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Higgs portal DM: 
EFT vs. UV Completions



Comparison with the EFT approach 

• SFDM scenario is ruled out in the EFT 
• We may lose imformation in DM pheno. 

A. Djouadi, et.al. 2011 
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1 Introduction

The so-called Higgs portal cold dark matter (CDM) model is an interesting possibility for

the nonbaryonic dark matter of the universe. The dark matter fields are assumed to be the

standard model (SM) gauge singlets, and could be a scalar (S), a singlet fermion ( ) or

a vector boson (V ) depending on their spin. The Lagrangian of these CD-M’s are usually

taken as [1–4]

Lscalar =
1

2
@µS@

µS �
1

2
m2

SS
2
�
�HS

2
H†HS2

�
�S
4
S4 (1.1)

Lfermion =  [i� · @ �m ] �
�H 
⇤

H†H   (1.2)

Lvector = �
1

4
Vµ⌫V

µ⌫ +
1

2
m2

V VµV
µ +

1

4
�V (VµV

µ)2 +
1

2
�HV H

†HVµV
µ. (1.3)

Dark matter fields (S, , V ) are assumed to be odd under new discrete Z2 symmetry:

(S, , V ) ! �(S, , V ) in order to guarantee the stability of CDM. This symmetry removes

the kinetic mixing between the Vµ⌫ and the U(1)Y gauge field Bµ⌫ , making V stable.

The scalar CDM model (1.1) is fineis satisfactory both theoretically and phenomeno-

logically, as long as Z2 symmetry is unbroken. The model is renormalizable and can be

considered to high energy scale as long as the Landau pole is not hit. Large region of

parameter space is still allowed by the relic density and direct detection experiments [3].

On the other hand, the other two cases have problems.

Let us first consider the fermionic CDM model (1.2). This model is nonrenormalizable,

and has to be UV completed. The simplest way to achieve the UV completion of (1.2) is to

– 1 –

All invariant 
under ad hoc 
Z2 symmetry

de Simone et al (2014) arXiv:1112.3299, … 1402.6287, etc.



Comparison with the EFT approach 

• SFDM scenario is ruled out in the EFT 
• We may lose imformation in DM pheno. 

A. Djouadi, et.al. 2011 

Higgs portal DM as examples

Contents

1 Introduction 1

2 The model 3

2.1 The EFT as a limit of the full theory for m2 ! 1 3

3 Phenomenology 5

3.1 Dark Matter Phenomenology 5

3.2 Collider Phenomenology 7

4 Vacuum stability and perturbativity of Higgs quartic couplings 12

5 Conclusions 14

A One-loop � functions of Higgs quartic couplings 15

1 Introduction

The so-called Higgs portal cold dark matter (CDM) model is an interesting possibility for

the nonbaryonic dark matter of the universe. The dark matter fields are assumed to be the

standard model (SM) gauge singlets, and could be a scalar (S), a singlet fermion ( ) or

a vector boson (V ) depending on their spin. The Lagrangian of these CD-M’s are usually

taken as [1–4]
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�HV H

†HVµV
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Dark matter fields (S, , V ) are assumed to be odd under new discrete Z2 symmetry:

(S, , V ) ! �(S, , V ) in order to guarantee the stability of CDM. This symmetry removes

the kinetic mixing between the Vµ⌫ and the U(1)Y gauge field Bµ⌫ , making V stable.

The scalar CDM model (1.1) is fineis satisfactory both theoretically and phenomeno-

logically, as long as Z2 symmetry is unbroken. The model is renormalizable and can be

considered to high energy scale as long as the Landau pole is not hit. Large region of

parameter space is still allowed by the relic density and direct detection experiments [3].

On the other hand, the other two cases have problems.

Let us first consider the fermionic CDM model (1.2). This model is nonrenormalizable,

and has to be UV completed. The simplest way to achieve the UV completion of (1.2) is to
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All invariant 
under ad hoc 
Z2 symmetry

de Simone et al (2014) arXiv:1112.3299, … 1402.6287, etc.

We need to include dark Higgs or singlet scalar  
to get renormalizable/unitary models  

for Higgs portal singlet fermion or vector DM 
[NB: UV Completions : Not unique]
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The model Lagrangian has extended structure with the hidden sector and
Higgs portal terms in addition to the SM Lagrangian

L = LSM � µHSSH
†H � �HS

2
S2H†H

+
1

2
(⇤µS⇤

µS �m2
SS

2)� µ3
SS � µ�

S

3
S3 � �S

4
S4

+⇥(i ⇥ ⇤ �m�0)⇥ � �S⇥⇥

where

Lportal = �µHSSH
†H � �HS

2
S2H†H,

Lhidden = LS + L� � �S⇥⇥, (1)

with

LS =
1

2
(⇤µS⇤

µS �m2
SS

2)� µ3
SS � µ�

S

3
S3 � �S

4
S4,

L� = ⇥(i/⇤ �m�0)⇥ (2)

Except the dark sector, this model was quite well studied in detail in [?, ?].
The Higgs potential has three parts: the SM, the hidden sector and the

portal parts

VHiggs = VSM + Vhidden + Vportal, (3)

where Vhidden, Vportal can be read from (1), (2) and

VSM = �µ2
HH

†H + �H(H
†H)2. (4)

In general the Higgs potential develops nontrivial vacuum expectation values
(vev)

⇤H⌅ = 1⇧
2

�
0
vH

⇥
, ⇤S⌅ = vS. (5)

1

amount, unlike the claim made in literatures [1] based on the effective Lagrangian (1.2).

The decoupling of the 2nd scalar boson occurs rather slowly, since the mass mixing between

the SM Higgs boson and the new singlet scalar is due to the dim-2 operator. Also the mixing

between two scalar bosons makes the signal strength of two physical Higgs-like bosons less

than one, and make it difficult to detect both of them at the LHC. Since there is now an

evidence for a new boson at 125 GeV at the LHC [6, 7], the 2nd scalar boson in the singlet

fermion DM model is very difficult to observe at the LHC because its signal strength is

less than 0.3 [3, 8]. Also an extra singlet scalar saves the vacuum instability for mH = 125

GeV [8–10]. The electroweak (EW) vacuum can be still stable upto Planck scale even for

mH = 125 GeV [8]. These phenomena would be very generic in general hidden sector DM

models [11]. In short, it is very important to consider a renormalizable model when one

considers the phenomenology of a singlet fermion CDM.

Now let us turn to the Higgs portal vector dark matter described by (1.3) [1]. This

model is very simple, compact and seemingly renormalizable since it has only dim-2 and

dim-4 operators. However, it is not really renormalizable and violates unitarity, just like the

intermediate vector boson model for massive weak gauge bosons before Higgs mechanism

was developed. The Higgs portal VDM model based on (1.3) is a sort of an effective

lagrangian which has to be UV completed. It lacks including the dark Higgs field, ϕ(x),

that would mix with the SM Higgs field, h(x). Therefore the model (1.3) does not capture

dark matter or Higgs boson phenomenology correctly. It is the purpose of this work to

propose a simple UV completion of the model (1.3), and deduce the correct phenomenology

of vector CDM and two Higgs-like scalar bosons. Qualitative aspects of our model are

similar to those presented in Ref.s [3, 8], although there are some quantitative differences

due to the vector nature of the CDM.

This work is organized as follows. In Sec. 2, we define the model by including the

hidden sector Higgs field that generates the vector dark matter mass by the usual Higgs

mechanism. Then we present dark matter and collider phenomenology in the following

section. The vacuum structure and the vacuum stability issues are discussed in Sec. 4, and

the results are summarized in Sec. 5.

2 Model

Let us consider a vector boson dark matter, Xµ, which is assumed to be a gauge boson

associated with Abelian dark gauge symmetry U(1)X . The simplest model will be without

any matter fields charged under U(1)X except for a complex scalar, Φ, whose VEV will

generate the mass for Xµ:

LV DM = −1

4
XµνX

µν + (DµΦ)
†(DµΦ)− λΦ

4

(
Φ†Φ− v2Φ

2

)2

−λHΦ

(
H†H − v2H

2

)(
Φ†Φ− v2Φ

2

)
, (2.1)

in addition to the SM lagrangian. The covariant derivative is defined as

DµΦ = (∂µ + igXQΦXµ)Φ,

– 2 –

UV Completion of HP Singlet Fermion DM (SFDM)

UV Completion of HP VDM

• The simplest UV completions in terms of # of new d.o.f. 
• At least, 2 more parameters, (  ,  ) for DM physicsmϕ sin α
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Higgs portal terms in addition to the SM Lagrangian
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Except the dark sector, this model was quite well studied in detail in [?, ?].
The Higgs potential has three parts: the SM, the hidden sector and the

portal parts

VHiggs = VSM + Vhidden + Vportal, (3)

where Vhidden, Vportal can be read from (1), (2) and

VSM = �µ2
HH

†H + �H(H
†H)2. (4)

In general the Higgs potential develops nontrivial vacuum expectation values
(vev)

⇤H⌅ = 1⇧
2

�
0
vH

⇥
, ⇤S⌅ = vS. (5)

1

ΨSM H S

mixing

invisible
decay

Production and decay rates are suppressed relative to SM.

11

UV Completion for HP FDM
Baek, Ko, Park,  arXiv:1112.1847



Higgs-Singlet Mixing
• Mixing and Eigenstates of Higgs-like bosons

at vacuum

Mixing of Higgs and singlet



• Dark matter to nucleon cross section (constraint)

Excluded!

m₁=143 GeV

Constraints

13
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Field contents
⇥ , ⇥̄ (1)

The model Lagrangian has extended structure with the hidden sector and
Higgs portal terms in addition to the SM Lagrangian

L = LSM � µHSSH
†H � �HS

2
S2H†H

+
1

2
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µS �m2
SS

2)� µ3
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4
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†H � �HS

2
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3
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4
S4,
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Except the dark sector, this model was quite well studied in detail in [?, ?].
The Higgs potential has three parts: the SM, the hidden sector and the

portal parts

VHiggs = VSM + Vhidden + Vportal, (4)

where Vhidden, Vportal can be read from (1), (2) and

VSM = �µ2
HH

†H + �H(H
†H)2. (5)

1
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destructive!



Low energy pheno.
• Universal suppression of collider SM signals

• If “mh > 2 m𝜙”, non-SM Higgs decay!

• Tree-level shift of 𝝺H,SM (& loop correction)

If “m𝜙> mh”, vacuum instability can be cured.

↵

SM

�H =

"
1 +

 
m2

�

m2
h

� 1

!
sin2 ↵

#
�SM
H��H )

[S. Baek, P. Ko, WIP & E. Senaha, JHEP(2012)][G. Degrassi et al., 1205.6497]

[See 1112.1847, Seungwon Baek, P. Ko & WIP]



UV Completion of HP VDM

• There appear a new singlet scalar (dark Higgs)  from  , which mixes 
with the SM Higgs boson through Higgs portal interaction (  term)


• The effects must be similar to the singlet scalar in the fermion CDM model, 
and generically true in the DM with dark gauge symmetry


• Can accommodate GeV scale gamma ray excess from GC with 


• Can modify the Higgs inflation : No tight correlation with top mass

ϕ(x) Φ(x)
λHΦ

VV → ϕϕ

amount, unlike the claim made in literatures [1] based on the effective Lagrangian (1.2).

The decoupling of the 2nd scalar boson occurs rather slowly, since the mass mixing between

the SM Higgs boson and the new singlet scalar is due to the dim-2 operator. Also the mixing

between two scalar bosons makes the signal strength of two physical Higgs-like bosons less

than one, and make it difficult to detect both of them at the LHC. Since there is now an

evidence for a new boson at 125 GeV at the LHC [6, 7], the 2nd scalar boson in the singlet

fermion DM model is very difficult to observe at the LHC because its signal strength is

less than 0.3 [3, 8]. Also an extra singlet scalar saves the vacuum instability for mH = 125

GeV [8–10]. The electroweak (EW) vacuum can be still stable upto Planck scale even for

mH = 125 GeV [8]. These phenomena would be very generic in general hidden sector DM

models [11]. In short, it is very important to consider a renormalizable model when one

considers the phenomenology of a singlet fermion CDM.

Now let us turn to the Higgs portal vector dark matter described by (1.3) [1]. This

model is very simple, compact and seemingly renormalizable since it has only dim-2 and

dim-4 operators. However, it is not really renormalizable and violates unitarity, just like the

intermediate vector boson model for massive weak gauge bosons before Higgs mechanism

was developed. The Higgs portal VDM model based on (1.3) is a sort of an effective

lagrangian which has to be UV completed. It lacks including the dark Higgs field, ϕ(x),

that would mix with the SM Higgs field, h(x). Therefore the model (1.3) does not capture

dark matter or Higgs boson phenomenology correctly. It is the purpose of this work to

propose a simple UV completion of the model (1.3), and deduce the correct phenomenology

of vector CDM and two Higgs-like scalar bosons. Qualitative aspects of our model are

similar to those presented in Ref.s [3, 8], although there are some quantitative differences

due to the vector nature of the CDM.

This work is organized as follows. In Sec. 2, we define the model by including the

hidden sector Higgs field that generates the vector dark matter mass by the usual Higgs

mechanism. Then we present dark matter and collider phenomenology in the following

section. The vacuum structure and the vacuum stability issues are discussed in Sec. 4, and

the results are summarized in Sec. 5.

