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• Only Higgs (~SM) and Nothing Else so 
far at the LHC 


• Yukawa & Higgs self couplings to be 
measured and tested


• Nature is described by Quantum Local 
Gauge Theories


• Unitarity and gauge invariance played 
key roles in development of the SM

Current Status of SM



Building Blocks of SM

• Lorentz/Poincare Symmetry


• Local Gauge Symmetry : Gauge Group 
+ Matter Representations from Exp’s


• Higgs mechanism for masses of  weak 
gauge bosons and SM chiral fermions


• These principles lead to unsurpassed 
success of the SM in particle physics



Accidental Sym’s of SM
• Renormalizable parts of the SM Lagrangian conserve baryon #, 

lepton # : broken only by dim-6 and dim-5 op’s “longevity 
of proton” and “lightness of neutrinos” becoming Natural 
Consequences of the SM (with conserved color in QCD)


• QCD and QED at low energy conserve P and C, and flavors


• In retrospect, it is strange that P and C are good symmetries of 
QCD and QED at low energy, since the LH and the RH fermions 
in the SM are independent objects


• What is the correct question ? “P and C to be conserved or not 
?” Or “LR sym or not ?”

⟶



How to do Model Building
• Specify local gauge sym, matter contents 

and their representations w/o any global sym


• Write down all the operators upto dim-4


• Check anomaly cancellation


• Consider accidental global symmetries 


• Look for nonrenormalizable operators that 
break/conserve the accidental symmetries of 
the model



• If there are spin-1 particles, extra care 
should be paid : need an agency which 
provides mass to the spin-1 object


• Check if you can write Yukawa couplings 
to the observed fermion


• You may have to introduce additional 
Higgs doublets with new gauge 
interaction if you consider new chiral 
gauge symmetry (Ko, Omura, Yu on chiral 
U(1)’ model for top FB asymmetry)


• Impose various constraints and study 
phenomenology



Motivations for BSM

• Neutrino masses/mixings


• Baryogenesis


• Nonbaryonic DM


• Inflation


• Quantum gravity


• ……

• Hierarchy problems (  ,  )


• Various fine tuning problems 


• Unification of all known forces


• Electric charge quantization


• Flavor problems


• ……

Λ m2
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Key Questions
• What CM Energy (  ) for future colliders, and  ?


• Which questions can we address with such a machine ?


• Or vice versa

s ℒ

• Our stance on astro (particle) physics and cosmology ?


• Can we attract young people and create enough jobs (especially 
permanent positions) ?



Theoretical Motivations 
• Fine tuning problem of Higgs mass parameter : SUSY, RS, 

ADD, etc.


• Critical comments in the Les Houches Lecture by Aneesh 
Manohar (arXiv:1804.05863)


• Standard arguments :


- Electron self-energy in classical E&M vs. QED


-  without/with charm quark


- Both of them are simply wrong !

ΔmK



No-lose theorem for LHC
• Before the Higgs boson discovery, rigorous arguments for LHC due to 

the No-Lose theorem


• W/o Higgs boson,  scattering violates unitarity, which is 
one of the cornerstones of QFT


• Unitarity will be restored by 


- Elementary Higgs boson


- Infinite tower of new resonances (KK tower)


- New resonances for strongly interacting EWSB sector


- Higgs is there, but not observable if it decays into DM (2007,2011,..)

WLWL → WLWL



My personal favorites
• So far, all the observed fermions are charged under some 

gauge symmetries, and chiral


• All the matters are fundamental representations of the 
gauge group. No higher dim rep.’s have been found yet


• Dark photon, dark Higgs (~singlet scalar) if DM mass ~ 
EW scale


• Vectorlike fermions which are chiral under new gauge sym


• New confining (dark) forces 



Personal Viewpoints
• Higher energy colliders can produce heavier particles and 

probe shorter distance :  ,  


• No rigorous arguments to set new energy scales, unlike 
before the Higgs boson discovery


• Unexplored territory of the SM : Nonperturbative aspects 
such as QCD instanton, EW sphaleron


• Can we set a new energy scale for pp colliders so that we 
can measure the Higgs aquatic coupling within certain 
accuracy ?

E = Mc2 ΔxΔp ≳ ℏ



• Model independent approach based on SMEFT ? However it 
could be misleading if used for high energy colliders


• Many UV completions for a given EFT operator in general


• Model dependent approaches motivated by the current 
anomalies, such as muon g-2, RK(*), RD(*), neutrino masses 
and mixings, dark matter, etc.


• Some interesting channels: DY + missing ET, Multi leptons (+ 
missing ET),  + missing ET, etc.


• In any case, search for New Physics without any theoretical 
prejudice is most important (SUSY, MSW with the large mixing 
for the solar neutrino problem, etc.)

tt̄
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Definition of HEP ?

• Conventional particle physics (cosmic rays) [Based on 
QFT (+formal field theory, string theory ?)]


• Astroparticle physics, Cosmology, (Quantum) Gravity


• Data Science (ML, DL)


• Quantum Computing 


• Snowmass Reports 



High Energy (Particle) Physics  
 Fundamental Physics ?→

• 3 known forces + gravity ?


• Nature of DM, DE ?


• Gravity : GR + …. ?


• New observational data:   ,  ,   (DM-DR 
interaction)


• Theoretical tools : various EFT’s (ChPT, NRQCD, HQET, 
HQE, SCET, SMEFT, HEFT, EFT for inflation and LSS, etc.) 
and SUSY/SUGRA for more theory oriented minds 

H0 σ8 ΔNeff



Some recollections
•  for D-wave charmonium  (1997)


•  for the muon  (2001) and PAMELA  excess (2009) , and the muon 
(g-2) and WIMP DM


• Invisible Higgs decay into DM pair in the hidden valley scenario (2007, 2011)


• Double heavy quarkonia productions @ LHC (2010)


• Higgs invisible decay in Higgs portal DM (2007,2011,2014)


• SM Higgs + singlet scalar (2013) (w/ Suyong Choi, Sunghoon Jung)


• Beyond EFT/Simplified Model for DM @LHC (2015) (w/ MH Park et al.)


