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“Rare” decays (decay rate < 10-6) 

Forbidden at tree-level, dominated by 
Penguin or box SM diagram 

๏ or: forbidden in SM (LFV) 

Heavy NP could be same order as SM 

Analogous FCNC in the charm 
sector with up-type quarks
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“Rare” decays (decay rate < 10-6) 

Forbidden at tree-level, dominated by 
Penguin or box SM diagram 

๏ or: forbidden in SM (LFV) 

Heavy NP could be same order as SM 

Analogous FCNC in the charm 
sector with up-type quarks
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“Semileptonic” decays (decay rate ~10%) 

Tree-level transitions 

Integrated and differential BFs 

๏ Sensitive to CKM matrix elements 

Precision measurement of neutral 
meson mixing and CP-violation 

Lepton Universality tests
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Timeline of heavy-flavor experiments

11

2020        …        2030        …        2040        …

 
LHCb      Upgrade 1       Upgrade 2

Super τ-charm factory

Belle II                    Belle III?

BESIII
FCC-ee?

e+e– colliders

hadron colliders
LHC HL-LHC

ATLAS/CMS          Phase-2 upgrade

[Stolen from Angelo di Canto and Stefan Meinel talk’s]
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B0
d,s ! µ+µ�

decays

Very rare decays

B(B0
s ! µ+µ�) = (3.66 ± 0.14) ⇥ 10�9

B(B0 ! µ+µ�) = (1.03 ± 0.05) ⇥ 10�10

[Beneke, Bobeth, Szafron, JHEP10(2019) 232]

Similar predictions using the correlation
with B mixing,
[Buras, Venturini -2109.11032]

• Summer 2020: 3 LHC experiments
combined

• 2.1� from SM in the 2D plane

New LHCb analysis

• Full statistics: 9 fb�1,
two-fold increase in statistics
w.r.t previous analysis

• Branching fractions and e↵ective
lifetime measurement

• Added B0
s ! µ+µ�� search
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Zoom on LHC

History a 30 years search
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ATLAS, CMS, LHCb - Summer 2020

2011 - 2016 data
Preliminary

SM

ATLAS
CMS
LHCb
Combined

[LHCb-CONF-2020-002]

F. Dettori Moriond QCD 22 4/18

B0
(s) → ℓ+ℓ−

A 30 years endeavour

“The” very rare decay, FCNC and helicity suppressed in SM
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The “golden” channel B0(s) → µ+µ- 

The decay  
• One in every billion Bs0 mesons decays into two muons 

6

B0
(s) ! µ+µ�

• For example, like this:

B0
s

u, c, t

W

ū, c̄, t̄
�, Z0

s

b̄

µ+

µ�

B0
s

W�

u, c, t

W+

⌫µ

s

b̄

µ�

µ+

Or this:

• The two things that make this decay special are: 

• Doubly suppressed (Helicity and GIM) 

• Good theoretical uncertainty (Lattice QCD needed for B meson 
decay constant).

arXiv:1703.05747

Clean theoretical predictions

B(B0
s → μ+μ−) = (3.66 ± 0.14) × 10−9

B(B0 → μ+μ−) = (1.03 ± 0.05) × 10−10

SM compatibility is good for puzzle-solving

31

[Straub, arXiv:1107.0266]
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[Nuovo Cim.C 035N1 (2012) 249]

+ box diagram 
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The “golden” channel B0(s) → µ+µ- 

The decay  
• One in every billion Bs0 mesons decays into two muons 

6
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• The two things that make this decay special are: 

• Doubly suppressed (Helicity and GIM) 

• Good theoretical uncertainty (Lattice QCD needed for B meson 
decay constant).

arXiv:1703.05747

Clean theoretical predictions

B(B0
s → μ+μ−) = (3.66 ± 0.14) × 10−9

B(B0 → μ+μ−) = (1.03 ± 0.05) × 10−10

SM compatibility is good for puzzle-solving
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The decay  
• One in every billion Bs0 mesons decays into two muons 
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• The two things that make this decay special are: 

• Doubly suppressed (Helicity and GIM) 

• Good theoretical uncertainty (Lattice QCD needed for B meson 
decay constant).
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Clean theoretical predictions

B(B0
s → μ+μ−) = (3.66 ± 0.14) × 10−9

B(B0 → μ+μ−) = (1.03 ± 0.05) × 10−10
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+ box diagram 

4. RADIATIVE  DECAY  B0s → µ+µ-γ 

[Phys.Lett.B 768 (2017) 163-167 ]

Not helicity suppressed and also sensitive to C9

B0
s ! µ+µ�� as an additional observable

The radiative B0
s ! µ+µ�� decay is very interesting:

• Not helicity suppressed - as rare as B0
s ! µ+µ�

• Sensitive to vector couplings (C9) (not just scalar or axial-vector)

• Can be split in initial (ISR) and final state radiation (FSR - bremsstrahlung)

New method: measure the B0
s ! µ+µ�� rate without photon reconstruction from

the left sideband of the B0
s ! µ+µ� analysis.
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The “golden” channel B0(s) → µ+µ- 

Combined LHC results [today]

1 2 3 4 5

9−10×

)9−) (10−µ+µ → s
0B(Β

0

0.1

0.2

0.3

0.4

0.5

0.6
9−10× )9−

) (
10

−
µ+

µ 
→ 0 B(

Β

ATLAS, CMS, LHCb - Summer 2020

2011 - 2016 data
Preliminary

SM

ATLAS
CMS
LHCb
Combined

1 2 3 4 5

9−10×

)9−) (10−µ+µ → s
0B(Β

0

0.1

0.2

0.3

0.4

0.5

0.6
9−10× )9−

) (
10

−
µ+

µ 
→ 0 B(

Β SM

ATLAS, CMS, LHCb - Summer 2020

2011 - 2016 data
Preliminary

[LHCb-CONF-2020-002, CMS PAS BPH-20-003, ATLAS-CONF-2020-049  ]

B(B0
s → μ+μ−) = (3.0 ± 0.6+0.3
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LHCb+ATLAS+CMS results on BR 
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The “golden” channel B0(s) → µ+µ- 

Exploring the full information on data

[LHCb, PRL 128 (2022) 4, 041801]
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Prospects for B0(s) → µ+µ- 

[LHCb-PUB-2018-009, ATL-PHYS-PUB-2018-005, CMS PAS FTR-14-013/-015] 

Flavio Archilli - Heidelberg University
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Prospects for B0(s) → µ+µ- 

[JHEP 05 (2017) 076]

Flavio Archilli - Heidelberg University
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Figure 5. Current constraints in the mA - tanβ plane in the MSSM scenario discussed in the text.
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the 1σ and 2σ level. The black hatched region is excluded by direct searches for τ+τ− resonances.
Throughout the plot the light Higgs mass is mh = 125GeV.
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Figure 6. Expected sensitivities in the mA - tanβ plane in the MSSM scenario discussed in the
text. Left: integrated luminosities of 50 fb−1 at LHCb and 300 fb−1 at CMS and ATLAS. Right:
integrated luminosities of 300 fb−1 at LHCb and 3000 fb−1 at CMS and ATLAS. The dark and light
green shaded regions will be allowed by the expected BR(Bs → µ+µ−) sensitivity at the 1σ and
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measurements of the mass-eigenstate rate asymmetry A∆Γ. In both plots the light Higgs mass is
mh = 125GeV.
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Prospects for B0(s) → l+l-

[JHEP 05 (2017) 156 ] 
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Prospects for B+ → lν

B ! µ⌫µ and B ! ⌧⌫⌧ decays (where the partner B is reconstructed in its hadronic decay)
as functions of integrated luminosity. Similar asymptotic precision is expected since the
lower B ! µ⌫µ yield is compensated by a more straightforward reconstruction. At 50 ab�1

the B ! ⌧⌫⌧ precision will be limited by the KL veto e�ciency, the calibration precision
of the hadronic partner-B reconstruction, and peaking backgrounds contributions. The
B ! µ⌫µ will be limited by the continuum and b ! u`⌫̄` background modeling precision.
Introducing the benefits of inclusive partner B reconstruction as demonstrated in the
B ! K

(⇤)
⌫⌫ analysis [78] will further the reach. The ratio between the B ! ⌧⌫⌧ and

B ! µ⌫µ and branching fractions, which is predicted in the SM with large precision, will
o↵er a novel probe to test lepton-flavor universality.

Figure 7: Projection of uncertainties on the branching fractions B(B+
! µ

+
⌫µ) and

B(B+
! ⌧

+
⌫⌧ ). The corresponding uncertainty on the experimental value of |Vub| is shown

on the right-hand vertical axis.

