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* Introduction (neutrino properties)

« Kurie functions for S-decay of 3H and 8’Re

« Detection of relic neutrinos on 3H, ¥’Re and 3He

» Ovpf-decay is a particle physics problem (LNV mechanisms)
« Qvpp-decay is a nuclear physics problem (Current status of NMES)
* On the relation between Ovgp-decay and 2 vgf-decay NMEs
» Co-existence of few mechanisms of the 0vfgS-decay

* Neutrinoless double electron capture (resonant transition)

« (Partly) bosonic v and 2vpBf3-decay

 Analogues of the 0vBf-decay

* ymagnetic moment

 Conclusion
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Pauli proposes existence of ”neutron” (with spin % and mass not more than
0.01 mass of proton) in nucleus. B-decay is then a three body decay with
continues distribution of energy among constituents.
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The Sun is the most intense

Sources of neutrinos detected source with a flux
on Earth of 6 101° v/cm?s
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Fundamental properties of neutrinos

Like most people, physicists enjoy a good mystery. When
you start investigating a mystery you rarely know where it is going

After 54 years we know

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

* v are massive: we know mass squared differences

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

Claim for evidence of the OvBp-decay

~
)
-

) o 3
Energy (GeV)

H.V. Klapdor-Kleingrothaus et al.,NIM A 522, 371 (2004); PLB 586, 198 (2004)
« Absolute v mass scale from the Ovpp-decay. (cosmology, *H, 8’Rh ?)

 v’s are their own antiparticles — Majorana.

No answer yet

* |s there a CP violation in v sector? (leptogenesis)

e Are neutrinos stable?
* What is the magnetic moment of v?
 Sterile neutrinos?

« Statistical properties of v? Fermionic or partly bosonic?
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Neutrino oscillations = Massive neutrinos

: Reactor neutrinos
.. Solar neutrinos —
_ Homestake, Gallex, GNO, SNO... e

=10%kiameias

1968

-Atmospheric neutrinos

Cosmic Rays

heiws SuperKamiokande...

air molecules

vy ~66%

ey (7
Ve ™03 70
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Dubna, 1957

Accelerator neutrinos
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Prefecture %
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Standard Model

L_epton Universality

Particle Symbol Anti — p. mass Ly L, L |lif€é —time
[MeV] [s]
electron e et 0.511 I 0 0 stable
el.neutrino v, V. Z29107% 1 1. 0 0O stable
muon ' iy 105.6 0 1 0| 2210°°
muon neutr. vy v, < 0.19 0O 1 O stable
tau T~ Tt 1777. 0 0 1] 291071
tau neutrino v, v, < 18.2 0 0 1 stable
Lepton Family NEW PHYSICS Total Lepton

Number Violation  massive neutrinos, SUSY...

Number Violation

Vepr < Veyr; Veur < Veyr  Observed Vsiin & Vo not observed
put — et +~ R<12x 108 Kt —wa +et+u" R< 5% 10719
pt — et +e +et R<1.0x 10" T —-a +at+et R<19x10°%
Kt —at+e +put R <47 x 10712 W4 W e e
T — e +put+pu R<18x107° (A, Z2) = (A, Z+2)+e +e- T¥>19x107%
Z% — e* 4 pt R<17x107°| |y +(A,2)— (A, Z-2)+et R<36x10°1
y + (A Z) — (A Z)+e R<12x107Y le4+e —a 47~ 7
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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
L (19, —erA-m) U =0
(iv"0, +ey*A, —m) T =0

U =T forbidden

Neutral fermion (neutrino) + electromagnetic field
(i*0, —m)v =10
(ir#9, —m) v =0

IJE — |/ allowed

Majorana condition

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

Here is the beginning of Nonstandard Neutrino Properties



Study of the Ovpp-decay is one of the highest priority issues
In particle and nuclear physics

AlP

OvpBp-decay:
V <No | Yes=

\ )
\‘\r,

APS Joint Study on the Future of Neutrino Physics (physics/0411216)
JS We recommend, as a high priority, a phased program of sensitive searches
for neutrinoless double beta decay (first in the list of recommendations)

ASPERA road map: Eu rope

« Requirement for construction and operation of two double-beta decay experiments

with a European lead role or shared equally with non-European partners (GERDA,
COBRA, CUORE, SuperNEMO)

« We finally reiterate the importance of assessing and reducing the uncertainty

in our knowledge of the corresponding nuclear matrix elements, experimentally
and tRegreically. Fedor Simkovic 9



The answer to the question whether neutrinos are their own antiparticles
Is of central importance, not only to our understanding of neutrinos, but
also to our understanding of the origin of mass.

1

0w 2 2
= GY(Eq, Z)|M"™ || (mss)] mag = 39
! bl
TI/Z ‘ 6B 2—1
Absolute v : L
| Normal or inverted CP-violating phases

Mass scale Hierarchy of v masses
1 0 0 Ci3 0 313(3_5613 Ci1a2 S99 0 1 0 0
0 Cog S93 0 1 0 512 Cq2 0 0 E’le 0
0 —S893  Cag —31355613 0 Ci3 0 0 1 0 0 €U’~31

C12C13 512C13 s13€ 01 1 0 0
—812Ca23 — 01232331_351513 C12C23 — 31232351513_ 523C13 0 e= .O
S12893 — C12C23€™1 —C12893 — S12C23513€" 1% €23C23€13 0 0 e=

An accurate knowledge of the nuclear matrix elements, which is not available
at present, is however a pre-requisite for exploring neutrino properties.



Mass matrix of light neutrinos

Flavor Large off Mass = (Uﬂ; )2 o
eigenstates diagonal elements ! eigenstates | P
() fU U. U AV M.. ﬂf{w M.,
VE Uel Ue2 Ue3 V1 M ie M it M ur
V -
! i M| |, M,. M., M.,
Vr Utl UTE UT3 Y
~ 7 \ J k. 3 4 T . <__
0.83 055  0.05 g
Uprrnvs = | 0.34—0.45 0.56 — 0.62 0.70 Andion Ao
0.34—0.45 0.55—0.62 0.70 -
Ovﬁﬁ-decay Y ) :if)mna_\_ L
Majorana condition C Xk (#) = & Xi(z) - o
p . ol 2 ) ]_ —|— S ]_ _|_ o~
< VeI _:Ii‘ft.;Jf [_."I‘g) = = = Z (Uié:) &g 9 JrBf;;f{:L‘l — Ig) 5 IBC
k
3 : f ei(@1—72) Jg 1 + TBC
B \S @2 +m: 2
10261201 Effective mass of Fedor Simkovic 11
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Neutrinos mass spectrum

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

Im-mz? =Am?_~310°eV?

sol

: 2— 2| — 2 — -3 2
'm2-myj2 = Am* ~210°eV
Absolute mass scale of neutrinos

OvBp-decay mpp = Zz—l

Tritium decay Cosm0|ogy
ms =Ty Ual? m? 53 m,
10/26/2010 Fedor Simkovic
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The single S-decay,
absolute v mass scale
and relic v

Fedor Simkovic
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Tritium beta decay: *H — *He + " + v,

‘r*\f‘ ' (cosdcGy)’ 2p |
0 o M ()pE(Q‘T)\/(Q_T) _

1934 — Fermi pointed out that shape of electron spectrum
In B—decay near the endpoint might be sensitive to neutrino mass

First measured by Hanna and Pontecorvo with estimation
m, ~ 1 keV [Phys. Rev. 75, 983 (1940)]

Q=M,-M,,

m .
— 1858 ke\/ e Troitsk
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=

il fdE o]

2
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me=-42+22£216V"
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Karlsruhe TRItium Neutrino experiment
(KATRIN)

Evidence for neutrino mass signal No neutrino mass signal
KATRIN discovery potential: KATRIN sensitivity

m.=0.35¢eV (50) . —_—
mg: 0.30eV (30) mg = \/Zi:l |Ue;| ms < 0.2 eV mg ~ my

10/26/2010 Fedor Simkovic 17



Standard approach
e non-relativistic nuclear w.f.

« nuclear recoil neglected dl
dE,

 phase space analysis

E™ =M, —M, —m

1%

2
= e p)piQ -7
Relativistic EPT approach
« Analogy with n-decay
(°*H,°He) < (n,p)
e nuclear recoil of 3.4 eV by E,m&
* relevant only phase space

Eg“ax:ﬁ[Mf+m§—(Mf—mf)] Va

f

Numerics:
Practically the same dependence
of Kurie function on m, for E.= E /M

Jor Simkovic

Relativistic approach to *H decay

1 .
— ( )3(G1‘" cos0,)*F(Z. E,)p.
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:
j
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Y
gi )4
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M¢+m, )

(gv +94)°(y +m,

My +my (M2 — M;E,)
M, ) miy
(M, + M,)
M, )

x (y+ M;

— (g7 — g3) M (y + My

(M;E. — m?)

(m12)?

+(gv — 94)*E. (y +my, Ufﬂ

X

= M2 - 2ME, +m?

F.S., R. Dvornicky, A. Faessler,
PRC 77 (2008) 055502



Rhenium B-decay '*’Re—'*'Os+e™ +v,

« Beta emitter of g.s.—g.s. transition with lowest known Q value (2.47 keV)
 Relative high half-live (T,,=4.35 x 1019 y) ~ age of the Universe
« Natural abundance 63%

first unique forbidden B-decay = 5/2° 5112 = A" =27

MIBETA (AgReO,, 10*(250-350) mg Milano/Como) m, 2 = -141+211+90 eV?
MANU (Re metalic crystals, 1.5 mg, Genova) m, =15.6eV (90% c.l.)

The entire energy is measured in the detector M.Sisti et al., NIMA 520 (2004) 125
except the neutrino including the molecular &
atomic excitations

A%

heat sinl Al bonding wires @ 17um

Microcalorimeter Arrays for a Rhenium
Experiment (MARE)

i
MARE I1: 5000 — 50 000 detectors (MIBETA 10) X-ray calibration source
Expected sensitivity m, =0.2eV 19



Spectrum of emitted electrons in rhenium B-decay

dr szd > 1o
M|" pE(E, - E){/(E, —E)* —m’ - R°((p
dE MI"PE(E, ~E)(E, B - ( @
. . ALY
Electron p,, decay k= \/(EO E)"—m, /

channel clearly dominates Electron in the Electron in the
I, /T, =1.011x10"" P, State Syp State
In agreement with p™* ~50keV k™ =2.47keV
Arnaboldi et al.: PRL 96, 042503 (2006)
4 LSS L S S B R B S S R LA L I B A L L L AL BN
i ] 2N -
r\
] N —— — S, wave
P : &
= i -
5 | e
lor [ I I Tt e L
25 > o5 1 15 2 2.5

E-m, [keV]



Kurie plots for rhenium (MARE) and tritium (KATRIN) B-decay

Rhenium Tritium
G.V g 4 GFV d 2 2
Bg, = ——44 —2_|<"'Os ;2o ®Y,, [*'Re > = ——= +3
Re \/272_3 \/2\]|+1 ” Z R 1 } ” BT \/2772_3 \/gV gA
/2
« [Lrepe BZE) K!8, =({y(y+2m)(y+m,)]
3 F,(Z,E)
— y:EemaX'Ee
K(E.)/B,. =(E,—E, )4/1— - N ———
( e) Re ( 0 e)\/ (Eo_Ee)2 : N oo
Properly normalized Kurie > TR
functions are practically the 5
same by the endpoint ! o _
Z :
K(E)/Bge= K(y)/Br N
_ | ; \
10/26/2010 B e ¥ S T S B