• channel mediated DM search at colliders (2017) (w/ MH Park et al.)


•  and top FCNC in LQ models (2018) (w/ Tae Jeong Kim et al.)

B → J/ψππ → X(3872)

U(1)μ−τ (g − 2) e+

t−

R(D(*))



Search for WIMP
• Direct Detections


• Indirect Detections (Current Universe, Early Universe)


• Collider Searches


• Quantum Force and search for the 5th force


• DM EFT/Simplified model : Not good for collider searches 
  Dark Higgs is important !


• Theoretical consistency (unitarity, gauge invariance, 
renornalizabiyity) important for DM model buildings

⟶



Crossing & WIMP detection
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However this crossing idea can lead to wrong answers  
if one works in DM EFT, since kinematic regions relevant  

to each experiment are very different in general !     
Better and safer to work in UV completed models. 
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However this crossing idea can lead to wrong answers  
if one works in DM EFT, since kinematic regions relevant  

to each experiment are very different in general !     
Better and safer to work in UV completed models,  

Especially for DM searches @ high energy colliders !

Furthermore one can consider on-shell mediators,  
dark radiation and inelastic DM, etc..



Limitation and Proposal

• 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.  



• 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 (Bell et 
al for W+missing ET)

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

large 6ET signature, the simplified 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 6ET while keeping

the number of free parameters to a minimum. Then the above e↵ective Lagrangian for DM

DD is modified as
1

⇤2
i

q̄�iq �̄�i� !
gqg�

m
2
�

� s
q̄�iq �̄�i� (1.2)

when we consider the s-channel UV completion for qq̄ ! � ! ��̄.

However this strategy with simplified DM models have ample room for improvement

in two important respects. First of all, the simplified 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 [13–15], 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, eqL and eqR with two independent couplings �L and �R

(see Sec. 2 for the t-channel UV complete Lagrangian and more precise definitions 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 eqL and eqR, instead of a

single propagator, Eq. (1.2). Only the case of W + 6ET would involve a single propagator,

because W 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 simplified 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 scale 1. This procedure

was not included properly in the simplified DM models [18], and should be performed be-

fore one derives the constraints on the simplified 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 scattering 2. 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 flavor 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 simplified models with

s-channel vector mediators.

– 2 –



t-Channel Mediators

Our Model: a ’simplified model’ of colored t-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 | Simplified DM models: a case with t-channel colored scalar mediators.
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arXiv:1605.07058 (with A. Natale, M.Park, H. Yokoya) 

for t-channel mediator (w/ MH Park et al)

W+missing ET : special



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

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

• See a series of my works on this issue
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Beyond dark matter e↵ective field theory (EFT) :
unitarity, renormalizability and local gauge symmetry⇤

(Dated: May 12, 2015)

We demonstrate why complementarity within dark matter e↵ective field theory (EFT) can break

down in general, taking as an example a UV completion of an e↵ective operator, q̄q�̄�, describing
the singlet fermion DM scattering over nucleon. We discuss the direct detection of DM, and collider

bounds on this operator from monojet (mono-photon) + 6ET as well as tt̄ + 6ET at the LHC. It is

pointed out that it is important to respect unitarity, renormalizability and local gauge invariance.

Finally we also point out why DM EFT is not adequate for hadron collider physics.

INTRODUCTION

Let us consider a scalar ⇥ scalar operator describing
the direct detection of DM on nucleon, assuming the DM
is a Dirac fermion with some conserved quantum number:

LSS ⌘
1

⇤2
dd

q̄q�̄� or
mq

⇤3
dd

q̄q�̄� (1)

Assuming the complementarity among direct detection,
collider search and indirect detection (or thermal relic
density), the bound on the scale ⇤dd of this operator has
been studied extensively in literature.

In this paper, we point out that the above form of the
operator does not respect the SM gauge symmetry, and
the argument has to be mended. There are two types of
UV completions for this operator: a model with the s-
channel scalar exchange or the t-channel scalar exchange,
where the s- and t-channels are defined in the qq̄ ! ��̄.

In this paper, we concentrate on the s-channel UV
completion, by introducing a new real singlet scalar S

that mixes with the SM chiral quarks. Note that the SM
quark bilinear part in the above operator can be written
into gauge invariant forms as either

Q
L
HdR or Q

L
eHuR,

where QL ⌘ (uL, dL)T , and we imposed the full SM
gauge symmetry.

On the other hand, DM part cannot have renormaliz-
able couplings to the SM Higgs boson, since � is assumed
to be a SM singlet whereas the Higgs is a doublet. One
may try to write the following renormalizable operator

h�̄�,

in terms of the physical Higgs field h after EWSB. But
this operator is renormalizable only after EWSB, and
respect the unbroken subgroup of the SM gauge group,

and not the full SM gauge group. Similarly we don’t
consider

sq̄q

as a renormalizable operator, since it breaks the full SM
gauge symmetry.
The simplest way to write down a renormalizable op-

erator that is invariant under the full SM gauge group is
to introduce a real signet scalar field S and write down
S�̄�. Naively speaking, one can then induce an operator

s�̄�⇥ hq̄q !
1

m2
s

�̄�q̄q

after EWSB (and possibly hSi 6= 0), by integrating out
the real scalar s. However there is always a mixing be-
tween the SM Higgs h and the real singlet scalar s, and
after diagonalization of the 2⇥2 mass matrix. Therefore
we have to add a factor of something like this at the end:

sin↵ cos↵

✓
1

m
2
1

�
1

m
2
2

◆
.

More precise expressions for direct detection, collider sig-
nature and thermal relic density (indirect detection) will
be provided in the following. Note that there is a generic
cancellation between two contributions from two neutral
Higgs-like scalar boson, H1 and H2, which cannot be
seen within EFT approach, as first noticed in Ref. [] in
the context of signet fermion DM model, and then in the
context of Higgs portal vector DM model [].

