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~ Abstract ~N

The neutrinoless double beta decay is analyzedhugangral
Lorentz invariant e ective Lagrangfanvarious decaying nuclei
of current experimental intere§tGe,®°Se, %Mo, %Te, and
136Xe

We work outhe half-lives and the electron angular correlatipns
In several scenarios for new phymaqgzarticular, in the left-righit
symmetric models, the R-parity-violating SUSY and motihels wi
leptoquarks.

The theoretical uncertainty in the nuclear matrix elengents
discussed.
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~ Introduction
|. Introduction: Lepton numblerand mechanisms])f
Its violation in theories beyond the SM

In the Standard Model (SM), the leptdn and baryorB numbers are conserved due to
the accidentalU(1). U(1)g symmetry.

But the L andB nonconservation is a generic feature of various extengions
of the SM.

That i1s why lepton-number violating processes afe
sensitive tools for testing theories beyond the SM.

The following LNV processes have been extensively studied:
neutrinoless double beta dega@y; Z2)! (A;Z +2)+ e + e

[W. H. Furry, Phys. Rev56, 1184 (1939)]
rare meson decayd * ! MO “F O (% 0=@: ) (K* I ot ete));
same-sign dilepton production in high-energy hadronemadepton-hadron, and

lepton-lepton collisions:

op! > OX,ep! ‘U Ox, ee !l WW I - 50
;€") conversion in nucléi; Z) + e +(A;Z 2).

\_ ( ) &R Z)+ ( ) y
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~ Introduction

There arethree lepton familieggenerations) in the SM:

eL L L

e L L

By de nition, the lepton family numbe(LFN) L- =+1( 1) for particles = e ; ¢;:::
(for antiparticles’ = e€"; ¢;:::), andL- =0 for leptons' ®°6 *, "96 *. The total lepton
number(LN)

L=Le+L +L;

so thatL =+1( 1) for each () andL =0 for other particles rfonlepton}

In the minimal SM (withmasslesgaeutrinos),each LFN is conserved separatdfor
example, in the muon decay:

I e + ¢ + (Br ' 100 %

I e o (Br =(1:4 0:4) %)

l e . €e (Br=(3:4 04) 107

\_
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LFN violating modesupper boundsCL =90 %):

Br( ! e o )<12%

Br( ! e )<12 10*
Br( ! e2)<72 10t
Br( ! eee)<10 10%
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~ Introduction ~N

The SM has threeactiveneutrinos - (" = e; ; ) taking part in charged current (CC)
and neutral current (NC) weak interactions:

X
Lce = Pg—z LOoUW o+ LW
X
g
lye= —2 7 Lz
NC 2C0S L L

The SM contains no sterile neutrinog .

In the SM, the leptori.- and baryorB numbers are conserved to all orders of
perturbation theory due to thaccidentalglobal symmetry:

GIY® = U, U@L U@L  UQs;

existing at the level afenormalizable operators

The symmetryG2> is calledaccidentabecause welo not impost intentionally. It is

a direct consequence of the gauge symmetry and the choite oépresentations of the
physical elds.
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~ Introduction ~N

The SM is achiral gauge theory, since there dredoubletsand R-singletsof the gauge
groupSU(2),. (they havedi erent electroweak interactions

u.
, ER, ' Ug,; dr etc:
e er d R:; OR

The left-handedand right-handedchiral components of a Dirac eld are de ned as:
L= P ; rR= Pr; = Lt R;

the chirality projection operators

1 S .
PL;R = > = PLZ;R; PLPR :0, S = I 012 3:

Chirality is eigenvalue of the operator:

Useful relations
@ = | @ _ + r @ g;
- R Lt L R
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~ Introduction ~N

We see:
Chiral components interact with gauge elosiependently

The Dirac mass terml{p = mp ) in the Lagrangian relates erent chiral
components andiolateschirality conservation that takes place foassless (Weyl)
fermions.

In the SM, neutrinos are massless due to absence of
The only possible neutrino mass

1

Lme = émL(L C+ L)

violates the LN L = 2. The global symmetnG2o°® prevents generatioaf the

Majorana mass terrhy,. by loop corrections

The B L-violating termscannot be induced even nonperturbativieécause the

U(1)g . subgroup oI is non-anomalous
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~ Introduction ~N
Discovery of neutrino oscillations (1998-2002kficted by B. Pontecorvo in 1957
1w (87Y:
Here - is the neutrino ofavor ~ = e; ; . It is created in association with the charged
lepton " in the decay
W+ I N+ +
Neutrino oscillationslearly demonstrate the LFN violation
Lo= L-=1:
Up to now the oscillations have been obsemeaimbiguouslyor
solar(Homestake, SAGE, GALLEX-GNO, SNQ@! ( ),
atmospheriqSuper-Kamiokande:, ! ( ),
reactor(KamLAND: ! ) [, sol,
acceleratoi(K2K: ! ), atm]
neutrinos [for a review, see PDG-2008].
\_ J

A. Alil, A. V. Borisov 2, D. V. zZhuridov 3 Neutrinoless Double Beta Decay: Searching for New Physics w ith Comparison of Di erent Nuclei Moscow, 19{25 August 2009



. Introduction ~N

The neutrino oscillations imply thateutrinos are massive and mixed particdes the

neutrino avor state is acoherent superpositioof neutrino mass eigenstates:
X

joi= Uil C=es )
[
U=(U;) Upuns is thePontecorvo{Maki{Nakagawa{Sakata lepton mixing matrix
S are neutrinos withle nite massesn;.
The neutrino mass spectrumrisntriviat mj  m? mg60.

