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Why vector-like leptons?

1990s extra dimensions, Kaluza-Klein modes, hierarchy problem and Dark Matter

2000s after Brookhaven (g − 2)µ experiment: -

2010s after Higgs discovery: only 3 chiral families, but VLL evade h → γγ bounds
↪→ renewed interest particularly in context of (g − 2)µ and lepton masses

2020s Higgs/ electroweak precision physics, LFV, CPV, ...?

In our group:
(g − 2)µ ↔ chiral symmetry breaking ↔ modifications of Higgs mechanism
more recently LFV: correlations between µ → e, µ → eγ and µ → 3e

precision BSM already in context of SUSY, 2HDM, ... but not VLL
↪→ radiative corrections, renormalization, mixing at one-loop

=⇒ rich phenomenology and interesting technical challenges
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Quantum numbers and representations

VLF: FL and FR same rep. under SU(3) × SU(2) × U(1) =⇒ L ⊃ MF F̄LFR + h.c.

VLL: tree-level couplings to SM leptons lLi or eRi and Higgs Φ (or Φ̃ = ϵΦ∗)
=⇒ singlet, doublet or triplet with

Name N E L L3/2 Nα Eα

SU(2)L × U(1)Y (1, 0) (1, −1) (2, − 1
2 ) (2, − 3

2 ) (3, 0) (3, −1)

Combinations that break SM chiral symmetry lLi → eiαi lLi and eRi → eiβi eRi

L ⊕ E, L ⊕ N, L3/2 ⊕ E, L ⊕ Ea, L ⊕ Na, L3/2 ⊕ Ea

Example: L ⊕ E

L ⊃ −l̄Liy
e
ijeRjΦ − l̄Liλ

i
EPREΦ − L̄λi

LPReRiΦ − L̄(λPR + λ̄PL)EΦ + h.c.

Φ

eRi lLj

∼ ye
ji

Φ Φ† Φ

L EeRi lLj

∼
λi

LMLλ̄∗λj
EME

M2
LM2

E
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Kilian Möhling • Trento, IT, 15.04.2025 4 / 19



Quantum numbers and representations

VLF: FL and FR same rep. under SU(3) × SU(2) × U(1) =⇒ L ⊃ MF F̄LFR + h.c.

VLL: tree-level couplings to SM leptons lLi or eRi and Higgs Φ (or Φ̃ = ϵΦ∗)
=⇒ singlet, doublet or triplet with

Name N E L L3/2 Nα Eα

SU(2)L × U(1)Y (1, 0) (1, −1) (2, − 1
2 ) (2, − 3

2 ) (3, 0) (3, −1)

Combinations that break SM chiral symmetry lLi → eiαi lLi and eRi → eiβi eRi

L ⊕ E, L ⊕ N, L3/2 ⊕ E, L ⊕ Ea, L ⊕ Na, L3/2 ⊕ Ea

Example: L ⊕ E

L ⊃ −l̄Liy
e
ijeRjΦ − l̄Liλ

i
EPREΦ − L̄λi

LPReRiΦ − L̄(λPR + λ̄PL)EΦ + h.c.

Φ

eRi lLj

∼ ye
ji

Φ Φ† Φ

L EeRi lLj

∼
λi

LMLλ̄∗λj
EME

M2
LM2

E

CLFV in VLL models at one-loop
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Mass Basis

M − =


eRj ER L−

R

ēLi ye
ijv λi

Ev 0

L̄−
L λj

Lv λv ML

ĒL 0 ME λ̄v

 =⇒ U−†
L M −U−

R = diag(mi)

•Mass and Yukawa matrix not proportional because of ME and ML

•L−
R and EL have different eigenvalues under t3

−→ (LFV) deviation from tree-level SM Higgs and gauge couplings

Y h
ij ≈

mi

v
δij + 2

λi
Lλ̄∗λj

E

MEML
v2 + O(v4)

gZe
L,ij ≈ (s2

W − 1
2 )δij +

1
2

λi∗
E λj

E

M2
E

v2 + O(v4)

gZe
R,ij ≈ s2

W δij︸ ︷︷ ︸
SM

−
1
2

λi
Lλj∗

L

M2
L

v2︸ ︷︷ ︸
VLL

+ O(v4)

