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Introduction:
Flavour Physics as a window to 

physics beyond the SM



Flavour Physics in SM

‣Simple explanation of flavour physics up to now! 
Hundreds of observables (including dozens of 
CPV) are explained by this single matrix.  

In SM, the difference between mass and interaction basis explains, the GIM 
mechanism, the CP Violation! Very concise!  

LY =
∑

ij

Y u
ijQiL

( φ0

φ−

)
ujR +

∑

ij

Y d
ijQiL

( −φ−†

φ0†

)
djR + h.c.

Yukawa coupling

(Uu
L,R)†Uu

L,R ≡ 1, (Ud
L,R)†Ud

L,R ≡ 1

Neutral current: GIM mechanism! (Uu
L)†Ud

L ≡ VCKM

Charged current: 
CKM matrix 

Origin of CP Violation!

Cabibbo ‘63 
Kobayashi, Maskawa ‘73

Glashow, Illiopolous, Maiani ‘70

Cronin, Fitch, Christenson,Turlay ‘64



Flavour Physics beyond SM
The indirect search of new physics through quantum loop effect: very powerful 

tool to search for new physics signal!  

‣ Such a simple picture does not exist in most of the 
extensions of SM: suppression of the FCNC is not automatic 
and also unwanted CP violation parameters appear.                                         
N.B.: SM also has an “unwanted” CP parameter (strong CP problem).

‣ In reverse, new physics models predict naturally deviation of 
SM in flavour and CP violating phenomena. 

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

SUSY: Quark and Squark 
mass matrices can not be 

diagonalized at the same time 
---> many unwanted FCNC 

and CP violation

Mutli-Higgs model, Left-
Right symmetric model: 

Many Higgs appearing in this 
model ---> tree level FCNC

Warped extra-dimension 
with flavour in bulk: 

Natural FCNC suppression 
though, K-K mixing is still 
too large due to the chiral 

enhancement



Discovery of New Physics

Energy Frontier?

Intensity Frontier?

Flavour Physics beyond SM

Coupling δij
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complementarity

ΔNP, c

ΔNP = Deviation from SM 
= [exp.]-[SM prediction] > c(δij)/MNP 

‣Reduce experimental error (---> high luminosity!)

‣Reduce theoretical error (---> hadronic effect!)

‣ Find observable which is more sensitive (---> new ideas!)

☞Increasing the sensitivity to NP in indirect search?

flavour coupling δij, new physics scale MNP



New physics search in b->d 
transition:

I: Unitarity triangle, legacy and prospect
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Unitarity Triangle: Legacy

‣The main source of CP violation comes from the KM phase.
‣The so-called “approximate CP models” excluded!  
‣Direct CP violation observed in many B decays, super-weak 
model excluded!

HFAG

The B factories measured β (Φ1) at a very high precision (21.5±0.8)o. 

Implication See more details, Book of Physics of B factories
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Unitarity Triangle: Prospect

‣Improvement in γ (Φ3) measurement foreseen: γ(Φ3)=(67±11)o 
-> a few degree in the future by LHCb/Belle II (BESIII).
‣For the side determination, the hadronic input is crucial!

Further improvement in precision foreseen in coming years at LHCb 
and Belle II!

Prospect



New physics search in b->s 
transition:

I: Measurement of the Bs mixing phase Φs

II: Measurement of β (Φ1) in penguin channels

III: Measurement of the photon polarization of 
the b->sγ



Bs mixing phase measurement
Golden-Channels to measure 

time-dependent CP asymmery 
 Bs➞J/ψΦ (Φd=2βs): Tevatron, LHCb 
*ΔΓ/ΔM is non-negligible for Bs

Di-lepton charge asymmetry  
ASLs= -0.0077±0.0042

Φs and ASLs combined

When Γ12 is real, 
ζq = -Φq

∆Mq ≡ M2 −M1 = −2|M12|
∆Γq ≡ Γ1 − Γ2 = 2|Γ12| cos ζq

q

p
! e−iφq

(
1 +

∆Γq

2∆Mq
tan ζq

)

∣∣∣∣
q

p

∣∣∣∣ ! 1 +
∆Γq

2∆Mq
tan ζq

Tevatron ’11...



LHC ’14!

‣The experimental errors are significantly reduced by the new LHCb 
measurement. 
‣The current measurement of Φs is consistent to SM (=-0.0363±0.0016):

Φs=0.070±0.055 

‣LHCb has an ability to reach to the error down to δΦs=±0.025 by 2018 
and the upgrade can reach to the precision of δΦs=±0.009.  
‣So it is too early to conclude! New physics may appear here! 

Bs mixing phase measurement
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β (Φ1) measurements with b➞ss̅s modes
Time dependent CP asymmetry in the Bd system (c.f. similar measurement for Bs)
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Difference in the measured β(Φ1) value 
is the indication of the new physics in 

the penguin loop! 

β (Φ1) measurements with b➞ss̅s modes
Time dependent CP asymmetry in the Bd system (c.f. similar measurement for Bs)

Gold-plated mode (tree)



β (Φ1) 
measurements with 

b➞ss̅s channels
‣B factories measured various 
channels. 
‣The experimental errors are 
statistics dominant. Thus, Belle 
II and LHCb will improve the 
measurement (~2%).   
‣Theoretical errors are small 
especially for B➞ΦKS and η’KS 
(table : theoretical CP errors).   
‣Similar study can be done for 
the Bs system with, e.g. 
Bs➞ΦΦ, Bs➞η’Φ etc. 
‣New physics contributions for 
difference channels can be 
significantly different. 
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‣B factories measured various 
channels. 
‣The experimental errors are 
statistics dominant. Thus, Belle 
II and LHCb will improve the 
measurement (~2%).   
‣Theoretical errors are small 
especially for B➞ΦKS and η’KS 
(table : theoretical CP errors).   
‣Similar study can be done for 
the Bs system with, e.g. 
Bs➞ΦΦ, Bs➞η’Φ etc. 
‣New physics contributions for 
difference channels can be 
significantly different. 

