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Plan

• 3rd lecture:  Searching new physics with flavour 
physics 

★ Flavour constraints on models beyond SM

★ Some examples: 2HDM, 4th generation, SUSY

★ New proposition using angular distribution 
measurement 



The Standard Model
• SU(3)cxSU(2)LxU(1)Y gauge theory

• Very concise: 19 fundamental parameters: 
✓3 gauge coupling (g, g’, gs)
✓1 Strong CP phase
✓9 fermion masses (6 quarks, 3 leptons)
✓4 in CKM matrix (3 mixing, 1 phase)
✓2 in Higgs potential (μ, λ)

Hundreds of, thousands of measurements can be 
consistently predicted by these small numbers of 

parameters !
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• SU(3)cxSU(2)LxU(1)Y gauge theory

• Very concise: 19 fundamental parameters: 
✓3 gauge coupling (g, g’, gs)
✓1 Strong CP phase
✓9 fermion masses (6 quarks, 3 leptons)
✓4 in CKM matrix (3 mixing, 1 phase)
✓2 in Higgs potential (μ, λ)

Hundreds of, thousands of measurements can be 
consistently predicted by these small numbers of 

parameters !

There is 
nothing outside of the 

SM castle?! 



Many propositions!

SUSY Technicolor 4th 
Generation

Extra 
dimension

Composite 
Higgs

Multi-Higgs
Model

Left-Right 
symmetry ???

In this lecture, we learn how to reliably extend the 
SM and some examples of new physics searches. 



Extending the SM

• Extending the SM: introduce new fields and 
new interactions according to certain rules 
(most fundamental: Lorentz invariance). 

• We have to make sure that adding these 
new fields and interactions would not break 
the agreement of the experimental 
observations to the SM predictions. 

SM must be the effective theory of the new theory.

L = LSM
SU(3)×SU(2)×U(1) + LBSM???

END



Energy scale 
GeV

Λplanck  ---  1019

MHiggs  ---  102

SM

BSM
ΛBSM  --- TeV ?????

SM as an effective Theory

As long as the new physics enters at a 
“much” higher scale than the 

electroweak scale, the SM could be 
still valid as an effective theory. 

~~



D=4-∑f Ef (sf +1)-∑i NiΔi ;      Δi=4 -di -∑f nif(sf+1)

∫dk kD-1

D=0 log-div
D=1 linear-div
D=2 quad.-div

SM is constructed by including only interactions 
which satisfy the renormalizability condition: 

Δi≥0

Renormalizability
Counting rule of the level of divergence

Otherwise, SM Lagrangian could have included terms like:

ψψψψ ψψφ2 ψσµνψFµν

Δi=-2 Δi=-1 Δi=-1

ci

M2 M M
ci ci



Where is the scale of new physics??
Example of 5 dimensional operator (dipole operator)

ae=0.00115965218073(28)

aμ=0.00116592089(54)(33)

ψσµνψFµν
M
e

This kind of operator induces 
anomalous magnetic moment of electron and muon, ae/μ

Precession measurement in the magnetic field 

One of the most precisely 
measured quantities

Theoretical prediction within SM 

✓ae agrees relatively well (up to Δα)

✓ aμ is slightly smaller              

   aμexp-aμSM=(28.7±8.0)10-10



Where is the scale of new physics??

This interaction induces 
an extra contribution 

4e/M 

SM loop contribution 
agrees within the term 
δμ~10-9e/2mμM~106 TeV

Example of 5 dimensional operator (dipole operator)

ψσµνψFµν
M
e

aμ=0.00116592089(54)(33)

M~10 TeV

The indirect search of new physics through 
quantum loop effect: the higher precision one 

measure, the higher scale one can probe! 



Where is the scale of new physics??

This interaction induces 
an extra contribution 

4e/M 

SM loop contribution 
agrees within the term 
δμ~10-9e/2mμM~106 TeV

Example of 5 dimensional operator (dipole operator)

ψσµνψFµν
M
e

aμ=0.00116592089(54)(33)

But if the new operator obeys a symmetry ψ ➞γ5ψ, m➞-m

This interaction induces 
an extra contribution 

4emμ/M2 

SM loop contribution 
agrees within the term 
δμ~10-9e/2mμM~10 TeV

Interplay with direct/indirect searches



Where is the scale of new physics??
Example of 6 dimensional operator (four Fermi operator)

This kind of operator induces K/D/Bd/Bs mixing.
Furthermore, it could be at tree level (strong constraint on M)! 

Precession measurement in the magnetic field 

Theoretical prediction within SM 
✓ Agreement is relatively good, although 
the prediction heavily depend on lattice 
input CKM parameter input. A new 
physics contribution is still possible within 
those errors.   

ΔMd=(0.507±0.004) ps-1

ΔMs=(17.69±0.08)ps-1

ΔMK=(5.292±0.009)x10-3 ps-1

sin2Φ1=0.676±0.020   
Φs=-0.14+0.16-0.11   

εK=(2.228±0.001)x10-3

ij=generation
Γ: Dirac matrix

(δij)2

M2
ψiΓµψi ψjΓ

µψj



Where is the scale of new physics??

This interaction induces 
an extra contribution 

δ21/M2 

SM loop contribution 
agrees within 10-15% 

errorM~104 TeV

Example of K mixing (ΔMK, εK) i=2, j=1

(δij)2

M2
ψiΓµψi ψjΓ

µψj



Where is the scale of new physics??

This interaction induces 
an extra contribution 

δ21/M2 

SM loop contribution 
agrees within 10-15% 

errorM~104 TeV

Example of K mixing (ΔMK, εK)

But if the coupling is CKM like (minimal flavour violation)

This interaction induces 
an extra contribution 

(VtdVts*)2/M2 M~a few TeV
Interplay with direct/indirect searches

SM loop contribution 
agrees within 10-15% 

error

i=2, j=1

(δij)2

M2
ψiΓµψi ψjΓ

µψj



Where is the scale of new physics??

This interaction induces 
an extra contribution 

δ21/M2 

SM loop contribution 
agrees within 10-15% 

errorM~104 TeV

Example of K mixing (ΔMK, εK)

But if the coupling is CKM like (minimal flavour violation)

This interaction induces 
an extra contribution 

(VtdVts*)2/M2 M~a few TeV
Interplay with direct/indirect searches

SM loop contribution 
agrees within 10-15% 

error

i=2, j=1

Flavour physics provides very important guides 
for building a new models beyond SM!

(δij)2

M2
ψiΓµψi ψjΓ

µψj



Indirect Search of new 
physics effects

SUSY Technicolor 4th 
Generation

Extra 
dimension

Composite 
Higgs

Multi-Higgs
Model

Left-Right 
symmetry SM

It is just for the matter of the time constraint, I focus on these models... 



Figure 11: Box vertices resolved in terms of elementary vertices

• The effective vertices depend on the masses of internal quarks or leptons and conse-

quently are calculable functions of

xi =
m2

i

M2
W

, i = u, c, t. (3.10)

A set of basic universal functions can be found. These functions govern the physics of

all FCNC processes. They are given below.

• The effective vertices depend on elements of the CKM matrix and this dependence can

be found directly from the diagrams of figs. 9 and 11.

• The dependences of a given vertex on the CKM factors and the masses of internal

fermions govern the strength of the vertex in question.

• Another new feature of the effective vertices as compared with the elementary vertices

is their dependence on the gauge used for the W± propagator. We will return to this

point below.

