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



Compellings Evidence for v—Oscillations

—vVatm: SK ur-pown ASYMMETRY

iz—, L/E— dependences of u—like events

Dominant U.I'JJ — UVt KZ2K, MINOS, T2K; CNGS (OFPERA)
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KamLAND: L/FE—Dependence (reactor ., L =180 km, E = (1.8 - 10) MeV)



Compelling Evidences for v—QOscillations: v mixing

T
|y£}= Z UE§|yj}:ﬂ Vg . mj#ol l=epu, 7, n=3,
=1

T
v (z) = _Zl Uvit(z), vj(z): mj#0,; l=enu,7.
j:

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

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

vj, mj 7 0: Dirac or Majorana particles.

Data: at least 3 vs are light: v1 23, m;23 5 1 eV,



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

Two (extreme) possibilities:

1) mgs . ~1eV,
In this case Ve(yu) — 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,  ~ (10% —103) GeV, TeV scale seesaw models;
My, . ~ (10° — 1013) GevV, “classical” seesaw models.

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



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

v (xz) form doublets with Iy (z), | = eu, T:
() _
(IL(m) ) [ =ce,u, 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 vg(z), and

if it should, how many vg(z) 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(r) < my, mgq,

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

The simplest hypothesis is that to each vy () there cor-
responds a vg(x), |l = e, u, T.

ST 4+ m(v) =0: L; = const., |l =e,pu,T;
L=Le+ L, + Ly = const.



All compelling data compatible with 3-v mixing:

3
VL — _ZlUEjij I=E:P::IT'
j:

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

vj, mj 7 0: Dirac or Majorana particles.

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

v,, E; at distance L: P(vy, — uT(E}) #= 0, Plry — ) <1
Py —vpy) =Py — vy, E, L, U, m% — m%, m% — m%)

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



Three Neutrino Mixing

3
L = Z Ugj V5L -
i=1
[71s the Fontecorvo-Maki-Nakagawa-Sakata (PMNS) neutring mixing matrix,
L'Tl:l U-:E 1-1:3
U p— ['Irlf_ll DTI_[E T,-_:S
["T'."l [’ITTE TTS

e [ - nxn unitary:

n y 3 1
mixing angles: tn(n—1) 1 3 6
CP-violating phases:
» v;— Dirac: tn—1m-2) 0O 1 3
» v;j— Majorana: sn(n— 1) 1 3 6

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

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



Majorana Neutrinos

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

C (X(z)) =&x(z), &7 =1

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

Implications:

U(1) : xe(z) — e (x) — impossible

— v (x) cannot absorb phases.
_ ﬂ['[lj:':' D Qg =0, L, =0, L=20,...

T T

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



Propagators: W{z)—Dirac, v(z)—Majorana
<OT(Wa(z)Ws(y))]0 >= S,5(z —y) .
< OIT(Wa(z)Wa(y))|0>=0, <OT(WV.(z)Ws(y))|0>=0.
< 0|T(xa(2)Xs(¥))|0 >= Sg5(z —v) .
< O[T (xa(@)xs ()0 >= —£"S, (z — y)Cis

< 0T (Xa(z)Xs(¥))|0 >=& O SEa(x — y)

Ucp x(x) Uc:zl' = nce 7o x(&'), nep = +i .



PMNS Matrix: Standard Parametrization

1 0 O
U=VP, =l 0 ¢ 0 ?
0 0 &+
12013 812013 s13e
V = | —s12c23 — 12823813  €12023 — 51285238136 S3C13
512893 — c1ocp3513€”  —c10803 — s1oco3s13e?  ep3ens

® 5 = sin E.!:j', ;5 = COS5 ﬁ'.!:j, E.;j = [EI.,%],
s 0 - Dirac CPV phase, d = [0.2x]; CP inv.: 6 =0.7.27;
» o1, as31 - Majorana CPV phases; CP inv.: agyzy = k(K )m, E(F')=0,1,2...

S.M. Bilenky, J. Hosek, S.T.P., 1980
o Am2 =Am2 =2 7.54x10°° ev? = 0, sin®#;5 = 0.308, cos2612 = 0.28 (30),

o |Am2 | =247 (2.42) x 1077 eV?, sin® 623 = 0.437 (0.455), NO (IO),

s 613 - the CHOOZ angle: sin?#i3 = 0.0234 (0.0240), NO (IO).
F. Capozzi et al. (Bar 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 107° eV? = 0, sin 5 = 0.308, cos265 = 0.28 (30),

o |Amg oy =247 (2.42) x 1073 eV?, sin#3 = 0.437 (0.455), NO (10),
e (13 - the CHOOZ angle: sin“#z = 0.0234 (0.0240), NO (I0).
o lo(Am2,) = 2.6%, lo(sin®f13) = 5.4%;

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

21023
31(23)
e 1o(sin?f13) = 8.5%;

® 30(Am2,): (6.99—8.18) x 1075 eV?; 30(sin“f12) : (0.259 — 0.359);

¥ 35(|&m§1(23}|) - 2.27(2.23) — 2.65(2.60) x 1072 eV?;

35(sin®#s3) © 0.374(0.380) — 0.628(0.641);

e 30(sin®#y3) : 0.0176(0.0178) — 0.0295(0.0298).
F. Capozzi et al. (Bar Group), arXiv:1312.2878v2 (May 5, 2014)



Absolute Neutrino Mass Scale

The Absolute Scale
of Neutrino Mass

by,
} v Orscillation
(hMass)

¥a T
?'{‘ } Cosmology, [} Decay,
Ol _____

How tar above zero
is the whole pattern?

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

atm

Due to B, Kayser



o sgn(Amz,) = sgn(Am3, o) not determined
Amz,., = Am3, > 0, normal mass ordering (NO)

Amsy, = Ami, < 0, Inverted mass ordering (10)
Convention: ] < Mo < M3 -NO, m3 < mjp < mo-10

Am3, (NO) = — Am3,(10)

my <€ mp < ma3, NH,
ms <€ m1 < mo, IH,

m1 = mo = ma, misz >> Amiy,, QD; m; £ 0.10 eV.

Vmi 4 Am3a), ms = /mi+ AmZ, - NO;

®m = 1,,__.-“fm§ -+ .&mgg — ﬂ.m%l, S — 1.|__.-“fm§ -+ .&mgg - 10;

® 111D




The (Mass)? Spectrum

F Y
V. r Va 3
: v, | Am zol
2
(Mass) Am©, . or Am?
I arm
W L) 2
v, FAmM?, v —
Normal [nverted
Am? ;= 7.6x 107V, Am?, =24 x 107 eV?

Are there more mass e1genstates, as LSND suggests,
and MiniBooNE recently hints?

Due to B. Kaysear



A -VE A

-V'”

-VT

M3"—— e — ——mf
solar~7x10eV?2
. ——FH1 2
atmospheric ]
~2x103eV?2 ‘
atmospheric
m,2 ~2x103eV?
solar~7x10™eV?

2
M - —-113
? ?
\ 4

5. F. King and C. Luhn, 2013



 Dirac phase d: v) <> vp, ip <> vy, L F U AL « Jep xsinfissing:
F.I. Krastey, S. T.F., 1988

1
Jep =Im {Ugq UpULU} = g SiN20125in 26235in 2013 cos 1 3 sin &

Current data: |J-p| < 0.040 (can be relatively large!); b.f.v. with § = 37/2:
Jop = —0.030.

