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Models of Muon Anomalies

R(K(*)), b → sμμ
+(g − 2)μ

• Focus: 

The Muon g-2 Collaboration, 2104.03281
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Models of Muon Anomalies

R(K(*)), b → sμμ
+(g − 2)μ

• Focus: 

• A sketch of a minimal structure: 

R(K(*)), b → sμμ tree-level
(g − 2)μ one-loop { LQs & Z’s

The Muon g-2 Collaboration, 2104.03281

For both at one-loop see e.g. : 
Arcadi, Calibbi, Fedele, Mescia, 2104.03228

Greljo, Stangl, Thomsen, 2103.13991



Z0: Constraints from Bs-B̄s mixing
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• Constraints: 

1. Neutral meson mixing: 

2. Neutrino trident production νγ → νμμ
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gμμ

mZ′�
≲

1
0.5 TeV

Z’ models for R(K)

(  fit suggests left-handed lepton doublet is involved)b → sℓℓ



Probing the Z 0 Parameter Space

Neutrino Tridents

Bs mixing

(g � 2)µ

⌫e scattering

Z ! ``

Z ! 4µ

e+e� ! 4µ

WA, Gori, Martin-Albo, Sousa, Wallbank 1902.06765

0.001 0.010 0.100 1 10 100 1000

0.001

0.010

0.100

1

mZ ' (GeV)

g'

B
o
re

x
in

o

BaBar

B
B

N

LHC

LEP

CCFR

ca
n

ex
p
la

in
B

an
o
m

al
ie

s

B
s

m
ix

in
g

(g-2)�

DUNE

Wolfgang Altmannshofer (UCSC) New results on rare B decays and implications March 29, 2021 13 / 14

Z0: Constraints from Bs-B̄s mixing

Z0

sL

bL

µ

µ

!

Z0

sL

bL

sL

bL

⇠
gbs gµµ

m�
Z0

⇠
�

(�6TeV)� ⇠
g�
bs

m�
Z0

.

��� M��
MSM

��
� �

���
.
��%

(���TeV)������
M��
MSM
��

��

�����⇡��%

+

gµµ

mZ0
& �

�.�TeV
Ways around:
I imaginary part of gbs ! constraints from CP violating observables
I Z0 coupling to (s̄�µPRb) ! constraint from RK ⇡ RK⇤

I . . .

Peter Stangl (University of Bern) ITP Seminar, �6 April ���� ��/��
6

My Favorite Model

Z 0 based on gauging Lµ � L⌧ (He, Joshi, Lew, Volkas PRD 43, 22-24)

with effective flavor violating couplings to quarks
WA, Gori, Pospelov, Yavin 1403.1269; WA, Yavin 1508.07009
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predicted Lepton
Universality Violation

in rare B decays!

Q: heavy vectorlike fermions with mass ⇠ 1 � 10 TeV
�: scalar that breaks Lµ � L⌧

Wolfgang Altmannshofer (UCSC) New results on rare B decays and implications March 29, 2021 12 / 14

Z’ models for R(K)

• Simultaneous explanation 
of  not possible(g − 2)μ

Z0: Constraints from Bs-B̄s mixing
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• Constraints: 

1. Neutral meson mixing: 

2. Neutrino trident production νγ → νμμ
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gμμ

mZ′�
≲

1
0.5 TeV

(  fit suggests left-handed lepton doublet is involved)b → sℓℓ

Altmannshofer, Gori, Martin-Albo, Sousa, Wallbank 1902.06765



• Resonant and non-resonant 
searches in pp → μ+μ−Z0: Constraints from pp ! µµ

ATLAS 13 TeV, 36.1 fb-1

R(K(*)) @ 2σ
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95% CL limits on MFV Z' from p p→μ+ μ-

Altmannshofer, Straub, arXiv:����.��6� Greljo, Marzocca, arXiv:����.�����

I Couplings to light quarks must be
suppressed for mZ0 < �.�TeV

I MFV-like Z0-quark couplings already
excluded

Peter Stangl (University of Bern) ITP Seminar, �6 April ���� ��/��

e.g. U(1)B−L
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e.g. U(1)B3−L2

Z’ models for R(K)
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e.g. U(1)B3−L2