J
The oscillation probability

| . ., X im2= 2
P( . \O) — Jh ‘OJ (L)” | U‘Oj Uj eXp |mj E
X . .2 2 X - -
= JUiTUgT+2Re UjUqUUgeexp T mj o=

i >k

whereE is the neutrino energy, is the distance between a source and a detector, anfl
the expansion of the neutrino momentym= (E* m?)*** in (m;=E)” has been used:

IEL

exp(ipjL) ' €
- Y,
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~ Introduction ~N

The minimal scheme of three neutrino mixing,

X3
= Ui j; my<mj,<mgs;
j=1
provides two independentmjzk and allow to describe all the neutrino oscillation data
(except the LSND anomaly

Due to (PDG-2008)
mZ,' 7:6 10 °eV? mZ., ' 27 10 °eV?

In the leading approximatigmeutrino oscillations in atmospheric and solar ranges of
m? are described bivo-neutrino formulasvith the mixing matrix

U = cos  sin
sin  cos
For this case, th@scillation probability
: . L (k NN
P(-! -0)=sin?2 si* 1:27 mz(evz)% C 6 9;
N\ J
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~ Introduction ~N

the survival probability
o L (k
P( 1 =1 P(-! =1 sif2 si? 127 miev?)—m

E(GeV)

The sinusoidaL=E dependencef the survival probability islainly visiblan the
experiment:. The KamLAND Collaboration (S. Abe et al.), PRIO, 221803 (2008),
arXiv:0801.4589

-« Data-BG - Ged,
o Expectation based on osci. parameters
- I + determined by KamLAND
2 0.8
o) ——
< Z
o 0.6—+ : gu
IS .
2 I—
>
S 04
> +
0.2~
OTIIlllllllllllllllllllllllllllllllllllllllllll
20 30 40 50 60 70 80 90 100
L/E, (km/MeV)
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~ Introduction ~N

So neutrino oscillationsequire extension of the SM (New Physitm)include nonzero
neutrino masses and violation of LFNSs.

Including neutrino masses
The nature of neutrino masses: Dirac or Majorana?
To be Dirac or Majorana? That is one of the main unsolved quesof particle physics.
The neutrino oscillations do not probe the nature of the mass
The Dirac neutrino carries the lepton number that distispas it from the antineutrino:

D6 D:

The Dirac neutrino mass terrhp is generated just like the quark and charged lepton
massevia the standard Higgs mechanism with addition of rightele@hneutrinos r:
L vk = yoob-'~ g +H:C;;

L-=( ;L) ==1i2 ) "= 0 ;
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~ Introduction

L vw)L bp=(Mp)o L wr+ H.C.
The Dirac mass matrix is complex andndiagonal

\'4
(Mp)-o= p—zy\\o:

ThereforeLp violatesLFNsLg; L ;L , but it conserveshe total LNL = L.+ L + L .
After the standard diagonalization:

x3
Lp = mi i i;
i=1

i Is the 4 component eld obirac neutrinosvith massm;.

Flavor elds
X3
L(x) = Ui i (X);
i=1
U is the PMNS mixing matrix

\_
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. Introduction

\
The Majorana mass tern(for a simple case of one avor):
1
Lvme = EmL( CLt L) Lwe= EmR( R Rt R R)
Here thecharge conjugateceld is de ned as follows:
C:C T:COT ( :( +)T). c T C = TC: TC 1.

c=i?9% ctr=c?t c'= cC:
C T C 1 — . C 5TC 1 — 5:
Useful relation§C : L ! R;R! L):

LC (L)C: 1+ 5 C — C)R;

RS (R)' =

The Majorana mass term violates lepton number by two units= 2.

The Majorana neutrino is a true neutral particle identiealts antiparticle(E. Majorana,
193%: M M for the eld of Majorana neutrinos:

(x) = “(x):
g J

1 5 C:( C)L:

NI NI
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~ Introduction

The Majorana eld, =

R):

= L+ R = E+ %: L+ E: ;
because f =( )z = r.

The total Dirac-Majorana mass term

1
Losm =Lp+ Ly, +t Lur = ENEMNL + H:c:;
N = s 5 M= M. Mo
R Mp Mg

where | and r areindependent
The diagonalized Dirac-Majorana mass term:

1)( . . 1X
Lp+m = > Mkl ket ok k)= > My ¢
K K
— (o —_ C.
k= kTt k= k-

The two massive neutrinos are Majorana particles.

\_

¢, depends only on the two independent componehts (or

~N

J
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. Introduction

\
The seesaw mechanism for neutrino masses
From experimental data@04 eV< Mass [Heaviest ;] < (0:07 0:7) eV [PDG-2008]):

m  m; mg

The dominant paradigm for the origin ofite but tiny neutrino masds theseesaw
mechanisnjP. Minkowski (1977); T. Yanagida (1979); M. Gell-Mann, Pnied,

R. Slansky (1979); S. Glashow (19[/9eyond the SMdt ultra-high energigghere
exists a mechanism generating tight-handed Majorana mass tefiand the Dirac mass]
term is generated with the standard Higgs mechanism:

0 Mp

M=M F ;
seesaw 0 mp

Mg Mp,;, Mp M- Or Mg,

wherem_ =0 (no Higgs triplety.