21

[JHEP 05 (2017) 156 ] 

Unique opportunity for the Belle II experiment (with missing energy)
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b → sℓ+ℓ−

The branching ratio/angular “anomalies”
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K∗0 θK
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(a) θK and θ# definitions for the B0 decay
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(b) φ definition for the B0 decay
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(c) φ definition for the B0 decay
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Differential in q2

%4b→sũũ 2019 P. Álvarez Cartelle (ICL)

• Perform the measurement in bins of q2 ≡ m(ũũ) 
 

 

• Veto the q2 regions close to  
the resonances         where  
the charm-loop dominates
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FIG. 8. ⇤b ! ⇤ µ
+

µ
� di↵erential branching fraction calculated in the Standard Model, compared to experimental data from

LHCb [28] (black points; error bars are shown both including and excluding the uncertainty from the normalization mode
⇤b ! J/ ⇤ [84]).

hdB/dq
2i hFLi hA`

FBi hA⇤
FBi hA`⇤

FBi hK̂2ssi hK̂2cci hK̂4si hK̂4sci
[0.1, 2] 0.25(23) 0.465(84) 0.095(15) �0.310(18) �0.0302(51) �0.233(19) �0.154(26) �0.009(22) 0.022(22)

[2, 4] 0.18(12) 0.848(27) 0.057(31) �0.306(24) �0.0169(99) �0.284(23) �0.0444(87) 0.031(36) 0.013(31)

[4, 6] 0.23(11) 0.808(42) �0.062(39) �0.311(17) 0.021(13) �0.282(15) �0.059(13) 0.038(44) 0.001(31)

[6, 8] 0.307(94) 0.727(48) �0.163(40) �0.316(11) 0.053(13) �0.273(10) �0.086(15) 0.030(39) �0.007(27)

[1.1, 6] 0.20(12) 0.813(32) 0.012(31) �0.309(21) �0.0027(99) �0.280(20) �0.056(10) 0.030(35) 0.009(30)

[15, 16] 0.796(75) 0.454(20) �0.374(14) �0.3069(83) 0.1286(55) �0.2253(69) �0.1633(69) �0.060(13) �0.0211(80)

[16, 18] 0.827(76) 0.417(15) �0.372(13) �0.2891(90) 0.1377(46) �0.2080(69) �0.1621(66) �0.090(10) �0.0209(60)

[18, 20] 0.665(68) 0.3706(79) �0.309(15) �0.227(10) 0.1492(37) �0.1598(71) �0.1344(70) �0.1457(74) �0.0172(40)

[15, 20] 0.756(70) 0.409(13) �0.350(13) �0.2710(92) 0.1398(43) �0.1947(68) �0.1526(65) �0.1031(97) �0.0196(55)

TABLE VII. Standard-Model predictions for the binned ⇤b ! ⇤ µ
+

µ
� di↵erential branching fraction (in units of 10�7 GeV�2)

and for the binned ⇤b ! ⇤(! p
+
⇡
�)µ+

µ
� angular observables (with unpolarized ⇤b). The first column specifies the bin ranges

[q2min, q
2
max] in units of GeV2.

The uncertainties given for the Standard-Model predictions are the total uncertainties, which include the statistical
and systematic uncertainties from the form factors (propagated to the observables using the procedure explained in
Sec. IV), the perturbative uncertainties, an estimate of quark-hadron duality violations (discussed further below),
and the parametric uncertainties from Eqs. (64), (69), and (70). For all observables considered here (but not for K̂3s

and K̂3sc), the uncertainties associated with the subleading contributions from the OPE (at high q
2) are negligible

compared to the other uncertainties. The central values of the observables were computed at the renormalization
scale µ = 4.2 GeV; to estimate the perturbative uncertainties, we varied the renormalization scale from µ = 2.1 GeV
to µ = 8.4 GeV. When doing this scale variation, we also included the renormalization-group running of the tensor
form factors from the nominal scale µ0 = 4.2 GeV to the scale µ, by multiplying these form factors with

✓
↵s(µ)

↵s(µ0)

◆��
(0)
T /(2�0)

(72)

(as in Ref. [8]), where �
(0)
T

= 2 CF = 8/3 is the anomalous dimension of the tensor current [97], and �0 = (11 Nc �

2 Nf )/3 = 23/3 is the leading-order QCD beta function [98] for 5 active flavors. Even though we did not perform
a one-loop calculation of the residual lattice-to-continuum matching factors for the tensor currents, our estimates of
the renormalization uncertainties in the tensor form factors as discussed in Sec. IV are specific for µ = 4.2 GeV, and
doing the RG running avoids a double-counting of these uncertainties. Note that the contributions of the tensor form
factors to the observables are proportional to 1/q

2 (because of the photon propagator connecting O7 to the lepton
current), and are suppressed relative to those from the vector and axial vector form factors at high q

2. At low q
2,

d
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b → sµ+µ- angular measurements
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[LHCb, PRL 125 (2020) 011802, 126 (2021) 161802, JHEP 11 (2021) 043, 12 (2016) 065, 09 (2018) 146] 
[Belle, PRL 118 (2017) 11, 111801, ATLAS, JHEP 10 (2018) 047, CMS, PLB 781 (2018) 517]
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(a) (b)

Figure 2.1: Electroweak penguin studies at the Phase-II Upgrade. (a) P
0
5 vs. q

2, showing the LHCb
Run-1 results [25] and those of a simulated experiment with 300 fb�1, assuming the same central values.
The SM predictions, with the currently assigned uncertainties, come from Ref. [33]. (b) significance
of the measured values of S5 and S6, quantifying lepton-universality violation in B

0
! K

⇤
µ
+
µ
� and

B
0
! K

⇤
e
+
e
� decays, as a function of sample size, assuming a NP scenario defined in Ref. [34]. The

correspondence with the di↵erent running periods of LHCb is indicated, as is the expected performance of
Belle II.

based on that presented in Ref. [34], showing the significance of the measurement of the observable
D5, which is closely related to the di↵erences in behaviour for P 0

5 between muon and electron
modes, and is expected to be vanishingly small in the SM. Also shown is the significance on
the measurement of the observable D6, again very close to 0 in the SM. The generated values
for D5 and D6 are set to non-zero NP numbers compatible with current constraints [34]. The
expected significances are shown as a function of B0

! K
⇤
e
+
e
� sample size. Also indicated is

the correspondence between the sample size and the running period of LHCb, as extrapolated
from Run-1 measurements [28] and taking no account of possible improvements to the ECAL
during Phase II. For this NP scenario, and for many others with smaller lepton-universality
violating contributions, the Phase-II Upgrade will be required to observe a clear e↵ect.

Similar arguments hold for studies of b ! dl
+
l
� transitions, albeit with lower statistical

precision, as may be illustrated with a few examples. The angular analysis of the b ! dl
+
l
�

decay B
0
s ! K

⇤0
µ
+
µ
� with the data sample collected by the Phase-II Upgrade is expected to

become more precise than the Run-1 result for the b ! sl
+
l
� process B0

! K
⇤0
µ
+
µ
�, enabling

a powerful comparison between di↵erent flavour transitions. A time-dependent analysis will
become feasible for the mode B

0
! ⇢

0
µ
+
µ
�. The large sample sizes, coupled with the improved

⇡
0-reconstruction that is foreseen from an upgraded ECAL (see Sec. 4.3.3), will allow for isospin

tests in B ! ⇢µ
+
µ
� and B ! ⇡µ

+
µ
� decays.
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Figure 25: Projected measurement precision of the %0

5 parameter in the HL-LHC scenario by (a) ATLAS [133] and (b)
CMS [132], provided in (di�erent) @2 bins and compared to the Run 1 measurements that are shown by circles with
inner vertical bars representing the statistical uncertainties and outer vertical bars representing the total uncertainties.
Projections are represented by hatched/colored regions and open boxes when considering statistical-only or total
(statistical and systematic) uncertainties. (a) ATLAS projection is given for the intermediate trigger scenario;
alongside theory predictions (CFFMPSV [137], DHMV [134], JC [138]) are also shown. (b) The vertical shaded
regions correspond to the �/k and k(2() resonances. The two bottom pads represent the CMS statistical (upper) and
total (lower) uncertainties with the finer @2 binning.
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More data, more channels, more observables (e.g. CP violation), novel ideas …

“PRECISION ERA”

Fundamental information on the understanding on the current SM deviations
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<latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit><latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit><latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit><latexit sha1_base64="B6N2c30an3ldkP/JOTfqvC+zxxk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ68K4G1Zpbd3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz/NIZObPKkISxsiUNydXfExmNtJ5Gge2MqBnrZW8u/uf1UhPe+BmXSWpQssWiMBXExGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXjLL6+S9kXdc+ve/WWt4RZxlOEETuEcPLiGBtxBE1rAIIRneIU3Z+K8OO/Ox6K15BQzx/AHzucP6pyM4g==</latexit>

q2 [GeV2]
<latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit><latexit sha1_base64="2YxTla55kqFjoJwWtoSxZZ4yJzo=">AAACAnicbVBNS8NAEN34WetX1JN4CRbBg5SkCHoseNBjBfsBSSyb7bRduvlwdyKWULz4V7x4UMSrv8Kb/8ZN24O2Phh4vDfDzLwgEVyhbX8bC4tLyyurhbXi+sbm1ra5s9tQcSoZ1FksYtkKqALBI6gjRwGtRAINAwHNYHCR+817kIrH0Q0OE/BD2ot4lzOKWmqb+3e3WWXknbgewgPKMLuExiiX/LZZssv2GNY8caakRKaotc0vrxOzNIQImaBKuY6doJ9RiZwJGBW9VEFC2YD2wNU0oiEoPxu/MLKOtNKxurHUFaE1Vn9PZDRUahgGujOk2FezXi7+57kpds/9jEdJihCxyaJuKiyMrTwPq8MlMBRDTSiTXN9qsT6VlKFOrahDcGZfnieNStmxy871aalqT+MokANySI6JQ85IlVyRGqkTRh7JM3klb8aT8WK8Gx+T1gVjOrNH/sD4/AFPq5dO</latexit>

