
Chirally-Enhanced Muon  and Its 
Implications to Higgs-Related Observables

g − 2

Keith Hermanek

Indiana University


Phenomenology Symposium, May 9th 2022

Based on 

Phys. Rev. Lett. 26, 191801 (2021), Phys. Rev. D 104, 055033 (2021), Phys. Rev. D 104, L091301 (2021)


w/ Radovan Dermisek and Navin McGinnis



Chiral Enhancement in g − 2
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• Chirally-enhanced  can be generated by new particles coupling to the muon and Higgs inside the loop:g − 2 (Δaμ)

Δaμ ≃
1

16π2 (
mμvλ3

NP

m2
NP )  requires 

 TeV scale for couplings 
Δaexp

μ = (2.51 ± 0.59) × 10−9

∼ 10 (50) 1 ( 4π)

Muon g-2 Collab., Phys. Rev. Lett. 126, 141801 (2021)

•  can be SM bosons or new Higgses and  are the new VLsX Y, Z

• We can do this by working in a type-II two-Higgs-Doublet Model (  and  couple exclusively 
to the up- and down-type sectors (2HDM-II) ) extended with vectorlike leptons (VLs)

Hu Hd



Chiral Enhancement in g − 2

µR

l̄L

Hd

Hd

H
†
d

⇥

⇥

L̄L

LR

ĒL
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• We can do this by working in a type-II two-Higgs-Doublet Model (  and  couple exclusively 
to the up- and down-type sectors (2HDM-II) ) extended with vectorlike leptons (VLs)

Hu Hd

ℒ = −yμlLμRHd − λElLERHd − λLLLμRHd

−λLLERHd − λH†
d ELLR − MLLLLR − MEELER + h . c .
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 requires 
 TeV scale for couplings 

Δaexp
μ = (2.51 ± 0.59) × 10−9

∼ 10 (50) 1 ( 4π)

⟨H0
d⟩ = vd = v cos β ⟨H0

u⟩ = vu = v sin β

Muon g-2 Collab., Phys. Rev. Lett. 126, 141801 (2021)

v = 174 GeV vu/vd = tan β

•  can be SM bosons or new Higgses and  are the new VLsX Y, Z



Tree-level Mixing
• For , the heavy VLs modify  and  since the full Lagrangian reduces toML,E ≫ v mμ yμ
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ℒ = − yμl̄LμRHd − ( λLλEλ̄
MLME )
mLE

μ /v3
d

l̄LμRHd (H†
d Hd) + h . c .
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Rμ ≡
BR (h → μ+μ−)

BR (h → μ+μ−)SM

= (1 + 2
mLE

μ

mμ )
2

Necessarily modifies 
 h → μ+μ−

mμ ≃ yμvd+mLE
μ λh

μμ ≃ (mμ + 2mLE
μ )/v

 is interpreted to be the muon’s mass if mLE
μ yμ = 0



The Anomalous Magnetic Moment
• Rotating the Lagrangian to the physical basis via bi-unitary transformations

Δaμ = −
1

16π2 (
mμmLE

μ

v2 ) (1 + tan2 β)

(μ̄L, L̄−
L , ĒL)

yμvd 0 λEvd

λLvd ML λvd

0 λ̄vd ME

μR
L−

R
ER

⇒ Ue†
L MeUe

R = diag (me2
, me4

, me5)

• We can calculate  in the mass eigenstate basis and take the heavy mass limit Δaμ ML,E ∼ mH,A,H± ≫ mZ

• Heavy Higgses  give additional  
enhancement compared to the  mediators

(H, A, H±) tan2 β
(Z, W, h)

