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Question: Can proton be exactly stable?
(purely academic!)

Admir Greljo | Hints from Proton Stability

∞?
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A model for 
exact proton 

stability

Neutrino 
masses and 

mixings

Matter-
antimatter 
asymmetry

Dark Matter

Rich phenomenology:
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Empirical Evidence for BSM

https://arxiv.org/abs/2202.05275
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SM (EFT):

Spacetime + 
Gauge Invariance

Field Content

+ ⟹ ℒ(x) =
∞

∑
𝒪

C𝒪 𝒪(x)

(infinite) series in local operators

• Truncation at  

 

dim 𝒪 ≤ 4

⟹ U(1)B × U(1)e × U(1)μ × U(1)τ

accidental symmetries

• Violated by dim 𝒪 > 4
e . g . qqql

• Impose ? 

Gravity breaks global symmetries

U(1)B

Admir Greljo | Hints from Proton Stability

Accidental symmetries 
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Wishlist:

1. Add a gauge symmetry (with high-scale SSB) such that 

no  operator in the SMEFT to all orders

2. Realistic neutrino masses and mixings

ΔB = 1

Admir Greljo | Hints from Proton Stability

Accidental symmetries 



The first attempt
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Gauged U(1)B−L

1. Proton stability

2. Neutrino masses and mixings

Admir Greljo | Hints from Proton Stability



The first attempt
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Gauged  anomaly cancelation  
 3 right-handed neutrinos 

U(1)B−L
⟹ N

Admir Greljo | Hints from Proton Stability

LHN + ϕNN
SM-singlet, -breaking fieldU(1)B−L



The first attempt
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LHN + ϕNN

Gauged  anomaly cancelation  
 3 right-handed neutrinos 

U(1)B−L
⟹ N
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1. High-scale type-I seesaw

mN ∼ ⟨ϕ⟩

mνL
∼

⟨H⟩2

⟨ϕ⟩

⟨ϕ⟩ ≫ ⟨H⟩

Minkowski ’77, …

SM-singlet, -breaking fieldU(1)B−L
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The first attempt
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LHN + ϕNN

Gauged  anomaly cancelation  
 3 right-handed neutrinos 

U(1)B−L
⟹ N

2. Minimal thermal leptogenesis
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1. High-scale type-I seesaw

mN ∼ ⟨ϕ⟩

mνL
∼

⟨H⟩2

⟨ϕ⟩

⟨ϕ⟩ ≫ ⟨H⟩

Minkowski ’77, … Fukugita & Yanagida ’86

Davidson & Ibarra ’02
Treh > MN1

≳ 𝒪(109) GeV

• Lepton asymmetry from out-of-equilibrium 
 decays; minimal case 

• Sphaleron processes  baryon asymmetry

•  is anomalous: sphaleron selection rule 

• High-scale seesaw

N1 MN1
≪ MN2,3

⟹

B + L
ΔB = ΔL = 0 (mod 3)

SM-singlet, -breaking fieldU(1)B−L

Admir Greljo | Hints from Proton Stability



The first attempt
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U(1)B−L ⟶ Z6
⟨ϕ⟩ ≠ 0

Z6 charges : [q] = 1, [l] = 3, [ϕ] = 0

Z6 (SMEFT) : qqql, l̄dddH, . . .

discrete unbroken gauge symmetry in the deep IR

Allows for -violating operatorsB

U(1)B−L (UV) : qqql, l̄dddHϕ†, . . .

ϕ → ei α [ϕ] ϕ invariance for α =
2π
6

i, i = [0,...,5]

Normalise    such that [q] = 1 ⟹ U(1)3(B−L) [ϕ] = 6

Admir Greljo | Hints from Proton Stability

Z6

ϕNN

Proton stability



The idea

11

Admir Greljo | Hints from Proton Stability

Gauged U(1)X ⟶ ZN

where ZN forbids proton decay in the SMEFT to all orders

⟨ϕ⟩ ≫ ⟨H⟩

Find



Gauge a linear combination of  and B − L Li − Lj

Lepton universality?

12

•  also anomaly-free!U(1)Li−Lj

Three cases:

:

(One lepton flavor  has a different charge from the other two.)p

Davighi, AG, Thomsen; 2202.05275

Admir Greljo | Hints from Proton Stability

https://arxiv.org/abs/2202.05275


Gauge a linear combination of  and B − L Li − Lj

Lepton universality?