d�

dq2
<latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit><latexit sha1_base64="8G65taFNdB29EB3VAgoK6zvnEIU=">AAACEXicbVBNS8NAEN34WetX1KOXYBF6KkkR9FjwoMcK9gOaWDabTbt0N4m7E7GE/AUv/hUvHhTx6s2b/8Ztm0NtfTDweG+GmXl+wpkC2/4xVlbX1jc2S1vl7Z3dvX3z4LCt4lQS2iIxj2XXx4pyFtEWMOC0m0iKhc9pxx9dTvzOA5WKxdEtjBPqCTyIWMgIBi31zaobSkwyF+gjSJEFuXuFhcD5nHJ/l9XzvG9W7Jo9hbVMnIJUUIFm3/x2g5ikgkZAOFaq59gJeBmWwAinedlNFU0wGeEB7WkaYUGVl00/yq1TrQRWGEtdEVhTdX4iw0KpsfB1p8AwVIveRPzP66UQXngZi5IUaERmi8KUWxBbk3isgElKgI81wUQyfatFhlhHBDrEsg7BWXx5mbTrNceuOTdnlYZdxFFCx+gEVZGDzlEDXaMmaiGCntALekPvxrPxanwYn7PWFaOYOUJ/YHz9AhlhnwE=</latexit>
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<latexit sha1_base64="aibJN7df1NSHLy3L7qmYLX6E0aw=">AAACH3icdVDLSsNAFJ34rPUVdelmsAgVpCRSfOwK3bisYB/QxDCZTtqhk0mYmQgl5E/c+CtuXCgi7vo3TtostNUDFw7n3Mu99/gxo1JZ1tRYWV1b39gsbZW3d3b39s2Dw46MEoFJG0csEj0fScIoJ21FFSO9WBAU+ox0/XEz97uPREga8Xs1iYkboiGnAcVIackzL50QqRFGLG1mD2nViQUNyVnmpTfZ+X+WbWWeWbFq1gxwmdgFqYACLc/8cgYRTkLCFWZIyr5txcpNkVAUM5KVnUSSGOExGpK+phyFRLrp7L8MnmplAINI6OIKztSfEykKpZyEvu7MT5aLXi7+5fUTFVy7KeVxogjH80VBwqCKYB4WHFBBsGITTRAWVN8K8QgJhJWOtKxDsBdfXiadi5pt1ey7eqVRL+IogWNwAqrABlegAW5BC7QBBk/gBbyBd+PZeDU+jM9564pRzByBXzCm37Yao08=</latexit><latexit sha1_base64="aibJN7df1NSHLy3L7qmYLX6E0aw=">AAACH3icdVDLSsNAFJ34rPUVdelmsAgVpCRSfOwK3bisYB/QxDCZTtqhk0mYmQgl5E/c+CtuXCgi7vo3TtostNUDFw7n3Mu99/gxo1JZ1tRYWV1b39gsbZW3d3b39s2Dw46MEoFJG0csEj0fScIoJ21FFSO9WBAU+ox0/XEz97uPREga8Xs1iYkboiGnAcVIackzL50QqRFGLG1mD2nViQUNyVnmpTfZ+X+WbWWeWbFq1gxwmdgFqYACLc/8cgYRTkLCFWZIyr5txcpNkVAUM5KVnUSSGOExGpK+phyFRLrp7L8MnmplAINI6OIKztSfEykKpZyEvu7MT5aLXi7+5fUTFVy7KeVxogjH80VBwqCKYB4WHFBBsGITTRAWVN8K8QgJhJWOtKxDsBdfXiadi5pt1ey7eqVRL+IogWNwAqrABlegAW5BC7QBBk/gBbyBd+PZeDU+jM9564pRzByBXzCm37Yao08=</latexit><latexit sha1_base64="aibJN7df1NSHLy3L7qmYLX6E0aw=">AAACH3icdVDLSsNAFJ34rPUVdelmsAgVpCRSfOwK3bisYB/QxDCZTtqhk0mYmQgl5E/c+CtuXCgi7vo3TtostNUDFw7n3Mu99/gxo1JZ1tRYWV1b39gsbZW3d3b39s2Dw46MEoFJG0csEj0fScIoJ21FFSO9WBAU+ox0/XEz97uPREga8Xs1iYkboiGnAcVIackzL50QqRFGLG1mD2nViQUNyVnmpTfZ+X+WbWWeWbFq1gxwmdgFqYACLc/8cgYRTkLCFWZIyr5txcpNkVAUM5KVnUSSGOExGpK+phyFRLrp7L8MnmplAINI6OIKztSfEykKpZyEvu7MT5aLXi7+5fUTFVy7KeVxogjH80VBwqCKYB4WHFBBsGITTRAWVN8K8QgJhJWOtKxDsBdfXiadi5pt1ey7eqVRL+IogWNwAqrABlegAW5BC7QBBk/gBbyBd+PZeDU+jM9564pRzByBXzCm37Yao08=</latexit><latexit sha1_base64="aibJN7df1NSHLy3L7qmYLX6E0aw=">AAACH3icdVDLSsNAFJ34rPUVdelmsAgVpCRSfOwK3bisYB/QxDCZTtqhk0mYmQgl5E/c+CtuXCgi7vo3TtostNUDFw7n3Mu99/gxo1JZ1tRYWV1b39gsbZW3d3b39s2Dw46MEoFJG0csEj0fScIoJ21FFSO9WBAU+ox0/XEz97uPREga8Xs1iYkboiGnAcVIackzL50QqRFGLG1mD2nViQUNyVnmpTfZ+X+WbWWeWbFq1gxwmdgFqYACLc/8cgYRTkLCFWZIyr5txcpNkVAUM5KVnUSSGOExGpK+phyFRLrp7L8MnmplAINI6OIKztSfEykKpZyEvu7MT5aLXi7+5fUTFVy7KeVxogjH80VBwqCKYB4WHFBBsGITTRAWVN8K8QgJhJWOtKxDsBdfXiadi5pt1ey7eqVRL+IogWNwAqrABlegAW5BC7QBBk/gBbyBd+PZeDU+jM9564pRzByBXzCm37Yao08=</latexit>

C(0)
7

<latexit sha1_base64="6E/g0E1u607IfKbpkcnP/sYKfII=">AAACA3icbVBNS8NAEN3Ur1q/ot70sliEeimJFOqx0IvHCrYVmhg22227dHcTdjdCCQEv/hUvHhTx6p/w5r9x0+agrQ8GHu/NMDMvjBlV2nG+rdLa+sbmVnm7srO7t39gHx71VJRITLo4YpG8C5EijArS1VQzchdLgnjISD+ctnO//0CkopG41bOY+ByNBR1RjLSRAvvE40hPMGJpO7tPa14sKScXWZA2s8CuOnVnDrhK3IJUQYFOYH95wwgnnAiNGVJq4Dqx9lMkNcWMZBUvUSRGeIrGZGCoQJwoP53/kMFzowzhKJKmhIZz9fdEirhSMx6azvxitezl4n/eINGjKz+lIk40EXixaJQwqCOYBwKHVBKs2cwQhCU1t0I8QRJhbWKrmBDc5ZdXSe+y7jp196ZRbTWKOMrgFJyBGnBBE7TANeiALsDgETyDV/BmPVkv1rv1sWgtWcXMMfgD6/MHGdaXwA==</latexit><latexit sha1_base64="6E/g0E1u607IfKbpkcnP/sYKfII=">AAACA3icbVBNS8NAEN3Ur1q/ot70sliEeimJFOqx0IvHCrYVmhg22227dHcTdjdCCQEv/hUvHhTx6p/w5r9x0+agrQ8GHu/NMDMvjBlV2nG+rdLa+sbmVnm7srO7t39gHx71VJRITLo4YpG8C5EijArS1VQzchdLgnjISD+ctnO//0CkopG41bOY+ByNBR1RjLSRAvvE40hPMGJpO7tPa14sKScXWZA2s8CuOnVnDrhK3IJUQYFOYH95wwgnnAiNGVJq4Dqx9lMkNcWMZBUvUSRGeIrGZGCoQJwoP53/kMFzowzhKJKmhIZz9fdEirhSMx6azvxitezl4n/eINGjKz+lIk40EXixaJQwqCOYBwKHVBKs2cwQhCU1t0I8QRJhbWKrmBDc5ZdXSe+y7jp196ZRbTWKOMrgFJyBGnBBE7TANeiALsDgETyDV/BmPVkv1rv1sWgtWcXMMfgD6/MHGdaXwA==</latexit><latexit sha1_base64="6E/g0E1u607IfKbpkcnP/sYKfII=">AAACA3icbVBNS8NAEN3Ur1q/ot70sliEeimJFOqx0IvHCrYVmhg22227dHcTdjdCCQEv/hUvHhTx6p/w5r9x0+agrQ8GHu/NMDMvjBlV2nG+rdLa+sbmVnm7srO7t39gHx71VJRITLo4YpG8C5EijArS1VQzchdLgnjISD+ctnO//0CkopG41bOY+ByNBR1RjLSRAvvE40hPMGJpO7tPa14sKScXWZA2s8CuOnVnDrhK3IJUQYFOYH95wwgnnAiNGVJq4Dqx9lMkNcWMZBUvUSRGeIrGZGCoQJwoP53/kMFzowzhKJKmhIZz9fdEirhSMx6azvxitezl4n/eINGjKz+lIk40EXixaJQwqCOYBwKHVBKs2cwQhCU1t0I8QRJhbWKrmBDc5ZdXSe+y7jp196ZRbTWKOMrgFJyBGnBBE7TANeiALsDgETyDV/BmPVkv1rv1sWgtWcXMMfgD6/MHGdaXwA==</latexit><latexit sha1_base64="6E/g0E1u607IfKbpkcnP/sYKfII=">AAACA3icbVBNS8NAEN3Ur1q/ot70sliEeimJFOqx0IvHCrYVmhg22227dHcTdjdCCQEv/hUvHhTx6p/w5r9x0+agrQ8GHu/NMDMvjBlV2nG+rdLa+sbmVnm7srO7t39gHx71VJRITLo4YpG8C5EijArS1VQzchdLgnjISD+ctnO//0CkopG41bOY+ByNBR1RjLSRAvvE40hPMGJpO7tPa14sKScXWZA2s8CuOnVnDrhK3IJUQYFOYH95wwgnnAiNGVJq4Dqx9lMkNcWMZBUvUSRGeIrGZGCoQJwoP53/kMFzowzhKJKmhIZz9fdEirhSMx6azvxitezl4n/eINGjKz+lIk40EXixaJQwqCOYBwKHVBKs2cwQhCU1t0I8QRJhbWKrmBDc5ZdXSe+y7jp196ZRbTWKOMrgFJyBGnBBE7TANeiALsDgETyDV/BmPVkv1rv1sWgtWcXMMfgD6/MHGdaXwA==</latexit>

