1) nucleus

Ml

V. Rodin, talk at Gran Sasso, 2006

5.T.
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(8B)o,—Decay Experiments:
- Majorana nature of v;
- Type of v—mass spectrum (NH, IH, QD)
- Absolute neutrino mass scale

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

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



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

_.....H m Uu._ = _w:p_?,mp_m + ma|Uez|? e 4 m3|Usz|? e'o
_ V. + 2 2 i + 2 itk 010 =0 O CHOOZ
= |1 7 13 mz 870 €3 € maz 873 € . 12 = Hs, 13

¥21, ¥31 - the two Majorana CPVP of the PMNS matrix.
CP-invariance: a2, = 0, +m, a3 = 0, =,
oy = 9" =41, mm =" =41

relative CP-parities of IY/1 and V2, and of /] and I3 .

L. Wolfenstein, 1931:
S.M. Bilenky, N. Nedelcheva, S.T.P., 1934
B. Kayser, 19384,

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



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

_.nm T uu._ = ' Am? sin? fy-e +  /Am3, m._:mmﬁﬁ,..mz' , Ty << s <€ ma (NH),

_.ﬂm ! Uu._ = .a\w;w — b_.w;wu _nﬂ.mm B1> + e sin? m:m_ , ma3 < (< )my < mo (IH),

_.nm 1 Uu._ = m _anm f12 + €® sin? mpm_ ,mio3z=m < 0.10 eV (QD),
m.ﬁm = m_m_.,.._: mpwlﬁIDDN" X = (¥21, _,qwhi = (¥3].

CP-invariance: o = 0, +m, [y = 0, =,

|<m>| £5x103 eV, NH;
VAmZ cos201, 2 0.013 eV £ |<m>| £/ AmZ, Z0.055eV, IH;

mCcos 261> = _.nﬂ ﬁﬁuu._ =m, m~ 0.10 eV, QD .

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015
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5. Pascoli, PDG, 2012
m._:m_m:m_ = 0.0236 +£0.0042; § = 0.
H_._q_ﬂb.:hwhu_ = 2.6%, lo(sin“#12) = 5.4%, H_.ﬁ_ﬂ_b.:hw:mm,.__u_ = 3%.

From G.L. Fogli et al., arXiv:1205.5254v3

20(|<m>| ) used.
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Best sensitivity: GERDA (7°Ge), EXO ('*%Xe), KamLAND-ZEN (!3%Xe).

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

|<m>| =(0.1-009) eV (99.73% C.L.); b.fv.: |[<m>| =0.33 eV.

IGEX ™Ge: |[<m>| < (0.33— 1.35) eV (90% C.L.).
Recent data - NEMO3 (1""Mo), CUORICINO (*3°Te):

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

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



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

T("6Ge) = 2.2339;** x 102° 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(70Ge) > 2.1 x 10%°yr at90% C.L., GERDA.

T(7%Ge) > 3.0 x 10%°yr at90% C.L., GERDA + IGEX + HdN

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Large number of experiments: |<m>| ~ (0.01-0.05) eV

CUORE - 1307e,
GERDA - "°Ge,
KamLAND-ZEN - 136xe:
EXO - 136xe:

SNO+ - 130Tg;

AMORE - 100Mo (S. Korea):
CANDLES - 48Ca;
SuperNEMO - 82Se, ...
MAJORANA - "°Ge:
COBRA - 116¢Cqg:

MOON - 100Mmo.

