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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].

31

successful
region

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?



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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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



GW spectrum
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FIG. 6. The stochastic gravitational wave spectrum for string tensions between Gµ = 10−8 and

10−14.

C. Stochastic Gravitational Wave Spectrum: Ωgw(ln f)

With the Pn, and the Cn from Eq. (9) using the loop densities computed in Sec. IV, we
compute Ωgw(ln f) for a range of frequencies f using Eqs. (2,6). The results are shown in
Fig. 6. This includes the contributions from the loops in all the eras, as described earlier in
the text.

The general form of the spectra can be understood as follows. Very low frequencies can
only be emitted by large loops, but large loops are suppressed by l−5/2, as in Eq. (16). There
is an extra power of f in Eq. (2), so at very low frequencies, Ωgw goes as f−3/2. At even
lower frequencies there is a cutoff because there are essentially no strings of size l > 0.1t at
time t, but this does not appear in Fig. 6.

At high frequencies, we are sensitive only to loops radiating in the radiation era. Ac-
cording to Eq. (29) this would give a plateau proportional to

√
Gµ. However, changes in

the number of relativistic degrees of freedom at early times turn the plateau into a series of
decreasing plateaus, which are smoothed into a decline with some wiggles.5 At intermediate
frequencies is there is a peak resulting from gravitational wave emission in the matter era.

5 Note that adding new ingredients in the thermal history of the universe, such as new physics beyond the

Standard Model, could introduce new features in this spectrum. In principle, detecting this stochastic

background from strings could allow us to probe the thermal history of the universe, though in fact the

effect occurs only at very high frequencies
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FIG. 1. Stochastic gravitational wave backgrounds compared with present and future experiments.
The grey lines show the background from cosmic strings with the indicated energy scales Gµ. The
straight black line is the largest allowable background from SMBBH. The remaining curves show
the sensitivities of the various instruments.

the frequency band 20–86 Hz. Since the cosmic string spectrum is close to flat in this band,
this constraint can be used directly. Pulsar timing experiments report constraints on ⌦gw at
a specific frequency, the one in which the observations are most sensitive. This constraint
applies not only to a flat spectrum but also to a wide range of power laws, and the e↵ects of
the period of observation are taken into account as in Ref. [22]. The 95% confidence limits
are ⌦h2 < 1.2 ⇥ 10�9 at frequency 5 ⇥ 10�9 Hz for the EPTA [25], ⌦h2 < 4.2 ⇥ 10�10 at
frequency 3.3⇥10�9 Hz for NANOGrav [26], and ⌦h2 < 10�10 at frequency 2.8⇥10�9 Hz for
the PPTA [18, 27]. We then simply find the Gµ at which each constraint is saturated. For
LISA we find the Gµ that would lead to a 95% chance of detection in 5 years of observation,
using the techniques and publicly available codes used in [22], applied to the predicted cosmic
string background spectra.

In Fig. 3 we have a plotted the limits on Gµ against possible intercommutation probability
p, using the conventional assumption that p < 1 simply increases the network density and
thus the gravitational wave background by factor 1/p. However, we note that while long
string reconnection is the same in a denser network with lower p, loop production depends
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Future experiments DECIGO/BBO can probe Gµ~10–20 
v ~ µ1/2 ~ (10–20)1/2 MPl~109 GeV 

can probe the whole seesaw/leptogenesis range!
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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
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Spin(10)

SU(5)×U(1)X

SU(3)C×SU(2)L×U(1)Y×U(1)X

SU(3)C×SU(2)L×SU(2)R×U(1)B–L

SU(4)PS×SU(2)L×SU(2)R SU(5)

SU(3)C×SU(2)L×U(1)Y(×Z2)

π2

π2

π1

Inflation
π2

π3

π2

π3, π2

Inflation

no protection of MR
texture

Other Breaking patterns?

stringsnot favored from 
coupling unification

still strings with Φ(1,1,3,+2) 
because of unbroken Z2 
but not with Φ(1,1,2,+1)



texture

can be probed only when v>1015 GeV Takashi Hiramatsu



Conclusions
• stochastic gravitational waves as another possible 

circumstantial evidence for seesaw+leptogenesis

• for simple SU(3)C×SU(2)L×U(1)Y×U(1)B–L, future missions 

promising to cover most range of seesaw scales

• for SU(3)C×SU(2)L×SU(2)R×U(1)B–L, texture produces 

gravitational waves but small and only high frequencies

• could still have strings with Z2


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


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


