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After 59 years
we know

o 3 families of light
(V-A) neutrinos:
Ve, Vi Vo
e v are massive:
we know mass
squared differences
* relation between
flavor states
and mass states
(neutrino mixing)

u T e L

M~ properties

Currently main issue

No answer yet

* Are v Dirac or
Majorana?

*|s there a CP violation
in v sector?

* Are neutrinos stable?

* What is the magnetic
moment of v?

o Sterile neutrinos?

o Statistical properties
of v? Fermionic or

partly bosonic?

Ovpp-decay: Nature, Mass hierarchy, CP-properties, sterile v

The observation of neutrino oscillations has opened a new excited era in

neutrino physics and represents a big

step forward in our knowledge of neutrino properties
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BONd — 1998m 26.9 3.667 6 ?
BCa — BT 8.04 4.271 0.2 7
B 7r — %Mo 7.37 3.350 3 ?
Hecrg — 165n 6.24 2.802 7 ?
B Xe — 19 Ba 5.92 2.479 9 ?
10 o — 199 Ry 5.74 3.034 10 ?
130Te — 130 Xe 5.55 2.533 34 ?
2G8e — 2 Kr 3.53 2.995 9 ?
®Ge — ™ Se 0.79 2.040 8 ?

The NMEs for Ovpp-decay must be evaluated
using tools of nuclear theory
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Issue: Lightest neutrino mass m,

Complementarity

of OvpBp-decay,
B-decay and
cosmology

B-decay (Mainz,
Troitsk)

"2 —
‘Hfﬁ — =
S UEPm? < (22 eV)?
KATRIN: (0.2 eV)?

Cosmology (Planck)
Y om; <0.23-1.08 eV
my < 0.07 eV



Nuclear medium effect on the light neutrino mass exchange
mechanism of the Ovpp decay

S.G. Kovalenko, M.I. Krivoruchenko, F. S., Phys. Rev. Lett. 112 (2014) 142503

A novel effect in OvBp decay related with the fact, that its

underlying mechanisms take place in the nuclear matter
environment:

+ Low energy 4-fermion AL # 0 Lagrangian
+ In-medium Majorana mass of neutrino
+ OvBP constraints on the universal scalar couplings

Non-standard
v—Int. discussed

e.g., in the context
of v—o0sc. at Sun

| nuclear
' matter

Psyn = 1.4 g/lcm?®
> Pearth — 5.5 g/cm3

et imkovie  Ppyceus= 2-3 10 glem?



Non-standard interactions might be easily detected in nucleus
rather than in vacuum

Low energy 4-fermion

4 AL # 0 Lagrangian
2
00, NS 60, 0° <,
§ p Lot :FZ(QOAQ)(VO;\‘/)’
7y A
q = m, >M,,.
Ovpp-decay
.o_scillation experiments density — g
tritium B-decay, cosmology
4
Zvac — % Zmedium — x4+

1% ] V



Classification of the vertices gO, and gO’,
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a=1 1y

In nuclei, mean fields are created by scalar and vector currents (o, ®).
Vector currents do not flip the spin of neutrinos
and do not contribute to the Ovpp decay.

Symmetric and antisymmetric scalar neutrino currents J%;

a S a S a A

1L
du e VJ)
2| iy, | 4 I?E"}/HZ()“VJ' 6 | ;51 “20 Nz

Ot

vivy |3 d},(uq YHu;)

g?; are real symmetric for a=1,2,3,4 and imaginary antisymmetric
for a=5,6. In the limit of R = oo, the currents a = 3,5 vanish.



Mean field approximation

Mean field: g9 —>{qq) and (79)~0.5(q"q) ~0.25fm™

(1) =-=%(Tq)

The effect depends on the product m>
X

8,8 _ G

To compare with weak interaction: T [ %
w2

a GF —_ a a
Typical scale: <Z>gij = —E<qq>8@. ~=25¢, eV

g,2:\2
Gy

We expect:

25¢] <1—>m;, >25 ~1TeV”
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Majorana v mass &




x> g,|[eV]

<x= gl [eV]

Regions of admissible values of (x)g, and my (mgz=0.2 eV)
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(x) =0.17 fm 3 = GeV?

cosmology

Arny = 2.4TeV (Planck)