C(0)
9 , C(0)

10
<latexit sha1_base64="aibJN7df1NSHLy3L7qmYLX6E0aw=">AAACH3icdVDLSsNAFJ34rPUVdelmsAgVpCRSfOwK3bisYB/QxDCZTtqhk0mYmQgl5E/c+CtuXCgi7vo3TtostNUDFw7n3Mu99/gxo1JZ1tRYWV1b39gsbZW3d3b39s2Dw46MEoFJG0csEj0fScIoJ21FFSO9WBAU+ox0/XEz97uPREga8Xs1iYkboiGnAcVIackzL50QqRFGLG1mD2nViQUNyVnmpTfZ+X+WbWWeWbFq1gxwmdgFqYACLc/8cgYRTkLCFWZIyr5txcpNkVAUM5KVnUSSGOExGpK+phyFRLrp7L8MnmplAINI6OIKztSfEykKpZyEvu7MT5aLXi7+5fUTFVy7KeVxogjH80VBwqCKYB4WHFBBsGITTRAWVN8K8QgJhJWOtKxDsBdfXiadi5pt1ey7eqVRL+IogWNwAqrABlegAW5BC7QBBk/gBbyBd+PZeDU+jM9564pRzByBXzCm37Yao08=</latexit><latexit sha1_base64="aibJN7df1NSHLy3L7qmYLX6E0aw=">AAACH3icdVDLSsNAFJ34rPUVdelmsAgVpCRSfOwK3bisYB/QxDCZTtqhk0mYmQgl5E/c+CtuXCgi7vo3TtostNUDFw7n3Mu99/gxo1JZ1tRYWV1b39gsbZW3d3b39s2Dw46MEoFJG0csEj0fScIoJ21FFSO9WBAU+ox0/XEz97uPREga8Xs1iYkboiGnAcVIackzL50QqRFGLG1mD2nViQUNyVnmpTfZ+X+WbWWeWbFq1gxwmdgFqYACLc/8cgYRTkLCFWZIyr5txcpNkVAUM5KVnUSSGOExGpK+phyFRLrp7L8MnmplAINI6OIKztSfEykKpZyEvu7MT5aLXi7+5fUTFVy7KeVxogjH80VBwqCKYB4WHFBBsGITTRAWVN8K8QgJhJWOtKxDsBdfXiadi5pt1ey7eqVRL+IogWNwAqrABlegAW5BC7QBBk/gBbyBd+PZeDU+jM9564pRzByBXzCm37Yao08=</latexit><latexit sha1_base64="aibJN7df1NSHLy3L7qmYLX6E0aw=">AAACH3icdVDLSsNAFJ34rPUVdelmsAgVpCRSfOwK3bisYB/QxDCZTtqhk0mYmQgl5E/c+CtuXCgi7vo3TtostNUDFw7n3Mu99/gxo1JZ1tRYWV1b39gsbZW3d3b39s2Dw46MEoFJG0csEj0fScIoJ21FFSO9WBAU+ox0/XEz97uPREga8Xs1iYkboiGnAcVIackzL50QqRFGLG1mD2nViQUNyVnmpTfZ+X+WbWWeWbFq1gxwmdgFqYACLc/8cgYRTkLCFWZIyr5txcpNkVAUM5KVnUSSGOExGpK+phyFRLrp7L8MnmplAINI6OIKztSfEykKpZyEvu7MT5aLXi7+5fUTFVy7KeVxogjH80VBwqCKYB4WHFBBsGITTRAWVN8K8QgJhJWOtKxDsBdfXiadi5pt1ey7eqVRL+IogWNwAqrABlegAW5BC7QBBk/gBbyBd+PZeDU+jM9564pRzByBXzCm37Yao08=</latexit><latexit sha1_base64="aibJN7df1NSHLy3L7qmYLX6E0aw=">AAACH3icdVDLSsNAFJ34rPUVdelmsAgVpCRSfOwK3bisYB/QxDCZTtqhk0mYmQgl5E/c+CtuXCgi7vo3TtostNUDFw7n3Mu99/gxo1JZ1tRYWV1b39gsbZW3d3b39s2Dw46MEoFJG0csEj0fScIoJ21FFSO9WBAU+ox0/XEz97uPREga8Xs1iYkboiGnAcVIackzL50QqRFGLG1mD2nViQUNyVnmpTfZ+X+WbWWeWbFq1gxwmdgFqYACLc/8cgYRTkLCFWZIyr5txcpNkVAUM5KVnUSSGOExGpK+phyFRLrp7L8MnmplAINI6OIKztSfEykKpZyEvu7MT5aLXi7+5fUTFVy7KeVxogjH80VBwqCKYB4WHFBBsGITTRAWVN8K8QgJhJWOtKxDsBdfXiadi5pt1ey7eqVRL+IogWNwAqrABlegAW5BC7QBBk/gBbyBd+PZeDU+jM9564pRzByBXzCm37Yao08=</latexit>

+ long distance cc̄
<latexit sha1_base64="B9zlTNKlGDAEk77OjQYVA/GHMBg=">AAACCnicbVC7SgNBFJ31GeMramkzGgRBCLtB0DJgYxnBPCAJYXZyNxkyO7vM3BXDsrY2/oqNhSK2foGdf+PkUWjigYHDOfdy5xw/lsKg6347S8srq2vruY385tb2zm5hb79uokRzqPFIRrrpMwNSKKihQAnNWAMLfQkNf3g19ht3oI2I1C2OYuiErK9EIDhDK3ULR2cPbYR71GEqI9WnPXuSKQ40422f6ZRn3ULRLbkT0EXizUiRzFDtFr7avYgnISjkkhnT8twYOynTKLiELN9ODMSMD1kfWpYqFoLppJMoGT2xSo8GkbZPIZ2ovzdSFhozCn07GTIcmHlvLP7ntRIMLjupUHGCoPj0UJBIihEd92KDa+AoR5YwroX9K+UDphlH217eluDNR14k9XLJc0vezXmxUp7VkSOH5JicEo9ckAq5JlVSI5w8kmfySt6cJ+fFeXc+pqNLzmzngPyB8/kDDmKbEA==</latexit><latexit sha1_base64="B9zlTNKlGDAEk77OjQYVA/GHMBg=">AAACCnicbVC7SgNBFJ31GeMramkzGgRBCLtB0DJgYxnBPCAJYXZyNxkyO7vM3BXDsrY2/oqNhSK2foGdf+PkUWjigYHDOfdy5xw/lsKg6347S8srq2vruY385tb2zm5hb79uokRzqPFIRrrpMwNSKKihQAnNWAMLfQkNf3g19ht3oI2I1C2OYuiErK9EIDhDK3ULR2cPbYR71GEqI9WnPXuSKQ40422f6ZRn3ULRLbkT0EXizUiRzFDtFr7avYgnISjkkhnT8twYOynTKLiELN9ODMSMD1kfWpYqFoLppJMoGT2xSo8GkbZPIZ2ovzdSFhozCn07GTIcmHlvLP7ntRIMLjupUHGCoPj0UJBIihEd92KDa+AoR5YwroX9K+UDphlH217eluDNR14k9XLJc0vezXmxUp7VkSOH5JicEo9ckAq5JlVSI5w8kmfySt6cJ+fFeXc+pqNLzmzngPyB8/kDDmKbEA==</latexit><latexit sha1_base64="B9zlTNKlGDAEk77OjQYVA/GHMBg=">AAACCnicbVC7SgNBFJ31GeMramkzGgRBCLtB0DJgYxnBPCAJYXZyNxkyO7vM3BXDsrY2/oqNhSK2foGdf+PkUWjigYHDOfdy5xw/lsKg6347S8srq2vruY385tb2zm5hb79uokRzqPFIRrrpMwNSKKihQAnNWAMLfQkNf3g19ht3oI2I1C2OYuiErK9EIDhDK3ULR2cPbYR71GEqI9WnPXuSKQ40422f6ZRn3ULRLbkT0EXizUiRzFDtFr7avYgnISjkkhnT8twYOynTKLiELN9ODMSMD1kfWpYqFoLppJMoGT2xSo8GkbZPIZ2ovzdSFhozCn07GTIcmHlvLP7ntRIMLjupUHGCoPj0UJBIihEd92KDa+AoR5YwroX9K+UDphlH217eluDNR14k9XLJc0vezXmxUp7VkSOH5JicEo9ckAq5JlVSI5w8kmfySt6cJ+fFeXc+pqNLzmzngPyB8/kDDmKbEA==</latexit><latexit sha1_base64="B9zlTNKlGDAEk77OjQYVA/GHMBg=">AAACCnicbVC7SgNBFJ31GeMramkzGgRBCLtB0DJgYxnBPCAJYXZyNxkyO7vM3BXDsrY2/oqNhSK2foGdf+PkUWjigYHDOfdy5xw/lsKg6347S8srq2vruY385tb2zm5hb79uokRzqPFIRrrpMwNSKKihQAnNWAMLfQkNf3g19ht3oI2I1C2OYuiErK9EIDhDK3ULR2cPbYR71GEqI9WnPXuSKQ40422f6ZRn3ULRLbkT0EXizUiRzFDtFr7avYgnISjkkhnT8twYOynTKLiELN9ODMSMD1kfWpYqFoLppJMoGT2xSo8GkbZPIZ2ovzdSFhozCn07GTIcmHlvLP7ntRIMLjupUHGCoPj0UJBIihEd92KDa+AoR5YwroX9K+UDphlH217eluDNR14k9XLJc0vezXmxUp7VkSOH5JicEo9ckAq5JlVSI5w8kmfySt6cJ+fFeXc+pqNLzmzngPyB8/kDDmKbEA==</latexit>

To “bin” or not to “bin”?