3.2.4 Basic Functions

The basic functions present in (3.1)-(3.8) were calculated by various authors, in particular

by Inami and Lim [45]. They are given explicitly as follows:

B0(xt) =
1

4

[
xt

1 − xt
+

xt ln xt

(xt − 1)2

]
(3.11)
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fermions govern the strength of the vertex in question.

• Another new feature of the effective vertices as compared with the elementary vertices
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3.2.4 Basic Functions
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Searching new particle with loop 
process
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loop function
x=mt2/mW2

Indeed, the top quark mass was predicted 
to be around >100 GeV after the first 

measurement of ΔMd (1987 by ARGUS Experiment)

Searching new particle with loop 
process
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Two Higgs doublet model (2HDM)Multi-Higgs
Model

✓The number of the Higgs particle is not restricted.   
✓Therefore, an extension of the Higgs sector is certainly an 

interesting possibility to go beyond SM. ➞ The Two Higgs 
Doublet Model (2HDM)
✓2HDM : 3 neutral and 2 charged scalar Higgs. 
✓In order to avoid the overproduction of the CP violation and 

the FCNC due to the neutral Higgs, a discrete symmetry is 
often imposed (according to the Weinberg-Glashow Natural 
Flavour Conservation). 
✓Three types of 2HDM are proposed according to the different 

coupling of the two Higgs doublets to the quarks and leptons. 

in nutshell...



Φ1=(Φ0,Φ+)1 ➞v1;   Φ2=(Φ0,Φ+)2 ➞v2

tanβ=v2/v1,   v12+ v12=v2

Type I:  Au=cotβ, Ad=-cotβ
Type II:  Au=cotβ, Ad=tanβ

2.5 Two-Higgs-Doublet Models

Next we turn to two-Higgs-doublet models (2HDM), where we examine two dis-

tinct models which naturally avoid tree-level flavor changing neutral currents. In

Model I, one doublet (φ2) generates masses for all fermions and the other doublet

(φ1) decouples from the fermion sector. In the second model (Model II) φ2 gives

mass to the up-type quarks, while the down-type quarks and charged leptons re-

ceive their mass from φ1. Each doublet obtains a vacuum expectation value (vev)

vi, subject to the constraint that v2
1 + v2

2 = v2, where v is the usual vev present in

the SM. The charged Higgs boson interactions with the quark sector are governed

by the Lagrangian

L =
g

2
√

2MW

H±
[

VijmuiAuūi(1 − γ5)dj + VijmdjAdūi(1 + γ5)dj

]

+ h.c. , (8)

where g is the usual SU(2) coupling constant and Vij represents the appropriate

CKM element. In model I, Au = cotβ and Ad = − cot β, while in model II,

Au = cot β and Ad = tanβ, where tanβ ≡ v2/v1 is the ratio of vevs. In both

models, the H± contributes to b → sγ via virtual exchange together with the

top-quark, and the dipole b → s operators O7,8 receive contributions from this

exchange. At the W scale the coefficients of these operators take the generic form

c7,8(MW ) = G7,8(m
2
t/M

2
W ) +

1

3 tan2 β
G7,8(m

2
t /m

2
H±) + λF7,8(m

2
t /m

2
H±) , (9)

where λ = −1/ tan β, +1 in Model I and II, respectively. The analytic form of

the functions F7,8 can be found in Ref. 23. Since the H± contributions all scale

as cot2 β in Model I, enhancements to the SM decay rate only occurs for small

values of tanβ. The relative minus sign between the two H± contributions in

this model also gives a destructive interference for some values of the parameters.

Consistency with the CLEO lower and upper limits excludes24 the shaded regions

in the mH±−tanβ parameter plane presented in Fig. 5a, assuming mt = 150 GeV.

Here, the shaded region on the left results from the CLEO upper bound and the

shaded slice in the middle is from the lower limit. In Model II, large enhancements

also appear for small values of tanβ, but more importantly, B(b → sγ) is always

larger than that of the SM, independent of the value of tanβ. This is due to the

+ tanβ scaling of the F7,8 term in Eq. (9). In this case the CLEO upper bound

excludes24,25 the region to the left and beneath the curves shown in Fig. 5b for

the various values of mt as indicated. In this case, the bounds are quite sensitive12

Two Higgs doublet model (2HDM)Multi-Higgs
Model

In flavour physics, a large contribution from the 
charged Higgs is expected. 

In particular, we study:
• B ➔ Xs γ
• B ➔ τ ν
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2.5 Two-Higgs-Doublet Models

Next we turn to two-Higgs-doublet models (2HDM), where we examine two dis-

tinct models which naturally avoid tree-level flavor changing neutral currents. In

Model I, one doublet (φ2) generates masses for all fermions and the other doublet

(φ1) decouples from the fermion sector. In the second model (Model II) φ2 gives

mass to the up-type quarks, while the down-type quarks and charged leptons re-

ceive their mass from φ1. Each doublet obtains a vacuum expectation value (vev)

vi, subject to the constraint that v2
1 + v2

2 = v2, where v is the usual vev present in

the SM. The charged Higgs boson interactions with the quark sector are governed

by the Lagrangian

L =
g

2
√

2MW
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[

VijmuiAuūi(1 − γ5)dj + VijmdjAdūi(1 + γ5)dj

]

+ h.c. , (8)

where g is the usual SU(2) coupling constant and Vij represents the appropriate

CKM element. In model I, Au = cotβ and Ad = − cot β, while in model II,

Au = cot β and Ad = tanβ, where tanβ ≡ v2/v1 is the ratio of vevs. In both

models, the H± contributes to b → sγ via virtual exchange together with the

top-quark, and the dipole b → s operators O7,8 receive contributions from this

exchange. At the W scale the coefficients of these operators take the generic form
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2
t/M

2
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1
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2
t /m

2
H±) + λF7,8(m

2
t /m

2
H±) , (9)

where λ = −1/ tan β, +1 in Model I and II, respectively. The analytic form of

the functions F7,8 can be found in Ref. 23. Since the H± contributions all scale

as cot2 β in Model I, enhancements to the SM decay rate only occurs for small

values of tanβ. The relative minus sign between the two H± contributions in

this model also gives a destructive interference for some values of the parameters.

Consistency with the CLEO lower and upper limits excludes24 the shaded regions

in the mH±−tanβ parameter plane presented in Fig. 5a, assuming mt = 150 GeV.

Here, the shaded region on the left results from the CLEO upper bound and the

shaded slice in the middle is from the lower limit. In Model II, large enhancements

also appear for small values of tanβ, but more importantly, B(b → sγ) is always

larger than that of the SM, independent of the value of tanβ. This is due to the

+ tanβ scaling of the F7,8 term in Eq. (9). In this case the CLEO upper bound

excludes24,25 the region to the left and beneath the curves shown in Fig. 5b for

the various values of mt as indicated. In this case, the bounds are quite sensitive12

Type II:  Au=cotβ, Ad=tanβ

Now the loop function looks like... 

So far, a large deviation from SM is 
not observed in branching ratio 

measurement of the  b ➔ s γ. 

C7,8(MW ) = GSM
7,8

(
m2

t

m2
W±

)
+

1
3 tan2 β

G7,8

(
m2

t

m2
H±

)
− F7,8

(
m2

t

m2
H±

)

The b ➔ s γ process in 2HDMMulti-Higgs
Model

Indirect probe of charged Higgs!

mH>295 GeV



The B➔τν process in 2HDMMulti-Higgs
Model

Indirect probe of charged Higgs!

