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SM Chapter is being closed

• SM has been tested at quantum level!

• EWPT favors light Higgs boson!

• CKM paradigm is working very well so far!

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

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

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

(Dated: May 11, 2004)

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

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

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

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

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

√
−g):

LMSM = −
1

2g2
s

TrGµνGµν −
1

2g2
TrWµνWµν

−
1

4g′2
BµνBµν + i

θ

16π2
TrGµνG̃µν + M2

PlR

+|DµH |2 + Q̄iiD̸Qi + ŪiiD̸Ui + D̄iiD̸Di

+L̄iiD̸Li + ĒiiD̸Ei −
λ

2

(

H†H −
v2

2

)2

−
(

hij
u QiUjH̃ + hij

d QiDjH + hij
l LiEjH + c.c.

)

.(1)

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

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

What physics do we need to incorporate into the NMSM
that is lacking in the MSM? Here is the list:
• Dark Matter has been suggested as a necessary ingredient
of cosmology for various reasons. There is now compelling
evidence for a non-baryonic matter component [1].
• Dark Energy is needed based on the concordance of data
from cosmic microwave anisotropy [1], galaxy clusters (see,
e.g., [2]), and high-redshift Type-IA supernovae [3, 4].
• Atmospheric [5] and solar neutrino oscillations [6] have
been established, with additional support from reactor anti-
neutrinos [7], demonstrating neutrino masses and mixings.
• The cosmic baryon asymmetry η = nB/s = 9.2+0.6
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We construct the New Minimal Standard Model that incorporates the new discoveries of physics beyond
the Minimal Standard Model (MSM): Dark Energy, non-baryonic Dark Matter, neutrino masses, as well as
baryon asymmetry and cosmic inflation, adopting the principle of minimal particle content and the most general
renormalizable Lagrangian. We base the model purely on empirical facts rather than aesthetics. We need only
six new degrees of freedom beyond the MSM. It is free from excessive flavor-changing effects, CP violation,
too-rapid proton decay, problems with electroweak precision data, and unwanted cosmological relics. Any
model of physics beyond the MSM should be measured against the phenomenological success of this model.

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

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

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

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

√
−g):

LMSM = −
1

2g2
s

TrGµνGµν −
1

2g2
TrWµνWµν

−
1

4g′2
BµνBµν + i

θ

16π2
TrGµνG̃µν + M2

PlR

+|DµH |2 + Q̄iiD̸Qi + ŪiiD̸Ui + D̄iiD̸Di

+L̄iiD̸Li + ĒiiD̸Ei −
λ

2

(

H†H −
v2

2

)2

−
(

hij
u QiUjH̃ + hij

d QiDjH + hij
l LiEjH + c.c.

)

.(1)

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

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

What physics do we need to incorporate into the NMSM
that is lacking in the MSM? Here is the list:
• Dark Matter has been suggested as a necessary ingredient
of cosmology for various reasons. There is now compelling
evidence for a non-baryonic matter component [1].
• Dark Energy is needed based on the concordance of data
from cosmic microwave anisotropy [1], galaxy clusters (see,
e.g., [2]), and high-redshift Type-IA supernovae [3, 4].
• Atmospheric [5] and solar neutrino oscillations [6] have
been established, with additional support from reactor anti-
neutrinos [7], demonstrating neutrino masses and mixings.
• The cosmic baryon asymmetry η = nB/s = 9.2+0.6
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SM Lagrangian

Based on local gauge principle
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B
K

lattice = 0.733±0.029

B
K

fit = 0.866±0.086

~1.5s

alternatively  e
K
 calls 

for large A and h

h = 0.383±0.027 h = 0.341±0.015 

no sin2b no e
K

Overall features of EWPT

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

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

Beyond Standard Model – p. 44/??

Almost Perfect !

EWPT & CKM
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Signal Strengths µ ≡
σ · Br

σ
SM

· Br
SM

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

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

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

⟨µ⟩ = 0.96± 0.12

Higgs Physics A. Pich – LHCP 2013 9

Updates@LHCP
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SM Mixing anlge

NP to a singlet scalar

NP to the SM Higgs

Considered by the usual approaches 
based on effective Lagrangian

w/ S.H.Jung, S. Choi, JHEP (2013)

arXiv:1307.3948
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so, we can separate two di↵erent sources of the modified Higgs properties, one from direct

couplings of new particles to the SM Higgs boson (bi 6= 1 in Fig. 1), and the other from

the mixing with a singlet scalar boson (↵ 6= 0 in Fig. 1). There could be new particles that

have gauge invariant renormalizable couplings to the singlet scalar s (ci 6= 0 in Fig. 1), but

not to the SM Higgs boson h. Therefore studying the Higgs properties in the 3-dimensional

space (ignoring the dimensionality associated with the index i) as depicted in Fig. 1 can

be justified, and its importance could be appreciated.

2.1 E↵ective Lagrangian for the SM Higgs boson h

Let us assume that the SM Higgs boson couplings are modified due to some new physics

e↵ects even without the mixing with a singlet scalar s(x). This could happen if there are

additional sequential or mirror fermions (chiral), or extra inert scalar doublet, for example.

Integrating out the new heavy particles, one can construct the e↵ective Lagrangian up to

dim-5 and dim-6 operators, all of which have been identified by Buchmuller and Wyler

sometime ago [? ]. We do not reproduce all the operators involving the Higgs fields, but

list only some of them just for illustration:

H†H Ga
µ⌫G

aµ⌫ , (H†DµH)(HDµH†), H†H Q
3LH̃tR,

relegating the complete list to the original paper [? ].

Expand the Higgs field in the e↵ective Lagrangian constructed by Buchmuller and

Wyler around the EW vacuum with

H(x) =

 

0

v + h(x)

!

