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Coupling Unification and Dark Matter 
in a small extension of the Standard Model 



SM is being completed

The mass of the Higgs is around 125GeV !

Both the ATLAS and the CMS discovered a new boson with mass around 
125-126 GeV compatible with the SM Higgs boson!

The SM has been completed !

[ATLAS:Phys.Lett.B716(2012)1, CMS:Phys.Lett.B716(2012)30]
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Figure 8: Value of �2 ln⇤ as a function of mH for the individual H ! �� and H!ZZ⇤! 4` channels and their combination, where the signal
strengths µ�� and µ4` are allowed to vary independently. The dashed lines show the statistical component of the mass measurements. For the
H!ZZ⇤! 4` channel, this is indistinguishable from the solid line that includes the systematic uncertainties.
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Figure 9: Likelihood contours �2 ln⇤(S ,mH) as a function of the normalized signal yield S = �/�SM(mH=125.36 GeV) and mH for the H ! ��
and H!ZZ⇤! 4` channels and their combination, including all systematic uncertainties. For the combined contour, a common normalised signal
yield S is used. The markers indicate the maximum likelihood estimates in the corresponding channels.
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4.1 Mass of the observed state 11
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Figure 1: The 68% CL contours for the signal strength s/sSM versus the boson mass mH for
the gg (green) and 4` (red) final states, and their combination (black). The symbol s/sSM
denotes the production cross section times the relevant branching fractions, relative to the SM
expectation. In this combination, the relative signal strength for the two decay modes is set to
the expectation for the SM Higgs boson.
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Figure 2: (Left) Scan of the test statistic q(mH) = �2 D lnL versus the boson mass mH for the gg
(green) and 4` (red) final states separately and for their combination (black). Three independent
signal strengths, (ggH, ttH) ! gg, (VBF, VH) ! gg, and pp ! H ! ZZ(⇤) ! 4`, are profiled
together with all other nuisance parameters. (Right) Scan of the test statistic q(mgg
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H )

versus the difference between two individual mass measurements for the same model used in
the left panel.

[ATLAS:1406.3827] [CMS:HIG-14-009]



How about New Physics @ Collider Experiments?
No signals so far … (ex. Supersymmetry)



Other Indications ?

CMB B-mode detection by the BICEP2 → r ~ 0.2 ?

If this is correct, it indicates the energy scale during inflation !

DETECTION OF B-MODES BY BICEP2 17

FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ⇤CDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-⇤CDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the ` range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2� excursion from the base lensed-
⇤CDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
our maps.

Taking cross spectra against 100 GHz maps from BICEP1
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-⇤CDM.

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3� and 2.2� respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

-0.05 with r = 0
ruled out at a significance of 7.0�. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

-0.05 with r = 0 disfavored at 5.9�. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and
Technology Development Fund and grants 06-ARPA206-
0040 and 10-SAT10-0017 from the NASA APRA and SAT

V ~ (2 x 1016 GeV )4(0.2/r)

This result also suggests a very special type of inflation  
                                                Chaotic Inflation !
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FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ⇤CDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-⇤CDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the ` range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2� excursion from the base lensed-
⇤CDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
our maps.
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-⇤CDM.

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3� and 2.2� respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

-0.05 with r = 0
ruled out at a significance of 7.0�. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

-0.05 with r = 0 disfavored at 5.9�. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and
Technology Development Fund and grants 06-ARPA206-
0040 and 10-SAT10-0017 from the NASA APRA and SAT

We were inspired a lot and our group produced 
more than 30 papers in 10 months ! 
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CMB B-mode detection by the BICEP2 → r ~ 0.2 ?
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FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ⇤CDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-⇤CDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the ` range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2� excursion from the base lensed-
⇤CDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
our maps.

Taking cross spectra against 100 GHz maps from BICEP1
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-⇤CDM.

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3� and 2.2� respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

-0.05 with r = 0
ruled out at a significance of 7.0�. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

-0.05 with r = 0 disfavored at 5.9�. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and
Technology Development Fund and grants 06-ARPA206-
0040 and 10-SAT10-0017 from the NASA APRA and SAT

Planck experiments showed that the foreground 
contribution seems larger than expected…

→ We need to wait for the results of the joint analysis…



Guiding Principles for Beyond the Standard Model ?

Ground Unification 

Dark Matter

Rotational curve of the galaxies
Gravitational Lensing
CMB, Large Scale Structure

Standard Model = Unified theory of 
electromagnetic and weak interaction.

Three gauge coupling constants unify at high 
energy rather well.



Guiding Principles for Beyond the Standard Model ?

Very Good Example = Supersymmetry

Standard Model

Supersymmetric 
Standard Model

Better Unification & LSP dark matter 



Guiding Principles for Beyond the Standard Model ?

However, to achieve unification and dark 
matter, we do not need a gorgeous symmetry 

For unification (with long enough proton lifetime) : 
We need colored and SU(2) charged matter to 
bend the running of coupling.
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The running of α1-1 only bends 
downwards

Long lifetime of proton requires to 
bend both SU(2) and SU(3) running.Standard Model



Guiding Principles for Beyond the Standard Model ?

However, to achieve unification and dark 
matter, we do not need a gorgeous symmetry 

For unification (with long enough proton lifetime) : 
We need colored and SU(2) charged matter to 
bend the running of coupling.

For dark matter 
We need a stable neutral particle .

What is the minimal choice ?

