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• The ✏K regions are fairly different

γ

γ

α

α

dm∆

Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)

 < 0βsol. w/ cos 2

e
xclu

d
e
d
 a

t C
L
 >

 0
.9

5

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

EPS 15

CKM
f i t t e r

ρ
-1 -0.5 0 0.5 1

η

-1

-0.5

0

0.5

1

γ

β

α

sm∆
dm∆ dm∆

K
ε

cbV
ubV

)ντ→BR(B

summer14

Z L – p. 28

l  Unitarity	
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   l  Flavor	
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★ほぼ標準模型と合っている� ★いくつかの2-­‐3σのずれ	
  



新物理のフレーバーの破れ 

l  Unitarity	
  triangle	
   l  Flavor	
  anomaly	
  
[Zoltan	
  LigeH’s	
  talk	
  at	
  KEK-­‐PH2016]�

★ほぼ標準模型と合っている� ★いくつかの2-­‐3σのずれ	
  
　⇒	
  新物理の可能性�

新物理のフレーバーの破れが湯川相互作用と同じ起源�

★湯川相互作用のみ（標準模型タイプ）�
★それ以外もあり  c.f.)	
  超対称性粒子の質量行列の非対角成分�

Minimal	
  Flavor	
  ViolaHon	
  

▶　新物理では、フレーバーを破る寄与はたくさん出てくる�

例）MSSM　スクォークの質量行列�

▶　possible	
  soluHons	
  :�

⇒　NP	
  flavor	
  problem�

▶　新物理のスケールが高くて見えていない	
  
	
  
▶　新物理のFCNC	
  processesの構造が標準模型と一緒  	
  



　▶	
  	
  ＮＰの低エネルギー有効理論高次元operatorsが、フレーバー対称性不変と仮定�

もしMFVからのずれが見つかれば、湯川相互作用が起源ではない新しいフレーバー構造の
示唆になる	
  
	
  

Minimal	
  Flavor	
  Viola>on �
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  G.Isidori	
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  A.Strumia,	
  hep-­‐ph/0207036] �

フレーバー対称性：	
  

とすると、上記のフレーバー対称性に対して不変�

Satoshi Mishima (KEK)/6931

Minimal Flavor Violation Hypothesis

 SM gauge interactions are flavor independent.

Flavor symmetries: SU(3)QL ⇥ SU(3)UR ⇥ SU(3)DR

 These symmetries are violated by the Yukawa:  

L = Y u
ij QLi �̃URj + Y d

ij QLi �DRj + h.c.

DR : (1, 1, 3)

UR : (1, 3, 1)

QL : (3̄, 1, 1)

 Assume that higher-dim. operators of the SM fields 
are invariant under the above flavor symmetries, 

Y d : (3, 1, 3̄)Y u : (3, 3̄, 1)where

O0 =
1

2

�
Q̄LY

uY u†�µQL

�2e.g.

G.D’Ambrosio, G.F.Giudice, G.Isidori & A.Strumia, hep-ph/0207036

and .

l  B中間子系とK中間子系の物理が、関係
付く	
  

invariant (formally) under the flavor group SU(3)3q [23]. Invariance under CP may or may not be

imposed in addition.

According to this criterion one should in principle consider operators with arbitrary powers

of the (dimensionless) Yukawa fields. However, a strong simplification arises by the observation

that all the eigenvalues of the Yukawa matrices are small, but for the top one (and possibly the

bottom one, see later), and that the off-diagonal elements of the CKM matrix are very suppressed.

Working in the basis in Eq. (2.10), and neglecting the ratio of light quark masses over the top

mass, we have

[
Y u(Y u)†

]n
i ̸=j

≈ y2nt V ∗
tiVtj . (4.2)

As a consequence, including high powers of the the Yukawa matrices amounts only to a redefinition

of the overall factor in (4.2) and the the leading ∆F = 2 and ∆F = 1 FCNC amplitudes get exactly

the same CKM suppression as in the SM:

A(di → dj)MFV = (V ∗
tiVtj) A(∆F=1)

SM

[
1 + a1

16π2M2
W

Λ2

]
, (4.3)

A(Mij −M ij)MFV = (V ∗
tiVtj)

2A(∆F=2)
SM

[
1 + a2

16π2M2
W

Λ2

]
, (4.4)

where the A(i)
SM are the SM loop amplitudes and the ai are O(1) real parameters. The ai depend

on the specific operator considered but are flavor independent. This implies the same relative

correction in s→ d, b→ d, and b→ s transitions of the same type.

Within the MFV framework, several of the constraints used to determine the CKM matrix (and

in particular the unitarity triangle) are not affected by NP [26]. In this framework, NP effects

are negligible not only in tree-level processes but also in a few clean observables sensitive to loop

effects, such as the time-dependent CPV asymmetry in Bd → ψKL,S . Indeed the structure of the

basic flavor-changing coupling in Eq. (4.4) implies that the weak CPV phase of Bd–Bd mixing is

arg[(VtdV ∗
tb)

2], exactly as in the SM. This construction provides a natural (a posteriori) justification

of why no NP effects have been observed in the quark sector: by construction, most of the clean

observables measured at B factories are insensitive to NP effects in the MFV framework.

In Table II we report a few representative examples of the bounds on the higher-dimensional

operators in the MFV framework. For simplicity, only leading spurion dependence is shown on

the left-handed column. The built-in CKM suppression leads to bounds on the effective scale

to define the minimal sources of flavour symmetry breaking if we want to keep track of non-vanishing neutrino
masses [24, 25].
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  このときＮＰのフレーバーを破る起源は湯川相互作用と同じ起源（Minimal	
  Flavor	
  ViolaHon）�

e.g. �



Penguin-­‐Box	
  expansions	
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★  フレーバーに依らない関数を定義。　-­‐>	
  “master”	
  funcHon	
  

★	
  SM	
  =	
  CKM取り除いてしまえば、もうフ
レーバーに依らない　-­‐>	
  “master”	
  funcHon	
  

di �

Z �

dj�

Z �

di � dj�

SM	
  

SM+NP	
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  master	
  funcHon	
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Ｋ中間子、Ｂ中間子の物理量が同じ量で記述できる	
  