« Majorana phases as1, a31:

— V] <= Uy, V] <= Uy not sensitive;

S.M. Bilenky, J. Hoselk, 5. T.F., 19280;
F. Langacker, S. T.F., G. Stelaman, S. Toshey, 1987

—|<m>| in (88)o,~decay depends on a1, @31;

— (g — e+ ) etc. in SUSY theories depend on asp 31;

— BAU, leptogenesis scenario: 5, Q21,31 !



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

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

My <€ mp <€ ma, NH,
ma <€ 1My < mo2, IH.
m1 = mp = ma, mias >> Amoy,. QD; m; = 0.10 eV.
o Determining, or obtaining significant constraints on, the absolute scale of vy-
masses, or min(m;).

s Status of the CP-symmetry Iin the lepton sector: violated due to 4 (Dirac),
and/or due to as1, as; (Majorana)?

o High precision determination of Am?, #12, Amz, ., o3, b1

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



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

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

— Are the ocbserved patterns of v-mixing and of ‘&m§1.31 related to the exis-
tence of a new symmetry?

— Is there any relations between g—mixing and v— mixing? 1s ¢y + .= /4 7
— Is oz = w/4, Or H3 = w/4 or else fz3 < w/47

— Is there any correlation between the values of PV phases and of mixing
anales in Ugppys?

e FProgress in the theory of v-mixing miaht lead to a better understanding of the
origin of the EAU.

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



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

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

« 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 4, a necessary condition for reproducing the observed

BAU is
|sinfy3 sind| < 0.09

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



Dirac CP-Nonconservation: ¢ in Uppns

Observable manifestations in

- - /
v« vp, Vp<=vp, LI =epT
» not sensitive to Majorana CPVP @91, @31
CP-invariance:
M., Cabibbo, 1978

S.M. Bilenky, J. Hoselk, 5. T.F., 19280;
W. Barger, 5. Pakvasa et al., 1930.

Py ) =Pl — ), IlFI=epu7
CPT-invariance:
P(y — v) = P(oy — )
=1 Plu—u)="PuH—n)
T-invariance:
Plyy— ) =Py — 1), LFET
A —mixing:

J-‘-l'gii:] =Plyy—w)—Pliy—1r), lFl=epu -t

AEI'!_-H = FI:;LJ; — I-";_.':]_ FI::T — ;r.q:], [ -,+— '

(ep)  _ alpr) (e,7)
AT(;-;:F’) — ATF(L:P) — _AT(CF’)

F.I. Krastev, 5. T.F., 1988; V. Barger, 5. Pakvasa et al., 1980



In vacuum: A{CEF,*E}T} = Jepte

EIEE

1
Jep=Im{Uq UpULU;} = gsm 2615 5iN 2023 5iN 2613 cosfi3sin g

}f"”'“—sir"lr['le 21_-5)J—|—5|r|r[ 32L)—|—5|n{ 13_-5)

O5C

1 Pl Krastev, S.T.P., 1928
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#) = jmatFmat
JEI%J[ — Jvac Rcp

Rep does not depend on 623 and 8,  |Rep| = 2.5
P.I. Krastev, S.T.P., 1088



Rephasing Invariants Associated with CFVF

Dirac phase &:
Jop =Im{Ua UpULUL} .
C. Jdarlskog, 1985 (for quarHSjl

CF-, T- violation effects in neutrino oscillations
F. Krastev, 5. T.F., 1988

Majorana phases ooy, o3

Si =Im{UaUL}, So=Im{UxU5} (not unigue);, or
Sy =Im{UnUS}, S5 =Im{U2U5}

d.F. MNieves and P. Fal, 1987, 2001
G.C. Branco et al., 1986
1A Aguilar-Saavedra and G.C. BEranco, 2000

CP-violation: both Im{U,U} # 0 and Re{U U5} #0 .
Sy, Sz appear in |<m>| in (33)o.~decay.

In general, Jop, 51 and S; are independent.



« March 8, 2012, Daya Bay: 5.2c0 evidence for 613 #= 0,
sin? 2013 = 0.092 + 0.016 + 0.005.

« April 4, 2012, RENO: 4.90 evidence for 613 # 0,
sin2 2613 = 0.113+ 0.013 + 0.0109.

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

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

. RENO, 12/09/2013 (TAUP 2013):
sin2 26,3 = 0.100 4 0.010 (stat.) +0.012.

PB‘”(L_-«"E — EE) — P3H(9131 *ﬁm§1(3z)? 61-, .&m%l) =

P2
1 — sin? 2613 sin?( mféfﬂ)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 #13 # 0 at 2.50;
July, 2013 (28 events).

For |[Am3;] = 2.4 x 1073 eV?, sin?26,3 = 1, § =0, NO
(IO) spectrum:

sin? 26013 = 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.

P (vu — ve) = P3Y(013, Am3y 35y, 012, Am3y,03,0).



Up to 2nd order in the two small parameters |o| =
|Am3|/|Am%{| < 1 and sin? 613 < 1:

PV man(y, — ve) =2 Py + Pangs + Peoss + P3,

oot
Py = sin? 63 5(”1_%'5")123 sin2[(A — 1)A],

0
P3 = a? cos?6yq 5'”‘52912 sin2(AA),

Pips = — ajffi)(sm A)(sin AA) (sin[(1 — A)A)]),

Prgss = o ijffjgé(ms A)(sin AA) (sin[(1 — A)A]),

Am3, L
A="00100 A= \/EGFNQM—“?TEEI.

vy — Vel 0, A— (—9), (—A)



Predictions for the CPV Phase &



Neutrino Mixing: New Symmetry?

e o =00 =gz, 023 =03tm=7(?), 013=75
2 1
REAE.
[rer=r'q.-'1r"..|SE —xl"lé xl"lé —t%(?) '
i /1 N1
\ Vs V3 va(D)

Very different from the CKM-matrix!
¢« 10 =m/4—-0.20, 6O13=0+47/20, O3 =n/4 —0.10.

« Uppmns due to new approximate symmetry?



A Natural Possibility (vast literature):

U= D]Lp(ﬁfjﬂﬁ’] Qo o) Urememic Ploo, asy),
with
(2 [1 ) 1 41

1||'|." 3|_ ]||'.'|I | E D - ( ‘\/’E :l: 1,/5 D \

Utem = _ I."Il I."Il _ I."Il e _1 :I:l 1

Ve V3 V2 2 2 2

1 N1 1 1 :I:l 1
\ ~V6 V3 V2 ) \ 2 2 2

. U,Lp(ﬁfj, 1)) - from diagonalization of the [~ mass matrix;

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

o« (. 0), - from diagonalization of both the = and v
mass matrices.

F. Frampton, STF, W. Rodejohann, 2003



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

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

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

S T.F., 1982
e UTBM: 5750 = 1/3, 55353 = 1/2, 575 =0, s73 = 0 must be
corrected; if 053 7%= 7 /4, 553 = 0.5 must be corrected
e UBM: 59, = 1/2, 835 = 1/2, 593 = 0; s%3 = 0,
s$» = 1/2 and possibly s3; = 1/2 must be corrected.
e ULc: 595 =1/2, s{3 = 0, s45 - free parameter;
s73 = 0 and s7, = 1/2 must be corrected.



None of the symmetries leading to Utgn, Ugp OF
other approximate forms of Uppng Can be exact.

