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If grand unification is real, searches for baryon-number violation should be included on the list of
observables that may reveal information regarding the origin of neutrino masses. Making use of an
effective-operator approach and assuming that nature is SU(5) invariant at very short distances, we estimate
the consequences of different scenarios that lead to light Majorana neutrinos for low-energy phenomena
that violate baryon number minus lepton number (B — L) by two (or more) units, including neutron-
antineutron oscillations and B — L violating nucleon decays. We find that, among all possible effective
theories of lepton-number violation that lead to nonzero neutrino masses, only a subset is, broadly

speaking, consistent with grand unification.
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I. INTRODUCTION

While nonzero neutrino masses were observed over a
decade ago, the mechanism that leads to them remains
elusive [1]. Several qualitatively different and equally
compelling theoretical options are consistent with all
available neutrino data. Hope for significant progress relies
heavily on data from a variety of upcoming observations
and experiments.

A popular option for rendering the neutrinos massive
is to consider that lepton number is violated, sponta-
neously or explicitly, at some new energy scale. If the
effective new-physics scale is higher than the electro-
weak symmetry-breaking scale v = 174 GeV, neutrino
masses are predicted to be nonzero and parametrically
smaller than the known fundamental charged-fermion
masses, in agreement with observations. Furthermore,
regardless of how lepton number is violated in the
ultraviolet, one generically expects neutrinos to be
Majorana fermions, a fact that would be revealed by
the observation of neutrinoless double-beta decay [1,2].
It is unlikely, however, that the observation of neutrino-
less double-beta decay, even when combined with
precise information from neutrino oscillations, will
reveal the details of how lepton number is broken.
Such information, if at all accessible, will rely on other
observations, including searches for charged-lepton fla-
vor violation, new degrees of freedom at the TeV scale,
and the violation of CP invariance. We advocate that, if
grand unification is a reality, searches for baryon-
number violation should be included in the list of
observables that may reveal information regarding the
origin of neutrino masses.

In the absence of new light (masses below the weak
scale) degrees of freedom, nonzero neutrino masses are
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ent}rely captured by the dimension-five Weinberg operator
[3]:

(HL)(HL)

01: A

+Hec., (1)

where L is a lepton doublet, H is the Higgs doublet, and
flavor indices have been omitted. A is the effective mass
scale of the operator. Experimental information on neutrino
masses translates into A ~ 10'%15 GeV.

Most other consequences of the physics behind lepton-
number violation are not captured by Eq. (1). Other
lepton-number-violating (LNV) consequences of different
would-be new physics responsible for nonzero Majorana
neutrino masses can be realized if one considers different
effective operators, of dimension higher than five, that
mediate lepton-number violation. Relations among the
different effective operators are, of course, model depen-
dent. One can explore several different classes of models by
assuming that a specific effective operator of mass-dimen-
sion seven or higher captures the “leading” effects of the
new physics, and then assume that the Weinberg operator is
related to the leading one through quantum corrections
[4-6]. The strategy is as follows. Assume the existence of
new heavy fields that couple in such a way that lepton
number is broken. Integrating out the new heavy fields at
the tree level will lead to a set of higher dimensional
operators (the leading ones). At the same time, when
integrated out at the loop level, the same fields will yield
Eq. (1). The two operators are hence related to one another
(for concrete models, see, for example, Refs. [4-8],
building on the legacy of the pioneering work of [9-11],

'For future convenience, we use the operator-numbering
scheme from Refs. [4,5].
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and for more on the LNV effective operator approach to
neutrino masses and neutrinoless double-beta decay, see
Ref. [8]). It is possible to estimate, without specifying the
details of the physics that led to the leading operator,
the coefficient of the Weinberg operator as a function of the
effective scale of the leading operator and known standard
model parameters (e.g., gauge or Yukawa couplings) up to
order-one constants [5,6]. The effective-operator approach
allows one to analyze broad classes of models, including
order-of-magnitude estimates of low-energy phenomeno-
logical consequences of the new physics, without the
requirement that one constructs ultraviolet-complete
Lagrangians. For most scenarios, the physics scale asso-
ciated to the new physics is much smaller than 10'* GeV.
Indeed, in some instances, the masses of the new particles
are constrained to be at most a few TeV, even if one requires
all new coupling to be of order 1.

The fermion content of the standard model, the seren-
dipity of gauge anomaly cancellations, and the fact that the
gauge couplings seem to unify at high energies can all be
accounted for if one assumes that, at very high energies,
nature can be described by a spontaneously broken grand-
unified gauge theory (GUT). If nature is supersymmetric
above the TeV scale, the GUT scale is inferred to be around
10'6 GeV. As far as this work is concerned, it suffices to
appreciate that the GUT scale is higher than the scale of
lepton-number breaking, regardless of the details of the
LNV sector, if the LNV physics is responsible for the
observed nonzero neutrino masses.

GUTs imply that lepton-number violation is intimately
related to baryon-number violation. In GUTs, the different
standard-model fermion multiplets are interpreted as differ-
ent components of GUT multiplets in such a way that
neither lepton number nor baryon number can be success-
fully assigned to any of the matter multiplets.2 If the GUT
hypothesis is correct, the same physics that leads to
lepton-number violation and nonzero neutrino masses also
leads, necessarily, to baryon-number violation and, more
precisely, to B — L violation. For concrete scenarios that
explore this relation see, for example, Refs. [12-20]. Here
we explore this connection by establishing, at the order-
of-magnitude level, expected rates for different baryon-
number-violating (BNV) processes as functions of what is
known about neutrino masses, without making reference to
specific ultraviolet-complete models.

