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We calculate contributions to the anomalous magnetic moment of the muon from heavy neutral and
charged Higgs bosons and new leptons in two-Higgs-doublet models extended by vectorlike leptons. We

present detailed predictions of two models with type-II couplings to standard model fermions, motivated by
a Z, symmetry and supersymmetry. In addition, we compare the results with the standard model extended
by vectorlike leptons. We find that the model motivated by a Z, symmetry can generate much larger
contributions to the magnetic moment compared to the standard model, even by two orders of magnitude

due to tan’ # enhancement, while satisfying current constraints. As a consequence, the standard model
explanation of the anomaly requires much larger corrections to muon couplings making this model easier to
probe at future precision machines. Additionally, we find that the model with couplings motivated by
supersymmetry typically leads to much smaller contributions to the magnetic moment as a result of
cancellations. We also identify interesting scenarios where contributions from the charged Higgs boson can

fully explain the anomaly.
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I. INTRODUCTION

The Standard Model (SM) provides a spectacular
description of nature, surviving stringent tests at both
the current energy and precision frontiers. Indeed the
absence of any direct signal for new particles at the LHC
implies strong bounds for many kinds of new particles up
to several TeV. Further, the discovery of the Higgs boson
and the subsequent measurements of the Higgs couplings
to gauge bosons and fermions indicate that the SM is the
appropriate effective theory of electroweak (EW) sym-
metry breaking.

Despite the lack of any direct clue for new particles,
some discrepancies with SM predictions still persist
evoking a variety of models for new physics whose
low-energy effects could be probed indirectly. In particu-
lar, the measurement of the magnetic moment of the muon
deviates from the SM prediction by more than four
standard deviations [1-3]. Examples of models which
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may lead to an explanation of this discrepancy with
particles at or slightly above EW include possible new
fermions, scalars, gauge bosons, or combinations of new
particles, e.g., in the MSSM. For detailed reviews see [4—
8] and references therein. Naively, new particles which
can account for the anomalous magnetic moment cannot
be too far above the EW scale, since the typical con-
tribution from new particles can be parameterized by
Aa, ~ ghpm?/167°mp, where gnp and myp are the
coupling and mass of new particles. In some cases, certain
enhancements can allow for heavier particles. For instance
in the MSSM, the contribution can be enhanced by tan 8
[9]. Alternative explanations involve very light particles
which, to avoid a variety of constraints, must be singlets
under the SM [10-16].

In models with new fermions which have the same
quantum numbers as SM leptons, the contributions to
(9—2), associated to new physics are proportional to
the mixing parameter, mﬁE , which simultaneously contrib-
utes to the muon mass. The contribution to (g — 2), can be
estimated by Aa, ~m,’v/167*mip ~ m,m5E /1672 v?
[17,18]. In this case chirality flipping operators lead
to a chiral enhancement, Av/m,, compared to the typical
contribution. Chiral enhancement effects related to (g — 2),
are additionally motivated by connections with recent B
anomalies [19-23], the Cabibbo angle anomaly [24,25],
and dark matter [26-28].
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In this paper, we focus mainly on type-11 2HDM models
with vectorlike leptons as an explanation for the anoma-
lous measurement of (g — 2),. We study in detail a type-II
2HDM motivated by a Z, symmetry (2HDM-II-Z,),
highlights of which were presented previously in [29].
A striking feature of this scenario is found in a tan’j
enhancement in the contributions of heavy Higgses to
(g— 2)” compared to those of W, Z, and h in addition to
the chiral enhancement expected in models with VL. In
contrast, the same couplings which generate a large
correction to (g—2) , also lead to corrections of W, Z,
and & couplings to the muon resulting from mixing that
are tan” /3 suppressed. This would allow for a contribution
to Aa, even two orders of magnitude larger than the
measured value while simultaneously satisfying low-
energy observables, or an explanation of the measured
value, Aa,P, with tiny corrections to SM couplings, or
even an explanation of Aa, " from new leptons with
masses of tens of TeV. Interestingly, future precision
measurements can fully explore scenarios with heavy
new leptons indirectly [29]. In addition, a muon collider
would be perfectly suited to explore heavy lepton masses
directly [30-32].

We also discuss a version of the 2HDM motivated by
supersymmetry (2HDM-II-S). In particular, we call atten-
tion to the fact that in either model, the couplings of the
Higgs doublets to SM leptons are indistinguishable.
However, when the models are extended with VL each
symmetry dictates a different structure of Yukawa cou-
plings leading to drastically different results. In this version
of the model we find that the contributions to Aa, from
vectorlike leptons and heavy Higgses with comparable
masses tend to cancel with those of W, Z, and h. Viable
explanations of Aa, " can be achieved either by decoupled
heavy Higgses or from the charged Higgs contribution if
vectorlike neutral singlets are included.

Furthermore, we extend previous studies of the SM
extended with vectorlike leptons [17,18]. In particular, we
include couplings to vectorlike neutral singlets (also
considered previously in [33]), and extend the range of
possible couplings and masses that can explain Aa,’. In
addition, we impose updated experimental constraints
emphasizing the impact of recent measurements of the
SM Higgs coupling to the muon [34]. It has been noted
that the correlation of the Higgs coupling to the muon
with other observables can often give complementary
information on models for new physics [17,18,29,35].
Interestingly, we find that this constraint limits the possible
contribution to Aa,, in the SM with vectorlike leptons close
to the current central value, while in the 2HDM-II-Z, it
allows for even two orders of magnitude larger contribution
to Aa, than the measured value. However, the 1o range of
Aay® can be explained with a similar range of heavy lepton
masses as in the 2HDM-II-Z,. To illustrate the impact of

future precision measurements, we study possible modifi-
cations of W, Z, and h couplings to the muon.

In our discussion we focus on scenarios where vectorlike
leptons share analogous quantum numbers to SM leptons.
This allows for straightforward extensions of the SM by
complete vectorlike families in the context of simple
unified models. The extension of the SM with vectorlike
familes provides a possible explanation for the observed
hierarchy of gauge couplings [36,37], while the MSSM
with a complete vectorlike family can explain the structure
of the seven largest couplings in the SM at the EW scale
when all new particles are in the multi-TeV range [38—40].
Vectorlike quarks around the same scales can also lead to
more natural EW symmetry breaking [41,42]. For other
examples of explanations of Aa, " with vectorlike leptons
either with the same or different quantum numbers, see also
Refs. [19,20,23,24,26,43-49]." Related studies of (g — 2),
in the MSSM with vectorlike leptons (not including one-
loop contributions from heavy Higgses) were presented in
[50-52]. For previous studies of supersymmetric models
with vectorlike leptons, see also [53,54]. Related discus-
sions of collider searches for heavy new leptons can be
found in [55-60] and similar studies with vectorlike quarks
in [61-63].

This paper is organized as follows. In Sec. II, we describe
the 2HDM-II-Z,, 2HDM-II-S, and SM extended with
vectorlike leptons which mix with the muon at tree
level. In Sec. III, we present formulae for contributions
to (g—2), in models with extended Higgs and lepton
sectors that can be applied to any model. We discuss details
of our analysis and a variety of constraints relevant to heavy
leptons and Higgs bosons in Sec. IV. We present detailed
results and discussion for all three models in Sec. V and
conclude in Sec. VI. In Appendix A, we provide general
formulas for couplings of the muon to Z, W, and Higgs
bosons in the 2HDM-II-Z, and provide an explicit deri-
vation of the Goldstone boson equivalence theorem for
couplings of the Z and W boson. In addition we list useful
approximate formulas which aid in understanding of the
results. We provide details of the 2HDM-II-S in
Appendix B. We comment on the relative size of possible
Barr-Zee contributions in Appendix C.

'In particular, similar 2HDM variants with VL have been
explored recently in [47,48]. We find disagreement with the
results in [48] in connection with (g —2),, where the neutral
Higgs contributions are incomplete. Further, the authors claim
that the charged Higgs contribution does not have any chiral
enhancement, which we do not find to be correct. In [47] the
authors do not consider chirally enhanced one-loop contributions
and rather solely consider two-loop Barr-Zee contributions to
(9 —2),- However, we find that these contributions are negligible
compared to chirally enhanced one-loop contributions by several
orders of magnitude.
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II. MODELS

We consider a two-Higgs-doublet model extended with
vectorlike leptons (VL) in which both SU(2) doublet, L; g,
and singlet representations, E; p and Ny g, are included.
We assume that the left-handed new doublet, L;, trans-
forms under the same representations as the left-handed SM
leptons. Likewise, the right-handed charged singlet, Ep,
has the same quantum numbers as the right-handed SM
leptons. Further, we assume couplings of SM leptons to the
Higgs doublets as in type-II models where H, couples
exclusively to the down-sector leptons and H, to the up-
sector. This can be achieved by assigning appropriate
charges under a Z, symmetry. Alternatively, the super-
symmetric extension of the SM automatically leads to
couplings of SM fermions of type-II [64]. However, when
VL are included the Z, symmetry and supersymmetry
enforce different structures of their Yukawa couplings to
the Higgs doublets, and thus we distinguish the two
models. We will also compare these models with the
SM extended with VL. In all cases, the leading contribu-
tions of the model to (g—2), originate from possible
mixing of VL leptons to the 2nd generation SM leptons.
Thus, for simplicity we will consider only Yukawa cou-
plings leading to mixing of VL leptons to the muon and
muon neutrino.

A. 2HDM-II-Z, with vectorlike leptons

For the main focus of this paper, we consider the type-II
two-Higgs-doublet model motivated by Z, symmetry. The
quantum numbers of SM leptons, Higgs doublets, and
vectorlike fields are summarized in Table I. A similar
model with vectorlike quark doublets and singlets was
considered in [61]. While the phenomenology related to
vectorlike quarks will not be pertinent in this paper,
generalizing the model to a 2HDM with a complete VL
family is straightforward.