,

we obtain the following e↵ective operators of interaction eigenstate h(x) field upto dim-6:

�L
h,int =

X

f

bf
mf

v
hf̄f �

(

2bW
h

v
+ b

0
W

✓

h

v

◆

2

)

m2

WW+

µ W�µ �
(

bZ
h

v
+

1

2
b
0
Z

✓

h

v

◆

2

)

m2

ZZµZµ

+
↵

8⇡
r�
sm

(

b�
h

v
+

1

2
b
0
�

✓

h

v

◆

2

)

Fµ⌫F
µ⌫ +

↵s

16⇡
rg
sm

(

bg
h

v
+

1

2
b
0
g

✓

h

v

◆

2

)

Ga
µ⌫G

aµ⌫

+
↵
2

⇡

(

2bdW
h

v
+ bdW 0

✓

h

v

◆

2

)

W+

µ⌫W
�µ⌫ +

↵
2

⇡

(

2bdZ
h

v
+ bdZ0

✓

h

v

◆

2

)

Zµ⌫Z
µ⌫

+
↵
2

⇡

(

2gbdW
h

v
+ gbdW 0

✓

h

v

◆

2

)

W+

µ⌫Ŵ
�µ⌫ +

↵
2

⇡

(

2fbdZ
h

v
+ gbdZ0

✓

h

v

◆

2

)

Zµ⌫
gZµ⌫

+
↵

⇡

(

2bZ�
h

v
+ bZ�0

✓

h

v

◆

2

)

Fµ⌫Z
µ⌫ (2.1)

where f in the first term of the Lagrangian denotes the SM fermions. The Higgs field h(x)

is defined after the EWSB: H(x) = v + h(x), and before any possible mixing with a singlet

scalar s which will be introduced shortly.

– 5 –

2.2 E↵ective Lagrangian for a singlet scalar boson s

As in the case of the e↵ective Lagrangian of the SM Higgs field H(x) up to dim-6, one

can construct e↵ective Lagrangian involving a singlet S(x) and the SM fields un to dim-6,

imposing the SM gauge symmetry SU(3)C ⇥ SU(2)L ⇥ U(1)Y . Note that there are only a

few operators describing interactions between S and the SM Higgs boson at renormalizable

level:

S H†H, S2 H†H,

in addition to the singlet self couplings: S3 and S4. These operators lead to the modified

self couplings of two Higgs-like scalar bosons H
1

and H
2

after the EWSB and the mass

mixing between h and s, as described in Sec. 2.3 below.

Interactions between the singlet scalar S and the SM chiral fermions and the SM

gauge bosons occur only at the nonrenormalizable level due to the SM gauge symmetry,

SU(3)C ⇥ SU(2)L ⇥ U(1)Y . As an example, we list a few of them:

S Ga
µ⌫G

aµ⌫ , S2 Ga
µ⌫G

aµ⌫ , S DµH†DµH, S2 DµH†DµH,

S Q
3L

eHtR, , S2 Q
3L

eHtR,

etc.. We consider most general Lagrangian without any symmetry such as Z
2

symmetry

under S ! �S. It would be a separate question what kind of new underlying physics

would generate such dim-5 or dim-6 operators.

The singlet scalar field S(x) may develop a nonzero VEV independent of the EWSB:

S(x) = vS + s(x).

Expanding around vS , we define the physical singlet scalar s(x) in the interaction basis.

Then, the e↵ective Lagrangian for the singlet interaction eigenstate scalar boson s

could be written as

�L
s,int =

X

f

cf
mf

v
sf̄f �

⇢

2cW
s

v
+ c

0
W

⇣s

v

⌘

2

�

m2

WW+

µ W�µ �
⇢

cZ
s

v
+

1

2
c
0
Z

⇣s

v

⌘

2

�

m2

ZZµZµ

+
↵

8⇡
r�
sm

⇢

c�
s

v
+

1

2
c
0
�

⇣s

v

⌘

2

�

Fµ⌫F
µ⌫ +

↵s

16⇡
rg
sm

⇢

cg
s

v
+

1

2
c
0
g

⇣s

v

⌘

2

�

Ga
µ⌫G

aµ⌫ (2.10)

+
↵
2

⇡

⇢

2cdW
s

v
+ cdW 0

⇣s

v

⌘

2

�

W+

µ⌫W
�µ⌫ +

↵
2

⇡

⇢

2cdZ
s

v
+ cdZ0

⇣s

v

⌘

2

�

Zµ⌫Z
µ⌫

+
↵
2

⇡

⇢

2gcdW
s

v
+ gcdW 0

⇣s

v

⌘

2

�

W+

µ⌫Ŵ
�µ⌫ +

↵
2

⇡

⇢

2fcdZ
s

v
+ gcdZ0

⇣s

v

⌘

2

�

Zµ⌫
gZµ⌫

+
↵

⇡

⇢

2cZ�
s

v
+ cZ�0

⇣s

v

⌘

2

�

Fµ⌫Z
µ⌫ � LnonSM (2.11)

The newly introduced couplings ci’s multiplicatively parameterize the couplings of s with

respect to corresponding SM couplings. The singlet interaction eigenstate s(x) is defined

after the symmetry breaking due to possible nonzero VEV of a singlet scalar field S(x)

but before mixing with the SM Higgs field h. The last term LnonSM represents possible

interactions of the singlet scalar s with non-SM particles such as dark matter in some

– 7 –

SM Higgs

Singlet Scalar S
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couplings.

M(sF ) = ηFM(sF )SM (2.3)

Similarly to the Higgs field h(x), the singlet s(x) is defined after the symmetry breaking

due to nonzero VEV of a singlet scalar field S(x):

S(x) = vS + s(x).

Now let assume that there is a mass mixing between h and s after H and S develop

nonzero VEV’s. More explicitly, we use the following lagrangian for h and s:

−Lbilinear =
1

2
m2

hh
2 +

1

2
m2

ss
2 +mhshs (2.4)

−Lscalarint = h3 + h4 + sh2 + sh3

+ s2h+ s2h2 + s3 + s3h (2.5)

Let us define the physical Higgs bosons H1 and H2 as

H1 = h cosα− s sinα (2.6)

H2 = h sinα+ s cosα (2.7)

by diagonalizing the bilinear terms in the scalar potential. Then their couplings to the

state F will be

M(H1F ) = M(hF )SM × (bF cosα− cF sinα) ≡ κ1FM(hF )SM (2.8)

M(H2F ) = M(hF )SM × (−bF sinα+ cF cosα) ≡ κ2FM(hF )SM (2.9)

where κ1F or κ2F could be identified as κF in Ref. [? ].