• UV Completions:

My Favorite Model

Z 0 based on gauging Lµ � L⌧ (He, Joshi, Lew, Volkas PRD 43, 22-24)

with effective flavor violating couplings to quarks
WA, Gori, Pospelov, Yavin 1403.1269; WA, Yavin 1508.07009
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- Vector-like quarks

Altmannshofer, Gori, Pospelov, Yavin, 1403.1269

Z’ models for R(K)



Leptoquarks
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Models for b ! s`` anomalies

Global �ts suggest
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LQ models for R(K)



Leptoquarks: Bs-B̄s mixing loop-suppressed

I Generic strong constraint on Z0 models is loop-suppressed for leptoquark
models

LQ LQ
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Leptoquarks: direct constraints
I QCD pair production
I Direct searches with jj`` or jj⌫⌫ �nal

states
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q
q
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Angelescu, Bečirević, Faroughy, Jaffredo, Sumensari, arXiv:����.�����
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mS ≳ 1.5 TeV mV ≳ 2.0 TeV
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LQ models for R(K)
Leptoquarks: still viable solutions for b ! sµµ

Spin GSM Name Characteristic process RK(⇤)
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The  input(g − 2)μ

13

• Observation 1:
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Naive expectation  and θ2
12 ∼ me /mμ θ2

23 ∼ mμ/mτ

Almost exact lepton flavor symmetry  Gauged lepton flavour ⟹ U(1)Xμ
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• Observation 1:

• Observation 1I:

• Many attempts in the literature, mostly either  or :(g − 2)μ R(K)

New LFUV force  Consistent with ⟹ R(K)

Almost exact lepton flavor symmetry  Gauged lepton flavour ⟹ U(1)Xμ
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γ

e μ τU(1)Xμ

hep-ph/0104141, hep-ph/0110146, 1311.0870, 1403.1269, 1406.2332, 1501.00993, 1611.02703, 1705.03858, 
1705.00915, 1712.04871, 1809.01158, 1909.02021, 2007.15016, 2009.02197, 2104.03281
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SUB eSUl2lc UHH UMB3hm
Qu 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 1 I 0 3

Sz I 3 113 813
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• SM x  gauge symmetryU(1)B−3Lμ

SM Muon force

Muoquark

Greljo, Stangl, Thomsen, 2103.13991

A minimal model example
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• SM x  gauge symmetryU(1)B−3Lμ

SM Muon force

Muoquark

Greljo, Stangl, Thomsen, 2103.13991

* Minimal type-I seesaw 
for the neutrino masses

A minimal model example
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• SM x  gauge symmetryU(1)B−3Lμ

SM Muon force

Muoquark
ℒ ⊃ QL L(2)

L S3
Greljo, Stangl, Thomsen, 2103.13991

A minimal model example



Muon force

6

Type A Type B Type C

RK(⇤) , b ! sµµ S3 S3 heavy X

(g � 2)µ S1/R2 light X S1/R2

TABLE I. Three types of muoquark models, which can ad-
dress the muon anomalies for a variety of lepton-flavored
U(1)X gauge groups. For each model class, a field respon-
sible for addressing a corresponding anomaly, is listed. The
an R2 muoquark with SM charges (3, 2, 7/6) can be used as
an alternative to S1 for addressing the (g � 2)µ.

III. ALTERNATIVE MODELS

We now turn our focus to alternative models for the
muon and B-decay anomalies, in some of which the
U(1)B�3Lµ

symmetry is exchanged for other U(1)X sym-
metries. These models o↵er di↵erent scenarios of phe-
nomenological interest.

