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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 inßation, 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 ßavor-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
inßation. 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 uniÞcation), etc. They are motivated to solve
aesthetic and theoretical problems of the MSM, but not nec-
essarily to address empirical problems. It is embarrassingthat
all currently proposed frameworks have some phenomenolog-
ical problems,e.g., excessive ßavor-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., > 5! ) evidence for physics beyond the MSM. We do
not pay attention to aesthetic problems, such as Þne-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 Þeld 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 theSU(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 addclassicalgravity for completeness.
The Lagrangian can be written down in a few lines (we omit
the metric factor

"
# g):

L MSM = #
1

2g2
s

Tr Gµ! Gµ! #
1

2g2 Tr Wµ! W µ!

#
1

4g"2 Bµ! B µ! + i
"

16#2 Tr Gµ! ÷Gµ! + M 2
P l R

+ |Dµ H |2 + øQi i$DQ i + øUi i$DUi + øDi i$DD i

+ øL i i $DL i + øEi i$DE i #
$
2

!
H   H #

v2

2

" 2

#
#

hij
u Qi Uj ÷H + hij

d Qi D j H + hij
l L i Ej H + c.c.

$
.(1)

Here,M P l = 2 .4 ! 1018 GeV is the reduced Planck constant,
÷H = i ! 2H ! , 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 isnewin 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 conßict 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 conßict,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 Þnd it remarkable and encouraging that
none of the elements we add to the MSM cause tensions nor
conßicts 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% = nB /s = 9 .2+0 .6

# 0.4 !
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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 classicalgravity for completeness.
The Lagrangian can be written down in a few lines (we omit
the metric factor

"
# g):

L MSM = #
1

2g2
s

Tr GµνGµν #
1

2g2
Tr WµνWµν

#
1

4g′2
BµνBµν + i

θ

16π2
Tr Gµν

÷Gµν + M2
PlR

+ |DµH |2 + øQii$DQi + øUii$DUi + øDii$DDi

+ øLii$DLi + øEii$DEi #
λ

2

(

H†H #
v2

2

)2

#
(

hij
u QiUj

÷H + hij
d QiDjH + hij

l LiEjH + c.c.
)

.(1)

Here, MPl = 2 .4! 1018 GeV is the reduced Planck constant,
÷H = 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 newin 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
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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



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

Local Gauge Principle Works !



Motivations for BSM

¥Neutrino masses and mixings

¥Baryogenesis

¥Inßation (inßaton)

¥Nonbaryonic DM

¥Origin of EWSB and Cosmological Const ?

Leptogenesis

Starobinsky & Higgs Inßations

Many candidates

Can we attack these problems ?

?



Building Blocks of SM

¥Lorentz/Poincare Symmetry

¥Local Gauge Symmetry : Gauge Group + 
Matter Representations from Experiments

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

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



Lessons from SM

¥Specify local gauge sym, matter contents and 
their representations under local gauge group

¥Write down all the operators upto dim-4

¥Check anomaly cancellation

¥Consider accidental global symmetries 

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



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

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

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

¥Impose various constraints and study 
phenomenology



(3,2,1) or SU(3)cXU(1)em ?

¥Well below the EW sym breaking scale, it may 
be Þne to impose SU(3)c X U(1)em

¥At EW scale, better to impose (3,2,1) which 
gives better description in general after all

¥Majorana neutrino mass is a good example

¥For example, in the Higgs + dilaton (radion) 
system, and you get different results 

¥Singlet mixing with SM Higgs 



Contents
¥Underlying Principles : Hidden Sector DM, Singlet Portals, Renormalizability, 

Local Dark Gauge Symmetry

¥Scalar DM with local Z3 : comparison with global Z3, limitation of EFT 
approach

¥h-monopole and stable VDM & dark radiation: DM stable due to 
topology and unbroken U(1)

¥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 Inßation with extra singlet : 
Universal Suppression of Higgs signal strength and extra neutral scalar, Higgs inßation, 
etc.

