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Neutrinos are everywhere

The Sun is the most intense detected source with a flux on Earth of 6 10!° v/cm?3s

1034 . o
Abundant : Detection of solar
. 1020 | - .
but challenging —— and atmospheric
detection 0 Cosmologleal neutrino has provided
£ 10u. P @ the first compelling
L T . -
5 e ]T;\ supemovaburs SVIAENCE OF
2 o I roresti e neutrino oscillations
E : ) __Reactor ¢ |
: ! E Background from
= = old supern
E 104 Below E Atmosapheric" v

| detection threshold
of current experiments

=
=
&

v from AGN

10-1%.

i 1, i 1 1 B ) | I - i i
T T3 1 B T E—T T [T T BT T BT
HeV meV v kel MeV GeV Te¥ PV EeV

Neutrino Energy (e'V)

e — . e

D. Vignaud and M. Spiro, Nucl. Phys.A 654 (1999) 350



ALEPH

Neutrino properties
(60 years after discovery of v)

we know

3 families of light (V-A) neutrinos: v, ViV, o

e neutrinos are massive: we know mass squared differences

 relation between flavor eigenstates and mass eigenstates
(neutrino mixing) only partially known

we do not know

- Absolute v mass scale? (cosmolology, Ov3-decay, *H, 137Rh)
e Are v their own antiparticle? (Majorana v) or not (Dirac v)
* Is there a CP violation in the neutrino sector? (leptogenesis)
e Are neutrinos stable?

* What is the magnetic moment of v? vd s ¢} i:
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Standard Model Lepton Universality

Particle Symbol Anti — p. mass L. L, L, |life—time
[MeV] [s]
electron e et 0.511 1 0 0 stable
el.neutrino U, V. <22100%]1 0 O stable
muon pwo ut 105.6 0 1 0| 2210°
muon neutr. v, v, < 0.19 0 1 0 stable
tau T™ Tt 1777, 0 0 1 2910713
tau neutrino V. [z < 18.2 0 0 1 stable
Lepton Family NEW PHYSICS Total Lepton

Number Violation massive neutrinos, SUSY... Number Violation

Vepr < Veyr; Veur ** Veyur  Observed Ve < Por not observed

pt — et 4+~ R<12x1RY |KT —a +et+pu" R<5x1079
pt — et +e +et R <10 x 10" T~ =7 +at4et R<19x10°°
Kt —wat+e 4+ ut R <47 x 10712 W +W™ —e +e

T —e +put+pum R<18x10°° (A,Z) = (A, Z+2)+e +e- T%>19x 1072
Z° — eF + ¥ R<17x107%| |y +(A,2) = (A, Z—-2)+et R<36x107%
py + (A, Z2)— (A, Z)+e R<12x107Y |leo+e —a 47~ ?
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1937 Beginning of Majorana neutrino physics
Ettore Majorana discoveres the possiility of existence of truly neutral fermions

Charged fermion (electron) + electromagnetic field
(iv*d, —ey* A, —m) U =0
(iv"0, +ey*A, —m) T =0

lIJE — lIJ forbidden

Neutral fermion (neutrino) + electromagnetic field

(iv*0, —m)v =10
(ir#9, —m) v =0

j,": — |/ allowed

Majorana condition

Symmetric Theory of Electron and Positron
Nuovo Cim. 14 (1937) 171

Here is the beginning of Nonstandard Neutrino Properties



Double Beta Decay
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Observed for 10 isotopes: ¥Ca, °Ge, 3*Se, *%Zr,!""Mo. W e
16Cd. 128Te, 39Te, 15Nd, 238U, T, , ~108-10%* years vy
W ¢

1967: 3'Te, Kirsten et al, Takaoka et al, (geochemical) ¢
1987: 32Se, Moe et al. (direct observation)
2006: 1Mo, NEMO 3 coll. ~ 220 00 events

(A, Z) — (A, Z2+2)+ 2e”

SM forbidden ,not observed yet: T,,, ( Ge)>102° years



As 2 Different types Ag 1+
Ge of s Of X Cd o
: Double Beta Decay B m -
o Se__¢t I
Z=32 33 34 Z =46 47 43
— = Capture of bound e and
Emission of two e (B~[3) emission of e* (EC/B
(Z—-2,A)— (Z,A)+2e +(20.) e, +(Z+2A4) —(Z A +et + (2v.)
T(MeV): °Ge(2.045), 32Se(3.005), T(MeV): #Kr(1.837), 195Cd (1.724)

100V 0(3.033), ¥9Te(2.533), 1°'Nd(3.367) 124X ¢(1.802), 3'Ba(1.515), 13Ce(1.339)

Double capture of bound e (EC/EC) Emission of two e+ (B*B+)
2, +(Z+2,4) = (Z, A+(7) + (2v) (Z +2,4) = (Z,A) + 2" + (2v)

T(MeV): *Kr(2.841), '°°Cd (2.712) T(MeV): #Kr(0.838), 1°5Cd (0.738)
124X e(2.782), 1°'Ba(2.492), *°Ce(2.313) 124X ¢(1.024), 3'Ba(0.534), 135Ce(0.362)

M Disfavored by Coulomb repulsion i
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Heidelberg-Moscow Experiment LNGS (completed 2003)

T,, > 1.9 10% years
<mg;> < 0.34 eV

Detector Total mass  Active mass Enrichment PSA &

number  (kg) (ke) S H-M collaborations,
No. 1 0.980 0.920 859+13 No

No. 2 2.906 2.758 866425 Yes PRL 83 (1999) 41
No. 3 2.446 2.324 B8.3+26 Yes

No. 4 2.400 2.295 86.3+1.3 Yes

No. 5 2.781 2.666 B5.6+1.3

Fig. 1. The HEIDELBERG-MOSCOW pf-experiment in the Gran Sasso (top), and four of the enriched detectors during installation
(bottom left). The fifth detector was installed in an extra shielding using electrolytic copper as inner shield (bottom right).
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Heidelberg claim for evidence

Analysis of the 7Ge experiment in Gran Sasso 1990-2003
H.V. Klapdor-Kleingrothaus et al., NIM A 522, 371 (2004); PLB 586, 198 (2004)

eData reanalyzed with
improved summing 214B;j

e Peak visible

e Effect reclaimed with 4.2
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Running Double Beta Decay experiments

Gran Sasso

CUORICINO

130Te 40.7 kg
Qpp = 2529 keV

T,, > 3.0 10 years
Mgy < 0.42°eV

100Mo (6.914 kg) T,,>5.8 102 years

Qpg = 3034 keV Imgg| < 0.98 eV

82Se (0.932 kg) T,,>2.110% years

Qpp = 2995 keV Imgs| < 1.7 eV

- : Fréjus Underground Laboratory : 4800 m.w.e.
9/19/2007 Fedor Simkovic 11



GERDA at LNGS: GERmanium Detector Assembly
for the search of neutrinoless 33 decays in Ge-76 at LNGS

Clean room vacyum insulated
Liquid N/Ar lock copper vessel

Ge Array

Water tank / buffer/ Under discussion:
muon veto ‘third wall’



Phases and physics reach of GERDA
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History of Double Beta Decay I

The early period (1935-1957) Dirac — open question

e 1935 Goepper-Mayer n—pte +vH pIH 4 s ptem
suggested the 2vpp-decay Declined interest to Ovpp-decay

* 1937 Dirac , % por e 1968 Pontecorvo proposed
Majorana v =V - — 7w+ 2¢°, superweak int.

