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There have been remarkable discoveries in neutrino
physics in the last ~ 16 years.



Compellings Evidence for v—Oscillations
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KamLAND: IL/E—Dependence (reactor ., L =180 km, E = (1.8 - 10) MeV)



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.



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).



. Data (relativistic v's): v; (7;) - predominantly LH ( RH).
Standard Theory: vy, 1) - yvip(x);

v (xz) form doublets with I (z), | = eu, T:

vi(x)
lr(x)

[l =e, pu, 1.

« No (compelling) evidence for existence of (relativistic)
v's (v's) which are predominantly RH (LH): vy (71.)
If v, vy, exist, must have much weaker interaction than
v, V. v, vr - 'sterile”, "inert".

E. Fontecorvo, 1967
In the formalism of the ST, vg 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(z), and

if it should, how many vr(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.



All compelling data compatible with 3-v mixing:
3

ViL — .MHQE?.&I l=e,pu,T
...m.”

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

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

3-v mixing: 3-flavour neutrino oscillations possible.

vu, B, at distance L: P(vy — timuv #= 0, P(vy — vy) < 1
P(vy —vp) =Py — vy, E, L, U, Sm — Emiﬂw — v

Data: the 3 vs are light: v 23, m123 5 1 eV.



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 .



PMNS Matrix: Standard Parametrization

1 0 o
U=VP, =l 0 &% 0 4
0 0 &+
12013 S12C13 s13e 0
V = | —s12c23 — 128238136  €12023 — S12823813€"  spacia
512893 — c12023513e”  —c1p8p3 — s12c3513€? ep3013

® 5 = Sin _m.&, 5 = COS5 _m.&, _m_.m..u = Tmf WT
s 4 - Dirac CPV phase, d =[0.27]; CFP inv.: d =0, 7.27;

* o1, asz1 - Majorana CPV phases, CP inv.: agyzy = k(E)m, k(E')=0,1,2...
S.M. Bilenky, J. Hosek, S.T.P., 1980

o Am? = Am2, = 7.54 x 107° eVv? = 0, sin” f12 = 0.308, cos26> < 0.28 (30),
5 _bﬁwﬁﬁ_ = 247 (2.42) x 1072 eV?, sin®fas = 0.437 (0.455), NO (I10),

e 013 - the CHOOZ angle: sin?f3 = 0.0234 (0.0240), NO (IO).
F. Capozzi et al. (Bard Group), arXiv:1312.2878v2 (May b, 2014)



. Fogli et al., Phys. Rev. D86 (2012) 013012, global
analysis, b.f.v.: sin?613 = 0.0241 (0.0244), NO (10).

o Am? =Am3 = 7.54x 10°° eV? = 0, sinf5 = 0.308, cos26;5 = 0.28 (30),

® _PEHEE_ = 247 (2.42) % 1073 eV2, sin® 3 = 0.437 (0.455), NO (10),
e f15 - the CHOOZ angle: sin“#3 = 0.0234 (0.0240), NO (IO).
o lo(Am32,) = 2.6%, la(sin?8y3) = 5.4%;

o lo(|Am? ) = 2.6%, 1o(sin® f23) = 9.6%;

mRmH__

e 1lo(sin?f13) = 8.5%;

3o0(Am2,): (6.99 —8.18) x 10-° eV?; 3o(sin“#12) : (0.259 — 0.359);

® mq:bﬁwﬁﬂ_u 2.27(2.23) — 2.65(2.60) x 1072 eV~;
3o(sin“@23) © 0.374(0.380) — 0.628(0.641);

e 30(sin®#yz) : 0.0176(0.0178) — 0.0295(0.0208).
F. Capozzi et al. (Bar Group), arXiv:1312.2878v2 (May 5, 2014)



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



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



m? m?
A I vV A
v,
.V
my - L — —-my*
solar~7x10eV? )
atmospheric T
~2x103eV?2 .
atmospheric
my - I ~2x107eV?
solar~7x10™eV?2
m > mEaa—— - I +my*
? ?
0 ¥ ¥ 0

5. F. King and C. Luhn, 2013



« 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| & 0.040 (can be relatively large!); b.f.v. with § = 37/2:
Jop = —0.030.

« 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



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.



Hints for Dirac CP Violation: § = 37/2



LBL Ac
. — .

c + Solar + K

PR PR 4 P

L + SBL Reactors + SK Atm

Sm°/107° eV 2

AMZ/107 eV ?

