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• The main theme of this meeting is the 
“New physics at the intensity frontier” 

• light DM, light mediators, etc.

• Dark photon is very common in literature

• In this talk, I talk on theoretical motivations 
for dark Higgs boson (as well as dark 
photon or dark gauge boson), focusing on 
the role of (light) dark Higgs boson in DM 
phenomenology in PPC



Contents

• DM EFT vs. UV completions : appearance of 
dark Higgs boson

• GC gamma ray excess

• Its role in Higgs inflation

• Dark Higgs search at colliders 

Examples such as AMS02 positron excess, ICECUBE 
high energy neutrino flux, etc. are not discussed here

Based on works with Seungwon Baek, Jinsu Kim, Jinmian Li, 
Myeonghun Park, Wan-Il Park, Eibun Senaha, Yong Tang, Chaehyun Yu



Key Ideas
• Stability/Longevity of Dark Matter (DM)

• Local Dark Gauge Symmetry

• Thermal DM through Singlet Portals 
(especially Higgs Portal)

• Connections between Higgs, DM and Higgs 
Inflation, especially the role of “Dark Higgs”

• Improved vacuum stability, Self Interacting 
DM, GC gamma ray excess, Higgs inflation, 
(750 GeV Diphoton excess), etc.



SM Chapter is being closed

• SM has been tested at quantum level

• EWPT favors light Higgs boson

• CKM paradigm is working very well so far

• LHC found a SM-Higgs like boson around 
125 GeV

• No smoking gun for new physics at LHC so far
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The New Minimal Standard Model

Hooman Davoudiasl, Ryuichiro Kitano, Tianjun Li, and Hitoshi Murayama∗
School of Natural Sciences, Institute for Advanced Study, Einstein Drive, Princeton, NJ 08540, USA

(Dated: May 11, 2004)

We construct the New Minimal Standard Model that incorporates the new discoveries of physics beyond
the Minimal Standard Model (MSM): Dark Energy, non-baryonic Dark Matter, neutrino masses, as well as
baryon asymmetry and cosmic inflation, adopting the principle of minimal particle content and the most general
renormalizable Lagrangian. We base the model purely on empirical facts rather than aesthetics. We need only
six new degrees of freedom beyond the MSM. It is free from excessive flavor-changing effects, CP violation,
too-rapid proton decay, problems with electroweak precision data, and unwanted cosmological relics. Any
model of physics beyond the MSM should be measured against the phenomenological success of this model.

The last several years have brought us revolutionary new
insights into fundamental physics: the discovery of Dark En-
ergy, neutrino masses and bi-large mixings, a solid case for
non-baryonic Dark Matter, and mounting evidence for cosmic
inflation. It is now clear that the age-tested Minimal Standard
Model (MSM) is incomplete and needs to be expanded.

There exist many possible directions to go beyond the
MSM: supersymmetry, extra dimensions, extra gauge symme-
tries (e.g., grand unification), etc. They are motivated to solve
aesthetic and theoretical problems of the MSM, but not nec-
essarily to address empirical problems. It is embarrassing that
all currently proposed frameworks have some phenomenolog-
ical problems, e.g., excessive flavor-changing effects, CP vio-
lation, too-rapid proton decay, disagreement with electroweak
precision data, and unwanted cosmological relics.

In this letter, we advocate a different and conservative ap-
proach to physics beyond the MSM. We include the minimal
number of new degrees of freedom to accommodate convinc-
ing (e.g., > 5σ) evidence for physics beyond the MSM. We do
not pay attention to aesthetic problems, such as fine-tuning,
the hierarchy problem, etc. We stick to the principle of min-
imality seriously to write down the Lagrangian that explains
everything we know. We call such a model the New Minimal
Standard Model (NMSM). In fact, the MSM itself had been
constructed in this spirit, and it is a useful exercise to follow
through with the same logic at the advent of the major dis-
coveries we have witnessed. Of course, we require it to be a
consistent Lorentz-invariant renormalizable four-dimensional
quantum field theory, the way the MSM was constructed.

We should not forget that the MSM is a tremendous success
of the twentieth century physics. It is a gauge theory based
on the SU(3)C × SU(2)L × U(1)Y gauge group, has three
generations of quarks and leptons, one doublet Higgs boson,
and a completely general renormalizable Lagrangian one can
write down. We also add classical gravity for completeness.
The Lagrangian can be written down in a few lines (we omit
the metric factor

√
−g):

LMSM = −
1

2g2
s

TrGµνGµν −
1

2g2
TrWµνWµν

−
1

4g′2
BµνBµν + i

θ

16π2
TrGµνG̃µν + M2

PlR

+|DµH |2 + Q̄iiD̸Qi + ŪiiD̸Ui + D̄iiD̸Di

+L̄iiD̸Li + ĒiiD̸Ei −
λ

2

(

H†H −
v2

2

)2

−
(

hij
u QiUjH̃ + hij

d QiDjH + hij
l LiEjH + c.c.

)

.(1)

Here, MPl = 2.4× 1018 GeV is the reduced Planck constant,
H̃ = iσ2H∗, and i, j = 1, 2, 3 are generation indices. It
is quite remarkable that the nineteen physically independent
parameters in these few lines explain nearly all phenomena
we have observed in our universe.

Using the principle of minimal particle content, we attempt
to construct the NMSM. It is supposed to be the complete the-
ory up to the Planck scale unless experiments guide us oth-
erwise. What is such a theory? We claim we need only four
new particles beyond the MSM to construct the NMSM, two
Majorana spinors and two real scalars, or six degrees of free-
dom. Note that all components we add to the MSM had been
used elsewhere in the literature. What is new in our model is
that (1) it is inclusive, namely it covers all the recent impor-
tant discoveries listed below, and (2) it is consistent, namely
that different pieces do not conflict with each other or with the
empirical constraints. Even though the latter may not appear
an important point, it is worth recalling that incorporating two
attractive ideas often leads to tensions and/or conflict, e.g.,
supersymmetry and electroweak baryogenesis because of the
constraints from the electric dipole moments, axion dark mat-
ter and string theory because of the cosmological overabun-
dance, leptogenesis and supersymmetry because of the grav-
itino problem, etc. We find it remarkable and encouraging that
none of the elements we add to the MSM cause tensions nor
conflicts which we will verify explicitly in the letter.

What physics do we need to incorporate into the NMSM
that is lacking in the MSM? Here is the list:
• Dark Matter has been suggested as a necessary ingredient
of cosmology for various reasons. There is now compelling
evidence for a non-baryonic matter component [1].
• Dark Energy is needed based on the concordance of data
from cosmic microwave anisotropy [1], galaxy clusters (see,
e.g., [2]), and high-redshift Type-IA supernovae [3, 4].
• Atmospheric [5] and solar neutrino oscillations [6] have
been established, with additional support from reactor anti-
neutrinos [7], demonstrating neutrino masses and mixings.
• The cosmic baryon asymmetry η = nB/s = 9.2+0.6
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none of the elements we add to the MSM cause tensions nor
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that is lacking in the MSM? Here is the list:
• Dark Matter has been suggested as a necessary ingredient
of cosmology for various reasons. There is now compelling
evidence for a non-baryonic matter component [1].
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SM Lagrangian

Based on local gauge principle



Only Higgs (~SM) and Nothing 
Else So Far at the LHC & 

Local Gauge Principle Works !



Motivations for BSM

• Neutrino masses and mixings

• Baryogenesis

• Inflation (inflaton)

• Nonbaryonic DM

• Origin of EWSB and Cosmological Const ?

Leptogenesis

Starobinsky & Higgs Inflations

Many candidates

Can we attack these problems ?

?



Origin of EWSB ?

• LHC discovered a scalar ~ SM Higgs boson

• This answers the origin of EWSB within the 
SM in terms of the Higgs VEV, v

• Still we can ask the origin of the scale “v”

• Can we understand its origin by some 
strong dynamics similar to QCD or TC ? 



Origin of Mass

• Massive SM particles get their masses from 
Higgs mechanism or confinement in QCD

• How about DM particles ?  Where do their 
masses come from ?  

• SM Higgs ? SUSY Breaking ? Extra Dim ?

• Can we generate all the masses as in 
proton mass from dim transmutation in 
QCD ?  (proton mass in massless QCD)



Questions about DM
• Electric Charge/Color neutral 

• How many DM species are there ?

• Their masses and spins ?

• Are they absolutely stable or very long lived ?

• How do they interact with themselves and with 
the SM particles ?

• Where do their masses come from ? Another 
(Dark) Higgs mechanism ? Dynamical SB ?

• How to observe them ?



• Most studies on DM were driven by some 
anomalies: 511 keV gamma ray, PAMELA/
AMS02 positron excess, DAMA/CoGeNT, 
Fermi/LAT 135 GeV gamma ray, 3.5 keV 
Xray, Gamma ray excess from GC etc

• On the other hand, not so much attention 
given to DM stability/longevity in nonSUSY 
DM models

• Important to implement this properly in 
QFT which is supposed to a framework to 
describe DM properties (including its 
interactions)



• Note that extra particles (the so-called 
mediators, scalar, vector etc) are introduced 
to solve three puzzles in CDM paradigm in 
terms of DM self-interaction

• DR and its interaction with DM may help to 
relax the tension between H0 and σ8

• Phenomenologically nice, but theoretically 
rather ad hoc 

• Any good organizing principle ? 



• Note that extra particles (the so-called 
mediators, scalar, vector etc) are introduced 
to solve three puzzles in CDM paradigm in 
terms of DM self-interaction

• DR and its interaction with DM may help to 
relax the tension between H0 and σ8

• Phenomenologically nice, but theoretically 
rather ad hoc 

• Any good organizing principle ? 

• YES ! >> Dark Gauge Symmetry



Local Dark Gauge Sym

• Well tested principle in the SM

• Completely fix the dynamics of DM, SM

• Guarantees stability/longevity of DM

• Force mediators already present in a gauge 
invariant way (Only issue is the mass scales)

• Predictable amount of dark radiation 

NB: The first 3 points are also true in the minimal DM scenarios  
(No new gauge sym, just SM gauge symmetries)



Basic assumptions

• DM, DR, Mediators : particles that can be 
described by conventional QFT

• DM stability/longevity is due to unbroken 
dark gauge symmetry/accidental symmetry 
of dark gauge theory (similarly to the SM: 
electron stability / proton longevity)

• Very conservative approach to DM models



In QFT
• DM could be absolutely stable due to  

unbroken local gauge symmetry (DM with 
local Z2, Z3 etc.) or topology (hidden sector 
monopole + vector DM + dark radiation)

• Longevity of DM could be due to some 
accidental symmetries (hidden sector pions 
and baryons)

• I will talk about each scenario one by one, 
and focusing on the roles of (light) dark 
Higgs boson



Principles for DM Physics
• Local Dark Gauge Symmetry for DM

• Renormalizability with some caveat

- can make DM absolutely stable or long lived

- does not miss physics which EFT  
can not catch.

• Singlet portals

- allows communication of DS to SM
(thermalization, detectability, ...)

- all the known particles feel gauge force



Hidden Sector

• Any NP @ TeV scale is strongly constrained by 
EWPT and CKMology

• Hidden sector made of SM singlets, and less 
constrained, and could be CDM

• Generic in many BSM’s including SUSY models

• E8 X E8’ , SO(32) : natural setting for SM X 
Hidden Sector



Hidden Sector

• Hidden sector gauge symmetry can stabilize 
hidden DM 

• There could be some contributions to the dark 
radiation (dark photon or sterile neutrinos) 

• Consistent with GUT in a broader sense

• Can address “QM generation of all the mass 
scales from strong dynamics in the hidden 
sector” (alternative to the Coleman-Weinberg) : Hur and Ko, PRL (2011) 
and earlier paper and proceedings



How to specify hidden sector ?

• Gauge group (Gh) : Abelian or Nonabelian

• Strength of gauge coupling : strong or weak

• Matter contents :  singlet, fundamental or 
higher dim representations of Gh

• All of these can be freely chosen at the 
moment : Any predictions possible ?

• But there are some generic testable features in 
Higgs phenomenology and dark radiation



Singlet Portal

• If there is a hidden sector and DM is 
thermal, then we need a portal to it 

• There are only three unique gauge singlets 
in the SM + RH neutrinos

H†H, Bµ⌫ , NRSM Sector Hidden Sector

NR $ eHlL

Baek, Ko, Park,  arXiv:1303.4280, JHEP

e.g. �†X�X , Xµ⌫ , 
†
X�X



Models Unbroken 
U(1)X

Local Z2 Unbroken 
SU(N)

Unbroken 
SU(N)

(confining)

Scalar DM

1
0.08

complex 
scalar

<1
~0

real scalar

1
~0.08*#
complex 

scalar

1
~0

composite
hadrons

Fermion 
DM

<1
0.08
Dirac

fermion

<1
~0

Majorana

<1
~0.08*#
Dirac 

fermion

<1
~0

composite
hadrons

Higgs signal strength/Dark radiation/DM

# : The number of massless gauge bosons

in preparation with Baek and W.I. Park



Generic Aspects
• Two types of force mediators : 

• Higgs-Dark Higgs portals (Higgs-singlet mixing)

• Kinetic portal to dark photon for U(1) dark gauge sym 
(absent for non-Abelian dark gauge sym@renor. level)

• Naturally there due to underlying dark gauge symmetry

• RH neutrino portal if it is a gauge singlet (not in the 
presence of U(1) B-L gauge sym)

• These (especially Higgs portal which has been often 
neglected) can thermalize CDM efficiently 



 General Comments

• Many studies on DM physics using EFT

• However we don’t know the mass scales of 
DM and the force mediator, and also dark sym

• Sometimes one can get misleading results

• Better to work in a minimal renormalizable 
and anomaly-free models 

• Explicit examples : singlet fermion Higgs 
portal DM, vector DM, Z2 scalar CDM   



Why renormalizable models ?
&

Limitation of EFT for DM



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
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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.



