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We construct a generic model of Majorana fermionic dark matter (DM). Starting with two Weyl spinor
multiplets 7, , ~ (I, FY) coupled to the Standard Model Higgs, six additional Weyl spinor multiplets with
(I £1/2,4(Y £ 1/2)) are needed in general. It has 13 parameters in total, five mass parameters and eight
Yukawa couplings. The DM sector of the minimal supersymmetric Standard Model is a special case of the
model with (1,Y) = (1/2, 1/2). Therefore, this model can be viewed as an extension of the neutralino DM
sector. We consider three typical cases: the neutralinolike, the reduced, and the extended cases. For each
case, we survey the DM mass m, in the range of (1,2500) GeV by random sampling from the model
parameter space and study the constraints from the observed DM relic density; the direct search of LUX,
XENONI100, and PICO experiments; and the indirect search of Fermi-LAT data. We investigate the
interplay of these constraints and the differences among these cases. It is found that the direct detection of
spin-independent DM scattering off nuclei and the indirect detection of DM annihilation to the WW~
channel will be more sensitive to the DM searches in the near future. The allowed mass for finding H - B—,
W-, and non-neutralino-like DM particles and the predictions on (a(yy — ZZ,ZH, (7)) in the indirect

search are given.
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I. INTRODUCTION

It has been more than 80 years since the first evidence of
dark matter (DM) was observed by Fritz Zwicky [1]. So far,
all the astrophysical and cosmological observations of DM
evidence show that DM exists everywhere no matter
whether it is from the galactic scale [2—4], the scale of
galaxy clusters [5,6], or the cosmological scale [7,8]. Even
though DM makes up about 85% of the total mass in the
Universe [9,10], we still do not know much about its nature.
A leading class of DM candidates is the so-called weakly
interacting massive particles (WIMPs) [11,12], which are
nonluminous and nonbaryonic cold DM (CDM) matter.
The WIMPs are assumed to have been created thermally
during the big bang and frozen out of thermal equilibrium
escaping the Boltzmann suppression in the early Universe.
The DM relic density is approximately related to the
velocity averaged DM annihilation cross section by a
simple relation [13],

0.1 pb x ¢
Qnx——— 1
X (o) (1)

On the other hand, the recent measured value of the CDM
relic density is [14]

QPh? = 0.1198 + 0.0026. (2)
It suggests the case of DM with mass in the range of

100 GeV to few TeV and an electroweak size interaction.
That is the so-called WIMP miracle.
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The searches of DM particles in experiments have made
much progress in recent years. Several complementary
searching strategies have been continuously executed,
including the direct detection of DM-nucleus scattering
in underground laboratories, the indirect detection of DM
annihilation processes in astrophysical observation (see
Ref. [15] for a brief review), and the DM direct production
at colliders [16—18]. The null results of finding the DM
from LUX [19], XENONI100 [20], PICO [21,22], and
Fermi-LAT [23] experiments put the related upper limits
on spin-independent (SI) [24,25], spin-dependent (SD)
[26,27], DM-nucleus scattering cross sections, and the
velocity averaged DM annihilation cross sections, respec-
tively. Except working on the well-known models such as
the minimal supersymmetric Standard Model (MSSM)
directly [13,28-30], analyzing in the model-independent
research with the effective operators of dark matter coupled
to Standard Model (SM) particles [31-33] is a way to
search the properties of DM due to the little-known nature
of DM. Some authors also constructed models in which the
DM couples to the SM particles via a mediator; see, for
example, Higgs portal models [34-38], two-Higgs-doublet
portal models [39,40], fermion portal models [41], the dark
Z' portal [42], the left-right model [43,44], and so on.

In the DM-nucleus elastic scattering, the DM is highly
nonrelativistic. Basically, only the scalar-scalar (SS), vec-
tor-vector (VV), axial vector-axial vector (AA), and tensor-
tensor (TT) DM-quark interactions are nonvanishing [31].1

"We will return to this point and take a closer look in Sec. II C.
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In Ref. [45], one of the authors (C. K. C.) studied pure weak
eigenstate Dirac fermionic dark matter with renormalizable
interaction. It is well known that a Dirac fermionic DM
particle, without a special choice of quantum number,
usually gives an oversized SI DM-nucleus cross section
through VYV interaction from the Z-exchange diagram. To
accommodate the bounds from direct searches, the quan-
tum number of DM is determined to be /3 = Y = (. There
are only two possible cases: either the DM has non-
vanishing weak isospin (I # 0) but with I3 =Y =0 or it
is an isosinglet (I = 0) with Y = 0. In the first case, it is
possible to have a sizable yy — WTW~ cross section,
which is comparable to the latest bounds from indirect
searches. There is no tree-level diagram in DM-nucleus
elastic scattering. It successfully evades the SI bounds, but
it pays the price of detectability in a direct search. In the
second case, to couple DM to the SM particles, a SM-
singlet vector mediator X is required from the renormaliz-
ability and the SM gauge quantum numbers. The allowed
parameter space and the consequences were studied. To
satisfy the latest bounds of direct searches and to reproduce
the DM relic density at the same time, resonant enhance-
ment via the X pole in the DM annihilation diagram is
needed. Thus, the masses of DM and the mediator are
related. It is arguable that the phenomenology of Dirac
fermionic DM is not very rich.

The Majorana DM can naturally evade the dangerous
Z-exchange diagram from the V'V interaction and can have
rich phenomenology. A well-known example is the lightest
neutralino in the MSSM [13,28]. In this work, we construct
a generic class of Majorana fermionic DM models having
an arbitrary weak isospin quantum number. As we shall see,
the MSSM DM sector is a special case in this model, and
therefore, this model can be viewed as an extension of the
neutralino DM sector. We consider three typical cases: the
neutralinolike, the reduced, and the extended cases. Note
that a somewhat related study to the reduced case has been
given in Ref. [46].

This paper is organized as follows. In Sec. II, we
construct a generic model of Majorana fermionic DM
and give the formulas for the DM annihilation to the
SM particles as well as DM-nucleus elastic scattering. We
give the results of the neutralinolike, the reduced, and the
extended cases in Sec. III. We discuss the coannihilation
and give the conclusions in Sec. IV. We present explicitly
the relevant Lagrangian of the WIMP mass term in
Appendix A. The four-component Majorana and Dirac
mass eigenstates for neutral and single charged WIMPs are
constructed, respectively, in Appendix B. We present the
Lagrangian of WIMPs interacting with the SM particles in
Appendix C, give the matrix elements of DM annihilation
to the SM particles in Appendix D, and show that the
Lagrangian is CP conserved in Appendix E. The formulas
used in DM-nucleus elastic scattering are derived in
Appendix F. The formulation and the corresponding
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matrix elements for WIMP coannihilation are given in
Appendixes G and H, respectively.

II. FORMALISM

A. Generic model of Majorana fermionic dark matter

Starting with the SM, we add two Z,-odd, two-
component Weyl spinor multiplets 7, ~ (21 + 1, FY)
under SU; (2) x U(1)y, and all SM particles are assigned
to be Z, even. The introduction of the Z, symmetry assures
the stability of DM. Without loss of generality, we take
Y > 0. A mass term can be constructed as

=L, = pdiniyn| + uA . (3)
with
Aij = V20 + 1(I1;00|1i, 1) (4)

proportional to the Clebsch-Gordan coefficient and
i,j=—I,...,1. This is actually a Dirac particle multiplet.
The reason is explained below. We define

éiE’/lév ﬁiE/lijF,j’ (5)

and the Dirac field with the ith component of isospin

@)

Note that the hypercharge of y is Y. Since under SU(2)
transformation we have

&= Uijﬂé =Uyé,
7= AikUz[A]_jl/ljrr_]’i = Ui/, (7)

where we have used the similarity transformation of the SU
(2) transformation matrix,’

j’ikU]tlj'l_jl - U” (8)

Hence, the transform of the (27 4 1)-multiplet of Dirac
fields in y under SU(2) is

ll//i = Uijl//jv (9)
and the above mass term is simply

Phis can be seen from (1) = (-)7(0)_;(-)/ =
(-l (Ml() " 501) and 4y = (=)
=5 = 23! (D) iy

—j» 1.€.,
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The component " with neutral charge could be a dark
matter candidate. But in the  # 0 and Y # 0 case, w7 will
induce a sizable Sl-scattering cross section via Z-boson
exchange (~107* cm?) [45], which is ruled out by the
present direct search data [19]. To clarify the situation, we
switch back to the 5, basis. By diagonalizing the mass
matrix, we find that there are two neutral Majorana
degenerate states y,, « (7, £7,)/v2  with mass
|udy _y| = pu. Both of them can be dark matter, since their
masses are degenerate. The dangerous Z-boson exchange
diagram is from the y; — y, vector current (the y; — y;
current can only be an axial one). The above situation can
be avoided if one lifts the mass degeneracy of y, ,. To do so,
we enlarge the mass matrix. The Z,-odd WIMPs, 7, ,, can
mix with additional Z,-odd WIMPs in the presence of the
Higgs field ¢ [with quantum number (2, 1/2)] and obtain a

|

L, =

5 3
p=

1 p=2
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new mass term after spontaneous symmetry breaking
(SSB). We consider all possible combinations of renorma-
lizable interactions with #; , coupled to the Higgs field,

(iv) ¢ x 1y X [new], (11)

where @' = ¢;;¢" withe;; = A, for I = 1/2 (i.e., €;; = —€;;
and €1/, 1/, = 1). The allowed quantum numbers of these
new particles are given in Table. 1.

The generic Lagrangian is given by

oAl s+ > (G Ayl + g2p ALy binink,)

5
+ > (Gopar ' mon,y + 922l s, + Hee, (12)

p=4
with

,1;j =21 + 1{I1;00|1i,1j),

4=

1
B=%= \/21+2<(1+§> <

1\ 1
/11211( = A?]k = €ir\/ﬂ<l(l —§>,5r
ljk — /11511( — 6"\/ 2] + 2<I(

23

Note that the imposed Z, symmetry can protect the DM
against decays. Otherwise, DM can decay through, for
example, the lepton number violation term and become
unstable. Equation (12) can be used as a building block to
built other multiplets. In principle, one can replace 7, , by
the induced fields in Eq. (11) and involve additional fields.
For simplicity, we do not do it here. In fact, a more
complicated case can be readily generated by using the
present case as a module.

These fields can be combined into Dirac fields with
definite isospin and hypercharge quantum numbers,

. &
vin=(,") 1s)

Mp)

[+1). !
2)°2"

o= -1)):
)

A
1j, <I+%>k>. (14)

TABLE I. Summary of the eight types of additional multiplets
induced by the four general types of couplings involving the
Higgs field and 7 5.

[New] SU2)(1,) Uy(1) Type Couples with
13 1-1/2 —-(Y-19) (@iv) & X112, N4
o 1-1/2 y-1 (i) ¢ xni,m
ns I+1/2 —-(Y -3 (iv) & X 112, 16
N6 I+1/2 y-1 6] b xny, s
17 1-1/2 -(Y+3) (i) ¢ X, 13
s I-1/2 Y43 (iii) b x5 117
o I+1/2 —-(Y+3) (ii) ¢ x 13, Mo
M1 1+1/2 Y41 (iii) ¢ X 01, Mo
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with gzp—lﬂf}kf?’iﬂéﬂlﬁp—l = G2p- 1[ Uk( ) ]97)5
. . B - j
fl(p) = 17[217, ) /11]7’]2[7 1 (16) - gZp 1[ ljk( ) ]¢ (1)L (18)
for p =1,...,5. Consequently, we have and ‘
b . o GapAipd'mins, = 92p i (A1)5 16"y, f"z,,)
Hphiilap—1M2p = Hpll &) = BpW (W (s (17 ;
PAiiTap=1p = Follip)s(p) = Ho¥ (¥ (p)r = 92 i A7 19w pwtyy (19
forp=1,...,5, for p =2,...,5, giving
+ { )il ¢! + 9op A0 A7 N0 W wrf )
:“p‘/’ R‘// )L Gop-1l Uk R‘/’ (L T D2p i\ A7) i 1PV RV (o)L
+ 2{921)—1M[[';'k(ip)]:ll](ﬁll/_/épmw] +921)[ ljk( ) k;ﬁ RW L} + H.c. (20)
p=4

After SSB, the above Lagrangian will generate the mixing in these Dirac fields. We still do not have any Majorana particle.
The MSSM case can shed some light on this issue. In fact, the relevant MSSM multiplet corresponds to

I:Y:—

9, - H b b
3 My 12 73

The Majorana particles can only enter when Y = 1/2, where the quantum numbers of 753,

ny < B, N5 ne o« W, without 7789 10 (21)

and 1) are identical, and to

have neutral particles, I can only be half-integers. Consequently, we have

1 2n +1
Y=—, I = ,
2 2

13 = sign(uy)(—=1)"n4,

Ns = Sign(ﬂs)(—l)”“% (22)

and y, 5 change to u, 3/2, to which we will stick throughout this work. Note that the additional signs in the relations of #; 4
and 75 ¢ are designed to absorb the signs of the corresponding Majorana mass terms [y, 3; see Eq. (24) below].
The Lagrangian for the neutral WIMP mass term is

1 1
_EO 1 1']2 ’71 5/42/%,0’72772 + 5,“3}“(3) 077277(5) + /44/1411,1’7&;1’7% + /45/15_1,1’71_0l ﬂé

_1 1 _1 1
+ 93/1%2,_%,0<¢7>’722’7(3) + 9433110<¢ g + 95/11 _ 0<¢2>’722’72 + 96’13_110<¢_%>7721 g

+ 97/1%_%.1 (¢~ >'72 1y + gsht

11 _
22
It can be simplified as

—L£0 —

(= 1)"“’72 ’71 +2

(g + 902,y (47 Db + gioks

1
pa (=1)"n3n3

(@mmg +He,  (23)

11
22

1
+ —us(=1)"gnd + pa (1) gy 4 ps(—=1)"n0ng

2

+ g3 (=1 (@m0 + ga(=1)" (G Hmnd + gs (1)1 (0 + go(— 1) (g

n
n+1
n—+2

n+1
1/2  —-1/2
CHaR

+g,(=1)"

+go(=1)7"

With the basis W97 =

Lo —

_1
(p=2)my7nh + gg(—1)"*!

<¢‘%>n£%né + g1o(=1)7"

no~1 4
oy [(@)ming!

n+?2
n+1

(Frmd + He. (24)

my o3 nd nh gt nd.nid), the above Lagrangian after SSB can be written as

1
—5 VY0 4 He. (25)
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where the corresponding mass matrix Y takes the form

_yntl _ v 95v D" ggovn (=D)"gigvvn+2
0 (=) V2 V2 0 2(n+1) 0 2(n+1)
e (c'go (<D™ lgso  (=1)gyeia (=1)'govv/n T2
(=) 0 V2 V2 V2(n+1) 0 2(n+1) 0
& = 1 0 0 0 0 0
= — 0 43 0 0 0 0
grvv/n n+1 (26)
0 L 0 0 (1) g 0 0
ntloop n
! 2(;’;( 0 0 0 (1), 0 0 0
(=D)"govv/n+2 —-1)"
0 o 0 0 0 0 0 (—1)"us
% Vl)“ 0 0 0 0 0 (=1)"us 0

In parallel with the neutralino sector in the MSSM, we work the model with I = Y = 1/2, and the Lagrangian for the
neutral WIMP mass term must be modified as in Appendix A. Note that the sign convention of the Clebsch-Gordan coefficient
is different from those usually used in quantum field theory. For example, we usually use 7 = (7, Fin,)/ /2, while the
Clebsch-Gordan convention is 7+ = F(x, Firn,)/ V2. Comparing to the MSSM, we then have the correspondences

m = Hy, n, = H,, ny = —ik, 70 = —i(F s, ),
G3v = \/Emz cos fsin Oy, GaV = \/Emz sin /3 sin Oy,
g5 = \/Emz cos ff cos Oy, g = \/Emz sin f cos Oy,
Ha = ps =0, 9789.10 =0, (27)

where the additional sign in front of 1, is to absorb the sign from the Clebsch-Gordan sign convention.

When diagonalizing the mass matrix in Eq. (26) and producing non-negative mass eigenvalues, one sometimes needs to
absorb a negative sign resulting in purely imaginary matrix elements in the transition matrix. On the other hand, one should
note that all parameters in the Lagrangian are assumed to be real before transforming the gauge eigenstates to mass
eigenstates in this model. The whole Lagrangian in this model is then CP conserved. As noted after field redefinition, some
couplings become purely imaginary. However, the whole Lagrangian should still be CP conserved (see Appendix E).

