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We study the two-Higgs-doublet model with a type-II seesaw mechanism. In view of constraints from the
Higgs data, we consider the aligned two-Higgs-doublet scheme and its effects on muon anomalous
magnetic dipole moment, a,, including both one-loop and two-loop Barr-Zee type diagrams. Thanks to a
sizable trilinear scalar coupling, the Barr-Zee type diagrams mediated by the Higgs triplet fields have a
dominant effect on a,,. In particular, unlike the usual two-Higgs-doublet models that require exotic Higgs
bosons light in mass, the masses of the corresponding particles in the model are of O(100) GeV.
The doubly charged Higgs boson presents a different decay pattern from the usual Higgs triplet model and

thus calls for a new collider search strategy, such as multi-z searches at the LHC.
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I. INTRODUCTION

A long-standing anomaly in particle physics is the muon
anomalous magnetic dipole moment (dubbed the muon
g — 2 anomaly) denoted by a, = (g — 2),/2, where the data
and Standard Model (SM) show an over 30 disagreement.
The E821 experiment at Brookhaven National Lab (BNL)
has presented a precision measurement of:

S = 116592089(63) x 10711, (1)

with an uncertainty of 0.54 ppm [1]. The current theoretical
estimate of a, within the SM has also reached a comparable
precision of 0.369 ppm, and is shown to be [2]:

aM = 116591810(43) x 1071 (2)

The deviation between the experiment and the SM is
Aa, = a;® —azM =279(76) x 10~ with an achievement
of 3.7c. The new muon g — 2 measurement performed in
the E989 Run 1 experiment at Fermilab, designed to have a
precision of 0.14 ppm, reports its first measurement as [3]:
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afNAL = 116592040(54) x 10711, 3)

Combining all available measurements on the quantity, we
now have a 4.2¢ deviation between experiment and SM
expectation,1 accentuating the muon g — 2 anomaly.

On the other hand, since the discovery of Higgs boson at
the LHC in 2012 summer, measurements of the Higgs
signal strengths, commonly used as a measure of deviations
from the SM, have been improving over the years. They are
found to be quite consistent with the SM expectations and,
hence, models with extensions in the scalar sector are
severely constrained. One possibility for a new physics
(NP) model to achieve such a good agreement with the SM
in the Higgs couplings while having exotic Higgs bosons of
mass at O(100) GeV scale is when the model shows the so-
called alignment limit [5-7].

In this work, we study the contributions of a model with
an extended scalar sector to the muon g—?2 when the
relevant theoretical and experimental constraints are taken
into account. One purpose is to revisit the two-Higgs-
doublet models (2HDMs), where the earlier studies can be
found in Refs. [8-29]. It is known that to explain the muon
g — 2 in this framework, the new scalar or pseudoscalar
boson are required to be as light as O(10) GeV. Although
such a parameter space is still allowed by the current data, it
is of interest to probe the scenarios where the new scalar

'The latest lattice QCD calculation for the leading hadronic
vacuum polarization from the BMW collaboration is obtained as
ap®~HVP = 707.5(5.5) x 107'%, which leads to a larger a,,, can be
found in [4].
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masses can be more relaxed and of ~O(100) GeV by
further extending the scalar sector. More importantly, such
a new extension should also address some other unsolved
issues, such as the origin of neutrino mass, that the simple
2HDMs cannot accommodate.

To achieve the above-mentioned goals, we consider the
2HDM with type-II seesaw mechanism [30,31]. In addition
to the SM Higgs doublet, the scalar sector contains another
complex doublet and a complex triplet. Moreover, we will
consider the so-called aligned two-Higgs-doublet scheme
(A2HDS), where the Yukawa couplings of the two Higgs
doublets to the SM fermions are proportional to each other
and one of the neutral physical Higgs boson is SM-like
[32-36]. The A2HDS has the interesting feature that it
reduces to various 2HDM types by taking proper limits on
the alignment parameters. With a small vacuum expectation
value (VEV) induced by electroweak symmetry breaking
from the two Higgs doublets, the Higgs triplet in the model
provides Majorana mass to neutrinos through the so-called
type-II seesaw mechanism [37-42].

It is found that rather than a simple combination of the
2HDM and the type-II seesaw model (also called the Higgs
triplet model or HTM), the model presents several inter-
esting features:

1. The coupling between the heavier neutral Higgs
boson in the 2HDM and the doubly charged Higgs
boson in the HTM can significantly enhance the
muon g — 2 through two-loop Barr-Zee type dia-
grams [43,44], even when the heavier neutral Higgs
mass is ~O(100) GeV.

2. The Higgs triplet VEV is now determined by three
lepton number-violating parameters instead of just
one in the simple HTM. As a result of the extra
freedom, these parameters are not necessarily of the
same order as the Higgs triplet VEV [30].

3. With a sizable Higgs triplet VEV, the doubly
charged Higgs boson shows a richer decay pattern.
As a result, the doubly charged Higgs boson can
evade the recent ATLAS lower bound of 350 GeV in
pair production [45]. In addition to the like-sign
diboson channel, the doubly charged Higgs boson
can also be probed via channels involving the light
charged Higgs boson.

The paper is organized as follows. In Sec. II, we derive the
Yukawa couplings in the A2HDS and show the relations
between the scheme and the various types of 2HDMSs with Z,
symmetry. The mass-square relations of the triplet Higgs
bosons are discussed, and the CP-even neutral Higgs
couplings with the charged Higgses are given. In Sec. III,
we discuss the results of one-loop and the dominant two-loop
Barr-Zee type diagrams. Using the bounded parameters, we
present the detailed numerical analysis and discussion in
Sec. IV. Section V summarizes our findings in this work. The
full scalar mass matrices and their approximations in the limit
of neglecting v, are given in Appendix A.

II. MODEL AND INTERACTIONS

We consider a model where the scalar sector is extended
with a doublet with ¥ = 1/2 and a complex triplet with
Y = 1. In the following, we discuss the general Yukawa
interactions and scalar potential in this model.

A. Scalar potential and the trilinear scalar couplings

Since the scalar sector is an extension of 2HDM or of
type-1I seesaw, in the following, we briefly discuss the
essential parts for our analysis. First, as we will assume
negligibly small mixing between the doublet fields and the
triplet field, it is useful to go to the Higgs basis in the usual
2HDM, defined by:

H] Cﬂ Sﬁ q)l
(w)-(5 0)G) o

2 _Sﬂ Cﬁ q)z
where v; is the VEVof @; (i = 1, 2), cs(s4) = cos f(sin f3),
tanf} = v,/v, and v = \/v3 + v5 ~246 GeV. Written in

terms of field components, the Higgs doublets H;, and
triplet A are

= <<v+H? iGO)/ﬁ)’ = ((Hg j‘))/ﬁ)’
i)
v in®)/V2 =67 /V2

In the conventional CP-conserving 2HDM, G*(©) are the
Goldstone bosons, and H* and A are the charged Higgs
boson and the CP-odd pseudoscalar physical states. In
addition, the CP-even scalars H) and HY mix to give their
mass eigenstates via:

)= Cn ) o
h Sp—a Ch—a Hg ’
where h is the 125-GeV SM-like Higgs boson,
Cpoq = COS(f — @), 55_o = sin(f — @), and «a is the mixing
angle of @Y and ®). Although &°, #° and 5* generally mix
with (H,h), (G° A%), and (G*, H*), respectively, such
mixings are small and phenomenologically negligible when
vp < 1 GeV, as is the case considered in this work. Hence,
it is a good approximation to take 4, H, A°, and H™ as the
physical states.

The scalar potential of two-Higgs-doublet fields and the

Higgs triplet field under the SU(2), x U(1), gauge sym-
metry is given by:

V=V(®,®,) + V(A) + V(®,®,,4), ()

where each term is more explicitly given by [30,31]
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+ Lo
V(@) ®;) = mi®] P, + m3®; — miy (P[P, + Hee.) + >Hh (@®)?