▶	
  	
  SMでは、フレーバーの違いはCKMから来る	
  

▶	
  NPでも、同じ構造をしていると仮定	
  

フレーバーユニバーサルな関数という意味でmaster	
  
funcHon、でいいか	
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▶	
  	
  operatorの係数でＣＫＭなどを除いたもの：Ｃ  　⇦　flavor-­‐universal	
  variable�
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▶	
  	
  NP	
  を考えたとき、FCNC	
  processes	
  に効く	
  operators	
  が	
  SM	
  と同じであると仮定	
  
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　	
  

▶	
  	
  SMでの	
  flavor-­‐universal	
  variable�
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  Box	
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  Box	
  

Z	
  penguin	
  +	
  ΔF=1	
  Box	
  

Z	
  penguin	
  +	
  γ	
  penguin	
  

gluon	
  penguin	
  

γ-­‐magneOc	
  penguin	
  

chromomagneOc	
  penguin	
  

SM	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  NP	
  
⇒　constrained	
  MFV �

e.g.	
  

CMFV	
  type	
  NPの例：　2HDM	
  at	
  low	
  tanβ �



Constrained	
  Minimal	
  Flavor	
  Viola>on �

16 Andrzej J. Buras

Indeed, the box diagrams have the Dirac structure (V − A) ⊗ (V − A), the
Z0 penguin diagram has the (V −A)⊗(V −A) and (V −A)⊗V components
and the γ penguin is pure (V − A) ⊗ V . The X and Y correspond then
to linear combinations of the (V − A) ⊗ (V − A) component of the Z0

penguin diagram and box diagrams with final quarks and leptons having
weak isospin T3 = 1/2 and T3 = −1/2, respectively. Z corresponds to the
linear combination of the (V −A)⊗V component of the Z0 penguin diagram
and the γ penguin.

Then the set of seven gauge independent master functions which govern
the FCNC processes in the MFV models is given by:

S(v), X(v), Y (v), Z(v), E(v), D′(v), E′(v) . (2.36)

In the SM we have to a very good approximation (xt = m2
t /M

2
W):

S0(xt) = 2.40
( mt

167GeV

)1.52
, (2.37)

X0(xt) = 1.53
( mt

167GeV

)1.15
, Y0(xt) = 0.98

( mt

167GeV

)1.56
, (2.38)

Z0(xt) = 0.68
( mt

167GeV

)1.86
, E0(xt) = 0.27

( mt

167GeV

)−1.02
,

(2.39)

D′
0(xt) = 0.38

( mt

167GeV

)0.60
, E′

0(xt) = 0.19
( mt

167GeV

)0.38
. (2.40)

The subscript “0” indicates that these functions do not include QCD cor-
rections to the relevant penguin and box diagrams. Exact expressions for
all functions can be found in [15]. Let us also recall that in the SM

Bνν̄(v) = −4 B0(xt), Bµµ̄(v) = −B0(xt) (2.41)

with B0(xt) = −0.182 for mt = 167GeV.
Generally, several master functions contribute to a given decay, although

decays exist which depend only on a single function. We have the follow-
ing correspondence between the most interesting FCNC processes and the
master functions in the MFV models [10]:

K0 − K̄0-mixing (εK) S(v)
B0

d,s − B̄0
d,s-mixing (∆Ms,d) S(v)

K → πνν̄, B → Xd,sνν̄ X(v)
KL → µµ̄, Bd,s → ll̄ Y (v)
KL → π0e+e− Y (v), Z(v), E(v)
ε′, Nonleptonic ∆B = 1, ∆S = 1 X(v), Y (v), Z(v), E(v)
B → Xsγ D′(v), E′(v)
B → Xs gluon E′(v)
B → Xsl+l− Y (v), Z(v), E(v), D′(v), E′(v)

▶	
  	
  Ｋ中間子、Ｂ中間子の様々な物理量が、同じ  flavor-­‐universal	
  variable  で記述できる	
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★	
  ε’/ε	
   K-­‐>ππ	
  decayにおけるＫ中間子の直接的ＣＰ非対称度	
  

★	
  B-­‐>K*ll	
   における角度依存分布	
  

注目する物理量 
標準模型からのずれが報告されている以下の物理量に注目	
  

同じflavor-­‐universal	
  
variableで書ける	
  

QCD	
  penとEW	
  penはコンパラ	
  

  CMFVだと、B-­‐>K*llとε’/εが同じ  flavor-­‐universal	
  variable	
  で記述できるため、関係付く	
  

CMFVタイプのNPでこれらのアノマリーを同時に説明できるか？	
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Angular analysis of B Ñ K ˚ rÑ K⇡s ` ```´

4-body decay with on-shell K ˚ (vector)
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2
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4) � =p
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~p`q in B-RF
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Optimized angular observables

C. Bobeth
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Kruger, Matias (05); Egede et al. (08); Descotes-Genon et al. (13)

valid in the heavy quark limit ignoring       corrections 
and long-distance hadronic contribution.
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結果 : P5’
• DHMV から 2.1sのずれ。

– BSZ : 1.7s
– JC : 1.7s

• charm loop で説明出来るといった割には中心値はDHMVと変わらず。なぜ？

• LHCbの結果をサポート

P’5 anomaly in LHCb & Belle 
Belle	
  1604.04042 �

★SM�

l  B	
  →	
  K*μ+μ-­‐	
  is	
  golden	
  channel	
  in	
  LHCb	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  LHCb	
  :	
  ~2500	
  events,	
  Belle	
  :	
  ~200	
  events	
  
l  Belle	
  confirmed	
  LHCb	
  result	
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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by the Z-penguin top-loop and the W box diagram in the SM. Those general formulae are
presented in Appendix C2. The CMS and LHCb Collaboration have observed the branching
ratio for Bs → µ+µ− , and B0 → µ+µ− is also measured [26]:

BR(Bs → µ+µ−)exp = (2.8+0.7
−0.6)× 10−9, BR(B0 → µ+µ−)exp = (3.9+1.6

−1.4)× 10−10. (19)

The SM predictions have been given as [64],

BR(Bs → µ+µ−)SM = (3.65±0.23)×10−9, BR(B0 → µ+µ−)SM = (1.06±0.09)×10−10. (20)

On the other hand, the long-distance effect is expected to be large in the KL → µ+µ−

process [65]. Therefore, it may be difficult to extract the effect of the Z-penguin process. The
SM prediction of the short-distance contribution was given as [24],

BR(KL → µ+µ−)SM = (0.8± 0.1)× 10−9. (21)

The experimental data of KL → µ+µ− is [63]

BR(KL → µ+µ−)exp = (6.84± 0.11)× 10−9, (22)

from which the constraint on the short-distance contribution has been estimated as [65] :

BR(KL → µ+µ−)SD ≤ 2.5× 10−9. (23)

Thus, the SUSY contribution through the Z penguin is expected to be correlated among
the rare decays of KL → π0νν̄, K+ → π+νν̄, KL → µ+µ−, B0 → µ+µ− and Bs → µ+µ− as
well as the CP violations of ϵK and ϵ′K/ϵK .

