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 .



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

X(r)vax(z) =0 Qpy =0 (Quy(W)7=0);

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

X(x)oasx(z) =0 pu, =0 (puu70)
Y(z)oaeysx(z) =0 d, =0 (dy #0, if CP is not conserved)

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

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

(gas 4 — qugs)va~vs Fula®).



Properties of Currents Formed by vi(z). v2(x): v2 — x1 +7, ¥2 — yvixixiL. etc.
X1(z)valv — avye)xa(z) (a(z)y" (1 —ve)xilz)...)

e CP is conserved: v =0 (a=0) If micp = nace (mep = —1pcp)

e CF is not conserved: v+ =0, a =10

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

Yi(z)ona (e — dizys)xa(z) (F*9(z)):

e CP is conserved: pi2 =0 (diz = 0) If niop = nocp (meop = —mpep)

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



F’Gf"ltECGWG, 1958:
X1+ x2
V2 o

vi2 - Majorana, maximal mixing .

viz) = m1 #=m2 > 0, mep = —1hep

Maki, Nakaaawa, Sakata, 1962:

ver{x) = Wy COSfc + Warsinde,
L’FL(&?] = —llflL sin Er:.r —|- w;_{, EOSEE .

W, 5 - Dirac (composite), - the Cabbibo angle.



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 g-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.
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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 - 199Mo (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
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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



Determining the vr—Mass Hierarchy (sgn(&mgtm)

2

m I[H NH
A

Our convention for 10: m3 < m1 < mo.



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

* Reactor . Oscillations in vacuum (Day Bay II (JUNO), RENO50).

» Atmospheric v experiments: subdominant v,y — v,y and v, — v,
oscillations (matter effects) (HK, 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 1072 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 . Oscillations in vacuum

Puo(@ — 7.) =1 — L sin? 20,5 (1 _ cos AmiL

2E,
+ sin® 28,5 sin“ . sin

os*f13 sin® 20. (1 — COs ‘ﬂ‘zm;f)
__ﬂm’L)

1e
5 C
ﬂmlL gl (

‘1
ﬁ
_E' )

ok oF,
Am? L sin &miL_ HAm? L
4 k., 2E, 4 k., ’

Fo(Ve — 1) = 1 — £ sin” 26,3 (1 — COS ﬁé&) — 2 cos* 13 sin” 26. (1 — COS ‘ﬂ‘”‘]-."‘)

+ sin® 2815 cos2 A, sin

0. = 012, Am2 = Am2, > 0; sin?0;» < 0.36 at 3o;
Ami = Am3; >0, NH spectrum,
Amy = Am35 >0, IH spectrum

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



The reactor v detected via

ve +p— e++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) = J R(E, En)®(E)o(Dep — etn; B)PYOUqp

|Pno(Te — e) — Bo(De — 7e)| o sin? 2613 cos 2615

Cos 2015, =2 0.38; 30 : Ccos201-, > 0.28: sin?2613 = 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.

NH — liaht arey: IH — dark arey



Reactor Events

025
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it
i
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e

005

0

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 — Aoq),
IO : sin261y sin? A + cos? 615 sin?(A — Aoq),

A =A31(NH) = |Azx(IH)|;
sin? 01, = 0.31, cos201o =2 0.69.



H

E

Power, &k Units

3

J.Learned et al., 2007



Very challenging; requires:

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

e relatively small energy scale uncertainty;

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

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

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



Atmospheric Neutrino Experiments on sgn(&mgl)



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

-PEH(I-"': — 1"';.[) = PEH(I"'}.I — 1"':) = 5%3 FE!J:--PEH(F: — 1"".") = E%g PQH:-
PELI':I"'# — I".u:] =1- 5%3 Py, — 23'33553 [1 — He (E_iﬁ:‘iﬂu(yﬁr — I""Tj):l :

Po, = Po,(Am2,, 015, E,6,, N.): 2-v v. — v osclllations In the Earth,
vl = so3 vy + co3 vy &m%l = |&m§1r:32}|, E, =2 2 GeV:

woand Az (v: — ) = Az, are known phase and 2-i» amplitude.
NO! vy — v Matter enhanced, v,y — Vg, - Suppressed
IO: v, () — Ve, Matter enhanced, vy, — v,)—Suppressed

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



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



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

Iron Magnetised detector: INO

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

detected (put and pu7);
not designed to detect v and ve induced events.