     [Angular]: AFB, FL, P’5, … 
[Amplitude]: C9, C10, hadronic terms …
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What comes “next”?

“Unbinned” analyses can significantly improve the understanding of the fields

[EPJC 78 6 (2018) 451, JHEP 10 (2019) 236, EPJC 78 (2018) 453, EPJC 80 (2020) 12] 

WCs fits with hybrid theory-experimental info “Isobar-like” WCs fits
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cc̄

1
<latexit sha1_base64="UWW1l0c9YBbgdn9m09FAFdrzXfc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LFbBU0mkoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1c9t+o1a5X6RR5HEc7gHK7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AcZeMlw==</latexit><latexit sha1_base64="UWW1l0c9YBbgdn9m09FAFdrzXfc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LFbBU0mkoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1c9t+o1a5X6RR5HEc7gHK7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AcZeMlw==</latexit><latexit sha1_base64="UWW1l0c9YBbgdn9m09FAFdrzXfc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LFbBU0mkoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1c9t+o1a5X6RR5HEc7gHK7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AcZeMlw==</latexit><latexit sha1_base64="UWW1l0c9YBbgdn9m09FAFdrzXfc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LFbBU0mkoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1c9t+o1a5X6RR5HEc7gHK7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AcZeMlw==</latexit>

6
<latexit sha1_base64="ah6UfJCyJdS0r/JMygaY8N3vQm4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LFbBU0lE1GPBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO6XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqx6btVrXFVqZ3kcRTiBU7gAD26gBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBeSuMnA==</latexit><latexit sha1_base64="ah6UfJCyJdS0r/JMygaY8N3vQm4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LFbBU0lE1GPBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO6XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqx6btVrXFVqZ3kcRTiBU7gAD26gBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBeSuMnA==</latexit><latexit sha1_base64="ah6UfJCyJdS0r/JMygaY8N3vQm4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LFbBU0lE1GPBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO6XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqx6btVrXFVqZ3kcRTiBU7gAD26gBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBeSuMnA==</latexit><latexit sha1_base64="ah6UfJCyJdS0r/JMygaY8N3vQm4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LFbBU0lE1GPBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO6XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqx6btVrXFVqZ3kcRTiBU7gAD26gBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBeSuMnA==</latexit>

15
<latexit sha1_base64="YeR0z88bmpVpcF7lqgeTsszmBoI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LFbBU0mkoseCF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB++qX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTm3yoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGN34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1WPbfq3dcq9bM8jiKcwClcgAfXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AecAjNY=</latexit><latexit sha1_base64="YeR0z88bmpVpcF7lqgeTsszmBoI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LFbBU0mkoseCF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB++qX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTm3yoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGN34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1WPbfq3dcq9bM8jiKcwClcgAfXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AecAjNY=</latexit><latexit sha1_base64="YeR0z88bmpVpcF7lqgeTsszmBoI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LFbBU0mkoseCF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB++qX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTm3yoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGN34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1WPbfq3dcq9bM8jiKcwClcgAfXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AecAjNY=</latexit><latexit sha1_base64="YeR0z88bmpVpcF7lqgeTsszmBoI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LFbBU0mkoseCF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB++qX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTm3yoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGN34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1WPbfq3dcq9bM8jiKcwClcgAfXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AecAjNY=</latexit> q2 [GeV]

<latexit sha1_base64="LbqMNi0Ya+kdjXynwjUlYMlYwD0=">AAAB/nicbVBNS8NAEN34WetXVDx5CRbBQylJEfRY8KDHCvYD0lg220m7dPPh7kQsoeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz8/xEcIW2/W0sLa+srq0XNoqbW9s7u+beflPFqWTQYLGIZdunCgSPoIEcBbQTCTT0BbT84eXEbz2AVDyObnGUgBfSfsQDzihqqWse3t9l1XGn7HYQHlGG2RU0x17XLNkVewprkTg5KZEc9a751enFLA0hQiaoUq5jJ+hlVCJnAsbFTqogoWxI++BqGtEQlJdNzx9bJ1rpWUEsdUVoTdXfExkNlRqFvu4MKQ7UvDcR//PcFIMLL+NRkiJEbLYoSIWFsTXJwupxCQzFSBPKJNe3WmxAJWWoEyvqEJz5lxdJs1px7Ipzc1aqlfM4CuSIHJNT4pBzUiPXpE4ahJGMPJNX8mY8GS/Gu/Exa10y8pkD8gfG5w9EUJWa</latexit><latexit sha1_base64="LbqMNi0Ya+kdjXynwjUlYMlYwD0=">AAAB/nicbVBNS8NAEN34WetXVDx5CRbBQylJEfRY8KDHCvYD0lg220m7dPPh7kQsoeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz8/xEcIW2/W0sLa+srq0XNoqbW9s7u+beflPFqWTQYLGIZdunCgSPoIEcBbQTCTT0BbT84eXEbz2AVDyObnGUgBfSfsQDzihqqWse3t9l1XGn7HYQHlGG2RU0x17XLNkVewprkTg5KZEc9a751enFLA0hQiaoUq5jJ+hlVCJnAsbFTqogoWxI++BqGtEQlJdNzx9bJ1rpWUEsdUVoTdXfExkNlRqFvu4MKQ7UvDcR//PcFIMLL+NRkiJEbLYoSIWFsTXJwupxCQzFSBPKJNe3WmxAJWWoEyvqEJz5lxdJs1px7Ipzc1aqlfM4CuSIHJNT4pBzUiPXpE4ahJGMPJNX8mY8GS/Gu/Exa10y8pkD8gfG5w9EUJWa</latexit><latexit sha1_base64="LbqMNi0Ya+kdjXynwjUlYMlYwD0=">AAAB/nicbVBNS8NAEN34WetXVDx5CRbBQylJEfRY8KDHCvYD0lg220m7dPPh7kQsoeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz8/xEcIW2/W0sLa+srq0XNoqbW9s7u+beflPFqWTQYLGIZdunCgSPoIEcBbQTCTT0BbT84eXEbz2AVDyObnGUgBfSfsQDzihqqWse3t9l1XGn7HYQHlGG2RU0x17XLNkVewprkTg5KZEc9a751enFLA0hQiaoUq5jJ+hlVCJnAsbFTqogoWxI++BqGtEQlJdNzx9bJ1rpWUEsdUVoTdXfExkNlRqFvu4MKQ7UvDcR//PcFIMLL+NRkiJEbLYoSIWFsTXJwupxCQzFSBPKJNe3WmxAJWWoEyvqEJz5lxdJs1px7Ipzc1aqlfM4CuSIHJNT4pBzUiPXpE4ahJGMPJNX8mY8GS/Gu/Exa10y8pkD8gfG5w9EUJWa</latexit><latexit sha1_base64="LbqMNi0Ya+kdjXynwjUlYMlYwD0=">AAAB/nicbVBNS8NAEN34WetXVDx5CRbBQylJEfRY8KDHCvYD0lg220m7dPPh7kQsoeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz8/xEcIW2/W0sLa+srq0XNoqbW9s7u+beflPFqWTQYLGIZdunCgSPoIEcBbQTCTT0BbT84eXEbz2AVDyObnGUgBfSfsQDzihqqWse3t9l1XGn7HYQHlGG2RU0x17XLNkVewprkTg5KZEc9a751enFLA0hQiaoUq5jJ+hlVCJnAsbFTqogoWxI++BqGtEQlJdNzx9bJ1rpWUEsdUVoTdXfExkNlRqFvu4MKQ7UvDcR//PcFIMLL+NRkiJEbLYoSIWFsTXJwupxCQzFSBPKJNe3WmxAJWWoEyvqEJz5lxdJs1px7Ipzc1aqlfM4CuSIHJNT4pBzUiPXpE4ahJGMPJNX8mY8GS/Gu/Exa10y8pkD8gfG5w9EUJWa</latexit>
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What comes “next”?

“Unbinned” analyses can significantly improve the understanding of the fields

[JHEP 10 (2019) 236] 

Similarly to the isobar approach, classical angular observables can be a posteriori 
calculated 

Signal only ToyMC (no background, acceptance or systematics) 

Independent on the the truncation of  the z-expansion! 

27R. Silva Coutinho (UZH)

[JHEP 10 (2019) 236]

[isobar/z-parametrisation] visualising models
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FIG. 6. Two-dimensional sensitivity scans for the pair of Wilson coe�cients C
NP
9 and C

NP
10 for the expected statistics corre-

sponding to LHCb Run II (dotted), LHCb Upgrade [50 fb�1] (dashed), LHCb Upgrade [300 fb�1] (solid) and Belle II [50 ab�1]
(long dashed). The contours correspond to 3� statistical-only uncertainty bands obtained with z3 fits.

