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induced Higgs mixing gives rise to unsuppressed annihilations of dark matter into the SM
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matter annihilates dominantly into a pair of singlet-like scalars with similar mass as for
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1 Introduction

Weakly Interacting Massive Particles (WIMPs) have been the main paradigm for particle
dark matter for the last four decades or so. It is typical that the standard thermal freeze-out
mechanism for WIMP dark matter depends on sizable interactions between dark matter
and the SM particles, but doubts have been cast on the WIMP paradigm in view of the
strong limits from direct detection experiments such as XENONIT [1], LUX [2], PandaX-
IT [3], etc. On the other hand, there are potentially interesting excesses or signatures for
indirect detection of WIMP dark matter in cosmic ray experiments, such as Fermi-LAT [4],
HESS [5], AMS-02 [6, 7], etc.

Recently, the interesting possibility to relax the Higgs mass and the cosmological con-
stant to right values through the four-form flux has been revisited [8-13]. A dimensionless
four-form coupling to the Higgs field makes the Higgs mass variable until the observed
small cosmological constant is achieved due to the last membrane nucleation [14-16]. But,
in this scenario, the Universe would appear empty at the end of the last membrane nu-
cleation without a reheating mechanism, because the previously produced particles would
have been diluted due to prolonged dS phases.



There have been ways suggested to reheat the Universe in models with four-form
flux, such as the non-perturbative particle production in the time-dependent background
during the last membrane nucleation [9] and the decay of an extra singlet scalar field
whose potential has the flux-dependent minimum [11-13]. In the former case, the particle
production rate depends on the speed of transition for the last membrane nucleation, thus
there would be a need of a small membrane tension for the efficient particle production [9)].
On the other hand, in the latter case, the singlet scalar field has a sufficiently large latent
heat after the membrane nucleation, so the perturbative decay of the singlet scalar field
gives rise to an efficient reheating of the Universe [11-13].

In this article, we consider a Dirac fermion dark matter in models with a four-form flux
and a singlet pseudo-scalar field. Both the Higgs field and the singlet pseudo-scalar field
couple directly to the four-form flux such that the Higgs mass as well as the vacuum expec-
tation value (VEV) of the pseudo-scalar field are relaxed to true values at the same time.
Since dark matter has a direct coupling to the pseudo-scalar field, we can communicate
between dark matter and the Standard Model (SM) particles only through the four-form
couplings. We dub this scenario “Flux-mediated dark matter”.

The simultaneous presence of the CP-odd four-form coupling to the pseudo-scalar
field and the CP-even four-form coupling to the Higgs field gives rise to the CP violation
in the dark sector. As a result, the pseudo-scalar coupling to dark matter and a flux-
induced Higgs mixing lead to unsuppressed dark matter annihilations into the SM at present
whereas suppressing the elastic scattering cross section between dark matter and nucleons
for direct detection. We discuss the possibility of obtaining the observable signals for
indirect detection such as in Fermi-LAT and AMS-02 while satisfying the correct relic
density, the strong constraints from XENONIT and the other bounds from Higgs and
electroweak data and collider searches.

The paper is organized as follows. We first present the model setup with the four-form
flux, the pseudo-scalar field as well as dark matter. Then, we review the relaxation of
the Higgs mass from the flux-dependent minima of the scalar potential and the reheating
from the perturbative decay of the pseudo-scalar field in our model. Next we provide
new results for flux-mediated dark matter and discuss the relic density of dark matter,
the current bounds from direct and indirect detection of dark matter and Higgs/collider
data. Finally, we show the combined constraints on the parameter space of our model and
conclusions are drawn. There are two appendices summarizing the scalar self-interactions
in our model and including the full formulas for dark matter scattering.

2 The model

For the scanning of the Higgs mass and the cosmological constant, we introduce a three-
index anti-symmetric tensor field A,,,, whose four-form field strength is given by Fj,,,c =
40, Ay po)- Moreover, we add a pseudo-scalar field ¢ for reheating after the relaxation of
the Higgs mass and consider a Dirac singlet fermion y’ for dark matter.!

"We introduced the primed notation x’ for fermion dark matter, and we reserve the unprimed notation
x for the physical basis later.
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Figure 1. Schematic diagram for flux-mediated dark matter.

We consider the Lagrangian with four-form field couplings included beyond the SM,
which is composed of various terms as follows,

L= Lo+ Lo (2.1)
where
1
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and the extra Lagrangian Lext is composed of Lext = Lg + L1 + Lmempb With

Lg = {(FF‘“’”" c e””’”"|H|2 [TNadad d))AVpU}, (2.3)
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After a global U(1) symmetry is broken spontaneously, ¢ could arise as a pseudo-Goldstone
boson and the mass term (m} ) and the pseudo-scalar coupling (m} / f) for the fermion dark
matter could be also generated. We introduced cy and p as dimensionless and dimensionful
couplings for the four-form flux to the SM Higgs [8—12] and the pseudo-scalar field [13, 17],
respectively. We can take cpr, u to be positive without loss of generality. In our model,
dark matter communicates with the SM through the four-form couplings. Thus, we dub
our scenario “Four-form portals” or “Flux-mediated dark matter” . We show the schematic
diagram for flux-mediated dark matter in figure 1.

The simultaneous presence of those four-form couplings to the Higgs and pseudo-scalar
fields leads to the breakdown of the CP symmetry. In this case, we can avoid the direct
detection bounds due to the velocity-suppression of DM-nucleon scattering but expect the



indirect visible signals for dark matter at present, due to the unsuppressed pseudo-scalar
coupling to fermion dark matter.?

It is remarkable that the shift symmetry for the pseudo-scalar field is respected by
the four-form coupling p but it is softly broken by the mass term mi in the third line
in eq. (2.2). The soft-breaking mass mgy for ¢ can be ascribed to a periodic potential,
A*(1 — cos((¢ — a)/F)), with o/ F being the arbitrary phase, which might be generated
by a non-perturbative effect in the hidden sector. In this case, we can identify the soft
mass term by mé = A% /F? where F could be different from f appearing in the axion-like
coupling of the Dirac fermion dark matter x to the pseudo-scalar field in the last line
in eq. (2.2).

We also comment that Lg is the surface term necessary for the well-defined variation of
the action with the anti-symmetric tensor field, and ¢ in £, (in eq. (2.4)) is the Lagrange
multiplier, and Lyemp contains the membrane action coupled to A,,, with membrane
charge e and the brane tension. Here, {* are the membrane coordinates, x(§) are the

abc

embedding coordinates in spacetime, €% is the volume form for the membrane and ¢'3) is

the determinant of the induced metric on the membrane.
Using the equation of motion for F,,,, [11-13] as follows,

1
P = o (gt e HP +q)), (26)
= )
and integrating out F, ., we recast the full Lagrangian (2.1) into

1
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Then, the effective Higgs mass parameter, the effective cosmological constant and the
effective Higgs quartic coupling are given by

MZz(q) = M — e (g + (), (2.9)
Nena) = At 5 0+ V() + V((H)), (2:10)
Mot = A+ %c%{ (2.11)

where the Higgs mass induced by the VEV of the pseudo-scalar field and the vacuum
energies coming from the Higgs and pseudo-scalar potentials are also included.

