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‣ New physics models predict naturally deviation from SM in 
flavour and CP violating phenomena. 

‣ But then, what is the indication of the non-appearance of 
new physics? And where/how to search it now?  

Increase the 
sensitivity to new 

physics by an order of 
magnitude! 

Discovery in Flavour Physics
Well motivated. But we need to improve the sensitivity?

Belle/Babar

Belle II/LHCb

High luminosity machines!

It’s not 
there yet?!



Evidence for direct CP 
violation in B  K+ π−

Evidence for B  τ ν

Observation of  b  dγ

Observation of B  K(*)ll 

Observation of CP 
violation in the B meson 
system

Observation of mixing-induced
CP violation in B   ϕKs, η’Ks etc.

Discovery 
of X(3872)

Evidence for D0 mixing

Observation of direct CP 
violation in B  ρ+ ρ−

Slide taken from talk
by T. Browder

Legacy of Babar/Belle
Many 2-3σ seen, disappeared, unclear etc... 

Similarly, LHCb sees several interesting anomalies !!!

LHCb/Belle II 
will tell us what 

they are !! 

Confirmation of g-2 
~3σ deviation
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LHCb and Belle II
Competition or complementary ???

β α γ
Future reductions of the errors

Future increase of the luminosity

BESIII inputs crucial!

1 ab-1

10 ab-1

50 ab-1

8 fb-1

3 fb-1

23 fb-1
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LHCb and Belle II
Competition or complementary ???

β α γ
Error reductions for the future

Luminosity increase in the future

BESIII inputs crucial!

Can we expect a discovery of New Physics 
with the Unitarity Triangle ?!



=⇒zoom

Future prospect of the UT triangle

Current status: good agreement

What would happen in 10 years time?? 

2016

2016



Future prospect of the UT triangle

50ab-1 
Belle II

2016 E.K.& F. Le Diberder 
for B2TiP working group



Future prospect of the UT triangle

If the central value remains the same 
(though unlikely)...

50ab-1 
Belle II

2016 ~2025 E.K.& F. Le Diberder 
for B2TiP working group

1.4σ level 
agreement!



Future prospect of the UT triangle

zoom

50ab-1 
Belle II

If all the central values a little go lower...

50ab-1 
Belle II

1.4σ level 
agreement!

8σ level 
discrepancy!

Is this 8σ an 
“odd case”???

(the answer is NO!)

2016

~2025

E.K.& F. Le Diberder 
for B2TiP working group

~2025

If the central value remains the same 
(though unlikely)...



If all the central values a little go lower...

Future prospect of the UT triangle

zoom

If the central value remains the same...

50ab-1 
Belle II

50ab-1 
Belle II

1.4σ level 
agreement!

8σ level 
discrepancy!

• To understand this “8σ” effect 
better, we have run a Monte Carlo 
simulation. 

• We randomly sample the central 
values (1000 trials) assuming 
Gaussian measurements and 
compute the significance.

• The result shows that the chance 
to observe deviation more than 
5σ significance is currently 52 
% ! 

2016

~2025

E.K. with F. Le Diberder 
(preliminary)

~2025
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Competition or complementary ???

Energy frontier
Excluded

complementarity

Our 2016 project



Left-Right Symmetric Model (LRSM)

CKM matrix. In section 3 and 4, we describe the b → sγ and meson mixings in LRSM.
We show our numerical results in section 5 and we conclude in section 6.

2 Left-Right Symmetric Model

The Left-Right Symmetric Model (LRSM) is based on the extended gauge group SU(2)L×
SU(2)R × U(1)Ỹ which involves additional charged and neutral gauge bosons [12]. The
electric charge can be also extended as Q = TL3+TR3+ Ỹ . Then, for the ordinary quarks
and leptons, the hypercharge gets a physical meaning, i.e. Ỹ = (B − L)/2 in this model.
The Lagrangian of LRSM is symmetric under parity, which is broken only spontaneously
by the non-zero vacuum expectation values of Higgs fields as shown in the following.

