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• Quark-lepton unification!

• Rich collider and flavor pheno?

Why?  
Phenomenology

Theory

Pati-Salam, SU(5), SO(10) GUT predict LQs but 
generically not in this mass-coupling range.  
New model building directions…

• A LQ with a TeV-scale mass 
and (some)  couplings𝒪(1)
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PART I

PART II

Theory

Phenomenology

• A model building direction: Gauged flavour

• Interpretation of  anomalies after the recent LHCb updateb → sℓℓ

PART III

Phenomenology

• Future colliders: FCC-hh versus Muon Collider



5

 :ℒSM

 sans Yukawa:ℒSM U(3)q × U(3)ℓ × U(3)U × U(3)D × U(3)E

U(1)B × U(1)e × U(1)μ × U(1)τ

Accidental Symmetries in the SM

−ℒYuk = q̄V† ̂YuH̃U + q̄ ̂YdHD + ℓ̄ ̂YeHE
[  transformation and a singular value decomposition theorem]U(3)5

qi, ℓi, Ui, Di, Ei flavour i = 1,2,3

•  and  are exact

•  is anomalous: non-perturbative dynamics implies a selection rule 

B − L Li − Lj

B + L
ΔB = ΔL = 0 (mod 3)
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TeV-scale BSM?
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Example: Leptoquarks

• A viable model at the TeV-scale should not (excessively) violate 
the accidental symmetries.

• Not a generic case!

So why do people object abog.at
TeV seat Leptoquarks

L4t y list QiQi St
13151 13 BCS 2

3

a Abrupt violation of the SM
accidental symmetries

Proton decay II y
probesseatesuptoto Tell

µ e f it j probesseatesupto105Tell

Electron EDM Amy probesseatesuptotoTell

So why do people object abog.at
TeV seat Leptoquarks

L4t y list QiQi St
13151 13 BCS 2

3

a Abrupt violation of the SM
accidental symmetries

Proton decay II y
probesseatesuptoto Tell

µ e f it j probesseatesupto105Tell

Electron EDM Amy probesseatesuptotoTell

U(1)e × U(1)μ × U(1)τ

U(1)B

dim[𝒪] = 4

• Generic TeV-scale LQs are dead!

τp ≳ 1034 years

BR(μ → eγ) ≲ 10−13
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e μ τGauged U(1)X

- Selection rules for a TeV-scale leptoquark

The storyline

+ leptoquarks

- Neutrino masses

- Proton stability

- Unification

Admir Greljo | Model building and phenomenology with leptoquarks



• The initial model U(1)B−3Lμ
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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).

8

A  modelU(1)X

• The generalisation

AG, Stangl, Thomsen; 2103.13991

Davighi, AG, Thomsen; 2202.05275
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J. Davighi, A. Greljo and A.E. Thomsen Physics Letters B 833 (2022) 137310

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

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

2. The UV model

Introducing scalar leptoquarks S3/1 with gauge quantum num-
bers (3̄, 3/1 )1/3 under GSM := SU(3)c × SU(2)L × U(1)Y , and inter-
actions

L ⊃ λ
i j
3 qc

i S3ℓ j + λ
i j
L qc

i S1ℓ j + λ
i j
R uc

i S1e j + H.c. , (1)

provides a well-known simplified model for the flavour anoma-
lies [55– 68 ]. Either leptoquark might be there to address a subset 
of data: only the weak triplet (singlet) is needed for the b → sℓ+ℓ−

(!aµ) anomalies. However, since the two indicated mass scales 
and the flavour structures of the couplings are compatible, it is 
appealing to consider both states together.

For our lepton-flavoured U(1)X , we start by considering the 
most general class of anomaly-free, quark-universal, vector-like2

U(1) extensions of the SM gauge group [69 – 71] that i) are consis-
tent with the ‘muoquark conditions’ of [48 ]; ii) restrict to the case 
where two lepton charges coincide, which allows for a dense neu-
trino Majorana mass matrix using only one or two U(1)X -breaking 
scalars3; and iii) do not require additional chiral fermions beyond 
the SM + 3νR. Up to normalisation, this class is parametrized by 
two coprime integers m and n ̸= 0:

X = 3m(B −L) −n
(
2Lµ −Le −Lτ

)
, 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 φeτ and φµ with U(1)X charges, which acquire vac-
uum expectation values (VEVs) at a high scale. Both the SM fields 
and S1/3 are charged under U(1)X , with charges recorded in Ta-
ble 1 detailing the full field content of the model.

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

λ
i j
3 = αi

3δ
j2, λ

i j
L,R = αi

L,Rδ j2 . (3)

The vectors αi
3,L,R that encode their couplings to quarks are, how-

ever, arbitrary in quark flavour space. Following [47], it is natural 
for αi

3,L,R to be consistent with the approximate U(2)q × U(2)u ×
U(2)d flavour symmetry observed in the quark Yukawa interactions 

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

3 Had we picked out the electron or tauon as being special rather than the 
muon, with a corresponding ‘electroquark’ or ‘tauoquark’, our central story regard-
ing neutrino masses, discrete gauge symmetry, and exact proton stability would 
follow essentially unchanged. Furthermore, one can generalize (2) to a fully LFUV 
3-parameter class of symmetries X = 3m(B −L) + a(Le −Lµ) + b(Lτ −Lµ), allow-
ing a triplet of flavoured leptoquarks, and find a bigger class of (m, a, b) for which 
neutrino masses are generated by a scalar condensate that preserves the same cru-
cial Z9 or Z18 gauge symmetry. All the interesting physics of our mechanism is 
captured by the simpler case (2).

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

Fields U(1)X

Quarks qi , ui , di m
Electrons and taus ℓ1,3, e1,3, ν1,3 n −3m
Muons ℓ2, e2, ν2 −2n −3m
Higgs H 0
Leptoquarks S3, S1 2m + 2n
Scalars φeτ 6m −2n

φµ 6m + n

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

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

Ye ∼

⎛

⎝
× 0 ×
0 × 0
× 0 ×

⎞

⎠ . (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 Eq. (3).

The neutrinos have a Yukawa coupling matrix Yν with a simi-
lar structure to the charged lepton Yukawa (4), which gives mass 
contributions set by the electroweak scale v . However, by design 
φeτ and φµ act as Majorons: Majorana mass terms for the right-
handed neutrinos are generated by the U(1)X -breaking VEVs of φeτ

and φµ , both assumed to be of order v X , through their Yukawa in-
teractions

L ⊃ ν̄ i c
R ν j

R(ξ
i j
eτ φeτ + ξ

i j
µφµ) =⇒ Mν

v X
∼

⎛

⎝
× × ×
× 0 ×
× × ×

⎞

⎠ . (5)

This mass structure can accommodate all the data pertinent to 
neutrino masses and mixings [76– 78 ], since it reduces to the two-
zero minor structure of type 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 φeτ is neutral and decouples, and four of 
the entries in M R

ν are populated by bare mass terms, whose di-
mensionful coefficients have to coincide with the scale v X to fit 
the data well. Similarly, for the case (m, n) = (1, −6), correspond-
ing to X ∝ B + 3Lµ −3Le −3Lτ , the φµ scalar decouples.

3. The IR: discrete gauge symmetry

The U(1)X gauge symmetry is broken by the VEVs of φeτ and 
φµ , whose charges are uniquely fixed so as to produce a dense 
neutrino Majorana mass matrix (5). Because these charges are non-
trivial multiples of the fundamental unit of U(1)X charge, there re-
mains an unbroken discrete subgroup * ⊂U(1)X acting on matter 
in the IR, which in our case remarkably protects baryon number. 
Such a discrete gauge symmetry imposes IR selection rules that are 
exact, holding to all orders in the EFT expansion.

2

(SM singlets)
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Gauge symmetry selection rules:
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Selection rules

The accidental symmetry of  is 
 and 

the LQ charge is 

ℒLQ
U(1)B × U(1)e × U(1)μ × U(1)τ

( −1/3, 0, −1, 0 )
⟹

“Muoquark”
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Gauge symmetry selection rules:
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Selection rules
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qμS

qqS†, qeS, qτS

Gauge symmetry selection rules:

• No proton decay & cLFV
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p π
ℓS

τp ≳ 1034 years

…

•  & b → sμμ (g − 2)μ

 

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

 

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

S
μ e
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• The PMNS is full of  elements.
• The correct neutrino masses and mixings dictate the  breaking.

𝒪(1)
U(1)X

13

Neutrino Masses

• A dense Majorana mass matrix needs two SM-singlet scalar fields with 
charges  and  to get a VEV6m − 2n 6m + n

Type-I seesaw mechanism

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]),

�
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).
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a semi-simple gauge theory, to gain better insights and
pave the way towards the ultraviolet.
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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
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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 .
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examples of new physics models in which quark flavour
violation is linear [72] (thus rank-one [73]),
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3,L,R that encode their couplings to quarks

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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Higgs H 0
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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

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
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ij
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ij
µ �µ) =)
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⇥ ⇥ ⇥
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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).

ν ;

• This is enough to accommodate for :

- Neutrino oscillations data,

- The Planck limit on the sum of neutrino masses,

- The absence of neutrinoless double beta decay.
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is explained if ⟨ϕeτ⟩, ⟨ϕμ⟩ ≫ ⟨H⟩
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• What happens?

• Is there proton decay? cLFV?

In the  broken phase one can naively write renormalisable 
terms  and  that violate 

U(1)X
qqS* qiℓjS U(1)B × U(1)e × U(1)μ × U(1)τ

Neutrino Masses

 breaking at the high scale?U(1)X
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The IR: discrete gauge subgroup
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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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ij
L q

c
iS1`j + �

ij
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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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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).

• Fixed by neutrinos
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The IR: discrete gauge subgroup

3

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

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

k =gcd
�
[�e⌧ ]X , [�µ]X

�

=gcd
�
6m� 2n, 6m+ n

�
= gcd

�
3n, 6m+ n

�
.

(6)

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

q, for any quark and leptoquark fields, is

[qS⇤
q]� ⌘ �2n (mod k) . (7)

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

kZ, or, equivalently,

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

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

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

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

k = 3gcd
�
3n0

, 2(m� n
0)
�
. (9)

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

0 (mod 3), gcd(3, n0
� m) = 1. Then

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

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

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

0 = 3b + r for integers a

and b. One finds

k = 9gcd
�
3b+ r, 2(a� b)

�
⌘ 0 (mod 9) . (10)

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

gcd
�
n, 6m

�
= 3gcd

�
3b+ r, 6a+ 2r

�
6⌘ 0 (mod 9) . (11)

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

From this brief arithmetical excursion, we conclude
that the troublesome diquark operator is banned by �

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

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

‘U(1)X ’ in this context).

b+ r (mod 2) � ` q S qS` qS
⇤
q

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

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

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

(m, n) =
�
3a+ r, 9b+ 3r

�
, for r 2 {1, 2},

(a, b) 2 Z2
, and gcd

�
3a+ r, b� a

�
= 1 .

(12)

The condition on a and b in the second line, which evades
a simple parametrization, is simply to ensure that m and
n label unique UV theories.
We proceed to consider the family of U(1)X mod-

els (12). We emphasize that, since �e⌧ and �µ are �-
singlets, no number of scalar insertions in the EFT can
make a �-invariant diquark operator. To our knowledge,
this mechanism for banning B-violating operators using
a remnant discrete gauge symmetry that derives from a
flavour–non-universal U(1)X gauge symmetry at a high
scale, is novel. It is therefore worth exploring in more
detail.
First, as both m and n are necessarily non-zero, it is

not enough to consider only B � L or only the lepton-
flavoured factor; both are required to construct a model
whose remnant symmetry exactly stabilizes the proton.
Next, for the particular class of models (12), we can de-
termine the remnant symmetry � explicitly. Substituting
the ‘uniqueness condition’ gcd(m, n) = 1 into (10), we
find that

k = 9gcd
�
2, b+ r

�
. (13)

We conclude that

� ⇠=

⇢Z9, for b+ r 2 2Z+ 1

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

We record the charges of the lepton, quark, and lep-
toquark fields, as well as the leptoquark and diquark
operators, in Table II. The � charges of SM fermions
are flavour-universal, despite coming from a flavour-
dependent U(1)X symmetry in the UV. While this might
seem surprising, it had to be the case—after all, the rem-
nant � gauge symmetry remains exact at all energies,4

and, so, if the � charges were flavour-dependent, one
could not realise the complete PMNS matrix.
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�
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We distinguish two further subcases. For ‘subcase A’,
consider m 6⌘ n
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case. This covers all cases for (m, n).
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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
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2, b+ r
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. (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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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).

