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We consider a simple renormalizable dark matter model consisting of two real scalars with a mass
splitting &, interacting with the SM particles through the Higgs portal. We find a viable parameter space
respecting all the bounds imposed by invisible Higgs decay experiments at the LHC, the direct detection
experiments by XENON100 and LUX, and the dark matter relic abundance provided by WMAP and
Planck. Despite the singlet scalar dark matter model that is fragile against the future direct detection
experiments, the scalar split model introduced here survives such forthcoming bounds. We emphasize the
role of the coannihilation processes and the mixing effects in this feature. For mpy; ~ 63 GeV in this model
we can explain as well the observed gamma-ray excess in the analyses of the Fermi-LAT data at Galactic
latitudes 2° < |b| < 20° and Galactic longitudes |/| < 20°.
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I. INTRODUCTION

Although there is no doubt about the existence of dark
matter (DM), which forms about 26 percent of the matter
content of the Universe [1,2] (see, e.g., reviews [3.4]),
its fundamental interaction with ordinary matter of the
Standard Model (SM) of particle physics is a tremendous
mystery in physics today. There is however, a natural
explanation for the present value of DM relic density in
terms of the thermal freeze-out mechanism of weakly
interacting massive particles (WIMPs). Exploiting the
WIMP paradigm, a large number of theories beyond the
SM have been developed with a WIMP as a DM candidate.
We name for instance supersymmetric models with R-
parity; models with universal extra dimensions; and models
with minimal extension of the SM, which are our interest in
this article [5-12].

All these models can receive stringent constraints on the
DM annihilation cross section from Planck [1] and WMAP
[2], precise measurements of the DM relic density, and on
the WIMP-nucleon scattering cross section from dark
matter experiments such as LUX [13] and XENON100
[14]. Moreover, in the case of DM production in particle
collider experiments, there are measurements such as
invisible Higgs decay and missing energy-momentum that
can put further restrictions on the model parameter space
[15-18].

The new bounds by the coming direct detection experi-
ments such as XENONIT, which is going to start data
collection already this autumn, will certainly exclude many
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of the current WIMPs models. The popular singlet scalar
dark matter model as the most minimal extension of the SM
has been investigated elaborately from different points of
view in the literature (see, for instance, [5,6,19,20]).
Although this model is fairly successful in various aspects,
it is quite in danger to be excluded for a wide range of DM
mass due to the direct detection experiments that will put
stringent bounds in the near future [21]. If the direct
detection experiments are taken seriously and one is still
interested in the scalar extension of the SM, the next
minimal model that comes to mind is the two real scalar
extension dubbed here under the name of scalar split
WIMPs. We show in this paper that the scalar split model is
as good as the singlet scalar model with drastically
improved features in the direct detection part.

On the other hand, in the light of the recent confirmed
observation of the Fermi-LAT extended gamma-ray excess,
many investigations have been directed towards a possible
explanation of the gamma excess. Assuming that the
Galactic gamma excess is produced as a result of DM
annihilation in the Galactic Center, it is then found in a
number of models that a DM annihilation cross section
of order ~1072° cm?s~!, with DM mass in the range
30-50 GeV, can explain the excess; see as examples
[22-49], and see [50-54] for scenarios with lighter DM.
Later it was found in [55-57] that a DM mass of
~35-165 GeV decaying into a b quark pair and a DM
mass large enough to decay into WTW~, ZZ, hh, and 7t
pairs can be fitted satisfactorily to the Fermi-LAT data.

In this paper we consider a minimal extension of the SM
with two additional real scalars denoted by S| and S,,
which are SM gauge singlets and interact with the SM
particles via a Higgs portal respecting the Z, symmetry
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under which the new scalars are odd and all the SM
particles are even. This model suggests two scalar WIMPs
with a mass splitting 6, where only the lighter component is
stable and the heavier one is an unstable state [8]. The
viable parameter space constrained by the limits from the
observed DM relic abundance, direct detection bounds, and
invisible Higgs decay width is studied in this work. We also
show that it is possible to find regions in the viable
parameter space which can explain the Galactic gamma-
ray excess observed by Fermi-LAT.

The rest of the paper has the following structure. In
Sec. II the scalar split model is introduced and the relevant
free parameters are discussed. In Sec. III we discuss how to
calculate the relic density using the DM annihilation cross
sections. Section IV is devoted to calculations on the Higgs
decay to two WIMPs and invisible Higgs decay width is
provided in terms of the mass range of the DM candidate.
Moreover, the viable parameter space constrained by the
DM relic density observation, as well as the invisible Higgs
decay width, is studied. The elastic scattering cross section
of a DM-nucleon is computed as a function of DM mass
in Sec. V, taking into account the limits from relic density
observation and direct detection experiments. In Sec. VI we
find how it is possible to explain the inner Galactic gamma-
ray excess within the constrained model parameters. We
finish in Sec. VII with the conclusion.

