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Abstract We examine the possibilities of accommodating
the muon g — 2 anomaly released by Fermilab in the 2HDM
with a discrete Z4 symmetry in which an inert Higgs doublet
field (H, A, H jE) has the lepton flavor violation pu—t inter-
actions. We assume the Yukawa matrices to be real and sym-
metrical and investigate the case of light H (5§ GeV < mpy <
115 GeV). After imposing relevant theoretical and experi-
mental constraints, especially for the multi-lepton searches
at the LHC, we find that the muon g — 2 anomaly can be
explained within 20 confidence level in the region of 5 GeV
<mpyg < 20GeV, 130 GeV < my (my+) < 610 GeV, and
0.005 < p < 0.014. Meanwhile, the sz fitting the data of
lepton flavour universality in the T decays approaches to the
SM prediction.

1 Introduction

The Fermilab collaboration released new result of the E989
for muon anomalous magnetic moment (g — 2) which now,
combined with the measurement of the E821 [1,2], amounts
to [3]

Aay =af? —aiM = (251£5.9) x 10717, (1)

which has an approximate 4.20 discrepancy from the SM
prediction.

Two-Higgs-doublet model (2HDM) is a simple extension
of SM by including one more electroweak Higgs doublet
field. The Aa, discrepancy can be easily explained in the
lepton-specific 2HDM [4-16] and aligned 2HDM [17-26].
However, in the decay t — puvv, the tree-level diagram
mediated by the charged Higgs gives negative contribution,
which will lead to the deviation of the lepton flavor univer-
sality (LFU) in t decays [13—15]. Besides, a scalar with the
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u—t lepton flavor violation (LFV) interactions can accom-
modate the Aa, discrepancy by the one-loop contribution
[27-40]. Meanwhile, the extra Higgs doublet with the u—
7 LFV interactions can alleviate the discrepancy of LFU in
T decays [34]. In this paper, we consider relevant theoreti-
cal and experimental constraints, including the lepton flavor
universality (LFU) in the 7 decays and multi-lepton event
searches at the LHC, and examine the possibilities of explain-
ing the Aa,, discrepancy reported by Fermilab in the 2HDM
with a discrete Z4 symmetry in which an inert Higgs dou-
blet field (H, A, H?) has the lepton flavor violation pu—t
interactions. Ref. [36] applied the model to discuss the E821
result of Aa,, discrepancy and focused on the case of mp >
200 GeV. Different from the Ref. [36], in this paper we try to
use a light H to explain the muon g — 2 combining the LFU
in the T decays and multi-lepton event searches at the LHC.

The rest of the paper is organized as follows. In Sect. 2
we introduce the model briefly. In Sect. 3 we discuss the
muon g — 2, the LFU in t decays, the exclusion limits of
multi-lepton event searches at the LHC, and other relevant
constraints. In Sect. 4, we show the allowed and excluded
parameter space. Finally, we give our conclusion in Sect. 5.

2 The 2HDM with p—z-philic Higgs doublet

The SM is extended by adding an inert Higgs doublet ¢»
under an abelian discrete Z4 symmetry, and the Z4 charge
assignment is shown in Table 1 [34].

The scalar potential is expressed as

oS )\, )\4
V =Yi(pid1) + Yadida) + 31(¢I¢1)2 + §(¢§¢2>2
3361 (DI B2) + ha(d] $2) (DI b1)
A B
+ [§<¢{¢>2>2 + h.c} . ®)
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Table 1 The Z4 charge

i i i e 1%
assignment of pu—t-philic 1 ¢2 QL Uk Dy Ly Ly Ly R MR R
2HDM Z, 1 11 1 1 i —i 1 : —
Although 15 is the only potentially complex parameter, it is [41]
can be rendered real with a phase redefinition of one of the \d, |
two Higgs fields. Therefore, A5 could be real without loss of L 219x%x 107" cm, (8)
e

generality. The two complex scalar doublets ¢ and ¢, take
the form

G* HT
pr=1| L c~0y |, 2= 1 . )
ﬁ(v+h+lG) ﬁ(H—i—zA)
The vacuum expectation value (VEV) of the ¢ field is v=246

GeV, while the ¢, field has zero VEV. The Y is calculated
using the minimization condition of the scalar potential.

