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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”
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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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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
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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

−0.4 ×

SM Lagrangian

Based on local gauge principle



Marco Ciuchini Page 13KEK-FF 2013

  

B
K

lattice = 0.733±0.029

B
K

fit = 0.866±0.086

~1.5s

alternatively  e
K
 calls 

for large A and h

h = 0.383±0.027 h = 0.341±0.015 

no sin2b no e
K

Overall features of EWPT

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

Δαhad(mZ)Δα(5) 0.02758 ± 0.00035 0.02766
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4957
σhad [nb]σ0 41.540 ± 0.037 41.477
RlRl 20.767 ± 0.025 20.744
AfbA0,l 0.01714 ± 0.00095 0.01640
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1479
RbRb 0.21629 ± 0.00066 0.21585
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1037
AfbA0,c 0.0707 ± 0.0035 0.0741
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1479
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.392 ± 0.029 80.371
ΓW [GeV]ΓW [GeV] 2.147 ± 0.060 2.091
mt [GeV]mt [GeV] 171.4 ± 2.1 171.7

Beyond Standard Model – p. 44/??

Almost Perfect !

EWPT & CKM



Theory vs. Data on (g − 2)µ

Table 1: Summary at Tau06 Workshop

Contribution Value Error Comment
×1010 ×1010

QED 11658471.9 0.1 4 loops; 5th estimated;
Had. vac. pol. 690.9 4.4 Only CM D-2 and
Had. light by light 12.0 3.5 Value from Ref. [?
Had., other 2nd or. -9.8 0.1
Weak 15.4 0.22 2 loops
Total theory 11 659180.4 5.6 0.48 ppm
Experiment (BNL E821) 11 659208.0 6.3 0.54 ppm
Expt. - Thy. 27.6 8.4 3.3 standard deviations

Beyond Standard Model – p.39/138

������������



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

All the interactions except for 
gravity are described by 

Qunaum Gauge Theories !



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 ?

?



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)



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

• Also extra particles (the so-called mediators, 
scalar, vector etc) are introduced to have 
strong DM self-interaction, rather ad hoc  

• Any good organizing principle ? 



• 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

• Also extra particles (the so-called mediators, 
scalar, vector etc) are introduced to have 
strong DM self-interaction, rather ad hoc  

• Any good organizing principle ?  YES !



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 mainly talk about local Z2 + EWSB & 
CDM from strongly interacting hidden 
sector (backup for monopole DM)



Contents
• Underlying Principles : Hidden Sector DM, Singlet Portals, 

Renormalizability, Local Dark Gauge Symmetry

• Scalar DM with local Z2 : comparison with global models, limitation of 
EFT approach, and phenomenology

• Scale Inv Extension of the SM with strongly Int. Hidden 
Sector : EWSB and CDM from hQCD;  All Masses including DM mass from 

Dim Transmutation in hQCD, DM stable due to accidental sym 

• Higgs Phenomenology & Higgs Inflation with extra singlet 
(dark Higgs) : Universal Suppression of Higgs signal strength and extra 
neutral scalar, Higgs inflation, etc.

• (un)broken U(1)X : Singlet Portal and Dark Radiation; h-monopole 

• Tight bond between DM-sterile nu’s with U(1)X : Dark Radiation 



Based on the works  
(with S.Baek, Suyong Choi, P. Gondolo,T. Hur, D.W.Jung, Sunghoon Jung, 

J.Y.Lee, W.I.Park, E.Senaha, Yong Tang in various combinations)

• Strongly interacting hidden sector (0709.1218 PLB;1103.2571 PRL)

• Light DM in leptophobic Z’ model (1106.0885 PRD)

• Singlet fermion dark matter (1112.1847 JHEP)

• Higgs portal vector dark matter (1212.2131 JHEP)

• Vacuum structure and stability issues (1209.4163 JHEP)

• Singlet portal extensions of the standard seesaw models with local dark 
symmetry (1303.4280 JHEP) 

• Hidden sector Monopole, VDM and DR (1311.1035) 

• Self-interacting scalar DM with local Z3 symmetry  (1402.6449) 

• And a few more, including Higgs-portal assisted Higgs inflation, Higgs 
portal VDM for gamma ray excess from GC, and DM-sterile nu’s etc. 