13

•  also anomaly-free!U(1)Li−Lj

Three cases:

:

LHN ∼

(One lepton flavor  has a different charge from the other two.)p

• Two SM-singlet scalar fields are needed to fit the PMNS mixing!

ϕ2NN ∼

ϕ1NN ∼
*up to permutations

 chargesXp

Davighi, AG, Thomsen; 2202.05275
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https://arxiv.org/abs/2202.05275


The model
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SSB ⟨ϕ1,2⟩ ≠ 0

Admir Greljo | Hints from Proton Stability

1,2

3

Because these charges are non-trivial multiples of the fun-
damental unit of U(1)X charge, there remains an unbro-
ken discrete subgroup � ⇢ U(1)X acting on matter in
the IR, which in our case remarkably protects baryon
number. Such a discrete gauge symmetry imposes IR se-
lection rules that are exact, holding to all orders in the
EFT expansion.

Here we determine the remnant symmetry � in our
model and some of its striking consequences. The group
� is isomorphic to the cyclic group Zk, where3

k =gcd
�
[�e⌧ ]X , [�µ]X

�

=gcd
�
6m� 2n, 6m+ n

�
= gcd

�
3n, 6m+ n

�
.

(6)

The � ⇠= Zk charge of the �B = 1 inducing diquark
operator qS⇤

q, for any quark and leptoquark fields, is

[qS⇤
q]� ⌘ �2n (mod k) . (7)

This diquark operator is invariant under � i↵ [qS⇤
q]X 2

kZ, or, equivalently,

k = gcd([qS⇤
q]X , k) = gcd(3n, 6m+ n,�2n)

= gcd(n, 6m).
(8)

If n /2 3Z, (8) is automatically satisfied. Thus, for models
with n /2 3Z, diquark operators are not banned by �-
invariance in the IR and, so, are expected to arise at
some order in the EFT expansion.

Continuing, we henceforth restrict to n 2 3Z. Writing
n = 3n0, our formula (6) for k reduces to

k = 3gcd
�
3n0

, 2(m� n
0)
�
. (9)

We distinguish two further subcases. For ‘subcase A’,
consider m 6⌘ n

0 (mod 3), gcd(3, n0
� m) = 1. Then

(9) yields k = 3gcd(n0
, 2m) = gcd(n, 6m), satisfying

condition (8) for �-invariance of the diquark operators.
For ‘subcase B’, we have m ⌘ n

0 (mod 3). Defining
r := m (mod 3), clearly r = 0 is inconsistent with the
assumption gcd(m, n) = 1, so we have r 2 {1, 2}. We
parametrize m = 3a + r and n

0 = 3b + r for integers a

and b. One finds

k = 9gcd
�
3b+ r, 2(a� b)

�
⌘ 0 (mod 9) . (10)

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

gcd
�
n, 6m

�
= 3gcd

�
3b+ r, 6a+ 2r

�
6⌘ 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 �

3
Here and throughout, we use the notation [A]G to denote the

charge of A under an Abelian symmetryG (with ‘X’ abbreviating

‘U(1)X ’ in this context).

b+ r (mod 2) � ` q S qS` qS
⇤
q

0 Z18 9(b� a) 3a+ r 6a+ 8r 0 12r
1 Z9 0 3a+ r 6a+ 8r 0 3r

TABLE II. Charges under the remnant discrete symmetry
�. Here q and ` refers to any of the quark and lepton fields,
respectively, and S refers to either S1 or S3. The parameter
r 2 {1, 2}, while a and b can be any integers satisfying the
second line of (12).

gauge invariance only for the subset of U(1)X models
defined in (2) parametrized by

(m, n) =
�
3a+ r, 9b+ 3r

�
, for r 2 {1, 2},

(a, b) 2 Z2
, and gcd

�
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 mod-

els (12). We emphasize that, since �e⌧ and �µ are �-
singlets, no number of scalar insertions in the EFT can
make a �-invariant diquark operator. 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.
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 de-
termine the remnant symmetry � explicitly. Substituting
the ‘uniqueness condition’ gcd(m, n) = 1 into (10), we
find that

k = 9gcd
�
2, b+ r

�
. (13)

We conclude that

� ⇠=

⇢Z9, for b+ r 2 2Z+ 1

Z18, for b+ r 2 2Z
. (14)

We record the charges of the lepton, quark, and lep-
toquark fields, as well as the leptoquark and diquark
operators, in Table II. The � 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 � gauge symmetry remains exact at all energies,4

and, so, if the � charges were flavour-dependent, one
could not realise the complete PMNS matrix.

