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Neutrinoless double beta decay is a textbook example of lepton number violation, often claimed to be a
probe of neutrino Majorana mass. However, it could be triggered by new physics; after all, neutrino
Majorana mass requires physics beyond the Standard Model. If at least one electron were right-handed, it
would automatically signify new physics rather than neutrino mass. In case both electrons were left-
handed, the situation would become rather complicated, and additional effort would be needed to untangle
the source for this process. We offer a comprehensive study of this issue from both the effective operator
approach and the possible UV completions, including the Pati-Salam quark-lepton unification. While
neutrino exchange is natural and physically preferred, our findings show that new physics can still be
responsible for the neutrinoless double beta decay. In particular, the Pati-Salam theory can do the job,
consistently with all the phenomenological and unification constraints, as long as the unification scale lies
above 1012 GeV, albeit at the price of fine-tuning of some scalar masses.
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I. INTRODUCTION

In his seminal paper [1], Majorana shows that a neutral
fermion, such as neutrino, can be its own anti-particle,
implying then lepton number violation (LNV), with an
immediate consequence of neutrinoless double beta decay
[2,3]. Often, this process is wrongly claimed to be a probe
of neutrino Majorana mass, despite having been argued
more than sixty years ago [4] that it could be induced by
some new unknown physics. Moreover, the left-right (LR)
[5–8] symmetric model naturally offers new contributions,
in terms of the same physics that leads to neutrino mass
[9,10]. Neutrino mass is by no means special in this sense.
This issue is deeply related to the high-energy manifes-

tation of lepton number violation, the hadron collider
production of same-sign charged lepton pairs accompanied
by jets, the so-called Keung-Senjanovic (KS) process [11].
Namely, if new physics were to induce neutrinoless double
beta decay, it would have to lie at energies tantalizingly close
to the LHC reach [12,13], providing genuine hope to observe
the KS process. Moreover, it would allow us to probe the
seesaw mechanism as the origin of neutrino mass [14–16].
It would be thus imperative to untangle the physics behind

neutrino mass if neutrinoless double beta decay were to be
observed. This is the main scope of our work.
While this question would be relevant even if there was

no real need for new physics, it becomes crucial because
neutrino Majorana mass requires physics beyond the SM
(BSM). Whether or not this new physics induces neutrino-
less double beta decay, depends on its scale. One should be
ready for a positive experimental result, which will require
careful experimental analysis to unveil the underlying
mechanism that caused it. In short, it is impossible not
to have new physics BSM along with Majorana neutrinos,
and therefore it is impossible to know a priori what causes
this process.
Before moving on, we must clarify the following point.

In order to understand the correlation between nature of
neutrino mass and neutrinoless double beta decay, it is
important to know whether neutrino masses originate at the
scale Λ above or below the characteristic momentum
transfer of this process. It is the former case that will be
studied in this work.
In otherwords, our analysis does not apply to a framework

with soft neutrinomasses [17], where they originate at a scale
Λ ≃ 10−1 eV, comparable to masses themselves. Neutrino
mass generated in this way softens above the scale in
question, and correspondingly, the connection between the
neutrino mass and neutrinoless double beta decay would
require an independent analysis [18].
In what follows, thus, we assume that neutrinomasses and

couplings are hard parameters. With this in mind, how can
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we distinguish between neutrino mass and the new physics
contributions to the neutrinoless double beta decay?
One obvious way is by measuring the electron polari-

zation, with an immediate conclusion: if at least one
electron is right-handed (RH), it is new physics, period.
Neutrino contribution, as we know, goes through the
W-boson exchange so both electrons come out left-handed
(LH). If both electrons were to be RH, it would be a boost
for the left-right symmetric theory, which predicts the RH
analog of the W exchange, involving the heavy RH
neutrino [9], instead of the usual light one. This is discussed
in the Sec. IV, where it is stressed that the neutrino
Majorana mass contribution can be naturally suppressed.
Suppose that both electrons end up being LH, what could

we conclude then? Is the neutrino mass the only plausible
contribution? This question is the focus of our work. We
address it from both the effective operator approach and the
possible ultraviolet (UV) completions. While it is highly
suggestive that neutrino would be the culprit, one cannot
rule out other possibilities when one takes a well-defined
theory as an input—albeit admittedly not so physically
natural—with new physics doing the job. More will be
needed to be sure, such as establishing neutrino mass
hierarchy, and/or using more than one isotope to untangle
different possible contributions [19,20].
In the next section, we use the effective operator

approach to see what is going on. We shall see that new
physics could be a dominant contribution, however, one
cannot argue that neutrino mass is necessarily small. It
should be stressed that effective operator analysis of
neutrinoless double beta decay has a long history, going
back some twenty years ago (for an incomplete list of
references, see [21–29]). There have been rather general
and extensive studies and here we have nothing original to
say on the subject, including the issue of the resulting
neutrino mass from such operators. We include this section
for the sake of completeness and to be self-contained—and
most importantly, to set the stage for the UV completion
that is the central aspect of our work.
In Sec. III, we discuss what might be called “the poor

man’s UV completions,” where one just adds appropriate
states to mediate effective operators, without worrying
about the theoretical motivation. We shall see that there
is always the possibility of new physics doing the job, while
not contributing appreciably to neutrino mass. This should
not come out as a surprise since one is fitting the
phenomenological possibilities in a rather ad-hoc manner.
Again, we wish to stress that there have been such studies
before, but we include this discussion here to illustrate our
point and to pave the road for the analysis of a self-
contained and physically motivated theory.
Such a theory is nicely exemplified by the original work

of Pati and Salam on quark-lepton unification [5], the work
that led to the idea of grand unification. This model should
be considered as a true UV completion, where one makes

no ad-hoc assumption and adds no states arbitrarily. The
Pati-Salam (PS) model is highly constrained and, in its
minimal version (at least at the renormalizable level), it is
ruled out since it predicts wrong relations among down
quark and charged lepton masses. This can be cured either
by adding higher dimensional operators or enlarging the
Higgs sector. In Sec. IV, we carefully analyze the situation
regarding the neutrinoless double beta decay in the former
case, since it is more predictive. We also comment on the
latter case which allows for more freedom and thus more
easily passes experimental tests. We will show that even the
minimal theory can account for the neutrinoless double beta
decay from new physical states and not from neutrino mass.
This is the central result of our paper which adds to the
assertion that per se neutrinoless double beta decay is not
automatically a probe of neutrino mass, even if electrons
come out LH.
Finally, in the last section of the paper, we summarize

our findings and offer our outlook for the future. We should
stress that in this paper we only briefly touch upon
theoretical ideas behind the physics in question, for a more
pedagogical review see, e.g., [30].