II. SCALAR SPLIT WIMPS

We consider a renormalizable extension to the SM with
two new real scalar fields denoted by S| and S,. These new
fields may have small mass splitting and transform under
Z, symmetry as S; — —S;. The full Lagrangian consists of

L= Lsy+ Lom + Lin- (1)

The Lagrangian Lpy; incorporates only the WIMPs as

1 1 m? m%
Lpm = 3 (8,81)* + 2 (9,8,)* — 715% - 75%
A y)
—23531 —fS‘z‘. (2)

We could in principle have the interaction term A,S7S3 in
the Lagrangian (2). We will turn to this point later in this
section.

In addition, while respecting the Z, symmetry, we
consider WIMP interactions with SM particles through a
Higgs portal such that

Lini(S1, 2, H) = W STH'H + ,85H'H 4 4128, S,H'H.
(3)

The SM-Higgs potential is also given by
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Vi = 4, H'H + 2y (HH)2. 4)

The Higgs field is a SM SU(2), scalar doublet which
develops a nonzero vacuum expectation value (VEV),
which results in the electroweak spontaneous symmetry
breaking. We then parametrize H as

B0

where v = 246 GeV.
We can choose a basis in which (S;) = (S,) = 0. The
minimization conditions of the total potential are

v
OH

_ov
(H)=vva O

_ov
(sp=0 95

=0. (6)
(S,)=0

These conditions provide us with some relations between
the parameters. We work them out and identify the entries
of the mass matrix. From condition g—l‘; y = 0 we get the

relation

pip = A0’ (7)

From the other two minimization conditions we get no
more relations. We also get the following results for the
entries of the mass matrix:

o’V o’V
m%l = _85% = m% + ,{11)2’ m%z = —aS% = m% =+ /12112,
(8)
and
0% 1
2 _ 2
mg s, = 98,08, 5/11211 . )

We then indicate the two fields H; and H, as the mass
eigenstates by introducing the mass mixing angle 6,

H| =sin6S| 4 cos S,,

H, = cos S, —sin68S,, (10)
where
2m>
y . S S')
anf=—2>— with y=-—2__ (11)
14++/1+)? mg, — mg,

The two neutral scalars H, and H, have the corresponding
mass eigenvalues as

2 2 2 _ 2
2 ms, + ms, 4+ ms, — Mg,

_ 2
my g, = > 5 1+ys. (12)
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We assume that my, > my, and therefore H, is the stable
DM candidate. It is then possible to obtain relations for m,
and m, in terms of physical masses and couplings

= my; sin*0 4 my; cos*0 — 1,07,
= mj; cos*0 + mj; sin*6 — L v”. (13)
Moreover, from Egs. (9), (11), and (12) we can express the
coupling 4, in terms of the masses my and my, and the
mixing angle 6,

2

Aa = —5 (mf;, —mj;) sin 26). (14)
v

We now turn to the point we made after Eq. (2). If we
rewrite the Lagrangian (2) in the basis of mass eigenstates
H, and H,, then it includes a term for interacting DM
with its parter as 6sin’6cos®0(A; + A4)H7H3. Taking
my, > mpy, it means that the coannihilation process
H,H, — H|H, kinematically is not allowed. Adding the
248253 term does not introduce any new interactions in the
Lagrangian after going to the mass eigenstate basis,
although it modifies the strengths by the new coupling
A For instance, the term above changes as
(6sin0cos’0(As + A4 — 122,) + 64, )H7H3, which again
does not contribute in the relic density computation.
Therefore, the term S$753 merely enlarges the dimension
of the parameter space by 1. To stay in the most minimal
scenario possible we assume that A; = 0 in this paper.

We therefore can take in the present model seven
independent parameters as my , my,, A1, 4, 43, 44, and
6, while the coupling 4, is then fixed by the relations in
Egs. (11) and (14). The vacuum stability of the total
potential restricts the model parameters. In this regard,
we find at tree level the bounds

m} +m3 + (A + ) v* > 0,

mim3 + (miA; + m32)v? + 4 vt > A0t (15)

In addition, the perturbativity of the model requires the
upper bounds on the couplings, |4;| < 4x.

When the small mass splitting is the case then the heavy
component WIMP can decay into an off-shell Higgs and
the light partner as H; — H,h, where h itself decays
successively into a fermion pair as h — ff. The
Feynman diagram for the decay is shown in Fig. 1.