1939 Furry proposed the
Ovpp-decay Period of GUT (1970-1998)

e till 1957 Observation of Ovpp * 1975 Primakoff and Rosen —
Right handed current mech.

1981 Doi, Kotani, Takasugi
v-mech. within gauge theories

1981 Wolfenstein: cancellation
mech. possible

more favored (phase space)
n—op+e 4V vet+n—p+t+e”

Period of scepticism (1957-1970)

e 1957 Wu, weak interaction B 5 L
violates parity, Majorana or <my >= 3 |Uekl” ncp my, nep = £

9/19/2007 Fedor Simkovic 14



History of Double Beta Decay 11

1982 Scheckter-Valle theorem
The observation of Ovp-decay

implies the existence of
Majorana mass term

1986 Vogel, Zirnbauer —
quenching mech. of 2vpp-
decay

1987 Elliott, Hahn, Moe -first
detection of 2vpp-decay (3*Se)

1987 Mohapatra, Vergados, R-
parity breaking SUSY mech.

1997 Feassler, Kovalenko,
Simkovic, dominance of pion-
exchange SUSY mech.

1997 Kovalenko, Hirsch,
Klapdor,

leptoquark mech.

9/19/2007

Period of massive v (1998—20??)
*1998- neutrino oscillations (SK,

Fedor Simkovic

SNO, Kamland) convin. evid.
2001 Klapdor-Kleingrothaus,
Dietz, Krivosheina, first claim
for observation of the Ovfp-decay
Many works on neutrino mass
pattern, absolute mass scale, CP
phases, extra dim. mech.

Many works on future large
(tons) Ovpp-decay experiments

Quo vadis Ovpp-decay?

Majorana period (2???—)
27?2 Observation of Ovpp-decay
2777 ...

15



Neutrino oscillations = Massive neutrinos
Reactor neutrinos

Sun

W

Solar neutrinos Earth

=10%kiameias

1968

-Atmospheric neutrinos

Cosmic Rays
p- He, etc.

air molecules

vy ~66%

a7
Ve ™3 70

E}V%o TTo wies gl
1957

Super Kamiokande
" (Kamioka cho)
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Mixing of 3 light Neutrinos

v
Pontecorvo !
-Maki-Nakagawa-Sakata
matrix
- \-'?
FY 4 N R
VE Uel UEE Ue3 V1
Vu | T Enl Eul gui v,
V |
T \11 12 TS,/x_v3,,a
Flavor Mass .
eigenstates eigenstates Mass matrix
M.. M., M.,
U M,. M, M,
Mpp™ 2 UeiUei M; M.. M,, M,
9/19/2007

Fedor Simkovic
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Pontecorvo-Maki-Nakagawa-Sakata matrix

1 0 0 Ci3 0 313(3_5613 Ci1a2 S99 0 1 0 0
Urnvins = | 0 a3 833 0 1 0 s12 ¢z 0 0 e 0
0 —S893  Cag —31355613 0 Ci3 0 0 1 0 0 Ei}'ﬂ

C12C13 512C13 s13€” 1012 1 0 0
= | —S12€23 — 01232331_351513 C12C93 — 31232351513_ $93C13 0 e=z .[]
812893 — C19Cp3€™1 —C13893 — S12C23513€"12  Co3Ca3€13 0 0 e
Quark mixing Neutrino mixing
0.98 0.22 0.003 0.83 0.55 0.05
Usirr = | =022 097  0.04 Upyuynvs = | 0.34—045 056 —0.62 0.70
0003 =004 1.00 034 —-045 055—-0.62 0.70

Large off diagonal elements
e Instruction for an extension of SM? e

Disperity and challange for quark-lepton unified theories
9/19/2007 Fedor Simkovic 18
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Ly

Neutrinos mass spectrum

We need 3mass-eigenstates
to explain 2 different A m*

]

'm,>"m* =Am’ ~310°eV?

sol

'm,>" m? =Am’ ~2107eV?
atm

rn "
normal

Absolute mass scale of neutrinos

2
>J~.mgl-_\-

"inverted”

quasi-
degenerate
v-masses

OvBp-decay mpgg = Zz_l

Tritium decay Cosmology

mpg = \/E 1|Uez|2 7? Z —1 MMy

0]
9/19/2007 Fedor Simkovic 107

hierarchical '

Vv-masses




quasi-
degenerate

Neutrinos mass spectrum | =] vomasses

We need 3mass-eigenstates
to explain 2 different A m*

'm,>"m?*=Am’ ~310°eV?
sol

'm,>" m | =Am’ ~2107eV?
atm

Absolute mass scale of neutrinos /

OvpBB-decay Tritium decay Cosmology

_ 3 2 ! 3
mpgg = 3= UG mi mp = /71 Ueil® m 251
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M.. M., M.
v-masses in flavor basis: Normal hierarchy Mye My, My
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3 neutrino
observables

6, = 6,
6, — 0,3
0, — 03
Am,?
sign(Am,?)
Am2
sign(Am_?)
d

Majorana

Present
knowledge

45° + 9°
33°+3°
<9°
(2.577) x10°eV?
unknown
(7.£2.) x10~ eV?
+ (MSW)
unknown
unknown
unknown

unknown

2m,<1eV

Near Future

P(v,—>v,) MINOS, CNGS
P(v.—v,) SNO
P(V.—V.)Reactor, P(v,—v,)LBL
P(v,—v,) MINOS, CNGS
P(v,—>v,), P(v,—>V,)LBL
P(v, > v.) KamLAND
done
P(v,—v.), P(v,—>V,) LBL
Ovp3p !
0vpBp (if = 0, )
hopeless

cosmology, 0v[3§3, B-decay




lmﬁ[—’)l [eV]

Neutrino mass spectrum
And perspectives of the Ovp33-decay search

What is the absolute mass scale of neutrinos: Limits from cosmology,
tritium beta decay, neutrinoless double beta decay
What are the Majorana CP phases? ...

Inverted hierarchy

Normal hierarchy
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+ [ CoRpa s (PGe 2109 = [ o ey 4 2|
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; = S

i {72}

1) S

-2 ALl 100 27 3 —]

10 FOON (' “'Mo, 110" ) 10 ) 3

= CUORE ("Te, 1 10y}, EXO ("*Xe, 210"y} 3¢ ]

C ---- 3¢ 76 27 best fit 7

| —— bestfit Majorana (Ge, 410°3)| ~oemolo ]
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10 10 10 10 10 10 10 10 10 10
m, [eV] V]
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imas| < sin? %M—i— sin'ff3 Am2,

Am,

|Am2;|cos 20,5 < |mgg| <

Normal hierarchy
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g =0, @y =

T3, (years)

10°

164

0,; and the cancellation

u:r.21=1:1'2, u:t.31=m'2

—
i
|

oy

% T:lg {years)

g

Bilenky,Faessler, Gutsche, F.S., PRD 72, 053015 (2005)
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Mechanisms of the Ov3[3—decay

We know that v are
/ Massive particles
e Neutrino mass mechanisms

"
B v masses: see-saw — sterile v
!« R-parity breaking SUSY mechanisms
v masses: v.e.v + rad. cor. \ SUSY particles are
e Leptoquark exchange mechanisms expected to be seen
e Extra dimensions at LHC

