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Is light thermal scalar dark matter possible?

Tomoya Hara, Shinya Kanemura, and Taisuke Katayose
Department of Physics, Osaka University, Toyonaka 560-0043, Japan

® (Received 9 November 2021; accepted 7 February 2022; published 28 February 2022)

We study a light thermal scalar dark matter (DM) model with a light scalar mediator mixed with the
standard model Higgs boson, including both the theoretical bounds and the current experimental constraints.
The thermal scalar DM with the mass below a few GeV is usually strongly constrained by the observation of
cosmic microwave background and/or indirect detection experiments because the leading annihilation mode
is S-wave. However, we find that two parameter regions remain, which are the resonant annihilation region
and the forbidden annihilation region. For both cases, higher partial waves dominantly contribute to the
annihilation at the freeze-out era, and the constraint from the cosmological observation is weaker. We
consider typical cases of these regions quantitatively, mainly focusing on the mixing angle and the mass of the
new particles. Finally, we also discuss the testability of this model in future experiments.

DOI: 10.1103/PhysRevD.105.035035

I. INTRODUCTION

The existence of dark matter (DM) is well established by
many cosmological observations, and the amount of DM
is accurately determined as Qh? = 0.120 £ 0.001 by the
observation of cosmic microwave background (CMB) at
the Planck experiment [1]. The thermal DM is one of the
most motivated DM candidates which has been studied in
many new physics models, and their phenomenological
properties have been well studied. Especially when the
DM has a weak charge, the DM with the mass around the
electroweak scale is favored to explain the present relic
abundance, and such a DM is searched by the direct
detection experiments as XENON 1T [2] or LUX [3] very
effectively. On the other hand, a relatively light thermal
DM particle is difficult to be detected by direct detection
experiments, and we also need to consider another inter-
action than the weak interaction by the Lee-Weinberg
bound [4] which restricts the weak-charged DM particle
with the mass lower than a few GeV.

The simplest model is a singlet scalar extension of the
standard model (SM) with an unbroken Z, symmetry
[5-12], and only the resonant annihilation region of the
Higgs boson and the large mass region still survive.
Another possibility is also introducing a new mediator
particle that makes a connection between DM and SM
particles. In this paper, we consider a SM singlet scalar
particle as the simplest mediator. With this mediator, we
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focus on the possibilities of the light singlet scalar DM which
has not been studied well. A light singlet fermion DM with
such a mediator has been discussed in Refs. [13-16]. The
model with a real scalar singlet DM and a real scalar singlet
mediator is nothing but a two-scalar-singlet extension' of the
SM with an unbroken Z, symmetry to make the DM stable,
which is discussed in Refs. [18-23]. In these studies, they
suppose that there is another Z, symmetry called Z) under
which the mediator particle is odd and other particles are
even, and the mediator field has a vacuum expectation value
after the symmetry breaking. We remove this Z/, symmetry
to consider the possibility of the two-scalar-singlet model
more generally at the small mass region. The mediator
particle has a coupling with the SM Higgs boson and this
coupling causes the mixing between them. The interaction
between the SM particles and the DM particle is mainly
through this mixing, and we study this model by focusing on
the mixing angle and masses of the DM and the mediator.
The light scalar DM is, however, strongly constrained by the
CMB observation because its dominant annihilation occurs
in S-wave. We find that there are still surviving parameter
spaces, which are the resonant annihilation region where
the mediator mass is almost twice the DM mass and the
forbidden annihilation region2 where the mediator is slightly
heavier than the DM [26].

This paper is organized as follows. In Sec. II, we define
the Lagrangian of the two-scalar-singlet extension of the
SM model and also the masses and couplings of the

"The complex scalar singlet extension is equivalent to real two-
scalar-singlet extension with fewer parameters, and such a model
has been studied in Ref. [17].

The forbidden annihilation DM with vector mediators has
been studied in Refs. [24,25].
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physical states. In Sec. III, we discuss the constraint
from vacuum stability, perturbative unitarity, and relic
abundance. In Sec. IV, we consider experimental con-
straints from collider experiments, beam dump experi-
ments, direct detection experiments and cosmological
observations. In Sec. V, we show the results separating
into two regions, the resonant annihilation region and the
forbidden annihilation region. In Sec. VI, we discuss the
possibility to explore the surviving parameter regions by
future experiments. Finally, in Sec. VII, we summarize the
light dark matter model with two-scalar-singlet extension.

II. THE MODEL

We introduce a gauge singlet real scalar DM 7 and a
gauge singlet real scalar mediator § in addition to the SM
SU(2), doublet ®. The Lagrangian is as follows:

1
L= ﬁSM + EDM + E(aﬂs)z + |aﬂ¢)|2 - Vmed(S’ (D)’ (1)

m> 1
Vmed(S»q)):,M?S+—SSZ+@S3+_SS4
2 3! 41
z 2 4 2 lsq) ) 2
W |2+ Ao |PI* + s S|P + 2 7|2,
(2)

where Lg is the SM Lagrangian without the scalar
potential, Lpy is the part including DM field #, and
V(S,®) is the scalar potential written in terms of the
gauge singlet real scalar S and the SU(2); doublet scalar
field ®.

