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We study a renormalizable scalar singlet dark matter model based on Z, lepton flavor symmetry. A uz-
philic scalar doublet is introduced as a mediator which connects dark matter and standard model particles.
The observed relic abundance of the dark matter is easily maintained while satisfying the current severe
constraints on the dark matter from various experiments and observations thanks to the flavor off-diagonal
interactions of scalar mediators. We further explore the possibility of dark matter direct detection through the
one-loop process. We also find that the relic abundance of the dark matter and the discrepancy of the muon
anomalous magnetic moment can be explained by the pz-philic scalar mediator simultaneously.

DOI: 10.1103/PhysRevD.106.035017

I. INTRODUCTION

The Standard Model (SM) in particle physics has been
established by the discovery of the Higgs boson at the
LHC. It successfully explains a variety of experimental
results thus far. In the meantime, a lot of experiments have
been undertaken around the world to verify the SM with
unprecedented accuracy or discover new phenomena
induced by physics beyond the SM. Among the past
experimental results, the precise measurement of the muon
anomalous magnetic moment (muon g — 2) is of particular
interest. The measured value of the muon ¢g—2 at
Brookhaven National Laboratory [1-3] and at Fermilab
[4] indicates the discrepancy between the theoretical and
experimental values

Aa, = a;” —aiM = (25.1£5.9) x 10719, (1.1)
whose significance is about to 4.2¢. Moreover, the upcom-
ing experiment at J-PARC based on a different technique by
using ultracold muons [5] will provide independent infor-
mation as to the systematic uncertainties. The discrepancy,
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if confirmed, reveals the existence of new physics which
couples to the SM lepton sector.

With this long-standing problem, a lot of new physics
models related to the lepton sector are proposed in the last
decade. One direction in model building is the extension of
the lepton flavor sector by a gauge symmetry. For example,
the difference between the muon and tau flavor numbers is
gauged as U(1) 1,-L, symmetry [6-9]. The associated gauge
boson does not couple to the electron and quarks at the tree
level [10-13]. On the other hand, the new gauge boson
induces a sizable contribution to the muon g — 2 without
conflicting existing constraints from collider experiments
and cosmological and astrophysical observations.

As another possibility, there is a class of extension of the
lepton flavor sector by discrete symmetry. In its minimal
model based on a Z, symmetry [14], there is an additional
scalar doublet which only has a flavor off-diagonal coupling
to the second and third generation leptons because of the
discrete flavor symmetry.' This gz flavored interaction
induces the tau mass enhanced contribution to the muon
g — 2, thereby allowing us to resolve the discrepancy.

Dark matter (DM) is another puzzle in cosmology. There
is no candidate for DM in the SM, and therefore, various
types of DM have been proposed. An attractive candidate of
DM is thermal relic of stable massive particles, which are
produced through their interactions to SM particles in the
thermal bath in the early Universe. The cosmological
abundance of the thermal relic DM is determined by its

'A similar Yukawa interaction can also be realized by a gauged
SU(2),, symmetry [15].
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annihilation cross section into SM particles. In the thermal
relic scenario, interactions between the DM and SM
particles, which are responsible for the production, also
cause non-negligible scattering of DM with nucleons and
electrons in general. In spite of considerable efforts to
directly detect such a scattering process, however, no
positive signal has been observed so far. As a result, DM
interactions with the SM particles, especially quarks and
electrons, are strictly constrained, motivating model build-
ing efforts to sufficiently suppress such DM interactions.

In this paper, we reinforce the Z, model in Ref. [14] with
a ut flavored complex scalar singlet DM? and explore the
possibility that the pz-philic scalar doublet acts as a
mediator between the dark sector and the SM sector. The
relic abundance of DM is thermally produced through the
interaction to the uz-philic scalar. We show that the relic
abundance is correctly produced in a broad mass range of
such a DM candidate. A remarkable feature in this model is
that due to the Z, flavor symmetry, the uz-philic scalar
mediator only has flavor off-diagonal couplings to the muon
and tau flavor leptons, which forbids tree-level couplings
with the quarks and electrons. The flavor symmetry also
guarantees the DM stability. DM and mediators with lepton
flavor off-diagonal couplings are studied in Ref. [21] in an
effective field theory framework. The model studied in the
present paper can thus be regarded as a renormalizable
example. It turns out that scattering processes relevant to
DM direct detection are absent at the tree level thanks to the
lepton flavor symmetry, while the one-loop Z boson
exchange process can generate DM-nucleon scattering at
a detectable rate, which is in sharp contrast to the studies in
Ref. [21]. Furthermore, indirect gamma-ray searches at the
Fermi-LAT experiment [22] exclude the low mass region
where the direct detection hardly operates. This comple-
mentarity restricts the viable mass range to be above a few
tens GeV. We also find that the addition of the DM
candidate does not spoil the success in explaining the
discrepancy of the muon g—2 by the ur-philic scalar
mediator, which was pointed out in Ref. [14].