8.0 85 20 22 24 26 28 00 05 1.0 1.5 2.0

&/

3 T
w{- lw w{-
- R A ' ]

0.30 0.35
-
siNn“8,,

0.25

| I Tl l | I T i | I T Tl ‘I Ll L i

0.3 04 05 06 0.7 0.01

sinfe,,

F. Capozzi, E. Lisi et al.,

0.02

0.03
sin“e,,

0.04

arXiv:1312.2878
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Large sinf13 = 0.15 (Daya Bay, RENQO) + 6 = 37/2 -
far-reaching implications:

« For the searches for CP violation in v-oscillations; for
the b.f.v. one has Jop = — 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 &, a necessary condition for reproducing the observed

BAU is
|sinf;3 sind| < 0.09

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



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.



« March 8, 2012, Daya Bay: 5.20 evidence for 613 #= 0,
sin‘ 2613 = 0.092 + 0.016 + 0.005.

« April 4, 2012, RENO: 4.90 evidence for 613 # O,
sin2 2613 = 0.113 4+ 0.013 +0.0109.

« Nu'2012 (June 4-9, 2012), T2K, Double Chooz: 3.2¢
and 2.90 evidence for 613 #= 0.

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

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

humtnmm — Ve) = Huwrmmuwd ngiwmu“ 012, DSWHV =

2
Am3)(39)

4k

1 —sin?26;3sin?( L), no dependence on 653,4.
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12K: Search for v, — 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®26>3 =1, § =0, NO
(I0O) spectrum:

sin? 2013 = 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.

L_.Uﬂ..m_tﬁtt — Ve) = Lﬁ%ﬂtﬁ%Hw, Dﬂw;mmvu 012, .D_.”ﬂwf 023,0).



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)



Predictions for the CPV Phase ¢



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!
¢« 1o =7/4—0.20, 6H13=0+47/20, Or3 =m/4 —0.10.

« Uppmns due to new approximate symmetry?



A Natural Possibility (vast literature):

U= Ewammﬂv ) Qo o Urememic Plas, asy),
with
(3 V5 o ) (st O
Utem = _ ______H ______M _ ______M lam = — F H_HF P
Ve V3 “V2 |’ 2 T2 2
1 1 1 1 H_HF 1
\ "V6 V3 V2 ) \ 2 T2 2

. q_ﬁ.mnnmh.ﬁ 1) - from diagonalization of the [~ mass matrix;

« Utem.BMm.Lc P(a21,a31) - from diagonalization of the
v mass matrix;

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

F. Frampton, STF, W. Rodejohann, 2003



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

(Feviews: G. Altarell, F. Feruglio, ar&iv:1002.0211; M. Tanimoto et al., arXiv:1003.3552;
5. King and Ch. Luhn, arXiv:1301.1340)

» U c(m): alternatively U(1), L'=Le—Luy— L

S TP, 1282
« UTBM: 5750 = 1/3, 55353 = 1/2, 595 =0, s73 = 0 must be
corrected; if 053 7%= 7 /4, mmw = 0.5 must be corrected
« UBM: 59, = 1/2, s35 = 1/2, 593 = 0; s%3 = 0,
s, = 1/2 and possibly s3; = 1/2 must be corrected.

e U c: 89, =1/2, 573 =0, s45 - free parameter;

s23 = 0 and s?, = 1/2 must be corrected.



None of the symmetries leading to Uygp, Ugpm OF
other approximate forms of Upppns 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 Utgp, OF Ugpn, 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 Utpmem
and on the form of U, one obtaines diifferent ex-

perimentally 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-

served patterns of neutrino mixing and DHW



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,



Determining the v—Mass Hierarchy nm@:ﬁquwﬂad

* Reactor . Oscillations in vacuum (JUNO, RENOSO0).

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

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

ul...__?_.

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

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

¢ Atomic Physics Experiments: RENP.



Reactor v Oscillations in vacuum

.__U_Eﬁu_ﬂqlum — qlmmu =1- W m._jmmmn_.w ﬁ..._. — COs5 Eu 1 _ﬂﬂ_mh__.m“_.w m._jmmm. h..._. _ cos h:ﬂu.hu

2 .m. - m M.m_
o o HSm? L A L HAm? L
-+ sIin< 2813 sin“ . sln T L. m:.._h 5E  4E. )

Fo(v. — v.) = 1 — £ sin® 26,3 T — COS Ev — £ cos* f13 sin® 24. T — COS bau.hu

2E. 2E,
. 5 s AmL Lo Ami L  AmiL
-+ sin< 26,3 cos= . sin T m_:ﬁ 5L i)

6. =012, Am> = Am2, >0; sinf12 < 0.36 at 30;
Ams = Am3z > 0, NO spectrum,
Ama = Am3; > 0, 10 spectrum

M. Fial, 5. T.F., _._m_.,._-_..“__._xDH 12074,



The reactor v detected via

De+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(vep — etn; B)PEOUO) 4R

|Pno (Te — Te) — Pio (e — e)| ox sin2 2613 cos 2615

Cos 261> = 0.38; 30 : cos201, > 0.28: sin?26013 = 0.09.



