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Introduction

Great progress in flavor (b) physics

• e+ e− B-factory experiments: B±,0

▷ Belle @KEKB (KEK) ∼ 711 fb−1 @Υ(4S)

⇒ Bell-II @SuperKEKB under construction.

∗ L = 8× 1035 cm−2s−1 → 8 ab−1/100days.

▷ BaBar @PEP-II (SLAC) ∼ 433 fb−1 @Υ(4S)

• Hadron collider experiments: B±,0, Bs

▷ CDF & D0@TeVatron (FNAL) ∼ 12 fb−1 @1.96TeV pp̄ per exp.

▷ LHCb @LHC (CERN) ∼ 1.2 fb−1 @7TeV + 1.5 fb−1 @8TeV pp
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Flavor mixing in SM: Cabibbo-Kobayashi-Maskawa matrix.

VCKM =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 .

dLj

W

uLi

(VCKM)ij

• Three mixing angles, one complex phase.

▷ |Vus| ⇐ strange particle decays (s→ u)

▷ |Vcb| ⇐ b decays (b→ c)

V ∗

cbVcd

V ∗

ubVud V ∗

tbVtd

φ1
φ3

φ2

ρ+ iη = −
VudV

∗
ub

VcdV
∗
cb

b↔ d unitarity: V ∗
udVub+ V ∗

cdVcb+ V ∗
tdVtb = 0 depicted by a triangle.
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Plenty of measurements ⇒ overconstraining VCKM possible.

• Mismatch ⇒ indication of New Physics.
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Unitarity triangle: history
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Unitarity triangle: history
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Good news for SM, bad news for NP search.
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b → s transitions

WW

u, c, t
b s, d

= V ∗
tsVtb

[
f(
m2
t

m2
W

)− f(
m2
u

m2
W

)

]

+V ∗
csVcb

[
f(
m2
c

m2
W

)− f(
m2
u

m2
W

)

]
.

m2
t

m2
W

>∼ 1 ≫
m2
u,c

m2
W

, V ∗
tsVtb ≈ −V ∗

csVcb ⇒ Amp ≈ V ∗
tsVtbF (

m2
t

m2
W

).

Uncertainties in SM predictions relatively small.

b↔ s UT:

V ∗

cb
Vcs

V ∗

ub
Vus

V ∗

tb
Vts
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b → s ℓ+ ℓ−

Effective Hamiltonian

Heff = −
4GF√

2
V ∗
tsVtb

e2

(4π)2
∑
i

Ci(µ)Oi(µ),

Relevant effective operators in SM

O9 = (s̄γµPLb)(ℓ̄γ
µℓ) ,

b s

ℓ
−

ℓ
+

O9,10

O10 = (s̄γµPLb)(ℓ̄γ
µγ5ℓ),

O7 = mb(s̄σ
µνPRb)Fµν, b s

γ ℓ−

ℓ+

O7

• NP: (s̄PLb)(ℓ̄ℓ), (s̄PLb)(ℓ̄γ5ℓ), ...

• O7 ⇒ b→ s γ.

• O10 ⇒ Bs → ℓ+ ℓ−.

LHCb is strong for ℓ = µ.
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Bs → µ+ µ−

• “First evidence”: B = (3.2+1.5
−1.2 )× 10−9. [LHCb, arXiv:1211.2674]

• “Strong constraint”: B < 4.5×10−9 (95% C.L.) [LHCb, arXiv:1203.4493]

SM [Buras et al., arXiv:1208.0934]:

Bs

s

b

µ−

µ+

u, c, t

W
Z

Bs

s

b

µ−

µ+

u, c, t νµ

W

W

BSM =
G2
F

π

[
αem(mZ)

4π sin2 θW

]2
τBsf

2
BsmBsm

2
µ

√√√√1−
4m2

µ

m2
Bs

|V ∗
tbVts|

2 Y 2(xtW , xht;αs)

= (3.23± 0.27)× 10−9 .

• Main source of theoretical uncertainty: decay constant fBs.
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Bs → µ+ µ− in SUSY

Large tanβ = ⟨H2⟩ / ⟨H1⟩ CMSSM strongly constrained.

• MSSM Higgs = Type-II 2HDM at tree level (NFC).

• SUSY breaking ⇒ FCNC in neutral Higgs (h0, H0, A0) interactions

at loop level.

Bs

s

b

µ−

µ+

h0, H0, A0

SUSY ∝
tan3 β

m2
A0

.

[Choudhury & Gaur, hep-ph/9810307]
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Bs → µ+ µ− in CMSSM

tanβ = 50 [Mahmoudi, arXiv:1205.3099]

Lines: CMS exclusion limit with 4.4 (1.1) fb−1 data.
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Bs → µ+ µ− in CMSSM

tanβ = 30 [Mahmoudi, arXiv:1205.3099]

Lines: CMS exclusion limit with 4.4 (1.1) fb−1 data.

Toyama International Workshop, 13-16 Feb 2013 13



B → K∗(→ K π)µ+ µ−

Kinematical variables:

• q2: (ℓ+ℓ−) invariant mass2.
B

K*
 K*

z

K

+
+

• θℓ: lepton angle in ℓ+ ℓ− CM frame.