2 Model

Let us consider a vector boson dark matter, Xµ, which is assumed to be a gauge boson

associated with Abelian dark gauge symmetry U(1)X . The simplest model will be without

any matter fields charged under U(1)X except for a complex scalar, Φ, whose VEV will

generate the mass for Xµ:

LV DM = −1

4
XµνX

µν + (DµΦ)
†(DµΦ)− λΦ

4

(
Φ†Φ− v2Φ

2

)2

−λHΦ

(
H†H − v2H

2

)(
Φ†Φ− v2Φ

2

)
, (2.1)

in addition to the SM lagrangian. The covariant derivative is defined as

DµΦ = (∂µ + igXQΦXµ)Φ,

– 2 –

 hereXμ ≡ Vμ

Φ(x) = (vϕ + ϕ(x))/ 2

[ S Baek, P Ko, WI Park, E Senaha, arXiv:1212.2131 (JHEP) ]
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Figure 6. The scattered plot of σp as a function of MX . The big (small) points (do not) satisfy the
WMAP relic density constraint within 3 σ, while the red-(black-)colored points gives r1 > 0.7(r1 <
0.7). The grey region is excluded by the XENON100 experiment. The dashed line denotes the
sensitivity of the next XENON experiment, XENON1T.

Since there is additional direction of Φ, the Higgs potential can have minima other than

our EW vacuum. In the following, we investigate whether the EW vacuum is global or not.

We closely follow the analysis done in Ref. [8].

– 9 –

Allowed Region

Allowed Region

Figure 8. The vacuum stability and perturbativity constraints in the ↵-m2 plane. We take
m1 = 125 GeV, g

X
= 0.05, MX = m2/2 and v� = MX/(gXQ�).

where we have used Eq. (4.8) in the second line. Therefore, as long as Eqs. (4.1) and (4.2)

are satisfied, the EW vacuum is always the global minimum. Note that this is not the case

for the generic Higgs potential [11].

Although the EW vacuum is stable at the EW scale, its stability up to Planck scale

(MPl ' 1.22⇥1019 GeV) is nontrivial question since a renormalization group (RG) e↵ect of

the top quark can drive �H negative at certain high-energy scale, leading to an unbounded-

from-below Higgs potential or a minimum that may be deeper than the EW vacuum. We

will work out this question by solving RG equations with respect to the Higgs quartic

couplings and the U(1)X gauge coupling. The one-loop � functions of those couplings are

listed in Appendix A. In addition to the vacuum stability, we also take account of the

perturbativity of the couplings. To be specific, we impose �i (Q) < 4⇡ (i = H,H�,�) and

g2X (Q) < 4⇡ up to Q = MPl.

Fig. 8 shows the vacuum stability and the perturbativity constraints in the ↵-m2 plane.

We take m1 = 125 GeV, gX = 0.05, MX = m2/2 and v! = MX /(gX Q! ). The vacuum

stability constraint is denoted by red line; i.e., the region above the red line is allowed

for ↵ > 0, and it is the other way around for ↵ < 0. The perturbativity requirement is

represented by blue line; i.e., the region below the blue line is allowed for ↵ > 0, and it is the

other way around for ↵ < 0. For ↵ < 0, the region above the dotted black line is excluded

by Eq. (4.1). Putting all together, for ↵ > 0 the region between the red and blue lines

is allowed while for ↵ < 0 the region between the dotted black and blue lines is allowed.

– 13 –

New scalar (Dark Higgs) 
improves EW vacuum stability 



Interaction Lagrangiansthus becomes a DM candidate. After the electroweak (EW) symmetry breakingH !
(0, (vh + h)/

"
2)T and assuming#S$= 0, we can write down the interaction Lagrangian for

DM production at the ILC as

L int
SDM = %h

!
2m2

W

vh
W +

µ W ! µ +
m2

Z

vh
ZµZ µ

"
%! HS vh hS2. (II.2)

In this model, the DM can only be pair produced through the SM Higgs (h) mediation.
The simplest Higgs portal singlet FDM model with SM gauge invariance and renormal-

izability contains a SM singlet Dirac fermion DM" and a real singlet scalar mediatorS 2

in addition to the SM particles [16, 17]:

L FDM = "
#
i /# %m! %y! S

$
" +

1
2

#µS#µS %
1
2

m2
0S2 (II.3)

% ! HS H   HS2 %µHS SH  H %µ3
0S %

µS

3!
S3 %

! S

4!
S4,

where the singlet scalarS can not have direct renormalizable couplings to the SM particles
due to the SM gauge symmetry and the singlet Dirac fermion" is assumed to be odd under
a Z2 dark parity " ! % " . When both scalar ÞeldsH and S develop nonzero vacuum
expectation values (VEV),vh and vs, so that

H =
!

G+

1"
2
(vh + h + iG0)

"
, S = vs + s , (II.4)

the two scalar Þelds mix
!

h
s

"
=

!
cos$ sin$

%sin$ cos$

" !
H1

H2

"
, (II.5)

giving H1 and H2 Þelds in mass eigenstate. The mixing angle can be expressed in terms of
parameters in scalar potential

tan 2$ = %
2! HS vsvh + 2µHS vh

2! Sv2
s % µ3

0
vs

%µSvs % µHS v2
h

2vs
%2! H v2

h

. (II.6)

The interaction Lagrangian of interest can be written in the mass eigenstates as

L int
FDM = %(H1 cos$ + H2 sin$)

%
&

f

mf

vh

øf f %
2m2

W

vh
W +

µ W ! µ %
m2

Z

vh
ZµZ µ

'

+ g! (H1 sin$ %H2 cos$) ø"" . (II.7)

In contrast to the SDM model, there are two scalar bosons that mediate the DM production
in the fermion DM model. The interference e! ects between two mediators can lead to
interesting applications to DM searches at colliders [14, 15]. If the H1 is assumed to be the

2 Here the singlet scalarS is di! erent from the singlet scalar DM deÞned in Eq. (II.1), although we use

the same notation. In the FDM case, there is noZ2 symmetry (S ! % S) so that S cannot be a DM

candidate, andS is a messenger between the dark sector and the SM sector through the Yukawa coupling

(y! -term) in Eq. ( II.3).
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!
2m2

W

vh
W +

µ W ! µ +
m2

Z

vh
ZµZ µ

"
%! HS vh hS2. (II.2)

In this model, the DM can only be pair produced through the SM Higgs (h) mediation.
The simplest Higgs portal singlet FDM model with SM gauge invariance and renormal-

izability contains a SM singlet Dirac fermion DM" and a real singlet scalar mediatorS 2

in addition to the SM particles [16, 17]:

L FDM = "
#
i /# %m! %y! S

$
" +

1
2

#µS#µS %
1
2

m2
0S2 (II.3)

% ! HS H   HS2 %µHS SH  H %µ3
0S %

µS

3!
S3 %

! S

4!
S4,

where the singlet scalarS can not have direct renormalizable couplings to the SM particles
due to the SM gauge symmetry and the singlet Dirac fermion" is assumed to be odd under
a Z2 dark parity " ! % " . When both scalar ÞeldsH and S develop nonzero vacuum
expectation values (VEV),vh and vs, so that

H =
!

G+

1"
2
(vh + h + iG0)

"
, S = vs + s , (II.4)

the two scalar Þelds mix
!

h
s

"
=

!
cos$ sin$

%sin$ cos$

" !
H1

H2

"
, (II.5)

giving H1 and H2 Þelds in mass eigenstate. The mixing angle can be expressed in terms of
parameters in scalar potential

tan 2$ = %
2! HS vsvh + 2µHS vh

2! Sv2
s % µ3

0
vs

%µSvs % µHS v2
h

2vs
%2! H v2

h

. (II.6)

The interaction Lagrangian of interest can be written in the mass eigenstates as

L int
FDM = %(H1 cos$ + H2 sin$)

%
&

f

mf

vh

øf f %
2m2

W

vh
W +

µ W ! µ %
m2

Z

vh
ZµZ µ

'

+ g! (H1 sin$ %H2 cos$) ø"" . (II.7)

In contrast to the SDM model, there are two scalar bosons that mediate the DM production
in the fermion DM model. The interference e! ects between two mediators can lead to
interesting applications to DM searches at colliders [14, 15]. If the H1 is assumed to be the

2 Here the singlet scalarS is di! erent from the singlet scalar DM deÞned in Eq. (II.1), although we use

the same notation. In the FDM case, there is noZ2 symmetry (S ! % S) so that S cannot be a DM

candidate, andS is a messenger between the dark sector and the SM sector through the Yukawa coupling

(y! -term) in Eq. ( II.3).

4

125 GeV Higgs boson [42, 43] with its measured strengths [44, 45], the mixing angle should
be small,sin! ! 0.4 [46Ð48].

As for constructing a renormalizable and gauge invariant model for vector (VDM), we
need to introduce an abelian dark gauge groupU(1)X and a dark Higgs Þeld! [23, 49]:

L VDM = !
1
4

Vµ! V µ! + Dµ!   D µ! ! " !

!
!   ! !

v2
"

2

" 2

! " H !

!
H   H !

v2
h

2

" !
!   ! !

v2
"

2

"
,

(II.8)
where the VEV of ! = 1!

2
(v" + #) will provide mass to the vector DMVµ. The convariant

derivative is deÞned asDµ! = ( $µ + igV Q! Vµ) ! where theU(1)X charge of! will be taken
as Q! = 1 throughout the paper. In this model, aZ2 symmetry (Vµ " ! Vµ) and charge
conjugation symmetry have been imposed by hand, thereby forbidding the kinetic mixing
betweenVµ and the SM U(1)Y gauge boson and making the vector bosonVµ stable. It can
also be implemented by some unbroken local dark gauge symmetry as proposed in Ref. [50].

Similarly to the FDM model with Higgs portal, there are two scalar mass eigenstates
(H1/ 2) that are originated from the mixing of SM Higgsh and dark Higgs #, with the
mixing angle given by

tan 2! =
" H ! vhv"

" ! v2
" ! " H v2

h

. (II.9)

Then, the interaction Lagrangian that is relevant to the collider study can be written as

L int
VDM = ! (H1 cos! + H2 sin! )

#
$

f

mf

vh

øf f !
2m2

W

vh
W +

µ W " µ !
m2

Z

vh
ZµZ µ

%

!
1
2

gV mV (H1 sin! ! H2 cos! ) VµV µ . (II.10)

So far we have derived the relevant interaction Lagrangians for scalar, fermion and vector
DMs with Higgs portal in Eqs. (II.2), (II.7), (II.10) respectively. Note that there is only one
scalar mediator (h) in the scalar DM model, while there are two scalar mediators (H1/ 2)
in fermion and vector DM models. The di! erence in the number of mediators can lead to
quite di! erent kinematic distributions, which can be used to discriminate scalar DM model
against fermion/vector DM models. On the other hand, distinguishing fermion DM models
from vector DM models is more involved. First of all, if the DM production is dominated
by on-shellH1/ 2 production with subsequent invisible decay, it will be impossible to observe
any di! erences in the Þnal state distribution. The spin discrimination between fermion and
vector DM is possible only if the o! -shell contributions become important. Then, given
the same decay width ofH1/ 2, the fermion and vector DM model will predict di! erent DM
production rate as well as Þnal state kinematics.

III. A BENCHMARK STUDY

At the ILC, the Higgs portal DM is dominantly produced through the Higgs-strahlung
process

e+ e" " ZH 1/ 2 (" DD ) , (III.1)

5

Scalar DM

Singlet FDM

Vector DM

NB: One can not ignore 125 GeV Higgs Boson or singlet scalar by 
hand : Not Well defined EFT, Breaks gauge invariance, etc.



3 The interference e ! ect between two scalar mediators at LHC

In the singlet fermion DM models with Higgs portal described in the previous section, the
DM production is dominated by three processes as shown in Fig.1: i.e. gluon-gluon fusion
(ggF), vector boson fusion (VBF) and Higgs Strahlung (VH).
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Figure 1 : The dominant DM production processes at LHC.

In contrast to the simpliÞed scalar mediated DM model recommended by the LHC
Dark Matter Forum [ 11], there are two propagators (H1 and H2) that can mediate the DM
pair production in the gauge invariant model descried in the previous section. Note that
the Lagrangian in Eq. (2.4) resembles the singlet scalar mediated DM model in Ref. [11]
when only fermionic couplings ofH2 are concerned.

The interference between two propagators in the di! erential production cross sections
of the DM pair takes the following form:

d! i

dm!!
! |

sin 2" g!

m2
!! " m2

H 1
+ im H 1 " H 1

"
sin 2" g!

m2
!! " m2

H 2
+ im H 2 " H 2

|2 , (3.1)

where ! i corresponds to the cross section of di! erent production mechanism andm!! is
the invariant mass of DM pair. The minus sign between two propagators comes from the
SO(2) nature of the mixing matrix in Eq. ( 2.3), which is found is be helpful to evade the
DM direct detection [19, 35] in such class of models. The interference e! ect will not only
inßuence the total production rate of DM pair, but also changes the shape of kinematic
variables.

To give more concrete examples on the interference e! ect, a few assumptions are made
to narrow down the parameter space. We will Þx sin" = 0 .2 and g! = 1 in our following
discussion. Because the di! erential cross section are universally proportional tog! sin 2"
as shown in Eq. (3.1), changing the sin" and g! will simply rescale the di! erential cross
section as long as the" H i does not di! er much. The scalar H1 is identiÞed as the 125
GeV Higgs boson with properties that are consistent with the LHC discovery, so that
mH 1 = 125 GeV and " H 1 = cos2 " á" hSM . Models with m! < m hSM / 2 will be highly
constrained by the Higgs invisible decay search at LHC. This usually requires very small
g! , e.g. for sin" = 0 .2, g! should be smaller than ! 0.1 in order to satisfy the current
upper bound on the invisible Higgs branching ratio: Br(hSM # ## )< 0.24 [36]. Then
the DM production cross section should be small in such cases. The same situation exists
when DM is heavy. So we will focus on the scenarios with medium DM mass in this work,
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3

The 1/s suppressions from thes-channel resonance prop-
agators make the amplitude unitary, in compliance with
renormalizable and unitary QFT.