MODEL

A UV completion of the singlet fermion DM with Higgs
portal has been constructed in Ref. []. In order to pre-
serve the SM gauge invariance and renormalizability, we
have to include a SM singlet real scalar S that couples
to the singlet fermion DM at renormalizable level:

L = �(i 6@ �m� � �sS)�+
1

2
@µS@

µ
S �

1

2
m

2
0S

2
� �HSH

†
HS

2
� µSSH

†
H (2)
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unitarity, renormalizability and local gauge symmetry⇤

(Dated: May 12, 2015)

We demonstrate why complementarity within dark matter e↵ective field theory (EFT) can break

down in general, taking as an example a UV completion of an e↵ective operator, q̄q�̄�, describing
the singlet fermion DM scattering over nucleon. We discuss the direct detection of DM, and collider

bounds on this operator from monojet (mono-photon) + 6ET as well as tt̄ + 6ET at the LHC. It is

pointed out that it is important to respect unitarity, renormalizability and local gauge invariance.

Finally we also point out why DM EFT is not adequate for hadron collider physics.

INTRODUCTION

Let us consider a scalar ⇥ scalar operator describing
the direct detection of DM on nucleon, assuming the DM
is a Dirac fermion with some conserved quantum number:

LSS ⌘
1

⇤2
dd

q̄q�̄� or
mq

⇤3
dd

q̄q�̄� (1)

Assuming the complementarity among direct detection,
collider search and indirect detection (or thermal relic
density), the bound on the scale ⇤dd of this operator has
been studied extensively in literature.

In this paper, we point out that the above form of the
operator does not respect the SM gauge symmetry, and
the argument has to be mended. There are two types of
UV completions for this operator: a model with the s-
channel scalar exchange or the t-channel scalar exchange,
where the s- and t-channels are defined in the qq̄ ! ��̄.

In this paper, we concentrate on the s-channel UV
completion, by introducing a new real singlet scalar S

that mixes with the SM chiral quarks. Note that the SM
quark bilinear part in the above operator can be written
into gauge invariant forms as either

Q
L
HdR or Q

L
eHuR,

where QL ⌘ (uL, dL)T , and we imposed the full SM
gauge symmetry.

On the other hand, DM part cannot have renormaliz-
able couplings to the SM Higgs boson, since � is assumed
to be a SM singlet whereas the Higgs is a doublet. One
may try to write the following renormalizable operator

h�̄�,

in terms of the physical Higgs field h after EWSB. But
this operator is renormalizable only after EWSB, and
respect the unbroken subgroup of the SM gauge group,

and not the full SM gauge group. Similarly we don’t
consider

sq̄q

as a renormalizable operator, since it breaks the full SM
gauge symmetry.
The simplest way to write down a renormalizable op-

erator that is invariant under the full SM gauge group is
to introduce a real signet scalar field S and write down
S�̄�. Naively speaking, one can then induce an operator

s�̄�⇥ hq̄q !
1

m2
s

�̄�q̄q

after EWSB (and possibly hSi 6= 0), by integrating out
the real scalar s. However there is always a mixing be-
tween the SM Higgs h and the real singlet scalar s, and
after diagonalization of the 2⇥2 mass matrix. Therefore
we have to add a factor of something like this at the end:

sin↵ cos↵

✓
1

m
2
1

�
1

m
2
2

◆
.

More precise expressions for direct detection, collider sig-
nature and thermal relic density (indirect detection) will
be provided in the following. Note that there is a generic
cancellation between two contributions from two neutral
Higgs-like scalar boson, H1 and H2, which cannot be
seen within EFT approach, as first noticed in Ref. [] in
the context of signet fermion DM model, and then in the
context of Higgs portal vector DM model [].

MODEL

A UV completion of the singlet fermion DM with Higgs
portal has been constructed in Ref. []. In order to pre-
serve the SM gauge invariance and renormalizability, we
have to include a SM singlet real scalar S that couples
to the singlet fermion DM at renormalizable level:

L = �(i 6@ �m� � �sS)�+
1

2
@µS@

µ
S �

1

2
m

2
0S

2
� �HSH

†
HS

2
� µSSH

†
H (2)

Need the mixing between s and h

L =
1

2
m2

SS
2 � �s�s�̄�� �sqsq̄q

L = ��h�h�̄�� �hqhq̄q

Therefore these Lagragians
are not good enough 
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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
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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,
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Interaction Lagrangiansthus becomes a DM candidate. After the electroweak (EW) symmetry breaking H !

(0, (vh + h)/
p
2)T and assuming hSi = 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 +
m

2
Z

vh
ZµZ

µ

◆
� �HSvh hS

2
. (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 mediator S
2

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

LFDM = �
�
i/@ �m� � y�S

�
�+

1

2
@µS@

µ
S �

1

2
m

2
0S

2 (II.3)

� �HSH
†
HS

2
� µHSSH

†
H � µ

3
0S �

µS

3!
S
3
�

�S

4!
S
4
,

where the singlet scalar S 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 fields H and S develop nonzero vacuum
expectation values (VEV), vh and vs, so that

H =

✓
G

+

1p
2
(vh + h+ iG

0)

◆
, S = vs + s , (II.4)

the two scalar fields mix
✓
h

s

◆
=

✓
cos↵ sin↵
� sin↵ cos↵

◆✓
H1

H2

◆
, (II.5)

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

tan 2↵ = �
2�HSvsvh + 2µHSvh

2�Sv
2
s
�

µ
3
0

vs
� µSvs �

µHSv
2
h

2vs
� 2�Hv

2
h

. (II.6)

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

L
int
FDM = � (H1 cos↵ +H2 sin↵)

 
X

f

mf

vh
f̄f �

2m2
W

vh
W

+
µ
W

�µ
�

m
2
Z

vh
ZµZ

µ

!

+ g� (H1 sin↵�H2 cos↵) �̄� . (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 effects 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 scalar S is different from the singlet scalar DM defined in Eq. (II.1), although we use

the same notation. In the FDM case, there is no Z2 symmetry (S ! �S) so that S cannot be a DM

candidate, and S 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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125 GeV Higgs boson [42, 43] with its measured strengths [44, 45], the mixing angle should
be small, sin↵ . 0.4 [46–48].