3 SUSY flavor mixing

Recent LHC results for the SUSY search may suggest the high-scale SUSY, O(10 − 1000)
TeV [35, 36, 37] since the lower bounds of the gluino mass and squark masses are close to
2 TeV. Taking account of these recent results, we consider the possibility of the high-scale
SUSY at 10 TeV, in which the K → πνν̄ decays and ϵ′K/ϵK with the constraint of ϵK are
discussed.

We also consider the split-family model, which has the specific spectrum of the SUSY
particles [38, 39]. This model is motivated by the Nambu-Goldstone hypothesis for quarks
and leptons in the first two generations [40]. Therefore, the third family of squark/slepton
is heavy, for example, O(10) TeV while the first and second family squarks/slepton have
relatively low masses O(1) TeV. The masses of bino and wino are assumed to be small close
to the experimental lower bound, less than 1 TeV. The model was at first discussed in the
Bs − B̄s mixing [38]. It explained successfully both the 125 GeV Higgs mass and the muon
g − 2 simultaneously [39]. The stop mass with O(10) TeV pushes up the Higgs mass to 125
GeV. The deviation of the muon g − 2 is explained by the slepton of the first and second
familes with the mass less than 1 TeV. Since the squark masses of the first and second families
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Any deviation from the straight green line indicated in figure 3 would rule out the
Minimal Flavour Violation hypothesis [16–18] as well as models with a U(2)3 flavour
symmetry [19–21]. While due to the large uncertainties the experimental results are
currently fully consistent with the SM prediction, there is still a lot of room for a
striking deviation on which the 13TeV LHC run may shed light.

Figure 3: Branching ratios of Bs,d → µ+µ− [15].

To conclude this section, let us stress once more the importance of rare flavour
and CP violating decays in searching for physics beyond the SM. Rare meson decays
have been an active and successful field of research for many decades. They offer a
plethora of observables, many of which by now have reached an impressive precision.
As we have seen correlations between different decay modes play a central role in
constraining the SM and new physics flavour structure.

4 Interplay with other New Physics Searches

Despite the great success ofK and B physics in constraining the SM, unfortunately so
far no clear sign of new physics has been found in these fields. Furthermore even if one
or several of the present small hints for a deviation will eventually become a convincing
discrepancy, the precesses at hand only provide an indirect probe of new flavour
violating interactions. Additionally with rareK and B decays only it is difficult, if not
impossible, to access flavour violation in top and Higgs couplings. Therefore in order
to fully exploit the new physics flavour structure new complementary observables are
needed. Besides the direct searches for flavour violating top and Higgs couplings and
charged lepton flavour violating processes, these include the study of flavour violating
interactions of new particles at the LHC and the phenomenology of flavoured dark
matter. In this section we will briefly review an example for each of the latter two.
We start with the LHC phenomenology of flavour violating stops, the supersymmetric
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Figure 4 | Variation of the test statistic �2�lnL as a function of the ratio of branch-
ing fractions R ⌘ B(B0 ! µ+µ�)/B(B0

s ! µ+µ�). The dark and light (cyan) areas
define the ±1� and ±2� confidence intervals for R, respectively. The value and uncertainty for
R predicted in the SM, which is the same in BSM theories with the minimal flavour violation
(MFV) property, is denoted with the vertical (red) band.

standard deviation evidence for the B0 ! µ+µ� decay. The measured branching fractions
of both decays are compatible with SM predictions. This is the first time that the CMS
and LHCb collaborations have performed a combined analysis of sets of their data in
order to obtain a statistically significant observation.
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R =
B(Bd ! µµ)

B(Bs ! µµ)
/

|Vtd|2

|Vts|2
f2
Bd

f2
Bs

Smaller Br(Bd)

Non-minimal FV?

Example: Test of MFV with 

MFV:

Any deviation from the straight green line indicated in figure 3 would rule out the
Minimal Flavour Violation hypothesis [16–18] as well as models with a U(2)3 flavour
symmetry [19–21]. While due to the large uncertainties the experimental results are
currently fully consistent with the SM prediction, there is still a lot of room for a
striking deviation on which the 13TeV LHC run may shed light.

Figure 3: Branching ratios of Bs,d → µ+µ− [15].

To conclude this section, let us stress once more the importance of rare flavour
and CP violating decays in searching for physics beyond the SM. Rare meson decays
have been an active and successful field of research for many decades. They offer a
plethora of observables, many of which by now have reached an impressive precision.
As we have seen correlations between different decay modes play a central role in
constraining the SM and new physics flavour structure.