The left-handed fermions are SU(2)L doublets and SU(2)R singlets as in the SM while
the right-handed fermions are SU(2)R doublets and SU(2)L singlets. Thus, the charge
assignments (TL3, TR3, Ỹ ) of fermions yields:

QL ≡
(

uL

dL

)
∼

(
1

2
, 0,

1

6

)
, QR ≡

(
uR

dR

)
∼

(
0,

1

2
,
1

6

)
, (1)

LL ≡
(

νL
#L

)
∼

(
1

2
, 0,−1

2

)
, LR ≡

(
νR
#R

)
∼

(
0,

1

2
,−1

2

)
, (2)

The symmetry is spontaneously broken in two steps

SU(2)L × SU(2)R × U(1)Ỹ → SU(2)L × U(1)Y → U(1)EM. (3)

The first step SU(2)R × U(1)Ỹ → U(1)Y is parity and B − L violating while the second
step is equivalent to the electroweak symmetry breaking. Let us first see the scalar
multiplet Φ, which triggers the second step symmetry breaking. Consulting the Yukawa
interaction of the form, QLΦQR, Φ should be a 2×2 unitary matrix. Moreover, this term
to be invariant under SU(2) transformation requires Φ to be bi-doublet scalar fields with
charge assignment:

Φ ≡
(

ϕ0
1 ϕ+

2

ϕ−
1 ϕ0

2

)
∼

(
1

2
,
1

2
, 0

)
. (4)

The Φ field can not trigger the first step symmetry breaking because (i), Φ couples to
both of SU(2)L and SU(2)R and does not distinguish these two groups. Therefore Φ could
not break parity. (ii) Φ does not couple to U(1)Ỹ which would be unbroken and would
leave a massless gauge boson which is not observed. Thus, we must introduce another
scalar multiplets to break parity, namely the SU(2)R, and also U(1)Ỹ . In particular, the
scalar multiplet with charge B − L = 2 is attractive since it can generate right-handed
Majorana neutrino masses. As a result, we introduce the scalar triplet:

∆R ≡
(

δ+R/
√
2 δ++

R

δ0R −δ+R/
√
2

)
∼ (0, 1, 2) ,

4

Note that in this model another scalar field ∆L is also introduced in order to ensure the
parity conservation at a high energy before the symmetry is broken.

Now the symmetry breaking (3) can be undertaken by the non-zero vacuum expecta-
tion values (VEV). It is known that two of four complex phases can be eliminated and
remaining two phases are assigned conventionally to the VEV of Φ, ∆L and ∆R [6]:

〈Φ〉 =
(

κ 0
0 κ′eiω

)
, 〈∆L〉 =

(
0 0

vLeiθL 0

)
, 〈∆R〉 =

(
0 0
vR 0

)
, (5)

where, vL,R,κ and κ′ are real numbers. The symmetry breaking of SU(2)R × U(1)Ỹ →
U(1)Y is achieved at a high scale, i.e. multi-TeV, by non-zero 〈∆R〉. If vL %= vR, the left-
right symmetry is spontaneously broken. The electroweak symmetry breaking is triggered
by non-zero κ,κ′.

There are some hierarchies among the vacuum expectation values κ, κ′ and vL,R. First
of all, κ,κ′, vL & vR is needed to suppress the right-handed currents at low energy scales.
On the other hand, we would expect another hierarchy vL & vR in order to generate
the neutrino masses through the see-saw mechanism, namely vL ! a few MeV [13][14]
for vR ∼ multi-TeV. And also the constraints from electroweak ρ-parameter requires
vL ! 10GeV[15]. In this work, we shall use the limit vL → 0, which is used in literatures.
Note that the Higgs potential allows such a limit since vL ∝ κ2/vR [14]. Therefore the
phase θL has no physical consequence, while ω could trigger a spontaneous CP violation.
According to the hierarchy described above, we introduce an expansion parameter ε as:

ε = v/vR, with v2 = κ2 + κ′2

where v = 174 GeV is the standard electroweak symmetry breaking scale and vR =
O(TeV ) as discussed above. The ratio of κ and κ′ is defined by the usual parameter β,
i.e.