• Notice that  is present. We’ll see why later!mLE
μ

ILC and FCC-ee, and thus testing this explanation of
ðg − 2Þμ requires both precision and energy reach of future
colliders and illustrates their complementarity.
Model.—We consider an extension of a two Higgs

doublet model by vectorlike pairs of new leptons: SU(2)
doublets LL;R and SU(2) singlets EL;R, where LL and ER
have the same quantum numbers as SM leptons. We
assume that leptons couple to the two Higgs doublets as
in the type-II model, namely the charged singlets couple to
Hd, which can be enforced by a Z2 symmetry [12]. For
simplicity, we further assume that only the second gen-
eration mixes with vectorlike leptons, which can be
enforced by individual lepton number conservation.
Alternatively, if mixing with all three generations is
present, it is assumed that relevant couplings are suffi-
ciently small to satisfy constraints from flavor changing
processes. The most general Lagrangian consistent with our
assumptions contains the following Yukawa and mass
terms for the second generation and vectorlike leptons:

L ⊃ −yμl̄LμRHd − λEl̄LERHd − λLL̄LμRHd

− λL̄LERHd − λ̄H†
dĒLLR

−MLL̄LLR −MEĒLER þ H:c:; ð1Þ

where doublet components are labeled as lL ¼ ðνμ; μLÞT ,
LL;R ¼ ðL0

L;R; L
−
L;RÞT , and Hd ¼ ðHþ

d ; H
0
dÞT . The neutral

components of two Higgs doublets develop vacuum
expectation values, hH0

ui ¼ vu and hH0
di ¼ vd, withffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2u þ v2d
q

¼ v ¼ 174 GeV and we define tan β≡ vu=vd.

The charged lepton mass matrix becomes

ðμ̄L; L̄−
L; ĒLÞ

0

B@
yμvd 0 λEvd
λLvd ML λvd
0 λ̄vd ME

1

CA

0

B@
μR
L−
R

ER

1

CA: ð2Þ

This matrix can be diagonalized to obtain two new mass
eigenstates, e4 and e5, in addition to the muon (yμ is
determined iteratively to reproduce the muon mass for each
choice of model parameters). We also label the new neutral
mass eigenstate as ν4 (with mass given by ML). As a result
of mixing, couplings of the muon to W, Z, and h are
modified from their SM values, and couplings between the
muon and heavy leptons are generated. General formulas
can be found in [7,13] and useful approximate formulas can
be obtained from completely analogous expressions in the
quark sector [14]. Note that in the limit of heavy vectorlike
leptons the Lagrangian in Eq. (1) reduces to

L ⊃ −yμl̄LμRHd −
λLλ̄λE
MLME

l̄LμRHdH
†
dHd þ H:c:; ð3Þ

where the higher-dimensional operator is a new source of
the muon mass that is directly related to the modification of
ðg − 2Þμ and muon Yukawa coupling.

Muon anomalous magnetic moment.—With the recent
measurement, the muon anomalous magnetic moment
aμ ≡ ðg − 2Þμ=2 sits at 4.2 standard deviations from the
predicted value in the SM [15,16],

Δaexpμ ≡ aexpμ − aSMμ ¼ ð2.51% 0.59Þ × 10−9: ð4Þ

Mixing of the muon with new leptons results in additional
contributions to ðg − 2Þμ from gauge and Higgs bosons and
new leptons shown in Fig. 1. Contributions fromW, Z, and
h loops were previously calculated in a one Higgs doublet
model (1HDM) with the same matter content [6,7]. For
other examples of explanations of ðg − 2Þμ with vectorlike
leptons, see also Refs. [17–25]. Note that two-loop Barr-
Zee diagrams, recently discussed, for example, in
Refs. [24,25], are negligible compared to the chirally
and tan2 β enhanced one-loop contributions (they do not
exceed 0.1% of the total contribution for all presented
scenarios and are typically much smaller than that).
The complete calculation of ðg − 2Þμ in the present

model and other variations of 2HDM will be presented
in Ref. [26]. The leading contributions of individual
diagrams can be approximated by

Δaiμ ≃
ki

16π2
mμmLE

μ

v2
; mLE

μ ≡ λLλ̄λE
MLME

v3 cos3 β; ð5Þ

where kW¼1, kZ¼−1=2, kh¼−3=2, kH¼−ð11=12Þtan2β,
kA ¼ −ð5=12Þ tan2 β, and kH

% ¼ ð1=3Þ tan2 β. For W, Z,
and h, these are very good approximations only for ML ≃
ME ≫ mZ [7]. For heavy Higgs contributions, the approx-
imations are very good forML ≃ME ≃mH;A;H% up to terms
that cancel betweenH and A contributions whenmH ¼ mA.
Note that kW þ kZ þ kh ¼ −1, while kH þ kA þ kH

