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We explore a novel mechanism to restrict TeV-scale leptoquark interactions and render the proton exactly
stable to all orders in the effective field theory expansion. A scalar condensate breaks a lepton-flavoured
U(1)x gauge symmetry in the ultraviolet and generates neutrino masses, leaving a discrete Zg or Zqg
gauge symmetry in the infrared, forbidding AB =1 processes. This provides an elegant framework to
address the flavour anomalies and can be adapted to many other new-physics models. The U(1)x can

emerge from a gauge-flavour unified SU(12) x SU(2) x SU(2) theory at even higher energies.
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1. Introduction

Leptoquarks [1]—hypothetical particles motivated by quark-
lepton unification—were historically discussed in the context of
grand unified theories and proton decay. Given the stringent lower
bound on the proton lifetime, these particles were thought to be
much heavier than the next mass threshold beyond the Standard
Model (SM). A TeV-scale leptoquark generically gives excessive pro-
ton decay, charged lepton flavour violation, and electric dipole
moment contributions. Their LHC searches were categorised as ex-
otica for a good reason.

This exotic status has changed dramatically in recent years with
hints of new physics (NP) emerging from the LHCb experiment,
without accompanying signs of NP at high-pr. Several observables
in b — s¢*¢~ transitions are in tension with SM predictions, sug-
gesting a deficit of muons in B-meson decays [2-13] and pointing
to a consistent NP picture [14-18] with a global significance es-
timated to be 4.30 [19]. This is not the only instance of muons
behaving strangely: measurements [20,21] of its anomalous mag-
netic moment (g — 2),, show a 4.2¢ deviation from the consensus
theory prediction [22-43] (however, see [44]). Popular NP explana-
tions of either anomaly invoke TeV-scale leptoquarks.

In addition to the minimal set of couplings needed to fit the
anomalies, there are other renormalisable couplings consistent
with Poincaré symmetry and SM gauge invariance. Those violate
the accidental symmetries of the SM, which have been exquisitely
tested in experiment to hold good far beyond the TeV scale. The
most challenging transitions are AB =1 where B is baryon num-
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ber. Thus, as already hinted at, such TeV-scale leptoquarks would
appear in flagrant violation of the naive expectation that marginal
couplings should be O(1).

Following the idea developed in [45-49], charging leptoquarks
under a lepton-specific U(1)x gauge symmetry can preserve U(1)
baryon and U(1)? lepton numbers as accidental symmetries. To
address the b — s¢t¢~ and (g — 2), anomalies for instance, it
is convenient to choose gauge charges such that the leptoquarks
carry global baryon and muon numbers. Such ‘muoquarks’ couple
exclusively to the muon flavour at the renormalisable level, and
have no dangerous diquark interactions qS*q.

Of course, the U(1)? lepton number symmetries are ultimately
broken, as indicated by the observation of neutrino oscillations.
A successful realisation of neutrino masses restricts the possible
U(1)x gauge charges; one valid example was provided in [47].
Generally, the neutrino mass matrix can only be generated after
spontaneous symmetry breaking (SSB) of U(1)x, for example by
condensing U(1)x-charged scalars ¢. This, unfortunately, reintro-
duces the dangerous leptoquark couplings, suppressed by powers
of (¢)/A, requiring a low-scale breaking of U(1)x and a high-scale
cutoff. A notable example is provided by the U(1).,—, symme-
try [46] where a AB =1 operator arises already at dimension-5.
Even if this operator is suppressed by the Planck scale,! this would
not be enough to evade the proton lifetime bound.

In this Letter, we discover a class of models where, contrary
to expectations, the U(1)x breaking and subsequent realisation
of neutrino masses can be at a high-scale while exactly forbid-
ding proton decay thanks to a residual discrete gauge symmetry

1 Quantum gravity is expected to break all global charges, including global (but
not gauged) discrete symmetries [50-54].
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in the IR. A famous example of a discrete symmetry used to for-
bid certain AB =1 operators, and whose UV completion might be
a local U(1), is R-parity in supersymmetry [51]. The novelty here
is a discrete gauge symmetry in the IR under which baryons but
not leptons are charged, forbidding all AB =1 operators. Such a
symmetry can only be embedded into a lepton-non-universal local
U(1)x, as discussed in Section 3.

Interestingly, this does not prevent further quark-lepton unifica-
tion into a semi-simple gauge group. In the final section, we sketch
a successful quark-lepton unification model that embeds our toy
muoquark model inside a semi-simple gauge theory, to gain better
insights and pave the way towards the ultraviolet.