Majora adjoint fermions !
[ SU(2) triplet (e.g. Z, W-boson) , SU(3) octet (e.g. gluon) ]



Majorana Fermion Extension

We can predict mass ranges from better unification !

In this range, the couplings 
unify as good as in the MSSM!

The model predicts a rather 
low GUT scale !
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Triplet : 102  - 104 GeV

Octet : 107-8 x  Triplet Mass



Triplet Fermion includes 
Neutral Component 
→ Good Dark Matter 
Candidate !

If it is produced thermally  
    →  Triplet Mass = 3TeV ![’07 Hisano, Matsumoto, Nagai, Saito, Senarmi]

 0.6

 0.8

 1

2 4 6 8 1  10  10  10  10
m/T

m = 2.8 TeV

Y/YTree

 0

 0.1

 0.2

 0.3

 1  2  3
m (TeV)

Non−perturbativePertu
rbative

WMAP

Thermal relic abundance, ΩDMh2

Figure 2: Ratio of yield with the non-perturbative effect to that in the perturbative cal-

culation (left figure). Wino-like neutralino mass is fixed 2.8 TeV. Thermal relic abundance

of the dark matter in the current universe as a function of wino-like neutralino mass (right

figure). Allowed regions by the WMAP at 1(2) σ levels are also shown as the dark (light)

shaded area.

and 2 σ are also shown as shaded areas in this figure. We found that the mass in the

wino-like neutralino dark matter consistent with the observation is shifted by 600

GeV due to the non-perturbative effect and the wino-like neutralino mass consistent

with WMAP results turns out to be 2.7 TeV ! m ! 3.0 TeV.

4 Summary and discussion

In this letter, we have pointed out the thermal relic abundance of dark matter, which

is SU(2)L non-singlet and has a much larger mass than that of the weak gauge bosons,

can be strongly reduced by the non-perturbative effect. We have investigated the

non-perturbative effect on the relic abundance of wino-like neutralino as an example.

Compared with the perturbative result, this effect reduces the abundance by about

50% and increases the mass of the wino-like neutralino dark matter consistent with

the observation by about 600 GeV. As a result, the thermal relic abundance of

the wino-like neutralino dark matter is consistent with observed abundances when

2.7 TeV ! m ! 3.0 TeV.

The non-perturbative effect can change relic abundances of other dark matter

candidates with SU(2)L charge and heavy mass, such as higgsino-like neutralino. The

non-perturbative effect on the thermal relic abundance of higgsino-like neutralino is

expected to be roughly 10%, since winos are triplet under the SU(2)L gauge group,

7

Thermal Wino Dark Matter

Ω
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Can the lighter triplet be a good DM candidate ?

Majorana Fermion Extension

Triplet Mass : 102  - 104 GeV !



The triplet Dark Matter can be provided by the decay  
of the Octet Fermion !

Late time decay of Octet → Triplet + a quark pair !

The non-thermal triplet 
abundance is independent of the 
octet fermion abundance.
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Good Unification

Majorana Fermion Extension



Prediction on the Proton Decay 
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Figure 5: Left panel: Present limits on ⟨σv⟩ from classical dSph observations. An

observational limit using the combining data of fifteen dSphs (including eight ultra-faint

dSphs) is also shown with the corresponding expected sensitivity given by the Fermi-LAT.

Right panel: Comparison between our method and Fermi-LAT’s one on the expected

limit on ⟨σv⟩ at 95% confidence level. See text for more details.

robust one. The expected sensitivity from the fifteen dSphs observation, which is

also officially given by the Fermi-LAT collaboration, is also shown in the figure as

a gray broken-line with the light-green (68% fluctuation) and the dark-green (95%

fluctuation) bands. The observed limit is slightly deviated from the expected one

due to statistical uncertainty (lucky/unlucky factor).

4.2 Validating our method

We are now at the position to discuss how well our method developed in previous

section works to give detection sensitivity for the wino dark matter. We consider

the eight dSphs discussed in section 3.2. For that purpose, we performed pseudo-

experiment 2000 times, and estimated Nai in equation (18) from the obtained (almost

Poisson) distribution with the mean value Bai. The expectation band (fluctuation)

is then obtained by the following procedure, which is also adopted in the Fermi-LAT

collaboration: We first calculate the upper limit on the annihilation cross section

⟨σv⟩ at 95% confidence level in each generated mock data with the dark matter

mass being fixed. Here, we use the instrumental response functions of the Fermi-

LAT assuming data of four years. As a result, we obtain 2000 limits on ⟨σv⟩ for

each dark matter mass thanks to 2000 generation of mock data. We then calculate

the mean value and its 68% and 95% fluctuations of the limit by observing the

distribution of the 2000 limits.

The median values and their 68% (95%) fluctuations of the limit on the cross
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LHC triplet search : lower limit 270GeV

Future LHC could reach to 500GeV

Majorana Fermion Extension

Direct Detection : 
σ ~ 10-47cm2

challenging but not impossible!

Gamma Ray search (from dSps)

Most promising  in foreseeable future!

Lower limit 400 GeV



After the success of the Standard Model (i.e. the 
unified theory of the electromagnetic and weak 
interaction), it is worthy to reappraise the long-
standing idea, the Grand Unification.

Summary

In particular, it is one of the good strategy to start 
from the minimal possibilities.

The Majorana extension is one of the minimal 
possibilities.

Can be tested via the proton decay, the LHC search, 
the Dark Matter direct and indirect searches ! 


