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Building Blocks of SM

• Lorentz/Poincare Symmetry
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success of the SM in particle physics

12년	 12월	 28일	 금



Why New Physics ?

• SM : very successful but has to be extended

• Neutrino masses and mixings

• Baryogenesis

• Nonbaryonic CDM

• Inflation

• What would be the simplest NP model ?? 
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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 + Q̄ii $DQi + Ūii $DUi + D̄ii $DDi

+L̄ii $DLi + Ēii $DEi −
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 ×

ar
X

iv
:h

ep
-p

h/
04

05
09

7v
2 

 1
3 

Ja
n 

20
05

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 + Q̄ii $DQi + Ūii $DUi + D̄ii $DDi
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10−11, which cannot be explained in the MSM, has been
known for many decades.
• The nearly scale-invariant, adiabatic, and Gaussian density
fluctuations (see, e.g., [8]) point to cosmic inflation. This has
not been proven, but we find the evidence compelling.
There are many other hints for physics beyond the MSM at

a few sigma levels which we do not try to incorporate.
We now apply our principle of minimal particle content to

address each of the issues. First, we discuss Dark Matter. It
is clear that the MSM does not have a candidate degree of
freedom. The minimal way to add a new degree of freedom
in a quantum field theory is a real Klein–Gordon (KG) field.
To make it stable, we must assign it a symmetry; the only
such possibility for a real KG field is a Z2 parity. Therefore,
we introduce a singlet field S completely neutral under the
gauge group and odd under a Z2 parity. Then its most general
renormalizable Lagrangian is

LS =
1

2
∂µS∂µS −

1

2
m2

SS2 −
k

2
|H |2S2 −

h

4!
S4. (2)

It is encouraging that this model indeed had been proposed to
explain the cosmological Dark Matter in the past [9, 10, 11].
Remarkably, this model can explain the correct abundance,
the lack of its detection so far, and the lack of observation at
high-energy accelerators. We will show later that the model is
still viable. This is clearly the minimal model of Dark Matter.
The next issue is Dark Energy. Because we do not con-

cern ourselves with aesthetic issues such as naturalness and
fine-tuning in constructing the NMSM, we simply postulate a
cosmological constant of the observed size, approximately

LΛ = (2.3 × 10−3 eV)4. (3)

This is a relevant operator in the Lagrangian, consistent with
all known symmetries. Hence, it cannot be left out in a most
general Lagrangian. Its renormalized value at the Hubble
scale needs to be the one given above.
The third issue is the neutrino masses and bi-large mixings.

We have strong evidence for two mass-squared splittings, one
from atmospheric neutrinos ∆m2 # 2.5 × 10−3 eV2, and
the other from solar neutrinos (and reactor anti-neutrinos)
∆m2 # 7 × 10−5 eV2. Because the Planck-scale operator
(LH̃)(LH̃)/MPl gives onlymν

<∼ 10−5 eV, too small to ex-
plain the data, we need new degrees of freedom to generate
neutrino masses. There is no evidence that all three neutrinos
are massive, and one of them may be exactly massless. We
hence need only two right-handed neutrinosNα (α = 1, 2), or
four new degrees of freedom, to write down the mass terms.
We still have to make a choice whether the mass terms are
of Dirac or Majorana type. Based on the minimality alone,
either of them is perfectly valid. In the case of Dirac neu-
trinos, we need to impose a global lepton number symme-
try, while for Majorana neutrinos, we write down all possible
renormalizable terms. The next minimal way of generating
Majorana neutrino masses requires a triplet scalar exchange
[12] with six new degrees of freedom. Therefore, adding two
right-handed neutrinos is the minimal choice.

Next, we have to explain the baryon asymmetry of the uni-
verse. We might have insisted that the baryon asymmetry was
the initial condition of the universe. However, this is not pos-
sible because we will accept the inflationary paradigm. We
will come back to this point later. Therefore, the asymmetry
needs to be explained. In fact, having accepted two right-
handed neutrinos, we can let them produce the baryon asym-
metry via leptogenesis [13, 14, 15]. This is possible only
for Majorana neutrinos with seesaw mechanism without ad-
ditional degrees of freedom, unlike leptogenesis with Dirac
neutrinos [16]. Therefore, we do not have a choice: the neu-
trinos are Majorana, and the decays of right-handed neutrinos
in the early universe, coupled with the electroweak anomaly,
is responsible for creating the baryon asymmetry. The NMSM
Lagrangian, hence, must also include

LN = N̄αi %∂Nα−
(

Mα

2
NαNα + hαi

ν NαLiH̃ + c.c.

)

. (4)

Because the left-handed neutrinoMajoranamass matrix has
rank two, there is one massless state. The other two neutrino
masses can be determined from the solar and atmospheric neu-
trino data, and there is only one Majorana phase. In the basis
where the charged-lepton and right-handed-neutrinomass ma-
trices are real and diagonal, there are eleven real parameters in
Eq. (4), after rephasing of three lepton doublets. Since there
are only seven real parameters for light neutrinos, two masses,
three mixing angles, one Dirac and one Majorana phase, we
have enough parameters to accommodate the current data. In
order to produce the observed baryon asymmetry via leptoge-
nesis, the lighter right-handed neutrino should be heavier than
1010 GeV to have enough CP asymmetry [15, 17].
Finally, nearly scale-invariant, adiabatic, and Gaussian den-

sity fluctuations need to be generated in order to explain
the observed structure, velocity field, and cosmic microwave
background anisotropy. We adopt inflation for this purpose.
We do not see any candidate scalar field to drive inflation
in the MSM nor among the new particles introduced above.
Therefore, we have to introduce at least another degree of
freedom. The minimal new particle content is again a real
KG field, and its most general renormalizable Lagrangian is

Lϕ =
1

2
∂µϕ∂

µϕ−
1

2
m2ϕ2 −

µ

3!
ϕ3 −

κ

4!
ϕ4. (5)

Here, the possible linear term has been absorbed by a shift.
This potential can drive inflation, e.g., if the field starts with
a trans-Planckian amplitude; this is nothing but the chaotic
inflation model [18]. Current data prefer the quadratic term to
drive inflation [19, 20] withm # 1.8 × 1013 GeV [21], while
µ <∼ 106 GeV and κ <∼ 10−14.[32]
The only possible renormalizable couplings of the inflaton

to other fields in the NMSM allowed by symmetries are

VRH = µ1ϕ|H |2 + µ2ϕS2 + κHϕ
2|H |2 + κSϕ

2S2

+(yαβ
N ϕNαNβ + c.c.). (6)
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KG field, and its most general renormalizable Lagrangian is