FIG. 7. Angular observables FL and P 05 obtained a-posteriori from the unbinned amplitude fit results compared with the
binned angular analysis. Both approaches analyse the same set of ensembles generated with the BMP scenario and the
expected statistics at LHCb Run II.

order of the z-expansion, the central value of CNP

9
stays unbiased while the uncertainty increases. It is observed that

theory constraints strongly mitigate this problem. The increase in the uncertainty on CNP

9
is roughly one order of

magnitude smaller than the statistical uncertainty obtained adding one order to the z-expansion in the fit. The fact
that the uncertainty on CNP

9
steadily increases with the order of the polynomial of the z-expansion does not allow

us to rigorously assign a systematic uncertainty due to the truncation of the z-expansion a-priori. We also found
that the unbinned fit allows to extract additional information on the non-local matrix elements from semi-muonic
decay events alone. Our study goes beyond previous works, and assesses in a quantitative way the model-dependency
due to our ansatz for the non-local hadronic contributions. Our approach allows systematic improvements (through
increasing the truncation order in z) and estimation of systematic uncertainties (through varying the truncation order
even when the data is described well). In addition, the unbinned fit can be used for the determination of the usual
angular observables with precision beyond what can be expected with the standard binned approach. We find that
the angular observables obtained with this method do not exhibit any sizeable model bias due to the truncation of the

Current statistics
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What about other leptons? [B0 → K*0e+e-]

[Belle, PRL 118 (2017) 11, 111801]

Similar rate for muons and electrons in Belle II

Interesting complementary to LHC results

Martino Borsato - University of Heidelberg

B mass resolution at LHCb

๏ B mass resolution essential to 
separate signal from partially 
reconstructed and combinatorial
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Figure 2: Fits to the m(J/ )(K
+`+`�) invariant mass distribution for (left) electron and

(right) muon candidates for (top) nonresonant and (bottom) resonant decays. For the electron
(muon) nonresonant plots, the red-dotted line shows the distribution that would be expected
from the observed number of B+

! K+µ+µ� (B+
! K+e+e�) decays and RK = 1.

the di↵erent data-taking periods and trigger categories. A fit to just the 7 and 8TeV data
gives a value for RK compatible with the previous LHCb measurement [33] within one
standard deviation. This consistency test takes into account the large correlation between
the two data samples, which are not identical due to di↵erent reconstruction and selection
procedures. The result from just the 7 and 8TeV data is also compatible with that from
only the 13TeV data at the 1.9 standard deviation level.

The branching fraction of the B
+
! K

+
e
+
e
� decay is determined in the nonresonant

signal region 1.1 < q
2
< 6.0GeV2

/c
4 by combining the value of RK with the value of

B(B+
! K

+
µ
+
µ
�) from Ref. [12], taking into account correlated systematic uncertainties.

This gives

dB(B+
! K

+
e
+
e
�)

dq2
(1.1 < q

2
< 6.0GeV2

/c
4) = (28.6 +2.0

�1.7 ± 1.4)⇥ 10�9
c
4
/GeV2

.

The dominant systematic uncertainty is from the limited knowledge of the B
+
! J/ K

+

branching fraction [53]. This is the most precise measurement to date and is consistent
with predictions based on the SM [41,77].

In summary, in the dilepton mass-squared region 1.1 < q
2
< 6.0GeV2

/c
4, the ratio

of the branching fractions for B+
! K

+
µ
+
µ
� and B

+
! K

+
e
+
e
� decays is measured to

be RK = 0.846 +0.060
� 0.054

+0.016
� 0.014. This is the most precise measurement of this ratio to date

and is consistent with the SM prediction at the level of 2.5 standard deviations. Further
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Figure 2: Fits to the m(J/ )(K
+`+`�) invariant mass distribution for (left) electron and

(right) muon candidates for (top) nonresonant and (bottom) resonant decays. For the electron
(muon) nonresonant plots, the red-dotted line shows the distribution that would be expected
from the observed number of B+

! K+µ+µ� (B+
! K+e+e�) decays and RK = 1.

the di↵erent data-taking periods and trigger categories. A fit to just the 7 and 8TeV data
gives a value for RK compatible with the previous LHCb measurement [33] within one
standard deviation. This consistency test takes into account the large correlation between
the two data samples, which are not identical due to di↵erent reconstruction and selection
procedures. The result from just the 7 and 8TeV data is also compatible with that from
only the 13TeV data at the 1.9 standard deviation level.

The branching fraction of the B
+
! K

+
e
+
e
� decay is determined in the nonresonant

signal region 1.1 < q
2
< 6.0GeV2

/c
4 by combining the value of RK with the value of

B(B+
! K

+
µ
+
µ
�) from Ref. [12], taking into account correlated systematic uncertainties.

This gives

dB(B+
! K

+
e
+
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�)

dq2
(1.1 < q

2
< 6.0GeV2
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4) = (28.6 +2.0

�1.7 ± 1.4)⇥ 10�9
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4
/GeV2

.

The dominant systematic uncertainty is from the limited knowledge of the B
+
! J/ K

+

branching fraction [53]. This is the most precise measurement to date and is consistent
with predictions based on the SM [41,77].

In summary, in the dilepton mass-squared region 1.1 < q
2
< 6.0GeV2

/c
4, the ratio

of the branching fractions for B+
! K

+
µ
+
µ
� and B

+
! K

+
e
+
e
� decays is measured to

be RK = 0.846 +0.060
� 0.054

+0.016
� 0.014. This is the most precise measurement of this ratio to date

and is consistent with the SM prediction at the level of 2.5 standard deviations. Further
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What about other leptons? [B0 → K*0τ +τ-]

Table 4: Projected branching fraction upper limits for the B
0

! K
⇤0
⌧⌧ search in two

scenarios (see text).

B(B0
! K

⇤0
⌧⌧) (had tag)

ab�1 ”Baseline” scenario ”Improved” scenario
1 < 3.2 ⇥ 10�3

< 1.2 ⇥ 10�3

5 < 2.0 ⇥ 10�3
< 6.8 ⇥ 10�4

10 < 1.8 ⇥ 10�3
< 6.5 ⇥ 10�4

50 < 1.6 ⇥ 10�3
< 5.3 ⇥ 10�4

unique capability to study these transitions both inclusively and using specific

channels.

6.4.1 Inclusive B ! Xs�

The availability of precise and reliable SM predictions of inclusive B ! Xs� rates, where
Xs identifies a particle or system of particles with strangeness, make these rates sensitive
probes for non-SM physics. In addition, these analyses enable the determination of
observables like the b-quark mass and can provide input to inclusive determinations of
|Vub| [3]. Ability to measure precisely the decay properties of the partner B recoiling against
the signal B is key for inclusive analyses [7]. Current best results show 10% fractional
precision mostly limited by systematic uncertainties associated with understanding the
large backgrounds.

In the following projections, the signal B meson is required to decay into a high-
energy photon. No constraints are imposed on the hadronic system Xs. The partner
B meson is reconstructed in its hadronic decays. The lower photon-energy threshold,
E

B
� > 1.4 GeV, is inferior to those used in previous results, resulting in a significantly more

challenging analysis. Lower thresholds accept larger B backgrounds, which increase the
experimental uncertainties, as shown in Table 5. However, a trade-o↵ exists with theoretical
uncertainties, which reduce at lower energy thresholds as they become less dependent on
the heavy-quark distribution function [88]; e.g., Ref. [89] reports an uncertainty of 5% on
the branching fraction computation for EB

� > 1.6 GeV. Backgrounds arise predominantly
from events with an energetic photon from ⇡

0
! �� decays. Remaining non-signal decays

are subtracted using simulated background expectations.
The expected relative uncertainties on the branching fractions are shown in Table 5. The

systematic uncertainty is driven by uncertainties on the residual background contamination,
which is estimated to be 10% (5%) for the baseline (improved) scenario. The baseline
scenario corresponds to current Belle II performance. The improved scenario relies on
ongoing studies of ⇡0

! �� veto modeling. In the baseline scenario the precision becomes
limited by the systematic uncertainties at approximately 10 ab�1 of data whereas in the
improved scenario the statistical power of the Belle II sample will be exploited up to
approximately 50 ab�1. Construction of relative quantities like asymmetries will o↵er
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Experimentally extremely challenging, in particular for LHCb

Jacopo CerasoliB0 → K*τ+τ−Testing lepton flavor universality with 8

• Let’s focus on the B0 -> K* #+ #- decay:


• b → s l+ l- quark level transition at second order, expected BR(B0 -> K* !+ !-) ~ 10-7 * 

• Goal: perform study in two final states using full dataset (2011-2012 + 2016-2018): 


     

B → K* ( → K−π+ ) τ+ ( → π+π+π−ν̄τ) τ− ( → π+π−π−ντ) → 3π3π final state
B → K* ( → K−π+ ) τ+ ( → π+π+π−ν̄τ) τ− ( → μ−ντ ν̄μ) → 3πµ final state

The B0 -> K* !+ !- decay

*https://arxiv.org/abs/1712.01919v1
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Tau e�ects in the spectrum

Saturating BaBar bound

“Cusp” sat nicely between resonances

With the amount of data LHCb has, we can find a bound

competitive to the current one!