The DM 7 is stabilized by an unbroken Z, symmetry
under which the DM field is odd and the other fields are
even, and Lpy; can be written as follows:

1

Lpm = 3 (8,m)* — Vpm(n. S, @), (3)
mi/ 2 M4 Has o
VDM(H,S,CD):TH tyn S
A A
oS el (4)

A. Definition of the physical mediator field

The vacuum is defined as the minimum of the potential,
and physical fields are defined as the expansion of the fields
around the vacuum. The mediator field S and SU(2),
doublet field ® have nonzero vacuum expectation values,
and we redefine the scalar fields H' and A’ as

S:H/+Us, (5)

¢= ((h’+(z)))/x/§)’ ©

where vg and v are the vacuum expectation values of §
and @, respectively. Using the redundancy of the model
accompanying the global shift of S by a constant, we can
set as vg = 0 without loss of generality. This corresponds to
fixing u3 as
2
3 _ _Hsol 7
:u] 2 ’ ( )
where v = /u% /1. Under this condition, the quadratic
terms of H' and A’ are diagonalized using the mass
eigenstates H and h as

1 m2/ mz//, H/
Va2 (") () )

Mgy My W
1 mfi 0 ><H>
— (H.h , 9
S (" )0 o)
where m?, = m3 + Asov?/2, mi,,, = vpse, my = 2Ap0%,
and
2 m%‘]’ + mlzl/ - \/m4H/ + mi/ + 4m41t1/h/ - zm%[/m%l/
my = 5 ,
(10)
2 m%_]/ + mi/ + \/mé}_l/ + mi/ + 4m‘1“1’h/ - 2m%_1/m%,/
mj, = 5 ,
(11)
H cosf —sinf H
= ) ) (12)
h sind cos@ h
where
2 2/ !
tan 20 = —HH_ (13)
m T m !
h H

B. The couplings of the physical fields

The potential term can be written in terms of H, A,
and 5 as

m2 m2 m2
V(n, H,h) = 2t + = H? 4 2 +/%112H

Puh oy M g M Hiih 2r0o
s} HH g3 | PHb gy B g
Tyt T

) ’1'14 ’Lsz 2 ’lnhzz
—h — —n*H"+—nh
R TR TE A
/117Hh 2 /10 4 /11 3 /12 27,2
Ay

2
+3—3!Hh3 +ﬂh4, (14)
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2
n

coupling constants are listed in the Appendix. Their
couplings with SM fermions are

where m; = mz, +/1,7¢112/2 and the expressions of the

Losama = 3 (—%sm OF FH + %cos 9]fh>, (15)
-

where f is a SM fermion, and m is the mass of f.

C. Input parameters

We have 13 free parameters (i, mg, U3, As, Ha» Ap> Hsds
Asws My, Ay fyss Ays, and 4,e) in the scalar sector of the
model. Since we impose the condition in Eq. (7),
v =246 GeV and m; = 125 GeV as input, the number
of free parameters are reduced to 10, and we choose
(my, my, sin @, w,y, Upns Kps Higns Ays Ag> and Ag) as input
parameters.

D. Properties of the mediator

Since we are interested in the light DM with the mass
below a few GeV, the mediator H also must be light. We
focus on the region where my ~ O(m,) is satisfied. The
mediator H couples to the DM directly, and it couples to
SM fermions via the mixing angle sin 8. The partial decay
width into SM particles can be written as

I'(H — SMs) = sin? gy (h — SMs) (16)

|m,,—>mH’

where T'gy(h — SMs) is the decay width of the Higgs
boson at the SM. Especially, the width of the decay into SM
fermions can be written as

m 2\ 3/2
_ ) gpmimy 4m
F(H = ff) = SIHZHT);}Z <1 _rn2f> s (17)
H

lo 20, JAg>0, 1,20,

where g, is the inner degrees of freedom of f. The decay
width of H into mesons, however, complicatedly depends
on my around my ~ 1 GeV. There are also theoretical
uncertainties due to the strong coupling of QCD [27-30].
We adopt the result of Ref. [30] in our analysis.

When my > Zm” is satisfied, H also decays into a DM
pair, which contributes to an invisible decay. The partial
decay width can be written using the couplings in
Eq. (14) as

I'(H—inv)=T'(H - nn)

AV il (my >2m,)
—J 32z m?, ’ H n

0. (my <2m,).

(18)

As the invisible decay width for my > 2m, is neither
suppressed by the mixing angle sinf nor the vacuum
expectation value v, this is usually much larger than the
width of visible decays. Therefore, we can consider almost
all H decays invisibly for the region where my > 2m, is
satisfied. This property largely affects the search for the
mediator at colliders. We define two parameter regions:
(1) the invisible decay region (my > 2m,), and (2) the
visible decay region (my < 2m,). We discuss the phenom-
enology of the mediator for these two regions in Sec. IV.