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

In the two cases of U, given by Utgpy, OF Ugpy, 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 Utgm.Bm
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 .&mg



Predictions for ¢

Assume:
+ Uppns = Upho(85,%) Q(6,9)Utemem Plazi, az1),

. Uﬁep - minimal, such that

i) sinfi3 = 0.16; BM: sin261> = 0.31;
i) sin26,3 can deviate significantly (by more than
sin?643) from 0.5 (b.f.v. = 0.42-0.43).

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

UL o685, %) = Ri2(655) Ro3(653) . Q(é, ) = diag(1,e™, 1)

Leads to 6 = 6(6019,023,013) - new sum rules for 4!

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



For UtgMm:

B tan6y3 20 et 02
cosd = 35 2010 5in B1a 14 (3sin“6012 —2) (1 — cot® a3 sin“613)]

For Urgm + b.f.v. of 615,023,013

0 =3w/2orn/2 (6 =266° or § = 94°)

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

T'" model of lepton flavour: Utgpm ., 6 = 37/2 or w/2.
I. Girardi, A. Merom, STF, M. Spinrath, ardiv:1312.1966



For Ugwm:

1
COS) = — cot 260+1» tané 1 — cot? 6o sin? 6 .
2sin 014 12 23 ( 23 13)

For Ugpm + b.fov. of 019,093,013

O =T

D. Marzocca, S. T.F., A. Eomaning, M.C. Sevillia, arXiv:1302.
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Standard Ordering - TEM
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sin Ay sinfh:
N. as a function of sin iz, Sl-ﬂzﬁ'j_z, sin” 3.
dashed lines - Fogli et al., solid lines - our analysis.

Elue lines - NO, red lines - IO; NO: sin® s < 0.5 at ~ 2e.



Standard Ordering - EM, LC
6

Ly

T 1 S]'.I‘l?"."'l‘-_a sinz-ﬁ',:
N- as a function of sin &z, 5[”2512, sin” 3.
dashed lines - Fogli et al., solid lines - our analysis.

Elue lines - NO, red lines - [O; NO, IO: sin® = < 0.5 at ~ 3.0,



Standard Ordering - TEM
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N, as a function of 4, J-p. Blue lines - NO, red lines - 1O.
Dashed lines - Fogli et al., solid lines - our analysis.

Jop =0 at ~ boy b, Jop = —-0.034, NO IO;

at 30, NO: 0.032 £ Jop & 0.036 or —0.038 £ Jop & — 0.028;

at 30, I0: 0.027 = Jop = 0037 or —0.039 = Jop = — 0.024,



Standard Ordering - EM, LC
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NO, IH b.f.v.: Jop =2 0: NO, IO, at 3o —0.026 < Jop < 0.022.



Determining the v—Mass Hierarchy CEQn(&mgtm))

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

» Atmospheric v experiments: subdominant v,y — v,y and v, — v,
oscillations (matter effects) (HK, ORCA, PINGU (IceCube), INO).

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

e “‘H -decay Experiments (sensitivity to 5 x 102 eV) (NH vs IH).
e (33)0,—Decay Experiments; v,— Majorana particles (NH vs IH).
¢ Cosmology: 3 .m; (NH vs IH).

¢ Atomic Physics Experiments: RENP.



Reactor v Oscillations in vacuum

Puo(v. = p.)=1— l 5in< 2613 (1 — cos %ﬁ) — Lcos*fy3 sin? 26. (1 — COSs &;E?.__L)

e
2
+ sin® 2813 sin“ #. sin === ‘ﬂ‘"“ L ( E —"J‘”’EL),

Bo(v. — ) =1 — 5 sin? 263 (1 — COS %ﬁ) — £ cos* f3 sin” 24. (1 — COS ‘E‘m?L)

2FE 2F,
2 Dot L. ﬂumiL_ Somt L
+ sin® 2613 cos? #. sin === 7L, sm( 5L iL )

0. = O12, Am2 = Am2, >0, sin“#2 < 0.36 at 3o;
Am; = Amz; > 0, NO spectrum,
Ama = Am3, > 0, 10 spectrum

M. Piail, 5. T.F., Iwep—plw,ﬂ'DllED?&l;



The reactor v detected via

Ve+p—el +n.

The visible energy of the detected et
Eyis = FE 4+ me— (mp—mp) ¥ E—0.8 MeV.

The measured event rate spectrum vs. L/Em:

N(L/Em) = | R(E, En)®(E)o(vep — etn; B)PROUO) 4R

|Pno (Te — ) — Bio(De — e)| o sin? 2613 cos 2615

Ccos 2015 =2 0.38; 30 : cos201, > 0.28; sin?26;3 = 0.09.



N, {arb. units)

M, (arb. units)

M. Fial, 5. T.F., 2001

sin?f;3 = 0.05, Am3, =2x 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 x107° eV? L =53 km.

NO — light arey; IO — dark arey



Reactor Events
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sin® 28 .= 0.1

Mo E smearing

-=- o5z, NH
— osclH

| (000

200010
L/E (Km/GeV)

F. Ghoshal, 5. T.F.,

arxiv:1011.1646



Fourier Analysis:

NO : cos?8i5 sin? A +sin? 615 sin?(A — Anq),
IO : sin26015 sin? A + cos? 015 sin?(A — Aoq),

A= A31(NO) = [A3(10)];
sin61, = 0.31, cos?61o =2 0.69.



H

E

Power, &k Units

3

J.Learned et al., 2007



Very challenging; requires:

« energy resolution o/Eic S 3%/v/Eic;

« 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 sgn(&mgl)



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

F3rf(1"'E‘ - 1"}_[) — F3rf(yj.t - I""IE“:I = 5%3 oy, , Fﬂrr(b"e _ 1"".") = C%g Pay
Py (v, —uv,) =1— 533 Pa, — 2%3553 [1 — Re (e " As,(vy — UT):I] ,
P, = Fg,,,{&mgl,EH; E. 0y, N.): 2-v 1. — v, oscillations in the Earth,
;;;_ = 823y —+ cog vy &m%l <E |&m§1[32]|, E, =2 GeV;
v and Ao (v — 1) = Ag, are known phase and 2-» amplitude.
NO: v,y — v,y Matter enhanced, v,y — v,y - 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): [20(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 = Hyae + 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.

A2
4

P3, (v — ve) = sin? o3 sin? 26075 sin



sin? 29%, &ﬂffgl depend on the matter potential
Verf = V2Gp Ne,

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

_&m%l ;:»_D (NO): V(e) — Ve(r) Matter enhanced,
Vy(e) — Ve(y) ~ SUPPressed

Am3, < 0 (1I0): Vyu(e) — Ve(p) Matter enhanced,
Vy(e) — Ve(u) —SUPPressed



tan? 2015

sinZ26M, =
13 (1- NTES)E—I_tanEQﬂl?}
TES

cos 207, = — 1W Ne/Ne .

kl,e'(l—ﬁg%)hrtaﬂ??ﬂla
NT‘EE — &m%l CO5 25‘13

€ 2EV2G R
2reny2

6.56 x 100 Am°leV] 509 cm—3 Na |

E[Mev]

1
ADMZ ax 5
oE = 4?”31 ((1 NyEs)? cos? 2013 + sin 26"13)E

For vy, — Ve Ne — (— Ne).

