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LHC designed to discover SM Higgs (Item 1)

Seesaw + Leptogenesis (Items 2+3)

Many models for Item 4

1. Unseen Higgs  so far
2. Neutrino masses and mixings
3. Baryon Number Asymmetry
4. Nature of CDM

Current Status of the SM
SO GOOD with all the data, EWPT, CKM 

except for
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What’s next ?

- Origin of EWSB
- Origin of families (Flavors)
- Many fine tuning problems 

I ignore hereUnderstanding of 

Usual arguments for new physics around TeV scale 
based on quadratic divergence of (Higgs mass)^2  

Real Fine tuning problem with EWPT & CKM

New physics could be insensitive to the SM interaction, 
but has something to do with CDM & EWSB
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Motivations

Forget about fine tuning problem of Higgs mass, and 
consider a hidden sector (neutral under SM gauge 
group) at EW scale

Introduce new particles neutral under the SM 
gauge group (Hidden Sector)

Less constrained by EWPT and CKMology, because 
new particlers are SM singlets, could be light

Hidden sector : Generic in many BSM’s & Why not ?   
(e.g. SUSY is broken in a hidden sector)
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Hidden sector ?

Usually the hidden sector breaks SUSY 
spontaneously, and then does nothing else

Could play an important role in phenomenology at 
TeV scale, especially in Higgs phenomenology 
(Invisible Higgs decay into a pair of CDM’s)

Many possibilities for the choice of gauge groups 
and matter contents of the hidden sector       
(e.g.# of colors and flavors in the hidden QCD) 

Phenomenology depends on mediators between the 
SM and a hidden sector
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the stability of DM without ad hoc Z2 
symmetry ?

the generation of mass scales from quantum 
mechanics ?

other effects of a hidden sector, if it exists ?

Answer to these seemingly unrelated questions is 
YES !

Can we understand 
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Stability of DM

Usually guaranteed by ad hoc Z2 symmetry

Or life time of DM made very long by fine 
tuning of couplings

Note that quark flavor is conserved within 
renormalizable QCD (accidental symmetry)

Can we find a similar reason for the DM 
stability ? 
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Can we understand the 
origin of all the masses ?
In massless QCD, all the masses originate from 
dimensional transmutation 

Proton mass dynamically generated by quarks and 
gluons, not by the quark masses 

A similar mechanism for elementary particles ?

Questions by Coleman and Weinberg, F. Wilczek, C. Hill, 
W. Bardeen, ......
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Related Works & Talks (as of 2007)

Foot, Volkas, et al (Mirror World)

Berezhiani et al (Mirror World)

Strassler, Zurek, et al (Hidden Valley)

Wilczek (Higgs portal & Phantom)

Cheung, Ng, et al (Shadow)

Ko et al (Hidden Sector strong interaction)

More works afterwards
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Weakly Interacting 
Hidden Sector

Perturbation applicable & easy to analyze

Many CDM models (including leptophilic Dirac Fermion 
DM) are this type with “Higgs portal” 

Gauge boson mass is generated by Higgs mechanism

Origin of mass scale remains unclear, just like in SM
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Strongly Interacting 
Hiddens Sector

Perturbation not applicable & difficult to analyze

Construct relevant Effective Field Theory (EFT) 
depending on the physics problems

Can address dynamical generation of mass scale, like in 
massless QCD

Chiral lagrangian technique for the Nambu-Goldstone 
boson (the hidden sector pion = CDM)

(arXiv:0709.1218 with T.Hur, D.W.Jung and J.Y.Lee) 
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Can we build a model 
for EWSB and CDM 
similar to QCD ?
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Can we build a model 
for EWSB and CDM 
similar to QCD ?

