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Abstract. We discuss how dark side of the solar neutrino parameter space and effect of new physics con-
tributions from right-handed currents can reveal the Majorana nature of neutrinos by the observation of the
rare process called neutrinoless double beta decay, i.e. the simultaneous decay of two neutrons in the nucleus
of an isotope (A, Z) into two protons and two electrons without the emission of any neutrinos i.e.(A, Z) —
(A, Z + 2) 4+ 2e~. While the standard mechanism of neutrinoless double beta decay with exchange of light
Majorana neutrinos, normal ordering and inverted ordering can not saturate the present experimental limit, and
quasi-degenerate light neutrinos are strongly disfavored by cosmology, we consider new physics contributions
due to right-handed charged current effects arising in TeV scale left-right symmetric model which can satuare
the experimental bound provided by KamLAND-Zen and GERDA.
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1. INTRODUCTION

The recent neutrino oscillation experiments revealed that neutrinos have non-zero masses and mix-
ing, which calls for new physics beyond the standard model as the standard model of particle physics
predicts massless neutrinos. On the other hand, neutrinoless double beta decay(0v/303) is a unique
phenomenon whose experimental observation would reveal whether neutrinos are Majorana par-
ticles [1] which violates Lepton Number. Majorana particles are their own antiparticles. All the
fermions present in the standard model are of Dirac type and only the neutrino, being neutral, can
become the Majorana particle. The main parameter of Ov 30 is effective Majorana mass(m..) that
depends upon the absolute mass and mass ordering of the neutrino i.e. whether the neutrino mass
follows normal ordering (NO) in which third mass eigenstate is the heaviest or inverted ordering
(I0) in which the third mass eigenstate is lightest. This process also has the potential to tell us
about the absolute mass scale and mass ordering of neutrino. So Scientists around the world are
putting in enormous effort, and different experiments are going on to tell us about Ov 3/ process.
No positive signal has been observed yet in any of the experiment. But lower limit on the half-life
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(T' /2) on neutrinoless double beta decay of different isotope i.e. T /o (X e1%6) > 1.5 x 10*%yrs from
KAMLAND-Zen[39], T} /2(Ge™®) > 8 x 10*%yrs from GERDA[46] and T} (Te'3?) > 1.5 x 10%
yrs from the combined result of CURCINO & CUORE[41] has been found with 90% C.L .

The discovery of neutrino oscillation, which gives the evidence of neutrino masses and mixing,

has an enormous impact on our perception about the understanding of the universe. In the study
of particle physics, the most successful and well-accepted theory is the standard model (SM) of the
particle physics that has been found to agree with almost all experimental data up to current accel-
erator energy. All of the particles present in the SM have been experimentally observed. Despite
the immense success of the SM, it fails to explain some of the fundamental questions like non zero
neutrino mass, the mystery of dark matter and matter-antimatter asymmetry of the universe. So we
have to think beyond the standard model (BSM) of particle physics to explain all the shortcoming
of SM.
A well-motivated candidates of physics beyond the standard model is Left-Right Symmetric Model
(LRSM)[33-36]. It contains additional right-handed current compare to the SM. It explains light
neutrino mass via seesaw mechanism by normally adding right-handed neutrino to the model which
are absent in the SM of particle physics. It also provides the theoretical origin of maximal parity
violation which is observed in weak interactions while remaining conserved in strong and electro-
magnetic interactions. It is based on the gauge group SU(3)c x SU(2)r x SU(2)r x U(1)p_L.
Here the right-handed neutrino is the necessary part of the model. Neutrinos acquire their mass from
both Type-I and Type-II seesaw mechanism that arises naturally in the LRSM.

Neutrino oscillation experiments provide information about mass squared differences and mix-
ing angles i.e. (Am?, sin20). Here we always use (0 < 6 < 7/4), which is called the "light side”
of the parameter space. However, it misses the other half of the parameter space (7/4 < 6 < 7/2),
which is called the ”dark side”’[44]. Neutrino oscillation in vacuum depends on sin226, which is
equivalent for both light and dark sides of the parameter space. That’s why we only use the light
side of the parameter space. But in the case of matter effect i.e. non-standard neutrino interactions
(NSI)[42, 43], the dark side and the light side are physically inequivalent. The light side solution to
the solar neutrino problem is generally called standard large mixing angle i.e LM A solution, whereas
the dark side solution to the solar neutrino problem is called as Dark-LMA i.e DLMA solution.

