
A model of muon anomalies

04.06.2021, Cambridge

Admir Greljo

Recent R(K) update from the LHCb experiment at CERN reinforced the tension of B-meson 
decays into muons. The Muon g-2 experiment at Fermilab strengthened the tension in the 
muon anomalous magnetic moment. Can muon anomalies be coherently addressed in 
models beyond the SM, and if so, where else should we look for confirmation? I will discuss 
extensions of the SM based on 2103.13991 and some work in progress.

Eccellenza, Project-186866

https://arxiv.org/abs/2103.13991
https://arxiv.org/abs/2103.13991
http://p3.snf.ch/Project-186866
http://p3.snf.ch/Project-186866
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(dim ! − 4)

Theory construction: 
1. Space-time & gauge invariance + field content, 
2. Lagrangian(x) = infinite polynomial in fields and derivatives,

• IR relevance: dim[!] ≤ 4

ℒ = ∑ c!Λ4−dim !
! !

• Irrelevant couplings suppressed by Λ4−dim !
!



4

Muon Anomalies  
Footprints of a next layer?

The Muon g-2, Fermilab, 2104.03281LHCb, CERN, 2103.11769

3.1 σ

+ other  observablesb → s μμ

*combined
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1. Data

2. Accidental symmetries

3. Model I

4. Model II

5. wip

Plan

AG, Stangl, Thomsen, 2103.13991

AG, Stangl, Thomsen, 2103.13991
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b → sℓℓ

I
..
.

Taken from @PKoppenburg
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b → sℓℓ
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Muons 
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Anatomy of   decaysb → sℓ +ℓ −

13

[Figure from Uli Haisch]
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   Javier Fuentes-Martin | Reading the footprints of the flavor anomalies
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   Javier Fuentes-Martin | Reading the footprints of the flavor anomalies

• EFT separates short-distance 
(Wilson Coefficients) from 
long-distance (Form Factors). 

Semileptonic operators Four-quark operators

TH

• Non-local charm effects  
1. Lepton flavor universal  
2. Vector currents ℓ̄γμℓ

Harder Easier 

b → sℓℓ
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N(K + e+ e−) ∼ 1640• Control signal yield determination and efficiency calculation.

LHCb-PAPER-2021-004, 
arXiv:2103.11769

: Coherent deviations!b → sμμ
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TH Dirty Clean 

: Coherent deviations!b → sμμ
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Axial current

4.6σ pull

Dirty fit (+  etc) with the same NP hypothesisP′�5
5.9σ pull
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TH Clean fit with ℒNP = GNP b̄LγμsL μ̄LγμμL
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(g − 2)μ

SM@LHC, 26-30 Apr 2021A. El-Khadra

HVP: Comparison

25

aHVP

µ +
⇥
aQED

µ + aWeak

µ + aHLbL

µ

⇤
� aexpµ

<latexit sha1_base64="9M0tnw3VnWHGL11uTa1l7HXkKRA="></latexit>

aSMµ
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Taken from A. El-Khadra

• Disagreement between the  theory initiative and the BMW lattice.(g − 2)μ

14

2006.04822 2002.12347

4.2σ 1.6σ



Admir Greljo | A model of muon anomalies

(g − 2)μ
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ℒNP = GNP
evEW

16π2 μ̄LσμνμR Fμν ⟹ GNP ∼few × 10−4GF

• Assuming  is correct:4.2σ

Option (Heavy): No chiral suppression

Option (Light):  With the chiral suppression mμ/vEW

ℒNP = GNP yμ
evEW

16π2 μ̄LσμνμR Fμν ⟹ GNP ∼GF

Model II

Model I
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Accidental symmetries
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gS ∼1, gW ∼0.6, gY ∼0.3, λH ∼0.2

θ ≲ 10−10 - The strong CP problem

•  sans YukawaℒSM

Accidental symmetries

vEW ≪ MP - The EW hierarchy problem

ψ : 3 generations of qi, Ui, Di, li, Ei

U(3)q× U(3)U × U(3)D × U(3)l × U(3)E
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Accidental symmetries

Yukawas break U(3)5
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No proton decay nor cLFV

 :ℒSM
4

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

U(1)B × U(1)e × U(1)μ × U(1)τ

Accidental symmetries

−ℒYuk = q̄Yu H̃U + q̄YdHD + l̄YeHE

• IR relevance   Accidental global symmetriesdim[ℒ] ≤ 4 ⟹
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The Yukawa puzzle
• Use  transformation and a singular value decomposition to start in a basisU(3)5

Accidental symmetries

−ℒYuk = q̄V† ̂Yu H̃U + q̄ ̂YdHD + l̄ ̂YeHE



Admir Greljo | A model of muon anomalies

22

Hierarchy

u

c
d
s

t
b

1

10−6

10−4

10−2

e
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τ

The Yukawa puzzle
• Use  transformation and a singular value decomposition to start in a basisU(3)5

−ℒYuk = q̄V† ̂Yu H̃U + q̄ ̂YdHD + l̄ ̂YeHE

̂Yu , ̂Yd, ̂Ye

Accidental symmetries
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Hierarchy
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Accidental symmetries
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Hierarchy

u
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0.2 1 0.22

0.23 0.22 1
The CKM mixing

Alignment
̂Yu , ̂Yd, ̂Ye Yu /Yd

The Yukawa puzzle
• Use  transformation and a singular value decomposition to start in a basisU(3)5

The origin of flavor?

Accidental symmetries

−ℒYuk = q̄V† ̂Yu H̃U + q̄ ̂YdHD + l̄ ̂YeHE
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Approximate accidental symmetries

Peculiar structure  Approximate accidental symmetries⟹
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ℑ(det([YdYd†, Yu Yu †])) =

• CP is an approximate accidental symmetry

ℑ det[ ̂Y2
d, V† ̂Y2

u V] ≈ !(10−22)

Hierarchy+Alignment

Approximate accidental symmetries
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U(3)L × U(3)E

U(2)L × U(2)E × U(1)τ

U(1)eL
× U(1)eR

× U(1)μ × U(1)τ

U(1)e × U(1)μ × U(1)τ

yτ ≠ 0 ≪ g1,2,3

yμ ≠ 0 ≪ yτ

[LFU 123]

[LFU 12]

ye ≠ 0 ≪ yμ

• LFU is an approximate accidental symmetry of the .[ℒSM] ≤ 4

Approximate accidental symmetries
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U(3)L × U(3)E

U(2)L × U(2)E × U(1)τ

U(1)eL
× U(1)eR

× U(1)μ × U(1)τ

U(1)e × U(1)μ × U(1)τ

yτ ≠ 0 ≪ g1,2,3

yμ ≠ 0 ≪ yτ

[LFU 123]

[LFU 12]

ye ≠ 0 ≪ yμ

RK = 1 + ! (
m2

μ

q2 ) + ! ( αEM

π
log2 m2

e

m2μ )
Bordone, Isidori, Pattori 
1605.07633 

Hiller, Kruger 
hep-ph/0310219

New RK measurement

7
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LHCb

N(K + e+ e−) ∼ 1640• Control signal yield determination and efficiency calculation.

LHCb-PAPER-2021-004, 
arXiv:2103.11769

• LFU is an approximate accidental symmetry of the .[ℒSM] ≤ 4

Approximate accidental symmetries
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SM NP example

b → sℓℓ decays

3

• Semileptonic: Theory can be controlled.


• Suppressed: NP can have large relative contribution.

No tree-level FCNC

• Loop and CKM suppression
• Large GIM breaking by the top quark

Approximate accidental symmetries

• When  => V = 1 U(1)u + d × U(1)c+ s × U(1)t+ b

• When  implies ̂Yd ∝ 1 U(1)u × U(1)c × U(1)t × U(3)dsb

• When  implies ̂Yu ∝ 1 U(1)d × U(1)s × U(1)b × U(3)u ct

Quark Flavor Conservation: q̄V† ̂Yu H̃U + q̄ ̂YdHD

The GIM mechanism:

Model Independent New Physics Analysis
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SM : C9 ≈ − C10 ≈ 4.2

Model Independent New Physics Analysis

Heff = HSM
eff � 4GFp

2
VtbV

⇤
ts

e
2

16⇡2

X

i

⇣
CiOi + C

0
i O0

i

⌘

' HSM
eff � 1

(35TeV)2

X

i

⇣
CiOi + C

0
i O0

i

⌘

magnetic dipole operators semileptonic operators scalar operators

C
(′)
7

bR(L)

sL(R)

C
(′)
9,10

bL(R)

sL(R)

µL(R)

µL(R)

C
(′)
S,P

bR(L)

sL(R)

µR(L)

µL(R)

C
(0)
7 (s̄�µ⌫PR(L)b)F

µ⌫ , C
(0)
9 (s̄�µPL(R)b)(¯̀�

µ`) , C
(0)
S
(s̄PR(L)b)(¯̀PL(R)`)

C
(0)
10 (s̄�µPL(R)b)(¯̀�

µ�5`)

neglecting tensor operators and additional scalar operators

Wolfgang Altmannshofer (UCSC) New results on rare B decays and implications March 29, 2021 3 / 14

Model Independent New Physics Analysis

Heff = HSM
eff � 4GFp

2
VtbV

⇤
ts

e
2

16⇡2

X

i

⇣
CiOi + C

0
i O0

i

⌘

' HSM
eff � 1

(35TeV)2

X

i

⇣
CiOi + C

0
i O0

i

⌘

magnetic dipole operators semileptonic operators scalar operators

C
(′)
7

bR(L)

sL(R)

C
(′)
9,10

bL(R)

sL(R)

µL(R)

µL(R)

C
(′)
S,P

bR(L)

sL(R)

µR(L)

µL(R)

C
(0)
7 (s̄�µ⌫PR(L)b)F

µ⌫ , C
(0)
9 (s̄�µPL(R)b)(¯̀�

µ`) , C
(0)
S
(s̄PR(L)b)(¯̀PL(R)`)

C
(0)
10 (s̄�µPL(R)b)(¯̀�

µ�5`)

neglecting tensor operators and additional scalar operators

Wolfgang Altmannshofer (UCSC) New results on rare B decays and implications March 29, 2021 3 / 14



Admir Greljo | A model of muon anomalies

30

So why do people object abog.at
TeV seat Leptoquarks

L4t y list QiQi St
13151 13 BCS 2

3

a Abrupt violation of the SM
accidental symmetries

Proton decay II y
probesseatesuptoto Tell

µ e f it j probesseatesupto105Tell

Electron EDM Amy probesseatesuptotoTell

• Testing accidental symmetries is an opportunity.  
Accidental symmetries are broken by the irrelevant couplings. 
Efficient probe of high-energy dynamics.

LFUV, …

Example: TeV-scale Leptoquarks

U(3)L × U(3)E

CP

U(1)e × U(1)μ × U(1)τ

U(1)B
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S3 = (3̄, 3,1/3)

ℒ ⊃ η QLLLS3

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

b → sℓℓ decays

3

• Semileptonic: Theory can be controlled.