• Fixed by neutrinos

• An unbroken discrete subgroup Γ ⊂  acting on matter in the IRU(1)X
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The IR: discrete gauge subgroup

3

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

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

k =gcd
�
[�e⌧ ]X , [�µ]X

�

=gcd
�
6m� 2n, 6m+ n

�
= gcd

�
3n, 6m+ n

�
.

(6)

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

q, for any quark and leptoquark fields, is

[qS⇤
q]� ⌘ �2n (mod k) . (7)

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

kZ, or, equivalently,

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

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

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

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

k = 3gcd
�
3n0

, 2(m� n
0)
�
. (9)

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

0 (mod 3), gcd(3, n0
� m) = 1. Then

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

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

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

0 = 3b + r for integers a

and b. One finds

k = 9gcd
�
3b+ r, 2(a� b)

�
⌘ 0 (mod 9) . (10)

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

gcd
�
n, 6m

�
= 3gcd

�
3b+ r, 6a+ 2r

�
6⌘ 0 (mod 9) . (11)

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

From this brief arithmetical excursion, we conclude
that the troublesome diquark operator is banned by �

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

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

‘U(1)X ’ in this context).

b+ r (mod 2) � ` q S qS` qS
⇤
q

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

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

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

(m, n) =
�
3a+ r, 9b+ 3r

�
, for r 2 {1, 2},

(a, b) 2 Z2
, and gcd

�
3a+ r, b� a

�
= 1 .

(12)

The condition on a and b in the second line, which evades
a simple parametrization, is simply to ensure that m and
n label unique UV theories.
We proceed to consider the family of U(1)X mod-

els (12). We emphasize that, since �e⌧ and �µ are �-
singlets, no number of scalar insertions in the EFT can
make a �-invariant diquark operator. To our knowledge,
this mechanism for banning B-violating operators using
a remnant discrete gauge symmetry that derives from a
flavour–non-universal U(1)X gauge symmetry at a high
scale, is novel. It is therefore worth exploring in more
detail.
First, as both m and n are necessarily non-zero, it is

not enough to consider only B � L or only the lepton-
flavoured factor; both are required to construct a model
whose remnant symmetry exactly stabilizes the proton.
Next, for the particular class of models (12), we can de-
termine the remnant symmetry � explicitly. Substituting
the ‘uniqueness condition’ gcd(m, n) = 1 into (10), we
find that

k = 9gcd
�
2, b+ r

�
. (13)

We conclude that

� ⇠=

⇢Z9, for b+ r 2 2Z+ 1

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

We record the charges of the lepton, quark, and lep-
toquark fields, as well as the leptoquark and diquark
operators, in Table II. The � charges of SM fermions
are flavour-universal, despite coming from a flavour-
dependent U(1)X symmetry in the UV. While this might
seem surprising, it had to be the case—after all, the rem-
nant � gauge symmetry remains exact at all energies,4

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

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

breaking or QCD condensation and persists to the deep IR.
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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
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[�e⌧ ]X , [�µ]X
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=gcd
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6m� 2n, 6m+ n

�
= gcd
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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
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and b. One finds
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On the other hand, the RHS of (8) reduces to
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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
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r 2 {1, 2}, while a and b can be any integers satisfying the
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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},
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, and gcd
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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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. (13)

We conclude that
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Z18, for b+ r 2 2Z
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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
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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
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=gcd
�
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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
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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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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).

• Fixed by neutrinos

• An unbroken discrete subgroup Γ ⊂  acting on matter in the IRU(1)X
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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
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[�e⌧ ]X , [�µ]X
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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
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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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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},
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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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. (13)

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
� is isomorphic to the cyclic group Zk, where3

k =gcd
�
[�e⌧ ]X , [�µ]X
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=gcd
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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).
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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

�
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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‘U(1)X ’ in this context).
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TABLE II. Charges under the remnant discrete symmetry
�. Here q and ` refers to any of the quark and lepton fields,
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r 2 {1, 2}, while a and b can be any integers satisfying the
second line of (12).
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defined in (2) parametrized by
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, for r 2 {1, 2},

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

ei 2π
k [ϕ]Xϕ = ϕ

• Both B − L and the lepton-flavoured factor required!
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are flavour-universal, despite coming from a flavour-
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and, so, if the � charges were flavour-dependent, one
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breaking or QCD condensation and persists to the deep IR.
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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).

• Fixed by neutrinos

• An unbroken discrete subgroup Γ ⊂  acting on matter in the IRU(1)X

• No 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
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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 �

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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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.
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singlets, no number of scalar insertions in the EFT can
make a �-invariant diquark operator. To our knowledge,
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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.
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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)
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toquark fields, as well as the leptoquark and diquark
operators, in Table II. The � charges of SM fermions
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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.

Charges under the remnant discrete symmetry Γ 

The IR: discrete gauge subgroup
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•The Γ protection goes beyond just banning the diquark operators. Integrate out . 
Selection rule:

S

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!

3

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

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

k =gcd
�
[�e⌧ ]X , [�µ]X

�

=gcd
�
6m� 2n, 6m+ n

�
= gcd

�
3n, 6m+ n

�
.

(6)

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

q, for any quark and leptoquark fields, is

[qS⇤
q]� ⌘ �2n (mod k) . (7)

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

kZ, or, equivalently,

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

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

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

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

k = 3gcd
�
3n0

, 2(m� n
0)
�
. (9)

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

0 (mod 3), gcd(3, n0
� m) = 1. Then

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

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

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

0 = 3b + r for integers a

and b. One finds

k = 9gcd
�
3b+ r, 2(a� b)

�
⌘ 0 (mod 9) . (10)

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

gcd
�
n, 6m

�
= 3gcd

�
3b+ r, 6a+ 2r

�
6⌘ 0 (mod 9) . (11)

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

From this brief arithmetical excursion, we conclude
that the troublesome diquark operator is banned by �

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

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

‘U(1)X ’ in this context).

b+ r (mod 2) � ` q S qS` qS
⇤
q

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

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

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

(m, n) =
�
3a+ r, 9b+ 3r

�
, for r 2 {1, 2},

(a, b) 2 Z2
, and gcd

�
3a+ r, b� a

�
= 1 .

(12)

The condition on a and b in the second line, which evades
a simple parametrization, is simply to ensure that m and
n label unique UV theories.
We proceed to consider the family of U(1)X mod-

els (12). We emphasize that, since �e⌧ and �µ are �-
singlets, no number of scalar insertions in the EFT can
make a �-invariant diquark operator. To our knowledge,
this mechanism for banning B-violating operators using
a remnant discrete gauge symmetry that derives from a
flavour–non-universal U(1)X gauge symmetry at a high
scale, is novel. It is therefore worth exploring in more
detail.
First, as both m and n are necessarily non-zero, it is

not enough to consider only B � L or only the lepton-
flavoured factor; both are required to construct a model
whose remnant symmetry exactly stabilizes the proton.
Next, for the particular class of models (12), we can de-
termine the remnant symmetry � explicitly. Substituting
the ‘uniqueness condition’ gcd(m, n) = 1 into (10), we
find that

k = 9gcd
�
2, b+ r

�
. (13)

We conclude that

� ⇠=

⇢Z9, for b+ r 2 2Z+ 1

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

We record the charges of the lepton, quark, and lep-
toquark fields, as well as the leptoquark and diquark
operators, in Table II. The � charges of SM fermions
are flavour-universal, despite coming from a flavour-
dependent U(1)X symmetry in the UV. While this might
seem surprising, it had to be the case—after all, the rem-
nant � gauge symmetry remains exact at all energies,4

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

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

breaking or QCD condensation and persists to the deep IR.

Charges under the remnant discrete symmetry Γ 

qqqℓ

The IR: discrete gauge subgroup

and  so on
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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!

3

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

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

k =gcd
�
[�e⌧ ]X , [�µ]X

�

=gcd
�
6m� 2n, 6m+ n

�
= gcd

�
3n, 6m+ n

�
.

(6)

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

q, for any quark and leptoquark fields, is

[qS⇤
q]� ⌘ �2n (mod k) . (7)

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

kZ, or, equivalently,

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

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

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

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

k = 3gcd
�
3n0

, 2(m� n
0)
�
. (9)

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

0 (mod 3), gcd(3, n0
� m) = 1. Then

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

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

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

0 = 3b + r for integers a

and b. One finds

k = 9gcd
�
3b+ r, 2(a� b)

�
⌘ 0 (mod 9) . (10)

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

gcd
�
n, 6m

�
= 3gcd

�
3b+ r, 6a+ 2r

�
6⌘ 0 (mod 9) . (11)

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

From this brief arithmetical excursion, we conclude
that the troublesome diquark operator is banned by �

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

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

‘U(1)X ’ in this context).

b+ r (mod 2) � ` q S qS` qS
⇤
q

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

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

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

(m, n) =
�
3a+ r, 9b+ 3r

�
, for r 2 {1, 2},

(a, b) 2 Z2
, and gcd

�
3a+ r, b� a

�
= 1 .

(12)

The condition on a and b in the second line, which evades
a simple parametrization, is simply to ensure that m and
n label unique UV theories.
We proceed to consider the family of U(1)X mod-

els (12). We emphasize that, since �e⌧ and �µ are �-
singlets, no number of scalar insertions in the EFT can
make a �-invariant diquark operator. To our knowledge,
this mechanism for banning B-violating operators using
a remnant discrete gauge symmetry that derives from a
flavour–non-universal U(1)X gauge symmetry at a high
scale, is novel. It is therefore worth exploring in more
detail.
First, as both m and n are necessarily non-zero, it is

not enough to consider only B � L or only the lepton-
flavoured factor; both are required to construct a model
whose remnant symmetry exactly stabilizes the proton.
Next, for the particular class of models (12), we can de-
termine the remnant symmetry � explicitly. Substituting
the ‘uniqueness condition’ gcd(m, n) = 1 into (10), we
find that

k = 9gcd
�
2, b+ r

�
. (13)

We conclude that

� ⇠=

⇢Z9, for b+ r 2 2Z+ 1

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

We record the charges of the lepton, quark, and lep-
toquark fields, as well as the leptoquark and diquark
operators, in Table II. The � charges of SM fermions
are flavour-universal, despite coming from a flavour-
dependent U(1)X symmetry in the UV. While this might
seem surprising, it had to be the case—after all, the rem-
nant � gauge symmetry remains exact at all energies,4

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

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

breaking or QCD condensation and persists to the deep IR.

Charges under the remnant discrete symmetry Γ 

qqqℓ

• Neutron—antineutron oscillations also forbidden

• ∆B = 3 processes are allowed, in analogy to sphalerons. 

The IR: discrete gauge subgroup

and  so on

•The Γ protection goes beyond just banning the diquark operators. Integrate out . 
Selection rule:

S
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• Γ is lepton flavour universal, otherwise no PMNS.

