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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



Seesaw
• Seesaw mechanism explains


• small but finite neutrino masses mν ~ v2 / MR


• baryon asymmetry of the Universe through 
leptogenesis


• the dominant paradigm in neutrino physics


• probe to very high-energy scale


• notoriously difficult to test
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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].
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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?



energy scales
• to obtain the correct mass scale of light neutrinos, need 

MR<1014 GeV

• to obtain the correct baryon asymmetry via leptogenesis, 

need MR>109 GeV

• natural that MR≫vEW=250GeV because MR is allowed by 

SU(2)×U(1)

• but MR≪MPl 
• Presumably some protection due to a new symmetry

• e.g., U(1)B–L s.t. <φ>νRνR or <φ2>νRνR/MPl


• implies a phase transition at a high temperature

• any signatures?

• gravitational wave!



1st order Phase Transition

FIG. 2: The predicted GW spectrum for various values of v2 for gB−L = 0.4 and λ2 = 0.001.

IV. SUMMARY

In this paper, we have calculated the spectrum of stochastic GW radiation generated by

the cosmological phase transition of the minimal U(1)B−L model. We have found that a

first-order phase transition strong enough to generate GWs with a detectable amplitude can

be realized in the the minimal U(1)B−L model with a single B − L Higgs field, while an

additional Higgs field has been thought to be necessary for such a strong first-order phase

transition through previous studies. The Higgs potential of the minimal gauged U(1)B−L

model is quite simple, and only three parameters are involved in our analysis. We clarify

a dependence of the resultant GWs spectrum on the three parameters: the peak amplitude

is sensitive to the gauge coupling constant and the self-coupling constant, while the peak

frequency is roughly proportional to the VEV of the B−L Higgs field and the self-coupling

constant. The B − L phase transition at an energy scale far beyond the LHC reach can

be observed through GWs in the future. We have also found the existence of a lower

bound on the Higgs self-coupling constant λ2 ! 10−4 in order not to realize an unwanted

second inflation. We stress that, although our analysis has been done based on the U(1)B−L

model, our results in this paper are general and applicable for any U(1) gauge theory with
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Taiki Hasegawa, Nobuchika Okada, Osamu Seto, arXiv:1904.03020

https://arxiv.org/search/hep-ph?searchtype=author&query=Hasegawa%2C+T
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U(1)B–L
• Consider <φ>≠0


• MR from <φ>νRνR or <φ2>νRνR/MPl


• 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

v~1015GeV

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

Classification of gauge symmetries
• forbids M νR νR

• anomaly free with QduLe+νR

• rank ≤5
• no magnetic monopoles

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.

Z2 matter parity: flips signs of all fermions 
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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



SO(10)
• It is natural to embed U(1)B–L into SO(10)

• usual gauge coupling unification in SUSY-GUT preserved


• However, SO(10)→SU(3)×SU(2)×U(1) doesn’t lead to cosmic strings 
because π1(SO(10)/SU(3)×SU(2)×U(1))=0


• SO(10)→SU(3)×SU(2)×U(1)×U(1)B–L produces monopoles

• SO(10) scale is presumably V~1016GeV≫v

• need inflation below this scale


• SU(3)×SU(2)×U(1)×U(1)B–L→SU(3)×SU(2)×U(1) produces strings

• strings can be cut by monopole-anti-monopole pairs through a 

tunneling process

• If U(1)B–L broken by <φ(±2)>≠0 (e.g. 126), Z2 unbroken

• Z2 string is stable and discussions not modified

• obtain R-parity for free


• If U(1)B–L broken by <φ(±1)>≠0 (e.g. 16), no stable strings

• need to estimate probability of monopole pair production



monopoles
• string from U(1)B–L breaking is basically Abrikosov flux in a 

superconductor


• For the Higgs φ(±Q)


• magnetic flux h/(g Q) × integer (Q=1, 2, …)


• minimum monopole charge h/g 

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


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



Schwinger
• Schwinger computed the production of e+e– pairs in a 

constant electric field in 3+1 dimension

• adopt it to 1+1 dimension

• dualize it to magnetic field

• cross section of the string A~(g v)–2

• B A~2π/(g Q)

• length of the string L~H–1

• strings get cut when H~Γ/L × L~Γ/L × H–1

• string network persists until H2~(Γ/L)~(g v)2 exp(-πm2/gB)

• monopole mass m~V/g

• survives to date if v < 1015GeV

�

L
=

eE

4⇡2

1X

n=1

1

n
e�⇡m2n/eE
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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

•

W = �X(S+S� � v2)
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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 them produce 
cosmic strings


• future missions promising to cover most range of seesaw 
scales


• if we do detect scale-invariant gravitational waves, helps 
establish not only seesaw but also the breaking pattern


• any experimental technique to probe gravitational waves of 
much higher frequencies?



Hongo to Kashiwa
• Students who need support for trips from Hongo to 

Kashiwa

• Keisuke Yanagi, So Chigusa, Taichi Ago, Shih-Yen Tseng

• ask you to do simple duties

Tu 

morning 1

Tu 

morning 2

Tu 
afternoon

Wed 
morning 1

Wed 
morning 2

Wed 
afternoon 1

Wed 
afternoon 2

collect 
slides Tseng Yanagi Kojima Chigusa Ago Tseng Yanagi

take 
pictures Kobayashi Chigusa Ago Tseng Yanagi Horigome Chigusa

Thu 
morning 1

Thu 
morning 2

Thu 
afternoon

Fri 

morning 1

Fri 

morning 2

Fri

afternoon 1

Fri 
afternoon 2

collect 
slides Ago Tseng Yanagi Katayose Chigusa Ago Tseng

take 
pictures Yanagi Katayose Chigusa Ago Kojima Horigome Katayose



non-theory students

• Aoi Eguchi, Yume 
Nishinomiya, Yoshitaka 
Okuyama

• report to Eri Kuromoto 
to receive support for 
trips from Hongo

• specify which days you 
attend



other items

• Banquet, Thursday, 17:30, Ikoi, free!


• Group photo: 11am tomorrow