• Suppressed: NP can have large relative contribution.
ηbμηsμ

M2
LQ

∼ 1
(40 TeV)2
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ℒ ⊃ ηL Q3
LL2

LS1 + ηR tRμRS1

• In the SM, the breaking spurion of  is the muon YukawaU(1)μL
× U(1)μR

yμ = (+ 1, −1)

η*L ηR = (+ 1, −1)S1 = (3̄, 1,1/3)

• For
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LL2

LS1 + ηR tRμRS1

• In the SM, the breaking spurion of  is the muon YukawaU(1)μL
× U(1)μR

yμ = (+ 1, −1)

η*L ηR = (+ 1, −1)S1 = (3̄, 1,1/3)

• For

 

b SMM LHCb CERN

otterQQ
b M

S
S µ

G 2ii Muong2Fermilab
XH's

ge LIGvHµrB
16Th Teh

g I
i

µ µ

Y.NO 0
HMn0lTeV1

ηLηR

M2
LQ

∼ 1
(10 TeV)2

(g − 2)μ ⟹

L R
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ℒ ⊃ ηL Q3
LL2

LS1 + ηR tRμRS1

• In the SM, the breaking spurion of  is the muon YukawaU(1)μL
× U(1)μR

yμ = (+ 1, −1)

η*L ηR = (+ 1, −1)S1 = (3̄, 1,1/3)

• For

ηLηR

M2
LQ

∼ 1
(10 TeV)2

(g − 2)μ ⟹
• Removing the photon  

correction to the muon Yukawa
→

δyμ ∼ySM
μ (

MLQ

3 TeV )
2
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ℓi
L ℓj

R

γ

Br(μ → eγ)
3 × 10−13 ≈ (

Δaμ

3 × 10−9 )
2

( θ12
10−5 )

2

Br(τ → μγ)
4 × 10−8 ≈ (

Δaμ

3 × 10−9 )
2

( θ23
10−2 )

2

Naive BSM expectation is wrong! 
θ12 ∼ me /mμ ∼!(10−1)

θ23 ∼ mμ/mτ ∼!(10−1)

U(1)e × U(1)μ × U(1)τ

R(K) < 1



• Lepton flavor specific charges —  
the  coupling is allowed for  but forbidden for .

• All quarks charged in the same way. 

• Diquark interactions  are forbidden.

Q Li S i = μ i = e, τ

Q Q S†

 Gauge Symmetry & Leptoquarks:U(1)Xμ
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Why is the SM successful with thesephenomena2

IR relevance haAI Accidentalglobal symmetries
Poincarespacetime 32TgaugeFieldcontent

dimkle4 UHBxUNeXUHµxUlla

mmohEd IAG StanglThomsen 2103.139911

Lepton flavor gauged 4141

Leptoquark MuoquarkT

L i

e.g gauged UH B 34

a Accidental B number cLFC no eEDM

Davighi, Kirk, Nardecchia, 2007.15016
AG, Stangl, Thomsen, 2103.13991

Gauged lepton flavor
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Why is the SM successful with thesephenomena2

IR relevance haAI Accidentalglobal symmetries
Poincarespacetime 32TgaugeFieldcontent

dimkle4 UHBxUNeXUHµxUlla

mmohEd IAG StanglThomsen 2103.139911

Lepton flavor gauged 4141

Leptoquark MuoquarkT

L i

e.g gauged UH B 34

a Accidental B number cLFC no eEDM

2.3.4 Yukawa interactions
The Yukawa interactions are given by

LYuk = � h

v
(me eL eR +mµ µL µR +m⌧ ⌧L ⌧R

+mu uL uR +mc cL cR +mt tL tR +md dL dR +ms sL sR +mb bL bR + h.c.
�

.

To see that the Higgs boson couples diagonally to the quark mass eigenstates, let us start from an
arbitrary interaction basis:

hDLY
d
DR = hDL(V

†
dL
VdL)Y

d(V †
dR

VdR)DR

= h(DLV
†
dL
)(VdLY

d
V

†
dR

)(VdRDR)

= h(dL sL bL)Ŷ
d(dR sR bR)

T
. (46)

We conclude that the Higgs couplings to the fermion mass eigenstates have the following features:

1. Diagonality.

2. Non-universality.

3. Proportionality to the fermion masses: the heavier the fermion, the stronger the coupling. The
factor of proportionality is m /v.

Thus, the Higgs boson decay is dominated by the heaviest particle which can be pair-produced in
the decay. For mh ⇠ 125 GeV, this is the bottom quark. Indeed, the SM predicts the following branching
ratios quoted in Table 3 for the leading decay modes. The following comments are in order with regard
to the predicted branching ratios:

1. From the seven branching ratios, three (b, ⌧, c) stand for two-body tree-level decays. Thus, at tree
level, the respective branching ratios obey BR

b̄b
: BR⌧+⌧� : BRcc̄ = 3m2

b
: m2

⌧ : 3m2
c . QCD

radiative corrections somewhat suppress the two modes with the quark final states (b, c) compared
to one with the lepton final state (⌧ ).

2. The WW
⇤ and ZZ

⇤ modes stand for the three-body tree-level decays, where one of the vector
bosons is on-shell and the other off-shell.

3. The Higgs boson does not have a tree-level coupling to gluons since it carries no color (and the
gluons have no mass). The decay into final gluons proceeds via loop diagrams. The dominant
contribution comes from the top-quark loop.

4. Similarly, the Higgs decays into final two photons via loop diagrams with small (BR�� ⇠ 0.002),
but observable, rate. The dominant contributions come from the W and the top-quark loops which
interfere destructively.

Experimentally, the decays into final ZZ
⇤, WW

⇤, ��, bb̄ and ⌧
+
⌧
� have been established.

2.4 Global symmetries

The SM has an accidental global symmetry:

G
SM
global(Y

u,d,e 6= 0) = U(1)B ⇥ U(1)e ⇥ U(1)µ ⇥ U(1)⌧ . (47)

This symmetry leads to various testable predictions. Here are a few examples:

– The proton must not decay, e.g. p ! e
+
⇡ is forbidden.

– FCNC decays of charged leptons must not occur, e.g. µ ! e� is forbidden.

88

Keeps the accidental symmetry

Davighi, Kirk, Nardecchia, 2007.15016
AG, Stangl, Thomsen, 2103.13991

Gauged lepton flavor

 Gauge Symmetry & Leptoquarks:U(1)Xμ

• Lepton flavor specific charges —  
the  coupling is allowed for  but forbidden for .

• All quarks charged in the same way. 

• Diquark interactions  are forbidden.

Q Li S i = μ i = e, τ

Q Q S†



Model I

Light mediator for Δaμ



 

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

AG, Stangl, Thomsen, 2103.13991
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SM Muon force

Muoquark
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• SM x  gauge symmetryU(1)B−3Lμ

SM Muon force

Muoquark

* Minimal type-I seesaw 
for the neutrino masses
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Model I

[Backup]
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• SM x  gauge symmetryU(1)B−3Lμ

SM Muon force

Muoquark
ℒ ⊃ QL L(2)

L S3
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• SM x  gauge symmetryU(1)B−3Lμ

SM Muon force

Muoquark
ℒ ⊃ QL L(2)

L S3
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Model I

• No proton decay up to dim-6

QQS†
3 QQS†

3 ϕ†

AG, Stangl, Thomsen, 2103.13991
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* V-A solution  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+ many more
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Muon force

Muoquark

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.

10�4

" = gX

(g � 2)µ

Borexino

CCFR

NA64

LHCb

BaBar

NA62

10�3 10�2 10�1 100

10�4

" = gX/10

0.0 0.2 0.4 0.6 0.8 1.0

mX [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

g X

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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• A robust bound: 
 (CCFR)

• Electron bounds (Borexino, NA64): 
- From the running of a small kinetic mixing 
we observe . Can be tuned away.

• DarkCast constraints 1801.04847. 

Nνμ → Nνμμμ
mX ≲ 0.5 GeV

ϵ ∼!(gX)

R(K) :

(g − 2)μ :
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Model II

Heavy mediator for Δaμ
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•   - Assume the quark flavour structure is CKM-likeℒ ⊃ ηi Qiμ S
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2

ton decay and LFV in stark contrast with observations.
A resolution is the idea of combining leptoquarks with a
gauged lepton symmetry as in Ref. [70, 71].

Lepton-flavored U(1) gauge symmetries impose non-
trivial restrictions on the structure of the neutrino mass
matrices. This has been thoroughly studied in the liter-
ature in the context of two-zero-texture (-minor) struc-
tures, aiming at predicting the remaining parameters in
the neutrino sector [72–76]. Building on Refs. [44, 69, 71,
76], we show how to naturally reconcile all muon anoma-
lies in a single framework and rationalize why these are
the first signs of physics beyond the SM. We face the
challenge of generating a phenomenologically acceptable
neutrino sector in leptoquark models with gauged lep-
ton flavor while keeping the proton stable. It turns
out that the U(1)B�3Lµ

gauge symmetry has the desired
property of also forbidding dangerous baryon-number-
violating dimension-5 operators.

In Section II we present the model and discuss the pa-
rameter space capable of addressing the anomalies. Sec-
tion III outlines alternative models and a connection with
b ! c⌧⌫ decays. We show that no tuned cancellations
is needed in the observables, the scalar masses respect
finite naturalness, and the couplings can be extrapolated
to high-energies without inconsistencies.

II. A MODEL FOR (g � 2)µ AND b ! sµ+µ�

We extend the SM+3⌫R with a gauged U(1)B�3Lµ
sym-

metry under which the leptons `
2
L, µR, ⌫µ,R have charge

�3, while q
i

L, u
i

R, d
i

R all have charge +1/3. With this
fermion content, the symmetry is anomaly-free. An SM
singlet � with U(1)B�3Lµ

charge q� = +3 is responsible
for the spontaneous breaking of the new symmetry. In
addition, the matter field content is extended with two
scalar leptoquarks S1 = (3, 1, 1/3) and S3 = (3, 3, 1/3)
of charge +8/3 under U(1)B�3Lµ

.
The renormalizable Lagrangian for this model is

L = LSM�VH
+ |Dµ�|

2 + |DµS1|
2 + |DµS3|

2
�

1
4X

2
µ⌫

�
�
⌘
3L
i

q
c i

L `
2
L S3 + ⌘

1L
i

q
c i

L `
2
LS1 + ⌘

1R
i

u
c i

R µRS1

+ ⌘̃
1R
i

d
c i

R ⌫µ,RS1 + h.c.
�

+ 1
2"BXBµ⌫X

µ⌫ (2)

� VH�(H, �) � V13(H, �, S1, S3) + ⌫̄
i

Ri /D⌫
i

R

�
�
y

ij

⌫
¯̀i
LH̃⌫

j

R + M
ij

R ⌫̄
ci

R ⌫
j

R + y
ij

� � ⌫̄
ci

R ⌫
j

R + h.c.
�

,

where the SU(2)L contraction in the left-handed Yukawa
couplings is with i�

2
�

a for S3 and i�
2 for S1 with Pauli

matrices �
a.

The gauge symmetry ensures that leptoquarks cou-
ple exclusively to 2nd generation leptons through the
Yukawa couplings ⌘

x. Leptoquarks coupling exclusively
to 2nd generation leptons are properly referred to as
muoquarks. We will show how this structure reconciles
the muon anomalies with the complementary constraints.
We then separately address the scalar potential and the
kinetic mixing, as it has minimal baring on the flavor

analysis: in 1-loop matching it only gives corrections on
top of the operators already generated at tree-level.

