gma

(L1

CENTRAL MICHIGAN
UNIVERSITY

Matrix elements for processes that could
compete in double beta decay

Mihai Horoi
Department of Physics, Central Michigan University, Mount Pleasant, Michigan 48859, USA

»Support from NSF grant PHY-1068217 and DOE/SciDAC grant DE-SC0008529 is acknowledged

INT M. Horoi CMU SCiDAC
August 23, 2013 mn: Dimccve

ry



imi ,:°‘\§L*. ,sc"?x.
CENTRAL MICHIGAN ;@m
Py s e

YNpat

******* Plan of the talk

* Short overview of “standard” (light neutrino
exchange) DBD mechanism

e Other mechanisms: right-handed currents,
heavy neutrinos, R-parity SUSY, etc, ...
« 48Ca: 2v and Ov nuclear matrix elements
— The right-handed currents contribution
— The effect of larger model spaces
— Beyond closure approximation

o 136Xe results
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Classical Double Beta Decay Problem

2v
Isotope Ti/2(2v) (years) M A.S. Barabash, PRC 81 o n p)
#Ca 4.410% x 10 0.023810901>  (2010)
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e ez Neutrino Masses
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PMNS — matrix ¢, =c0sb,,, s, =sinb,,, efc

.. tan’6,, =0.452, sin>26,, >0.92, sin’26,, =0.1
- Tritium decay:

Am}, =8 x 107 eV? (solar) ‘Amé‘ ~24x107 eV’ (atmospheric)
3 3 - =
H — "He+e +v, Normal
Inverted
i I V3 I V)
Vv,

Katrin exp. (in progress): goal m, <0.3eV

Mass?
- Cosmic Microwave —
‘ I V>
Background (CMB) power — —
spectrum: i’”? =

m,+m,+m, <0.6eV . . .
1 2 3 Two neutrino mass hierarchies
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Effective Neutrino Mass (eV)

Neutrino PP effective mass

H. Ejiri / Progress in Partide and Nuclear Physics 64 (2010) 249-257
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CentaaL Micaioax Neutrino effective mass: the sterile
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Figure 7: (Color online) The same as in Fig. 6, if one considers one (version 3+1) or
two (version 3+2) sterile neutrinos, which are heavier than the standard neutrinos. Best
fit points for the 3+1 (Am3, = 1.78 V2, U, = 0.151) and 3+2 (Am3; = 0.46 V2, A - | ”
U,y = 0.108 and Am§1 = 0.80 eV?2, Us = 0.124) scenarios from reactor antineutrino
data are taken into account [186]. In addition, best fit values Am2oy =243 x 1072 eV? - | I .
[158], Am2,, = 7.65 x 10~° eV? [81], tan®f;, = 0.452 [159] and sin?26;5 = 0.092 +0.016 ¢
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The origin of (Majorana) neutrino masse
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Arbitrary units

Possible contributions of other mechanisms
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Fig. 4. Energy and angular correlations for the Mo OvBB process
caused by the mass and right-handed current terms of (m), (1) and (n).
Top: Calculated single-B spectra. Bottom: B; — B, angular correlation
coefficients o defined by W(8;,) = 1 + acos8;,.?
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R. Arnold et al.: Probing New Physics Models of Neutrinoless Double Beta Decay wi

Possible contributions of other mechanisms

arXiv:1005.1241
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Matrix Elements: Light Neutrinos
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waer - Matrix Elements: Heavy
Neutrmos
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Two Non Interfermg Mechanisms
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Neutrinoless Double Beta Decay Requires a

Massive Majorana Neutrino

J. Schechter and J.W.F Valle, PRD 25, 2951 (1982)
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FIG. 1. Diagrams for neutrinoless double-f decay in
an SU(2) X U(1) gauge theory. The standard diagram is
Fig. I{a). It is the only one which contains a virtual
neutrino (of four-momentum p). d and u are the down
and up quarks.
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Ovpp obs consequences:

-Neutrinos are Majorana
fermions (with m > 0).