1.1 TeV (Tritium)
i e;; < 0.02 (Planck), 0.1 (Tritium)
Using experimental data on

the OvBp decay in combination
with B-decay and cosmological
data we evaluated the
characteristic scales of

4-fermion neutrino-quark
operators, which is A > 2.4 TeV.
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The normal neutrino mass spectrum (NS)
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The inverted neutrino mass spectrum (1S)

[mg < My < mg]
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effective Majorana
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becomes larger
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The 0vpp-decay Nuclear Matrix Elements
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QRPA and isospin symmetry restoration
F.S., V. Rodin, A. Faessler, and P. Vogel
PRC 87, 045501 (2013)

m,
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Close values gg and gg => no new parameter

Opp' + adjusted M2v=0
Op' + adjusted to exp. paring gaps
Opp' ° adjusted M=V &P

¢ © averaged pairing
—uT=]

| | | | | | . "=T1=0
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Separation of g, into g,,"=° and g,,,"*



_ o B old par.
Multipole decomposition J new par.

+

\O
[—
-



| | | | |
T:1: T:O:
gpp gpp gpp

Opp' + adjusted to M#Ve=0

A O N Ov
MO = M (1 L LMy M )

2 A0 LW AL
GA *:I"'IG'I' J’IGT

48Ca 8286 100M0 | 16Cd 128T6 134X6
76Ge 96Zr 110Pd 124Sn 130T6 136X6



QRPA versus Interacting Shell Model

7 (5 B B B B R B E—
=—au QRPA
6 ¢+—¢ [SM (Mad.-Stras.)
[SM (Michigan)
5

Ov
M
IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII

2 *’*\
l {
0 | | | | | | | | | | | |
43Ca TGGB 8286 C)[]Zr IU{}MO 1lﬂpdll(JCd124811128T_613[}T81SﬁXGISGNd
1/12/2015 ISM: Menendez et al. NPA 818 (2009) 139 >0

Brown, Horoi etc., Phys.Rev.Lett. 113 (2014) 262501 ...



QRPA versus IBM
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QRPA versus EDF/PHFB
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Is there a connection between OvBf- and 2vBB-decay NME?
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Quenching of g, (systematic error)
a4 = (1.269)4=2.6

(geff, )% _ 1.0 Strength of GT trans. (approx. given by Ikeda sum rule =3(N-2))
has to be quenched to reproduce experiment

ga-1.269 => g, 0.75g,~ 1

(g, )* - (0.8)*=0.41  In QRPA g, and isoscalar force were fitted to reproduce
the 2vpp-decay half-life, B~ decay rate and §+/EC rate
(@*a)* - (0.7)%=0.24  => g¢ff | js smaller than unity.

Faessler, Fogli, Lisi, Rodin, Rotunno, F. S, J. Phys. G 35, 075104 (2008).

g,f™ISM = 0.57-0.90 g, is highly dependent on the model calculations and

assumptions made

gAeff-IBM = 0.35-0.71 _
Barea, Kotila, lachello, PRC 87, 014315 (2013)

Is g, different for different (A,Z) and different spin-dependent transition
operators?



Quenching of g, and two-body currents
Menendez, Gazit, Schwenk, PRL 107 (2011) 062501; MEDEX13 contribution

1 ——gioir 22— ip.p) (L e+ - GCwer
Dy = —8ACT — | = Pz Q2cs—c3)+— || =—g/ 5, T
i2b = —8ADIY F2 |37 amZ + p2 P-EI\ 4T g, § R

The OvBp operator calculated within effective field theory. Corrections appear as
2-body current predicted by EFT. The 2-body current contributions are related
to the quenching of Gamow-Teller transitions found in nuclear structure calc.
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Quenching of g, , two-body currents and QRPA

(Suppression of about 20%)
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Momentum distribution of NME normalized to unity

<p> =230 MeV, sqrt(<p®>) =250 MeV
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The DBD Nuclear Matrix Elements
and the SU(4) symmetry

D. Stefanik, F.S., A. Faessler, PRC 91, 064311 (2015)

Suppression of the Two Neutrino Double Beta Decay by Nuclear Structure Effects
P. Vogel, M.R. Zirnbauer, PRL (1986) 3148

O. Civitarese, A. Faessler, T. Tomoda,

PLB 194 (1987) 11 col 4
E. Bender, K. Muto, H.V. Klapdor, ' |
PLB 208 (1988) 53 4.0

L~ 20
. .. Ew
The 1sospin is known to be a 0
good approximation in nuclei
-2.0F
In heavy nuclei the SU(4) symmetry caol e
1S Str_ongly I_Jrok(_an_ 0 | 04 1 o.la 1:2 | |.1+:-3 2.0
by the spin-orbit splitting. g'PP/qPar
712312015 Fedor Simkovic 27

What is beyond this behavior? Is it an artifact of the QRPA?



