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We propose a renormalizable model for vector dark matter with an extra U(1) gauge symmetry
broken by a complex singlet scalar. When the singlet scalar has a quartic coupling to a heavy
charged scalar, the resonance effect in s-channel singlet-like scalar exchange processes relatively
enhances the annihilation cross section of vector dark matter into two photons such that Fermi-
gamma ray line at about 130 GeV can be explained. Due to the tiny mixing between the singlet
scalar and the Standard Model Higgs doublet, the correct thermal relic density is also obtained by
dominantly the annihilation into WW /ZZ as well as yy.
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1. Introduction

Recently, the line feature of spectrum at £y, = 130 GeV has been claimed in Fermi-LAT gamma
ray data [1, 2]. The signature has been independently confirmed by other groups [3, 4]. The Fermi-
LAT collaboration [5] has reported a less significant peak at £, = 133 GeV than that in Ref. [2].
Although there are some possible explanations such as mono-energetic pulsar winds [6], Fermi
Bubble [7, 8] or instrumental effects [9, 10, 11] including Earth limb signal [5, 12], the dark matter
interpretation of the Fermi-LAT line signature seems plausible.

Dark matter is neutral and thus cannot annihilate into photons at tree-level. The generation
of photons must happen via the loops of charged particles to which dark matter is directly or
indirectly coupled, so the annihilation cross section of dark matter into photons is much suppressed
as compared to other tree-level annihilation channels. Thus, in order to realize a large branching
fraction of the annihilation cross section into photons, we need to rely on a large coupling to new
charged particles running in loops [13, 14, 15] or a resonance pole of the mediator particle between
dark matter and photons [16, 17].

The extra U (1) gauge symmetry is one of the simplest extensions of the standard model (SM).
In this paper, we propose a renormalizable model of vector dark matter where the extra U(1)x
gauge boson is a dark matter candidate and couples to the SM particles through the mixing be-
tween the U (1)x breaking scalar and the SM Higgs doublet [18]. When there is a quartic coupling
between the singlet scalar and a heavy charged scalar, dark matter can annihilate into a photon pair
with sizable branching fraction, provided that the mixing between the singlet scalar and the SM
Higgs boson is small enough. The annihilation cross section of dark matter into a photon pair is
enhanced near the resonance pole of the singlet-like scalar mediator to be consistent with Fermi
gamma-ray line. For a tiny mixing between the neutral scalars, the thermal relic density can be
determined dominantly by annihilation channels into WW, ZZ and a photon pair.

We note that in most of other previous works on vector WIMP, a vector boson was introduced
as a Proca field [19, 20, 21] or a scalar sector is described by the nonlinear sigma model [22]. In our
model, vector dark matter is realized as a gauge boson of extra U(1) symmetry when it is broken
spontaneously by the VEV of the hidden Higgs field at the renormalizable level [20, 23].

2. The model

We consider a simple model of vector WIMP dark matter which couples to the SM parti-
cles through Higgs portal interactions. The gauge sector of the model is based on the SU(3)¢ x
SU(2), xU(1)y xU(1)x gauge group. The extra U (1)x gauge symmetry is spontaneously broken
by the vacuum expectation value (VEV) of a complex scalar §;. For a minimal extension of the SM,
we introduce an SU (2) singlet charged scalar S, which carries ¥ = 1 but is neutral under U (1)x.
We assume that all the SM particles including the Higgs doublet are neutral under the U (1) .

The model has a Z, symmetry under which §; — S} and X;; — —X};, which guarantees the
stability of vector dark matter X,. The Lagrangian of the model is

1
L = —ZFWF“"—i— IDuS1|* + [DySa > = V(®,81,8) + fi;LiC-L;S7, 2.1)
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Figure 1: Feynman diagrams for the annihilation of vector dark matter into a photon pair at one-loop.

where Fy,y, = dy Xy — dy X, and the covariant derivatives are DS = (dy —igxXyu)S1 and DS, =
(Ou —ig’By)S,, with respect to U(1)x and U(1)y gauge symmetry, respectively. After the elec-
troweak symmetry breaking, DS, is reduced to the covariant derivative with respect to U(1)em
symmetry. The scalar potential of the SM Higgs doublet @ and complex scalar fields S; and S is
given by

1 1 1
V(®.51.52) = WO+ i3IS+ 152 + S+ Lol 4
+A,4‘(D‘2’S1 ’2 +7L§’q>’2‘52‘2 +A16’S1 ’2‘52‘2. 2.2)

Here the A4 coupling is relevant for the mixing between ® and S, after the breaking of U(1)x
and electroweak symmetry. The dominant annihilation of vector dark matter occurs through this
coupling so that the correct relic density can obtained. The coupling A¢ connects the vector dark
matter to the charged particle and enhances the photon emission. In the last term of the Lagrangian
(2.1), L; is the SM lepton doublet with flavor index i = 1,2,3, C is the charge-conjugation operator
and dot denotes the SU(2) anti-symmetric product. This term induces the decay of heavy charged
scalar S5 — I + V.

At the vacuum with a nonvanishing singlet VEV, (S;) = vg/v/2, the U(1)x gauge symmetry is
broken so the gauge boson X, acquires mass M; = g%vg. At the true vacuum with a nonvanishing

vs, (®) = v/v/2 and v ~ 246 GeV, two scalar modes appear from ® and S and mix in the mass
24y,

M vz—/ljv_% :

For a small mixing angle &, we can regard / as being SM Higgs-like and H as being singlet-like.

eigenstates 4 and H. The Higgs mixing angle essentially depends on A4 through tan2a =

3. Relic density and Fermi gamma-ray lines

In this section, we compute the DM annihilation cross sections and discuss the constraints of
the relic density and the Fermi gamma-ray line in the model.