It is necessary to have an estimate on the lifetime of
the heavy component over the restricted parameter space
to know whether or not it has any contribution on the
DM relic abundance. We provide here the formula of
the double differential partial decay width for

H, (k) = Hy(p3)f(p1)f(p2)s
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FIG. 1. Three-body decay of the scalar H, into the scalar DM
and a fermion pair.

T 3m3[(A) = Ap) sin 20 + 4y cos 20)
drdu 1287 m3;

N t+m%—m%{2—4mj2,
(t=mp)* +Tomj, |’

(16)

where the Mandelstam variables are ¢ = (p; + p,)* and
u=(py+ps)*

ITII. DARK MATTER RELIC ABUNDANCE

Assuming that DM particles have been in thermal
equilibrium in the early Universe, the present density of
DM depends somehow on the so-called freeze-out temper-
ature, Ty, the epoch in which dark particles become
nonrelativistic and go out of the equilibrium. At freeze-
out temperature the annihilation rate of DM falls off
below the Hubble expansion rate. On the other side, due
to the low budget of the kinetic energy, the DM production
reactions get suppressed. The relic density of DM is
computed by solving the Boltzmann equation(s) for the
time evolution of DM number density, npy. In the model
under consideration, there are two new scalars beside the
SM particles whose number density evolutions are relevant
in order to obtain the DM relic abundance. We assume that
H, is the lighter component and thus is stable. We therefore
consider H, as our DM candidate with mass my, that
mpy, > mpy,. So the heavier scalar H; can undergo the
decay H; — H, + SM.

Annihilation reactions are one type of process that
changes the number density (n; and n,) of our species
here. The possible annihilations of H; and H, to SM
particles are depicted in Fig. 2. As is evident from the
Feynman diagrams, annihilation reactions into SM fermion
pairs, WTW~ and ZZ, occur via the s-channel while
annihilation into a SM-Higgs pair is possible through
the s-, t- and u-channels. An annihilation process in which
a DM particle annihilates together with H| is the so-called
coannihilation reaction. Another type of reaction that
changes the number density is the decay process of the
heavier component, i.e., H;. In principle, the abundance of
H, and H, is determined by solving two coupled
Boltzmann equations. The two Boltzmann equations can
be written in a single Boltzmann equation with an effective
(co)annihilation cross section [58-60],
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FIG. 2. The Feynman diagrams for the DM (co)annihilation
into SM final states. Diagrams with more than two particles in the
final state are not shown.

d
7’: = =3Hn — (0.40) (n* — ngy), (17)

where n = ny, + ny, and

1 8 \* asr
Ocff = onton(l+ e~/
Yeff my,

B 3/2
—|—2612<1 +—> e—é/T>, (18)

mHZ

where 0,,, 611, and o, stand for (co)annihilation processes
H,H, - SMSM, H,H, — SMSM, and H,H, — SMSM,
respectively, with ger = 1+ (1 + m%z)y 2e=0/T,

The expression (o.;v) indicates the thermal average
over effective annihilation cross section X relative
velocity at temperature 7. In the Appendix we present
the formulas for annihilation cross sections of the dark
matter candidate in four possible channels. To confirm our
analytical formula we employ the program CalcHEP [61],
which in turn requires implementation of our model into
the program LanHEP [62]. To perform the analysis for the
DM relic abundance we need to solve numerically the
Boltzmann equation. To this end, we utilize the program
MicrOMEGASs [63] for our model.

As explained earlier we have two choices for a set of
independent parameters we would like to place the con-
straints on. Notice that the couplings 13 and 4, do not show
up in DM annihilation cross sections at the tree level;
however these couplings appear through the strength of the
vertex H7H3. We fix the two couplings as A3 = 44, = 0.
Therefore, one possibility is choosing the set of parameters
{my1,my,, 21,22, 212} and the other option is the set
{mpy,,my,, A, A, 0}. In our analysis we choose the second
set and apply the relation in Eq. (14) to obtain the coupling
A12 by fixing the mixing angle 6.

Let us define the mass splitting as 6= Am, =my, —my,.
Taking into account the coannihilation processes, we check
numerically the dependency of the relic density on the mass
splitting 6. For a point in the parameter space with
A1 =056, 4, =0.33, and sind = 0.1, the results are
compared in Fig. 3 for 6 = 1 GeV, 4 GeV, 40 GeV, and
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WMAP / Planck
8=1

mpy [GeV]

FIG. 3. The dependency of the relic density on the mass
splitting § for a wide range of DM mass.

100 GeV. Since the coannihilation effects are larger for
smaller value of 9, for the present model, it is evident from
Fig. 3 that the relic density is reduced by the coannihilation
effects.

