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We construct a generic model of Majorana fermion dark matter (DM). Starting with two Z;-odd
Weyl spinor multiplets 1, » ~ (I,FY) coupled to the standard model (SM) Higgs, eight additional
Z»-odd Weyl spinor multiplets with (74 1/2,+(Y £ 1/2)) are needed in general. It contains 13
parameters in total, five mass parameters and eight Yukawa couplings. The DM sector of the
minimal extension of supersymmetric stand model (MSSM) is a special case of the model with
(1,Y) = (1/2,1/2). Therefore, this model can be viewed as an natural extension of the MSSM
case. We consider the cases of MSSM-like (A), MSSM-like (B), and an extended case. We
study the constraints from the observation of dark matter in relic density, the direct detection of
LUX and XENON100 experiments, and the indirect detection of Fermi-LAT data. From these
constraints we can find the allowed range for each coupling strength. Without considering the
outlier samples, we find that the DM mass for finding A, B-, W- and X-like DM particles should
be greater than 445 GeV, 270 GeV, 1025 GeV, and 700 GeV respectively.
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1. Introduction

Although the existence of dark matter (DM) has been well-established[1, 2, 3], we still know
little about the nature of DM. One of the most prospective DM candidates is the so-called WIMPs
(weakly interaction with massive particles)[4]. Except probing the WIMPs in the well-known
models such as the minimal supersymmetric model (MSSM)[5, 6], using a model-independent
model with the effective operators of dark matter coupled to standard model (SM) particles[7, 8]
or constructing a simplified dark matter model that DM couples SM particles via a mediator[9, 10,
11, 12] are the usual ways to understand the DM properties. Due to the fact that the Dirac fermion
DM gives an oversized spin-independent (SI) scattering off nuclei except for the special choice of
DM quantum number[13], we provide another way by constructing a generic model of Majorana
fermion DM without additional mediator.

2. Model Construction

With the standard model, we add two Z;-odd 2-component Weyl spinors multiplets 11, ~
(I,FY) and consider all possible renormalizable interactions with 1; coupled to the standard
Higgs ® ~ (1/2,1/2). In other words, we consider the renomalizable terms with types like ® x
Ni2 X [new] and @ x 1y » x [new]. We find that we need eight additional Weyl spinor multiplets
N3,M4, - -,M1o transforming as (1 +1/2,£(Y £ 1/2)) under SU(2) x U(1) shown in Tablel.

Multiplet m | M UE! M4 s M6 M7 Ul Mg N1o
Isospin I |1 I-12 I-172 I+1/2 I+1/2 I-1/2 I-172 I+1/2 I+1/2

Hypercharge | -Y | Y | -(Y-1/2) | (Y-1/2) | ~(Y-172) | (Y-172) | -(Y+1/2) | (Y+1/2) | -(Y+172) | (Y+1/2)

Table 1: Model construction

The introducing of Z, symmetry assures the stability of DM. From the above particle content, the
generic Lagrangian is given by

5 . 3 o .
_-iﬂm = Z lef,’-nép’flzj,,,l + Zz(gprllgkq)lnéngp—l +gzp/1,~1;k¢’n{7‘l§p)
p=l1 p=
2 i J ank TiJank
+ Y (g2p- 1A 0" s,y +g2pA ' n{ms,) + e 2.1
p=4

In the above, As are related to the Clebsch-Gordan coefficients and the superscript in 1) represents
the third component of isospin. There are five mass parameters .5 and eight Yukawa couplings
g3~10 in this model. The Majorana particles can access only when Y = 1/2, where the quan-
tum numbers of 73(5) and 74() are identical, and hence I can only be half integral for having
integer-charged particles. In parallel with MSSM, we only consider the model with / =Y = 1/2.
In this case, n3 is neutral singlet while 177 and ng are singlets with charge 1. With the basis
‘P?T = (nll / 2, n, 1 2, T]g, ng, ng, nl_ol), the Lagrangian for neutral Z,-odd fermion mass term can be
extracted as

m

1
L0 = —E‘POTY‘PO +h.c., (2.2)
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where the corresponding mass matrix Y takes the form

0 —u =55 55 0 giov
—m 0 55 5 e 0
5 Vi om0 00 2.3)
eF B0y 00
0 gov 0 0 0 us
giov 0 0 0 us O

