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What is the connection to 
DM and LHC

• In the big-bang senario DM must be produced at 
high energy collisions. LHC, pp collider at 14 TeV 
make a collision of particle at 1 TeV 

• Standard model has hierarchy problem. To solve 
this  the modification of gauge and top sector 
required.  

Observation of DM production at LHC 
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New Physics, Clue 
!W,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.
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Fine tuning in the Higgs sector 

Why Higgs vev is O(200) GeV??

mf  log Λ fermion mass 

Πµν = (gµνp
2
− pµpν)Π

gauge two point 
function

Others are reasonable 
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New Symmetry →New Particle 

• Need control on  the radiative correction to the 
Higgs sector 

• ideas 

• chiral symmetry (extended to boson sector) 

• global symmetry(little Higgs model) 

• gauge symmetry (gauge higgs unification) 

•  Or planck scale  is low ( Extra dimension model) 

• On the other hand< we see no effect of BSM in 
radiative correction 

φ

mf  log Λ

δL =
(h†Dµh)2

Λ2
Λ > 5TeV
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Classic Solution:Supersymmetry 

• exchange  boson and fermion. 

• sfermions(0), gaugino(1/2), higgsinos(1/2)

• SUSY  change “dimension” (1 for boson 3/2 for 
fermion),  relate mass and couplings 

• chiral symmetry is extended to boson sector. No 
new demension less coupling and  no quadratic 
divergence 

• R parity conservation. New stable particle→ DM 
candidate. 

ΦWW =
1

g2
FµνFµν + Mg̃g̃Φ =

1

g2
+ Mθ2

λψLψRH → λφLψRH̃ + λψLφRH̃

φ ↔ ψ
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matter content of MSSM   
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R parity, SUSY relation
• R parity conservation 

• SUSY particles will be pair 
produced. 

• SUSY particles decay into SUSY 
particles  

• There are no new dimension 
less couplings 

• gaugino interaction  is gauge 
coupling 

• Higgsino matter interaction is 
yukawa coupling 

W fL

fL

W̃

fL

f̃L

g

g

Y 

Y

Y
Higgino-gaugino mix

sfermion left night also 
mix due to sclar 4 point 

couplings 
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Should we only consider SUSY
Dynamical symmetry breaking ?

• Technicolor→ Little Higgs model 

• Higgs boson is goldstone boson of a large  symmetry. SU(5)→SO(5)   

• Gauge symmetry: SU(2)1xSU(2)2xU(1)1xU(1)2  

• quadratic correction to  Higgs sector starts from 2 loop 

• top sector must be extended (extra top quark). afterall  top-higgs coupling 
is the source of fine tuning.  

• However  it is rather  difficult to make simple Little Higgs model  and LEP 
data consistent .

(g1, g2, g
′

1, g
′

2)

t̃, t̃′
χ = (b3, t3, t̃)
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LEP Anchor 

• Various v2/f2 corrections. proportional 
to the coupling difference, Δg=g1-g2

• M2(WH)=(g12+g22) f2/4~(gf/2)2>2.7TeV 

• f>4TeV m(t’)>7TeV, (Hewett et al JHEP, 
2003) Fine turning is reintroduced

difficulty comes from tree level  Heavy-Light mixing 
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2
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Figure 1: The region of parameters excluded to 68%, 95%, and 99% C.L. is shown as a
function of c′. The parameter c was allowed to vary between 0.1 < c < 0.995 for each c′ to
give the least restrictive bound on f . (See also Fig. 2.)

triplet VEV to zero. This not only makes the analysis and interpretation simpler it also
contains the essential physics that constrains generic little Higgs models. We performed a
three parameter global fit (as described in [25]) to the 21 precision electroweak observables
given in Table 1. The best fit was found to be for c ! 1, c′ ! 0.32, and f ≈ 8.9 TeV, with
a χ2 per degree of freedom (21 − 3 = 18):

χ2
best

(d. of f.)
! 1.54 (5.1)

that is slightly worse than the fit to the SM,

χ2
SM

(d. of f.)
! 1.38 . (5.2)

First consider the region of parameters relevant to the model. To ensure the high energy
gauge couplings g1,2, g′

1,2 are not strongly coupled, the angles c = g/g2, s = g/g1 c′ = g′/g′
2,

s′ = g′/g′
1 cannot be too small. We conservatively allow for c, s, c′, s′ > 0.1, or equivalently

0.1 < c, c′ < 0.995. We allow f to take on any value (although for small enough f there
will be constraints from direct production of BH). The general procedure we used is to
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Csaki et al hep-ph/0211124 
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Little Higgs with T-parity

• gauge groups and matter contents respect T 
parity.  SU(2)1⇄SU(2)2 U(1)1⇄U(1)2

•  T-odd matters are introduced. Looks like 
SUSY without gluino 

• LEP constraint is weaker.