• cLFV through higher-dim. operators in the -invariant effective theory:U(1)X

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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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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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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Davighi, AG, Thomsen; 2202.05275

Admir Greljo | Model building and phenomenology with leptoquarks

https://arxiv.org/abs/2202.05275
https://arxiv.org/abs/2202.05275


Deeper into the UV: Unification
4

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

�B = 0 (mod 3) (15)

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

Other baryon number–violating processes are in prin-
ciple possible through �B = 3 operators, somewhat rem-
iniscent of sphalerons. However, these processes require
e↵ective operators with nine quarks and at least one lep-
ton, which start at dimension 15 in the SMEFT.

We emphasize that our mechanism for protecting the
proton stability at all-orders is much stronger than in
the generic SMEFT, for which proton decay can occur
at dimension 6. The same is true when comparing with
model extensions à la Pati-Salam [80–95] interpreted as
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neutrinos in a seesaw with order-1 couplings.
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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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are !-invariant, despite not being U(1)X -invariant, for all three 
lepton flavours. This suggests that higher-order operators coupling 
the leptoquarks to electrons and taus are allowed in the U(1)X -
invariant effective theory, which could come from even heavier 
dynamics integrated out at a scale " > v X . Rather, after the break-
ing of U(1)X → !, muon number remains as an accidental, and 
thus approximate, symmetry in the IR.

Sure enough, both leptoquarks have dimension-6 couplings to 
the other lepton families: schematically, 1

"2 φeτ φ∗
µ qS1/3ℓ1,3 and 

1
"2 φeτ φ∗

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

"2 φφℓ̄i He j to the charged lepton Yukawa matrix, popu-
lating the four zeroes in Eq. (4). The fact that the leptoquarks now 
have couplings to both muons and electrons means that µ → eγ
is mediated by the leptoquark exchange. In the case of the S1 lep-
toquark, this contribution to µ → eγ is related to its contribution 
to the (g − 2)µ anomaly by a factor of ϵ2

X where ϵX := v X/". 
The stringent experimental limit on BR(µ → eγ ) [98] requires 
ϵX ! 10− 2 or so [99,100], meaning that a modest scale separa-
tion is sufficient to suppress LFV processes to a level compatible 
with current bounds. Conversely, it is possible to introduce the 
next layer of NP safely below the Planck scale even if we take 
v X ∼ 1011 TeV to naturally accommodate light neutrinos in a see-
saw with order-1 couplings.

c. Dark matter — The discrete gauge symmetry ! can be used 
to stabilise the WIMP dark matter [101–108]. To name one exam-
ple, a dark matter candidate could be a scalar χ thermalised via 
the Higgs portal interaction |H |2|χ |2. To make the dark matter, χ , 
stable, its U(1)X charge should be such that all operators involving 
one χ field and arbitrary other light fields should be forbidden. 
Since all colour-singlet operators have ! charge equal to 0 (mod 
3), the DM is automatically stabilized if [χ ]! ≠ 0 (mod 3)—for ex-
ample, if [χ ]! = 1, coming from (say) the minimal unit of U(1)X
charge in the UV model.

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

4. Deeper into the UV: unification

To conclude, we tentatively discuss how the GSM × U(1)X muo-
quark model, which gives rise to both LFUV and exactly stable 
protons in the IR, could be embedded inside a unified semi-simple 
gauge theory deeper in the UV (see Fig. 1 for a tentative gauge–
flavour unification scenario). The starting point is to realise that 
U(1)Y × 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 fami-
lies, which we promote to a gauge symmetry. One can also unify 

SU(3)c with an SU(3)quark flavour symmetry acting on the quarks 
into an SU(9)quark colour-flavour unified gauge symmetry. At this 
point, the gauge symmetry is SU(9)quark × 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 [112] and discussed in [113].
The group GCF can be viewed as an extension of the Pati–Salam 

gauge group [114], whereby colour and family quantum numbers 
are unified. Remarkably, all three families of SM+3νR 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 representations (78, 3, 1) and (66, 1, 1) of the unified gauge 
group, while the scalar fields φeτ ,µ responsible for Majorana neu-
trino masses and for breaking U(1)X → ! can sit in an (78, 1, 3). A 
hierarchical breaking of SU(9)quark can also give a UV explanation 
of the global U(2)q quark flavour symmetry that appears acciden-
tal in the IR (in a similar way to [82]). We save a detailed study 
of this embedding of the muoquark model inside a unified gauge 
theory for future work.

In this work, we sketched a complete story for lepton-flavoured 
TeV-scale leptoquarks that respect the SM accidental symmetries, 
consistent with very light neutrino masses. The proton is exactly 
stable thanks to a remnant discrete gauge symmetry in the IR. Of 
course, there remains the puzzle of why such a scalar leptoquark 
(and the Higgs) would reside at the TeV scale in the first place, in 
the presence of complicated physics at much higher scales. This 
hints at orthogonal routes towards the deep UV, in which the 
muoquark could arise from partial compositeness [115 ,116] or be 
embedded in a supersymmetric U(1)X extension of the SM. Such 
flavour-dependent supersymmetric extensions were recently clas-
sified in [117 ], suggesting a second path to the UV for future study. 
Beyond that, we wish to emphasize that the mechanism for stabi-
lizing the proton with a remnant subgroup of a lepton-flavoured
gauged U(1)X can be adapted to many other NP models with or 
without leptoquarks. Notably, this mechanism does not seem to 
work in lepton-universal models, perhaps an ever so small hint 
that something might be up with the muons.
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invariant effective theory, which could come from even heavier 
dynamics integrated out at a scale " > v X . Rather, after the break-
ing of U(1)X → !, muon number remains as an accidental, and 
thus approximate, symmetry in the IR.
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saw with order-1 couplings.
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to stabilise the WIMP dark matter [101–108]. To name one exam-
ple, a dark matter candidate could be a scalar χ thermalised via 
the Higgs portal interaction |H |2|χ |2. To make the dark matter, χ , 
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tal in the IR (in a similar way to [82]). We save a detailed study 
of this embedding of the muoquark model inside a unified gauge 
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flavour-dependent supersymmetric extensions were recently clas-
sified in [117 ], suggesting a second path to the UV for future study. 
Beyond that, we wish to emphasize that the mechanism for stabi-
lizing the proton with a remnant subgroup of a lepton-flavoured
gauged U(1)X can be adapted to many other NP models with or 
without leptoquarks. Notably, this mechanism does not seem to 
work in lepton-universal models, perhaps an ever so small hint 
that something might be up with the muons.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgements

We thank Peter Stangl and Javier Fuentes-Martín for useful 
feedback. The work of [A]G and [A]ET has received funding from 
the Swiss National Science Foundation (SNF) through the Eccel-
lenza Professorial Fellowship “Flavor Physics at the High Energy 
Frontier” project number 186866. [ J ]D is supported by the SNF 
under contract 200020-204428. The work of [ J ]D and [A]G is also 
partially supported by the European Research Council (ERC) under 
the European Union’s Horizon 2020 research and innovation pro-
gramme, grant agreement 833280 (FLAY).

References

[1] I. Doršner, S. Fajfer, A. Greljo, J.F. Kamenik, N. Košnik, Phys. Rep. 641 (2016) 1, 
arXiv:1603 .04993 [hep -ph].

4

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

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

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

Sure enough, both leptoquarks have dimension-6 couplings to 
the other lepton families: schematically, 1

"2 φeτ φ∗
µ qS1/3ℓ1,3 and 

1
"2 φeτ φ∗

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

"2 φφℓ̄i He j to the charged lepton Yukawa matrix, popu-
lating the four zeroes in Eq. (4). The fact that the leptoquarks now 
have couplings to both muons and electrons means that µ → eγ
is mediated by the leptoquark exchange. In the case of the S1 lep-
toquark, this contribution to µ → eγ is related to its contribution 
to the (g − 2)µ anomaly by a factor of ϵ2

X where ϵX := v X/". 
The stringent experimental limit on BR(µ → eγ ) [98] requires 
ϵX ! 10− 2 or so [99,100], meaning that a modest scale separa-
tion is sufficient to suppress LFV processes to a level compatible 
with current bounds. Conversely, it is possible to introduce the 
next layer of NP safely below the Planck scale even if we take 
v X ∼ 1011 TeV to naturally accommodate light neutrinos in a see-
saw with order-1 couplings.

c. Dark matter — The discrete gauge symmetry ! can be used 
to stabilise the WIMP dark matter [101–108]. To name one exam-
ple, a dark matter candidate could be a scalar χ thermalised via 
the Higgs portal interaction |H |2|χ |2. To make the dark matter, χ , 
stable, its U(1)X charge should be such that all operators involving 
one χ field and arbitrary other light fields should be forbidden. 
Since all colour-singlet operators have ! charge equal to 0 (mod 
3), the DM is automatically stabilized if [χ ]! ≠ 0 (mod 3)—for ex-
ample, if [χ ]! = 1, coming from (say) the minimal unit of U(1)X
charge in the UV model.

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

4. Deeper into the UV: unification

To conclude, we tentatively discuss how the GSM × U(1)X muo-
quark model, which gives rise to both LFUV and exactly stable 
protons in the IR, could be embedded inside a unified semi-simple 
gauge theory deeper in the UV (see Fig. 1 for a tentative gauge–
flavour unification scenario). The starting point is to realise that 
U(1)Y × 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 fami-
lies, which we promote to a gauge symmetry. One can also unify 

SU(3)c with an SU(3)quark flavour symmetry acting on the quarks 
into an SU(9)quark colour-flavour unified gauge symmetry. At this 
point, the gauge symmetry is SU(9)quark × 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 [112] and discussed in [113].
The group GCF can be viewed as an extension of the Pati–Salam 

gauge group [114], whereby colour and family quantum numbers 
are unified. Remarkably, all three families of SM+3νR 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 representations (78, 3, 1) and (66, 1, 1) of the unified gauge 
group, while the scalar fields φeτ ,µ responsible for Majorana neu-
trino masses and for breaking U(1)X → ! can sit in an (78, 1, 3). A 
hierarchical breaking of SU(9)quark can also give a UV explanation 
of the global U(2)q quark flavour symmetry that appears acciden-
tal in the IR (in a similar way to [82]). We save a detailed study 
of this embedding of the muoquark model inside a unified gauge 
theory for future work.

In this work, we sketched a complete story for lepton-flavoured 
TeV-scale leptoquarks that respect the SM accidental symmetries, 
consistent with very light neutrino masses. The proton is exactly 
stable thanks to a remnant discrete gauge symmetry in the IR. Of 
course, there remains the puzzle of why such a scalar leptoquark 
(and the Higgs) would reside at the TeV scale in the first place, in 
the presence of complicated physics at much higher scales. This 
hints at orthogonal routes towards the deep UV, in which the 
muoquark could arise from partial compositeness [115 ,116] or be 
embedded in a supersymmetric U(1)X extension of the SM. Such 
flavour-dependent supersymmetric extensions were recently clas-
sified in [117 ], suggesting a second path to the UV for future study. 
Beyond that, we wish to emphasize that the mechanism for stabi-
lizing the proton with a remnant subgroup of a lepton-flavoured
gauged U(1)X can be adapted to many other NP models with or 
without leptoquarks. Notably, this mechanism does not seem to 
work in lepton-universal models, perhaps an ever so small hint 
that something might be up with the muons.
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Figure 5. Sample Feynman diagrams for the partonic processes relevant at hadron colliders. For
the scalar leptoquark S3 one should exchange q $ q̄.

CL limits that define the targeted parameter space for all considered models to be explored
at future colliders.

3.1 Di-muon: pp ! µ
+
µ
�

Following Ref. [15], a short-distance new physics above the electroweak scale contributing to
the (semi)leptonic B-meson decays, generically predicts a correlated effect in the Drell–Yan
(DY) process (pp ! µ

+
µ
�). This applies to all tree-level mediators considered in this work.