The Lagrangian for a single charged WIMP mass term is

11 33 1 1
—Lo = i (1) (13n, > + ny°m}) +§ﬂ2(—1)n+1(7731773_1 +n5'n%) +5ﬂ3(—1)”('7é77§] + 175 'n%)

- _ _ n+2 ~1. 3
+ pa(=1)" (@) + ng*n3) + pus(=1)" (nond + mign3) + g3 (—1)"*! (\/ <¢2>f72 7'+ (@), 2*7%)

n—+1 n—+1

2 2 L

F a1 (i +w/n+ aitn) + s (@ [ @it
1 n—1 1, =2

+96(—1)”< #<¢_> 6+\/ i >+g7 ) <<¢ Yin 7+\/+1<¢‘2>n22n3>

a0 (2 @i <5s%>n?'n3)+gg<—1>"-1(<¢-%>n%n8+ )
3 ~1 -1
a0 (@i + Fynity) + e (28)
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As mentioned previously, (i|77|;) used in quantum field
theory is connected to Clebsch-Gordan coefficient
(m'|J*|m) used in quantum mechanics by a similarity
transformation V,

(I i T 1 )

—Z iV L) (L VIV L m) (L m| V).
(29)

When dealing with the single charged particles, the

similarity transformation only changes the sign of positive
|

_Ei

— ua(=1)"('§m7 + ngn'7) — s (=

- +2

—1)ntl Y (A R S it

+g3(=1) ( n+1<¢ My 105 o
n+2,~ : noo~o
_ln o= + _ o /
+g5(=1) ( n—|—1<¢ s s n+1<¢ s
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charged particles with an integer isospin; namely, we only
need to do the transform

qr+1

1qt1l
Mk

- nf (_l)mod(ZIk,Z)-H qr+1

= vyt = 7 (30)

where ¢, in nZ*H is defined as the the third component of
isospin corresponding to the neutral particle in the multiplet
1 with isospin 7. With the basis ;7 = (1] 372 /1/2 o

b} 2 7’73’
-1/2 32
]15 9’77”78 7’797’710) and \IjiT (’71 / 7772 / ’]13 7775 51195

n32.n9,m7¢), the Lagrangian in Eq. (28) becomes

1 |
= m (0" Omy +meny) + 5 (n'3ns +u3n'3) + 5 us('sns +nsn's)

D)™ (' Song +mioh's)

@) (i« [ )
*) + 6 <—\/n7<¢°>n1 ns + \/7<¢0> >
+gr(=1)""! (<¢0>’7 = \/Z—?W)nin&*) +gg(—1)"(

n—1
n+1

(@")ning - <r7)°>nmé+)

n+3 3 . n+3 - _ ~0\
w0 (@ = [z ) + (0= (@ - @) e 61
After SSB, it can be written as a compact form as
1 0 XxT (\as
Lh=—— (Ut 0~ +H.c., 32
ee(§ () -
where X takes the form
_\n —gav/n vV n+2 (=) ggw (=1)"giov
0 (=)"m V201 V20 1) V2 0 V2
(_)nﬂ 0 (=)gsovn+2 (=) lgsv/n (=)"grov/n—1 (=)"govv/n+3
! V201 V/2(n+1) V20t 1) 20n+1)
gavVn+2 (=) gsvy/n
V2(n+1) V2t 1) Ha 0 0 0 0 0
—gev\/1 (=)"gsvv/n+2 0 0 0 0 0
V2t 1) V2t 1) H3 (33)
0 L 0 0 0 (=), 0 0
(=1)"gsvvn—1 n+1
oy 0 0 0 (=) uy 0 0 0
0 ( )'\';%991 0 0 0 0 0 ( )n+l‘u5
(=) grovvn+3 n+1
ey 0 0 0 0 0 (=) s 0
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Comparing to the chargino sector in the MSSM with
wiT = (—id".yy,) and y;T = (—id”.y}; ), we have the
following correspondences:
= —il",

= Whs M =Yg, ds = =ikt

gsv = V2m cos B cos Oy, gsv = V2my sin f cos Oy,

Hy = ps =0, 9789.10 = 0. (34)
Note that the Lagrangian for a single charged WIMP mass
term with / =Y = 1/2 also needs to be modified as in
Appendix A and the mass eigenstates of the neutral as well
as single charged particles in the four-component notation
are constructed in Appendix B.

B. Dark matter annihilation

The DM particles are thought to have been created
thermally during the big bang and frozen out of thermal
equilibrium in the early Universe with a relic density. The
evolution of DM abundance is described by the Boltzmann
equation,

M\ 3Hn, =
dt =

_<GannvM¢1>[n)( vl n;q )e(q} (35)

where H = a/a = \/4n°g,(T)T*/(45M3,) is the Hubble
parameter, Mp; is the Plank mass, and g, is the total
effective number of the relativistic degrees of freedom
[47.48]. n,(n;) is the number density of DM particles, and
ny = n, for Majorana fermions (that is, y = ¥) as in this
model. Equation (35) is measured in the cosmic comoving
frame [49], and (Gun¥mg) is the thermal averaged

annihilation cross section times Mgller velocity, which
V(P p2) —mim3/(E\Ey) =
V/IVi = V2> = |v; x v,|* with subscripts 1 and 2 labeling
the two initial DM  particles and  veloc-
ities v; = p;/E;(i = 1,2).

The DM particles became nonrelativistic when they
froze out of thermal equilibrium in the early Universe.
In this nonrelativistic  limit,  6,,,(yy — all)v =

a+ bv* + Oo(v* \/s(s—4m2)/(s —

2m§) and the Mandelstam variable s = 2m? (1 +

1/4/1 — v?) in the lab frame. The velocity averaged DM
annihilation cross section via Maxwell velocity distribution
can be calculated [45] to be (6,,v) =a+6b/x+
O(1/x*) with the freeze-out temperature parameter

is defined by wyy =

), where v=uvy, =

*In general, the collision is not collinear in the comoving
frame. Hence, the Mgller velocity is not equal to the relative
velocity v, = |V — V,|. Nevertheless, it has been shown [49]
that (GanVvgt) = (GannViap) ™ Where vy = Vi = Vaouap| s
calculated in the lab frame with one of two initial particles being
at rest.
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x=m,/T. At the freeze-out temperature, the interaction
rate of DM particles is equal to the expansion rate of
Universe, namely, I'y = n,?(6,,,0) = H(T;). From this
freeze-out condition, x; can be solved numerically by
the equation [13,47]

o —1n | et 5 g,m,Mp (a + 6b/x)
f_ln[ ( H)\/g 20 o | OY

where ¢ is an order of unity parameter determined by
matching the late time and early time in the freeze-out
criterion. We take the usual value ¢ = 1/2 since the exact
value of ¢ is not so significant to solve the numerical
solution for x; due to the logarithmic dependence in
Eq. (36). Following the standard procedure [47] to solve
Eq. (35), the relic CDM density Qpy = p,/perie can be
approximately related to the velocity averaged annihilation
cross section (G,,,v) as

GeV!

MPL\/WJ(xf)’

Qpph? = 1.04 x 10° (37)

where

J(xp) = / <G§1§1j> dx = ax7' +3bx72 + 0(x7%). (38)
xf

When doing the calculation of DM relic density, we need
to consider three exceptions [50]: coannihilation, forbidden
channel annihilation, and annihilation near the pole. In this
article, we focus on the model building and mainly consider
the annihilation processes. The leading effect on coanni-
hilation in this model will be discussed in Sec. IV. To solve
the last two exceptions, we do not take the Taylor series
expansion on v in the s channel, and for each annihilation
channel, we put a step function for the allowed threshold
energy in the thermal average cross section as follows:

(o) 2,[2/ A0 ¥y — A+ B0

« [zm§ (1 + ﬁ) (my + m3)2] . (39)

Instead of @ + 6b/x, we replace it with the above thermal
averaged cross section with x = x, in Eq. (36) and solve
the value of x; numerically. Then, we can get the DM relic
density by modifying J(x,) in Eq. (38) as follows:
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J(xp) = Lfmh;wdx

X

=5 [ dvlowntior ~ A+ Bl - ert(oy57/2)

) =] a0)

x 6 {me( (1 +
I1—w

We will calculate the relic density in the early
Universe through the DM annihilation processes
(yy —» W*W~-,ZZ,ZH,HH, ff). Figure 1 shows the cor-
responding Feynman diagrams. The corresponding
Lagrangian and the matrix elements are shown in
Appendixes C and D, respectively, and it is straightforward
to obtain (6,,,v). Although the present DM relic density is
determined by the velocity averaged cross section (6,,,v)
of DM annihilation processes which ceased after the freeze-
out stage in the cosmological scale, the DM annihilation to
the SM particles would still occur today in regions of high
DM density and result in the indirect search for end
products as excesses relative to products from SM astro-
physical processes. The results on (o,,,v) can be readily
applied to the indirect search processes by using a typical
velocity » = 300 km/s (explained in Sec. III).

As we know that in the nonrelativistic limit, ¢,,,v can be
expressed as a + bv? + O(v*), where a is the s-wave
contribution at zero relative velocity and bv? contains both
the s- and p-waves contributions. 6,,,v is dominated by the
s-wave term in indirect-detection calculations, while both
s- and p-wave terms become important when dealing with
the calculation of DM relic density.

0
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It will be useful to recall some qualitative properties of
the DM annihilation amplitudes in the channels of
xx = WtW~.ZZ, ZH, HH,f]_‘ [13,51]. Fermi statistics
forces the two identical Majorana fermions with orbital
angular momentum L and total spin § to satisfy
(=)% = (—)L. The total angular momentum of the s-wave
state is J =0, and the CP 1is given by CP =
(=1)E+1 = —1, while the p-wave state has CP=+1 [see
Eqgs. (E31) and (E33)].

The final-state W*W~ can be produced via t-channel
exchange of a single charged WIMP and s-channel
exchange of a Higgs scalar or a Z boson (see Fig. 1).
The final-state ZZ can be produced via #-channel
exchange of a neutral WIMP and s-channel exchange
of a Higgs scalar (see Fig. 1). Note that in the
s-wave DM amplitude both gauge bosons in the final
state are transversely polarized and governed via the
t-channel exchange diagrams [13,51]. Also note that a
binolike DM pair does not contribute to the s-wave
amplitude [51].

The DM particles can annihilate into ZH via ¢-channel
exchange of a neutral WIMP and s-channel exchange of a Z
boson (see Fig. 1). The final-state ZH in a L =1
configuration can match the angular momentum and the
CP of the s-wave DM pair. Hence, the s-wave amplitude is
allowed in this channel [13,51].

The DM particles can annihilate into two Higgs bosons
via t-channel exchange of a neutral WIMP and s-channel
exchange of a scalar Higgs (see Fig. 1). The s-wave
scattering amplitude is vanishing since two scalars cannot
be in a state with J/ =0 and CP = —1 [13,51].

who " w*2z0
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FIG. 1. The annihilation processes (yy — W*W~,ZZ,ZH,HH, ff).
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The final-state fermion-antifermion pair ff can be
produced via the s-channel exchange of a Higgs scalar
or a Z boson (see Fig. 1). The Z exchange contributes to
both the s- and p-wave matrix elements with chiral
conserving interactions [51]. The final-state ff has
CP = (—=)5*!. The s-wave DM pair requires the total spin
S =0 in the final state to conserve CP so that both the
fermion and antifermion should have the same helicity. The
Z-f-f couplings imply the fermion and the antifermion in
opposite chirality and hence result in the helicity suppres-
sion of the s-wave amplitude. The Higgs scalar exchange
only contributes to p-wave matrix elements (since the CP
of Higgs boson is +1) with a fermion mass factor.

|

PHYSICAL REVIEW D 94, 035002 (2016)

Hence, the process yy — ff favors a heavy fermion
pair [13,51].

C. DM-nucleus elastic scattering cross section

To compare with the results of LUX, XENON100, and
PICO-60 experiments, we calculate the SI and SD cross
sections of DM scattering off '2%!3!Xe nuclei and the SD
cross section of DM scattering off CF;/ nuclei. We shall
obtain > [M,[? at ¢> = 0 first. In this model, the DM is
composed of Majorana fermions so that the DM vector
current matrix elements are vanishing. Hence, the
Lagrangian in this model is given by

L= jy,rsxian +20ursx vy +7xsn +xrsxsy. (41)
where
sp=alqq, s, =d93q.  jy, =bjy, =b1qr.q,  jy, = Ay, = d'qrrsq, (42)
and a4, a', b4, and d? are given in Appendix F. The corresponding scattering amplitude is
iMy; = (2 (P 5,) N (P’ sLO)x(py.5,). N (p.s))
= ik, 1(Ply. $,)1uvsu(Py 5 ) N (P8 Fag + FvuN (p. 5))

+ ZK)( (p;(vs)() (p)(,s1)<./\/(p’,s')|sh|./\/’(p,s)>
+ ik, (Pl 575Uy 5,) (N (P, 5|5, NV (P s)). (43)

In the above, k, = 2 for the Majorana fermions in this model, and x, = 1 for the Dirac fermions.

It is useful to define

T = S sNEORL ) 0l )10 o5,
spins

W = e S W) IOIN () N (0 )0 (9.)) (44
spins

where X, Y = A, V, S, P, and O,y is the corresponding operator. For example, we have

)(211/4 = _ZO( p;(v

spins

or explicitly

Nerarsx(0)x(py. 5,)) e (pys

slrorse(0)x(py. sy)), (45)

Xt = ((py + PY)u(py + DY)y = 9u4ms + 9ua” — 4,4, (46)
Similarly, for X,Y = A, V, we have
1
= Y] ;(N (P's ) ixnu(O) N (P, s)) N (P, )]y ()N (P, 5')), (47)
Wi = 2J . Z (' s")sn(O)IN (P, $)) N (P, 5)[s1 (0N (P, ")), (48)

and so on.
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Note that g> = 0 means ¢ = 0 in all frames (see Appendix F). It is simpler to work in the lab frame (the rest frame of \/).
The matrix elements of scalar, vector, and axial-vector current operators with initial- and final-state nucleus at rest are
given by

N (mr, ) siO)IN (s 5)) = 2mprfonyy
N (. )5 O)IN (s 5)) = 2mprf B
N (m. s)jvau(O) N (myr.8)) = 2gmudsy Qywr-
N (o, )74 OV N (g, 5)) = 4t mprQan (v | (Sa)il e ), (49)

with
Oyn = Z(2b" + b?) + (A — Z)(2b + b),
Ouy = d‘f(ApA + A2A,),
fi.;\)/ - Cl (Zfsp (A - Z)fsn)

Fom = D LA+ > 5 27 m, ( > I )

q=u.d,s q q=c,b.t q'=u,d,s
S
Ap,n — < p,n,z>eff. (50)
In
The derivation of the above formulas are given in Appendix F. Using
1M (q = 0) = kA(phpy —g*m3).  2*%(q =0) = 4my,
St =0 =P =0, 4PP(g=0)=0, (51)
with p, = p}, = (E,.0,0,p}),
m2v?
(P’ =157 (52)
in the nucleus rest frame and
D UnSI(Sn)w $)85 = 0,
- - 1
D Tn 1SN s ) U 8| (Sae) v s) = Iy + D2y + 1),
> SISl 8) e SIS )il 8) = I (U + 120 + 1), (53)
we obtain
Z |Mfi|2 :)(AA,ML/W’/};A +ZAA’”UW/‘I/VV +)(SSWSS, (54)
where
A AL — v? 2
2
AWy = 16kmi m; —— 2 07\ (56)
KBSWSS = 16icgmymy [, (57)
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Consequently, we have

MR = 0) — tom2 | (44— 2
Z |Mfz| (q 0) 16mNm)(K)( 4 + 3(1 —

Several comments are in order:

(i) Note that there is no interference between various
interaction terms in iM ;.

In the nucleus rest frame and at g = 0, the matrix
element of the space component of the vector current
is vanishing, while the one of the time component
of the axial-vector current is also vanishing;
see Eq. (F14).

It seems that the matrix elements of j,,, and jy;,
are orthogonal and hence the decay amplitude from
the ju,,.Jt, contribution, i.e., y**#*WaA, is vanish-
ing. This is, however, untrue, since the rest frame of

(i)

(iii)

PHYSICAL REVIEW D 94, 035002 (2016)

2

)gANJNuN 0 (58)

v?)

contains large factors such as Z and A. The con-
tribution from this term needs to be kept.