2

1
+ = (D]D,)? + 1P D, DD, + 1,D] D, DD,

+ Eﬂs(q)lq’z)z*‘/lﬁ(q’{@l)(‘Dé‘bl) + 4 (D0, (@;®)) + Hee. |, (8)
V(A) = mATrATA + 25, (TrATA)? + 25, Tr(ATA)?, 9)
V(®,,®,,A) = (u®Tit,AT®| + p, @ity AT®, + p3®1ir, ATd, + Hoc.)
+ (5@ @) + AgDi D, + (41,®[ D, + H.c.))TrATA
+ HOTAAT®, + 2 DIAATD, + (1), D]AATD, + Hec.). (10)
In terms of the Higgs basis, the minimal conditions for the VEVs of H;, and A can be obtained as:
0411 + S4A.2
<% —+ C/ZJS/23}~345 + 2625'#),6 + 20/}S2ﬂ,7> 1}2 = —C%}m% - s%}m% + 2c,;s,;m%2
2
) _ _
+ \/EUA(C;ZW] + ShHo + CpSpH3) — ?A (cjAs + s3d9), (11a)
v? v? Aev? Aqv?
cpsp(ml —mi) —miycop + = 5 (=cpsphy + cpshla) + ekl s CpSplap T (=3¢ +cj) + A (3¢ —sp)
CopUaHy  Ag + A
= —=V2cp550a (11 — o) + /\/§ 8 7 2 CpSpUR. (11b)
2 s Ao v, 5 ,
my +EC/;U TS 507 + (a1 +Ax2) v} |va = 5 — (cp1 + sgua + cpSpps + s2ph12), (11c)

where Ag = Ag + A4, dg = dg + A, A1y = 15 + 4},, and the
VEV of A is denoted by v,. These relations are useful to
simplify the expressions of scalar masses and trilinear
scalar couplings. We note that since no discrete symmetry
is imposed in the 2HDM, both H,, Higgs doublets are
indistinguishable. It is simpler to directly use the Higgs
basis in the scalar potential. To compare our results with
those given in Ref. [31], here we employ the generic Higgs
flavor basis, which is used in Ref. [31]. Nevertheless, we
show the more compact expressions in Appendix B.

If we drop the small effect from (d5; + Aa2)v3, the
Higgs triplet VEV can be obtained as:

v? Cﬂ,ul + Sﬁﬂz + Cﬁsﬂﬂ3

V2 M3

(/Igcﬂv +/19sﬂv + A12595)v%/2. Since
v, 1s bounded by the electroweak precision measurement,
and with the exception of the neutrino mass, its effect is
irrelevant to the current study. Precision measurement of
the electroweak p parameter gives a constraint that
va < 8 GeV [46]. To illustrate the importance of trilinear
scalar couplings between the two Higgs doublets

(12)

VA R ——=

with M3 =m3 +

|
and the Higgs triplet on the muon ¢g—2, we take
va ~O0(1073-107%) GeV. The considered parameter
region can be easily achieved. For instance, using
copy + Shn + cpsppz 1072 GeV oand M, = 500 GeV,
we obtain vy ~ 1.7 x 107 GeV. As a result, the mass
mixings of scalars, pseudoscalars, and charged scalars
between ®; and A are phenomenologically negligible,
justifying our earlier assumption. Due to the doublet-triplet
coupling terms in Eq. (10), the G** and H*(A") in the
Higgs basis of 2HDM are not the Goldstone modes and the
physical states, and the (G°, A% ") and (G*, H*,5%)
states will respectively mix. The only nonmixing state is
the doubly charged Higgs, where from Eq. (9), its mass can
be expressed as:

2

v
mi. = my + Aa v + - (cjhs + 39 + Aizsap).  (13)

It can be seen that the new doublet-triplet couplings terms
shift the 5+ mass.

The detailed discussions for the scalar, pseudoscalar, and
charged scalar mass matrix are given in Appendix A. We
summarized the characteristics as follows: from Eqs. (A2)
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and (A7), it can be seen that m7,, and méi are proportional
to vi. With v, ~O0(10™*) GeV, their values can be
dropped. If 3 = tan2f3(u; — p,) is required, we can find
that the mixing matrix elements of G°A° and G-H™*
become O(v%), and the G°(A%)%°, G~(H™)s", and
h(H)&® matrix elements are of O(v,). In comparison with
the mass-square elements of other massive particles, their
mixing effects are small. Although the small mixing effects
can have important influence on some processes, e.g.,
5T+ — W*H? can be induced, their influence on the muon
g — 2 can be indeed neglected. Hence, when we numeri-
cally estimate the muon g — 2, we take h(H), H*(5%) and
A? as the physical states; however, for other processes, one
can take the mixing effects into account if necessary.

The new doublet-triplet couplings can cause the triplet
scalar mass splittings, and the mass differences can be
found as:

2 2
v v
mgi - mgﬂ = TAﬂAz + Z (C[z))ﬂ/g + S%/VQ + /1/12S2ﬁ),

méo - mgii = (24a1 + 3/1A2)U2A

2

v
+ (3% + 5340 + A1552p). (14)

It can be seen that the mass split can be or be less
than O(100) GeV.

The trilinear interactions among a neutral Higgs boson
and two charged Higgs bosons are given by:

Lypss = —v[os—sr+ HYG™8 + Aog5r HY6~ 6%
+ Aoy HYHH™], (15)
where the couplings are written as:

lH?S"&** = ﬂgC‘% +ﬂgS/23 +/112S2ﬁ,
Aos—5++ = (=4 +A9)Cpsp + A1aCap,

% % P
Aog-5+ = (ﬁg + 5) cp+ (19 +5> S5+ (/112 + 7) 525+

Ay — A A
Amsst == (’18 —Jg+-2 5 9) + (/112 +%2> C2p

AH?H’H* = [/11 +ﬂ.2 —2(/14+15)}C/235/2} +l3(C?}+S;43)U

_2(/16 —17)C/)7S/,VC2/,’,
/1H(Z)H—H+ = —/llcﬂsz +/12C/33S/3 —13456/35‘/36'2/;
—6(3csy—s) + A7 (ch—3cjs5). (16)

In the alignment limit of cs_, = 0, the & and H trilinear
terms can be easily obtained by the replacement of H (1’ - h
and H(z) — —H. Therefore, the corresponding trilinear
couplings have the relations:

Aps—=)5++) :AH‘I’&*(*M**(*)’ At :AH?H‘H‘v

Ags—Crgrin = —/11135"<*>5++<+>» Agp-p+ = —AH‘;H*H% (17)

We note that the pseudoscalar A° does not couple to the
charged scalars in the CP-conserving case.

B. Yukawa interactions

The most general Yukawa couplings in the model are
given by:

—Ly = 0, YIDr®, + 0, Y{DR®,
+ QLY UR®D, + O, YiUxD,
_ _ 1
+ LY £r®, + LY5 6@, + 5LTCy”irzAL
+ H.c., (18)

where the flavor indices are suppressed, y* is a symmetric
matrix, Q; (L) denotes the quark (Iepton) doublets, gz (£z)
denotes the quark (lepton) singlets, Y{,z with f =u,d,”
are respectively the Yukawa matrices for the up-type
quarks, down-type quarks, and charged leptons, C is the
charge conjugation operator, and ®; = i1, ®; with 7, being
the Pauli matrix.