We will restrict our discussion to SU(5) GUTs. For
larger gauge groups, the matter content of the theory is
larger than that of the standard model, and we choose not to
consider the hypothesis that there are more “light” degrees
of freedom. As a concrete example, in the case of SO(10)

%As is well known, conserved global symmetry charges related
to baryon number minus lepton number can, depending on the
particle content of the theory, be assigned to the different GUT
matter multiplets.
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GUTSs, U(1)g_, is a gauged subgroup of SO(10) so B — L
violating effects are entwined with GUT-breaking effects.
Furthermore, in SO(10) GUTs, one predicts the existence
of standard-model gauge-singlet fermions (right-handed
neutrinos). Whether these states have GUT-like masses,
intermediate masses, or survive down to the weak scale and
beyond depends on the details of GUT-breaking and the
field content at the GUT scale, and we do not address this
very interesting issue here. On the other hand, by choosing
an SU(5) route, we are implicitly addressing larger gauge
groups, assuming that they are broken in such a way that an
effective “intermediate” SU(5) description is appropriate.
If this is the case, all non-SU(5) new fields are considered
to have GUT masses and safely decouple from the
discussion.

II. DIMENSION FIVE

In order to explain our strategy, we first discuss the
scenarios that lead to the Weinberg operator at the tree
level. It is well known that there are three ways to reach O,
at the tree level [21]: integrating out a standard model gauge
singlet fermion (type-I seesaw), an SU(2), triplet scalar
with zero hypercharge (type-1I seesaw), or an SU(2),
triplet fermion with zero hypercharge (type-1II seesaw)
[22]. If the SU(5)-GUT hypothesis is correct, these differ-
ent fields also need to be interpreted as components of
SU(5) multiplets, henceforth referred to, generically, as X5.
In the case of the SU(2), gauge singlet fermions, these “fit”
inside SU(S5) gauge singlets or be a part of SU(5) 24s,
while the SU(2), triplet fermions would be part of an
SU(5) 24, and the triplet scalar would be part of a 15. Since
the process of integrating out a subset of the fields in X5
leads to |AL| = 2 effects, the process of integrating out
all components of X5 will lead to many different manifes-
tations of |A(B — L)| = 2 at low energies.

If SU(5) were not broken, the act of integrating out X5
would lead to the effective operator

iyl (]
ogur = (EV)(@) "")A( Vi) | e 2)

where y is a matter field that transforms as a 5 under SU(5)
and @ is a scalar multiplet that also transforms as a 5:

-v), (3)
= (o, b b, ¢ by) (4)

wi=(de & d e

i=1,2,3,4,5. Here,d(n =r,g,b), e, v are, respectively,
left-handed down-type antiquark fields of different colors,
left-handed charged-lepton fields, and left-handed neutrino
fields. Flavor indices have been omitted. The colored
scalars ¢, (n =r, g, b) are the components of the color-
triplet Higgs field H,., while ¢+ and ¢° are the components
of the standard model Higgs field,
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H*=(¢" ¢o). H' =(p;, —¢=). (5

The remaining standard model matter fields are part of a
multiplet y, which transforms as a 10 under SU(5):

0 ug —up  u, d,

| —u; 0 us u, d,
i=—= u;, —ui 0 u, d, |, 6
)(] \/i b g Z ( )

—u, —u, -u, 0 e

-d, -d, -d, —e° 0

i,j=1,2,3,4,5and y;; = —y;- Here uy, u,,, d, (n =r, g,
b) are, respectively, left-handed up-type antiquark
fields, left-handed up-type quark fields and left-handed
down-type quark fields of different colors, and e are left-
handed charged-antilepton fields. Flavor indices have been
omitted.

Equation (2) contains not only the Weinberg operator,
Eq. (1), but also operators that violate baryon number and
lepton number. The color-triplet Higgs H, cannot be
assigned lepton number or baryon number, but it can be
assigned B—L in such a way that all Yukawa inter-
actions preserve B — L7 1t is easy to see that H,. has
B—L charge +2/3 so the components of Eq. (1)
o (dTH,)?) or « (d°H.)(LH) violate, at the tree level
and after H,. decay, either baryon number by plus or
minus two units or lepton number by minus one unit and
baryon number by one unit (or vice versa). If SU(5) —
SU(3). x SU(2), x U(1), breaking occurred after the X5
fields were integrated out, the coefficients of these
different A(B — L) = £2 operators would be the same,
modulo renormalization group running effects between
the GUT scale and the infrared.

If grand unification is real and neutrino masses are a
consequence of LNV new physics, GUT breaking occurs at
an energy scale that is higher than that of the lepton-number
breaking. Hence, below the GUT-breaking scale, the
masses and couplings of the various components of X5
are different from one another, and the coefficients of the
standard model effective operators in Eq. (2) are no longer
the same, at any energy scale.

Nonetheless, the BNV operators are still present, and
their effective couplings are still related to those of the

3This is well known. At the renormalizable level, minimal
SU(5) conserves a global U(1) if one assigns nontrivial charges
to v, w and ®. B — L charges are a combination of U(1)y and
electroweak hypercharge.

* Another important issue is that the colored Higgs triplet
fields, which violate B + L and mediate nucleon decay, may have
masses which are larger than those of the X5 fields, rendering the
effective operators that contain H, inconsistent from an effective
field theory point of view. Experimentally, their masses are
bounded to be above 10'2 GeV [23-25]. In order to illustrate our
strategy we ignore this fact.
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Weinberg operator, and the latter are still constrained by
the low-energy observations related to neutrino masses.
The relationship is just more model dependent. For
example, the SU(5) version of the type-I, type-II, or
type-III seesaw will lead to different relative coefficients
among the components of Eq. (2), and different mani-
festations of GUT breaking also lead to different
relations.

If one were to assume that the GUT-breaking effects are
not especially dramatic, i.e., that the several |A(B — L)| =
2 operators have effective couplings of the same order of
magnitude, one would be able to relate, at the order-of-
magnitude level, LNV physics to BNV observables. This
should allow one to relate, semiquantitatively, neutrino
masses to the rates for different B — L processes. The
comparison can be done at the effective-operator level, i.e.,
one can establish a relationship between possible new
physics that leads to nonzero neutrino masses and the rates
of several BNV observables. We first identify all OFUT
(J=1,2,3,...) that contain leading operators O,
(I =1,2,3,...), following the numbering scheme intro-
duced in Ref. [4]. We then identify all the other components
of O?UT which, as will be shown later, all mediate B — L
violation by an even number of units. Using the procedure
carried out in Ref. [5], we identify the value of the effective
scale A of the operator OFYT with the one required to
“explain” the neutrino masses via O;. We finally use A in
order to estimate the rate of the different BNV processes
mediated by OFUT.

