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Protophobic light vector boson as a mediator to the dark sector
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The observation of a protophobic 16.7 MeV vector boson has been reported by a $Be nuclear transition

experiment. Such a new particle could mediate between the Standard Model and a dark sector, which includes
the dark matter. In this paper, we show some simple models of the dark matter which satisfy the thermal relic
abundance under the current experimental bounds from the direct and the indirect detections. In a model, it is

found that an appropriate self-scattering cross section to solve the small scale structure puzzles can be achieved.
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I. INTRODUCTION

Although the dark matter has been gravitationally con-
firmed by astrophysical observations in various ways, one
has no information on the properties, e.g., the mass and the
coupling. In various dark matter models, a kind of popular
model includes a light new boson which mediates between
the Standard Model and a dark sector, e.g., Ref. [1]. Such a
light particle simultaneously plays an important role in
order to solve several problems, for instance, the small
scale structure problems [2], the Lithium problem [3], and
the muon g — 2 anomaly [4].

Recently, a ®Be nuclear transition experiment has
reported a signal which can be interpreted as an unknown
light vector boson [5]. The vector boson (X) is observed as
a resonance in e" e~ pairs of which the invariant mass is
my = 16.7 4+ 0.354, + 0.5, MeV. If one supposes a
vectorlike interaction between the Standard Model matter
fields and the light vector boson, the consistency in the
other experimental results requires that the interaction
should be protophobic [6,7], which can be written as

Line ==X, (g itr"u+gsdy'd+g,ey*e+g,opy'vy), (1)
where

20x107* < g, £1.0x 1073,
4.0x 107 < |gq £2.0x 1073,
6.1 x 107 < |g,| <4.2x 1074,
19,9¢"* 9.1 x 107
|9,9¢"* 2.1 x 107

(for g,g, < 0),
(for g,9. > 0). (2)
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The coupling with the neutron g,, which is defined as
Gn = Gu + 29y, satisfies 6.1x107<]g,|<3.0x1073. On
the other hand, the coupling with proton g,(= 2g, + g4)
is restricted as |g,| < 3.6 x 107*. We fix the couplings as
g, =3.0x107, g,=0, g, =42x10", and g, =0
in the following discussion. The phenomenology of the
X boson and its models have been investigated in
Refs. [7-9].

In this paper, we assume the light vector boson to be a
gauge boson of a broken U(1), gauge symmetry and to be
a mediator between the Standard Model and the dark sector,
which includes the dark matter, as in Fig. 1. Using some
simple models, we investigate experimental constraints on
their parameters in the dark sector and also discuss the
compatibility with the thermal relic dark matter scenario.

II. MODELS OF U(1),, CHARGED
DARK MATTER

For the dark sector, we consider spontaneous symmetry
breaking of the U(1), gauge symmetry by a dark Higgs S,
which is a complex scalar boson charged under U(1)y. The
Lagrangian of the dark sector is

1 . A
'CX = _ZXWXW + (DMS)'(DMS) +/‘§|S‘2 _ES|S|4

1 m% 1 m?
= = XX+ XX+ 5 (D,5)* — 7‘s2

2
mY
IxMs 34 ... (3)

+ gxmyxsX*X, — -
X

where X** is the field strength tensor of X. The scalar field
S is expanded as S = (v, + 5)/ V2 in the unitarity gauge,
and D,S = (9, + igxX,)S. Some terms irrelevant in our
computation are suppressed here. The parameters are
defined as
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A schematic description of models considered in this

g = 2#?9//15’ mg = Asvs, my = gxvs. (4)
The original parameters pg and Ag can be written by my and
mg with the gauge coupling gy. For simplicity, we consider
that interactions between the Higgs boson and the dark
sector can be neglected.1

First, we study a complex scalar model and a Dirac
fermion dark matter model, where the dark matter is
charged under U(1)y. If the dark matter is the complex

scalar field ¢, the Lagrangian is

. A
E(p = |<a;4 + lg(/JXﬂ)§0|2 - m3,|(p|2 - 31/7 |§0|4
— Ayslo[S] + Ly. (5)

Since the annihilations into ss and XX are the s-wave
processes, they dominate the thermal relic abundance. In
this model, the experimental bounds on these two channels
are, in addition to the dark matter mass m,,, determined by
the couplings 4,5 and g, respectively.

