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Muons again?

4.2σ

= 4.3 σ (conservative) global significance
[Isidori, Lancierini, Owen, Serra, 2104.05631]

b → sμ+μ−

3.1σ RK
LHCb, CERN, 
2103.11769
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• Extend the SM gauge group with the lepton flavour non-universal . 
 
 
 

• Natural framework for LFUV without LFV. Connection with B-anomalies.

U(1)X

Gauged lepton flavor

e μ τGauged U(1)X
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The accidental symmetry of  is 
 and 

the LQ charge is 

ℒ(4)

U(1)B × U(1)e × U(1)μ × U(1)τ
( −1/3, 0, −1, 0 )

⟹

Chiral anomaly-free muoquark models are 
classified in (backup): 
AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518



• Charges

A class of  modelsU(1)X
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final section, we sketch a successful quark-lepton unifica-
tion model that embeds our toy muquark model inside
a semi-simple gauge theory, to gain better insights and
pave the way towards the ultraviolet.

II. THE UV MODEL

Introducing scalar leptoquarks S3/1 with gauge quan-
tum numbers (3̄,3/1)1/3 under GSM := SU(3)c ⇥

SU(2)L ⇥U(1)Y and interactions

L � �
ij
3 q

c
iS3`j + �

ij
L q

c
iS1`j + �

ij
Ru

c
iS1ej + H.c. (1)

provides a well-known simplified model for the flavour
anomalies [55–68]. Either leptoquark might be there to
address a subset of data: only the weak triplet (singlet)
is needed for the b ! s`

+
`
� (�aµ) anomalies. However,

since the two indicated mass scales and the flavour struc-
tures of the couplings are compatible, it is appealing to
consider both states together.

For our lepton-flavoured U(1)X , we start by consid-
ering the most general class of anomaly-free, quark-
universal, vector-like2 U(1) extensions of the SM gauge
group [69–71] that i) are consistent with the ‘muoquark
conditions’ of [48]; ii) restrict to the case where two lep-
ton charges coincide, which allows for a dense neutrino
Majorana mass matrix using only one or two U(1)X -
breaking scalars; and iii) do not require additional chiral
fermions beyond the SM + 3⌫R. Up to normalisation,
this class is parametrized by two coprime integers m and
n 6= 0:

X = 3m(B � L)� n (2Lµ � Le � L⌧ ) , gcd(m,n) = 1.
(2)

The model of [47] is equivalent to the case (m,n) = (1, 3),
ergo X / B � 3Lµ. In addition to the U(1)X gauge
field Xµ, we introduce two SM singlet �e⌧ and �µ with
U(1)X charges, which acquire vacuum expectation values
(VEVs) at a high scale. Both the SM fields and S1/3 are
charged under U(1)X .

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

�
ij
3 = ↵

i
3�

j2
, �

ij
L,R = ↵

i
L,R�

j2
. (3)

The vectors ↵i
3,L,R that encode their couplings to quarks

are, however, arbitrary in quark flavour space. Follow-
ing [47], it is natural for ↵

i
3,L,R to be consistent with

the approximate U(2)q ⇥ U(2)u ⇥ U(2)d flavour symme-
try observed in the quark Yukawa interactions with the
Higgs [74] (see also [75]). A global flavour fit [47] shows

2
It is convenient to restrict to vector-like lepton charges to ensure

that renormalisable Yukawa couplings are permitted for all three

charged leptons.

Fields U(1)X
Quarks qi, ui, di m

Electrons and taus `1,3, e1,3, ⌫1,3 n� 3m

Muons `2, e2, ⌫2 �2n� 3m

Higgs H 0

Leptoquarks S3, S1 2m+ 2n

Scalars �e⌧ 6m� 2n
�µ 6m+ n

TABLE I. Field content of the charged leptoquark model.

plenty of parameter space to fit both sets of anoma-
lies simultaneously, consistent with complementary di-
rect searches at the LHC. Moreover, the minimal set of
couplings can be consistently extrapolated 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 texture

Ye ⇠

0

@
⇥ 0 ⇥

0 ⇥ 0
⇥ 0 ⇥

1

A . (4)

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
S3/1 leptoquarks remain coupled only to muons in the
lepton mass basis as per (3).
The neutrinos have a Yukawa coupling matrix Y⌫ with

a similar structure to (4), which gives mass contribu-
tions set by the electroweak scale v. However, by design
�e⌧ and �µ act as Majorons: Majorana mass terms for
the right-handed neutrinos are generated by the U(1)X -
breaking VEVs of �e⌧ and �µ, both assumed to be of
order vX , through their Yukawa interactions

L � ⌫̄
i c
R ⌫

j
R(⇠

ij
e⌧�e⌧ + ⇠

ij
µ �µ) =)

M⌫

vX
⇠

0

@
⇥ ⇥ ⇥

⇥ 0 ⇥

⇥ ⇥ ⇥

1

A .

(5)
This 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 D

R
1 [79] by setting

some entries to zero. In the special case (m, n) = (1, 3),
i.e. X / B � 3Lµ, studied in Ref. [47], the scalar �e⌧

decouples and four of the entries in M
R
⌫ are populated by

bare mass terms, whose dimensionful coe�cients have to
coincide with the scale vX to fit the data well. Similarly,
for (m, n) = (1, �6), corresponding to X / B + 3Lµ �

3Le � 3L⌧ , the �µ scalar decouples.

III. THE IR: DISCRETE GAUGE SYMMETRY

The U(1)X gauge symmetry is broken by the VEVs
of �e⌧ and �µ, whose charges are uniquely fixed so as
to produce a dense neutrino Majorana mass matrix (5).

Davighi, AG, Thomsen; 2202.05275

AG, Stangl, Thomsen; 2103.13991
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This 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 D

R
1 [79] by setting

some entries to zero. In the special case (m, n) = (1, 3),
i.e. X / B � 3Lµ, studied in Ref. [47], the scalar �e⌧

decouples and four of the entries in M
R
⌫ are populated by

bare mass terms, whose dimensionful coe�cients have to
coincide with the scale vX to fit the data well. Similarly,
for (m, n) = (1, �6), corresponding to X / B + 3Lµ �

3Le � 3L⌧ , the �µ scalar decouples.

III. THE IR: DISCRETE GAUGE SYMMETRY

The U(1)X gauge symmetry is broken by the VEVs
of �e⌧ and �µ, whose charges are uniquely fixed so as
to produce a dense neutrino Majorana mass matrix (5).

2

final section, we sketch a successful quark-lepton unifica-
tion model that embeds our toy muquark model inside
a semi-simple gauge theory, to gain better insights and
pave the way towards the ultraviolet.

II. THE UV MODEL

Introducing scalar leptoquarks S3/1 with gauge quan-
tum numbers (3̄,3/1)1/3 under GSM := SU(3)c ⇥

SU(2)L ⇥U(1)Y and interactions

L � �
ij
3 q

c
iS3`j + �

ij
L q

c
iS1`j + �

ij
Ru

c
iS1ej + H.c. (1)

provides a well-known simplified model for the flavour
anomalies [55–68]. Either leptoquark might be there to
address a subset of data: only the weak triplet (singlet)
is needed for the b ! s`

+
`
� (�aµ) anomalies. However,

since the two indicated mass scales and the flavour struc-
tures of the couplings are compatible, it is appealing to
consider both states together.

For our lepton-flavoured U(1)X , we start by consid-
ering the most general class of anomaly-free, quark-
universal, vector-like2 U(1) extensions of the SM gauge
group [69–71] that i) are consistent with the ‘muoquark
conditions’ of [48]; ii) restrict to the case where two lep-
ton charges coincide, which allows for a dense neutrino
Majorana mass matrix using only one or two U(1)X -
breaking scalars; and iii) do not require additional chiral
fermions beyond the SM + 3⌫R. Up to normalisation,
this class is parametrized by two coprime integers m and
n 6= 0:

X = 3m(B � L)� n (2Lµ � Le � L⌧ ) , gcd(m,n) = 1.
(2)

The model of [47] is equivalent to the case (m,n) = (1, 3),
ergo X / B � 3Lµ. In addition to the U(1)X gauge
field Xµ, we introduce two SM singlet �e⌧ and �µ with
U(1)X charges, which acquire vacuum expectation values
(VEVs) at a high scale. Both the SM fields and S1/3 are
charged under U(1)X .

At the renormalisable level, such muoquarks furnish
examples of new physics models in which quark flavour
violation is linear [72] (thus rank-one [73]),
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3�

j2
, �

ij
L,R = ↵

i
L,R�

j2
. (3)

The vectors ↵i
3,L,R that encode their couplings to quarks

are, however, arbitrary in quark flavour space. Follow-
ing [47], it is natural for ↵

i
3,L,R to be consistent with

the approximate U(2)q ⇥ U(2)u ⇥ U(2)d flavour symme-
try observed in the quark Yukawa interactions with the
Higgs [74] (see also [75]). A global flavour fit [47] shows

2
It is convenient to restrict to vector-like lepton charges to ensure

that renormalisable Yukawa couplings are permitted for all three

charged leptons.

Fields U(1)X
Quarks qi, ui, di m

Electrons and taus `1,3, e1,3, ⌫1,3 n� 3m

Muons `2, e2, ⌫2 �2n� 3m

Higgs H 0

Leptoquarks S3, S1 2m+ 2n

Scalars �e⌧ 6m� 2n
�µ 6m+ n

TABLE I. Field content of the charged leptoquark model.

plenty of parameter space to fit both sets of anoma-
lies simultaneously, consistent with complementary di-
rect searches at the LHC. Moreover, the minimal set of
couplings can be consistently extrapolated 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 texture
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0 ⇥ 0
⇥ 0 ⇥

1

A . (4)

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
S3/1 leptoquarks remain coupled only to muons in the
lepton mass basis as per (3).
The neutrinos have a Yukawa coupling matrix Y⌫ with

a similar structure to (4), which gives mass contribu-
tions set by the electroweak scale v. However, by design
�e⌧ and �µ act as Majorons: Majorana mass terms for
the right-handed neutrinos are generated by the U(1)X -
breaking VEVs of �e⌧ and �µ, both assumed to be of
order vX , through their Yukawa interactions
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i c
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(5)
This 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 D

R
1 [79] by setting

some entries to zero. In the special case (m, n) = (1, 3),
i.e. X / B � 3Lµ, studied in Ref. [47], the scalar �e⌧

decouples and four of the entries in M
R
⌫ are populated by

bare mass terms, whose dimensionful coe�cients have to
coincide with the scale vX to fit the data well. Similarly,
for (m, n) = (1, �6), corresponding to X / B + 3Lµ �

3Le � 3L⌧ , the �µ scalar decouples.

III. THE IR: DISCRETE GAUGE SYMMETRY

The U(1)X gauge symmetry is broken by the VEVs
of �e⌧ and �µ, whose charges are uniquely fixed so as
to produce a dense neutrino Majorana mass matrix (5).
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final section, we sketch a successful quark-lepton unifica-
tion model that embeds our toy muquark model inside
a semi-simple gauge theory, to gain better insights and
pave the way towards the ultraviolet.

II. THE UV MODEL

Introducing scalar leptoquarks S3/1 with gauge quan-
tum numbers (3̄,3/1)1/3 under GSM := SU(3)c ⇥

SU(2)L ⇥U(1)Y and interactions
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3 q

c
iS3`j + �
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iS1`j + �
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iS1ej + H.c. (1)

provides a well-known simplified model for the flavour
anomalies [55–68]. Either leptoquark might be there to
address a subset of data: only the weak triplet (singlet)
is needed for the b ! s`

+
`
� (�aµ) anomalies. However,

since the two indicated mass scales and the flavour struc-
tures of the couplings are compatible, it is appealing to
consider both states together.