Finally, due to the extra gauge symmetry, the model
has accidental baryon and individual lepton number sym-
metries at the renormalizable level just like the SM. Fur-
thermore, there is an accidental baryon number conser-
vation at the level of dimension-5 operators. It is an
intricate relation between i) neutrino masses and mix-
ings, ii) matter stability, and iii) the high-quality U(1)Lµ

global symmetry, which ultimately leads to the choice of
the U(1)B�3Lµ

gauge symmetry. An alternative choice is
discussed in Section III.

A. Muoquark solution of the muon anomalies

We assume that � develops a large VEV so as to break
U(1)B�3Lµ

and decouple the X, ⌫
i

R
, and � fields for the

moment. The remnant of the U(1)B�3Lµ
symmetry pro-

vides an e↵ective U(1)Lµ
global symmetry under which

the muoquarks are charged. This forbids LFV processes
such as µ ! e� but introduces new lepton non-universal
muophilic interactions. The idea is to use a tree-level S3

exchange to explain the RK(⇤) anomalies and an S1 loop
for the (g � 2)µ.

The gauge symmetry fixes the lepton flavor coupling
to S1,3 but not the quark flavor structure of ⌘

x

i
. The

SM Yukawa interactions exhibit a good approximate fla-
vor symmetry U(2)q ⇥ U(2)u ⇥ U(2)d under which the
first two generations transform as doublets, while the
third generation is a singlet [77] (see also [78]). When
this symmetry is exact, only the top and bottom quarks
are massive and the CKM matrix is the identity. A
slight breaking, needed to fit data, is minimally pro-
vided by the leading breaking spurion V = (Vtd, Vts)T,
which is a doublet of U(2)q, together with two bidoublets
�u,d [77, 79]. Thinking about this symmetry as a rem-
nant of deep UV dynamics, it is reasonable to assume
the muoquark Yukawa couplings share a similar struc-
ture. In particular, we expect the left-handed couplings
to be ⌘

1(3)L
/ O(V ) � 1 and the relevant right-handed

ones to be ⌘
1R

/ O(�†
u
V ) � 1. This sets the relative

size between di↵erent quark flavors. On general grounds
we expect the absolute sizes of the couplings and the
muoquark masses M1,3 to be similar. Remarkably, when
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3 = O(0.1) and M1,3 = O(TeV), this setup explains
b ! sµ

+
µ

� and (g � 2)µ anomalies with negligible cor-
rections to any other complementary constraints. (Note
that U(2)3 is just one example of a CKM-like flavor struc-
ture in the quark sector.)

The most general S1 + S3 renormalizable model is
matched to the SM e↵ective field theory at the 1-loop
level in Ref. [80]. We implement these results in a code
that is interfaced with the Python package smelli (the
SMEFT likelihood tool) [81, 82]. After we pass the
SMEFT Wilson coe�cients, which we compute from the
parameters of our Lagrangian (2) at the matching scale
µM , to smelli, this tool automatically takes care of
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ton decay and LFV in stark contrast with observations.
A resolution is the idea of combining leptoquarks with a
gauged lepton symmetry as in Ref. [70, 71].

Lepton-flavored U(1) gauge symmetries impose non-
trivial restrictions on the structure of the neutrino mass
matrices. This has been thoroughly studied in the liter-
ature in the context of two-zero-texture (-minor) struc-
tures, aiming at predicting the remaining parameters in
the neutrino sector [72–76]. Building on Refs. [44, 69, 71,
76], we show how to naturally reconcile all muon anoma-
lies in a single framework and rationalize why these are
the first signs of physics beyond the SM. We face the
challenge of generating a phenomenologically acceptable
neutrino sector in leptoquark models with gauged lep-
ton flavor while keeping the proton stable. It turns
out that the U(1)B�3Lµ

gauge symmetry has the desired
property of also forbidding dangerous baryon-number-
violating dimension-5 operators.

In Section II we present the model and discuss the pa-
rameter space capable of addressing the anomalies. Sec-
tion III outlines alternative models and a connection with
b ! c⌧⌫ decays. We show that no tuned cancellations
is needed in the observables, the scalar masses respect
finite naturalness, and the couplings can be extrapolated
to high-energies without inconsistencies.
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x. Leptoquarks coupling exclusively
to 2nd generation leptons are properly referred to as
muoquarks. We will show how this structure reconciles
the muon anomalies with the complementary constraints.
We then separately address the scalar potential and the
kinetic mixing, as it has minimal baring on the flavor

analysis: in 1-loop matching it only gives corrections on
top of the operators already generated at tree-level.

Finally, due to the extra gauge symmetry, the model
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metries at the renormalizable level just like the SM. Fur-
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vation at the level of dimension-5 operators. It is an
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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
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H

|H|
2
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2
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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].
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�, 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].

 ATLASM3 > 1.7 TeV

• No tension with complementary data
- When varying  in front of the spurions!(1)
- Linear coupling vs mass rescaling
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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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3 , and ⌘1R
i =
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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
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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].

•  break EW, while the SM singlet  breaks .H Φ U(1)X

• The spontaneous symmetry breaking

• The RGE of the benchmark point
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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.

- Two loop Yukawa and quartic, three loop gauge  
(RGBeta 2101.08265)

gX = 0.1, mX = 3 TeV

• In this benchmark

• No Landau poles up to the Planck
• The potential is stable - II-

54

• In the limit  and/or  is the decoupling of  sector.gX → 0 vΦ → ∞ U(1)X
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Summary: Muoquark and a 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.

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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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

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].

•  break EW, while the SM singlet  breaks .H Φ U(1)X

• The spontaneous symmetry breaking
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• In the limit  and/or  is the decoupling of  sector.gX → 0 vΦ → ∞ U(1)X
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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 ⌘
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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

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-
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ble e↵ects in flavor physics through suppressed penguins,
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mode � has a mass around the TeV scale for the bench-
mark point. A small ��H = 10�3 consistent with the
finite naturalness discussed below leads to unobservable
mixing with the Higgs boson [100, 101].
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We qualitatively examine the UV consistency of the
model through the RG flow of the couplings from the best
fit discussed in Sec. II A. In particular, we explore the
running of the full model with �-functions at 3-loop or-
der for the gauge and 2-loop order for Yukawa and quartic
couplings derived with RGBeta [102–104]. The SM cou-
plings have been fixed at µM as part of the matching
process. The resulting flows for a few selected couplings
are shown in Fig. 2.

All terms in the 1-loop �-functions of the � cross-
quartic couplings ��H , ��1, and ��3 involve this set
of � cross quartics or are U(1)B�3Lµ

gauge contribu-
tions (with/without kinetic mixing). These three cou-
plings can, consequently, be taken simultaneously small
while limiting radiative correction with a floor deter-
mined by gauge and 2-loop contribution. While taking all
��x(µM ) = 0 gives ��x(MPl) ⇠ 10�3, ��x(µM ) = 10�3

gives slow running couplings (see Fig. 2). We, therefore,
take the latter as a natural minimal ��x that prevents
a large tuning in the Higgs mass (with a contribution
��Hv

2
�) as � condenses.

As in most models with many scalar degrees of free-
dom, the quartic couplings tend to reinforce each others
running in such a way that they drive each other to Lan-
dau poles quickly. Avoiding any such before the Planck
scale in our case tends to favor small quartic couplings
. 0.05 at the matching scale. Individual couplings can
be larger, but in particular the muoquark self-couplings
have fast running due to their large multiplicity, leading
to poles (typically driven by �3). The constraints from
absence of Landau poles are much stronger than those
obtained from electroweak precision data and Higgs sig-
nal strengths [69, 105], which constrain the couplings at
O(1). For the benchmark point, we take all remaining
quartic couplings of V13 to be 0.05 at µM .

It is worth pointing out that the potential is stable all
the way up to the Planck scale in the benchmark scenario;

although �3 runs negative, the condition �3 + 3 + �3 �

0 is satisfied, ensuring stability. The minimum of the
potential discussed in the previous section is thus the
true vacuum.

The large charges of the muoquarks under the
U(1)B�3Lµ

symmetry has profound impact on the RG
flow. The g

4
X

contribution to the muoquark quartic cou-
plings scale with their charge to the fourth power, and
so is extremely sensitive to the value of gX .2 For in-
stance, gX(µM ) = 0.15 leads to a Landau pole at MPl,
whereas gX(µM ) = 0.25 pulls the pole to ⇠ 1011 GeV.
The same large charges (with that of the muon) also
cause sizable running in the kinetic-mixing parameter
"BX . For our benchmark point gX(µM ) = 0.1 we ob-
serve "BX(MPl)�"BX(µM ) ⇠ 0.2 regardless of the exact
value "BX(µM ) (cf. Fig. 2). As a natural value for this
parameter we take "BX = 0.1, which is perfectly consis-
tent with phenomenology [106].

As in any model with multiple mass scales, there is
a risk that the heavier scale will destabilize the lighter
through radiative corrections. In our case the 1-loop cor-
rection to the Higgs mass parameter due to the heavy
muoquark is [80]
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With the small quartic couplings of O(0.05), as preferred
by the RG, the theory is finitely natural for M1,3 .
O(1 TeV). Tuning arguments therefore favor light muo-
quarks which is a great news for collider searches.

2 E.g. the 1-loop �3 �-function has a contribution d�3/ d lnµ �
1024g4X/(27⇡2).

• The rest of the potential:

• The spontaneous symmetry breaking
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• In the limit  and/or  is the decoupling of  sector.gX → 0 vΦ → ∞ U(1)X
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We qualitatively examine the UV consistency of the
model through the RG flow of the couplings from the best
fit discussed in Sec. II A. In particular, we explore the
running of the full model with �-functions at 3-loop or-
der for the gauge and 2-loop order for Yukawa and quartic
couplings derived with RGBeta [102–104]. The SM cou-
plings have been fixed at µM as part of the matching
process. The resulting flows for a few selected couplings
are shown in Fig. 2.

All terms in the 1-loop �-functions of the � cross-
quartic couplings ��H , ��1, and ��3 involve this set
of � cross quartics or are U(1)B�3Lµ

gauge contribu-
tions (with/without kinetic mixing). These three cou-
plings can, consequently, be taken simultaneously small
while limiting radiative correction with a floor deter-
mined by gauge and 2-loop contribution. While taking all
��x(µM ) = 0 gives ��x(MPl) ⇠ 10�3, ��x(µM ) = 10�3

gives slow running couplings (see Fig. 2). We, therefore,
take the latter as a natural minimal ��x that prevents
a large tuning in the Higgs mass (with a contribution
��Hv
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�) as � condenses.

As in most models with many scalar degrees of free-
dom, the quartic couplings tend to reinforce each others
running in such a way that they drive each other to Lan-
dau poles quickly. Avoiding any such before the Planck
scale in our case tends to favor small quartic couplings
. 0.05 at the matching scale. Individual couplings can
be larger, but in particular the muoquark self-couplings
have fast running due to their large multiplicity, leading
to poles (typically driven by �3). The constraints from
absence of Landau poles are much stronger than those
obtained from electroweak precision data and Higgs sig-
nal strengths [69, 105], which constrain the couplings at
O(1). For the benchmark point, we take all remaining
quartic couplings of V13 to be 0.05 at µM .