Analogy with weak int
• Fermi’s theory of weak interaction 

(EFT)>>Michelle parameters >>(V-A)>> 
MVB(W)>>Higgs mechanism>>SM

• DM signatures >>EFT>>…..>>DM models

• EFT for DM: simple, intuitive, but can be 
misleading, wrong or useless 

• Eventually one has to go through all the 
possibilities one-by-one (as in the weak 
interaction where all possible Lorentz 
structure): inevitably model dependent



Principles for DM Physics
• Local 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



New Physics Scale ?
• No theory for predicting new physics scale, 

if our renormalizable model predictions 
agree well with the data

• Only data can tell where the NP scales are

• Given models working up to some energy 
scale, we can tell new physics scale if 
Unitarity is violated, or Landau pole or 
Vacuum Instability appears

• Otherwise we don’t know for sure where 
is new physics scale



Neutral Kaon System

• Often said that the charm is predicted in order to 
solve the quadratic divergence in Delta MK 

• This is not really true, since this comes from 
anomalous model (SM with three quarks and 
leptons are anomalous)

• If we imposed anomaly cancellation, we would have 
no quadratic div in Delta MK and no large FCNC 
from the beginning

• Important to work within theoretically consistent 
model Lagrangian to get correct phenomenology



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’ : natural setting for SM X Hidden

• SO(32) may be broken into GSM X Gh



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



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.
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The so-called Higgs portal cold dark matter (CDM) model is an interesting possibility for
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standard model (SM) gauge singlets, and could be a scalar (S), a singlet fermion ( ) or
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2
@µS@

µS � 1

2
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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



Brief Article

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.

29
 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! 

31

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
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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)

82

Discovery possibility

⦁: Ω(x),σ_p(x)
⦁: Ω(x),σ_p(o)
●: Ω(o),σ_p(x) 
●: Ω(o),σ_p(o)

: L= 5 fb⁻¹ for 3σ Sig.
: L=10 fb⁻¹ for 3σ Sig.
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Same sign 
dimuons 

Signal strength 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

53 

!  Grouped by production 
tag and dominant decay: 
! χ2/dof = 10.5/16 
! p-value = 0.84 

(asymptotic) 

!  ttH-tagged 2.0σ above 
SM. 
! Driven by one channel. 

[CMS-PAS-HIG-14-009] 



Low energy pheno.
• Universal suppression of collider SM signals

• If “mh > 2 m𝜙”, non-SM Higgs decay!

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

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

↵

SM

�H =

"
1 +

 
m2

�

m2
h

� 1

!
sin2 ↵

#
�SM
H��H )

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

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



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

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

m2 ! 500 GeV
Α ! 0.1
ΛHS ! 0.0
ΛS ! 0.1
Λ ! 0.4

Λ

ΛS

ΛH
ΛHS

5 10 15
0.0

0.1

0.2

0.3

0.4

0.5

Log!Μ"GeV#

C
ou
pl
in
gs

m2 ! 500 GeV
Α ! 0.1
ΛHS ! 0.0
ΛS ! 0.1
Λ ! 0.4

5 10 15
%0.05

0.00

0.05

0.10

0.15

Log!Μ"GeV#

Λ
H

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

• Stueckelberg mechanism ?? (work in progress)

• 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 –



• 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

• 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 (Yong 
Tang’s talk on Feb. 11)
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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 –
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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.
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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.



• 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



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
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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
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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
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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);(also 
works by Kubo et al; Chiang and Nomura in local B-L model)

• See a paper by Ko and Tang on local Z3 
scalar DM (Yong Tang’s talk on Feb. 11), 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
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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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• Some DM models with Higgs portal

DM

DM

𝜙

𝜙

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)



Model Lagrangian

• X : scalar DM (XI and XR, excited DM)

• phi : Dark Higgs

• X_mu : Dark photon 

• 3 more fields than Z2 scalar DM model

• Z2 Fermion DM can be worked out too

Global vs. Local Z2 Symmetries for Real Scalar Dark Matter

Seungwon Baek,⇤ P. Ko,† and Wan-Il Park‡

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

(Dated: July 25, 2014)

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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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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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



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



Inert 2HDM model
Relic density (low mass)
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Inert 2HDM with U(1)H 
gauge symmetry

Relic density (low mass)
2
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Indirect searches (low mass)

