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Where do we go from here?
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time to go beyond them!
two new tools: Higgs & gravitational wave



Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.
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Five empirical evidences 
for physics beyond SM
• Since 1998, it became clear that there are 

at least five missing pieces in the SM

• non-baryonic dark matter

• neutrino mass

• dark energy

• apparently acausal density fluctuations

• baryon asymmetry
We don’t really know their energy scales...



Beginning of Universe
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fraction of second later
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turned a billionth of anti-matter to matter



Universe Now
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we were saved from the complete annihilation!

us

matter anti-matter



Who saved us from 
a complete annihilation?



two directions



asymmetric dark matter

• we don’t know what dark energy is

• we don’t know what dark matter is

• we don’t know why baryons exist

• why do they happen to be so close 
to each other?

• perhaps baryon and dark matter 
have common origin

baryon
Dark Matter
Dark Energy



three possible portals in renormalizable theories
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2 Higgs doublets 
with CPV 

1st order PT

Bdark=Ldark νs

LSM→BSM

light u, d

n, p, π– γ’ – γ mixing
e+e–

π0



Higgs portal
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Fig. 11. Limits at the 95% CL on the mixing matrix el-
ement |U |2 as a function of the νm mass for the various
experiments referenced in the text. The limits shown for
the present analysis correspond to those obtained combin-
ing the short–lived and long–lived νm analysis
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Fig. 12. Upper limits at 95% CL on the parameter
cZ0ν∗ν/Λ as a function of mν∗ from the present anal-
ysis. For comparison, previous results from the LEP ex-
periments referenced in the text are also shown. The full
curves (‘weak decay’) correspond to the limits for the
standard SU(2)×U(1) current, allowing only weak decays.
The dashed curves (‘electromagnetic decay’) are the limits
for ν∗ → γν, the dominant decay mode when the γνν∗
coupling exists
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(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.
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95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics
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GigaZ? TeraZ?

e+e– Higgs factory
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mDM ~ 1.5 GeV
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If the asymmetry originates in the SM side transferred to the dark side

dark neutron dark proton
mDM ~ 16 GeV
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Seesaw
• Why is the neutrino mass so small?

• neutrinos are left-handed

• but now they have mass

• we can overtake and look back

• looks right-handed!

• introduce right-handed neutrino

L = �yLNH � 1

2
MNN
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Seesaw
• Why is the neutrino mass so small?

• neutrinos are left-handed

• but now they have mass

• we can overtake and look back

• looks right-handed!

• introduce right-handed neutrino

• small but finite neutrino masses mν ~ (yv)2 / M

• when you look back at a neutrino, you see anti-neutrino

L = �yLNH � 1

2
MNN
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Leptogenesis
• Right-handed neutrinos in early universe

• when they decay, produce L≠0

• the dominant paradigm in neutrino physics

• probe to very high-energy scale

• notoriously difficult to test

�(N1 ! ⌫iH)� �(N1 ! ⌫̄iH
⇤) / =m(h1jh1kh

⇤
lkh

⇤
lj)
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Leptogenesis

m̃1 (eV)

M
1

(G
eV

)

Figure 10: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results are compared with the

numerical ones (solid lines). The vertical dashed lines indicate the range (msol,matm).

The gray triangle at large M1 and large m̃1 is excluded by theoretical consistency (cf. ap-

pendix A).

Fig. 10 shows the analytical results for Mmin
1 (m̃1), based on Eq. (107) for thermal initial

abundance (thin lines) and the sum of Eqs. (109) and (110) for zero initial abundance

(thick lines). For comparison also the numerical results (solid lines) are shown. The

absolute minimum for M1 is obtained for thermal initial abundance in the limit m̃1 → 0,

for which κf = 1. The corresponding lower bound on M1 can be read off from Eq. (120)

and at 3 σ one finds

M1 ! 4 × 108 GeV . (121)

This result is in agreement with [10] and also with the recent calculation [12]. Note that the

lower bound on M1 becomes much more stringent in the case of only two heavy Majorana

neutrinos [28]. The bound for thermal initial abundance is model independent. However,

it relies on some unspecified mechanism which thermalizes the heavy neutrinos N1 before

the temperature drops considerably below M1. Further, the case m̃1 # 10−3 eV is rather

artificial within neutrino mass models, and in this regime a pre-existing asymmetry would

not be washed out [2].
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How do we test it?

build a 1014 GeV collider



how do we test it?
• possible three 

circumstantial evidences
• 0νββ
• CP violation in 

neutrino oscillation
• other impacts e.g. LFV 

(requires new 
particles/interactions 
< 100 TeV)

• archeology
• any more circumstantial 

evidences?