Comparing to MSSM[14], we see that the MSSM mass matrix of neutralinos is the upper left 4 x 4
matrix embedded in the 6 X 6 mass matrix of Eq. (2.3) with the following relations

M =H,m=H,m=—iM 05" = —i(FAs, A3),
g3V =V2mzcos BsinOy, gav = \/2myzsin B sin Oy,
gsv = V2mzcos Bcos By, gev=/2myzsinf cos Oy,
Ha=HUs =0, g789.10=0. (2.4)

3. Results

In parallel with MSSM[14], we analyze the model with / = 1/2 and Y = 1/2. For the MSSM-
like case, the Majorana DM generated by 1 > 3 and the triplet 175. We will consider two subcases:
(A) with the (grand unifie theory) GUT relation and tan 8 = 2, (B) without the GUT relation and
tanf3 = 2. In the above, tan 3 = g4/g3 = g6/g5 and the GUT relation means p, = % U3 tan” By
Besides, we also consider the extended case with the maximal particle content. In each case,
we survey the DM mass m,, in the range of (1,2500) GeV by random sampling the mass cou-
plings w;(i = 1 ~5) in the range of (0,5000) GeV and the Yukawa coupling g;(i = 3 ~ 10) in
the range of (0,1) if these parameters are not set to zeros. In each case, we generate 10,000
random samples. For each sample, we numerically solve the freeze-out temperature parame-
ter Xy and obtain the DM thermal relic density Q%h2 via the calculations of DM annihilation
processes of (yx — W*W~,ZZ,ZH ,HH ,qg,l" ") to compare with the observed relic density
Q;’Cbsh2 =0.1198+0.0026[15]. We calculate the normalized SI, SD (normalized to neutron and pro-
ton) scattering cross sections of Xe nuclei: %, 67 and 6;” to compare with the results of direct
search experiments of LUX[16], XENON100[17] collaborations. On the other hand, Fermi-LAT
Collaboration[18] have presented six upper limits on the velocity averaged DM annihilation cross
section (o(xjg — W W~ ,bb,uii,t" 7~ ,u* u",eTe)v) from a combined analysis of 15 dSphs so
that we also calculate the velocity averaged cross section to compare with them. Hence we will use
these ten constraints to find the allowed DM candidates.

For the direct search, we only show the scatter plot of 6’ versus my, since 6;” and &," are
linearly related to 6>/ and the LUX limit gives us the most stringent constraint among them. For
the indirect search, we only show the plots of (oy+w-v) and (o,;v) since it become less important
for other DM annihilation channels. Before showing our results, we first define the higgsino-,
bino-, wino-, nonMSSM-like particle if main ingredient (> 60%) of a sample is in the state of
(1M1 or M), M3, Ns and (19 or 11o) and denote by H-, B-, W- and X-like respectively; otherwise,
we call it a mixed particle. In the subsequent descriptions, we will use ‘red o’, ‘blue x’, ‘green
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Figure 1: Results for all samples with four constraints in the case of MSSM-like (A)
[o: higgsino-like, x:bino-like, - : mixed]

A’, ‘magenta I’ and ‘yellow e’ denote the higgsino-, bino-, wino-, non MSSM-like and mixed
particles respectively. We show our results in Fig. 1-3 with all samples. We emphasize on the
interplay among these ten constraints using Fig. 1 in the case of MSSM-like (A), and then tell the
differences among the cases. For MSSM-like (A) case, we show the scatter plot of Qxh2 versus
my in Fig. 1(a). The samples sitting above the observed horizontal line are ruled out. We see
that most of B-like particles are ruled out, and H-like particles tend to have smaller values in relic
density when m, > My . Itis the most stringent constraint since about 75% of samples are ruled out
by this Q;’Cbshz constraint. The (%! ,my)-plot with LUX constraint are shown in Fig. 1(b). We find
that mixed and H-like DM particles attend to have larger values while B-like DM particles attend to
have smaller values in the DM scattering cross section off Xe nuclei. Most mixed particles are ruled
out by the LUX constraint and part of mixed particles are ruled out by the Fermi-LAT constraint via
WTW~ channel. We see the samples sitting below the upper limit of the LUX SI-experiment[16]
(solid curve) and above the line of neutrino background (dashed curve) are allowed so that about
91% of samples are saved. However, most B-like particles sitting in between have been ruled out by
the Q;)Cbsh2 constraint, and hence only 19% of samples are survived and 96% of survived samples
are H-like. Hence the relic density and direct search constraints are complementary to each other.