In the basis where the SM lepton Yukawa couplings are
diagonal, the most general Lagrangian of Yukawa cou-
plings and VL masses under these assumptions is given by

LD =y, lugHy = Agl ExHy— Ay LipugHy — AL EgH
— ZH;ELLR — KNZLNRHM - K]:LNRHu - I?HENLLR

where the doublet components are labeled as

Hr ' Ly g

H) H)
H,= “, H, = ‘. 2
¢ (H2> ! (H;) @)

In the process of electroweak symmetry breaking the
neutral components of the Higgs doublets develop vacuum

TABLE L. Quantum numbers of Standard Model leptons, Higgs
doublets, and vectorlike leptons under SU(2), x U(1l), x Z,.
After electroweak symmetry breaking, the electric charge is given
by Q = T5 + Y, where T; is the weak isospin.

Iy €R H, Hy L NLA,R Er g

su, 2 1 2 2 2 1 1
U(l)y e i -1 0 -1
Z + - 4+ = + -

expectation values, (HY) = v, and (HY) = v,, such that
\/ V3 + v = v =174 GeV, and we define tan = v,/ v,.
Additionally, the charged lepton mass matrix becomes

HR
(A LT E )M, | Lg
Eg
yuva 0 Agvy HR
= (L7 EL) | Apvg My vy Ly |- 3)

0 Zl}d ME ER

Similarly, for the neutral leptons we obtain

IJRZO
@, LY. N )M, | LY
Ng
0 0 KnUy, I/R:O
=L, L}, N O M, ko, Ly | @
0 E”Uu MN NR

where for convenience we have inserted vz = 0 to present
the mass matrix in 3 x 3 form. The mass matrices can be
diagonalized by biunitary transformations

Yua 0 Agvy m, 0 O
US| avg My dwg |U4=| 0 m,, 0 |, (5
0 v, Mg 0 0 m,
0 0 «kyv, 0 O 0
vilo M, «kv, |Us=[0 m, 0 [, (6
0 kv, My 0 0 my,

to obtain lepton mass eigenstates. We label new charged
leptons as e4 and es, and neutral leptons as v, and vs. The
mixing of VL to the 2nd generation will induce modifi-
cations of the muon couplings to gauge and Higgs bosons,
leading in particular to flavor nondiagonal lepton cou-
plings. Details of all couplings in the mass eigenstate basis,
as well as approximate formulas for individual couplings in
the limit of heavy VL masses are given in the Appendix A.
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FIG. 1. Contributions to (g —2) . from diagrams involving W, Z, and Higgs bosons with new leptons.

B. 2HDM-II-S with vectorlike leptons

Another well motivated 2HDM-type scenario is the
MSSM extended with vectorlike leptons. We do not con-
sider contributions from superpartners which depend on
further assumptions about the SUSY-breaking sector. These
could be simply added to the contributions from heavy
Higgses and VL. Alternatively, our results are complete in
the limit of heavy superpartners such that the relevant low-
energy particle content of the model is the same as the
2HDM-II-Z,. Despite the same particle content, slight
differences in the structure of Yukawa couplings will lead
to very different results in this case. In the supersymmetric
version of the model (2HDM-II-S) the requirement that the
superpotential be holomorphic forbids the terms AH ZE 1 Lg
and kH,N . Lr. However, similar terms are generated
through couplings with H, and H, respectively. We defer
to Appendix B for detailed discussion of the model.

The resulting structure of mixing matrices and couplings
follows similarly as in the 2HDM-II-Z, case with the
exception that Av, — Av, and kv, — &v, in Egs. (5) and
(6). This results in replacement of A — Atanf and & —
k/tan f in the couplings of gauge bosons and the light SM
higgs, while the couplings for the heavy CP-even, CP-odd,
and charged Higgses are found with the replacement A —
—J/tanf and & — —%tan f. In later sections, we will see
that this will result in dramatic differences in the predictions
for (g —2), compared to the 2HDM-Z, version.

C. SM with vectorlike leptons

The SM extended with VL and the corresponding con-
tributions to (g — 2),, have been studied in detail in [17,18].

In Sec. V, we will briefly elaborate on these results, in
particular updating the viable parameter space with respect
to recent improved measurement of 4 — ptu~. In this case
there is essentially no difference in the structure of Yukawa
couplings or mixing matrices compared to the 2HDM-II-Z,
version of the model with the caveat that the vevs in Egs. (5)
and (6) should be replaced by v; - v and v, — v (for
couplings of the light Higgs this also translates to cos f§ — 1
in Eq. (A25) and related approximate formulas).

III. CONTRIBUTIONS TO (g -2), FROM NEW
LEPTONS IN TWO-HIGGS-DOUBLET MODELS

The 1-loop contributions to (g —2), from new particles
induced by mixing with the muon in two-Higgs-doublet
models are shown in Fig. 1. In this section, we present
analytical formulas for these contributions in a general two-
Higgs-doublet model. Contributions from SM bosons were
previously calculated in [17,18].

Defining the couplings of lepton mass eigenstates to the
W-boson by

£ D (l;/La}’MgzvyaebéLb -+ IaRa]/ﬂgzvyaebéRb)W; + H.C., (7)

the corresponding contribution to (g —2), is

Wu,
2+ lgr P Fw ()

m
AaW — 1 m Wv,u
Ty ;45[ ullor

— my, Re[gp"" (91" ) ] Gw (xiy)], (8)

where x§, = m? /M3, and the loop functions, Fy (x) and
Gy(x), are given by
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4x* —49x% +78x* —43x + 10+ 18x3 In(x)
6(1—x)* '

Fy(x)= )

—x3 + 12x2 = 15x + 4 — 6x% In(x
Gy(x) = 01— ( ).

(10)

Similarly, we define couplings of charged or neutral
leptons, generically denoted by f,, to the Z-boson by

LD (Frar'dl frp + }Ray”gifafthb)Zy' (11)

The Z-boson contribution to (g —2), is then given by

-m Zue, e, )
0t = () 30 m e+ o)
— mq, Re[gg"“ (g7"*) |Gz (x3)], (12)

where the sum is over charged leptons, e, and es, and
x4 = m?2 /M%. The associated loop functions are given by

 5x*—14x° 4+-39x? — 38x+ 8 — 18x% In(x)

Fz(x) 12(1—x)? ’

(13)
x4+ 3x — 4 —6xIn(x)

Gz(x) = 2(1 —x)3

(14)

Contributions from neutral Higgs bosons /, H and A are
identical up to their couplings. For ¢ =h, H, A we
can define the couplings of charged leptons to neutral
Higgses by

1 -
L> —E@Lalfaebélebgb +H.c. (15)

The contributions from neutral Higgses to (g — 2),, involv-
ing new charged leptons are then

m
Aaz) - Z <3271'2ﬂm§)> [mﬂ(u“l(fea|2 + M?Hﬂ|2)F¢(xf;;)
a=4,5

+ meuRe[Aﬁezxﬂfaﬂ]qu(xg)]’ (16)

where x§ = mg /mj and

x* = 6x2 +3x + 2 + 6x1n(x)
6(1—x)* '

Fy(x) = (17)

—x? 4+ 4x =3 = 21In(x)
(1-x)*

Gylx) = (18)

Finally, couplings of charged and neutral leptons to the
Higgs in the mass eigenstate basis can be defined by

— _73 H* 5 + % 9 HT A -
EHi = _yLa/lvae;,eRhH — eLa/Ieuv,,beH + H.c. (19)

The contribution to (g —2), from loops with the charged
Higgs is then given by

—m
Aayf” = (W) D I (2P + 4, ) F s ()

H*/ a=45
+m,, Re[HL AH"1G e (x2.)], (20)
where x4, = mj /m7,. and

2x3 4 3x% — 6x + 1 — 6x% In(x)
Fpe(x) = s e

—x2 X X
G () = +(11 sz)S In(x)

(22)

We emphasize that the formulas given in this section
are not specific to any particular 2HDM strucutre (type-I,
type-11, type-X, etc.) and can be used in any model with
new leptons and extended Higgs sector. Specific contribu-
tions to (g—2), in the 2HDM-II-Z, we consider are
obtained by inserting the forms of the couplings summa-
rized in the Appendix A. For the 2HDM-II-S and SM
appropriate replacements were discussed in the previous
section.

Two-loop contributions to (g —2), from Barr-Zee (BZ)
diagrams can sometimes be competitive with one-loop
predictions due to chiral enhancement in the closed fermion
loop, however they are negligible compared to the chirally
enhanced one-loop contributions above. Compared to the
one-loop contributions, we find that the typical size of BZ
contributions are roughly a factor of O(10™* —107)
smaller, see Appendix C for details. In all the results we
present that explain Aay,” within 16, the contributions from
BZ diagrams are never more than O(107%) compared to
one-loop contributions.

IV. PARAMETER SPACE AND EXPERIMENTAL
CONSTRAINTS

To study the contributions to (g—2), we vary both
dimensionful and dimensionless parameters in the model
{My, Mg, My} and {2, Ag, A, A, ky, &, K}, tan 3, and Higgs
masses.

We require M; > 800 GeV, My > 200 GeV, and
My > 100 GeV in order to generically satisfy constraints
from searches for new leptons [65-68]. However, it should
be noted that the limits vary significantly with the assumed
pattern of branching ratios of new leptons to W, Z and &
[69] and, in the model we consider an arbitrary pattern of
branching ratios can occur [57] (for a more detailed
discussion of branching ratios and approximate formulas
for relevant couplings of vectorlike quarks which are
completely analogous to leptons, see also Ref. [61]).
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General pattern of branching ratios can allow significantly
lighter new leptons than we consider here, especially SU(2)
singlets.