4
The Z9(18) symmetry is not broken by electroweak symmetry

breaking or QCD condensation and persists to the deep IR.

ei 2π
k [ϕi] ϕi = ϕi

k = gcd([ϕ1], [ϕ2])

The scalars are  singlets Zk

• Consider charges:

k = 9 gcd(n,2)• For these charges

⟨ϕ1,2⟩ ≠ 0



The model
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Davighi, AG, Thomsen; 2202.05275

Discrete unbroken gauge symmetry in the deep IR

Exact selection rule in the 
SMEFT: 

(qqq)(qqq)(qqq)-singlet: Z9

ΔB = 0 (mod 3)⟹
Proton decay

Neutron-antineutron oscillations

à la sphaleron

Admir Greljo | Hints from Proton Stability

ϕNN

gcd(m,9) = 1

https://arxiv.org/abs/2202.05275


The phenomenology
Figures by @Xavi
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Neutrino masses
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The seesaw formula

Yν ∼ Mν ∼ +

(the -minor )p = 0Tree-level prediction:  
Loop corrections small

mij
ν → ei(θi+θj)mij

ν

⟹

AG, Ponce Diaz, Thomsen; wip* -specifice

+ permutations

1



Neutrino masses
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⟹ 0
• Triangle in the complex plane!

• Triangle inequality  a lower limit on the lightest ⟹ m̂i

The seesaw formula

Yν ∼ Mν ∼ +

(the -minor )p = 0Tree-level prediction:  
Loop corrections small

mij
ν → ei(θi+θj)mij

ν

⟹

AG, Ponce Diaz, Thomsen; wip* -specifice

+ permutations

1



Neutrino masses
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• (Triangle equations) Only three out of six scenarios are consistent: 
    - -specific IO 
    - -specific NO 
    - -specific NO

• Majorana phases predicted from the Dirac phase and the lightest mass

e
μ
τ

19

0

* -specifice

m̂1

m̂2

m̂3 IO
m̂1
m̂2

m̂3

NO

1



Neutrino masses
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preliminary

1



Neutrino masses
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• Future strategy:  
 Measure the Dirac phase 
 Predict the  as a function of 

⟹
⟹ 0νββ mν

preliminary

AG, Ponce Diaz, Thomsen; wip

1



Minimal thermal leptogenesis
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• Assuming   
a dynamical mechanism for the minimal scenario

y ∼ g ∼ λ ⟹

⟨ϕ1⟩ ≪ ⟨ϕ2⟩ ⟹ MN1
≪ MN2,3

⟨ϕ2⟩Z′￼, N2,3, ρ1,2

N1
⟨ϕ1⟩2

⟨ϕ2⟩

UV

22

Mν ∼ ⟨ϕ2⟩ +⟨ϕ1⟩

Treh > MN1
≳ 1010 GeV

Davidson&Ibarra

MNi
≲ 1015 GeV

Seesaw, perturbativity

But, the seesaw formula needs Y11
ν ∼ ⟨ϕ1⟩/⟨ϕ2⟩ ∼ 10−(1−3)

2



Minimal thermal leptogenesis
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• The  interactions decouple: 
the out-of-equilibrium  decays 

Z′￼

N1 Γ < H |T=MN1

23

• Sphalerons are active ΔB = ΔL = 0 (mod 3)

MZ′￼≳ 102MN1

• Assuming   
a dynamical mechanism for the minimal scenario

y ∼ g ∼ λ ⟹

⟨ϕ1⟩ ≪ ⟨ϕ2⟩ ⟹ MN1
≪ MN2,3

⟨ϕ2⟩Z′￼, N2,3, ρ1,2

N1
⟨ϕ1⟩2

⟨ϕ2⟩

UV

Mν ∼ ⟨ϕ2⟩ +⟨ϕ1⟩

But, the seesaw formula needs Y11
ν ∼ ⟨ϕ1⟩/⟨ϕ2⟩ ∼ 10−(1−3)

Treh > MN1
≳ 1010 GeV

Davidson&Ibarra

MNi
≲ 1015 GeV

Seesaw, perturbativity

2
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Minimal thermal leptogenesis
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• The numerical scan of the UV parameters  
(only the points that fit neutrino masses and mixings)

AG, Ponce Diaz, Thomsen; wip

preliminary
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Dark Matter
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Two SSB scalars
A massive gauge boson Z′￼

+ a Goldstone boson(required by the PMNS)

25

A drawback or 
an advantage?