2See refs. [19, 20, 22] for fermion dark matter model with a pseudo-scalar mediator where the CP
symmetry is unbroken.



Moreover, the coupling between the pseudo-scalar and Higgs field is given by a direct
product of four-form couplings for them, p and ¢y, as can be seen from the expansion
in eq. (2.7), mediating between dark matter and the SM. On the other hand, for scalar
singlet dark matter S, we can introduce the four-form coupling to dark matter respecting
a Zp symmetry by the interaction Lagrangian [12], 55 e""P7F, 5 S2. This results in the
Higgs-portal coupling, crcsS?|H|?, similarly to the case with fermion dark matter. But,
in this case, there is no reason to forbid the tree-level Higgs-portal coupling, AggS?|H|?,
in the first place. This is in contrast to the case with fermion dark matter where the
tree-level Higgs-portal coupling to the pseudo-scalar, ipm¢|H |2, breaks the shift symmetry
explicitly, thus it is forbidden.

On the other hand, the equation of motion for A,,, in eq. (2.8) makes the four-form
flux ¢ dynamical, according to

P
P q = —o / 43¢ 64z — 2(€)) g“; 8‘”2,) ?{26

The flux parameter ¢ is quantized in units of e as ¢ = en with n being integer. As a

abe. (2.12)

result, whenever we nucleate a membrane, we can decrease the flux parameter by one unit
such that both the Higgs mass and the cosmological constant can be relaxed into observed
values in the end.

Before going into the details in the next section, we comment briefly on the relaxation of
Higgs mass and cosmological constant. For ¢ > q. with ¢, = M?/cy — (), the Higgs mass
parameter in eq. (2.9) becomes MeQH < 0, so electroweak symmetry is unbroken, whereas
for ¢ < g., we are in the broken phase for electroweak symmetry. For ¢y = O(1) and the
membrane charge e of electroweak scale, we obtain the observed Higgs mass parameter
as MeQff ~ cpg e, once the flux change stops at ¢ = g. — e due to the suppression of a
further tunneling with more membrane nucleation [9-12]. For A < 0, we can cancel a large
cosmological constant by the contribution from the same flux parameter until A.g takes
the observed value at ¢ = ¢. — e, but we need to rely on an anthropic argument for that
with e being of order weak scale [9, 18]. The detailed discussion on the vacuum structure
and electroweak symmetry breaking will be discussed in the next section.

3 Relaxation of Higgs mass and reheating

We review the relaxation of the Higgs mass and the cosmological constant in the case with
a singlet pseudo-scalar and discuss the reheating with four-form couplings.
3.1 Flux-dependent minimum and Higgs mass

For a general flux parameter ¢, we expand the SM Higgs and the pseudo-scalar around the
vacuum [12] as (H) = (0,vp(q) + h)T/v2 and (¢) = vy + ¢, with

2 _
\/M CH q + u%)’ (3.1)
>\H+ CH
H 1 2
=% la-—L (= . 2
vg(q) e +m¢[a mi <2chH+q>} (3.2)
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The minimum of the potential is stable as far as mgmy, > c%l uQU%{(q), where m?

= mé +
©
and m,% = QAH’eff’U%[(q). In the true electroweak minimum, we take the Higgs VEV to
vir(ge — €) = 246 GeV. Performing the following transformation to the mass eigenstates,

(ha, ho)",
h1\ [ cosf(q) —sinf(q) ©
(hz) - (Sin@(q) cos 6(q) ) <h> ’ (3.3)

we obtain the mass eigenvalues and the mixing angle 6(q) as

1 1
mi,, = 5 (m 4+ mi) F 53/ (m —mi)? + 420 (q), (3.4)
and
2
tan 20(q) = 2c10(0), (3.5)

Then, we can trade off cgrp for the Higgs mixing and the scalar masses. For a small mixing
angle, § < 1, we can approximate cyu ~ 0(q) (m? —mj) = 6(q)(mj —mj ), and hy is
SM Higgs like and h; is pseudo-scalar like. We find that even for a vanishing VEV of the
pseudo-scalar, there is a nonzero mixing due to the four-form couplings. Therefore, there is
an one-to-one correspondence between the four-form coupling, cyp, and the Higgs mixing
angle, 0, for given scalar masses.

We note that in the absence of an explicit breaking of the shift symmetry, that is,
mi = 0, there is no relaxation of a large Higgs mass, due to the fact that the minimization
of the pseudo-scalar potential cancels the flux-induced Higgs mass completely. Thus, it is
crucial to keep the explicit breaking mass term to be nonzero [12].

We also comment on the loop corrections and the naturalness of the pseudo-scalar field
in our model. First, we find that the singlet-like scalar receives a logarithmically divergent

masa correction at one-loop from the flux-induced coupling, £ D —%CH/J,(ph2, as follows,

om?2 = ! c 2111‘/\—2 (3.6)
¢~ Gap2Hl m3 '

where A is the cutoff scale. So, the mass correction is proportional to the pseudo-scalar
mass, so it is technically natural to keep the singlet-like scalar light.
Secondly, the four-form couplings lead to a quadratically divergent tadpole for the

pseudo-scalar field by A3¢ with A3 = Cfﬁljf, which can be renormalized by the counter
term « in eq. (2.2). The large tadpole term would result in a shift in the effective Higgs
mass in eq. (2.9), but it can be relaxed by the change of the four-form flux, because the
effective tadpole term is given by (ami — g — A3)¢. Otherwise, we could keep a small
tadpole term technically natural by assuming a discrete symmetry with an extra Higgs-
like scalar H'. For instance, if the extra Higgs-like scalar has a four-form coupling of the
opposite sign, £ O —E P E,, ., |H ’|2, then the quadratically divergent tadpole term
vanishes at one-loop. In this case, the scalar fields transform under the discrete symmetry
as ¢ — —¢, H <+ H'. Then, we can choose the same bare mass for the extra Higgs-like



scalar as for the SM Higgs such that it remains decoupled during the relaxation of the
Higgs mass. For the later discussion, we assume that the effective tadpole term is chosen
such that the VEV of the pseudo-scalar field is smaller than the value of the axion-like
coupling f in eq. (2.2) for the valid effective theory.