��,'0Z=��
��,'0Z8���+

&RQVWUDLQWV�RQ�WKH�'0�
LKLO WL WL I

m����Tsh{S�����aXZXWUW_Y_

DQQLKLODWLRQ�FURVV�VHFWLRQ�IURP�
)HUPL�/$7ĜV�DQDO\VLV�RI����GZDUI�
VSKHURLGDO JDOD[LHV�

, HH H ZZHH Z Zo

&RQVWUDLQW�RQ�WKH�6�ZDYH�'0�
DQQLKLODWLRQ�IURP�WKH�UHOLF�
GHQVLW\�REVHUYDWLRQ, HH H

• All points satisfy constraints from the relic density observation and LUX 
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experiments.
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Ko, Omura, Yu
arXiv:1405.2138



AMS02 positron excess from 
decaying fermionic thermal DM
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Basics

If we use the SM Higgs for phi, 
strong contraints from gamma 
ray and antiproton flux data

Can we make use of light 
dark Higgs instead ?

I. INTRODUCTION

Positron excess in the energy range E > 10GeV have been observed by PAMELA, FERMI

and AMS02 [1–5]. Assuming its DM-origin 1, this excess can by explained by annihilating

DM with thermally-averaged cross section h�vi ⇠ 10�23cm3/s or decaying DM with decay

width � ⇠ 10�26s�1. It is also well-known that for annihilating DM a large boost factor

⇠ 103 [9–26] is needed, which however is strongly constrained by the CMB data [27–31] and

Fermi/LAT gamma ray measurements [32–38]. On the other hand, O(TeV) DM decaying

into leptons [39–47] can give a consistent explanation, especially for µ± channel.

In this paper, we discuss that the various decay modes resulted from the following e↵ective

operator for decaying fermion DM � can explain positron data,

�L = �
e↵

�̄�⌫,

with �
e↵

⇠ 10�26, where � is a new light scalar field that can decay to light lepton pairs and

⌫ is the SM neutrino field. To explain the smallness of �
e↵

, we construct an underlying dark

matter model with local dark gauge symmetry, where one can induce the above e↵ective

dim-4 operator suppressed by heavy masses.

If identify � as the SM higgs, operator �
e↵

�̄h⌫ [48] will also induce � ! Z⌫ and � !
W±e⌥ that may give additonal potential dangerous antiproton or �-ray flux. In this paper,

we focus on the light � case(2me± < m� < 2m⇡0), which is also motivated to give large

self-interaction for DM-DM elastic scattering, see Ref. [49] for example.

This paper is organized as follows. In Sec. II, we propose a model for decaying dark

matter based on local U(1)X gauge symmetry, and show the e↵ective operators generated

after symmetry breaking. In Sec. III, we discuss the main decay modes for DM. Then in

Sec. IV, we present several variant models. In Sec. V, we compare the theoretical calculations

for e± spectra with the experimantal data from PAMELA, FERMI and AMS02. Finally, we

make a conclusion.

1 Note that that this excess could be also explained by astrophysical processes [6–8].
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�

�

 N

�

L

H

FIG. 1: Feynman diagram that generates the e↵ector operator �̄��H̃L.

II. MODEL

We consider a local dark gauge symmetry U(1)X with dark Higgs � and two di↵erent

Dirac fermions in the dark sector, � and  . Assign U(1)X charges to the dark fields as

follows:

(Q�, Q , Q�

) = (2, 1, 1),

we can write down the possible renormalizable interactions including singlet right-handed

neutrinos N for the model,

L =L
SM

+
1

2
N̄Ii/@NI �

✓
1

2
mNIN̄

c
INI + y↵IL̄HNI + h.c

◆

� 1

4
Xµ⌫X

µ⌫ � 1

2
sin ✏Xµ⌫F

µ⌫
Y + (Dµ�)

† Dµ�� V (�, H)

+ �̄
�
i /D �m�

�
�+  ̄

�
i /D �m 

�
 � �

f �̄� + gI ̄�NI + h.c
�
, (2.1)

where L↵ is left-handed SM SU(2) lepton doublet (⌫↵ l↵)T , ↵ = e, µ, ⌧ , H is the SM Higgs

doublet, Xµ⌫ is the field strengh tensor of dark gauge field Xµ, Xµ⌫ = @µX⌫ � @⌫Xµ, F
µ⌫
Y

is for SM hypercharge U(1)Y , ✏ is the kinetic mixing parameter, covariant derivatives are

defined as

DµC = (@µ � igXQCXµ)C,C = �, ,�.

and the scalar potential

V = �H

✓
H†H � v2H

2

◆
2

+ ��H

✓
H†H � v2H

2

◆✓
�†�� v2�

2

◆
+ ��

✓
�†�� v2�

2

◆
2

. (2.2)