Y lx 2 (3)
= —=—Av°.
1 M

The G° and G indicate Nambu—Goldstone bosons eaten
by the gauge bosons. The A and H™ represent the mass
eigenstates of the CP-odd Higgs boson and charged Higgs
boson, whose masses are written as

2 2

2 A3 2 1 2
mys =Y+ 0% my =mys + 504 =A% @)

Therefore, their masses are
miy = hv? = (125 GeV)?, m3, =m? + rsv’. )

We obtain the masses of fermions via the Yukawa inter-
actions with ¢y,

—L=y,0.61Ur +401 ¢1 Dr + yeL1 ¢1 Eg +hec.
(6)

Here Q7 = (uzi,dpi), LT = (vii, £1i), and b1 = ind],
where i is generation index. Eg, Ug, and Dp represent the
three generation charged lepton, right-handed fields of the
up-type quark and down-type quark, respectively. Under the
Z4 symmetry, the lepton Yukawa matrix y, to be diagonal.
As aresult, the lepton fields (L, Eg) are mass eigenstates.

Under the Z4 symmetry, the ¢ is allowed to have pu—t
interactions [34],

—Lrry = \/Ep[LTL_Z¢2 TR + \/E,Or;/,L_z¢2MR + hec.
@)

The interactions of Eq. (7) lead to the u—t LFV couplings of
H, A, and H*.

If the new Yukawa couplings p,; and p, are complex,
the model will give additional contributions to the electric
dipole moment (EDM) of muon via the same diagram for
muon g — 2. The current experimental bound on muon EDM
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which can impose an upper limit on the imaginary part of
Pt Pz For simplicity, we take the CP-conserving Yukawa
matrix, namely that p,; and p;,, are real.

The SM-like Higgs & has the same tree-level couplings to
fermions and gauge boson as the SM, and has no u—t LFV
coupling. The H, A, and H* have the u—7-philic Yukawa
couplings and no other Yukawa couplings. There are no cubic
interactions with ZZ, WW for the neutral Higgses A and
H.

3 Muon g — 2, LFU in 7 decays, LHC data, and
relevant constraints

In our numerical calculations, the input parameters are A,
A3, mp, mp, ma and mg+. The values of A1, A4 and A5 can
be determined according to Egs. (4, 5), and m, is fixed at 125
GeV. The key parameters are scanned over in the following
ranges:

0<pur=prp=p <10, 5GeV <mpy < 115GeV,
130 GeV < my4 <900 GeV, 90 GeV < mg+ < 900 GeV.
)

We choose p < 1.0 to maintain the perturbativity of the new
Yukawa couplings. For mpy < m 4, the contribution of H to
muon g — 2 can overcome that of A, and leads to a positive
contribution to the muon g — 2. When the mass of H (A)
is closed to that of &, the signal data of the 125 GeV Higgs
will constrain the couplings of H (A). Therefore, we take
my < 115 GeV and ms > 130 GeV. When m gy is much
larger than m ,, the corresponding contributions to muon g —2
can be approximately given by a simple expression. As a
result,myg > 5 GeV is taken. Considering the searches for the
charged Higgs at the LEP [42], we require mg+ > 90 GeV.

The A», which controls the quartic couplings of additional
Higgses, does not affect the observables studied in this paper.
We choose A3 = A4 + As which leads the h H H coupling to
vanish. The tree-level couplings of the SM-like Higgs 4 to
the SM particles are exactly same to the SM, and there is no
exotic decay mode. Since the extra Higgses do not couple to
quarks, we may safely neglect the bounds of meson observ-
able. HiggsBounds [43] is used to implement the exclusion
constraints from the searches for the neutral and charged
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Higgs at the LEP at 95% confidence level. In addition, we
consider other observables and constraints:

(1) Theoretical constraints and the oblique parameters. We
use the 2HDMC [44] to implement the theoretical con-
straints from the unitarity, vacuum stability and perturba-
tivity of coupling-constant, as well as the oblique param-
eters (S, T, U). The recent fitresults of the oblique param-
eters [45] are

S =0.02+£0.10, T =0.07=+0.12,
U =0.00£0.09, (10)

with the correlation coefficients of
ost =0.92, psy = —0.66, pry = —0.86. (11)

They favor parameter spaces with small mass splitting
between H* and H or A.