In this paper, we study the effect of DLMA solution to the solar neutrino problem on neutri-
noless double beta (Ov33) decay for both of these standard and right-handed current mechanisms
and compare them with the standard LMA solution to the solar neutrino problem on Ov3( for both
mechanisms. This knowledge will help the future experiments to probe different energy range of
effective mass and find out the sensitivity on Ov 3.
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2. STANDARD MECHANISM OF NEUTRINOLESS DOUBLE BETA DECAY

Standard model of particle physics is based on the gauge group SU(3)c x SU(2)r x U(1)y.

It contains only left-handed neutrino. Right-handed neutrino is absent in the standard model of

particle physics. Different experiments have found the half-life of different isotopes for Ov33. So

for standard mechanism, the inverse half-life (77 /o) for Ov3f3 is given as

2
me.[? (1

M,
T, 5] = Y

where G is the phase factor, M, is the nuclear matrix element, m, is the mass of electron and mZ,
is the effective majorana mass. We know the value of G and M, of different isotopes. So the
main parameter of interest in Ov 3/ is the effective majorana mass(m’,) which is the combination

of neutrino mass eigenvalues and neutrino mixing matrix element. The effective majorana mass is

given by
3
ml, = > UZm; 2)
i=1
where U is the unitary PMNS mixing matrix and m; is the mass eigenvalues.
PMNS mixing matrix U is given by
1 0 0 C13 0 813671‘6
U=10 C23 S23 0 1 0
0 —s23 co3 —s13¢ 0 cy3
C12 S12 0 1 0 0
—S812 C12 0 0 6% 0 (3)
0 01/ \0 0 %
where ¢;; = cos;;, 5;; = sin6;;,0 is the CP violation phases and «, 3 are majorana phases.
if we put the value of mixing matrix U in eq.2 , then effective mass is
me, = |mlc%20%3 + masiycise’® + m35%3eiﬁ 4)

Here, the effective mass depends upon the neutrino oscillation parameter 612,015 and the neutrino
mass eigenvalues m, mo and ms for which we don’t know the absolute value but we know the mass
squared differences between them. and we don’t know anything about the majorana phases.

. . 2
which is Am?,

2
atm

we know the value of Am? ,, (Am2,) = m2 —m? , it has a positive sign so always

ms > my. and we don’t know the sign of m2,, (Am3,), which allows for two possible ordering of

neutrino mass i.e.

Am?

atm

(Am3,) = m2 — m?3, for Normal Ordering(NO)

mf — mg, for Inverted Ordering(IO)
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Normal Ordering (NO) : m; < my << mg

_ . _ 2 2 .
Here, m1 = miightest ; M2 = \/m7 + Amg ;;

ms = \/m% +Am?2, + AmZ, 5)

Inverted Ordering (I0) : m3 << my1 < Mgy

_ . A 2 .
Here, m3 = Miightest ; M1 = /M3 + Amz,,.

Mo = \/mg) + AmZ,,, + Am? (6)

Oscillation Parameters ~ within 30 range

([29D
Am3,[107%eV?] 7.05-8.14
|AmZ, (NO)|[10~3eV?] 2.41-2.60
|Am3, (10)|[10~3eV?] 2.31-2.51
sin® 61 0.273-0.379
sin® 613(NO) 0.0196-0.0241
sin® 613(10) 0.0199-0.0244

Table 1. The oscillation parameters like mass squared differences and mixing angles

within 3o range.[29]

In this paper, we symbolize 612 for the DLMA solution in presence of NSI and 6,5 as the
standard LMA solution. The 30 range of both 615 and 6pio are given in Table.2 [29, 30]. By
varying all the neutrino oscillation parameters in their 3o ranges and varying the Majorana phases
a and S from 0 to 27 range, we obtained the plot of effective mass as a function of lightest neutrino
mass i.e. mj,ma for NO and IO respectively in Fig.1 .

We plot the effective mass by putting LMA and DLMA solution for both NO and IO in Fig.1.
Here, the gray band(0.07 — 0.16 eV) refers to the current upper limit obtained from the combined
result of KamLAND-Zen and GERDA[46]. The region above this is disallowed. and the yellow
region is disallowed by the cosmological constraints on the sum of light neutrino masses[31] .

