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We show that inclusion of a single generation of vectorlike leptons in the two-Higgs doublet Models
significantly enlarges the allowed parameter space consistent with the muon anomalous magnetic moment,
as well as with other theoretical and experimental constraints. While previously ðg − 2Þμ could only be
resolved in type-X scenario by requiring a light pseudoscalar Higgs boson and large tan β, contributions of
vectorlike leptons via two-loop Barr Zee diagrams broaden the allowed parameter space, allowing tan β as
low as 10 and pseudoscalar masses as large as Oð1 TeVÞ, while fulfilling the stringent constraints from
precision and flavor observable. Similar results are obtained for type-II scenarios, but there the parameter
space is more restricted by flavor observables.
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I. INTRODUCTION

The anomalous magnetic moment of the muon, repre-
senting the deviation from gμ ¼ 2, is one of the most
debated topics in the field of particle phenomenology. The
magnetic moment of the muon is among the most accu-
rately predicted quantities within the Standard Model (SM),
and is very precisely measured. Comparison between
experiment and theory tests the SM at loop levels, with
any deviation from the SM expectation interpreted as a
signal of new physics [1], with current sensitivity reaching
up to mass scales of OðTeVÞ [2–4]. There is a long-
standing discrepancy between the theoretical prediction
and the measured value of the anomalous magnetic moment
of the muon [5]

aexpμ ¼ 116592091ð54Þð33Þ × 10−11; ð1Þ

where the errors in brackets are systematic, and then
statistical. The latest world average of the predicted value
from the Standard Model (SM) is given by [6,7]

aSMμ ¼ 116591810ð43Þ × 10−11; ð2Þ

where the errors are from electroweak, lowest-order
hadronic, and higher-order hadronic contributions. The
difference

Δaμ ¼ aexpμ − aSMμ ¼ ð281� 76Þ × 10−11; ð3Þ

indicates a 3.7σ discrepancy between theory and experi-
ment, and is interpreted as an indication of new physics.
This discrepancy will be further explored at Fermilab [8]
and J-PARC [9] experiments in the near future.
The possible reason for the current deviation between the

SM and the experimental value has been explored in
numerous new physics models in the past few decades.
In particular, extending the fermion sector of the SM by the
addition of a vectorlike lepton (VLL) generation can easily
explain the ðg − 2Þμ discrepancy [10,11]. However, in this
scenario muon mixing with the new VLLs is necessary, and
this alters significantly the Higgs decay branching ratio to
muons, as well as the Higgs to diphoton decay branching
ratio (BR), violating the constraints imposed by the current
collider Higgs data [10]. Moreover, additional constraints
are also put forward by flavor observable [12]. Thus to be
able to consistently explain the ðg − 2Þμ discrepancy with
VLLs, one must resort to models beyond the SM.
As minimal scalar sector extensions of the SM, the two-

Higgs doublet models (2HDM) [13–15], are of particular
interest. In these models, there are two neutral CP-even
Higgs bosons (the SM h and heavier H), one pseudoscalar
state (A) and one charged Higgs boson (H�). A Z2

symmetry is imposed to avoid flavor changing neutral
current (FCNC) interactions at tree-level [16], and then the
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models are classified according to the Z2 charge assign-
ments for the SM fermions. Among the four variants, only
the type-X and type-II models are able to explain the
anomalous nature of the ðg − 2Þμ. Due to larger couplings
of leptons to the additional non-SM Higgs bosons, these
2HDM models can solve the anomaly by including, in
addition to the usual one-loop contributions, two-loop
contributions from the Barr Zee type diagrams [17–19].
These diagrams contribute with the same order of magni-
tude, and sometimes dominate the one-loop contribution,
especially the contribution coming from the heavier Higgs
bosons, which is large [20]. The main difference between
the type-II and type-X 2HDMs lies in the quark couplings
to the additional Higgs bosons. In type-II 2HDM, both
charged lepton and down-type quark couplings are propor-
tional to tan β, and thus the model is severely constrained
by flavor physics [18] and direct searches of extra Higgs
bosons. The solution for the muon g − 2 requires large
values of tan β and very light pseudoscalar Higgs boson
masses, mA which, in type -II, are disallowed from B-
physics observables [21]. By contrast, in type-X 2HDM,
the quark couplings to the extra Higgs bosons are sup-
pressed, while the lepton couplings are enhanced, and the
flavor constraints are weaker than in type-II 2HDM. Thus,
without additional fermion content, only type-X 2HDM
survives as a possible framework for providing a solution to
the anomalous magnetic moment of the muon, while main-
taining consistency with the flavor constraints. Still, even in
type-X, agreement with low-energy data requires very light
mA and large tan β [17,19,21–24]. Furthermore, with large
tan β, the type-X model becomes leptophilic and is strin-
gently constrained by lepton precision observables [25].
To remedy the above-mentioned shortcomings, we intro-

duce a single generation of vectorlike leptons (VLLs) into
the 2HDM scenario.1 We show that this ameliorates both the
above-mentioned problems of the individual models while
still explaining the ðg − 2Þμ in a minimal approach. In our
scenario, VLLs couple with all the Higgs bosons, and their
mass is generated by both the Yukawa and bare mass term.
In this model, mixing between these additional VLLs and
the SM leptons is not necessary, and thus the Higgs signal
constraints on dimuon decays will not be affected.
Furthermore, we shall show that the SM Higgs decay to
γγ will remain well within the experimental uncertainty by
the contributions from the VLL loops and the charged Higgs
scalar loop. Finally, the VLL coupling with the non-SM
Higgs bosons gives rise to additional Barr Zee contributions,
enhancing the value for ðg − 2Þμ even for a heavier pseu-
doscalar Higgs boson. This scenario can thus be viewed as a
minimal set-up where VLLs resolve the ðg − 2Þμ anomaly,

while maintaining consistency with theoretical and exper-
imental constraints.
Our paper is organized as follows. In Sec. II, we discuss

the model Lagrangian for a Z2 symmetry 2HDM potential
augmented by a VLL generation. Following this, in Sec. III,
we explore all the relevant experimental and theoretical
constraints including a detailed analysis on the oblique
parameter constraints and the Higgs to diphoton decay
mode. Next, in Sec. IV, we address the contributions of all
the relevant one-loop and two-loop Barr Zee diagrams to
the muon anomalous magnetic moment in this scenario.
In Sec. V, we discuss our results and findings, and address
the effects of VLLs on heavy Higgs searches. Finally, we
summarize and conclude in Sec. VI.