Lϕ =
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2
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µϕ−
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κ
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Here, the possible linear term has been absorbed by a shift.
This potential can drive inflation, e.g., if the field starts with
a trans-Planckian amplitude; this is nothing but the chaotic
inflation model [18]. Current data prefer the quadratic term to
drive inflation [19, 20] withm # 1.8 × 1013 GeV [21], while
µ <∼ 106 GeV and κ <∼ 10−14.[32]
The only possible renormalizable couplings of the inflaton

to other fields in the NMSM allowed by symmetries are

VRH = µ1ϕ|H |2 + µ2ϕS2 + κHϕ
2|H |2 + κSϕ

2S2

+(yαβ
N ϕNαNβ + c.c.). (6)
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10−11, which cannot be explained in the MSM, has been
known for many decades.
• The nearly scale-invariant, adiabatic, and Gaussian density
fluctuations (see, e.g., [8]) point to cosmic inflation. This has
not been proven, but we find the evidence compelling.
There are many other hints for physics beyond the MSM at

a few sigma levels which we do not try to incorporate.
We now apply our principle of minimal particle content to

address each of the issues. First, we discuss Dark Matter. It
is clear that the MSM does not have a candidate degree of
freedom. The minimal way to add a new degree of freedom
in a quantum field theory is a real Klein–Gordon (KG) field.
To make it stable, we must assign it a symmetry; the only
such possibility for a real KG field is a Z2 parity. Therefore,
we introduce a singlet field S completely neutral under the
gauge group and odd under a Z2 parity. Then its most general
renormalizable Lagrangian is

LS =
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2
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It is encouraging that this model indeed had been proposed to
explain the cosmological Dark Matter in the past [9, 10, 11].
Remarkably, this model can explain the correct abundance,
the lack of its detection so far, and the lack of observation at
high-energy accelerators. We will show later that the model is
still viable. This is clearly the minimal model of Dark Matter.
The next issue is Dark Energy. Because we do not con-

cern ourselves with aesthetic issues such as naturalness and
fine-tuning in constructing the NMSM, we simply postulate a
cosmological constant of the observed size, approximately

LΛ = (2.3 × 10−3 eV)4. (3)

This is a relevant operator in the Lagrangian, consistent with
all known symmetries. Hence, it cannot be left out in a most
general Lagrangian. Its renormalized value at the Hubble
scale needs to be the one given above.
The third issue is the neutrino masses and bi-large mixings.

We have strong evidence for two mass-squared splittings, one
from atmospheric neutrinos ∆m2 # 2.5 × 10−3 eV2, and
the other from solar neutrinos (and reactor anti-neutrinos)
∆m2 # 7 × 10−5 eV2. Because the Planck-scale operator
(LH̃)(LH̃)/MPl gives onlymν

<∼ 10−5 eV, too small to ex-
plain the data, we need new degrees of freedom to generate
neutrino masses. There is no evidence that all three neutrinos
are massive, and one of them may be exactly massless. We
hence need only two right-handed neutrinosNα (α = 1, 2), or
four new degrees of freedom, to write down the mass terms.
We still have to make a choice whether the mass terms are
of Dirac or Majorana type. Based on the minimality alone,
either of them is perfectly valid. In the case of Dirac neu-
trinos, we need to impose a global lepton number symme-
try, while for Majorana neutrinos, we write down all possible
renormalizable terms. The next minimal way of generating
Majorana neutrino masses requires a triplet scalar exchange
[12] with six new degrees of freedom. Therefore, adding two
right-handed neutrinos is the minimal choice.

Next, we have to explain the baryon asymmetry of the uni-
verse. We might have insisted that the baryon asymmetry was
the initial condition of the universe. However, this is not pos-
sible because we will accept the inflationary paradigm. We
will come back to this point later. Therefore, the asymmetry
needs to be explained. In fact, having accepted two right-
handed neutrinos, we can let them produce the baryon asym-
metry via leptogenesis [13, 14, 15]. This is possible only
for Majorana neutrinos with seesaw mechanism without ad-
ditional degrees of freedom, unlike leptogenesis with Dirac
neutrinos [16]. Therefore, we do not have a choice: the neu-
trinos are Majorana, and the decays of right-handed neutrinos
in the early universe, coupled with the electroweak anomaly,
is responsible for creating the baryon asymmetry. The NMSM
Lagrangian, hence, must also include

LN = N̄αi %∂Nα−
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rank two, there is one massless state. The other two neutrino
masses can be determined from the solar and atmospheric neu-
trino data, and there is only one Majorana phase. In the basis
where the charged-lepton and right-handed-neutrinomass ma-
trices are real and diagonal, there are eleven real parameters in
Eq. (4), after rephasing of three lepton doublets. Since there
are only seven real parameters for light neutrinos, two masses,
three mixing angles, one Dirac and one Majorana phase, we
have enough parameters to accommodate the current data. In
order to produce the observed baryon asymmetry via leptoge-
nesis, the lighter right-handed neutrino should be heavier than
1010 GeV to have enough CP asymmetry [15, 17].
Finally, nearly scale-invariant, adiabatic, and Gaussian den-

sity fluctuations need to be generated in order to explain
the observed structure, velocity field, and cosmic microwave
background anisotropy. We adopt inflation for this purpose.
We do not see any candidate scalar field to drive inflation
in the MSM nor among the new particles introduced above.
Therefore, we have to introduce at least another degree of
freedom. The minimal new particle content is again a real
KG field, and its most general renormalizable Lagrangian is
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Here, the possible linear term has been absorbed by a shift.
This potential can drive inflation, e.g., if the field starts with
a trans-Planckian amplitude; this is nothing but the chaotic
inflation model [18]. Current data prefer the quadratic term to
drive inflation [19, 20] withm # 1.8 × 1013 GeV [21], while
µ <∼ 106 GeV and κ <∼ 10−14.[32]
The only possible renormalizable couplings of the inflaton

to other fields in the NMSM allowed by symmetries are
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It is encouraging that this model indeed had been proposed to
explain the cosmological Dark Matter in the past [9, 10, 11].
Remarkably, this model can explain the correct abundance,
the lack of its detection so far, and the lack of observation at
high-energy accelerators. We will show later that the model is
still viable. This is clearly the minimal model of Dark Matter.
The next issue is Dark Energy. Because we do not con-

cern ourselves with aesthetic issues such as naturalness and
fine-tuning in constructing the NMSM, we simply postulate a
cosmological constant of the observed size, approximately

LΛ = (2.3 × 10−3 eV)4. (3)

This is a relevant operator in the Lagrangian, consistent with
all known symmetries. Hence, it cannot be left out in a most
general Lagrangian. Its renormalized value at the Hubble
scale needs to be the one given above.
The third issue is the neutrino masses and bi-large mixings.

We have strong evidence for two mass-squared splittings, one
from atmospheric neutrinos ∆m2 # 2.5 × 10−3 eV2, and
the other from solar neutrinos (and reactor anti-neutrinos)
∆m2 # 7 × 10−5 eV2. Because the Planck-scale operator
(LH̃)(LH̃)/MPl gives onlymν

<∼ 10−5 eV, too small to ex-
plain the data, we need new degrees of freedom to generate
neutrino masses. There is no evidence that all three neutrinos
are massive, and one of them may be exactly massless. We
hence need only two right-handed neutrinosNα (α = 1, 2), or
four new degrees of freedom, to write down the mass terms.
We still have to make a choice whether the mass terms are
of Dirac or Majorana type. Based on the minimality alone,
either of them is perfectly valid. In the case of Dirac neu-
trinos, we need to impose a global lepton number symme-
try, while for Majorana neutrinos, we write down all possible
renormalizable terms. The next minimal way of generating
Majorana neutrino masses requires a triplet scalar exchange
[12] with six new degrees of freedom. Therefore, adding two
right-handed neutrinos is the minimal choice.