3.1 Thermal relic abundance

The thermal relic abundance of the vector WIMP dark matter X is estimated by integrating the
following Boltzmann equation for the dark matter number density ny in the early Universe.

X dominantly annihilates into W and Z boson pairs through the s-channel exchange of the
Higgs bosons i and H.The magnitude of those annihilation cross sections is proportional to (sin & cos o) ?
and thus scaled by the mixing angle between Higgs bosons. A larger (smaller) annihilation cross
section is realized for a larger (smaller) sin ¢.. With a sizable quartic coupling between the singlet
scalar S| and the heavy charged scalar S;, dark matter can annihilate into a photon pair, due to loops
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with the charged scalar S;’ as shown in Fig. 1. This process induces a large enough annihilation
cross section into two gammas to explain the line feature, as will be shown in the next subsection.

We are interested in the case where X has a large annihilation cross section into two photons
so that the gamma ray line at 135 GeV observed by Fermi LAT can be explained. Taking the
annihilation into a W or Z boson pair through /4 and H-exchange to be strongly suppressed due to a
tiny mixing angle between SM Higgs boson and singlet scalars, namely, |sin ¢&t| < 1, we obtain the
desired thermal relic density and the necessary cross section into a photon pair for Fermi gamma-
ray line near the resonance pole of the singlet-like scalar [16, 17]. Therefore, near the resonance,
My ~ My /2, for the WIMP mass I"around 135 GeV, we need to take the singlet-scalar mass My to
be about 270 GeV. In Fig. 2, we show that the right thermal relic density of WIMP can be realized
with appropriate set of parameters.
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Figure 3: The dashed line is the total thermal av-
eraged annihilation cross section at the moment of
freeze-out. Solid lines are annihilation cross sec-
tions for each mode at present (Red: yy, Blue: WW,
Green: ZZ final states). The horizontal black line
represents the DM annihilation cross section into
two photons (Gv) yy—yy needed for the Fermi-LAT
gamma ray line.

Figure 2: The plot of relic density of the dark mat-
ter QA% vs. its mass. Here we used M 55 = 140 GeV,
vg =1 TeV, sina = 0.00047 and A = 0.2. We can
ignore the As dependence for the parameter region
in our interest. The horizontal line is the relic den-
sity of cold dark matter revealed by the Planck re-
sult, Qcpmh? = 0.1199 £ 0.0027 [24].

3.2 Monochromatic photons from DM annihilation

Now we discuss the aspect of the indirect detection of vector WIMP. In addition to the WW /ZZ
annihilation channels, X can also annihilate into two monochromatic photons with the effective in-
teraction induced by the heavy charged scalar. Hence, this diphoton mode can provide a source
for the gamma-ray line observed by Fermi LAT. When the singlet-like scalar H has small cou-
plings to W and Z bosons due to a tiny sin & but it has a sizable coupling to the charged scalar S,
the diphoton mode takes a larger branching fraction of the annihilation cross section than usually
expected.

Keeping only the H-exchange contribution for a small Higgs mixing and using s ~ 4M%, we
get an approximate form for the thermal averaged annihilation cross section into a photon pair at

LOf course, there is another resonance region My ~ M}, /2 ~ 63 GeV where the main annihilation mode is XX — bb.
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present as

5 2

al Ag cos® aM3

em

T 96m3M3 |4ME — M2+ iMpTy

(OV)yy , 3.1)

2 2

MS2+ MS2+
o\
X X

with f(t) = [sin~!(1/4/7)]? [25]. Figure. 3 shows the annihilation cross sections into WW, ZZ, yy
at zero temperature, and the thermal averaged total annihilation cross section used to estimate

Qn?, respectively. To explain the gamma ray line spectrum of the Fermi-LAT for the Einasto
dark matter profile [1, 2], we require that (Gv) yy—yy = (1.27£0.327028) x 1077 em®s ™! =~ 1.1 x
10719Gev—2.

In order to obtain the observed Fermi gamma-ray line together with the correct relic density,
the small mixing angle, |sin @| < 1, is necessary. This small sin o is important to suppress annihi-
lations into WW and ZZ not to generate too many continuum photons as well [26, 27, 28].

The same diagrams in Fig. 1 applies to the annihilation of vector dark matter into Z7 and loop
induced ZZ final states. The annihilation XX — Zy emits additional gamma line at E, = 114 GeV
and the resulting flux is suppressed by 0.21 as compared to that of 130 GeV gamma ray line [14],
while the loop induced annihilation into ZZ is negligible.

4. Conclusion

We have proposed a renormalizable model of vector dark matter where the extra U (1) x gauge
boson is a dark matter candidate and it interacts with the SM particles through the Higgs portal
term, namely, the mixing between the U (1)x breaking singlet scalar and the SM Higgs doublet. If
the Higgs mixing is small enough, the DM annihilations into W and Z boson pairs at the resonance
pole of the singlet-like scalar can reproduce the correct thermal relic density without overproducing
continuum photons. In the presence of a quartic coupling between the singlet scalar and the charged
scalar Sy, vector dark matter also annihilates into a photon pair with a sizable branching fraction at
the same singlet resonance.
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