This paper is organized as follows. In Sec. II, we
introduce the model involving a pz-philic scalar doublet
and a complex scalar DM. The contribution of the uz-philic
scalars to the muon g — 2 is also shown there. We discuss
the DM phenomenology in Sec. III and show the theoretical
and experimental constraints on the pz-philic mediator in
Sec. IV. We show our result in Sec. V and, the summary is
finally given in Sec. VL

II. MODEL

In addition to the SM gauge symmetry, we introduce an
Abelian discrete symmetry Z, under which muon and tau
flavor leptons transform nontrivially and the other SM

*Models with gauged pr flavored DM are shown in
Refs. [16-20].

TABLE I. Particle contents of the scalar DM model with pz-
philic mediator. The quantum numbers of the SM are also shown
in the notation of (SU(3)¢,SU(2), )y

v

Particles (L,.L,,L;) (eg.pg.7r) H 0] =

SM (L2, (LD, (L2), (L2),, (L1)
Z (Li,—i)  (1,i,—i) 1 -1 i

particles are singlet. See Table I for the particle contents
and charge assignment. Apart from them, we introduce a
SM gauge singlet complex scalar X and SU(2), doublet
scalar @. These scalars play roles of DM and pz-philic
mediator, respectively. Under the SM gauge and discrete
flavor symmetries, the following Lagrangian is allowed,

E = £SM + |D”CD|2 + |D;¢Z|2

— (Y Li @R +y,, Li®ug +Hee) - V(H, %), (2.1)

V(H,®,%) = ug|®F + 4 |®* + A3 |H*|®* + 14 |H @
A
+ 2 ((H )+ Hee + i [ZP + 4|

+ A2+ Hee] + Az  HPP 2] + dps| O 2P
+x[(H'®)22 +H.cl, (2.2)

where the first term of Eq. (2.1) stands for the Lagrangian
of the SM. The ur-philic mediator @ has a flavor off-
diagonal Yukawa coupling between the muon and tau
lepton. In general, the Yukawa couplings y,./,, and scalar
quartic couplings A%, 4s, k are complex. Among them, two
phases of the scalar quartic couplings can be removed by
the phase redefinition of @ and X. In this paper, therefore,
we rotate away the phases of 45 and x and choose them to
be real. Moreover, we also assume that the pz-philic
mediator @ and a singlet scalar £ have no vacuum
expectation value (VEV), and therefore Z, is exact. The
SM Higgs doublet H acquires a nonzero VEV as usual and
breaks electroweak symmetry. The DM stability is guar-
anteed by the accidental Z, symmetry, ¥ — —X, which is
realized as a part of the Z, symmetry.3
The scalar doublet fields can then be parametrized as

H=(0.(0+m)/V2)".  ®=(¢".(p+in/V2)". (23)
where ¢, p, and # stand for an electrically charged, and
two neutral scalars, respectively, and v = 246 GeV is the

3For the successful generation of the neutrino masses and
mixing, the Z; symmetry has to be broken completely. In this
case, an additional symmetry such as dark parity is needed for the
DM stability. One of the extended models that realizes the
neutrino masses and mixing is shown in Appendix. This kind
of extension does not much affect the DM phenomenology, and
therefore we concentrate on the above simple model in this paper.
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VEV of the SM Higgs boson 4. For the above potential, the
masses of new scalar particles are given by

1
mfl)i =y + 5/13112, (2.4)
1
my = pg +§(/13 + 2+ A5) 0%, (2.5)
22 1 2
m,; = He +§('13 + Ay = A5)v7, (2.6)
2o 1 2
ms = ps + 5/11121} . (2.7)

Note that neutral mediators p and # are real fields, while the
DM candidate scalar £ behaves as a complex field.