To explain the neutrino oscillation, at least two Ns need to be introduced to have two non-

zero neutrino masses. However, for our interested positron excess, we can only focus on the

case with one N . From now on, we shall omit the lower indices for NI , L↵, mN , y↵I and gI .
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Feynman Diagrams
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is for SM hypercharge U(1)Y , ✏ is the kinetic mixing parameter, covariant derivatives are

defined as

DµC = (@µ � igXQCXµ)C,C = �, ,�.

and the scalar potential

V = �H
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To explain the neutrino oscillation, at least two Ns need to be introduced to have two non-

zero neutrino masses. However, for our interested positron excess, we can only focus on the

case with one N . From now on, we shall omit the lower indices for NI , L↵, mN , y↵I and gI .
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III. DECAY MODES

The dim-3 operator, eq. 2.6, is a mass term and would induce a tiny mixing between �

and ⌫ with the mixing angle,

� ' yfg

4
p
2

v2�vH
m mNm�

. (3.1)

Then the gauge interactions for � and ⌫ will generate the decay channels,

� ! Z 0⌫, Z⌫, l±W⌥, (3.2)

with decay width ratio ⇠ v2H : v2� : v
2

�.

And dim-4 operators, eq. 2.7, lead to decays,

� ! h⌫,�⌫, (3.3)

with decay width ratio v2� : 4v
2

H . Since mh � m� normally imply vH � v�, we would expect

��!�⌫ � ��!h⌫ . It is also straightforward to get the branch ratio,

Br(� ! �⌫) : Br(� ! Z 0⌫) = 22 : 1. (3.4)

The factor 22 results from 2 in the numerator of the second operator in eq. 2.7, which stems

from two �s in the dim-6 operator in eq. 2.3. On-shell �/Z 0 then decays to light charged

lepton pair, as shown in Fig. 2.

In this model, we can estimate

�
e↵

⇠ yfg

4
p
2

v�
m 

vH
mN

⇠ 10�26. (3.5)

This can be easily achieved if we chose the parameters as

v� ⇠ O(100)MeV, mN ⇠ m� ⇠ 1014GeV, yfg ⇠ 1. (3.6)

5

neutrino N in Fig. 3, the following dim-5 operators would be generated:

yf

mN

�̄�H̃L. (4.2)

Then the e↵ective �
e↵

is

�
e↵

⇠ yf

2

vH
mN

⇠ 10�26. (4.3)

In this model we have a di↵erent branch ratio,

Br(�! �⌫) : Br(�! Z 0⌫) = 1 : 1. (4.4)

If the symmetry is global rather than local, then we do not have the gauge boson Z 0,

and correspondingly Br(�! �⌫) ' 1. However, in this case, in the early Universe � is not

thermalized at TeV in the minimal setup and we may also need to add new fields to deal

with the goldstone mode, which is beyond our discussion in this paper.

From the previous discussion, it is easy to see that we can generalize the above mechanism

with n low-scale  s by assigning the U(1)X charges as

(Q�, Q n , ..., Q 1 ,�) = (n+ 1, n, ..., 1, 1). (4.5)

Then the following e↵ective operator will be generated,

yg

(n+ 1)!mN

fn · · · f1
m n · · ·m 1

�̄�n+1H̃L. (4.6)

Feynman diagram is shown in Fig. 4. In this case branching ratio for our interest would be

Br(�! �⌫) : Br(�! Z 0⌫) = n2 : 1. (4.7)

V. POSITRON FRACTION AND FLUX

In this section we calculate the e± flux at earth �e± , which is the sum of two contributions

from DM decay and astrophysical background, �± = �DM

e± +�bkg

e± , and will compare with the

experimental observation. We use PPPC4DMID [51] to compute �DM

e± , and adopt the Einasto

density profile for DM halo profile [52]:

⇢
DM

= ⇢sexp


� 2

↵

✓
r

rs

�↵
� 1

◆�
, (5.1)
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And dim-4 operators, eq. 2.7, lead to decays,

� ! h⌫,�⌫, (3.3)

with decay width ratio v2� : 4v
2

H . Since mh � m� normally imply vH � v�, we would expect

��!�⌫ � ��!h⌫ . It is also straightforward to get the branch ratio,

Br(� ! �⌫) : Br(� ! Z 0⌫) = 22 : 1. (3.4)

The factor 22 results from 2 in the numerator of the second operator in eq. 2.7, which stems

from two �s in the dim-6 operator in eq. 2.3. On-shell �/Z 0 then decays to light charged

lepton pair, as shown in Fig. 2.

