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Preamble: Data and New Physics 

Bàππ ( tree dominated) 

Bπ+ π- B-π0 π- Bπ0 π0 

BR (10-6) 

Data 5.16+/- 0.22 5.59+0.41
-0.40 1.55+/-0.19 

PQCD 6.5+6.5
-3.8 4.0+3.4

-1.91.1 0.29+0.50
-0.20

 

QCDF 7.0+0.4+0.7
-0.7-0.7 5.9+2.2+1.4

-1.1-1.1 1.1+1.0+0.7
-0.4-0.3 

CPA (%) 

Data 38+/-6 43+25
-24 

PQCD 18+20
-12 63+35

-34 

QCDF 17+4.5
-8.8 57.2+33.7

-40.4 

PQCD: Li, Mishima, Sanda, PRD72(05) 
QCDF : Cheng & Tsai, PRD80(09) 



Preamble: 
BàπK (gluonic penguin dominated) 

B-π- K0 Bπ+ K- B- π0 K- Bπ0 K0 

BR(10-6) 

Data 23.1+/-1. 19.4+/-0.6 12.9+/-0.6 9.8+/-0.6 

PQCD 23.6+14.5
-8.4 20.4+16.1

-8.4 13.6+10.3
-5.7 8.7+6.0

-3.4 

QCDF 21.7+9.2+9.0
-6.0-6.9 19.3+7.9+8.2

-4.8-6.2 12.5+4.7+4.9
-3.0-3.8 8.6+3.8+3.8

-2.2-2.9 

CP(%) 

Data -9.8+1.2
-1.1 5.0+/-2.5 -1+/-10 

PQCD -10+7
-8 -1+3

-6 -7+3
-4 

QCDF -7.4+4.6
-5.0 4.9+5.9

-5.8 -10.6+2.7+5.6
-1.2-8.7 



Preamble 
Bs àπK 

Bs
 π- K+ Bπ+ K- 

BR(10-6) 

Data 5.0+/- 1.1 5.16+/- 0.22 

PQCD 6.3+2.6
-1.9 6.5+6.5

-3.8 

QCDF 5.3+0.4+0.4
-0.8-0.5 7.0+0.4+0.7

-0.7-0.7 

CP(%) 

Data 39+/- 17 38+/-6 

PQCD 25.8+5.6
-6.3 18+20

-12 

QCDF 20.7+5.0+3.9
-3.0-8.8 17+4.5

-8.8 

PQCD : Liu, Zhou, Xiao, arXiv:0812.2312 
QCDF: Phys.Rev.D80 (09) 



“Puzzle(s)” 
  πK puzzle 

Native estimation: ACP(B- π0 K-) ≈ ACP(Bπ+ K-) 

Data : ACP(B- π0 K-) –ACP(Bπ+ K-)=-(14.8+1.3
-1.4 )% 

  Problem in Bππ and BsπK 

ACP(Bπ- π+)= (38+/-6)% 

 ACP(Bs π+ K-)=(39 +/- 17)% 



U-spin 
※   What can we learn from the U-spin relation ? 

“A theorem” : “ pairs of U-spin related processes involve CP 
rate differences which are equal in magnitude and are  
opposite in sign.”, by M. Gronau, PLB492(00) 
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U-spin 

  with the U-spin concept,  

  Interestingly, the result with U-spin is consistent with CDF’s 
result 
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Kobayashi-Maskawa (KM) phase 

  In the SM, the CP is arisen from 
the charged weak current, 

  One CP violating phase remains 
in three generations 

   Neutron EDM, lepton EDM, 
matter-antimatter asymmetry 
are highly suppressed 
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2 11. CKM quark-mixing matrix

Figure 11.1: Sketch of the unitarity triangle.

The CKM matrix elements are fundamental parameters of the SM, so their precise
determination is important. The unitarity of the CKM matrix imposes

∑
i VijV

∗
ik = δjk

and
∑

j VijV
∗
kj = δik. The six vanishing combinations can be represented as triangles in

a complex plane, of which the ones obtained by taking scalar products of neighboring
rows or columns are nearly degenerate. The areas of all triangles are the same, half of
the Jarlskog invariant, J [7], which is a phase-convention-independent measure of CP
violation, defined by Im

[
VijVklV

∗
il V

∗
kj

]
= J

∑
m,n εikmεjln.

