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Beyond the Standard Model

Why do we need BSM?

dark matter
matter anti-matter asymmetry

inflation
neutrino oscillation

...

electroweak symmetry breaking
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BSM before the LHC

LHC will produce many BSM particles.

Confirmation/construction of BSM
would be possible from LHC data.
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BSM After 3 years of the LHC

LHC discovered ‘Higgs-like’ particle.

(Confirmation of the Standard Model)

Can we get any hint of BSM from the LHC?
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BSM classification

Bottom up
Data as a guiding principle

Direct detection of dark matter : DAMA, CoGeNT,CRESST,CDMSII-Si

Cosmic ray excess (e+,e-,photon) : PAMELA, Fermi-LAT, AMS-02

Tevatron anomalies : D0 dimuon charge asymmetry, CDF Wjj, Top Afb

Muon g-2

LHC anomalies : CPV in charm decays, Higgs to diphoton rate
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BSM classification

Bottom up
Data as a guiding principle

Direct detection of dark matter : DAMA, CoGeNT,CRESST,CDMSII-Si

Cosmic ray excess (e+,e-,photon) : PAMELA, Fermi-LAT, AMS-02

Tevatron anomalies : D0 dimuon charge asymmetry, CDF Wjj, Top Afb

Muon g-2

LHC anomalies : CPV in charm decays, Higgs to diphoton rate

conflict with
XENON 10 &
XENON 100

Astrophysical origin : 
pulsars?

A few percent deviation?

light by light scattering 
theory uncertainty
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Light dark matter?

Plots from Resonaances blog

4        
DAMA,CoGeNT,

CRESST,CDMS-Si

2        
XENON 10

XENON 100

vs        
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Heavy dark matter?

! 4!

!

!
!
Figure'3:'A'comparison'of'AMS'results'with'recent'published'measurements.''With'its'magnet'and'precision'particle'detectors,'high'accuracy'and'statistics,'

the'first'result'of'AMS,'based'on'only'~10%'of'the'total'data'expected,'is'clearly'distinguished'from'earlier'experiments'(see'References).'Plot from AMS-02 exp
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Three topics to consider

1.electroweak symmetry breaking
2.dark matter

3.baryogenesis

Is the radiative electroweak symmetry breaking 
possible?
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Higgs self coupling in the SM

V (H) = �µ2|H|2 + �|H|4
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Higgs self coupling in the SM

All three definitions give the same quartic coupling.
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V (�) = m2�†�+ �(�†�)2

m2 = 0

Spontaneous symmetry breaking  can occur
by radiative corrections.

Coleman-Weinberg mechanism
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V (�) = �(�†�)2

Starting from scale invariant potential

V (�) = �(�)(�†�)2

RG improved effective potential is then

If the quartic changes
sign at low energy,
nontrivial minimum 

is developed

2

0 0.5 1 1.5
-0.1

-0.05

0

0.05

0.1

ζ

λ

200100

M = 50 GeVh

g

r
b

0 1 2 3 4
-0.4

-0.2

0

0.2

0.4

h/100 GeV

V(
h)

/(1
00

 G
eV

)4

b

r

g

FIG. 1: Upper plot: In the plane (ζ, λ), the green line corre-
sponds to the condition V ′′(0) = 0, the red to V (v) = V (0)
and the blue to V ′′(v) = 0. Black solid lines correspond to
the indicated values of Mh. Lower plot: Potential for ζ = 1.0
and different values of λ (or Mh) as marked on the vertical
line in upper plot.

with the presence of a tachyonic mass at the ori-
gin, as in the SM. Instead it is triggered by radia-
tive corrections via the mechanism of dimensional
transmutation.

The minimum at the origin becomes a maximum at the
green line. In fact the green line corresponds to the con-
formal case where m2 = 0 and electroweak breaking pro-
ceeds by pure dimensional transmutation (see also [9]).
iv) Finally, in the region above the green line the origin
is a maximum as in the SM, with m2 < 0.

Notice that, while λ > 0 is required in the SM case
(ζ = 0 axis), now λ < 0 is accessible for sufficiently large
ζ. The shape of the potential for the different cases is il-
lustrated by the lower plot of Fig. 1, where ζ = 1 has been
fixed and we vary λ as indicated by the vertical line in the
upper plot of Fig. 1. From bottom-up the potentials have
decreasing values of λ. The lowest potential corresponds
to λ = 0.01 and has the conventional maximum at the
origin. The green potential corresponds to the conformal
case where m2 = 0 (in this particular example also λ is
zero!). The next line corresponds to λ = −0.02 with a
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FIG. 2: Green: Effective potential for the conformal case.
Black: running λ̃ and λ̂, with Q = Mt(h).

barrier between the origin and the electroweak minimum
while for the red potential the two minima become de-
generate. The next line corresponds to the potential for
λ = −0.04 where the electroweak minimum is already
a false minimum, which becomes an inflection point at
the blue line where Mh = 0. Finally the highest line
corresponds to λ = −0.08 and the electroweak extremal
is a maximum (the potential has a minimum somewhere
else, for some 〈h〉 > v. If ζ2 were smaller, ζ2 <

