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We propose a minimal UV-complete model for kinematically forbidden dark matter (DM) leading to a
sub-GeV thermal relic. Our crucial realization is that the two-Higgs-doublet model can provide a light
mediator through which the DM can annihilate into standard model leptons, avoiding indirect detection
constraints. The DM mass is predicted to be very close to the mass of the leptons, which can potentially be
identified from DM annihilation into gamma rays. Because of the sizable couplings to muons required to
reproduce the DM relic abundance, this framework naturally favors a resolution to the (g — 2) , anomaly.
Furthermore, by embedding this setup to the Zee model, we show that the phenomenon of neutrino
oscillations is inherently connected to the observed relic abundance of DM. All new physics involved in our
framework lies at or below the electroweak scale, making it testable at upcoming colliders, beam-dump
experiments, and future sub-GeV gamma-ray telescopes.
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Introduction.—Dark matter (DM) is a central part of our
understanding of the cosmos, and identifying its nature is a
key goal of contemporary cosmology, astrophysics, and
particle physics. A prime candidate for DM is thermal relic
particles—a new neutral, long-lived particle species that was
in thermal equilibrium with the particles of the standard
model (SM) in the early Universe before the connecting
interactions froze out when it reached the DM abundance we
observe today.

This weakly interacting massive particle (WIMP) DM
scenario motivated great experimental efforts to identify
these particles. Traditionally, the focus has been on electro-
weak-scale (EW-scale) WIMPs (see, e.g., Refs. [1,2]) since
these are expected in many theories beyond the standard
model and can naturally decouple at the correct abundance.
With the experimental program to search for EW-scale DM
particles well underway, and at the same time, the degree of
confidence in new physics at the EW-scale waning in the
face of the success of the SM at the LHC, thermal relics at
smaller masses have become a focus of attention. This trend
in DM studies is supported by connections to low-energy
anomalies in particle physics, in particular, the (g—2),
tension [3], and can relate to neutrino physics; see, e.g.,
Ref. [4].
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Thermal DM in the mass range MeV < mpy < 10 GeV
requires a few general conditions. It typically requires a
stabilizing symmetry to suppress decay, in contrast to
lighter, keV-scale DM candidates like sterile neutrinos
[5-7]. Equilibration with the SM in the early Universe
then proceeds via annihilation. The annihilation products
cannot be much heavier than the DM candidate, necessitat-
ing a coupling to light SM particles. In contrast to heavier
WIMPs, successful sub-GeV freeze-out DM generically
requires the existence of a new light mediator to enable a
sufficiently large annihilation rate [8]. For this reason,
many models in the literature propose to extend the gauge
symmetry [11] of the theory by a U(1),, with a dark
photon that can mediate between the dark and visible
sectors (see, for instance, Refs. [9,12—14]).

In contrast to these previous DM theories that include
new gauge sectors (e.g., [9,12—-14]) or multifermionic
extensions (e.g., [12,15,16]), this Letter presents a minimal,
ultraviolet-complete (UV) model of sub-GeV thermal DM.
Our proposal is based on the crucial fact that adding a
second Higgs doublet [17] to the SM allows for a light
scalar [18] that can couple to the light SM degrees of
freedom and DM particles. Specifically, we work in the
two-Higgs-doublet model (2HDM) framework, where DM
annihilates into SM leptons via a light mediator emerging
from the 2HDM. The simplest DM candidate is a real scalar
stabilized by a Z, symmetry that can easily reproduce the
observed relic abundance via the 2HDM portal (see, e.g.,
Refs. [19-23] for related work on EW-scale WIMPs).

After taking into account constraints on DM annihilation
today and during the epoch of cosmic microwave back-
ground (CMB) decoupling, the DM mass is required to be
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in the “forbidden” regime [13,16,24], where it is just
slightly lighter than the SM particle it annihilates into.
This makes for a predictive and positively identifiable
framework, motivating in particular searches for sub-GeV
gamma-ray lines close to SM lepton masses. Furthermore,
the favored parameter space implies a positive shift for
muon g — 2 with the proper sign and strength to account for
the measurement at Fermilab [3].

A simple extension of this setup by a charged scalar
generates nonzero neutrino masses via one-loop quantum
corrections. Within this framework, the same Yukawa
couplings reproducing the correct DM relic abundance
also participate in neutrino mass generation while remain-
ing consistent with lepton flavor violation (LFV)
constraints.