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]

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 –

Higgs portal DM as examples

• Scalar CDM : looks OK, renorm. .. BUT .....

• Fermion CDM : nonrenormalizable

• Vector CDM : looks OK, but it has a number of 
problems (in fact, it is not renormalizable)

All invariant 
under ad hoc 
Z2 symmetry



Usual story within EFT

• Strong bounds from direct detection exp’s put 
stringent bounds on the Higgs coupling to the 
dark matters

• So, the invisible Higgs decay is suppressed

• There is only one SM Higgs boson with the 
signal strengths equal to ONE if the invisible 
Higgs decay is ignored

• All these conclusions are not reproduced in 
the full theories (renormalizable) however
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The Author

November 7, 2011

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

ΨSM H S

mixing

invisible
decay

Production and decay rates are suppressed relative to SM.

51
 This simple model has not been studied properly !!

Singlet fermion CDM
Baek, Ko, Park,  arXiv:1112.1847



• Mixing and Eigenstates of Higgs-like bosons

Ratiocination

at vacuum

Mixing of Higgs and singlet



• Signal strength (reduction factor)

0< α < π/2 ⇒ r₁(r₂) < 1
Invisible decay mode is not necessary! 

53

Ratiocination

If r_i > 1 for any single channel, 
this model will be excluded !!



• Dark matter to nucleon cross section (constraint)

Excluded!

m₁=143 GeV

Constraints

54

Brief Article

The Author

November 8, 2011

Field contents
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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⇥⇥, (2)

with

LS =
1

2
(⇤µS⇤

µS �m2
SS

2)� µ3
SS � µ�

S

3
S3 � �S

4
S4,

L� = ⇥(i/⇤ �m�0)⇥ (3)

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)
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• We don’t use the effective lagrangian approach 
(nonrenormalizable interactions), since we don’t 
know the mass scale related with the CDM

- Only one Higgs boson (alpha = 0) 

- We cannot see the cancellation between two Higgs scalars in 
the direct detection cross section, if we used the above 
effective lagrangian

- The upper bound on DD cross section gives less stringent 
bound on the possible invisible Higgs decay

�h  or

Breaks SM gauge sym



• Dark matter to nucleon cross section (constraint)

Excluded!

m₁=143 GeV

Constraints
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• Signal strength (r_2 vs r_1)
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Discovery possibility
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●: Ω(o),σ_p(x) 
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: L= 5 fb⁻¹ for 3σ Sig.
: L=10 fb⁻¹ for 3σ Sig.
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Low energy pheno.
• Universal suppression of collider SM signals

• If “mh > 2 m!”, non-SM Higgs decay!

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

If “m!> 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]



Vacuum Stability Improved 
by the singlet scalar S

why do we live on the ragged edge of doom?

36

• if you believe in supersymmetry, then this is just a coincidence

• but dismissing striking features of the data as coincidence has 
historically not been a winning strategy...

A. Strumia, Moriond EW 2013

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013
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Figure 13. RG-running of couplings as a function of renormalization scale for m1 =

125GeV, m2 = 500GeV and α = 0.1, but λHS = 0, i.e, mixing but no-loop correction.

Red/blue/green/dashed-blue line corresponds to λH/λHS/λ/λS .
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Figure 14. The mass bound of SM-like Higgs (m1) as a function of energy scale for

(α,λHS) = (0, 0.2)(left),(0.1, 0)(right) with λS = 0.1 and λ = 0.4. The red/blue line

corresponds to triviality/vacuum-stability bound in SM(dashed) and our model(solid). The

dashed black line corresponds to m1 = 125GeV.

5.4 Brief Summary

In brief summary, the numerical analysis shows that the vacuum stability of Higgs
potential and perturbativity of couplings constrains new dimensionless couplings of

– 29 –

Baek, Ko, Park, Senaha (2012)



Similar for Higgs portal Vector DM

• Although this model looks renormalizable, it is 
not really renormalizable, since there is no agency 
for vector boson mass generation

• Need to a new Higgs that gives mass to VDM

• A complete model should be something like this:

3.6 Comparison with the e↵ective lagrangian approach

In this subsection, we would like to compare our model with the so-called Higgs

portal fermion dark matter model [22], where the singlet scalar S is presumed to be

integrated out, resulting in the following model lagrangian:

Le↵ =  

✓
m0 +

H†H

⇤

◆
 . (3.13)

Within this model, there is only one Higgs boson and its coupling to the DM is

strongly constrained by the direct detection experiments. This result is very di↵er-

ent from our analysis [2], where there is a generic cancellation between H1 and H2

contributions in the direct detection rates. In fact, �SI depends also on (sin↵ cos↵)2,

and it becomes zero when we ignore the mixing between the SM Higgs boson and the

singlet scalar S (see Eq. (3.16) of Ref. [2]). This result can never be obtained in the

approach based on the above e↵ective lagrangian (3.13). In our case the correlation

between Hi� � and the direct detection cross section is not that strong compared

with the results in Ref. [22]. It is important to consider the renormalizable models

in order to discuss phenomenology related with the singlet fermion dark matter and

Higgs bosons.

The same arguments also applies to the Higgs portal vector DM models, which

is assumed to be described by the following lagrangian:

L = �m2
V VµV

µ � �V H

4
H†HVµV

µ � �V
4
(VµV

µ)2 . (3.14)

Although this lagrangian looks power-counting renormalizable, it is not really renor-

malizable. This is well known from the old intermediate vector boson theory for

weak gauge boson W±. In order to give a mass to a spin-1 gauge boson, we need

some symmetry breaking agency. Assuming a new complex scalar �X breaks the

gauge symmetry spontanesouly, one ends up with a new scalar boson from �X which

would mix with the SM Higgs boson by Higgs portal. Therefore there will be two

Higgs-like scalar boson in the end, and phenomenology in the scalar sector should

be similar to that of the model described here and in Ref. [2]. We leave the detailed

discussions of this issue for the future publication [21].

4 Vacuum structure

Because of the presence of the singlet scalar, the vacuum structure of this model is

not that trivial. Since the Higgs potential is the quartic function of the Higgs fields

(at the tree level), there could be another nondegererate local minimum in the singlet

Higgs direction unless some symmetry exists. If that is the case, our EW vacuum

may not be global and its stability is unclear. In addition to this, as we mentioned

in Introduction, the EW vacuum could be destabilized at a high energy scale by the

– 9 –



             here

• There appear a new singlet scalar h_X from phi_X , which mixes 
with the SM Higgs boson through Higgs portal

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

• Important to consider a minimal renormalizable and unitary 
model to discuss physics correctly [Baek, Ko, Park and Senaha, arXiv:
1212.2131 (JHEP)]

• Can accommodate GeV scale gamma ray excess from GC
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1 Introduction

In this paper, we revisit the Higgs-portal vector DM which is a U(1)X gauge boson including

the hidden sector scalar that would break U(1)X and give the mass to the vector DM Xµ.

2 Abelian Model

2.1 Abelian Model for vector dark matter

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

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

matter fields charged under U(1)X except for a complex scalar �X whose VEV will generate

the mass for Xµ:

LV DM = �1

4
Xµ⌫X

µ⌫ +Dµ�
†
XDµ�X � �X

4
(�†

X�X � v2X)2 + �XH�†
X�XH†H (2.1)

in addition to the usual SM lagrangian.

Assuming that the U(1)X -charged �X develops a nonzero VEV and thus breaks U(1)X
spontaneously,

h0|�X |0i = vX + hX(x),

– 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 –

Xµ ⌘ Vµ
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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, gX = 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/(gXQ�). 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 improves 
EW vacuum stability 



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
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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.



Is this any useful in 
phenomenology ?

YES !



Fermi-LAT #-ray excess
• Gamma-ray excess in the direction of GC

GC : b ⇠ l . 0.1�

[1402.6703, T. Daylan et.al.]

GeV scale excess!
extended



• 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 VDM
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Figure 2. Dominant s channel b+ b̄ (and τ + τ̄ ) production
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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)

– 6 –

[1404.5257, P. Ko, WIP & Y. Tang] JCAP (2014) 
(Also Celine Boehm et al.  1404.4977, PRD)

H2 : 125 GeV Higgs
H1 : absent in EFT   



Importance of VDM 
with Dark Higgs Boson
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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
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channel annihilation. In addition, the t-channel annihilation cross section is approximately

– 8 –

where

⟨σvrel⟩φφ ≃
1

16πs
|M|2

(

1−
4m2

φ

s

)1/2

(3.13)

with

|M|2 ≈
2

9

[

1 + 4

(

s

4m2
V

)2(

1−
2m2

V

s

)2
]

[(

2c2αg
2
X +M0

s

)

− 8c2αg
2
X

]2
(3.14)

M0
s = 2c4αm

2
V

(

6λΦ

s−m2
φ

−
tαλΦHvH/vΦ

s−m2
h

)

≃ 4c4αλΦ

⎡

⎣1−
s2αm

2
V

(

m2
h −m2

φ

)

m2
φ

(

s−m2
h

)

⎤

⎦

∼ 2c4αg
2
X

[

1−
s2α
(

m2
h −m2

V

)

(

4m2
V −m2

h

)

]

(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
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"
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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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FIG. 1: Feynman diagram due to the e↵ective operator X2H2
2 (X̄�5XH2

2 for fermionic X or
XµX

µH2
2 for vector X). The actual annihilation process may occur through s or t channel, and

contact interaction. Details in the gray bubble depend on various ultraviolet completions. The
produced H2s can have two-, three- or even four-body decay channels.

For DM density distribution, we use the following generalized NFW profile [87],
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where �⌦ indicates the region of interest. The 24 data points we used to compare with are
from Ref. [10], denoted as CCW hereafter.

As we can see, di↵erent parameter sets can give di↵erent spectrum shape, especially in
the high energy regime. When the branching ratios of H2 ! ��, Z� are increasing, we can
see the gamma lines more easily around E ' MH2/2. Since the annihilation cross section is
at order of 10�26cm3/s and the branching ratios of H2 ! ��, Z� are around 0.2% at most,
the considered parameters are still consistent with constraint from gamma-line searches.

We now use the �2 function and find its minimum to find out the best fit:

�2 (MX ,MH2 , h�vi) =
X

i,j

(µi � fi)⌃
�1
ij (µj � fj) , (3.2)

where µi and fi are the predicted and measured fluxes in the i-th energy bin respectively, and
⌃ is the 24⇥24 covariance matrix. We take the numerical values for fi and ⌃ from CCW [10].
Minimizing the �2 against fi with respect to MX , MH2 and h�vi gives the best-fit points,
and then two-dimensional 1�, 2� and 3� contours are defined at ��2 ⌘ �2 � �2

min = 2.3,
6.2 and 11.8, respectively.

Fig. 3 is our main result. In the left panel, MX , MH2 and h�vi are freely varied, so that
the total degree of freedom (d.o.f.) is 21. The red dot represents the best-fit point with

MX ' 95.0GeV, MH2 ' 86.7GeV, h�vi ' 4.0⇥ 10�26cm3/s, (3.3)
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FIG. 3: The regions inside solid(black), dashed(blue) and long-dashed(red) contours correspond
to 1�, 2� and 3�, respectively. The red dots inside 1� contours are the best-fit points. In the
left panel, we vary freely MX , MH2 and h�vi. While in the right panel, we fix the mass of H2,
MH2 ' MX .

Channels Best-fit parameters �2
min/d.o.f. p-value

XX ! H2H2 MX ' 95.0GeV,MH2 ' 86.7GeV 22.0/21 0.40

(with MH2 6= MX) h�vi ' 4.0⇥ 10�26cm3/s

XX ! H2H2 MX ' 97.1GeV 22.5/22 0.43

(with MH2 = MX) h�vi ' 4.2⇥ 10�26cm3/s

XX ! H1H1 MX ' 125GeV 24.8/22 0.30

(with MH1 = 125GeV) h�vi ' 5.5⇥ 10�26cm3/s

XX ! bb̄ MX ' 49.4GeV 24.4/22 0.34

h�vi ' 1.75⇥ 10�26cm3/s

TABLE I: Summary table for the best fits with three di↵erent assumptions.

dashed(blue) and long-dashed(red) curves, respectively. To compare with bb̄ channel, we
also present 3� region in the right panel of Fig. 4. The best-fit point is around

MX ' 49.4GeV, h�vi ' 1.75⇥ 10�26cm3/s, (3.5)

which gives �2
min ' 24.4 and a p-value, 0.34.

IV. SUMMARY

In the letter, we have explored a possibility that the GeV scale �-ray excess from the
galactic center is due to DM pair annihilation into a pair of dark Higgs, followed by the dark
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the considered parameters are still consistent with constraint from gamma-line searches.
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⌃ is the 24⇥24 covariance matrix. We take the numerical values for fi and ⌃ from CCW [11].
Minimizing the �2 against fi with respect to MX , MH2 and h�vi gives the best-fit points,
and then two-dimensional 1�, 2� and 3� contours are defined at ��2 ⌘ �2 � �2
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6.2 and 11.8, respectively.