5.T. Petcov, CERN-JINR European HEFP School, Bansko, 12-14 /09 /2015



@ GERDA: Experimental Setup

Cleanraom and lock

_.q. C |—.h

ISITAT %
CiEM

RS 2042 = I
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Majorana CPV Phases and |<m >|
CPV can be established provided
— |<m>| measured with A £ 15% ;

— AmzZ,  (IH) or mg (QD) measured with § = 10% ;

- £515;

— oy (QD): in the interval ~ _mlw_. or ~ _quu%_ “

— tan?éd. = 0.40 .
S. Pascoli, 5. T.P., W. Rodejohann, 2002
S. Pascoli, S.T.P., L. Wolfenstein, 2002
S. Pascoli, 5. T.P., T. Schwetz, hep-ph /0505226

No "No-go for detecting CP-Violation via (33 )o.~decay”
V. Barger et al., 2002

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Different Mechanisms of (33)q,-Decay

Vo — A >

Light Majorana Neutrino Exchange

= S

Heavy Majorana Neutrino Exchange Mechanisms

(V-A) Weak Interaction, LH N, M, =& 10 GeV:

nk = S U3 §f, mp - proton mass, Ug - CPV.

5.T. Petcov, CERN-JINR European HEFP School, Bansko, 12-14 /09 /2015



SUSY Models with R-Parity Non-conservation

4
g Al L

> _q > . .
ty Y e
r. (g __I__._..
| : » {8 ._...H_.
ik S——
i » “ " dp dp
LT o £1
/ - 7 mnm 7 1 17 mﬁh
Lr, = A111 |(ur ahvm ; uam+?h tmhvamﬁ ,.v
—VeRr Immw
_ &
+ (ur &Hmm L v + h.c
- YelL
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The problem of distinguishing between different sets
of multiple (e.g., two) mechanisms being operative in
(BB)gy-decay was studied in

1. A. Faessler, A. Meroni, S.T.P., F. Simkovic and
J. Vergados, “Uncovering Multiple CP-Nonconserving

Mechanisms of (33)g,-Decay”, arXiv:1103.2434, Phys.
Rev. D83 (2011) 113003.

2. A. Meroni, S.T.P. and F. Simkovic, “Multiple CP
Non-conserving Mechanisms of UUO::-Umnm_m and Nu-
clei with Largely Different Nuclear Matrix Elements”,

(arXiv:1212.1331, JHEP 1302 (2013) 025.

Earlier studies include:
A. Halprin, S.T.P., S.P. Rosen, "Effects of Mixing of
Light and Heavy Majorana Neutrinos in Neutrinoless

Double Beta Decay", Phys. Lett. 125B (1983) 335).
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Determining the vr—Mass Hierarchy mm@:mbﬁwﬁavv

e Reactor i, Oscillations in vacuum (JUNO, RENOS50).

e Atmospheric v experiments: subdominant v, .., — vy and v, — V.9
oscillations (matter effects) (HK, ORCA, PINGU (IceCube), INO).

e LBL vr—oscillation experiments (T2K, NOvA; LBENO, LBNE, v—factory);
designed to search also for CP vioclation.

e *H g-decay Experiments (sensitivity to 5 x 10°% eV) (NH vs IH).
e (37)p,—Decay Experiments; v;— Majorana particles (NH vs IH).

e Cosmology: } .m; (NH vs IH).

e Atomic Physics Experiments: RENP.
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Reactor v Oscillations in vacuum

—_ —_ . HAm? L . Hom L
Puo(p. — 7)) = 1 — 5 sin? 2613 T - nom$lu — 2cos*#;3 sin” 20, T — COoS =.hu u
LD . D oAt L. S L Aol L
+ sin® 2613 sin” 0 sin —5— m_:m 5L~ AE u .

Ao(ve —+ ) = 1 — £ sin® 263 T — COS Eu — 2cos* #13 sin® 26, T — cos &A™ J

h. W.
> ._D:q__u L S L o Mo L
+ sin” 2813 cos - sin ——=— sin ﬁ SE AL .

0 = 012, Am2 = Am2, > 0; sin“#2 < 0.36 at 3o;
Am3 = Am3, > 0, NO spectrum,
Am3 = Am3; >0, 10 spectrum

M. Piai, 5. T.P., hep-ph /0112074,
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The reactor v, detected via

mm+ﬁl,m+ +n.