Turn anti-matter 
into matter

• Can anti-matter turn into 
matter?

• Maybe anti-neutrino can 
turn into neutrino 
because they don’t carry 
electricity

• 0νββ: nn→ppe–e– with 
no neutrinos

• >1024 years

patience!



14 14. Neutrino masses, mixing, and oscillations

neutrinos are predicted to be of Majorana nature by the see-saw mechanism of neutrino
mass generation [3]. The observed patterns of neutrino mixing and of neutrino mass
squared differences can be related to Majorana massive neutrinos and the existence of an
approximate flavour symmetry in the lepton sector (see, e.g., Ref. 96). Determining the
nature of massive neutrinos νj is one of the fundamental and most challenging problems
in the future studies of neutrino mixing.
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Figure 14.1: The effective Majorana mass |<m>| (including a 2σ uncertainty),
as a function of min(mj). The figure is obtained using the best fit values and
the 1σ ranges of allowed values of ∆m2

21, sin2 θ12, sin2 θ13 and |∆m2
31(32)| from

Ref. 58 (see Table 14.1), propagated to |<m>| and then taking a 2σ uncertainty.
The phases α21 and (α31 − 2δ) are varied in the interval [0,2π]. The predictions
for the NH, IH and QD spectra as well as the GERDA-II, KamLAND-Zen and the
combined CUORE+CUORICINO limits, Eq. (14.20) and Eq. (14.21), are indicated.
The black lines determine the ranges of values of |<m>| for the different pairs of
CP conserving values of α21 and (α31 − 2δ): (0, 0), (0, π), (π, 0) and (π, π). The red
regions correspond to at least one of the phases α21 and (α31 − 2δ) having a CP
violating value, while the blue and green areas correspond to α21 and (α31 − 2δ)
possessing CP conserving values. (Update by S. Pascoli of a figure from Ref. 112.)

The Majorana nature of massive neutrinos νj manifests itself in the existence of
processes in which the total lepton charge L changes by two units: K+ → π− + µ+ + µ+,
µ− + (A, Z) → µ+ + (A, Z − 2), etc. Extensive studies have shown that the only
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sinδCP=0 exclusion

δCP 1σ error

• Exclusion of sinδCP=0 

• 8σ for δ=-90° (T2K best fit) 

• 80% coverage of δ 
parameter space for CPV 
discovery w/ >3σ 

• Test of CPV origin 

• δCP precision measurement 

• 22° for δ=-90° 

• 7° for δ=0°
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Figure 10: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results are compared with the

numerical ones (solid lines). The vertical dashed lines indicate the range (msol,matm).

The gray triangle at large M1 and large m̃1 is excluded by theoretical consistency (cf. ap-

pendix A).

Fig. 10 shows the analytical results for Mmin
1 (m̃1), based on Eq. (107) for thermal initial

abundance (thin lines) and the sum of Eqs. (109) and (110) for zero initial abundance

(thick lines). For comparison also the numerical results (solid lines) are shown. The

absolute minimum for M1 is obtained for thermal initial abundance in the limit m̃1 → 0,

for which κf = 1. The corresponding lower bound on M1 can be read off from Eq. (120)

and at 3 σ one finds

M1 ! 4 × 108 GeV . (121)

This result is in agreement with [10] and also with the recent calculation [12]. Note that the

lower bound on M1 becomes much more stringent in the case of only two heavy Majorana

neutrinos [28]. The bound for thermal initial abundance is model independent. However,

it relies on some unspecified mechanism which thermalizes the heavy neutrinos N1 before

the temperature drops considerably below M1. Further, the case m̃1 # 10−3 eV is rather

artificial within neutrino mass models, and in this regime a pre-existing asymmetry would

not be washed out [2].
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321Z2

<latexit sha1_base64="W0zjP+3lJPhrLgEvTiXGNErgnrU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiRI9ELx4xkY8IG9ItXah0203bNSEb/oMXDxrj1f/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2Z++4kqzaS4N5OY+hEeChYygo2VWhcV76Ff6RdLbtmdA60SLyMlyNDoF796A0mSiApDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lAkdU++n82ik6s8oAhVLZEgbN1d8TKY60nkSB7YywGellbyb+53UTE175KRNxYqggi0VhwpGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGBD8JZfXiWtStmrlmt31VL9OosjDydwCufgwSXU4RYa0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8ANpeOPw==</latexit>