From now on, one can adopt the procedures described in Ref. [].

For example, recently ATLAS Collaboration reported the constraints on κf and κV :

|κf | = |bf cosα− cf sinα| = 1.0± 0.2, (2.10)

|κV | = |bV cosα− cV sinα| = 1.2± 0.2, (2.11)

assumingH1 is the 126 GeV resonance observed at the LHC. IfH2 is the 126 GeV resonance,

we can make an appropriate substitution.

The signal strength will constrain

µ(i → H1 → f) =
r21ir

2
1f

r21

for the initial state i from i → H1 and the final state f from H1 → f . (Here f is not the

SM fermion, but denotes the final state.)

Finally let us assume that the signal strength κ’s are all consistent with the SM values

within 10 %, namely |κ| = 1.0 ± 0.1. In this case, the allowed regions in the (α, b) with

c = 0 and (α, c) and b = 0 are shown in FIg. 4. Even if c = 0, one can determined α only

– 3 –

Mixing with a singlet scalar

3.4 Extra vectorlike fermions and a singlet scalar

In this case, there should be an extra

3.5 Extra charged vector bosons

4 Conclusions

In this paper, it was argued that there are a number of interesting BSM’s where (a) new

singlet scalar boson(s) appear with various couplings to the SM fields as well as to some

new fields such as new charged vector bosons or vectorlike fermions or hidden sector dark

matters, etc.. The singlet scalar boson(s) mix with the SM Higgs boson, and thus would

modify the Higgs properties in a different manner from the effective lagrangian for the SM

Higgs and the SM fields only. Since the mixing between the SM Higgs and a new singlet

scalar is described by dim-2 mass mixing operators, the mixing effects decouple slowly, and

thus can be more important than or as important as the higher dimensional operators for

.......

We then present a general way to parametrize new physics effects mainly coming from

the mixing between the SM Higgs and a new singlet scalar, assuming there is only one

extra singlet scalar.

4.1

Table 1. Nonvanishing cF ’s in various BSM’s with an extra singlet scalar boson. The vanishing
cF ’s are not listed in this Table. We consider models where bF = 1, namely the SM Higgs boson
couplings to the SM particles are not altered in this table.

Model Nonzero c’s

Pure Singlet Extension ch2

Hidden Sector DM cχ
Dilaton ch2 , cg, cW , cZ , cγ

Vectorlike Quarks cg, cγ
Vectorlike Leptons cγ

New Charged Vector bosons cγ
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Other c’s are all zeros !

which defines the physical mass eigenstates H
1

and H
2

as

H
1

= h cos ↵ � s sin ↵ (2.14)

H
2

= h sin ↵ + s cos ↵ (2.15)

where we conveniently denote 125GeV resonance by H
1

although it can be heavier or lighter

than H
2

. Their partial widths to the SM particles F ( 6= Hi=1,2) 1 are written as

�(H
1

! F )

�(h ! F )SM

�

�

�

�

mH1

= (bF cos ↵ � cF sin ↵)2 , (2.16)

�(H
2

! F )

�(h ! F )SM

�

�

�

�

mH2

= (cF cos ↵ + bF sin ↵)2 . (2.17)

Note that we normalize the decay widths of two physical scalar boson with respect to

corresponding SM width at the mass of the scalar boson. We treat bi and ci are mass-

independent; thus, their values fitted at 125GeV are also applied to other mass region.

We discuss how loop-induced couplings which are mass-dependent can be treated in Sec.6

when we study constraints on other particles.

Another possible e↵ect of mixing is that the heavier eigenstate can decay to the lighter

one if it is kinematically allowed. We will parameterize this e↵ect by introducing non-

standard branching ratio in Sec. 4.

2.4 Comparison with other approaches

Before proceeding further, let us compare our approach with others. Most papers use

the e↵ective Lagrangian (2.1) as the starting point. There is nothing wrong about this,

since it would be the most general e↵ective Lagrangian up to dim-6 when we impose the

local SU(3)C ⇥ U(1)
em

. However one has to be careful since the Higgs field would not

be the same as the SM Higgs field, the remnant of the SU(2)L doublet scalar fields after

EWSB. The Higgs field in (2.1) could be a mixture of the SM Higgs field and any number

of electrically neutral scalarl fields, some of them could be EW singlets and others could

carry nontrivial EW gauge charges. Therefore there is no way one can tell whether the

observed 125GeV boson is the SM Higgs boson or a mixture with a singlet scalar boson

within the usual approach.

In contrast, we separate h and s in the e↵ective Lagrangian from the beginning by

their EW gauge quantum numbers. Therefore one can interpret the global fit results

under various assumptions on the underlying new physics models and tell which models

are favored and which are not. At the moment, the data currently available is not enough

to constrain or exclude some BSM’s definitely. However in the future when more data

is available with better information on the production channels, our approach would be

useful for constraining various BSM’s as well as verifying the SM Higgs scenario.

1Note that in our definition F denotes the SM fields only, so that interaction eigenstate s does not have

couplings to F except for the case F = h.

– 9 –
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our fits fits in other refs.

(�bg, �b� ) (�0.0180+0.0559
�0.0577, 0.107

+0.0916
�0.100 ) (�0.12±0.11, 0.18±0.12

) [48]
(�0.083±0.067, 0.13±0.12

) [43]
Fig.5 of Ref.[46]

(ATLAS-only) (0.11+0.0867
�0.0830, 0.17

+0.117
�0.113) (0.08±0.14, 0.23+0.16

�0.13) [118]

( bV , bf ) ( 1.031+0.0682
�0.0688, 0.962

+0.124
�0.124 ) ( 1.03±0.06, 0.84±0.15

) [48]
Fig.3 of Ref.[43], Fig.4 of Ref.[46]

(ATLAS-only) (1.345+0.162
�0.144, 0.808

+0.144
�0.117) (1.13±0.08, 0.90±0.17

) [118]

Table 4. Comparison of our fit results with results available in other literature. Only results based
on up-to-date data after Moriond 2013 are compared. We sometimes re-interpret other’s results
in accordance with our notation. If only best-fit figure is available, we cite relevant figure and
reference. Cases that are not shown here do not have equivalent results in literature.

