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Cosmic mysteries

• We don’t know what dark 
energy is


• We don’t know what dark 
matter is


• We don’t know why baryons 
exist

baryon
Dark Matter
Dark Energy



Beginning of Universe

1,000,000,000 1,000,000,000

matter anti-matter



Universe Now?

We wouldn’t be here to discuss it today!
matter anti-matter



3 23. Big Bang Nucleosynthesis
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Figure 23.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [47]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+4He concordance range (both
at 95% CL).

observations (e.g., D/H) and in the determination of cosmological parameters (e.g., from Planck).
This motivates corresponding improvement in BBN predictions and thus in the key reaction cross
sections. For example, it has been suggested [48,49] that d(p, “)3He measurements may su�er from
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Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:
adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent

estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
parameters compared with ignoring spectrum-based polariza-
tion e�ciency corrections entirely; the largest of these shifts
are +0.5� in !b, +0.1� in !c, and +0.3� in ns (to be com-

7

Planck Collaboration: Cosmological parameters

0.020 0.022 0.024

�bh
2

0.175

0.200

0.225

0.250

0.275

Y
B

B
N

P

Aver et al. (2015)

Standard BBN

Planck TT,TE,EE+lowE

Planck TT,TE,EE+lowE+lensing+BAO

Fig. 40. Constraints on the helium abundance YBBN
P from Planck,

assuming the standard value of Ne↵ = 3.046. Results are consis-
tent with the predictions of standard BBN (green line), and also
the observed helium abundance (68 % and 95 % grey bands from
Aver et al. 2015).

Fig. 41. Constraints on the helium abundance YBBN
P and num-

ber of e↵ective neutrino species Ne↵ from Planck TT,TE,EE
+lowE and in combination with lensing and BAO. Results are
consistent with the predictions of standard BBN (green line),
and also the observed helium abundance (68 % and 95 % grey
bands from Aver et al. 2015). The grey band at the top shows a
conservative 95 % upper bound inferred from the Solar helium
abundance (Serenelli & Basu 2010). The black contours show
the joint BBN-independent constraint from combining Planck
TT,TE,EE+lowE+lensing+BAO and Aver et al. (2015).

The Planck constraints on YP and ⌦bh2 are shown in Fig. 40,
and are in good agreement with standard BBN predictions and
the helium abundance measurement of Aver et al. (2015).

Since both helium abundance and relativistic degrees of free-
dom a↵ect the CMB damping tail, they are partially degenerate.
Allowing Ne↵ to also vary in addition to YP, we obtain the some-
what weaker constraints:

YBBN
P = 0.247+0.034

�0.036,

Ne↵ = 2.89+0.63
�0.57,

9>>=
>>; 95 %, Planck TT,TE,EE+lowE, (81)

YBBN
P = 0.246 ± 0.035,

Ne↵ = 2.97+0.58
�0.54,

9>>=
>>;

95 %, Planck TT,TE,EE+lowE
+lensing+BAO. (82)

These constraints are shown in Fig. 41, and are again en-
tirely consistent with standard assumptions. The direct helium
abundance measurement of Aver et al. (2015) provides signifi-
cantly tighter constraints than those from Planck CMB measure-
ments. By combining Planck with Aver et al. (2015) we obtain a
slightly tighter BBN-independent constraint on Ne↵ , while sub-
stantially improving the YBBN

P result:

YBBN
P = 0.2437+0.0077

�0.0080,

Ne↵ = 2.99+0.43
�0.40,

9>>=
>>;

95 %, Planck TT,TE,EE
+lowE+lensing+BAO+Aver
(2015).

(83)

In our main grid results we assume that YP can be determined
accurately using standard BBN predictions from PArthENoPE
based on a neutron lifetime ⌧n = (880.2 ± 1.0) s. This uncer-
tainty on ⌧n is su�ciently small that it has negligible impact on
constraints for non-BBN parameters.

If the ⌧n constraint is relaxed, for example to allow a system-
atic shift towards the beam measurement ⌧n = [887±1.2(stat.)±
1.9(sys, )] s of Yue et al. (2013), there would be a slight shift in
cosmological parameters; however, taking the central value of
⌧n ⇡ 887s would shift ⇤CDM parameters by at most 0.2� (for
✓MC). As shown in Table 5 the base-⇤CDM parameters are very
stable to marginalization over YP with no constraint, at the ex-
pense of only modest increase in uncertainties. There is there-
fore only very limited scope for shifting the main Planck param-
eters by changing the BBN model, especially given the BBN-
independent requirement of consistency with the observed he-
lium abundances of Aver et al. (2015).

Finally, we can assume that standard BBN is an accurate
theory, but take ⌧n as a free parameter to obtain an indirect
constraint on the neutron lifetime from CMB or CMB+helium
data. This is potentially interesting in the context of the long-
standing di↵erence between neutrino lifetime measurements
performed by beam and bottle experiments. The PDG result,
⌧n = (880.2 ± 1.0) s, is based on an average over two beam and
five bottle experiments (Patrignani et al. 2016). The beam-only
average gives ⌧n = (888.0 ± 2.0) s, while the bottle-only aver-
age yields ⌧n = (879.2± 0.6) s; these determinations are in 4.0�
tension. To derive an independent prediction, following the lines
of Salvati et al. (2016), we combine our ⇤CDM+YP chains with
the function YBBN

P (!b, ⌧n) predicted by PArthENoPE or PRIMAT
to obtain a posterior probability distribution in (!b, ⌧n) space.41

After marginalizing over !b, for CMB-only data, we find

⌧n = (851 ± 60) s (68 %, Planck TT,TE,EE+lowE), (84a)

using PRIMAT (or, with PArthENoPE, ⌧n = (855±62) s). Adding
helium measurements from Aver et al. (2015), we find

