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Seesaw

Seesaw mechanism explains \

e small but finite neutrino masses mv ~ v2 / Mg

e pbaryon asymmetry of the Universe through
leptogenesis

F(Nl — VZH) — F(Nl — ﬁLH*) X %m(hljhlkhzkkhzkj)
the dominant paradigm in neutrino physics

probe to very high-energy scale

notoriously difficult to test



Leptogenesis

successful
region

i (m!lymp)y;  di Bari, Plimacher,
M, Buchmuller




How do we test It”
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® possible three
circumstantial evidences
° OVBp
® CP violation in
neutrino oscillation 88
® other impacts e.g. LFV | =%
(requires new e 2
particles/interactions
< |00 TeV)
® archeology
® any more circumstantial
evidences?




energy scales

to obtain the correct mass scale of light neutrinos, need
Mgr<1014 GeV

to obtain the correct baryon asymmetry via leptogenesis,
need Mr>10° GeV

natural that Mr>»>ven=250GeV because Mr is allowed by
SU(2)xU(1)

but Mr<Mp;

Presumably some protection due to a new symmetry
e e.g., U1)B-LS.t. <pp>VRVR Or <p2>VrVR/Mp

Implies a phase transition at a high temperature

any signatures?

gravitational wave!



1st order Phase Transition

Taiki Hasegawa, Nobuchika Okada, Osamu Seto, arXiv:1904.03020
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https://arxiv.org/search/hep-ph?searchtype=author&query=Hasegawa%2C+T
https://arxiv.org/search/hep-ph?searchtype=author&query=Okada%2C+N
https://arxiv.org/search/hep-ph?searchtype=author&query=Seto%2C+O

U(1)s-L

Consider <¢p>z0
e Mg from <@>VrVr Or <@p2>VrVR/Mp;

U(1) breaking produces cosmic strings because
m(U(1))=2Z

nearly scale invariant spectrum
simplification of the network produces gravitational waves

stochastic gravitational wave background



https://www.ligo.org/science/Publication-S5S6CosmicStrings/index.php
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GW spectrum
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Jose J. Blanco-Pillado, Ken D. Olum arXiv:1709.02693

FIG. 6. The stochastic gravitational wave spectrum for string tensions between Gu = 10~8 and

10— 14,


https://arxiv.org/search/astro-ph?searchtype=author&query=Blanco-Pillado%2C+J+J
https://arxiv.org/search/astro-ph?searchtype=author&query=Olum%2C+K+D

aLIGO O1

Future experiments DECIGO/BBO can probe Gp~10-20
v ~ ut/2 ~ (10-20)1/2 Mp;~10° GeV
can probe the whole seesaw/leptogenesis range!

Jose J. Blanco-Pillado, Ken D. Olum, Xavier Siemens arXiv:1709.02434


https://arxiv.org/search/astro-ph?searchtype=author&query=Blanco-Pillado%2C+J+J
https://arxiv.org/search/astro-ph?searchtype=author&query=Olum%2C+K+D
https://arxiv.org/search/astro-ph?searchtype=author&query=Siemens%2C+X

SO(10)

It is natural to embed U(1)s-, into SO(10)

e usual gauge coupling unification in SUSY-GUT preserved
However, SO(10)—SU(3)xSU(2)xU(1) doesn’t lead to cosmic strings
because 111(SO(10)/SU(B)xSU((2)xU(1))=0
SO(10)—SUB)xSU(2)xU(1)xU(1)s-L produces monopoles

e SO(10) scale is presumably V~1016GeV»v

* need inflation below this scale

SU@B)xSUR)xU(1)xU(1)s- = SU(3)xSU(2)xU(1) produces strings

e strings can be cut by monopole-anti-monopole pairs through a
tunneling process

If U(1)a-L broken by < (+2)>=0 (e.g. 126), Z> unbroken

e /5 string is stable and discussions not modified

e obtain R-parity for free

If U(1)s-L broken by <¢p(x1)>#0 (e.g. 16), no stable strings

e need to estimate probability of monopole pair production



/=~ monopoles

e string from U(1)s-. breaking is basically Abrikosov flux in a
superconductor

e For the Higgs ¢(+Q)
* magnetic flux h/(g Q) x integer (Q=1, 2, ...)
* minimum monopole charge h/g

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

e |f Q=2, the minimum string cannot be cut by
monopoles



(=~ Schwinger

e Schwinger computed the production of ete- pairs in a
constant electric field in 3+1 dimension

e adoptitto 1+1 dimension 1I' ek | _rm2n/eE
e dualize it to magnetic field L 4n2 o 56

e cross section of the string A~(g v)—2

e BA~21/(g Q)

* length of the string L~H-1

e strings get cut when H~I'/L x L~I'/L x H-

e string network persists until H2~(['/L)~(g v)? exp(-rtm2/gB)
* monopole mass m~V/g

e survives to date if v < 1015GeV



Other Breaking patterns?
/ lrtz\

SU4)psxSU(2)LxSU(2)r  SU(S5)xU(1)x SU(5)

T2

SU(3)cxSU(2)LxSU(2)rxU(1)s-L

T2

§ Inflatjon § o
T \UMNs, T2

SU(3)cxSU(2)LxU(1)yxU(1)x

strings|m /

v
still strings with ®(1,1,3,+2) SU(3)cxSU(2)LxU(1)y(xZ2)
because of unbroken 2>
but not with ®(1,1,2,+1)

no protection of Mgr
texture

T3
not favored from

coupling unification




texture
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can be probed only when v>1015 GeV Takashi Hiramatsu



Conclusions

e stochastic gravitational waves as another possible
circumstantial evidence for seesaw+leptogenesis

e for simple SU(3)exSU((2).xU(1)yxU(1)s-L, future missions
promising to cover most range of seesaw scales

e for SU(3)cxSU(2).xSU(2)rxU(1)s-L, texture produces
gravitational waves but small and only high frequencies

e could still have strings with Z£>

e |f 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?



