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Introduction



SM Chapter almost 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 
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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
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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

−0.4 ×
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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



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


• Nature is described by Local 
Gauge Theories 


• All the observed particles 
carry some gauge charges (no 
gauge singlets observed so 
far)
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• Dark & visible matter and dark energy, neutrinos

Jan Oort (1932), Fritz Zwicky (1933) Strong gravitational lensing in Abell 1689Bullet cluster

v � r�1/2

observation

expectation

(Planck+WP+highL+BAO)

⌦b ' 0.048

⌦DM ' 0.259

⌦⇤ ' 0.691

Heights of peaks 
⇒ Ωb, ΩDM 
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Inflation models in light of Planck2013 data

V / �4

[Planck2013 results]



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 ?

?



Maybe it is right time to 
think about what LHC and 
Planck data tell us about 
New Physics@EW scale



Origin of EWSB ?

• LHC discovered a scalar ~ SM Higgs boson


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


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


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



Origin of Mass
• Massive SM particles get their masses from 

Higgs mechanism or confinement in QCD


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


• SM Higgs ? SUSY Breaking ? Extra Dim ?


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



Questions about DM
• Electric Charge/Color neutral 


• How many DM species are there ?


• Their masses and spins ?


• Are they absolutely stable or very long lived ?


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


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


• How to observe them ?



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


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


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



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


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


• Phenomenologically nice, but 
theoretically rather ad hoc 


• Any good organizing principle ? 



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


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


• Phenomenologically nice, but 
theoretically rather ad hoc 


• Any good organizing principle ? 


• YES ! >> Dark Gauge Symmetry



Local Dark Gauge Sym
• Well tested principle in the SM


• Completely fix the dynamics of DM, SM


• Guarantees stability/longevity of DM


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


• Predictable amount of dark radiation 
NB: The first 3 points are also true in the minimal DM scenarios  


(No new gauge sym, just SM gauge symmetries)



Basic assumptions
• DM, DR, Mediators : particles that can be 

described by conventional QFT


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


• Very conservative approach to DM models





SM vs. DM Physics
• Success of the Standard Model 

of Particle Physics lies in “local 
gauge symmetry” without 
imposing any internal global 
symmetries 


• electron stability : U(1)em gauge 
invariance, electric charge 
conservation


• proton longevity : baryon # is an 
accidental sym of the SM


• No gauge singlets in the SM ; all 
the SM fermions chiral



SM vs. DM Physics
• Success of the Standard Model 

of Particle Physics lies in “local 
gauge symmetry” without 
imposing any internal global 
symmetries 


• electron stability : U(1)em gauge 
invariance, electric charge 
conservation


• proton longevity : baryon # is an 
accidental sym of the SM


• No gauge singlets in the SM ; all 
the SM fermions chiral

• Dark sector with (excited) dark 
matter, dark radiation and 
force mediators might have 
the same structure as the SM


• “Chiral dark gauge theories 
without any global sym”


• Origin of DM stability/
longevity from dark gauge 
sym, and not from dark global 
symmetries, as in the SM


• Just like the SM (conservative)



Hidden (Dark)  
QCD Scenario



hQCD (Dark QCD)
• Strassler + Zurek (2006) : hQCD + U(1)’ , new collider signatures but no 

discussion on DM from hQCD. hep-ph/0604261. PLB (2007)


• B. Patt and F. Wilczek, hep-ph/0605188. “Higgs portal”


• Hur, Ko, Jung, Lee (2007): EWSB and CDM from h-QCD, arXiv:0709.1218 
[hep-ph], PLB (2011)


• Hur, Ko (2007) : scale inv. extension of SM+hQCD. All the mass scales 
(including DM mass) from hQCD. PRL(2011)


• Proceedings: Int.J.Mod.Phys. A23 (2008) 3348-3351, AIP Conf.Proc. 1178 
(2009) 37-43, arXiv:1012.0103 (ICHEP), etc


• Hochberg et al. : SIMP in Dark QCD (2014, 2015)


• Hatanaka, Jung, Ko : AdS/QCD approach, arXiv:1606.02969, JHEP (2016)



Hidden Sector
• Any NP @ TeV scale is strongly constrained by 

EWPT and CKMology


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


• Hidden gauge sym can stabilize CDM


• Generic in many BSM’s including SUSY models


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



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, 
ignoring dim-5 operators; proton is stable 
or very long lived) 1

MPlanck
H

†
Hqh�5qh



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



WIMP scenario with 
the S-H portal
• Hur, Jung, Ko, Lee, arXiv:0709.1218 
• Hur, Ko, 1103.2571, PRL (2011) 
• Hatanaka, Jung, Ko, 1606.02969, JHEP (2016)

And proceedings: 

• Int. J. Mod. Phys. A23 (2008) 3348-3351 
• AIP Conf. Proc. 1178 (2009) 37-43 
• ICHEP 2010 Proceeding, hep-ph/1012.0103



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

"&--&'.&,

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

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

(arXiv:0709.1218 with T.Hur, D.W.Jung and J.Y.Lee) 
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Key Observation
• If we switch off gauge interactions of the 

SM, then we find 

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

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



Model-I

Potential for H1 and H2

V (H1, H2) = −µ2
1(H

†
1H1) +

λ1

2
(H†

1H1)
2 − µ2

2(H
†
2H2)

+
λ2

2
(H†

2H2)
2 + λ3(H

†
1H1)(H

†
2H2) +

av3
2

2
σh

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

Consider the following phase:

H1 =

(

0
v1+hSM√

2

)

, H2 =

(

π+
h

v2+σh+iπ0
h√

2

)

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

3

– p.34/50

Not present in the two-
Higgs Doublet model

������������



Relic DensityModel-I : Relic density of πh
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Can easily accommodate the relic density in our model

– p.27/38������������



Model-I : Direct detection rate
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–p.28/38
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Classical Scale Sym Model

• Scale invariant extension of the SM + hQCD


• Mass scale is generated by nonperturbative strong 
dynamics in the hidden sector


• EWSB and CDM from hQCD sector

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



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 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

������������



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

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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Comparison with the 
previous models

• Dark gauge symmetry is unbroken (DM could be 
absolutely stable if they appeared in the asymptotic 
states), but confining like QCD (No long range dark 
force, DM becomes composite)


• 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



• Additional singlet scalar improves the 
vacuum stability up to Planck scale


• Can modify Higgs inflation scenario 
(Higgs-portal assisted Higgs inflation      
[arXiv:1405.1635, JCAP (2017) with Jinsu Kim, WIPark]


• The 2nd scalar could be very very elusive 


• Can we find the 2nd scalar at LHC ?