IceCube at the South Pole: PINGU (7)

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

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



Water-Cerenkov detector: Hyper Kamiokande (10SK)

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

Jd. Bernabeu, S. Palomares-REuiz, S. T.P., 2003

> AM%, L
4FE

No charge identification (SK, HK, IceCube-PINGU);
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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Water-Cerenkov detector, 1.8 MTy (HK = 10SK)

Critical dependence on #23, “true hierarchy” .

J.

Eernabeu,

T. Kajita et al.,

2004

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



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



Neutrino Oscillations in Matter

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

W
¥

P(v,, — ve) = sin? 6p3 sin” 207% 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



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)



L BL Oscillation Experiments NOvA, LBENE, LBENO

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

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

years with v,; 2023 (7)

LAGUNA-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; 2023 (?)
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*|nverted mass hierarchy

CERN-Pyhisalmi: CP-effect vy— ve
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T he Nature of Massive Neutrinos II:

Origins of Dirac and Majorana Massive Neutrinos



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

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

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

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

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



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

e Dirac Neutrinos: Dirac Mass Term, requires vg(x) - SU(2); singlet RH v fields
LY(x) = — vpgpl(z) Mpy vip(z) + he. . Mp — complex
o L% (x) conserves L: L = const.
Mp = VMW, V.U — unitary (bi — unitary trans formation), W = Upnns

o ST + 3 vr(z) - RH v fields: n =3

Ly(z) = Yima(z)®' () (it2) due(z) + h.c.,
;
Mp = —Y", »=246 GeV.
Y V2 !

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

No mechanism for generation of the observed BEAU.



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

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

2 2
BR(p— e+7) = 22 |Ug; U %’*{ >~ (2.5 - 3.9) x 10755,

My =2 80 GeV, the W= — mass

S.T.P., 1976

“New Physics": v; — vy, v — vy, 1,1 = e, u, 7 oscillations.



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

L 1 — _
M’(m) — E HTL(EJ) .’ 1 ﬂﬂa; L-'ELI:.T) —I—hc . i 1"]'&(:': —*"].-;r

o If Myy =0, L; & const., L # const.,, n=273
o yp(z)—fermions: M = M T, complex.
MEes = [TV MU, 7 — unitary (conaruent transformation); UV = Uppins
vi = x;(@) = Ul (@) + Ujfn = € (G(2) T, m; #0, j=1,2,3
CP-invariance: M*™ = M, M - real, symmetric.
M = (mf,m5, ms): mi = pym;, m; > 0, p; = +1

Xi: m; = 00 nep(x;) = ip;

ﬂf{{(ﬂ:j not possible in the ST: requires Mew FPhysics Beyond the ST

(33 o,~decay is allowed; typically also BR(u — e+~), BR(p — 3e), CR(p~+N —
e- + N) can be “large', i.e., in the range of sensitivity of ongoing (MEG) and
future planned experiments.



e Majorana v;: Dirac+Majorana Mass Term; requires both wvr(z) and vpr(z):

p+ule) = —wr(x) Mpu vin(z)+ 5 Fam(fﬂ) C™ My® v (x)+ - I"'E“H(mj CH(ME™)] vyp(a)+hec.

gJLL ;
M = ( N ) = M7 (M9 = MHE, (MRRYT = MRR))
n

o If Mpy #= 0 and ME" #= 0 and/or MR #£ 0: L; # const., L # const.; n =6 (> 3)
e M =MT, complex.

MEes = WIMW, W—unitary, 6x6; W!'=(U" V'), U=Upuns: 3x6,

]
vr(e) =Y Uyxs(e), x;(x)— Majorana , m;#0, [=euT;

=1

vip(x) =C @ax))T =) Vipxi(z), vi(z): sterile antineutrino

Ly . (z) possible in the ST + ua: M* =0

(3/3)o,~decay is allowed,
phenomenoclogy depends on the relative magnitude of My and MEER,



Dirac - Majorana Relation (if any...)