• Heavy gauge bosons and triplet higgs 
boson live in T-odd sector. No tree 
level mixing  

• Need more attempts to construct a model including 
symmetry breaking sector.  ( cf. the study of SUSY 
breaking sector. ) 

•  UED has similar nature. 
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Figure 9: Exclusion contours in terms of the parameter R = λ1/λ2 and the symmetry
breaking scale f . The contribution of the T-odd fermions to the T parameter is included
assuming that it has the maximal size consistent with the constraint from four-fermi inter-
actions, Eq. (3.41). From lightest to darkest, the contours correspond to the 95, 99, and
99.9 confidence level exclusion.

5 Conclusions

In this paper we have calculated the dominant corrections to the precision electroweak
observables at the one-loop level in the Littlest Higgs model with T parity [11]. We per-
formed a global fit to the precision electroweak observables and found that a large part
of the model parameter space is consistent with data. In particular, a consistent fit can
be obtained for values of the nlσm symmetry breaking scale f as low as 500 GeV. Fur-
thermore, we found that the LH model can fit the data for values of the Higgs mass far
in excess of the SM upper bound, due to the possibility of a partial cancellation between
the contributions to the T parameter from Higgs loops and new physics. Combining our
results with those of Ref. [13], we found that there are regions of parameter space allowed
by precision electroweak constraints where the lightest T-odd particle can account for all
of the observed dark matter.

We have argued that the corrections to low energy observables in the LH model are
dominated by the top sector, and our analysis was primarily focused on those contribu-
tions. It would be interesting to perform a more detailed analysis of the effects from the
gauge and scalar sectors; however, we do not expect these effects to substantially modify
our conclusions. The analysis of the T-odd fermion sector in this paper relied on rather
restrictive simplifying assumptions: in particular, the Yukawa couplings in the T-odd sector
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Hubisz et al 0411264
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The Lesson is ......

• LEP constraint (small radiative correction) 

• New Physics scale Λ is high, suggesting fine tuning. 

• Need symmetry to cancel divergence  

• top partner → top must be involved in the 
symmetry. 

•  “DM” and “radiative correction”→parity 
structure

LHC signature:strongly interacting particle decay into  DM
(and flavor sector involving b quark.....) 
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Supersymmetry and DM 
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SUSY mass spectrum 

Yukawa  interaction 
mass difference among  
generations , Effects on 
generation mixing  of SUSY 
particles 

Radiative correction due to the gauge 
interactions. Strongly interacting particles are heavy 
weakly interaction particles are light. 

Common scalar mass m0
common gaugino mass M1/2
at Unification scale. 

 
Low energy mass 
spectrum of SUSY 

particles

 working assumption 
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Radiative　Symmetry Breaking
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Messenger sector
M 

MSSM sector
M(SUSY)=F/M

Gravitino mass by
Superhiggs

Mechanism F/Mｐｌ

Really Hidden
 sector

F0 

massless goldstino

gravitino-matter interaction 
model independent 

model dependent path  

or F0/Mｐｌ

model independent path

Hidden sector 
F

Supersymmetry-a picture 

Anomaly 
Mediation

SUGRA or Gauge Mediation 

KKLT 
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SUSY breaking scenarios and          
mass spectrum 

• Low energy phenomenology  is not the end of 
the story .

• Hidden sector break supersymmety.  “flavor 
and CP” problem 

• gravity mediation, gauge mediation, anomaly 
mediation(string inspired mixed cases) , “geometric 
separation”

• Problems ( why alternatives are searched for) 

• Light higgs boson  (hope and/or worry) little hierarchy 

• DM constraints 

• gravitino, string moduli.....

Rich Field! 
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DM candidate in SUSY 
neutralino LSP
a neutralino is a mixture of  gauginos and Higgsinos 
Ω(th)h2~0.1⇄ light slepton,  Higgs exchange, or gaugino-
higgsino mixing , light connihilation.  
gravitino LSP
no prediction on the density. 
direct detection is not possible
need additional trick to explain cosmic ray anomaly. (for 
example R parity violation --later  ) 

sneutrino essentially excluded
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But in general, it is good to have 
a DM candidate in the model 
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The nature of the Lightest Neutralino 

H

WM =









M1 0 −mZsW cβ mZsW sβ

0 M2 mZcW cβ −mZcW sβ

0 −µ
−µ 0









B̃

W̃

H̃1

H̃2

Neutralino mass matrix

M1 ! µ σv ∝ m2

χ̃/m4

l̃

M1 ! µ σv ∝ 1/m2

χ̃

M1 ∼ µ σv ∝ m2

χ̃/(4m2

χ − m2

H)2
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1)bulk: LSP is Bino like.
Slepton exchanges fix the density 。

DM density  constraint is important in  
“MSUGRA” 

Gaugino mass

S
ca

la
r m

as
s

hep-ph/0106204

Ωh2
∝ m4

l̃
/m2

χ̃

τ̃ χ̃

2)Higgs pole effects   mH=2mχ

3)coannihilation region  

4)focus point region:
     higgsino-gaugino mixing  

too large mass density 
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Target at LHC 

•finding LSP 

•measure gaugino and chargino masses to fix 
M1, M2, μ, tanβ

•stau masses. 

•measure HIggs mass (especially heavy ones ) 

•gravitino? (if I have a time) 
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