Next, we have to explain the baryon asymmetry of the uni-
verse. We might have insisted that the baryon asymmetry was
the initial condition of the universe. However, this is not pos-
sible because we will accept the inflationary paradigm. We
will come back to this point later. Therefore, the asymmetry
needs to be explained. In fact, having accepted two right-
handed neutrinos, we can let them produce the baryon asym-
metry via leptogenesis [13, 14, 15]. This is possible only
for Majorana neutrinos with seesaw mechanism without ad-
ditional degrees of freedom, unlike leptogenesis with Dirac
neutrinos [16]. Therefore, we do not have a choice: the neu-
trinos are Majorana, and the decays of right-handed neutrinos
in the early universe, coupled with the electroweak anomaly,
is responsible for creating the baryon asymmetry. The NMSM
Lagrangian, hence, must also include

LN = N̄αi %∂Nα−
(

Mα

2
NαNα + hαi

ν NαLiH̃ + c.c.

)

. (4)

Because the left-handed neutrinoMajoranamass matrix has
rank two, there is one massless state. The other two neutrino
masses can be determined from the solar and atmospheric neu-
trino data, and there is only one Majorana phase. In the basis
where the charged-lepton and right-handed-neutrinomass ma-
trices are real and diagonal, there are eleven real parameters in
Eq. (4), after rephasing of three lepton doublets. Since there
are only seven real parameters for light neutrinos, two masses,
three mixing angles, one Dirac and one Majorana phase, we
have enough parameters to accommodate the current data. In
order to produce the observed baryon asymmetry via leptoge-
nesis, the lighter right-handed neutrino should be heavier than
1010 GeV to have enough CP asymmetry [15, 17].
Finally, nearly scale-invariant, adiabatic, and Gaussian den-

sity fluctuations need to be generated in order to explain
the observed structure, velocity field, and cosmic microwave
background anisotropy. We adopt inflation for this purpose.
We do not see any candidate scalar field to drive inflation
in the MSM nor among the new particles introduced above.
Therefore, we have to introduce at least another degree of
freedom. The minimal new particle content is again a real
KG field, and its most general renormalizable Lagrangian is

Lϕ =
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Here, the possible linear term has been absorbed by a shift.
This potential can drive inflation, e.g., if the field starts with
a trans-Planckian amplitude; this is nothing but the chaotic
inflation model [18]. Current data prefer the quadratic term to
drive inflation [19, 20] withm # 1.8 × 1013 GeV [21], while
µ <∼ 106 GeV and κ <∼ 10−14.[32]
The only possible renormalizable couplings of the inflaton

to other fields in the NMSM allowed by symmetries are
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FIG. 1: The region of the NMSM parameter space (k(mZ), mh) that
satisfies the stability and triviality bounds, for h(mZ) = 0, 1.0, and
1.2. Also the preferred values from the cosmic abundance ΩSh2 =
0.11 are shown for various mS . We used y(mZ) = 1.0.
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FIG. 2: The elastic scattering cross section of Dark Matter from nu-
cleons in NMSM, as a function of the Dark Matter particle mass mS

for mh = 150 GeV. Note that the region mS
>
∼

1.8 TeV is disal-
lowed by the triviality bound on k. Also shown are the experimental
bounds from CDMS-II [25] and DAMA [26], as well as improved
sensitivities expected in the future [27].

Are there new observable consequences of the NMSM? The
Higgs boson may decay invisibly h → SS [11]. It will be
subject to search at the LHC via W -boson fusion, or more
promisingly at a Linear Collider. If the singlet is heavier than
mh/2, the search at collider experiments becomes exceed-
ingly difficult. One possibility is the W -boson fusion pro-
cesses qq → qqSS + g or qqSS + γ, where forward jets are
tagged, large missing pT is seen, together with additional iso-
lated photon or jet. It may not cover the entire range up to
1.8 TeV. The scattering of S on nuclei is dominated by the
Higgs boson exchange, as worked out in [10, 11]. The pre-
diction for mh = 150 GeV is shown in Fig. 2; it is clear that

the model is consistent with the current limit from CDMS-II
[25]. It cannot explain, however, the controversial data from
DAMA [26]. Because the Higgs boson is light thanks to the
triviality bound, the scattering cross section is promising for
the underground Dark Matter searches for mS

<∼ mh/2.
The spectrum index of theϕ2 chaotic inflation model is pre-

dicted to be 0.96. This may be confirmed in improved cosmic-
microwave background anisotropy data, with more years of
WMAP and Planck. The tensor-to-scalar ratio is 0.16 [21],
again within the reach of near future observations. For other
inflationary scenarios, predictions vary. The equation of state
of Dark Energy is predicted to be exactly w = −1.

Neutrinos are Majorana fermions and hence we expect neu-
trinoless double beta decay at some level. Because one of the
neutrino masses exactly vanishes (ignoring tiny Planck sup-
pressed effects), the signal in the near-future experiments is
possible only for the inverted hierarchy [31].

Here we list a few future observations that could rule the
NMSM incomplete. Obviously, discovering any particles at
the electroweak scale other than h and S at a collider will re-
quire an extension of the model. A Higgs mass inconsistent
with the bounds in Fig. 1 will also be a smoking gun for ad-
ditional physics. Confirmation of the DAMA signal would
require a different Dark Matter candidate. Signals of some
rare decays, such as µ → eγ, would require extra flavor-
changing effects. Observation of new sources of CP violation
beyond the CKM and MNS phases is another avenue, e.g., an
electron electric dipole moment or a discrepancy in sin 2β be-
tween B → φKS and ψKS modes. As for the neutrino sec-
tor, a confirmation of the LSND results by the Mini-BooNE
experiment would require new degrees of freedom beyond the
NMSM. Positive signal for neutrino mass at KATRIN would
require masses for all three neutrinos. A future observation by
a satellite experiment, such as Planck, of Ωtot deviating from
unity or of non-Gaussianity of the density fluctuations could
rule out the one-field inflationary scenario of the NMSM. Fi-
nally, detection of proton decay in any of the current or fore-
seeable future experiments cannot be explained in the NMSM.

It needs to be mentioned that the NMSM does require an ex-
treme degree of fine-tuning. The cosmological constant rep-
resents a tuning with an accuracy of 10−120. The hierarchy
between the electroweak and the Planck scales should also be
fine-tuned at the level of 10−32. Fermion mass hierarchies and
mixings are not explained. The QCD vacuum angle is simply
chosen to be θ <∼ 10−10. The Z2 symmetry on the singlet is
imposed by hand. The parameters in the inflation potential are
chosen to be small. Nonetheless, the model is empirically suc-
cessful in describing everything we know about fundamental
physics, and needs to be taken seriously. Any new physics
beyond the NMSM that may address the aesthetic issues men-
tioned here should not spoil the success of the NMSM.