Finally let us discuss the indirect detection signatures
or thermal relic density from the full theory. In this case

we can assume the same amplitude (7), with approxima-
tion s ! (2m! )2, and we can identify the scale for the
e! ective operator (1) as

|
1

" 3
ann

| "
1

" 3
dd

!
!
!
!

m2
H 1

4m2
! # m2

H 1
+ im H 1 #H 1

#
m2

H 1

4m2
! # m2

H 2
+ im H 2 #H 2

!
!
!
! (9)

$
1

" 3
dd

!
!
!
!

m2
H 1

4m2
! # m2

H 1
+ im H 1 #H 1

!
!
!
! %=

1
" 3

dd
(10)

The last equation is obtained in the limit mH 2 $ & .
Again, due to its dependence on the DM massm! , the
scale" ann has nothing to do with the scale in the e! ective
operator for the direct detection, " dd , Eq. (6).

COLLIDER STUDIES

To study the e! ect of nontrivial propagator of media-
tors, we consider following four cases between a standard
model sector and dark matter.

¥ EFT : E ! ective operator L int = m q

! 3
dd

øqqø!!

¥ S.M.: Simple scalar mediatorS of

L int =
"

m q

vH
sin"

#
Søqq# #s cos" Sø!!

¥ H.M.: A case where a Higgs is a mediator

L int = #
"

m q

vH
cos"

#
H øqq# #s sin" H ø!!

¥ H.P.: Higgs portal model as in eq. (2).

In S.M. and H.M. cases, we can regard" as a suppression
factor in interactions while H.P. case, it is a mixing angle
between H and a singlet scalarS. The kinematics of a
signature, i.e., a hardness of ISR jets,/E T , depend on the
scale of a hard interaction, which is proportional to the

invariant mass of a dark matter pair m ø!! . Thus there are
relations among EFT, S.M. H.M. and H.P as following,

H.P. #$
m 2 !"

H.M. (11)

S.M. #$
m 2 !"

EFF. (12)

Thus, an e! ective operator approach can not capture the
feature of an actual dark matter model, here a higgs
portal. To illustrate this point with Monte Carlo sim-
ulations, we follow ATLAS mono-jet and CMS tøt + /E T
searches [2, 3] in followings.

Monojet + !ET signatures

In this section, we discuss the monojet +
%ET signatures within the DM EFT and within the
full renormalizable theory. The scale in the full the-
ory for direct detection " dd and ø" dd in the limit of
mH 2 ' mH 1 are deÞned as

" 3
dd (

2vH m2
H 1

m2
H 2

# sin 2" (m2
H 2

# m2
H 1

)
(13)

ø" 3
dd (

2vH m2
H 1

# sin 2"
(14)

The applied cuts are as follows:

pjet
T > 100GeV, |$jet | < 2.4.

tøt + !ET signatures

In this section, we discuss thetøt + %ET signatures
within the DM EFT and within the full renormaliz-

able theory. Again one has to include the form factor,

5

TeV, and between S.M. with mS = 1 TeV and H.P. with
mH 2 = 1 TeV, respectively.

Final search results will also depend on the production
cross section which depends on propagators of media-
tors. In Fig. 2, we illustrate the cross sections rescaled
by the dimensionless factor (2/ ! S sin 2" )2 and the e! -
ciency #SR7 in the signal region SR7 (/E T > 500 GeV) at
ATLAS [11]. The rescaled cross sections are apparently
independent of the mixing angle " . The Þgure clearly
shows that the Higgs portal model cannot be described
by either the EFT or the S.M at all. Also in the limit
that mH 2 (mS) is much larger than the typical scale in
the process, the S.M approaches the EFT, whereas the
H.P. does the H.M., respectively.
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FIG. 2: Rescaled cross sections for the monojet+/E T in the
signal region SR7 (/E T > 500 GeV) at ATLAS [11]. Each line
corresponds to the EFT approach (magenta), S.M. (blue),
H.M. (black), and H.P. (red), respectively. The solid and
dashed lines correspond tom! = 50 GeV and 400 GeV in
each model, respectively.

3.2 tøt + !ET signatures: A (e" ective) scalar operator
in Eq. (1) from the Higgs portal case is proportional to
the mass of quarks. Thus dark matter creations with top
quark pair will have better sensitivities compared to the
usual monojet search [18, 19]. Following the analysis of
CMS tøt + /E T search [12], we Þnd similar features in the
monojet search in the previous section. The detail of this
analysis will be presented in the future publication [20],
but we will show the resulting bound on M ! in Fig. 3
(the lower pannel) in the following subsection.

3.3 Relation between a mediator and an e! ective oper-
ator approach: By direct comparison between scattering
matrix elements from an e" ective operator and from a
simple scalar mediator, we can have a similar relation to
Eq. (9)

M 3
! =

!
2vH

! sin 2"

"
m2

S. (16)

With this relation, the ATLAS collaboration showed that
the validity of the e" ective operator whenmS > 5 TeV
[11]. However as shown in Eq. (12), this validity holds

only for the S.M which does not respect the full SM gauge
symmetry, while the H.P. with the full SM gauge sym-
metry does not approach the EFT result.
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FIG. 3: The experimental bounds on M ! at 90% C.L. as a
function of mH 2 (mS in S.M. case) in the monojet+ /E T search
(upper) and tøt + /E T search (lower). Each line corresponds
to the EFT approach (magenta), S.M. (blue), H.M. (black),
and H.P. (red), respectively. The bound of S.M., H.M., and
H.P., are expressed in terms of the e! ective massM ! through
the Eq.(16)-(20). The solid and dashed lines correspond to
m! = 50 GeV and 400 GeV in each model, respectively.

In Fig. 3, we show that the experimental 90%
C.L. limits on the suppression scaleM ! as a function of
a mediator massmH 2 (mS in the S.M. case) at the LHC
by using the results in the monojet+ /E T search (upper)
at ATLAS [11] and in the tøt + /E T search (lower) at CMS
[12]. For the translation from the limit on the mass of
a mediator in a speciÞc model to a limit on theM ! in
the e" ective operator, we use a direct comparison be-
tween parameters in a model and an suppression scale
M ! in the limit where a collision energy becomes negli-
gible compared to the mediatorÕs mass. For S.M. case we
use the following relation

mq

M 3
!

=
mq! sin" cos"

vH

1
m2

S
(17)

so that a limit on M ! can be obtained through a trans-
lation

#!
1

M 3
!

" 2 !
! sin 2"
2vH m2

S

" " 2

$(S.M.)

$

" #(S.M.) =
Nobs

L
. (18)

3

1
! 3

dd
!

1
ø! 3

dd

!
m2

H 1

ös " m2
H 1

+ im H 1 " H 1

"
m2

H 1

ös " m2
H 2

+ im H 2 " H 2

"
#

1
! 3

col (ös)
, (10)

where ös # M 2
!! is the square of the invariant mass of the

DM pair. Note that ös $ 4m2
! in the physical region for

DM pair creation, and that there is no single constant
scale! col for an e#ective operator that characterizes the
qøq ! ! ø! , since ös varies in the range of 4m2

! % ös % s
with

&
s being the center-of-mass (CM) energy of the

collider. Also note that we have to include two scalar
propagators with opposite sign in order to respect the
full SM gauge symmetry and renormalizability. This is
in sharp contrast with other previous studies where only
a single propagator is introduced to replace 1/ ! 2. The
two propagators interfere destructively for very high ös
or small t (direct detection), but for m2

H 1
< ös < m 2

H 2
,

they interfere constructively. The 1/s suppressions from
the s-channel resonance propagators make the amplitude
unitary, in compliance with renormalizable and unitary
QFT.

If one can Þx ös and m2
H 2

' ös, we can ignore the 2nd
propagator. But at hadron colliders, ös is not Þxed, except
for the kinematic condition 4m2

! % ös % s (with s =
14TeV for example at the LHC@14TeV). Therefore we
cannot say clearly when we can ignore ös compared with
m2

H 2
at hadron colliders, unlessm2

H 2
> s (not ös).

3. Collider Studies: There are two important factors
in the search for new physics at colliders: a total cross
section and the shape of di#erential cross sections with
respect to various analysis ÒcutÓ variables. A mixing an-
gle " between two scalars is related only to a total cross
section, not to the shape of di#erential cross section. The
shape of di#erential cross sections and e$ ciencies from
various analysis cuts are related to the nontrivial propa-
gators coming from two mediators (H1, H2). Thus we can
single out the e#ect of a mixing angle from collider anal-
yses when we try to understand whether we can recast
results of various analyses based on the e#ective opera-
tor and a simpliÞed model to our model here, the Higgs
portal case through the following set up:

¥ EFT : E #ective operator L int = m q

M 3
!

øqqø!! deÞned
in Eq. (1)

¥ S.M.: SimpliÞed model with a scalar mediatorS
[3],

L int =
#

m q

vH
sin"

$
søqq" #sø!! cos"

¥ H.M.: A Higgs boson as a mediator,

L int = "
#

m q

vH
cos"

$
høqq" #hø!! sin"

¥ H.P.: Higgs portal model deÞned in Eq. (4) or (5).

In the S.M. and H.M. cases, we can regard" as a sup-
pression factor in interactions while in the H.P. case, it
is a mixing angle betweenh and s. Note that the SM
gauge symmetry is not fully respected within EFT, S.M.
and H.M. cases.

The kinematics of a signature, i.e., PT of an initial
state radiation (ISR) jet and the size of /E T , depend on
the scale of a hard interaction, which is proportional to
the invariant mass of a dark matter pair, M !! . With
following LHC studies, we show that there are relations
among EFT, S.M., H.M., and H.P:

H.P. "!
m 2

H 2
! ös

H.M. , (11)

S.M. "!
m 2

S ! ös
EFT , (12)

H.M. (= EFT . (13)

In H.P., the limit m2
H 2

' ös can be achieved, for exam-
ple, by taking vS (the VEV of S in Eq. (4)) large while
keeping dimensionless couplings perturbative. The mix-
ing angle in this case is approximated to [6]

tan 2" )
2vH (µH S + #HS vS)

2#Sv2
S

. (14)

The perturbativity of e #ective couplings obtained after
integrating out the heavy scalar particle (H2) requires
µHS + #HS vS ! mH 2 , constraining the mixing angle to
be upper-bounded as

" ! 2

%
$
3

vH

mH 2

. (15)

Hence, asH2 becomes heavier, impacts of H.P. at col-
lider experiments becomes more elusive. In any case, for
m2

H 2
' ös, the e#ect of the heavy scalar propagator can be

ignored in relevant diagrams for collider searches. Then,
it is clear that H.P. reduces to H.M. with the angle "
given by Eq. (14), and this is what Eq. (11) means. On
the other hand, it should be clear that, S.M. is reduced
to EFT for m2

S ' ös, as stated in Eq. (12), since there
is only one scalar mediator which can be very heavy in
S.M. [26]. Also, it should be clear that, since the mass of
SM-like Higgs is Þxed, H.M. cannot be reduced to EFT
for m2

h ! ös, as stated in Eq.(13).
Thus, an e#ective operator approach cannot capture

the feature of an actual dark matter model, as shown
here in the context of the Higgs portal singlet fermion
DM as an example. We illustrate our point with the AT-
LAS monojet and the CMS tøt + /E T searches [11, 12].

3 The interference e ! ect between two scalar mediators at LHC

In the singlet fermion DM models with Higgs portal described in the previous section, the
DM production is dominated by three processes as shown in Fig.1: i.e. gluon-gluon fusion
(ggF), vector boson fusion (VBF) and Higgs Strahlung (VH).
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Figure 1 : The dominant DM production processes at LHC.

In contrast to the simpliÞed scalar mediated DM model recommended by the LHC
Dark Matter Forum [ 11], there are two propagators (H1 and H2) that can mediate the DM
pair production in the gauge invariant model descried in the previous section. Note that
the Lagrangian in Eq. (2.4) resembles the singlet scalar mediated DM model in Ref. [11]
when only fermionic couplings ofH2 are concerned.

The interference between two propagators in the di! erential production cross sections
of the DM pair takes the following form:

d! i

dm!!
! |

sin 2" g!

m2
!! " m2

H 1
+ im H 1 " H 1

"
sin 2" g!

m2
!! " m2

H 2
+ im H 2 " H 2

|2 , (3.1)

where ! i corresponds to the cross section of di! erent production mechanism andm!! is
the invariant mass of DM pair. The minus sign between two propagators comes from the
SO(2) nature of the mixing matrix in Eq. ( 2.3), which is found is be helpful to evade the
DM direct detection [19, 35] in such class of models. The interference e! ect will not only
inßuence the total production rate of DM pair, but also changes the shape of kinematic
variables.

To give more concrete examples on the interference e! ect, a few assumptions are made
to narrow down the parameter space. We will Þx sin" = 0 .2 and g! = 1 in our following
discussion. Because the di! erential cross section are universally proportional tog! sin 2"
as shown in Eq. (3.1), changing the sin" and g! will simply rescale the di! erential cross
section as long as the" H i does not di! er much. The scalar H1 is identiÞed as the 125
GeV Higgs boson with properties that are consistent with the LHC discovery, so that
mH 1 = 125 GeV and " H 1 = cos2 " á" hSM . Models with m! < m hSM / 2 will be highly
constrained by the Higgs invisible decay search at LHC. This usually requires very small
g! , e.g. for sin" = 0 .2, g! should be smaller than ! 0.1 in order to satisfy the current
upper bound on the invisible Higgs branching ratio: Br(hSM # ## )< 0.24 [36]. Then
the DM production cross section should be small in such cases. The same situation exists
when DM is heavy. So we will focus on the scenarios with medium DM mass in this work,
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The 1/s suppressions from thes-channel resonance prop-
agators make the amplitude unitary, in compliance with
renormalizable and unitary QFT.

