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High Energy Physics 2006 
 

• Some remarkable developments 
-        Theory 
-        Experiment 

 
What have we learned and what are we going to learn 
 

  On Theory Side: 
                             Progress in “practical theory/model” 
 

- Impressive list in the Standard Model results 
- Crucial beyond the Standard Model calculations 

 
  On Experimental Level: 

- LEP2     
- Tevatron 

                                               LHC (Sept. 1st 2007 start & 2008 first results) 
                                                                   ILC (venue (?), phys. ideas (a lot)) 
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In the Standard Model

• Fundamental symmetries:

– Are there more symmetries beyond SU(3)C ⊗ SU(2)L ⊗ U(1)Y?
GUTs with larger symmetry group?  

• ElectroWeak Symmetry Breaking (EWSB):
solution: Higgs boson or other new particles with mass < 1 TeV

– If Higgs hierarchy problem: fine tuning in rad corr to Higgs mass
solution: new physics at TeV scale (SUSY, Little Higgs, etc…)

– If NO Higgs
solution: new interactions (Top-color, etc…)

C.Hill, E.Simmons

• Quark and lepton generations:

– Why are there 3 generations? Fermions composite? 

– Is there a lepto(n)-quark symmetry?

– More than 3 generations of quarks & leptons?



G.A. Kozlov  Fermilab-12/14/2006 4

EWSB:  Little Higgs

• Models with Higgs as pseudo-Goldstone boson from a broken 
global symmetry  (SU(5) in “littlest Higgs model”)

– Extra Q=2/3 heavy quark (T) and heavy gauge bosons (AH, WH, ZH)

– Quadratic divergences cancel top and VB divergences to Higgs mass

• Production: via QCD (gg Top Top, qq Top Top)
via W exchange (qb q’ T)  dominant for MT > 700 GeV

• Decays:  T t Z, T t H, T b W

– cleanest is T t Z b l ν l+ l-

main bkg is tbZ
5σ signal up to ~1.0-1.4 TeV

– T t H b l ν b b   < 5σ

– T b W b l ν
main bkg is t t
5σ signal up to ~2.0-2.5 TeV

SN-ATLAS-2004-038

M = 1 TeV
300 fb-1

bkg
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WHAT ONE CAN PRETEND ON 

                        
GUT ( 6E ) 

 
                           Golden triangle 

                                                                          Minimal Triangle Union 
 
                                        Higgs  
 
 
 
 
                           LHC 
  (Heavy) quarks                          Gauge Bosons                                                 KGA (’02-’05)   
 

• Discovery 
• Spectra ...   ,   ,   ,  , ± ′′±′ ′′′ WZWZ  
• Origin (SO(10), 6E , …) 
• Couplings:  AVZ ggg ′′′     , ,  
• Zg ′ universality 
• Prediction higgst mm    ,~  
• Little Higgs, Twin Higgs (?) 
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Heavy Gauge Bosons

• Many extensions of the SM rely on larger symmetry groups 
(GUTs, string-inspired, little Higgs models, etc…) 

predict existence of new gauge bosons W’ and Z’

• Production:  s-channel

• Clean decay channels:
W’ e νe or μ νμ
Z’ e+e- or μ+μ-

• Tevatron searches:  M up to ~1 TeV

• Z’ models considered:

– Sequential SM (SSM) with same Z’
couplings to fermions as for Z

– Models based on different patterns
of E6 symmetry breaking (ψ, χ and η)

, ,u d s

, , 'Z Zγ

, ,u d s

e −

e +
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Search for Z ′ at the Tevatron 
 
 
                                                  −+→′ eeZ  
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New coming Experiments 
 
• Not only discover NEW particles 
            predicted by modern models/theories 
 
                            but also 
 
• Do measuring their couplings 

 
                          ⇓ 
 
           Structure of Nature 
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Heavy Gauge Bosons:  Z’

• Selection: pairs of isolated e or μ

• Bkg: dominated by dileptons from Drell-Yan

• 5σ discovery up to ~5 TeV  (model dependent)

for both ATLAS and CMS CMS PTDR Z’ ee (SSM) 30 fb-1

SSM Z’ ee M = 1 TeV M = 5 TeV

N signal 72020 0.58

N bkg 85.5 0.025

Significance 225 1.63

CMS PTDR
2006

Z’ ee

Luminosity
needed for
5σ signal

bkg

Expt Issues:
- electronics saturation
for high E e§ at CMS
M(Z’) > 3 TeV correct 

- muon bremsstrahlung
isolation with tracks
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Heavy Gauge Bosons:  W’