Yes ! 
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Toy model : Hidden Sector Pion as CDM

(arXiv:0709.1218 with T.Hur, D.W.Jung and J.Y.Lee) 
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Hidden Sector Pion as a CDM

CDM in most models stable due to ad hoc Z2 symmetry

In our models I&II, the hidden sector pion is stable 
due to flavor conservation in hQCD (accidental 
symmetry of the underlying gauge theory), which is a 
nice aspect of our model

Remember pion is stable under strong interaction in 
ordinary hadronic world, decays only through em or 
weak interaction
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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

πh

πh
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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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H2 : SM singlet, no contribution to W,Z, or fermion 
masses -> Less problem with EWPT or Higgs 
mediated CPV

“a” term gives hidden sector pion mass ->CDM

Charges of hidden pion : Not electric charge, but the 
hidden sector isospin (I3)

Higgs sector <> Gell-Mann Levy sigma model <> Low 
Energy Effective Theory of QCD

Similar to the usual two-Higgs 

doublet model, except that
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Model-I

h and H are mixtures of hSM and σh: partially composite

h(H) − V − V couplings : the same as the HSM − V − V
couplings modulo cos α and sin α

the same is true for the h(H)− f − f̄ with SM fermions f
couplings

Productions of h and H at colliders are suppressed by

cos2 α and sin2 α, relative to the production of the SM
Higgs with the same mass

h(H) − πh − πh couplings contribute to the invisible
decays h(H) → πhπh

4 parameters for µ2
1 = 0: tan β, mπh, λ1 and λ2 or trade

the last two with mh and mH

– p.36/50
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Br of h and H
Model-I : Spectra and branching ratios
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Branching ratios of h and H as functions of mπh for
tan β = 1, mh = 120 GeV and mH = 300 GeV.

h,H → πhπh : invisible decay branching ratios make
difficult to detect them at colliders

– p.25/38
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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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CDMS

–p.28/38
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Model I : Scalar Messenger

Work in preparation 
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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
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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
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Hidden sector condensate develops a linear potential 
for S -> Nonzero VEV for S

Hidden sector quarks get massive by <S>

Nonzero Higgs mass parameter form <S>

EWSB occurs if the sign is correct

Therefore, all the mass scales from hidden sector 
quark condensates 

Construct effective chiral lagrangian for the hidden 
sector pion

Calculate the relic density, (in)direct detection rate etc.
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Br for lighter Higgs hModel-II: Branching ratios of h
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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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U(1) model by Strassler 
et al. (Hidden Valley)

Work in preparation
(with S. Baek & Taeil Hur)
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Hidden 
WorldSM Extra U(1)  

gauge boson

Model II & III (Extra U(1))

We consider two models

U(1) model by Strassler et al. (Hidden valley scenario) : 
with hidden sector QCD

Leptophilic U(1) motivated by PAMELA and FERMI data 
(Baek and Ko) : with hidden sector DM Dirac fermion
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Model II with Extra U(1)

Assume extra U(1) under which both SM and hQCD 
matters are charged [Hidden Valley Scenarios by 
Strassler et al.]

Hidden sector pion as CDM [Cassel, Ghilencea, Ross]

hidden-Higgs and SM Higgs mix with each other

Relic density of CDM is dominated by Higgs exchanges

Direct Detection Rates close to the current/future 
experiments
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Therefore we do not try to extimate thermal relic density of the hidden sector baryon,
keeping in mind that they could also contribute to the observed CDM density.

This paper is organized as follows. In Sec. 2, we describe the model lagrangian, and the
effective chiral lagrangian that describes dynamics of the hidden sector pions, a candidate
for the CDM. In Sec. 3, we show the particle spectra and collider phenomenology. In Sec. 4,
we calculate thermal relic density of the hidden sector pion, and the spin-independent
scattering cross section of the hidden sector pion on proton. In Sec. 5, we summarize our
results. The detailed expressions for the model lagrangians and the relations between the
interaction eigenstates and the physical states are collected in Appendix.

2. Model

In this section, we recapitulate the U(1)X model by Strassler and his collaborators. In
the model the SM is extended by new gauge groups SU(Nh)×U(1)X and new SM-singlet
fields: hidden quarks Qh, right-handed neutrino NR, complex scalar φ. The hidden quarks,
which are SM singlets, are charged under the strong gauge group SU(Nh) while the other
fields are not. The U(1)X charges of the fields are chosen by anomaly-free condition. All
field contents and their charge assignment are given in Table. 1.

2.1 Lagrangian above Λh

The full renormalizable Lagrangian above the confinement scale Λh is given by

L = L′
SM + LKinetic

hidden + LYukawa
hidden + LScalar

hidden (2.1)

LKinetic
hidden = −1

4
[(Fh)a

µν(Fh)aµν ] − 1
4
X̂µνX̂

µν − sinχ

2
X̂µνB̂

µν

+(DµΦ∗)(DµΦ) + i NRiD/ NRi

+i UhLD/ UhL + i UhRD/ UhR + i DhLD/ DhL + i DhRD/ DhR (2.2)

LYukawa
hidden = −yNRLNRiH̃

†#Lj + h.c.