Usually, the direct search experiments report the cross
section normalized to the interaction with a single nucleon
(neutron/proton) since the target materials used in different
direct search experiments are not the same. The normali-
zation procedure is shown in Appendix F; we summarize
the formulas below. The differential cross section is given
by [see Eq. (F67)]

dO'A[ _ 1
dql> 443 v’

SD F2

(USIF%I('(”Z) Opp 17[7(|q|2)

X is not the rest frame of J\/ Although the decay +650 F2,(lqf) + O'(S)]?mF%n(|Q|2)), (59)
amplitude, see Eq. (56), is indeed suppressed by v
[v = O(1073)], it is enhanced by Qy,, which  where
|
2 [ 2
Ha,
0(3)127’92( 2QA+f ]
27 2 2
Hy, 4v (n)
SD _ A 2 P 2
60,pp(nn) - T X (4 + 3(1 _ 122)> (Z quq lp(n)JA, (JA,' + 1) ’
D Ha ,[ 49?2
— i "AP AR
Con =5 _(4 + m) 2 <Z did1 Aqu,>/1pszAi (Ja, + 1)} . (60)
I
Note that in the above formulas the form factors do not s Z n,aA
depend on a4, a7, b9, and d7 in Eq. (41). It is better than oy = (64)
those usually used in the literature, where d?s are involved in > j ’71
the form factors. The DM-nucleus scattering cross section is
and
ar = [ diaP i
A;
d|q|? 5D 4MA pan etf(JA + 1)\~
— p.n = angA Z ’71 )
= ( rSI"’Gopp pp+0()nn nﬂ+00pn pn) (61) 3/”anA
where (65)
450 d|q? respectively. In this way, the data obtained from different
ri= A l 42 o7 F 3(|‘l|) (62) experiments can be compared using ¢% and ap 2
A;
with j = SI, pp, nn, pn, and III. RESULTS
In parallel with the DM sector of the MSSM [13,28], we
F2 o (ll) = SOO(“‘D +Sullal) £ So(a) analyze the model with 7= 1/2 and ¥ = 1/2. Tn this
So0(0) + 811(0) £ Sp1(0) model, there are 13 parameters in total, five mass
» _ Soo(la]) = S11(Ial) 63
00( ) = $11(0) The terminology of spin-(in)dependent cross section is some-

Finally, the spin-independent and spin-dependent scaled
cross sections are defined as

what misleading. There are, in fact, two different normalizations,
where both spin-dependent and spin-independent interactions are

; in D z
involved in o,,; and o%.
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parameters u;(i = 1-5) and eight Yukawa couplings
g:(i = 3-10), as shown in the mass matrices of neutral
as well as single charged WIMPs in Eqs. (A4) and (A8),
respectively. In principle, the 13 parameters can be reduced
to fewer parameters under different considerations. First of
all, let us see what is the minimal particle content which can
make up the DM. In this model, the Majorana fermion can
be generated purely by the singlet 75, namely, only the mass
parameter p, being nonzero. Because of its quantum
number (21,—(Y —1/2)) = (1,0), it does not couple to
the SM gauge bosons. It also does not couple to the SM
Higgs boson since all Yakawa couplings are set to be zeros.
Hence, it is inert and impossible to be a WIMP, unless some
exotic Higgs boson is introduced [52]. Next, we consider
the Majorana fermion generated by the two doublets 77; and
1, namely, only the parameter y; being nonzero. Because
of their quantum numbers (27 + 1, FY) = (2, F1/2), they
couple to the SM gauge bosons but still do not couple to the
SM Higgs boson. As mentioned previously, they are two
degenerate Majorana states y;, « (7, £17,)/ V2 with the
same mass p;. It results in an oversized DM-nucleus
scattering cross section via Z-boson exchange from the
X1(2) = X2(1) vector current. Nevertheless, the problem can
be solved if one can lift the mass degeneracy of y; ,. Hence,
the minimal particle content to make up the DM is to
combine these fermion doublets 7;, 7, and the singlet 7.

To have an overall understanding of the model, we will
consider the following three typical cases: the neutralino-
like, the reduced, and the extended cases (see Table II). For
the neutralinolike case, only the parameters y;_3 and g;_¢
are nonzero, and the Majorana DM is generated by #; 5 3
and the triplet #s. It contains four neutral Majorana
fermions and two single charged fermions. Furthermore,
depending on whether the grand unified theory (GUT)
relation (4, = 3 p3 tan® Oyy) [53] or the tan f relation (note
that g3v = V/2my cos fsin Oy, gqv = /2my sin fsin Oy,
gsv = \/zmz cos ffcos By, and ggv = \/imz sin /3 cos Oy)
is imposed or not, we classify the neutralinolike case into
four subcases: the neutralinolike I case with the GUT
relation and tan # = 2, the neutralinolike II case with the
GUT relation and tan # = 20, the neutralinolike III without
the GUT relation but with tan # = 2, and the neutralinolike
IV case without the GUT and the tan  relations.

For the reduced case, only the parameters y, y», g3, and
g4 are free with the minimal particle content (i.e., 77 53). It

PHYSICAL REVIEW D 94, 035002 (2016)

contains three neutral Majorana fermions and one single
charged fermion. For the extended case, all of the 13 model
parameters are free with the maximal particle content (i.e.,
all n fields), and it contains six neutral Majorana fermions
and four single charged fermions. In each case, we generate
10,000 random samples and survey the DM mass m, in
the range of 1-2500 GeV by random sampling the mass
couplings y;(i = 1-5) linearly in the range of 0-8000 GeV
and the Yukawa coupling g;(i = 3-10) linearly in the range
of 0-1 if these parameters are active.

For each sample, we numerically solve the mass eigen-
states and eigenvalues, find the freeze-out temperature
parameter x, [see Eq. (36)], and obtain the DM thermal
relic density Q){h2 via the calculations of DM annihilation
processes yy — WtW~,ZZ,ZH,HH, ff to compare with
the observed relic density. We calculate the normalized SI
and SD elastic cross sections (a3, o3P, and o) of DM
scattering off 12131 Xe nuclei to compare with the results of
direct search experiments of LUX SI and XENON100 SD
elastic cross sections of DM scattering off 113! Xe nuclei,
respectively. We also calculate 63,° for DM scattering off
CF;; nuclei to compare with the result of the PICO-60
experiment using CF5; as a material target.

In the calculation of 63!, we adopt the exponential form
factor [13,24,25] for Fg(|q|), and we use the data in

Ref. [54] for the nucleon parameters f(T’;’") in Eq. (50). In

calculation of 623,, we adopt the structure factors

Sooo1.11(|q]) for the 12%131Xe nucleus in Ref. [55] and
19F and '?’I (by Bonn A calculation) nuclei in Ref. [56] and
use the experimental data in Refs. [54,57] for the quark spin
component in a nucleon A", For 12*131Xe nuclei, we use
the nuclear total angular momentum J and the predicted
spin expectation values (S,,) in the calculation by
Menendes et al. in Refs. [20,55] for (S, , ). and the
isotope abundance of '2%131Xe in Refs. [20] for #,. For '°F
and '?"I nuclei, we use the nuclear total angular momentum
and the predicted spin expectation values in Refs. [58]. For
simplicity, we only consider the case in which the second-
lightest neutral particle y, is dynamically forbidden to be
produced from the y; + '**Xe — y, + '’ Xe inelastic scat-
tering process.

For the indirect search, we calculate the present velocity
averaged cross section (c(yy—W*W~,ZZ,ZH,HH,ff)v)
to compare with the Fermi-LAT results which provide six

TABLE II. Summary of three typical cases.

Case A Case B Case C
Neutralinolike I Neutralinolike II Neutralinolike III Neutralinolike IV Reduced Extended
GUT GUT No GUT No GUT
tanff =2 tan f = 20 tanf =2
M-35 M-35 M1-3,5 M-35 M3 M1-3,5,7-10
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TABLE III. Particle attribute distribution of sample sets.

PHYSICAL REVIEW D 94, 035002 (2016)

Case A Case B Case C
Percentage (%) Neutralinolike I ~ Neutralinolike II ~ Neutralinolike II  Neutralinolike IV~ Reduced  Extended
Higgsino-like (~#;,) 29 28 33 31 50 29
Binolike (~73) 71 72 33 34 49 34
Winolike (~#s) 0 0 33 34 0 31
Non-neutralino-like (~#9 10) 0 0 0 0 0 5
mixed 0.4 0.3 0.6 1.2 0.8 1.3
upper limits on {(o(yy = WTW~,bb, uit, " 7=, putyu~, mass and composition in the y;-45 plane for the neutralino-

ete”)v) from a combined analysis of 15 dSphs in an
indirect search [23]. We know that the DM halo is
immersed in the Galaxy. The speed of the Sun moving
around the Galactic center is about 220 km/s at the local
distance r = 8.5 kpc, and the Galactic circular rotation
speed is about 230 km/s at radii ~100 kpc [13,59]. On
the other hand, the shortest and longest distances of these
15 dSphs from the Sun are ~23 and 233 kpc, respectively
[23]. Hence, we will use a typical DM velocity » =
300 km/s in the indirect-detection calculation.

Finally, we collect all allowed samples which satisfy all
these 11 constraints, namely, one from the observed value
of DM relic density; four from the direct detection of LUX,
XENONI100, and PICO-60 experiments; and six from the
indirect detection of Fermi-LAT observations such that we
can find the lower bound of DM mass with different particle
attributes, the allowed range of the model parameters, and
the coupling strengths in this model.

Before showing our results, we first define the different
particle attributes, namely, Higgsino-, bino-, wino-, and
non-neutralino-like particles if the main ingredient (com-
position fraction) >60% of a sample is in the state of #; ,,
N3, N5, and 19 1o and is denoted by H-, B-, W-, and non-
neutralino-like X particles, respectively; otherwise, we call
it a mixed particle. Let us first show the sample structures
from six sample sets in Table III. We see that less than 1.3%
of the samples is the mixed particles which can be ignored
in each case. For the cases of neutralinolike I and II, the
population ratio of H-like to B-like particles is roughly
about 3 to 7. Because of the GUT relation, the W-like
particles do not appear in these two cases. For the cases of
neutralinolike III and IV, now without the GUT relation,
plenty of W-like particles come out. In these two cases, H-,
B-, and W-like particles are roughly equally distributed. For
the reduced case, it is about 50/50 equally distributed for
H- and B-like particles. For the extended case, it contains
about 5% non-neutralino-like X particles and is roughly
equally distributed for H-, B-, and W-like particles. In the
subsequent descriptions, we will use open circle, times,
triangle, filled square, and filled circle to denote the
Higgsino-, bino-, wino-, and non-neutralino-like and the
mixed particles, respectively. The contour plot of the DM

like case I is shown in Fig. 2. Note that the contour plot of
the neutralino mass and composition in the MSSM [13] is
successfully reproduced in Fig 2. Hence, the fermion
multiplets 7, 1,, 3, and 75 correspond to two doublets
of Higgsinos, a singlet of bino, and a triplet of winos in
the MSSM, respectively [recall Eq. (21)]. Nevertheless, the
model does not contain particles corresponding to the
sfermions and the second Higgs doublet in MSSM so that
there does not exist the annihilation channels into the extra
scalar states and scattering diagrams mediated by the extra
scalars. On the other hand, the model does contain more
Z,-0odd fermion particles with multiplets 77, 1g, 179, and 7.
Hence, this generic Majorana DM model is still quite
different from the MSSM.

A. Case A: Neutralinolike cases

Both the neutralinolike I and II cases contain seven
parameters, y,_sz, g3_¢, Which are subjected to the GUT and

Contour plot of DM mass and composition with tanf=2
5000 T T

1000

10001

500 X 300 1

s Gev?)

100

my
100¢
_______ 30
50 : : ‘
50 100 500 1000 5000

11 (GeV?)

FIG. 2. Contour plot of the DM mass and composition in the
u1-p3 plane for the neutralinolike I case. The broken curves are
contours of DM mass m,,, and the solid curves are contours of
gauginolike (73 or n?) fraction. Here, the GUT relation

pa = 3 3 tan® Oy has been used.
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the tan f relations resulting in only two free parameters parameters in the neutralinolike IV case are free. We first
and p, (or u3). The neutralinolike III case is only subjected =~ emphasize on the description of the interplay among these
to the tan f relation resulting in three free parameters ¢;_3.  constraints with the case of neutralinolike I using Figs. 3-5
Without the GUT and the tan f relations, all of these seven = and then tell the differences among these neutralinolike

@™ (cm?) On?

(a9 (cm’ss) % (cm?)
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FIG. 3.
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cases in this subsection. The reduced case and the extended
case are discussed in the next two subsections. For
neutralinolike I case, we show the scatter plot of Q)(h2
vs m, in Fig. 3(a). The horizontal line denotes the upper
limit using the upper 3¢ value of the observed relic density
Q)(h2 = 0.1198 £ 0.0026. The samples sitting above the
horizontal line are ruled out. We see that most of the B-like
particles are ruled out, while the H-like particles tending to
have smaller values in relic density with m, > My, are safe.
The Q)‘;bshz constraint is the most stringent constraint since
about 74% of samples is ruled out by this constraint. The
results of DM-nucleon elastic scattering cross sections
compared to the LUX o3, the XENON100 635, and the
PICO-60 63° constraints are shown in Figs. 3(b)-3(e),
respectively. Since the LUX constraint on ¢%' is the most
stringent one among these four constraints, we should
concentrate on Fig. 3(b). We find that the mixed and the H-
like particles tend to have larger values in the DM-nucleon
elastic scattering cross section, while the B-like particles
tend to have smaller values. The samples sitting below the
upper limit of the LUX Sl-experiment [19] (solid curve)
and above the line of the neutrino background (dashed
curve) are allowed. We see that most of mixed particles,
part of the H-like particles, and a few of B-like particles are
ruled out by the LUX constraint so that about 96% of the
samples is safe. However, most B-like particles sitting
between these two lines [see Fig. 3(b)] have been ruled out
by the Q9" h? constraint [see Fig. 3(a)], and hence only
23% of the samples survives. Furthermore, nearly 99% of

the survived samples is H-like. It shows that the DM relic

16722
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density and the direct search constraints are complementary
to each other.

To compare with the Fermi-LAT constraints, we show
the scatter plots of (6(yy — WHW~, bb, uit, 757, u™ ™ )v)
vs m,, in Figs. 3(f)-3(j), respectively. We do not show the
plot of (o(yy — e*e™)v) since it is highly helicity sup-
pressed as mentioned in Sec. II. B. The samples sitting
above the Fermi-LAT constraints are ruled out. For the
W*W~ channel [see Fig. 3(f)], a B-like DM pair does not
contribute to the s-wave amplitude (also mentioned in
Sec. II.B) so that all values of (o,,,v) for the B-like
particles are less than those values for the H-like and the
mixed particles. We also see that part of the H-like and the
mixed particles are ruled out by this constraint so that about
94% of samples is safe under this constraint. However,
most B-like particles sitting below the limit are ruled out by
the Q9 h? constraint, and hence only about 20% of the
samples survives. In Figs. 3(f)-3(j), we see that, in general,
the B-like particles tend to have smaller (6,,,v), while the
H-like and the mixed particles tend to have larger (o,,,v).
Note that all the DM particles annihilating into ff with the
final fermion mass less than My, have the similar resonance
shapes with peaks at m, = m,/2 and my /2. For bb and
77~ channels, only a few DM candidates are ruled out by
these two constraints, and for other channels, the con-
straints become less important when the final fermion
mass is less than m,. Besides, we also give the scatter
plots of velocity averaged cross sections (o(yy —
ZZ,HZ,tt, HH)v) vs m, in Fig. 4. Similar to the case

of the W+ W~ channel, the B-like particles do not contribute
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to the s-wave amplitude in the ZZ channel (mentioned in
Sec. II. B) so that all the values of (6,,,v) for the B-like

particles are less than those values for the H-like particles in
the ZZ channel [see Fig. 4(a)]. In addition, the process
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xx — HH can only proceed from the p wave. It results in
the fact that almost all values of (c,,,v) in the HH channel
are less than those values in the ZZ, ZH, and 7 channels
[see Figs. 4(a)-(4d)]. Recall that the relic density is
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proportional to the inverse of (0,,,v), While (6,,,0) is
dominated by the W* W~ channel for m, > My, and the bb
channel for m, < My. Therefore, the shape of the relic
density in Fig. 3(a) can be easily understood from Figs. 3(f)
and 3(g). The interplay of different observables are useful
and instructive.

