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WIMPs interact with standard model (SM) particles only through the PW field of ~MeV-multi-GeV mass par-
ticles. The interactions occur via a U(1)" mediator, V},, which couples to the SM by kinetic mixing with U(1)
hypercharge bosons, B),. One important difference between our model and other such models in the litera-

Keywords: ture is the absence of an extra singlet scalar, so that the parameter with dimension of mass M2 is not related
Secluded dark matter to a spontaneous symmetry breaking. This QED based model is also renormalizable. The mass scale of the
Gamma-rays mediator and the absence of the singlet scalar can lead to interesting astrophysical signatures. The dominant
Antiprotons annihilation channels are different from those usually considered in previous work. We show that the GeV-

energy y-ray excess in the galactic center region, as derived from Fermi-LAT Gamma-ray Space Telescope
data, can be attributed to such secluded dark matter WIMPs, given parameters of the model that are consis-
tent with both the cosmological dark matter density and the upper limits on WIMP spin-independent elastic
scattering. Secluded WIMP models are also consistent with suggested upper limits on a DM contribution to
the cosmic-ray antiproton flux.

Published by Elsevier B.V.

1. Introduction studies [8] and cosmic-ray positron studies [9]. However, analyses of
) . i the Fermi-LAT data have indicated the existence of an “excess” flux

The clear astronomical [1 ].and cosmologlcal evidences for large of y-rays above that expected from cosmic rays interacting with in-
amounts of dar1.< matter (DM) in the universe [2] have led to the con- terstellar gas. This flux appears to be extended around the region of
struction of various theoretical models that go beyond the standard the galactic center. It appears to peak in the 2-3 GeV energy range.
model (SM) weak-scale theories and which attempt to account forthe s excess has been interpreted to be a possible indication of the an-
DM abupdance n Fhe universe [3]. The observational evidence for DM nihilation of weakly interacting dark matter (WIMP) particles having
has motivated various experimental searches to find dark matter [4]. a mass in the 20-45 GeV range, annihilating primarily into quarks

Data. from collic}ers are qsed to search.for evidence of dark mat- or, less likely, in the 7-12 GeV mass range annihilating primarily
ter particles. Experiments with detectors like DAMA, CoGeNT, CDMS, into charged 7 leptons [10,11]. Models involving other annihilation

XENON and LUX are used to search for evidence of the recoil energy channels have also been considered [12]. We note, however, the de-
of nuclei that would be produced by scattering with dark matter par- termination of various possible components of y-ray emission from
ticles [5,6]. High-energy colliders like LHC (Large Hadron Collider), the galactic center is complicated and the y-ray data are not precise
have obtained significant upper limits on the annihilation of WIMPs enough to point to a unique origin. Other possible interpretations of

to quarks [7]; They also.offer very interesting possibilities to investi- this excess that include other contributions to the y-ray flux in the
gate interactions involving DM mediators. ) region of the galactic center have been suggested [13].
Space-borne detectors have been used to search for evidence of Neutralino supersymmetric WIMPs, viz., the lightest supersym-

the products of dark matter annihilation, particularly y-rays and  metric dark matter particles, have been a popular choice to be the DM

cosmic-ray positrons. These searches have conservatively produced WIMPs because they are stable and neutral and their cross section

constraints on dark matter annihilation, both from cosmic y-ray naturally leads to the correct cosmological DM density. However, as

of now, the LHC has not found any evidence for such particles. There-

* Corresponding author. Tel.; +1 301 286 6057. fore, other candidate WIMP models have been explored and should
E-mail address: floyd.w.stecker@nasa.gov (FW. Stecker). be further explored.
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Fig. 1. Feynman diagram forn+7n — Z' +Z'.

In this work we consider a model of WIMP dark matter in which
the dark sector is just quantum electrodynamics (QED) extended with
a new massive photon field, usually dubbed a Proca-Wentzel (PW)
field. It is well known that this is a renormalizable theory because it
couples to a conserved vector current. Hence, the dark sector is made
up of Dirac fermions, 7, that only interact via a PW field, here denoted
by V/,, that serves to mediate between DM fermions and standard
model particles.

Diagonalization of the kinetic terms in the Lagrangian give both
the standard Z boson and an extra neutral gauge boson that we de-
note as Z'. We will show that this DM model can produce the ob-
served cosmological DM abundance and that its annihilation into
standard model (SM) particles can also lead to astronomically observ-
able fluxes of y-rays in the galactic center and in dwarf galaxies.

In our model secluded DM interactions occur only through Z’ me-
diators which subsequently decay to SM particles. Thus, they have
a very small elastic scattering cross section with nuclei. This distin-
guishes such secluded WIMP models from other WIMP models. The
decay of Z”’s into quark-antiquark channels produces pions, among
which are 79’s that decay to produce y-rays. The 7%-decay y-ray
spectrum has a characteristic peak at my /2 [14] and is bounded by the
rest-mass of the WIMP, m;, (e.g., [15]). The Z' decay, particularly into
charged leptons and light quarks, also yields y -rays through internal
bremsstrahlung. In this process, a y-ray spectrum is produced that
peaks near my, [16]. Electrons resulting from this process can produce
y -rays via Compton scattering in the interstellar medium.

