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ABSTRACT: In this paper, we summarize phenomenology in lepton portal dark matter
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possible setups: a DM field is either a complex/real scalar or a Dirac/Majorana fermion,
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1 Introduction

Dark matter (DM) is one of the biggest mysteries in our universe. While evidence of the
existence has been accumulated since the first suggestion in 30’s, all of them are obtained
only through gravitational force. The fundamental nature of DM, e.g. spin and mass, is
known very little. This fact has motivated theorists to propose a lot of DM models and
many ways to reveal the nature.

A massive elementary particle that weakly interacts with Standard Model (SM) parti-
cles has been discussed as a good DM candidate. If the interaction with SM particles is as
large as the weak interactions in the SM and the mass is around the weak scale, the ther-
mal relic density of that particle is in agreement with the observed value. This fascinating
candidate is called weakly interacting massive particle (WIMP) DM. There are many can-
didates for WIMP DM in extended SMs; e.g., neutralinos in supersymmetric models [1, 2],
Kaluza-Klein particles in extra dimension models [3, 4], inert scalars in extended Higgs
models [5-9], and so on. In these models, DM is often accompanied by extra charged or
colored particles, which mediate interactions between DM and SM particles. The search
for these particles at collider experiments is also a good test for DM models on top of the
direct search for DM.

Those extended models are usually motivated by solving theoretical problems in the
SM, such as the gauge hierarchy problem, rather than by explaining DM itself. In con-
ventional models, however, recent experimental results severely restrict parameter spaces
where DM is explained. In contrast, one can take a more efficient approach to study DM
properties by using simplified models once going away from the original motivation. In
this approach, an electromagnetically (EM) neutral stable particle is simply added to the
SM as a DM candidate, and the interaction of the DM to the SM sector is introduced in
an ad hoc manner. An additional symmetry may also be imposed to guarantee the DM
stability. Given a specific setup of a simplified model, one can study DM physics, such as
thermal relic density and DM signals, with a limited number of parameters, and examine
the viability of the setup. This approach can cover many theoretically motivated models.

In study of simplified models, DM candidates can be classified by its spin and inter-
actions with SM particles.! As the simplest example, let us consider a real scalar DM X
which is a singlet under the SM gauge symmetry and interacts with the SM doublet Higgs
field H via a scalar quartic coupling, Ax X2|H|?. This setup is known as the Higgs portal
DM model and has been studied well [10-15]. The quartic coupling is responsible for DM
thermal production, so that its value can be fixed by the observed relic density. Once
the coupling is fixed, one can sharply predict signals of this DM candidate at high-energy
collider, direct and indirect detection experiments. As the next-to simplest example, let
us introduce a vectorlike charged fermion F' in addition to the scalar DM X. The scalar
DM can be coupled to SM fermions f*, where i is a flavor index, via Yukawa couplings,
/\l]}Xf fi, if F has the same gauge charge as f. This kind of model is called the fermion
portal DM model [16, 17]. The signals of the DM in the direct and indirect detection
experiments depend on the Yukawa couplings )\Z]}. Besides, the models can be tested by the

'In some cases, it is also important whether DM is self-conjugate or not, as discussed later.



direct search for the vectorlike fermion at high-energy collider experiments and precision
measurements of flavor changing processes induced by the Yukawa couplings. In this pa-
per, we shall study this type of model, especially the lepton portal DM model, where the
vectorlike fermion has the same gauge charge as the SM leptons.

In the fermion portal DM models, DM annihilation is induced by the t-channel ex-
change of the new vectorlike particle. We can consider several setups: a DM field is either
a scalar or a fermion, it is self-conjugate or not, SM fermions coupled to DM are quarks or
leptons, and these are further SU(2), doublets or singlets. A certain new fermion or scalar
fermion (sfermion) field is introduced, so that the portal Yukawa coupling is allowed and
the t-channel annihilations are turned on. There are many works on the fermion portal
models, but most of them focus on only limited setups or particular phenomena. Besides,
all these studies were done several years ago. In the present paper, we examine all possible
setups in the fermion portal models with all of the latest data from LHC searches, flavor
physics and DM physic, including higher-order corrections to DM searches that have not
been studied well. Then, we update the current status of each setup. In particular, we
concentrate on namely the lepton portal DM models [18, 19], that are expected to evade
the strong bounds from direct searches at the LHC and DM direct detection experiments.
For the quark portal models, see e.g. refs. [16, 17, 20-29] and references therein.

In this paper, we also study impacts of the lepton portal DM models on precision
observables. There is an explicit correlation between these observables and the DM thermal
relic density, since both of them are induced via DM-lepton Yukawa couplings. Of these, we
especially discuss the anomalous magnetic moment (g—2) of muon. There is a longstanding
discrepancy in the muon g — 2 [30]:

Aay = a5® — a™ = (268 £ 76) x 107, (1.1)

where a;; 7 and aiM are the experimental result and the SM prediction of a, = (g —2)/2
for muon.? It is well-known that the size of the discrepancy is the same order as that of
the electroweak (EW) corrections. This suggests a possibility that the discrepancy in Aay,
can be resolved at the same time as the successful thermal DM production in the lepton
portal DM models. In refs. [43-46], the authors consider the possibility and figure out
that due to strong chirality suppressions, Aa, cannot be accommodated in the minimal
models, where either an SU(2), singlet or doublet leptonic mediator is introduced. It is
pointed out in refs. [45, 47] that the suppression is removed and the discrepancy in Aa,
can be resolved if both mediators are introduced. In these papers, the authors also study
the constraints from the collider and direct detection experiments, and discuss the future
prospects. Note that these papers only discuss the scalar DM candidates. In our paper,
we examine both scalar and fermion DM models, and show that both of the mediators are
necessary to reduce the discrepancy, independently of whether the DM field is a scalar or
a fermion. At the same time, it turns out that parameter space favored by the muon g — 2

2Evaluation of the hadronic contributions to the muon g — 2 is not conclusive and dominates the the-
oretical uncertainty [31-41]. In addition, QED NLO corrections to a pion form factor have recently been
calculated in ref. [42], where a possibility of the corrections accommodating the discrepancy is examined.
The authors have shown that the corrections are too small to diminish the existing discrepancy in the SM.



Name self-conjugate spin of DM spin of mediator
real Yes 0 1/2
complex No 0 1/2
Majorana Yes 1/2 0
Dirac No 1/2 0

Table 1. Classification of DM models based on spins of DMs and mediators.

observation is a bit different in each model. To our knowledge, we identify for the first
time which parameter space can accommodate the muon g — 2 discrepancy in the fermion
DM cases. On top of that, we carefully assess the condition for resolving the discrepancy
in the lepton portal DM model. We will show that the modification to the minimal models
has little impact on the DM physics while it has a big impact on the muon g — 2 thanks
to the large chirality flipping effect. This assessment has not been made in the literature
thus far.

This paper is organized as follows. In section 2, we classify the lepton portal DM
models, based on the nature of the DM and mediator particles. In this study, DM is
assumed to be a singlet under the SM gauge group and to be either scalar or fermion.
Then, we study the phenomenology in each model. In section 3, the LHC constraint on
each model is analyzed. In section 4, we study the DM physics, i.e. relic density, direct
detection and indirect detection, within the minimal models, and summarize the updated
status of the models. Contributions to Aa,, in the minimal models are also calculated there,
and we reconfirm that the Aa, is hardly explained. In section 5, we examine extended
models which may be able to explain the discrepancy of Aa,. Section 6 is devoted to
summary. In appendix, the details of our calculation concerned with DM physics and
renormalization group (RG) equations are shown.

2 Lepton portal DM models

We introduce a DM field that is a singlet under the SM gauge group and has spin 0 or 1/2.
The scalar DM is denoted by X and the fermion DM by x. The DM field is also classified
according to whether it is self-conjugate or not. For the self-conjugate scalar (fermion)
DM, XT = X (x° = x). The self-conjugation nature is important in DM physics. We
further introduce a leptonic mediator whose spin is 1/2 (0) for the scalar (fermion) DM.
The classification of DM models is shown in table 1. In the following, we shall define scalar
and fermion DM models separately.

2.1 Scalar DM models

We shall set up scalar DM models in which the DM field is an EM and color neutral real or
complex scalar. To realize renormalizable DM couplings to SM leptons, extra leptons are
introduced, which are (2,—1/2) or (1, —1) under the EW gauge symmetry SU(2)7 x U(1)y.
The extra leptons should be vectorlike to make the models anomaly-free. The matter
contents in the scalar DM models are shown in table 2. In order to stabilize the DM
particle, a parity symmetry Z, or global U(1) symmetry is imposed on the models, under



fields | spin SU(3). SU(2)y, U(l)y
Lr 1/2 1 2 ~1/2
L | 1/2 1 2 ~1/2
En | 1/2 1 1 1
By 1/2 1 1 1
X 0 1 1 0

Table 2. Matter content in the scalar DM model. The subscripts L, R for the fermions represent
their chiralities. L and FE, are vectorlike fermions to respect the anomaly-free condition.

which the DM scalar and the extra leptons non-trivially transform while all the SM fields
do not. This symmetry distinguishes the extra leptons Ly (ERr) from the corresponding
SM ones ¢4 (e%). Note that the Higgs portal coupling | X|?|H|? is always allowed in the
scalar models. It could have some impacts on the DM annihilation and direct detection
cross sections. In this study, we assume that the Higgs portal coupling is negligibly small,
and do not consider any combinational effects with it, to highlight the phenomenology
induced by the lepton portal couplings.

We introduce a relevant part of the Lagrangian in the scalar DM model. The mass
terms for the vectorlike leptons are given by

—L8mass = mrLLr + mpELER. (2.1)
The Yukawa interactions involving the vectorlike leptons are given by
_LS,Yukawa = )\lL ZZ‘LXLR + )\zRFL X*e% + HZL HFER+ REL ﬁLR + h.c., (2.2)

where ¢} and e}, are the SU(2);, doublet and singlet leptons in the SM and H = iooHT.
The index i = 1,2, 3 runs over the SM three generations. The first two terms are the portal
couplings of the DM to SM leptons. The latter two terms in eq. (2.2) generate the mass
mixing between the vectorlike charged leptons after the EW symmetry breaking. The mass

— — my KUy E
E, ) ) 2.3
( L =L (/{UH mE) (ER) (2:3)
where vy = (Hp) is the Higgs vacuum expectation value (VEV). The primed field E} (E%)
is the charged component in the doublet vectorlike lepton Lj, (Lr). We define the mass

EyL _ [ cr sr Eg, E} _ (e st Ep, (2.4)
Er —spcr) \Er, )’ Ep —spcp ) \Ep, |’

where cx, sx (X = L, R) satisfy ¢% + s% = 1. The left- and right-handed fermions can be

matrix is given by

eigenstates as

combined to Dirac fermions as F, = (Er,, ER,), where a = 1,2. Their masses are denoted
by mg, and mg,. In the mass base, the Yukawa couplings involving the DM and vectorlike
leptons F1 » are given by

ES,Yukawa O Xe; [()\iLPRCR — )\ZR*PLSL) FEy+ (/\Z-LPRSR + )\EKPLCL) EQ] + h.c., (2.5)

where e; is a SM charged lepton in the i-th generation.



fields | spin SU(3). SU(2)y, U(l)y
L 0 1 2 ~1/2
E 0 1 1 ~1
X 1/2 1 1 0

Table 3. Matter content in the fermion DM model.

The model would resolve the discrepancy in the muon anomalous magnetic moment.
The new physics contribution to Aa, in the scalar DM model is given by [48-50],

m
Aa, = m [ (cRINE I+ sTINGI?) muFy(z1) + crspRe (M) mp, Gy (z1) (2.6)

+ (SHINE? + L INGI?) muFy () — crspRe (MAR) mEQGf(.fUQ):|,
where z; = szl /m3%. The loop functions are defined as

2+ 37 — 622 + 23 + 6xlog 3—4x+ 2%+ 2logx
F = G = .

