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B anomalies
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The decays B → K∗ℓ+ℓ−, where K∗ → Kπ and
ℓ+ℓ− is either an e+e− or µ+µ− pair, arise from flavor-
changing neutral currents (FCNC), which are forbidden
at tree level in the Standard Model (SM). The lowest-
order SM processes contributing to these decays are the
photon or Z penguin and the W+W− box diagrams
shown in Fig. 1. The amplitudes can be expressed in
terms of effective Wilson coefficients for the electromag-
netic penguin, Ceff

7 , and the vector and axial-vector elec-
troweak contributions, Ceff

9 and Ceff

10 respectively, arising
from the interference of the Z penguin and W+W− box
diagrams [1]. The angular distributions in these decays
as a function of dilepton mass squared q2 = m2

ℓ+ℓ− are
sensitive to many possible new physics contributions [2].

We describe measurements of the distribution of the
angle θK between the K and the B directions in the K∗

rest frame. A fit to cos θK of the form [3]

3

2
FL cos2 θK +

3

4
(1 − FL)(1 − cos2 θK) (1)

determines FL, the K∗ longitudinal polarization fraction.
We also describe measurements of the distribution of the
angle θℓ between the ℓ+(ℓ−) and the B(B) direction in
the ℓ+ℓ− rest frame. A fit to cos θℓ of the form [3]

3

4
FL(1−cos2 θℓ)+

3

8
(1−FL)(1+cos2 θℓ)+AFB cos θℓ (2)

determines AFB, the lepton forward-backward asymme-
try. These measurements are done in a low q2 region
0.1 < q2 < 6.25 GeV2/c4, and in a high q2 region above
10.24 GeV2/c4. We remove the J/ψ and ψ(2S) resonances
by vetoing events in the regions q2 = 6.25-10.24 GeV2/c4

and q2 = 12.96-14.06 GeV2/c4 respectively.
The SM predicts a distinctive variation of AFB arising

from the interference between the different amplitudes.
The expected SM dependence of AFB and FL on q2 along
with variations due to opposite-sign Wilson coefficients
are shown in Fig. 3. At low q2, where Ceff

7 dominates,
AFB is expected to be small with a zero-crossing point
at q2 ∼ 4 GeV2/c4 [4, 5, 6]. There is an experimental con-
straint on the magnitude of Ceff

7 coming from the branch-
ing fraction for b → sγ [6, 7], which corresponds to the
limit q2 → 0. However, a reversal of the sign of Ceff

7 is
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FIG. 1: Lowest-order Feynman diagrams for b → sℓ+ℓ−.

allowed. At high q2, the product of Ceff

9 and Ceff

10 is ex-
pected to give a large positive asymmetry. Right-handed
weak currents have an opposite-sign Ceff

9 Ceff

10 which would
give a negative AFB at high q2. Contributions from non-
SM processes can change the magnitudes and relative
signs of Ceff

7 , Ceff

9 and Ceff

10, and may introduce complex
phases between them [3, 8]. An experimental determi-
nation of FL is required to obtain a model-independent
AFB result, and thus avoid drawing possibly incorrect
inferences about new physics from our observations.

We reconstruct signal events in six separate flavor-
specific final states containing an e+e− or µ+µ− pair,
and a K∗(892) candidate reconstructed as K+π−, K+π0

or K0
S
π+ (or their charge conjugates). To understand

combinatorial backgrounds we also reconstruct samples
containing the same hadronic final states and e±µ∓ pairs,
where no signal is expected because of lepton flavor con-
servation. To understand backgrounds from hadrons (h)
misidentified as muons, we similarly reconstruct samples
containing h±µ∓ pairs with no particle identification re-
quirement for the h±.

We use a dataset of 384 million BB pairs collected
at the Υ (4S) resonance with the BABAR detector [9] at
the PEP-II asymmetric-energy e+e− collider. Track-
ing is provided by a five-layer silicon vertex tracker
and a 40-layer drift chamber in a 1.5 T magnetic field.
We identify electrons with a CsI(Tl) electromagnetic
calorimeter, muons with an instrumented magnetic flux
return, and K+ using a detector of internally reflected
Cherenkov light as well as ionization energy loss infor-
mation. Charged tracks other than identified e, µ and
K candidates are treated as pions. Electrons (muons)
are required to have momenta p > 0.3(0.7)GeV/c in the
laboratory frame. We add photons to electrons when
they are consistent with bremsstrahlung, and do not use
electrons that arise from photon conversions to low-mass
e+e− pairs. Neutral K0

S
→ π+π− candidates are required

to have an invariant mass consistent with the nominal K0

mass [10], and a flight distance from the e+e− interac-
tion point which is more than three times its uncertainty.
Neutral pion candidates are formed from two photons
with Eγ > 50 MeV, and an invariant mass between 115
and 155 MeV/c2. We require K∗(892) candidates to have
an invariant mass 0.82 < M(Kπ) < 0.97 GeV/c2.

B → K∗ℓ+ℓ− decays are characterized by the kine-
matic variables mES =

√

s/4 − p∗2B and ∆E = E∗
B −√

s/2, where p∗B and E∗
B are the reconstructed B mo-

mentum and energy in the center-of-mass (CM) frame,
and

√
s is the total CM energy. We define a fit re-

gion mES > 5.2 GeV/c2, with −0.07 < ∆E < 0.04
(−0.04 < ∆E < 0.04) GeV for e+e− (µ+µ−) final
states in the low q2 region, and −0.08 < ∆E < 0.05
(−0.05 < ∆E < 0.05) GeV for high q2. We use the
wider (narrower)∆E windows to select the e±µ∓ (h±µ∓)
background samples.

The most significant background arises from random
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B anomalies

D : pseudo scalar meson
D* : vector meson

Theoretically clean, as hadronic uncertainties (form factors, Vub) largely cancel 
in ratio

RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)

B̄ → D(*)τν̄

What is �  decay ?B̄ → D(*)τν̄

D(*) {

RD(*) = ℬ(B → D(*)τν)
ℬ(B → D(*)ℓν)

(ℓ = e, μ)

Tree-level decay (b→u charged current) in SM

τ

ντ

W

D(*)B̄

Test of lepton flavour universality τ/μ,e in semi-leptonic B decays

�  or �
�  or �
B̄ = B−(bū ) B̄0(bd̄ )
D = D0(cū ) D+ (cd̄ )
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In this addendum to Ref. [1], we update our results including the recent measurement of R(D)
and R(D⇤) by the Belle collaboration [2]: R(D)Belle = 0.307 ± 0.037 ± 0.016 and R(D⇤)Belle =
0.283±0.018±0.014, resulting in the new HFLAV fit result R(D) = 0.340± 0.027± 0.013, R(D⇤) =
0.295± 0.011± 0.008, exhibiting a 3.1� tension with the Standard Model. We present the new fit
results and update all figures, including the relevant new collider constraints. The updated prediction
for R(⇤c) from our sum rule reads R(⇤c) = RSM(⇤c) (1.15± 0.04) = 0.38 ± 0.01 ± 0.01. We also
comment on theory predictions for the fragmentation function fc of b ! Bc and their implication
on the constraint from Bu/c ! ⌧⌫ data.

In this addendum, we present an update of our arti-
cle [1] in which we studied the impact of polarization
observables and the bound on BR(Bc ! ⌧⌫) on new
physics explanations of the b ! c⌧⌫ anomaly.

Our updated results incorporate the new experimen-
tal results for R(D) and R(D⇤) measured by the Belle
collaboration [2]:

R(D)Belle = 0.307 ± 0.037 ± 0.016 ,

R(D⇤)Belle = 0.283 ± 0.018 ± 0.014 .
(1)

The first quoted error is statistical and the second one is
systematic. The new measurement is consistent with the
standard model (SM) predictions [3]

RSM(D) = 0.299 ± 0.003 ,

RSM(D⇤) = 0.258 ± 0.005
(2)

at the 0.2 � and 1.1 � level, respectively.
Combining this with the previous measurements pre-

sented by the BaBar, Belle, and LHCb collaborations in
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FIG. 1. The green ellipse shows the result of the new mea-
surement by the Belle collaboration [2], while the red ellipse
shows the new world average. The SM predictions are repre-
sented by the black bars. Figure taken from [3].

Refs. [4–12], the HFLAV collaboration [3] has determined
the averages

R(D) = 0.340 ± 0.027 ± 0.013 ,

R(D⇤) = 0.295 ± 0.011 ± 0.008 ,
(3)

with an R(D)–R(D⇤) correlation of �0.38. The new
world averages deviate from the SM at 1.4 � [R(D)], 2.5 �
[R(D⇤)], and 3.1 � [R(D)–R(D⇤) combination] [3]. This
situation is shown in Fig. 1.
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Related Observables

ratio of baryonic decay rates

R(⇤c) =
BR(⇤b ! ⇤c⌧⌫)

BR(⇤b ! ⇤c`⌫)
(` = e, µ)

longitudinal D⇤ polarisation

FL(D
⇤) =

�(B ! D
⇤
L⌧⌫)

�(B ! D⇤⌧⌫)
Belle : 0.60± 0.08± 0.035
SM : 0.46± 0.04

⌧ polarisation asymmetries

P⌧ (D
(⇤)) =

�(B ! D
(⇤)

⌧
�=+1/2

⌫)� �(B ! D
(⇤)

⌧
�=�1/2

⌫)

�(B ! D(⇤)⌧⌫)

BR(Bc ! ⌧⌫) – particularly sensitive to scalar contributions

3 M.Blanke New Physics in b ! c⌧⌫

B anomalies RD(*) = ℬ(B → D(*)τν)
ℬ(B → D(*)ℓν)

Related observables → NP model discrimination

 Polarisation

 �  polarisation 
asymmetries
τ

[Belle ’18]

Table 3. Version of B(B+
c → τ+ν) < 0.3 without the collider bounds.

FD∗
L PD

τ PD∗
τ RD RD∗

R2 LQ [0.440, 0.447] [0.336, 0.474] [−0.464, −0.410] 1σ data 1σ data

S1 LQ [0.436, 0.488] [−0.055, 0.489] [−0.512, −0.409] 1σ data 1σ data

U1 LQ [0.426, 0.459] [0.137, 0.422] [−0.580, −0.488] 1σ data 1σ data

SM 0.46(4) 0.325(9) −0.497(13) 0.299(3) 0.258(5)

data 0.60(9) - −0.38(55) 0.340(30) 0.295(14)

Belle II 0.04 3% 0.07 3% 2%

Table 4. Version of B(B+
c → τ+ν) < 0.6 without the collider bounds.

FD∗
L PD

τ PD∗
τ RD RD∗

R2 LQ [0.440, 0.447] [0.336, 0.474] [−0.464, −0.410] 1σ data 1σ data

S1 LQ [0.436, 0.509] [−0.189, 0.489] [−0.512, −0.306] 1σ data 1σ data

U1 LQ [0.407, 0.459] [0.103, 0.422] [−0.634, −0.488] 1σ data 1σ data

SM 0.46(4) 0.325(9) −0.497(13) 0.299(3) 0.258(5)

data 0.60(9) - −0.38(55) 0.340(30) 0.295(14)

Belle II 0.04 3% 0.07 3% 2%
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[Belle ’17]

 Other LFUV ratios : �RJ/ψ, RΛc
, RDs

, , ,

which can be compared with those in the recent literature [45,72,76].#3 Using our code, we
obtained the SM predictions as RSM

D = 0.300 and RSM
D⇤ = 0.256, which are well consistent

with Ref. [12].
Note that our values of RD(⇤) and the following polarization observables are valid up to

O(⇤QCD/mc,b) and O(↵s) within uncertainties#4 from the input parameters [12]. We also
emphasize that we have taken care of the scale for the Wilson coe�cients and that for the
HQET expansion to be µ = µb = 4.2GeV. Although the SM operator is independent of
such a scale, the NP operators do depend on it. For example, the coe�cient of the |CT |2
term in RD⇤/RSM

D⇤ is found to be 17.24 at the scale µ =
p
mbmc = 2.6GeV, whereas 16.07

at µ = µb = 4.2GeV as shown in our result. This di↵erence is indeed compensated with the
running e↵ect on the Wilson coe�cient given as CT (µ = 2.6GeV) = 0.97CT (µ = 4.2GeV).

In a similar way, we can also calculate the polarizations in B ! D(⇤)⌧⌫. The D⇤ polar-
ization is defined as the fraction of a longitudinal mode for the D⇤ meson, namely,

FD⇤

L =
�(B ! D⇤

L⌧⌫)

�(B ! D⇤⌧⌫)
=

�(B ! D⇤
L⌧⌫)

�(B ! D⇤
L⌧⌫) + �(B ! D⇤

T ⌧⌫)
, (2.5)

where D⇤
L(T ) denotes the longitudinal (transverse) mode of the D⇤ meson. For the numerical

formula, we obtain

FD⇤
L

FD⇤
L, SM

=

✓
RD⇤

RSM
D⇤

◆�1

⇥
⇣
|1 + CV1 � CV2 |2 + 0.08|CS1 � CS2 |2 + 7.02|CT |2

+ 0.24Re[(1 + CV1 � CV2)(C
⇤
S1

� C⇤
S2
)]� 4.37Re[(1 + CV1 � CV2)C

⇤
T ]
⌘
. (2.6)

Here the SM prediction is FD⇤
L, SM = 0.453, which is consistent with Ref. [65].