E.K CKM’06

β (Φ1) 
measurements with 

b➞ss̅s channels
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‣B factories measured various 
channels. 
‣The experimental errors are 
statistics dominant. Thus, Belle 
II and LHCb will improve the 
measurement (~2%).   
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especially for B➞ΦKS and η’KS 
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!s results  

Main systematic uncertainties from angular and decay time acceptance. 

 

Uncertainties due to included in !s, "!s, "ms, tagging included in the  

statistical uncertainty 

|A0|2 = 0.364 ± 0.012 ± 0.009

|A⊥|2 = 0.305 ± 0.013 ± 0.005

Results consistent with no CP violation and the Standard Model expectation 

|λ| = 1.04 ± 0.07 ± 0.03

φs = (−0.17± 0.15± 0.03) rad
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S. Benson CPV Bs System

Bs!!! - Time-Dependent Fit Strategy

15

Parameters fitted for in time dependent functions: 

!Polarisation amplitudes: A!, A", A0, As & Ass 

!CP conserving strong phases: !1, !2, !s & !ss 

!CP violating phase ("s)  

!Direct CP violation parameterised by |"|

The differential decay rate may be found through the square of the total amplitude leading to
the fifteen terms

dΓ

dtd cos θ1d cos θ2dΦ
∝ 4|A(θ1, θ2,Φ)|2 =

15∑

i=1

Ki(t)fi(θ1, θ2,Φ), (A.23)

where the Ki(t) & fi(θ1, θ2,Φ)1 shown in Table A.1.

i Ki fi
1 |A0(t)|2 4 cos2 θ1 cos2 θ2
2 |A‖(t)|2 sin2 θ1 sin

2 θ2(1 + cos 2Φ)
3 |A⊥(t)|2 sin2 θ1 sin

2 θ2(1− cos 2Φ)
4 Im(A∗

‖(t)A⊥(t)) −2 sin2 θ1 sin
2 θ2 sin 2Φ

5 Re(A∗
‖(t)A0(t))

√
2 sin 2θ1 sin 2θ2 cosΦ

6 Im(A∗
0(t)A⊥(t)) −

√
2 sin 2θ1 sin 2θ2 sinΦ

7 |ASS(t)|2 4
9

8 |AS(t)|2 4
3 (cos θ1 + cos θ2)2

9 Re(A∗
S(t)ASS(t))

8
3
√
3
(cos θ1 + cos θ2)

10 Re(A0(t)A∗
SS(t))

8
3 cos θ1 cos θ2

11 Re(A‖(t)A
∗
SS(t))

4
√
2

3 sin θ1 sin θ2 cosΦ

12 Im(A⊥(t)A∗
SS(t)) − 4

√
2

3 sin θ1 sin θ2 sinΦ
13 Re(A0(t)A∗

S(t))
8√
3
cos θ1 cos θ2(cos θ1 + cos θ2)

14 Re(A‖(t)A
∗
S(t))

4
√
2√
3
sin θ1 sin θ2(cos θ1 + cos θ2) cosΦ

15 Im(A⊥(t)A∗
S(t)) − 4

√
2√
3
sin θ1 sin θ2(cos θ1 + cos θ2) sinΦ

Table A.1: Terms found in the total differential decay rate

77

A.2 Time Evolution78

The A0(t), A‖(t) and A⊥(t) terms encode all of the physics of B0
s mixing. The time evolution

of B0
s mesons is described by

|B0
s (t)〉 = g+(t)|B0

s (0)〉+
q

p
g−(t)|B0

s(0)〉, (A.24)

|B0
s(t)〉 =

p

q
g−(t)|B0

s (0)〉+ g+(t)|B0
s(0)〉, (A.25)

where

g+(t) =
1

2

(
e−(iML+ΓL/2)t + e−(iMH+ΓH/2)t

)
, (A.26)

g−(t) =
1

2

(
e−(iML+ΓL/2)t − e−(iMH+ΓH/2)t

)
. (A.27)

Therefore, the time dependence of each polarization amplitude is given by

Ah(t) ≡ 〈f |B0
s (t)〉h = [g+(t)Ah + ηh

q

p
g−(t)Ah], (A.28)

Ah(t) ≡ 〈f |B0
s (t)〉h = [

p

q
g+(t)Ah + ηh

q

p
g+(t)Ah], (A.29)

1The factor of 4 in eqaution A.23 is included as a matter of convenience and is absorbed by the fi terms.
This makes no difference to fitting as the fi terms are normalised to 1 on integration over the helicity angles.
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Figure 2: Decay angles for the B0
s → φφ decay, where the K+ momentum in the φ1,2 rest frame

and the parent φ1,2 momentum in the rest frame of the B0
s meson span the two φ meson decay

planes, θ1,2 is the angle between the K+ track momentum in the φ1,2 meson rest frame and the
parent φ1,2 momentum in the B0

s rest frame, Φ is the angle between the two φ meson decay
planes and n̂V1,2 is the unit vector normal to the decay plane of the φ1,2 meson.

components as a function of decay time, t, can be written as [36]140

A(t, θ1, θ2,Φ) = A0(t) cos θ1 cos θ2 +
A‖(t)√

2
sin θ1 sin θ2 cosΦ

+ i
A⊥(t)√

2
sin θ1 sin θ2 sinΦ+

AS(t)√
3

(cos θ1 + cos θ2) +
ASS(t)

3
, (1)

where A0, A‖, and A⊥ are the CP -even longitudinal, CP -even parallel, and CP -odd141

perpendicular polarisations of the B0
s → φφ decay. The P → V S and P → SS processes142

are described by the AS and ASS amplitudes, respectively. The differential decay rate may143

be found through the square of the total amplitude leading to the fifteen terms [36]144

dΓ

dt d cos θ1 d cos θ2 dΦ
∝ 4|A(t, θ1, θ2,Φ)|2 =

15∑

i=1

Ki(t)fi(θ1, θ2,Φ). (2)

The Ki(t) term can be written as145

Ki(t) = Nie
−Γst

[
ci cos(∆mst) + di sin(∆mst) + ai cosh

(
1

2
∆Γst

)
+ bi sinh

(
1

2
∆Γst

)]
,

(3)
where the coefficients are shown in Table 1, ∆Γs = ΓL − ΓH is the decay width difference146

between the light (L) and heavy (H) B0
s mass eigenstates, Γs = (ΓL + ΓH)/2 is the average147

decay width, and ∆ms is the B0
s -B

0
s oscillation frequency. The differential decay rate for a148

B
0
s-meson produced at t = 0 is obtained by changing the sign of the ci and di coefficients.149
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PRELIMINARY

‣B factories measured various 
channels. 
‣The experimental errors are 
statistics dominant. Thus, Belle 
II and LHCb will improve the 
measurement (~2%).   
‣Theoretical errors are small 
especially for B➞ΦKS and η’KS 
(table : theoretical CP errors).   
‣Similar study can be done for 
the Bs system with, e.g. 
Bs➞ΦΦ, Bs➞η’Φ etc. 
‣New physics contributions for 
difference channels can be 
significantly different. 