The contributions to the muon g —2 from p and 7 are
calculated by [14]

Re(yueye) [mume o) 5 o s
AGECW — (471-)2 mg 11 (m”/mp, mr/mp)
m,m,

-+ Il(mi/m,%,m%/m%)]
m;
Yuel® + 12l [mﬁ
S L (m2/m3, m?/m?)
2 2 P2\ T ps M [ TR

2(4n) m;

m2
o )| 23)

n

where the loop functions I, (a, ) and I,(a, ) are defined
by

1 —x)?
zl(a,ﬁ)E/) dxx—x(l—(lx)aj—(l—x)ﬂ’ (2.9)
x(1 - x)?
L (a, p) E%Aldxx_x(l —(i)a—g(l—x)ﬂ' (2.10)

When both y,. and y,, are nonvanishing, the dominant
contribution arises from the first line of Eq. (2.8) since it
enjoys the enhancement by a factor of m,/m, compared
with that from the second line. Note also that the tau mass
enhanced contribution is asymmetric under the exchange
p <> n. As aresult, the sign of the muon g — 2 contribution
is thus determined by the sign of (m, —m,) x Re(y,; V)
The appropriate sign to diminish the discrepancy is
obtained when (m, — m,,) x Re(y,;y,,) > 0. In the follow-
ing discussion, we assume that the parameters in this
model are fixed to accommodate the muon g — 2 anomaly
within 2o.

ITII. DARK MATTER PHYSICS

In this section, we study the DM thermal production and
DM direct/indirect detections.

A. Relic density

We assume the thermal freeze-out scenario as the DM
production in this paper. Thus, the relic density of the DM
is determined by the DM annihilation cross section. In this
model, the DM annihilates through two types of processes,
namely, the uz-philic scalar and Higgs mediated ones. The
thermal freeze-out scenario through the pure Higgs medi-
ated process (so-called Higgs portal scenario) is exhaus-
tively studied in various new physics models. The current
constraints on this scenario at the direct detection experi-
ments restrict its allowed region to the Higgs resonance or
heavy mass region above a few TeV. Therefore, we simply
assume Ayy =0 in this paper and focus only on the
annihilation mediated by the uz-philic scalars.

The DM X can annihilate with its antiparticle or itself.
For the former case, the DM pairs (XX*) annihilate into
¢, pp,my, and pn through two kinds of diagrams in
Fig. 1. The cross sections of the annihilation of the DM and
its antiparticle are given by, at the leading order in the
expansion of the DM relative velocity v,

Fox m
(O-Urel)EE*—»(/ﬁ(/)‘ = W I-——, (3.1)

( ) 1 2K 0% ; 2 m?
OUVrel )5 —pp — 2 2 7~ oz -
64rnms \2ms — m; ms
(3.2)
(Gvrd)ZZ*—mn = (O'Urel)ZZ*—mp m,—m, (33)
2 4,2
(ovrel)zz*—w, = zvrel Q(Kv) 2’”2 AV ?»7 (34)
3z (4mg —my, — my)
with
D Py
~ -~
DN _ 9t N -7
N 7 \I/
AN Ve |
N 7
> A
y; s N |
N
Ve N PN -
o+ i PN, 0 _ A ~ o
b P
FIG. 1. Feynman diagrams for XX* annihilation. The arrow in

the diagrams represents the flow of the £ number current.
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FIG. 2. Feynman diagrams for XX annihilation. £*X* annihi-
lation arises via similar diagrams.

5 = 1_m?—f—m? (mf —m3)? (3.5)
Y 2m3 (4m3)?

Note that XX* — pn is p-wave process. For the latter case, a
pair of the DM particles (XX) annihilates into
ph,pZ nh,nZ, =W+, pTW~, ut7~, and p~t", as shown
by the Feynman diagrams in Fig. 2. The cross sections of
these annihilation processes are given by