In particular, a Z
0 would show up as an s-channel resonance, while a leptoquark would lead

to a non-resonant effect via a t-channel contribution, see Fig. 5 for the respective Feynman
diagrams. Should the mass of these mediators be above the accessible di-muon invariant
mass spectrum, their impact would be described by a four-fermion quark-lepton interaction
considered in Section 4. Such interactions modify the high-invariant mass tails of the DY
process [15, 66, 68–92]. After specifying the quark flavour structure for a given operator,
the sensitivity in the tails can be compared to those from the low-energy flavour physics.

The production cross section depends crucially on the quark flavours involved in the
initial state. For example, quark-flavour universal Z 0 models with B/Lµ ⇠ O(1) and MFV
in the quark sector are already very well tested by current DY data at LHC. The dominant
production channel in these models is due to the valance quarks, and it is enhanced because
of their large PDFs. In this work, we only consider models in which the dominant couplings
are with the heavy flavours and which can evade LHC searches thanks to the suppression
from the sea quark PDFs. In Section 5.1 we investigate the U(1)B3�L2 gauge extension of
the SM where the Z

0 primarily interacts with the third generation of quarks and second
generation of leptons. The dominant DY channel in this model is the bb̄ fusion. In Section 6,
we derive the DY limits on the leptoquark models. While the main results are summarised
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Figure 14: The best-fit regions at 1� for all relevant constraints for the LFU leptoquark
model. The global fit is shown at 1 and 2�. See Section 6.3 for details.

predicts the left-handed rotations to dominate over the right-handed ones.11 The important
effect is that the leading Xµ interactions in the mass basis are associated with the current

Jµ
X = Jµ

3B3�L +
1

3
✏ij q̄i�

µqj , (6.15)

where |✏ij | ⌧ 1. The rest of the matching calculation proceeds as in Section 6.1. The
matching results in Eqs. (6.8)–(6.13) stay the same after the replacement of �ij ! 3 �i3�j3
for all quark indices. We again choose the down-aligned basis.

In Fig. 13, we show the best-fit regions for different data sets assuming the two cases
for ✏ij as in the previous section, see Eq. (6.5). The only difference with respect to the
U(1)B�L case is that the high-mass Drell-Yan bound is less stringent (dominant couplings
are with b quarks) and now compatible with the intersection of �F = 2 and b ! s`+`�.
However, the four-lepton contact interactions are inconsistent with this parameter space at
the 1� level. This is a general feature of the LFU Z 0 models — the e+e� ! `+`� becomes
a critical constraint. This is in contrast to the LFU violating models such as Lµ�L⌧ , where
the analogous bound was a neutrino trident production, and thus much weaker [129].

6.3 LFU leptoquark

Let us consider a triplet of scalar leptoquarks S↵ (↵ = 1, 2, 3) in the same SM gauge
representation (3̄,3, 1/3).12 The flavor index ↵ refers to the lepton flavor, and leptoquarks

11For the explicit realization of the left-handed dominance with vector-like quarks, see a closely related
model in Section 2.3 in Ref. [118]. By choosing appropriate representations, operators of the type 1

⇤ q̄3H�†di

are absent, while 1
⇤ q̄iH�d3 is present.

12Adding n copies of scalars in the (anti)fundamental representation of SU(3)c and the adjoint represen-
tation of SU(2)L modifies the SM beta functions of both gS and g2. While the strong coupling gS stays
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Collider C.o.m. Energy Luminosity Label

LHC Run-2 13 TeV 140 fb�1 LHC
HL-LHC 14 TeV 6 ab�1 HL-LHC
FCC-hh 100 TeV 30 ab�1 FCC-hh

Muon Collider 3 TeV 1 ab�1 MuC3
Muon Collider 10 TeV 10 ab�1 MuC10
Muon Collider 14 TeV 20 ab�1 MuC14

Table 1. The energy and the luminosity of benchmark colliders. The detector specifications for
FCC-hh and MuC are discussed in Appendix D. The last column shows the short-hand label and
color code for each collider, used for all the sensitivity plots in the paper.

four-fermion operators composed of two quarks and two second-generation leptons, all
SU(2)L doublets. We only assume couplings to muons for a more direct comparison between
MuC and FCC-hh and due to the additional motivation of the bsµµ anomalies. Firstly, we
consider a minimal flavour violation (MFV) [14] scenario, where the leading EFT coefficients
are proportional to the identity in quark flavour space.1 Then, as a scenario more related
to bsµµ anomalies, we consider a minimally broken U(2)3 flavour symmetry [16–18]. We
compare the high-pT bounds with the tentative values suggested by the flavour anomalies.

After deriving limits on the contact interactions, we study explicit mediator models,
focusing only on tree-level mediators. There is a finite number of tree-level mediators which
can produce a semileptonic four-fermion interaction at low energies. These are bosons, either
color singlets or triplets. We restrict our discussion to the Z

0 (color-singlet vectors) and
leptoquarks (color-triplet scalars or vectors).

In Section 5 we study two representative examples of the Z 0 models, where the mediator is
a massive gauge boson of a spontaneously broken gauge symmetry U(1)B3�Lµ (in Section 5.1)
and U(1)Lµ�L⌧ (in Section 5.2), respectively. Both are free of chiral anomalies with the
fermionic content minimally extended to include right-handed neutrinos. The first example
represents a large class of models in which the Z

0 interaction with the third generation
of quarks is of the same size as the one with muons, while the interactions with the light
quark families are suppressed. This model is motivated by the flavour structure observed
in the SM quark sector which has an approximate U(2)3 flavour symmetry. The second
example represents models in which quark interactions are altogether suppressed, compared
with those to muons. Both classes of models are less constrained from current LHC data,
compared with the quark-universal Z 0 models with B/Lµ ⇠ O(1) that are produced from
valence quarks. In this work, we focus on the Z

0 mass range above the electroweak scale.
For both models, we first assume only the renormalisable couplings present in the unbroken
U(1)X phase (we assume the breaking by the condensate of a SM-singlet scalar). Then, we
switch on also the minimal set of other couplings required to fit the bsµµ anomalies and
impose that they are addressed by the model.

1In Ref. [15] it was shown that this scenario is disfavoured as solution to bsµµ anomalies due to tension
with LHC constraints from pp ! µ+µ�.
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• Collinear radiation: Spreads the muon energy to lower values and generates 
different initial states  Parton Distribution Functions

• We cross-check and numerically solve the DGLAP equations from (Han et al, 
2007.14300, 2103.09844) with appropriate initial conditions at the LL accuracy
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Figure 18. Muon PDFs including the full unbroken SM interactions for Q = 3 TeV. The thickness
of the gluon and b quarks PDFs is obtained by varying the µQCD scale from 0.5 to 1 GeV.

Figure 19. Parton luminosities, for p
s0 = 3 TeV, involving two muons (left) or a muon and a b̄

(right).

vector polarizations. Then at the electroweak scale µEW we match with the PDFs obtained
from the first phase and continue the evolution considering the full unbroken Standard
Model interactions, now separating left and right chiralities, as well as the two transverse
polarizations of gauge bosons. The role of the longitudinal polarization is played by the
Goldstone bosons coming from the Higgs doublet and we identified PDFs with the same
equations and initial conditions. Since for this work we need only muon, neutrino, and quark
PDFs, we neglect ultra-collinear effects arising in the broken phase. These are suppressed
as m

2

W
/Q

2 at higher energies but give the dominant contribution to longitudinal gauge
bosons PDFs. However, their impact on massless fermions is negligible. We leave the
implementation of these effects to an upcoming work on muon PDFs, where all other details
of this computation will be available [59].

In Fig. 18 we report the PDFs relevant for our work at the scale Q = 3TeV, while in
Fig. 19 we show the parton luminosities Lij used to compute the various cross sections in
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this work, given by

Lij(⌧) =

Z
1

⌧

dx

x
fi(x,m)fj

⇣
⌧

x
,m

⌘
, (A.1)

where fi(x,m) is the PDF of the parton i computed at a scale Q = m and ⌧ is defined as

⌧ =
m

2

s0
, (A.2)

with m being the invariant mass of the two initial states and s0 the center of mass energy of
the collider. By comparing our results with Fig. 1 of [63] we find good agreement for all
PDFs considered in this work (fermions, gluon and photon), with deviations of . 10%.

The luminosity is related to a probability for a collision between partons i and j with
energy p

⌧s0. For a given process, the total cross section is obtained after a convolution
with a partonic cross section,

�TOT =
X

i,j

Z
1

0

d⌧Lij(⌧)�ij(
p
⌧s0) =

X

i,j

Z p
s0

0

dm
2m

s0
Lij

✓
m

2

s0

◆
�ij(m). (A.3)

B Partonic cross sections

In a scattering process where partons of type 1 collide with partons of type 2 to produce
partons of type 3 and 4, the differential cross section defined in the lab frame is given by

d
3
�

dy3dy4dm
= f(x1)f(x2)

m
3

2s

1

cosh y⇤

d�

dt̂
(1 + 2 ! 3 + 4) , (B.1)

where m is the invariant mass of the products, yi is the rapidity of parton i, f(xi) is the
PDF and

x1,2 =
m
p
s0

e
± y3+y4

2 , y⇤ =
1

2
(y3 � y4) , t̂ = �

m
2

2
(1� cos ✓⇤) , ✓⇤ = arcsin

✓
1

cosh y⇤

◆
.

(B.2)

For the process µ+

L
µ
�
L
! q̄LqL we derive analytic expressions for the total polarized partonic

cross sections (not averaged over initial spins). As an example, we give here the result in
the limit of vanishing fermion masses for the case where the NP effect is mediated by a Z

0,
a S3 leptoquark, as well as a contact interaction CµLµLqLqL in Eq. (4.3):

�(µ+

L
µ
�
L
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3

16⇡s2
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, (B.3)
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Figure 18. Muon PDFs including the full unbroken SM interactions for Q = 3 TeV. The thickness
of the gluon and b quarks PDFs is obtained by varying the µQCD scale from 0.5 to 1 GeV.
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s0 = 3 TeV, involving two muons (left) or a muon and a b̄

(right).

vector polarizations. Then at the electroweak scale µEW we match with the PDFs obtained
from the first phase and continue the evolution considering the full unbroken Standard
Model interactions, now separating left and right chiralities, as well as the two transverse
polarizations of gauge bosons. The role of the longitudinal polarization is played by the
Goldstone bosons coming from the Higgs doublet and we identified PDFs with the same
equations and initial conditions. Since for this work we need only muon, neutrino, and quark
PDFs, we neglect ultra-collinear effects arising in the broken phase. These are suppressed
as m

2

W
/Q

2 at higher energies but give the dominant contribution to longitudinal gauge
bosons PDFs. However, their impact on massless fermions is negligible. We leave the
implementation of these effects to an upcoming work on muon PDFs, where all other details
of this computation will be available [59].

In Fig. 18 we report the PDFs relevant for our work at the scale Q = 3TeV, while in
Fig. 19 we show the parton luminosities Lij used to compute the various cross sections in
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Figure 1. Feynman diagrams for the partonic processes relevant for our MuC phenomenology. For
the scalar leptoquark S3 one should exchange q $ q̄.

see App. A and Refs. [59, 62, 63] for recent results on the subject. We denote the muon
(anti-muon) beam as µ (µ̄), while the individual partons are µ

±
, `

±
, ⌫i, qi, q̄i, �,W,Z, etc.

For the Z 0 and leptoquark benchmark models, the relevant MuC processes are: di-jet and
di-tau production from muon annihilation (µ+

µ
�
! jj, ⌧

+
⌧
�), Bhabha scattering of muons

(µ+
µ
�
! µ

+
µ
�), muon-quark scattering (µ±

q ! µ
±
q, that includes single production of

leptoquark), and pair production of leptoquarks (µ+
µ
�
! LQLQ).

