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新しい物理のヒント
SMからのずれ NPのスケール

ニュートリノ振動
初期宇宙
暗黒物質
大統一理論

ヒエラルキー問題
μ粒子異常磁気能率
フレーバー・CP

Top AFB

EWP,ν,...
宇宙線 (e+,e-)
DMの直接検出

証拠 RHν
証拠 >TeV
証拠 熱史次第
示唆 ~1016GeV
示唆 TeV?
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Muon g-2



Muon g-2

> 3σ deviation

g-factor deviates from 2 due to radiative corrections

aµ(EW) = 1.5� 10�9cf.
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SM Prediction
SM = QED + EW + Had (LO + HO + HLbL)

Exp:

QED EW Had(VP) Had(LbL)

� W,Z,H had
had



SM Prediction
SM = QED + EW + Had (LO + HO + HLbL)

Exp:
QED:
EW:
Had(LO) [HLMNT]:

Had(HO):
Had(LbL) [PdRV]:

[DHMZ]:

[N,JN]:

*

*

e+e- data
consistent
with τ result

model

up to α5

full two loop
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Hadronic light-by-light scattering in the muon g − 2: Summary
Some results for the various contributions to aLbyL;had

µ × 1011:
Contribution BPP HKS, HK KN MV BP, MdRR PdRV N, JN FGW

π0, η, η′ 85±13 82.7±6.4 83±12 114±10 − 114±13 99 ± 16 84±13

axial vectors 2.5±1.0 1.7±1.7 − 22±5 − 15±10 22±5 −

scalars −6.8±2.0 − − − − −7±7 −7±2 −

π, K loops −19±13 −4.5±8.1 − − − −19±19 −19±13 −

π,K loops
+subl.NC

− − − 0±10 − − − −

other − − − − − − − 0±20

quark loops 21±3 9.7±11.1 − − − 2.3 21±3 107±48

Total 83±32 89.6±15.4 80±40 136±25 110±40 105 ± 26 116 ± 39 191±81

BPP = Bijnens, Pallante, Prades ’95, ’96, ’02; HKS = Hayakawa, Kinoshita, Sanda ’95, ’96; HK = Hayakawa, Kinoshita ’98, ’02; KN = Knecht, Nyffeler
’02; MV = Melnikov, Vainshtein ’04; BP = Bijnens, Prades ’07; MdRR = Miller, de Rafael, Roberts ’07; PdRV = Prades, de Rafael, Vainshtein ’09; N =
Nyffeler ’09, JN = Jegerlehner, Nyffeler ’09; FGW = Fischer, Goecke, Williams ’10, ’11 (used values from arXiv:1009.5297v2 [hep-ph], 4 Feb 2011)

• Pseudoscalar-exchange contribution dominates numerically (except in FGW). But other
contributions are not negligible. Note cancellation between π,K-loops and quark loops !

• PdRV: Do not consider dressed light quark loops as separate contribution ! Assume it is
already taken into account by using short-distance constraint of MV ’04 on
pseudoscalar-pole contribution. Added all errors in quadrature ! Like HK(S). Too optimistic ?

• N, JN: New evaluation of pseudoscalars. Took over most values from BPP, except axial
vectors from MV. Added all errors linearly. Like BPP, MV, BP, MdRR. Too pessimistic ?

• FGW: new approach with Dyson-Schwinger equations. Is there some double-counting ?
Between their dressed quark loop (largely enhanced !) and the pseudoscalar exchanges.

Nyffeler, INT workshop on “The Hadronic LbL Contribution to the Muon Anomaly”
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Future Prospects

Goal: 2015-2016

Hadronic VP: KLOE-2, VEPP-2000, Super-B factories

LbL: err reduced to 10% level in ~5years     [INT workshop]

Introduction
Potential for discovery of new physics

Hadronic contributions to the muon g-2
Muon electric dipole moment (EDM)

Summary/Outlook

the magnetic moment
SM contributions
SM/Experiment discrepancy

INT Workshop on HLbL (Seattle, Feb 2011)

I Can HLbL error be reduced to 10% level in ⇠ 5 years?

I Conclusion: Yes, with concerted e↵ort by modelers, lattice
theorists, new experiments.

I current aµ(Expt)-aµ(SM) = 287(63)(51) (⇥10�11), or ⇠ 3.6�
I If both central values stayed the same,

I E989 (3⇥ smaller error) !⇠ 5�
I E989+new HLBL theory !⇠ 6�
I E989+new HLBL +new HVP (50% reduction) !⇠ 8�

I Big discrepancy! (New Physics ⇠ 2⇥ EW)

Tom Blum (UConn and RIKEN BNL Research Center) Muon g � 2 Theory

Blum, Fundamental Physics 
at the Intensity Frontier



New Physics
challenge to explain the deviation:

note: muon mass due to chirality flip

• current discrepancy is as large as aµ(EW)

• light new particle or large coupling

• enhancement required for NP in TeV scale

aµ(NP) � �NP

4�

m2
µ

m2
NP

aµ(EW) � �2

4�

m2
µ

m2
W
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improvements needed to explore remaining parameter space !

MeV-GeV Aʹ constraints & prospects

MAMI has 
plans to cover 
similar regions

B/Phi-factories 
can significantly 
extend reach

see talk by Merkel

region motivated by theory, dark matter, muon g-2

• kinetic mixing with U(1)Y

• behave as photon for aµ

• also light scalar, Z’, ...

Heavy Photon

Figure from slide by Essig at “Fundamental Physics at the Intensity Frontier”

[Pospelov]

Introduction
Potential for discovery of new physics

Hadronic contributions to the muon g-2
Muon electric dipole moment (EDM)

Summary/Outlook

the magnetic moment
SM contributions
SM/Experiment discrepancy

The magnetic moment of the muon

Compute these corrections order-by-order in perturbation theory by
expanding �µ(q2) in QED coupling constant

↵ =
e

2

4⇡
=

1

137
+ . . .

Corrections begin at O(↵); Schwinger term = ↵
2⇡ = 0.0011614 . . .

hadronic contributions ⇠ 6⇥ 10�5 times smaller (leading error).
Electroweak (2-loop) needed too, New Physics? (SUSY...)

Tom Blum (UConn and RIKEN BNL Research Center) Muon g � 2 Theory
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• muon g-2 requires

- small soft mass

- large tanβ

• tension: Higgs mass 
of ~125GeV

SUSY
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Leptonic flavor or CP 
violation



LFV and EDM
New Physics searches in rare (SM suppressed) processes

hadronize 
if colored

include

... currently no excesses in measurements
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NP

e.g.