κ = v sin β, κ′ = v cos β, tan β =
κ

κ′ . (6)

Then tan β is a free parameter in this model. tanβ %= 1 is required by the difference of
the masses of the fermions. On the other hand, mass hierarchy mt ) mb implies large
tan β. However, the large value of tanβ as O(mt

mb
) in some literatures, is disfavored by the

electroweak precision observables [16]. 1 < tan β < 10 is used in [16]. In this work, we
take tanβ > 1.

In the low energy processes, the discrete left-right symmetry breaks down, then the
gauge coupling constants gL and gR are in general unequal, gL %= gR. As gL is the
coupling constant in the SM, the ratio of r ≡ gR/gL is not allowed to be arbitrarily
large, otherwise the interactions between right-handed gauge bosons and fermions would
become nonperturbative. Having the latest direct search result, r mW2 > 2.5 TeV [3], and
assuming vR to be muti-TeV or higher, we use r less than 2 in the following.

The charged gauge bosons are mixture of the mass eigenstates,
(

W−
L

W−
R

)
=

(
cos ζ − sin ζeiw

sin ζe−iw cos ζ

)(
W−

1

W−
2

)
, (7)
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where the mass of W1 and W2 are

MW1 ≈
gLv√
2
(1− ε2 sin2 β cos2 β), MW2 ≈ gRvR(1 +

1

4
ε2), (8)

and the mixing angle

sin ζ ≈ gL
gR

|κ||κ′|
v2R

=
gL
gR

1

2
ε2 sin 2β ≈

M2
W1

M2
W2

gR
gL

sin 2β. (9)

The full Lagrangian for the neutral current and the charged current associated with gauge
bosons and Goldstone bosons in the LRSM are given in Appendix A.

In [6], it is shown that the masses of charged Higgs bosons and heavy flavor-changing
neutral Higgs bosons in this model are nearly the same. To the leading order, their masses
are equal to each other [16],

MH± = MH0 = MA0 . (10)

For simplicity, we use MH representing the masses of charged and heavy neutral Higgs.
The Lagrangians for the interactions between H0, H± and fermions are given in Appendix
A. As we see later-on, the tree-level flavor changing neutral current due to Higgs H0 and
A0 will affect the ∆F = 2 processes very much unless MH is sufficiently large [16]. In
this work, we consider the cases of MH = 20TeV and 50TeV. For such heavy mass, the
contributions on b → sγ and ∆F = 2 processes from charged Higgs in the loop diagrams
become negligibly small.

Concerning the CKM matrix, we have one for left-handed coupling V L
CKM and one

right-handed V R
CKM. We define V L

CKM by usual three rotation angles and one phase. In
this way, The right-handed CKM matrix V R

CKM is written by nine parameters remained
after imposing the unitarity condition.

There are many models on the right-handed CKM matrix. In most of the previous
works, the two quark mixing matrices are assumed to be related to each other. In the
so-called manifest Left-Right Symmetric Model[4], the right-handed matrix is exactly the
same as the left-handed one, V R

CKM = V L
CKM , while in the so-called pseudo-manifest Left-

Right Symmetric Model[5], the right-handed matrix is related to the left-handed one by
diagonal phase matrices Ku,d, V R

CKM = KuV L
CKMKd† . In the first scenario, VEV in the

Higgs sector are all real and then there are only explicit CP violations from the phases in
CKM matrices. In the second scenario, the Yukawa couplings are taken to be real which
leads to spontaneous CP violation from the complex Higgs VEV. Both scenarios confront
strong constraints from the mass difference and CP violation in K0 − K

0
system and

sin 2β [7]. More general right-handed CKM matrix have been studies in [6, 16, 17, 18].