In Fig. 5, we redraw Fig. 3 only with the allowed samples
which satisfy all the constraints. These plots are the
predictions of the neutralinolike I case. We will also redraw
the plots of Fig. 4 only with allowed samples later. We find
that the direct detection of the SI cross section from DM
scattering off nuclei and the indirect detection of the
velocity averaged cross section from DM annihilating to
W W~ are two more sensitive constraints as the allowed
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regions touch the corresponding upper limits. It means that
they are more accessible for DM searches in the near future.
Now, it is interesting to see how these constraints shape the
allowed range of DM mass for a given particle attribute. In
the following discussion, we will ignore the outlier samples
with DM mass near the peaks, namely, m, = M,/2 and
My /2 in Fig. 5. For the B-like particles, about 99% of them
is ruled out by the DM relic density constraint. The LUX
oy constraint is complementary to the relic density con-
straint such that only the B-like particles with m, >
1411 GeV could be DM candidates [see Fig. 3(b)]. All
of the H-like particles with mass m, < My GeV are ruled

out by the DM relic density constraint, followed by the
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Fermi-LAT ((o(yx — bb)v) constraint around m, ~ My,.
All the H-like particles with m, > My, are not ruled out by
the observed relic density [see Fig. 3(a)], and all the H-like
particles with My < m, <456 GeV are ruled out by
Fermi-LAT ((6(yy — W W~)v) constraint [see Fig. 3()],
while H-like particles with m,, 2 456 GeV are still subject
to the LUX o3 constraint. Therefore, without considering
the outliers, the allowed mass regions for the B-like and the

H-like particles in Fig. 5 can be understood.

After explaining the interplay among these constraints in
the case of neutralinolike I, now we turn to see the
differences among these neutralinolike cases. The results
of other three cases with all samples are shown in Figs. 6-8.
In these figures, we do not show the highly helicity

suppressed plots of (6,;v), (6,+,-v), and (6,+,-v). First
of all, the W-like particles do not appear in the cases of
neutralinolike I and II with different tanf values (see
Figs. 3 and 6). It is highly unlikely to generate the W-like
particles with the GUT relation.” In contrast, without
the GUT relation, plenty of W-like particles can be
generated as in the cases of neutralinolike III and IV
(see Figs. 7 and 8). For the neutralinolike III case with a
fixed tan g, the W-like particles tend to have smaller values
in Q)(h2 and larger values in the cross section of DM
scattering off nuclei and in the velocity averaged cross

’It does not mean that the W component is vanishing, but it is
not the dominant composition of DM particles in these cases.
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section of DM annihilation to the SM particles than the
B-like particles (see Fig. 7). For the neutralinolike IV case
without fixing tanp, only the W-like particles with
m,, 2 My have smaller values in thz and greater values
in (o w-v) than the B-like particles (see Fig. 8). It
originates from the fact that a B-like DM pair does not
contribute to the s-wave amplitude.

Among the neutralinolike cases, we see that either “a
higher tan  value” (neutralinolike II, Fig. 6) or “‘without the
GUT relation” (neutralinolike-III, IV, Figs. 7 and 8) gives a
wider spread in each scatter plot as comparing to Fig. 3. With
the DM relic constraint, 99%, 99%, 98%, and 60% of B-like
particles are ruled out in the neutralinolike I-IV cases,

10°
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respectively. After considering all constraints, less than
1% of B-like particles could be DM candidates for the cases
of neutralinolike I-III. However, for the neutralinolike IV
case, without the GUT and the tanf relations, it has the
widest spread in each scatter plot among the neutralinolike
cases so that up to 23% of B-like particles could be DM
candidates. A closer look reveals that in the latter case more
B-like particles have lower values in DM relic density [see
Fig. 8(a)]. Therefore, more B-like particles are allowed in the
neutralinolike IV case. On the other hand, with the LUX o3}
constraint, 79%, 67%, 61%, and 51% of H-like particles
survive in the neutralinolike I-IV cases, respectively [see
Figs. 3, 6, 7, and 8(a)]. It means that in the case of either a
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higher tan/ or without the GUT relation more H-like
particles spread toward larger values in oy ; namely, fewer
H-like particles (relative to neutralinolike I) can be allowed.
After considering all constraints, 63%, 49%, 45%, and 46%
of H-like particles are allowed in the neutralinolike I-TV
cases, respectively. As for the mixed particles, it can be
ignored since less than 0.1% of samples is allowed as the DM
candidates in the neutralinolike cases.

The W-like particles can only appear in the cases
without the GUT relation (neutralinolike IIT and IV; see
Figs. 7 and 8). All the W-like particles with m, < My, are
ruled out mainly by the DM relic density constraint [see
Figs. 7(a) and 8(a)], followed by the Fermi-LAT constraint

via the DM annihilation to the b channel around m,~My,
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[see Figs. 7(g) and 8(g)]. All the W-like particles with
m, > My, are not ruled out by the observed relic density
[see Figs. 7(a) and 8(a)], and all the W-like particles with
My <m, <1 TeV are ruled out by the Fermi-LAT con-
straint via the DM annihilation to the W™ W~ channel [see
Figs. 7(f) and 8(f)]. The remaining W-like particles with
m, 2 1 TeV are still subjected to the LUX, XENON100,
and PICO-60 constraints [see Figs. 7(b)-7(e) and
8(b)-8(e)]. It results in about 45% and 39% of W-like
particles being allowed to be DM candidates in the
neutralinolike III and IV cases, respectively, and the
allowed W-like particles are heavy (m, 2 1 TeV).

In Figs. 9-11, we redraw Figs. 6-8 with the allowed
samples, respectively. As in the case of neutralinolike I, we
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FIG. 9. Results for allowed samples satisfying all constraints in the neutralinolike II case [open circle: Higgsino-like, times: binolike,

filled circle: mixed].
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still see that the direct detection of o3 and the indirect
detection of (o(yy — WTW~)v) will be more accessible
for DM searches in the near future. Hence, we focus on
these two and the relic density plots in these figures. Note
that in the following discussion we jump over the allowed
outlier samples.

We see that most of B-like particles are ruled out by the
Qxhz constraint [see Figs. 6(a), 7(a), and 8(a)], followed by
its complementary constraint of af‘\} [see Figs. 6(b), 7(b),
and 8(b)]. With the GUT relation, the cases of neutralino-
like I (tan = 2) and neutralinolike II (tan 8 = 20) have
similar results, where only the B-like particle with
m, 2 1411, 1258 GeV could be DM candidates, respec-
tively (see Figs. 5 and 9). Without the GUT relation, the
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mass of the allowed B-like particle can lower down with
m, 2 341, 288 GeV in the cases of neutralinolike III and
IV, respectively (see Figs. 10 and 11). Less than 0.3%,
0.3%, and 0.9% of the B-like samples are allowed in the
cases of neutralinolike I, II, and III, respectively. Without
the GUT relation, the allowed B-like samples become
sparse in the neutralinolike III case. Note that the allowed
B-like particles only attach to the LUX limit; in other
words, the LUX limit is an active constraint, and con-
sequently only the experiments of ST DM-nucleus scatter-
ing are accessible to the DM searches in the near future.

The H- and W-like particles with m, < My are
ruled out by the Q){hz constraint [see Figs. 6(a), 7(a),
and 8(a)], followed by the (o(yy — bb)v) constraint
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FIG. 10. Results allowed samples satisfying all constraints in the neutralinolike III case [open circle: Higgsino-like, times: binolike,

triangle: winolike, filled circle: mixed].
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[see Figs. 6(g), 7(g), and 8(g)], while the H- and W-like
particles with m,, 2 M, are mainly ruled out by the (o(yy —
WHW™)v) [see Figs. 6-8(f)] and the o5 constraints [see
Figs. 6-8(b)]. We see that the allowed lower mass bound
of H-like DM candidates is about 455 GeV for all the
neutralinolike cases (see Figs. 9—11), namely, independent of
the GUT and the tan f relations for the H-like particles, while
the allowed lower mass bound of W-like DM candidates is
about 1100 GeV, which is independent of the tan f relation in
the neutralinolike IIT and IV cases (see Figs. 10-11). On the
contrary to the B-like DM candidates, H- and W-like DM
candidates will be accessible in the direct search of o3 as
well as the indirect search of (¢(yy — W+W™)v) in the near
future. Therefore, without considering the outlier samples,

PHYSICAL REVIEW D 94, 035002 (2016)
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Results for allowed samples satisfying all constraints in the neutralinolike IV case [open circle: Higgsino-like, times:

the allowed mass regions for I:I—]ike, E—like, and W-like in
Figs. 9—11 can be understood. On the other hand, we find that
the allowed H-like particles are highly pure, as 98%, 97%,
99%, and 99.9% of them are in the states of #; or , with the
composition fraction greater than 90% in the cases of
neutralinolike I-IV respectively. However, only 39%, 5%,
55%, and 99% of the allowed B-like particles are in the state
of 3 with the composition fraction greater than 90% in the
cases of neutralinolike I-IV respectively. That is because
either the GUT relation or the tan f relation is imposed in the
cases of neutralinolike I-IIl. As for the allowed W-like
particles, 99.9% and 99.5% of them are in the state of #5 with
the composition fraction greater than 90% in neutralinolike
-1V, respectively.
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B. Case B: Reduced case

For the reduced case, it contains a minimal particle
content 77 5 3 (H- and B-like) with four free parameters i, ;
and g3 4. Since 75 (W-like) particles are absent, it is natural
that the W-like particles do not appear in this case. We show
the results in Fig. 12 with all samples. As in the neutralino-
like cases, we show that all values of (oy+y-v) for the B-
like particles should be less than those values for the H-like
and the mixed particles in Fig. 12(f), which is consistent
with the fact that a B-like DM pair does not contribute to
the s-wave scattering amplitude.

As in the neutralinolike cases, we do not show the highly
helicity suppressed plots of (6,;v), (6,+,-v), and (0,+.-v).
The reduced case contains more free parameters than the
cases of neutralinolike I, II, and III, so it can have a wider
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spread in each scatter plot than the cases of neutralinolike I,
I, and III as the tan f relations are not imposed. Therefore,

although most B-like samples are ruled out by the Q)(hz
constraint, we can still have plenty of B-like particles being
allowed. As in the neutralinolike IV case, more B-like
particles have lower values in Q)(hz, and more H-like
particles have larger values in o3 [see Figs. 12(a) and
12(b)]. Consequently, more B-like particles (relative to
neutralinolike I, II, and III) and fewer H-like particles
(relative to neutralinolike I) are allowed. We find that about
48% of the H-like particles and 23% of B-like particles
could be DM candidates.

We redraw Fig. 12 in Fig. 13 but with the allowed
samples only. As in the neutralinolike cases,
the direct detection of o3 and the indirect detection of
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FIG. 12. Results for all samples with constraints in the reduced case [open circle: Higgsino-like, times: binolike, filled circle: mixed].
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(o(yy > W"W~)v) will be more accessible for DM
searches in the near future. Similarly, the B-like particles
can be sensitively detected only through the experiments of
SI DM-nucleus scattering, while the H-like particles can be
sensitively detected through both the direct search in the SI
experiments of DM-nucleus scattering and the indirect
search in the observation of DM annihilation to the W W~
channel in the near future. Comparing Figs. 5, 9-11,
and 13, we see that this case is closer to the neutralinolike
IV case, but without W-like particles. Despite the fact that
most of B-like particles are ruled out by the thz con-
straint, and further by LUX 65 constraint, more allowed
B-like particles can lower the allowed mass range of B-like
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Results for allowed samples satisfying all constraints in the reduced case [open circle: Higgsino-like, times: binolike, filled

particles from m,, 2 1 TeV (as in the cases of neutralinolike
[ and II without the GUT relation) to m, > 317 GeV. On
the other hand, the H-like particles with m, < My, are ruled
out by the relic density and the Fermi-LAT (¢(yy — bb)v)
constraints, while the H-like particles with m, > My, are
subjected to the Fermi-LAT (o(yy — W"W~)v) and the
LUX o3 constraints, so only the H-like particles with
m,, 2 454 GeV could be the DM candidates. We also find
that the allowed H- and B-like particles are highly pure, as
99.9% of both H- and B-like particles is in the states of 7; ,
and n3, respectively, with their composition fractions
greater than 90%.
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FIG. 14. Results for all samples with constraints in the extended case [open circle: Higgsino-like, times: binolike, triangle: winolike,

filled square: non-neutralino-like, filled circle: mixed].

C. Case C: Extended case

For the extended case, it has a maximal particle content
with 7, _3 57_10. In addition to the W-like particles (~#s), the
non-neutralino-like X particles (~;19,10)6 also appear in this
case, and the latter contain about 5% of the samples. We
show the results in Fig. 14 with all samples. As in other
cases, we do not present the highly helicity suppressed
plots of (6,;v), (6,,+,-v), and (o, .-v), but we show that all
values of (oy-+y-v) for the B-like particles should be less
than those values for the H-like and the mixed particles in
Fig. 14(f), which is consistent with the fact that a B-like

®Note that 17 do not have neutral particles, and hence they do
not contribute to the dark matter compositions.

DM pair does not contribute to the s-wave scattering
amplitude. In this case, all model parameters, u;_s and
J3-6 are free (without the GUT and the tan f relations), so it
has the widest spread in each scatter plot among all cases.
Without the GUT and the tanf relations, more B-like
particles have lower values in Qxhz, and more H-like
particles spread toward larger values in oy . Consequently,
more B-like particles (relative to neutralinolike I, II, and
III), and fewer H-like particles (relative to neutralinolike I)
are allowed. [see Figs. 14(a) and 14(b)]. We find that 43%
of H-like particles and up to 22% of B-like particles could

be DM candidates.
We redraw Fig. 14 in Fig. 15, but with the allowed

samples only. Similarly, we find that B-like DM candidates
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Results for allowed samples satisfying all constraints in the extended case [open circle: Higgsino-like, times: binolike,

triangle: winolike, filled square: non-neutralino-like, filled circle: mixed].

are accessible only in the SI experiments of DM-nucleus
scattering, while all other types of DM candidates can be
sensitively detected from both the direct search in the SI
experiments of DM-nucleus scattering and the indirect search
in the observation of DM annihilation to the W W~ channel
in the near future. Despite the fact that most of the B-like
particles are ruled out by the Q){hz constraint, and further by
LUX oy constraint, more allowed B-like DM candidates
can lower the allowed mass range of B-like particles from
m, 2 1 TeV (as in the cases with the GUT relation) to
m,, % 300 GeV. The H-like particles with m, < My, are
ruled out by the relic density and the Fermi-LAT (c(yy —
bb)v) constraints, while the H-like particles with m, > My
are subjected to the Fermi-LAT (o(yy — W*W™)v) and the

LUX 63! constraints, so only the H-like particles with
m,, 2 450 GeV could be the DM candidates. Similarly, the

W-like particles and the non-neutralino-like X particles with
m, < My, are ruled out by the relic density and the Fermi-
LAT (o(yy — bb)v) constraints, while the W-like particles
and the non-neutralino-like X particles with m, > My,
are subjected to the Fermi-LAT (o(yy — WTW™)v) and
the LUX 6% constraints, so only the W-like particles and the
non-neutralino-like X particles with m, 2 1107, 738 GeV,
respectively, could be the DM candidates. We also find that
about 31% of W-like particles and 62% of non-neutralino-like
X particles are allowed to be DM candidates. Furthermore,
we find that the allowed H - l§—, and W-like particles and the
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non-neutralino-like X particles are highly pure, as 99.5%,
99.2%, 99.5%, and 95% of them are in the states of #; 5, 773, 1.,
and 7 10, respectively, with their composition fractions
greater than 90%.

D. Summary and predictions

In this subsection, we will summarize the previous
discussion and give some predictions. The allowed samples
must satisfy all the constraints simultaneously, namely, the
observed relic density Q°"h? constraint (below +30), the
LUX constraint on oy, the XENON100 constraints on 5,
the PICO-60 constraint on ¢5°, and the Fermi-LAT con-
straints on (6(yy — WTW=, bb, uit, 751", utu~, ete™)v).
For all cases, we find that most of the B-like particles are
ruled out by the Q)(h2 constraint, and further by the LUX

oy constraint; the H-like particles with m, < My are ruled

out by the relic density and the Fermi-LAT (¢(yy — bb)v)
constraints, while the H-like particles with m, > My, are
subjected to the Fermi-LAT (6(yy —» W™ W~)v) and the
LUX o3 constraints. For all cases, all values in (cy+y-)
for the B-like particles are smaller than those values for the

H-like particles due to the fact that a B-like DM pair does
not contribute to the s-wave scattering amplitude. Besides,
the process of yy — ff favors heavy fermions since the
s-wave contribution is helicity suppressed. We see that
the direct search of SI DM-nucleus elastic scattering and
the indirect search of DM annihilation to the WTW~
channel are more important. In other words, they will be
sensitive to the DM searches in the near future.

