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Cosmic dark matter problem

Recent cosmological observations reveal that the
most of energy in our universe is mainly stored
by unknown sources (dark matter & dark energy),

Dark eneragy: Unknown source with a exotic EOS,
Dark maftter: Unknown source with a normal EOS,

Usual matter: Known source with a normal EOS,

The dark matfer is required fo be enough stable,

dark and small inferacting, otherwise if must

have been detectfed by the recent observations.
However

Particle physics experiments reveal that neither

elementary particles found so far nor matfers

Elementary particles

What is dark maffer? --- it mast be a new elementary particle



What we know about dark matter

& What we know about DM v  Massive
v Stable
Observations > v Neutral
v Cold
v Abundant
& Mass range of a particle’ DM
g Particle dark matter J
: : : | : ; ; > GelV
1025 1070

de Broaglie length < dSph size Compton length > Schwarzschild radius
(A =2amv) (A =2am) (r=2m/M,?)

& Symmetry behind the DM stability ?

Stable SM particles > e (U(])gy symmetry), p (B symmetry), efc
Symmeftry for DM? > Accidental symmetry, Gauge symmefry, efc,



WIMP hypothesis

Dark matfer is a massive, stable and electrically neutral particle and
has a small (and non-gravitational) inferaction with ordinal matfers,
J
The reason why WIMP hypothesis attracts atfention is because dark
maftter candidates satisfying the hypothesis explain the dark matter
abundance (averaged mass density of the universe) very nafurally,
J
Let us see how the particle (satisfying WIMP hypothesis) behaves in
the early epoch of the universe, namely the fime-development of the
ratfio between the dark matfer density and the entfropy density,

Dark maftter is in the chemical equilibrium o

] . . ~, Boltzmann e'q.'t'ellllé"I
with usual matters due fo the inferaction, -

Due fo the expansion of the universe, the
dark matfer stops Keeping the equilibrium,
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The net dark matter number is then fixed, u‘”;‘
giving the abundance foday, If is matched | . X"m ]
w/ observation when mpy is 10-10006GeV. g 10




Electroweak symmetry breaking

Why electroweak symmetry is broken af 0(100)GeV?

The breaking is simply assumed in the standard model through the
negative HZ term, so that it can nof answer fo the above question

Smaller m, \

0 Smaller m,
EWSB! e
\ / \ /> o

N 1.610 --\‘h(GeV)
/ —103%(GeV?)

m, = 174.34GeV & m, = 126GeV

Since the Planck scale (about 10/9GeV) is regarded as a fundamental
energy scale in the quanfum field theory, the electroweak symmetry
breaking (the non-zero vacuum expectation value of the Higgs field)
seems fo be caused by some small breaking effect(s) In other words,
the symmefry is not broken af the 0 order approximation In fact

this philosophy is adopted in the baryon asymmefry of the universe,




Electroweak symmetry breaking

Why electroweak symmetry is broken af 0(100)GeV?

There was the very similar problem in the condensed matfer physics,
which is the so-called superconductor problem, and is already solved

Ginzburg-Landau theory > BCS theory ( Higoas' -= :ee:)

The important point is that fthe scale of new physics responsible for
the electroweak symmefry breaking is not necessarily fo be around
1006GeV. and if can be much higher than the electroweak scale

Applying the simple analogy fo the BCS theory (technicolor scenario,
one of the composite Higgs scenarios) unfortunately does not work

— SUSY scenario MPP scenario DS scenario ——

SUSY is broken af some | | EW symme#try is broken The EW scale is caused
hioh some high energy because of some special | | because of the classical
scale and it causes fhe boundary conditfion for conformal symmefry
EW symmetry breaking, the Higgs potential breaking at DS sector

It is worth remembering that both the EW scale and the mass of WIMP
are around 1006eV. so that the both seem fo have the same origin!//



F = c(r) X (charge)? /12

@- -@
quark quark

All inferactions interactions lead
fo the coulomb’ s-like force when
fwo particles are close each other

OM gives the r-dependence of ¢’

Supersymmetry. (SUSY)

Invariance under the replacement
between boson(s) and fermion(s)

Supersitring theory predicts it

SUSY allows us fo explain why EW
symmetry is broken (af 1006GeV)

SUSY allows us fo explain why EW
symmefry is broken (at 1006eV)
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WIMP is predicted fo be the lighfest supersymmetric particle, say LSP/



Natural SUSY scenario
SUSY b/’é’ﬂkiﬂgé EWSE (ﬂé'gﬂfiyé’ Iﬂz), B " Among various scalars, only :
N Higgs has a negative mass. 1

% :@\HQ + A H|*? LN d
which is called the radiative breaking,
<1019GeV [K. Inoue, et. al, PTP,1982]

SUSY is expected fo be dynamical one

Mass [GeV]

Why n? is 0(100)GeV?

Higgsino mass Heavy Higgs mass

Squark (Stop) mass Gluino mass
No fine-tuning

Small fine-tuning Large fine-tuning?