To demonstrate the versatility of the light 2HDM scalar
portal, we also entertain the scenario of fermionic DM (see
also Refs. [25-27]). A singlet fermion (Dirac or Majorana)
DM can annihilate into SM leptons via a singlet scalar that
mixes with the light scalar arising from the 2ZHDM.

In the following, before presenting minimal models for
scalar and fermionic sub-GeV DM, we first recapitulate
the thermal freeze-out mechanism for DM production. We
present constraints from DM relic density, (g —2),, flavor
violation, and DM indirect detection. Before concluding,
we briefly demonstrate how neutrino masses can be
naturally incorporated into the light-2HDM scenario.

Forbidden DM.—The relic density of thermal DM is
calculated by tracing its evolution in the early Universe. If
the decay of DM into SM particles is precluded by
symmetry, the leading number-changing term in the
Boltzmann equation stems from annihilations of pairs of
DM patrticles

anM

dt

+3Hn, = Lov) (mhy — i), (1)

where npy is the total DM number density, H is the Hubble
expansion rate, and (ov) is the thermally averaged cross
section of DM annihilation ({ = (1/2)1 for (non)self-
conjugate DM particles). In the freeze-out scenario, the
relic density is determined by the time (or the correspond-
ing SM bath temperature, T,) when the annihilation rate
drops below the Hubble rate

{(ov)npy = H. (2)

It is often sufficient to work in the instantaneous freeze-out
approximation, where the comoving DM density (denoted
in terms of the abundance Y = n/s, with s the SM entropy
density) stays constant after freeze-out

Yo' = You(Tro)- (3)

This is to be compared to the observed DM density
Qpvh? = 0.12 [28],
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Requiring freeze-out at the correct temperature to repro-
duce the observed relic abundance determines (6v).

The generic implication of the WIMP scenario is DM
annihilation, with (6v)g, ~ pb ¢ at T, ~ mpy/20. For sub-
GeV DM, this can be a problem, since (6v)cmp epoch =
(ov)4, results in excessive energy injection into the SM
plasma during CMB decoupling for mpy < 10 GeV [28,29].

In this Letter, we consider the “forbidden DM” scenario
[13,16], where the DM particles yy are slightly lighter than
the bath particles /;/, they annihilate into. The leading
annihilation rate (ov),, ;7 ~(1/20)(ov); 7,74 is
then Boltzmann suppressed [30], where n; denote the
number density of /; particles plus antiparticles and npy
denotes the total DM number density, while A = (m;, +
my, —2mpy)/2mpy and  x = mpy/T. Tree-level DM
annihilation is strongly suppressed at low temperature
for A >0, evading CMB and cosmic ray probes.
Radiative annihilation, however, is not forbidden, and
gamma-ray line signals at energies just below SM particle
masses can be a powerful and specific probe of the present
scenario, as discussed later in the text.

Models.—We present a minimal scenario for forbidden
DM. Our UV-complete model is a simple extension of the
2HDM [17] by a scalar singlet S, which qualifies as a DM
candidate. The stability of DM is ensured by a discrete 2,
symmetry, under which only the DM transforms non-
trivially. In the Higgs basis, when only one neutral
Higgs acquires a nonzero vacuum expectation value, the
Higgs doublets can be parametrized as

G* H*
H = o | Ha= N E
o\ o+ +iG0) 2\ (@9 +iA) ®)

Here, Gt and G° are the Goldstone modes, whereas H™
and {¢?, ¢9, A} are the physical Higgs bosons. The vacuum
expectation value v ~ 246 GeV of H, governs EW sym-
metry breaking. In the Higgs basis the most general scalar
potential for the model can be written as

2 2
A .
V= Z(ﬂ% +Z§HJH1'>H;H:' +43(H H,)(H}H,)

i=1 i=1

+/14(H"1‘H2)(H§H1)+{ +hs S2+Z HH}
2 s
+ _ﬂlz‘l'?Hle

+Zﬂl+sH H + 2
i=1

SZ)HTH2 +H.c. } (6)

We work in the alignment limit [17,31-33], where the
SM Higgs ¢(1) =~ h decouples from the new CP-even Higgs
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(¢ ~ H). The masses of the physical scalar states in this
limit are

2
v
m; = 0%, m%:u%+?(ﬂ3 + A+ 2s), (7)
2 2 2 2 , ¥
my = my — v°1s, mHiZmH—E(/M*'/{s)’ (8)
K
m% Zpt_zg—i——lvz, )

From the above mass relations, it is clear that H can be
made light independently from A and H* by appropriately
choosing values for quartic couplings 44 and As. For
example, if we set my, my+ ~ 110 GeV, this will imply
that 4, = A5 ~ —0.2 (here we have neglected the small mass
of H scalar). The emergence of this light state from the
2HDM is the key to realizing light thermal DM.