The neutrino g is completely neutralinder the SM gauge gropuU(2), U(1)y, and
Mg IS not connectedwith the SM symmetry breaking scale

pP_ 1=2
V= 2Gk ' 246 GeV,

but is associated ta di erent higher mass scale, e.g., the GUT-scale

Mg GUT Mp .
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U'™™MU =

\_

Diagonalization of the mass matM seesavgives

2

m 0 ., m
! , my' —>  mp;

0 mo Mg
L =141 €COS + 5, Sin;
r= 1SN + , COS;

tan2 =2mp=mg 1:

The heavier , the lighter ;) Seesaw Mechanism

my

i

e | Gy

J
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~ Introduction

Tiny neutrino mass from non-renormalizable operator

It is natural to assume that the SM is a&nective low energy theorfor
E NewPhysics:

X
I—e = LSM+

n>4

On (I—SM O 4);

n 4

whereQO,, (with mass dimension 5) includes all possibleon-renormalizableperators
constructed from the SM eldstlje elds of heavy particles are integrated putThe
classi cation ofO,'s was done by S. Weinbe}g.

There isa single set of dimension- ve terrtizat is consistent with the gauge symmetry
Os=2zo0 Ly~ -"L% +H:wc;

whichviolates the accidental global symme@§#>°®: L = 2. After spontaneous
symmetry breakin@s leads to theMajorana mass term

1
L mL = Q(ML)\\O L 9 tH:c;
V2
(MU)wo= —2-0
\_ _J
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~ Introduction ~N
Therefore a typical neutrino mass scale

2 6
m V_:6 103 M eV:

The neutrino mass is the rst evidence of New Physics.

The seesaw mechanism is a particular example of this scheme.

There exists a large number of seesaw models in whichnwgthnd mg vary over many
orders of magnitude, witimg ranging somewhere between the TeV scale and the GU
scale (10" 10 GeV ). For examplefrom the atmospheric neutrino oscillations,

p 2 1 2
ms > ms, My’ 5 10 “eV:
Assuming
M, = M3=Mg;
we obtain
mg = m3=m,' 0.6 10 GeV formp =m;' 174 GeV.
and

mg' 5TeV formp = me' 0511 MeV

-

- J
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~ Introduction ~

General case of arbitrarynumberng( 3) of electroweak-singlet (steril@eutrinos:

1
L ps+mr = LMp r+ > rMRr r tH:C;

whereMp is a3 ng Dirac mass matrbandMpg is ans ng Majorana mass matrix
Diagonalization of the neutrino mass matrix by means of tagnf3 + ng) (3 + ny)
matrix V gives3 light and ng heavyMajorana neutrinos:

x3 K+3

—  light  heavy.
L = Vi F Vi

k=1 k=4

A possible scenario of the generation of the Dirac-Majomaass ternlL . yr Suitable
for the seesaw mechanistie grand uni ed groufGgyr = SO(10) can bebrokento
the SM groupGsy = SU(3). SU(2). U(1)y through the chain

\Y

SO(10)! *" Gsw U()s ! Gsd = SUB), U@L)em;

where thebreaking scales

p— 1=2
cur 10® 10 Gev: V 1 10TeV: v= 2Gr ' 246 GeV

The generatednass matrices: Mg = YV=p 2:Mp = yv:p 2; Y andy are matrices of
Yukawa couplings
J
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~ Introduction ~

Mechanisms of LN violation

Probable mechanisms of LN violatidor(illustration, in the generic quark-level process
forthe0 2 decay:d+d! u+ u+ e + e ) may include exchange by:

Majorana neutrinogthe preferred mechanism after the discovery of neutrino
oscillations)pM + ]

d . > U
W-
g
UM
=
W=
d . " U

SUSY particle§RPV MSSM neutralinos °, sleptons™; squarkss; gluinosg]

d = u " L e g
w d Ve
S S— — ¢ (1)
-~ __ € - e()
v e
v, X() v
e
€ ¢
w w 5 W ‘5
k d = u d —_—> > u d . - u )
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~ Introduction ~N

Scalar bilinea(the component  of the SU(2),_ triplet Higgs scalardoubly charged
dileptons etc.)

Leptoquarkdqin various extensions of the Siglcalar or vector particles carrying bdth

andB)
u | e
d X.Y < d |
----- X, Y :
e u
n X
n X
€ e
w wW
d d g
u u
\_ J
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Right-handed/Nr bosondn the left-right symmetricmodels based on the gauge group
Gir = SUBB)c SU(2). SU@@)r U@)s ¢
(Glr! Gsuw =SU®B). SUR). ULDy! SURB): @Dem), r's are needed the
seesaw mechanism

Other (Kaluza{Klein sterile singlet neutrinos in theories witlyéaextra dimensionsn
in nite tower of KK neutrino mass eigenstajes)

- J
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~ Neutrinoless Double Beta Decay ~

ll. Neutrinoless Double Beta Decas;Z)! (A;Z +2)+ e + e
The present bound on half-lifg;, > 1:6  10? yr (for "°Ge).
The conservative assumption about the dominant (?) meshafitDG-2003

T3 = G( EZ)jMj*jmedi?;
G is the phase space integrd, is the nuclear matrix elemerthe e ective Majorana

Mass X
- 2 .
rm€e| - Uekmk .