3
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Two SSB scalars
A massive gauge boson Z′￼

+ a Goldstone boson(required by the PMNS)

A tiny mass induced by gravity!

ℒ ∼
mν

⟨ϕ1⟩
aνν

Highly suppressed couplings!

⟹
1. Lifetime  Age of the Universe≫

Majoron 
Dark Matter 2. The correct relic abundance 

only for a high-scale breaking ⟨ϕ1⟩

26

A drawback or 
an advantage?

3
Babu, Rothstein, Seckel ’93

Dark Matter



DM relic abundance
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AG, Ponce Diaz, Thomsen; wip

• The misalignment mechanism: the correct relic abundance consistent with leptogenesis!

• Thermalization:   dark radiation ma ≲ eV ⟹ ΔNeff = 0.027
27

[CMB-S4 sensitivity 0.0156]

Treh ≳ ⟨ϕ2⟩ (post-inflation)

3

(m, n) = (16,3)

(m, n) = (−11,3)

(m, n) = (−8,3)
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DM relic abundance
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⟨ϕ2⟩ ≫ Treh > ⟨ϕ1⟩

• Majoron is not thermalised
 Relic abundance: Freeze-in  + the misalignment⟹ N1N1 → aa

28

Extends to higher masses: 
Telescope searches!

(pre-inflation)

3

(m, n) = (−8, − 15)



DM searches
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293
(m, n) = (−11,3)



 pheno richness
model simplicity

≫ 1

Summary

30

Proton stability linked to 
lepton flavor non-universality

Admir Greljo | Hints from Proton Stability

Where to look? 
- neutrino masses and mixings, 
- -ray telescopes, , GWs?  
- no proton decay :)

γ & X ΔNeff

coherently addressed for 
⟨ϕ1⟩ ∼ 1010−14 GeV DM

mν & UPMNS BAU

Empirical Evidence for BSM



Thank you
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Alhambra of Granada

Admir Greljo | BSM models for flavor puzzleAdmir Greljo | Hints from Proton Stability

https://physik.unibas.ch/en/persons/admir-greljo/
mailto:admir.greljo@unibas.ch
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DM relic abundance
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⟨ϕ2⟩ ≫ Treh > ⟨ϕ1⟩

32

(pre-inflation)

3



Topological defects
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• A post-inflationary scenario generates topological defects: strings and domain walls

• Restrictions on the  charges to get rid of the domain walls

• Network decaying for 

• Gravitational waves from a metastable string-domain wall network?

[ϕi]
NW = 1

⟨ϕ2⟩ ≫ ⟨ϕ1⟩

local string global string

domain walls



Numerical scan

Admir Greljo | Hints from Proton Stability

34

• The numerical scan of the UV parameters  
(only the points that fit neutrino masses and mixings)



Triangle equations

Admir Greljo | Hints from Proton Stability
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• For three  cases, respectively:p = {τ, e, μ}

• The EW running of the Weinberg operator from M2,3 → M1

• Numerical estimate



Deeper into the UV: Unification
4

a. Exact proton stability — The protection of
baryon number by � goes beyond just banning the di-
quark operators. Viewed from the low-energy EFT with
only SM fields (the SMEFT), quarks are the only fields
that carry charge mod 9 under �. In fact, because [q]�
is never divisible by 3, it is at least order 9 in �. It
immediately follows that

�B = 0 (mod 3) (15)

to all orders in the SMEFT. As a result, baryon number–
violating decays of the proton, the lightest baryon, are
kinematically forbidden and complete stability of the pro-
ton is guaranteed.

Other baryon number–violating processes are in prin-
ciple possible through �B = 3 operators, somewhat rem-
iniscent of sphalerons. However, these processes require
e↵ective operators with nine quarks and at least one lep-
ton, 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 à la Pati-Salam [80–95] interpreted as
EFTs [96]. The protection in our model is guaranteed
by the remnant discrete gauge symmetry in the IR. Cru-
cially, it is insensitive to whatever physics might be lurk-
ing at higher energy scales.

b. Accidental lepton flavor conservation — The
muon selection rule, unlike protection of baryon num-
ber, is not enshrined by �-invariance in the IR. In par-
ticular, the leptoquark operators qS`i are �-invariant,
despite not being U(1)X -invariant, for all three lepton
flavours. This suggests that higher-order operators cou-
pling the leptoquarks to electrons and taus are allowed in
the U(1)X -invariant e↵ective theory, which could come
from even heavier dynamics integrated out at a scale
⇤ > vX . Rather, after the breaking of U(1)X ! �, muon
number remains as an accidental, and thus approximate,
symmetry in the IR.