9/19/2007 Fedor Simkovic 27



Light v-exchange Ovp[3—decay mechanism
S.M. Bilenky, S. Petcov, Rev. Mod. Phys. 59, 671 (1987)

-+ —— ' -
Majorana condition Cxr () = & xu(z)
Majorana particle < v.(z,)Y;(z2) > = -1 f 1 e'Plri—e2) gy
AT (27)4 vp—im/
propagator af3
— Sr:x_ﬁ (:'-r"l _ $2)
< x(z1)x" (23) > = —£S(x1 —22)C
<X (w)X(a2) > = ECTIS(z) — )

Weak [3-decay 5  Gp _ | |
= —— €7y 1 ; e h-. *
Hamiltonian Hiy = 5 @all +75)0c Jo + hec

(] (] (] —_— L
Neutrino mixing Ve, = Z Uik Xkr
%
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S-matrix term

G
2

2
) fN {ﬁ(ml)qﬂci Ver ()0}, (23) 33"?’5'51'(1‘-2)} X

T (ja(1)js(2)e™ S M9 Gy dy

vy
=
Il
I
]
W
,“‘T“x

Contraction of v-fields

< Ver (T JM-LI (12) > = — Z (Ujif) &k
k

1 2 e‘:q”l_zz)dq 1 4+ ~5
= Uk m..f : ii¥e,

Effective mass of Mg = Z (U ;[;E)E Ex 1Ty,
Majorana neutrinos k
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OvpBp-decay matrix element

| G\ .
< f|5":2]|'3. > = mys (—f) Ny, Np, T (p1)va (1 + ﬁf&)hf_ﬂCﬁl (pa2) X

V2
/E—ipisrle—ipzrfz —1 /Eiq(m—&"z)dq
(2m)* q*

< A'|T [Ja(21)J5(25)] |A > da1day — (p1 < po)

X

Use of completness 1=%_|n><n|

< Aldy(z)ds(m)|A > = Y < AJL(0,7)|n >< n|Js(0,F)|A > x

o (B —Ep)z10 ,—i(En —E)a20
| G\’
< fISP]i> = impgg (ﬁ) Ny, Np, U(p1)7a (1 + “':f"a)“':f",ﬁ(jﬂl (p2)

L L ig-(T1—Tz2) 47
After integration X / dridrse” PrTte P22 ! / c 14 X
(2m)?

=)
over time variables q
Z_ ("f:. AI|J&(0?51)|?1 > M Jg{ﬂ,fgﬂﬂ :33'_|_

Ep+Go +poo — E
< A'|J5(0,71)|n >< n|J,(0,73)| A :‘:-)

9/19/2007 E,+q +po—FE
x 2’?1'5(EI + P1o + P2 — E)



Approximations and simplifications

=1
|

1) Non-relativistic impulse approx. Ja(0,7) = Z Tot (8as + 194 (F)k0ar)d(
for nuclear current !

2) Long-wave approximation for e PLELTP2T2 _, ]
lepton wave functions
3) Closure approximation B, - <E,>

< £1S9)i > = a(p1)Vall +75)750T" (p2) Anps Aas = Apa ,
contribute

Hadron partis j (0,7,)J,(0,7,) = J5(0, 75).J.(0, ) /
symmetric

,-:r_.& “.:f,-‘j — 5 o3 —I_ E (,,:r_.& ﬂfﬂ _ f.:‘,-‘j hf.r:t)

OvpBp-decay matrix element

_ . Gr\ y v 2 (o) 3
CHSPlis = imy, (ﬁ) N Nyt (1 = 257 ()

X (fl,-f P gifvfm-)é (P10 + pao + M" — M)
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Nuclear matrix elements

Neutrino exchange potential

h

Differential Ovpp-decay rate

“rr(”,- —

F(Z) =

Full OvB[3-decay rate

9/19/2007

Mp = <A Z’r+’r+h Ty, — T |)|A >
My = <A Zrﬁrﬁh T — T )G - G| A >
(s~ Fal) = 55 [ —
Tn — Tm .
2m* ) qo(go+ < En > —(E + E')/2)
1
7]
LGm |m ik —| My — g5 Mer]*(1 — cos 0)
2 (27)° ‘
F*(Z)(gy — £ + 1)*(z + 1)d= sin 6d6
1
2na(Z + 2) 0= — (M — M —2m,)
L=

1 — exp[—2rna(Z + 2)]

1GLm
2 (27)°

1
X 7 (25 + 10§ + 40=3 + 6023 + 302 )

rn;,- — |.'I’H-_H| —|1Lf;.. giJIGIFFE(Z)



Smallness of neutrino masses - Seesaw

Familiar light
1 § c b {
masses & rT |
2 vy Vg e T i
: [ W
. N4 | | el |F"|_‘-Wq [
1074 1073 102 107! 10° 10' 10®* 10 10* 10° 106 107 108 10° 10 10! 10%

™m [eV]

: 1 1

| 7

| II 1

by Mgy Wy iy
L E__]

Sterile neutrinos vy

e fully sterile feels no gauge interaction
of any sort. Singlets of the SM symmetry
group v

» weakly sterile does not feel SM gauge
interactions
Left-right symmetric models:

SUB)®SU2), ®SUR),®U)g 1.

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

If v, exists = then neutrino are naturaly
massive = mass is unprotected by
symmetry, can be large at a scale of LNV
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Assumption Mg » m, Eigenvalues and eigenvectors

(f_f W) 0 mp (VL) m=my*/Mg«my, m,=Mg
b mp Mg VR V=V -mp/Mg (VR)¢ V,=vptmp/Mg (v)*

Left-right symmetric models SO(10)

Two-charged W==cos C W, *+sin C Wg*

vector bosons .
,o=-sin § W *+ cos C Wy*

Parameters -2 10+ << 3.3107 (superallowed f—decay)
M,=81 GeV, M,>715 GeV, (M,/M,)*<10*2
See-saw scenario

light heavy light heavy

Ve, = Z ULixir + Z U.:Nip (Ver)® = Z VeiXiL"'Z VeilNiL

i=1 T i=1 T i=1 T i=1 T

9/19/2007 Fedor Simkovic small large 34
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quark level

nucleon level

Light neutrino exchange Heavy neutrino exchange

d e n P
—»> n /,
qgt+im 1172 - i " //e
Pr P Pr = 2 v . .
®L.R n \\p
7+im igq ¢ " P
PLE%PR ;‘? E% n P
_td PL B 'iz'""i',lﬂfz -PL B :} L two—pion exchange (heavy neutrglczi /
tge4+ M J ﬁ\\
" P
Mechanisms
neutrino lept.v. quarkv. hadr.m. supp. f. LNVDp. limit
light LL LL 2n S UUm mgg < 0.5 el”
LR LR 2n (M, /M,)? S heht oy <A><71077
LR LL on tan ¢ DD VAT <n><4107"
heavy LL LL 2n — yheary (] U m, /M 1y <810°°F
RR RR 2n (M1 /Ms)* S hearvyy my, /M
RR LL 2n (tan ¢)* yohearyyy m, /M
RR RL 2T tan ¢ (M, /My;)? S hearyyy m, /M
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F,(m,)

Sterile neutrino in Ov-decay

10" 10°
my

2

10 10" 100 10° 107 10"

[MeV]
1

|

<
|F,

(m)] \/TO

1 (MyYee - my -
T = Gy Ml g2 ™y
JJZ 1/ e )
’ m. m.
107"
IUODE AL B L e L e L R 10
"Ge > "se .
1[)(]§
: i
]
10 L
E L 10
i - .
| 107
0.1; .I n_
.
9
_ 10° —
0.001 ""“”'0"HHH| Crvnd ol ol ol il il 10-'3 ]0_2 '[0" ]nn
o' o 't w0 w0 w0 1w o W
m, [MeV]
Mhp Ov [_.TE h ‘
F,(my) = —=M™(m3)
m.
9/19/2007 Benes, Faesler, F.S., Kovalenko, PRD 71 (2005) 077901
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Analogues of neutrinoless double beta decay

uw +(AZ) — (AZ-2)+e"
uw +(AZ) — (AZ-2) +pt
e+e — W+ W-
Kt - =+ pur+p*

Mg M.. M., M.
M, M, M,
M.. M., M.