For the ⌧ polarization asymmetries along the longitudinal directions of the ⌧ leptons in
B ! D⌧ ⌫̄ and B ! D⇤⌧ ⌫̄, we obtain

PD
⌧

PD
⌧, SM

=

✓
RD

RSM
D

◆�1

⇥
⇣
|1 + CV1 + CV2 |2 + 3.18|CS1 + CS2 |2 + 0.18|CT |2

+ 4.65Re[(1 + CV1 + CV2)(C
⇤
S1

+ C⇤
S2
)]� 1.18Re[(1 + CV1 + CV2)C

⇤
T ]
⌘
, (2.7)

and

PD⇤
⌧

PD⇤
⌧, SM

=

✓
RD⇤

RSM
D⇤

◆�1

⇥
⇣
|1 + CV1 |2 + |CV2 |2 � 0.07|CS1 � CS2 |2 � 1.86|CT |2

� 1.77Re[(1 + CV1)C
⇤
V2
]� 0.22Re[(1 + CV1 � CV2)(C

⇤
S1

� C⇤
S2
)]

� 3.37Re[(1 + CV1)C
⇤
T ] + 4.37Re[CV2C

⇤
T ]
⌘
, (2.8)

#3
Di↵erences of the numerical results stem from an input and method to describe the form factors.

#4
Recently, Ref. [77] has suggested that a higher order contribution of O(⇤

2
QCD/m

2
c,b) may have an impact

on the evaluation.
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Longitudinal 
�  polarisationD*

↑ Recent Belle result is slightly above the SM

 �  distribution ← 5 ab^-1 Belle II 



Test of lepton flavour universality μ/e in semi-leptonic B decays

B anomalies RK(*) = ℬ(B → K(*)μ+ μ−)
ℬ(B → K(*)e+ e−)

What is �  decay ?B → K(*)μ+ μ−

arXiv:0804.4412

The decays B → K∗ℓ+ℓ−, where K∗ → Kπ and
ℓ+ℓ− is either an e+e− or µ+µ− pair, arise from flavor-
changing neutral currents (FCNC), which are forbidden
at tree level in the Standard Model (SM). The lowest-
order SM processes contributing to these decays are the
photon or Z penguin and the W+W− box diagrams
shown in Fig. 1. The amplitudes can be expressed in
terms of effective Wilson coefficients for the electromag-
netic penguin, Ceff

7 , and the vector and axial-vector elec-
troweak contributions, Ceff

9 and Ceff

10 respectively, arising
from the interference of the Z penguin and W+W− box
diagrams [1]. The angular distributions in these decays
as a function of dilepton mass squared q2 = m2

ℓ+ℓ− are
sensitive to many possible new physics contributions [2].

We describe measurements of the distribution of the
angle θK between the K and the B directions in the K∗

rest frame. A fit to cos θK of the form [3]

3

2
FL cos2 θK +

3

4
(1 − FL)(1 − cos2 θK) (1)

determines FL, the K∗ longitudinal polarization fraction.
We also describe measurements of the distribution of the
angle θℓ between the ℓ+(ℓ−) and the B(B) direction in
the ℓ+ℓ− rest frame. A fit to cos θℓ of the form [3]

3

4
FL(1−cos2 θℓ)+

3

8
(1−FL)(1+cos2 θℓ)+AFB cos θℓ (2)

determines AFB, the lepton forward-backward asymme-
try. These measurements are done in a low q2 region
0.1 < q2 < 6.25 GeV2/c4, and in a high q2 region above
10.24 GeV2/c4. We remove the J/ψ and ψ(2S) resonances
by vetoing events in the regions q2 = 6.25-10.24 GeV2/c4

and q2 = 12.96-14.06 GeV2/c4 respectively.
The SM predicts a distinctive variation of AFB arising

from the interference between the different amplitudes.
The expected SM dependence of AFB and FL on q2 along
with variations due to opposite-sign Wilson coefficients
are shown in Fig. 3. At low q2, where Ceff

7 dominates,
AFB is expected to be small with a zero-crossing point
at q2 ∼ 4 GeV2/c4 [4, 5, 6]. There is an experimental con-
straint on the magnitude of Ceff

7 coming from the branch-
ing fraction for b → sγ [6, 7], which corresponds to the
limit q2 → 0. However, a reversal of the sign of Ceff

7 is

q q

b st,c,u
W −

γ , Z

l +

l −

q q

b st,c,u

W +W − ν

l − l +

FIG. 1: Lowest-order Feynman diagrams for b → sℓ+ℓ−.

allowed. At high q2, the product of Ceff

9 and Ceff

10 is ex-
pected to give a large positive asymmetry. Right-handed
weak currents have an opposite-sign Ceff

9 Ceff

10 which would
give a negative AFB at high q2. Contributions from non-
SM processes can change the magnitudes and relative
signs of Ceff

7 , Ceff

9 and Ceff

10, and may introduce complex
phases between them [3, 8]. An experimental determi-
nation of FL is required to obtain a model-independent
AFB result, and thus avoid drawing possibly incorrect
inferences about new physics from our observations.

We reconstruct signal events in six separate flavor-
specific final states containing an e+e− or µ+µ− pair,
and a K∗(892) candidate reconstructed as K+π−, K+π0

or K0
S
π+ (or their charge conjugates). To understand

combinatorial backgrounds we also reconstruct samples
containing the same hadronic final states and e±µ∓ pairs,
where no signal is expected because of lepton flavor con-
servation. To understand backgrounds from hadrons (h)
misidentified as muons, we similarly reconstruct samples
containing h±µ∓ pairs with no particle identification re-
quirement for the h±.

We use a dataset of 384 million BB pairs collected
at the Υ (4S) resonance with the BABAR detector [9] at
the PEP-II asymmetric-energy e+e− collider. Track-
ing is provided by a five-layer silicon vertex tracker
and a 40-layer drift chamber in a 1.5 T magnetic field.
We identify electrons with a CsI(Tl) electromagnetic
calorimeter, muons with an instrumented magnetic flux
return, and K+ using a detector of internally reflected
Cherenkov light as well as ionization energy loss infor-
mation. Charged tracks other than identified e, µ and
K candidates are treated as pions. Electrons (muons)
are required to have momenta p > 0.3(0.7)GeV/c in the
laboratory frame. We add photons to electrons when
they are consistent with bremsstrahlung, and do not use
electrons that arise from photon conversions to low-mass
e+e− pairs. Neutral K0

S
→ π+π− candidates are required

to have an invariant mass consistent with the nominal K0

mass [10], and a flight distance from the e+e− interac-
tion point which is more than three times its uncertainty.
Neutral pion candidates are formed from two photons
with Eγ > 50 MeV, and an invariant mass between 115
and 155 MeV/c2. We require K∗(892) candidates to have
an invariant mass 0.82 < M(Kπ) < 0.97 GeV/c2.

B → K∗ℓ+ℓ− decays are characterized by the kine-
matic variables mES =

√

s/4 − p∗2B and ∆E = E∗
B −√

s/2, where p∗B and E∗
B are the reconstructed B mo-

mentum and energy in the center-of-mass (CM) frame,
and

√
s is the total CM energy. We define a fit re-

gion mES > 5.2 GeV/c2, with −0.07 < ∆E < 0.04
(−0.04 < ∆E < 0.04) GeV for e+e− (µ+µ−) final
states in the low q2 region, and −0.08 < ∆E < 0.05
(−0.05 < ∆E < 0.05) GeV for high q2. We use the
wider (narrower)∆E windows to select the e±µ∓ (h±µ∓)
background samples.
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Loop-level decay (b→s neutral current) in SM

RK(*) = ℬ(B → K(*)μ+ μ−)
ℬ(B → K(*)e+ e−) ≈ 1

SM

Theoretically clean, hadronic uncertainties cancel to large extent in the ratio
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ℬ(B → K(*)e+ e−)
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P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 33/43

33/40

[LHCb, PRL 113 (2014) 151601]

[BaBar, PRD 86 (2012) 032012]

[Belle, PRL 103 (2009) 171801]

⇤

⇤
LHCb Run1 bin centre horizontally

displaced for illustration.

[LHCb-PAPER-2019-009]

•  Using 2011 and 2012 data: 

•   compatible with the SM 
expectation at 2.6σ  

•  Reanalysing the 2011-2012 data 
and adding 2015 and 2016,  

 
•   compatible with the SM 

expectation at 2.5σ  

R new
K Run1 = 0.717 + 0.083

−0.071 (stat) + 0.017
−0.016 (syst)

RK Run2 = 0.928 + 0.089
−0.076 (stat) + 0.020

−0.017 (syst)
RK = 0.846 + 0.060

−0.054 (stat) + 0.014
−0.016 (syst)

Combined 2.5 sigma 
from SM prediction

1.9 sigma compatibility between Run1 and Run2

Updated RK

 25A. Mauri (UZH) 

LHCb updated RK measurement 

re-analysing 2011-2012 data 

adding 2015-2016 data

Updated RK measurement 

25 

[LHCb-PAPER-2019-009] 
[LHCb, PRL 113 (2014) 151601] 
[BaBar, PRD 86 (2012) 032012] 
[Belle, PRL 103 (2009) 171801] 

Final results

Using 2011 and 2012 LHCb data:

RK = 0.745 +0.090
�0.074 (stat) ± 0.036 (syst),

compatible with the SM expectation at 2.6�.

Reanalysing 2011-2012 and adding 2015 and 2016 data, RK becomes

RK = 0.846 +0.060
�0.054 (stat) +0.014

�0.016 (syst)

which is compatible with the SM expectation at 2.5�.
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Measurement of R(K*)LFU test in                       decays 
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LHCb Run 1:

B0 → K*ℓ+ ℓ−

18 review of b-anomalies

In conclusion, the ratios RX are very clean observables both form
the theoretical and the experimental point of view, and can give an
unquestionable hints of New Physics.

3.3.1 The RK and RK⇤ anomalies

The LHCb experiment recently published two measurements - RK
and RK⇤ - analysing the two decays B+ ! K+`+`� and B0 ! K⇤`+`�

respectively [50, 51]. The observed values are

RK = 0.745+0.090
�0.074 ± 0.036 , (21)

in the range 1 < q2 < 6 GeV2, and

RK⇤0 =

(
0.66+0.11

�0.07 ± 0.03 for 0.045 < q2 < 1.1 GeV2 ,
0.69+0.11

�0.07 ± 0.05 for 1.1 < q2 < 6.0 GeV2 ,
(22)

where the first uncertainty is statistical and the second systematic.
These measurements are in tension with the Standard Model predic-

tion at a level of 2.6 standard deviations (RK) and 2.1 and 2.4 standard
deviations (RK⇤) for the low and central q2 bin respectively.

3.4 global fits
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Ratios of muons/electrons are extremely 
well predicted in the SM

‣ Hadronic uncertainties of O(10-4) 
‣ QED uncertainties can be O(10-2) 

Any statistically significant deviation from 1 
is a sign of New Physics
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LFU in Rare Decays

 16Nico Serra - Pheno 2019 6th - 8th May 2019

R(K*) = ℬ(B0 → K*0μ+ μ−)
ℬ(B0 → K*0e+ e−)

ℬ(B0 → K*0J/ψ ( → e+ e−))
ℬ(B0 → K*0J/ψ ( → μ+ μ−))

JHEP 1708 (2017) 055 

2.5(2.4)σ tension with the SM

Recent updated measurement
from Belle. [arXiv:1904.02440]
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Lepton Flavour Universality Violation in semileptonic B decays 

B anomalies

arXiv:0804.4412

The decays B → K∗ℓ+ℓ−, where K∗ → Kπ and
ℓ+ℓ− is either an e+e− or µ+µ− pair, arise from flavor-
changing neutral currents (FCNC), which are forbidden
at tree level in the Standard Model (SM). The lowest-
order SM processes contributing to these decays are the
photon or Z penguin and the W+W− box diagrams
shown in Fig. 1. The amplitudes can be expressed in
terms of effective Wilson coefficients for the electromag-
netic penguin, Ceff

7 , and the vector and axial-vector elec-
troweak contributions, Ceff

9 and Ceff

10 respectively, arising
from the interference of the Z penguin and W+W− box
diagrams [1]. The angular distributions in these decays
as a function of dilepton mass squared q2 = m2

ℓ+ℓ− are
sensitive to many possible new physics contributions [2].