β (Φ1) 
measurements with 

b➞ss̅s channels



New physics search in 
b→sγ processes

I: Branching ratio measurement

II: Photon polarization measurement



• The branching ratio measurement of b ➔sγ 
process has been offering important constraints 
on physics within and beyond the SM (CKM, top 
mass, new particle mass etc.). 

Searching new physics with b→sγ modes

Sensitivity to individual observables

How big is the influence of b → sγ?

Compare 95% CL in various error scaling scenarios
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Figure 7: Lower bounds on MH+ at the 95% C.L. as a function of the experimentally
determined branching ratio (abscissa) and the corresponding uncertainty (ordinate). The
current theory uncertainty has been used in panel (a), while panel (b) presents a future
projection with assumed reduction of the theory uncertainty by a factor of two.

From Fig. 6(b) one can extract (using the procedure described above) the following limits
on MH+ in the 2HDM type-II:

MH+ ≥ 380 GeV at 95% C.L. ,

MH+ ≥ 289 GeV at 99% C.L. . (37)

The above bounds replace the ones of Ref. [9] (295 and 230GeV, respectively). A consid-
erable improvement of the bounds arises mostly due to the shift in the experimental value
of B(B̄ → Xsγ) that is now smaller than the one used in Ref. [9]. Our 95% C.L. limit is
very close to the one presented in Ref. [7] (385GeV) together with the new experimental
average (Eq. (1)). On the other hand, it is significantly stronger than the one in Ref. [4]
(327GeV) that is based on the BABAR data alone. It is interesting to mention that
when the matching scale µ0 is varied between 80 and 400 GeV, the lower limits vary by
around 25 GeV when our new three-loop 2HDM matching contributions are not included.
This gets reduced to around 7 GeV only after including the three-loop corrections, which
demonstrates the stabilizing effect of the full NNLO matching. On the other hand, for
µ0 = 160 GeV fixed, the correction strengthens the limit only slightly, by 5÷ 6 GeV.

The contour plots in Fig. 7 show the 95% C.L. lower bounds on MH+ as functions of
the experimentally determined branching ratio and the corresponding uncertainty. Black
dots correspond to the result in Eq. (1), while the two black lines at the bottom indicate
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b s
W−

γ
R L

L

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

W-boson couples 
only left-handed

γ of b ➞s γ should be 
circularly-polarized

• The photon polarization of b ➔sγ process has 
an unique sensitivity to BSM with right-handed 
couplings. 

• However, the photon polarization has never 
been measured at a hight precision so far: an 
important challenge for future experiments 
such as  LHCb and Belle II. 

Photon polarization of b→sγ modes

In SM



MR

ML
!

C ′NP
7γ

CSM
7γ + CNP

7γ

We can write the amplitude including RH contribution as:

While the polarization measurement carries information on

M(b → sγ) " −4GF√
2

V ∗
tsVtb



(CSM
7γ + CNP

7γ )〈O7γ〉︸ ︷︷ ︸
∝ML

+C ′NP
7γ 〈O′

7γ〉︸ ︷︷ ︸
∝MR





Br(B → XSγ) ∝ |CSM
7γ + CNP

7γ |2 + |C ′NP
7γ |2

We have a constraint from inclusive branching ratio measurement:

Current status on the constraint on the 
right-handed contribution

Note: new physics contributions, 
C7γNP and/or C’7γNP can be complex numbers! 



Right-handed: which NP model?
What types of new physics models?                                
For example, models with right-handed 
neutrino, or custodial symmetry in general 
induces the right handed current. 
  

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

Left-Right symmetric 
model: mt/mb

SUSY with δRL mass 
insertions: mSUSY/mb

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

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

    Blanke et al. JHEP1203              Girrbach et al. JHEP1106           Blanke et al. JHEP1208

Left-Right symmetric 
model (WR)

SUSY GUT model δRR 
mass insertion

NP signal 
beyond the 

constraints from 
Bs oscillation 
parameters 
possible.

b

γ
L R

R

W−???

RS model with 
custodial symmetry



How do we measure the polarization?!

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

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

(called ΑΤ(2), ΑΤ(im))

‣Method III: B➔K1(➔Kππ)γ (called λγ)

‣Method IV: Λb➔Λ(*)γ, Ξb➔Ξ*γ ...  

Atwood et.al. PRL79

Kruger, Matias PRD71
Becirevic, Schneider, 

NPB854 

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

PRD83

proposed methods

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

Oliver et al ‘10



How to measure the polarization?

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

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

‣Method III: B➔K1(➔Kππ)γ (called λγ)

proposed methods

φR = arg

[
C ′NP

7γ

CSM
7γ

]
SKSπ0γ =

2|CSM
7γ C ′NP

7γ |
|CSM

7γ |2 + |C ′NP
7γ |2

sin(2φ1 − φR)

A(2)
T (q2 = 0) =

2Re[CSM
7γ C ′NP∗

7γ ]
|CSM

7γ |2 + |C ′NP
7γ |2

A(im)
T (q2 = 0) =

2Im[CSM
7γ C ′NP∗

7γ ]
|CSM

7γ |2 + |C ′NP
7γ |2

λ =
|C ′NP

7γ |2 − |CSM
7γ |2

|C ′NP
7γ |2 + |CSM

7γ |2

Assumption for γ*/Z penguin 
(C9,C10 contributions) necessary!