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

LVDM = �
1

4
Vµ⌫V

µ⌫ +Dµ�
†
D

µ�� ��

✓
�†��

v
2
�

2

◆2

� �H�

✓
H

†
H �

v
2
h

2

◆✓
�†��

v
2
�

2

◆
,

(II.8)
where the VEV of � = 1p

2
(v� + �) will provide mass to the vector DM Vµ. The convariant

derivative is defined as Dµ� = (@µ + igVQ�Vµ)� where the U(1)X charge of � will be taken
as Q� = 1 throughout the paper. In this model, a Z2 symmetry (Vµ ! �Vµ) and charge
conjugation symmetry have been imposed by hand, thereby forbidding the kinetic mixing
between Vµ and the SM U(1)Y gauge boson and making the vector boson Vµ 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 Higgs h and dark Higgs �, with the
mixing angle given by

tan 2↵ =
�H�vhv�

��v
2
�
� �Hv

2
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↵)

 
X

f

mf

vh
f̄f �

2m2
W

vh
W

+
µ
W

�µ
�

m
2
Z

vh
ZµZ

µ

!

�
1

2
gVmV (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 difference in the number of mediators can lead to
quite different 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-shell H1/2 production with subsequent invisible decay, it will be impossible to observe
any differences in the final state distribution. The spin discrimination between fermion and
vector DM is possible only if the off-shell contributions become important. Then, given
the same decay width of H1/2, the fermion and vector DM model will predict different DM
production rate as well as final state kinematics.

III. A BENCHMARK STUDY

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

e
+
e
�
! ZH1/2 (! DD) , (III.1)

5

Scalar DM

Singlet FDM

Vector DM

NB: One can not simply ignore 125 GeV Higgs Boson or singlet scalar by 
hand, since it would violate gauge invariance and unitarity !



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).

g

g

t Hi

�

�̄

q

q

q

q

Hi

�

�̄

V

q

q̄

V

V

Hi

�

�̄

Figure 1: The dominant DM production processes at LHC.

In contrast to the simplified 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 of H2 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

H1
+ imH1�H1

� sin 2↵ g�
m2

�� �m2

H2
+ imH2�H2

|2 , (3.1)

where �i corresponds to the cross section of di↵erent production mechanism and m�� 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

influence 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 fix sin↵ = 0.2 and g� = 1 in our following

discussion. Because the di↵erential cross section are universally proportional to g� 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 �Hi does not di↵er much. The scalar H1 is identified as the 125

GeV Higgs boson with properties that are consistent with the LHC discovery, so that

mH1 = 125 GeV and �H1 = cos2 ↵ · �hSM . Models with m� < mhSM/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 the s-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 ≈ (2mχ)2, and we can identify the scale for the
effective operator (1) as

| 1

Λ3
ann

| " 1

Λ3
dd

∣∣∣∣
m2

H1

4m2
χ −m2

H1
+ imH1ΓH1

−
m2

H1

4m2
χ −m2

H2
+ imH2ΓH2

∣∣∣∣ (9)

→ 1

Λ3
dd

∣∣∣∣
m2

H1

4m2
χ −m2

H1
+ imH1ΓH1

∣∣∣∣ %=
1

Λ3
dd

(10)

The last equation is obtained in the limit mH2 → ∞.
Again, due to its dependence on the DM mass mχ, the
scale Λann has nothing to do with the scale in the effective
operator for the direct detection, Λdd, Eq. (6).

COLLIDER STUDIES

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

• EFT : Effective operator Lint =
mq

Λ3
dd
q̄qχ̄χ

• S.M.: Simple scalar mediator S of

Lint =
(

mq

vH
sinα

)
Sq̄q − λs cosαSχ̄χ

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

Lint = −
(

mq

vH
cosα

)
Hq̄q − λs sinαHχ̄χ

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

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

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

H.P. −→
m2→∞

H.M. (11)

S.M. −→
m2→∞

EFF. (12)

Thus, an effective 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 tt̄ + /ET

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 Λdd and Λ̄dd in the limit of
mH2 ' mH1 are defined as

Λ3
dd ≡

2vHm2
H1

m2
H2

λ sin 2α(m2
H2

−m2
H1

)
(13)

Λ̄3
dd ≡

2vHm2
H1

λ sin 2α
(14)

The applied cuts are as follows:

pjetT > 100GeV, |ηjet| < 2.4.

tt̄ + !ET signatures

In this section, we discuss the tt̄ + %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
mH2 = 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 (/ET > 500 GeV) at
ATLAS [11]. The rescaled cross sections are apparently
independent of the mixing angle ↵. The figure 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 mH2(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+/ET in the
signal region SR7 (/ET > 500GeV) 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 to m� = 50 GeV and 400 GeV in
each model, respectively.

3.2 tt̄ + 6ET 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 tt̄ + /ET search [12], we find 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↵

◆
m

2

S
. (16)

With this relation, the ATLAS collaboration showed that
the validity of the e↵ective operator when mS > 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 mH2 (mS in S.M. case) in the monojet+/ET search
(upper) and tt̄ + /ET 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 mass M⇤ 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 scale M⇤ as a function of
a mediator mass mH2 (mS in the S.M. case) at the LHC
by using the results in the monojet+/ET search (upper)
at ATLAS [11] and in the tt̄+ /ET search (lower) at CMS
[12]. For the translation from the limit on the mass of
a mediator in a specific model to a limit on the M⇤ 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 mediator’s mass. For S.M. case we
use the following relation

mq

M3
⇤

=
mq� sin ↵ cos ↵

vH

1

m
2

S

(17)

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

"✓
1

M3
⇤

◆2 ✓
� sin 2↵

2vHm
2

S

◆�2

�(S.M.)

#
⇥✏(S.M.) =

Nobs

L . (18)

3

1

⇤3

dd

! 1

⇤̄3

dd


m

2

H1

ŝ � m
2

H1
+ imH1�H1

�
m

2

H1

ŝ � m
2

H2
+ imH2�H2

�
⌘ 1

⇤3

col
(ŝ)

, (10)

where ŝ ⌘ M
2

��
is the square of the invariant mass of the

DM pair. Note that ŝ � 4m
2

�
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
qq̄ ! ��̄, since ŝ varies in the range of 4m

2

�
 ŝ  s

with
p

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 ŝ

or small t (direct detection), but for m
2

H1
< ŝ < m

2

H2
,

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 fix ŝ and m
2

H2
� ŝ, we can ignore the 2nd

propagator. But at hadron colliders, ŝ is not fixed, except
for the kinematic condition 4m

2

�
 ŝ  s (with s =

14TeV for example at the LHC@14TeV). Therefore we
cannot say clearly when we can ignore ŝ compared with
m

2

H2
at hadron colliders, unless m

2

H2
> s (not ŝ).