(2.7)

With mx ~ O (100 GeV), the current discrepancy can be explained only if the chirality-flip
effect proportional to the vectorlike lepton mass mpg, , is sizable. This arises only in the
model with the non-vanishing mass mixing, i.e. cgsy, # 0 and/or crsg # 0.

A discrepancy in the electron anomalous magnetic moment Aa, is also reported [51]
recently, although it is less significant than that of the muon. We expect that Aa. can
be explained in the lepton portal DM models instead of Aa,. These anomalies, however,
cannot be explained simultaneously, since the lepton flavor violating (LFV) decay p — ey
is induced just as the portal Yukawa coupling to the electron is turned on.> We do not
pursue this possibility in this paper. The simultaneous explanation for both anomalies are
studied in refs. [55-64].

Throughout this paper, the word “minimal” refers to the setups in which either doublet
or singlet leptonic mediator exists and the other is absent. In the model Lagrangian
introduced in this section, the minimal setups are therefore obtained by simply neglecting
either L or E. The chirality-flip effects to Aa, are absent in these setups. As mentioned
above, we need move on to the non-minimal setup that contains both the vectorlike leptons,
to address the discrepancy in Aa,.

2.2 Fermion DM models

The fermion DM can be Majorana or Dirac. In the fermion DM models, mediators are
complex scalars and are (2, —1/2) or (1, —1) under the EW symmetry. The SU(2), doublet
(singlet) mediator, named slepton, is denoted by L (E) The matter content is shown in
table 3. As in the scalar DM models, the minimal setups are obtained by neglecting either
of the sleptons.

3Similar conclusion is obtained in models which Adae,, is explained by the loop corrections involving
vectorlike leptons and a Z’ boson [52-54].



The slepton mass terms and interaction terms are given by
~Lpsea =miLIL+ miE'E + (A L'HE + h.c.) (2.8)
NI (ETH) (HTE) + Ny (ETH) (ETH) .

Since the quartic couplings in eq. (2.8) are irrelevant to DM physics, we simply neglect
these terms. The Yukawa couplings involving the DM are given by

EF,Yukawa = )\ZLZZLXRE + )\’RETXLe% + h.c.. (2.9)

For simplicity, we use the common notation, )\iL and %, for the portal Yukawa couplings
in both scalar and fermion DM models. As in the scalar DM models, we assume that one
of the portal Yukawa couplings is sizable in the minimal setup. The models with both
couplings are discussed in section 5.

If both L and E exist in the model, the trilinear terms induce the mixing between
these states. The mass matrix is given by

-, ~ m2  Avg E
(E/T ET) (A* Lo ) (E , (2.10)
E

where E' is the charged component of the doublet slepton L. The mass eigenstates of the

E co S Fy
ORI

where ¢y, sg satisfy Ce + 89 = 1. Their masses are denoted as m

sleptons are defined as

B and mg, . The Yukawa
1

couplings involving the DM and sleptons are given by
LF Yukawa D € [(AiLPRc(, — X% Ppsg) By 4 (M, Prsg + N Prcg) Eg} x+he.  (212)

The new physics contribution to Aay, in the fermion DM model is given by [48-50]

M

Aa, = — 1672

{(09|/\ 2 + s N6 |?) muFis(y1) — cosoRe (MNR) my Gi(y1) (2.13)
+ (SBINL? + G INRI?) miuFi(ye) + cosoRe (N Nf) mGialy)|.

where y; = mi / m% The loop functions are defined as

1—2%+2zlogx
(1—=)?

1 —6x+ 322 + 223 — 622 logx
Fila) =s im0 G

(2.14)

As in the scalar DM models, both singlet and doublet sleptons are necessary to explain
Aa,, so that the chirality-flip effect proportional to m, is substantial.

Hereafter, when we analytically study generic features of the models, we will not
assume any specific structure of the portal Yukawa couplings. The couplings are supposed



to have arbitrary values and, therefore, be entirely flavor violating. If the DM has sizable
couplings to two or more generations at the same time, such a setup will induce too large
LFV processes to be consistent with experimental limits. In our numerical analysis, we will
identify a structure of the portal couplings such that the DM couples exclusively to one of
the three generations. The strong constraints from LFV processes are satisfied under this
assumption. We will mainly focus on namely the muon-philic case, i.e. )\Z R > AL gy AL R
motivated by the discrepancy in Aay,.

3 The LHC limits on extra lepton and slepton

We discuss experimental limits from the LHC in this section. In the lepton portal DM mod-
els, the lightest mediator decays to a SM lepton and a DM particle. The pair production
of the vectorlike leptons F; and sleptons Ej is

pp — E1E; —ee;+ XX, and pp— Elﬁl — eie; + XX, (3.1)

respectively. Both processes predict the signal with two SM leptons and a large missing
energy in the final state which has been studied in slepton searches at the LHC [65-70].
We will study a case that the (s)lepton dominantly decays to a muon and a DM particle.
The LHC limits in the electron-philic case will be similar to those in the muon-philic case,
while the limits will be much weaker in the tau-philic case.

We estimate the experimental limits on the sleptons and the vectorlike leptons from
the results in ref. [67]. To illustrate our method, we study a limit on the slepton first. The
limit is estimated from the ATLAS analysis for doublet smuon g7 pair production. We
define an efficiency egr in each signal region (SR) as

f __ __exp
U{)?od X €SR = OgR » (3.2)

ref
pro

on the effective cross section in the signal region. Here, i decays to a muon and a DM

where o7° | is a cross section of jizfi;, production and Jg}({p is an experimental upper bound
particle exclusively. The efficiency egg is a probability that pair-produced smuons pass the
kinematic-cut of signal region.

We estimate the efficiency esgr from the experimental limits as a function of the mass
difference between slepton and DM, Am = m B, — Mx- On the experimental bound in
(m B m,y) plane, the efficiency is given by

exp
g
€sr(Am) ~ — SR . (3.3)
O-prf)d (mil (Am))

Here, the efficiency is assumed to be independent of the slepton mass approximately. The
production cross section is, on the other hand, determined by the slepton mass. When the
mass difference is larger than the limit on the slepton mass with massless DM, denoted by
m%ax, the efficiency is set at ESR(mgax). By using this efficiency function of Am, a point
(mg,, my) is excluded if

Oorod (i, ) X esr(Am) > 0T (3.4)
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Figure 1. The pair production cross sections of the lightest sleptons (left) and the vectorlike
leptons (right) with /s = 13 TeV.
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Figure 2. Experimental limits on the slepton (left) and vectorlike lepton (right) estimated from
the ATLAS data [67].

in any signal region. In the analysis of ref. [67], there are two types of signal regions. One
is designed for a mass spectrum with large mass difference and requires no jets in an event.
The other is designed for a mass spectrum with small mass difference and requires a jet in
an event. We refer to the signal regions without (with) jet for Am > 200 (< 200) GeV.

For the vectorlike lepton, we estimate a limit by analogy with the slepton search.
We estimate the efficiency in eq. (3.3) from the limit on the degenerate slepton scenario,
where the masses of left- and right-handed selectron and smuon are the same. Our es-
timations could be improved, using a limit that gives more similar shape as that for the
vectorlike lepton.

Figure 1 shows production cross sections of a pair production of sleptons (left) and
vectorlike leptons (right) with /s = 13 TeV. For the production cross sections of sleptons,
we refer to the result of LHC SUSY Cross section Working Group [71-75]. The mixed
slepton is defined as the lighter slepton when s, = sp = sg = 1/ V2.



The production cross sections of the vectorlike leptons are calculated by
MadGraph5_2_6_5 [76] based on a UF0 [77] model file generated with FeynRules_2_3_32 [76,
78]. As in the vectorlike lepton case, the mixed extra lepton is defined as the lighter one
when s; = sp = 59 = 1/1/2.

Figure 2 shows the estimated 95% C.L. upper limits on the mediator lepton and DM
masses. The red, blue and green lines show the limit for the doublet, singlet and maximally
mixed sleptons (vectorlike leptons), respectively. The doublet leptons are more constrained
than the others because of the larger production cross sections. The limit on singlet slepton
shows good agreement with the experimental limit in ref. [67].

The analysis in ref. [67] excludes parameter space where the mass difference is larger
than about 100 GeV. More degenerate region would be excluded by more dedicated searches
exploiting an initial state radiation and soft leptons [66, 79]. The limits, however, exist
only in restricted parameter space where the mass difference is about 10 GeV and the
tightest limit is about 250 GeV for the degenerate four sleptons scenario. The limits from
these searches are not shown in the following analyses, but we shall note that a shallow
parameter space with Am < 10 GeV would be constrained by these searches.

Let us comment on the heavier mediator leptons. The heavier states F» and Eg can
decay to a SM lepton and a DM particle as the lighter ones can. In addition, these may
decay to a lighter mediator lepton and a SM boson. For instance, Fo — F1Z — uZX is
possible and can give clean signals with three charged leptons and large missing energy per
vectorlike lepton Es. The branching fractions to a SM boson can be comparable with or
even dominate over that to a lepton and a DM particle depending on the couplings and the
mass spectrum. This is an interesting possibility to discover the lepton portal DM models
but this is beyond the scope of this paper. In the following, we only show the limits from
a pair production of the lightest mediator leptons in figure 2.

4 Dark matter physics in the minimal models

In this section, we study DM physics and discuss constraints on the models with the
minimal matter contents, where either an SU(2); doublet or singlet mediator field exists.
There are four types of DM fields (real/complex/Dirac/Majorana), and the mediator field
is a doublet L/L (case (i)) or a singlet E/E (case (ii)) under SU(2);. The next-to-minimal
models with both mediator fields will be discussed in the next section.

4.1 Annihilation cross sections

The pair annihilation is a basic property of particle DM. It governs the DM abundance
based on the thermal freeze-out mechanism. If annihilation occurs in halo, it also con-
tributes to cosmic ray flux which can be probed by indirect searches at telescopes. Since
DM particles are non-relativistic at the freeze-out temperature and also in halo, it is useful
to expand the pair annihilation cross section in terms of relative velocity v of DM particles:

(JU)A:aA+bAv2+cAv4+C’)(v6), (4.1)
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Figure 3. Example diagrams of the DM pair annihilation in the scalar DM model. In the fermion
DM model, the dashed lines for X and solid lines for F and L are replaced by the solid lines for y
and dashed lines for F and L, respectively.

where a4, by and caq are dubbed as partial s-wave, p-wave and d-wave contributions,
respectively. Here, the subscript A represents a final state of the annihilation process. In
the lepton portal DM models, the Yukawa couplings in eqs. (2.2) and (2.9) induce various
annihilation processes. In this section, we summarize the important features of the DM
annihilation to &-Zj, &ZjV and V'V, where ¢; is a SM charged lepton or neutrino and V') is
a SM gauge boson. Here, i = 1, 2,3 is the flavor index. Note that the neutrinos have only
left-handed component. The sample diagrams are shown in figure 3. The full analytical
formulas are shown in appendix A.

Figure 4 shows ratios of thermal averaged cross sections, (ov),, and (ov)yy/, to
that of the tree-level two-body anmnihilations (ov),;, with mpy = 500 GeV, the SU(2)r
doublet mediators and the muon-philic coupling (A} # 0, A = AT = 0). Here, (ov) vy =
(o0) vy + (UU>VWM(V) and (o0) iy = <UU>;U7“W+ + <UU>ﬂVuW,. The velocity suppressed
processes are evaluated at the freeze-out temperature: (v?) ~ 0.24 and (v*) ~ 0.1. The
plots are independent of the coupling )\‘i, since it cancels out between the numerator and
denominator. In the real, complex and Majorana cases, these are also independent of the
choice of the lepton flavor as far as only one of the couplings is sizable. For the Dirac DM,
however, there is a slight flavor dependence in (ov) ¢z due to a collinear divergence in the
limit my — 0. This will be discussed later more concretely. Phenomenologically important
effects in these processes are summarized in the following.