In this model, we can estimate
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e↵

⇠ yfg
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p
2

v�
m 

vH
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⇠ 10�26. (3.5)

This can be easily achieved if we chose the parameters as

v� ⇠ O(100)MeV, mN ⇠ m� ⇠ 1014GeV, yfg ⇠ 1. (3.6)
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� N

�

L

H

FIG. 3: Feynman diagram that generates the e↵ector operator �̄�H̃L.

�

�

 n N

�

L

H· · · · · ·� �

· · ·
 1

FIG. 4: Feynman diagram that generates the e↵ector operator �̄�n+1H̃L.

Three-body-decay channels are induced by the dim-5 operators, eq. 2.8, � ! ��⌫ and

�! �h⌫. The decay width is less dominant than two-body decays if m� . 3TeV due to

�
3-body

�
2-body

/ 1

(4⇡)2
m2

�

v2H
. (3.7)

The 1/(4⇡)2 supression factor comes from the phase space integration. Four-body-decay

�! ��h⌫ is then even suppressed if m� . 3TeV.

IV. VARIANT MODELS

One can consider some variations of the model discussed in the previous section, by

modifying the U(1)X charge assigments to the dark fields, thereby changing the relative

branching ratios of the DM decays into �+ ⌫ and H + ⌫.

Let us first consider the following assignments:

(Q�, Q�

) = (1, 1). (4.1)

Then we can have Yukawa interaction term f �̄�N , and we do not need  to induce � to

decay. However, in this case, we need tiny Yukawa couplings. Integrating out the heavy RH

6
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FIG. 5: Positron fraction in three di↵erent sets of parameters. M
DM

and total decay width � are

chosen to visually match the positron fraction data. Data are extracted from Ref. [58].

and the fluxes for following three cases in Fig. 5,

1 : M
DM

= 2.0TeV, � = 0.16⇥ 10�26s�1, Br = 0.5, (5.6)

2 : M
DM

= 3.0TeV, � = 0.20⇥ 10�26s�1, Br = 0.8, (5.7)

3 : M
DM

= 3.5TeV, � = 0.24⇥ 10�26s�1, Br = 1.0. (5.8)

Cases 1 and 2 correspond to the e↵ective operators with local gauge symmetry, ��H̃L and

���H̃L, respectively, whereas case 3 corresponds to the ��H̃L with global symmetry or

��nH̃L when n is very large (see Eq. (4.7)).

As shown in Fig. 5 for positron fraction, when the branching ratio of � ! �⌫ increases,

we need to increase the DM mass M
DM

and decay width � too. This feature can be easily

understood as follows. Since Z 0 ! e+e� gives harder e± spectra than � ! µ+µ� does,

decreasing the contribution of Z 0 ! e+e� would need to be compensated by larger M
DM

and �.

For completeness, we also show the positron flux �e+ and the electron+positron total

flux �e�+e+ in Fig. 6 with the same sets of parameters chosen above. Note that there is

no considerable di↵erence in three cases we considered, except in the high energy regime

& 500GeV. Since µ+µ� is the dominant channel (µ+µ� : e+e� & 3.7 : 1), we would expect

10
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FIG. 6: Positron flux (left) and electron+positron flux (right) [59–61] for three di↵erent sets of

parameters described in the text, Eqs. (5.6)-(5.8).

that all cases can give reasonable fits to both �e+ and �e�+e+ .

Since our discussions are focused in the mass range, 2mµ < mZ0/� < 2m⇡0 , there is no

hadronic decay modes for Z 0/�. Then it would not generate additional antiproton flux. The

potential constraints come from the �-ray flux which are generated by the e± and µ±. It is

expected that constraint would be more stringent for smaller Br(� ! �⌫), since e± gives

larger �-ray flux than µ± does. The constraint from the �-ray, especially from the galaxy

center region in case of DM pair annihilation, is also largely dependent on the assumed DM

density profile. For example, the gamma-ray constraint from the galaxy center will exclude

the preferred region if NFW profile is assumed [27]. However, the bound could be much

weaker if a flatter Einasto-like profile is used. And the �-ray constraint is even weaker for

decaying dark matter scenario (see Ref. [62] for comparison for example). Therefore, in

our scenario with decaying DM for AMS02 positron excess, the µ±-channel should be safely

allowed.
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Both absolute fluxes and the ratio 
could be fit in a reasonable way



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



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
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(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
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Relic DensityModel-I : Relic density of πh
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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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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
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Same sign 
dimuons 

Signal strength 

@CMSexperiment @ICHEP2014 a.david@cern.ch 
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!  Grouped by production 
tag and dominant decay: 
! χ2/dof = 10.5/16 
! p-value = 0.84 

(asymptotic) 

!  ttH-tagged 2.0σ above 
SM. 
! Driven by one channel. 