In our analysis, both for simplicity and possible con-
nections to muon and neutrino properties, we consider the
second doublet to be predominantly leptophilic, with
negligible coupling to quarks. The Yukawa part of the
Lagrangian then reads

—Ly D Yy Hyyg + Yy Hyyp + Hee. (10)

In the alignment limit, the former Yukawa coupling is
responsible for generating the masses of the charged

leptons, i.e., ¥, = diag(m,, m,, m,)/v, while Y, determines
the DM phenomenology. We focus on the minimal scalar
DM scenario, where annihilation proceeds via the s-channel
process DMDM — H* — [ [5. The structure of ¥, needs to
ensure only kinematically forbidden channels receive sig-
nificant couplings. In particular, forbidden DM annihilating
to pu, put, and 7z is phenomenologically possible. The
forbidden ee channel is precluded by thermal DM of
mpm < m, being too light [34], while eu or er are con-
strained by lepton flavor violation [16].

We also consider fermionic forbidden DM based on the
light 2HDM mediated scenario. In this case, the scalar
mediator needs to have an admixture of an additional light
singlet scalar to couple to a pair of DM fermions. The full
model description is given in Appendix II. Although anni-
hilation proceeds through a similar s-channel process as
before, itis velocity-suppressed in the fermionic DM case and
CMB bounds allow for general nonforbidden DM masses and
Yukawa structures Y;. For the purposes of this Letter,
however, we restrict ourselves to forbidden mass spectra.

Results and phenomenological implications.—Our
model incorporates new physics below the electroweak
scale, making it very predictive. Figure 1 shows relic
abundance predictions, contrasted with constraints from
laboratory experiments and late time DM annihilation.
The panels show the values of the Yukawa couplings
Y,y uece that reproduce the observed relic abundance in

HH
the three leptophilic forbidden DM regimes mipy <

~

{m,, (m, +m.)/2,m.} (left to right) for both the scalar
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FIG. 1. Predictions and constraints on scalar (top) and fermionic forbidden DM (bottom) for DM annihilations into g™ pu~ (left), u + ¢

(center), and 77~ (right). The different colored contours represent the DM relic density Qh? = 0.12 for different values of relative mass
splitting: A = 0.1 (blue), and A = 0.001 (green). The green band indicates the (g — 2) . 20 preferred range. The other shaded regions are
exclusion bounds as described in the text, with dashed lines indicating future sensitivities. For the scalar (fermion) DM scenario, we set

Kk;j =107 (Y, cosa = 0.1).
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(top row) and fermionic (bottom row) DM scenarios and
different mass splittings, as function of the mediator mass.
The A = 1073 ~ 0 line (green) indicates the lowest achiev-
able couplings in the forbidden DM scenario. Larger A =
0.1 (blue) results in a larger Boltzmann suppression,
implying larger couplings. The smallest couplings y ~
10~ are reached close to the s-channel resonance for
my 2 2mpy. Toward low my, “secluded” annihilation [9]
into mediator pairs determines the relic abundance, which
becomes independent of the coupling to leptons [35].

DM indirect detection constraints on tree-level DM
annihilation are avoided in the forbidden DM scenario.
We point out that loop-level annihilation into two photons
is a generic probe of forbidden DM coupled to SM
fermions. The kinematic suppression of the two-fermion
final state can be lifted by joining them into a loop that
radiates two photons instead. PLANCK bounds [28,29] on
(6v)ss-.,, (see Supplemental Material [36] for cross section
formula) during CMB decoupling are shown in Fig. 1 as
blue and green shaded regions. Galactic gamma-ray lines at
energies just below the lepton masses are a specific
prediction of the present scenario, which could be probed
at future MeV gamma-ray missions like the AMEGO and
e-ASTROGAM proposals [38-40] (dashed lines). In the
fermionic DM scenario, annihilation is velocity suppressed,
rendering this detection channel ineffective.