W±

H±

SM

2HDM

b

u τ-

ν

-
B-

12

The most recent analysis shows that the SM prediction is915

now 1 sigma below the experimental value and the lower
limit for the charged Higgs mass is obtained for any value
of tanβ as:

mH± > 295 GeV. (25.4.25)

Another very important constraint on Type II 2HDM
has been obtained from the B factory measurements of920

the branching ratio of the B → τν process. This tree level
process occurs in SM with a diagram in which B meson
annihilates into W boson followed by its decay into τν.
In 2HDM, the similar process is possible by replacing W
with the charged Higgs. The resulting branching ratio can925

be expressed as:

Br(B → τν) = Br(B → τν)SM

(
1− tan2 β

m2
B

m2
H±

)2

(25.4.26)

where

Br(B → τν)SM =
G2

F mBm2
τ

8π

(
1− m2

τ

m2
B

)2

f2
B |Vub|2τB

(25.4.27)
The second term in the parenthesis of Eq. 25.4.26 is the
charged Higgs contribution.

Replacing the left hand side of Eq. 25.4.26 with the930

experimental bound obtained by the B factories, a com-
bination of the parameters mH±/ tanβ should be able to
be constrained. The solutions yield:

mH±
mB tan β =

(
1 +

√
rB→τν

)−1/2

mH±
mB tan β =

(
1−

√
rB→τν

)−1/2
(25.4.28)

where rB→τν is defined as

rB→τν
exp =

Br(B → τν)exp

Br(B → τν)SM
(25.4.29)

and Br(B → τν)exp represents the experimentally allowed935

maximum/minimum value of the branching ratios. Note
that the second solution is valid only for rB→τν

min ≤ 1. Here
we compute the SM branching ratio, Br(B → τν)SM, with
a choice of the values of the parameters:

fBd = (200 ± 10) MeV, |Vub| = (3.89 ± 0.44)× 10−3

(25.4.30)
However, we should note here that the determination of940

the new physics parameter strongly depends on how pre-
cisely we know the SM prediction. In particular, the val-
ues of CKM matrix element |Vub| and the B meson decay
constant fB are the main sources of the theoretical un-
certainties here (find detailed discussion on determining945

these parameters in the previous section).
The result is presented in the Fig. ?. The vertical lines

indicate the current world average of the experimental
value:

Br(B → τν)exp = (1.15 ± 0.23)× 10−6 (25.4.31)
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Fig. 25.4.2. The expected charged Higgs contribution and the
current experimental bound for Br(B → τν). The x-axis is
the ratio of the experimental branching ratio to the theoretical
one (see Eq. 25.4.29). The vertical red bound represents the
95% C.L. excluded region with the current world average of
experimental value, Br(B → τν)exp = (1.15±0.23)×10−6. The
vertical gray lines represents the same experimental value with
one (dotted), two (dashed) and three (solid) sigma errors. The
horizontal green region is excluded by the the Br(B → Xsγ)
measurement (see Eq. (25.4.25)). The grey and the black lines
correspond to the solutions in Eq. (25.4.28), respectively. We
can see from this figure that the second solution can lead to a
stronger constraint than the one from B → Xsγ especially for
a large value of tanβ.
.

with one (dotted), two (dashed) and three (solid) sigma950

errors. We would expect an additional systematic error
coming from the theoretical uncertainties as indicated on
the right top corner. Thus, the red part is 95% C.L ex-
cluded region. For a given value of tanβ, the first solution
of Eq. 25.4.28 yields the gray lines and the second one955

black lines. The numbers on the lines represent the tanβ.
The horizontal bound shows the excluded region by the
Br(B → Xsγ) measurement discussed earlier. The first
solution (gray lines) turned out to have been already ex-
cluded by the constrains obtained from B → Xsγ as well960

as another processes, such as B → Dτν. The second solu-
tion (black lines) could give a constraint on mH stronger
than Br(B → Xsγ). If we consider only one sigma ex-
perimental error, rB→τν

min ≥ 1. Then this solution does
not exist (all value of mH± and tanβ excluded). When965

considering the three sigma error, we obtain the lower
limit on mH± . For example, we can read from this fig-
ure mH±H ≥ 465(698) GeV for tanβ = 40(60). Note that
this bound is very sensitive to the theoretical input and
it could be lowered over 100 (200) GeV by taking into970

account the theoretical uncertainty. It is clear from this
figure that turther reductions of errors both from theory
and experiment will shed light on the charged Higgs search
in this model in the future.
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The second term in the parenthesis of Eq. 25.4.26 is the
charged Higgs contribution.
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that the second solution is valid only for rB→τν

min ≤ 1. Here
we compute the SM branching ratio, Br(B → τν)SM, with
a choice of the values of the parameters:

fBd = (200 ± 10) MeV, |Vub| = (3.89 ± 0.44)× 10−3

(25.4.30)
However, we should note here that the determination of940

the new physics parameter strongly depends on how pre-
cisely we know the SM prediction. In particular, the val-
ues of CKM matrix element |Vub| and the B meson decay
constant fB are the main sources of the theoretical un-
certainties here (find detailed discussion on determining945

these parameters in the previous section).
The result is presented in the Fig. ?. The vertical lines

indicate the current world average of the experimental
value:

Br(B → τν)exp = (1.15 ± 0.23)× 10−6 (25.4.31)
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can see from this figure that the second solution can lead to a
stronger constraint than the one from B → Xsγ especially for
a large value of tanβ.
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errors. We would expect an additional systematic error
coming from the theoretical uncertainties as indicated on
the right top corner. Thus, the red part is 95% C.L ex-
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black lines. The numbers on the lines represent the tanβ.
The horizontal bound shows the excluded region by the
Br(B → Xsγ) measurement discussed earlier. The first
solution (gray lines) turned out to have been already ex-
cluded by the constrains obtained from B → Xsγ as well960

as another processes, such as B → Dτν. The second solu-
tion (black lines) could give a constraint on mH stronger
than Br(B → Xsγ). If we consider only one sigma ex-
perimental error, rB→τν

min ≥ 1. Then this solution does
not exist (all value of mH± and tanβ excluded). When965

considering the three sigma error, we obtain the lower
limit on mH± . For example, we can read from this fig-
ure mH±H ≥ 465(698) GeV for tanβ = 40(60). Note that
this bound is very sensitive to the theoretical input and
it could be lowered over 100 (200) GeV by taking into970

account the theoretical uncertainty. It is clear from this
figure that turther reductions of errors both from theory
and experiment will shed light on the charged Higgs search
in this model in the future.

2HDM

SM

A small deviation from SM has been seen 
though the significance is not very high so far.
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Models with extra fermions

✓Various models beyond SM require extra fermions. 
✓The new fermions may  appear as the 4th generation type 

(sequential quarks, left(right)-handed t’ and b’ being SU(2) 
doublet (singlet)), or vector like type (one or two of t’ b’ are 
added as both left- and right-handed being SU(2) singlet). 
✓In these models, the unitarity of the 3x3 CKM matrix can be 

broken since the 3x3 part is only a part of the full matrix 
(4x4 for sequential and 4x3 or 3x4 with one vector-like case)

in nutshell...
Extra 

fermions
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In flavour physics, a large contribution from the heavy 
b’ and t’ quarks are expected! 

In particular, we study:
• B ➔ Xs γ
• Bd mixing
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SUSY
✓SUSY relates the particles with spin n to those with spin n

±1/2 (eg. the gauge bosons have their fermion superpartners 
and fermions have their scalar superpartners).
✓SUSY has an ability to solve the so-called hierarchy problem 

of the SM (strong motivation for SUSY). 
✓If supersymmetry is exact, the masses of the SUSY particles 

should be the same as their partners'.
✓ However, no candidate for SUSY particle has been detected 

by experiments so far.  This indicates that a more realistic 
model should contain the SUSY breaking terms.
✓The SUSY breaking term introduces a number of free 

parameters corresponding to the masses and mixings of the 
superpartners to this model. Even in the MSSM, the number 
of these new parameters is more than a hundred.

in nutshell...SUSY
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Figure 1: Quantum corrections to the Higgs (mass)2.