Fig. 3 is our main result. In the left panel, MX , MH2 and h�vi are freely varied, so that
the total degree of freedom (d.o.f.) is 21. The red dot represents the best-fit point with

MX ' 95.0GeV, MH2 ' 86.7GeV, h�vi ' 4.0⇥ 10�26cm3/s, (3.3)

gives �2
min ' 22.0, with the corresponding p-value equal to 0.40.

We also notice that there are two separate regimes, one in the low mass region and the
other in high mass region. The higher mass region is basically aligned with MH2 ' MX since
otherwise a highly-boosted H2 would give a harder gamma-ray spectrum. In this region,
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dashed(blue) and long-dashed(red) curves, respectively. To compare with bb̄ channel, we
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This would have never been possible
within the DM EFT



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



• However, in renormalizable unitary models 
of Higgs portals,
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2 more relevant parameters 

5

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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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
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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:
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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
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by the relation,
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where βV =
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1− 4m2
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h. On the other hand, in the

EFT of Eq. (3) one finds
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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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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-

Invisible H decay width : finite for small mV 
in unitary/renormalizable model

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

VS.

sin2 ↵



• Sometimes we need new fields beyond the SM 
ones and the CDM, in order to make DM models 
realistic and theoretically consistent

• If there are light fields in addition to the CDM, the 
usual Eff. Lag. with SM+CDM would not work

• Better to work with minimal renormalizable 
models 

• See papers by Ko, Omura, Yu on the top FB asym 
with leptophobic Z’ coupling to the RH up-type 
quarks only : new Higgs doublets coupled to Z’ 
are mandatory in order to make a realistic model 

General Remarks



Stable DM w/ unbroken 
dark gauge sym



DM is stable/long lived 
because...

• Symmetries

• Very small mass and weak coupling

- (ad hoc) Z2 symmetry
- R-parity
- Topology (from a broken sym.)

e.g: QCD-axion (ma ~ ΛQCD2/fa; fa~109-12 GeV)

�a ⇠ O(10�5)
m3

a

f2
a

⌧ H0 ⇠ 10�42GeV

79



But for WIMP ...

• Global sym. is not enough since

• SM is guided by gauge principle

⇒ WIMP is unlikely to be stable

It looks natural and may need to consider 
a gauge symmetry in dark sector, too.

Observation requires [M. Ackermann et al. (LAT Collaboration), PRD 86, 022002 (2012)]

⌧DM & 1026�30sec )
⇢

m� . O(10)keV
m . O(1)GeV

�Lint =

(
� �

MP
Fµ⌫Fµ⌫ for boson

� 1
MP

¯ �µDµ`LiH
†

for fermion

80



Why Dark Symmetry ?

• Is DM absolutely stable or very long lived ?

• If DM is absolutely stable, one can assume it 
carries a new conserved dark charge, 
associated with unbroken dark gauge sym

• DM can be long lived (lower bound on DM 
lifetime is much weaker than that on proton 
lifetime) if dark sym is spontaneously broken

Higgs can be harmful to weak scale DM stability



• Very popular alternative to SUSY LSP

• Simplest in terms of the # of new dof’s

• But, where does this Z2 symmetry come 
from ?

• Is it Global or Local ?

Z2 sym Scalar DM

3

not consider dim-3 operators, XRH†H or XIH†H, as-
suming the global dark symmetry GX is broken only by

nonrenormalizable operators.
Then the lifetime of XR or XI decaying into a pair or

photons would be

�(XR(or XI) ! ��) ⇠ 1

4⇡

✓
e2

M
Pl

◆
2

m3

X ⇠ 10�38

✓
mX(GeV)

100

◆
3

GeV (3)

This decay rate should be smaller than 10�52GeV, which
is possible only if mX . O(10) keV. If these nonrenor-
malizable operators are induced at lower energy scale
⇤ < M

Pl

, then the DM mass should be lighter than the
above estimate, scaled by (⇤/M

Pl

)2/3. Axion or light di-
lation DM is a good example of this. If these operators
were allowed with O(M

Planck

), it would be disastrous for
dark matter physics.

The above argument also applies to global Z
2

symme-
try which is invoked very often to stabilize the scalar dark
matter S with the following renormalizable lagrangian :

L =
1

2
@µS@

µS � 1

2
m2

SS
2 � �S

4!
S4 � �SH

2
S2H†H.

The Planck scale suppressed dim-5 operators will make
the weak scale dark matter S decay very fast in this
model too. Namely global Z

2

discrete symmetry is not
strong enough to guarantee the stability or longevity of
the scalar dark matter. This is also true for the case of
fermion dark matter, as described in the following sec-
tion.

Local dark gauge symmetry

If dark symmetry U(1)X is unbroken, then the scalar
dark mater will be absolutely stable and there will be a
long range dark force between dark matters. The mass-
less dark photon can contribute to the extra dark radia-
tion at the level of ⇠ 0.06, making slight increase of the

SM prediction for�N
e↵

towards the WMAP9 data. This
issue has been addressed in detail in our recent paper [2],
and we don’t describe it here in any more detail.

If dark symmetry U(1)X is a local symmetry that is
broken spontaneously by h�Xi = v� 6= 0, then the e↵ect
would be similar to the global symmetry breaking with
suitable changes of couplings. The dim-5 operators which
were dangerous in case of global dark symmetry are now
replaced by dim-6 operators since the global dark sym-
metry is implemented to local dark symmetry :

L =
1

M2

Pl

�†
XXO(4)

SM

. (4)

After �X develops nonzero VEV, this operator predicts
that the CDM lifetime is long enough to be safe from
cosmological constraints: However there appears a dim-4
operator which is a disaster for the DM longevity:

L = �XH2�†
XXH†H +H.c. (5)

After the U(1)X and EWSB, this operator induces a
nonzero VEV for X as well as X ! hh so that X can no
longer be a good CDM candidate.

In order to forbid the above dangerous dim-4 operator,
one has to assign di↵erent U(1)X charges to X and �X :
QX(X) = 1, QX(�X) = 2, for example. Then the model
would possess discrete local Z

2

symmetry after U(1)X
breaking, and the lightest U(1)X -charged particle would
be absolutely stable due to the local Z

2

symmetry.

L = L
SM

� 1

4
Xµ⌫X

µ⌫ � 1

2
✏Xµ⌫B

µ⌫ +Dµ�
†
XDµ�X � �X

4

⇣
�†
X�X � v2�

⌘
2

+DµX
†DµX �m2

XX†X

� �X

4

�
X†X

�
2 �

�
µX2�† +H.c.

�
� �XH

4
X†XH†H � ��XH

4
�†
X�XH†H � �XH

4
X†X�†

X�X (6)

Due to the µ term, the mass degeneracy between XR and
XI is lifted, and also there could be CP violation from
the µ phase. The model is not so simple compared with
the usual Z

2

scalar CDM model:

L =
1

2
@µS@

µS � 1

2
m2

SS
2 � �S

4!
S4 � �SH

2
S2H†H.

Dark matter phenomenology in the model (6) is very rich
and beyond the scope of this letter [1]. On the other
hand, Higgs phenomenology is very simple. There will be
two neutral Higgs-like scalar bosons, the signal strengths
of which are less than 1 independent of decay channels.



Fate of CDM with Z2 sym

• Global Z2 cannot save DM from decay with 
long enough lifetime

Consider Z2 breaking operators such as

1

MPlanck
SOSM

The lifetime of the Z2 symmetric scalar CDM S is roughly given by

�(S) ⇠ mS

M2
Planck

⇠ (

mS

100GeV

)10

�37GeV

The lifetime is too short for ~100 GeV DM

keeping dim-4 SM 
operators only

33



Fate of CDM with Z2 sym

• Spontaneously broken local U(1)X can do the 
job to some extent, but there is still a problem

Let us assume a local U(1)X is spontaneously broken by h�Xi 6= 0 with

QX(�X) = QX(X) = 1

Then, there are two types of dangerous operators:

�†
XXH†H, and �†

XXO(dim�4)
SM

Problematic ! Perfectly fine !



• These arguments will apply to all the CDM 
models based on ad hoc Z2 symmetry

• One way out is to implement Z2 symmetry 
as local U(1) symmetry (arXiv:1407.6588 
with Seungwon Baek and Wan-Il Park);

• See a paper by Ko and Tang on local Z3 
scalar DM, and another by Ko, Omura and 
Yu on inert 2HDM with local U(1)_H



Scalar dark matter stabilized by local Z2 symmetry

and the INTEGRAL 511 keV � ray

P. Ko⇤ and Wan-Il Park†

School of Physics, KIAS, Seoul 130-722, Korea

(Dated: February 13, 2013)

We construct a scalar dark matter model where local Z2 symmetry guarantees the stability of

scalar dark matter. When we include the local U(1)X symmetry as the origin of the local Z2

symmetry, the dark matter appears from a complex scalar which has two real fields. After the

U(1)X ! Z2 symmetry breaking, the mass degeneracy between ..................

INTRODUCTION

If Z2 symmetry were global symmetry, it would be bro-
ken by quantum gravity e↵ects which can be described
by MPlanck scale suppressed nonrenormalizable operators
such as

1

MPlanck

�
SFµ⌫F

µ⌫ , S(H†H)2, ..
�

(1)

MODEL

Let us assume the dark sector has a local U(1)X gauge
which is spontaneously broken into local Z2 symmetry.
This can be achieved with two complex scalar fields �X

and X ⌘ XR + iXI in the dark sector with the U(1)X
charges equal to 2 and 1, respectively, in the following
lagrangian:

QX(�) = 2, QX(X) = 1

L = LSM +�1

4
Xµ⌫X

µ⌫ � 1

2
✏Xµ⌫B

µ⌫ +Dµ�
†
XDµ�X � �X

4

⇣
�†
X�X � v2�

⌘2
+DµX

†DµX �m2
XX†X

� �X

4

�
X†X

�2 �
�
µX2�† +H.c.

�
� �XH

4
X†XH†H � ��XH

4
�†
X�XH†H � �XH

4
X†X�†

X�X (2)

After the U(1)X symmetry breaking by nonzero h�Xi =
v� 6= 0, the µ�term generates

(X2 +H.c.) = 2(X2
R �X2

I )

which lifts the mass degeneracy between XR and XI .
The lagrangian is invariant under X ! �X even after

U(1)X symmetry breaking.

The covariant derivative on X is defined as

DµX = @µX � igXXµX.

In terms of XI and XR, one has

DµX
†DµX = @µXR@

µXR + @µXI@
µXI + 2igXXµ (XR@µXI �XI@µXR) + g2XXµX

µ(X2
R +X2

I ) (3)

If the mass di↵erence of XR and XI is of ⇠ O(1) MeV
and the lifetime of the heavier state is ⇠ 1026�29 sec,
then

XR ! XI�
⇤
h followed by �⇤

h ! � ! e+e�

could generates the positrons which would be a source of
511 keV � ray lines observed by INTEGRAL.

Note that the local Z2 symmetry guarantees the sta-
bility of the dark matter even if we consider 1/MPlanck-

suppressed nonrenormalizable operators. This is in sharp
contrast with the case of global Z2. However the local
Z2 symmetry requires extra fields compared with a sin-
glet scalar dark matter model with unbroken global Z2

symmetry.

From the model lagrangian Eq. (2), we can work out
the particle spectra at the tree level:

m2
X = g2Xv2�, (4)
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bility of the dark matter even if we consider 1/MPlanck-

suppressed nonrenormalizable operators. This is in sharp
contrast with the case of global Z2. However the local
Z2 symmetry requires extra fields compared with a sin-
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symmetry.

From the model lagrangian Eq. (2), we can work out
the particle spectra at the tree level:

m2
X = g2Xv2�, (4)

etc.

Unbroken Local Z2 symmetry
Gauge models for excited DM

The heavier state decays into the lighter state

The local Z2 model is not that simple as the usual 
Z2 scalar DM model (also for the fermion CDM)

arXiv:1407.6588 w/ WIPark and SBaek
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symmetry.

From the model lagrangian Eq. (2), we can work out
the particle spectra at the tree level:

m2
X = g2Xv2�, (4)
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We present a scalar dark matter (DM) model where DM (XI) is stabilized by local Z
2

symmetry
originating from a spontaneously broken local dark U(1)X . Compared with the usual scalar DM

with global Z
2

symmetry, the local Z
2

model possesses three new extra fields, dark photon Z
0
,

dark Higgs � and the excited partner of scalar DM (XR), with kinetic and Higgs portal interactions
dictated by local dark gauge invariance. The resulting model can accommodate thermal relic density
of scalar DM without conflict with the invisible Higgs branching ratio and the bounds from DM
direct detections due to the newly opened channels, XIXI ! Z

0
Z

0
,��. In particular, due to the

new particles, the GeV scale �-ray excess from the Galactic Center (GC) can be originated from the
decay of non-SM Higgs which is produced in DM annihilations. Also the muon (g� 2) anomaly can
be explained if the mass of dark photon is around ⇠ 20 MeV with the kinetic mixing of O(10�3).

INTRODUCTION

One of the great mysteries of particle physics and cos-
mology is the so called nonbaryonic dark matter (DM)
which occupies about 27 % of the energy density of the
present universe [1, 2]. DM particle should be very long-
lived or absolutely stable, and interact with photon or
gluon very weakly (no renormalizable interaction), but
otherwise its properties are largely unknown.