III. THEORETICAL BOUNDS

A. Vacuum stability condition

To prevent the vacuum from falling into the infinite
depth, the potential must be bounded from below. This
condition puts the constraint on the quartic coupling
constants of the scalar fields, which can be written as [31]

3 3
3hys + 1/ Ashy 20, \/%ﬂ,,qy +1/4te 20, \/;ﬂsqy +V4Asde 20,

3 3 3 3
\/AoAyAs + 3/ e + \/51,74,\/2; + \ézsq,\/z + \/ 2 (34,75 + ,151”) (ﬁz,@ + /1,,/1,1,> (ﬁzm + \/zszq,) > 0.

The local minimum condition at our vacuum can be
written as

2pm% > pig. (19)

The global minimum condition is, however, too com-
plicated to write down the analytical form even at the tree

level. We confirm individually that this condition is
satisfied for the region where we analyze (cf. Sec. V).

B. Perturbative unitarity

For perturbative calculation to be a good approximation,
the coupling constants must be relatively small. The
concrete estimation of the bound on the coupling constants
is given by considering the partial wave unitarity, which
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leads to the condition as Re(a;) < 1/2[32,33], where a; is
the amplitude of the Jth partial wave. Considering the
S-wave amplitude (J/ =0) at tree level, we obtain the
condition as |ag| < 1/2. For the high energy scattering
compared to the mass of the scalar particles where the
equivalence theorem holds [32,34], the amplitudes of
scalar-scalar to scalar-scalar scatterings or those that
include longitudinal mode of weak gauge bosons are
dominated by the scalar quartic coupling constants, because
contributions from the s,t,u diagrams are suppressed by the
scattering energy. Taking into account the neutral two body

states (%, nH, nh, nZ;, H—\g Hh, HZ,, \h/—% hZ,, ZL—\/ZEL and
W} W7) and diagonalizing the matrix of their amplitudes,

we obtain

A A
Ma| M M<8”’

s 20 20 2

o o

’ |/11751> ’ |’1SCI>

(20)

where 4,, 45, and 4, are the solutions of the cubic equation
for ¢, written as

£ — (6 + Ay + As)1* + (6dpds + 6dpd, + A5k,
— M3p — Ang — Ang)t + (=6ApAshy + 6dphng
+ 40,230 + 4Ashie — 8lyshodso) = 0. (21)

C. Relic abundance condition

We consider the thermal DM scenario where the DM
particles were in the thermal equilibrium with SM particles
in the early Universe. Because of the expansion of the

FIG. 1.
for a SM fermion, scalar meson and vector boson respectively.

Universe, the density of DM decreases, and the DM
particles decouple from the thermal bath of SM particles.
This is called “freeze-out” and the relic abundance of DM is
determined by this mechanism. The most accurate obser-
vation of the relic abundance is given by the Planck
collaboration [1] from the observation of the fluctuation
of the CMB, which is

Qh? = 0.120 £ 0.001. (22)

The annihilation cross section of DM is the most
important quantity to calculate the relic abundance.
There are mainly two types of annihilation modes; one
is the annihilation into two SM particles through the
s-channel propagation of H or h, and the other is the
annihilation into two mediator particles which finally decay
into SM particles. Feynman diagrams for each annihilation
type are shown in Figs. 1 and 2. For the first case, the
annihilation cross section is given by

" _ 1 —sinOu,y cosOpy, 2
1= SMs s—4m? s—m%,—f—imHFH s—m%,—{—imhr‘h
\ n
xT(h—SMs)l,, _ s (23)

where s is the square of the energy at the center-of-
mass frame.

For the second case, the annihilation cross section is
determined by the quartic coupling constant 4,5 and the
trilinear coupling constants u,y and uy, which can be
written as

Annihilation diagrams of DM via s-channel propagation of the mediator and/or SM like Higgs boson. Here f, ¢ and V stand

FIG. 2. Annihilation diagrams of DM into two mediators.
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\/s — 4m? U U2
Om—~HH = —H/dQ Apt + - 7t iz
64n’sy /s — 4m; t—my  u—m,
HugrbH . HyhPen|?
+s—mi,+s—m% ’ (24

where t = (p, — p3)? and u = (p; — p4)?, where p, and
P, are the incoming momenta of initial particles, and p; and
p4 are the outgoing momenta of final particles. Finally, we
solve the Boltzmann equation using the thermal averaged
annihilation cross section which can be written as [35]

(00) = Gt . 715 = IEKL (/s

~ 8myTK3(my/T) Jane
(25)

where K| and K, are the modified Bessel functions of the
second kind of order 1 and 2, respectively.

IV. EXPERIMENTAL CONSTRAINTS

A. Collider experiment

DM particles and mediator particles are created via the
decay of the SM-like Higgs boson or mesons, and also
can be directly produced by collider experiments. In this
section, we discuss the constraints from collider experi-
ments for two regions: (1) the invisible decay region and
(2) the visible decay region, as we have defined in Sec. II D.

1. Direct production of the mediator

The mediator particle can be directly produced via the
process ff — Z — Z*H. Among the several collider experi-
ments, the L3 collaboration at LEP [36] gives the most
stringent constraint on sinf as a function of my for the
invisible decay region and also for the visible decay region.
In Ref. [30], they studied the search for H at LEP including
the effect that H is mostly invisible even for the visible
decay region because it decays outside of the detector if
my < 2m,, where m, is the muon mass. We refer to the
result of Ref. [30] for the visible decays when applicable.