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 “cut” 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 simplified model to our model here, the Higgs
portal case through the following set up:

• EFT : E↵ective operator Lint = mq

M3
⇤
q̄q�̄� defined

in Eq. (1)

• S.M.: Simplified model with a scalar mediator S

[3],

Lint =
⇣

mq

vH

sin ↵

⌘
sq̄q � �s�̄� cos ↵

• H.M.: A Higgs boson as a mediator,

Lint = �
⇣

mq

vH

cos ↵

⌘
hq̄q � �h�̄� sin ↵

• H.P.: Higgs portal model defined 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 between h 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 /ET , 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
H2

�ŝ

H.M., (11)

S.M. �!
m

2
S

�ŝ

EFT, (12)

H.M. 6= EFT . (13)

In H.P., the limit m
2

H2
� ŝ 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 (µHS
+ �HSvS)

2�Sv
2

S

. (14)

The perturbativity of e↵ective couplings obtained after
integrating out the heavy scalar particle (H2) requires
µHS + �HSvS . mH2 , constraining the mixing angle to
be upper-bounded as

↵ . 2

r
⇡

3

vH

mH2

. (15)

Hence, as H2 becomes heavier, impacts of H.P. at col-
lider experiments becomes more elusive. In any case, for
m

2

H2
� ŝ, 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 m

2

S
� ŝ, 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 fixed, H.M. cannot be reduced to EFT
for m

2

h
. ŝ, 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 tt̄ + /ET 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 simplified 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 of H2 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

H1
+ imH1�H1

� sin 2↵ g�
m2

�� �m2

H2
+ imH2�H2

|2 , (3.1)

where �i corresponds to the cross section of di↵erent production mechanism and m�� 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

influence 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 fix sin↵ = 0.2 and g� = 1 in our following

discussion. Because the di↵erential cross section are universally proportional to g� 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 �Hi does not di↵er much. The scalar H1 is identified as the 125

GeV Higgs boson with properties that are consistent with the LHC discovery, so that

mH1 = 125 GeV and �H1 = cos2 ↵ · �hSM . Models with m� < mhSM/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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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

[arXiv:1402.3244]

Based on EFTs
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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 [17–23]. 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 inflation 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 α 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 α ! 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 σSI 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 effec-
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 mass m2 of the 2nd scalar which is
mostly a SM singlet, and the mixing angle α between the
SM Higgs boson and the 2nd scalar boson:

σSI
p = (σSI

p )EFT c4αm
4
hF(mDM, {mi}, v) (27)

# (σSI
p )EFT c4α

(

1−
m2

h

m2
2

)2

(28)

where the function F is defined in Eq. (13) and m1 =
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 = mhcα/

√

1 + c2α or m2 → ∞ with
α → 0. For the finite 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 σSI becomes even stronger if m2 > m1 = 125
GeV. On the other hand, for a light 2nd Higgs (m2 <
mhcα/

√

1 + c2α), 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 ! mhcα/

√

12.3 + c2α, 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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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 σSI 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 effec-
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 mass m2 of the 2nd scalar which is
mostly a SM singlet, and the mixing angle α between the
SM Higgs boson and the 2nd scalar boson:

σSI
p = (σSI

p )EFT c4αm
4
hF(mDM, {mi}, v) (27)

# (σSI
p )EFT c4α

(

1−
m2

h

m2
2

)2

(28)

where the function F is defined in Eq. (13) and m1 =
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 = mhcα/

√

1 + c2α or m2 → ∞ with
α → 0. For the finite 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 σSI becomes even stronger if m2 > m1 = 125
GeV. On the other hand, for a light 2nd Higgs (m2 <
mhcα/

√

1 + c2α), 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 ! mhcα/

√

12.3 + c2α, 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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Invisible H decay into 
a pair of  VDM 

4

LVDM = −
1

4
VµνV

µν +DµΦ
†DµΦ− λΦ

(

Φ†Φ−
v2Φ
2

)2

− λΦH

(

Φ†Φ−
v2Φ
2

)(

H†H −
v2H
2

)

(21)

where Φ is the dark Higgs field which generates nonzero
mass for the VDM through spontaneous U(1)X breaking,
and

DµΦ ≡ (∂µ + igXQΦVµ)Φ

After U(1)X breaking, we shift the field ΦX as follows:

Φ →
1√
2
(vΦ + φ(x))

where the field φ(x) is a SM singlet scalar similarly to
the singlet scalar in the SFDM case. Again there are two
scalar bosons which are mixtures of h and φ.
The invisible and non-SM branching fractions of the

Higgs decay are of the same forms as Eqs. (5) and (6),
but with

Γinv
i =

g2X
32π

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 Γjj

i with µ′
P = 0.

The spin-indenpendent cross section of VDM to proton is
also same as the one of Eq. (7) with λψ and mψ 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

(Γinv
h )EFT =

λ2V H

128π

v2Hm3
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

(σSI
p )EFT =

m2
r

π

[

λV H mp

2mV m2
h

]2

f2
p (24)

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

h can be translated directly to a constraint on σSI
p

by the relation,

σSI
p = c4αm

4
hF(mV , {mi}, v)

×
Binv

h ΓSM
h

(

1−Binv
h

)

32m2
rm

2
V (mp/vH)2 f2

p

m7
hβV

(

1− 4m2

V

m2

h

+ 12
m4

V

m4

h

) (25)

where βV =
√

1− 4m2
V /m

2
h. On the other hand, in the

EFT of Eq. (3) one finds

(

σSI
p

)