The most commonly used unitarity triangle arises from

Vud V ∗
ub + Vcd V ∗

cb + Vtd V ∗
tb = 0 , (11.6)

by dividing each side by the best-known one, VcdV
∗
cb (see Fig. 1). Its vertices are exactly

(0, 0), (1, 0), and, due to the definition in Eq. (11.4), (ρ̄, η̄). An important goal of
flavor physics is to overconstrain the CKM elements, and many measurements can be
conveniently displayed and compared in the ρ̄, η̄ plane.

Processes dominated by loop contributions in the SM are sensitive to new physics, and
can be used to extract CKM elements only if the SM is assumed. In Sec. 11.2 and 11.3,
we describe such measurements assuming the SM, we give the global fit results for the
CKM elements in Sec. 11.4, and discuss implications for new physics in Sec. 11.5.

11.2. Magnitudes of CKM elements

11.2.1. |Vud| :
The most precise determination of |Vud| comes from the study of superallowed 0+ → 0+

nuclear beta decays, which are pure vector transitions. Taking the average of the twenty
most precise determinations [8] yields

|Vud| = 0.97425± 0.00022. (11.7)

July 30, 2010 14:36



Data 
14 11. CKM quark-mixing matrix
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Figure 11.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL. Color
version at end of book.

These values are obtained using the method of Refs. [6,95]. Using the prescription
of Refs. [102,118] gives λ = 0.2246 ± 0.0011, A = 0.832 ± 0.017, ρ̄ = 0.130 ± 0.018,
η̄ = 0.350± 0.013 [119]. The fit results for the magnitudes of all nine CKM elements are.

VCKM =




0.97428± 0.00015 0.2253 ± 0.0007 0.00347+0.00016

−0.00012

0.2252 ± 0.0007 0.97345+0.00015
−0.00016 0.0410+0.0011

−0.0007

0.00862+0.00026
−0.00020 0.0403+0.0011

−0.0007 0.999152+0.000030
−0.000045



 , (11.27)

and the Jarlskog invariant is J = (2.91+0.19
−0.11) × 10−5.

Fig. 11.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements and
the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region, though the consistency of |Vub/Vcb| and sin 2β is not very good.

July 30, 2010 14:36
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Data in Bs system 

Indication: a large  
deviation from the  
SM result 
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Rare B decays and top quark FBA 

Att̄(|∆y| < 1.0) = 0.026± 0.118 [0.039± 0.006] ,

Att̄(|∆y| ≥ 1.0) = 0.611± 0.256 [0.123± 0.008] ,

Att̄(Mtt̄ < 450 GeV) = −0.116± 0.153 [0.040± 0.006] ,

Att̄(Mtt̄ ≥ 450 GeV) = 0.475± 0.114 [0.088± 0.013] .

T.~Aaltonen etal [CDF Collaboration], arXiv:1101.0034 [hep-ex]. 



t or u channel, C-H Chen, Sandy Law, Run-Hui Li  
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TABLE I: ALRM predictions for the tt̄ total cross-section σ(tt̄), the forward-backward asymmetry in the pp̄ CM frame (AFB),
and the cross-sections for the specified ranges of rapidity differences ∆y and Mtt̄ invariant mass ranges. MZ� is determined by
Eq.5. A QCD correction factor K = 1.3 is included in the cross-section calculation. The ALRM asymmetry numbers are the
new physics contributions only and do not include the SM QCD contribution, so they should be compared with the final row
in the table. The SM values are based on the MCFM study of Ref.[18]. The last row is the New Physics (NP) contribution
inferred from the differences of data and SM entries.