For dimensionless parameters we will typically explore
values of Yukawa couplings up to 0.5 or 1. Values up to
+1 are motivated by perturbativity limits at very large
energy scales, possibly the GUT scale (depending on other
details of the model). Occasionally, we will extend the
range of couplings up to 4\/4z which is motivated by
perturbativity limits of couplings at the scale of new
physics. Note that the signs of three Yukawa couplings
are not physical and can be absorbed into a redefinition of
three vectorlike lepton fields. For example, 1;, Az and xy
can be chosen to be positive.

We impose constraints from precision EW data related to
the muon and muon neutrino that include Z-pole observ-
ables, the W partial width, and the muon lifetime. We also
impose constraints from oblique corrections [70,71]. These
are obtained from data summarized in ref. [3].

Precision EW measurements constrain possible modifi-
cation of couplings of the muon to the Z and W bosons at
~0.1% level which, in the limit of small mixing, translates
into 95% C.L. bounds on Ag and 4; couplings [17]:

AEvq ALvg

<0.03, <0.04 (23)

ME L

assuming only the Yukawa couplings in the charged sector.
In the neutral lepton sector the strongest limits are obtained
from the muon lifetime. These were discussed in Ref. [56]
together with constraints from the invisible widths of the Z
boson. The constraint on the W — v — u coupling translates
into an approximate 95% C.L. upper bound on the size of
ky and Ag couplings:

Koy \2 AEvq 2<
— 0.035, 24
\/(MN> +<ME> = 24)

which is slightly lower compared to the one quoted in
Ref. [56] due to lower uncertainty in the W mass [3].

In type-Il 2HDM neutral Higgs bosons are currently
constrained by H(A) — f7 only for tan # < 2 [72]. At large
tanf, it is the subleading H(A) — t7z~ decay mode
[73,74] which leads to stronger limits than H(A) — bb
[75,76]. Similarly, the strongest limit on the charged Higgs
boson at large tanf# correspond to the subleading decay
mode H* — zv [77,78]. The limits on H' — th are
currently weaker at large tan 3, however they also constrain
charged Higgs masses below tanf ~2 [79-81].

For simplicity, for the 2HDM-II-Z, we assume degen-
erate heavy Higgs masses my = my = my+ and for
2HDM-II-S we assume the standard tree-level relations
between masses of heavy Higgs bosons. Thus, we
only impose ATLAS limits on H(A) — vz~ [73] and on

H* — tb [81] which are currently the strongest at large and
small tan  respectively. These assumptions are also suffi-
cient to satisfy constraints from flavor observables [82].
In addition to constraints on heavy Higgs masses, there
are relevant constraints on the SM Higgs coupling to the
muon through its modified relation to the muon mass. In the
present case, the physical muon mass originates from its
coupling to H,; as well as mixing with heavy leptons

my, ~y,v,+ mﬁE, (25)
where we have defined

E_ A Apv? cos® [}’ (26)
MM,

my
that would give the muon mass in the absence of y, as can
be seen from the determinant of Eq. (5). Thus, for a given
set of parameters that fix mS*, y, can be iteratively
determined so that Eq. (25) leads to the measured value
of the muon mass. However, the sign of the muon mass
determined by Eq. (25) is not physical and thus there are
two solutions, yff, leading to +m,, either of which is
acceptable in principle. The wrong-sign of the mass can
always be rotated away by proper field redefinition of
eigenstates. Due to the arbitrary overall sign of mﬁE it is
always possible to restrict to y, solutions.

From the Higgs coupling to the muon

M=y, cosf+3mLE /v~ (m, +2m5E) [v,  (27)

it follows that A", > 3(4%,)™ when mL® > m,. Current
measurements of the &7 — pu~ decay [34] by far exclude
this possibility. Thus, in our numerical analysis we restrict
to regions of parameters where mif <m,, and thus
yi > 0. We will explore the impact of & — "y~ con-
straints in this region further in the following section.

We note that similar loops as in Fig. 1 will also generate a
correction to the muon Yukawa coupling. This could lead to
large corrections to y, compared to the value needed to
reproduce the muon mass. As a simple example, we will see
in the following sections that regions of parameters which
achieve Aa,, " within 1o in the SM also require that the tree-
level Higgs coupling to the muon is typically y, ~2m, /v.
Loop corrections to the muon Yukawa coupling in our
model scale as Ay, ~ A ApA/87% and reach this value for
couplings ~0.5. For couplings of order 1, motivated by
perturbitivity in the UV, a tuning of only about 10%
between tree- and loop-level contributions to y, is expected
in these scenarios. However, it could be argued that
scenarios with larger couplings suffer from a fine-tuning
problem with respect to the physical muon mass. See also
[32] for a related discussion.
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V. RESULTS

The current measurement of the muon anomalous
magnetic moment sits at more than four standard deviations
from the predicted value in the SM [1,2]

Aa,? = a;® —aM = (2.51 £0.59) x 107, (28)
Contributions to Aa, from charged and neutral vectorlike
leptons with mixing to the muon are given by loops with £,
Z and W bosons as well as those with heavy Higgses, A, H
and H*. The contributions involving vectorlike leptons and
SM bosons were calculated previously in [17,18]. The
complementarity of contributions from charged vectorlike
leptons to Aa,, and other precision observables in a 2HDM-
II-Z, was presented in [29]. In this paper, we extend the
calculation to include mixing in the neutral lepton sector. In
the following subsections, we provide a detailed study of
the 2HDM-II-Z, followed by a discussion of the corre-
sponding predictions for Aa, in the 2HDM-II-S. We also
compare these results to the current status of the SM
with VL.

A. 2HDM-II-Z, with vectorlike leptons

Contributions to (g — 2), can be calculated following the
analytic formulas in Sec. IIl and Appendix A. In the
following, it will prove useful to have approximations
on hand to estimate the impact of individual particles to
Aa,, in terms of Lagrangian parameters. In Tables II and III
we summarize individual contributions from doublet- and
singletlike new leptons to Aa, normalized by m, / 1672, in
the limit of VL masses well above the EW scale (note the
comments after Eq. (A64) for the appropriate approxima-
tions used). We also assume that the masses of heavy Higgs
bosons are comparable to that of new leptons.2 The
derivation of each contribution is straightforward from
approximate couplings listed in Appendix A 4. The total
approximate contributions assuming heavy lepton masses
can be found by summing the corresponding rows in the
tables. We find

mﬂvcz A AgA
3277.'2 MLME,

Aaf ~ (29)

*Our approximations are accurate to within 10% in the range
%ML,E.N S<myaps SV2Mp gy. Though, in our numerical
results we do not use any approximations. For heavier lepton
masses, M gy > my,py+, one can make the replacements

M2 M2 .
A méf +1)—1and ( 6'"%; 3) = 1in Tables Il and III for charged

H

and neutral Higgs contributions, respectively. In the opposite
11m1t My N << My 4.+ the corresponding replacements are

(’N+1)—> Vi and (o ’zF 3) = (=3-2In(M] p/mj »))

(M 7 p/m3y A We note that the latter expansion for neutral Higgs
loops is numerically good to within a factor of 2 up to x, ~0.1.

TABLE II. Leading contributions to Aa,", from new lepton
doublets assuming my y g+ ~ My gy > M.

@Aa;‘l SU(2) doublets

My

Z ;TEW [ApAMp, + 2pAM ]

w AL[&OS/”[ 4 ) A cOs ff — - S‘"/} (KNK'MN + kykMy )]

H* %( L —H) [MI /15/151n2ﬂ+v“smﬂc°sﬁ(KNKMN—i-KNKML)]

h }.LCOSﬁ[ /d AEACOSﬁ‘l’ bdcosﬁ ().EAME"’/’{E/’{ML)]

H %(anz“’”[“ ApAsing -+l (A AM g+ ApAMy )]
A —;(G"fn +h)Hsl Lt ) Asing— g ““"‘/’ - (AeAMp+2piM )]
TABLE III.  Leading contributions to Aa!, from new lepton

singlets assuming m, y = ~ My gy > M.

167: Ad, SU(2) singlets

z — i el M 4 2,0M

v el S (oM + ARM )]

H=* %(m +1) cosﬁ[ A Reosi— “S“‘ﬁ (ALKML+/1LKMN)]
h — a7 A5 €08 B2, A cos f— Ld“’“/’ (AL/IML—MLAME)]
H —;(an +h)l ), Asing— o dsmﬂ "L (21 3M+313M )]
A —i(mﬁm—j”[A;‘—(ILALAsin/JJF%(ALZML+/1LAME)]

mﬂvc;} A AgA
167[2 MEML ’

AdV =~ (30)

3 -
Agh o _3mﬂvcﬁ A Agh ’
" 3272 MgM,

(31)

for gauge bosons and SM-like Higgs. For the contributions
from heavy Higgses with masses comparable to new
leptons we find

my, vsie A AgAM; A kKM
Aa;Ii ~ BEP [( LAEAMTL | ALKNK 2zv_/lLKNK>
967 mHi Mg M tan*f
A Apdm?, A kykm? . 1
PR (IR (1), (32)
MLME MLMN tan ﬂ
m,vsic (M2 2
AaH ~— nEOp p A’LJ’E&(ML +ME) _/’{L/’{E/l
K 1927°m? M, Mg
Ay AgA
+9m§i], (33)
M Mg
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FIG. 2. Individual contributions to Aa,, X 10° as a function of M for tan # = 5 (Left) and as a function of tan 3 for M = 500 GeV
(Right) with M} y = my = 1 TeV. The total contribution is shown with the solid black curve. Shaded curves show the behavior when
Ar = g = 0.5, while solid curves show the contributions when 1; and Az are fixed to the maximum values allowed by precision EW
constraints up to 0.5. Other couplings are fixed to A = —0.5, 1 = k = & = ky = 0. The dark and light shaded green bands represent the 1

and 20 levels of Aa,'™", respectively.

mvsiep [ (A (M2 + M%)
A Aﬁ— H p B LVE L E ﬂ, j. ﬂ/
= 1920 MMy
AL Agh
3mj . 34
+ami e 34)

These equations are also valid when M; = My = My
unlike the approximations of separate contributions
in Tables II and IIl. They further simplify when all
up-type couplings are zero and masses of all new particles
are equal M, p = my 4 y=. In this limit, the contributions

. i LE
can be parameterized as Aa), ~ - gl'[2 m”i# where KV =1,
kK =—1/2, k'=-3/2, kf=—(11/12)tan’p, k* =
—(5/12)tan2 8, and k" = (1/3)tan2f [29]. We have
additionally ignored terms « A in the CP-even and CP-
odd Higgs contributions as these terms would cancel in the
total contribution when my =m,. Note that k" + k% + k" =
—1, while k7 + k* + k#* = —tan? .