9/19/2007 Fedor Simkovic
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Muon-positron conversion

;‘LET+(AJZ)_>(AJZ_2)+€+

n

LEF/LN violating
processes

Ordinary and radiative

Muon decay

muon capture

2

L'+ m

- e

£E =176 |—E£
['s5 Mag
2

F#E_'_ — 13 10—25 Mye
L, m,

Domin, Kovalenko, Faessler, Simkovic,
PRD 70, 065501 (2004)

9/19/2007

3 Im >< m)|
m q_Elu_ + Em — Ez' + I.Em
K et
SEEEN e
® Ve i
p \UM : n
lis| ™ - If>
} (A-2) ! (A-2)
Tin>
(A,Z) (AgZ_l) (A,Z—Z)
3 g
b) M n
3y Aip
li> ] fis
} (a2 ! (A-2)
ETm> .

im >< m|

FedorSimk(Z Q+Ee+ b Em _ Ei + i€, 38
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Inverse Ov3-decay: e e — W-W-
do g* t u
= M;|U.;|? 2
dcosf — 100247 M3, [Zi: Ui ((t ) (us _.Mf)>]

Belanger et al. PRD 53 (1996) 6292
e ,// - R ,’/ _

oA The same LNV parameters
N NX as in Ovpp—decay:
' jmgg|<0.55 eV

. _ g -7

Small neutrino masses

do — g° Imss|? < 1.3 x 1077 fb Not observable at any
dcos®  256mM;; - future collider

Heavy neutrino masses

: 2 . .
do _ qg* i 5 : n.[2< 4.9 x 1073 fb The hoped-for luminosity at
dcos€ 1024w My m; a Vs=1 TeV NLC is 80 fb"!
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K-meson neutrinoless double muon decay

THENTY
+ — 1t < —
K'— ~ u*tu o B TR
¥
W W
Dib,Gribanov, Kovalenko, Schmidt, : d
PLB 493 (2000) 82
(a) (b)
1
. = 0 E .
E865 experiment aE The decay width of
at BNL: m—i, \my sterile neutrino play
0 important role
R<2.010° 'k (m;—m+il" /2)
0¥ -
10-: i | IIIiIII | ! |II!II1 | ] Ilillll . ! |
1072 10" 1 o 100

m; [GeY]
245 MeV < m,, <398 MeV = |U,

2
ﬁfj|

<(56+1) x107°
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R-parity breaking mechanisms of the Ov[33-decay

GUT constrained MSSM
massless v MSSM (mSUGRA)

Neutralino is dark matter candidate

R-parity breaking

massive v GUT constrained MSSM Ovpi—decay

Neutralino is not dark matter candidate

9/19/2007 Fedor Simkovic 41



Minimal Supersymmetric Standard Model

particles | fields nersymmetric particles | fields
Interaction eigenstates Mass eigenstates
Symbol Name Symbol Name Svmbol Name
g=d,c.bust quark i squark g, .4, squark
[=e 1 lepton [ slepton Il slepton
P LR l 1272 l
V=V.V..V,  neutrino v SHeutrino Y STEUtrino
g gluon g glumo g glumo
;P ~ - irz ,-I } i1 .
I W boson }} wino 0 dea
H Higgs boson [ Higgsino :
B B-field B bino
W W -field /s wino
D . | -‘\. D .
H ] Hfggs boson Hla Higgsino Y123, neutralino
H, Higgs boson i Higgsino
H, Higgs boson )
R=+1 R=-1

R-parity: R=(-1)3B*1+25



i ,".-_l - .".. Y
) MSSM
Superfield | spin 1/2  spin 0 Y T ()
{ ur, i R 1973 SUSY introduced
? dr drL Ts . g as a part of extension of
[ T it 2o 2 the special relativity
De dr dp | +: 0 41
VL VL . +% (0
L ~ 2 1
£f, £ = —1
E* €R €R +1 0 41 The MSSM is the simplest
- i85 Hy . 42 H extension of the SM
He HY H )| ~10
- H7 Hi 41 0
Hi dn dt: _% i;
H; H -3 I
There is no right-handed neutrino superfield !
N|ve v |0 0 0
43




Minimal Supergravity Model (mSUGRA)

SUSY model with two Higgs fields in the framework of unification

All SUSY masses are unified at
the grand unified scale

m_, = gaugino mass parameter

m,(M,) = scalar mass parameter
m,, for gaugino masses for squarks and sleptons

m, for squarks and sleptons Ay =" Trilinear scalar coupling
(A, -bottom sector

£ o At-top sector)
q -
tan § = <H >/<H >

= Higgsino mass parameter
rﬁ/’/// i —_ P
7 ) TLSF = Cold Dark |

o g .
¥4 l ——._Matter candidate I SUSY broken near GUT scale

Mass
1 ™}

M, log((?) Mgy

Parameter | M, tamp my my Aymy, A/m,

Unit GeV  GeV 1 GeV GeV 1 1
Min -50000 -50000 1 0 100 -3 -3

0/19/2007 Max +50000 +50000 60 10000 30000 3 3 "




R-parity Breaking MSSM
(neutralino is not dark matter candidate)
}'-.-IJ<k LLE + ;I"'-.-IIJI_( LQD+ }'v” rJ{k UDD
9 + 27 + 9 = 45 coupling constants

R-parity breaking terms

In superpotential . _— "
)y M "y < 10 proton decay

) <10°1t0 101 with A, <0003 limit on v, mass
)" <1020 100 with L', < 410 neutrinoless beta decay

Neutrino-Neutralino mixing matrix (see-saw structure)

T oy 0 g0
MI, = OT m U (0) — (]’}f? Vyy Ur, _M: _MEJ H’l: HQ)J
m Mx
Radiative corrections to neutrino mass
| tr E  G— Hen
u'l\/ly — M ]EE_|_M _|_M'5I dL ,,,,,,, .\a/R
Gozdz, Kaminski, éimkovic, PRD 70 (2004) 095005 Vr — v ‘tb__:VL

| |
9/19/2007 Fedor Simkov.. 7\‘ d k -



I. gluino/neutralino exchange R-parity breaking
SUSY mechanism of the OvB3p—decay

d+td >u+tute +e

G -
ﬁLi u;
-
exchange of X8
squarks, . u,
: iy
neutralinos b
—» $ »—
and dr e
gluinos
d
> . Ty
ELi e
I.—F
(A’;{)? mechanism  x
—
~ uy,
llL:
+dR = ELp_