Other Z/ models have recently been discussed in the context of as-
trophysical y -ray production (see, e.g., Ref. [17]). However, our model,
in which the Z' is the mediator of the DM interactions through the
annihilation channel n +7 — Z' +Z', as shown in Fig. 1, and with
myz <« my, was not considered in Ref. [17]. (See also the discussion
in Section 4).

The outline of the paper is as follows: in Section 2 we present the
model. In Section 3 we classify massive photon models. In Section 4
we discuss the differences between our model and previously ex-
plored WIMP DM models. In Section 5 we give the specific details
of our model. In Section 6 we calculate the relic density of our Dirac
fermion DM candidate. In Section 7 we discuss the astrophysical pro-
duction of y-rays from annihilation of our secluded WIMPs as a pos-
sible explanation of the so-called y -ray excess from the galactic cen-
ter and potential y-ray signals from the Milky Way satellite dwarf
galaxies. In Section 8 we summarize our results and conclusions. In
Appendix we give the full couplings for the interactions described by
the model.

2. The basic model

The possible existence of an extra U(1) symmetry of nature be-
yond the SM has been considered for a long time. The addition of
this new symmetry factor to the electroweak SU(2) ® U(1) of the SM
occurs via the so-called kinetic mixing portal, by mixing with the hy-
percharge gauge boson B*. A real massive vector field coupled to a
fermionic vector current is a well behaved theory. The mass term
breaks what would-be a gauge symmetry (which is valid in the ki-
netic term). However, this only implies the constraint 9,,V'#* = 0. For
earlier references see [18].

The dark matter fermion WIMPs of the model, , interact only
with the PW field that is the connection between DM and ordinary
matter, designated by V,l/L' The PW field mixes through the kinetic
term with the U(1)y vector field of the SM, at this stage designated

by B;i. DM interactions occur only through Z' mediators which sub-
sequently decay to SM particles. As such, secluded DM WIMPs have
a very small elastic scattering cross section with nuclei. This distin-
guishes secluded WIMP models from other WIMP models, thus al-
lowing for a potential experimental test.

After the diagonalization of the mixing in the kinetic terms,

V. =(1/y/1-gpVu. (1

where V,, is a linear combination of Z and the extra neutral gauge
boson Z'. Cosmological DM abundance constraints on the DM annihi-
lation cross section will then require a small mixing angle between
Vand Z so that V ~ Z' [19]. Depending on the mass of Z/, interesting
signatures for these types of mediators could come from the Drell-
Yan channel pp — Z' — Il and from non-conventional decays of SM
Higgs boson such as h — ZZ/, potentially observable with the Large
Hadron Collider (LHC). In this work we consider a scenario where the
Z' is light, such that M, <« m;). The scalar sector is the same as that of
the SM, viz., a doublet with Y = +1.

Empirical bounds on Z’' couplings exist for these kinds of models.
Such bounds depend on the mass scale of Z'. High energy colliders
are sensitive to My > 10 GeV and the constraints for lighter Z”’s are
given mainly by precision QED observables, B meson decay and some
fixed target experiments [21]. Besides these constraints, there is also
a constraint on the lifetime of a Z'. Its lifetime should be less than
one second in order to guarantee that the Z' decays before the onset
of big-bang nucleosynthesis [22]. As a consequence, the secluded DM
fermion will annihilate preferably into a Z’ pair [19].

The full Lagrangian of the model is given by

L= ESM + LDark + LDark+int’ (2)
where Lgy is the SM Lagrangian, and Lp,, is the dark Lagrangian
given by

Lpare = N0y #n —my)n. (3)

The mixing between dark and SM matter, occurs through the third
term in Eq. (2), which is

_ 1
L' Darkeyint = gnm/“nv,i + iM\Z/V//LV/M (4)
1 &vs 1
—ZVAVV/’“} + TV/L‘}BWV - ZB;LVB/’“’,

where X;,, = 9,V + 0vXy,, with X, = Vl’L, B;L, and B;L is the abelian
gauge boson of the U(1)y factor in the SM Lagrangian. In Egs. (3) and
(4), the masses m;, My and the couplings gy and g, are free parame-
ters. The mixing in the kinetic term in Eq. (4) can be diagonalized by
a GL(2, R) transformation [23]

vy 1-g, 0\(V
(5)=("a 2)() >

Using (5) in (4) we obtain

[',Darkﬂnt = En ﬁV“’?Vu + M‘Z/ 2 VMVM (6)
,/1 —g‘z,B 2(1 _gvg)
1 24 1 1y
=7V V" = 2BuB.