both CMS ATLAS

SM �2/⌫ = 12.01/10 = 1.20 2.33/5 = 0.466 9.69/5 = 1.94

(�b� ) (0.090) (-0.117) (0.28)
11.19/9=1.24 1.71/4=0.428 4.99/4=1.25

(�bg,�b� ) (-0.018, 0.107) (-0.078, -0.048) (0.11, 0.17)
11.13/8 = 1.39 0.859/3 = 0.286 4.14/3 = 1.38

( bV , bf ) ( 1.031, 0.962 ) ( 0.898, 1.021 ) ( 1.345, 0.808 )

11.74/8 = 1.47 0.808/3=0.27 4.52/3=1.51

( bV  1, bu, bd ) ( 1.0, 0.969, 0.938 )

11.86/7 = 1.69

(�bg, �b� , bV , bf ) ( 0.041, 0.117,

0.941, 0.961 )

11.07/6 = 1.85

Table 5. Best-fit results using bi only from both CMS and ATLAS data as well as individual.
Errors are shown in text.

�2/⌫ = 11.07/6 = 1.85. (4.37)

We do not consider fitting to individual ATLAS and CMS data here because there
are too small number of degrees of freedom (⌫ = 1) which may not allow meaningful
statistical interpretation of fit results.

We compare our fit results with other results available in literature. For proper compar-
ison, we use other results based on up-to-date data after Morion 2013. As tabulated in Table
4, we obtain fairly good agreement on central values and sizes of uncertainties. Some differ-

– 22 –
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Models Best-fit results �2/⌫

SM 12.01/10 = 1.20

universal modification
(̂2univ) (1.012) 11.96/9 = 1.33

(BRnonSM )  18.8% at 95%CL
(cos↵) � 0.904 at 95%CL

VL lepton, W 0, S0

(c↵, c�) (0.98, -0.55) 11.1/8 = 1.39

VL quark
(c↵, cg, c�) (0.947, -0.128, -0.313) 11.1/7 = 1.58

(c↵, c� , BrnonSM ) BRnonSM  24% at 95%CL 11.1/8 = 1.39

(c↵, cg, c� , BrnonSM ) BRnonSM  39% at 95%CL 11.1/7 = 1.58

singlet mixed-in ̂

(̂2g, ̂
2

� , ̂
2

mix) (1.03, 1.15, 0.942) 11.1/7 = 1.58

singlet mixed-in theory
(ĉg, ĉ� , ĉ↵) (-0.176, -0.432, 0.971) 11.1/7 = 1.58

Table 7. Summary of best-fit results with scalar mixing. If BRnonSM is included in fit, no unique
solution is found, and its upper bound at 95%CL is presented. Only central values of best-fit are
shown, and errors can be found in text.

6.1 Universal modification and LEP bounds

Universal modification scenario in terms of two parameters

{↵, BRnonSM } (6.1)

is the simplest scenario that can be constrained from LEP searches of light Higgs boson.
BRnonSM can be relevant if ms  mh/2. Our discussion in this section, however, does not
depend on whether ms  mh/2 or not because only ̂univ combination (not individual ↵
or BRnonSM ) is constrained; see Sec.5.1 for discussion. LHC bounds will be discussed in
the next subsection using another scenario although similar bounds can be derived in this
case. As both production and decay relevant at LEP are proceeded by tree-level induced
coupling. Thus, we do not need to discuss the mass dependences of couplings here – we refer
to next subsection for this discussion. With these, the signal strengths of H

2

is universally
modified as that of H

1

.
LEP1 looked for Higgs via Bjorken process Z ! Z⇤h followed by Z ! `+`�, ⌫⌫̄, b¯b, ⌧⌧

and h ! b¯b, ⌧⌧ . LEP2 looked for Higgs via e+e� ! Zh [122]. Signal strengths in all cases
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Aspen this March
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!8

• 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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!9

Inflation models in light of Planck2013 data

V / �4

[Planck2013 results]
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Only Higgs (~SM) & 
Nothing Else So Far
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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 ?
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Building Blocks of SM

• Lorentz/Poincare Symmetry!

• Local Gauge Symmetry : Gauge Group + 
Matter Representations from Experiments!

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

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

14년 3월 7일 금요일



Lessons for Model Building

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

• Write down all the operators upto dim-4!

• Check anomaly cancellation!

• Consider accidental global symmetries !

• Look for nonrenormalizable operators that 
break/conserve the accidental symmetries of 
the model
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• If there are spin-1 particles, extra care 
should be paid : need an agency which 
provides mass to the spin-1 object!

• Check if you can write Yukawa couplings to 
the observed fermion!

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

• Impose various constraints and study 
phenomenology
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(3,2,1) or SU(3)cXU(1)em ?

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

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

• Majorana neutrino mass is a good example!

• For example, in the Higgs + dilaton (radion) 
system, and you get different results (work in 
preparation with D.W.Jung)!

• Singlet mixing with SM Higgs 
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Digression on Higgs-
dilaton system

arXiv:1402.2115 [hep-ph]
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generated by quantum e↵ects, either nonperturbatively or perturbatively.
Before the Higgs boson was discovered, dilaton (denoted as � in this paper) has been

considered an alternative to the Higgs boson [9–13] from time to time, since dilation cou-
plings to the SM fields is similar to the SM Higgs field at classical level, except that the
overall coupling scale is given by the dilaton decay constant f� instead of the Higgs vacuum
expectation value (VEV) v. At quantum level, dilaton has couplings to the gauge kinetic
functions due to the quantum scale anomaly [14], a distinct property of dilaton which is not
shared by the SM Higgs boson. The radion [15] in Randall-Sundrum (RS) model [16, 17]
has the similar properties as the dilaton, in that it couples to the trace of energy-momentum
tensor too just like the dilaton [57].

The interest in dilaton physics has been renewed recently [18–30], since the LHC an-
nounced discovery of a new boson of mass around 126 GeV (which we call H in this letter)
[37–46]. Radion-Higgs mixing scenarios have also been extensively studied in the light of the
LHC results [31–36]. The current data still su↵er from large uncertainties, but the observed
new particle has properties that are consistent with the SM predictions, although there is a
tendency that the �� (ZZ⇤) mode is enhanced over the SM predictions at ATLAS detector.
The other modes are consistent with the SM predictions, but within a large uncertainty.