Relic neutrinos

The neutrino capture via the B—decaying nucleus might be a tool to detect
cosmological neutrinos

N NCB
v+(4,2) > (4, Z+D)+e il
V— 8 == —c P e
i m =0
The density of relic v: <n>=56 cm3 S l\
NG >
vl‘o d l E.-m

Temperature sy

1/3
4 )
/ol _(ﬁJ T,” ~(1.945+0.00)K — kT, ~ (1.676+0.001)x10* eV’

_I—)r,,” = (2.725+£0.001)K = (2.348+0.001)x10* eV’

Mean momentum

B0

\-/
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Gravitational clustering of relic neutrinos

« Neutrinos of CvB are non-relativistic and weakly-clustered

* If they are heavy enough, such that their velocities become less than
the escape velocity of a massive object, the RNs fall into the potencial
wells of the latter — and are clustered today

« Massive neutrinos, m, ~ 1 eV, will be gravitationally clustered on
the scale of ~Mpc (~3x101°km), that is on the scale of galaxy clusters

« Overdensities of the order of 103—104

R. Lazauskas, P. Vogel, C. Volpe, J. Phys. G: Nucl. Part. Phys. 35 (2008)
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Detection of relic neutrinos by KATRIN experiment
v+ H((1/2)7) —=> He((1/2)T)+ e
1

Vi3 2 L2 2 a2 My
MCH) = G} Fo(2.p) ppo (1M +&3|Mor) = <>

. Assuming Mg=1,
v -8 = 8 —e Mg=V3 and

n,=<n,> the capture

B O rate

dn/dE,

0 : 5
N I\'"vi MV(GH) =42 1072 y!
1 E ;'i::. 1 >

= Ecm,  KATRIN will use ~50 pg of 3H

Nyt (KATRIN) 7 4.2 10° v -t
<1y >

Even considering effect of clustering of v, n,/<n,> ~ 103-10%:
Nt (IKATRIN) < 1y

24



Heavy relic neutrino detection using v, capture on 3He

3H 3H- + - ; 3
vyt He —“H +¢€ Mixing of neutrinos v, =" U vi+U v
1=1
Capture rate per atom

v 1 y
£ CHe) = Ul GF R p)p,.-po(M: [+ 02 M ) Pt

p.. = 1/ EZ-m? = \/(th —18.6keV)* —m?

Production rate for 1kg of 3He

m, >18.6keV +m_.

m\’h [MEV] th /(lueh|2 () ) [y_l] m'?';— ]
1.0 7.9 102 o ;
5 2.3 104 et
= 02F
10 0.4 104
Signatures in experiment: — b

ion 3H-, annihilation of e*



Detection of relic neutrinos by MARE experiment

v+ Re((5/2)7) — ¥os((1/2) )+ e

1875y _ L - 1 2 Ny
The capture rate T (" 'Re)=7Gp Fi(76.p) 3 (PR B ppo — — <Mv >

The Strength 9B = % | < IB}'G5 ol 4}1'2 +-’n SH(Q ) | lE?RE(ifZ"':l > |2
T,,=4.35 x 100y = B=357<10"" IV (87Re) = 2.75 10732 ]

Ratio of capture and decay rates

MARE: 760 g of AgReO, bolometers = 200 larger as for °H

MARE) ~ 7.6 1075

U
Neapt( ) 50 smaller as for *H 26

< rh-' = b] B



10/26/2010

The double S-decay

Fedor Simkovic
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fone - 2vpp Ovpp

A=76 Foow b

0012 |

As 0.010

G_E —\B' 0.008
- 0,006

BB\A—SE 0.004

7Z=32 33 34 0002 |

III|IIII|IIII|IIII|IIII|IIIIII 1 111
2500 500 T30 1000 1250 1500 1750 2000

energy [keV)
(A Z)— (A, Z+2)+2e +27.
d
Observed for 10 isotopes: “Ca, "®Ge, 82Se, %Zr,10Mo. W e
116Cd. 128Te’ 130Te’ 150Nd’ 238U’ Tl/2 z1018_1024 years V=V
W €

1967 39Te, Kirsten et al, Takaoka et al, (geochemical) | ¢
1987: 82Se, Moe et al. (direct observation)
2006: %Mo, NEMO 3 coll. ~ 300 00 events

(A, Z) — (A, Z+2)+ 2e”

SM forbidden ,not observed yet: T,, ( '°Ge)>10%° years




1934 Fermi theory of beta decay

_ Fermi, Z. Physik 88 (1934) 161
n—pte +7. p

\VZ f:(x)=—% 6@ 6a(z)] [ 0o 0,(x)

G, = Fermi coupling constant = (1.16637+0.000001) 10 GeV*

Fermi 4-fermion contact interaction, Lagrangian
of interaction (in analogy with electrodynamics):

1935
Q-value about 10 MeV
T,,= 10 years

Eugene Wigner W
Maria-Goeppert Mayer



History of Double Beta Decay |

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

« 1935 Goepper-Mayer n—opte +uLH yLH L p 5t e
suggested the 2vpp-decay Declined interest to Ovpp-decay

* 1937 Diracy # por - 1968 Pontecorvo proposed
Majorana v =v - — @+ 2e°, superweak int.

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

- till 1957 Observation of Ovpp 1975 Primakoff and Rosen —
more favored (phase space) Right handed current mech.

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

« 1981 Wolfenstein: cancellation
mech. possible

n—op+e +7v. ve+n—op+e

Period of scepticism (1957-1970)

o 1957 Wu, weak interaction B ) G
violates parity, Majoranaor <™ >= ZklUekl” ncp mp, nop =+

10/26/2010 Fedor Simkovic 30



Majorana mass term

W ul 4 wul d W

Black

<|

e box e \Y

1982 Scheckter-Valle theorem
The observation of Ovpp-decay

iImplies the existence of
Majorana mass term

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

1987 Elliott, Hahn, Moe -first
detection of 2vpp-decay (8°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.

History of Double Beta Decay |1

Period of massive v (1998—20?7?)
«1998- neutrino oscillations (SK,

—edor Simkovic

SNO, Kamland) convin. evid.
2001 Klapdor-Kleingrothaus,
Dietz, Krivosheina, first claim
for observation of the Ovpp-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 (27??—)
2777 Observation of Ovpp-decay
2727 ...

31



The double beta decay process can be observed due to nuclear pairing

Interaction that favors energetically the even-even nuclei over the

odd-odd nuclei

_F A=const (even) o 1 mMaa 2 ,.
% — = 3 C—-rl]'l E[]-. ‘ L{(I;
- T] /o M,
g transition G"YEy, Z)  Qzz  Abund. |[M"]
g | | x10*y  [MeV] (%)
2 BONd — BO5m 26.9 3.667 6 ?
E BCq — BTy 8.04 1271 0.2 ?
BZr — %Mo 7.37 3.350 3 ?
o W6 — 1169 6.24 2.802 7 ?
L0 a2 136 X e — 136 Bg 5.92 2.479 9 ?
A= 100 \ [ — 100 1y, 5.74 3034 10 ?
T g ] 0T — H0Xe 5.55 2.533 34 ?
'3 | ®2Se — ®Kr 3.53 2.995 9 ?
3 y 1 CGe — "Se 0.79 2.040 8 ?
Zr Nd
® ®
Se  Jooyp, E
? 116 o 1 1
5 o gty é
- e 2 The NMEs for Ovpp-decay must be evaluated
ot %o using tools of nuclear theory
- o o o ® o =
- ®e * e Fedor Simkovic 32
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Neutrino mass spectrum

And perspectives of the OvBp-decay search

What is the absolute mass scale of neutrinos: Limits from cosmology,

Inverted hierarchy

tritium beta decay, neutrinoless double beta decay
What are the Majorana CP phases? ...

Normal hierarchy

| c?S:Irlll(l)lll(l)lgy 10| IIIIII|

101: T T T T 77T T T TTTm T T TITT T 100
E | [ | |
- NEMO 3 (®se, 1 10°%) =
. | NEMO 3 (**Mo, 4.6 10%y) | i
10" Ecyortetno *Te, 1.8 10%y) 10 = SuperNEMO (PSe, 210%%)
; T MOON (Mo, 2 10°%), EXO(™*Xe2 1077y
FGERDA1({ Ge, 310 ¥) w = Bor 27
1| GERDA 2 (**Ge, 2 102"33:) — 5 _I\CE if:]; (JG;:[ 41'1]02%) t
10 EgupernEMO {"se, 2 107 —a 10 E ’ e
= ON (™Mo, 1107v) 10
. 3o CUORE ("Te, 1 10y}, EXO ("**Xe, 210"y} ggst it
| === TG 7
i best fit Majorana (| Ge, 410 ¥) Cosmolo |
3 | | ||||||| 1 1 ||||||| | | ||||||| | 1 11 |||| | | =
10 _ _ i 10 _ _
10” 107 107 107" 10° 10” 10” 107
m, [eV] m [eV]
10/26/2010 Fedor Simkovic
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1)

2)

If (or when) the Ovff decay
IS observed two theoretical problems
must be resolved

What is the mechanism of the decay, i.e.,
what kind of virtual particle is exchanged
between the affected nucleons (quarks).

How to relate the observed decay rate to
the fundamental parameters, i.e.,

what is the value of the corresponding
nuclear matrix elements.

10/26/2010 Fedor Simkovic

Mass Limit (meV)

S.R. Elliott, P. Vogel,
Ann.Rev.Nucl.Part.Sci. 52, 115 (2002)
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1940 1960 1980 2000 2020
Year



The OvpB-decay Is
a particle physics problem

The Ovpp-decay mechanisms

Two basic categories are
long-range
(exchange of light Majorana v)
and
short-range

(exchange of heavy v, squarks, gluinos ...)
Quarks. Neutrinos. Mesons. All those

damn pafTEIaE Yot can soe. Thiat's what contributions to the Ovpp-decay
cdrove me to drink. But now | can see them.

10/26/2010 Fedor Simkovic 35



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

Majorana condition Cxr () = & xi(z)

. . —1 |
Majorana particle < x,(z)Y3(z2) > = f ! _ ePlEr=22) gy
| (27)4 yp—im)
propagator E
— Sr:x_ﬁ (:El _ T.E)
< X(z1)x" (22) > = —£S(z — T5)C
<X (z1)X(22) > = £C7'S(zy — 23)
Weak B-decay 3 _
. . W= = o 1 5 )Ve Jo h
Hamiltonian Hw NoR (1+78)ve jo+ hoc

. . - L
Neutrino mixing ver = Y Ul xar

10/26/2010 Fedor Simkovic
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S-matrix term

—q)? G\ - o
5"':2] = —( 2) 4 (\/%) /*Nr [ﬁ(ml)wai ‘T-’rr‘f.("rl)‘r"rr{f.("rﬁ) :::'?réqi (IE)} X

T (ja(21)js(z2)e S %) dzy dars

Contraction of v-fields

o T 2
< Ver(x1)ver (22) > = — Z (Ujif) &k
k

1 2 e‘:q”l_zz)dq 1 4+ 5
= Uk m..f : Lo

Effective mass of Mgz = Z (ch)z £y,
Majorana neutrinos k

10/26/2010 Fedor Simkovic 37



Ovpp-decay matrix element

| G\ .
< fISUi> = mgs (—f) Ny, Ny, T(p1)va (14 75)750T (p2) X

V2
/E_ipisrle_ipzzz —1 /EiEI(Il—IZqu
(2m)* q*
< A'|T [Ja(21)J5(29)] |A > dzydas — (p1 < po)

X

Use of completness 1=X_|n><n|
< Aldy(z)ds(m)|A > = Y < AJL(0,7))|n >< n]Js(0,75)|A > x

E—i(b"—ﬂn)xm E—i(b‘n —FE)ran
Y Gp\’ .
< fISP)i > = imgs (T;) N, N, (p1)vall + 75)7CT" (po)
T1-&2) dg

oo L iq-{
After integration X f dadaye” PrTL TP T ! / ‘ X
(2m)?