- Lepton numbers
conservation is violated by

2 units
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FIG. 2. Diagram showing how any neutrinoless
double-f decay process induces a v,-to-v, transition,
that is, an effective Majorana mass term.
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DAS et al.

Some mechanisms tested at LHC  prb s6, 055006 (2012)

PHYSICAL REVIEW D 86, 055006 (2012)
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2v Double Beta Decay (DBD) of 4Ca

-1 2v 2 ]
7'1'/2 = sz (Q/J’ﬁ)[MGT (O+)] Energy { —— Z:T
forbic;den
M2 (0) Z Ofllor= L1 lo™]10;)

ar p Er + Ey
48 Ca 2v BB 48Tl-
The choice of valence space )
is important! B(GT) - (f o=z i)

Q2J.+1)
ISR | 48C 48Ti
ISR 45Ca | 48Ti _ Ikeda sum rule(ISR) = Y, B(GT;Z =Z +1)~ ¥ B(GT:Z —Z ~1) = 3(N - Z)
pf 240  12.0
7 p3 10.3 5.2 o ' ' ' ' ' GXPF1 ——
o GXPFIA = oT quenched 07701
Ikeda satisfied in pf'! :
pl/z é 0.08 -
fsi Ej“e ] = | Horoi, Stoica, Brown,
A p N'@
G 32 = 004 PRC 75, 034303 (2007)
_— f7/2 0.02 -
INT 00 2 4 6 I8 10 12 14
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Double Beta Decay NME for 44Ca

TABLE 1. Matrix elements and half-lives for 2v decay calculated
using GXPFIA interaction and two quenching factors. Matrix
elements are in MeV~! for transitions to 0% states and in MeV ™

M. Horoi, PRC 87, 014320 (2013)

for transitions to 27 states. Ofllor= |1V lor™|0;
M2 O+)—Z( fllot= 1) (1 loz™10;)
Er+ Eo
qf =0.77 qf =0.74 k

Iz M2 T (yr) M T (yr)
0f 0.054 3.3 x 10" 0.050 3.9 x 10 «— (7]3”2) [ A% (stat) =0 4(syst)] x 10" yr
2} 0.012 8.5 x 107 0.010 1.0 x 10* exp

N 0.050 1.6 x 10* 0.043 1.9 x 10#

[Tl%] =G" anMO” + I)NM + MY + Na MOV

TABLE II. Matrix elements for Ov decay using the GXPFIA
interaction and two SRC models [61], CD-Bonn (SRC1) and Argonne
(SRC2). For comparison, the values labeled (a) are taken from
Ref. [27], and the value labeled (b) is taken from Ref. [62] for g,, = 1

and no SRC.
Model M 9" Mg” Mf,“ M g"
OT SRCI 0.90 75.5 618 86.7
SRC2 0.82 52.9 453 81.8
others 2.3@ 46.3@ 392®
4
INT 0; SRCI 0.80 57.2 486 84.2

- SciDAC
August 23, 2013 SRC2 0.75 40.6 357 80.6 Q""""’T‘.‘.".‘ft‘.’.”
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o Miamoss: Pogsible contributions from right-handed currents =%
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M(Ov) | SDPFU | SDPFMUP ] M)

0 hw 0.941 0.623 07w/ GXPFIA 0.733
0+2 7w 1.182 (26%) 1.004 (61%) 0 Aiw+2" ord./GXPF1A  1.301 (77%)
SDPFU: PRC 79, 014310 (2009) arXiv:1308.3815
SDPFMUP: PRC 86, 051301(R) (2012) PRC 87, 064315 (2013)
C+ +d C, d c, ;d
XA ) }-------1 +
P
— s
N=3 Pi c, id ¢, d
_'T__ fa ] : o 1‘ +
+ + | P
N=2 ——  Sp a b a’ 'b
d5/2
sd - pf C+ ____%d 4 | id
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PRC 81, 024321 (2010)