The annihilation cross section at the dark age
(mpm/T ~ 3 x 10'?) is bounded by an observation of the
cosmic microwave background (CMB) by the Planck as
(ov)/mpy < 1.0 x 10727 cm? /s/GeV [14,15]. Hence, the
region where the dark matter is lighter than 30 GeV is
naively excluded by the result. Even if the dark matter is
heavier than the value, the large Sommerfeld enhancement
through the X boson excludes the thermal relic scenario
[16,17]. The similar bound is obtained by AMS-02 for
the region m,, > 10 GeV [18,19] with mpy /T ~ 3 x 10°.
These indirect signals are one- or two-step cascades studied
in Ref. [20]. The region is also excluded by the direct
detection result of the LUX experiment [21]. To see these
bounds, we have followed the analysis method used in
Refs. [22-24]. These results are shown in Fig. 2.

'"The couplings between the dark sector and the Higgs boson
are introduced as Agy|S|?|H|* and A, |¢|*|H|*. The Higgs to the
dark Higgs pair decay has four electron-positron pairs in the final
state. To suppress the significant contribution to the total width of
the Higgs, since the current bound is five times larger than the
Standard Model prediction, the coupling Agy should be smaller
than about 0.06; see Ref. [10,11]. The coupling 4, is constrained
by the direct detection and direct measurement of the Higgs
invisible width as a Higgs portal dark matter. Roughly speaking,
the coupling should be smaller than about 0.01 to evade any
experimental bound; see Refs. [12,13].
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FIG. 2. The experimental constraints on the gauge coupling g,,
as a function of the dark matter m,,. The solid black line means the
observed dark matter abundance, namely, (ov) =6 x 10720
cm?/s with x = 20. On the dotted black line, the predicted dark
matter abundance is 2 orders of magnitude larger than the
observed abundance. The red regions are excluded by the Plank
and the AMS-02 experiments, while the blue region has been
excluded by the LUX experiment.

For simplicity, we consider only the XX channel in the
figure, so that only g, is a relevant coupling. The result can
be translated into the ss channel with the replacement of ¢,

by A,s/ (2v/2) in their nonrelativistic annihilation cross
sections. Even if both of these channels contribute to the
annihilation process, the thermal relic dark matter cannot
be obtained. Note that recently Ref. [9] has shown that if
the dark matter is lighter than the vector boson a certain
parameter region can explain the thermal relic abundance.

Considering the Dirac fermion dark matter & the
Lagrangian is

L= E(id - g§X —mg)é + Ly, (6)

where £ is the dark matter. The dark matter annihilates
through the s-wave processes into XX and sX. The situation
of the experimental bounds and the consequence for the
thermal relic scenario are the same as ¢. The nonrelativistic
annihilation cross section of &€ — XX is just half of the
cross section of g¢* — XX if g: = g,, while the result
of the sX channel is given by the replacement of gé with
9:9x/2. Since the Sommerfeld enhancement factor is the
same as ¢, the result is almost the same as Fig. 2, except for
the window in the light dark matter region. Therefore, the
thermal relic scenario is also excluded.

III. MODELS OF SECLUDED DARK MATTER

Next, we study the U(1), singlet dark matter models.
Interactions between the dark matter and the Standard
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Model are induced by the mixing with another particle
charged under the U(1)y gauge symmetry.