• We will see if this class of DM can survive 
the LHC Higgs data in the coming years



EFT vs. UV completion
with a singlet 

scalar-Higgs portal

Seungwon Baek, Pyungwon Ko, Wan-Il Park, 
arXiv:1112.1847, JHEP (2012); 
arXiv:1405.3530, PRD (2014)



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

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

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

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

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

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

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

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

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

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

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

– 1 –

Higgs portal DM as examples

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

• Fermion CDM : nonrenormalizable

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

All invariant 
under ad hoc 
Z2 symmetry



Usual story within EFT

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

• So, the invisible Higgs decay is suppressed

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

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

November 7, 2011

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

L = LSM � µHSSH
†H � �HS

2
S2H†H

+
1

2
(⇤µS⇤

µS �m2
SS

2)� µ3
SS � µ�

S

3
S3 � �S

4
S4

+⇥(i ⇥ ⇤ �m�0)⇥ � �S⇥⇥

where

Lportal = �µHSSH
†H � �HS

2
S2H†H,

Lhidden = LS + L� � �S⇥⇥, (1)

with

LS =
1

2
(⇤µS⇤

µS �m2
SS

2)� µ3
SS � µ�

S

3
S3 � �S

4
S4,

L� = ⇥(i/⇤ �m�0)⇥ (2)

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

portal parts

VHiggs = VSM + Vhidden + Vportal, (3)

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

VSM = �µ2
HH

†H + �H(H
†H)2. (4)

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

⇤H⌅ = 1⇧
2

�
0
vH

⇥
, ⇤S⌅ = vS. (5)

1

ΨSM H S

mixing

invisible
decay

Production and decay rates are suppressed relative to SM.

49
 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! 

51

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

52
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1

destructive!



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

- Only one Higgs boson (alpha = 0) 

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

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

�h  or

Breaks SM gauge sym



• Dark matter to nucleon cross section (constraint)

Excluded!

m₁=143 GeV

Constraints
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• Signal strength (r_2 vs r_1)
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Discovery possibility

⦁: 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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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
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Figure 13. RG-running of couplings as a function of renormalization scale for m1 =

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

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

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

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

dashed black line corresponds to m1 = 125GeV.

5.4 Brief Summary

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

– 29 –

Baek, Ko, Park, Senaha (2012)



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 

5

nal strength ∼ 1, the other ons has the signal strength
! 0.1. Therefore it would require dedicated searches for
this singlet-like scalar boson at the LHC. In fact this sec-
ond scalar boson is almost ubiquitous in hidden sector
DM models, where DM is stabilized or long-lived due
to dark gauge symmetries [17–23]. In case this second
scalar is light, it could solve some puzzles in the CDM
paradigm, such as core cusp problem, missing satellite
problem or too-big-to-fail problem [22, 23]. And it
can help the Higgs inflation work [24] in light of the
recent BICEP2 results with large tensor-to-scalar ratio
r = 0.2+0.07

−0.05. Therefore it would be very important to
search for the singlet-like second scalar boson at the LHC
and elsewhere, in order to test the idea of dark gauge
symmetry stabilizing the DM of the universe. Since the
ILC can probe α down to a few ×10−3 only, there would
be an ample room for the 2nd scalar remaining undis-
covered at colliders unfortunately. It would be a tough
question how to probe the region below α ! 10−3 in the
future terrestrial experiments ( for example, see [25] for
a recent study).
The second point is that there is no unique correlation

between the LHC data on the Higgs invisible branch-
ing ratio and the spin-independent cross section of Higgs
portal DM on nucleon. One can not say that the former
gives stronger bound for low DM mass region compared
with the latter, which is very clear from the plots we have
shown. Therefore it is important for the direct detection
experiments to improve the upper bound on σSI for low
mDM, regardless of collider bounds. Collider bounds can
never replace the DM direct search bounds in a model
independent way, unlike many such claims.

CONCLUSION

In this letter, we have demonstrated that the effec-
tive theory approach in dark matter physics could lead
to erroneous or misleading results. For the Higgs portal
SFDM and VDM, there are at least two more impor-
tant parameters, the mass m2 of the 2nd scalar which is
mostly a SM singlet, and the mixing angle α between the
SM Higgs boson and the 2nd scalar boson:

σSI
p = (σSI

p )EFT c4αm
4
hF(mDM, {mi}, v) (27)

≃ (σSI
p )EFT c4α

(

1−
m2

h

m2
2

)2

(28)

where the function F is defined in Eq. (13) and m1 =
mh = 125 GeV. The second equation is obtained when
the momentum of DM is negligible relative to both
masses of Higgses. The usual EFT approach applies only
for the case m2 = mhcα/

√

1 + c2α or m2 → ∞ with
α → 0. For the finite m2, there is a generic cancel-
lation between H1 and H2 contribution due to the or-
thogonal nature of the rotation matrix from interaction

to mass eigenstates of two scalar bosons. The resulting
bound on σSI becomes even stronger if m2 > m1 = 125
GeV. On the other hand, for a light 2nd Higgs (m2 <
mhcα/

√

1 + c2α), the LHC bound derived from the invis-
ible Higgs decay width is weaker than the claims made
in both ATLAS and CMS collaborations. Especially, for
m2 ! mhcα/

√

12.3 + c2α, it can not compete with the
DM direct search bounds from XENON100, CDMS and
LUX, which is the main conclusion of this paper. Both
LHC search for the singlet-like 2nd scalar boson and the
DM direct search experiments are important to be con-
tinued, and will be complementary with each other.
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Interpretation of collider data is quite model-
dependent in Higgs portal DMs and in general
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nal strength ∼ 1, the other ons has the signal strength
! 0.1. Therefore it would require dedicated searches for
this singlet-like scalar boson at the LHC. In fact this sec-
ond scalar boson is almost ubiquitous in hidden sector
DM models, where DM is stabilized or long-lived due
to dark gauge symmetries [17–23]. In case this second
scalar is light, it could solve some puzzles in the CDM
paradigm, such as core cusp problem, missing satellite
problem or too-big-to-fail problem [22, 23]. And it
can help the Higgs inflation work [24] in light of the
recent BICEP2 results with large tensor-to-scalar ratio
r = 0.2+0.07

−0.05. Therefore it would be very important to
search for the singlet-like second scalar boson at the LHC
and elsewhere, in order to test the idea of dark gauge
symmetry stabilizing the DM of the universe. Since the
ILC can probe α down to a few ×10−3 only, there would
be an ample room for the 2nd scalar remaining undis-
covered at colliders unfortunately. It would be a tough
question how to probe the region below α ! 10−3 in the
future terrestrial experiments ( for example, see [25] for
a recent study).
The second point is that there is no unique correlation

between the LHC data on the Higgs invisible branch-
ing ratio and the spin-independent cross section of Higgs
portal DM on nucleon. One can not say that the former
gives stronger bound for low DM mass region compared
with the latter, which is very clear from the plots we have
shown. Therefore it is important for the direct detection
experiments to improve the upper bound on σSI for low
mDM, regardless of collider bounds. Collider bounds can
never replace the DM direct search bounds in a model
independent way, unlike many such claims.