- J
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The present upper bound

~ Neutrinoless Double Beta Decay

jhMeel] < 0:3 1.0 eV:
A number of experiments have been proposed to ripachij 10 2 eV.

Table 1: Prospective half-life sensitivities at 90% CTL°) for di erent nucleiX in future
projects A. S. Barabash, 13th LCEPP (20Q.7All projects plan a second phase with lower
backgrounds and higher sensitivities.

X T0=y Project
®Ge | 20 10°° | GERDA, MAJORANA
82S8e | 20 100 SuperNEMO
10Te | 221 10%° CUORE
16xe | 6:4 10° EXO

J
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~ Neutrinoless Double Beta Decay ~

Numerous LNV interactions can lead to the2 decay: long range and short range
mechanism$ the separation of the lepton physics from the hadron physics

The Schechter{Valle theorem (1982n gauge theories, any mechanism inducing the
0 2 decay generates a Majorana mass for the neutrino.

Determining the underlying physics mechanism of0tl#z decay comparison of
measurements in di erent nuclgt. Deppisch and H. Pas (2007), V.M. Gehman and
S.R. Elliott (2007), G.L. Fogli, E. Lisi, A.M. Rotunno (20D9measuring the angular
correlation of the nal electronfA. Ali, AVB, D. V. Zhuridov (2007){the proposed
experimental facilities to do it: SuperNEMO, MOON, BXO

- J
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~ Neutrinoless Double Beta Decay ~

We use the most general e ective Lagrangian for@h2& decaymediated by light
Majorana neutrino$ y S)

GeV, T X oo s
- - AEQ—Ud[(Uei"' voadiv adv a7t L3 +Hcl;

the hadronic and leptonic current3* = uO d andj' = eO ;; the indexi runs over
the light neutrino mass eigenstates; =V A,S P, T.r (O =2 P,

= iz[ P =(1 5)=2 IS the projector, = L; R); the prime indicates the
summation over all the Lorentz invariant contributiongept for = =V A, U IS
the PMNS mixing matrix an®,q is the CKM matrix element.

The coe cients ; encode new physics, parametrizing deviations of the Lggmaifrom
the standardv A current-current form and mixing of the non-SM neutrinos.

The nonzero coe cients

= Ui i
are given in Table 1 for several particular SM extensiops plus RPV SUSY,y s plus
right-handed currents connected with right-hand®d bosons or LQs.

- J
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~ Neutrinoless Double Beta Decay

Table 2: Nonzero coe cients for various models.

Model Nonzero s
RPV SUSY| 3,

P V A Tr
P' V. A' Tg
with LQs VAN

The above Lagrangian describes the e ective 4-fermioncesrin the diagram

representing the so-calléoing range mechanism of tlle2 decay mediated by light
neutrinos

Y
v;
c

d

Figure 1. The long range contribution to tlke2 decay.

- J
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~ Neutrinoless Double Beta Decay

The di erential width for theO"(A;Z)! 0'(A;Z +2)e e transitions is

d _In2 o _
dcos TJMGTJ A(l K cos);

where is the angle between the electron momenta in the rest frantieeoparent
nucleusMgt is the Gamow{Teller nuclear matrix element, ghd angular correlation
coe cient is

B
= A 1<K< 1
The decay width is derived taking into accotim¢ leading contribution of the parametefs
, I.e. either the both 4-fermion vertices in Fig. 1 are stadd® A) (V A) due
to interaction viaW, or one of the vertices is standard and the other one is nodatdn

(except for = =V A) due to interaction viaNg, LQ, a sparticle etc.

\_ J
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~ Neutrinoless Double Beta Decay ~

Table 3: The expressions fArand B
for di erent choices obnly one nonzerooe cient
A B
g ﬁ Ao +4Cyj Jj x ﬁjCoz +4Cqj ¥ ﬁjz Bo+4D1j Jj x ﬁjCOZ +4D,j x QJZ
via | Ao*4Coj ji y,picor+4Cuj v, i Bo+4Doj ji v,piCo1 +4D1] v, i’
VA Ao+ Csj ji v aic2+ Csj v Ai? Bo+j ii v Ai(D3C2+ D3 sp)+ Dsjy %2
Via Ao+ Coj i yiniCt* Caj yini® Bo+ | ji vini(Daci+ Dy s1)+ Daj vy aj?
S p | Ao+4C5Pi i g picoa +4CFPj S D Bo+4D5"j ji 3 pisoa+4D5Pj 2 0f2
cep | Ao+4C5Pi i Zipicos +4CFPj S, pi° Bo+4D5"j ji 2,pisos+4D5Pj 2, 0)°
s b Ao+ CSPj jj o pica+t CSPj2" 02 [ Bo+j o pi(D3Pca+t D3P sy)+ DSPj 2742
S+p Ao+ C3"j Ji sipics+ C5PjSipi® | Bo+ i g1pi(P5Pca+ D3P sg)+ DSPj glpi?
T T . T - T . T . T . T .
T Ao+4Cgj ji ticos +4CTj 17 j° Bo+4Dg j i yiisos +4D{j 1 j°
$I|;'I" $f TAO T TBO T
TE AO+C;-J. JJ TEJCS"'C;-J.TEJ.Z BO"'D;J. JJ TEjCS+D-3roEj2
. -2 . -2 - - . P 2
Ao=Cq J55 Bo= D4 J5 = mi=mg; mi h med = Usm;:
The nonstandard e ective Majorana masses:
P P
— - . S P S P . vV A _ VvV A .
=M =M, Mg p = iUei:)S piMi; My a = Uei v o Mi
T — T
mTL;R - iUEl TL;R IrT]I
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The relative phases:

C =COS ;; S =sin
vV A

— . — V A, _ V+A y.
or=arg( via ) ce=arg( v a ) 1=arg( yia )

— V+A \. - S P \. - S P
o=arg( v a ), os=arg( 2.p); oa=arg( 2 p

s=arg( i) a=arg( $P) ee=arg( T );

s=arg( 1), e=arg( 1)
The coe cients C andD are nontrivial combinations ofie integrated phase space

factorsandthe nuclear matrix elemen{for details, see: A. Ali, A. V. Borisov,
D. V. Zhuridov,Phys. RevD 76, 093009 (2007) For example,

1 &
Co=( * DA Ap= do;
o=( r JA01 01 |n2(meR)2 do1d o

d o = M2jpajip2"1"2 ("1 + "2+ Er  Ej)d"1d"d(P1 Po);
a0 = (Grga)*Vuai*mg=(64 °); an1 = Fo(Z;"2)Fo(Z;"1);
Fo(Z:") = =gy (PR 2 Vj( 1+ iy)j%eY; 1= 1 (Z2)% y= Z'=p,;
F=(v=0)"Mg=Mgr; Mg = M0} jj th+(rab;hENi) 2240,

P a6
Mot = HO(jj  hi(rap FENT) a b & Pji0ri:
aéb
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The neutrino potentiali( the closure approximatiahat is good to better than 90% dusg
to the large average energy of the virtual neutrind00 Me\):

Z
: .. _ R d°k 1 1 ik 1o CAN-
h. (r; rENl); 12 | | +£\1+ T A, € RH (r; A);
3 ik r 1 : -
H(r A) = iz d°k € _ 2 dk k sinkr = P e
2 1+ A r o 1+ A
Aj:"j+fENi Ei;j:1;2; A= EyI (Ei+Ef):2;

I rap IS the distance between the nucle@andb, hEy i is the average energy of the
intermediate nucleul ; R = roA*= is the nuclear radiusy = 1:1 fm.

The wavefunction of an electron with the asymptotic momenpuand the spin
projections can be expanded in terms of spherical waves as

Eps(r) = Es?(r) + (1) + 11

We take into account thé&;-, and theP,-, waves for the outgoing relativistic electrons
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Table 4: The integrated kinematical factoh$™ " [in 10 15 yr 1]

forthe0™ ! 0" transition of theO 2 decay.

BGe 825 T00Mo 130T I36% @

Q [MeV] 2.039 2.9955 3.035 2.5303 2.462
Ao1 6.69 2.95 10 4.85 10 4.63 10 4.82 10
Aoz 1.09 10 | 1.01 10¢ | 1.74 1¢* | 1.20 1¢* | 1.19 1C¥
Aos 3.76 2.06 10 3.48 10 3.12 10 3.22 10
Aos 1.30 6.07 9.97 9.28 9.63

Aos 2.08 1¢* | 758 1¢* | 1.42 10¢° | 1.71 1¢° | 1.85 1C¢°
Aos 1.69 10° | 5.70 10° | 8.72 10° | 8.62 10° | 9.01 1C°
Aoz 1.05 10° | 458 10° | 8.03 1¢° | 7.93 1¢° | 8.33 1C
Aos 6.59 10° | 3.16 10* | 6.76 10* | 8.07 10* | 8.77 1C*
Ao 414 10° | 1.66 1¢° | 2.39 1¢® | 1.95 1¢® | 1.98 1C

A5 2.55 8.82 1.44 10 1.56 10 1.65 10
A5l 3.77 1.59 10 2.61 10 2.54 10 2.65 10
ASY 1.18 10 * 1.01 1.84 1.45 1.47

ASY 1.27 10°|2.06 10°|4.16 102 |2.71 10 % | 2.68 10

Al, | 6.03 10 | 254 10 | 4.17 1 | 4.06 1 | 4.24 1(P
Al, | 150 1C° | 7.42 10° | 1.39 10* | 1.43 10° | 1.52 10°
Al, | 7.67 1P | 4.04 1(F | 8.62 10F | 9.85 10F | 1.06 10/
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Table 5: The integrated kinematical factdg>" '’ [in 10 15 yr 1]
for the0" | 0" transition of theO 2 decay.