Finally let us discuss the indirect detection signatures
or thermal relic density from the full theory. In this case

we can assume the same amplitude (7), with approxima-
tion s ! (2m! )2, and we can identify the scale for the
e! ective operator (1) as

|
1

" 3
ann

| "
1

" 3
dd

!
!
!
!

m2
H 1

4m2
! # m2

H 1
+ im H 1 #H 1

#
m2

H 1

4m2
! # m2

H 2
+ im H 2 #H 2

!
!
!
! (9)

$
1

" 3
dd

!
!
!
!

m2
H 1

4m2
! # m2

H 1
+ im H 1 #H 1

!
!
!
! %=

1
" 3

dd
(10)

The last equation is obtained in the limit mH 2 $ & .
Again, due to its dependence on the DM massm! , the
scale" ann has nothing to do with the scale in the e! ective
operator for the direct detection, " dd , Eq. (6).

COLLIDER STUDIES

To study the e! ect of nontrivial propagator of media-
tors, we consider following four cases between a standard
model sector and dark matter.

¥ EFT : E ! ective operator L int = m q

! 3
dd

øqqø!!

¥ S.M.: Simple scalar mediatorS of

L int =
"

m q

vH
sin"

#
Søqq# #s cos" Sø!!

¥ H.M.: A case where a Higgs is a mediator

L int = #
"

m q

vH
cos"

#
H øqq# #s sin" H ø!!

¥ H.P.: Higgs portal model as in eq. (2).

In S.M. and H.M. cases, we can regard" as a suppression
factor in interactions while H.P. case, it is a mixing angle
between H and a singlet scalarS. The kinematics of a
signature, i.e., a hardness of ISR jets,/E T , depend on the
scale of a hard interaction, which is proportional to the

invariant mass of a dark matter pair m ø!! . Thus there are
relations among EFT, S.M. H.M. and H.P as following,

H.P. #$
m 2 !"

H.M. (11)

S.M. #$
m 2 !"

EFF. (12)

Thus, an e! ective operator approach can not capture the
feature of an actual dark matter model, here a higgs
portal. To illustrate this point with Monte Carlo sim-
ulations, we follow ATLAS mono-jet and CMS tøt + /E T
searches [2, 3] in followings.

Monojet + !ET signatures

In this section, we discuss the monojet +
%ET signatures within the DM EFT and within the
full renormalizable theory. The scale in the full the-
ory for direct detection " dd and ø" dd in the limit of
mH 2 ' mH 1 are deÞned as

" 3
dd (

2vH m2
H 1

m2
H 2

# sin 2" (m2
H 2

# m2
H 1

)
(13)

ø" 3
dd (

2vH m2
H 1

# sin 2"
(14)

The applied cuts are as follows:

pjet
T > 100GeV, |$jet | < 2.4.

tøt + !ET signatures

In this section, we discuss thetøt + %ET signatures
within the DM EFT and within the full renormaliz-

able theory. Again one has to include the form factor,

5

TeV, and between S.M. with mS = 1 TeV and H.P. with
mH 2 = 1 TeV, respectively.

Final search results will also depend on the production
cross section which depends on propagators of media-
tors. In Fig. 2, we illustrate the cross sections rescaled
by the dimensionless factor (2/ ! S sin 2" )2 and the e! -
ciency #SR7 in the signal region SR7 (/E T > 500 GeV) at
ATLAS [11]. The rescaled cross sections are apparently
independent of the mixing angle " . The Þgure clearly
shows that the Higgs portal model cannot be described
by either the EFT or the S.M at all. Also in the limit
that mH 2 (mS) is much larger than the typical scale in
the process, the S.M approaches the EFT, whereas the
H.P. does the H.M., respectively.
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FIG. 2: Rescaled cross sections for the monojet+/E T in the
signal region SR7 (/E T > 500 GeV) at ATLAS [11]. Each line
corresponds to the EFT approach (magenta), S.M. (blue),
H.M. (black), and H.P. (red), respectively. The solid and
dashed lines correspond tom! = 50 GeV and 400 GeV in
each model, respectively.

3.2 tøt + !ET signatures: A (e" ective) scalar operator
in Eq. (1) from the Higgs portal case is proportional to
the mass of quarks. Thus dark matter creations with top
quark pair will have better sensitivities compared to the
usual monojet search [18, 19]. Following the analysis of
CMS tøt + /E T search [12], we Þnd similar features in the
monojet search in the previous section. The detail of this
analysis will be presented in the future publication [20],
but we will show the resulting bound on M ! in Fig. 3
(the lower pannel) in the following subsection.

3.3 Relation between a mediator and an e! ective oper-
ator approach: By direct comparison between scattering
matrix elements from an e" ective operator and from a
simple scalar mediator, we can have a similar relation to
Eq. (9)

M 3
! =

!
2vH

! sin 2"

"
m2

S. (16)

With this relation, the ATLAS collaboration showed that
the validity of the e" ective operator whenmS > 5 TeV
[11]. However as shown in Eq. (12), this validity holds

only for the S.M which does not respect the full SM gauge
symmetry, while the H.P. with the full SM gauge sym-
metry does not approach the EFT result.
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FIG. 3: The experimental bounds on M ! at 90% C.L. as a
function of mH 2 (mS in S.M. case) in the monojet+ /E T search
(upper) and tøt + /E T search (lower). Each line corresponds
to the EFT approach (magenta), S.M. (blue), H.M. (black),
and H.P. (red), respectively. The bound of S.M., H.M., and
H.P., are expressed in terms of the e! ective massM ! through
the Eq.(16)-(20). The solid and dashed lines correspond to
m! = 50 GeV and 400 GeV in each model, respectively.

In Fig. 3, we show that the experimental 90%
C.L. limits on the suppression scaleM ! as a function of
a mediator massmH 2 (mS in the S.M. case) at the LHC
by using the results in the monojet+ /E T search (upper)
at ATLAS [11] and in the tøt + /E T search (lower) at CMS
[12]. For the translation from the limit on the mass of
a mediator in a speciÞc model to a limit on theM ! in
the e" ective operator, we use a direct comparison be-
tween parameters in a model and an suppression scale
M ! in the limit where a collision energy becomes negli-
gible compared to the mediatorÕs mass. For S.M. case we
use the following relation

mq

M 3
!

=
mq! sin" cos"

vH

1
m2

S
(17)

so that a limit on M ! can be obtained through a trans-
lation

#!
1

M 3
!

" 2 !
! sin 2"
2vH m2

S

" " 2

$(S.M.)

$

" #(S.M.) =
Nobs

L
. (18)

3

1
! 3

dd
!

1
ø! 3

dd

!
m2

H 1

ös " m2
H 1

+ im H 1 " H 1

"
m2

H 1

ös " m2
H 2

+ im H 2 " H 2

"
#

1
! 3

col (ös)
, (10)

where ös # M 2
!! is the square of the invariant mass of the

DM pair. Note that ös $ 4m2
! in the physical region for

DM pair creation, and that there is no single constant
scale! col for an e#ective operator that characterizes the
qøq ! ! ø! , since ös varies in the range of 4m2

! % ös % s
with

&
s being the center-of-mass (CM) energy of the

collider. Also note that we have to include two scalar
propagators with opposite sign in order to respect the
full SM gauge symmetry and renormalizability. This is
in sharp contrast with other previous studies where only
a single propagator is introduced to replace 1/ ! 2. The
two propagators interfere destructively for very high ös
or small t (direct detection), but for m2

H 1
< ös < m 2

H 2
,

they interfere constructively. The 1/s suppressions from
the s-channel resonance propagators make the amplitude
unitary, in compliance with renormalizable and unitary
QFT.

If one can Þx ös and m2
H 2

' ös, we can ignore the 2nd
propagator. But at hadron colliders, ös is not Þxed, except
for the kinematic condition 4m2

! % ös % s (with s =
14TeV for example at the LHC@14TeV). Therefore we
cannot say clearly when we can ignore ös compared with
m2

H 2
at hadron colliders, unlessm2

H 2
> s (not ös).

3. Collider Studies: There are two important factors
in the search for new physics at colliders: a total cross
section and the shape of di#erential cross sections with
respect to various analysis ÒcutÓ variables. A mixing an-
gle " between two scalars is related only to a total cross
section, not to the shape of di#erential cross section. The
shape of di#erential cross sections and e$ ciencies from
various analysis cuts are related to the nontrivial propa-
gators coming from two mediators (H1, H2). Thus we can
single out the e#ect of a mixing angle from collider anal-
yses when we try to understand whether we can recast
results of various analyses based on the e#ective opera-
tor and a simpliÞed model to our model here, the Higgs
portal case through the following set up:

¥ EFT : E #ective operator L int = m q

M 3
!

øqqø!! deÞned
in Eq. (1)

¥ S.M.: SimpliÞed model with a scalar mediatorS
[3],

L int =
#

m q

vH
sin"

$
søqq" #sø!! cos"

¥ H.M.: A Higgs boson as a mediator,

L int = "
#

m q

vH
cos"

$
høqq" #hø!! sin"

¥ H.P.: Higgs portal model deÞned in Eq. (4) or (5).

In the S.M. and H.M. cases, we can regard" as a sup-
pression factor in interactions while in the H.P. case, it
is a mixing angle betweenh and s. Note that the SM
gauge symmetry is not fully respected within EFT, S.M.
and H.M. cases.

The kinematics of a signature, i.e., PT of an initial
state radiation (ISR) jet and the size of /E T , depend on
the scale of a hard interaction, which is proportional to
the invariant mass of a dark matter pair, M !! . With
following LHC studies, we show that there are relations
among EFT, S.M., H.M., and H.P:

H.P. "!
m 2

H 2
! ös

H.M. , (11)

S.M. "!
m 2

S ! ös
EFT , (12)

H.M. (= EFT . (13)

In H.P., the limit m2
H 2

' ös can be achieved, for exam-
ple, by taking vS (the VEV of S in Eq. (4)) large while
keeping dimensionless couplings perturbative. The mix-
ing angle in this case is approximated to [6]

tan 2" )
2vH (µH S + #HS vS)

2#Sv2
S

. (14)

The perturbativity of e #ective couplings obtained after
integrating out the heavy scalar particle (H2) requires
µHS + #HS vS ! mH 2 , constraining the mixing angle to
be upper-bounded as

" ! 2

%
$
3

vH

mH 2

. (15)

Hence, asH2 becomes heavier, impacts of H.P. at col-
lider experiments becomes more elusive. In any case, for
m2

H 2
' ös, the e#ect of the heavy scalar propagator can be

ignored in relevant diagrams for collider searches. Then,
it is clear that H.P. reduces to H.M. with the angle "
given by Eq. (14), and this is what Eq. (11) means. On
the other hand, it should be clear that, S.M. is reduced
to EFT for m2

S ' ös, as stated in Eq. (12), since there
is only one scalar mediator which can be very heavy in
S.M. [26]. Also, it should be clear that, since the mass of
SM-like Higgs is Þxed, H.M. cannot be reduced to EFT
for m2

h ! ös, as stated in Eq.(13).
Thus, an e#ective operator approach cannot capture

the feature of an actual dark matter model, as shown
here in the context of the Higgs portal singlet fermion
DM as an example. We illustrate our point with the AT-
LAS monojet and the CMS tøt + /E T searches [11, 12].

3 The interference e ! ect between two scalar mediators at LHC

In the singlet fermion DM models with Higgs portal described in the previous section, the
DM production is dominated by three processes as shown in Fig.1: i.e. gluon-gluon fusion
(ggF), vector boson fusion (VBF) and Higgs Strahlung (VH).
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Figure 1 : The dominant DM production processes at LHC.

In contrast to the simpliÞed scalar mediated DM model recommended by the LHC
Dark Matter Forum [ 11], there are two propagators (H1 and H2) that can mediate the DM
pair production in the gauge invariant model descried in the previous section. Note that
the Lagrangian in Eq. (2.4) resembles the singlet scalar mediated DM model in Ref. [11]
when only fermionic couplings ofH2 are concerned.

The interference between two propagators in the di! erential production cross sections
of the DM pair takes the following form:

d! i

dm!!
! |

sin 2" g!

m2
!! " m2

H 1
+ im H 1 " H 1

"
sin 2" g!

m2
!! " m2

H 2
+ im H 2 " H 2

|2 , (3.1)

where ! i corresponds to the cross section of di! erent production mechanism andm!! is
the invariant mass of DM pair. The minus sign between two propagators comes from the
SO(2) nature of the mixing matrix in Eq. ( 2.3), which is found is be helpful to evade the
DM direct detection [19, 35] in such class of models. The interference e! ect will not only
inßuence the total production rate of DM pair, but also changes the shape of kinematic
variables.

To give more concrete examples on the interference e! ect, a few assumptions are made
to narrow down the parameter space. We will Þx sin" = 0 .2 and g! = 1 in our following
discussion. Because the di! erential cross section are universally proportional tog! sin 2"
as shown in Eq. (3.1), changing the sin" and g! will simply rescale the di! erential cross
section as long as the" H i does not di! er much. The scalar H1 is identiÞed as the 125
GeV Higgs boson with properties that are consistent with the LHC discovery, so that
mH 1 = 125 GeV and " H 1 = cos2 " á" hSM . Models with m! < m hSM / 2 will be highly
constrained by the Higgs invisible decay search at LHC. This usually requires very small
g! , e.g. for sin" = 0 .2, g! should be smaller than ! 0.1 in order to satisfy the current
upper bound on the invisible Higgs branching ratio: Br(hSM # ## )< 0.24 [36]. Then
the DM production cross section should be small in such cases. The same situation exists
when DM is heavy. So we will focus on the scenarios with medium DM mass in this work,

Ð 4 Ð

S. Baek, P. Ko, M. Park, WIPark, C.Yu, 
arXiv:1506.06556, PLB (2016)

See Next Talk by 
Myeonghun Park !