Without considering the outlier samples, we show the
allowed mass range of different particle attributes to detect
DM in direct as well as indirect searches in Table IV. The
upper values denote the lower mass bounds to detect DM in
the direct search of SI DM-nucleus scattering experiments,
and the lower intervals denote the mass interval suitable to
detect DM in the indirect search of the DM annihilation

PHYSICAL REVIEW D 94, 035002 (2016)

process via the W W~ channel using the present limit and
the projected limit, which is taken to be 1 order of
magnitude lower than the present one. We see that the
DM mass should be greater than 450, 288, 1090, and
738 GeV to detect the H - E—, and W-like DM particles and
the non-neutralino-like X DM particles, respectively. Note
that, unlike in the indirect case, we cannot infer the upper
mass bound to detect DM in the direct search in this
analysis. In other words, future direct searches can explore
a larger DM mass range than the indirect one.

The Fermi-LAT constraint on (o(yy —» WTW™)v) is
more useful than other Fermi-LAT constraints with light
ff in the final states. On the other hand, from the
discussion of the properties of DM annihilation processes
xx = WTW~,ZZ ZH,HH, ff in Sec. II. B, we know that
only the process of yy — HH has no s-wave contribution
and the process yy — ff favors heavy fermion pairs.
Hence, it is also important to study DM annihilation to
gauge boson and heavy quark processes. In Fig. 16, we
show our predictions on (¢(yy — ZZ,ZH, if)v) with the
allowed samples. Their values of (6v) can be as large as
10726 cm?/s. It will be useful to search DM with these
processes.

In Table V, we summarize the distribution of the allowed
samples satisfying all constraints. The two values in
parentheses in the table show the percentages (with regard
to the whole sample) of a specified particle attribute before
and after being subjected to the constraints, respectively.
For example, in the first row “H” and the first column
“Neutralinolike I case” of the table, we see that there is 29%
of the whole sample in the neutralinolike I case being

H-like particles and only 18% of the whole sample being

allowed H-like particles. Among the H-like particles, only
63% of them survives under the constraints, and this
surviving rate is shown below the parentheses. From this

table, we see that fewer H-like particles are allowed
(relative to neutralinolike I) and fewer B-like particles

TABLE IV. Allowed mass ranges according to particle attributes to detect DM in the near future. The upper values denote the lower
mass bounds (in units of GeV) to detect DM in the direct search of ST DM-nucleus scattering experiments, and the lower intervals denote
the mass interval (in units of GeV) suitable for detecting DM in the indirect search of the DM annihilation process via the W W~
channel between the present limit and the projected limit, which is taken to be 1 order of magnitude lower than the present one.

Case A Case B Case C
Neutralinolike I Neutralinolike II Neutralinolike III Neutralinolike IV Reduced Extended

H-like 456 457 457 454 454 450
5 (456, 940) 457, 937) (457, 947) (454, 947) (454, 949) (450, 927)
B-like 1411 1258 341 288 317 299

X X X X X X
W-like X X 1120 1090 X 1107

X X (1120, 2500% (1090, 2374) X (1107, 2080)
X-like X X X X X 738

X X X X X (738, 1563)

*This value is originated from the limitation of our numerical analysis.
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TABLE V. Particle attribute distribution of the allowed DM candidates. The values in the first row H-like and the first column
Neutralinolike I of the table mean that 29% of the whole sample in neutralinolike I case is H-like and only 18% of the whole sample is
the allowed H-like particles, or equivalently, among the H-like particles, only 63% of them is allowed.

Case A Case B Case C
% Neutralinolike I Neutralinolike II Neutralinolike III Neutralinolike IV Reduced Extended
H-like (29, 18) (28, 14) (33, 15) (31, 15) (50, 24) (29, 12)
~ 63 49 45 46 48 43
B-like (71, 0.2) (72, 0.2) (33, 0.3) (34, 8) 49, 11) (34,7
_ 0.3 0.3 0.9 23 23 22
W-like X X (33, 15) (34, 13) X (31, 10)
_ X X 45 39 X 31
X-like X X X X X 5, 3)
X X X X X 62

can survive in the cases with the tan f relation (neutralino-
like I-III). As mentioned before, it is due to the fact that a
higher tan 8 value or without the GUT relation can give us
wider spreads in the scatter plots. It results in the fact that

TABLE VL

more H-like particles spread into the prohibited region in
the o3 scatter plot. On the other hand, with the tan/

relation, fewer B-like particles can spread into the allowed
region in the thz scatter plot.

Allowed range for DM mass, model parameters, and effective couplings. The upper and lower intervals represent the

allowed range for samples satisfying all the constraints with Q){h2 in the criteria C1 (< +30) and C2 (within 430), respectively.

Case A

Case B

Case C

Neutralinolike I

Neutralinolike II

Neutralinolike III

Neutralinolike IV

Reduced

Extended

Hi

H2

H3

Ha

Hs

93

94

9s

e

97

93

99

J10

la,/m,| (9.3e-10, 9.02¢-8) (2.5¢-10, 7.05¢-8)
(6.15¢-9, 6.96¢-8) (3.69%-9, 1.28¢-8)
(9.8e-11, 4.31e-8) (5.7e-10, 8.62e-8) (1.59¢-10, 3.20e-8)
(1.38¢-9, 1.57¢-8) (3.04e-9, 7.66e-9) (2.17e-10, 1.26¢-8) (2.05e-11, 2.46e-8)

ldg|

(51.1, 2495.1)
(1116.6, 2496.7)
(52.3, 6933.9)
(1118.2, 2499.3)
(58.4, 3814.3)
(1430.8, 3811.4)
(1222, 7978.8)
(2993.0, 7972.8)

(57.1, 2498.9)
(1018.2, 2471.4)
(58.1, 3655.4)
(1019.1, 2473.8)
(0.214, 3823.5)
(2027.4, 3802.9)
(0.447, 7998.2)
(4240.9, 7955.1)

(58.9, 2498.3)
(947.7, 2454.6)
(62.7, 7982.6)
(980.4, 5452.8)
(59.80, 7999.9)

(1781.6, 7979.6)
(5.328, 7999.5)

(1816.7, 7977.2)

(1.52¢-9, 9.08¢-8)
(2.40e-9, 6.86¢-8)

(54.8, 2499.9)
(332.6, 2464.6)
(59.34, 7999.4)
(901.6, 7896.2)
(56.99, 7999.4)
(339.5, 7970.8)
(63.0, 7998.6)
(848.5, 7992.6)

X

X

X

X
(1.40e-4, 0.999)
(2.61e-2, 0.998)
(1.90e-4, 0.999)
(5.20e-2, 0.994)
(1.26e-3, 0.999)
(5.51e-3, 0.979)
(1.37¢-5, 0.999)
(1.31e-2, 0.994)

i Il e s

(7.5¢-10, 9.52¢-8)
(4.87¢-9, 6.95¢-8)
(9.1e-12, 5.70e-8)

(57.8, 2498.8)
(316.6, 2481.7)
(58.56, 7997.0)
(953,9, 7953.3)
(61.67, 7998.2)
(323.4, 7977.4)

eIl

(2.86e-4, 0.999)
(5.20e-4, 0.976)
(5.12e-4, 0.999)
(8.50e-3, 0.996)

el I e i i Sl e

(54.0, 2499.0)
(299.0, 2383.5)
(52.38, 7998.4)
(1040.5, 7858.5)
(56.7, 7996.9)
(305.4, 7134.6)
(1.095, 7994.6)
(1305.3, 7951.2)
(681.80, 7999.4)
(681.80, 7633.5)
(551.7, 7998.7)
(551.7, 7771.8)
(2.57e-4, 0.999)
(7.76¢-3, 0.975)
(3.00e-4, 0.999)
(8.38¢-3, 0.988)
(6.00e-4, 0.999)
(1.03e-2, 0.993)
(1.46¢-4, 0.999)
(1.91e-2, 0.995)
(6.47e-4, 0.999)
(8.79¢-3, 0.985)
(6.70e-4, 0.999)
(6.70e-4, 0.998)
(1.02e-4, 0.999)
(1.45¢-2, 0.981)
(3.04e-5, 0.999)
(1.98¢-2, 0.994)

(5.6e-10, 9.03¢-8) (1.5e-11, 9.18¢-8)
(6.6e-10, 9.31e-8)
(3.8¢-13, 5.02¢-8) (1.7e-12, 3.62¢e-7)
(3.4e-11, 3.19¢-8) (2.9e-12, 3.52¢-8)

(1.5¢-9, 7.28¢-8)
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As shown in the table, in the neutralinolike III and IV and
the extended cases, we have plenty of W-like particles. The
W-particles with m, < My are ruled out by the relic
density and the Fermi-LAT (c(yy — bb)v) constraints,
while the W-particles with m, > My, are subjected to the
Fermi-LAT (o(yy — W*W~)v) constraint and the LUX
o3 constraint. The fewer relations on model parameters
give a wider spread in the scatter plots of Q,h?, oy, and
(6(yy — WTW~), resulting in lower surviving rates of W-
like DM candidates, namely, 45%, 39%, and 31% in the

TABLE VIL

PHYSICAL REVIEW D 94, 035002 (2016)

neutralinolike III and IV and the extended cases, respec-
tively. As for the non-neutralino-like X particles, 62% of
them could be DM candidates.

Including the allowed outlier samples, we show the
allowed ranges of DM mass, mass parameters (u;),
Yukawa couplings (g;), and the effective couplings
(|lay/m,| and |d,|) used in the calculation of DM scattering
off 12%131Xe nuclei and CF;/ nuclei in Table VI and the
allowed ranges for the coupling strengths used in the
calculation of DM annihilation processes in Table VIL
In Table VII, we have used the following definitions:

Allowed range for the coupling strengths. The upper and lower intervals represent the allowed range for samples

satisfying all the constraints with thz in the criteria C1 (< +30) and C2 (within 430), respectively.

Case A

Case B Case C

Neutralinolike I

Neutralinolike II

Neutralinolike III

Neutralinolike IV

Reduced

Extended

|97 (1.80e-3, 1.75e-1)  (4.84e-4, 2.49e-1)  (2.95e-3, 1.77¢-1)
(1.20e-2, 1.35e-1) (7.17e-3, 2.49¢-1)  (4.66¢-3, 1.33e-1)
|glLf| (4.39¢-6, 1.93e-3) (2.57e-5, 3.87e-3) (7.12e-6, 1.43e-3)
(6.20e-5, 7.03e-4) (1.37e-4, 3.34e-4) (9.73e-6, 5.62¢e-4)
|g1L1W’| (3.95e-3, 3.28e-1) (8.96e-4, 3.30e-1) (1.22e-3, 6.53e-1)
(1.42e-1, 3.27e-1)  (3.26e-1, 3.27e-1)  (3.02e-2, 3.27¢-1)
|| (4.00e-3, 3.27e-1)  (1.07¢-3, 3.27e-1)  (1.68e-3, 6.53¢-1)
(1.40e-1, 3.27e-1) (3.26e-1, 3, 27e-1) (3.05e-2, 3.32¢e-1)
|gf5’ (3.20e-3, 5.32e-2) (1.28e-6, 1.08e-1)  (1.20e-3, 3.10e-1)
(3.32e-3, 5.32e-2) (5.49e-3, 1.43e-2) (2.65e-3, 5.43e-2)
|glL22| (8.67e-6, 1.85e-1) (4.79e-5, 1.85e-1)  (6.36e-6, 1.85¢-1)
(7.99¢-2, 1.85e-1) (1.85e-1, 1.86e-1) (1.63e-5, 1.85¢e-1)
|97 (2.67e-3, 5.49¢-2)  (5.49¢-3, 5.24e-2)  (1.72e-4, 2.84e-1)
(1.00e-2, 2.00e-2) (6.49e-3, 1.70e-2) (5.88e-3, 1.27e-1)
|g’f2‘”’| (1.29e-3, 1.61e-2) (3.20e-4, 1.54e-2) (1.00e-6, 9.15¢-2)
(2.72e-3, 5.63e-3) (8.50e-4, 3.78e-3) (2.71e-3, 4.07¢e-2)
|g1L3”| (1.65e-3, 1.66e-1) (1.46e-3, 1.30e-1) (3.65e-3, 3.10e-1)
(1.13e-1, 1.66e-1)  (1.28e-1, 1.30e-1)  (6.01e-2, 3.10e-1)
|gf3z| (1.12e-6, 1.06e-2) (1.63e-5, 4.14e-3) (8.73e-6, 7.07¢-2)
(4.08¢-4, 6.10e-4) (9.45e-4, 1.60e-3) (2.02¢e-4, 2.51e-3)
gy X X X
X X X
1973 X X X
X X X
|| (1.20e-1, 3.10e-1)  (1.03e-1, 2.42e-1)  (3.15e-5, 3.45e-1)
(1.24e-1, 3.10e-1) (2.41e-1, 2.42e-1) (1.11e-1, 3.40e-1)
|gfj| (2.39¢-4, 3.05e-3) (5.74e-4, 5.01e-3) (3.70e-8, 1.44¢e-2)
(3.72e-4, 6.72e-4)  (1.10e-3, 1.78e-3) (2.74e-4, 1.18e-3)
94| X X X
X X X
g X X X
X X X
' X X X
X X X
|g7% X X X
X X X
97| X X X
X X X
|71 X X X
X X X

(1.45e-3, 1.85e-1)
(9.46¢-3, 1.35¢e-1)
(4.07e-7, 2.56¢-3)
(9.20e-7, 1.11e-3)
(8.75e-6, 6.54e-1)
(5.06e-5, 3.27e-1)
(2.04e-4, 6.54e-1)
(2.45e-4, 3.38¢e-1)
(2.17e-5, 9.35¢e-1)
(4.99¢-4, 6.38¢e-1)
(5.36¢-8, 1.85¢e-1)
(6.23e-6, 1.85e-1)
(1.27e-4, 4.87e-1)
(4.91e-4, 1.78e-1)
(1.27e-6, 1.63e-1)
(2.87e-5, 5.58e-2)
(4.55e-4, 9.59¢-1)
(3.00e-2, 6.94e-1)
(7.90e-7, 4.00e-2)
(5.62¢-6, 1.64e-2)

X

X

X

X
(1.88e-5, 9.84e-1)
(3.49¢-4, 7.46e-1)
(2.05e-7, 5.46¢-3)
(5.59¢-7, 4.34e-3)

ook o koo e R ool oyl

(1.08¢-3, 1.81e-1)
(1.33¢-3, 1.81e-1)
(1.71e-8, 2.25¢-3)
(1.51e-6, 1.43¢-3)
(1.35¢-3, 3.28¢-1)
(5.88¢-3, 3.27¢-1)
(4.87¢-3, 3.28¢-1)
(4.34e-3, 3.27e-1)
(7.49¢-7, 4.85¢-1)
(6.10e-5, 4.08¢-1)
(2.20e-3, 1.85¢-1)
(3.68¢-3, 1.85¢-1)

X

X

X

X
(2.26¢-2, 9.81e-1)
(7.71e-2, 8.07e-1)
(9.52¢-8, 6.86¢-3)
(6.84¢-6, 5.36¢-3)

e I Il e e e I i i o

(2.85e-5, 1.78e-1)
(2.94e-3, 1.42e-1)
(7.81e-8, 1.62¢e-2)
(1.30e-7, 1.58e-3)
(8.50e-7, 6.53e-1)
(4.03e-6, 3.26e-1)
(1.72e-6, 6.54e-1)
(1.72e-6, 3.29%¢-1)
(6.46¢-7, 8.8%¢-1)
(1.42¢-5, 6.62¢-1)
(4.66¢e-7, 3.71e-1)
(5.53e-7, 1.86e-1)
(5.47e-7, 3.80e-1)
(1.07e-5, 7.41e-2)
(3.27e-7, 1.24e-1)
(2.33e-5, 4.08¢e-2)
(1.61e-5, 9.62¢-1)
(6.51e-4, 6.24¢-1)
(2.19¢-7, 1.11e-1)
(1.18e-5, 2.85¢-2)
(8.77e-8, 1.72e-1)
(2.28e-5, 5.64¢e-2)
(5.66e-7, 6.79¢-2)
(2.46¢-5, 2.32¢e-2)
(5.15e-5, 9.84¢-1)
(3.39e-4, 7.25¢e-1)
(2.61e-10, 8.05¢-2)
(1.16e-6, 1.99¢-2)
(2.79¢-7, 1.66¢-1)
(8.19¢-6, 2.31e-2)
(3.33e-7, 4.35¢-2)
(3.40e-6, 2.30e-2)
(5.86¢-5, 9.49¢-1)
(5.62e-4, 6.25¢-1)
(3.24e-7, 2.63e-2)
(1.20e-6, 1.46e-2)
(2.97e-5, 9.84¢-1)
(1.91e-4, 8.18e-1)
(1.85e-8, 1.20e-2)
(2.23e-6, 3.24¢e-3)

035002-30



STUDY OF MAJORANA FERMIONIC DARK MATTER
gl =01t gyt = T 0%, and g = o Oy . The
allowed DM relic density should satisfy the condition
thz < 0.1198 + 3 x 0.0026. We consider two criterions:
C1, having aless stringent constraint of the relic density with
its value less than 430, and C2, having a more stringent
constraint of the relic density with its value within +3¢, from
the observed mean value. In Tables VI and VII, the upper and
lower intervals represent the allowed range for samples
satisfying all the constraints with thz falling into the
criteria C1 and C2, respectively.