II. EFFECTIVE OPERATOR APPROACH

For simplicity and definiteness, we shall imagine here a
single new physics scale Λ responsible for neutrinoless
double beta decay, hereafter denoted as 0ν2β. We will
briefly comment on more general possibilities, which will
be then treated with more care in the next section devoted to
UV completions.
Since 0ν2β is a six-fermion process, just on dimensional

grounds we can write a generic d ¼ 9 operator in a
symbolic notation

O0ν2β ¼ AΛeeuudcdc; ð1Þ

where for simplicity we have written the hermitian con-
jugate operator (leaving the fermion chiralities unspecified)
and defined

AΛ ¼ 1

Λ5
: ð2Þ

Before plunging into our analysis, a few noteworthy
comments are in order.
In the SM augmented with a neutrino Majorana mass,

one has

Aν ≃G2
F
mν

p2
; ð3Þ

where p measures neutrino virtuality and is roughly p ≈
100 MeV for the nuclei relevant in question.
For 0ν2β to be induced by new physics and not neutrino

Majorana mass, we must demand
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AΛ > Aν ð4Þ

Strictly speaking, one should be comparing total decay
rates instead of amplitudes [31–35]. However, for our
interest in physical estimates, this is a secondary task,
well beyond the scope of this work.
Recently, GERDA experiment [36] has set a strict limit

τ0ν2β ≥ 1026 yr, which translates intomν ≲ 0.2 eV. In what
follows we will assumemν ≃ 0, 1 eV, which corresponds to
Aν ≃ 10−18 GeV−5, implying Λ ≃ 3 TeV. This is a remark-
able result since the generic scale would be tailor-made for
a new hadron collider, and possibly accessible at the LHC.
Both CMS and ATLAS [37] are now actively pursuing the
high energy aspect of LNV, while the low energy end is
represented by several experiments dedicated to the 0ν2β.
A generic operator of (1), for the LH electrons, becomes

then (again in a symbolic notation)

O0ν2β ¼
1

Λ5
eLeLuLuLdcLd

c
L; ð5Þ

which is invariant under the SM gauge symmetry if the color
indices of the up quarks match the corresponding indices of
the antidown quarks. By the SUð2Þ part of the symmetry,
there must be an analogous operator with neutrinos

1

Λ5
νLνLdLdLdcLd

c
L: ð6Þ

This produces neutrino Majorana mass at the two-loop
level when the quark lines get closed, as shown in Fig. 1. It
is easy to estimate the resulting neutrino mass

mM
ν ≃

1

ð16π2Þ2
m2

d

Λ

�
ln

Λ
md

�
2

: ð7Þ

Recall that, for 0ν2β to be observable in near future, this
requires Λ ≃ TeV, which in turn gives

mM
ν ≃ 10−1 eV; ð8Þ

a borderline value, if we wish that neutrino mass contri-
bution does not dominate 0ν2β. Unless there are cancella-
tions, in this case, there is no way to argue that it is new
physics, and not neutrino mass, behind this process. The
operator in (5) is not unique, though, so the resulting
neutrino mass expression in (7) is not the only one.
Before we proceed, a comment is in order. We do not

claim that the above estimate gives a correct value for
neutrino mass. It could be smaller, of course—it could be
practically zero for all that we know—but there is no way of
ensuring it.
What we are arguing, however, should not be confused

with the so-called black box contribution to neutrino
Majorana mass [38], which obscures the issue. Namely,
one argues that the observation of neutrinoless double beta
decay demonstrates the Majorana nature of the neutrino,
but that is misleading. After all, that contribution is
vanishing small (argued to be on the order of 10−28 eV
[39], which experimentally amounts to zero).
The issue of neutrino mass is a quantitative one: does

neutrinoless double beta decay imply observable Majorana
mass? The answer is negative since it can simply be new
physics that leads to this process. If electrons come out RH,
neutrino Majorana mass can be in principle as small as one
wishes since, in this case, it is surely different physics that
causes neutrinoless double beta decay. If electrons come out
LH, the situation is more subtle and our point is that the
natural expectation is non-negligible neutrino Majorana
mass, incomparably larger than the naive black boxargument.
Regarding the possible effective operators: The list is too

long to be displayed here, and can be found in some of the
papers [21–25,27,28]. In what follows we rather stick to the
scalar operators for simplicity since they suffice for our task.
There are three different scalar-type operators with LH

electrons—depending on whether up and down quarks are
LH or RH—invariant under the SM gauge symmetry. We
write explicitly SUð2Þ and Lorentz structures, but suppress
the color indices for the sake of notational simplicity—it is
a trivial exercise to restore them when needed. In our
notation, lL and qL are LH lepton and quark doublets,
fcL;R ≡ Cðf̄R;LÞT and C is the usual Dirac conjugation
matrix, and the doublet qcL requires the asymmetric matrix
iσ2 to transform correctly under SUð2ÞL.
Here is the list

Oð1Þ
0ν2β ¼

1

Λ5
ðlT

LCσ2σ⃗lLÞðqcTR Cσ2σ⃗qcRÞðuTRCuRÞ ð9Þ

Oð2Þ
0ν2β ¼

1

Λ5
ðlT

LCσ2qLÞðlT
LCd

c
LÞðuTRCqcRÞ ð10Þ

Oð3Þ
0ν2β ¼

1

Λ5
ðlT

LCσ2qLÞðlT
LCσ2qLÞðdcTL CdcLÞ ð11Þ

FIG. 1. Neutrino mass in the effective operator approach.
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It is easy to see that several operators produce neutrino mass
analogous to the one in (7), with different dependence on up
and down quark masses. At the level of the qualitative
analysis presented in this work, however, this matters very
little, and we take md ≃mu ≡mq in what follows.
The bottom line regarding the effective operator

approach, as we showed above, is that the situation is
borderline, inconclusive as to what is causing the 0ν2β and
so we turn now to the explicit renormalizable models. Our
task is facilitated by the fact that the form of the operators
suggests the type of UV completion: each bifermion
combination fixes the quantum numbers of the scalar
mediators.