−yUhUhRUhLΦ − yDhDhRDhLΦ∗ − yNRijN c
RiNRjΦ∗ + h.c. (2.3)

LScalar
hidden = +µ2

2Φ
∗Φ − λ12(H†H)(Φ∗Φ) − λ2

2
(Φ∗Φ)2, (2.4)

where (Fh)µν , X̂µν and Bµν are field strength tensors of SU(Nh), U(1)X and U(1)Y

groups, respectively. L′
SM is same with Standard Model Lagrangian except that U(1)X

contribution is added to the covariant derivative of each field : DµφSM ≡ (DµSM +
iĝXQ̂X [φSM ]X̂µ)φSM for all SM fields.

The kinetic mixing term − sin χ
2 X̂µνB̂µν can be removed by field redefinition X̂µ, B̂µ

→ Xµ, Bµ with transformation

(
B̂µ

X̂µ

)
=

(
1 − tanχ

0 1/ cos χ

)(
Bµ

Xµ

)
. (2.5)

– 3 –

qLi uRi dRi !Li eRi NRi UhL UhR DhL DhR H Φ
SU(3) 3 3 3 1 1 1 1 1 1 1 1 1
SU(2) 2 1 1 2 1 1 1 1 1 1 2 1
U(1)Y

1
6

2
3 −1

3 −1
2 −1 0 0 0 0 0 1

2 0
U(1)X −1

5
1
5 −3

5
3
5

1
5 1 q+ −q− −q+ q−

2
5 2

SU(nh) 1 1 1 1 1 1 nh nh nh nh 1 1
# of gen. 3 3 3 3 3 3 1 1 1 1 1 1

Table 1: Charge assignments for the model : q+ + q− = −2

After this redefinition, the covariant derivative transforms

Dµ = ∂µ + igXQXX̂µ + igY QY B̂µ + · · · (2.6)

= ∂µ +
igX

cos χ
(QX − gY

gX
QY sin χ)Xµ + igY QY Bµ + · · · . (2.7)

2.2 Chiral lagrangian for the hidden sector pions (πh’s)

In the low energy below Λh scale, the Lagrangian involving hidden sector quarks Qh can
be replaced by

Leff
chial =

v2
h

4
Tr[DµΣhDµΣ†

h] +
v2
h

2
Tr[µh(MQhΣh + Σ†

hM †
Qh

], (2.8)

where

Σh(x) = e2iΠ(x)/vh , Π(x) = πa
σa

2
=

(
π0

2
π+
√

2
π−
√

2
−π0

2

)
. (2.9)

The mass matrix of hidden quarks is given by

MQh =

(
yUhΦ 0

0 yDhΦ∗

)
. (2.10)

The covariant derivative of Σ field is defined by

DµΣh = ∂µΣh + i
gX

cos χ
(QLΣh − ΣhQR)Xµ, (2.11)

where

QL =

(
q+ 0
0 −q+

)
and QR =

(
−q− 0

0 q−

)
. (2.12)

We ignore these terms :

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] (2.13)

– 4 –
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After this redefinition, the covariant derivative transforms

Dµ = ∂µ + igXQXX̂µ + igY QY B̂µ + · · · (2.6)

= ∂µ +
igX

cos χ
(QX − gY

gX
QY sin χ)Xµ + igY QY Bµ + · · · . (2.7)

2.2 Chiral lagrangian for the hidden sector pions (πh’s)

In the low energy below Λh scale, the Lagrangian involving hidden sector quarks Qh can
be replaced by

Leff
chial =

v2
h

4
Tr[DµΣhDµΣ†

h] +
v2
h

2
Tr[µh(MQhΣh + Σ†

hM †
Qh

], (2.8)

where

Σh(x) = e2iΠ(x)/vh , Π(x) = πa
σa

2
=

(
π0

2
π+
√

2
π−
√

2
−π0

2

)
. (2.9)

The mass matrix of hidden quarks is given by

MQh =

(
yUhΦ 0

0 yDhΦ∗

)
. (2.10)