M, {arb. units}

M, (arb. units)

5

=

M. Piai, 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.

NO — light grey; IO — dark arey
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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 : cos26i5 sin? A +sin? 65 sin?2(A — Anq),
IO : sin2601s5 sin? A + cos? 015 sin?(A — Ansq),

A= A31(NO) = |Az(10)];
sin? 010 = 0.31, cos201o =2 0.69.



E =

Power, &k Units

&

J.Learned et al., 2007



Very challenging; requires:

. energy resolution o/Eic < 3%/VEyic;

« 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: Juno (20 KT,
approved), RENO50 (18 kT). Can measure also sin® 612,

Am3, and |Am3,| with remarkably high precision. Can
be used for detection of Geo, solar, SN neutrinos as well.



Atmospheric Neutrino Experiments on m@:mDEWHV



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

.__u__m:ﬁﬁ.__m — H.__.__.Hu_ = .__u__m:ﬁﬁ._..__.n — H.__mU_ — _mmm Fa, ' .__u__m:ﬁﬁ.__m — H.__.._.u_ — _n_mm ...H__m:"_

Ps(vy —uv,) =1— mmm FPa, — mnmmmmm T. — Re (e " A5, (v; — H.,LUL ,
P, = ﬁm:nbﬁwﬁmﬁn E. 0, N.): 2-v 1. — v, oscillations in the Earth,
v = soz vy + cog vy Ama, & _D.ﬂum:mm“____ m: = 2 GeV;
w and Ao vy — ) = Ag, are known phase and 2-» amplitude.
NO: v .y — v,y Matter enhanced, v,y — v, - sUppressed
10! v,y — v,y Matter enhanced, v,y — v,y —SUppressed

Mo charge identification (SK, HK, IceCube-PINGU, ANTARES-ORCA); event
rate (DIS regime): [2a(yy + N — 1"+ X))+ o+ N — 1T+ X)]/3



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

P3, (v — ve) = sin? 63 sin? 26075 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



tan? 2013

sin? 26M, =
13 (1- Eﬂmmu.MlTumm:mmmu_.m

cos 207 = 1=Ne/Ne® _

,___H_A 1—576s)2+tan? 263

| c
Eﬂmm — DEWH CO5 M%H_.m

€ 2E\2G R
2fery2

6.56 x 10° bmﬂz_wﬁ__nmm 20cm—3 Nja,

1
A M2 A 2
ﬂwu_r — \SNH Aﬁ”_. _ Eﬂmmvm nn_ﬂ._m_ M_mwu_.m. I_I Sin M_@vam

For vy, — Ve: Ne — (— Ne¢).

|12



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(# ).



HyperKamiokande (10SK), IceCube-PINGU, ANTARES-
ORCA;

Iron Magnetised detector: INO

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

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

IceCube at the South Pole: PINGU
PINGU: 50SK; v, and v, induced events detected (ut

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

ANTARES in Mediteranian sea: ORCA



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, PINGU, ORCA); 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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Water-Cerenkov detector, 1.8 MTy (HK = 10SK)

Critical dependence on 23z, “true hierarchy” .

T. Kajita et al.,

2004

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



C @ sinfe, =04 sinle =004
- m =Ry, =04 sin’l =008
9L, sin‘l,, - 0.4 sin‘2, ~0.18
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Sensitivity to the neutrino mass hierarchy from HK atmospheric neutrino data.
-3 and #z are assumed to be known as indicated in the figure.