The visible energy of the detected et:
..m._ﬂ.m_.m —_ ..m._l_l.ﬁ;m — ﬁﬁﬁ. — Eﬁv ~ F — O.Mw MeV .

The measured event rate spectrum vs. L/FEuy:

N(L/Em) = [ R(E, En)®(E)o(Fep — eTn; B)PROU) yp

|1PnO (e — Ue) — Pio(Te — Ue)| o sin2 2013 Cc0Ss 2017

cos 2012 = 0.38; 30 : cos2012 > 0.28; sin?2613 = 0.09.

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



M, (arb. units)

M, (arb. umts)

M. Piai, 5. T.P., 2001

sinf3 = 0.05, Am3, =2x 10% eV?; Am3 = 1.3; 2.5; 35x 10 % eVv?

2
A

L =20 km,AE, = 0.3 MeV.
Amz, =2 x 10°% eV?: L =20 km;
Am3, =T7.6 x 1077 eV?: L =53 km.

MO — light grey; IO — dark grey
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)

- sin” 20,,=0.1 Mo E smearing ’
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[N LTI JOND
LE (Km/GeV)

P. Ghoshal, 5. T .P., arxiv:1011.1646
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Fourier Analysis:

NO : €0s2615 sin? A +5sin? 615 sin2(A — Asq),
I0: sin?615 sin? A + cos? 615 sin?(A — Asq) .

A= A3 (NO)=|A3z0)|;
sin201o = 0.31, cos26;, = 0.69.
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E

Power, &b Units

J.Learned et al., 2007
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Very challenging; requires:

. energy resolution o/Eyic < 3%/v/Eic,

« relatively small energy scale uncertainty;

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

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

Two experiments planned with L = 50 km: Juno (20 KT,
approved), RENOS50 (18 kT). Can measure also sin? 615,

Am3; and |Am3| with remarkably high precision. Can
be used for detection of Geo, solar, SN neutrinos as well.
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Atmospheric Neutrino Experiments on m@:ﬁbﬁwwb
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Atmospheric v experiments
Subdominant v,y — v,y and v, ., — v, oscillations in the Earth.

Pa(ve = vy) = Pa(vy — 1) = 835 Poy, Pau(ve = v7) = ¢35 Pay,
Py (v, =) =1 — 83, P, — 203,83, T. — Re (e ™Ay, (v, — Fui .,

Po, = Po,(Am3,,tha; E,0,; N.): 2-v v — v, oscillations in the Earth,
vl = s23 1, + €23 vy, LD_.EWH < _b;.:w:umm_. E, = 2 GeV:

k and Az, (v — ;) = Az, are known phase and 2-v amplitude.

NO:

we) — ey Matter enhanced, v,y — v,

o(4) ~ Suppressed

IO V(o) =+ Vey Matter enhanced, vy ) — veg)—Suppressed

No charge identification (SK, HK, IceCube-PINGU, ANTARES-ORCA); event
rate (DIS regime): [20(u + N =1+ X))+ o+ N = 1T+ X)]/3
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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 + Vg

This modifies the neutrino mixing since the eigenstates
and the eigenvalues of Hyqe and of H = Hyac + Virf

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 onl
electrons, protons and neutrons, and the resulting oscil-
lations violate CP and CPT symmetries.

o , . 2 AMZ L
Py, (v — ve) = sin? 53 sin? 207% sin? =732
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sin? 207%, AM3Z, depend on the matter potential
.ﬂ\m.un.un — )\Mﬁwmﬂ l__..__f_.__..m.

For antineutrinos V. s has the opposite sign:
ﬁ\m.ﬂ..ﬂ. _ )\MQ.._M..._ L_..__{_.m.