DM pair annihilation into £;£;. Figure 3 (left) shows the DM pair annihilation into
a pair of SM leptons ¢;/;, where ¢; = e;,v;. In the case (i) (weak doublet mediator), the
s-wave contributions are given by

4(e; + €) real scalar
XL AT |2 € + € complex scalar
(Igiej = 2L L nNo X ! J . . s (42)
32mmipyy (1 +r?) (€ +¢€5)/2 Majorana fermion
1 Dirac fermion

where mpy denotes the DM mass: mpy is identical to mx in the scalar DM model and m,
in the fermion DM model. The ratios r and ¢; are defined as r = mp/mx and ¢; = mf / m§(
in the scalar DM model, and r = mj5/my and ¢ = mf/mi in the fermion DM model.
Here, m; is the mass of the lepton ¢;. The sub-leading order effects in ¢; are neglected. In
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Figure 4. Ratio of cross section (ov) , / (0v),7 in various annihilation channels as a function of r,
in the complex (top-left), real (top-right), Dirac (bottom-left) and Majorana (bottom-right) DM
models. We assume the SU(2);, doublet mediators and the muon-philic coupling. The DM mass is
fixed at 500 GeV in all cases and DM velocity is set to the thermal averaged values at the freeze-out:
<v2> ~ (.24 and <v4> ~ (0.1. The processes associated with W boson are absent in the models with
the SU(2), singlet mediator.

the models except for the Dirac DM model, the s-wave contribution is helicity suppressed
(e, < 1). In the real DM, the p-wave contribution b&l’j is also helicity suppressed and
the leading contribution is the d-wave. Thus the annihilation cross section is considerably
suppressed and other processes discussed below are relatively important. The expressions
for the case (ii) is obtained by replacing )\iL — %“, mp — mg and my — mg. The full
analytical expressions of the expansion coefficients are given in appendix A.

DM pair annihilation into £;¢;V. Figure 3 (middle) shows a diagram for the DM
annihilation into a pair of leptons, accompanied with a gauge boson V', where V = ~, Z, W.

- 11 -



In all types of DM, these processes have s-wave contributions without helicity suppression,
while these are suppressed by a gauge coupling and three-body phase space. Using the
parametrization of eq. (4.1), the relative importance at the freeze-out is evaluated by

{00) g ~ a/m
(0) e (vm)’

where n (= 0,2,4) is a power of v of the dominant two-body annihilation cross section

(4.3)

(ov),7 in each model. As shown in figure 4, this ratio is @(1-0.1) in the real DM model
(n = 4) depending on r, while no more than 0.1 in the other three models. We will therefore
include these processes in calculating the DM thermal abundance in the real DM model.
The concrete expressions of the cross sections as well as their squared amplitudes are listed
in appendix A.

In general, the three-body processes are superposition of the final state radiation (FSR)
from on-shell leptons, and an emission from the off-shell intermediate state, namely the
virtual internal bremsstrahlung (VIB). The differential cross section of the FSR is related
to the two-body cross section [80],

(4.4)

dx ~( )M T T m2

FSR
d(ov) o) Q%a(1—x)?+1 log <4m2DM(1 - x))
y4

independently of the DM types. Here, x is defined as x = 2E,/y/s with the photon
energy, E,. If (ov), is helicity suppressed, the FSR contribution is also suppressed and
negligible. The real, complex and Majorana DM models meet this condition. In these
models, the three-body processes are dominated by the VIB, and exhibit a sharp spectrum
of emitted vector bosons V' around Ey = mx(,) if the DM and mediator masses are nearly
degenerate [81-86]. Figure 5 shows the photon spectrum from the three-body annihilation
XX — &?jw in the Majorana DM model. The spectrum in the scalar DM models is the
same as this. The photon spectrum in the VIB process fairly looks like a monochromatic
spectrum within detector resolution. This sharp spectrum will be a distinctive signal of
these DM models.

In the Dirac model, (ov),z is not helicity suppressed, so that the FSR entirely dominates
the three-body process. It follows from eq. (4.4) that the FSR cross section is not well-
defined in the massless lepton limit, so that we have to keep the lepton mass finite to
evaluate it. This leads to the slight flavor dependence of (ov),z, / (ov),7 as mentioned
above. Moreover, when we integrate over x, we encounter a divergence at the infrared edge
x = 0. This can be eliminated by taking radiative corrections to the two-body processes
into account. In figure 4 (bottom-left), to evaluate the size of the three-body process, we
just regularized the infrared divergence by integrating over the range 0.1 < z < 1. This
corresponds to introducing a sharp infrared cutoff at £, = 0.1mpn. We have confirmed
that the numerical result obtained in this way is smaller than the so-called double logarithm
approximation, (ov)y (a/m)log(4md,/m?) log(md,/A%R), by a factor ~ 1.5.

DM pair annihilation into VV’. The DM can pair-annihilate into two gauge bosons
via loop diagrams shown in the figure 3 (right). The possible final states are VV' =
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Figure 5. Photon spectrum from yy — ¢¢v in the Majorana DM model. Here, the DM mass
is m, = 100GeV and r = mj/m, and the portal Yukawa coupling is unity. The spectrum is
completely the same for the scalar DM.

vy, vZ, ZZ, WTW~. We do not consider the annihilation into hZ, hh, since these are
further suppressed by the small Higgs Yukawa couplings of the charged leptons. These
processes cannot be leading contributions at the freeze-out in every setup due to the sup-
pression via the gauge couplings and the loop factor.

Nevertheless, XX — ~v,vZ will be significant at indirect detection of the real scalar
DM. For large r = mpg, /mx, the cross section scales as

1 ) 1
(ov)yyr y while  (00) g1y 5 (4.5)
Hence, the loop annihilation XX — ~7,7Z can be a sizable fraction of the total annihi-
lation cross section for large r. For example, (0v),,/(0v); ~ 0.01 is realized for r = 3.
This small fraction is irrelevant to the DM abundance, but it can be crucial in gamma-ray
searches since produced photons in XX — ~7v,7Z are monochromatic and may provide

distinctive signals.

4.2 Relic density

In the thermal freeze-out scenario, it is assumed that the DM abundance was produced
in the thermal bath. The produced number density is calculated by solving the Boltz-

mann equation,
anM

dt
where H is the Hubble rate and npwm (nyy) is the (equilibrium) number density of DM.

+3Hnpum = — (00) o [0y — (nph)?] (4.6)

Here, (ov).g is the effective annihilation cross section of DM, and is expressed in terms
of the DM pair annihilation and coannihilation. As a concrete example, in the real scalar
DM model, it is approximately given by,

grm}” grm3
(00) o =~ (ov) +2((ox V) + <Uva>)7§/2 e—Am/T | o <ULZU> 2L é ¢—2Am/T. (4.7)
gxmy IxMx
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in the non-relativistic regime (7' < my). Here, we define Am = my — mx and gx (gr) is
the internal degrees of freedom for X (L).* (ov) = (ov); + (o0) 4, + (0V)y, represents
the thermal average of the total DM pair annihilation cross section given in the previous
section, while (o L(XZ)“> and <0sz> are those of coannihilation cross sections whose
initial states are XL (XL) and LL, respectively. The effective cross section (ov).q at
the freeze-out temperature Ty ~ mpn/20, when the DM number density in a comoving
volume is almost fixed, is crucial for the thermal density. It follows from eq. (4.7) that the
coannihilation processes are important when the exponential suppressions are not strong.
Naive estimate suggests that the coannihilation is effective if the exponential factor,

_% _mx Am _9pAm
e M =e T mx ~e Tmx, (4.8)

is not too small, i.e. Am/mx < O(0.1) is satisfied. Indeed, as we will see in section 4.5, the
coannihilation processes help to deplete the DM thermal abundance down to the observed
value with a smaller Yukawa coupling in nearly mass degenerate region. In our analysis,
we employ micromegas_4.3.5 [89] to numerically solve the Boltzmann equation together
with all coannihilation processes. In the real scalar DM model, we also consider s-wave
contributions of the three-body and loop induced processes. These higher-order processes
are no more than 10 % of the leading processes in the other DM models as shown in figure 4,
and therefore are neglected.

4.3 Indirect detection

The indirect detection experiments look for cosmic ray fluxes, such as gamma ray, anti-
proton, positron and neutrino, originated from DM annihilation on top of astrophysical
backgrounds. These are good complementary tools of direct detections to probe DM,
although there are large systematic uncertainties of astrophysical contributions. In this
paper, we will not perform any new data analysis, and will simply rescale the sensitivity
curves derived in the literature. Here, we shall review the constraints from the indirect
searches for the lepton portal DM models. We will see that the DM annihilation to £/ or £f~
will provide signals to constrain the models. We will discuss only the real scalar, Majorana
and Dirac fermion DM. The constraints on the complex scalar DM will be very similar
to those on the Majorana DM since the squared amplitudes of the relevant processes are
the same.?

The most prominent target in cosmic ray searches for DM annihilation is a spectral
feature, such as gamma line or VIB photon. Such a sharp spectrum can be well disentangled
from uncertain astrophysical backgrounds, since it is difficult to attribute the sharp photon
spectrum to one astrophysical process. The search for the spectral feature is often a
unique way to observe DM signals from the sky, particularly when the tree-level two-body
annihilation is suppressed.

The spectral features in the lepton portal DM models have been examined in the
literature. It has been found that the sensitivity can considerably be improved when we

4For the exact expression of the effective cross section, see e.g. [87, 88].
®See appendix A for the explicit forms.
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exploit the photon spectrum instead of the continuum photon flux. In the Majorana DM,
for example, dedicated searches for the spectral features set orders of magnitude stronger
upper bounds on (ov) 0y than the bounds from the continuum gamma-ray observation of
dwarf spheroidal (dSph) galaxies [81]. The study of the spectral feature is then extended
to the pair annihilation into 7y, showing the upper limits on the combined annihilation
cross section: (ov),z, + 2(ov),, < 1072610727 em3/s for the DM mass ranging from
40GeV to 10TeV [82]. Note that EW gauge invariance requires the existence of weak
VIB processes, such as £¢Z. These exhibit a spectral feature of an anti-proton flux from
decays and hadronization of the final state weak bosons, similarly to that of photon flux.
The impact of the weak VIB emission on the PAMELA anti-proton search is studied in
the Majorana DM model in refs. [90, 91]. Unfortunately, these cosmic-ray signals of the
Majorana DM cannot be observed even at future telescopes unless an astrophysical boost
factor is larger than O (10).

The search for the spectral features can impose good complementary bounds on the
real scalar DM. As will be discussed in section 4.4, this type of DM is almost free from the
direct detection bound. On the other hand, the fraction of the annihilation into £/~ and
7 in the total annihilation is sizable because of the strong suppression in the two-body
process X X — (0. This suggests that more fluxes are predicted than those in the Majorana,
DM, opening up a possibility to discover DM signals in gamma-ray spectrum. It is shown
in ref. [86] that the future GAMMA-400 [92] and CTA [93] experiments can probe the real
scalar DM where mx > 100GeV and mpg, /mx > 1.2. The sensitivity prospect will be
shown in figure 7.

For the Dirac DM, the spectral feature is absent, since the gamma-ray flux is dominated
by the smooth FSR and continuum secondary gamma-ray. The latter originates from the
decay and fragmentation of the SM particles produced by the DM annihilation. The
gamma-ray observation of dSph galaxies therefore has the best sensitivity. The strongest
limit is set on the tau-philic DM. In that case, the lower limit on (ov)_ . lies below the
canonical thermal relic cross section o ~ 3 x 10726 [cm3/s] for m, < 100GeV. In the
muon-philic or electron-philic DM models with (ov) . - = 00, the lower bound on the
DM mass is around 10 GeV [94]. These bounds can be simply applied to the Dirac DM,
since the unsuppressed two-body process yx — ¢ is mainly responsible for the thermal
freeze-out. In the other DM types, the limit from the observation of dSph galaxies is much
weaker than those from the gamma line observations [82].