CONCLUSION

In this letter, we have demonstrated that the effec-
tive theory approach in dark matter physics could lead
to erroneous or misleading results. For the Higgs portal
SFDM and VDM, there are at least two more impor-
tant parameters, the mass m2 of the 2nd scalar which is
mostly a SM singlet, and the mixing angle α between the
SM Higgs boson and the 2nd scalar boson:

σSI
p = (σSI

p )EFT c4αm
4
hF(mDM, {mi}, v) (27)

≃ (σSI
p )EFT c4α

(

1−
m2

h

m2
2

)2

(28)

where the function F is defined in Eq. (13) and m1 =
mh = 125 GeV. The second equation is obtained when
the momentum of DM is negligible relative to both
masses of Higgses. The usual EFT approach applies only
for the case m2 = mhcα/

√

1 + c2α or m2 → ∞ with
α → 0. For the finite m2, there is a generic cancel-
lation between H1 and H2 contribution due to the or-
thogonal nature of the rotation matrix from interaction

to mass eigenstates of two scalar bosons. The resulting
bound on σSI becomes even stronger if m2 > m1 = 125
GeV. On the other hand, for a light 2nd Higgs (m2 <
mhcα/

√

1 + c2α), the LHC bound derived from the invis-
ible Higgs decay width is weaker than the claims made
in both ATLAS and CMS collaborations. Especially, for
m2 ! mhcα/

√

12.3 + c2α, it can not compete with the
DM direct search bounds from XENON100, CDMS and
LUX, which is the main conclusion of this paper. Both
LHC search for the singlet-like 2nd scalar boson and the
DM direct search experiments are important to be con-
tinued, and will be complementary with each other.
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Higgs Inflation

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

�H =
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#
�
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H , (2.2)

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

⌘ m
2
h
/2v2

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

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

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

3 Higgs-portal assisted Higgs inflation

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

L
p
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=
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2
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◆
R+ Lh , (3.1)

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

gµ⌫ with
⌦2

⌘ 1 + ⇠hh
2
/M

2
P, the potential, in the limit of h � MP/
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where vH = 246GeV is the vacuum expectation value of h and � is the canonically normalized
field, which is related to h by

d�

dh
=

q
1 + (1 + 6⇠h)⇠hh2/M2

P

1 + ⇠hh
2/M2

P

. (3.3)

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

slow-roll inflation with slow-roll parameters defined by
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where ‘0’ and ‘00’ represent respectively the first and second derivatives with respect to �.
Inflation ends when ✏ ⇠ 1, and the number of e-foldings is given by
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MP = (8πGN )−1/2 = 2.4 × 1018 GeV. This model
has “good” particle physics phenomenology but gives
“bad” inflation since the self-coupling of the Higgs field
is too large and matter fluctuations are many orders of
magnitude larger than those observed. Another extreme
is to put M to zero and consider the “induced” gravity
[10, 11, 12, 13, 14], in which the electroweak symmetry
breaking generates the Planck mass [15, 16, 17]. This
happens if

√
ξ ∼ 1/(

√
GNMW ) ∼ 1017, whereMW ∼

100 GeV is the electroweak scale. This model may give
“good” inflation [12, 13, 14, 18, 19, 20] even if the
scalar self-coupling is of the order of one, but most
probably fails to describe particle physics experiments.
Indeed, the Higgs field in this case almost completely
decouples from other fields of the SM 2 [15, 16, 17],
which corresponds formally to the infinite Higgs mass
mH . This is in conflict with the precision tests of the
electroweak theory which tell that mH must be below
285 GeV [21] or even 200GeV [22] if less conservative
point of view is taken.
These arguments indicate that there may exist some

intermediate choice of M and ξ which is “good” for
particle physics and for inflation at the same time. In-
deed, if the parameter ξ is sufficiently small,

√
ξ ≪

1017, we are very far from the regime of induced grav-
ity and the low energy limit of the theory (1) is just
the SM with the usual Higgs boson. At the same time,
if ξ is sufficiently large, ξ ≫ 1, the scalar field be-
haviour, relevant for chaotic inflation scenario [7], dras-
tically changes, and successful inflation becomes pos-
sible. We should note, that models of chaotic inflation
with both nonzero M and ξ were considered in litera-
ture [12, 14, 19, 20, 23, 24, 25], but in the context of
either GUT or with an additional inflaton having noth-
ing to do with the Higgs field of the Standard Model.
The Letter is organised as follows. We start from dis-

cussion of inflation in the model, and use the slow-roll
approximation to find the perturbation spectra parame-
ters. Then we will argue in Section 3 that quantum cor-
rections are unlikely to spoil the classical analysis we
used in Section 2. We conclude in Section 4.

2. Inflation and CMB fluctuations

Let us consider the scalar sector of the Standard
Model, coupled to gravity in a non-minimal way. We
will use the unitary gauge H = h/

√
2 and neglect all

gauge interactions for the time being, they will be dis-

2 This can be seen most easily by rewriting the Lagrangian (1),
given in the Jordan frame, to the Einstein frame, see also below.

cussed later in Section 3. Then the Lagrangian has the
form:

SJ =

∫

d4x
√
−g

{

−
M2 + ξh2

2
R

+
∂µh∂µh

2
−

λ

4

(

h2 − v2
)2

}

.