AFB AFB AFB AFB

g�2 MW � [GeV] σ(tt̄) [pb] AFB Mtt̄ < 450 GeV 450 < Mtt̄ < 800 GeV |∆y| < 1 |∆y| > 1

3.0 700 8.45 0.06 -0.01 0.136 0.03 0.14
3.5 700 9.05 0.11 0.01 0.22 0.06 0.26
3.5 650 9.8 0.16 0.03 0.26 0.06 0.36
3.0 550 10.4 0.22 0.04 0.33 0.09 0.42
2.5 500 10.5 0.19 0.003 0.32 0.07 0.40

Data [4][19] 7.70 ± 0.52 0.158 ± 0.074 −0.116 ± 0.153 0.475 ± 0.122 0.026 ± 0.118 0.611 ± 0.256

SM 7.45+0.72
−0.63 0.058 ± 0.009 0.04 ± 0.006 0.088 ± 0.0013 0.039 ± 0.006 0.123 ± 0.018

NP – 0.100 ± 0.074 −0.156 ± 0.147 0.387 ± 0.121 0.387 ± 0.112 0.488 ± 0.257

TABLE II: χ2/d.o.f. values for various g�2 and MW � mass values using AFB in the 7 Mtt̄ bins and the total cross-section σ(tt̄).
We have included a K−factor of 1.3 for σ(tt̄).

g�2 MW � [GeV] χ2 (Att̄
FB)/bin χ2 (σ(tt̄))

3.0 700 1.8 2.0
3.5 700 1.2 6.8
3.5 650 1.4 15.2
3.0 550 1.3 27.8

IV. PREDICTIONS AT THE LHC

A. Z’ signatures

The Z �
in the ALRM with ∼ 1 TeV mass and ∼ 200 GeV width provides a promising route for early LHC discovery

or exclusion. The tt̄ invariant mass distribution should show a prominent broad peak at the Z �
mass [17] and an

excess of events compared to the SM, as illustrated in Fig. 6. The golden signal of dileptons in the usual Z �
searches

will be difficult to utilize for the ALRM Z �
due to its small leptonic branching fraction.

B. W’ signatures

The detection of the W �
boson with decays to td̄, t̄d will provide the definitive evidence for the extra SU �

(2)

symmetry. The subprocess for W �
production is d+ g → t+W �

. The cross sections for W �
production in the ALRM

are shown in Fig.6. The energy dependence of the tW �
process is shown in Fig. 7. This new physics contribution to

inclusive tt̄ production is about 5% of the SM cross section.

The search for a W �
at the LHC has been discussed in Refs. [6][20],[21]. The strategy for the determination of the

chiral couplings of a generic W �
that is produced as an s−channel resonance and decays to tb̄ was demonstrated in

Ref.[21], but this process does not exist for the W �
in the ALRM. A test of the right-handed nature of the W �

of the

ALRM must be made in the process pp → tW � → t(t̄d) which is considerably more difficult because of the ambiguity

in reconstruction with two tops in the final state.

C. Triplet Higgs

We have assumed a complex triplet Higgs field φ�
(T �

= 1, Y �/2 = 1) in order to generate a large mass splitting of

the W �
and Z �

bosons of the ALRM. Thereby, the W �
can be sufficiently light to explain the asymmetry data, while

the Z �
can be sufficiently heavy to escape the Z �

mass bounds in the tt̄ channel at the Tevatron. The φ�
has no SM

mW ′ [GeV]

g
′ 2

400 450 500 550 600 650 700 750 8000

1

2

3

4

Barger etal, Phys.Lett.B698:243-250,2011 
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  Two neutral strong eigenstates 
Bq, Bq-bar (q=d, s), with weak 
interactions the corresponding 
Hamiltonian is given by 

   The mass eigenstates: 

Time-dependent CPA I 
CP final state 

  The time evolution of flavor 
states: 

  The relationship among p, q, 
M,Γin B-meson: 
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  TDCPA is defined by 

  fCP:CP eigenstate 

  Not only mixing-induced 
effects, but also decay 
amplitudes lead to CPA 

  Tree level : bc c-bar s,     
A(B-barfCP)/A(B-barfCP)
~1 

   BdJ/ΨKS 

 

  BsJ/Ψφ 
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Time-dependent CPA II 
semi-leptonic decay 

  Wrong sign charge asymmetry 
(WSCA): indication of CP 

With  
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b

b̄

B̄s

B̄d
b → q!−ν̄

b → q̄ → q̄!+ν

Bs

Bd

b̄ → q̄!+ν

b̄ → b → q!−ν̄



  The WSCA could be 
expressed as 

  Unlike the multiplication in 
the case for CP final state, 
DCPA from the semi-leptonic 
B decay is a addition 

  Model-independent 
analysis, Rosner etal PLB694(11) 

  Compare with the mixing-
induced WSCA in the SM, 

       

      DCPA could be neglected 

 

  Current data 
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Lenz & Nierste, 
JHEP0706(07) 
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Like-sign charge asymmetry 

  With data 

 

one can obtain 

 

  Clearly, LSCA depends on 
bd and/or bs transition(s) 

  Like-sign charge asymmetry 
(LSCA) at Tevatron 

  fq : fraction to produce Bq 

!!!! ! !!!! ! !!!!!!! !!!! ! !!!!!!
! !! ! !!!!! ! !!!! ! !!!!!!