=2
over time variables ) : q
3 ({ A J,(0,7))|n >< n|Js5(0, %) A >

< A

E,+q +po—F
J5(0,71)|n >< n|J.(0,F2)|A >)
10/26/2010 En+qo+po— E
X 276(E" 4+ pro + ppo — F)

v —




Approximations and simplifications

1) Non-relativistic impulse approx. — Ja(0,%) = >~ 7.7 (8o + iga(F)k0ar)d(T — T)
for nuclear current !
2) Long-wave approximation for g PrILTiP2T _, |
lepton wave functions
3) Closure approximation b, — <EBEp,>
< f1SP)i > =a(p1)Val(l + 75)75C0%" (p2)Aus,  Aus = Apa .
contribute

Hadron part IS Jo(0,7))J5(0,7,) = J5(0, 7)1, (0, ) /
symmetric

,-:r_.& “.:f,-‘j — 5 o —I_ E (ﬁ;_.& ,}H _ “':rﬂ ﬁf.a:]

OvpB-decay matrix element

_ . AN 2 (o) 3
<A = i (S5 ) NuNtln) (1 = 20)C ()

X (fl,-f P gifvfm-)é (P10 + pao + M" — M)
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Nuclear matrix elements /= _ _ 4 Z Th(|Z, — & |)|A >
Mp = <A Zfﬁfﬁh Ty — Ton|)Fn - G| A >
Neutrino exchange potential
1 e TEdF
h(|Tp, — Tm . f
( ) 212 ) qo(qo+ < En > —(E + E')/2)
1
_ _ 7]
Differential Ovpp-decay rate
1
dl o, ;(éﬂ) Im 55)7 —| My — g% Mgy |*(1 — cos 6)
F*(Z)(gy — £ + 1)*(z + 1)d= sin 6d6
1
2ra(Z +2) o= — (M — M —2m,)
F Z — Z0) 4 i e
2 1 — exp|—2na(Z + 2)] e
Full OvBp-decay rate 1 Gym 2 s (22
y rm, — 2 (2';“) |?H3.g.| —|1l,1r}. _l_l;-"‘,li‘lff{gj'| F (Z)

10/26/2010
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Assumption M. » m Eigenvalues and eigenvectors
R D

r G) (O e ) () MEMoMpamy mAM
. mp Mg VR V1=V -Mp/Mg (VR)¢ v,=vr+mp/Mg (v )°

Left-right symmetric models SO(10)

Two-charged W= =cosC W *+sin C Wg*

vector bosons .

Parameters -210% << 3.310°3 (superallowed p—decay)
M,=81 GeV, M,>715GeV, (M,/M,)?< 1072
See-saw scenario

light heavy light heavy

Ver = Y U.xir + Y UsNig (Wer)® = D Vaxic+y_ VeiNi

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

1012612010 |qrge smal| Fedor Simkovic small large 41



4 Light neutrino exch; He?-,vy neutrino exchangep
—»> n J
gt+im i1 - i " //e
Pr 2+m2 1 L P R Y . .
®L.R n \p
J+im ig ¢ " P
_td PL B q;+1ﬂfg PL B L two—pion exchange (heavy neutr;.fl(:)ig /
Srge+ M ’ - \\
- -1-1 -P
Mechanisms
neutrino lept.v. quarkv. hadr.m. supp. f. LNVDp. limit
light LL LL 2n S UUmM mgg < 0.5 el”
LR LR 2n (Ml_,.fﬂifg)z E“-‘?hf UV <A>< 71077
LR LL on tan ¢ PR VAT <n><4107"
heavy LL LL 2n — Shee ] U my, /M oy < 81078
RR RR 2n (hil_,.fﬂfg)4 z;hm'yv V mp_,.fﬂff
RR LL 2n (tan C)‘i z;hm'yv V m, /M
RR RL 2T tan (Mfl_,fﬂffg)z z;hm'yv V mp_,.fﬂff
10/26/2010 Fedor Simkovic 42



F,(m,)

1000 ¢

0.001

1

100

10

0.1k

0.01 £

Heavy neutrino in OvBp-decay

3
vo=S U.vi+U., v 0y -1 (M) )ec vrlight | 772 TWhy
2 Ueivit Ui T = Gy, Mkt 2 TR g0 ()
i= * M, m.
10™
IIIHIHl IIIIHHl T T TTTI T TTTTIT T TTTTIIT T TTTIIT T TTTTIT T T TTTIT ‘|‘|||l§ 1[)_
"Ge > "°Se 10
10
N—
_
D‘D 10
10" ]
:‘ Lab. searches
10 e
].U- ! f;
SEHE \ )
.m—'; lllllljl Covml 1ol 1 . ! : _
vl vl vl vl vl al il sl 107 107 107 10° 10" 10" 100 10" 100 10° 107 10"
0 10° 10 10 10 10° 10 10 10 10
m, [MeV] m, [MeV]
. 1 1
o2
mp r0v {"I"-’h‘ i !
Fu(?nh) =—M (mh) ‘Fv(?nh)‘ \/TTOH_EIPGG]_
m. J_fZ
10/26/2010 Benes, Faesler, F.S., Kovalenko, PRD 71 (2005) 077901 43
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Minimal Supersymmetric Standard Model

particles | fields Supersymmetric particles | fields

Interaction eigenstates Mass eigenstates

Symbol Name Symbol Name Svmbol Name
g=d,c,bust quark 105 squark g, .4, squark
[=e,u1 lepton .0 slepton Il slepton
V=V.V..Y, neutrino v STeutrino Y STeutrino
g gluon g glumo g glumo
W- W-bﬂsml E}‘ wino }“{E chargino
H Higgs boson H/, Higgsino :
B B-field B bino
W W -field W wino
HF Higgs boson R Fli b F,z,:»,. neutralino
H, Higgs boson Hln Hi:gztsiﬂﬂ
H, Higgs boson :

R=+1 R=-1

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



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

R-parity breaking terms

In superpotential . - s
)y by < 10 proton decay

L <10°1t0 101 with A, <0003 limit on v, mass
L' <102t0 101 with L', < 410 neutrinoless beta decay

Neutrino-Neutralino mixing matrix (see-saw structure)

0 m T _ Al a0 g0
M, = ( T M Vig = (Vey Uy, Ve, =X, =iy, Hy, Hy)

m My,

Radiative corrections to neutrino mass
N

wa o al oY Keeeeo,

.«M I — u’thEE -|_ JME -|_ J'Mq d I:.- """"""" '*.‘a/R
——— : ve S SV
Gozdz, Kaminski, Simkovic, PRD 70 (2004) 095005 __ "R _ % —p—

| |
10/26/2010 Fedor Simkov .. 7\‘ d k -0



gluino/neutralino exchange R-parity breaking
SUSY mechanism of the OvBp—decay

quark-level diagrams

dtd >u+u+te+e L, gk, e o
i, . i, . L
! L ' L
L T ' > ‘L
exchange of %8 3 18
| X8 u; e
squarks, o " J,(i_~<
neutralinos W “i . dr  dg e, oo
and dr €.
gluinos
d u
Sk, G S “p
ELl e ELi e EL i €.
| . | . | >_
(A’11)? mechanism X X y
i eL
R dR
®
+dR & >— —FdR ® uLP— u,

e R-—parity violation
10/26/2010 Feaor SIMKOVIC 40



1968 Pontecorvo proposed T~ — w*+ 2e, superweak int.
We identified with R-parity breaking SUSYmechanism

. 2m ' | i LG e
Two—-nucleon mechanism Pion—-exchange mechanism
n P
i / Hadron-level diagrams
7 Faessler, Kovalenko, Simkovic
- ~ PRL 78 (1998) 183
| € Wodecki, Kaminski, Simkovic,
- PRD 60 (1999) 11507
n P
Can be neglected The dominant contribution
m?2
Olaysd|m™) = iV2fs T (m,/(m, +my) ~ 13)
m., + my

(0 | af}a,‘}5d| 7T—> — z\/ﬁfﬂ"ka “edor Simkovic 47



ter A"y

ing parame

t on R-parity break

Imi

L

1.0

¢ o
B S
e ;f V m
A _~_g fo 8]
Y, * ]
o.f m Y G — @
Y = o)
LY = —
Y !
Y ]
-]
-]
-]
—
o pr—
=
Y
=,
i=a
-
o
]
=
=
—
n
_
— — — —
= o - -
S S S
111 v o =

P00STI (8661) 8S AU ‘OqUIBAOY] * S “II[SSIBY

48

)1/2

‘?]’lg'
100 GeV

(

;

‘?H&
100 GeV

=1310"* (

}‘111
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Squark mixing SUSY mechanism

Mixing between scalar superpartners
of the left- and right-handed fermions

10/26/2010

— <(2m¥, + m%) cos 23

m%;.: + m?,
_ ar
—mgi ((Ap)k + ptan 3)

Hirsch,

Klapdor-Kleingrothaus,

Kovalenko
PLB 372 (1996) 181

—m g ((Ap)kr + ptan 3)

: 1 2 ..
mé;ﬁ + m7 + 5(mj, —m3) cos 26 )

{ﬂjf

A. Faessler,
Th. Gutsche,
S. Kovalenko,
FS.,
PRD 77, 113012 (2008)



Effective SUSY v-e Lagrangian

Neutrino
vertex
7= i (Eva(l—75)v) (WY (1 —~5)d) + he. (V — A)
R-parity violating SUSY vertex HirSCh’K'a%dfg'g;gi?lggrgg'?gi’ Kovalenko
e G {
Ls{;fsy = —= ?FHHLH Z (L+s)e) (a(l +5)d) (S, P)
V2
1
—|—§?;(q-;,LR Y UL (o.5(1 + qs)e) (uo™ (1 +~5)d) + h.c. ) (T'ensor)
Paes, Hirsch, Klapdor-Kleingrothaus,
PLB 459 (1999) 450 ,
Mt d,
R e Ay
LN-violating parameter
v=v
/\/llfc/\llkl . d I 1 -
N LR = Z SH 29(k) 3 T 9 _
v 8v2Cr Moty M0 9




Limits on R-breaking parameters

TABLE II: Nuclear matrix elements (NMEs) of the squark-neutrino R, SUSY mechanism of Ov33-decay. The NMEs of the
2N-mode are calculated for the two cases of the nucleon form factors: Quark Bag Model (QBM) and Non-Relativistic Quark
Model (NRQM). The quantities Mayn, M, are the 2N and pion mode nuclear matrix elements averaged over small, medium
and large model spaces (see the text) with their variance o given in parentheses.

QBM
wnel. M M, M, [ M,
BGe 462 615 14.8 [27.8 (46) |-25.5 646 15.6 524 (2.7

NRQM

My Mi; Mi, Ml

Aro -54.9 61.0 16.522.9 (1.8) [-30.3 64.1 17.4 51.0 (0.

BO0Te 449 51.6 142 V9.3 (3.4) [ -24.8 542 14.9 42.4 (2.6)

A ¥ y 4

N

71 mode TABLE I1I: Upper bounds on the R, SUSY parameter 'ﬁ(lql)LR
as well as on the related products of the trilinear R,-couplings
A (k=1,2,3) for Aspsy = 100 GeV (see scaling law in
Eq. (37)) deduced from the current lower bounds on the half-
life of Ov33-decay for °Ge, '°° Mo and *°Te.