III. (POOR MAN’S) UV COMPLETION

It is straightforward to come up with an ad-hoc UV
completion of the above operators, a simple-minded model
building that we coined “poor man’s,” for the lack of a
better name. Despite the lack of theoretical structure in this
approach, one still ends up with important phenomeno-
logical predictions of quite light mediators of the above
operators, potentially accessible at the LHC and reachable
at the next hadron collider. Moreover, the analysis pre-
sented here serves to investigate in the next section the
scenario based on the PS model.
It is noteworthy that the UV completion is dictated by the

form of the effective operators above. The messengers
responsible for these operators must be either diquarks and
leptoquarks or diquarks and dileptons. In what follows, we
shall illustrate the possibilities with a couple of examples—
the reader can easily construct variations on the theme.

A. Model I

Wewish to be as general as possible, and so we complete
first the operator given in (10), which requires the maxi-
mum number of three different scalar mediators

yxXqTLiσ2ClL þ yyYTiσ2dcTL ClL þ yzZTiσ2uTRCq
c
R

þ μXYTiσ2Z þ H:c:; ð12Þ

where X is a SUð3Þc triplet, SUð2ÞL singlet, Y is a SUð3Þc
triplet, SUð2ÞL doublet, and Z is a SUð3Þc sextet, SUð2ÞL
doublet, with the B − L quantum numbers 2=3, 4=3 and 0,
respectively. The B − L symmetry is then broken by the
d ¼ 3 soft term μ. In what follows we suppress the color
indices. Their exchange produces the 0ν2β and the neutrino
mass, as shown in Fig. 2.
It is evident that now there is more freedom, having four,

in principle different, scales, mX, mY , mZ, and μ. This, of
course, tells us that the operator analysis with just one scale
is inconclusive. In order to be as conservative as possible in
our analysis, hereafter we take yx ≃ yy ≃ yz ≃ 1. Notice that
smaller Yukawa couplings will imply lower limits on the

masses of scalar messengers, making these states more
accessible experimentally.
We can make a connection with the effective operator

analysis through a simple identification

AΛ ¼ μ

m2
Xm

2
Ym

2
Z
: ð13Þ

Using (4) and (13) implies

mνm2
Xm

2
Ym

2
ZG

2
F ≤ μp2: ð14Þ

On the other hand, one has for neutrino mass

mM
ν ≃

�
1

16π2

�
2

μ
m2

q

m2
H
; ð15Þ

whereH denotes the heaviest of the scalar mediators. These
two equations give, in turn

mXmYmZ

mH
≲ 16π2G−1

F
p
mq

: ð16Þ

where, as we said, p ≃ 100 MeV.
The precise quantitative results depend on two possible

scenarios: (a)mX ≫ mY;mZ and (b)mX ≃mY ≃mZ, which
we now discuss in detail. Strictly speaking, one has two
other choices: mY≫mX;mZ, and mZ ≫ mX;mY . However,
the numerical analysis does not depend on this since the
three states X, Y, and Z enter symmetrically in the 0ν2β and
the loop diagrams for induced neutrino mass. In other
words, these two possibilities go under case (a)—hence,
only two different cases.
(a) In this case, one immediately has from (16)

mYmZ ≲ 108 GeV2: ð17Þ

FIG. 2. 0ν2β in Model I, due to exchange of scalar mediators X,
Y, Z.
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From the leptoquark and diquark searches, one has a
direct limit mX;Y;Z ≳ 2 TeV. Under the assumption
mX ≫ mY;mZ, this implies roughly mX ≳ 10 TeV.
We must now distinguish two possible scenarios:

either mY ≃mZ or mY ≫ mZ.
In the former case, one gets mX;mY ≲ 104 GeV,

which would guarantee their discovery at the next
hadron collider. Of course, in case this limit is
saturated, the assumption mX ≫ mY;mZ would make
mX ≳ 100 TeV, outside the experimental reach in the
near future.
The latter case is more interesting since then the

hierarchy implies that one of the scalar messenger
masses lies close to the experimental limit (order TeV),
thus potentially observable even at the LHC. As we
remarked before, the situation is completely symmet-
ric in the exchange of X, Y, Z states—the only thing
that changes are the detailed properties of the heavier
(lighter) states. In this sense, a more detailed analysis,
beyond the scope of this work, may be called for.
While all this is necessary for the exchange of the

scalars in question to dominate 0ν2β over the neutrino
contribution, it is not sufficient. One must also make
sure that the neutrino mass is sufficiently small. From
(4), (13), and (16), one has

μ

m2
X
≲ 10−2 GeV−1: ð18Þ

which, using (15), gives mν ≲ 10−2 eV, which is
safely below the neutrino mass limits, and below
the reach of this generation 0ν2β experiments. This
guarantees the self-consistency of new physics respon-
sible for 0ν2β if this process were to be observed in the
near future.

(b) In this case, mX ≃mY ≃mZ. The same analysis as
the one above obviously produces the same limit
given in (16), implying that all the masses lie below
mX;mY;mZ ≲ 104 GeV. If not discovered at the LHC,
all three scalar leptoquark and diquark states would be
accessible at the next hadron collider.

If we relax our assumptions of Yukawa couplings being of
order one, things are even more interesting since the masses
of the scalar mediators X, Y, Z become smaller, and thus
potentially more observable: the limits simply scale down
as

ffiffiffi
y

p
.