The simplest DM model is the real scalar DM model
described by the Lagrangian [3–6]:

L
DM

=
1

2
@µS@

µS � m2

S

2
S2 � �HS

2
S2H†H � �S

4!
S4, (1)

with Z
2

symmetry (S ! �S). This model has been
studied extensively in literature, and could be considered
as a canonical model for non-supersymmetric DM.

However Z
2

symmetry in Eq. (1) is not usually spec-
ified whether it is global or local. If it were global, it
may be broken by gravity e↵ects, described by higher
dimensional nonrenormalizable operators such as

LZ2breaking =
c
5

M
Planck

SO(4)

SM

where O(4)

SM

is any dim-4 operator in the SM such as
Gµ⌫Gµ⌫ or Yukawa interactions, etc.. Such a dim-5 op-
erator makes the scalar DM S decay immediately unless
its mass is vey light . O(1) keV if c

5

⇠ O(1) [7]. There-
fore global Z

2

would not be enough to stabilize or make
long-lived the weak scale DM S, and it would be better
to use local Z

2

symmetry to stabilize weak scale DM [7].

This new local gauge symmetry has another nice fea-
ture that DM also has its own gauge interaction just as
all the SM particles do feel some gauge interaction, with
a possibility of strong self interaction for light dark gauge
bosons and/or dark Higgs [8]. Dark gauge symmetry can
be realized naturally in superstring theory, for example,
where the original gauge group with a huge rank is bro-
ken into G

SM

⇥G
Dark

.
In this letter, we propose a simple scalar dark matter

model based on a local Z
2

discrete symmetry originated
from a spontaneously broken local U(1)X , and investi-
gate its phenomenology including relic density, possibil-
ities of direct/indirect detections and addressing GeV
scale �-ray excess in Fermi-LAT �-ray data in the di-
rection of the Galactic Center (GC). In local Z

2

model,
there are 3 new extra fields (dark Higgs, dark photon, an
unstable excited dark scalar XR) dictated by local dark
gauge symmetry. Due to the additional fields and pre-
sumed local dark gauge symmetry, the phenomenology
of dark matter is expected to be distinctly di↵erent from
the usual Z

2

scalar DM model described by Eq (1).

MODEL

Let us assume the dark sector has local U(1)X gauge
symmetry with scalar dark matter X and dark Higgs
� with U(1)X charges equal to qX(X,�) = (1, 2) [9].
The local U(1)X is spontaneously broken into local Z

2

subgroup by nonzero VEV of �, v�. Then the model
Lagrangian invariant under local dark gauge symmetry
is given by

L = L
SM

� 1

4
X̂µ⌫X̂

µ⌫ � 1

2
sin ✏X̂µ⌫B̂

µ⌫ +Dµ�D
µ�+DµX

†DµX �m2

XX†X +m2

��
†�

���

�
�†�

�
2 � �X

�
X†X

�
2 � ��XX†X�†�� ��H�†�H†H � �HXX†XH†H � µ

�
X2�† +H.c.

�
. (2)
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• Some DM models with Higgs portal

DM

DM

!

!

Vector DM with Z2

Scalar DM with local Z2

[1404.5257, P. Ko, WIP & Y. Tang]

[1407.6588, Seungwon Baek, P. Ko & WIP]

- muon (g-2) as well as GeV scale gamma-ray excess explained
- natural realization of excited state of DM
- free from direct detection constraint even for a light Z’

➣

➣

[1406.2980, BaBar collaboration]

Z 0

�aµ ⇡ ↵em✏2

2⇡ cos ✓2W

(for mZ0 . mµ)



Gamma ray from GC

• Possible to satisfy thermal 
relic density, (in)direct 
detection constraints

• For light Z’ with small 
kinetic mixing, muon g-2 
can be accommodated  

• Similar to the excited DM 
models by Weiner et al, etc. 
except for dark Higgs field
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FIG. 3: Parameter space for mI = 80, m� = 75GeV
with ↵ = 0.1, v� = 100GeV, satisfying constraints from
LUX direct search experiment (Green region between thin
green lines: µ = 5GeV. Red region between thin red
lines: µ = 7GeV), h�v

rel

i
tot

/h�v
rel

i
26

= 1 (Dot-dashed
green line: µ = 5GeV. Dotted red line: µ = 7GeV), and
1/3  h�v

rel

i��/h�vreli26  1 (Blue region). In the dark
green region, h�v

rel

iZ0Z0/h�v
rel

i
26

 0.1, so the contribution
of Z0-decay to GeV scale excess of �-ray may be safely ig-
nored.

of �-ray from the GC can be explained by XIXI ! ��
while XIXI ! Z 0Z 0 is somewhat suppressed. We could
find that a region in which all the constraints are satisfied
and �-ray excess can be explained appears for µ ⇠ 5GeV
with ��X . 0.1 and �HX . 0.01. Although we haven’t
shown in this short letter, for mI ⇠ 30GeV, we could
find a parameter space satisfying LUX bound, but GeV
excess of �-ray could not be explained due to the small-
ness of h�v

rel

if ¯f contribution to h�v
rel

i
tot

.

CONCLUSION

In this letter, we presented a scalar DM model where
local Z

2

symmetry originating from spontaneously bro-
ken local U(1)X guarantees the DM stability. Contrary
to the usual global Z

2

scalar DM model, our model con-
tains three new extra fields (dark photon Z

0

µ, dark Higgs
� and the excited DM partnerXR) with kinetic and Higgs
portal interactions dictated by local gauge invariance and
renormalizability. Analyzing this model, we showed that
the existence of those three extra fields results in dark
matter phenomenology which is qualitatively di↵erent
from the usual Z

2

scalar DM models. The resulting new
model can accommodate thermal relic density of scalar
DM without conflict with the invisible Higgs branching
ratio and the bounds from DM direct detections due to

the newly opened channels XIXI ! Z
0
Z

0
,��. In partic-

ular, the dark Higgs allows for the model to accommo-
date the GeV scale excess of �-rays from the direction of
Galactic Center, that might be also the origin of 511 keV
line at INTEGRAL/SPI as recently claimed [41]. Also,
when the mass of dark photon is around 20MeV, the
muon (g�2)µ can be explained without conflict with the
recent data from BaBar experiment.

We considered the GC �-ray and the muon (g � 2)
anomalies for phenomenological analysis of the local Z

2

scalar DM model, which depended only on a particular
corner of parameter space of the model. Even if some of
these anomalies go away, the local Z

2

model presented
here could be regarded as an alternative to the usual real
scalar DM model defined by Eq. (1) with global Z

2

sym-
metry. The local Z

2

model has many virtues: (i) dynam-
ical mechanism for stabilizing scalar DM is there with
massive dark photon and opens new channels for DM
annihilation, (ii) DM self-interaction could be accommo-
dated due to the new fields in the local Z

2

model [8],
(iii) the dark Higgs improves EW vacuum stability up to
Planck scale [35, 36, 42], and opens a new window for
Higgs inflation [43], (iv) the excited DM XR is built in
the model due to U(1)X ! Z

2

dark symmetry breaking.
All of these facts make the local Z

2

model interesting and
DM phenomenology becomes very rich due to the under-
lying local dark gauge symmetry stabilizing the scalar
DM. We plan to present more extensive phenomenolog-
ical analysis of local Z

2

scalar DM model in separate
publications, along with phenomenology of the excited
DM and also the local Z

2

fermion DM model.
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FIG. 2: Contours satisfying h�v
rel

ii = h�v
rel

i
26

(i =
Z0Z0, f f̄ ,��) as functions of ��X and �HX for ↵ = 0.1, mI =
80GeV , m� = 75GeV, v� = 100GeV, and µ = 5GeV. Dot-
ted green, dashed red, and solid blue lines are for XIXI !
Z0Z0, f f̄ ,��, respectively. h�v

rel

ii < h�v
rel

i
26

in the region
between green lines, below red line, and left of the blue line,
respectively.

density of XR is much smaller than that of XI . Hence,
we can ignore the possible e↵ect of co-annihilation. For
�m ⌘ mR �mI � mZ0 , the decay rate of XR is

�R ⇡ ↵X

4

✓
mR

mZ0

◆
2

mR


1� m2

I

m2

R

�
3

=

p
2

2

µ2v�
m2

R

(18)

Hence, unless µ is smaller than GeV scale by many orders
of magnitude, XR decays well before its would-be freeze-
out. Note that, if the mass splitting between XR and
XI were given by hand, �R would diverge in the limit of
mZ0 = 0 (or v� = 0), but in our local Z

2

model such a
divergence is absent.

Indirect detection: GeV scale �-ray excess at
Fermi-LAT

In Ref. [17], some of present authors showed that DM
pair-annihilation to light non-SM Higgses (�) which even-
tually decay dominantly to bb̄ or ⌧ ⌧̄ can explain the GeV
scale �-ray excess in the direction of the Galactic Center
(GC) if h�vi�� ⇠ 10�26cm3/s [18–26] (see also [27–34]).
The model at hand in this paper can work in the same
way for the �-ray excess as long as we take

mh

2
< mI . 80GeV ,

mI �m�

mI
⌧ O(0.1) (19)

Althernatively, DM annihilation to Z 0s (XIXI !
Z 0Z 0) with mZ0 replacing m� in Eq. (19) can do the sim-
ilar job [32, 33]. However here we simply take mZ0 ⇠

20MeV for muon (g � 2) discussed before. In this case,
dark photon can decay only to a electron-positron pair,
and could a↵ect the expected �-ray signals. If it is phe-
nomenologically problem, we can reduce h�v

rel

iZ0Z0 and
keep h�v

rel

i�� being in the right range for the GeV ex-
cess, by choosing a proper value of µ.
As discussed in Ref. [17], contrary to singlet fermion

DM, our scalar dark matter allows a s-wave annihilation
mediated by scalar particles. This means that in our
scenario DM annihilation directly to SM particles might
be another possibility to explain the �-ray excess from
GC too for 30GeV . mX . 40GeV. However we found
that the relevant parameter space does not satisfy the
bound from the direct detection of dark matter that is
discussed in the next section.

Direct detection

In the local Z
2

model presented in this letter, the di-
rect detection cross section for the DM does not apply for
the dark photon t�channel exchange, since it is always
inelastic (XIN ! XRN) and does not take place for
�m � E

kin

. Therefore, the kinetic mixing ✏ is not con-
strained by direct detection experiments, in sharp con-
trast with the unbroken U(1)X case which was studied
in Ref. [7] in great detail.
In addition, even if Higgs exchange of DM-nucleon

scattering is potentially crucial to constrain our local
Z
2

scalar DM model, the existence of extra scalar bo-
son mediating dark and visible sectors via Higgs portal
interaction(s) has a significant e↵ect on direct searches if
the mass of the extra non-SM Higgs is not very di↵erent
from that of SM Higgs [35, 36], and the constraint from
direct searches can be satisfied rather easily. Note that
this feature is not captured at all in the global Z

2

scalar
DM model where dark Higgs (and also dark photon, al-
though it is irrelevant here) is absent [44].
The Higgs mediated spin-independent elastic DM-

nucleon scattering is given by

�SI

p =
m2

r

4⇡

✓
mp

mX

◆
2 c4↵
m4

1

f2

p (20)

⇥

�
e↵

v�
vH

t↵

✓
1� m2

1

m2

2

◆
� �HX

✓
t2↵ +

m2

1

m2

2

◆�
2

where m
r

= mXmp/ (mX +mp), fp ' 0.326 [38] (see
also Ref. [39] for more recent analysis), and �

e↵

⌘
(��X � p

2µ/v�). Currently, the most stringent con-
straint is from LUX [40], and we may take the bound as
�SI

p < 7.6⇥ 10�46cm2 for 30GeV . mI ,m� . 80GeV.
In Fig. 3, we show parameter space satisfying the di-

rect detection constraint from LUX, and providing a
right amount of relic density for mI = 80GeV and
m� = 75GeV as an example with a couple of choices of
µ. Also, depicted is the region in which GeV scale excess
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Local Z3 Scalar DM

Again an extra U(1)X gauge symmetry is 
introduced, with scalar DM X and dark higgs 
with charges 1 and 3, respectively.

L = LSM � 1

4
X̃µ⌫X̃

µ⌫ � 1

2
sin ✏X̃µ⌫B̃

µ⌫ +Dµ�
†
XDµ�X +DµX

†DµX � V

V = �µ2
HH†H + �H

�
H†H

�2 � µ2
��

†
X�X + ��

⇣
�†
X�X

⌘2
+ µ2

XX†X + �X

�
X†X

�2

+ ��H�†
X�XH†H + ��XX†X�†

X�X + �HXX†XH†H +
⇣
�3X

3�†
X +H.c.