¥(un)broken U(1)X : Singlet Portal and Dark Radiation 

¥Tight bond between DM-sterile nuÕs with U(1)X : Dark Radiation 

see backup slides



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)

¥Singlet fermion dark matter (1112.1847 JHEP)

¥Higgs portal vector dark matter (1212.2131 JHEP)

¥Vacuum structure and stability issues (1209.4163 JHEP)

¥Higgs-portal assisted Higgs inßation, Higgs 
portal VDM for gamma ray excess from GC



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 ?



Underlying Principles
¥Hidden Sector CDM thermalized by 

¥Singlet Portals (including Higgs portal)

¥Renormalizability (with some caveats) 

¥Local Dark Gauge Symmetry (unbroken or 
spontaneously broken) : Dark matter feels 
gauge force like most of other particles & 
DM is stable for the same reason as 
electron is stable



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 donÕt 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



¥Data driven problems : New particles or new 
phenomena (�%�.�
���/�F�V�U�S�J�O�P���N�B�T�T�F�T���B�O�E���N�J�Y�J�O�H�T�
��
�C�B�S�Z�P�O�������B�T�Z�N�N�F�U�S�Z�
���F�U�D)

¥Theoretical problems : Unitarity, Anomaly Cancellation, 
(Renormalizability) �7�F�S�Z���J�N�Q�P�S�U�B�O�U���U�P���L�F�F�Q���U�I�F�N

¥Fine tuning problems : Higgs mass, Strong CP, 
Cosmological Constant, etc >>  << Let me postpone 
considering these problems for the moment, since it 
does not violate any theoretical principles >> 
Anthropic principle (?) >><< We may miss some 
interesting possibilities if we stick to this principle too 
much in this era of LHC and many other exptÕs>>

Guiding Principles



Principles for DM Physics
¥Local Gauge Symmetry for DM

¥Renormalizability with some caveat

- can make DM absolutely stable

- 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
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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 Þelds 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-MÕs are usually
taken as [1Ð4]

L scalar =
1
2

#µS#µS #
1
2

m2
SS2 #

$HS

2
H   HS2 #

$S

4
S4 (1.1)

L fermion = " [i%á# # m! ] " #
$H !

!
H   H "" (1.2)

L vector = #
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 Þelds (S," , V ) are assumed to be odd under new discreteZ2 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 ÞeldB µ" , making V stable.

The scalar CDM model (1.1) is Þneis satisfactory both theoretically and phenomeno-
logically, as long asZ2 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 Þrst 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

Ð 1 Ð

All invariant 
under ad hoc 
Z2 symmetry

arXiv:1112.3299,1205.3169,1402.6287, to name a few
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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 Þelds 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-MÕs are usually
taken as [1Ð4]

L scalar =
1
2

#µS#µS #
1
2

m2
SS2 #

$HS

2
H   HS2 #

$S

4
S4 (1.1)

L fermion = " [i%á# # m! ] " #
$H !

!
H   H "" (1.2)

L vector = #
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 Þelds (S," , V ) are assumed to be odd under new discreteZ2 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 ÞeldB µ" , making V stable.

The scalar CDM model (1.1) is Þneis satisfactory both theoretically and phenomeno-
logically, as long asZ2 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 Þrst 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

Ð 1 Ð

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 expÕs 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 = L SM ! µHS SH  H !
! HS

2
S2H   H

+
1
2

(" µS" µS ! m2
SS2) ! µ3

SS !
µ!

S

3
S3 !

! S

4
S4

+ #(i "" ! m! 0 )# ! ! S##

where

L portal = ! µHS SH  H !
! HS

2
S2H   H,

L hidden = L S + L ! ! ! S## , (1)

with

L S =
1
2

(" µS" µS ! m2
SS2) ! 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)

whereVhidden , Vportal can be read from (1), (2) and

VSM = ! µ2
H H   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

!SM H S

mixing

invisible
decay

Production and decay rates are suppressed relative to SM.