4 Lepton-Photon 2011 – Mumbai, India Andreas Hoecker   –   Charged-Lepton Flavour Physics 
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Figure 1
Record of selected lepton !avor violation searches.

cascade down to 1S orbitals. There, they can undergo (a) ordinary decaywith a rate of 5× 105 s− 1,
(b) weak capture, µ − p νµn (which exceeds the ordinary decay rate for nuclei with Z > 6), or
(c) coherent !avor changing conversion, µ − N e− N . The last of these reactions has already
been signi"cantly constrained using various targets. Indeed, the ratio of conversions to capture,

Table 1 A sample of various charged lepton !avor violating reactions

Reaction Current bound Reference Expected Possible
B (µ+ e+ γ ) < 1.2 × 10− 11 28 2 × 10− 13 2 × 10− 14

B (µ± e± e+ e− ) < 1.0 × 10− 12 37 – 10− 14

B (µ± e± γ γ ) < 7.2 × 10− 11 92 – –
R (µ− Au e− Au) < 7 × 10− 13 15 – –
R (µ− Al e− Al) – 10− 16 10− 18

B (τ ± µ± γ ) < 5.9 × 10− 8 Table 2 O (10− 9)
B (τ ± e± γ ) < 8.5 × 10− 8 Table 2 O (10− 9)
B (τ ± µ± µ+ µ− ) < 2.0 × 10− 8 Table 2 O (10− 10)
B (τ ± e± e+ e− ) < 2.6 × 10− 8 Table 2 O (10− 10)
Z 0 e± µ < 1.7 × 10− 6 90
Z0 e± τ < 9.8 × 10− 6 90
Z0 µ± τ < 1.2 × 10− 5 91
K 0
L e± µ < 4.7 × 10− 12 74 10− 13

D0 e± µ < 8.1 × 10− 7 78 10− 8

B 0 e± µ < 9.2 × 10− 8 79 10− 9

Data from current experimental bounds, expected improvements from existing or funded
experiments, and possible long-term advances.

318 Marciano · Mori · Roney

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
00

8.
58

:3
15

-3
41

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 C
ER

N
 L

ib
ra

ry
 o

n 
08

/1
4/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.

Charged-Lepton Flavour Violation 

Only null observation to date 

… MEG 

SINDRUM-II 

BABAR / Belle 
… 

MEGA 

Mu2e / COMET 

Super-B (50 ab–1) 

Spectacular perspective ! 

Summary

✤ MEG searches for "+→e+! with an unprecedented sensitivity.
✤ Five times tighter upper limit on B("+→e+!) was set with data 

2009+2010. 
✤ New limit: B(!+→e+")<2.4×10-12 (90%C.L.)

✤ MEG will be exploring the branching ratio region of O(10-13) with data 
2011 and 2012.

✤ Other physics analyses besides "+→e+! search analysis are also in 
progress.

✤ R&D work on MEG upgrade aiming at sensitivity of O(10-14) is in 
progress.

20
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τLFV

http://www.slac.stanford.edu/xorg/hfag/tau/HFAG-TAU-LFV.htm
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http://www.slac.stanford.edu/xorg/hfag/tau/HFAG-TAU-LFV.htm


CP violation: EDM

particle exp [e cm]
electron 1.6 x 10-27 (90%)

muon 1.9 x 10-19 (95%)

tau 4.6 x 10-17 (95%)

proton 0.54 x 10-23

neutron 2.9 x 10-26 (90%)

mercury 3.1 x 10-29 (95%)

strong CP θ < 10-10

Appendix A are given in Appendix B. In Appendix C we present the effective vertices in
the mass eigenstate basis necessary for the numerical calculation. Appendix D contains
the formulae for the (C)EDMs in the mass eigenstate basis, using the effective vertices.
In Appendix E and F the loop functions used in this paper are defined.

2 Jarlskog Invariants and Flavored EDMs at the LO

The effective CP-odd Lagrangian, which contributes to the (C)EDMs, is given as

Leff =
g2

s

32π2
θ̄Ga

µνG̃
µν,a −

∑

i=u,d,s,e,µ

i
df

2
ψ̄i(F · σ)γ5ψi −

∑

i=u,d,s

i
dc

f

2
gsψ̄i(G · σ)γ5ψi

+
1

3
w fabcGa

µνG̃
νρ,bGµ,c

ρ +
∑

i,j

Cij (ψ̄iψi)(ψ̄jiγ5ψj) + · · · , (1)

where Fµν and Ga
µν are the electromagnetic and the SU(3)C gauge field strengths, respec-

tively. The first term of Eq. (1) is the well-known QCD theta term. The second and third
terms of Eq. (1) are the fermion EDMs and CEDMs, respectively, while the second line
of Eq. (1) contains dimension-six CP-odd operators, such as the Weinberg operator and
the CP-odd four-Fermi interactions.

The QCD theta parameter is tightly constrained by the neutron EDM at the level of
θ̄<∼ 10−(9−10); this naturalness problem is commonly referred to as the strong CP problem.

One natural way to achieve the required suppression for θ̄ is to impose the Peccei-Quinn
symmetry, since the axion field makes θ̄ dynamically vanishing. Under the above assump-
tions, the quark (C)EDMs are very suppressed in the SM as they are generated only at
the three-loop level by the phase of the CKM matrix. Long-range effects to the neutron
EDM, arising at the two-loop level, are still far below the current bound. In this paper
we assume the Peccei-Quinn symmetry, for simplicity.

Among the various atomic and hadronic EDMs, a particularly important role is played
by the thallium EDM (dTl) and by the neutron EDM (dn) that can be estimated as [14–16]

dTl = −585 de − e 43 GeV C(0)
S , (2)

where C(0)
s has been evaluated as [17]

C(0)
S = Cde

29 MeV

md
+ Cse

κ× 220 MeV

ms
+ Cbe

66 MeV(1 − 0.25κ)

mb
, (3)

with κ $ 0.5 [18]. Moreover, dn can be estimated as [19, 20]

dn = (1 ± 0.5)
[

1.4 (dd − 0.25 du) + 1.1 e (dc
d + 0.5 dc

u)
]

. (4)

In our analysis, we will use the above formulae for the evaluation of the (C)EDMs 1.

1 It has been argued in Ref. [21] that the evaluation of the neutron EDM still suffers from sizable
uncertainties even when evaluated within the QCD sum rules approach.

4
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Neutrino



Status

[Schwetz,Tortola,Valle,1108.1376]

REFERENCES 5

parameter best fit ±1σ 2σ 3σ

∆m2
21 [10

−5eV2] 7.59+0.20
−0.18 7.24–7.99 7.09–8.19

∆m2
31 [10

−3eV2]
2.50+0.09

−0.16

−(2.40+0.08
−0.09)

2.25− 2.68

−(2.23− 2.58)

2.14− 2.76

−(2.13− 2.67)

sin2 θ12 0.312+0.017
−0.015 0.28–0.35 0.27–0.36

sin2 θ23
0.52+0.06

−0.07

0.52± 0.06

0.41–0.61

0.42–0.61
0.39–0.64

sin2 θ13
0.013+0.007

−0.005

0.016+0.008
−0.006

0.004–0.028
0.005–0.031

0.001–0.035
0.001–0.039

δ

(

−0.61+0.75
−0.65

)

π
(

−0.41+0.65
−0.70

)

π
0− 2π 0− 2π

Table 1. Neutrino oscillation parameters summary. For ∆m2
31, sin

2 θ23, sin
2 θ13, and

δ the upper (lower) row corresponds to normal (inverted) neutrino mass hierarchy. See
Ref. [1] for details and references.

programme. This work was partly supported by the Transregio Sonderforschungsbereich
TR27 “Neutrinos and Beyond” der Deutschen Forschungsgemeinschaft.
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• (total) mass ≲ O(0.1-1)eV

   [cf. cosmology, 0ν2β]

• Daya-Bay result on Ue3

• future targets

- CP violation

- mass spectrum

cf. MINOS anti-neutrino anomaly disappeared



Hadron Physics



Status
• almost all results provide constraints

- stringent bound from

• chirality flip is enhanced in a class of NP (SUSY)

- caution: when you read literature, some of them 
discard this effect...