WEWH >0 (NO): v(¢) = Ve(u) Matter enhanced,
Vp(e) — Ve(y) — SUPPressed

DEmH < 0 (I0): 7,(¢) — Ue(,) Matter enhanced,
Vy(e) — tm?vlm:vu«mmmma

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



.9 tan< 260
sin< 207, = 13
13 AH ?;:um+ﬁm_jmmmu_.w

cos 207y = H, Ne/Ne .
(1~ ) >+ tan? 2015
Nres - Am3, C0S 203
| - 2EV2G
2 2
6.56 x 10° b%iﬁﬁ lcos26cm=3 Na |
1
AMZ, D 5
=l = mﬁ — E:Lm cos? 26013 + sin mwﬁvm

For vy, — Ve Ne — (— Ne).

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015
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Earth matter effect in v, — ve, vy — Ve (MSW)

0.50 - o B
neutrinos
——— wvacuum
0.40 - antineutrinos -
L=7330km
2
0.30 - sin (20,;)=1. |

sin’(20,,)=.1

E[GeV]/Am’[eV’]

AmZ2=25x 102 eV, E™ = 6.25 GeV: P¥* = sin® #3 2" = 0.5 P2v:

i yrL F

N7 2223 cm™3 Na; L' = L/sin 20,3 = 6250/0.32 km; 2L /L., = 0.757(# 7).
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HyperKamiokande (10SK), IceCube-PINGU, ANTARES-
ORCA;

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 v induced events.

IceCube at the South Pole: PINGU

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

and u—, no u charge identification); Challenge: FE, < 2
GeV (7)

ANTARES in Mediteranian sea: ORCA

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



Water-Cerenkov detector: Hyper Kamiokande (10SK)

Sensitivity depends critically on €53, the “true” hierarchy.

J. Bernabeu, S. Palomares-Ruiz, S.T.P., 2003

2 AM3, L
4L

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

20(v;+ N =14+ X))+ +N = 1T+ X)]/3

P (v — ve) = sin? fp3 sin? 207% si
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Water-Cerenkov detector, 1.8 MTy (HK = 10SK)

Critical dependence on -3, “true hierarchy” . T. Kajita et al., 2004

J. Bernabeu, S. Palomares-Ruiz, 5. T.P., 2003
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Sensitivity to the neutrino mass hierarchy from HK atmospheric neutrino data.
f>3 and ¢z are assumed to be known as indicated in the figure.

K. Abe et al. [Letter of intent: Hyper-Kamiokande Experiment], arXiv:1109.3262.
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MNeutrino Oscillation Source

Dy ard

* Northern Hemisphere v, oscillating over one earth radii produces
vp (vr) oscillation minimum{maximum); at ~25 GeV

» Covers all possible terrestrial baselines
* “Beam” is free and never turns off

Mlenz, Movion & Boeesaoos,
———————— —

Flos, Ao DTS, 092003 (2008

1.0

0.5

0.6

Owscillation Probahilities

0.4

V LL disappeargate

0.2

e0 0 20 30 40 50
MNeutrino Encrgy (GeV)

b Deep_ore FINGL

Thumeay. Sepkxmbar 8, 12
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leeCube Lab

EOm

1450 m

2450 m
2820 m

2010 79 SiingS in operation
2011 Projact completion, BE strings

_E_ﬂ_.-___m.___.qci%

Bé sirings including & DeepCore strings
ED opical sansoes on each Stimg
5160 oplcal Sénsors

Amanda Il Array
(prdduirges 10 IOl )

DeepCore

5 strings-spacng optimizad for kemer engrges
350 ppocal Sansrs

Eitfal Tower

& | Fdm
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PINGU: Possible Geometry

» ~20 strings within
DeepCore volume w/
short string-string = 100 PINGU Emﬂ:,__mﬁ_@ .
, | CIETE _
spacing - ] ]
* IC-IC: 125m 50 . b N
e DC-DC: ~80m : . . m
= = 4 4 |
e PINGU-PINGU: <= 26m 1 5 g 1
I gy w8 K o §
* Shorter DOM-DOM S0 . : v .. B
spacing ; / o o K 1
-100}- e 0 \. -
o |C-1C: 17m e oe Stencard <
i st - .
« DC-DC: 7m P = TUE rrvwevpron |.
*PINGU-PINGU: <=5m iG585 6 50 700 750 200
X ()
* R & D for future
water/ice cerenkov

M . asan Keekrer - Reokbaian - Seprambas 2012 rafiba-Caen T ree-RIHGI
Thummoay, Septambsr G, 12

K.oskinen, ENL, 2012
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he ORCA proposed detector

;ﬂ __?.