∼ h2
t /2, the

potential would instead be destabilized due to λ < 0.).
In order to have a better understanding of the phe-

nomenon of radiative electroweak breaking by dimen-
sional transmutation in this setting consider the confor-
mal case with m2 = 0. Then improve the one-loop effec-
tive potential of Eq. (2) by including the running with the
renormalization scale of couplings and wave functions.
We use for that the SM renormalization group equations
(RGEs) supplemented by the effects of Si loops plus the
RGEs for the new couplings to the hidden sector (see [10]
for details). The RGE-improved effective potential is
scale independent and we can take advantage of that to
take Q = Mt(h) as a convenient choice to evaluate the
potential at the field value h (with all couplings ran to
that particular renormalization scale). This results in a
“tree-level” approximation V $ (1/4)λ̂h4 with [11]

λ̂ ≡ λ +
∑

α

Nακ2
α

64π2

[

ln
κα

h2
t
− Cα

]

, (3)

where the κα’s are coupling constants, defined by the
masses as M2

α = (1/2)καh2. The behavior of the one-loop
potential as a function of h is captured by the “tree-level”
approximation above through the running of λ̂ with the
renormalization scale, linked to a running with h by the
choice Q = Mt(h). To illustrate this, we show in Fig. 2
the effective potential for this conformal case (green lines
in Fig. 1) with m2 = 0 and ζ = 1, together with the
effective quartic coupling λ̂(h). We can see that the scale
of dimensional transmutation is related to the scale at
which the potential crosses through zero. The structure
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m2
h = V 00(h�i) = 3e4
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Radiatively generated Higgs mass is one loop 
suppressed compared to the vector boson

SM with W and Z (without top) : mh=10 GeV

Scalar QED

m2
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3

32⇡2

⇥
2g2m2
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�� / �y4

�� / g4

�� / �2

Large top Yukawa prevents CW mechanism in the SM

Radiative symmetry breaking is possible
with gauge or mixed quartic interactions.
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Coleman-Weinberg Higgs

Classically scale invariant Higgs potential

in terms of the Lagrangian parameter � as the minimum condition relates � and �.
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It is more transparent if we express everything in terms of �(2)
e↵ .
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It is possible to have the radiative electroweak symmetry breaking if the beta function

of the Higgs quartic coupling is positive at the weak scale and � is positive at high energy.

Unfortunately, the beta function of the Higgs quartic is negative due to large top Yukawa

coupling. In the original paper of Coleman and Weinberg, the radiative electroweak symme-

try breaking driven by the gauge coupling has been discussed in the absence of the Yukawa

couplings which was the case at that time since top quark was not discovered yet.

In the presence of the large top Yukawa coupling, we can ask the question of whether it

is possible to realise the original idea of Coleman and Weinberg and what is the condition

for that. Indeed the standard model Higgs quartic turns the sign at the intermediate scale

and the Higgs potential su↵ers from the instability though the possibility of the stable Higgs

potential is not entirely excluded due to the limited precision of the top quark mass.

The presence of new scalar allows a mixed quartic term with the Higgs. The new mixed

quartic gives a positive contribution to the beta function of the Higgs quartic coupling. In

the following, we consider the extension of the Standard Model by including the Standard

Model singlet scalars which only couple to Higgs with the mixed quartic.

III. HIGGS PORTAL

Let us consider the classically scale invariant setup such that we can ignore possible mass

terms. Then the potential of the scalar sector (Higgs + hidden scalar) is given as follows.

5

Scale dependence of 
the beta function is 

neglected here.
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V = �h(H
†H)2 + �hsH

†HS†S + �s(S
†S)2

16⇡2��h = 24�2
h +N�2

hs

16⇡2��hs = �hs

⇥
4�hs + 12�h + (4N + 4)�2

hs

⇤

16⇡2��s = (16 + 4N)�2
s + 2�2

hs

New mixed quartic raises Higgs quartic 
at high energy

Higgs portal with extra scalar S
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Bound from perturbativity : 20~50 TeV
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FIG. 1. (rigid, dashed, dotted) : �(h,s,hs), (red, blue, green): NS = (1, 10, 16).
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FIG. 2. (rigid, dashed, dotted) : �(h,s,hs)
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Bound from perturbativity : 20 TeV
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FIG. 3. 125 GeV Higgs mass is obtained along the solid line in the plots of �h and m2
0. (NS = 16)

SM. The role of the quartic Higgs mass parameter is seen clearly in Fig. 3. There are three

terms we can use in general for the stabilisation of the Higgs potential, the quartic term, the

quadratic term and the rapid running of the quadratic term. There are two special points

in Fig. 3, the CW point has a vanishing quadratic term (m2
h0 = 0) and the SM point has

a vanishing beta function (m2
h0 = �1/2m2

h). The relative enhancement of the CW Higgs

cubic coupling (compared to the SM) can be extended to other points as a function of m2
0.