In the case of the real scalar dark matter ¢, the dark
Higgs s can be used as the mediator. After the spontaneous
symmetry breaking, the Lagrangian is

2

1 m Agyom
— (P2 — D 2 TPSTX 42
Ly 2(5 ®) 24’ 20x s
A )
$S 242 ¢ 44
— TS =T Ly (7)

where we impose a Z, symmetry (¢ <> —¢) to stabilize the
dark matter. The coupling 4 is introduced like ;.

In the previous section, the direct detection excludes
the thermal relic scenario if the dark matter is heavier
than about 5 GeV. In this model, however, the leading
contribution to the direct detection comes from the loop-
induced diagram shown in Fig. 3. Hence, the direct
detection bound becomes significantly weaker than the
previous models.

In this model, the annihilation cross section is dominated
by the s-wave processes: ¢p¢p — s* — XX and ¢p¢p — ss.
Since the scalar three-point interaction is proportional to
my, the Sommerfeld enhancement factor is also suppressed
by my/my [25], unless A5 > gx.

We also consider the U(1), singlet dark matter model
including a Majorana fermion y. Since the Majorana
fermion cannot interact with S alone, we additionally
introduce a Dirac fermion y of which the U(1), charge
is the same as S. Then, the Lagrangian is

. 1_ .
E;{ = 1,7/(18— gXX - mu/)l// + EX(ZZ) - m)())(

—y(Swx + STw) + Ly, (8)

where the Yukawa coupling y can be chosen as real and
positive without loss of generality. After the spontaneous
symmetry breaking, the coupling becomes the source of
the fermion mixing. The mass eigenstates are obtained by a
SO(3) rotation and a chiral rotation to flip the sign of a mass
term as

DM T DM

FIG. 3. The leading contribution of the direct detection in the
U(1)y singlet dark matter.
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YU YU
1 vV X
L£,>- ) ()(_C ‘//_f llf_é) y\}ﬁ 0 m, vy, | +H.c.
y_\/z*% my, 0 15
1 my 0 0 m
=75 (5nsns)| 0 my O m | +He (9)
[
= TymiiXis (10)

where y; and v, are, respectively, the left-handed and the
charge conjugation of the right-handed components in v,
namely, y, = (y)¢. The mass eigenstates y; are the four-
component Majorana fermions defined as y; = (17;,75)".
We assign the mass eigenvalues to be 0 < m; < m, < mjs;
i.e., the dark matter is y,. Then, the Lagrangian is written as

£, =320 = m)s7 = gIX = yisy;+ Ly (1)
where

m3—mp
my—m; 0
ij — R L ill} My
g7 =9x| ! mz—n 0 l my—my |’ (12)
0 —i, [P 0
my—m;

) vV (m3—m2)(f1"2—ml) 0

0 —i

mz—2my+ny

mz—m my—m,
=y 0 0 0
my=2m,+m; 0 2 \/ (m3—my)(my—my)
my—m; my—m,
(13)
The mass eigenvalues are related as
2,2
y m
ms — nyp = 5 X (14)

gx(mz _ml)'

In the numerical analyses below, we chose m, —m; =
100 GeV to evade the complexity of the coannihilation of
the dark fermions.

The leading contribution to the direct detection signal is
also the loop diagram given in Fig. 3 like the real scalar
model. Since the s-wave annihilation channel is suppressed
by m%/(m, —m,)*, the leading annihilation process is the
p wave. Hence, the indirect detection bound does not
work to exclude the thermal relic scenario for the Majorana
dark matter. The dominant contributions to the annihilation
come from the annihilation into ss with the 7-channel
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exchange of y; and that into XX with the s-channel
mediation by s. They are the p-wave processes.2

Even though the indirect detection bounds are too weak,
the Sommerfeld enhancement factor [27] and the self-
scattering cross section can be large if one takes the region
of the heavy dark matter mass m; and the lighter mediator
mass m,. In this situation, the large self-interaction can
solve the small scale structure problems as shown in the
next section.