A. The scenarios for muon anomalies

U(1)B�3Lµ
is only one example of many possible

lepton-flavored gauge extensions of the SM, under which
leptoquarks become muoquarks. Variations of the model
can use di↵erent choices of U(1)X symmetry to ensure
the leptoquarks coupling exclusively to second genera-
tion leptons and fall into three classes shown in Table I
based on what mediators are responsible for the RK(⇤)

and (g � 2)µ anomalies. Below we give some specific ex-
amples of these variations:

Type A — As a showcase example, we trade the
U(1)B�3Lµ

for a U(1)Lµ�L⌧
gauge symmetry to obtain an

extension of the leptoquark model of Ref. [71]. The lepto-
quarks are assigned charge �1 under the symmetry, such
that they still couple exclusively to 2nd generation lep-
tons. The minimal type-I seesaw realization of the neu-
trino mass with the U(1)Lµ�L⌧

-breaking scalar of charge
+1 predicts the two-zero minor structure CR, which
shows some tension in fitting ✓23 and

P
i
m⌫i

[76], thus
more elaborate model building may be needed [133].4

The muoquark solution of the muon anomalies dis-
cussed above applies equally to this model. The main
phenomenological di↵erence is that the gauge vector X

does not couple to quarks and is less constrained at col-
liders. Thus, the X field can more easily elude cur-
rent experimental bound (see Fig. 2 of [43]). For exam-
ple, constraints from neutrino trident production requires
mX & 60 (200) GeV for gX ⇠ 0.1 (0.3). Again, X and �
can simply be decoupled in the limit of the large v� and

4 We will not explore these constructions in any detail here but
merely reiterate the point that a charge-1 scalar is poten-
tially problematic since it enables a baryon-number-violating
dimension-5 operator.
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FIG. 3. Allowed parameter space for the light X solution to
the (g � 2)µ anomaly in the U(1)B�3Lµ

model. The shaded
regions are excluded by various experiments, while the region
between the black lines is preferred by (g � 2)µ. The upper
(lower) plot uses kinetic mixing "BX = gX ("BX = gX/10).

small gauge coupling. This scenario belongs to Type A
class of models as explained in Table I.
Type B — A second avenue to address (g �2)µ arises

in this model, invoking a light U(1)Lµ�L⌧
gauge boson X

as a mediator running in the loop [40, 43, 134]. The dis-
crepancy between the experiment and the SM prediction
can be resolved with mX ⇠ 20 MeV and gauge coupling
gX ⇠ 5 · 10�4, nestling snugly in the window allowed
by current experimental constraints, such as CCFR and
Borexino [43, 44]. In fact, even the future DUNE experi-
ment is not expected to cover the entire window [44]. In
this scenario, S1 is entirely superfluous to the anomalies
and can be removed from the model altogether. Addi-
tionally, the small allowed region for X mass and cou-
plings gives a sharp prediction for the U(1)Lµ�L⌧

sector.
We have checked that the small gauge coupling and as-
sociated small kinetic mixing are stable under radiative
corrections. The RK(⇤) anomaly in this scenario is still
explained by a tree-level mediation of S3, and with a
similar allowed parameter space as before.

The U(1)Lµ�L⌧
-breaking VEV, v�, is given as v� =

p
2mX/|q�|gX ⇠ 60 GeV/|q�| while the cross-quartic

coupling induces mixing between real scalars h and �.
This scenario has a chance to leave observable imprints
in the overall Higgs couplings or in the invisible Higgs
decays (h ! XX) if the cross quartic in Eq. (3) is large
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Muon force Muoquark
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Type A Type B Type C

RK(⇤) , b ! sµµ S3 S3 heavy X

(g � 2)µ S1/R2 light X S1/R2

TABLE I. Three types of muoquark models, which can ad-
dress the muon anomalies for a variety of lepton-flavored
U(1)X gauge groups. For each model class, a field respon-
sible for addressing a corresponding anomaly, is listed. The
an R2 muoquark with SM charges (3, 2, 7/6) can be used as
an alternative to S1 for addressing the (g � 2)µ.

III. ALTERNATIVE MODELS

We now turn our focus to alternative models for the
muon and B-decay anomalies, in some of which the
U(1)B�3Lµ

symmetry is exchanged for other U(1)X sym-
metries. These models o↵er di↵erent scenarios of phe-
nomenological interest.

