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Second simplest model of WIMP dark matter

Rich phenomenology: direct and indirect 
detection as well as collider signals possible 

Motivated: |H|^2 is lowest dimension SM 
singlet, so SM singlet dark matter may 
naturally couple to SM via this operator 

Dark matter could be  scalar, fermion, or 
vector

Simplest scalar case: 

Higgs Portal

2 parameter model: 
phenomenology fully determined by mass ms and coupling λ 
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Dark matter annihilation proceeds 
via s-channel Higgs

For given (ms, λ) annihilation cross 
section is fixed

Insisting on thermal abundance of 
dark matter fixes λ(ms)

For weak scale dark matter and 
order 0.1-1 coupling dark matter 
relic abundance in right ballpark 

Higgs Portal: scalar case
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Figure 1: The Feynman graph relevant to S-particle annihilation via Higgs exchange.

Various annihilation channels are open or forbidden, depending on the value of 2mS.

Once thermalization is reached (and in the absence of S decays), as we shall hence-

forth assume, the primordial S abundance is determined by the S particle mass and its

annihilation cross section. This cross section depends very strongly on the unknown

Higgs mass, and on which annihilation channels are kinematically open.

An independent, interesting issue is the fate of a scalar condensate that might sur-

vive from the inflationary epoch. After the Hubble rate drops below mS, coherent time

oscillations of the singlet field begin. These oscillations can be regarded as the oscilla-

tions of a Bose condensate of S particles which is not in thermal equilibrium with other

matter. The fate of the condensate depends on the initial value of the S field and two

possibilities must be distinguished. If the initial value of the condensate is sufficiently

small so that the energy density in the oscillations, ∼ m2
S〈S〉2, is smaller than the

energy density of radiation, ∼ T 4, then the thermalization of this condensate occurs

exponentially fast. The rate is given by λ2T or λ2
ST , whichever is larger. When the

initial value of the condensate is of the order of the electroweak v.e.v., the condensate

will therefore completely disappear if λ or λS is larger then
√

MW /MPl, just as in the

thermalization condition (3.1). The situation is quite different when the initial value

of the S field is very large (MPl, for example). The S condensate then dominates the

energy density in the Universe and it behaves exactly as the inflaton condensate. The

absence of the direct decay of S particles in this case may prevent the universe from

reheating [17] 2. In this paper we assume that S field does not drive inflation, and we

limit ourselves to the first possibility.

Since the temperature domain for which annihilation is most important is Tann ∼
2We thank Lev Kofman for pointing out this possibility
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Figure 4: DM coupled to the Higgs. Regions of DM mass M
DM

and Higgs couplings (�
DM

, y
DM

,

yP
DM

): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

• The pseudo-scalar coupling yP
DM

only produces the operator ON
11

= i~S
DM

· ~q, which is spin-

dependent and suppressed by the transferred momentum ~q:

cn
10

⇡ cp
10

⇡ 0.26
yP
DM

mN

M2

h

. (3.12)

As a consequence, there are no limits on perturbative values of yP
DM

.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
DM

⌧ 0.5 (500GeV/M
DM

).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.

1. The bounds from direct detection are dominated by the LUX experiments (regions shaded in

grey). We see that direct detection experiments are severely constraining the scalar couplings

�
DM

, y
DM

, while the pseudo-scalar interaction is completely out of reach at the moment.

2. If M
DM

< Mh/2, the main constraint is due to the Higgs invisible width, �h,inv/�h . 20%,

which gives �
DM

, y
DM

, yP
DM

<⇠ 10�2, taking �h = 4.2 MeV for Mh = 125.6 GeV.
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For thermal abundance low mass 
dark matter region, ms < mh/2 
excluded

Actually, doubly excluded: 
by direct detection constraints 
and by Higgs invisible width 

Higgs Portal: scalar case
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Figure 1: The Feynman graph relevant to S-particle annihilation via Higgs exchange.
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Figure 4: DM coupled to the Higgs. Regions of DM mass M
DM

and Higgs couplings (�
DM

, y
DM

,

yP
DM

): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

• The pseudo-scalar coupling yP
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only produces the operator ON
11
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dependent and suppressed by the transferred momentum ~q:
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As a consequence, there are no limits on perturbative values of yP
DM

.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
DM

⌧ 0.5 (500GeV/M
DM

).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.