• θK: K angle in K∗ rest frame.

• ϕ: angle between B → K∗ ℓ+ ℓ− & K∗ → K π planes.

Angular distributions

1

(dΓ/dq2)

d2Γ

dq2d cos θℓ
=

3

4
FL sin2 θℓ+

3

8
(1− FL)(1 + cos2 θℓ) +AFB cos θℓ ,

1

(dΓ/dq2)

d2Γ

dq2d cos θK
=

3

2
FL cos2 θK +

3

4
(1− FL) sin

2 θK .

• AFB: forward-backward asymmetry.

• FL: longitudinal fraction of K∗.
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B → K∗(→ K π)µ+ µ−: dB /dq2 and FL
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[LHCb-CONF-2012-008] [Belle, arXiv:0904.0770] [BaBar, arXiv:1204.3933]

[CDF, arXiv:1108.0695] [Bobeth et al., arXiv:1105.0379]

• Main theoretical uncertainty: B → K∗ form factors.

• q2 ≈ m2
J/ψ,ψ′: B → K∗ {J/ψ, ψ′}(→ µ+ µ−) dominate.
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B → K∗(→ K π)µ+ µ−: AFB

• AFB ∼ C10(q
2C9 +2m2

bC7)

▷ “C9” and “C7”: opposite sign in SM ⇒ AFB crosses zero.

▷ Hadronic uncertainty of zero-crossing point q20 small.

▷ LHCb observed the zero-crossing: q20 = 4.9+1.1
−1.3 GeV2.
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B → K∗(→ K π)µ+ µ−: AFB

Zero-crossing of AFB kills the possibility C7 = CSM
7 + CNP

7 = −CSM
7

(occurs in certain parameter region in mSUGRA).

[Goto et al., hep-ph/9609512]
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B → K µ+ µ−

1

(dΓ/dq2)

d2Γ

dq2d cos θℓ
=

3

4
(1− FH) sin2 θℓ+

1

2
FH +AFB cos θℓ .

• AFB = 0 in SM.

]4c/2 [GeV2q

0 5 10 15 20

]2
/G

eV
4 c × 

-7
 [1

0
2 q

/d
Bd

0

0.2

0.4

0.6

Theory Binned theory
LHCb

LHCb

]4c/2 [GeV2q

0 5 10 15 20
F

B
A

-0.2

-0.1

0

0.1

0.2

LHCb

LHCb

[LHCb, arXiv:1209.4284] [Bobeth et al., arXiv:1111.2558]
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Fit with C7,9,10

Combined fit with Bs → µ+ µ−, B → K∗ ℓ+ ℓ−, B → K ℓ+ ℓ−, B → K∗ γ:

C9

C7

• B → K∗ γ & B → K ℓ+ ℓ−

• B → K∗ γ & B → K∗ ℓ+ ℓ−(low-q2)

• B → K∗ γ & B → K∗ ℓ+ ℓ−(high-q2)

• All (68%), (95%)

[Beaujean et al., arXiv:1205.1838]
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Fit with C7,9,10

Combined fit with B → K∗ γ, B → K ℓ+ ℓ−, B → K∗ ℓ+ ℓ−, Bs → µ+ µ−:

C10

C7

C10

C9
[Beaujean et al., arXiv:1205.1838]

CSM
7 ≈ −0.3, CSM

9 ≈ 4.2, CSM
10 ≈ −4.2.

Two-fold: (CSM
7 , CSM

9 CSM
10 ) or (−CSM

7 , −CSM
9 − CSM

10 ) favored.
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Fit with C7,9,10

[Hurth & Mahmoudi, arXiv:1211.6453]

δCi = Ci − CSM
i , CSM

7 ≈ −0.3, CSM
9 ≈ 4.2, CSM

10 ≈ −4.2.
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Constraints on NP contributions

NP operators: chirality flipped & (pseudo-)scalars

O′
9 = (s̄γµPRb)(ℓ̄γ

µℓ) , O′
10 = (s̄γµPRb)(ℓ̄γ

µγ5ℓ) ,

O′
7 = mb(s̄σ

µνPLb)Fµν ,

O(′)
S =

mb

mBs

(s̄PR(L)b)(ℓ̄ℓ) , O(′)
P =

mb

mBs

(s̄PR(L)b)(ℓ̄γ5ℓ) .

[Altmannshofer & Straub, arXiv:1206.0273]
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Constraints on NP contributions

HNP
eff = −

∑
i

(
ci
Λ2

Oi+
c′i
Λ2

O′
i

)
+H. c. ⇒

∣∣∣∣∣∣c
(′)
i

Λ2

∣∣∣∣∣∣ <∼
(

1

20− 200TeV

)2
.

[Altmannshofer & Straub, arXiv:1206.0273]

SM:
4GF√

2

αem

4π
V ∗
tsVtbCi ≈

(
1

35TeV

)2
O(1) ⇐ (weak)⊗(EWloop)⊗(CKM).
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b → d vs. b → s

WW

u, c, t
b s, d

= V ∗
tqVtb

[
f(
m2
t

m2
W

)− f(
m2
u

m2
W

)

]

+V ∗
cqVcb

[
f(
m2
c

m2
W

)− f(
m2
u

m2
W

)

]
.