× h ×

L EeRi lLj

× Z ×

ElLi lLj

× Z ×

LeRi eRj

=⇒ O(100%) effects in lepton–Higgs coupling easily possible!
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Searches and EW precision constraints

EWPM at Z-pole [Phys.Rept. 427 (2006) 257-454]

gZ
Lµµ = −0.2689 ± 0.0011

gZ
Rµµ = +0.2323 ± 0.0013

10-4 0.001 0.010 0.100 1

10-4

0.001

0.010
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1

Figure: 1σ Z-pole exclusion contours
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Figure: ATLAS exclusion limit for VLL coupling
to muons reprinted from [2411.07143]

Exclusion limits for muon (electron) VLL

ML > 1270 (1220) GeV
ME > 400 (320) GeV
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Status Muon g-2
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Figure: Comparison between aSM
µ and aExp

µ for different
determinations of ∆aHVP

µ . reprinted from [2407.10913]

⌣

∆a2023
µ = (24.9 ± 4.8) × 10−10

∆a2025?
µ = (4.0 ± 4.4) × 10−10

BUT: main motivations for BSM
still remain

Dark Matter
Neutrino masses
flavour structure
...

=⇒ ∆aµ ̸= 0 or ∆aµ = 0 can both give important insight into BSM!
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Kilian Möhling • Trento, IT, 15.04.2025 7 / 19

https://arxiv.org/abs/2407.10913


Status Muon g-2

175 180 185 190 195 200 205 210 215

aµ × 1010 − 11659000

Tau

KLOE

CMD-3

BaBar

White paper

BMW ’20

This work

Experimental avg.

FNAL 2023

BNL 2006

0.9σ

4.0σ

5.2σ

Figure: Comparison between aSM
µ and aExp

µ for different
determinations of ∆aHVP

µ . reprinted from [2407.10913]

⌣

∆a2023
µ = (24.9 ± 4.8) × 10−10

∆a2025?
µ = (4.0 ± 4.4) × 10−10

BUT: main motivations for BSM
still remain

Dark Matter
Neutrino masses
flavour structure
...

=⇒ ∆aµ ̸= 0 or ∆aµ = 0 can both give important insight into BSM!

CLFV in VLL models at one-loop
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g − 2 and Muon–Higgs coupling

Φ Φ† Φ

L EeRi lLj

⇒
λi

Lλ̄∗λj
E

MEML︸ ︷︷ ︸
CeΦ

l̄LjeRiΦ(Φ†Φ)

L EeRi lLj

Φ

⇒
e

16π2
λi

Lλ̄∗λj
E

MEML︸ ︷︷ ︸
Ceγ

l̄LjσαβeRiFαβΦ

•AMM and Higgs coupling:

∆ai =
4miv

e
Re Cij

eγ , yeff
ij =

mi

v
δij + 2v2Cij

eΦ

•model-dependent correlation: Cij
eΦ ∼ 16π2Cij

eγ

no CPV=⇒ Rµµ =
∣∣∣ yeff

µµ

ySM
µ

∣∣∣2
≈

∣∣∣1 − 0.87
∆aµ

Q × 10−9

∣∣∣2

•CPV → additional term ∼ d2
µ, [Phys.Rev.Lett. 129 (2022) 22]

-3

-2

-1

0

1

2

3

Model Q
L ⊕ E/Na 1

L ⊕ N -
L3/2 ⊕ E(a) 5

L ⊕ Ea 9
loop ind. ∼ 16π2
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Lepton Flavour Violation

µ

e

γ

µ

e

e

e
Z

N N

µ e

Z/γ

In general:

1⃝ LFV + large ∆aµ suggests

→ chirality flipping dipole operator

L ⊃ Leγ
ij

ēLiσ
αβeRjFαβ + h.c.

