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Introduction

o What s clouble—-beta‘decay and

neutrinoless—-clouble—-beta~clecag’?

° Whg we are interested in neutrinoless-

Aoub|e~beta~cieca9’?

+ How we simulate this Process’?



Introduction

o Double beta deca9 is kind of
nuclear clecag with emission
of two e instead of one for

normal beta Aecag.

o The existence is due to
nuclear Pairing which makes
the sel:)aration energy Iarger

for even-even nuclei
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Continuum

o Double beta dec39 is kind of
nuclear clecag with emission
of two e~ instead of one for

norma| beta Aecag.

o The existence is due to
nuclear Pairing which makes
the sel:)aration energy larger
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Introduction

+ From SM we know that this process can

anPCﬂ (Thesxs Maria Goeppert-Mayer 1965 Goettmgen

o i

el T

(A,2) (A,Z+1) (A,Z+2)

» Instead of two successive B clecag



Introduction

* But there are also some hgpothesis that
neutrino I1s Majorana Particle, soitis
also Possibl_e for process like

N

\ € V [ ]

(A,2) (A,Z+1) (A,Z+2)

* Lepton Flavor Violation;massive neutrino
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Introduction

° The neutrinoless Aouble beta clecag

Probabilitg from Fermi Golden-rule

(f1H|k)(k|H i)
T = jdE(V)Z  —(E(¢)+ E.(W)+E,._ (k)

 J lncorl:)oratmg above emission Hamlltonlans

72 m
T=M,(m,)+M,{tg0)+ M,, < (V) >+M g AL+ M, <

y nyg

s B
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Introduction

° The neutrinoless clouble beta clecag

Probabilitg from Fermi Golden-rule

(f1H|k)(k| H i)
= JdE (V)Z ., —(E (e )+E.(VW+E,, (k)

* lncorPoratmg above CmISSIOﬂ Hamlltomans

S

m,
72
9<tgﬁ>+MWR <( ) >+MSUSY)’111+MVR <
| M, myp
Leading term, | will talk about later
The transition matrix element is as imPortant as the data to determine

the absolute scale of neutrino mass
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° The neutrinoless clouble beta clecag

Probabilitg from Fermi Golden-rule

(f1H|k)(k|H i)
T = jdE(V)Z  —(E(¢)+ E.(W)+E,._ (k)

 J lncorl:)oratmg above emission Hamlltomans
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QRPA and RORFPA (Tue) results with errors from basis size,exp. errors

| of two-neutrino clecag, axial coupling constant and shor’c-range correlations

® QRPA (Tuebignen, 2008)
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QRPA and RORFPA (Tue) results with errors from basis size,exp. errors

| of two-neutrino clecag, axial coupling constant and shor’c-range correlations

® QRPA (Tuebignen, 2008)
A SM (Caurier et al., 2008)




QRPA and RORFPA (Tue) results with errors from basis size,exl:). errors

| of two-neutrino decag, axial coupling constant and shor’c-range correlations

m IBM-2 (Barea et lachello, 2009)
® QRPA (Tuebignen, 2008)
A SM (Caurier et al., 2008)
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Introduction

» Renormalized QRPA OvBB Half Lives calculated in TUE with the Bonn

CD force and Jastrow correlations for quenclﬂecl Zx= 1.00; errors

from 2vBp experiments for <m >=50 meV

Nuclei half life (year)
6Ge->"°Se (1.10£0.13)x10%7
82Se->82Kr (3.50+0.42)x102%°

100Mo->190Ru (3.33£0.45)x10%¢
128Te->128Xe (7.35£1.00)x10%7

150N d->150Sm (3.55+0.50)x1025
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Introduction

Renormalized QRPA OvBB Half Lives calculated in TUE with the Bonn

CD force and Jastrow correlations for quenchecl gie 1.00; errors

from 2vBp experiments for <m_> =50 meV

Nuclei
7GGe_>7GSe
825 e->82Kr

100M0->1 OORU
128'|‘e_>1 28xe

150N d->199Sm

half life (year)
(1.10£0.13)x102%7

(3.50+0.42)x1026

(3.33+0.45)x102
(7.35%1.00)x102

(3.55+0.50)x1025




Simulation of NME

o Detailed decag width one intermediate Virtual

|ight Majorana neutrino

2 dp, dp,
r, =2 R e
2] ;“ vl 06t &+ E, ’)(27r)3 (2m)’

o With: e; e;