(2)

This Lagrangian has been studied in detail in many pa-
pers on inflation [14, 19, 20, 24], we will reproduce here
the main results of [14, 19]. To simplify the formulae,
we will consider only ξ in the region 1 ≪

√
ξ ≪ 1017,

in which M ≃ MP with very good accuracy.
It is possible to get rid of the non-minimal coupling

to gravity by making the conformal transformation from
the Jordan frame to the Einstein frame

ĝµν = Ω2gµν , Ω2 = 1 +
ξh2

M2
P

. (3)

This transformation leads to a non-minimal kinetic term
for the Higgs field. So, it is convenient to make the
change to the new scalar field χ with

dχ

dh
=

√

Ω2 + 6ξ2h2/M2
P

Ω4
. (4)

Finally, the action in the Einstein frame is

SE =

∫

d4x
√

−ĝ

{

−
M2

P

2
R̂ +

∂µχ∂µχ

2
− U(χ)

}

, (5)

where R̂ is calculated using the metric ĝµν and the
potential is

U(χ) =
1

Ω(χ)4
λ

4

(

h(χ)2 − v2
)2

. (6)

For small field values h ≃ χ and Ω2 ≃ 1, so the poten-
tial for the field χ is the same as that for the initial Higgs
field. However, for large values of h ≫ MP /

√
ξ (or

χ ≫
√

6MP ) the situation changes a lot. In this limit

h ≃
MP
√

ξ
exp

(

χ
√

6MP

)

. (7)

This means that the potential for the Higgs field is ex-
ponentially flat and has the form

U(χ) =
λM4

P

4ξ2

(

1 + exp

(

−
2χ

√
6MP

))−2

. (8)

The full effective potential in the Einstein frame is pre-
sented in Fig. 1. It is the flatness of the potential at
χ ≫ MP which makes the successful (chaotic) infla-
tion possible.
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Fig. 1. Effective potential in the Einstein frame.

Analysis of the inflation in the Einstein frame 3 can
be performed in standard way using the slow-roll ap-
proximation. The slow roll parameters (in notations of
[28]) can be expressed analytically as functions of the
field h(χ) using (4) and (6) (in the limit of h2 ≫
M2

P /ξ ≫ v2),
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Slow roll ends when ϵ ≃ 1, so the field value at
the end of inflation is hend ≃ (4/3)1/4MP /

√
ξ ≃

1.07MP/
√

ξ. The number of e-foldings for the change
of the field h from h0 to hend is given by
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We see that for all values of
√

ξ ≪ 1017 the scale of
the Standard Model v does not enter in the formulae,
so the inflationary physics is independent on it. Since
interactions of the Higgs boson with the particles of
the SM after the end of inflation are strong, the re-
heating happens right after the slow-roll, and Treh ≃
( 2λ
π2g∗

)1/4MP /
√

ξ ≃ 2×1015 GeV, where g∗ = 106.75
is the number of degrees of freedom of the SM. So,
the number of e-foldings for the the COBE scale enter-
ing the horizon NCOBE ≃ 62 (see [28]) and hCOBE ≃
9.4MP/

√
ξ. Inserting (12) into the COBE normaliza-

tion U/ϵ = (0.027MP )4 we find the required value for
ξ

3 The same results can be obtained in the Jordan frame [26, 27].
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Note, that if one could deduce ξ from some fundamen-
tal theory this relation would provide a connection be-
tween the Higgs mass and the amplitude of primordial
perturbations. The spectral index n = 1 − 6ϵ + 2η cal-
culated for N = 60 (corresponding to the scale k =
0.002/Mpc) is n ≃ 1− 8(4N + 9)/(4N + 3)2 ≃ 0.97.
The tensor to scalar perturbation ratio [8] is r = 16ϵ ≃
192/(4N+3)2 ≃ 0.0033. The predicted values are well
within one sigma of the current WMAP measurements
[8], see Fig. 2.

3. Radiative corrections

An essential point for inflation is the flatness of
the scalar potential in the region of the field values
h ∼ 10MP/

√
ξ, what corresponds to the Einstein

frame field χ ∼ 6MP . It is important that radiative
corrections do not spoil this property. Of course, any
discussion of quantum corrections is flawed by the non-
renormalizable character of gravity, so the arguments
we present below are not rigorous.
There are two qualitatively different type of correc-

tions one can think about. The first one is related to the
quantum gravity contribution. It is conceivable to think
[29] that these terms are proportional to the energy den-
sity of the field χ rather than its value and are of the
order of magnitude U(χ)/M4

P ∼ λ/ξ2. They are small
at large ξ required by observations. Moreover, adding
non-renormalizable operators h4+2n/M2n

P to the La-
grangian (2) also does not change the flatness of the
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Higgs portal interaction 
with Dark Higgs can 

change the whole story
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is a tree-level e↵ect as well as the loop contribution [25]. That is,
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where ↵ is a mixing angle between H and �, m� (mh) is the mass of the dark (SM) Higgs and
�
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H
⌘ m

2

h
/2v2

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

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

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

3 Higgs-portal assisted Higgs inflation

Once the potential along the SM Higgs direction becomes monotonic, Higgs inflation becomes
possible [1]. Let us first review the basics of Higgs inflation. The relevant Lagrangian in the
Jordan frame is given, in the unitary gauge, by
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where MP is the reduced Planck mass and Lh is the Lagrangian of the SM Higgs field
only. In the Einstein frame, obtained by the conformal transformation gµ⌫ ! ⌦2
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where vH = 246GeV is the vacuum expectation value of h and � is the canonically normalized
field, which is related to h by
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The Einstein-frame potential (3.2) is exponentially flat for � �
p

3/2MP, and can drive a
slow-roll inflation with slow-roll parameters defined by
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where ‘0’ and ‘00’ represent respectively the first and second derivatives with respect to �.
Inflation ends when ✏ ⇠ 1, and the number of e-foldings is given by
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And by RG running of Higgs self coupling

No strong dependence on 
the top quark mass
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Figure 3. Jordan-frame Higgs potential Ve↵ (left panel) and the running of �H (right panel) in
SFDM for ⇠h = 440, ⇠s = 0, ms = 600GeV, �SH = 0.1, �S = 0.2, and � = 0.3 chosen at Mt scale.

↵ ms �SH �S � ⇠h Ne 109PS ns r ↵s

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

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

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

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

The e-foldings associated with a cosmological scale � = 2⇡/k is given by [43]
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where ⇢R = (⇡2
/30)g⇤T 4

R
, g⇤ ⇡ 100, TR is the reheating temperature, H0 ⇡ 0.67/(3000Mpc

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

Based on this, we performed a numerical analysis to obtain cosmological observables,
for a pivot scale k⇤ = 0.05Mpc�1, by considering perturbativity; namely all the coupling
constants except the nonminimal couplings should be less than 4⇡, vacuum stability, and
latest Planck result (3.9). Although a wide range in parameter space generates small tensor-
to-scalar ratio, compatible with the SM Higgs inflation, some values of ↵ near the value which
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Figure 6. Tensor-to-scalar ratio as a function of the mixing angle ↵ for ms = 300GeV, 400GeV,
500GeV and 600GeV, with the constraints discussed in the main text. The stringent upper bounds
for a given ms comes from the DM physics. The values of the other parameters are the same as in
figure 4. Color-shaded regions (following the scheme of colored lines) are the excluded regions from
the latest LUX experiment, corresponding to di↵erent dark Higgs masses.