321

<latexit sha1_base64="UhQ6L7xXjeLFWcrMWBH9sg4wrOQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYRo0eiF48Y5ZHAhswOszBhdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1iOOE+xEdKBEKRtFKDxcVr1csuWV3DrJKvIyUIEO9V/zq9mOWRlwhk9SYjucm6E+oRsEknxa6qeEJZSM64B1LFY248SfzU6fkzCp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmU7AheMsvr5JmpexVy5f31VLtJosjDydwCufgwRXU4A7q0AAGA3iGV3hzpPPivDsfi9ack80cwx84nz9guo02</latexit>

3211

<latexit sha1_base64="LLnFtBIEhezeJkeHf5rGcpiO0UM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtLXosevFYwX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9C7zu09UaRbJRzOLqS/wWLKQEWwy6armecNyxa26C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrzxUybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46tapXrzYe6pXmbR5HEc7gHC7Bg2towj20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8A0HyNcQ==</latexit>

321Z2

<latexit sha1_base64="W0zjP+3lJPhrLgEvTiXGNErgnrU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiRI9ELx4xkY8IG9ItXah0203bNSEb/oMXDxrj1f/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2Z++4kqzaS4N5OY+hEeChYygo2VWhcV76Ff6RdLbtmdA60SLyMlyNDoF796A0mSiApDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lAkdU++n82ik6s8oAhVLZEgbN1d8TKY60nkSB7YywGellbyb+53UTE175KRNxYqggi0VhwpGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGBD8JZfXiWtStmrlmt31VL9OosjDydwCufgwSXU4RYa0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8ANpeOPw==</latexit>

321

<latexit sha1_base64="UhQ6L7xXjeLFWcrMWBH9sg4wrOQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYRo0eiF48Y5ZHAhswOszBhdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1iOOE+xEdKBEKRtFKDxcVr1csuWV3DrJKvIyUIEO9V/zq9mOWRlwhk9SYjucm6E+oRsEknxa6qeEJZSM64B1LFY248SfzU6fkzCp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmU7AheMsvr5JmpexVy5f31VLtJosjDydwCufgwRXU4A7q0AAGA3iGV3hzpPPivDsfi9ack80cwx84nz9guo02</latexit>

Monopoles

<latexit sha1_base64="je7KR5MVvHd0UDVlymiNdlqvWLI=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHoxYsQwTwkWcLsZDYZMo9lZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWjm6nfeqLaMCUf7DihocADyWJGsHXS452SKlGcml6p7Ff8GdAyCXJShhz1Xumr21ckFVRawrExncBPbJhhbRnhdFLspoYmmIzwgHYclVhQE2azgyfo1Cl9FCvtSlo0U39PZFgYMxaR6xTYDs2iNxX/8zqpja/CjMkktVSS+aI45cgqNP0e9ZmmxPKxI5ho5m5FZIg1JtZlVHQhBIsvL5NmtRKcVy7uq+XadR5HAY7hBM4ggEuowS3UoQEEBDzDK7x52nvx3r2PeeuKl88cwR94nz8RfJCW</latexit>

Inflation

<latexit sha1_base64="5s6062eDzbEoQetRjAltzxqR3a4=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozxaLLohvdVbAXaYeSSTNtaJIZkoxQhj6FGxeKuPVx3Pk2ptNZaOsPgY//nEPO+YOYM21c99sprK1vbG4Vt0s7u3v7B+XDo7aOEkVoi0Q8Ut0Aa8qZpC3DDKfdWFEsAk47weRmXu88UaVZJB/MNKa+wCPJQkawsdbjnQx5RoNyxa26mdAqeDlUIFdzUP7qDyOSCCoN4VjrnufGxk+xMoxwOiv1E01jTCZ4RHsWJRZU+2m28AydWWeIwkjZJw3K3N8TKRZaT0VgOwU2Y71cm5v/1XqJCa/8lMk4MVSSxUdhwpGJ0Px6NGSKEsOnFjBRzO6KyBgrTIzNqGRD8JZPXoV2repdVOv3tUrjOo+jCCdwCufgwSU04Baa0AICAp7hFd4c5bw4787HorXg5DPH8EfO5w/sfpB+</latexit>