Requiring a light mediator has nontrivial consequences
on the scalar mass spectrum. A lower bound on the mass of
the CP-odd scalar A is obtained from Z decay width
measurements, m, > m; — my ~ 90 GeV [41,42]. A lower
bound on the charged scalar mass, my+ ~ 100 GeV [43] is
set by the Large Electron-Positron Collider experiment,
while slepton searches at the LHC [44—46] are less stringent
(see discussion in Ref. [43]). The mass splitting mpy <
my, my+ affects electroweak precision observables, in
particular the T parameter. However a light my with mass
splitting O(100) GeV to my ~ my-+ is allowed [18], which
can potentially explain the W boson mass shift [47,48] as
observed by the Collider Detector at Fermilab collaboration
[49]. Because of the alignment limit (no mixing of the SM
Higgs h and CP-even scalar H) and the absence of massive
cubic scalar couplings involving the SM Higgs, the pre-
dictions for Higgs observables do not deviate from the SM
and are hence unconstrained by LHC Higgs searches. For
our analysis, we set my, my+ ~ 110 GeV and vary the light
CP-even scalar mass from the O(MeV) to the O(GeV)
range. This unrestricted parametric space of the 2HDM has
received little attention in the literature.

The light leptophilic charged scalar O(100) GeV can
result in large nonstandard neutrino interactions [43] and
generate Glashow-like resonance features in the ultrahigh
energy neutrino event spectrum of future neutrino tele-
scopes [50-52]. The hierarchical scalar mass spectrum
predicts the novel same-sign di-lepton signature pp —
H*H"jj = I;1l;jj + Er at the LHC [18]. This can be a

good test of our model, but the detailed exploration is
beyond the scope of this study.

In the following, we discuss phenomenological impli-
cations of a light scalar coupling to SM leptons and DM.
Constraints are shown as bordered shaded regions in Fig. 1.
Light scalars coupled to charged leptons contribute to the
lepton anomalous magnetic moments. For coupling to the
muon or muon and tauon, the loop corrections mediated by
the light CP-even scalar H always contribute positively to
(9—2),. InFig. 1, we show the parameters consistent with
the (g —2), measurement at Fermilab [3] as a green band.
The gray shaded regions above this band indicate the
parameter space where the (g —2) . discrepancy is larger
than 5o, or (g—2), is larger than the 20 constraint
determined by [53].

New scalars lighter than a few hundred MeV can be
produced in astrophysical settings. Their contribution to
supernova cooling is constrained by the neutrino observa-
tion of SN1987A [54]. Recently, Ref. [55] studied the
impact of new light particles interacting with muons on
SN1987A (see also Ref. [56]), which we recast to the
purple-shaded region in Fig. 1.

At collider or beam dump experiments, the light scalar
can be produced in association with the leptons it couples
to. Null results from the electron beam dump experiment
E137 [57] constrain the Hu"u~ coupling [15] (brown in
Fig. 1). Dark photon searches at BABAR [58] provide a
stringent constraint on a light scalar with coupling to the
muons through the ete™ — u™u~H process [15,25], with
H — pp~. We recast this result for the case BR(H —
utu~) < 1 (light-yellow in Fig. 1). The BABAR collabo-
ration also searches for events with a high energy mono-
photon and large missing energy [59], which puts limits on
the Hrtz~ coupling [16,60,61] (yellow in Fig. 1). The
dashed yellow line indicates the corresponding projected
sensitivity of Belle-II [16,61,62].

The Y., coupling is also constrained by Z decay [16,60],
where the associated production and subsequent dark decay
of H can contribute to the measured Z — 77~ width [42]
(cyan in Fig. 1). Finally, 7 decays are modified in the pz-
coupled case. The search for LFV two-body 7 decay at
ARGUS [63] requires my > m, —m, to forbid 7 — uH
decay (orange in Fig. 1). Similarly, the decay = — uSS
would contribute to the measured width I'(z — up,v,) [42],
requiring mpy > (m, —m,)/2 or equivalently A < 0.126
(light pink in Fig. 1).