If the beta function is large, we can explain the electroweak symmetry breaking even with

the positive quadratic term and the enhancement of the Higgs cubic coupling in this case

would be even larger.

F. Conclusion and Discussion

The Coleman-Weinberg Higgs boson has an enhanced self coupling (67% for cubic and

267% for quartic) and compared to the SM Higgs and can be a benchmark for the self

coupling measurement. It works with the presence of the singlet complex scalars and their

mass is at or below 440 GeV. In addition to the deviation in the self coupling measurement,

the presence of the singlet can be discovered at the LHC by monojet search or by direct and

indirect search of dark matter.

The singlet scalars can be probed by the monojet search at the LHC but it is limited

by the suppression of the production cross section (gluon fusion or vector boson associated

production) as it only couples to the Higgs boson. For mS > mh/2 in the simple model, the

relic density of the singlets from thermal freeze out turns out to be very small compared

to the ⌦DMh
2 = 0.12. Nevertheless, the mixed quartic coupling with the Higgs cancels out

in the direct detection event rate computation and still can give a sizeable direct detection

signatures proportional to the number of scalars NS. In the extended model, the scalar

10
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Gauge extension of the scalar S

lS
g4 2

blS

FIG. 3. Dashed:no fixed point so it eventually blows up. Solid:two fixed points(left:UV fixed point,
right:IR fixed point)

��s =
3

4

⇣N3
c +N2

c � 4Nc + 2

N2
c

NG +
2N2

c � 4Nc + 2

N2
c

NG(NG � 1)
⌘
g44

�6
N2

c � 1

Nc

g24�s + 4(4 +NS)�
2
s + 2�2

hs (32)

The beta function of �s is a quardric function of �s. If it has zeros, then �s has two fixed

points. One is UV fixed point and the other is IR fixed point. (Fig. 3) To examine whether

it has zeroes, define the discriminant of it as

D = 36
(N2

c � 1)2

N2
� 12(4 +NS)(

N3
c +N2

c � 4Nc + 2

N2
c

NG +
2N2

c � 4Nc + 2

N2
NG(NG � 1))

You can see the summary plot of D as a function of Nc and N . Here NS = NNG
c .(Fig. 4)
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UV fixed point IR fixed point

Starting with a
small coupling at 
the weak scale

SU(Nc)
NG

Arrow is 
from IR to UV
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FIG. 1. RG running of quartic couplings in the minimal model. (rigid, dashed, dotted) : �(h,s,hs),

(red, green, blue, orange): NS = (1, 10, 16, 104).

TeV. The situation is not improved very much by increasing NS to 16 or 104. For large

enough number of singlet scalars, the Higgs quartic becomes non-perturbative below 30 TeV

and the perturbative can not be extended beyond 30 TeV. In this minimal setup, 20 TeV

to 30 TeV is the maximum energy scale up to which the description in terms of Higgs and

singlet complex scalars is valid.

D. Extended Model

Landau pole problem of scalar quartic in the minimal model can be cured if the extra

scalar is charged under the hidden gauge group. The hidden gauge coupling can prevent

the growing of the quartic coupling at high energy and all the couplings can be remain

perturbative up to the Planck scale if the couplings are properly chosen. Now we gauge the

SU(NS) such that the extra scalar fields are in the fundamental representations of SU(NS).

In addition, there are spectator fields which can be scalars or fermions which can contribute

to the beta function of the gauge coupling for SU(NS). With the presence of the hidden

gauge coupling, the RG equation of the singlet quartic and the mixed quartic coupling is

modified,

16⇡2d�s

dt
=

3

4

⇣N3
S +N2

S � 4NS + 2

NS

⌘
g44 � 6

⇣N2
S � 1

NS

⌘
g24�s + 4(4 +NS)�

2
s + 2�2

hs, (13)

16⇡2d�hs

dt
= · · · , (14)

where g4 the common gauge coupling of SU(NS). The setup has a quasi-fixed point in the

UV for �s/g
2
4. If the running of g4 is not big, the nontrivial quasi-fixed point is predicted

for NS � 3. Therefore, we can start from sizeable couplings of �s and g4 from UV and

8
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FIG. 1. RG running of quartic couplings in the minimal model. (rigid, dashed, dotted) : �(h,s,hs),

(red, green, blue, orange): NS = (1, 10, 16, 104).

TeV. The situation is not improved very much by increasing NS to 16 or 104. For large

enough number of singlet scalars, the Higgs quartic becomes non-perturbative below 30 TeV

and the perturbative can not be extended beyond 30 TeV. In this minimal setup, 20 TeV

to 30 TeV is the maximum energy scale up to which the description in terms of Higgs and

singlet complex scalars is valid.

D. Extended Model

Landau pole problem of scalar quartic in the minimal model can be cured if the extra

scalar is charged under the hidden gauge group. The hidden gauge coupling can prevent

the growing of the quartic coupling at high energy and all the couplings can be remain

perturbative up to the Planck scale if the couplings are properly chosen. Now we gauge the

SU(NS) such that the extra scalar fields are in the fundamental representations of SU(NS).