K v (A3 + A +4s)\ 2
= _ , (3.6
(Gvrcl)ZZ—mh 327‘[?71% ( 4m% _mg ) ﬁph ( )
K2 4mi  \? 4
pu— ) 3.7
(UUrel)EZ—»pZ 3271'711% <4m% _ m%) pZ ( )
(Gvrd)ZZ—mh.nZ = (Uvrel)ZZ—»/)h,/)Z Z;"jﬂ;” (38)
2 4 2 4 2 2
(avrel)zE—nf)‘W* == 2 zmZ 2 2m2 2 (3)W’
32zms \4dms —m;  4dms —m;
(3.9)
K2 4m 4mi  \? ,
(Gvrel>22—>¢+W‘ - 327”’1% (41’)’% _ mg - 4m§ _ mg) /)7¢W’
(3.10)
K'2U2
(GUICI)EE—W‘? = m [alym‘|2 + b|y‘tﬂ|2 + CRe(y;n—ym)]ﬁm,
(3.11)
2,2

K~V
(GU 1)22—> i :7[b|y T|2+a|y‘r |2 +CRC(y V1, )]ﬂ T
re TH 6471’1”’!% H 14 HT S TH o

(3.12)

with

1 1
a=(4mz —m?2—m? -
(s, —mj; = mz) <4m§—mg dmi —m

2)2, (3.13)

n

1 1 2
b= (4m2 —m? —m? , 3.14
(g =m =) st )+ 14

1 2 1 2 5
=4 — ) - (——=)]. 31
‘ ’”ﬂ’”’ng—mz) (4m§ —mzﬂ (3:13)

It should be noted that in the resonant regime
(mg ~m,,/2), we have to properly replace the s-channel
propagators with the Breit-Wigner form.

The relic abundance of the DM is calculated by solving
the Boltzmann equation,

anM
dt

1
+ 3I—I”lDM = - E (Gvrel)eff[nlz)M - (n;:)qM)z]7

(3.16)

where H is the Hubble parameter, and ngﬁ = n%eq) + n(;q>

stands for the DM total (equilibrium) number density. The
effective annihilation cross section is defined by

1
(0Vret et = Z |:(6Urel)22*—>ij + B (avrel)zz_n'j
1
1
+§(09re1)2*2*—>ij : (3.17)
The approximate formula for the produced DM density

parameter is well known and given in terms of the effective
annihilation cross section,

3x 1072 cm3/s

% (Gvrel)eff

QDMhZﬁO.IZX < ), (318)

where h stands for the renormalized Hubble parameter,
which is related to the present value of the Hubble
parameter as H, = 100 hkmsec™! Mpc~'. In our analysis,
the relic abundance of the DM is numerically calculated by
micrOMEGAs 5.2.4 [23] instead of using Eq. (3.18), and the
model file is generated by FeynRules 2.3 [24].

B. Direct detection

The DM in this paper does not couple to the SM quarks
and electron directly. However, an effective DM coupling
to the quark vector currents is induced by a one-loop Z
penguin diagram, as shown in Fig. 3 in contrast to the DM
study based on effective field theory with flavor changing
mediators. The relevant interaction Lagrangian is written as
follows:

L = Y Cv {ZiioZ— (i0,=)=}ar"q). (3.19)

q=u.d.s
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FIG. 3. Z penguin contribution to DM direct detection.

The coefficient in Eq. (3.19) is given by

1 g

- J 3.20
m% 2 cos Oy (320

CV,C] =day (T3 - 2Qqsin26’w),

2
E:Z;z 2cogs O m2 1 m? [ (my/mz) = f(my/mz)],

ay =

(3.21)

with m; being the Z boson mass, g the SU(2), gauge
coupling constant, Oy, the Weinberg angle, O, the electric
charge of the SM quark ¢, and 7’5 the third component of
the weak isospin. The loop function f(x) is given by

flx) =x* +x*(2 - x*)log x

Vxr—4
+23V/x? — 4log (fo) . (322)
Given the above effective interaction, the spin-independent
(SI) elastic scattering cross section between DM and a target
nucleus with atomic (mass) number, Z(A), is obtained by

o /’tIZV[ZCV.p + (A - Z)CV.n]Z
051 = T ’

(3.23)

where uy = mymy/(ms + my) with my being the target
nucleus mass and
CV,p = ZCVVM + CV,d’

CV,VL — CV,u + 2CV,d' (324)

C. Indirect detection

Fermi-LAT Collaboration [25] has observed gamma-ray
flux from various dwarf galaxies, and their results have set
upper limits on extra gamma-ray sources, for example, DM
annihilation in such galaxies [22]. The bounds provided by
Fermi-LAT are given for the lepton flavor conserving
annihilation processes, such as XX — pji, 77. On the other
hand, the DM in this paper annihilates into u7 and zj.
Because one muon and one tau lepton are produced in each
DM annihilation, the following quantity can be defined as
an equivalent cross section of the lepton flavor conserving
annihilation