3.2 Critical four-form flux and vacuum displacement

We find that the critical value of the flux parameter for a vanishing effective Higgs mass

parameter or vy = 0 is given by
1
ge = — (M? = crrpvg(qe)). (3.7)
CH

Then, solving eq. (3.7) with eq. (3.2) for q., we get

2 2 2
wo+ms M
g = —52 — — oy, (3.8)
my CH
u M?
—a- = = 3.9
vg(qe) = mgﬁ cn Vg,cs (3.9)

and the cosmological constant at ¢ = g, is given by

1 2.1
Ve=A+ §(uv¢(qc) )+ gmi(vge — )

2
2
Lmg 2
=A+-—"— . 3.10
+2M2+m%¢(%+ﬂa) ( )

On the other hand, electroweak symmetry is broken at ¢ = q. — e, for which

2
m
v(ge —e) = L\H|EU, (3.11)
H jeff
19 1 2 )_
—€) = - (= —e) = 3.12
Vp(ge — €) = Vgc W] (2ch e =vgp0 (3.12)

with |m%| = M? — cy(g. — e + pvg), and the cosmological constant at ¢ = g, — e is tuned
to a tiny value as observed,

1 1 2 1
Vo =A— EAH,QHUZL t3 (/w(b,o +qc — e) + imé(vqm —a)? ~0. (3.13)
Consequently, we find that the weak scale depends on various parameters in the model,
as follows,
2 _ mé co e
= a2 : T (3.14)
¢ H,eff - §M2+mi

As far as mg ~ ||, the weak scale can be obtained for the membrane charge e of a similar
scale, insensitive to the values of mg and p. But, for my < |p|, we can take a larger value



of e. For my < |p|, which is natural for a small explicit breaking of the shift symmetry, we
get the electroweak scale suppressed to

2
2 Mg cHE

V2~
2 ¢

m (3.15)

Therefore, we can choose a larger membrane charge e, for instance, /e ~ 1(10) TeV, for
mg ~ 0.1(0.01)|p| and cg = O(1). Moreover, from egs. (3.9) and (3.12), after the last
membrane nucleation, the pseudo-scalar VEV is shifted by

H 1 2 )
Avy = Vg o — S S _
U¢ U¢7c ’U¢>,0 “2 T TTL(% (QCHU e
v2<1 A u2)
X —— | zCH— — ' —5
wo\2 a cH mi
A v (3.16)
cy mé

where we assumed mg < |p| in the approximations. As a result, we can make use of the flux-
induced displacement of the pseudo-scalar field for reheating, as will be discussed below.

We remark that the pseudo-scalar VEV in the true vacuum, vy o, is model-dependent,
because it depends on a, M? and pseudo-scalar mass parameters, etc, as can be seen from
egs. (3.9) and (3.12). However, we can always take a such that vy ¢ is almost zero without
affecting the reheating process. In this case, we can keep the Yukawa coupling of the
pseudo-scalar field to dark matter almost CP-odd. This fact becomes important for the
later discussion on the direct detection bounds for dark matter in our model.

3.3 Reheating

Just after the last membrane nucleation, the full potential can be rewritten as

1 2 2\2 1 o 2 CHM 2 2 ?

V(h,¢) = ZAeff(h —v ) + 5(# +mg)| & —vs0+ m(h —v7) (3.17)
where Aet = Amet — 2¢5 12/ (1% + m%) Then, setting the initial value of ¢ just before
the last nucleation to ¢; = vy, and ¢ = ¢; + ¢, the above potential just after the last
nucleation becomes

2

1 2 1 CHU
Vw#ﬁzzxﬁQﬂ—vﬂ +2wl+m®<¢—A%+vﬁ+nﬂUﬂ—v%>. (3.18)
¢

Therefore, at the onset of the pseudo-scalar oscillation, with the SM Higgs frozen to h = v,
the initial vacuum energy for reheating is given by

1
Vi= L0+ md)(Avy)?
1 2 1 2>2
_1 (o1 , 1
Y mi (e 5 CHY (3.19)
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Figure 2. The scalar potential for the pseudo-scalar field with the flux-dependent minima.

In figure 2, we depict how the minimum of the scalar potential for the pseudo-scalar changes

after the last membrane nucleation and how the initial condition for reheating sets in.
We find that it is natural to take the explicit breaking term for the shift symmetry to be

small, that is, my < |pl, for which the initial vacuum energy in eq. (3.19) is approximated to

1 1 2
Vi ~ 2(6—20H’U2>
Lidg w2 1\,
~ (2L 3.20
2(CH mi ZCH> v ( )

almost dependently of pseudo-scalar mass parameters. Here, we used eq. (3.15) to eliminate
e in the second line of eq. (3.20).

The pseudo-scalar field starts oscillating from the shifted value, just after the end of
the last membrane nucleation, as far as my, = ,/u? + mi > H; = /V;/(3M3), which is
about 1075 — 107! eV for /e ~ 100 GeV — 10 TeV. Then, the maximum temperature of the
Universe in the model would be

307\ 1/4 A 100 1/4
T = ~ 4 G (22 21
== () 0Gev(looeev (5 (21

Thus, choosing /e ~ 100 GeV — 10 TeV for mg/|u| ~ 0.01 — 1 and cg = O(1), we get the

maximum reheating temperature as
Tinax ~ 40 GeV — 4 TeV. (3.22)

Therefore, the reheating temperature would be high enough for dark matter particles with
mass M, < Tmax to thermalize, once they are produced from the decay of the pseudo-scalar
field or the scattering between the SM particles.

We now discuss the reheating from the perturbative decay of the pseudo-scalar field.

From the ¢ coupling to the Higgs, £ D —%CH,LL(,Oh2, for m, = 1/mi + p? > 2my, the



perturbative decay rate of the pseudo-scalar field into two Higgs bosons is given by

2 2 2\ 1/2
. ChM 4mj,
I'(p — hh) ~ Samm, (1 — m% ) . (3.23)

Then, for cg = O(1) and |u| = my 2 0.160 for 6% < 0.1 to be consistent with the Higgs
data, we get I'(¢ — hh) ~ 0.1m,, 2 0.01v, for which I'y > H ~ VVi/(V3Mp) at Tinax, 0
the reheating is instantaneous. Therefore, the reheating temperature is given by Thax as
in eq. (3.21).

On the other hand, if m, < 2my,, the perturbative decay of the pseudo-scalar field into
two Higgs bosons is kinematically closed, so we need to rely on the off-shell decay processes
of the Higgs bosons, such as ¢ — h*h — bbh for my > my + 2my and @ — h*h* — bbbb
for 4my < my, < my, + 2my,. In the former case, the ratio of the corresponding decay rate

Y
4o

to the two-body decay rate is I's/T'y ~ and in the latter case, it is similarly given

4
by I'y/Ty ~ (fTb)z. Even in these cases, as far as I'9,I'y > H at Tax, the reheating is
instantaneous, so the reheating temperature is again given by eq. (3.21).

4 Flux-mediated dark matter

We first discuss the dark matter interactions through the pseudo-scalar mediator with the
four-form couplings and determine the dark matter abundance from freeze-out. Then, we
consider the bounds from indirect and direct detection experiments and Higgs searches and
electroweak data.