IV. DISCUSSIONS AND CONCLUSIONS

A. Coannihilation

In addition to the annihilation, the coannihilation,
namely, the annihilation from the other WIMPs, may affect
the DM relic density in some parameter region. The
coannihilation becomes significantly important when the
WIMPs are nearly mass degenerate with DM [50]. In
this subsection, we preliminarily explore the variation on
the calculation of DM relic density when including the
coannihilation. To see the leading effect of coannihilation,
we consider two lightest neutral as well as two single
charged WIMPs annihilating to the SM fermions through
the s channel in the neutralinolike I case. The correspond-
ing Feynman diagrams and Lagrangian are shown in
Fig. 17 and Appendix C, respectively. The matrix elements
for coannihilation are shown in Appendix H. The

0
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(a) Without coannihilation

FIG. 18.
Higgsino-like, times: binolike, filled circle: mixed].
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formulation for coannihilation is presented in
Appendix G. To simplify the calculation of coannihilation,
we have set the freeze-out temperature parameter x; = 25.

Figures 18(a) and 18(b) show the scatter plots of relic
density without and with coannihilation, respectively. We
see that the QA2 constraint affects the selection of the B-like
particles a little but the selection of the H-like particles a
lot. Most H-like particles with mass less than My, ruled out

originally become allowed now, while part of the H-like
particles with mass greater than My, allowed originally
become ruled out now when including the leading effect of
coannihilation.

To see the variation of DM relic density, we overlap
Figs. 18(a) (in times) and 18(b) (in open circle) in
Fig. 19(a). We also show the variation of DM relic density
vs the mass fraction Am,/m, = (Min[m,,m,: |-
m}(?) / o in Fig. 19(b). Let ., and Q denote the relic
density with and without considering the coannihilation,
respectively. Apart from a few samples around the poles, we
find that Q,,, > Q with m, 2 my, while Q,, < Q with
m,, < my in Fig. 19(c). We also find that the smaller mass
fraction usually gives the greater value in Q,,.,, /€2 as shown
in Fig. 19(d). We show the relic density vs DM mass m, and
mass fraction Am,/m, with the allowed samples which
satisfy all constraints in Figs. 19(e) and 19(f), respectively,
and Figs. 19(g) and 19(h) for Q.,/€ In Figs. 19(e)
and 19(f), the samples marked with open circle are allowed

+ +
X12 ql*y
>'\/\/\/\<
1 qry

X12

X12

The coannihilation processes (yy — SM fermions) through the s channel.

10°
10°
1000} _
1l
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(b) With coannihilation

Scatter plots of DM relic abundance before and after considering coannihilation in the neutralinolike I case [open circle:
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FIG. 19. Leading effect of coannihilation on DM relic abundance at x; = 25 in the neutralinolike I case.

when including the coannihilation, and the samples marked
with times correspond to the samples marked with open
circle but only considering the annihilation.

In Figs. 20(a)-20(d), we only show the allowed samples
in which the allowed regions touch the experimental upper
limits, namely, in the plots of Q A%, 6%, (oy+y-v) and
(op5v) vs DM mass m,, respectively. By comparing with
the plots in Fig. 5, we see that the H-like particles with
10 GeV < m, < my will now be detectable in the near
future through the direct search experiment of SI DM-
nucleus elastic scattering, while originally detectable
H-like particles with mass 950 < m, < 1680 GeV in the

SI DM-nucleon scattering experiment will now not detect-
able when considering the leading effect of coannihilation.

B. Conclusions

In this work, we construct a generic model of Majorana
fermionic dark matter. Starting with two Weyl spinor
multiplets 7, , ~ (I, FY) coupled to the Standard Model
Higgs, six additional Weyl spinor multiplets with (7 +
1/2,+(Y £1/2)) are needed in general. It has 13 param-
eters in total, five mass parameters and eight Yukawa
couplings. The DM sector of the minimal supersymmetric
Standard Model is a special case of the model with
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(I1,Y) = (1/2,1/2). Therefore, this model can be viewed
as an extension of the neutralino DM sector. Nevertheless,
this model does not have sfermions and the second Higgs as
in the MSSM but have more Z,-odd fermions. We consider
three typical cases: the neutralinolike, the reduced, and the
extended cases. For the neutralinolike case, we study four
different scenarios (neutralinolike I-IV) according to
whether the GUT relation on mass parameters or the
tan# relation on the Yukawa couplings is imposed or
not. For the reduced case, it has the minimal particle
content, while the extended case has the maximal particle
content. For each case, we generate 10,000 samples from
the parameter space and survey the DM mass in the range
of (1,2500) GeV. For each sample, we calculate the DM
relic density Q,h% the SI and SD DM-nucleon elastic
scattering cross sections for direct searches, and the
velocity averaged cross section of DM annihilation proc-
esses (6(yy — WTW~,ZZ,ZH, HH, ff)v) for an indirect
search. We compare our results with 11 constraints from the
observed DM relic density; the direct search of LUX,
XENON100, and PICO-60 experiments; and the indirect
search of Fermi-LAT data, respectively. We investigate the
interplay of these three complementary searching strategies
and tell the differences among the cases. For each case,
we find the allowed DM candidates satisfying all the
constraints and obtain the lower mass bounds of finding the
I:I—, B—, W—, and non-neutralino-like DM particles. We
discuss the properties of DM annihilation processes
qx — WYW~=,ZZ ,ZH,HH, ff. We see that the processes

of B-like particles annihilating to WTW~ and ZZ do not
have an s-wave contribution. The process yy — ZH is

allowed to have an s-wave contribution, while the process
xy — HH does not have an s-wave contribution. We also
see that the process of yy — ff has a helicity suppressed s-
wave contribution. We find that the H- and B-like particles
appear in all cases, and plenty of W-like particles can
appear in the neutralinolike III and IV cases with the GUT
relation relaxed and in the extended case. The non-MSSM-
like X particle can only appear in the extended case. We
find that most of B-like particles are ruled out by the Qxh2
constraint and further by the LUX constraint; the H- and
W-like particles and the non-neutralino-like X particles
with m, < My, are ruled out by the Q)(h2 and the Fermi-
LAT (o(yy — bb)v) constraints, while the H- and W-like
particles and the non-neutralino-like X particles with m, >
My, are constrained by the Fermi-LAT (c(yy — WTW™)v)
and the LUX &% bounds. We note that in general the
allowed H- and W-like particles and the non-neutralino-
like X particles are highly pure with composition fraction
>90%. It is also true for B-like particles in the cases
without GUT and tan f relations.

When we do not consider the coannihilation, we find the
lower mass bounds to detect DM in the SI DM-nucleus
scattering experiments and the suitable mass ranges to
detect DM in the DM annihilation to the W W~ channel
using the present limit and the projected limit (taken to be 1
order of magnitude lower than the present one). Apart from
the outlier samples, the masses for finding the I:I—, I~3-, and
W-like DM particles and the non-neutralino-like X DM
particles are given. The H-like particles can be detected
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with DM mass =450 GeV in all cases. The B-like particles
can be detected with mass >1258 GeV in the cases of
neutralinolike I and II. On the other hand, the lower mass
bound of B can be as low as to 341 GeV to detect them for
other cases. The W-like particles can be detected with DM
mass >1120 GeV in the neutralinolike III and IV and the
extended cases. Of course, the non-neutralino-like particles
X can only be detected with DM mass 2738 GeV in the
extended case. We also give the predictions on (c(yy —
ZZ,ZH,tt)v) in the indirect search. The most rewarding
way to find the DM particles in this model in the near future
will be from the direct search of SI DM-nucleus scattering
experiments and/or from the indirect search of DM anni-
hilation processes via WTW~, ZZ, ZH, and 7 channels. We
also investigate the leading effect of coannihilation in the
neutralinolike I case. The change is that the H-like particles
with 10 GeV < m, < my will also be detectable through
the direct search of the SI DM-nucleus scattering experi-
ment in the near future, while H-like particles with mass
950 < m, < 1680 GeV will now become undetectable. The
study of the generic Majorana fermion DM model can be
further extended. The whole calculation of coannihilation is
worthy of being probed further. The nonperturbative
Sommerfeld effect also has not been implemented.
These studies will be presented elsewhere. This work
concentrates on (/,Y) = (1/2,1/2), but the formalism is
generic and can be used to study with arbitrary (7,7)
quantum numbers.
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APPENDIX A: NEUTRAL AND CHARGED WIMP
MASSES WITH I=Y=1/2

For I =Y = 1, 17 and ng are singlets with charge F1; in
other words, 77} and ng! are absent. The Lagrangian for the
neutral WIMP mass term is modified as

1

—531 :/41/11_1 1’722
2°2

NI—

1 1
+ /42/10 0774’73 + /‘3’10 0’76’75

2

1 L
s i+ 9323y o (B g4, (@i

- o

+g5A 1o () i+ g6l o (B2
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It can be simplified as
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111 1
=LY = =iy’ +§/42’12’7g - 5#3’72’72 + usnio
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~1 -1 1, 4
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With the basis W7 = (1%, n5"/%, 19, 1%, nd, nid), Eq. (A2)

can be written as

1

LY =— 5 OTyQwl + Hee., (A3)

where the corresponding mass matrix Y takes the form
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For I =Y =1, the Lagrangian for the single charged
WIMP mass term is modified as

111
= Lo = iy 3 (1M 11 15) + Hartn’y = o

AN 1o L%
+ gsV2>P) 505" + 96V 2(d 1k — g7 (s 0
S5 1 1 ~1 -1
+ g5 (B2 10— 9ol m3n — g1 ()l + Hee.
(AS)

With the basis U7 = (17'1/2,11'51,113 7)) and U;T =

(n 172 N ,r]7 r]9) the above Lagrangian becomes

1
—LE=uminy + H3 (s n5 +n5n5") — panstng + psniong
+95V2(" V3 5 + g6 V2OV — 91(¢%)ms 7
— g5 (")t — 99 (0°)m3 5 + 910(° YT’y + Hee.
(A6)

Hence, it can be written in the compact form as

k= —%(w,\y—)(g f) (iﬁ) +He, (A7)

where X takes the form

035002-34



STUDY OF MAJORANA FERMIONIC DARK MATTER

—gs?v

H1  GeV Na %
0 0
0

gsv M3 (A8)
B0
_% 0 0 us

APPENDIX B: MASS EIGENSTATES FOR THE
NEUTRAL AND CHARGED WIMPs

For the neutral WIMPs, their four-component represen-
tations are of the form

dk
un

0
i)

In the above, ¢, is defined as the third component of the
isospin of 7, as mentioned in the text. For I =Y = 1/2
with the basis W7 = (77}/2,7721/2”7&’72,’75”71_01% q9; =
(1/2,—-1/2,0,0,1,—1). The four-component mass eigen-
states can be obtained by doing a transformation with a
unitary matrix N as

(B1)

0_ &
Xi = = (NyPL + Nj;Pr)y)

. (B2)

so that MY, =N*YN' is a diagonal matrix with non-
negative entries mp. Hence, the mass term in Eq. (25)

becomes

1
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For the single charged WIMPs, their four-component
representations are of the form
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For I =Y = 1/2, with the basis ¥;" = (i 1/2,175 n2.n),

qi = (_1/2’0’_1’_1) and \IJI_T: (77 1/2’775 ’7]777]9)

=(1/2,0,1,1), the four-component mass eigenstates
can be obtained by doing the transformation with two
unitary matrices U and V as

&
Xi (—_) = (VijPL + Uj;Pr)y; and

j
>
xi= <EJ+> = (UyPL + ViiPR)y; (B5)

so that M$ =U*XV' is a diagonal matrix with non-
negative entries m,. Hence, the mass term in Eq. (A7)

becomes

1 0 X'\ /U0t
LE=—— (Ut T~ H.c.
" 2( )<X 0)(\11—)+ ¢

Z My XX k-

(B6)

APPENDIX C: LAGRANGIAN FOR WIMPs
INTERACTING WITH SM PARTICLES

The Lagrangian for WIMPs interacting with the SM
gauge bosons in four-component notation can be derived
from the following gauge invariance terms with two-
component notation [28] using the generic Lagrangian in
Eq. (12) and Appendixes A and B:

—(gTEVE + oy, Vi 'a y (1)
In the following, we just write down the results.

For I =Y =1/2, the Lagrangian of the W-boson
interaction with the neutral and single charged WIMPs
can be written as

g . . i
ﬁlofwi - _T{Wﬂ V?YM(OLW P+ Og'w PR))(;—]
F Wi (05 P+ O PR, (C2)
where
) L ¥
with 0..“’+ = (0],
R o ' (C3)
Oij = (0 " )1/’
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The Lagrangian of the Z-boson interaction with the
neutral WIMPs is

_ L R
Labz = 3 cos 0y, ZJir" (07 PL+ Oy Pr)yj.  (C5)
where
L d R L
O/ = qiNuN|; with O =-0;7.  (C6)

k=1

On the other hand, 0% = O%#*. Hence, the Lagrangian for
the stable dark matter annihilation via the Z boson can be
further simplified as

Loop g

12 = T 5 e
1 2 cos Oy

oz (CT)

The Lagrangian of the Higgs-boson interactions with the
neutral WIMPs is

Ly = —HZN O P+ O Pr)). - (C8)
where
OiLjH = N?kfklNL» with OS'H - (Oll“}H>* (C9)
and
0 0 - \5}_45 % 0 g0
0 0 % - \% go 0O
% B 0 00
Su= V2 V2 c10)
% % 0 0 0 0
0 9o 0 0 0 0
910 O 0 0 O O

For coannihilation, we need the Lagrangian of the
Z-boson interaction with the single charged WIMPs,

PHYSICAL REVIEW D 94, 035002 (2016)

1 0O 0 O
0O 0 0 O
0O 0 0 O
TO— — C4
=10 5o o (c4)
0O 0 0 O
0 0 0 V2
[
__ 9 St (OLr Ry
Ell_—lj{rz = COSQWZMi Y”(Oij Pp+0;; PR))(;
— eAJY T (C11)
where
L; o 1 % * 12
Oij == —EV“Vﬂ - V,»Zij + 6ij81n 9W5
R} L. . .
Oij = ilUjl — UiZsz + 5,~jsm 9W (C12)

We also need the Lagrangian of the Higgs-boson inter-
action with the single charged WIMPs,

PN R}
E;(;;(j*HO = HO)(?(OUHPL +0,/"Pr)yxj. (C13)
where
O = UyhlyVi with O = VuhRUT,  (C14)
and
g 910
0 =% v ~v
s 0 0 0
hp =1 , and
ﬁ 0 0 0
9
\/—95 0 0 0
hk = . (C15)

APPENDIX D: MATRIX ELEMENTS FOR DARK
MATTER ANNIHILATION
1. ){'1);(‘1) - WTW-
The dark matter can annihilate into WTW~ via the
t-channel exchange of a single charged WIMP and the

s-channel exchange of a Z° boson or H scalar correspond-
ing to the matrix element
MG} = WHW™) =M+ My, +2Mp, +2M3,,  (D1)

where
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2
. g 1 - Ly- Ry-
M, = _lzit— m2 [0(p)r*(O P+ Oy Pr)(b3 = b +m;(,j)
k V2
L+ R + *k >k
X 7O PL+ O Pr)u(ps)e,(p3)es(pa)l,

21
My, = =iy

7 v Ly+ Ry, +
T u T PP (O P+ Ol Pr)(ps = b1+ my)
k P2

X 7’”(011‘11”7PL + OfZLPR)“(Pz)efz(Pﬁe;(P4)]v

? 1
Moy =~ 5 O s, PP s = ) (ps) € (p))

— ¢ (pa)(ps- €' (p3)) + € (p3)(p3 - € (pa))],

. 1 = * *
Ms, = —lngs M+ iMyTy, U(Pl)(olLfPL + OfflPR)”(Pz)ey(%) ~€;(p4). (D2)

2. )(‘1))((1) — H'H®
The dark matter can annihilate into H°H® via the s-channel exchange of a H® scalar and the ¢-channel exchange of a
neutral WIMP corresponding to the matrix element

M) - H°H®) = 2M,, + My, + My, + Mo, + My, (D3)

where

. 3m3, 1
M,, = —ig 3 -
2My s — my + imyl'y

. r
My = =iy - 5(p1) (O P+ OV Pr) (3 = b1 + my ) (Oif Pr + O Pr)u(pa).