For our lepton-flavoured U(1)X , we start by consid-
ering the most general class of anomaly-free, quark-
universal, vector-like2 U(1) extensions of the SM gauge
group [69–71] that i) are consistent with the ‘muoquark
conditions’ of [48]; ii) restrict to the case where two lep-
ton charges coincide, which allows for a dense neutrino
Majorana mass matrix using only one or two U(1)X -
breaking scalars; and iii) do not require additional chiral
fermions beyond the SM + 3⌫R. Up to normalisation,
this class is parametrized by two coprime integers m and
n 6= 0:

X = 3m(B � L)� n (2Lµ � Le � L⌧ ) , gcd(m,n) = 1.
(2)

The model of [47] is equivalent to the case (m,n) = (1, 3),
ergo X / B � 3Lµ. In addition to the U(1)X gauge
field Xµ, we introduce two SM singlet �e⌧ and �µ with
U(1)X charges, which acquire vacuum expectation values
(VEVs) at a high scale. Both the SM fields and S1/3 are
charged under U(1)X .

At the renormalisable level, such muoquarks furnish
examples of new physics models in which quark flavour
violation is linear [72] (thus rank-one [73]),
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. (3)

The vectors ↵i
3,L,R that encode their couplings to quarks

are, however, arbitrary in quark flavour space. Follow-
ing [47], it is natural for ↵

i
3,L,R to be consistent with

the approximate U(2)q ⇥ U(2)u ⇥ U(2)d flavour symme-
try observed in the quark Yukawa interactions with the
Higgs [74] (see also [75]). A global flavour fit [47] shows

2
It is convenient to restrict to vector-like lepton charges to ensure

that renormalisable Yukawa couplings are permitted for all three

charged leptons.

Fields U(1)X
Quarks qi, ui, di m

Electrons and taus `1,3, e1,3, ⌫1,3 n� 3m

Muons `2, e2, ⌫2 �2n� 3m

Higgs H 0

Leptoquarks S3, S1 2m+ 2n

Scalars �e⌧ 6m� 2n
�µ 6m+ n

TABLE I. Field content of the charged leptoquark model.

plenty of parameter space to fit both sets of anoma-
lies simultaneously, consistent with complementary di-
rect searches at the LHC. Moreover, the minimal set of
couplings can be consistently extrapolated 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 texture

Ye ⇠

0

@
⇥ 0 ⇥

0 ⇥ 0
⇥ 0 ⇥

1

A . (4)

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
S3/1 leptoquarks remain coupled only to muons in the
lepton mass basis as per (3).
The neutrinos have a Yukawa coupling matrix Y⌫ with

a similar structure to (4), which gives mass contribu-
tions set by the electroweak scale v. However, by design
�e⌧ and �µ act as Majorons: Majorana mass terms for
the right-handed neutrinos are generated by the U(1)X -
breaking VEVs of �e⌧ and �µ, both assumed to be of
order vX , through their Yukawa interactions

L � ⌫̄
i c
R ⌫

j
R(⇠

ij
e⌧�e⌧ + ⇠

ij
µ �µ) =)

M⌫

vX
⇠

0

@
⇥ ⇥ ⇥

⇥ 0 ⇥

⇥ ⇥ ⇥

1

A .

(5)
This 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 D

R
1 [79] by setting

some entries to zero. In the special case (m, n) = (1, 3),
i.e. X / B � 3Lµ, studied in Ref. [47], the scalar �e⌧

decouples and four of the entries in M
R
⌫ are populated by

bare mass terms, whose dimensionful coe�cients have to
coincide with the scale vX to fit the data well. Similarly,
for (m, n) = (1, �6), corresponding to X / B + 3Lµ �

3Le � 3L⌧ , the �µ scalar decouples.

III. THE IR: DISCRETE GAUGE SYMMETRY

The U(1)X gauge symmetry is broken by the VEVs
of �e⌧ and �µ, whose charges are uniquely fixed so as
to produce a dense neutrino Majorana mass matrix (5).
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anomalies [55–68]. Either leptoquark might be there to
address a subset of data: only the weak triplet (singlet)
is needed for the b ! s`

+
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� (�aµ) anomalies. However,

since the two indicated mass scales and the flavour struc-
tures of the couplings are compatible, it is appealing to
consider both states together.

For our lepton-flavoured U(1)X , we start by consid-
ering the most general class of anomaly-free, quark-
universal, vector-like2 U(1) extensions of the SM gauge
group [69–71] that i) are consistent with the ‘muoquark
conditions’ of [48]; ii) restrict to the case where two lep-
ton charges coincide, which allows for a dense neutrino
Majorana mass matrix using only one or two U(1)X -
breaking scalars; and iii) do not require additional chiral
fermions beyond the SM + 3⌫R. Up to normalisation,
this class is parametrized by two coprime integers m and
n 6= 0:

X = 3m(B � L)� n (2Lµ � Le � L⌧ ) , gcd(m,n) = 1.
(2)

The model of [47] is equivalent to the case (m,n) = (1, 3),
ergo X / B � 3Lµ. In addition to the U(1)X gauge
field Xµ, we introduce two SM singlet �e⌧ and �µ with
U(1)X charges, which acquire vacuum expectation values
(VEVs) at a high scale. Both the SM fields and S1/3 are
charged under U(1)X .

At the renormalisable level, such muoquarks furnish
examples of new physics models in which quark flavour
violation is linear [72] (thus rank-one [73]),
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are, however, arbitrary in quark flavour space. Follow-
ing [47], it is natural for ↵
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3,L,R to be consistent with

the approximate U(2)q ⇥ U(2)u ⇥ U(2)d flavour symme-
try observed in the quark Yukawa interactions with the
Higgs [74] (see also [75]). A global flavour fit [47] shows
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It is convenient to restrict to vector-like lepton charges to ensure

that renormalisable Yukawa couplings are permitted for all three

charged leptons.

Fields U(1)X
Quarks qi, ui, di m

Electrons and taus `1,3, e1,3, ⌫1,3 n� 3m

Muons `2, e2, ⌫2 �2n� 3m

Higgs H 0

Leptoquarks S3, S1 2m+ 2n
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�µ 6m+ n

TABLE I. Field content of the charged leptoquark model.

plenty of parameter space to fit both sets of anoma-
lies simultaneously, consistent with complementary di-
rect searches at the LHC. Moreover, the minimal set of
couplings can be consistently extrapolated 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 texture
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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
S3/1 leptoquarks remain coupled only to muons in the
lepton mass basis as per (3).
The neutrinos have a Yukawa coupling matrix Y⌫ with

a similar structure to (4), which gives mass contribu-
tions set by the electroweak scale v. However, by design
�e⌧ and �µ act as Majorons: Majorana mass terms for
the right-handed neutrinos are generated by the U(1)X -
breaking VEVs of �e⌧ and �µ, both assumed to be of
order vX , through their Yukawa interactions
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This 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 D
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1 [79] by setting

some entries to zero. In the special case (m, n) = (1, 3),
i.e. X / B � 3Lµ, studied in Ref. [47], the scalar �e⌧

decouples and four of the entries in M
R
⌫ are populated by

bare mass terms, whose dimensionful coe�cients have to
coincide with the scale vX to fit the data well. Similarly,
for (m, n) = (1, �6), corresponding to X / B + 3Lµ �

3Le � 3L⌧ , the �µ scalar decouples.

III. THE IR: DISCRETE GAUGE SYMMETRY

The U(1)X gauge symmetry is broken by the VEVs
of �e⌧ and �µ, whose charges are uniquely fixed so as
to produce a dense neutrino Majorana mass matrix (5).
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tum numbers (3̄,3/1)1/3 under GSM := SU(3)c ⇥

SU(2)L ⇥U(1)Y and interactions

L � �
ij
3 q

c
iS3`j + �

ij
L q

c
iS1`j + �

ij
Ru

c
iS1ej + H.c. (1)

provides a well-known simplified model for the flavour
anomalies [55–68]. Either leptoquark might be there to
address a subset of data: only the weak triplet (singlet)
is needed for the b ! s`

+
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� (�aµ) anomalies. However,

since the two indicated mass scales and the flavour struc-
tures of the couplings are compatible, it is appealing to
consider both states together.

For our lepton-flavoured U(1)X , we start by consid-
ering the most general class of anomaly-free, quark-
universal, vector-like2 U(1) extensions of the SM gauge
group [69–71] that i) are consistent with the ‘muoquark
conditions’ of [48]; ii) restrict to the case where two lep-
ton charges coincide, which allows for a dense neutrino
Majorana mass matrix using only one or two U(1)X -
breaking scalars; and iii) do not require additional chiral
fermions beyond the SM + 3⌫R. Up to normalisation,
this class is parametrized by two coprime integers m and
n 6= 0:

X = 3m(B � L)� n (2Lµ � Le � L⌧ ) , gcd(m,n) = 1.
(2)

The model of [47] is equivalent to the case (m,n) = (1, 3),
ergo X / B � 3Lµ. In addition to the U(1)X gauge
field Xµ, we introduce two SM singlet �e⌧ and �µ with
U(1)X charges, which acquire vacuum expectation values
(VEVs) at a high scale. Both the SM fields and S1/3 are
charged under U(1)X .

At the renormalisable level, such muoquarks furnish
examples of new physics models in which quark flavour
violation is linear [72] (thus rank-one [73]),
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the approximate U(2)q ⇥ U(2)u ⇥ U(2)d flavour symme-
try observed in the quark Yukawa interactions with the
Higgs [74] (see also [75]). A global flavour fit [47] shows
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that renormalisable Yukawa couplings are permitted for all three

charged leptons.
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TABLE I. Field content of the charged leptoquark model.

plenty of parameter space to fit both sets of anoma-
lies simultaneously, consistent with complementary di-
rect searches at the LHC. Moreover, the minimal set of
couplings can be consistently extrapolated 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 texture
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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
S3/1 leptoquarks remain coupled only to muons in the
lepton mass basis as per (3).
The neutrinos have a Yukawa coupling matrix Y⌫ with

a similar structure to (4), which gives mass contribu-
tions set by the electroweak scale v. However, by design
�e⌧ and �µ act as Majorons: Majorana mass terms for
the right-handed neutrinos are generated by the U(1)X -
breaking VEVs of �e⌧ and �µ, both assumed to be of
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neutrino masses and mixings [76–78], since it reduces to
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some entries to zero. In the special case (m, n) = (1, 3),
i.e. X / B � 3Lµ, studied in Ref. [47], the scalar �e⌧

decouples and four of the entries in M
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⌫ are populated by

bare mass terms, whose dimensionful coe�cients have to
coincide with the scale vX to fit the data well. Similarly,
for (m, n) = (1, �6), corresponding to X / B + 3Lµ �

3Le � 3L⌧ , the �µ scalar decouples.

III. THE IR: DISCRETE GAUGE SYMMETRY

The U(1)X gauge symmetry is broken by the VEVs
of �e⌧ and �µ, whose charges are uniquely fixed so as
to produce a dense neutrino Majorana mass matrix (5).
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final section, we sketch a successful quark-lepton unifica-
tion model that embeds our toy muquark model inside
a semi-simple gauge theory, to gain better insights and
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II. THE UV MODEL
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tum numbers (3̄,3/1)1/3 under GSM := SU(3)c ⇥
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provides a well-known simplified model for the flavour
anomalies [55–68]. Either leptoquark might be there to
address a subset of data: only the weak triplet (singlet)
is needed for the b ! s`

+
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� (�aµ) anomalies. However,

since the two indicated mass scales and the flavour struc-
tures of the couplings are compatible, it is appealing to
consider both states together.