The scatter plots of velocity averaged cross section of DM annihilation processes of (y¥ —
W+W~,bb are shown in Fig. 1(c)-(d) respectively. The samples sitting above the Fermi-LAT con-
straints ruled out. We see that the B-like DM particles tend to have a smaller value of velocity
averaged cross section while H-like and mixed DM particles tend to have a larger value of velocity
averaged cross section, For WW ™~ channel, we see that part of H-like and mixed particles are
ruled out by this constraint. Hence about 93% of samples are saved; however, most B-like and
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Figure 2: Results for all samples with four constraints in the case of MSSM-like (B)
[o: higgsino-like, x: bino-like, /\: wino-like, - : mixed]

sitting below the limit on ruled out by the relic density constraint and hence only about 18% of
samples are still survived. For DM annihilation to ¢g or [T1~ with final particle mass less than myy,
all have the same resonance shape as in Fig. 1(d). The peaks occur at my = mz/2, or my /2. For bb
and 7+ 7~ channels, only a few H-, B- and mixed particles are ruled out by this constraint and the
constraint become less important when a final particle mass is less than m;. We see that the relic
density is approximately proportional to the inverse of total cross section of DM annihilation to all
possible channels. Hence the relic density is dominated by WW ™~ channel as m, > My and bb
channel as m, < My . These give the shape of relic density in Fig. 1(a).

Now we turn to see the differences among these three cases. First of all, we see the case of
MSSM-like (A) with GUT relation. It is prohibited from generating the the W-like particles with
GUT relation. Without GUT relation, plenty of W-like particles can be generated as in the case
pf MSSM-like (B) and the extended cases. The non MSSM-like X particles can only exist in the
extended case. For the MSSM-like cases, we see that “without GUT relation" gives a wider spread
in each scatter plot and most B-like particles are ruled out by the constraint of DM relic density.
For the extended case, more B-like particles with lower values in DM relic density and less H-like
particles with lower values in the DM scattering cross sections off nuclei are allowed. Although
most B-like particles are ruled out by the constraint of DM relic density, most W-like particles
with m, > my are not. The W-like particles are ruled out mainly by the Fermi-LAT constraint via
WTW ™ channel and followed by the LUX constraint. Without GUT relations, the extended cases
can have a wider spread in each scatter plot than the cases of MSSM-like (B) so that more B-like
particles in extended case are allowed than those particles in the cases of MSSM-like (B). Finally,
although there are only about 6% of the samples are non MSSM-like in the extended case, the X-
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Figure 3: Results for all samples with four constraints in the extended case
[o: higgsino-like, x: bino-like, /\: wino-like, l: nonMSSM-like, - : mixed]

like particle tend to have smaller values both in DM relic density and DM scattering cross section
off the nucleon so that more than 50% of X-like particles are allowed for DM particles. We collect
all allowed samples which satisfy all of constraints. Without considering the outlier samples, we
find that the lower mass bound for finding H, B-, W- and X-like DM particles should be greater
than 445 GeV, 270 GeV, 1025 GeV, and 700 GeV respectively.

4. Conclusions

We construct a generic model of Majorana fermion DM. The DM sector of MSSM is embed-
ded in this model with / =Y = 1/2. The model does not contain the sfermions and the second
Higgs as in the MSSM, but does contain more Z>-odd fermion multiplets 17789.10. There are 5
mass parameters and 8 Yukawa couplings in this model. We collect all allowed DM candidates
which satisfy the observed relic density, the lower bounds of LUX and XENON100 experiments
and Fermi-LAT constraints. From the allowed DM candidates, we can find the allowed region
for each coupling strength. Here we give the different lower mass bounds for different attributed
particles so that it is detectable with the model especially in the direct detection of SI scattering
cross section off nuclei and the indirect detection of DM annihilation to W W~ channel for DM
searches in near future.
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