Dipole dominance

BR(µ → 3e) ∼
1

150
× BR(µ → eγ)

BR(µ → e) ∼
1

300
× BR(µ → eγ)

2⃝ LFV + small ∆aµ suggests

chirality preserving 4-fermion operators

L ⊃ LV,LL
eq
ij

(ēLiγ
µeLj)(q̄LγµqL) + ...

⇒ µ → eγ suppressed

BR(µ → 3e) ∼ 0.05 × BR(µ → e)

BR(µ → eγ) ∼ 10−4 × BR(µ → e)

current: BR(µ → eγ) < 4.2 × 10−13, BR(µ → 3e) < 10−12, BR(µ → e)Au < 7 × 10−13

future: BR(µ → eγ) ∼ 6.0 × 10−14, BR(µ → 3e) ∼ 10−16, BR(µ → e)Al ∼ 6 × 10−16

⇒ which scenarios are realized in the vector-like lepton models?
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ēLiσ
αβeRjFαβ + h.c.

Dipole dominance

BR(µ → 3e) ∼
1

150
× BR(µ → eγ)

BR(µ → e) ∼
1

300
× BR(µ → eγ)

2⃝ LFV + small ∆aµ suggests

chirality preserving 4-fermion operators

L ⊃ LV,LL
eq
ij
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LFV with chiral enhancement: µ → eγ

In general: flavour violation quantified by θij = Leγ
ij

/Leγ
µµ

BR(µ → eγ) =
m3

µ

4πΓµ

(
|Leγ

12
|2 + |Leγ

21
|2

)
no CPV

≈ 4.2 × 10−13︸ ︷︷ ︸
current bound

( ∆aµ

5 · 10−10

)2[(
θµe

10−4

)2
+

(
θeµ

10−4

)2] µ

e

γ

For VLL:

Leγ
ij

=
κDeλ̄∗

64π2v

(
λi

Ev

ME

)(
λj

Lv

ML

)
=⇒ θµe =

λe
L

λµ
L

, θeµ =
λe

E

λµ
E

•flavour blind: θij ∼ 1
∆aµ ≲ 3.5 × 10−14

•naive scaling θij ∼
√

me
mµ

∆aµ ≲ 5 × 10−13

Model L ⊕ E L ⊕ N L ⊕ Ea L ⊕ Na L3/2 ⊕ E(a)

κD -1 0 -9 -2 ∓5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

10-8 10-6 10-4 0.01

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

CLFV in VLL models at one-loop
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LFV with chiral enhancement: µ → e conversion
Approximate conversion rate [Phys.Rev.D 66 (2002) 096002]

Γ(µ → e) ≈
m3

µ

4v2

{∣∣∣vLeγ
21

D + 2mµ

v
gZe

R12V

∣∣∣2
+

∣∣∣vLeγ
12

D + 2mµ

v
gZe

L12V

∣∣∣2}

Dipole dominance?

1
!

≫
∣∣ 2mµ

v
gZe

L/R12/vLeγ
ij

∣∣ ∼
3
λ̄

κZ

κD

→ only in the models L/L3/2 ⊕ Ea

Model |κZ/κD|

L ⊕ E/Na 0.5
L ⊕ Ea 0.05

L3/2 ⊕ E(a) 0.1

10-8 10-6 10-4 0.01

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

(a) No dipole dominance

10-8 10-6 10-4 0.01

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

(b) dipole dominance

10-8 10-6 10-4 0.01

10-5

10-4

0.001

0.010

0.100

1

(c) µ → e vs µ → eγ
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LFV without chiral enhancement

→ leading chiral enhancement vanishes if λi
E λ̄λj

LMEML = 0 (e.g. λ̄ = 0 )

BR(µ → e) ≈
128π3

s4
W

Γµ

Γcapt
|V |2︸ ︷︷ ︸

O(10)