K. Abe et al. [Letter of intent: Hyper-Kamiockande Experiment], arkiv:11092.3262.



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

. .W. .__.D_u_u_. Hetantis n
spacing = - . P RGL |
i . strirgs i
o [C-1C: 125m S0 - e
B 4 e =
« DC-DC: ~80m I . . s i
|- & - -
* PINGU-PINGU: <= 26m i o o 1
L = i - n
i ] = *

* Shorter DOM-DOM S0 . N .
spacing - / s L e 1
100} Tos A L \ ,
o |C-1C:17m [ lead o Stenear /\ 2
B et-imige - 1
. D.Dl_u._u_ /m r.._mﬁ_ul Ty Maznos =trings ]

PPINGU-PINGU: <= 5m {52558 165 5023

e & D for future
water/ice cerenkov

0 .aran Koskren - B ookbasan - Ssprembas, 2012 rRCubsDas plore-PIMGL

Thu wcay, Septambsr G, 12

Kooskinen, EML, 2012



he ORCA proposed detector

5,: b

. KM3NeT/ORCA Preliminary

100

501

E o

e -
(@ Multi-PMT DOM ;

O 31 small PMTs ~50
[ Almost uniform coverage

1 | Photon counting

ile Direction of photon -100

4" All electronics inside

115 ﬂ::uu...__u...n 20m
. N T
-100 -50 0 50 100
X (m)

_IIIIIII

o 115 strings (building block) of 18 DOMs each
vrmEtT | Estimated cost 40ME




Sensitivity to the NMH

ORCA sensitivity (PRELIMINARY)

Mion » years

o 1 £ 3 4 H & F 8 v 10 1 12 13

= N ] BN BTN BN BESEN BN BT RN (PR RN PR R |
Corbined X _ _ : _

4 k. aco ardes Vﬁ L
Iracks 2%

Kedicn significance @

T
o o5 1 15 2 25 3 35

Years of DORCA proposed detector operat on
(115 strings, 10 DOMs/string)

03/09/2014 40 M€ investment



Future LBL Neutrino Oscillation Experiments on
mm_:nb.ﬂwb (the Hierarchy) and CP Violation



LBL Oscillation Experiments NOrA, LBENE, LBENO

NOvA: Fermilab - site in Minnesota; off-axis » 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 vy; 2025 (7)

LBENO: CERN-Pyhasalmi, L = 2290 km, wide band vy
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 (7?)
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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)



CERN-Pyhasalmi: CP-effect vy—ve

-
*Normal mass hierarchy L=2300 km
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CERN-Pyhasalmi:
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LBNE, for example, could achieve the determination of
the mass hierarchy at 3o 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? 26013, 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).



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 , cosmoloay: 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

FEM1D
ISITAT *
Lab

PG 2012 9/ 14







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



Different Mechanisms of (33)q,-Decay

V- — A

;o
W m e
L

W

Light Majorana Neutrino Exchange

|ﬂ5“u..

Tl —
Heavy Majorana Neutrino Exchange Mechanisms
(V-A) Weak Interaction, LH N, M; < 10 GeV:

hl meEEME.
My — Mr. Qm_p.aﬂ_ mp - proton mass, qmw - CPV .



SUSY Models with R-Parity Non-conservation

dy 5”_...._ 11 er
T ug  dy H__ _ ErL
| ."..__.___ ; wu 1 '-l
by Y —— - M1 |
I uy g ._1
=8 _ L
i 7 |
» oy,
iy 4
! o _u._;_
B .* e, .__._. ;
; iy _ N “SE— — - 4111 - - ..u_.___
f v | ' — ."..__.___
..H..._ 11 L

—

_ - es N\ ~ o ug
Lr = N1 |(ap dp)( B )dr+(er vp)dr( L
ﬁ v -4
e

+ (ag dp)dr( L )| + hee.



The problem of distinguishing between different sets
of multiple (e.g., two) mechanisms being operative in
(83)g,-decay was studied in

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

Mechanisms of (383)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 bbOnu-Decay and Nu-
clei with Largely Different Nuclear Matrix Elements”,

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

Earlier studies include: o
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).



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 MHH.EH.” the Planck + WMAP (low [ < 25)
+ ACT (large | = 2500) CMB data 4+ ACDM (6 parameter) model 4 assuming

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

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

Y my=x<023eV (95% C.L.)
7

Data on weak lensing of galaxies by large scale structure,
from the WMAP, and Planck experiments, and/or data from future EUCLID

combined with data

experiment, miaht allow to determine
N m; § = (0.01 —0.04) eV.

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



Instead of Conclusions

We are at the beginning of the Road...

T he Tuture of neutrino physics iIs bright.
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T he Nature of Massive Neutrinos III:

The Seesaw Mechanisms of Neutrino Mass Generation

M, from the See-Saw Mechanism

F. Minkowski, 1977.

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

F. Mohapatra, G. Senjanovic, 1980.

« Explain the smallness of yr—masses.

« T'hrough leptogenesis theory link the vr—mass genera-
tion to the generation of baryon asymmetry of the Uni-
verse.

S. Fukuaita, T. Yanaagida, 19286,



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).
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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.
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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