⌘

P.Ko, YTang, arXiv:1402.6449

X3 +X†3
X ! ei

2⇡
3 X

X† ! e�i 2⇡3 X†Z3 symmetry
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Comparison with global Z3

• However global symmetry can be broken by 
gravity induced nonrenormalizable op’s:

the particles’ masses or couplings, only a fraction of these diagrams might be kinematically
allowed or relevant. For example, only first four diagram are relevant for ✏ ' 0, ��X ' 0
and very heavy Z 0. Then the cross section for XX ! X⇤Hi semi-annihilation process is

d�

d⌦
=

1

64⇡2s

|pf |
|pi| |M|2 ,

with |pf | = 1

2
p
s

q⇥
s� (MX +MHi)

2⇤ ⇥s� (MX �MHi)
2⇤. For dark matter pi = MXvvel/2

and vvel is the relative velocity between two annihilating particles. Matrix elements are given
by

iMd / �i3
p
2�3,

iMa+b+c / �i3
p
2�3v�


i

s�M2
X

+
i

t�M2
X

+
i

u�M2
X

�
(�i�HXvh) ,

respectively. If �HXvhv�/M2
X ⌧ 1 and MHi < MX , then Md dominates and we have

h�vid =
9�2

3

16⇡

|pf |
M3

X

, and |pf | ' 3

4
MX for MX � MHi .

The relevant contribution r from semi-annihilation is shown with di↵erent color in Fig. 2.
It is evident that as �HX gets smaller, r becomes larger and the semi-annihilation becomes
dominant. Meanwhile the cross section for X’s scattering o↵ a nucleon gets smaller for direct
searches. Some of these points may even not be probed by XENON1T [26].

B. Global Z3 vs Local Z3

When the U(1)X breaking scale v� is much larger than the EW scale vh and the masses,
MZ0 and MH2 , are much heavier than those of other particles, we can get the low energy
e↵ective theory by integrating out the heavy degrees of freedom, Xµ and �. The e↵ective
theory then describes the SM+X with the residual global Z3 symmetry. And in the e↵ective
potential the terms involving X always appears as X†X, X3 and X†3,

Ve↵ '� µ2
HH

†H + �H

�
H†H

�2
+ µ2

XX
†X + �X

�
X†X

�2
+ �HXX

†XH†H + µ3X
3

+ higher order terms +H.c, (4.2)

where µ3 ⌘ �3
v�p
2
. In such a case, the e↵ective theory can not tell whether the Z3 symmetry

is a global one or just residual of a gauge symmetry. In fact the renormalizable parts of Veft

in Eq. (4.2) is exactly the same as the scalar potential in global Z3 model [11]. Therefore we
can consider the renormalizable scalar DM model with global Z3 symmetry as an e↵ective
theory of local Z3 models in the limit v� >> vh.

However there is an important di↵erence in the higher dimensional operators even in this
limit. Within the local Z3 model, the discrete Z3 gauge symmetry is respected by higher
dimenionsional operators, and the scalar DM X shall be absolutely stable. This is not the
case for global Z3 model, since the higher dimensional operators due to quantum gravity

8

could break global Z3 symmetry, so that the DM stability is no longer guaranteed. For
example one can consider

1

⇤
XFµ⌫F

µ⌫ ,

which renders the scalar X with EW scale mass decay immediately, and so the scalar X
cannot make a good DM candidate of the universe.

The di↵erence between local and global Z3 models become even more apparent and
significant when v� ⇠ TeV or smaller. There is only one additional new particle X in
the global Z3 model, while in the local Z3 model there are two more particles, Z 0 and
H2, compared with the global Z3 model. The particle spectra are di↵erent, and the local
Z3 model enjoys much richer phenomenology. In Fig. 2 we show an example that could
illustrate the di↵erences between the global and local Z3 models. For simplicity we use
MH2 = 20GeV, MZ0 = 1TeV, �3 < 0.02, ✏ ' 0 and ��H ' 0. The curved blue band shows
the parameter region in which only XX⇤ ! SM+SM processes contribute to annihilation,
namely, only �HXX†XH†H in the potential is relevant and it also marks the upper bound
for �HX for giving the correct relic abundance of X in both global and local Z3 models.
We can see that the low mass range MX < MH1 is excluded by latest dark matter direct
search limit from LUX [25], except the resonance region MX ' MH1/2 which will be probed
by XENON1T [26]. Colored circles, together with the very curved blue band, describe
the parameter space for the global Z3 model where X3-term comes to play since semi-
annhilation happens here only when MX > MH1 . However, unlike the global model, local
Z3 model allows ample parameter space in the low mass range, MX < MH1 , even if LUX
limit is taken into account. This is shown as colored triangles in Fig. 2.

There could exist other di↵erences between local and global Z3 models. Depending on
the exact value of MZ0 , MH2 and other physical parameters, the phenomena could be quite
di↵erent. For instance, when Z 0 or H2 is light, H1 can decay to them if ✏ 6= 0 or ��H 6= 0 (see
Ref. [27] for extensive survey and Ref. [28] for the comprehensive study of a singlet scalar
(�) mixing with the SM Higgs boson). Also, in local Z3 model isospin-violating interaction
between DM and nucleon can arise from Z

0
exchange. On the other hand, only isospin-

conserving couplings between DM and nucleon exist in global Z3 model through the Higgs
mediation, if we neglect small isospin violation from mu 6= md. Therefore one can have two
independent channels in the DM-nucleon scattering amplitude, which might be helpful to
understand the recent data on direct detection of DM in the light WIMP region [29]. This
is generic in models with local dark gauge symmetry which is spontaneously broken by dark
Higgs field [30].

Finally, when MZ0 or/and MH2 is about O(MeV), sizable DM self-interaction could be
realized, which is motivated to solve the astrophysical small scale structure anomalies. We
shall discuss this self-interacting DM scenario in Sec. V in detail.

C. Comparison with the e↵ective field theory (EFT) approach

In this subsection, we make a brief comparison of the renormalizable local Z3 scalar DM
model with the e↵ective field theory (EFT) approach. Usual starting point for the EFT
approach is to write down the operators for direct detections of DMs. For a complex scalar
DM X we are considering in this work, one can easily construct the following operators

9

Global Z3 “X” will decay immediately and can not be a DM

• Also particle spectra different : Z’ and H2 
• DM & H phenomenology change a lot
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Semi-annihilation

(a) (b)

X

X

X̄

H1/H2 H1/H2

X

X

X̄

(c)

H1/H2

X̄X

X

(d)

H1/H2

X̄
X

X

(e) (f)

X

X

X̄

Z ′/Z Z ′/Z

X

X

X̄

(g)

Z ′/Z

X̄X

X

dnX

dt
= �v�XX⇤!Y Y

�
n2
X � n2

X eq

�
� 1

2
v�XX!X⇤Y

�
n2
X � nXnX eq

�
� 3HnX ,

r ⌘ 1

2

v�XX!X⇤Y

v�XX⇤!Y Y + 1
2v�

XX!X⇤Y
.

micrOMEGAs
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FIG. 2: Illustration of discrimination between global and local Z3 symmetry. We have chosen
MH2 = 20GeV, MZ0 = 1TeV and �3 < 0.02 as an example. From up to down, three nearly straight
lines mark the XENON100 [21], LUX [22] and expected XENON1T limits [23], respectively. Colors
in the scatterred triangles and circles indicate the relative contribution of semi-annihilation, r. The
curved blue band, together with the cirles, gives correct relic density of X in the global Z3 model.
And the colored triangles appears only in the local Z3 model. See text for detail.

numerical investigation is done with micrOMEGAs [20]. We may define the fraction of the
contribution from the semi-annihilation in terms of

r ⌘ 1

2

v�XX!X⇤Y

v�XX⇤!Y Y + 1
2v�

XX!X⇤Y
.

The full Feynman diagrams for semi-annihilation are presented in Fig. 1. Depending on
the particles’ masses or couplings, only a fraction of these diagrams might be kinematically

7

This whole region
is allowed in 
local Z3 case

• Blue band marks the 
upper bound, 

• All points are allowed 
in our local Z3 model,
1402.6449 

• only circles are 
allowed in global Z3 
model,1211.1014 

Relic density and Direct Search



• SM + X

• DD & Thermal relic >> 
mX >  120 GeV

• Vacuum stability >> DD 
cross section within 
Xenon1T experiment

• No light mediators

• SM + X , phi , Z’ 

• Additional Annihilation 
Channels open 

• DD constraints relaxed

• Light mX allowed

• Light mediator phi : strong 
self interactions of X’s

Global Z3
(Belanger, Pukhov et al)

Local Z3
(Ko, Yong Tang)



for giving the correct relic abundance of X in both global and local Z3 models. We can
see that the low mass range MX < MH1 is excluded by latest dark matter direct search
limit from LUX [22], except the resonance region MX ' MH1/2 which will be probed by
XENON1T [23]. Colored circles, together with the very curved blue band, describe the pa-
rameter space for the global Z3 model where X3-term comes to play since semi-annhilation
happens here only when MX > MH1 . However, local Z3 model allows ample space in the low
mass range, MX < MH1 unlike the global model, even if LUX limit is taken into account, as
shown colored triangles in Fig. 2.

V. SELF-INTERACTING DARK MATTER X
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FIG. 3: Scatter plots of various parameters that are consistent with relic density, LUX direct search
bound and self-interaction �T /MX 2 [0.1, 10] cm2/g at Dwarf galaxies scale with vrel ' 10 km/s,
and �T /MX . 0.5 cm2/g at Milky Way and cluster scales with vrel ' 220 km/s and vrel ' 1000
km/s, respectively. We have used MZ0 ' 200GeV and ✏ ⌧ 0.03 and scanned other parameters as
illustration.
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Dark matter self-interactions

Such a light dark Higgs could be studied at SHiP,
but would be difficult to produce. 



96

Comparison with EFT

• There is no Z’, H2 in the EFT, and so indirect 
detection or thermal relic density cal.s can 
be completely different 

• Complementarity breaks down : (4.3) cannot 
capture semi-annihilation described by (4.4)

imposing Z3 symmetry, to list only a few:

U(1)X sym : X†XH†H,
1

⇤2

�
X†DµX

� �
H†DµH

�
,

1

⇤2

�
X†DµX

� �
f�µf

�
, etc. (4.3)

Z3 sym :
1

⇤
X3H†H,

1

⇤2
X3ff, etc. (4.4)

(or
1

⇤3
X3fLHfR, if we imposed the full SM gauge symmetry) (4.5)

where f is a SM fermion field and ⇤ is a combination of new physics scale and couplings of the
DM particle to new physics particle, and can di↵er from one operator to another. The usual
story within the EFT is that the direct detection cross section due to the renormalizable
operator X†XH†H is strongly constrained so that the scalar DM can not be thermalized if
it is light.

Note that within the EFT picture there is no room for Z
0
or H2(⇡ �) to enter and play

important roles in direct and indirect detection or in the calculation of DM thermal relic
density. This is because we do not know which fields are relevant (or dynamical) at the
energy scale we are considering. Without constructing a full theory which is mathematically
consistent and physically sensible, it would be di�cult to guess which fields would be relevant
beforehand within the EFT approach.

Also note that the usual complementarity does not work in this Z3 models, since the EFT
approach for direct detection based on Eq. (4.3) does not capture the semi-annihilation
channels for thermal relic density or indirect DM signatures described by Eqs. (4.4) and
(4.5), which is unique in the Z3 models. This simple example shows that the DM EFT can
be useful only if we know the detailed quantum numbers of DM particle, such as its spin and
other (conserved) quantum numbers. Otherwise the complementarity does not work. Since
we do not know anything about the DM quantum numbers as of now, the EFT approach
and complementarity arguments should be taken with a great caution. Otherwise one would
make erroneous conclusions.

More detailed discussions on the subtleties and limitations of EFT approach for DM
physics will be discussed elsewhere [31].

V. SELF-INTERACTING DARK MATTER X

One more di↵erence between local and global Z3 models is that there can exist strong
self-interaction between scalar DM X in the local Z3 model 1. Traditional collisionless
cold dark matter(CDM) can explain the large scale structure of the Universe. However,
astrophysical anomalies in small scale structures motivate collisional CDM, which has self-
interaction around �/MX ⇠ 0.1 � 10 cm2/g. This can be achieved in the local Z3 model
with O(MeV) H2 or Z 0. A vector Z 0 can mediate both attractive and replusive forces, and
has been considered in [33–41]. So here we shall only concentrate on the O(MeV) H2 case
in which only attractive force is mediated for explanation of small scale structures. Other
di↵erent phenomenologies of a light mediator can be found in [42–50].

1 This feature is not unique to local Z3 model, but could appear in many other DM models with dark gauge

symmetries. Another example with local Z2 symmetry will be presented elsewhere [30].
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Gamma ray excess from the GC
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FIG. 4: �-ray spectra from dark matter (semi-)annihilation with H2(left) and Z 0(right) as final
states. In each case, mass of H2 or Z 0 is chosen to be close to mX to avoid large lorentz boost.
Masses are in GeV unit. Data points at ✓ = 5 degree are extracted from [1].

depends on the parameters, �3,��X , gX . Here for simplicity, we discuss two illustrative cases
at the boundary, either 100% to H2 or Z 0 at the final state. Large parameter space exists
between these two cases. Dedicated analysis would require multi-dimension �2 fitting, which
is beyond the scope of this paper. We use micrOMEGAs-3[32] for our numerical calculation
and to generate the �-ray spectra.

We show the �-ray spectra in fig. 4 from H2(left panel) and Z 0(right panel). Since we
are discussing the boundary cases, we choose the mass of H2/Z

0 to be close to mX . It is
seen that mX is around 70GeV for H2 case while mX ⇠ 30 for Z 0 case. This is due to the
fact that light H2 mainly decays to bb̄ which give a softer �-ray spectrum, compared to Z 0

decay to all light fermion pairs. For 30GeV . mX . 70GeV, we can adjust the relative
contributions from H2/Z

0-channel, and it is anticipated that this can be easily achieved by
shifting mH2 ,mZ0 ,�3,��X and gX .