IV. INVISIBLE HIGGS DECAY

The DM candidate in the scalar split model interacts with
the SM particles via a SM-Higgs mediator. It also opens up
the possibility for the 125 GeV Higgs to decay into the new
scalars. Constraints on the model parameters are placed by
requiring the invisible Higgs decay to be consistent with the
Large Hadron Collider (LHC) measurements. The total
decay width of a 125 GeV Higgs decaying into SM
particles is ~4.1 MeV [64], which gets enhanced by three
invisible decay widths of the SM-Higgs, h — H|H|,
h — H{H,, and h - H,H,. Given an experimental upper
limit for the invisible branching ratio for the Higgs boson as
v/ (e +Ty) ~0.35 [18] we put a bound on the total
invisible decay width as I < 2.15 MeV. On the other
hand, the total invisible decay width in this model is
saturated by three possible decays of the Higgs:

v2(A15in%0 + 1,c08%6 + 41, sin O cos §)?
8n'mh

4m3 \ 1/2
x<1— f‘) , (19)

my

Il (h— H\H,) =

mv

v?(A,008°0 + A,8in%0 — 1, sinfcos 0)?
Sﬂmh

4m2, \ 1/2
X (1— mf’) , (20)

my,

F22 (h - H2H2) —

mv

and
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FIG. 4. Shown are the allowed DM mass in the viable parameter space respecting the relic density and invisible Higgs decay width

constraints for § = 1 GeV (left) and 6 = 100 GeV (right).

v2[(A = Ay) sin 20 + A, cos 26)?

1"}2 (h - H1H2) =

mv 8zm;
x [mj, = (my, + mj;, )*]'/?
x [mj, = (my;, —mi )?]V2. (21)

The invisible Higgs decay width depends on DM mass my,
and 0 as the following:

my, o my
roal — 122 when S Ty <M <5
m my 6
D! = TR+ T3, when =5t =5 < my, <57,
2 2 2
m
Mo =I5, + Tl + T, when my, < —2—6. (22)

Let us now begin with our probe over the parameter
space of the model. To proceed we put together the
constraints imposed on the parameter space from relic
density analysis and the invisible Higgs decay width. This
has been done for two values of the mass splitting
0=1GeV and 6 = 100 GeV in order to investigate the
role of this parameter on the viable space and confronting
that with the singlet scalar dark matter case.

We have generated random values for a DM mass
with 40 GeV < mp, <m;/2, =1 <1; <1, and taking
Ay = 41/5 and sin@ = 0.1. Using the combined results
from WMAP and Planck for the present DM relic density,
the results exhibited in Fig. 4 show the viable parameter
space for different values of the mass splitting parameter o.
The region colored in blue is excluded by the invisible
Higgs decay width. Some comments are in order for Fig. 4.

First, for a DM mass below m,, /2, the only potentially
allowed process is DM annihilation into fermions mediated
via SM-Higgs; thus one expects enhancement on the cross
section near the SM-Higgs mass resonance. It is evident
from Fig. 4 that the resonance occurs around DM mass

my, ~my /2~ 62 GeV, where the coupling 4, (as well as
the annihilation cross section) takes its smallest value,
while 4, grows up for DM masses smaller or greater than
the resonance mass 62 GeV. Moreover, it is seen that for
both mass splittings 6 = 1 GeV and 6 = 100 GeV all DM
masses smaller than my, ~ 56 GeV are excluded. Finally,
the range of the allowed DM mass in the scalar split model
is almost the same as that of the single scalar dark matter
model where mpy <55 GeV is excluded by the LHC
bounds on the invisible Higgs decay width [21].

V. DIRECT DETECTION

Direct detection experiments are designed to study the
unknown nature of DM interaction with ordinary matter. In
these experiments the attempt is to measure the enticing
event rate for the DM scattering off the target nuclei in the
detector. Although the present results from DM experiments
such as LUX [13] and XENON100 [14] show no evidence
for DM interactions, they offer an impressive upper bound
on the spin-independent DM-nucleon elastic scattering cross
section. We will apply these findings in the following to
constrain further the parameter space of our model which is
already restricted by the limits from WMAP and Planck. To
this end, we need to calculate the elastic scattering of the
WIMP-nucleon. In the present particular model the inter-
action of DM with the nucleon occurs through a fundamental
interaction of DM with quarks, which is mediated by the
SM-Higgs, and the relevant Feynman diagram is depicted in
Fig. 5. The effective Lagrangian responsible for the DM-
quark interaction is

Ly = a,HyHyqq, (23)
where the coupling «, is given by
m
a, = — (4108?04 1,sin*6 — Ay sinfcos 6).  (24)

my
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FIG. 5. The relevant Feynman diagram for the WIMP-nucleon
elastic scattering.