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

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

‣Method III: B➔K1(➔Kππ)γ (called λγ)

proposed methods

φR = arg

[
C ′NP

7γ

CSM
7γ

]
SKSπ0γ =

2|CSM
7γ C ′NP

7γ |
|CSM

7γ |2 + |C ′NP
7γ |2

sin(2φ1 − φR)

A(2)
T (q2 = 0) =

2Re[CSM
7γ C ′NP∗

7γ ]
|CSM

7γ |2 + |C ′NP
7γ |2

A(im)
T (q2 = 0) =

2Im[CSM
7γ C ′NP∗

7γ ]
|CSM

7γ |2 + |C ′NP
7γ |2

λ =
|C ′NP

7γ |2 − |CSM
7γ |2

|C ′NP
7γ |2 + |CSM

7γ |2

LHCb/Belle II

σSKsπγ(0.02)

LHCb
σAT2

(im)(0.2)

LHCb/Belle II

σλ(0.1-0.2)

How to measure the polarization?



Example: Left-Right Symmetric Model

b

γ
L R

R
b

γ
L R

R

WR

WR

+...

b

γ
L R

R

WL&WR

x

x
x

WR contribution from W1; 
Proportional to mb but 
suppressed by 1/M22 WR contribution from W1; 

Proportional to mb

Right handed-photon contribution

WL & WR mixing 
contribution; 

 proportional to mt ! 

Chiral enhancement term

The Yukawa coupling between heavy neutral Higgs and quarks are [6]

LNH = (
√
2GF )

1/2

[
ūLi

(
VLMDV

†
R

)

ij

(
H0 − iA0

)
uRj + d̄Li

(
V †
LMUVR

)

ij

(
H0 + iA0

)
dRj

]

+h.c. (70)

The effective Hamiltonian of b → cc̄s in the LRSM at the tree level is

Htree =
g2L
2
V L∗
cs V L

cb

1

M2
1

c̄γµPLb · s̄γµPLc+
g2R
2
V R∗
cs V R

cb

1

M2
2

c̄γµPRb · s̄γµPRc

+
gLgR
2

V L∗
cs V R

cb e
iω 1

M2
1

sin ζ c̄γµPLb · s̄γµPRc

+
gLgR
2

V L
cb (V

R
cs e

iω)∗
1

M2
1

sin ζ c̄γµPRb · s̄γµPLc, (71)

B Wilson coefficients C7γ and C ′
7γ

In the LRSM, the Wilson coefficients for the b → sγ processes are

C7γ(µR) =
1

2

[
cos2 ζASM(xt) + sin2 ζ

M2
1

M2
2

ASM(x̃t)

+
mt

mb

gR
gL

V R
tb

V L
tb

sin ζ cos ζeiw
(
ALR(xt)−

M2
1

M2
2

ALR(x̃t)
)

+
mc

mb

gR
gL

V L∗
cs V R

cb

V L∗
ts V L

tb

sin ζ cos ζeiw
(
ALR(xc)−

M2
1

M2
2

ALR(x̃c)
)

+
mt

mb

tan 2β

cos 2β
eiw

V R
tb

V L
tb

A1
H(y) + tan2 2βA2

H(y)

]
(72)

C ′
7γ(µR) =

1

2

[
g2R
g2L

V R∗
ts V R

tb

V L∗
ts V L

tb

(
sin2 ζASM(xt) + cos2 ζ

M2
1

M2
2

ASM(x̃t)
)

+
mt

mb

gR
gL

V R∗
ts

V L∗
ts

sin ζ cos ζe−iw
(
ALR(xt)−

M2
1

M2
2

ALR(x̃t)
)

+
mc

mb

gR
gL

V R∗
cs V L

cb

V L∗
ts V L

tb

sin ζ cos ζe−iw
(
ALR(xc)−

M2
1

M2
2

ALR(x̃c)
)

+
mt

mb

tan 2β

cos 2β
e−iwV

R∗
ts

V L∗
ts

A1
H(y) +

V R∗
ts V R

tb

V L∗
ts V L

tb

1

cos2 2β
A2

H(y)

]
(73)
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• Left-right symmetric 
model with general VCKMR: 

SU(2)L x SU(2)R x U(1)B-L

• Constrained by various 
flavour phenomena and 
new LHC data.

• Chiral enhancement for 
C7γ’ occurs with an 
enhancement factor: 

 (mt/ms) x (VtsR/VtsL)

Left-Right symmetric model

β (Φ1) measurements with b→sγ modes

Figure 2: Plots of real part and imaginary part of C ′eff
7γ /Ceff

7γ in the LRM. The left and
right figures corresponds to the cases that the heavy Higgs mass at 20 and 50 TeV. The
white circle represents the constraint from the measured branching ratio of B → Xsγ with
three standard deviation, in the scenario assuming CNP

7γ = 0, i.e. C7γ = CSM
7γ , C ′NP

7γ ∈ C.
The points with different colors represent the cases that the mass of W2 is taken to be
1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5 and 5.5 TeV respectively, with the circles from the outside to
the inside in the figure. The points represents the solutions that are mainly constrained
by εK , ∆Ms and φs. |C ′

7γ/C7γ| would be larger as the mass of W2 decreases. We can find
that |C ′

7γ/C7γ| can be as large as 0.7 as MW2 = 1.5 TeV, 0.5 for MW2 = 2 TeV, and 0.3
for MW2 = 2.5 TeV. There are fewer points for the circles of lower mass of W2 than those
of higher mass, because of the more sever constraints for the lower mass cases, which
may be kind of fine-tuning. This also means that the possibility of C ′

7γ/C7γ localized in
the regions with few points is smaller than those with more points. The width of each
circle is from the several solutions of θ23. The few points excludes the constraint of
Br(B → Xsγ) in the right figure, because of the small contribution of CNP

7γ in the LRM
while in this figure it is assumed to be zero.
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where xi = m2
i /M

2
W1

, i = c, t, y = m2
t/M

2
H , and the loop functions are shown in Appendix

B. Note that the Wilson coefficients in Eqs.(20) and (22) are from the diagrams with W1

in the loops, so that they are at the scale of µW , while those in Eqs.(21) and (23) are the
diagrams with charged Higgs in the loops, at the scale of µH . The penguin diagrams with
W2 in the loops are suppressed by the heavy mass of W2. The dependence on the W2

mass of Eqs. (20, 22) is from the mixing angle between W±
L and W±

R in W±
1 in Eq.(10).