In the case of a dimension-five leading operator,
Eq. (2) contains Eq. (1) and neutrino masses require
A ~ 1015 GeV. Further taking into account that the
H, must also be integrated out and that their masses are
also of the order of the GUT scale, we conclude that all
baryon-number violating phenomena mediated by this
physics are very safely outside the reach of BNV probes.
In the next sections, we show that this is certainly not the
case for most other leading effective operators.

III. AB, AL, AND OPERATOR DIMENSIONS

We will only consider higher-dimensional operators
constructed out of the matter fields w and y, and the
Higgs field ®, as defined in the previous section. As in
Refs. [4,5], we do not consider operators with derivatives
and gauge boson field strengths. Finally we are interested in
operators that contain the |AL| = 2 operators O; defined
and described in Refs. [4,5].

It is interesting to explore what, if any, are the relations
between an operator’s mass dimension and its total lepton
and baryon-number charges. Very generically, we arrive at
the following relationship between AL, the lepton number
of a given operator, AB, the baryon number of a given
operator, and D, the mass dimension of the operator. Note
that we do not allow for operators that contain the very
heavy color-triplet Higgs fields H,.:
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TABLE 1.  SU(5) GUT-invariant effective operators that consist of the matter fields y, y or Higgs boson field ®
and have odd mass-dimension D = 5, 7, 9. We exclude operators with derivatives and gauge boson field strengths,
and ignore operators that consist of the simple “composition” of two lower-dimensional gauge-invariant operators.

The operators O; contained within O§UT

are listed according to the numbering scheme from Refs. [4,5], using bold-

face font for the O; operator that gives the dominant contribution to neutrino masses. The “singlets” operator refers
to e‘e“u‘ucd'd’, not present in Refs. [4,5]. The star symbol indicates operators that would vanish if one did not
take into account the existence of more than one generation of fermions. See text for details.

Dimension J, for O§YT Operator I, for O,

5 1 y Oy o] 1

7 20 €ijkl }(“j)(”dl//m nq)T 4a7 8

7 2; eqamx wyly ”””@' 4y, 8

7 3 X'y k<1> 2,3,

7 4* l]klmw l//J lq)m

9 5 Kiixaw wiyty! 9, 10, 11,

9 6a zjklml//)(’/k)(l )(nol// l// 13, 14bs 169 19
9 65 EijkimW WX o o 13, 14y, 16, 18, 19
9 6; €ijkim¥ le//k)(”m)(”w){rm 143’ 16! 18

9 70 €ijkim€ nopqu//)(wk)(ﬂm oyt 123’ 20, Singlets
9 7/: €ijkim nopqrw y/j;{Tk/)(rmﬂ)(Top)(Tqr 121)’ 20, SingletS
9 8% €ijkimV¥ l//’t//kw ;{T’""w: 17

9 8} Eijim¥ Wy g 15, 17

9 9 €ijkimV (I)/)(Tkl mn(I)T O(I) 6

1 3 odd<>Dis odd,
~AB+>AL|eN . (7)
2 2 even<>D is even,

We refer readers to the Appendix for the details of the
derivation and other information. See also Ref. [26].
Equation (7) assumes only hypercharge and Lorentz invari-
ance, and it remains unchanged if right-handed neutrinos
with lepton number +1 are added to the standard model. We
spell out some of its consequences below, concentrating on
the ones that are most relevant to the subject at hand.

(i) Operators with |[AL| =2, AB =0 have odd mass
dimension. The lowest such operator is dimension
five [Eq. (1)].

(ii) Since AB/2+3AL/2=A(B-L)/2+2(AL)=
A(B+L)/2+ (AL) is an integer, |A(B — L)| and
|A(B + L)| must be even numbers for any operator.
Clearly, operators with odd |AB| also have odd |AL|
(and vice versa).

(iii) Operators with odd mass dimension must have
nonzero AB or AL. In more detail, it is easy to
show that, for operators with odd mass dimension,
|A(B — L)| is an even number not divisible by four
(2,6, 10, ...). All odd-dimensional operators violate
B — L by at least two units. For operators with even
mass dimension, |A(B — L)| is a multiple of four,
including zero (0, 4, 8, 12, ...).

As far as our discussion is concerned, we will be interested in
OSYT with odd mass dimension, since all O; are odd
dimensional. Furthermore, all other components of (’)?UT
will, necessarily, violate baryon number or lepton number. It
is important to emphasize that the effects discussed here
are qualitatively different from many other more widely

known BNV effects from GUTs. As is well known, SU(5)
GUTs have a global U(1)y symmetry which is proportional
to B—L. If U(l)y is conserved, this implies that
A(B—L)=0. Our result implies that all effects that
conserve U(1)y, including, for example, the exchange of
heavy GUT gauge bosons or Higgs fields, lead to effective
operators that have even mass dimension. The lowest-energy
BNV effective operators, for example, are dimension six and
conserve B — L [3,27] (including QQQL and u‘u‘d‘e®)
and, naively, are not related to the physics responsible for
nonzero Majorana neutrino masses.

We list and number all odd-dimensional
J=1,2,3, ..., with mass dimension D <9 in Table I.

GUT
osuT,

IV. DIMENSION SEVEN

The dimension-seven operators one can construct out of
w, y and @, listed in Table I, are OF") 5 ,. When expressed
in terms of their standard model “components,” all related
operators violate B — L by two units (violating B — L by six
units requires operators of much higher mass dimension).
Since their mass dimension is too small (|AB| = 2 operators
are at least dimension nine), all operators either violate
lepton number by two units, or baryon number by one unit
and lepton number by minus one unit (or vice versa).