For our lepton-flavoured U(1)X , we start by consid-
ering the most general class of anomaly-free, quark-
universal, vector-like2 U(1) extensions of the SM gauge
group [69–71] that i) are consistent with the ‘muoquark
conditions’ of [48]; ii) restrict to the case where two lep-
ton charges coincide, which allows for a dense neutrino
Majorana mass matrix using only one or two U(1)X -
breaking scalars; and iii) do not require additional chiral
fermions beyond the SM + 3⌫R. Up to normalisation,
this class is parametrized by two coprime integers m and
n 6= 0:

X = 3m(B � L)� n (2Lµ � Le � L⌧ ) , gcd(m,n) = 1.
(2)

The model of [47] is equivalent to the case (m,n) = (1, 3),
ergo X / B � 3Lµ. In addition to the U(1)X gauge
field Xµ, we introduce two SM singlet �e⌧ and �µ with
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examples of new physics models in which quark flavour
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The vectors ↵i
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the approximate U(2)q ⇥ U(2)u ⇥ U(2)d flavour symme-
try observed in the quark Yukawa interactions with the
Higgs [74] (see also [75]). A global flavour fit [47] shows
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plenty of parameter space to fit both sets of anoma-
lies simultaneously, consistent with complementary di-
rect searches at the LHC. Moreover, the minimal set of
couplings can be consistently extrapolated 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 texture
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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
S3/1 leptoquarks remain coupled only to muons in the
lepton mass basis as per (3).
The neutrinos have a Yukawa coupling matrix Y⌫ with

a similar structure to (4), which gives mass contribu-
tions set by the electroweak scale v. However, by design
�e⌧ and �µ act as Majorons: Majorana mass terms for
the right-handed neutrinos are generated by the U(1)X -
breaking VEVs of �e⌧ and �µ, both assumed to be of
order vX , through their Yukawa interactions
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This 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 D

R
1 [79] by setting

some entries to zero. In the special case (m, n) = (1, 3),
i.e. X / B � 3Lµ, studied in Ref. [47], the scalar �e⌧

decouples and four of the entries in M
R
⌫ are populated by

bare mass terms, whose dimensionful coe�cients have to
coincide with the scale vX to fit the data well. Similarly,
for (m, n) = (1, �6), corresponding to X / B + 3Lµ �

3Le � 3L⌧ , the �µ scalar decouples.

III. THE IR: DISCRETE GAUGE SYMMETRY

The U(1)X gauge symmetry is broken by the VEVs
of �e⌧ and �µ, whose charges are uniquely fixed so as
to produce a dense neutrino Majorana mass matrix (5).
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for (m, n) = (1, �6), corresponding to X / B + 3Lµ �

3Le � 3L⌧ , the �µ scalar decouples.

III. THE IR: DISCRETE GAUGE SYMMETRY

The U(1)X gauge symmetry is broken by the VEVs
of �e⌧ and �µ, whose charges are uniquely fixed so as
to produce a dense neutrino Majorana mass matrix (5).



15

The mass gap  
is explained if
⟨ϕeτ⟩, ⟨ϕμ⟩ ≫ ⟨H⟩

u

c

d
s

t
b

10−8

102

10−6

10−4

10−2

1

ν1
ν2 ν3

e
μ
τ

10−10

10−12

10−14

 breaking at the high scale?U(1)X

Admir Greljo | Neutrino constraints on new physics in (g − 2)μ

+     the high-scale leptogenesis

Neutrino Masses



16

The mass gap  
is explained if
⟨ϕeτ⟩, ⟨ϕμ⟩ ≫ ⟨H⟩

u

c

d
s

t
b

10−8

102

10−6

10−4

10−2

1

ν1
ν2 ν3

e
μ
τ

10−10

10−12

10−14

Admir Greljo | Neutrino constraints on new physics in (g − 2)μ

+     the high-scale leptogenesis

BUT
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• Is there proton decay? cLFV?
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• The  gauge symmetry is broken by the VEVs of  and , whose charges are 
uniquely fixed so as to produce a dense neutrino Majorana mass matrix.

• Because these charges are non-trivial multiples of the fundamental unit of  charge, 
there remains an unbroken discrete subgroup Γ ⊂  acting on matter in the IR, 
which in our case remarkably protects baryon number. 
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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.
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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.
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• The  gauge symmetry is broken by the VEVs of  and , whose charges are 
uniquely fixed so as to produce a dense neutrino Majorana mass matrix.

• Because these charges are non-trivial multiples of the fundamental unit of  charge, 
there remains an unbroken discrete subgroup Γ ⊂  acting on matter in the IR, 
which in our case remarkably protects proton decay. 
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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).
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⇤
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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
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, for r 2 {1, 2},

(a, b) 2 Z2
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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
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breaking or QCD condensation and persists to the deep IR.
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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
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(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.
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• The  gauge symmetry is broken by the VEVs of  and , whose charges are 
uniquely fixed so as to produce a dense neutrino Majorana mass matrix.

• Because these charges are non-trivial multiples of the fundamental unit of  charge, 
there remains an unbroken discrete subgroup Γ ⊂  acting on matter in the IR, 
which in our case remarkably protects proton decay. 
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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.
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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.
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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
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.

(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.

• The diquark operators  are banned for :qqS*
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• The  gauge symmetry is broken by the VEVs of  and , whose charges are 
uniquely fixed so as to produce a dense neutrino Majorana mass matrix.

• Because these charges are non-trivial multiples of the fundamental unit of  charge, 
there remains an unbroken discrete subgroup Γ ⊂  acting on matter in the IR, 
which in our case remarkably protects proton decay. 
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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
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�
[�e⌧ ]X , [�µ]X

�
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�
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�
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�
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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.
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• 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!
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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.
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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.
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which in our case remarkably protects proton decay. 
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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
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(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
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= 1 .
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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
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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.
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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).
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�
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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

�
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We conclude that
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⇢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.
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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
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operator qS⇤
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This diquark operator is invariant under � i↵ [qS⇤
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kZ, or, equivalently,
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= gcd(n, 6m).
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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
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3n0

, 2(m� n
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. (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
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On the other hand, the RHS of (8) reduces to
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n, 6m
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3b+ r, 6a+ 2r
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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 �
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�. 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
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, for r 2 {1, 2},

(a, b) 2 Z2
, and gcd
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= 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.
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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

�
.
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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.
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The Z9(18) symmetry is not broken by electroweak symmetry

breaking or QCD condensation and persists to the deep IR.
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•The protection of baryon number by Γ goes beyond just banning the diquark operators.

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 gauge–flavour unification 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

Exact proton stability to all orders in the SMEFT!

• Charges

• Stable proton
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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 .
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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.

Tabele 1: Charges under the remnant discrete symmetry Γ 

qqqℓ

• Other baryon number–violating processes are in principle possible through ∆B = 3 
operators allowing for sphalerons. 
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• The muon selection rule, unlike protection of baryon number, is not 
enshrined by Γ-invariance in the IR (otherwise no PMNS).

• Higher-order operators coupling the leptoquarks to electrons and taus 
are allowed in the -invariant effective theory, which could come 
from even heavier dynamics integrated out at a scale .

U(1)X
Λ > vX

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
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FIG. 1. Tentative gauge–flavour unification 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

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
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FIG. 1. Tentative gauge–flavour unification 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

• The limits on  suggest . A modest scale separation is 
sufficient to suppress LFV processes to a level compatible with current 
bounds.

μ → eγ vX /Λ ≲ 0.01
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• The muon selection rule, unlike protection of baryon number, is not 
enshrined by Γ-invariance in the IR (otherwise no PMNS).

• Higher-order operators coupling the leptoquarks to electrons and taus 
are allowed in the -invariant effective theory, which could come 
from even heavier dynamics integrated out at a scale .

U(1)X
Λ > vX

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
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FIG. 1. Tentative gauge–flavour unification 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

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
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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
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FIG. 1. Tentative gauge–flavour unification 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

• The limits on  suggest . A modest scale separation is 
sufficient to suppress LFV processes to a level compatible with current 
bounds.
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• The muon selection rule, unlike protection of baryon number, is not 
enshrined by Γ-invariance in the IR (otherwise no PMNS).

• Higher-order operators coupling the leptoquarks to electrons and taus 
are allowed in the -invariant effective theory, which could come 
from even heavier dynamics integrated out at a scale .
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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,
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roes in (4). For example, µ ! e�, mediated by the S1

exchange, is related to the (g�2)µ anomaly by a factor of
✏
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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
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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
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ton is guaranteed.
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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.
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fied semi-simple gauge theory deeper in the UV. The
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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 ⇥
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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
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sufficient to suppress LFV processes to a level compatible with current 
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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 gauge–flavour unification 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.
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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. 
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• Lepton flavour non-universal  extensions of the SM provide an 
elegant framework to address the flavour anomalies — explaining, in 
particular, why the SM accidental symmetries work so well.

• A novel mechanism to restrict TeV-scale leptoquark interactions and 
render the proton exactly stable to all orders in the effective field 
theory expansion — while explaining the neutrino masses and mixings.

• The  can emerge from a gauge–flavour unified theory at even 
higher energies.
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scale µM , to smelli, this tool automatically takes care
of the renormalization group running down to the me-
son scale as well as the intermediate matching to the
low-energy EFT [84–88] thanks to the wilson [89] pack-
age. It further uses flavio [90] to compute a large
list of electroweak-scale and low-energy precision observ-
ables, including charged LFV and LFU, magnetic mo-
ments, neutral meson mixings, semileptonic and rare me-
son decays, etc. The full list of observables included
in the initial version of smelli can be found in the
appendix of [82], but this list has been extended [91],
and we refer to [92] for the up-to-date version. We use
smelli v2.3.0, which takes into account the most re-
cent results for RK [35] and (g � 2)µ [36] as well as the
current world average of BR(Bs,d ! µµ) from [93], which
includes the most recent LHCb measurement [94]. With
this setup, we are now in position to perform a global fit
in the parameter space of our model.

Shown in Fig. 1 is the preferred region in the ⌘
3L
3 ver-

sus ⌘
1L
3 = ⌘

1R
3 plane for M1 = M3 = 3TeV. We take

⌘̃
1R = 0, as loop-induced contributions from the heavy

right-handed neutrinos are expected to be negligible in
the fit. Muon anomalies clearly prefer the parameter
space far away from the SM limit ⌘

x

3 = 0. The best fit
point is (⌘3L

3 , ⌘
1L
3 = ⌘

1R
3 ) ' (0.42, 0.12) with a ��
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compared to the SM point. The current limits from di-
rect searches at the LHC are M3 & 1.7 TeV [95] and
M1 & 1.4 TeV [96], while the final reach of HL-LHC is
projected in [97]. The indirect e↵ects in the high-pT lep-
ton tails are also beyond the HL-LHC projections for the
best fit couplings [98]. The change in the mass is accom-
modated by an approximate linear change in the cou-
plings keeping the same low-energy Wilson coe�cients.
However, the finite naturalness of the Higgs mass and
muon Yukawa, disfavors heavier muoquarks, as discussed
later.

While in principle both muoquarks contribute to all
anomalies, there is a clear factorization, namely S1 dom-
inates in the (g � 2)µ thanks to the chiral enhancement
from the top quark, whereas S3 dominates in b ! sµ

+
µ

�

since it gives a tree-level contribution unlike S1. The
U(2) flavor structure provides su�cient suppression in all
other complementary processes such as KL ! µ

+
µ

� [99].
When varying the O(1) coe�cients in front of the spuri-
ons we find the same goodness of fit: the best fit region is
shifted to accommodate for b ! sµ

+
µ

�, but none of the
complementary observables listed above receive a large
pull.