Since ®; and @, simultaneously couple to each type of
fermions, flavor-changing neutral currents (FCNCs) natu-
rally arise at tree level. The FCNC effects are usually
suppressed by introducing, for example, a Z, discrete
symmetry [47]. In this case, the 2HDM can be categorized
into Type-I [9,48], Type-II [48,49], Type-X, and Type-Y
[50-53]. See Ref. [54] for a detailed review. In addition to
the above-mentioned schemes in 2HDM, the tree-level
FCNCs can also be avoided by imposing a certain relation
between Y{ and szc, where f = u, d, and 7. The A2HDS
assumes the relation Y- ]2( =&Y { , where &y is a proportion-
ality constant [32]. Alternatively, one may also impose the
condition Y’; =N ,Y{ N} [55-57], where the possible N,
matrices can be found in Ref. [55]. In this work, we are
considering the A2HDS. ' '

With the assumed VEVs of ®;, ¥/ and Y} in Eq. (18) can
be linearly combined to form two matrices:

Xp = cg¥] + 3,7},

so that X(Zy) is associated with the doublet /), and the
fermion mass matrix can be obtained as M r= X fv/ \/E
Moreover, M, can be diagonalized by the unitary matrices
U} ¢ in the way MG = ULM Uy If Y} and Y} are two
linearly independent matrices and cannot be diagonalized
simultaneously, then tree-level FCNCs can arise due to the
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Z; couplings because its off-diagonal elements cannot be
removed when X, is diagonalized. When the A2HDS

relation Yg = éfY{ is taken, the Yukawa matrix can be
related to the mass matrix as:

yov2_ |

=YY< M, 20
1 CﬂUl—l—fftﬁ ! ( )

_ . Cp—CpSpo - . e
—Ly = Z |:fLM_(,jflafR R A ffﬂ afLM_(,jvlafRH‘i‘ Pea
¢

f=ud,

As a result, both Y { and Y ch now can be diagonalized
simultaneously, and the H' ?’2 FCNCs are suppressed at the
tree level.

For simplicity, we only concentrate on the CP-conserving
case and assume & to be real, though they can generally be
complex. Using Egs. (4) and (6) and the notations used in
[32], the mass terms and Yukawa interactions with s, H,
AY and H* are found to be

4+ &rcpg - )
R LM f

CrSpw vrgiap (ia0y . V2~ s iape
Y L FMPfR(A) + = S AV ekmlaM§ PR — MGV Py )dH

f=udt

V2

+ —0(VpansCeME2PR)CHT + Hec., (21)
v

where s;, = +1, 5, =—1; Pgyy = (1 £ys5)/2 are the
chirality projection operators, Ve = VY VZT is the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [58,59],
Vemns = V4 ViJr is the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix [60,61], and

& =1

with 7; = tan §. In general, {; can be complex numbers as
¢ [32], and their magnitudes can be large without requiring
a large tanp. In this study, we only focus on the
CP-conserving case. The A° and H* Yukawa couplings
do not depend on c4_, (s4_,). For comparison, we show in
Table I the vanishing and nonvanishing Y{_z for various
2HDM types and the associated {y. In particular, {f in
Type-l, -1I, -X, and -Y can be obtained from the A2HDS by
taking an appropriate limit of £, and thus {:

Y[ =0: & =00 =15, (23)

Since the SM-like Higgs couplings generally depend on
Cp-q (Sp—q) and £, the current Higgs production and decay
measurements put stringent constraints on the value of
Cp—_q- Here we simply take the alignment limit with
p—arn/2 [5], ie, cg_q = 0 (sp_o = 1). As a result,
the H and A° couplings to the SM fermions have the same
magnitude and are dictated by ;. In this work, we
demonstrate how a large {, can affect the muon g—2
when my > m;, and the H67+5~~ and H5T6~ couplings
are present.

Using the component fields of the Higgs triplet shown in
Eq. (5), the neutrino mass and lepton Yukawa interactions
with the triplet fields are given by:

1— I— 4’ —y
EYDEI/EMDDL +§I/EMDI/L j}‘”’] —I/gy—sz5+
A
1 —
—El/ﬂgyny6++ +H.C., (24)

where f€ = Cy°f* and M, =y*v,/v/2 is the neutrino
mass matrix. In order to fit the neutrino data, the values of
(M,);; has to be of O(107-107%) eV [30,62,63]. In the

TABLEL  Vanishing (mark by 0) and nonvanishing (marked by x) Yukawa matrices of various 2HDM types and the corresponding ¢ ;.
r{ Yy v Yy vy Yg {u {a Lo
-1 -1 —1
Type 1 0 0 0 X X X Ly 15 15
Type II X 0 X 0 X 0 t/;l —ty —ty
Type X 0 0 X X x 0 n : 7] : ~lp
Type Y X 0 0 0 X X s —ty 1!
A2HDS X X X X X X Su=ly Sa=1p Se—tp
14+&,15 14+&atp 14+&0t5

055011-5



CHEN, CHIANG, and NOMURA

PHYS. REV. D 104, 055011 (2021)

type-Il seesaw model with the assumed triplet VEV
va ~O(107-107*) GeV, the Yukawa couplings y%; are
very small, <O(1077). Therefore, §* and &** of
O(10%) GeV mass have negligible effects on most lepton
processes.

As we will numerically show below, the Yukawa
couplings as well as the trilinear scalar couplings
H6—)5t+ ) and HH-H™, arising from the scalar
potential, play important roles in producing a sizable
correction to the muon g — 2.

III. ONE- AND TWO-LOOP MUON g -2

The electromagnetic interaction of a lepton can be
written as:

£(p" ¢ (p)
io"k,

=2(p') |7"Fi(K*) + 5

Fy(k)|£(p). (25)

me

The lepton anomalous magnetic dipole moment is then
defined by

-2
ar = gr—s_ F5(0).

7 (26)

Since the magnetic moment is associated with dipole
operator, the lepton g — 2 originates from radiative quan-
tum corrections. In the model, the one-loop corrections
from new physics are induced by the mediation of H, A°,
and H*, where the associated Feynman diagrams are
shown in Figs. 1(a) and 1(b). Moreover, it is known that

(a)
7 - \0\

;o HAT

2 [ | u
%7
© 7
H/A°) g

7  H 7

FIG. 1.
and 7 lepton.

the two-loop Barr-Zee type diagrams can have important
contributions to the magnetic dipole moment due to a large
coupling enhancement [43,44]. The potentially large two-
loop diagrams mediated by heavy fermions, including
top, bottom, and z, are shown in Fig. 1(c). The essential
mechanism contributing to the muon g — 2 in the model is
the two-loop with Barr-Zee type diagram mediated by the
charged scalars, including 5", §*, and H", as shown in
Fig. 1(d). In addition to the lepton Yukawa coupling, such
diagrams further enjoy the enhancement of the electric
charges associated with the charged scalars.

The one-loop corrections to the anomalous magnetic
dipole moment in the 2HDM have been studied long time
ago [8-11]. Using the Yukawa couplings shown in
Eq. (21), the muon g — 2 from Fig. 1(a) and 1(b) can be
expressed as:

2

m 1

Aghi/A — T H 2/

n 8212 07) A
AgH ma% /1 4 x2(1—x)

. 872v* Jo 1—x(1—rpx)’

where rj, = m7/my with B = H, A°, H* and the Yukawa

couplings y7 A% are defined as:

(27)

Wo=—=silp (28)

y}I;[ = Sﬁ—aCf — Cpa>

(b)

(d)

!

One-loop and two-loop Barr-Zee type Feynman diagrams for the muon g — 2, where f in plot (c) includes top (bottom) quark
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From the expressions, it can be seen that the induced muon
g — 2 is proportional to mﬁ. One of the four factors of m,
comes from the definition in Eq. (25), another comes from
the mass insertion for chirality flip, and the rest two enter
through the two Yukawa interaction vertices, each of which
is proportional to the muon mass. Thus, if the intermediate
scalar mass is of O(100) GeV, the resulting muon g — 2 is
far below 107°. To get Aa, up to ~107°, the mediating
particle has to be as light as tens of GeV. This was the
observation previously found for the 2HDM in the
literature.

Following the results shown in Ref. [19], the two-loop
Barr-Zee type diagrams with fermion and charged scalars
can be written as:

2.f CeniNEQT Y 4 A0 A0 A0 (L f
Aay, :fz; W[yfyf‘]f( H)+yf Ye Jf ( Ao)],
=1,b,T
aeszrﬂ
Aa;® = T”CMHS*SJS(V%), (29)
S=6T",67 H" 4

where Né is the number of color for the fermion f, Qp
(P = f, S)is the electric charge of the particle, and the loop
functions are given by:

Jj@) = %A | 2Zx (—1x_(1X)—;)1 In (x(l = x)) ’
#0=3 [ iy “‘(x(lz—x))’
Is(2) = % /0 | - fg(? f)x) In <x(1 = x))' (30)

The two-loop results are proportional to m,% because there is

only one muon Yukawa coupling involved. It can be seen

that when y{Z{,A

are strictly bounded by the experimental

data, their contributions become subleading, and Aa,%’s is
the dominant effect.