Operator O3V contains the following components:

Fdjklm()(ij)(kl)(ll/%l/:g)@n ») {A3 65},H* (LTdc')(QrQﬁ)

(xﬁ
< L), oy AL @)} 9
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where we have omitted terms that contain the color-triplet
Higgs fields, which we henceforth assume are GUT-scale
heavy, and omitted flavor indices. SU(3) contractions are
implicit, but we have made the SU(2) contractions explicit.
Our notation does not address the possibility of forming
operators with a different Lorentz structure using o*, 6*, "
or 6. As will become clear later, these (sometimes
distinct) operators are expected to lead to the same results
as the operators above up to, at most, order-one corrections.
The act of integrating out the color-triplet Higgs fields will
lead to higher-dimensional BNV and LNV operators, which
we expect are subleading when compared to the effects we
are discussing here.

The first term on the right-hand side of Eq. (8) has
AB = —AL = 1, while the other two terms violate lepton
number by two units. In more detail, the second term is
operator Og in Refs. [4,5], while the third term is O, in
Refs. [4,5].5 This information is included in the third
column of Table I.

Using the results of Refs. [5,6], we estimate that, for O,,,
the neutrino data require A ~ 4 x 10'2 GeV, while for Oy,
neutrino data call for A ~ 6 x 10% GeV. Since both are part
of the same OSVT, we will choose A in Eq. (8) such that it
agrees with the largest of the two: A ~4 x 10'? GeV. In
this way, the Oy, component of OSUT “fits” the neutrino
data, while the Og provides a subdominant contribution
(around 6 orders of magnitude smaller). This analysis
indicates that, unless GUT-breaking effects are very large,
grand unification implies that there are no scenarios where
the neutrino masses are a consequence of physics that
yield, at the tree level, Og—other related GUT degrees of
freedom, which “manifest themselves” as O,,, will
contribute at a more substantive level. The fact that
O, is the dominant LNV operator in OSUT is indicated
(using bold-face font) in Table I. ’

After electroweak symmetry breaking, €,5A™2H**x
(L™d)(Q*QP) mediates different nucleon-decay proc-
esses, including p — 7fv, p = ptv, n - 2%, etc. We
estimate

1 [(v)\2
(N —» Mv) ~ 37 (F) Adep: ©)

where N is a nucleon (proton or neutron), M is a meson (7, p,
K, etc.), and Agcp = 0.25 GeV. We applied our estimation
procedure to more detailed computations of the nucleon
lifetime [28] and agree with them up to order-one factors. At
the same order in perturbation theory, OSUT mediates three-
body nucleon decays N - MMuv, whose contribution to the
nucleon lifetime is phase-space suppressed.

Given the “neutrino mass” value for A, we can estimate
the nucleon lifetime. For A ~ 4 x 10'2 GeV, the lifetime of

SHenceforth, O; for I =1,2,3,... will refer to |AL| =2
operators tabulated in Refs. [4,5], while O$YT for J =
1,2,3, ... will refer to the operators tabulated in Table I.

PHYSICAL REVIEW D 90, 016011 (2014)

the nucleon turns out to be 7y ~ 10* years. To be concrete,
and in order to take the many different uncertainties into
account, we will henceforth present and discuss numerical
estimates as follows. While relating A to the neutrino
masses, we impose that the neutrino masses lie between
0.05 and 0.5 eV, the square root of the largest confirmed
neutrino mass-squared difference and the (approximate)
upper bound on the sum of the neutrino masses from
measurements of the large-scale structure of the universe
[29], respectively.6 The extracted A values, tabulated in
Table II, are hence uncertain by 1 order of magnitude, as
explicitly indicated. This 1 order of magnitude uncertainty
in A translates, according to Eq. (9), into a 6 orders of
magnitude uncertainty on the nucleon lifetime. We feel that
this is an appropriate way of accommodating all the
approximations made here in order to estimate the nucleon
lifetime given neutrino mass constraints.

The current most stringent experimental bound on the
nucleon lifetime is 7(p* — pTv) > 1.6 x 103? years, at the
90% confidence level [30], much shorter than the range
indicated in Table II for OSUT. In fact, we anticipate that, if
the LNV physics information is properly “contained” in
OSYT, |A(B—L)| =2 nucleon decay processes are
exﬁected to remain unobservable for the foreseeable future.
We reemphasize that we have nothing to say about |A(B —
L)| =0 nucleon decay modes. These are mediated by
physics that cannot be related in a model-independent way
to the physics responsible for nonzero neutrino masses.

Of the remaining three dimension-seven OSUT operators,
OS5 contain |AL| = 2 components after GUT breaking,

as listed in Table I. O$UT, on the other hand, only contain
terms that violate both baryon number and lepton number
by one unit (in absolute value). Models that manifest
themselves via OFUT are not viable candidates for the
physics responsible for neutrino masses.

The results in Table II reveal that the possibility that the
physics responsible for neutrino masses is captured by OFUT
is already constrained, but not “ruled out” by searches for
p*t — ptuv. This is due to the fact that the effective scale of
the operator is of order 10" GeV, an order of magnitude
lower than that of OSUT discussed above.

(’)g’bUT, on the other hand, requires an even smaller value
of A in order to fit the neutrino mass data and, in the
absence of large GUT-breaking effects, is disfavored by
nucleon decay searches. O has the interesting feature
that it would vanish in the absence of more than one
generation, hinting that, modulo a proper discussion of
Yukawa couplings, some of the final-state mesons or
leptons from N — M¢ are not in the first generation.