B. Symmetry breaking

Heavy vector resonances with couplings to both quarks
and leptons have been extensively searched for at the
LHC. The most recent ATLAS 13TeV search with
139 fb�1 of data [100] reports the exclusions on the cou-
plings as a function of the mass in their Fig. 4 (b). A
viable benchmark example in our case is gauge coupling
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FIG. 1. The preferred muoquark Yukawa couplings from
the global fit to low-energy data. Here we choose
⌘3L
i = (Vtd, Vts, 1) ⌘3L

3 , ⌘1L
i = (Vtd, Vts, 1) ⌘1L

3 , and ⌘1R
i =

(0, 0, 1) ⌘1R
3 . The muoquark masses are set to M1 = M3 =

3 TeV.

gX = 0.1 and mass mX = 3TeV. The high-pT dimuon
tails [98] set an upper limit on gX/mX for large mX .
In the opposite limit, the bounds are avoided when gX

is small enough (see Fig. 5 of [98]). It is, however, al-
ways possible to take the decoupling limit, namely large
mX and small gX , without conflicting the muoquark so-
lution of muon anomalies. We expect X to have negligi-
ble e↵ects in flavor physics through suppressed penguins,
which decouple in the same limit.1

The symmetry breaking scalar � develops a VEV
h�i = v� related to the X mass by v� =

p
2mX/3gX

or 14TeV for the benchmark point. Taking M
2
1,3 > 0

and small cross-quartic couplings, guarantees that S1,3

do not develop a VEV, and the part of the scalar poten-
tial relevant for symmetry-breaking is

VH� = �µ
2
H

|H|
2

� µ
2
�|�|

2 + 1
2�H |H|

4

+ 1
4��|�|

4 + ��H |�|
2
|H|

2
. (3)

We can directly relate the potential parameters for the
Higgs VEV v = hHi; v�; the masses of the radial modes
mh, m�; and the mixing angle, which has to satisfy ✓ ⌧ 1

1 A U(1)B�3Lµ
model with vector-like quarks and X as the main

mediator of b ! sµ
+
µ
� anomaly cannot reconcile the Bs meson-

mixing constraints with the high-pT dimuon tails [98].

31

AG, Stangl, Thomsen, 2103.13991

3

scale µM , to smelli, this tool automatically takes care
of the renormalization group running down to the me-
son scale as well as the intermediate matching to the
low-energy EFT [84–88] thanks to the wilson [89] pack-
age. It further uses flavio [90] to compute a large
list of electroweak-scale and low-energy precision observ-
ables, including charged LFV and LFU, magnetic mo-
ments, neutral meson mixings, semileptonic and rare me-
son decays, etc. The full list of observables included
in the initial version of smelli can be found in the
appendix of [82], but this list has been extended [91],
and we refer to [92] for the up-to-date version. We use
smelli v2.3.0, which takes into account the most re-
cent results for RK [35] and (g � 2)µ [36] as well as the
current world average of BR(Bs,d ! µµ) from [93], which
includes the most recent LHCb measurement [94]. With
this setup, we are now in position to perform a global fit
in the parameter space of our model.

Shown in Fig. 1 is the preferred region in the ⌘
3L
3 ver-

sus ⌘
1L
3 = ⌘

1R
3 plane for M1 = M3 = 3TeV. We take

⌘̃
1R = 0, as loop-induced contributions from the heavy

right-handed neutrinos are expected to be negligible in
the fit. Muon anomalies clearly prefer the parameter
space far away from the SM limit ⌘

x

3 = 0. The best fit
point is (⌘3L

3 , ⌘
1L
3 = ⌘

1R
3 ) ' (0.42, 0.12) with a ��

2
' 56

compared to the SM point. The current limits from di-
rect searches at the LHC are M3 & 1.7 TeV [95] and
M1 & 1.4 TeV [96], while the final reach of HL-LHC is
projected in [97]. The indirect e↵ects in the high-pT lep-
ton tails are also beyond the HL-LHC projections for the
best fit couplings [98]. The change in the mass is accom-
modated by an approximate linear change in the cou-
plings keeping the same low-energy Wilson coe�cients.
However, the finite naturalness of the Higgs mass and
muon Yukawa, disfavors heavier muoquarks, as discussed
later.

While in principle both muoquarks contribute to all
anomalies, there is a clear factorization, namely S1 dom-
inates in the (g � 2)µ thanks to the chiral enhancement
from the top quark, whereas S3 dominates in b ! sµ

+
µ

�

since it gives a tree-level contribution unlike S1. The
U(2) flavor structure provides su�cient suppression in all
other complementary processes such as KL ! µ

+
µ

� [99].
When varying the O(1) coe�cients in front of the spuri-
ons we find the same goodness of fit: the best fit region is
shifted to accommodate for b ! sµ

+
µ

�, but none of the
complementary observables listed above receive a large
pull.

B. Symmetry breaking

Heavy vector resonances with couplings to both quarks
and leptons have been extensively searched for at the
LHC. The most recent ATLAS 13TeV search with
139 fb�1 of data [100] reports the exclusions on the cou-
plings as a function of the mass in their Fig. 4 (b). A
viable benchmark example in our case is gauge coupling

FIG. 1. The preferred muoquark Yukawa couplings from
the global fit to low-energy data. Here we choose
⌘3L
i = (Vtd, Vts, 1) ⌘3L

3 , ⌘1L
i = (Vtd, Vts, 1) ⌘1L

3 , and ⌘1R
i =

(0, 0, 1) ⌘1R
3 . The muoquark masses are set to M1 = M3 =

3 TeV.

gX = 0.1 and mass mX = 3TeV. The high-pT dimuon
tails [98] set an upper limit on gX/mX for large mX .
In the opposite limit, the bounds are avoided when gX

is small enough (see Fig. 5 of [98]). It is, however, al-
ways possible to take the decoupling limit, namely large
mX and small gX , without conflicting the muoquark so-
lution of muon anomalies. We expect X to have negligi-
ble e↵ects in flavor physics through suppressed penguins,
which decouple in the same limit.1

The symmetry breaking scalar � develops a VEV
h�i = v� related to the X mass by v� =

p
2mX/3gX

or 14TeV for the benchmark point. Taking M
2
1,3 > 0

and small cross-quartic couplings, guarantees that S1,3

do not develop a VEV, and the part of the scalar poten-
tial relevant for symmetry-breaking is

VH� = �µ
2
H

|H|
2

� µ
2
�|�|

2 + 1
2�H |H|

4

+ 1
4��|�|

4 + ��H |�|
2
|H|

2
. (3)

We can directly relate the potential parameters for the
Higgs VEV v = hHi; v�; the masses of the radial modes
mh, m�; and the mixing angle, which has to satisfy ✓ ⌧ 1

1 A U(1)B�3Lµ
model with vector-like quarks and X as the main

mediator of b ! sµ
+
µ
� anomaly cannot reconcile the Bs meson-

mixing constraints with the high-pT dimuon tails [98].

- One-loop matching to SMEFT from 2003.12525
- 399 observables in smelli 1810.07698
- EW and flavor opservables, LFV, LFU, magnetic 
moments,  neutral meson mixing, semileptonic and 
rare  decays, etc.B, D, K

 

SUB eSUl2k UHH UMB3hm
Q 3 2 46 113

I 2 42 0 3,0
Ur 3 I 213 113

dr 3 l Yz 113

Vr 1 I 0 0 3,0
er I I I 0 3,0
H 1 2 42 0

OI I 1 O 3

Sz I 3 113 813

X S3

in
n f M

L

L

L

L

* V-A structure  
Hiller, Schmaltz, 1408.1627, 
Dorsner, Fajfer, AG, Kamenik, 
Kosnik; 1603.04993, 
Buttazzo, AG, Isidori, 
Marzocca; 1706.07808, 
Gherardi, Marzocca, Venturini; 
2008.09548 
+ many more

 

b SMM LHCb CERN

otterQQ
b M

S
S µ

G 2ii Muong2Fermilab
XH's

ge LIGvHµrB
16Th Teh

g I
i

µ µ

Y.NO 0
HMn0lTeV1

L R

*  enhancement 
Queiroz, Shepherd;1403.2309, 
Dorsner, Fajfer, AG, Kamenik, Kosnik; 
1603.04993, 
Coluccio Leskow, Crivellin, D’Ambrosio, 
Müller ; 1612.06858 
Dorsner, Fajfer, Sumensari; 1910.03877  
Gherardi, Marzocca, Venturini; 2008.09548 
+ many more

mt /mμ

 exampleU(1)B−3Lμ



32 AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518

• Without loss of generality XH = 0

The  atlasU(1)X

• The symmetry breaking scalar fields:

Gravity2
⇥ U(1)X :

3X

i=1

(6XQi + 2XLi � 3XUi � 3XDi � XEi � XNi) = 0 , (2.5)

U(1)Y ⇥ U(1)
2
X :

3X

i=1

(X
2
Qi

� X
2
Li

� 2X
2
Ui

+ X
2
Di

+ X
2
Ei

) = 0 , (2.6)

U(1)
3
X :

3X

i=1

(6X
3
Qi

+ 2X
3
Li

� 3X
3
Ui

� 3X
3
Di

� X
3
Ei

� X
3
Ni

) = 0 . (2.7)

We consider only rational solutions motivated by the unification scenario, i.e., embedding the
U(1)X into a simple Lie group at high-energies. We can work with integer charges without
loss of generality, since for any set of rational charges {pFi/qFi}, there is an equivalent
set of integer charges obtained by rescaling the gauge coupling gX with the least common
denominator. Any set of integer charges {XFi} satisfying the anomaly conditions (2.2)–(2.7)
can be used to generate up to (3!)

6 inequivalent solutions (and a correspondingly smaller set,
if some of the charges for different families coincide), by permuting the flavor specific charges
within each species. Below, we list the solutions to the Diophantine equations (2.2)–(2.7)
up to this freedom of family permutations.

Still, this leaves us with infinitely many integer solutions of the anomaly cancellation
conditions. For concreteness, we limit the maximal ratio of the largest and the smallest
nonzero charge magnitudes to be  10.2 In the following we then give an exhaustive set of
inequivalent integer solutions of Eqs. (2.2)–(2.7) with

� 10  XFi  10 for every Fi in Eq. (2.1), (2.8)

building on the work of Ref. [82], while imposing further constraints to produce viable
muoquark models.

2.2 Quark flavor universal U(1)X

The symmetry-breaking scalar fields are

H = (1,2,
1

2
, XH) , � = (1,1, 0, X�) , (2.9)

where H is the SM Higgs (with U(1)X charge XH) and � is the SM singlet responsible
for the breaking of U(1)X . Shifting the U(1)X charge assignments for all fields f by a
universal multiple of the hypercharge, Xf ! Xf � aYf , gives a physically equivalent theory,
cf. Appendix A.1. In particular, after a linear invertible field transformation qf = (Yf , Xf )

|

becomes

q̃f = L
|
qf where L =

 
1 �a

0 1

!
. (2.10)

The ambiguity in charge assignments is a direct consequence of the freedom in defining the
U(1) subgroups for a symmetry group with several Abelian factors. A familiar example is
the QCD, which, ignoring the anomalies, has a global U(1)V ⇥ U(1)A or, equivalently, a
U(1)L ⇥ U(1)R symmetry.

2As a point of reference, this ratio is 6 for the SM hypercharge.

– 5 –

* By field redefinitions, shifting  
for all fields,  gives an equivalent theory.

Xf → Xf − aYf

• I

and the generators of U(1)X embeddings in SU(5) (Appendix C).

2 Model classification

We start by classifying the anomaly free models that, in addition to the SM, contain a
new gauge group U(1)X and a muoquark, that is, a leptoquark that only couples to muon
flavored fermions (muons and muon neutrinos). We assume that all the couplings allowed
by the gauge symmetry are nonzero. As such the fact that muoquark only couples to muons
is imposed by the choice of charge assignments under U(1)X , Eq. (2.12). Similarly, the
charge assignments, Eq. (2.13), forbid the proton decay, while quark Yukawas are allowed,
Eq. (2.11). In the rest of the section we discuss these requirements in detail.