⌧n = (867 ± 18) s (68 %, Planck TT,TE,EE+lowE
+Aver (2015)), (84b)

41For simplicity, here we fix the extra relativistic degrees of freedom
to the standard value Ne↵ = 3.046; see Salvati et al. (2016) for discus-
sion.
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deuterium

• the same chemically

• energy levels               
En = –α2 μc2/2

• reduced mass differs by 
~1/4000 between H & D
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fraction of second later

1,000,000,002 1,000,000,000

matter anti-matter

1

tiny imbalance between matter and anti-matter



Universe Now

2

we survived at the expense of a billion friends!

us

matter anti-matter



Creation
nb(t=0)≠0



Or Evolution?
nb(t=0)=0 ⇒ nb(t>tb)≠0



Inflation
Planck Collaboration: Cosmological parameters
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Fig. 2. Planck 2018 T E (top) and EE (bottom) power spectra. At multipoles ` � 30 we show the coadded frequency spectra
computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectra estimates from the SimAll likelihood
(though only the EE spectrum is used in the baseline parameter analysis at `  29). The best-fit base-⇤CDM theoretical spectrum fit
to the Planck TT,TE,EE+lowE+lensing likelihood is plotted in light blue in the upper panels. Residuals with respect to this model
are shown in the lower panels. The error bars show Gaussian ±1� diagonal uncertainties including cosmic variance. Note that the
vertical scale changes at ` = 30, where the horizontal axis switches from logarithmic to linear.
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck

TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, c

EE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:
adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent

estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
c

EE

100

⌘
EE fit

= 1.021;
⇣
c

EE

143

⌘
EE fit

=

0.966; and
⇣
c

EE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E

spectra,
⇣
c

EE

100

⌘
TE fit

= 1.04,
⇣
c

EE

143

⌘
TE fit

= 1.0, and
⇣
c

EE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
parameters compared with ignoring spectrum-based polariza-
tion e�ciency corrections entirely; the largest of these shifts
are +0.5� in !b, +0.1� in !c, and +0.3� in ns (to be com-
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Fig. 20. Free-form Bayesian reconstruction of the primordial power spectrum (Sect. 6.2.1) using Planck TT,TE,EE+lowE+lensing.
Top-right: Evidence values for each N-knot reconstruction. The evidence is maximal for the N = 2 and N = 3 knot cases, and semi-
competitive for the remaining higher knots. Marginalizing over the number of knots produces a predictive posterior plot, shown in
the top-left panel. Here we see generic features, with the limit of resolution of Planck at ` ' 2400 and cosmic variance at low `.
Bottom-left: Same as top-left, but using the additional BK14 data and allowing r to vary. Bottom-right: Kullback-Leibler divergence
conditional on k, marginalized over the number of knots, showing the increase in compression of the primordial power spectrum
over several past CMB missions. The di↵erence in constraining power between Planck 2013 and 2015 is driven entirely by the shift
in the ⌧ constraint.
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Beginning of Universe

1,000,000,001 1,000,000,001

matter anti-matter



fraction of second later

1,000,000,002 1,000,000,000

matter anti-matter

1

turned a billionth of anti-matter to matter



Universe Now

2

we were saved from the complete annihilation!

us

matter anti-matter



Who saved us from 
a complete annihilation?



Sakharov Conditions
• We need to satisfy all three ingredients


• Baryon number violation


• need a way to change B=0 to B≠0


• CP violation


• which one is matter?  we need distinction


• Departure from equilibrium


• no net gain as long as detailed balance


• Where and when?



too many theories 
for a single number



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
We don’t really know their energy scales...



Two tales
• Testing Leptogenesis with gravitational waves


• +Jeff Dror (Berkeley), Takashi Hiramatsu (ICRR),     
Kazunori Kohri (KEK), Graham White (TRIUMF)


• arXiv:1908.03227 accepted for PRL, Editors’ Suggestion


• Asymmetric Matters from a dark first-order phase transition


• +Eleanor Hall (Berkeley), Thomas Konstandin (DESY),    
Robert McGehee (Berkeley)


• arXiv:1911.12342



Testing seesaw and 
leptogenesis by 

gravitational wave
Hitoshi Murayama (Berkeley, Kavli IPMU)


+Jeff Dror (Berkeley), Takashi Hiramatsu (ICRR), 
Kazunori Kohri (KEK), Graham White (TRIUMF)


arXiv:1908.03227, accepted for PRL
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1998
a half of 

expected

neutrinos 
oscillate



shift inside 
the mine for 
KamLAND



0 20 30 40 50 60 70 80

/E (km/MeV)0L

Su
rv

iv
al

 P
ro

ba
bi

lit
y

KamLAND data
Neutrino oscillation with real reactor distribution

1
0

0.2

0.4

0.6

0.8

1

1.2

10 -3 10 -2 10 -1 1

ILL
Goesgen
Savannah River
Palo Verde
CHOOZ
Bugey
Rovno
Krasnoyarsk

previous
reactor experiments

reactor neutrinos
• KamLAND experiment
• a ring of reactors with average L~175 km

disappear

re
ap

pe
ar disappear

re
ap

pe
ar



very light

e + o

u

d

c

s b

t

TeV

G
eV

M
eV

keV

eVm
eV

neutrinos



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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Anomaly!

• W and Z bosons 
massless at high 
temperature

• W field fluctuates just 
like in thermal plasma

• solve Dirac equation in 
the presence of the 
fluctuating W field

Δq=Δq=Δq=ΔL



Sakharov Conditions
• all three ingredients satisfied


• Baryon number violation


• lepton number violation + Electroweak anomaly 
(sphaleron effect)


• CP violation


• Yukawa couplings yiα Li Nα H + Mα Nα Nα 

• even two generations sufficient


• Departure from equilibrium


• out-of-equilibrium decay of Nα due to long lifetimes



Leptogenesis
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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].