II. TWO-HIGGS DOUBLET MODELS WITH VLLs

The scalar sector of the 2HDM is composed of two
SUð2ÞL doublet scalar fieldsH1 andH2. To avoid tree level
FCNC, we introduce an extra Z2 symmetry under which the
fields transform asH1 → H1 andH2 → −H2. Labelling the
H2 as the Higgs field which couples to the up-type quark,
the choices of Z2 charge assignments for different fermion
fields lead to four different variants of the 2HDMs, namely,
type-I, II, X and Y [13]. We focus on the type-X set-up of the
Yukawa interaction, as being most promising for ðg − 2Þμ,
but also investigate the consequences of our analysis on the
type-II structure in the respective section. In type-X 2HDM,
both the up and down-type quarks couple with H2 while
only the charged lepton couples with H1.
The most general Higgs potential in 2HDM with softly

broken Z2 parity is

VðH1; H2Þ ¼ m2
11H

†
1H1 þm2

22H
†
2H2 − ðm2

12H
†
1H2 þ H:c:Þ

þ λ1
2
ðH†

1H1Þ2 þ
λ2
2
ðH†

2H2Þ2

þ λ3ðH†
1H1ÞðH†

2H2Þ þ λ4ðH†
1H2ÞðH†

2H1Þ

þ
�
λ5
2
ðH†

1H2Þ2 þ H:c:

�
: ð4Þ

Here, we consider CP conservation in the scalar sector and
assume all the parameters to be real. The Higgs doublets
are, in terms of their component fields

Hi ¼
 

hþi
1ffiffi
2

p ðvi þ hi þ iaiÞ

!
; ði ¼ 1; 2Þ: ð5Þ

The minimization condition for the potential VðH1; H2Þ
can be used to express the two bilinear terms in the
potential as functions of the two vacuum expectation values
(VEVs) v1 and v2, where we define tan β ¼ v2=v1 as their
ratio. The mass eigenstates of the scalar bosons are
expressed by introducing the mixing angles α and β as

1Such VLL extensions but either in the context of an extra inert
doublet [26–30] or in generalized two-Higgs doublet scenario
[31], 2HDM with extra singlet [32] have been studied in the
recent past.
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�
h1
h2

�
¼
�
cos α − sin α

sin α cos α

��
H

h

�
;

�
a1
a2

�
¼
�
cos β − sin β

sin β cos β

��
G0

A

�
; ð6Þ

�
h�1
h�2

�
¼
�
cos β − sin β
sin β cos β

��
G�

H�

�
; ð7Þ

where G0 and G� are the Nambu-Goldstone bosons and
(h;H; A;H�) are the two CP-even, one CP-odd and the
charged Higgs mass eigenstates, respectively, and where we
assume mh < mH.

2

The general Yukawa interaction Lagrangian for 2HDM
with SM fermions is given by

LY ¼ −yuH̃T
uQLucR − ydH

†
dQLdcR − ylH

†
lψLecR þ H:c:;

ð8Þ

where H̃u ¼ iτ2Hu. In Eq. (8), Hu, Hd and Hl are either
H1 or H2 depending on the variant of 2HDM chosen. As
mentioned, for type-X scenario, Hu;Hd ≡H2 while
Hl ≡H1. Working in the scalar bosons mass eigenstate
representation, the interaction terms are expressed as

LY ¼ −
X

f¼u;d;l

mf

v
ðξhfhf̄f þ ξHf Hf̄f − iξAfAf̄γ5fÞ

−
� ffiffiffi

2
p

v
VudHþūðmuξ

A
uPL þmdξ

A
dPRÞd

þ
ffiffiffi
2

p

v
mlξ

A
lH

þν̄PRlþ H:c:

�
; ð9Þ

where f ¼ u (d;l), Vud is the Cabibbo-Kobayashi-
Maskawa matrix element, and we assume summation over
the three generations. The ξf factors in Eq. (9) for all the
four variants of 2HDM, as in [13] are given in Table I.

In our analysis, we have imposed the alignment limit [33]
condition on the 2HDM potential which sets the relation
between the two CP-even scalar mixing angles as
sinðβ − αÞ ¼ 1. In this limit, the tree level couplings of
the lightest CP-even state hwith mass 125 GeVare exactly
the same as the SM values, in agreement with the latest
Large Hadron Collider (LHC) Higgs data. This is a
simplification, but justified by the consistency of the
Higgs data with the SM predictions, so this is an acceptable
approximation for such multi-Higgs doublet scenario [34].
Therefore, in the alignment limit, with the lightest Higgs
mass mh set at 125 GeV and the electroweak VEV
v ¼ 246 GeV, there remain only 5 independent parameters
in the physical mass basis, which are: the three non-SM
scalar masses (mH;mA;mþ), the soft-symmetry breaking
parameter m2

12, and tan β.
We now supplement the 2HDM type-X or type-II

Lagrangian by a single generation of vectorlike leptons
(VLLs) which includes a set of leptons with the same
quantum numbers as ordinary leptons, and an additional set
of mirror leptons with same quantum number but with
opposite chirality. The new VLLs also have the same Z2

charge as the SM leptons. We define the VLLs by the
following notation:

LL ¼ ð1; 2;−1=2Þ; e4R ¼ ð1; 1;−1Þ ð10Þ

LR ¼ð1; 2;−1=2Þ; e4L ¼ ð1; 1;−1Þ; ð11Þ

where we have taken the charge as Q ¼ T3 þ Y. Hence,
within type-X or type-II 2HDMYukawa assignments, these
VLLs couple only to the H1 doublet and the Yukawa
Lagrangian can be written as

LVLL
Y ¼ −mL4

L̄LLR −mE4
ē4Le4R − y1L̄LH1e4R

− y2L̄RH1e4L þ H:c:; ð12Þ

where y1 and y2 are the VLLs Yukawa couplings and where
we assume, for simplicity, that the vectorlike leptons and
ordinary leptons do not mix. In general, mixing would be

TABLE I. Assignment of the Z2 parity (top) and ξf factors in Eq. (9) (bottom) in each type of the Yukawa interactions.