K � K̄

d

d

d

d

NP � � 1

SM



B Physics



Rare Decay
Rare decays (induced by CKM): Bd → Xs γ, Bd,s → µ µ

•  

@2σ

estimated 
by models



Rare Decay
Rare decays (induced by CKM): Bd → Xs γ, Bd,s → µ µ

•  

•  
LHCb@95%

sensitive to scalar exchange
e.g. large tanβ enhancement in SUSY

SUSY



Rare Decay

�

�

allowed

�

�

before LHCb 1fb-1
�

�

Figure from slide by Mahmoudi at Moriond 2012



Rare Decay

�

� �

�

allowed

�

�

new LHCb result�

�

! µ+µ� ! µ+µ�

Figure from slide by Mahmoudi at Moriond 2012

tanβ=50
Br(Bs→µµ)∝tanβ6/mA4



Rare decays (induced by CKM): Bd → Xsγ, Bd,s → µµ

•  

•  
B meson oscillation:

mass eigenstates:

B-B Oscillation

M, Γ: Hermit
note: CPT



CP Violations
Rare decays (induced by CKM): Bd → Xsγ, Bd,s → µµ

•  

•  
B meson oscillation:

• CP violations

- direct CPV (             )
- indirect CPV (semileptonic)
- interference (                  )

Bq fin

Bq

mixing decay

ΔB=1

ΔB=1ΔB=2



• mass difference

• width difference of Bs

• CP violating phase of Bs   (                               )

c.f. lifetime

Status



tight constraint on flavor models

Moriond 2012

Bs Status



Anomalies in B physics
Belle, BaBarの結果（LHCｂとかも含む）
•CKM fit: Br(Bu → τν) or sin 2φ1

•B → Kπのdirect CP violation
LHCbがSMを示唆 → 今回は話しません
•B → K*llのFB asymmetry

Tevatronの結果を間接的にLHCbが否定的
•like-sign dimuon charge asymmetry
  (for Bs-Bs oscillation)-



Tension in CKM fit
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Summer 11

CKM
f i t t e r

CKM fits

24 Satoshi Mishima (INFN Rome)/93

CKMfitter, http://ckmfitter.in2p3.fr/ UTfit, http://www.utfit.org/

many ways [6]. The point is that since (4) is only an approximation the exact definition
of the parameters in (5) is not unique in terms of the neglected order O(λ4). This situa-
tion is familiar from any perturbative expansion, where different definitions of expansion
parameters (coupling constants) are possible. This is also the reason why in different pa-
pers in the literature different O(λ4) terms in (4) can be found. They simply correspond
to different definitions of the parameters in (5). Since the physics does not depend on
a particular definition, it is useful to make a choice for which the transparency of the
original Wolfenstein parametrization is not lost.
In this respect a useful definition adopted by most authors in the literature is to go back

to the standard parametrization (2) and to define the parameters (λ, A, ", η) through [6]

λ ≡ s12 , Aλ2 ≡ s23 , Aλ3("− iη) ≡ s13e
−iδ (6)

to all orders in λ. It follows that

" =
s13

s12s23
cos δ, η =

s13
s12s23

sin δ. (7)

The expressions (6) and (7) represent simply the change of variables from (3) to (5). Mak-
ing this change of variables in the standard parametrization (2) we find the CKM matrix
as a function of (λ, A, ", η) which satisfies unitarity exactly. Expanding next each element
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Figure 11.1: Sketch of the unitarity triangle.

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

∑
i VijV

∗
ik = δjk

and
∑

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

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

[
VijVklV

∗
il V

∗
kj

]
= J

∑
m,n εikmεjln.

The most commonly used unitarity triangle arises from

Vud V ∗
ub + Vcd V ∗

cb + Vtd V ∗
tb = 0 , (11.6)

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

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

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

11.2. Magnitudes of CKM elements

11.2.1. |Vud| :

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

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

|Vud| = 0.97425± 0.00022. (11.7)
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tion is familiar from any perturbative expansion, where different definitions of expansion
parameters (coupling constants) are possible. This is also the reason why in different pa-
pers in the literature different O(λ4) terms in (4) can be found. They simply correspond
to different definitions of the parameters in (5). Since the physics does not depend on
a particular definition, it is useful to make a choice for which the transparency of the
original Wolfenstein parametrization is not lost.
In this respect a useful definition adopted by most authors in the literature is to go back

to the standard parametrization (2) and to define the parameters (λ, A, ", η) through [6]

λ ≡ s12 , Aλ2 ≡ s23 , Aλ3("− iη) ≡ s13e
−iδ (6)

to all orders in λ. It follows that
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The expressions (6) and (7) represent simply the change of variables from (3) to (5). Mak-
ing this change of variables in the standard parametrization (2) we find the CKM matrix
as a function of (λ, A, ", η) which satisfies unitarity exactly. Expanding next each element
in powers of λ we recover the matrix in (4) and in addition find explicit corrections of
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An all-order definition of " and η will be given in the next section. We emphasize here that
by definition the expression for Vub remains unchanged relative to the original Wolfenstein
parametrization and the corrections to Vus and Vcb appear only at O(λ7) and O(λ8),
respectively. The advantage of this generalization of the Wolfenstein parametrization is
the absence of relevant corrections to Vus, Vcd, Vub and Vcb and an elegant change in
Vtd which allows a simple connection to the Unitarity Triangle parameters, as discussed
below.
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Phenomenologically this relation is very interesting as it involves simultaneously the
elements Vub, Vcb and Vtd which are under extensive discussion at present. Other relevant
unitarity relations will be presented as we proceed.
The relation (10) can be represented as a unitarity triangle in the complex plane.

The invariance of (10) under any phase-transformations implies that the corresponding
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The CKM matrix elements are fundamental parameters of the SM, so their precise
determination is important. The unitarity of the CKM matrix imposes

∑
i VijV

∗
ik = δjk

and
∑

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

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

[
VijVklV

∗
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∗
kj

]
= J

∑
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The most commonly used unitarity triangle arises from

Vud V ∗
ub + Vcd V ∗

cb + Vtd V ∗
tb = 0 , (11.6)

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

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

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

11.2. Magnitudes of CKM elements

11.2.1. |Vud| :

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

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

|Vud| = 0.97425± 0.00022. (11.7)
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FIG. 7: Regions in the (mH+ , tan�) parameter space of the 2HDM-II excluded at 95% probability by BR(B ! ⌧⌫), BR(B !
D⌧⌫)/BR(B ! D`⌫) and BR(B ! Xs�).

mq̃ = [400, 1000] GeV, mg̃ = [400, 1000] GeV. The ex-
pressions of B ! ⌧⌫, Bs ! µ+µ� and �ms can be found
in Eqs. (3), (11) and (14) of Ref. [32] respectively. The ex-
perimental constraints are �ms = 17.77± 0.12 ps�1 [33]
and the upper bound BR(Bs ! µ+µ�) < 5.8 ⇥ 10�8 at
95% C.L. [34].

In Figs. 8 we show the p.d.f. in the plane (tan�, mH+)
for µ > 0. For completeness, in Figs. 9 and 10 we present
the corresponding one-dimensional p.d.f. for mH+ and
tan�. As expected, the constraint from B ! ⌧⌫ re-
sembles the one obtained in the 2HDM analysis above
(see Fig. 7). Once the other constraints are included,
however, the region at large tan�/mH+ is disfavoured.
The combined exclusion region is roughly bounded by a
straight line, giving tan� < 7.3mH+/(100 GeV) at 95%
probability, with a remarkable similarity to the 2HDM-II
case.