Sure enough, both leptoquarks have dimension-6 cou-
plings to the other lepton families: schematically,
1
⇤2�e⌧�

⇤
µ qS1/3`1,3 and

1
⇤2�e⌧�

⇤
µ uS1e1,3. Moreover, there

are dimension-6 corrections of the form 1
⇤2��

¯̀
iHej to the

charged lepton Yukawa matrix, populating the four ze-
roes in (4). For example, µ ! e�, mediated by the S1

exchange, is related to the (g�2)µ anomaly by a factor of
✏
2
X where ✏X := vX/⇤. The stringent experimental limit
on BR(µ ! e�) [97] requires ✏X . 10�2 or so [98, 99],
meaning that a modest scale separation is su�cient to
suppress LFV processes to a level compatible with cur-
rent bounds. Conversely, it is possible to introduce the
next layer of NP safely below the Planck scale even if
we take vX ⇠ 1011TeV to naturally accommodate light
neutrinos in a seesaw with order-1 couplings.

c. Dark Matter — The discrete gauge symmetry �
can be used to stabilise WIMP dark matter [100–107].
To make the dark matter, �, stable, its charge should be
such that all operators involving one � field and arbitrary

SU(12) ! SU(2)L ! SU(2)R
UV

IR

SU(9) ! SU(2)L ! SU(2)R ! U(1)B" L ! SU(3)!

SU(3) ! SU(2)L ! U(1)Y ! # 9(18)

SU(3) ! SU(2)L ! U(1)Y ! U(1)X

Muoquarks

Right-handed neutrinosvX

TeV

FIG. 1. Tentative gaugeÐßavour uniÞcation scenario. See
Section IV for details.

other light fields should be forbidden. Since all colour-
singlet operators have � charge equal to 0 (mod 3), the
DM is automatically stabilized if [�]� 6= 0 (mod 3)—for
example, if [�]� = 1, coming from (say) the minimal unit
of U(1)X charge in the UV model.

IV. DEEPER INTO THE UV: UNIFICATION

To conclude, we tentatively discuss how the GSM ⇥

U(1)X muoquark modelcould be embedded inside a uni-
fied semi-simple gauge theory deeper in the UV. The
starting point is to realise that U(1)Y ⇥ U(1)X can
be embedded inside SU(2)R ⇥ U(1)B�L ⇥ U(1)Z , where
Z = X�3m(B�L). U(1)Z can in turn be embedded in-
side an SU(3)lepton flavour symmetry that acts on lepton
families, which we promote to a gauge symmetry. One
can also unify SU(3)c with an SU(3)quark flavour symme-
try acting on the quarks into an SU(9)quark colour-flavour
unified gauge symmetry. At this point, the gauge sym-
metry is SU(9)quark ⇥ SU(3)lepton ⇥ SU(2)L ⇥ SU(2)R ⇥

U(1)B�L. This can be embedded inside the semi-simple
gauge group

GCF := SU(12)⇥ SU(2)L ⇥ SU(2)R , (16)

which was identified in [108] and discussed in [109].
The group GCF can be viewed as an extension of the

Pati–Salam gauge group [110], whereby colour and fam-
ily quantum numbers are unified. Remarkably, all three
families of SM+3⌫R fermions are packaged into two UV
fermion fields,  L ⇠ (12, 2, 1) and  R ⇠ (12, 1, 2). The
muoquarks descend from scalars transforming in the rep-
resentations (78, 3, 1) and (66, 1, 1) of the unified gauge
group, while the scalar fields �e⌧,µ responsible for Majo-
rana neutrino masses and for breaking U(1)X ! � 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

Tentative gauge–flavour unification scenario. 
36

J. Davighi, A. Greljo and A.E. Thomsen Physics Letters B 833 (2022) 137310

Fig. 1. Tentative gaugeÐßavour uniÞcation scenario. See Section 4 for details.

