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Anomalies in Exclusive Channels
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Figure 7. Differential branching fractions as function of q 2 measured by LHCb for several decay channels. Bands
correspond to the SM expectations, with calculations from LQCD and LCSR [10? – 14]

clean [20]. Figure 8 shows P′5 measured by the different experiments and compared to theoretical ex-
pectations. q 2 regions dominated by the charmonium resonances are excluded. A deviation of about
3σ from the SM prediction is observed by LHCb and confirmed by other experiments.

An explanation of this deviation from the SM could originate from long-distance contributions
from the intermediate hadronic resonant states. These effects could be sizable in dimuon mass regions
far from the pole masses of the J/ψ and ψ(2S) resonances. Aiming at understanding long-distance
contributions, the LHCb experiment has measured the phase difference between short- and long- dis-
tance amplitudes in the B+ → K+µ+µ− decay mode [25]. The differential decay width as function of
the dimuon invariant mass is expressed in terms of form factors and Wilson coefficients, and studied
across the full q 2 region. In the analysis an effective Wilson coefficient Ce f f

9 = C9 +
∑

j η jeiδ j Ares
j (q 2)

is considered, where η j is the magnitude of the resonance and δ j its phase relative to C9. The sum over
j includes the ρ, w, φ, J/ψ and ψ(2S) resonances, as well as the broad charmonium states above the
open charm threshold. The amplitudes Ares

j (q 2) are modeled using Breit-Wigner functions, and apart
from the J/ψ and ψ(2S) resonances, their widths and pole masses are fixed to the known values. Form
factors are obtained from Lattice QCD calculations [26]. Magnitudes and phases are then extracted
from data. Four degenerate solutions coming from ambiguities in the signs of the J/ψ and ψ(2S)
phases are obtained. Figure 9 (left) shows the solution for which both phase resonances have a nega-
tive sign. The interference with the short-distance component in dimuon mass regions far from their
pole masses is found to be small. That means that the effect of hadronic resonances in the Wilson co-
efficients is also small. Figure 9 (right) shows the two-dimensional likelihood profile of the measured
Wilson coefficients C9 and C10. The fit result deviates 3σ from the SM prediction. The dominant
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Figure 7. Differential branching fractions as function of q 2 measured by LHCb for several decay channels. Bands
correspond to the SM expectations, with calculations from LQCD and LCSR [10? – 14]

clean [20]. Figure 8 shows P′5 measured by the different experiments and compared to theoretical ex-
pectations. q 2 regions dominated by the charmonium resonances are excluded. A deviation of about
3σ from the SM prediction is observed by LHCb and confirmed by other experiments.

An explanation of this deviation from the SM could originate from long-distance contributions
from the intermediate hadronic resonant states. These effects could be sizable in dimuon mass regions
far from the pole masses of the J/ψ and ψ(2S) resonances. Aiming at understanding long-distance
contributions, the LHCb experiment has measured the phase difference between short- and long- dis-
tance amplitudes in the B+ → K+µ+µ− decay mode [25]. The differential decay width as function of
the dimuon invariant mass is expressed in terms of form factors and Wilson coefficients, and studied
across the full q 2 region. In the analysis an effective Wilson coefficient Ce f f

9 = C9 +
∑

j η jeiδ j Ares
j (q 2)

is considered, where η j is the magnitude of the resonance and δ j its phase relative to C9. The sum over
j includes the ρ, w, φ, J/ψ and ψ(2S) resonances, as well as the broad charmonium states above the
open charm threshold. The amplitudes Ares

j (q 2) are modeled using Breit-Wigner functions, and apart
from the J/ψ and ψ(2S) resonances, their widths and pole masses are fixed to the known values. Form
factors are obtained from Lattice QCD calculations [26]. Magnitudes and phases are then extracted
from data. Four degenerate solutions coming from ambiguities in the signs of the J/ψ and ψ(2S)
phases are obtained. Figure 9 (left) shows the solution for which both phase resonances have a nega-
tive sign. The interference with the short-distance component in dimuon mass regions far from their
pole masses is found to be small. That means that the effect of hadronic resonances in the Wilson co-
efficients is also small. Figure 9 (right) shows the two-dimensional likelihood profile of the measured
Wilson coefficients C9 and C10. The fit result deviates 3σ from the SM prediction. The dominant

Figure 8. The optimized angular observable P′5 measured by different experiments. Coloured bands correspond
to the predictions by the SM.
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Figure 9. One of the degenerated fit solutions to the dimuon mass distribution of the B+ → K+µ+µ− decay
channel (left) and the two-dimensional likelihood profile for the Wilson coefficients C9 and C10.

uncertainty on the C9 and C10 coefficients arises from the knowledge of the B → K hadronic form
factors.