Simulation of NME

o Detailed decag width one intermediate Virtual

|lght Majorana neutrino O
27t”2‘ ‘5(8 +e,+E, E)dp1 e
Ov =

2n)’ @ny
s s 1 GcosO,. i
* With: g - TP YIS [dndy h /
dk <f ]lv+(y)‘M< ‘J.LH(X)‘ [1 P(el 62)]

(2)

% epz 2 (y)yV (1 5 )Niks (y)epls‘l (X)Yu (1 nfr ?/5 )Niks (.X)
Er o ERE =T




Calculation of NME

* And we can get the expression as
1/Tl(/);/ S GOV MOV : <mv>je
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* And we can get the expression as
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Phase space integration




Calculation of NME

® Anc] we can get the expression as
2 2
1/Tl(/); — GOv <mv >ee <mV>ee = ZU«fjmJ’
J

Phase space integration




Calculation of NME

* And we can get the exl:)ressnon as
1/T1(/); = Gy, MOyl < >e*’<mv>ee = ZUJmJ

Phase space integration NME

= 2 C. <f‘OJ‘Mi><H(r12)>i,J <Mi‘01‘i>

M,,i,J



Calculation of NME

* And we can get the expressnon as
1/Tl(/); — GOV M ",2 <mv> +’_<mV>ee = ZU]m]

ee

S —

Phase space integration

= 2 Ci<f‘OJ‘Mi><H(r12)>i,J <Mi‘01‘i>

M,,i,J

H(Hz)--loop integration over neutrino momentum

as a Function O{: clistance between two nucleon



Whg Deformation

150 N7d has 60 Protons and 90 neutrons, for heavg nuclei)experiments
have sugges’cecl that it is heavily deformed
Nuclear reorientation method BE2 transition Probabilitg Relativistic mean
deformation B, Quad. mom. Q(b) | deformation B, Quad. mom. Q(b) field thcorﬂ B,
150 N | #0.367(86) | -2.00(51) | 0.2848(21) | 5.258(38) 0.221
150 g7 | +0.230(30) | -1.32(19) | 0.1931(22) | 3.684(41) 0.176
In the second column, deformation is formulated ]39 B, = %ZQ’;
r

function

But we tried another way bg calculating (O ) with deformed wave
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function

But we tried another way bﬂ calcu
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Ground states

* S0 from now on we will work in deformed basis and using deformed
wave function obtained bg solution of Schroeclinger Equation with
deformed Woods-Saxon Poteﬂtial, the single Particle wave can be

written as
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Ground states
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* S0 from now on we will work in deformed basis and using deformed
wave function obtained ]39 solution of Schroeclinger Equation with

deformed Woods-Saxon Po’cential, the single Particle wave can be

written as
70,)= D b5 o |[NnALQ, = A +1/2)|Z=1/2)
Nyn,

AN +1LQ =A +1-1/2)|Z=-1/2)]

G
+aner



Ground states

* S0 from now on we will work in deformed basis and using deformed
wave function obtained }39 solution of Schroeclinger Equation with

deformed Woods-Saxon Potential, the single Particle wave can be

written as

70,)= D 5o |[NnALQ, = A +1/2)|Z=1/2)
N,n,

+HE 0 [N A +1,0 = +1-142)|Z =-172)]

Deformed Harmonic Oscillator w.f. Basis



Ground states

* S0 from now on we will work in deformed basis and using deformed
wave function obtained }39 solution of Schroeclinger Equation with

deformed Woods-Saxon Po’tential, the single Particle wave can be

written as

70,)= D b5 o |[NnALQ, = A +1/2)|Z=1/2)
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Ground states

* S0 from now on we will work in deformed basis and using deformed
wave function obtained }39 solution of Schroeclinger Equa’tion with
deformed Woods-Saxon Po’teﬂtial, the single Particle wave can be

written as

7p,) = Z‘[gbfv? &

A, +1,Q, = +1-1/2)|2=-1{2)

NnA, Q =A +1/2)|Z=1/2)