• Selection:  one-muon event with track isolation around mu
+ missing transverse energy

• Background: mostly W μ ν

CMS PTDR 2006
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                          Top-quark physics & ±±′′ HAHWZ  , , , , 0  
 
 
  Our statement: 
  - Lepton flavor violation processes in top-quark physics are rather dependent   
on effects of new physics (NP) due to additional heavy gauge bosons ±′′ WZ  , , 
CP-even ( Hh  , ) and CP-odd ( 0A ) neutral and charged ( ±H ) Higgs particles. 
 

- To study new effects due to extra gauge bosons and Higgs particles we will 
concentrate on physics at energy scales Zm>Λ . The interference effects in 
neutral channels ( 0 ,  , , , AHh,ZZ ′γ ) and in charged ones ( ±′WW  , ) should be 
included. 
 
- The Tevatron  RunII ⇒  able to reach energy region where   
    ±±′′ HAHh,WZ  , ,   , , 0   NP effects can be important 
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Lepton-flavor universality 
 

                                                                             
e universalityμτ −

 

                                                     
3

( ) ,        , ,
6 2

F W
l

G mW l l eν μ τ
π

Γ → = =  

While  violation in pp  
 
             

W ,  

(1)      UA(2)
le W

UA
μν μν→ →
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Where is the origin of Z ′ ? 
 

• Minimal Extension of the SM 
                                                          

6
E SUSY ?! 

6
E - Fermions and Extra Gauge Boson(s) 
- Low Energy 

6
E - Superstring 

   5

6

: (3) (2) (1) (1)
: (3) (2) (1) (1) (1)

c L Y

c L Y

G SU SU U U
G SU SU U U U

χψ

′× × ×

× × × ×
 

 
- Abelian Z ′ Embedding in 

6
E : 

               Breaking Pattern      
 

6 (10) (1) (5) (1) (1)
(5) (3) (2) (1)c L Y

E SO U SU U U
SU SU SU U

ψ χ ψ⊃ × ⊃ × ×

⊃ × ×
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Extended SU(N) & Z ′ 
• Not Question: Where is Higgs? 
                             Yield Question: Why HIGGS & TOP Are So Heavy? 
                                                    Connection ⇓ 
New Extra Gauge Bosons: ,  ,...,  ,  ,...Z Z W W′± ±′′′ ′′ ?! 
 
- Tool: New  Gauge Interactions 
                           Third Generation Quarks                  Hill, Chivukula, Simmons  

Sample: Extension of 3 1,2( ) ( ) ( )dSU N SU N SU N→ ×       Terning, Cohen               

                                                  ⇓ Spontaneous Symmetry Breaking 
Set of Massive SU(N) Gauge Bosons G 
                                                  ⇓ Couplings 
                                    1 2 3,   ,   g g g  Different Strenghts 
Low lying Neutral Sector :G Z ′ 
 
Low lying Charged Sector :G W ′±  
 
Lower bound 850   ZM GeV tt′ ≥ -Channel CDF                ICHEP’06 Moscow 
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Why we need Z ′? 
 
• Save the lower bound on lightest Higgs  h 
• And give an upper limit 

 
 MSSM:      For tan ( / ) 1up downv vβ = >  
                                                 
 
                             2 2 2cos 2h Z hm m β δ< +  
 
       hδ ⇒ Rising hm  as increase both topm  and Zg ′ ! 
 