For µ < 0, the constraint from B ! ⌧⌫ is less stringent
for large tan�, see Figs. 11-13. In fact, for µ < 0 and
very large tan�, the interference with the SM in B !
⌧⌫ becomes positive. However the combined bound is

more severe than for µ > 0: for mH+ < 1 TeV, there
is an absolute bound on tan� < 38 with at least 95%
probability, while from the one-dimensional distribution
in Fig. 13 we obtain tan� < 32 at 95% probability.
For both signs of µ, large values of tan� for sub-TeV

charged Higgses are strongly disfavoured, including the
fine-tuned region where the SUSY contribution enhances
BR(B ! ⌧⌫) improving the agreement with the experi-
mental average.
From our analysis we also derive the following ranges

for BR(Bs ! µ+µ�):

[3, 8]⇥ 10�9 @68% prob. (11)

[2, 26]⇥ 10�9 @95% prob.

for µ > 0, and

[3, 6]⇥ 10�9 @68% prob. (12)

[2, 17]⇥ 10�9 @95% prob.

for µ < 0. These ranges can be compared with the SM
prediction BR(Bs ! µ+µ�)SM = (3.7± 0.5)⇥ 10�9.
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Tension in Vub

• determination

- inclusive:

- exclusive:

– 23–

Table 1: |Vub| (in units of 10−5) from inclu-
sive B → Xu!ν! measurements. The first uncer-
tainty on |Vub| is experimental, while the second
includes both theoretical and HQE parameter
uncertainties. The values are listed in order of
increasing fu (0.19 to 0.90).

Ref. BLNP GGOU DGE

[108] 383 ± 45 ± 33 368 ± 43 ± 32 358 ± 42 ± 27
[111] 428 ± 29 ± 37 not avail. 404 ± 27 ± 29
[110] 418 ± 24 ± 30 405 ± 23 ± 27 406 ± 27 ± 27
[109] 464 ± 43 ± 30 453 ± 42 ± 26 456 ± 42 ± 26

[119] 423 ± 45 ± 30 414 ± 44 ± 34 420 ± 44 ± 21
[113] 432 ± 28 ± 30 422 ± 28 ± 34 426 ± 28 ± 21
[113] 365 ± 24 ± 26 343 ± 22 ± 28 370 ± 24 ± 28
[113] 402 ± 19 ± 28 398 ± 19 ± 27 423 ± 20 ± 19
[115] 436 ± 26 ± 22 441 ± 26 ± 13 446 ± 26 ± 16

420 ± 16 ± 23 427 ± 16 ± 18 433 ± 15 ± 17

in Table 1. Their impact is to increase |Vub| by about 8%. This

suggests that the uncertainties assigned to renormalization scale

matching have been underestimated. While similar calculations

are not yet available for the other approaches, the impact of

NNLO terms may be underestimated there as well.

All calculations yield compatible |Vub| values and similar

error estimates. We take the arithmetic mean of the values and

errors to find

|Vub| = (4.27± 0.15exp ± 0.19th ± 0.30NNLO)× 10−3 (inclusive)

(32)

where the last uncertainty (7%) has been added to account for

the large shift seen at NNLO. Note that while the average |Vub|
quoted here is not shifted, the findings in Ref. [120] imply the

NNLO corrections will raise |Vub|.
As was the case with |Vcb|, it is hard to assign an uncertainty

to |Vub| for possible duality violations. However, theoretical

arguments suggest that duality should hold even better in

b → u!ν! than in b → c!ν! [41]. On the other hand, unless

duality violations are much larger in B → Xu!ν! decays than
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Topological decomposition

ACP of B → Kπ

Naive estimation

Implications

larger C’ with strong phase or larger P’ew with large CP phase



~0 C’, Pew’ ~0.1 (exp)

SCP(B→K0π0)も面白い      [see Fleischer,Jager,Pirjol,Zupan]

cf.

ACP of B → Kπ
Color-suppressed Tree (C’)

C’ is sensitive to subleading corrections (c.f. pQCD)

Sum rule: RHS ≃ 0

C’

If C’ (Pew) is larger, sum rule is satisfied (violated) 

Br(B→π0π0) imply larger C, though Br(B→ρ0ρ0) is consistent

~O(10-2) [SM]

A+�
CP � ACP (B � K+��)
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FIG. 15: (color online). (a) The asymmetry abkg (points with
error bars representing the total uncertainties), expected from
the measurements of the fractions and asymmetries for back-
ground processes, is compared to the measured asymmetry a
for the inclusive muon sample (shown as a histogram, since
the statistical uncertainties are negligible). The asymmetry
from CP violation is negligible compared to the background
in the inclusive muon sample. (b) The difference a − abkg.
The horizontal dashed line shows the mean value.

Table XIII, except the statistical uncertainties on a, A,
and RK , are treated as fully correlated. This leads to
α = 0.89, and the corresponding value of the asymmetry
Ab

sl is

Ab
sl = (−0.787± 0.172 (stat)± 0.093 (syst))%. (36)

This value is used as the final result for Ab
sl. It differs by

3.9 standard deviations from the standard model predic-
tion of Ab

sl given in Eq. (5). The different contributions
to the total uncertainty on Ab

sl in Eq. (36) are listed in
Table XIII.
The measured value of Ab

sl places a constraint on the
charge asymmetries adsl and assl. The asymmetry Ab

sl is a
linear combination of the semi-leptonic charge asymme-
tries from B0 and B0

s meson decays [2]. The coefficients
Cd and Cs in Eq. (2) depend on the mean mixing prob-
ability and the production rate of B0 and B0

s mesons.
We use the latest measurements of these quantities from
LEP as averaged by HFAG [3]

χ0(HFAG) = 0.1259± 0.0042, (37)

fd(HFAG) = 0.403± 0.009, (38)

fs(HFAG) = 0.103± 0.009, (39)
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FIG. 16: (color online). Comparison of Ab
sl in data with the

SM prediction for ad
sl and as

sl. Also shown are the measure-
ments of ad

sl [3] and as
sl [19]. The error bands represent the

±1 standard deviation uncertainties on each individual mea-
surement. The 95% C.L. band is also given for this Ab

sl mea-
surement.

and find the values given in Eq. (4).
Figure 16 presents the measurement in the (adsl, a

s
sl)

plane together with the existing direct measurements of
adsl from the B factories [3] and the independent D0 mea-
surement of assl in B0

s → µDsX decays [19]. All measure-
ments are consistent.
The quantity Ares defined as

Ares ≡ (A− αa)− (Abkg − αabkg) (40)

is the residual charge asymmetry of like-sign dimuon
events after subtracting all background contributions
from the raw charge asymmetry. This quantity does not
depend on the interpretation in terms of the charge asym-
metry of semi-leptonic decays of B mesons. We obtain

Ares = (−0.246± 0.052 (stat)± 0.021 (syst))%, (41)

The measured value of Ares differs by 4.2 standard devi-
ations from the standard model prediction

Ares(SM) = (−0.009± 0.002)%. (42)

XII. CONSISTENCY CHECKS

To study the stability of the result, we repeat this
measurement with modified selections, and with subsets

3.9σ•pp → μμXX event
•μ+μ+とμ-μ-の非対称性

•SMではBq-Bq mixingに
よりeventが生じる
•AsymmetryはCPの破れ

like-sign dimuon charge 
asymmetry
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FIG. 21: (color online). Measurements of Ab
sl with different

muon IP selections in the (ad
sl, a

s
sl) plane. The bands represent

the ±1 standard deviation uncertainties on each individual
measurement. The ellipses represent the 68% and 95% two-
dimensional C.L. regions, respectively, of as

sl and as
sl values

obtained from the measurements with IP selections.

taking into account the correlation between the uncer-
tainties.
We conclude that the observed dependence of the like-

sign dimuon charge asymmetry on muon IP is consis-
tent with the hypothesis that it has its origin from semi-
leptonic b-hadron decays. The contributions of adsl and
assl to Ab

sl can be determined separately by dividing the
sample according to the muon IP, although the uncer-
tainties on the values of adsl and assl do not allow for the
definitive conclusion that the deviation of Ab

sl from its
SM prediction is dominated from the assl asymmetry.