We see that the leading contribution from SM bosons is
« —mfE and likewise for CP-even and CP-odd heavy
Higgses up to terms proportional to A. The terms in the
charged Higgs contribution proportional to mﬁE are pos-
itive leading to possible cancellation with other contribu-
tions. However, due to mixing in the neutral lepton sector
the charged Higgs loop receives additional contributions
which can independently control the overall sign. Further,
when m/* = 0 the charged Higgs loop gives the dominant
contribution from new physics to (g —2), in the leading
order approximation assuming comparable masses of new
leptons.

The behavior of individual loop contributions to Aa,
with respect to My and tanf are shown in Fig. 2 for a
representative choice of parameters. In both panels, M; =
My =my =1TeV are fixed. The solid-color curves
correspond to scenarios when these couplings are fixed
to their maximum values allowed by EW precision con-
straints up to values of 0.5. Ignoring EW precision
constraints and instead fixing A; = Az = 0.5 individual
contributions follow the corresponding shaded curves. For
simplicity we also fix 2 = —0.5. The signs are chosen to
illustrate the impact from positive contributions of H and A.
Opposite signs of contributions would be found if the sign
of A, Ag, or A were flipped. Other couplings are fixed to
A=k =Kk = ky = 0 for simplicity.

The kinks seen in the curves occur when the precision
EW constraints, Eq. (23), become saturated, A; =
0.04M; /v, and Az = 0.03M/v,. In the left plot, contri-
butions from SM bosons are independent of M below the
kink, while contributions from heavy neutral Higgses
increase with terms proportional to MZ%. Similar contribu-
tions from charged Higgs scale as M2 . For My above the
kink, all contributions asymptote to zero as heavy particles
are decoupled. Note that the range of masses which can
explain Aa,,” is highly sensitive to tan # where larger tan 8
requires either larger couplings or lower masses. In Fig. 3,
we the show the range of individual (left) and total (right)
contributions to Aa,, with respect to m/*/m,, for couplings
up to 0.5 (dark colors) and 1 (shaded colors). All up-type
couplings are fixed xk =k = xy = 0 (scanning over x’s
would give almost identical results). From the individual
contributions for tan # = 5 in the left panel, we see that due
to the tan’? # enhancement, heavy Higgs contributions can
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FIG. 3. Individual contributions to (g —2), with respect to miE/m, for tan f = 5 (left) and total contributions for tan = 1, 5,50
(right) assuming down-type couplings up to 0.5 (dark colors) and 1 (shaded colors). For simplicity we fix x =k = xy = 0. my =
my = my- are scanned up to 2 TeV subject to all constraints discussed in Sec. IV. Gray shaded regions are ruled out by 4 — u*tu~. The

dark and light shaded green bands represent the 1 and 2o levels of Aay

give an order of magnitude larger contribution than those
from SM bosons over most of the parameter space. For
instance, for comparable heavy lepton and Higgs masses
Aal ~0.6tan? f x Adali. Note that since CP-odd and
charged Higgs contributions tend to cancel the enhance-
ment is largely driven by the CP-even Higgs contribution
for most of the parameter space. This can be seen when
comparing to the right panel of Fig. 3 where we show the
total contribution to (g —2), for tanff = 1, 5, 50. In both
panels we show the regions of m,’;E /m,, that are excluded by
h — p*p~. Note that both m5%/m, = 0 and -1 lead to the
same prediction of 7 — u"u~ as in the SM which can be
seen from Eq. (27).

In both panels, the dark and light shaded green bands
represent the 1 and 20 levels of Aa,,”?, respectively. We see
that for couplings up to 0.5 (1), the correction to the
magnetic moment spans a range about 4 (10) times the
measured central value. As a curiosity, we mention that
allowing couplings up to the perturbativity limit, ~v/4z, the
possible contribution to Aa, ~ 200 x 107? can be achieved
while still satisfying all relevant constraints.

Regarding contributions from up-type couplings, it is
clear from Tables II and III that corrections to (g — 2),, from
charged currents are the only relevant pieces. Mixing with
the neutral component of the doublets L}  further dictates
that additionally A; should be nonzero to have any non-
vanishing effects from «’s at leading order. Further, it is
expected that any effect from loops in involving the
W-boson are small, see Eq. (30), since the leading order
contributions from SU(2) doublets tend to cancel those
from singlets. In fact, we find that the sub-leading con-
tribution from the W-loop can be found by further
expanding x,Gy (x,) at the next order in x,

P respectively.

AaW N 6mMM%Vv ALKNS%C/} <_ MN )
i

K— +K
160> MiM? \ M,

M% 1 M2 M2
X M~ M2 n (My/My,)
M2 3

(35)

In Fig. 4 we show the size of corrections to (g —2),
(color shading) in the limit that only 4;, «, K, and « are
nonzero. We have fixed 4; and ky to their maximum values
allowed by precision EW constraints. In the left panel we
fix x = —k = 0.5, while in the right panel both couplings
are chosen to have the same sign. We explore both cases of
the relative sign since individual contributions are sensitive
to this choice. The W contribution, shown in purple dashed
curves, can switch signs depending on whether v, is mostly

singlet- or doubletlike, dictated by the prefactor (k%—'z + k)

in Eq. (35). However, the charged Higgs contribution
(dashed red curves) remains negative in the entire plane
(note that opposite sign of individual contributions shown
is also possible simply by replacing 1; — —4;).

We see that for small tan  and relatively large My the
charged Higgs contribution can alone explain Aa,, "’ within
20 for couplings up to 0.5 (when k and k have opposite
sign). Allowing couplings up to 1, the charged Higgs
contribution could even explain the central value of Aa; "
in this region of parameters. It should be noted that the size
of contributions shown in the plane are completely
orthogonal to contributions resulting from m;* being
nonzero. Thus, one can simply add the size of contributions
from the previous figures to Fig. 4 to estimate the total
contribution to (g —2), for a given choice of masses and
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FIG.4. Left: predictions for Aa,
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with respect to M and tan f when only 4;, k, K, and k are nonzero. xk = —k = 0.5 are fixed and both

A;, and ky are set to their maximum values allowed by precision EW constraints. Purple and red dashed curves show individual
contributions from W and H* loops respectively. Right: same contours as in the left panel with k = k = —0.5.

tan . In the left panel of Fig. 5, we show the predicted
Aa, x 10° in the range 1-7.5 for couplings up to 0.5 with
respect to my and min(M, Mg, My). In the right panel we
show similar contours when the upper bound on couplings
is extended to one and predicted values of Aa, X 10°
within 1-29.9. In both panels, tan  is scanned within 1-50
assuming constraints on mpy from direct searches. For
couplings up to 0.5, Higgs masses up to 6 TeV and the
lightest new lepton mass up to 3 TeV are viable to explain
Aay® within about 1. Assuming all values of couplings
not exceeding 1 these ranges extend to 20 TeV and about
8.5 TeV, respectively. Note that the new lepton masses
extend to slightly larger values than without up-type

all couplings = 0.5

7.5
3.0
6
2.5 45
>
(0]
= 4
= 2.0 2
s 35 =
w X
s 1.5 3 @
f <
T 101 2.5
IS
2
0.5
1.5
0 1

my [TeV]

FIG. 5.

couplings, see Ref. [29]. In previous sections we high-
lighted the fact that contributions from heavy Higgs bosons
can dominate the total correction to the magnetic moment
in most of the parameter space largely due to the tan’j3
enhancement. In Fig. 6, we show contributions to Aaﬂ for
couplings up to 0.5 (left) and 1 (right) from heavy Higgses
relative to the total contribution with respect to my and
tan# when Aa, " is achieved within lo. Lightly shaded
crosses correspond to scenarios where heavy Higgses
contribute less than 50% to the total correction. We see
that the heavy Higgs corrections are generically the largest
with increasing tanf and fall off with increasing my.
However, we see that for couplings up to 0.5 heavy Higgs

all couplings =1

10 29.9
15
_ 45
>
(V]
[ 4
3 S
s 35 =
& X
= 3 21
~
<
T 2.5
IS
2
1.5

0 5 10 15 20 25
my [TeV]

Contours of Aa,, in the 2HDM-Z, with respect to my and min(M, Mz, My ). All values of couplings allowed by precision EW

constraints are scanned up to 0.5 (left) and up to 1 (right). Lightly shaded crosses without filled circles correspond to scenarios where
contributions from heavy Higgses make up less than 50% of the total contribution. Points with larger values of Aa,, are plotted on top.
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1.0
r0.8 =
3
~~
S %
<
* 0.6 T3
]
S|
0.4
: . ———— 0.2
0 2 4 6 8
my [TeV]

|Aa, — Aag*?| = 1o; all couplings =1
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FIG. 6. Contours of the relative contribution to Aa, from heavy Higgses, Aaf AH i/ Aa,, for values of couplings up to 0.5 (left) and up

exp :

to 1 (right) when Aa,™ is achieved within 1o and all constraints are satisfied. Lightly shaded crosses without filled circles correspond to
scenarios where contributions from heavy Higgses make up less than 50% of the total contribution. Points with larger values of

Aay! ’A’Hi/ Aa,, are plotted on top.

masses even up to 6 TeV can give the dominant contribu-
tion, while for couplings not exceeding 1 this extends to

Higgs masses up to about 20 TeV. We note that regions

+ .
where Aal 4/ Aa, > 1 occur when the combined con-

tribution from Z, W, and h is negative.