Finally, we mention the compatibility of UV comple-
tions and our models. Two models of the protophobic
light vector boson have been proposed in Ref. [7]. The
vector is assigned as the gauge boson of the broken U(1),
or U(l)z_;. The implementation of the real scalar dark
matter is straightforward. If the scalar is heavier than the
additional fermion introduced there, new annihilation
channels are opened via the s-channel dark Higgs media-
tion. In that case, the experimental constraints become
weaker than our results shown in the next section. The
Majorana dark matter can be attached in the gauged U(1),
model. However, the mixing and the masses become the
same scale, namely, m, ~ m,, ~ v,. This situation is not
included in our analysis since we assume the hierarchical
parameters. Hence, the additional Dirac fermion is also
required in order to apply our results to the UV completions.

IV. PHENOMENOLOGY OF THE REAL
SCALAR DARK MATTER

We show the indirect and the direct detection bounds of
the real scalar dark matter model and whether they are
compatible with the thermal relic abundance or not. We also
investigate future prospects of the direct detection bound.

The dark Higgs s mediates the annihilation into the X pair
and the direct detection as Fig. 3. In these processes, the
amplitude can be written without gy. Since the annihilation
to ss is almost insensitive to gy, the physics of this model is
described by only 4, and the dark matter mass. Indeed, our
results are not changed in gy = O(0.01-1).

As we have shown in Fig. 4, since the Sommerfeld
enhancement does not occur, the CMB bound excludes the
thermal relic scenario only if the dark matter is lighter than
about 30 GeV. The bound by the AMS-02 excludes the
scenario up to the mass of about 100 GeV.

In this paper, we consider the case in which the masses
of the X boson and the dark Higgs are the same scales.
Note that, because the transfer momentum in the dark

’Even if the annihilation is dominantly p wave, it has been
pointed out that radiative bound state formation can occur in the s
wave, and the resulting bound states can subsequently decay into
Standard Model particles, contributing to the dark matter anni-
hilation signal. This effect could change the bounds on our
models from indirect detection. However, in our scenario, the
mediator mass is much larger than the binding energy, and bound
state formation is forbidden; thus, we do not have to take this
contribution into account. The details are discussed in Ref. [26].
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FIG. 4. The constraints on the coupling between the dark Higgs
and the dark matter 4, as a function of the dark matter mass with
mg = 50 MeV. The blue/red region is bounded by the current
direct/indirect dark matter searches. The projected direct detec-
tion bounds by the XENON1T and the LZ experiments are shown
with the blue dotted lines. On the solid black line, the dark matter
satisfies the observed thermal relic abundance (ov) = 3 x 10726
cm’ /s with x = 20. On the dotted black line, the predicted dark
matter thermal relic density is 2 orders of magnitude larger than
the observed one.

matter-nucleon scattering in Fig. 3 is also the same scale,
O(10-100) MeV, the transfer-momentum contribution to
the direct detection is not neglected. In addition to the LUX
bound in 2013 [21], we have also drawn their recent result
[28] and the prospects of the XENONIT [29] and the LZ
experiments [30]. Evaluating the hadronic matrix elements,
we have used a result of the lattice QCD simulation [31].
It is found that the current LUX bound is too weak to
exclude the thermal relic scenario. The expected bound by
LZ can exclude the scenario up to a few hundred GeV, for
my, = 50 MeV.

The dark Higgs mass dependence of the expected direct
detection bounds is shown in Fig. 5. It is found that the
expected bounds by the XENONI1T and the LZ experiments
can exclude the scenario up to about 200 GeV and above
1 TeV, respectively. If the dark Higgs is lighter than the X
boson, the scalar decays via two off-shell states. In this case,
a loop-induced decay into ete™ becomes the dominant
channel. Eventually, the lifetime of the dark Higgs becomes
larger than 1 sec. Then, the observed light element abun-
dance could be changed by large energy injection with
electrons or inelastic scatterings between the dark Higgs and
nuclei if the dark Higgs abundance is too much. The direct
detections can reach the higher dark matter mass for the
lighter dark Higgs. Considering the lifetime of the dark
Higgs, the reaches decrease about 100 GeV.