2vPBp-decay rate
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s.p. mean-field

— YOpair (
Ho

+ (Gpair =G ") D AL (Ms,0)A10(M5.,0) + (gpair — g )45 1(0.0)40,0(0.0).  Hj violates SU(4)
Ms=—1,0,1 _ symmetry

Hj

Conserves SU(4) symmetry

Aba (0. Mr) A0, (0. Mr) + 3 Ajp(Ms. 0)A10(Ms

Ms=-1,0,1

+9pn Y ElyFay
a,b

-

e strength of isovector like nucleon pairing (L=0, S=0, T=1, M=%1)
Opp' - strength of isovector spin-0 pairing (L=0, S=0, T=1, M;=0
0pp' O-strength of isoscalar spin-1 pairing (L=0, S=1, T=0)

dpn- Strength of particle-hole force

43 % (gpa-i*r' — ggp:1)

Mg and Mg do not depend on the Mg_ﬂ — _

mean-field part of H and are (59pair + 39pn ) (10gpair + 6gpn)

governed by a weak violation /33

of the SU(4) symmetry by the V2 144\/; (Gpair — Gy ")
particle-particle interactionof H =~ T ™ 54 . 1+ 9¢., | (10gpair + 20g,n)

N 20ph (Gpair — G2 1)
7/23/2015 (10gpair + 209pn ) (10gpair + 6gpn)



E, [MeV]

Energies of excited states for the case of conserved SU(4) symmetry
Mg=0, M5;=0 (see SU(4) multiplets)
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Mg up to the second order of perturbation theory due
to violation of the SU(4) symmetry by the particle-particle interaction of H
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Results confirm dependence of Mg and Mgy on g,,"=° and g,,"* by the QRPA
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The OvpB-decay with emission of

electrons in p,,, wave state
D. Stefanik, R. Dvornicky, F.S., Nuclear Theory 33 (2014) 115

P(r,p,s) = s, (r,p,s) + Uy, (X, p,s) = (¢ Exact relativ.
_ o electron w.f.
g-1(,7)X; IRIZSICHD ) Z-P)Xxs )
fea(er) (7 P) xs ~if 1 (ETT @ Dxs
L _|_ - o 0 k
JP(x) = 7 o(x—rn) [(gv — 9aCh) g7 + ¢ [ Higher order terms
. , of nucleon current
( N N NS (pn - I)n) with nucleon recoil
x | gao, —gv Dy —gp (pn — Pn )
2m

2m qA

_m p gm ') °n (m
712312015 D, = —i 14+ = : 33

TSmN gv




Ovpp-decay rate +0v 33 —1 B |m.33|2 L oo e
with p,,, electrons {Tlﬂ } T om?2 ga (2Re {MsM;} G,
(2 additional NMEs
and 5 phase-space
factors)

ﬂ[sﬂfg} Gsp + 2Re {ﬂ[:.,,ﬂ[;} Gy

: 2 : 2
@ G [My[* + G [M )
—ﬁ + ﬂIGT + ﬂfT ﬂ[F’GT’T - Z <0| }I-F,GT,T ('T‘_)O]::g’r?'r ‘O)
9a r.s
M o - | | o
A

_ hav(r—)+h r_ .
My =3 (o) 2av! )QRQ VP e xry) - 6, J0)

.8

ro|?—|r|?
Mparr = Z Ol hrerr(r-)OFrgT,T (l | 4R? : )

| T-fl-xqp(r_) +haa(r—) + harar(r-)
Ma =Y (0] e

T,

X 7 (G- ro)(Fe 1) 0)

rt (O7r +Ogr)r_ -1
M) = (0| ha(r-) >3 ~10)