The e↵ective interaction Lagrangian for a dilaton � to the SM field can be derived by

using nonlinear realization: � = e
�
f� [1]. With the trace of the energy momentum tensor,

which is the divergence of dilatation current, the interaction terms which are linear in � cast
into

Lint ' � �

f�
T µ

µ = � �

f�

"

2µ2
HH

†H � 2m2
WW+W� �m2

ZZµZ
µ +

X

f

mf f̄f +
X

G

�G

gG
Gµ⌫G

µ⌫

#

.

(1)
We argue that this form of dilaton interaction to the SM fields is erroneous, and propose
the correct form and study the Higgs-dilaton phenomenology.

The SM Lagrangian is written as

LSM = Lkin(G) + Lkin(f) + Lkin(H) + LYukawa(f, f̄ , H)� µ2
HH

†H � �
�

H†H
�2

, (2)

where G, f and H denote the SM gauge fields, fermions and Higgs field in a schematic way.
In this form, scale symmetry is explicitly broken by a single term, µ2

HH
†H in the SM.

Also quantum mechanical e↵ects break scale symmetry anomalously. In the end, the trace
of energy-momentum tensor of the SM, which measures the amount of scale symmetry
breaking, is given by

T µ
µ (SM) = 2µ2

HH
†H +

X

G

�G

gG
Gµ⌫G

µ⌫ . (3)

This form of T µ
µ respects the full SM gauge symmetry GSM = SU(3)C ⇥ SU(2)L ⇥ U(1)Y .

This form is clearly di↵erent from the usual form, Eq. (1), which is constructed after EWSB
and respects only the unbroken subgroup of the SM, HSM = SU(3)C ⇥ U(1)em. We claim
that one has to use the form before EWSB, since we do not know the scale of spontaneous
scale symmetry breaking. If vEW < f�, it would be more reasonable to impose the full SM
gauge symmetry with Eq. (3) [58].

3

OR

production cross sections at next linear colliders (NLC’s) and hadron colliders such as the

Tevatron and LHC are calculated. Then our results will be summarized at the end.

The interaction of the radion with the SM fields at an electroweak scale is dictated by

the 4-dimensional general covariance, and is described by the following effective Lagrangian

[4] [3] :

Lint =
φ

Λφ
Tµ

µ(SM) + ..., (1)

where Λφ = ⟨φ⟩ ∼ O(v). The radion becomes massive after the modulus stabilization, and

its mass mφ is a free parameter of electroweak scale [4]. Therefore, two parameters Λφ and

mφ are required in order to discuss productions and decays of the radion at various settings.

The couplings of the radion with the SM fields look like those of the SM Higgs, except for

v → Λφ. However, there is one important thing to be noticed : the quantum corrections to

the trace of the energy-momentum tensor lead to trace anomaly, leading to the additional

effective radion couplings to gluons or photons in addition to the usual loop contributions.

This trace anomaly contributions will lead to distinct signatures of the radion compared to

the SM Higgs boson.

The trace of energy-momentum tensor of the SM fields at tree level is easily derived :

Tµ
µ(SM)tree =

⎡

⎣

∑

f

mf f̄f − 2m2
WW+

µ W−µ − m2
ZZµZ

µ +
(

2m2
hh

2 − ∂µh∂µh
)

+ ...

⎤

⎦ , (2)

where we showed terms with only two SM fields, since we will discuss two body decay rates

of the radion into the SM particles, except the gauge bosons of which virtual states are also

considered. The couplings between the radion φ and fermion pair or weak gauge boson pair

are simply related with the SM Higgs couplings with these particles through simple rescaling

: gφ−f−f̄ = gSM
h−f−f̄ v/Λφ, and so on. On the other hand, the φ − h − h coupling is more

complicated than the SM h − h − h coupling. There is a momentum dependent part from

the derivatives acting on the Higgs field, and this term can grow up as the radion mass gets

larger or the CM energy gets larger in hadroproductions of the radion. It may lead to the

violation of perturbative unitarity, which will be addressed after we discuss the decay rates

of the radion. Finally, the h − φ − φ coupling could be described by

3

Dilaton interactions

• Dilaton/radion (in RS I scenario) couples to 
the trace of energy-momentum tensor

• But which form ?
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It is the purpose of this paper to analyze the Higgs-dilaton system using the dilaton

couplings to the SM fields which respects the full SM gauge interactions, and compare the

results with the most recent LHC data on the Higgs boson. In Sec. II, we derive the e↵ective

Lagrangian for dilaton coupled to the SM fields, and derive the interactions between them.

Then we perform phenomenological analysis in Sec. III, comparing theoretical predictions

based on Eq. (3) with the LHC data on the Higgs boson, and derive the constraints on the

mass of the 2nd scalar boson and the mixing angle, as well as the deviations of quartic and

triple couplings of the Higgs bosons. The results are summarized in Sec. IV , and the �

functions for dimensionless couplings in the SM are collected in Appendix for convenience.

II. MODEL FOR THE HIGGS-DILATON (RADION) SYSTEM

A. Model Lagrangian

Let us assume that there is a scale invariant system where scale symmetry is spontaneously

broken at some high energy scale f�, with the resulting Nambu-Goldstone boson which is

called dilaton �. In terms of �(x) ⌘ e�(x)/f� , the Lagrangian for the SM plus a dilaton would

be written as

L = LSM(µ
2
H = 0) +

1

2
f 2
�@µ�@

µ�� µ2
H�

2H†H �
f 2
�m

2
�

4
�4

⇢

log�� 1

4

�

,

� log

✓

�

S(x)

◆⇢

�g1(g1)

2g1
Bµ⌫B

µ⌫ +
�g2(g2)

2g2
W i

µ⌫W
iµ⌫ +

�g3(g3)

2g3
Ga

µ⌫G
aµ⌫

�

+ log

✓

�

S(x)

◆

n

�u (Yu) Q̄LH̃uR + �d (Yu) Q̄LHdR + �l (Yu) l̄LHeR +H.c.
o

+ log

✓

�

S(x)

◆

��(�)

4

�

HH†�2 (4)

where S(x) is the conformal compensator, which is put to 1 at the end of calculation.