22

 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< "  < # /2 �Ã r$(r%) < 1
Invisible decay mode is not necessary! 

24

Ratiocination

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



Constraints

!

!
!
!

""""

! ! ! ! !

" "
"

"
"

! 0.2 ! 0.1 0.0 0.1 0.2 0.3

! 0.2

! 0.1

0.0

0.1

0.2

0.3

0.4

S

T

EW precision observables

25

" =# /9, # /4
m_h(ref)=120 GeV
115< m_h < 750 GeV 
30.< m$ < 150 GeV
150< m%< 750 GeV

Same for T and U

2 Dark matter to nucleon cross section

In the model we are considering,

⌅p !
1

⇤
m2

pf
2
p (14)

"
1

⇤
m2

p

⇤
0.164

mp

v
⇥ sin� cos�

�
1

m2
1

#
1

m2
2

⇥⌅2
(15)

" 5 $ 10�9pb

�
⇥ sin� cos�

0.1

⇥2 �143GeV

m1

⇥4 �
1 #

m2
1

m2
2

⇥2

(16)

⌅p !
1

⇤
m2

pf
2
p "

1

⇤
m2

p

⇤
0.164

mp

v
⇥ sin� cos�

�
1

m2
1

#
1

m2
2

⇥⌅2
(17)

3 Electroweak precision observables

STU-parameters [1]

�emS = 4s2W c2W

⇤
�ZZ(M2

Z) # �ZZ(0)

M2
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In case of a singlet mixed with Higgs,

�emS = cos2 � �emS(m1) + sin2 � �emS(m2) (23)

4 Dark matter relic density
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(24)
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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 = L SM ! µHS SH  H !
" HS

2
S2H   H

+
1
2

(#µS#µS ! m2
SS2) ! µ3

SS !
µ!

S

3
S3 !

" S

4
S4

+ ! (i "# ! m! 0 )! ! " S!!

where

L portal = ! µHS SH  H !
" HS

2
S2H   H,

L hidden = L S + L ! ! " S!! , (2)

with

L S =
1
2

(#µS#µS ! m2
SS2) ! 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)

whereVhidden , Vportal can be read from (1), (2) and

VSM = ! µ2
H H   H + " H (H   H )2. (5)
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¥Signal strength (r_2 vs r_1)
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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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Signal Strengths µ ≡
σ · Br

σ
SM

· Br
SM

ATLAS CMS
Decay Mode (MH = 125.5 GeV) (MH = 125.7 GeV)

H → bb −0.4± 1.0 1.15± 0.62
H → ττ 0.8± 0.7 1.10± 0.41
H → γγ 1.6± 0.3 0.77± 0.27

H → WW ∗ 1.0± 0.3 0.68± 0.20
H → ZZ ∗ 1.5± 0.4 0.92± 0.28
Combined 1.30± 0.20 0.80± 0.14

⟨µ⟩ = 0.96± 0.12

Higgs Physics A. Pich – LHCP 2013 9

Updates@LHCP
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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 =
125 GeV, m2 = 500 GeV and ! = 0 .1, but " HS = 0, i.e, mixing but no-loop correction.
Red/blue/green/dashed-blue line corresponds to" H / " HS / " / " S.
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Figure 14 . The mass bound of SM-like Higgs (m1) as a function of energy scale for
(! , " HS ) = (0 , 0.2)(left),(0 .1, 0)(right) with " S = 0 .1 and " = 0 .4. The red/blue line
corresponds to triviality/vacuum-stability bound in SM(d ashed) and our model(solid). The
dashed black line corresponds tom1 = 125 GeV.

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

Ð 29 Ð

Baek, Ko, Park, Senaha (2012)



Low energy pheno.
¥Universal suppression of collider SM signals

¥If Òmh > 2 m! Ó, non-SM Higgs decay!