We briefly comment on other possible constraints. Of particular importance is con-
straints from positron flux observations. In [95, 96], upper limits on annihilation cross
section into leptonic final states are derived based on the AMS-02 data of the positron
fraction [97]. The most stringent limit is posed on the ete™ channel, since the positron
spectrum is so sharp even after propagation in galactic space that the spectral search is
applicable. The 95% C.L. lower limit on the DM mass is 100 GeV, when the thermal relic
annihilation cross section into ete™ is assumed [96]. The constraint on the p*u~ and

T+

7~ channels (or associated VIB processes) is much weaker, since the positron spectrum
is broader and it becomes difficult to disentangle the DM signal from the smooth astro-

physical background. For further detail of the analysis, see refs. [95, 96]. In the lepton
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N N

Figure 6. Example diagrams for DM-nucleon scattering at direct detection: (left) photon and
Z penguin contributions for the complex DM; (right) leading 2-loop contribution for the real DM.
There are similar penguin contributions in the fermion DM.

portal DM models, the positron bound is relevant only to the Dirac DM and gives the
limit on myx < 100 GeV for the eTe™ channel. Note that the other three types predict a
sharp positron spectrum in the eéy process, but the cross section is nevertheless too small
to bring the positron constraints into play.

The lepton portal DM models predict neutrino fluxes as well. If the leptonic mediator
is a weak doublet, the cross section can be sizable since the tree-level annihilation into
vv is possible. The produced flux can be detected at neutrino telescopes. So far, the
observations at neutrino telescopes have found no significant excess of neutrinos over the
background. This is interpreted as an upper bound on the annihilation cross section. For
instance, the ANTARES neutrino telescope has searched for self-annihilation of DM in
the center of the Milky Way, and reported bounds on the five representative annihilation
channels [98, 99]. Of these, 7777, utu~, and vv are relevant to the lepton portal DM
models. Using the latest 11 years data, and assuming the NFW halo profile and 100 %
branching ratio, the upper limit on (ov) . is 10723-1072* [cm?/s] for the DM mass ranging
from 50 GeV to 100 TeV [99]. The limits on the 777~ and pu*pu~ channels are weaker than
the former under the same assumption. The searches at IceCube neutrino observatory set
similar upper bounds on them [100]. In our models, (ov) . is less than 10726 [em3/s] in
every setup, so that the constraint from the neutrino flux has no impact on the models.

4.4 Direct detection

In the lepton portal DM models, there is no tree-level scattering between the DM and
a nucleus. As is well known, primary contribution is from photon exchanging at loop
levels in all types of the DM models. The diagrams are shown in figure 6. The relevant
DM-photon effective interaction depends on the DM types and masses. There are also
similar Z exchanging contributions in which photons in the leading diagrams are replaced
by Z bosons. These are, however, suppressed by lepton masses, so that these become
sub-leading. In the following, we will summarize typical features of the leading process
in each model. See appendix A for the full analytical expressions for the photon and Z
contributions.
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In the complex scalar DM model, the photon penguin diagram shown in figure 6 (left)
is the leading contribution. The induced DM-nucleon effective operator is given by

L8 D Oy (iX19, X)(NA*N), (4.9)

where N = p,n. Here, we define ¢2§;¢1 = $2(0ud1) — (Oug2)é1. In the limit of my >
m;, mx, the coefficient Cy,x is dominantly given by the photon-penguin diagram, C, ,

2

Oy ~ % PRIEVIG @ +log %) , (4.10)
(2

in the case (i). The expression for the case (ii) is obtained by formally replacing A% — A%

and my, — mg. When the vectorlike lepton is heavy, the cross section can be enhanced by

the logarithmic term, leading to strong limits from direct detection experiments.

In the real scalar DM model, there is no penguin-type contribution. The leading
contribution arises at two-loop level via two photon-exchanging [101]. The diagram is
shown in figure 6 (right). The DM-nucleon scattering cross section is so suppressed that
there are no significant constraints from the direct detection. When DM couples to the
electron, DM-electron scatterings are induced at tree level. This scattering is relevant only
in light mass region, typically mx < 1GeV, while in this paper we focus on heavier DM
masses, mx 2 100 GeV, since lighter DM scenario would be strictly constrained by, e.g. the
LEP experiment. See refs. [102-105], for recent studies of limits on DM-electron scattering.

In the fermion DM models, there are multi-pole interactions,

_ fix — - Ay
Lontipole = bxX7'X0" Fy + X0 X Fpy + ax Xy *x0" Fys + i X" 7 X, (4:11)

in addition to the contact-type DM-nucleon effective interactions:
cly = Z (Cs,NnXXNN + Cy,nXv"XNYuN) . (4.12)
N=p,n

The differential cross section for elastic DM-nucleus scattering is expressed in terms of the
Wilson coefficients:

do aZ? [ o [ v? my ! 1 5  mpyf3 2
— = — = | =——-—— )| |IF(E A|F(E
5= o [ (i~ ats) o (g~ )| PP+ 5 )

al

2 5 (mn +mx)2

& [ome? - I g
my

_l’_

v2

2
MmN
2mv2

Ja+1
3J4

- (243 + d20® + dmy Ega?) | Fapin(ER)|* . (4.13)
Note that this is calculated in the Dirac DM case. Here, piyreq = mympy/(my + mpy) is
the reduced mass of the DM and a nucleus. fa = Z (Cgs, + Cyp — eby — epy/(2my)) +
(A—Z2)(Csn+ Cyvyp), where Z and A is an atomic number and weight of a nucleus, and
mpy, J4a and pa are the nuclear mass, spin and magnetic moment, respectively. In our

models, Cs y and Cy,n are induced by the Z boson and Higgs penguin diagrams. We use
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the Helm form factor normalized with F(0) = 1 for F'(ER), and use a spin form factor
with thin-shell approximation derived in [106] for Fypin(ER). The first two lines are the
spin-independent contributions and the third line is the spin-dependent one. For the spin-
independent one, there are non-contact contributions which appear with 1/Eg and lead to
infrared enhancement, while these are absent in the spin-dependent part. It should be noted
that due to the non-contact contributions, we cannot simply refer to the exclusion curves
reported in the experimental papers, in which the contact type interaction is assumed. The
different dependencies on Er and v from the contact ones should be taken into account,
if the rate is affected by the non-contact contributions. The method to translate the null
results at direct detection experiments into limits on the parameter space in our model is
explained in appendix B.

In the Dirac DM model, the interactions via the charge radius b, the magnetic dipole
fty, and electric dipole d, are particularly important, since these are suppressed by neither
the DM velocity v ~ 1072 nor the nuclear recoil energy Er = O(10keV). The anapole ay,
is suppressed by v or Eg, thus it has a negligible effect in the Dirac case. In the minimal
setup, the electric dipole d, is also vanishing. The contribution from the photon penguin
diagram in figure 6 (left) is proportional to [A%|? in the case (i) or [A%|? in the case (i),
which is CP-even, whereas d,, is CP-violating. Thus, the latter cannot be generated in the
minimal setups. In the non-minimal models with both double and singlet mediators, there
is a non-vanishing d,, proportional to Im(A% A%,). The asymptotic behaviors of by and fiy,

as ms — 00, are given by

L
eQy m?
by ge i ; ZM < + log i) (4.14)
o 2 gffmx Sl (4.15)
7T m

in the case (i). The expression of the case (ii) is obtained by A; — A% and m; — m.
There appears a logarithmic enhancement in b, as in the complex DM, while such an
enhancement is absent in p,. As pointed out in ref. [21] the charge radius operator gives
dominant contribution to the scattering rate for m, < 1TeV, while the magnetic dipole
operator becomes dominant one for the larger masses. Since the former is a dimension six
operator and the latter is a dimension five, their asymptotic behaviors in large m, scale as
1/ mi and 1/m,, respectively. As a consequence, the magnetic dipole interaction remains
more relevant than the charge radius operator, as m, — oo.

For the Majorana DM, only the anapole moment a, is non-vanishing in eq. (4.11)
due to the Majorana condition, x¢ = x. The differential cross section is obtained by
setting by = pu, = dy = 0 and replacing a, — 2a, in eq. (4.13). The reason for the
latter replacement is that there are twice as many possible contributing diagrams as the
Dirac DM. The Z and Higgs penguin contributions are also non-vanishing, but these
are suppressed by lepton masses and thus negligible. The direct detection bounds on the
Majorana DM case can be obtained by the same method as in the Dirac DM, although
these are essentially very weak due to the suppressions by the DM velocity v and the
nuclear recoil energy Fg.
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4.5 Current status

In this section, we summarize current limits on the minimal models. Free parameters in
the models are the DM mass, the mediator mass and the three portal Yukawa couplings
)\iL( R)’ We assume that one of the three portal couplings is sizable and the other two are

negligibly small such that LFV processes are suppressed. In this section, we show plots
T
electron- and tau-philic cases. For simplicity, the Yukawa couplings to the muon )\’L7 R are

in the muon-philic case, )\‘2( R) > )\eL’ . The qualitative behavior is similar to that of the
simply denoted by Az g in the following.

Figures 7 and 8 show the limits from the direct and indirect detection as well as new
physics contribution to the muon anomalous magnetic moment Aa, and a scale of Landau
pole in the four types of DM models. The coupling Az, (or Ar) is fixed to explain the central
value of the observed DM abundance: Qcpyh? = 0.1186 £ 0.0020 [30]. We define a scale
of Landau pole A where Ap(p)(A) = V4r. The beta functions for the Yukawa coupling
constants are listed in appendix C. Similar study can be found in ref. [86] for the real DM,
in ref. [29] for the complex DM, in refs. [20, 43] for the Majorana DM and in ref. [21] for
the Dirac DM.

In these figures, the latest result of the XENONIT experiment [107] excludes the red
region. In the gray region on the upper corner, the DM thermal abundance requires a
non-perturbatively large coupling Arg)y > V4m at the freeze-out. In the green region,
coannihilation is too efficient to explain the thermal abundance observed by the Planck
collaboration [30]. The orange contours stand for the Landau pole scales and the purple
contours stand for Aa,. The brown regions are excluded by the slepton searches at the
LHC, where the limits are projected from figure 2.

The shaded blue regions in the bottom panels are excluded by the current gamma line
observations at the Fermi-LAT [108] and the HESS [109]. The cyan lines show the future
sensitivity at the GAMAM-400 [92] and the CTA [93]. To obtain these limits, we refer to
the 95% C.L. upper limit on the combined cross section (ov),z, +2 (ov)., shown in figure 5
of [82], where the Einasto density profile is assumed:

ponr) e {2 (L)1 (4.16)

ap \Ts

with ag = 0.17 and scale radius r; = 20kpc, normalized to ppm(r = 8.5kpe) =
0.4GeV/cm?®. The astrophysical J-factor associated with the optimized region of interest
(ROI) for the DM density profile is 8.48 x 10?2 GeV?/cm® in the Fermi-LAT analysis [108].
For the HESS data, the search region consists of a cone with 1° radius around the galactic
center (GC), while excluding the galactic plane by requiring |b| > 0.3° [109]. Note that the
referred limit is obtained in the Majorana DM model with r = 1.1 and may not be able to
apply to the real DM model. As shown in appendix A, however, the photon spectrum of
XX — {0y in the real DM model is the same as that of yx — ¢/~ in the Majorana DM.
In addition, the XX — £f~ process dominates over the XX — ~v process for r < 3 as
shown in figure 4. Thus, we apply the upper limit on the Majorana DM to the real DM,
assuming that the difference between two limits is marginal as far as r < 3. Indeed, for
larger r, the models are in the non-perturbative regime, and our analysis is not valid. In
the following, we discuss more details of the current limits type-by-type.
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Figure 7. Plots for the complex (top panels) and real (bottom panels) scalar DM. The vectorlike
lepton is a weak singlet (left panels) or doublet (right panels). Direct detections of the DM at the
XENONIT [107] excludes the red region. In the gray region on the upper corner, the DM thermal
abundance requires a non-perturbatively large coupling Ar(g) > V4T at the freeze-out. In the green
region, coannihilation is too efficient to explain the thermal abundance observed at the Planck [30].
The orange contours stand for the Landau pole scales and the purple contours stand for Aa,. The
brown regions are excluded by the slepton searches at the LHC, where the limits are projected from
figure 2. The shaded blue regions in the bottom panels are excluded by the current gamma line
observations at the Fermi-LAT [108] and the HESS [109]. The cyan lines show the future sensitivity
at the GAMAM-400 (dotted) [92] and the CTA (dashed) [93].
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Complex scalar DM. The two top panels in figure 7 show the results of the complex
DM. The two-body annihilation X X — ¢/ is the leading one at the freeze-out. The
Yukawa coupling is required to be O(1) in order to explain the DM abundance, since the s-
wave contribution is helicity suppressed and the p-wave is dominant. The other processes,
such as the VIB process XX — £/V, are sub-leading and less than 10% of the total
rate, as mentioned above. The large Yukawa coupling lowers the Landau pole scale. For
instance, the DM mass should be smaller than 1 TeV in order that the Yukawa couplings
are perturbative up to the GUT scale around 10'® GeV. In compressed regions with r ~ 1,
the coannihilation further reduces the thermal abundance and the smaller Yukawa coupling
AL,Rr is enough to explain the observed value.