_ (Uvrel)ZZ—m% + (Gvrel)Z):—n'ﬁ
(UUrel)Zz—w},ﬁ = 2 :

(3.25)
Then, we compare (<Gvrel)22—>ﬂﬁ.rf+ (O'Urel)z*z*eﬂﬁ,ﬁ)/“
with the public cross section limits in deriving the Fermi-
LAT bound on this model. The factor of 1/4 results from
the fact that, assuming the symmetric relic, the number
density of X is half of the observed DM density, i.e.,
ny = ny+ = npy/2. The resulting u, 7 flux from T anni-
hilation is smaller by 1/4 than the one from annihilation
of self-conjugate DM, which is assumed in the Fermi-
LAT paper.

DM also annihilates into heavy scalars and gauge bosons,
such as ¢, pp, pZ, p~ W, if kinematically allowed. The
daughter particles promptly decay into the SM fermions and
contribute as additional gamma-ray sources. The spectrum
of gamma rays emitted from such annihilations has a
different behavior from that from XX — u7,zii. It also
depends on the polarization fraction of the daughter particles
in each annihilation mode [26]. The resulting gamma-ray
signatures can be an interesting prediction in our model.
However, there is no applicable cross section limit for this
annihilation channel in the market. A dedicated spectral
analysis will be required to obtain the limit, but it is beyond
the scope of this paper. We leave this study for future work.

IV. CONSTRAINTS ON MEDIATORS

The mediators p, n and its partner ¢* originate in the
weak doublet scalar. The doublet directly couples to the SM
gauge bosons via the electroweak interaction as well as u
and 7 leptons via the flavor off-diagonal Yukawa inter-
actions. Through those interactions, various experimental
constraints are imposed on the mediators.

A. Precision measurements, triviality,
and potential stability

The magnitude of 4z Yukawa interactions is not small in
order to address the muon g — 2 anomaly, so the processes
associated with the muon and tau flavors can deviate from
the SM prediction. In addition, the electroweak interactions
of the extra scalars produce corrections to the vacuum
polarization of the weak bosons whose effects are rendered
inthe S, T, U parameters.4 These observables are strongly
constrained by precise measurements in the electroweak and
lepton sectors. Effects of the pz-philic scalars on the
electroweak precision tests, lepton universality, and trivial-
ity bound are examined in Refs. [14,30]. We do not repeat

‘A large correction to the 7 parameter has recently been
discussed in [27] in relation to the new CDF measurement of the
W boson mass [28]. It seems that there is room to accommodate
both the W mass and muon g — 2 by an additional contribution to
the T parameter from the extra scalars. We do not, however,
pursue such a possibility in this paper and will refer to the PDG
value of the W boson mass [29].
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the detailed discussion here and leave them to the previous
works, while we shortly recapitulate the primary constraints:

(1) Electroweak precision tests (EWPTs): the extra
scalar contributions to the S, T, U parameters have
to be consistent with the SM. We evaluate y* with
respect to S =0.00£0.07 and 7 = 0.05 £ 0.06
[29] with U = 0 fixed and require that Ay? = y*> —
X3\ are within 26.

(ii) Triviality bound: the quartic couplings and Yukawa
couplings evolve with renormalization group equa-
tions (RGEs). We calculate the running couplings
from the Z boson mass scale at the one-loop level
and require |;| < 4z(i =1 —15), with 4; being the
quartic coupling of the SM Higgs doublet, and
1> [Vuels [Vl < V47 up to 100 TeV.

(iii) Potential stability: we require the RG-evolved cou-
plings to satisfy all of the conditions 4; > 0, 4, > 0,
2\//11/12 +/1:; > O, 2\/11/12 +/13 +/14 - |/15| >0 [31]
at 100 TeV.