After symmetry breaking we get the mass matrix in the (B#, W3#
and V#) basis

v, 2 0 0 0

v =E%yilo 1 &y U (7)
v \o —gsw E25% +4r

where sy, is the usual weak mixing angle, & = gyp/+/1 —gﬁ L=

MZ /M2, and where the matrix U is given by

Cw Sw 0
U={-sw aw O (8)
0 0 1
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We can write the 3 x 3 mass eigenstates matrix as

B w —SwCe SwSa A
Wi l=1sw cowCde —CwSa Z (9)
Vv 0 Sa Ca ’

with
2swé
1-s3&2—r1

where t;, denotes tan 20, t, denotes tan 6, ¢, denotes cos 6, and
s denotes the sin 6. For small values of 6, we can expand ty >~
tae/2 —t3,/8 and use the relation ¢, = (1+1t2)~1/2 to perform the
calculations.

The masses of the Z and Z' are found by diagonalizing the matrix

(7). They are given by:

t2a = - (]0)

M§0 2 &2 2 &2 2 2 £2
Sl +sp&2 1)+ V(A —s2,E2 -2 452 €2], (1)
where Mz, = gv,/(2cy ). assuming that & < 1 and r < (1 —s3,§2).
(Again, we assume that the lighter neutral vector boson is Z’). Notice
that for the electroweak precision observables, it follows that as we
increase M, we have to decrease the coupling gy in order to respect

the constraint which implies that £ /\/|1 — M2/M2| < 10-2.

MZ,Z’ =

3. Classification of heavy photon models

Electroweak models with an extra U(1) symmetry are among most
well motivated extensions of the Standard Model. In a general context
we use the notation U(1); ® U(1),. All these models allow a kinetic
mixing between the field strength tensors of both U(1) gauge bosons,
FuwE.

We can separate this sort of models in several groups. For instance,

A1 Both U(1) groups are visables. It means that SM fermions carry
both quantum numbers. This possibility usually arises in the
context of grand unified theories (GUTs). Examples are the
models of Babu et al. and that of Galison and Manohar [18].
Models in which U(1); =U(1)y and U(1);, =U(1)p_; are of
this type.

A2 There are fermions which carry only one of the U(1) charges,
others carry both charges and some with no charges. As an ex-
ample of these sort of models we have del Aguila et al. in [18].

A3 One of the U(1) factor is visible, the SM particles carry one of
the U(1) charge, for example U(1), the other, U(1), is dark. Our
model is of this type.

Another way to classify these sort of models is by considering the
mass scale at which the kinetic mixing occurs. Although it is not usu-
ally explicitly say, this is an important point.

B1 Models in which U(1); = U(1)y. The kinetic mixing occurs be-
fore the SSB. Our model and the one of Ref. [23] are of this type.

B2 Models in whichU(1), = U(1)q, i.e., the kinetic mixing occurs
after the SSB and the mixing is with the massless photon. An
example of this type of model is that of Holdom in [18].

B3 Neither U(1); nor U(1), are related to the symmetry of the SM
directly, but U(1); ® U(1), — U(1)y after SSB. The Galison and
Manohar model [18] is of this type.

There are also models in which

C1 The mixing among the two U(1) factor occur in the kinetic and
also in the mass terms. In this case the photon has a component
on Z'. See, for instance, the model of Babu et al., in Ref. [18].

C2 The mixing among the two U(1) factors occurs only in the ki-
netic term. Examples of these sort of model are our model and
that of Ref. [23]. In these models the photon has no component
onZ.

We can also classify the models according to

D1 Extra scalars, for instance singlets, are added to break the ad-
ditional U(1) symmetry.

D2 The only scalar in the model is that of the SM. Our model is of
this type.

Models may also be classified according to the fermion, scalar or vec-
tor nature of both the DM and the mediator.

E1 Our model has a Dirac fermion as DM and a real massive vector
as mediator. The model of Ref. [24] postulates a real scalar or
a vector field to be the dark force and a complex scalar or a
fermion to be the dark matter.

F1 The Stiickelberg scalar model was introduced in order to main-
tain the gauge invariance in a QED-like theory with a massive
real vector field. In this sense it provides an alternative to the
Higgs mechanism. However, it needs an axionic scalar S (¢ in
the notation of Ref. [25]).

4. Specific differences between other models and our model

Our model is motivated by the following consideration. It is well
known that massive quantum electrodynamic is a renormalizable
and free of anomalies theory. It means that spontaneous symmetry
breaking in order to give mass to the vector field can be implemented,
but it is not mandatory. Our model has a Dirac fermion as DM and a
real massive vector as mediator.

The important point is that the photon (massless or not) couples
to a conserved current. This occurs because the bad high energy be-
havior of the vector propagator ~ k, k, /m‘z, vanishes when contracted
with the conserved current, say J*. The U(1)’ symmetry in the Kinet-
ics term is broken by the mass term (m‘z,/Z)VMV“, but its only conse-
quence is the constraint 9, V# = 0, which comes from the equation of
motion. It is still possible to restore the gauge invariance if a massive
scalar field called a Stiickelberg field is invoked. If S(x) denotes the
gauge Stiickelberg scalar, satisfying the equation (OJ — ma)S(x) =0.