% ¼
− tan2 β.
In a 1HDM, the cos3 β factor is not present in Eq. (5) and

thus it seems that a 2HDM-II can only generate a smaller
contribution to ðg − 2Þμ. However, when constraints from
precision EW data are taken into account, the advantage of

FIG. 1. W, Z, h H, A, H% diagrams contributing to ðg − 2Þμ.
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 in 2HDM-II + VLsΔaμ

• Largest contributions occur for intermediate  values and light Higgs masses (  enhancement 
from heavy Higgs loops)

tan β tan2 β

• All relevant constraints like EW precision constraints  and  
are satisfied in these scenarios

|λL | ≲ 0.04 × ML /vd |λE | ≲ 0.03 × ME /vd

Region ruled 
out by 

H(A) → τ+τ−

Δaμ = − ( 1
16π2 ) (

mμmLE
μ

v2 ) (1 + tan2 β) mLE
μ = v3

d ( λLλEλ̄
MLME )

Couplings up to
 give almost 

100 times  !
4π

Δaexp
μATLAS Collab., 

Phys. Rev. Lett. 125,  
051801 (2020)  

R. Dermisek et al. J. High Energy Phys. 02 (2016) 119



Modifying Yukawa Couplings in 2HDM-II + VLs

• At LHC (FCC-hh),  is expected to be measured at  precisionλh
μμ 5 × 10−2 (5 × 10−3)

•  corresponds to  and predicts the same  decay rate as the SM−δλh
μμ/(λh

μμ)SM = 2 mLE
μ = − mμ h → μ+μ−

Rh→μ+μ− =
|λh

μμ |2

| (λh
μμ)SM |2 = (1 + 2

mLE
μ

mμ )
2

• The mass spectrum of leptons goes from  TeV for  and couplingsML,E > 2.5 (45) 0.5 ( 4π)

Bright points w/ 
X correspond to 
ΔaH,A,H±

μ /Δaμ > 50 %

FCC Collab., Eur. Phys. J. C 79, 474 (2019)
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Δaμ = − ( 1
16π2 ) (

mμmLE
μ

v2 )
In the 2HDM-II, this  is multiplied by 

; Same result as earlier!
Δaμ

1 + tan2 β

λhh
μμ = 3

mLE
μ

v2

λhhh
μμ = 3

2

mLE
μ

v3

• Let’s look at the dimension-6 operator l̄LHμR(H†H)

• Because of this connection, the experimental value  fixes Δaexp
μ = (2.51 ± 0.59) × 10−9

mLE
μ

mμ
= − 1.07 ± 0.25 Rh→μ+μ− ≡

BR (h → μ+μ−)
BR (h → μ+μ−)SM

= (1 + 2
mLE

μ

mμ )
2

= 1.32+1.40
−0.90

Current limit is 2.2
ATLAS Collab., Phys. Lett. B 812, 135980 (2021)

λh
μμ = (mμ + 2mLE

μ )/v

We can make a prediction for di- and ti-Higgs signals! 
How can we test this model?



Testing at a Muon Collider
• The effective cross-sections for  and  can be written within μ+μ− → hh μ+μ− → hhh Δaexp

μ ± 1σ
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Fig. 16: Left: Cross sections for hh (cyan) and hhh (green) production as a function of
p
s in models

with VLF. Right: Cross sections for hh (left axis) and hhh (right axis) production as a function of tan�
in models with VLF and 2HDM for ML,E ' m

H,A,H
± . The dot-dashed and dashed lines correspond to

the predictions corresponding to the central value of �aµ and m
H,A,H

± = 3 ⇥ ML,E and m
H,A,H

± =

5⇥ML,E , respectively. Both panels assume �aµ is within 1� of the measured value (shaded ranges) [31].