The direct detection at the XENONIT [107] has already excluded wide parameter
space. In particular, it fully covers the theoretically allowed parameter space with the
singlet vectorlike lepton. It should be noted that the compressed mass region (mp ~ mx)
looks already excluded by the XENON experiment in the figure. As pointed out in ref. [29],
allowing O(1%) fine-tuning between myx and mpg, one should be able to find a narrow
allowed region in this mass regime. In this paper, we do not focus on such a fine-tuned
case. For readers who are interested in the fine-tuned case, see e.g. ref. [29]. In the SU(2),
doublet vectorlike lepton case, we can find the allowed region where 1 TeV < my < 3TeV.
It will be covered by the future XENONIT result, whose projected limit is shown by the
dashed red line, assuming the sensitivity is 4.5 times better than the current one. The
direct detection limit on the tau-philic case will be slightly weaker than that in figure 7,
because the logarithmic factor In m,/mp is smaller than that of the muon-philic case. The
indirect detection is not sensitive to this type of DM as discussed in section 4.3.

The discrepancy of the muon anomalous magnetic moment is hardly explained in this
case. As mentioned in section 2.1, the sizable Aa, can be obtained only if it is enhanced
by the vectorlike lepton mass due to the chirality flip. This is a common feature in the
minimal lepton portal DM models, irrespectively of DM type. This fact motivates us to
consider models with both singlet and doublet mediators.

Real scalar DM. The bottom panels in figure 7 show the results of the real DM model.
Both the s- and p-wave contributions in the two-body annihilation X X — ¢¢ are helicity
suppressed, so that the d-wave is the dominant. The VIB processes XX — #/V and
the loop processes V'V’ have also too small cross sections to be dominant. As a result,
the annihilation rates at the freeze-out temperature are so small that the observed DM
abundance can only be explained when mpp) < 3mx while keeping the perturbative
coupling. In the wide parameter space, the DM abundance is correctly produced with the
help of coannihilation.

At the DM direct detection, there is no contribution from the photon penguin diagram,
unlike the complex DM. The leading DM-nucleon scattering is induced at the 2-loop level
via diphoton exchange [101]. As a result, the direct detection gives no constraints. On the
other hand, the real DM can be probed by using cosmic ray fluxes at the indirect detection
experiments. As discussed in section 4.3, the sharp spectral feature of gamma rays is the
promising signal. The blue regions are excluded by the Fermi-LAT [108] and HESS [109].
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Figure 8. Plots for the fermion DM models with the same constraints as in figure 7. The top
(bottom) panels are for the Dirac (Majorana) fermion DM and the left (right) panels are for the
singlet (doublet) slepton.

A combination of future observations at the GAMMA-400 [92] and CTA [110] would test
the SU(2), singlet vectorlike lepton case when r 2 1.1. The sensitivity to the SU(2)p,
doublet vectorlike lepton case is slightly weaker, because (ov) 7., + 2 (ov).,, is smaller than
the singlet case.

Dirac fermion DM. The results of the Dirac fermion DM case are shown on the top
panels in figure 8. The prime difference from the other types is that the partial s-wave in
XX — £ annihilation is not helicity suppressed. The smaller Yukawa coupling is predicted
to account for the DM abundance, and thus the Landau pole scale is higher than the
other cases.
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The constraints from the DM direct detection are much weaker than those in the
complex DM because of the smaller Yukawa coupling. The current limits on the DM
mass from the XENONIT are 300 (220) GeV for the singlet (doublet) slepton case. The
XENONDT experiment [111] will probe the region below the red dashed lines and will cover
most of the parameter space with the perturbative Yukawa coupling. The expected limit
by the XENONNT is obtained by assuming that the future sensitivity is 50 times better
than the current limit.

There are no limits from the indirect searches in the muon-philic case as shown in
figure 8. The limit from the observations of the dSph galaxies at the Fermi-LAT [94] is
about 10 GeV in the muon-philic case, while it reaches about 100 GeV in the tau-philic
case. In the electron-philic case, the stringent limit of about 100 GeV will be set by the
search for the positron flux originated from the annihilation into ete™.

Majorana fermion DM. The pair annihilation of the Majorana DM is similar to that of
the complex DM. The p-wave in yy — ¢¢ dominates the freeze-out processes. The VIB and
loop annihilations are sub-dominant and are no more than 10 % of the total contribution.
Hence, sizable Yukawa couplings are required to achieve the correct DM density. This
causes lower Landau-pole scales as in the complex DM.

The constraint from the DM direct detection is, on the other hand, so weak that
there are no exclusion lines in the figures. At one-loop level, the DM-nuclei scattering
arises due to the anapole interaction, Z-penguin and Higgs exchanging. The anapole
interaction induces the spin-independent scattering. This gives the leading contribution
although it is suppressed by the DM velocity. The Z-penguin induces contact-type inter-
actions: (X7, 5X)(N¥*N) and (X7,7v5X)(NY#v5N). The former contributes to the spin-
independent scattering and the latter to the spin-dependent one. These interactions, how-
ever, give only sub-leading effects due to the suppression by the lepton mass. The former
contribution is further suppressed by the DM velocity. The Higgs exchanging contribution
is also suppressed by the leptons mass. Altogether, the current sensitivity of the direct
detection cannot reveal the Majorana DM. The red dotted lines correspond to the neutrino
floor, which is assumed to be 10 times better than the XENONNT sensitivity. The nuclear
recoil rate is above the neutrino floor in the shaded region between the dotted lines.

Moreover, the indirect detection hardly constrains the parameter space since the yx —
00 process is suppressed by the small DM velocity v ~ 1073 in our Galaxy. It might be
possible that the photon sharp spectral features from the VIB and loop processes are probed
at the gamma ray telescopes if a boost factor is O (10) or larger [82]. We conclude that
the Majorana DM is the most invisible from the DM searches among the minimal lepton
portal DM models.

5 Lepton portal DM models for Aa,

We have seen that it is hard to explain the discrepancy of the muon g — 2 in the min-
imal lepton portal DM models that have either SU(2); doublet or singlet mediator. In
this section, we study the extended models with both doublet and singlet mediators, and
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examine correlations between the DM physics and Aa,. We focus on the real scalar and
Majorana fermion DM, since otherwise most of parameter space will be excluded by the
DM direct detection.

5.1 Real scalar DM

The presence of the vectorlike lepton mixing influences the DM annihilation. In particular,
the s-wave contribution to XX — e;e; appears as

2 2 2 2
mi +mEl ms +mE2

. . 2

2\ )\] 2 )\] i |2

(00)ese; = ALAR ;‘ LRI CRSLmE _ CLSRME, 2 o). (5.)
™

This is not suppressed by the light SM lepton masses and can dominate the annihilation
cross section. Note that the annihilation into a neutrino pair is not changed because of the
absence of singlet vectorlike neutrino in our model.

Let us discuss correlation between Aa, and the DM abundance. First of all, we
assume for simplicity that the DM abundance is determined solely by eq. (5.1), i.e. the
s-wave contribution of XX — pfi, and then estimate the induced Aa,. This assumption
implies that the two portal couplings are not hierarchical (A ~ Ag), the doublet-singlet
mixing is not tiny, and any coannihilation process is not effective. Hence, we may regard
r = mpg,/mx as not close to unity in this estimate. In this case, based on eq. (5.1), the
total annihilation cross section is approximately evaluated as

(A%A%)Q(CRsLmEz - CLSRmE1)2

2 2 )
27rmE1mE2

(5.2)

o0 ~ (V) ua ~

where 0o ~ 3 x 10726 [em3/s] is the canonical value to explain the observed DM density.
Inserting this relation into eq. (2.6), we obtain

my, NNS(crspmE, — cLSrME,) m
Aa, ~ —H LR 2 L~ — 1\ 270y. 5.3
U 1672 F— 1672 V"0 (5:3)

Thus, Aa, ~ 5.0 x 1078 is predicted, which is clearly too large. This conclusion is inde-
pendent of the DM and mediator masses, the portal Yukawa couplings and mixing angle,
as far as the partial s-wave of XX — up is responsible for the DM production. This
conclusion of too large Aa,, is quite robust. This will not be altered by taking into account
sub-dominant effects neglected in egs. (5.2) and (5.3), such as the finite r correction and
the loop functions in Aa,. In order to explain the discrepancy in Aa,, we have to relax
some of the above assumptions so that the s-wave contribution given by eq. (5.1) does not
dominate the DM annihilation. One simple way to do that is to employ sizable coannihi-
lation by a considerable tuning between mx and mpg. This allows us to suppress Aa, due
to the smaller Yukawa couplings because of the smaller pair-annihilation contributions.
Another way is to make the d-wave contribution sizable compared with that of the s-
wave. This can be achieved by considering hierarchy in Ay and Agr or smaller mixing angles
between the vectorlike leptons. It is obvious from eq. (5.1) that the s-wave contribution is
proportional to (AL Ag)?. If we take A\, = eAr (¢ < 1), the contribution is suppressed by a
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Figure 9. Aaq, in the real scalar DM model as functions of the DM mass myx and degeneracy
r — 1, where r = mpg, /mx. The solid, dashed and dotted lines are r = 1.01, 1.1 and 2 on the left
panel and mx = 100, 500 GeV and 1 TeV on the right panel. The Yukawa coupling A\, = 0.01\g is
fixed via the thermal relic abundance. Aq,, is explained within 1o (20) uncertainties on the (light)
purple band. We assume the maximal mixing, s = sg = 1/\/5 and A7 = 0.01\.

factor of €2. The relative importance of the partial d-wave therefore grows as ¢ decreases,
since the latter has contribution o )\}13 which is not suppressed by €. The relative growth
of the d-wave contribution breaks the correlation in eq. (5.3), and the discrepancy of Aa,,
can be explained. Similarly, the s-wave part is also suppressed by the small mixings, while
the d-wave is not. In this paper, we will focus on the case with a hierarchical coupling, and
will assume the maximal mixing in vectorlike leptons.

To see quantitative details, we show Aa, in figure 9 as a function of the DM mass mx
(left) and the mass ratio r = mg, /mx (right). In the analysis, we assume for simplicity
that my = mgp and k = K which lead to the maximal mixings s;, = sp = 1/\/5 The
resulting condition sy, = spg is also in favor of constraints from the EW precision observables
(EWPOs). Furthermore, the mass difference between the vectorlike leptons are set to
mpg, — mg, = 2kvy = 100GeV. The relative size of the Yukawa couplings is fixed to
Ar, = 0.01Ag, and the absolute size of the couplings is determined via the observed DM
abundance. Aaq,, is explained within 1o (20) uncertainties on the (light) purple band. We
see that Aa,, is successfully explained together with the DM density.