IV. NUMERICAL ANALYSIS

In this section, we present how we choose the parameters
in our model, how they affect Aa, at one-loop and partial
two-loop levels, and how the doubly charged Higgs
phenomenology at the LHC is modified.

A. Parameter choice

Among the parameters in the Yukawa and scalar sectors,
most relevant ones for the muon g — 2 are combinations of
the Yukawa matrix elements, the quartic scalar couplings,
and 7, that appear in various couplings. More explicitly, the
relevant parameters are: Cp_, (Sp_q)s Cuars My a0 gt
Mgz 56, Ays—s—» Aps-5-» and Ayy-p+. We will show how
they contribute the muon g — 2.

Before a numerical analysis, we first need to find the
allowed parameter space for the model. All potential
constraints from experimental measurements, including
various flavor physics processes, Higgs data, and electro-
weak precision observables, and theoretical bounds, such
as perturbative unitarity and positivity of the scalar poten-
tial, have to be taken into account. Recently, such a global
fit, considering the theoretical constraints has been done in
the A2HDS [64]. In this work, we will follow the global fit
results in Ref. [64] when the parameter values are taken for
the numerical estimations.

Two scenarios, the light scenario and the heavy scenario,
are discussed by in Ref. [64], where the former refers to the
case with my > m;, and the latter has my < m,,. Since we
are interested in the heavy scalar boson contribution to Aa,,,
we will concentrate on the light scenario.

The values of parameters used in our numerical analysis
are described below. Using the experimental data at 2¢
errors, the global fit gives |c;_,| < 0.04. Thus, we will take
the alignment limit of cs_, = 0. Under this limit, the
HW~-W" and HZZ couplings vanish identically. It is found
that , ; have to be of the same sign and their values are
restricted to small-value regions when |{,| approaches the
boundary of maximum, i.e., |{,| = 100. Moreover, the sign
of {, cannot be determined by the global fit, and it always
appears in the product along with other parameters in Aa,,,
e.g., {pAys—s++. We can thus fix the value of {, and let the
associated parameter vary. In numerical calculations, we
take:

¢, =0.1, 4 =10,

¢, = —100. (31)
Since the maximally allowed value of |{,| in the negative
region is larger than that in positive region, we assume {,
to be negative. The signs of {,, are taken to fit the
positive Aa,.

From Egq. (16), it is seen that the trilinear couplings have
involved relations with the parameters in the scalar poten-
tial. If we assume that the 2HDM with a Z, symmetry
contributes little to the HH~H™ coupling, the 44, param-
eters in A2HDS become the dominant source, i.€.,

Ana-+ = 26(3c/23s/% — sg) — /17(0?3 - 3c§s/2,). (32)

Since the constrained Ag; values allow Ag~—3.5 and
Ay =~ =2.5, we will take Agy-m+ =~ 1.5 to estimate the muon
qg—2.

According to the results shown in Ref. [31], the allowed
values for |1g9| and |45 can be of O(10),” where the
Higgs data and the theoretical constraints have been

imposed. With ¢z =s5=1/ V2, it s expected that

The parameters Ago and g4 used in this paper correspond
respectively to the parameters Ag7g9 in Ref. [31].
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Apgs—g+++) S5 can be conservative upper bounds. The
upper bound is consistent with that used in Ref. [33] for
the HH~H™" coupling due to the perturbative requirement.
For simplicity, we take Ays-s+ = Ags—s++. Since {, and
Ans—s++ show up together in Aa,, we can consider
CoAps—s++ as a single variable because {, = —100 is fixed.

Global fits cannot determine the masses of the involved
new scalar particles. Nevertheless, their mass differences
are strongly correlated and constrained. In our numerical
analysis, we take mg = mgx + 100 GeV according to
Eq. (14). When discussing the CP-even or CP-odd scalar
effects, we take my 40 as a free parameter. When combin-

ing the effects of H and A together, we take my = my-
and myo = my £ 50 GeV.

The parameters |{,| and my- can also be bounded by the
Michel parameters [65] in the 7z decays [66-70]. The
Michel parameters in the leptonic 7 decay are defined as:

dFT—> (v,

o x fo(x) +pefi(x) + ﬂfr:ffz(x)

= P.£s(91(x) + 6£92(x)), (33)

where x = E;/E, and E, = m,(1 +m2/m?)/2, P, is
the z-lepton polarization, and the explicit expressions of
functions f; can be found in [46]. In the SM, the Michel
parameters are predicted as p, = 3/4,n, =0, &, = 1, and
b, = 3/4, whereas the current experimental values are:
Pyt =0.749 £0.008, 57" =0.015+0.021, P =
0.981 £ 0.031, and (5,&,)°*P = 0.79 4 0.04. We will con-
centrate on the 7, and &, parameters because they are
sensitive to the scalar couplings.

The general transition matrix element for 7 — £7,v, can
be written as [71]:

\f =D Gl we) H(@)lTelz). (34)

A= RT

100

80+

121

60 L7

40}

—_—

20 ‘ ‘ ‘ ‘
100 150 200 250 300

M= [GeV]

where k =S, V, T denotes the type of interaction,
€(A) =R, L is the lepton chirality, and the chirality of
m(n) can be determined when « and €(4) are fixed. In the
SM, due to the V — A interaction, we only have g}, = —1.
Since the involved couplings in the AZHDM are scalar and
vector types and the H*-Yukawa coupling is proportional
to the lepton mass, we only need to consider the muon
mode and the effective couplings gy and gy, . Thus, the
Michel parameters of 7, and &, are expressed as:

1
n, = ERe(gfeRgZZ)v
1
Sy = |9ZL|2 2 |gIS€R|2’ (35)

where ghy and g}, with one-loop corrections [67] in the
model are given by:

o my (ml\?
9rRR = )
m, \ my+

) 2 2

% ¢ mz Mo my
-1 "*T(F + F . (36
ILL 3272 2 ( <m§#) (m?{i>> (36)

with the loop function F defined by

F(a) :%—i—ﬁlna. (37)

To illustrate the constraints from the measured Michel
parameters, we show the contours of 7, (left panel) and &,
(right panel) in the |{,|-my+ plane in Fig. 2, where
myo = 50 GeV and my = 100 GeV are used. The dashed
line in the left plot corresponds to the 2o lower bound of
7.7, pointing to the lower right region as more favorable
parameter space. For example, my- < 180 GeV is excluded
when |{,| = 100. The right plot, on the other hand, does
not show much constraining powers as the entire parameter

TOveee_
100+ 0.9968 1
80t

N

60 /\V99947\ |
40+

— &
20 . . . .

100 150 200 250 300

my= [GeV]

FIG.2. Contours for the Michel parameters 1, (left panel) and £, (right panel) as a function of |{,| and m,+, where m,o = 50 GeV and

my = 100 GeV are used.
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space gives values consistent with & at the 26 level.

Therefore, to avoid the constraint from 77, ", we take my+ >
180 GeV in the following numerical analysis.

B. Muon g-2

In the following, we divide our discussion of muon g — 2
into three contributing parts.

