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Where do we go from here?



Higgs Standard Models

SU(3)xSU(2)xU(1)



Standard Models

¢ baryon
© Dark Matter
@ Dark Energy

Higgs

ACDM w/
SU(B)xSU(2)xU(1) power law density fluctuation
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Standard Models

baryon
@ Dark Matter
@ Dark Energy

ACDM w/
SU(B)xSU(2)xU(1) power law density fluctuation

time to go beyond them!
two new tools: Higgs & gravitational wave
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Five empirical evidences
for physics beyond SM

® Since 1998, it became clear that there are
at least five missing pieces in the SM

ib

’ﬁx
1PN

Planck TT spectrum

® non-baryonic dark matterj

® neutrino mass

® dark energy

® apparently acausal density fluctuatlons

*0 baryon asymmetry

We don'’t really know their energy scales...
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Beginning of Universe

1,000,000,001

matter anti-matter
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fractlon of second later
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matter anti-matter

turned a billionth of anti-matter to matter
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matter anti-matter

we were saved from the complete annihilation!
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asymmetric dark matter

baryon
@ Dark Matter
@ Dark Energy

e we don’t know what dark energy is
 we don’t know what dark matter is
* we don’t know why baryons exist

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

e perhaps baryon and dark matter
have common origin



portals

three possible portals in renormalizable theories
SU(3)exSU(2)xU(1)y

dark Z_L/H’VS -4 Z_LHVS

o ector [ iepton
€F b sector leptons







dark sector SM
Ngen=1 Ngen=3



dark sector SM
Ngen=3

2 Higgs doubl
with CPV

1st order PT
Bdark:Ldark N} -

n, p, - Il 4 lelng
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Higgs portal

ZEzzg

invisible if decaying
outside the detector



Higgs portal
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Dark Neutron Dark Matter

Mpm ~ ‘!.5 Ge\(

Dark Proton & Pion Dark Matter
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If the asymmetry originates in the SM side transferred to the dark side

dark neutron
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Dark Spectroscopy
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Yonit Hochberg, Eric Kuflik, HM, arXiv:1512.07917, 1706.05008




Dark Spectroscopy
T et
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Yonit Hochberg, Eric Kuflik, HM
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 Why is the neutrino mass so small?

* |looks right-handed!

yOu e
* introduce right-handed neutrino

L=—-yLNH (v N)<y0v ?J:)(K[)



[ el

L

L1r| A

w)?
= —yLNH — SMNN (v N )( w0 )( X )

=<

=) P
-

T=

Seesaw %

 Why is the neutrino mass so small?

* |looks right-handed!

yOu e
* introduce right-handed neutrino

e small but finite neutrino masses my ~ (yv)2/ M

 when you look back at a neutrino, you see anti-neutrino
1

0 M Y
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Leptogenesis
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* Right-handed neutrinos in early universe

* when they decay, produce L#0

F(Nl — VZH) — F(Nl — ﬂzH*) X %m(hlghlkh?khz})
* the dominant paradigm in neutrino physics

* probe to very high-energy scale

* notoriously difficult to test
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How do we test Iit”

X il F g v adk
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MIN STRY OF COUCRTION,
CULTURE, SPORTS,

build a 104 GeV collider
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how do we test it!

® possible three
circumstantial evidences
* OVBP
® CP violation in
neutrino oscillation 4
® other impacts e.g. LFV | =%
(requires new S ey
particles/interactions
< |00 TeV)
® archeology
® any more circumstantial
evidences?
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Turn anti-matter
INtOo Mmatter

Can anti-matter turn into
matter?

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

OVBP: nn—=ppe e with
No neutrinos

>1024 years

patience!
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Planck
2myi<0.2eV
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DUNE/LBNF

Near Detector Absorber Hall Target Hall Complex
Service Building Service Building (LBNF-20)

(LBNF-40) (LBNF-30) Service Building
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CP Violation Sensitivity

DUNE Sensitivity
Normal Ordering
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inflation

Natural to think M is induced from symmetry breaking
e.g. L==y{p> N N

successful
region
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Phase Transition Gravitational Waves?



Monopoles
Strings

Domain Walls
Inflation Required

many possible topological defects!



G ~ v2/Mpj2
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J. Dror, T. Hiramatsu, K. Kohri, HM, G. White, arXiv:1908.03227

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

e supersymmetric inflation

e U(1)s.L broken after inflation
e generates Mg

e forms cosmic strings

e requires high v=a few 101 GeV

e excluded by Pulsar Timing
Array?

e strings may be cut by magnetic
monopoles

Wilfried Buchmuiller, Valerie Domcke,
HM, Kai Schmidt, arXiv:1912.03695
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10712 1078

Wilfried Buchmuller, Valerie Domcke,
HM, Kai Schmidt, arXiv:1912.03695
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‘topological defects
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strings can connect monopoles and devour them
monopoles can cut strings and eat them

walls can fill strings and devour them
strings can punch holes in walls and eat them
Monopoles all with characteristics cutoffs

—— Strings

Domain Walls p rove G U T?

Inflation Required
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Gravitational Wave (Gastronomy

David I. Dunsky* P
nter for Theoretical Physics, University of California, Berkeley, CA 94//3’&’3?//(&
wsics Group, Lawrence Berkeley National Laboratory, Berkeley, Califor :

Anish Ghoshal
Institute of Theoretical Physics, Faculty of Physics,
University of Warsaw,ul. Pasteura 5, 02-093 Warsaw, Poland and
INFN - Sezione Roma “Tor Vergata”, Via della Ricerca Scientifica 1, 00133, Roma, Italy

Hitoshi Murayama/
Berkeley Center for Theoretical Physics, University of California, Berkeley, CA 94720, USA
Theory Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA and
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The symmetry breaking of grand unified gauge groups in the early Universe often leaves behind
relic topological defects such as cosmic strings, domain walls, or monopoles. For some symmetry
breaking chains, hybrid defects can form where cosmic strings attach to domain walls or monopoles
attach to strings. In general, such hybrid defects are unstable, with one defect ‘eating’ the other via
the conversion of its rest mass into the other’s kinetic energy and subsequently decaying via gravi-
tational waves. In this work, we determine the gravitational wave spectrum from 1) the destruction
of a cosmic string network by the nucleation of monopoles which cut up and ‘eat’ the strings, 2)
the collapse and decay of a monopole-string network by strings that ‘eat’ the monopoles, 3) the
destruction of a domain wall network by the nucleation of string-bounded holes on the wall that
expand and ‘eat’ the wall, and 4) the collapse and decay of a string-bounded wall network by walls
that ‘eat’ the strings. We call the gravitational wave signals produced from the ‘eating’ of one topo-
logical defect by another gravitational wave gastronomy. We find that the four gravitational wave
gastronomy signals considered yield unique spectra that can be used to narrow down the SO(10)
symmetry breaking chain to the Standard Model and the scales of symmetry breaking associated
with the consumed topological defects. Moreover, the systems we consider are unlikely to have a
residual monopole or domain wall problem.




Five evidences
for physics beyond SM

® Since 1998, it became clear that there are
at least five missing pieces in the SM

Planck TT spectrum

® non-baryonic dark matterj

® neutrino mass
*i
® dark energy .

tHHT—— P——

® apparently acausal density fluctuations

® baryon asymmetry
New tools: Higgs & gravitational wave
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Coupling
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Coupling
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