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

If Òm! > mhÓ, 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]



Another UV completion

detection, invisible Higgs decay, thermal relic density, collider search for DM, etc., and

discuss resulting phenomenology at future experiments. In Sec. IV, we discuss in detail the

di! erence between the new UV completion and the previous UV cmopletion with a singlet

scalarS as well as the EFT approach based on Eq. (2). Finally, we summarize the results

in Sec. IV.

II. MODEL

Let us introduce a vectorlike Dirac fermionL ! (L+ , L0)T which has the same quantum

number as the SM Higgs doubletH . Then the SM Lagrangian will be implemented by

adding the following new piece:

L new = L(i "D # mL )L + ! (i "" # m! )! # (#L ! LH ! + H.c.) (5)

We have assumed that both! and L carry the same conserved dark charge such asZ2.

This will distinguish ! from the RH neutrinos in the seesaw models for neutrino masses and

mixings.

After EWSB, ! and L0 mix with each other. The mass matrixM in the (L0, ! ) basis is

given by

M =

!

"
#

mL #L ! v/
$

2

#L ! v/
$

2 m!

$

%
& (6)

One can diagonalize this mass matrix by an orthogonal transformation:
!

"
#

L0
2

L0
1

$

%
& =

!

"
#

cos$ # sin$

sin$ cos$

$

%
&

!

"
#

L0

!

$

%
& (7)

The mixing angle$ and two mass eigenvaluesm1,2 are given by

tan 2$ =

$
2#L ! v

m! # mL
(8)

m1,2 =
1
2

'
(mL + m! ) ±

(
(mL # m! )2 + 2#2

L ! v2
)

(9)

We assumem1 < m 2 so that L0
1 becomes the CDM of the model.

Because of the mixing, theZ 0 coupling to the L0 can be written as

Z 0
µ(L0

2 cos$ + L0
1 sin$)%µ(L0

2 cos$ + L0
1 sin$).
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¥Direct detection constraint satisÞed with 
small mixing angle < 10^{-3}

¥Relic dencity, indirect detection, EWPT, etc.

¥Collider signature similar to the Higgsino 
LSP in SUSY models : More interesting than 
the UV completion with a singlet scalar ÒSÓ

¥Comparison with EFT and the other UV 
completion 

¥Work in progress

L + ! L 0
1,2 + W (! ) , L 0

2 ! L 0
1 + Z (! ) ,



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 scalarS is presumed to be
integrated out, resulting in the following model lagrangian:

L e! = !
!

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 betweenH1 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 scalarS (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
betweenHi ! ! ! ! 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 bosonW ± . 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 Þelds
(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

Ð 9 Ð



¥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 model to 
discuss physics correctly

¥Baek, Ko, Park and Senaha, arXiv:1212.2131 (JHEP)

Contents

1 Introduction 1

2 Abelian Model 1
2.1 Abelian Model for vector dark matter 1
2.2 Comparison with other approach 2

3 Dark Matter Phenomenology 3
3.1 Relic Density 3
3.2 Direct Detection 3
3.3 Indirect Detection 3

4 Collider Phenomenology 3
4.1 Scalar spectra 3
4.2 Higgs phenomenology 3

5 Conclusions 3

A 3

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 breakU(1)X and give the mass to the vector DMX µ.

2 Abelian Model

2.1 Abelian Model for vector dark matter

Let us consider a vector boson dark matterX µ, which is assumed to be a gauge boson
associated with Abelian dark symmetry U(1)X . The simplest model will be without any
matter Þelds charged underU(1)X except for a complex scalar! X whose VEV will generate
the mass forX µ:

L V DM = !
1
4

X µ! X µ! + Dµ!  
X D µ! X !

" X

4
(!  

X ! X ! v2
X )2 + " XH !  

X ! X H   H (2.1)

in addition to the usual SM lagrangian.
Assuming that the U(1)X -charged! X develops a nonzero VEV and thus breaksU(1)X

spontaneously,
"0|! X |0#= vX + hX (x),

Ð 1 Ð

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 ofMX . The big (small) points (do not) satisfy the
WMAP relic density constraint within 3 σ, while the red-(black-)colored points givesr1 > 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 ofΦ, 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].