From the Fig.1, For NO, we found out that m}, for the DLMA solution is shifting into the
region between the NO and IO of LMA solution which is called as the desert region and m?, for

S?:Tl2012 sin20D12
min 0.273 0.650
max | 0.379 0.725

Table 2. LMA and DLMA solution for 6;2 to the solar neutrino problem.

134 Student Journal of Physics,Vol. 7, No. 4, Oct-Dec. 2018



DISALLOWED REGION

0.100 KamLAND-Zen + GERDA

[eV]

0.010

v
ee

m

0.001

10_4 5 I 4 I I
10° 10 0.001 0.010 0.100

Miightest [€V]

Figure 1. Effective majorana mass mg, for neutrinoless double beta decay as a func-
tion of lightest neutrino mass for standard mechanism. Here the red and green band
correspond to the solution of 612 and 8 p12 for NO , blue and magenta band correspond
to the solution of 62 and 6p12 for IO.
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the DLMA solution is found out to be higher than that of LMA solution. and when the mjghtest
increases, the overlap region between the LMA and DLMA solution also increases. For mijghtest €
[1073,1072]eV, we found that the minimum value of mY, for LMA solution is very small i.e. it
nearly vanishes. But for DLMA solution, in that region the minimum value of m/, remains the
same as the value when myjghiest < 10~3eV for NO.

But in case of 10, the maximum value of m”, for both LMA and DLMA solution remain same.
whereas the minimum value of my, for DLMA solution is slightly higher than the LMA solution
which is nearly same. The overlap region between LMA and DLMA solution remains the same
throughout the value of Mmiightest. Here The DLMA solution fully overlaps with the LMA solution.
No considerable change is found between both of these solutions for IO. So mY, remains the same
for both LMA and DLMA solution in IO.

3. RIGHT-HANDED CURRENT EFFECTS TO NEUTRINOLESS DOUBLE BETA DE-
CAY

We believe that lepton number violating O35 transitions could be induced either by standard mech-
anism due to the exchange of light Majorana neutrinos discussed in previous section or by corre-
sponding new interactions. Since we have already found that standard mechanism can not saturate
the present experimental bound one has to go beyond SM framework and there exist many models
contributing to neutrinoless double beta decay [2-5, 11, 15, 17, 18, 20, 22, 23, 26]. In the present
work, we have considered new interactions arising from purely right-handed currents within left-
right symmetric models — parametrized in terms of the effective mass parameter or the half-life of
the nucleus — which can saturate the current experimental bounds and one can derive limits for light
Majorana neutrino masses, right-handed Majorana neutrinos, right-handed charged gauged boson
mass My, and its mixing with the left-handed counterpart gauge boson and the corresponding
gauge coupling gr.

We consider a left-right symmetric model with Type-II seesaw dominance[32, 37, 38] where
symmetry breaking occurred at TeV scale leading to right-handed charged gauge boson W and
right-handed neutrino Ny mass in the order of TeV scale. This leads to new physics contribution to
OvBp due to right-handed current via W — Wx mediation and heavy neutrino exchange.

When we considered LRSM with Type-II seesaw dominance, the mass eigenvalues of the left
and right handed neutrinos are proportional to each other,

mLocMR (7)

As a result of this, the left and right handed neutrinos have the same PMNS mixing matrix.

UfMNS _ V;MNS 8)
and the mass eigenvalues are related as follows: Normal Ordering (NO)(m1 = Miightest)

_ ]2 2 . _ 2 2 2
my = \/mi +AmZ,;; m3 = \/m1 +AmZ,, + Amgy, ,
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My =220y My = T2 0y ©)
ms ms

Here we fixed the heaviest right-handed neutrino mass M3 for NO.
Inverted Ordering (I0)("3 = Miightest)

mi = \/m; ma = \/mg + Arrna,tm + ATnsol ?

My = 220y My = 23, (10)
ma ma

Here we fixed the heaviest right-handed neutrino mass M, for 10.

When we considered the LRSM with Type-II see saw dominance where the effect of purely right
handed current along with standard mechanism is taken into consideration, the inverse half-life of a
given isotope for Ov /303 is given by

[Tielir = G| = (Imel + mecl?)

M,
=G|—

Me

‘mV+N|2 (11)

ee

where m, is the effective mass arising due to left-handed neutrino in standard mechanism and mZ,
VEN|2 = LR 2 =

is the effective mass arlslng due to purely right handed current. Also, here |m |m
|m¥, |2+ |mZ |?,where mZL is the total effective mass arising due to right-handed current in LRSM.