EFT
=

Binv
h ΓSM

h

1−Binv
h

32m2
rm

2
V (mp/vH)2 f2
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) (26)
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FIG. 2: σSI
p as a function of the mass of dark matter for SVDM

for a mixing angle α = 0.2. Same color and line scheme as
Fig. 1.

used in the analysis’s of ATLAS [1] and CMS [2]. Note
again that σSI

p of Eq. (25) has additional factors involving

(α, m2), compared to
(

σSI
p

)

EFT
of Eq. (26). Therefore,

similarly to the case of SFDM, one cannot make model-
independent connections between Binv

h and σSI
p in the

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

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

for comparison, shows clearly this discrepancy caused by
the different dependence on α 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 boson H2. 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, 2112.11983, S. Baek, P. Ko & WIPark, PRD]
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I. INVISIBLE DECAY WIDTH OF THE HIGGS BOSON

A. Renormalizable and gauge invariant theory
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Here mV / gxQ�v� [defined in the covariant derivative of � below Eq. (21).] Now we are

interested in the limit mV ! 0, but mV 6= 0. This limit can be achieved by taking gX ! 0

with a fixed v�. Then the prefactor in Eq. (2),

g2
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m2
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becomes finite when mV ! 0.

B. EFT prediction
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In this case there is no definite correlation between mV and �V H so that the invisible decay

width grows indefinitely when mV ! 0, unlike the case of Eq. (1). This is the well known

disaster in the Higgs portal VDM in the EFT approach.
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Diverge when 
 !!mV → 0



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 V ’s, where the polarization vector is in the form, ✏µ(k) ⇡ kµ/mV . This also

explains the enhancement factor m
2
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 that m2
V
=

g
2
X
Q

2
�v

2
� in the UV completed model. Note that the massless VDM limit, mV ! 0+, can be

achieved by taking either gXQ� ! 0+ or v� ! 0+ in Eq. (8). We find that in both cases

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

described below.

A. gXQ� ! 0+ with v� 6= 0 fixed

For a finite fixed v�, we notice that the mixing angle ↵ is fixed and finite, since the 2⇥ 2

scalar mass matrix in Eq. (5) is independent of gX . And the prefactor in Eq. (8) becomes
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which is finite 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 gXQ� = 0.

Indeed, for gXQ� ⌘ 0 and v� 6= 0, there is no interaction between Vµ and the dark Higgs

�. Specifically the Higgs-V-V interaction vanishes identically:

�g
2
X
Q

2
�v� sin↵VµV

µ
h ⌘ 0,

and consequently the partial width �(h ! V V ) vanishes. Since V is massless for gX ! 0,

the Goldstone boson a� from � is not absorbed into the longitudinal component of V but
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vΦ → 0 gX ≠ 0

Also see the addendum:  
by S Baek, P Ko, WI Park 

=  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 dark U(1) symmetry acts as a global

symmetry. In this case the Higgs boson h 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

↵m
3
h

32⇡v2�
, (10)

which is exactly what we obtain from Eq. (8) with gXQ� ! 0 as shown in Eq. (9).

B. v� ! 0+ with gXQ� fixed

Another possibility for a massless VDM would be taking v� ! 0 with a finite value of

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

↵
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�HvH
. (11)

Then the prefactor (including the mixing factor) in (�inv
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where in the second equality we have used m
2
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! �Hv
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/2 as v� ! 0+. Then the invisible

Higgs decay rate in Eq. (8) can be approximated as
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which is finite again. Note that Eq. (13) is exactly what one finds for the decay of the SM-

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

we find that in the broken phase (i.e., v� 6= 0) whichever limit we take to get a massless

VDM limit, namely either gXQ� ! 0+ or v� ! 0+ to realize mV ! 0+, the invisible decay
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Therefore  is finite when  in the UV completionsΓ(h → VV ) mV → 0
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If we ignored the 2nd scalar propagator and identified m1 = mH (the discovered Higgs

boson), the we would have
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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 justified if m2 �
p
s.

Therefore if we factor out the phase space factors from d�/dt and correct for detector

e�ciencies, etc., one would be able to determine the shape of the function G(t), since F (s)

will be the overall normalization. Having enough number of bins and data, we can test by

�
2minimization to determine whether the observed 6ET 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
p
s is fixed so that one can factor out the phase

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

not fixed so that we cannot factor out the phase space factor in an unambiguous manner.

Note that for the scalar DM, G(t) is completely fixed by the SM Higgs propagator,

and there is no free parameter at all. Therefore it would be straightforward to check if the

observed 6ET distribution can be fit by the SM Higgs propagator or not.

For the SFDM or the VDM, the fitting 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, since H2 ! H1H1 can be newly

open, which calls for a new parameter that could be traded with �2. With these 5 param-

eters, we can fit the 6ET spectrum and determine whether DM is SFDM or VDM.
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Asymptotic behavior in the full theory ( )t ≡ m2
χχ

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

Unitarity is
violated in EFT!



Fermi-LAT GC 𝜸-ray 

GC : b ⇠ l . 0.1�

[1402.6703, T. Daylan et.al.]

GeV scale excess!﹀
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 ! bb̄ 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
V µ

V ν

b̄/τ̄

b/τ

H1,2

Figure 2. Dominant s channel b+ b̄ (and τ + τ̄ ) production
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V ν

H1

H1

V µ

V ν

H1

H1

H1,2

V µ H1

V ν H1

V µ H1

V ν H1

Figure 3. Dominant s/t-channel production of H1s that decay dominantly to b+ b̄

3.4 Dark matter relic density

The observed GeV scale γ-ray spectrum may be explained if DM annihilates mainly into bb
with a velocity-averaged annihilation cross section close to the canonical value of thermal relic
dark matter. This implies that 30GeV ! mV ! 40GeV in case of the s-channel annihilation
(Fig. 2) scenario. It is also possible to produce bb̄ with the nearly same energy from the decay
of highly non-relativistic φ which is produced from the annihilation of DM having mass of
60GeV ! mV ! 80GeV (Fig. 3). In both cases, it is expected to have τ τ̄ and cc̄ productions
too in the final states, because H1 will decay into them with branching ratios about 7% and
3%.