Z2ðH1Þ Z2ðQLÞ Z2ðLLÞ Z2ðH2Þ Z2ðucRÞ Z2ðdcRÞ Z2ðlc
RÞ

type-I þ þ þ − − − −
type-II þ þ þ − − þ þ
type-X þ þ þ − − − þ
type-Y þ þ þ − − þ −

ξhu ξhd ξhl ξHu ξHd ξHl ξAu ξAd ξAl

type-I cos α= sin β cos α= sin β cos α= sin β sin α= sin β sin α= sin β sin α= sin β cot β − cot β − cot β
type-II cos α= sin β − sin α= cos β − sin α= cos β sin α= sin β cos α= cos β cos α= cos β cot β tan β tan β
type-X cos α= sin β cos α= sin β − sin α= cos β sin α= sin β sin α= sin β cos α= cos β cot β − cot β tan β
type-Y cos α= sin β − sin α= cos β cos α= sin β sin α= sin β cos α= cos β cos α= cos β cot β tan β − cot β

2For detailed mass and coupling relations, refer to [13,33].
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allowed with the third family only (τ; ντ) to avoid lepton
flavor-changing interactions. Such mixing would be in
general expected to be small, but yield possibly interesting
collider signals [35]. The mixing would not affect our
considerations of ðg − 2Þμ significantly, while introducing
additional parameters, and thus we ignore it.
The charged lepton mass matrix for vectorlike states,

then, takes the form

L ⊃ ð ĒL ¯e4L ÞM
�
ER

e4R

�
þ H:c:;

M ¼
 mL4

y1v1ffiffi
2

p

y�
2
v1ffiffi
2

p mE4

!
: ð13Þ

This mass matrix M can be diagonalized by two biunitary
transformations UL and UR, MD ¼ ULMU†

R yielding the
eigenstates

l0L ≡
�
l1

l2

�
L

¼ UL

�
EL

e4L

�
and

l0R ≡
�
l1

l2

�
R

¼ UR

�
ER

e4R

�
; ð14Þ

with the diagonalizing matrices defined as

ULðRÞ ¼
�

cos θLðRÞ sin θLðRÞ
− sin θLðRÞ cos θLðRÞ

�
: ð15Þ

The spectrum consists of two mass eigenstates (l1, l2) in
charged sector with masses ml1;l2

, while the vectorlike
neutrino mass arises solely from the bare mass term
−mL4

ν̄4Lν4R þ H:c:, with the mass eigenstate mN ¼ mL4
.

For simplicity we consider Yukawa coupling with
ℜðy1Þ ¼ ℜðy2Þ ¼ yL.
The corresponding couplings with the physical Higgs

scalars are shown in Table II, where the neutral Higgs
couplings are

−λh1l̄1l1 ¼ yLðcos θL sin θR þ cos θR sin θLÞ
þ iðcos θL sin θRyi1 − cos θR sin θLyi2Þ; ð16aÞ

−λh1l̄2l2 ¼ −yLðcos θL sin θR þ cos θR sin θLÞ
þ iðcos θR sin θLyi1 − cos θL sin θRyi2Þ; ð16bÞ

−λa1l̄1l1 ¼ yLðcos θL sin θR − cos θR sin θLÞ
þ iðcos θR sin θLyi1 þ cos θL sin θRyi2Þ; ð16cÞ

−λa1l̄2l2 ¼ yLðcos θL sin θR − cos θR sin θLÞ
− iðcos θR sin θLyi1 þ cos θL sin θRyi2Þ: ð16dÞ

and, the charged Higgs couplings in Table II are

−λHþN̄l1Rð2RÞ ¼ y1ðsin θRðcos θRÞÞ
−λHþN̄l2Rð2LÞ ¼ y2ðsin θLðcos θLÞÞ: ð16eÞ

III. CONSTRAINTS ON THE
PARAMETER SPACE

Before embarking on the analysis of the effects of VLL
on the magnetic moment of muons, we summarize the
restrictions on the parameter space, both from experimental
constraints on the masses, but also from precision electro-
weak measurements and theoretical considerations.

A. Perturbativity, vacuum stability and unitarity

First, perturbativity of all quartic couplings is ensured by
imposing the condition jλij ≤ 4π. The requirement of
positivity of the potential enforces the following conditions
on the quartic couplings [36]

λ1;2 > 0 and λ3 þ λ4 − jλ5j þ
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
> 0 and

λ3 þ
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
> 0: ð17Þ

Finally, we constrain the model parameters by requiring
tree level unitarity for the scattering of Higgs bosons and
longitudinal parts of the electroweak gauge bosons. In
2HDM the necessary and sufficient conditions for the
S-matrix to be unitarity in terms of its eigenvalues are
derived in [37,38]. The eigenvalues of S-matrix, restricted
to ≤8π are given in terms of the couplings in the Higgs
potential, Eq. (4), to be

λ3 � λ4 ≤ 8π; λ3 � λ5 ≤ 8π; ð18Þ

λ3 þ 2λ4 � 3λ5 ≤ 8π;

1

2

�
λ1 þ λ2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2Þ2 þ 4λ24

q �
≤ 8π; ð19Þ

1

2

�
3λ1 þ 3λ2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9ðλ1 − λ2Þ2 þ 4ð2λ3 þ λ4Þ2

q �
≤ 8π;

ð20Þ

TABLE II. Yukawa couplings of VLLs with the physical Higgs
scalars in type-X and type-II 2HDM in the alignment limit.

Higgs state yXl̄iðN̄Þli
X ¼ h 1ffiffi

2
p λh1l̄ili cos β

X ¼ H 1ffiffi
2

p λh1l̄ili sin β

X ¼ A 1ffiffi
2

p λa1l̄ili sin β

X ¼ Hþ 1ffiffi
2

p λHþN̄liRðLÞ sin β
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1

2
fλ1 þ λ2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2Þ2 þ 4λ25

q
g ≤ 8π: ð21Þ

As mentioned, we have considered the alignment limit
condition of 2HDM potential which renders an exact SM-
like coupling for the lightest CP-even Higgs of mass
125 GeV at tree-level. In such limit, the degenerate mass
scenario for all the non-SMHiggs bosons naturally satisfies
the unitarity conditions at the electroweak scale [33,39] for
large tan β.