2.1 General gauged flavor U(1)X

Throughout the manuscript we assume that the SM is extended by three right-handed
neutrinos. The chiral fermions of the theory thus carry the following charges under the
SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)X gauge group,

Qi ⇠ (3,2,
1
6 , XQi), Ui ⇠ (3,1,

2
3 , XUi), Di ⇠ (3,1, �

1
3 , XDi),

Li ⇠ (1,2, �
1
2 , XLi), Ei ⇠ (1,1, �1, XEi), Ni ⇠ (1,1, 0, XNi),

(2.1)

with i = 1, 2, 3 the flavor index. The SU(2)L doublets (singlets) are left (right) Weyl spinors
under Lorentz symmetry.

A consistent ultraviolet (UV) gauge theory has to be free of chiral anomalies. In this
work we require that the U(1)X charge assignments for the field content in Eq. (2.1) are
already anomaly free.1 This results in six conditions corresponding to the cancellation of
(mixed) triangle anomalies between U(1)X , SM gauge groups, and gravity [80],

SU(3)
2
C ⇥ U(1)X :

3X

i=1

(2XQi � XUi � XDi) = 0 , (2.2)

SU(2)
2
L ⇥ U(1)X :

3X

i=1

(3XQi + XLi) = 0 , (2.3)

U(1)
2
Y ⇥ U(1)X :

3X

i=1

(XQi + 3XLi � 8XUi � 2XDi � 6XEi) = 0 , (2.4)

Gravity2
⇥ U(1)X :

3X

i=1

(6XQi + 2XLi � 3XUi � 3XDi � XEi � XNi) = 0 , (2.5)

U(1)Y ⇥ U(1)
2
X :

3X

i=1

(X
2
Qi

� X
2
Li

� 2X
2
Ui

+ X
2
Di

+ X
2
Ei

) = 0 , (2.6)

1Our construction could be viewed as a low-energy effective theory in which anomalies could alternatively
be canceled by a higher-dimension Wess-Zumino-Witten operator [78]. The WZW operator is generated
by integrating out heavy chiral fermions in the UV. In general, it is not always clear how to make these
fermions heavy enough to satisfy the self-consistency of the effective theory assumptions. For an example
see, e.g., Ref. [79].
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• Chiral fermions:

and the generators of U(1)X embeddings in SU(5) (Appendix C).

2 Model classification

We start by classifying the anomaly free models that, in addition to the SM, contain a
new gauge group U(1)X and a muoquark, that is, a leptoquark that only couples to muon
flavored fermions (muons and muon neutrinos). We assume that all the couplings allowed
by the gauge symmetry are nonzero. As such the fact that muoquark only couples to muons
is imposed by the choice of charge assignments under U(1)X , Eq. (2.12). Similarly, the
charge assignments, Eq. (2.13), forbid the proton decay, while quark Yukawas are allowed,
Eq. (2.11). In the rest of the section we discuss these requirements in detail.

2.1 General gauged flavor U(1)X

Throughout the manuscript we assume that the SM is extended by three right-handed
neutrinos. The chiral fermions of the theory thus carry the following charges under the
SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)X gauge group,

Qi ⇠ (3,2,
1
6 , XQi), Ui ⇠ (3,1,

2
3 , XUi), Di ⇠ (3,1, �

1
3 , XDi),

Li ⇠ (1,2, �
1
2 , XLi), Ei ⇠ (1,1, �1, XEi), Ni ⇠ (1,1, 0, XNi),

(2.1)

with i = 1, 2, 3 the flavor index. The SU(2)L doublets (singlets) are left (right) Weyl spinors
under Lorentz symmetry.

A consistent ultraviolet (UV) gauge theory has to be free of chiral anomalies. In this
work we require that the U(1)X charge assignments for the field content in Eq. (2.1) are
already anomaly free.1 This results in six conditions corresponding to the cancellation of
(mixed) triangle anomalies between U(1)X , SM gauge groups, and gravity [80],

SU(3)
2
C ⇥ U(1)X :

3X

i=1

(2XQi � XUi � XDi) = 0 , (2.2)

SU(2)
2
L ⇥ U(1)X :

3X

i=1

(3XQi + XLi) = 0 , (2.3)

U(1)
2
Y ⇥ U(1)X :

3X

i=1

(XQi + 3XLi � 8XUi � 2XDi � 6XEi) = 0 , (2.4)

Gravity2
⇥ U(1)X :

3X

i=1

(6XQi + 2XLi � 3XUi � 3XDi � XEi � XNi) = 0 , (2.5)

U(1)Y ⇥ U(1)
2
X :

3X

i=1

(X
2
Qi

� X
2
Li

� 2X
2
Ui

+ X
2
Di

+ X
2
Ei

) = 0 , (2.6)

1Our construction could be viewed as a low-energy effective theory in which anomalies could alternatively
be canceled by a higher-dimension Wess-Zumino-Witten operator [78]. The WZW operator is generated
by integrating out heavy chiral fermions in the UV. In general, it is not always clear how to make these
fermions heavy enough to satisfy the self-consistency of the effective theory assumptions. For an example
see, e.g., Ref. [79].
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The  atlasU(1)X

and the generators of U(1)X embeddings in SU(5) (Appendix C).

2 Model classification

We start by classifying the anomaly free models that, in addition to the SM, contain a
new gauge group U(1)X and a muoquark, that is, a leptoquark that only couples to muon
flavored fermions (muons and muon neutrinos). We assume that all the couplings allowed
by the gauge symmetry are nonzero. As such the fact that muoquark only couples to muons
is imposed by the choice of charge assignments under U(1)X , Eq. (2.12). Similarly, the
charge assignments, Eq. (2.13), forbid the proton decay, while quark Yukawas are allowed,
Eq. (2.11). In the rest of the section we discuss these requirements in detail.

2.1 General gauged flavor U(1)X

Throughout the manuscript we assume that the SM is extended by three right-handed
neutrinos. The chiral fermions of the theory thus carry the following charges under the
SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)X gauge group,

Qi ⇠ (3,2,
1
6 , XQi), Ui ⇠ (3,1,

2
3 , XUi), Di ⇠ (3,1, �

1
3 , XDi),

Li ⇠ (1,2, �
1
2 , XLi), Ei ⇠ (1,1, �1, XEi), Ni ⇠ (1,1, 0, XNi),

(2.1)

with i = 1, 2, 3 the flavor index. The SU(2)L doublets (singlets) are left (right) Weyl spinors
under Lorentz symmetry.

A consistent ultraviolet (UV) gauge theory has to be free of chiral anomalies. In this
work we require that the U(1)X charge assignments for the field content in Eq. (2.1) are
already anomaly free.1 This results in six conditions corresponding to the cancellation of
(mixed) triangle anomalies between U(1)X , SM gauge groups, and gravity [80],

SU(3)
2
C ⇥ U(1)X :

3X

i=1

(2XQi � XUi � XDi) = 0 , (2.2)

SU(2)
2
L ⇥ U(1)X :

3X

i=1

(3XQi + XLi) = 0 , (2.3)

U(1)
2
Y ⇥ U(1)X :

3X

i=1

(XQi + 3XLi � 8XUi � 2XDi � 6XEi) = 0 , (2.4)

Gravity2
⇥ U(1)X :

3X

i=1

(6XQi + 2XLi � 3XUi � 3XDi � XEi � XNi) = 0 , (2.5)

U(1)Y ⇥ U(1)
2
X :

3X

i=1

(X
2
Qi

� X
2
Li

� 2X
2
Ui

+ X
2
Di

+ X
2
Ei

) = 0 , (2.6)

1Our construction could be viewed as a low-energy effective theory in which anomalies could alternatively
be canceled by a higher-dimension Wess-Zumino-Witten operator [78]. The WZW operator is generated
by integrating out heavy chiral fermions in the UV. In general, it is not always clear how to make these
fermions heavy enough to satisfy the self-consistency of the effective theory assumptions. For an example
see, e.g., Ref. [79].
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and the generators of U(1)X embeddings in SU(5) (Appendix C).

2 Model classification

We start by classifying the anomaly free models that, in addition to the SM, contain a
new gauge group U(1)X and a muoquark, that is, a leptoquark that only couples to muon
flavored fermions (muons and muon neutrinos). We assume that all the couplings allowed
by the gauge symmetry are nonzero. As such the fact that muoquark only couples to muons
is imposed by the choice of charge assignments under U(1)X , Eq. (2.12). Similarly, the
charge assignments, Eq. (2.13), forbid the proton decay, while quark Yukawas are allowed,
Eq. (2.11). In the rest of the section we discuss these requirements in detail.

2.1 General gauged flavor U(1)X

Throughout the manuscript we assume that the SM is extended by three right-handed
neutrinos. The chiral fermions of the theory thus carry the following charges under the
SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)X gauge group,

Qi ⇠ (3,2,
1
6 , XQi), Ui ⇠ (3,1,

2
3 , XUi), Di ⇠ (3,1, �

1
3 , XDi),

Li ⇠ (1,2, �
1
2 , XLi), Ei ⇠ (1,1, �1, XEi), Ni ⇠ (1,1, 0, XNi),

(2.1)

with i = 1, 2, 3 the flavor index. The SU(2)L doublets (singlets) are left (right) Weyl spinors
under Lorentz symmetry.

A consistent ultraviolet (UV) gauge theory has to be free of chiral anomalies. In this
work we require that the U(1)X charge assignments for the field content in Eq. (2.1) are
already anomaly free.1 This results in six conditions corresponding to the cancellation of
(mixed) triangle anomalies between U(1)X , SM gauge groups, and gravity [80],

SU(3)
2
C ⇥ U(1)X :

3X

i=1

(2XQi � XUi � XDi) = 0 , (2.2)

SU(2)
2
L ⇥ U(1)X :

3X

i=1

(3XQi + XLi) = 0 , (2.3)

U(1)
2
Y ⇥ U(1)X :

3X

i=1

(XQi + 3XLi � 8XUi � 2XDi � 6XEi) = 0 , (2.4)

Gravity2
⇥ U(1)X :

3X

i=1

(6XQi + 2XLi � 3XUi � 3XDi � XEi � XNi) = 0 , (2.5)

U(1)Y ⇥ U(1)
2
X :

3X

i=1

(X
2
Qi

� X
2
Li

� 2X
2
Ui

+ X
2
Di

+ X
2
Ei

) = 0 , (2.6)

1Our construction could be viewed as a low-energy effective theory in which anomalies could alternatively
be canceled by a higher-dimension Wess-Zumino-Witten operator [78]. The WZW operator is generated
by integrating out heavy chiral fermions in the UV. In general, it is not always clear how to make these
fermions heavy enough to satisfy the self-consistency of the effective theory assumptions. For an example
see, e.g., Ref. [79].

– 4 –

U(1)
3
X :

3X

i=1

(6X
3
Qi

+ 2X
3
Li

� 3X
3
Ui

� 3X
3
Di

� X
3
Ei

� X
3
Ni

) = 0 . (2.7)

We consider only rational solutions motivated by the unification scenario, i.e., embedding the
U(1)X into a simple Lie group at high-energies. We can work with integer charges without
loss of generality, since for any set of rational charges {pFi/qFi}, there is an equivalent
set of integer charges obtained by rescaling the gauge coupling gX with the least common
denominator. Any set of integer charges {XFi} satisfying the anomaly conditions (2.2)–(2.7)
can be used to generate up to (3!)

6 inequivalent solutions (and a correspondingly smaller set,
if some of the charges for different families coincide), by permuting the flavor specific charges
within each species. Below, we list the solutions to the Diophantine equations (2.2)–(2.7)
up to this freedom of family permutations.