IV. CONCLUSION

In conclusion, we discussed the galactic center �-ray from dark matter with Z3 which is
the remnant of a spontaneously broken U(1) gauge symmetry. Thanks to the new opened
(semi-)annihilation channels, dark matter as light as several ten GeV can still exist. In this
model, dark matter particle can (semi)-annihilate to the dark higgs H2 and/or dark photon
Z 0 which then decay to standard model light fermions. The �-ray from these light fermions
can fit data well. Depending on the relative contributions of individual (semi-)annihilation
channel, the mass of dark matter can vary from 30GeV to 70GeV, a large parameter space.

6

(P. Ko, Yong Tang, 1407.5492, JCAP)

Possible only in local Z3
not in global Z3 or DM EFT



Other possible phenomenology

• Another possibility was to use this model 
for 511 keV gamma ray and PAMELA/
AMS02 positron excess (strong tension 
with CMB constraints, however)

• 3.55 keV Xray using endo(exo)thermic 
scattering : for future work

• In any case, the local Z2 model has new 
fields with interesting important own roles, 
and can modify phenomenology a lot



Main points
• Local Dark Gauge Symmetry can guarantee 

the DM stability (or longevity, see later 
discussion) 

• Minimal models have new fields other than 
DM (Dark Higgs and Dark Gauge Bosons) 
for theoretical consistency

• Can solve many puzzles in CDM by large 
self-interactions, and also muon g-2, and 
also calculable amount of Dark Radiation



SU(2)h → U(1)h 
+ 

Higgs portal

[S. Baek, P. Ko & WIP, arXiv:1311.1035]

Hidden Sector Monopole, 
Stable VDM and Dark Radiation



The Model
• Lagrangian

• Symmetry breaking

• Particle spectra
mV = gXv�

mM = mV /↵X

m1,2 =
1

2

"
m2

hh +m2
�� ⌥

r⇣
m2

hh �m2
��

⌘2
+ 4m4

�h

#

✓
V ± ⌘ 1p

2
(V1 ⌥ iV2) , �0 ⌘ V3, H1, H2

◆

’t Hooft-Polyakov monopole Higgs portal

�T = (0, 0, v�) ) SU(2) ! U(1)

- Monopole:

-  VDM:

- Higgses:

Stable due to topology and U(1)



Main Results

• h-Monopole is stable due to topological 
conservation

• h-VDM is stable due to the unbroken U(1) 
subgroup, even if we consider higher dim 
nonrenormalizable operators

• Massless h-photon contributes to the dark 
radiation at the level of 0.08-0.11

• Higgs portal plays an important role



EWSB and CDM from Strongly 
Interacting Hidden Sector

Hur, Jung, Ko, Lee : 0709.1218, PLB (2011)
Hur, Ko : arXiv:1103.2517,PRL (2011) 

Proceedings for workshops/conferences
during 2007-2011 (DSU,ICFP,ICHEP etc.)

All the masses (including CDM mass) 
from hidden sector strong dynamics,

and CDM long lived by accidental sym



Origin of Mass
• Massive SM particles get their masses from 

Higgs mechanism or confinement in QCD

• What is the origin of Higgs VEV ?

• How about DM particles ?  Where do their 
masses come from ?  

• SM Higgs ? SUSY Breaking ? Extra Dim ?

• Can we generate all the masses as in 
proton mass from dim transmutation in 
QCD ?  (proton mass in massless QCD)



• There are basically three different approaches on 
the origin of masses

• Standard Higgs mechanism with fundamental 
scalars (SM, MSSM etc.)

• Dynamical Symmetry Breaking : Technicolor, BCS 
(Hur and Ko; Kubo and Lindner et al)

• Radiative Symmetry Breaking : Coleman-Weinberg 
mechanism (Recently renewed interests in this approach : 
Meissner & Nicolai; Foot and Volkas; Okada & Iso et al; 
Lindner et al; and many more)

• NB : If we consider extra dim, more options



Main Motivations

• Understanding DM Stability or Longevity ?

• Origin of Mass (including DM, RHN) ?

• Assume the standard seesaw for neutrino 
masses and mixings, and leptogenesis for 
baryon number asymmetry of the universe

• Assume minimal inflation models :  
Higgs(+singlet scalar) inflation (Starobinsky 
inflation)



Nicety of QCD

• Renormalizable

• Asymptotic freedom : no Landau pole

• QM dim transmutation :

• Light hadron masses from QM dynamics

• Flavor & Baryon # conservations : 
accidental symmetries of QCD (pion is 
stable if we switch off EW interaction; 
proton is stable or very long lived)



h-pion & h-baryon DMs

• In most WIMP DM models, DM is stable 
due to some ad hoc Z2 symmetry

• If the hidden sector gauge symmetry is 
confining like ordinary QCD, the lightest 
mesons and the baryons could be stable or 
long-lived >> Good CDM candidates

• If chiral sym breaking in the hidden sector, 
light h-pions can be described by chiral 
Lagrangian in the low energy limit



!"
#$%%&'(
!&)*+,

"&--&'.&,

/0-$)(1$)*2,&

!$3$40,(*+(+,%$'0,5(678

(arXiv:0709.1218 with T.Hur, D.W.Jung and J.Y.Lee) 

������������



Key Observation
• If we switch off gauge interactions of the 

SM, then we find 

• Higgs sector ~ Gell-Mann-Levy’s linear 
sigma model which is the EFT for QCD 
describing dynamics of pion, sigma and 
nucleons

• One Higgs doublet in 2HDM could be 
replaced by the GML linear sigma model 
for  hidden sector QCD



Model-I

Potential for H1 and H2

V (H1, H2) = −µ2
1(H

†
1H1) +

λ1

2
(H†

1H1)
2 − µ2

2(H
†
2H2)

+
λ2

2
(H†

2H2)
2 + λ3(H

†
1H1)(H

†
2H2) +

av3
2

2
σh

Stability : λ1,2 > 0 and λ1 + λ2 + 2λ3 > 0

Consider the following phase:

H1 =

(

0
v1+hSM√

2

)

, H2 =

(

π+
h

v2+σh+iπ0
h√

2

)

Correct EWSB : λ1(λ2 + a/2) ≡ λ1λ′
2 > λ2

3

– p.34/50

Not present in the two-
Higgs Doublet model

������������



Relic DensityModel-I : Relic density of πh

-8
-6
-4
-2
 0
 2
 4
 6
 8

mh [GeV]

m
π

h
 [

G
eV

]

tan β = 1
mH = 500 GeV

 60  80  100  120  140  160  180  200  220

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 500

-6
-4
-2
 0
 2
 4
 6
 8

mh [GeV]

m
π

h
 [

G
eV

]

tan β = 1
mH = 500 GeV

 60  80  100  120  140  160  180  200  220

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 500

Ωπhh
2 in the (mh1

,mπh) plane for tan β = 1 and mH = 500
GeV

Labels are in the log10

Can easily accommodate the relic density in our model

– p.27/38������������



Model-I : Direct detection rate
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Model I (Scalar Messenger)

• SM - Messenger - Hidden Sector QCD

• Assume classically scale invariant lagrangian --> No 
mass scale in the beginning

• Chiral Symmetry Breaking in the hQCD generates a 
mass scale, which is injected to the SM by “S”

SM Hidden 
QCD

Singlet 
Scalar S

������������

Hur, Ko, PRL (2011)



Appraisal of Scale Invariance

• May be the only way to understand the origin of mass 
dynamically (including spontaneous sym breaking)

• Without it, we can always write scalar mass terms for 
any scalar fields, and Dirac mass terms for Dirac 
fermions, the origin of which is completely unknown 

• Probably only way to control higher dimensional op’s 
suppressed by Planck scale



Model-II

Introduce a real singlet scalar S

Modified SM with classical scale symmetry

LSM = Lkin −
λH

4
(H†H)2 −

λSH

2
S2 H†H −

λS

4
S4

+
(

Q
i
HY D

ij Dj + Q
i
H̃Y U

ij U j + L
i
HY E

ij Ej

+ L
i
H̃Y N

ij N j + SN iT CY M
ij N j + h.c.

)

Hidden sector lagrangian with new strong interaction

Lhidden = −
1

4
GµνG

µν +
NHF
∑

k=1

Qk(iD · γ − λkS)Qk

– p.42/50
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Hidden sector lagrangian with new strong interaction

Lhidden = −
1

4
GµνG

µν +
NHF
∑

k=1

Qk(iD · γ − λkS)Qk

– p.42/50
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Scale invariant extension of the SM
with strongly interacting hidden sector



Model-II

Effective lagrangian far below Λh,χ ≈ 4πΛh

Lfull = Leff
hidden + LSM + Lmixing

Leff
hidden =

v2
h

4
Tr[∂µΣh∂µΣ†

h] +
v2
h

2
Tr[λSµh(Σh + Σ†

h)]

LSM = −
λ1

2
(H†

1H1)
2 −

λ1S

2
H†

1H1S
2 −

λS

8
S4

Lmixing = −v2
hΛ2

h

[

κH
H†

1H1

Λ2
h

+ κS
S2

Λ2
h

+ κ′
S

S

Λh

+ O(
SH†

1H1

Λ3
h

,
S3

Λ3
h

)

]

≈ −v2
h

[

κHH†
1H1 + κSS2 + Λhκ′

SS
]

– p.43/50
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3 neutral scalars : h,  S and hidden sigma meson
Assume h-sigma is heavy enough for simplicity



Relic densityModel-II: Relic densities of Ωπh
h2

Ωπhh
2 in the (mh1

,mπh) plane for
(a) vh = 500 GeV and tan β = 1,

(b) vh = 1 TeV and tan β = 2.

– p.46/50
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Direct Detection RateModel-II: Direct detection rates
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Vacuum Stability Improved 
by the singlet scalar S

why do we live on the ragged edge of doom?

36

• if you believe in supersymmetry, then this is just a coincidence

• but dismissing striking features of the data as coincidence has 
historically not been a winning strategy...

A. Strumia, Moriond EW 2013

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013
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Figure 13. RG-running of couplings as a function of renormalization scale for m1 =

125GeV, m2 = 500GeV and α = 0.1, but λHS = 0, i.e, mixing but no-loop correction.

Red/blue/green/dashed-blue line corresponds to λH/λHS/λ/λS .
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Figure 14. The mass bound of SM-like Higgs (m1) as a function of energy scale for

(α,λHS) = (0, 0.2)(left),(0.1, 0)(right) with λS = 0.1 and λ = 0.4. The red/blue line

corresponds to triviality/vacuum-stability bound in SM(dashed) and our model(solid). The

dashed black line corresponds to m1 = 125GeV.

5.4 Brief Summary

In brief summary, the numerical analysis shows that the vacuum stability of Higgs
potential and perturbativity of couplings constrains new dimensionless couplings of

– 29 –
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Low energy pheno.
• Universal suppression of collider SM signals

• If “mh > 2 m!”, non-SM Higgs decay!

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

If “m!> 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]



Comparison w/ other model

• Dark gauge symmetry is unbroken (DM is absolutely 
stable), but confining like QCD (No long range dark 
force and no Dark Radiation)

• DM : composite hidden hadrons (mesons and baryons)

• All masses including CDM masses from dynamical sym 
breaking in the hidden sector

• Singlet scalar is necessary to connect the hidden 
sector and the visible sector

• Higgs Signal strengths : universally reduced from one



• Similar to the massless QCD with the 
physical proton mass without finetuning 
problem

• Similar to the BCS mechanism for SC, or 
Technicolor idea

• Eventually we would wish to understand the 
origin of DM and RH neutrino masses, and 
this model is one possible example

• Could consider SUSY version of it 



Impact of dark higgs 
-Cosmo.

(Higgs-portal assisted Higgs inflation)

- Jinsu Kim, P. Ko,WIPark, arXiv: 1405.1635,  , JCAP (2017)



• Prediction of SM Higgs inflation

dns

d ln k
⇠ 10�3

- Y. Hamada, H. Kawai, K.Y. Oda, S.C.Park, arXiv:1403.5043
- F. Bezrukov, M. Shaposhnikov, arXiv:1403.6078



Higgs portal interaction 
with Dark Higgs can 

change the whole story

JCAP02(2017)003

is a tree-level e↵ect as well as the loop contribution [25]. That is,

�H =

"
1�

 
1� m2

�

m2
h

!
sin2 ↵

#
�SM
H , (2.2)

where ↵ is a mixing angle between H and �, m� (mh) is the mass of the dark (SM) Higgs and
�SM
H ⌘ m2

h/2v
2
H is the SM Higgs quartic coupling. For m� > mh, the nonzero mixing angle ↵

can easily remove vacuum instability along the SM Higgs direction even if loop contribution
of ��H is not large enough.

Note that, for a given top quark pole mass, in case of loop contribution the renor-
malization scale µmin at which d�H/d lnµ ⇡ 0 does not vary much. On the other hand, if
�H(µ ⇠ mEW) is shifted at tree level due to ↵ and m� with a negligible loop-correction of
��H , µmin can easily be pushed up to the Planck scale, and Higgs inflation can be realized
without the problem of a deep non-SM vacuum.