4 Interplay with other New Physics Searches

Despite the great success ofK and B physics in constraining the SM, unfortunately so
far no clear sign of new physics has been found in these fields. Furthermore even if one
or several of the present small hints for a deviation will eventually become a convincing
discrepancy, the precesses at hand only provide an indirect probe of new flavour
violating interactions. Additionally with rareK and B decays only it is difficult, if not
impossible, to access flavour violation in top and Higgs couplings. Therefore in order
to fully exploit the new physics flavour structure new complementary observables are
needed. Besides the direct searches for flavour violating top and Higgs couplings and
charged lepton flavour violating processes, these include the study of flavour violating
interactions of new particles at the LHC and the phenomenology of flavoured dark
matter. In this section we will briefly review an example for each of the latter two.
We start with the LHC phenomenology of flavour violating stops, the supersymmetric

5

  Figure	
  from	
  M,	
  Blanke	
  1412.1003�

MFV �



Fit	
  of	
  	
  δC9V-­‐δC10A-­‐δC7γ	
  	
  from	
  B	
  →	
  K*μ+μ-­‐	
  

（correlaHonを入れても、fit結果はあまり変わらない）	
  

Ciしかふっていない。他のparameterはふっていないけ
ど、SMエラーとして、chi2に入れている	
  

SMのエラーとして、コンサバティブにエラーをつけらているDHMVの結果を使用	
  
NP×(SM	
  error)は入れていない	
  
master	
  funcHonのみrandomにとり、他のparameterはふらしていない	
  

▶	
  Data �

▶	
  angular	
  observables	
  

▶	
  leptonic	
  decays	
  

▶	
  radiaHve	
  decay	
  

	
  ※	
  less	
  observables	
  (e.g.	
  dBR/dq^2),	
  but	
  it	
  does	
  not	
  affect	
  efficiently	
  to	
  fit	
  results�

▶	
  CorrelaHons	
  	
   �

▶	
  chi2�

at	
  q^2	
  bins	
  :	
  [0.1,0.98]	
  [1.1,2.5]	
  [2.5,4]	
  [4,6]	
  [6,8]	
  GeV^2�

▶	
  Fit�

Not	
  include	
  exp.	
  and	
  theory	
  correlaHons,	
  but	
  they	
  do	
  not	
  alter	
  our	
  fit	
  results�▶	
  TheoreHcal	
  errors	
  	
   �

Not�



▶	
  parametric	
  	
  
　all	
  input	
  parameters	
  except	
  form	
  factors	
  
　(e.g.	
  masses,	
  decay	
  constants,	
  renormalizaHon	
  scale)	
  
	
  
▶	
  Form	
  factor	
  
　depend	
  on	
  7	
  form	
  factors,	
  calculated	
  by	
  ight-­‐cone	
  sum	
  rules	
  (LCSR)	
  	
  
	
  
▶	
  	
  power	
  correc>on	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  O(ΛQCD/mb)	
  correcHon	
  
	
  
▶	
  Non-­‐local	
  contribu>on	
  
	
  	
  	
  	
  charm	
  loop	
  contribuHon	
  (LCSR)	
  
	
  

0 5 10 15
-1.0

-0.5

0.0

0.5

q2 HGeV2L

P 5å

Figure 4: Data (blue crosses) and SM prediction (red boxes) for P 0
5. Same conventions as

in Fig. 2.

Since hP2i[4,6] = �0.04 ± 0.09 is close to zero, one might expect the zero of AFB to lie

near the center of the bin. i.e. around 5 GeV2. From hP 0
5i[4,6] ⇠ �0.30, hP 0

4i[4,6] ⇠ +0.90

and hP1i[4,6] ⇠ +0.18 one finds that the l.h.s of the first equation in Eq. (25) is equal to

0.90, while the r.h.s. is equal to 0.84, showing once again a good agreement with data.

2.2.4 P 0
5

This observable is defined as [6, 7]

P 0
5 =

p
2
Re(AL

0A
L⇤
? � AR

0 A
R⇤
? )p

|A0|2(|A?|2 + |Ak|2)
. (26)

One can provide an interpretation of P 0
4 and P 0

5 based on the expression in terms of the

two-dimensional complex transversity vectors n?,k,0 (see Ref. [5] for the definition of these

vectors defined in a basis of transversity amplitudes with left- and right-handed structure

for the dimuons). If we assume for simplicity that the transversity amplitudes are real,

these two observables can be understood as the “cosine” of the relative angle between the

parallel (respectively perpendicular) transversity vector and the longitudinal one

P 0
4 / cos ✓0,k , P 0

5 / cos ✓0,? . (27)

It is interesting to translate these expressions in the helicity basis by introducing two

vectors based on the helicity h = �1 components of the K⇤: n(a)
� = (HL

�1, H
R
�1) and

n(b)
� = (HL

�1,�HR
�1). In the absence of right-handed currents (H+1 ' 0), these observables

correspond to the projection of the longitudinal helicity vector on one of the two negative
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Alexander Khodjamirian Exclusive semileptonic B and ⇤b decays at large hadronic recoil 14 / 37

K⇤B

`

�
`

O � Hhad
e�

O2	
  =	
   �

[Khodjamirian	
  et	
  al.	
  1006.4945	
  ]�

[Bharucha	
  et	
  al.	
  1503.05534]�

non	
  local	
  loop	
  

[S.Descotes-­‐Genon,	
  L.Hofer,	
  J.MaOas	
  and	
  J.Virto	
  1510.04239]�

the	
  center	
  towards	
  the	
  outside:	
  	