B. VLL mass restrictions from colliders

Constraints on VLL masses are weak: for sequential
charged heavy leptons, mL4

; mE4
> 100.8 GeV [40], while

for heavy stable charged leptons the limits are slightly
modified mL4

; mE4
> 102.6 GeV [40]. The searches for

heavy neutral leptons look for Dirac or Majorana fermions
with sterile neutrino quantum numbers, heavy enough not
to disrupt the simplest big bang nucleosynthesis bounds
and/or stability on cosmological timescales. Mass limits are
OðMeVÞ or higher [40]. Rather than establishing firm mass
limits, searches for these particles generically set bounds on
the mixing between them and the three SM neutrinos [40],
which are not applicable here, as we neglect them. In what
follows, we shall assume, allowing for uncertainties, that
for all VLLs, ml1 ; ml2 ; mN ≥ 100 GeV.

C. Effects of VLLs in Higgs diphoton decays

Our assumption of the alignment limit renders exact SM-
like tree-level couplings for h with fermions and vector
bosons. The collider mass restriction on the VLLs, as
discussed in Sec. III B, will only modify three body decay
modes for h, changing the total decay width negligibly.
However, the charged VLLs (l1, l2) can contribute to the
loop-induced decay mode of the Higgs into γγ along with
the charged scalar H� of the 2HDM scalar potential. The
current experimental limit on the Higgs to diphoton signal

strength is quite close to its SM value and stands at μγγ ≡
μexpγγ

μSMγγ
¼ 1.18þ0.17

−0.14 [41]. Therefore, it is mandatory to require

our model to be consistent with the current Higgs to
diphoton decay limit. The Higgs to diphoton decay width
is expressed in terms of the couplings to the particles in the
loop as

Γðh → γγÞ ¼ α2g2

1024π3
m3

h

M2
W

				F1ðxWÞ þ
4

3
F1=2ðxtÞ

þ
X2
i¼1

yhl̄iliF1=2ðxliÞ þ κhHþH−FþðxHþÞ
				2;
ð22Þ

where xj ≡ ð2mj=mhÞ2, j ¼ W; t; f;Hþ, mh is the SM
Higgs mass, and yhl̄ili (κhHþH−) are the couplings of SM

Higgs boson to vectorlike leptons (charged Higgs) with
mass mli (mþ), respectively. The loop functions F1; F1=2

and Fþ which appear in the calculation of decay width
Γðh → γγÞ are [42]:

F1ðxÞ ¼ 2þ 3xþ 3xð2 − xÞfðxÞ;
F1=2ðxÞ ¼ −2x½1þ ð1 − xÞfðxÞ�;
FþðxÞ ¼ −x½1 − xfðxÞ� ð23Þ

with

fðxÞ ¼

8>><
>>:

½sin−1ð1= ffiffiffi
x

p Þ�2; x ≥ 1

− 1
4

�
ln

�
1þ ffiffiffiffiffiffi

1−x
p

1−
ffiffiffiffiffiffi
1−x

p
�
− iπ

�
2

; x < 1
ð24Þ

and, the charged Higgs couplings to the SM Higgs is given
by [43]

κhHþH− ¼ −
1

2m2þ

�
2ðm2

h −m2
0Þ
cosðβ þ αÞ

sin 2β

þ ð2m2þ −m2
hÞ sinðβ − αÞÞ

�
; ð25Þ

where m2
0 ¼ m2

12

sin β cos β. In the SM the loop contributions to
h → γγ come from the top quark and W gauge boson
circulating in the loop, with a loop factor of F1ðxWÞ →
þ8.3 and F1=2ðxtÞ → −1.34 for mh ¼ 125 GeV. Since
VLLs do not contribute to Higgs production, we define
the ratio of decay width describing the enhancement/
suppression in h → γγ channel

μγγ ¼
σðpp → hÞ

σSMðpp → hÞ
Γðh → γγÞ

ΓSMðh → γγÞ ¼
Γðh → γγÞ

ΓSMðh → γγÞ : ð26Þ

In Fig. 1, we illustrate the restrictions on mass parameters
m0; mL;mþ for Oð1Þ Yukawa couplings and fixed
tan β ¼ 10, and for a particular choice of VLLs mixing
angles ðsin θL ¼ 0.5; sin θR ¼ −0.4Þ from the requirement
that μγγ agrees with the experimental value at 2σ. In the left
panel of Fig. 1, we show the allowed region for two
different choices of charged Higgs masses, mþ ¼ 200 and
300 GeV, drawn in orange and green shades respectively.
As one can see, for a particular charged Higgs mass,m0 can
be at most (a little more than) twice as large as mþ for any
values of mL. While on the right panel of Fig. 1, we fixed
both the charged VLL mass at mL ¼ 150 GeV and show
the allowed region in mþ −m0 plane. It is clear from these
graphs that a proper tuning between the soft-symmetry
breaking termm0, the charged Higgs massmþ and the VLL
mass parameter mL can easily satisfy the experimental data
for h → γγ. It is to be noted that although we chose a
particular value for the VLLYukawa coupling and tan β, the
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correlation between the mass parameters does not depend
crucially on the choice. The reason behind the choice
of the VLLs mixing angles relies on our later analysis of
oblique parameter constraints and muon anomalous mag-
netic moment values, as we will discuss in the following
sections.