Keeping the linear term in �, we recover the Eq. (1) with T µ
µ being given by Eq. (3). Note

that the dilaton coupling to the SM fields in this work is di↵erent from other works in

the literature. In most works, the dilaton is assumed to couple to the SM fields in the

broken phase with unbroken local SU(3)c ⇥ U(1)em symmetry. However if scale symmetry

breaking occurs at high energy scale, it would be more reasonable to assume that the dilaton

5

Effective Lagrangian
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Potential Analysis

Potential Analysis

Minimizing the extended potential generally gives

hHi = (0, v/
p
2)

T , h�i = ¯�.

From tadpole condition for Higgs boson and dilaton,

�v2 = µ2e
2 �̄
f� ,

µ2v2 = f�m
2
�
¯� e

2 �̄
f� .

Similar to the singlet extended SM, but the structures are
di↵erent.

Dong-Won JUNG (KIAS) Higgs-Dilaton mixing February 11, 2014 7 / 20
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Potential Analysis

Mass Formula

The Higgs-Dilaton mass matrix becomes

M2(h,�) =

 
m2

hh m2
h�

m2
�h m2

��

!
=

0

BBBB@

2�v2 �2�v3

f�
e
�2 �̄

f�

�2�v3

f�
e
�2 �̄

f� m2
�e

2 �̄
f�

✓
1 + 2 �̄

f�

◆

1

CCCCA
⌘

0

BBBB@

m2
h �m2

h
v
f�

e
�2 �̄

f�

�m2
h

v
f�

e
�2 �̄

f� m̃2
�e

2 �̄
f�

1

CCCCA
,

where

m̃2
� = m2

�

 
1 + 2

�̄

f�

!
.

Mass eigenvalues and mixing angle :

m2
H1,2

=

m2
h + m̃2

�e
2 �̄
f� ⌥

vuuut

0

@m2
h
� m̃2

�e
2 �̄
f�

1

A
2

+ 4e
�4 �̄

f� v2

f 2
�

m4
h

2

with

tan↵ =
�m2

h
v
f�

e
�2 �̄

f�

m̃2
�e

2�̄
f� � m2

H1

.
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m2
H1,2

=

m2
h + m̃2

�e
2 �̄
f� ⌥

s

✓

m2
h � m̃2

�e
2 �̄
f�

◆2

+ 4e
�4 �̄

f� v2

f2
�
m4

h

2
, (10)

tan↵ =
�m2

h
v
f�
e
�2 �̄

f�

m̃2
�e

2�̄
f� �m2

H1

. (11)

Here we use the basis
0

@

H1

H2

1

A =

0

@

cos↵ � sin↵

sin↵ cos↵

1

A

0

@

h

�

1

A . (12)

Now the interaction Lagrangian between dilaton and the SM fields can be derived in terms

of H1 and H2.

B. Interaction Lagrangian for dilaton(radion) and the SM Fields

In this subsection, we derive the interaction Lagrangian between the dilaton(radion) and

the SM fields both in the interaction and in the mass eigenstate basis.

Let us first discuss the interactions of the dilaton(radion) with the SM fermions and the

SM Higgs boson with the full GSM:

L(f, f̄ , Hi=1,2) = �mf

v
ffh = �mf

v
ff(H1c↵ +H2s↵), (13)

with s↵ ⌘ sin↵ and c↵ = cos↵. The first equality is in the interaction basis, whereas the

second one is in the mass basis. Note that there is no direct coupling of the dilaton(radion)

(�) to the SM chiral fermion at the classical level, namely when we ignore the quantum

scale anomaly of Yukawa interactions. This is because we have imposed the full SM gauge

symmetry, Eq. (3). On the other hand, earlier literature uses the following dilaton couplings

to the SM fermions assuming the unbroken subgroup HSM = SU(3)C ⇥ U(1)Y :

L(f, f̄ ,�) = �mf

f�
f̄f� e��̄/f� . (14)

Note that there is no proper limit where the earlier result (14) based on T µ
µ with unbroken

subgroup of the SM gauge symmetry HSM = SU(3)C ⇥ U(1)em approaches our result (13)

based on T µ
µ with the full SM gauge symmetry GSM = SU(3)C⇥SU(2)L⇥U(1)Y . This shows

that it is very important to impose which gauge symmetry on the fundamental Lagrangian.

7

m2
H1,2

=

m2
h + m̃2

�e
2 �̄
f� ⌥

s

✓

m2
h � m̃2

�e
2 �̄
f�

◆2

+ 4e
�4 �̄

f� v2

f2
�
m4

h

2
, (10)

tan↵ =
�m2

h
v
f�
e
�2 �̄

f�

m̃2
�e

2�̄
f� �m2

H1

. (11)

Here we use the basis
0

@

H1

H2

1

A =

0

@

cos↵ � sin↵

sin↵ cos↵

1

A

0

@

h

�

1

A . (12)

Now the interaction Lagrangian between dilaton and the SM fields can be derived in terms

of H1 and H2.

B. Interaction Lagrangian for dilaton(radion) and the SM Fields

In this subsection, we derive the interaction Lagrangian between the dilaton(radion) and

the SM fields both in the interaction and in the mass eigenstate basis.

Let us first discuss the interactions of the dilaton(radion) with the SM fermions and the

SM Higgs boson with the full GSM:

L(f, f̄ , Hi=1,2) = �mf

v
ffh = �mf

v
ff(H1c↵ +H2s↵), (13)

with s↵ ⌘ sin↵ and c↵ = cos↵. The first equality is in the interaction basis, whereas the

second one is in the mass basis. Note that there is no direct coupling of the dilaton(radion)

(�) to the SM chiral fermion at the classical level, namely when we ignore the quantum

scale anomaly of Yukawa interactions. This is because we have imposed the full SM gauge

symmetry, Eq. (3). On the other hand, earlier literature uses the following dilaton couplings

to the SM fermions assuming the unbroken subgroup HSM = SU(3)C ⇥ U(1)Y :

L(f, f̄ ,�) = �mf

f�
f̄f� e��̄/f� . (14)

Note that there is no proper limit where the earlier result (14) based on T µ
µ with unbroken

subgroup of the SM gauge symmetry HSM = SU(3)C ⇥ U(1)em approaches our result (13)

based on T µ
µ with the full SM gauge symmetry GSM = SU(3)C⇥SU(2)L⇥U(1)Y . This shows

that it is very important to impose which gauge symmetry on the fundamental Lagrangian.

