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The Standard Model of Particle. Physics

The standard model (SM), which is
based on SU(3)xSU(2)xU(1) gauge
theory, is the most successful
model 1o describe physics of
elementary particles,

The gauge symmetries SU(2)xU(1)
are postulated 1o be broken down
to the Ugy(1) gauge symmetry.
(The breaking of EW gauge sym,)
The SM explains almost all results
experimentally performed so far.
Physics related 1o the EW
symmetry breaking, Higgs sector,
is not confirmed vyet,
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However, there are some problems that can not be explained in the SM.

Hierarchy problem, Neutrino mass problem, ---
Dark Matter problem, Dark Energy problem, ---




Hierarchy Problem

1. Higgs boson is the only scalar (spin Q) particle contained in the SM,
2. Mass of a scalar particle receives large quantum corrections,
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mhz il [ Tree level ] 4 [ Quantum ]
mass (m,2) Corrections
2 2 0
0(10% GeV) 0(10-2)A2
% where A is the cutoff scale of the SM, )

lFA=1TeV =103 GeV,

Higgs mass is obtained thorough m,2 = 0(102 GeV)Z + 0(102 GeV)Z,
If A=1PeV = 10°GeV,

Higgs mass is obtained thorough m,2 = 0(105 GeV)Z + 0(105 GeV)Z,

The cutoff scale A should be smaller than 1 TeV to

— naturally realize the higgs mass of 0(10%) GeV.




Dark Matter Problem

[ 1. The existence of dark matter has been
established by cosmological observations.

2. However, there is no candidate for dark e oy
matter in the standard model.

3. Dark matter is expected to be unknown

neutral, stable, and cold particle,
4. Current mass density of dark matter is

\_  about pyy ~ 1076 [GeV/em3], Bowoms | )
WIMP (Weakly interacting Massive Particle) hypothesis
[ Neutral & S-l-ableJ G The motion of the WIMP dark mater )
ey P F12 Mute donalfy s oradeled Yo b1
ppm ~ 10760 (mpy/ 1 TeV/g2)2[GeV / cm3]y

Boltzmann eq. \_

The new particle (dark matter) will be at the TeV

~ scale. > New physics at the TeV scale!
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New thsms bevon¢ +he Sfandard Model

]. Two Problems does not mean the failure of the Standard Model,
2. The Standard Model should be regarded as an effective field
theory describing physics below 100 GeV.
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Both two problems indicate +®
the ‘New Physics™ appears at

the ] TeV scale, and the "New
Physics™ will solve those.

Many scenarios for the ‘New
Physics™ have been proposed.

Supersymmetric Scenario
Little Higgs Scenario
Extra-dimension Scenario
Gauge Higgs Scenario

A




Supersymmetric scenario for the New Physics

Supersymmetry: a symmetry that relates particles of one spin 1o
(SUSY) ofher parﬁcles that diHer by half a uni'ml of spin,

SUSY scenario  |Extension of the SM[ New particles
with SM particles | are introduced

For example,

Standard particles SUSY particles
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1. SUSY scenario can solve hierarchy & dark matter problems
2. The simplest extension - Minimal Supersymmetric SM (MSSM).




Resolutions of Hierarchy & Dark Matter Problems:

/ - S N
7 Tree level Quantum Quantum
W [ ' ] ¥ 1 [Correcfionsj

mass (my?2) Corrections
) _ (SMInt) (New Int)
‘ ~ ~ ) ,
\_ Cancelled Y

No large quantum corrections in the SUSY scenario!

(, It is possible to impose the Z,-symmtry (R-parity) in the scenarD
2. SM particles are even, while SUSY ones are odd under the parity.

One SUSY particle > One SUSY particle + SM particles

K The Lighm‘esil SUSY par}icle is sfable! ‘ /

Good candidate for dark matter in the SUSY scenario!



Light Higgs Boson Scenario (LHS) of the MSSM
(1. We will focus on , R
2.  The MSSM scenario still has

3. Considering the Higgs sector D
\ 4. EW symmetry breaking > H*, A, &

' E' 2 _. I '.-_' E L - ; Y
( mi 3 + m ,,n_ 4 Aga —(miy +m%)sacs + Adu )

2 2 2.2,
—(m3 +m3)sgcs + Agu M3 czg +Mmyss + Ay

tan B = <H,9>/<H,9> & assuming tanp >> 1
'h\ [—sina cosa (Re H}'
H ) ~ \ cosa sin D) Re H ”)

If my >> m,, sin(a)~ 0 and h ~ Re HO
m fmy, ~ my; sin(a) ~n/2and h ~ Re HJ,

\_ J




Light Higgs Boson Scenario (LHS) of the MSSM
LEP bound on m, > 114.4 GeV

Usual case (m, >> m,) LHS case (mA ~ my)
h~H, h ~ g
(Ozzn)Mssm ™~ (gZZh) (9zzn)mssm << (9zzn)su

1. 'In this scenario, the mass of h can be lighter than 114.4 GeV,
2. 'Originally; this scenario has been proposed for the LEP anomaly,




Light Higgs Boson Scenario (LHS) of the MSSM

100 105 110 115 120

my(GeV/ cz)

(LEP has found the excess from expected background at m, = 98 GeV. )
1. -SM Higgs cannot explain the excess, because the number of the
excess events corresponds to about 10% of that predicted in SM,
\Z2. MSSM can explain this excess. if:the LHS is realized. £




Realiiaiion of .H\é.Lighf nggs Bosori Séénario '

with the model 10 explore the region realizing the LHS.
2. We have considered the NUHM (Non-universal Higgs Mass)
model, which can realize the LHS..In this model, GUT relation

(I, MSSM has many parameters, so that it is difficult 1o handle i

\_ - On gaugino masses is assumed. b
E (GeV)
A
GUT &5 S mo, mHu9 de, m'/z, AQ’ B, "l‘
~
Parameters
Through RGEs
F n,;'/ 2 Ao
anp, 4, m
1 TeV - Masses of SUSY particles, B M-
Higgs masses, v, tanp, ---




Reaiiié;‘ion of .H'mé'Lighf nggs Bosori Séénario '

Relic abundance of dark matter

BR(b — sv) (3.52 +£0.25) x 10~*
p-parameter (Ap) 0+ 0.0000

BR(B: — pop)

| MCMC Method
2.0 x 107 samples

ot my (m

Distribution of Samples

(1st and

Constraints on NUHM

(Dark Matter is the lighfesfx
neutralino composed mostly
of Bino, which-is the super-

@arfner of U(1) gauge bosog
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. about 10 44cm?,

SUmmarw& Dis‘cus_sions

The Standard Model is +he successful model to describe physics below +he i

ale of 0(100) GeV. However, there are some problems which can not been
lained in this framework, and the existence of Ne Physics: |s .

expected 1o solve these problems naturally. . '

Manyscenarios of the "New Physics have been prgposed so far, and

supers mmetric scenario is one of the mosiL aHrac ive scenarios,
WIMPs and Neutrons

scatter from the

In this talk, weihaveifoeused on the Light nggs Boson Scenario (LHS) of

the MSSM. where the scenario has noisbeen co ém ered carefully so far, I+
__is shown tha +he NU ’podel reallzcs ‘H\é L]—'I

pfedlcf'ﬂns of the LHS is-coming from dark matter
this madel, the- mass of the dark.matien is-expected to
and i#§ scatering cross section withca nueleen is

As a result; the dark matter in the LHS edirbeceasily
discovered at near future direct defecﬂon efperiments,

One of interest
phenomenology.
be about-100-GeV,

explored carefully,