In addition, there are spectator fields which can be scalars or fermions which can contribute

to the beta function of the gauge coupling for SU(NS). With the presence of the hidden

gauge coupling, the RG equation of the singlet quartic and the mixed quartic coupling is

modified,

16⇡2d�s

dt
=

3

4

⇣N3
S +N2

S � 4NS + 2

NS

⌘
g44 � 6

⇣N2
S � 1
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⌘
g24�s + 4(4 +NS)�

2
s + 2�2

hs, (13)

16⇡2d�hs

dt
= �hs


4�hs + 12�h + (4NS + 4)�s � 3

⇣N2
S � 1

NS

⌘
g24

�
, (14)

where g4 the common gauge coupling of SU(NS). The setup has a quasi-fixed point in the

UV for �s/g
2
4. If the running of g4 is not big, the nontrivial quasi-fixed point is predicted

for NS � 3. Therefore, we can start from sizeable couplings of �s and g4 from UV and
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FIG. 1. (rigid, dashed, dotted) : �(h,s,hs), (red, blue, green): NS = (1, 10, 16).
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Example : Scalar in 4 of SU(4) : 

approach to 
UV fixed point

drop
rapidly

IR to UV
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FIG. 1. (rigid, dashed, dotted) : �(h,s,hs), (red, blue, green): NS = (1, 10, 16).

g4

lhs

ls

lh

103 104 105 106 107 108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018 1019
m@GeVD

0.5

1.0

1.5

2.0

2.5

3.0
Couplings

FIG. 2. (rigid, dashed, dotted) : �(h,s,hs)
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Example : Scalar in 4 of SU(4) 

1. start to deviate 
from UV fixed point

2. mixed quartic 
increase rapidly

3. Higgs quartic  
driven to be negative

UV to IR

It is hard to say which one 
(1 or 2) is the source
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destructive interference

Measuring Higgs self coupling at the LHC 
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gluon

gluon

gluon

gluon

h

h

h

h
h*

14 TeV @ LHC 

�NLO(hh+X) = 30fb

�NLO(h+X) = 17pb
⇠ 1

500

* Higgs pair production cross section : 300 fb at 33 TeV

Measuring Higgs self coupling at the LHC 

top top
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�NLO
hh = 70y4t � 50�y3t + 10�2y2t � =

�new

�SM

3000fb�1@14 TeV30% uncertainty
(bb tau tau, bbWW, bb gamma gamma)

Higgs self interactions at the LHC 

1 -0.1

The cross section can vary  by 10% for order one change of Higgs self coupling.

It would be difficult to distinguish CW Higgs from SM Higgs at the LHC.

k
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Measuring Higgs self coupling at ILC
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FIG. 7. e+e� ! hhZ
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FIG. 8. e+e� ! hh⌫e⌫̄e

patible with the Standard Model due to large top Yukawa coupling which makes the Higgs

quartic beta function to be negative. The presence of the hidden scalar makes it possible.

In the minimal setup, 125 GeV Higgs mass implies the rapid running of the Higgs quartic

coupling and the quartic couplings blow up at the scale very close to the weak scale. This

problem can be avoided if there are extra fermions which have large Yukawa couplings with

the Higgs and hidden scalars. In this case the model can be extended up to very high scale

without having any instability or Landau pole problems.

Qualitatively di↵erent mechanism of the electroweak symmetry breaking can be tested by

measuring the Higgs self coupling which is possible by measuring the Higgs pair production.

The invariant mass distribution of the Higgs pair provides an extra information to determine

the Higgs cubic coupling.

17
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FIG. 7: Dark matter density of a single hidden scalar as a function of the coupling ζ in the case

MS = ζv and for two different values of the Higgs mass.

Besides a logarithmic dependence on the freeze-out temperature, the dark matter density

scales for large masses as ΩDM ∝ M2
S/ζ4. Notice that for 2MS ≈ MH most annihilation

channels are enhanced and the scalar contribution to dark matter is suppressed. Finally,

the annihilation cross-section drops considerably below the W-boson threshold, MS < MW ,

since if the scalar is light it mostly annihilates into bottom/anti-bottom pairs, which is

suppressed by the bottom-quark Yukawa coupling. This leads to an increase of the dark

matter density below the W-boson threshold. Notice that taking temperature effects into

account, one expects that the annihilation cross-section changes less drastically when the

scalar mass is varied. In particular the enhancement close to the Higgs mass is expected to

be less prominent. Likewise, the drop below the W-boson threshold proceeds in an interval

of width ∆MS ≈ T .

Therefore, we see that there are two valid regimes of scalar dark matter. The first option

is to increase the scalar mass term mS, while keeping the coupling ζ fixed. However, even

in the case of a rather large number of scalars NS = 12, this requires scalar masses of order

TeV and such scalars cannot be responsible for a strong phase transition. Alternatively, the

scalar could be rather light, with MS ! MW , and weakly coupled, such that its annihilation

is suppressed. Also in this case, the impact of the scalars on the phase transition is small.