To find the elastic scattering cross section we can invoke the
assumption that in the limit of vanishing momentum transfer,
it is possible to replace the nucleonic matrix element
including the quark current with that containing a nucleon
current up to some proportionality factor [65-68]; see also
[69]. We arrive at the final result for the spin-independent
(SI) cross section of the DM-nucleon as

2,2
aym

oy = 25N (25)
JTWLDM

where py is the reduced mass of the DM-nucleon system and
the factor ay depends on the scalar couplings £, ,and f y 4 @s

>
m

g=c,b,t 4

a 2
ay = My fl}] L+ 1}] (26)
‘I:Zu:,d.s ! mg 2777

In our numerical calculations we use the following values for
the scalar couplings:

i =0.0153, r=0.0191, P =0.0447. (27)

T T
10° F 3=1GeV

Sl cross section: 6P [pb]

1013 " L -1

my, [GeV]
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We compute the elastic scattering cross section for about
10 points in the parameter space by random generation of
the relevant parameters with —1 < 4, <1, -1 < 1, < 1,
40 GeV < mpy < 3 TeV, and sin@ = 0.1. We report on
our numerical results for the elastic scattering cross section
of the DM-proton in Figs. 6 and 7, considering four
different mass splittings in the model, namely, 6 = 1, 10,
40, 100 GeV. We have exploited the viable parameter space,
fulfilling already the relic density bound, to obtain numeri-
cally the elastic scattering cross sections for a wide range
of DM masses. These results have been plotted against the
experimental bounds provided by LUX and XENON100
and the estimated bound for the future XENONIT.

In all plots it can be seen easily that the cross section falls
off suddenly at the Higgs mass resonance region as pointed
out before in Sec. IV. It is for the resonance mass, i.e.,
around 62 GeV and for mpy; 2 4 TeV that the singlet scalar
model [21] can evade the future direct detection bounds.
The success for the scalar split model is that it can not only
evade the LUX and the XENON100 constraints but there
are many DM candidates for which the values of the elastic
scattering cross sections go even further below the future
direct detection experiments such as XENONI1T for quite a
wide range of DM masses. This feature is true for all mass
splittings 6. However, the viable parameter space is slightly
sensitive to the mass splitting, as seen in Figs. 6 and 7.
When 6 is small, i.e., when the DM scalar and its partner in
the model have more or less the same mass, the viable DM
mass can be in the range ~50-200 GeV for 6 = 1 GeV if
we consider the constraints imposed by XENONI1T. When
the mass splitting o increases, the viable DM mass is
limited to values in the range ~125-200 GeV. It seems
therefore that for small enough 6 the parameter space is
greater than that with much bigger 6. Looking at Fig. 3,
note that for the viable space, i.e., for mpy ~125-200 GeV,

T T
10° F 8=10 GeV

S,
b &

o

S,
5

Sl cross section: o [pb]

e

1012 F

1013 " . q

My, [GeV]

FIG. 6. The spin-independent DM-nucleon elastic scattering cross section as a function of the DM mass compared with the latest
results from LUX and XENON100 experiments and the future experiment XENON1T. In the left panel the mass splitting is 6 = 1 GeV
and in the right panel it is 6 = 10 GeV. The vertical color spectrum indicates the size of 1,. We have chosen for the couplings

-1l<i<land -1 <4, <1.
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T T
108 F 8 =40 GeV

Sl cross section: 6 [pb]

10'12 L

13
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1

r r
10° F =100 GeV

Sl cross section: 6 [pb]

10712 F

1013 n - L -1

my,, [GeV]

FIG. 7. The same as in Fig. 6 with the left panel for the mass splitting 6 = 40 GeV and the right panel for § = 100 GeV.

the relic density does not change considerably going from
6 =1 GeV to 6§ = 100 GeV. On the other hand, the value
of the splitting mass § can make a big change in the relic
density for mpy < 60 GeV and mpy 2 400 GeV.

We claim that the improvement in the spin-independent
DM-nucleon scattering cross section for the present scalar
split model of DM stems from two distinct effects. One is
the contribution of the coannihilation processes and the
other one is what we call the mixing effect. These two
effects do not exist in the singlet scalar DM model. To
clarify this statement, we repeat the computation for the
DM-nucleon scattering cross section for sinf = 0 where
the contribution from the coannihilation processes in the
relic density and the mixing effect are both absent. The
results for og; that respect the relic density bound are
plotted in Fig. 8. This figure actually accounts for the
similar results presented in [21] for the singlet scalar DM
model. It is evident from Fig. 8§ that the feature in Figs. 6
and 7 disappears in the case sin@ = 0. There is a simple