The covariant derivative of Σ field is defined by

DµΣh = ∂µΣh + i
gX

cos χ
(QLΣh − ΣhQR)Xµ, (2.11)

where

QL =

(
q+ 0
0 −q+

)
and QR =

(
−q− 0

0 q−

)
. (2.12)

We ignore these terms :

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] (2.13)
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2.3 Scalar Potential

The scalar potential is given by

V (H, Φ) = −µ2
1H

†H − µ2
2Φ

∗Φ + ρ3(Φ∗ + Φ)/
√

2 (2.14)

+
λ1

2
(H†H)2 +

λ2

2
(Φ∗Φ)2 + λ12(H†H)(Φ∗Φ). (2.15)

The coefficient of the linear terms, which come from the second term of Eq. 2.8, is defined
by ρ3 ≡ −(yUh + yDh)µhv2

h/
√

2. If we define components of the scalar fields like this :

H =

(
0

(h + v1)/
√

2

)
, Φ = (φ + v2 + iφI)/

√
2, (2.16)

The conditions for minimization are given by

µ2
1 =

1
2
(λ1v

2
1 + λ12v

2
2) (2.17)

µ2
2 =

1
2
(λ2v

2
2 + λ12v

2
1) + ρ3/v2. (2.18)

Then the nonvanishing mass terms can be written as

Vmass =
1
2

(
h φ

) (
λ1v2

1 λ12v1v2

λ12v1v2 λ2v2
2 − ρ3/v2

)(
h

φ

)
− 1

2
ρ3

v2
φ2

I . (2.19)

We note that φI is not a pseudo-Goldstone boson in this particular choice of U(1)X gauge.
We’ll see that a linear combination of φI and π0 becomes massless and is eaten by the Z ′

gauge boson. The mass eigenstates h1 and h2 are linear combination of φ and h :
(

h1

h2

)
=

(
cos α sinα

− sinα cos α

)(
h

φ

)
. (2.20)

The corresponding masses and the mixing angle are

tan 2α =
−2λ12v1v2

λ2v2
2 − λ1v2

1 − ρ3/v2
(2.21)

M2
H1,H2

=
λ1v2

1 + λ2v2
2 − ρ3/v2 ∓

√
(λ1v2

1 − λ2v2
2 + ρ3/v2)2 + 4λ2

12v
2
1v

2
2

2
. (2.22)

In this paper, we take the physical Higgs masses MH1,2 and mixing angle α as the
input parameters. Then the coupling constants in the Higgs potential are obtained as

λ1 =
1
v2
1

(
M2

H1
cos2 α + M2

H2
sin2 α

)

λ2 =
1
v2
2

(
M2

H1
sin2 α + M2

H2
cos2 α + ρ3/v2

)

λ12 =
1

v1v2

(
M2

H1
− M2

H2

)
cos α sinα (2.23)
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2.5 Xµ∂µφI and Xµ∂µπ0 terms

If we expand the Lagrangian about the VEVs of the scalar fields, there are mixing terms
Xµ∂µφI and Xµ∂µπ0. After the orthonormal transformation

φI
′ = cos απ0φI + sinαπ0π0 (2.31)

π0′ = − sinαπ0φI + cos απ0π0 (2.32)

with απ0 = tan−1( (q++q−) vh
QX [Φ] v2

) = − tan−1(vh
v2

), only Xµ∂µφI
′ term remains, and the field

φI
′ will eaten by the gauge bosons. This can be seen also from their mass matrix:

(M2)φI−π0 =

(
−ρ3/v2 −ρ3/vh

−ρ3/vh −v2ρ3/v2
h

)
. (2.33)

Then the mass of physical field π0′ is given by

M2
π0′ = M2

π±(1 + v2
h/v2

2), (2.34)

where M2
π± = µh(MUh + MDh) = µh(yUh + yDh)v2/

√
2.

3. Particle spectra and collider phenomenology

• 2 scalar higgs : h1 and h2 ( mixture of h and φ )
The mixing angle is defined in Eq. 2.20.

• new Z ′ gauge boson

• one unstable pseudo-scalar π′
0 ( mixture of π0 and A which is imaginary component

of the singlet field Φ = (φ + v2 + iφI)/
√

2 )

π′
0 = − sinαπ0φI + cos απ0π0 (3.1)

If vh # v2, then π′
0 ∼ π0. If v2 # vh, then π′

0 ∼ A.