0

5(p1) (O P+ O Pr)u(p,),

k 1
. |
My = =iy s 0(p1) (04 P+ O Pr) (s = b1 + my ) (O Py + OFf Pr)u(ps).
k ;(2
; 1 T H H H H
M. = —lzu ) 9(p1)(OTf P+ OYf Pr)(pa— b1 + mﬁ)(oﬁ Pp + O Pr)u(py),
k ;(2
. I
Myq = _lzt— P, 5(p1) (O P + OF PR) (b3 — b1 + m;(g)(olffPL + O Pr)u(ps). (D4)
k )(2

3. )(‘1)){(1) - 770
The dark matter can annihilate into Z°Z° via the #-channel exchange of a neutral WIMP and the s-channel exchange of a
H scalar corresponding to the matrix element

MO = Z°Z°) =My, + My, + My + Mg + 4Ms,, (Ds5)

where
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g N1 o\
M, = —i [”(Pl)l’”(OﬁfPL + OflfPR)(f% - P+ mxﬂ)J’”(OélzPL + OflzPR)”(Pz)]eﬂ(P3)€u(l74>’
2cosOy ) t— m)(O k

M ==i(5025) = 3 (0K Py + Ol P = o+ mg (O} P+ Ot Pl ),
Me==i(525) o 3Ol Pu + O )b = -+ O+ O )P0,
My = <2 os HW) PO (O PL + O PR) (b3 — b1 + mp)y* (O1¢ P + OV Pr)u(pa)les(ps)e(pa),
e =i( 525 M S_MHLMHFH[ o) (05 P, + O Pr)u(pa)]. (06)

4. )((1))((1) — H'Z"
The dark matter can annihilate into H°Z via the t-channel exchange of a neutral WIMP and s-channel exchange of a Z°
boson corresponding to the matrix element

MO = HZ) = M, + M, + 4Ms,., (D7)
where
.9 *
M, =i ——[B(p)"(OFEPL + OZPR) (b3 — b1 + mp) (O P + O Pr)u(ps)es(p3).
2cosOyt—m My k
k
g 1 _ Ly Ry Ly Ry ) i
M, = [0(p1) (O PL + O, Pr)(p3 — p1 + qu)(OlkPL + OVEPR)1*u(p2)les(ps).
2cos€Wu—m)(0 X
g 2 1 s
My, = —i O/*M 5 a * ) D8
: l<2005‘9w> W2 s —ME + iM T, BP0y ru(p2)lea(ps) (D8)

5. xv — Sf
The dark matter can annihilate into ff via the s-channel exchange of a Z° boson or a H” scalar corresponding to the
matrix element

M()((l))((l) g f]) = 2Mla + 2M2a7 (D9)
where
2
Mo = i<2 Cogs ew) OYiMz — M «lr i, Jen PPy u(p2) [@(p3)r*)(gl + ghr®)v(pa)]
My, = —i 2 1 [B(p1) (O} P, + OF Pr)u(pa)][(ps)v(ps)] (D10)

l
My s — M% + iMyTy
with g, =174, — Q/sin®6y, and g} = —1T},.

APPENDIX E: CP symmetry

Before transforming the gauge eigenstates to mass eigenstates, all parameters in the Lagrangian are assumed to be real in
this model. The Lagrangian is CP conserved. After field redefinition, some parameters become purely imaginary. The
Lagrangian should still be CP conserved. We explicitly show this and a useful application below.
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The CP transformation of a four-component field is
given by

CPyi(x)P'CY = pepyvoxi (%) = pep . v0Cri (%), (E1)

with the phase p¢p,. for y;, ¥ = x, and C = iy,y,. For a
Majorana field, we have y{ = py, xi, where py,. is a
phase. Equation (El) implies that pcp, puy,, 1S purely
imaginary [60]. This can be seen by using v(p,s) =
Ci' (p.s), u(p.s)=Cv"(p.s), you(p.s)=u(=p.=s),
vov(P.s) = —v(p.—s),

CPyi(x)P'CT = pepyox§(X) = pep ypmyvoxi(%).  (E2)

and

(bi(p. s)u(p, s)e™r™

= [

(27)32E
0] (5.0l 2. 9)e™). (€3

which imply

T

CPD}(P.s)(CP)" = pip, Pis,, bt (=D, —s)
= _pCP,;(,-pM,;(,-bR_ﬁ’ —S)- (E4)

Hence, the phase pcpy,puy,, 1s purely imaginary.
As shown in Appendix B, the neutral WIMP mass
eigenstates are defined (in two-component notation) by

C? = Nij”?- (ES)

In the above, the superscript in 77; here denotes the charge
instead of the third component of isospin, and N is a unitary
matrix satisfying

NYNT = MY, (E6)

where MY, is a diagonal matrix with non-negative entries.
Note, in the case one obtains a negative mass in the first
place, the negative sign in front of the mass m; can be
absorbed in N;; with N;; being purely imaginary in the
corresponding i row.

The four-component neutral Majorana
defined as

states are

& Nijny
i ijili

where

W= (ZO) (ES)
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From above definition, we have % = y? and 9 = 4¥ so

that pMJ(i = prlI/i =1.
For some given i, N;; are real, which gives

N;jn;

We now assume that 1//? has common p¢p,, for all i.
Therefore, we have

CPy(x)P'CT = pep yrow? (). (E10)
For the case of real N;; for some i, we now have
CPYO(x)PTCT = N; jCPy/? (x)P'C
= /)CP,y/VONijV/?<)~C)' (E11)
We obtain for the real N;; case
Pcpry; = PcPy- (E12)
If for some i, N;; are imaginary, i.e., N}‘j = —N;j, we now
have
= (Nijﬂ?) _ ( N} )
l e —N it}
= N;i(=rs)w? = N;;(Pry? — Pry?). (E13)

Note that the relative sign of P, Y and Pry/) is the key to
absorbing the minus of the mass term, which consists of
left-handed and right-handed fields at the same time. The
CP transformation of y? is

CPy} (x)P'C" = Nij(=ys)CPy; (x) P'CT
= pCP.vJ(_75)70Nijl//? (56)
= _pCP.y/VOX?(i)' (E14)

We obtain for the imaginary N;; case

Pcpry, = —PcPy- (E15)

Consider a Hermitian operator O(x):

O;j(x) = v (x)y, T A% (x)x ;(x)
+ ;i (x)y,rsT A% (x)y (x)
+ [0 (x)7, TOA“ (x) ;(x)

+aiZi(X)rysTA™ (x)y;(x)]. (E16)

For example, in Eq. (C5), we have
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4 cos Oy

a.<: g
Y 4cosOy

vij = (0 + 0%,

(-0i7 + 077) (E17)

with 077 = 30| qtNyN}; and O = —0;7".
Under CP transformation, the operator transforms as
CPO;; (JC)PTCT = Uijpz‘P,)(ipCP,)(,- b?i(’?)hTaAWGC)Z/(%)F
+aijpcpyPcpy, i (X)y,ysTe A (SC)ZJ()?)F
+U;‘kijP,;(,-,OZ‘P,;(j)_(i(;C)ylATuAaﬂ( (%)
+a3pcpy Pepy Xi(X)7ysT A (X)y (X).
(E18)

To have CP symmetry, one requires

CP/d4XOij(X>PTCT _/d4xolj(5€> _/d4‘xoij(x>
(E19)
so that

'Uijp*CP,;(,-pCP,)(j = v} aijsz,;{,-PCP.x/ = aj;. (E20)
In the case both yV and )(? contain only real (or
imaginary) Ny, N, Eq. (E17) gives

jr

* *
Vi = Vij» 4y = dijs

(E21)
and with Eq. (E12), we have

ViiPCp PPy = Vijs AijPcpy PPy, = dij- (E22)
Hence, O is CP conserved.
In the case that y? is with a real N, but ){? is with a

imaginary N;,, Eq. (E17) gives

vl = —vjj a;; = —ajj, (E23)
and Egs. (E12) and (E15) give
PcPy; = PcPyy = —PCPy;- (E24)
It implies
vijpz'P,;(,-pCP,;(j = v}, aijsz,;(ipCP.)(j = ag. (E25)

The operator O is CP conserved as expected.

In the center-of-mass frame of two Majorana particles,
which are in a definite angular momentum configuration,
the state is given by

PHYSICAL REVIEW D 94, 035002 (2016)

et = 3 / Frm(B)Sn(sz. 5"

x (p,sz)bT(—ﬁ,S’z)I()), (E26)
where
Fom(P)=(L,M,S,m|L,S;J,J)Y ,(P)R(|P]), (E27)

with (L, .) as the Clebsch-Gordan coef-
ficient and R(|p|) as the radial wave function. Note that it is
easier to use spin instead of helicity basis here. For the spin
wave function, we have

S(sz,s7) = (=1

)P S, (st 52). (E28)

The spherical harmonic wave function has the following
property:

Yiu(=p) = (_I)LYLM(ﬁ)- (E29)
Note that
b*(p.5.)b"(=p.s1)|0) = =b*(=p. s1)b(p. 5.)[0): (E30)
the above relations of y,, and Y, lead to
(=) =1. (E31)

Since

CPb'(p.s,)b"(=p.s7)|0) = =b"(=p. 5,)b"(p. 52)|0).

(E32)

where we use the fact that the phase pcppy, is purely
imaginary, we have

CP|25+1LJ

Z /—fjm p)Sm(SZ,SQ)bT
X (—p, 5.)b*(p.s)[0)
= (S)HPHILL ), (E33)

where we have made use of f, ,(=p) = (=)"f,..(P).

Note that for a ff pair a similar argument leads
to CP|2S+1LJ,JZ> — (_>S+1|2S+1LJ7JZ>'

As CP is a good quantum number, it can be used as a
selection rule in dark matter annihilation processes, when
the initial state has a specific L (and S) configuration.

APPENDIX F: FORMULAS FOR DM-NUCLEUS
ELASTIC SCATTERING CROSS SECTION

The derivations of the DM-nucleus elastic scattering
cross section in the literature are scattered and usually with
different approximations, normalizations, and notations. It
will be useful to rederive the formulas here.
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1. Kinematics

We consider the elastic scattering of

2(py) +N(p) = x(p,) + N(p'). (F1)

We define
gq=p' -p=p,—py,. P=p+p. P,=p,+p,
S=(p" + p;((O)z = mjzv + m? + 2p0) -p)((/). (F2)

In particular, we have
2=2m3, =2p-p =2m2-2p,-p, (F3)
q N p-p o4 p)( p)(’
and, in the center-of-mass frame,

q2 = (El - E)2 - (|1_50m|2 + |1_5cm|2 - 2[_5::m : [_))cm)
=2|pem|*(cos O = 1). (F4)

When ¢*> = 0, we must have |pg,| =0 or cosd = 1. In
either case, it gives ¢ = 0. Therefore, in elastic scattering,
g*> = 0 implies ¢ = 0 in the center-of-mass frame and in all
other frames.

-

In the lab frame, p = (my,,0) and px:(mﬂ‘
m,v?/2,m,v). We obtain

KN
S — e I T o\ S
(mar + ) < erNerX

112) , (F5)
where iy = m,myr/(my + m,) is the reduced mass. The
center-of-mass energy of the whole system is

1
Ecm = \/E =my + m, + _MNU27 <F6)

2
as expected.

The center-of-mass velocity in the lab frame is m,v/
(myr + m,). Boosting the frame by —m, v/ (m, + m,,), we
obtain the velocity of p and p, at the center-of-mass frame
as —m, v/ (my + m,) and Dm,r/(my + m,), respectively.
Hence, we have

|ﬁcm| = KN, (F7)

and ¢* = 2p3,v*(cos 0 — 1).
|
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2. Effective Lagrangian for direct searches

In this model, we have scalar-scalar, psudo-scalar-scalar,
axial-axial, and axial-vector interactions for direct searches.
The process of DM-nucleus scattering is nonrelativistic, so
we can use the effective Lagrangian which can be derived
from the Lagrangian in Appendix C to calculate the related
SI and SD cross sections. We just give the results as below.
The effective Lagrangians for scalar-scalar and pseudo-
scalar-scalar interactions are

£5 =3 aitag. L7 =) dWrslae.  (F8)
q q

where
. gmq L
9 =j—*=Re(O7),
a leWm%I ( 11)
gm L
i = 29 __Tm(0O7"), F9
a 2M i, m(0y{) (F9)

and the effective Lagrangians for axial-axial and axial-
vector interactions are

L= dRt e arara.
q

LY =3 bRy arag. (F10)
q
where
i( 9\ L
di=-3 <Mw> 01194
9 \* L
b1 = =2i <M—W) OlllgV (Fll)
with g4 = =174, and gy = 1T%, — sin’0y, Q7.

3. Vector, axial-vector current, scalar, and pseudoscalar
matrix elements in the ¢ =0 limit

Using parity transformation, one can see that the matrix
elements of vector (jy;), axial-vector current (j,;), scalar
(s5,), and pseudoscalar (p;,) matrix elements should satisfy
the relations

NS v DN () = N (P ) PP iayna(x)PTPIN (p. )
— (N (B )7 (DN (B 5))
— (W7 BN (B 5)).

NP, Isu(pr) ()N (P, 5)) = £N(P', ) s (pn) R)IN (P, 5)),

(F12)
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where p¥, ¥ = p,, x,, ns are phases and s, s" are spin (S,) quantum numbers.

-

From Eq. (F12), it is clear that in the case of p = p’ and in the momentum rest frame, p = (m,, 0), we have
N (mpr. s jviaynu 0N (myr, 5)) = N (m. sy ), (0)|N (myr. 5)). (F13)
which gives
N (myr, ) jvni(0)IN (my. 5)) = 0, N (mp. 8] jano(O)IN (my. 5)) = 0. (F14)
These imply that (N (p',s")|jvu:(X)IN(p,s)) and (N(p’,s")|jano(x)|[N(p,s)) are suppressed in the nonrelativistic

limit: p = p' = (mN,6).
We consider the vector current case first. From the first equation of Eq. (F14), we obtain

(N (g, ) v (O)N (. 5)) = (2mp8Fpr(0),0), (F15)

where F ) is the form factor and the 6 factor is obtained as jy, ¢ is a singlet under rotation. We can write it in a covariant
form:

NP5 ivauO)IN (p.5)) = 2p,Far(0)8ys. (F16)
In the case of nonvanishing but small g, we have
NP ) i)V (p.5)) = (P + PL)F(a%)8s.g expli(p’ = p) - x]. (F17)

Now, we want to find Fr(0). From Q = [ d®xjy,0(0,X), we have

[ SN iuno N (0:5)) = (9o + POV [ Exexplity’ = p) el 4o (FI8)
giving
N(p" sNQIN (p.s)) = (E+ E')S, v Fur(q*) expli(E' - E)1](27)°5° (p — P'). (F19)
Therefore, we have
OnN (P, s)IN (p.s)) = Fur(0)8 ¢ (22)2E (p — '), (F20)
which implies
F(0) = Q. (F21)
and, hence, the vector current matrix elements in ¢ = 0 case and in the p') rest frame is

<N<mf\/" S/)|th~O(O>|N(mN7 S)> = 2m/\/5ss’F(0) = 2m/\/5ss’QV/\/’
(N (mpe, ) jyni(O)IN (my, 5)) = 0. (F22)

These results will be useful in later discussion. For
Jwvu = by, = b iy,u+ bldy,d + ..., (F23)
it can be proved, by using the isospin invariant, that

QVp :2bu+bd5f\/pv Ovn :bu+2dean' <F24)
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Hence, the corresponding charge is
Quw = 20y, + (A = 2)Qy, = Z(2b" + b') + (A - Z) (b" + 2b°), (F25)

We now turn to the axial-vector case. We start from

N (P s)iagO)IN (p. )y = N (P, 5")ar'rsq(0)IN (p. 5))

-

= 2N () aro’s 40N ()
= 2N (0525 40N (p. ) (F26)

where the nonrelativistic approximation is used in the last line and note that the operator is spin density in the quark degree
of freedom. Changing the degree of freedom from a quark to a nucleon, as one usually does in effective theory, we have