Hunting · -loops in B+ æ K+µ+µ≠

Imprints of B0 → K*0τ+τ-
Belle II will offer unprecedented sensitivity to this mode

[JHEP 05 (2017) 156,EPJC 80 (2020) 12] 
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What about other leptons? [B → K(*)νν]

Belle II has a unique physics reach to study final states with missing energy

P. Álvarez Cartelle (Cambridge)EPS-HEP 2021

Search for B+ → K+νν̄
• Purely weak penguin 

‣   

‣ Very challenging experimentally 

• New Belle II analysis, reaches competitive sensitivity using just 63/fb of integrated luminosity

ℬSM = (4.6 ± 0.5) × 10−6

32

[Belle II, arXiv:2104.12624]

[Blake et al, PPNP 92 (2017) 50]

Talk by S. Kurz (29 July)
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Figure 6: Allowed 68% CL regions for the R2 simplified model coupling cSL = 8cT [55, 56]
based on fitting to an Asimov data set with cSL = 0.25(1 + i) and assuming a Belle II
luminosity ranging from 1 to 50 ab�1 [57]. The best fit points are shown as green dots.
Assuming O(1) couplings, this would correspond to a leptoquark of mass around 1.4 TeV.

Table 3: Baseline (improved) expectations for the uncertainties on the signal strength µ

(relative to the SM strength) for the four decay modes as functions of data set size.

Decay 1 ab�1 5 ab�1 10 ab�1 50 ab�1

B
+

! K
+
⌫⌫̄ 0.55 (0.37) 0.28 (0.19) 0.21 (0.14) 0.11 (0.08)

B
0

! K
0
S⌫⌫̄ 2.06 (1.37) 1.31 (0.87) 1.05 (0.70) 0.59 (0.40)

B
+

! K
⇤+
⌫⌫̄ 2.04 (1.45) 1.06 (0.75) 0.83 (0.59) 0.53 (0.38)

B
0

! K
⇤0
⌫⌫̄ 1.08 (0.72) 0.60 (0.40) 0.49 (0.33) 0.34 (0.23)

reconstructed the partner B meson in hadronic [73–75] or in semileptonic decays [76,77].
Recently, we introduced a novel, inclusive reconstruction method [78] where tracks and
energy deposits not associated with the signal candidate are associated with the decay of
the accompanying B meson, or“rest of event”. The inclusive approach yields significantly
higher signal e�ciency and better sensitivity than any previous approach, as shown by
the Belle II B+

! K
+
⌫⌫̄ branching fraction results [78].

We project sensitivities based on Belle II simulation and an early Belle II analysis [78].
Two scenarios are considered, which are similar for all except the B+

! K
⇤+
⌫⌫̄ decay. The

”baseline” scenario assumes no further improvements. The ”improved” scenario assumes a
50% increase in signal e�ciency for the same background level, an advance that current

16

[Belle II, PRL 127 (2021) 18, 181802] 

Set a competitive limit with only 63 fb-1!

Exciting physics range to be explored!
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The “third” anomalies: from b → s ll to  b → clν 

Lepton Flavour Universality 

b sW−

t µ+

µ−

b sW−

t e+

e−

= 1 +O(10�3)
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LFU in b → s l+l- [today]

P. Álvarez Cartelle (Cambridge)Beyond the flavour anomalies III

LFU tests at LHCb
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B+ → K*−ℓ+ℓ−

B0 → KS ℓ+ℓ−

See Marie-Helene and  
and Yasmine and Gianluca’s talks on Wednesday
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LFU in b → s l+l- [next]

P. Álvarez Cartelle (Cambridge)Beyond the flavour anomalies III

LFU with LHCb Upgrade I

17

[LHCb, arXiv:1808.08865]

Significant increase in data opens the door to a very significant jump in precision and access to ‘rarer’ processes (b->dll) 

Systematics? 

• Partially reconstructed backgrounds 

• Shape of partially reconstructed backgrounds can be studied in the data 

(Hb→Hs**e+e– BR’s and amplitude structure) 

• Corrections to simulation  

‣ Easier calibration in absence of hardware trigger  

    ‣ Larger control samples
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[LHCb, JHEP 12 (2016) 065]

What’s next? - rare decays 39

The Belle II physics book

Physics case for an LHCb Upgrade II
What’s next? - rare decays 39

The Belle II physics book

Physics case for an LHCb Upgrade II
[LHCb, arXiv:1808.08865,  Belle II physics book]

1111

high-q2!

More data, more channels, more observables, novel ideas …
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LFU in b → s l+l- [next]

[Belle, PRL 118 (2017) no.11, 111801]

LFU angular asymmetries

⌅ Interestingly, discrepancies in RK ,K⇤ explainable by reduced Cµ
9,10

⇤ would explain pattern of deviations observed in b ! sµµ transitions
too, including P 0

5

⌅ Best way to connect directly P 0
5 and RK⇤ would be to measure

LFU angular asymmetries
⇤ Qi = Pi (µµ) � Pi (ee), in particular Q5 = P 0

5(µµ) � P 0
5(ee)

=) arXiv:1605.03156

5 of 30 F. Lionetto - LFU in b! s`+`� angular analyses - 14 June 2017

P. Álvarez Cartelle (Cambridge)Beyond the flavour anomalies III

LFU with LHCb Upgrade I
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Systematics? 

• Partially reconstructed backgrounds 

• Shape of partially reconstructed backgrounds can be studied in the data 

(Hb→Hs**e+e– BR’s and amplitude structure) 

• Corrections to simulation  

‣ Easier calibration in absence of hardware trigger  
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[LHCb, JHEP 12 (2016) 065]

R. Coutinho (UZH) - Rare decays WG meeting

Following the first observation of the decay B0→K*+π+π-µ+µ-, 
one could extend this to calculate the relative BR to [ee].  

There is no Stripping line for K*+π+π-e+e-or decays      
in the 2011/12 re-processing 

Briefly investigated the use of the DarkBoson line 
combined with an additional track 

Plan: create a dedicated line similar to BuToK1MuMu 
for electrons → considering add to Strip24 for testing  

Perspective for others Kµhµh∓ modes donÊt seem promising ⁄

6

Measurements of Bµ →(Kµhµh∓)[ee,µµ] ratios
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JHEP 1410 (2014) 064 

NK⇡⇡µµ = 367+24
�23

More data, more channels, more observables, novel ideas …
[LHCb, JHEP 12 (2016) 065]

[LHCb, JHEP 1410 (2014) 064]

First steps towards an experimental direct 
connection, i.e. probes of LFU in observables 
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Several activities towards B-physics programme

/ 13B-parking project in 2018
20

Peak Luminosity 
[1034 cm-2 s-1]

Muon pT  
(GeV)

Impact parameter 
significance (σ)

1.7 12 6

1.5 9 6

1.3 9 5

1.1 8 5

0.9 7 4

• How we did: When luminosity falls, so does the 
rate of normal physics triggers. So, as the lumi. 
falls, we aggressively loosened the trigger 
requirements to exploit “spare” bandwidth

bb̄ trigger

Normal physics trigger

“B-parking"

/ 13
21

We collected 1.2 x 1010 events with bb̄ purity of 75%

B → D*μν

B → J/ψ (→ ee) K* (→ Kπ)B → J/ψ (→ ee) K

/ 13Our efforts towards B-physics anomaly measurements 
12

• In order to provide input to the B-physics anomaly, 

we’ve collect, in 2018, 10 billion BB̄ events  
by aggressively triggering on events that have 

displaced muon

b → μ + X

b̄
Probe-side: trigger unbiased

Tag-side: trigger biased

• We are performing many B-physics measurements  
together with newly developed low-pT electron  
[CMS-DP-2019-043] and tau [CMS-DP-2020-039] reco. 

that are applicable down to a few GeV
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To “bin” or not to “bin” (LFU)? 

Simultaneous unbinned analysis of B0 → K*0µ+µ- and B0 → K*0e+e-
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[PRD 99 (2019) 013007, arXiv:2203.06827]

33

Features of the proposed LFU observable

R. Silva Coutinho (UZH)

Notice that the classical binned observables can also be retrieved by this method 

Similar to the muonic case this analysis will provide more precise results 

[PRD 99 (2019) 013007]

[Projection current LHCb statistics (only)]
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LFU in b → clν  [today]

<latexit sha1_base64="uLOZ8GfVzsErfPzkVEqywLNhW/s="></latexit>

`0 = µ (LHCb)

<latexit sha1_base64="jMc6f7+JCH6jf01ijFAc9yWtHAk="></latexit>

`0 = e/µ (B-factories)

Measurements from the B-factories and LHCb in tension at the > 3σ level wrt the SM
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LFU in b → clν  [next]

VII.A Prospects and Outlook 47

Figure 30 Projections for the expected precision on the measurement of selected R(Hc) ratios at LHCb as a function of the year
in which the corresponding data sample becomes available. Left: pessimistic scenario for an irreducible systematic uncertainty
of 3% on R(D(⇤)) and 5% on the other ratios. Right: optimistic scenario for an irreducible systematic uncertainty of 0.5% on
R(D(⇤)) and 2% on the other ratios. These extrapolations are based on the current muonic-⌧ measurements of R(D(⇤)) and
R(J/ ), as well as the forthcoming hadronic-⌧ measurement of R(D0

1) for the R(D⇤⇤) curve. The R(⇤⇤
c) entry in the legend

refers to R(⇤⇤
c(2625)). The shaded regions correspond to the long shutdowns during which there is no data taking at the LHC

and have been updated including the latest estimates (Béjar Alonso et al., 2020).

on these ratios down to the 0.5–2% level, if the irreducible
systematic uncertainties can be reduced accordingly.

Finally, the measurement of B ! pp⌧⌫ decays is un-
derway and LHCb also has plans to measure ⇤b ! p⌧⌫.
As described in Sec. II.F, these b ! u⌧⌫ transitions are
especially interesting because their potential NP cou-
plings could be in principle quite di↵erent from those
potentially involved in b ! c⌧⌫ transitions.