  
parametric,	
  	
  
form	
  factors,	
  	
  
factorisable	
  correcHons,	
  	
  
non-­‐	
  factorisable	
  correcHons,	
  	
  
charm	
  loop. �

それとも、
1407.8526_JHEP12(2014)125_DHMV.pdf	
  
のtableのエラー数値を見せる？�

Theore>cal	
  errors	
  in	
  B	
  →	
  K*μ+μ-­‐	
  



1dim.	
  fits	
  

C9	
  >	
  C7	
  >	
  C10�

#para2,	
  #obs.7	
  *	
  #bin	
   �

b-­‐>sγ � B-­‐>μμ �

the	
  p	
  value	
  of	
  the	
  SM	
  :	
  16	
  %	
  

#para3(δX,δY,	
  δZ),	
  #obs.2(ε’/ε,	
  K-­‐>pinunu)	
   �

preliminary �

where	
  

 34(ang.)                 35.7       0.38      �

 34(ang.)                 44.3       0.11      �

ndf	
  =	
  #obs-­‐#para	
   �

 36(ang.+leptonic)   54.2       0.03     �

 34(ang.)                 38.8       0.26      �

 35(ang.+radiative)  47.7       0.074     �

★δC9Vが最もよい	
  fit。δC9V	
  〜	
  -­‐1	
  is	
  favored	
  
★δC7γも  ang.のみだとよいfitを与えるが、b-­‐>sγを考慮	
  
　すると制限がつき、fitが悪くなる�

  SM         35(ang.)                 50.6        0.043     �

δC9V,	
  δC7γ,	
  δC10A	
  の順でよいfit�

best	
  fit	
  value	
  :	
  δC9V	
  =	
  -­‐1.3	
  



1dim.	
  fits	
   preliminary �

best	
  fit	
  value	
  :	
  δC9V	
  =	
  -­‐1.3	
  

★δC9V	
  =-­‐1.3をいれると、P5’のずれを説明でき、	
  
　P5’以外もエラーの範囲でconsistent�

■SM	
  
■SM+NP �

P5’	
  anomaly	
  



preliminary �

??? �

2dim.	
  fits	
  

 33(ang.)                 35.7      0.34      �

 34(ang.+radiative)  35.7      0.39      �

 33(ang.)                 35.7      0.34 �

 35(ang.+leptonic)   40.2      0.25 �

 33(ang.)                 36.2      0.32      �

 36(ang.+lept.+rad.) 52.0      0.04 �

★δC9V	
  -­‐δC10A	
  plane	
  :	
  	
  	
  
negaOve	
  δC9V	
  &	
  δC10A	
  〜0	
  	
  are	
  favored	
  

best	
  fit	
  value	
  :	
  δC9V	
  =	
  -­‐1.3	
  
δC10A	
  =	
  0.2	
  

1σ �
2σ �
3σ �



★consistent	
  with	
  the	
  global	
  fit	
  result	
  
	
      by	
  DHMV	
  

best	
  fit	
  value	
  :	
  δC9V	
  =	
  -­‐1.3	
  
δC10A	
  =	
  0.2	
  

■Brunching	
  Ra>os	
  
■Angular	
  Observables	
  
■All�

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP

C 9
'NP

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP

C 1
0NP

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP = -C9'

NP

C 1
0NP
=

C 1
0'NP

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP = -C9'

NP

C 1
0NP
=
-

C 1
0'NP

Figure 7: For 4 favoured scenarios, we show the 3 � regions allowed by branching ratios

only (dashed green), by angular observables only (long-dashed blue) and by considering

both (red, with 1,2,3 � contours, corresponding to 68.3%, 95.5% and 99.7% confidence

levels). Each constraint corresponding to a subset of data includes also the inclusive and

b ! s� data.

We emphasise that not all those scenarios have an interpretation in terms of a Z 0

which was first proposed by three of us in Ref. [8], and was discussed in more detail in

Refs. [10,15,26–29]. Indeed, an interpretation within a Z 0 context would reduce the subset

of 2D constrained scenarios to the set of scenarios that fulfills CNP
9 ⇥ CNP

100 = CNP
90 ⇥ CNP

10

(see App. F). Notice that this constraint is fulfilled by the scenarios with NP contribution
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with [31, 32]

B
(1/2)
6

= B
(3/2)
8

= 1 (43)

in the large-N limit. As had been demonstrated in [10], B
(1/2)
6

and B
(3/2)
8

exhibit a
very weak scale dependence. The dimensionful parameters entering (41), (42) are given
by [33,34]

mK = 497.614MeV, F⇡ = 130.41(20)MeV,
FK

F⇡
= 1.194(5) , (44)

ms(mc) = 109.1(2.8)MeV, md(mc) = 5.44(19)MeV . (45)

In [34], the light quark masses are presented at a scale of 2GeV, and we have evolved
them to µ = mc = 1.3GeV with the help of the renormalisation group equation. For the
comparison with lattice results below, we also need their values at µ = 1.53GeV, which
are found to be

ms(1.53GeV) = 102.3(2.7)MeV, md(1.53GeV) = 5.10(17)MeV . (46)

Below, we will neglect the tiny errors on mK , FK , and F⇡.
It should be emphasised that the overall factor h in (41), (42) depends on the nor-

malisation of the amplitudes A
0,2. In [10] and recent papers of the RBC-UKQCD col-

laboration [23, 35] h =
p

3/2 is used whereas in most recent phenomenological pa-
pers [4, 17, 20, 21], h = 1. Correspondingly, the experimental values quoted for A

0,2

di↵er by this factor. To facilitate comparison with [10] and the RBC-UKQCD collabora-
tion results [23, 25, 35], we will set h =

p
3/2 in the present paper and consequently the

experimental numbers to be used are

ReA
0

= 33.22(1)⇥ 10�8 GeV , ReA
2

= 1.479(3)⇥ 10�8 GeV , (47)

which display the �I = 1/2 rule

ReA
0

ReA
2

⌘ 1

!
= 22.46 . (48)

We also note that while equation (41) is identical to (5.10) in [10], the definition of B(3/2)
8

in the present paper di↵ers from [10] [cf (5.18) there]. This is to ensure that B(1/2)
6

= 1

and B
(3/2)
8

= 1 both correctly reproduce the large-N limit of QCD. In contrast, (5.18)
in [10] was based on the so-called vacuum insertion approximation, in which additional

terms appear in the normalisation of B(3/2)
8

. Such terms misrepresent the large-N limit
of QCD. With our conventions, 1/N corrections in (41) and (42) are represented by the

departure of B(1/2)
6

and B
(3/2)
8

from unity. They have been investigated in [22] and very
recently in [24] with the result summarised in (4). We refer to this paper for further
details.

We now turn to the parameter q which enters (36). We first note that, like B(1/2)
6

and

B
(3/2)
8

, it is nearly renormalisation-scale independent. Its value can be estimated in the
large-N approach [17]; as this approach correctly accounts for the bulk of the experimental
value of ReA

0

, the ensuing estimate can be considered a plausible one. In the large-N

ΔI=1/2	
  rule�
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Employing the lattice results of (2) and (3), in our numerical analysis we find

"0/" = (2.2± 3.7)⇥ 10�4 , (5)

consistent with, but significantly more precise than the result obtained recently by the
RBC-UKQCD lattice collaboration [25],

("0/")
SM

= (1.4± 7.0)⇥ 10�4 . (6)

This is even more noteworthy considering the fact that our result comprises also un-
certainties from isospin corrections and CKM parameters which were not considered in
the error estimate of [25]. Our result di↵ers with more than 3 � significance from the
experimental world average from NA48 [26] and KTeV [27,28] collaborations,

("0/")
exp

= (16.6± 2.3)⇥ 10�4 , (7)

suggesting evidence for new physics in K decays.
But even discarding the lattice results, varying all input parameters, we find at the

bound B
(1/2)
6

= B
(3/2)
8

= 1,

("0/")
SM

= (9.1± 3.1)⇥ 10�4 , (8)

still 2� below the experimental data. We consider this bound conservative since employing
the lattice value in (2) and B

(1/2)
6

= B
(3/2)
8

= 0.76, instead of (8), one obtains (6.3±2.4)⇥
10�4.