H with a classical potential given by

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at

the minimum of the potential. This will occur if m2
H < 0, resulting in 〈H〉 =

√
−m2

H/2λ.

Since we know experimentally that 〈H〉 = 174 GeV from measurements of the properties of
the weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. However,
m2

H receives enormous quantum corrections from the virtual effects of every particle which
couples, directly or indirectly, to the Higgs field.

For example, in Fig. 1a we have a correction to m2
H from a loop containing a Dirac

fermion f with mass mf . If the Higgs field couples to f with a term in the lagrangian
−λfHff , then the Feynman diagram in Fig. 1a yields a correction

∆m2
H =

|λf |2

16π2

[
−2Λ2

UV + 6m2
f ln(ΛUV/mf ) + . . .

]
. (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be
interpreted as the energy scale at which new physics enters to alter the high-energy behavior
of the theory. The ellipses represent terms which depend on the precise manner in which the
momentum cutoff is applied, and which do not get large as ΛUV does. Each of the leptons
and quarks of the Standard Model can play the role of f ; for quarks, eq. (1.2) should be
multiplied by 3 to account for color. The largest correction comes when f is the top quark
with λf ≈ 1. The problem is that if ΛUV is of order MP, say, then this quantum correction
to m2

H is some 30 orders of magnitude larger than the aimed-for value of m2
H ∼ −(100

GeV)2. This is only directly a problem for corrections to the Higgs scalar boson (mass)2,
because quantum corrections to fermion and gauge boson masses do not have the quadratic
sensitivity to ΛUV found in eq. (1.2). However, the quarks and leptons and the electroweak
gauge bosons Z0, W± of the Standard Model all owe their masses to 〈H〉, so that the entire
mass spectrum of the Standard Model is directly or indirectly sensitive to the cutoff ΛUV.

One could imagine that the solution is to simply pick an ultraviolet cutoff ΛUV which is
not too large. However, one still has to concoct some new physics at the scale ΛUV which
not only alters the propagators in the loop, but actually cuts off the loop integral. This is
not easy to do in a theory whose lagrangian does not contain more than two derivatives, and
higher derivative theories generally suffer from a loss of unitarity. In string theories, loop
integrals are cut off at high Euclidean momentum p by factors e−p2/Λ2

UV , but then ΛUV is
a string scale which is usually thought to be not very far below MP. Furthermore, there is
a contribution similar to eq. (1.2) from the virtual effects of any arbitrarily heavy particles
which might exist. For example, suppose there exists a heavy complex scalar particle S
with mass mS which couples to the Higgs with a lagrangian term −λS|H|2|S|2. Then the
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+ λS |H|4
λfψHψλfψHψ

[gsoft]=[M]Δi with Δi>0L = LSUSY + Lsoft breaking

+ ...
δµ2 =

1
8π2

(λS − |λf |2)Λ2
UV + m2

soft

[
λ

16π2
ln(ΛUV/msoft) + · · ·

]

λ=1
ΛUV=1018 GeV

msoft=O(1 TeV)
δµ2 = (100 GeV)2

Adding the soft SUSY breaking contribution, we find 



SUSY breaking

(a)

H

f

(b)

H

S

Figure 1: Quantum corrections to the Higgs (mass)2.

H with a classical potential given by

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at

the minimum of the potential. This will occur if m2
H < 0, resulting in 〈H〉 =

√
−m2

H/2λ.

Since we know experimentally that 〈H〉 = 174 GeV from measurements of the properties of
the weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. However,
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H from a loop containing a Dirac
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sensitivity to ΛUV found in eq. (1.2). However, the quarks and leptons and the electroweak
gauge bosons Z0, W± of the Standard Model all owe their masses to 〈H〉, so that the entire
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λfψHψλfψHψ

[gsoft]=[M]Δi with Δi>0L = LSUSY + Lsoft breaking

+ ...
δµ2 =

1
8π2

(λS − |λf |2)Λ2
UV + m2

soft

[
λ

16π2
ln(ΛUV/msoft) + · · ·

]

λ=1
ΛUV=1018 GeV

msoft=O(1 TeV)
δµ2 = (100 GeV)2

GOOD NEWS:
The SUSY particles should be 

around 1 TeV!!!

Adding the soft SUSY breaking contribution, we find 



SUSY breaking

[gsoft]=[M]Δi with Δi>0L = LSUSY + Lsoft breaking

L
MSSM

soft = −
1

2
(M3g̃g̃ + M2W̃W̃ + M1B̃B̃) + c.c.

−(ũauQ̃Hu − d̃adQ̃Hd − d̃adL̃Hd) + c.c.

−Q̃†
m

2
QQ̃ − L̃†

m
2
LL̃ − ũm

2
uũ

†
−

˜dm2

d

˜d
†

− ẽm2
e ẽ

†

−m
2

Hu
H

∗

uHu − m
2

Hd
H

∗

dHd − (bHuHd + c.c)

The SUSY breaking term 
introduces total of 105 new masses, 

mixings and phases. These new terms can 
generate new phenomena which may be 

seen in  experiments.

Adding the soft SUSY breaking contribution, we find 



SUSY CP/flavour problem

There is only 
one source of CP 
violation. 

FCNC is 
suppressed 
naturally by the 
GIM mechanism.

SM

There is too 
many sources of 
CP violation (large 
EDM expected). 

FCNC can 
occur since there 
is, a priori, no GIM 
mechanism.

SUSY



Avoiding SUSY CP/flavour problem
L

MSSM

soft = −
1

2
(M3g̃g̃ + M2W̃W̃ + M1B̃B̃) + c.c.

−(ũauQ̃Hu − d̃adQ̃Hd − d̃adL̃Hd) + c.c.

−Q̃†
m

2
QQ̃ − L̃†

m
2
LL̃ − ũm

2
uũ

†
−

˜dm2

d

˜d
†

− ẽm2
e ẽ

†

−m
2

Hu
H

∗

uHu − m
2

Hd
H

∗

dHd − (bHuHd + c.c)

We often work on a simplified 
model e.g. mSUGRA m0, m1/2, A0, μ, tanβ

m
2
Q = m

2

Q1,m
2
L = m

2

L1,m
2
u = m

2

u1,m
2

d
= m

2

d
1,m

2
e = m

2

e1

au = Au0yu, ad = Au0yd, ae = Au0ye

arg(M1∼3), arg(Au0), arg(Ad0), arg(Ae0) = 0, or π
Assumption

SUSY contributions may still appear through
• Renormalization running
• Large tanβ case (e.g. B➞μ+μ-)



SUSY indirect search
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Br(Bs → µ+µ−)SM

= (3.2± 0.2)× 10−9

extremely 
small!!

Br(Bs → µ+µ−)MSSM

= m2
bm2

µ tan6 β

M4
A0

  It could be large if 
tanβ is large
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It is now important to see in the 
global-fit in which extent the so-called 

constrained MSSM is still allowed. 

SUSY indirect search



NMFV SUSY 

Instead of (artificially) choosing the parameters, why 
don’t we constrain them?! 

L
MSSM

soft = −
1

2
(M3g̃g̃ + M2W̃W̃ + M1B̃B̃) + c.c.

−(ũauQ̃Hu − d̃adQ̃Hd − d̃adL̃Hd) + c.c.