9/19/2007

quark-level diagrams

dR €.
—»>—0 >
~ dg
' >
A&

X8

dr L —;1 - ® uLP—
-
€L, e ‘L e
! > ' -
X
P x €L
~ ‘L S G B
‘L. d d
> - N R 1
dR l'lL

e R-parity violation

FEeaor sImkovic
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, G 1 |
Lge = 2m,, (1 +s)ec { JpsJps — 1 Jr Jﬂw} :
Two—-nucleon mechanism Pion—-exchange mechanism
n P
- - Hadron-level diagrams

I \ Faessler, Kovalenko, Simkovic
T » PRL 78 (1998) 183
- |

- Wodecki, Kaminski, Simkovic,
PRD 60 (1999) 11507

n p
Can be neglected The dominant contribution
?HZ
Oluysd|n™) = iV2fr—T"—, (m./(my+my) =~ 13)
My + My

Olay.ysd|m™) = iV2frka
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ter A"

ing parame

t on R-parity break

imi

L

1.0

¢ o
B S
e ;f V m
Y _~_g fo -5
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....a m »; G ] m
Y = v
LY = —
Y !
Y ]
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=
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oo}
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;
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I1. Squark mixing SUSY mechanism

2 m% +m?% — £(2m}, + m%) cos 25 —mg ((Ap)er + utan B)
o —m g ((Ap)ir + ptan 3) ?713;& + m3 + 3 (mf, —m%)cos 23
u
Mixing between 3 3
scalar 4 o X
K
superpartners L R
of the left- and
right- V=V e
handed fermions
- c

9/19/2007 il —»— = 1 49



Effective SUSY v-e Lagrangian

Neutrino vertex

£ = T8 S U @1 = 950) (@7 (L= 25)d) +he. (V- 4

Hirsch,Klapdor-Kleingrothaus, Kovalenko

R-parity violating SUSY vertex PLB 372 (1996) 181
ef f Gr ! (1 4~
Lspsy = ﬁ ( N(q)LR Z (L +~s)e) (a(L +vs)d) (S, P)

1
Fooie UL (70us(1+35)e) (W-ﬁ(lﬂ-smwh.c.) (Tensor)

Paes, Hirsch, Klapdor-Kleingrothaus,

PLB 459 (1999) 450
LN-violating parameter
A1k d 1 1
NqgLE = Z Sin 29(&) 2 o 2
© 8V2GF Maw M)
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I11. Neutrino mass loop mechanism of the Ovp[3-decay:

Mee
Half'life p; A p
_ e
J_ ,Mq 2 2
—o = || IM.E[" Go € i 3
1/2 me L.-Y%-.. dr
; & K—9 v
R )‘Ikk d Mkk
n i A N
Elements of
neutrino mass matrix
3 Loop integrals
A4d ! ! _ q _ : :
M = 1672 ; { ()‘ijk)‘a:sz Z I’;aﬁaﬂakmd”> . sin 20* [ In 3:“;& In m{k
gkl a Uy = — — _
* 2 \1-—gF 1-F
! ! q R e
T ()‘ij ey g %ﬂwﬂvajmd”> } miL = m%/ mﬁ-,f, r%f“ =m?3;/ m.ig
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Gluino exchange (squark mixing mech.) are favored

v-mass generation via A’ A’

111 111

Normal hierarchy of neutrino masses

loop

1 TeV
L

V-mass
mechanism ¢ ®

| —
=

[years]

Ov
12
O

100 GeV

1

® squark mixing  gluino exchange
mechanism mechanism

1 TeV

100 GeV P

OvBp-decay experiment (76Ge)

O
L1 | L1 | L1 | L1 | L1 | L1 | L1 | L1 | L1 | L1 | L1 | L1 | L1 | LI |
AxeuruunpRag

v-mass generation via A";;;A";;; loop practially excluded due to gluino exch. mech.
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Squark mixing mech. is favored

v-mass generation via A’ ., A7, 1oop

IH 100 GeV

? . .
NH | squark mixing mechanism
| ) {
|

l | TeV :
¢ |
v-mass mech. |
! i

IH NH

)|

|

I

|

. 76 |

OvBB-decay experiment ( Ge) .
N

!

IH

H

Fedor Simkovic
Preliminary
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Light neutrino exchange Heavy neutrino exchange

OvBp—decay
Nuclear Matrix Elements

AT T

(T1R) " = =" G¥

2

MO

Nuclear
Matrix
7 Elements

NME's: which mechanism, which transition?

It is a complex task
» Medium and heavy open shell nuclei with a
complicated nuclear structure
» The construction of complete set of the states of the
intermediate nucleus is needed
» Many-body problem = approximations needed
» Nuclear structure input has to be fixed

Shell model
QRPA ...




2vpB-decay %%%%%%% Continuum states
OEM
Gamow-Teller 1+
transitions
+
1
A 5 ]
(T resonance
QRPA
RQRPA

low lying
states

2vBpB-decay
nuclear matrix elements

( E':rf) 1 — GEU 1ur2r;

shell model

0" !
virtual "TT-~-8SD hypothesis
(AZ) states Deduced from measured T,,*
(A’Z+1) 0.25 rTTrrrr 11T T T T T T T T T T T T T TTT rT 11117 T1T TrTT T T T T 1T | rTrrrrrroTT
0" i . ]
: 100316 |
(AZ+2) — 0201 u
E i 3 ]
015k Ge 116 _
1 f . — - @ Cd .
7 <N:.\ : 22 96Zr i :
|+ + + ||+t + 2 il Se ]
5 < 07 ||[7Tol|Lf, >< 1|77 o]|07 > &= oxof s o .
¥ = N 150 |
.- Nd
m Em T Ei + ‘A %20 | Ca 128, 8
= €
0.05 - § o -
B ) | ] vBﬁX -
L 130 e h
. I T _
dlfference: by factor ~ 10 Fl (100, o N e b v b ||e\ el
40 60 80 100 120 140 160

A



N('.—’EL('

Particle physicists are interested

in NME’s
B ' L ' L
Calculated values * absolute v mass scale
7 | Nuclear matrix | . * CP violating Majorana phases
76
5 L Ge ]
5 B ] [ ] °
Uncertainties in Ovp—decay NME?

4 b i
3 B _ [ [

This suggest an uncertainty
2r I of NME as much as factor 5
‘I - -
0 . - LS . . 1111l - . S o
RSE 1o 14 JIRE o 12 Is it really

Fy {}'r'I} so bad?!
Bahcall, Murayama, Pena-Garay, :edor Simkovic 56
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Nuclear structure approaches

HY=EY

We can not solve the full problem in the complete

Systematical study of the Ov3p-decay NME

Projected mean field (Vampir)
eTomoda, Faessler, Schmid, Grummer, PLB 157, 4 (1985)

Shell model: eHaxton, Stephensson, Prog. Part. Nucl. Phys. 12, 409(1984)
e Caurier, Nowacki, Poves, Retamosa, PRL 77, 1954 (1996)
e E. Caurier, E. Martinez-Pinedo, F. Nowacki, A. Poves, A. Zuker,
Rev. Mod. Phys. 77, 427 (2005).