The detailed predictions depend on the relations between
the masses of the scalar mediators that provide the UV
completion of the effective operator (11), but at least one of
the leptoquarks of diquarks must lie below 10 TeV,
guaranteeing its observability at the next hadron collider.
This is obtained for large values of Yukawa couplings, of
order one; for smaller values, such a state becomes
accessible even at the LHC—providing that the 0ν2β is
mediated by these particles.

B. Model II

Strictly speaking, one does not need yet another poor
man’s UV completion, but this particular model version is a
prototype of what happens in the PS model. It provides the
completion of the effective operator in (11), and can be
achieved by the exchange of only two scalar mediators
through the following interaction

yqlqTLCσ2ΔqllLþyddΔdddcTL CdcLþμΔ2
qlΔddþH:c:; ð19Þ

where Δql and Δdd are color triplet and color sextet, weak
singlet scalars, respectively, with B − L ¼ 2=3. The source
of B − L breaking is the soft μ term, as illustrated in Fig. 2.
In the PS model,Δql becomes a weak triplet, but this is a

minor point of no real physical consequence, and thus it is
instructive to see what is going on here. Our task is made
simple by the fact that it is already contained in the
discussion of Model I, with having X, Y bosons merge
into a single state, denoted here as Δql. In other words, it is
just a case of mX ¼ mY .
It is thus straightforward to translate the results of Model

I for this case. Once again, one has (16), where one simply
replaces X, Y withΔql;Δdd, with the same numerical result
as in (17). We have either the hierarchical or degenerate
mass situation, with an outcome similar to the previous
case. Once again, either Δql or Δdd must lie below 10 TeV,
and possibly close to their lower limits on the order of TeV
since one has

mqlmdd ≲ 108 GeV2: ð20Þ

The value for the neutrinoless double beta decay amplitude
depends then also on the value of μ in (19) since we have

AΛ ¼ μ

m4
qlm

2
dd

≃ 10−18 GeV−5: ð21Þ

Since μ is arbitrary, this can be always satisfied.
What happens when we bring other generations into the

game? If there was an analogous of (12) for the second
generation, there would be a direct tree-level exchange of
Δdd leading to K-K̄ mixing, implying, in turn, a lower limit
mΔdd

≳ 106 GeV. On the other hand, the exchange ofΔql is
easily seen to produce D0 → μē decay, and the resulting
limit mΔql

≳ 105 GeV. This would effectively kill the
exchange of these mediators as a source of 0ν2β. The
way out would be to have extra generations to couple
weakly to them, which can be made technically natural by
the emergence of global generational symmetry in the
decoupling limit.
In short, once again, even if both electrons in the 0ν2β

end up being left-handed, this process can still originate
from new physics and a negligible Majorana neutrino mass.
It is not the most natural of possibilities, but it is not
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inconsistent either. The crucial point is that it is potentially
testable at the LHC or the next hadron collider.

IV. UV COMPLETION: PATI-SALAM MODEL

One natural example to embed ad hoc scenarios with
leptoquark and diquark scalars is the Pati-Salam quark-
lepton unification. It is based on the SUð2ÞL × SUð2ÞR ×
SUð4ÞC gauge symmetry, augmented with the discrete LR
symmetry which can be either a generalized parity or
charge conjugation. Hereafter, we chose parity as in the
original version of the theory, however, similar results
emerge in the case of charge conjugation.
Quarks and leptons belong to the fundamental repre-

sentations (2, 1, 4) and (1, 2, 4), where the numbers in the
brackets denote the representation content under SUð2ÞL,
SUð2ÞR and SUð4ÞC gauge groups, respectively. Explicitly

fL;R ¼
�
u ν

d e

�
L;R

; ð22Þ

where we suppress the color index on quarks. Leptons are
simply the fourth color, to be broken at the PS scale MPS.

A. Yukawa sector

The quark-lepton unification per se does not imply LNV,
at least not from the exchange of the new colored
leptoquark gauge bosons XPS—the outcome depends on
the symmetry breaking and the choice of the Higgs sector
of the theory. A popular choice corresponds to the seesaw
mechanism for neutrino mass, which requires the following
representations responsible for the Majorana masses of the
RH neutrinos

ΔL ¼ ð3; 1; 10Þ; ΔR ¼ ð1; 3; 10Þ; ð23Þ

and the SUð2ÞL × SUð2ÞR complex bidoublet (which con-
tains the usual SM Higgs)

Φ ¼ ð2; 2; 1Þ; ð24Þ

responsible for the masses of the charged fermions and the
Dirac neutrino mass matrix. The symmetry-breaking pat-
tern is given by

GPS ⟶
hΔRi

GSM ⟶
hΦi

Uð1Þem × SUð3ÞC: ð25Þ

The Yukawa couplings are given by

LY ¼ fTLCiσ2YΔΔLfL þ fTRCiσ2YΔΔRfR

þ fLðYΦΦþ YΦ̃Φ̃ÞfR þ H:c:; ð26Þ

where Φ̃ ¼ σ2Φ�σ2 ¼ ð2; 2; 1Þ. Under generalized parity,
the fields transform as

fL → fR; ΔL →ΔR; Φ→Φ†; Φ̃→ Φ̃†; ð27Þ

which implies the same Yukawas for ΔL and ΔR, used in
(26). Moreover,

Y†
Φ ¼ YΦ; Y†

Φ̃ ¼ YΦ̃; YT
Δ ¼ YΔ: ð28Þ

It is the neutral component of the ΔR field whose vev vR
breaks the SUð2ÞR symmetry and gives a large mass to the
RH neutrino, paving the way for the seesaw mechanism.