2. Higgs boson decay

The SM like Higgs boson / can decay into the mediator
or DM via the couplings in Eq. (14). Neglecting the
three body decay of &, the partial decay widths can be
written as

1 2 2 _ 4 2
T(h — HH) = — MV = " (26)

327 m ’
) 2
1 Hyn/ My — 4my
['(h—ny) = ET P M (27)
h

These partial decay widths can contribute to the Higgs
invisible decay width, written as follows:
(1) Invisible decay region

B(h — inv)
B I'(h - nn) +T(h - HH)
- I'(h— SMs) +T'(h = ) +T'(h - HH)’

(28)
(2) Visible decay region
B(h — inv)
_ I'(h — nn)
['(h— SMs) +T'(h - ) +T(h - HH)'
(29)

where I'(h — SMs) = 4.1 MeV [37] is the total
decay width of the Higgs boson in the SM. The
ATLAS collaboration [38] gives a constraint on the
Higgs invisible decay as B(h — inv) < 0.13.

3. Y decay

This model induces new Y decay modes such as Y’ — #n
or Y — HH, and also induces radiative decays Y — yH.
We focus on the latter process as it gives a more severe
constraint than the former processes. The branching frac-
tion can be written as [39]

B(Y — yH) ., Gpmj, m
— 7 —in*d—2 1 -, 30
B = i) " e T O

where B(Y — pu~)(= 2.48 x 1072 [40]) is the branching
fraction of Y — u"u~, Gy is the Fermi constant, a is the
fine structure constant, m,, is the mass of bottom quark, and
my is the mass of Y.
(1) Invisible decay region
The Belle collaboration [41] and the BABAR
collaboration [42,43] give the constraint on the
branching fraction of invisible decay as a function
of the mass of mediator, which is roughly B(Y —
y +inv) < 107°-107 for the mediator H with
my ~O(1) GeV.
(2) Visible decay region
When the mediator only decays into SM particles,
we can search for Y — yH focusing on the process
Y > y+ ¢ or Y — y+ jets. The CLEO experi-
ment [44] and the BABAR experiment [45,46] give
constraints on the leptonic decay mode, as B(Y —
y+utu ) <107%-107° and B(Y -y +7777) <
1075-10~* for the mediator with my ~ O(1) GeV.
The BABAR experiment [47] also searches for the
hadronic decay process of the mediator, which gives
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the constraint B(Y — y + jets) < 107°-107*, and
we show the constraint from this process in Fig. 7.

4. B meson decay

The B meson can decay into the mediator H with a K
meson when my < mp — my is satisfied, where my and
my are the masses of B meson and K meson, respectively.
The decay width of this process can be written as [13,48]

\9u|* (my — mg\?
I'(B— KH) = 167;’”3 mIZ - mK fx(my)
B s

X\ (= mi = w2 = dminidy, (31)

where gy, s the effective coefficient of the coupling of H,
s and b written as

3V2Gpmym? ViV,
16720

9Hsb = sin 6, (32)

and fx(q) is the scalar form factor parametrized as [49]

B 0.33
1 -4¢?%/37.5 GeV?’

fx(q) (33)

(1) Invisible decay region
The Belle [50] and BABAR [51] experiments
search for Bt — K* 4+ v which gives the same
signal for B* — KTH if H decays invisibly. The
upper limit at 90% confidence level is

B(BT — K+t +inv)

[(B* — K* +i
_ DB = K Ainv) 60, (34)
['(BT — any)

where ['(BT — any) = 4.0 x 10713 GeV [37] is the
total decay width of the BT meson. We show the
constraint on sin @ from this condition in Fig. 4.
(2) Visible decay region

The LHCb [52,53], BABAR [54] and Belle [55]
experiments search for BY — K+ + u*u~ or B —
K* + ptu~. This gives the constraint on the leptonic
decay of H, and we show the result of the LHCb
experiment in Fig. 7, which gives the most stringent
constraint on this decay mode.

5. K meson decay

The K meson can decay into the mediator H and 7 when
mpy < myg — m, is satisfied, where m,, is the mass of z. The
decay width can be written as [56,57]

2

2 2
T(K* — 7*H) = |9de|32 P ~ M
16mmy \ my;—my

2 2 22 2,2
X \/(mKi —-m, - my;) —4m’ . my,

(35)
T 2 m2 _ mZ 2
F(KL N JZ'OH) _ ‘ (ng§)| Ky °
16erKL mg — my
X \/(m%{L - mlzr() - m%.])z - 4m72[ﬂm%-17
(36)

where gy, 1S the effective coefficient of the coupling of H,
s and d written as

3V2Grmam2ViV,,
IHds = 5 sin
167-v

0. (37)

(1) Invisible decay region
The NA62 collaboration [58—-60] searches for
K* — z" + invisible, and they report

(Kt -zt +uwp)

(K™ — any)
= (10.6739 +£0.9) x 1071,
(38)