The behavior of Aa, is understood as follows. With the relation Ay, = 0.01Ag, the
DM pair annihilation is essentially dominated by the d-wave, which scales as (ov),z
X}% / (m§(7“8). Then, as far as coannihilation is irrelevant to the DM production, we find the

scaling of Aay,
2

2
MuENLCRSL(ME, — ME,) o ET

Aay ~ (5.4)

16m2m3r2 mx’
where we assumed that A\p is determined via the DM abundance. It follows from the
equation that Aa, decreases (increases) as the DM mass my increases (decreases) in this
regime. In figure 9 (left), we can observe such a behavior in fact. Once the coannihilation
operates and becomes superior to the pair annihilation, smaller Yukawa couplings are pre-
dicted to explain the DM abundance and thus Aa, becomes small. Since the coannihilation
is effective as r — 1, Aa,, is smaller as r is closer to unity. We see this effect in the solid
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(r = 1.01) and dashed (r = 1.1) lines in figure 9 (left). As the DM mass decreases, Aq,,
increases until mx = 700 (200) GeV for r» = 1.01 (1.1), and then Aaq, starts decreasing
due to the coannihilation dominance. This behavior cannot be found when r = 2, because
the coannihilation is not effective when r 2> 1.2.

We see the effect of the coannihilation more explicitly in figure 9 (right). With the
DM mass fixed, a small Aa, is induced when 7 =~ 1, while Aa, increases monotonically as
r goes away from unity. Remarkably, as r — oo, Aa, looks approaching the asymptotic
value eq. (5.3), independently of the DM mass. To understand that, we shall take a closer
look at the DM pair annihilation. Keeping only the relevant contributions, we find the
cross section, in the limit of » > 1 and ¢ < 1,

(5.5)

(00) 4 ~ Py (52(mE2 —mpg,)? 20 )
pi = :

+
8mm r m% 1574
Despite of the small &, the s-wave contribution can overcome the d-wave one, if the following
condition is satisfied:
e2(mp, — mp,)? > 20
m? ~ 150t

(5.6)

In figure 9 (right), we fix mg, — mpg, = 100GeV, and A, = 0.01Agr. Thus, with mx =
100 GeV and the DM velocity at the freeze-out, v* ~ 0.1, the above inequality can be
satisfied for » 2 3. Once the s-wave contribution dominates the DM production, we can
repeat the previous discussion to derive eq. (5.3), and then arrive at the asymptotic value
Aa,, ~ 5.0 x 1078.

Figure 10 shows the parameter space, where Aa, is explained consistently with the
DM physics, on the (mx, r — 1) plane (top) and the (mx, A} /\%) plane (bottom). The
size of the Yukawa couplings is fixed to explain the DM abundance. The purple lines show
the induced values of Aa,. We also highlight the regions with the (light) purple band,
where Aa,, is explained within 1o (20). The color-coding of the other regions is the same
as in figures 7 and 8. Since Aa,, can easily be reduced by relaxing our assumption for the
maximal mixing, we conclude that the discrepancy Aa, can be resolved in the real DM
model. Note, however, O (10%) mild tunings may be required to realize the DM abundance.

We comment on the constraint from the EWPOs. In the non-minimal model, the EW
doublet and singlet vectorlike fermions mix each other. The mixing of these new particles
with different EW quantum number could have impacts on the precision observables. We
particularly study the observables concerned with the T parameter and the partial Z
boson decay width to upm. We estimate the bound on the EWPOs based on the study
in refs. [30, 45]. We conclude that the most stringent constraint comes from the partial
decay width of Z boson to up. The deviation of the decay width of Z — g from the
SM prediction is much less than 0(0.1)% which is below the current limit [30], in the case
with s;, = sp = 1/\/5 If sz, is not the same as sg, the deviation is enhanced and may be
tested by the future experiment [45]. The same conclusion of the EWPOs is obtained in
the Majorana DM case.
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Figure 10. Parameter space consistent with the DM observations in the real DM model with the
maximally mixed vectorlike leptons sy = sg = 1/v/2. We show the induced values of Aa,, with the
purple lines. Aaq,, is explained in the (light) purple region within 1o (20).

5.2 Majorana fermion DM

As in the real DM model, the annihilation xx — e;e; has the s-wave contribution,

L. . 2
]X‘L)\MZ + |)\z—4 %]2 CoSeMy CoSeMy 9
(UU)EiEj = 3 2 T 5 5 + 0 (U ,Ei) , (5.7)
167 my + mEl my + mE2

that is not suppressed by the lepton masses.

Let us study the correlation between the DM physics and Aa, in the Majorana DM
model. In this case, the DM pair annihilation yx — pu will dominantly contribute to the
DM production as far as the DM is enough lighter than the sleptons and the coannihilation
is negligible. We neglect these effects for simplicity. In this case, the annihilation cross
section is given by

2 92 3\2
B R ANV
Hi 167 m?cr8 487Tm§<7‘4 ’ '
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Figure 11. The same plots for the Majorana DM as figure 9.

with r = mEI/ m,. Here, the second term is the p-wave contribution from the chirality-
conserving interaction. If the s-wave part is dominant, Aa,, is estimated as

my, CQSQAL)\R(mE —m%l) my,

1672 mir‘l ~ 1672

Aay, ~ E-V/16m0y, (5.9)
where we used the fact that the cross section is approximately equal to og. Thus, if the
above assumption is valid, Aa,, ~ 10~ 7 is predicted as in the real DM model.

The Majorana case, however, is not so simple as the real scalar case. Even if A\f, = Ar
and the maximal mixing sy = 1/4/2, the p-wave can have comparable contribution with
the s-wave, in spite of a mild velocity suppression v? ~ 0.24. The cross section in this case

m% —m% )?
(UU)HHN 0‘%)4 (( Eo El) _}_81}2> (5.10)

647Tm§<7“4 mir‘l 3

is expressed by

As r increases, the s-wave contribution is decaying more rapidly than the p-wave. This
indicates that the latter can still be leading for large r. For example, when we consider
the 100 GeV DM and the slepton mass difference m% - m% = (100GeV)?, the two
contributions have the similar size at » ~ 1.1. With such a parameter set, the p-wave will
therefore be leading contribution where r = 1.1. Note that » = 1.1 is not large, so that the
coannihilation is operative to some extent in this regime. It may be illuminating to derive
an asymptotic behavior in the Majorana DM case as well as the real scalar one. In general,
both the s- and p-wave contributions are comparably important, but in the limit of » — oo
or m, — oo, we find that the p-wave is dominant. In this limit, Aa,, is evaluated by

mucoso(my —mE) [\ /Ap)?  [48moq
1672m2r? 14+ AL/ r)? v?

Aay ~ (5.11)
The expression in the Majorana DM case is more complicated than that in the real DM
case. Aa, depends on my, 7, Ar/Ag, the slepton mixing and the slepton mass difference.

Figure 11 shows Aq,, as a function of the DM mass m, and the ratio r = mg, /my. As
in the real DM case, we consider m% = m%, so that the slepton mixing is maximized, sy =

1/4/2. The trilinear coupling 4 in eq. (2.10) is set to Avy = (500 GeV)? = (m~ —m )/2
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Figure 12. The same plots for the Majorana DM as figure 10.

The ratio of the two portal couplings is A\ = 0.1Ag, and the absolute size is determined
to explain the DM density. We see that Aa, > O (10*9) can be realized where the DM is
lighter than a few TeV.

The dependence on the DM mass and the ratio r is slightly different from that in
the real DM case. Concerning the DM mass dependence, as m,, increases, Aa, decreases
more rapidly than in the real DM. This is understood by comparing egs. (5.11) and (5.4).
Aay, 1/m§< in the Majorana case, while Aa, o< 1/m, in the real DM case. Aaq,, increases
with decreasing m,, but when the coannihilation becomes active, Aa, starts decreasing.
This behavior is similar to the real DM case. Further, we can see in figure 11 (right) that
the dependence on 7 is also different. Since Aay, is scaling as 1/r? for large r, Aa,, decreases
with increasing r in the Majorana case. That is in contrast to the real DM case where Aaq,,
is almost independent of r in the large r limit. With decreasing r, Aa,, is increasing, but
when r gets close to unity, the coannihilation becomes effective, which makes the portal
Yukawa, couplings small. Then, eq. (5.11) is no longer valid. Altogether, Aa,, is maximized
at r —1 =0.1-1 as shown in figure 11.
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Figure 12 is the same figure as figure 10 but in the Majorana DM case. We choose
the same parameter set as in figure 11. The degeneracy of the mediator and DM masses
are still required in the Majorana case, but the condition is slightly relaxed. For instance,
5, —My)/my = O(1) is allowed when Az /Ag = 0.1 as shown in the top-left of figure 12.
As a consequence, we can accommodate both DM and (g—2), explanations without terrible

(m

fine-tuning in the masses and the hierarchical couplings, but this time we have to cost a
very large Yukawa coupling close to v 4w, which in turn causes a low Landau pole scale.

6 Summary

In this paper, we have examined the lepton portal DM models, in which scalar or fermion
DM couples to SM leptons via the Yukawa interactions involving the DM and leptons.
New EW charged fields, namely vectorlike leptons or sleptons, are introduced to realize
the Yukawa coupling at the renormalizable level. Depending on the spin of the DM, the
new EW charged fields are different. We have classified our DM models as shown in table 1
and discussed the phenomenology in each model. The DM relic abundance can be achieved
thermally in all the DM models. One important issue is how we can evade strong bounds
from DM direct detection experiments, without spoiling the thermal production of DM. We
have found that the complex DM model has been almost excluded by the latest XENON1T
result. In the Dirac DM model, the s-wave contribution is dominant in the annihilation, so
the bound from the DM direct detection is relatively weak, and several hundreds GeV DM
is still allowed. The future sensitivity of the XENONnT/LZ experiments will probe the
remaining parameter space in the Dirac model. The real DM and the Majorana DM, on the
other hand, could evade the direct detection bound, although small mass difference between
the DM and the extra EW charged particle is required to evade too low Landau pole scale.
One interesting point is that the real DM model can be tested by the indirect detection.

We have also investigated a possibility that the lepton portal DM models can explain
the discrepancy in the muon anomalous magnetic moment, together with the DM thermal
production. We have found that sufficiently large Aa, cannot be induced in the min-
imal models, where either singlet or doublet vectorlike lepton (or slepton) exists. This
consequence is common to the four DM types. When the extended model with both sin-
glet and doublet is considered, Aa, can be easily accommodated. In section 5, we have
demonstrated this possibility in both real and Majorana DM models, and clarified explicit
correlations between the annihilation cross section of DM and Aa,,, as shown in egs. (5.3)
and (5.11). If there is a DM particle behind the discrepancy, there are both SU(2); dou-
blet and singlet fields in addition to the DM, and their couplings with the DM are large.
As far as detectability is concerned, it may be difficult to prove the explanations in both
cases, depending on the parameter space. If DM is lighter than a few TeV and the mass
difference is larger than 10 %, the indirect search for DM probably concludes the real DM
scenario. The LHC experiments possibly prove both real and Majorana DM scenarios, if
the DM mass is several hundreds of GeV. In other parameter region, we may be able to
test our scenarios in flavor physics, turning on the other couplings between the DM and
other leptons.
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In our study, we have focused on the heavy DM region, mpy > 100 GeV. There
would be allowed regions, even if the DM is lighter than EW gauge bosons, since the direct
detection experiments become insensitive to the light DM region. In such a light DM case,
however, it may be difficult to achieve the relic abundance of the DM thermally, due to the
lower limits on masses of the EW charged new particles from the collider experiments. The
resulting large mass splitting between the DM and the new charged particles gives rise to the
inactive coannihilation mechanism. Without the coannihilation, the DM production relies
on the DM pair annihilation, whose cross section behaves as (ov) o< Adm2,;/m%,. It is easy
to see that the DM cannot be so light when mg 2 100 GeV while keeping perturbativity.
This suggests that the thermal production of the DM will impose a lower limit on the DM
mass. In addition, as the DM gets lighter, the cosmological and astrophysical searches,
such as the CMB observation and the indirect detection, will grow in importance. The
bounds depend on the detail of DM models and need a further dedicated analysis, that is
beyond the scope of this paper.
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A Analytic expressions

In this appendix, we summarize analytic expressions and intermediate results, which have
been omitted in the main text. We focus on the minimal models, and consider only the case
that DM couples to the left-handed leptons ¢, introducing the vectorlike doublet L (E),
whose neutral and charge component are assumed to be degenerate mp = my (mz = mg).
The results can easily be translated into the case of right-handed leptons e, by replacing
/\2 — )\*Ri and taking the weak charges of leptons into account. For abbreviation, we use
p=m?2/m% and ¢ = m?/m%. In a part of calculation of 1-loop annihilations into V'V,
we exploit Package-X_2.0 [112].