2
-1 B ov T2l < Mpp = : :
T;,,(Ov) = Gov(Qﬁﬁ)[M © )] — - Closure approximation
/ X - Includes higher order corrections in
MO = ( M2 ) _( 8v. ) MY+ MO the nucleon currents
84

|

h(q)];c (qr)GI%“SfSRC

q(q+ <E )\

- Old and new short range

[ q*dq|$

nn';J — closure

Tl —TZ—

T

0'T=4 0'T=4 correlations included
48
Ca . .
<0;T 2[( @) (a.a,) ] 0:T = 4>- - No quenching
. - New technique to calculate the
0'1r=2 many body part of M
*Ti
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Excitation Model Spaces

Renormalization methods:

- G-matrix: Physics Reports 261, 125 (1995)
- Lee-Suzuki (NCSM): PRC 61, 044001 (2000)
- Viowk - PRC 65, 051301(R) (2002)

- Unitary Correlation Operator: PRC 72, 034002
(2004)

- Similarity Renormalization Group (SRG): PRL 103, 7%
082501 (2009) ;

PO =0

“Bare” Nucleon-Nucleon Potentials: H=T+ EV,- i+ EV,- et
- Argonne V18: PRC 56, 1720 (1997) e
- CD-Bonn 2000: PRC 63, 024001 (2000) v, —> W,=P¥,

- N3LO: PRC 68, 041001 (2003)
H=UHU"=H, + H, + H, +
- INOY: PRC 69, 054001 (2004) 2 3 4
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N »PRC 74, 34315 (2006), 78, 064302 (2008)
core polarization:
Y Phys.Rep. 261, 125 PO =0 AU o ]
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Beyond Closure in Shell Model

;,)J(Zlnfln)J]OO ><pp ququ h(q;(;-(l-qr)é;}?fﬂc T, _ closure
My - i| (D07l ) I Jdlaa) Jor ) p s f o h@g(;q@fm o g )< exacr
@ k

Challenge: there are about 100,000

J, states 1n the sum for 48Ca Minimal model spaces

Much more intermediate states for 828e : 6,146,681
heavier nuclei, such as 7°Ge!!! 130Te : 22,437,983
No-closure may need states out of 7°Ge : 89,472,767

the model space (not considered).
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Excitation energy
- About 300 intermediate states for each spin
are (more than) enough

- GT dominates and experience the largest
change

- A 8-12% increase from closure was found
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Shell Model description of the 88 decay of 3®Xe

E. Caurier?, F. Nowacki?, A. Poves 2-* Physics Letters B 711 (2012) 62-64

OT quenched q OT

Table 2
The ISM predictions for the matrix element of several 2v double beta decays
(in MeV") See text for the definitions of the valence spaces and interactions.

M2 (exp) q M2¥(th) INT

By By 0.047 + 0.003 0.74 0.047 kb3

By By 0.047 +0.003 0.74 0.048 kb3g

By By 0.047 +0.003 0.74 0.065 gxpfi

76Ge — 76se 0.140 + 0.005 0.60 0.116 gcn28:50

76Ge — 765e 0.140 + 0.005 0.60 0.120 junds

82ge — 82Ky 0.098 + 0.004 0.60 0.126 gcn28:50

82ge — 82Ky 0.098 + 0.004 0.60 0.124 junds

1281e 5 128, 0.049 + 0.006 0.57 0.059 gcn50:82
1301e 5 130%e 0.0 .003 0.57 0.043 gcn50:82
136xe 5 136B, 0.019+0.002) — 045 0025 > gcn50:82