We describe measurements of the distribution of the
angle θK between the K and the B directions in the K∗

rest frame. A fit to cos θK of the form [3]

3

2
FL cos2 θK +

3

4
(1 − FL)(1 − cos2 θK) (1)

determines FL, the K∗ longitudinal polarization fraction.
We also describe measurements of the distribution of the
angle θℓ between the ℓ+(ℓ−) and the B(B) direction in
the ℓ+ℓ− rest frame. A fit to cos θℓ of the form [3]

3

4
FL(1−cos2 θℓ)+

3

8
(1−FL)(1+cos2 θℓ)+AFB cos θℓ (2)

determines AFB, the lepton forward-backward asymme-
try. These measurements are done in a low q2 region
0.1 < q2 < 6.25 GeV2/c4, and in a high q2 region above
10.24 GeV2/c4. We remove the J/ψ and ψ(2S) resonances
by vetoing events in the regions q2 = 6.25-10.24 GeV2/c4

and q2 = 12.96-14.06 GeV2/c4 respectively.
The SM predicts a distinctive variation of AFB arising

from the interference between the different amplitudes.
The expected SM dependence of AFB and FL on q2 along
with variations due to opposite-sign Wilson coefficients
are shown in Fig. 3. At low q2, where Ceff

7 dominates,
AFB is expected to be small with a zero-crossing point
at q2 ∼ 4 GeV2/c4 [4, 5, 6]. There is an experimental con-
straint on the magnitude of Ceff

7 coming from the branch-
ing fraction for b → sγ [6, 7], which corresponds to the
limit q2 → 0. However, a reversal of the sign of Ceff

7 is

q q

b st,c,u
W −

γ , Z

l +

l −

q q

b st,c,u

W +W − ν

l − l +

FIG. 1: Lowest-order Feynman diagrams for b → sℓ+ℓ−.

allowed. At high q2, the product of Ceff

9 and Ceff

10 is ex-
pected to give a large positive asymmetry. Right-handed
weak currents have an opposite-sign Ceff

9 Ceff

10 which would
give a negative AFB at high q2. Contributions from non-
SM processes can change the magnitudes and relative
signs of Ceff

7 , Ceff

9 and Ceff

10, and may introduce complex
phases between them [3, 8]. An experimental determi-
nation of FL is required to obtain a model-independent
AFB result, and thus avoid drawing possibly incorrect
inferences about new physics from our observations.

We reconstruct signal events in six separate flavor-
specific final states containing an e+e− or µ+µ− pair,
and a K∗(892) candidate reconstructed as K+π−, K+π0

or K0
S
π+ (or their charge conjugates). To understand

combinatorial backgrounds we also reconstruct samples
containing the same hadronic final states and e±µ∓ pairs,
where no signal is expected because of lepton flavor con-
servation. To understand backgrounds from hadrons (h)
misidentified as muons, we similarly reconstruct samples
containing h±µ∓ pairs with no particle identification re-
quirement for the h±.

We use a dataset of 384 million BB pairs collected
at the Υ (4S) resonance with the BABAR detector [9] at
the PEP-II asymmetric-energy e+e− collider. Track-
ing is provided by a five-layer silicon vertex tracker
and a 40-layer drift chamber in a 1.5 T magnetic field.
We identify electrons with a CsI(Tl) electromagnetic
calorimeter, muons with an instrumented magnetic flux
return, and K+ using a detector of internally reflected
Cherenkov light as well as ionization energy loss infor-
mation. Charged tracks other than identified e, µ and
K candidates are treated as pions. Electrons (muons)
are required to have momenta p > 0.3(0.7)GeV/c in the
laboratory frame. We add photons to electrons when
they are consistent with bremsstrahlung, and do not use
electrons that arise from photon conversions to low-mass
e+e− pairs. Neutral K0

S
→ π+π− candidates are required

to have an invariant mass consistent with the nominal K0

mass [10], and a flight distance from the e+e− interac-
tion point which is more than three times its uncertainty.
Neutral pion candidates are formed from two photons
with Eγ > 50 MeV, and an invariant mass between 115
and 155 MeV/c2. We require K∗(892) candidates to have
an invariant mass 0.82 < M(Kπ) < 0.97 GeV/c2.

B → K∗ℓ+ℓ− decays are characterized by the kine-
matic variables mES =

√

s/4 − p∗2B and ∆E = E∗
B −√

s/2, where p∗B and E∗
B are the reconstructed B mo-

mentum and energy in the center-of-mass (CM) frame,
and

√
s is the total CM energy. We define a fit re-

gion mES > 5.2 GeV/c2, with −0.07 < ∆E < 0.04
(−0.04 < ∆E < 0.04) GeV for e+e− (µ+µ−) final
states in the low q2 region, and −0.08 < ∆E < 0.05
(−0.05 < ∆E < 0.05) GeV for high q2. We use the
wider (narrower)∆E windows to select the e±µ∓ (h±µ∓)
background samples.

The most significant background arises from random
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両方のanomalyを説明できるNP

NP in �    �    NP in �b → cτντ ≫ b → sμμ

B anomalies
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(1−FL)(1+cos2 θℓ)+AFB cos θℓ (2)

determines AFB, the lepton forward-backward asymme-
try. These measurements are done in a low q2 region
0.1 < q2 < 6.25 GeV2/c4, and in a high q2 region above
10.24 GeV2/c4. We remove the J/ψ and ψ(2S) resonances
by vetoing events in the regions q2 = 6.25-10.24 GeV2/c4

and q2 = 12.96-14.06 GeV2/c4 respectively.
The SM predicts a distinctive variation of AFB arising

from the interference between the different amplitudes.
The expected SM dependence of AFB and FL on q2 along
with variations due to opposite-sign Wilson coefficients
are shown in Fig. 3. At low q2, where Ceff

7 dominates,
AFB is expected to be small with a zero-crossing point
at q2 ∼ 4 GeV2/c4 [4, 5, 6]. There is an experimental con-
straint on the magnitude of Ceff

7 coming from the branch-
ing fraction for b → sγ [6, 7], which corresponds to the
limit q2 → 0. However, a reversal of the sign of Ceff

7 is
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FIG. 1: Lowest-order Feynman diagrams for b → sℓ+ℓ−.

allowed. At high q2, the product of Ceff

9 and Ceff

10 is ex-
pected to give a large positive asymmetry. Right-handed
weak currents have an opposite-sign Ceff

9 Ceff

10 which would
give a negative AFB at high q2. Contributions from non-
SM processes can change the magnitudes and relative
signs of Ceff

7 , Ceff

9 and Ceff

10, and may introduce complex
phases between them [3, 8]. An experimental determi-
nation of FL is required to obtain a model-independent
AFB result, and thus avoid drawing possibly incorrect
inferences about new physics from our observations.

We reconstruct signal events in six separate flavor-
specific final states containing an e+e− or µ+µ− pair,
and a K∗(892) candidate reconstructed as K+π−, K+π0

or K0
S
π+ (or their charge conjugates). To understand

combinatorial backgrounds we also reconstruct samples
containing the same hadronic final states and e±µ∓ pairs,
where no signal is expected because of lepton flavor con-
servation. To understand backgrounds from hadrons (h)
misidentified as muons, we similarly reconstruct samples
containing h±µ∓ pairs with no particle identification re-
quirement for the h±.

We use a dataset of 384 million BB pairs collected
at the Υ (4S) resonance with the BABAR detector [9] at
the PEP-II asymmetric-energy e+e− collider. Track-
ing is provided by a five-layer silicon vertex tracker
and a 40-layer drift chamber in a 1.5 T magnetic field.
We identify electrons with a CsI(Tl) electromagnetic
calorimeter, muons with an instrumented magnetic flux
return, and K+ using a detector of internally reflected
Cherenkov light as well as ionization energy loss infor-
mation. Charged tracks other than identified e, µ and
K candidates are treated as pions. Electrons (muons)
are required to have momenta p > 0.3(0.7)GeV/c in the
laboratory frame. We add photons to electrons when
they are consistent with bremsstrahlung, and do not use
electrons that arise from photon conversions to low-mass
e+e− pairs. Neutral K0

S
→ π+π− candidates are required

to have an invariant mass consistent with the nominal K0

mass [10], and a flight distance from the e+e− interac-
tion point which is more than three times its uncertainty.
Neutral pion candidates are formed from two photons
with Eγ > 50 MeV, and an invariant mass between 115
and 155 MeV/c2. We require K∗(892) candidates to have
an invariant mass 0.82 < M(Kπ) < 0.97 GeV/c2.

B → K∗ℓ+ℓ− decays are characterized by the kine-
matic variables mES =

√

s/4 − p∗2B and ∆E = E∗
B −√

s/2, where p∗B and E∗
B are the reconstructed B mo-

mentum and energy in the center-of-mass (CM) frame,
and

√
s is the total CM energy. We define a fit re-

gion mES > 5.2 GeV/c2, with −0.07 < ∆E < 0.04
(−0.04 < ∆E < 0.04) GeV for e+e− (µ+µ−) final
states in the low q2 region, and −0.08 < ∆E < 0.05
(−0.05 < ∆E < 0.05) GeV for high q2. We use the
wider (narrower)∆E windows to select the e±µ∓ (h±µ∓)
background samples.

The most significant background arises from random
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Lepton Flavour Universality Violation in semileptonic B decays 

2nd

B anomalies

NP in � �    �    NP in � �b → cτντ ≫ b → sμμ
3rd

両方のanomalyを説明できるNP : 3rd >> 2nd

arXiv:0804.4412

The decays B → K∗ℓ+ℓ−, where K∗ → Kπ and
ℓ+ℓ− is either an e+e− or µ+µ− pair, arise from flavor-
changing neutral currents (FCNC), which are forbidden
at tree level in the Standard Model (SM). The lowest-
order SM processes contributing to these decays are the
photon or Z penguin and the W+W− box diagrams
shown in Fig. 1. The amplitudes can be expressed in
terms of effective Wilson coefficients for the electromag-
netic penguin, Ceff

7 , and the vector and axial-vector elec-
troweak contributions, Ceff

9 and Ceff

10 respectively, arising
from the interference of the Z penguin and W+W− box
diagrams [1]. The angular distributions in these decays
as a function of dilepton mass squared q2 = m2

ℓ+ℓ− are
sensitive to many possible new physics contributions [2].

We describe measurements of the distribution of the
angle θK between the K and the B directions in the K∗

rest frame. A fit to cos θK of the form [3]

3

2
FL cos2 θK +

3

4
(1 − FL)(1 − cos2 θK) (1)

determines FL, the K∗ longitudinal polarization fraction.
We also describe measurements of the distribution of the
angle θℓ between the ℓ+(ℓ−) and the B(B) direction in
the ℓ+ℓ− rest frame. A fit to cos θℓ of the form [3]

3

4
FL(1−cos2 θℓ)+

3

8
(1−FL)(1+cos2 θℓ)+AFB cos θℓ (2)

determines AFB, the lepton forward-backward asymme-
try. These measurements are done in a low q2 region
0.1 < q2 < 6.25 GeV2/c4, and in a high q2 region above
10.24 GeV2/c4. We remove the J/ψ and ψ(2S) resonances
by vetoing events in the regions q2 = 6.25-10.24 GeV2/c4

and q2 = 12.96-14.06 GeV2/c4 respectively.
The SM predicts a distinctive variation of AFB arising

from the interference between the different amplitudes.
The expected SM dependence of AFB and FL on q2 along
with variations due to opposite-sign Wilson coefficients
are shown in Fig. 3. At low q2, where Ceff

7 dominates,
AFB is expected to be small with a zero-crossing point
at q2 ∼ 4 GeV2/c4 [4, 5, 6]. There is an experimental con-
straint on the magnitude of Ceff

7 coming from the branch-
ing fraction for b → sγ [6, 7], which corresponds to the
limit q2 → 0. However, a reversal of the sign of Ceff

7 is
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FIG. 1: Lowest-order Feynman diagrams for b → sℓ+ℓ−.

allowed. At high q2, the product of Ceff

9 and Ceff

10 is ex-
pected to give a large positive asymmetry. Right-handed
weak currents have an opposite-sign Ceff

9 Ceff

10 which would
give a negative AFB at high q2. Contributions from non-
SM processes can change the magnitudes and relative
signs of Ceff

7 , Ceff

9 and Ceff

10, and may introduce complex
phases between them [3, 8]. An experimental determi-
nation of FL is required to obtain a model-independent
AFB result, and thus avoid drawing possibly incorrect
inferences about new physics from our observations.

We reconstruct signal events in six separate flavor-
specific final states containing an e+e− or µ+µ− pair,
and a K∗(892) candidate reconstructed as K+π−, K+π0

or K0
S
π+ (or their charge conjugates). To understand

combinatorial backgrounds we also reconstruct samples
containing the same hadronic final states and e±µ∓ pairs,
where no signal is expected because of lepton flavor con-
servation. To understand backgrounds from hadrons (h)
misidentified as muons, we similarly reconstruct samples
containing h±µ∓ pairs with no particle identification re-
quirement for the h±.

We use a dataset of 384 million BB pairs collected
at the Υ (4S) resonance with the BABAR detector [9] at
the PEP-II asymmetric-energy e+e− collider. Track-
ing is provided by a five-layer silicon vertex tracker
and a 40-layer drift chamber in a 1.5 T magnetic field.
We identify electrons with a CsI(Tl) electromagnetic
calorimeter, muons with an instrumented magnetic flux
return, and K+ using a detector of internally reflected
Cherenkov light as well as ionization energy loss infor-
mation. Charged tracks other than identified e, µ and
K candidates are treated as pions. Electrons (muons)
are required to have momenta p > 0.3(0.7)GeV/c in the
laboratory frame. We add photons to electrons when
they are consistent with bremsstrahlung, and do not use
electrons that arise from photon conversions to low-mass
e+e− pairs. Neutral K0

S
→ π+π− candidates are required

to have an invariant mass consistent with the nominal K0

mass [10], and a flight distance from the e+e− interac-
tion point which is more than three times its uncertainty.
Neutral pion candidates are formed from two photons
with Eγ > 50 MeV, and an invariant mass between 115
and 155 MeV/c2. We require K∗(892) candidates to have
an invariant mass 0.82 < M(Kπ) < 0.97 GeV/c2.