[CMS-PAS-HIG-14-009] 



Low energy pheno.
• Universal suppression of collider SM signals

• If “mh > 2 m𝜙”, non-SM Higgs decay!

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

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



More issues to study

• DM : strongly interacting composite 
hadrons in the hidden sector >> self-
interacting DM >> can solve the small scale 
problem of DM halo

• TeV scale seesaw : TeV scale leptogenesis, 
or baryogenesis from neutrino oscillations

• Another approach for hQCD ? (For example, 
Kubo, Lindner et al use NJL approach; and AdS/QCD approach 
with H.Hatanaka, D.W.Jung@KIAS [poster session])



Impact of dark higgs 
-Cosmo.

(Higgs-portal assisted Higgs inflation)
[arXiv: 1405.1635, P. Ko & WIP]



Higgs Inflation in SM

� ⇠ 0.1

VJ =
�

4

�
h2 � v2

�2

• Largrangian

L = � 1

2

✓
1 + ⇠

h2

M2
P

◆
R+ Lh, where ⇠ � 1

gµ⌫ ! ⌦2gµ⌫ , where ⌦2 = 1 + ⇠
h2

M2
P

Conformal tr. :



ns = 1� 6✏+ 2⌘ ⇠ 0.96

) ⌘ ' 1

2
(ns � 1)

) ✏ ' 3

16
(ns � 1)2

) r ' 16✏ ' 3 (ns � 1)2 ⇠ 5⇥ 10�3
� ⇠ 0.1

• Parameters and observables of Higgs inflation

� ) ✏ ' 3

4
⌘2



Higgs Inflation in SM
(after BICEP2)

Is Higgs inflation ruled out? No!rBICEP2 ⇠ 0.1

U(h) =
�

4⌦4

�
h2 � v2H

�
! �(µ)

4⌦4

�
h2 � v2H

�

[Hamda, Kawai, Oda and Park, 1403.5043; Bezrukov and Shposhnikov, 1403.6078]

✏ & ⌘ are independent

Effects of running on slow-roll parameters



However mt and Mh are tightly constrained!

r ⇠ 0.1 with ns ⇡ 0.96 only for

mt ⇡ 171.5XXX, Mh ⇡ 126.2XXX

* Flat inflection points requires !
   a precise choice of mt and Mh, e.g., 

mt ⇡ 171.XXXX, Mh ⇡ 12X.XXXX

� ⇠ a few 10�6

[Bezrukov and Shposhnikov, 1403.6078]



[CMS PAS TOP-14-001 ]

[CMS PAS HIG-13-001 ]

[1406.3827 ]

In SM, our vacuum is likely to be meta-stable.



* Higgs inflation in SM may not be possible 
at the first place.

* However SM seems to be extended 
somehow. 

* Higgs portal with dark Higgs saves Higgs 
inflation



Higgs portal interaction

Scalar mixing

�H > �SM
H for m� > mh & ↵ 6= 0

Vacuum instability is easily removed.

Higgs inflation becomes possible for 
a wide range of mt and Mh

Higgs portal interaction disconnect mt and Mh!
from inflationary observables.



Higgs-portal Higgs inflation
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Result of numerical analysis

Scale dependence!



• Prediction of SM Higgs inflation

dns

d ln k
⇠ 10�3



Higgs portal assisted HI

possible to have r~O(0.1) with small spectral 
running independent of top mass



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, 
solves some puzzles in CDM paradigm, and 
open a new window in DM models 

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



• DM Dynamics dictated by local gauge symmetry

• Invisible Higgs decay into a pair of DM

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

• Additional singlet-like scalar “S” : generic, can 
play important roles in DM phenomenology, 
improves EW vac stability, helps Higgs inflation 
with larger tensor/scalar ratio >> Should be 
actively searched for

• Searches @ LHC & other future colliders !