2. The UV model

Introducing scalar leptoquarks S3,1 with gauge quantum num-
bers (3, 3/1)1;3 under Ggsy :=SU(3)¢ x SU(2)L x U(1)y, and inter-
actions

£2255S3; + AJqEs1¢; + ATus s e + He., (1)

provides a well-known simplified model for the flavour anoma-
lies [55-68]. Either leptoquark might be there to address a subset
of data: only the weak triplet (singlet) is needed for the b — s¢t¢~
(Aay,) anomalies. However, since the two indicated mass scales
and the flavour structures of the couplings are compatible, it is
appealing to consider both states together.

For our lepton-flavoured U(1)x, we start by considering the
most general class of anomaly-free, quark-universal, vector-like?
U(1) extensions of the SM gauge group [69-71] that i) are consis-
tent with the ‘muoquark conditions’ of [48]; ii) restrict to the case
where two lepton charges coincide, which allows for a dense neu-
trino Majorana mass matrix using only one or two U(1)x-breaking
scalars®; and iii) do not require additional chiral fermions beyond
the SM + 3vg. Up to normalisation, this class is parametrized by
two coprime integers m and n # 0:

X=3mB—-L)—n(2L, —Le—L¢), ged(m,n)=1. (2)

The model of [47] is equivalent to the case (m,n) = (1, 3), ergo
X o« B—3L,,. In addition to the U(1)x gauge field X,,, we introduce
two SM singlet ¢.; and ¢, with U(1)x charges, which acquire vac-
uum expectation values (VEVs) at a high scale. Both the SM fields
and Sq/3 are charged under U(1)x, with charges recorded in Ta-
ble 1 detailing the full field content of the model.

At the renormalisable level, such muoquarks furnish examples
of new physics models in which quark flavour violation is lin-
ear [72] (thus rank-one [73]),

U _ g2 jo_ i sj2
Ay = 3877, AR =0y rd’". (3)

The vectors O‘%.L,R that encode their couplings to quarks are, how-
ever, arbitrary in quark flavour space. Following [47], it is natural
for aé,L.R to be consistent with the approximate U(2)q x U(2)y X
U(2)4 flavour symmetry observed in the quark Yukawa interactions

2 It is convenient to restrict to vector-like lepton charges to ensure that renor-
malisable Yukawa couplings are permitted for all three charged leptons.

3 Had we picked out the electron or tauon as being special rather than the
muon, with a corresponding ‘electroquark’ or ‘tauoquark’, our central story regard-
ing neutrino masses, discrete gauge symmetry, and exact proton stability would
follow essentially unchanged. Furthermore, one can generalize (2) to a fully LFUV
3-parameter class of symmetries X =3m(B — L) +a(Le — L) +b(Ly — L), allow-
ing a triplet of flavoured leptoquarks, and find a bigger class of (m,a, b) for which
neutrino masses are generated by a scalar condensate that preserves the same cru-
cial Zg or Z1s gauge symmetry. All the interesting physics of our mechanism is
captured by the simpler case (2).

Physics Letters B 833 (2022) 137310

Table 1

The field content of the charged leptoquark model. In
addition to the SM fields + 3vg, there is a U(1)x gauge
field with flavour non-universal couplings to SM lep-
tons, as well as S3/; scalar leptoquarks and a pair of
SM singlets ¢e; and ¢, whose VEVs break U(1)x.

Fields U(l)x
Quarks qi, Ui, d; m
Electrons and taus 013, €13, V1,3 n—3m
Muons Uy, €2, vy —2n—3m
Higgs H 0
Leptoquarks S3, S1 2m+2n
Scalars et 6m — 2n

om 6m+n

with the Higgs [74] (see also [75]). A global flavour fit [47] shows
plenty of parameter space to fit both sets of anomalies simultane-
ously, consistent with complementary direct searches at the LHC.
Moreover, the minimal set of couplings can be consistently extrap-
olated to the Planck scale without developing Landau poles [47].

While all the quark Yukawa couplings are permitted at the
renormalisable level, the charged lepton Yukawa matrix has tex-
ture

x 0 x
Yo~ 0 x O (4)
x 0 x

This means that the charged lepton rotation matrices, that take
us from the gauge eigenbasis to the mass basis, only act within
the electron-tau subspace. Therefore the Ss3;; leptoquarks remain
coupled only to muons in the lepton mass basis as per Eq. (3).