QRPA, RQRPA: About 10 papers 1987— 2006

Other approaches:
Shell Model Monte Carlo (1996), Operator Expansion Method (1988-1994)...
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Shell Model

eDefine a valence space
eDerive an effective interaction HWY =EY > H WV 4 =E W
eBuild and diagonalize Hamiltonian matrix (101%)
eTransition operator < | O 4 | Vi
eSome phenomenological input needed
energy of states, systematics of B(E2) and GT transitions (quenching f.)

48Ca — 48Ti 76Ge — 76Se

® O @ ©

99,*’2 —_— - gefz
1572 572

P2 — __g—g— P12
pl/2 pl/2
b2 h3f2 52 — 90— -e00-00 M2
- — P32 _g-e-0-0- -0-0-0-0- P32

PUSEEEREEES AANNNNNNNNNN
4, o6 N

76Se,, in the valence

Small calculations Fedor Simkovic 6 protons and 14 neutrons



The OvBp—decay NME within SRQRPA

Particle number condition Pauli exclusion principle

i) Uncorrelated BCS ground state i) violated (QBA)
7=<BCS|Z|BCS> [A,A*] =<BCS|[A,A]|BCS>
N=<BCS|N|BCS>
QRPA, RQRPA QRPA

ii) Correlated RPA ground state ii) Partially restored (RQBA)

Z=<RPA|Z|RPA>
N=<BCS|N|BCS>
SRQRPA RQRPA, SRQRPA

~

Complex numerical procedure

BCS and QRPA equations are coupled
9/19/2007 Fedor Simkovic 59
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bhw

even

21 lev.

bhw
odd

12 lev.

thw
even

3hw
odd

2hw
even

1Thw

0

Only Bratislava-Tuebingen group

Y
Y

QRPA
2v[3-decay NME

- ——— ———h e e _ T __

pn—QRPA (12 lev.)
pn—QRPA (21-lev.)
— —— pn—RQRPA (12-lev.)
—-—- pn—RQRPA (21-lev.)

— axperiment

1157 (16)—[184]—184
. 3d¥: E;)—
[ —bs——sf--4s/, j— —_
g 2972 — (81— [‘]
*nty 1Mz —(12)—
| 29— 3d%2 (6)—
—1i :.’ ~ 29%2 (10)—
\\\
\ 1i%/2 — (14)—[126]—126 0.6
3 _-=3p"2 (2)— [
P2 3p3s (&)= :
- 2§5/2 (6)— :
| T 27— (8)—[100] ;
/) —_ L
’/, 1h3/2 (10) 0.4 L
—1h— i
1hY2 :ggr-—[szl——az _— :
[ —3g——ceeigl - - ‘
3: S W _ (4)— '> 02 r
{7 =~ 26%2 (6)—[64] A
P 1g7/2 (B)— 2
F
_'19'_'_(: - 0.0 i
™ 19%2 (10)—[50)—50 & i
_—=2p¥2 (2)—1[40] i
—2p—<. 1572 (6)—[38] >
—1f _.,-\:“"— 2p¥; (4)—
o~ 172 (8)—[28] —28 02 F
Y ) (4)—[20]——20
—1d——< 25" {2)—[16]
>~ 1d52 (61—[14])
0.4 b
; --—1p'2 (2)—[8] ——8 0.6
— P 1p¥ (4)—[6]
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Fedor Simkovic
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The OvBpB-decay NME (light v exchange mech.)

The OvBB-decay half-life NME= sum of Fermi, Gamow-Teller
1 and tensor contributions

5 2 ﬂfﬂy
T\ M = (—19;5) (| — ZF 4+ M% + M%)
. A

= GY(Eo, Z)|M"™ 12| (ms5) |2

Neutrino potential (about 1/r,,)

hx(q?)qd
HK(T'J.E) — 2 ( ) mK(q )q 1 /
gy Jo g+ E™—(Ei+ Ey)/2

fF,GT(i}!"-'“m) = jn(fi"-’"lz); fr(f}f‘?‘lz) = _jz(fi"-'“lz) Induced pseudoscalar

Form-factors: he = g¢(4%) / coupling
finite nucleon her = g5 |1 %a’zizz *3 (éﬂfmi)/(plon exchange)
size [, = 2 \2
hT :-gr%l %q_z—?—mz _%( . ):|

72 +m?2

Mg_rerr = Z Z (—1) j”ﬂ”ﬁrﬁr‘?v { P jn E; } Jr =
J™ kik §.T prp'n! T 0+.17.2*
(p(1), ’(2)' T f(ri2)Ox f(r12) || n(1),7(2): 7) 0_’ 1_’2_
Jastrow f. —=107[[c ,.;n] Tk ) (T k| T k) (T kg || [ €,] 51|0F) 2 om e
S.r.C.




The Ovpp-decay NME: g fixed to 2vp3-decay

Each point: (3 basis sets) x (3 forces) =9 values

By adjusting of g, to 2vB[-decay half-life

the dependence of the Ov3[3-decay NME on

76
Ge
0.25 - ~3.90
— \\\ 9 levels
=3 3 5
- A E
o
=
0.00 \‘\ - 0.00
™N /
‘1‘ 21 levels
-0.25 T T 7 T -3.90
07 0.8 0.9 1.0 1.1 1.2 1.3
gPP

other things that are not a priori fixed
is essentially removed

10

g s RORPA
e o QRPA .
] _
A 20 _'
5_ i
=
Vosk -
SIS
l.II-:— $ B ]
ask -
6 G 100y, 130 136y,

Rodin, Faessler, gimkovic,Vogel,

Phys. Rev. C 68, 044302 (2003) 62



The outliers predict wrong 2vBp halflife. The matrix elements of SM
and Rodin et al. are quite close.

8 T T T T T
Calculated values
7 | Nuclear matrix | i
B " Ge )
SM 96 QRPA Tomoda 86
.. B [SRQRPA Caurier Rodin proj.m.f.]
= o | Bobyk 2003 2v wrong
il 2001 l 6x
X | 2V wrong i
20x v
E - -
1 n -
n A e |
_lu-‘l'."l- . u—'l#— 1u—13 _lﬂ-‘li

F, (yr7) 3



Two-nucleon short range correlations:
a question of physics

There is no double counting in QRPA
* QRPA violates Pauli exclusion principle
*1/(0.2 fm) ~ 1 GeV

Nucleon—Nucleon Potential

v N Jastrow function f(ru)
n (1)
]_ ,5 T T T T T T T T ‘ T T T T ‘ T T T T ‘ T T T T
Oy (ry) i 1
Wave function i
o
9 ;\‘ i
S 1.0
G -
2
o
P 2
gO.S - f(rlz) —
S — f(r *C,)
otential NN potential ‘ |
VP 0'%.0 0.5 1.0 1.5 2.0 2.5

r,, [fm]
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Neutrino potential: I(r)/r

I(r)

Finite nucleon size (formfactors) versus short range correlations.

1.2

0.8

0.4

i

I(r) = 2 f’x' sin(qr) dg
‘ - 0 (q + ECLL'ET‘) (J' T qg-"fEEut)Ll

B

=10 MeV
e,

E, =100 MeV

E_=500MeV
ent
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Neutrinoless Double Beta Decay Nuclear Matrix Elements

Light Majorana Neutrino Exchange Mechanism

6.0r -
5.0 :—. - 1 B _:
B - - i
Main 40-. 0 ® B
uncetainty -, I *. - ® ]
due to Dﬁ 30 B ® ° 1 @® ]
g, > - - A - T
V B LA i
- 1 1 A o i
2.0 %4
1.0 A NSM (Jastrow) -
i ® (R)QRPA (Jastrow) 1
- ® (R)QRPA (UCOM) i
0.0
76Ge SZSe 100M0 116Cd 128Te 130Te 136Xe
QRPA, RQRPA: F.S., A. Faessler, V. Rodin, P. Vogel, to be submitted
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¢ shell model: E. Caurier, E. Martinez-Pinedo, F. Nowacki, A. Poves, A. ZuKer,

Rev. Mod. Phys. 77, 427 (2005).