   

1 2

4
2 2 2 2 2

2 12 2 2

3~ log 2 ( cos sin )
2

                                                  
                                        185  

t ttop
h Z

top

h

m mm
g v Q Q

v m

m GeV

δ β β
π ′

⋅
+ +

⇓
<
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Gauge bosons eigenstates 

                                              NP weak interactions: (2) (2)h lSU SU×  
 

2/) (   ,  2/) (

 cos sin

 sin cos

 cos sin

 sin) sin (coscos

 cos) sin (cossin

2121

2

1

332

331

33

μμμμμμ

μμμ

μμμ

μμμ

μμμμ

μμμμ

φφ

φφ

φφ

θφφθ

θφφθ

lllhhh

lh

lh

lh

lh

lh

WiWWWiWW

WWW

WWW

WWZ

XWWZ

XWWA

±=±=

+−=

+=

+−=

−+=

−+=

±±

±±±

±±±

 

Mixing angle φ : occasioned by (2) (2)l hSU SU⊗  
             Extended covariant derivative 
                              separation in standard and non-standard contributions 

2
1 3 2 3 3

1 2

(  sin )  ( sin  cos  )
cos

         ( ) (cot  tan  ) 

h h l l

h l l h

gD i Z T Q i Z g T g T

ig T T W ig T T W

μ μ μ μ

μ

θ φ φ
θ

φ φ± ± ± ± ± ±

= ∂ − − − − + −

− + − −
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Effective q-l Contact Interactions & 
                                        Experimental Data 

2 2
0 12 2

2

2

2
2 2

: ,

1 1( )( ) ( )( )

( )( )

1 1( ) ( ) ( )

( ,  ,  ,  ),   ( , )
  -    

L L L L L a L L a L
LL LL

e
R R L L

LR

L L R R q R R
q u dLR RR

L L L

ij

g E E Q Q g E E Q Q

g e e Q QL

E E e e g q q

E e Q up down
Scales of Ne

μ μ
μ μ

μ
μ

μ
μ μ

γ γ γ τ γ τ

γ γ

γ γ γ

ν μ τ

⎡ ⎤+⎢ ⎥Λ Λ
⎢ ⎥
⎢ ⎥

+ +⊃ ⎢ ⎥Λ⎢ ⎥
⎢ ⎥⎡ ⎤

+ ×⎢ ⎥⎢ ⎥Λ Λ⎣ ⎦⎣ ⎦

= =
Λ

∑

  ( )w Physics NP

 

( )EXPΛ→Λ  Have to be determined from the Experiment  
Where is Z ′? Z ′ Embedding: 

22

2
, ,

cot ,   cot /(2sin )
2 L L Z

e qZ

gL l l q q M
M

μ
μ

μ τ

φ γ γ α φ θ′
′

⎛ ⎞⎛ ⎞⎛ ⎞⊃ Λ⎜ ⎟⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

∑ ∑ ∼  
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Extended Weak Interactions: Higgs & New Gauge Bosons 
--------Higgs Mass Sum Rules------- 

 

      MSSM:    
2 2
h A ZZ t

Z H
Z H

m MM M
M M

δ ′
′

′

− + − Δ
= +

+           GAK, T. Morii 

                                                                                                                                   Phys. Lett. B (2002) 
3

2
1 2 2

23
2

cos sin1
cos

,  ,  1
cos sin 1

cos
                                                                         

ZZ Z Z

ZZ x uM m x
ZZ v

x

φ φ
φ

δ
φ φ
φ

′ ′

⎛ ⎞−
⎜ ⎟⎛ ⎞⎛ ⎞ ⎜ ⎟≅ = − = >⎜ ⎟⎜ ⎟′ ⎜ ⎟⎝ ⎠ ⎝ ⎠
⎜ ⎟
⎝ ⎠

 

(2) (2) (1)

                 
       (2) (1)

                  
                (1)

h l Y

L Y

em

SU SU U

u
SU U

v
U

× ×

↓
×

↓

22

2
: , ,

cot
2 L L L L

l e qZ

gL l l q q
M

μ
μ

μ τ

φ γ γ
′

⎛ ⎞⎛ ⎞⎛ ⎞⊃ ⎜ ⎟⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

∑ ∑  
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What one can estimate? 
• Lower bound on hm  
• Upper limit on tm  

 
1-loop SUSY top-quark correction: 
 
                                                          

1 2

221/ 2 2
2

2

 log  (0.01 )
4 sin

t tc t
t

w t

m mN g m O TeV
m mπ β

⎛ ⎞⎛ ⎞
Δ = <⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠
 

• NP breaking scale  ,     246u xv v GeV= =  
 

1/ 2
exp cot /(2sin )

3.7 ,    95% . .
.,   

4.1 ,    95% .