The neutrinos have a Yukawa coupling matrix Y, with a simi-
lar structure to the charged lepton Yukawa (4), which gives mass
contributions set by the electroweak scale v. However, by design
¢er and ¢, act as Majorons: Majorana mass terms for the right-
handed neutrinos are generated by the U(1) x-breaking VEVs of ¢er
and ¢, both assumed to be of order vy, through their Yukawa in-
teractions

M,

LD VEviES per +Elp) = T (5)

X X
x 0
X X

X X X

This mass structure can accommodate all the data pertinent to
neutrino masses and mixings [76-78], since it reduces to the two-
zero minor structure of type Df [79] by setting some entries to
zero. In the special case (m, n) = (1, 3), i.e. X o« B — 3L, studied
in Ref. [47], the scalar ¢.; is neutral and decouples, and four of
the entries in MR are populated by bare mass terms, whose di-
mensionful coefficients have to coincide with the scale vy to fit
the data well. Similarly, for the case (m, n) = (1, —6), correspond-
ing to X o« B+ 3L, — 3L, — 3L¢, the ¢, scalar decouples.

3. The IR: discrete gauge symmetry

The U(1)x gauge symmetry is broken by the VEVs of ¢.; and
¢, whose charges are uniquely fixed so as to produce a dense
neutrino Majorana mass matrix (5). Because these charges are non-
trivial multiples of the fundamental unit of U(1)x charge, there re-
mains an unbroken discrete subgroup I' C U(1)x acting on matter
in the IR, which in our case remarkably protects baryon number.
Such a discrete gauge symmetry imposes IR selection rules that are
exact, holding to all orders in the EFT expansion.
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Here we determine the remnant symmetry I" in our model and
some of its striking consequences. The group I' is isomorphic to
the cyclic group Zy, where*

k= ng([(ber]X, [(l)M]X)

6
=gcd(6m — 2n, 6m +n) = ged(3n, 6m + n). (®)

The I' = Zj, charge of the AB =1 inducing diquark operator qS*q,
for any quark and leptoquark fields, is

[qS*qIr = —2n (mod k) . (7)

This diquark operator is invariant under I' iff [qS*q]x € kZ, or,
equivalently,

k =gcd([qS*qlx, k) = gcd(3n, 6m +n, —2n)
(8)
=gcd(6m, n).

If n ¢ 3Z, Eq. (8) is automatically satisfied. Thus, for models with
n ¢ 3Z, we learn that diquark operators are not banned by I'-
invariance in the IR and, so, are expected to arise at some order
in the EFT expansion.

Continuing, we henceforth restrict ourselves to n € 3Z. Writing
n=3n’, our formula (6) for k reduces to

k=3gcd(3n, 2(m —n)). (9)

We distinguish two further subcases. For ‘subcase A’, consider
m # n’ (mod3), ged(3,n” — m) = 1. Then Eq. (9) yields k =
3gcd(n’, 2m) = gcd(n, 6m), satisfying condition Eq. (8) for I'-
invariance of the diquark operators.

For ‘subcase B’, we have m = n’(mod3). Defining r :=
m(mod 3), clearly r = 0 is inconsistent with the assumption
gcd(m, n) =1, so we have r € {1, 2}. We parametrize m =3a +r
and n’ = 3b +r for integers a and b. One finds that

k=9gcd(3b+r, 2(a—b)) =0(mod9). (10)

On the other hand, the RHS of Eq. (8) reduces to

ged(n, 6m) =3ged(3b +r, 6a+ 2r) #0(mod 9). (11)

It follows that condition (8) cannot be satisfied in this case. This
covers all cases for (m, n).

From this brief arithmetical excursion, we conclude that the
troublesome diquark operator is banned by I' gauge invariance
only for the subset of U(1)x models defined in (2) parametrized
by

(m,n)=(3a+r, 9b+3r), for re{l, 2},

12
(@, b) e Z?%, and ged(3a+r, b —a) =1 (12)

The condition on a and b in the second line, which evades a simple
parametrization, is simply to ensure that m and n label unique UV
theories.

We proceed to consider the family of U(1)x models (12). We
emphasize that, since ¢.; and ¢, are I'-singlets, no number of
scalar insertions in the EFT can make a T'-invariant diquark op-
erator. To our knowledge, this mechanism for banning B-violating
operators using a remnant, discrete gauge symmetry that derives
from a flavour-non-universal U(1)x gauge symmetry at a high
scale, is novel. It is therefore worth exploring in more detail.