B → K∗ℓ+ℓ− decays are characterized by the kine-
matic variables mES =

√

s/4 − p∗2B and ∆E = E∗
B −√

s/2, where p∗B and E∗
B are the reconstructed B mo-

mentum and energy in the center-of-mass (CM) frame,
and

√
s is the total CM energy. We define a fit re-

gion mES > 5.2 GeV/c2, with −0.07 < ∆E < 0.04
(−0.04 < ∆E < 0.04) GeV for e+e− (µ+µ−) final
states in the low q2 region, and −0.08 < ∆E < 0.05
(−0.05 < ∆E < 0.05) GeV for high q2. We use the
wider (narrower)∆E windows to select the e±µ∓ (h±µ∓)
background samples.

The most significant background arises from random

4

B0 ! K⇤0µ+µ�

SM: 

EFT: Le↵ =
4GFp

2
VtsV

⇤
tb

X

i

Ci Oi

O9 =
e
2

16⇡2
(b̄L�µsL)(¯̀�

µ
`)

O7 =
e

16⇡2
mbb̄R�

µ⌫
sLFµ⌫

O10 =
e
2

16⇡2
(b̄L�µsL)(¯̀�

µ
�5`)

B K⇤

µ
µ

Q9V,10A

b
R

s
L

γ

D ′

0

B K⇤

µ
µ

�

O7�

4 Satoshi Mishima (KEK)/46

�

RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)

b ! c⌧⌫ b ! s``

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)

Tree-level in SM

LFUV in τ vs μ/e

loop-level in SM

LFUV in μ vs e

τ
ντ

W

D(*)B̄

Rexp
K(*) < RSM

K(*)Rexp
D(*) > RSM

D(*)



b ! c⌧⌫

Lepton Flavour Universality Violation in semileptonic B decays 

Yukawaの階層的構造と一緒。関係がある？

B anomalies

NP in � �    �    NP in � �b → cτντ ≫ b → sμμ
3rd 2nd

両方のanomalyを説明できるNP : 3rd >> 2nd
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The decays B → K∗ℓ+ℓ−, where K∗ → Kπ and
ℓ+ℓ− is either an e+e− or µ+µ− pair, arise from flavor-
changing neutral currents (FCNC), which are forbidden
at tree level in the Standard Model (SM). The lowest-
order SM processes contributing to these decays are the
photon or Z penguin and the W+W− box diagrams
shown in Fig. 1. The amplitudes can be expressed in
terms of effective Wilson coefficients for the electromag-
netic penguin, Ceff

7 , and the vector and axial-vector elec-
troweak contributions, Ceff

9 and Ceff

10 respectively, arising
from the interference of the Z penguin and W+W− box
diagrams [1]. The angular distributions in these decays
as a function of dilepton mass squared q2 = m2

ℓ+ℓ− are
sensitive to many possible new physics contributions [2].

We describe measurements of the distribution of the
angle θK between the K and the B directions in the K∗

rest frame. A fit to cos θK of the form [3]

3

2
FL cos2 θK +

3

4
(1 − FL)(1 − cos2 θK) (1)

determines FL, the K∗ longitudinal polarization fraction.
We also describe measurements of the distribution of the
angle θℓ between the ℓ+(ℓ−) and the B(B) direction in
the ℓ+ℓ− rest frame. A fit to cos θℓ of the form [3]
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4
FL(1−cos2 θℓ)+

3

8
(1−FL)(1+cos2 θℓ)+AFB cos θℓ (2)

determines AFB, the lepton forward-backward asymme-
try. These measurements are done in a low q2 region
0.1 < q2 < 6.25 GeV2/c4, and in a high q2 region above
10.24 GeV2/c4. We remove the J/ψ and ψ(2S) resonances
by vetoing events in the regions q2 = 6.25-10.24 GeV2/c4

and q2 = 12.96-14.06 GeV2/c4 respectively.
The SM predicts a distinctive variation of AFB arising

from the interference between the different amplitudes.
The expected SM dependence of AFB and FL on q2 along
with variations due to opposite-sign Wilson coefficients
are shown in Fig. 3. At low q2, where Ceff

7 dominates,
AFB is expected to be small with a zero-crossing point
at q2 ∼ 4 GeV2/c4 [4, 5, 6]. There is an experimental con-
straint on the magnitude of Ceff

7 coming from the branch-
ing fraction for b → sγ [6, 7], which corresponds to the
limit q2 → 0. However, a reversal of the sign of Ceff

7 is

q q

b st,c,u
W −

γ , Z

l +

l −

q q

b st,c,u

W +W − ν

l − l +

FIG. 1: Lowest-order Feynman diagrams for b → sℓ+ℓ−.

allowed. At high q2, the product of Ceff

9 and Ceff

10 is ex-
pected to give a large positive asymmetry. Right-handed
weak currents have an opposite-sign Ceff

9 Ceff

10 which would
give a negative AFB at high q2. Contributions from non-
SM processes can change the magnitudes and relative
signs of Ceff

7 , Ceff

9 and Ceff

10, and may introduce complex
phases between them [3, 8]. An experimental determi-
nation of FL is required to obtain a model-independent
AFB result, and thus avoid drawing possibly incorrect
inferences about new physics from our observations.

We reconstruct signal events in six separate flavor-
specific final states containing an e+e− or µ+µ− pair,
and a K∗(892) candidate reconstructed as K+π−, K+π0

or K0
S
π+ (or their charge conjugates). To understand

combinatorial backgrounds we also reconstruct samples
containing the same hadronic final states and e±µ∓ pairs,
where no signal is expected because of lepton flavor con-
servation. To understand backgrounds from hadrons (h)
misidentified as muons, we similarly reconstruct samples
containing h±µ∓ pairs with no particle identification re-
quirement for the h±.

We use a dataset of 384 million BB pairs collected
at the Υ (4S) resonance with the BABAR detector [9] at
the PEP-II asymmetric-energy e+e− collider. Track-
ing is provided by a five-layer silicon vertex tracker
and a 40-layer drift chamber in a 1.5 T magnetic field.
We identify electrons with a CsI(Tl) electromagnetic
calorimeter, muons with an instrumented magnetic flux
return, and K+ using a detector of internally reflected
Cherenkov light as well as ionization energy loss infor-
mation. Charged tracks other than identified e, µ and
K candidates are treated as pions. Electrons (muons)
are required to have momenta p > 0.3(0.7)GeV/c in the
laboratory frame. We add photons to electrons when
they are consistent with bremsstrahlung, and do not use
electrons that arise from photon conversions to low-mass
e+e− pairs. Neutral K0

S
→ π+π− candidates are required

to have an invariant mass consistent with the nominal K0

mass [10], and a flight distance from the e+e− interac-
tion point which is more than three times its uncertainty.
Neutral pion candidates are formed from two photons
with Eγ > 50 MeV, and an invariant mass between 115
and 155 MeV/c2. We require K∗(892) candidates to have
an invariant mass 0.82 < M(Kπ) < 0.97 GeV/c2.

B → K∗ℓ+ℓ− decays are characterized by the kine-
matic variables mES =

√

s/4 − p∗2B and ∆E = E∗
B −√

s/2, where p∗B and E∗
B are the reconstructed B mo-

mentum and energy in the center-of-mass (CM) frame,
and

√
s is the total CM energy. We define a fit re-

gion mES > 5.2 GeV/c2, with −0.07 < ∆E < 0.04
(−0.04 < ∆E < 0.04) GeV for e+e− (µ+µ−) final
states in the low q2 region, and −0.08 < ∆E < 0.05
(−0.05 < ∆E < 0.05) GeV for high q2. We use the
wider (narrower)∆E windows to select the e±µ∓ (h±µ∓)
background samples.

The most significant background arises from random

4

B0 ! K⇤0µ+µ�

SM: 

EFT: Le↵ =
4GFp

2
VtsV

⇤
tb

X

i

Ci Oi

O9 =
e
2

16⇡2
(b̄L�µsL)(¯̀�

µ
`)

O7 =
e

16⇡2
mbb̄R�

µ⌫
sLFµ⌫

O10 =
e
2

16⇡2
(b̄L�µsL)(¯̀�

µ
�5`)

B K⇤

µ
µ

Q9V,10A

b
R

s
L

γ

D ′

0

B K⇤

µ
µ

�

O7�

4 Satoshi Mishima (KEK)/46

�

RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)

b ! s``

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)

Tree-level in SM

LFUV in τ vs μ/e

loop-level in SM

LFUV in μ vs e

τ
ντ

W

D(*)B̄

Rexp
K(*) < RSM

K(*)Rexp
D(*) > RSM

D(*)



  The U(2) flavor symmetry

4

The SM Yukawas respect an approximate U(2) symmetry
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• Assuming a single leading breaking ensures an effective protection of FCNCs 

   [SM-like mixing among light & 3rd generations               consistent with CKM fits]

• Large NP effects in 3rd generation, light-generation effects controlled by the breaking

Barbieri et al. 1105.2296

Yu,d =

✓
0 0
0 1

◆

<latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit><latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit><latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit><latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit>

|V | ⇠ |Vts|
<latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit><latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit><latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit><latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit>

|�| ⇠ yc
<latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit><latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit><latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit><latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit>

The 3 gen. as “identical” copies 

Flavor puzzle in SM 

SM Yukawa sectorは 13 parametersで特徴付けられている 
[3 lepton masses + 6 quark masses + 3+1 CKM parameters] ← fixed by data 

Flavour puzzle
�
�
�

e
μ
τ

�     �
�     �
�      �

u d
c s
t b

1st
2nd
3rd

質量、CKM行列は階層的構造を持っている
Mass :  3rd > 2nd > 1st CKM

Flavor theory?

  The U(2) flavor symmetry

4

The SM Yukawas respect an approximate U(2) symmetry

Mu,d ⇠
<latexit sha1_base64="wN73qzzpGvr8C8LFCh5q1f7SrlE="></latexit><latexit sha1_base64="wN73qzzpGvr8C8LFCh5q1f7SrlE="></latexit><latexit sha1_base64="wN73qzzpGvr8C8LFCh5q1f7SrlE="></latexit><latexit sha1_base64="wN73qzzpGvr8C8LFCh5q1f7SrlE="></latexit>

VCKM ⇠
<latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit>

 = (  1  2  3 )
<latexit sha1_base64="pwjnamQvzft9xjmHoBT5uIAOrtE="></latexit><latexit sha1_base64="pwjnamQvzft9xjmHoBT5uIAOrtE="></latexit><latexit sha1_base64="pwjnamQvzft9xjmHoBT5uIAOrtE="></latexit><latexit sha1_base64="pwjnamQvzft9xjmHoBT5uIAOrtE="></latexit>

U(2)q⇥U(2)u ⇥ U(2)d
<latexit sha1_base64="eXpwsuNOR9E7onvyNotQeain12s="></latexit><latexit sha1_base64="eXpwsuNOR9E7onvyNotQeain12s="></latexit><latexit sha1_base64="eXpwsuNOR9E7onvyNotQeain12s="></latexit><latexit sha1_base64="eXpwsuNOR9E7onvyNotQeain12s="></latexit>

Unbroken symmetry 

✓
0 V
0 1

◆

<latexit sha1_base64="QsCZ4DroKurCtq8aOYggidkbmd8="></latexit><latexit sha1_base64="QsCZ4DroKurCtq8aOYggidkbmd8="></latexit><latexit sha1_base64="QsCZ4DroKurCtq8aOYggidkbmd8="></latexit><latexit sha1_base64="QsCZ4DroKurCtq8aOYggidkbmd8="></latexit>

Leading breaking

✓
� V
0 1

◆

<latexit sha1_base64="p/hAVwkZvj0xis85MvtgqWSEN44="></latexit><latexit sha1_base64="p/hAVwkZvj0xis85MvtgqWSEN44="></latexit><latexit sha1_base64="p/hAVwkZvj0xis85MvtgqWSEN44="></latexit><latexit sha1_base64="p/hAVwkZvj0xis85MvtgqWSEN44="></latexit>

Final breaking

• Assuming a single leading breaking ensures an effective protection of FCNCs 

   [SM-like mixing among light & 3rd generations               consistent with CKM fits]

• Large NP effects in 3rd generation, light-generation effects controlled by the breaking

Barbieri et al. 1105.2296

Yu,d =

✓
0 0
0 1

◆

<latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit><latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit><latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit><latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit>

|V | ⇠ |Vts|
<latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit><latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit><latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit><latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit>

|�| ⇠ yc
<latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit><latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit><latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit><latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit>