Decay channel : π′
0 → h1Z1, h1Z2, h2Z1, h2Z2 → ...

• Stable hidden-sector charged pion π±

M2
π± = µh(MUh + MDh) = µh(yUh + yDh)v2/

√
2 (3.2)

4. Numerical calculation

For simplicity, we assume yNR = 0 (ignore neutrino part), µh = vh, and MUh = MDh . The
remaining free parameters are gX , χ, q+, α, tanβ ≡ v2

v1
, MZ′ , Mπ± , MH1 , MH2 .

To see the effect of MZ′ and MH1,2 on the relic density and the direct detection cross
section, we make various choices of gX , q+, tanβ, MZ′ . We show the results in Figures 1.
We fixed the other free parameters to be χ = 0, α = π/4, MH1 = 300 GeV, MH2 = 3, 000
GeV.
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1H

†H − µ2
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∗Φ + ρ3(Φ∗ + Φ)/
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(H†H)2 +
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(Φ∗Φ)2 + λ12(H†H)(Φ∗Φ). (2.15)

The coefficient of the linear terms, which come from the second term of Eq. 2.8, is defined
by ρ3 ≡ −(yUh + yDh)µhv2

h/
√

2. If we define components of the scalar fields like this :

H =

(
0

(h + v1)/
√

2

)
, Φ = (φ + v2 + iφI)/
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2, (2.16)

The conditions for minimization are given by
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2) (2.17)
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(λ2v
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2
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Then the nonvanishing mass terms can be written as
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(
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) (
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2 − ρ3/v2

)(
h

φ

)
− 1
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ρ3
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φ2

I . (2.19)

We note that φI is not a pseudo-Goldstone boson in this particular choice of U(1)X gauge.
We’ll see that a linear combination of φI and π0 becomes massless and is eaten by the Z ′

gauge boson. The mass eigenstates h1 and h2 are linear combination of φ and h :
(

h1

h2

)
=

(
cos α sinα

− sinα cos α

)(
h

φ

)
. (2.20)

The corresponding masses and the mixing angle are

tan 2α =
−2λ12v1v2

λ2v2
2 − λ1v2

1 − ρ3/v2
(2.21)

M2
H1,H2

=
λ1v2

1 + λ2v2
2 − ρ3/v2 ∓

√
(λ1v2

1 − λ2v2
2 + ρ3/v2)2 + 4λ2

12v
2
1v

2
2

2
. (2.22)

In this paper, we take the physical Higgs masses MH1,2 and mixing angle α as the
input parameters. Then the coupling constants in the Higgs potential are obtained as

λ1 =
1
v2
1

(
M2

H1
cos2 α + M2

H2
sin2 α

)

λ2 =
1
v2
2

(
M2

H1
sin2 α + M2

H2
cos2 α + ρ3/v2

)

λ12 =
1

v1v2

(
M2
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• We scan over the CDM mass mπh
in the range,

mZ

2
< mDM ! 2 TeV

with the constraint that mDM should be small enough compared to the hidden sector

chiral symmetry breaking scale 4πvh. In practive, we impose mDM ! 4vh, based on

the educated guess from the chiral lagrangian approach to the π,K, η system.
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Figure 2: The DM relic density (left panel), the spin-independent cross section of the DM scattering
off a proton (right panel) as a function of the DM mass Mπ±

h
for tanβ = 1, q+−q− = 2, and various

choices of the Z ′ masses, MZ′ = 600, 1200, 1800, 3000, 6000, 10000 GeV. We fixed gX = 0.1121, χ =
0, α = π/4, MH1

= 300(GeV), MH2
= 1000(GeV).

To see the effect of MZ′ and MH1,2 on the relic density and the direct detection cross

section, we make various choices of q+ − q−, tan β, MZ′ , and MH2
. We show the results in

Figures 2–5. We fixed the remaining free parameters to be χ = 0, α = 0, MH1
= 300 GeV,

and MH2
= 1, 000 GeV.

Figure 2 shows the relic density of dark matter, spin independent cross section for

the dark matter scattering off a proton as a function of the CDM mass Mπ±

h
. We have

chosen gX = 0.1121(αX = 10−3) , tanβ = 1, q+ − q− = 2, and various values of MZ′ ,

MZ′ = 600, 1200, 1800, 3000, 6000, 10000 GeV.