7

VS.

Note that there is no limit 
where we recover the usual 
form of the dilaton coupling
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It should be the full SM gauge symmetry GSM = SU(3)C ⇥ SU(2)L ⇥U(1)Y rather than its

unbroken subgroup HSM = SU(3)C ⇥U(1)em that has been widely used in earlier literature,

when we consider new physics at EW scale and the new physics scale is not known [65].

The same argument applies to other interactions of the dilaton(radion) with the SM gauge

bosons or the SM Higgs boson. We list them below for completeness:

L(g, g,Hi=1,2) = �e��̄/f�

f�

�3(g3)

2g3
Gµ⌫G

µ⌫�

= �e��̄/f�

f�

�3(g3)

2g3
Gµ⌫G

µ⌫(�H1s↵ +H2c↵). (15)

L(W,W,Hi=1,2) =
2m2

W

v
W+

µ W�µh� e��̄/f�

f�

�2(g2)

2g2
Wµ⌫W

µ⌫�

=
2m2

W

v
W+

µ W�µ (H1c↵ +H2s↵)

� e��̄/f�

f�

�2(g2)

2g2
Wµ⌫W

µ⌫(�H1s↵ +H2c↵). (16)

L(Z,Z,Hi=1,2) =
m2

Z

v
ZµZ

µh� e��̄/f�

f�

⇢

c2W
�2(g2)

2g2
+ s2W

�1(g1)

2g1

�

Zµ⌫Z
µ⌫�

=
m2

Z

v
ZµZ

µ (H1c↵ +H2s↵)

� e��̄/f�

f�

⇢

c2W
�2(g2)

2g2
+ s2W

�1(g1)

2g1

�

Zµ⌫Z
µ⌫(�H1s↵ +H2c↵). (17)

L(�, �, Hi=1,2) = �e��̄/f�

f�

⇢

s2W
�2(g2)

2g2
+ c2W

�1(g1)

2g1

�

Fµ⌫F
µ⌫�

= �e��̄/f�

f�

⇢

s2W
�2(g2)

2g2
+ c2W

�1(g1)

2g1

�

Fµ⌫F
µ⌫(�H1s↵ +H2c↵). (18)

L(�, Z,Hi=1,2) = �e��̄/f�

f�
2sW cW

⇢

�2(g2)

2g2
� �1(g1)

2g1

�

Zµ⌫F
µ⌫�

= �e��̄/f�

f�
2sW cW

⇢

�2(g2)

2g2
� �1(g1)

2g1

�

Zµ⌫F
µ⌫(�H1s↵ +H2c↵). (19)

The � functions for the SM gauge groups are listed in the Appendix A for convenience. The

SM Higgs field h will interact with gluons or photons in just as in the standard model case,

and we have to add these to the above interaction Lagrangian.

The o↵shoot of our approach is that the dilaton � mixes with the SM Higgs boson h, and

couples to the SM fields through quantum scale anomaly in addition to the classical scale

symmetry breaking term, i.e. µ2
HH

†H. Since the dilaton � and the SM Higgs boson h mix

with each other to make two scalar bosons H1 and H2, their couplings to the SM fermions

8
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Numerical Results

(mH2

> mH1

= 126GeV)

Allowed range is highly constrained-coincides with SM results.

Precise Heavy scalar boson phenomenology is required.

Figure: Rates relative to the SM values: ggF and VBF
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Numerical Results

(mH1

< mH2

= 126GeV)

Figure: Rates relative to the SM values: ggF and VBF
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Numerical Results

Typical prediction II

Figure: Triple and Quartic couplings.

Dong-Won JUNG (KIAS) Higgs-Dilaton mixing February 11, 2014 17 / 20
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Back to the main theme
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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 ? 

14년 3월 7일 금요일



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)
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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 ?
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Underlying Principles
• Hidden Sector CDM!

• Singlet Portals !

• Renormalizability (with some caveats) !

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

(Alternative models by Asaka, Shaposhnikov et al.)
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Hidden Sector

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

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

• Generic in many BSM’s including SUSY models!

• E8 X E8’ : natural setting for SM X Hidden!

• SO(32) may be broken into GSM X Gh

G. Shiu et al. arXiv:1302.5471, PRL for millicharged DM from string theory
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Hidden Sector

• Hidden sector gauge symmetry can stabilize 
hidden DM !

• There could be some contributions to the dark 
radiation from unbroken dark sector !

• Consistent with GUT in a broader sense!

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

• Gauge group (Gh) : Abelian or Nonabelian!

• Strength of gauge coupling : strong or weak!

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

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

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

• Hidden sector DM with its own dark gauge 
sym : Natural candidates & Generic in many 
BSM including SUSY, Superstring theory

• E8 x E’8 , SO(32) --> GSM x Ghidden

• Dark gauge sym can guarantee the stability 
or the longevity of DM 

• Can be thermalized through singlet portals
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Known facts for hCDM

• Strongly interacting hidden sector!

• CDM : composite h-mesons and h-baryons!

• All the mass scales can be generated from 
hidden sector!

• No long range dark force!

• CDM can be absolutely stable or long lived

SB), and by SRC program of NRF Grant No. 20120001176 funded by MEST through Korea Neutrino

Research Center at Seoul National University (PK).

A Thermally averaged cross sections

In this Appendix, we collect the thermally averaged cross sections of dark matter pair annihilations.

h�viXX†!f̄f =
1

32⇡
Nf

c �2
HX

m2
f�

s � m2
h

�2
+ m2

h�
2
h

 
1 � 4m2

f

s

!3/2

(A.1)

h�viXX†!V V =
1

64⇡

�2
HX

S

s
�
s � m2

h

�2
+ m2

h�
2
h

"
1 � 4

m2
V

s
+ 12

✓
m2

V

s

◆2
#✓

1 � 4m2
V

s

◆1/2

(A.2)

h�viXX†!hh =
1

64⇡s

✓
1 � 4m2

h

s

◆1/2 Z 1

�1
d cos ✓|A|2 (A.3)

where the symmetry factor is S = (1, 2) for V = (W, Z) respectively, and

|A|2 =
1

4
�2
HX

�����1 � 3m2
h�

s � m2
h

�
+ imh�h

+
1

2

�HXv2

m2
X � t

+
1

2

�HXv2

m2
X � u

�����

2

(A.4)
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• Weakly interacting hidden sector!