Unbroken symmetry

  The U(2) flavor symmetry

4

The SM Yukawas respect an approximate U(2) symmetry

Mu,d ⇠
<latexit sha1_base64="wN73qzzpGvr8C8LFCh5q1f7SrlE="></latexit><latexit sha1_base64="wN73qzzpGvr8C8LFCh5q1f7SrlE="></latexit><latexit sha1_base64="wN73qzzpGvr8C8LFCh5q1f7SrlE="></latexit><latexit sha1_base64="wN73qzzpGvr8C8LFCh5q1f7SrlE="></latexit>

VCKM ⇠
<latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit>

 = (  1  2  3 )
<latexit sha1_base64="pwjnamQvzft9xjmHoBT5uIAOrtE="></latexit><latexit sha1_base64="pwjnamQvzft9xjmHoBT5uIAOrtE="></latexit><latexit sha1_base64="pwjnamQvzft9xjmHoBT5uIAOrtE="></latexit><latexit sha1_base64="pwjnamQvzft9xjmHoBT5uIAOrtE="></latexit>

U(2)q⇥U(2)u ⇥ U(2)d
<latexit sha1_base64="eXpwsuNOR9E7onvyNotQeain12s="></latexit><latexit sha1_base64="eXpwsuNOR9E7onvyNotQeain12s="></latexit><latexit sha1_base64="eXpwsuNOR9E7onvyNotQeain12s="></latexit><latexit sha1_base64="eXpwsuNOR9E7onvyNotQeain12s="></latexit>

Unbroken symmetry 

✓
0 V
0 1

◆

<latexit sha1_base64="QsCZ4DroKurCtq8aOYggidkbmd8="></latexit><latexit sha1_base64="QsCZ4DroKurCtq8aOYggidkbmd8="></latexit><latexit sha1_base64="QsCZ4DroKurCtq8aOYggidkbmd8="></latexit><latexit sha1_base64="QsCZ4DroKurCtq8aOYggidkbmd8="></latexit>

Leading breaking

✓
� V
0 1

◆

<latexit sha1_base64="p/hAVwkZvj0xis85MvtgqWSEN44="></latexit><latexit sha1_base64="p/hAVwkZvj0xis85MvtgqWSEN44="></latexit><latexit sha1_base64="p/hAVwkZvj0xis85MvtgqWSEN44="></latexit><latexit sha1_base64="p/hAVwkZvj0xis85MvtgqWSEN44="></latexit>

Final breaking

• Assuming a single leading breaking ensures an effective protection of FCNCs 

   [SM-like mixing among light & 3rd generations               consistent with CKM fits]

• Large NP effects in 3rd generation, light-generation effects controlled by the breaking

Barbieri et al. 1105.2296

Yu,d =

✓
0 0
0 1

◆

<latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit><latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit><latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit><latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit>

|V | ⇠ |Vts|
<latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit><latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit><latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit><latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit>

|�| ⇠ yc
<latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit><latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit><latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit><latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit>

  The U(2) flavor symmetry

4

The SM Yukawas respect an approximate U(2) symmetry

Mu,d ⇠
<latexit sha1_base64="wN73qzzpGvr8C8LFCh5q1f7SrlE="></latexit><latexit sha1_base64="wN73qzzpGvr8C8LFCh5q1f7SrlE="></latexit><latexit sha1_base64="wN73qzzpGvr8C8LFCh5q1f7SrlE="></latexit><latexit sha1_base64="wN73qzzpGvr8C8LFCh5q1f7SrlE="></latexit>

VCKM ⇠
<latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit><latexit sha1_base64="ZJlaXrwIcPZHkKsoX1pLUzUoMfU="></latexit>

 = (  1  2  3 )
<latexit sha1_base64="pwjnamQvzft9xjmHoBT5uIAOrtE="></latexit><latexit sha1_base64="pwjnamQvzft9xjmHoBT5uIAOrtE="></latexit><latexit sha1_base64="pwjnamQvzft9xjmHoBT5uIAOrtE="></latexit><latexit sha1_base64="pwjnamQvzft9xjmHoBT5uIAOrtE="></latexit>

U(2)q⇥U(2)u ⇥ U(2)d
<latexit sha1_base64="eXpwsuNOR9E7onvyNotQeain12s="></latexit><latexit sha1_base64="eXpwsuNOR9E7onvyNotQeain12s="></latexit><latexit sha1_base64="eXpwsuNOR9E7onvyNotQeain12s="></latexit><latexit sha1_base64="eXpwsuNOR9E7onvyNotQeain12s="></latexit>

Unbroken symmetry 

✓
0 V
0 1

◆

<latexit sha1_base64="QsCZ4DroKurCtq8aOYggidkbmd8="></latexit><latexit sha1_base64="QsCZ4DroKurCtq8aOYggidkbmd8="></latexit><latexit sha1_base64="QsCZ4DroKurCtq8aOYggidkbmd8="></latexit><latexit sha1_base64="QsCZ4DroKurCtq8aOYggidkbmd8="></latexit>

Leading breaking

✓
� V
0 1

◆

<latexit sha1_base64="p/hAVwkZvj0xis85MvtgqWSEN44="></latexit><latexit sha1_base64="p/hAVwkZvj0xis85MvtgqWSEN44="></latexit><latexit sha1_base64="p/hAVwkZvj0xis85MvtgqWSEN44="></latexit><latexit sha1_base64="p/hAVwkZvj0xis85MvtgqWSEN44="></latexit>

Final breaking

• Assuming a single leading breaking ensures an effective protection of FCNCs 

   [SM-like mixing among light & 3rd generations               consistent with CKM fits]

• Large NP effects in 3rd generation, light-generation effects controlled by the breaking

Barbieri et al. 1105.2296

Yu,d =

✓
0 0
0 1

◆

<latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit><latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit><latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit><latexit sha1_base64="XLOJQonoNscIsdX4ps8Snq31zdE="></latexit>

|V | ⇠ |Vts|
<latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit><latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit><latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit><latexit sha1_base64="fqFMvWmKLog13yQN9+ngeKuLMEI="></latexit>

|�| ⇠ yc
<latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit><latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit><latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit><latexit sha1_base64="WdSVUx5DcWaM3onyGom/ajGGqwY="></latexit>

U(2) flavour symmetry
SM Yukawa respect an approximate �  symmetry U(2)

 Mass matrix  CKM
 = ( 1, 2, 3)

Barbieri, Isidori, Jones-Perez,  
Lodone, Straub [1105.2296]

After breaking U(2) breaking term

�  flavour symmetry → provides natural link to the Yukawa couplingsU(2)

Yukawa & CKM の階層的構造が、small breaking termで説明できる

Δu

For slide

⎛

⎝
0 0 1

⎞

⎠ (2.45)Vq � � � 


� � �

|Vq | ∼ |Vts | ∼ )(10−1)

|Δu | ∼ yc ∼ )(10−2)
Yu = yu (

0 0 0
0 0 0
0 0 1)U(2)q

U(2)u

�  �  �  �  �U(2)q × U(2)u × U(2)d



U(2) flavour symmetry

Under �  symmetryU(2)3 = U(2)q × U(2)u × U(2)d
The quarks fields are not triplet anymore (all flavours together) but transform

under GF as

Q(2)
= (Q1, Q2

)≥ (2, 1, 1) Q3
≥ (1, 1, 1) (2)

u(2)
= (u1, u2

) ≥ (1, 2, 1) t ≥ (1, 1, 1) (3)

d(2)
= (d1, d2

) ≥ (1, 1, 2) b ≥ (1, 1, 1) (4)

The only term allowed in the limit of unbroken symmetry is

ytQ
3tHc

(5)

While this term clearly break a U(1) symmetry, it is not clear to me whether

U(1)Q3+t still belongs to GF or both U(1)t and U(1)Q3 are given up on.

Mass spurions We can introduce three breaking spurions

V ≥ (2, 1, 1) (6)

�Yu ≥ (2, 2̄, 1) (7)

�Yd ≥ (2, 1, 2̄) (8)

that enters the Yukawa as

Yu = yt

A
�Yu xtV

0 1

B

Yd = yb

A
�Yd xbV

0 1

B

(9)

We can now parametrise our spurions. The leading spurion V can be written

as

V = ‘UV ŝ2 ŝ2 =

A
0

1

B

(10)

where UV is a 2 ◊ 2 special unitary matrix and ‘ is a real parameter of order

O(|Vcb| ¥ 4 ◊ 10
≠2

). The other spurions can be written as

�Yu = U †
Qu

�yuUu (11)

�Yd = U †
Qd

�ydUd (12)

where �yu =diag(⁄u1 , ⁄u2) and �yd =diag(⁄d1 , ⁄d2) and the U ’s are 2 ◊ 2

unitary matrices. By construction ⁄d2 ¥ ms/mb = O(‘) and similarly ⁄d1 ¥

md/mb, ⁄u1 ¥ mu/mt, ⁄u2 ¥ mc/mt . To understand the number of degrees

of freedom, we observe that the most general �Y has 2 ◊ 4 = 8 parameters,

2

Spurion

quark

NP lagrangian is invariant under U(2) symmetry apart from breaking terms 
proportional to spurions 

ℒeff = C[(t̄LγμbL)(τ̄Lγμντ
L)+ ( c̄L γμbL)(τ̄Lγμντ

L)]Vq V = |V |(0
1)

with

� � � � � �Vq ∼ (2,1,1), Δu ∼ (2,2̄,1), Δd ∼ (2,1,2̄)

� � � ,  � � �|Vq | ∼ )(10−1) |Δu ,d | ∼ )(10−2)U(2) breaking Order : 

NP in 3rd : �    >  NP in 2nd : �)(1) )(10−1)

Barbieri, Isidori, Jones-Perez,  
Lodone, Straub [1105.2296]



U(2) flavour symmetry

DIagonal forn
diag(Yf ) = L†

f Yf Rf ( f = u , d )

Ld =
cd −sd eiαd 0

sd e−iαd cd −sb eiϕb

sd sb e−i(αd+ ϕb) sb cd e−iϕb 1

Δf

For slide

⎛

⎝
0 0 1

⎞

⎠ (2.45)VqYf =

where

�  symmetryの元でYukawaの形が決まっている → 対角化行列の成分に関係がつくU(2)

Rd =

1 0 0
0 1 ms

mb
sbeiϕd

0 −ms

mb
sbeiϕd 1

with  �
sd

cd
= |Vtd |

|Vts |

QL → L†
d QL

dR → Rd†dR



U(2) flavour symmetry

U(2)の元では、違うflavor遷移の間に関係がつく

For �  vs �b → c b → u

ℒeff = C[(t̄LγμbL)(τ̄Lγμντ
L)+ ( c̄L γμbL)(τ̄Lγμντ

L)]Vq

mass basis

ℒeff = C
0 0 sd

cd
eiαdcdVq

0 0 cdVq

0 0 1

ij

(ū i
Lγμbj

L)(τ̄Lγμντ
L)

b → u
b → c

= sd

cd
eiαd = |Vts |

|Vtd |
eiαd



U(2) flavour symmetry

For �  vs �bL → cL bL → cR

U(2)の元では、右巻きの軽いクォークを含んだOperatorはsuppressされる

–u ≠ –d and ” are completely determined by the CKM elements:

s = |sbe
≠i(„b≠„t)

≠ st| = |Vcb|

su

cu

= |Vub|

|Vcb|

sd

cd

= |Vtd|

|Vts|

–u ≠ –d = arg
A

V ú
td

V ú
ts

V ú
ub

V ú
cb

B

¥ ≠
fi

2
” = ≠ arg(Vub)

The only remaining free parameters are thus sb, „b, –d in the rotation
matrices. Taking into account that Bs mixing is Ã s2

b
and is very

constrained by experimenets, we can assume down alignment i.e.

sb π 0.1Vts leading to a basis where q3 =
A

V ú
jb

uj

b

B

. Then

Ld =

Q

c

c

a

1 |Vtd|
|Vts|e

i–d 0
≠

|Vtd|
|Vts|e

≠i–d 1 0
0 0 1

R

d

d

b

(4.136)

Lepton sector Using the same parametrisation for the lepton Yukawa
and assuming se π 10≠1 since µ æ e“ constrains this value, and also s·

small, we obtain

Le =

Q

c

c

a

1 0 0
0 1 s· ei„·

0 ≠s· e≠i„· 1

R

d

d

b

Re =

Q

c

c

a

1 0 0
0 1 ≠

mµ

m·
s· e≠i„·

0 mµ

m·
s· ei„· 1

R

d

d

b

(4.137)

Scaling The consequence of this U(2)3 symmetry is a scaling between the
FC current with di�erent flavours and also a mass suppression when it
involves RH fields. To see it, we need to introduce interaction spurions
(optional) and then rotate the fields into mass eigenbasis

QL æ L†
d
QL uR æ R†

u
uR dR æ R†

d
dR LL æ L†

¸
LL eR æ R†

e
eR

Let us take as an example two currents involving, respectively bL æ cL and
bL æ cR. We start in the Lagrangian with

Q̄L�QL and Q̄L�UR (4.138)