T,

. —

Z (O] (hr(r=) + hR(r-)) O — 2hgr(r_)Og7 |0) 34
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BCa  Ce *2Se Bzr  10Mo  MOp(

Qss [MeV] 1.27226 2.03904 2.99512 3.35037 3.03440 2.01785

Jes [10718yr~1] 24834, 2368.1 10 176. 20 621. 15953. 4 828.5

Ger [1071%yr~1] —4 138.3 —529.26 —2 499.4 —5 929.3 —4 738.2 —1 504.8

Ser [L07¥yr ] 690.26 11837 614.25 1 705.7 1407.9  469.16

Gep [107%yr™1] —171.01 —29.513 —152.98 —424.86 —350.8%8 —117.07

Sep [107¥yr™1] 28553 6.6047  37.619  122.29  104.31  36.518

Spp [107yr™1] 11824 0.36878  2.3055 87718 7.7325  2.8437

IIBCd 124811 1SDTE 136Xe 150Nd

T e e me—p— 2.8135 2.28697 2.52697 2.45783 3.37138
factor for Ovpp-decay

with emission of s,,, and p,,, 16 734. 9 063.5 14 255. 14 619. 63 163.

electrons —5 5695 =3 082.8 =5 071.1 =5 385.7 —26 409.

(mgg mechanism) 1 854.5 1049.0 1804.7 1984.9 11 045.

—462.44 —261.74 —450.22 —495.23 —2 754.1

154.05  89.101  160.29  182.59 1 152.3

e 12.802  7.5711  14.242  16.803  120.25




BCa Ge **Se °Zr """Mo "Pd '°Cd '**Sn

r=11fm
2hr(r)/her(r) 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04
A[%) 0.31 0.55 0.93 1.81 2.03 2.44 4.22 3.24
r =2 fm
Ohr(r)/her(r) 0.71 0.07 0.06 0.06 0.06 0.06 0.06 0.06
A% 1.19 0.46 0.20 0.60 0.82 1.21 3.60 1.95
100 130, 136y, 150N
10'1f
& : . 0.04 0.04 0.03
= |
=10 3.70 4.10 5.74
= f()=h, (r)/g,
e
D=hplr - : = =
fioh (0 _ - 0.06  0.05 0.05
M T OO 2,37 275 4.27
107 2 4 6 8 0
r [fm] Effect of p,, wave is below 10%.
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Assumption Mg » mp See-Saw mechanism

(e @) (o T ) (4

ud s ¢b ¢

1 G T € i i ,Ui i’;l' i i

l l l l W I e i
L L N | | | L |_'|_“T_ | A L
107 1073 1072 107" 10° 10' 10% 10 10* 10° 10° 107 108 10° 10'0 10 10%2

m  [eV]

Left-right symmetric Probability of
models SO(10) Neutrino Oscillations
light heavy As N increases, the formalism
Ver, = Z Ueixir + Z UeilVir gets rapidly more complicated!
i=1 1=1
U 1 N Am2 . CP
large small e e
light heavy 2 1 1 0+1
(Ver)” = Z I”;iXiL"'Z Ve Nor 3 2 3 1+2
. o 6 5 15 10+9
Fedor Simkovic o0
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Why TeV Seesaws?

Is the seesaw scale very close to a fundamental physics scale?

How heavy are the heavy Majorana

1029 neutrinos or the Higgs triplet?
' to unify strong, weak & electromagnetic forces?

Conventional (Type-one) Seesaw Picture: close to the GUT scale

103 ' TeV Seesaw ldea: driven by testability at LHC
GeV

to solve the unnatural gauge hierarchy problem?