4.1 Dark matter interactions

From the Lagrangian for dark matter in eq. (2.2), in the original basis with x' = (x4, x5)7,
we get the mass term shifted due to the VEV of the pseudo-scalar field by

- imlvg _
£X,mass = _m/XX,X/ + % X,’VBX,

7 iv¢
= —m, (1 —~ ]f’)x'fx’g —m, (1 + f>x§x'1

where
2 /
- Yo My _ Yy
my = My, 1+ﬁ_cosﬁ’ tanB—T, (4.2)

and x = (x1,x5)" is the redefined dark matter fermion with x; = ¢”®x}. Moreover, in
the basis of mass eigenstates for the scalar fields, we obtain the interaction terms for dark
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matter as follows,

im/

Ly int = TX (cos O hy +sinf h2)>2’75xl

_imy : Bt =Bt
= X (cos@hl +Sln9h2) (e X1X2 — € X2X1)

im!,
= TX e’5<cosﬁ hi + sin9h2>)ZPRX

im/

_ X B ; v
7 e (cos@hl—i-smﬁhg)xPLX

= — Z hi>2<vx7i +iax,i75)x (4.3)
i=1,2

where the projection operators are given by P, = 3(1 — %) and Pg = 1(1++°), and the
CP-even and CP-odd Yukawa couplings are

!/

m! m

Vy,1 = TX sin 3 cos 0, ay1 = —TX cos 3 cos ¥, (4.4)
m! m’

Uy2 = TX sin Asin 6, Ay = —TX cos Asin 6. (4.5)

Then, a nonzero VEV of the pseudo-scalar field also gives rise to a nonzero CP-even
coupling between the singlet-like scalar and dark matter. The Higgs mixing leads to the
direct CP-even and CP-odd couplings between the SM-like Higgs and dark matter.

We also find that the Yukawa couplings between the SM Higgs and the SM fermions
f (quarks or leptons) gives rise to

Ly = —=Lhfy

i=1,2

with
vp = _my sin 6, Vfo = M cos 6. (4.7)
v v

Then, the singlet-like scalar has a CP-even coupling to the SM fermions through the Higgs
mixing. There are Higgs-like interactions between the extra scalar field and the other
particles in the SM such as massive gauge bosons at tree level and massless gauge bosons
at loop level [19, 20]. We note that the pseudo-scalar couples to the SM only through the
Higgs mixing, so the constraints from electric dipole moments on the axion-like scalar field
do not apply in our case [21].

As a result, due to the broken CP symmetry in the four-form interactions, there exist
both CP-even and CP-odd scalar interactions between scalars and the dark matter fermion,
due to the Higgs mixing. But, for vy < f or [3| < 1, the Yukawa couplings to dark matter
are like CP-odd scalar interactions, so it is possible to make the dark matter annihilation
into the SM fermions to be s-wave. On the other hand, the DM-nucleon scattering cross

- 11 -



section is suppressed by the velocity of dark matter. Therefore, the DM annihilation can be
relevant for indirect detection experiments, being compatible with strong direct detection
bounds such as XENONI1T.

We also obtain the mediator interactions from the following scalar self-interactions for
pseudo-scalar and Higgs,

Escalar,int = —CHW ¢’H|2 - )\H,eff|H|47 (4'8)

The details of the scalar self-interactions in the basis of mass eigenstates are given in
appendix A. Here, the product of four-form couplings, ucy, is expressed in terms of the
Higgs mixing angle and the scalar mass parameters from eq. (3.5), as follows,
Lo 9 2 2 2
cHp = i(m@ — mj,) tan(26) = (my, —mj,, )0 (4.9)
where we made an approximation for § < 1 in the end. Moreover, the effective Higgs
quartic coupling Ap g is approximately related to the Higgs mass parameter by

2 2
my my,

w2 " 202

AHeff = (4.10)

Furthermore, due to the Higgs mixing, we also obtain the effective interactions between
scalars and massless gauge bosons in the SM, namely, photons and gluons [28], respectively,

Loy = _‘;% Ay (—sin @Ry + cos 0 ha) F, F*
ag

—% Ag (— sin 0 hl -+ cos 0 hQ)G“VGMV (411)

where A, A, are the loop functions, given by

Ay = Av(w) + NQF Ag(m), (4.12)
Ag = ZAf(Tt)a (4.13)

with ag = g?g/(47r), W = M}%/(4M3V), T = M}%/(élm%), and

Ay (z) = —272[22% + 32+ 3(2z — 1) f ()], (4.14)
Ap(w) = 2272z + (2 = 1) (=), (4.15)
and
arcsin?/z, r <1,
z) = 4.16
1 _}L{mﬁﬁﬂ;_i_mr, > 1. 10

Here, we note that the electromagnetic and strong couplings are given by qem(Mz) = %&9

and ag(Myz) = 0.118 at Z-pole, respectively, and in the limit of 7 < 1, the loop functions
are approximated to As(m) — % and Ay — 1.
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Consequently, fixing mj, = 125 GeV for the mass of the SM-like Higgs, we have five
independent parameters for dark matter, as follows,

My, Mhpy, fa B? 0. (417)

Here, § = arctan(vy/ f) stands for the VEV of the pseudo-scalar field, and 6 is the mixing
between the Higgs and pseudo-scalar fields.

4.2 Dark matter annihilations

Since the maximum reheating temperature is limited by about Ti.x = 40 ~ 4000 GeV in
this model, dark matter lighter than 71, is automatically produced while being relativistic,
so the freeze-out process would follow immediately for WIMP-like dark matter.

On the other hand, if dark matter is heavier than Ti,.x, the initial dark matter abun-
dance from thermalization is Boltzmann-suppressed by the reheating temperature. Instead,
dark matter can be produced from the decay of the pseudo-scalar field if kinematically
allowed and reannihilate. In either case, the dark matter abundance is suppressed as com-
pared to the case with m, < Thax, even before the freeze-out mechanism kicks in. So,
in the later discussion, we focus on the case with m, < Tnax such that the freeze-out
mechanism determines the dark matter abundance.

First, dark matter can pair annihilate into a pair of the SM fermions. Then, for the
non-relativistic dark matter, the corresponding annihilation cross section before thermal
average is given by

0 4 2 2 3/2
m2m 1 1 m
£ 4 i 2 !
o mimd o B 1—22) a1
(O'Urel)xx_n"f 87TU2f2 Ccos ’B Sin <4m§< — m%l 4mi — m}ZLQ ) ( mi> ( )

Here, we ignored the velocity-dependent terms for dark matter, which are given by eq. (B.2)
in appendix B. Then, the above channels are s-wave, so they are relevant for the indirect
detection of dark matter from cosmic ray observations.