Here, we list some possible directions for going beyond the
scope of the present work. The triviality and stability bounds
can be improved to two-loop level. Feasibility of collider
searches for S with mS > mh/2 needs further analysis. For
this mass region, indirect Dark Matter searches are of great in-
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Are there new observable consequences of the NMSM? The
Higgs boson may decay invisibly h → SS [11]. It will be
subject to search at the LHC via W -boson fusion, or more
promisingly at a Linear Collider. If the singlet is heavier than
mh/2, the search at collider experiments becomes exceed-
ingly difficult. One possibility is the W -boson fusion pro-
cesses qq → qqSS + g or qqSS + γ, where forward jets are
tagged, large missing pT is seen, together with additional iso-
lated photon or jet. It may not cover the entire range up to
1.8 TeV. The scattering of S on nuclei is dominated by the
Higgs boson exchange, as worked out in [10, 11]. The pre-
diction for mh = 150 GeV is shown in Fig. 2; it is clear that

the model is consistent with the current limit from CDMS-II
[25]. It cannot explain, however, the controversial data from
DAMA [26]. Because the Higgs boson is light thanks to the
triviality bound, the scattering cross section is promising for
the underground Dark Matter searches for mS

<∼ mh/2.
The spectrum index of theϕ2 chaotic inflation model is pre-

dicted to be 0.96. This may be confirmed in improved cosmic-
microwave background anisotropy data, with more years of
WMAP and Planck. The tensor-to-scalar ratio is 0.16 [21],
again within the reach of near future observations. For other
inflationary scenarios, predictions vary. The equation of state
of Dark Energy is predicted to be exactly w = −1.

Neutrinos are Majorana fermions and hence we expect neu-
trinoless double beta decay at some level. Because one of the
neutrino masses exactly vanishes (ignoring tiny Planck sup-
pressed effects), the signal in the near-future experiments is
possible only for the inverted hierarchy [31].

Here we list a few future observations that could rule the
NMSM incomplete. Obviously, discovering any particles at
the electroweak scale other than h and S at a collider will re-
quire an extension of the model. A Higgs mass inconsistent
with the bounds in Fig. 1 will also be a smoking gun for ad-
ditional physics. Confirmation of the DAMA signal would
require a different Dark Matter candidate. Signals of some
rare decays, such as µ → eγ, would require extra flavor-
changing effects. Observation of new sources of CP violation
beyond the CKM and MNS phases is another avenue, e.g., an
electron electric dipole moment or a discrepancy in sin 2β be-
tween B → φKS and ψKS modes. As for the neutrino sec-
tor, a confirmation of the LSND results by the Mini-BooNE
experiment would require new degrees of freedom beyond the
NMSM. Positive signal for neutrino mass at KATRIN would
require masses for all three neutrinos. A future observation by
a satellite experiment, such as Planck, of Ωtot deviating from
unity or of non-Gaussianity of the density fluctuations could
rule out the one-field inflationary scenario of the NMSM. Fi-
nally, detection of proton decay in any of the current or fore-
seeable future experiments cannot be explained in the NMSM.

It needs to be mentioned that the NMSM does require an ex-
treme degree of fine-tuning. The cosmological constant rep-
resents a tuning with an accuracy of 10−120. The hierarchy
between the electroweak and the Planck scales should also be
fine-tuned at the level of 10−32. Fermion mass hierarchies and
mixings are not explained. The QCD vacuum angle is simply
chosen to be θ <∼ 10−10. The Z2 symmetry on the singlet is
imposed by hand. The parameters in the inflation potential are
chosen to be small. Nonetheless, the model is empirically suc-
cessful in describing everything we know about fundamental
physics, and needs to be taken seriously. Any new physics
beyond the NMSM that may address the aesthetic issues men-
tioned here should not spoil the success of the NMSM.

Here, we list some possible directions for going beyond the
scope of the present work. The triviality and stability bounds
can be improved to two-loop level. Feasibility of collider
searches for S with mS > mh/2 needs further analysis. For
this mass region, indirect Dark Matter searches are of great in-

Our Proposal For a New Model:

S, N, Inflaton N, X, psi, X_mu 

Implement Z2 to unbroken local dark symmetry

12년	 12월	 28일	 금



Main Issues

• Origin of Z2 for dark matter stability ? Is it 
global or local Z2 symmetry ?

• Global sym is expected to be broken at least by 
Planck scale suppressed higher dim operators. 
Then Z2 should be local discrete gauge 
symmetry : Model becomes more complicated 
than the usual scalar DM model (in preparation)

• What is the nature of inflaton after all ?
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Our Basic Assumptions

• Local Dark Gauge Symmetry guarantees 
DM stability

• DM in a hidden sector

• Singlet Portal to the hidden sector

• Higgs inflation (Shaposhinikov et al.)
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Why is the DM stable?

• Stability is guaranteed by a symmetry.

• If it is a global symmetry, it can be broken 
by gravitational effect, and there can be

So I assume a local symmetry for DM stability

Too short life-time unless kinematically forbidden

�Lint =

(
� �

MP
Fµ⌫Fµ⌫ for boson

� 1
MP

¯ �µDµ SMH for fermion
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Hidden Sector

• Less constrained by EWPT and CKMology

• Generic in many BSMs including SUSY or 
Superstring models

• Natural setting for nonbaryonic CDMs

• A few generic aspects can be derived without 
knowing the details of the hidden sector (gauge 
group, matter contents etc)
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Singlet Portal

• If there is a hidden sector, then we need a 
portal to it in order not to overclose the 
universe

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

H†H, Bµ⌫ , NRSM Sector Hidden Sector
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• A scenario of a singlet fermion dark matter 
with global U(1) for dark matter

Brief Article

The Author

November 7, 2011

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

L = LSM � µHSSH
†H � �HS

2
S2H†H

+
1

2
(⇤µS⇤

µS �m2
SS

2)� µ3
SS � µ�

S

3
S3 � �S

4
S4

+⇥(i ⇥ ⇤ �m�0)⇥ � �S⇥⇥

where

Lportal = �µHSSH
†H � �HS

2
S2H†H,

Lhidden = LS + L� � �S⇥⇥, (1)

with

LS =
1

2
(⇤µS⇤

µS �m2
SS

2)� µ3
SS � µ�

S

3
S3 � �S

4
S4,

L� = ⇥(i/⇤ �m�0)⇥ (2)

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

portal parts

VHiggs = VSM + Vhidden + Vportal, (3)

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

VSM = �µ2
HH

†H + �H(H
†H)2. (4)

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

⇤H⌅ = 1⇧
2

�
0
vH

⇥
, ⇤S⌅ = vS. (5)

1

ΨSM H S

mixing

invisible
decay

Production and decay rates are suppressed relative to SM.
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Ratiocination

 This simple model has not been studied properly !!
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• Mixing and Eigenstates of Higgs-like bosons

Ratiocination

at vacuum

Mixing of Higgs and singlet
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• Signal strength (reduction factor)