A.1 Complex scalar DM

For scalar DM, the relevant interaction is given by
Ls=- N XTLptt +hec., (A1)
where ¢ = €, Vf; denote charged leptons or neutrinos.

A.1.1 Annihilation
1. XXt — £03. TFor the velocity expansion,

(V) x xteimn = @i + bijU27 (A.2)
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we find

(ei +¢€j) |\ J |2
i = AP N
QA5 327Tm%((1 + H)2| L L| )
i \J |2 (A.3)
I LYV
1) T I
T A8mm3 (1 4 )2
where we only keep the leading order terms in ¢; and ¢;.
2. XXVt — £09V. The differential cross section is expressed by
My [?
’UdUgigjv 1987 3 —dx d (A4)

where = 2Ey /\/s and y = 2E¢/+/s. The cross section is obtained by performing  and y
integrals over /&y <z <1+ &y /4 and y— <y < y4, where &y = mi /m3 (V = Z, W, h)

and
yi:%<2—x:|:\/x2—§v>. (A.5)

The calculation has been done in the s-wave limit and we neglect lepton masses.

Squared amplitudes:

327ronf|)\’ )\3L|2

Se |2 Se

|MBe|* = = f3e(z,y)
X .
5 2 _ 327TOL|);ZL)\JL‘2 ((TS)eLz— s?fs%v)g foe(z,y)
mX ' CWSW (AG)
2 32mal\i N |2

Sc|® _ SEMHALALL ¢S,
MW m%S%/V fW (x,y)
/\/[SCQ: WL)\JL\Q <ﬁ>2 1—z+4¢&,/4 +<@>2M

h m3 v/ 3+ p—2x—2y)? v/ (1= p—2y)?

where we mean (/W = '/ W+ 4+ e W~ and

(1—2)(2 — 2z + 2% — 4y + 22y + 2y%) + (x —2x+2)

c AT
ey = 0 0 26 5 2 2 (A7)
Differential cross sections:
Se I
Aov)ip, _ aQFN N[ (1) 2 - x
dx 16m2m3 QI+p)l4+p—22) (Q+p—2x)?
1 1 -2 1
A+ p)t+p—22), +u ’ (A8)
20+ p—x)3 1+p—22
Se 4 ]
d(0v)yiy AL (T3)e, — Qesiy)® s, A
dx ~ 16mw2m2 c2, 83 97 (), (A-9)
X WeWw
V)i _ e NAP
= c A.10
dx 16m2m% s3, 9w (@); ( )
d(00) g, _ AL N2 mi4mi (1—2+6/4)V22 =& (A1)
dx 128m3m3 w2 (14 p)(14+p—22)+ &)’ '
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where
% (z) = 20 —z)ya? &  (I-z)Va?—&v
v A+p)(d+p—20)+&  (+p—=)?
A eptp=2e) <\/x2 —gv) L&
2(

1+p—2x)3 I+p—x 1+ p—x)?

X {( ($_2)2\/m + z _2m+2tanh_1 (M) } (A.12)

I+ (A4+p—22)+6y  1+pu—=z l4+p—x

The results are consistent with [83, 84, 86].

Cross sections:

21yvi \J |2 2
s, aQ7 AL | T o 1+p [ 1+p
(00) sy = C32m2m% A o ) 2o

dp+3  (Ap+1)(p—1) (ul)]
log (=2 )|, A13
S 2 B lu+1 (A-13)

i \J 2
(O’U)S ‘)\lLAJL‘2 ml2 + m] 1
Gl 128m3m% w2 64(14 p)3

< - ) {4+ (4 - )+ 301} (A.14)

2+2u—£h>
2(n—1)

~e = )2+ 2= ) {1+ - 6o

a6 (u(a+ ) +4- 63 1og () |,

where Liy(z) = — fol dtlog(1 — zt)/t is the dilogarithm function. The cross sections for the
7/ and W emissions are obtained by numerical integrations.

3. XXt s vv.

24 2 2
B g (2 00F) [205 () -1 1) ()
ov) = ———— A 2+ Lis [ — | — Lig[{ — — ) —2parcsin® | — ,

oy = C (D) Q;S%”Q(ZM |2> <1_ ) 45,

3
64r mXCWSW -

2 2
(ov)5y, = “ (Z > AL ((T5) QeS%/V)2> V1=¢4]45,

3
5127 mXc s i

2 .
(00) ey = %(ZWLF) VI G A4S

1024m3m5; sy,

, (A.15)

)

%

S .
where AWZ is

£z 4 p—1
AS, =92 — t(v/iu—1)+2log [ —=
vz 4—52[\/ﬁamo< a >+ Og( % )

[ [ _ 34
-2 5 larccot( & 1) log<u>+z7r]
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4 — 44 —
et { PO 6 0 i i)
4 +E2) (=24 2u+&7) <mz 2 >
C — —m 7m 70 m ’0 m
30— i) (A + 7) e

* 2

§z A0 +p) | 4p(l+p) my
|:4 4—52 4M+§Z C 2 mx,mX7mZ70 mL,O

§ 41+ p m2
'%P“leiu)_ i_§; Co | =F —mi,mk,mmi, 0,mi ) ¢, (A.16)

where Cj is the Passarino-Veltman function defined by

a1 1 1
Coln2 (me — 2. 22, 2 2::/ (AT
0(p1, (1 = p2)°, p3y mi, ma, m3) in2 12 —m? (14 p1)? —m3 (I + p2)? — m3 ( )

The above results are consistent with ref. [86].
The loop function Ag  is more complicated. To the best of our knowledge, the explicit
expression is given for the first time, which is described by

2
|AS,|" = |A]* +2|BJ?, (A.18)
where

_ §z 4p p—1
A—4—1_§Z[marccot(\/u—l)—|—210g< p )

-2 ——1arccot (\/4,u7> — log <£Z> +i77}
V &2 &z 7
§z2 o dp _ pAp—6+&2)
1—§ZmX{2 [iz (n—1)
4 —-1)3 1)(2 —
_ [sﬁ (u—1) :((:jl)x 52)] Co (m%,m% — m%, m%;m2,0,m3)

14 p? —
- MC{) (szvaZ - m§(7m2Z707m%70) }7

_l’_

] Co (4me,m% mbsm?,m2, ) (A19)

and

_ & 4p — pw—1
B—lgz{marccoto/u 1>+2log<,u >

o e (1) g () 1]
Co (

2u(—2
+ 1 gzg m%({ # +£Z 4mXamZ7mZ7m%7mL’mL) (A2O)
— &z
21+
+7M P éhZC’o( X,m2Z m%(,mQZ;O,m%,O)
(H_1)2 dp 52(1—3,“)} 2 2 2 2 2 2}
+ + + Co (m5x,m7 —m%x,my;mz7,0,m i
{ L w—1 w(p—1) ( x,Mz X, Mz, My, L)
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In the limit of mz — 0, the latter function is not contributing B ~ O(m?%), while the
former function is approximate to

A2 {2 + Lig <i> — Liy (—i) — 2y arcsin® <\/1;7>] +O(m%), (A.21)

which is equivalent to the loop function appearing in the photon contribution
eq. (A.15), as it should be. For WW, the amplitude is obtained by the replacement

S _AS
A.1.2 Direct detection

Charge radius operator: the photon penguin diagram induces the so-called DM charge
radius operator,

£ 5 bx (i X9, X)9, FH, (A.22)
which in turn provides the DM coupling to the quark vector current, Cy, = —eQybx,
through the equation of motion for photon. The penguin contribution involving L and ¢
is given by

eQe| N, |% »
bx )i by (1, A.23
0x)n = Ty bx (e (4.23)

Loop functions are

R 1 — AL/2
bx(p.€) = —3 B {(u+ e+ 1)A — dpc} tanh ™! <)

3/2 _
A p+e—1 (A.24)
+2+u+elog<e>%_(,Lz—e)(u—l—e—l)]7
2 1 A

with A = p? + (e — 1)2 — 2u(e + 1).

Z-penguin: the Z penguin diagram also induces the DM coupling to the quark vector

current, o
£5: 5 Cry(iXT 5y X) @r"q). (A.25)
The contribution is expressed by C‘% = Zgi(C’é ) ¢ with
2v2G pgv,
(Clg)ei, = fq 9aei AL 4 (s €), (A.26)
167 mX
(CT i =0, (A.27)
with gyq = (T3)q — Qqs%/v and ga¢ = (13)¢, and the loop function is
. 1+p—ce € A+2p _ A2
S _ 1
(Iz(,LL, E) =ce|l + T 10g <'u> + W tanh m . (A28)

It should be noted that, if DM couples to the singlet leptons e’é, the sign of the Z penguin
contribution is flipped:

2v2Grgy,
(CFg)es, = —Wq 9aei ARl @3 (1, &), (A.29)

with g4 . = —1/2.
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A.2 Real scalar DM

The notation of Yukawa interaction is the same as the complex case, but DM is self-

conjugate in this case (XT = X).

A.2.1 Annihilation
1. XX — €3, Similarly, for the following velocity expansion,
(o) xx e = aij + bijv? + v’
the coefficients are
(ei +¢j)
8mm% (1 + p)?
(4 2u)(ei+¢j)
=
= 12em% (1 + p)*
AL
60mm3 (1 + p)*’

aij =

LA,

AL,

Cij =

(A.30)

2. XX — 049V and VV'’. Cross sections for these processes are just four times larger

than the corresponding cross sections in the complex DM. The spectrum of vector boson

in XX — ¢'/7V and the dependence on p and & in both processes are completely same.