’ ’

B. Collider bounds

There are also direct search constraints on the additional
scalar doublet at the high-energy colliders. The searches for
charged Higgs bosons by LEP [32] give a lower limit on the
¢* mass: m e 2 93.5 GeV. Moreover, the charged scalar
has the same quantum charges as the left-handed charged
sleptons in supersymmetric models except for the matter
parity. The slepton bounds from the electroweak produc-
tions, therefore, can be applied for ¢ when ¢+ — jiv,, T,
are dominant (prompt) decay processes. For the case that
¢ — jiv, is dominant, the bound on ¢* can be read from
that of the left-handed smuon: m . 2 550 GeV [33]. For
the case that ¢* — 7, is dominant, the bound on the left-
handed stau can be applied: Mys 2 350 GeV [34-36].
These bounds are not valid when my: > m, + my and
the decay channel of ¢ — pW* is dominant. In this case,
the charged scalar can be lighter than ~350 GeV. Note that
there is a less constrained region for the stau-like case
where 100 GeV < my- < 115 GeV is still allowed even if
the branching fraction of ¢ — 7y, is 100% [36].

Collider searches for the heavy neutral scalars with the
ut interactions have been studied in Refs. [30,37-39]. The
signal processes are the electroweak production of the
scalars such as pp — W = ¢*p,¢p*n, and pp — Z* — pn
followed by ¢= — t*v,, p*v, and p,n — t=u¥. The pre-
vious studies focus on the mass spectrum of m,, <m, ~m -
or m, < m, = my:, which are both different from ours,
My ~m, < m,. Then, they point out that the LHC Run2
data will exclude 200 GeV <m, <500 GeV [30,37].
They also explore the light mass region and show that
m, <20 GeV and 130 GeV < m,(m,-) < 610 GeV are
allowed [39]. These bounds are qualitatively the same in
our case, but cannot be applied directly because of the

different mass spectrum considered. In addition, in our
case, p and 5 decay invisibly into a DM pair, which reduces
the signal cross section. Thus, the bounds on the neutral
scalars can be relaxed significantly.

Given the above-mentioned collider bounds, we will
later focus on two mass spectra for the extra scalars in our
DM analysis: (i) (m¢i, m,, m,) = (100, 100, 130 GeV)
and (i) (mye,m,, m,) = (700,680,730 GeV). In the
spectrum (i), the extra scalars are light, and the charged
scalar mass is placed on a blind spot in the current stau
search. The viability of this mass window depends on the
branching fraction of the neutral scalars to DM. There is a
correlation between the invisible branching fraction and
DM thermal production. We will explicitly show the
correlation in Sec. V. In the spectrum (ii), the collider
bounds are certainly evaded, and the precision measure-
ments and triviality bound provide a leading constraint. In
that sense, this is a relatively safe spectrum to examine the
DM physics.

C. Summary of the mediator bounds

In Fig. 4, we show the bounds on the yz-philic mediators.
We pick four sets of values for the charged scalar mass and
flavor off-diagonal lepton Yukawa couplings. In particular,
the charged scalar mass is fixed to 100 GeV (upper panels)
and 700 GeV (lower panels), inspired by the spectrum (i)
and (ii) respectively. We also fix 4, = A3 = 0.5 in all panels.
The values of these couplings only affect the triviality and
potential stability bounds.

The light gray (green) shaded region is excluded by the
potential stability condition and triviality bound (EWPTs).
The muon g — 2 is explained in the purple shaded region
within 2¢. It follows from Fig. 4 that for the light charged
scalar case (upper panels), the EWPTs provide the leading
bound on the p and # masses below 270 GeV. At least one
of these neutral scalars should be degenerate in mass with
the charged scalar. As their masses exceed 270 GeV, large
quartic couplings are required in order to generate appro-
priate mass spectrum. Thus the triviality bound is superior
to the constraint from the precision tests. For the heavier
case (lower panels), on the other hand, the potential
stability condition and the triviality bound give the leading
constraints. Note that Fig. 4 is similar to Fig. 5 of Ref. [14]
except the horizontal and vertical axes are the masses of 5
and p, instead of the quartic couplings, 14 and As. Our plots
are thus obtained approximately by rotating the plots in the
literature by 45° counterclockwise.’

The triviality and potential stability bounds in this paper are
different from those of Ref. [14] since there are some errors in the
p functions for the RGEs in Appendix A of Ref. [14]. The
functions in Ref. [14] paper agree with those in Ref. [40] by
replacement as (A3, 44) = (A3 + A4, —44).
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FIG. 4. Constraints on the yz-philic mediator with the four benchmark values of the charged scalar mass and flavor off-diagonal lepton
Yukawa couplings. The light gray (green) shaded region is excluded by the potential stability condition and triviality bound (EWPTs).
The purple shaded region is favored by the muon g — 2. The black star in each panel corresponds to the benchmark point used in our DM
study in Sec. V.