(q = s, d)

m2
t

m2
W

>∼ 1 ≫
m2
u,c

m2
W

,
∣∣∣V ∗
tqVtb

∣∣∣ ∼ ∣∣∣V ∗
cqVcb

∣∣∣ ⇒ V ∗
tqVtb term dominates.

Amp(b→ d)

Amp(b→ s)
=
Vtd
Vts

⊗ (SU(3) (U-spin) breaking) .

∣∣∣∣∣VtdVts
∣∣∣∣∣ ≈ 0.213 (∼ 5% unc.) [CKMfitter, 2012] .

Toyama International Workshop, 13-16 Feb 2013 24



b → d vs. b → s

• B0 −B
0 mixings

∆md = 0.507± 0.004ps−1

[HFAG: ALEPH,DELPHI,L3,OPAL,CDF,D0,BaBar,Belle,LHCb]

∆ms = 17.719± 0.043ps−1 [HFAG: CDF,LHCb]

ξ =
fBs

√
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[http://latticeaverages.org/]

• b→ d γ (B → {ρ, ω} γ) vs. b→ s γ (B → K∗ γ)∣∣∣∣∣VtdVts
∣∣∣∣∣ =

{
0.195+0.020

−0.019 (exp.)± 0.015(th.) excl.
0.199± 0.022(stat.)± 0.024(syst.)± 0.002(th.) incl.

.

[excl.: Belle, arXiv:0804.4770] [incl.: BaBar, arXiv:1005.4087]
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b → d vs. b → s

Newcomer: b→ d ℓ+ ℓ−

First observation of B+ → π+ µ+ µ− [LHCb, arXiv:1210.2645]:

B(B+ → π+ µ+ µ−) = (2.3± 0.6± 0.1)× 10−8 .

Combined with B → K µ+ µ− measurement,∣∣∣∣∣VtdVts
∣∣∣∣∣ = 0.266± 0.035(stat.)± 0.003(syst.) .
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Bs → µ+ µ− vs. Bd → µ+ µ−

B(Bd → µ+ µ−) < 9.4 × 10−10 (95%CL) [LHCb, arXiv:1211.2674]

BSM = (1.07± 0.10)× 10−10 [Buras et al., 1208.0934]

[Straub, arXiv:1205.6094]
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B− → τ− ν̄

B−

{ b

u

ντ

τ

W
B

−

{ b

ū

ν̄τ

τ

H−

B(B− → τ− ν̄)SM =
G2
Fm

3
BτB

8π
f2B|Vub|

2m
2
τ

m2
B

(
1−

m2
τ

m2
B

)2
,

• |Vub|: semileptonic b→ u ℓ− ν, global CKM fit

• fB = (190.6± 4.7) MeV [http://latticeaverages.org/]

B(B− → τ− ν̄)2HDM−II = B(B− → τ− ν̄)SM

1−
m2
B

m2
H−

tan2 β

2

.

Bexp = BSM ⇒ m2
B

m2
H−

tan2 β = 0 or 2.
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B− → τ− ν̄

New result: B(B− → τ− ν̄) = (0.72+0.27
−0.25±0.11)×10−4 [Belle, arXiv:1208.4678].

• WA: (1.14±0.23)×10−4 [Nakao, ICHEP2012] ⇒ “tension” reduced.
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B → D(∗) τ ν

Ask R. Watanabe!
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τ LFV
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τ LFV in LHT

BR( τ+ → e+ γ )

B
R

( 
τ+

→
µ+

γ 
)
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i :arbitrary
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B(µ→ e γ) <


2.4× 10−12 [MEG, arXiv:1107.5547]

10−12

10−13
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Summary

Recent measurements (on b physics) are consistent with SM in general.

• Large (> O(1)) deviations are unlikely.

• O(10%) NP contributions are still allowed.

There are some deviations of 3σ level.

• B → D(∗) τ ν,

• asl,

· · ·

Wait for more precise measurements by the next flavor factory experi-

ments (Belle-II, LHCb, · · ·).
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B → K µ+ µ−

1

(dΓ/dq2)

d2Γ

dq2d cos θℓ
=
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• AFB = 0 in SM.
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[LHCb, arXiv:1209.4284] [Bobeth et al., arXiv:1111.2558]
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Bs → µ+ µ− vs. Bd → µ+ µ−

B(Bd → µ+ µ−) < 9.4 × 10−10 (95%CL) [LHCb, arXiv:1211.2674]

BSM = (1.07± 0.10)× 10−10 [Buras et al., 1208.0934]

[Straub, arXiv:1205.6094]
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τ LFV in LHT

Br( τ+ → µ+ µ+ µ−  )

B
r(

 τ
+

→
µ+

γ 
)

f = 500GeV, mHq
i = 500GeV, 100GeV < mHl

i  < 1TeV, θij
l ,δij

l :arbitrary
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