31

successful
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m̃1 =
(m†

DmD)11
M1

di Bari, Plümacher,
Buchmüller



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?
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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].

31

successful
region

MPl

Natural to think M is induced from symmetry breaking 
e.g. 𝓛=–y⟨𝝋⟩N N

Phase Transition Gravitational Waves?

inflation



U(1)B–L

• Consider <φ>≠0


• MR from <φ>νRνR  

• U(1) breaking produces cosmic strings because 
π1(U(1))=Z


• nearly scale invariant spectrum


• simplification of the network produces gravitational waves


• stochastic gravitational wave background



cosmic strings

Gµ ~ v2/MPl2

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



classification
• possible gauge groups

• forbids M νR νR

• anomaly-free without 
additional fermions

• no magnetic 
monopoles

• rank ≤5
• possible Higgs

• matter parity?
• e.g. φ(+1) or φ(+2)
• H=GSM or GSM×Z2

• 5 out of 8 have strings

2

generic prediction of the seesaw mechanism. We enumer-
ate all possible symmetries that could protect the right
handed neutrino mass and point out their predicted de-
fect structure. A common possibility seen in di↵erent
breaking structures is the persistence of a cosmic string
network. We compute the gravitational wave spectrum
and compare with projections from future space missions,
finding that such experiments could probe most of the
parameter space necessary for thermal leptogenesis.

SYMMETRY BREAKING PATTERNS

We begin by showing that the cosmic string network
is a generic prediction of the seesaw mechanism when
B�L is broken spontaneously, rather than explicitly. For
this purpose, we classify all possible symmetry breaking
patterns.

We require that there is an extended gauge symmetry
G which forbids the mass for the right-handed neutrinos,
is flavor-blind, and is broken below the Hubble scale dur-
ing inflation to allow for leptogenesis. As a minimalist
approach, we consider gauge symmetries that are at most
rank 52 and are non-anomalous with only the standard-
model fermions and right-handed neutrinos (while not
the focus of this work, we note that non-minimal gauge
groups would o↵er additional opportunities to look for
topological defects). We also require that the symmetry
breaking from G to the Standard Model gauge group,
GSM = [SU(3)C ⇥SU(2)L⇥U(1)Y ]/Z6, does not lead to
magnetic monopoles, allowing the symmetry breaking to
occur below the inflationary scale. With these assump-
tions,we find that there is only a finite set of possible
gauge groups:

Gdisc = GSM ⇥ ZN , (1)

GB�L = GSM ⇥ U(1)B�L , (2)

GLR = SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L , (3)

G421 = SU(4)PS ⇥ SU(2)L ⇥ U(1)Y , (4)

Gflip = SU(5)⇥ U(1) . (5)

For the first case, ZN is a discrete subgroup of the
U(1)B�L gauge group, and the right handed neutrino
mass is forbidden for N � 3. For instance, it could
be the Z4 center of SO(10). GB�L is the extension of

2
With the standard model particle content with right-handed Ma-

jorana neutrinos, the only possible low-energy discrete gauge

symmetries are Z2 matter parity we considered and Z3 baryon

number, yet the latter is broken in most higher gauge theories.

Therefore, as long as the Z2 matter parity is a subgroup of higher

gauge symmetries, the most likely consequence is the cosmic

strings based on this Z2, no matter how high the rank of higher

gauge symmetry is

the SM to B � L which forbids the right handed neu-
trino mass as they carry lepton number, and U(1)B�L

plays a similar role in GLR. SU(4)PS unifies SU(3)C and
U(1)B�L in a way that originally appeared in the Pati–
Salam theory, GPS = SU(4)PS ⇥ SU(2)L ⇥ SU(2)R [18],
where now the right handed neutrino mass term would
transform under the SU(4)PS. The last case is often
called flipped SU(5) [19] and here the right handed neu-
trinos are charged under the new U(1). Note that all of
the above can be embedded into a unified SO(10) gauge
group.
On the other hand, one can also ask the question

whether there can be a discrete gauge group below
the mass scale of right-handed neutrinos. By requiring
that the discrete gauge group is non-anomalous under
SU(3)C , SU(2)L, and gravity, one can show that the only
possibility is the matter parity Z2 that flips the signs of
all quarks and leptons but nothing else. Namely, the
symmetry breaking pattern is either G ! H = GSM or
G ! H = GSM⇥Z2. Whether the matter parity remains
unbroken depends on the representation of the Higgs field
that generates the mass of the right-handed neutrinos.3

When G is further embedded into larger groups such
as SO(10), topological defects may be unstable. For in-
stance, when GN is embedded into a connected group
such as SO(10) or GB�L, the domain wall is unstable
against the spontaneous creation of a string loop via
quantum tunneling. There, the string loop grows to de-
stroy the entire wall. Similarly, when GB�L is embed-
ded into a simply-connected group such as SO(10) or
GPS, the string is unstable due to the spontaneous pair-
creation of a monopole and an anti-monopole. This cuts
the string, which shrinks and disappears. We explore
these e↵ects further below.
We now study the stochastic gravitational wave back-

ground predicted by breaking patterns which induce cos-
mic strings. The gravitational wave spectrum has been
studied in [20] as a consequence of GB�L, including hy-
brid inflation based on the same gauge group as well as
supersymmetry, in particular the gravitino problem. As
we noted here, the cosmic string network is far more gen-
eral. On the other hand, the consequences of inflation
and supersymmetry are more model-dependent, and we
focus on the symmetry breaking alone.