V. RESULT

For references, we choose four benchmark points (BPs), marked with the black star in Fig. 4, which can all accommodate
the muon g — 2 anomaly and pass the various theoretical and experimental constraints:

BPL: (mye,m, m,) = (100,100,130 GeV), (¥ ¥5) = (0.07,0.07),
BP2: (m(/,i,mp,mn) = (100, 100, 130 GeV), (Yuer You) = (0.035,0.14),
BP3: (my:,m,, m,) = (700,680,730 GeV), (Yuer You) = (0.7,0.7),
BP4: (mye,m,,m,) = (700,680,730 GeV), (¥ vs) = (041,1.2).

Figure 5 shows the constraints on the DM for the above four benchmark parameter sets. The black solid curve
corresponds to QpyA? = 0.12, and the region below this line is excluded by DM overabundance. We also show the
excluded regions by direct detection via the Z penguin diagram (Fig. 3) and indirect one via annihilation into 7 and zji. The
blue and gray shaded regions are excluded by the PandaX-4T experiment [41] and Fermi-LAT observation [22],
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respectively, while the blue dashed curve represents the
future sensitivity at the XENONnNT experiment [42]. The
DM annihilation into charged leptons is also constrained by
the spectrum distortion of the cosmic microwave back-
ground (CMB) [43,44]. The CMB bound is, however,
weaker than the Fermi bound in the parameter space of our
interest, so that we omit the former one in Fig. 5. The
branching fractions of p’s invisible decay are shown by the
red solid curves in the top-left (BP1) and top-right (BP2)
panels as references.

One can see two common features to every panel as for
the DM constraints. The first one is that the contours of the
DM relic abundance and the exclusion limits of the indirect
detection have two steep walled valleys, which are caused
by resonant annihilation of the DM at my~m,/2 and
m,/2. The second one is that the Fermi-LAT bound

BPL: (my, My, Yur, Yrp) = (100GeV, 130GeV, 0.07,0.07)

10 20 30 40 50 60 70 80

mx [GeV]
(a) BP1
BP3: (1, my, Yyr, yry) = (680GeV, 730GeV, 0.7,0.7)
101__’"'| AL | AL A | o
: S
zé:“ 1
S S
S
Q/
$
10° %\ Fermj 7 i
\\\ 5 12 3 //
@ N Rt
107 E
1025, sl sl P
10" 102 10° 10*
my, [GeV]
(c) BP3

FIG. 5.

excludes the DM with its mass below 20 GeV if the
observed DM abundance is explained by the thermal relics
of £ and X*.

For the light DM and lepton flavor changing mediator
case (BP1 and BP2), the current direct detection constraints
are avoided in 20 GeV < my < 80 GeV. Future XENONnT
experiment can further probe my ~ 1040 GeV and
70-80 GeV. We remind that these two BPs may be excluded
by the LHC data unless p and 7 decay mostly to DM. Thus
the mass region heavier than m, /2 would be ruled out,
although no experimental search for this mass region is
found to our best knowledge. When DM is lighter than
m, /2, the branching fractions of p and 7 are crucial. It
follows from Fig. 5 that the invisible branching fraction of p
can be larger than 80% for BP1 and 60% for BP2. This
means that the signal cross section can be reduced by a

BP2: (my,, My, Yur, Yrp) = (100GeV, 130GeV, 0.035,0.14)
[ T T T

-1
107§

102 Br(p — inv.) = 0.10

[ Br(p— inv.) =0.01

1075 . . . . . o
10 20 30 40 50 60 70 80
my, [GeV]
(b) BP2
BP4: (my, My, Yur, Yrp) = (680GeV, 730GeV, 0.41,1.2)
101__’"'| AL | AL A | T
: S
b‘;r &,/
S 124
S oA
QO
5
\ 4
0 e 4
10 EN Fermi 7 b
Ay b
N, e
e ~Oh 7
107 E
1025, sl sl P
10" 102 10° 10*
my, [GeV]
(d) BP4