! !!!!!!!! ! !!!!!!!!
!!!! ! !!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
Grossman etal. PRL97(06)  

!! !
!

!! !!!
! !
!! !!!

!

!! !
!!!!
!!!!

! !! !
!!!!
!!!

!

!!!! ! !!!"# !" !!"! !!
!!!!!!!!!!!"! !" !!"! !

!! ! !!!"!!!"!! !! ! !!!!"!!"!!
!!!!!!!! ! !!!!" ! !!! ! !!!!

!! ! !"!!! !!!!!! ! !!!"#!!"!!



!!!!!!!!!"#$!%&'($)!*+!!$,$%-.!-#/-!(!/%0!
!1#/0)*%!.$'213$4-*%25/336!0$5/6!2%-*!-7*!
4*.2-2,$8%$9/-2,$:!'&*%.!

D0 anomalous events 

  D0 observed the like-sign 
charge asymmetry in 
dimuon events, defined by 

  Data & SM prediction 

  The experimental 
measurements on Ab

sl and 
SJ/ψφ sound inconsistent 
with the SM predictions. If 
we take the “anomalies” 
seriously, what effect could 
solve them ? 

!!!! ! !!!!!"! !!!"! !!!"!!!"!!!
!!!! !!"! ! !!!!!!!!!!!!!!!!"!!!

D0 Co, PRD82(10) 

Lenz & Nierste, 
JHEP0706(07) 
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Solutions to the Do anomaly 

  Summary: 

  LSCA is directly related to WSCA 

  Both dispersive and absorptive parts could affect the 
WSCA 

  Due to the strict limits of ΔmBd and sin2βd, plausibly one 
can assume large WSCA is arisen from bs transition 
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Constraints on bd transition 
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I. New Physics onΓs
12  

  Γs
12=Γs,SM

12 +Γs,NP
12 

  No limit on the coupling for 
bs τ+τ- 

b s

s b

τ
τ

!!!"# !! ! !!!! ! !"!!
!!!"# !! ! !!!!!! ! !"!

A. Dighe et al. arXiv:1005.4051; Bauer&Dunn arXiv:
1006.1629; Bai&Nelson arXiv:1007.0596; Alok etal.arXiv:
1010.133 



II. New Physics on Ms
12 Chen&Faisel PLB(11) 

  Chiral color model: SU(3)C SM 
QCD is the relic of the large 
gauge group SU(3)A × SU(3)B  

SU(3)A × SU(3)BSU(3)C 

 

  Axigluon: colored massive 
gauge boson and axial vector 
current coupling to quarks  

  Non-universal axigluon provides 
a rich phenomena for FCNC 
processes (tree level) 

  Phenomenological approach : 
Following the scheme proposed 
by Frompton etal PLB 683(10), 
the coupling of axigluon to the 
first two generation is different 
from that to the 3rd generation   

analysis is presented in Sec. III. We give the conclusion in Sec. IV.

II. FORMALISM

In order to study the contributions of the non-universal axigluon to the FCNC processes,

we start by writing the interactions of the massive color-octet gauge boson with quarks as

LA = gV q̄
′γµT

bq′Gbµ
A + gAq̄

′γµγ5ZT
bq′Gbµ

A , (5)

where we have suppressed the flavor and color indices, gV,A are the gauge couplings of the

new gauge group SU(3)A × SU(3)B, T b are the Gell-Mann matrices which are normalized

by Tr(T bT c) = δac/2 and Z is 3 × 3 diagonalized matrix with diag(Z)=(1, 1, ζ). Here

ζ = g̃A/gA where g̃A denotes the gauge coupling of the third-generation quark and its value

depends on a specific model, e.g. ζ = −1 in Ref. [21]. For simplicity, we assume that the

new exotic quarks which are required for anomaly free are very heavy and their effects are

negligible. Hence, we still focus on three flavors for each up and down type quarks. Following

the scenario in Refs. [20, 21] for solving the large top-quark FBA, we assume that the

axigluon couplings to the third generation are different from their couplings to the first two

generations. The left- and right-handed quarks are SU(2) doublet and singlet respectively.