Observables which are less affected by hadronic uncertainties are the rare semileptonic ratios RH ,
defined as the ratio of branching fractions of a B hadron decaying in a hadron and two different
species of lepton flavours, for instance RK = B(B+ → K+µ+µ−)/B(B+ → K+e+e−). In the SM all
lepton flavours are expected to have the same couplings to gauge bosons and this ratio is one up to
small corrections of order m2

µ/m
2
b. The LHCb experiment has measured this ratio in the 1 GeV2 <

q2 < 6 GeV2 region [27]. Experimentally one can measure a double ratio taking benefit of the
J/ψ → ℓ+ℓ− resonance. This allows to cancel many of the systematic uncertainties coming from
the lepton reconstruction. In Figure 10 the q2 distribution as a function of the invariant B+ mass is
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Figure 10. q2 distribution as a function of the invariant K+µ+µ− (left) and K+e+e− (right) candidates.

represented for K+µ+µ− (left) and K+e+e− (right) candidates. For electron modes radiative emission
from final state radiation and bremsstrahlung due to material in the detector have to be corrected. Due
to bremsstrahlung emission the radiative tail of the J/ψ and ψ(2S) is most pronounced in the electron
mode. In Figure 11 (left) the fit to the mass distribution of the K+e+e− candidates is shown with the
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Figure 11. Left: Mass distribution of the K+e+e− candidates for a specific trigger category. Main backgrounds
are combinatorial (dark gray) and events partially reconstructed b-hadron decays (clear gray). The fit is superim-
posed. Right: Comparison of the measured RK with results from other experiments.

main backgrounds (combinatorial events and from partially reconstructed b-hadron decays) are shown
in dark and clear gray respectively.

From the efficiency-corrected signal yields for the muon and electron candidates, the ratio of
branching fractions is measured RK = 0.745 +0.090

−0.074 ± 0.036, where the first uncertainty is statistical
and the second one originates from systematic effects. This value is lower than the SM, at 2.6σ level.
Figure 11 (right) shows the comparison of the measured RK with results from other experiments.
Theoretical uncertainties in RK are very small due to the cancellation of form factors.

In a similar way, lepton universality has been tested at LHCb in the RK∗ ratio [28] with B0 →
K∗0ℓ+ℓ− decays. The K∗0 is reconstructed in the final state K+π− The ratio is measured in two regions

8

EPJ Web of Conferences 175, 01004 (2018) https://doi.org/10.1051/epjconf/201817501004
Lattice 2017
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• Region of interest is (1, 6) GeV
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Belle II: b→c Tree
• Combination of Babar, Belle & LHCb 4 σ from SM. 

• Belle II should confirm/deny this anomaly with 5 ab-1 

• Tag{Had, SL, Inclusive} x Signal {τ → l ν ν , τ → h ν} ~ 6 statistically independent approaches. 

• B → D* τ ν: 5 ab-1 ~ 3% (down from about 8%) 

• B → D τ ν: 5 ab-1 ~ 6% (down from 16%) - though Belle yet to release R(D) with SL tag.
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Table 10: Expected precision on RD(⇤) and P⌧ (D
⇤) at Belle II. The first and the second values

are the expected statistical and the systematic errors, respectively. These expectations are

shown as the relative (absolute) values for RD(⇤) (P⌧ (D
⇤)).

5 ab�1 50 ab�1

RD (6.0 ± 3.9)% (2.0 ± 2.5)%

RD⇤ (3.0 ± 2.5)% (1.0 ± 2.0)%
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Fig. 8: Expected Belle II constraints on the RD vs RD⇤ plane (top) and the RD⇤ vs P⌧ (D
⇤)

plane (bottom) compared to existing experimental constraints from Belle. The SM predic-

tions are also indicated by the black dots with error bars. In the right panel, the new physics

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS1
,

OV1
and OT , respectively.