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

1
!{:(T) — = 5 MEH(*T) My vir(z) + hee. | vpg =C (E(Tj)-r

L4 (z) conserves, eg. L!'=L.—L,— L. ifonly M., =M,.. M., = M,.#0

S T.F., 1982
e Dirac v, W, is equivalent to two Majorana v's, x1 2, having the same (positive)
mass, opposite CP-parities, and which are "maximally mixed':

X1+ X2 ~ - _
W(r) = —5 0 M Tme=mp> 0.micp =ipj.pL = —p2 (C (0G) = pixs)
X1L + X2L o X1L — X2L
Example ZKM v v (xr) = W, = , vyplx) =W, =
Ll: ) L V’i j-L( j L ﬂ

» Pseudo-Dirac Neutrino: the symmetry of £},(z) is not a symmetry of Li.(x)

suppose: wp(r) =Wy = (xir + x21)/+v2, and to “leading order’ m; = mso, but
due to "higher order’ corrections mi #=msp, |ms — mi| = |Am| € my o

All Majorana effects ~ Lo

e Suppose: my = ms3, pp = —p2, but y15 are not maximally mixed:
ver () = x11COS ¢ + xor SiNg = W cos ¢ + W sing’

All Majorana effects are ~ mpcos¢’'sind’



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

0 M., M.
M = ( M., 0 0 )

M. 0O O

o = i'r;'f-l-, e = U, tan -5 = f'l:fﬂfﬂfgﬁ '

mz = 0 - spectrum with IH, m1 = mg3, x12 - equivalent to one Dirac v, W .

Adding L'-breaking term, e.g. M., |J“|fft-.t-.|fw"2“|ff§[ + M2 ~ 0.01, leads to m1 # mo
compatible with Am? .



T he Nature of Massive Neutrinos III:

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

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

. Fukugita, T. Yanagida, 1926,



Three Types of Seesaw Mechanisms

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

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

Type II seesaw mechanism: H(x) - a triplet of
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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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

| |
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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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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.
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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!
e =m/4—-0.20, O013=0+47/20, O3 =n/4 —0.11.

« Uppmns due to new approximate symmetry?



A Natural Possibility (vast literature):

U= Dle(ﬁfj?wj (o, 0 Wripim e Ploor, e ),
with
[ j2 /L \ 1 41
Ui = — fl fl _ ,-’l o Upim = 1 :|:l 1
ri 1||' E‘I 1||' 3 \IQ ' im 12 % ‘\{E
|II —_ —_— —_—
\ "|,-' 6 ‘l.,-' 3 V2 \ 2 T2 /2 /

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

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

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

F. Frampton, STF, W. Rodejohann, 2003



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

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

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

S.T.P., 1982



None of the symmetries leading to U;,, Up;jpy Oor other
approximate forms of Uppns 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 U, or Uym, the

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

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

imentally testable predictions for the sum of the
neutrino masses, the neutrino mass spectrum, the
nature (Dirac or Majorana) of v; and the CP vi-
olating phases In the neutrino mixing matrix. Fu-

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

derved patterns of neutrino mixing and &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.



T model of lepton flavour: Uvgn, 6 = 37/2 or w/2.
[. Girardi, A. Meroni, STF, M. Spinrath, arxXiv:1312. 1966

« Light neutrino masses: type I seesaw mechanism.
¢V - Majorana particles.

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

« UtpNn CcOrrected” by
UL, Q = R12(6{,) Ro3(653)Q , @ = diag(1,e™, 1)



T’ model of lepton flavour: Utgpm, 6 = 37/2 or «/2.

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

T 1.1, 1:2 2 2" 3

« 1" model: v.r(x),9,r(x)Y-(x) - triplet of 17,
er(z),up(x) - a doublet, Tg(x) - a singlet, of T”;
IJER(E),IJJ_LR(E),IJTR(E) - a triplet of T

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

« The discrete symmetries of the model are 17" x Hop X
Zg x Zz x Z§ x Zn, the Z, factors being the shaping sym-

metries of the superpotential required to forbid unwanted
operators.



Predictions of the 77 Model

- m1 2 3 determined by 2 real parameters + D2

NO spectrum A: (m1,mo,m3) = (4.43,9.75,48.73) - 1073 eV
NO spectrum B: (mq,m9o,m3) = (5.87,10.48,48.88) - 1073 eV

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

3
NO A: 3 m;=6.29x10 %eV,
=1
3 2
NOB: Y m;=652x10 2eV,
=1
3

IO: Y m;=12.11x10"%eV,
j=1



e 010,003,013, 0,901, a31 determined by 3 real parameters.

Given the values of 045,023,013, 0,a21,a31 are predicted:

6 = 3m/2 (266°) (or 7/2 (94°));

12

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

agq1 = —23.8° (or +23.8°) (427).
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Instead of Conclusions

T he future of neutrino physics i1s bright.