12



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

0.50 - - o B
neutrinos
——— wvacuum
0.40 - antineutrinos -
L=7330km
sin®(20,.)=1.
0.30 (202,)

sin’(20,)=.1

P(v.—v)

0.20 -

0.10 -

0.00

E[GeV]/Am’[eV~]

Am® =25x 107% eV?, E™* = 6.25 GeV; P¥ =sin®#3P2" = 0.5P2;
NTes = 23 cm ™= Na; L7% = L¥/sin 2813 = 6250/0.32 km; 2aL/ L, = 0.757 (& ).

T



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

Iron Maagnetised detector: INO

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

detected (T and p™);
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 u 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, S. Palomares-REuiz, S. T.P., 2003

> AM%, L
4FE

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

Ro(y;+ N —=1"+X)+o(+N— 1T 4+ X)]/3

P(vy — ve) £ sin? 0p3 sin? 2074 sin
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J.

Eernabeu,

T. Kajita et al.,

2004

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



®  sinfe =04 sinZe =004
- m sinfhy, =04 sin’lA =008
. C1 sin‘l,, - 0.4 sin20, ~0.16
- @ sinfo =05 sin’20, =004
40~ wm sin®o, =05 sin’26, =008
- A sin'i, =05 sin’¥ =018
5 B inlos =
g5 @ s, =05 sin'X, =004
n [} slm My = .6 ain 5'“1: = .08
i - 2 - e .
b gy sin“H,, =06 sin‘28, =016
~Ea0f A b
oz MNormal mass hlerarchy
& 23K fiduelal mass: 560 KTon
o B
b
<
=
IIII II|IIII|II |

4 5 E 7 & o 10
Hyper-K years

Sensitivity to the neutrino mass hierarchy from HK atmospheric neutrino data.
-z and #s are assumed to be known as indicated in the figure.

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



Future LBL Neutrino Oscillation Experiments on
sgn(&mgl) (the Hierarchy) and CP Violation



LBL Oscillation Experiments NOvrA, LBENE, LENO

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

LBNF: 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; 202X (7)

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

1.6 MW super beam (first and second osc. maxima at
F =4 GeV and 1.5 GeV); 440 kt Water Cherenkov, or
100 kt LAr, or 50 kt liquid scintillator detector; 202Y

(?)
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Up to 2nd order in the two small parameters |o| =
|Am3|/|Am%{| < 1 and sin? 613 < 1:

PV man(y, — ve) =2 Py + Pangs + Peoss + P3,

oot
Py = sin? 63 5(”1_%'5")123 sin2[(A — 1)A],

0
P3 = a? cos?6yq 5'”‘52912 sin2(AA),

Pips = — ajffi)(sm A)(sin AA) (sin[(1 — A)A)]),

Prgss = o ijffjgé(ms A)(sin AA) (sin[(1 — A)A]),

Am3, L
A="00100 A= \/EGFNQM—“?TEEI.

vy — Vel 0, A— (—9), (—A)
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*|nverted mass hierarchy
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LBNF, for example, could achieve the determination of
the mass hierarchy at 30 in less then a year.

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

of values of sin? 2013, for a 200 kton Water Cherenkov
or 34 kton LAr detectors (assuming it will run for 5 years
iIN neutrinos and 5 years in antineutrinos).



Determining the Nature of Massive Neutrinos



Dirac CP-Nonconservation: 6 in Uppns

Observable manifestations in

V] <> Uy, V] 5 Uy, E,E":E,,U,,T

» not sensitive to Majorana CPFVP ko1, @31

S.M. Bilenky, J. Hosek, S. T.P.,12280;
F. Langacker et al., 1987

Ay < vp) = X Upge Eitrimy T
J

U=VP: Pe {BImpm)ps = mi(Btmpe)

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
ij—[}irac: conserved lepton charge exists, L=L.+ L, + L., ij ;ﬁ L_Hj

Hj—Majﬁraﬂa: no lepton charge is exactly conserved, L«*j: — L_Jj

T he observed patterns of IY/—mixing and of &mﬁtm and Am> can be related to
Majorana I-J"j: and an approximate symmetry:

I'=1IL.— L, — L
S.T.P., 1982
See-saw mechanism: Hj— Majorana

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



If Vij— Majmrana particles, UF’MNS contains (3-1 mixing)
d-Dirac, 91, @31 - Majorana physical CPV phases

V-oscillations V] <= U/, L_q — I.Ty, LI =epT,
e are not sensitive to the nature of /5,

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

e provide information on ﬂm;‘k = m;-’ — -mf, but not on the absolute values
of yj Imasses.

The Majorana nature of I/; can manifest itself in the existence of AL = 42
processes:

Kt —a +pt4pt
pm 4+ (AZ) = pT 4+ (AZ-2)

The process most sensitive to the possible Majorana nature of L"j - (33w~
decay

(A Z) - (A, Z+2)+e +e
of even-even nuclei, **Ca, "°Ge, %se, 1""Mo, 11°Cd, *"Te, 1¥°Xe, 15UNd.
2n from (A.,Z) exchange a virtual Majorana Vg (via the CC weak Iinterac-

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



Nuclear Ovf3-decay

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

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

[

2

V. Rodin, talk at Gran Sasso, 2006



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

[<m>| = |malUal? + malUel? €= + ma|Usf® ¢o=|

= |m1 3, 025+ ma 575 035 e + m3 535 Eiﬂ3‘|, B> =0., O03- CHOOZ

21, 31 - the two Majorana CFVF of the PMNS matrix.
CP-invanance: o2 = 0, £m, oz = 0, &7,
oy =€ ==x1, =™ =l

relative CP-parities of /1 and V2, and of VY] and V3 .
L. Wolfenstein, 1981,
5.0, Bilenky, M. Medelcheva, S.T.F., 1924,
B. Kayser, 1984,



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

—— ) )
|'¢:: Tri :}| = ‘ wﬁmg Eiﬂg Ay ze’™ 4 1#&??1%1 Eiﬂg ﬁlgel-'ﬂ""" . M <€ Mo <€ Mg (N H)r

I

|{m:}| \h_.-’fmg—|—ﬂ.mf3|EDSEE12—|—Eiﬂ SH"I2 I.'?12| , T3 < l:ﬂ'-éijlm]_ < T2 (]H:l,

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

, mioz=m < 0.10 eV (QD),
1o =0, 3-CHOOZ, o = a1, Gy = a31.

CP-invaniance: o = 0, +m, Jyy = 0, &,

|<m>| <5x102eV, NH;
\/ Ami, oS 2010 = 0.013 eV £ |{m j:.-»| </ Ami; = 0.055 eV, IH;

mcos20i2 £ |[<M>| £m mz010eV, QD.



.l

.01

l<m=| [eV]

(001

M

[ e-05 (.00 1

(.01 .01 0.1 1

1) - [eV]

sin® #13 = 0.0236 +0.0042: § = 0.
lo(Am3,) = 2.6%, 1a(sin®#12) = 5.4%, 1g(|&m§1(23)|] = 3%.
From G.L. Fogli ef al., arXiv:1205.5254v3

20(|<m>| ) used.




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

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

|<m>=| = (0.1—-0.9) 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 (12°Te):

|l<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(7%Ge) > 2.1 x 10%°yr at90% C.L., GERDA.

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




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

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

SNO+ - 130Te:

AMORE - 190Mo (S. Korea):
CANDLES - 48Ca:
SuperNEMO - 82Se,...;
MAJORANA - "0Ge;
COBRA - 11°Caq:

MOON - 100Mmo.