Experimental upper limits on the scalar quartic coupling « for the BP1 (top left), BP2 (top right), BP3 (bottom left), and BP4

(bottom right). The blue and gray shaded regions are excluded by PandaX-4T experiment [41] and Fermi-LAT observation [22]. The
blue dashed curve represents the future prospect of the XENONnNT experiment [42]. In the top two panels, the branching fractions of

p — inv. are shown by the red solid curves.
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TABLEII. The particle content of the Z, x Z, symmetric model. The quantum numbers of the SM are also shown
in the notation of (SU(3)¢, SU(2),)y(),-

Particles (Le.L,.L;) (egstprsTR) H () = (N.,N,.N,) S
sM (1.2) 5 L, (12, (L2, (L1 (1.1), (1.1),
Zy (1,i,—i) (1,i,-i0) 1 -1 i (1,i,-i0) i
Zy + + + + - + +

corresponding factor. To explore this parameter space,
however, a dedicated collider analysis is desired.

For the heavy DM and lepton flavor changing mediator
cases (BP3 and BP4), the latest PandaX result excludes the
DM with my <60 GeV. The mass region of my ~
60-200 GeV is within the reach of the future XENONnT
experiment. Otherwise, this DM candidate is free from the
current and future planned experiments.

VI. SUMMARY

We have studied a simple scalar DM model based on the
Z,4 lepton flavor symmetry. In this model, the scalar singlet
DM, scalar doublet mediator, muon, and tau lepton are
nontrivially transformed under the Z, transformation. The
DM interacts with the SM fields through the scalar mediator,
which has flavor off-diagonal couplings to the muons and
tau leptons. The observed relic abundance of the DM is
realized by the thermal freeze-out mechanism. The scalar
mediators only couple to the muon and tau lepton at the tree
level, while they have no interaction with the quarks and
electrons. Therefore, the model can explain the DM relic
density and the muon g — 2 anomaly simultaneously without
conflicting the current severe constraints by various experi-
ments and observations. We have evaluated direct and
indirect bounds on the DM. Because the pz-philic mediator
in our model comes from the SU(2), doublet, the one-loop
Z penguin diagram gives a significant contribution to the SI
elastic scattering between the DM and nucleon. The allowed
mass ranges of the DM can be further explored by the direct
detection experiment in the future except for the resonant
and heavy DM mass region. In this paper, we focus on the
ur-philic scalar mediator, and on the other hand, the ey and
et-philic cases induce interesting phenomena, for example,
the DM can scatter inelastically with electrons in material,
and the muon and tau lepton are produced as recoil particles.
This will be shown elsewhere.
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APPENDIX: NEUTRINO MASSES AND MIXING

In this appendix, we illustrate an extension of the model
in Sec. II for the realization of the neutrino mass and
mixing. We additionally introduce three right-handed
neutrinos (N,,N,,N,) and a Z,-breaking singlet scalar
S to the model in Sec. II. In this model, the Z,-charged
scalar S acquires a nonzero VEV and breaks the Z, lepton
flavor symmetry. Therefore, the dark parity (Z, symmetry)
is introduced in order to keep the DM stability. Quantum
numbers of this extended model under the Z, x Z, sym-
metry are listed in Tab. II.

Under the Z, x Z, symmetry, the Lagrangian for the
neutrino mass generation sector is written by

v M, AeyS* AerS N,
[IN:—E(Ng NE Ng) Aoy My || N,
AerS My, N,
YeeH N,
—(L_L L, L_T) Yt ym&) N,
Yeu® yeH/) \N:
+H.c., (A1)

where H = io,H*, ® = ic,®" with o, being the second
Pauli matrix. After acquiring the VEV of H and S, the
neutrinos obtain the Dirac and Majorana mass terms,
respectively. If the Majorana masses are much heavier
than the Dirac ones, the light masses of the active neutrinos
is naturally realized by the seesaw mechanism [45-48].

Because of the remnant of the Z, lepton flavor sym-
metry, the mass matrix of the light neutrinos has the so-
called two-zero minor structure [49-54]. With this structure
the lightest neutrino mass and CP phases are determined as
functions of the neutrino oscillation parameters, such as the
mixing angles and mass squared differences. According
to Refs. [51-54], the extended model in this appendix
realizes the observed neutrino mixing at 3¢ level without
conflicting with the neutrino mass bound from the CMB
measurement [55].
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