B. Charged fermion masses

The essential point is that the bidoublet Φð2; 2; 1Þ is a
singlet under SUð4ÞC group and so it gives the same masses
to charged leptons and down quarks. Moreover, the
neutrino Dirac mass matrix is then equal to the up-quark
mass matrix

me ¼ md; mD ¼ mu; ð29Þ

This is not realistic, of course. If one sticks to the minimal
version of the theory, one must then include the higher
dimensional (d ¼ 6) operators of the type

1

Λ2
fLΦΔ†

RΔRfR þ ðR → LÞ; ð30Þ

where, for simplicity and transparency, we omit the flavor
structure. There are also analogous terms with Φ → Φ̃ and
ΔR → Δ†

R.
In turn, through hΔRi ≃MPS, the above interaction

induces corrections to Me and MD on the order of
ðMPS=ΛÞ2, while keeping quark mass matrices intact.
The point is that hΔRi lies in the direction orthogonal to
color—it only breaks the original SUð4ÞC quark-lepton
symmetry and thus acts on the leptonic degrees of freedom.
This automatically splits the equality of down quark and
charged lepton mass matrices.
In order to account for the b − τ system, one needs

Yb ≲ 10−2 at the PS unification scale, which leads to a
constraint Λ≲ 10MPS. This has been studied in the context
of grand unification, see, e.g., [40], but the effect is the
same, as long as the Pati-Salam scale is close to the grand
unification one. The crucial point is that the main impact
comes from the strong coupling running of quark masses.
This is sufficient to guarantee the consistency of the
expansion in MPS=Λ, under the proviso Λ ≃ 10MPS,
assumed hereafter.

C. Neutrino mass

The physical meaning of YΔ is provided by the emerging
seesaw picture from the high-scale symmetry breaking. By
defining NL ≡ Cν̄TR, one gets
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MN ¼ Y�
ΔhΔRi: ð31Þ

In other words, YΔ provides the large masses of the RH
neutrinos. Then, the seesaw mechanism gives

Mν ≃ −MT
DM

−1
N MD: ð32Þ

The case of the third generation is rather interesting since
the top Yukawa coupling is large and thus the higher
dimensional contribution from (30) can be neglected,

mD3
≃mt: ð33Þ

From (32), the smallness of neutrino mass, mν ≲ 1 eV,
leads to mN3

≳ 1013 GeV. From the perturbativity argu-
ment YΔ ≲ 1, this implies a lower limit on the unification
scale

MPS ≃ hΔRi≳ 1013 GeV: ð34Þ

This fits nicely—and is an independent argument—with
the above requirement that the PS scale is huge, similar to
the case of grand unification.

D. Neutrinoless double beta decay

Using the decomposition of the symmetric representa-
tion 10 of SUð4ÞC under the usual SUð3ÞC: 10 ¼
6þ 3̄þ 1, we see that besides the B − L ¼ �2 weak
triplets, we have the B − L ¼ �2=3 color triplets and
sextets, the quantum numbers of our fields Δql and Δdd

in the notation of the previous section. However, instead of
being a weak singlet as in the previous section, the field Δ⃗ql

now becomes a triplet, whose componentΔql with T3L ¼ 0

plays the role of a mediator in (19). in In particular, our
fields Δ⃗ql and Δdd are defined by

Δ⃗qlð3̄CÞ∈Δ†
L; T3LðΔqlÞ¼ ð0;�1Þ; Y=2ðΔqlÞ¼−1=3

Δddð6CÞ∈Δ†
R; T3RðΔddÞ¼−1; Y=2ðΔddÞ¼−2=3:

ð35Þ

Notice that the whole LH triplet Δ⃗ql must be light due to
the SM symmetry (this will be important in the study of the
unification constraints).
The μ term of (12) that gives the cubic interaction Δ⃗ql ·

Δ⃗qlΔ�
dd results from the SUð2ÞR breaking, μ ¼ αhΔRi ¼

αMPS, where α denotes the quartic coupling

αTrðΔLΔLÞTrðΔ†
RΔ

†
RÞ: ð36Þ

Using α ≲ 1 from perturbativity requirements, one has
μ≲MPS. In turn, for the 0ν2β amplitude to be potentially
observable, (21) requires

APS ≲ MPS

m4
qlm

2
dd

≃ 10−18 GeV−5: ð37Þ

At this point, the unification scale MPS is undetermined.
We only assume that it lies sufficiently below the Planck
scale in order to stay away fromgravity becoming strong and
thus losing the calculability. In what follows, we then take
MPS ≲ 1016 GeV and thus we obtainm4

qlm
2
dd ≳ 1034 GeV6.

On the other hand, from the discussion below (21), from
flavor conservation one has the lower limits on these masses
mΔdd

≳ 106 GeV and mΔql
≳ 105 GeV. Clearly, the scalar

states of the Pati-Salam theory can dominate neutrinoless
double beta decay over neutrino exchange, without running
into the problem of flavor. This is a central result of
our paper.
We should bear in mind, though, that the Pati-Salam

scale could be lower and of course, the coupling α could be
small, and thus the μ term itself could be substantially
lower. Moreover, either (or both) of these scalar states
might be light and accessible to experiment—any of these
possibilities would bring back the issue of flavor. However,
it can be shown that the Yukawa structure of the theory is
rich enough to avoid the flavor problem even in the extreme
situation of both Δql and Δdd lying close to TeV energies.
In order to see that, we start with the relevant part of the

Yukawa Lagrangian, taken from (26)

LY ⊃ f0TL YΔΔLf0L þ f0TR YΔΔRf0R: ð38Þ

where the upper script 0 denotes the original weak
eigenstates before the diagonalization of mass matrices,
and as discussed above, the LH and RH Yukawa couplings
are the same due to parity.
Since we are interested in the flavor structure in what

follows, for the sake of simplicity and transparency, we
shall suppress the SUð2Þ and Lorentz indices, so that we
can simply write

LY ⊃ u0TL YΔe0LΔql þ d0TR YΔd0RΔdd þ H:c:; ð39Þ

where by Δql we denote, as originally in (19), the

component of the triplet Δ⃗ql with T3L ¼ 0. The charged
fermion mass matrices are bidiagonalized via the unitary
transformations FL;R

f0L;R ¼ FL;RfL;R; ð40Þ

so that (39) leads to

LY ¼ uTLYqleLΔql þ dTRYdddRΔdd þ H:c:; ð41Þ

with

Yql ¼ UT
LYΔEL ð42Þ
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Ydd ¼ DT
RYΔDR: ð43Þ