BR(µ → 3e) µ

e

e

e
Z
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Precision vs collider constraints

•flavour observables Rµµ and ∆aµ

=⇒ complementary constraints

•similar correlation for flavour violating
observables?

h

e+

µ−

Z

e+

µ−

with chiral enhancement

Γ(h → µe) ≈
Mh

16π

(∣∣Y h
µe

∣∣2
+

∣∣Y h
eµ

∣∣2
)

→ Correlation between dipole coefficient
and Higgs coupling

Y h
ij =

128π2v

Qe
Leγ

ij

=⇒
BR(h → µe)
BR(µ → eγ)

≈
1

Q2

but: BR(h → µe) < 4.4 × 10−5

without chiral enhancement

Γ(Z → µe) ≈
MZ

8π

(∣∣gZe
L12

∣∣2
+

∣∣gZe
R12

∣∣2
)

directly correlated with µ → e or µ → 3e

BR(Z → µe)
BR(µ → e)

∼ O(0.1)

bound: BR(Z → µe) < 2.6 × 10−7

→ stronger than Higgs but again not com-
petitive
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Why go beyond tree-level?

”Never trust a tree-level calculation.”
- (?)

SM Lepton mass at tree-level

vs one-loop

×

eRi lLj

+

× × ×

L EeRi lLj

+ ... ∼ yijv +
λi

Lλ̄∗λj
E

MEML
v3 + O(v5)

+

×
L EeRi lLj + ... ∼

λi
Lλ̄∗λj

E

16π2 v + O(v3)

mass suppression ”wins” over loop-suppression when

16π2v2

M2 ≲ 1 ⇔ M ≳ O(1 TeV)

⇒ what about other observables?
•e.g. muon-Higgs coupling: LHC at O(10%) vs tree-level correction O(100%)
•effect on electroweak precision and LFV constraints?
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Kilian Möhling • Trento, IT, 15.04.2025 14 / 19



Why go beyond tree-level?

”Never trust a tree-level calculation.”
- (?)

SM Lepton mass at tree-level

vs one-loop

×

eRi lLj

+

× × ×

L EeRi lLj

+ ... ∼ yijv +
λi

Lλ̄∗λj
E

MEML
v3 + O(v5)

+

×
L EeRi lLj + ... ∼

λi
Lλ̄∗λj

E

16π2 v + O(v3)

mass suppression ”wins” over loop-suppression when

16π2v2

M2 ≲ 1 ⇔ M ≳ O(1 TeV)

⇒ what about other observables?
•e.g. muon-Higgs coupling: LHC at O(10%) vs tree-level correction O(100%)
•effect on electroweak precision and LFV constraints?

CLFV in VLL models at one-loop
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Kilian Möhling • Trento, IT, 15.04.2025 14 / 19



On-shell scheme: motivation

=⇒ calculation of lepton – Higgs/ Z coupling at one-loop requires
practicable renormalization scheme

Major issues

obtaining correct SM lepton masses require solving SVD for ye
i at tree-level.

one-loop mass shift ∆mi makes this tedious / less efficient

SM-VLL couplings induces off-diagonal mass corrections ∆mij and
mixing at external legs =⇒ non-trivial LSZ normalization Zij

One-loop IR divergences in h/Z → ℓiℓj require careful treatment

Solution: =⇒ on-shell scheme [JHEP 10 (2024) 170]

êa êb
1PI ≡ iΣba(p)

ren. cond. for p2 → m2
a

: R̃e Σba(p)ua(p) = 0︸ ︷︷ ︸
removes mixing and ∆m

, 1
/p−ma

R̃e Σaau(p) = 0︸ ︷︷ ︸
enforces Z=1
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one-loop mass shift ∆mi makes this tedious / less efficient

SM-VLL couplings induces off-diagonal mass corrections ∆mij and
mixing at external legs =⇒ non-trivial LSZ normalization Zij

One-loop IR divergences in h/Z → ℓiℓj require careful treatment

Solution: =⇒ on-shell scheme [JHEP 10 (2024) 170]

êa êb
1PI ≡ iΣba(p)

ren. cond. for p2 → m2
a

: R̃e Σba(p)ua(p) = 0︸ ︷︷ ︸
removes mixing and ∆m

, 1
/p−ma

R̃e Σaau(p) = 0︸ ︷︷ ︸
enforces Z=1
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On-shell mass renormalization

=⇒ OS conditions fix 5 of in total 13 ren. consts.