are ! -invariant,  despite  not  being U(1)X-invariant,  for  all  three  
lepton  ßavours. 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 "  > v X. Rather, after  the break-
ing of U(1)X ! ! , 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,  1

" 2 #e$#"
µ qS1/ 3%1,3 and 

1
" 2 #e$#"

µ uS1e1,3. Moreover,  there  are dimension-6  corrections  of 
the form  1

" 2 ## ø%i Hej 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  µ  ! e&
is mediated  by the leptoquark  exchange. In the case of the S1 lep-
toquark,  this  contribution  to µ  ! e& is related  to its  contribution  
to the (g # 2)µ anomaly  by a factor  of ' 2

X where  ' X := v X/ " . 
The stringent  experimental  limit  on BR(µ  ! e&) [98] requires  
' X ! 10# 2 or so [99,100], meaning  that  a modest  scale separa-
tion  is su! cient  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 
v X $ 1011 TeV to naturally  accommodate  light  neutrinos  in  a see-
saw with  order-1  couplings.

c. Dark matter Ñ The discrete  gauge symmetry  ! can be used 
to stabilise  the WIMP dark  matter [ 101Ð108]. To name one exam-
ple, a dark  matter  candidate  could  be a scalar ( thermalised  via 
the Higgs portal  interaction  |H|2|( |2. To make the dark  matter,  ( , 
stable, its  U(1)X charge should  be such that  all  operators  involving  
one ( Þeld and arbitrary  other  light  Þelds should  be forbidden.  
Since all  colour-singlet  operators  have ! charge equal to 0 (mod  
3), the DM is automatically  stabilized  if  [( ]! %= 0 (mod 3 )Ñfor  ex-
ample, if  [( ]! = 1, coming  from  (say) the minimal  unit  of U(1)X

charge in  the UV model.

d. Matter  asymmetry Ñ The scale of the right-handed  neutri-
nos can allow  for  the usual high-scale  leptogenesis  scenario [ 109Ð
111]. The global  U(1)B+ L is anomalous  allowing  for  the e! cient  
sphalerons  processes to take place.

4. Deeper  into  the  UV: uniÞcation

To conclude, we tentatively  discuss how  the GSM & U(1)X muo-
quark  model,  which  gives rise to both  LFUV and exactly  stable 
protons  in  the IR, could  be embedded  inside  a uniÞed  semi-simple  
gauge theory  deeper in  the UV (see Fig. 1 for  a tentative  gaugeÐ
ßavour  uniÞcation  scenario). The starting  point  is to realise that  
U(1)Y & U(1)X can be embedded  inside  SU(2)R & U(1)B# L & U(1)Z, 
where  Z = X # 3m(B # L). U(1)Z can in  turn  be embedded  in-
side an SU(3)lepton ßavour  symmetry  that  acts on lepton  fami-
lies, which  we promote  to a gauge symmetry.  One can also unify  

SU(3)c with  an SU(3)quark ßavour  symmetry  acting  on the quarks 
into  an SU(9)quark colour-ßavour  uniÞed  gauge symmetry.  At this  
point,  the gauge symmetry  is SU(9)quark & SU(3)lepton & SU(2)L &
SU(2)R & U(1)B# L. This can be embedded  inside  the semi-simple  
gauge group

GCF:= SU(12) & SU(2)L & SU(2)R , (16)

which  was identiÞed  in [ 112] and  discussed in [ 113].
The group  GCF can be viewed  as an extension  of the PatiÐSalam 

gauge group [ 114], whereby  colour  and family  quantum  numbers  
are uniÞed. Remarkably,  all  three  families  of SM+3) R fermions  are 
packaged into  two  UV fermion  Þelds, * L $ (12, 2, 1) and * R $
(12, 1, 2). The muoquarks  descend from  scalars transforming  in  
the representations  (78, 3, 1) and (66, 1, 1) of the uniÞed  gauge 
group,  while  the scalar Þelds #e$,µ responsible  for  Majorana  neu-

trino  masses and for  breaking  U(1)X ! ! 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  ßavour  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 uniÞed  gauge 
theory  for  future  work.

In this  work,  we sketched a complete  story  for  lepton-ßavoured  
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 Þrst 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 
ßavour-dependent  supersymmetric  extensions  were  recently  clas-
siÞed 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-ßavoured
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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tion  is su! cient  to suppress LFV processes to a level  compatible  
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