• Long range dark force if Gh is unbroken!

• If Gh is unbroken and CDM is DM, then no 
extra scalar boson is necessary (*)!

• If Gh is broken, hDM can be still stable or 
decay, depending on Gh charge assignments!

• More than one neutral scalar bosons with signal 
strength = 1 or smaller (indep. of decays) 
except for the case (*)!

• Vacuum is stable up to Planck scale
S.Baek, P.Ko, W.I.Park, E.Senaha, JHEP (2012)
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Models Unbroken 
U(1)X

Local Z2 Unbroken 
SU(N)

Unbroken 
SU(N)!

(confining)

Scalar DM

1!
0.08!

complex 
scalar

<1!
~0!

real scalar

1!
~0.08*#!
complex 

scalar

1!
~0!

composite!
hadrons

Fermion 
DM

<1!
0.08!
Dirac!

fermion

<1!
~0!

Majorana

<1!
~0.08*#!
Dirac 

fermion

<1!
~0!

composite!
hadrons

Higgs signal strength/Dark radiation/DM

# : The number of massless gauge bosons

in preparation with Baek and W.I. Park
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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

NR $ eHlL
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EWSB and CDM from Strongly 
Interacting Hidden Sector

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

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

All the masses (including CDM mass) !
from hidden sector strong dynamics
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Nicety of QCD

• Renormalizable!

• Asymptotic freedom : no Landau pole!

• QM dim transmutation :!

• Light hadron masses from QM dynamics!

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

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

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

• If chiral sym breaking in the hidden sector, 
light h-pions can be described by chiral 
Lagrangian in the low energy limit
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!"
#$%%&'(
!&)*+,

"&--&'.&,

/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
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Warming up with a toy model

• Reinterpretation of 2 Higgs doublet model

• Consider a hidden sector with QCD like new 
strong interaction, with two light flavors

• Approximate SU(2)L X SU(2)R chiral symmetry, 
which is broken spontaneously

• Lightest meson      : Nambu-Goldstone boson -> 
Chiral lagrangian applicable

• Flavor conservation makes      stable -> CDM

�h

�h
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Model-I

Potential for H1 and H2

V (H1, H2) = −µ2
1(H

†
1H1) +

λ1

2
(H†

1H1)
2 − µ2

2(H
†
2H2)

+
λ2

2
(H†

2H2)
2 + λ3(H

†
1H1)(H

†
2H2) +

av3
2

2
σh

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

Consider the following phase:

H1 =

(

0
v1+hSM√

2

)

, H2 =

(

π+
h

v2+σh+iπ0
h√

2

)

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

3

– p.34/50

Not present in the two-
Higgs Doublet model

������������
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Relic DensityModel-I : Relic density of πh
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Can easily accommodate the relic density in our model
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Model-I : Direct detection rate
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Model I (Scalar Messenger)

• SM - Messenger - Hidden Sector QCD

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

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

SM Hidden 
QCD

Singlet 
Scalar S

������������

Hur, Ko, PRL (2011)
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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
������������

Scale invariant extension of the SM!
with strongly interacting hidden sector
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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

������������

3 neutral scalars : h,  S and hidden sigma meson!
Assume h-sigma is heavy enough for simplicity
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Relic densityModel-II: Relic densities of Ωπh
h2

Ωπhh
2 in the (mh1

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

(b) vh = 1 TeV and tan β = 2.

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

why do we live on the ragged edge of doom?

36

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

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

A. Strumia, Moriond EW 2013

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013

why do we live on the ragged edge of doom?

36

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

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

A. Strumia, Moriond EW 2013

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013

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

Λ

ΛS

ΛH
ΛHS

5 10 15
0.0

0.1

0.2

0.3

0.4

0.5

Log!Μ"GeV#

C
ou
pl
in
gs

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

5 10 15
%0.05

0.00

0.05

0.10

0.15

Log!Μ"GeV#

Λ
H

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

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

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

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

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

dashed black line corresponds to m1 = 125GeV.

5.4 Brief Summary

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

– 29 –

Baek, Ko, Park, Senaha (2012)
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Signal Strengths µ ≡
σ · Br

σ
SM

· Br
SM

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

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

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

⟨µ⟩ = 0.96± 0.12

Higgs Physics A. Pich – LHCP 2013 9

Updates@LHCP
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• 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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!

• The 2nd scalar is very very elusive!

• Small mixing limit is the interesting region!

• How can we find the 2nd scalar at 
experiments ?!

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

• Scale Symmetry is explicitly broken only by 
dim-4 operators (beta functions)!

• Our model is renormalizable when dim 
regularization is used, and no quadratic 
divergence!

• Logarithmic sensitivity to high energy scale !

• OK up to Planck scale as long as no new 
particles at high energy scale
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Comparison w/ other model

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

• DM : composite hidden hadrons (mesons and baryons)!

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

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

• Higgs Signal strengths : universally reduced from one
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• Similar to the massless QCD with the 
physical proton mass without finetuning 
problem!

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

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

• Could consider SUSY version of it 
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More issues to study
• DM : strongly interacting composite 

hadrons in the hidden sector >> self-
interacting DM >> can solve the small scale 
problem of DM halo!

• TeV scale seesaw : TeV scale leptogenesis, 
or baryogenesis from neutrino oscillations 
(T. Asaka’s talk)!

• Better approach for hQCD ? (For example, Kugo, 
Lindner et al use NJL approach)
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Conclusions

• We constructed a model where all the 
mass scales (including the DM mass) are 
generated by dimensional transmutation in 
a new strong dynamics in the hidden sector

• DM : Lightest mesons and baryons in the 
hidden sector (composite h-hadrons) which 
can have large self interacting cross section

• Higgs signal strengths < 1 (universally)
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