A. Faessler, Pion mode
Th. Gutsche, nucl. Tfl};emp [Ref] '7?(1;)LR )‘111)\111 )\112)\121 /\11:3/\1:31
S. Kovalenkao, _

ES., (vears)

PRD 77, 113012 (2008) ™Ge >1.910% [2] 85107 1.5107® 8.0 1077 3.3 10~®
Y00 >5810% [4] 1.810°° 3210 ° 1.710°° 7.0 10°®
10/26/2010 1397e >3.010* [5] 951077 1.7107° 9.0 107" 3.7 10~° 51




The OvpB-decay Is
a nuclear physics problem

In double beta decay two neutrons bound in the ground state of an initial
even-even nucleus are simultaneously transformed into two protons that
are bound in the ground state or excited (0*, 2*) states of the final nucleus

It is necessary to evaluate, with a sufficient accuracy,
wave functions of both nuclei, and evaluate the matrix element of the
Ovpp-decay operator connecting them

This can not be done exactly, some approximation and/or truncation
Is always needed. Moreover, there is no other analogues observable
that can be used to judge directly the quality of the result.

10/26/2010 Fedor Simkovic 52



The Ovpp-decay NME (light v exchange mech.)

The OvBB-decay half-life NME= sum of Fermi, Gamow-Teller
1 0 P ) and tensor contributions
’j_'"— =G V(EQJZHJI |2|f\?ﬂj‘j}| ? /0w g4 2 ﬂj’ﬂp o o
1/2 M = (ﬁ) (f| — = + M%, + M3 }3)
. A

Neutrino potential (about 1/r,)

hx(q?)qd
Hic(rin) = — ( )m;f(q—)qqf
gy Jo g+ E™—(Ei+ Ey)/2

frer(qria) = Jo(gria),  fr(gri2) = —ja(qra) Induced pseudoscalar

finite nucleon her =g% |1 — gégfnz + 2 (éﬂfmi)/(plon exchange)
size L, 2 o \2
R e ()

Mg_perr = Z Z (—1) j”ﬂ o T2 T { jp jn J } Jr =
7 kisk g, T prp'n! gy J + 1+ 9+
<P( ) F(Z)' i .”r'f(?"lz)of{ﬂ?“m) || ”( ) ’”;(2% i —0 ’1 ’2
Jastrow . =Tt a1, |77k, ) (T ks | kST et llop) 0ot 12
S.I.C.




Exact methods exist up to A=4 Nuclear Structure
Computationally exact methods
for Aup to 16
Approximate many-body methods
for Aup to 60

Mostly mean-field pictures

for A greater than 60 or so

>

Monte
Carlo Shell
Model

profions

=

Standard shell model 28

2()”

Ab initio methods NELTrens With newer methods and powerful

28 computers, the future of nuclear
structure theory is bright!
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Many-body Hamiltonian

« Start with the many-body Hamiltonian

Pl N
Z +ZVNN( 5
(] i i<j 7
0flp N=4 /
) O
* Introduce a mean-field U to yield basis odisn=2 | O
00 IPN=1 Lo*0-0-0—
O i I
i <]

ReS|duaI interaction

The success of any nuclear structure calculation depends on
the choice of the mean-field basis and the residual interaction!

« The mean field determines the shell structure
« In effect, nuclear-structure calculations rely on perturbation theory

10/26/2010 Fedor Simkovic 55



Goeppert-Mayer and Haxel,
Jensen, and Suess proposed
the independent-particle
shell model to explain

the magic numbers

Harmonic
oscillator with
spin-orbit is a

reasonable
approximation
to the nuclear

mean field

10/26/2010

V(r) Mev

vir)=

H: HARMONIC OSC. POTENTIAL

V(r)= tMw?r?+ CONST

S:WOODS-SAXON POTENTIAL

Y r—-rY = . m
T+exp(5R) 0. g6sim

. hw= 86MeV

i CONST=-55MeV

N=4 L=0

2
N

iR

N=4 L=4

0——

1 L 1 1

o

o

7 8 9 10 n
r(fm)

Fedor Simkoy

Origin of the shell model

168 Sen
h
12 558
4h
70 evehri
3hw
40 odd
2hw
20 even
Thw
8 odd
2 0

\
N5 (16)—[184]—184
3d3» Eé)—
A s 1 )
B g 207 ——— (8)—
e 1i2=(12)—
—29—<X X 3d%2 (6)—
W 20N 29%2 (10—
— ] —\
\\\
\ = 1i‘3/2—((13;—[126]—126
—— /2 s
—3p <-__333/‘ (4)—
. 2f5/2 (6)—
—2f €7t 2672 (8)—[100]
, 1h%2 (10)—
7 4
_]h_/:’
\\
s 1h1Y2 (2%)—[82]—82
([ —35 ——====35V/ )—
S 22 (4)—
—d—=el, 2452 (6)—[64]
/ 1972 (8)—
19 ",
R 19972 (10)—[50] —50
_=2p"2 (2)—[40]
—2p LA 1572 (6)—[38]
i % =
b 1472 (8)—[28]—28
—2s Sz 1d¥%; (4)—[20]—20
—1d—< =251 (2)—[16]
S~ 1d52 (6)—[14]
_——1p'2 (2)—[8]—8
—1P—<_1p¥} (4)—[6]
—1g——=----1s'22 (2)—[2]—2

M.G. Mayer and J.H.D. Jensen, Elementary Theory of Nuclear
Shell Structure,p. 58, Wiley, New York, 1955



Nuclear Shell Model

In NSM a limited valence space is used but all configurations of valence
nucleons are included. Describes well properties of low-lying nuclear
states. Technically difficult, thus only few OvBB-decay calculations

eDefine a valence space

eDerive an effective interaction HY =E Y — H 4 V¢ = E W

eBuild and diagonalize Hamiltonian matrix (109)

eTransition operator < W | O | Werr>

ePhenomenological input: Energies of states, systematics of B(E2) and GT trans.

+ <]a]b’ﬁ|V
H= _
Za:gaaaaa ab% \/(1+5ab)(1+5cd)

@ O

18Ca — 37|

£5/2 f5/2

p1/2 p1/2

p3/2 p3/2

f7/2 17/2

AU
40(? a

__________ Fedor Simkovic
Small calculations

JoJasIT), [[a; @a;]” ® [a, ®Zz’d]”:[z @ @

°Ge — ®Se

g9/2 g9/2

p1/2
£5/2

—_
—_——o— P12
-----

-0-0-0-0- P32

52 _g-@—oo
P32 _g-e-0-0-

AONNNNNNNNANN
96 i

6Se,, in the valence
6 protons and 14 neutrons



Quasiparticle Random Phase Approximation (QRPA)

In QRPA a large valence space is used, but only a class of configurations
Is included. Describe collective states, but not details of dominantly
few particle states. Relative simple, thus more Onbb-decay calculations

e 1j15/2 ((12;—[186]—-181.
b 3d3 =
[ —4S——of--4s]! 7 (2)—
- :’;‘; % — — 27 “.,,,_((2%’%: e Large model space (up 23 s.p.l,
21 lew | _, />~ 299 ——— (10— 150Nd - 60 active prot. and 90 neut.)
_ L « Spin-orbit partners included
—3p <Dy (2= « Possibility to describe all
o e e multipolarities of the intermed. nucl.
12 Ielﬁ”’—“\: J* (m=%1, J=0...9)
* =% 1h'2 (gg;—[82l—82
—3s ——=-==-3s'2 . —_—
- 2d¥ (4)— —
g 2052 (6)—[64] H=H,+ Iph Vph + Ypp Vpp
even ¥ 4 972 =
—19—=<
ke 1992 (10)—[50]—50
T he ‘
Mo { T T <o 152 (61— - _
e 17 (8)—[28] —28 quasiparticle . . .
R o mean field Residual interaction
even | —M—< —h— =t
e —1p—eIT 1Py ((Z;:%g%—a Simkovic 58

0 — s ——=---=1s'22 (2)—[2]—2




The Interacting Boson Model’

* The low-lying states of the nucleus, composed by n and z
valence nucleons, are modeled in terms of (n+z)/2 bosons.

* The bosons have either L = 0 (s boson) or L = 2 (d boson).

* The bosons can interact through one-body and two-body

forces giving rise to bosonic wave functions.

* Any observable can be calculated using these wave
functions provided that the relevant operator is employed.

TF. lachello and A. Arima, The Interacting Boson Model,
Cambridge University Press, 1987
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Projected Hartree-Fock-Bogoliubov Model

PHFB Model

States of good angular momentum J

¥y )= 25 [daDi @R@)® )
J

Axially symmetric HFB intrinsic state

O )= u. +v. b b
‘ ﬂ> H ( im im ~ im rm)

where

4= 2 Cr’&'m”;n bf% = Z( I)H-J mCTJCEm f ™

m

Hamiltonian:
H=H_+V(P)+¢ V(Q0)

Only quadrupole interaction,
GT interaction is missing



pobot b b b b b b b

T
6.0~
i ®
5.0~
: } .
Differences: 40
1) mean field; S i
i) residual int.; C’z 3.0
1i1) size of the m.s. -
iv) many-body appr. Sol | |A
1.0 '}
A
48(:(?1 76Ge 82
LSSM (small m.s., negative parity states)
Nobody is perfect: PHFB (GT force neglected)
10/26/2010 IBM (Hamiltonian truncated)

¢ (R)QRPA

IA$.

Se 96ZI' 100M0 116cd 128Te 130Te 136)(e 150Nd

(R)QRPA (g.s. correlations not accurate enough)



Constraining the mean field with
proton, neutron removing
transfer reaction

Schiffer et al., PRL 100, 112501 (2008)

H?IP ( 1ﬂ1i|E ij j‘:’m|01m.t>

010 T T T T T T
(b) |
0.05+ + .
| ¢ Lo
> 0.00f —————— S, S -
E :
E—0.05—’ o .
P —
A @

-0.10

-0.15

~0.20

Reduction of NME within the SRQRPA

0 500 1000 1500 2000 2500
Excitation energy (keV)

‘ Ge — Se prev. new

Jastrow s.r.c. | 4.24(0.44) 3.49(0.23)
UCOM s.re. | 5.19(0.54) 4.60(0.39)

F.S., A. Faessler, P. Vogel, PRC 79, 015502 (2009)

S

Difference in neutron vacancies
6Ge — 76Se e & =
£ & o
s o TO
ol EXPERIMENT c} S »= |
0gg/>
1L ]
Ofs/o
1p3p+1pyp
0
Adjusted WS mean field
TGGe TEiSe
neut. | BCS Q S exp BCS Q S exp

P 5.65 527 4.64 4.940.2 557 505 4.12 4.440.2
f5/2 554 512 4.34 4.6+0.4 553 5.00 3.63 3.8+0.4
f7/2 791 T.67 7.62 - 790 T7.54 T.37 -
S1/2 0.01 0.05 0.07 - 0.01 0.04 0.08 -
ds/z 0.03 0.14 0.15 - 0.02 0.14 0.16 -
d5/2 0.09 030 0.36 - 0.07 027 0.39 -
g7/2 0.14 0.53 0.48 - 0.12 0.56 0.58 -

9o /2 4,63 4.78 6.35 6.5+0.3 278 355 566 5.840.3
prot.