N 9)la5 dO W p.9) = V()89 (0) + 815 1(0) ) W (p. )

= (NP, 5)I(845,(0) + Ag5, (0) IV (p. 5)) (F27)

where AZ(H) is the quark spin proportion in a proton (neutron).
Note that spin operators S, , y- are related to s N DY

-

SpaN = / x5, 40 (0,%). (F28)

N

We consider the nonrelativistic case, p = (my,0), g =0,

N (P NS pun ()N (p.5)) = 2mp (I 8'IS) ynl - ) expliq - x). (F29)
From Wigner-Eckart theorem, the rotational property of the above matrix element is well understood and it is identical to
that of the matrix element of any vector operator. Explicitly, from the Wigner-Eckart theorem, we have
In SIS pn)mldarss) = UnlismlIn L Ins') IS nll xr)-
I SNSN )l ws) = Ul smld j 1T sy T l[Sne [ ) (F30)

with (‘_S:p.n,./\f)m:O,:tl = (S’I,_n!/\/)z, ¥ [(S'pﬁan)x + i(g’p_n!/\/)y}/\/i. Since the double line matrix elements are independent of s
and s’ (with m = s’ — ), so does the ratio

a8 Spn)mlac8) _ InllSpalldn) _

NS
Uns 8| Sp) sy InISallar) 7"

(F31)

Consequently, its value can be obtained by taking a convenient choice of s, s’ as s = s = Jr and m = 0. In other words,
we have

<JN7 S/|Sp,n|‘]/\f’ S> = ’1p,n<J./\fv S/|SN|JN’ S>, <F32)
with

1 s =Nl s = Ix) _ Spaa) (F33)

P (s = InlSh) s =Tn) Iy
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When the contributions of the two-body current are included, one needs to change (S, ,) in 4, , into effective (S, ).
where we have

(Sp) = (Su)

5 , (F34)

<Sp(n)>eff = <Sp(n)> + éa,

and da; is the fraction contributing to the isovector coupling [55]. We use the predicted spin expectation values in
Refs. [20,55] for the calculation. Putting everything together in the ¢ = 0 limit and the p{) rest frame, we obtain

(N ()i (O)IN (g, 8)) = 4m(AG, + Aud) (T, ' (S )il v ),
N (ma. ') jag ()N (myr., 5)) = 0, (F35)

where Eq. (F14) has been used. These results will be useful later.
Similarly, from Eq. (F12), we have

(N (mpr. s") s (0)N (. 8)) = 2mn fon sy
N (mp. s) | pa(0)IN (myr. 5)) =0, (F36)

where s;, = a?gq. For the scalar density matrix element, we make use of (no sum on g)

(p)
m fT k) q - u? da S7
<p(p’ S/)|mqéq(0)|p<p’ S)> = 2E5S5’mqfsp,q = 2E5ss’ 2 o (p) <F37)
(1= £ 41)) g=cbu

q=u,d,s

In the above, the matrix elements of the light-quark currents in the proton or neutron are obtained in chiral perturbation
theory from measurements of the pion-nucleon sigma term [61-63]. Heavy quarks contribute to the mass of the nucleon
through triangle diagrams [64]. Consequently, we have

fs./\/ = (Zfsp + (A - Z)fsn)

fsp(n) = aqfsp.q = Z qu + Z 27 mq ( Z qu > (F38)

g=u,d,s g=c,b,t q'=u,d,s

These matrix elements at ¢ = 0 are used in Eq. (50) in Sec. II C to obtain the DM-nucleus scattering differential cross
section at g> = 0.

4. Total cross section ¢ and o,

Using the standard formula, we find that the differential cross section in the center-of-mass frame is given by

do(q* = 0) e
Myilq” = o ) Mg =0 F39
dcos 6 327zSp Z' rild 32ﬂm m2z| silg® = 0)P, (F39)

where p,r is the reduced mass of m, and my. The explicit expression of M; is given in Eq. (58). It is useful to define
oy as [13]

o= |G| [ e 0

Recall that we have |q|* = —¢* = 2uyv*(1 —cos6) and, consequently, the Jacobian d|q|*/dcos® = —2u30* is a
constant. The quantity o, can now be expressed as
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do(q* = 0)
= dcos0 = M =0)? F41
70 = ’ dcos @ '/ O Ton mNmZZ| sla (F41)

The differential cross section do/d|q|> with nonzero momentum transfer is parametrized as [13]

do(q*) do(q* =0)

= F*(lq?) (F42)
d|qf? d|q|®
with F2(|q|?) a form factor, giving
4ot do(q?) / 4t v? do(qg =0) 0 4to?
o= 2 = d|q|>F? = / d|q|>F? . F43
[ aap o) = [ aapra) P e [ gl (743

5. Normalizing ¢

The generic form of SI cross section ¢, of DM scattering off the nucleus A with the ith isotope induced by spin-
independent interaction is

SI 2 2 2
SI :uN Z|M ( )l o :uA,- 2 2 _ ﬂA,- C 2
=L =" Z A, —7)]°, F44
%A = Ton mjz\/m;zz 167r( va, + 05a) 16”)(:5” xlfxpZ + fxn(Ai = Z)] (F44)
where
02
Cy = 161<)2(1 s and Cg = 16k, (F45)
-

For proton (A =1, Z = 1) and neutron (A = 1, Z = 0), the above formulas give

s
ooy = Z f’o,l,(;) on (Cvf » +Csf5,),

X=V.S 1
SI
= 3 A =By, 4 Ot (F46)
X=V.5

For the nucleus with atomic mass number A; and isotope abundance #;, we define a scaled cross section as

of = =A (F47)

with the SI DM-nucleus cross section defined as

diql?
Gfxf_/4 2,2 OA

) (F438)

SO

ZX:V,S" Z ’M‘A Z+ (A= 2Z) fX"]

oh Ny = F49
N > My ,-AJZ (F49)

In the isospin limit,
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pr

(F50)
we have

o5y — aglp =03, (F51)
Data obtained from different experiments can be compared using 6% defined in Eq. (F47). Note that even if the isospin limit
. . g

is not satisfied, we can still normalize ¢3' to 6% as in Eq. (F47) and compare it to the experimental result by taking ¢% as

some sort of scaled cross section but losing the generality among different experiments
For spin-dependent interaction, from Eq. (58), we obtain

2

/ JA, + 1
oo, = EMK;Z(dqdq (AG(Sp)etr + AGS)ete) (AL (Sp)ete + Al (Sy)err) ~l]A . (F52)
When DM scatters off a proton (neutron) target, we have
2
s Mo g o g [ ap LY (apen 1) (1/2) +1
%ortn) = T6g 64k, dd? <Aq 2> <Aq, 2) 12
2

16 64 qudq (AP( ))(AP( ))

-lklw

Now, return to the generic case, but observe that in the case the proton (neutron) contribution dominates the interaction
(|d,A? | > |d,A? |) we have
a=p(n) a=n(p)

SD _)4/433,-<Sp,n>§ff(']Aj + )

o3P F54
00.4; 3/”%}.}1'1141- OP( )’ ( )
Given the above result, it will be useful to define the normalized DM-nucleus cross section as [58,65,66]
4ﬂA pan ff(JA +1)
) = (Zm °) (T : ) , (Fs3)
3/”17 rz]A
with the DM-nucleus SD cross section
d|q|?
A= [ 4 Pl (Fs6)
In the above, the form factor is related to the structure function by [20,67]
S
F2(lq)) = 4D F25(0) =1, (F57)
S4(0)
where
7+ 1)(J+1)
SA(O) = T [ap<Sp>eff + an<Sn>eff]'

(F58)
The axial-vector structure function S,(|q|) can be written in terms of its isoscalar/isovector (0/1) structure factors
Soo(lal) Sor(|al), and S (laf) as [55]
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Sa(lal) = agSo(lal) + aoaSoi (|al) + aiS1i(lal), (F59)
where the isoscalar and isovector couplings in this model are given by
ap,=a,*ta —L(APiA") (F60)
0,1 P n GF/\/Z q q/*

In fact, the form factor can be defined as

(@909)(S,) i Frp(lal) +2d9d7 AGAL (S, ) e (Sn) e Fpn(1]) + (@945)%(S,) 35 Frn(l)
(d1A0)*(S,) 5 F5,(0) +2d1d? APA" (S))ei (Sn)et F3n(0) + (quZ)2<S Vet Fan(0)

B (d7A5)*(S,) & Fp,(la]) + 2dd? APA" (S )ete(Sn)ertFon(lal) + (@787)*(S,) 3 F 7 (lal)

F%D(|‘—l|) =

@TALS, o + A8, (6
where
_ Soollal) + Suual)  Sor(a) _ Swo(lal) = S1. ()
Forn (90 =250 7500 2500 P00 =750 75,0 o
Using the relations
S00(0) + 811 (0) £ Sy, (0) = (4, t}i"*‘ ) (Sp.n)efes
$in(0) = ,(0) = DI () i5,) (F63)

i

the former of which is derived from Eq. (F58) and the latter of which is from Eq. (F59), we recover the usual expression,

agSoo((|a]) + araoSoi ((|al) + aiS1i((|ql) o, — d?
agSoo(0) + aragSo: (0) + a1, (0) T Gp/V2

Fip(lal) = (A7 + A7) (Fo4)

One may define another normalized SD cross section ¢">P by attempting to remove the g> dependence,

d|q? 4/‘A Spm)aF (a4 (s, +1) -
o =2 / > 2004 Fn(la (2 2l . (F65)
4 3Mp,nJAj

Although Fgp(|q|) gives a compact expression for the relation between 6°° and o3, it is not universal as it depends on the
coupling d?; nevertheless, F3, ,, ,,(|q|) do not depend on the coupling d?. We will give another expression below.
In the case with both spin-independent and spin-dependent interactions, we have

dO-A, 1
dlaf ~ 4202

(o5 Fai(lal) + a5, Fop(lal) + o5, Fan(lal) + o3, Fra(lal). (F66)

where
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2 ro,2
Ha, v
SI __ i 2 2 2
0y Ky 1— U2 QVA; sA; |

2 r 2 2
My 4v (n)
SD _ i 2 P 2
Tomptn) = K _(4 + 300 1;2)) (Z a1y ) 220 Ta (s 1)

2 2
SD Ha. 4p

ofD, = 2 (4 + m) 2 (Z d%ﬂ’A@’A;) Apdnda (T, + 1)} .

Consequently, we have

do
04 = /d|q|2 d|q|2 = (GSIrSI + O-(S),l;prpp + G(S),Dnnrnn + 583:1”1??!)’

where

Wi d|ql?
L= ! F2 ,
n= [ e

with j = SI, pp, nn, pn.
We defined scaled cross sections as

GZ: Zir]lGAi
N 2 M,
2 MiAT
and
4z (Spa)*(Ja, + DN
GS%E< n;o )( n; - ) ,
2= () (0 ™5
or
4,“3\.<Spn>2(JA-+1) -
o= (Sone o ) (S M 2 0V
with

/ _ SI v SD v SD v/ SD v
GA,-,p(n) - <60 rSI,p(n) + o-O,pprpp,p(n) + O-O,nnrnn,p(n) + GO,pnrpn,p(n))’

= [ Ao _FiC)
Ll VY RN ()

SD
p.n

/SD

Data obtained from different experiments can be compared using 6% and & -

or o

APPENDIX G: COANNIHILATION FORMULATION

(F67)

(F68)

(F69)

(F70)

(F71)

(F72)

(F73)

It has been mentioned [50] that coannihilation becomes significantly important if the mass splitting 6m = T ; between the
dark matter particle y) and one of the other WIMPs in this generic model. Let y; be the dark matter and y;(i = 1,2, ..., N)
be the WIMPs having the masses with m; < m; for i < j and the internal degree of freedom g;. Let n; denote the number
density of y;. We only need to consider the total number density n = > ¥ | n; since all WIMPs y; will eventually decay to
the dark matter y,. With the assumption n;/n ~ n;1/n® before and after freeze-out, we have the Boltzmann equation [50]

d
d_r: + 3Hn = —(oevmp) (n* — n2g),
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where (6evmg) = 1o 01j(xix; = XX')rir;v;;. The X and X' denote the SM particles, and the r; is the ratio of n;?/n®.
Let the mass fraction be A; = (m; —m;)/m; so that r; can be given by

gi(1 +4,)*% exp(—xA;)
Y1 gi(1+ A exp(—xA,;)
_g(l+ A;)¥* exp(—xA;)

= . G2
Geft ( )

ri=n/n% =

Here, we only consider the leading effect; namely, we only consider the effect of the WIMPs, 9 and )(fz, with two SM

particles in the final states through the s-channel interaction. Similarly, we do not take the Taylor series expansion on v? in
the s channel and put a step function for the allowed threshold energy for each interaction channel in the nonrelativistic

thermal averaged cross section as follows:

32

X! co 2m.m:
Cett UML)y, = Y dvvie™i"Yo(y.7: > A+ B vé{m%—kmzﬂ— L — (my +mp)?|. G3
<ffM/l>.. ;2\/7—1_;[) [()(/ )} Jj m (A B) ( )
In the above, x;; = %x and p;; is the reduced mass of y; and y;. From the freeze-out condition, the new freeze-out
temperature parameter x; can be solved numerically by the following equation:
45 Gefrm Mpy (Oefrv X=X
xp=In [c(c—l—Z)\/? & 3)( pL {0 >1/2 f]. (G4)
27 V g*<m)()xf
The relic density now becomes
GeV~!
Qpph? ~ 1.04 x 10° , (GS5)
Mpy~/g.(my)J (xy)
where
J(x) = / (Gert) . (G6)
. L, x

Note that the o4 is not only the function of » but also a function of x in coannilation.

APPENDIX H: MATRIX ELEMENTS FOR WIMP COANNIHILATION

In this article, we only consider the leading effect of coannihilation with the first two lightest neutral as well as single
charged WIMPs annihilating to SM fermions through the s channel.

Ll = d'q, v
The neutral WIMP ;(? and the single charged WIMP y;" can annihilate into SM fermions through the s-channel exchange
of a W' boson corresponding to the matrix element

_ (9
M = q'q) = =i <—

2
ﬁ) Vag - YTy Gl (P)r"(O5 Pp+ 05 Pr)ug(pa)|[@(pa)y*Pro(ps)].  (HI)

and
{9\ 1
MOt = ITy) = —i| ==
i =10 =) s sy
< [0;(p)r" (05 Pr, + 05 Pr)u(po)|[i(pa)r PLo(ps)]. (H2)
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2. 00 = 431V
Similarly, the neutral WIMP x? and the single charged WIMP x; can annihilate into SM fermions via the s-channel
exchange of a W~ boson corresponding to the matrix element

_ i, {9\ 1
M 0 . / - - e V* / v
(e = 4'a) l<\/§> W S, T My Ty
x [B;(p2)r" (05" P + OF Pr)ug(p)|[#(p3)r* PLo(pa)], (H3)

and

2 1
0. . Ag
My = 10) = ﬂ(ﬁ) s — M3, + iMyTy
X [Tfj(l’z)}’”(okaPL + 0§kW+PR)”k(P1)HL_‘(P3)7”PLU(P4)]- (H4)
3. 2000 — ff

The neutral WIMPs 49 and 4§ can annihilate into ff through the s-channel exchange of a Z° boson or an H° scalar
corresponding to the matrix element

M ?Z(/f—’ff):Mla‘FMw‘f'ZMza, (HS)

where

i g \? 1
Mla =35 Yo 2 .
2 \cos Oy s —=M7 4+ iMzI';

x [v;(p)r*[(0 Py + O Pr)ug(p2)[@(p3)r* (gl + ghr)v(pa)).

i g \2 1
M, =—= g
b 2 <cos 9W> Y =ML+ iM, T,

x [ok(p1)r* (O PL + O )Pr)u;(p))[E(p3)r* (gh + g47°)v(pa)),

gmy ! [2;(p1) (05 P, + O3 Pr)ug(pa)][a(ps)v(p — 4)). (H6)

My, =i
2 = My s — M3+ iMy Ty,

4. x50 = ff
The single charged WIMPs ;" and %, can annihilate into ff through the s-channel exchange of a Z° boson, an A° boson,
or a H° scalar corresponding to the matrix element

M(zxl = fF) = My + My + M3, (H7)

where

_ (9 ) 1 NS S _ L R
=i 2 ) s e W N ) (O3 P+ O i)

My = =g, [Py (po)] 7, (pa)r ().

. gmy 1 _ _ L R},
M5 = _ZZMWs M2+ iMyTy, [”(P3)U(P4)][”j(Pz)(OijL + OJ:PR)”k(pl)]' (H8)
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