GRAVITATIONAL WAVES FROM STRINGS

The stochastic gravitational wave prediction from a
cosmic string network has been highly controversial. A

3
Note that the matter parity can be identified with the Z2 sub-

group of the Z4 center of SO(10). This is reminiscent of the

SO(10) origin of the R-parity in the Minimal Supersymmetric

Standard Model.

4

H = GSM H = GSM ⇥ Z2

G defects Higgs defects Higgs

Gdisc domain wall⇤ B � L = 1 domain wall⇤ B � L = 2

GB�L abelian string⇤ B � L = 1 Z2 string† B � L = 2

GLR texture⇤ (1,1,2, 1
2 ) Z2 string (1,1,3, 1)

G421 none (10,1, 2) Z2 string (15,1, 2)

Gflip none (10, 1) Z2 string (50, 2)

Table I: Extended gauge symmetry and topological defects
for di↵erent symmetry breaking patterns, G ! H. Whether
the matter parity Z2 remains unbroken depends on the choice
of the Higgs representations, and here we show examples for
each case. The defects with asterisks ⇤ are unstable against
tunneling e↵ects if G is embedded into a semi-simple group
such as SO(10) or Pati-Salam GPS . The Z2 string with a
dagger † is an abelian string whose Z2 string is stable even
with the embedding. See the body of the Letter for more
details.

Bang Observer [34], DECi-hertz Interferometer Gravi-
tational wave Observatory [35], Einstein Telescope [36],
Cosmic Explorer [37], and LIGO at its design sensivi-
tiy [29]. Note throughout we present the experimental
noise sensitivity. Searches for a known signal shape (as
is the case for cosmic strings) can discover signals below
the background.

The projections shown here would test all breaking
patterns given in Table I that predict cosmic strings. In
computing the spectrum we employed the approximation
that µ ⇠ v2 however for a particular symmetry breaking
pattern this would change by an O(1) factor and hence
would shift the curves in Fig. 1 by this same O(1) fac-
tor up/down. Nevertheless, since v & 1010 GeV can be
firmly tested by future experiments, such missions can
probe almost the entire range relevant for thermal lepto-
genesis.

In principle, one could learn about the specific dynam-
ics of leptogenesis using the cosmic string network. If
leptogenesis takes place in the weak washout regime, the
right handed neutrinos may dominate the energy density
of the universe inducing an early period of matter dom-
ination which would be imprinted onto the GW spec-

ing to detect a stochastic background at the frequencies relevant

for pulsar timing arrays [31, 32]. However, these have large uncer-

tainties in the merger rate arising from the stellar mass function,

the fraction of galaxy mergers that result in SMBH mergers, and

the last parsec problem. Furthermore, since the shape of the

gravitational wave spectrum of SMBH mergers (⌦GW / f
2/3

) is

distinct from that of cosmic strings one could in principle attempt

to disentangle the two. We assume searches are background-free

in setting our constraints though note that, once gravitational

waves from supermassive black hole mergers are observed, this

could constitute an important background.

trum [27]. Furthermore, they would dump entropy into
the SM, diluting the present energy density of strings
at the time of decay. While intriguing, in order for this
to be observable with currently proposed detectors would
require this period to last until temperatures of order the
electroweak scale, outside of typical parameters required
for leptogenesis and we do not consider it further here.

UNSTABLE DEFECTS

When GB�L is embedded into simply-connected
groups such as SO(10) or GPS, and is broken to GSM

without the matter parity, there cannot be a stable
string. The strings are not stable against pair creation
of a monopole and anti-monopole that can cut a string
into two halves [38]. This is a tunneling process and
is suppressed when the string symmetry breaking scale,
v is parametrically lower than the unification scale, V .
Once the string is cut, the string tension quickly pulls
monopoles at the two ends together forcing them to anni-
hilate. However, this process is exponentially suppressed
and if the string network is su�ciently long-lived we can
expect gravitational waves.
The tunneling rate can be estimated semi-classically

resulting in a rate of breaking per unit length [39],

�

L
=

µ

2⇡

g

4⇡
e�⇡m2/µ , (10)

where m is the mass of the monopole and g denotes the
gauge coupling.Here we attempt only an order of magni-
tude estimate. The mass of a ’t Hooft–Polyakov magnetic
monopole [40, 41] for SO(3)/SO(2) is m = 4⇡V/g in the
BPS limit [42, 43], and larger by an O(1) constant other-
wise. On the other hand, for an abelian string in the BPS
limit, both the gauge boson and Higgs mass are ev and
the string tension is µ = 4

3⇡v
2 (see, e.g., [44]). For re-

alistic groups there are O(1) group theory factors which
we ignore. We also ignore the running of the gauge cou-
pling constant between two scales. The string network
survives down to the Hubble rate

H ⇠
�

L
` ⇠ v2`e�12⇡2V 2/g2v2

. (11)

We make an assumption that a typical length of a string
is of the Hubble size ` ⇠ H�1. This gives,

H ⇠ ve�6⇡2V 2/g2v2

. (12)

In principle, this could provide a lower cuto↵ on frequen-
cies today to the frequency spectrum of GW (see, e.g.,
Fig. 7 of [45]) and provide additional emission from
bursts when the string self destructs [45]. However, we
see that even for a small separation between V and v,
there is a large exponential suppression in the rate and
we can neglect this process. Therefore the string network

⟨φ⟩νRνR⟨φφ⟩νRνR/MPl

0 ! ⇡2(G) ! ⇡2(G/H) ! ⇡1(H) ! ⇡1(G) ! ⇡1(G/H) ! ⇡0(H) ! ⇡0(G) = 0
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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
• U(1)B-L broken after inflation


• D-flat direction S=S+=S– 

• flat: S=0, V=λ2 v2


• falls down to S=v near X~0

• forms cosmic strings

• requires high v≥a few 1015 GeV

• excluded by Pulsar Timing 

Array?