XV. CONCLUSIONS

We have presented an update to the previous measure-
ment [11] of the anomalous like-sign dimuon charge asym-
metry Ab

sl with 9.0 fb−1 of integrated luminosity. The
analysis has improved criteria for muon selection, which
provide a stronger background suppression and increase
the size of the like-sign dimuon sample. A more accu-
rate measurement of the fraction of kaons that produce
muons in the inclusive muon sample (fK), and an addi-
tional measurement of the ratio of such yields in like-sign
dimuon to inclusive muon data (RK = FK/fK) using
K0

S → π+π− decay have been performed. This provides
better precision of RK , and an independent estimate of

TABLE XXI: Input quantities for the measurement of Ab
sl

using muons with IP above 50 µm, 80 µm and 120 µm, re-
spectively. Only statistical uncertainties are given.

Quantity IP > 50 µm IP > 80 µm IP > 120 µm
fK × 102 6.47 ± 0.18 5.38 ± 0.24 5.19 ± 0.37
fπ × 102 10.42 ± 0.47 7.24 ± 0.38 5.65 ± 0.40
fp × 102 0.11 ± 0.05 0.07 ± 0.03 0.05 ± 0.03
FK × 102 6.31 ± 1.73 4.79 ± 2.59 4.48 ± 4.05
Fπ × 102 9.51 ± 2.36 6.39 ± 2.95 4.43 ± 3.95
Fp × 102 0.11 ± 0.06 0.03 ± 0.04 0.03 ± 0.05
fS × 102 82.99 ± 0.81 87.32 ± 0.74 89.11 ± 0.88
Fbkg × 102 15.91 ± 4.38 11.39 ± 6.10 8.94 ± 8.26
FSS × 102 85.63 ± 3.74 89.88 ± 5.10 91.79 ± 7.65
a× 102 +0.134 ± 0.004 +0.035 ± 0.005 −0.014 ± 0.005
abkg × 102 +0.146 ± 0.024 +0.068 ± 0.023 +0.027 ± 0.023
A× 102 −0.302 ± 0.079 −0.386 ± 0.094 −0.529 ± 0.120
Abkg × 102 −0.043 ± 0.071 −0.139 ± 0.083 −0.127 ± 0.093
Cπ 0.81 ± 0.03 0.75 ± 0.05 0.70 ± 0.05
CK 0.66 ± 0.03 0.52 ± 0.05 0.39 ± 0.06

FLL

(FLL+FSL) 0.108 ± 0.038 0.125 ± 0.060 0.089 ± 0.062
cb 0.084 ± 0.008 0.095 ± 0.009 0.109 ± 0.011
Cb 0.496 ± 0.034 0.510 ± 0.034 0.526 ± 0.037

TABLE XXII: Input quantities for the measurement of Ab
sl

using muons with IP below 50 µm, 80 µm and 120 µm, re-
spectively. Only statistical uncertainties are given.

Quantity IP < 50µm IP < 80 µm IP < 120 µm
fK × 102 19.35 ± 0.33 18.32 ± 0.30 17.64 ± 0.27
fπ × 102 37.58 ± 2.08 34.34 ± 1.95 34.72 ± 1.86
fp × 102 0.51 ± 0.22 0.48 ± 0.21 0.45 ± 0.20
FK × 102 28.03 ± 0.95 23.79 ± 0.74 21.49 ± 0.62
Fπ × 102 51.72 ± 3.18 44.26 ± 2.63 40.47 ± 2.26
Fp × 102 0.77 ± 0.29 0.66 ± 0.25 0.59 ± 0.23
fS × 102 42.56 ± 2.73 45.40 ± 2.13 47.18 ± 2.03
Fbkg × 102 81.53 ± 4.30 70.13 ± 3.52 62.56 ± 3.07
FSS × 102 43.42 ± 3.75 48.76 ± 2.84 53.66 ± 2.68
a× 102 +0.953 ± 0.003 +0.896 ± 0.003 +0.835 ± 0.002
abkg × 102 +0.997 ± 0.056 +0.916 ± 0.052 +0.864 ± 0.049
A× 102 +0.715 ± 0.083 +0.683 ± 0.069 +0.555 ± 0.060
Abkg × 102 +1.243 ± 0.096 +0.994 ± 0.082 +0.829 ± 0.077
Cπ 0.97 ± 0.01 0.95 ± 0.02 0.95 ± 0.02
CK 0.99 ± 0.01 0.98 ± 0.01 0.98 ± 0.01

FLL

(FLL+FSL) 0.441 ± 0.050 0.369 ± 0.032 0.350 ± 0.029
cb 0.033 ± 0.007 0.035 ± 0.007 0.038 ± 0.007
Cb 0.406 ± 0.032 0.406 ± 0.032 0.413 ± 0.032

the systematic uncertainty on this quantity. The value
of the like-sign dimuon charge asymmetry Ab

sl in semi-
leptonic b-hadron decays is found to be

Ab
sl = (−0.787± 0.172 (stat)± 0.093 (syst))%. (56)

This measurement disagrees with the prediction of the
standard model by 3.9 standard deviations and provides
evidence for anomalously large CP violation in semi-
leptonic neutral B decay. The residual charge asymme-
try of like-sign dimuon events after taking into account

•BdとBsでmuonのimpact 
parameter分布が異なる
(振動周期の違いを利用)
•impact parameter毎に
dimuon eventをfit
•Bsの方にSMからのずれの
傾向がある

like-sign dimuon charge 
asymmetry
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FIG. 16: The observed and expected like-sign dimuon charge
asymmetries in bins of dimuon invariant mass. The expected
asymmetry is shown for (a) Ab

sl = 0.0 and (b) Ab
sl = −0.00957.
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FIG. 18: (Color online) The 68% and 95% C.L. regions of
probability for ∆Γs and φs values obtained from this mea-
surement, considering the experimental constraints on ad

sl [23].
The solid and dashed curves show respectively the 68% and
95% C.L. contours from the B0

s → J/ψφ measurement [25].
Also shown is the standard model (SM) prediction for φs and
∆Γs.
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FIG. 19: (Color online) Probability contours in the (φs,∆Γs)
plane for the combination of this measurement with the result
of Ref. [25], using the experimental constraints on ad

sl [23].
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FIG. 15: (color online). (a) The asymmetry abkg (points with
error bars representing the total uncertainties), expected from
the measurements of the fractions and asymmetries for back-
ground processes, is compared to the measured asymmetry a
for the inclusive muon sample (shown as a histogram, since
the statistical uncertainties are negligible). The asymmetry
from CP violation is negligible compared to the background
in the inclusive muon sample. (b) The difference a − abkg.
The horizontal dashed line shows the mean value.