Z

CDF

M

TeV e e channel C L
ex

TeV channel C L

α φ θ

μ μ

′

+ −

+ −

Λ

⎧
Λ > ⎨

⎩

∼
 

(2) (2) (1)

                 
       (2) (1)

                  
                (1)

h l Y

L Y

em

SU SU U

u
SU U

v
U

× ×

↓
×

↓
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Upper Limit on 
1 2

( )t tm m⋅  
 

• Decoupling Regime:                                                                     GAK, T. Morii 
2 2 2 2 2sin (2 ) ,   
    tan cot ,   

H A Z

A Z

M M m
CP even mixing angle M m

β μ
α β

≅ + +
→ −

                        Phys. Rev. D (2003)  

 
( ) ( )( )

( )
( )

2 2 2 2

2 2 2 2 1/ 2

 (1 sin 2 )

, /(cos sin )

cot 2 /(2sin )

( sin 2 )

H h Zt

W

H A Z

m B M B f C m m

B B x m x

f f

M M m

β μ

φ φ φ

φ φ θ

β μ

∗

∗

Δ < + − + − − +

≡ =

≡ =

= + +

 

 
• Minimal value of expΛ  is awaiting from Tevatron/LHC data analysis 

exp expC C≡ < Λ
 



G.A. Kozlov  Fermilab-12/14/2006 22

Dilepton Poduction 
 

• Beyond the SM Lagrangian Density 
• Summation over the flavor indices ,α β   

, 2 2
,

1( ) ( ) . .NP i l j qL c l l q q h c
q m

α β
α β

α β

= Γ Γ +
− +∑  

5 51,  ,  ,  μ
μγ γ γ γΓ =  

,cα β constants are more weak than the strong effective couplings 
2

, 4 (1)sc g Oα β π< ∼  
• New Physics (NP) associated with ( )i jl l  flavor violation below NP scale 
 
• 2 2 1/ 2( )NP q m mΛ > − + ∼  at 2 2q m  

4               2
( )                  
           

D D D
SM hidden NP

symmetry

= ↔ = +

 

• NPΛ  is associated with the mass of new  bosons as well 
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NP ideas 
 
SM:        1/ 2s =       matter fields 
               1s =            gauge (forces) 
 
Scalars :          neither matter nor force (just hidden) 
 
NP gauge:      neither matter  … but force ? 
 
NP SM:          scalars & extra gauge 
                                   ⇓  
                               origin ?  
 
NP forces:      mediated by scalars & gauge 
 
Scalars -                     fundamental 
                                                                   ⇒  ever discovered 
Extra gauge -             new force 
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 “Small” and “Large” systems 
 

• Stat. mech. & stochastic processes                                           Krylov & 
                                                                                                                                                 N.Bogolyubov  (1939) 
                                   Weak action 
                  “Small”            ←            “Large” 
                                    Stochastic  
  
                   Even interplay between systems 
                                             ⇓  
                     Random fields,  SUSY, +  2 dim                                                    Parisi & Sourlas (1979) 
 
Idea:                    SM             0Λ                                  d = D-2 

                            BSM           2−Λ                               d = D         
 

 
                                                                              New forces 
                                                                               Stochastic fields 

                                                                         Under ( )s x  

SM

BSM
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• Scalar case:     ( )  ( , )sx xφ φ τ→    Stochastic field 
 

        
[ ]( , )

( , ) ( ),     ( ) ( )
( , )

J x
x s x s x s x P

xτ

δ φ τ
μ φ τ

δφ τ
∂ = − + = +  

                                  stochastic operator 
 
    #    Bose - particle correlations with stochastic forces                                   GAK (’98-‘05) 
 
     ( )s x  carries random stochastic history of  “Large” system 
 
    2 2

 ( ) ( ) ~  exp( ),     ( )chs x s y c z z x yμ μ− Λ = −  
 
• Both  c  and chΛ  define influence of (quantum) noise on SM interactions 

 
• SM feels an action of  “Large” system 
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Model 
 

[ ]( , )
 ( , ) ( ),     ( ) ( )

( , )
J x

x s x s x s x P
xτ

δ φ τ
μ φ τ

δφ τ
∂ = − + = +  

 