−Q̃†
m

2
QQ̃ − L̃†

m
2
LL̃ − ũm

2
uũ

†
−

˜dm2

d

˜d
†

− ẽm2
e ẽ

†

−m
2

Hu
H

∗

uHu − m
2

Hd
H

∗

dHd − (bHuHd + c.c)

m
2SCKM

AB =





(m2
AB

)11 (∆AB)12 (∆AB)13
(∆AB)21 (m2

AB
)22 (∆AB)23

(∆AB)31 (∆AB)32 (m2
AB

)33





(∆AB)ij

msquark
≡ (δAB)ij

Mass Insertion 
Parameter

Less strong 
Assumption

ij: generation
AB: L/R chirality

NMFV=Non-Minimal Flavour Violating 



m
2SCKM

AB =





(m2
AB

)11 (∆AB)12 (∆AB)13
(∆AB)21 (m2

AB
)22 (∆AB)23

(∆AB)31 (∆AB)32 (m2
AB

)33





(∆AB)ij

msquark
≡ (δAB)ij

Mass Insertion 
Parameter

ij: generation
AB: L/R chirality

Ud




d
s
b





weak

=




d
s
b





mass

Ud




d̃
s̃
b̃





weak

=




d̃
s̃
b̃





mass

Squark is not on the 
mass eigen-basis

Flavour mixture in 
the propagator

NMFV SUSY 
NMFV=Non-Minimal Flavour Violating 
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



(∆AB)ij

msquark
≡ (δAB)ij

Mass Insertion 
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ij: generation
AB: L/R chirality

Ud




d
s
b





weak

=




d
s
b





mass

Ud




d̃
s̃
b̃





weak

=




d̃
s̃
b̃





mass

Squark is not on the 
mass eigen-basis

Flavour mixture in 
the propagator

b̃ s̃

example

NMFV SUSY 
NMFV=Non-Minimal Flavour Violating 



NMFV SUSY search in flavour
Bs oscillation phase! 

- Time dependent CP violation
Bs->J/ψΦ, J/ψf ..

B-> sγ photon polarization
 - Time dependent CP violation of 

B-> K*γ, ρKsγ, Ksηγ, Bs->Φγ...
- Angular distribution of 
B-> K*ee/K*μμ, B->K1->γ

New physics in penguin b->s transition: 
- Time dependent CP violation of 

B-> KsΦ, B-> Ksη’, Bs->ΦΦ

SUSY

My favorite 

In the following, I 
show some result in 

the case of...

I am sure there 
are more!
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t̄ s̄
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SJ/ψφ = Im




q

p︸︷︷︸
oscill.

A(Bs → J/ψφ)
A(Bs → J/ψφ)︸ ︷︷ ︸

decay





= Im




VtbV ∗
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V ∗
tbVts︸ ︷︷ ︸

oscill.

VcbV ∗
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V ∗
cbVcs︸ ︷︷ ︸

decay





= sin 2βs (βs " 1◦)SM

βs≃1o in SM

SJ/ψφ = Im




q

p︸︷︷︸
oscill.

A(Bs → J/ψφ)
A(Bs → J/ψφ)︸ ︷︷ ︸

decay
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
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= sin 2βs (βs canbelarge!!!)SUSU

Gluino contribution to b → s transitions: LL mass insertion

! The large squark mass is compensated by the strong coupling.
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Box:

30% effect for

mq̃ <∼ 1 TeV
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×loop2

!""""""#! $%""""&'




g2
s

12πm2
q̃





2

︸ ︷︷ ︸

#2.6×10−14(mq̃=500GeV)

(δ23
LL)2 × loop2

Penguin:

30% effect for

mq̃ <∼ 500 GeV
βs can be large in 

BSM

Gluino contributions to Bs Oscillation
In the case of SUSY (non-MFV)
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Gluino contributions to Bs Oscillation
Gluino contribution to b → s transitions: LL mass insertion

! The large squark mass is compensated by the strong coupling.

b

s̄

B0
s

s

b̄

B0
s

t

t

W W

g4
2

512π2m4
W

(VtbV
∗
ts)

2

︸ ︷︷ ︸

#1.3×10−15

×loop

b

s̄

B0
s

s

b̄

B0
s

g̃

g̃

b̃

s̃

s̃

b̃
δ23
LL δ23

LL

× ×

g4
s

576π2m4
q̃

︸ ︷︷ ︸

#6.4×10−15(mq̃=500GeV)

(δ23
LL)2 × loop

Box:

30% effect for

mq̃ <∼ 1 TeV

[

g2
2

8m2
W

(VtbV
∗
ts)

]2

︸ ︷︷ ︸

#1.0×10−13

×loop2

!""""""#! $%""""&'




g2
s

12πm2
q̃





2

︸ ︷︷ ︸

#2.6×10−14(mq̃=500GeV)

(δ23
LL)2 × loop2

Penguin:

30% effect for

mq̃ <∼ 500 GeV

x x

In the case of SUSY (non-MFV)

!1 !0.5 0 0.5 1
!1

!0.5

0

0.5

1

Re[δLL/RRbs]

Im
[δ

LL
/R

R
bs

]

mg~=mq~

=1000GeV



SJ/ψKs
= Im
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β(Φ1) measurements with penguin decay 
channels

Time dependent CP asymmetry in the Bd system
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β(Φ1) measurements 
with penguin decay 

channels
‣B factories measured various 
channels. 
‣The experimental errors are 
statistics dominant. Thus, SuperB 
factories can improve the 
measurement significantly.  
‣Theoretical errors for some of 
the channels are still under 
discussions.   
‣Similar study can be done for 
the Bs system with, e.g. Bs➞ΦΦ, 
Bs➞η’Φ etc. 
‣New physics contributions for 
box (Bq oscillation) and penguin 
can be significantly different. 
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Photon polarization measurement 
of the b→sγ processes 

??? ???

challenge for future...



The b→sγ processes in SM

Magnetic penguins: LR mass insertion

! Penguins have two Dirac structure:

b̄Aµs = −iVtbV
∗
ts

GF√
2

g(s)
8π2






E0(xt)s̄L(q2γµ − qµ/q )bL
︸ ︷︷ ︸

O1∼10: penguin operator

− mbE
′
0(xt)s̄LσµνqνbR

︸ ︷︷ ︸

O7γ,8g: magnetic operator







! Magnetic-Operator (evidence of V − A theory)

" Chirality-flip L → R on the b quark induces the factor mb

" Induce a relatively large b → sγ

Caveat: photon polarisation necessary for confirmation

! If the new physics induces chirality-flip then it is no more pro-
portional to the external mass but to the internal mass...

" The SUSY breaking term induces the chirality-flip propa-

gator b̃R − s̃L (chirality-flip occurs on the internal-line).

" As a result, this term is enhanced by the gluino mass!:

mg̃s̄LσµνqνbR × δ23
LR × loop

photon on-shell
and bR→sL γL, 

photon off-shell
= not polarized

(e.g. semi-leptonic)

mssRσµνqνbL

The b ➔sγ process is a good probe of 
fundamental properties of SM as well as 
BSM (CKM, top mass, new particle mass etc..)
Especially, the b→sγ process has a 
particular structure in SM: 

9

b s
W−

γ
R L

L

! b ➔s γL (left-handed polarization)
! b ➔s γR (right-handed polarization)

W-boson couples 
only left-handed

γ of b ➞s γ should be 
circularly-polarized

Opposite 
chirality is 

suppressed by 
a factor ms/mb

e   

-



The b→sγ processes in SM

Magnetic penguins: LR mass insertion

! Penguins have two Dirac structure:

b̄Aµs = −iVtbV
∗
ts

GF√
2

g(s)
8π2






E0(xt)s̄L(q2γµ − qµ/q )bL
︸ ︷︷ ︸

O1∼10: penguin operator

− mbE
′
0(xt)s̄LσµνqνbR

︸ ︷︷ ︸

O7γ,8g: magnetic operator







! Magnetic-Operator (evidence of V − A theory)

" Chirality-flip L → R on the b quark induces the factor mb

" Induce a relatively large b → sγ

Caveat: photon polarisation necessary for confirmation

! If the new physics induces chirality-flip then it is no more pro-
portional to the external mass but to the internal mass...