W = �X(S+S� � v2)
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SO(10)
• All of them embeddable 

into SO(10)
• paradox:        
π1(SO(10)/GSM)=0

• resolution: 

2

generic prediction of the seesaw mechanism. We enumer-
ate all possible symmetries that could protect the right
handed neutrino mass and point out their predicted de-
fect structure. A common possibility seen in di↵erent
breaking structures is the persistence of a cosmic string
network. We compute the gravitational wave spectrum
and compare with projections from future space missions,
finding that such experiments could probe most of the
parameter space necessary for thermal leptogenesis.

SYMMETRY BREAKING PATTERNS

We begin by showing that the cosmic string network
is a generic prediction of the seesaw mechanism when
B�L is broken spontaneously, rather than explicitly. For
this purpose, we classify all possible symmetry breaking
patterns.

We require that there is an extended gauge symmetry
G which forbids the mass for the right-handed neutrinos,
is flavor-blind, and is broken below the Hubble scale dur-
ing inflation to allow for leptogenesis. As a minimalist
approach, we consider gauge symmetries that are at most
rank 52 and are non-anomalous with only the standard-
model fermions and right-handed neutrinos (while not
the focus of this work, we note that non-minimal gauge
groups would o↵er additional opportunities to look for
topological defects). We also require that the symmetry
breaking from G to the Standard Model gauge group,
GSM = [SU(3)C ⇥SU(2)L⇥U(1)Y ]/Z6, does not lead to
magnetic monopoles, allowing the symmetry breaking to
occur below the inflationary scale. With these assump-
tions,we find that there is only a finite set of possible
gauge groups:

Gdisc = GSM ⇥ ZN , (1)

GB�L = GSM ⇥ U(1)B�L , (2)

GLR = SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L , (3)

G421 = SU(4)PS ⇥ SU(2)L ⇥ U(1)Y , (4)

Gflip = SU(5)⇥ U(1) . (5)

For the first case, ZN is a discrete subgroup of the
U(1)B�L gauge group, and the right handed neutrino
mass is forbidden for N � 3. For instance, it could
be the Z4 center of SO(10). GB�L is the extension of

2
With the standard model particle content with right-handed Ma-

jorana neutrinos, the only possible low-energy discrete gauge

symmetries are Z2 matter parity we considered and Z3 baryon

number, yet the latter is broken in most higher gauge theories.

Therefore, as long as the Z2 matter parity is a subgroup of higher

gauge symmetries, the most likely consequence is the cosmic

strings based on this Z2, no matter how high the rank of higher

gauge symmetry is

the SM to B � L which forbids the right handed neu-
trino mass as they carry lepton number, and U(1)B�L

plays a similar role in GLR. SU(4)PS unifies SU(3)C and
U(1)B�L in a way that originally appeared in the Pati–
Salam theory, GPS = SU(4)PS ⇥ SU(2)L ⇥ SU(2)R [18],
where now the right handed neutrino mass term would
transform under the SU(4)PS. The last case is often
called flipped SU(5) [19] and here the right handed neu-
trinos are charged under the new U(1). Note that all of
the above can be embedded into a unified SO(10) gauge
group.
On the other hand, one can also ask the question

whether there can be a discrete gauge group below
the mass scale of right-handed neutrinos. By requiring
that the discrete gauge group is non-anomalous under
SU(3)C , SU(2)L, and gravity, one can show that the only
possibility is the matter parity Z2 that flips the signs of
all quarks and leptons but nothing else. Namely, the
symmetry breaking pattern is either G ! H = GSM or
G ! H = GSM⇥Z2. Whether the matter parity remains
unbroken depends on the representation of the Higgs field
that generates the mass of the right-handed neutrinos.3

When G is further embedded into larger groups such
as SO(10), topological defects may be unstable. For in-
stance, when GN is embedded into a connected group
such as SO(10) or GB�L, the domain wall is unstable
against the spontaneous creation of a string loop via
quantum tunneling. There, the string loop grows to de-
stroy the entire wall. Similarly, when GB�L is embed-
ded into a simply-connected group such as SO(10) or
GPS, the string is unstable due to the spontaneous pair-
creation of a monopole and an anti-monopole. This cuts
the string, which shrinks and disappears. We explore
these e↵ects further below.
We now study the stochastic gravitational wave back-

ground predicted by breaking patterns which induce cos-
mic strings. The gravitational wave spectrum has been
studied in [20] as a consequence of GB�L, including hy-
brid inflation based on the same gauge group as well as
supersymmetry, in particular the gravitino problem. As
we noted here, the cosmic string network is far more gen-
eral. On the other hand, the consequences of inflation
and supersymmetry are more model-dependent, and we
focus on the symmetry breaking alone.

GRAVITATIONAL WAVES FROM STRINGS

The stochastic gravitational wave prediction from a
cosmic string network has been highly controversial. A

3
Note that the matter parity can be identified with the Z2 sub-

group of the Z4 center of SO(10). This is reminiscent of the

SO(10) origin of the R-parity in the Minimal Supersymmetric

Standard Model.