@ GERDA: Experimental Setup

Elﬂ!ﬂmm[ﬂ

F'- —rrl:
Conrol om [~

PE 2012

g ]
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Majorana CPV Phases and |<m >|

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

— Amz2,_ . (IH) or mo (QD) measured with d £ 10% ;

- £ 15;
— a2 (QD): in the interval ~ [T — 3f], or ~ [2F — 31 ;

— taﬂEE:;.;: < 0.40 .
5. Pascoli, 5. T.F., W. Rodejohann, 2002z

5. Pascoli, 5. T.P., L. Wolfenstein, 2002

5. Pascoli, 5. T.F., T. Schwetz, Iwep—pl'u,fDEDEEEG

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



Different Mechanisms of (33)q,-Decay

V — A

=
W g e
o

Light Majorana Neutrino Exchange

_{mﬁ_

T —
Heavy Majorana Neutrino Exchange Mechanisms
(V-A) Weak Interaction, LH N3, M; < 10 GeV:

L heavy ;2 m,
Ny = Xk Uekﬁ. myp - proton mass, U,.. - CPV .



SUSY Models with R-Parity Non-conservation
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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 (33)q,-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:

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, = my 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 81 f# spectrometer.

.. KATRIN

5o\ Sosignal if m,> 0.35 eV

Leégoldskafen 25 06 -



: = - AR L r .. ' ]

o il )

o e L L : , - - w  LamostConformul Comg P
,lrff-' Fay Bl rie . \ = LA Vallen Lta  Sndard parallds 0°N jnd S5°N
-.;r'.- -._r':- - 'r - - ~ T ’ e s .l- : 'II:II'—:

- .1__1 N B Ef‘_ B | ' - L ] ® W M




Mass and Hierarchy from Cosmology

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

3 light massive neutrinos, implies

Y m;=% <066eV (95% C.L.)
7

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

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

7
Data on weak lensing of galaxies by large scale structure, combined with data
from the WMAP, and Planck experiments, and/or data from future EUCLID
experiment, might 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

1.50

1.00F
0.70

Planck+WP

0.50F

0.30

Li

0.20F
0.15F

2m;|eV]

0.10

T

Planck+WP+BAQO

[H

NH

v

CKATRN [~

107

0.001

0.01

mmin[ev]

0.1




These data imply that

my; <<< Mmeu, Mg, 9 = U,C, t,d,s,b
For my, S 1 eV: my,/my, S 107°

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



M, from the See-Saw Mechanism

F. Minkowski, 1977,

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

F. Mohapatra, G. Senjanowvic, 1920,

e Explains the smallness of r—masses.

e Through leptoaenesis theory links the v—mass generation to the generation
of baryon asymmetry of the Universe Yg.

S. Fukugita, T. Yanagida, 1286; GUT's: M. Yoshimura, 1972,

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

u—e+vy, T—pt+vy, T—e+v, etc

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

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

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



The See-Saw Lagrangian

£°(z) = Locla) + Ly(e) + LN (@),
Lcc = — %Eim) Yo vz () WoT () + hec.
Ly(z) = AgNg(x) H (z) oy (z) + Y H(x) Ig(x) ¥y (z) + h.c.,
N(z) = -5 MNi(z) Ni(a).

Uy - LH r.:ir.:::L.ltzaIet,yﬁfL = (v I1), g - RH singlet, H - Higas doublet.
Basis: Mp= (M, Mo, M3); Dy =diag( My, Mz, M3), D, =diag(myi,mo, m3).
) generated by the Yukawa interaction:

— LY = AgNigH () (2), v = 174 GeV, v A = mp — complex

For Mp - sufficiently larae,

my, =~ v? M MY A = Ubns m3™ UL e
y=A=+Dxy B vVDy (Uppans) /vy, all at Mg ; R-complex, R R =1.

J.A. Casas and A. Ibarra, 2001
In GUTs, Mg < Mx, Mx ~ 101° GeV,

in GUTs, e.a., Mg = (10°%,10'2,10'5) GeV, mp ~ 1 GeV.



A=Yy



Yo =)A= +/Dx R vVD, (Uppns) T /vu, all at Mp;

R-complex, RITR =1

1A Casas and A, Ibarra, 2001
Dy = diag(Mq, Mo, M3), D, = diag(m1, mo, m3).

Models: R - CP conserving (SU(5) x T"); CPV parame-
ters in R determined by the CPV phases in U (class of
A4 mc:dels).

I’I'r%xaure zeros in Y,: CPV parameters in R and U - re-
ated.

In GUTs, Mp < My, My ~ 1010 Gev;

in GUTs, e.g., Mp = (10°,10'2,101°) GeV, mp ~ 1
GeV.



The CP-Invarinace Constraints
Assume:  C(7) ' =v;, C(ND)' =N, 3,k=1,2,3.

T he CP-symmetry transformation:

Ucp Ni(z) ULy = 0P Ni(z"), 7P =ip = +i,
Uceui(z) Ul = nt% (e, nif =ipl=+i.
CP-invariance:
;.! — -:"Lj! (ﬂ;ﬁvCFj*??;ﬂH*r j: 1:-2:-3:- E:EHM:-T:-
Convenient choice: + =i, 7 =1 (4" =1):
;J — ":,"j-! Jﬂ_}v y pf_\" — :tl y
UG = Uypy, pf = =*1,
;k — ijﬁfﬁzr . E=1,23, I!:"3:-1"-"':-7'_:-

.}Lj;_, Ugj, Hj;: - elther real or purely Imaainary.

Relevant quantity:
F';{m; = Hj';{ erm Uﬁ;ﬁ U;m . k 7+— .,

J

CP:  Phmt = Piwa (077 (00)7 (00)* = Pikmt s IM(Pjira) = 0.



Pimi = BjxBim Up U, k #=m,
CFP: mt = Pikemt (77 )7 (05)7 (Pin)° = Pigma s IM(Pygy) = 0.
Consider NH N;, NH wvy: Proz, = Hio Bz U5 U
Suppose, CP-invrainace holds at low E: =0, oo =m, asz = 0.
Thus, U, U-sz - purely imaginary.

Then real Ri> R13 corresponds to CP-violation at “high' E.



Baryon Asymmetry

Yp ="E2"B =(6.1£0.3)x10710, CmB

-

Sakharov conditions for a dynamical generation of Yz = 0 in the Early
Universe

« 5 number non-conservation.
« Violation of ¢ and C'F symmetries.

* Deviation from thermal equilibrium.



| eptogenesis

* The heavy Majorana neutrinos N, are in equilibrium in the Early Universe
as far as the processes which produce and destroy them are efficient.

e When T < M;, Ny drops out of equilibrium as it cannot be produced
efficiently anymore.

o ITT(N, — b iT)£ET (N, — @t ¢7), a lepton asymmetry will be generated.