2 Ofllo= 1L (1 o |0;) /‘
Mg (0t =" 3 0g,,1ds, 1d;, 255, Oh;,;,, valence space
p r+ Eo
INT M. Horoi CMU SciDAC

mu.-avy
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CENTRAL MICHIGAN 136XC 2'\/ '?) [3 Re Sults Mez;’p =0.019 MeV ™'
136 CS(1+) . . . .
New effective interaction, ot —0.74 ot quenching
136 +
Xe(0™)
P Ba(0*) 0g,, 1ds), 1d;), 25/, Ohy,,, model space
” Y B(GT;:Z —»Z+1)- Y B(GT;Z —Z ~1) =52
- Ikeda: (N - Z) = 84
0h11/2
Ohg s M =0.064 MeV™'
Oh,,, 285 Ohy),
1ld Oh
g 3/2 11/2
dj/ ’ 1 N 08y, 0g;,,1ds,, 1d3,, 255/, Ohyy 0 OBy,
] 5/2 5/2
" / \ Y B(GT:Z =Z+1)- Y B(GT;Z —~Z ~1) = 84
b d5/2 Og 7/2 1d 372
lkeda: A(IN-2Z)=84
0g,, 089, lds),
0 n (0+) [ n (1+) | M(2v)
0g,,, 87/2
0g,,, 0 0 0.062
0 1 0.091
1 1 0.037
np - nh
P 1 2 0.020
INT M. Horoi CMU

August 23, 2013
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134 134
Te — "Xe

M. Horoi and B.A. Brown, Phys. Rev. Lett. 110, 222502 (2013)

TABLE II. Matrix elements for Ov decay using two SRC 0.045
models [13], CD-Bonn (SRCI), and Argonne (SRC2). The upper
values of the neutrino physics parameters 7;” in units of 1077 0 1 0.071
are calculated using the G" from Refs. [9,35]. 1 1 020 1.2
My My MY My 1 2 0.012
n=1 SRCI 2.21 143.0 1106 206.8 2 2 0.016/ 1.5V
SRC2 2.06 98.79 849.0 197.2
n=1 SRCI1 1.46 1280 1007 157.8
In"” | [9] 8.19 0.093 0.012 0.075
” 35 9.02 0.103 0.013 0.083 4 heav
ek
M MWR k k
4
(17,17 = GYIn MY + quMy + My + naMY"P, z( 50 ) L 1o
2400/ 100
INT M. Horoi CMU

August 23, 2013
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7 | | | | | | | | | 1 |
S V'S o GCM+PNAMP ¢ IEM-2 A QRPA(Tu)
6 v m ISM * PHFB v QRPA(Jy) -
! 4 o T. Rodriguez, G. Martinez-Pinedo,
5 * Py e _ ; A -
! o~/ $ TN YN Phys. Rev. Lett. 105, 252503 (2010)
4~ / . ; v e \R |
g - /, v v o A \\
E 3 — // N \\ =
i / o [m] O - ™ o W 2
. o\
2+ . _
. * 0 < M. Horoi and B.A. Brown,
1+ i
" Phys. Rev. Lett. 110, 222502 (2013)
| | | | | | | | | | |
° “Ca ™Ge **se *Zr "™Mo'"°Cd '**sn '**Te '*°Te "**Xe *°Nd
ST 7 71 ]
Sn isotopes | . . .
T. Rodriguez, G. Martinez-Pinedo,
4 B ‘&-‘" -.’.\.\ ]
@ e oa. % | Phys. Lett. B 719, 174 (2013)
\ < \..
3% e GT O \'\ R
| . N \€— . .
S % e “_1v 1 —— Large jump down for magic no
o5 O c'ootr. Y - "
, e of neutrons !!!
\ O Cr.x. E
\ &
S BECE =  _ © 7
\ngﬁ,ﬁ E‘.g;-l\ﬂ |
0 PR W R U TR S N T SR TN N SR T S R T MU iD A
96 104 112 120 128 f—«fm.a- w(r;

Mass number A



it i
T Summary and Outlook &

* Observation of neutrinoless double beta decay would signal
physics beyond the Standard Model: massive Majorana
neutrinos, right-handed currents, SUSY LNV, etc

« 43Ca case suggests that 2v double-beta decay can be
described reasonably within the shell model with standard
quenching, provided that all spin-orbit partners are included.

« Higher order effects for Ov NME included: range 0.6 — 1.4

« Reliable OvBp nuclear matrix elements could be used to
1dentify the dominant mechanism if energy/angular
correlations and data for several 1sotopes become available.

* The effects of the quenching and the missing spin-orbit
partners are important (see the °°Xe case), and they need to
be further investigated for 7°Ge, 8’Se and '39Te.

INT M. Horoi CMU
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