Finally, consider a model without an explicit singlet mass term in the Lagrangian. In

⇣ =
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Dark matter candidates : direct detection
B. Direct detection of singlet scalar dark matter: elastic

scattering

Direct detection of dark matter can help establish the
connection between dark matter and the model beyond the
SM that is responsible for its existence. The most promis-
ing prospect of detecting relic singlet scalar dark matter is
via measuring its spin-independent interaction with nucle-
ons. Since the S only interacts with matter via t-channel
Higgs exchange (see Fig. 9 for the scattering processes), a
sizable singlet-Higgs interaction is necessary to yield a
positive signal. Therefore, there is a very close relationship
between Higgs physics and the direct detection of singlet
dark matter. Due to this close relationship, once the Higgs
boson is found at the LHC, it may be possible to correlate
the Higgs signal with the expected scattering rates of
singlet DM. Many studies have been made examining the
relationship between collider and direct detection experi-
ments [82,83] in supersymmetric models.

A number of experimental groups are carrying out direct
detection experiments for spin-independent and spin-
dependent scattering using both cryogenic and noncryo-
genic methods [84,85]. Limits on the spin-independent
scattering cross sections have recently been reported by
CDMS [86–89], EDELWEISS [90], WARP [91], and
Xenon10 [92]. The latter uses a 15 kg liquid Xenon scin-
tillator, and places a limit on the scattering cross sections
on the order of 10!8 pb. Future experiments like CDMS
(2007) and SuperCDMS [86] expect lower sensitivities to
spin-independent interactions. A summary of some current
and future experimental sensitivities is given in Table I.

In this xSM model the spin-dependent (SD) scattering
cross section vanishes since there are no vectorlike inter-
actions that connect the singlet to matter. Generally, for
scalar DM, one cannot construct a SD coupling to SM
fields. In this case, if a positive SD signal is found by
future experiments such as COUPP [93] or PICASSO
[94], the xSM would be immediately ruled out as a viable
DM scenario.

In order to determine the sensitivity of present and future
SI direct detection experiments to scalar singlet DM, we
compute the corresponding SI scattering cross section of a
scalar dark matter particle off a nucleon:
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yqf
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!!!!!!!!
2
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where the hadronic matrix elements, fpTq and fpTG, are
given in Ref. [95]. Here, yq are the quark Yukawa cou-
plings and mN is the nucleon mass. The dominant contri-
bution for SI scattering is due to t-channel Higgs exchange.
Since the cross sections for scattering off protons and
neutrons are very similar in size we calculate the scattering
from protons. We note that the uncertainty in the SI scat-
tering cross section is large, of order 60%, due to the
uncertainties in the hadronic matrix elements [95].

The observed and expected limits given by various direct
detection collaborations usually assume a local density of
DM to be 0:3 GeV=cm3. Therefore, we scale the scattering
cross section by the ratio

 ~! SI
DM " !SI

DM &
!Sh2

!DM!WMAPh2 (22)

to account for cases when there is predicted to be a deficit
of dark matter in the Universe in the singlet model.11 The
predicted spin-independent scattering cross section, scaled
to the local DM density from a proton target, is shown in
the left panels of Fig. 10. Also shown are the existing cross
section limits and expected sensitivities from a number of
present and future direct detection experiments.

In the event that a DM signal is not observed in the
10!9–10!7 pb range that is expected to be probed by future
experiments, it is still possible the singlet model is con-
sistent with the observed relic density. For example, singlet
annihilation through the s-channel Higgs boson resonance
to gauge bosons implies the singlet-Higgs coupling must
be substantially reduced to counter the enhancement of the
annihilation cross section in the relic density. This feature
is illustrated by the points in the upper left panel of Fig. 10

TABLE I. Spin-independent elastic scattering cross sections
reach of various past and future experiments. The maximal reach
is for a light DM particle, typically MDM ' 50 GeV.

Experiment !SI
DM!p

CDMS [87] 1:6& 10!7 pb
XENON10 [92] 4:5& 10!8 pb
CDMS (2007) [105] 1& 10!8 pb
WARP (140 kg) [106] 3& 10!8 pb
SuperCDMS (Phase A) [86] 1& 10!9 pb
WARP (1 ton) [107] 2& 10!10 pb

q
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g

S S

g

h

q

S S

q

FIG. 9. Feynman diagrams for elastic scattering of the singlet
DM particle off a proton. The Higgs boson mediates the inter-
action.

11The total amount of DM can still be consistent with the
observed values by contributions from other sources, such as
the axion.
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B. Direct detection of singlet scalar dark matter: elastic
scattering

Direct detection of dark matter can help establish the
connection between dark matter and the model beyond the
SM that is responsible for its existence. The most promis-
ing prospect of detecting relic singlet scalar dark matter is
via measuring its spin-independent interaction with nucle-
ons. Since the S only interacts with matter via t-channel
Higgs exchange (see Fig. 9 for the scattering processes), a
sizable singlet-Higgs interaction is necessary to yield a
positive signal. Therefore, there is a very close relationship
between Higgs physics and the direct detection of singlet
dark matter. Due to this close relationship, once the Higgs
boson is found at the LHC, it may be possible to correlate
the Higgs signal with the expected scattering rates of
singlet DM. Many studies have been made examining the
relationship between collider and direct detection experi-
ments [82,83] in supersymmetric models.