" The SUSY breaking term induces the chirality-flip propa-

gator b̃R − s̃L (chirality-flip occurs on the internal-line).

" As a result, this term is enhanced by the gluino mass!:

mg̃s̄LσµνqνbR × δ23
LR × loop

photon on-shell
and bR→sL γL, 

photon off-shell
= not polarized

(e.g. semi-leptonic)

mssRσµνqνbL

The b ➔sγ process is a good probe of 
fundamental properties of SM as well as 
BSM (CKM, top mass, new particle mass etc..)
Especially, the b→sγ process has a 
particular structure in SM: 

9

b s
W−

γ
R L

L

! b ➔s γL (left-handed polarization)
! b ➔s γR (right-handed polarization)

W-boson couples 
only left-handed

γ of b ➞s γ should be 
circularly-polarized

Opposite 
chirality is 

suppressed by 
a factor ms/mb

However, this left-handedness of the 
polarization of b ➔s γ has never been 
confirmed at a high precision yet!! 
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Right-handed: which NP model?
What types of new physics models?                                
For example, models with right-handed 
neutrino, or custodial symmetry in general 
induces the right handed current. 
  

 
Which flavour structure?                           
The models that contain new particles which 
change the chirality inside of the b➔sγ loop 
can induce a large chiral enhancement! 

Left-Right symmetric 
model: mt/mb

SUSY with δRL mass 
insertions: mSUSY/mb

Cho, Misiak, PRD49, ’94 
Babu et al PLB333 ‘94

Gabbiani, et al.  NPB477 ’96
Ball, EK, Khalil, PRD69 ‘04

Blanke et al. JHEP1203                     Girrbach et al. JHEP1106 

b s
W−

γ
R L

L

???

Left-Right symmetric 
model (WR)

SUSY GUT model δRR 
mass insertion

NP signal 
beyond the 

constraints from 
Bs oscillation 
parameters 
possible.



Theoretical interests in searching 
right-handed current using b➔sγ

Left-Right symmetry is often required for 
building new physics models in order to 
satisfy the electroweak data of rho≃1. 
SUSY-GUT models often induces right-
handed current in relation to the right-
handed neutrino. 
etc... 
In addition, when there is a new particle in 
the loop which changes the chirality inside 
of the loop, there is chiral enhancement! 

b
s

W−

γ

R L

?!

???

Left-Right symmetric 
model: mt/mb

SUSY with δRL mass 
insertions: mSUSY/mb

examples

Babu, Fujikawa, Yamada 
PLB333 ‘94

Gabbiani, Gabrielli, Masiero, 
Silvestrini     NPB477 ‘96

Ball, EK, Khalil, 
PRD69 ‘04
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of the loop, there is chiral enhancement! 

b
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???

Left-Right symmetric 
model: mt/mb

SUSY with δRL mass 
insertions: mSUSY/mb

examples

We can allow a large new physics enhancement in 
b➔sγ/b ➔sg (on-shell s/g), despite of the strong 

constraints on e.g. Bs box diagram, namely ΔMs and Φs. 

Babu, Fujikawa, Yamada 
PLB333 ‘94

Gabbiani, Gabrielli, Masiero, 
Silvestrini     NPB477 ‘96

Ball, EK, Khalil, 
PRD69 ‘04



Is a right-handed contribution still 
allowed in b➔sγ from experiment?

We have a constraint from inclusive branching ratio measurement

We can write the amplitude including RH contribution as:

M(b → sγ) " −4GF√
2

V ∗
tsVtb



(CSM
7γ + CNP

7γ )〈O7γ〉︸ ︷︷ ︸
∝ML

+C ′NP
7γ 〈O′

7γ〉︸ ︷︷ ︸
∝MR





By the way...

Br(B → XSγ) ∝ |CSM
7γ + CNP

7γ |2 + |C ′NP
7γ |2

  (3.55 ± 0.24 ± 0.09)x10-4HFAG



Future constraints on right-handed currents

B(B → Xsγ)exp =
(3.55± 0.24± 0.09)× 10−4 [HFAG(’10)]

ACP(B → KSπ0γ):
Sexp

KSπ0γ
= −0.15± 0.2 [HFAG(’10)]

σ(SKSπ0γ)LHCb ≈ 0.2 at 2 fb−1

σ(SKSπ0γ)SuperB ≈ 0.02 at 75 ab−1

σ(SKSπ0γ)Belle II ≈ 0.03 at 50 ab−1

λγ potential measurement from the
ω-distribution in B → (Kππ)K1(1270)γ:
σ(λγ)th ∼ 0.2

A(2)
T potential measurement from the

angular analysis of
B0 → K∗0(→ K−π+)&+&−:
σ(A(2)

T )LHCb ≈ 0.2 at 2 fb−1

A(im)
T potential measurement from

angular analysis of
B0 → K∗0(→ K−π+)&+&−:
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Is a right-handed contribution still 
allowed in b➔sγ from experiment?

MR

ML
!

C ′NP
7γ
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7γ + CNP

7γ

We can write the amplitude including RH contribution as:

While the polarization 
measurement carries 

information on

M(b → sγ) " −4GF√
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+C ′NP
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∝MR


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Br(B → XSγ) ∝ |CSM
7γ + CNP

7γ |2 + |C ′NP
7γ |2

Im
[C

′N
P

7
γ

/C
S
M

7
γ

]

Re[C ′NP
7γ /CSM

7γ ]

  (3.55 ± 0.24 ± 0.09)x10-4HFAG
Here we assume 
C’7γNP≠0, C7γNP=0

-SUSY with δRL mass 
insertions

- SUSY-GUT models
-etc...

More general case 
E.K. F. Yu in preparation

We have a constraint from inclusive branching ratio measurement
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We have a constraint from inclusive branching ratio measurement
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Current 
situation! 

More general case 
E.K. F. Yu in preparation



How do we measure the polarization?!

‣Method 1: Time dependent CP asymmetry in 
Bd➔KSπ0γ Bs➔Κ+Κ-γ (called SKSπ0γ, SΚ+Κ-γ)

‣Method II: Transverse asymmetry in Bd➔K*l+l-

(called ΑΤ(2), ΑΤ(im))

‣Method III: B➔K1(➔Kππ)γ (called λγ)

‣Method IV: Λb➔Λ(*)γ, Ξb➔Ξ*γ ...  

Atwood et.al. PRL79

Kruger, Matias PRD71
Becirevic, Schneider, 

NPB854 

Gronau et al PRL88
E.K. Le Yaouanc, Tayduganov

PRD83

proposed methods

Gremm et al.’95, Mannel et 
al ’97, Legger et al ’07, 

Oliver et al ‘10



Flavour Non-specific mixing CPV 
(CP Violation in oscillation)

Choose a final state which 
could come both B and Bbar! 

!

D+

e-

B0

B0

J/!