Moreover, for m, > my,, mp,, dark matter can also annihilate into a pair of scalars,
hih1, hoho and hihs. The corresponding cross sections, in the limit of a small Higgs mixing
angle, are given by

2 m%q

4 _
my cos” B4/1 w2

1287 f4(8md — 6m2mj + mj} )2(4m2 —mj )

(Uvrel)x)_(%hl h1 =

X {4mi(4mi - mil)(4mf< —mj,) cos Osin2f — f(2m?< —mj )sin 0

2
X {CH,u(Smi+m%1 —Sm%u) + 3(m%1 —m%z) (crpcos 20— 2\ g e v sin 26) H

2
6 cogt 49 /1- M2
my, cos” B cos™ 04/1— m? Vrel

384m fA(m2 — mj )(2m2 —mj )
—8(8m?< - 14m;1<m;211 + 7mimﬁ1 —mj ) cos2f

+ 1 (24m§< - 60m;1<m,211 4—54m§m?§1 - 15mg1

—I—(56m?< - 100mim%1 + 5Omim%1 - 9mf<) cos 45), (4.19)
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mi cos? 1-— YZZ;Q
o) X 4.20
(70rel)xx—shah 1287rf4(8m;1< — Gmim%Q + m%2)2(4m§< — m,%l)2 ( )

X {4mi(4m§< - mil)(4m§< - m%Q) sin? fsin 23 — f(2mi - mfw) cos® 0

2
X {CH,u(87”n§<+7rL,212 —3mj, ) +3(mj, —mj.,) (crpcos 20 — 2\ g e sin 26) }} ,

2 2 2 2 \2
2 4 0 qin2 _ My T, (mh, =My
mj, cos™ (3 sin 20\/1 Sm2 + T6mT

(Fvrel)xxshaha 2567rf4(4m§ — m,%l)?(élmf( — 771%2)2(47713< — m%l — m%u)2

(4.21)

X {8mi(4mi - m%l)(llmi - m%m) sin 28 + f(4m§< - m%l - m%m)

2
X {CH,u(Smi—mel —mj,) + 3(mj, —mj,) (crrp cos 20— 2\ ov sin 26) }] :

For a sizable Higgs mixing, the correction terms for xyx — hih; are given in eq. (B.3) in
appendix B.

For a small |sin 3|, which is favored for direct detection as will be discussed in the later
subsection, the dark matter annihilation into a pair of singlet-like scalars (h1h;) has the
s-wave contribution suppressed while the p-wave contribution unsuppressed during freeze-
out even for small Higgs mixing. Thus, the hih; channel is important for determining the
correct relic density, as will be shown in the later subsection. On the other hand, the dark
matter annihilation into a pair of SM-like Higgs bosons (hghs) is s-wave dominant, but it
is suppressed because it depends on the Higgs mixing angle and the product of the four-
form flux coupling, cgp, which is bounded by a small Higgs mixing angle in eq. (3.5). For
relatively light dark matter below the electroweak scale, the hohs channel is kinematically
closed. Finally, the dark matter annihilation into one singlet-like scalar and one SM-like
Higgs scalar (hihz) is also suppressed by the Higgs mixing angle, but it is s-wave.

For m, > mw,mz, we also need to consider the dark matter annihilations into a pair
of massive gauge bosons in the SM, with the cross sections,

2

m
(OVrel) g W+w - Tfév? <4mi - 4m12,vmi + 3m§1,[,>

1 1 2 2
x cos4,6’sin229< s > 1- W (4.22)

dmy —my - Amg —my, ms

and
m3 4 2 9 4
(UUrel)X)ZﬁZZ = Wféiﬂ <4mx — 4mzmx + SmZ)

1 1 2 2
x cos’ sin? 29( s ) 1- 22 (4.23)
dmy — mj, ams — mp, ms

Thus, we find that the above annihilation channels into WW, ZZ are suppressed by the
Higgs mixing angle.
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Finally, due to the Higgs mixing, the pseudo-scalar has the effective couplings to pho-
tons and gluons in eq. (4.11), just like the SM Higgs. Then, we also get the cross sections
for dark matter annihilations into a pair of photons or gluons by

2 6 2
Qlem m 1 1
(OUrel)yg—yy < > ] 72< f2)cos /3 sin® 29( —— —% 5 ) , (4.24)

8mv 4m§< —mj  4m2 —mj,
2 6 2
(OUrel)yi—gg = <127rv> |Ag] ( s > cos? 3 sin? 29(4m§ -~ R me ) (4.25)
1 X 2

Consequently, we can see that the above annihilation channels into 7, gg are suppressed
by the Higgs mixing angle as well as the loop factors.

4.3 Indirect detection

As dark matter can annihilate directly into bb or a pair of the SM particles through the
pseudo-scalar or Higgs boson without velocity suppression, indirect detection experiments
and Cosmic Microwave Background measurements [22, 23] can constrain dark matter with
weak-scale masses. There are gamma-ray limits on the dark matter annihilation from
Fermi-LAT dwarf galaxies [4] and HESS gamma-rays [5] and AMS-02 antiprotons [6, 7],
constraining the model. We can also discuss the region for explaining the gamma-ray
excess at the galactic center and the cosmic ray anti-proton excess with the dark matter
annihilation in our model [24].

Regarding the gamma-ray excess at the galactic center (GC), we remark that fermion
dark matter with a mass in the range of m, = 40 — 70 GeV is needed for the case of anni-
hilations to bb with about the thermal cross section, (ov.e) ~ 10726 cm?3 /s [24]. Moreover,
the same dark matter annihilation into bb can account for the antiproton excess measured
by AMS-02 for DM masses in the range of 46 — 94 GeV [24]. Then, we can take the an-
nihilation cross section into bb to be (o) = (0.6 — 7) x 10726 cm?/s for the gamma-ray
excess and (o) = (0.3 — 20) x 10—26 cm?3 /s for the antiproton excess [24]. Although the
galactic center excess and the AMS-02 anti-proton excess are not conclusive at the moment,
we indicate the region of the parameter space later favored to explain those excesses in our
model for a future reference.

It is remarkable that there might be also interesting signatures for indirect detection
from the s-wave contribution of the hih; channel due to the cascade decays of the scalars
such as bbbb, bbrT or 7777 [25-27]. Moreover, there could be similar indirect signatures
from the hihs channel if kinematically allowed. In the case of multi-step annihilations
of dark matter, the peak of the resulting gamma-ray spectrum is shifted toward the low
energy and the annihilation cross section required for fitting the GC gamma-ray excess
increases, as compared to the case of direct annihilation of dark matter into bb [27]. Since
the annihilation cross sections for the s-wave part of the h1hy and hihy are suppressed by
the Higgs mixing angle or sin 3, it is sufficient for us to focus on the direct annihilation
of dark matter into bb in the later discussion on the bound from Fermi-LAT or the excess
from AMS-02. But, it would be worthwhile to perform a dedicated analysis for the cascade
decays of the singlet scalars for indirect detection.
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4.4 Direct detection