Expan51on Coe%c:ent

Deformed Harmonic Osc:l ator w.t. Basis SP,'n w.t basis



Ground states

* Aswe all know, nuclear Pairing Plags imPortant role in nuclei, so the

mltxal ancl ﬁnal ground states can be clescrlbecl as:

H OCPT vaccum>

> Qua51~Partlc|e oPerator IS deﬁnec as

* uandvare BCS coeficients which can be derived from the BCS
equation, these coefhicients determine the structure of the initial and

ﬁnal ground states



Intermediate states

o The intermediate states are constructed using
Pn—-QRPA formalism, bg exciting a c]uasi~

neutron to a quasi~Proton

D 4 TI"!C PI"IOﬂOﬂ OPCratOr can bC dC‘ﬁﬂCCl as
Zﬁ = 2 (Xi’flKAiT (K*) - an}d&l (K™))

* | ntermécliate states in lab sgstem defined as



Intermediate states

o The intermediate states are constructed using
Pn-QRPA formalism, bg exciting a c]uasi~

neutron to a quasi~Proton

® Thé PIWOﬂOﬂ OPCFBtOI” Ccan bC CléﬁﬂCCJ as
0= D (XTAKD) = YRAK™) alk™ =0} &, @, -Q, =K.1,1,=7)

* | ntermécliate states in lab sgstem defined as



Intermediate states

o The intermediate states are constructed using
Pn-QRPA formalism, bg exciting a quasi~

neutron to a quasi—-Proton

o The Phonon oPerator can be defined as
= 2 (XA K- YRAKT) k™ =a &, (@, -9, =K.x,1,=m)
o Intermediate states in lab system defined as

3
|JM (K),m) = \/1 — (D} (0,0,¥)0r" +(-1)""*D;,_,(0,0,y)Q" 1| RPA)(K #0)

[ 3
|JM (K),m) = = D;, (0,0,y)0r | RPA)(K =0)



QRFPA Formalism

® Using variational method we can get the
QRFPA (Quasi~|:>artic|e Random Phase

Approxi mation) eq uation

A(K) B(K) | Xg gl Xy
-B(K) -AKK) vy ) flyr

<
With A, (K)=(RPA|[A,,[H,A ]]|RPA)

l

B,(K)=(RPA|[A,.[H,A,1]| RPA)

l




QRFPA Formalism

o The Hamiltonian has the form

.= HO +H int
v 2 8” (Single Particle energg)
2 i Cpcncn € (residual two~bod9 interaction)

pnp L5



QRFPA Formalism

o The Hamiltonian has the form

H:HO+Hint

o irakl, 2 Spf (single Particle energg)

) J residual two-body interaction
2 pnp'n CPCnC” CP ( 9 )

pnp L7
(K)=(E, +E,)0,,0,, +8&,[V uu u +V. O e

P1”1P2”2 Py Paty Pl m py N Py Pany Pl LS %5}

—&ulV, u v.u v +V vu v u, ]

pompiny, " py Py Py Py P o Py My

Bplnlpznz(K)z—gpp[Vzﬁzplﬁlvplv U u +V u u v v |

npy n pimpyny Tppn Py oy

-8V, Vol W Ve stV u,v, v, u, |

poimypiny P Py Ny pimaypryy P P



QRFA Formalism

o Choice of residual interaction: Realistic

Interaction (less Parameters)

* (Bethe-Goldstein ‘.Equation)

o From spherical basis to deformed basis
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QRFA Formalism

o Choice of residual interaction: Realistic

Interaction (less Parameters)
0

. GV </ e (Bethe-Goldstein Eqg uation)

Bare nucleon-nucleon force PrOjCCt'O” operator

o From spherical basis to deformed basis



QRFPA Formalism

o Choice of residual interaction: Realistic

Interaction (less Parameters)

Q e — /
G=V+V = [
* \ e (Bethe-Goldstein ._quatlon)
Bare nucleon-nucleon force  Frojection operator

o From splﬁerical basis to deformed basis

Vpﬁ,p'ﬁ' = _22 2 Z ijfinnn ij'ﬁp'n'nn'G(npnnnp'nn'"])

J npnn np'nn'

Vpn,p'n' > 22 2 Z iji'ﬁnn ij‘ﬁ;'ﬁ'an(nPnnnP‘nn‘"])