74

where � represents any Lorentz structure, and QL and UR are now the field
containing the 3 families. Assuming flavour diagonal interactions and going

to the mass basis Qi

L
=

A

V ú
ji

uj

di

B

we get

Q̄L�QL and Q̄LLdR†
u
�UR (4.139)

which for the processes bL æ cL and bL æ cR imply the scaling

b̄LV ú
cb

cL b̄L

mc

mt

st
¸˚˙˝

¥|Vcb|

e≠i„t

¸ ˚˙ ˝

¥1
cR ∆

bL æ cR

bL æ cL

≥
mc

mt

(4.140)

4.7 B observables

Table 4.10: Mesons and leptons masses [MeV]

GS QC Mass [MeV] Ex.S Mass [MeV]
B+

c
b̄c 6275

B0
s

b̄s 5367 Bú
s

5415
B+ b̄u 5279 Bú 5325
B0 b̄d 5280 ” ”
D+

s
cs̄ 1968 Dú+

s
2112

D0 cū 1865 Dú0 2007
D+ cd̄ 1870 Dú+ 2010
J/Â c̄c 3097 ?
K0 s̄d 498 Kú0 895
K+ s̄u 494 ” ”
fi+ ud̄ 140
fi0 uū≠d̄dÔ

2 135 fl, Ê 770, 782
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s

5415
B+ b̄u 5279 Bú 5325
B0 b̄d 5280 ” ”
D+

s
cs̄ 1968 Dú+

s
2112

D0 cū 1865 Dú0 2007
D+ cd̄ 1870 Dú+ 2010
J/Â c̄c 3097 ?
K0 s̄d 498 Kú0 895
K+ s̄u 494 ” ”
fi+ ud̄ 140
fi0 uū≠d̄dÔ

2 135 fl, Ê 770, 782
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�  flavour symmetry のまとめU(2)

特徴：3世代目 > 2世代目　→ B anomalyが示唆する新物理の特徴と一緒

　　　違うflavor遷移の間に関係がつく

　　　右巻きの軽いクォークを含んだOperatorはsuppressされる

Motivation : Yukawa & CKM の階層的構造が、small breaking termで説明できる

U(2) flavour symmetry



Charged current �  & �  に注目。�  flavour symmetry の元で、flavor & helicity 
structureがどのようにテストできるか議論する

b → c b → u U(2)

What we did

� � �b → cτντ � � �b → u τντ

�

�

polarizations

B → D(*)τντ [RD(*)]
Bc → τντ

�

�

B → πτντ [Rπ]
B+ → τντ

RSM
π = 0.641 ± 0.016

Rexp
π ≃ 1.05 ± 0.51 → Belle II

U(2)
Correlations under 

B anomaly

Tanaka and Wtanabe 
 [1608.05207]



Effective theory for charged-current semileptonic decay 

ℒEFT = 1
v2 ∑

k,[ijαβ]
C[ijαβ]

k )[ijαβ]
k + h . c .

Relevant charged-current semileptonic operators in SMEFT (  )μEW < μ < μNP

2

trices can be decomposed as

Yu(d) = yt(b)

✓
�u(d) xt(b) Vq

0 1

◆
, Ye = y⌧

✓
�e x⌧ V`

0 1

◆
.

(2)

Here xt,b,⌧ and yt,b,⌧ are free complex parameters, ex-
pected to be of O(1).1

The precise size of the spurions is not know; however,
we can estimate their size by the requirement of no tuning
in the O(1) parameters. This implies |Vq| = O(✏). In the
limit of vanishing neutrino masses, the size of |V`| cannot
unambiguously be determined. As discussed below (see
also [13, 14]), a good fit of the anomalies in semileptonic
B decays is obtained for

|V`|, |Vq| = O(10�1) , (3)

which is perfectly consistent with: i) the estimate |Vq| =
O(✏); ii) the hypothesis of a common origin for the two
leading U(2)5 breaking terms in quark and lepton sector.
The entries in the 2⇥ 2 matrices �u,d,e are significantly
smaller than |Vq,`|, with a maximal size of O(10�2) in the
quark sector.

The Yukawa matrices in (2) can be brought to a diag-
onal form by means of appropriate unitary transforma-
tions: L†

f
YfRf = diag(Yf ), with f = u, d, e. The most

general form for these unitary transformations, written
in the so-called interaction basis, where the second gen-
eration in U(2)q(`) space is defined by the alignment of
the leading spurions,

Vq(`) = |Vq(`)|⇥

✓
0
1

◆
, (4)

is [13] (see also [10]):

Ld =

0

@
cd �sd ei↵d 0

sd e�i↵d cd �sb ei�b

sd sb e�i(↵d+�b) sb cd e�i�b 1

1

A ,

Le =

0

@
1 �se ei↵e 0

+se e�i↵e 1 �s⌧ ei�⌧

ses⌧ e�i(↵e+�⌧ ) +s⌧ e�i�⌧ 1

1

A ,

(5)

with Lu = Ld V
†
CKM and Ru,d,e ⇡ 1. Here we have taken

advantage of the constraints imposed by fermions masses
and CKM matrix elements to eliminate various parame-
ters appearing in the Lf .2 However, these constraints do
not fix all of them: sb(⌧) is a small unconstrained mix-
ing angle whose natural size is that of the leading spurion
|Vq(`)|. The angle sd, constrained to be sd/cd = |Vtd/Vts|,
originates by the diagonalisation of �d; its leptonic coun-
terpart (se), originating by the diagonalisation of �e,
cannot be expressed in terms of measurable quantities.
Finally �b,↵d,�⌧ ,↵e are unconstrained O(1) phases.

1
In models with more than one Higgs doublet, the smallness of

yt,b,⌧ can be justified in terms of approximate flavor-independent

U(1) symmetries.
2 Ru,d,e ⇡ 1 due to the double suppression of small mass ratios

and mixing terms [13].

III. IMPACT OF U(2)5 ON THE EFT FOR
CHARGED-CURRENT B DECAYS

Having defined the structure of the symmetry and its
symmetry breaking terms from the SM Yukawa sector, we
are ready to analyse its implications beyond the SM. As-
suming no new degrees of freedom below the electroweak
scale, we can describe NP e↵ect in full generality em-
ploying the so-called SMEFT. We can limit the attention
to dimension-six four-fermion operators bilinear in quark
and lepton fields,3 that we can write generically as

LEFT =
1

v2

X

k,[ij↵�]

C
[ij↵�]
k

O
[ij↵�]
k

+ h.c. , (6)

where {↵,�} are lepton-flavor indices, and {i, j} are
quark-flavor indices. Among them, those with a non-
vanishing tree-level matrix element in charged-current
semileptonic B decays are

O
(3)
`q

= (¯̀↵
L
�µ⌧a`�

L
)(q̄i

L
�µ⌧

aqj
L
) ,

O`edq = (¯̀↵
L
e�
R
)(d̄i

R
qj
L
) ,

O
(1)
`equ

= (¯̀a,↵
L

e�
R
)✏ab(q̄

a,i

L
uj

R
) ,

O
(3)
`equ

= (¯̀a,↵
L

�µ⌫e
�

R
)✏ab(q̄

b,i

L
�µ⌫uj

R
) ,

(7)

where {a, b} are SU(2)L indices. Our main hypothesis

is to reduce the number of C[ij↵�]
k

retaining only those
corresponding to U(2)5 invariant operators, up to the
insertion of one or two powers of the leading SU(2)q ⇥
SU(2)` spurions in Eq. (3).
A first strong simplification arises by neglecting sub-

leading spurions with non-trivial transformation proper-
ties under U(2)u. Since we are interested in process of the
type b ! c(u)`⌫, this implies we can neglect the opera-

tors O(1)
`equ

and O
(3)
`equ

. We are thus left with the following
e↵ective Lagrangian

L
CC
EFT =

1

v2

h
CV ⇤[ij↵�]

V
O

(3)
`q

+ CS ⇤[ij↵�]
S

O`edq

i
+ h.c. ,

(8)
where CV,S control the overall strength of the NP e↵ects
and ⇤V,S are tensors that parametrize the flavor struc-

ture. They are normalized by setting ⇤[3333]
V,S

= 1, which

is the only term surviving in the exact U(2)5 limit.

Let’s consider first the structure of ⇤[ij↵�]
S

, which is
particularly simple. Since we neglect U(2)d,e breaking
spurions, it factorizes to

⇤[ij↵�]
S

= (�†
L
)↵j ⇥ �i�

R
, (9)

3
We neglect operators which modify the e↵ective couplings of the

W boson, which are highly constrained and cannot induce LFU

violating e↵ects.

右巻きの軽いクォー
クを含んだOperator
はU(2)ではsuppress

ℒCC
EFT = 1

v2 [CV Λ[ijαβ]
V )(3)

ℓq + CS Λ[ijαβ]
S )ℓedq]

W
※ W couplingを変えるようなoperator [ex.                             ]は 
highly suppressed & LFUVを出さないのでneglect

1 : X3

QG fABCGAν
µ GBρ

ν GCµ
ρ

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ

QW ϵIJKW Iν
µ W Jρ

ν WKµ
ρ

Q
W̃

ϵIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

2 : H6

QH (H†H)3

3 : H4D2

QH! (H†H)!(H†H)

QHD

(
H†DµH

)∗ (
H†DµH

)

5 : ψ2H3 + h.c.

QeH (H†H)(l̄perH)

QuH (H†H)(q̄purH̃)

QdH (H†H)(q̄pdrH)

4 : X2H2

QHG H†H GA
µνG

Aµν

QHG̃ H†H G̃A
µνG

Aµν

QHW H†HW I
µνW

Iµν

QHW̃ H†H W̃ I
µνW

Iµν

QHB H†H BµνBµν

QHB̃ H†H B̃µνBµν

QHWB H†τ IHW I
µνB

µν

QHW̃B H†τ IH W̃ I
µνB

µν

6 : ψ2XH + h.c.

QeW (l̄pσµνer)τ IHW I
µν

QeB (l̄pσµνer)HBµν

QuG (q̄pσµνTAur)H̃ GA
µν

QuW (q̄pσµνur)τ IH̃ W I
µν

QuB (q̄pσµνur)H̃ Bµν

QdG (q̄pσµνTAdr)H GA
µν

QdW (q̄pσµνdr)τ IHW I
µν

QdB (q̄pσµνdr)H Bµν

7 : ψ2H2D

Q(1)
Hl (H†i

←→
D µH)(l̄pγµlr)

Q(3)
Hl (H†i

←→
D I

µH)(l̄pτ Iγµlr)

QHe (H†i
←→
D µH)(ēpγµer)

Q(1)
Hq (H†i

←→
D µH)(q̄pγµqr)

Q(3)
Hq (H†i

←→
D I

µH)(q̄pτ Iγµqr)

QHu (H†i
←→
D µH)(ūpγµur)

QHd (H†i
←→
D µH)(d̄pγµdr)

QHud + h.c. i(H̃†DµH)(ūpγµdr)

8 : (L̄L)(L̄L)

Qll (l̄pγµlr)(l̄sγµlt)

Q(1)
qq (q̄pγµqr)(q̄sγµqt)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt)

8 : (R̄R)(R̄R)

Qee (ēpγµer)(ēsγµet)

Quu (ūpγµur)(ūsγµut)

Qdd (d̄pγµdr)(d̄sγµdt)

Qeu (ēpγµer)(ūsγµut)

Qed (ēpγµer)(d̄sγµdt)

Q(1)
ud (ūpγµur)(d̄sγµdt)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt)

8 : (L̄L)(R̄R)

Qle (l̄pγµlr)(ēsγµet)

Qlu (l̄pγµlr)(ūsγµut)

Qld (l̄pγµlr)(d̄sγµdt)

Qqe (q̄pγµqr)(ēsγµet)

Q(1)
qu (q̄pγµqr)(ūsγµut)

Q(8)
qu (q̄pγµTAqr)(ūsγµTAut)

Q(1)
qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

8 : (L̄R)(R̄L) + h.c.

Qledq (l̄jper)(d̄sqtj)

8 : (L̄R)(L̄R) + h.c.

Q(1)
quqd (q̄jpur)ϵjk(q̄ksdt)

Q(8)
quqd (q̄jpTAur)ϵjk(q̄ksT

Adt)

Q(1)
lequ (l̄jper)ϵjk(q̄ksut)

Q(3)
lequ (l̄jpσµνer)ϵjk(q̄ksσ

µνut)

Table 5. The 76 dimension-six operators that conserve baryon and lepton number in SMEFT. The
operators are divided into eight classes according to their field content. The class-8 ψ4 four-fermion
operators are further divided into subclasses according to their chiral properties. Operators with
+ h.c. have Hermitian conjugates, as does the ψ2H2D operator QHud. The subscripts p, r, s, t are
weak-eigenstate indices.
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※ このトークでは、 の場合のみ議論するα = β = 3

Λ[ij33]
V = Λ[ij33]

S =
0 0 λd

q

0 0 λs
q

0 0 1

in mass basis with  qi
L = (

V*ji u j

di )

λd
q

λsq
= |Vtd |

|Vts |
eiαd

※  and  sb ≪ 1 Rd ≈ 1

and normalized as  Λ[3333]
V,S = 1

Effective theory for charged-current semileptonic decay 

λs
q = O( |Vq | )

ℒCC
EFT = 1

v2 [CV Λ[ijαβ]
V (ℓ̄α

Lγμτaℓβ
L)(q̄i

Lγμτaqj
L) + CS Λ[ijαβ]

S (ℓ̄α
Leβ

R)(d̄ i
Rqj

L)]

 Parameters:  ,  and spurion CV CS |Vq |



U1 Leptoquarks

b c
τ

ντ

LQU1 LQ で出てくるoperatorと同じ

ℒCC
EFT = 1

v2 [CV Λ[ijαβ]
V (ℓ̄α

Lγμτaℓβ
L)(q̄i

Lγμτaqj
L) + CS Λ[ijαβ]

S (ℓ̄α
Leβ

R)(d̄ i
Rqj

L)]

Leptoquark(LQ) solution (scalar and vector)は、B anomalyを説明できるmediator
の有力候補。なかでも �  vector LQ は �  両方説明可能U1 = (2,1,2/3) RD(*) & RK(*)

ℒU1
= g U

2 [βiα
L (q̄ i

Lγμℓα
L) + βiα

R (d̄ i
Rγμeα

R)] Uμ
1 + h . c .