A. The scenarios for muon anomalies

U(1)B�3Lµ
is only one example of many possible

lepton-flavored gauge extensions of the SM, under which
leptoquarks become muoquarks. Variations of the model
can use di↵erent choices of U(1)X symmetry to ensure
the leptoquarks coupling exclusively to second genera-
tion leptons and fall into three classes shown in Table I
based on what mediators are responsible for the RK(⇤)

and (g � 2)µ anomalies. Below we give some specific ex-
amples of these variations:

Type A — As a showcase example, we trade the
U(1)B�3Lµ

for a U(1)Lµ�L⌧
gauge symmetry to obtain an

extension of the leptoquark model of Ref. [71]. The lepto-
quarks are assigned charge �1 under the symmetry, such
that they still couple exclusively to 2nd generation lep-
tons. The minimal type-I seesaw realization of the neu-
trino mass with the U(1)Lµ�L⌧

-breaking scalar of charge
+1 predicts the two-zero minor structure CR, which
shows some tension in fitting ✓23 and

P
i
m⌫i

[76], thus
more elaborate model building may be needed [133].4

The muoquark solution of the muon anomalies dis-
cussed above applies equally to this model. The main
phenomenological di↵erence is that the gauge vector X

does not couple to quarks and is less constrained at col-
liders. Thus, the X field can more easily elude cur-
rent experimental bound (see Fig. 2 of [43]). For exam-
ple, constraints from neutrino trident production requires
mX & 60 (200) GeV for gX ⇠ 0.1 (0.3). Again, X and �
can simply be decoupled in the limit of the large v� and

4 We will not explore these constructions in any detail here but
merely reiterate the point that a charge-1 scalar is poten-
tially problematic since it enables a baryon-number-violating
dimension-5 operator.
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FIG. 3. Allowed parameter space for the light X solution to
the (g � 2)µ anomaly in the U(1)B�3Lµ

model. The shaded
regions are excluded by various experiments, while the region
between the black lines is preferred by (g � 2)µ. The upper
(lower) plot uses kinetic mixing "BX = gX ("BX = gX/10).

small gauge coupling. This scenario belongs to Type A
class of models as explained in Table I.
Type B — A second avenue to address (g �2)µ arises

in this model, invoking a light U(1)Lµ�L⌧
gauge boson X

as a mediator running in the loop [40, 43, 134]. The dis-
crepancy between the experiment and the SM prediction
can be resolved with mX ⇠ 20 MeV and gauge coupling
gX ⇠ 5 · 10�4, nestling snugly in the window allowed
by current experimental constraints, such as CCFR and
Borexino [43, 44]. In fact, even the future DUNE experi-
ment is not expected to cover the entire window [44]. In
this scenario, S1 is entirely superfluous to the anomalies
and can be removed from the model altogether. Addi-
tionally, the small allowed region for X mass and cou-
plings gives a sharp prediction for the U(1)Lµ�L⌧

sector.
We have checked that the small gauge coupling and as-
sociated small kinetic mixing are stable under radiative
corrections. The RK(⇤) anomaly in this scenario is still
explained by a tree-level mediation of S3, and with a
similar allowed parameter space as before.

The U(1)Lµ�L⌧
-breaking VEV, v�, is given as v� =

p
2mX/|q�|gX ⇠ 60 GeV/|q�| while the cross-quartic

coupling induces mixing between real scalars h and �.
This scenario has a chance to leave observable imprints
in the overall Higgs couplings or in the invisible Higgs
decays (h ! XX) if the cross quartic in Eq. (3) is large
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• Add  muoquark for . Decouple .S1 = (3̄, 1,1/3)8/3 (g − 2)μ U(1)B−3Lμ
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the renormalization group running down to the meson
scale as well as the intermediate matching to the low-
energy EFT [83–87] thanks to the wilson [88] package.
It further uses flavio [89] to compute a large list of
electroweak-scale and low-energy precision observables,
including charged LFV and LFU, magnetic moments,
neutral meson mixings, semileptonic and rare meson de-
cays, etc. The full list of observables included in the
initial version of smelli can be found in the appendix
of [81], but this list has been extended [90], and we refer
to [91] for the up-to-date version. We update the mea-
surements included in smelli and take into account the
most recent results for RK [35] and (g�2)µ [36] as well as
the current world average of BR(Bs,d ! µµ) from [92],
which includes the most recent LHCb measurement [93].
With this setup, we are now in position to perform a
global fit in the parameter space of our model.

