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Two phases 
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Angular	
  correla,on	
  in	
  Z’	
  to	
  ZZ	
  
With Low and Shu, 
 arXiv:0806.2864 
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Amplitudes 
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Many cross terms cancel in the sum of above four terms. They become
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With a simple trigonometry algebra, we have
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Combining all eight channels, we get
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All above calculations assume that M(0,±) = M(∓, 0) from only the f5 contribution.
However, their relation is parameterized by a phase δ with both f4 and f5 contributions,

M(+ → +0)

M(+ → 0−)
= e2iδ =

−f5β + if4

−f5β − if4

,

M(− → −0)
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f5β + if4
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.

Then all steps still carry through with a simple substitution φ → φ + 2δ.
The normalized distribution is

8πdN

Nd cos θd cos θ′dφ
=

9

8

[

1 − cos2 θ cos2 θ′ − cos θ cos θ′ sin θ′ sin θ cos(φ + 2δ)

+
(g2

L − g2
R)2

(g2
L + g2

R)2
sin θ sin θ′ cos(φ + 2δ)

]

If we integrate both polar angles θ and θ′, the φ dependence is highly suppressed by
the approximate relation gL ≈ −gR for leptons. The reason comes from the partial Ĉ
symmetry as discussed in the paper by Chang, Keung, and Pal. However, the differential
distribution clearly shows the φ dependence and it can determine E and D contributions.

If we only integrate polar angles cos θ cos θ′ > 0 or < 0, then

2πdN(cos θ cos θ′ >
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=
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[
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The relative amplitude of angular oscillation is of the size 1

8
which seems measurable

with enough statistics.
Above analysis only applies to purely leptonic pairs. For a bigger sample of semilep-

tonic combination, Z(k1) → ℓℓ̄ and Z(k2) → qq̄. The couplings are more involved. One
can show that the angular distribution is of the form,
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Universal Angular dependence 
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Amp. Squared sum 
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Ang.	
  Integrated	
  Oscilla,on	
  

if	
  we	
  require	
  the	
  	
  	
  

we	
  need	
  	
  a	
  σ(ZZ)	
  about	
  70	
  ?	
  for	
  a	
  240	
  GeV	
  Z’.	
  	
  	
  

In	
  the	
  LiElest	
  Higgs	
  Model	
  with	
  T-­‐parity,	
  	
  the	
  predicted	
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Models of CP violation 

•   Extreme fine tune at tree 
•   finite start at 3-loop 
•   infinite at 7-loop 
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2-loop θ 

H-CP 
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ε And box 
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to, e.g., CL
∆S=2. Let MR

12 be the contribution of OR
∆S=2 to the mass matrix. From the input

parameters BK = 0.75, FK = 160 MeV, mK = 498 MeV, ∆mK = 3.51 × 10−15GeV and the

relation

MR
12 =

1

2mK
⟨K̄0|H∆S=2|K0⟩∗ =

G2
F m2

W

16π2

1

2mK
CR∗

∆S=2(µ)⟨K̄0|OR
∆S=2(µ)|K0⟩∗ ,

⟨K̄0|OR
∆S=2(µ)|K0⟩ = 8

3αs(µ)2/9BKF 2
Km2

K , (7)

follows the numerical prediction MR
12/∆mK = 1.2 × 104 CR

∆S=2(MQ). Demanding that the

imaginary part of MR
12 gives enough contribution to ϵ and the corresponding real part gives

just a fraction F of the mass difference ∆mK (i.e. 2Re(MR
12) = F∆mK), we obtain con-

straints on the Wilson coefficients: Im CR
∆S=2(MQ) = 2.7 × 10−7 and Re CR

∆S=2(MQ) =

4.2 × 10−5F . Again, with m2 ≫ m1, m1 = MQ, we then find

Im
(

Asd/(0.049)2
)2

R2
Q = 1 , Re

(

Asd/(0.049)2
)2

R2
Q = 156F ; (8)

where RQ = 300 GeV/MQ. The reasonable constraint |F| < 1 can be easily satisfied.

Constraints from (ϵ′/ϵ) and B0–B̄0 mixing

The parameter ϵ′ describes direct CP violation in the kaon system. It is given in terms

of the 2π decay amplitudes A0,2 = A(K → (ππ)0,2), where the subscript indicates the

isospin of the outgoing state. With ω = |A2/A0| = 0.045, ξ = ImA0/ReA0, Φ ≈ π/4, and

Ω = (1/ω) · (ImA2/ImA0),

ϵ′ = −
ω√
2
ξ(1 − Ω) exp(iΦ) . (9)

The dominant contributions should be the gluon and electroweak penguins mediated by

H and Q. In contrast to the KM Model, the vector coupling of the vector quark means that

the Z boson penguin will be suppressed by O(m2
K/m2

Z) due to vector current conservation.

The gluon penguin contributes only to A0, but the isospin-breaking electromagnetic penguin

(EMP) gives rise to both A0 and A2. Due to its suppression by O(α/αs), the latter affects ϵ′

solely through its contribution to Ω. Including the effects of evolution from the vector quark

mass down to the charm mass scale, we estimate the EMP contribution to be ΩEMP
<∼ O(1).

There is an additional contribution to Ω from η, η′ isospin-breaking, with Ωη−η′ = 0.25. We
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ε’ 
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B Physics 

when 
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CKM-like and 2-loop θ  
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Mixing 

⊥ 
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Loop, hermiticity 
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Texture 
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Matrix property 
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Glashow’s model on  triangular matrix 
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Quark Mixing 

One-loop: 
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Geometric CP with Chang + Mohapatra, Phys. Lett. B515 431  
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The Fermion field in 5-D flat space time is decomposed into 
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This leads to the familiar CKM  Model. 



Conclusion 

It is like: we already know the answer. We just have to 
figure out what the question is.   Wolfenstein 
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