10°F
'h.
107F '\‘=
@ | 2 05
p— ' "~ ‘/\ENON\ ‘‘‘‘
: : T
) N o
1 LT o
-- S
-(,, B L |
) IR ‘;:- | |
10 T SE—
...... o
—— T
........... :
1 e s
B
..................... -0.5
b
1072 . | |
8 ’ 10°
H, [GeV]
FIG. 8. The elastic scatterit 12 Cross section with sin @ = O for the

parameter space bounded by the present Universe DM relic
density.

explanation why the new feature is not possible in the single
scalar model. The reason hinges on the fact that in this case,
both the annihilation cross section and the DM-nucleon
scattering cross section are proportional to one common
parameter, 4;, as can be seen from the formulas provided in
the Appendix. So it is not possible to get simultaneously a
quite small value for the DM-nucleon scattering cross
section and a large enough annihilation cross section suitable
for predicting the observed relic density.

The question we would like to address here is why the
new feature for large o starts appearing in the region with
mpm = 125 GeV when 6 # 0. We know that for mpy <
125 GeV, only the processes H,H, — ff, WW~, ZZ
contribute to the total annihilation cross section. Looking at
the relevant formulas given in the Appendix, we find
out that both the annihilation cross section and DM-
nucleon scattering cross section are proportional to one
common parameter, 3, where f = A, cos®@ + 1, sin> f—
A1z sin@cos 6. Therefore, we can apply the same line of
reasoning as we did in the singlet model to understand why
in the region with mpy < 125 GeV we see the same
prediction as the one in the singlet model. Of course, for
small mass splitting, i.e., d = 1 GeV, the coannihilation
effects are sizable such that for mpy; < 125 GeV, the spilt
scalar model and singlet model show different predictions
for the DM-nucleon scattering cross section. Now, when
mpy gets values larger than 125 GeV, the process H,H, —
hh starts dominating the total annihilation cross section.
Here we expect the mixing effects to show up. In this
region it is totally possible to find quite small values for
and hence a small DM-nucleon scattering cross section.
At the same time having large values for a results in
a large enough annihilation cross section, where
a= (] —A)sin20 + A;,cos20. To see this point, we
need to look at Eq. (A3) in the Appendix. We see that
even when £ is small, the annihilation cross section can be
large enough since « is not necessarily small and terms
involving @ will dominate the annihilation cross section.
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FIG. 10. The same as in Fig. 7 with =5 < 1; <5 and -5 < 4, < 5.

We have justified this latter claim in our numerical
computations. When the DM mass is larger than
~188 GeV such that the process H,H, — hhh becomes
kinematically possible, the aforementioned mixing effects
discussed above are plausible; however, their strength
would depend on the size of the couplings 4, 4,, and &.
Heavier DM with mass mpy 2 250 GeV will open the new
channel H,H, — hhhh and we can see its small effects in
Figs. 6 and 7.

We redo our computations with couplings in the range
-5 <A <5and -5 < 4, <5 foré =1, 10,40, 100 GeV.
Our results given in Fig. 9 for 6 = 1, 10 GeV indicate that for
larger values of the couplings 4; and 4,, DM candidates
which can evade XENONIT constraints are extended to
masses up to ~1000 GeV. The DM candidates are extended
to masses up to ~500 GeV in the case that § = 40, 100 GeV,
as depicted in Fig. 10. Comparing our results in Figs. 9 and
10 with those in Figs. 6 and 7, we realize that the effects
associated with the processes HyH, — hhh and H,H, —
hhhh become sizable for [4;] = 1 and [4,] = 1.

For the current model, the inelastic WIMP-nucleon
interaction begins contributing for 6 ~ KeV which is far

smaller than the limits we have considered in this work,
ie., 6 ~GeV.

VI. GAMMA-RAY EMISSION FROM
DM ANNIHILATION

The analysis of Fermi Large Area Telescope (Fermi-
LAT) data [70] (see [71] for the recent report) triggered
by the authors in [72,73] and continued by several groups
[55,56,74-81] revealed an excess of gamma rays from the
center of the Milky Way or Galactic Center (GC), hence
dubbed Galactic Center excess (GCE). The gamma-ray
emission produced by the millisecond pulsars in the
Galactic Center only contribute about 5%—10% of the
excess observed [82].l Sources such as cosmic-ray inter-
actions are disfavored as well [84].

On the other hand, surprisingly the morphology and
the spectrum of the GCE are well fitted when the dark matter
annihilation into Standard Model particles is added in the

'However, a recent paper [83] associates GCE to the pointlike
sources such as millisecond pulsars.
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background model used in the analyses. All diffuse back-
ground models that include the WIMP as a component agree
in morphology. However, the position of the gamma-ray peak
in the energy spectrum and the mass of the dark matter
annihilating into SM particles varies by considering the
systematic uncertainties in the background model [55,56].