EFT approach & �  LQU1

CV = g 2
U

2M2
U1

1
2 2GF

, CS

CV
= −2β*R , λs

q = βsτ
L



Cc
V(S) = CV(S) 1 + λs

q ( Vcs

Vcb
+ Vcd

Vcb

|Vtd |
|Vts |

eiαd)

For convenience, re-define effective couplings as �/SM → (1 + Cu ,c
V )/SM

for �b → c for �b → u

Cu
V(S) = CV(S) 1 + λs

q ( Vu s

Vu b
+ Vu d

Vu b

|Vtd |
|Vts |

eiαd)

= Cc
V(S) 1 + λs

q
Vu d

Vu b ( |Vtd |
|Vts |

eiαd −
V*td
V*ts )

Cc
S

Cc
V

= Cu
S

Cu
V

= CS

CV

flavor blind & NP helicity structureにのみ依存

scalar and vector

b→c and b→u under U(2)



Cc
V(S) = CV(S) 1 + λs

q ( Vcs

Vcb
+ Vcd

Vcb

|Vtd |
|Vts |

eiαd)

For convenience, re-define effective couplings as �/SM → (1 + Cu ,c
V )/SM

for �b → c for �b → u

Cu
V(S) = CV(S) 1 + λs

q ( Vu s

Vu b
+ Vu d

Vu b

|Vtd |
|Vts |

eiαd)
�  vs �b → c b → u

Depends on unconstrained phase �αd

αu −αd = arg(Vtd) + arg(Vu b) ≈ −π/2

�    in the limit �= 1 αd = −arg( Vtd

Vts
)Cu

V,S
Cc

V,S �  at  �  
(the phase of the CKM matrix originates
 only from the up sector)

∼ 0.5 αd = π{

b→c and b→u under U(2)

5

FIG. 2. Deviations of the polarization asymmetries com-
pared to the SM as a function of �RD ��RD⇤ . The predic-
tions have been obtained marginalizing over all free param-
eters. In gray, the experimental value of �FD⇤

L at 1� and
2�.

B. b ! u transitions

The analog of Cc

V (S) for b ! u transitions are the ef-
fective couplings

Cu

V (S) = CV (S)


1 + �s

q

✓
Vus

Vub

+
Vud

Vub

|Vtd|

|Vts|
ei↵d

◆�

= Cc

V (S)


1 + �s

q

Vud

Vub

✓
|Vtd|

|Vts|
ei↵d �

V ⇤
td

V ⇤
ts

◆�
, (28)

where the result in the second line follows (without ap-
proximations) from CKM unitarity. As can be seen, the
unconstrained phase ↵d controls the relation between the
two sets of e↵ective couplings. Their ratio as a func-
tion of ↵d is illustrated in Fig. 3. Only in the limit
↵d = � arg(Vtd/Vts) one finds Cu

V,S
= Cc

V,S
, correspond-

ing to identical NP e↵ects, relative to the SM, in b ! c
and b ! u transitions. As we discuss below, this scenario
is well supported by present data. On the other hand,
values of ↵d ⇡ 0 lead to too large NP e↵ects in b ! u
transitions which are already excluded by present data.

The phase ↵d originates from a possible non-trivial CP
violating phase in the subleading spurion �d. As antici-
pated, it is unconstrained; however, it is connected to its
analog in the up sector, ↵u (arising by the CP violating
phase of �u), by the relation [13]

↵u � ↵d = arg(Vtd) + arg(Vub) ⇡ �⇡/2 , (29)

holding in the standard CKM phase convention. The re-
sult on the r.h.s of Eq. (29) follows from the experimental

FIG. 3. Relations between the e↵ective couplings controlling
NP e↵ects in b ! c and b ! u transitions as a function of ↵d.
The red line denotes the point ↵d = � arg(Vtd/Vts), the two
gray lines the two values of ↵d used in Fig. 4.

determination of the CKM elements. Beside the choice
↵d = � arg(Vtd/Vts), which minimize NP e↵ects in b ! u
transitions, a notable value is ↵d = ⇡. The latter corre-
spond to the case where the phase of the CKM matrix
originates only from the up sector (↵u ⇡ ⇡/2).
At present, the most significant constrains on b ! u⌧⌫

transitions are derived from B ! ⌧⌫, whose branching
ratio is

B(B ! ⌧⌫)

B(B ! ⌧⌫)SM
= |1 + Cu

V
+ �u⌘SC

c

S
|
2 , (30)

where

�u =
m2

B+

m⌧ (mb +mu)
⇡ 3.75 . (31)

The continuous contour lines in Fig. 1 show the con-
straints on Cc

S
and Cc

V
once the experimental data on

R(⇤)
D

are combined with those on B(B ! ⌧⌫), evalu-
ated setting ↵d = ⇡ and allowing �s

q
to vary in the

interval �s

q
2 [1, 3] |Vts| (1� rage indicated by the pink

band in Fig. 1). For illustration, the impact of setting
↵d = � arg(Vtd/Vts) is also shown (1� rage indicated by
the pink dashed lines). As can be shown, for both these
notable values of ↵d the present constraints from b ! u
and b ! c transitions are perfectly compatible.
In the future, very interesting constraints are expected

from B ! ⇡⌧⌫, for which the following expression
holds [22],

R⇡ =
B(B ! ⇡⌧⌫)NP

B(B ! ⇡`⌫)SM
= |1 + Cu

V
|
2

+1.13(7)Re [(1 + Cu

V
)Cu

S

⇤] + 1.36(9) |Cu

S
|
2 . (32)

Combined precise measurements of B(B ! ⌧⌫) and
B(B ! ⇡⌧⌫), as can be expected at Belle-II, would al-
low both to determine ↵d from data and to test the U(2)5



Numerical forula for observables

where  arises by running of scalar operator from TeV scale down to mb ηS ≈ 1.8

RD

RSM
D

≈ |1 + Cc
V |2 + 1.49 Re[(1 + Cc

V)ηSCc
S

*] + 1.02 |ηSCc
S|2

RD*
RSM

D*
≈ |1 + Cc

V |2 + 0.11 Re[(1 + Cc
V)ηSCc

S
*] + 0.04 |ηSCc

S|2

�

�

�

FD*
L

FD*
L,SM

≈ 1 + 0.13 ηSCc
S(1 −Cc

V) + 0.03 η2
S Cc

S
2

PD
τ

PD
τ,SM

≈ 1 + 3.16 ηSCc
S(1 −Cc

V) −2.55 η2
S Cc

S
2

PD*
τ

PD*
τ,SM

≈ 1 −0.33 ηSCc
S(1 −Cc

V) −0.07 η2
S Cc

S
2

Iguro, Kitahara, Omura 
Watanabe and KY 
 [1811.08899]

�b → c



ℬ(B+
c → τ+ ν)

ℬ(B+c → τ+ ντ)SM
= 1 + Cc

V+
m2

Bc

mτ (mb + mc) Cc
S

2
≈ 1 + Cc

V + 4.33Cc
S

Chiral enhancement factor

Numerical forula for observables

Rπ

RSMπ
= |1 + Cu

V |2 + 1.13 Re [(1 + Cu
V)Cu

S
*] + 1.36 |Cu

S |2

ℬ(B+ → τ+ ν)
ℬ(B+ → τ+ ντ)SM

= 1 + Cu
V+ m2

B+

mτ (mb + mu ) Cu
S

2
≈ 1 + Cu

V + 3.75Cu
S

�b → u



4

⇡ CV (S)

✓
1 + �s

q

Vcs

Vcb

◆
, (19)

where we have factorised the CKM factor Vcb, such that
left-handed part of the interactions is modified as

A
SM

! (1 + Cc

V
)ASM . (20)

In the absence of the simplifying hypothesis �̃L = �L, one
would need to redefine Cc

V
replacing �s

q
with �̃s

q
. Employ-

ing this hypothesis, as in the leptoquark case, the ratio
Cc

S
/Cc

V
= CS/CV is flavor blind and depends only on the

helicity structure of the NP amplitude.
Using the results in Ref. [17] for B ! D(⇤)`⌫ form fac-

tors and decay rates, neglecting the tiny NP corrections
in the ` = µ, e case (see below) leads to the following ex-
pression for the LFU ratios, RH = �(B ! H⌧⌫)/�(B !

H`⌫),

RD

RSM
D

⇡ |1 + Cc

V
|
2 + 1.49Re[(1 + Cc

V
)⌘S Cc

S

⇤]

+1.02 |⌘S Cc

S
|
2 , (21)

RD⇤

RSM
D⇤

⇡ |1 + Cc

V
|
2 + 0.11Re[(1 + Cc

V
)⌘S Cc

S

⇤]

+0.04 |⌘S Cc

S
|
2 , (22)

where ⌘S ⇡ 1.8 arises by the running of the scalar
operator from the TeV scale down to mb [please com-
plete/update numerics & refs.].

The current measurements of RD and R⇤
D

[1–5] lead to
the constraints on Cc

S
and Cc

V
shown in Fig. 1 (dashed

contour lines) where, for simplicity, we have assumed
these couplings to be real. For comparison, the directions
corresponding to a pure-handed (�R = 0) or a vector-like
interaction (�R = �1) for the U1 are also indicated.

Before discussing the impact of additional observables
in constraining the same set of parameters (under ad-
ditional assumptions), we stress that once Cc

S
and Cc

V

have been determined, all the other b ! c⌧⌫ observables
are completely fixed by the U(2)5 invariant structure of
L
CC
EFT and can be used to test it. Particularly interesting

in this respect are the polarization asymmetries,

FD
⇤

L
=

�(B̄ ! D⇤
L
⌧⌫)

�(B̄ ! D⇤⌧⌫)
, (23)

PD
(⇤)

⌧
=

�(B̄ ! D(⇤)⌧ (+)⌫)� �(B̄ ! D(⇤)⌧ (�)⌫)

�(B̄ ! D(⇤)⌧ (+)⌫) + �(B̄ ! D(⇤)⌧ (�)⌫)
.

Using the results in Ref. [18], we obtain [ “Re” missing?]

FD
⇤

L

FD⇤
L,SM

⇡ 1 + 0.13 ⌘S Cc

S
(1� Cc

V
) + 0.03 ⌘2

S
Cc

S

2 ,

PD

⌧

PD

⌧,SM

⇡ 1 + 3.16 ⌘S Cc

S
(1� Cc

V
)� 2.55 ⌘2

S
Cc

S

2 ,

PD
⇤

⌧

PD⇤
⌧,SM

⇡ 1� 0.33 ⌘S Cc

S
(1� Cc

V
)� 0.07 ⌘2

S
Cc

S

2 ,

(24)

FIG. 1. Best fit regions in the (Cc
S , C

c
V ) plane. The three

contours corresponds to 1,2, and 3� intervals. The dashed
blues lines take into account only the information from RD

and R⇤
D, whereas the continuous lines takes into account also

constraints from b ! u observables (see main text for more
details). The colored bands correspond to the 1� regions de-
fined by each observable.

where FD
⇤

L,SM = 0.46(4), PD

⌧,SM = 0.325(9), and PD
⇤

⌧,SM =
�0.497(13). Since the e↵ect of Cc

V
is that of rescaling the

SM amplitude, all the above ratios are largely insensitive
to the value of Cc

V
and become 1 in the limit Cc

S
! 0.

This fact is clearly illustrated by Fig. 2, where we plot
the deviations from unity of the polarization ratios vs. the
di↵erence on the two leading LFU ratios (which also van-
ishes in the limit Cc

S
! 0),

�PX =
PX

P SM
X

� 1 , �RX =
RX

RSM
X

� 1 . (25)

As can be seen, the predicted pattern of deviations is
very precise and rather specific.
The last b ! c⌧⌫ observable we take into account is

B(B+
c
! ⌧+⌫), that is particularly sensitive to the scalar

amplitude. Despite it will be quite di�cult to measure
this branching ratio in the future, interesting bounds can
be derived by the measurement of the B+

c
lifetime [19,

20]. Using the analytic formula in Ref. [21] we get

B(B+
c
! ⌧+⌫)

B(B+
c ! ⌧+⌫⌧ )SM

= |1 + Cc

V
+ �c⌘SC

c

S
|
2 , (26)

where

�c =
m2

Bc

m⌧ (mb +mc)
⇡ 4.33 . (27)

preliminary

�  1 �B−→ τντ σ

�  1 �RD σ

�  1 �RD* σ

  vs  CS CV

- - - : Chi2 w �   
— : Chi2 w �

RD(*)

RD(*), B+

αd = π, λs
q ∈ [1,3] |Vts |

- - - : �αd = −arg( Vtd

Vts
)

CS

CV
= −2β*R

※ There is constraint from neutral current obs. �  Bs → ττ

2

trices can be decomposed as

Yu(d) = yt(b)

✓
�u(d) xt(b) Vq

0 1

◆
, Ye = y⌧

✓
�e x⌧ V`

0 1

◆
.