A number of experimental groups are carrying out direct
detection experiments for spin-independent and spin-
dependent scattering using both cryogenic and noncryo-
genic methods [84,85]. Limits on the spin-independent
scattering cross sections have recently been reported by
CDMS [86–89], EDELWEISS [90], WARP [91], and
Xenon10 [92]. The latter uses a 15 kg liquid Xenon scin-
tillator, and places a limit on the scattering cross sections
on the order of 10!8 pb. Future experiments like CDMS
(2007) and SuperCDMS [86] expect lower sensitivities to
spin-independent interactions. A summary of some current
and future experimental sensitivities is given in Table I.

In this xSM model the spin-dependent (SD) scattering
cross section vanishes since there are no vectorlike inter-
actions that connect the singlet to matter. Generally, for
scalar DM, one cannot construct a SD coupling to SM
fields. In this case, if a positive SD signal is found by
future experiments such as COUPP [93] or PICASSO
[94], the xSM would be immediately ruled out as a viable
DM scenario.

In order to determine the sensitivity of present and future
SI direct detection experiments to scalar singlet DM, we
compute the corresponding SI scattering cross section of a
scalar dark matter particle off a nucleon:

 

!SI
DM "

1

8"#mN $mDM%2
#2

2m
4
N

M4
h

&
!!!!!!!!

X

q"u;d;s
yqf

p
Tq $

X

q"c;b;t

2

27
yqf

p
TG

!!!!!!!!
2
; (21)

where the hadronic matrix elements, fpTq and fpTG, are
given in Ref. [95]. Here, yq are the quark Yukawa cou-
plings and mN is the nucleon mass. The dominant contri-
bution for SI scattering is due to t-channel Higgs exchange.
Since the cross sections for scattering off protons and
neutrons are very similar in size we calculate the scattering
from protons. We note that the uncertainty in the SI scat-
tering cross section is large, of order 60%, due to the
uncertainties in the hadronic matrix elements [95].

The observed and expected limits given by various direct
detection collaborations usually assume a local density of
DM to be 0:3 GeV=cm3. Therefore, we scale the scattering
cross section by the ratio

 ~! SI
DM " !SI

DM &
!Sh2

!DM!WMAPh2 (22)

to account for cases when there is predicted to be a deficit
of dark matter in the Universe in the singlet model.11 The
predicted spin-independent scattering cross section, scaled
to the local DM density from a proton target, is shown in
the left panels of Fig. 10. Also shown are the existing cross
section limits and expected sensitivities from a number of
present and future direct detection experiments.

In the event that a DM signal is not observed in the
10!9–10!7 pb range that is expected to be probed by future
experiments, it is still possible the singlet model is con-
sistent with the observed relic density. For example, singlet
annihilation through the s-channel Higgs boson resonance
to gauge bosons implies the singlet-Higgs coupling must
be substantially reduced to counter the enhancement of the
annihilation cross section in the relic density. This feature
is illustrated by the points in the upper left panel of Fig. 10

TABLE I. Spin-independent elastic scattering cross sections
reach of various past and future experiments. The maximal reach
is for a light DM particle, typically MDM ' 50 GeV.

Experiment !SI
DM!p

CDMS [87] 1:6& 10!7 pb
XENON10 [92] 4:5& 10!8 pb
CDMS (2007) [105] 1& 10!8 pb
WARP (140 kg) [106] 3& 10!8 pb
SuperCDMS (Phase A) [86] 1& 10!9 pb
WARP (1 ton) [107] 2& 10!10 pb
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FIG. 9. Feynman diagrams for elastic scattering of the singlet
DM particle off a proton. The Higgs boson mediates the inter-
action.

11The total amount of DM can still be consistent with the
observed values by contributions from other sources, such as
the axion.
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XENON100 (2012)
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Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of � 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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FIG. 1: Upper plot: In the plane (ζ, λ), the green line corre-
sponds to the condition V ′′(0) = 0, the red to V (v) = V (0)
and the blue to V ′′(v) = 0. Black solid lines correspond to
the indicated values of Mh. Lower plot: Potential for ζ = 1.0
and different values of λ (or Mh) as marked on the vertical
line in upper plot.

with the presence of a tachyonic mass at the ori-
gin, as in the SM. Instead it is triggered by radia-
tive corrections via the mechanism of dimensional
transmutation.

The minimum at the origin becomes a maximum at the
green line. In fact the green line corresponds to the con-
formal case where m2 = 0 and electroweak breaking pro-
ceeds by pure dimensional transmutation (see also [9]).
iv) Finally, in the region above the green line the origin
is a maximum as in the SM, with m2 < 0.

Notice that, while λ > 0 is required in the SM case
(ζ = 0 axis), now λ < 0 is accessible for sufficiently large
ζ. The shape of the potential for the different cases is il-
lustrated by the lower plot of Fig. 1, where ζ = 1 has been
fixed and we vary λ as indicated by the vertical line in the
upper plot of Fig. 1. From bottom-up the potentials have
decreasing values of λ. The lowest potential corresponds
to λ = 0.01 and has the conventional maximum at the
origin. The green potential corresponds to the conformal
case where m2 = 0 (in this particular example also λ is
zero!). The next line corresponds to λ = −0.02 with a
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FIG. 2: Green: Effective potential for the conformal case.
Black: running λ̃ and λ̂, with Q = Mt(h).

barrier between the origin and the electroweak minimum
while for the red potential the two minima become de-
generate. The next line corresponds to the potential for
λ = −0.04 where the electroweak minimum is already
a false minimum, which becomes an inflection point at
the blue line where Mh = 0. Finally the highest line
corresponds to λ = −0.08 and the electroweak extremal
is a maximum (the potential has a minimum somewhere
else, for some 〈h〉 > v. If ζ2 were smaller, ζ2 <

∼ h2
t /2, the

potential would instead be destabilized due to λ < 0.).
In order to have a better understanding of the phe-

nomenon of radiative electroweak breaking by dimen-
sional transmutation in this setting consider the confor-
mal case with m2 = 0. Then improve the one-loop effec-
tive potential of Eq. (2) by including the running with the
renormalization scale of couplings and wave functions.
We use for that the SM renormalization group equations
(RGEs) supplemented by the effects of Si loops plus the
RGEs for the new couplings to the hidden sector (see [10]
for details). The RGE-improved effective potential is
scale independent and we can take advantage of that to
take Q = Mt(h) as a convenient choice to evaluate the
potential at the field value h (with all couplings ran to
that particular renormalization scale). This results in a
“tree-level” approximation V $ (1/4)λ̂h4 with [11]

λ̂ ≡ λ +
∑

α

Nακ2
α

64π2

[

ln
κα

h2
t
− Cα

]

, (3)

where the κα’s are coupling constants, defined by the
masses as M2

α = (1/2)καh2. The behavior of the one-loop
potential as a function of h is captured by the “tree-level”
approximation above through the running of λ̂ with the
renormalization scale, linked to a running with h by the
choice Q = Mt(h). To illustrate this, we show in Fig. 2
the effective potential for this conformal case (green lines
in Fig. 1) with m2 = 0 and ζ = 1, together with the
effective quartic coupling λ̂(h). We can see that the scale
of dimensional transmutation is related to the scale at
which the potential crosses through zero. The structure
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of the potential is then determined by the evolution of λ̂:
for small h, λ̂ < 0 destabilizes the origin while, for larger
h, λ̂ > 0 stabilizes the potential curving it upwards in
the usual way.

We can define a different effective coupling, λ̃, by the
approximation ∂V/∂h ! λ̃h3, which fixes λ̃ to be given
by (3) with Cα → Cα − 1/2. Fig. 2 shows that λ̃ crosses
through zero precisely at the minimum of the poten-
tial. This shows then how the electroweak scale is gen-
erated by dimensional transmutation: a suitably defined
effective quartic Higgs coupling turns from positive to
negative values, with v given by the implicit condition
λ̃(v) = 0. Needless to say, such running of λ̃ would not
be possible in the SM and is due to the effect of ζ in the
RGEs, which counterbalances the effect of ht.

3. Electroweak phase transition. In the presence
of hidden sector fields Si coupled to the SM Higgs as
in Eq. (1) the electroweak phase transition is strength-
ened by: a) The thermal contribution from Si, if ζ is
large enough. This fact was known already [12, 13]. b)
The fact that, in part of the (ζ, λ)-plane, there is a bar-
rier separating the origin (energetically favored at high
temperature) and the electroweak minimum at zero tem-
perature. This effect is new [14].

To study the strength of the phase transition we con-
sider the effective potential at finite temperature, T . In
the one-loop approximation and after resumming hard-
thermal loops for Matsubara zero modes, the thermal
correction to the effective potential ∆VT is given by

T 4

2π2

∑

α

Nα

∫ ∞

0

dx x2 log
[

1 − εαe−
√

x2+M2
α

/T 2

]

+
T

12π

∑

α

1 + εα

2
Nα

{

M3
α −

[

M2
α + Πα(T 2)

]3/2
}

, (4)

where εα = +1(−1) for bosons (fermions) and Πα(T 2)
is the thermal mass of the corresponding field (for more
details see Ref. [10]). The considered approximation is
good enough for our purposes since, as we will see, the
phase transition is strongly first order and mainly driven
by the contribution to the thermal potential of the Si

fields for which the thermal screening ΠS is enough to
solve the infrared problem. Notice that the second term
in Eq. (4), responsible for the thermal barrier, takes care
of the thermal resummation for bosonic zero modes.