« Wash-out processes, like & 4/ - N, ¢ + T - 4+ 7T, etc. tend
to erase the asymmetry. Under the condition of non-equilibrium, they are
less efficient than the direct processes in which the lepton asymmetry is
created. The final resullt is a net (non-zero) lepton asymmetry.

e This lepton asvmmetry i1s then converted into a barvon asymmetry by
(B + L) violating but (F — L) conserving sphaleron processes which exist
within the SM (at T = Mgwsg)-

S. Fukugita, T. Yanagida, 1936,



In order to compute Yg:

1. calculate the CP-asvmmetry:

TNy = @ ) =T (N, — et 1)
TNy — @ )+ T(N, — e+ )

£1

2. solve the Boltzmann (or similar) equation to account for the wash-out
of the asymmetry:

Y. = ke
where « = k(m) is the “efficiency factor”, m is the “the wash-out mass

parameter” - determines the rate of wash-out processes;

3. the lepton asymmetry is converted into a baryon asymmetry:

- Cs
Yo = —ks
O



Baryon number violation in the SM

Instanton and Sphaleron processes

SU(2) instantons lead to (leading order) to effective 12 fermion (B + L)
nonconserving, but (B — ) conserving, interactions:

C”:B _I_ L::I — n:qL:QL:QL:EL:

These would induce AF = Al = 3 processes:

ur,+dr+ecp+sp+tr+br+ver+v,n+v.p — dp+br+5g

However, at T = 0 the probability of such processes is [/V ~ ¢~ #7/® ~ 107165,

't Hooft, 1976



At finite T, the transitions proceed via thermal fluctuations (over the
barrier) with an unsuppressed probability (due to sphaleron (static) con-
figurations - saddle “points” of the field energy of the S[U(2) gauge - Higgs

field system):
)V ~a*T?.

Kuzmin, Rubakov, Shaposhnikow, 1985;

Arnold et al., 1987 and 1997.
Sphaleron processes are efficient (in the case of interest) at
Tew ~ 100 GeV < 1' < 102 Gev

Can generate B0, L#0 at Tew < T(< 10'° GeV) from (B — L)g # 0 (with
(B — L) = const.).
Harvey, Tumer, 1990



| eptogenesis

Yp =102~ 86 x 1071 (n,: ~6.3x 10719)

Yg= —-1072 E R
YW. Buchmiuoller, M. Plimacher, 1993;

V. Buchmidller, P. Di Bari, M. FPlUmacher, 2004
li— efficiency factor: K~ 1071 —10"3%: £ = 107,
£: OFP—, L— violating asymmetry generated in out of equilibrium Ng;—decays in
the early Universe,

(N = @ #F) =T (N — &)
COM(Ny — @ )+ T (N — dti)

£1

M.A. Luty, 1992

L. Covi, E. Roulet and F. Vissani, 199&;
M. Flanz et al., 199&;

M. Flimacher, 1997;

A, PFilaftsis, 1997,

Kk = k(), ™ - determines the rate of wash-out processes:

bt 4+ = Ny, £+t - b LT, etc.
YW, Buchmuller, FP. DI Bari and M. Flumacher, 2002;
G. F. Giudice et al., 2004






Low Energy Leptonic CPV and Leptogenesis

Assume: My <€ M- & M5
Individual asymmetries:

1/2 3;2 -
3N, Im (Zj kT L kHleH:)

1] = — 5 2 . v =174 GeV
l6mv Ej m |R1j;|
2
— A 1/2 ;14
= = Zﬁlkm& Ug| » 1 =ep,
My -

The “"one-flavor' approximation - Ye - - "smal
Boltzmann egn. for n(Ny) and AL = A(L.+ L, + L;).

Y; He(z)lg( )y~ out of equilibrium at T ~ M.

One-flavor approximation: My ~ T = 101 GeV

g1 = £11 — —



Two-Flavour Regime
At My ~T ~ 1012 GeV: Y; - in equilibrium, Y., - not;

wash-out dynamics changes: 7, TE_

N1 — (Ace, +Aop, + A7) + &t (Aree; + Aupy +A-7. )+ &t — Ny,
.+ ®° —71y, T +7 — N1+, etc
£1r and (1. + £1,) = £2 evolve independently.

T hree-Flavour Regime

At My ~T ~ 107 GeV: Y;, Y, - in equilibrium, Y. - not.

£1+, £1. and =1, evolve independently.

Thus, at My ~ 10° — 102 GeV: L., AL; - distinguishable;
Le, Ly, AL, AL, - individually not distinguishable;

Le+ Ly, A(Le+ L)
A, Abada et al., 2006; E. Nardi et al., 2006
A, Abada et al., 2006



Individual asymmetries:
Assume: My € Mz < Ms, 10° £ My (~T) £ 102 GeVv,
g, I (ijmuz 3;2{;* .erIjHlk)

1= —
16T Zj e |H1j|

2

|5’~1.:|2?JE | —
- EHI'_,I!-,. T

?

z Ry kml /2 2

T he baryon asym r"ﬂra-tr’:x.:r s
12 417 390
Y ~ — . = m. :
5 3?9*(2??(!:_}8@ 2)+E H(Eegm))

— —1 _ —1.16
—_ My 0.2 x 10 3eV
n(m) = ((8.25 % 10-3 ev) + ( o ) )

Yi = —(12/37) (Yo + Y3),

M2 = 1M1 + M1y

Yo=Y.r, f2=g1:+ =1,
AL Abada et al.,

2006 E. Mardi et al.,
A, Abada et al.,

2006
2006



Real (Purely Imaginary) R: €1; #0, CPV from U

et 8+ E1r =252+ 21, =0,

vz 3 e SR
30N, Im (Ejkm / / UZLU; kﬁljﬁlk)
16mv* > m; | Ryl

_ 3M 2 ik m?fz Uzimk — m;) Ry Rudm (U7 U-) RyjRyy = £ | Ry Ry
— d 7 T J i

16mv? > m; | Rl
1/2 1/2 i
30, Zj_k::.j mjf / (my + m;) |R; R Re L:jL'Th) ]
- T - Ry Rig = +i| Ry jRyg|
167w S my | Ryl

S, Pascoll, S.T.P., A, Riotto, 2006,

CP-Violation:  Im(U.U.) #0, Re(ULU.x) #0;

y 12 =1. 390 _ 417
= - — —m+ | —
B 37 4, \"\ 580 "\ 580"




my <€ mp <€ mz, My <€ Moz, RisHiz— real;, mp =0, Ri1 =0 (N3 decoupling)

3My+/ .&m%l (.&mz )I | R12B13]
1y —  — -
16mv? A2 A \ 3
# (ﬂﬂﬂ.]) |H12|E_|_|H13|2
/
< 1- Y= | m (9)
\ Amz,)
s . ¥
Im(U50,3) = —e13 |e23s23c128I0 (f) — 33512513 Slﬂ(r_’:—f)]

azz =m, 6 =0: Re(U5U,3) =0, CPV dueto R
S. Pascoli, S.T.P., A. Riotto, 2006.



My <& Mz < M3, m1 <€ ma €< m3 (NH)
Dirac CP-violation

az2 = 0 (27), oz = m (0); [Foz = F12+ 13 = arg(H12H13).

|R12]? 22 0.85, |R13]? = 1 — |R12|? 2 0.15 - maximise |e;| and |Yz|:

0
Ys| =£2.8 x 1072 sin 4| (S”) R I
0.2/ \10° Gev

Yz| = 8 x 10711, A £ 5 x 10 Gev imply
|sinfys sind| = 0.11, sinfs < 0.11.