Motivated by the K0 −K
0
mass difference, Langacker and Sankar proposed two simple

formulae of right-handed CKM matrix [18],

V R
(A) =




1 0 0
0 cα ±sα
0 sα ∓cα



 , V R
(B) =




0 1 0
cα 0 ±sα
sα 0 ∓cα



 , (11)

6

[Pati,Salam,1974;Mohapatra,Pati,1975;Mohapatra,Sejanovic,1975] 

Extended gauge group

Two step Symmetry breakings

Right handed mass very large

W boson with left- and right-handed couplings (WL & WR)

Mass eigenstates W1 & W2 are a mixture of left and right W’s

EK, C.-D. Lu and F.-S. Yu (JHEP 2013)
Thesis of F.-S. Yu (China-France co-supervision)
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Flavour physics signal
W,  W’

Searching signals of LRSM
ATLAS/CMS signal

W,  Z, W’, Z’
u

d
-

q, l+

q, l--γL, γR

W: b ➔s/dγL (left-handed polarization)
W’: b ➔s/dγR (right-handed polarization)

In the previous years, we have been 
investigating methods to measure the 
photon polarization of b->s/d γ decays 
(find details in our FCPPL report and 

also backup slides)
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Figure 3: The observed 95% CL upper limits on the product of the cross section, branching
fraction, and acceptance for quark-quark (top left), quark-gluon (top right), and gluon-gluon
(bottom left) type dijet resonances, shown as symbols connected by solid curves, and a com-
parison of all types (bottom right). The corresponding expected limits (dash-dotted curves)
and their variation at the 1 and 2 standard deviation levels (shaded bands) are also shown.
The limits are compared to the predicted cross sections of string resonances [15, 16], scalar di-
quarks [17], excited quarks [21, 22], axigluons [18, 19], colorons [19, 20], color-octet scalars [23],
new gauge bosons W′ and Z′ [24], and RS gravitons [25].
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Flavour physics signal
W,  W’

Searching signals of LRSM
ATLAS/CMS signal

q, l+

q, l--γL, γR

W: b ➔s/dγL (left-handed polarization)
W’: b ➔s/dγR (right-handed polarization)

In the previous years, we have been 
investigating methods to measure the 
photon polarization of b->s/d γ decays 
(find details in our FCPPL report and 

also backup slides)
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Figure 3: The observed 95% CL upper limits on the product of the cross section, branching
fraction, and acceptance for quark-quark (top left), quark-gluon (top right), and gluon-gluon
(bottom left) type dijet resonances, shown as symbols connected by solid curves, and a com-
parison of all types (bottom right). The corresponding expected limits (dash-dotted curves)
and their variation at the 1 and 2 standard deviation levels (shaded bands) are also shown.
The limits are compared to the predicted cross sections of string resonances [15, 16], scalar di-
quarks [17], excited quarks [21, 22], axigluons [18, 19], colorons [19, 20], color-octet scalars [23],
new gauge bosons W′ and Z′ [24], and RS gravitons [25].

Generic resonance search with dijets 

1512.01224Generic study 
assumes “sequential 
couplings” but in our 
model there is more 

freedom! 

W,  Z, W’, Z’

b s, d u

d
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where the mass of W1 and W2 are

MW1 ≈
gLv√

2
(1− ε2 sin2 β cos2 β), MW2 ≈ gRvR(1 +

1

4
ε2), (8)

and the mixing angle

sin ζ ≈ gL

gR

|κ||κ′|
v2

R

=
gL

gR

1

2
ε2 sin 2β ≈

M2
W1

M2
W2

gR

gL
sin 2β. (9)

The full Lagrangian for the neutral current and the charged current associated with gauge
bosons and Goldstone bosons in the LRSM are given in Appendix A.