1016
GeV

GeV/5 Fermi

10° kev Hot dark mattter
GeV



L eft-handed neutrinos: Majorana neutrino mass eigenstate N
with arbitrary mass my

Faessler, Gonzales, Kovalenko, F. S., PRD 90 (2014) 096010] N = Z Usv Vs
o=5.6,14,T
2
[ 1;3]_ TDU A Z (LEEN"”\) mp M’ Du(f“\agiﬁj
General case =
in';ffl]u(;”xjgzﬁ) 1 Z]GIS.L dﬂrydﬁ i“l"fmu(ﬂix s O}Q‘f) — 1 1{:*!]1,»(9% )
T MpMe 2T gz ' MM
_ 0F|.JH Ji(y)|0F 1
XEEP.(x—y] : < 1'“|‘ ( )|n’><n| !u, )| I)E - ﬁ"ff{]y(”i_‘{ N DO;.QEH) _ _L{f{]y( )
Vi +mai(Vp? + myt+ B, — F57E) my
Particular cases
T fz]_l = G"gy % Z My
‘ME‘M’DL’( EH)‘Q for my < pp 2
1 ga N Pk < 1 > . Uex
2 o _
ol (M tor >
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5 A — fl]'u ¢L ‘ 1{3{]1; )‘ :
T m W
| l“fg] pz ) 4+ mi, (p*y = myme J}ITDM(QSH)TH 200 MeV
3 i‘\'"{ix (g}'i )
10 - T IIIIIII| I IIIIIII| I IIIIIII| I IIIIIL_L: T IIIIIII| I IIIIIII| [T TTTTTI I T TTTTM
- 76 T 136 '
. %Ge - T Boge Interpolating
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>
§ : ]
— 10°F - E
L_.ﬁ B T i
S <« T )
'ﬂ.ﬁb‘g i T ]
£ | \ '
£ !
£ 1
-«2 10
¥
Z.
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i — — interpolating formula i
10[] | IIIIIII| | IIIIIII| | IIIIIII| L 1 11inil 1 IIIIIII| | IIIIIII| | IIIIIII| L 1 11
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Exclusion plot
In |[U|? — my plane
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Improvements: i) QRPA (constrained Hamiltonian by 2vBp half-life,
self-consistent treatment of src, restoration of isospin symmetry ...),
11) More stringent limits on the Ovpp half-life




Heavy v: Ovpp NMEs -status 2014

400¢ 1 T 1T T T T 1 T T 3

: == [BM :

3S50F =—=8 PHFB =

- =—a QRPA 3

300 —u[SM =
250 — _
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2 200 E
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g Argonne s.r.c. i

0E—1 | | | | | | | | | | I

48(:3 TE-GE SZSE 962r lmMGIlﬂPdlIE-Cd124Sn123T313DTEI36XEISGNd

QRPA: Faessler, Gonzales, , F. S., Kovalenko, PRD 90
Fedo (2014) 096010 Vergados, Ejiri, F. S., RPP 75 (2012) 106301
ISM: Menendez, privite communications

PHFB: K. Rath et al., PRC 85 (2012) 014308
IBM: Barea, Kotila, lachello, PRC (2013) 014315



Multipole decomposition of NMEs normalized to unity
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Co-existence of light and heavy neutrino mass
Mechanisms of the 0 vfBf-decay

It may happen that in year 2017 (or 2??7?) the 0 vff-decay
will be detected for 2-3 or more isotopes ...
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Co-existence of 2, 3 or more interferring mechanisms of 0vBf-decay

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

1 m
'-rﬂ 33 Ov [ 0w Ov 2
(s - U(FU Z) ‘.rli +"r||i"'-. 'l“! I +”1'i |II"II‘“!.-3|.$§|| |
T, 9 m,
/
2
heavy O )\1211 mp[ (m&" )2-|
— ?ﬁ- Ooain, = = — 1+ & .
mas = D (UA) G _ S p e e =g | () |
: k M,
®L.R ] . .
Clai fovid : Klapdor-Kleingrothaus, Krivosheina,
aim or eviaence. Mod. Phys. A 21, 1547 (2009)

T (Ce) = 2.23754 x 107 y

dr ¥7u111 eL’_ Tl ;3(””]}-'10) :_} 58 % 1023 N gTe < 12

iy, u | v 130 24

. L . , ) > 3. < 2.
> We introduce Tija(*'Te) 2 3.0 x 10% Smo < 26
g

| =0, non-observation (T
NIV IN, w e . 1on (T, =)
i E= 1 5 &=1, solution for single active mech.

iz *93111 e IME|VT, G IS reproduced



2 different solutions

4 sets of two linear eg. (sign problem) CP-conservation assumed
11 M Me My M]
= Miss JI{I + ??]'r.{:? |‘r”-'ﬁ-'f| — T 'V kY T]l 2 v AT
j:l gs T :nlf_f—y _'Tllffn
— s J'“lr'fy —|_ J'“lr.f:q :|: < 2 1
VT Ga  m, 21 My/Ty Gy (MYM] — My M)