Table XIII, except the statistical uncertainties on a, A,
and RK , are treated as fully correlated. This leads to
α = 0.89, and the corresponding value of the asymmetry
Ab

sl is

Ab
sl = (−0.787± 0.172 (stat)± 0.093 (syst))%. (36)

This value is used as the final result for Ab
sl. It differs by

3.9 standard deviations from the standard model predic-
tion of Ab

sl given in Eq. (5). The different contributions
to the total uncertainty on Ab

sl in Eq. (36) are listed in
Table XIII.
The measured value of Ab

sl places a constraint on the
charge asymmetries adsl and assl. The asymmetry Ab

sl is a
linear combination of the semi-leptonic charge asymme-
tries from B0 and B0

s meson decays [2]. The coefficients
Cd and Cs in Eq. (2) depend on the mean mixing prob-
ability and the production rate of B0 and B0

s mesons.
We use the latest measurements of these quantities from
LEP as averaged by HFAG [3]

χ0(HFAG) = 0.1259± 0.0042, (37)

fd(HFAG) = 0.403± 0.009, (38)

fs(HFAG) = 0.103± 0.009, (39)
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FIG. 16: (color online). Comparison of Ab
sl in data with the

SM prediction for ad
sl and as

sl. Also shown are the measure-
ments of ad

sl [3] and as
sl [19]. The error bands represent the

±1 standard deviation uncertainties on each individual mea-
surement. The 95% C.L. band is also given for this Ab

sl mea-
surement.

and find the values given in Eq. (4).
Figure 16 presents the measurement in the (adsl, a

s
sl)

plane together with the existing direct measurements of
adsl from the B factories [3] and the independent D0 mea-
surement of assl in B0

s → µDsX decays [19]. All measure-
ments are consistent.
The quantity Ares defined as

Ares ≡ (A− αa)− (Abkg − αabkg) (40)

is the residual charge asymmetry of like-sign dimuon
events after subtracting all background contributions
from the raw charge asymmetry. This quantity does not
depend on the interpretation in terms of the charge asym-
metry of semi-leptonic decays of B mesons. We obtain

Ares = (−0.246± 0.052 (stat)± 0.021 (syst))%, (41)

The measured value of Ares differs by 4.2 standard devi-
ations from the standard model prediction

Ares(SM) = (−0.009± 0.002)%. (42)

XII. CONSISTENCY CHECKS

To study the stability of the result, we repeat this
measurement with modified selections, and with subsets
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Charm CP Violation



CP violation
• charm CP is approximately conserved because of 

the dominance of the first two generations

- direct and indirect CPV are expected to be tiny

- large CP violation is a sign of new physics

• D meson mixing and indirect CP violation

- oscillation is measured (10σ), but no CP violation

- long-distance contributions dominate mixing
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Figure 1: Short distance (left) and long distance contributions D0-D0 mixing in the
Standard Model.

so the predictions for the mixing parameters x and y within the SM span several
orders of magnitude between 10−8 and 10−2 [1, 2]. Due to large uncertainties of the
SM mixing predictions it makes it difficult to identify NP contributions (clear hint
would be, if x is found to be much larger than y), however, measurements can still
provide useful and competitive constraints on many NP models, as will be discussed
later.

Study of CP violation in decays of charmed hadrons also holds the potential
for uncovering the NP. In the SM direct CP violation can occur in singly Cabbibo
suppressed (SCS; c → dud, c → sus) decays, but not in Cabbibo favored (CF;
c → sud) or doubly Cabbibo suppressed (DCS; c → dus) decays. This is due to the
fact that the final state particles in SCS decays contain at least one pair of quark and
anti-quark of the same flavor, which makes a contribution from penguin-type or box
amplitudes induced by virtual b-quarks possible in addition to the tree amplitudes.
However, the contribution of these second order amplitudes are strongly suppressed by
the small combination of CKM matrix elements VcbV ∗

ub. The CP violating asymmetry,
defined as

ACP =
Γ(D → f)− Γ(D → f)

Γ(D → f) + Γ(D → f)
(12)

is in the SM expected to be at most at the level of 0.1% [3], which is well below
the current experimental sensitivity. In some NP models the CP asymmetry can be
significantly enhanced and can be as large as 1% [4, 5, 6, 7]. It is thus widely believed
that the observation of large CP violation at the order of 1% in charm decays would
be an unambiguous sign for processes beyond the SM. Direct CP violation occurs
when the absolute value of the decay amplitude for D to decay to a final state f (Af)
is different from the one of corresponding CP -conjugated amplitude (Af). This can
happen if the decay amplitude can be separated into at least two parts (in case of
SCS decays the two corresponding SM amplitudes are the tree and the penguin-type)
associated with different weak and strong phases, Af = |A1|eiδ1eiφ1 + |A2|eiδ2eiφ2 ,
where φi represents weak phases that switch sign under CP -transformation, and δi
represent strong phases which are CP -invariant. This ensures that CP -conjugated
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Figure 1: Short distance (left) and long distance contributions D0-D0 mixing in the
Standard Model.

so the predictions for the mixing parameters x and y within the SM span several
orders of magnitude between 10−8 and 10−2 [1, 2]. Due to large uncertainties of the
SM mixing predictions it makes it difficult to identify NP contributions (clear hint
would be, if x is found to be much larger than y), however, measurements can still
provide useful and competitive constraints on many NP models, as will be discussed
later.

Study of CP violation in decays of charmed hadrons also holds the potential
for uncovering the NP. In the SM direct CP violation can occur in singly Cabbibo
suppressed (SCS; c → dud, c → sus) decays, but not in Cabbibo favored (CF;
c → sud) or doubly Cabbibo suppressed (DCS; c → dus) decays. This is due to the
fact that the final state particles in SCS decays contain at least one pair of quark and
anti-quark of the same flavor, which makes a contribution from penguin-type or box
amplitudes induced by virtual b-quarks possible in addition to the tree amplitudes.
However, the contribution of these second order amplitudes are strongly suppressed by
the small combination of CKM matrix elements VcbV ∗

ub. The CP violating asymmetry,
defined as

ACP =
Γ(D → f)− Γ(D → f)

Γ(D → f) + Γ(D → f)
(12)

is in the SM expected to be at most at the level of 0.1% [3], which is well below
the current experimental sensitivity. In some NP models the CP asymmetry can be
significantly enhanced and can be as large as 1% [4, 5, 6, 7]. It is thus widely believed
that the observation of large CP violation at the order of 1% in charm decays would
be an unambiguous sign for processes beyond the SM. Direct CP violation occurs
when the absolute value of the decay amplitude for D to decay to a final state f (Af)
is different from the one of corresponding CP -conjugated amplitude (Af). This can
happen if the decay amplitude can be separated into at least two parts (in case of
SCS decays the two corresponding SM amplitudes are the tree and the penguin-type)
associated with different weak and strong phases, Af = |A1|eiδ1eiφ1 + |A2|eiδ2eiφ2 ,
where φi represents weak phases that switch sign under CP -transformation, and δi
represent strong phases which are CP -invariant. This ensures that CP -conjugated