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

If r_i > 1 for any single channel, 
this model will be excluded !!
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Constraints
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EW precision observables
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α=π/9, π/4
m_h(ref)=120 GeV
115< m_h < 750 GeV 
30.< m₁ < 150 GeV
150< m₂< 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
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3 Electroweak precision observables

STU-parameters [1]

�emS = 4s2W c2W

⇤
�ZZ(M2

Z)� �ZZ(0)

M2
Z

⌅
(18)
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M2
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(19)
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W )� �WW (0)

M2
W

⌅
(20)

VWX-parameters

�emV = �⇥
ZZ(M

2
Z)�

�S

4s2W c2W
(21)

�emW = �⇥
WW (M2

W )� �U

4s2W
(22)

In case of a singlet mixed with Higgs,

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

4 Dark matter relic density

⇥CDM ⇤ 0.11

�
10�36cm2

⌃⌅v⌥fz

⇥
(24)

3

Peskin & Takeuchi, Phys.Rev.Lett.65,964(1990)

U=0
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Field contents
⇥ , ⇥̄ (1)

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

L = LSM � µHSSH
†H � �HS

2
S2H†H

+
1

2
(⇤µS⇤

µS �m2
SS

2)� µ3
SS � µ�

S

3
S3 � �S

4
S4

+⇥(i ⇥ ⇤ �m�0)⇥ � �S⇥⇥

where

Lportal = �µHSSH
†H � �HS

2
S2H†H,

Lhidden = LS + L� � �S⇥⇥, (2)

with

LS =
1

2
(⇤µS⇤

µS �m2
SS

2)� µ3
SS � µ�

S

3
S3 � �S

4
S4,

L� = ⇥(i/⇤ �m�0)⇥ (3)

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

portal parts

VHiggs = VSM + Vhidden + Vportal, (4)

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

VSM = �µ2
HH

†H + �H(H
†H)2. (5)
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• We don’t use the effective lagrangian approach 
(nonrenormalizable interactions), since we don’t 
know the mass scale related with the CDM

- Only one Higgs boson (alpha = 0) 

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

- The upper bound on DD cross section gives less stringent 
bound on the possible invisible Higgs decay
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Similar for Higgs portal Vector DM

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

• Need to a new Higgs that gives mass to VDM

• A complete model should be something like this:

3.6 Comparison with the e↵ective lagrangian approach

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

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

integrated out, resulting in the following model lagrangian:

Le � =  

✓
m0 +

H † H
⇤

◆
 . (3.13)

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

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

ent from our analysis [2], where there is a generic cancellation between H 1 and H 2

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

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

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

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

between H i� � 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 † H VµV µ � �V

4
(VµV µ)2 . (3.14)

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

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

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

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

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

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

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

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

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

4 Vacuum structure

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

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

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

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

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

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

– 9 –

12년	 12월	 28일	 금



• 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

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 break U(1)X and give the mass to the vector DM Xµ.

2 Abelian Model

2.1 Abelian Model for vector dark matter

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

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

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

the mass for Xµ:

LV DM = �1

4
Xµ⌫X

µ⌫ +Dµ�
†
XDµ�X � �X

4
(�†

X�X � v2X)2 + �XH�†
X�XH†H (2.1)

in addition to the usual SM lagrangian.

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

h0|�X |0i = vX + hX(x),

– 1 –

amount, unlike the claim made in literatures [1] based on the effective Lagrangian (1.2).

The decoupling of the 2nd scalar boson occurs rather slowly, since the mass mixing between

the SM Higgs boson and the new singlet scalar is due to the dim-2 operator. Also the mixing

between two scalar bosons makes the signal strength of two physical Higgs-like bosons less

than one, and make it difficult to detect both of them at the LHC. Since there is now an

evidence for a new boson at 125 GeV at the LHC [6, 7], the 2nd scalar boson in the singlet

fermion DM model is very difficult to observe at the LHC because its signal strength is

less than 0.3 [3, 8]. Also an extra singlet scalar saves the vacuum instability for mH = 125

GeV [8–10]. The electroweak (EW) vacuum can be still stable upto Planck scale even for

mH = 125 GeV [8]. These phenomena would be very generic in general hidden sector DM

models [11]. In short, it is very important to consider a renormalizable model when one

considers the phenomenology of a singlet fermion CDM.

Now let us turn to the Higgs portal vector dark matter described by (1.3) [1]. This

model is very simple, compact and seemingly renormalizable since it has only dim-2 and

dim-4 operators. However, it is not really renormalizable and violates unitarity, just like the

intermediate vector boson model for massive weak gauge bosons before Higgs mechanism

was developed. The Higgs portal VDM model based on (1.3) is a sort of an effective

lagrangian which has to be UV completed. It lacks including the dark Higgs field, ϕ(x),

that would mix with the SM Higgs field, h(x). Therefore the model (1.3) does not capture

dark matter or Higgs boson phenomenology correctly. It is the purpose of this work to

propose a simple UV completion of the model (1.3), and deduce the correct phenomenology

of vector CDM and two Higgs-like scalar bosons. Qualitative aspects of our model are

similar to those presented in Ref.s [3, 8], although there are some quantitative differences

due to the vector nature of the CDM.

This work is organized as follows. In Sec. 2, we define the model by including the

hidden sector Higgs field that generates the vector dark matter mass by the usual Higgs

mechanism. Then we present dark matter and collider phenomenology in the following

section. The vacuum structure and the vacuum stability issues are discussed in Sec. 4, and

the results are summarized in Sec. 5.

2 Model

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

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

any matter fields charged under U(1)X except for a complex scalar, Φ, whose VEV will

generate the mass for Xµ:

LV DM = −1

4
XµνX

µν + (DµΦ)
†(DµΦ)− λΦ

4

(
Φ†Φ− v2Φ

2

)2

−λHΦ

(
H†H − v2H

2

)(
Φ†Φ− v2Φ

2

)
, (2.1)

in addition to the SM lagrangian. The covariant derivative is defined as

DµΦ = (∂µ + igXQΦXµ)Φ,

– 2 –
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Figure 6. The scattered plot of σp as a function of MX . The big (small) points (do not) satisfy the
WMAP relic density constraint within 3 σ, while the red-(black-)colored points gives r1 > 0.7(r1 <
0.7). The grey region is excluded by the XENON100 experiment. The dashed line denotes the
sensitivity of the next XENON experiment, XENON1T.

Since there is additional direction of Φ, the Higgs potential can have minima other than

our EW vacuum. In the following, we investigate whether the EW vacuum is global or not.

We closely follow the analysis done in Ref. [8].