4 Here and throughout, we use the notation [A]¢ to denote the charge of A under
an Abelian symmetry G (with ‘X’ abbreviating ‘U(1)x’ in this context).
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Table 2

Charges under the remnant discrete symmetry I'. Here q and ¢ refers
to any of the quark and lepton fields, respectively, and S refers to ei-
ther Sy or S3. The parameter r € {1,2}, while a and b can be any
integers satisfying the second line of (12). In the Zig case, we can
always write Z1g = Zg x Zg, where Z£ is the usual ‘fermion num-
ber’ symmetry.

b+r (mod 2) r L q S qSt  qS*q
0 VAT 9 3a+r 6a+8 0 12r
1 Zg 0 3a+r 6a+8 0 3r

First, as both m and n are necessarily non-zero, it is not enough
to consider only B — L or only the lepton-flavoured factor; both are
required to construct a model whose remnant symmetry exactly
stabilizes the proton. Next, for the particular class of models (12),
we can determine the remnant symmetry I" explicitly. Substituting
the ‘uniqueness condition’ gcd(m, n) =1 into (10), we find, after a
little algebra, that

k=9gcd(2, b+r). (13)

We conclude that

e Zog, forb—i—reZZ—H. (14)
Z1g, forb+re2Z

We record the charges of the lepton, quark, and leptoquark fields,
as well as the leptoquark and diquark operators, in Table 2. The
I' charges of SM fermions are flavour universal, despite coming
from a flavour-dependent U(1)x symmetry in the UV. While this
might seem surprising, it had to be the case—after all, the rem-
nant I' gauge symmetry remains exact at all energies,” and, so, if
the I" charges were flavour-dependent, one could not realise the
complete PMNS matrix.

a. Exact proton stability — The protection of baryon number by
I' goes beyond just banning the diquark operators. Viewed from
the low-energy EFT with only SM fields (the SMEFT), quarks are
the only fields that carry charge mod 9 under TI'. In fact, because
[q]r is never divisible by 3, it is at least order 9 in T'. It immedi-
ately follows that

AB=0 (mod3) (15)

to all orders in the SMEFT. As a result, baryon number-violating
decays of the proton, the lightest baryon, are kinematically forbid-
den and complete stability of the proton is guaranteed. In addition,
neutron-antineutron oscillations are also forbidden.

Other baryon number-violating processes are in principle
possible through AB = 3 operators, somewhat reminiscent of
sphalerons. However, these processes require effective operators
with nine quarks and at least one lepton, which start at dimension
15 in the SMEFT.

We emphasize that our mechanism for protecting the proton
stability at all-orders is much stronger than in the generic SMEFT,
for which proton decay can occur at dimension 6. The same is true
when comparing with model extensions a la Pati-Salam [80-96]
interpreted as EFTs [97]. The protection in our model is guaranteed
by the remnant discrete gauge symmetry in the IR. Crucially, it is
insensitive to whatever physics might be lurking at higher energy
scales.

b.  Accidental lepton flavor conservation — The muon selection
rule, unlike protection of baryon number, is not enshrined by I'-
invariance in the IR. In particular, the leptoquark operators qS¢;

5 The Zogsy symmetry is not broken by electroweak symmetry breaking or QCD
condensation, and persists to the deep IR.
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uv

SU(2) x SU(2);, x SU2),
T

SU(9) x SUQR), X SU@)g X U(D)g_ X SUGR),

SUB) x SU@), x U(1)y x U(D)x

Vx —— Right-handed neutrinos

TeV —— Muoquarks

SU3) x SUQ). X U(D)y X Zy5

IR

Fig. 1. Tentative gauge-flavour unification scenario. See Section 4 for details.

are I'-invariant, despite not being U(1)x-invariant, for all three
lepton flavours. This suggests that higher-order operators coupling
the leptoquarks to electrons and taus are allowed in the U(1)x-
invariant effective theory, which could come from even heavier
dynamics integrated out at a scale A > v. Rather, after the break-
ing of U(1)x — I', muon number remains as an accidental, and
thus approximate, symmetry in the IR.