BGe 82Ge T00Mo 30Te GV

Q [MeV] 2.039 2.9955 3.035 2.5303 2.462
Bo1 5.45 2.60 10 4.28 10 3.93 10 4.07 10
Bo2 8.95 8.80 10 | 1.50 1¢* | 1.00 100 | 9.91 10
Bos4 1.21 5.79 9.51 8.74 9.04
Bos 1.27 3.47 10 5.70 10 5.24 10 5.43 10

Boz 7.72 100 | 3:82 10 | 6.69 10 | 6.24 10 | 6.48 10
Bos 497 10° | 267 10*| 5.70 10* | 6.43 10* | 6.92 1¢
Boo 3.00 10° | 1.36 1 | 1.96 1 | 1.51 1¢® | 1.52 1¢

BSP 2.73 1.30 10 | 2.14 10 | 1.97 10 | 2.04 10
BSP [720 102|7.26 10| 1.33 |9.66 10| 9.68 10
BSP [3.71 10 #|9.67 103 | 1.97 10 2| 1.05 10 2| 1.01 10 2

BI, | 4.36 10 | 2.08 10 | 3.42 1 | 3.15 1 | 3.26 107

BL, | 1.40 10° | 7.08 1C° | 1.33 10* | 1.35 10 | 1.42 10/
Bl, | 7.16 10 | 3.85 10° | 8.22 1C° | 9.27 1 | 9.98 1CF
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Table 6: The numerical values 6f and D; multiplied by 1&° for various nuclein the
QRPA model without p-n pairinf§s. Pantis, F.Simkovic, J. D. Vergados and A. Faesslé¢r,
Phys. Rev.C 53, 695 (1996)].

Nucleus C, Co Ci+ C, Cs C4 Cs
°Ge 7.208| 6:680| 6.191| 4601 1520 11.54 | 3.152 1@
82Se 29.97| 2950/ 29.03 1545 2297 81.56 | 2.627 10
1Mo 151.3| 2004 | 2.656 46:82 | 2.446 10* | 245.1 6.426 10°

30Te | 46.67| 4630 45.93| 3589 | 9670 | 1157 | 2.480 1(P
36%e | 45.54| 4816 |50.94| 3788 | 9896 | 112.0 | 2581 10°

Nucleus D, Do D1+ D> Ds D4 Ds
°Ge 5.872| 5442|5.044, 0:6179 17.31 9:.073| 2:309 10
82Se 26.42| 2600 | 25.59| 3.292 3:428 7272 21154 10

1Mo 133.5| 1769 | 2.344| 26.62 1737 2191 5:390 10°

139Te 39.62| 3930| 38.99, 5405 1527 9226| 1:951 10
135Xe || 38.45| 4067 | 43.01| 7:952 1717 8666 | 2014 10
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Table 7: The same as in Table 6, but the QRPA model with p-n pairinfls. Pantis,
F. Simkovic, J. D. Vergados and A. Faessinys. Rev.C 53, 695 (1996)].

Nucleus C, Co Ci+ C, Cs C4 Cs

°Ge 3.526 6:188| 10.86 0:745 | 1065 | 3.037 | 3.153 1
82Se 59.15 24:39 | 10.06 5458 | 3206 | 226.1 2.627 1¢°
1Mo | 0.1805| 5:737| 182.3 1:530 | 8609 | 37.98 | 6.428 10°
130Te 30.83 | 4473|64.91 2558 | 7878 | 80.66 2.480 10
136X e 42.05 | 4799 | 54.77 30:60 | 9509 | 88.69 2.581 10
Nucleus D, Do D4 D> D, D4 Ds

°Ge 2.873 5:041| 8.846| 0:7080 1221 | 2:634| 2309 10
82Se 52.13 21:50 | 8.867 11:42 4:815| 1865 2:154 10°
100Mo 0.1593| 5:062| 160.9| 0:5702| 2672| 2792| 5389 10
130Te 26.17 3797 | 55.09 4971 1241 6312 1:.951 1C¢°
136X e 35.50 4052 | 46.25 4:889 1650 7031 2014 10

\_
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Usingthe data on various decaying nuah@t only allow us to consider in more detailt)e
three particular cases for the parameter space studiedl.iAl[, A. V. Borisov, and
D. V. Zhuridov,Phys. Rev.D 76, 093009 (2007)

A) =0; jhmij& 0 (SM plus Majorana neutrinos),
B) 6 0; jhmij =0 (vanishing e ective Majorana mass)
C) 60; jhmij&0; ¢ cos ;=0;
but also to investigatenore general situatioaf
D) 60; jmij&0; ¢ cos ;60;

where ; are the relative phases for the non-SM contributions.

We analyze only the terms withj 2 as the corresponding nuclear matrix elements halle

been worked out in the literatur&[ Pantis, F.Simkovic, J. D. Vergados and A. Faesslgr,
Phys. Rev.C 53, 695 (1996).
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A.Case =0,jmij6&0

The decay half-life and the angular correlation coe cient:

Tio= jMarPA "= jMeri?Chj 2 ‘= jMeri®( ¢ 1%Ae 2

K = D1=C; = Bo1=A01;
= hmi=me, ¢ =(gv=0)"Me=Mor.
For this caseK is independent on a nuclear madel
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Neutrinoless Double Beta Decay
e 7 )
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Figure 2: The squared e ective Majorana mal®ij? vs. T;- for the QRPA model
without p-n pairing (solid) and the QRPA model with p-n pagr{long-dashed) [G. Pantig
at al. (1996)],M® in the RQRPA model (short-dashed) ahti® in the QRPA model
(dotted) [V. A. Rodin et al. (2006, 2007 (E))]. The prospeetisensitivities of EXO and
f GERDA-MAJORANA, SuperNEMO, MOON and COWJR& the half-lifes oft**Xe and
f 6Ge,8?Se, 1Mo and!3°Teg, respectively, are represented by the vertical lines.
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Fig. 2 showshe signi cant nuclear model dependerafethe calculated e ective
Majorana mass for the chosen decaying nucleus with the a#fdife, in particular, the
QRPA model without p-n pairing gives roughblyimes more strict constraint ojimij 2
for "°Ge comparing with the QRPA model with p-n pairing.