– 9 –
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Figure 7. The vacuum stability and perturbativity constraints in the α-m2 plane. We take
m1 = 125 GeV, gX = 0.05, MX = m2/2 and vΦ = MX/(gXQΦ).
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Figure 8. The vacuum stability and perturbativity constraints in the MX -m2 plane. We set
gX = 0.1 (Left Panel) and 0.5 (Right Panel) with being α = 0.1.

gX is fixed, the small MX is realized by a small vΦ. In such a case, the large m2 is possible

only by a large λΦ since m2 !
√
2λΦvΦ for a small α. This explains the regions excluded

by λΦ(Q) > 4π in both plots. Indeed, the gX = 0.5 case yields the severer constraints. As
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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 

With renormalizable lagrangian, 
we get different results !
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DM relic density 

SFDM VDM 

P-wave annihilation S-wave annihilation 

Higgs-DM couplings less constrined due to 
the GIM-like cancellation mechansim 
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C. Vector DM: Abelian Case

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

the following minimal lagrangian:

L = LSM � 1

4
Xµ⌫X

µ⌫ � 

2
Xµ⌫B

µ⌫ +Dµ�
†
XD

µ�X � ��

4
(�†

X�X � v2�)
2 � �H�

2
H†H�†

X�X (5)

The massive vector boson Xµ can be a good CDM, if  = 0. Note that there is no radiatively

generated  in our model, since the SM fermions are not charged under U(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 symmetry GX is spontaneously broken into its subgroup HX by nonzero

VEV of GX-charged scalar field �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 SM H†H operators:

H†HS,H†HS2, H†H�†
X�X , S�

†
X�X , S

2�†
X�X

• Both S and �X can develop nonzero VEV’s: vS and v�, and the fluctuations around

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

interactions.

• There will be generic mixings among hSM, s and �X , resulting a number of neutral

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

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

•

4

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

within the SM with a single Higgs doublet H. In case there are mixings between H and a

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

a straightforward manner:
X

i

O2
1im

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

Note that

B. Electroweak Precision Tests (EWPT)

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

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
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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

7

Then, DM-N scattering amplitude behaves as 
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• 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
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• Sometimes we need new fields beyond the SM 
ones and the CDM, in order to make DM models 
realistic and theoretically consistent

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

• Better to work with minimal renormalizable 
model

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

General Remarks
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Higgs Inflation
• Higgs can be an inflaton (Shaposhnikov et al) 

with a large nonminimal coupling
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The Standard Model Higgs boson as the inflaton
Fedor Bezrukov a,b, Mikhail Shaposhnikov a

a Institut de Théorie des Phénomènes Physiques, École Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland
b Institute for Nuclear Research of Russian Academy of Sciences, Prospect 60-letiya Oktyabrya 7a, Moscow 117312, Russia

Abstract

We argue that the Higgs boson of the Standard Model can lead to inflation and produce cosmological perturbations in accordance
with observations. An essential requirement is the non-minimal coupling of the Higgs scalar field to gravity; no new particle
besides already present in the electroweak theory is required.

Key words: Inflation, Higgs field, Standard Model, Variable Planck mass, Non-minimal coupling
PACS: 98.80.Cq, 14.80.Bn

1. Introduction

The fact that our universe is almost flat, homoge-
neous and isotropic is often considered as a strong
indication that the Standard Model (SM) of elemen-
tary particles is not complete. Indeed, these puzzles,
together with the problem of generation of (almost)
scale invariant spectrum of perturbations, necessary for
structure formation, are most elegantly solved by in-
flation [1, 2, 3, 4, 5, 6]. The majority of present mod-
els of inflation require an introduction of an additional
scalar—the “inflaton”. This hypothetical particle may
appear in a natural or not so natural way in different
extensions of the SM, involving Grand Unified The-
ories (GUTs), supersymmetry, string theory, extra di-
mensions, etc. Inflaton properties are constrained by the
observations of fluctuations of the Cosmic Microwave
Background (CMB) and the matter distribution in the
universe. Though the mass and the interaction of the in-
flaton with matter fields are not fixed, the well known
considerations prefer a heavy scalar field with a mass
∼ 1013 GeV and extremely small self-interacting quar-

Email addresses: Fedor.Bezrukov@epfl.ch (Fedor
Bezrukov), Mikhail.Shaposhnikov@epfl.ch (Mikhail
Shaposhnikov).

tic coupling constant λ ∼ 10−13 [7]. This value of the
mass is close to the GUT scale, which is often con-
sidered as an argument in favour of existence of new
physics between the electroweak and Planck scales.

The aim of the present Letter is to demonstrate that
the SM itself can give rise to inflation. The spectral
index and the amplitude of tensor perturbations can be
predicted and be used to distinguish this possibility from
other models for inflation; these parameters for the SM
fall within the 1σ confidence contours of the WMAP-3
observations [8].

To explain our main idea, consider Lagrangian of the
SM non-minimally coupled to gravity,

Ltot = LSM −
M2

2
R − ξH†HR , (1)

where LSM is the SM part, M is some mass parameter,
R is the scalar curvature, H is the Higgs field, and ξ is an
unknown constant to be fixed later. 1 The third term in
(1) is in fact required by the renormalization properties
of the scalar field in a curved space-time background
[9]. If ξ = 0, the coupling of the Higgs field to gravity
is said to be “minimal”. Then M can be identified with
Planck scale MP related to the Newton’s constant as

1 In our notations the conformal coupling is ξ = −1/6.
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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),

ε =
M2

P

2

(

dU/dχ

U

)2

"
4M4

P

3ξ2h4
, (9)

η = M2
P

d2U/dχ2

U
" −

4M2
P

3ξh2
, (10)

ζ2 = M4
P

(d3U/dχ3)dU/dχ

U2
"

16M4
P

9ξ2h4
. (11)

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

N =

h0
∫

hend

1

M2
P

U

dU/dh

(

dχ

dh

)2

dh "
6

8

h2
0 − h2

end

M2
P /ξ

.(12)

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].

1.0

0.8

0.6

0.4

0.2

0.0

r 0
.0

02

0.90 0.95 1.00 1.05ns

WMAP 6050
λφ4

SM+ξ Rh2

HZ

φm 2

Fig. 2. The allowed WMAP region for inflationary parameters (r,
n). The green boxes are our predictions supposing 50 and 60 e–
foldings of inflation. Black and white dots are predictions of usual
chaotic inflation with λφ4 and m2φ2 potentials, HZ is the Har-
rison-Zeldovich spectrum.

ξ "

√

λ

3

NCOBE

0.0272
" 49000

√
λ = 49000

mH
√

2v
. (13)

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

3
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Higgs Inflation possible, if

uses the physical values of coupling constants, Higgs,W, Z and
top masses, which are defined at the electroweak scale, the log-
arithms are large in the inflationary region. Therefore, to con-
nect the potential at inflation with the low energy parameters,
one should apply the renormalization group procedure. This
was not done in [13], which resulted in erroneous conclusions.
The one-loop renormalization group equations in the curved

space are (no graviton loops are included) [25, 21, 20, 26]:

16π2 dg
dt
= −

19
6
g3 , (10)

16π2dg
′

dt
=
41
6
g′3 , (11)

16π2dg3
dt
= −7g33 , (12)

16π2 dyt
dt
=
9
2
y3t − 8g23yt −

9
4
g2yt −

17
12
g′2yt , (13)

16π2
dλ
dt
= 24λ2 + 12λy2t − 9λ(g2 +

1
3
g′2)

− 6y4t +
9
8
g4 +

3
8
g′4 +

3
4
g2g′2 , (14)