Nucl. Exp. I Exp. II Theor. I Theor. II

. ®Ca 000 0101 _ 0.00 0.00
Nuclear deformation ST 4017 0269 001 000
®Ge  4+0.09  0.26 0.16 0.14
76Se +0.16 0.31 -0.24 -0.24
_ [T 9
- 5 Z P 82Ge +0.10 0.19 0.13 0.15
r; 2Ky 0.20 0.12 0.07
. . 67 0.081 0.22 0.22
Exp. I (nuclear reorientation method) e e 01 008

Exp.II (based on measured E2 trans.) . |
Theor. I (Rel. mean field theory) T ad oo o o
Theor. II (Microsc.-Macrosc. Model of

3 16Gd 4011 0.19 -0.26 -0.24

Moeller and Nix) 165y 4+0.04  0.11 0.00 0.00

28T 4001 014 .0.00 0.00

Till now, in the QRPA-like calculations  **Xe 0.18 0.16 0.14
of the Ovpp-decay NME 130Te  40.03 0.12 0.03 0.00
spherical symetry was assumed PXe 0.17 013 L

136X e 0.09 0.00 0.00

The effect of deformation on NME “'Ba 0.12 0.00 0.00
has to be considered 150Nd  40.37  0.28 0.22 0.24

1508y +0.23  0.19 0.18 0.21
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New Suppression Mechanism of the DBD NME

et .
>

0.2 04
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04 X 55 g

The suppression of the NME depends on

relative deformation of initial and final nuclei

F.S., Pacearescu, Faessler.
NPA 733 (2004) 321

Systematic study of the deformation effect on
the 2vp3B-decay NME within deformed QRPA

04

02

04

02

0

40.2

_ CXp
— — WS sph-sph
—_— WS: def
L T T T T T 1T T I I T T
48 48 76 76
- Ca— Ti + Ge — Se
—== SN
— i \ —
[ ] A
| | | | | | | | | I
[ I I 1T I T T T T I 1 |
82 82 96 9
- Se — Kr 4—_ 7r — 6Mo
N Y
i N L ‘\
| | | | | | | | I‘ |
_____ I I I I I ] I I I I I |
B 116 116
- RN . Cd > Sn
m { ] £
\| - .
= = ~
A
100 100 T \
L Mo Ru 1 \l\ |
| | | | | | | | | | | | \" \ | |
I I I I I 1 I I I I I I I I
L 128 128, | 130 130 |
™~ Te Xe Te » Xe
- = 7"' -~
\ =
L 1 S
Y
m 3 s
| ﬁ | | | | | \l |
I I I I | I I e I I I I I I I
136 13 e~ 150 150
B Xe — E‘Ba” ~a Nd — " Sm
~
A - N
x \}
B b
N Ay
| \ | | ‘ |

| | | |
0.02 004 0.06
Kpp [MeV]

0

Alvarez,Sarriguren, Moya,Pacearescu, Faessler, F.S.,

Phys. Rev. C 70 (2004) 321

0

| |
002 004 006 0.08

Kpp [MeV]

o4
102
10
104
102
10

104

0
04

102

10

0.4

10.2

0



Neutrinoless double electron capture

Modes of the OVECEC-decay: Nuclear physics mechanisms:
e, T et (AZ) — (A,Z-2) + v v from the nucleus

+ 2y

+ ete a) b)

+ M N

AN na An
Theoretically, @ G R A . A—

not well understood yet: & e\ “\3 - //‘ | - /
e which mechanism is important? P P P

e which transition is important?

c) » AN na
in comparison with the 0vBB-decay ?ZZLL . y i ﬁ

disfavoured due: [ T
e process in the 3-rd (4th) order PR T S

in electroweak theory
e bound electron wave functions
favoured due:?
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eb + eb+ (A,Z) - (A,Z_z) + Y

—_
<
g THE RESONANT SITUATION
N
N y )
e (1s) s (2p)
= @, re
(@ ,
7 Q)
= L rjj
= .
~
Sé T 1’II(E| - Einf}
3 H
= )
(3)
D
>}
>
= e P p e e
',Eﬁ 1s s 2o
7]
E .l‘l:l". — H-.,-,-H'.I' ~ Mf_
.; E; - Eimt ET_E1S_E2p
95}

["(2p — 1s)

]__‘{]:r.f Y —

QT‘ES - ESl_fz - F

Pi1/2
9/19/2007

CC

[E’r - Qr'es]g + [F?‘_;’Q]z | Ov

ECEC-y decay

74Se (0.9%)
Am= —72.2125(15) MeV

o+

’T
Ame ~73.4219(15) MeV

2009050/x3-day ‘suxpIg" A

|, 2 =mmmem=m=—- Q=12094%2
\E;LE“M 1206.5
D EETECTOTE 12042 (2)
KiLE~126
> 1196.8
KgK3~23
» 1186
GERDA . sonac,y
5 1108 %: 0.337
1.80% 35.10% 0. .
_3,5—5 @y 7085 Q=0.433 MeV
Qg 1142.07
? 1t ' =100 eV

T,,™ =510 years (<mgg>=1eV)

Fedor Simkovic
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e, +e,+(AZ) — (AZ-2) +y+Yy ECEC-yy decay (preliminary)

n n

Advanteges: - both e, in 0s,, states (K-orbit)
y - large Q values prefarable

- 1/(m_ (g + Kk,)) enhancement
Disadvantages: - 2 y’s in final state (phase space)
e e - additional el.-mag. interaction

36 36
e, te, + Ar->" S+ +y+Y

600

e+ e + AZ)—>AZ2)+y + Y

<mgg> = 1eV:

T, ,"" (P°Ar) =5 10% years

d@/dT [arbitrary units]

T, (1%Cd) =9 10° years

100

T, (192Er) =7 10°2 years

00 0.1 0.2 0.3 0.4 0.5

" E,[MeV]
Carefull study study (Merle, Lindner, Benes§, F.S) in progress 2



Single State Dominance ( 1Mo, 19Cd,!1¢Cd, 1?3Te ...)