The first term in Eq.(20) is the SM contribution. The dominant contribution from the
LRM is C ′

7γ(µW )W1 in Eq.(22), from the penguin diagram with W±
1 and top quark in the

loop, and the W±
L couples to b quark and W±

R couples to s quark, as shown in Fig.1. It
is enhanced by the factor of mt/mb since the helicity flip occurs in the internal top quark
line which is resulted by the mass eigenstate W±

1 as a mixture of W±
L and W±

R . Compared
to the SM contribution, another effect of enhancement is the factor of V R∗

ts /V L∗
ts from the

vertex of WRtRsR. If we keep |V R
ts | = O(1) in order to get large right-handed polarization

of the photon, it is |V R∗
ts /V L∗

ts | ∼ 1/λ2.

Figure 1: The dominant contribution to bL → sRγR in the Left-Right Model (LRM). The
cross in the W±

1 line represents that the photon could also be emitted from the charged
gauge boson. The cross in the quark line means a helicity flip occurs via a mass term. This
process is suppressed in the SM, but it is enhanced by a factor of mt/mb in the LRM, as
the helicity flip in the internal top quark line. Besides, compared to the SM contribution,
another enhancement happens in the vertex of WRtRsR by a factor of |V R

ts /V
L
ts | ∼ 1/λ2 if

we keep |V R
ts | = O(1) in order to get large right-handed polarization of the photon.

In Eq.(20), the charm quark contribution in the penguin diagrams are also included,
because there is no GIM mechanism for a contribution with one left-handed and one
right-handed CKM matrix element. Then the constant term in the loop integration can
not be canceled, as shown in Appendix B. The up quark contribution is neglected due to
its tiny mass. In principle, the charm quark also contributes to C ′

7γ(µW )W1 in Eq.(22),
but its contribution is suppressed by both the mass mc and the left-handed CKM matrix
element V L

cb ∼ λ2, and hence we neglect it.
Besides, the contribution from charged Higgs could also be neglected, because of the

higher mass of charged Higgs than several TeV. The loop functions A1,2
H (y) are two or three

8
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• Constrained by various 
flavour phenomena and 
new LHC data.

• Chiral enhancement for 
C7γ’ occurs with an 
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where xi = m2
i /M

2
W1

, i = c, t, y = m2
t/M

2
H , and the loop functions are shown in Appendix

B. Note that the Wilson coefficients in Eqs.(20) and (22) are from the diagrams with W1

in the loops, so that they are at the scale of µW , while those in Eqs.(21) and (23) are the
diagrams with charged Higgs in the loops, at the scale of µH . The penguin diagrams with
W2 in the loops are suppressed by the heavy mass of W2. The dependence on the W2

mass of Eqs. (20, 22) is from the mixing angle between W±
L and W±

R in W±
1 in Eq.(10).

The first term in Eq.(20) is the SM contribution. The dominant contribution from the
LRM is C ′

7γ(µW )W1 in Eq.(22), from the penguin diagram with W±
1 and top quark in the

loop, and the W±
L couples to b quark and W±

R couples to s quark, as shown in Fig.1. It
is enhanced by the factor of mt/mb since the helicity flip occurs in the internal top quark
line which is resulted by the mass eigenstate W±

1 as a mixture of W±
L and W±

R . Compared
to the SM contribution, another effect of enhancement is the factor of V R∗

ts /V L∗
ts from the

vertex of WRtRsR. If we keep |V R
ts | = O(1) in order to get large right-handed polarization

of the photon, it is |V R∗
ts /V L∗

ts | ∼ 1/λ2.

Figure 1: The dominant contribution to bL → sRγR in the Left-Right Model (LRM). The
cross in the W±

1 line represents that the photon could also be emitted from the charged
gauge boson. The cross in the quark line means a helicity flip occurs via a mass term. This
process is suppressed in the SM, but it is enhanced by a factor of mt/mb in the LRM, as
the helicity flip in the internal top quark line. Besides, compared to the SM contribution,
another enhancement happens in the vertex of WRtRsR by a factor of |V R

ts /V
L
ts | ∼ 1/λ2 if

we keep |V R
ts | = O(1) in order to get large right-handed polarization of the photon.

In Eq.(20), the charm quark contribution in the penguin diagrams are also included,
because there is no GIM mechanism for a contribution with one left-handed and one
right-handed CKM matrix element. Then the constant term in the loop integration can
not be canceled, as shown in Appendix B. The up quark contribution is neglected due to
its tiny mass. In principle, the charm quark also contributes to C ′

7γ(µW )W1 in Eq.(22),
but its contribution is suppressed by both the mass mc and the left-handed CKM matrix
element V L

cb ∼ λ2, and hence we neglect it.
Besides, the contribution from charged Higgs could also be neglected, because of the

higher mass of charged Higgs than several TeV. The loop functions A1,2
H (y) are two or three

8

(a) (b)

(c) (d)

Figure 3: Prospect of the future constraints on C ′
7γ/C7γ in the LRM. The four figures

(a,b,c,d) correspond to SKSπ0γ, λγ, A
(0)
T and A(im)

T respectively, allowed by a ±3σ error
of Br(B → Xsγ)exp. The points in the figures are the same as those in Fig.2(b) with
MH = 20TeV.
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Why right-handed contribution?
Left-right symmetric model

Becirevic, EK, Le Yaouanc, 
Tayduganov arXive:1206.1502

EK and Fusheng Yu 
in preparation

β (Φ1) measurements with b→sγ modes
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★ Era of B factories 2000-2010

• The precise β(Φ1) measurement is the most 
important success at the B factories. 

• Some hints of new physics were 
announced but it had never exceeded more 
than 2-3 sigma deviations and most of 
them are now consistent to the SM. 

• The exotic state is one of the surprises we 
ended up with. Starting with X(3872), a 
possible candidate of its charged partner 
is also Zc+ discovered at BESIII.  