6Strictly speaking, the objects we are computing are the
elements of the neutrino Majorana mass matrix. In models where
the neutrino mass matrix is predicted to be hierarchical
(see Ref. [5]), the neutrino-mass range in the text is imposed
on the largest matrix elements.
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TABLEII. List of SU(5) operators of mass-dimension seven or nine that violate B — L by two units. We show in the third column the
AL = 2 operator within the SU(5) one that gives the dominant contribution to neutrino masses, together with the scale necessary for it to
fit neutrino masses, in the fourth column. The predictions for the AB # 0 observables are listed in the last column. The notation is as
follows: N is a nucleon (proton p or neutron n), M is a meson (z, p, K, ...) and £ is a neutral (v) or charged (e) lepton. Generation indices

have been omitted. See text for more details.

J for OFUT Operator O, A in GeV Select AB # 0 observables
2. eijkl,,g(“j;ﬁkly/"ly/”flﬁ Oy, 4 x 101112 (N = Mv) ~ 871(/\3) chn ~ 103"* years
2 €iamy IRyl d) O, 6 x 1089 (N > M¢) ~ 8x(L 3— ~ 10227 years
b J b v A
3 Kyt ) 0, 1 x 1010-11 o(N — Mv) ~ 8z(L)? ﬁ ~ 10%-34 years
4 Eijumy Wity o None  No estimate No estimate
» lyky! O 2 x 1007 (N - My ~87r]6.—”2A—?2+~1014’20 ears
XiX ' vy y 1, vi v R y
lox? A3\2 _1 10-17
5 T(I’l—)Me)Ngﬂ'(TT) %NIO years
7(n— i) ~ AQS ~ 10°-% years
QCD
€m0 X A o O Oy, 6 x 1078 (N — My) ~ 8(18= 402 L~ 10120 years
6a u QCD
t(n—i)~ A‘(} ~ 101916 years
QCD
Eijptm¥ W M o Ou, 6 x 1078 (N - Mv) ~ 87t(%’l’2/‘73)21%t~ 10'9-26 years
6, (n > Me) ~ 871'(%/\1—}3)2/%% ~ 1022 years
(n—i)~ AGA—S ~ 10'%-16 years
QCD
; €t WYL Ao Oy 1% 10> (N — My) ~8(18= 422 L~ 107 years
* a W acD
(n = Me) ~ 871:(‘6”2 A2 L~ 10%12 years
QCD
eijklmenopqu//i}( k)('hnl// X?op)('i'qr OIZa 2 x 109_]0 T(p - Ml/) 8”(19112 1}:) AL ~ 1028_35 years
Yu QCD
74 7(n — M¢) ~ Sﬂ(lilATz) Aé:~ 10783 years
7(n— i)~ AA—S ~ 10"823 years
QCD
. EijkimEnopg W WX AN O, 4% 107 #(p = Mv) ~ 8x($= 40 5o~ 107718 years
b (n - M¢) ~8xn (167r2 A;) A+~ 1013 years
QCD
. €ikmW Wyl Ty Oy 2x 103 (p = Mv) ~ 87[(('5”: i ay? 15—~ 10 seconds
* gYa Y Qcp
‘ 7(n — Me) ~ 871(1)6—’[’21\73) =~ 1003053 seconds
QCD
eijklml//iwjl//k)(”mll/nl// 05 1 x 1056 T(]) — MI/) 871-((1675) /5) KICDN 1011-17 years
8 (n - Me) ~ SE(MAT})Z 5~ 1012 years
QCD
9 €ikimW Oy Dy 0 Oy 2 x 10910 ©(N = M) ~ 8z(162% L) S ~ 1024 years
QCD

As summarized in Ref. [30], however, many nucleon decay
modes of the type N — M¢ are constrained to outlive 10?7
years by many orders of magnitude, including some that
have second generation leptons or quarks: z7(n — p™u~) >
7 x 10 years, 7(p - K*v) > 6.7 x 10 years, 7(n —
K*tu™) > 5.7 x 10°, etc., all at the 90% confidence level.
Many three-body decay modes, like p — e~z K™, are
strongly constrained [7(p — e~ 2t K*) > 2.5 x 1032 years
at the 90% confidence level].

In summary, if GUTs are indeed real and the physics
responsible for neutrino masses is captured by an effective
|AL| = 2 operator of mass-dimension seven, we conclude

that the new physics must manifest itself viaone of O3, 4 4 .
It cannot manifest itself in the form of operators O3 57,
from Refs. [4,5] as these are not “present” in OgaUzTh 3.40-and it
cannot manifest itself via Og since it is entwined with other
|AL| = 2 operators via GUT relations. Furthermore, nucleon
decay bounds disfavor (’)GUT (and hence Oy, ), while OFYT
(and hence O, 3, yis already somewhat constrained by failed
searches for nucleon decay, indicating that, if nature chooses

"The value of A that allows 0, 3, to accommodate the observed
neutrino masses are very similar, see Ref. [5].
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to generate neutrino masses in this way, future nucleon decay
searches are expected to observe baryon-number violation.
O5YT, which yields nonzero neutrino masses predominantly
via O, ,is the only scenario thatis unconstrained by searches
for baryon-number violation. We emphasize again that large
GUT-breaking effects will allow one to evade many of the
constraints.

Before proceeding, it is instructive to quickly discuss an
ultraviolet complete toy example that realizes one of the
operators discussed here. At the GUT level, we add to the
Lagrangian two new scalar fields, Z,, [a 5 of SU(5)], and
Y;; [a 10 of SU(5)], along with a potential that contain the
following terms:

(hyw'w/Y i + KYZ‘I)ITZJ'YW + hze MMy ixuZn + Hee.)
+ MY YT+ MLZ, 7 (10)

1

1
AS

Asin Eq. (8), we omitted terms that contain the color-triplet
Higgs fields and flavor indices. SU(3) contractions are
implicit, but we have made the SU(2) contractions explicit.
OSYT contains [first line of Eq. (11)] the LNV operators Oy,
Oy, and Oy;,, which explain neutrino masses if A ~ 3x
10° GeV, A ~ 6 x 10° GeV, A~2x 107 GeV, respectively.
As discussed in Sec. IV, we choose the largest of these
(A ~2x 107 GeV) for the purpose of estimating BNV
observables, and conclude that grand unification disfavors
LNV physics that manifests itself via Og or Oyy. Oy, is
expected to dominate low-energy LNV phenomena.