T he lower limit corresponds to

Jep| = 2.4 x 1072
FOR az; =0 (27), bz =0 (7):

| sin #13 sind| = 0.09, sinfl1s = 0.09; |Jcp| = 2.0 x 1072



The requirement sinf13 < 0.09 (0.11) - compatible with
the Daya Bay result: sinfy3 = 0.15.

|sinf13sind| & 0.11 implies |sind| & 0.7 - compatible
with § 2 37/2.

sinf13 = 0.15 and § = 3«/2 imply relatively large (ob-
servable) CPV effects in neutrino oscillations: Jcp =
—~35x 102,



M, < Mz < M3, m1 <€ mz2 €< m3 (NH)
Majorana CP-violation
0 =0, real Ri2, Fi3 (823 =7 (0));

X3 = ﬂ'frg, |R12 2 = G.EE, |R13|2 =1- |R12 2 = 0.15 - maximise |ET| and |YE|I

N
V| =2 x10712 [ Y281 Am3, M, .
0.05 eV | \10° GeV

We get |Yg| = 8 x 1071, for A = 3.6 x 101° GeV, or |sinasz/2| = 0.15



My, < M2 < M3, ms < my < m2 (IH)

msz = 0, H13 =0 (N3 decoupling): impossible to reproduce YB"*’E for real Ri1 1o

|Yg| suppressed by the additional factor Am?2 /|| = 0.03.
FPurely imaginary R Ri2: no (additional) suppression
Dirac CP-violation

a2y = m;, Ry Rip = ik|Ri1Rio|, k= 1;

|R11| £ 1.07, |Ri2|” = |R11]* — 1, |Ri2| = 0.38 - maximise |e;| and |Yg|:

M,
Vel 22£8.1x 10712 sin & .

Yg| = 8 x 1071, Ay £ 5 x 10 GeV imply

|sinfz sind| = 0.02, sinfis < 0.02.

T he lower limit corresponds to

|Jep| = 4.6 x 1073



5
s
0
75

(Yz/10')

25

0 I 2 3 4 N )
0

My <= M2 = Mz, m1 < mo << maz, Dirac CP-violation, oz = 0; 2w,

real Rip, Riz, |R12|? + |R13/? =1, |Ry5| = 0.86, |Ry3| = 0.51, sign (Ri2R13) = +1;
i) azz =0 (& = +4+1), s13 = 0.2 (red line) and s13 = 0.1 (dark blue line);

M) aze =27 (K = —1), s13 = 0.2 {light blue line);

M; =5 x 10! Gev.

S. Pascoll, S.T.P., A. Riotto, 2006,



115 -1l -105 -10 -95 -9
Log,o¥s

M, & Mo < Mz, my <€ ms < ms;, M] =5 x 101 GeVv:
Dirac CP-violation, az; =0 (2r);

|R12| = 0.86, |Ri3| = 0.51, sign (R1oR13) = +1 (—1) (B3 =0 (7)), & = +1);
T he red reg]':lr'l denotes the 2o allowed range of YE.

S. Pascoli, 5. T.P., A. Riotto, 2006.



(Yg/10'h)
2 8 8

=

-
)

My € Ma < Mz, my < m2 < ms, My =5 x 101! Gev,

real ng, H13, Sigﬂ (ngﬂﬂ] = —|—1, Hfg —|— H%E = 1, B13 = G.E[];

a) Majorana CP-violation (blue line), d =0 and az = 7/2 (& = +1);
b) Dirac CP-violation (red line), éd = 7/2 and s = 0 (&' = +1);
Am?, sin® 612, Am3,, sin° 203 - fixed at their best fit values.



(Yr/10')
— 2 | | [l
L ] LA —

=

My € My < Mz, m3 € my < ma, M] = 2 x 101! GeVv,
Majorana CP-violation, 4 = 0;
purely imaginary RyiRio = ik|Ri1Riz|, « = —1, |R11|* — |Ri2|* =1, |R11| = 1.2;
s13 = 0 (blue line) and 0.2 (red ling).
5. Pascoll, 5. T.P., A, Riotto, 2006,
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2 10,1 ot
— :

~102

~103
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[m eV

My € My < Mz, m3 € my < ma, M] = 2 x 101! GeVv,
Majorana CP-violation, d =0, s13 = 0;

purely imaginary Ry Rio = ik|R11Riz|, & = +1 |R11|? — |R12|* = 1, |R11| = 1.05.
The Majorana phase ap Is varied In the interval [—w /2, m/2].

=, Pascoll, 5. T.F., A. Riotto, 2006,



My & Mz € M3, ms < m1 < m2 (IH)

Majorana or Dirac CP-violation

mz =0, i3 # 0, B11(H12) = 0: possible to reproduce YE‘."” for real Hyo¢11yH13 # 0
Requires ms == (10°° — 1072) eV, non-trivial dependence of |Yg| on ms

Majorana CPV, d =0 (7): reguires My = 3.5 x 101" GeV

Dirac CPV, asxs1y = 0! typically requires My < 10! GeV

Y| = 8 x 107, My £ 5 x 10 GeV imply

|sin @3 sind|, sin#ys < (0.04 —0.09).

T he lower limit corresponds to

|Jcp| = (0.009 — 0.02)

NO (NH) spectrum, my << (<) mo < ms. similar dependence of |Yg| on my if
R1- =0, R11R13 # 0; non-trivial effects for m1 = (107% -5 x 1072) eV.
E. Maolinaro, S.T.FP., T. Shindou, %. Takanishi, 2007



M,[GeV]

i 5-13=D.2 """"
L b S —
[ & pal 4

10" 10° 10® 107 10° 10° 10* 102 10%
ma[E“"‘]

ms < my < ma, My < Ms < Mz, real Ry;; My = (10°-10%2) GeV, 5,3 = 0.2;0.1,0;

E. Molinaro, S. T.F., T. Shindou, ¥. Takanishi, 2007



Low Energy Leptonic CPV and Leptogenesis: Summary

Leptogenesis: see-saw mechanism,; N; - heavy RH v's;
N;, v - Majorana particles

_,T".,I.rj: ﬂ.{]_ =<4 J"L{E = ﬂ-fg

The observed value of the baryon asymmetry of the Universe can be generated

A. CP-violation due to the Dirac phase 8 in Uppns, No other sources of CPWV
(Majorana phases in Usmns equal to 0, etc.); requires My = 101 GeVv.

M1 <€ Mo <€ M3 (NH:I

|sinf13 sind| = 0.09,  sin#iz = 0.09; |Jep| = 20x 1072

My <5 1M < M9 I:IH:II
|sinfh3 sind| = 0.02, sin#hz = 0.02; |Jep| = 4.6x 1077

E. CP-violation due to the Majorana phases in Ugnans, No other sources of CPV
(Dirac phase in Upnmns equal to 0, etc.); requires M, = 3.5 x 10'° GeV.

C. CP-violation due to both Dirac and Majorana phases in Ugpans.

D. Yg can depend non-trivially on min(m;) ~ (107> — 1072) eV.

_ S, Pascoli, S.T.P., A._Riotto, 2006 (A-C);
E. Molinaro, S.T.F., T. Shindou, . Takanishi, 2007 (D).



Complex R: g1; #0, CPV from U and R
my < mo < msz (NH), My < Mzs3, mp1 =0, B1p =0 (N3 decoupling)
R{, + Ris = |Rip[?e™= + |Rysl?et?s = 1,

|R12|? sIn2p10 + |R13|? sin2p1s = 01 sgn(sin2p12) = —san(sin2p13) .