D. Gauge boson couplings and oblique parameters

In addition to the Higgs data and the theoretical con-
straints defined in the previous subsections, crucial restric-
tions come from the electroweak oblique parameters, as the
additional scalars and leptons contribute to gauge boson
masses via loop corrections. The scalar contributions to the
oblique T and S parameters are well known and can be
found in [44,45].
For the VLLs contribution, we first compute the VLL

gauge couplings with the vector bosons, with the VLLmass
matrices defined by Eq. (14), and with the components of
the diagonalizing matrices given by Eq. (15). The W
couplings with VLLs can be written as,

LW ¼ gffiffiffi
2

p ðf̄iLγμAL
ijf

j
L þ f̄iRγ

μAR
ijf

j
RÞWþ

μ þ H:c:

¼ gffiffiffi
2

p N̄γμðAL
i l

i
L þ AR

i l
i
RÞWþ

μ þ H:c:; ð27Þ

where the couplings are given by,

ALðRÞ
1 ¼ ðcos θLðRÞÞ; ALðRÞ

2 ¼ ð− sin θLðRÞÞ: ð28Þ

The neutral Z-boson couplings with VLLs are given by

LZ ¼ g
2 cos θW

ðf̄iLγμczfjL þ f̄iRγ
μczf

j
RÞZμ

¼ g
2 cos θW

�
l̄L
i γ

μXL
iil

L
i þ l̄R

i γ
μXR

iil
R
i −

1

2
N̄γμN

�
Zμ;

ð29Þ

where cz ¼ ðT3 −Qsin2θWÞ and the values of Xii are

XL
11 ¼ XR

11 ¼
1

2
ð2sin2θW − 1Þ; XL

22 ¼ XR
22 ¼ sin2θW:

ð30Þ

We now proceed to analyze separately the new contribu-
tions of VLLs to the T and S parameters.

1. T-parameter

The general expression for the T-parameter contribution
from additional fermions is [46],

ΔTF ¼ 1

8πs2wc2w

X
i;j

½ðjAL
ijj2 þ jAR

ijj2Þθþðfi; fjÞ

þ 2ℜðAL
ijA

R�
ij Þθ−ðfi; fjÞ

−
1

2
ððjXL

ijj2 þ jXR
ijj2Þθþðfi; fjÞ

þ 2ℜðXL
ijX

R�
ij Þθ−ðfi; fjÞÞ� ð31Þ

FIG. 1. Restriction on (m0-mL) (left) and (m0-mþ) (right) plane from imposing the 2σ limit of h → γγ signal strength. Here m0 is the
soft breaking parameter defined in the text, and mL is the degenerate mass for the two vectorlike charged leptons. In the left panel, the
two shaded regions (orange and green) correspond to two different choices of charged Higgs mass, mþ ¼ 200 and 300 GeV
respectively. The choice of tan β, Yukawa coupling and VLL mixing angle, given in the right-hand side panel, is same for both the
figures.
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where, fi ¼
m2

fi
M2

Z
and the functions are defined as,

θþðx; yÞ ¼
(

xþy
2

− xy
x−y ln



x
y

�
x ≠ y;

0 x ¼ y:

θ−ðx; yÞ ¼
( ffiffiffiffiffi

xy
p h

xþy
x−y ln



x
y

�
− 2
i

x ≠ y;

0 x ¼ y:

2. S-parameter

The general expression for the S-parameter contribution
from additional fermions is [46],

ΔSF ¼ 1

2π

X
i;j

½ðjAL
ijj2 þ jAR

ijj2Þψþðfi; fjÞ

þ 2ℜðAL
ijA

R�
ij Þψ−ðfi; fjÞ

−
1

2
ððjXL

ijj2 þ jXR
ijj2Þχþðfi; fjÞ

þ 2ℜðXL
ijX

R�
ij Þχ−ðfi; fjÞÞ� ð32Þ

where, as before, fi ¼
m2

fi
M2

Z
and the functions are defined as,

ψþðx; yÞ ¼
1

3
−
1

9
ln
�
x
y

�
ð33aÞ

FIG. 2. Constraints on the S and T parameters as functions of masses and mixing parameters of VLL. Upper panel: constraints in the
neutral and charged VLL masses in the ðmN −mLÞ and ðml1 −ml2Þ plane. Lower panel: constraints on the mixing angles in the left- and
right-handed VLL sector in the sinðθLÞ − sinðθRÞ plane for two different benchmark scenarios. Left: degenerate VLL masses,
ml1 ¼ ml2 ¼ mN ¼ 300 GeV; Right: ml1 ¼ ml2 ≡mL ¼ 150 GeV, mN ¼ 100 GeV. We take throughout tan β ¼ 20 and degenerate
nonstandard Higgs masses are fixed at 300 GeV.
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ψ−ðx; yÞ ¼ −
xþ y
6
ffiffiffiffiffi
xy

p

χþðx; yÞ ¼
8<
:

5ðx2þy2Þ−22xy
9ðx−yÞ2 þ 3xyðxþyÞ−x3−y3

3ðx−yÞ3 ln


x
y

�
x ≠ y;

0 x ¼ y:

χ−ðx; yÞ ¼
8<
:− ffiffiffiffiffi

xy
p h

xþy
6xy −

xþy
ðx−yÞ2 þ 2xy

ðx−yÞ3 ln


x
y

��
x ≠ y;

0 x ¼ y:

ð33bÞ

Inserting the couplings from Eq. (28), we obtain

ΔTF ¼ 1

4πs2wc2w
ð2θþðf1; fNÞ þ ðsLθ 2 þ sRθ

2Þ½−θþðf1; fNÞ

þ θþðf2; fNÞ�2ðcLθ cRθ Þ½θ−ðf1; fNÞ�
þ 2ðsRθ sLθ Þ½θ−ðf2; fNÞ�Þ; ð34Þ

ΔSF ¼ 1

π
ð2ψþðf1; fNÞ þ ðsLθ 2 þ sRθ

2Þ½−ψþðf1; fNÞ
þ ψþðf2; fNÞ�2ðcLθ cRθ Þψ−ðf1; fNÞ
þ 2ðsRθ sLθ Þψ−ðf2; fNÞÞ: ð35Þ

The current global electroweak fit yields [40]