3
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Direct CP Violation
• time-integrated CP asymmetryの測定

“ACP” = (CPV in decay) + (CPV in mixing)
•mixingによるCPの破れの大きさが制限されている
•大きなCPの破れはdirect CP violationのはず

~4σ from zero

LHCb, CDF
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Confirm LHCb result 
�ACP=(-0.82 ± 0.21 ± 0.11)% 
 
When combining à la HFAG 
No CPV point is at  
~4σ from zero 
 
�ACP

dir = (-0.67 ± 0.16)% 
    ACP

ind = (-0.02 ± 0.22)%  
   

 CDF Note 10784"

6"

~4σ "

∆ACP = (-0.62 ± 0.21(stat) ± 0.10(syst))% 

• LHCb

• CDF

• world average

~4σ from zero

Direct CP Violation



SM Prediction
• CP violation in singly Cabibbo-suppressed decay is 

expected to be small

• conventional method is not reliable
- long-distance effects dominate in mixing
- branching ratios are not explained by B method
- 1/mc expansion breaks down because mD≃ΛQCD

• approach
- fit topological amplitudes based on SU(3)F/isospin
- large uncertainty in CPV (b-penguin) [O(0.1)%?]

SCS CPV:



Top FB Asymmetry
Top Charge Asymmetry



SM Prediction
• No FB/charge asymmetry at 

leading order in QCD

• asymmetry arises at NLO

• top quarks are preferentially 
emitted “forward”

Germán Rodrigo ҧݐݐ asymmetries in the SM and beyond Moriond EW, March 2012                         3

Charge asymmetry in QCDCharge asymmetry in QCD [Kühn, GR, Moriond QCD 1998]

At O(ĮS
2): top and antitop quarks have 

identical angular distributions

A charge asymmetry arises at O(ĮS
3)

Interference of ISR with FSR
LO for ttbar+jet
negative contribution to ttbar+1 jet

Interference of box diagrams with 
Born (+soft) 
positive contribution to ttbar+0 jet 

Flavor excitation (qg channel) much smaller

Ɣ color factor dabc
2 : pair in color singlet 

Ɣ Loop contribution larger than tree level
top quarks are preferentially emitted in                   
the direction of the incoming quark
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3)

Interference of ISR with FSR
LO for ttbar+jet
negative contribution to ttbar+1 jet

Interference of box diagrams with 
Born (+soft) 
positive contribution to ttbar+0 jet 

Flavor excitation (qg channel) much smaller

Ɣ color factor dabc
2 : pair in color singlet 

Ɣ Loop contribution larger than tree level
top quarks are preferentially emitted in                   
the direction of the incoming quark

Germán Rodrigo ҧݐݐ asymmetries in the SM and beyond Moriond EW, March 2012                         12

f Main difference due to renormalization scale choice, 
the asymmetry is proportional to the strong coupling

f small dependence on PDFs

Figures from slide by Rodrigo at Moriond 2012
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Tevatron Results
Comparison of Two-Bin Parton Level AFB to 

Previous Results 

Moriond 2012 D. Mietlicki 17 

  Previous version of CDF analysis only provided parton-level 
results for two bins of Mtt and �y 

  Table compares the new result in the same two bins to the 
previous results (all numbers are percentages) 

Selection NLO (QCD+EW) CDF, 5.3 fb-1 D0, 5.4 fb-1 CDF, 8.7 fb-1 

Inclusive 6.6 15.8 ± 7.4 19.6 ± 6.5 16.2 ± 4.7 

Mtt < 450 GeV/c2 4.7 �11.6 ± 15.3 
7.8 ± 4.8 

(Bkg. Subtracted) 
7.8 ± 5.4 

Mtt ≥ 450 GeV/c2 10.0 47.5 ± 11.2 
11.5 ± 6.0 

(Bkg. Subtracted) 
29.6 ± 6.7 

|�y| < 1.0 4.3 2.6 ± 11.8 
6.1 ± 4.1 

(Bkg. Subtracted) 
8.8 ± 4.7 

|�y| ≥ 1.0 13.9 61.1 ± 25.6 
21.3 ± 9.7 

(Bkg. Subtracted) 
43.3 ± 10.9 

From slide by Mietlicki, Moriond 2012

parton/production level asymmetry in % (except for green) Preliminary

• lepton + jet mode of top-anti-top decay
• ≳ 2σ excess for inclusive data
• excess tends to be enhanced in large Mtt and Δy



• lepton + jet mode of top-anti-top decay
• ≳ 2σ excess for inclusive data
• excess tends to be enhanced in large Mtt and Δy
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  Correct for acceptance and detector 
resolution 
  Regularized unfolding algorithm addresses 

resolution effects 

  Multiplicative acceptance correction 
factor applied to each bin 

  Both corrections use the NLO generator 
Powheg as the top model  

  Parton level results can be compared 
directly to theory 

  Determine best-fit slope for observed 
data and compare to NLO prediction 

Slope 
Parameter � 

AFB vs. Mtt
 AFB vs. �y 

Data (15.6 ± 5.0)×10-4 (30.6 ± 8.6)×10-2 

SM 3.3×10-4 10.3×10-2 
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Tevatron Results

From slide by Mietlicki, Moriond 2012



• No FB asymmetry in symmetric collider
• charge asymmetry: rapidity difference bet. t and t
• cut to enhance qq production

- invariant mass of t and t
- large rapidity region (gg is more central)

LHC

-
-

-

From slide by Rodrigo, Moriond 2012
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Charge asymmetry at the LHCCharge asymmetry at the LHC

Ŷ scaling the statistical error
20 fb-1 :  5 per mille
100 fb-1 :  2-3 per mille

஼୼
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AȘ
SM = 0.0136 (8)

AySM = 0.0115 (6)
[Kühn, GR, arXiv:1109.6830] @ 7 TeV
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஼௬ܣ ൌ െͲǤͲͲͻ േ ͲǤͲʹ͵ േ ͲǤͲ͵ʹ�(e+jets)
஼௬ܣ ൌ െͲǤͲʹͺ േ ͲǤͲͳͻ േ ͲǤͲʹʹ�(µ+jets)

஼௬ܣ ൌ െͲǤͲʹͶ േ ͲǤͲͳ͸ േ ͲǤͲʹ͵�

cms (1112.5100)
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Correlation

Original figure from slide by Lister, Moriond 2012

16/03/2012'Moriond'QCD'Alison'Lister'' 25'

CDF'AFB'

16/03/2012'Moriond'QCD'Alison'Lister'' 25'

CDF'AFB'
• strong correlation between AFB[TVT] and AC[LHC]
• other constraints not considered in figures

- dσ/dMtt, same-sign top, dijet, ...

see model details in 1105.4606

SM: (0,0)



今回話してないもの
• EW precision関連
- recent update: TevatronでW mass
- jet asymmetry dataとlepton asymmetry data
のそれぞれでfitすると互いに~3σのずれ
‣実験そのものやQCD correctionの寄与は？
-など詳しくはPDGのreviewを見てください
• Lepton universality
- LEPのW→lν（via e+e-→W+W-）のcouplingの
大きさがτに関してだけ2.8σずれてる
-しかし他の測定はSM consistent