1. The bounds from direct detection are dominated by the LUX experiments (regions shaded in

grey). We see that direct detection experiments are severely constraining the scalar couplings

�
DM

, y
DM

, while the pseudo-scalar interaction is completely out of reach at the moment.

2. If M
DM

< Mh/2, the main constraint is due to the Higgs invisible width, �h,inv/�h . 20%,

which gives �
DM

, y
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, yP
DM

<⇠ 10�2, taking �h = 4.2 MeV for Mh = 125.6 GeV.
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Higgs exchange induces 
effective coupling of dark 
matter to nucleons 

For given (ms, λ) 
scattering cross section 
on nucleons fixed 

For λ(ms) fixed by thermal 
relic abundance, direct 
detection safely excluded 
for ms >7 GeV 

Higgs Portal: constraints from direct detection

DM, while some regions are still allowed for fermion DM, most notably for axial couplings and

in the window around the near-resonant region (that will be discussed in section 4). However,

we stress that the relic abundance, computed here using the e↵ective interaction in eq. (3.3),

is very sensitive to new-physics e↵ects, especially in the high-mass region. In particular, the

decrease of the green line with the DM mass is only a consequence of the non-renormalisable

contact interactions. New particles and new interactions can completely modify the behaviour

of the thermal-abundance constraint. Hence, the green curve in fig. 3 is only meant to be

indicative of the e↵ective-theory regime.

3.2 DM coupled to the Higgs

The case of DM that couples to the SM sector only though interactions with the Higgs boson has

been discussed extensively in the literature [64–84]. Here we assume that DM is either a real scalar

(s
DM

) or a Majorana fermion ( 
DM

) coupled to the physical Higgs field h at low energies as

L = �hJh , Jh =
1p
2

X

f

yf f̄f +  ̄
DM

(y
DM

+ iyP
DM

�
5

) 
DM

+
�
DM

v

2
s2
DM

�
. (3.8)

The SM fermions f have the usual Yukawa couplings yf and we parameterise the DM couplings to

the Higgs as �
DM

, y
DM

, yP
DM

.

We can complete the e↵ective interaction in eq. (3.8) in a straightforward way, since H†H/v =p
2h + . . . . Hence, the simplest recipe to express the DM coupling to Higgs boson in terms of

gauge-invariant quantities is

L = �H†H


 ̄
DM

(y
DM

+ iyP
DM

�
5

)

2v
 
DM

+
�
DM

4
s2
DM

�
. (3.9)

Note that the coupling of scalar DM to the Higgs doublet can be expressed in terms of a renormal-

isable interaction, while the coupling of fermonic DM involves a dimension-5 operator.

Direct detection

By integrating out the Higgs boson, one obtains the e↵ective Lagrangian L
e↵

= J2

h/2M
2

h that

describes direct detection. Employing again the non-relativistic nucleon Lagrangian of eq. (3.4) we

find:

• The �
DM

coupling of scalar DM generates the dominant spin-independent e↵ective non-relativistic

operator ON
1

= 1 with coe�cients

cn
1

⇡ cp
1

= �0.45�
DM

mNv

M2

h

. (3.10)

• The y
DM

coupling of fermion DM also generates ON
1

with

cn
1

⇡ cp
1

= �1.8y
DM

mNM
DM

M2

h

. (3.11)
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 For ms < mh/2 Higgs can 
decay directly to dark 
matter, leading to invisible 
width