This already shows that with the rather precise value of B(3/2)
8

from lattice QCD, the

final result for "0/" dominantly depends on the value of B(1/2)
6

and both lattice QCD [25]
and the large-N approach [24] indicate that the SM value of "0/" is significantly below
the data.

The two main goals of the present paper are:

• Derivation of a new version of our formula for "0/" which could also be used beyond
the SM and which appears to be more useful than its variants presented by us in
the past.

• Demonstration that our approach provides a substantially more accurate prediction
for "0/" in the SM than it is presently possible within lattice QCD and that the
upper bound in (8) is rather conservative.

It should be stressed that assuming dominance of SM dynamics in CP-conserving data,
our determination of the contributions of (V �A)⌦ (V �A) operators to "0/" is basically
independent of the non-perturbative approach used. The RBC-UKQCD lattice collab-
oration calculates these contributions directly and we will indeed identify a significant
di↵erence between their estimate of the Q

4

contribution to "0/" and ours.
Our paper is organised as follows. In Section 2, we derive the analytic formula for "0/"

in question using the strategy of [10] but improving on it. Using this formula, we present

a new analysis of "0/" within the SM exhibiting its sensitivity to the precise value of B(1/2)
6

and the weak dependence on q. In Section 3, we perform the anatomy of uncertainties
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presented in [20, 21].
One new aspect of the present paper is the realisation that under the assumption

that NP contributions to ReA
0

and ReA
2

are negligible, the leading contributions of
(V �A)⌦ (V �A) to "0/" can be entirely expressed in terms of their Wilson coe�cients.
Furthermore, we derive a formula for "0/" which under the above assumption can be used
in any extension of the SM in which the operator structure is the same as in the SM.
NP enters only through the modified values of the Wilson coe�cients and the dominant
non-perturbative uncertainties are contained in

B
(1/2)
6

, B
(3/2)
8

, q ⌘ z
+

(µ)hQ
+

(µ)i
0

z�(µ)hQ�(µ)i0
. (1)

The ratio q, involving matrix elements of current-current operators Q± and their Wilson
coe�cients z±, enters the determination of the contribution of (V �A)⌦(V �A) operators
from CP-conserving data and its range will be estimated in Section 2. But for 0  q  0.1
obtained from QCD lattice and large-N approaches the dependence of "0/" on q is very
weak.

As far as the parameters B
(1/2)
6

and B
(3/2)
8

are concerned, B
(1/2)
6

= B
(3/2)
8

= 1 in
the large-N limit of QCD. The study of 1/N corrections to the large-N limit indicated

that B(3/2)
8

is suppressed below unity [22], but no clear-cut conclusion has been reached

in that paper on B
(1/2)
6

. Moreover, the precise amount of suppression of B(3/2)
8

could
not be calculated in this approach. Fortunately, in the meantime significant progress
has been achieved in the case of the matrix element hQ

8

i
2

by the RBC-UKQCD lattice

collaboration [23], which allowed to determine B
(3/2)
8

to be [21]

B
(3/2)
8

(mc) = 0.76± 0.05 (RBC-UKQCD), (2)

in agreement with large-N expectations [22, 24], but with higher precision.

But also some progress on B
(1/2)
6

has been made, both by lattice QCD and the large-
N approach. In particular, very recently the RBC-UKQCD lattice collaboration [25]
presented their first result for the matrix element hQ

6

i
0

from which one can extract (see
below and [24])

B
(1/2)
6

(mc) = 0.57± 0.15 (RBC-UKQCD). (3)

This low value of B
(1/2)
6

is at first sight surprising and as it is based on a numerical
simulation one could wonder whether it is the result of a statistical fluctuation. But the
very recent analysis in the large-N approach in [24] gives strong support to the values
in (2) and (3). In fact, in this analytic approach one can demonstrate explicitly the

suppression of both B
(1/2)
6

and B
(3/2)
8

below their large-N limit B
(1/2)
6

= B
(3/2)
8

= 1 and

derive a conservative upper bound on both B
(1/2)
6

and B
(3/2)
8

which reads [24]

B
(1/2)
6

 B
(3/2)
8

< 1 (large-N). (4)

While one finds B(3/2)
8

(mc) = 0.80± 0.10, the result for B(1/2)
6

is less precise but there is a

strong indication that B(1/2)
6

< B
(3/2)
8

in agreement with (2) and (3). For further details,
see [24] and Section 3 below.
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One new aspect of the present paper is the realisation that under the assumption

that NP contributions to ReA
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and ReA
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+
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+
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2 Basic formulae 5

a↵ecting "0/" and present the prediction of "0/" in the SM, including a discussion of

its B
(1/2)
6

dependence. In Section 4, we extract from the lattice-QCD results of [25] the
values of the most important hadronic matrix elements and compare them with ours. This
allows us to identify the main origin of the di↵erence between (5) and (6). In particular,
we point out an approximate correlation between the contribution of the Q

4

operator
to "0/" and the value of ReA

0

valid in any non-perturbative approach. In Section 5,
we investigate if thus far neglected SM contributions could bring our result for "0/" into
agreement with the experimental findings. A brief general discussion of the impact of
possible NP contributions to ReA

0,2 and ImA
0,2 and of the implications of our results for

NP models is given in Section 6. The summary of our observations and an outlook are
presented in Section 7. In Appendix A, we discuss the sub-leading contributions to our
prediction for "0/" and in Appendix B, for completeness, an updated analytic formula for
"0/" in the SM is presented in the form used in several of our papers in the past (e.g. [21])
that is equivalent to the one derived in Section 2, but exhibits the mt, ↵s, ms and md

dependences more explicitly.