1+ |Ryl*—| Al

SRE 5][’121‘.,5'12::&1\_/1—{:'3522%912,

COS5 Ef.,.‘:'j_g =

1—|Rsz|* 4+ Risl* - /
Co52ip13 = lljlil%:-llﬂ 13| . SN2z = F+/1— cos? 23 .




[ Ly}
L

Yl 10"

’ | R | | |
0.1 02 03 04 05 06 0.7 08 09 1
|R13|

m1 < mp < mz (NO(NH)), B11 =0, CPV due to R and U,
X3 — FTI“;Q , 813 =— 0.2 ,ri'i = ':l, Siﬂzﬁga = O.64, |H12| = l, _Mrl = 1'-:]11 GEU;
Y5 Ane| (R CPV, blue), |YSAux| (I CPV, areen), total |Yg| (red line)
E. Molinaro, S.T.F., 2002



Low Energy Leptonic CPV and Leptogenesis (contd.)

E. Interesting case: CPV due to the Majorana phases in Ugyys and the R-phases

ms & my < mo (IH), My < Moz, ms =0, Im(R7;) =0.

Rf, + R, + ;=1

|Ryq[2ei2on + H%E ci2ina _|_ng _

|R11]? sin2p11 + |R12|? sin2p1 = 0.

[YEARe| o [R11]? sin(2p11) (|Ur1]? — |Ura]?) - can be suppressed:

|U,,-1|2 — |U,,-g|2 = (sfz — cfz)sga — & 512012823003513 C05A = —0.20 —0.92513 COSd .
5iN? @1 = 0.3, sin® Pz = 0.5: (—sin#s cosd) = 0.15

(sin® 12 = 0.38, sin®fz = 0.36: 0.06 = (—sinf3 cosd) = 0.12)
E. Maolinaro, S.T.P., 2008, 2010.



1.4

I I
13 cost =015 e

-5
] 2 -5., COS0 =0.16
' -545 COS6 = 0.17
-54q c0S0 = 0.2 e

0.8
0.6
0.4
0.2

gl 10"

IR,

mz < m1 < m2 (IH)), Bz =0, Majorana and RE-matrix CPV,
¥m] — FTI“;Q , (—s13cosd) =0.15, |H11| = 1.2, M = 10 GeVv:
Y5 Ane| (R CPV, blue), |YSAwux| (I CPV, areen), total |Yg| (red line).
E. Molinaro, S.T.F., 2002



The preceding results: for

[R13]?|sin(2513)| << min(|Ry1 12|?]sin(2311,12)]-
Results for arbitrary complex R13:

the “high energy’” contribution to the BAU is subdom-
inat (or strongly suppressed) for, e.g., M; = 101 GeV
and arbitrary arg(R13) = @13 if

. for |[R11| < 0.5, |Ry3| satisfies |R13| & |R11];
« for 0.5 < |R11| < 1 we have |R13| < 0.5;

.and if for |[Ry11] > 1 we have |R13| < |R11]/2.

In each of these cases we can have successful leptoge-
nesis due to the contribution to the baryon asymmetry

associated with the Majorana CP violating phase(s) in
the neutrino mixing matrix.



Conclusions

Understanding the status of the CP-symmetry in the lepton sector is of
fundamental importance.

Dirac and Majorana CPV may have the same source.

Obtaining information on Dirac and Majorana CPV i1s a remarkably chal-
lenging problem.

The see-saw mechanism provides a link between the ~-mass generation
and the baryon asymmetry of the Universe (BAU).

Any of the CPV phases in Ugyys can be the leptogenesis CPV parameters.
Low energy leptonic CPV can be directly related to the existence of BAU.

These results underline further the Importance of the experimental
searches for Dirac and/or Majorana leptonic CP-violation at low ener-
gies.



Conclusions (Contd.)

We are at the beginning of the Road...

T he future of neutrino physics i1s bright.
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Neutrino Oscillation Source

* Northern Hemisphere v, oscillating over one earth radii produces
v (vo) 0scillation minimum{maximum) at ~25 GeV

* Covers all possible terrestrial baselines

* "Beam” is free and never turns off
Foleniz, bdocion & Falecaous, Aloes, Ao OT8, 0220032 (2008;
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he ORCA proposed detector
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Sensitivity to the NMH
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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, 19230,

« Explain the smallness of v—masses.

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

S. Fukuaita, T. Yanagida, 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
HOY 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 v - 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: MLl = 0, |Mp =
YV /2| << | MR

« 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 (V)T M7YY = Uppns m9?9 Ub s -

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



|

|

|

|

|
) o ‘ =

iR N; v,

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

1 - 1 _
v () =+ 5 vip(z) ¢~ (MERY up(c) 4 hee. = -5 ZN:,- M; N; |
i

e Yukawa type coupling of v (z) and vg(x) involving & (x):

Ly(zr) = T’EE@I) "-13‘1.'(:5) (it2) yr(z) 4+ h.c.,
= YjiN;jr(z) @' (z) (it2) ¥yr(z) + h.c.,
Mp = —Y¥., v=246 GeV.

V2



Type Il Seesaw Mechanism
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H

|
|
|
|
é

o

il
YI'r Ly,

g

Cue to 1. Girardi

~ 2 ar—1 __ 7rx dia T
My—h’i'_? MH _UPMNS mn,, J UPMNS .

h ~ 102

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



Type III Seesaw Mechanism

| |

¢ : ¢
|
|
N

|
|
|
|
> » : >

I‘fR ? Vi,

My =202 (V) MY Yr = Ubyns m929 ULy e -

vYp ~1 GeV, Mpr ~ 1010 GeVv: 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, ™ — ﬂfﬂfﬁglﬂfr, M = diag( My, M, M3), M; ~ (100 — 1000) GeV.

- g —_ . ,_ ) )
Ly = — —Eﬂf’h (BV)(1 —45) Npe W® + hc., (RV )y = Uy,
N 9 _—— R n
Lye = 5, ViLa (RV ) Nk Z° + 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(142), 0<z< 1.

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



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

- 1 21‘2 s ) 2
(BV), 2P = =22 Ups 4 iv/ma/msUs| , NH,
2 Jnl.fl mg —I— m3
lyz.rz Mo —_— o . 1_9'2?-'2 .
RV), |7 = = Uz +iy/my/malln| = = U+ il |” , TH,
((RV )| > V2 my + ma o +iv/my fmalp 4;‘1!5' 2+ iU |
M
(BV); = +i(BWV)p /==, t=e 7,
V A

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

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

Low energy data:

(RV)a|? = 2x1077,

|

(RV)u]? £ 08x1077,
(RV)a|? = 26x10°.

5. Antusch et al., 2008

Observation of N, > at LHC - problematic.



LFV processes: pu — e+, u — 3e, oo + N — e + N: can proceed with

exchange of virtual _-""-rrj:
e .

7 14)
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y = 0.01 (red pts) and iv) y = 0.1 (cyan pts).
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The exchange of virtual NV, gives a contribution to |<m>| :

|l<m>| = 3. (Upynsg)Zmi — >, fFIA M) (RV)Z, %ﬁ ,
f(A M) = f(A).

For, e.qa., *3Ca, "°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.



Mormal Hierarchy Luverted Hicrarehy
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|l<m>| vs |(BV).| for ®Ge in the cases of NH (left panel) and IH (right panel)
light neutrino mass spectrum, for M; = 100 GeV and i) y = 0.001 (blue), ii)
y = 0.01 (green). The gray markers correspond to [<m =% = |3 (Upyrys)2m;|.

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