. KM3NeT/ORCA Preliminary

an
f=
LI L B B

B 31 small PMTs 50

iy Almost uniform coverage
_ @ | Photon counting JI
1. [P Direction of photon -1001~
- B All electronics inside - 115 etrings - d_ =
I____.— h_________. _h________.
| -100  -50 0 50 100
X (m)
o 115 strings (building block) of 18 DOMs each

T | Estimated cost 40ME
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Sensitivity to the NMH

ORCA sensitivity (PRELIIMIMNARY)

Mton * years

o 1 2 3 4 5 & 7 & ¢ 10 11 12 13
s 11t
Coribined Vn _ _
5 4 pascardes Vﬁ L
m Tracks m m
o . '
e 3
e
=
[ 4]
5§ 2
ki
= 1
0 ;
(] 0.5 1 1.5 2 2.8 3 3.5
Years of ORCA proposed detector operat on
(115 strings, 18 DOMs/string)
03/09/2014 40 ME investment
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Future LBL Neutrino Oscillation Experiments on
m@:ﬁb;:mb (the Hierarchy) and CP Violation
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LBL Oscillation Experiments NOVA, DUNE
(LBNE+4+LBNO)

NOvA: Fermilab - site in Minnesota: off-axis v beam,
E =2 GeV, L =810 km, 14 kt liquid scintillator: 2014.

LBNE: 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,; 2025 (7)

LBNO: CERN-Pyhasalmi, L = 2290 km, wide band v

1.6 MW super beam (first and second osc. maxima at
E =4 GeV and 1.5 GeV),; 440 kt Water Cherenkov, or

100 kt LAr, or 50 kt liquid scintillator detector: aban-
doned in 2014!

LBNE 4+ LBNO — ELBNF renamed recently to DUNE

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015
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The slides on the LBNE (ELBNF — DUNE) project are
from the talk by B.C. Choudhary, given at the NuPhys

(Prospects in Neutrino Physics) Workshop, December
15 - 17, 2014, London, UK.
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LBNE Design

1.2 MW Proton m.?.ﬂ_ _.Eﬂ__:

_,E Enmmn__m to=2. .,_ MW
aT

wn_m_m fiducial mass T—
gsingle-phase LAr TPC P \
s Depth = 4300 niAglgraska . \ —

fine-grained tracker

[IlInoi1'ss

15-17/12/2014 BCC - MuPhys 2014, Queen Mary-University of London, LUK 4
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Fermilab Accelerator Complex
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LBNE Parameters

«  Wide band neutrino beam from FNAL
« protons: 60-120 GeV, 1.2 MW: upgradable to 2.3 MW
* 10 WS pulses every 1.0 to 1.33 sec depending on P energy&power.
+ Neutrinos: sign selected, horn focused, 0.5 - 5 GeV
+ 1300 km thru the Earth to Sanford Underground Research Facility.
= Liquid argon TPC parameters
+ 34 ki fiducial (50kt tot) at 4850 tt level. cosmics ~0.1Hz, beam ~ 8k CCiyr
« drift ~3.5 m, field: 500 V/cm, 2 mods = (14m(H)X 22m(W)X45mi(L))
« readout: ¥,u.v. pitch: 5 mm, wrapped wires, 2X108 APAs, 2X(275K ch)
« Max Yield: ~9000 e/mm/MIP, 10000 ph/mm/MIP
+ near detector parameters
« distance ~450 m, ~3M events/fton/MW /yr
« Magnetized Fine Grained Tracker (8 ton) with ECAL, and muon id.
« Supplemented by a small LARTPC (few tons) or gas TPC.

acale of project is dictated by physics. Beam and ND and FD detectors require

high technology. Project can be done in phases with international partners.