> Mass




Natursl SUSY scenario

Traditfional Natural SUSY scenario
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LHC is ruling out the scenario, Some difficulty exist in MSSM due fo m,,

Focus point SUSY scenario

m* = [ul* +m¥ + dm¥ |stopt OMy |ghuine +

|
3 Correlation > 0(100)6GeV in fotal

v' M is the supersymmefric mass ferm,
v' Other mass ferms are from SUSY
v LSP is predicted fo be the Higgsino/

1TeV+

[J. Feng, K. I\/IAatchev, T. Moroi, 2000]

Other Sparticles

ILC?
Higgsino

0.1TeV-




High-scale SUSY scenario

Pure gravity mediation model [\. \be, T. Yanagida, T. Moroi, S. M., 2006, 2012]

Moftivation: 4 _
v Simplest SUSY breaking framework IS @ Other Sparticles

v Suppressed Flavor-changing processes
v’ Consistent with the simplest cosmology,

v' Consistent with the ground unification,
v LSP (WIMP) is predicted fo be the wino/

The scenario predicts the Higgs mass fo be what we observed at LHC/

1TeV+ Gauginos

Higgs mass vs SUSY breaking mass gi‘e N—>288
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If SUSY is considered. Higgs mass observed af LHC fells us something---




High-scale SUSY scenario A oTTod

How the EW scale is obtained? It is usually expected fo be 0(100)TeV

J

Paradigm shift is required for the naturalness problem E g Multiverse
[Y. Nomura, 2011; Y. Nomura, S. Shirai, 2014; M. lbe, et al, 2015 in SUSY framework]

Taking the fact that a bias exists for (some o/) ph y.s'lca/ observables

@ We are living in one of the universes,
@ Each has different physical constants, &

@ We can live in the universe where the IS
EW symmetry is broken at 0(100)GeV

This idea is recently supported by String theory & E: fernal m//aﬂan

Let’s calculafe the conditional probability of Mg,e, w,/ the condifion 3)
v' Since SUSY is dynamically broken, P(Mgyq,) dMg gy o dMeycy/ Meyqy.
v' Since u is a complex-valued SUSY invariant mass, Pl djuf o [ dju/

v’ Hence, Pc(MSUSV): J P(nggy) P(/,Ll/) 5(#1/2 = Wgygy)z} d/,u/ e I/Mgugy.
v' Mgey is can be everywhere being consistent with 0(100)TeV SUSY/



Multivle. point principle (MPP) scenario

[C. Froggatt, H. Nielsen, 1996; H. Kawali, et. al. for recent studies]

180

== ‘Veﬁ (o)

jlnstablmy o o "_,»Mem;g{amliry.-*f

175

=

Pole top mass M, in GeV

170 o
i 1@/1/ '/_ j/ Stability -_
oz [Degra55| et aI 2012] et
msm - 120 s 130 135 OurV?cuum NeWV?cuum |¢|
Higgs mass M, in GeV M Planck

< 1018GeV

v' The EW scale is fixed by MPP. which
gives a non-trivial relation among T ST
the EW scale, Higgs and fop masses. — 2-loop (M=171.86265V)

v' With fixing (my, v) = (172, 246)6eV,
= 1296eV is predicted in the SM

v' If the contribution from the WIMP
(1riplet Majorans) is added, above s

prediction becomes my, = 1296eV, o
[Y. Hamada, K. Kawana, 2015]

sx 107 ny=3. M=125.09GeV, M,=2.8TeV

15.6 158 16.0 16.2 16.4 16.6



Multivle point princivle (MPP) scenario

What Kind of Physics can be behind the MPP?
O Field theory (SM)

O Canonical

/[dgp] e BH[#]
T

O Micro-canonical

[l siel - )

Sater — U nstable

Stable .
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N Water * vapor O More fundamental
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Jd*% o]z € F

v’ There may be a more fundamental description of partficle physics
than quantfum field theory, corresponding fo the micro-canonical
description (rather than canonical one) in sfatistical mechanics

v’ Degenerate vacula describes the co-existence of multiple phases

v’ From the guantum field theory viewpoint (infensive variable) co-
existence requires fine-+tuning while does not require the funing
from this more-fundamental description (extensive variable)



Dark sector (DS) scenario

DS = The secfor of articles not charged under SM gauge infteractions
< 102GeV

2|2
Standard model Eg. ¢"H

QCD-like dynamics

v' Considering a classical conformal field theory (the theory does nof
have any dimension-full paremefters) lef us assume that it has a
dark secfor involving a QCD-like (sfrongly inferacting) dynamics,

v QCD-like dynamics generates a mass dimension, giving the vev of
the scalar field ¢, and it leads fo the Higos quadratic coupling/

I Confinement A

. =

v' WIMP candidate is also provided which is eg a baryon in the hidden
sector Universal prediction in such a DS scenario is that the WIMP
Is always predicted fo be a singlef under the SM gauge inferactions

>