We note that the Proca-Wentzel Lagrangian that we use is, in fact,
equivalent to the Stiickelberg Lagrangian when S(x) = 0 (For the main
references, see [26]). Thus, our model coincides with that of Ref. [25]
(F1 above) when no Stiickelberg field is present. An important dif-
ference between our model and a Stiickelberg-like model is that the
later predicts the existence of millicharged particles [27]. That model
introduces a new unit of electric charge, allowing the electric charge
to have non-integer values. Hence, although both models have similar
features there are many differences between the models.

In our model we have a Dirac fermion and a vector mediator and
the mediator is lighter than the DM candidate. This is also the case
in Ref. [28]. However, in the later model, the leading interaction be-
tween the Standard Model and the dark sector is the kinetic mixing
between the photon and the U'(1) gauge boson: £ = (1/2)€F;, F*".
The leading kinetic mixing with the photon is also used in Ref. [29].

5. Details of the model

In the present model, the kinetic mixing is with the gauge boson of
the U(1)y factor before the spontaneous symmetry breaking induced
by the Higgs boson in the SM that we have denoted B'. It is in this
state that the mixing in Eq. (5) occurs. Hence, the leading interaction
between the SM particles and the dark sector is through the W3 and
B component on Z'. See Eq. (9). It is through the mixing with the Z
boson that the particles in the SM have the couplings with Z’ given in
the Appendix.

A model in which the photon has no dark component is that in
Ref. [23], however, they introduce an scalar singlet &, to break the
U(1) spontaneously. We denote the vacuum expectation value of this
singlet vs, as opposed to the VEV of the SM Higgs, which we denote
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by vy, . The scalar singlet make the difference of the model in Ref. [23]
and ours. In former case the interactions the of Higgs bosons are

. My
hff.—zchvh,

m2
hWW : 2ic,—%,
Vi

2

2
. m .m
hZZ : 2icy, —2 (Coy — ESwSa)? — isp —Ls2,
Vi Vs
2 2
. m .m
hz'z’ - 216,,V—Z(sa +Eswey)? — lshv—"cé,

m2
hzz' - 2lch [(Ca — sw&Sa)(Sa + swéca)] —isy TVS(,C(,.

S
where vg is the VEV of the scalar singlet (designated by & in Ref. [23])
that is needed to break the U(1) symmetry and c, = cos6j, and s;, =

sin @y, are the cosine and sine of the mixing angle:

)-(5 20

with h and H being the mass eigenstates. The scalar singlet carries
U(1) charge denoted €’ in [19].

Moreover, the scalar potential has several dimensionless parame-
ters in the quartic interaction terms

—VO(D,S) = (DL, Psi)? + p(S'S)? + kSTOL, sy (13)

which obeys the relation [23].
KVLVs

N R

In a model with a scalar singlet, the SM-like Higgs scalar has
weaker interactions with fermion and vector bosons. Such interac-
tions are suppressed by a factor of ¢, relative to SM interactions. The
vertices hZZ, hZZ' and hZ'Z' have an extra term proportional to s;,. Only
when ¢, = 1, do the interactions with the SM particles for both mod-
els agree. However, in the models of Refs. [19] and [23], the dark vec-
tor still interacts with the singlet h. In general, the phenomenology
of both models is a bit different in processes like h — 7'Z, 7’7, ZZ
[21]. This may imply that the region allowed for the four parameters
my, &y, 8vg and my is different in both models, although an overlap
may also exist, as follows from the DM calculation above. For exam-
ple, in the models of Refs. [19] and [23], the mass of the vector field
my = gyvs and the mass of h also depends on vs. Hence, constraints
on my are also constraint on my, which could be in disagreement with
accelerator data. This relation does not exist in our model in which
there is no scalar singlet. In our model my is a free parameter. These
interactions are equal to those in the Appendix only when ¢, =1 in
Eq. (12).

Notice that we are considering the Z’ to be lighter than the Z, then
in our Eq. (11) the signal — corresponds to the lighter boson. In fact,
it may have zero mass if My = 0. In this case we have a dark QED
indeed. We also note that the values that we take for gyp (called € in
experimental papers) are much lower than the present experimental
upper limits [30] but may be within the sensitivity range of future
experiments [31].

tan (20,) = (14)

6. Cosmological DM density

As noted before, in this model, in addition to SM particles, there
is a dark sector composed of a Dirac fermion, 7, and a Proca-Wentzel
vector field, V,, ~ 7/, in the limit of small mixing angle. We consider
to be the only component of DM. In the regime where my, > My, the
primary annihilation channel will be n +7 — Z’ +Z’' [19], as shown
in Fig. 1. The differential annihilation cross section in this case is given

by

doann _ C:)ltg‘rl] S « (15)
dsy 64ms(1 —g2p)\ s—4m2
[A1 + cos O[—A3 + A3 cos 0 (4m} + s + Ay cos 6)]]
S(A3cos6 —s)2(s + Ay cosO) ’
where dQ' =dgsinfdo, Ay =s(32m}) —8mis—s?) and A; =
,/s(sf4m%), where the summation over final spins and average
over initial spins are taken into account.