Future prospect. Based on the existing results from Belle and expected improvements at 523

Belle II, we estimate precisions in the RD(⇤) and P⌧ (D
⇤) measurements as shown in Table 10. 524

In Fig. 8, the expected precisions at Belle II are compared to the current results and the SM 525

expectations. The RD(⇤) precision will be comparable to the current theoretical uncertainty 526

in the SM expectations. Furthermore, using information of P⌧ (D
⇤), discrimination of the 527

new physics scenarios may be possible. In the estimates for P⌧ (D
⇤), no improvement in the 528

systematic uncertainty arising from the hadronic B decays with three or more ⇡0, ⌘ and � is 529

assumed. However, although challenging, understanding for these modes may be improved by 530

the future measurements at Belle II and the systematic uncertainty will be further reduced. 531

As shown in Fig. 6, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on the EECL shape 532

in discrimination of the signal from the background events. One of the possible problem 533

at Belle II is therefore e↵ects from the large beam-induced background onto EECL. Deep 534

understanding of the beam background will be essential. 535

With high statistics of the Belle II data, the new physics scenarios can be also precisely

tested with q2 distributions. Figure 9 is demonstration of the statistical precision of the

q2 measurement with 50 ab�1 data based on a toy-MC study. A quantitative estimation

for future sensitivity to search for new physics by B̄ ! D(⇤)⌧ ⌫̄ is shown in Fig. 10 [66]. In

the figure, it is shown that the regions of CX are probed by the ratios (red) and the q2
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Fig. 9: (left) q2 distribution in the hadronic tag analysis and ⌧� ! `�⌫̄`⌫⌧ with the full Belle

data sample [26]. (right) Projection to the 50 ab�1 of the Belle II data. In both panels,

the solid histograms show the predicted distribution shape with the 2HDM of type II at

tan�/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data are shown based on the SM

hypothesis.

distributions (blue) at Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95%

CL3. One finds that the distributions are sensitive to the scalar and tensor scenarios. On

the other hand, the ratios and distributions are comparable for constraining the other new

physics scenarios. A new physics contribution that enters in CX is typically described as

CX ⇡ 1

2
p

2GF Vcb

gg0

M2
NP

, (48)

where g and g0 denote the general couplings of new heavy particles to quarks and leptons (at536

the NP mass scale MNP). Given that the couplings g, g0 ⇠ 1, one observes that the Belle II537

reach of new physics mass scale, MNP ⇠ (2
p

2GF VcbCX)�1/2, is about 5 – 10 TeV.538

1.4.2. B ! ⇡⌧⌫. Authors: R. Watanabe (th.), F. Bernlochner (exp.)539

As is presented above, discrepancies in the b ! c⌧⌫ processes with the SM predictions540

have been reported by the B physics experiments. This is particularly interesting because541

the processes are described by the b ! c charged current and predicted at the tree level in542

the SM. In this sense, it would be natural to expect that the b ! u⌧⌫ processes may also543

provide hints of new physics.544

The branching fraction of B ! ⇡⌧ ⌫̄ has been measured by the Belle collaboration in545

Ref. [67]. They observed no significant signal and obtained the 90% CL upper limit as B(B !546

⇡⌧ ⌫̄) < 2.5 ⇥ 10�4. Alternatively, one obtains B(B ! ⇡⌧ ⌫̄) = (1.52 ± 0.72 ± 0.13) ⇥ 10�4,547

where the first error (along with the central value) is read o↵ from the observed signal548

strength and the second one comes from the systematic uncertainty (8%) [67].549

On the theory side, evaluations of form factors for the B ! ⇡ transition have been devel-

oped. In the recent lattice studies of Refs. [68, 69], the authors have computed the vector

3 To see how small new physics contribution is probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [41]
for q2 distributions and given as the world average [8] for the ratios, are scaled by luminosity. See
Ref. [66] for further details of the analysis.
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tan�/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data are shown based on the SM
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where the first error (along with the central value) is read o↵ from the observed signal548

strength and the second one comes from the systematic uncertainty (8%) [67].549

On the theory side, evaluations of form factors for the B ! ⇡ transition have been devel-

oped. In the recent lattice studies of Refs. [68, 69], the authors have computed the vector

3 To see how small new physics contribution is probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [41]
for q2 distributions and given as the world average [8] for the ratios, are scaled by luminosity. See
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Belle II should be able to confirm the excess with ~5 ab-1

R.	de	Sangro	(LNF-INFN) Jan	21-28,	2018 56th	2018	-	Bormio,	Italy
Belle

• Rich	physics	program,	
competitive	and	
complementary	  
to	LHCb	

• Belle	II	strong	in	missing	
energy	modes,	time	
dependent	CPV,	very	
strong	in	precision	CKM	

• There	is	much	more	

• QCD	physics,	quarkonia	and	
exotic	states	

• Dark	matter	searches	
• …
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Belle	II	Physics:	Flavour	Observables
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