δmaa =
[

U−†
L

δ(yev) δ(λi
Ev) 0

δ(λi
L) δ(λv) δML

0 δME δ(λ̄v)

 U−
R

]
aafixed by OS

free ren. consts. e.g. MS

fixed at tree-level

=⇒ tedious to disentangle but easy to solve (linear equation...)

Compare to:

•QED: 1 fundamental parameter m fixed by OS condition
•SM quark sector: fundamental parameters yij ↔ mi and VCKM
•2HDM: 4 scalar masses + mixing angle α (+...)
↪→ explicit mixing angles =⇒ reparametrization in terms of mi

for VLL: 5 × 5 mixing matrix = better avoid explicit parametrization
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Kilian Möhling • Trento, IT, 15.04.2025 16 / 19



On-shell mass renormalization

=⇒ OS conditions fix 5 of in total 13 ren. consts.

δmaa =
[

U−†
L

δ(yev) δ(λi
Ev) 0

δ(λi
L) δ(λv) δML

0 δME δ(λ̄v)

 U−
R

]
aafixed by OS

free ren. consts. e.g. MS

fixed at tree-level

=⇒ tedious to disentangle but easy to solve (linear equation...)

Compare to:

•QED: 1 fundamental parameter m fixed by OS condition
•SM quark sector: fundamental parameters yij ↔ mi and VCKM
•2HDM: 4 scalar masses + mixing angle α (+...)
↪→ explicit mixing angles =⇒ reparametrization in terms of mi

for VLL: 5 × 5 mixing matrix = better avoid explicit parametrization

CLFV in VLL models at one-loop
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Muon–Higgs coupling at one-loop

Up to one-loop order

yeff
ij = Y h

ij

(
1 − αB

)
+ Γ1ℓ

ij (p2
h, p2

µ+ , p2
µ− ) + δΓct

ij

real radiation
(IR div.) genuine 1ℓ diagrams

(UV + IR div.)
counterterm contribution

(UV + IR div.)

Important checks
cancellation of UV divergences ✓

IR finite after inclusion of real radiation ✓

cancellation of residual renormalization scale dependence ✓

h γ

µ+

µ−

real radiation

h êa, ν̂a

Z,W

Z,W

µ+

µ−

genuine one-loop

×h

µ+

µ−

counterterm
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h êa, ν̂a

Z,W

Z,W

µ+

µ−

genuine one-loop

×h

µ+

µ−

counterterm

CLFV in VLL models at one-loop
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h êa, ν̂a

Z,W

Z,W

µ+

µ−

genuine one-loop

×h

µ+

µ−

counterterm

CLFV in VLL models at one-loop
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Muon–Higgs coupling at one-loop
Impact on correlation: SMEFT → coefficients at one-loop

ySMEFT
µ = yµ + O

(
λ3

i

16π2

)
︸ ︷︷ ︸

1ℓ

, Cµµ
eΦ =

λ3
i v2

M2

[
1︸︷︷︸

tree-level

+ O
(

λ2
i

16π2

)
︸ ︷︷ ︸

1ℓ

]

=⇒ (very) large correction to ySMEFT
µ cancels between yeff

µ and mµ

mµ

v
= ySMEFT

µ + Cµµ
eΦ v2

yeff
µµ = ySMEFT

µ + 3Cµµ
eΦ v2

=⇒
yeff

µµ

ySM
µ

= 1 − 0.87
∆aµ

10−9

(
1 + O(1ℓ)

)
BUT: remaining one-loop corrections are still significant

CLFV in VLL models at one-loop
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Summary & Outlook

VLL have strong impact on Higgs and flavour (violating) physics and upcoming
experiments will extensively probe the interesting parameter regions.
∆aµ → 0 makes some room to address other questions like
origin of lepton masses, LFV and CPV.
Era of high precision measurements ⇄ era of high precision theory
↪→ first step: (on-shell) renormalization scheme ✓

Next: application to EW precision and LFV observables → precise predictions for
upcoming experiments

Thank you!