15-17/12/2014 BCC - MuPhys 2014, Queen Mary-University of London, LUK 11
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Up to 2nd order in the two small parameters |«

|Am34|/|Am3;| < 1 and sin? 6,3 < 1:

L._.u%% Ep:ﬁtt¢ﬁmvmmuo+bﬁm_:m+munom%+muw.

Py = sin2 053 5122013 §in2[(4 — 1)A],

(A-1)2
Py = o2 2 Sin 2015 .: .2
3 = a* COS< 03 =—7+2 sin“(AA),
Pips = — ;mﬁmmuﬁs A)(sin AA) (sin[(1 — A)A)]),

Proes = a 2J02O (c65 AY(sin AA) (sin[(1 — A)A]),

A(1—-A)

— D.EWHW — man_2F

Vy = Vel 0, A— (—=6), (—A)
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LBNE Sensitivity to MH & CPV

Mass Hierarchy Sensitivity (NH) GF Violation Sensitivity (NH)

LAME 34 &t LAr
58NSl =008
Signall BA Morm. Unec. on v,

1%:(5%) / 59 (10%)
|
-1 05

|
D& 1 eE DE D G i
g/

)]
& fx
Width of the band indicates variation within the 2013 allowed rage for 8,;
Exposure ~ 245kTon ~ 34 kT X 1.2 MW X (3v + 3vbar) years

Elizabeth Warchester - NOW 2014
arXiv:1307. 7335 — LBNE Document _

1517122014 BCC - MuPhys 2014, Cueen Mary-Universey o ooe e e P
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Other Measurements for a Comprehensive Program
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LBNE, for example, could achieve the determination of
the mass hierarchy at 3¢ in less then a year.

LBNE could also have very good sensitivity to CP-
violation with a 60% coverage at 3¢ in the allowed range

of values of sin?26y3, for a 200 kton Water Cherenkov
or 34 kton LAr detectors (assuming it will run for 5 years
in neutrinos and 5 years in antineutrinos).
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T he Nature of Massive Neutrinos II:

Origins of Dirac and Majorana Massive Neutrinos
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« Massive Dirac Neutrinos: U(1), Conserved (Additive)
Charge, e.qg., 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 LI (x)

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

Mass Term: any by-linear in fermion (neutrino) fields in-
variant under the proper Lorentz transformations.
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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 (x) and the total Lagrangian L(x) of the theory have.

e Dirac Neutrinos: Dirac Mass Term, requires vir(xz) - SU(2) singlet RH v fields
n(x) = — vpp(x) Mpy vig(z) + h.e. , Mp — complex
e LY (x) conserves L: L = const.
Mp = ,.Hbmm,.nm W', V.U — unitary (bi — unitary trans formation), W = Upmns

e ST 4+ 3 vp(x) - RH v fields: n =13

Lv(z) = Yiwma(z) ' (x) (it2) vac(z) + h.c.,
Mp = ——VY¥, v=246 GeV.

V2

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

Mo mechanism for generation of the observed BAU.
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The LFV processes uT — et 4~ decay, u= — e~ +et+4e~
decay, 7~ — e~ 4+ ~ decay, etc. are allowed.