16π2dξ
dt
=

(

ξ +
1
6

) (

12λ + 6y2t −
9
2
g2 −

3
2
g′2

)

, (15)

where t ≡ logµ/MZ .
The solution of these equations can be plugged in the ex-

pression for the effective potential (as usual, the µ-dependent
constants should be substituted only in the tree level part)

Ueff(χ, µ) = U + δU

=
λ(µ)
4ξ2(µ)

f (χ) + s(g, g′, g3, yt) f (χ) log
(

m2t
µ2

)

+ µ-independent terms . (16)

Note that the function

f (χ) = M4
P

(

1 − e−
2χ√
6MP

)2
(17)

is in fact the same in the tree level term and one loop contribu-
tions (compare (6) with (9), (8)), and function s(g, g′, g3, yt) can
be read of (9), (8).
The dependence of the effective potential on µ is artificial. To

be more precise, Ueff(χ, µ) does not depend on µ at its extrema
(in other points contributions the field renormalization must be
taken into account). In our case, the potential becomes constant
at χ → ∞, and, therefore, it should not depend on µ in this
region (in other words, the energy density during inflation is a
physical quantity and thus is µ-independent). With the use of
Eqns. (14,15) one can easily check that this is indeed the case
for both prescriptions discussed above,

d
dµ













λ(µ)M4
P

4ξ2(µ)
+ δU













= 0 . (18)

The running of ξ is essential for this result.
As far as the potential is µ-independent, we can choose the

most convenient value of µ. The obvious choice is to take µ to

make the logarithms vanish [27]

µ2 = κ2m2t (χ) = κ2
yt(µ)2

2
M2
P

ξ(µ)

(

1 − e−
2χ√
6MP

)

. (19)

Here κ is some constant of order one, introduced to imi-
tate difference between mt, mW , mZ , and also account for µ-
independent terms that were dropped in (9). Then the final im-
proved potential is given by the formula (6), where λ and ξ are
taken at the scale µ, determined by (19). The parameter µ varies
in a finite interval, 0 < µ < µmax, corresponding to the χ change
from 0 to ∞.
Making the analysis for the prescription of [13] is also sim-

ple, and boils down to just taking another value for µ:

µ2 = m2t (χ)Ω(χ)2 =
yt(µ)2

2
M2
P

ξ(µ)

(

e
2χ√
6MP − 1

)

. (20)

Once the potential is determined, one can carry out the usual
analysis of the slow-roll inflation, fixing ξ from COBE or
WMAP normalization, and calculating spectral index ns and
tensor to scalar ration r, in complete analogy with [1, 16]. The
only technical point here is that it is easier to use µ as an inde-
pendent variable instead of χ. The advantage is that no inver-
sion of Eqns. (19, 20) is required.

4. Numerical results

We solve the equations (10)-(15) with the initial conditions

g2

4π
= 0.034 , g

′2

4π
= 0.010 ,

g23
4π
= 0.13 ,

yt
v
√
2
= 171.2GeV ,

√
2λv = mH , ξ = ξ0

at µ = MZ . Here v = 246.22GeV and the central value of the
mass of t-quark is specified for concreteness. With this solution
we obtain the RG improved potential, which is then used for
computation of the parameters of inflation. We take κ = 1.
We find that inflation can take place provided the Higgs mass

lies in the interval

mmin < mH < mmax ,
mmin =[136.7 + (mt − 171.2) × 1.95] GeV , (21)
mmax =[184.5 + (mt − 171.2) × 0.5] GeV .

If the mass is smaller than mmin, the slope of the effective po-
tential for large field values becomes negative, making inflation
impossible. If the mass is larger than mmax, the value of µmax,
corresponding to inflationary stage is close to the Landau pole
in λ(µ), making the theory strongly coupled. The specific num-
bers in (21) correspond to µmax coinciding with the Landau pole
for λ. More elaborate definitions of the applicability of the per-
turbative theory may be introduced (like λ(µmax) ∼ 1), and lead
to slightly smaller mmax.
The value of ξ (at the MZ scale), leading to proper CMB

normalization, is presented in Fig. 1. As expected, smaller ξ
correspond to smaller Higgs masses, cf. (7). The small rise in

3

Current LHC data on Higgs mass excludes
the Higgs inflation scenario.

However, this could be cured if there are extra 
scalars such as singlet scalar DM, as in our model
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Our proposal

• An alternative new minimal model

• Constraints

• Inflation

• Lepto/darkogenesis

• Conclusion 
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A new minimal model
• Symmetry

SU(3)⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)X

• Lagrangian

L = LKinetic + LH�portal + LRHN�portal + LDS

LKinetic =  ̄(iD �m ) + |DµX|2 � 1

4
Xµ⌫X

µ⌫ � 1

2
sin ✏Xµ⌫B

µ⌫

LH�portal = �m2
X |X|2 � 1

2
�HX |X|2H†H

LRHN�portal =
1

2
MiN̄C

RiNRi +
⇥
Y ij
⌫ N̄Ri`LjH

† + �iN̄Ri X
† +H.c.

⇤

(SM fields are neutral under U(1)_X, and vice versa)

(qL, qX) : N = (1, 0),  = (1, 1), X = (0, 1)

[See also A. Falkowski, J. T. Ruderman & T. Volansky, JHEP1105.016]

12년	 12월	 28일	 금



Constraints
Our model is a very simple extension of 

the SM+RH neutrinos, and can address

* Vacuum stability of Higgs potential (Positive scalar loop correction) (λhx)

* Small scale structure problem (Dark matter self-interaction) (αX, mX)

* CDM relic density (Unbroken dark U(1)X) (λhx, mX, ε)

* Dark radiation (Massless photon)(ε)

* Lepto/darkogenesis (Asymmetric dark matter) (Yν, λ, M1, mX)

* Inflation (Higgs inflation type) (λhx, λX)

In other words, the model is highly constrained. 
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• Vacuum stability (λhx)

with �HS ! �HX/2 and �S ! �X

�X

�HX

�H

vacuum stability Perturbativitiy

Perturbativitiy

[S. Baek, P. Ko, WIP & E. Senaha, JHEP(2012)]
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• Small scale structure (αX, mX)

[S-E. Oh et al., 1011.0899]

Dark matter density profiles of the 7 
THINGS dwarf galaxies

Core-like!
- due to massive 

baryonic outflows 
from supernovae?

- dark matter self-
interaction?