Due to the flux-induced Higgs portal coupling for the pseudo-scalar field, £ D —%CH,U,(,D}LQ,
with a Higgs mixing, as discussed previously, the pseudo-scalar field can communicate
between dark matter and the SM, with the same four-form flux couplings. In this case,
the direct detection cross section for fermion dark matter is suppressed by the momentum
transfer between dark matter and nucleon, due to the chiral operator 7° in the mediator
coupling for dark matter [19, 20]. This interesting behavior is due to the fact that the four-
form couplings to both pseudo-scalar and Higgs fields exist, violating the CP symmetry.
After integrating out the pseudo-scalar and Higgs bosons, from egs. (4.3) and (4.6),
we get the effective interactions between dark matter and the SM fermions, as follows,

[’DD_ZZ f’ [ le-l-ZaXl’y) }ff

7 oi=12

—ZMZ % [X(oxi +iay7")x] I (4.26)

i=1,2

where v¢; = 0;Af with 9y = —sinf(q), 92 = cos(q) and Ay = my/v.
Then, for the direct detection of dark matter, we can approximate the cross section
for the elastic scattering between dark matter and nucleus to

2 2
:u Nm X . 2 2 ) 1 1 2
oo = g (20 s B B = ) (28 + (4= 2)8) (4

where Z, A — Z are the numbers of protons and neutrons in the detector nucleus, pu,ny =
mymn /(my +mp) is the reduced mass for the system of dark matter and nucleus, and

2
fom =m0 i 5158 (4.29
q=u,d,s
with f7G =1=3 4 f%:. Here, f% is the mass fraction of quark ¢ inside the nucleon

N, defined by (N|myqq|N) = my f%, and f, is the mass fraction of gluon G the nucleon
N, due to heavy quarks. The numerical values are given by fﬁ = 0.023, f;ﬁd = 0.032 and
ft, = 0.020 for a proton and f3 = 0.017, f#, = 0.041 and f7 = 0.020 for a neutron [30].
Therefore, we find that as |sin 3| decreases, the elastic scattering cross section between
dark matter and nucleus gets an extra suppression in addition to the Higgs mixing angle.

On the other hand, for generality, we also present the elastic scattering cross section
between dark matter and electron as

M m3 2 .2 2 1 1)?
xe e x . .
o ~ 2= — 2 (sin 20)“ cos* B sin — = — 4.29
ve T ma0P oo o 5 — ) (429)
where pye = myme/(m, + me). The above scattering cross section for electron is again
suppressed for a small sin 5. We have not considered the details of the current bounds on
the DM-electron scattering cross section in this work, because we focused on the WIMP

case. However, the DM-electron scattering is relevant for detecting light dark matter with
sub-GeV mass [31, 32] or exothermic dark matter in XENONIT ([33, 34].
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We remark that in the case that the direct detection cross section for dark matter has
a chirality suppression at tree level as discussed above, the effective interactions between
dark matter and nucleus (or electron) are subject to loop corrections with two pseudo-scalar
exchanges [35-37], which could be important for a sizable m, /f and a light pseudo-scalar
field. But, the full discussion on the loop corrections including two-loop diagrams for gluon
effective interactions in our case is beyond the scope of our work.

4.5 Constraints from Higgs and electroweak data

For m, < my,/2, the SM-like Higgs can decay into a pair of dark matter fermions. Then,
the corresponding partial decay rate for ho — xx is given by

m2m 4m? 4m2\ /2
T(hy = xX) = 8>7<rf;12 (sin 0)? COS2ﬁ{SiH2ﬁ (1 - m%:) + cos? ﬁ} <1 - m2h’:> . (4.30)
Then, for a nonzero Higgs mixing angle, the branching ratio of Higgs invisible decay is
given by
I'(he — xX
BRypy = 127 XX (4.31)
Ftot

where Tyt = cos? @ T'sy + I'(ha — xX) with the total decay rate of the SM Higgs, I'sy =
4.2MeV, for mp, = 125 GeV. The previous limit in 2016 on the branching ratio of Higgs
invisible decay is BRiy,y < 0.19 at 90% C.L. [38], and it has been updated recently to
BRipy < 0.11 at 95% C.L. [39]

Moreover, for mp, < mp,/2, the SM-like Higgs can also decay into a pair of dark Higgs
bosons. Then, the corresponding partial decay rate for ho — hihy is given by

02
F(hg — hlhl) = sin” 6

2

2 (1/2
4mh1) /
)
th

2
[ucH(sinQ 0 — 2 cos? 0) 4+ 6\ v cos B sin 9} <1 —
32mmyp, '

(4.32)

which is additive to the total decay rate of the SM Higgs. On the other hand, for my, <
mp, /2, the single-like scalar can decay into a pair of the SM-like Higgs bosons, with the
partial decay rate,

['(h1 — hahg) = 3;C:m [MCH(Cosz 0 — 2sin? ) — 6Ap v cos B sin 9} (1 — 2h2>
hl mhl

We remark that the Higgs mixing gives rise to the modified Higgs production rate and
the new production of the singlet-like scalar at the LHC and the modified partial decay
rates of Higgs visible decay modes.

First, the production cross section for the SM-like Higgs, for instance, the gluon fusion,
and the decay rates of Higgs visible decay modes are universally suppressed by cos? 6. If
extra Higgs decays are absent or ignorable, the branching ratios of the Higgs boson are
almost the same as in the SM. In this case, from the Higgs data at the LHC, the Higgs
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mixing angle would be constrained to be |siné| < 0.3, provided that the experimental
uncertainties are within 10% [40].

On the other hand, the singlet-like scalar can be produced at colliders similarly as
for the SM Higgs boson, except that the corresponding cross section and the decay modes
of the singlet-like scalar are universally suppressed by sin?# as compared to those for the
SM Higgs and the decay branching fractions depend on the mass of the singlet-like scalar.
Therefore, the singlet-like scalar can be constrained by LEP, Tevatron and electroweak
precision data [41] and it has been also searched for at the LHC.

For my, < 114GeV, the LEP search with bb decay mode constrains sin?6 < ¢?(my,)
with logyo ¢2(m) ~ m/(60GeV) — 2.3 [41, 42]. For instance, for my, = 50(70) GeV, we
require sin?f < 0.034(0.074). Secondly, the p-parameter is corrected due to the Higgs
mixing angle [41], as follows,

3GF .9 2 mp 2 mj, )
Ap = 0 1 L 1 L
p W [sm (mW nm%/v my nm%v
2 2
+ cos? G(m%v In m;” —m%In m;Q )] . (4.34)
myy myy

The global fit in PDG data [40] shows Ap = (3.9 4 1.9) x 10~%, which is 20 above the SM
expectation p = 1. Therefore, such a deviation would indicate that

In41(35) < sin® @ lnmy, + cos® @lnmy, < In80(94) (4.35)

at 20(30) where the masses are measured in GeV. For instance, we would need sin? >
0.48(0.31) for my, = 50GeV and sin?60 > 0.76(0.49) for my, = 70GeV. However, the
results are not consistent with the LEP limit on the Higgs mixing angle. Therefore, we
only impose the LEP limit on the Higgs mixing angle for my, < 114 GeV in our model.
The LHC searches become important for heavy singlet-like scalars through ZZ, hoho decay
modes, constraining the Higgs mixing angle at the level of sin @ ~ 0.3 at best [43, 44].