Still, this leaves us with infinitely many integer solutions of the anomaly cancellation
conditions. For concreteness, we limit the maximal ratio of the largest and the smallest
nonzero charge magnitudes to be  10.2 In the following we then give an exhaustive set of
inequivalent integer solutions of Eqs. (2.2)–(2.7) with

� 10  XFi  10 for every Fi in Eq. (2.1), (2.8)

building on the work of Ref. [80], while imposing further constraints to produce viable
muoquark models.

2.2 Quark flavor universal U(1)X

The symmetry-breaking scalar fields are

H = (1,2,
1

2
, XH) , � = (1,1, 0, X�) , (2.9)

where H is the SM Higgs (with U(1)X charge XH) and � is the SM singlet responsible for
the breaking of U(1)X . Shifting the U(1)X charge assignments for all fields by a universal
multiple of the hypercharge, XF ! XF � aYF , gives a physically equivalent theory, cf.
Appendix A.1. The ambiguity in charge assignments is a direct consequence of the freedom
in defining the U(1) subgroups for a symmetry group with several Abelian factors. A
familiar example is the QCD, which, ignoring the anomalies, has a global U(1)V ⇥ U(1)A or,
equivalently, a U(1)L ⇥ U(1)R symmetry.

In what follows, we use the above reparameterization invariance to make H a U(1)X

singlet,
XH = 0 , (2.10)

and thus H is the usual SM Higgs. To simplify the discussion further, we require all quarks
to have the same U(1)X charge,

XQi = XUj = XDk ⌘ Xq, for all i, j, k = 1, 2, 3, (2.11)

such that their masses and the CKM mixing matrix are allowed by the gauge symmetry,
i.e. Y

ij
u Q̄

i
H̃u

j and Y
ij

d
Q̄

i
Hd

j where H̃ = ✏H
⇤. The conditions (2.11) reduce the number

2As a point of reference, this ratio is 6 for the SM hypercharge.
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Anomaly cancelation conditions:

Allanach, Davighi, Melville; 1812.04602

and the generators of U(1)X embeddings in SU(5) (Appendix C).

2 Model classification

We start by classifying the anomaly free models that, in addition to the SM, contain a
new gauge group U(1)X and a muoquark, that is, a leptoquark that only couples to muon
flavored fermions (muons and muon neutrinos). We assume that all the couplings allowed
by the gauge symmetry are nonzero. As such the fact that muoquark only couples to muons
is imposed by the choice of charge assignments under U(1)X , Eq. (2.12). Similarly, the
charge assignments, Eq. (2.13), forbid the proton decay, while quark Yukawas are allowed,
Eq. (2.11). In the rest of the section we discuss these requirements in detail.

2.1 General gauged flavor U(1)X

Throughout the manuscript we assume that the SM is extended by three right-handed
neutrinos. The chiral fermions of the theory thus carry the following charges under the
SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)X gauge group,

Qi ⇠ (3,2,
1
6 , XQi), Ui ⇠ (3,1,

2
3 , XUi), Di ⇠ (3,1, �

1
3 , XDi),

Li ⇠ (1,2, �
1
2 , XLi), Ei ⇠ (1,1, �1, XEi), Ni ⇠ (1,1, 0, XNi),

(2.1)

with i = 1, 2, 3 the flavor index. The SU(2)L doublets (singlets) are left (right) Weyl spinors
under Lorentz symmetry.

A consistent ultraviolet (UV) gauge theory has to be free of chiral anomalies. In this
work we require that the U(1)X charge assignments for the field content in Eq. (2.1) are
already anomaly free.1 This results in six conditions corresponding to the cancellation of
(mixed) triangle anomalies between U(1)X , SM gauge groups, and gravity [80],

SU(3)
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C ⇥ U(1)X :

3X

i=1

(2XQi � XUi � XDi) = 0 , (2.2)

SU(2)
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3X

i=1

(3XQi + XLi) = 0 , (2.3)

U(1)
2
Y ⇥ U(1)X :

3X

i=1

(XQi + 3XLi � 8XUi � 2XDi � 6XEi) = 0 , (2.4)

Gravity2
⇥ U(1)X :

3X

i=1

(6XQi + 2XLi � 3XUi � 3XDi � XEi � XNi) = 0 , (2.5)

U(1)Y ⇥ U(1)
2
X :

3X

i=1

(X
2
Qi

� X
2
Li

� 2X
2
Ui

+ X
2
Di

+ X
2
Ei

) = 0 , (2.6)

1Our construction could be viewed as a low-energy effective theory in which anomalies could alternatively
be canceled by a higher-dimension Wess-Zumino-Witten operator [78]. The WZW operator is generated
by integrating out heavy chiral fermions in the UV. In general, it is not always clear how to make these
fermions heavy enough to satisfy the self-consistency of the effective theory assumptions. For an example
see, e.g., Ref. [79].
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• Unification => Rational charges. Rescale  => Integer charges.gX

=> 21’546’920 inequivalent solutions (i.e. up to flavor permutation, etc)

Gravity2
⇥ U(1)X :

3X

i=1

(6XQi + 2XLi � 3XUi � 3XDi � XEi � XNi) = 0 , (2.5)

U(1)Y ⇥ U(1)
2
X :

3X

i=1
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2
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2
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2
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2
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) = 0 , (2.6)
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(6X
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� 3X
3
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� 3X
3
Di

� X
3
Ei

� X
3
Ni

) = 0 . (2.7)

We consider only rational solutions motivated by the unification scenario, i.e., embedding the
U(1)X into a simple Lie group at high-energies. We can work with integer charges without
loss of generality, since for any set of rational charges {pFi/qFi}, there is an equivalent
set of integer charges obtained by rescaling the gauge coupling gX with the least common
denominator. Any set of integer charges {XFi} satisfying the anomaly conditions (2.2)–(2.7)
can be used to generate up to (3!)

6 inequivalent solutions (and a correspondingly smaller set,
if some of the charges for different families coincide), by permuting the flavor specific charges
within each species. Below, we list the solutions to the Diophantine equations (2.2)–(2.7)
up to this freedom of family permutations.

Still, this leaves us with infinitely many integer solutions of the anomaly cancellation
conditions. For concreteness, we limit the maximal ratio of the largest and the smallest
nonzero charge magnitudes to be  10.2 In the following we then give an exhaustive set of
inequivalent integer solutions of Eqs. (2.2)–(2.7) with

� 10  XFi  10 for every Fi in Eq. (2.1), (2.8)

building on the work of Ref. [82], while imposing further constraints to produce viable
muoquark models.

2.2 Quark flavor universal U(1)X

The symmetry-breaking scalar fields are

H = (1,2,
1

2
, XH) , � = (1,1, 0, X�) , (2.9)

where H is the SM Higgs (with U(1)X charge XH) and � is the SM singlet responsible
for the breaking of U(1)X . Shifting the U(1)X charge assignments for all fields f by a
universal multiple of the hypercharge, Xf ! Xf � aYf , gives a physically equivalent theory,
cf. Appendix A.1. In particular, after a linear invertible field transformation qf = (Yf , Xf )

|

becomes

q̃f = L
|
qf where L =

 
1 �a

0 1

!
. (2.10)

The ambiguity in charge assignments is a direct consequence of the freedom in defining the
U(1) subgroups for a symmetry group with several Abelian factors. A familiar example is
the QCD, which, ignoring the anomalies, has a global U(1)V ⇥ U(1)A or, equivalently, a
U(1)L ⇥ U(1)R symmetry.

2As a point of reference, this ratio is 6 for the SM hypercharge.
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• Muoquark requirement

[276 inequivalent solutions]
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) = 0 . (2.7)

We consider only rational solutions motivated by the unification scenario, i.e., embedding the
U(1)X into a simple Lie group at high-energies. We can work with integer charges without
loss of generality, since for any set of rational charges {pFi/qFi}, there is an equivalent
set of integer charges obtained by rescaling the gauge coupling gX with the least common
denominator. Any set of integer charges {XFi} satisfying the anomaly conditions (2.2)–(2.7)
can be used to generate up to (3!)

6 inequivalent solutions (and a correspondingly smaller set,
if some of the charges for different families coincide), by permuting the flavor specific charges
within each species. Below, we list the solutions to the Diophantine equations (2.2)–(2.7)
up to this freedom of family permutations.

Still, this leaves us with infinitely many integer solutions of the anomaly cancellation
conditions. For concreteness, we limit the maximal ratio of the largest and the smallest
nonzero charge magnitudes to be  10.2 In the following we then give an exhaustive set of
inequivalent integer solutions of Eqs. (2.2)–(2.7) with

� 10  XFi  10 for every Fi in Eq. (2.1), (2.8)

building on the work of Ref. [80], while imposing further constraints to produce viable
muoquark models.

2.2 Quark flavor universal U(1)X

The symmetry-breaking scalar fields are

H = (1,2,
1

2
, XH) , � = (1,1, 0, X�) , (2.9)

where H is the SM Higgs (with U(1)X charge XH) and � is the SM singlet responsible for
the breaking of U(1)X . Shifting the U(1)X charge assignments for all fields by a universal
multiple of the hypercharge, XF ! XF � aYF , gives a physically equivalent theory, cf.
Appendix A.1. The ambiguity in charge assignments is a direct consequence of the freedom
in defining the U(1) subgroups for a symmetry group with several Abelian factors. A
familiar example is the QCD, which, ignoring the anomalies, has a global U(1)V ⇥ U(1)A or,
equivalently, a U(1)L ⇥ U(1)R symmetry.

In what follows, we use the above reparameterization invariance to make H a U(1)X

singlet,
XH = 0 , (2.10)

and thus H is the usual SM Higgs. To simplify the discussion further, we require all quarks
to have the same U(1)X charge,

XQi = XUj = XDk ⌘ Xq, for all i, j, k = 1, 2, 3, (2.11)

such that their masses and the CKM mixing matrix are allowed by the gauge symmetry,
i.e. Y

ij
u Q̄

i
H̃u

j and Y
ij

d
Q̄

i
Hd

j where H̃ = ✏H
⇤. The conditions (2.11) reduce the number

2As a point of reference, this ratio is 6 for the SM hypercharge.

– 5 –

extensions some care needs to be taken to remove the potential Goldstone bosons, as well
as to avoid baryon number violating operators at dimension-5. While the catalog of the
models derived in this manuscript provides a good starting point, a detailed discussion of
the neutrino sector is beyond the scope of the present work and is left for future studies.

With the above caveat about neutrino masses in mind let us now move to the classification
of different anomaly free U(1)X models. It is remarkable that almost all anomaly-free charge
assignments XFi 2 [�10, 10] in the quark flavor universal U(1)X automatically satisfy the
muoquark conditions. The list of charge assignments can be classified into two categories:

vector category : XLi = XEi for all i = 1, 2, 3 , (2.14)
chiral category : the rest. (2.15)

In the vector category models the charged lepton Yukawas for all three generations are
allowed by the U(1)X symmetry, while in the chiral category models at least some of the
charged lepton Yukawas are forbidden and thus all the lepton masses are generated only
after the U(1)X symmetry is spontaneously broken.

Before discussing each of the two categories in more detail, let us consider several
examples of muoquarks adopting the nomenclature from Ref. [75]:

• The scalar leptoquark S3 ⌘ (3,3, 1/3, XS3), where XS3 = �Xq � XL2 , gives V � A

contribution to b ! sµ
+
µ

� transitions, see e.g. [1, 75, 77, 83–91]. The condition
in Eq. (2.13b) implies XL2 6= �3Xq such that the dimension-4 operator QQS3 is
forbidden.

• The scalar leptoquark S1 ⌘ (3,1, 1/3, XS1), where XS1 = �Xq � XL2 or XS1 =

�Xq � XE2 , implemented in “vector category” models, couples to both L2 and E2

to give the mt-enhanced contribution to (g � 2)µ, see e.g. [1, 75, 87, 91–95]. The
condition in Eq. (2.13b) is X`2 6= �3Xq.