It is worth pointing out that the potential is stable all
the way up to the Planck scale in the benchmark scenario;

although �3 runs negative, the condition �3 + 3 + �3 �

0 is satisfied, ensuring stability. The minimum of the
potential discussed in the previous section is thus the
true vacuum.

The large charges of the muoquarks under the
U(1)B�3Lµ

symmetry has profound impact on the RG
flow. The g

4
X

contribution to the muoquark quartic cou-
plings scale with their charge to the fourth power, and
so is extremely sensitive to the value of gX .2 For in-
stance, gX(µM ) = 0.15 leads to a Landau pole at MPl,
whereas gX(µM ) = 0.25 pulls the pole to ⇠ 1011 GeV.
The same large charges (with that of the muon) also
cause sizable running in the kinetic-mixing parameter
"BX . For our benchmark point gX(µM ) = 0.1 we ob-
serve "BX(MPl)�"BX(µM ) ⇠ 0.2 regardless of the exact
value "BX(µM ) (cf. Fig. 2). As a natural value for this
parameter we take "BX = 0.1, which is perfectly consis-
tent with phenomenology [106].

As in any model with multiple mass scales, there is
a risk that the heavier scale will destabilize the lighter
through radiative corrections. In our case the 1-loop cor-
rection to the Higgs mass parameter due to the heavy
muoquark is [80]
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With the small quartic couplings of O(0.05), as preferred
by the RG, the theory is finitely natural for M1,3 .
O(1 TeV). Tuning arguments therefore favor light muo-
quarks which is a great news for collider searches.

2 E.g. the 1-loop �3 �-function has a contribution d�3/ d lnµ �
1024g4X/(27⇡2).

• The Higgs mass

For a small RGE-induced quartic couplings , no tuning only if !(0.05) M1,3 ≲ a few TeV

= + +

Figure 1: The one loop corrections to the Higgs mass parameter in the SM. All three diagrams
are quadratically divergent, leading to the hierarchy problem.

• In the above discussion we have been somewhat cavalier with the cut-off scale ⇤2. One
might worry (and indeed many people do!) that the hierarchy problem is merely an ar-
tifact of using a crude cut-off regulator. However, those understanding effective theories
well realize quickly that the hierarchy problem is not at all about various regularization
schemes. As in any good effective theory, ⇤ in our calculations is merely standing in
for the physical mass threshold at which new heavy particles appear. You can think
of ⇤ as literally the mass of a new heavy particle (mNP ), and the “quadratically di-
vergent" contributions to the Higgs mass parameter simply as log-divergent or finite
contribution from the heavy particle which are proportional to m2

NP
. Moreover, these

contributions contain an imaginary part from the new particle going on-shell, which is
physical and cannot be removed by regulation scheme. Thus using dimensional regular-
ization (a scheme where power law divergences are simply regulated to zero) is really
not a solution of the hierarchy problem.

• The hierarchy problem is really the sensitivity to new scales. If there is no new scale
there really is no hierarchy problem. However most physicists believe that there are at
least two issues that will force us to extend the SM: the appearance of quantum gravity
around the Planck scale and the appearance of a Landau pole in the hypercharge gauge
coupling at exponentially large scales.

• For a while it was popular to play with the idea that the terms in Eq. (1.2) actually
cancel each other. This used to be known as the “Veltman condition", which would have
singled out a very particular value for the Higgs mass. However we can easily see that
even if the mass had turned out to be the magical value (which it did not) this would not
have solved the hierarchy problem. As we discussed in Eq. (1.2) ⇤ is merely a stand-in
for the mass of a heavy particle that will ultimately regulate these loops. However this
can numerically be different for the three diagrams, thus one should really be talking
about the gauge cut-off scale ⇤g, the fermion cut-off scale ⇤f and the Higgs cut-off scale
⇤H , which could all be different by O(1) factors or even more. Thus it is not really
meaningful to talk about a Veltman-like condition, unless some symmetry ensures that
all these cut-off scales are equal.

• A simple way to phrase the hierarchy problem is the fact that the Higgs mass term
µ2

|H|
2 is a relevant operator, which grows towards the IR. The Wilsonian formulation

of the hierarchy problem then is that it is difficult to choose a RG trajectory which in

– 3 –

• The muon Yukawa
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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]:
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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,
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�
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.

•  requires larger couplings for heavier leptoquark(g − 2)μ

• Finite naturalness provides argument for direct searches at colliders
68

• No tuning only if , see also the RG flowM1,3 ≲ a few TeV
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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
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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
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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
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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 ⌘
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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
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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.

• The minimal type-I seesaw mechanism

• Not the case for all . Example is , see 1907.04042.U(1)Xμ
U(1)Lμ−Lτ

- Neutrino oscillations data,
- The Planck limit on the sum of neutrino masses,
- The absence of neutrinoless double beta decay.
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Proton decay

• The  gauge symmetry and the available field content ensure 
that  number is conserved also at the dim-5 effective Lagrangian.

U(1)B−3Lμ

B

• What  does to a leptoquark?U(1)B−3Lμ

• No proton decay up to dim-6• Interacts only with muons

ℒ ⊃ QL L(2)
L S3 QQS†

3 QQS†
3 ϕ†

• This is not the case for e.g. . Quantum gravity is expected to 
break global charges and dim-5 diquark can be dangerous.

Lμ − Lτ

• If , together with  needed for the muon anomalies and 

TeV-scale  mass, leads to dangerous proton decay.

1
MP

qS†ϕ†q qℓS

S
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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

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].

• Mixing between real scalars  and .h ϕ

• From  we have  and .(g − 2)μ gX ∼10−4 mX ∈[10,200] MeV

X → νμν̄μ
ϕ → XX

h → inv

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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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

• This scenario has a chance to leave observable imprints in the overall Higgs 
couplings or in the invisible Higgs decays.

gX :

λΦ :

λΦH, λΦ
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Beyond the EFT: h→ γγ, gg and S, T from LQ
Gherardi, DM, Venturini 2008.09548; Crivellin, Muller, Saturnino 2006.10758

1 Introduction

The Standard Model (SM) of particle physics provides an excellent description of physical
phenomena in a wide range of energies and scales. Despite no direct evidence for new
physics emerged in direct searches at the LHC, for several years now some low energy
measurements continue to show significant deviations from the respective SM predictions,
which fuel the hope that some New Physics (NP) might be lurking somewhere at the TeV
scale. The most significant and robust deviations, that we take into account in this work,
are the following:

• deviations from the SM predictions in the lepton flavour universality (LFU) ra-
tios of semileptonic B-meson decays in ⌧ vs. light leptons, R(D(⇤)) = Br(B !
D(⇤)⌧⌫)/Br(B ! D(⇤)`⌫) (where ` = µ, e) [1–11],

• a deficiency in LFU ratios of rare B decays in muons vs. electrons, R(K(⇤)) =
Br(B ! K(⇤)µµ)/Br(B ! K(⇤)ee) [12–15],

• deviations in di↵erential angular distributions of the B ! K⇤µ+µ� decay, as well
as in several branching ratios of b ! sµµ processes [16–21],

• a longstanding deviation from the SM prediction in the muon anomalous magnetic
moment (g � 2)µ [22, 23].

While also other measurements show deviations from the SM, those above stand out
and have been the focus of a large amount of theoretical and experimental e↵ort. In
all cases, large theory e↵orts for improving the SM predictions (often very challenging)
have been undertaken, and several experimental endeavours and analyses have been set
up for confirming, disproving, or providing cross-checks, for the anomalies. Indeed, new
measurements scheduled to appear within the next few years are expected to clarify the
nature of all these anomalies. A confirmation for the presence of new physics in any one
of these observables would of course be revolutionary in our understanding of physics at
the TeV scale.

For the same reasons, an equally large e↵ort has been put into finding possible new
physics explanations. In case of the B anomalies, leptoquarks (LQ) at the TeV scale
can provide good explanations, even combining neutral and charged-current anomalies.
If they couple to both left and right-handed muons, also the muon anomalous magnetic
moment could be addressed. In all scenarios, in order to find a good explanation it is
necessary to consider the constraints imposed by a large set of observables generated both
at tree-level and radiatively. In some cases, renormalization group evolution (RGE) of the
operators generated at the matching scale down to the scale of the observables represent
the leading radiative e↵ect [24–27], however since the logarithm is often just of O(1),
finite contributions can have a relevant impact.

In case of vector leptoquarks, such finite terms are calculable only in ultraviolet-
complete models, thus making the analysis necessarily model-dependent (see e.g. [28–31]
for analyses of specific gauge models of lepton-quark unification). On the other hand,
scalar leptoquarks can be considered as self-consistent simplified models, and all observ-
ables can be computed precisely in terms of the LQ couplings and masses. A particularly
promising set of LQ to address the observed anomalies are the S1 = (3̄,1, 1/3) and

3

S3 = (3̄,3, 1/3) representations.1 Several works have been dedicated to study their phe-
nomenology. The S1 leptoquark has been considered as possible mediator for all anoma-
lies [32–41], with varying degree of success. S3, instead, has long been recognized to be a
very good candidate to address the deviations in the b ! sµµ transition [42–49]. Finally,
the combination of both leptoquarks has been considered as a good combined explanation
of charged and neutral-current B-anomalies [50, 51] and possible ultraviolet (UV) com-
pletions have been proposed in terms of a composite Higgs model [52], combining flavour
anomalies with a solution to the Higgs hierarchy problem, as well as in the framework of
asymptotically safe quantum gravity [53].

More recently, one-loop computations of several observables in this model have been
published [54–57]. The approach adopted in these works is to compute directly in the
model the dominant one-loop contributions to the desired observables. This methodology
is however prone to missing possible relevant e↵ects, and is not suitable to be systemati-
cally generalizable.

In this work we aim to perform a complete one-loop analysis of the S1 + S3 model,
focussed at addressing the anomalies listed above, while being consistent with all relevant
experimental constraints. We adopt an approach based on e↵ective field theories (EFT),
leveraging on our previous work [58] where the complete one-loop matching of the S1+S3

model to gauge-invariant dimension-six operators of the SMEFT, in the Warsaw basis [59],
is presented. The EFT approach is designed to factorize the UV-dependent part of the
problem, i.e. the UV matching, from the purely low-energy one. The latter involves RGE
of the EFT coe�cients to the energy scale of the observables and the computation of the
observables at one-loop, within the EFT, see e.g. Ref. [60] for a simpler case of a scalar
singlet. As we shall describe, most of these steps are already available in the literature
in complete generality. The complete one-loop UV matching, done manually as in [58],
requires a substantial amount of work, however it is possible to proceed systematically
without neglecting terms. Furthermore, this step is expected to become automatised in
the near future. This will facilitate extending this work to include more observables, or to
apply it to di↵erent UV models. In case of leptoquarks and low-energy observables, the
use of EFT approaches is even more justified by the collider bounds from LHC, which put
lower bounds on leptoquark masses close to the ⇡ 1 TeV scale, see e.g. Refs. [52, 56] for
recent reviews of pair production searches of S1 and S3. Truncating the EFT expansion
at dimension-six implies an implicit uncertainty in the evaluation of the NP contributions
to observables, due to missing higher-dimension operators, that can be estimated being of
O(E2/M2

LQ
) or O(m2

EW
/M2

LQ
) compared to the corresponding dimension-six contribution,

where E is the typical energy of the process under consideration and mEW an electroweak-
scale mass. While former e↵ects are completely negligible, the latter are ⇠ 1% for TeV-
scale leptoquarks, which do not a↵ect the results in any sizeable way, given present day
precision in the observables.2

Our goal is to find interesting scenarios, within the S1+S3 setup, capable of addressing
one or more of the anomalies listed above, find the preferred region in parameter space,
and discuss the most important experimental constraints in each case. Specifically, we
first aim to quantify how well each leptoquark can address which set of anomalies, then we

1We show the representations under the SM gauge group SU(3)c ⇥ SU(2)L ⇥ U(1)Y
2Dimension-eight terms could be relevant if they generate at tree-level an observable that is instead

loop-induced at dimension-six. This, however, does not happen in this UV model for the observables
under consideration.