The “operator-components” A~>d“d‘duL'Q’e;; and
A~>dd“u‘e°L'Lie;; [in the second line of Eq. (11)] violate
baryon number by minus one unit and lepton number by one
unit (and vice versa), and mediate at low-energies nucleon
decay, similar to the dimension-seven operators discussed in
the previous section. The component A=>ddd®d‘u‘u¢
[in the second line of Eq. (11)], on the other hand, only
violates baryon number, by two units. It gives rise to, e.g.,
n — n oscillations and N + N — M inside of nuclei (where
M is a state with zero baryon number), the latter proceeding
via, e.g., gluon emission from one of the quark lines.

At the tree level, Ad°d°d°u‘L'QVe;; and
A=deduecL'Lie;; will mediate |A(B — L)| = 2 nucleon
decay processes with two and three particles in the final
state, including a purely leptonic decay of the neutron:
n— ete"v. At the one-loop level, by combining the

1 -
deddideuu’ s dod d uLiQe
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Integrating out the heavy fields Y and Z at the tree
level, OSYT is generated, with 1/A3 = kyzhyh,/M3M3.
Integrating ¥ and Z at the one-loop level will lead to O§VT,
as expected. Note that the model would be invariant under
U(1)y if any of the couplings hy, hy, ky, were to vanish. A
slight variation of the model, where the /1, term is replaced
by yxZ', would lead to O§UT.

V. DIMENSION NINE

The dimension-nine operators one can construct out of y,
y and @, listed in Table I, are Oggzﬁbbﬂﬂb»&-&‘ When
expressed in terms of their standard model components, all
related operators violate B — L by two units (violating B — L
by six units requires operators of yet higher mass dimension).
Unlike the dimension-seven case, the dimension-nine oper-
ators also accommodate |AB| = 2 terms.

Operator O$YT contains the following components:

o 1 o 1 : : 1 o
F}(ij)(kll//ll//jl//kll/l D {FeceCL‘L/LkLleijekl,FdCdCL’LkQ/Qle,-jekl,checL’L/Lleeljekl,

1 -
FdcclcuceCLlLJe,-j}. (11)

ij

|

known quark and charged-lepton Yukawa interactions
with the physics that yields the dimension-nine operators
above at the tree level, one obtains dimension-seven
|A(B—L)| =2 effective operators that mediate much
faster nucleon decay processes. We estimate these effects
following the procedure described in detail in Ref. [5],
which allowed one to relate different higher-dimensional
(D>7) |AL| =2 leading operators to the D=5
Weinberg operator. For example, the tree-level operator
A™dd°d°u°L'Q'¢;; can be related to one-loop dimension-
seven operators that mediates N — My, as illustrated in
Fig. 1 in the case of n — Mv. We estimate the associated
decay width as follows:

1 [/ ys \2/ v\?
v~ (25 () N (2
where y; is a down-type-quark Yukawa coupling.
We also illustrate the tree-level contribution of
A3d¢d*d°u°L'Q'¢;; to n — My, along with our estimate
for the partial width. The loop-level contribution over-
whelms the tree level for A%/ AéCD > 1672, which is the
case for all effective scales A of interest.

According to the procedure described in Sec. IV, our
results for the nucleon lifetime and that of n — 7 oscillation
are listed in Table II. The different lifetime estimates
depend on the down-type-quark, up-type-quark, or charged-
lepton Yukawa couplings y,, v,, V., respectively, and we
list only the leading contribution to the different two-body
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UR vy,

. 1/1\’
dr dp = F(n—)]\d’l/)~§<ﬁ> Aégl(?D
dp dy,
h
1o
d
UR vy,
= T(n— Mv) 1<yd “)2/\-”
= ) ITv) ~ — — Ac
dr dg " ! 8m \16w2A3/) QP

FIG. 1. Contributions of A= d°d“d°u°L'Q/e;; to n - Mv at
the tree level (top), and the one-loop level (bottom), along
with respective estimates for the decay width. The loop
diagram outweighs the tree-level contribution as it is related to
a mass-dimension seven effective operator, as opposed to mass-
dimension nine.

final-state nucleon decays. We further assume that the
operators are flavor indifferent and hence assume the up-
type-quark (down-type-quark) [charged-lepton] Yukawa cou-
pling to be that of the top-quark (bottom-quark) [tau-lepton].
For the numerical estimates displayed in Table II, we use
y,v =120 GeV and y,v = 2.5 GeV in order to acknowl-
edge the renormalization group running between the GUT
scale and A. Given the order-of-magnitude nature of our
estimates, these choices are perfectly adequate. Our analytic
estimate for the n — 71 oscillation rate is also depicted in
Table II, and agrees with similar estimates computed in
Refs. [17,31]. Experimentally, the time scale for n —n
oscillations is constrained to be greater than 2.7 years and
4.1 years at the 90% confidence level, for free and bound
neutrons, respectively [30]. An improvement of up to 3 orders
of magnitude is expected from proposed next-generation
experiments [20]. However, since n — 7 oscillations are, at
leading order, a dimension-nine phenomenon, these results
provide much weaker constraints than those provided by
nucleon decay searches, modulo large GUT-breaking effects.
It is clear that OSUT-related baryon-number violating proc-
esses are many orders of magnitude faster than the current
experimental bounds. In the absence of large GUT-breaking
effects, we can state that the physics that yields OSYT is
disfavored by the nonobservation of nucleon decay as the
dominant source of the observed neutrino masses.