Except for µq ! µq, all the other processes we study are initiated by µ
�
µ
+, i.e. the

valence partons inside the muonic and anti-muonic beam, respectively. The µ
�
µ
+ luminosity

Lµµ(mµµ) grows when mµµ ! 0 (see Fig. 18 in App. A) due to the contribution arising
from the splitting of photons and EW gauge bosons, as well as when going closer to the
collider energy mµµ !

p
s0, with a minimum in the intermediate energies. This behavior is

completely different than qq̄ luminosities in proton-proton colliders, where the luminosity
monotonously decreases going to higher energies and becomes negligible well before the
kinematical limit of the collider. This difference is important to understand our numerical
results. In a MuC, if the NP has a mass below the collider energy one can look for its effect
both in the shape of the cross section (a resonance peak or a t(u)-channel exchange) for
mµµ <

p
s0 as well as in the very precise measurement of the cross section at the highest

invariant mass bin, mµµ ⇡
p
s0. The latter method works much better at MuC compared to

similar methods at hadron colliders, see e.g. [64, 65], thanks to the large parton luminosity,
lower theory uncertainties, and cleaner collider environment. For NP states heavier than
p
s0, instead, the sensitivity arises only from the latter strategy.

In the following we provide more details for each of the MuC processes we studied. The
differential cross sections are derived after computing analytically the partonic cross sections
of the 2 ! 2 processes (see App. B) and convoluting them with the parton luminosities of
the initial state (see App. A).
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Figure 1. Feynman diagrams for the partonic processes relevant for our MuC phenomenology. For
the scalar leptoquark S3 one should exchange q $ q̄.
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(anti-muon) beam as µ (µ̄), while the individual partons are µ
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, ⌫i, qi, q̄i, �,W,Z, etc.

For the Z 0 and leptoquark benchmark models, the relevant MuC processes are: di-jet and
di-tau production from muon annihilation (µ+

µ
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! jj, ⌧

+
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�), Bhabha scattering of muons

(µ+
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! µ

+
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�), muon-quark scattering (µ±

q ! µ
±
q, that includes single production of

leptoquark), and pair production of leptoquarks (µ+
µ
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! LQLQ).

Except for µq ! µq, all the other processes we study are initiated by µ
�
µ
+, i.e. the

valence partons inside the muonic and anti-muonic beam, respectively. The µ
�
µ
+ luminosity

Lµµ(mµµ) grows when mµµ ! 0 (see Fig. 18 in App. A) due to the contribution arising
from the splitting of photons and EW gauge bosons, as well as when going closer to the
collider energy mµµ !

p
s0, with a minimum in the intermediate energies. This behavior is

completely different than qq̄ luminosities in proton-proton colliders, where the luminosity
monotonously decreases going to higher energies and becomes negligible well before the
kinematical limit of the collider. This difference is important to understand our numerical
results. In a MuC, if the NP has a mass below the collider energy one can look for its effect
both in the shape of the cross section (a resonance peak or a t(u)-channel exchange) for
mµµ <

p
s0 as well as in the very precise measurement of the cross section at the highest

invariant mass bin, mµµ ⇡
p
s0. The latter method works much better at MuC compared to

similar methods at hadron colliders, see e.g. [64, 65], thanks to the large parton luminosity,
lower theory uncertainties, and cleaner collider environment. For NP states heavier than
p
s0, instead, the sensitivity arises only from the latter strategy.

In the following we provide more details for each of the MuC processes we studied. The
differential cross sections are derived after computing analytically the partonic cross sections
of the 2 ! 2 processes (see App. B) and convoluting them with the parton luminosities of
the initial state (see App. A).
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Figure 1. Feynman diagrams for the partonic processes relevant for our MuC phenomenology. For
the scalar leptoquark S3 one should exchange q $ q̄.

see App. A and Refs. [59, 62, 63] for recent results on the subject. We denote the muon
(anti-muon) beam as µ (µ̄), while the individual partons are µ

±
, `

±
, ⌫i, qi, q̄i, �,W,Z, etc.

For the Z 0 and leptoquark benchmark models, the relevant MuC processes are: di-jet and
di-tau production from muon annihilation (µ+

µ
�
! jj, ⌧

+
⌧
�), Bhabha scattering of muons

(µ+
µ
�
! µ

+
µ
�), muon-quark scattering (µ±

q ! µ
±
q, that includes single production of

leptoquark), and pair production of leptoquarks (µ+
µ
�
! LQLQ).

Except for µq ! µq, all the other processes we study are initiated by µ
�
µ
+, i.e. the

valence partons inside the muonic and anti-muonic beam, respectively. The µ
�
µ
+ luminosity

Lµµ(mµµ) grows when mµµ ! 0 (see Fig. 18 in App. A) due to the contribution arising
from the splitting of photons and EW gauge bosons, as well as when going closer to the
collider energy mµµ !

p
s0, with a minimum in the intermediate energies. This behavior is

completely different than qq̄ luminosities in proton-proton colliders, where the luminosity
monotonously decreases going to higher energies and becomes negligible well before the
kinematical limit of the collider. This difference is important to understand our numerical
results. In a MuC, if the NP has a mass below the collider energy one can look for its effect
both in the shape of the cross section (a resonance peak or a t(u)-channel exchange) for
mµµ <

p
s0 as well as in the very precise measurement of the cross section at the highest

invariant mass bin, mµµ ⇡
p
s0. The latter method works much better at MuC compared to

similar methods at hadron colliders, see e.g. [64, 65], thanks to the large parton luminosity,
lower theory uncertainties, and cleaner collider environment. For NP states heavier than
p
s0, instead, the sensitivity arises only from the latter strategy.

In the following we provide more details for each of the MuC processes we studied. The
differential cross sections are derived after computing analytically the partonic cross sections
of the 2 ! 2 processes (see App. B) and convoluting them with the parton luminosities of
the initial state (see App. A).
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Figure 1. Feynman diagrams for the partonic processes relevant for our MuC phenomenology. For
the scalar leptoquark S3 one should exchange q $ q̄.

see App. A and Refs. [59, 62, 63] for recent results on the subject. We denote the muon
(anti-muon) beam as µ (µ̄), while the individual partons are µ

±
, `

±
, ⌫i, qi, q̄i, �,W,Z, etc.

For the Z 0 and leptoquark benchmark models, the relevant MuC processes are: di-jet and
di-tau production from muon annihilation (µ+

µ
�
! jj, ⌧

+
⌧
�), Bhabha scattering of muons

(µ+
µ
�
! µ

+
µ
�), muon-quark scattering (µ±

q ! µ
±
q, that includes single production of

leptoquark), and pair production of leptoquarks (µ+
µ
�
! LQLQ).

Except for µq ! µq, all the other processes we study are initiated by µ
�
µ
+, i.e. the

valence partons inside the muonic and anti-muonic beam, respectively. The µ
�
µ
+ luminosity

Lµµ(mµµ) grows when mµµ ! 0 (see Fig. 18 in App. A) due to the contribution arising
from the splitting of photons and EW gauge bosons, as well as when going closer to the
collider energy mµµ !

p
s0, with a minimum in the intermediate energies. This behavior is

completely different than qq̄ luminosities in proton-proton colliders, where the luminosity
monotonously decreases going to higher energies and becomes negligible well before the
kinematical limit of the collider. This difference is important to understand our numerical
results. In a MuC, if the NP has a mass below the collider energy one can look for its effect
both in the shape of the cross section (a resonance peak or a t(u)-channel exchange) for
mµµ <

p
s0 as well as in the very precise measurement of the cross section at the highest

invariant mass bin, mµµ ⇡
p
s0. The latter method works much better at MuC compared to

similar methods at hadron colliders, see e.g. [64, 65], thanks to the large parton luminosity,
lower theory uncertainties, and cleaner collider environment. For NP states heavier than
p
s0, instead, the sensitivity arises only from the latter strategy.

In the following we provide more details for each of the MuC processes we studied. The
differential cross sections are derived after computing analytically the partonic cross sections
of the 2 ! 2 processes (see App. B) and convoluting them with the parton luminosities of
the initial state (see App. A).
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Figure 18. Muon PDFs including the full unbroken SM interactions for Q = 3 TeV. The thickness
of the gluon and b quarks PDFs is obtained by varying the µQCD scale from 0.5 to 1 GeV.
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Figure 19. Parton luminosities, for p
s0 = 3 TeV, involving two muons (left) or a muon and a b̄

(right).

vector polarizations. Then at the electroweak scale µEW we match with the PDFs obtained
from the first phase and continue the evolution considering the full unbroken Standard
Model interactions, now separating left and right chiralities, as well as the two transverse
polarizations of gauge bosons. The role of the longitudinal polarization is played by the
Goldstone bosons coming from the Higgs doublet and we identified PDFs with the same
equations and initial conditions. Since for this work we need only muon, neutrino, and quark
PDFs, we neglect ultra-collinear effects arising in the broken phase. These are suppressed
as m

2

W
/Q

2 at higher energies but give the dominant contribution to longitudinal gauge
bosons PDFs. However, their impact on massless fermions is negligible. We leave the
implementation of these effects to an upcoming work on muon PDFs, where all other details
of this computation will be available [59].

In Fig. 18 we report the PDFs relevant for our work at the scale Q = 3TeV, while in
Fig. 19 we show the parton luminosities Lij used to compute the various cross sections in

– 34 –

mX < s0

• Kinematical features at  
e.g. a resonance peak

mμμ ∼ mX

• Corrections to the bins  
“fifth force searches” 

mμμ ≈ s0

• Corrections to the bins  
“EFT searches” 

mμμ ≈ s0

- Only effective 
at MuC due to μ+μ−

mX > s0

- Monotonously decreasing 
luminosities in proton colliders
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Figure 5. Sample Feynman diagrams for the partonic processes relevant at hadron colliders. For
the scalar leptoquark S3 one should exchange q $ q̄.

CL limits that define the targeted parameter space for all considered models to be explored
at future colliders.

3.1 Di-muon: pp ! µ
+
µ
�

Following Ref. [15], a short-distance new physics above the electroweak scale contributing to
the (semi)leptonic B-meson decays, generically predicts a correlated effect in the Drell–Yan
(DY) process (pp ! µ

+
µ
�). This applies to all tree-level mediators considered in this work.

In particular, a Z
0 would show up as an s-channel resonance, while a leptoquark would lead

to a non-resonant effect via a t-channel contribution, see Fig. 5 for the respective Feynman
diagrams. Should the mass of these mediators be above the accessible di-muon invariant
mass spectrum, their impact would be described by a four-fermion quark-lepton interaction
considered in Section 4. Such interactions modify the high-invariant mass tails of the DY
process [15, 66, 68–92]. After specifying the quark flavour structure for a given operator,
the sensitivity in the tails can be compared to those from the low-energy flavour physics.

The production cross section depends crucially on the quark flavours involved in the
initial state. For example, quark-flavour universal Z 0 models with B/Lµ ⇠ O(1) and MFV
in the quark sector are already very well tested by current DY data at LHC. The dominant
production channel in these models is due to the valance quarks, and it is enhanced because
of their large PDFs. In this work, we only consider models in which the dominant couplings
are with the heavy flavours and which can evade LHC searches thanks to the suppression
from the sea quark PDFs. In Section 5.1 we investigate the U(1)B3�L2 gauge extension of
the SM where the Z

0 primarily interacts with the third generation of quarks and second
generation of leptons. The dominant DY channel in this model is the bb̄ fusion. In Section 6,
we derive the DY limits on the leptoquark models. While the main results are summarised
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Figure 5. Sample Feynman diagrams for the partonic processes relevant at hadron colliders. For
the scalar leptoquark S3 one should exchange q $ q̄.

CL limits that define the targeted parameter space for all considered models to be explored
at future colliders.

3.1 Di-muon: pp ! µ
+
µ
�

Following Ref. [15], a short-distance new physics above the electroweak scale contributing to
the (semi)leptonic B-meson decays, generically predicts a correlated effect in the Drell–Yan
(DY) process (pp ! µ

+
µ
�). This applies to all tree-level mediators considered in this work.