1. One-loop contribution

According to Eq. (27), Aa,le/ A" and Aa,l,’Hi with
Chog = 0 depend only on the scalar boson masses and
the parameter {,. Thus, we show Aa},’x as a function of my
for X = H,A°, H* in Fig. 3(a)-3(c), respectively, where
the curves correspond to |{,| = (30,50, 100). Clearly, the
pseudoscalar A? and the charged-Higgs H* contributions
are always negative at the one-loop level. The H* con-
tribution is small and can be neglected. Although H makes
a positive contribution to Aa,, Aa};H > 107 is possible
only when my is lighter than about 50 GeV. According to
the global fit results in the A2HDS with my < m,, scenario
[64], such light CP-even scalar is still allowed. However,
the associated my,o parameter can be of O(100) GeV.
To demonstrate the correlation between my and myo,
the contours of the combined Aa, as a function of my

7,\ =
(@)
6r 3
5t
S 4
X
223 =100
g S [4e] =
50
1,
30
of ‘
0 20 40 60 80 100
my [GeV]
0.00¢ 30
-0.05¢
P 50
< —0.10¢
.
jélg:‘ -0.15 |{{|:100
-0.20
0251, | | ©]
100 150 200 250 300
my: [GeV]

FIG. 3.

and myo are shown in Fig. 3(d), where {, = —100 and
my= = 180 GeV are used. When A° with the allowed mass
of 0(10%) GeV is included, comparing to the case without
A° contribution, the my value required for Aa, > 10~ has
to be shifted downward. Hence, in the region of
my > 100 GeV, the one-loop contribution to the muon
g — 2 within the 2HDM is far below 107,

2. Barr-Zee contribution within the 2HDM

Before discussing the new two-loop effects on Aa, in
our model, we first focus on the analysis within the 2HDM.
As discussed before, the main two-loop Barr-Zee diagram
contributions are usually from the fermion and charged
Higgs loops shown in Figs. 1(c) and 1(d), respectively. In
order to understand the influence of these effects on Aa,,
we separately show the fermion and H* contributions in
Fig. 4, where plot (a) [(b)] is mediated by H [A%]; the
dashed, dotted, dot-dashed, and dot-dot-dashed curves are
the top, bottom, z-lepton, and H* contributions, respec-
tively, and the solid curves are the combined fermion- and
H*-loop Barr-Zee contributions and the one-loop results.
In the numerical estimates, we take {,, = 0.1, {;, = 10, and
¢, = —100, consistent with the numerical results given in
Ref. [64]. To estimate the H* contribution, we use the

50
-2 14| = 100

76 | (b) 4
0 20 40 60 80 100
m 4o [GCV]

200F
180F
160}
140}
120}
100F

80f

601

20 40 60 80 100
my [GeV]

myo [GGV]
&)

£ =-100
my= = 180 GeV

— Aa,x10° (d)]

One-loop muon g — 2 within the 2HDM, induced by the mediation of (a) H, (b) A°, and (c) H™, as a function of respectively

My 40 g+, Where the curves correspond to |£,| = (30,50, 100). (d) Contours of Aa, with the combination of H°, A%, and H*, where

{, = —100 and my: = 180 GeV are used.
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0.6 \ ‘ ‘
2 HDM : H mediated (@)
04 A\ Aaﬁ'”i
0.2+
[=)}
= .
X 00r
3
<
T _02f .
e ) my = mpy=; & =0.1;
047 da” Za=10:4, = -100; |
g =2
-0.6 L~ : : :
200 300 400 500 600
mpyg [GGV]

| 2HDM : A” mediated (b)
\
3\
\.\ Aaﬁ'f + Aa};/‘u
% S\
Y \ Aa2T
3 N 4=0.1: =10
1 - ¢ =-100
L Aay )
of TTTTTIE
o | Aa2b ‘ ‘ ‘
50 100 150 200 250 300 350 400
myo [GeV]

FIG. 4. Two-loop muon g — 2 from Figs. 1(c) and 1(d) induced by the mediation of (a) H and (b) A° as a function of respectively
mpy 40, where the dashed, dotted, dot-dashed, and dot-dot-dashed curves are the top, bottom, z-lepton, and H* contributions,
respectively. The solid curves contain both one-loop and two-loop effects.

conservative value of Ayy-p+ =2 and set mpy: = my.
In the H-mediated part given in Fig. 4(a), it can be seen
that due to the strict bounds on ¢, ; the top- and bottom-
quark contributions are smaller than 2 x 1071°, although
an enhancement factor of {, is already applied. The
H-mediated z-loop contribution is always negative and
sizable in magnitude. Intriguingly, using Aygy-g+ = 2, it is
found that the H*-loop in the mass region of my y= > my,
gives the dominant effect, and it can overcome the negative
7-loop contribution, so that Aa, is positive.

In the A°-mediated part given in Fig. 4(b), similar to the
case mediated by H, the top-quark and bottom-quark
effects are small. However, the bottom-quark and z-lepton
contributions interchange sign, and the latter becomes the
dominant effect. The sign difference arises from the loop
functions J¥(z) and J2"(z) shown in Eq. (30). For the
region of m4o > my, it can be seen from Fig. 4(b) that its
two-loop effect on Aa,, is smaller than 107°. Nevertheless,
when A is lighter than the SM-like Higgs, its contribution
to Aa, increases significantly. When the negative one-loop
contribution is included, one observes that the A° contri-
bution to Aa, can reach 2 x 107 when m4 ~ 55 GeV.
Following the global analysis in the A2HDS [64], when
my > my, such a light pseudoscalar boson is not excluded
by the current experimental data. Hence, the conclusion is
consistent with that obtained in the 2HDM type-X [18,20].

3. Barr-Zee contribution from the triplet extension

It has been shown that when the CP-even and CP-odd
scalar masses are heavier than the observed Higgs mass, the
H-mediated and A%-mediated effects in the 2HDM become
ineffective to accommodate the measured Aa,. In the
following analysis, we discuss the new contributions from
the doubly and singly charged Higgs bosons derived from
the Higgs triplet extension. In the analysis, we focus on the
my > my, scenario, following the parameter constraints
given in Ref. [64].

According to Eq. (29), in addition to the mass factor

Aa;¥ (Y =6"F,6%) further depends on the product
CApy+y. Since the 6'-loop effect is similar to the H*-
loop effect, its contribution is expected to be of O(1071).
However, the doubled electric charge of 6" results in a
factor of 4 enhancement. We show contours of Aa,%”wﬂS+
in the my-{,Ays—s++ plane in Fig. 5(a), where Ays-s+ =
Ags—s++, Mgt = mg=+ + 100 GeV, and mg= = 350 GeV.
Fixing {, = —100, we treat Ayy-y as a variable and set
Agyy S5 to satisfy the perturbativity bound [33]. We
observe that Aa,%'(w*‘S+ ~ 1.3 x 10~ can be achieved in
the model when my ~ 200 GeV and { Ays—s—+ ~ —320.
Even when using the maximal value of |{,Ays5-—,+| = 500,
A2 can still reach 107 at my ~ 500 GeV. In

Fig. 5(b), we show contours of Aa,%‘6+++5+ in the mge: —

CoAus—s++ plane, where my = 200 GeV is taken. Clearly,
with {yAys—s++ & —500, we can have Aa,z,"ﬁﬂr‘s+ ~ 107 at
mge= &~ 500 GeV. These results demonstrate that the mea-
sured muon g—2 can be readily achieved even when
the exotic Higgs bosons in our model have mass of
a few x 100 GeV.

Besides the enhancement from the two units of electric
charge, it is interesting to note the other enhancement factor
associated with the doubly charged Higgs boson by
comparing the result with that induced from the z-loop.
Because the H and A° couplings to muon are the same in
the alignment limit, if we further set my = myo = my the
only different factors come from the couplings, A%zz and
HH~H', and from the loop integrals, in‘o(z) and Jg(z)
defined in Eq. (30). For simplicity, we use z,.J, to represent
the effect for the z-loop and the 6**-loop, where z, and J,
are the associated coupling factor and integral function,
respectively. We show z,J, as a function my in Fig. 6,
where {, = —100, ms+~ = 350 GeV, and Ays—s5+~ = 3 are
applied. It can be seen that once my > 160 GeV, the §7+-
loop contribution is larger than the z-loop.
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FIG. 5.

-200F
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~
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Contours of Aa, from the 2-loop Barr-Zee type diagrams of 5** and &* in the plane of (a) my and {yAys—s++ with

mgz+ = 350 GeV and (b) mgz+ and { Ays—s++ With my = 200 GeV.

14F .
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FIG. 6. Product of coupling factor and loop-integral function
for the 5" -loop and z-loop.

So far, we have just analyzed the effects of the
Higgs triplet field on the muon g — 2. Although the
2HDM contribution to Aa, becomes less significant as
mao > my, its effects are part of the model and we should
combine them with the Higgs triplet effects altogether.