Recall that, to have neutrinoless double beta decay domi-
nated by the exchange of new states (and not by neutrino
mass), the associated Yukawa couplings need to be suffi-
ciently large: Yql ≃ Ydd ≃ 1. In turn, this implies YΔ ≃ 1 or,
in other words, MN ≃MPS. It fits nicely with (33) and a
large Pati-Salam scale.
Kaon mixing constrains the part of Lagrangian propor-

tional to Ydd: either Δdd is extremely heavy, or Ydd is flavor
diagonal. The former possibility clashes with the require-
ment that neutrinoless beta decay is triggered by the
exchange of Δql and Δdd states, and so we opt for the
latter. For simplicity and illustration, we choose

Ydd ≃ diagð1; 1; 1Þ; ð44Þ

which ensures no flavor violation andΔdd can be as light as
its direct experimental limit mΔdd

≳Oð1Þ TeV. Notice that
YΔ from (43) in general violates flavor.
From (42) and (43), one immediately gets

Yql ¼ UT
LD

�
RYddD

†
REL

¼ ≃V1V2; ð45Þ

where V1 ¼ UT
LD

�
R and V2 ¼ D†

REL. Since there is no
connection between Me and Md due to (30), the matrix V2

is completely arbitrary. On the other hand, the theory keeps
the memory of the original parity symmetry implying
DL ≃DR [41,42], so that V1 ≃ V�

CKM. In order to avoid
the decay D0 → μē, it is sufficient that the Δql interaction
takes the form.

Yql ≃

0
B@

1 0 0

0 0 1

0 1 0

1
CA; ð46Þ

which, due to the arbitrary nature of V2, can be obviously
achieved with the choice V2 ¼ VT

CKMYql. Thus, it is
perfectly consistent to have both Δql and Δdd interactions
in accord with limits on flavor violation, so that their
masses can be as low as the direct experimental limits of the
order of TeV.
In conclusion, at least on phenomenological grounds, it

is perfectly possible within this theory to have neutrinoless
double beta decay induced dominantly by new physical
states, instead of neutrino Majorana mass. For the sake of
illustration, we give two benchmarks (limiting scenarios)
examples that saturate (37)

(i) mql ≃mdd ≃ 103 GeV, μ≳ 1 GeV,
(ii) mql ≃ 105 GeV, mdd ≃ 106 GeV, μ ≳ 1014 GeV.

In both cases, one just needs to assume mν ≲ 0.1 eV, for
the neutrino contribution to neutrinoless double beta decay

to be subdominant. Since neutrino mass is not determined
by the theory, this is always possible—neutrino contribu-
tion can be made as small as needed. Needless to say, any
combination of scalar masses between these extremes
works as well, with an appropriate choice of μ scale, or
equivalently, the coupling α. Due to its direct experimental
interest, in what follows most of our discussion will be
focused on the first case of light leptoquarks and diquarks.
What about other possible contributions to the neutrino-

less double beta decay? Besides the obvious candidatesΔql
and Δdd, there are also contributions from the RH gauge
boson WR and RH neutrino N (RH analog of the usual
neutrino source) and the contributions from the SUð2ÞR and
SUð2ÞL triplets ΔR and ΔL. Except for the ΔL contribution,
the rest implies RH electrons in the final states, which is
complementary to our work. This has been amply discussed
in the literature, from the original papers [9,10] on the
seesaw mechanism to the connection with the hadron
colliders [12,13]. The interested reader can find more
detailed and updated analysis in the followingRefs. [43–46].
Once again we remind the reader, that we are after new

physics contributions with purely LH electrons in the final
states. A single RH electron in the final state implies
automatically a new source and not neutrino Majorana
mass which requires LH electrons. It is easy to see that the
exchange of ΔL triplet is suppressed by roughly p=mΔL

,
where p ≃ 100 MeV is the momentum exchange in rel-
evant nuclei and mΔL

≳ 800 GeV from experiment [47].
There is also a contribution from WL and N from the
neutrino-N mixing, which is easily seen to be negligible if
N’s are heavier than p. In case they were substantially
lighter than p, however, this contribution would become
important, since it would cancel the usual neutrino
Majorana mass exchange (up to ðmN=pÞ2) [48].
In other words, for very light N, our argument of new

physics being behind neutrinoless double beta decay, even
with final states LHelectrons,would be only strengthened. In
the minimal non-renormalizable PS model, as we argue
above, at least the third generationN has to be very heavy, on
the order of the unification scale, eliminating this possibility.
In the renormalizable version, though, N can be arbitrarily
light and thus could lead to the suppression of the light
neutrino exchange. For a more complete discussion of light
N with the inclusion of possibly light WR, see [49].
What remains to be done on theoretical grounds is to

check that the unification constraints allow for these
examples. It turns out that there is enormous freedom in
these constraints—masses can be almost completely
arbitrary—which then justifies rough estimates used in the
above. Before plunging into this tedious analysis, we first
discuss, though, a renormalizable version of this theory.

E. A variation on a theme: Renormalizable model

As we have seen, the minimal theory requires going
beyond d ¼ 4 interaction, appealing to higher dimensional
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operators. If one asks for the theory to stay renormalizable,
one must introduce an additional bidoublet field, in the
adjoint of SUð4Þ representation

Φ0 ¼ ð2; 2; 15Þ; ð47Þ

and couple it to fermions in complete analogy with the Φ
couplings Yukawa couplings in (26). Its vacuum expect-
ation value, hΦ0i ∝ diagð1; 1; 1;−3Þ in the SUð4Þ space,
then leads to arbitrary charged fermion mass matrices, as
was achieved before by d ¼ 6 terms in (30). Since the new
Yukawa couplings need not be small, this version of the
theory is less constrained and, as before, obviously satisfies
the flavor bounds.
The thing to keep in mind, though, is that althoughMN ≃

MPS since YD is arbitrary, MN and thus also the unification
scale can be as low as the phenomenology allows.