P 223 234 1.75 1.77x0.15 | 277 276 2.28 2.0840.15
f5/2 1.61 227 208 2.0440.25 | 2,95 297 3.03 3.161+0.25
f12 783 T7.19 7.13 - .76 7.12 7.06 -
51/2 0.00 0.02 0.03 - 0.00 0.03 0.04 -
d3/o 0.01 0.07 0.07 - 0.01 0.09 0.09 -
ds /2 0.01 0.12 0.15 - 0.02 0.17 0.18 -
g1 /2 0.02 0.19 0.16 - 0.03 031 0.27 -

Go /2 029 085 0.62 0.23+£0.25] 046 1.15 1.04 0.8440.25




Realistic

) i Modern (phase-shift equivalent) NN potentials
NN-Interactions

used In Nijmegen I - (P, = 5.66%) - 41 parameters - x2/Nj., = 1.03
the QR_PA Nijmegen II - (P, = 5.64%) - 47 parameters - %2/Ny.;, = 1.03
calculations Argonne Vs - (P, = 5.76%) - 40 parameters - x2/N,,,, = 1.09

CD Bonn - (P, = 4.85%) - 43 parameters - x2/N,,. = 1.02

C based upon the OBE model >___<
T p® GG,

Brueckner
G-matrices
from Tuebingen
(H. Muether group)

(1999 NN Database: 5990 pp and np scattering data)

Renormalization of the NN interaction I

Bethe-Goldstone Difficulty in the derivation of V_; from any modern AN potential:
existence of a strong repulsive core which prevents its direct use

equation in nuclear structure calculations.

Traditional approach to this problem: Brueckner &-matrix method.
G :V+VL6 The & matrix is model-space dependent as well as energy
W-H, +ig dependent.

o



The value of the Ovgf-decay NME calculated
with consistent treatment of s.r.c. IS Increased

7.0r .
6.0 . .
. | :
50~ T —
C | T N il ]
Naotle |7 "7 o &
S - _
ﬂz - e I ]
30 1 B | ]
VT - + } + -
B L g
2.0 — A A A A —
- Iy
: 0: ® A NSM (Jastrow) E
~E ® (R)QRPA (Jastrow) :
- m (R)YQRPA (Brueckner) 1

0.0—=¢ 82 96 100 116 128 130 136

Se Zr Mo Cd Te Te Xe 4
F.S., Faessler, Muether, Rodin, Stauf, PRC 79, 055501 (2009)
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There Is a need for supporting experiments

Nuclear matrix elements:

» Mean field p and n removing transfer reactions

« B~and S strengths Charge-changing reactions and muon
capture

» deformation EXp. to remeasure deformetion needed

 2vp[-decay Double beta decay experiments

10/26/2010 Fedor Simkovic 65



On the relation between
OvpB-decay and 2vBp-decay (GT) NMES

1 My MY
M = Mg, (1+ 3 ; )

2 g0 A 70w
GA f'ffr:;j:}' J‘IGT

10/26/2010 Fedor Simkovic 66



1

. = G*(Ey, Z) g3 |[MZ |
2v—er 03 A Gl
2vpp-decay NMEs T2,
0.25 _I FrTT T TTTT FTTTTTTTTI FTTTTTTT Iil T TTTTTT T TTTT Why the Spread Of the
I 100y 160 2vBBNMEs is large
o020 and of the OvBB NMEs
o i Is small?
E i 76
= oi1s| Ge e Are both type of NMEs
— : ® Cd
Q i 3 related?
< “e A :
o 010 ® ® - -
g', o [as Nd 7
[ Ca 128 8
0.05 - e B
I 130;‘(3 YBGXE —
_I I Y I Y | 1 I Y Y | 1 Y Y | 1 T Y Y | [ T Y Y Y | |
0'0040 60 80 100 120 14 Why ZVﬂﬂ of
A 136Xe has been
not observed yet?
Differencies among 2 vg3-decay NMEs: up to factor 10 Do this affect the

value of 0vgp NME



T(Ju(@1)Jo(22)) = Jul21)J,(22) (two 3 — decays)
+ O(zy9 — x1p) [ (22), (1) (2033 — decay)

virtual
states

A sum over 2Vpp-decay
Intermediate nuclear states
represents a sum
over all
meson and gamma exchange
correlations of two
beta decaying
nucleons

Jo(0,7) =Y 7 (80s +i9a(F)k0ur )0 (T — 7,)

i

two subsequent B-decays

Jﬁfgu (p1,pas b1y ko) = —i210 fa':';'ﬁpkéyk

10/26/2010 x276(E; — E; + pro + ko + pao + ko), k=1,2,3,



Integral representation of Mg

Mgy = = 100(Ei[1310+k1u—&)t + Ei[qu-szu—&]t)ﬂ,fAA(t)dt

Maa(t) =< OF |51 (2/2), Au(~t/2)]0] >

~"1a'r("r) — EthAk(O)E_th: Ak — ZT;_ (Ei)k: k= 1} 2:' 3.

n times
. B 0 ()"
1 11(” — ElfHA 0)e itH — HIH.. H?;‘q 0.
Completeness: f £ (0) X HUH-H, A(0))..]
2, |n><n|=1

< Aldy(z)ds(m)|A > = Y < AJL(0,7))|n >< n]Js(0,75)|A > x

g E L ; I PR )
e ik En)xlue iy —E)ran

[ et = tim [ e Ay = lim —
0 e—0 f e—0 1 — 7¢

R e 07| A0),[1} >< 1F|A(0),|0] >
10/26/2010 Mer =2 E, —F +A 69
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The cross sections of (t,3He) and (d,2He) reactions
give B(GT#) for g*and g, product of the amplitudes Sy
(B(GT)Y2) entering the numerator of M2V ar oGT
.1
vl e |
“r.:‘rf _ Z ‘11'1’{5;1)(?“) ‘1“}’{5?1)(”?’) | B
m Q,ﬂfﬁ'/g + e + Ex(l,;;) T ED — . o+
(2. {£+1,A) (Z+2,A)
0.04 [~ | 2V[33-matrix element
— T tees 1| 0.16 £0.04 MeV-
: ety Closure 2 vBB-decay
0.02: ] with NME
r G(2v) = 3.4x 102 MeV2 a-1
0.01} _
e — ' M2, _Z MS (m) M5, (m)

L) L]
76Ge(3He,t)"®As

120 | S 2vBp - half-life

RCNP 08

(1.1%£0.2)x 102! a SSD hypothesis

do/dQdEx[cts/sr 10 kev] do/dQdEy (mb/sr/50 keV)

3 2 2u 3D

| h recommended. exp. value: g M aT—el —

0 1 2 3 a5 (1.5+0.1)x10%a [tects
70

10/ Grewe, ...Frekers at al, PRC 78, 044301 (2008) <OViC



Going to relative coordinates:

5”51 I'—cl —/ Céf}—cz )dr

r- relative distance
of two nucleons

qkoElIIIIIIII|I||I|||II|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII£

g 7%, 3

E - Gﬁ =

l6§_ 32 —§
= — %zu 3

_ g — "Mo 3
~ 08F 3
¥ E 3
= E 3
a 9 o4aF 3
0.0F =
04F =
So@EHEHITI e | i A
1.6; — "cq E

c — Pre 3

12 — e 3

E — 136 3

™ g Xe 3
— 08E =
? = 3
= E 3
& O o04E =
0.0E -
04F =
_08§|IIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII§

“0 2 4 6 8 10 12 14

r [fm]

A connection between closure
2vpBand 0vBBGT NMEs

v = [ 101t

Neutrino potential

= R— f jo(qr) +Efms(q2)gﬂm-(q2)dr

TTTTTTTT[TTTT [T TTT[TTTT[TTTT IIIIIllll'lll]lllIllllll]llllllllll]

— justR/r

— with fns

= with fns, hot

— with fns, hot, E=8 MeV

|
0 1 2 3 4 5 6 7 8 9

r [fm]
Neutrino potential prefer short distances



Phenomenological estimation of M%V+

SSD ChER
Nucleus T, " [y] [gAMar =" 1gaM&r_al |g3M™ 7] |ME| IME_g| [ M
[years| [MeV 1] [MeV 1]
BCq 14 %109  0.0735 - - 0.083 0.355 3.10
6Ge 1.5 x 102 0.219 - - 0.159 0.840 8.80
9 7y 2.3 x 101 0.145 - - - 0.357 1.04
W00 7.1 %108 0.373 0.564 6.47 - - -
U6Cd 2.8 x 109 0.203 0.562 6.78 0.064 0.491 5.92
Neutrino potential M2, = Hep(r=0) M2,
2 o0 { : : fly
H(r) =R~ | jolgr)——=fins(a")guor(q®)dr f F(r)Cap—alr)dr
T Jo —I—E
_ J.-I‘l‘fgi;_ph 1Hr'|:|!/ rest
with Taylor expansion A: Phenomen. B: Need to be
1 1 | prediction: calculated
dolar) = 1—<(qr)*+ —=(gr)* =+
G 120 Too large Not
= 1—F(r) (~ factor 2) negligable

0
1600 There is no proportionality between M%grand M2Ygr 2



C I OSU re 2 Vﬂﬂ GT N M E %Gc, 23 levels model space, Argonne pot.

{:I.D3EIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII£

= J'

0.02 N

The only non-zero contribution = oolE E
from J=1* O

& o E .

U 0.00F — — =

Y — ; E

Mer—a = 001 =

Y, < 0f|rtGJ",m > - < J7,m|r7G|0f > - E
J™m {).03;'IHHHIHHHHIIHHHIHIIHHHHIHIHHHIHHHIHIHHIH';
= < 07|77 a1, m > < 17, m|77a|0] > - J 3
- 0.02 E
= 0.015— —i

3,,, ?i% ; ;

T Z[ C&p_yn(r)dr 000 E

001E E

D‘m§|IIIIIIII|IIIIIIIII|IIIIIIIII|IIIIII IIIIIII|IIIIIIIII|IIIIIIIII§

0 2 4 6 § 10 12 14

r [fm]
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OVGT depends Weakly on QA/gpp

and QRPA approach unlike M?V4;

Nucleon  Nuclear physics

+—> < >
2.0:| IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII | IIIIIIIII | IIIIIIII I:
: 76 =
LSE G =
~ e
= Lof =
o E 3
£ =
A 0sE =
5.0 FHHHHHTHHHHHHHHHEHHHHHHHHHHHHHTHHHHE
40F E
~
= 30F
T OE
= =
5202.03— =
————— QRPA (WS)
LoE ———— RQRPA(WS)
“E ————— SRQRPA (WS) 3
E SRQRPA (AWS) J
0,0 B4 i L Lt Y Lt Lt ]
o 2 4 6 8 10 12 14
ro[fm]

Different QRPA-like approches

Mgi(ro) = [ HE(r)CG-alr)dr

Nucleon  Nuclear physics

—> < >

]
L
™
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w
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M

g,=0.80 3
gA=l.00—§
g,=1.27 3
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Fedor Sim Dependence on axial-vector coupling
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Co-existence of few mechanisms
of the 0 vpBf-decay

It may happen that in year 201? (or 2???) the 0 vBf-decay
will be detected for 2-3 or more isotopes ...