F.S., J.D. Vergados, A. Faessler, PRD 82, 113015 (2010)

2 active mechanisms T
of the OvBB-decay: :
Light and heavy
»-mass mechanism

e =
i e
i e
e =
-
Gt
i

lMTG: {excluded)

Imﬁﬁl [eV]

0.l

Non-observation of C solution (+4)
the Ovpp-decay for some ~~ soludon (+-) |
isotopes might be "%

0 0.5 1.0
in agreement with Non-observation
non- zero m

712312015 PP e Single solution for 1%9Te
for light v-mass mech.




Only positive signs:
There is a correlation
of errors;

It is practically not
possible to distinguish
both mechanisms
even observating

the OvBp-decay for

3 nuclel

NME for Light v (x100) and Heavy v exchange

600 ————
- .1 Arg CDBE
4y
- x.'.,%"? { = o0 %u=08
“Te . 3 . Y gp = 1.0
: s o g =1.27
100 | i
60 Lo
600 . — —
136><e A:_ | .:‘
H .= |_ H &
& ¥ ﬂf :
100 | 3 1L ] B
| ] )
60 .. | . . o . .
60 100 G0 600 100 oy, 600

E. Lisi, A. Rotunno, F. S., arXiv:1506.04058 [hep-ph]



Two non-interfering mechanisms of the 0vff-decay
(light LH and heavy RH neutrino exchange)

THE( rf’(';’(:) 1.9 x 10%%y, TP’”E( 6Ge) = 2. 23+331 x 10%°y
5.8 x 10%y < 'Tﬂf’g(mnfufo:l < 5.8 x 10%y, 3.0 x 10%y < Tf'fz(mﬂTe) < 3.0 x 10%%y
Half-life:
]_ L Vo9 — nlﬁﬁ
T[I;x —1pr ‘I','_‘ Z g |??U| | 1""{;[} |2 I?J"ﬁ'l rh/ - ?HE
124G Y, )
Set of equations:
1 . 0w o - V4 VA
T {-f — |??1f|2|ﬁ"ffly : + |T?H|2|"FI"JI1,J’\.-" ? > >
J_l " Wy, > e Wg > e
: — I;'DI// ] _|_ - 1}!—;[]'1/
Tﬁ](:fz 2.1 | |]? | | oL NkLV NkR k J
Solutions: S >
: W W
‘r |2 B |11”0V 2/-]“-1(_‘;1 _ | 1{;01} ‘Z/TZGZ L > R .
YT MR I ==
ml? = MU/ToGa = M5/ TG
| M RIS [ — (M 2 M P —
M =Y m
. R _ 1 2 p
A. Faessler, A. Meroni, S.T. Petcov, F. S., J.D. Vergados, '° Iy = (_-'“vfn.»-,q) ; Ver M,

Phys. Rev. D 83, 113003 (2011); JHEP 1302, 025 (2013)



Two non-interfering mechanisms of the OvfSB-decay
(light LH and heavy RH neutrino exchange)

The positivity condition: 130, (Tip=1 65x102%) and Mo

10 pr——r——r————r————r——————————r——r— r——
TG M |? P TG |M"" |2
Go| M2 = 7T Gy M2
210 2 N Gl 2,1
1k
o
= i )
] — e i — — — — —— o —— - — — — — I
Very narrow ranges! 107"} KATRIN J- - -1
E - --"--_—-——
700 (100 1701 = _,,-"""
0.15 ':_: Ijrlflsz I {'l.ir ) g 0.18 ; 1“_2_ “'" T\nl
o 0 = i M.\ 4 heavy "iag
5 (1307 ¢) éi ffi{ = (Uﬁ ) V2 & I, = '
017 < hz—f’ <099 — , Mwr/ 4 M, m,
‘ - .Jrli Iz "Ge) - 1“—3. 1
114 < AR oy
= '1'1'3;2{10'331;@} — =
1“_4 . 25 . 25 25
1.35 %10 1.4 %10 1.45x 10
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The 0vypB-decay with right-handed currents

revisited (exchange of light neutrinos)
D. Stefanik, R. Dvornicky, F.S., P. Vogel, arXiv:1506.07145 [hep-ph]
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G