(2) Muon g — 2 anomaly. In the model, the new contribution
to Aa,, comes from the one-loop diagrams containing the
u—t LFV coupling of H and A [28],

2 2
mumep? | (og 2 —3)  log(74 = 3)

2 2 2
87 my my

Aay, =

12)

The Eq. (12) shows that the new contributions are positive
formy > mpy. This is reason why we take m4 > mpg in
our calculations.

(3) Lepton universality in the t lepton decays. The strictest
constraints are from the measurements on ratios of pure
leptonic processes, and two ratios from semi-hadronic
processes, T — n/Kvand n/K — pv,

2
(g_r) = [_’(r — evﬁ)/f‘(u — evv),
8u
2
(g—’) = F(c = wvi)/Fu — evi),
8e
2
(g—“) =TI (t - pvv)/T(t — evd), (13)
8e

where " denotes the partial width normalized to corre-
sponding SM value. In this model, we have

12

F(r = pwod) = (1 + 85, (1 + 3100p)2 + Stree,
T(r — evd) = (1+ 8],
T — evi) = (148),.)° (14)

“4)

Here e is from the tree-level diagram mediated by the
charged Higgs,

15)

n
loop

are the corrections to vertices Wv, i and Wv; t

which can give a positive correction to T — pvv. §

T
and §; oop
from the one-loop diagrams containing A, H, and H +
respectively. As we assume p,; = p;, in the lepton
Yukawa matrix, we have Bfoop = Sféop. Following the

results of [13,15,34],

PR — L 1 1 H H
loop — “loop — 167T2p + Z ( (.XA) + (-XH)) ’
(16)

where H(xy) = In(xg)(1 + x¢)/(1 — x¢) with xy =
mé/m%[i.
In our model,

(5)-(0), = (5), @
8u 8u/ k Eu/ x
The results obtained by the HFAG collaboration are [46]

(g_r> =1.0011 £ 0.0015, (g_r) =1.0029 £+ 0.0015,

e

(g—“> —=1.0018 £ 0.0014, (g—’> —0.9963 + 0.0027,
8e 8u

T

(g_’> — 0.9858 -+ 0.0071, (18)
8u/ k

with correlation matrix of

1 0.53 —-049 0.24 0.12
0.53 1 0.48 026 0.10
—-0.49 0.48 1 0.02 -0.02 |. (19)
024 026 0.02 1 0.05
0.12 0.10 —-0.02 0.05 1

We perform a th fit for the five observables. The eigen-
values of covariance matrix constructed from the data of
Eq. (18) and Eq. (19) are absent, so we remove the corre-
sponding degree in the calculation. In following discus-
sions, we require XTZ < XTZ|SM = 12.3, i.e. giving better
explanation than SM.

Lepton universality in the Z boson decays. The experi-
mental values of the ratios of the Z leptonic decay branch-
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ing fractions are [47]:

]" _

22T 1.0019 + 0.0032, (20)
Uz setem

r,_, -
22T 10009 < 0.0028. (21)
FZ—>e+e‘

The correlation coefficient is 0.63. In our model, the new
contributions to the decay widths of Z — u*u~ and
Z — 11~ are from the one-loop diagrams containing
the extra Higgs bosons. The ratio of Eq. (20) is given as
[13,15,34]

Uz ot ~ 1.0+

~

285 Re(3g) ") + 2¢5Re(5g ™)
IjZ—>e‘*’e‘ gi2 + g%z '

(22)

where g = 0.23 and gf = —0.27. The one-loop cor-

. 1 1
rections &g LO P and g 1? P are from

sgor — 1l g Lp 2C
8L = 16727\ T2 z(ra) = 5Bz(rn) = 2Cz(ra. ru)
+5% [BZ("A) + Bz(ru) + Cz(ra) + CZ(VH)] }
loop 1 2 =
8gp = = ——5p 12Cz(ra,ry) —2Cz(ry=,rg+) + Cz(ry=)
R 1672

1~ 1~
_ECZ(VA) - ECZ(VH)

+s53% [Bz(ra) + Bz(ry) + 2Bz (ry+)

4820+ Corm +aCsmwe || @)

where ry = mé/nﬂz, ¢ =A,H, H*, and

By =21y Digein (24)
U =T Ty Ty R
A€ 1 1 X
Cz(ri,r) = T 5/ dx/ dy log[r2(1 — x)
0 0
+(r1 — Dy +xy], (25)
- Ae 1
Cz(r) = EX + 3~ r[l + log(r)]
+r?[log(r) log(1 +r~ 1)
—Lia(=r™h]