After integrating Eq. (15) to obtain the total annihilation cross
section, we used the approximation for the square of the center-
of-momentum energy, s~ 4m,27 + m%vz, which is valid for non-
relativistic particles. The annihilation cross-section can then be ex-
pressed in the form (g | v |) = a + bv2, where the a and b are given
in Eq. (16). Note that relation between the velocity in the center-of-
momentum (Vems) and the relative velocity (v) is given by vems = v/2
[32]. We then find

(o451 3 a8y 2
2r(1-gpm? 8327 (1—gip)m?

Using this expression, we calculated relic density as a numerical so-
lution to the Boltzmann equation, discussed in [33,34]

(OamnV) =~ (16)

9 -1 X
QR ~ 1.04 x 10° GeV f 1 ’ (17)
My, /g*(Xf) a+3b/Xs
where X is given by
6b/X
Xr=In c(c+2)‘/ > 8y My (a + Bb/X;) , (18)
273,/g.(Xp)

and where g =2 for fermionic DM, the Planck max, M, = 1.22 x
10" GeV, c is a parameter of order unity considered here as 5/4 and
8«(Xy) is the number of relativistic degrees of freedom at freeze-out.
Given one neutral Dirac massive particle and one additional neutral
gauge boson and all the SM content, g.(Xf) ~ 113.25, Xy = m; /Ty and
Ty is the temperature at freeze-out. For relics with mass in the range
of electroweak scale, Xy is in the range 20-30.

Another parameterization for (ognnv), given in Refs. [19] and [20],
is often used to obtain the annihilation cross section for fermionic
dark matter. In the case where the mass of the mediator is neg-
ligible, since gy « 1, our Eq. (16) reduces to Eq. (6) in Ref. [20],
viz,, (0amv) = (1/2)7 (> /m3). . It follows from the identification of
these two equations that the value of the parameter that determines
the correct DM abundance, viz. o/, is actually independent of m;). Con-
sidering that the annihilation in the early universe is predominantly
s-wave, we can neglect the b term in Eq. (16) in the s-wave approxi-
mation and identify

o G
o ~ —2
4w /1 gk,

Figs. 2-5 give the results for < o4mnv > and 2h? as a function ofm
in the limit where M /m; — 0, taking the values for the model pa-
rameters as indicated in the figure captions. Fig. 6 shows the relation
between m; and g, which yields the correct DM abundance to within
30. The spread in the curves is determined by taking 2py = 0.1196
and a 3¢ spread with o = 0.0031.

(19)

7. Gamma-rays from 7 annihilation

We have pointed out that our particular secluded WIMP dark mat-
ter model has certain attractive theoretical features. Having further

1 The factor 1/2 in equation this equation comes from averaging over the U(1)
charges.



E.C.ES. Fortes et al./ Astroparticle Physics 74 (2016) 87-95 91

2.x107%° | 1

— 1.5x107%} 1
@

§ qxi0) 1
g

5.x107%7 1

O L L L L L \7

20 40 60 80 100

my(GeV)

Fig. 2. (0anV) in cm?/s as a function of m,, in the limit where Mz /m,, — 0, & ~ gy =
8 x 1079, g, = 0.088.
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Fig. 3. ©h? as a function of m, in the limit where Mz /m, — 0, & ~ gy = 8 x 109,
g, = 0.088. The horizontal lines denote the range of 2h? measured by Planck Collabo-
ration [35].
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shown that our proposed DM candidate can yield the proper cosmo-
logical relic density, we next consider the production of astrophysical
y-rays from 7 annihilation.

The y-ray flux summed over all possible annihilation channels
leading to y -ray production is given by

dobiM
r ol 5 Ei(Uz‘U)JL
dE, ~ dxm? dE, AQ Juo

where m;,, denotes the mass of the DM candidate and, (ov) denotes
the thermal averaged annihilation cross section. Since in our model
my > My, the dominant annihilation channel, as already mentioned,
will be n +7 — Z' +Z' This is then followed by Z' decay. Thus, in
our case, the resulting y-ray spectrum is then the sum of all Z' de-
cay channels weighted by their branching ratios and converted from

e /1 P2[r(s)lds,  (20)
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Fig. 5. ©Qh? as a function of m,, & ~gyp =10-°, g, = 1.12 x 10~', Mz = 3.5 GeV.
Again using Eq. (10). The horizontal lines denote the range of h? measured by Planck
Collaboration [35].
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Fig. 6. Relationship between the parameters g, and m, giving the correct DM relic
abundance within 3o.

hadrons and muons to y-rays. The integrals in Eq. (7) are integrals
over the line of sight to the target and averaged over the solid angle
of the region of interest, AS.