Branching fraction is huge 
for thermal region of 
parameter space 

Higgs Portal: constraints from direct detection
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Scalar Higgs portal summary

Barring biggest conspiracy since Roswell 
Br(h→invisible) ≲ 30% (and most likely ≲ 20%)

Direct limits from CMS and ATLAS yield 
Br(h→invisible) ≲ 58% for SM Higgs coupling to V

For ms < mh/2 this translates to λ ≳ 0.03 (0.02) 
and excludes couplings corresponding to thermal 
WIMP 

 For 10 GeV < ms comparable constraints on λ from 
direct detection 
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Figure 4: DM coupled to the Higgs. Regions of DM mass M
DM

and Higgs couplings (�
DM

, y
DM

,

yP
DM

): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

• The pseudo-scalar coupling yP
DM

only produces the operator ON
11

= i~S
DM

· ~q, which is spin-

dependent and suppressed by the transferred momentum ~q:

cn
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⇡ cp
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⇡ 0.26
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mN

M2

h

. (3.12)

As a consequence, there are no limits on perturbative values of yP
DM

.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
DM

⌧ 0.5 (500GeV/M
DM

).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.

1. The bounds from direct detection are dominated by the LUX experiments (regions shaded in

grey). We see that direct detection experiments are severely constraining the scalar couplings

�
DM

, y
DM

, while the pseudo-scalar interaction is completely out of reach at the moment.

2. If M
DM

< Mh/2, the main constraint is due to the Higgs invisible width, �h,inv/�h . 20%,

which gives �
DM

, y
DM

, yP
DM

<⇠ 10�2, taking �h = 4.2 MeV for Mh = 125.6 GeV.
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Light Higgs portal DM should be non-thermal.
Then probed via (small) invisible Higgs width at LHC or in 
direct detection experiments
Higgs portal DM exactly at resonance (ms=mh/2) or heavier 
than 100 GeV can be thermal. Then probed in direct 
detection experiments. What about LHC? 



Fermionic or vector dark matter can also couple via Higgs portal, though in this case 
portal interaction is non-renormalizable

For light dark matter conclusions similar as in scalar case... 

For heavy dark matter thermal cross section
excluded by direct detection except for 
purely imaginary y where  direct detection 
cross section is spin dependent and velocity
suppressed 

Fermion and vector Higgs portal
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the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).
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The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal
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case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
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to h), finding the following results.
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< Mh/2, the main constraint is due to the Higgs invisible width, �h,inv/�h . 20%,

which gives �
DM

, y
DM

, yP
DM

<⇠ 10�2, taking �h = 4.2 MeV for Mh = 125.6 GeV.

14

de Simone, 
Giudice, Strumia
1402.6287

Lopez-Honorez, Schwetz, Zupan, 
arXiv:1203.2064. 
Djouadi, Lebedev, Mambrini, 
Quevillon, arXiv:1112.3299. 



Fermionic or vector dark matter can also couple via Higgs portal, though in this case 
portal interaction is non-renormalizable

For light dark matter conclusions similar as in scalar case... 

For heavy dark matter thermal cross section
excluded by direct detection except for 
purely imaginary y where  direct detection 
cross section is spin dependent and velocity
suppressed 

Fermion and vector Higgs portal
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DM Limits Interpretation

I Limits on the DM-nucleon scattering cross section at 90% CL,
extracted from the BR(H! invisible) limit in a Higgs-portal
scenario, compared to results from direct-search experiments

I Sensitivity competitive with other dedicated searches
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Take-away
Higgs portal DM is a very motivated and 
very predictive scenario for dark matter.

Predicts direct and indirect detection signals 
as well as collider signals

For ms < 60 GeV region of parameter space 
corresponding to thermal relic abundance is 
safely excluded by both LHC and direct 
detection experiments

Heavier region will be probed by direct 
detection in near future

Can we probe heavier Higgs portal DM at 
LHC? Or at ILC/TLEP? Or at 100 TeV 