On the other hand, Fig. 2 demonstratés possibility to discriminate among the various
nuclear models by using the results for several decayingi. fgor 4 nuclear mode|s
considered in Fig. 23°Te is one of the most sensitive nuclei to the e ective Majaran
mass

The di erences in the half-lives and angular correlatians/érious nuclei in the SM
extended only by Majorana neutrinos (i.e., al= 0) are described by the ratios (sée
second columof Tables 8 and 9)

Ti(*X)
T1=(75Ge)’

K(*X) |

R(*X) = K (5Ge)

K(*X) =

We make a comparison withGe as it is the best tested isotope to date
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\_

\
Table 8: The ratios of the half-livéd® andR for various nuclei
in QRPA without (with) p-n pairing.
Nucleus| R=RY A RYU.A Ry A RviaA
82Se 0.4 (0.2) 0.4(2.8) | 2.1(3.1)| 0.3(0.03)
1Mo 1.1 (195.2)| 52.9(0.6)| 1.1 (0.5)| 1.1 (0.8)
130Te 0.2 (0.1) 0.2 (0.2) | 0.2 (0.1) | 0.2 (0.04)
136X e 0.5 (0.2) 0.4 (0.4) | 0.4(0.2) | 0.4 (0.2)
Table 9: The ratios of the angular coe cients andK for various nuclei
in QRPA without (with) p-n pairing.
—wV A V+A B A V+A B A
Nucleus| K=Ky x| Ky'a |22, s2 . | Kk |22, 82 ...
82Se 1.08 1.12 (1.12) 1.13 1.13 (0.95) 1.06
100Mo 1.08 1.15 (1.15) 1.13 1.14 (0.85) 1.05
130Te 1.04 1.07 (1.07) 1.07 1.01 (0.90) 1.01
136X e 1.04 1.07 (1.07) 1.06 0.98 (0.91) 1.01
J
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CaseB. 60, jhmi =0

The ratios for the choice afnly one nonzero coe cient :

T1=2( ;Ax). K (AX): K( ;AX)_

A —
© 0 T e K( Ge)

which characterizepeci c alternative new physics contributions

These ratios do not depend on directly but still depend on and through the
di erent sets of C; and D; entering them $ee Tables 8 and)9

The entries foR (#X) are dominated by the uncertainties of the nuclear models

In particular,the value ofRY, %4 (R = Ry, %) is accidentally enhanced by a factor of
O(100) for *°“Mo comparing to other nuclei in the QRPA model without (withjh p-
pairing sinceRy, 4 (*X) (R = Ry, a(#X)) is proportional to thgMgrj 2( ¢ +1) 2|
(iMsTj ?( ¢ 1) ?j) combination of the matrix elements, afidgrj andj g + 1]

(G ¢ 1j)is, respectively, 3( 2)and 5( 10) times smaller fof®®Mo comparing
to other nuclei. The reason for the later is the fact that is accidentally close to1 (1)
for 1Mo in contrast to the other considered nuclei. We remark thate is no similar
accidental enhancement f&,*2 since the correspondent expressions are more
complicate.

- J

A. Alil, A. V. Borisov 2, D. V. zZhuridov 3 Neutrinoless Double Beta Decay: Searching for New Physics w ith Comparison of Di erent Nuclei Moscow, 19{25 August 2009




~ Neutrinoless Double Beta Decay ~

In contrast toR , the angular correlation andK,, » do not depend otthe nuclear

matrix elements
Bo1 Ao1

AOl A X BOl 76Ge

— vV A _ vV A _
K_KV A_KV+A_

Moreover, the coe cientsK\*4 essentially do not depend time nuclear model
uncertainties

KV+A - Bos  Aog VA Boz Ao

vV A ’ V+A

A09 A X BOQ 76 Ge A02 A X BOZ 76Ge

However, the ratios of the angular correlati@ms not discriminatinggmong the various
underlying theories, asithin the anticipated experimental uncertaintigey are all
consistent withK =1,

The most sensitive to the listed ratios'f8Mo, except for the ratiRy,“ 4 to which the
most sensitive i&Se.

From the measurements of the half-lives, the most sensiitiee e ects of |/, %2 and
va are the paird®Mo { 2°Te and®Se { *Te, correspondingly.

From the measurements of the angular coe cients, the mostsiie to the e ects of
va is the pair’®Ge { *°Mo.
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\_

CaseC. 60,jmij6&0,¢g cos =0
For = hmi=m, and we have the equations
jiP=( 1 K)=Ti;
j 7= s+ 4K)=Ti;
with the coe cients
_ Di | _ G
1= M2 0 27 iz
JMgr]? JMgr]* |
_ D1 | _ G
3T Mz ' 4T Mz
IMgT)* IMgT])° |
.= Ci1D; D:C;. In particular,i = 4(5) for yix (v4).
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Table 10: The values of; [in 10" yr] for 12 6 0 for various nuclei
in QRPA without p-n pairing.