        2 2 41 1 1( ) ~ ( ) ( ) ( ) ( )
2 2 4

L x x m x xφ φ φ φ λφ− − +  

 

                                                                ( )2 2 ( ) ( )m x s xτλφ μ φ⎡ ⎤+ − + ∂ = −⎣ ⎦  

 
      Energy averaged over random s : 
  

                                                        4 2ˆ( ) |  ( )exp  ( )s s
E E s Ds E s d x s xφ ⎡ ⎤= = −⎣ ⎦∫ ∫  

 

{ }4ˆ ( ) ln  exp ( )  ( ) ( )E s D J x d x s x xφ φ⎡ ⎤= − +⎣ ⎦∫ ∫  

 

Two-point Green’s Function:   4 2~  ( ) (0)exp  ( )sG Ds x d x s xφ φ ⎡ ⎤−⎣ ⎦∫ ∫  
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Green’s function level 
 

   Stochastic Eq.  

                                          ( )2 2 ( ) ( )m x s xτλφ μ φ⎡ ⎤+ − + ∂ = −⎣ ⎦  

 
 may provide  us with different framework to study the properties of scalar field theory. 
 

     equivalence                           
                  

                2
sG G

d D d D
φ

= = −
 

 
in terms of  superfield   ( ), ( ) ( ) ( )x x x xϕ ϑ φ ϑψ ψ ϑ ϑϑω= + + +  
 
                                

( ) ( )2 2 2 2 2,   , ,   0

                

D D
j jd x F Y x x d x d F Y x xϑ ϑϑ ϑ ϑ ϑϑ ϑϑ− = + = = + =

↓
∫ ∫  

                  D-2 dim. vectors                                                                                           Parisi & Sourlas      
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Effective Lagrangian 

±+
Λ

+=
−≥ Η

(n)
jn

(n)
j

jnSMeff LΟ
α

ΣΣLL 45
 

 

( )

v  246  ( )
~ 1 10  expected)

     

6  4- fermion interplay  Z'                 
8 4-fermion interplay  Higgs Z'

n
j

GeV decoupling scenario
TeV (

Both and parameterize effects of  NP (beyond the SM)

n
n

α

•Λ > =
•Λ −

• Λ

= ⇒ +
= ⇒ + +

: , ,

exp

( ) ( ) ( ) ... : , ,
( )( )  ( ) ( ),

( ) 1

tot

q d s b

tot

t qW t H b t q q d s b
t bWt q t qW t H b

C
t bWif R C C

μτ

μτ

+

+

∗Γ = Γ → +Γ → +Γ → +

Γ →
Γ → < − Σ Γ → −Γ →

Γ →
= > = <

Γ
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n=6 & n=8 effective operators 
 

(6)

(6) (6)
2, ,

, ' '(8) ' '
4', ', ,

, ' ' ' '
4

n 6      (   ) (   )

 . .

 n 8  (Higgs sector included)

 (    )(  '  )

 (    )(  '  

j j j

j

jj

j

l j R l j R

j

l j R R

O q q

L O h c

L L l q q

L l q

αβ

αβ α β

αβ

α β

αβ α β α β α β

α β α β

αβ α β α β β

μ τ

α

α
φ φ

α
φ φ +

= = Γ Γ

Δ = Σ +
Λ

=

⎡
Δ = Σ Γ Γ⎢ Λ⎣

+ Γ Γ
Λ

2
(8)

54

 ) . .

(   )(   ),   1,        ( ?)

j l

j
j j j

q h c

q q Higgs

α

α β
αβαβ

φ α μ τ γ

⎤
+ ⎥

⎦
< >

⇒ Σ Γ Γ Γ =
Λ
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H ±
 Importance 

 
  ( ),   lt H b t H b H lν+ − ±→ → →  

 
• Eff. Couplings  tH b± : 

                                                     ( )tan  cot  
2 b L t R

W

g m P m P
m

β β+  

• Eff. Couplings lH lν± : 

                                                     tan  
2 l L

W

g m P
m

β  

Significant for either large and small tan β  
 
Large tan β   ⇒   lH lν± →    more preferable than that of  
                                                                H cs± →  or    H t b W b b± ∗→ →  
 