We know the expression for mY, that is given in eq.4 and the expressions for m? is given by

N CN 2 m3 2 M3 za
My = C12013 ‘|' s1aClg—e' + s7e’?
Ms mo
Cn
2 ma2 z
= o= 012013 +312013€ + st3—e'?| (10)
M2 ms

9L
are the coupling constants of SU(2)1, & SU(2)r respectively and My, & Myy,, are the masses of

4 4
where Oy = (p?) (Q—R) (%Z;) . Here typical momentum transfer (p) ~ 100 MeV , gr & g1,

the left and right-handed gauge bosons i.e W, and W, respectively that mediate the process. In this
paper, we denote My as the heaviest right-handed neutrino mass eigenvalue i.e. M3 for NO and M»
for 10.

In the present work, we have considered gr ~ gr,Mny = 1 TeV,My, = 80.379 GeV and
My, ~ 3.5 TeV [45]. By varying all the oscillation parameters in their 30 range[29] and Ma-
Jorana phases from 0 to 27, we obtained the plot of effective mass (mZf) as a function of lightest
neutrino mass for NO and IO by using both LMA and DLMA solution in Fig.2 .

From the Fig.2, For NO, we found that the effective mass(mZ) remains nearly the same for
the higher value of absolute mass i.e. Miightest > 0.03 €V, but that region is disfavoured by the
cosmological constraint. We observed that both the LMA and DLMA solutions for NO saturate
the higher value of effective mass limit provided by KamLAND-Zen and GERDA so that we can
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Figure 2. effective majorana mass mZJ® for neutrinoless double beta decay as a func-
tion of lightest neutrino mass from the contribution of right handed current.Here the red
and green band correspond to the solution of 612 and #p12 for NO, blue and magenta

band correspond to the solution of 612 and 6 p12 for IO.
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find the lower limit of absolute mass of the lightest neutrino. Here DLMA solution (Green band) is
shifted towards the left as compared to the LMA solution (Red band) implying that the lower limit
of absolute mass for DLMA solution is comparatively smaller than the lower limit of absolute mass
for LMA solution. But the mZf range is the same for both of these solutions for NO. So the lower

limit of absolute mass of the lightest neutrino for NO is found out to be
Miightest > 5.01 x 10™* ( for LMA solution)

Miightest > 2.15 x 10™* (for DLMA solution)

In case of 10, mZ% remains the same for both LMA and DLMA solutions. So both of these solutions
are equal for 10. Here also both of these solutions saturate the higher value of mZ%. As both LMA
and DLMA solutions are equal for IO, we found the same lower limit of mjghtest for both of these
solutions. The lower limit of absolute mass of the lightest neutrino for IO is found to be

Miightest > 1.685 x 107° (10)

which is very small as compared to the lower limit of absolute mass of lightest neutrino for both
LMA and DLMA solutions for NO.

4. CONCLUSION

If the Ov 33 process happens, it will address many unsolved fundamental questions of physics like
Majorana nature of the neutrino, matter-antimatter asymmetry, absolute mass scale and mass order-
ing of neutrino which will help us for the better understanding of the universe. So searching for
this rare process is of paramount importance. From the standard mechanism, we found out that
the DLMA solution for NO is shifting into the desert region (0.004 — 0.0075 eV) which provides
a new sensitivity goal for the future experiments. If we find any positive signal for Ov5/ in that
desert region, this will confirm the DLMA solution to the solar neutrino problem as well. From
the right-handed current mechanism, we found that both LMA and DLMA solutions to the solar
neutrino problem for both NO and IO saturate the experimental limit provided by KamLLAND-Zen
and GERDA, which also provide the lower limit of absolute mass of lightest neutrino that is not
provided by the standard mechanism. So if we find any positive signal for 0v 3 above the region of
IO in the standard mechanism, we have to consider the contribution from the right-handed current
as well.