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

sus ⌘
1L
3 = ⌘

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

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

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

x

3 = 0. The best fit
point is (⌘3L

3 , ⌘
1L
3 = ⌘

1R
3 ) ' (0.43, 0.12) with a ��

2
' 62

compared to the SM point. The current limits from di-
rect searches at the LHC are M3 & 1.7 TeV [94] and
M1 & 1.4 TeV [95], while the final reach of HL-LHC is
projected in [96]. The indirect e↵ects in the high-pT lep-
ton tails are also beyond the HL-LHC projections for the
best fit couplings [97]. The change in the mass is accom-
modated by an approximate linear change in the cou-
plings keeping the same low-energy Wilson coe�cients.
However, the finite naturalness of the Higgs mass and
muon Yukawa, disfavors heavier muoquarks, as discussed
later.

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

+
µ

�

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

+
µ

� [98].
When varying the O(1) coe�cients in front of the spuri-
ons we find the same goodness of fit: the best fit region is
shifted to accommodate for b ! sµ

+
µ

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

B. Symmetry breaking

Heavy vector resonances with couplings to both quarks
and leptons have been extensively searched for at the
LHC. The most recent ATLAS 13TeV search with
139 fb�1 of data [99] reports the exclusions on the cou-
plings as a function of the mass in their Fig. 4 (b). A
viable benchmark example in our case is gauge coupling
gX = 0.1 and mass mX = 3TeV. The high-pT dimuon
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FIG. 1. The preferred muoquark Yukawa couplings from
the global fit to low-energy data. Here we choose
⌘3L
i = (Vtd, Vts, 1) ⌘3L

3 , ⌘1L
i = (Vtd, Vts, 1) ⌘1L

3 , and ⌘1R
i =

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

3 TeV.

tails [97] set an upper limit on gX/mX for large mX .
In the opposite limit, the bounds are avoided when gX

is small enough (see Fig. 5 of [97]). It is, however, al-
ways possible to take the decoupling limit, namely large
mX and small gX , without conflicting the muoquark so-
lution of muon anomalies. We expect X to have negligi-
ble e↵ects in flavor physics through suppressed penguins,
which decouple in the same limit.1

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

p
2mX/3gX

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

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

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

VH� = �µ
2
H

|H|
2

� µ
2
�|�|

2 + 1
2�H |H|

4

+ 1
4��|�|

4 + ��H |�|
2
|H|

2
. (3)

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

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

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

mixing constraints with the high-pT dimuon tails [97].

• Global fit 
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the renormalization group running down to the meson
scale as well as the intermediate matching to the low-
energy EFT [83–87] thanks to the wilson [88] package.
It further uses flavio [89] to compute a large list of
electroweak-scale and low-energy precision observables,
including charged LFV and LFU, magnetic moments,
neutral meson mixings, semileptonic and rare meson de-
cays, etc. The full list of observables included in the
initial version of smelli can be found in the appendix
of [81], but this list has been extended [90], and we refer
to [91] for the up-to-date version. We update the mea-
surements included in smelli and take into account the
most recent results for RK [35] and (g�2)µ [36] as well as
the current world average of BR(Bs,d ! µµ) from [92],
which includes the most recent LHCb measurement [93].
With this setup, we are now in position to perform a
global fit in the parameter space of our model.