All other dimension-nine operators mediate, at low ener-
gies, |[AL|=2, as listed in Table I. Of the |AL|=2 operators

listed in Refs. [4,5], 06,9.10,11,,,12,,,12,,,13,14a,14b,15,16,17,18819,20,
along with the singlets operator e‘e‘uud<'d™® are

¥The singlets operator accommodates the observed neutrino
masses for very small A~ 1 GeV and, for this reason, it is not
considered in Refs. [4-6].
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consistent with grand unification. Os 7 ;;, are not, according
to our procedure, consistent with grand unification. Among
the “allowed” |AL| = 2 operators of mass-dimension nine,
only Og 11, 12,.12,.14,.14,.15,17 €an be made to fit neutrino data.
The remaining operators are entwined with these in such a way
that, modulo large GUT-breaking effects, they can only
contribute at a subdominant level to the observed neutrino
masses.

The different accessible two-body-final-state nucleon
decay modes are listed in Table II for all the dimension-
nine operators. In the case of OSUST’ , proton decay occurs only
at the two-loop level—an extra W-boson loop is required in
order to “convert” a down-quark into an up-quark—while in
the case of OSUT the two-body nucleon decay occurs by
closing a Higgs boson loop, in such a way that the decay rate
isnot proportional to any of the Yukawa couplings. In spite of
the one-loop suppression, the low (relative to the dimension-
seven operators discussed in the previous section) effective
scales required to fit the observed neutrino masses translate
into shorter nucleon lifetimes. As far as baryon number
violating processes are concerned, only OF"" and Og" are
not severely constrained, even if one takes into account that
O§VT requires more than one fermion generation in order to
exist. Some operators are “ruled out” by many orders of
magnitude. This, in turn, means that if grand unification is
real the only dimension-nine |AL = 2| effective operators
allowed by all data, assuming GUT-breaking effects
are under control, are O |, . These, furthermore, loosely
predictthat |A(B—L)|=2nucleon decay is to be observed by
next-generation searches.

We expect that new physics that manifests itself at the
tree level via dimension-eleven operators will mediate
|A(B - L)| = 2° nucleon decay at the two-loop level (or
higher). We also anticipate, at the one-loop level, |AB| = 2
processes. In spite of the higher-order nature of the effects,
similar to what we observe when comparing dimension-
seven and dimension-nine operators, we expect the nucleon
lifetimes consistent with the observed neutrino data to be,
on average, shorter, given the smaller required A values. We
anticipate, therefore, only a small subset of the dimension-
eleven O, if any, to be consistent with grand unification,
modulo large GUT-breaking effects. For this reason, we did
not conduct a detailed study of dimension-eleven OFUT
operators.

VI. SUMMARY AND CONCLUDING REMARKS

We argue that, if nature is described by a grand-unified
gauge theory at very short distances, searches for low-
energy processes that violated B — L by two units are
expected to play a nontrivial role in piecing together the
neutrino mass puzzle, assuming the neutrinos are Majorana
fermions. We estimate, for a large class of LNV scenarios,

Dimension-eleven operators are still “too small” to contain
|A(B — L)| = 6 operators.
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expected rates for |[A(B — L)| =2 processes, more con-
cretely two-body-final-state decays of nucleons and the
neutron-antineutron oscillation rate. Our results are
summarized in Table II.

Our approach is as follows. We assume the existence of
new heavy (mass larger than the weak scale) states X that
break lepton-number conservation explicitly at the heavy
mass scale. Those, when integrated out, will lead to
effective operators suppressed by different powers of A
that mediate |AL|=2 phenomena, including nonzero
Majorana neutrino masses. The contribution to the neutrino
mass from a generic scenario can be estimated by assuming
that, at the tree level, its low-energy effects are captured by
a leading D-dimensional operator, D > 7, and that the
coefficient of the Weinberg operator, which is generated at
some loop level, can be estimated from the leading operator
[4,5]. Following this procedure, one determines the values
of A that lead to the observed neutrino masses. If grand
unification is real, the X fields must be part of larger GUT
multiplets Xs. The act of integrating out the other compo-
nents of X5, assuming these are all heavy, will lead, at the
tree level, to other effective operators of the same dimen-
sion D, all of which violate B — L by two (or six, ten, etc.)
units, as we demonstrate in the Appendix, and mediate
BNV and LNV low-energy phenomena at different loop
levels. As with the |AL| =2 leading operator, we can
estimate the contributions of these |A(B — L)| = 2 oper-
ators to nucleon decay as a function of A. By assuming that
the effective scale A of GUT-related operators are the same
we associate the neutrino mass data to expected rates for
|A(B — L)| = 2 processes.

In order to define which D-dimensional |A(B — L)| = 2
operators are related, we constructed all D =7 and D =9
OSUT operators made up of the GUT matter fields—y, in
the 5 representation and y, in the 10 representation—and
Higgs fields, ®, in the 5 representation. These are listed in
Table 1. The related D-dimensional |A(B — L)| = 2 oper-
ators are then simply the different components of (OSUT
after GUT breaking. In Table I we list which |AL| =2
operators are included in the different OSYT,

Strictly speaking, this procedure is correct in the case
A > Mgyr, the GUT-breaking scale. If this were the case, at
the scale A, the theory would be described by the GUT
version of the standard model plus X5, while at energy scales
around Mgyt physical phenomena would be properly
described by the GUT version of the standard model plus
the effective operators OSUT. Finally, in the infrared,
physical phenomena would be properly described by the
standard model, plus the components of OSUT and other
effective operators suppressed by different powers of
Mgur."° The coefficients of the different higher-dimensional

""As we argued earlier, these do not mediate |A(B — L)| =
2,6, 10, ... effects except through their mixing with the |A(B —
L)| physics, captured by OSUT,
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operators would be the same, modulo calculable quantum
corrections (renormalization group running between Mgyt
and the infrared). Instead, we are interested in the case A <
Mgyt (but still A > v, the weak scale). For the purposes of
establishing which D-dimensional operators generated by
the same GUT-connected physics are related, the procedure
described above is valid. However, already at the scale A,
GUT-breaking effects render the coefficients of the different
components of OSUT different from one another. These
effects are model dependent and hence cannot be calculated
following our approach.