Thus, after spontaneous symmetry breaking, the interacting and physical eigenstates can

be related by unitary matrices as qχ = V Q
χ q′ with χ being the chiralities L and R and Q

being up or down type quark. Since Z is not a unit matrix, the FCNCs are arisen from the

axial-vector currents and the corresponding Lagrangian is given by

LFCNC = gAq̄γµ(V
Q
R ZV Q†

R PR − V Q
L ZV Q†

L PL)T
bqGbµ

A (6)

with PL(R) = (1 ∓ γ5)/2. Since V Q
χ are unknown matrices, the FCNCs are associated with

left and right-handed currents generally. Nevertheless, if V Q
R = V Q

L , from Eq. (6) we see that

the FCNCs are only associated with axial-vector currents. In terms of the flavor indices, the

matrix V q
χZV

q†
χ can be decomposed as

(

V Q
χ ZV Q†

χ

)

ij
= δij +

(

V Q
χ (Z− 1)V Q†

χ

)

ij
= δij + (ζ − 1)(V Q

χ )i3(V
Q∗
χ )j3 . (7)

Therefore, the Lagrangian of b → q transition can be written as

Lb→q = gAq̄γµ(F
QR
qb PR − FQL

qb PL)T
bbGbµ

A (8)

4

Pati&Salam PLB58(75); Hall&Nelson PLB153(85); 
Frampton*Glashow PLB190(87), PRL58(87) 



Non-universal axigluon 

  The interesting result: the 
factorizable parts of BJ/
ψ(K, φ) are suppressed 
naturally 

analysis is presented in Sec. III. We give the conclusion in Sec. IV.

II. FORMALISM

In order to study the contributions of the non-universal axigluon to the FCNC processes,

we start by writing the interactions of the massive color-octet gauge boson with quarks as

LA = gV q̄
′γµT

bq′Gbµ
A + gAq̄

′γµγ5ZT
bq′Gbµ

A , (5)

where we have suppressed the flavor and color indices, gV,A are the gauge couplings of the

new gauge group SU(3)A × SU(3)B, T b are the Gell-Mann matrices which are normalized

by Tr(T bT c) = δac/2 and Z is 3 × 3 diagonalized matrix with diag(Z)=(1, 1, ζ). Here

ζ = g̃A/gA where g̃A denotes the gauge coupling of the third-generation quark and its value

depends on a specific model, e.g. ζ = −1 in Ref. [21]. For simplicity, we assume that the

new exotic quarks which are required for anomaly free are very heavy and their effects are

negligible. Hence, we still focus on three flavors for each up and down type quarks. Following

the scenario in Refs. [20, 21] for solving the large top-quark FBA, we assume that the

axigluon couplings to the third generation are different from their couplings to the first two

generations. The left- and right-handed quarks are SU(2) doublet and singlet respectively.

Thus, after spontaneous symmetry breaking, the interacting and physical eigenstates can

be related by unitary matrices as qχ = V Q
χ q′ with χ being the chiralities L and R and Q

being up or down type quark. Since Z is not a unit matrix, the FCNCs are arisen from the

axial-vector currents and the corresponding Lagrangian is given by

LFCNC = gAq̄γµ(V
Q
R ZV Q†

R PR − V Q
L ZV Q†

L PL)T
bqGbµ

A (6)

with PL(R) = (1 ∓ γ5)/2. Since V Q
χ are unknown matrices, the FCNCs are associated with

left and right-handed currents generally. Nevertheless, if V Q
R = V Q

L , from Eq. (6) we see that

the FCNCs are only associated with axial-vector currents. In terms of the flavor indices, the

matrix V q
χZV

q†
χ can be decomposed as

(

V Q
χ ZV Q†

χ

)

ij
= δij +

(

V Q
χ (Z− 1)V Q†

χ

)

ij
= δij + (ζ − 1)(V Q

χ )i3(V
Q∗
χ )j3 . (7)