Ð 9 Ð

Allowed Region

Allowed Region

Figure 8 . The vacuum stability and perturbativity constraints in the ! -m2 plane. We take
m1 = 125 GeV, gX = 0 .05, M X = m2/ 2 and v! = M X / (gX Q! ).

where we have used Eq. (4.8) in the second line. Therefore, as long as Eqs. (4.1) and (4.2)
are satisÞed, 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
(M Pl ! 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 theU(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 speciÞc, we impose" i (Q) < 4$ (i = H, H " , " ) and
g2

X (Q) < 4$ up to Q = M Pl .
Fig. 8 shows the vacuum stability and the perturbativity constraints in the ! -m2 plane.

We take m1 = 125 GeV, gX = 0 .05, M X = m2/ 2 and v! = M X / (gX Q! ). The vacuum
stability constraint is denoted by red line; i.e., the region above the red line is allowed
for ! > 0, and it is the other way around for ! < 0. The perturbativity requirement is
represented by blue line; i.e., the region below the blue line is allowed for! > 0, and it is the
other way around for ! < 0. For ! < 0, the region above the dotted black line is excluded
by Eq. (4.1). Putting all together, for ! > 0 the region between the red and blue lines
is allowed while for ! < 0 the region between the dotted black and blue lines is allowed.

Ð 13 Ð

New scalar improves 
EW vacuum stability 
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With renormalizable lagrangian, 
we get different results !

arXiv:1112.3299,1205.3169,1402.6287, to name a few



¥We donÕt use the effective lagrangian approach 
(nonrenormalizable interactions), since we donÕt 
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



Is this any useful in 
phenomenology ?



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!s�
extended



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

mDM = 35.25 GeV

* See Ò1402.6703, T. Daylan et.al.Ó 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 Ò1404.2318, Q. Yuan & B. ZhangÓ and Ò1407.5625, I. Cholis, D. Hooper & T. LindenÓ



GC gamma ray in VDM

V µ

V ν

b̄/τ̄

b/τ

H1,2

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

V µ

V ν

H1

H1

V µ

V ν

H1

H1

H1,2

V µ H1

V ν H1

V µ H1

V ν H1

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

3.4 Dark matter relic density

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

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

⟨σvrel⟩ff̄ =
∑

f

(gXsαcα)
2

3π
m2

X

∣

∣

∣

∣

∣

∑

i

1

s−m2
i + imiΓi

∣

∣

∣

∣

∣

2
(

mf

vH

)2
(

1−
4m2

f

s

)3/2

, (3.11)

where mf is the mass of a SM fermion f . Note that Eq. (3.11) is suppressed by a factor s2αm
2
f .

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

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

⟨σvrel⟩tot = ⟨σvrel⟩ff̄ + ⟨σvrel⟩φφ (3.12)

– 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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 mV=40 GeV, m" =59 GeV, VV# f f *2
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mV=80 GeV, m" =50 GeV, VV#"  "

Figure 5 . Illustration of ! spectra from di! erent channels. The Þrst two cases give almost the same
spectra while in the third case! is boosted so the spectrum is shifted to higher energy.

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

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

3.5 Comparison with other Higgs portal DM models

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

Contrary to SSDM or SVDM, SFDM with a real scalar mediator results in p-wave s-
channel annihilation. In addition, the t-channel annihilation cross section is approximately

Ð 8 Ð

where

! ! vrel "!! #
1

16" s
|M| 2

!

1 $
4m2

!

s

" 1/ 2

(3.13)

with

|M| 2 %
2
9
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V

%2 $
1 $

2m2
V
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&

'(
2c2

" g2
X + M 0
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)
$ 8c2

" g2
X

*2
(3.14)

M 0
s = 2c4

" m2
V

!
6#!

s $ m2
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$
t" #! H vH /v !

s $ m2
h

"

# 4c4
" #!

+

, 1 $
s2

" m2
V

-
m2

h $ m2
!

.

m2
!