Various profiles of the radial distribution of dark matter in the
galaxy have been put forth, see e.g., [36]-[38]. We have used mi-
crOMEGAs package and adopted the profile given and discussed Refs.
in [37] and [38] to perform our calculations. We thus take a DM halo
density profile p(r) normalized to a value of ps at the solar galactic
radius of 0.3 GeV/cm?3. The function p(r)] is given by [37]

By
Ro\Y (12 +RE\ ™
,o(r):p@<?®> <C+O> (21)

¢ 4+ re

We take R, the solar galactic radius, to be 8.5 kpc. The other param-
eters in Eq. (21) are takentobea =1, 8 =3,y = 1.

We explore the production of WIMP annihilation y -rays obtained
with our secluded DM model by following the analysis given in Refs.
[10,11]. In Ref. [11] it is concluded that the observed y-ray spec-
trum is best fit by WIMPS with a mass ~20-50 GeV that annihilate
to quarks with a cross section < gV >= ©(10-26) cm3 s ~!. Mo-
tivated by that work, we consider here two specific cases for our se-
cluded WIMP models, viz., WIMPS with masses of 20 GeV and 32 GeV.
With the parameter choices for these models as given and discussed
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in Section 6, our results are compatible with the observed DM density
as parameterized by the value Qh? =~ 0.119, and also with the value
for (oannv) required to explain the proposed y-ray excess from DM
annihilation. We now proceed to demonstrate this more explicitly for
the two WIMP mass models that we consider.

Model 1: In this first example, we take m,, = 20 GeV, with the pa-
rameters as shown in the caption of Figs. 2 and 3 chosen to fit the DM
svalue for Qh? ~ 0.119 and the value for (ognnv) ~ 1.8 x 10726 cm3/s.
The lifetime of the light mediator, Z/, must be less than one second
in order to guarantee that the Z’ decays before the epoch of big bang
nucleosynthesis [22]. We have chosen My = 0.5 GeV, which implies
that My ~ 353 MeV. Given this My mass and all the couplings of
Z' with fermions (see Appendix), we then find the Z' decay width,
'y ~ 1.76 x 10719 GeV. The branching ratios for the Z' decay chan-
nels are found to be 33.9% into utl, 25.4% into e*e~, 24% in utu—,
8.48% into dd and 8.18% into ss.

In this case, the annihilation y -rays primarily result from the de-
cay of the Z into light quarks ui, dd, s5, which accounts for 50.6% of
the decay width. It is shown in Ref. [11] that the annihilations of DM
particles of mass between ~18 and ~26 GeV into light quarks may
significantly account for the ~2-3 GeV excess.

Choosing the set of parameters given by g,, = 0.088, m;, = 20 GeV,
My /my — 0, gyp = 8 x 1072, and taking into account the constraint
for tan 20, designated by t,, in Eq. (10), we obtain s, ~ —3.8 x 1072,
In this case, the spin independent cross section of 1 with the nuclei is
08 ~ 231 x 1074 cm? and o} ~ 5.42 x 10757 cm?. The value of ]
is of the same order of magnitude as that of the upper limits obtained
by the both the LUX (Large Underground Xenon) experiment and the
XENON100 experiment for the WIMP mass range that we consider
here [6]. In our calculations, we obtained our parameters using mi-
cromegas package [39,40]. We note that o} and as’; are dependent on
gyp parameter, which in practice connects the dark and visible sectors
of the model (cf., Model 2 below)

Model 2: In this model, we take m; =32 GeV. We choose the
interaction strength g, = 1.12 x 10~!, we take gyp = 1 x 1076, and
taking into account the constraint for tp, in Eq. (10), we obtain
Se =~ —4.7 x 1077 Then we increase the mass of the Z' mediator to
3.5 GeV. The dominant interaction channel is still n +7 — Z' +Z'.
In this case, we find (o) ~ 1.88 x 10726 cm3 s ~! and we fit the
DM Qh? =~ 0.119 from the results shown in Figs. 4 and 5. Our val-
ues for the spin independent cross sections of 1 with the nuclei are
08 ~6.04 x 1076 and ol ~1.42 x 1072 cm?. For My = 3.5 GeV,
the additional cc decay channel opens up, being now kinematically
allowed. The Z' decay width, Iy, will therefore be larger than that
for Model 1, in this case 'y, =~ 3.74 x 10~'# GeV. The branching ratios
for the Z' decay are found to be: 25% in uu, 24.9% in cc, 18.8% into
ete~, 18.8% into utu—, 6.28% into dd, 6.28% into ss. Thus, in addi-
tion to the other channels of Model 1, the cc now also significantly
contributes to 7% — ¥y production. For a large, cc decay channel it
is shown in Ref. [11] that the annihilations of DM particles of mass
between ~28 GeV and ~36 GeV into c¢ channels may significantly
account for the ~2-3 GeV excess.