In [6], it is shown that the masses of charged Higgs bosons and heavy flavor-changing
neutral Higgs bosons in this model are nearly the same. To the leading order, their masses
are equal to each other [16],

MH± = MH0 = MA0 . (10)

For simplicity, we use MH representing the masses of charged and heavy neutral Higgs.
The Lagrangians for the interactions between H0, H± and fermions are given in Appendix
A. As we see later-on, the tree-level flavor changing neutral current due to Higgs H0 and
A0 will affect the ∆F = 2 processes very much unless MH is sufficiently large [16]. In
this work, we consider the cases of MH = 20TeV and 50TeV. For such heavy mass, the
contributions on b→ sγ and ∆F = 2 processes from charged Higgs in the loop diagrams
become negligibly small.

Concerning the CKM matrix, we have one for left-handed coupling V L
CKM and one

right-handed V R
CKM. We define V L

CKM by usual three rotation angles and one phase. In
this way, The right-handed CKM matrix V R

CKM is written by nine parameters remained
after imposing the unitarity condition.

There are many models on the right-handed CKM matrix. In the most of the previous
works, the two quark mixing matrices are assumed to be related to each other. In the
so-callsoed manifest Left-Right Symmetric Model[4], the right-handed matrix is exactly
the same as the left-handed one, V R

CKM = V L
CKM , while in the so-called pseudo-manifest

Left-Right Symmetric Model[5], the right-handed matrix is related to the left-handed one
by diagonal phase matrices Ku,d, V R

CKM = KuV L
CKMKd† . In the first scenario, VEV in the

Higgs sector are all real and then there are only explicit CP violations from the phases
in CKM matrices. In the second scenario, the Yukawa couplings are taken real which
leads to spontaneous CP violation from the complex Higgs VEV. Both scenarios confront
strong constraints from the mass difference and CP violation in K0 − K

0
system and

sin 2β [7]. More general right-handed CKM matrix have been studies in [6, 16, 17, 18].

Motivated by the K0 −K
0

mass difference, Langacker and Sankar proposed two simple
formulae of right-handed CKM matrix [18],

V R
(A) =




1 0 0
0 cα ±sα

0 sα ∓cα



 , V R
(B) =




0 1 0
cα 0 ±sα

sα 0 ∓cα



 , (11)
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Langacker-Sankar model (‘89): 
proposed to avoid constraints from various low energy experiments. 

Right-handed CKM matrix

-Top could couple Strange/Bottom
-Up-Down coupling is one

-Top could couple Down/Bottom 
-Up-Down coupling is zero

EK, C.-D. Lu and 
F.-S. Yu (JHEP 2013)

Our 2016 project
with new collaborators 
T. Abe & M. Nojiri (KEK)

We studied previously 
EK, C.-D. Lu and 
F.-S. Yu (JHEP 2013)

We studied previously 
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where the mass of W1 and W2 are

MW1 ≈
gLv√

2
(1− ε2 sin2 β cos2 β), MW2 ≈ gRvR(1 +

1

4
ε2), (8)

and the mixing angle

sin ζ ≈ gL

gR

|κ||κ′|
v2

R

=
gL

gR

1

2
ε2 sin 2β ≈

M2
W1

M2
W2

gR

gL
sin 2β. (9)

The full Lagrangian for the neutral current and the charged current associated with gauge
bosons and Goldstone bosons in the LRSM are given in Appendix A.

In [6], it is shown that the masses of charged Higgs bosons and heavy flavor-changing
neutral Higgs bosons in this model are nearly the same. To the leading order, their masses
are equal to each other [16],

MH± = MH0 = MA0 . (10)

For simplicity, we use MH representing the masses of charged and heavy neutral Higgs.
The Lagrangians for the interactions between H0, H± and fermions are given in Appendix
A. As we see later-on, the tree-level flavor changing neutral current due to Higgs H0 and
A0 will affect the ∆F = 2 processes very much unless MH is sufficiently large [16]. In
this work, we consider the cases of MH = 20TeV and 50TeV. For such heavy mass, the
contributions on b→ sγ and ∆F = 2 processes from charged Higgs in the loop diagrams
become negligibly small.