4

B-anomalies and aμ motivate the scalar LQ pair

Their potential couplings to the Higgs  
can be probed by Higgs and EW physics

discuss combined explanations with both leptoquarks. Thanks to the complete one-loop
matching, we also discuss limits on leptoquark couplings to the SM Higgs boson, arising
from electroweak precision data and Higgs measurements.

In Sec. 2 we present the S1 + S3 model, the methodology employed in the analysis,
and present the list of all observables included in the fit, including a discussion of the
relevant collider bounds, particularly those from Drell-Yan. The results for all scenarios
considered are collected in Sec. 3 and a discussion on future prospects can be found in
Sec. 4. We conclude in Sec. 5. In App. A we describe in details the LQ contributions to
all the observables considered.

2 Setup

The Lagrangian for the two leptoquarks is the following

LLQ = |DµS1|2 + |DµS3|2 �M2

1
|S1|2 �M2

3
|S3|2+

+
�
(�1L)i↵q̄

c

i
✏`↵ + (�1R)i↵ū

c

i
e↵
�
S1 + (�3L)i↵q̄

c

i
✏�I`↵S

I

3
+ h.c.+

� �H1|H|2|S1|2 � �H3|H|2|SI

3
|2 �

⇣
�H13(H

†�IH)SI†
3
S1 + h.c.

⌘
+

� �✏H3i✏
IJK(H†�IH)SJ†

3
SK

3
,

(2.1)

where ✏ = i�2, �H1,�H3,�✏H3 2 R, (�1L)i↵, (�1R)i↵, (�3L)i↵,�H13 2 C. We assume baryon
and lepton number conservation3 and we neglected quartic self-interactions between lep-
toquarks. The convention used for covariant derivatives is

Dµ� =
�
@µ + ig0Y�Bµ + ig(t�

2
)IW I

µ
+ igs(t

�

3
)AGA

µ

�
�, (2.2)

for a generic field � charged under the SM gauge group. We denote SM quark and
lepton fields by qi, ui, di, `↵, and e↵, while the Higgs doublet is H. We adopt latin
letters (i, j, k, . . . ) for quark flavor indices and greek letters (↵, �, �, . . . ) for lepton
flavor indices. We work in the down-quark and charged-lepton mass eigenstate basis,
where

qi =

✓
V ⇤
ji
uj

L

di
L

◆
, `↵ =

✓
⌫↵

L

e↵
L

◆
, (2.3)

and V is the CKM matrix. Except for the sign of gauge couplings, here and in the
following we use the same notation specified in [58].

Integrating out at tree-level the two LQ, the following semileptonic operators are
generated:

[C(1)

lq
](0)
↵�ij

=
�1L⇤
i↵

�1L

j�

4M2

1

+
3�3L⇤
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3
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](0)
↵�ij
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lequ
](0)
↵�ij
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�1R

j�
�1L⇤
i↵

2M2

1

, [C(3)

lequ
](0)
↵�ij

= �
�1R

j�
�1L⇤
i↵

8M2

1

, (2.4)

[Ceu]
(0)

↵�ij
=

�1R ⇤
i↵

�1R

j�

2M2

1

.

The complete one-loop matching between the UV theory and the SMEFT in the Warsaw
basis, as well as the definitions for the e↵ective operators, are reported in [58].

3See Ref. [49] for an explicit setup forbidding baryon-violating couplings of S3 in a gauge model.
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where ✏ = i�2, �H1,�H3,�✏H3 2 R, (�1L)i↵, (�1R)i↵, (�3L)i↵,�H13 2 C. We assume baryon
and lepton number conservation3 and we neglected quartic self-interactions between lep-
toquarks. The convention used for covariant derivatives is
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for a generic field � charged under the SM gauge group. We denote SM quark and
lepton fields by qi, ui, di, `↵, and e↵, while the Higgs doublet is H. We adopt latin
letters (i, j, k, . . . ) for quark flavor indices and greek letters (↵, �, �, . . . ) for lepton
flavor indices. We work in the down-quark and charged-lepton mass eigenstate basis,
where
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, (2.3)

and V is the CKM matrix. Except for the sign of gauge couplings, here and in the
following we use the same notation specified in [58].

Integrating out at tree-level the two LQ, the following semileptonic operators are
generated:
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1

.

The complete one-loop matching between the UV theory and the SMEFT in the Warsaw
basis, as well as the definitions for the e↵ective operators, are reported in [58].

3See Ref. [49] for an explicit setup forbidding baryon-violating couplings of S3 in a gauge model.
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allows to probe heavy new physics. Loop contributions to other couplings, which arise at
tree-level in the SM, are instead too small to have a sizeable impact. We thus consider
the combined fit of Higgs couplings in the -framework where only � and g are left free,
and a constraint on �/�SM(Z�) = 2

g
2

Z�
, which is however still not precisely measured,

see Table 5. The approximate contributions to these parameters in our model are given
by (details in App. A.13)

g � 1 = �(3.51�H3 + 1.17�H1)⇥ 10�2/m2 ,

� � 1 = �(2.32�H3 + 0.66�✏H3 � 0.11�H1)⇥ 10�2/m2 ,

Z� � 1 = �(1.89�H3 + 0.23�✏H3 � 0.033�H1)⇥ 10�2/m2 .

(3.13)

Analogously to what presented above for flavour observables, we combine Higgs cou-
plings and oblique constraints in a global likelihood. From this we find the maximum
likelihood point and construct the 68, 95, and 99% CL regions in planes of two couplings,
where the other two are marginalised. The results in the (�H1,�H3) and (�H13,�✏H3) planes
are shown in Fig. 7 for M1 = M3 = 1 TeV. We observe that a limit of about 1.5 can be
put on both �H13 and �✏H3 (right panel). This comes mainly from the contribution to
the T̂ parameter, Eq. (3.12), which is quadratic in the two couplings and thus allows to
constrain both at the same time. The �H1 and �H3 couplings, instead, are constrained
mainly from their contribution to the h�� and hgg couplings, Eq. (3.13). We see that with
present experimental accuracy the limits are still rather weak, and there is an approximate
flat direction which doesn’t allow to put any relevant bound on �H1.

This situation will marginally improve with the more precise Higgs measurements from
HL-LHC [123]. The future expected 95%CL contours are shown as dashed blue lines. This
however has no appreciable e↵ect on the limits shown in the right panel, since those are
dominated by the constraint on the T parameter, which will instead improve substantially
from measurements on the Z pole at FCC-ee. A more detailed analysis of FCC prospects
are however beyond the scope of this paper.

3.6 Comparing with literature

In recent months the S1+S3 model at one-loop accuracy has been studied in Refs. [55,56]
for what regards the flavour anomalies, while Ref. [57] studied electroweak and Higgs
limits on the leptoquark-Higgs couplings. Given the similarity of the goals with out work,
we discuss in this Section the main di↵erences. The most important lies in the approach
used to calculate radiative leptoquark contributions to observables. While previous works
employed direct computations of leptoquark loop contributions to the desired low-energy
amplitudes, in this work we use an EFT approach, whereby the only model-dependent
part of the computation is the one-loop matching to the SMEFT. As argued in the intro-
duction, we believe such an approach has several advantages, the most important being
the automatic inclusion of all new physics e↵ects to all observables at leading order in
1/M2

LQ
expansion and to one-loop accuracy: there is indeed no need to simplify the com-

putation neglecting given terms or couplings, for example all electroweak corrections are
included automatically in our computation.8

8While in the approximate semi-analytical expressions we might neglect some sub-leading terms, in
order to simplify the presentation, all contributions are kept in the numerical analysis.
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Observable Measurement Reference

S 0.04± 0.08 [117]
T 0.08± 0.07 (⇢S,T = 0.92) [117]
g 1.00± 0.06 [118]
� 1.03± 0.07 (⇢�,g = �0.44) [118]

�/�SM(Z�) 2.0+1.0

�0.9
(ATLAS) [119]

�/�SM(Z�) < 3.9 @ 95% CL (CMS) [120]

Table 5: Bosonic observables for the LQ potential couplings.

Figure 7: Limits on LQ potential couplings from oblique corrections and Higgs measurements.
In each panel, the other two couplings have been marginalised. The black point represents the
best-fit point while the dashed blue contours are the prospects for 95%CL limits after HL-LHC.

the LQ model, we obtain (see App. A.13 for details)
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(3.12)

where in the numerical expressions for simplicity we fixed M1 = M3 = m TeV. The
contributions to Y , W , and Z are instead at, or below, the 10�6 level and thus completely
negligible given the present experimental precision. The constraints on S and T from [117]
are reported in Table 5. The contribution to the T parameter from the �H13 coupling has
been also studied in [40], albeit not in the EFT approach. We checked that we agree once
the EFT limit is taken into account.

The LQ couplings to the Higgs also generate at one-loop contributions to hgg, h��,
and hZ� couplings. Since these are also loop-generated in the SM, the percent-level
precision presently available for the Higgs couplings to photons and gluons couplings
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Ŝ =
↵

4s2
W

S = �g2Ncv2YS3

48⇡2

�✏H3

M2

3

⇡ �5.4⇥ 10�5�✏H3/m
2 ,

T̂ = ↵T =
Ncv2�2

✏H3

48⇡2M2

3

+
Ncv2

16⇡2
|�H13|2

M4

1
�M4

3
� 2M2

1
M2

3
logM2

1
/M2

3

(M2

1
�M2

3
)3

=

⇡ 3.8⇥ 10�4�2

✏H3
/m2 + 3.8⇥ 10�4|�H13|2/m2 ,

(3.12)

where in the numerical expressions for simplicity we fixed M1 = M3 = m TeV. The
contributions to Y , W , and Z are instead at, or below, the 10�6 level and thus completely
negligible given the present experimental precision. The constraints on S and T from [117]
are reported in Table 5. The contribution to the T parameter from the �H13 coupling has
been also studied in [40], albeit not in the EFT approach. We checked that we agree once
the EFT limit is taken into account.