- p ot i n ~ —tan( Xx =7
7 [JL 'ij+X]L JRp

A (ﬂfpvl/i“lfpvg)2

HP =

S VNN h.cl

d Light neutrino exchange Heavy neutrino exchange
- n p
g . ' ’ /
PLEmP =% Gy
®L,R ; \<p
PLAmPr = 3 . "
—-» o _ | .
d PL qu""—lfﬁ{z PL B :}; L two—pion exchange (heavy neutrin(?):x/
g +J]-I ? 1 ._r\
» P
quark level Mechanism nucleon level
neutrino lept.v. quarkv. hadr.m. supp. f. LNVp. parameters —
light LL LL 2n S UUm Mgg
LR LR 2n (M, /M,)? S heht <A\ >
LR LL 2n tan ¢ SRt <n >
heavy LL LL 2n — s heary (] [ m,/M  ny
RR RR 2n (M, /Ms)* S hearvy m, /M
RR LL 2n (tan ¢)* S hearvy m, /M
RR RL 2T tan ¢ (M, /M,)? S hearvy v m, /M




3x3 block matrices Zhi-zhong Xing, Phys. Rev. D 85, 013008 (2012)

U,S T,V are 6x6 neutrino mass matrix
generalization of PMNS matrix  Basis
; M, M
nT C T = L D
U = (g{ f,) (vr, (NRr)™) M (Mg MR)

Decomposition - (L0 AR Vo O
V0 Uy S B 0 1

Type seesaw | Approximation
m m
A~1,B~1,R~—2 1, 8~—" 4 Uy ~ Vi
MmENv mrNv
LNV parameters
: 2 2 3 .3 2 2
(\) = (M, /Mw,)? b €] €] = |easciaciasis — c1aCis — €13C23CT0873
o MmNV —C19C13 (3%35%2 4 8%3) |
(n) =~ —tan( €l ~ (.82

MLNV
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The OvBp-decay rate with right-handed currents

o, 1-1 T ) ) mss) 2 Two additioanal
{Tl /”g] =15 = Y9a Mar|™ § Coam ( - ) phase-space factor G,,, and Gy,
‘ ‘ ‘ ‘ J (For w.f. A Gyyp=Gp3 Gy =Goa)
mpaga ) Mmppa .
FCma Me W) cos g1 4 Cony Me () cos s The induced pseudoscalar term
) ) included
+ Cax (A)7 + Coy ()™ + Oy (A) () cos (11 — )
) = A UeiVej(gi/av).
f CTTLTTL — (1 — XF + XT)2G01:
)y = 0> _ UiVl Con = —(1 = xr +x7) [X2=Go3 — X1+Go4] .
! , p Cvrnn — (1 — XF + XT)
Uy = ﬂl‘g[{zm-j@?j}{z UeiVeilgv /9 X [x2+Go3 — X1-Gos — xPGos + XxrGos] .
j j 1 2
; ; Oy = X5_Goo + §X%+Go11 — §X1+X2—Go1o:
vy = arg[{d_m;UZ D Ui VLY , 1, 9 ,
i 1 Con = Xo+Go2 + §X1—G011 — §X1—X2+Go1o + XpGos
— xpXRrGor + X1Goo,
1
Con = —2[x2-x2+Goz — 5 (X1+X2+ +X2-X1-) Goto
7/23/2015 1
+ —x1+X1-Go11l- (37)
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Different types of electron wave functions
U(e,r) = WOV (g p) + UP2)(c 7)

w.f. A (Dol et al.), uniform charge distribution, only the lowest term in expansion r/R

) m ([Fo(Z4.e o Q+1(-s.-.‘._-r)) o o VEladi 2t e mer/3]
) (Zf )( €me) (f—l(eg?”) ~ FO(Zf.V)(\/ﬁ[GZf/Q—I—(C — me)r/3)