4.6 Combined constraints

We impose various constraints discussed in the previous subsections on the parameter space
in our model.

First, in figure 3, we depict the parameter space for m,/f vs the singlet-like scalar
mass myp, on left, and the parameter space for the Higgs mixing angle, 0, at the relaxation
of Higgs mass, vs the pseudo-scalar VEV, parametrized by 5 = arctan(ves/f). The correct
relic density is satisfied along the red line. For m, > my,, the dark matter annihilation
into a pair of singlet-like scalars (hih;) is a dominant channel for determining the relic
density, because the corresponding annihilation cross section is p-wave but unsuppressed
by either the Higgs mixing angle and sin 8. On the other hand, for m, < my,, we need
a larger dark matter coupling, m,/f, for a fixed Higgs mixing angle, as shown in the left
plot of figure 3.

We also show in figure 3 that the gray and green regions are excluded by the direct
detection from XENONIT and the Higgs-like scalar search with bb mode at LEP. The
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my=70 GeV, 6=0.1, 5:10—5 m,=50 GeV, my1=45 GeV, =100 GeV
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Figure 3. (Left) Parameter space for m,,/f vs the singlet-like scalar mass. We chose m, = 70 GeV,
6 = 0.1 and B = 1075. (Right) Parameter space for the Higgs mixing angle, 6(g. —e) vs the pseudo-
scalar VEV, § = arctan(vs/f). We chose m, = 50GeV, my, = 45GeV, f = 100GeV. The relic
density is saturated along the red line. The gray and green regions are excluded by XENONIT
and LEP, respectively. Purple region is disfavored by diffuse gamma-rays from Fermi-LAT dwarf
galaxies (bb). We also show the blue region favored by the AMS-02 anti-proton excess on left and
the orange region disfavored by the bound from the Higgs invisible decay on right.

purple and orange regions are disfavored by the bounds from Fermi-LAT dwarf galaxies
(for bb annihilation channel) discussed in the previous subsection and the Higgs invisible
decay that will be discussed in the next subsection, respectively. We also indicated the blue
region favored to explain the AMS-02 anti-proton excess [24], but there is no consistent
region to explain the Fermi-LAT gamma-ray excess at the galactic center [24], because of
the bounds from Fermi-LAT dwarf galaxies.

We took two benchmark scenarios: the case with m, = 70GeV, § = 0.1 and 3 = 1077
on the left plot in figure 3, and the case with m, = 50 GeV, my, = 45 GeV and f = 100 GeV
on the right plot in figure 3. In the latter case, the Higgs invisible decay is open so the
parameter space with a sizable mixing angle is disfavored. On the other hand, in the former
case, there is no Higgs invisible decay, so there is a parameter space with a sizable mixing
where the LEP bound for light singlet-like scalars with my, < 114 GeV as well as the LHC
limits, # < 0.3, for heavy singlet-like scalars from the ZZ, hoho decay modes [43, 44], are
satisfied.

We find that a sizable Higgs mixing angle is constrained by the LHC data from the
Higgs visible and invisible decays as well as the bounds from Fermi-LAT dwarf galaxies. As
shown on the right plot in figure 3, the XENONI1T bounds become more important than
the bound from the Higgs invisible decay for 3 > 1073. The region with a sizable Higgs
mixing angle can be searched for by indirect detection experiments, such as gamma-ray
and anti-proton searches in Fermi-LAT and AMS-02 experiments, respectively. Indeed,
the anti-proton excess from AMS-02 could be explained in the region of the saturated relic
density, as shown on the left plot in figure 3.
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m,=70 GeV, B=10"°, f=126 GeV mn1=50 GeV, B=1.5x107%, m,/f=0.645
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Figure 4. Parameter space for the Higgs mixing angle, 6(q. — €), vs the singlet-like scalar mass
mp, on left (dark matter mass m, on right). We took m, = 70GeV, 8 = 107> and f = 126 GeV
on left and mj, = 50GeV,  =1.5x 107* and m,/f = 0.645 on right. We also drew the contours
for |egp|/mp, =1,0.1 in dotted and dashed brown lines on left. The color notations are the same
as in figure 3.

Next, in figure 4, we draw the parameter space for the Higgs mixing angle, 6, at the
relaxation of Higgs mass, vs the dark Higgs mass my, on left (the dark matter mass m,
on right). The colored notations for various regions are the same as in figure 3. We took
my, = 70GeV, § = 1075 and f = 126 GeV on the left plot and my,, = 50 GeV, B = 1.5x10~*
and m,/f = 0.645 on the right plot. Thus, for both cases, the singlet-like scalar coupling
to dark matter is almost CP-odd, so the XENONIT limit constrains only a small region
of the parameter space.

The LEP limit excludes the region with a sizable mixing angle, for instance, the region
with 6 2 0.2 for my, = 50GeV on the right and up to 6 2 0.08 for my, 2 4GeV on
the left in figure 4. On the other hand, there is a viable region in blue with a relatively
heavy singlet-like scalar on the left plot in figure 4 for explaining the AMS-02 anti-proton
excess, whereas the purple region is disfavored by the limits from gamma-ray searches with
Fermi-LAT dwarf galaxies and the LHC searches for Higgs-like scalars. We need to keep
in mind that the Higgs mixing angle is constrained to 6 < 0.3 for heavy singlet-like scalars
from the ZZ, hohs decay modes at the LHC [43, 44], although not shown in figure 4. We
also drew the contours on the left plot with |cgu|/mp, = 1,0.1 for four-form couplings in
dotted and dashed brown lines, respectively. Noting that my, ~ |u| for mg < p as well
as perturbativity |cy| < 1 lead to |egp|/mp, < 1. Thus, from the Higgs mixing angle in
eq. (3.5) with my, = 50(30) GeV, perturbativity sets |0 < 0.54(0.39).

The correct relic density can be satisfied along the red line when the Higgs mixing and
the dark matter coupling are sizable, even away from the resonance regions with my, < m,,
as shown in both plots in figure 4. As we have already discussed in connection to figure 3,
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our results indicate clearly that the dark matter annihilation into a pair of singlet-like
scalars (hihq) is crucial for determining the correct relic density for a smaller Higgs mixing
angle, as shown in red lines to the left region on the left plot and to the right region on
the right plot figure 4. We note that the region with m, < mp,/2 is strongly constrained
by the limit from the Higgs invisible decay, except the resonance regions with m, ~ 2my,
or my ~ 2my,, as shown on the right plot in figure 4. The resonance locations for the
bb channels are velocity-dependent, so those in galaxies at present are at lower resonance
masses as compared to those at freeze-out, due to the suppressed velocity of dark matter,
v ~ 1073 or less. Therefore, if the resonant enhancement for the bb channel occurs during
freeze-out, we could avoid the strong bounds from Fermi-LAT dwarf galaxies at present.