• The scalar leptoquark R2 ⌘ (3,2, 7/6, XR2), where XR2 = Xq � XL2 or XR2 =

Xq�XE2 , and the condition in Eq. (2.13a) is X`2 6= 3Xq such that dimension-5 operator
ddH

†
R2 is forbidden. Note that otherwise such operators would lead to excessive

proton decay even when suppressed by the Planck scale [75, 96, 97]. This scalar
leptoquark representation is also used to address the (g � 2)µ, see e.g. [75, 91, 93, 95].
We will employ it in Section 4 to build a model for radiative muon mass and (g � 2)µ.

• The vector leptoquark U1 ⌘ (3,1, 2/3, XU1), where XU1 = Xq � XL2 or XU1 =

Xq � XE2 . The baryon number violating dimension-5 operator QdH
†
U1 is forbidden

when X`2 6= 3Xq, Eq. (2.13a). Possible UV completions for the U1 vector muoquark
will be presented in Section 5. This leptoquark representation was extensively discussed
in the literature to address the B-decay anomalies, see e.g. [98–112].

2.2.1 Vector category U(1)X charge assignments

The vector category is defined such that the left-handed and the right-handed e, µ and
⌧ leptons carry the same X charge. Solutions to the anomaly conditions (2.2)–(2.7) that
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The  atlasU(1)X

Quark flavor universal

•  are allowed => Yu,d

Gravity2
⇥ U(1)X :

3X

i=1

(6XQi + 2XLi � 3XUi � 3XDi � XEi � XNi) = 0 , (2.5)

U(1)Y ⇥ U(1)
2
X :

3X

i=1

(X
2
Qi

� X
2
Li

� 2X
2
Ui

+ X
2
Di

+ X
2
Ei

) = 0 , (2.6)

U(1)
3
X :

3X

i=1

(6X
3
Qi

+ 2X
3
Li

� 3X
3
Ui

� 3X
3
Di

� X
3
Ei

� X
3
Ni

) = 0 . (2.7)

We consider only rational solutions motivated by the unification scenario, i.e., embedding the
U(1)X into a simple Lie group at high-energies. We can work with integer charges without
loss of generality, since for any set of rational charges {pFi/qFi}, there is an equivalent
set of integer charges obtained by rescaling the gauge coupling gX with the least common
denominator. Any set of integer charges {XFi} satisfying the anomaly conditions (2.2)–(2.7)
can be used to generate up to (3!)

6 inequivalent solutions (and a correspondingly smaller set,
if some of the charges for different families coincide), by permuting the flavor specific charges
within each species. Below, we list the solutions to the Diophantine equations (2.2)–(2.7)
up to this freedom of family permutations.

Still, this leaves us with infinitely many integer solutions of the anomaly cancellation
conditions. For concreteness, we limit the maximal ratio of the largest and the smallest
nonzero charge magnitudes to be  10.2 In the following we then give an exhaustive set of
inequivalent integer solutions of Eqs. (2.2)–(2.7) with

� 10  XFi  10 for every Fi in Eq. (2.1), (2.8)

building on the work of Ref. [82], while imposing further constraints to produce viable
muoquark models.

2.2 Quark flavor universal U(1)X

The symmetry-breaking scalar fields are

H = (1,2,
1

2
, XH) , � = (1,1, 0, X�) , (2.9)

where H is the SM Higgs (with U(1)X charge XH) and � is the SM singlet responsible
for the breaking of U(1)X . Shifting the U(1)X charge assignments for all fields f by a
universal multiple of the hypercharge, Xf ! Xf � aYf , gives a physically equivalent theory,
cf. Appendix A.1. In particular, after a linear invertible field transformation qf = (Yf , Xf )

|

becomes

q̃f = L
|
qf where L =

 
1 �a

0 1

!
. (2.10)

The ambiguity in charge assignments is a direct consequence of the freedom in defining the
U(1) subgroups for a symmetry group with several Abelian factors. A familiar example is
the QCD, which, ignoring the anomalies, has a global U(1)V ⇥ U(1)A or, equivalently, a
U(1)L ⇥ U(1)R symmetry.

2As a point of reference, this ratio is 6 for the SM hypercharge.
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[273 inequivalent solutions]

[21 inequivalent solutions]
 allowed => Ye

AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518

(XH = 0)

eg.  LQ: S3 XL2
≠ {XL1,3

, −3Xq}

[252 inequivalent solutions]
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• The ACC conditions are satisfied provided

The  atlasU(1)X

Third-family-quark

• The “2+1” charge assignment

AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518

The universal quark charge is �9Xq = XL1 + XL2 + XL3 , while the right-handed neutrino
charges are XN1 , XN2 and XN3 . The 18 solutions that have

bE1 = �bE2/2 = bE3 , (2.27)

are listed in Table 1 (up to flavor permutations). The remaining three solutions are

{XL1,2,3} ={�7, 0, 7}, {bE1,2,3} = {�1, 3, �2}, {XN1,2,3} = {�5, �3, 8}, (2.28)
{XL1,2,3} ={�5, �3, 8}, {bE1,2,3} = {�2, 3, �1}, {XN1,2,3} = {�6, �4, 10}, (2.29)
{XL1,2,3} ={�5, 6, 8}, {bE1,2,3} = {1, �3, 2}, {XN1,2,3} = {0, 3, 6}. (2.30)

These solutions are particularly interesting as they facilitate models in which the muon mass
and the (g � 2)µ are both generated at one-loop order (see Section 4).

2.3 Third-family-quark U(1)X

One can relax the assumption of universal U(1)X charges for quarks, Eq. (2.12), and instead
allow for family-dependent quark charges. The quark Yukawa matrices Y

ij
u and Y

ij

d
are

then no longer arbitrary 3 ⇥ 3 complex matrices but, rather, have a texture restricted by
the gauge symmetry. The “2 + 1” quark charge assignment is particularly well-motivated by
phenomenology. In this case, the U(1)X charge of the third quark family differs from that
of the first two families, the latter still taken to be universal:

XQi = XUj = XDk ⌘ Xq12 for all i, j, k = 1, 2, and
XQ3 = XU3 = XD3 ⌘ Xq3 .

(2.31)

The anomaly cancellation conditions (2.2)–(2.7) are identical to the quark flavor-universal
case (Section 2.2) provided that

2Xq12 + Xq3 = 3Xq , (2.32)

where Xq is defined in Eq. (2.12). The quark flavor-universal solutions found in Section 2.2
can, therefore, immediately be extended to the 2 + 1 case. Each flavor-universal solution
generates a one-parameter family of 2 + 1 charge assignments. Xq3 can be taken as a free
parameter, while Xq12 is set to Xq12 = (3Xq � Xq3)/2, with Xq the flavor-universal quark
charge assignment for a given solution listed in Section 2.2. In the phenomenological studies
(Section 3.5), we will focus on the scenario where Xq12 = 0 and Xq3 = 3Xq 6= 0.

The non-Abelian accidental symmetry of the renormalizable Lagrangian without Yukawa
interactions is the SU(2)Q ⇥ SU(2)U ⇥ SU(2)D flavor symmetry, under which the first two
generations transform as doublets, while the third generation is a singlet [118, 119]. As
discussed in the literature [118–120], the minimal set of the symmetry-breaking spurions
capable of explaining the observed quark masses and the CKM mixing matrix consists of a
doublet V ⇠ (2,1,1) and two bidoublets �U ⇠ (2, 2̄,1) and �D ⇠ (2,1, 2̄). For the 2 + 1

charge assignments, the bidoublet spurions are allowed in the Yukawa interactions already
at the dimension-4 level. The doublet V is generated only at the dimension-5 level,

L �
x

u

i

⇤
QiH̃�U3 +

x
d

i

⇤
QiH�D3 + H.c. , (2.33)
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The universal quark charge is �9Xq = XL1 + XL2 + XL3 , while the right-handed neutrino
charges are XN1 , XN2 and XN3 . The 18 solutions that have

bE1 = �bE2/2 = bE3 , (2.27)

are listed in Table 1 (up to flavor permutations). The remaining three solutions are

{XL1,2,3} ={�7, 0, 7}, {bE1,2,3} = {�1, 3, �2}, {XN1,2,3} = {�5, �3, 8}, (2.28)
{XL1,2,3} ={�5, �3, 8}, {bE1,2,3} = {�2, 3, �1}, {XN1,2,3} = {�6, �4, 10}, (2.29)
{XL1,2,3} ={�5, 6, 8}, {bE1,2,3} = {1, �3, 2}, {XN1,2,3} = {0, 3, 6}. (2.30)

These solutions are particularly interesting as they facilitate models in which the muon mass
and the (g � 2)µ are both generated at one-loop order (see Section 4).

2.3 Third-family-quark U(1)X

One can relax the assumption of universal U(1)X charges for quarks, Eq. (2.12), and instead
allow for family-dependent quark charges. The quark Yukawa matrices Y

ij
u and Y

ij

d
are

then no longer arbitrary 3 ⇥ 3 complex matrices but, rather, have a texture restricted by
the gauge symmetry. The “2 + 1” quark charge assignment is particularly well-motivated by
phenomenology. In this case, the U(1)X charge of the third quark family differs from that
of the first two families, the latter still taken to be universal:

XQi = XUj = XDk ⌘ Xq12 for all i, j, k = 1, 2, and
XQ3 = XU3 = XD3 ⌘ Xq3 .

(2.31)

The anomaly cancellation conditions (2.2)–(2.7) are identical to the quark flavor-universal
case (Section 2.2) provided that

2Xq12 + Xq3 = 3Xq , (2.32)

where Xq is defined in Eq. (2.12). The quark flavor-universal solutions found in Section 2.2
can, therefore, immediately be extended to the 2 + 1 case. Each flavor-universal solution
generates a one-parameter family of 2 + 1 charge assignments. Xq3 can be taken as a free
parameter, while Xq12 is set to Xq12 = (3Xq � Xq3)/2, with Xq the flavor-universal quark
charge assignment for a given solution listed in Section 2.2. In the phenomenological studies
(Section 3.5), we will focus on the scenario where Xq12 = 0 and Xq3 = 3Xq 6= 0.

The non-Abelian accidental symmetry of the renormalizable Lagrangian without Yukawa
interactions is the SU(2)Q ⇥ SU(2)U ⇥ SU(2)D flavor symmetry, under which the first two
generations transform as doublets, while the third generation is a singlet [118, 119]. As
discussed in the literature [118–120], the minimal set of the symmetry-breaking spurions
capable of explaining the observed quark masses and the CKM mixing matrix consists of a
doublet V ⇠ (2,1,1) and two bidoublets �U ⇠ (2, 2̄,1) and �D ⇠ (2,1, 2̄). For the 2 + 1

charge assignments, the bidoublet spurions are allowed in the Yukawa interactions already
at the dimension-4 level. The doublet V is generated only at the dimension-5 level,

L �
x

u

i

⇤
QiH̃�U3 +

x
d

i

⇤
QiH�D3 + H.c. , (2.33)

– 10 –

*The quark flavor-universal 
solutions can immediately be 
extended to the 2 + 1 case. 

• The CKM elements  at dim-5:(Vtd , Vts)

The universal quark charge is �9Xq = XL1 + XL2 + XL3 , while the right-handed neutrino
charges are XN1 , XN2 and XN3 . The 18 solutions that have

bE1 = �bE2/2 = bE3 , (2.27)

are listed in Table 1 (up to flavor permutations). The remaining three solutions are

{XL1,2,3} ={�7, 0, 7}, {bE1,2,3} = {�1, 3, �2}, {XN1,2,3} = {�5, �3, 8}, (2.28)
{XL1,2,3} ={�5, �3, 8}, {bE1,2,3} = {�2, 3, �1}, {XN1,2,3} = {�6, �4, 10}, (2.29)
{XL1,2,3} ={�5, 6, 8}, {bE1,2,3} = {1, �3, 2}, {XN1,2,3} = {0, 3, 6}. (2.30)

These solutions are particularly interesting as they facilitate models in which the muon mass
and the (g � 2)µ are both generated at one-loop order (see Section 4).