"s

D-

e+

B0

?? ??
B0

ex:  J/"Ks final state

J/!

"s

|B(t)〉 = f+(t)|B〉 +
q

p
f−(t)|B〉

|B(t)〉 = f+(t)|B〉 +
p

q
f−(t)|B〉

!

Polarization measurement using 
Time-dependent CPV of B➔K*(➔Ksπ0)γ

Atwood et.al. PRL79
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In 
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〈J/ψKs|H∆B=1|B〉 = 〈J/ψKs|H∆B=1|B〉 ! 12 << M12

We assume...

Polarization measurement using 
Time-dependent CPV of B➔K*(➔Ksπ0)γ

Atwood et.al. PRL79

In 
the Case 
of Ksπ0γ

<Ksπ0γL|

<Ksπ0γL|

! B ➔s γL (left-handed polarization)
! B ➔s γR (right-handed polarization)

-

<Ksπ0γL|

<Ksπ0γL|

<Ksπ0γL|

<Ksπ0γL|

In SM

If we observe non-zero CP violating phase, that 
would mean that a decay B->Ksπ0γL or B->KSπ0γR 

occured, which comes from a right-handed current!  

-



We can write the amplitude including RH contribution as:

M(b → sγ) " −4GF√
2

V ∗
tsVtb



(CSM
7γ + CNP

7γ )〈O7γ〉︸ ︷︷ ︸
∝ML

+C ′NP
7γ 〈O′

7γ〉︸ ︷︷ ︸
∝MR





Br(B → XSγ) ∝ |CSM
7γ + CNP

7γ |2 + |C ′NP
7γ |2

  (3.43 ± 0.21 ± 0.07)x10-4HFAG

Constraints from inclusive branching ratio

φR = arg

[
C ′NP

7γ

CSM
7γ

]
SKSπ0γ =

2|CSM
7γ C ′NP

7γ |
|CSM

7γ |2 + |C ′NP
7γ |2

sin(2φ1 − φR)

  SKsπ0γ=-0.15 ± 0.2HFAG

Constraints from Time dependent CPV of SKsπ0γ

Polarization measurement using 
Time-dependent CPV of B➔K*(➔Ksπ0)γ



Current constraints on C7&C7’
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C (NP)
7γ = C ′ (NP)

7γ
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(d)

C (NP)
7γ = −C ′ (NP)

7γ

Figure 3: Current constraints from the combination of the inclusive decay rate and the mixing-induced
CP -asymmetry in B → K∗(→ KSπ0)γ. In Fig. (a) we present the constraints in particular NP scenario
where both C7γ and C ′

7γ are real. In Fig. (b, c, d), for illustration, we consider several NP scenarios

with the left-handed coefficient C (NP)
7γ = 0, C ′ (NP)

7γ , −C ′ (NP)
7γ respectively. Gray (dark gray) bound

represents the ±3σ (±1σ) constraint from the B(B → Xsγ) measurement. Orange (dark orange) region
represents the ±3σ (±1σ) constraint from the current SKSπ0γ measurement. The light and dark blue

regions correspond respectively to the 95% and 68% CL bounds for C ′ (NP)
7γ , obtained from the χ2-fit of

the present measurements of B(B → Xsγ) and SKSπ0γ .
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Polarization measurement using 
B➔K1(➔Kππ)γ: the method by Gronau et al.

Gronau, Grossman, Pirjol, Ryd hep-ph/0107254

Measuring the photon polarization using 

B!K1(1400)! (!K""!) 
Gronau, Grossman, Pirjol, Ryd hep-ph/0107254

Left

Right

!

" K*

Measuring the photon polarization using 

B!K1(1400)! (!K""!) 

Left

Right

!

"

Gronau, Grossman, Pirjol, Ryd hep-ph/0107254

# K1

Why do we use K1(1400)? 

K1(1400) decays to three bodies. Why do we need three body channel to start with???
2 body decay 3 body decay

NG GOOD

Decays are symmetric along the 
helicity axis. No LR distinction! 

Three body decays can make an 
angle to the plane!
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Measuring the photon polarization using 
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!
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Gronau, Grossman, Pirjol, Ryd hep-ph/0107254

# K1

Why do we use K1(1400)? 

K1(1400) decays to three bodies. Why do we need three body channel to start with???
2 body decay 3 body decay

NG GOOD

Measuring the photon polarization using 

B!K1(1400)! (!K""!) 

• Up-Down Asymmetry: 

• Count the number of events with photon above/below 
the K1 decay plane and subtract them. 

!
K1 rest frame 

p1

p2

p3

"

"

n=p1xp
2

^

Gronau, Grossman, Pirjol, Ryd hep-ph/0107254

"+"-

K-

n=p1xp2
^

A =

∫ π/2
0 d|M|2dθ −

∫ π
π/2 d|M|2dθ

∫ π
0 d|M|2dθ

Count the number of events 
with photon above/below the K1 
decay plane and subtract them. 

Up-Down asymmetry



Gronau, Grossman, Pirjol, Ryd hep-ph/0107254
Up-Down asymmetry

A =

∫ π/2
0 d|M|2dθ −

∫ π
π/2 d|M|2dθ

∫ π
0 d|M|2dθ

=
3
4
〈Im(n̂ · ( "J × "J∗))〉

〈| "J |2〉
|cR|2 − |cL|2

|cR|2 + |cL|2
|C ′

7γ |2 − |C7γ |2

|C ′
7γ |2 + |C7γ |2

︸ ︷︷ ︸

〈Im(n̂ · ( !J × !J∗))〉
〈| !J |2〉︸ ︷︷ ︸

Helicity amplitude 
of K1➔Kππ!J : λ :Polarization parameter

Angular distribution of 
K1 decay

Circularly-polarization 
measurement of γ 

Polarization measurement using 
B➔K1(➔Kππ)γ: the method by Gronau et al.
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Polarization measurement using 
B➔K1(➔Kππ)γ: the method by Gronau et al.

K*0

K+
1 (p)→ π+(p1)π−(p2)K+(p3)

ρ0

Source of 
imaginary part

Breit-Wigner of 
two resonances➮
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Helicity amplitude 
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Polarization measurement using 
B➔K1(➔Kππ)γ: the method by Gronau et al.

K*0

K+
1 (p)→ π+(p1)π−(p2)K+(p3)

ρ0

Source of 
imaginary part

Breit-Wigner of 
two resonances➮

Angular & Dalitz 
distribution of K1 decay

Circularly-polarization 
measurement of γ 

We need detailed information on 
the hadronic amplitude of K1➔Kππ



Strong decay of K1➔Kππ

How to extract the hadronic information (i.e. function J)?

1. Model independent extraction i.e. from data (most ideal)

B➔J/ΨK1, τ➔K1ν...
2. Model dependent extraction i.e. theoretical estimate

Assume K1➔Kππ comes from quasi-two-body 
decay, e.g. K1➔K*π, K1➔ρK, then, J function can be 
written in terms of:
‣4 form factors (S,D partial wave amplitudes) 
‣2 couplings (gK*Kπ, gρππ)
‣1 relative phase between two channel

Modeling J function:



Strong decay of K1➔Kππ
Model parameters are extracted by fitting to data:

✓ Br(K1(1270)➔K*π)/Br(K1(1270)➔ρK)=0.24±0.09

✓ Br(K1(1400)➔ρK)/Br(K1(1400)➔K*π)=0.01±0.01

✓ Br(K1(1400)➔K*π)D-wave/Br(K1(1400)➔K*π) S-wave =0.04±0.01

✓ Br(K1(1270)➔K*π)D-wave/Br(K1(1270)➔K*π) S-wave =2.67±0.95

Brandenburg et al, 
Phys Rev Lett, 36 (‘76)
Otter et al, 
Nucl Phys, B106 (‘77) 
Daum et al, 
Nucl Phys, B187 (‘81)

Recent Belle measurement of B➔J/ΨK1 fixed the relative phase!!