—[1-2r+2tr0e 7] 26)

Besides, I'z_, ,+,- equals to I'z_, .+, for pur = pry.
(5) The multi-lepton searches at the LHC. The H, A, and
H* are mainly produced at the LHC via the electroweak

@ Springer

processes:

pp =W > HTA, (27)
pp >W* > HYH, (28)
pp —Z* — HA, (29)
pp =2 )y* —> H H™. (30)
pp —>Z — 15T H. 31

For compressed spectrum, the main decay modes of H,
A, and HT are

H— tu®, A—> Ty, HT > rivﬂ, wtvg.
(32)

Formg (my+) > my + myz, the following exotic decay
modes will open,

A— HZ, H*—> HW* (33)
We use MG5_aMC-2.4.3 [48] to simulate above pro-
cesses at 13 TeV LHC, with PYTHTIAG6 [49] for parton
shower and hadronization, Delphes-3.2.0 [50] for
fast detector simulation, and Fast jet [52] for jetrecon-
struction. Then we impose the constraints from all the
ATLAS and CMS analysis at the 13 TeV LHC in the lat-
est CheckMATE 2.0.28 [51]. The analysis we imple-
mented in our previous works [36,53] are also included.
Besides, we implement the recently published analyses
of searching for events with final states of three or more
leptons using 137 fb~! LHC data [54]. It improves sig-
nificantly the limits on new physical particles that decay
to leptons. The signal regions of 41T, 41J and 41K,
which require 4 leptons with one or two hadronical
leptons in the final states, are most sensitive to our sam-
ples, because the main decay modes of H, A, and H =
are lepton dominated.

4 Results and discussions

Firstly, we impose the constraints of “pre-muon g — 2”
(including the theory and the oblique parameters constraints,
the exclusion limits from the searches for Higgs at LEP), and
display the surviving samples with th < 12.3 fitting the data
of LFU in t decays in Fig. 1. For a very small p, the new con-
tributions to t decays disappear. Therefore, the value of XTZ
approaches to the SM value, 12.3. The discrepancy of LFU in
T decays can be alleviated by enhancing I'(t — pvv). From
Eq. (14), we can find that T — pvv receives the corrections
from the one-loop diagram and tree-level diagram mediated
by the charged Higgs. According to Eq. (16), the former tends
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Fig. 1 The surviving samples satisfying the constraints of “pre-muon
g —2”and x2 < 12.3 projected on the plane of p versus m g+

to give the negative corrections and enhance the value of sz.
According to Eq. (15), the latter gives the positive corrections
and reduce the value of x2. In order to obtain x2 < 12.3 for
alarge m g+, a large p is required to make the contributions
of tree-level diagram to overcome those of one-loop diagram
since the contributions of tree-level diagram are suppressed
by m p=. For sz < 9.7, p is always required to increase with
m =+ and be larger than 0.11.

After further imposing the constraints of muon g — 2
anomaly, we project the surviving samples on the planes of
p versus my and p versus Am (Am = my —mp) in Fig. 2.
From the Eq. (12), we can find that Aa,, receives a positive
correction from the diagrams containing H and a negative
correction from ones involving A. As a result, Aa,, is siz-
able enhanced by a large mass splitting between m 4 and m g
(Am), and favors p to decrease with an increase of Am, as
shown in the right panel of Fig. 2. In addition, the Eq. (12)
shows that the contributions of the diagrams containing H
and A to Aa,, are respectively suppressed by m%, and mi.
Therefore, Aa,, favors p to increase with m g7, as shown in the
left panel of Fig. 2. The Aa,, discrepancy can be explained
in the parameter space of 0.005 < p < 0.12 and 5 GeV
<mpyg < 115 GeV.

In Fig. 3, we show the surviving samples after imposing
the constraints of ”pre-muon g —2”, muon g — 2, sz < 12.3,
and Z decays. Since the muon g — 2 anomaly favors 0.005 <
p < 0.12, most of the parameter space satisfying Xf <123
are excluded. From Fig. 3, we find that a small sz favors
a large my and a small mpy=. Since the Aa, discrepancy

favors a large p for a large m 7, and such large p can enhance
the width of t — pvv and reduce the value of sz.