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

sus ⌘
1L
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3 plane for M1 = M3 = 3TeV. We take

⌘̃
1R = 0, as loop-induced contributions from the heavy
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space far away from the SM limit ⌘
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compared to the SM point. The current limits from di-
rect searches at the LHC are M3 & 1.7 TeV [94] and
M1 & 1.4 TeV [95], while the final reach of HL-LHC is
projected in [96]. The indirect e↵ects in the high-pT lep-
ton tails are also beyond the HL-LHC projections for the
best fit couplings [97]. The change in the mass is accom-
modated by an approximate linear change in the cou-
plings keeping the same low-energy Wilson coe�cients.
However, the finite naturalness of the Higgs mass and
muon Yukawa, disfavors heavier muoquarks, as discussed
later.

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

+
µ

�

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

+
µ

� [98].
When varying the O(1) coe�cients in front of the spuri-
ons we find the same goodness of fit: the best fit region is
shifted to accommodate for b ! sµ

+
µ

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

B. Symmetry breaking

Heavy vector resonances with couplings to both quarks
and leptons have been extensively searched for at the
LHC. The most recent ATLAS 13TeV search with
139 fb�1 of data [99] reports the exclusions on the cou-
plings as a function of the mass in their Fig. 4 (b). A
viable benchmark example in our case is gauge coupling
gX = 0.1 and mass mX = 3TeV. The high-pT dimuon
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FIG. 1. The preferred muoquark Yukawa couplings from
the global fit to low-energy data. Here we choose
⌘3L
i = (Vtd, Vts, 1) ⌘3L

3 , ⌘1L
i = (Vtd, Vts, 1) ⌘1L

3 , and ⌘1R
i =

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

3 TeV.

tails [97] set an upper limit on gX/mX for large mX .
In the opposite limit, the bounds are avoided when gX

is small enough (see Fig. 5 of [97]). It is, however, al-
ways possible to take the decoupling limit, namely large
mX and small gX , without conflicting the muoquark so-
lution of muon anomalies. We expect X to have negligi-
ble e↵ects in flavor physics through suppressed penguins,
which decouple in the same limit.1

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

p
2mX/3gX

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

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

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

VH� = �µ
2
H

|H|
2

� µ
2
�|�|

2 + 1
2�H |H|

4

+ 1
4��|�|

4 + ��H |�|
2
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. (3)

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

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

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

mixing constraints with the high-pT dimuon tails [97].

• Global fit 

• Finite naturalness

5

FIG. 2. The RG flow of a selection of couplings from the
benchmark point to the Planck scale. All couplings were in-
cluded in the running, and none of them develops a Landau
pole in this range.

Additionally, the S1 muoquark generates a non-
multiplicative radiative corrections to the muon Yukawa
coupling [80, 107, 108]:

�yµ = �
3

(4⇡)2

✓
1 + ln

µ
2
M

M
2
1

◆
⌘
1L⇤
i

y
ij

u
⌘
1R
j

. (7)

For the part of parameter space with large enough cou-
plings to explain the (g � 2)µ, a tuning argument again
favors models with smaller masses. In our best fit point
the change in yµ is roughly 50%. The same muoquark
loop that gives the threshold correction to yµ also gives
rise to a significant running of this Yukawa as shown in
Fig. 2. This is yet another independent argument in favor
of lighter muoquarks potentially accessible at high-pT .

D. Neutrino masses and proton decay

Coming back to the neutrino sector outlined in the
last line of the model Lagrangian (2), the U(1)B�3Lµ

gauge symmetry imposes a flavor structure for y⌫ , MR

and y�. Notably, y⌫ splits into a 2⇥2 electron–tau block
and a diagonal muon entry. When � receives a VEV,
the Majorana mass matrix is entirely populated except
for the (2,2) entry. This structure has enough paramet-
ric freedom to explain the observed neutrino oscillation
data [109], the limit on the sum of neutrino masses from
Planck [110], and the absence of neutrinoless double beta
decay [111]. Ref. [76] performed a careful analysis of a

specific limit when the y
13,31
⌫

and y
23
� are set to zero, ar-

riving at the two-zero minor structure of type DR
1 . This

limit perfectly accommodates neutrino oscillations data,
predicting

P
i
m⌫i

comfortably below the present limit
and no neutrinoless beta decay. The firm predictions of
the DR