3 Higgs-portal assisted Higgs inflation

Once the potential along the SM Higgs direction becomes monotonic, Higgs inflation becomes
possible [1]. Let us first review the basics of Higgs inflation. The relevant Lagrangian in the
Jordan frame is given, in the unitary gauge, by

Lp�g
=

M2
P

2

✓
1 + ⇠h

h2

M2
P

◆
R+ Lh , (3.1)

where MP is the reduced Planck mass and Lh is the Lagrangian of the SM Higgs field
only. In the Einstein frame, obtained by the conformal transformation gµ⌫ ! ⌦2gµ⌫ with
⌦2 ⌘ 1 + ⇠hh

2/M2
P, the potential, in the limit of h � MP/

p
⇠h, is given by

U(�) =
1

⌦4

�H

4

�
h2 � v2H

�2 ' �HM4
P

4⇠2h

✓
1� e

� 2�p
6MP

◆2

, (3.2)

where vH = 246GeV is the vacuum expectation value of h and � is the canonically normalized
field, which is related to h by

d�

dh
=

q
1 + (1 + 6⇠h)⇠hh2/M2

P

1 + ⇠hh2/M
2
P

. (3.3)

The Einstein-frame potential (3.2) is exponentially flat for � � p
3/2MP, and can drive a

slow-roll inflation with slow-roll parameters defined by

✏ =
M2

P

2

✓
U 0

U

◆2

, ⌘ = M2
P

U 00

U
, ⇣2 = M4

P

U 0U 000

U2
, (3.4)

where ‘0’ and ‘00’ represent respectively the first and second derivatives with respect to �.
Inflation ends when ✏ ⇠ 1, and the number of e-foldings is given by

Ne =
1

M2
P

Z �i

�f

d�
U

U 0 =
1

M2
P

Z hi

hf

dh
U

dU/dh

✓
d�

dh

◆2

, (3.5)
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Figure 3. Jordan-frame Higgs potential Ve↵ (left panel) and the running of �H (right panel) in
SFDM for ⇠h = 440, ⇠s = 0, ms = 600GeV, �SH = 0.1, �S = 0.2, and � = 0.3 chosen at Mt scale.

↵ ms �SH �S � ⇠h Ne 109PS ns r ↵s

0.036 500 0.1 0.2 0.3 433 57.3 2.2 0.9758 0.0926 �0.0003

0.03885 500 0.1 0.1 0.1 396 57.3 2.2 0.9775 0.0878 �0.0003

Table 1. Cosmological observables in SFDM. Two parameter sets which result in a sizeable value
of the tensor-to-scalar ratio r are presented. Here the pivot scale k⇤ = 0.05Mpc�1 is chosen. For the
upper (lower) case, we obtained x ⇡ 0.25 (0.26) and y ⇡ 0.11 (0.11), where x and y are defined as
eq. (3.15).

mined by delicate interplay between ↵ and �SH . Note that one can achieve nearly the same
behavior of the Higgs potential by adjusting ms instead of ↵. Therefore one may easily avoid
the vacuum instability due to the presence of additional model parameters, while generating
a large value of tensor-to-scalar ratio r ⇠ O(0.01 � 0.1) at the same time. In other words,
for a given value of top quark pole mass Mt ⇠ 173.2GeV, the vacuum instability may be
avoided once the mixing angle takes nonzero value, e.g., ↵ & 0.023 in the case of figure 3.

The e-foldings associated with a cosmological scale � = 2⇡/k is given by [43]

N = 62� ln

✓
k

a0H0

◆
� ln

 
1016GeV

U
1/4
I

!
+ ln

 
U

1/4
I

U
1/4
end

!
� 1

3
ln

 
U

1/4
end

⇢
1/4
R

!
, (4.3)

where ⇢R = (⇡2/30)g⇤T 4
R, g⇤ ⇡ 100, TR is the reheating temperature, H0 ⇡ 0.67/(3000Mpc

is the Hubble parameter today [3], and UI (Uend) is the Einstein-frame potential at the
horizon crossing (end of inflation). For the SM Higgs inflation the reheating temperature is
TR ⇡ 1.8 ⇥ 1014GeV [10]. It is also pointed out in ref. [10] that the upper bound on the
reheating temperature is given by TR . 5 ⇥ 1015GeV which corresponds to the “critical”
Higgs inflation case. We choose TR ⇡ 1.0 ⇥ 1015GeV for our numerical analysis presented
in table. 1 since the values used are near the critical point. Let us comment that the exact
value of TR barely alters our results in the sense that all the cosmological observables are in
consistent with the latest Planck results.

Based on this, we performed a numerical analysis to obtain cosmological observables,
for a pivot scale k⇤ = 0.05Mpc�1, by considering perturbativity; namely all the coupling
constants except the nonminimal couplings should be less than 4⇡, vacuum stability, and
latest Planck result (3.9). Although a wide range in parameter space generates small tensor-
to-scalar ratio, compatible with the SM Higgs inflation, some values of ↵ near the value which

– 8 –



Predictions
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Figure 6. Tensor-to-scalar ratio as a function of the mixing angle ↵ for ms = 300GeV, 400GeV,
500GeV and 600GeV, with the constraints discussed in the main text. The stringent upper bounds
for a given ms comes from the DM physics. The values of the other parameters are the same as in
figure 4. Color-shaded regions (following the scheme of colored lines) are the excluded regions from
the latest LUX experiment, corresponding to di↵erent dark Higgs masses.

5 Conclusions

In this paper, we pointed out that a strong connection of masses of the SM Higgs and
top quark pole mass in the Higgs inflation is demolished in the presence of Higgs portal
interaction, while being consistent with the latest experimental results. In particular we
showed how a large tensor-to-scalar ratio r ⇠ 0.08, which can be probed in the near future
experiments, can be achieved in the Higgs inflation without resort to a strong dependence
on Mt. Using the model of singlet fermion dark matter as a concrete model, we performed a
numerical analysis and showed how it is realized. It is interesting to see that the combination
of cosmological observables, theoretical constraints and DM physics rules out small dark Higgs
masses and favors r ⇠ 0.08 for 400  ms  600GeV, but it is also possible to have a small
tensor-to-scalar ratio for very large dark Higgs masses ms & 600GeV. Even though we
considered a model in which SM Higgs couples to a real singlet scalar, we expect a similar
result for the case where the dark Higgs is charged under a local dark symmetry. So, given
that the Higgs portal interaction is generic in scenarios beyond the SM, playing crucial roles
in low energy phenomenology and dark matter physics, where the dark matter is stabilized by
a local dark symmetry and thermalized by Higgs portal interaction, we find it amusing that
the dark Higgs guarantees the dark matter stability and improves the stability of electroweak
vacuum as well as assisting the Higgs inflation at the same time.

Acknowledgments

JK would like to thank Eibun Senaha, Tommi Tenkanen, and Aditya Aravind for use-
ful discussions. WIP acknowledges support from the MEC and FEDER (EC) Grants
SEV-2014-0398 and FPA2014-54459 and the Generalitat Valenciana under grant PROM-
ETEOII/2013/017. This project has received funding from the European Union’s Horizon
2020 research and innovation programme under the Marie Sklodowska-Curie grant Elusives
ITN agreement No 674896 and InvisiblesPlus RISE, agreement No 690575.

– 11 –

r



DD vs. Monojet :
Why complementarity 
breaks down in EFT ?

- S. Baek, P. Ko, M. Park, WIPark, C.Yu, arXiv:1506.06556
Phys. Lett. B756 (2016)289
- P. Ko and Jinmian Li, arXiv:1610.03997, PLB (2017)



Why is it broken down  
in DM EFT ?

The most nontrivial example is 
the (scalar)x(scalar) operator 

for DM-N scattering

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

QLHdR or QL
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

m2
1

� 1

m2
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@

µS � 1

2
m2

0S
2 � �HSH

†HS2 � µSSH
†H (2)

This operator clearly violates 
the SM gauge symmetry, and 
we have to fix this problem
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However, this crossing relation could !
lead to incorrect physics quite often !!
Better to be careful, and work in more!

complete models for ID or CS.



Effective operators: LHC & direct detection

Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-

7

Table of effective operators relevant for the 
collider/direct detection connection

Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu 2010

From Paolo Gondolo’s talk
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FIG. 6: Razor limits on spin-independent (LH plot) and spin-dependent (RH plot) DM-nucleon

scattering compared to limits from the direct detection experiments. We also include the mono-

jet limits and the combined razor/monojet limits. We show the constraints on spin-independent

scattering from CDMS [2], CoGeNT [36], CRESST [37], DAMA [38], and XENON-100 [3], and

the constraints on spin-dependent scattering from COUPP [39], DAMA [38], PICASSO [40], SIM-

PLE [41], and XENON-10 [42]. We have assumed large systematic uncertainties on the DAMA

quenching factors: q
Na

= 0.3 ± 0.1 for sodium and qI = 0.09 ± 0.03 for iodine [43], which gives

rise to an enlargement of the DAMA allowed regions. All limits are shown at the 90% confidence

level. For DAMA and CoGeNT, we show the 90% and 3� contours based on the fits of [44], and

for CRESST, we show the 1� and 2� contours.

energy required to create a pair of DM is higher.

In addition to the direct detection bounds, we can also convert the collider bounds into a

DM annihilation cross-section, which is relevant to DM relic density calculations and indirect

detection experiments. The annihilation rate is proportional to the quantity h�vreli, where
� is the DM annihilation cross section, v

rel

is the relative velocity of the annihilating DM

and h.i is the average over the DM velocity distribution. The quantity �v
rel

for OV and OA

operators is 5

�V vrel =
1

16⇡⇤4

X

q

s

1� m2

q

m2

�

✓
24(2m2

� +m2

q) +
8m4

� � 4m2

�m
2

q + 5m4

q

m2

� �m2

q

v2
rel

◆
(14)

�Avrel =
1

16⇡⇤4

X

q

s

1� m2

q

m2

�

✓
24m2

q +
8m4

� � 22m2

�m
2

q + 17m4

q

m2

� �m2

q

v2
rel

◆
(15)

5 A comprehensive study of di↵erent types of operators can be found in Ref. [8].

Spin-independent

LHC limits on WIMP-quark and WIMP-gluon interactions 
are competitive with direct searches

Beltran et al,  Agrawal et al., Goodman et al., Bai et al., 2010; Goodman et al., Rajaraman et al. Fox et al., 
2011; Cheung et al., Fitzptrick et al., March-Russel et al., Fox et al., 2012.......

These bounds do not 
apply to SUSY, etc.

Complete theories contain sums of 
operators (interference) and not-so-
heavy mediators (Higgs)

Effective operators: LHC & direct detection
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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�
m2

� � 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

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

backward asymmetry [17].

2
Recently, this issue has been pointed out in Ref. [19] in the context of the DM simplified models with

s-channel vector mediators.
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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+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

• Therefore let me concentrate on this case 
in detail in this talk

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
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symmetry, and not just the unbroken subgroup of it. Recently, importance of the full SM
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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

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

backward asymmetry [17].

2
Recently, this issue has been pointed out in Ref. [19] in the context of the DM simplified models with
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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

QLHdR or QL
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

m2
1

� 1

m2
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@

µS � 1

2
m2

0S
2 � �HSH

†HS2 � µSSH
†H (2)
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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.
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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

QLHdR or QL
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
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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
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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
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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:
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pointed out that it is important to respect unitarity, renormalizability and local gauge invariance.
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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-
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quark bilinear part in the above operator can be written
into gauge invariant forms as either
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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�̄�,
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consider
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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
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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:
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Both break SM gauge 
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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.
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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
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the argument has to be mended. There are two types of
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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@

µS � 1

2
m2

0S
2 � �HSH

†HS2 � 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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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

ΨSM H S

mixing

invisible
decay

Production and decay rates are suppressed relative to SM.

51
 This simple model has not been studied properly !!

Singlet fermion CDM
Baek, Ko, Park,  arXiv:1112.1847



Full Theory Calculation

2

In this model, not only the SM Higgs field but also the
real singlet scalar S would develop nonzero VEV’s in gen-
eral. Expanding both fields around their VEV’s, we can
derive the Lagrangian in terms of physical fields, h and
s. Then it is clear that DM � has a coupling only to the
singlet scalar s, and not directly to the SM Higgs field h.
Therefore DM will be thermalized into the SM particles
only through the h� s mixing at renormalizable level.

FULL THEORY CALCULATION

Let us start with the DM-nucleon scattering amplitude
at parton level, �(p) + q(k) ! �(p0) + q(k0), the parton
level amplitude of which is given by

M = u(p0)u(p)u(q0)u(q)
mq

v
�s sin↵ cos↵


1

t�m2
125 + im125�125

� 1

t�m2
2 + ims�2

�
(3)

! u(p0)u(p)u(q0)u(q)
mq

2v
�s sin 2↵


1

m2
125

� 1

m2
2

�
(4)

! u(p0)u(p)u(q0)u(q)
mq

2v
�s sin 2↵

1

m2
125

⌘ mq

⇤3
dd

u(p0)u(p)u(q0)u(q) (5)

where t ⌘ (p0 � p)2 is the 4-momentum transfer2 to the
nucleon, and we took the limit t ! 0 in the second line,
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nucleon scattering cross section correctly. It is impor-
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gauge symmetry, and thus can be a good starting point
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propagator. If one can fix ŝ and m2
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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�
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� sin 2↵ g�
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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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Interference between 2 scalar bosons could 
be important in certain parameter regions

sin↵ = 0.2, g� = 1,m� = 80GeV



Interference effects

which we choose m� = 80 GeV without lose of generality. Then we are left with two most

relevant parameters: mH2 and �H2 .