In the future, muon beam dump experiments may be
used to probe for a light scalar coupled to muons and DM
by performing a muon missing energy search. The corre-
sponding projected sensitivity from the muon beam experi-
ment NA64-y [16,60,64] is shown in Fig. 1 as a brown
dashed line. Future Z factories based on e™e™ colliders
look for exotic decay modes of Z bosons. The projected
sensitivity from these experiments [16,65-68] is shown in
Fig. 1 as a cyan dashed line.
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Overall, the light 2HDM-mediated forbidden DM sce-
nario shares many implications with previous phenomeno-
logical models [16], but makes further predictions for the
scalar sector around the EW scale. From the DM side,
radiative annihilation is a very informative probe of
forbidden DM annihilating into SM particles, which in
particular could identify pp-coupled scalar DM in the
(9 —2),-favored part of parameter space.

Neutrino mass.—The simplest radiative neutrino mass
model—the Zee model [69]—uses two-Higgs doublets.
Adding a singly charged scalar 7™ to our setup to complete
the loop diagram that provides neutrino mass, the same
Yukawa couplings responsible for providing the correct
DM relic abundance explain neutrino masses.

The Yukawa couplings given in Eq. (10) are supple-
mented by

_EY D) fijLieLjn+ + H.c., (1 1)

where € is the Levi-Civita tensor, and f;; is antisymmetric
in flavor indices. Equations (10) and (11), together with the
following cubic term,

-V D> uHeH,y~ + H.c., (12)

lead to nonzero neutrino mass given by

M, = ao(meYz - YleEf)’ (13)
in2 2, 2
ay =220 (), 2w = % (14)
16z My, mi. — mi,

where mg is the diagonal charged lepton mass matrix, @ is
the mixing angle between the singly charged scalars, and
h™ and H™ represent mass eigenstates [70].

DM annihilation imposes strong restrictions on the
texture of Y;. To satisfy neutrino oscillation data, Y; is
required to have significant off-diagonal entries, which are
constrained by LFV processes. This rules out the puu-
coupled forbidden DM scenario, where sizable nonzero
entries with the tau lepton are ruled out by nonobservation
of r — ¢H [63]. To generate viable neutrino masses and
mixings, we hence consider a Yukawa texture with zero
2 x 2 block in the 1-2 sector.

To be consistent with DM phenomenology, we fix y,, =
5 x 10~* and require my ~ 2 GeV (cf. Fig. 1, upper-middle
plot). We then perform a fit to the neutrino sector and
provide a benchmark,

0 0 3.494 x 10~
Y, =10"* 0 0 5 . (15)
-1073  —-0.382 0.542

0 2135 0
2135 0 2266 |. (16)
0 -2266 0

ap- f =107

Neutrino observables associated with this fit yield,

Am3, =7.486x1072eV2,  Am3; =2.511x107eV?,
01, =34.551°, 0,3 =47.830°, 03=38.545",

in good agreement with neutrino oscillation data [71].

The mandatory nonzero off-diagonal elements in Eq. (15)
lead to LFV processes, the most dangerous of which are
light scalar mediated y — ey,7 — ey, and 7 — uy at one
loop, which we compute following [72]. While the rates
of the former two can be easily suppressed, the branching
ratio of y — ey is typically close to the current limit [73]
or within the reach of future experiments such as
MEG-II [74].

Conclusions.—This Letter proposes a minimal realiza-
tion of light dark matter, enabled by a light scalar mediator
that can arise in the 2HDM. We focus on forbidden DM
annihilating to SM leptons, which predicts the DM mass to
be close to the u or 7 masses. Stringent CMB constraints on
sub-GeV DM are avoided, while we have identified
Galactic gamma-ray lines at energies just below m,, m,
from radiative annihilation as a specific probe of forbidden
DM coupled to leptons. A distinctive trademark is that all
new physics states appear at or below the EW scale; in
particular, a CP-odd and charged scalars are predicted to
have masses of order 100 GeV. Furthermore, a leptophilic-
like 2HDM of this type can shed light on the (g—2),
anomaly, and—when embedded within the Zee model—
the couplings that determine the relic abundance become
intimately linked to neutrino oscillations. This minimal
kinematically forbidden scenario is very predictive and in
particular testable at future beam-dump experiments, col-
liders, and sub-GeV gamma-ray telescopes. However, the
light 2HDM portal to dark matter is rather general and
provides a simple way of linking light dark sectors to the
standard model that may well have wider application.
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