Therefore, the Lagrangian of b → q transition can be written as

Lb→q = gAq̄γµ(F
QR
qb PR − FQL

qb PL)T
bbGbµ

A (8)

4b

s b

s
A

!!! !
!!!
!!
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with FQχ
qb = (ζ − 1)(V Q

χ )i3(V Q∗
χ )33 where i = (1, 2, 3) denotes the family order of the same

type Q quark. Based on Eq. (8), we study the impacts of non-universal axigluon exchange

on ∆B = 2 processes and the time-dependent CPAs in Bq system.

By Eq. (8), the effective Hamiltonian for ∆B = 2 transitions which is generated by the

tree-level axigluon mediation can be written as

HA
∆B=2 =

g2A
4m2

V

[

−
1

NC

(

q̄γµ(F
DR
qb PR + FDL

qb PL)b
)2

+ q̄αγµ
(

FDR
qb PR + FDL

qb PL

)

bβ q̄βγ
µ
(

FDR
qb PR + FDL

qb PL

)

bα
]

, (9)

where NC denotes the number of colors and we have used the identity

T b
ijT

b
k$ = −

1

2NC
δijδk$ +

1

2
δi$δjk . (10)

In order to calculate the Bq − B̄q mixing, we write the relevant hadronic matrix elements to

be

〈Bq|q̄γµPL(R)bq̄γµPL(R)b|B̄q〉 =
1

3
mBqf

2
Bq
B̂q ,

〈Bq|q̄γµPRbq̄γµPLb|B̄q〉 = −
5

12
mBqf

2
Bq
B̂RL

1q ,

〈Bq|q̄αγµPLbβ q̄βγ
µPRbα|B̄q〉 = −

7

12
mBqf

2
Bq
B̂RL

2q . (11)

To estimate the new physics effects, we employ the vacuum insertion method to calculate

the above matrix elements, i.e. B̂q ∼ B̂RL
1q ∼ B̂RL

2q ∼ 1 [25, 26]. Additionally, in the heavy

quark limit, we take mb ∼ mBq . As a result, the transition matrix element for Bq − B̄q

oscillation mediated by axigluon exchange becomes

MA,q
12 = 〈Bq|HA

∆B=2|B̄q〉 =
g2A

18m2
V

mBqf
2
Bq
UD
qb ,

UD
qb = (FDR

qb )2 + (FDL
qb )2 + 4FDR

qb FDL
qb . (12)

For reducing the number of free parameters, we will take the approximation V Q
R ≈ V Q

L = V D

in our analysis, i.e. FDR
qb ≈ FDL

qb = FD
qb , then UD

qb = 6(FD
qb )

2. We note that the approximation

V Q
R ≈ V Q

L can be realized in hermitian Yukawa matrices [27].

By combining the contributions of SM and axigluon, the transition matrix element for

∆B = 2 can be formulated as

MBq

12 = |MSM,q
12 |Rq

Ae
i2(βq+φNP

q ) , (13)

5
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One order of magnitude larger than the SM result 
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Axigluon on SJ/ψKs 
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Summary 
  LHC could observe the new particle(s) directly, however, low 

energy physics such as B-physics, could test the SM in indirect 
way 

  Time-dependent CPA in Bs and charge asymmetry in Bd,s are 
predicted to be around -4% and -2×10-4 in the SM, respectively, 
where the results are inconsistent with the current data 

  If the anomalies are confirmed with more accurate data, then 
we have solid evidence for the existence of New Physics (NP). 
The NP, such as unparticle, axigluon etc could be the 
candidates. Collider physics could further make the NP clearly. 





Preambole 
Polarization ( fL ) 

B-φK*- BφK*0 B- ρ- K*0 B- ρ0 K*- 

fL 

Data 0.50+/-0.05 0.48+/-0.03 0.48+/-0.08 0.960.06
-0.16 

PQCD 0.6-0.8 0.6-0.8 0.82 0.85 

QCDF 0.49+0.04+0.51
-0.07-0.4

2 
0.5+0.004+0.51

-0.06-0.43 0.48+0.03+0.52
-0.04-0.4

0 
0.67+0.02+0.31

-0.03-0.4
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