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 simplified 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 files. The MadGraph5 aMC@NLO uses the model files 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 mH2 and �H2 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 figures.

In the figure, the �min forH2 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 of H2. For example, there

could be extra dark sector particles such as dark Higgs or dark gauge bosons if Z2 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

– 5 –



Parton level distrib.

production cross section when mH2 . 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 simplified model

with a single scalar mediator that is violating the full SM gauge invariance.

Once the mH2 & 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�� 2 [2m�,mH2) and destructively in the region

m�� 2 (mH2 ,+1). When mH2 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 usual H2 scenario when

mH2 2 (2m��,⇠ 270 GeV) and larger cross section when mH2 & 270 GeV. Such features

will become even more significant for wider decay width of H2 as we can expect. Given

mH2 = 400 GeV as an example, the di↵erence in total cross section is �(H1&H2)��(H2)
�(H2)

⇠ 4%

for �H2 = �min while can be as large as ⇠ 106% for �H2 = 20⇥ �min.
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Figure 3: The parton level distributions of m��̄ 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 of H2 are considered with the DM

mass being fixed to be 80 GeV. For both masses, we can observe the enhancement in event

fraction for m�� 2 (2m�,mH2) and deduction in event fraction when m�� > mH2 . For

mH2 = 200 GeV, the total event fraction in (2m�,mH2) is smaller than that in (mH2 ,+1)

while it is opposite for mH2 = 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 significant enhancement from the interference e↵ect between H1 and H2.

1
In this mass region, the H1&H2 scenario can be e↵ectively described by the H2 scenario only when the

decay width of H2 is narrow and the mass of H2 is relatively light.

– 6 –
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Figure 8: The CMS exclusion limits on our simplified 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 regionmH2 < 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 when mH2 & 2m�

because of the resonant enhancement, especially for narrow decay width of H2. 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 when mH2 2 (2m��, 270 GeV) and larger cross section when mH2 >

270 GeV. The reduction of signal e�ciency from interference e↵ect will the enlarge the

di↵erence in search sensitivities for mH2 2 (2m��, 270 GeV) and shrink it for mH2 > 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 with mH2 = 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 with mH2 = 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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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 + E̸T signatures

In this section, we discuss the monojet +
E̸T 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 + E̸T signatures

In this section, we discuss the tt̄ + E̸T signatures
within the DM EFT and within the full renormaliz-

able theory. Again one has to include the form factor,
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1

⇤3
dd

! 1

⇤̄3
dd


m2

H1

ŝ � m2
H1

+ imH1�H1

�
m2

H1

ŝ � m2
H2

+ imH2�H2

�
⌘ 1

⇤3
col(ŝ)

, (10)

where ŝ ⌘ M2
�� is the square of the invariant mass of the

DM pair. Note that ŝ � 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
qq̄ ! ��̄, since ŝ varies in the range of 4m2

�  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 m2

H1
< ŝ < m2

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 m2
H2

� ŝ, we can ignore the 2nd
propagator. But at hadron colliders, ŝ is not fixed, except
for the kinematic condition 4m2

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

H2
at hadron colliders, unless m2

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. �!
m2

H2
�ŝ

H.M., (11)

S.M. �!
m2

S�ŝ
EFT, (12)

H.M. 6= EFT . (13)

In H.P., the limit m2
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�Sv2
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
m2

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 m2

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 m2

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].

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)

M3
⇤

=

✓
2vH

� sin 2↵

◆
m2

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

m2
S

(17)

so that a limit on M
⇤

can be obtained through a trans-
lation

"✓
1

M3
⇤

◆2 ✓
� sin 2↵

2vHm2
S

◆
�2

�(S.M.)

#
⇥✏(S.M.) =

Nobs

L . (18)
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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 + E̸T signatures

In this section, we discuss the monojet +
E̸T 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 + E̸T signatures

In this section, we discuss the tt̄ + E̸T 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)

M3
⇤

=

✓
2vH

� sin 2↵

◆
m2

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

m2
S

(17)

so that a limit on M
⇤

can be obtained through a trans-
lation

"✓
1

M3
⇤

◆2 ✓
� sin 2↵

2vHm2
S

◆
�2

�(S.M.)

#
⇥✏(S.M.) =

Nobs

L . (18)

3

1

⇤3
dd

! 1

⇤̄3
dd


m2

H1

ŝ � m2
H1

+ imH1�H1

�
m2

H1

ŝ � m2
H2

+ imH2�H2

�
⌘ 1

⇤3
col(ŝ)

, (10)

where ŝ ⌘ M2
�� is the square of the invariant mass of the

DM pair. Note that ŝ � 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
qq̄ ! ��̄, since ŝ varies in the range of 4m2

�  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 m2

H1
< ŝ < m2

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 m2
H2

� ŝ, we can ignore the 2nd
propagator. But at hadron colliders, ŝ is not fixed, except
for the kinematic condition 4m2

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

H2
at hadron colliders, unless m2

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. �!
m2

H2
�ŝ

H.M., (11)

S.M. �!
m2

S�ŝ
EFT, (12)

H.M. 6= EFT . (13)

In H.P., the limit m2
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�Sv2
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
m2

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 m2

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 m2

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].
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FIG. 2: Missing � as functions of DM mass for
di↵erent values of mH2 .

INADEQUACY OF DM EFT FOR COLLIDER
PHYSICS

Finally let us derive DM EFT from the s-channel UV
completion, Eq. (2).

For
p
s � m125,mH2 , we have to keep both H125 and

H2, namely we have to use the full theory given by Eq.
(2).

For
p
s < mH2 , we can integrate out H2, and derive

the EFT in terms of DM and H125 including higher di-
mensional operators.

Now for lepton colliders,
p
s is fixed to the CM energy,

and we know which EFT to use once mH2 is known. On
the other hand, at hadron colliders,

p
s is fixed but

p
ŝ

is not, although it is bounded by
p
s. For example, let

consider LHC@14 TeV. Then we can integrate out H2

for
p
ŝ < mH2 , but we cannot for

p
ŝ > mH2 . Since

p
ŝ

is not fixed, we cannot use one EFT for the entire region
of

p
ŝ. For example, let us consider the case where

2m� ⌧ m125 ⌧ m2 ⌧ p
s .

�(
p
s) =

Z 1

0
d⌧

X

a,b

dLab

d⌧
�̂(ŝ ⌘ ⌧s) (13)

=

"Z m2
125/s

4m2
�

/s

d⌧ +

Z m2
2/s

m2
125/s

d⌧ +

Z 1

m2
2/s

d⌧

#
X

a,b

dLab

d⌧
�̂(ŝ ⌘ ⌧s) (14)

where dLab/d⌧ is the parton luminosity for (a, b) when
we consider a + b ! ��̄ + g. Note that for 3 di↵erent
regions of ⌧ , we have to use di↵erent EFT’s:

Le↵(�) for 4m2
�/s  ⌧  m2

125/s (15)

Le↵(�, H125) for m2
125/s  ⌧  m2

2/s (16)

Lfull(�, H125, H2) for m2
2/s  ⌧  1 (17)

In other words, there is no single DM EFT that can be
used at hadron colliders, even if we know mH2 , unless
mH2 � p

s (not
p
ŝ). This situation is in shapr constrast

with the direct detection of DM where one can derive the
EFT for it by taking t ! 0 in Eq. (1). Also let us note
that this discussion also applies for the t-channel media-
tor model. In that case too, there is no single DM EFT
that can be used at hadron colliders. There is a caveat: if
the contribution from the full theory is negligible due to

the small parton luminosity function, the EFTdescription
may not be very bad. Still one has to keep in mind that
our ignorance of new physics scale (m2 in the example
we considered in this paper) may cause large theoretical
uncertainties in the predictions for physical observables
at hadron colliders.

CONCLUSION

In this letter, we discussed the DM search at LHC
within both the DM EFT and a renormalizable theory
with Higgs portal, and demonstrated how and why the
EFT approach can break down for collider searches, and
why the complementarity based on crossing symmetry of
quantum field theory can break down. From the discus-
sions in this paper, it should clear that DM EFT com-

For each integration region for tau,
we have to use different EFT

No single EFT applicable to the entire tau regions
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INADEQUACY OF DM EFT FOR COLLIDER
PHYSICS

Finally let us derive DM EFT from the s-channel UV
completion, Eq. (2).

For
p
s � m125,mH2 , we have to keep both H125 and

H2, namely we have to use the full theory given by Eq.
(2).

For
p
s < mH2 , we can integrate out H2, and derive

the EFT in terms of DM and H125 including higher di-
mensional operators.

Now for lepton colliders,
p
s is fixed to the CM energy,

and we know which EFT to use once mH2 is known. On
the other hand, at hadron colliders,

p
s is fixed but

p
ŝ

is not, although it is bounded by
p
s. For example, let

consider LHC@14 TeV. Then we can integrate out H2

for
p
ŝ < mH2 , but we cannot for

p
ŝ > mH2 . Since

p
ŝ

is not fixed, we cannot use one EFT for the entire region
of

p
ŝ. For example, let us consider the case where

2m� ⌧ m125 ⌧ m2 ⌧ p
s .

�(
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s) =

Z 1

0
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where dLab/d⌧ is the parton luminosity for (a, b) when
we consider a + b ! ��̄ + g. Note that for 3 di↵erent
regions of ⌧ , we have to use di↵erent EFT’s:

Le↵(�) for 4m2
�/s  ⌧  m2

125/s (15)

Le↵(�, H125) for m2
125/s  ⌧  m2

2/s (16)

Lfull(�, H125, H2) for m2
2/s  ⌧  1 (17)

In other words, there is no single DM EFT that can be
used at hadron colliders, even if we know mH2 , unless
mH2 � p

s (not
p
ŝ). This situation is in shapr constrast

with the direct detection of DM where one can derive the
EFT for it by taking t ! 0 in Eq. (1). Also let us note
that this discussion also applies for the t-channel media-
tor model. In that case too, there is no single DM EFT
that can be used at hadron colliders. There is a caveat: if
the contribution from the full theory is negligible due to

the small parton luminosity function, the EFTdescription
may not be very bad. Still one has to keep in mind that
our ignorance of new physics scale (m2 in the example
we considered in this paper) may cause large theoretical
uncertainties in the predictions for physical observables
at hadron colliders.

CONCLUSION

In this letter, we discussed the DM search at LHC
within both the DM EFT and a renormalizable theory
with Higgs portal, and demonstrated how and why the
EFT approach can break down for collider searches, and
why the complementarity based on crossing symmetry of
quantum field theory can break down. From the discus-
sions in this paper, it should clear that DM EFT com-

assume: 
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• Again, no definite correlations between two 
scales in DD and ID

• Also one has to include other channels 
depending on the DM mass

3

 1e-08

 1e-06

 0.0001

 0.01

 1

 100

 1  10  100  1000

σ
 [
fb

]

mχ [GeV]

√s = 13 TeV
pT

jet > 110 GeV, |ηjet| < 2.4

mH2
=70 GeV

mH2
=120 GeV

mH2
=1 TeV

mH2
=2 TeV

EFT Λ=557 GeV

 1e-08

 1e-06

 0.0001

 0.01

 1

 100

 200  400  600  800  1000  1200  1400  1600  1800  2000

σ
 [
fb

]

mH2
 [GeV]

√s = 13 TeV
pT

jet > 110 GeV, |ηjet| < 2.4

SFDM mχ=30 GeV
SFDM mχ=70 GeV
SFDM mχ=400 GeV
EFT mχ=30 GeV
EFT mχ=70 GeV
EFT mχ=400 GeV

FIG. 1: Missing � as functions of DM mass for
di↵erent values of mH2 .

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
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The last equation is obtained in the limit m2 ! 1.
Again, due to its dependence on the DM mass m�, the
scale ⇤ann has nothing to do with the scale in the e↵ec-
tive operator for the direct detection, ⇤dd, Eq. (6).

MONOJET + 6ET SIGNATURES

In this section, we discuss the monojet +
6ET signatures within the DM EFT and within the

full renormalizable theory. The scale in the full the-
ory for direct detection ⇤dd and ⇤̄dd in the limit of
m2 � m125 are defined as
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Underlying Points

• EFT + Complementarity : No good at high 
energy collider

• SM gauge invariance (full SM gauge 
symmetry), Renormalizability and unitarity 

• Dark (gauge) symmetry equally important, 
although it is usually ignored (this part is 
also completely unknown to us as of now)

• We are working on simplified models with 
all these conditions



Conclusion
• Renormalizable and unitary model (with 

some caveat) is important for DM 
phenomenology (EFT can fail completely)

• Hidden sector DM with Dark Gauge Sym is 
well motivated, can guarantee DM stability/
longevity, solves some puzzles in CDM 
paradigm, open a new window in DM 
models including DM-DR interaction

• Especially a wider region of DM mass is 
allowed due to new open channels



• DM Dynamics dictated by local gauge symmetry

• Non Standard Higgs decays into a pair of DM, 
light dark Higgs bosons, or dark gauge bosons, 
etc.

• Additional singlet-like scalar “S” (Dark Higgs) : 
generic, can play important roles in DM 
phenomenology, improves EW vac stability, helps 
Higgs inflation with larger tensor/scalar ratio  
(also strong 1st order ph tr. in the dark sector, 
GW, etc. ?) >> Should be actively searched for

• Searches @ LHC & other future colliders 
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