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

mm

BR(u— e+7) = 557 |Uej Upj 3| = (25-3.9) x 1075,

My = 80 GeV, the W* — mass

S.T.P., 1976

“New Physics": v; — vy, 1) — vy, [,l'! = e, u, 7 oscillations.
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e Majorana v;: Majorana Mass Term of v (x), | =e.p, 7

1
hlx) = 5 ﬁm_.hnHu C L My vp(x) + he. , C Hnw.,m__m.u_H IH.H_.
o If My %= 0, L;# const., L 7 const., n =73

e v (x)—fermions: M = M T, complex.
MU =T MU, U — unitary (congruent transformation); U = Upyns

vi = xj(2) = Ulpi(2) + Ujifp = C (x5(2)) ', m; #0, j=1,2,3

CP-invariance: M*®" = M, M - real, symmetric.
Mdiag = mw;H,w:m, w;uu = pymg, my = 0, p; = =1

is mj = 00 nop(y;) =ip;

ts(x) not possible in the ST: requires New Physics Beyond the ST

(53 o~decay is allowed:; typically also BR(p — e+~), BR{(p — 3e), CR(p 4+ N —
e 4+ N) can be "large", i.e., in the range of sensitivity of ongoing (MEG) and
future planned experiments.

S.T. Petcov, CERN-JINR European HEP School, Bansko, 12-14 /09 /2015



e Majorana v;: Dirac4+Majorana Mass Term; requires both v (z) and vpp(x):

- 1 1
p+u(z) = — vrr(z) Mpu vir(z)+ 5 v (2) € Myp" v () + 5 vlp(z) €~ (M)} vip(z)-
.__.E-h.h. M - - -
M = A I EHE_, u — ! ﬁnﬁhruhﬁ — MEE, (MERT = E.Eau
D

o If Mpyy # 0 and M5" %% 0 and/or M;}"" # 0: L, # const., L # const.; n =6 (> 3)

e M = M" complex.

MUY =WTMW, W—unitary, 6 x6; W!'=(U" V'), U=Upuns: 3 x6.
() = M Uixi(z). x;i(x) — Majorana , m;#=0, [l=epu1;
i=1

v () =C (Tp(z) " = M#hahnhu v (z) : sterile antineutrino

() possible in the ST 4 wp: MM =0

n“_m_,_wuu_uﬁlﬂmﬂmu___ is allowed:
phenomenology depends on the relative magnitude of My and M,
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Dirac - Majorana Relation (if any...)

Majorana Mass Term of v (x), | = e, u, 7, can lead to Dirac neutrinos with defi-
nite mass if it conserves some lepton charge:

1 _ -
ﬂmnHu = — m HEHHU My vy n.hu + h.c. H,.%.E =C nEFnHuu._.
Y,(x) conserves, eg. L'=L.,—L,— L, ifonly M., = My, Mor = M;. £ 0
S.T.P., 1982
e Dirac v, W, is equivalent to two Majorana v's, v, having the same (positive)

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

X1 1T X2 . _
W(r) = 4, my = me = mp > 0.,ncp =ipj. ;0 = —p2 (C nH.H.u._. = piXj)
: _ XLt XL N O X1L — X2L
Example ZKM v @ v (x) =WV, = 73 , vy () = Wy = 73

e Pseudo-Dirac Neutrino: the symmetry of £},(x) is not a symmetry of Liu(x)

Suppose: v (z) =W, = (x1; + v21)/vV2, and to “leading order" m; = mgz, but
due to "higher order” corrections mi =msz, |mz —mi| = |Am| € m1z

All Majorana effects ~ Am

e SUppose: my = ms-, p1 = —p-, but v - are not maximally mixed:
ver(z) = ¥1L COS ¢ + Y2 Sing = Wy cos ¢’ + WY sin ¢’

. R ...
All Majorana effects are cos ¢’ sin ¢’
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In the case of conserved L' = L, — L, — L;:

0 .ﬁ.__h_-ﬁ i .ﬁ.__h_-.\_.._.
M=| M, 0 O
Mer O 0

m_.._.m — n_ﬂ.‘_\h_.. _m_.._.m — _D. tan m_mm — bm-&....\..?m-nt '

mz = 0 - spectrum with IH, m1 = m2, y1.2 - equivalent to one Dirac v, W .

Adding L'-breaking term, e.g. M.., _L_J_u.?__mfﬁ_i_‘ﬁmh + M2 ~ 0.01, leads to m1 # mo
compatible with Am? .
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