Higgs Invisible Br 
vs. Direct Detection



Collider Implications
mh = 125GeV, Br( H ! inv) < 0.51 at 90% CL

[arXiv:1404.1344]

mh = 125.5GeV, Br( H ! inv) < 0.52 at 90% CL
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• However, in renormalizable unitary models of 
Higgs portals, 2 more relevant parameters !
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Dashed curves:EFT,
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nal strength ! 1, the other ons has the signal strength
! 0.1. Therefore it would require dedicated searches for
this singlet-like scalar boson at the LHC. In fact this sec-
ond scalar boson is almost ubiquitous in hidden sector
DM models, where DM is stabilized or long-lived due
to dark gauge symmetries [17Ð23]. In case this second
scalar is light, it could solve some puzzles in the CDM
paradigm, such as core cusp problem, missing satellite
problem or too-big-to-fail problem [22, 23]. And it
can help the Higgs inßation work [24] in light of the
recent BICEP2 results with large tensor-to-scalar ratio
r = 0 .2+0 .07

! 0.05. Therefore it would be very important to
search for the singlet-like second scalar boson at the LHC
and elsewhere, in order to test the idea of dark gauge
symmetry stabilizing the DM of the universe. Since the
ILC can probe ! down to a few " 10! 3 only, there would
be an ample room for the 2nd scalar remaining undis-
covered at colliders unfortunately. It would be a tough
question how to probe the region below! ! 10! 3 in the
future terrestrial experiments ( for example, see [25] for
a recent study).

The second point is that there is no unique correlation
between the LHC data on the Higgs invisible branch-
ing ratio and the spin-independent cross section of Higgs
portal DM on nucleon. One can not say that the former
gives stronger bound for low DM mass region compared
with the latter, which is very clear from the plots we have
shown. Therefore it is important for the direct detection
experiments to improve the upper bound on" SI for low
mDM , regardless of collider bounds. Collider bounds can
never replace the DM direct search bounds in a model
independent way, unlike many such claims.

CONCLUSION

In this letter, we have demonstrated that the e! ec-
tive theory approach in dark matter physics could lead
to erroneous or misleading results. For the Higgs portal
SFDM and VDM, there are at least two more impor-
tant parameters, the massm2 of the 2nd scalar which is
mostly a SM singlet, and the mixing angle! between the
SM Higgs boson and the 2nd scalar boson:

" SI
p = ( " SI

p )EFT c4
! m4

h F (mDM , { mi } , v) (27)

# (" SI
p )EFT c4

!

!
1 $

m2
h

m2
2

" 2

(28)

where the function F is deÞned in Eq. (13) andm1 =
mh = 125 GeV. The second equation is obtained when
the momentum of DM is negligible relative to both
masses of Higgses. The usual EFT approach applies only
for the case m2 = mh c! /

#
1 + c2

! or m2 % & with
! % 0. For the Þnite m2, there is a generic cancel-
lation between H1 and H2 contribution due to the or-
thogonal nature of the rotation matrix from interaction

to mass eigenstates of two scalar bosons. The resulting
bound on " SI becomes even stronger ifm2 > m 1 = 125
GeV. On the other hand, for a light 2nd Higgs (m2 <
mh c! /

#
1 + c2

! ), the LHC bound derived from the invis-
ible Higgs decay width is weaker than the claims made
in both ATLAS and CMS collaborations. Especially, for
m2 ! mh c! /

#
12.3 + c2

! , it can not compete with the
DM direct search bounds from XENON100, CDMS and
LUX, which is the main conclusion of this paper. Both
LHC search for the singlet-like 2nd scalar boson and the
DM direct search experiments are important to be con-
tinued, and will be complementary with each other.
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nal strength ! 1, the other ons has the signal strength
! 0.1. Therefore it would require dedicated searches for
this singlet-like scalar boson at the LHC. In fact this sec-
ond scalar boson is almost ubiquitous in hidden sector
DM models, where DM is stabilized or long-lived due
to dark gauge symmetries [17Ð23]. In case this second
scalar is light, it could solve some puzzles in the CDM
paradigm, such as core cusp problem, missing satellite
problem or too-big-to-fail problem [22, 23]. And it
can help the Higgs inßation work [24] in light of the
recent BICEP2 results with large tensor-to-scalar ratio
r = 0 .2+0 .07

! 0.05. Therefore it would be very important to
search for the singlet-like second scalar boson at the LHC
and elsewhere, in order to test the idea of dark gauge
symmetry stabilizing the DM of the universe. Since the
ILC can probe ! down to a few " 10! 3 only, there would
be an ample room for the 2nd scalar remaining undis-
covered at colliders unfortunately. It would be a tough
question how to probe the region below! ! 10! 3 in the
future terrestrial experiments ( for example, see [25] for
a recent study).

The second point is that there is no unique correlation
between the LHC data on the Higgs invisible branch-
ing ratio and the spin-independent cross section of Higgs
portal DM on nucleon. One can not say that the former
gives stronger bound for low DM mass region compared
with the latter, which is very clear from the plots we have
shown. Therefore it is important for the direct detection
experiments to improve the upper bound on" SI for low
mDM , regardless of collider bounds. Collider bounds can
never replace the DM direct search bounds in a model
independent way, unlike many such claims.

CONCLUSION

In this letter, we have demonstrated that the e! ec-
tive theory approach in dark matter physics could lead
to erroneous or misleading results. For the Higgs portal
SFDM and VDM, there are at least two more impor-
tant parameters, the massm2 of the 2nd scalar which is
mostly a SM singlet, and the mixing angle! between the
SM Higgs boson and the 2nd scalar boson:

" SI
p = ( " SI

p )EFT c4
! m4

h F (mDM , { mi } , v) (27)

# (" SI
p )EFT c4

!

!
1 $

m2
h

m2
2

" 2

(28)

where the function F is deÞned in Eq. (13) andm1 =
mh = 125 GeV. The second equation is obtained when
the momentum of DM is negligible relative to both
masses of Higgses. The usual EFT approach applies only
for the case m2 = mh c! /

#
1 + c2

! or m2 % & with
! % 0. For the Þnite m2, there is a generic cancel-
lation between H1 and H2 contribution due to the or-
thogonal nature of the rotation matrix from interaction

to mass eigenstates of two scalar bosons. The resulting
bound on " SI becomes even stronger ifm2 > m 1 = 125
GeV. On the other hand, for a light 2nd Higgs (m2 <
mh c! /

#
1 + c2

! ), the LHC bound derived from the invis-
ible Higgs decay width is weaker than the claims made
in both ATLAS and CMS collaborations. Especially, for
m2 ! mh c! /

#
12.3 + c2

! , it can not compete with the
DM direct search bounds from XENON100, CDMS and
LUX, which is the main conclusion of this paper. Both
LHC search for the singlet-like 2nd scalar boson and the
DM direct search experiments are important to be con-
tinued, and will be complementary with each other.
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we use the LHC bounds onB inv
h to derive the bounds on

! SI
p as functions of (m2, " ), and show when we recover

the usual results presented by ATLAS and CMS, and
when we do not. This exercise will be not only physi-
cally important, but also make good examples about the
di! erence between the EFT and the full theory, and we
would be able to understand clearly when the EFT can
fail.

In the following, we do not address thermal relic den-
sity of DM, since it is independent of the issues raised

and resolved in this paper. It would be straightforward
to include the discussions on thermal relic density, which
would be presented elsewhere [11].

RENORMALIZABLE SFDM MODEL

The simplest renormalizable Lagrangian for the Higgs
portal SFDM model is given by [8, 9] [27]

L SFDM = # (i$ ! m! ! %! S) ! µHS SH   H !
%HS

2
S2H   H

+
1
2

$µ S$µ S !
1
2

m2
SS2 ! µ3

SS !
µ

!

S

3
S3 !

%S

4
S4. (4)

We consider Dirac fermion DM in this paper. For the
Majorana fermion DM case, we have to multiply a factor
1/ 2 to the invisible decay rate of Higgses, and it results in
a factor 2 larger ! SI

p relative to the case of Dirac fermion
DM. In general, the singlet scalarS can develop a nonzero
VEV, and we have to shift the Þeld asS(x) " # S$+ s(x).
Also the SM Higgs will break the EWSB spontanesouly.
The detailed expressions for the relations among various
parameters can be found in Ref. [8], to which we refer
the details.

After all, there are two scalar bosons, a mixture of the
SM Higgs bosonh and the singlet scalars. The physical
states are deÞned after theSO(2) rotation:

H1 = h cos" ! ssin" ,

H2 = h sin" + scos" .

Note that there is a minus sign in one term which
orginates from SO(2) nature of the rotation matrix in
the scalar sector. This minus sign plays an important
role in the direct detection cross section of the DM scat-
tering on nucleon, since the contributions ofH1 and H2

to ! p interferes destructively [8]. This is a very generic
phenomenon in both SFDM and VDM cases [8, 18] [28].

The invisible and the non-SM branching fractions of
Higgs decay and the DM-proton scattering cross section
within the renormalizable SFDM model are given as fol-
lows:

B inv
i =

(1 ! &i (" )) " inv
i

&i (" )" SM
i + (1 ! &i (" )) " inv

i + " jj
i

(5)

B nonSM
i =

" jj
i

&i (" )" SM
i + (1 ! &i (" )) " inv

i + " jj
i

(6)

! SI
p =

m2
r

'

!
%! s" c" mp

vH

" 2

F (m! , { mi } , v)f 2
p (7)

where&i (" ) = c2
" , s2

" for i = 1 , 2, the decay rates of Higgs
particles are given by

" SM
i = " h (mi ) (8)

" inv
i =

%2
!

8'
mi

#

1 !
4m2

!

m2
i

$ 3/ 2

(9)

" jj
i =

1
32' mi

%2
ijj

#

1 !
4m2

j

m2
i

$ 1/ 2

(10)

with %ijj which is given by

%122 = %HS vH c3
" + 2 (3 %H ! %HS ) vH c" s2

" (11)

! 2 [µ!
S + 3 ( %S ! %HS ) vS] c2

" s" ! %HS vS s3
"

%211 = %HS vS c3
" + 2 (3 %H ! %HS ) vH c2

" s" (12)

2 [µ!
S + 3 ( %S ! %HS ) vS ] c" s2

" + %HS vH s3
"

and

F =
1

4m2
! v2

%
&

i

#
1

m2
i

!
1

4m2
! v2 + m2

i

$

(13)

!
2

(m2
2 ! m2

1)

&

i

(! 1)i " 1 ln

#

1 +
4m2

! v2

m2
i

$'

with v being the lab velocity of DM, and mr %
m! mp/ (m! + mp) and f p =

(
q= u,d,s f q + 2

9 f Q with
f q being the hadronic matrix element and f Q = 1 !(

q= u,d,s f q. We take the f p = 0 .326 from a lattice cal-
culation [12]. Note that the channel,Òh " (( # " ( bøbÓ is
also possible, and the associated decay rate is

" h$ #bøb &
(%122s" )2

3 (2' )5

!
mb

mh

" 2 (mh ! m# )5

mh m5
#

(14)

This is smaller than " SM
h by many orders of magnitude,

and can be ignored safely.

when  
4m2

ψv2

m2
2

≪ O(1)
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FIG. 1: ! SI
p as a function of the mass of dark matter for

SFDM for a mixing angle " = 0 .2. Upper panel: m2 =
10! 2 , 1, 10, 50, 70 GeV for solid lines from top to bottom.
Lower panel: m2 = 100, 200, 500, 1000 GeV for dashed lines
from bottom to top. The balck dotted line is EFT prediction.
Dark-gray and gray region are the exclusion regions of LUX
[15] and projected XENON1T (gray) [16].

Let us compare these results with those obtained in
the EFT:

(B inv
h )EFT =

!
! inv

h

"
EFT

! SM
h +

!
! inv

h

"
EFT

(15)

(! SI
p )EFT =

m2
r

"

#
#! H mp

" m2
h

$2

f 2
p (16)

where

(! inv
h )EFT =

1
8"

%
#! H vH

"

&2

mh

'

1 !
4m2

!

m2
h

( 3/ 2

. (17)

Recent analysises of LHC experiments impose a bound
[1, 2] on the branching fraction of SM-like Higgs decay
to invisible particles as [2]

B inv
h < 0.51 at 95%CL (18)

(see also Ref. [13] for more involved analysis in the pres-
ence of extra singlet-like scalar boson that mixes with the
SM Higgs boson). In the renormalizable model described
by Eq. (4), the LHC bound on B inv

h can be translated di-
rectly to a constraint on ! SI

p by the relation,

! SI
p = c4

" m4
h F (m! , { mi } , v)

"
B inv

h ! SM
h!

1 ! B inv
h

"
8m2

r

m5
h $3

!

%
mp

vH

&2

f 2
p (19)

where$! =
)

1 ! 4m2
! /m 2

h . Here we setB nonSM
1 = 0 for

simplicity, and denoted B inv
1 asB inv

h . On the other hand,
in the EFT described by Eq. (2) with

!
B inv

h

"
EFT # Binv

h ,
one Þnds

(! pSI)EFT =
B inv

h ! SM
h

1 ! B inv
h

8m2
r

m5
h $3

!