Fedor Simkovic
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Dominance of light v mass mechanism of the 0vBf-decay

TV, (°Ge) = 2.2375:51 10 years

m, m,
H.V. Klapdor, I. Krivosheina, ] = MYV G MY VT, Gy
Mod. Phys. Lett. A 21, 1547 (2006)
B Klopdoretal., 90 % C.L. B Exp. bounds + NME, 90 % C.L.
! I ! I
%Ge | ' ' 5 |GEX
%G | ... NEMO-3
1o0pfo L NEMO-3
[ o< [ Geochem.
"Te Lo Solotvina
L P — CUORICINO
e | DAMA
10

Faessler, Fogli, Lisi, Rodin, Rotunno, F.S., PRD 79, 053001 (2009)



Co-existence of 2, 3 or more mechanisms of the 0 vgf-decay

It is well-known that there exist many mechanisms that may contribute to the Ovp.
Let consider 3 mechanisms: i) light v-mass mechanism, ii) heavy v-mass mechanism.
lil) R-parity breaking SUSY mechanism with gluino exchange and CP conservation

1 m
() 33 Or s Ops 2
W—( V(‘r‘[! J) "ij +”"~. 1“!1 +”1\||IAIA:;|| |
/2 m,
I L 2 Mp me, A, m [ Mg 2-|2
— U - Ue e ad 7}"111:—3 —p1+( R) '
Mmpag = Z( ) Sk, In ; U ekl” €% [V 6 Gimi mg |© 7 \ma, ) |
6
m
e = 3 |[U%&l” € o
N — ﬂ'{k
LR . . .
Clai f ovid . Klapdor-Kleingrothaus, Krivosheina,
alm or eviaence. Mod. Phys. A 21, 1547 (2009)

TP, (9Ce) = 2.23404 x 107 y

dRﬁ ,%111 eL’_ | TEE(HHJ};’IU) E 5.8 % 1023 v gTe < 12
ur, u 0 (130 24
! L - . ) > 3. <
> We introduce Tij("Te) > 3.0 x 10% SMo
g
| > =0, non-observation (T
~ i uy, N |41'rff|1,f Tl Gl g_ . . ( 2_)00)
i {= = &=1, solution for single active mech.
AU IMF|VT2 Gars ™ g reproduced



4 sets of two linear eq.

+1  mgg
VT Gi m.
+1  mgg
VI Gy - M,

2 active mechanisms
of the OvpB-decay:
Light and heavy
v-mass mechanism

Non-observation of
the OvppB-decay for some
Isotopes might be
In agreement with
non- zero mgg

10/26/2010

MY + MY

My + nMJ

2 different solutions cp_conservation assumed

My/T; Gy (MY M} — My M)
j: . _'11-5 _FIIfII]
ME/Ty Gy (MY M) — MY M)

I.O_IIIIIIII||||||||||||||||||||||||||||||| T T T
C tritium p-decay (excluded)
e {excluded)
—
>
L
el
==
E@-
T o0dp
| —— solution (++)
— — solution (+-)
00 |||||||||||||||||||||| |||||||||||
b.O 0.5 1.0 2.5 3.0

Non-observation

e Single solution for 130Te

for light v-mass mech.



3 active mechanisms
of the Ol/ﬂﬂ-decay ) st i, s ps R R A

‘ E_'Mc,_l 0 tritium|p-decay (excluded)

10.0 &=
-

\\\

+1 T}'lgfg '
— MY + ny M + :JJ}‘ of ¥0Te i
T; Gi Me w " :Elid:d :
L= ]" 2’ 3 — solution (-|—|-+]:
—— solution (++-) 3
— solution (++) 7
I — solution (+--)
- - (AT HHH A
a.ssumlng eVIdenCe ‘ ritium P-decay (excluded) 3
T (Ge) = 223504 x 10y 100 ——
= B 5
3 = =
—n LOE =
= g VBB 3
- - gTe < 1'2 g B of mn}do
current limits Eno < 0.1 excl. 3
Mo - s
2.6 B ]
||||||||||||||||||||||||||||| |||||||||||||||||||||||||||
O'OD 0.5 1 L5 2 2.5 3

§
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The OvECEC Is a problem
of particle, nuclear and atomic physics

Oscillations of atoms

10/26/2010 Fedor Simkovic
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[Z-21

Atom mixing amplitude
AM

E=E*+ Ey+ E,.,
F=T*+Ty+ Ty
Decay rate

(AM)’
(Q-E) +4I7

L r
.
2vECEC-background

depends strongly
on Q-value

Neutrinoless double electron capture
(resonance transitions)
(A Z)—(A,Z-2) 1

J. Bernabeu, A. DeRujula, C. Jarlskog,
Nucl. Phys. B 223, 15 (1983)

DEC transitions, abundance, danghter nuclear excitation, atomic vacancies
and figure of mernit of some isotopes [190]

Transition Z-natural Nuclear excitation Atomic vacancies Figure of merit
Z—Z-2 abundance in % E* {in MeV),J* H,H’ O — E (in keV)
118e = 3Ge 0.87 1.204 (2% 2(P), 25(P) 243
2839(27) . 19
TH T8 +
JeKr — 138e 0.36 2864 (1) 15,18 LT 10
2 ) L103 (27) - 9
g, 102
4 Pd —~ "% Ru ! 1107 (47) 15,15 e
MeCd —"lepd 1.25 2,741 () 15,18 ~8+10
isn = Cd 1.01 1LBT1 (07 18,18 -3 410
2.502 (7) 15,18 8
130, _, 130 .
o Ba = 5e Xe 0.1 2544 () 1S, 25(P) c 11
15224 - 1528 0.20 00" 1S, 28 414
I Er -8 Dy 0.14 1,783 (29 S, 28 | +6
I Er — % Dy 1.56 00" 28, 25 9+5
. 165 L355(17) 15,25 !
7 YD = Gy Er 0.14 1393 (7) 25,25 Tl
: 00" 1S, 1§ 2
180y, 180
74 W~ T HE 013 0.093 (27) IS, 38 e
e Hg TP 0.15 0,689 (27) IS, 28 26+ 9




Modes of the OvECEC-decay:  Neutrinoless double electron capture

ep tept (AZ) = (AZ-2) + (perturbation theory approach)
+ 2y
4 eter Theoretically, not well understood yet:
+ M  which mechanism is important?

« which transition is important?

e, + eyt (AZ) — (AZ-2) +y

THE RESONANT SITUATION

o+

745e (0.9%)
Ami= —T2.2125(15) MaV

(1s) s (2p)”

Sujkowski, Wycech, PRC 70, 052501 (2004)

e n n e e . U
= T
74
H. Am= —?3.42(‘?5{ 15) MaV %
| £
T T Q=1209.4%2
LA ”(Ei B Einf} &9“2‘9 12065 w
L TR T 12042 (2+) -5
H KgL§-126 D
> 1196.8 'q
KiKz-~23 C>I2
BRE~ s
e p p e a i 1186 §
1s 1s 2p FDVH' . FT(Qp — 13) | —_— g
T 2 . 3 Oz
\ HoHy  HHy [E,}. — QTES] + [F? ff?] S
- Ei - Eint ET_E1S_E2p F
ed — _ 82
Q?‘E‘S o Eﬁl_fz Epl_fz



Experimental activities (12Sn)

112G 1t 1457 m
2
|:|'I'
= = g Irli:sl.I
s 5 = - L
]
+ r= e
5 L 14685
' -
o = i 1433.2
= -
A
= E 1312.3
=
0f = 1224.4
ot | S =T
r.5 Qpepe = 10105 kel
it . . ‘
i T,,>9.2 10" years

In comparison with the OvBp-decay disfavoured due:

* process in the 3-rd (4th) order in electroweak theory A s Barabash et al.,
* bound electron wave functions NPA 807 (2008) 269
favoured: resonant enhancement ?



74Se z Experimental
activities ("4Se)

o+

745e (0.9%)
Ami= —T2.2125(15) MaV

Muenster and Bratislava
groups exp. in Bratislava
Frekers et al., to be submitted

Ty, >5.5108 years . Sesme

. . e L e g e e e e preen
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Erergy ke
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Different types of Oscillations (Effective Hamiltonian)

Oscillations of v-v,

VBNV N — LT

;) ‘“}'}K ( M =il My, — Ths ) (lepton flavor)
ef; Mj, —T%, M — il _— .
2ok 2 Oscillation of Ky-anti{K,}
(strangeness)
— M |/ BNV . _
HT? Oscillation of n-anti{n}

i
2

(baryon number)

Oscillation of Atoms (O0A)
(total lepton number)

S., M. Krivoruchenko, Phys.Part.Nucl.Lett. 6 (2009) 485.

hu'm:m n .
ef f I_,fo‘v V JrIf . % 1—\

Full width of unstable atom/nucleus

Eigenvalues
! V2(M; — M;)
Ay = Mi+ AM =2y, AM M
+ | o1 | (ﬁfﬂ- _ ﬁ,ff)z + ﬁl—\gﬁ
1 7 e
A = My—T—-AM+ T 3 V2r
! 2 + 9 1 Fedor Fl _ 85




Oscillations of atoms

patom ( M, VINV ) Oscillation of atoms
eff

VENV My — T (lepton number violation)

F.S., M. Krivoruchenko, Phys.Part.Nucl.Lett. 6 (2009) 485.

In analogy with oscillations of g ( Mo VPR )
: Lot cff VBNV A —iT
n-anti{n} (baryon number violation) 2

Oscillations of stable atoms (I"'=0)

o “ . _ AV/2
TR g 0 | < fle et i > )7 = (ST sin? [t (M; — My)/2]
(AZ) Vu  (AZ-2) Vu (AZ) e A f
B, > > =pb (lmil}?; — fllgl"()y —iH_ et 2 —55
‘*" (M M) = 21 key | AT s 310
b) e : g
o > n —
R S B Oscillations of unstable atoms (I'#0)

R ™ Double electron capture
0 (resonant enhancement)

LV LI LV LV



Light v-exchange potential for the OvEEC

]_—.l,‘l.vf;'{"’!:'t’.'“( }lﬁ) — |I;::tf3(Jﬂ |2
B-decay Hamiltonian v-mixing decay
. Gg_ .
H(z) = Eﬁ(fﬂ)ﬁf’“(l — V5)Ve()ju(2) + hoc. Ver (T Z Uek Xr(2

Potential

c'”f ] A7, dT>

o = mo () e
ad — 1IMga Mea]aTMag
3 1 +§ﬂ? ma JaMaJam,
N - E—iq_':[:fl—fz) dq’
lpamj T C}-L,l-’l_,q. ll.f,m T ]
X o (@) O 1) g (2) 2qo (27)3
oy <A, Z =2|J,(T))In >< n|J,(T2)|A, Z >
2 B+ B — M; — 25
< A, Z = 2|0, (F)|n >< n|J,(71)|A, Z >
'y + Eﬂ _ *TI"IL — &a

— (& )

10/



OVEEC potential - approximations

Non-relativistic impulse approximation for nucleon current

A
JH(0,7) = Z T lgv g™ + galon)ng"*18(F — T,)

n=1
E,—M,= < F >=~8 MeV
Closure approximation Y ><nl=1
‘."’f”(.f") — i Ggm 3 \/2J + IMu5(J7)
L f Am f i\ f
TY A g g
Factorization of atomic and nuclear part Mmfi(Jf ) ~A.s M (Jf )

Similar form as for OvBp-decay

M¥(0F) = <0f| E:T—T—h P [— 2+ (G - Eo)] || OF >,
9a
| [y — o~ ~ g.ll.-; — — R — —
M (07) = <07 | E T T h(ram) (P — Tm) - [g_q(gn — ) — (0, X &) || 0F >

[ 4]
10/26/2010 h(7pm) = ;R fﬂ jn(qrnm)q



Capture of s,,, and p,,, atomic electrons is prefered

oo 1 falr) X, S
Imu.t.,(-i’) — \/T ( _Ega(?) (3 TA) o ) (v = ”ng“?];ﬁj)
1 _'Uc (?‘) (g ) Y J“:O"',O',]_"‘,]_'
Vo (T) = —= ° e (a0 = nap1sa)
VAr ( —9a(T) Xm. ) /
—
Shell S Ge 1207 217 130 Y ¢ 567 d
ls;;, <f>  345x10° 6.80x10° 8.83x10°  1.09x10*  1.33x10’
<g>  -434x102  -1.23x10®  -1.81x10% -247x10* -3.30x10°
210 <[> 125x10°  2.54x10°  3.35x10°  4.19x10®°  5.20x10°
<g> -158x10%2 -4.59x102 -6.87x10%2 -9.48x102 -1.29%103
3510 <[>  683x102  1.39x10°  1.83x10®° = 2.29x10®°  2.85x10°
<g> -8.60x10' -251x10% -3.76x10> -5.18x10%  -7.05x10?
Asis <[> 443x102  899x10%  1.19x10®°  1.48x10®°  1.84x10°
<g> -558x10"  -1.63x102 -2.43x10%2 -3.36x102  -4.57x10?
X1y <[> -L72x100  -7.22x10'  -1.23x10%  -1.87x10>  -2.78x10”
<g> -137x102  -3.99x102 -597x10%> -825x10%2 -1.12x10°
Xpasy <[> 8.06x1071  2.38x10°  3.48x10°  4.62x10°  6.31x10°
<g> -502x1072 -2.10x107! -3.46x107! -5.03x1071 -7.47x107!