5 Conclusions

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


• Sakharov’s 23 conditions : (i) B violation, (ii) C, CP 
violation, (iii) Departure from equilibrium

Physics	behind	the	electroweak	symmetry	breaking

• Baryon	asymmetry	of	the	Universe
• Sakharov’s	three	conditions

1. #B	violation, 2.	CP	violation,	3.	Departure	from	equilibrium
• →Strongly 1st order phase transitionVeff(φ, T)
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• SM (mh=125GeV)	cannot	satisfy	these	conditions.	
• Strongly	1stOPT is	realized by models	with	

extended Higgs sector.	

Electroweak Baryogenesis
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• EWBG maybe possible
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• Extended Higgs sector may work
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GW from 1st OPT
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Higgs-singlet model

• Higgs potential (8 parameters)

• Two field analysis @ finite T

Higgs	singlet	model

• Higgs	potential	(8	parameters)

– Tadpole	conditions	→
– Diagonalized mass	matrix	in									 →																								and

• Two-field analysis	@finite	T

Fuyuto,	Senaha, PRD	90,	015015	(2014),
Hashino,	Kakizaki,	Kanemura,	Matsui, Ko,	PLB	766,	49	(2017),…

EW

IISYM

I

B

A

D
C

EW	phase	should	be	
global	minimum	at	T=0.

Diverse	patterns	of	phase	transition	→

Diverse patterns possible

• EW vac: global min @ T=0

2. Scalar sector [35]

a. Higgs singlet model

Tree-level Higgs potential The general tree-level Higgs potential allowed by gauge

invariance and renormalizability is given by

V0 = −µ2
Φ|Φ|2 + λΦ|Φ|4 + µΦS|Φ|2S +

λΦS

2
|Φ|2S2 + µ3

SS +
m2

S

2
S2 +

µ′
S

3
S3 +

λS
4
S4, (B3)

with eight parameters µ2
Φ,m

2
S,λΦ,λS,λΦS, µΦS, µ

′
S and µ3

S. After the condensation of the

two Higgs fields, they are expanded around the vacuum expectation values vΦ and vS as

Φ = (G+, (vΦ + φ1 + iG0)/
√
2) , S = vS + φ2. In the following, we analyze the phase

structure of this HSM in the classical field space spanned by ⟨Φ⟩ = (0,ϕΦ/
√
2) , ⟨S⟩ = ϕS.

One-loop effective potential at zero-temperature At zero temperature, the effective

potential up to the one-loop level is

Veff,T=0(ϕΦ,ϕS) = V0(ϕΦ,ϕS) +
∑

i

ni

M4
i (ϕΦ,ϕS)

64π2

(
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M2
i (ϕΦ,ϕS)

Q2
− ci

)
, (B4)

where Q is the renormalization scale, which is set at vΦ in our analysis. Here, ni and

Mi(ϕΦ,ϕS) denote the degrees of the freedom and the field-dependent masses for particles

i, respectively. We take the MS scheme, where the numerical constants ci are set at 3/2

(5/6) for scalars and fermions (gauge bosons). We impose the tadpole conditions using

the one-loop level effective potential as
〈
∂Veff,T=0/∂ϕi

〉
= 0, with i = Φ or S. Here, the

angle bracket ⟨· · · ⟩ represents the field-dependent quantity evaluated at our true vacuum

(ϕΦ,ϕS) = (vΦ, vS). The mass squared matrix of the real scalar bosons in the (φ1,φ2) basis

is diagonalized as

m2
ij =

〈
∂2Veff,T=0

∂ϕi∂ϕj

〉
=

⎛

⎝cos θ − sin θ

sin θ cos θ

⎞

⎠

⎛

⎝m2
h 0

0 m2
H

⎞

⎠

⎛

⎝ cos θ sin θ

− sin θ cos θ

⎞

⎠ , (B5)

leading to one-loop improved mass eigenvalues of the Higgs bosons mh and mH , and mixing

angle θ (mh(= 125GeV) < mH , −π/4 ≤ θ ≤ π/4). From the above equations, we use vΦ,

vS, mh, mH and θ as the input parameters instead of µ2
Φ, m

2
S, λΦ, λS and λΦS.
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• Vanishing tadpole conditions ; 


• Diabonalization of 2 scalar mass matrix : 

Higgs	singlet	model

• Higgs	potential	(8	parameters)

– Tadpole	conditions	→
– Diagonalized mass	matrix	in									 →																								and

• Two-field analysis	@finite	T

Fuyuto,	Senaha, PRD	90,	015015	(2014),
Hashino,	Kakizaki,	Kanemura,	Matsui, Ko,	PLB	766,	49	(2017),…

EW

IISYM

I

B

A

D
C

EW	phase	should	be	
global	minimum	at	T=0.

Diverse	patterns	of	phase	transition	→

Higgs	singlet	model

• Higgs	potential	(8	parameters)

– Tadpole	conditions	→
– Diagonalized mass	matrix	in									 →																								and

• Two-field analysis	@finite	T

Fuyuto,	Senaha, PRD	90,	015015	(2014),
Hashino,	Kakizaki,	Kanemura,	Matsui, Ko,	PLB	766,	49	(2017),…

EW

IISYM

I

B

A

D
C

EW	phase	should	be	
global	minimum	at	T=0.