%
mp

vH

&2

f 2
p (20)

which was used in the analysisÕs of ATLAS [1] and CMS
[2]. Now it is clear from Eqs. (19) and (20) that, con-
trary to

!
! SI

p

"
EFT

of EFT, ! SI
p of a full theory of Eq. (4)

has additional factors, c4
" m4

h F , which involves two extra
parameters, (%, m2). Note that, in the limit % is very
small so that we can make cos% $ 1, and m2 % m1

so that we can drop 1/m 2
2 term in the ! SI

p , Eq. (19)
for ! SI

p approaches to Eq. (20) for
!
! SI

p

"
EFT

. However,
if one of these two assumptions is not valid, one can-
not make a deÞnitive prediction for the ! SI

p . Therefore
the bounds on the ! SI

p derived by the ATLAS and the
CMS Collaborations should be taken with caution. Ba-
sically one cannot make model-independent connections
betweenB inv

h (= B inv
1 ) and ! SI

p in the Higgs portal SFDM
model. This is clearly shown in Fig. 1 where colored solid
lines represent the LHC bound on! SI

p of Eq. (7) for var-
ious values form2. The bound on (! SI

p )EFT of Eq. (16)
was also depicted for comparison. Note that, for low
m! if m2 < m h c" /

*
1 + c2

" , the LHC bound becomes
weaker than the claims made in [1, 2]. Especially, for
m2 ! mh c" /

*
12.3 + c2

" , it can not win the direct detec-
tion bound for m! " 8 GeV.

RENORMALIZABLE VDM MODEL

The simplest renormalizable Lagrangian for the Higgs
portal VDM model is given by [14, 18]

4

L VDM = !
1
4

Vµ! V µ! + Dµ !   D µ ! ! ! !

!
!   ! !

v2
!

2

" 2

! ! ! H

!
!   ! !

v2
!

2

" !
H   H !

v2
H

2

"
(21)

where ! is the dark Higgs Þeld which generates nonzero
mass for the VDM through spontaneousU(1)X breaking,
and

Dµ ! " (" µ + igX Q! Vµ ) !

After U(1)X breaking, we shift the Þeld! X as follows:

! #
1

$
2

(v! + #(x))

where the Þeld#(x) is a SM singlet scalar similarly to
the singlet scalar in the SFDM case. Again there are two
scalar bosons which are mixtures ofh and #.

The invisible and non-SM branching fractions of the
Higgs decay are of the same forms as Eqs. (5) and (6),
but with

" inv
i =

g2
X

32$
m3

i

m2
V

!
1 !

4m2
V

m2
i

+ 12
m4

V

m4
i

" !
1 !

4m2
V

m2
i

" 1/ 2

(22)
where mV is the mass of VDM, and " jj

i with µ!
P = 0.

The spin-indenpendent cross section of VDM to proton is
also same as the one of Eq. (7) with! " and m" replaced
to gX and mV , respectively.

Again, let us compare these results with those in the
EFT:

#
Binv

h

$
EFT is of the same form as Eq. (15) with

(" inv
h )EFT =

! 2
V H

128$
v2

H m3
h

m4
V

%

!
1 !

4m2
V

m2
h

+ 12
m4

V

m4
h

" !
1 !

4m2
V

m2
h

" 1/ 2

(23)

and the VDM-nucleon scattering cross section is

(%SI
p )EFT =

m2
r

$

%
! V H mp

2mV m2
h

&2

f 2
p (24)

In the renormalizable model of Eq. (21), the LHC bound
on B inv

h can be translated directly to a constraint on %SI
p

by the relation,

%SI
p = c4

# m4
h F (mV , { mi } , v)

%
B inv

h " SM
h#

1 ! B inv
h

$
32m2

r m2
V (mp/v H )2 f 2

p

m7
h &V

'
1 ! 4m 2

V
m 2

h
+ 12 m 4

V
m 4

h

( (25)

where &V =
)

1 ! 4m2
V /m 2

h . On the other hand, in the
EFT of Eq. (3) one Þnds

#
%SI

p

$
EFT

=
B inv

h " SM
h

1 ! B inv
h

32m2
r m2

V (mp/v H )2 f 2
p

m7
h&V

'
1 ! 4m 2

V
m 2

h
+ 12 m 4

V
m 4

h

( (26)
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FIG. 2: ! SI
p as a function of the mass of dark matter for SVDM

for a mixing angle " = 0 .2. Same color and line scheme as
Fig. 1.

used in the analysisÕs of ATLAS [1] and CMS [2]. Note
again that %SI

p of Eq. (25) has additional factors involving
(' , m2), compared to

#
%SI

p

$
EFT

of Eq. (26). Therefore,
similarly to the case of SFDM, one cannot make model-
independent connections betweenB inv

h and %SI
p in the

Higgs portal VDM model. Fig. 2, where %SI
p of Eq. (25)

and (%SI
p )EFT of Eq. (26) in VDM scenario are depicted

for comparison, shows clearly this discrepancy caused by
the di#erent dependence on' and m2.

IMPLICATIONS FOR DM SEARCH AND
COLLIDER EXPERIMENTS

From our arguments based on the renormalizable and
unitary model Lagrangians, it is clear that one has to
seek for the singlet-like second scalar bosonH2. It could
be either lighter or heavier than the observed Higgs bo-
son. Since the observed 125 GeV Higgs boson has a sig-

Slope changes for  GeV mϕ = 10−2

Slope changes for very light  GeVmϕ = 10−2
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nal strength ! 1, the other ons has the signal strength
! 0.1. Therefore it would require dedicated searches for
this singlet-like scalar boson at the LHC. In fact this sec-
ond scalar boson is almost ubiquitous in hidden sector
DM models, where DM is stabilized or long-lived due
to dark gauge symmetries [17Ð23]. In case this second
scalar is light, it could solve some puzzles in the CDM
paradigm, such as core cusp problem, missing satellite
problem or too-big-to-fail problem [22, 23]. And it
can help the Higgs inßation work [24] in light of the
recent BICEP2 results with large tensor-to-scalar ratio
r = 0 .2+0 .07

! 0.05. Therefore it would be very important to
search for the singlet-like second scalar boson at the LHC
and elsewhere, in order to test the idea of dark gauge
symmetry stabilizing the DM of the universe. Since the
ILC can probe ! down to a few " 10! 3 only, there would
be an ample room for the 2nd scalar remaining undis-
covered at colliders unfortunately. It would be a tough
question how to probe the region below! ! 10! 3 in the
future terrestrial experiments ( for example, see [25] for
a recent study).

The second point is that there is no unique correlation
between the LHC data on the Higgs invisible branch-
ing ratio and the spin-independent cross section of Higgs
portal DM on nucleon. One can not say that the former
gives stronger bound for low DM mass region compared
with the latter, which is very clear from the plots we have
shown. Therefore it is important for the direct detection
experiments to improve the upper bound on" SI for low
mDM , regardless of collider bounds. Collider bounds can
never replace the DM direct search bounds in a model
independent way, unlike many such claims.

CONCLUSION

In this letter, we have demonstrated that the e! ec-
tive theory approach in dark matter physics could lead
to erroneous or misleading results. For the Higgs portal
SFDM and VDM, there are at least two more impor-
tant parameters, the massm2 of the 2nd scalar which is
mostly a SM singlet, and the mixing angle! between the
SM Higgs boson and the 2nd scalar boson:

" SI
p = ( " SI

p )EFT c4
! m4

h F (mDM , { mi } , v) (27)

# (" SI
p )EFT c4

!

!
1 $

m2
h

m2
2

" 2

(28)

where the function F is deÞned in Eq. (13) andm1 =
mh = 125 GeV. The second equation is obtained when
the momentum of DM is negligible relative to both
masses of Higgses. The usual EFT approach applies only
for the case m2 = mh c! /

#
1 + c2

! or m2 % & with
! % 0. For the Þnite m2, there is a generic cancel-
lation between H1 and H2 contribution due to the or-
thogonal nature of the rotation matrix from interaction

to mass eigenstates of two scalar bosons. The resulting
bound on " SI becomes even stronger ifm2 > m 1 = 125
GeV. On the other hand, for a light 2nd Higgs (m2 <
mh c! /

#
1 + c2

! ), the LHC bound derived from the invis-
ible Higgs decay width is weaker than the claims made
in both ATLAS and CMS collaborations. Especially, for
m2 ! mh c! /

#
12.3 + c2

! , it can not compete with the
DM direct search bounds from XENON100, CDMS and
LUX, which is the main conclusion of this paper. Both
LHC search for the singlet-like 2nd scalar boson and the
DM direct search experiments are important to be con-
tinued, and will be complementary with each other.
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Γinv(H → VV)
mV → 0



Invisible H decay into 
a pair of  VDM 
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where ! is the dark Higgs Þeld which generates nonzero
mass for the VDM through spontaneousU(1)X breaking,
and

Dµ ! " (" µ + igX Q! Vµ ) !

After U(1)X breaking, we shift the Þeld! X as follows:
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where the Þeld#(x) is a SM singlet scalar similarly to
the singlet scalar in the SFDM case. Again there are two
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where mV is the mass of VDM, and " jj

i with µ!
P = 0.

The spin-indenpendent cross section of VDM to proton is
also same as the one of Eq. (7) with! " and m" replaced
to gX and mV , respectively.
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and the VDM-nucleon scattering cross section is
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used in the analysisÕs of ATLAS [1] and CMS [2]. Note
again that %SI

p of Eq. (25) has additional factors involving
(' , m2), compared to

#
%SI

p

$
EFT

of Eq. (26). Therefore,
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for comparison, shows clearly this discrepancy caused by
the di#erent dependence on' and m2.

IMPLICATIONS FOR DM SEARCH AND
COLLIDER EXPERIMENTS

From our arguments based on the renormalizable and
unitary model Lagrangians, it is clear that one has to
seek for the singlet-like second scalar bosonH2. It could
be either lighter or heavier than the observed Higgs bo-
son. Since the observed 125 GeV Higgs boson has a sig-
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Invisible H decay width : finite for small mV 
in unitary/renormalizable model

[arXiv: 1405.3530, S. Baek, P. Ko & WI Park, PRD]

VS.

sin2 !



Two Limits for mV → 0
•   in the UV completion with dark Higgs boson 


• Case I :  with finite  


      


• Case II :  with finite 

mV = gXQΦvΦ

gX → 0 vΦ ≠ 0

In the limit mV ! 0+ , the main contribution to (8) comes from the longitudinally

polarized VÕs, where the polarization vector is in the form,! µ(k) " kµ/m V . This also

explains the enhancement factorm2
h/m 2

V in Eq. (8). The invisible Higgs decay width is

constrained by signal strengths of Higgs boson in various production and decay channels,

and the upper limits on the Higgs invisible branching ratio as well as on the nonstandard

Higgs decay width (see, for example, [17, 18]).

The critical di ! erence of Eq. (8) compared with the EFT result in Eq. (2) is thatm2
V =

g2
X Q2

! v2
! in the UV completed model. Note that the massless VDM limit,mV ! 0+ , can be

achieved by taking eithergX Q! ! 0+ or v! ! 0+ in Eq. (8). We Þnd that in both cases

the Higgs invisible decay widths are Þnite, and physically sensible results are obtained as

described below.

A. gX Q! ! 0+ with v! #= 0 Þxed

For a Þnite Þxedv! , we notice that the mixing angle" is Þxed and Þnite, since the 2$ 2

scalar mass matrix in Eq. (5) is independent ofgX . And the prefactor in Eq. (8) becomes
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which is Þnite irrespective of the VDM mass and physically sensible. Note that,mh % mV

in this limit and the VDMs produced in the decay of the SM Higgs are highly boosted.

Hence, the decay rate in Eq. (9) is actually mostly from the longitudinal mode of the VDM.

Then, it is clear that from Goldstone boson equivalence theorem one should have the same

rate as the one in Eq. (9) for the decay of the SM Higgs to its associated Goldstone bosons

when gX Q! = 0.

Indeed, forgX Q! & 0 and v! #= 0, there is no interaction betweenVµ and the dark Higgs

# . SpeciÞcally the Higgs-V-V interaction vanishes identically:
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X Q2

! v! sin" VµV µh & 0,

and consequently the partial width" (h ! V V) vanishes. SinceV is massless forgX ! 0,

the Goldstone bosona! from # is not absorbed into the longitudinal component ofV but
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vΦ → 0 gX ≠ 0

See the addendum by S Baek, P Ko, WI Park (2021) 

=  Γ(h → aΦaΦ)

with  being the NG boson for spontaneously broken global aΦ U(1)X

becomes a physical degree of freedom. That is, the darkU(1) symmetry acts as a global

symmetry. In this case the Higgs bosonh can decay into a pair of the Goldstone bosons

through the mixing with the dark Higgs boson, and the partial decay width is found to

be [19],

! (h ! a! a! ) =
sin2 ! m3

h

32" v2
!

, (10)

which is exactly what we obtain from Eq. (8) withgX Q! ! 0 as shown in Eq. (9).

B. v! ! 0+ with gX Q! Þxed

Another possibility for a massless VDM would be takingv! ! 0 with a Þnite value of

gX . In this limit, the mixing angle ! deÞned in Eq. (7) is approximated as

!
v! ! 0+

""""!
2#H ! v!