We define Tc as the critical temperature at which the
origin and the non-trivial minimum at 〈h(Tc)〉 become
degenerate, calling its ratio R ≡ 〈h(Tc)〉/Tc. The baryo-
genesis condition for non-erasure of the previously gener-
ated baryon asymmetry requires R >

∼ 1 [15]. In general,
identifying the critical temperature with the real tunnel-
ing temperature (which is smaller) underestimates R so
that our approximation provides a conservative estimate
of the order parameter R. For a more detailed analysis
see Ref. [10].

We illustrate in Fig. 3 the behavior of the effective po-
tential around the critical temperature for a fixed Higgs
mass (Mh = 125 GeV) and for two typical cases. In the
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FIG. 3: Effective potential around the EW phase transition,
for Mh = 125 GeV. Upper plot: ζ = 0.8 and T = 110.85,
108.00 and 105.00 GeV, with R ! 1.37. Lower plot: Same for
ζ = 1.365 and T = 50.00, 40.00, 30.08 and 0 GeV with R ! 8.

upper plot we consider a case where the strength of the
phase transition is only due to the thermal barrier from
Si fields (with ζ = 0.8) with no T = 0 barrier, leading to
R ! 1.37. In the lower plot, with ζ = 1.365, the barrier
persists all the way down to T = 0 making the value of
R much larger (R ! 8). The dependence of R with ζ for
different values of Mh is displayed in Fig. 4 where the
strong enhancement in the values of R produced inside
the region where the barrier between the origin and the
electroweak minima persists at T = 0 is apparent (the
square dots mark in each case the region beyond which
there is a barrier at T = 0). The answer to the general
question of what is the upper bound on the Higgs mass to
avoid baryon asymmetry washout depends on how large
ζ can be, which in turn depends on the cutoff Λ. A low
cutoff, e.g. Λ ∼ 1 − 10 TeV, allows values of ζ up to
1.3 − 1.8 while a higher cutoff Λ ∼ 105 GeV would only
allow values of ζ <

∼ 1.
A pending issue is how the baryon asymmetry is cre-

ated (perhaps by the hidden sector) since within the SM
the amount of CP violation, given by the CKM phase,
is admittedly insufficient [16] (although a way out as-
sociated with physics solving the flavor problem at a
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FIG. 3: Effective potential around the EW phase transition,
for Mh = 125 GeV. Upper plot: ζ = 0.8 and T = 110.85,
108.00 and 105.00 GeV, with R ! 1.37. Lower plot: Same for
ζ = 1.365 and T = 50.00, 40.00, 30.08 and 0 GeV with R ! 8.
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persists all the way down to T = 0 making the value of
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different values of Mh is displayed in Fig. 4 where the
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the region where the barrier between the origin and the
electroweak minima persists at T = 0 is apparent (the
square dots mark in each case the region beyond which
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question of what is the upper bound on the Higgs mass to
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ζ can be, which in turn depends on the cutoff Λ. A low
cutoff, e.g. Λ ∼ 1 − 10 TeV, allows values of ζ up to
1.3 − 1.8 while a higher cutoff Λ ∼ 105 GeV would only
allow values of ζ <
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is admittedly insufficient [16] (although a way out as-
sociated with physics solving the flavor problem at a
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FIG. 4: R ≡ 〈h(Tc)〉/Tc as a function of ζ for several values
of Mh, as indicated.

high-scale was proposed in [17]). An interesting possi-
bility from the low energy point of view is the appear-
ance of CP-violating effective operators. For instance the
dimension-six operator g2|H |2FF̃/(32π2Λ2) can gener-
ate the baryon-to-entropy ratio (for maximal CP viola-
tion) [18] nB/s ∼ 3.1κ×10−9 (Tc/Λ)2, where κ # 0.01−1,
which is roughly consistent with WMAP data for Λ in the
TeV range.

4. Conclusion. In this letter we have explored new
and dramatic effects that a hidden sector, singlet under
the SM gauge group, can have concerning electroweak
symmetry breaking and electroweak baryogenesis. Com-
pletely new patterns for the Higgs potential and new ways
of radiative breaking by dimensional transmutation are
found, some of them indirectly leading to a very strong
EW first order phase transition. For such a strong first-
order phase transition the model can provide a strong
signature in gravitational waves [19]. Moreover if the
hidden sector has a global U(1) symmetry that guaran-
tees the stability of Si-scalars (as we are assuming) and
some subsector of it has a large invariant mass it can also
provide good candidates for Dark Matter [10, 20].
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Conclusion

Yet no preference to specific Beyond the SM is given from LHC.

Radiative symmetry breaking is possible with singlet scalars. 
Coleman-Weinberg Higgs (without mass term)

Beyond the SM is needed for dark matter and baryogenesis.

CW Higgs and SM Higgs can be distinguished by Higgs self 
coupling measurement at the LHC and the ILC.

Large direct detection rate of (several) subdominant dark 
matter would strongly indicate the Higgs portal scenario.

Electroweak baryogenesis works in this framework.
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