In particular, a Z
0 would show up as an s-channel resonance, while a leptoquark would lead

to a non-resonant effect via a t-channel contribution, see Fig. 5 for the respective Feynman
diagrams. Should the mass of these mediators be above the accessible di-muon invariant
mass spectrum, their impact would be described by a four-fermion quark-lepton interaction
considered in Section 4. Such interactions modify the high-invariant mass tails of the DY
process [15, 66, 68–92]. After specifying the quark flavour structure for a given operator,
the sensitivity in the tails can be compared to those from the low-energy flavour physics.

The production cross section depends crucially on the quark flavours involved in the
initial state. For example, quark-flavour universal Z 0 models with B/Lµ ⇠ O(1) and MFV
in the quark sector are already very well tested by current DY data at LHC. The dominant
production channel in these models is due to the valance quarks, and it is enhanced because
of their large PDFs. In this work, we only consider models in which the dominant couplings
are with the heavy flavours and which can evade LHC searches thanks to the suppression
from the sea quark PDFs. In Section 5.1 we investigate the U(1)B3�L2 gauge extension of
the SM where the Z

0 primarily interacts with the third generation of quarks and second
generation of leptons. The dominant DY channel in this model is the bb̄ fusion. In Section 6,
we derive the DY limits on the leptoquark models. While the main results are summarised
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the (semi)leptonic B-meson decays, generically predicts a correlated effect in the Drell–Yan
(DY) process (pp ! µ

+
µ
�). This applies to all tree-level mediators considered in this work.

In particular, a Z
0 would show up as an s-channel resonance, while a leptoquark would lead

to a non-resonant effect via a t-channel contribution, see Fig. 5 for the respective Feynman
diagrams. Should the mass of these mediators be above the accessible di-muon invariant
mass spectrum, their impact would be described by a four-fermion quark-lepton interaction
considered in Section 4. Such interactions modify the high-invariant mass tails of the DY
process [15, 66, 68–92]. After specifying the quark flavour structure for a given operator,
the sensitivity in the tails can be compared to those from the low-energy flavour physics.

The production cross section depends crucially on the quark flavours involved in the
initial state. For example, quark-flavour universal Z 0 models with B/Lµ ⇠ O(1) and MFV
in the quark sector are already very well tested by current DY data at LHC. The dominant
production channel in these models is due to the valance quarks, and it is enhanced because
of their large PDFs. In this work, we only consider models in which the dominant couplings
are with the heavy flavours and which can evade LHC searches thanks to the suppression
from the sea quark PDFs. In Section 5.1 we investigate the U(1)B3�L2 gauge extension of
the SM where the Z

0 primarily interacts with the third generation of quarks and second
generation of leptons. The dominant DY channel in this model is the bb̄ fusion. In Section 6,
we derive the DY limits on the leptoquark models. While the main results are summarised
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6 Leptoquark models

Leptoquarks [22] are hypothetical particles that can couple quarks to leptons at the renor-
malizable level. They are motivated by the idea of quark-lepton unification hinted at by
the hypercharge quantization in the SM. Leptoquarks are also the only other mediators, in
addition to colorless vectors, that generate the semileptonic effective operators in Eq. (4.1)
at the tree level. Interesting for our discussion are the scalar S3, with the SM quantum
numbers (3̄,3, 1/3), and the vector U1 ⇠ (3,1, 2/3).13 Both are a viable single-mediator
solution of the bsµµ anomalies [161].

In this Section, we investigate the discovery prospects at future colliders for the S3 and U1

leptoquarks. We extend the SM minimally with a single heavy field (ignoring the UV origin
of its mass) and focus on the renormalisable interactions with the left-handed SM fermions.
We consider two different cases regarding the flavour structure of such interactions. First,
we assume an exact U(2)QL quark-flavour symmetry under which the first two generations
Q

i

L
(i = 1, 2) form a doublet, while the third-generation Q

3

L
is a singlet. In addition, we

assume an exact U(1)µ�LQ symmetry under which L
2

L
and the leptoquark are oppositely

charged. This can be achieved by gauging one out of many possible anomaly-free lepton
flavour non-universal U(1) extensions of the SM, see [24]. In this case, the only allowed
coupling will be to Q

3

L
and L

2

L
. In the second scenario, we aim at addressing the bsµµ

anomalies by minimally adding a direct leptoquark coupling to Q
2

L
.

Relaxing our assumptions, it is conceivable to formulate scenarios with dominant
couplings to taus or even to new exotic fermions consistent with the low-energy flavour
bounds and proton decay. A famous example is the U(2)L flavour structure in the leptonic
sector, advocated for a combined explanation of the bsµµ anomalies and R

D(⇤) , see e.g.
Ref. [162]. These scenarios would require a different strategy since LQ ! µj would be a
subdominant decay mode. In addition, the interesting leptoquark mass range would also
be more restricted by the perturbative unitarity, implying lighter states. For the future
prospects on leptoquarks decaying to third generation leptons see [59, 60]. In what follows,
we analyze the minimal scenarios where such additional structures are neglected.

6.1 Scalar leptoquark S3

We start with the leptoquark S3 ⇠ (3̄,3, 1/3) [22]. The interaction Lagrangian reads

L
int

S3
= �iµQ

i c

L
✏ �

I
L
2

LS
I

3 + h.c. , (6.1)

where ✏ = i�2. We assume a real coupling matrix for simplicity. The leptoquark triplet can
be written as

�
S
I

3�
I
�
⌘

 
S
(1/3)

3

p
2S(4/3)

3
p
2S(�2/3)

3
�S

(1/3)

3

!
, (6.2)

13We do not consider U3 ⇠ (3,3, 2/3) since its phenomenology is partially covered by the U1 case. Similarly,
we did not consider a colorless vector triplet in Section 5. The SU(2)L gauge symmetry will in both cases
predict additional correlated signatures.
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of its mass) and focus on the renormalisable interactions with the left-handed SM fermions.
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sector, advocated for a combined explanation of the bsµµ anomalies and R

D(⇤) , see e.g.
Ref. [162]. These scenarios would require a different strategy since LQ ! µj would be a
subdominant decay mode. In addition, the interesting leptoquark mass range would also
be more restricted by the perturbative unitarity, implying lighter states. For the future
prospects on leptoquarks decaying to third generation leptons see [59, 60]. In what follows,
we analyze the minimal scenarios where such additional structures are neglected.
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Figure 13. The 5� discovery prospects at future colliders for the S3 leptoquark assuming the
U(2)3 quark flavour symmetry and the exclusive leptoquark coupling to muons (see Section 6.1).
The present LHC exclusions at 95%CL are shown as a thick black line. The perturbativity limit
�S3/MS3 < 0.25 is violated in the grey region. The labels for various colliders and processes are on
the discoverable side of a curve.

where the superscript indicates the electric charge of each S3 component. We assume a
degenerate mass spectrum for the components, as expected from the SU(2)L gauge symmetry.
In the mass basis of SM fermions, the interaction Lagrangian (6.1) becomes

L
int

S3
= ��iµS

(1/3)

3
(V ⇤

jiu
j c

L
µL+d

i c

L
⌫µ)+

p
2�iµ

⇣
V

⇤
jiS

(�2/3)

3
u
j c

L
⌫µ � S

(4/3)

3
d
i c

L
µL

⌘
+h.c. . (6.3)

The total decay width of S3, in the limit of vanishing fermion masses, is given by

�S3 =
|�bµ|

2 + |�sµ|
2

8⇡
MS3 , (6.4)

assuming only �bµ (i = 3) and �sµ (i = 2) different from zero. The perturbativity limit
�S3/MS3 < 0.25 is considered, as previously.

U(2)3 symmetric case

Imposing an unbroken U(2)3 quark flavour symmetry, and assuming S3 to be charged under
the muon number, only the �bµ coupling is allowed. This symmetry is broken in the SM
by light quark masses and by the mixing of third-generation quarks with the first two via
the CKM matrix. This is an approximate symmetry of the SM Yukawa sector, where the
largest symmetry-breaking term is |Vts| ⇡ 0.04. Assuming the minimal U(2)3 breaking and
no breaking of U(1)µ as in the SM, the expected sizes of other non-zero leptoquark couplings
are |�sµ| ⇠ |Vts�bµ| and |�dµ| ⇠ |Vtd�bµ|, see Refs. [162–165]. Those can be neglected in our
collider study.
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In Fig. 13 we show the present 95% CL limits from LHC searches (thick black) and the
5� discovery prospects for future colliders (various colored lines), considering only �bµ 6= 0, as
motivated by the aforementioned approximate flavour symmetry of the SM. The leptoquark
pair production at the LHC sets a robust lower limit on the mass even for small couplings,
while the Drell-Yan process excludes a region with the large coupling even for higher masses.
Interestingly, the HL-LHC 5� discovery region is only marginally larger than the present
95%CL exclusions. Nevertheless, the FCC-hh will drastically improve both the Drell-Yan
and the leptoquark pair production reach.

Regarding muon colliders, we find that a 3 TeV MuC would have a comparable reach from
the IDY process as the FCC-hh from the DY, while the MuC10 would easily surpass the FCC-
hh. On the other hand, the FCC-hh provides a far superior prospects on pair-production,
being able to discover on-shell leptoquarks with masses of almost 10 TeV, compared to only
5TeV for the MuC10. The resonant leptoquark production at the MuC10 could probe a
unique region in the parameter space compared with other production mechanisms at muon
colliders. However, this region can easily be covered at the FCC-hh.

Addressing the bsµµ anomalies

As shown by the extensive literature [23, 25, 161, 162, 165–180], S3 is the only scalar
leptoquark that can accommodate bsµµ anomalies at the tree level. After integrating out
S3, we find the following contribution to the relevant effective operators

�C
µ

9
= ��C

µ

10
=

p
2⇡

GF↵V
⇤
ts
Vtb

�bµ�sµ

M
2

S3

. (6.5)

The fit to the bsµµ anomalies then implies

�bµ�sµ = �8.4⇥ 10�4

✓
MS3

TeV

◆2✓ �C
µ

9

�0.73

◆
. (6.6)

In Fig. 14 we perform the collider sensitivity study in the MS3 � �bµ plane, while fixing �sµ

by Eq. (6.6) where �C
µ

9
= ��C

µ

10
= �0.73. We do not show any complementary flavour

physics constraints (such as the Bs mixing) since those are loop suppressed in the leptoquark
models and do not put limits on the parameter space of interest to this analysis (for a global
fit with the S3 see Ref. [174] and with the U1 see Ref. [131]).

The present LHC bounds at 95%CL from the DY process and the leptoquark pair
production are shown with thick black lines. The 5� discovery prospects for future colliders
are depicted with various colored lines. The corresponding label for a collider and a process
is always on the excluded (or discoverable) side. Again, we report four small dedicated
sensitivity plots for each collider for an easier comparison. The HL-LHC can not discover
much more of the parameter space that is not already excluded. However, the FCC-hh
will explore all but a fraction of the parameter space in between the dashed purple (DY)
lines and the vertical solid purple line (pair-production). This region of parameter space
corresponds to �bµ ⇡ �sµ, which minimizes the contribution to pp ! µµ once Eq. (6.6) is
imposed and is also beyond the pair production reach for higher masses. Note that this
region of parameter space strongly violates the U(2)3 flavour symmetry in the quark sector.
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Conclusions
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leaving a discrete symmetry in the IR
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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].
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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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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.