F. Unification

The lower bound on the Pati-Salamunification scale arises
from rare kaon decays, due to the exchange of the new
leptoquark gauge bosons. The limit is subject to the unknown
flavor mixing angles and by their judicious choice, it can be
as low as MPS ≳ 105 GeV [50]. However, in the minimal
model augmented with d ¼ 6 operators, the large Dirac
neutrino mass of the third generation implies a huge limit
MPS ≳ 1013 GeV. If one abandons the minimal model,
however, this limit goes away and here the unification
constraints play a more relevant role as we shall see.
The main issue in studying the unification constraints is

the knowledge of relevant particle masses that participate in
the running of the gauge couplings. We know the fermion
and the gauge boson masses—in the sense that the
leptoquark gauge bosons lie at the unification scale—while
the masses of the scalars are the problem. They are arbitrary
due to higher dimensional operators needed for the sake of
charged fermion masses; these new terms effectively
eliminate the sum rules that tend to follow from the
renormalizable d ¼ 4 part of the Higgs potential. This
enormously complicates unification analysis.
The same problem emerges in true grand unified models,

such as SUð5Þ or SOð10Þ. Here, as in the case of partial
unification, one typically assumes the so-called extended
survival principle where one argues that the scalar boson
masses should take the largest possible values consistent
with the symmetries of the theory in question [51,52].
However, this can be completely wrong since there are
predictive counterexamples in which, on the contrary, some
masses end up choosing the lowest possible values. In
particular, the minimal SO(10) theory with small repre-
sentations and higher dimensional representations predicts
light states potentially accessible even at the LHC [53].
A similar situation emerges in a minimal realistic version of
the SUð5Þ theory based on an adjoint fermion representa-
tion [54,55]. These examples teach us that the scalar masses

are free parameters and ought to be treated as such, with the
hope of their values being determined by consistency
requirements and/or phenomenological considerations.
This shall be followed here.
The starting point is the SUð4ÞC unification which

implies the equality of B-L and QCD gauge couplings at
the unification scale MPS, αBLðMPSÞ ¼ α3ðMPSÞ. It is well
known that ðB − LÞ=2 ¼ ffiffiffiffiffiffiffiffi

2=3
p

TBL, where TBL is a
canonically normalized generator. Next, from Y=2 ¼
T3R þ ðB − LÞ=2 and the fact that the LH and RH
SUð2Þ gauge couplings are equal at the unification scale,
one gets

1

α0ðMPSÞ
¼ 1

α2ðMPSÞ
þ 2

3

1

α3ðMPSÞ
; ð48Þ

where α0 in the standard notation is the gauge coupling
corresponding to the Uð1ÞY gauge group of the SM. The
next step is the usual one, one evolves α0 from the weak to
the Pati-Salam scale.
We are now ready to determine the unification scale. The

starting equations describe the running from MZ to MPS
scales

1

αðMPSÞ
¼ 1

αðMMZ
Þ þ

b0
2π

ln
m1

MZ
þ b1
2π

ln
m2

m1

þ � � � bi−1
2π

ln
mi

mi−1
þ � � � þ bn

2π
ln
MPS

mn
; ð49Þ

where α stands for any of the above couplings and mn ≳
mn−1…≳m0 ¼ MZ denotes the masses of different physi-
cal scalar states, from the heaviest to the lightest.
From (49) and (51) one readily obtains

MPS

MZ
¼ exp

�
2π

bnPSαPSðMZÞ
�Yn

i¼1

�
mi

MZ

�ðbiPS−bi−1PS Þ=bnPS ð50Þ

where

1

αPS
≡ 1

α0
−

1

α2
−
2

3

1

α3
; bPS ≡ 2

3
b3 þ b2 − b0; ð51Þ

and b3; b2; b0 stand for the running coefficients of the
couplings α3; α2; α0, respectively.
In our case, we know that for the neutrinoless double

beta decay not to be dominated by neutrino mass, one
needs Δ⃗ql and Δdd states to satisfy (20). For the sake of
illustration, we choose these masses to be of order TeV
since this would allow for their possible direct detection
even at the LHC. This in turn fixes μ ≃ GeV which requires
the quartic coupling in (36) to be rather small. If other
scalars end up being heavy, close to the PS scale, we get
MPS ≃ 1014 GeV. This fits perfectly with the requirement
of the realistic b − τ mass spectrum, as discussed above.
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Notice that this is orders of magnitude above the lower
phenomenological limit, out of reach in near future experi-
ments. The essential point is that it is perfectly consistent
with the phenomenological limit (34).
Increasing the values of the leptoquark and diquark

scalar masses to their maximum on the order of
105–106 GeV makes little difference, not relevant at the
level of the discussion employed here). Moreover, it makes
no conceptual difference whatsoever and we leave this as an
exercise for an interested reader. Needless to say, saturating
the upper limit values of their masses would make these
states out of reach at near future colliders.
In the renormalizable non-minimal version the situation

changes and the unification scale can be in principle
arbitrary. Thus, the question becomes whether it could
be substantially lowered and brought close to experiments.
The answer is negative. Its lowest possible value with light
Δ⃗ql and Δdd states turns out to be

MPS ≳ 1011 GeV; ð52Þ

still far from the experimental reach. It requires, besides
Δ⃗ql and Δdd, some other states to be as light as possible,
with masses on the order of TeV:

ð1c; Y=2 ¼ −1Þ ∈ΔL

ð1c; Y=2 ¼ −1;−2Þ
ð3c; Y=2 ¼ −4=3Þ
ð6c; Y=2 ¼ 4=3; 1=3Þ

9=
;∈ΔR: ð53Þ

These new colored light states, together with the Δdd
generate in turn n − n̄ oscillations [56], in a manner similar
to the neutrinoless double beta decay. Instead of the
coupling α, one has now the quartic interaction of the
type βΔ4

R. It is clear that α and β are completely indepen-
dent, and β is arbitrary which allows having n − n̄
oscillations under control (the connection between these
processes in the context of what we call poor man’s models
has been studied in [57]).
What happens is the following. In the limit β → 0, it is

easy to see that there is an additional accidental global
continuous symmetry, under which the fields transform as
follows

fL;R→ eiθfL;R; Φ→Φ; ΔL;R→ e−2iθΔL;R: ð54Þ

This is the vectorlike fermion number (F)—no direct
fermion number violation in the limit β ¼ 0. It is easy to
see that in the process of symmetry breaking, a combination
of B-L and F remains unbroken—readily seen to be the
baryon number. Namely, hΦi is invariant under F and small
hΔLi, induced through a tadpole [10], behaves exactly as
hΔRi due to parity—they both preserve B.