Required

<latexit sha1_base64="CkXe1fWD4V1bvXgKDp3/6UCboWg=">AAAB73icbVDLSsNAFL2pr1pfVZdugkVwVZKi6LLoxmUV+4A2lMnkph06maQzE6GE/oQbF4q49Xfc+TdO2yy09cDA4Zx7mXuOn3CmtON8W4W19Y3NreJ2aWd3b/+gfHjUUnEqKTZpzGPZ8YlCzgQ2NdMcO4lEEvkc2/7odua3n1AqFotHPUnQi8hAsJBRoo3UecBxyiQG/XLFqTpz2KvEzUkFcjT65a9eENM0QqEpJ0p1XSfRXkakZpTjtNRLFSaEjsgAu4YKEqHysvm9U/vMKIEdxtI8oe25+nsjI5FSk8g3kxHRQ7XszcT/vG6qw2svYyJJNQq6+ChMua1jexbeDkxWqvnEEEIlM7fadEgkodpUVDIluMuRV0mrVnUvqpf3tUr9Jq+jCCdwCufgwhXU4Q4a0AQKHJ7hFd6ssfVivVsfi9GCle8cwx9Ynz8uvpAR</latexit>

many possible topological defects!
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mν

mν

mν

mν



cosmic strings

Gµ ~ v2/MPl2

https://www.ligo.org/science/Publication-S5S6CosmicStrings/index.php



covers pretty much the entire range for leptogenesis!
caveat: particle emission from cosmic strings

J. Dror, T. Hiramatsu, K. Kohri, HM, G. White, arXiv:1908.03227



Hybrid inflation
• supersymmetric inflation

• U(1)B-L broken after inflation

• generates MR


• forms cosmic strings

• requires high v≥a few 1015 GeV

• excluded by Pulsar Timing 

Array?

• strings may be cut by magnetic 

monopoles S

X

Wilfried Buchmüller, Valerie Domcke, 
HM, Kai Schmidt, arXiv:1912.03695



monopoles can cut strings
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Wilfried Buchmüller, Valerie Domcke, 
HM, Kai Schmidt, arXiv:1912.03695

 = m2
monopole/µ

<latexit sha1_base64="IEJWD6h2GLpN66k4/sO/pqxhhfM=">AAAB/nicdVDLSgMxFM3UV62vqksXBovgapxpfdSFUHTjsoJ9QKcOmTRtQ5NJSDJCKQU3/oobETcKfoK/4N+YPlzUx4HA4ZyT5N4TSUa18bxPJzU3v7C4lF7OrKyurW9kN7eqWiQKkwoWTKh6hDRhNCYVQw0jdakI4hEjtah3OfJrd0RpKuIb05ekyVEnpm2KkbFSmN0NekhKBM8hv82Hg0BxyEUspGBkeBjwJMzmPPeseOIfF+Bv4rveGDkwRTnMfgQtgRNOYoMZ0rrhe9I0B0gZiu2bmSDRRCLcQx0yGI8/hPtWasG2UPbEBo7VmRziWvd5ZJMcma7+6Y3Ev7xGYtrF5oDGMjEkxpOP2gmDRsBRF7BFFcGG9S1BWFE7IcRdpBA2trGMXf17P/g/qeZdv+Dmr49ypYtpCWmwA/bAAfDBKSiBK1AGFYDBA3gCr+DNuXcenWfnZRJNOdM722AGzvsXApOVWw==</latexit>

VIRGO 
KAGRA



topological defects

SO(10)

<latexit sha1_base64="A6fNPCS1eRGsAPH8WEDx3lDW+bY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPRY9OLNivYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmlomitAGkVyqdoA15UzQhmGG03asKI4CTlvB6Hrqt56o0kyKBzOOqR/hgWAhI9hYqXl/W/bc016x5FbcGdAy8TJSggz1XvGr25ckiagwhGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKnBEtZ/Orp2gE6v0USiVLWHQTP09keJI63EU2M4Im6Fe9Kbif14nMeGlnzIRJ4YKMl8UJhwZiaavoz5TlBg+tgQTxeytiAyxwsTYgAo2BG/x5WXSPKt41cr5XbVUu8riyMMRHEMZPLiAGtxAHRpA4BGe4RXeHOm8OO/Ox7w152Qzh/AHzucP8syOEg==</latexit>