2.3 Third-family-quark U(1)X

One can relax the assumption of universal U(1)X charges for quarks, Eq. (2.12), and instead
allow for family-dependent quark charges. The quark Yukawa matrices Y

ij
u and Y

ij

d
are

then no longer arbitrary 3 ⇥ 3 complex matrices but, rather, have a texture restricted by
the gauge symmetry. The “2 + 1” quark charge assignment is particularly well-motivated by
phenomenology. In this case, the U(1)X charge of the third quark family differs from that
of the first two families, the latter still taken to be universal:

XQi = XUj = XDk ⌘ Xq12 for all i, j, k = 1, 2, and
XQ3 = XU3 = XD3 ⌘ Xq3 .

(2.31)

The anomaly cancellation conditions (2.2)–(2.7) are identical to the quark flavor-universal
case (Section 2.2) provided that

2Xq12 + Xq3 = 3Xq , (2.32)

where Xq is defined in Eq. (2.12). The quark flavor-universal solutions found in Section 2.2
can, therefore, immediately be extended to the 2 + 1 case. Each flavor-universal solution
generates a one-parameter family of 2 + 1 charge assignments. Xq3 can be taken as a free
parameter, while Xq12 is set to Xq12 = (3Xq � Xq3)/2, with Xq the flavor-universal quark
charge assignment for a given solution listed in Section 2.2. In the phenomenological studies
(Section 3.5), we will focus on the scenario where Xq12 = 0 and Xq3 = 3Xq 6= 0.

The non-Abelian accidental symmetry of the renormalizable Lagrangian without Yukawa
interactions is the SU(2)Q ⇥ SU(2)U ⇥ SU(2)D flavor symmetry, under which the first two
generations transform as doublets, while the third generation is a singlet [118, 119]. As
discussed in the literature [118–120], the minimal set of the symmetry-breaking spurions
capable of explaining the observed quark masses and the CKM mixing matrix consists of a
doublet V ⇠ (2,1,1) and two bidoublets �U ⇠ (2, 2̄,1) and �D ⇠ (2,1, 2̄). For the 2 + 1

charge assignments, the bidoublet spurions are allowed in the Yukawa interactions already
at the dimension-4 level. The doublet V is generated only at the dimension-5 level,

L �
x

u

i

⇤
QiH̃�U3 +

x
d

i

⇤
QiH�D3 + H.c. , (2.33)
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• The muoquark conditions slightly change: 

(XH = 0)

eg.  LQ:S3

Let us consider as an illustration a scalar leptoquark S3 ⌘ (3,3, 1/3, XS3). Assuming
Xq3 6= 0 and Xq12 = 0, we further require:

i) the interaction Q3L2S3 is allowed,

ii) Q3L1,3S3, Q1,2L1,3S3, and Q1,2,3Q1,2,3S
†
3 are forbidden.

For this to be true, the following set of conditions needs to be satisfied

XL2 6= {XL1,3 , XL1,3 � Xq3 , �Xq3 , �2Xq3 , �3Xq3} . (2.34)

These criteria are met by 171 inequivalent sets of XFi charges in the range [�10, 10] out of
which 158 belong to the vector category (cf. Eq. (2.15)) and 13 are in the chiral category.
We will explore the phenomenology of the sub-GeV Xµ vector boson of the gauged U(1)X

with:

Xq12 = 0 , Xq3 = �3 ,

XL1,2,3 = XE1,2,3 = XN1,2,3 = {0, 1, 8}, {0, 2, 7}, {0, 4, 5}, or {0, �1, 10}. (2.35)

These benchmarks satisfy Eq. (2.34) and do not couple X to electrons or valence quarks.
The S3 muoquark at tree-level contributes to b ! sµµ decays and can fit the data well,

see e.g. Ref. [1]. The coupling to the strange quark is generated in a way similar to the
CKM matrix, i.e., by a dimension-5 operator

L �
z

u

i

⇤
Q

C

i L2S3�
†

+ H.c. , (2.36)

where i = 1, 2. This operator is allowed by gauge symmetry despite the U(1)X charges
already being fixed by Eqs. (2.33) and (2.34). The simplest way to generate this operator
without spoiling the down-alignment of Xµ interactions is to introduce a vector-like lepton
� ⇠ (1,2, �

1
2 , �XS3). More precisely, the interactions Q

C

1,2�LS3 and �̄R�
†
L2 generate the

operator in Eq. (2.36) when the � field gets integrated out at tree-level.

3 Light Xµ phenomenology

When the U(1)X gauge boson Xµ is light, it can give the dominant new physics contribution
to (g � 2)µ and potentially resolve the discrepancy between the measurements and the SM
prediction, see e.g. [122]. In this section we show that the (g � 2)µ anomaly can indeed be
explained, without violating other experimental constraints, by a sub-GeV vector boson Xµ

in a broad class of U(1)X gauge models. The U(1)X models that we consider all admit the
muoquark solution of the rare B decay anomalies in the R

K(⇤) ratios and b ! sµµ angular
distributions and branching ratios.

The model independent discussion in Sections 3.1, 3.2, and 3.3 is limited to the flavor
conserving Xµ couplings applicable for the U(1)X gauge models. Section 3.4 contains also a
short discussion of challenges facing a light vector boson that would be flavor violating [123].
The main goal of Section 3.4 is to show that a single light Xµ cannot simultaneously resolve
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[171 inequivalent sol.]

Gravity2
⇥ U(1)X :

3X

i=1

(6XQi + 2XLi � 3XUi � 3XDi � XEi � XNi) = 0 , (2.5)

U(1)Y ⇥ U(1)
2
X :

3X

i=1

(X
2
Qi

� X
2
Li

� 2X
2
Ui

+ X
2
Di

+ X
2
Ei

) = 0 , (2.6)

U(1)
3
X :

3X

i=1

(6X
3
Qi

+ 2X
3
Li

� 3X
3
Ui

� 3X
3
Di

� X
3
Ei

� X
3
Ni

) = 0 . (2.7)

We consider only rational solutions motivated by the unification scenario, i.e., embedding the
U(1)X into a simple Lie group at high-energies. We can work with integer charges without
loss of generality, since for any set of rational charges {pFi/qFi}, there is an equivalent
set of integer charges obtained by rescaling the gauge coupling gX with the least common
denominator. Any set of integer charges {XFi} satisfying the anomaly conditions (2.2)–(2.7)
can be used to generate up to (3!)

6 inequivalent solutions (and a correspondingly smaller set,
if some of the charges for different families coincide), by permuting the flavor specific charges
within each species. Below, we list the solutions to the Diophantine equations (2.2)–(2.7)
up to this freedom of family permutations.

Still, this leaves us with infinitely many integer solutions of the anomaly cancellation
conditions. For concreteness, we limit the maximal ratio of the largest and the smallest
nonzero charge magnitudes to be  10.2 In the following we then give an exhaustive set of
inequivalent integer solutions of Eqs. (2.2)–(2.7) with

� 10  XFi  10 for every Fi in Eq. (2.1), (2.8)

building on the work of Ref. [82], while imposing further constraints to produce viable
muoquark models.

2.2 Quark flavor universal U(1)X

The symmetry-breaking scalar fields are

H = (1,2,
1

2
, XH) , � = (1,1, 0, X�) , (2.9)

where H is the SM Higgs (with U(1)X charge XH) and � is the SM singlet responsible
for the breaking of U(1)X . Shifting the U(1)X charge assignments for all fields f by a
universal multiple of the hypercharge, Xf ! Xf � aYf , gives a physically equivalent theory,
cf. Appendix A.1. In particular, after a linear invertible field transformation qf = (Yf , Xf )

|

becomes

q̃f = L
|
qf where L =

 
1 �a

0 1

!
. (2.10)

The ambiguity in charge assignments is a direct consequence of the freedom in defining the
U(1) subgroups for a symmetry group with several Abelian factors. A familiar example is
the QCD, which, ignoring the anomalies, has a global U(1)V ⇥ U(1)A or, equivalently, a
U(1)L ⇥ U(1)R symmetry.

2As a point of reference, this ratio is 6 for the SM hypercharge.
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The universal quark charge is �9Xq = XL1 + XL2 + XL3 , while the right-handed neutrino
charges are XN1 , XN2 and XN3 . The 18 solutions that have

bE1 = �bE2/2 = bE3 , (2.27)

are listed in Table 1 (up to flavor permutations). The remaining three solutions are

{XL1,2,3} ={�7, 0, 7}, {bE1,2,3} = {�1, 3, �2}, {XN1,2,3} = {�5, �3, 8}, (2.28)
{XL1,2,3} ={�5, �3, 8}, {bE1,2,3} = {�2, 3, �1}, {XN1,2,3} = {�6, �4, 10}, (2.29)
{XL1,2,3} ={�5, 6, 8}, {bE1,2,3} = {1, �3, 2}, {XN1,2,3} = {0, 3, 6}. (2.30)

These solutions are particularly interesting as they facilitate models in which the muon mass
and the (g � 2)µ are both generated at one-loop order (see Section 4).

2.3 Third-family-quark U(1)X

One can relax the assumption of universal U(1)X charges for quarks, Eq. (2.12), and instead
allow for family-dependent quark charges. The quark Yukawa matrices Y

ij
u and Y

ij

d
are

then no longer arbitrary 3 ⇥ 3 complex matrices but, rather, have a texture restricted by
the gauge symmetry. The “2 + 1” quark charge assignment is particularly well-motivated by
phenomenology. In this case, the U(1)X charge of the third quark family differs from that
of the first two families, the latter still taken to be universal:

XQi = XUj = XDk ⌘ Xq12 for all i, j, k = 1, 2, and
XQ3 = XU3 = XD3 ⌘ Xq3 .

(2.31)

The anomaly cancellation conditions (2.2)–(2.7) are identical to the quark flavor-universal
case (Section 2.2) provided that

2Xq12 + Xq3 = 3Xq , (2.32)

where Xq is defined in Eq. (2.12). The quark flavor-universal solutions found in Section 2.2
can, therefore, immediately be extended to the 2 + 1 case. Each flavor-universal solution
generates a one-parameter family of 2 + 1 charge assignments. Xq3 can be taken as a free
parameter, while Xq12 is set to Xq12 = (3Xq � Xq3)/2, with Xq the flavor-universal quark
charge assignment for a given solution listed in Section 2.2. In the phenomenological studies
(Section 3.5), we will focus on the scenario where Xq12 = 0 and Xq3 = 3Xq 6= 0.

The non-Abelian accidental symmetry of the renormalizable Lagrangian without Yukawa
interactions is the SU(2)Q ⇥ SU(2)U ⇥ SU(2)D flavor symmetry, under which the first two
generations transform as doublets, while the third generation is a singlet [118, 119]. As
discussed in the literature [118–120], the minimal set of the symmetry-breaking spurions
capable of explaining the observed quark masses and the CKM mixing matrix consists of a
doublet V ⇠ (2,1,1) and two bidoublets �U ⇠ (2, 2̄,1) and �D ⇠ (2,1, 2̄). For the 2 + 1

charge assignments, the bidoublet spurions are allowed in the Yukawa interactions already
at the dimension-4 level. The doublet V is generated only at the dimension-5 level,

L �
x

u

i

⇤
QiH̃�U3 +

x
d

i

⇤
QiH�D3 + H.c. , (2.33)
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