#H vH
. (11)

Then the prefactor (including the mixing factor) in (! inv
h )UV [Eq. (8)] becomes
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where in the second equality we have usedm2
h ! #H v2

H / 2 asv! ! 0+ . Then the invisible

Higgs decay rate in Eq. (8) can be approximated as

!
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H ! mh

#H
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which is Þnite again. Note that Eq. (13) is exactly what one Þnds for the decay of the SM-

like Higgs to Goldstone bosons in the linear representation of" in the broken phase. Hence,

we Þnd that in the broken phase (i.e.,v! #= 0) whichever limit we take to get a massless

VDM limit, namely either gX Q! ! 0+ or v! ! 0+ to realizemV ! 0+ , the invisible decay

rate of the SM Higgs in the UV complete model is Þnite and physically consistent withthe

expectationthe result expectedfrom the Goldstone boson equivalence theorem, as opposed

to the case of the EFT approach discussed in Sec. II.

C. Unbroken U(1) case with gX Q! #= 0 and mV = 0

For completeness, we brießy discuss the unbrokenU(1) case withgX Q! #= 0, for which the

dark U(1)X gauge boson remains massless,mV $ 0. In this case, we have! (h ! V V) $ 0.
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Therefore  is finite when  in the UV completionsΓ(h → VV ) mV → 0

Also true in another UV completion proposed by DiFranzo, Fox, Tait (2015) 



Roles of Dark Higgs
- Restore the full SM gauge invariance, both for spin-1 and 

spin-0 mediators 
- Restore gauge invariance/unitarity in the presence of 

massive dark photon 
- Many phenomenological implications and particle physics 

and cosmology (Higgs-portal assisted Higgs inflation) 
- Interference with the SM Higgs boson can be important in 

DM collider searches in some cases



Fermi-LAT GC 𝜸-ray 

GC : b ! l ! 0.1!

[1402.6703, T. Daylan et.al.]

GeV scale excess!s�
extended

see arXiv:1612.05687 for a recent overview by 
C.Karwin, S. Murgia, T. Tait, T.A.Porter,P. Tanedo



• A DM interpretation
DM + DM ! bøb with !v = 1 .7 " 10! 26cm3/ s

mDM = 35.25 GeV

* See “1402.6703, T. Daylan et.al.” for other possible channels

• Millisecond Pulars (astrophysical alternative)
It may or may not be the main source, depending on 
- luminosity func.
- bulge population
- distribution of bulge population
* See “1404.2318, Q. Yuan & B. Zhang” and “1407.5625, I. Cholis, D. Hooper & T. Linden”



GC gamma ray in HP VDM
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Figure 2 . Dominant s channel b+ øb (and ! + ø! ) production
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Figure 3 . Dominant s/t -channel production of H1s that decay dominantly to b+ øb

3.4 Dark matter relic density

The observedGeV scale" -ray spectrum may be explained if DM annihilates mainly into bb
with a velocity-averaged annihilation cross section closeto the canonical value of thermal relic
dark matter. This implies that 30 GeV ! mV ! 40 GeV in case of thes-channel annihilation
(Fig. 2) scenario. It is also possible to producebøb with the nearly same energy from the decay
of highly non-relativistic # which is produced from the annihilation of DM having mass of
60 GeV ! mV ! 80 GeV (Fig. 3). In both cases, it is expected to have! ø! and cøc productions
too in the Þnal states, becauseH1 will decay into them with branching ratios about 7% and
3%.

In the process of Fig.2, the thermally-averaged annihilation cross section of VDMis
given by
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wheremf is the mass of a SM fermionf . Note that Eq. ( 3.11) is suppressed by a factors2
" m2

f .
Hence a large enough annihilation cross section for the right amount of relic density can be
achieved only around the resonance region. However in the resonance region the annihilation
cross section varies a lot, as the Mandalstams-variable varies from the value at freeze-out to
the value in a dark matter halo at present. Therefore, this process can not be used for the
GeV scale" -ray spectrum from the galactic center.

On the other hand, in the process of Fig.3 for m# < m V ! 80 GeV, the thermally-
averaged annihilation cross section of VDM is given by

!$vrel "tot = !$vrel "f øf + !$vrel "## (3.12)
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H2 : 125 GeV Higgs
H1 : absent in EFT   
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Figure 5 . Illustration of ! spectra from di! erent channels. The Þrst two cases give almost the same
spectra while in the third case! is boosted so the spectrum is shifted to higher energy.

on the invisible decay of SM Higgs is irrelevant, but the mixing angle is still constrained by
the signal strength of SM channels such that" ! 0.4 [34].

A remark is in order for the present annihilation cross section to obtain observedGeV
scale ! -ray. Compared to the case of30 GeV ! mV ! 40 GeV, the present number den-
sity of dark matter for 60 GeV ! mV ! 80 GeV is smaller by a factor of about a half, but
each annihilation produces two pairs ofbøb. Hence, the expected ßux which is proportional
to the square of DM number density is smaller by about a half. However, there are various
astrophysical uncertainties in the estimation of requiredannihilation cross section. In par-
ticular, a small change of the inner slope of DM density proÞle is enough to compensate the
di! erence of about factor two. In addition, as discussed in Refs. [10], the GeV scale! -ray
data Þts well to cross sections proportional to the square ofthe mass of the Þnal state SM
particles. This kind of ßavor-dependence is an intrinsic nature of our SVDM scenario, thanks
to the Higgs portal interaction. Therefore, with these points in mind, SVDM with mass of
60 GeV ! mV ! 80 GeV can be a natural source of theGeV scale ! -ray excess from the
direction of the galactic center.

3.5 Comparison with other Higgs portal DM models

In regard of the GeV scale! -ray excess from the galactic center, SSDM can work equally well
as our SVDM scenario. One di! erence from SVDM is the additional Higgs portal interaction
of SSDM with SM Higgs, which can improve the vacuum instability problem of SM Higgs
potential better than SVDM scenario.

Contrary to SSDM or SVDM, SFDM with a real scalar mediator results in p-wave s-
channel annihilation. In addition, the t-channel annihilation cross section is approximately
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Note that, if we consider the o! -resonance region with2mV ! mh, the contribution of the
s-channel H2 mediation can be ignored and! ! vrel "!! does not depend neithers" nor mf .
Hence a right size of annihilation cross section can be obtained by adjusting mostly gX and
(mV $ m! ) /m V , with the negligible mixing angle dependence. Fig.4 shows the relic density

20 40 60 80 100
10! 4

0.001

0.01

0.1

1

10

mV!GeV"

"
h2

Figure 4 . Relic density of dark matter as function of m! for mh = 125, m" = 75 GeV, gX = 0 .2,
and $ = 0 .1.

at present 5 as a function ofmV for m! = 75 GeV and gX = 0 .2 and the mixing angle$ = 0 .1.
From Fig. 4, we note that the mass of our VDM is constrained to bemh/ 2 < m V , since SM-
Higgs resonance should be also avoided. And the velocity-averaged annihilation cross section
at present epoch can be close to that of freeze-out only form! ! mV . Note also that, as
shown in Fig. 5, in order to match to the observed %-ray spectrum, we needm! & mV to
avoid boosted&.

In the region of 60 GeV ! m! & mV ! 80 GeV, the SM Higgs boson decay into VDM
is suppressed by the phase space factor or kinematically forbidden. Hence the collider bound

5We adapted the micrOMEGAs package [37, 38] (! VDM h2) to our model for numerical calculation.
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This mass range of VDM would have been 

impossible in the VDM model (EFT)

And No 2nd neutral scalar (Dark Higgs) in EFT



3 The interference e ! ect between two scalar mediators at LHC

In the singlet fermion DM models with Higgs portal described in the previous section, the
DM production is dominated by three processes as shown in Fig.1: i.e. gluon-gluon fusion
(ggF), vector boson fusion (VBF) and Higgs Strahlung (VH).
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Figure 1 : The dominant DM production processes at LHC.

In contrast to the simpliÞed scalar mediated DM model recommended by the LHC
Dark Matter Forum [ 11], there are two propagators (H1 and H2) that can mediate the DM
pair production in the gauge invariant model descried in the previous section. Note that
the Lagrangian in Eq. (2.4) resembles the singlet scalar mediated DM model in Ref. [11]
when only fermionic couplings ofH2 are concerned.

The interference between two propagators in the di! erential production cross sections
of the DM pair takes the following form:

d! i

dm!!
! |

sin 2" g!

m2
!! " m2

H 1
+ im H 1 " H 1

"
sin 2" g!

m2
!! " m2

H 2
+ im H 2 " H 2

|2 , (3.1)

where ! i corresponds to the cross section of di! erent production mechanism andm!! is
the invariant mass of DM pair. The minus sign between two propagators comes from the
SO(2) nature of the mixing matrix in Eq. ( 2.3), which is found is be helpful to evade the
DM direct detection [19, 35] in such class of models. The interference e! ect will not only
inßuence the total production rate of DM pair, but also changes the shape of kinematic
variables.

To give more concrete examples on the interference e! ect, a few assumptions are made
to narrow down the parameter space. We will Þx sin" = 0 .2 and g! = 1 in our following
discussion. Because the di! erential cross section are universally proportional tog! sin 2"
as shown in Eq. (3.1), changing the sin" and g! will simply rescale the di! erential cross
section as long as the" H i does not di! er much. The scalar H1 is identiÞed as the 125
GeV Higgs boson with properties that are consistent with the LHC discovery, so that
mH 1 = 125 GeV and " H 1 = cos2 " á" hSM . Models with m! < m hSM / 2 will be highly
constrained by the Higgs invisible decay search at LHC. This usually requires very small
g! , e.g. for sin" = 0 .2, g! should be smaller than ! 0.1 in order to satisfy the current
upper bound on the invisible Higgs branching ratio: Br(hSM # ## )< 0.24 [36]. Then
the DM production cross section should be small in such cases. The same situation exists
when DM is heavy. So we will focus on the scenarios with medium DM mass in this work,
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Interference between 2 scalar bosons could 

be important in certain parameter regions

sin ! = 0 .2, g! = 1 , m! = 80GeV



DM EFT > Simplified Models > UV Compl’s

• EFT is good for direct detection, but not for 
indirect or collider searches as well as thermal 
relic density calculations in general


• Issues :  Violation of Unitarity and SM gauge 
invariance,  Identifying the relevant dynamical 
fields at energy scale we are interested in, 
Symmetry stabilizing DM etc.


• Unlike the W boson case, more than one 
mediator should be included in general  



• Usually effective operator is replaced by a 
single propagator in simplified DM models


• This is not good enough, since we have to 
respect the full SM gauge symmetry 
[Lesson from  at LEP2]


• In general we need two propagators, not 
one propagator, because there are two 
independent chiral fermions in 4-dim 
spacetime

e+e− → W+W−

large !ET signature, the simpliÞed model should respect the unbroken SM gauge group at
minimum and it should not violate approximate and global symmetries of the SM, with the
ultimate goal of describing interesting collider phenomenology involving!ET while keeping
the number of free parameters to a minimum. Then the above e! ective Lagrangian for DM
DD is modiÞed as

1
" 2

i
øq#i q ø! #i ! "

gqg!

m2
" # s

øq#i q ø! #i ! (1.2)

when we consider thes-channel UV completion for qøq " " " ! ø! .
However this strategy with simpliÞed DM models have ample room for improvement

in two important respects. First of all, the simpliÞed models do not respect the full SM
gauge invariance, which may be problematic when they are adopted to DM search studies
at high energy colliders. At the LHC CM energy, one has to respect the full SM gauge
symmetry, and not just the unbroken subgroup of it. Recently, importance of the full SM
invariance, unitarity and gauge invariance with respect to the mediators was noticed in
a few independent studies [13Ð15], which will be detailed in the subsequent discussions.
When we impose the full SM gauge symmetry, we have to realize that the SM fermions
have two independent chiralities, left-handed (LH) and right-handed (RH), and SM gauge
interactions are chiral as well. Therefore the LH quark and the RH quark would couple
to two di ! erent colored mediators,!qL and !qR with two independent couplings #L and #R

(see Sec. 2 for thet-channel UV complete Lagrangian and more precise deÞnitions of these
parameters, and also Feynman diagrams in Figs. 4,5 and 6 in Sec. 4). Then the UV
completion generically calls for two independent propagators of!qL and !qR, instead of a
single propagator, Eq. (1.2). Only the case ofW + !ET would involve a single propagator,
becauseW couples only to the LH quark and its partner mediator. This phenomena is due
to the facts that (i) the SM fermions in 4-dim spacetime have two independent chiralities,
(ii) the SM gauge theory is chiral, and (iii) the full SM gauge symmetry is imposed on the
UV completions. Then the simpliÞed DM models proposed in this paper would not violate
gauge invariance and unitarity. Otherwise one could get physically nonsensible results.

Secondly, there is a technical issue when one derives the e! ective Lagrangian suitable
for direct detection of DM. One can integrate out the mediator at the mediator mass scale,
obtaining 4-fermion operators. However the relevant energy scale for the DM direct detec-
tion cross section is order of nuclear energy scale, and one has to include the renormalization
e! ects from the mediator mass scale down to the nuclear energy scale1. This procedure
was not included properly in the simpliÞed DM models [18], and should be performed be-
fore one derives the constraints on the simpliÞed DM models from the DM direct detection
data. This can be included in a straightforward manner using the renormalization-group
analysis for the DM-nucleon scattering2. RG evolution can not only change the e! ective
coupling strengths at di! erent energy scale, but also generate new operators that were not
present when the mediators were integrated out at the mediator mass scales [20]. Due to

1This is well known from ßavor physics ( K, B physics, see Ref. [16] for example) as well as top forward-
backward asymmetry [17].