The Feynman rule of π+
h − π−

h −H2(H1) interaction is given by −M2
π±

h

cχ(sχ)/v1 tan β,

and that of π+
h (p2) − π−

h (p3) − Z ′(Z) is −sZ−Z′(cZ−Z′)gX

cχ
(q+ − q−)(p2 − p3)µ. So both Z ′

and H2 contributes to the annihilation of the dark matter pairs in this case. As the DM

mass Mπ±

h
increases more decay channels open and the annihilation cross section increases.

As a result, the ΩDMh2 decreases. We can see the dips near MZ/2 and MZ′/2 due to the

s-channel resonances. The abrupt drop at 1000 GeV which is the mass of MH2
results from

the π+
h π−

h → H2H2 channel. Once it is kinematically allowed, it overwhelms the other

modes because the H2 coupling to the pion pair is proportional to M2
π±

h

.
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alpha = 0 for simplicity
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Figure 3: The same with Fig. 2, but with q+ − q− = 0.
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Figure 4: The DM relic density (left panel), the spin-independent cross section of the DM scattering
off a proton (right panel) as a function of the DM mass Mπ±

h
for tanβ = 1, q+−q− = 2, and various

choices of the H2 masses, MH2
= 600, 1200, 1800, 3000, 6000, 10000 GeV. We fixed gX = 0.1121, χ =

0, α = π/4, MH1
= 300(GeV), MZ′ = 1000(GeV).

In the region below MH2
, the dominant annihilation mode is π+

h π−
h → ZZ(′). When

it is not allowed kinematically, the DMs are annihilated via π+
h π−

h → Z∗(Z
′∗) → ff (f =

the SM fermions). And the annihilation occurs more effectively for the light Z′ .

In the region above MH2
, the H2 −H2 −H2 coupling in the dominant π+

h π−
h → H∗

2 →
H2H2 is proportional to λ2 in our choice of α = 0. The (2.22) shows that λ2 ∼ ρ3/v3

2 ∼
−M2

π±

h

v2
h/v4

2 . The larger MZ′ , the larger vh and λ2. This explains the reason larger MZ′

gives the smaller Ωh2 (or larger annihilation cross section) when Mπ±

h
> MH2

.
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q+ - q- = 0 : 
No  coupling 

between DM and Z’

alpha=0 : no couplings
for DM-DM-H1, 
and q-qbar-H2 
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Figure 5: The same with Fig. 4, but with q+ − q− = 0.
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Figure 6: The same with Fig. 2, but with tanβ = 20.

The cross section for the direct detection is dominated by the Z(′) contribution, and

it favors light Z ′. The case with MZ′ = 600 GeV is near the current experimental upper

bound.

We can turn off the Z ′ coupling to the DM pairs by setting q+ = −1 (q+ − q− = 0).

This case is shown in Figure 3. Since the DM pair annihilates only through Higgs boson

exchange, the Ωh2 is almost independent of MZ′ when Mπ±

h
< MH2

, except for MZ′ = 600

GeV case when it annihilates via π+
h π−

h → H∗
2 → ZZ ′ near the H2 resonace region. For

the region Mπ±

h
> MH2

, the process π+
h π−

h → H∗
2 → H2H2 becomes dominant and it shows

the same behavior with Figure 2.

In this case the direct production occurs only through the Higgs exchange diagrams.
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q+ - q- = 2 : Higgs coupling to DM 
decreases for large tan(beta)
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Collider Signatures
• Two scalar Higgs h1 and h2

• New Z
′
gauge boson

• DM (complex scalars) : π±h

• π0
h → h1Z1, h1Z2, h2Z1, h2Z2

• h1,2 decay like the SM Higgs boson, except that
h2 → h1h1 and h1,2 → DM + DM

can be open if they are kinematically allowed

• Z1,2 decays into SM particles or DM pairs
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Conclusions
Hidden sector could be generic, is less constrained by EWPT and 
CKMology, and could be important in EWSB and CDM 

All the masses (including CDM mass) can come from dimensional 
transmutation in the hidden sector QCD

(In)Direct Detection Exp.t’s of CDM may be able to find some 
signatures 

Higgs phenomenology can be affected a lot (Invisible Br, Reduced 
productions at colliders, multi scalars partially composite, etc.)

SUSY extension, loop corrections etc. for future study
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