4

H = GSM H = GSM ⇥ Z2

G defects Higgs defects Higgs

Gdisc domain wall⇤ B � L = 1 domain wall⇤ B � L = 2

GB�L abelian string⇤ B � L = 1 Z2 string† B � L = 2

GLR texture⇤ (1,1,2, 1
2 ) Z2 string (1,1,3, 1)

G421 none (10,1, 2) Z2 string (15,1, 2)

Gflip none (10, 1) Z2 string (50, 2)

Table I: Extended gauge symmetry and topological defects
for di↵erent symmetry breaking patterns, G ! H. Whether
the matter parity Z2 remains unbroken depends on the choice
of the Higgs representations, and here we show examples for
each case. The defects with asterisks ⇤ are unstable against
tunneling e↵ects if G is embedded into a semi-simple group
such as SO(10) or Pati-Salam GPS . The Z2 string with a
dagger † is an abelian string whose Z2 string is stable even
with the embedding. See the body of the Letter for more
details.

Bang Observer [34], DECi-hertz Interferometer Gravi-
tational wave Observatory [35], Einstein Telescope [36],
Cosmic Explorer [37], and LIGO at its design sensivi-
tiy [29]. Note throughout we present the experimental
noise sensitivity. Searches for a known signal shape (as
is the case for cosmic strings) can discover signals below
the background.

The projections shown here would test all breaking
patterns given in Table I that predict cosmic strings. In
computing the spectrum we employed the approximation
that µ ⇠ v2 however for a particular symmetry breaking
pattern this would change by an O(1) factor and hence
would shift the curves in Fig. 1 by this same O(1) fac-
tor up/down. Nevertheless, since v & 1010 GeV can be
firmly tested by future experiments, such missions can
probe almost the entire range relevant for thermal lepto-
genesis.

In principle, one could learn about the specific dynam-
ics of leptogenesis using the cosmic string network. If
leptogenesis takes place in the weak washout regime, the
right handed neutrinos may dominate the energy density
of the universe inducing an early period of matter dom-
ination which would be imprinted onto the GW spec-

ing to detect a stochastic background at the frequencies relevant

for pulsar timing arrays [31, 32]. However, these have large uncer-

tainties in the merger rate arising from the stellar mass function,

the fraction of galaxy mergers that result in SMBH mergers, and

the last parsec problem. Furthermore, since the shape of the

gravitational wave spectrum of SMBH mergers (⌦GW / f
2/3

) is

distinct from that of cosmic strings one could in principle attempt

to disentangle the two. We assume searches are background-free

in setting our constraints though note that, once gravitational

waves from supermassive black hole mergers are observed, this

could constitute an important background.

trum [27]. Furthermore, they would dump entropy into
the SM, diluting the present energy density of strings
at the time of decay. While intriguing, in order for this
to be observable with currently proposed detectors would
require this period to last until temperatures of order the
electroweak scale, outside of typical parameters required
for leptogenesis and we do not consider it further here.

UNSTABLE DEFECTS

When GB�L is embedded into simply-connected
groups such as SO(10) or GPS, and is broken to GSM

without the matter parity, there cannot be a stable
string. The strings are not stable against pair creation
of a monopole and anti-monopole that can cut a string
into two halves [38]. This is a tunneling process and
is suppressed when the string symmetry breaking scale,
v is parametrically lower than the unification scale, V .
Once the string is cut, the string tension quickly pulls
monopoles at the two ends together forcing them to anni-
hilate. However, this process is exponentially suppressed
and if the string network is su�ciently long-lived we can
expect gravitational waves.
The tunneling rate can be estimated semi-classically

resulting in a rate of breaking per unit length [39],

�

L
=

µ

2⇡

g

4⇡
e�⇡m2/µ , (10)

where m is the mass of the monopole and g denotes the
gauge coupling.Here we attempt only an order of magni-
tude estimate. The mass of a ’t Hooft–Polyakov magnetic
monopole [40, 41] for SO(3)/SO(2) is m = 4⇡V/g in the
BPS limit [42, 43], and larger by an O(1) constant other-
wise. On the other hand, for an abelian string in the BPS
limit, both the gauge boson and Higgs mass are ev and
the string tension is µ = 4

3⇡v
2 (see, e.g., [44]). For re-

alistic groups there are O(1) group theory factors which
we ignore. We also ignore the running of the gauge cou-
pling constant between two scales. The string network
survives down to the Hubble rate

H ⇠
�

L
` ⇠ v2`e�12⇡2V 2/g2v2

. (11)

We make an assumption that a typical length of a string
is of the Hubble size ` ⇠ H�1. This gives,

H ⇠ ve�6⇡2V 2/g2v2

. (12)

In principle, this could provide a lower cuto↵ on frequen-
cies today to the frequency spectrum of GW (see, e.g.,
Fig. 7 of [45]) and provide additional emission from
bursts when the string self destructs [45]. However, we
see that even for a small separation between V and v,
there is a large exponential suppression in the rate and
we can neglect this process. Therefore the string network

⟨φ⟩νRνR⟨φφ⟩νRνR/MPl

0 ! ⇡2(G) ! ⇡2(G/H) ! ⇡1(H) ! ⇡1(G) ! ⇡1(G/H) ! ⇡0(H) ! ⇡0(G) = 0
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monopoles
• string from U(1)B–L breaking is basically Abrikosov flux in a 

superconductor


• For the Higgs φ(±Q)


• magnetic flux 2πℏ/(e Q) × integer (Q=1, 2, …)


• minimum monopole charge 2πℏ/e 

• If Q=1, monopole can saturate the flux and cut the string


• If Q=2, the minimum string cannot be cut by monopoles


• dual Schwinger process


• survives to date if v < 1015GeV

�

L
=

eE

4⇡2

1X

n=1

1

n
e�⇡m2n/eE
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Conclusions
• stochastic gravitational waves as another possible 

circumstantial evidence for seesaw+leptogenesis


• for rank≤5 gauge groups, more than a half of theories produce 
cosmic strings


• future missions promising to cover most range of seesaw scales


• if we do detect scale-invariant gravitational waves, a smoking 
gun for strings


• if strings appear to break, evidence for grand unification!