– 5 –

The  atlasU(1)X

Allanach, Davighi, Melville; 1812.04602• Integer charges: 

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
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2
Ui

+ X
2
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2
Ei

) = 0 , (2.6)
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3X

i=1

(6X
3
Qi
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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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• 18 chiral fermions
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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
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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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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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•  are allowed => Yu,d

Gravity2
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2
Ei

) = 0 , (2.6)
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3
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� X
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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. [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

(XH = 0)

eg.  LQ: S3 XL2
≠ {XL1,3

, −3Xq}

[252 inequivalent solutions]

Lepton-flavoured catalog

• Further classification:

Quark flavour universal class
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https://arxiv.org/abs/2107.07518
https://arxiv.org/abs/2107.07518


Contact interactions

49

Azatov, Garosi, AG, Marzocca, Salko,Trifinopoulos; 2205.13552 

The pessimistic case
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gsb ⌧ gbb ⇠ gµµ, in which case the flavour-conserving couplings to quarks and to muons are
of the same order and the flavour symmetry protects against excessive flavour violation,
or gsb ⇠ gbb ⌧ gµµ, in which case all couplings to quarks are suppressed with respect to
couplings to leptons. These two setups predict different phenomenologies and are therefore
worth studying separately. The first scenario is naturally realised, for instance, by gauging
X = B3 � Lµ (Section 5.1). The second scenario instead can be obtained by gauging
X = Lµ � L⌧ (Section 5.2).

In the following we consider the two models separately. In both cases, the Z
0 coupling

to sb can be generated, for instance, via quark mixing with some vectorlike fermions after
spontaneous breaking of the U(1)X gauge symmetry. In each scenario, we first carry out
sensitivity studies at future colliders when such mixing is negligible and then we fix the
mixing in order to fit the present bsµµ anomalies and perform a more focused study.

5.1 U(1)B3�Lµ model

Let us consider an extension of the SM gauge symmetry where the anomaly-free charge
X = B3 � Lµ is gauged.8 Similar models have already been proposed as a way to address
the bsµµ anomalies in Refs. [144, 149, 154], to which we refer for more details. In the
unbroken phase, the U(1)B3�Lµ gauge boson Z

0 has a vectorial coupling to third-generation
quarks and second-generations leptons. A small coupling to the second-generation quark
doublet is induced after spontaneous symmetry breaking with a scalar field �, charged
only under U(1)B3�Lµ . The gauge-invariant operators (�†

Dµ�)(Q̄2

L
�
µ
Q

3

L
) and Q̄

2

L
H�bR get

generated after integrating out, for example, heavy vectorlike quarks. In particular, the
latter operator is anyhow required by the CKM elements Vtd and Vts which are absent in
the renormalisable model with the minimal matter content. The smallness of the 1-3 and
2-3 mixing in the quark sector is explained by the higher-dimensional operator breaking
the accidental flavour symmetry of the renormalisable Lagrangian. In addition, the same
operator indirectly induces the Z

0
sb coupling in the broken phase after the rotation to the

mass basis of the left-handed down quarks by a small angle ✓sb. Thus, the model naturally
predicts an approximate U(2)3 flavour symmetry allowing for a TeV-scale new physics
compatible with flavour bounds [19].

Assuming only the rotations for left-handed fermions and ✓sb ⌧ 1, the leading Z
0

couplings to SM fermions are

L
int

Z0
B3�Lµ

=� gZ0Z
0
↵


1

3
Q̄

3

L�
↵
Q

3

L +
1

3
b̄R�

↵
bR +

1

3
t̄R�

↵
tR � L̄

2

L�
↵
L
2

L � µ̄R�
↵
µR+

+

✓
1

3
✏sbQ̄

2

L�
↵
Q

3

L + h.c.
◆
+O(✏2sb)

�
,

(5.1)

where for convenience we introduced ✏sb ⌘
1

2
sin 2✓sb. Thus, the total decay width to the

SM fermions for the Z
0 is

�Z0
B3�Lµ

⇡
MZ0g2

Z0

24⇡


3 +

1

3

�
4 + 4|✏sb|

2
��

, (5.2)

8The set of SM chiral fermions is minimally extended with three right-handed neutrinos which can be
motivated by the smallness of the neutrino masses through a seesaw mechanism. One of them carries the
same X charge as µR as required by the chiral anomaly cancellation conditions.
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gsb ⌧ gbb ⇠ gµµ, in which case the flavour-conserving couplings to quarks and to muons are
of the same order and the flavour symmetry protects against excessive flavour violation,
or gsb ⇠ gbb ⌧ gµµ, in which case all couplings to quarks are suppressed with respect to
couplings to leptons. These two setups predict different phenomenologies and are therefore
worth studying separately. The first scenario is naturally realised, for instance, by gauging
X = B3 � Lµ (Section 5.1). The second scenario instead can be obtained by gauging
X = Lµ � L⌧ (Section 5.2).

In the following we consider the two models separately. In both cases, the Z
0 coupling

to sb can be generated, for instance, via quark mixing with some vectorlike fermions after
spontaneous breaking of the U(1)X gauge symmetry. In each scenario, we first carry out
sensitivity studies at future colliders when such mixing is negligible and then we fix the
mixing in order to fit the present bsµµ anomalies and perform a more focused study.

5.1 U(1)B3�Lµ model

Let us consider an extension of the SM gauge symmetry where the anomaly-free charge
X = B3 � Lµ is gauged.8 Similar models have already been proposed as a way to address
the bsµµ anomalies in Refs. [144, 149, 154], to which we refer for more details. In the
unbroken phase, the U(1)B3�Lµ gauge boson Z

0 has a vectorial coupling to third-generation
quarks and second-generations leptons. A small coupling to the second-generation quark
doublet is induced after spontaneous symmetry breaking with a scalar field �, charged
only under U(1)B3�Lµ . The gauge-invariant operators (�†

Dµ�)(Q̄2

L
�
µ
Q

3

L
) and Q̄

2

L
H�bR get

generated after integrating out, for example, heavy vectorlike quarks. In particular, the
latter operator is anyhow required by the CKM elements Vtd and Vts which are absent in
the renormalisable model with the minimal matter content. The smallness of the 1-3 and
2-3 mixing in the quark sector is explained by the higher-dimensional operator breaking
the accidental flavour symmetry of the renormalisable Lagrangian. In addition, the same
operator indirectly induces the Z

0
sb coupling in the broken phase after the rotation to the

mass basis of the left-handed down quarks by a small angle ✓sb. Thus, the model naturally
predicts an approximate U(2)3 flavour symmetry allowing for a TeV-scale new physics
compatible with flavour bounds [19].

Assuming only the rotations for left-handed fermions and ✓sb ⌧ 1, the leading Z
0

couplings to SM fermions are
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int
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=� gZ0Z
0
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(5.1)

where for convenience we introduced ✏sb ⌘
1

2
sin 2✓sb. Thus, the total decay width to the

SM fermions for the Z
0 is

�Z0
B3�Lµ
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MZ0g2

Z0

24⇡
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�
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, (5.2)

8The set of SM chiral fermions is minimally extended with three right-handed neutrinos which can be
motivated by the smallness of the neutrino masses through a seesaw mechanism. One of them carries the
same X charge as µR as required by the chiral anomaly cancellation conditions.
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Figure 10. Discovery reach at 5� for the B3 � Lµ model. The fit to bsµµ anomalies is imposed
everywhere, Eq. (5.4). The region excluded at 95% CL by LHC [111] is above the black line, while
the one excluded by Bs mixing is colored in light blue. The light gray region cannot provide a
successful fit to b ! sµµ anomalies for values of sin 2✓sb < 1, Eq. (5.4), while in the dark gray region
the Z

0 has a large width, signaling a loss of perturbativity. The discoverable region at future colliders
is the one on the side of the line where the corresponding label has been drawn. The smaller figures
below the main figure highlight a single future collider at a time.

Addressing bsµµ anomalies

Now we turn to a more specific study for bsµµ anomalies. For given values of gZ0 and MZ0 ,
the mixing parameter required to fit the bsµµ anomalies is

✏sb = �1.7⇥ 10�3

✓
MZ0

gZ0TeV

◆2✓ �C
µ

9

�0.73

◆
. (5.4)
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Figure 11. Discovery reach at 5� for the Lµ � L⌧ model with ✏s = ✏b = 0 in Eq. (5.6). In the
dark gray region the Z

0 has a large width, signaling a loss of perturbativity.

present.12 For instance, those couplings can be generated, after the spontaneous symmetry
breaking, via mixing with heavy vectorlike quarks charged under Lµ � L⌧ . Therefore,
the quark couplings (including b quarks) are expected to be much smaller than couplings
to muons and taus. Let ✏b and ✏s be some small mixings with vectorlike quarks of the
corresponding left-handed quark doublets in the down-quark mass basis of third and second
generation, respectively. The relevant SU(2)L invariant Z

0 interactions are

L
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(5.6)

The total decay width of the Z
0 is

�Z0
Lµ�L⌧

⇡
MZ0g2

Z0

24⇡

⇥
6 + 3

�
2|✏s|

4 + 4|✏s|
2
|✏b|

2 + 2|✏b|
4
�⇤

, (5.7)

where the top mass is neglected (in the numerical study we keep the physical mt). Similarly
to Section 5.1, we impose �/M < 0.25 as the perturbativity limit and neglect the right-
handed neutrinos in Z

0 decays. The constraint on gZ0 from neutrino trident production is
the same as in Eq. (5.3).

12The kinetic mixing is typically induced by RGE when additional fields charged under Lµ � L⌧ are
present, see Appendix A.3 of Ref. [24]. In that case, one gets a loop-suppressed pp ! Z0 from valence quarks
that can be relevant (see Eq. (3.10) in Ref. [160]). However, this contribution can be removed by a small
tree-level kinetic mixing.

– 21 –

N
O
T
 
F
O
R
 
D
I
S
T
R
I
B
U
T
I
O
N
 
J
H
E
P
_
1
0
6
P
_
0
6
2
2
 
v
3

Figure 11. Discovery reach at 5� for the Lµ � L⌧ model with ✏s = ✏b = 0 in Eq. (5.6). In the
dark gray region the Z

0 has a large width, signaling a loss of perturbativity.

present.12 For instance, those couplings can be generated, after the spontaneous symmetry
breaking, via mixing with heavy vectorlike quarks charged under Lµ � L⌧ . Therefore,
the quark couplings (including b quarks) are expected to be much smaller than couplings
to muons and taus. Let ✏b and ✏s be some small mixings with vectorlike quarks of the
corresponding left-handed quark doublets in the down-quark mass basis of third and second
generation, respectively. The relevant SU(2)L invariant Z

0 interactions are
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where the top mass is neglected (in the numerical study we keep the physical mt). Similarly
to Section 5.1, we impose �/M < 0.25 as the perturbativity limit and neglect the right-
handed neutrinos in Z

0 decays. The constraint on gZ0 from neutrino trident production is
the same as in Eq. (5.3).

12The kinetic mixing is typically induced by RGE when additional fields charged under Lµ � L⌧ are
present, see Appendix A.3 of Ref. [24]. In that case, one gets a loop-suppressed pp ! Z0 from valence quarks
that can be relevant (see Eq. (3.10) in Ref. [160]). However, this contribution can be removed by a small
tree-level kinetic mixing.
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Quark-phobic Z
0

We first focus on a scenario where the Z
0 is quark-phobic (✏s = ✏b = 0) and derive the

present 95%CL exclusion bounds as well as the future discovery projections. The results
are reported in Fig. 11, where we show the 5� sensitivity reach for various future colliders.
The shaded regions are analogous to the ones from the previous Section.

This case (not surprisingly) illustrates a situation in which even the MuC3 outperforms
the FCC-hh (since the Z

0 is both quark-phobic and leptophilic). Our limits for MuC3 agree
well with those obtained in Ref. [53]. Other channels at a MuC such as: µ

+
µ
�
! `

+
`
�
�

(where ` = µ, ⌧), µ+
µ
�
! ⌫⌫̄�, and µ

+
µ
�
! �Z

0 offer additional handles to pinpoint the
properties of the Z

0 boson, see Refs. [53, 56, 69].