Concerning the CKM matrix, we have one for left-handed coupling V L
CKM and one

right-handed V R
CKM. We define V L

CKM by usual three rotation angles and one phase. In
this way, The right-handed CKM matrix V R

CKM is written by nine parameters remained
after imposing the unitarity condition.

There are many models on the right-handed CKM matrix. In the most of the previous
works, the two quark mixing matrices are assumed to be related to each other. In the
so-callsoed manifest Left-Right Symmetric Model[4], the right-handed matrix is exactly
the same as the left-handed one, V R

CKM = V L
CKM , while in the so-called pseudo-manifest

Left-Right Symmetric Model[5], the right-handed matrix is related to the left-handed one
by diagonal phase matrices Ku,d, V R

CKM = KuV L
CKMKd† . In the first scenario, VEV in the

Higgs sector are all real and then there are only explicit CP violations from the phases
in CKM matrices. In the second scenario, the Yukawa couplings are taken real which
leads to spontaneous CP violation from the complex Higgs VEV. Both scenarios confront
strong constraints from the mass difference and CP violation in K0 − K

0
system and

sin 2β [7]. More general right-handed CKM matrix have been studies in [6, 16, 17, 18].

Motivated by the K0 −K
0

mass difference, Langacker and Sankar proposed two simple
formulae of right-handed CKM matrix [18],

V R
(A) =




1 0 0
0 cα ±sα

0 sα ∓cα



 , V R
(B) =




0 1 0
cα 0 ±sα

sα 0 ∓cα



 , (11)
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B➔ργ photon polarization 
measurement at Belle II

Djets signal or single top 
(without bottom associated)??

-



 Photon polarization in the 
b!d! processes in the LRSM
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to be measured by Belle II

Large opposite polarization 

is allowed if W’ mass is 3-4TeV

[Abe, Nojiri, Kou, FSY, in preparation]
|C’7/C7|

MW’ (TeV)

Constrained by

Belle II at 10ab-1

LRSM constrained by collider physics 

[Abe, Nojiri, Kou, FSY, in preparation]
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Very preliminary results
T. Abe, E.K. M. Nojiri 
and F.-S. Yu
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• Having two high luminosity experiments (LHCb&Belle 
II) in very good shapes, flavour physics will keep being 
a powerful tool to search for signals beyond the SM. 

• Our new project considers Left-Right symmetric model 
with a particular right-handed CKM matrix and study 
both the flavour and high-pT signals from this model. 

• We found that SCPργ (a new Belle II golden channel) 
can lead us a clear signal if Mw’ is 3-4 TeV. 

• We found that the same model would lead to a signal 
for the ATLAS/CMS resonance search with dijet. We 
also investigate the single top final state so as to 
distinguish different models. 

Conclusions



Backup



Time-dependent CP asymmetry in

B̄ → fCP γ and B̄ → B → fCP γ

ACP (t) ≡
Γ(B(t) → fCP γ)− Γ(B(t) → fCP γ)

Γ(B(t) → fCP γ) + Γ(B(t) → fCP γ)
≈ SfCP γ sin(∆mt)

• Indirect measurement of photon polarization

[Ball,Jones,Zwicky,PRD2007’] [HFAG, 2013’] 

• In the future Belle II experiment, the error of S will be 

significantly reduced down to 2%.
7

[Atwood, Gronau, Soni, 1997’]
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B0!Kres"!KS#0"!KS$+$-" 

Non-CP eigenstates may contribute

S#Ks"  is determined by the dilution factor:

Including S-wave K!  resonances 
[Akar, Ben-Haim, Hebinger, 
Kou, FSY, in preparation

available LAL-report-15-75]

Babar 2015 Belle 2008 without (K$)0
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