In Fig. 7, we show the corresponding range of masses in
the same plane as Fig. 6. Here the range of viable vectorlike
lepton masses to at least 3 (8.5) TeV assuming couplings
not exceeding 0.5 (1) are explicit. While these upper ranges
may be out of reach for future colliders, similar comments

|Aa, — Aag*®| < 1o; all couplings < 0.5

T
N N
<) )

tanp
-
w

-
°
min(M, Mg, My) [TeV]

0.5

my [TeV]

as made in [29] also apply here, where complementary
information on precision observables can be used indirectly
to fully explore the model. We note that the predictions for
modifications of Z and & couplings are almost identical in
the present case. Modifications of the W coupling are
typically smaller than those of Z. However, since W can
also receive sizable modifications through up-type cou-
plings it can be larger than the modifications to the Z
couplings especially in regions of parameters when the
charged Higgs gives the dominant contributions to Aa,,.

5 |Aa, — Aag®| = 1o; all couplings < 1

T T T
£y w [=)] ~ o]

tanp

M
min(M., Mg, My) [TeV]

N

[y

0 5 10 15 20 25
my [TeV]

FIG.7. Values of min(M;, Mg, My) with respect to my and tan f3 for scenarios where Aaj, " is achieved within 16 for couplings up to
0.5 (left) and 1 (right). Lightly shaded crosses without filled circles correspond to scenarios where contributions from heavy Higgses
make up less than 50% of the total contribution. Points with larger values of min(M;, My, M) are plotted on top.
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FIG. 8. Left: predicted values of Aa, in the 2HDM-II-S with respect to m, and min(M,,, Mg, M) for couplings up to 1. The inset
shows scenarios when couplings are limited to be less than 0.5. Right: the same points with respect to m, and tan /. In both panels,
shaded crosses without filled circles correspond to scenarios where contributions from heavy Higgses make up less than 50% of the total

contribution and points with larger Aa, are plotted on top.

B. 2HDM-II-S with vectorlike leptons

We remarked in Sec. II that the supersymmetric version
of the model in the limit of heavy superpartners has similar
structure up to A and % couplings. In Appendix B we
provide the corresponding approximate formulas for indi-
vidual contributions to (g —2),. The heavy Higgs contri-
butions in the 2HDM-II-S contain both tan # enhanced and
suppressed pieces as before. However, the tan # enhanced
pieces of these contributions tend to cancel in the leading
approximation for M;, My, My ~ m,. Further, the total
contribution from Z, W, and / loops tends to cancel that
from heavy Higgses in this limit.

In Fig. 8, we show the total contributions to Aa, in the
2HDM-II-S with respect to m, and min(M;, Mg, My)
(left) and m, and tan 8 (right) for couplings up to 1. As a
result of the cancellation mentioned above the total con-
tribution is smaller than that of the 2HDM-II-Z, over most
of the plane. However, it is worth noting that the perfor-
mance of the model improves as heavy Higgses are
decoupled and the total contribution is dominated by Z,
W, and h bosons indicated by the crosses without filled
circles. For instance, the model can achieve Aa,,* within 1
when my 2 9 TeV and heavy lepton masses lower than
about 5 TeV. We note, however, that the discussion of the
charged Higgs contribution with respect to up-type cou-
plings also applies in the 2HDM-II-S. Thus, this contri-
bution can dominate in certain regions of parameters. Such
scenarios can be seen in the left corner of either panel in
Fig. 8 with m, < 10 TeV where contributions from heavy
Higgses make up more than 50% of the total contribution
indicated by points with filled circles. To summarize, the
2HDM-II-S performs less favorably than the 2HDM-II-Z,
version with respect to (g — 2) , considering the loops in

Fig. 1 largely due to the cancellation of tanf enhanced
contributions. However, it should be stressed that the
contributions presented in Fig. 8 can be considered in
addition to the usual contributions from superpartners, e.g.,
through chargino/sneutrino or neutralino/slepton loops
[9,50-52].

C. SM with vectorlike leptons

The standard model with vectorlike leptons was pre-
viously studied in [17,18] as an explanation for Aa,,"*. Here
we extend the region of parameters considered in the model
and show the impact of recent measurements of 1 — p*p~.
We also explore the correlation of the contribution to Aa,
with modifications of gauge and Yukawa couplings.

In Fig. 9, we show individual contributions to Aa# with
respect to m5E/m,. All values of couplings allowed by
constraints are scanned up to 1 and the dark shades of
corresponding colors show the subset of predictions when
the upper limit of couplings is reduced to 0.5. In the right
panel we show the total contribution of the model to Aa,
with respect to m,’;E /m,,. Colors represent various lepton
masses. The gray shaded bands show the regions of
parameters that are ruled out by 7 — uu~. We see that
the SM extended with VL’s remains viable as an explan-
ation for Aa,"? even within 1o for lepton masses as heavy
as ~7.5(2.5) TeV when couplings are allowed up to 1
(0.5). Although we include up-type couplings and My in
the scan, contributions from these parameters have a
negligible impact on the results.

Extending the couplings to V4nr, in Fig. 10, we see that
the lightest new lepton mass can be up to 48 TeV while

explaining Aa,, " within 1. Despite the fact that the upper
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FIG. 9. Left: individual contributions to Aa
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, in the SM with VL’s with respect to m5%/m,. All values of couplings allowed by

constraints up to 1 are shown, where darker shades of corresponding colors show the impact of limiting the upper range of couplings to
0.5. The shaded gray bands show regions of parameters that are ruled out by 7 — u*u~. Right: total contribution to Aa, from the same
scenarios assuming couplings up to 1. Subset of scenarios with couplings up to 0.5 are shown in the inset. We show red, blue, yellow,
and green points when min(M;, Mg, My) > 2.5,3,6, and 8 TeV respectively and black points when min(M;, My, My) < 2.5 TeV.

range of masses leading to an explanation of Aa, " may be
out of reach from direct searches at the LHC, the model can
be indirectly probed at future colliders through precision
measurements of SM couplings. In colors, we show the
deviation of the Z-boson couplings to the muon (left), and
that of the SM Higgs (right). The insets focus on scenarios
when the upper range of couplings is limited to one.
Interestingly, the full range of scenarios in the SM with
VLU’s that can explain Aay " within 16 can be indirectly
probed by precision measurements at future machines. In
particular, the 250 GeV ILC can probe the Z-boson

couplings up to ~5 x 10~* which covers almost the entire

|Aa, — Aag*®| = 1o

50
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o &
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S B
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S S
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plane, while the GigaZ option, with sensitivity up to 1074,
can probe all scenarios up to the perturbativity limit (v/47).
We note that while the contribution to Aa,, in the 2HDM-II-
Z, can be significantly larger than that in the SM with VL’s
(see for instance an order of magnitude difference between
Figs. 3 and 9 assuming couplings up to one), the reach of
heavy lepton masses able to explain the anomaly is similar,
about 45 TeV for couplings up to v/4z (compare for
example Fig. 10 with the results in [29]). This can be
understood by the tanf dependence in the impact of
precision EW constraints on the 2HDM-II-Z,. For instance,
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FIG. 10. Left: largest relative deviations of the muon couplings to the Z-boson in the SM + VL for scenarios leading to an explanation
of Aa,”? within 16. Right: same scenarios as in the left panel where points show the relative deviation of the Higgs coupling to the muon.
In both panels, points leading to the smallest possible deviation from SM couplings are plotted on top.
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when A and A; are given by their maximum allowed
values, we have Ap = 0.03M /v, and A, = 0.04M; /v,
resulting in sinftanf enhancement in the heavy Higgs
contributions so long as A; g are smaller than the chosen
upper limit. This can be seen in the right panel of Fig. 2
(where A, p < 0.5 is implemented). However, for fixed
values of the masses, at some value of tan £ the maximum
allowed values of couplings are the same as the chosen
upper limit (seen from the kinks in Fig. 2) and for any larger
tan # the constraints have no impact. Thus, the sin fftan 8
enhancement occurs for lower values of VL masses and
moderate values of tan  (up to the kink). However, in order
to explain the measured value of Aa,, for chosen upper
limit of couplings the largest possible masses are such that
the constraints from precision EW data are automatically
satisfied for any tan§ = 1-50, see Fig. 4 of [29].

VI. CONCLUSIONS

The anomalous measurement of the magnetic moment of
the muon remains one of the longest standing deviations of
SM predictions. The recent confirmation of this result by
the Fermilab Muon g-2 experiment [1], further motivates
the presence of physics beyond the SM in nature. In this
paper, we studied three distinct extensions of the SM which
can provide an explanation of the magnetic moment with
heavy new leptons while satisfying low-energy precision
measurements.