5 Conclusions

We entertained the possibility to communicate between Dirac fermion dark matter and
the SM particles only through the four-form couplings to both the pseudo-scalar field and
the Higgs field. The pseudo-scalar field reheats the Universe after the relaxation of the
Higgs mass and it is responsible for making the dark matter in thermal equilibrium and
undergoing the freeze-out process. The flux-induced mixing between the pseudo-scalar
field and the Higgs field enables dark matter to annihilate into the SM particles without a
velocity suppression while the direct detection bounds from XENONIT can be satisfied.

There is a parameter space with a sizable Higgs mixing for explaining the relic density
and accommodating the observable signals in Fermi-LAT and AMS-02, but subject to
various existing bounds from Higgs-like scalar searches at the LEP, the LHC and Higgs
and electroweak data from the LHC. In particular, it would be interesting to probe the bulk
region of the parameter space where the relic density is determined dominantly by the dark
matter annihilation into a pair of singlet-like scalars with similar mass as for dark matter,
although being p-wave suppressed. There are also resonance regions that are present in
usual Higgs-portal dark matter models.
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A Scalar self-interactions

From eq. (4.8), we can also identify the scalar interactions for mass eigenstates as

1

1
£sca1ar,int = _§,UCH 2 h% — Z)\]—Leﬁ‘(’U + h)4

1
= —gHeH (cosOhy 4 sinf he)(—sinh hy + c059h2)2

1
—1)\H7eﬁ‘(’l} —sin@ hy + cos 6 h2)4

3 3 2 2
= —Iﬂhl — Kighg — Hmlhlhg — Hmzhlhg

1 1 1 1 1
—leh‘f — 1/\2}1‘21 - melhi’hQ — ZAmgh%hg — meghlhg (A1)
where
1 ) . 3

K1 = iucH cos fsin” 6 — Ag v sin® 6, (A.2)

1
Ky = SpcH sin @ cos® 6 + AH eff U cos® 0, (A.3)

1
Kml = §MCH sin G(Sin2 0 — 2 cos® 6) + 3\ H v cos 6 sin? 0, (A.4)

1
Km2 = 5HCH cos 9(c032 0 — 2sin? 0) — 3\H v sing cos? 0, (A.5)
A1 = sin? O\ g o, (A.6)
)\2 = COS4 9)\H,eﬂ‘, (A?)
A1 = —4 cos 0 sin® ONH off (A.8)
A2 = 6 cos? 0 sin? ONH o, (A.9)
A3 = —4sin 6 cos® ONH off - (A.10)

B Formulas for scattering cross sections

We list some of the exact formulas for annihilation and scattering cross sections for dark
matter.

For the non-relativistic dark matter, the annihilation cross section for yx — ff is
given by
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MP2 _ =2 v X X X wr(ky)vr(k
‘ ’ xx—ff 4 i:ZLQ fii (Pl +p2)2 — m}gll ’ f( 1) f( 2)‘
1 vf,a 2 1
~ 2 2,2 i X 2,2
o~ 4{2(mx — mf) + 2mxvrel} K _z: pr m2_) <2m + 2mxvrel>
i=1,2 X hi
+1 2 2 Z Ufi Ux 2
7mxvrel 2 _ .9
2 oo Amy —my,
2,9 2
My . 2 2 1 95 9 ]( 1 1 )
20)“ (2 — _
U2f2 (Sln ) [ (mX mf) + m Urel 4m§ - ma 4m§< - m}zm
1 1
[(2m + 2m2 vfel) cos® 8 + m vrel sin? ,8} (B.2)

We used the above formula to get the approximate expression for a small velocity of dark
matter in the text.

For the non-relativistic dark matter, the annihilation cross section for yx — hihy is
also given by

(U'Urel>x)’(%h1h1 = (Uvrel)s + (Uvrel)pl + (0"Urel)p2 + (Uvrel)pg <B3)
with
mi cos? /1 — 7;?21
(ovrel)® = 1 4 2,2 1 ); 2 2 32 (B-4)
1287 f4(8my, — 6mymy +my, )*(4m3, —my,)
X {4mi(4mi - m%l)(élmi h Ycos? Asin 23 — f(2m m%l) sin® 6
2
X {cH,u(8mf< +my, —3mj,) + 3(mi, —mj,)(crpcos 20 — 2X g ev sin 26) }] ,
m2
mS cos* Beost 01/1 — —5- v,
(ovrel)P! = X (24m§< — 60m;1<m,211 + 54mim%1 — 1577121

384 fA(m2 —mj, )(2m2 —mj )*
—8(8m?< - 14mf<m%1 + 7mimil —mj ) cos2f3

—I—(56m§5< - 100m§tm%1 + 50m§<m%1 - 9mf<) cos 45), (B.5)

2
, mi cos® sin B sin? 204 /1 — n;’%: v?el
P2 _ (B.6)

1536w f3(m2 —m3 )(4m2 —m2 )2(4m2 —m} )2(2m2 —m3 )3

(oVrel)

{CH,M<3072TTL —256m1°(23m3, +9m3,) + 32mS (79m}, +154m3 m3, +9mj,)

+16mSmj (15my, — 194mj mj,, — 39mj,,)
—dmiymj, (T6my, — 171mj mj, — 99mj,)

2. 6 4 2 2 4 8 2 2 2
+2mxmh1(l4mh1 — 7mh1mh2 — 45mh2) — mhlmh2 (mhl — 3mh2))
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+3(m3, — my,) (768my° — 32m% (53m3, + 3m3,) + 16mSmy, (75m3, +13m7,)
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2
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3 X
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We used the above formula to get the approximate expression in the limit of a small Higgs
mixing angle in the text.

For the direct detection of dark matter, we also derive the cross section for the spin-
independent elastic scattering between dark matter and nucleus, as follows,

1
~ 16m(my +my

Ox—N )2 ’M|2XN—>XN (B.8)

with

4m2m2 Tivw 2 9 Bt ; 2
2 _ xX""N iUy, q i ,i
M| XN=XN " 2 42 K Z > + 4m§ < Z 2 ) }

2
i=1,2 M, i=1,2 M,

<(28,+ (A= 2)1) (B9

P=2mnER

Here, we note that the momentum transfer is taken to give the recoil energy FEp for
the nucleus after the scattering. Thus, the momentum dependent term is suppressed by
myEg/m2, which is less than 6 x 1077 for my ~ 131m,, for XENONIT, Ex < 50keV and

my ~ 100 GeV. Therefore, for > ;_; 5 ﬁi’gl = 0, the elastic scattering cross section between

dark matter and nucleus becomes suppréssed by the momentum transfer.
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