(
s $ m2

h

)

/

0

& 2c4
" g2

X

#

1 $
s2

"

(
m2

h $ m2
V

)

(
4m2

V $ m2
h

)

&

(3.15)

Note that, if we consider the o! -resonance region with2mV ! mh, the contribution of the
s-channel H2 mediation can be ignored and! ! vrel "!! does not depend neithers" nor mf .
Hence a right size of annihilation cross section can be obtained by adjusting mostly gX and
(mV $ m! ) /m V , with the negligible mixing angle dependence. Fig.4 shows the relic density

20 40 60 80 100
10! 4

0.001

0.01

0.1

1

10

mV!GeV"

"
h2

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

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

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

5We adapted the micrOMEGAs package [37, 38] (! VDM h2) to our model for numerical calculation.

Ð 7 Ð

This mass range of VDM would have been 
impossible in the VDM model (EFT)

And there would be no second scalar in 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,

10! 2 ! m! / GeV ! 70

102  m�/ GeV  103

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

Dashed curves:EFT,
ATLAS,CMS results

2 more relevant parameters 



¥However, in renormalizable unitary models 
of Higgs portals,

10! 2 ! m! / GeV ! 70

102  m�/ GeV  103

Interpretation of collider data is quite model-
dependent in Higgs portal DMs and in general

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 [17Ð23]. In case this second
scalar is light, it could solve some puzzles in the CDM
paradigm, such as core cusp problem, missing satellite
problem or too-big-to-fail problem [22, 23]. And it
can help the Higgs inßation work [24] in light of the
recent BICEP2 results with large tensor-to-scalar ratio
r = 0 .2+0 .07

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

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

CONCLUSION

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

" SI
p = ( " SI

p )EFT c4
! m4

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

# (" SI
p )EFT c4

!

!
1 $

m2
h

m2
2

" 2

(28)

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

#
1 + c2

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

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

#
1 + c2

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

#
12.3 + c2

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

We thank Suyong Choi, Teruki Kamon, Sungwon
Lee and Un-Ki Yang for useful discussions on the sub-
ject presented in this work. This work was supported
in part by Basic Science Research Program through
the National Research Foundation of Korea (NRF)
funded by NRF Research Grant 2012R1A2A1A01006053
(SB,PK,WIP), and by SRC program of NRF funded by
MEST (20120001176) through Korea Neutrino Research
Center at Seoul National University (PK).

! sbaek@kias.re.kr
  pko@kias.re.kr
à wipark@kias.re.kr

[1] G. Aad et al. [ATLAS Collaboration], arXiv:1402.3244
[hep-ex].

[2] S. Chatrchyan et al. [CMS Collaboration],
arXiv:1404.1344 [hep-ex].

[3] V. Silveira and A. Zee, Phys. Lett. B 161, 136 (1985).
[4] C. P. Burgess, M. Pospelov and T. ter Veldhuis, Nucl.

Phys. B 619, 709 (2001) [hep-ph/0011335].
[5] A. Djouadi, O. Lebedev, Y. Mambrini and J. Quevillon,

Phys. Lett. B 709, 65 (2012) [arXiv:1112.3299 [hep-ph]].
[6] A. Djouadi, A. Falkowski, Y. Mambrini and J. Quevillon,

Eur. Phys. J. C 73, 2455 (2013) [arXiv:1205.3169 [hep-
ph]].

[7] K. Cheung, Y. -L. S. Tsai, P. -Y. Tseng, T. -C. Yuan
and A. Zee, JCAP 1210 , 042 (2012) [arXiv:1207.4930
[hep-ph]]; J. M. Cline, K. Kainulainen, P. Scott
and C. Weniger, Phys. Rev. D 88, 055025 (2013)
[arXiv:1306.4710 [hep-ph]].

[8] S. Baek, P. Ko and W. -I. Park, JHEP 1202 , 047 (2012)
[arXiv:1112.1847 [hep-ph]].