We extensively explored the viable parameter space of
the 2HDM-II-Z,, highlighting the range of heavy Higgs
and lepton masses which lead to a prediction of Aa, within
lo of the measured value with model couplings not
exceeding 1. This extends the study presented in [29]
for a 2HDM with charged vectorlike leptons by including
vectorlike lepton neutral singlets and couplings to H,,. In
particular, we find that the range of lightest lepton and
Higgs masses which can explain Aa,"” within 1o can be as
large as 3 (8.5) TeV and 6 (20) TeV, where the dominant
contributions are given by loops with heavy Higgses and
VL and assuming couplings up to 0.5 (1).

Notably, these ranges are similar to the study without
up-type couplings [29]. However, if the typically domi-
nant contributions from down-type couplings are not
present the contribution from the charged Higgs itself
can still explain Aa, " within 16 due to the presence of
couplings to H,. Apart from the main results, we also
emphasize that the model can generate Aa, one (two)
orders of magnitude larger than the central measured value
with couplings up to 1 (v/4z) while satisfying all current
precision constraints. While it is expected that even the
LHC running at 14 TeV with 3 ab~! luminosity can only
exclude (doublet) VL masses up to 1250 GeV [59]
(depending on the decay modes), the high range of masses
we present here can be probed indirectly at future
precision machines [29].

In addition to our study of the 2HDM-II-Z,, we
emphasize that while Yukawa couplings of SM leptons
in this model are indistinguishable to those in the MSSM,
couplings of VL are necessarily different due to the
requirement that the superpotential be holomorphic. This
leads to drastically different results in the contributions to
Aa, from the same particle content. We find that the
2HDM-II-S can typically generate Aa, within 1o from the
central measured value in the limit that heavy Higgses are
decoupled, for my, = 9 TeV, as a result of cancellations
between heavy Higgs contributions and those of Z, W, and
h. However, in a subset of the parameter space the charged
Higgs contribution can even reach the central value in the
presence of sizable (up to 1) couplings to H,,.

For completeness we have extended previous studies of
the SM with VL [17,18] by including couplings to heavy
leptons which are SM singlets. Interestingly, we find that
while the reach of lepton masses which can lead to Aa,
within 1o from the central measured value is roughly the
same as in the 2HDM-II-Z,, current measurements of 7 —
upu~ have a much bigger impact in this scenario limiting
the possible contribution to Aa, up to the current central
value. This can be understood from the tan  dependence in
the impact of precision EW constraints on the 2HDM-II-Z,.
This impact also appears in the differences in modifications
of the Z and /& couplings to the muon required to explain
Aa,® within 1e. For the SM with vectorlike leptons we
find that the 250 GeV ILC, that can probe the Z-boson
couplings up to ~5x 107* can cover almost all the
parameter space, while the GigaZ option, with sensitivity
up to 107*, can probe all scenarios up to the perturbativity
limit (v/47x). This is in sharp contrast to the predictions of
the 2HDM-II-Z, [29].
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APPENDIX A: COUPLINGS AND APPROXIMATE
FORMULAS IN THE 2HDM-II-Z,

We consider a complete generation of VL’s which can
mix with the 2nd generation leptons of the SM. In Sec. III,
we present one-loop formulas giving contributions to
(9—2), in a generic 2HDM. In the following appendices
we derive general expressions for all relevant couplings
in the 2HDM-II-Z, we consider and present useful
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approximations for individual couplings in the limit of
heavy lepton masses.

1. Couplings to Z and W bosons

Expressions for couplings of charged and neutral leptons
to Z and W bosons have been given previously in the
SM extended with vectorlike leptons, and in the 2HDM-
1I-Z, [18,56]. We summarize these expressions for com-
pleteness.” In the following it will be convenient to define
the 3-component vectors e; p, = (#y g, L7 g, EL )7, and
Vira = (W) LY g Npg)T in the gauge -eigenstate
basis. We denote 3-vectors of mass eigenstates by e; p =
Ui rérr and vy g = U] g0y g, Where U7 and Ujp
are the diagonalization matrices given by Egs. (5) and
(6). We label the components of mass eigenstate vectors
by a =2,4,5.

The couplings to the Z bosons follow from the kinetic
terms of leptons:

‘Ckin 3éLaipaeLa +éRail)aeRa +DLail)aVLa +Z7RaipaVRa
= éLa(UzT)acipc(Uz)cbéLh +éRa(UIe€T)acipc(U;)cbéRb
+5La(UlI/j)aciDC(UlI:)chDLb

+;Ra(ULI/€T)aCiDC(ULI/€)CbﬁRb’ (Al)
where the covariant derivative is given by
. g .
Dy, =0,—i s O (T3 —sin*0yQ,)Z,. (A2)

Defining the couplings of the Z boson to leptons f,
and f}, as
L> (fLaV”gff"fbbe + ]_[Rayﬂgifafthb)Zw (A3)

the couplings of left- and right- handed fields immediately
follow from Eq. (A2)

eqe 9 L. 1, ., .
g = |:<_2+Sln29W>5ab+2(ULT)a5(UL)5b:|’

~ cosBy
(A4)
Ze,e . 1 ot .

R 4! :m [Sln2€W5ab—§(UR )04(UR)4b]’ (A5)

Zu,v, g St ’
L= 2 cos Oy, [an = (UL})M5(UL)517]7 (A6)

Zu,V, g y )

I = 2cos Oy (URT)a4(UR)4bv (A7)

*Note that since the U (1)gy charges of the vectorlike leptons
are the same as their SM counterparts, couplings to the photon are
not modified by mixing.

where a, b = 2,4, 5. Since we only introduce mixing to the
muon and muon neutrino, couplings of the first and third
generation leptons in the SM are not modified.

The couplings of the W boson to charged and neutral
leptons arise from the kinetic terms

'Ckin D i(l_/ﬂ}’ll/l[d +Z427”LZ +E%7”LE>W; +H.c.

V2

g ~ A ~ A
= = [01a(US) 27" (U ) apers + 510 (US) aa?* (U apern

V2
+ Dra(UR ) a7 (Ug)ap@1s) W, + Hec.

(A8)

(A9)

Defining the couplings of the W boson to mass eigenstates
U, and e, as

‘CD(;Layﬂgzvy”ebéLb+;Ra7ﬂgRWUaebéRb)W/j—+H-C-, (A10)

we find
Ve g % e 4 e
g = 2 (U 2(U) 2 + (U s (US43, (A11)

Wu,e g v e
gr "= _(URT)a4<UR)4b'

= (A12)

2. Couplings to Higgs bosons

Here we provide our conventions for the Higgs sector
and couplings of VL leptons to physical Higgs and
Goldstone bosons.

In the basis where the Yukawa couplings of SM leptons
are diagonal, the Yukawa couplings of the neutral Higgs
components to the muon and VL leptons are given by

WHS 0 A0\ [
[:H(:_d - —(ﬁL,ZZ,EL) A’LHS O A,Hg LE
0 JHY o0 Eg
0 O K'NH(,; UVp = 0
- (0, LY. N)[O 0  «H) LY
0 RHY 0 Ng
(A13)

To write these interactions in terms of mass eigenstates, we
additionally rotate the Higgs fields to the basis where
physical and Goldstone degrees of freedom are apparent.
This basis is defined by

V2

1
HY=v,+——=(—hsina+ Hcosa) +

7 (Gceosp—Asinp),

(Al14)
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i

V2

1
HY =v,+——=(hcosa+ Hsina) —

7 (Gsinp+Acosp),

(A15)

and for the charged sector
HF = cos fG* — sin BH™, (A16)
Hi = —sin fG* — cos pH™. (A17)

Inverting these relations, the mass eigenstates of the neutral
Higgs and Goldstone bosons are given by

()= (50 5 ) 49
sinﬂ) < V2(ImHY)

(j> B (—C(s)isnﬂﬂ —\/i(ImHg)

where h and H, A, and G are the CP-even, CP-odd, and
neutral Goldstone bosons, respectively. By requiring a light
Higgs with couplings to gauge bosons that are identical to
those in the SM we have a = f — /2, and the mass
eigenstates for & and H are

h cosf sin V2(ReH% — v
( >:< .ﬂ ﬂ)( (ReH, d)>' (A20)
—H) ~ \=sinp cosp) \ V2(ReHE -,
Thus, in term of mass eigenstates the Yukawa couplings
of charged and neutral leptons to 4 and H are

>. (A19)

cos f}

1.
Lyy=—-—=2,UY U%g(hcosp+ Hsinp)  (A21)
V2
1 -
—— D, UY'Y yUbig(hsinf—Hcosfp) + He.,  (A22)
V2
where Y and Y are given by
y/l O /1E 0 0 Ky
Ye=|4, 0 A |, and Yy=]00 « |. (A23)
0 7 0k 0

The Lagrangian for Yukawa couplings to CP-even Higgses
can be written as

1 . l - .
Lyy= __zeLa}*eaeb erph — %VLaﬂkavbl/Rbh
l - . l - .
_—26La/1§,e,,eRbH_EVLaﬂvaVRbH"‘H-C-’

(A24)

where
A, = cos UL YgUS) . (A25)
A, = sin UL YyUR) oy (A26)
o, = sinPULYgUR) e (A27)
A, = —cos ULV NUY) - (A28)

The couplings for the CP-odd Higgs can be derived in a
similar way. The Lagrangian for the Yukawa couplings to A
reads

i o, on .
Ly = _7§eLULTYII§" ker(—Asinp)
- \%ZL UY Y4 UYpg(~Acos B) + He.,  (A29)
where Y4 and Y4 are given by
Yo 0 g 0 0 xy
Ya=|2, 0 2], and Y4=|0 0 « (A30)
0 -1 0 0 -k O
Writing the Lagrangian as
Ly = Lé/l/‘éA Lf//1"19A+Hc
A \/E La’‘e,e, ©Rb \/E La’v,v,YRb )
(A31)
we have
He, = =isin UL YEUR) oy, (A32)
2, = —icos UL YRUR) ap- (A33)