In the process of Fig. 2, the thermally-averaged annihilation cross section of VDM is
given by

〈σvrel〉ff̄ =
∑

f

(gXsαcα)
2

3π
m2

X

∣

∣

∣

∣

∣

∑

i

1

s−m2
i + imiΓi

∣

∣

∣

∣

∣

2
(

mf

vH

)2
(

1−
4m2

f

s

)3/2

, (3.11)

where mf is the mass of a SM fermion f . Note that Eq. (3.11) is suppressed by a factor s2αm
2
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 Mandalstam s-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 γ-ray spectrum from the galactic center.

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

〈σvrel〉tot = 〈σvrel〉ff̄ + 〈σvrel〉φφ (3.12)
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P. Ko, WI Park, Y. Tang. arXiv:1404.5257,  JCAP 

H2 : 125 GeV Higgs
H1 : absent in EFT   



Importance of HP VDM 
with Dark Higgs Boson
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γ spectrum

 mV=40 GeV, mφ=59 GeV, VV→f f *2
mV=80 GeV, mφ=75 GeV, VV→φ φ
mV=80 GeV, mφ=50 GeV, VV→φ φ

Figure 5. Illustration of γ spectra from different channels. The first two cases give almost the same
spectra while in the third case γ 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 α ! 0.4 [34].

A remark is in order for the present annihilation cross section to obtain observed GeV
scale γ-ray. Compared to the case of 30GeV ! mV ! 40GeV, the present number den-
sity of dark matter for 60GeV ! mV ! 80GeV is smaller by a factor of about a half, but
each annihilation produces two pairs of bb̄. Hence, the expected flux 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 required annihilation cross section. In par-
ticular, a small change of the inner slope of DM density profile is enough to compensate the
difference of about factor two. In addition, as discussed in Refs. [10], the GeV scale γ-ray
data fits well to cross sections proportional to the square of the mass of the final state SM
particles. This kind of flavor-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
60GeV ! mV ! 80GeV can be a natural source of the GeV scale γ-ray excess from the
direction of the galactic center.

3.5 Comparison with other Higgs portal DM models

In regard of the GeV scale γ-ray excess from the galactic center, SSDM can work equally well
as our SVDM scenario. One difference 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

– 8 –

where
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(3.15)

Note that, if we consider the off-resonance region with 2mV ! mh, the contribution of the
s-channel H2 mediation can be ignored and 〈σvrel〉φφ does not depend neither sα nor mf .
Hence a right size of annihilation cross section can be obtained by adjusting mostly gX and
(mV −mφ) /mV , with the negligible mixing angle dependence. Fig. 4 shows the relic density

20 40 60 80 10010!4

0.001

0.01

0.1

1

10

mV!GeV"

"
h2

Figure 4. Relic density of dark matter as function of mψ for mh = 125, mφ = 75GeV, gX = 0.2,
and α = 0.1.

at present 5 as a function of mV for mφ = 75 GeV and gX = 0.2 and the mixing angle α = 0.1.
From Fig. 4, we note that the mass of our VDM is constrained to be mh/2 < mV , 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 for mφ ! mV . Note also that, as
shown in Fig. 5, in order to match to the observed γ-ray spectrum, we need mφ ∼ mV to
avoid boosted φ.

In the region of 60GeV ! mφ ∼ mV ! 80GeV, 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] (ΩVDMh
2) 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
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Top-philic Scalar DM
(W/ Seungwon Baek, Pei-wen Wu, 1606.00072,1709.00697)

• Null results from DM direct detection 
experiments could be due to the top-philic 
(or heavy-quark-phiilc) nature of DM

• Consider top-philic real scalar DM with RH 
vectorlike top partner

• Signature:  missing  . One can recast 
the stop searches 

tt̄+ ET



Model Lagrangian

which is the total renormalized Higgs portal up to 1-loop level and

y1 = 0. (1.3)

In this case the new Lagrangian we consider is reduced to

L � �y2S LcR � y3S LtR + h.c.. (1.4)

This paper is organized as follows. In Section 2 we describe our model in more detail. In
Section 3 we briefly review the general framework of calculating the DM-nucleon scattering
rate. In Section 4 we perform a careful discussion of the direct detection signals in this
model including both scalar-type and twist-2 operator contributions, which are missed in
some papers. Starting from Section 5 we concentrate on DM interactions with heavy quarks
c, t with the alleviation of direct detection constraints. In Section 5.1 we explore the model
parameter space to produce a correct DM thermal relic. In Section 5.2 we investigate the
XENON1T constraints on the model’s mass plane. In Section 5.3 we consider the constraints
from DM indirect detection signals from Fermi gamma-ray observations of dwarf galaxies.
In Section 5.4 we discuss the predictions of top quark FCNC observables in this model. In
Section 5.5 we study the collider signals of this model using the 36 fb�1 data at LHC. We
combine the various results in Section 5.6 and present our conclusion in Section 6.

2 Model description

We extend the SM with a real scalar singlet DM S which couples exclusively to the SU(2)L
singlet up-type quarks uR, cR, tR via a vector-like fermion mediator  . The new interactions
beyond the SM are

Lnew = Lfermion + Lscalar + LYukawa, (2.1)

Lfermion =  ̄(i /D �m ) ,

Lscalar =
1

2
@µS@µS �

1

2
m2

SS
2
�

1

4!
�SS

4
�

1

2
�SHS2H2,

LYukawa = �y1S LuR � y2S LcR � y3S LtR + h.c.,

where  carries the same gauge quantum number as uR, cR, tR and Dµ is the SU(3)⇥SU(2)⇥
U(1) covariant derivative in the SM. We assume mS < m to meet the DM scenario and
impose an odd Z2 parity to S, to stabilize the DM. Because of this Z2 parity and the chosen
gauge quantum numbers for S, , only uR, cR, tR sector in the SM are involved in the new
Yukawa interaction indicated by LYukawa in Eq.(2.1). This Z2 parity also forbids the mass
mixing between DM S and SM Higgs h. Similarly, the mixings between  and SM quarks
u, c, t are also forbidden which implies that the results of LHC searches for exotic heavy
quarks Q0 do not apply, as the targeted decay channels Q0

! Q+ h/Z in those searches are
based on the mass mixing (see e.g. [65–68]).