The LQ couplings to the Higgs also generate at one-loop contributions to hgg, h��,
and hZ� couplings. Since these are also loop-generated in the SM, the percent-level
precision presently available for the Higgs couplings to photons and gluons couplings

22

2008.09548 2008.09548

- - - HL-LHC

12

Beyond the EFT: h→ γγ, gg and S, T from LQ
Gherardi, DM, Venturini 2008.09548; Crivellin, Muller, Saturnino 2006.10758

1 Introduction

The Standard Model (SM) of particle physics provides an excellent description of physical
phenomena in a wide range of energies and scales. Despite no direct evidence for new
physics emerged in direct searches at the LHC, for several years now some low energy
measurements continue to show significant deviations from the respective SM predictions,
which fuel the hope that some New Physics (NP) might be lurking somewhere at the TeV
scale. The most significant and robust deviations, that we take into account in this work,
are the following:

• deviations from the SM predictions in the lepton flavour universality (LFU) ra-
tios of semileptonic B-meson decays in ⌧ vs. light leptons, R(D(⇤)) = Br(B !
D(⇤)⌧⌫)/Br(B ! D(⇤)`⌫) (where ` = µ, e) [1–11],

• a deficiency in LFU ratios of rare B decays in muons vs. electrons, R(K(⇤)) =
Br(B ! K(⇤)µµ)/Br(B ! K(⇤)ee) [12–15],

• deviations in di↵erential angular distributions of the B ! K⇤µ+µ� decay, as well
as in several branching ratios of b ! sµµ processes [16–21],

• a longstanding deviation from the SM prediction in the muon anomalous magnetic
moment (g � 2)µ [22, 23].

While also other measurements show deviations from the SM, those above stand out
and have been the focus of a large amount of theoretical and experimental e↵ort. In
all cases, large theory e↵orts for improving the SM predictions (often very challenging)
have been undertaken, and several experimental endeavours and analyses have been set
up for confirming, disproving, or providing cross-checks, for the anomalies. Indeed, new
measurements scheduled to appear within the next few years are expected to clarify the
nature of all these anomalies. A confirmation for the presence of new physics in any one
of these observables would of course be revolutionary in our understanding of physics at
the TeV scale.

For the same reasons, an equally large e↵ort has been put into finding possible new
physics explanations. In case of the B anomalies, leptoquarks (LQ) at the TeV scale
can provide good explanations, even combining neutral and charged-current anomalies.
If they couple to both left and right-handed muons, also the muon anomalous magnetic
moment could be addressed. In all scenarios, in order to find a good explanation it is
necessary to consider the constraints imposed by a large set of observables generated both
at tree-level and radiatively. In some cases, renormalization group evolution (RGE) of the
operators generated at the matching scale down to the scale of the observables represent
the leading radiative e↵ect [24–27], however since the logarithm is often just of O(1),
finite contributions can have a relevant impact.

In case of vector leptoquarks, such finite terms are calculable only in ultraviolet-
complete models, thus making the analysis necessarily model-dependent (see e.g. [28–31]
for analyses of specific gauge models of lepton-quark unification). On the other hand,
scalar leptoquarks can be considered as self-consistent simplified models, and all observ-
ables can be computed precisely in terms of the LQ couplings and masses. A particularly
promising set of LQ to address the observed anomalies are the S1 = (3̄,1, 1/3) and

3

S3 = (3̄,3, 1/3) representations.1 Several works have been dedicated to study their phe-
nomenology. The S1 leptoquark has been considered as possible mediator for all anoma-
lies [32–41], with varying degree of success. S3, instead, has long been recognized to be a
very good candidate to address the deviations in the b ! sµµ transition [42–49]. Finally,
the combination of both leptoquarks has been considered as a good combined explanation
of charged and neutral-current B-anomalies [50, 51] and possible ultraviolet (UV) com-
pletions have been proposed in terms of a composite Higgs model [52], combining flavour
anomalies with a solution to the Higgs hierarchy problem, as well as in the framework of
asymptotically safe quantum gravity [53].

More recently, one-loop computations of several observables in this model have been
published [54–57]. The approach adopted in these works is to compute directly in the
model the dominant one-loop contributions to the desired observables. This methodology
is however prone to missing possible relevant e↵ects, and is not suitable to be systemati-
cally generalizable.

In this work we aim to perform a complete one-loop analysis of the S1 + S3 model,
focussed at addressing the anomalies listed above, while being consistent with all relevant
experimental constraints. We adopt an approach based on e↵ective field theories (EFT),
leveraging on our previous work [58] where the complete one-loop matching of the S1+S3

model to gauge-invariant dimension-six operators of the SMEFT, in the Warsaw basis [59],
is presented. The EFT approach is designed to factorize the UV-dependent part of the
problem, i.e. the UV matching, from the purely low-energy one. The latter involves RGE
of the EFT coe�cients to the energy scale of the observables and the computation of the
observables at one-loop, within the EFT, see e.g. Ref. [60] for a simpler case of a scalar
singlet. As we shall describe, most of these steps are already available in the literature
in complete generality. The complete one-loop UV matching, done manually as in [58],
requires a substantial amount of work, however it is possible to proceed systematically
without neglecting terms. Furthermore, this step is expected to become automatised in
the near future. This will facilitate extending this work to include more observables, or to
apply it to di↵erent UV models. In case of leptoquarks and low-energy observables, the
use of EFT approaches is even more justified by the collider bounds from LHC, which put
lower bounds on leptoquark masses close to the ⇡ 1 TeV scale, see e.g. Refs. [52, 56] for
recent reviews of pair production searches of S1 and S3. Truncating the EFT expansion
at dimension-six implies an implicit uncertainty in the evaluation of the NP contributions
to observables, due to missing higher-dimension operators, that can be estimated being of
O(E2/M2

LQ
) or O(m2

EW
/M2

LQ
) compared to the corresponding dimension-six contribution,

where E is the typical energy of the process under consideration and mEW an electroweak-
scale mass. While former e↵ects are completely negligible, the latter are ⇠ 1% for TeV-
scale leptoquarks, which do not a↵ect the results in any sizeable way, given present day
precision in the observables.2

Our goal is to find interesting scenarios, within the S1+S3 setup, capable of addressing
one or more of the anomalies listed above, find the preferred region in parameter space,
and discuss the most important experimental constraints in each case. Specifically, we
first aim to quantify how well each leptoquark can address which set of anomalies, then we

1We show the representations under the SM gauge group SU(3)c ⇥ SU(2)L ⇥ U(1)Y
2Dimension-eight terms could be relevant if they generate at tree-level an observable that is instead

loop-induced at dimension-six. This, however, does not happen in this UV model for the observables
under consideration.
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B-anomalies and aμ motivate the scalar LQ pair

Their potential couplings to the Higgs  
can be probed by Higgs and EW physics

discuss combined explanations with both leptoquarks. Thanks to the complete one-loop
matching, we also discuss limits on leptoquark couplings to the SM Higgs boson, arising
from electroweak precision data and Higgs measurements.

In Sec. 2 we present the S1 + S3 model, the methodology employed in the analysis,
and present the list of all observables included in the fit, including a discussion of the
relevant collider bounds, particularly those from Drell-Yan. The results for all scenarios
considered are collected in Sec. 3 and a discussion on future prospects can be found in
Sec. 4. We conclude in Sec. 5. In App. A we describe in details the LQ contributions to
all the observables considered.

2 Setup

The Lagrangian for the two leptoquarks is the following

LLQ = |DµS1|2 + |DµS3|2 �M2

1
|S1|2 �M2

3
|S3|2+

+
�
(�1L)i↵q̄

c

i
✏`↵ + (�1R)i↵ū
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(2.1)

where ✏ = i�2, �H1,�H3,�✏H3 2 R, (�1L)i↵, (�1R)i↵, (�3L)i↵,�H13 2 C. We assume baryon
and lepton number conservation3 and we neglected quartic self-interactions between lep-
toquarks. The convention used for covariant derivatives is
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@µ + ig0Y�Bµ + ig(t�

2
)IW I
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for a generic field � charged under the SM gauge group. We denote SM quark and
lepton fields by qi, ui, di, `↵, and e↵, while the Higgs doublet is H. We adopt latin
letters (i, j, k, . . . ) for quark flavor indices and greek letters (↵, �, �, . . . ) for lepton
flavor indices. We work in the down-quark and charged-lepton mass eigenstate basis,
where
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and V is the CKM matrix. Except for the sign of gauge couplings, here and in the
following we use the same notation specified in [58].

Integrating out at tree-level the two LQ, the following semileptonic operators are
generated:
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.

The complete one-loop matching between the UV theory and the SMEFT in the Warsaw
basis, as well as the definitions for the e↵ective operators, are reported in [58].

3See Ref. [49] for an explicit setup forbidding baryon-violating couplings of S3 in a gauge model.
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The Lagrangian for the two leptoquarks is the following
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where ✏ = i�2, �H1,�H3,�✏H3 2 R, (�1L)i↵, (�1R)i↵, (�3L)i↵,�H13 2 C. We assume baryon
and lepton number conservation3 and we neglected quartic self-interactions between lep-
toquarks. The convention used for covariant derivatives is
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for a generic field � charged under the SM gauge group. We denote SM quark and
lepton fields by qi, ui, di, `↵, and e↵, while the Higgs doublet is H. We adopt latin
letters (i, j, k, . . . ) for quark flavor indices and greek letters (↵, �, �, . . . ) for lepton
flavor indices. We work in the down-quark and charged-lepton mass eigenstate basis,
where
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and V is the CKM matrix. Except for the sign of gauge couplings, here and in the
following we use the same notation specified in [58].

Integrating out at tree-level the two LQ, the following semileptonic operators are
generated:
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.

The complete one-loop matching between the UV theory and the SMEFT in the Warsaw
basis, as well as the definitions for the e↵ective operators, are reported in [58].

3See Ref. [49] for an explicit setup forbidding baryon-violating couplings of S3 in a gauge model.
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allows to probe heavy new physics. Loop contributions to other couplings, which arise at
tree-level in the SM, are instead too small to have a sizeable impact. We thus consider
the combined fit of Higgs couplings in the -framework where only � and g are left free,
and a constraint on �/�SM(Z�) = 2

g
2

Z�
, which is however still not precisely measured,

see Table 5. The approximate contributions to these parameters in our model are given
by (details in App. A.13)

g � 1 = �(3.51�H3 + 1.17�H1)⇥ 10�2/m2 ,

� � 1 = �(2.32�H3 + 0.66�✏H3 � 0.11�H1)⇥ 10�2/m2 ,

Z� � 1 = �(1.89�H3 + 0.23�✏H3 � 0.033�H1)⇥ 10�2/m2 .

(3.13)

Analogously to what presented above for flavour observables, we combine Higgs cou-
plings and oblique constraints in a global likelihood. From this we find the maximum
likelihood point and construct the 68, 95, and 99% CL regions in planes of two couplings,
where the other two are marginalised. The results in the (�H1,�H3) and (�H13,�✏H3) planes
are shown in Fig. 7 for M1 = M3 = 1 TeV. We observe that a limit of about 1.5 can be
put on both �H13 and �✏H3 (right panel). This comes mainly from the contribution to
the T̂ parameter, Eq. (3.12), which is quadratic in the two couplings and thus allows to
constrain both at the same time. The �H1 and �H3 couplings, instead, are constrained
mainly from their contribution to the h�� and hgg couplings, Eq. (3.13). We see that with
present experimental accuracy the limits are still rather weak, and there is an approximate
flat direction which doesn’t allow to put any relevant bound on �H1.

This situation will marginally improve with the more precise Higgs measurements from
HL-LHC [123]. The future expected 95%CL contours are shown as dashed blue lines. This
however has no appreciable e↵ect on the limits shown in the right panel, since those are
dominated by the constraint on the T parameter, which will instead improve substantially
from measurements on the Z pole at FCC-ee. A more detailed analysis of FCC prospects
are however beyond the scope of this paper.