The dark matter candidate depending on its mass can
annihilate into leptons, quarks, the gauge bosons, and the
Higgs boson. The gamma ray is then produced through
the cascade decays of these particles to neutral pions by the
hadronization of the quarks and also through the brems-
strahlung of the charged gauge bosons and leptons. Among
these processes the gamma ray from pion decay is dominant
compared with the gamma emission from bremsstrahlung.
The differential gamma-ray flux produced by a single W, Z,
Higgs boson, and top quark is depicted in Fig. 1 of [55]. It
can be easily seen that the peak of the spectrum is moving
towards the higher energies for heavier particles.

It was believed formerly (see, e.g., [78,80]) that dark matter
candidates with masses being only in the range of 30 GeV <
mpy < 50 GeV decaying into bb give an acceptable fit with
the excess observed in the Fermi data. In recent works,
however, it is argued that taking into account the systematic
uncertainties in the analysis of the Fermi data, not only is the
mass range of dark matter for hb channel enlarged to
35 GeV < mpy < 165 GeV, but also larger dark matter
masses in annihilation to WW, ZZ, hh, and tf can be fitted
well enough with the data [55]. Additionally, it is pointed out
in [57] that DM masses up to about 74 GeV decaying into b
quark pairs and also DM annihilation into nonrelativistic ik
can fit well to the Fermi data.

We show that the gamma-ray excess in our scalar split
model can be explained well. To this end, we obtain the
photon flux produced by dark matter annihilation where the
allowed values for the couplings are taken from the viable
parameter space.

The gamma-ray flux is determined in terms of the
annihilation cross section (ov),,,, the mass of the annihi-
lating dark matter mpy;, and the gamma-ray spectrum
generated per annihilation dN,/dE,, and the density of
dark matter p in the region of interest (ROI) is

PO 1 (o0) dN, /oo
= fam_ 7 drp*(r). 28
dE,dQ 16z ndy dE, Jy 7 (38)

The density of dark matter in the Milky Way galaxy is
assumed to be spherically symmetric. The density distri-
bution is then a function of r and is described by the
generalized Navarro-Frenk-White (NFW) halo profile [85]:

ro\ (ry+7ro\>7
= —= ] |— , 29
o) =po (") (25) (29)
where r; = 20 kpc is the scale radius, po = 0.3 GeV/cm?

is the local dark matter density at r, = 8.5 kpc, and r is the
distance from the center of the Galaxy to the point where
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FIG. 11. Shown is the gamma-ray flux multiplied by energy

squared from annihilating dark matter computed in the scalar split
WIMPs model for dark matter mass mpy ~ 63 GeV and
0 = 100 GeV. The black error bars accompanied with correlated
systematic errors are the obtained flux from Fermi-LAT data [56].

the dark matter annihilation occurs. The parameter y is the
slope parameter, that being y = 1 for the standard NFW. In
our calculations we take y within the interval y = 1.2-1.3
used in the literature.

We find out that within the parameter space confined by
relic density and direct detection in our DM model, regions
producing gamma excess can be found that are compatible
with the fluxes provided by the Fermi data. We have used the
MicrOMEGASs package for computation of the gamma-ray
flux in our particular model with dark matter mass mpy~
63 GeV, mass splitting §=100GeV, 1, = 1.17 x 1072,
Ay = 6.07 x 107!, and sin@ = 0.1.

In Fig. 11 we present our results for the gamma-ray flux
multiplied by the gamma energy squared for two slope
parameters y = 1.25 and y = 1.30. This figure shows the
prediction of the scalar split WIMPs model for the gamma
excess from annihilating dark matter of mass ~63 GeV
with the total annihilation cross section (o),,, ~4 X
1072 cm3s™' and DM-nucleon elastic scattering cross
section 6, ~ 8 x 10719 pb, to be compared with the excess
observed from the Fermi-LAT data. A comparison made
with the data analysis provided by [56] at high Galactic
latitudes 2° < |b| < 20° indicates the validity of the current
model in explaining the Galactic gamma excess.

VII. CONCLUSIONS

In this paper we have employed a simple model of dark
matter called scalar split WIMPs with two scalars H; and
H, interacting with SM particles through the Higgs portal.
Depending on the mass splitting 6 = my, — my, and the
couplings in the model, the decay rate of the heavier scalar
H, changes. For the parameter space explored in this work,
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the H, decay rate is much smaller than the age of the
Universe. Therefore we have only one scalar H, that
contributes in the DM relic abundance. The model pos-
sesses seven free parameters, out of which only the five
parameters my, my,, 4y, 4, and @ enter into the annihi-
lation and coannihilation cross section computations. The
mass splitting parameter 6 may change the viable parameter
space in various computations.