Compared to our previous study [55] focusing on a phenomenologically motivated top-
philic DM, Eq.(2.1) including all uR, cR, tR introduces several interesting changes:

• DM-nucleon scattering in the direct detection is a low energy non-relativistic process
occurring at µhad ⇠ 1GeV, while other DM phenomenology can happen at much
higher energy scales such as the thermal freeze-out in the early Universe at O(Tf )
with Tf ' mDM/20 and collider detections at O(1) TeV. Although one has the freedom
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 : real scalar DM 
 : a vectorlike force mediator  

Both carry  dark parity

S
ψ ∼ uR, cR, tR,

Z2 = − 1



and matrix elements, e.g. simply the scale µEFT of the first-step EFT is defined. In this work
we use the same the nucleon matrix elements as those given in [69, 73].

Since the DM particle is a scalar in our model, only spin-independent (SI) DM-nucleus
interaction is generated. The cross section can be expressed by

� =
1

⇡

✓
mT

mS +mT

◆
2

|npfp + nnfn|
2 , (3.16)

where mT is the mass of the target nucleus and np, nn are the numbers of protons and
neutrons in the nucleus, respectively.

4 Direct detection in our model

In this section we choose µEFT = mZ and extract the Wilson coe�cients in Eq.(3.1) from
the UV-complete Lagrangian in Eq.(2.1) up to O(y2

i
). The active SM d.o.fs at this scale

include u, c, g, while top quark and vector-like fermion  are integrated out. Then we include
RGE e↵ects and heavy quark threshold matching to calculate DM-nucleon scattering rate at
µhad ⇠ 1GeV.

u, c, t

h

t

  S S

tt tt

h

S S

S S

u, c u, c

   

S S

g g

g g

h Portal :

 Portal :

(a)

(b)

(c)

q q
q = u, d, s, c, b

Figure 1. Feynman diagrams used for calculating the Wilson coe�cients, at the order of O(y2i ), of
the e↵ective operators in Eq.(3.1) when choosing µEFT = mZ . We refer to diagrams mediated by the
SM Higgs h as Higgs portal, while denoting others as vector-like  portal.

Apart from the conventional t-channel Higgs-mediated DM-nucleon scattering at tree-
level for scalar DM, the new Feynman diagrams we consider in our model are presented in
Fig.1, all of which generate Wilson coe�cients in Eq.(3.1) at the order of O(y2

i
) in terms of

the new Yukawa couplings in Eq.(2.1). We will still identify the t-channel Higgs-mediated
diagrams to be the Higgs portal (HP), while calling the others the vector-like  portal
(VLP). Note that the HP diagrams only generate scalar-type interactions in Eq.(3.1) while
VLP generates both scalar-type and twist-2 operators [71].
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In this case the new Lagrangian we consider is reduced to

L � �y2S LcR � y3S LtR + h.c.. (5.3)

5.1 Relic Abundance

The most relevant DM annihilation processes for DM-{c, t} interactions are given in Fig.3.
The thermally averaged DM annihilation cross sections can be decomposed into partial waves
as h�vi ' s+ p v2. We implement our model with FeynRules [80] and use micrOMEGAs
[81, 82] to calculate the DM thermal relic density which systematically takes into account co-
annihilations, threshold and resonant e↵ects [83]. Before presenting numerical results, here
we give the analytic results obtained using FeynCalc [84, 85]. We found good agreement
with the numerical calculations.

t, c

t, c

S

S

 

S

 

t, c

g
g

Figure 3. Most relevant DM annihilation channels in this work.
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⇣
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V = �, g, Z

c

Figure 7. FCNC processes of top quark in this model.

The widths of tree-level processes can be expressed by

�(t ! cSS) =
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where we have kept mc in the calculation and

m2

12,min = (mS +mc)
2, m2

12,max = (mt �mS)
2 , (5.15)
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For the loop level processes t ! c + �/g/Z, the generic amplitudes can be written in
the following form:

iMtcV = ū(p2)�
µu(p1) ✏µ(k,�) , (5.16)

where V = �/g/Z and p1, p2, and k are the 4-momenta of the incoming top quark, outgoing
charm quark and outgoing gauge boson, respectively. ✏µ(k,�) is the polarization vector of the
outgoing gauge boson. The vertices �µ with on-shell external particles can be decomposed
as [92]

�µ

tcZ
= �µ(PLAZ1 + PRBZ1) + i�µ⌫k⌫(PLAZ2 + PRBZ2) , (5.17)

�µ

tc�
= i�µ⌫k⌫(PLA�2 + PRB�2) , (5.18)

�µ

tcg
= T ai�µ⌫k⌫(PLAg2 + PRBg2) , (5.19)
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Figure 10. ATLAS bounds on the model of this work using 36 fb�1 data at 13 TeV. Left: jets+ /ET

signal; Right: 1` + jets + /ET signal. Rows from top to bottom correspond to y2 = 0.5, 1, 3 with
common y3 = 0.5. All masses are in unit of GeV.

1 GeV, y2, y3 interactions are manifested in DM-gluon scattering at loop level. We find
that renormalization group equation and heavy quark threshold e↵ects are important if one
calculates the DM-nucleon scattering rate �SI

p at µhad ⇠ 1GeV while constructing the e↵ective
theory at µEFT ⇠ mZ . For the benchmarks y3 = 0.5, y2 = 0.5, 1, 3, combined results from
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Figure 11. Combined results. Left: mass relations required by observed relic abundance confronting
the excluded region by direct/indirect detection and 13 TeV LHC data; Right: predicted top
FCNC branching fractions when satisfying ⌦DMh2

' 0.12. Rows from top to bottom correspond to
y2 = 0.5, 1, 3 with common y3 = 0.5, respectively.

⌦DMh2 ' 0.12, XENON1T, Fermi-LAT, 13 TeV LHC data have almost excluded mS < mt/2
when only DM-{c, t} interactions are considered. FCNC of top quark can be generated at
both tree level t !  (⇤)S ! cSS and loop level t ! c + �/g/Z, of which the branching
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