B(K* - 7zt +inv) =

where T'(K™ — any)(= 5.3 x 10717 GeV) is the
total decay width of the K meson. In our case,
the signal can be regarded as B(Kt — zTH) +
B(K* -zt +ub)gy, where B(KT™ -zt +
v)gy = (8.4 +£1.0) x 1071 [61], and we can set
the constraint on the mixing angle not to exceed
the observed branching fraction. We show the
constraint on mixing angle as the function of my
in Fig. 4, and the structure seen around my =
0.1-0.2 GeV 1is due to the background process
Kt = a2
(2) Visible decay region
The NA62 collaboration [58—-60] also gives the
constraint on the process K™ — z™H for the visible
decay region with almost the same magnitude as the
invisible decay region.
The KTeV collaboration [62,63] gives the upper limit on
the leptonic decay of K; as

[(K, —» 7" +efe)
['(K; — any)
<2.8x1070 (at 90% CL),

B(K, -’ +ete) =

(39)
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(K, — 2%+ utp)
['(K; — any)
<38x 10719 (at 90% CL),
(40)

BK, >’ +putu) =

where I'(K; — any)(= 1.3 x 10717 GeV [37]) is the total
decay width of K; . Considering that the KTeV experiment
is a fixed target experiment, H must decay into leptons
promptly enough before the detector. The analysis includ-
ing such an effect has been done in Ref. [30], and we refer
to their result. We show the constraint on sin @ from the
NAG62 and KTeV collaborations in Fig. 7.

B. Beam dump experiment

Beam dump experiments have the sensitivity for the
boosted long-lived particle which is created by the collision
of an accelerated proton or electron beam and a fixed target.
The mediator H can be long lived enough for the sub-GeV
region, and we can constrain the mixing angle sin € not to
generate H excessively. The CHARM experiment [64],
which is performed with 400 GeV proton beam and copper
as a fixed target, reported the null result for the new particle
and gives the most stringent constraint on our model. As the
analysis of the CHARM experiment for the light scalar
mixed with the SM Higgs boson has been done by several
studies [30,65-68], we refer to Ref. [30] and the constraint
is shown in Fig. 7. The PS191 experiment is the fixed target
experiment with the 19.2 GeV proton beam, which is
analyzed in Ref. [69] for the light scalar mixed with the SM
Higgs boson, and we also show this result in Fig. 7.

C. Direct detection experiment

Direct detection experiments search for DM in the
galactic halo by elastic scatterings with a nucleus. Even
though we focus on the GeV to sub-GeV DM, there are
still strong constraints on the scattering cross section with
nucleon. The elastic scattering cross section of DM and
nucleon can be written in the nonrelativistic limit as

2 2
H HatCun | HgnCin
o = 5 2(”2 +”2>, (41)
ll'l’n,7 mH mh

where y = (mym,)/(my + m,) is the reduced mass of 5
and the nucleon N, and Cyy and C,y are effective
couplings of H with N and h with N, written as [70]

sin Om 6
Con = — N (27 Vot S fAT’q), (42)
v q=u,d,s
cosOm 6
Coy = N <ﬁ e Y fyq), (43)
v q=u,d,s

where f7; and f}, are the nucleon scalar form factors

defined as
N|m,qq|N
my
Yo=1- > fi, (45)
q=u,d,s

and they are evaluated as [71]

fr,=00153, L, =00191, fF =0.0447, (46)

n =00110, fo, =00273, fi =0.0447. (47)

Among several direct detection experiments, the CRESST-
[T experiment [72] and the DarkSide-50 experiment [73]
give the most stringent constraints on GeV to sub-GeV DM
mass regions. They are shown in Fig. 4.

D. Constraint from CMB

Even in the era after the freeze-out of DM, some portion
of DM annihilates into SM particles and injects energy into
the primordial plasma. Such a process modifies the thermal
history of big bang nucleosynthesis (BBN) and affects the
power spectrum of CMB. Fluctuation of CMB is observed
with great accuracy by the Planck experiment [1], which
strictly constrains other energy injection processes than
those in the SM. This gives an upper limit on the S-wave
DM annihilation cross section as

fetr (ov), <32x108 ecm¥s™! GeV™!,  (48)
m
n

where f.4 is the fraction of the energy released by the
DM annihilation into the primordial plasma at the
redshift of z~600. For our model, f. is estimated to
be O(0.1) [74]. To explain the thermal relic abundance,
(ov) ~3 x 10726 cm? 5! is required at the freeze-out era,
which is significantly larger than the upper limit on the
S-wave annihilation cross section for GeV to sub-GeV DM
masses. As scalar DM particles basically annihilate in
S-wave, it seems that such a light scalar DM model is
already ruled out. There are, however, two exceptional
cases where the contribution from higher partial waves
becomes important [26]. The first case is that the mediator
mass is slightly larger than twice the DM mass, which is
called the resonant annihilation region, where a DM pair
resonantly annihilates into SM particles via the s-channel
propagation of the mediator. The second case is that the
mediator is slightly heavier than the DM, which is called
the forbidden annihilation region, where a DM pair can

035035-7



HARA, KANEMURA, and KATAYOSE

PHYS. REV. D 105, 035035 (2022)

annihilate into two mediators only when DM is thermalized
enough. We discuss these two cases in Sec. V.