We have examined our model with four observational
and experimental bounds imposed by invisible Higgs
decay, the amount of dark matter abundance, the limits
put on the DM-nucleon cross section by direct detection
experiments, and the gamma excess found by the analyses
on the Fermi-LAT data.

There is an important characteristic for the scalar split
WIMPs model that distinguishes that from the vastly studied
singlet scalar models. In case we choose —1 <4, <
1, -1 <1, <1, viable regions in the parameter space
can be found beyond the resonant region in the scalar split
model, with mpy in the range around 57-200 GeV for 6 =
1 GeV in Fig. 6 and around 125-200 GeV for 6 = 40,
100 GeV in Fig. 7, which evade the future experiment
bounds on the WIMP-nucleon elastic scattering cross
section. The viable region is extended to higher DM masses
up to ~1000 GeV if we choose -5 < 4; <5, -5 < 1, <5.
For the DM candidates in the viable space that respect the
XENONIT and LUX bounds, we have inferred that the
presence of the coannihilation (when the mass splitting is
small) and the mixing effect in the scalar split model play
critical roles in the new feature so that the model can evade
easily the bounds from future direct detection experiments.

This feature is absent in the singlet scalar model, where
as shown in [21] the viable region in the parameter space
is confined in the resonant region with mpy; in the range
57-62 GeV or for mpy = 4 TeV by forthcoming direct
detection experiments.

We observe that changing the mass splitting 6 has almost
no effect on the invisible Higgs decay width. Furthermore,
the behavior of the relic density for a wide range of dark
matter masses has been studied when the mass splitting
takes 6 = 1, 4, 40, 100 GeV. We observe that the relic

|
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density changes considerably by varying the mass splitting
6 when mpy < 60 GeV or mpy 2 400 GeV.

In addition, the scalar split model predicts a gamma-ray
excess for mpy ~ 63 GeV and 6 = 100 GeV which is in
agreement in morphology and spectrum with the excess
observed in the Fermi-LAT data. To compute the gamma-
ray flux, which is produced by bremsstrahlung processes,
and the pion decay created from cascade annihilations of
dark matter into SM final states, we have used the so-called
generalized NFW halo profile for the dark matter density at
high Galactic latitudes of the Milky Way galaxy.

APPENDIX: ANNIHILATION CROSS SECTIONS

In this section we present the relevant annihilation cross
section formulas for Feynman diagrams with only two
particles in the final state. The annihilation cross section
into fermion pairs for the dark matter candidate, H,, is

Gannvrel(H2H2 - .?f)

B Ncmj% X _4m]20 3
P s

(2100820 + A»8in%@ — A, sin @ cos 0)?
(s —mp)? + miTy

. an

and that for the annihilation into gauge bosons W+ and Z is

Gannvrel(HQHZ - Wiw-, ZZ)
1 [(/11(:0529 + A,8in%0 — 1,5 sin 6 cos 9)2]

" 2zs (s = m3)* + m;I5

(s = 2m 2+ 3k

1
4m%V 2
s

1 4m2\
+5 (s = 2m3) 4 8my) (1 - ﬂ) 2} . (A2)
s
The annihilation cross section for the process H,H, — hh

involves the three Feynman diagrams given in Fig. 2. The
final result reads

1—4m2/s 12043223, v*a vrat 16044 160444
GCann Vet (HyHoy — hh) =~Y———-1— / dQ [2ﬂ2+ + +

327°s (s=mp)?  (t=mp > (u—mp )* (t=mp,)* " (u—mj)?
16024 16024 40’ 4v’pa’  24v*B% Ay 96053 Ay 96v* A3y
+ _ 2 _ 2 + _ 2 + _ T e 2 (e 2V 2 ) (e 2N (1 — 2
t—mp, u—mp, t—my u—my  s—my (s—my)(t—my,) (s—mj)(u—mpy,)
3 2404 BaP Ay 3 2404 Ba’ Ay 16v4p* via®
(s=mp)(t=mpy) (s—mi)(u=—mp ) (t=mp,)(u—mp,) (t=mp )(u—mp)

8114a2ﬁ2 81)4a2ﬂ2 81}4a2ﬁ2 81]4a2ﬁ2

(t=miy )(t=mpy,) ~ (t=mpy ) (u=mp,) ~ (u=mp )(t=mp,) ~ (u=mp,)(u—mp,)]’

5 5 (A3)

where a = (4] — 4,) sin20 + A;, cos 20 and f = 4, cos?> @ + A, sin> @ — 1, sin@ cos §. In the process H,(p,)H,(p,) —

h(p3)h(ps), the Mandelstam variables are s = (p; + p,)?,

t=(p1—p3) and u = (p; = ps)*.
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