Sure enough, both leptoquarks have dimension-6 couplings to
the other lepton families: schematically, ﬁq}erdﬁj qS1/3¢1,3 and

ﬁq&e,@jus]em. Moreover, there are dimension-6 corrections of

the form lquqSZiHe j to the charged lepton Yukawa matrix, popu-
lating the four zeroes in Eq. (4). The fact that the leptoquarks now
have couplings to both muons and electrons means that u — ey
is mediated by the leptoquark exchange. In the case of the S lep-
toquark, this contribution to u — ey is related to its contribution
to the (g — 2), anomaly by a factor of e)2< where €x := vx/A.
The stringent experimental limit on BR(uw — ey) [98] requires
ex <1072 or so [99,100], meaning that a modest scale separa-
tion is sufficient to suppress LFV processes to a level compatible
with current bounds. Conversely, it is possible to introduce the
next layer of NP safely below the Planck scale even if we take
vx ~ 10! TeV to naturally accommodate light neutrinos in a see-
saw with order-1 couplings.

¢. Dark matter — The discrete gauge symmetry I' can be used
to stabilise the WIMP dark matter [101-108]. To name one exam-
ple, a dark matter candidate could be a scalar x thermalised via
the Higgs portal interaction |H|%|x|?. To make the dark matter, ¥,
stable, its U(1)x charge should be such that all operators involving
one y field and arbitrary other light fields should be forbidden.
Since all colour-singlet operators have I' charge equal to 0 (mod
3), the DM is automatically stabilized if [x]r # 0 (mod 3)—for ex-
ample, if [x]r = 1, coming from (say) the minimal unit of U(1)yx
charge in the UV model.

d. Matter asymmetry — The scale of the right-handed neutri-
nos can allow for the usual high-scale leptogenesis scenario [109-
111]. The global U(1)g4; is anomalous allowing for the efficient
sphalerons processes to take place.

4. Deeper into the UV: unification

To conclude, we tentatively discuss how the Gsy x U(1)x muo-
quark model, which gives rise to both LFUV and exactly stable
protons in the IR, could be embedded inside a unified semi-simple
gauge theory deeper in the UV (see Fig. 1 for a tentative gauge-
flavour unification scenario). The starting point is to realise that
U(1)y x U(1)x can be embedded inside SU(2)gr x U(1)g_ x U(1)z,
where Z = X —3m(B — L). U(1)z can in turn be embedded in-
side an SU(3)jepton flavour symmetry that acts on lepton fami-
lies, which we promote to a gauge symmetry. One can also unify

Physics Letters B 833 (2022) 137310

SU@3)¢ with an SU(3)quark flavour symmetry acting on the quarks
into an SU(9)quark colour-flavour unified gauge symmetry. At this
point, the gauge symmetry is SU(9)quark X SU(3)iepton X SUR)L x
SU(2)r x U(1)p—;. This can be embedded inside the semi-simple
gauge group

Ger :=SU(12) x SU2)L x SUQR)R, (16)

which was identified in [112] and discussed in [113].

The group Gcr can be viewed as an extension of the Pati-Salam
gauge group [114], whereby colour and family quantum numbers
are unified. Remarkably, all three families of SM+3vg fermions are
packaged into two UV fermion fields, ¥ ~ (12,2,1) and Wg ~
(12,1, 2). The muoquarks descend from scalars transforming in
the representations (78,3,1) and (66,1,1) of the unified gauge
group, while the scalar fields ¢e; , responsible for Majorana neu-
trino masses and for breaking U(1)x — I can sit in an (78,1, 3). A
hierarchical breaking of SU(9)quark can also give a UV explanation
of the global U(2)q quark flavour symmetry that appears acciden-
tal in the IR (in a similar way to [82]). We save a detailed study
of this embedding of the muoquark model inside a unified gauge
theory for future work.

In this work, we sketched a complete story for lepton-flavoured
TeV-scale leptoquarks that respect the SM accidental symmetries,
consistent with very light neutrino masses. The proton is exactly
stable thanks to a remnant discrete gauge symmetry in the IR. Of
course, there remains the puzzle of why such a scalar leptoquark
(and the Higgs) would reside at the TeV scale in the first place, in
the presence of complicated physics at much higher scales. This
hints at orthogonal routes towards the deep UV, in which the
muoquark could arise from partial compositeness [115,116] or be
embedded in a supersymmetric U(1)x extension of the SM. Such
flavour-dependent supersymmetric extensions were recently clas-
sified in [117], suggesting a second path to the UV for future study.
Beyond that, we wish to emphasize that the mechanism for stabi-
lizing the proton with a remnant subgroup of a lepton-flavoured
gauged U(1)x can be adapted to many other NP models with or
without leptoquarks. Notably, this mechanism does not seem to
work in lepton-universal models, perhaps an ever so small hint
that something might be up with the muons.
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