E. Observation of cosmic rays

When DM has a large enough annihilation cross section,
DM particles in the galaxy annihilate into SM particles
and emit a detectable amount of cosmic rays. However,
when we focus on the resonant annihilation region or the
forbidden annihilation region as discussed in Sec. IV D,
the annihilation cross section is suppressed for the galactic
DM, and the constraint from cosmic rays is always
satisfied.

F. Constraint from BBN

The theory of the big bang nucleosynthesis is well
established and the prediction of the fraction ratio of 'H,
’H, 3He, and “He matches with the cosmological observa-
tions [75]. This strongly supports the SM, and we can give a
constraint on new physical models. If there exist new long-
lived particles, they can decay into mesons or leptons
during nucleosynthesis. These particles react with the
proton (p) or the neutron (n) and change the n/p ratio
from that of the SM prediction. For our case, without
disturbing BBN, the new scalar particle H must decay
rapidly enough [76,77], from which the constraint on sin 6
can be given as a function of my in Fig. 7.

G. Constraint from SN1987A

In some parameter regions, the new light scalar particle
can be probed by astronomical observations, and one of the
most stringent constraints comes from the observation of
supernovae. In the SM, the gravitational binding energy of
a supernova is released only by the emission of neutrinos.
The supernova neutrinos from SN1987A were observed for
over 10 seconds by the Kamiokande [78] and IMB [79],
and the energy emission rate by neutrinos is calculated as
L, = O(1) x 103 erg/ sec, which is consistent with the
total released binding energy E,, < 6 x 10°3 erg [80,81].
If there is a new scalar particle, it may contribute to the
additional energy emission from the supernova core and
make the cooling rate too fast. The case with a light scalar
particle mixed with the SM like Higgs boson has been
studied by Refs. [14,82,83], and we can set the constraint
on the parameter space by the condition that energy
emission from new particles does not exceed the contri-
bution from the neutrino emission. In our case, H is mainly
produced by the nucleon bremsstrahlung process NN —
NNH through the mixing angle, and the upper limit on the
mixing angle can be set by the condition that this process
does not occur so often. On the other hand, a large mixing
angle leads to an effective reabsorption process of H, and
we cannot constrain such regions. We refer to Ref. [83] and
the constraint is shown in Fig. 7 around the region with
my < 0.2 GeV and sin?0 ~ 10~11-107.

V. ANALYSIS

As we mentioned in Sec. IV D, we focus on the resonant
annihilation region and the forbidden annihilation region
for GeV to sub-GeV DM masses. We take some criteria
as defined in the following section, and we discuss the
surviving parameter region.

A. Resonant annihilation region

For the resonant annihilation region, where my ~ 2m,, is
satisfied, only the annihilation into SM particles is possible
at the freeze-out era. Among the ten free parameters
(mn’ mg, sin 6’ MnHv l’lnh’ HH> HHR> ln» j'17Hs and AO)
mentioned in Sec. I C, uy, 4,, 4,4 and 4y do not contribute
to experimental constraints nor the relic abundance con-
dition. Therefore, we can choose arbitrary values for
these parameters under the theoretical constraints, namely,
0 < Ay, Ayms Ag < 1and p3; < 3dgm3,. The parameter yuyy, is
experimentally constrained only by the Higgs invisible
decay results, and the parameter ,, is constrained by the
Higgs invisible decay results and direct detection experi-
ments. The constraint on these parameters from Higgs
invisible decay is shown in Fig. 3. Here, we only focus
on the region u,y,, pp;, > 0 to satisfy the vacuum stability
condition.

The remaining parameters are (m,,, mpy, sin @, and ,u,,H).
We have the constraint from the relic abundance condition
and several experimental constraints on these parameters.
We show the surviving parameter space on the plane of
the mediator mass my and sin?@ in Fig. 4 for the case
with my = 2.04m, = p,; and my = 2.04m, = 10u,y.
The black shaded region is excluded by the direct detection

4
3 L
= LHC(ATLAS)
O 2
<
=
3
. HL-LHC
ILC N
0 i . i .
0 1 2 3 4
pan [GeV]
FIG. 3. The constraint on p;, and u,;, from the Higgs invisible

decay results. We also show the projected sensitivity from
HL-LHC and ILC. The shaded region is the excluded region.
See Secs. IV and VI for more details.
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FIG. 4. The surviving parameter space on the plane of my and
sin> @ for the resonant annihilation region. We show the con-
straints from Belle (Y decay) as a blue line, LEP (direct
production of H) as a green line, BABAR (B decay) as a red
line and NA62 (K™ decay) as a magenta line. Two black solid
lines correspond to the constraints from the direct detection
experiments, CRESST-IIT and DarkSide-50 respectively. The two
dashed black lines correspond to the prospect of the future direct
detection experiments, NEWS-G and SuperCDMS (see Sec. VI).
We also show the contour which satisfies the relic abundance
condition as an orange line. The upper figure corresponds to the
case with u,y = my, my=2.04m,, and the lower figure
corresponds to the case with p,y; = 0.1my, my = 2.04m,,.

experiments, whatever value of u,;, is chosen from the
parameter region allowed by the Higgs invisible decay
results (cf. Fig. 3). Direct detection experiments can have
more sensitivities if future collider experiments do not
observe the Higgs invisible decay. We note that the lines
which explain observed relic abundance (orange lines) are
almost the same for these two cases, and the reason is
explained as follows. The annihilation process is regarded
as the on-shell production of H and its decay into SM
particles, and the production rate of H is proportional to
/A,%H and the branching fraction to SM particles is propor-
tional to u;}, Then, the total annihilation cross section of
DM to SM particles does not depend on ;. We also show

the ratio of the thermal averaged annihilation cross section
at the freeze-out era and that for S-wave in Fig. 5, which

<UU>Tf / <Uv>s—wave

HyH = My Ratio of the cross section
1 . . . . .
2.05 2.10 2.15 2.20 2.25 2.30
mp /M,
5000
g
£ 2000
& 1000
<
& 500
>
L
200
tpr = 0.1mpy Ratio of the cross section
100 1 1 1 1 1
2.05 2.10 2.15 2.20 2.25 2.30
mp /My,
FIG. 5. The ratio of the annihilation cross section of DM at

freeze-out era and that of s-wave. We show the case with my = 5,
0.5 GeV, and Ty = m, /15, 20 for p,;; = my (upper figure) and
My = 0.1my (lower figure).

justifies our parameter choice regarding the CMB con-
straint (cf. Sec. IV D).

B. Forbidden annihilation region

H(T;) <T(Ty;H — SMs) + Y T(Ty H + X — SMs),
X
(49)

where X is an arbitrary light SM particle, and

(T H — SMs) = <%>F(H S SMs),  (50)

[(Tp H + X — SMs) = ”X<UU>H+X—>SMS|T:Tf- (51)

Here, y is the Lorentz factor which contributes to prolong-
ing the lifetime of H, and ny is the number density of X.
For the forbidden annihilation region, we can consider
Ty ~m,/20 ~mpy/20, and we set y = 1. Moreover, we
can neglect the contribution from I'(T;; H + X — SMs)
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FIG. 6. The constraint on sin? @ from the equilibrium condition
of mediator and SM particles. Here we show the plots for two
cases: Ty = my/15 and Ty = my/20.

compared to I'(T;; H — SMs) because of the factor ny o«
T;- and the additional SM coupling constant. Then, it is
enough to consider the condition H(Ty) < I'(H — SMs),
and the constraint on the mixing angle sin @ is shown in
Fig. 6, assuming 7', = my/15-20.

Among the ten free parameters (m,,, my, sin @, gy, pyp,
KHs Hihs Ays 4> and o) mentioned in Sec. I C, 4, and 4,
do not contribute to the experimental constraints or relic
abundance condition. Therefore we can choose arbitrary
values for these parameters within the theoretical con-
straints, namely 0 < 4,, 4y < 1. The parameter y,;, con-
tributes to the Higgs invisible decay and direct detection
experiments, while up, contributes to the Higgs visible
decay. However, if my and sin 6 are small enough, H does
not decay inside the detector, and the decay mode
(h - HH) is invisible. In such a case, we have the same
constraint as the resonant annihilation region, which is
shown in Fig. 3. The parameters my and sin@ are con-
strained by several experiments or observations, which
are shown in Fig. 7. Here, we do not show the constraint
from direct detection experiments unlike the case with
the resonant annihilation region, because we can set an
arbitrary small value for u,y; and u,, for forbidden
annihilation region. Then, direct detection experiments
do not always have sensitivity. The parameters m,, my,
Hyh»> H> and 4,y are constrained by the relic abundance
condition, which is involved in the diagrams at Fig. 2. Since
the kinetic energies of # and H are small enough compared
to m, ~my at freeze-out era, we can set s = 4mg, and
t =u =0 in Eq. (24). We then obtain the effective four
point scalar coupling of n”H? as

2
:ul]H

2
My

HyHHH
2
3my

leff —

HahMHR
nH — “‘nH — 2 : 2" (52)

+
4m?, — m,

0.001F

107

sin @

101F

SN1987A

Equilibrium condition

1071°

0.01 0.05 0.10 050 1 5 10

my =~ m, [GeV]

FIG. 7. The surviving parameter space on the plane of my and
sin”@ for the forbidden annihilation region. We show the
constraints from BABAR (Y decay) as a pink line, LEP (direct
production of H) as a green line, LHCb (B*/° decay) as a red line,
NAG62 (K decay) as a magenta line, KTeV (K decay) as a cyan
line, CHARM (beam dump) as a black line, BBN as a blue line,
the observation of SN1987A as a purple line and the equilibrium
condition (at Ty = my;/15) as an orange line. We also show the
prospect of future beam dump experiments, SHiP as a black
dashed line and the ILC beam dump experiment as a brown
dashed line.

1.8 . . . . .
Relic abundance condition

1.61

1.2t Aer
N = {)()]
1.0 . . . . :
0.01 0.05 0.10 050 1 5 10
mg [GGV]
FIG. 8. The ratio of m, and my which satisfies the relic

abundance condition assuming 4,; = 1, 0.1, and 0.01.