40—
my = my=; myo = myg + 50 GeV (a)
mg= = mgx= + 100 GeV
3t £, =0.1; £y = 10; , = =100
Aps— ot =55 Ay =2
E
X 2
(TS:.
< i Aa‘l‘+2]oop
1 Aay ~. <
k. Aaﬁif a2
T~ R Ag22HDM
0 '—;-«--—...—...—..:._—_.'.%;—'..‘_—;'.T—_;'.—::—'.——;'E;'.—:

my [GeV]

FIG. 7.

According to the global fit analysis presented in Ref. [64],
the masses of H, A, and H* are strongly correlated and, in
the my; > m, scenario, A° and H* can be heavier or lighter
than A. For the purpose of illustration, we show the cases
with my= = my for my = my + 50 GeV and for m, o =
my — 50 GeV in Figs. 7(a) and 7(b), respectively. The
dashed, dotted, and dot-dashed curves give respectively the
fermion-loop, H*, and 6+ contributions. The dot-dot-
dashed curves are the two-loop 2HDM results, where the
fermion- and H*-loop contributions are summed up. The
solid curves combine all the above-mentioned contribu-
tions, including the one-loop effects. To show the maximal
contribution from the Higgs triplet field, we take
Aps—s++ =5 in the plots, and the other parameter are
taken to be the same as those used in the earlier plots. In
order to see the effects of {, and ms-+ on Aa,, we show the
contours of Aa, (in units of 107%) in the plane of £, and
mg=+ in Fig. 8, where the parameter values are taken to be
the same as those used in Fig. 7 with the exception of
my y+ = 180 GeV and m4 = 120 GeV.

Based on the analyses, we summarize the results as
follows:

(b)

mye = mpy; myo = my — 50 GeV

(=)}
=
X 2
=
2 - Aa’iﬁloop
IS AT =
\ =
&12]\_ _ Aa22HDM
= < Si——
0 T e iee e
200 300 400 500 600
my [GeV]

Combined results of one-loop and two-loop contributions in the model for (a) my+ = my and myo = my + 50 GeV and for

(b) my= = my and myo = my — 50 GeV, where mg=+ = 350 GeV is used and the other parameters are the same as in plot (a).
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FIG. 8. Contours for the combined one- and two-loop con-
tributions to Aa, (in units of 107%) in the ¢, — mg:= plane.

1. The contribution of Barr-Zee type diagram with the
H*-loop can only be of O(10719).

2. When the H- and A%-mediated two-loop diagrams
are combined, A° with a mass of 70 GeV can lead to
Aa, ~2x 107, similar to the situation of 2HDM
type-X [18]. However, when m o > m,,, the 2HDM
contribution is below 107°.

3. The H-mediated 57(+)-loop contribution is inde-
pendent of m 40, and it can play an important role on
Aa, in a wide range of my and ms.+, particularly
when the exotic Higgs masses are a few hun-
dred GeV.

Before closing this subsection, we make a brief remark
about the implication of the model on the anomalous
magnetic dipole moment of the electron (electron g — 2).
Applying the accurate measurements of the fine structure
constant from '3Cs and ®'Rb to the theoretical calculations
[72,73], the differences in the electron g — 2 between the
experiments and the SM expectation are found to be:

Aa,(133Cs) = —(8.8 +3.6) x 10713 [75],
Aa,(¥Rb) = (4.8 +3.0) x 10713 [76], (38)

i.e., having —2.4¢ and 1.6¢ deviations, respectively. Their
weighted average is Aa, = —0.8 £2.3. In spite of the
inconclusively experimental results, the model predicts a
concrete correlation in the corrections for muon g — 2 and
electron g — 2. Since the dominant contribution comes from
the Barr-Zee type diagrams in the model and the lepton
Yukawa couplings to H(A®) are proportional to m,
according to Eq. (29), we have the ratio Aa,/Aa, =
(m,/m,)* ~2.36 x 107. Hence, Aa, and Aa, should
have the same sign in the model.

C. Doubly charged Higgs decays

In this subsection we discuss the decay branching ratios
of 5** in our scenario and its related collider signature.

With our choice of vy > O(107*) GeV, 55+ dominantly
decays into charged scalar and/or W bosons, evading the
stringent constraint of LHC searches for same-sign dilep-
tons. The interactions relevant to the dominant decays of
5+ are obtained from the scalar potential and kinetic term
as follows

LD —(,uls/z, + ,u2c§ — p3spc)0 T THH™

Y
_ % <szﬁ % - czﬁ/vn) StYH-§"

2
— Ty W W — igW (0,676 — 570,57

V2
+H.c., (39)

where ¢ is the SU(2), gauge coupling. It can be seen that
the 5T TH~H™ and 6™t W~W~ couplings are dictated by the
factor of v,. That is, for the doubly charged-Higgs decays,
the mixing of O(v,) among G*, H*, and §* has to be
taken into account though its effects are small in the muon
g—2. If we take puz = to5(u; —p,) and ﬂgcf, +/19s§ +
Xjp825 ~ =2(2my/v)? in Eq. (A7), it is found that m%_ , ~
O(v3) and m?_5. ~O(v,). With such parameters and
dropping O(v%) terms, the relevant charged scalar mass-
square matrix can be simplified as a 2 x 2 matrix:

2 2
e My My-s+ H*
(T (Y
H 6% 5

where the matrix can be diagonalized by an SO(2) trans-
formation, similar to the expression given in Eq. (A8) but
using the 6, mixing angle instead of a. Due to the fact that
vp < v, we can ignore the influence of m?,_;, on mzi and

méi, and the physical states and the small mixing angle can
be simply expressed as:

H?: ~ Hi + giéi,
HF ~—0,.H* + 5%,

VUA

2\/§(m§i — mé

Xy — 2
0, ~ )<s2ﬁ 82 9+s/2,/1’12>. (41)

Taking A5 —/Ag =1, A}, =1, mg =350 GeV, my: =
180 GeV, v,y =5 x 107*and ¢ = 55 = 1/V/2, the mixing
angle value is estimated to be #, ~ 4.8 x 107", Since H f(z)

only carries a tiny component of 6*(H¥), in the following
analysis we keep using H*(5%) instead of Hy (H5).
Because of the introduction of #., in addition to the
WEW=* and H*H* modes, the doubly charged Higgs can
also decay into H*W*. In the case an on-shell decay to
H*H* is impossible, we consider the decay channel
H*H**, ie., one of H* is off-shell, with the assumption
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that the H* — 7% is dominant. The partial decay widths of
these dominant modes are explicitly expressed as:

44 +y+ g%imfsﬁ 2 1
(6~ > WWH)x——=—2— 3rW_rW+Z V1=4ry,

16m?,
(42)
23
goms.. 2
L™ - HEW) = 16711(1312 ALy, ro)i (43)
w

T(5%% - HEHY) =~ smen-lt (44
( - ) P |As++H-n (44)
1
(6 - H*H*) ~ 263 |\/§mr§f/15++H*H’|2
2 T M g+
xmax x
d V) /1 1, ’ 9

(45)

where ry = m%[//méii’ ry = m?_]i/mgii; X = qz/méii
and ¢? is the invariant mass of zv, in the H* — 77y,
decay; Xmax = (1 - \/E)29 Xmin = m%/mgii; /1(1,)(, y) =
14+ x* +y?> —2xy —2x — 2y, and

1
Astim-n- == (155 + pac — H3S5Cp)
L H155 s

1 Ay — A
+ E <32ﬂ % - C2ﬂj'/12> Qi. (46)
For the purpose of comparison, we include the ™t —
‘ ffj channels. According to the 57" Yukawa couplings to
£;¢5 shown in Eq. (24), the decay rate is given by:

2
D6t — £fet) = o M,); (47)
L 87[(1+5,]) (N ’
1 e
va=5x10"GeV, €p=vp y
m6++ =300 GeV ',‘
0.100 Mgr =Mmger +100GeV
= 0.010l™ =180GeV ' ’
o b
@ oo001f___Ir S
Y i NN
10 "‘ :,H+ T+ Ve \,\‘ \\\
105 s f S
105 10™* 0.001 0.010 0.100 1
1 [GeV]

where §;; is the Kronecker delta. We use the (M,);; values
determined by a global fit to the neutrino data and given
in [74].