ΔT ¼ 0.07� 0.12; ΔS ¼ 0.02� 0.07; ð36Þ

which should be satisfied by the total contribution from
both the scalars and the new VLLs contributions. In Fig. 2,
we show the restrictions on the mass and mixing angles of
VLL, resulting from imposing restrictions on the S and T
parameters at 2σ uncertainty while keeping all the non-SM
scalars masses at the same value, 300 GeV. A degenerate
mass spectrum for the scalars will not have any impact on
the oblique parameters and thus the restriction on oblique
parameters will impose the relations among VLL param-
eters which can be further explored. As can be seen from
the upper panel of Fig. 2, for degenerate charged VLL
masses, a mass splitting of ðmL −mNÞ≲ 100 GeV with the
vectorlike neutrino (VLN) is required to satisfy the oblique
corrections. On the other hand, fixing the mass splitting
between the VLN with one of the charged VLLs at 50 GeV
allows mass splitting larger than 100 GeV between the two
charged VLLs. These results are independent of the choice
of VLL mixing angle. In the lower panel of Fig. 2, we show
the correlation between the mixing angles in the left and
right-handed sectors, θL and θR, restricted by the oblique
parameters values at 2σ. As expected, for a complete
degenerate mass scenario requiring the non-SM scalars
and the VLLs to have same mass, a larger parameter region
is allowed by the S and T parameters (bottom left), where

the degenerate masses are mL ¼ mH ¼ mA ¼ 300 GeV.
Note that small changes in the degenerate VLL mass
does not alter the left panel significantly. However, fixing
the VLL lepton masses at ml1 ¼ ml2 ≡mL ¼ 150 GeV,
with the VLN mass at mN ¼ 100 GeV, a significant
reduction in the allowed parameter space can be seen
(bottom right). In view of these analyses, we fix the VLL
mixing angles at sin θL ¼ 0.5 and sin θR ¼ −0.4 for the
following analysis on ðg − 2Þμ, as a viable choice, which is
also compatible with ðg − 2Þμ as we will discuss further.
Finally, we note that the mass and mixing angle correlation
is independent of our choice of tan β and of the degenerate
scalar mass.

IV. MUON ANOMALOUS MAGNETIC
MOMENT WITH VLL

We now discuss how the two Higgs doublet model with
one VLL generation resolves the long-standing anomaly of
the muon magnetic moment. In the SM, the muon magnetic
moment originates from the one-loop contributions with
diagrams with the Higgs, Z and W bosons and it has been
studied extensively in the past [2,47–49]. The one-loop
contribution to the ðg − 2Þμ, in a 2HDM regime, is
supplemented by additional neutral and charged Higgs
loops, as depicted in Fig. 3, and it has been analyzed in the
context of the type-X 2HDM scenario [23]. In the 2HDM,
the ðg − 2Þμ contributions are further enhanced by two-loop
Barr Zee diagrams contributing with similar strength as the
one-loop diagrams [17,22,50–55], as the two-loop contri-
butions have a loop suppression factor of (α=π) but benefit
from an enhancement of ðM2=m2

μÞ, with M the mass of the
heavy particle in the loop. A list of all relevant two-loop
Barr Zee diagrams have been given in [20] together with
the corresponding analytical expressions. In our case, the
most relevant additional Barr Zee diagrams are shown in
Fig. 4, where the fermion loop in Fig. 4(a) includes the
charged VLLs. Moreover, Fig. 4(d) will be non-negligible
for the VLLs, while for ordinary leptons it is suppressed by
the small neutrino mass. Similarly, in Fig. 4(d), one should
also add a diagram where the VLL loop is replaced by the
top and bottom quarks, but in type-X 2HDM, the quark
couplings are suppressed by cot β. However, for type-II
2HDM, they could contribute non-negligibly since the

FIG. 3. One loop diagrams contribution to magnetic moments
in 2HDM. Here ϕ0

i ¼ h, H, A.
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bottom quark Yukawa is also proportional to tan β.
We have, however, included all the contributions in our
analysis. The analytical expressions for the one-loop
diagrams that appeared in [25]. As we neglect mixing
between ordinary and vectorlike leptons, we do not have
additional contributions arising from one-loop diagrams.
The analytical expression for the additional Barr Zee

type diagrams including the VLL loops is

Δa2HDMμ ðFig: 4 a; b; cÞ

¼ αEMm2
μ

32π3v2

� X
i¼h;H;A

X
f

Nf
CQ

2
fy

i
fy

i
μGi

�
m2

f

m2
i

�

þ
X
i¼h;H

yiμgiVGW

�
M2

W

m2
i

��

þ m2
μ

16π2m2þ

αEM
π

X
i¼h;H

yiμyHþN̄li
Gþ

�
m2þ
m2

i

�
ð37aÞ

where, f includes both the SM fermions ðt; b; τÞ and VLLs
l1, l2.

Gh;HðrÞ ¼ r
Z

1

0

dx
2xð1 − xÞ − 1

xð1 − xÞ − r
ln

�
xð1 − xÞ

r

�
;

GAðrÞ ¼ r
Z

1

0

dx
1

xð1 − xÞ − r
ln

�
xð1 − xÞ

r

�
;

GWðrÞ ¼
Z

1

0

dx
xð3xð4x − 1Þ þ 10Þr − xð1 − xÞ

xð1 − xÞ − r

× ln

�
xð1 − xÞ

r

�
;

GþðrÞ ¼
Z

1

0

dx
xðx − 1Þ

xð1 − xÞ − r
ln

�
xð1 − xÞ

r

�
: ð37bÞ

For diagram (d) in Fig. 4 with VLL, the contribution is

Δa2HDMμ ðVLLÞðFig: 4 dÞ

¼ αEMm2
μ

32π3v2sin2θW

1

ðm2þ −M2
WÞ

×
X

f¼l1;l2

Z
1

0

dxQLð1 − xÞ½tan βyHþN̄lim
2
fxð1 − xÞ

þ tan βyHþN̄lim
2
Nxð1þ xÞ�

×

�
F

�
m2

N

m2þ
;
m2

f

m2þ

�
− F

�
m2

N

M2
W
;
m2

L

M2
W

��
ð38aÞ

where QL ¼ −1 and

F½r1; r2� ¼
ln½r1xþr2ð1−xÞ

xð1−xÞ �
xð1 − xÞ − r1x − r2ð1 − xÞ : ð38bÞ

Here, mL and mN correspond to the mass of the two
(degenerate) charged eigenstates of VLLs, and the vector-
like neutrino, respectively, and yHþN̄li is the charged Higgs
coupling with the VLLs, as defined in Table II. While for
diagram Fig. 4(d) with top-bottom loop, the contribution
can be found in [20]. Note that ðg − 2Þμ is real, and while
the couplings yHþN̄li , yhðHÞl̄ili , yAl̄ili can be complex, their
imaginary parts are assumed to be small, and thus they will
not affect our numerical calculations.
With the above setup, we proceed to perform our

analysis of ðg − 2Þμ.