We also find that if one includes the strange quark
contribution with ¢, =g, the dark matter-nucleon
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FIG.5. The dark Higgs mass dependence of the expected direct
detection bounds. The coupling A,s is chosen to satisfy the
thermal relic abundance. The blue dotted lines are the projected
direct detection bounds. The red region is excluded by the
indirect detections. In the green region, the lifetime of the dark
Higgs is larger than 1 sec.

scattering cross section becomes about 50 % larger, and the
reaches increase about 100 GeV. The heavy quark loop
contributions (g, = g. = g, g, = g4) are found to be at
most a 5% enhancement of the scattering cross section.

V. PHENOMENOLOGY OF THE MAJORANA
DARK MATTER

Since the Majorana dark matter mainly annihilates
through the p-wave processes, only the direct detection
is important to restrict the thermal relic scenario. The
bounds and the prospects are shown in Fig. 6.

The Yukawa coupling to obtain the thermal relic abun-
dance becomes large when the dark matter is heavier than
the mass difference m, — m,. Below the value, the cross
section is determined by the mass difference so that the
coupling is independent of the dark matter mass. The
region heavier than about 40 GeV has been excluded by
the direct detection for m; = 50 MeV. With the projected
experiments, the thermal relic region will be excluded up
to the lower limit of their sensitivity, i.e., m; ~ 10 GeV.
Similar to the real scalar dark matter case, these behaviors
are almost independent of gy.

Considering the heavy dark Higgs, the direct detection
bound becomes weaker. The current bound is not sensitive
if my, > 100 MeV, while the prospected sensitivities by the
XENONI1T and the LZ experiments reach the dark Higgs of
200 and 350 MeV, respectively.

The small scale structure puzzles can be solved if the
velocity averaged transfer cross section of the dark matter
self-scattering is as large as (o7)/mpy ~ 0.1-10 cm?/g;
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FIG. 6. The constraints of the Yukawa coupling and the mass
for the Majorana dark matter. The vertical axis is the Yukawa
coupling y. The other objects are the same as in Fig. 4.

see Refs. [2,32]. In our Majorana model, the transfer cross
section

3y8 mym?
oy = ——

I (15)

- gy mi(my — m)

in the nonrelativistic limit. We find that, due to the
Sommerfeld enhancement, the self-interaction can be large
enough to solve the puzzles. In this case, the coupling gy
should be smaller than 1072, The details are shown in Fig. 7.

500 T
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FIG. 7. The mg dependence of the several constraints for the
thermal relic Majorana dark matter. The self-scattering cross
section to solve the small scale structure puzzle, i.e.,
0.1 < (o7)/m; <10 cm?/g, is also shown in the yellow

(lighter yellow) band for gy = 1072(1073). The others are
the same as in Fig. 5.
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VI. CONCLUSION AND DISCUSSION

In this paper, we have investigated the dark matter
models where the protophobic 16.7 MeV boson is a
mediator between the Standard Model and the dark sector.

Because of the severe constraint from the CMB obser-
vation due to the large Sommerfeld enhancement, the
thermal relic scenarios are almost excluded in the U(1)y
charged dark matter models.

Considering the spontaneous symmetry breaking of the
U(1)y gauge symmetry, it is found that when the dark
matter is the U(1)y singlet the dark matter can easily
satisfy the observed relic abundance under the current
experimental constraints. Some parameter regions can be
probed by the future direct detection experiments.

PHYSICAL REVIEW D 95, 015008 (2017)

Particularly, in the Majorana dark matter model, the large
self-scattering cross section to solve the small scale
structure puzzles can be achieved, while small gy is
required. These models can be easily embedded in the
proposed UV completions [7].

According to Ref. [3], a light and a long-lived particle
could solve the lithium problem. Hence, the parameter
region where the dark Higgs becomes a long-lived particle
also attracts our attention [33].
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