After imposing the constraints of the direct searches at
the LHC, the surviving samples of Fig. 3 are projected on
Fig. 4. We find that the direct searches at the LHC impose
a stringent upper bound on mpyg, mpg < 20 GeV, and allow
130 GeV < my (mp+) < 610 GeV. It is caused by the
multi-lepton searches described in Sect. 3, especially the
CMS searches for the direct production of charginos and neu-
tralinos in signatures with two/three or more leptons [54,55].
The most sensitive signal regions require four leptons includ-
ing up to two hadronically decaying tau leptons, as in our
model the HA pair production leads to tTuu final state.
However, for a light H, the Ty from H decays become too
soft to be distinguished at detector, while the Tu from H
in A/H* decays are collinear because of the large mass
splitting between H and A/H™. In addition, in the low my
region, the A/H* — HZ/W™* decays can dominate over
the A - tp and H*¥ — TV, wve. Thus, in the region
of mp < 20 GeV, the acceptance of above signal region
for final state containing collinear T« + Z /W boson quickly
decreases. For 5 GeV < mpy < 20 GeV, the Aa,, discrepancy
favors 0.005 < p < 0.014. As aresult, the new contributions
to the t decays are very small, and the sz approaches to the
value of SM, 12.3.

In our calculation, we always assume p,,; = p. If the
relation is not satisfied, the p2 in the Eq. (12) for Aay is
replaced with p,; p, . For the calculation of LFU in T decays,
the ,04 of the Eq. (15) for §yee is replaced with ,olzu p% s and the

one-loop correction (Sfoop does not equal to the 81’301). For the

calculation of the Z decays, the p2 of the Eq. (23) for (SglLOOP

and (SglI?Op are respectively replaced with p%M and ,012”. If one
of | pyr |and | pr;, | is very small, the other is required to be
large enough to explain the muon g —2 and LFU in 7 decays,
which is more easily constrained by the perturbativity and Z
decays than the case of p,; = pry.

In order to fit the observed data of neutrino masses and
mixings, the Z4 flavor symmetry in the model must be broken
[34,56]. One may introduce a SM singlet scalar S with Z4
charge i and three right-handed neutrinos (Neg, Nyg, NzR)
with (1, i, —i ). The interaction terms relevant to neutrino
sector are then given by

1 My yi2S* yi3S\ [ Ng
Ly =5 (NeCR Nk NrCR) y128* Mo |\ Mg

yi3S M3 N,z
o yffld)l NeR
+(Le Ly Lr) Ya® y3d2 | | Nog
yra¢2 y7:3¢] NrR
+he. (34)
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Fig. 2 The surviving samples satisfying the constraints of ”pre-muon g — 2”” and muon g — 2 anomaly projected on the planes of p versus mpy
and p versus Am
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Fig. 4 The surviving samples on the planes of my versus my4, p versus mpy, and Xf versus my=. All the samples satisfy the constraints of
“pre-muon g — 2”7, muon g — 2 anomaly, XTZ < 12.3, and Z decays. The bullets and squares are excluded and allowed by the direct searches at the
LHC
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We assume the singlet S to have a VEV ¢, which breaks the
Z4 symmetry. Thus, the total neutrino mass matrix has the
structure

0EYH 0@ 0O
M, x| O 0O@E?H OEY (35)
O@) 0@E% 0

At the leading order of O(), the neutrino mass matrix has
non-zero values only in (1, 1), (2, 3), and (3, 2) elements. We
can diagonalize this mass matrix by using a unitary matrix
(PMNS matrix). Because of the vanishing (2, 2) and (3, 3)
elements at the order of O(£°), the model can naturally pre-
dict a large 6>3 mixing angle. Therefore, such extension of
model can relax the constraints of neutrino data sizably.

5 Conclusion

In the 2HDM with an abelian discrete Z4 symmetry, one
Higgs doublet has the same interactions with fermions as
the SM, and another inert Higgs doublet only has the u—t
LFV interactions. After imposing various relevant theoretical
and experimental constraints, especially for the multi-lepton
search at the LHC, we found that the model can explain the
Aay, discrepancy within 20 confidence level in the region of
5GeV<my <20GeV,130GeV < my (my+) <610GeV,
and 0.005 < p < 0.014. Meanwhile, the XTZ fitting the data
of LFU in the t decays approaches to the SM prediction.
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