The couplings for the neutral Goldstone boson, G, follow
similarly. Defining

o= _% 31,0, G — %ELaAﬁyhﬁRhG + He.,
(A34)
we get
28, = icos UL YRUR) 4, (A35)
28, = —isin p(USY4UY) - (A36)

For couplings to the charged Higgs bosons we first
define H; = (H,")" and H,} = (H;)". Then, reading off
the interactions from the Lagrangian we get
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vy 0 AgHy HR
ﬁH;d:—(D,,,ZQ,NL) AH) 0 JH} Ly
0 kHS 0 Eg
0 0 «xyHy 0
— (A, Ly, E))[ 0 0 «Hy || Ly
0 1H; 0 Ng
(A37)

The charged Higgs mass eigenstates H* and G are related
to the gauge eigenstates by

<Gi> 7 < cos sin/;’)( H* >
Ht) \—=sinp cosp)\-HF)
Thus, the Yukawa couplings to charged Higgs bosons, in
terms of mass eigenstates, are given by

(A38)

Lys =—D U YR UserHT =2, UST Y UkbrH™ 4+ H.c.,

(A39)

where

Yu 0 j*E
Y = —sing| 4, 0 A2 |, and

0 k/tanf O

O 0 Ky
Y = —cospl 0 0 « (A40)

0 Atang O

Finally, writing the Lagrangian for charged Higgs
Yukawa couplings as

Lys = —bp M0, epyHY — &1, A, DpyH™ +He., (A41)

we have
A, = (UTYEUR) (A42)
AL, =(UTYE UR) - (A43)

The couplings for the charged Goldstone bosons, G,
follow similarly. Defining

Loe = 01,08, erpG* — 21,49, 0rpsG™ + Hee.,  (A44)
we get
Wep = (UL Up)ap. (A45)
26, =(ULYE Up)a. (A40)

where
Yu 0 g
Y,Cf,i =cosf| A, 0 A |, and
0 —ktanff O
0 0 Ky
Y§ = —sing| 0 0 K (A47)
0 —i/tanp O

3. Goldstone boson equivalence theorem

The Goldstone boson equivalence theorem (GBET)
gives a relation between S-matrix elements of massive
vector bosons and unphysical Goldstone bosons at high
energies through the requirement of tree unitarity [83—86].
In the context of spontaneously broken gauge theories, this
requirement results in useful identities for couplings of
goldstone bosons in terms of fermion masses, often
simplifying calculations. In the present case it is not
immediately obvious how the GBET is satisfied. For
instance, the Yukawa matrices of the physical Higgs boson,
Eq. (A23), are clearly different than those appearing for
neutral Goldstone bosons, Eq. (A35) (note the opposite
sign appearing with 1). Additionally, the presence of
vectorlike masses further obscures this equivalence. In this
section, we explicitly show the equivalence of Goldstone
boson couplings to gauge couplings and fermion masses.
This serves as a clarification of these issues in the mass-
eigenstate basis, as well as a useful check of gauge
invariance of the model.

First, consider the coupling between the neutral
Goldstone boson and charged leptons e, and e,:

1 -
EG = _7éLaﬂg,ebéRbG —+ H.c.

= (A438)

| Py Gt G Gt 515
B _ﬁea[ueaeh + (}L )e,,e;,) + (/’{eueh - (/1 )eueh)}/ ]ebG’

(A49)
which, in terms of Lagrangian parameters, can be written as

.COS ff »
—I—=¢,
22
+ (U YRUR) o + (UF YR US) )7712,G. - (AS0)

Lg= (UL YEUR)w = (URYE U ) )

We introduce the following matrices

10 0 0 0
L=|0o1 o, R=|0 -1 0], (A5])
00 -1 0 0 1
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and note that Y4 = L - Y; = Y - R. Inserting this relation
into the vertex factor and applying the unitary relations of
U5 and U results in

i

)[ Zab +gZub]

- 95"r’1e,G,

<\>|

G — [(me,, -

Zmz

+ (mg, +m,,) g7 (A52)

where we have identified

Ze,e, __ g 1 1
grear = o [<_§ + sm29w> = > (UL )aS(UL>5b:|
g 1 . 1 e e
E K_i + Zsm29W> Sup — 3 (ULTLUL)ab:| )
(A53)
and
Zege, 9 02 1 ef ¢
2 = |sin“Oy b, — = (UR ) ua(U%)ap | »
Cw 2

I .
=7 {(—E—I— 2s1n29W> b+ = > (U TRU")ab]

1

= We,v Weuzx
= 2y eu[(mzzb — Mg, )[ b +9 h]
We, v, We,vp1 514 —
+ (my, +m, ) gy " = gg "G, (AS6)
where we have identified

Wev __ 9 et v
U 1+ LU, A57
gL 2\/5( L )( ) L ( )
IR = (U?)(l - R)U% (A58)

4. Approximate couplings

In this Appendix, we list various approximate formulas
for couplings which enter the contributions to (g —2), and
relevant constraints on the model from mixing of the muon
to VL’s. Contributions coming from the SU(2) doublet VL
are labeled with index L, whereas contributions coming
from SU(2) charged and neutral VL singlets are labeled
with index E or N, respectively, regardless of the hierarchy
of masses. We assume that all mixing parameters are of
similar order. In this case, the mixing matrices in Egs. (5)
and (6) can be written as an expansion in the dimensionless

2¢
W parameters
(A54)
. . . . € = X (AL, Ag, 4, A) (A59)
Similar calculations lead to the following relation L.E
between the charged Goldstone and W boson couplings
u -
en =g X (ky, K, K). (A60)
_ G* G* G* G* 515 G- LN
‘CG‘ - [(/Ieaub (Au,,ea) ) (/le,,vb (ﬂ'vhea) ) ]I/bG
(A55) Thus, in the limit Agv,, A v, Avg, Avg << My, Mg, and
KN Uy KUy, KU, << My, My the mixing matrices up to order
O(e2) and O(e%) are given by
2 A 2 Ap AMptAM, YL g
1 Yaanz va(it Mi-M? M{) Vay,
. o MMy =y, AL Mg 2 (AM g+AM,)? M +IM,
U=\ v em, 1~ dﬁ 4 MM ’ (A1)
A M +iM 2 g0 GMp+aM,)
- —v 1 — v 53 — v S
d My d"M2-M: doM%  Vd 2(MA-M?)?
A A 2 (A DMy My Sl
1 -5 s Van; vd(ME M2-M2 )
e _ A 2 A 2 (AMp+iMg)? IMp-HIM
Ug = ~Vay;, I = g5 zMZ —Va 2(M2-M3)? 4 M2—M? ’ (A62)
v2 MAM =y, AeM, — M p+IM ;. 1 =2 (AM g4+-IMp)?
d™ MM 4 M2-M? d 2(M7—M3)?
2 -
M +kM K
1 — 25 2 Ky kM HRMy v, Ky
uIM? UM, Mi-M2 u My
- - 2 -
v 2 KyK 1— U2 (kM +KkMy)* v KM +xMy
Ui “ M My u(ML-M;)? UM M2 ) (A63)
—p Kn _p MMy 0 Ky 0 (RM kM)
My MM wamy ~ Ve a0e )
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and and
1 0 0 Mg + AM ) v2A
2 (kM +RMy)? KM +RMy Q?L S (M ) 1_2) 4 Ea (A67)
vy = |0 1-vicaeonr e uior 2eyMg  (ME—ME)
0  —p, Y ixMy | — g2 WML Ry )?
u — u — 2 5
MN ML Z(MN ML) ZML: gvdﬂ'l‘ _Uﬁ(ME/I‘i‘iML)Z_U%%_i_l (A68)
(A64) R "2eyM; 2M%—M32)?  2M;
The above formulas are valid assuming that the g
mass eigenstates e, and v, are mostly doubletlike, while 22——/114 cos f, (A69)
. . .o . cwM;
es and vs are mostly singletlike. This is equivalent to
me, ~Mp, m,, ~Mg, m, ~M;, and m,, ~ My, and dv,, )
/_17.761 < (ME —_ ML) and K'Uu, /Z'Uu < (MN - ML) In the ZuE _ gvd/lE U%(AML +AME)2 levz _ 1 (A70)
opposite hierarchy of doublets and singlets one can find L 2ewMg \ 2(M2% — M?)? 2M2%
the corresponding diagonalization matrices by switching
the second and third columns of each matrix while g v
simultaneously switching the bottom two entries in ~————}pcospf, (A71)
2CW ME
each case.
For couplings of the Z boson in this approximation we
find ZuE _ gvii, (AMg + M) (A72)
= 9. <<——+s%v) + 4 f) (A65)
Cw 2 M where in some formulas we indicate leading order terms
1)212 in €E,N'
g?m -9 <S%v _d§>’ (A66) For the corresponding couplings of the W boson to
Cw M} charged and neutral leptons we find
|
e 9 RVIKN VL (ApAM, — MgALy,) (1o 37 1 - K302 (AT3)
L V2 MpM; My 2M3 2M3,
22 22
=Y (1-CEd SN, (A74)
V2 2M;,  2My,
g =0, (A75)
and
3 2 (R 2 2ty
e g (VaUEIML = Mglyy,)(1 = ") kyod (1= S (RMy + kM)
i =L MM B M, (M2, — M? (A76)
V2 M7 L(My = My)
2ky (KMy + kM Aph
zi<_v"KN<K 12\/+K2L)+v?1< E )), (A77)
V2\ M, \ My -M; MgM,,
Wiu _ _ 9 VahL (| _ va(RMy + kM) AT8
9gr = 2 M FM2 — M2 )2 ( )
2 My, (MY —M7)
~— \%MLAL cos f3, (A79)
L
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2,2
o

gWNﬂ _ i (Utzi/l}u(l?ML + K'MN)(AEZML - MEAL)’”) n KNUM(I - Zﬁli
. V2 MM} (M3, — M7) My
\/_MN —— Ky sin 3,
g g v, AL (kM + KM y)
R \/_ ML M2 M2

For the light SM-like Higgs boson, h, we obtain

’

3202 3202\ 3cos fAgiviA
ah = | =24V _ ALY EAVGAL
= Y 08P < e w2 ) T MM,

cos fAgAv v4COS f
Aty = — M:f d M; o > (ApAM g + AgAM ).
L

cos fAAgAVY  cos fApAPvy  cos fArvE

" MgM, M3 — M3 2M%

cos fAAv3A,  cos fPv3A,  cos fuii;

/IZ, = Apcosf+ + - L~ ), cosp,

MgM; M2 — M? 2M3

cos fAv Ay vy cos 3
My Mz — M?