References

[1] Majorana, Ettore, Theory of the Symmetry of Electrons and Positrons, Nuovo Cim., 14, 1937, 171-184,
10.1007/BF02961314, RX-888

[2] Babu, K. S. and Mohapatra, R. N., New vector - scalar contributions to neutrinoless double beta decay and
constraints on R-parity violation, Phys. Rev. Lett., 75, 1995, 2276-2279, 10.1103/PhysRevLett.75.2276,
hep-ph/9506354, BA-95-15, UMD-PP-95-117

Student Journal of Physics,Vol. 7, No. 4, Oct-Dec. 2018 139



(3]

(4]

(5]

(6]

(7]

(8]

(9]
[10]

[11]

[12]

(13]

(14]

[15]

(16]

(7]

(18]
[19]

(20]

140

Hirsch, M. and Klapdor-Kleingrothaus, H. V. and Kovalenko, S. G., New supersymmetric contributions
to neutrinoless double beta decay, Phys. Lett., B352, 1995, 1-7, 10.1016/0370-2693(95)00460-3, hep-
ph/9502315

Hirsch, M. and Klapdor-Kleingrothaus, H. V. and Kovalenko, S. G., Supersymmetry and neutrinoless
double beta decay, Phys. Rev., D53, 1996, 1329-1348, 10.1103/PhysRevD.53.1329, hep-ph/9502385
Hirsch, M. and Klapdor-Kleingrothaus, H. V. and Kovalenko, S. G., New leptoquark mechanism of
neutrinoless double beta decay, Phys. Rev., D54, 1996, 4207-4210, 10.1103/PhysRevD.54.R4207, hep-
ph/9603213

Ge, Shao-Feng and Rodejohann, Werner, JUNO and Neutrinoless Double Beta Decay, 2015, 1507.05514
Mohapatra, Rabindra N. and Senjanovié¢, Goran, Neutrino Mass and Spontaneous Parity Violation,
Phys.Rev.Lett., 44, 912, 10.1103/PhysRevLett.44.912, 1980

Senjanovi¢, Goran, Spontaneous Breakdown of Parity in a Class of Gauge Theories, Nucl.Phys., B153,
334-364, 10.1016/0550-3213(79)90604-7, 1979

Heeck, Julian and Patra, Sudhanwa, Minimal Left-Right Dark Matter, 2015, 1507.01584

Patra, Sudhanwa and Queiroz, Farinaldo S. and Rodejohann, Werner, Stringent Dilepton Bounds on Left-
Right Models using LHC data, 2015, 1506.03456

Deppisch, Frank F. and Gonzalo, Tomas E. and Patra, Sudhanwa and Sahu, Narendra and Sarkar, Ut-
pal, Double beta decay, lepton flavor violation, and collider signatures of left-right symmetric models
with spontaneous D-parity breaking, Phys. Rev., D91, 2015, 1, 015018, 10.1103/PhysRevD.91.015018,
1410.6427

Deppisch, Frank F. and Gonzalo, Tomas E. and Patra, Sudhanwa and Sahu, Narendra and Sarkar, Ut-
pal, Signal of Right-Handed Charged Gauge Bosons at the LHC?, Phys. Rev., D90, 2014, 5, 053014,
10.1103/PhysRevD.90.053014, 1407.5384

Patra, Sudhanwa and Pritimita, Prativa, Post-sphaleron baryogenesis and n - m oscillation in non-SUSY
SO(10) GUT with gauge coupling unification and proton decay, Eur. Phys. J., C74, 2014, 10, 3078,
10.1140/epjc/s10052-014-3078-x, 1405.6836

Borah, Debasish and Patra, Sudhanwa and Pritimita, Prativa, Sub-dominant type-II seesaw as an origin
of non-zero 6_13 in SO(10) model with TeV scale Z’ gauge boson, Nucl. Phys., B881, 2014, 444-466,
10.1016/j.nuclphysb.2014.02.017, 1312.5885

Awasthi, Ram Lal and Parida, M.K. and Patra, Sudhanwa, Neutrino masses, dominant neutrinoless double
beta decay, and observable lepton flavor violation in left-right models and SO(10) grand unification with
low mass Wgr, Zr bosons, JHEP, 1308, 122, 10.1007/JHEP08(2013)122, 2013, 1302.0672

Patra, Sudhanwa, Neutrinoless double beta decay process in left-right symmetric models without scalar
bidoublet, Phys.Rev., 1, D87, 015002, 10.1103/PhysRevD.87.015002, 2013, 1212.0612

Chakrabortty, Joydeep and Devi, H. Zeen and Goswami, Srubabati and Patra, Sudhanwa, Neu-
trinoless double-8 decay in TeV scale Left-Right symmetric models, JHEP, 08, 2012, 008,
10.1007/THEP08(2012)008, 1204.2527