• Physics of B Factories Book, which 
summarizes all the achievements at B 
factories, is now COMPLETED!
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★ Era of LHCb (run @7-8 TeV) 2010-2012
• Bs oscillation has been explored at a higher 

precision at LHC. Unfortunately, what we see 
so far is consistent to the SM... 

• At the LHC with its extremely high 
luminosity, many rare decays are also 
observed. 

• Many new results on the charmonium are 
improving rapidly the pioneer works by 
Tevatron. 

• Constructing new benchmark models and 
establishing the search strategies for them 
is the urgent tasks for theorists.  
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Table 25.2.2. The agreement of NP models and SM with the experimental results after the completion of B Factories (more
stars means better agreement). See text for further explanations. The − sign means there is no clear expectation.

Observable 4th gen. 2HDM MFV eMFV MFV-SUSY genSUSY aligSUSY RS Little H SM
sin 2φ1 !!! !!! !!! !! !!! ! !!! !! !! !!!

B → Xsγ !!! ! !! !! !! ! !!! !! !!! !!!
B → τν ! !! ! ! ! ! ! ! ! !

D − D̄ mixing !! !!! !!! !!! !!! ! ! !! !! !!
B → φKS !!! !! !! !!! !!! !! !! !!! ! !!

g − 2 ! ! − − !! !! − !! !! !

xi ≡ m2
i /m2

W (Inami and Lim, 1981). The CKM matrix is
included in λi ≡ V ∗

ibVid and the NLO QCD correction η̂B is
known as η̂B = 0.55 (Buchalla, Buras, and Lautenbacher,415

1996). The non perturbative QCD effects are absorbed
in the bag parameter B̂Bd and the decay constant fBd ,
for which we use (B̂Bd)1/2fBd = (216 ± 16) MeV (Naka-
mura, 2010). Introduction of the fourth generation quarks
has two effects. First, the value of the CKM element λt420

multiplying the top contribution can differ from the one
obtained from the CKM fits where 3 × 3 unitarity is as-
sumed. Second, there is an additional contribution from
the t′ in the loop.

The two effects are related through the 4 × 4 unitar-425

ity condition, λu + λc + λt + λt′ = 0 with λu = (3.8 ±
0.5)× 10−3ei(−68±10)◦ and λc = (−9.4± 0.5)× 10−3 (our
averages) extracted from the processes involving only tree
level diagrams. The predictions

∆md = 2|M4SM
12 |, Sb→cc̄s = −Im

√
M∗4SM

12

M4SM
12

, (25.2.4)

then depend only one complex parameter, λt′ (or equiv-430

alently λt by using the unitarity relation), and the mass
of t′. The experimental world averages, ∆md = (0.507 ±
0.004) ps−1 and Sb→cc̄s = 0.677 ± 0.020, are consistent
with the SM predictions within errors, ∆mSM

d = (0.51 ±
0.12) ps−1 and Sb→cc̄s = 0.74±0.09. Fixing the mass of t′435

to 600 GeV the constraints on λt′ are shown in Fig. 25.2.2.
The dashed line is the constraint from the mass difference
∆md, which was known before the B Factories but with
much larger uncertainty. The sin 2φ1 measurement (solid
line) gives a strong constraint |λt′ | < 0.005. Combined440

constraints exclude the colored regions.
The next example is the B → Xsγ branching ratio,

which also receives a contribution from t′ running in the
loop. The experimental measurements agree with the SM
prediction from u−quark, charm and top running in the445

loop. However, as in the case of B0 −B0 mixing, the top
contribution in 4th generation scenario can differ from the
SM due to a changed V ∗

tbVts obtained from 4 × 4 CKM
fits. This can then leave some more space for the non-
zero t′ contribution. The obtained constraint on V ∗

t′bVt′s450

is not so strong since the branching ratio is dominated
by the O2 contributions. The B → Xsγ branching ratio
allows V ∗

t′bVt′s ∼ O(λ) which is a much weaker bound than

the constraints obtained from other measurements such as
B0

s −B0
s oscillation.455

Another example is D0 − D0 mixing where b′ could
contribute in the loop diagram in addition to the SM par-
ticles. Saturating the experimental value of xD gives

|V ∗
cb′Vub′ |2 <∼ 10−2, (25.2.5)

for a 600 GeV b′.
The other observables receive some contributions from460

4th generation, though so far, the constraints are not as
strong as from B0 − B0 mixing and D0 − D0 mixing.
Namely, the CP asymmetry of B → φKS , to which t′

can contribute both in the B0 − B0 oscillation (box di-
agram) and the b → s decay (gluon penguin diagram).465

The oscillation part is constrained very strongly by the
B → J/ψKs channel. The decay part could constrain the
4th generation parameters although it turns out that the
obtained constraint is not very strong. Another observ-
able, the decay B → τν is tree dominated. Thus, the 4th

470

generation contribution appears only through the modifi-
cation of the CKM matrix element, namely, Vub, due to
the broken unitarity. This can be detected by observing
different values of Vub in the measurements through tree
and loop processes. So far, the observed difference is not475

statistically significant. The muon g−2 can receive a con-
tribution from the 4th generation neutrino (Lynch, 2001).
However, the contribution is not large enough to explain
the observed deviation from the SM.

The main message of this section is that the CKM ma-480

trix elements for the heavy fermions can be very strongly
constrained from the B Factory observables. A sizable
mixing of SM quarks with 4th generation quarks is ex-
cluded. If, on the other hand, one naively extrapolates
the Wolfenstein structure of the CKM to 4 generations,485

one may expect that λt′ ∼ λ4 so that an order of magni-
tude improvement in precision of flavor observables would
be most welcome. Also, the direct searches at the LHC
now exclude heavy fermions with masses below ∼ 600
GeV. This limit is high enough that the unitarity mass490

limit has been reached – the scattering amplitude become
larger than one and the fermions become strongly cou-
pled. This means that the loop corrections we discussed
above must be taken with a grain of salt as they were
obtained using perturbative calculations. Finally, the dis-495

covery of the Higg-like particle with the mass of about 125
GeV also excludes the perturbative 4th generation, since

See more details, 
Book of Physics of B factories



★ Future: LHCb (run @14 TeV), 
Belle II, LHCb upgrade 
• CP violation measurements 

(Bs oscillation, angle γ 
measurement, penguin B(s)-
>ΦKs, η’Ks, ΦΦ, radiative b-
>sγ) will be improved 
significantly.  