_ The expression for Z' decay width into fermion-antifermion pairs,

ff, is given by

Ng> 1 1 . .
Ty 5= Z o T M§/1/MZ, —4m?
1
< [(f)? (Mg, — 4m?) + (fy)* (M3, +2m7)], (22)

where the sum runs over quarks and leptons species kinematically
allowed. N, is the color number, m; denotes the mass of the fermion
and ffi\.V denotes axial/vectorial couplings of Z' to fermions. Therefore,
in the model considered here, the Z/ will decay more into up-type
quarks than down-type quarks. Even if we increase M, so that M >
2my, the bb channel will still not dominate. We could open this chan-
nel kinematically, but this would require a larger mass for n in order
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Fig. 7. Predictions of the excess y-ray flux from WIMP annihilation for our two mod-
els as described in the text (green: Model 1, orange: Model 2). The upper limits of the
energy spectrum are determined by the WIMP masses since annihilation occurs near
rest. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).

to keep the primary annihilation channel as to be n + 79 — Z' + 7' in
the mass range m;; > M.

If, for example, we take the same set of parameters for Model 2,
only increasing M, ~ 9.28 GeV, so that Z/ — bb is now opened, than
the branching ratios of Z’ would be 20.1% in uu, 20.1% in cc, 15% into
ete~, 15% into w*p—, 14.9%in v+t ~, 5.15% into dd, 5.15% into s5 and
only 4.57% into bb. One of the main phenemological differences be-
tween this model and the other ones presented in the literature is
that, as can be seen in this example, Z — bb will not the most prob-
able decay channel. The detailed expression for f}w can be found in
the Appendix.

Considering the values for g, chosen for model 2, for instance, if
My > 2my, the Z' decays 100% into 17). However, smaller values for
gy can suppress this decay and change this ratio. The expression for
Z' — n7 is given by

11 g \/272 2 2
FZQW_EIVT%W M2, — 4m2(MZ, + 2m?2). (23)

Fig. 7 shows the y-ray flux as a function of the energy of the pho-
ton for the specific models that we considered. As with most previous
work, we neglect a possible secondary contribution from Compton
scattering of the electrons and positrons produced in the annihila-
tions, although it has been suggested that this process may contribute
to the y-ray excess [41].

8. Conclusions

We have proposed a model in which a Proca-Wentzel (PW)
field consisting of ~MeV-multi-GeV mass particles are mediators
of secluded fermionic DM interactions. From the low-energy phe-
nomenology it is known that electroweak precision data such as the
mass of W boson, the decay width of Z boson, and some asymme-
tries, can constrain such a model. For our secluded DM model, the
constraints on £/,/|1 — M?/MZ|, where & = gyp/\/1 — g, are well
satisfied. Indeed, they are much smaller than ©(10-2) [23]. Also, the
mediator of DM interactions will not induce flavor-changing neutral
current processes.

One important difference between our model and other ones pre-
sented in the literature is the absence of an extra singlet scalar. Thus,
there is no equivalent to a “Higgs scalar” in the PW Lagrangian.
This distinguishing characteristic may become important if no h —
invisible width is observed at LHC; such an result could be a clear sig-
nature of the model.

The model that we have explored has characteristics in common
with the model presented in [19]. Our results agree with theirs in the
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limit M, /m; — 0. As those authors point out, there are interesting
and testable signatures for secluded DM models. We now summarize
various empirical implications of our secluded DM model, based on
the results of our calculations.

8.1. Indirect tests: gamma-ray excess

We have here explored one of the testable signatures of our se-
cluded WIMP models in quantitative detail. We have considered the
y-rays that would be produced as a result of cosmic annihilations
of secluded WIMPs of mass of ~20 and ~32 GeV. In particular, we
have shown that the secluded DM model proposed here can poten-
tially explain both the flux and spectrum of an apparent 2-3 GeV en-
ergy y-ray excess in the galactic center region, this being an excess
over that expected by taking account of other galactic y -ray produc-
tion processes. Such an excess has been inferred from an analysis of
Fermi-LAT Gamma-ray Space Telescope data [10]. Our results are also
consistent with a putative weak ~ (2-3)o y -ray signal claimed for the
dwarf galaxy Reticulum 2 [42] and with the conservative constraints
derived from Fermi Gamma-Ray Space Telescope observations in Refs.
[43].

Unfortunately, owing to the uncertainties in the empirical deriva-
tion of a y-ray excess, it is difficult to distinguish between the y-ray
spectra obtained for our WIMP models and those that generally fol-
low the analysis of Ref. [11]. However, we note that most other DM
interpretations of the galactic center excess stress the bb channel,
whereas in our Model 1 light quarks and leptons dominate in produc-
ing the DM annihilation y-rays while in our Model 2 the cc channels
dominate over the bb channel. This is a predicted phenomenological
difference between our model and other models. At present, owing to
the observational uncertainties in determining the DM “signal” over
the other processes contributing to the y-ray “background” in the
direction of the galactic center, a definitive test of this difference is
difficult.