Ge, Shao-Feng and Rodejohann, Werner, JUNO and Neutrinoless Double Beta Decay, 2015, 1507.05514
Bhupal Dev, P.S. and Goswami, Srubabati and Mitra, Manimala and Rodejohann, Werner, Constrain-
ing Neutrino Mass from Neutrinoless Double Beta Decay, Phys.Rev., D88, 091301, 10.1103/Phys-
RevD.88.091301, 2013, 1305.0056, MAN-HEP-2013-08, IPPP-13-26, DCPT-13-52

Barry, James and Rodejohann, Werner, Lepton number and flavour violation in TeV-scale left-right

Student Journal of Physics,Vol. 7, No. 4, Oct-Dec. 2018



(21]

(22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

[35]

(36]

symmetric theories with large left-right mixing, JHEP, 1309, 153, 10.1007/JHEP09(2013)153, 2013,
1303.6324

Nemevsek, Miha and Nesti, Fabrizio and Senjanovic, Goran and Zhang, Yue, First Limits on Left-
Right Symmetry Scale from LHC Data, Phys. Rev., D83, 2011, 115014, 10.1103/PhysRevD.83.115014,
1103.1627

Tello, Vladimir and Nemevsek, Miha and Nesti, Fabrizio and Senjanovic, Goran and Vissani, Francesco,
Left-Right Symmetry: from LHC to Neutrinoless Double Beta Decay, Phys. Rev. Lett., 106, 2011,
151801, 10.1103/PhysRevLett.106.151801, 1011.3522

Bhupal Deyv, P. S. and Lee, Chang-Hun and Mohapatra, R. N., Leptogenesis Constraints on the Mass
of Right-handed Gauge Bosons, Phys. Rev., D90, 2014, 9, 095012, 10.1103/PhysRevD.90.095012,
1408.2820, MAN-HEP-2014-11, UMD-PP-014-014

Nemevsek, Miha and Nesti, Fabrizio and Senjanovi¢, Goran and Zhang, Yue, First Limits on Left-
Right Symmetry Scale from LHC Data, Phys.Rev., D83, 115014, 10.1103/PhysRevD.83.115014, 2011,
1103.1627

Keung, Wai-Yee and Senjanovié, Goran, Majorana Neutrinos and the Production of the Right-handed
Charged Gauge Boson, Phys.Rev.Lett., 50, 1427, 10.1103/PhysRevLett.50.1427, 1983

Das, S.P. and Deppisch, FF. and Kittel, O. and Valle, J.W.F., Heavy Neutrinos and Lepton Flavour
Violation in Left-Right Symmetric Models at the LHC, Phys.Rev., D86, 055006, 10.1103/Phys-
RevD.86.055006, 2012, 1206.0256, IFIC-12-17

Bertolini, Stefano and Maiezza, Alessio and Nesti, Fabrizio, Present and Future K and B Meson Mixing
Constraints on TeV Scale Left-Right Symmetry, Phys.Rev., D89, 095028, 10.1103/PhysRevD.89.095028,
2014, 1403.7112

Beall, G. and Bander, Myron and Soni, A., Constraint on the Mass Scale of a Left-Right Symmet-
ric Electroweak Theory from the K;—Kgs Mass Difference, Phys.Rev.Lett., 48, 848, 10.1103/Phys-
RevLett.48.848, 1982

de Salas, P. F. and Forero, D. V. and Ternes, C. A. and Tortola, M. and Valle, J. W. F., Status of neutrino
oscillations 2018: 3¢ hint for normal mass ordering and improved CP sensitivity, Phys. Lett., B782, 2018,
633-640, 10.1016/j.physletb.2018.06.019, 1708.01186

Esteban, Ivan and Gonzalez-Garcia, M. C. and Maltoni, Michele and Martinez-Soler, Ivan and Salvado,
Jordi, Updated constraints on non-standard interactions from global analysis of oscillation data, Journal
of High Energy Physics, Aug 28, 2018, 8, 180, 10.1007/JHEP08(2018)180