J 77p77n 77p'77n'



e A

e

o

——————

—_—



Calculation of OUNME

* Final Expression of the nuclear matrix element
M = Z Z <O}’ mf><K”mf
K" ,ij mjmg

=Y. D @ Xe +vu Y Yy Y +vu XS K

K* ij mjmy

K”"m, > <K”mi ‘ c'e,

e, |k 07 )} p(D),p'(2)|T°T0(12)|n(D)n'(2))

m, K”ml.>

X Y, E o E . (M0, IM |ttt 0312)|n,n,.. JM )

MMMy N J



Calculation of OUNME

* Final Expression of the nuclear matrix element

M=y > (0|chc |K"m, )(K*m,|K"m,)(K"m]|cic,|0; }pD),p'(2)| T 77 0(12)|n(D)n'(2))
K™ jij mimy
- z Z (upannIfiﬂ +vpunYnf” )(upvnYniﬂ +vpuanIf:)<K”mf K”ml.>
K" ij mimg
N B <n n,.JM|t"T0(12)|nn, .JM) (K™m,|K"m,)= f(X.Y ,uv)

MMMy N J



Calculation of OUNME

* Final Expression of the nuclear matrix element

M=y > (0|chc |K"m, )(K*m,|K"m,)(K"m]|cic,|0; }pD),p'(2)| T 77 0(12)|n(D)n'(2))
K™ ij mimy
= I;W%(upvn)(nin +vpunYnf” )(upvnYnin +vpuanIf:)<K”mf K”mi>
X Y E o E s (MM, M |TT002) 0, IM) (K m|Km )= f(X.Y u,v)
I I

I, =|h —15|,0,, = 0,0,
O(2)=H (r,)+ H (r,)o, + H,(r,)S, | |

S12 = 3(61"’;12 )(52"’;12) — Oy,



Calculation of OUNME

s Final Expression of the nuclear matrix element
M = Z Z <O+ f><K”mf‘K”mi><K”mi‘c;

K" ij mijmy
= > @ X FvaYe Yuv Ve fvu X )<K7r f‘Knmi>

CC

¢, |07 }p).p'(2)|z" 7" 012)|n(D)n'(2))

p n- o m p nTm; p nomyg D> iy
K" Jjmyme
JM + __+ T V4 5
KTt Et, 11,0 ) {EmfKm) = orrn
npnnan

1’12=|I’1—I’2 ,O01, = 0,0,

O(12)=H (r,)+ H; (r,)0, + H, (1,)$,,

S12 = 3(61"’;12 )(52"’;12) — Oy,

T KT K7 K"
Oy, —(a) T, tw, -0 )/2

HI (7‘12) == o h[ (q2 )dq

2 0 i
ox e he(q")=—8,(q ) =8, /(1+q | A})

2 R on sin(gr;, )



Calculation of OUNME

* Final Expression of the nuclear matrix element

M = Z Z <O}’ chc mf><K”mf‘K”mi><K”mi‘c;

¢, |07 }p).p'(2)|z" 7" 012)|n(D)n'(2))

K™ jij mimy
=Y > @y Xe +v,u Y Yuv Y +v,u,Xe WK m, K m,)
K" ij mymy
X 2 ijgp Ve nnnn <7‘[ n, JM T T > <K”m ”mi>=f(X,Y,u,v)
I

e |r1 — 1,0, =0,°0,

O(12)=H (r,)+ H; (r,)0, + H, (1,)$,,

S12 = 3(61"’;12 )(52"’;12) — Oy,

T Ko Realistic
25K on sin(gr;, ) h (qz)dq W mm, =W(const.) consideration
o I

2 0 i
ox e he(q")=—8,(q ) =8, /(1+q | A})

H,(r,)=



Conclusion & Outlook

* The determination of the nuclear matrix element of double beta

clecag

IS as imPortant as the measurement of the half lives to get the mass

scale of the neutrino

*  We have clevelol:)ed the Pn—-QRPA method which is suitable for t
calculation of NME and extended it to the deformed case with t

realistic residual interaction. We now have the QRPA solution in

1C

a[=

1ancl.

The last stc-:l:) left is to transtorm available result from the spherical

case to tl"lé CIC{:OFmCCl one ancl g@t more accurate VBIUC 1Cor l’leavy

nuclei



Thank you !