• any experimental technique to probe gravitational waves of 
much higher frequencies?
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Sakharov Conditions
• Standard Model may have all three ingredients


• Baryon number violation


• Electroweak anomaly (sphaleron effect)


• CP violation


• Kobayashi–Maskawa phase


• Departure from equilibrium


• First-order phase transition of Higgs


• Experimentally testable?

J ∝ det[Mu
† Mu, Md

† Md]/TEW
12 ~ 10–20≪10–10

requires mh < 75 GeV



Mikko Laine (Bern)

for mh=125GeV, it is crossover
No phase transition in the Minimal Standard Model

⟨H⟩=0 from gauge invariance (Elitzur)
⟨H†H⟩ is not an order parameter



Scenario 
Cohen, Kaplan, Nelson

• First-order phase transition

• Different reflection 

probabilities for tL, tR

• asymmetry in top quark

• Left-handed top quark 

asymmetry partially converted 
to lepton asymmetry via 
anomaly


• Remaining top quark 
asymmetry becomes baryon 
asymmetry


• need varying CP phase inside 
the bubble wall (G. Servant)


• fixed KM phase doesn’t help

• need CPV in Higgs sector

v≠0

v�0

v≠0

v�0
tLtRv≠0

v�0

tL<tL, tR>tR
tL
tR�tL
tR

– –
– –

tLtRv≠0

v�0

tL<tL, tR>tR
tL
tR�tL
tR

– –
– –

tLtR L

tL



Electric Dipole Moment
• baryon asymmetry limited by 

the sphaleron rate                     
𝚪 ~ 20 𝛂W5 T ~ 10–6 T


• Can’t lose much more to obtain 
10–9


• need 


• new physics for 1st order PT 
at the Higgs scale v=250 GeV


• CP violation×efficiency ≥10–3

de ≤ 1.1×10–29 e cm

ARTICLE
https://doi.org/10.1038/s41586-018-0599-8

Improved limit on the electric dipole 
moment of the electron
ACME Collaboration*

The standard model of particle physics accurately describes all particle physics measurements made so far in the 
laboratory. However, it is unable to answer many questions that arise from cosmological observations, such as the nature 
of dark matter and why matter dominates over antimatter throughout the Universe. Theories that contain particles and 
interactions beyond the standard model, such as models that incorporate supersymmetry, may explain these phenomena. 
Such particles appear in the vacuum and interact with common particles to modify their properties. For example, 
the existence of very massive particles whose interactions violate time-reversal symmetry, which could explain the 
cosmological matter–antimatter asymmetry, can give rise to an electric dipole moment along the spin axis of the electron. 
No electric dipole moments of fundamental particles have been observed. However, dipole moments only slightly smaller 
than the current experimental bounds have been predicted to arise from particles more massive than any known to exist. 
Here we present an improved experimental limit on the electric dipole moment of the electron, obtained by measuring the 
electron spin precession in a superposition of quantum states of electrons subjected to a huge intramolecular electric field.  
The sensitivity of our measurement is more than one order of magnitude better than any previous measurement. This 
result implies that a broad class of conjectured particles, if they exist and time-reversal symmetry is maximally violated, 
have masses that greatly exceed what can be measured directly at the Large Hadron Collider.

The electric dipole moment (EDM) of the electron is an asymmetric 
charge distribution along the particle’s spin. The existence of an EDM 
requires violation of time-reversal symmetry. The standard model of 
particle physics predicts that the electron has such an EDM, de, but with 
a magnitude far below current experimental sensitivities1–3. However, 
theories of physics beyond the standard model generally include new 
particles and interactions that can break time-reversal symmetry. If 
these new particles have masses of 1–100 TeV c−2, theories typically 
predict that de ≈ 10−27–10−30e cm (1e cm = 1.6 × 10−21 C m, where e 
is the electron charge)4–8—a value that is orders of magnitude larger 
than the standard model predictions, which is now accessible by 
experiment1,9. Here we report the result of the ACME II experiment, 
an improved measurement of de with sensitivity over 10 times better 
than the previous best measurement, ACME I1,9. This was achieved by 
improving the state preparation, experimental geometry, fluorescence 
collection and control of systematic uncertainties. Our measurement, d
e = (4.3 ± 3.1stat ± 2.6syst) × 10−30e cm (‘stat’, statistical uncertainty; ‘syst’, 
systematic uncertainty), is consistent with zero and corresponds to an 
upper limit of |de| < 1.1 × 10−29e cm at 90% confidence. This result 
constrains new time-reversal-symmetry-violating physics for broad 
classes of proposed beyond-standard-model particles with masses in 
the range 3–30 TeV c−2.

Recent advances in the measurement of de
1,10–12 have relied on using 

the exceptionally high internal effective electric field (Eeff ) of heavy 
polar molecules13–15. This gives rise to an energy shift = − ⋅ EdU e eff , 
where de = des/(ħ/2), s is the spin of the electron and ħ is the reduced 
Planck constant. The H3∆1 electronic state in the thorium monoxide 
(ThO) molecule has16,17 ≈ −E 78 GV cmeff

1 when the molecule is fully 
polarized; this requires only a very modest electric field (E ≳ 1 V cm−1) 
applied in the laboratory. ACME I used ThO to place a limit of 
|de| < 9.4 × 10−29e cm (90% confidence)1,9, which was recently con-
firmed by an experiment with trapped HfF+ molecular ions12, which 
found |de| < 1.3 × 10−28e cm.