Aghanim, N. and others, Planck 2018 results. VI. Cosmological parameters, Planck, 2018, 1807.06209
Ge, Shao-Feng and Lindner, Manfred and Patra, Sudhanwa, New physics effects on neutrinoless double
beta decay from right-handed current, JHEP, 10, 2015, 077, 10.1007/JHEP10(2015)077, 1508.07286
“Natural” left-right symmetry, Mohapatra, R. N. and Pati, J. C., Phys. Rev. D, 11, 9, 2558-2561, 0, 1975,
May, American Physical Society, 10.1103/PhysRevD.11.2558

Exact left-right symmetry and spontaneous violation of parity, Senjanovic, G. and Mohapatra, R. N.,
Phys. Rev. D, 12, 5, 1502-1505, 0, 1975, Sep, American Physical Society, 10.1103/PhysRevD.12.1502
Neutrino Mass and Spontaneous Parity Nonconservation, Mohapatra, Rabindra N. and Senjanovi¢, Goran,
Phys. Rev. Lett., 44, 14, 912-915, 0, 1980, Apr, American Physical Society, 10.1103/PhysRevLett.44.912
Neutrino masses and mixings in gauge models with spontaneous parity violation, Mohapatra, Rabindra
N. and Senjanovi¢, Goran, Phys. Rev. D, 23, 1, 165-180, 0, 1981, Jan, American Physical Society,

Student Journal of Physics,Vol. 7, No. 4, Oct-Dec. 2018 141



(37]

(38]

(39]

[40]

(41]

[42]

[43]

[44]

[45]

[46]

142

10.1103/PhysRevD.23.165

Left-Right Symmetry: From the LHC to Neutrinoless Double Beta Decay, Tello, Vladimir and Ne-
mevsek, Miha and Nesti, Fabrizio and Senjanovié, Goran and Vissani, Francesco, Phys. Rev. Lett., 106,
15, 151801, 4, 2011, Apr, American Physical Society, 10.1103/PhysRevLett.106.151801

Pritimita, Prativa and Dash, Nitali and Patra, Sudhanwa, Neutrinoless Double Beta Decay in LRSM with
Natural Type-II seesaw Dominance, JHEP, 10, 2016, 147, 10.1007/JHEP10(2016)147, 1607.07655
Search for Majorana Neutrinos Near the Inverted Mass Hierarchy Region with KamLAND-Zen, Gando et
al, A., KamLAND-Zen Collaboration, Phys. Rev. Lett., 117, 8, 082503, 6, 2016, Aug, American Physical
Society, 10.1103/PhysRevLett.117.082503

Improved Limit on Neutrinoless Double-3 Decay of “®Ge from GERDA Phase II, Agostini et al, M.,
GERDA Collaboration, Phys. Rev. Lett., 120, 13, 132503, 5, 2018, Mar, American Physical Society,
10.1103/PhysRevLett.120.132503

First Results from CUORE: A Search for Lepton Number Violation via Ov33 Decay of **°Te, Alduino
et al, C., CUORE Collaboration, Phys. Rev. Lett., 120, 13, 132501, 8, 2018, Mar, American Physical
Society, 10.1103/PhysRevLett.120.132501

Can nonstandard interactions jeopardize the hierarchy sensitivity of DUNE?, Deepthi, K. N. and
Goswami, Srubabati and Nath, Newton, Phys. Rev. D, 96, 7, 075023, 6, 2017, Oct, American Physi-
cal Society, 10.1103/PhysRevD.96.075023

Bakhti, Pouya and Farzan, Yasaman, CP-violation and non-standard interactions at the MOMENT, Jour-
nal of High Energy Physics, 2016, 7, 109, 1029-8479

de Gouvea, Andre and Friedland, Alexander and Murayama, Hitoshi, The Dark side of the solar neutrino
parameter space, Phys. Lett., B490, 2000, 125-130, 10.1016/S0370-2693(00)00989-8, hep-ph/0002064,
UCB-PTH-00-03, LBNL-45023, LBL-45023

Review of Particle Physics, Tanabashi et al, M., Particle Data Group, Phys. Rev. D, 98, 3, 030001, 1898,
2018, Aug, American Physical Society, 10.1103/PhysRevD.98.030001

Improved Limit on Neutrinoless Double-3 Decay of “°Ge from GERDA Phase II, Agostini et al, M.
, GERDA Collaboration, Phys. Rev. Lett., 120, 13, 132503, 5, 2018, Mar, American Physical Society,
10.1103/PhysRevLett.120.132503

Student Journal of Physics,Vol. 7, No. 4, Oct-Dec. 2018