5_
a 0fs.  4.0566 445 |
} HSD, higher levels
,’ \ contribute to the decay
/ \ 3
/ \ =
/ 1* \ o
/ 100 = \ SSD, 1+ level =,
,'//' Tc = ' dominates in the decay 2]
0+ "/ \ (Abad et al., 1984,
> Ann. Fis. A 80, 9)
1_
100M0
oy 0_
U 2] 24542 13,
) F >4.1 L7491 O |2 =
é 8 | - 106 (Cd w
= 631 =
2 588 | 65 11338 0] o
-1
5.85
- I 524 0.5119 2%
14.92 Ofs. Lo
0 4,663 logft 116Ppqd
log ft
73
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100Mo 232v: Experimental Study of SSD Hypothesis

y Single electron spectrum different
NEMO 3 - between SSD and HSD
cXp. : F.S., Smotlak, Semenov
//\ J. Phys. G, 27, 2233, 2001
) L moE Sing,::;w e
$ o 4.57 kg.y P oo 4.57 kg.y
§ s Hﬁ W *H{NH = | E,+E,>2MeV % s - Hﬁ W MﬁH E,+E,>2MeV
150 f *ﬁﬁ* * + . 150? ﬁﬁ“ * + * .
125 f #H» + * Data 125 f #H + Data
o 7 + |:| 2p2v HSD 0 7 + I:I i/[l%l\l}tss(flzlrlo
= {f HSD j O = SSD  eadground
50 f ! higher levels subtrgcted 50 — J Single State + subtracted
25 f y2ndf = 139.’/ +6 25 f y¥ndf=40.7 / 36 )
= 6 500 750 1&02311’2_50 15_60 1_%50 2000 05 500 =

. ~ Ege(keV) C Egnge (V)

{HSD: T,,, = 8.61 £ 0.02 (stat) = 0.60 (syst) x 1018 y 100Vfp 2B2v single energy distribution

SSD: T, =7.72 £ 0.02 (stat) = 0.54 (syst) x 108y in favour of Single State Dominant (SSD) decay
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2vBpB-decay: fermionic (f) or bosonic (b) v
0 ~ {&ﬂia &A%}—I— — 5;:,3' fET?Tl’EGﬂ’EC L*’)
[[1- (1.} — &

[ J1 _ t.J

(
(bosonic v)

_ : : 2 : : 2
AW (0F = 0F) ~ (3 MPEg + MIEL]T | MPE — Py ) dp:, dp:,dp,, dp.,

AW (O —2F) ~ (M J‘mff‘b.a‘2 dp., dp,dp;, dp,

b
Mty =

m

Z Jfr{z(l—'_) 1 171(l+) :|: Jfr{z(l—'_) 1 171(l+)
E,—E;, +e +1n \Em — E; +es+ vy

Mg = MIPL (1) e 1)

Sign difference!!!
Lepton energies!!!

9/19/2007 Dolgov, Smirnov, PLB 621, 1 (2005) 75



Higher states dominance ( 7°Ge, 32Se,13Te, 136Xe .... )

2

M+ M7

£

2
16 M)

| | Ale; — e5)>
Mo — M 2 (e EELEML s)? ‘ﬂff_,r
Approximation in
2 4(1n — 19)? 2 :
M+ MT ~ (MQEHE) ﬂfg]l energyNdenomlnators
2 d(e; — 2
Mb_ﬁ . MhL ~ (Elﬂg EE) ﬂféz%
() ﬂ{i(lﬂﬂfi(lﬂ fermionic v
M5y = N
ot ; Em T E + A = g
2y JMI 1+)1MF(1+) bosonic v
7(3) A2 f"’ifia(lJr)ﬂ’fi(lJr) fermionic v
Moy = A —
9/19/2007 - ; (B — Ei + A) il 27+6

M < MZ < M3



Looking for a signature of bosonic v

2vpp—decay half-lives (0"—07, ;, 07—07%;, 07—2%))
e HSD — NME needed
* SSD — log ftg, log ft; needed

m SSD o+
17, (‘}f \ | o B
Tza S,SD“:]+ = 2.41 % 10 fermionic 1/ T (27) = 1.73 x 10%years

= 403 bosonic v = 2.74 x 10*'years

f 2 f— ‘] i LY
Tr “P(2%) > 1.6 x 10*years

Normalized differential characteristics
eThe single electron energy distribution

eThe distribution of the total energy of two electrons
eAngular correlations of two electrons
(free of NME and log ft)



The normalized distributions of the total energy of two electrons

76 76
Ge(0g+_s_) —> Se(O;s_)

bosonic v (HSD)

0.2

fermionic v (HSD)

%.0 0.5 1.0 1.5 | 2.0 .’
T [MeV]
° . ° 2.0
bosonic 1 1 fermionic

— =

| 1 dwi =
Pf,b(T) S p— < 10

Wi dT
_ 0.5
1 dwi°

b —
P (E) - Wb dE Fedor S

9,

2vBB-decay of °Ge
0—i_g.s._) 0+g.
HSD

S.

Barabash, Dolgov, Smirnov,
F.S, R. Dvornicky, NPB 783, 90 (2007)

The single electron distributions
76Ge(0;s_) > TGSe(O;SI)

fermionic v (HSD)
bosconic v (HSD) 1




Mixed statistics for neutrinos
v > = &T‘O P
= cosé fI0> 4+ sinéd b0 >
= cosd |[f> 4+ sind [b>

Definnition of
mixed state

with commutation f E)
Relations

Eiqf:éfﬂ fTbl — Eiq!':E;'i'fT
fb' — E_i"“f’f)'i'f fTb — E_i"‘f’f)fT
Amplitude for 2vB36 |
A = [cosd* + cosd’sin 6°(1 — cos@)]AF 4+ [cos & 4 cos 67sin 6%(1 + cos ¢)] A°
= cosy?A! 4 siny?A°

Decay rate W = cosx® W/ + siny® W
= (1-0) W/ + "

Partly bosonic neutrino requires knowing NME or log ft values for HSD or
SSD

( calculations coming up soon )
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9/

P(T) [MeV ]

0.8

Mixed v excluded for sin’*y < 0.6

—
o

=
=

- sinz;(_:{}_ﬁﬂ

.= Si1121={}.7-ﬂ'
e 5i1127{={).8[}

5i1127{=£}.9D

,
sin ¥=0.00 (fermionic V)

.\
sin ¥=1.00 (bosonic V)




Conclusions

e If the smallness of neutrino masses is explained with see-saw mechanism
there are many possible mechanisms of the 0v33-decay.

* From the analysis of some of R-parity breaking SUSY mechanisms it follows
that light neutrino mass mechanism has not be the dominant mechanism of
the Ov[3-decay

e Possibilities to distinguish between Ov[-decay mechanisms have to be
studied. It should involve the most viable particle physics models and NME
calculations

e There is a good agreement between the NSM and the QRPA NME. Why?
* The story about NME not finished yet. Study of further effects (deformation,
overlap factor) and cross-check with other approaches required.

e Neutrinoless double electron capture is not well studied yet. Preliminary
results for °Ar indicate strong suppression of this decay mode.

* 2vpBB-decay of °Ge allows to conclude whether neutrinos obey Bose-Einstein or
Fermi-Dirac statistics



Outlook

The O0vpBB—decay will be observed
(up to 2020)

e Neutrino is Majorana particle (Schechter-
Valle theorem)

e The dominant mechanism has to be determined,
i.e., further study (differential characteristics,
trans. to excited states, related phenomenology, —
NME, GUT models) E

N | | | r
1940 1960 1980 2000 2020

The 0vpBB—decay will be not observed Year

Mass Limit (meV)

(llp to 2020) Majorana mass term
e Inverted hierarchy of neutrino masses romm e condinpanacy
excluded w* ud ud W
e Stronger constraints on GUT, ...
* A challenge for next generation?

Black

box e A%

<|
o

 If mass spectrum already determined

—Dirac neutrino (why small mass?) «c Schechter-Valle 32



What is the nature of neutrinos?

BB

GERDA

By product:
* Absolute v mass scale
(X X  CP Majorana phases