Widths of atomic excited states (2 holes) w2 a2

Oer

! 'J Ao —

w?a d2
1 r. 1

L,.r J—
I, = =
& Z 2(215 + 1

10/26/201(

Fﬁa [keV]

,EI' _.'3 CL ¥
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mo 1
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10-25_ E
I E
S A E
.l.!'!’

'5 IllllllllllllhlllllllIIIFTTI'IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII

0790 20 30 40 50 60 70 80 90 100
Z

: ‘5’“3 . " ..
7?3& ?ﬂ—'_z 2‘{“ ) FICE d,-a'a- — ]FRM(Q_)WRHW(G—)TJGT?‘

20



iy
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Repulsion coulombic energy of two holes

EZ
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Normalized OvECEC half-lives

For comparison
Ovpp-half-life

s _ o | mas 2| MY (J7T T (1.4,9.7) x 102y (T5Ge)
1/2 = L1/2 i
| ClleV M“@?) — (0.14,1.8) x 10% 5 (1Mo)
) =3 _ - 24 130
Tmin, . M.=M; (full degeneracy) (1.8,15.6) x 10y (*'Te)
2 2
AM (1"{43 2 1‘142) +&1fe“{pt
184 184 * (1) 2 N .
7605— 4, W" (0.02%) AM?, = M3, o+ 30M3 , +0R% 4,
J7 M; — M Mz — M, | (n25l)a | 0205 | eo | € [ e | Tas Trir max
(07) [ 1322.15240.022 | -11.3+ 1.3 0.9 | 110 110 | 69.53 [ 69.53 | 1.31 | 6.7 x 10 2 [ 2 x 102 | 3 x 107
18074W N 18472Hf (0.13%) Half-lives in years
Jr | My — M M — M; | (n240), | (n2j1)5 | <. ¢ | o] Tag T Tmax
0t 0 1204 3.9+ 2.1 [ 110 110 [ 65.35 ] 65.35 [ 1.26 [ 5.9 x 1072 [ 3 x 1072 [ 5 x 1077
10648Cd N 10646pd (1.25%) All masses/energies in keV
Jr | M —M; My = M; | (n2jl)a | (n2jl)s | €, €5 cc | Lag T | T
2717.594021 [ 3.0+ 59+ 41] 110 110 [24.35[2435]074[ 7110732107 [ 8 107
2737+1 | -165+ 5.9+ 41| 110 110 [ 24.35[2435]0.74 [ 711073 [ 2 10% [ 4 10%
4.8+ 594+ 4.1 | 110 210 | 24.35 | 3.60 | 0.23 | 3.6 1073 | 3 102 | 7 10%
514 594+ 4.1 | 110 211 | 24.35| 3.33[0.21|3.11073 | 510% |2 10%
7.0+ 594+ 41| 110 310 | 24.35| 0.67(0.07(3.61073 | 110% |4 10
8.0+ 5.9+ 4.1 | 110 311 | 24.35| 0.56 | 0.06 | 3.51073 | 110% | 6 103




I My — M, My —M; | (020 | (n250)5 | e | € | e | Tas Trin | Tme
25414310.08 | 5.7+ 28+ 0.7] 110 110 | 34.56 | 34.56 | 0.89 [ 1.5 10 2 | 1 10% | 7 10%
2608.426+0.019 | 0.6+ 2.8+ 0.7 | 210 210 | 545| 545|017 |23 10* |7 102 | 5 10%

1.0+ 2.8+ 0.7 | 210 211 | 545| 510|017 |2.6107* | 5102 | 3 10%
5.04 2.8+ 0.7 | 210 310 | 545| 1.15|0.08 | 1.3107% | 7 102 | 6 10*2
5.24 2.8+ 0.7 | 210 311 | 545| 1.00|0.07 | 1.2107* | 7102 | 7 103
6.0+ 2.8+ 0.7 | 210 410 | 545| 021|003 |1.1107* | 110% | 2 10%
2622.3210.09 | -13.3% 2.8 0.7 | 210 210 | 545| 545 0.17 2310 | 7 10| 1 107
1294 2.8+ 0.7 | 210 211 | 545| 5.10|0.17|2.6107* | 5102 | 6 10*
89+ 2.8+ 0.7| 210 310 | 545| 1.15|0.08|1.3107* | 710% | 1 10%
87+ 28+ 0.7| 210 311 | 545| 1.00|0.07|1.2107* | 7102 | 2 10%
7.9+ 28+ 0.7 | 210 410 | 545| 021|003 |1.1107* | 110% | 3 10%
2628.36£0.10 | -14.9+ 2.8% 0.7 | 210 310 | 545| 115|008 1310 %7 10| 410%
1474 28+ 0.7 | 210 311 | 545| 1.00|0.07|12107* | 7102 | 4 10%
1394 2.8+ 0.7 | 210 410 | 545| 021|003 |1.1107* | 110% | 910%
13.84 2.8+ 0.7 | 210 411 | 545| 0.15|0.02]9.710°° | 110% | 1 10%
1374 28+ 0.7 | 210 510 | 545| 002002111074 | 310% | 2 10%
2629.38940.023 | -15.0+ 2.8+ 0.7 | 210 410 | 545] 0210041110 %5 10% | 4 10%
1494 28+ 0.7 | 210 411 | 545| 0.15|0.02|9.7107° | 110% | 1 10%
1474 28+ 0.7 | 210 510 | 545| 0.02]0.02|1.1107*|310% | 2 10%
1474 28+ 0.7 | 210 511 | 545| 0.01|001|1.1107*|310% | 210%
1464+ 28+ 0.7 | 211 410 | 510| 0.21|0.02|15107* | 210% | 1 10%
26332 0.4 | -14.4+ 2.8+ 0.7 | 310 410 | 1.15] 0210031010 ° |8 10| 210%
1444 28+ 0.7 | 310 411 | 115| 0.5 |0.02|1.6107° | 7102 | 2 10¥
14.24 28+ 0.7 | 310 510 | 1.15| 0.02|0.01|1.9107° | 210% | 4 10%
14.24 28+ 0.7 | 310 511 | 1.15| 0.01|0.01|1.8107° | 210% | 4 10%
1434+ 28+ 07| 311 410 | 100 0211002131075 | 61024 | 31037




Data analysis of most likely
resonant transitions

102§

107 F

102 F

107

22

10/26/2010

10 chance of 100 for T,,< 10%*y
<10® vy

10" f

10°F

(T IyD

Fedor Simkovic

Half-life of a particular isotope

AM? + 12 /4
r2/4

o __ romin
I /2 = Ty /2

Number of transitions n
with half —life
T2 <Typ

AM(T¢,)
AM.y

n = Z

[ L=} LAl
17)2<11/2
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Q-value measurements
Klaus Blaum “LAUNCHO09 (Nov. 09)”

gp Accuracy below 300 eV is not a problem

Decay Q-value Precision

6Ge — 76Se 2039.006(50) 6E-10
G. Douysset et al., PRL 86, 4259 (2001)

130Te — 130Xe 2527.518(13) 1E-10
M. Redshaw et al., PRL 102, 212502 (2009)

136Xe — 136Ba 2457.83(37) 3E-09
M. Redshaw et al., PRL 98, 053003 (2007)
ECEC

1128 m - 12Cd 1919.82(16) 1E-09

S. Rahaman et al.,, PRL 103, 042501 (2009)

120Te — 1205m 1714.81(1.25) 1E-08
N. Scielzo et al., PRC 80, 025501 (2009)

Is it possible to manipulate atomic mass difference?

Magnetic field of 10 T would be not enough ...
10/26/2010 Fedor Simkovic 95
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Statistical properties of v
and
2vBp-decay

Fedor Simkovic
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2 vpf-decay: fermionic (f) or bosonic (b) v
A At L
oA a;, a; = 0;; ermionic v
vy > = il a£|0 > {ﬁ AJT}JF i U ‘ |
. [ai, a } = ¢;; (bosonicv)
Dolgov, Smirnov, PLB 621, 1 (2005) I - ’
| | L2 | L2
AW/ (0T = 07) ~ (3[MP+ MO 4 (M = MI) d di i, do
AWHE(OF — 2%) ~ M~ MEYL dp? dpi,dps, dp,
| MI(1H)ME(1T MI(1T)ME(1T
Mf.bK — Z( m( ) 371( ) + m( ) m( ) )

m EHE_EE'_‘_E'J._'_HJ. Erwz_Ei_i_EE_'_yE
M = MLy 1)

Sign difference!!!
Lepton energies!!!

Ea S8 A+
I g‘}f

Tza SSD (1) = 2.41 x 10* fermionic 1 T 12(2 2T = 1.73 x 10%years
= 403 bosonic v = 2 T4d « lﬂjl-y{:“.-rﬁ
THP(2F) > 1.6 x 10% years



The normalized distributions of the total energy of two electrons

76 76
Ge(0g+_s_) —-> Se(O;s_)

F T I T I ‘ ‘ T I I |
g fermionic v (HSD) ;
1 ;_ bosonic v (HSD) é
— 08 i— —%
7
2,06 E
S
"0 E
0.2 — .
%,0 | 0.5 1.0 | 1.5 | | 2!0 | i
T [MeV]
. — 20°
bosonic 1 1 fermionic :
b =
- 71,0 ~
Pf,b(T) _ 1 dW E/l.oE
Wit dT :
_ 0.5F
pib(E 1 dWw’” :
(E) = Wit dE Fedor S 09

2vpBp-decay of °Ge
O+g.s._> 0+g.s.
HSD

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

The single electron distributions
76Ge(0;s_) > 7GSe(0;s.)

fermionic v (HSD) 7
bosonic v (HSD) 7




Mixed statistics for neutrinos
v> = a'l0>

Definnition of = cosd fI|0> + sind b/|0>

mixed state |

— cosd |f > 4+ sind |b>
with commutation fb _ ei‘?"’f;fn fTb' _ ei"‘"’ﬁ;"fT
Relations

Fbf = e f Flh = e ihfT
Amplitude for 2vp

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 = cosy* W/ + sinx* W
= (1-0) W/ + 1"

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

( calculations coming up soon )
10/26/2010 Fedor Simkovic 99



1(

P(T) [MeV ]

Mixed v excluded for sin?y < 0.6

100\ —» 100Ry (SSD)

0.8

=
o

=
=

- Sillzj'.{:{lﬁﬂ

.= Si1121={}.7-ﬂ'
e 5i1127{={).8[}

. 5i1127{=£}.9D

,
sin ¥=0.00 (fermionic V)