V. RESULTS

In this section, we analyze our results and show the
effects of adding VLLs to 2HDM. We first analyze type-X
2HDM, which was the most promising scenario without
VLLs, and show that we are able to considerably enlarge
the pseudoscalar mass-tan β parameter space that can
explain the ðg − 2Þμ experimental result. To quantify our
considerations, we choose some benchmark points for the
model parameters, which satisfy all coupling constraints,
Higgs to diphoton data, and the oblique parameter con-
straints, as discussed in the previous sections.
In Fig. 5, we show the comparison between the allowed

parameter space in tan β −mA plane for the type-X 2HDM

FIG. 4. Dominant two-loop Barr Zee diagrams in 2HDM with VLLs. Here f ¼ t; b;l and f00 ¼ b, t, N where l ¼ l1;l2, and
ϕ0
i ¼ h, H, A.

MUON ANOMALOUS MAGNETIC MOMENT IN … PHYS. REV. D 102, 115034 (2020)

115034-9



scenario without (left panel) and with the extra VLL
generation (middle panel). As is evident from the figure,
the introduction of the VLL generation enlarges signifi-
cantly the parameter space allowing mA as large as
600 GeV at 2σ for tan β ∼ 50, while without VLLs type-
X 2HDM can only allow mA < 60 GeV at a much larger
tan β ∼ 100. The dark and light shades of color in the figure
refer to the 1σ and 2σ uncertainty in the ðg − 2Þμ, as
in Eq. (3).
Moreover the analysis for a type-II 2HDM with VLLs

yields a similar result for ðg − 2Þμ, validating same param-
eter range as type-X. As mentioned earlier, the bottom
Yukawa coupling has the same tan β dependence as the
charged leptons in the type-II 2HDM extension. Therefore,
the contribution from the bottom quark loop in Fig 4(a) and
top-bottom loop in Fig 4(d) should not be neglected. But,
the bottom quark mass is much less than the VLL mass and
the top mass Yukawa coupling is suppressed, so the VLL
loop yields the dominant contribution resulting in same
parameter region as allowed by ðg − 2Þμ data in type-X
scenarios. However, for type-II 2HDM, charged Higgs
masses mþ < 580 GeV are disallowed at 95% C.L. from
the BRðB → XsγÞ [56,57] leaving less parameter space for
the ðg − 2Þμ explanation. In the right-hand panel of Fig. 5,
we show an example plot for the allowed parameter space
in the mA − tan β plane for type-II 2HDM with an extra
VLLs model scenario, with the color convention the same
as in the other panels. The dashed red line denotes the limit
from BRðB → XsγÞ on the charged Higgs mass, which is
taken degenerate with the pseudoscalar mass. The left
side of the dashed red line is excluded at 95% C.L. and the
remaining region can satisfy the ðg − 2Þμ only at 2σ.
Nevertheless, the VLL extension allows the type-II
2HDM, as a valid 2HDM extension which correctly

satisfies the ðg − 2Þμ anomaly, while without VLLs the
whole scenario is ruled out. In the VLL augmented
scenarios, we consider degenerate masses for the non-
SM scalars while in the plot on the left panel of Fig. 5, the
heavier Higgs mass is fixed at mH ¼ 100 GeV. The
degenerate mass for the non-SM scalars is a more
conservative choice, imposed to obey the S, T,U parameter
restrictions. Our results in the left panel of Fig. 5, agree
with the results of [58]. In the middle and right panels of
Fig. 5, we take the charged VLL mass fixed at 150 GeV
while the VLN mass is 100 GeV. To understand the choice
of VLL mixing angle, we explore the effect on the other
model parameters.
To further analyze the restrictions, we continue our

investigation of the allowed space satisfying ðg − 2Þμ
constraints in Fig. 6. We show the allowed parameter
space in (a) ðmL −mAÞ, (b) ðyL − tan βÞ (upper panels) and
(c) ðmL − yLÞ, (d) ðsin θL − sin θRÞ (lower panels) planes,
respectively, for the type-Xþ VLLs scenario only. Similar
to Fig. 5, the dark and light shades of green reflect the 1σ
and 2σ restrictions on the respective parameter space. In all
the plots, we have considered equal masses for the heavy
and charged Higgs bosons as ðmA ¼ mH ¼ mþÞ, and the
vectorlike neutrino massmN lighter than that of the charged
VLLs by 50 GeV. The Yukawa coupling yL is chosen to
obey the perturbativity constraint yL < 4π. As expected,
the VLL Yukawa coupling yL is required to be large at
smaller tan β [see Fig. 6(b)] to yield a significant contri-
bution from VLL Barr Zee loop, while for fixed tan β,
smaller yL can accommodate large mass for the VLLs
mL [see Fig. 6(c)] since both the Barr Zee diagrams in
Fig. 4(a,d) are proportional to the product tan βyLm2

L. One
important observation is that the VLL mixing angles sin θL
and sin θR are required to have opposite signs, with the