CLFV in VLL models at one-loop
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Backup - Current and Future Experimental Bounds

Collider constraints

Higgs Z
BR(h → µe) < 4.4 × 10−5 BR(Z → µe) < 2.6 × 10−7

BR(h → τe) < 2.0 × 10−3 BR(Z → τe) < 5.0 × 10−6

BR(h → τµ) < 1.5 × 10−3 BR(Z → τµ) < 6.5 × 10−6

LFV decays

ℓ → ℓ′γ ℓ → 3ℓ′

BR(µ → eγ) < 4.2 × 10−13 BR(µ → 3e) < 1.0 × 10−12

BR(τ → ℓγ) ≲ 4 × 10−8 BR(τ → 3ℓ) ≲ 2 × 10−8

µ → e conversion

Γ(µ−Au → e−Au)/ΓAu
capt < 7 × 10−13

Γ(µ−Ti → e−Ti )/ ΓTi
capt < 4.3 × 10−12

Future sensitivities: Γ(µ−Al → e−Al)/ΓAu
capt ∼ 6 × 10−16

BR(µ → eγ) ∼ 6 × 10−14

BR(µ → 3e) ∼ 10−16

CLFV in VLL models at one-loop
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On-shell scheme: set-up
Example: L ⊕ E multiplets with same QN → εRa = (eRi, ER) and ℓLa = (lLi, LL)

L ⊃ −Ma
EELεRa − Ma

LℓLaLR − ℓLaYabεRbΦ − λ̄LRERΦ, Y =
(

ye λE

λL λ

)
Parameter transformation: Ma

i → Ma
i + δMa

i , Yab → Yab + δYab, λ̄ → λ + δλ

⇒ Redundancy: ℓL → VLℓL and εR → VRεR. VL/R can be used to make gauge-basis field
renormalization hermitian or set bare Ma

i = δa4Mi and ye
ij = ye

i δij

Field transformation: multiplets under broken gauge group(
εR

L−
R

)
→ U−

R Z
1
2

R êR,

(
ℓ−

L

EL

)
→ U−

L Z
1
2

L êR

•unitary 5 × 5 U−
L/R

diagonalize renormalized mass matrix
=⇒ off-diagonal mass (Yukawa) renormalization constants

δmab = U−†
L

(
δ(Y v) δMa

L

δMa
E δ(λ̄v)

)
U−

R ̸= δmaδab

Compared to 2HDM(
H

h

)
= Rα

(
S1
S2

)
2 × 2 mass diagonalization
matrix Rα

=⇒ explicit parametrization
in terms α
=⇒ some of the fundamen-
tal parameters can traded for
pole masses and α
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On-shell scheme: renormalization constants

R̃e Σba(p)ua(p) = 0︸ ︷︷ ︸
50 equations

, 1
/p−ma

R̃e Σaau(p) = 0︸ ︷︷ ︸
5 equations

, but: 50 Zab and 2 + 11 parameters

=⇒ OS conditions fix ZL/R and δmaa ≡ δm, but not off-diagonal δmab

=⇒ similar problem to tree-level mi vs ye
i , but now UL/R are already known

↪→ choose 5 params. (Dirac masses and ye
i ), fix rest by external conditions.

δm = κ

δ(yev)
δML

δME

 + δc

fixed by OS
determined from UL/R fundamental ren. const.

remaining consts.
(fixed e.g. in MS)

=⇒ fundamental ren. consts. are given by κ−1(δm − δc) and can be obtained
numerically or perturbatively.