A.3 Dirac DM
The relevant interaction is given by
Lp=-\LXplh +he.
All results given here are consistent with ref. [21].
A.3.1 Annihilation
1. xx — 60 |
AL
OV ) ~_spipgi — .
( )XXA)K YA 327_‘_m§(1 + /1/)2
A.3.2 Direct detection
The effective DM interactions to photon are described by

— Hox — _ Ay
[’gf = bXX'Y'uXaVF;W + %XU“VXF;W + axX’Y'u'%XayF;w + l?XXUuV’YSXF,uV'

The contributions involving L and ¢ are written as follows:

eQz\)\ 2.

b P = b i)
eQe| Ny >
(Hx)e = fix (1, €i),
X 16m2my, X
B ng‘)\ ’2
(CLX)Z" - 16772m§< ax(H, El)v
(dy)ei = 0.
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(A.32)

(A.33)

(A.34)
(A.35)

(A.36)
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Charge radius operator:

by (i) = 214 [(&L 8¢ + 1) log (M> +4 (4 + ’”Ze_l> (A.38)

A1/2
A3/2 {8A2 + (9p + Te — 5)A — 4e(3pu + € — 1)} tanh™! <>} ’

Magnetic dipole operator:

) 11 € A+pt+e—1_ [ A2
Mx(ﬂa€)—_§ [2(5—M)10g<u>—1—wtanh (,u-I-E—l ;o (A39)

Anapole operator:

. 1 (3 € 3u—3e+1 _ Al/?
CLX(:UH f) = E [2 log <M> + T tanh ! <M—|—6—1 (A40)

Z-penguin: the couplings to vector and axial vector currents,

£l o C\%,q XVuX v q + Ci,q XV Vs X TV 54, (A.41)
are induced. The Z penguin contribution involving L and £ is

\/iGFqu

(C‘%q%g = 1602 Y 9aeil AL i (1, &), (A.42)
V2Grga,
(CAZ,q)eiL = —qu gae| NpIPag (u ), (A.43)
and (C’Vq) (Cg,q)% = 0, where the loop function is
. 14+ p—c¢ _ Al/2 1 €
F _ 1
az (Iu7 6) =€ W tanh <lH—€—]_ + 5 log ﬁ . (A44)

Like the real DM case, if DM couples to the singlet leptons e%, the sign of the contribution
to Cy,q should be flipped, while the contribution to C'4 4 is unchanged:

\/EGFqu

(C‘?q)e’é == 1672 ga, el|)‘ |2 aZ(Na 61) (A.45)
V2GFga,
(CR)et, = =gz 9acArl* az(p, ). (A.46)
Higgs exchanging:
Ly D Cs,gmg XX 14 (A.47)
' —V2Grm 9
(Coi®)pi = — > AL eu(p, @), (A.48)
a 16m2m?
with
A+p+e—1 1 A2 n—€ €
¢p(re) =€ — Al tanh i1 +1+ 5 log ik (A.49)
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A.4 Majorana DM

The notation of the Yukawa interaction in the Majorana case is the same as that in the

Dirac case.

A.4.1 Annihilation
1. xx — 047,
(GU)XXHW[J‘ =a;; + bijv2,
with
(ei +¢€j) i \J |2
= YD ARS
647rm§<(1+u)2‘ £

(1+ 4% i V7|2
bij = Xe X2,

CLij

2. xx — LV,
Squared amplitudes:

2 _ Ly s2
[P 16Tl (T, = Qs o,
z| - m2 sty z ¥
X
2 16malNi N2 L
Mﬁ’; — #fwf(x7y)’
m2 sy,

2

i

2 1
FT‘ p— SC
Mt =3 ‘Mh

where

fvr(x,y)z (1_M_2y)2(3+ﬂ_2$_2y)2

Differential cross sections:

F, g
d(o—v)ﬁsz _ a‘)‘zL)‘JL‘Q ((T3)5L B Qfs%/[/)Q gFT (.%')
dx 327r2m§< C%/VS%V Z AP
d(ov)tr PUBYAR
( >MJW _ iy L’ gg[;(x),

- 2,12 o2
dx 327 ms Siy

where

(1— 2+ 92— 22 + 22 — 4y + 22y + 2% — )

9y 4

(1+p—x)3 l+p—=x
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Prz) = (1_g;+5‘/> [(1+N)2m B V=&,

(I+p—20)+&7 (I+p—x)?

I e e V. (\/xz —&) ]

(A.50)

(A51)

(A.52)

(A.53)

(A.54)

(A.55)

(A.56)

(A.57)
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3. xx — VV".

(s () (e

F
<av)§g=a2Q2(< Doy ~ Gy <Z|AZ |2>2 ol i”’ o (A.60)

3072 -2
5127Tm Oy 5 Z)(1 _W)Q

2
F o 2 ‘A ‘
" E 2 )\ — —_ A 61
(0v)z7 = 10247T3m2CW5W( i EVL| Qesw) > A1 —==¢4’ ( )
2 F |2
F « 2 ’AWW|
= —— g )\ — = A .62

F F F
where A'yZ’ A7, and Ay, are

§ § m
Al =m (1—Z> {2 (1—2) Co <m§<,0,22 m? OmL,mi>

1+ 13 — 13 m?
—|—§Z< 2” + Z('u4 )+1E>Co<mi,m22,2z—mi7m 0,0

m2
# (0 22) (262 + 152 ) o (s " w0 2 ) |

péz (& [4p 47#_ B §z
+<1 16M2)[2 §z 1arCCOt< &z ) lg(ﬂ)+27r}’

(A.63)

and
A5y = m {6 (1442 62) Co (o miim.0.0)
+ [dp+ (0 —4p — 1)é7 + &5 Co (mi, m%, m% — mi; O,m%,m%) } (A.64)
4n
+ uéz [2\/7—1 arccot (F) —log <§Z> —|—i7r] 7
§z &z v
Afyw = A§Z|mz_>mw : (A.65)

A.4.2 Direct detection

In Majorana case, a,, C’i o and C}q{;ggs are non-vanishing. With the notation of eq. (A.33),
the coefficients are exactly same as the Dirac case.

B Direct detection limit with non-contact interactions

In this appendix, we briefly explain how we have calculated the number of DM-nuclei
scattering events in presence of non-contact interactions, and recast the public limit [107],
that assumes contract-type DM-nucleon interactions, to our cases. Dedicated studies of
this subject can be found in the context of mutipolar dark matter [113-118], where they
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make some likelihood analysis to calculate the number of events. In this paper, we have
performed simpler analysis.

The total expected scattering rate (per target mass) is expressed in terms of integrals
of the differential rate over nuclear recoil energy Frg:

ER.th

o0 dR;
R—/ dEre(Er) Y ni iEr’ (B.1)

where 7); is an isotope fraction of target nuclei (see e.g. ref. [119]) and €¢(ERr) an efficiency
function for a given recoil energy Eg, for which we used the black solid line in figure 1
of [107], which is a best-fit total efficiency after taking the energy region-of-interest (ROI)
selection into account. The differential scattering rate (per target mass) is given by

dR; _ Po / d3’l7’l)fE(17) doi(v, Er) ’ (B.Q)

dER  mym; Jig> v (Br) dER
where v = U] and vmin = y/mnEgr/(2p2,) is the minimum velocity with pyeq the DM-
nucleus reduced mass. The differential cross section for an elastic DM-nucleus scatter-
ing, do/dEg, is given by eq. (4.13), which involves two nuclear form factors F(Fpg) and
Fypin(ER), for which we use the Helm form factor normalized to F'(0) = 1, and a spin form
factor in [106] with a thin-shell approximation, respectively. The DM velocity distribution
in the earth frame fg(¥) is obtained by the Galilean transformation of a velocity distribu-
tion in the galactic rest frame fg(v), for which we use an isotropic Maxwellian distribution
with a smooth cutoff [101, 120-123],

fG(ﬁ) = (1)0]\\/[7?)3 (e_*2/yg - e_UESC/U(%) G(Uesc - ’U), (B'3)
where N is a normalization constant such that [ d37 f¢(%) = 1. In our analysis, we take
po = 0.3GeV/cm?, vg = 220km/s and ves. = 544km/s [122, 123].

Combining all pieces above, we can calculate the expected number of DM-nuclei scat-
tering events detected at experiments, given masses of DM and vectorlike lepton and
Yukawa coupling. Then, we can translate the null results at direct detection into lim-
its on our models by comparing our calculation with experimental results at scattering
event level. To pull the number of exclusion events out of the public limit (the solid black
line in figure 5 of [107]), we required that contact-type scattering reproduces the exclusion
curve. The number of exclusion events extracted in this way is Neye. >~ 5.6, 12, 14 for
mpm = 30GeV, 100 GeV, 1TeV, respectively. This is the way we have drawn the red lines
in figures 7 and 8 in the text. We have confirmed that our approach produces consistent
results with [21] which studied the same type of DM candidate before.%

5The definition of our signal region differs by a factor 2 from the definition in ref. [21], in which the
authors defined their signal region as the lower half of the mean nuclear recoil band (e.g. the red solid line
in figure 4 of [124]). Thus, our bound is aggressive by the factor. Once we use their definition instead of
ours, we can find practically the same exclusion line as what they gave in [21].
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We would like to note that even if we take statistical methods more carefully, the results
are not affected so much. Taking the statistical fluctuations into account, the number of
DM-nuclei scattering events is expressed by

Gmax o0
R = 1 dS; Z Gauss(S1|n, vnopur)
sy n=0
OO . i dR;
X dER é(ER)Poiss(n|v(ER)) » —, (B.4)
min i dER

with é(ER) an efficiency function,” and v(ER) the expected number of photoelectrons (PEs)
for a given recoil energy Fg, for which, respectively, we can take the green line in figure 1
of [107] and the black dotted line in figure 13 of [111]. The PMT efficiency can be taken
to opyr = 0.4 [125, 126], for example. With this expression and using ST = 3 PEs and
ST'#* = T0PEs, we would be able to calculate the expected number of scattering events
in the parameter space considered. We have checked that, for some reference points, this
statistical treatment gives practically the same results as those of our simpler analysis.

C Renormalization group equations

C.1 Scalar DM
C.1.1 Complex scalar DM

The Yukawa interaction is given by
—L =Y/, He}y + KL, HER + RELHLR + Noly XLg + NgEL X"l + he..  (C.1)

The RGEs of the Yukawa couplings are given by

ik 1 i (1, 9
16728y, = 2RYINT + NP, + 5 (Yerd) T od + L (25 Rt Ya(X) - 5 (g} +g§>> ,

1
(C.2)
wirii ) i : i Y 9
167r2ﬁ/\¢R = 4RATY)' + N, (YeTYe) + N <>\B{)\§% + &R+ Yo(X) — Z(g% + 93)) , (C.3)
3 9
16728, = <2H*ﬁ +Yy(H) — 1 (91 + g%)) : (C.4)
; j ~ 3~>(<~ 1 1y 1 1 1\ 1 9
16728 = 20\ (YJ).VL F R SRRA SATAL 4+ SARANR + Ya(H) — — (97 + 93) )
ij 2 2 2 4
(C.5)
3 i . . 1 . i i .
2 _ ~\1 ~ i t t
16728y = 5 (verdye)” + 2mAp N, + SF <)\L (ALYe) + (vek) /\f,%>
g 9
238 (v - (R + ) ) ()

"This is a different function from eq. (B.1).
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where

Ya(X) = 25\5 + AjiAG, (C.7)
Yao(H) = Tr (3YUYJ +3YY) + YeYJ) + KK+ R*R. (C.8)

Here, Y, and Yy are the up and down quark Yukawa matrices in the SM, respectively. We
show the full 1-loop RGEs for completeness. We neglect the Yukawa couplings except )\%
and A% in our numerical evaluation. Note that sizable x and/or £ will make the Landau
pole scale lower.

C.1.2 Real scalar DM

The interactions are
—L= }/ijiLHe% + KZLHER + I%ELFILR + )\ZLZZLXLR + )\%ELXSE + h.c., (Cg)

where X is now a real scalar field.
Compared with the complex scalar DM case, there are Yukawa coupling renormaliza-
tion fro Ar, Ag,

P | ij (1, 9
1673y, = 2RYINE + 3NN, + 5 (Y6YJ) N AL <2;~@ R+ Ya(X) - (g +g§)> )

4
(C.10)
o . ji . o 9
167° By, = 4RA Y 4+ M (YJY6> + Ak <3A};§Ag + R+ Y2(X) — S (gf + g%)) :
(C.11)
and the other parts are same as the complex case.
C.2 Fermion DM
The Yukawa interactions are
—L = N0y xLp + N Efyel, + hee., (C.12)
where the SM Yukawa matrix Y, is neglected.
C.2.1 Dirac fermion
The RGEs are given by
|5 1 9 9
16728y, = Ap [2 (M) + 5 (Nirr) = 5597 - 495} : (C.13)
. 9
16728y, = i [2 (Nern) +2 (ALAr) — 59%} . (C.14)
C.2.2 Majorana fermion
The RGEs are given by
1 i - 19 1 9 5, 9,
16728y, = 5 (YGYJ/\L) AL [2 (ATLAL) +5 (A;AR) — 559 492} . (C.15)
1 i - 9
16728y, = 5 (ARY;Y;) TIp\A {4 ()\}LL)\R) +2 ()\TL/\L> - 595] . (C.16)
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