• Many more new 
opportunities are open and 
discussed intensively! 

Belle II vs. LHCb
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BrSM>BrNP

Λ= 1 TeV

Constraint of magnetic operator
The b->sγ is induced by the electro-magnetic operator. The constraint on the 

coupling cij and new physics scale Λ depend on the chiral structure. 

For b->sγ: i=2, j=3

ij=generation,    A, B:   L or R FCNC

The new physics has 
same Dirac/flavour 
structure as the SM

mb c23(VtbVts*)e/Λ c23<O(10-2)

The new physics has same 
Dirac/flavour structure 
but “chirally-enhanced”

mt c23(VtbVts*)e/Λ c23<O(10-3)

The new physics is 
“right-handed” c23<O(10-5)

cij

Λ eψiAσµνψjBFµν

NP contribution

GFmb(VtbVts*)e
SM coupling

BrSM>BrNP

Λ= 1 TeV

BrSM>BrNP

Λ= 1 TeV

NP contribution

NP contribution

mt c23(VtbVts*)e/Λ 

GFms(VtbVts*)eSM coupling



BrSM>BrNP

Λ= 1 TeV

The b->sγ is induced by the electro-magnetic operator. The constraint on the 
coupling cij and new physics scale Λ depend on the chiral structure. 

For b->sγ: i=2, j=3

ij=generation,    A, B:   L or R FCNC

The new physics has 
same Dirac/flavour 
structure as the SM

mb c23(VtbVts*)e/Λ c23<O(10-2)

The new physics has same 
Dirac/flavour structure 
but “chirally-enhanced”

mt c23(VtbVts*)e/Λ c23<O(10-3)

The new physics is 
“right-handed” c23<O(10-5)

cij

Λ eψiAσµνψjBFµν

NP contribution

GFmb(VtbVts*)e
SM coupling

BrSM>BrNP
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BrSM>BrNP
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NP contribution

Even if the coupling is strongly 
constrained by other b->s transitions 
(e.g. Bs oscillation), New Physics 
contributions with new Dirac/flavour/
chiral structures can lead to a large 
contribution, observable in the future! 

Constraint of magnetic operator

mt c23(VtbVts*)e/Λ 

GFms(VtbVts*)eSM coupling



Example of scenario (c): C’7γNP=C7γNP
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Figure 6: Prospect of the future constraints on C ( ′)
7γ in the NP scenario III: C ( N P )

7γ = C ′ ( N P )
7γ . The

contour colours in Fig. (a, b, c, d) correspond respectively to SKSπ0γ , λγ , A ( 2 )
T (0) and A ( i m )

T (0) allowed by
a ±3σ error to the central value of Bexp (B → Xsγ).

A pleasant feature of Fig. 4–7 is that the shapes of the resulting plots are quite

different in NP scenarios. The four constraints will overlap in scenarios compatible with

measured SKSπ0γ, λλ and A(2, im)
T and we will be able to extract C (′)

7γ and their phases. In

incompatible scenarios, the four constraints will not overlap.

Once again, we stress that we can determine C ′
7γ/C7γ from SKSπ0γ only in combination

with the B −B mixing phase, φM . In this paper we assume that NP does not bring any

significant contribution to the B−B mixing box diagrams and use the currently measured

value, sin 2β = 0.673 ± 0.023 [31]. The impact of the uncertainty on sin 2β is depicted

in Fig. 8(a) with multiple orange bands, labeled with values of SKSπ0γ. In future, super

B factories will be able to measure the asymmetry within the 2% error, which means that

we will have a very thin constraint along one of the black lines in Fig. 8(b) within the red

bands which represent ±1σ = ±0.02 regions. One can notice that theoretical uncertainty

on SKSπ0γ, coming from the B − B mixing phase determination, will be comparable to

the experimental one at the super B factories.
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2-4 fold ambiguities disentangled!
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CKM matrix: test of unitarity 

VCKM =




1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1



 +O(λ4)

• The SM incorporates: 
✓ Natural suppression of FCNC (i.e. GIM mechanism)
✓ A source of CP violation in the VCKM matrix (i.e. KM mechanism)

Unitarity Triangle
The Unitarity Triangle

Bd physics

VudV
∗
ub︸ ︷︷ ︸

Aλ3(ρ+iη)

+VcdV
∗
cb︸ ︷︷ ︸

−Aλ3

+ VtdV
∗
tb︸ ︷︷ ︸

Aλ3(1−ρ−iη)

= 0

(0, 0) (1, 0)

divide by A!3 

VudV
∗
ub

VcdV
∗
cb

VtdV
∗
tb

(ρ̄, η̄)

Re

Im

arg
(

V ∗
tbVtd

V ∗
cbVcs

)
≡ −φ1

arg
(

V ∗
tbVtd

V ∗
ubVud

)
≡ −φ2

arg
(

V ∗
cbVcs

V ∗
ubVud

)
≡ −φ3

φ1(β)

φ2(α)

φ3(γ)

Test of Unitarity 
Verify if the triangle closes 
at the apex by independently  
measuring the three sides 
and three angles. 

+Aλ4(1/2− ρ− iη)



Flavour Physics beyond SM
The indirect search of new physics through quantum loop effect: very powerful 

tool to search for new physics signal!  

This interaction induces 
an extra contribution 

(δ21)2/M2 

SM loop contribution 
agrees within 10-15% 

error
M>104 TeV

Example of K mixing

Also if the coupling is CKM like (e.g. Minimal Flavour Violation)
This interaction induces 
an extra contribution 

(VtdVts*)2/M2 

M~ 
a few TeV

i=2, j=1

(δij)2

M2
ψiΓµψi ψjΓ

µψj

ij=generation, Γ: Dirac matrix FCNC

The higher the precision, the higher the NP scale we can probe!  