1 can be alerted in our case by nonzero y
13,31
⌫

and
y
23
� parameters.
The type-I seesaw formula for the masses of the active

neutrinos,

m⌫ ' �v
2
y⌫

�
MR + y�h�i

��1
y
T
⌫

, (8)

suggests that in our chosen benchmark the Dirac Yukawa
is in the same ballpark as the electron Yukawa, O(10�6).
The S1 muoquark, contributing to (g � 2)µ would ra-
diatively correct the y

22
⌫

with the bottom quark in the
loop [112]. The ⌘̃

1R
3 coupling is an input parameter, how-

ever, if it is of the same order as the ⌘
1R
3 coupling, it

would contribute comparably to the tree-level. Hence,
no tuning is introduced here.

Finally, the Lagrangian in Eq. (2) respects baryon
number and keeps the proton stable. However, the ab-
sence of B violation for a TeV-scale leptoquark model
has to be required also for the leading irrelevant oper-
ators arising at dimension-5 [113, 114]. Quantum grav-
ity is expected to break global charges [115], and even
if the dimension-5 operator under consideration is sup-
pressed by the Planck scale, it is not enough to evade
the stringent bounds on the proton lifetime. This seems
to be a quite generic issue often neglected in the litera-
ture, with the notable exception of the Pati–Salam gauge
leptoquark, see e.g. [116–129].

The U(1)B�3Lµ
gauge symmetry, however, with the

available field content ensure that B number is conserved
also at the dimension-5 e↵ective Lagrangian.3 The lead-
ing breaking is expected at dimension 6 similarly to the
SM. It is a nontrivial fact that this is compatible with
the minimal realization of neutrino masses. This is, for
instance, not the case for U(1)Lµ�L⌧

symmetry where
the minimal neutrino sector [71] allows for a coupling
1/MPl q

c

LS
†
3�

†
qL, which, together with the q

c

L`LS3 needed
for the anomaly, leads to proton decay in gross violation
of the experiment. We estimate that such leptoquark
has to be several orders of magnitude heavier to respect
the proton lifetime bound, or, equivalently, the couplings
should be smaller. In either case, the explanation of the
anomaly is gone. Going beyond the minimal neutrino
mass realizations in U(1)Lµ�L⌧

, even more involved con-
structions proposed in the literature share this problem,
see e.g. [130–133].

3 The only way to build color singlets with non-vanishing baryon
number at this order is with fields SSS, qSS, or qqS. These
combinations have U(1)B�3Lµ

charge ±8, ±5, and ±2, respec-
tively. It is easy to verify that they cannot be completed to a
gauge invariant dimension-5 operator with the available matter
fields.

Higgs mass
Muon Yukawa

The parameters of the model are radiatively 
stable and can be evolved to the Planck scale 
without inconsistencies.

• RGE

Interesting for collider searches.
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I Model for muon anomalies:

L � ⌘�
i qc i`� S�+⌘�

i qc i`� S�+⌘�
i uc iµ S�

I One-loop matching to SMEFT
Gherardi, Marzocca, Venturin, arXiv:����.�����

I Interface to smelli - the SMEFT LikeLIhood
Python package

Aebischer, Kumar, PS, Straub, arXiv:�8��.��6�8

I Likelihood in space of model parameters

I Excellent �t to data with best �t point at
(⌘�

� , ⌘�
� = ⌘�

� ) ' (�.��, �.��) and
��� ' 6� compared to SM point (�, �)

I Compatible with all measurements included
in smelli (>��� observables)

Peter Stangl (University of Bern) ITP Seminar, �6 April ���� ��/��

- One-loop matching to SMEFT from 2003.12525
- 399 observables in smelli 1810.07698



Classification of models

6

Type A Type B Type C

RK(⇤) , b ! sµµ S3 S3 heavy X

(g � 2)µ S1/R2 light X S1/R2

TABLE I. Three types of muoquark models, which can ad-
dress the muon anomalies for a variety of lepton-flavored
U(1)X gauge groups. For each model class, a field respon-
sible for addressing a corresponding anomaly, is listed. The
an R2 muoquark with SM charges (3, 2, 7/6) can be used as
an alternative to S1 for addressing the (g � 2)µ.