FIG. 5. Comparison of the allowed parameter space in mA − tan β plane for solutions reproducing the correct value for the muon
anomalous magnetic moment in type-X 2HDM without VLLs (left), with VLLs (middle) and type-II 2HDM with VLLs (right). We
show the constraints imposed by agreement with the muon g − 2 at 1σ (dark green) and 2σ (light green).
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right-handed mixing angle θR being negative. The alternate
sign choice, i.e., choosing θL to be negative will result in
negative contribution to the ðg − 2Þμ. This is predominantly
due to the relative negative sign in the VLL Yukawa
couplings of the CP-odd Higgs with respect to that of
CP-even Higgs, as shown in Eq. (16d). This justifies our
choice of mixing angle in this study that also satisfies other
constraints. Finally, our results in Fig. 6 illustrate the
features of the model parameters that explain the ðg − 2Þμ
anomaly.
Given our assumptions on non-SM mass limits, we

address the latest constraints from the heavy Higgs boson
searches at the LHC Run II [59]. In the large tan β limit, the
heavy Higgs bosons in type-X 2HDM become leptophilic
and decay to ττ mode with almost 100% branching ratio
(BR). After the second run of LHC at 13 TeV center of mass
energy with 139 fb−1 luminosity, the ATLAS collaboration

set new strong limits on such models from the heavy Higgs
searches into ττ mode [59], ruling out heavy Higgs masses
less than 1 TeV when tan β ∼ 20. This imposes a stringent
limit on the type-X model parameter region consistent with
ðg − 2Þμ. However, consistent with our model assumptions,
the heavy Higgs bosons can decay, predominantly or
significantly, into the vectorlike charged leptons reducing
theBR to ττmode considerably. In Fig. 7,we show theBRof
theCP-evenheavyHiggswithmassmH (bottompanels) and
CP-odd Higgs with massmA (top panels) in the mass range
where the decay into VLLs is kinematically possible, for
fixed mass mH ¼ mA ¼ 350 GeV (left panels) and fixed
tan β ¼ 30 (right panels). As one can see, the VLLmodes, if
not dominate, then at least reduce the branching ratio to the
ττ mode considerably, relaxing the LHC constraint, and
ensuring the viability of the parameter region satisfying
ðg − 2Þμ constraints.

FIG. 6. Model parameter space satisfying the muon anomalous magnetic moment in type-X 2HDM with VLLs at 1σ (dark green) and
2σ (light green) uncertainty.
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Since, we have not considered any mixing between the
VLLs and the SM leptons, the only possible decay modes
for the VLLs are via gauge interaction ðlþ

i → Wþ þ NÞ
yielding three body decays. The neutral lepton N will
contribute to the missing energy signal. A somewhat related
study has been done in a previous work [60] where the
possibility of detecting such VLL in the context of left-right
symmetric model was explored. Moreover, in that paper,
the possibility of the neutral heavy lepton being a viable
dark matter candidate has also been discussed. Here, we
leave such detailed study of LHC constraint in the 2HDM
with VLLs for future exploration.

VI. SUMMARY AND CONCLUSION

We have shown that enlarging the fermionic content of
the SM to include one generation of vectorlike leptons (two

doublets, and two singlet charged leptons, one with SM
quantum numbers, and the second a mirror, with opposite
chirality) can resolve the inconsistency between the theo-
retically expected and experimentally measured values of
the muon magnetic moment. We choose to do this in a
scenario with a minimum number of parameters. As we do
not allow mixing between vectorlike and SM fermions
(which would be restricted to involve third generation only,
to avoid leptonic FCNCs) the simplest scenario that will
obey all experimental constraints would be an extension of
the SM by an additional scalar doublet, the 2HDM. To
reconcile the discrepancy, we concentrated on the soft
Z2-symmetry breaking 2HDM scenario in type-X (lepton
specific) variant of the model, with explicit CP conserva-
tion in the potential, while also providing an analysis for
type-II scenarios. We restrict ourselves to working in the
alignment limit, where the lightest CP-even Higgs boson

FIG. 7. Branching ratio of non-SM CP-odd (top) and CP-even Higgs bosons (bottom) as functions of tan β for a fixed mass
mH ¼ mA ¼ 350 GeV (left panels) and as functions of mass, for fixed tan β ¼ 30 (right panels).
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coincides with that of the SM, insuring agreement with
LHC data.
We first ensured that we worked in a parameter region

(scalar and VLL masses, tan β, and left and right VLL
mixing angles) which satisfies constraints from precision
electroweak parameters, S and T, SM Higgs data (in
particular, we guarantee the agreement with Higgs decay
to diphotons, which is affected by the additional scalars and
VLLs), while requiring the coupling constants to be within
limits respecting the perturbativity, unitarity and vacuum
stability of the Higgs potential.
Within these limits, we then investigated the effects

of the additional scalars and VLLs on the anomalous
magnetic moment of the muon. At one-loop level, in
addition to the SM contributions, the additional Higgs
bosons also enter in the loops, while (in addition to the non-
SM scalars of the 2HDM potential), the VLLs contribute
significantly to the ðg − 2Þμ only at the two-loops, via the
Barr Zee diagrams.
We performed a comprehensive analysis, including all

relevant one- and two-loop diagrams, and showed that the
allowed parameter space for type-X 2HDM is greatly
enhanced from its version without VLLs. Previously, it
was shown that in type-X 2HDM without VLLs only very
light pseudoscalar masses around mA < 60 GeV, valid for
tan β ∼ 100, can be consistent with the ðg − 2Þμ, while the
addition of VLLs allows the mass of the pseudoscalar
Higgs to be as large asOð1 TeVÞ with even tan β ∼ 50, and
lighter masses release more parameter space for tan β.
Moreover, introduction of VLL allows some parameter

space for the type-II 2HDM. Type-X and type-II share the
same lepton Yukawa coupling, but in type-II lepton and
down quark Yukawa couplings are correlated. When these
are large, flavor bounds from the quark sector restrict
further the parameter space for type-II 2HDM. Without
VLLs, none survives, while introducing VLLs opens the
same parameter regions as for type-X, before additional
restrictions apply.
We also discussed the recent restrictions on the heavy

Higgs masses from the LHC. There, we find that the
additional decay modes of the heavy Higgs into the
vectorlike leptons, allowed in our parameter space, relax
the recent strong bound from Higgs decay into ditaus on the
type-X and type-II 2HDM, thus not diminishing the
parameter region consistent with ðg − 2Þμ agreement.
As a passing note, we would like to comment that the

potential of observing VLLs at colliders is outside the
scope of the present paper but has been investigated more
thoroughly in other works [61]. In our model, as the VLLs
do not mix with third generation leptons, they can be pair-
produced at the LHC and decay via a virtualW boson into a
VLN (seen as missing energy), one neutrino and one
ordinary lepton, yielding a 2lþ Emiss signal.
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