Thus, in the limit of β ¼ 0, only L gets broken through
the Majorana mass of the RH neutrino, while B remains
unbroken. Whether directly through β or indirectly through
hΔRi, F and B-L are broken only by even units—no proton
decay in the PS theory. Notice also that due to Uð1ÞF
symmetry, small β is self-protected, and thus its smallness
is technically natural. The bottom line is that, through α and
β couplings, it is possible to have both n − n̄ oscillations
and the 0ν2β process be induced by new physics at the
same time.
One could argue that this whole discussion seems to be

of academic interest because of the huge MPS. It is
noteworthy that this is a generic problem of the Pati-
Salam model: even if one allowed arbitrary values for mΔql

and mΔdd
, one could at best lower MPS by another order of

magnitude, and thus one cannot imagine probing the gauge
sector of the theory in any foreseeable future.
Moreover, since mN ≃MPS, RH neutrinos N cannot be

directly observed, and the seesaw mechanism can only be
indirectly tested. However, this guarantees that the neu-
trinoless double beta decay cannot be induced by the WR
and N contribution, which simplifies our study and our
conclusions. One can also ask: How generic is this
prediction? More precisely, is it possible to have a low
intermediate scale with LR symmetry? A positive answer
would require going beyond the minimal version of the
model, and the simplest possibility would be to add an
SUð2ÞL × SUð2ÞR singled, SUð4ÞC adjoint Higgs repre-
sentation Σ ¼ ð1; 1; 15Þ, with the unification scale hΣi ¼
MPS and the intermediate one hΔRi ¼ MLR. We would still
need higher dimensional operators to obtain a realistic
fermion mass spectrum, thus the relation (33) would remain
valid. From (34), one would have MLR ≳ 1013 GeV,
practically implying the single-step breaking for the sake
of issues studied in this work, and our results would remain
intact.
In summary, we have proven that even in the constrained,

physically motivated, Pati-Salam theory, neutrinoless dou-
ble beta decay can be consistently induced by new scalars,
instead of neutrino Majorana mass added to the SM. The
crucial point is that one can still have left-handed electrons
coming out in this process, as in the latter case. This comes
at the price of fine-tuning the scalar masses mΔql

and mΔdd
,

thus losing some of the original motivation. However, the
point is that it is both phenomenologically and theoretically
feasible. One could conclude, however, that the theory
leaves no additional imprint, besides the light scalar states
in question.

G. Magnetic monopoles and domain walls

There is more to it, though. It is well-known [58] that the
Pati-Salam theory predicts the existence of magnetic
monopoles [59,60], with the mass mM ≃MPS. In addition,
the spontaneous breaking of the discrete left-right sym-
metry leads to the existence of domain walls. Both of these
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topological defects would be formed by the Kibble mecha-
nism [61] if the universe were to undergo a phase transition.
In this case, both domain walls [62] and monopoles [63,64]
potentially pose cosmological problems. While the latter
could be tolerated with MPS ≲ 1012 GeV, the former is
simply a no-go.
One way to cure the domain wall problem is by a small

explicit bias [65]. In particular, it could originate from the
Planck scale higher dimensional operators [66], expected to
break the global symmetry in question. Such a bias1 would
suffice to get rid of domainwalls, moreover, while collapsing
they would also sweep away the monopoles [71].
One can also appeal to inflation [72], provided the phase

transition with defect formation does not take place after
the end of inflation. An inflationary scenario within (super-
symmetric) LR theories was studied in [73] incorporating
the inflationary mechanism of [74].
Finally, we wish to emphasize that both domain wall

[75,76] and monopole [77] problems can be simultaneously
solved by an appealing possibility of symmetry nonresto-
ration at high temperature [78–80].

V. CONCLUSIONS AND OUTLOOK

Neutrinoless double beta decay has emerged over the
years as the central low energy lepton number violation
process and is often claimed to be a probe of neutrino
Majorana mass. However, as known for a long time, that is
not true: new physics, necessary for providing neutrino
Majorana mass, could as well do the job, and it is of great
importance to disentangle different sources of this process.
The clearest indication of new physics behind 0ν2β

would be that at least one of the outgoing electrons is RH
since in the neutrino case both electrons must come out LH.
However, even if both electrons were LH, one could not
exclude new physics from dominating the process, despite
neutrino mass remaining a natural possibility. This has been
the focus of our work, in which we have provided some

simple models where neutrino mass contribution to 0ν2β
could easily be sub-dominant. Needless to say, this is not
surprising when one deals with ad hoc chosen models to do
the job.
The real test, though, is provided by a well-defined

theory, such as say the Pati-Salam quark-lepton unification.
Our study has shown that even in the very minimal version
of the theory, with tight constraints, new scalar states can
dominate neutrinoless double beta decay. While phenom-
enologically rather appealing, we should stress that this
requires fine-tuning of these masses. In this sense, we
should be regarded as the devil’s advocates. In all honesty,
we think that neutrino mass is a more natural possibility in
the case of left-handed electrons, but we wish to call for
caution before proclaiming a sentence on this important
process.
It will be a hard task to determine the source of

neutrinoless double beta decay, especially to prove that
it is due to neutrino mass. In a sense, it will be easier to rule
it out, and it would be automatic if one were to show that
electrons do not emerge left-handed. On the contrary, if
both electrons end up being left-handed, there may still be
ways to eliminate neutrino mass as the source. One
possibility is the confirmation of a normal neutrino mass
hierarchy, which tends to give a too-small contribution to
have 0ν2β observable in ongoing or near-future experi-
ments (but with time also this could be reached). Similarly,
cosmology could push down the upper limit on neutrino
masses, with the same conclusion. One appealing possibil-
ity, besides measuring electron polarization as a priority,
would be to compare different isotopes to untangle between
possible different sources [20].
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