2 Basic formulae

2.1 E↵ective Hamiltonian

We use the e↵ective Hamiltonian for �S = 1 transitions of [6–11]

H
e↵

=
GFp
2
VudV

⇤
us

10X

i=1

�
zi(µ) + ⌧ yi(µ)

�
Qi(µ) , ⌧ ⌘ � VtdV

⇤
ts

VudV ⇤
us

. (9)

The contributing operators are given as follows:
Current–Current:

Q
1

= (s̄↵u�)V�A (ū�d↵)V�A Q
2

= (s̄u)V�A (ūd)V�A (10)

QCD–Penguins:

Q
3

= (s̄d)V�A

X

q=u,d,s,c,b

(q̄q)V�A Q
4

= (s̄↵d�)V�A

X

q=u,d,s,c,b

(q̄�q↵)V�A (11)

Q
5

= (s̄d)V�A

X

q=u,d,s,c,b

(q̄q)V+A Q
6

= (s̄↵d�)V�A

X

q=u,d,s,c,b

(q̄�q↵)V+A (12)

Electroweak Penguins:

Q
7

=
3

2
(s̄d)V�A

X

q=u,d,s,c,b

eq (q̄q)V+A Q
8

=
3

2
(s̄↵d�)V�A

X

q=u,d,s,c,b

eq (q̄�q↵)V+A (13)

Q
9

=
3

2
(s̄d)V�A

X

q=u,d,s,c,b

eq (q̄q)V�A Q
10

=
3

2
(s̄↵d�)V�A

X

q=u,d,s,c,b

eq (q̄�q↵)V�A (14)

Here, ↵, � denote colour indices and eq denotes the electric quark charges reflecting the
electroweak origin of Q

7

, . . . , Q
10

. Finally, (s̄d)V�A ⌘ s̄↵�µ(1� �
5

)d↵.
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1 Introduction

One of the most sensitive probes of physics beyond the standard model (SM) has been
provided by CP-violating observables of flavor-changing neutral currents (FCNCs) in K
meson processes. The hadron matrix elements of the K → ππ decay are recently determined
with lattice QCD by the RBC-UKQCD collaborations [1], and the SM prediction of the
direct CP violation is obtained as

(ϵ′/ϵ)SM = (1.38± 6.90)× 10−4. [RBC-UKQCD] (1.1)

The hadronic uncertainties are reduced by the use of CP-conserving data as [2]

(ϵ′/ϵ)SM = (1.9± 4.5)× 10−4. [Buras et al.] (1.2)

By improving the RG evolutions, one obtains [3]

(ϵ′/ϵ)SM = (0.96± 4.96)× 10−4. [Kitahara et al.] (1.3)

These SM predictions are lower than the experimental result [4],

(ϵ′/ϵ)exp = (16.6± 2.3)× 10−4, (1.4)

from the NA48 [5] and KTeV collaborations [6,7]. In particular, Eqs. (1.2) and (1.3) disagree
with the experimental data at the 2.9σ level.

The above discrepancy has been discussed in several new physics models [8–12] including
the supersymmetry (SUSY) models [13, 14]. In SUSY, it has been argued that isospin-
violating contributions from gluino box diagrams can be responsible for the discrepancy [14].
In this letter, we study chargino Z-penguin contributions as an alternative scenario. They do
not decouple even if SUSY particles are heavy as long as a product of the mass insertion (MI)
parameters (δuLR)

∗
13(δ

u
LR)23 is fixed [15, 16]. This feature is attractive once other constraints

are considered. For instance, although CP-violating FCNCs of the K meson are tightly
constrained by the indirect CP violation of the K meson or electric dipole moments, SUSY
contributions to them decouple in heavy SUSY scenarios. Thus, the discrepancy may be
explained by the chargino contributions to the Z penguin in ϵ′/ϵ.

Among the constraints, one should pay attention that the vacuum stability condition
is not relaxed even if SUSY particles are heavy. Since the MI parameters, (δuLR)13 and
(δuLR)23, are proportional to scalar trilinear couplings, the chargino Z-penguin contributions
are constrained by requiring the stability of the electroweak (EW) vacuum. In the literature,
charge-color breaking (CCB) vacua or potential directions unbounded from below (UFB)
have been studied along with ϵ′/ϵ [15, 16]. However, their analyses follow the strategy of
Ref. [17, 18], and the vacuum decay rate has not been examined. In this letter, the vacuum
decay will be studied, and we will discuss whether the current discrepancy of ϵ′/ϵ is explained
by the chargino Z-penguin contributions.
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ε’/ε & flavor-­‐universal	
  variables 

★SM�
★ＳＭでの説明、  、　比をのせるか？　	
  
定数項P0(QCD-­‐pen)と、Z(EW-­‐pen)が逆符号で同オーダーでキャンセルしている?	
  

▶	
  	
  実験値を説明できるくらい  ε’/ε	
  を大きくするには、negaHve	
  δZ  が有効。	
  
	
          δX	
  ,	
  δY	
  &	
  δE	
  にはinsensiHve	
  

▶	
    δXは、BR(K+	
  -­‐>	
  π+νν)から決めることができる	
  

↵s(MZ) = 0.1179 ↵s(MZ) = 0.1185 ↵s(MZ) = 0.1191

i r(0)i r(6)i r(8)i r(0)i r(6)i r(8)i r(0)i r(6)i r(8)i

0 -3.392 15.293 1.271 -3.421 15.624 1.231 -3.451 15.967 1.191
X 0.655 0.029 0. 0.655 0.030 0. 0.655 0.031 0.
Y 0.451 0.114 0. 0.449 0.116 0. 0.447 0.118 0.
Z 0.406 -0.022 -13.434 0.420 -0.022 -13.649 0.435 -0.023 -13.872
E 0.229 -1.760 0.652 0.228 -1.788 0.665 0.226 -1.816 0.678

Table 5: The coe�cients r(0)i , r(6)i and r(8)i for "0/" in the NDR-MS scheme. This table is taken from
Ref. [1].

where in the SM X(t) corresponds to the top-quark contribution, while X`
NNL is the charm-quark

contribution at NNLO in QCD. It is noted that the operator (s̄d)V�A(⌫̄⌫)V�A does not evolve with
the renormalization group running. In the SM the function X(xt) has been calculated at NLO in
QCD and EW:

XSM(xt) = X0(xt) +
↵s(µt)

4⇡
X1(xt) +

↵(µt)

4⇡
XEW(xt) , (12)

where X0(xt) is the loop function at LO given in Eq. (264), and X1(xt) and XEW(xt) are the functions
for NLO contributions in QCD and EW, respectively. The NLO QCD function in the MS scheme is
given by [16–18]

X1(xt) = �29xt � x2
t � 4x3

t

3(1 � xt)2
� xt + 9x2

t � x3
t � x4

t

(1 � xt)3
lnxt +

8xt + 4x2
t + x3

t � x4
t

2(1 � xt)3
ln2 xt

� 4xt � x3
t

(1 � xt)2
Li2(1 � xt) + 8xt

@X0(xt)

@xt
lnxµ , (13)

where xµ = µ2
t /M

2
W and Li2(1� x) =

R x
1 dt ln t/(1� t). The NLO EW one, corresponding to two-loop

EW contribution, has been calculated in [19,20], where an approximate formula is given in the latter:

XEW(xt) = X0(xt)



�A + B · C(Mt/165GeV) � D ·
✓

Mt

165GeV

◆�

(14)

with A = 1.11508, B = 1.12316, C = 1.15338 and D = 0.179454, which approximates the full result
to better than 0.05% for 160GeV  Mt  170GeV. The numerical value of XSM(xt) can be found
in [7]:

XSM(xt) = 1.481 ± 0.005th ± 0.008exp , (15)

where the first error corresponds to renormalisation scale and scheme uncertainties and the error on
the MS parameters at the matching, while the second error originates from the experimental data for
the masses of the top quark and the W boson and the strong coupling.

The branching ratios for the K ! ⇡⌫⌫̄ decays in the CMFV are given in terms of the master
function X(v) [7]:

B(K+ ! ⇡+⌫⌫̄) = +(1 +�EM)

"

✓

Im�t

�5
X(v)

◆2

+

✓

Re�c

�
Pc(X) +

Re�t

�5
X(v)

◆2
#

, (16)
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2.0547	
  -­‐	
  0.43158	
  ENP	
  +	
  1.0142	
  XNP	
  +	
  0.77725	
  YNP	
  -­‐	
  15.0411	
  ZNP �
δＺをが大きくなるのは、chirlal	
  enhancement	
  factor	
  Mk^2/(ms+md)がかかるO8に寄与できる	
  
から。Eも	
  

Ｚ	
  V-­‐A×V	
  -­‐>	
  C9	
  V-­‐A*V+AとC7V-­‐A*V-­‐Aに寄与できる	
  

★B-­‐>K*llと共通のfuncHonは、δＺ、δＹ	
  

δＺ−δＹでフィット	
  

δXはinsensiHveなので、
エラー効かない	
  宿題	
  

★SMでδEの寄与は1/10で落ちる。NPもそのヒエラルキーを持っていると仮定	
  
★fullではやっていない	
  



#para3(δX,δY,	
  δZ),	
  #obs.2(ε’/ε,	
  K-­‐>pinunu)	
   �

preliminary �

δY-­‐δZ	
  plane � δC9V	
  -­‐δC10A	
  plane�

★δY-­‐δZ	
  plane	
  :	
  negaHve	
  δZ  が必要、δY	
  (δE)  にはinsensiHve	
  

1σ �
2σ �
3σ �

Constraint on δY-δZ from ε’/ε 

	
  
★δC9V	
  -­‐δC10A	
  plane	
  :	
  	
  	
  posiOve	
  δC9V	
  &	
  posiOve	
  
δC10A	
  are	
  favored	
  



B	
  →	
  K*μ+μ-­‐	
  	
  

&	
  
	
  ε’/ε	
  



Comparison	
  between	
  
B	
  →	
  K*μ+μ-­‐	
  &	
  ε’/ε	
  

★Ｋ中間子系、Ｂ中間子系、それぞれが
示唆する領域間にテンションがある	
  

★CMFVで両方のアノマリーを説明するの
は難しい	
  

★beyond	
  CMFVの示唆	
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LHC	
  constraint	
  for	
  Z’	
  mass	
  

Summary	
  
　▶	
  Ｋ中間子、Ｂ中間子の物理量に、SMから~3σのずれ�

▶	
    ε’/ε	
  
▶	
  P5’	
  (B-­‐>K*μμ)	
  

l  MSSM	
  
	
  	
  	
  	
          it	
  is	
  hard	
  to	
  explain	
  P5’	
  anomaly	
  
l  Flavor	
  changing	
  Z’	
  boson	
  model	
  
	
              Large	
  C9NP	
  can	
  be	
  achieved!	
  	
  

★	
  implicaHons	
  for	
  New	
  physics	
  models	
  :	
  	
   �
We	
  look	
  forward	
  to	
  updated	
  experimental	
  results	
  from	
  the	
  LHC!�

　▶	
  Ｋ中間子、Ｂ中間子の物理量が同じfuncHonで記述されるConstrained	
  Minimal	
  Flavor	
  ViolaHon	
  
	
  	
  	
  	
  	
  	
  	
  	
  を仮定し、これらのアノマリーを同時に説明できるか検証した	
  

Ｋ中間子系、Ｂ中間子系、それぞれが示唆する領域にテンションがあることを示した	
  

　▶	
    beyond	
  CMFVの示唆	
  

他の例）flavor-­‐universal	
  variable	
  S	
  (ΔF=2)	
  において	
  2.3	
  σ	
  のテンション� [M.	
  Blanke,	
  A.J.	
  Buras,	
  1602.04020]�

　▶	
  実験&理論エラーの	
  improve	
  が大切	
  

将来どうやってテストできるか？	
  

▶	
  実験：LHCb	
  &	
  Belle2	
  	
  B-­‐>K*ll	
  	
  staHsHcal	
  error	
  
▶	
  理論：▶	
  B-­‐>K*ll	
  	
  (non-­‐local	
  charm	
  loop	
  contribuHon)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
          ▶	
  ε’/ε	
  (hadronic	
  matrix	
  element) �


