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The standard model (SM) plus a real gauge-singlet scalar field dubbed darkon (SM+D) is
the simplest model possessing a weakly interacting massive particle (WIMP) dark-matter
candidate. The upper limits for the WIMP-nucleon elastic cross-section as a function
of WIMP mass from the recent XENON10 and CDMS II experiments rule out darkon
mass ranges from 10 to (50, 70, 75) GeV for Higgs-boson masses of (120, 200, 350) GeV,
respectively. This may exclude the possibility of the darkon providing an explanation
for the gamma-ray excess observed in the EGRET data. We show that by extending the
SM+D to a two-Higgs-doublet model plus a darkon the experimental constraints on the
WIMP-nucleon interactions can be circumvented due to suppression occurring at some
values of the product tan α tan β, with α being the neutral-Higgs mixing angle and tan β
the ratio of vacuum expectation values of the Higgs doublets. We also comment on the
implication of the darkon model for Higgs searches at the LHC.
Keywords: Darkon; dark matter; Higgs; LHC; THDM II.
PACS Nos.: 95.35.+d, 95.30.Cq, 14.80.Bn, 14.80.Cp

1. Introduction
The simplest model which has a weakly interacting massive particle (WIMP) candidate is the SM+D, which extends the SM by the addition of a real gauge-singlet
scalar field D which we call darkon. Darkon as dark matter (DM) was first considered by Silveira and Zee1 and further explored later by other groups.2,3,4,5
Here we report the results of a recent study6 on the SM+D and its extension
two-Higgs-doublet model type-II plus a darkon (THDM II+D) subjected to cold
DM relic and direct DM search experiments. To be DM the darkon should reproduce the correct cold DM relic. Also at the same time the darkon should be able
to satisfy constraints from recent DM direct search experiments XENON107 and
CDMS II8 which have set the strictest upper limits to date for the WIMP-nucleon
spin-independent elastic scattering cross-section as a function of WIMP mass.
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We find that the SM+D with darkon mass values within the ranges of 10 GeV
to (50, 70, 75) GeV for Higgs masses of (120, 200, 350) GeV, respectively, is ruled out
by the experimental bounds set by XENON107 and CDMS II.8 This confirms some
of the results obtained in Ref. 5. But it would imply that the darkon model is not
likely to offer an explanation for the EGRET excess, where a WIMP candidate
with a mass in the range from 50 to 70 GeV can well explain the gamma-ray excess
observed in the EGRET data.9 We also find that a darkon in the THDM II+D can
evade the recent experimental restrictions to keep the mass range of interest viable.
In addition we also explore some of the implications of the darkon model for Higgs
searches at the LHC.
2. Standard Model with Darkon
2.1. Brief description of the model
To play the role of DM, we require a darkon to be a real gauge singlet and its
Lagrangian to satisfy a discrete Z2 symmetry D → −D . Also requiring the darkon
interactions to be renormalizable implies that D can only couple to the Higgs doublet field H. Beside the kinetic energy term 12 ∂ µ D ∂µ D, the general form of the
other terms in the darkon Lagrangian is1,2
λD 4 m20 2
D −
D − λ D2 H † H ,
(1)
4
2
where λD , m0 , and λ are free parameters. The parameters in the potential should
be chosen such that D does not develop a vacuum expectation value (vev) and the
Z2 symmetry is not broken, which will ensure that the darkon does not mix with
the Higgs field to avoid its possible fast decay. Then Eq. (1) can be rewritten to
describe the interaction of the physical Higgs boson h with the darkon as

m20 + λv 2
λD 4
λ
LD = −
D −
D2 − D2 h2 − λv D2 h ,
(2)
4
2
2
where v = 246 GeV is the vev of H, the second term contains the darkon mass
1/2
mD = m20 + λv 2
. And the last term, −λvD2 h, at leading order can introduce
the annihilation of a darkon pair into SM particles through Higgs exchange,1,2
namely DD → h∗ → X, where X indicates SM particles to determine the relic
density of the darkon.
Since the darkon is cold DM, its speed is nonrelativistic, and so a darkon pair
√
has an invariant mass s ≃ 2mD . With the SM+D Lagrangian determined, the
h-mediated annihilation cross-section of a darkon pair into SM particles can be
obtained as2

P
8λ2 v 2
i Γ h̃ → Xi
σann vrel =
,
(3)
2
2mD
4m2 − m2 + Γ2 m2
LD = −

D

pcm
D

h

h

h

/mD is the relative speed of the DD pair in their center-ofwhere vrel = 2
√
mass (cm) frame, h̃ is a virtual Higgs boson with an invariant mass s = 2mD ,
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and h̃ → Xi is any possible decay mode of h̃. For a given model, Σi Γ h̃ → Xi is
obtained by calculating the h width and then setting mh equal to 2mD .
To a good approximation the thermal average annihilation cross-section
hσann vrel i is bonded to the cold DM relic by thermal dynamic relations of Universe in the standard big-bang cosmology10
xf ≃ ln

0.038 mPl mD hσann vrel i
,
√g x
∗ f

(4)

mPl = 1.22×1019 GeV is the Planck mass, xf = mD /Tf with Tf being the freezing
temperature, g∗ is the number of relativistic degrees of freedom with masses less
than Tf . The current value of the relic density is ΩD h2 = 0.105 ± 0.008 quoted from
Particle Data Group11 here h is the Hubble constant in units of 100 km/(s·Mpc).
Using the relic density number and Eq. (4) we can find the allowed range of
the darkon-Higgs coupling λ as a function of mD . Numerically we adopt 90% C.L.
range of 0.092 ≤ ΩD h2 ≤ 0.118.11 In Fig. 1(a) we display the allowed λ values for
10 GeV ≤ mD ≤ 100 GeV and representative values of the Higgs-boson mass.
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Fig. 1. (Color online) (a) Left plot: Darkon-Higgs coupling λ in the SM+D as a function of
darkon mass mD for Higgs mass values mh = 120, 200, 350 GeV. (b) Right plot: Darkon-nucleon
elastic cross-section σel in the SM+D as a function of darkon mass mD for Higgs mass values
mh = 120, 200, 350 GeV, compared to 90% C.L. upper limits from XENON10 (black dashed-curve)
and CDMS II (brown dashed-curve).

2.2. Darkon-nucleon elastic cross-section in SM+D
Direct detection of DM on the earth is through the measurement of nuclear recoil
when a darkon hits a nucleon. This occurs via the t-channel elastic scattering DN →
DN mediated by a Higgs boson H whose amplitude is given by
Mel ≃

2λ gN N H v
N̄ N
m2H

(5)
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under the squared transfer momentum t ≪ m2H , where gN N H , N = p or n is the
Higgs-nucleon coupling. This leads to the cross section
2
2
2
λ2 gN
N H v mN
2 4 ,
π mD + mN mH
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σel ≃

(6)

2
2
in the approximation of pD + pN ≃ mD + mN .
Since the energy transferred in this elastic scattering is very small, of order
100 keV, the effective Higgs-nucleon coupling needed can be obtained via a chiralLagrangian approach. The effective Higgs-nucleon interaction Lagrangian is written
as
LN N H = −gN N H N̄ N H ,

(7)

which depends on the underlying Yukawa interactions of the Higgs and quarks as
LqqH = −

X kq
q

v

mq q̄q H

(8)

where in SM kq = 1 for all q’s. For the SM+D and THDM II+D, we can evaluate
the matrix element12,13 below
gN N H N̄ N = hN |

ku
k
¯ + m s̄s + m b̄b)|N i (9)
(mu ūu + mc c̄c + mt t̄t) + d (md dd
s
b
v
v

to obtain Higgs-nucleon coupling6
gN N H =

ku − kd

 σπN
2v

+ kd

mN
4ku − 25kd mB
+
,
v
27
v

(10)

where σπN is the so-called pion-nucleon sigma term, mN the nucleon mass, and mB
the baryon mass in the chiral limit. Empirically, σπN is not very precisely determined
and hence will be a source of uncertainty in our calculation. For definiteness we
adopt σπN = 45 MeV .14 It follows that
gN N H ≃


1.217 kd + 0.493 ku × 10−3 .

(11)

SM
−3
In the SM+D, we have ku = kd = 1 and so gN
which is
N h ≃ 1.71 × 10
2,15
SM
With gN N h known and λ also
comparable to the values found in the literature.
known as a function of mD from the relic density constraint, one can predict σel .
Thus we plot in Fig. 1(b) σel versus mD of the SM+D for representative values of the
Higgs-boson mass. In Fig. 1(b), we also plot 90% C.L. upper limits on the WIMPnucleon spin-independent elastic cross-section set by the XENON10 and CDMS II
experiments.7,8 One can easily see that the darkon mass ranges 10 GeV ≤ mD ≤
(50, 70, 75) GeV are ruled out for Higgs masses of (120, 200, 350) GeV .
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3. Two-Higgs-Doublet Model with Darkon
3.1. Brief description of the model
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Depending on how the two Higgs doublets H1,2 couple to the fermions in the SM
there are different types of the THDM. It turns out the type II of the THDM,
in which the up type fermions get mass from only one of the Higgs doublets and
the down type fermions from the other doublet, has the desired features for our
purposes. Therefore we will consider only the THDM II with the darkon field added
(THDM II+D). In this case the Yukawa interactions of the Higgs fields are described
by16
LY = −Q̄L λu2 H̃2 UR − Q̄L λd1 H1 DR − L̄L λl1 H1 ER + H.c. ,

(12)

where Q, U, D, L, and E represent the usual quark and lepton fields and λu,d,l
contain the Yukawa couplings. To effect the separate couplings of H1 and H2 to the
down and up sectors, respectively, it is necessary to introduce a discrete Z2′ symmetry, under which H2 → −H2 and UR → −UR , the other fields being unaltered.
In terms of their components, the Higgs doublets are
√ +


1
2hk
Hk = √
,
(13)
2 vk + hk + iIk
where k = 1, 2 and vk is the vev of Hk . Here h+
k and Ik are related to the physical
Higgs bosons H + and A and the would-be Goldstone bosons w and z by

 +
 + 

 
 
cos β − sin β
h1
w
cos β − sin β
I1
z
=
=
,
,(14)
+
h+
sin
β
cos
β
H
I
sin
β
cos
β
A
2
2
with tan β = v2 /v1 , whereas hk in terms of mass eigenstates H and h as

 
 
cos α − sin α
h1
H
=
.
h2
sin α cos α
h

(15)

Hence the angle α indicates the mixing of the two CP -even Higgs bosons.
The Yukawa couplings of h and H can be obtained from Eq. (12)
!
!
sin α h cos α H
cos α h sin α H
d
u
− D̄L M DR −
+
+
Lf f H = −ŪL M UR
sin β v
sin β v
cos β v
cos β v
!
sin α h cos α H
+ H.c. .
(16)
+
− ĒL M l ER −
cos β v
cos β v
The weak bosons V = W ± , Z couplings of h and H can be obtained from the
kinetic sector of the THDM16
!


2m2W
m2Z µ
+µ
−
LV V H =
W Wµ +
Z Zµ h sin(β − α) + H cos(β − α) . (17)
v
v
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In analogy to Eq. (1) in the SM+D case, in the THDM II+D we have the renormalizable darkon Lagrangian

λD 4 m20 2
D −
D − λ1 H1† H1 + λ2 H2† H2 D2
(18)
4
2
which also respects to unbroken Z2 and Z2′ symmetries mentioned above. After
electroweak symmetry breaking we obtain

LDDh = − −λ1 sin α cos β + λ2 cos α sin β v D2 h = −λh v D2 h ,
(19)

LDDH = − λ1 cos α cos β + λ2 sin α sin β v D2 H = −λH v D2 H ,
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LD = −

but no DDA term. The effective couplings λh,H are free parameters because λ1 ,
and λ2 are also free parameters.
3.2. Darkon-nucleon elastic cross-section in THDM II+D

Using the formulas given above, one can express the cross-section of the darkonnucleon elastic scattering in the THDM II+D as
!2
THDM
THDM
λH gN
λh gN
m2N v 2
NH
Nh
,
(20)
+
σel ≃
2
m2h
m2H
π m +m
D

N

where, from Eqs. (10) and (11), the nucleon coupling to H = h or H is
 σπN
m
4kuH − 25kdH mB
+ kdH N +
2v
27
v
 v
≃ 1.217 kdH + 0.493 kuH × 10−3 .

THDM
H
H
gN
N H = ku − kd

(21)

The parameters kqH can be read off from Eq. (16). For simplicity we require λH to
be very small or mH very large to ignore contributions from H. So from Eq. (21) we
THDM
see the Higgs-nucleon coupling gN
N h can vanish since the two relevant parameters
h
ku,d
are free in the THDM II+D and the cancelation condition is
kdh
= − tan α tan β ≃ −0.405 .
kuh

(22)

For illustration, we display in Fig. 2 the λh values allowed by the relic density
constraint for two cases satisfying tan α tan β = 0.45 which can lead to the correct DM relic density. The corresponding darkon-nucleon elastic cross-section σel is
shown in Fig. 3. Also shown are the upper limits from XENON10 and CDMS II,
along with the expected sensitivities of a number of future experiments.17
4. Discussions and Conclusions
The existence of the darkon can give rise to huge enhancement of the Higgs width
via the additional process h → DD and hence affect Higgs searches at the LHC.
For a Higgs boson with a large invisible branching fraction (> 60%) and a mass
within the range 120 GeV . mh . 300 GeV, direct searches at CMS through the
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Fig. 2. (Color online) Darkon-Higgs coupling λh in the THDM II+D as a function of darkon mass
mD for Higgs mass values mh = 120, 200, 350 GeV for two cases with different tan α and tan β
values satisfying tan α tan β = 0.45. Only regions corresponding to λh < 1 have been plotted.
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Fig. 3. (Color online) Darkon-nucleon elastic cross-section σel in the THDM II+D for the two
cases in Fig. 2, compared to the 90% C.L. upper limits from XENON10 (black dashed curve) and
CDMS II (brown dashed curve), as well as projected sensitivities of SuperCDMS at Soudan (green
dot-dashed curve), SuperCDMS at Snolab (brown dotted curve), and XENON100 (black dotted
curve).

usual SM modes may be unfeasible with 30 fb−1 of integrated luminosity.5 However,
such a Higgs boson can be observed at ATLAS with the same integrated luminosity,
via weak-boson fusion or Z-Higgstrahlung, by looking for missing energy from the
decay.5,18 Considering one of our THDM II+D examples, with tan α = 0.015 and
tan β = 30, we find that h has SM-like couplings to the weak bosons and invisible
branching ratios higher than 0.6 in much of the mD range, which serves to illustrate
the testability of the darkon model at the LHC. Moreover, in the SM+D, if mh >
2mZ , say mh = 300 GeV, the total Higgs width can be measured with a precision
of up to 10% at ATLAS with 300 fb−1 integrated luminosity,19 and then the darkon
contribution can be inferred after a comparison with the SM prediction for the
width.
In conclusion, we have shown that the SM+D with darkon mass values within
the ranges of 10 GeV to (50, 70, 75) GeV for Higgs masses of (120, 200, 350) GeV,
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respectively, is ruled out by the experimental bounds set by XENON10 and
CDMS II. We have also shown that in the THDM II+D the experimental constraints
can be evaded due to suppression of the darkon-nucleon elastic cross-section at some
values of tan α tan β. The model can be further constrained by future DM search
experiments. Finally the substantial increase of the invisible decay width of the
Higgs boson would lead to a sizable reduction of its branching fraction to SM particles. Although this could significantly affect Higgs searches at the LHC, we expect
that it will still be able to probe the darkon model.
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