Note
m and δm of leptons with different charge are not independent
↪→ OS cond. on all leptons fixes more parameters (e.g. also λ or λ̄) [JHEP 10 (2024) 170]

alternatively: leave masses of some leptons (e.g. doubly charged or heavy neutrinos)
off-shell and compute one-loop mass shift (preferable e.g. in the triplet models)
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On-shell Renormalization Constants: Gauge Sector

R̃e Σh(M2
h) = 0, lim

p2→M2
h

1
p2−M2

h

R̃e Σ′
h(M2

h) = 0, and

R̃e Σµν
V V ′ (q)ϵν(q)

∣∣∣
q2=M2

V ′

= 0, lim
q2→M2

V

1
q2−M2

V

Σµν
V V (q)ϵν(q) = 0

The vector two-point function has the general covariant decomposition

−iΣµν
V V ′ (q) = −iΣT

V V ′ (q2)
(

ηµν − qµqν

q2

)
− iΣL

V V ′ (q2) qµqν

q2

Inserting this into the on-shell conditions gives the following renormalization constants at
one-loop order

δZh = −R̃e Σ′
h(M2

h) δM2
h = R̃e Σh(M2

h)

δZV V = −R̃e ΣT ′
V V (M2

V ), δM2
V = R̃e ΣT

V V (M2
V )

δZAZ = − 2
M2

Z

R̃e ΣT
AZ(M2

Z) δZZA = 2
M2

Z

R̃e ΣT
AZ(0)

The charge and vev renormalization constants are given by
δe

e
= − 1

2

(
δZAA + sW

cW
δZZA

)
, δv

v
= δM2

W

2M2
W

+ c2
W

s2
W

(
δM2

Z

2M2
Z

− δM2
W

2M2
W

)
− δe

e
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On-shell Renormalization Constants: Lepton Sector

Σab(p) = ΣR
ab(p2)/pPR + ΣL

ab(p2)/pPL + ΣSR
ab (p2)PR + ΣSL

ab (p2)PL.

for a = b



(δm)aa = 1
2 R̃e

[
maΣR

aa + maΣL
aa + ΣSR

aa + ΣSL
aa

]
p2=m2

a

(δZR)aa = −R̃e
[

ΣR
aa + ma

(
ΣSR′

aa + ΣSL′
aa

)
+ m2

a

(
ΣR′

aa + ΣL′
aa

)]
p2=m2

a

(δZL)aa = −R̃e
[

ΣL
aa + ma

(
ΣSR′

aa + ΣSL′
aa

)
+ m2

a

(
ΣR′

aa + ΣL′
aa

)]
p2=m2

a

for a ̸= b



(δZR)ab = 2
m2

a−m2
b

[
m2

b R̃e ΣR
ab + mamb R̃e ΣL

ab + ma R̃e ΣSR
ab

+mb R̃e ΣSL
ab − ma(δm)ab − mb(δm†)ab

]
p2=m2

b

(δZL)ab = 2
m2

a−m2
b

[
m2

b R̃e ΣL
ab + mamb R̃e ΣR

ab + ma R̃e ΣSL
ab

+mb R̃e ΣSR
ab − ma(δm†)ab − mb(δm)ab

]
p2=m2

b

.
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Muon–Higgs coupling at one-loop

=⇒ remaining large loop effects e.g. from corrections to δv

δv

v

∣∣∣
VLL

∼
1

16π2

∑
i

|λi|2 ln
(

M

mh

)
+ enhancement from mixing

yeff
µµ

∣∣∣
δv

≃ Cµµ
eΦ v2 × 6 δv

v

Leading correction (L ⊕ E)

yeff
µµ

ySM
µ

∣∣∣
1ℓ

≃
λµ

E λ̄λµ
Lv3

16π2M2mµ

[ ∑
i

λ2
i − 12λ̄λ

]
ln

(
M

mh

)
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