2Recently, this issue has been pointed out in Ref. [19] in the context of the DM simpliÞed models with
s-channel vector mediators.
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t-Channel Mediators

Our Model: a ÕsimpliÞed modelÕ of coloredt-channel, spin-0, mediators
which produce various mono-x + missing energy signatures (mono-Jet,
mono-W, mono-Z, etc.):
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A. Natale | SimpliÞed DM models: a case witht -channel colored scalar mediators.
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for t-channel mediator model

W+missing ET : special



• This is good only for W+missing ET, and 
not for other signatures


• The same is also true for (scalar)x(scalar) 
operator, and lots of confusion on this 
operator in literature


• Come back to the s-channel scalar 
mediators 
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becauseW couples only to the LH quark and its partner mediator. This phenomena is due
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(ii) the SM gauge theory is chiral, and (iii) the full SM gauge symmetry is imposed on the
UV completions. Then the simpliÞed DM models proposed in this paper would not violate
gauge invariance and unitarity. Otherwise one could get physically nonsensible results.

Secondly, there is a technical issue when one derives the e! ective Lagrangian suitable
for direct detection of DM. One can integrate out the mediator at the mediator mass scale,
obtaining 4-fermion operators. However the relevant energy scale for the DM direct detec-
tion cross section is order of nuclear energy scale, and one has to include the renormalization
e! ects from the mediator mass scale down to the nuclear energy scale1. This procedure
was not included properly in the simpliÞed DM models [18], and should be performed be-
fore one derives the constraints on the simpliÞed DM models from the DM direct detection
data. This can be included in a straightforward manner using the renormalization-group
analysis for the DM-nucleon scattering2. RG evolution can not only change the e! ective
coupling strengths at di! erent energy scale, but also generate new operators that were not
present when the mediators were integrated out at the mediator mass scales [20]. Due to

1This is well known from ßavor physics ( K, B physics, see Ref. [16] for example) as well as top forward-
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Lesson from EW physicsIntroduction
Wisdom from EW sector

The Þrst evidence of asymmetry was found in angular distribution
of muons from e+ e! collisions at PETRA in the 80Õs (

!
s " 30

GeV , well below the Z 0 pole)

Source of AFB is a term linear in cos ! from interference between "
or Z vector coupling and the axial vector Z coupling.

Pyungwon Ko (KIAS) EFT for Top Physics 7 / 43



DM Production @ ILC
General feature
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We consider  
followed by 

e+e− → Z * → ZHi=1,2
Hi → χ̄χ
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where the t-dependent function G(t) is given by the following:
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If we ignored the 2nd scalar propagator and identiÞedm1 = mH (the discovered Higgs
boson), the we would have
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H ! 2
H
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t " 4m2

!

#
(5.12)

#
1
t

(as t # % ) (5.13)

VDM : G(t) !
1

(t " m2
H )2 + m2

H ! 2
H

$
2 +

(t " 2m2
V )2

4m4
V

%
(5.14)

# constant (as t # % ) (5.15)

These results violate unitarity at high t or high s region, and the results become unreliable.
Note that ignoring the propagator of the 2nd Higgs, which would be justiÞed ifm2 &

'
s.

Therefore if we factor out the phase space factors fromd! /dt and correct for detector
e" ciencies, etc., one would be able to determine the shape of the functionG(t), sinceF (s)
will be the overall normalization. Having enough number of bins and data, we can test by
" 2minimization to determine whether the observed(ET distribution follows that of scalar,
fermion or vector DM with Higgs portal. Note that this procedure is possible at ILC, and
not at LHC, since at ILC the CM energy

'
s is Þxed so that one can factor out the phase

space factor. On the other hand, at hadron colliders, the parton-level CM energy
'

ös is
not Þxed so that we cannot factor out the phase space factor in an unambiguous manner.

Note that for the scalar DM, G(t) is completely Þxed by the SM Higgs propagator,
and there is no free parameter at all. Therefore it would be straightforward to check if the
observed(ET distribution can be Þt by the SM Higgs propagator or not.

For the SFDM or the VDM, the Þtting would be more complicated, since in this case,
there are 5 parameters: namely,

sin#, m2, ! 1, ! 2, mDM

Note that we have to regard ! 2 and sin# independently, sinceH2 # H1H1 can be newly
open, which calls for a new parameter that could be traded with! 2. With these 5 param-
eters, we can Þt the(ET spectrum and determine whether DM is SFDM or VDM.
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Note that ignoring the propagator of the 2nd Higgs, which would be justiÞed ifm2 &

'
s.

Therefore if we factor out the phase space factors fromd! /dt and correct for detector
e" ciencies, etc., one would be able to determine the shape of the functionG(t), sinceF (s)
will be the overall normalization. Having enough number of bins and data, we can test by
" 2minimization to determine whether the observed(ET distribution follows that of scalar,
fermion or vector DM with Higgs portal. Note that this procedure is possible at ILC, and
not at LHC, since at ILC the CM energy

'
s is Þxed so that one can factor out the phase

space factor. On the other hand, at hadron colliders, the parton-level CM energy
'

ös is
not Þxed so that we cannot factor out the phase space factor in an unambiguous manner.

Note that for the scalar DM, G(t) is completely Þxed by the SM Higgs propagator,
and there is no free parameter at all. Therefore it would be straightforward to check if the
observed(ET distribution can be Þt by the SM Higgs propagator or not.

For the SFDM or the VDM, the Þtting would be more complicated, since in this case,
there are 5 parameters: namely,

sin#, m2, ! 1, ! 2, mDM

Note that we have to regard ! 2 and sin# independently, sinceH2 # H1H1 can be newly
open, which calls for a new parameter that could be traded with! 2. With these 5 param-
eters, we can Þt the(ET spectrum and determine whether DM is SFDM or VDM.

Ð 6 Ð

Asymptotic behavior in the full theory ( )t ≡ m2
χχ

Asymptotic behavior w/o the 2nd Higgs (EFT)

Unitarity is
violated in EFT!



Interference effects

which we choosem! = 80 GeV without lose of generality. Then we are left with two most
relevant parameters: mH 2 and ! H 2 .

The FeynRules [37]/MadGraph5 aMC@NLO [38] framework is used in order to cal-
culate the NLO QCD cross sections and simulate the events. The FeynRules takes the
Lagrangian of the simpliÞed model in Eq. (2.4) as well as the UV/R2 counterterms for the
NLO QCD computations from NLOCT [ 39]/FeynArts [ 40] to generate the Universal Feyn-
Rules Output model Þles. The MadGraph5aMC@NLO uses the model Þles to compute
the tree-level and loop-level amplitudes for any processes of the model.

We calculate the Leading-Order (LO) cross section of the gluon-gluon fusion DM pair
production by using the loop induced mode [41] of MadGraph5 aMC@NLO. The results
for varying mH 2 and ! H 2 are shown in Fig. 2.
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Figure 2 : The LO cross section for gluon-gluon fusion process at 13 TeV LHC. The
meanings of the di" erent line types are explained in the text and the similar strategy will
be used in all Þgures.

In the Þgure, the! min for H2 is calculated by assumingH2 decays only into SM particles
and DM pair through the interactions given in Eq. ( 2.4), where we have set sin! = 0 .2 and
g! = 1. Note that the actual H2 decay width could be larger than ! min , if H2 ! H1H1

is open and non negligible, or if there are other decay channels ofH2. For example, there
could be extra dark sector particles such as dark Higgs or dark gauge bosons ifZ2 symmetry
is replaced by dark gauge symmetry (see Refs. [42, 43] for example). These extra channels
are more model dependent though. Therefore we consider three di" erent widths of H2

throughout the work: ! min , 5 " ! min and 20" ! min , respectively. The lines associate to
H1&H2 and H2 are calculated with and without the H1 as the mediator respectively. The
former case corresponds to the the gauge invariant singlet fermion DM models with Higgs
portal, while the later case corresponds to the usual singlet scalar portal DM model as
proposed in Ref. [11] and widely used in literature.

From Fig. 2, we can observe that including theH1 will substantially reduce the DM pair

Ð 5 Ð



Parton level distributions

production cross section whenmH 2 ! 2m! . This is because of the destructive interference
between two mediators caused by the minus sign in Eq. (3.1). Note that the collider
signatures in this parameter region has not been studied carefully in previous studies of
the singlet fermion DM model with Higgs portal except in Ref. [17], partly because the
signal cross section is expected to be small. Our study in the present work shows that the
signal cross section is even smaller than the results obtained within the simpliÞed model
with a single scalar mediator that is violating the full SM gauge invariance.

Once the mH 2 " 2m! , the cross section increases dramatically due to resonant en-
hancement 1. From the Eq. 3.1, we know the contributions of two propagators inter-
fering constructively in the region m!! ! [2m! , mH 2 ) and destructively in the region
m!! ! (mH 2 , + " ). When mH 2 is not much larger than twice of DM mass, the de-
structive e! ect dominates. As the H2 becomes heavier (" 270 GeV in our parameter
setup), there are more fraction of events falling into the constructive region. This ex-
plains why the H1&H2 scenario has smaller cross section than the usualH2 scenario when
mH 2 ! (2m!! , # 270 GeV) and larger cross section whenmH 2 " 270 GeV. Such features
will become even more signiÞcant for wider decay width ofH2 as we can expect. Given
mH 2 = 400 GeV as an example, the di! erence in total cross section is" (H 1& H 2)! " (H 2)

" (H 2) # 4%
for " H 2 = " min while can be as large as# 106% for " H 2 = 20 $ " min .
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Figure 3 : The parton level distributions of m! ø! for gluon-gluon fusion process at 13 TeV
LHC.

To see the interference e! ect more explicitly, we plot the the di! erential cross section in
m!! for the ggF process in Fig.3. Two di ! erent masses ofH2 are considered with the DM
mass being Þxed to be 80 GeV. For both masses, we can observe the enhancement in event
fraction for m!! ! (2m! , mH 2 ) and deduction in event fraction when m!! > m H 2 . For
mH 2 = 200 GeV, the total event fraction in (2 m! , mH 2 ) is smaller than that in ( mH 2 , + " )
while it is opposite for mH 2 = 400 GeV. Note that for heavy mass and large decay width
of H2, the resonant peak can be smeared out as shown by the solid blue curve in the right
panel due to the signiÞcant enhancement from the interference e! ect betweenH1 and H2.

1In this mass region, the H 1&H 2 scenario can be e! ectively described by the H 2 scenario only when the
decay width of H 2 is narrow and the mass of H 2 is relatively light.
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Exclusion limits with 
interference effects
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Figure 8 : The CMS exclusion limits on our simpliÞed models. Left: upper limit from
mono-jet search. Right: upper limit from mono-V search.

From Fig. 8 we can observe that the features of the exclusion bounds are approximately
described by the inverse of the production cross sections. In the lightH2 regionmH 2 < 2m! ,
the reduction of cross section due to destructive interference leads to very weak bound
in the H1&H2 scenario. The bounds become much more stringent whenmH 2 ! 2m!

because of the resonant enhancement, especially for narrow decay width ofH2. However,
the interference e! ects on signal e" ciencies also play non negligible roles in the exclusion
bounds. As we have discussed for Fig.2, the interference e! ect on cross section leads to
smaller cross section whenmH 2 ! (2m!! , 270 GeV) and larger cross section whenmH 2 >
270 GeV. The reduction of signal e" ciency from interference e! ect will the enlarge the
di! erence in search sensitivities formH 2 ! (2m!! , 270 GeV) and shrink it for mH 2 > 270
GeV, as can be seen clearly from the solid and dashed blue curves in Fig.8. Among two
searches, the mono-V search has slightly better sensitivity than the mono-jet search. Both
of them are indicating that the signal cross section in our model is at least one order of
magnitude below the current reach. This is mainly because of the suppression factor of
sin2 2! in all DM production cross sections. A much larger data set or/and higher hadron
collision energy is expected to probe our models.

Mono-jet SR Mono-V SR
ggF VBF VH ggF VBF VH

H2, #min 194.4 22.3 2.9 7.8 1.2 1.4
H1&H2, #min 197.0 22.7 3.2 7.7 1.3 1.5
H2, 20" #min 6.2 0.82 0.092 0.28 0.049 0.043

H1&H2, 20" #min 9.2 1.5 0.28 0.36 0.094 0.11

Table 1 : The number of events of di! erent production processes in mono-jet SR and
mono-V SR for each signal process withmH 2 = 400 GeV at 12.9 fb! 1 13 TeV LHC.

The composition of the DM signal in the mono-jet SR and the mono-V SR in terms of
three production processes for the benchmark point withmH 2 = 400 GeV are provided in
Table 1. For mono-jet search, the ggF is always the most dominant process, the composition
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Conclusion
• Phenomenology of HP VDM and SFDM presented within EFT vs. UV 

completed models


• EFT approach has a number of drawbacks : non-renormalizable, 
unitarity violation at high energy colliders, and it applies only if 

 [We don’t know mass scales of dark particles]


• In particular, one has  , as  , 
whereas it is finite in UV completed models [Importance of gauge 
invariance, unitarity and renormalizability for DM collider searches]


• The dark Higgs  can play crucial roles in interpreting the DM 
signatures at colliders, explaining the GC -ray excess ( ), 
improving vacuum stability up to Planck scale, modifying the Higgs 
inflation [  should be actively searched for !]

mDM, mSM ≪ mϕ

ΓEFT(H125 → VV ) → ∞ mV → 0

ϕ
γ VV → ϕϕ

ϕ



General Remarks

• Gauge invariance is important for DM collider searches, 
not only for spin-1 but also for spin-1/2 SM fermions, 
because LH and RH fermions are different species


• Likewise, symmetries behind the DM stability or longevity 
are important too, but we don’t have any ideas on them


• Simplified models often used are in a sense arbitrary 
truncations of underlying theories, not the same as EFTs. 
Lots of care needed when applied to real data analysis
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