[9] S. Baek, P. Ko, W. -I. Park and E. Senaha, JHEP 1211 ,
116 (2012) [arXiv:1209.4163 [hep-ph]].

[10] S. Baek, P. Ko, W. -I. Park and E. Senaha, JHEP 1305 ,
036 (2013) [arXiv:1212.2131 [hep-ph]].

[11] Work in preparation.
[12] R. D. Young and A. W. Thomas, Phys. Rev. D 81,

014503 (2010) [arXiv:0901.3310 [hep-lat]].
[13] S. Choi, S. Jung and P. Ko, JHEP 1310 , 225 (2013)

[arXiv:1307.3948].
[14] Y. Farzan and A. R. Akbarieh, JCAP 1210 , 026 (2012)

[arXiv:1207.4272 [hep-ph]].
[15] D. S. Akerib et al. [LUX Collaboration], arXiv:1310.8214

[astro-ph.CO].

2 more relevant parameters 



Crossing & WIMP detection
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Crossing & WIMP detection
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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.



Summary
¥Using EFT for Higgs portal fermion/vector 

DM is not good for theoretical and 
phenomenological reasons

¥Simply because we donÕt know the mass 
scales related with DM (and mediators) and 
how DM is stabilized or long lived

¥Results based on EFT can be completely 
wrong, or misleading at best

¥Better to work on the minimal renorm and 
unitary (anomaly free) model



Backup on generic 
cancellation in direct 
detection x-section



C. Vector DM: Abelian Case

Let us call the hidden sector Dirac fermion dark matter withU(1)X charge as! , with

the following minimal lagrangian:

L = L SM !
1
4

X µ! X µ! !
"
2

X µ! B µ! + Dµ# 
X D µ#X !

$"

4
(# 

X #X ! v2
" )2 !

$H "

2
H   H # 

X #X (5)

The massive vector bosonX µ can be a good CDM, if" = 0. Note that there is no radiatively

generated" in our model, since the SM fermions are not charged underU(1)X . There could

be a mixing due to the gravitational interaction, which would be small enough to be safely

ignored. So we assume" = 0 in this work.

D. Vector DM: Non-Abelian Case

Now let us consider non-Abelian vector boson DM scenario. Let us assume that the

non-Abelian dark symmetryGX is spontaneously broken into its subgroupHX by nonzero

VEV of GX -charged scalar Þeld#X .

E. Common features of hidden sector scenarios

In all the scenarios discussed above, there are some common features:

¥ A singlet acalar S and/or scalar #X charged under hidden sector gauge group can

appear with the couplings with the SMH   H operators:

H   HS, H   HS2, H   H # 
X #X , S# 

X #X , S2# 
X #X

¥ Both S and #X can develop nonzero VEVÕs:vS and v" , and the ßuctuations around

these vacuum will be additional real singlet scalars from the viewpoint of SM gauge

interactions.

¥ There will be generic mixings amonghSM, s and #X , resulting a number of neutral

scalar bosons. OnlyhSM couples to the SM fermions and the weak gauge bosons, The

hidden sector DM species and the Þelds that couple to them are listed in Table I.

¥

4

III. MIXING BETWEEN THE SM HIGGS AND NEUTRAL SCALARS

Let us consider the mixing betweenh! ! (h, s, ! ! =1 ,...,n ). The mass eigenstateshi !

(h1, h2, ..., hn+2 ) will be linear combinations ofh! in terms ofSO(n+2) matrix O: hi = O !
i h!

with OOT = OT O = 1. Then the couplings betweenhi and the SM fermionsf øf and the

SM weak gauge bosonV = W, Z0 are given by

Gif øf =
mf

v
O1j , (6)

GiV V = gV
m2

V

v
O1j . (7)

The couplings ofhi to hidden sector dark matters are given by

Gi "" ! = (8)

Gi # X # X
= " X O2i (9)

GiXX = gX mX O3i (10)