We show the contour of the ratio my /m, which satisfies the
relic abundance condition assuming /If,fff, =1, 0.1, 0.01
in Fig. 8.

VI. FUTURE PROSPECT

Some of the surviving parameter regions of this model
will be explored in future experiments. The constraint from
the invisible decay of the SM-like Higgs boson can be
improved by the HL-LHC experiment [84] and the
international linear collider (ILC) experiment [85,86].
The projected sensitivities are B(h — inv) < 2.5% (HL-
LHC) and B(h — inv) < 0.3% (ILC), respectively. The
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contours that correspond to these values are shown in
Fig. 3. The constraint from Y and B meson decays shall be
improved by the Belle II experiment [87], and the con-
straint from the K; decay can be improved by the KOTO
experiment [88]. Future direct detection experiments such
as LZ [89], SuperCDMS [90] and NEWS-G [91] will have
more sensitivity for the region we are focusing on. There is
also a planned beam dump experiment SHiP [30,68], which
can cover the large parameter space of visible decay region.
The ILC beam dump experiment [92,93] is one option of
the ILC experiment, and it also may be able to have a
sensitivity for large parameter space. The prospect of the
sensitivities at SuperCDMS and NEWS-G are also shown
in Fig. 4, and the expected sensitivity at the SHiP and
ILC beam dump experiments are shown in Fig. 8 with
dashed lines.

VII. CONCLUSION

We have studied the two-scalar-singlet extension of the
SM, focusing on the light mass region below a few GeV.
The CMB observation constrains the S-wave annihilation
cross section as {(ov) < 10726 cm?s™! for such a mass
region, which conflicts with the required cross section
(ov) =3 x 1072 cm?s™! to explain the observed relic
abundance. However, this is not the case for the resonant
annihilation region and the forbidden annihilation region
because the main contribution to the annihilation is from
higher partial waves. We have studied the surviving
parameter space and future prospect of this model for
these two regions, by considering theoretical bounds and
experimental constraints quantitatively.

In the resonant annihilation region, the mediator particle
is slightly heavier than twice the mass of DM, and the
annihilation of DM occurs on the resonance at the s-channel
propagation of the mediator. The mediator mainly decays
into the pair of DM, and such a particle can be searched by
the meson decay with missing energy. The direct detection
experiments also have the sensitivity for this region and
constrain the few GeV DM mass region. There is still a
surviving parameter region around my = 1 GeV, and most
of the surviving parameter region can be covered by future
collider experiments such as Belle II.

In the forbidden annihilation region, the mediator par-
ticle is slightly heavier than the DM, and the annihilation of
DM is mainly into a pair of mediators. The mediator decays
into SM particles, and such a particle can be searched by
the meson decay along with the charged lepton pair, and
also beam dump experiments. For the DM itself, there is a
constraint on the ratio between DM and mediator mass, to
make the annihilation process nn — HH more effective,
and this process is independent of the mixing angle. We
have found that there is a large surviving parameter region,
and some of this region can be covered by future beam
dump experiments such as SHiP and ILC.
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APPENDIX: COUPLING CONSTANTS

We list here the expression of the coupling constants
defined in Eq. (14) from the coupling constants defined in
the first Lagrangian Eq. (1) as follows:

Uyt = Hys €OS O — A,qv Sin 0, (A1)
Hyh = Hys SINO + 4,0 cOS G, (A2)

Hy = —3Aspv cos? 0 sin @ — 61qv sin® @ + pi5 cos’ 0
+ 3puge cos @sin? 6, (A3)

Hpn = Asopv €0S> @ — 2Agqv cos Osin’ @ + 64 v cos @ sin® O
+ 3 cos? @sin @ — g cos® @sin 0 + pugg sin’ 6,
(A4)

Wy = 2250 €082 08in 0 — Agqv sin® 6 — 61¢v cos? @ sin O

+ 3 cos 0sin® @ + pigg cos® @ — 2pigq cos O sin® 6,

(A5)
tn = 3Aspv cos Osin? @ + 61qv cos® O + uz sin® 0
+ 35 cos? @sin 6, (A6)
Ayt = Ays €082 0 + A, 5in* 0, (A7)
A = Ays SIn* 0 + 4, cOS? 6, (A8)
Aytin = Ays €08 08in 6 — 1,4, cos Osin 0, (A9)
Ao = Agcos* @ + 6Agq cos? Osin® @ + 64y sin* 0,  (A10)

A = Agcos® @ — 31gq cos’ Osin @ + 3)gq cos O sin® 4

— 6A¢ cos @ sin’ 0, (A11)

Ay = Agcos? @sin? 0 + Age cos* O — 4Agq cos? O sin® @

+ Agq Sin* @ + 6, cos® @ sin” 0, (A12)

A3 = Agcos@sin’ O + 3¢ cos’ Osin @ — 3144 cos @ sin® 6

— 64¢ cos’ Osin 0, (A13)

Ay = Agsin* @ + 6155 cos? Osin® O + 61g cos* 0. (Al4)
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