(ALAM | + A, AM ).

M = dgcosf+ - - ~ Jp cos 3,

(A80)

(A81)

(A82)

(A83)

(A84)

(A85)

(A86)

(A87)

The couplings for the CP-even heavy Higgs H can be obtained simply by replacing one factor of cosf by sinf in the

couplings for A.
The couplings of the CP-odd heavy Higgs, A, are given by

Agsinflv,  wvysinp

M, e (ApAM g + ApAM),
E L

A
t/lﬂL—

MgsinpAvy  Apsin vy A sin fug
MgM; M2 — M? 2M3,

iy = Apsinfi +

Asinplvid,  sinp2v3A,  sinprAi3

P2}, = Ay sinf +
. MM, M3 — M3 2M3

~ }; sin f3,

smﬁMd/IL Vg Sin

i,
M, M2 — M3

(ALAM | + A AM ).

Finally, the couplings for the charged Higgs boson are given by

cos fR2v A v, Asin v, sin A3
0B —0E) " Mg, T

M=l sinp -

+ cosﬂm;d/lL v, sinf
M; MN M?

/IH

(ﬂLKML + lLK’MN)

sinfAgdv, v, cosp
j’ML - 2 2
Mg My — M;

(K'NR'MN + KNKML>7
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cos fAZviKy
2
2M3,

cos /)’K/IE/_Ivfi
MeM,,

My = —xy cos - (A95)

~ — Ky €Os f. (A96)

APPENDIX B: DETAILS OF THE 2HDM-II-S

In this appendix, we calculate the contributions to
(9—2), from heavy Higgs bosons and VL’s in the
2HDM motivated by supersymmetry (we do not calculate
contributions from superpartners). In Table IV, we list the
SU(2), x U(1)y charges for the relevant superfields in the
calculation of (g—2),. All fields are defined as left-
handed. The most general superpotential of charged and
neutral lepton Yukawa couplings and vectorlike masses
under these assumptions is

Wyr =y, Hgle+igH E+ A, HyLe +AH,LE—H ,LE

(B1)
+kyH,IN +«H,LN —H,LN (B2)
—~M;LL + MgzEE — MyNN, (B3)
where the doublet components are labeled as
v LY _ Lt
S v R )
ML Ly L’
HY Hj}
Hd:< "), Hu:< ) (B4)
H; H)

and SU(2) doublets are contracted using antisymmetric e,
e.g., Hjl=H%,—H;l,=€"H 4,1, where €' = —¢ |, = +1.
Note that L field is related to Ly introduced in Eq. (1) via
L = io,L%, and similarly E is the chiral supermultiplet
which contains E;Q. In addition, note that the Higgs
doublets are defined with opposite hypercharges than in
the 2HDM-II-Z,. They are related by the field redefinitions
H, = ic’H’, and H, = —ic*H}, where the tilde fields are
the Higgs doublets defined in the 2HDM-II-Z,. Signs of
couplings have been chosen so that entries in the mass
matrices of charged and neutral leptons have the same sign
as in the 2HDM-II-Z, case.

The mass eigenstates, couplings of fermions to gauge
and Higgs bosons, and contributions to (g—2), can be
calculated in a straightforward way following the procedure

|

TABLE IV. Left-handed superfields and their corresponding
quantum numbers for SM leptons, Higgs doublets, and VL
leptons.

E N
1 1
-1 0

— |y

pi— N |
S = | =

detailed in the previous appendix. Note that in the con-
ventions used here the Higgs sector (in alignment limit) is
decomposed as

! o

0 RO .
Hufvu—f—\/i(hsmﬂ Hcosﬂ)+\/§(G51nﬂ+Acosﬁ),
(B5)
1 . j .
H(j:vﬁ—ﬁ(hcosﬁ—i-Hsmﬁ)—\/Li(Gcosﬁ—Asmﬁ),
(B6)
and
Hf G*
() =% )0
where
B sinff  cosp
Rﬂ_(—cosﬁ sinﬂ)’ (B8)

and we identify H* = (HT)*. With these definitions, the
differences in the couplings of gauge and Higgs bosons
appear only through A and & terms, and they are summa-
rized in the main text. Contributions to (g — 2), can then be
found from the general formulas given in Sec. III.

The approximate contributions to (g —2), from Z, W,
and / in the limit of heavy comparable lepton masses are
given by

_mﬂvc; A AgA

Aa? ~ tan 3, B9
G == My, P (B9)
m,vey A Apl
Ad) =P CTE g (B10)
167 M Mg
3m,ves 1 Aol
Agh o =L P LTED pon . (B11)
# 327 M Mg

Assuming M, gy < my,, the contributions from H, A, and
H* are given by

ALKN’Z‘MN

AgH* muvsies [ 1 (A ApdMy
al” ~ —
s 967> |m2. \ Mgtanfs

AL Agh ] (B12)

l b
+ LKNK) + M;Mpgtan

M, tan
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it W05 [ L (Au2gh(M} + M)
19222 (ma MMy tanf3
Agh o mvsicy [ 1 (A Agh(M3 + M3)
B ]9271'2 _mi MLME tanﬂ

Compared to the 2HDM-II-Z, version, the loops involv-
ing SM bosons are now tanf enhanced. Heavy Higgs
contributions contain both tan # enhanced and suppressed
terms. Though in the limit when heavy Higgs masses are
equal and comparable to heavy lepton masses, the tan”
enhanced contributions cancel in the total contribution. The
approximate formulas highly simplify when M gy = my
and vanishing « couplings. In this case we find

Hi ~ mﬂvcz A‘L/IEZ
o 487[2 MLME

Aa tan f3, (B15)

; _
Agl A ~ m,vCy ApAgd
. 2472 M, M

tan /3, (B16)

ignoring terms which cancel between Aaf and Aaﬁ. Note
that comparing contributions from Z, W, and & to those
from heavy Higgses, we find that Aa,~0 in this
approximation.

APPENDIX C: COMMENTS ON BARR-ZEE
CONTRIBUTIONS

Two-loop contributions to (g —2), from Barr-Zee (BZ)
diagrams can sometimes be competitive with one-loop
predictions due to chiral enhancement in the closed fermion
loop [87]. In the models we have discussed, the chiral
enhancement is generated already at the one-loop level,
Aa)*® ~ m,v/M?, where M is the scale of new physics.
The dominant contribution from BZ-type diagrams is
generated through diagrams with a neutral Higgs and photon
in the internal legs [88]. General formulas for this diagram
are given in [88,89]. In our notation for Higgs couplings, this
contribution from neutral Higgses is given by

AaE” = 55 ST P Re(af)Re(ie, )/ (x4)

3
87 b= HA a=a5 e,

+ Im(Af)Tm (¢, ) g(x5)], (c1)

n(*=) (@
(=) e

where x§ = mg /mg and

f(T)—%Aldx

1 —2x(1—x)
x(1=-x)—1

3 [ 2

+ )“L//{Eﬂ> + MLME <m tanﬂ)] s (B13)
34,000 [ 2

/1L/1E/1> + MLME (m + tanﬁ>:| . (B14)

glr) = %Al v _1x> - Tln<x(1;x)). (C3)

The relative size of the BZ contribution from CP-even
Higgses (noting that we work in a CP-conserving 2HDM)
compared to the one-loop contribution, Eq. (16), is esti-
mated by

Adp™  damj —Re(if)Re(H,e,) f(x)
Aa?  mmi  Relal, al,]  Gux§)’

where ¢» = h, H. In the limit of heavy lepton masses, we
have [90]

(C4)

£ Sn(x), (©s)
o) Jin(e), (c6)

while for the one-loop function
xGy(x)" =1, (C7)

Thus, we can estimate the relative contribution from the BZ
diagram with & compared to the corresponding one-loop
contribution by

h.BZ
Ay~ da_m,

h
Aaﬂ

In(x4) = O(10™* - 10-5),  (C8)

" 3rvcosp

considering O(1) couplings of VL to the SM Higgs, VL
masses up to 20 TeV, and tan # = 1-50. We have ignored
the overall sign since both signs are possible depending on
the signs of 1’s.

For comparable masses of heavy leptons and the
heavy CP-even Higgs, x4 ~1, we have f(x%)=~O(1)
and x%,Gy ~ O(1), and the relative contribution is approxi-
mated by

HBZ
Ad, 7 da_m,

H
Aaﬂ

~ ~O(10™* = 1079),
T vcospf ( )

(€9)
considering O(1) couplings of VL to H and tan § = 1-50.
The diagram with the CP-odd Higgs gives similar result. In
either case, the relative contribution can be roughly another
order of magnitude smaller when M p << my 4.
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