SM loop contribution 
agrees within 10-15% 

error



Hadronic issues in flavour physics

A =
GF√

2
VbuV ∗

udC1(µ)(ūαbβ)V−A(d̄βuα)V−A

Mw

mb

Λqcd

b u

d̅ u ̅

b s

d̅ d̅

b u

d̅ u ̅

b u

d̅ u ̅
⊗
⊗

⊗
⊗

b d̅
〈A〉 =

GF√
2

VbuV ∗
udC1(µ)×

〈ππ|(ūαbβ)V−A(d̄βuα)V−A|B〉

B meson

Quark level

Hadronization

Wilson coefficient (perturbative)

Matrix element (non-perturbative)

Lattice QCD, QCD sum rules, Large Nc 
QCD, HQET, Perturbative QCD etc...Factorization?! 

B π

π



Many expectations, many 2-3 sigmas... 
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Tension between B+ → τ+ν
world average and CKM fit
becomes much smaller
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Figure 1 shows the m2
miss and |p∗

! | projections of the fit
to the four D(∗)! samples. The fit describes the data well
and the observed differences are consistent with the sta-
tistical and systematic uncertainties on the signal PDFs
and background distributions.
We extract the branching fraction ratios as R(D(∗)) =

(Nsig/Nnorm)/(εsig/εnorm), where Nsig and Nnorm refer
to the number of signal and normalization events, re-
spectively, and εsig/εnorm is the ratio of their efficiencies
derived from simulations. Table I shows the results of the
fits for the four individual samples as well as an additional
fit in which we impose the isospin relations R(D0) =
R(D+) ≡ R(D) and R(D∗0) = R(D∗+) ≡ R(D∗). The
statistical correlations are −0.59 for R(D0) and R(D∗0),
−0.23 for R(D+) and R(D∗+), and −0.45 for R(D) and
R(D∗). We have verified that the values ofR(D(∗)) from
fits to samples corresponding to different run periods are
consistent. We repeated the analysis varying the selec-
tion criteria over a wide range corresponding to changes
in the signal-to-background ratios between 0.3 and 1.3,
and also arrive at consistent values of R(D(∗)).
The largest systematic uncertainty affecting the fit re-

sults is due to the poorly understood B → D∗∗(!/τ)ν
background. The PDFs that describe this contribution
are impacted by the uncertainty on the branching frac-
tions of the four B → D∗∗!ν decays, the relative π0/π±

efficiency, and the branching fraction ratio ofB → D∗∗τν
to B → D∗∗!ν decays. These effects contribute to an un-
certainty of 2.1% on R(D) and 1.8% on R(D∗). We also
repeated the fit including an additional floating compo-
nent with the distributions of B → D(∗)η!ν, nonresonant
B → D(∗)π(π)!ν, and B → D∗∗(→ D(∗)ππ)!ν decays.
The B → D∗∗(!/τ)ν background is tightly constrained
by the D(∗)π0! samples, and, as a result, all these fits
yield similar values for R(D(∗)). We assign the observed
variation as a systematic uncertainty, 2.1% forR(D) and
2.6% for R(D∗).
We also account for the impact of the uncertainties

described above on the relative efficiency of the B →
D∗∗(!/τ)ν contributions to the signal and D(∗)π0! sam-
ples. In addition, the BDT selection introduces an un-
certainty that we estimate as 100% of the efficiency cor-
rection that we determined from control samples. These
effects result in uncertainties of 5.0% and 2.0% on R(D)
and R(D∗), respectively.
The largest remaining uncertainties are due to the con-

tinuum andBB backgrounds [4.9% onR(D) and 2.7% on
R(D∗)], and the PDFs for the signal and normalization
decays (4.3% and 2.1%). The uncertainties in the effi-
ciency ratios εsig/εnorm are 2.6% and 1.6%; they do not
affect the significance of the signal and are dominated by
the limited size of the MC samples. Uncertainties due
to the FFs, particle identification, final-state radiation,
soft-pion reconstruction, and others related to the detec-
tor performance largely cancel in the ratio, contributing
only about 1%. The individual systematic uncertainties
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FIG. 2. (Color online) Comparison of the results of this anal-
ysis (light gray, blue) with predictions that include a charged
Higgs boson of type II 2HDM (dark gray, red). The SM cor-
responds to tanβ/mH+ = 0.

are added in quadrature to define the total systematic
uncertainty, reported in Table I.
There is a positive correlation between some of the

systematic uncertainties on R(D) and R(D∗), and, as a
result the correlation of the total uncertainties is reduced
to−0.48 forR(D0) andR(D∗0), to−0.15 forR(D+) and
R(D∗+), and to −0.27 for R(D) and R(D∗).
The statistical significance of the signal is determined

as Σstat =
√

2∆(lnL), where ∆(lnL) is the change in the
log-likelihood between the nominal fit and the no-signal
hypothesis. The statistical and dominant systematic un-
certainties are Gaussian. We estimate the overall signifi-

cance as Σtot = Σstat × σstat/
√

σ2
stat + σ∗2

syst, where σstat

is the statistical uncertainty and σ∗
syst is the total system-

atic uncertainty affecting the fit. The significance of the
B → Dτ−ντ signal is 6.8σ, the first such measurement
exceeding 5σ.
To compare the measured R(D(∗)) with the SM pre-

dictions we have updated the calculations in Refs. [8, 31]
taking into account recent FF measurements. Averaged
over electrons and muons, we find R(D)SM = 0.297 ±
0.017 and R(D∗)SM = 0.252±0.003. At this level of pre-
cision, additional uncertainties could contribute [8], but
the experimental uncertainties are expected to dominate.
Our measurements exceed the SM predictions for

R(D) and R(D∗) by 2.0σ and 2.7σ, respectively. The
combination of these results, including their −0.27 cor-
relation, yields χ2 = 14.6 for 2 degrees of freedom, corre-
sponding to a p value of 6.9×10−4. Thus, the possibility
of both the measuredR(D) and R(D∗) agreeing with the
SM predictions is excluded at the 3.4σ level [32].
Figure 2 shows the effect that a charged Higgs bo-

son of the type II 2HDM [7, 33] would have on R(D)
and R(D∗) in terms of the ratio of the vacuum expecta-
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