Addressing bsµµ anomalies

In order to address the bsµµ anomalies, the product of the mixing parameters is set to:

✏b✏
⇤
s = �5.7⇥ 10�4

✓
MZ0

gZ0TeV

◆2✓ �C
µ

9

�0.73

◆
. (5.8)

Even after imposing �C
µ

9
= �0.73, we are left with other free parameters besides MZ0

and gZ0 . Our goal here is to study the case where |✏s/✏b| ⇠ O(1) which is qualitatively
different from the model in Section 5.1. For concreteness, in our numerical analysis we
assume ✏b = �✏s and Im ✏b = 0. With this simplification, we are able to plot our results in
the (MZ0 , gZ0) plane.

Analogously to Section 5.1, the Bs mixing, C
1

Bs
= �(gZ0✏⇤s✏b)

2
/M

2

Z0 , together with
Eq. (5.8), imply the lower limit gZ0 > 0.125MZ0/TeV. The D

0
�D

0 mixing gives another
constraint on the parameters: C

1

D0 = (gZ0V ⇤
usVcs|✏s|

2)2/M2

Z0 < 2.5⇥ 10�13GeV�2 [158, 159],
corresponding to gZ0 > 0.25MZ0/TeV. Interestingly, D0 mixing provides stronger constraints
than Bs-mixing in this model.

Our main results are shown in Fig. 12. The present CMS pp ! µ
+
µ
� data [111] exclude

at 95% CL the region inside the thick black lines. For the future colliders listed in Table 1,
the parameter space discoverable at 5� is the one on the side of the corresponding line
where the label is shown. To help the reader better understand the sensitivity reach for each
collider, below the main plot in Fig. 12 we report four smaller plots where the 5� discover
sensitivity for each collider is isolated and shaded. Note that, in the case of pp ! µ

+
µ
� at

hadron colliders or µ+
µ
�
! jj at MuCs, the only accessible region is for intermediate values

of gZ0 . According to Eq. (5.8), for a given Z
0 mass the couplings to quarks are inversely

proportional to gZ0 . Since too large gZ0 values imply too small couplings to quarks, and vice
versa, there is always a suppression in � ⇥ B for the two processes. The di-muon searches
at FCC-hh and the di-jet searches at MuC can cover a much larger parameter space than
the one accessible at (HL-)LHC but are still unable to cover the viable parameter space for
the bsµµ anomalies. In this respect, the most optimal channels at MuCs are µµ ! µµ and
µµ ! ⌧⌧ , that even at a 3 TeV MuC are enough to completely cover the leftover parameter
space. At hadron colliders, the most promising channel is pp ! 4µ. Let us emphasize that
even the HL-LHC can make significant progress, while the FCC-hh would fully cover the
viable parameter space.
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Quark-phobic Z
0

We first focus on a scenario where the Z
0 is quark-phobic (✏s = ✏b = 0) and derive the

present 95%CL exclusion bounds as well as the future discovery projections. The results
are reported in Fig. 11, where we show the 5� sensitivity reach for various future colliders.
The shaded regions are analogous to the ones from the previous Section.

This case (not surprisingly) illustrates a situation in which even the MuC3 outperforms
the FCC-hh (since the Z

0 is both quark-phobic and leptophilic). Our limits for MuC3 agree
well with those obtained in Ref. [53]. Other channels at a MuC such as: µ

+
µ
�
! `

+
`
�
�

(where ` = µ, ⌧), µ+
µ
�
! ⌫⌫̄�, and µ

+
µ
�
! �Z

0 offer additional handles to pinpoint the
properties of the Z

0 boson, see Refs. [53, 56, 69].

Addressing bsµµ anomalies

In order to address the bsµµ anomalies, the product of the mixing parameters is set to:
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Even after imposing �C
µ

9
= �0.73, we are left with other free parameters besides MZ0

and gZ0 . Our goal here is to study the case where |✏s/✏b| ⇠ O(1) which is qualitatively
different from the model in Section 5.1. For concreteness, in our numerical analysis we
assume ✏b = �✏s and Im ✏b = 0. With this simplification, we are able to plot our results in
the (MZ0 , gZ0) plane.

Analogously to Section 5.1, the Bs mixing, C
1

Bs
= �(gZ0✏⇤s✏b)

2
/M

2

Z0 , together with
Eq. (5.8), imply the lower limit gZ0 > 0.125MZ0/TeV. The D

0
�D

0 mixing gives another
constraint on the parameters: C

1

D0 = (gZ0V ⇤
usVcs|✏s|

2)2/M2

Z0 < 2.5⇥ 10�13GeV�2 [158, 159],
corresponding to gZ0 > 0.25MZ0/TeV. Interestingly, D0 mixing provides stronger constraints
than Bs-mixing in this model.

Our main results are shown in Fig. 12. The present CMS pp ! µ
+
µ
� data [111] exclude

at 95% CL the region inside the thick black lines. For the future colliders listed in Table 1,
the parameter space discoverable at 5� is the one on the side of the corresponding line
where the label is shown. To help the reader better understand the sensitivity reach for each
collider, below the main plot in Fig. 12 we report four smaller plots where the 5� discover
sensitivity for each collider is isolated and shaded. Note that, in the case of pp ! µ

+
µ
� at

hadron colliders or µ+
µ
�
! jj at MuCs, the only accessible region is for intermediate values

of gZ0 . According to Eq. (5.8), for a given Z
0 mass the couplings to quarks are inversely

proportional to gZ0 . Since too large gZ0 values imply too small couplings to quarks, and vice
versa, there is always a suppression in � ⇥ B for the two processes. The di-muon searches
at FCC-hh and the di-jet searches at MuC can cover a much larger parameter space than
the one accessible at (HL-)LHC but are still unable to cover the viable parameter space for
the bsµµ anomalies. In this respect, the most optimal channels at MuCs are µµ ! µµ and
µµ ! ⌧⌧ , that even at a 3 TeV MuC are enough to completely cover the leftover parameter
space. At hadron colliders, the most promising channel is pp ! 4µ. Let us emphasize that
even the HL-LHC can make significant progress, while the FCC-hh would fully cover the
viable parameter space.
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Figure 15. Discovery reach at 5� for the U1 leptoquark in the U(2)3 symmetric case. The present
95%CL exclusion by LHC is shown as a thick black line. In the grey region the perturbative limit
�S3/MU1 < 0.25 is violated.

comparable to the one of the FCC-hh. However, the leptoquark pair production prospects
are substantially lower, stopping at MS3 ⇡

p
s0/2 = 1.5 TeV which is even below the present

LHC exclusion. On the other hand, the MuC10 will test the whole parameter space by
combining different channels: IDY, pair production, and µq ! µj. Interestingly, both a
3 TeV and a 10 TeV MuC might directly observe an s-channel resonance in the µq ! µj (see
Section 2.4) for masses up to approximately p

s0. In other words, this seems to be the most
promising on-shell process at muon colliders.

6.2 Vector leptoquark U1

Let us consider extending the SM with a heavy vector leptoquark U1 ⇠ (3,1, 2/3) [22].
Assuming only left-handed couplings, the interaction Lagrangian is

L
int

U1
= �iµQL

i
�↵L

2

LU
↵

1 + h.c. = �iµU
↵

1

⇣
Vjiū

j

L
�↵⌫µ + d̄

i

L�↵µL

⌘
+ h.c. , (6.7)

while interactions with the SM gauge bosons are described by the Lagrangian

L
gauge

U1
= �

1

2
U

†
µ⌫U

µ⌫
� igssU

†
1µ
T
a
U1⌫G

aµ⌫
� ig

0 2

3
Y U

†
1µ
U1⌫B

µ⌫
, (6.8)

where Uµ⌫ = DµU1⌫ �D⌫U1µ. The dimensionless parameters s,Y depend on the specific
UV completion of the model. We assume that U1µ arises from a spontaneously broken
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Figure 15. Discovery reach at 5� for the U1 leptoquark in the U(2)3 symmetric case. The present
95%CL exclusion by LHC is shown as a thick black line. In the grey region the perturbative limit
�S3/MU1 < 0.25 is violated.

comparable to the one of the FCC-hh. However, the leptoquark pair production prospects
are substantially lower, stopping at MS3 ⇡

p
s0/2 = 1.5 TeV which is even below the present

LHC exclusion. On the other hand, the MuC10 will test the whole parameter space by
combining different channels: IDY, pair production, and µq ! µj. Interestingly, both a
3 TeV and a 10 TeV MuC might directly observe an s-channel resonance in the µq ! µj (see
Section 2.4) for masses up to approximately p

s0. In other words, this seems to be the most
promising on-shell process at muon colliders.

6.2 Vector leptoquark U1

Let us consider extending the SM with a heavy vector leptoquark U1 ⇠ (3,1, 2/3) [22].
Assuming only left-handed couplings, the interaction Lagrangian is
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where Uµ⌫ = DµU1⌫ �D⌫U1µ. The dimensionless parameters s,Y depend on the specific
UV completion of the model. We assume that U1µ arises from a spontaneously broken
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In Fig. 13 we show the present 95% CL limits from LHC searches (thick black) and the
5� discovery prospects for future colliders (various colored lines), considering only �bµ 6= 0, as
motivated by the aforementioned approximate flavour symmetry of the SM. The leptoquark
pair production at the LHC sets a robust lower limit on the mass even for small couplings,
while the Drell-Yan process excludes a region with the large coupling even for higher masses.
Interestingly, the HL-LHC 5� discovery region is only marginally larger than the present
95%CL exclusions. Nevertheless, the FCC-hh will drastically improve both the Drell-Yan
and the leptoquark pair production reach.

Regarding muon colliders, we find that a 3 TeV MuC would have a comparable reach from
the IDY process as the FCC-hh from the DY, while the MuC10 would easily surpass the FCC-
hh. On the other hand, the FCC-hh provides a far superior prospects on pair-production,
being able to discover on-shell leptoquarks with masses of almost 10 TeV, compared to only
5TeV for the MuC10. The resonant leptoquark production at the MuC10 could probe a
unique region in the parameter space compared with other production mechanisms at muon
colliders. However, this region can easily be covered at the FCC-hh.

Addressing the bsµµ anomalies

As shown by the extensive literature [23, 25, 161, 162, 165–180], S3 is the only scalar
leptoquark that can accommodate bsµµ anomalies at the tree level. After integrating out
S3, we find the following contribution to the relevant effective operators

�C
µ

9
= ��C

µ

10
=

p
2⇡

GF↵V
⇤
ts
Vtb

�bµ�sµ

M
2

S3

. (6.5)

The fit to the bsµµ anomalies then implies

�bµ�sµ = �8.4⇥ 10�4

✓
MS3

TeV

◆2✓ �C
µ

9

�0.73

◆
. (6.6)

In Fig. 14 we perform the collider sensitivity study in the MS3 � �bµ plane, while fixing �sµ

by Eq. (6.6) where �C
µ

9
= ��C

µ

10
= �0.73. We do not show any complementary flavour

physics constraints (such as the Bs mixing) since those are loop suppressed in the leptoquark
models and do not put limits on the parameter space of interest to this analysis (for a global
fit with the S3 see Ref. [174] and with the U1 see Ref. [131]).

The present LHC bounds at 95%CL from the DY process and the leptoquark pair
production are shown with thick black lines. The 5� discovery prospects for future colliders
are depicted with various colored lines. The corresponding label for a collider and a process
is always on the excluded (or discoverable) side. Again, we report four small dedicated
sensitivity plots for each collider for an easier comparison. The HL-LHC can not discover
much more of the parameter space that is not already excluded. However, the FCC-hh
will explore all but a fraction of the parameter space in between the dashed purple (DY)
lines and the vertical solid purple line (pair-production). This region of parameter space
corresponds to �bµ ⇡ �sµ, which minimizes the contribution to pp ! µµ once Eq. (6.6) is
imposed and is also beyond the pair production reach for higher masses. Note that this
region of parameter space strongly violates the U(2)3 flavour symmetry in the quark sector.
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