Diverse	patterns	of	phase	transition	→

Fuyuto, Senaha, PRD90, 015015 (2014),

Hashino, Kakizaki, Kanemura, Ko, Matsui, PLB766, 49 (2017)



Theoretical Constraints
• Perturbative Unitarity :

• Vacuum stability

• Landau pole

• Oblique parameters (S,T,U)
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Collider data on HiggsCollider	experiments
• Deviation of Higgs couplings	from SM:

– Recent	LHC	data:	
(1σ;	combination	of	ATLAS	and	CMS)	[ATLAS-CONF-2015-044]

– Expected	accuracy: κV :	2%@HL-LHC	14TeV	3000fb-1 [CMS	collaboration,	1307.7135],	

κV :	0.6% @ILC	250GeV	2000fb-1 [Durieux et	al.	(2017)]
κZ (κW)	:	0.37%	(0.51%)	@ILC	500GeV	500fb-1 [Fujii et	al,	1506.05992]

• Deviation of hhh coupling from SM:
– Expected	accuracy: 54%@HL-LHC	14TeV	3000fb-1 [CMS-PAS-FTR-15-002],	

27%@ILC	500GeV	4000fb-1 [Fujii et	al,	1506.05992],
16%	(10%)@ILC	1TeV	2000fb-1 (5000fb-1)	[Fujii et	al,	1506.05992]

Slide : by courtesy of Toshinori Matsui



Numerial ResultsNumerical	results
• Benchmark	point:

DECIGO	[Class.	Quant.	Grav.	28,	094011	(2011)],
eLISA [arXiv:1512.06239]

Hashino,	Kakizaki,	Kanemura,	TM, Ko,	PLB	766,	49	(2017)



Numerical	results
• Benchmark	point:

DECIGO	[Class.	Quant.	Grav.	28,	094011	(2011)],
eLISA [arXiv:1512.06239]

Hashino,	Kakizaki,	Kanemura,	TM, Ko,	PLB	766,	49	(2017)

The	synergy	between	the	precision	measurements	of	the	Higgs	
boson	couplings	and	GWs at	future	experiments is important!

See also Nightmare scenario with Z3 symnmetry:  
Z. Kang, P.Ko, T. Matsui, arXiv:1706.09721



Conclusion
• Dark pion DM and Singlet fermion DM model with Higgs-singlet 

portal are still viable option for DM, consistent with all the data so 
far


• Unlikely to see this DM @ LHC soon, if this makes the only 
component of DM in our universe


• Singlet scalar (dark Higgs) is generic in many DM models in the 
hidden sector (dark gauge symmetries)


• Improves EW vacuum stability up to Planck scale, and disconnect the 
strong dependence on top/Higgs mass in the original Higgs inflation


• Leave its footprints in collider signatures, EW PhaseTrasition, and 
GW, etc. 



Backup:  
DM-DR Interaction

P.Ko,Y.Tang: arXiv:1608.01083(PLB)
P.Ko,Y.Tang: arXiv:1609.02307(PLB)
P.Ko,N.Nagata,Y.Tang;arXiv:1706.05605(PLB))



Tension in Hubble Constant?
• Hubble Constant H0 defined as the present value of 

• Planck(2015) gives 
• HST(2016)    gives

78

H ⌘ 1

a

da

dt
=

p
⇢r + ⇢m + ⇢⇤

Mp

67.8± 0.9 km s�1Mpc�1

73.24± 1.74 km s�1Mpc�1

biases in identifying these we use current results from the four
SN-independent projects shown in Figure16 of Planck Colla-
boration et al. (2014): IR Tully–Fisher from Sorce et al. (2012), 2
strong lenses from Suyu et al. (2013), 4 distant maser systems
from Gao et al. (2016), and 38 SZ clusters from Bonamente et al.
(2006). These are plotted in Figure 13. A simple weighted average
of these SN-independent measurements gives H0=73.4±
2.6 km s−1Mpc−1, nearly the same as our primary fit though
with a 45% larger uncertainty. The most precise of these is from
the analysis of two strong gravitational lenses and yields
H0=75±4 km s−1Mpc−1 (Suyu et al. 2013), a result that is
both independent of ours and has been reaffirmed by an
independent lensing analysis (Birrer et al. 2015). However, we
note that while lensing provides an independent, absolute scale,
the transformation to H0 depends on knowledge of H(z) between
z=0 and the redshifts of the two lenses (z=0.295 and
z=0.631) which may be gathered from parameter constraints
from the CMB or from an empirical distance ladder across this
redshift range. Either approach will add significantly to the overall
uncertainty. Given the breadth of evidence that the local
measurement of H0 is higher than that inferred from the CMB
and ΛCDM it is worthwhile to explore possible cosmological
origins for the discrepancy.

We may consider the simplest extensions of ΛCDM which
could explain a difference between a local and cosmological
Hubble constant of ∼4–6 km s−1Mpc−1. We are not the first to
look for such a resolution, though the roster of datasets examined
has varied substantially and evolves as measurements improve
(Dvorkin et al. 2014; Leistedt et al. 2014; Wyman et al. 2014;
Aubourg et al. 2015; Cuesta et al. 2015). The simplest
parameterizations of dark energy with w0<−1 or with
w0>−1 and wa<0 can alleviate but not fully remove tension
with H0 (see Figure 13) due to support for w(z)∼−1 signal from
high-redshift SNe Ia and BAO (Aubourg et al. 2015; Cuesta et al.
2015, see Figure 14). A very recent (z<0.03) and dramatic
decrease in w or an episode of strong dark energy at
3<z<1000 may evade detection and still produce a high
value of H0. Whether such a model creates additional tensions will
depend on its prescription and still, if empirically motivated, is
likely to suffer from extreme fine-tuning.

A synthesis of the studies cited above indicates a more fruitful
avenue is found in the “dark radiation” sector. An increase in the
number of relativistic species (dark radiation; e.g., neutrinos) in
the early universe increases the radiation density and expansion
rate during the radiation-dominated era, shifting the epoch of
matter-radiation equality to earlier times. The resulting reduction
in size of the sound horizon (which is used as a standard ruler for
the CMB and BAO) by a few percent for one additional species
(Neff=4) increases H0 by about 7 km s−1Mpc−1 for a flat
universe, more than enough to bridge the divide between the local
and high-redshift scales. A fractional increase (i.e., less than unity)
is also quite plausible for neutrinos of differing temperatures or
massless bosons decoupling before muon annihilation in the early
universe (e.g., Goldstone bosons; Weinberg 2013), producing
ΔNeff=0.39 or 0.57 depending on the decoupling temperature.
An example of such a fit comes from Aubourg et al. (2015) using
a comprehensive set of BAO measurements and Planck data,
finding Neff=3.43±0.26 and H0=71±1.7 km s−1Mpc−1. A
similar result from WMAP9+SPT+ACT+SN+BAO gives
Neff=3.61±0.6 andH0=71.8±3.1 km s−1Mpc−1 (Hinshaw
et al. 2013). Thus, a value of ΔNeff in the range 0.4–1.0 would
relieve some or all of the tension. Although fits to the Planck

dataset (Planck Collaboration et al. 2015) do not indicate the
presence of such additional radiation, they do not exclude this full
range either.
Allowing the Neff degree of freedom triples the uncertainty in

the cosmological value of H0 from Planck Collaboration et al.

