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• The LHCb anomalies in  decays remind us that  
— New Physics might take an exotic form — 
an option we should embrace given the present status of the field.

• Several anomalous observables: BRs, angular distributions, LFUV ratios.

• Coherent explanation by a short-distance  contact interaction  
—  — the violation of perturbative unitarity 

• New mass threshold in the vicinity of colliders?

• Today: Azatov, Garosi, AG, Marzocca, Salko,Trifinopoulos; 2205.13552 

b → sμ+μ−

bsμμ
𝒪(10−5)GF ≲ 100 TeV

Motivation
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Complementary high-  searches at future colliders:  
FCC-hh versus MuC

pT

see LHCb Implications next week

https://arxiv.org/abs/2205.13552
https://arxiv.org/abs/2205.13552


1. Semileptonic 4F interactions

2. Gauged  extensions

3. Leptoquarks

U(1)

The scope

Admir Greljo | LFUV at MuC

3

• New Physics benchmarks:

• Competitors
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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

• Selected PDFs at :

⟹

Q = 3 TeV

The Muon Beam
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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):
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i

j

m2 = (pi + pj)2

τ = m2/s0

• Parton luminosities

The Muon Beam
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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
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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
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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).
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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
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PDFs, we neglect ultra-collinear effects arising in the broken phase. These are suppressed
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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
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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
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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
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The signatures at MuC
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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 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
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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



The signatures at hadron 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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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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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
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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
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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 ⌘
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sin 2✓sb. Thus, the total decay width to the

SM fermions for the Z
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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
int

Z0
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=� gZ0Z
0
↵

⇥
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2

L�
↵
L
2

L + µ̄R�
↵
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↵
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↵
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↵
Q

3

L + |✏s|
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↵
Q
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L +
�
✏b✏

⇤
sQ̄
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↵
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L + h.c.
�
+ . . .

⇤
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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.
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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.
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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
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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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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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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
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(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
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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
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and L
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. 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
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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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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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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
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1

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

L
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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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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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