A reduced rate in et H b e bν+ +→ → ⇒  signal the presence of H ±  itself 
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Intermediate Higgs 
 

 ( )   ,      , ;    i jH W S Ps W l l S h H Ps A± ± ± − +→ → = =  
 

               

( )( )22 2 2

2 2 2

2 2 2 2 2 2

1

1~ 1 ln
2 sin 2

A WH

c t b

A W t

m m m

N m m M
v m m m

ξ

ξ
π β

± = + +

⎛ ⎞ ⎛ ⎞
+⎜ ⎟ ⎜ ⎟+⎝ ⎠ ⎝ ⎠
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                                   Extended SU(2)       
      

GeVGeV
vutb

UUSUUSUSU emYhlYhl

 246                     ?               ... , ,              
                                                 ... , ,              

)1()1()2()1()2()2(

τντ

→×→×× +

 

 
 

• Breakdown scales 

   u: composite scalar matrix field abbaaa Tri δτττπσ
2
1)(      ,  =+=Σ  

   v : ⎟
⎠

⎞
⎜
⎝

⎛
=><

2/
0

  
v

φ  

 

•   Z ′-boson origin and mixing angle ZZ ′− :       ⎟
⎠

⎞
⎜
⎝

⎛
′

⎟
⎠

⎞
⎜
⎝

⎛
−

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Z
Z

Z
Z

 
cossin
sincos

2

1

ξξ
ξξ

 

 
YL USUUSOE )1()2(SU(3)SU(5)  ,U(1)SU(5)SO(10)  ,)1()10( c6 ××⊃×⊃×⊃ χψ  

 
Mixing angle: 2-105  || 0 ×<< ξ  
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Mixing ZZ ′−  
• Minimal Scheme 

                                    ⎟
⎠

⎞
⎜
⎝

⎛
′

⎟
⎠

⎞
⎜
⎝

⎛
−

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Z
Z

Z
Z

ξξ
ξξ

cossin
sincos

2

1
 

                                                                      ?−↓ξ      important ! 

2

1

2

1

0221

21

22

22

ZZ

ZZ

ZZ
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MM

mm

mM
mm

−
↓

↵≠−+Δ≈

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
−

=

′

−
′

                   
                         

         ,M              

arctan

MZ

/

ξξ

ξ
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• Top-quark contribution (1-loop) 
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• ρ -Mixing effect 
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• Upper limit on ξ                                                   GAK, Phys.Rev. D (2005) 
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Experimental limits and window for ξ  
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• 

2ZZM MM −=Δ ′  Does not contribute to ξ  ! 
 
Finally: 21050 −×<< ξ  at  10500 −=<< mixρδδ    ,.    GAK, Phys.Rev.D (2005) 
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                                                   Gauge couplings sum 
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                      One-loop effect in μτqt →  
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                                              SM decay leptonsbt +→  
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           NP scale Λ  lower bound  
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         Result 
 
The lower bounds on NP ( 0 , , AHZ ′ ) scales 
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τ μ
• Higgs mediated model predicts a process …
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In the case of Higgs mediated model,                        MSher

τ μη decay may be observed earlier than τ μγ.

PRD 66, 057301 (2002).
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Impact on SUSY of τ μ+η
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                            Short comments 
 
 - Different rate production e::μτ  

     

   
         
              
              

t q e
q e
q q

μ

τ

μ τ μ μ μ μ

+ −

+ −

+ − + − − +

→

→
 

- Particularly sensitive probe in flavor physics at small tan β  scenario 
- NP signature: an excess in ji ll   production 
- LHC: either find new effects or constrain parameters of the model 
- Large ⇒φ2sin  NP effects to heavy fermions and heavy gauge bosons    
   will be large. 
- The effect of NP to di-lepton pair production does not significantly  

depend on the angle ⇒φ  model constrain. 
- ZAH ′ , , 0  contribution can produce an excess in the production rate of   

⇒ji ll   cannot be mistaken at the LHC  
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INSTEAD OF CONCLUSION 
 

• No convincing sign of New Physics with ±′′ WZ   ,  yet 
 
• Tevatron started Run IIB expects 4-8 fb^-1 by 2009, still some new results may

come 
 
• We are all waiting eagerly for start and first Beyond the Standard Model New

Physics results from LHC 
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