• LSND/MB (+reactor, Gallium) anomaly
- excess of anti-νe → Δm2 ~ 1eV2

-MB weakly supports LSND for anti -νe, but 
excludes for νe

‣ (also excess of E < 475MeV in MB)
- less νe flux in reactor and GALLEX, SAGE
- may imply sterile neutrino(s) [3+2,CPV?]
‣ severe constraints from disappearance data 

and cosmology
‣ cannot explain MB, E < 475MeV 

今回話してないもの



どれが“正しい”ヒントか？
SMからのずれ NPのスケール

ニュートリノ振動
初期宇宙
暗黒物質
大統一理論

ヒエラルキー問題
μ粒子異常磁気能率
フレーバー・CP

Top AFB

EWP,ν,...
宇宙線 (e+,e-)
DMの直接検出

証拠 RHν
証拠 >TeV
証拠 熱史次第
示唆 ~1016GeV
示唆 TeV?
示唆 TeV
? TeV
? TeV
? ?
? TeV
? ~GeV



Message
•いろいろなモードでSMからのずれらしきものが
見つかっている
•信じられるかどうかにはSMの理解が重要
•New Physicsだとすれば、LHC、cosmologyや
他の実験でどのように見えるか



Backup



Electroweak Precision



LEPEWWG

• SM predictions are 
compared with data

- radiative correction

• W mass updated by 
Tevatrons

• SM works very well

- NP is constrained

M2
W

�
1� M2

W

M2
Z

�
=

���
2GF

(1 + �r)

top, Higgs

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

Δαhad(mZ)Δα(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012

Fit Result Updated
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LEPEWWG
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Lepton or Hadron

[Hagiwara,Kirilin]

• worse fit in jet data

• fits are good with

- only lepton asym. 

- only jet asym.

‣ differ by ~3σ

• analysis of jet angular 
distribution may need 
revision

   (or experimental?)



Lepton or Hadron
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• worse fit in jet data

• fits are good with

- only lepton asym. 

- only jet asym.

‣ differ by ~3σ

• analysis of jet angular 
distribution may need 
revision

   (or experimental?)
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Figure 8. The same figure as figure 6 except that we omitted the jet asymmetry data.

The ino contributions to mW are examined for 110GeV ≤ m
eχ−

1
≤ 140GeV and for

M2/µ = 0.01, 1 and 100. They are relatively small compared to the squarks and sleptons.

Among the three cases, only the mixed case (M2/µ = 1) gives a sizable correction to mW .

This can also be understood from the discussion on ∆S and ∆T in section 4.1.

In figure 9 we also show the predictions from the sample SUSY parameter sets. We see

that for all the SUSY sample points the predicted values for mW are improved compared

to the SM reference point. Among them, when there is a light slepton, like at MSSM2,

MSSM4 and MSSM6, the improvement is large since the slepton contributions are larger

than inos for similar masses. In particular, at MSSM2, where both the sleptons are light,

the improvement is most effective.
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Figure 9. The MSSM predictions for the W boson mass from the squark, slepton and ino sectors,
and from the MSSM sample points. The vertical dashed line at mW = 80.354GeV is the SM
prediction for the SM reference point, (mt, mHSM

, ∆α(5)
had(m2

Z)) = (172GeV, 120GeV, 0.0277). The

dependences of the SM prediction on mt and ∆α(5)
had(m

2
Z) are shown at the bottom. Also shown as

the red/solid line and the yellow/shaded band are the experimental mean and the 1-σ uncertainty,
respectively.
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Leptonic Asym Fit
Not include Tevatron update (2012) on MW [Cho,Hagiwara,Matsumoto,Nomura]



Leptonic 
non-universality



Status
• test of         coupling for                  [SM: universal]

• consistent with universality perfectly in:

• LEP measurements of e+e- → W+W-

W �� � = e, µ, �

[µ� e��, � � e��, � � µ��], [� � e�, � � µ�, � � ��], . . .

Measurement of B(W → lν) at LEP

LEP directly measured B(W → eνe), B(W → µνµ), B(W → τντ ),
from partial cross sections of WW → 4f .

e−

e+

νe

W+

W−

f2

f3

f4

f1 f1

f2

f3

f4
W+

W−

γ ,Z
e+

e−

(f1, f2) = (e,νe),(µ ,νµ),(τ,ντ ),(d,u),(s,c).
(f4, f3) is a conjugate.

Lepton non-universality at LEP and charged Higgs TUD / 2011-10-13 5 / 22

Tau mode excess
LEP electroweak working group, hep-ex/0612034

LEP results
Experiment B(W → eνe) [%] B(W → µνµ ) [%] B(W → τντ ) [%]
ALEPH 10.78± 0.29∗ 10.87± 0.26∗ 11.25± 0.38∗

DELPHI 10.55± 0.34∗ 10.65± 0.27∗ 11.46± 0.43∗

L3 10.78± 0.32∗ 10.03± 0.31∗ 11.89± 0.45∗

OPAL 10.40± 0.35 10.61± 0.35 11.18± 0.48
LEP 10.65± 0.17 10.59± 0.15 11.44± 0.22

Under assumption of B(W → eνe) = B(W → µνµ),

B(W → τντ )
[B(W → eνe)+B(W → µνµ)]/2

∣∣∣∣
LEP

= 1.077± 0.026

7.7% or 2.8 σ departure from lepton universality.

New physics?
Lepton non-universality at LEP and charged Higgs TUD / 2011-10-13 6 / 22
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... 2.8σ!?
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LSND/MiniBoone
Anomaly

(Reactor&Gallium)



Neutrino Anomalies
• LSND [LANL]: excess of anti-νe   (anti-νµ     anti-νe)

- Δm2 ~ 1eV2: inconsistent with sol. and atm.
• MiniBoone [FNAL]: appearance of νe and anti-νe

- small excess in anti-νe for E > 475MeV
- no excess in νe for E > 475MeV
- (small) excess in (anti-) νe for E < 475MeV 

(inconsistent with LSND oscillation)

MiniBooNE Neutrinos
[PRL 98 (2007) 231801; PRL 102 (2009) 101802]
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[MiniBooNE, PRL 102 (2009) 101802, arXiv:0812.2243]
[Djurcic, arXiv:0901.1648]

Low-Energy Anomaly!

C. Giunti Sterile Neutrinos: Global Fit 9 Nov 2011 3/32

Search for evidence of sterile ν#

•  ICARUS will start 
to contribute in the 
next 2 years to 
sterile neutrino 
search 

•  Plans for beam 
from CERN-PS 
would significantly 
push limits 

 475MeV<Eν<1250MeV: 
• Expected events: 
151.7±15.0 
(syst) after fit constraints 
• Observed events: 168. 
• Observed Excess: 
16.3±19.4(total) !0.84σ 
• Excess in oscillation 
search region is reduced. 
• Low-energy excess is 
more significant and 
resembles neutrino-mode 
data. 

New Anti-neutrino mode results: 8.58E20 POT 

Preliminary

MiniBoone



Neutrino Anomalies
• Reactor anomaly

- anti-νe flux is less than expectation (2.5σ)
- distance to reactor: 10-100m

• Gallium anomaly [GALLEX, SAGE]
- detect neutrino via 71Ga + νe → 71Ge + e- from 

radioactive sources
- νe flux is less than expectation (R=0.86±0.06)

• All these anomalies may imply sterile neutrino(s)
- 3+2: CP violation can solve ν-anti-ν tension
- constraints from disappearance and cosmology
- MiniBoone low-energy excess is not explained