422D

<latexit sha1_base64="a50VuxnPmdVHMeWFrFa4us9Oo8Q=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktLXos6sFjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpHqtdjcsV9yquwBaJ15OKpCjNSx/DUYRSQSVhnCsdd9zY+OnWBlGOJ2XBommMSZTPKZ9SyUWVPvp4tY5urDKCIWRsiUNWqi/J1IstJ6JwHYKbCZ61cvE/7x+YsJrP2UyTgyVZLkoTDgyEcoeRyOmKDF8ZgkmitlbEZlghYmx8ZRsCN7qy+ukU6t69WrjoV5p3uRxFOEMzuESPLiCJtxDC9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MH8FSNhg==</latexit>

3221D

<latexit sha1_base64="97/4fxFwct/YNMza47MShP2V0Yw=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHxRHYRo0eiHjxi4gIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkndRq7l3/XLFqTpz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCa/9jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWtWtWtVy8f6pXGTR5HEU7gFM7BhStowD00wQMKHJ7hFd6QRC/oHX0sWgsonzmGP0CfP17SjcA=</latexit>

3221

<latexit sha1_base64="pa7WfJBAezArAiv1PTKYj2NXzfk=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtLXosevFYwX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9C7zu09UaRbJRzOLqS/wWLKQEWwy6apW84blilt1F0DrxMtJBXK0huWvwSgiiaDSEI617ntubPwUK8MIp/PSINE0xmSKx7RvqcSCaj9d3DpHF1YZoTBStqRBC/X3RIqF1jMR2E6BzUSvepn4n9dPTHjjp0zGiaGSLBeFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2npINwVt9eZ10alWvXm081CvN2zyOIpzBOVyCB9fQhHtoQRsITOAZXuHNEc6L8+58LFsLTj5zCn/gfP4A0gGNcg==</latexit>

3211

<latexit sha1_base64="LLnFtBIEhezeJkeHf5rGcpiO0UM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtLXosevFYwX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9C7zu09UaRbJRzOLqS/wWLKQEWwy6armecNyxa26C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrzxUybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46tapXrzYe6pXmbR5HEc7gHC7Bg2towj20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8A0HyNcQ==</latexit>

Domain Walls

<latexit sha1_base64="bn28v/WzbYR053BJrcHfI0r+Y9E=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKewGRY9BPXiMYB6QLKF3MpsMmccyMyuEJb/hxYMiXv0Zb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCAzlTNKmZZbTTqIpiIjTdjS+nfntJ6oNU/LRThIaChhKFjMC1km9OyWASdwGzk2/XPGr/hx4lQQ5qaAcjX75qzdQJBVUWsLBmG7gJzbMQFtGOJ2WeqmhCZAxDGnXUQmCmjCb3zzFZ04Z4FhpV9Liufp7IgNhzERErlOAHZllbyb+53VTG1+HGZNJaqkki0VxyrFVeBYAHjBNieUTR4Bo5m7FZAQaiHUxlVwIwfLLq6RVqwYX1cuHWqV+k8dRRCfoFJ2jAF2hOrpHDdREBCXoGb2iNy/1Xrx372PRWvDymWP0B97nD6tkkXM=</latexit>

Strings

<latexit sha1_base64="iP1Y/AhjPigl1OJu+wGCIdYEuVQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2il9gNqoYamX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzcKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjMficDoTlDObGEMi3srYSNqKYMbUIlG4K3/PIqadWq3kX18r5Wqd/kcRThBE7hHDy4gjrcQQOawGAMz/AKb07ivDjvzseiteDkM8fwB87nD4M2j7A=</latexit>

422

<latexit sha1_base64="PAJgjlueBHBJtm3dxPrLWU8eqtE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY9FLx4r2lpoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3ddrtX654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6Rdq3r16sVdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w9jxI04</latexit>

51

<latexit sha1_base64="MFDOzFGnUHxdNkpoaNusS/TU1ZE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPP65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mW1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD/KijPw=</latexit>

5F1

<latexit sha1_base64="SDrqbupb8qHHCaXBgXpibuVPW0k=">AAAB8XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrLXosCuKxgv3AdinZNNuGJtklyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwoQzbTzv2ymsrW9sbhW3Szu7e/sH7uFRS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfDPz209UaRbLBzNJaCDwULKIEWys9FjrZz0l0O3U77tlr+LNgVaJn5My5Gj03a/eICapoNIQjrXu+l5iggwrwwin01Iv1TTBZIyHtGupxILqIJtfPEVnVhmgKFa2pEFz9fdEhoXWExHaToHNSC97M/E/r5ua6CrImExSQyVZLIpSjkyMZu+jAVOUGD6xBBPF7K2IjLDCxNiQSjYEf/nlVdK6qPjVSu2+Wq5f53EU4QRO4Rx8uIQ63EEDmkBAwjO8wpujnRfn3flYtBacfOYY/sD5/AGpwJBE</latexit>