We note that the DM interpretation of the “excess y-rays from
the galactic center region is subject to some caveats. We again note
that there are other interpretations of either all or part of this excess
[13]. Also, using a new calibration called Pass-8, the Fermi collabora-
tion has very recently argued for upper limits on the cross section for
the production of y-rays from DM in dwarf galaxies that is in ten-
sion with the DM interpretation of the galactic center excess [44].
However, this involves modeling of the distribution of the square of
the density of annihilating particles along the line-of-sight in these
galaxies [45], now referred to as the “J-factor” [46]. These models, in
turn, rely on velocity dispersion measurements [47] that do not dis-
tinguish between the gravitational effects of DM and faint stars.

8.2. Indirect tests: cosmic ray antiprotons

The AMS-02 experiment has obtained detailed data on the cosmic
ray antiproton spectrum in the vicinity of the Earth [48]. The impli-
cations of these results for DM annihilation models involve various
uncertainties such as those of galactic cosmic-ray propagation, cross
sections for interstellar p production by cosmic rays, and solar mod-
ulation. The authors of Ref. [49] have concluded that these data pro-
vide no unambiguous evidence for a significant excess above that ex-
pected from cosmic ray interactions with interstellar gas. Should p
production by DM annihilation be absent, we wish to point out that
this would favor our Model 1 with a value of M, below the kinematic
threshold for p production from Z' decay. On the other hand, p pro-
duction is kinematically allowed in our Model 2. Thus, should future
observations definitively rule out an observable p component from
DM annihilation, this would support a secluded WIMP model for ex-
plaining the galactic center y-ray excess.

8.3. Direct tests

For both of the secluded WIMP model parameters that we con-
sider here, our calculated values for the cross sections for WIMP-
proton scattering are consistent with the present experimental up-
per limits obtained by the XENON100 and LUX experiments [6]. The
WIMP-neutron cross sections are suppressed. It is anticipated that
by 2020 liquid xenon detectors will have the capability to measure
spin independent cross sections as low as ©(10~48) cm? [50]. Should
future laboratory results yield a very small constraint on the WIMP
elastic scattering cross section, the DM annihilation hypothesis for
explaining the y-ray excess from the galactic center region would
then favor a secluded WIMP model for the dark matter.
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Appendix A. Interactions and vertices of the model

Couplings of Z and Z’ to SM fermions:
siy (1 = Eto/sw)Q
(1 -swétoa) |

sz, (ta + E/w)Q}
(to +sw&)

Cw

vz Ecq —5w5ta)[TE -

R YA —%ca (to + sw&) [Tf - (A1)

Triple gauge bosons couplings: comparing to the SM couplings de-
noted by R, they will be:

Raw+w- =1,
Rzw+w- = Ca,

Rzw+w- = —Sq. (A.2)

Higgs couplings:

h

m2
hZZ = 2i—Z(cy — ESwsa)?.
Vh
m2
hz'7' - 2iv—z(sa + Eswea)?
h
m2
hzz' - 2i72[(ca — Sw&Se) (Sa + Swca)].
h
Coupling of Dirac Fermion and Z and Z’ gauge bosons:

1 Sas (A4)

ny*nz . igy———==>s«
V1-8p

I 1

ny*nz :igy—=——==
v1-8

The interactions of Z' in Eq. (A.1) are written in a simplified form.
In fact, in order to calculate the Z’ decay width we have used cou-
plings in the form of

Ca- (A.5)
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Lve = 5o " (8~ v*) it

+Y iy (fy = Ly iz, (A.6)
where gf/, g'A denote respectively the vectorial and vector-axial cou-
pling of Z boson with fermions and f%, f}% denote these couplings but
now for Z' gauge boson. The expressions which relate vectorial and
vector axial couplings to left and right-handed couplings are given in
Eq. Appendix A

g = 508 g, (A7)
g = 5 (e +20. (A8)
fi= Ui 10, (A9)
fi= 3Gt 1. (A10)

The detailed left and right-handed couplings of Z’ to fermions are
given below.

[ = Calta + Esw)| 1Y ((217?;%) m,} (A11)
= cul + 5w)| ~ LS m,} (A12)
f =l + g5 15 - GBI md} (A13)
i = calta +€5w): % sy Qd} (A14)
ff=calta +&sw)| T3 — % 5.,@;} (A15)
8 = co(te + Esw) % \ZNQe] (A16)
f = calte +Esw)Ty, (A17)
fr=o, (A18)

where Q; denotes the charge of fermion, Ty = —1/2, T, = 1/2.
For completeness we write here the right and left-handed cou-
plings of Z to fermions.

g =lc(l —Swfas)]-Tgv % m] (A19)
g = [ea (1 —sutof))| - ) m] (A20)
gl =lca(1 = swtaf)] :Tf - % m] (A21)
gk = [ca(1 = swte§)] _ ﬁjtﬁg m] (A22)
& = [ca(1 = Swtaf)] :T; ot m] (A23)

g = lea(l —swtasn[—m m], (A24)
g = (ca(1 —swtaé)) Ty, (A.25)
g =0. (A26)
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