III. ALTERNATIVE MODELS

We now turn our focus to alternative models for the
muon and B-decay anomalies, in some of which the
U(1)B�3Lµ

symmetry is exchanged for other U(1)X sym-
metries. These models o↵er di↵erent scenarios of phe-
nomenological interest.

A. The scenarios for muon anomalies

U(1)B�3Lµ
is only one example of many possible

lepton-flavored gauge extensions of the SM, under which
leptoquarks become muoquarks. Variations of the model
can use di↵erent choices of U(1)X symmetry to ensure
the leptoquarks coupling exclusively to second genera-
tion leptons and fall into three classes shown in Table I
based on what mediators are responsible for the RK(⇤)

and (g � 2)µ anomalies. Below we give some specific ex-
amples of these variations:

Type A — As a showcase example, we trade the
U(1)B�3Lµ

for a U(1)Lµ�L⌧
gauge symmetry to obtain an

extension of the leptoquark model of Ref. [71]. The lepto-
quarks are assigned charge �1 under the symmetry, such
that they still couple exclusively to 2nd generation lep-
tons. The minimal type-I seesaw realization of the neu-
trino mass with the U(1)Lµ�L⌧

-breaking scalar of charge
+1 predicts the two-zero minor structure CR, which
shows some tension in fitting ✓23 and

P
i
m⌫i

[76], thus
more elaborate model building may be needed [133].4

The muoquark solution of the muon anomalies dis-
cussed above applies equally to this model. The main
phenomenological di↵erence is that the gauge vector X

does not couple to quarks and is less constrained at col-
liders. Thus, the X field can more easily elude cur-
rent experimental bound (see Fig. 2 of [43]). For exam-
ple, constraints from neutrino trident production requires
mX & 60 (200) GeV for gX ⇠ 0.1 (0.3). Again, X and �
can simply be decoupled in the limit of the large v� and

4 We will not explore these constructions in any detail here but
merely reiterate the point that a charge-1 scalar is poten-
tially problematic since it enables a baryon-number-violating
dimension-5 operator.

FIG. 3. Allowed parameter space for the light X solution to
the (g � 2)µ anomaly in the U(1)B�3Lµ

model. The shaded
regions are excluded by various experiments, while the region
between the black lines is preferred by (g � 2)µ. The upper
(lower) plot uses kinetic mixing "BX = gX ("BX = gX/10).

small gauge coupling. This scenario belongs to Type A
class of models as explained in Table I.
Type B — A second avenue to address (g �2)µ arises

in this model, invoking a light U(1)Lµ�L⌧
gauge boson X

as a mediator running in the loop [40, 43, 134]. The dis-
crepancy between the experiment and the SM prediction
can be resolved with mX ⇠ 20 MeV and gauge coupling
gX ⇠ 5 · 10�4, nestling snugly in the window allowed
by current experimental constraints, such as CCFR and
Borexino [43, 44]. In fact, even the future DUNE experi-
ment is not expected to cover the entire window [44]. In
this scenario, S1 is entirely superfluous to the anomalies
and can be removed from the model altogether. Addi-
tionally, the small allowed region for X mass and cou-
plings gives a sharp prediction for the U(1)Lµ�L⌧

sector.
We have checked that the small gauge coupling and as-
sociated small kinetic mixing are stable under radiative
corrections. The RK(⇤) anomaly in this scenario is still
explained by a tree-level mediation of S3, and with a
similar allowed parameter space as before.

The U(1)Lµ�L⌧
-breaking VEV, v�, is given as v� =

p
2mX/|q�|gX ⇠ 60 GeV/|q�| while the cross-quartic

coupling induces mixing between real scalars h and �.
This scenario has a chance to leave observable imprints
in the overall Higgs couplings or in the invisible Higgs
decays (h ! XX) if the cross quartic in Eq. (3) is large
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