321Z2

<latexit sha1_base64="W0zjP+3lJPhrLgEvTiXGNErgnrU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiRI9ELx4xkY8IG9ItXah0203bNSEb/oMXDxrj1f/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2Z++4kqzaS4N5OY+hEeChYygo2VWhcV76Ff6RdLbtmdA60SLyMlyNDoF796A0mSiApDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lAkdU++n82ik6s8oAhVLZEgbN1d8TKY60nkSB7YywGellbyb+53UTE175KRNxYqggi0VhwpGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGBD8JZfXiWtStmrlmt31VL9OosjDydwCufgwSXU4RYa0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8ANpeOPw==</latexit>
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strings can connect monopoles and devour them 
monopoles can cut strings and eat them 

walls can fill strings and devour them 
strings can punch holes in walls and eat them 

all with characteristics cutoffs 
prove GUT?
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The symmetry breaking of grand unified gauge groups in the early Universe often leaves behind
relic topological defects such as cosmic strings, domain walls, or monopoles. For some symmetry
breaking chains, hybrid defects can form where cosmic strings attach to domain walls or monopoles
attach to strings. In general, such hybrid defects are unstable, with one defect ‘eating’ the other via
the conversion of its rest mass into the other’s kinetic energy and subsequently decaying via gravi-
tational waves. In this work, we determine the gravitational wave spectrum from 1) the destruction
of a cosmic string network by the nucleation of monopoles which cut up and ‘eat’ the strings, 2)
the collapse and decay of a monopole-string network by strings that ‘eat’ the monopoles, 3) the
destruction of a domain wall network by the nucleation of string-bounded holes on the wall that
expand and ‘eat’ the wall, and 4) the collapse and decay of a string-bounded wall network by walls
that ‘eat’ the strings. We call the gravitational wave signals produced from the ‘eating’ of one topo-
logical defect by another gravitational wave gastronomy. We find that the four gravitational wave
gastronomy signals considered yield unique spectra that can be used to narrow down the SO(10)
symmetry breaking chain to the Standard Model and the scales of symmetry breaking associated
with the consumed topological defects. Moreover, the systems we consider are unlikely to have a
residual monopole or domain wall problem.

I. INTRODUCTION

The Universe is transparent to gravitational waves,
even at very early times. Therefore, the search for a cos-
mological gravitational wave background provides a new
way of observing our early cosmic history. Furthermore,
the Hubble scale H for cosmic inflation in the primor-
dial universe could be as large as 5 ⇥ 1013 GeV [1] (for
a review see [2]), implying the early Universe could have
reached energies far beyond that of Earth based colliders.
Therefore, gravitational wave physics is a unique probe
of extremely high scale physics.
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† hitoshi@berkeley.edu, hitoshi.murayama@ipmu.jp, Hamamatsu
Professor

‡ yukis@mail.sysu.edu.cn
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A particularly promising class of sources for primor-
dial gravitational waves arises from topological defects
produced during certain types of transitions that spon-
taneously break a symmetry. Cosmic strings, domain
walls and textures all produce a gravitational wave power
spectrum with an amplitude that monotonically increases
with the scale of the symmetry breaking [3]. This im-
plies that gravitational waves from topological defects
are a unique probe of very high scale physics. We are
coming into a golden age of gravitational wave cosmol-
ogy, with new experiments using pulsar timing arrays
[4–6], astrometry [7–9], space and ground based interfer-
ometry [10–16] all due to come online in the next few
decades and probing frequencies from the nanohertz to
kilohertz range. Indeed, NANOGrav and PPTA might
have already seen evidence of a primordial gravitational
wave background [6, 17] which can be corroborated by
future pulsar timing arrays and astrometry [9]. Informa-
tion about the Universe at very early times and very high
energy could be just over the horizon.
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Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.
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Five evidences 
for physics beyond SM
• Since 1998, it became clear that there are 

at least five missing pieces in the SM

• non-baryonic dark matter

• neutrino mass

• dark energy

• apparently acausal density fluctuations

• baryon asymmetry
New tools: Higgs & gravitational wave
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many things 
to look forward to!