Figure 13. Local measurements of H0 compared to values predicted by CMB
data in conjunction with ΛCDM. We show 4 SN Ia-independent values
selected for comparison by Planck Collaboration et al. (2014) and their
average, the primary fit from R11, its reanalysis by Efstathiou (2014) and the
results presented here. The 3.4σ difference between Planck+ΛCDM (Planck
Collaboration et al. 2016) and our result motivates the exploration of
extensions to ΛCDM.

Figure 14. Confidence regions determined with CosmoMC based on the data
from Planck (TT+TEB+lensing), BAO including Lyα QSOs, the JLA SN
sample (Betoule et al. 2014) and with and without our determination of H0 for
the wCDM cosmological model. As shown there is a degeneracy between w
and H0 and the local measurement of H0 pulls the solution to a lower value of w
though it is still consistent with −1.

27

The Astrophysical Journal, 826:56 (31pp), 2016 July 20 Riess et al.
Planck Collaboration: Cosmological parameters

Fig. 30. Constraints on the sum of the neutrino masses for vari-
ous data combinations.

This is slightly weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO (which is tighter in both the
CamSpec and Plik likelihoods), but is immune to low level sys-
tematics that might a↵ect the constraints from the Planck polar-
ization spectra. Equation (57) is therefore a conservative limit.
Marginalizing over the range of neutrino masses, the Planck con-
straints on the late-time parameters are28

H0 = 67.7 ± 0.6

�8 = 0.810+0.015
�0.012

9>=
>; Planck TT+lowP+lensing+ext. (58)

For this restricted range of neutrino masses, the impact on the
other cosmological parameters is small and, in particular, low
values of �8 will remain in tension with the parameter space
preferred by Planck.

The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to disre-
gard the Planck lensing information while retaining other astro-
physical data. The CMB lensing signal probes very-nearly lin-
ear scales and passes many consistency checks over the multi-
pole range used in the Planck lensing likelihood (see Sect. 5.1
and Planck Collaboration XV 2016). The situation with galaxy
weak lensing is rather di↵erent, as discussed in Sect. 5.5.2. In
addition to possible observational systematics, the weak lensing
data probe lower redshifts than CMB lensing, and smaller spa-
tial scales, where uncertainties in modelling nonlinearities in the
matter power spectrum and baryonic feedback become impor-
tant (Harnois-Déraps et al. 2015).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ⇤CDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
⇤CDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.

28To simplify the displayed equations, H0 is given in units of
km s�1Mpc�1 in this section.
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Fig. 31. Samples from Planck TT+lowP chains in the Ne↵–H0
plane, colour-coded by �8. The grey bands show the constraint
H0 = (70.6 ± 3.3) km s�1Mpc�1 of Eq. (30). Notice that higher
Ne↵ brings H0 into better consistency with direct measurements,
but increases �8. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with Ne↵ < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (�Ne↵ ⇡ 0.57), or before muon
annihilation (�Ne↵ ⇡ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos
(�Ne↵ ⇡ 1).

Another way of potentially improving neutrino mass con-
straints is to use measurements of the Ly↵ flux power spectrum
of high-redshift quasars. Palanque-Delabrouille et al. (2015)
have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound

P
m⌫ <

0.15 eV (95 % CL), compatible with the results presented in this
section.

An exciting future prospect is the possible direct detection
of non-relativistic cosmic neutrinos by capture on tritium, for
example with the PTOLEMY experiment (Cocco et al. 2007;
Betts et al. 2013; Long et al. 2014). Unfortunately, for the mass
range

P
m⌫ < 0.23 eV preferred by Planck, detection with the

first generation experiment will be extremely di�cult.

6.4.2. Constraints on Ne↵

Dark radiation density in the early Universe is usually parame-
terized by Ne↵ , defined so that the total relativistic energy density
in neutrinos and any other dark radiation is given in terms of the
photon density ⇢� at T ⌧ 1 MeV by

⇢ = Ne↵
7
8

 
4

11

!4/3

⇢�. (59)

The numerical factors in this equation are included so that
Ne↵ = 3 for three standard model neutrinos that were thermal-
ized in the early Universe and decoupled well before electron-
positron annihilation. The standard cosmological prediction is
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Matter Power Spectrum
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Matter Power Spectrum from weak lensing
16 The Dark Energy Survey Collaboration

Figure 11. Non-tomographic DES SV (blue circles), CFHTLenS
K13 (orange squares) and Planck (red) data points projected
onto the matter power spectrum (black line). This projection is
cosmology-dependent and assumes the Planck best fit cosmology
in ⇤CDM. The Planck error bars change size abruptly because
the C`s are binned in larger ` bins above ` = 50.

of the point is the median of the window function of the
P (k) integral used to predict the observable (⇠+ or C`). The
height of the point is given by the ratio of the observed to
predicted observable, multiplied by the theory power spec-
trum at that wavenumber. For simplicity we use the no-
tomography results from each of DES SV and CFHTLenS
(K13). The results are therefore cosmology dependent, and
we use the Planck best fit cosmology for the version shown
here. The CFHTLenS results are below the Planck best fit
at almost all scales (see also discussion in MacCrann et al.
2014). The DES results agree relatively well with Planck up
to the maximum wavenumber probed by Planck, and then
drop towards the CFHTLenS results.

6.2 Dark Energy

The DES SV data is only 3% of the total area of the full
DES survey, so we do not expect to be able to significantly
constrain dark energy with this data. Nonetheless, we have
recomputed the fiducial DES SV constraints for the second
simplest dark energy model, wCDM, which has a free (but
constant with redshift) equation of state parameter w, in
addition to the other cosmological and fiducial nuisance pa-
rameters (see Section 3). The purple contours in Figure 12
show constraints on w versus the main cosmic shear param-
eter S8; we find DES SV has a slight preference for lower
values of w, with w < �0.68 at 95% confidence. There is a
small positive correlation between w and S8, but our con-
straints on S8 are generally robust to variation in w.

The Planck constraints (the red contours in Figure 12)
agree well with the DES SV constraints: combining DES SV
with Planck gives negligibly di↵erent results to Planck alone.
This is also the case when combining with the Planck+ext
results shown in grey. Planck Collaboration et al. (2015b)

Figure 12. Constraints on the dark energy equation of state w
and S8 ⌘ �8(⌦m/0.3)0.5, from DES SV (purple), Planck (red),
CFHTLenS (orange), and Planck+ext (grey). DES SV is consis-
tent with Planck at w = �1. The constraints on S8 from DES SV
alone are also generally robust to variation in w.

discuss that while Planck CMB temperature data alone do
not strongly constrain w, they do appear to show close to a
2� preference for w < �1. However, they attribute it partly
to a parameter volume e↵ect, and note that the values of
other cosmological parameters in much of the w < �1 region
are ruled out by other datasets (such as those used in the
‘ext’ combination).