(2)

Here xt,b,⌧ and yt,b,⌧ are free complex parameters, ex-
pected to be of O(1).1

The precise size of the spurions is not know; however,
we can estimate their size by the requirement of no tuning
in the O(1) parameters. This implies |Vq| = O(✏). In the
limit of vanishing neutrino masses, the size of |V`| cannot
unambiguously be determined. As discussed below (see
also [13, 14]), a good fit of the anomalies in semileptonic
B decays is obtained for

|V`|, |Vq| = O(10�1) , (3)

which is perfectly consistent with: i) the estimate |Vq| =
O(✏); ii) the hypothesis of a common origin for the two
leading U(2)5 breaking terms in quark and lepton sector.
The entries in the 2⇥ 2 matrices �u,d,e are significantly
smaller than |Vq,`|, with a maximal size of O(10�2) in the
quark sector.

The Yukawa matrices in (2) can be brought to a diag-
onal form by means of appropriate unitary transforma-
tions: L†

f
YfRf = diag(Yf ), with f = u, d, e. The most

general form for these unitary transformations, written
in the so-called interaction basis, where the second gen-
eration in U(2)q(`) space is defined by the alignment of
the leading spurions,

Vq(`) = |Vq(`)|⇥

✓
0
1

◆
, (4)

is [13] (see also [10]):

Ld =

0

@
cd �sd ei↵d 0

sd e�i↵d cd �sb ei�b

sd sb e�i(↵d+�b) sb cd e�i�b 1

1

A ,

Le =

0

@
1 �se ei↵e 0

+se e�i↵e 1 �s⌧ ei�⌧

ses⌧ e�i(↵e+�⌧ ) +s⌧ e�i�⌧ 1

1

A ,

(5)

with Lu = Ld V
†
CKM and Ru,d,e ⇡ 1. Here we have taken

advantage of the constraints imposed by fermions masses
and CKM matrix elements to eliminate various parame-
ters appearing in the Lf .2 However, these constraints do
not fix all of them: sb(⌧) is a small unconstrained mix-
ing angle whose natural size is that of the leading spurion
|Vq(`)|. The angle sd, constrained to be sd/cd = |Vtd/Vts|,
originates by the diagonalisation of �d; its leptonic coun-
terpart (se), originating by the diagonalisation of �e,
cannot be expressed in terms of measurable quantities.
Finally �b,↵d,�⌧ ,↵e are unconstrained O(1) phases.

1
In models with more than one Higgs doublet, the smallness of

yt,b,⌧ can be justified in terms of approximate flavor-independent

U(1) symmetries.
2 Ru,d,e ⇡ 1 due to the double suppression of small mass ratios

and mixing terms [13].

III. IMPACT OF U(2)5 ON THE EFT FOR
CHARGED-CURRENT B DECAYS

Having defined the structure of the symmetry and its
symmetry breaking terms from the SM Yukawa sector, we
are ready to analyse its implications beyond the SM. As-
suming no new degrees of freedom below the electroweak
scale, we can describe NP e↵ect in full generality em-
ploying the so-called SMEFT. We can limit the attention
to dimension-six four-fermion operators bilinear in quark
and lepton fields,3 that we can write generically as

LEFT =
1

v2

X

k,[ij↵�]

C
[ij↵�]
k

O
[ij↵�]
k

+ h.c. , (6)

where {↵,�} are lepton-flavor indices, and {i, j} are
quark-flavor indices. Among them, those with a non-
vanishing tree-level matrix element in charged-current
semileptonic B decays are

O
(3)
`q

= (¯̀↵
L
�µ⌧a`�

L
)(q̄i

L
�µ⌧

aqj
L
) ,

O`edq = (¯̀↵
L
e�
R
)(d̄i

R
qj
L
) ,

O
(1)
`equ

= (¯̀a,↵
L

e�
R
)✏ab(q̄

a,i

L
uj

R
) ,

O
(3)
`equ

= (¯̀a,↵
L

�µ⌫e
�

R
)✏ab(q̄

b,i

L
�µ⌫uj

R
) ,

(7)

where {a, b} are SU(2)L indices. Our main hypothesis

is to reduce the number of C[ij↵�]
k

retaining only those
corresponding to U(2)5 invariant operators, up to the
insertion of one or two powers of the leading SU(2)q ⇥
SU(2)` spurions in Eq. (3).
A first strong simplification arises by neglecting sub-

leading spurions with non-trivial transformation proper-
ties under U(2)u. Since we are interested in process of the
type b ! c(u)`⌫, this implies we can neglect the opera-

tors O(1)
`equ

and O
(3)
`equ

. We are thus left with the following
e↵ective Lagrangian

L
CC
EFT =

1

v2

h
CV ⇤[ij↵�]

V
O

(3)
`q

+ CS ⇤[ij↵�]
S

O`edq

i
+ h.c. ,

(8)
where CV,S control the overall strength of the NP e↵ects
and ⇤V,S are tensors that parametrize the flavor struc-

ture. They are normalized by setting ⇤[3333]
V,S

= 1, which

is the only term surviving in the exact U(2)5 limit.

Let’s consider first the structure of ⇤[ij↵�]
S

, which is
particularly simple. Since we neglect U(2)d,e breaking
spurions, it factorizes to

⇤[ij↵�]
S

= (�†
L
)↵j ⇥ �i�

R
, (9)

3
We neglect operators which modify the e↵ective couplings of the

W boson, which are highly constrained and cannot induce LFU

violating e↵ects.

→ CC & NC

flavor blind & 
NP helicity structureRecall : �
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V
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S

Cu
V

= CS

CV
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FIG. 2. Deviations of the polarization asymmetries com-
pared to the SM as a function of �RD ��RD⇤ . The predic-
tions have been obtained marginalizing over all free param-
eters. In gray, the experimental value of �FD⇤

L at 1� and
2�.

B. b ! u transitions

The analog of Cc

V (S) for b ! u transitions are the ef-
fective couplings

Cu

V (S) = CV (S)


1 + �s

q

✓
Vus

Vub

+
Vud

Vub

|Vtd|

|Vts|
ei↵d

◆�

= Cc

V (S)


1 + �s

q

Vud

Vub

✓
|Vtd|

|Vts|
ei↵d �

V ⇤
td

V ⇤
ts

◆�
, (28)

where the result in the second line follows (without ap-
proximations) from CKM unitarity. As can be seen, the
unconstrained phase ↵d controls the relation between the
two sets of e↵ective couplings. Their ratio as a func-
tion of ↵d is illustrated in Fig. 3. Only in the limit
↵d = � arg(Vtd/Vts) one finds Cu

V,S
= Cc

V,S
, correspond-

ing to identical NP e↵ects, relative to the SM, in b ! c
and b ! u transitions. As we discuss below, this scenario
is well supported by present data. On the other hand,
values of ↵d ⇡ 0 lead to too large NP e↵ects in b ! u
transitions which are already excluded by present data.

The phase ↵d originates from a possible non-trivial CP
violating phase in the subleading spurion �d. As antici-
pated, it is unconstrained; however, it is connected to its
analog in the up sector, ↵u (arising by the CP violating
phase of �u), by the relation [13]

↵u � ↵d = arg(Vtd) + arg(Vub) ⇡ �⇡/2 , (29)

holding in the standard CKM phase convention. The re-
sult on the r.h.s of Eq. (29) follows from the experimental

FIG. 3. Relations between the e↵ective couplings controlling
NP e↵ects in b ! c and b ! u transitions as a function of ↵d.
The red line denotes the point ↵d = � arg(Vtd/Vts), the two
gray lines the two values of ↵d used in Fig. 4.

determination of the CKM elements. Beside the choice
↵d = � arg(Vtd/Vts), which minimize NP e↵ects in b ! u
transitions, a notable value is ↵d = ⇡. The latter corre-
spond to the case where the phase of the CKM matrix
originates only from the up sector (↵u ⇡ ⇡/2).
At present, the most significant constrains on b ! u⌧⌫

transitions are derived from B ! ⌧⌫, whose branching
ratio is

B(B ! ⌧⌫)

B(B ! ⌧⌫)SM
= |1 + Cu

V
+ �u⌘SC

c

S
|
2 , (30)

where

�u =
m2

B+

m⌧ (mb +mu)
⇡ 3.75 . (31)

The continuous contour lines in Fig. 1 show the con-
straints on Cc

S
and Cc

V
once the experimental data on

R(⇤)
D

are combined with those on B(B ! ⌧⌫), evalu-
ated setting ↵d = ⇡ and allowing �s

q
to vary in the

interval �s

q
2 [1, 3] |Vts| (1� rage indicated by the pink

band in Fig. 1). For illustration, the impact of setting
↵d = � arg(Vtd/Vts) is also shown (1� rage indicated by
the pink dashed lines). As can be shown, for both these
notable values of ↵d the present constraints from b ! u
and b ! c transitions are perfectly compatible.
In the future, very interesting constraints are expected

from B ! ⇡⌧⌫, for which the following expression
holds [22],

R⇡ =
B(B ! ⇡⌧⌫)NP

B(B ! ⇡`⌫)SM
= |1 + Cu

V
|
2

+1.13(7)Re [(1 + Cu

V
)Cu

S

⇤] + 1.36(9) |Cu

S
|
2 . (32)

Combined precise measurements of B(B ! ⌧⌫) and
B(B ! ⇡⌧⌫), as can be expected at Belle-II, would al-
low both to determine ↵d from data and to test the U(2)5

preliminary
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  dependence i)   vs polarisationsCS ΔRD −ΔRD*
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FIG. 4. Predictions for B(Bc ! ⌧⌫), B(B ! ⌧⌫) and
B(B ! ⇡⌧⌫), all normalised to the corresponding SM expec-
tations, as a function of �RD ��RD⇤ . The upper plot is ob-
tained for ↵d = ⇡, the lower plot for ↵d = �2 arg(Vtd/Vts)�⇡
(↵d,max = 2(2⇡�arg(Vtd/Vts)�⇡). In both cases �s

q = 3|Vts|.

structure of the interaction. In Fig. 4 we show the predic-
tions for these two observables, as well as B(Bc ! ⌧⌫),
as a function of �RD��RD⇤ , for the two values ↵d = ⇡
and ↵d = �2 arg(Vtd/Vts) � ⇡ corresponding to the two
grey lines in Fig. (3).

——— Still to be edited ———

C. Constraints from neutral currents

B(Bs ! ⌧⌧)

B(Bs ! ⌧⌧)SM
=

����1 +
2⇡ �s

q

↵VtbV ⇤
ts
CSM
10

⇣
CV +

�s

2
⌘SCS

⌘����
2

+

✓
1�

4m2
⌧

m2
Bs

◆ ����
⇡�s

q

↵VtbV ⇤
ts
CSM
10

�s⌘SCS

����
2

, (33)

where

�s =
m2

Bs

m⌧ (mb +ms)
(34)

Here we should (briefly) discuss also b ! s⌧µ and b !

sµµ observables as probes of �µ

`
(i.e. the alignment in

lepton flavor space).

D. Charged-current transitions to light leptons

• Quantify maximal enhancement in B(B ! µ⌫) via
the (conservative) upper bound from B(Bs ! ⌧µ)
and B(Bs ! µµ).

• Quantify expectations of LFU violating e↵ects in
B(B ! D(⇤)µ⌫)/B(B ! D(⇤)e⌫). Here we can
hope to get high precision, so maybe better to use
the results from the fit.
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Summary

B semi-leptonic decay において、LFUV が報告されている (B anomalies)

U(2) flavour symmetry
3世代目に強くcoupleするNPが示唆

Charged current �  & �  に注目。�  flavour symmetry の元で、flavor & helicity 
structureがどのようにテストできるか議論した

b → c b → u U(2)Charged current �  & �  に注目。�  flavour symmey の元で、flavor & helicity 
structureがどのようにテストできるか議論する

b→ c b→ u U(2)

What we did

� � �b→ cτντ � � �b→ uτντ

�

�

polarizations

B → D(*)τντ [RD(*)]
Bc → τντ

�

�

B → πτντ [Rπ]
B+ → τντ

RSM
π = 0.641 ± 0.016

Rexp
π ≃1.05 ± 0.51 → Belle II

U(2)
Correlations under 

B anomaly

Tanaka and Wtanabe 
 [1608.05207]

もしB anomaliesがNPによるものであれば、� , polarization等に兆候が現れ得る


updated Belle II & LHCb data に期待

b → u