2e

w.f. B, the analytical solution of the Dirac equation for a point-like nucleus

L Je4+me |1+ % +iy)) L e —me|I( 1 + Y + z‘y)\
e,r) = — 2pr )Tk (1) = — Iy )Tk
) {ei(pwr&) 1F1 (e — iy, 1+ 2, —Qip’f’)} R {Gi(p”&) 1 F1 (v — iy, 1+ 2, —Qip’f’)}

w.f. C, the exact Dirac wave functions with finite nuclear size corrections, which are
taken into account in by a uniform charge distribution in a sphere of nucleus

w.f. D, the same as w.f. C but the screening of atomic electrons included
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Radial components of electron wave functions at nuclear surface
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Phase-space factors for nuclei of experimental interest
In the case of left and right-handed current mechanisms
of the OvBB-decay (light neutrino exchange)

. . , . = -
¥BCa  Ge  *Se  "Zr Mo MPd 'M°Cd  '*sn PTe Xe UNd

Qpp [MeV] 4.27226 2.03904 2.99512 3.35037 3.03440 2.01785 2.8135 2.28697 2.52697 2.45783 3.37138

Go1.10M 2483  0.237  1.018 2.062 1.595 0.483 1.673 0.906 1.425 1.462 6.316
Goo. 101 16.229 0.391 3.529 8.959 5787 0814 5.349 1.967 3.761 3.679 29.187
Giosz.101° 18.907 1.305 6.913 14.777 10.974 2.672 11.128 5.403 8.967 9.047 45.130
(io4.101° 5.327  0.470  2.141  4.429 3.400 0.978 3.569 1.886 3.021  3.099 14.066
Gos. 1013 3.007  0.566  2.004 4.120 3.484  1.400 4.060 2517 3.790 4.015 14.873
Giog. 1012 3.084 0531 1.733  3.043 2478 0.934 2563 1.543 2227 2275 7.497
(io7.1010 2682 0270 1.163 2459 1.927 0599 2062 1.113 1.755 1.812 8.085
Gos.10 1.109  0.149 0.708 1.755 1.420 0.462 1.703 0.939 1.549 1.657 8.405
Gog.10%° 16.246  1.223  4.779 8.619 6.540 1.939 6.243 3.301 4972 4956 19.454
Go1o.10M 2116  0.141 0.801 1.855 1.359 0.309 1.418 0.660 1.146 1.165 7.115
Gor1.101° 5376 0.476  2.183 4.557 3.502  1.010 3.704 1.955 3.148 3.238 15.055
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Constraints on LNV mechanisms from the
GERDA and EXO+KamLAND-Zen half-life limits

0.4-""'I""'I"'"I""'I""'I""'I""'-- """ rrrrT RARRN [RAREN IRRRRR IRRRRR TTTTTT IRRRRR IRARAR IRARRN ]
F <2 =() f<n>=0 QRPA, w.f. D ;
_ 035_ __ ———QRP&W.EAE
> | '
—_ : 76
— 0.2¢ Ge
o -
=
04
. 136
0.2¢
0.1
0‘0-3'”“-6.”“-4” 2 0 2 4 6 8 6 4 202 4 6 810

9 7
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Current constraints on the effective neutrino mass and
effective right-handed current parameters

?BGE ISSXE
w.f. A D A D
QRPA
imgga| [eV] 0.321 0.333 0.285 0.315
imgag| [eV] (for (n) = (n) =0) 0.271 0.284 0.251 0.285
(n) x 1077 3.093 3.239 2.077 2.337
(A) x 1077 4.943 5.163 3.822 4.370
ISM
Imgag| [eV] 0.515 0.535 0.222 0.245
impgg| [eV] (for (n) = (n) =0) 0.436 0.458 0.193 0.220
(n) x 1077 6.370 6.760 2.975 3.291
(A) x 1077 8.462 8.841 3.000 3.378

E. Caurier, F. Nowacki, A. Poves and J. Retamosa, Phys.

T6 v (0 g 25 4
Ge 175 > 3.0x 107 ISM Rev. Lett. 77, 1954 (1996)

136 v Tl% > 3.4 x 10*®*  QRPK. Muto, E. Bender and H.V. Klapdor, Z. Phys. A 334,
187 (1989)
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Angular correlation factor
as function of electron energy
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Instead of Conclusions

Genuline beginnings begin within

us; even when they are brought to
. ocurattention by external 61
8 oppertunities. X

William Bridges

We are at
the beginning
of the Road...
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