.\
sin ¥=1.00 (bosonic V)




Analogues of neutrinoless double beta decay

w+(AZ)— (AZ-2) +ef
B+ (AZ) > (AZ-2) + pt
ee+e — W +W-
Kt - +pr+pt

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

10/26/2010 Fedor Simkovic 101



Muon-positron conversion

by +(A,Z) > (A, Z—2) +ef 5 m ><m
q_E/,t_ = 2 Em _ Ei I 'l.fm

+

H €
3 SN 45
g
\LF/LN violating y _f__ b el -

m

processes li> If>
} (A-2) ! \ (A-2) i
Momndey Oty e S
[ m,,. |’
FLE+ — 176 HE (AaZ) (A,Z—l) (A,Z—Z)
L'ss Mgg I ¢
2 b) b n
FHE+ — 13 10—25 ?HP«E : X
I - m Y, uPLjP
H © = fi>
Domin, Kovalenko, Faessler, Simkovic, } i N ¥ Ml J
PRD 70, 065501 (2004) Y Im>
im >< m)|

10/26/2010 Fedor Simkc ~ g+ B4+ By — By + i€, 102



Inverse Ovpp-decay: e e — WW-

4

do g ; t u :
- M;|U.|? _ 5 |
dcos® 100247 M3, [zl: Ui ((t — M?2?) + (u— \[f)>]

Belanger et al. PRD 53 (1996) 6292
e ,/, 2 e\_\ ,’/ -
\ W | W

. & The same LNV parameters
N N X as in Ovpp—decay:
TN |Mggl<0.95 eV

e, 3 & \\\ -7
e/—/ \W 7 W |T|N| <10

Small neutrino masses

4
do g _|mgs|? < 1.3 x 10717 fb Not observable at any
dcos@ 256N, future collider
Heavy neutrino masses
do ¢ _ 322 n.|? < 4.9 x 1073 fp  The hoped-for luminosity at
dcosf 1024w My m2 " a Vs=1 TeV NLC is 80 fb-!

10/26/2010 Fedor Simkovic 103



K-meson neutrinoless double muon decay

pt pt
Kf— 7~ ppf o 3 2 .
¥
Dib,Gribanov, Kovalenko, Schmidt, o Y
PLB 493 (2000) 82

(a) (b)

E865 experiment The decay width of

at BNL.: sterile neutrino play
important role
R<2010° (m;—m;+il,, /2)

Vi —e T, ptn ...

245 MeV < m,, < 398 MeV = Ul € 66 +£1) x 107

10/26/2010 Fedor Simkovic 104




Dirac and Majorana
v Magnetic Moment

]- — al ' 1 — ' C
HY = 2,&.&5 U0 virFs. 4+ h.c. Hl = Zplfyl_gcr ﬁijFE& + h.c.
Flavor changing MM Flavor unchanging MM
Dirac © ©
AL=2 Majorana © X
« Dirac: can have both diagonal and non-diagonal element

« Majorana: cannot have diagonal elememts,
means spin flip causes flavor changing.



v magnetic moment in non-minimal SM (+ RH v)

).L:;‘ "Qﬁ

ELEMENTARY
PARTICLE S SU (3)strong x SU (2)weak X Uem

Ty =

> e N
X Se——oe Neeteaih <
= b

L eft-handed Right-handed
Ve UL er Us dg v
e, dp
Ve UL MR CR Sk ViR
e, d.
Vet Rk br Vg
e, d. X
V “\ added
Vi 3 5 Vi 3 Ggpm.m
y= g >4x107%
w %’Y T R HB

10/26/2010 Fedor Simkovic 106



Measuring v magnetic moment

Photon decay
(plasma process)

U'
b Neutrino decay
V), 7 ) Cherenkov radiation (v =v’)
7
’\/\/\/\A< U

1% -

g Scattering
- - . e oo ot ()
The most restrictive constraint come
from astrophysics: yR— -
From cooling rate of globular cluster é Spin precession
stars = Seuree

pi < 3x 107" ug

10/26/2010 Fedor Simkovic 107



counts

e ;e -
e
i ve Y
W <+
e_ ;e e_ ;e e_ ;e

v scattering experiments

Weak Interactions Magnetic Moment

/

] Sensitivity to electron recoil energy
66.6 days |
reactor on

Forward (E, >0)
—-Backward

Reactor v (Rovno, Bugey, Irvine,
Krasnoyarsk), solar v

B / 1y=1.010""" g ; Ju‘ri; < 0.9x1077 pp

\ \
Y =0 | o
L pl < 6.8 x 1071 pg
| } ] [ : - —
| ador Simkovic 108
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PIGWV Neutrino Magnetic Moment
/ v (status)

e

Pi‘ < 3x107% 1y i — 3 Ggpm.m,
TodAx? 9

Standard model

np >4 x 107 up

Astrophysics

» Fundamental property of the neutrino

« Sizable magnetic moment (near current limits) =
Indication of new physics

 Different beyond the SM theories predict different
sizes for neutrino magnetic moment

Majorana magnetic moment
In
10/26/2010 R-parity breaking MSSM? 109



R-parity breaking terms R-parity Breaking MSSM
In superpotential

Mijek LLE &€ }J,--”; LQD+>?J‘ i<k ubD
+ 27

9 = 45 coupling constants

Radiative corrections to neutrino mass

| tr E .
u'l\/ly — M e -|_ M -|_ Mq VL .,-" ".‘ VL
q 3 / ' q x xd x
M = 1672 Z AiEAirki Z ViaViaUayMas
gkl a

—l_ (Aijk;\iqj Z %awavgj?n-du) }

Transitional magnetic moment of Majorana neutrinos

120,4m w,
q p— ]_ — 5'ii" : )\.IF . ..)\{.f . V'G,Vrl -
pur;“, ( ) 1672 j% { ik MKl g jatl M gu

q
10/26/2010 A Vi Vi Wa;
{7k kaVla HE
il

?n-,.-ju



All SUSY masses are unified at

Minimal Supergravity Model (MSUGRA)

SUSY model with two Higgs fields in the framework of unification

the grand unified scale

Mass

my,

m,

for gaugino masses

for squarks and sleptons

g

q

I S

B

2?1.0- " LSP = Cold Dark |

~——_ Matter candidate _

m, .,

m,

M, log(Q)

10/26/2010

-‘"m"r

m_,, = gaugino mass parameter
m,(M,) =scalar mass parameter

for squarks and sleptons
A, = Common Yukawa coupling

(A -bottom sector
A -top sector)
tan B = <H >/<H >
n = Higgsino mass parameter

GUT constrained low energy
spectrum found by solving RGE
« finite Yukawa coupling at GUT scale
 requirements for masses at low energies

*FCNC phenomenology (b—sy processes)
Fedor Simkovic 111



Magnetic moment and v mass

SUSY input The SUSY conversion coefficient
Ag mg My tanp fsusy féusy fsusy
GeV] [GeV] [GeV] [eV 1] eV 1] eV 1]
100 150 150 5 (0.3,1.0) x 107 (2.8,8.8) x 107*" (0.5,1.5) x 10~ *°
19 (0.3,1.2) x 107 (2.8,9. 8) x 10717 (0.5,1.6) x 1071°
500 1000 1000 5 (1.1,2.8) x 107 (1.0,2.4) x 107*% (1.7,4.1) x 10~*7
19  (1.1,31)x 107¥ (1.0,2.7) x 107*¥ (1.7,4.3) x 10717

: in 2¢F yjk In yjk yjk +1
Loop integrals ¢ — 32 2 2 — (e —s a1

sin 20* ( In 33;‘ In mﬂk )

Magneticmagnetic moment Yik 2 R 1 "
expressed with | P = m Jm, 2F = m2, /m?,
elements of v mass matrix : :
> ViaVieu/my

| 4
My, ™ (1—555*)§ﬂ5?ﬂe1M?r

Z L?Tl
max



Phenomenological v mass matrix

Am3| = 21x1073 72 sin?260,; = 1.00
Best Am?, = 7T1x107°?  tan’f, = 040
fit values .9 9

sin“f3 < 5x10 (90% c.l.)

1 0 0 Ci3 0 Slgf'_r.':il':' C1a S99 0 1 0 0
Upnms = | 0 ¢33 893 0 1 0 819 €15 0 0 e 0
0 —S893  Cag —Slgﬁ"r'n"‘" 0 C13 0 0 1 0 0 ﬁ._.‘,"-.'_'-.J.

C12C13 512C13 S13¢ 1 U 0
= —S819C23 — C12893513¢ C12C93 — 512593 S93C13 0 e U
0 o' Azl

519893 — C19Ca3 —C12893 — 8120235136 '~ C23C23C3

4//" Majorana magnetic moment
M. M

LeT
M, M,,
10/26/2010 ‘ﬂ ITE' ﬂ' IT.H ‘ﬂ ITT 113



Assuming arbitrary phases and best fit v oscaillation data

Upper limits on M,z from 055 1.29 1.29
the measured Ovpp-decay IMPPEMI <1 129 1.35 1.04 | eV
of 7°Ge 1.29 1.04 1.35

Inverted hierarchy

m T

Ao (T IMPRTH| = 1072 eV
(1.80,4.52) (0.025,3.12) (0.025,3.12)
x| (0.025,312) (0.028,2.40) (0.945,2.39)
((0.025,3.12) (0.945, 2.39) (0.02812.40))

Normal hierarchy

"normal” "inverted”
I MPR=NEI — 107 eV
Assuming mass of the lightest v (0.53,45.2) (26.9,98.9) (26.9,98.9)
is negligible x | (26.9,98.9) (173,254) (182,254)
(26.9,98.9) (182,254) (173,254)
10/26/2010 Fedor Simkovic 114



masses generated via lepton-slepton loops tan =19
ot 1wt 1wt 1wt 1wt w6t 1wt 1t 1ot 1wt 10t 100
> ]_0 - I IIIIIII| I IIIIIII| I IIIIIII| T TTTI I IIIIIII| I IIIIIII| I IIIIIII| T T TTId] - l IIIIIII| I IIIIIII| I IIIIIII| L
- - i i -
o - -
S . .
Lo
)
= 6
o 10
(¢D]
+— ——
e
GJ _______
>
c
B o e e e e I Y

10_15 m, [eV] m, [eV] m, [eV]
> 10 E I IIIIIII| I IIIIIII| I IIIIIII| I TTTH; E I IIIIIII| I IIIIIII| I IIIIIII| I TTTH] = l IIIIIII| I IIIIIII| I IIIIIII| L
= - 72 F 74 E
S : NH, B, : NH, 1L : NH, L
© -16
Lo — — —
s °F : :
< C - A D EmmmmET
< e =T B
E 10" _
“ 0 P 0 B =
(@) =
Pz -

10—]_8 ] IIIIIII| [ EEE ] IIIIIII| [ | IIIIIII| ] IIIIIII| ] IIIIII!| L 111
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SUSY parameter space
will be fixed
at colliders?!

Tevatron (2 TeV, p anti-p)
LHC (14 TeV, pp)

LLHC experiments will provide a
crucial test for SUSY. The LHC will &
be powerfull enough to produce many

SUSY particles. Mass reach of squark L C (500-800 GeV, e',e+)

and gluino search is 2 TeV. \ /_,__\ _

E(7)is small

i aw

Squark-gluino

production because AM is small.
I —— s DTN
cross-section is neutralino-pair a
large production o o

s 6
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We have no end of fun with neutrino physics.

Mathematics is Egyptian

Neutrino physics is Babylonian

We have to communicate more with neutrinos.
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