Strong interaction decays of the K1-mesons
Kρ/K∗π phase issue

Im[#n · ( #J × #J ∗)] is sensitive to the relative phase between K∗π and Kρ.

δρ ≡ arg
»

AS(K1 → Kρ)× AP(ρ→ ππ)
AS(K1 → K∗π)× AP(K∗ → Kπ)

–

In the models, δρ ∼ 0 or π but this is not what is found.

The relative sign of two amplitudes, predicted by QPCM, can be verified
using the recent exp. data on the B → Kππψ decay [Belle (’10)].

The interference between the Kρ and K∗π amplitudes is responsible for
the abrupt fading of the K∗(892) signal at MKπ > MK∗(892).

Belle data prediction with
correct sign

prediction with
wrong sign

We confirm the sign, predicted by QPCM. 19 / 29
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Reducing hadronic uncertainty is important. 
Model independent analysis is ideal... 



Comparison of the three methods

‣Method 1: Time dependent CP asymmetry in Bd➔KSπ0γ Bs➔Κ+Κ-γ 
(called SKSπ0γ, SΚ+Κ-γ)

‣Method II: Transverse asymmetry in Bd➔K*l+l-(called ΑΤ(2), ΑΤ(im))

‣Method III: B➔K1(➔Kππ)γ (called λγ)

proposed methods

φR = arg

[
C ′NP

7γ

CSM
7γ

]
SKSπ0γ =

2|CSM
7γ C ′NP

7γ |
|CSM

7γ |2 + |C ′NP
7γ |2

sin(2φ1 − φR)

A(2)
T (q2 = 0) =

2Re[CSM
7γ C ′NP∗

7γ ]
|CSM

7γ |2 + |C ′NP
7γ |2

A(im)
T (q2 = 0) =

2Im[CSM
7γ C ′NP∗

7γ ]
|CSM

7γ |2 + |C ′NP
7γ |2

λ =
|C ′NP

7γ |2 − |CSM
7γ |2

|C ′NP
7γ |2 + |CSM

7γ |2

Assumption for γ*/Z penguin 
(C9,C10 contributions) necessary!
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‣Method III: B➔K1(➔Kππ)γ (called λγ)
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φR = arg

[
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7γ
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7γ

]
SKSπ0γ =

2|CSM
7γ C ′NP

7γ |
|CSM

7γ |2 + |C ′NP
7γ |2
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A(2)
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A(im)
T (q2 = 0) =
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7γ ]
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7γ |2

λ =
|C ′NP

7γ |2 − |CSM
7γ |2

|C ′NP
7γ |2 + |CSM

7γ |2

Super Flavo
ur Factorie

s

σSKsπγ(0.02)

LHCb
σAT2

(im)(0.2)

Super Flavo
ur Factory/

LHCb

σλ(0.1-0.2)

Comparison of the three methods



Comparison of the three methods

Future constraints on right-handed currents

B(B → Xsγ)exp =
(3.55± 0.24± 0.09)× 10−4 [HFAG(’10)]

ACP(B → KSπ0γ):
Sexp

KSπ0γ
= −0.15± 0.2 [HFAG(’10)]

σ(SKSπ0γ)LHCb ≈ 0.2 at 2 fb−1

σ(SKSπ0γ)SuperB ≈ 0.02 at 75 ab−1

σ(SKSπ0γ)Belle II ≈ 0.03 at 50 ab−1

λγ potential measurement from the
ω-distribution in B → (Kππ)K1(1270)γ:
σ(λγ)th ∼ 0.2

A(2)
T potential measurement from the

angular analysis of
B0 → K∗0(→ K−π+)&+&−:
σ(A(2)

T )LHCb ≈ 0.2 at 2 fb−1

A(im)
T potential measurement from

angular analysis of
B0 → K∗0(→ K−π+)&+&−:

Br!B!XsΓ"

#1.0 #0.5 0.0 0.5 1.0

#1.0

#0.5

0.0

0.5

1.0

Re#C
7 Γ
$ eff$C

7 Γ
eff%

Im
#C 7Γ$eff

$C 7Γeff %
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Comparison of the three methods
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SKSπ0γ =
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sin(2φ1 − φR)

Current bound
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New physics 
only RH C7’
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Combining these two methods are very 
useful to pin down the right-handed current!

New physics 
only RH C7’



Comparison of the three methods
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Extra-dimension model with FlavourExtra-
dimension in nutshell...

Introduction: Randall-Sundrum model

! Set-up: one extra dimension (usual 4D xµ plus one extra di-
mension y).

" Hierarchy problem is solved by the exponential factor. The

Planck scale 1019 GeV fixes the geometric parameter kR ! 11.



Extra-dimension model with FlavourExtra-
dimension in nutshell...

Introduction: RS model with bulk fermions

! Once fermions are put in the bulk, their couplings to the Higgs

and KK modes are given by their distance to the TeV brane.

!

"

#

$

%

&

& "! "& #! #& $!'

e−
3

2
σf0

e

τ

t

H

TeV-branePlanck-brane

!" #$

" The fermion masses hierarchy (e.g. mt ! 105mu) can be

solved by the same exponential factor.



Extra-dimension model with FlavourExtra-
dimension in nutshell...

The coupling constants for fermions to the Higgs/KK modes

! The 4 dimensional Yuakawa coupling (fermion-Higgs coupling):

∫

d4x
∫ πR

−πR

dy

2πR
λ5De−σH(y)

︸ ︷︷ ︸

Higgs

× f0
L(y)

︸ ︷︷ ︸

LHfermion

× f0
R(y)

︸ ︷︷ ︸

RHfermion

×v0Ψ̄
0
L(x)Ψ0

R(x)

" 4D Yukawa coupling is given by the overlap of the fermion and

the Higgs wavefunctions (with some assumption for λ5D).

! The 4 dimensional fermion-KK1 gauge boson coupling:
∫

d4x
∫ πR

−πR

dy

2πR
g e−σ χ1(y)

︸ ︷︷ ︸

KKgauge

× f0
A(y)

︸ ︷︷ ︸

fermion

× f0
B(y)

︸ ︷︷ ︸

fermion

× Ψ̄0
A(x)Ψ0

B(x)

" The KK coupling constant is given by the overlap of the fermion

and the KK gauge boson wavefunction (with the usual g, gs...)

−→ KK gauge coupling is stronger for the heavy fermions

−→ large FCNC for heavy (top/bottom) sector!



Extra-dimension model with FlavourExtra-
dimension in nutshell...Breaking of GIM mechanism in the bulk flavour RS model

! FCNC occurs at tree level since the fermions couple to the KK

gauge bosons with different strengths.

" Let us define fermion eigenstates as:
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" Then, GIM mechanism in the SM comes from KijK
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" While in the bulk flavour RS model, the non-universal

coupling Ci (larger for heavier i) leads to the non-zero off-

diagonal elements (FCNC at tree level):
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Extra-dimension model with FlavourExtra-
dimension in nutshell...

Bd,s − Bd,s oscillation from tree level gKK diagram

! A rough estimate predicts large effects
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! The ∆Md and also the recent ∆Ms measurements do not show

such a large deviation: HFAG

∆Md = 0.507 ± 0.005ps−1

∆Ms = 17.77 ± 0.12ps−1