3.6 Comparing with literature

In recent months the S1+S3 model at one-loop accuracy has been studied in Refs. [55,56]
for what regards the flavour anomalies, while Ref. [57] studied electroweak and Higgs
limits on the leptoquark-Higgs couplings. Given the similarity of the goals with out work,
we discuss in this Section the main di↵erences. The most important lies in the approach
used to calculate radiative leptoquark contributions to observables. While previous works
employed direct computations of leptoquark loop contributions to the desired low-energy
amplitudes, in this work we use an EFT approach, whereby the only model-dependent
part of the computation is the one-loop matching to the SMEFT. As argued in the intro-
duction, we believe such an approach has several advantages, the most important being
the automatic inclusion of all new physics e↵ects to all observables at leading order in
1/M2

LQ
expansion and to one-loop accuracy: there is indeed no need to simplify the com-

putation neglecting given terms or couplings, for example all electroweak corrections are
included automatically in our computation.8

8While in the approximate semi-analytical expressions we might neglect some sub-leading terms, in
order to simplify the presentation, all contributions are kept in the numerical analysis.
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Observable Measurement Reference

S 0.04± 0.08 [117]
T 0.08± 0.07 (⇢S,T = 0.92) [117]
g 1.00± 0.06 [118]
� 1.03± 0.07 (⇢�,g = �0.44) [118]

�/�SM(Z�) 2.0+1.0

�0.9
(ATLAS) [119]

�/�SM(Z�) < 3.9 @ 95% CL (CMS) [120]

Table 5: Bosonic observables for the LQ potential couplings.

Figure 7: Limits on LQ potential couplings from oblique corrections and Higgs measurements.
In each panel, the other two couplings have been marginalised. The black point represents the
best-fit point while the dashed blue contours are the prospects for 95%CL limits after HL-LHC.

the LQ model, we obtain (see App. A.13 for details)
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(3.12)

where in the numerical expressions for simplicity we fixed M1 = M3 = m TeV. The
contributions to Y , W , and Z are instead at, or below, the 10�6 level and thus completely
negligible given the present experimental precision. The constraints on S and T from [117]
are reported in Table 5. The contribution to the T parameter from the �H13 coupling has
been also studied in [40], albeit not in the EFT approach. We checked that we agree once
the EFT limit is taken into account.

The LQ couplings to the Higgs also generate at one-loop contributions to hgg, h��,
and hZ� couplings. Since these are also loop-generated in the SM, the percent-level
precision presently available for the Higgs couplings to photons and gluons couplings
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The quark flavor structure
• The gauge symmetry fixes the lepton couplings of  but not the quark.

• The SM has an approximate  quark flavor symmetry.

• The first two generations form a doublet while the third is a singlet.

• In the limit of an exact , only the top and the bottom quarks are massive 
and the CKM matrix is identity - an excellent starting point.

• The minimal breaking needed to fit the quark masses and mixing consists of 
spurions: ,  and 

• Let’s assume the muoquark interactions  respect the same rules:

S1,3

U(2)q× U(2)U × U(2)D

U(2)

V = (2, 1, 1) Δu = (2, 2̄, 1) Δd = (2, 1, 2̄)

ℒ ⊃ ηi Qiμ S
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2

ton decay and LFV in stark contrast with observations.
A resolution is the idea of combining leptoquarks with a
gauged lepton symmetry as in Ref. [70, 71].

Lepton-flavored U(1) gauge symmetries impose non-
trivial restrictions on the structure of the neutrino mass
matrices. This has been thoroughly studied in the liter-
ature in the context of two-zero-texture (-minor) struc-
tures, aiming at predicting the remaining parameters in
the neutrino sector [72–76]. Building on Refs. [44, 69, 71,
76], we show how to naturally reconcile all muon anoma-
lies in a single framework and rationalize why these are
the first signs of physics beyond the SM. We face the
challenge of generating a phenomenologically acceptable
neutrino sector in leptoquark models with gauged lep-
ton flavor while keeping the proton stable. It turns
out that the U(1)B�3Lµ

gauge symmetry has the desired
property of also forbidding dangerous baryon-number-
violating dimension-5 operators.

In Section II we present the model and discuss the pa-
rameter space capable of addressing the anomalies. Sec-
tion III outlines alternative models and a connection with
b ! c⌧⌫ decays. We show that no tuned cancellations
is needed in the observables, the scalar masses respect
finite naturalness, and the couplings can be extrapolated
to high-energies without inconsistencies.

II. A MODEL FOR (g � 2)µ AND b ! sµ+µ�

We extend the SM+3⌫R with a gauged U(1)B�3Lµ
sym-

metry under which the leptons `
2
L, µR, ⌫µ,R have charge

�3, while q
i

L, u
i

R, d
i

R all have charge +1/3. With this
fermion content, the symmetry is anomaly-free. An SM
singlet � with U(1)B�3Lµ

charge q� = +3 is responsible
for the spontaneous breaking of the new symmetry. In
addition, the matter field content is extended with two
scalar leptoquarks S1 = (3, 1, 1/3) and S3 = (3, 3, 1/3)
of charge +8/3 under U(1)B�3Lµ

.
The renormalizable Lagrangian for this model is

L = LSM�VH
+ |Dµ�|

2 + |DµS1|
2 + |DµS3|
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,

where the SU(2)L contraction in the left-handed Yukawa
couplings is with i�

2
�

a for S3 and i�
2 for S1 with Pauli

matrices �
a.

The gauge symmetry ensures that leptoquarks cou-
ple exclusively to 2nd generation leptons through the
Yukawa couplings ⌘

x. Leptoquarks coupling exclusively
to 2nd generation leptons are properly referred to as
muoquarks. We will show how this structure reconciles
the muon anomalies with the complementary constraints.
We then separately address the scalar potential and the
kinetic mixing, as it has minimal baring on the flavor

analysis: in 1-loop matching it only gives corrections on
top of the operators already generated at tree-level.

Finally, due to the extra gauge symmetry, the model
has accidental baryon and individual lepton number sym-
metries at the renormalizable level just like the SM. Fur-
thermore, there is an accidental baryon number conser-
vation at the level of dimension-5 operators. It is an
intricate relation between i) neutrino masses and mix-
ings, ii) matter stability, and iii) the high-quality U(1)Lµ

global symmetry, which ultimately leads to the choice of
the U(1)B�3Lµ

gauge symmetry. An alternative choice is
discussed in Section III.

A. Muoquark solution of the muon anomalies

We assume that � develops a large VEV so as to break
U(1)B�3Lµ

and decouple the X, ⌫
i

R
, and � fields for the

moment. The remnant of the U(1)B�3Lµ
symmetry pro-

vides an e↵ective U(1)Lµ
global symmetry under which

the muoquarks are charged. This forbids LFV processes
such as µ ! e� but introduces new lepton non-universal
muophilic interactions. The idea is to use a tree-level S3

exchange to explain the RK(⇤) anomalies and an S1 loop
for the (g � 2)µ.

The gauge symmetry fixes the lepton flavor coupling
to S1,3 but not the quark flavor structure of ⌘

x

i
. The

SM Yukawa interactions exhibit a good approximate fla-
vor symmetry U(2)q ⇥ U(2)u ⇥ U(2)d under which the
first two generations transform as doublets, while the
third generation is a singlet [77] (see also [78]). When
this symmetry is exact, only the top and bottom quarks
are massive and the CKM matrix is the identity. A
slight breaking, needed to fit data, is minimally pro-
vided by the leading breaking spurion V = (Vtd, Vts)T,
which is a doublet of U(2)q, together with two bidoublets
�u,d [77, 79]. Thinking about this symmetry as a rem-
nant of deep UV dynamics, it is reasonable to assume
the muoquark Yukawa couplings share a similar struc-
ture. In particular, we expect the left-handed couplings
to be ⌘

1(3)L
/ O(V ) � 1 and the relevant right-handed

ones to be ⌘
1R

/ O(�†
u
V ) � 1. This sets the relative

size between di↵erent quark flavors. On general grounds
we expect the absolute sizes of the couplings and the
muoquark masses M1,3 to be similar. Remarkably, when
⌘

x

3 = O(0.1) and M1,3 = O(TeV), this setup explains
b ! sµ

+
µ

� and (g � 2)µ anomalies with negligible cor-
rections to any other complementary constraints. (Note
that U(2)3 is just one example of a CKM-like flavor struc-
ture in the quark sector.)

The most general S1 + S3 renormalizable model is
matched to the SM e↵ective field theory at the 1-loop
level in Ref. [80]. We implement these results in a code
that is interfaced with the Python package smelli (the
SMEFT likelihood tool) [81, 82]. After we pass the
SMEFT Wilson coe�cients, which we compute from the
parameters of our Lagrangian (2) at the matching scale
µM , to smelli, this tool automatically takes care of
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Finally, due to the extra gauge symmetry, the model
has accidental baryon and individual lepton number sym-
metries at the renormalizable level just like the SM. Fur-
thermore, there is an accidental baryon number conser-
vation at the level of dimension-5 operators. It is an
intricate relation between i) neutrino masses and mix-
ings, ii) matter stability, and iii) the high-quality U(1)Lµ

global symmetry, which ultimately leads to the choice of
the U(1)B�3Lµ

gauge symmetry. An alternative choice is
discussed in Section III.
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We assume that � develops a large VEV so as to break
U(1)B�3Lµ

and decouple the X, ⌫
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, and � fields for the

moment. The remnant of the U(1)B�3Lµ
symmetry pro-

vides an e↵ective U(1)Lµ
global symmetry under which

the muoquarks are charged. This forbids LFV processes
such as µ ! e� but introduces new lepton non-universal
muophilic interactions. The idea is to use a tree-level S3

exchange to explain the RK(⇤) anomalies and an S1 loop
for the (g � 2)µ.

The gauge symmetry fixes the lepton flavor coupling
to S1,3 but not the quark flavor structure of ⌘
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. The

SM Yukawa interactions exhibit a good approximate fla-
vor symmetry U(2)q ⇥ U(2)u ⇥ U(2)d under which the
first two generations transform as doublets, while the
third generation is a singlet [77] (see also [78]). When
this symmetry is exact, only the top and bottom quarks
are massive and the CKM matrix is the identity. A
slight breaking, needed to fit data, is minimally pro-
vided by the leading breaking spurion V = (Vtd, Vts)T,
which is a doublet of U(2)q, together with two bidoublets
�u,d [77, 79]. Thinking about this symmetry as a rem-
nant of deep UV dynamics, it is reasonable to assume
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to be ⌘
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muoquark masses M1,3 to be similar. Remarkably, when
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3 = O(0.1) and M1,3 = O(TeV), this setup explains
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� and (g � 2)µ anomalies with negligible cor-
rections to any other complementary constraints. (Note
that U(2)3 is just one example of a CKM-like flavor struc-
ture in the quark sector.)