Table 11: The values of;., [in 102 yr] and 3.4 [in 10° yr] for *4% 6 O for various nuclei
in QRPA without p-n pairing.

Nucleus 1 2 3 4
°Ge || 7.657| 1045| 1:947 2:390
%Se | 3.286| 4:.008| 4:030 4:573
Mo | 8.518| 1016, 2:109 2:390
10Te | 1.903| 2:419| 0:3864| 0:4553
136Xe | 4.130| 5:293| 0:7885| 0:9338
Large "4 correspond to lower angular coe ciet, andthe most sensitive to the

Nucleus 1 2 3 4
°Ge 7.942| 1010 5:140 6:310
82Se 3.429| 3.846 1:246 1:413

1OMo | 8.796| 9:840 5:359 6:072
130Te 1917 2403, 08231 0:9698
136X e 4.112| 5:315 1:824 2:161

angular correlation ar€Ge,??Se and'®°Mo.
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The left-right symmetric mode&bU(2), SU(2)r U(1)

For the massemy,, andmy, of the left- and right-handetlV bosons and their mixing

angle :

vV+A 172 _ V+A

Mwe = Mw, = via : = arctan 5 = ,

R

. my,=80.4 GeV,
the mixing parameter

Myy

= eriVeij; jVeij Mp =Mg 1

Fig. 3 illustrates the correlation among the mddg . , the mixing angle and the
half-life T,—, and the angular correlatiol for the mixing parameter = jUgVeij = 10 °.
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Figure 3: Correlations among: My (left), mixing angle (right) and T,-, (upper and middle), K (lower) for the xed
K =0:8 (uppern, K = 0:8 (middle) and T,=, = 1025 yr (lower). Solid, long-dashed, short-dashed, dotted, and dot-daslked
lines represent decays of ® Ge, 82 Se, 190 Mo, 130 Te, and 136 Xe, respectively.

The higher isT,-, for the xed K or the closer iX to 1 for the xed T,-,, the stronger is the
lower bound oM, (the upper bound on ).

The Wg-boson mass is stronger bounded f6fTe. However the substantial e ects o#Vr to
the 0 2 decays are disfavored for the half-lives belov¢®Lgr by the strong bound oMy,
from the electroweak ts Mw, > 715 GeV [PDG-2008]).
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\
CaseD. 60,jmij&0,c 60
For =S P;V AandT_ (exceptfor = Tg, =T.):
A=Cy j*+4GCj ji jc+4Cj J%
AK = Dij j°+4Dio jj jcok+4Djo j
for =S+ P;V+ AandTg (exceptfor =T, = Tgr):
A=Cy j*+GCijii ja+Cj J%
AK = Dij j°+ Diq jj joc+ Djo %
A= jMGTj2T1=2 .
Foranonzeroyia (v'a): i=i°=2,j=j%=4,k=1(=i°=3,j=j%=5,k=2).
Fig. 4 shows the correlations amony;4j andjhmij for the xed values of
ct= 1;0; 1in QRPA model without and with p-n pairing [G. Pantis et.al.]
g _J
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Figure 4: Correlations among);4j andjhmij forc; = 1, 0 and 1 are represented b’r
dotted, solid, and dashed lines, respectively, for vadeaaying nuclei. These correlations
in QRPA model without (with) p-n pairing are representedtogé lower-left (upper-right)
lines for each nucleus.

The variation of the QRPA model basically results in a mrshift of the curves. The
shift is maximal fot®Mo and is minimal fot3°Xe.
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It is not enough to have the system of two equations in the ochsse decaying nucleu)
to extract the set of three variable§: |, csi, ] Jjgorf] j,c, g. To determine the
needed parameters, one should have either the half-livésrée nuclei othe half lives
for two nuclei with the angular coe cienK at least for one of them

Considetthe last case
A=Cy j*+Gj i ja+ Gj 5
AK = Djj j*+ Dij jj joc+ Djo j%
K=Cyj ?+Cij jj jat Gj j=
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~ Summary ~

IHl. Summary

We have analyzed the half-lives and the electron anguleglatons for theD 2 decays
of "°Ge, 82Se, %Mo, 13*°Te, and!3®Xe in a general theoretical context.

The comparison of these characteristics for the selectedyd®y nuclei will helfo
minimize the theoretical uncertainti@s the nuclear matrix elements amentify the
dominant mechanisrmanderlying these decays.

At present, no experiment is geared to measuring the angateglations ir0 2 decays,
as the main experimental thrust is on establishing a norsgmal unambiguously in the
rst place.

We note thatthe running experiment NEMO3 has already measured theaieahgular
distributions for the two neutrino double beta decays®®flo and®2Se and is capable of
measuring these correlations in the future for th@ decays as well, assuming that th¢
experimental sensitivity is su ciently good to establistese decays.

The proposed experimental facilities that can measure ldetren angular correlations in
the 0 2 decays are SuperNEMO, MOON, and EXO.
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