[S-E. Oh et at., 1011.2777; A. Pontzen & F. Governato, 
1106.0499; F. Governato et al., 1202.0554]

[M. Vogelsberger et al., 1201.5892; M. Rocha et al., 
1208.3025; A. H. G. Peter et al., 1208.3026]

�T ⇠ 2⇥ 10�21cm2
⇣ mdm

100GeV

⌘
self-interacting rate
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Dark matter self-interaction

Too much!
- ΨX Should be able to decay ⇒ mΨ > mX

- ΨX Should decay before the thermal freeze-out of X or non-thermal freeze-out    
  when it decay is necessary.
- ‘X’ can form a symmetric DM, having asymmetric origin.
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Xenon100 (2012)
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101 102 103
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• DM direct search (ε, λhx, mX)
X

 N  N

X

X

 N  N

X

h �SI
N ,h =

�2
HX

64⇡

m2
rm

2
N

m2
Xm4

h

f2
q,h

37

vacuum instability

�SI
N ,�0 =

4↵X↵emc2W s2✏
⇡

1

m2
r

1

v4
ln

✓
2

✓min

◆

perturbativity

Xenon100(2012)+ structure formation

101 102 103
10!13

10!12

10!11

10!10

10!9

10!8

10!7

10!6

mX!GeV"

Ε

12년	 12월	 28일	 금



Xenon100 (2012)
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• Collider phenomenology (λhx, mX)

Invisible decay rate of Higgs is

Br(h ! XX†) ⌧ O(10)% requires

�HX ⌧ 0.1

or

mh � 2mX . 0.5GeV

or kinematically forbidden
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• Indirect search (λhx, mX)
- DM annihilation via Higgs produces a continum spectrum of γ-rays
- Fermi-LAT γ-ray search data poses a constraint

Fermi-LAT 130 GeV line is difficult to be explained.

[X. Huang et al., 1208.0267]

) h�vi��
ann

⇠ 10�4h�vitot
ann

⇠ 10�29cm2/sec

10˚X10˚GC

39

1  h�vitot
ann

/h�vith
ann

. 10
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Xenon100 (2012)
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• Collider phenomenology (λhx, mX)

Invisible decay rate of Higgs is

Br(h ! XX†) ⌧ O(10)% requires

�HX ⌧ 0.1

or

mh � 2mX . 0.5GeV

or kinematically forbidden

40
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• Dark radiation (ε) -1/2
Diagonalization of  kinetic term

Diagonalizing mass term results in interactions between DS and SM,

41

( sin ✓W = e/g, cos ✓W = e cos ✏/g0 )

Xμ does not couple SM particles.

Ψ and X are mini-charged under electromagnetism.

Decoupling of Xμ

�0

X X

�0

+ ... {
Tdec,Xµ � Tfz ⇠ few GeV

�T ' 8

3

⇡↵2
X

m2
X

for T ⌧ mX
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• Dark radiation (ε)-2/2

42

T⌫,0

T�,0
=

(
1 for Tdec & 1MeV�

4
11

�1/3
for Tdec & 1MeV

�NCMB
e↵ = 0.26± 0.35

# of extra relativistic degree of freedom

Large scale structure constrains αX ≪ αEW.  As the result,

Tdec,Xµ � 0.1GeV �Ne↵ =
2

2 7
8

✓
11

4

◆4/3 ✓ g⇤S(T�,0)

g⇤S(Tdec,Xµ)

◆4/3

⇠ 0.06

[G. Hinshaw et al., arXiv:1212.5226]

12년	 12월	 28일	 금



• Summary of constraint
Vacuum stability + perturbativity

Small scale structure + CDM

Direct search

Indirect search

43
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Inflation
• Higgs inflation in Higgs-singlet system

Lscalarp
�g

= �1

2
M

2
PR� 1

2

�
⇠

h

h

2 + ⇠

x

x

2
�
R+

1

2
(@

µ

h)2 +
1

2
(@

µ

x)2 � V (h, x)

where ⇠
h

, ⇠
x

� 1.

Conformal transformation

g̃

µ⌫

= ⌦2
g

µ⌫

, ⌦2 = 1 +
⇠

h

h

2 + ⇠

x

x

2

M

2
P

Potential at large field limit of the canonical field !

U(�) =
1

4

�e↵

⇠2h

"
1 + exp

 
�
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2

3

�

!#�2

,
�e↵ =

8
><

>:

�h H.I.

�s

⇣
⇠
h

⇠
x

⌘2
S.I.

. . . M.I

[Lebedev,1203.0156]
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Inflation at this flat region 

�X . 0.23

0.2 . �HX . 0.6

Inflaton(Higgs) potential 
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Lepto/darkogenesis
• Lepto/darkogenesis from the decay of RHN

46
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Lepto/darkogenesis
• Lepto/darkogenesis from the decay of RHN

/X⇤ /X⇤
/X⇤

/ / / 

46
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• Boltzman equations

sH1

z
Y 0
1 = ��D

✓
Y1

Y eq
1

� 1

◆
+ (2 $ 2)

sH1

z
Y 0
� = �D

"
✏ 

✓
Y1

Y eq
1

◆
� Y� 

2Y eq
 

Br 

#
+ (2 $ 2washout + transfer)

sH1

z
Y 0
�` = �D


✏`

✓
Y1

Y eq
1

◆
� Y�`

2Y eq
`

Br`

�
+ (2 $ 2washout + transfer)

wash-out:

transfer:

�D =
M3

1K1(z)

⇡2z
�1,
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• Lepton/darkon number  asymmetry

Narrow-width approx.  
�1/M1 ⌧ 1, �2

1/M1H1 ⌧ 1

48
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Correct BAU and CDM relic can be obtained.
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Some Variations
• If we consider a scenario w/o psi_X, then we 

have thermal relic hidden scalar CDM with the 
same dark radiation, and Higgs inflation

• If we consider a scenario w/o X, then we need 
to introduce a singlet scalar messenger to 
achieve the correct relic density.  ==> 2 scalar 
bosons with r<1 (universal suppressions), the 
same dark radiation and higgs inflation

• Our model with RH neutrino portal is unique 
and interesting
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Higher Dim Op’s

• Since our model has neither Landau pole nor 
the vacuum instability below Planck scale, we 
can assume that the NP scale of higher dim op’s 
is Planck scale

• Since the local dark sym is unbroken, the DM is 
stable even in the presence of higher dim op’s

• This is not possible if dark sym is global or 
spontaneously broken (DM should decay in 
these cases)
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Summary
• We assume that CDM is stable due to a local 

symmetry

• The simplest extension of SM with a local U(1) 
has a unique renormalizable interactions

• The model can address following issues

* Vacuum stability of Higgs potential
* Small scale structure problem
* CDM relic density (thermal or non-thermal via 
asymmetric generation)
* Dark radiation
* Lepto/darkogenesis
* Inflation (Higgs inflation type)

Nontrivial at all
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• Dark matter physics is also determined by 
local gauge principle associated with 
conserved dark charges

• Power of local gauge symmetry may work 
for dark matter sector, too

• Whether dark symmetry is spontaneously 
broken or not can be tested by Higgs signal 
strengths

• If r < 1 for all decay channels, dark 
symmetry can be spontanesouly broken

• If r=1, dark symmetry is unbroken with 
dark radiation
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To Do List

• Role of Higgs and extra scalar fields in 
cosmology (Inflation, non Gaussianity, etc)

• Broken U(1)X with massive dark photon

• Nonabelian hidden (dark) gauge symmetry

• D.W. Jung, Hur, Ko and Lee, PLB; Hur and Ko, 
PRL (2011)

• 2 Higgs Doublets Portals 

• SUSY extension
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