In order to relate the experimentally constrained neutrino
masses to the rates for low-energy baryon-number violating
processes, we posit that GUT-breaking effects, along with
renormalization-group running effects between A and the
infrared, are small enough that all related |A(B —L)| =2
operators have the same coefficient. While this appears to
be a natural minimalistic assumption, it is by no means
guaranteed to be correct. Numerically, our estimates are not
sensitive to order-one effects, or even effects that lead to 1
order of magnitude differences. Order-one GUT-breaking
effects are known and required in order to render the
different Yukawa couplings consistent with low-energy
observations. On the other hand, the doublet-triplet splitting
problem—the fact that the color-triplet Higgs field is many
orders of magnitude heavier than the standard model Higgs
doublet, in spite of the fact that the two fields belong to the
same GUT multiplet—indicates that there are circum-
stances where GUT-breaking effects can be most dramatic
(more than 8 orders of magnitude).

At face value, our results indicate that if grand uni-
fication is real most lepton-number violating scenarios
captured by the |AL| = 2 O; operators of dimension D = 7
or 9 that lead to neutrino masses [4—6] are inconsistent
with either the GUT hypothesis or the nonobservation of
|A(B—L)| =2 nucleon decay. Roughly speaking, the
scenarios consistent with current data and the GUT
hypothesis are associated to lepton-number breaking scales
A > 10'° GeV. This trend seems to hint that very few, if
any, D = 11 scenarios are allowed (see Refs. [4-0]).

The very high A values raise concerns associated with
the stability of the weak scale. The so-called hierarchy
problem requires the new lepton-number breaking physics
to be very weakly coupled [32-34] or the presence of new
degrees of freedom with masses between A and the weak
scale. This concern, of course, is already present if GUTs
are realized in nature, independent from whether or how
lepton number is violated. If nature were supersymmetric at
short distances and supersymmetry was broken slightly
above the weak scale, the GUT-breaking, LNV, and
electroweak breaking scales could all coexist “naturally.”
The presence of low-energy supersymmetry, however,
could lead to quantitatively different results as far as this
work is concerned. Superpartners to the standard model
fields, for example, allow for more and lower-dimensional
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|A(B—L)| =2 operators. The act of integrating out
weak-scale superpartners, in turn, may end up providing
more stringent constraints than the ones discussed here.
We reiterate that our most robust result is to list which
|A(B—L)| =2 operators are “related,” a result which
highlights some |A(B — L)| = 2 observables as especially
interesting for understanding nonzero neutrino masses.
GUT-breaking effects can, for example, render |A(B —
L)| =2 nucleon decay processes significantly slower or
|AB| =2 processes like neutron-antineutron significantly
faster. We also assumed that all operators are flavor indif-
ferent, i.e., all lepton and quark flavors interact with the new
degrees of freedom with similar strength. It is important to
keep in mind that, in order to fit neutrino masses, no new
interactions involving first-generation quarks are required. If
this turns out to be the case, none of the bounds discussed
here apply. Finally, we remind the readers that we restricted
our discussion to the gauge group SU(5). Larger gauge
groups contain more degrees of freedom which may be light
and include B — L as a gauged subgroup, both of which
render the discussion potentially more complex than and
qualitatively different from the one presented here.
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APPENDIX: THE RELATIONSHIP BETWEEN AB,
AL AND OPERATOR DIMENSION

A relationship exists between the dimension of an
operator in the standard model and its AB and AL
assignments, as first explored in Ref. [26]. To investigate
the nature of this relationship, we consider operators
constructed only of standard model fermions and Higgs
fields, i.e., operators with no derivatives nor gauge
bosons. We can count the number of left-handed (N 0Ni,
N, N4 N,) and right-handed fermions (NQ»:-,NL»:-,NM»;-,
N,i,N,:) and the number of Higgs fields (Ny and Ny-)
in each operator. For example, the operator LHe¢ has N L=
Ny=N,=1 and No=N,=N;=Npyp=Ngy =
Ny=Ng=N;+ =N, =0. AB and AL, for a given
operator, can be expressed as a function of the different
Ns as

baryon number: AB = g(NQ —Ngi =N, +N,; —=Ng+Ng), (A1)
lepton number: AL =N; —N;+ =N, + N,. (A2)
Hypercharge and Lorentz invariance impose the following constraints:
hypercharge invariance: 0 = %(NQ —Ngi) - % (N, —N,) —i—%(Nd —Ng)
—(NL=Np) +2(N, =Ny) + (Ny = Ny). (A3)
Lorentz invariance: 0,2,4,... =N, + N, + Ny +N, +N,, (A4)
Lorentz invariance: 0,2,4,... = Ny + N, + Ngi +Npi + N, (AS)
while the dimension of the operator, D, is defined as
D :%(NQ+NQ+ +N,+N;s+Nyg+Ny+N,+N;yt+N,+N,)+Nyg+ Ny (A6)
The insertion of Egs. (Al) and (A2) into the definition of D yields
D = 3<Nd +N,+N,+ Nyt + Ny +§AB +%AL) + Ny + Ng-. (A7)

Equations (A1) and (A2) can also be inserted into Eq. (A3) to yield
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Ny+N,=N,+N,—Ni+N) =Ny + N}, — AB + AL. (A8)
From here, Eq. (A8) can be substituted into Eq. (A7):
1 3
D:3 ZNLt—I'_NdT_Nu‘+N(37+NQ“+NLT+EAB+§AL _2NH+4NH* (Ag)

From Eq. (A5), one can note that Ny — N, + Ng: + Nyt + N, = (0,2,4,...) = 2N, is an even number. Therefore

1 3
‘—AB+§AL (A10)

2

{ odd<>Dis odd,
eN .
even<Dis even.
This relationship between AB, AL, and the dimension of the operator, D, only assumes hypercharge and Lorentz

invariance. It is straightforward to show that the relation remains unchanged if right-handed standard model gauge singlet
neutrinos with lepton number 41 (or left-handed gauge-singlet antineutrinos with lepton number —1) are introduced.
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