IV. CONSEQUENCES

A. Perturbative Unitarity in the VL VL scattering

Perturbative unitarity of (in)elastic VL VL scattering amplitude leads to

within the SM with a single Higgs doubletH . In case there are mixings betweenH and a

number of singlet scalars studied in this letter, this formula can be modiÞed as following in

a straightforward manner:
!

i

O2
1i m

2
i ! (700GeV)2. (11)

Note that

B. Electroweak Precision Tests (EWPT)

Note that there is no direct interaction of the hidden sector Þelds to the SM fermions,

it would be enough to consider the oblique corrections in terms ofS and T. Since the SM

5

- More than one neutral scalar bosons with reduced 
couplings to the SM fermions and weak gauge bosons
- No extra charged scalar bosons
- Invisible Higgs (or scalar boson) decays

������������������������

General Aspects of Higgs portal to a hidden sector



III. MIXING BETWEEN THE SM HIGGS AND NEUTRAL SCALARS
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5

III. MIXING BETWEEN THE SM HIGGS AND NEUTRAL SCALARS

Let us consider the mixing between h↵ ⌘ (h, s,�↵=1,...,n). The mass eigenstates hi ⌘

(h1, h2, ..., hn+2) will be linear combinations of h↵ in terms of SO(n+2) matrix O: hi = O ↵
i h↵

with OOT = OTO = 1. Then the couplings between hi and the SM fermions ff̄ and the

SM weak gauge boson V = W,Z0 are given by

Gif f̄ =
mf

v
O1j, (6)

GiV V = gV
m2

V

v
O1j. (7)

The couplings of hi to hidden sector dark matters are given by

Gi��⇤ = (8)

Gi X X
= �XO2i (9)

GiXX = gXmXO3i (10)

IV. CONSEQUENCES

A. Perturbative Unitarity in the VLVL scattering

Perturbative unitarity of (in)elastic VLVL scattering amplitude leads to
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Note that
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Note that there is no direct interaction of the hidden sector fields to the SM fermions,

it would be enough to consider the oblique corrections in terms of S and T . Since the SM
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For a scalar DM X, the cross sections become

�SI(Xp) = (14)

�SI( Xp) = (15)

�SI(Xµp) = (16)

amp ⇠ �X
X

i

O1i
1

t�m2
i

O2i ' ��X
X

i

O1i
1

m2
i

OT
i2

! � 1

m2

X

i

�
O1iO

T
i2 = (OOT )12 = 0

�
(17)

Note that all these scattering cross sections vanish in the degenerate scalar cases mi = m,

due to orthogonality of the mixing matrix O. Therefore one can evade the strong bound from

the direct detection rate, and can still have invisible decays of Higgs-like scalar bosons into

a pair of DM’s. This is a very generic phenomenon for a hidden sector CDM, whose stability

is guaranteed by a new local gauge symmetry Gh acting on CDM and Gh is spontaneously

broken by a VEV of some scalar field �↵ charged under Gh.

This aspect is quite di↵erent from the more popular singlet scalar CDM with Z2, where

there is no need to have an extra singlet scalar S that plays a role of the messenger between

the dark matter and the SM sector. In this case, the strong bound from the direct detection

cross section constrains an interesting possibility of invisible Higgs decay into a pair of

CDM’s.

C. Relic Density

It is straightforward to calculate thermal relic density for each case of a hidden sector

CDM. It is always possible to achieve the correct CDM density by using the DM annihilations

near the s-channel pole into the SM particles.

VI. CONCLUSION

In this letter, we presented generic features of hidden sector dark matter models where

the DM stability is guaranteed by a new hidden sector local gauge symmetry Gh. The main
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Then, DM-N scattering amplitude behaves as 

������������



• The cancellation in the DD scattering cross section 
in the degenerate H_i’s is generic (at tree level)

• Similar to the GIM cancellation

• It cannot be seen if we included only the SM Higgs

• This would be also true for other Higgs portal 
models

• No spin-dependent DD cross section

• If there are new gauge interactions, this conclusion 
may be not true, because there would be extra 
contributions from new gauge bosons

������������

at one loop level