The most general S1 + S3 renormalizable model is
matched to the SM e↵ective field theory at the 1-loop
level in Ref. [80]. We implement these results in a code
that is interfaced with the Python package smelli (the
SMEFT likelihood tool) [81, 82]. After we pass the
SMEFT Wilson coe�cients, which we compute from the
parameters of our Lagrangian (2) at the matching scale
µM , to smelli, this tool automatically takes care of

2

ton decay and LFV in stark contrast with observations.
A resolution is the idea of combining leptoquarks with a
gauged lepton symmetry as in Ref. [70, 71].

Lepton-flavored U(1) gauge symmetries impose non-
trivial restrictions on the structure of the neutrino mass
matrices. This has been thoroughly studied in the liter-
ature in the context of two-zero-texture (-minor) struc-
tures, aiming at predicting the remaining parameters in
the neutrino sector [72–76]. Building on Refs. [44, 69, 71,
76], we show how to naturally reconcile all muon anoma-
lies in a single framework and rationalize why these are
the first signs of physics beyond the SM. We face the
challenge of generating a phenomenologically acceptable
neutrino sector in leptoquark models with gauged lep-
ton flavor while keeping the proton stable. It turns
out that the U(1)B�3Lµ

gauge symmetry has the desired
property of also forbidding dangerous baryon-number-
violating dimension-5 operators.

In Section II we present the model and discuss the pa-
rameter space capable of addressing the anomalies. Sec-
tion III outlines alternative models and a connection with
b ! c⌧⌫ decays. We show that no tuned cancellations
is needed in the observables, the scalar masses respect
finite naturalness, and the couplings can be extrapolated
to high-energies without inconsistencies.

II. A MODEL FOR (g � 2)µ AND b ! sµ+µ�

We extend the SM+3⌫R with a gauged U(1)B�3Lµ
sym-

metry under which the leptons `
2
L, µR, ⌫µ,R have charge

�3, while q
i

L, u
i

R, d
i

R all have charge +1/3. With this
fermion content, the symmetry is anomaly-free. An SM
singlet � with U(1)B�3Lµ

charge q� = +3 is responsible
for the spontaneous breaking of the new symmetry. In
addition, the matter field content is extended with two
scalar leptoquarks S1 = (3, 1, 1/3) and S3 = (3, 3, 1/3)
of charge +8/3 under U(1)B�3Lµ

.
The renormalizable Lagrangian for this model is

L = LSM�VH
+ |Dµ�|

2 + |DµS1|
2 + |DµS3|

2
�

1
4X

2
µ⌫

�
�
⌘
3L
i

q
c i

L `
2
L S3 + ⌘

1L
i

q
c i

L `
2
LS1 + ⌘

1R
i

u
c i

R µRS1

+ ⌘̃
1R
i

d
c i

R ⌫µ,RS1 + h.c.
�

+ 1
2"BXBµ⌫X

µ⌫ (2)

� VH�(H, �) � V13(H, �, S1, S3) + ⌫̄
i

Ri /D⌫
i

R

�
�
y

ij

⌫
¯̀i
LH̃⌫

j

R + M
ij

R ⌫̄
ci

R ⌫
j

R + y
ij

� � ⌫̄
ci

R ⌫
j

R + h.c.
�

,

where the SU(2)L contraction in the left-handed Yukawa
couplings is with i�

2
�

a for S3 and i�
2 for S1 with Pauli

matrices �
a.

The gauge symmetry ensures that leptoquarks cou-
ple exclusively to 2nd generation leptons through the
Yukawa couplings ⌘

x. Leptoquarks coupling exclusively
to 2nd generation leptons are properly referred to as
muoquarks. We will show how this structure reconciles
the muon anomalies with the complementary constraints.
We then separately address the scalar potential and the
kinetic mixing, as it has minimal baring on the flavor

analysis: in 1-loop matching it only gives corrections on
top of the operators already generated at tree-level.

Finally, due to the extra gauge symmetry, the model
has accidental baryon and individual lepton number sym-
metries at the renormalizable level just like the SM. Fur-
thermore, there is an accidental baryon number conser-
vation at the level of dimension-5 operators. It is an
intricate relation between i) neutrino masses and mix-
ings, ii) matter stability, and iii) the high-quality U(1)Lµ

global symmetry, which ultimately leads to the choice of
the U(1)B�3Lµ

gauge symmetry. An alternative choice is
discussed in Section III.

A. Muoquark solution of the muon anomalies

We assume that � develops a large VEV so as to break
U(1)B�3Lµ

and decouple the X, ⌫
i

R
, and � fields for the

moment. The remnant of the U(1)B�3Lµ
symmetry pro-

vides an e↵ective U(1)Lµ
global symmetry under which

the muoquarks are charged. This forbids LFV processes
such as µ ! e� but introduces new lepton non-universal
muophilic interactions. The idea is to use a tree-level S3

exchange to explain the RK(⇤) anomalies and an S1 loop
for the (g � 2)µ.

The gauge symmetry fixes the lepton flavor coupling
to S1,3 but not the quark flavor structure of ⌘

x

i
. The

SM Yukawa interactions exhibit a good approximate fla-
vor symmetry U(2)q ⇥ U(2)u ⇥ U(2)d under which the
first two generations transform as doublets, while the
third generation is a singlet [77] (see also [78]). When
this symmetry is exact, only the top and bottom quarks
are massive and the CKM matrix is the identity. A
slight breaking, needed to fit data, is minimally pro-
vided by the leading breaking spurion V = (Vtd, Vts)T,
which is a doublet of U(2)q, together with two bidoublets
�u,d [77, 79]. Thinking about this symmetry as a rem-
nant of deep UV dynamics, it is reasonable to assume
the muoquark Yukawa couplings share a similar struc-
ture. In particular, we expect the left-handed couplings
to be ⌘

1(3)L
/ O(V ) � 1 and the relevant right-handed

ones to be ⌘
1R

/ O(�†
u
V ) � 1. This sets the relative

size between di↵erent quark flavors. On general grounds
we expect the absolute sizes of the couplings and the
muoquark masses M1,3 to be similar. Remarkably, when
⌘

x

3 = O(0.1) and M1,3 = O(TeV), this setup explains
b ! sµ

+
µ

� and (g � 2)µ anomalies with negligible cor-
rections to any other complementary constraints. (Note
that U(2)3 is just one example of a CKM-like flavor struc-
ture in the quark sector.)

The most general S1 + S3 renormalizable model is
matched to the SM e↵ective field theory at the 1-loop
level in Ref. [80]. We implement these results in a code
that is interfaced with the Python package smelli (the
SMEFT likelihood tool) [81, 82]. After we pass the
SMEFT Wilson coe�cients, which we compute from the
parameters of our Lagrangian (2) at the matching scale
µM , to smelli, this tool automatically takes care of

Admir Greljo | A model of muon anomalies

1105.2296



: The EW scaleℒ2

Admir Greljo | A model of muon anomalies

• Highly contagious: Something coupled to something coupled to Higgs…
  

Figure 2: Corrections to the Higgs mass for the case when new heavy fermions charged under
the SM are added.

the IR flows to the correct Higgs mass: most trajectories will miss a light physical Higgs
mass, and an immense tuning is needed to hit the right Higgs mass parameter in the
IR. Note, that the Higgs mass parameter is the only relevant operator in the SM.

• Finally, we should remark that the hierarchy problem is specific to elementary scalars.
The reason is that fermions and gauge bosons have a new symmetry appearing in the
Lagrangian when the mass goes to zero. For example for fermion masses in 4D one has a
new chiral symmetry appearing in the m ! 0 limit, which will protect the fermion masses
from large unsuppressed corrections, and ensure that the correction is proportional to the
mass itself: �me / me log

⇤
me

. Similarly, for gauge bosons there is an unbroken gauge
symmetry appearing in the MW ! 0 limit, which will ensure �M2

W
/ M2

W
log ⇤

MW
.

The simplest demonstration of the the hierarchy problem would be to introduce yet another
scalar S (never mind for now that that scalar would have its own hierarchy problem). Intro-
ducing this scalar along with a quartic coupling with the Higgs

�S |H|
2
|S|2

will result in a loop correction for the S particle giving rise to

�µ2 =
�S

16⇡2


⇤2
UV �m2

S log
⇤2
UV

m2
S

+O(m2
S)

�
. (1.3)

We can see that even if we drop the ⇤2
UV

term there will be an explicit quadratic dependence
on m2

S
the mass of the new heavy particle, from log divergent or finite contributions, which is

exactly the hierarchy problem. This dependence will be there irrespective of how one regulates
this loop. One may wonder if the hierarchy problem can be avoided by not coupling the new
physics directly to the Higgs scalar. One obvious example would be to use some heavy fermions
that are charged under the SM but don’t directly have a Yukawa coupling with the Higgs.
While one loop corrections are in this case indeed avoided, the quadratic sensitivity to the
Higgs mass will show up at two loops (see Fig. 2):

�µ2
/

g4
SM

(16⇡2)2
m2
 .

By now we should be convinced that the hierarchy problem is a serious issue which should be
resolved one way or another in a theory more complete than the SM. The leading approach
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• Quadratic sensitivity to a heavy mass threshold

= + +

Figure 1: The one loop corrections to the Higgs mass parameter in the SM. All three diagrams
are quadratically divergent, leading to the hierarchy problem.

• In the above discussion we have been somewhat cavalier with the cut-off scale ⇤2. One
might worry (and indeed many people do!) that the hierarchy problem is merely an ar-
tifact of using a crude cut-off regulator. However, those understanding effective theories
well realize quickly that the hierarchy problem is not at all about various regularization
schemes. As in any good effective theory, ⇤ in our calculations is merely standing in
for the physical mass threshold at which new heavy particles appear. You can think
of ⇤ as literally the mass of a new heavy particle (mNP ), and the “quadratically di-
vergent" contributions to the Higgs mass parameter simply as log-divergent or finite
contribution from the heavy particle which are proportional to m2

NP
. Moreover, these

contributions contain an imaginary part from the new particle going on-shell, which is
physical and cannot be removed by regulation scheme. Thus using dimensional regular-
ization (a scheme where power law divergences are simply regulated to zero) is really
not a solution of the hierarchy problem.

• The hierarchy problem is really the sensitivity to new scales. If there is no new scale
there really is no hierarchy problem. However most physicists believe that there are at
least two issues that will force us to extend the SM: the appearance of quantum gravity
around the Planck scale and the appearance of a Landau pole in the hypercharge gauge
coupling at exponentially large scales.

• For a while it was popular to play with the idea that the terms in Eq. (1.2) actually
cancel each other. This used to be known as the “Veltman condition", which would have
singled out a very particular value for the Higgs mass. However we can easily see that
even if the mass had turned out to be the magical value (which it did not) this would not
have solved the hierarchy problem. As we discussed in Eq. (1.2) ⇤ is merely a stand-in
for the mass of a heavy particle that will ultimately regulate these loops. However this
can numerically be different for the three diagrams, thus one should really be talking
about the gauge cut-off scale ⇤g, the fermion cut-off scale ⇤f and the Higgs cut-off scale
⇤H , which could all be different by O(1) factors or even more. Thus it is not really
meaningful to talk about a Veltman-like condition, unless some symmetry ensures that
all these cut-off scales are equal.

• A simple way to phrase the hierarchy problem is the fact that the Higgs mass term
µ2

|H|
2 is a relevant operator, which grows towards the IR. The Wilsonian formulation

of the hierarchy problem then is that it is difficult to choose a RG trajectory which in
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