The explanation of the measured value of �aµ within 1� requires that

mLE

µ /mµ = �1.07 ± 0.25. (25)

For couplings of O(1), Eq (25) can be achieved for new lepton masses even as heavy as 7 TeV while
simultaneously satisfying current relevant constraints [39]. For couplings close to the limit of pertur-
bativity,

p
4⇡, this range extends to close to 50 TeV. This far exceeds the reach of the LHC and even

projected expectations of possible future proton-proton colliders, such as the FCC-hh. However, there
are related signals that could be fully probed at, for example, a 3 TeV MuC through the effective inter-
actions generated between the muon and multiple Higgs bosons. These interactions are all generated by
Eq. 22 [31] and they lead to the following predictions

�
µ
+
µ
�!hh

=

����hh

µµ

���
2

64⇡
=

9

64⇡

 
mLE

µ

v2

!
2

, (26)

�
µ
+
µ
�!hhh

=

����hhh

µµ

���
2

6144⇡3
s =

3

4096⇡3

 
mLE

µ

v3

!
2

s. (27)

Thus, considering Eq 24, one can see that the effective interactions of the muon with the Higgs are
completely fixed by the muon mass and the predicted value of �aµ. Fig 16, shows the total µ+µ�

! hh

and µ+µ�
! hhh cross sections at a MuC as a function of

p
s calculated from the effective lagrangian

and assuming that �aµ is achieved within 1� (shaded ranges). Cross sections for a 3 TeV MuC are
highlighted with the red line. One can see that, for example, a MuC running at

p
s = 3 TeV with 1 ab�1

of integrated luminosity would see about 240 di-Higgs events and about 35 tri-Higgs events. It should
be noted that already at

p
s = 1 TeV this is roughly 4 (3) orders of magnitude larger than µ+µ�

! hh
and µ+µ�

! hhh in the SM. Note that di- and tri-Higgs signals produced from vector boson fusion in
the SM appear with additional particles in the final state and can be easily vetoed in a dedicated analysis.
Similarly, backgrounds involving the Z-boson which may be comparable at the level of cross sections,
e.g. µ+µ�

! Zh or µ+µ�
! ZZ, can also be easily suppressed via invariant mass cuts on the Z-boson

masses once the relevant decays are taken into account in a given analysis.
Models with more exotic quantum numbers can also generate a similar correction to �aµ and,

hence, similar predictions for di- and tri-Higgs cross sections. In total there are 5 different combinations

36

Possible future 
MuC COM 

energy: 
s = 3 TeV• At  TeV, SM predictions for di- and tri-Higgs 

signals are small by at least 3-4 orders
s > 1

Different representations of VLs coupling to the muon can decrease ,  dramatically; 
sharp distinction between models!

μ+μ− → hh μ+μ− → hhh

T. Han et al. JHEP12(2021)162

• A  TeV MuC with  luminosity 
predicts 244 and 36 events for di- and ti-Higgs 
processes at the central value of  

s = 3 1 ab−1

Δaexp
μ

σμ+μ−→hh =
|λhh

μμ |2

64π
=

9
64π (

mLE
μ

v2 )
2

σμ+μ−→hhh =
|λhhh

μμ |2

6144π3
s =

3
4096π3 (

mLE
μ

v3 )
2

s



Takeaways

• In the SM with VLs, the dimension-6 operator  connects  with , 
,  

l̄LHμR(H†H) Δaμ h → μ+μ−

μ+μ− → hh μ+μ− → hhh

Thank you for listening!

•  luminosity at  predicts 244 events for  and 36 events for   
at the central value of . Other representations may lower the rate up to a factor of 25
1 ab−1 s = 3 TeV μ+μ− → hh μ+μ− → hhh

Δaexp
μ

• 2HDM-II + VLs generates chiral and  enhancements that can generate even up to two orders 
larger contributions to  while satisfying constraints

tan2 β
Δaμ

• Precision measurements of  can indirectly probe the parameter space of heavy VL masses and Higgsesλh
μμ