Planck CMB data combined with CFHTLenS also show
a preference for w < �1 (Planck Collaboration et al. 2015b).
The CFHTLenS constraints (orange contours) in Figure 12
show a similar degeneracy direction to the DES SV results,
although with a preference for slightly higher values of w

and lower S8. The tension between Planck and CFHTLenS
in ⇤CDM is visible at w = �1, and interestingly, is not fully
resolved at any value of w in Figure 12. This casts doubt on
the validity of combining the two datasets in wCDM.

7 CONCLUSIONS

We have presented the first constraints on cosmology from
the Dark Energy Survey. Using 139 square degrees of Science
Verification data we have constrained the matter density of
the Universe ⌦m and the amplitude of fluctuations �8, and
find that the tightest constraints are placed on the degener-
ate combination S8 ⌘ �8(⌦m/0.3)0.5, which we measure to
7% accuracy to be S8 = 0.81± 0.06.

DES SV alone places weak constraints on the dark
energy equation of state: w < �0.68 (95%). These do
not significantly change constraints on w compared to
Planck alone, and the cosmological constant remains within
marginalised DES SV+Planck contours.

The state of the art in cosmic shear, CFHTLenS, gives
rise to some tension when compared with the most powerful
dataset in cosmology, Planck (Planck Collaboration et al.

MNRAS 000, 1–20 (2015)

DES Science Verification Data

DES astro-ph/150705552
DES astroph/150705552
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Interacting Dark Matter and Radiation

11

• Since all components are connected by Einstein’s 
equation 

• first-order perturbation of  
   Boltzmann equation 

• anisotropy in CMB 
• matter power spectrum 

     for LSS 
• (Self-)Interaction sometimes  
   also matters 
  

Rµ⌫ � 1

2
Rgµ⌫ + ⇤gµ⌫ =

8⇡G

c4
Tµ⌫

neutrino

DMgravity

protonelectron

photon

Coulumb

Compton

Self



Diffusion Damping
• Dark Matter scatters with radiation, which induces 

new contributions in the cosmological perturbation 
equations,

81

�̇� = �✓� + 3�̇,

✓̇� = k2 �H✓� + S�1µ̇ (✓ � ✓�),

✓̇ = k2 + k2
✓
1

4
� � � 

◆
� µ̇ (✓ � ✓�),

where dot means derivative over conformal time d⌧ ⌘ dt/a ( a is the scale

factor), ✓ and ✓� are velocity divergences of radiation  and DM �’s, k is

the comoving wave number,  is the gravitational potential, � and � are the

density perturbation and the anisotropic stress potential of  , and H ⌘ ȧ/a is

the conformal Hubble parameter. Finally, the scattering rate and the density

ratio are defined by µ̇ = an�h�� ci and S = 3⇢�/4⇢ , respectively.



Relation to Particle Physics
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Relation to Particle Physics
• The precise form of the scattering term, <σc>, is fully 

determined by the underlying microscopic or particle 
physics model, for example 
• electron-photon, <σc>~1/m2 

• DM-radiation with massive mediator, <σc>~T2/m4 

• non-Abelian radiation, <σc>~1/T2 

• (pseudo-)scalar radiation, <σc>~1/T2, µ2/T4, T2/µ4

16

Y.Tang,1603.00165(PLB)

Schmaltz et al(2015), 1507.04351,1505.03542 

IR behaviour

DM

DR

e

γ

Boehm et al( astro-ph/0410591,1309.7588) 

Thomson scattering -> CMB, BAO



Effects on LSS
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Parametrize the cross section ratio

u0 ⌘

�� 
�Th

� 
100GeV

m�

�
, u�(T ) = u0

✓
T

T0

◆�
,

where �Th is the Thomson cross section, 0.67⇥ 10�24cm�2.

Y.Tang,1603.00165(PLB)
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Residual Non-Abelian DM&DR
• Consider SU(N) Yang-Mills gauge fields and a Dark Higgs 

field  

• Take SU(3) as an example, 

• SU(3)    SU(2) 
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The massive gauge bosons A4,··· ,8 as dark matter obtain masses,

mA4,5,6,7 =
1

2
gv�, mA8 =

1p
3
gv�,

and massless gauge bosons A1,2,3
µ . The physical scalar � can couple to A4,··· ,8

µ

at tree level and to A1,2,3 at loop level.

P.Ko&YT, 1609.02307
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4
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Phenomenology
• Scattering and decay processes 

• Constraints

26

A4 A5
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A1 A2

A4 A5
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A4 A5
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�
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g2 . T�
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✓
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⇠ 10�7,

• N<6 if thermal 
• small coupling,  
• non-thermal production,  
• low reheating temperature

P.Ko&YT, 1609.02307

Schmaltz et al(2015) EW charged DM

φ
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Matter Power Spectrum
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FIG. 3. Matter power spectrum P (k) (left) and ratio (right) with m� ' 10TeV and g
2
X

' 10�7,

in comparison with ⇤CDM. The black solid lines are for ⇤CDM and the purple dot-dashed lines

for interacting DM-DR case, with input parameters in Eq. 21. We can easily see that P (k) is

suppressed for modes that enter horizon at radiation-dominant era. Those little wiggles are due to

the well-known baryon acoustic oscillation.

clearly that power spectrum can be suppressed when DM-DR interaction is considered. We

have taken the central values of six parameters of ⇤CDM from Planck [10],

⌦bh
2 = 0.02227,⌦ch

2 = 0.1184, 100✓MC = 1.04106,

⌧ = 0.067, ln
�
1010As

�
= 3.064, ns = 0.9681, (21)

and treat neutrino mass the same way as Planck did with
P

m⌫ = 0.06eV, which gives

�8 = 0.815 in vanilla ⇤CDM cosmology. Together with the same inputs as above, we take
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Thermal History
• The minimal setup with 

Higgs portal interaction 
            
• SM and DS are decoupled 

early, DM is produced by 
freeze-in mechanism 

• Late time decay, entropy 
production due to non-
relativistic decay, DR(δNeff) 

• DM and DS scattering 
suppress the matter power 
spectrum
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