An EDM measurement with thorium monoxide
As in ACME I, we performed our measurement in the J = 1, M = ±1 
sublevels of the H3∆1 state of ThO, where J is the angular momentum 
and M is its projection along a quantization axis >z  (Fig. 1a). In our 
applied electric field =E E >zz , these states are fully polarized18, such that 
the internuclear axis >n, which points from the oxygen to the thorium 
nucleus, is either aligned or antialigned with E. The direction of >n coin-
cides with the direction of the field Eeff that acts on de. States with 
opposite molecule orientation are described by the quantum number 

= ⋅ = ±EN
~ n̂sgn( ) 1. The direction of Eeff can be reversed either by 
reversing the laboratory field E or by changing the state = ±N

^ 1 used 
in the measurement; each of these approaches allows us to reject a wide 
range of systematic errors19–21.

The electron spin, s, is along the spin of the molecular state, S. We 
measure the energy difference between states with M = ±1 (which cor-
respond to S being aligned or antialigned with Eeff; Fig. 1a), which 
contains a term proportional to U. To do so, we prepare an initial coher-
ent superposition of M = ±1 states, which corresponds to the spin S 
being aligned with a fixed direction in the x–y plane (Fig. 2). The 
applied magnetic field, =B B >zz , and Eeff exert torques on the magnetic 
and electric dipole moments associated with the spin, causing S to pre-
cess in the x–y plane by an angle φ as the molecules travel freely. The 
final value of φ is measured by laser excitation of the molecules, which 
induces fluorescence with a strength that depends on the angle between 
S and the laser polarization. The angle φ is given by

φ
µ τ

≈
− | | +B B N E E

^ ^ ^d
ħ

( ) (1)z e eff

where | | = | ⋅ |BB >zz , = ⋅BB
~ ẑsgn( ), = ⋅EE

~ ẑsgn( ), τ is the spin preces-
sion time and µ µ=

N
gB , where = − .

N
g 0 0044  is the g-factor of the 

| = NJH, 1,  state22 and µB is the Bohr magneton. The sign, N E
^ ^, of the 

EDM contribution to the angle is given by the sign of the torque of Eeff 

*A list of participants and their affiliations appears at the end of the paper.

1 8  O C T O B E R  2 0 1 8  |  V O L  5 6 2  |  N A T U R E  |  3 5 5
© 2018 Springer Nature Limited. All rights reserved.

Oct 2018

de ⇡
eme

(16⇡2)2
1

v2
sin � = 1.6⇥ 10�22ecm sin �

<latexit sha1_base64="KtSvb0yFEZB+uV27bZwVcLYZYCw="></latexit>

Barr-Zee 
diagrams



SU(2) x U(1) SU(2) x U(1)

SU(3)SU(3)

SM 
Ngen=3

dark sector 
Ngen=1

2 Higgs doublets 
with CPV 

1st order PT

heavy leptons 
play role of 
top quark

Bdark=Ldark νR
LSM→BSM

light u, d

n, p, π– γ’ – γ mixing
e+e–

π0



Bdark Ldark
I

Bdark
LSM

BSM

Ldark
II

Bdark LSM

BSM
III

If MN>Tsphaleron

If MN<Tsphaleron

BSM =
36

133
Bdark, LSM = � 97

133
Bdark
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mn'=1.58 GeV

mn’=1.33 GeV



baryon  
spectrum
• mu and md free parameters


• If md ≪mu≪ΛQCD, n’ dominates


• If mu ≪md≪ΛQCD, p’ dominates, 
together with π’– for charge 
neutrality


• possibly a resonant 
interaction π’– p’→Δ0→π’– p’


• may solve core/cusp 
problem
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some history
• asymmetric dark matter


• S. Nussinov, PLB 165, 55 (1985) “technocosmology”


• R. Kitano, HM, M. Ratz, arXiv:0807.4313, moduli decay


• D.E. Kaplan, M. Luty, K. Zurek, arXiv:0901.4117


• darkogenesis (= “EW baryogenesis” in the dark sector)


• J. Shelton, K. Zurek, arXiv:1008.1997



neutrino portal

• charged current universality: εi2 < 10–3


• μ→e γ constraint: εe εμ < 4×10–5 (GF Mν)


• τ→μ γ constraint: εe εμ < 0.03 (GF Mν)


• If Mν <70 GeV, εi2<10–5 (DELPHI: Z→ν νR, νR→l f f)


• equilibration of asymmetries requires only εi >10–16 or so


• (orders of magnitude estimates so far)

L = y
0
L̄
0
H⌫R + yiL̄iH⌫R

<latexit sha1_base64="aRxI4rCO/i7lkMfu+qHDkIE+NPQ="></latexit>

M⌫ =
p
(y0)2 + (yi)2v
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✏i =
yip

(y0)2 + (yi)2
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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.

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(��)+MET
bb+MET

jj+MET
��+MET

(bb)(bb)
(cc)(cc)

(jj)(jj) (bb)(��)
(��)(��) (jj)(��) (��)(��)

10-5

10-4

10-3

10-2

10-1

1

B
R
(h
�
E
xo
tic
s)
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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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Conclusions
• Electroweak baryogenesis too testable, very tight

• do it in the dark sector


• dark SU(3)xSU(2)xU(1), one generation

• two Higgs doublet CPV, 1st order phase transition

• neutrino portal to transfer asymmetry to SM baryons


• dark neutron 1.33 or 1.58 GeV, or multi-component p+π–

• amazingly wide array of experimental signatures

• dark proton good target for direct detection

• exotic Z-decay, h-decay (HL-LHC, ILC, CEPC, FCC-ee)

• dark photon search at Belle II, LHC-b, beam dump

• gravitational wave at LIGO, LISA, Einstein Telescope, etc

• potential instanton-induced dark neutron decay in halos


• explain coincidence ΩDM~Ωb if Ngen=3 and unification



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.

3

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
We don’t really know their energy scales...



many things 
to look forward to!