For illustration purposes, we show in Fig. 9 their
branching ratios as functions of y; with the parameter
choice of 75 =1, |{,] =100, €5 = vy =5 x 107 GeV,
mge+ = 300(400) GeV and my- = 180 GeV for the left
(right) plot where Eq. (A3) is applied to fix y, and p5. For
the neutrino mass matrix element in Eq. (47), we apply the
dominant ones (M,),, . .. ~ 2 % 107* eV according to the
global fit in [74] for the normal ordering of neutrino
masses. Note that one of H" is off-shell in the left plot
while both H* are on-shell in the right plot. In the former
case, we find that the HTH™(—7"v) mode can be
dominant when u; > v,, even though it is a three-body
decay. In the latter case, we find that the H™H* mode is
dominant for 4; > O(v,) and that the ratio of branching
ratio is Br(H"H"):Br(WtW*)~0.07:1 when u; < vy
except for the region p; ~w,/2. The suppression of
Br(HTH™) at around p; = v, /2 is due to a cancellation
in the coupling. The cancellation occurs when Eq. (A3) is
applied. With #; = 1, we have y; = p, and p3 =2(ep —py ),
1S5 + pocl — H3cpsy = 24 — €x. The mixing angle 6.
could induce a sizable effect if A5 — A; = 2 is used. Note
also that 1}, does not contribute to the coupling Az n-n-
when 7; =1 is taken. In Fig. 10, we also show the
branching ratios of &7 as functions of mg+ with
1y = 0.01 GeV, where the other parameter values are
the same as those shown in Fig. 9. We find that the
H*H**) mode becomes dominant when mig: > 2my:
and that the branching ratios of WTW* and HT W™ slightly
increase with mg:=.

Finally we discuss signals from doubly charged Higgs
boson production at the LHC. The 5t"6~~ pair can be
produced via electroweak interactions in proton-proton
collision process. In our scenario, the produced &**
dominantly decay into W*W®* and/or H*H*(*) mode,
depending on the value of u; as discussed above. Here

e va=5x10" GeV
0100l Mgr+ = 400 GeV
S SR . :; Mg+ = Mg+ +100 GeV
= 0.010 R My = 180 GeV
O Ve N\
@ 0.001f L., i N ww
""""""" 15""‘. \\
10_4 E \\ AN wrwr
g A
10- ; T
10°5 104 0.001 0.010 0.100 1

k1 [GeV]

FIG. 9. Branching ratios of §* as functions of yy, with 73 =1, ey = vp =5 x 107* GeV, mg= = 300(400) GeV and my: =

180 GeV for left (right) plots.

055011-13



CHEN, CHIANG, and NOMURA

PHYS. REV. D 104, 055011 (2021)

va=5x10"*GeV,

0.001} . /’H':v;:“i €n = va, My+ =180 GeV
P e ) Mgt =Mgr+ +100 GeV
10-4 r ;\ u=001GeV  ___-==""
i\ ___________
10-° i
300 400 500 600
mgs+ [GeV]

FIG. 10. Branching ratios of &7 as functions of myg«,
with 73 =1, ey =v) =5X 107* GeV, p; =0.01 GeV and
my= = 180 GeV.

we focus on the H*H**) mode as it is a special channel in
our model. The scenario when the W*W=* mode is more
dominant is equivalent to the Higgs triplet model with
vy > O(107*) GeV. The singly charged Higgs H* domi-
nantly decays into 7 mode since the Yukawa interaction
between H* and leptons is enhanced by the large ¢, factor
that is required for a sizable muon g—2 contribution.
Therefore, the signature from &6~ production is
47 4 E7 in our scenario. Note that we can relax the bound
on mge= of ~350 GeV [45] because the analysis assumes
that the W=W= mode is dominant and considers only the
muons/electrons in the final state. It would be difficult to
reconstruct the doubly charged Higgs mass because of the
missing transverse energy carried away by neutrinos from
H* decays. Our signature could be tested in multi-tau
searches in future LHC experiments.

V. SUMMARY

In this work, we have studied an extension of the
Standard Model only in the scalar sector, with the addition
of one Higgs doublet and one complex Higgs triplet,
rending a two-Higgs-doublet model (2HDM) with the
type-II seesaw mechanism. For the 2HDM part, we con-
sider the aligned two-Higgs-doublet scheme (A2HDS) to
avoid undesired flavor-changing neutral currents induced
by the two Higgs doublet fields and to satisfy the current
Higgs data constraints. The Higgs triplet field obtains a
small vacuum expectation value (VEV) induced by the
electroweak symmetry breaking and gives Majorana mass
to neutrinos through Yukawa couplings.

We have examined how the model can accommodate the
measured muon g — 2 deviation. Simple 2HDMs usually
require CP-even and -odd Higgs bosons (H and A°) to be
sufficiently light (about a few x O(10) GeV) and rely on
the contributions of Barr-Zee type diagrams to account for
the muon g — 2 anomaly, Aa,,. In our model, the Barr-Zee

type diagrams get additional contributions from a large
H5+(H)57=(=) coupling, an enhanced coupling between
charged leptons and the charged Higgs boson (H*) in
2HDM, and the electric charges of the charged Higgs
bosons (6% and 6*F) from the Higgs triplet field, inde-
pendent of the mass of CP-odd Higgs boson. In fact, the
mass of the exotic Higgs bosons is allowed to have a wider
range, up to a few hundred GeV.

Owing to the new interactions with the other charged
Higgs and W bosons, the doubly charged Higgs boson
presents a different decay pattern than the usual Higgs
triplet model. With the assumed Higgs triplet VEV,
va ~5x 107 GeV, the doubly charged Higgs boson
may dominantly decay into like-sign charged Higgs bosons
in the 2HDM rather than like-sign W bosons, when the
magnitudes of the trilinear couplings i, , 3 are greater than
1073(1072) GeV for both (one of the) charged Higgs
bosons being on-shell. Therefore, pair productions of the
doubly charged Higgs bosons will lead to the signature of
4z-leptons and missing energy at the LHC.
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APPENDIX A: MASS MATRICES FOR NEUTRAL
AND CHARGED HIGGS BOSONS

In this Appendix, we show the full mass matrices at tree
level for scalar, pseudoscalar, and charged Higgs bosons.
Since A? and H™ are the physical states in the 2HDM, it is
useful to show the scalar mass matrices in terms of the
(G°, A%, %) and (G*, H*, 5T) bases when the Higgs triplet
field A is introduced. Since the CP-even HY and HY scalars
mix, we show the mass matrix in the basis of the (h, H)
states, defined in Eq. (6).

From the scalar potentials given in Eqs. (8)—(10) and the
Higgs basis in Eq. (4), the mass matrix for the CP-odd
components G°, A? and 7 is given by

2 2 2
Maogo Mgogo Moo G°
l(GO A0 p0) m2 m2 m2 A0 (A1)
3 n GOA© A0A0 Aono .
2 2 2 0
m m m n
GOI]O Aono ’]07,]0

where the mass matrix elements
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3UA
mZGUGO = 2 (C/Z;m + S%;Mz + cpspus),

mévo = _\/EWA [Szﬁ(m —H2) = 62/3/‘3]7
méono = —\/Ev(céﬂl + S0+ CpSpH3)
2

2
m v
mivo = mio :ﬁ—/%vz —?</16t/;1 —I—/17tﬂ) —|—2\/§S/231JA/,£1
C/%UAM 22 Uadi 3., 3
+ \/Etﬁ (1-15)°— 5 (S5 +c5+53),
1200 == [525(1 = 12) = Coppts]
Aono—\/i 2p\H1 = H2 2pH3]5
28024’/_195'2
m20 0 Emzf) :mi+(/1A1 +/1A2)UZA+7ZJ ﬂl}z
n n D)
A28
T, (A2)

with 1g = Ag + 44 and dg = dg + 4. From Eq. (12), it is
known that cju; + s3pp + cpsgus ~ O(vy). Neglecting

term of O(v,), one can see that m> and

GG szo 1405
mé”n" are negligibly small. Thus, to a good approximation,
G represents the neutral Goldstone boson. Moreover, if we
further demand that the factor so4(py — o) — copps in
3\0;70 vanish, A and 5° decouple from each other. To
understand the correlations among y, y», and p5 under the
conditions:

m

{ Chp1 + Sppa + Cpspus = €. (A3)

sap(p1 — po) — copus - =0,

where €, is an parameter of O(v, ), we solve and obtain:

po =ty Fea(l—152),  pz=-215"(u;—ep). (Ad)
For tan f = 1, we have u, ~ pu; and p3 ~ —2u,. For large
tan 5, they can be approximated as:

Mo = €p + /hf/?z, M3 = —2ﬂ1fﬁ_1‘ (AS)
It is seen that the u, 3 scale is determined by p; and 7.
Similarly, the mass matrix for G*, H" and &' is

given by:

2 2 2 .
Mme-g+ Mg-g+  Mg-s+ G
— -5 2 2 2 +
(GTH™6)| mgpye my e My s H*™ |, (A6)
2 2 2 +
Me-s+ My-sr  Msgt g

where the mass matrix elements

mg- e = V2v0a(chuy + S + cpspis)
Vi o 2
— = (cply + spdo + A182p),

2
/ /
2 __Ua Ay — 4o 2
Mg gy = —ﬁ(szﬁ(ﬂl —fy) — C2/},“3) + 2 CpSpUA
/
2
ey,
Mg = —U(Clzgﬂl + 512;,“2 + cpspu3)
VAV oy 291 /
+ ——(c5dp + 5346 + 5954),),
2\/5< 8 p9 2p 12)
m2 — 2 m%z _/14 +/15 2_’161)2 _1 _/17712t
H-Ht — ""g* cpSp 2 2 F 2 p
H3UA
+ V20, (s2u; — Ruy) + 22 (e + 52
a( pH1 /,'ﬂz) \/Ec/;sﬁ( B /;')
U% /) ! .2 Ui 3 3\7
— 7(/185'/)1 + /IQC/):) - 7(s2ﬁ)“12 + (Cﬁ + s/})/’{]z),
v Ay — A
mi,-5+ = 5(»‘2/3(#1 —/42) - Czﬂ#3) - Wfﬂs/ﬂ)%
I
12 2
— SEVVA,
22 P8
2A9 + At 2Mg + A
mi o =mi =my +794 2 5507 784 Scq?
215 + A
+ % Sz/ﬂ)z. (A7)

Analogous to the case of CP-odd scalar mass matrix,
me._ ., mg_p., and m%_s, vanish if we drop the O(v,)
terms. Therefore, G* can be approximated as the charged
Goldstone bosons. If we further demand p3 = t,5(1; — p12),
m2,_s. also vanishes, and H* and §* decouple each other
and are approximately the physical states.

Next, we discuss the CP-even scalars. In 2HDMs, the

physical (H, h) states and the (®!, ®9) states are related by:

(- (5 0@

where a is the mixing angle for CP-even scalars. To derive
the mass matrix in the (h,H,8") states, it is more
convenient to start from the basis of (@Y, ®9). Once the
mass eigenvalues and eigenstates of 4 and H in the 2HDM
are obtained, we then include &° to form a three-component
basis (h, H, ). As we will explicitly see below, these will
be approximately the physical states as long as O(v,)
terms are ignored.

(A8)
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The 2 x 2 mass matrix for (@Y, ®9) is

2 2 0
1 "G4 Mg, \ [P
st (T )T o)
Mgy Moy 2
where the matrix elements
UaH3 3260°
mle)m = (m%2 + \/§ )tﬂ +/111J c/}—l——2 CpSp
A7U
- 2 /itﬁ’
UaH3
Mgy = —(m?z + \A@ > + A3asv’cpsy
3 2
+7( /16+S A7),
2
2 VaM3\ 4 10 AV 5
mg, 4, = < )t/, +Avis; — 5 Chls
31
ki Cpsp (A10)

Using the parametrization in Eq. (A8), we obtain the
eigenvalues of Eq. (AS8) as:

= i ;—m(/’zf/’z
1
5005 g, = B+ 40 P12 (AL
and the mixing angle is determined by:
2m?
tan 20 = ——— 11?2 (A12)
m —_—
D19 D202
Using the rotational matrix
—S, €4 O
¢y Sq O], (A13)
0 0 1

we can transform the basis from (@9, @9, &°) to (h, H,8°),
and the transformed mass matrix is:

m; 0 mi 5 h

(h H )| 0 mp mpy H |, (Al4)

| =

2 2 2
Myso Mys Msog

where the additional elements

2 v
my o = _72[(/41 + H2)Sp-a — (U1 = H2)Spia + H3Cpial
VAU = - =
5 (A5 4 20)$p—a + (As = 9)Spa = 2412Cp1al
v
My = —7§ (1 + 12)Cpa + (M1 = H2)Cpra + H3Sp1al
UAU

- (2 + 20)Cp—q + (s = A9)Cpia + 24125 p1al
2

v _ _ _
+—= (C/%ﬂg + Séﬂg + SZﬂAIZ)'

méoéo = m2A + 3(AAI +/1A2)vi D)

(A15)

In the model, miéo and mimo are generally not small.
Nevertheless, if we apply the conditions in Eq. (A4), mi 5
and mé(so can be rewritten as:

m; o = —V2vexsp_q
N - -
—2 (A + A9)$p—a + (As = Z0)Spsa — M2Cprals
m%m’ = —V20epSp44
VAV, = = - i
+ % {()’8 + 19)6‘[}—(1 + (18 - ﬂQ)C/j+a + /112Sﬁ+a],

(A16)

both being ~O(v A)- Comparing to the dominant diagonal

elements m? I H." the mixing effects among %, H, and 59 are

thus small. Therefore, to the leading order in v,, we will
neglect such mixing and 4 and H decouple from &°.

APPENDIX B: SCALAR POTENTIAL AND
TRILINEAR COUPLINGS IN THE
HIGGS BASIS

The scalar potential in terms of the Higgs basis H; , can
be written as:

V=V(H, Hy)+V(A) +V(H,Hy,A), (BI)

where each term is more explicitly given by
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1
V(H,,H,) = Y\H H, + Y,H}H, + Y3(H H, + H.c.) + 5A (HIH,)?

2

 Ne(HHY)(HLH,) + Aa(HLH)(HLH)) + H} ,

V(A) = MiTI'ATA + AA] (TrATA)z + AAzTr(ATA)Z,

1 1
+ = Ay (H}H,)? + AH T H HYH, + A H HLHGH + [5 As(H H,)?

V(H,,H,,A) = (W HTiz,A"H, + W,HY it,A"H, + W3HTiz,ATH, + H.c.)
+ [AgHH| + AgH}H, + (Aj,H H, + H.c.)|TrATA

+ AL HIAATH, + NyHLAAYH, + (A, H]AATH, + Hec.).

Using the representations of H;, and A in Eq. (5), the
minimum conditions for the VEVs of H,, and A can be
obtained as:

A2 A
Y% +711]2 = \/EWI’UD —78U2D7

A2 W3 /_\12
Y%+76U2:7§UD—T’UZD,
A v W
M3+ 302 = — LAy + Apo)i, B5a
A 2 \/E’UA ( Al A2) A ( )

with /_\8 = Ag + A/S and /_\]2 = A]2 + A/12
From Egs. (B2)-(B4), the doubly charged Higgs mass is
obtained as:

Ag U2

> +AAIUZA'

(B6)

2 2
Myger = My +

The mass splittings in the Higgs triplet are

(B2)
(B3)
(B4)
Appva ALv?
2 2 AYA2UA 8
m(si - m&ti - D) T,
m%, —m2.. = (2Ap; + 3Ap0)0% + Agv? (B7)
50 st Al A2)YA 2

The trilinear couplings of the neutral scalars to the charged
Higgs scalars with c¢4_, = 0 are given by:

ﬁH,SS = —U[/,{Hi(g——5++Hi6__6++ + /IHi5—5+Hl'5_(S+

+ Ay y-p-HH HY, (B8)
where the couplings:
Aps—s++ = Mg, Aps—s+ = —Ap2,
Al A
M5+ = Ag + =2, Aus-s = —Npp ——2,
2 2
-t = A3, Ang-a+ = =M. (B9)
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