2. Prospects for R(Hc,u) at Belle II

Belle II will profit from the much cleaner environment
of B meson pair production in electron-positron anni-
hilations, i.e. even with its smaller data samples with
respect to LHCb, highly competitive results will emerge.
One of the major challenges will be to retain this clean
environment at high luminosities and reduce the impact
of beam and other backgrounds as much as possible. In
addition, several orthogonal data sets can be obtained
leveraging di↵erent analysis or tagging approaches (see
Section III.C.1). The most important results will be:

(i) R(D(⇤)) with exclusive tagging: In principle four
statistically independent measurements can be carried
out this way, namely either with hadronic or semileptonic
tagging and with the focus on either leptonic or hadronic
⌧ -lepton decays. The results with the best control of the
systematic uncertainty will be obtained from the com-
bination of hadronic tagging and leptonic or hadronic ⌧
decays. For these, the B-rest frame will be accessible
and, in the case of hadronic single-prong ⌧ decays, the ⌧

polarization will also be accessible. These results will suf-
fer, however, from the low overall e�ciency of hadronic
tagging caused by the small branching fractions of such
processes.

Semileptonically tagged events will retain much higher
numbers of semitauonic decays, but these will in principle
su↵er from higher systematic uncertainties. Nonetheless,
all reconstructed particles in such signatures can still be
assigned to either the signal or tag side, which will allow
for reliable measurements. It is worth noting that ad-
ditional energy depositions from beam background pro-
cesses will lead to more challenging conditions than the
present-day results. Further, only measurements with
leptonic ⌧ decays have been realized to date, so it will be
an exciting challenge for Belle II to establish measure-
ments with hadronic ⌧ decays using this technique.

(ii) R(D(⇤)) with inclusive or semi-inclusive tagging:
Compared to hadronic or semileptonic tagging, inclusive
tagging o↵ers much higher reconstruction e�ciency at
the cost of higher backgrounds and lower precision in the
reconstruction of B-frame kinematic variables. Nonethe-
less, such measurements will o↵er additional orthogonal
data sets that can be analyzed. A particularly interesting
option might involve the use of semi-inclusive tagging via
a charmed seed meson (D, D

⇤, J/ , Ds, or D
⇤
s
). Such

an approach could o↵er more experimental control than
purely inclusive tagging, while still retaining a high re-
construction e�ciency. It is unclear at present how pre-
cise such measurements will be, as no detailed studies
have been carried out, and we therefore do not include
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Figure 31 Projections for the expected precision on the measurements of R(D(⇤)), R(X), and R(⇡) at Belle II as a function of
the year in which the corresponding data sample becomes available. An irreducible systematic uncertainty of (left) 3% for the
pessimistic scenario and (right) 0.5% for the optimistic one is assumed. The optimistic scenario also assumes and 50% increase
in the reconstruction e�ciency of the exclusive tagging algorithms. The shaded regions indicate years in which significant
down-time is expected due to upgrades of the detector and/or the accelerator.

these in our projections.
(iii) R(⇡/⇢/!): Belle II will have a unique opportu-

nity to further investigate semitauonic processes involv-
ing b ! u transitions. The existing search (detailed in.
Sec. IV.A.2) focused on charged pion final states. In-
teresting additional channels with higher branching frac-
tions are decays to ⇢ and ! mesons, although the large
width of the ⇢ is a challenge. Nonetheless, Belle II will
improve the existing limits and with a substantial data
set of 10–15 ab�1 the discovery of these decays, assuming
their branching fraction is of the size of the SM expecta-
tion, is feasible.

(iv) R(D(⇤)

s ): Belle II anticipates collecting a clean

sample of e
+
e
� ! ⌥ (5S) ! B

(⇤)

s B
(⇤)

s
events. The ex-

perimental methodology applied to the study of semi-
tauonic B meson decays can also be applied to these data

sets. For instance, future measurements of R(D(⇤)

s ) can
be done based on hadronic or semileptonic tagging in a
similar fashion to the R(D(⇤)) measurements. It is un-
clear, however, whether a precision can be reached that
would rival LHCb, because of the much smaller number
of produced Bs mesons.

(v) R(X(c)) with hadronic tagging: Belle II will fur-
ther be able to produce measurements of fully inclusive
or semi-inclusive semitauonic final states. These will al-
low measurements of R(X(c)). We use the preliminary
measurement of (Hasenbusch, 2018) to estimate the sen-
sitivity for R(X).

Figure 31 displays the expected sensitivity as a func-
tion over time. The left panel displays our pessimistic
scenario based on the statistical and systematic uncer-
tainties of existing measurements and an irreducible sys-

tematic uncertainty of 3% as described above. The right
panel shows the same progression for the optimistic sce-
nario, that includes an irreducible systematic uncertainty
of 0.5% and an increase in the e�ciency of the exclu-
sive tagging algorithms of 50%. Such an improvement
is not completely unexpected since novel ideas, such as
the use of deep learning concepts and attention maps,
have already shown promising e�ciency gains in simu-
lated events (Tsaklidis, 2020). However, it remains to be
seen if such e�ciency gains are also retained in the anal-
ysis of actual collision events, and if the identified events
are clean enough to provide an actual gain in sensitivity.
In both scenarios the uncertainties are expected to de-
crease with luminosity until the systematic uncertainty
floor is reached.

The grey bands indicate years in which significant
down-time is expected due to upgrades of the detec-
tor and/or the accelerator. In 2022, the Belle II pixel
detector will be replaced with its final version, and
more radiation-hard photomultipliers for the time-of-
propagation-detector will be integrated as well. In 2026,
the Belle II interaction region will be upgraded to allow
for the increase of the instantaneous luminosity to its de-
sign value: The superconducting magnets that perform
the final focusing will be placed further away from the
beam crossing point to reduce the chance of quenches.
Measurements of R(D⇤) will be somewhat more precise
because of their cleaner signature and lack of feed-down
contributions, compared to R(D) measurements, but in
both cases a precision of 4–5% and about 3% will be
reached by 2026 in the pessimistic and optimistic scenar-
ios, respectively. Inclusive R(D(⇤)) measurements and

Exciting prospects in the LFU for both experiments!
[Rev.Mod.Phys. 94 (2022) 1, 015003]

Can other LHC experiments also contribute to this picture?
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Historically B-physics in CMS is possible using dimuon trigger (low rate)

/ 13Our efforts towards B-physics anomaly measurements 
12

• In order to provide input to the B-physics anomaly, 

we’ve collect, in 2018, 10 billion BB̄ events  
by aggressively triggering on events that have 

displaced muon

b → μ + X

b̄
Probe-side: trigger unbiased

Tag-side: trigger biased

• We are performing many B-physics measurements  
together with newly developed low-pT electron  
[CMS-DP-2019-043] and tau [CMS-DP-2020-039] reco. 

that are applicable down to a few GeV
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First observation 
at CMS

New low-pT tau reconstruction algorithm 
dedicated to hadronic  τ → πππν decayOngoing analysis of R(J/𝜓) analysis (both 

muonic and hadronic tau decays) 

“B-parked” data also allowed single muon 
trigger, e.g. R(D*)   

ATLAS is also working on semileptonic           
B decays with Run 2 data and preparing 
devoted trigger lines for Run 3. 
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The forward-backward asymmetry it is an interesting observable to investigate
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FB (lower plot) using the CLN parameterization (blue, dot-dashed curve) and

HQET (2/1/0) (red, dashed curve). These plots demonstrate the e↵ects of form factor parameterizations on the observables
in NP Scenario 1 (gL = 0.06, gR = 0.075, and gP = 0.2i). In the upper plot the solid black curve represents the SM prediction
using the CLN parameterization for form factors, while the gray dotted curve represents the SM prediction using the HQET
(2/1/0) parameterization. The solid black curve in the lower plot represents the SM prediction for both CLN and HQET
(2/1/0) parameterizations. Data from EvtGen are shown as points with error bars. Note that the vertical scale of the lower
plot is approximately a factor of ten smaller than that of the upper plot.

• It is anticipated that the strongest signals of new physics in the charged-current semi-leptonic processes will
appear in the B ! D⇤⌧⌫ channel. However, this mode is experimentally challenging as the ⌧ reconstruction is
complicated by the presence of multiple neutrinos in the final state. In the future we will investigate signatures
of NP in B ! D⇤⌧⌫ using this new MC tool to search for most sensitive signatures and ⌧ decay modes (for
example using ⌧ ! ⇡⌫ as discussed in Ref. [26]).
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FIG. 2. Fit to the Belle data in the planes of�AFB = A(µ)
FB�A(e)

FB vs. �FL = F (µ)
L �F (e)

L (top left), �AFB vs. � eFL = eF (µ)
L � eF (e)

L

(top right), �AFB vs. �S3 = S(µ)
3 � S(e)

3 (bottom left), and �AFB vs. ⌃AFB = (A(µ)
FB + A(e)

FB)/2 (bottom right). Contours
correspond to 68%, 95% 99.7%, and 99.99% probability, respectively. The ragged outermost contours are artefacts due to lack
of samples so far in the periphery of the best-fit point. The SM predictions based on the form factors obtained in Refs. [11, 12]
are shown as blue crosses. The SM uncertainties are found to be much smaller than 10�2 and hence negligible, with the
exception of the last panel. The uncertainty in the �AFB–⌃AFB plane is shown as a (highly degenerate) ellipse at the 68%
probability level.

normalization to the total rate. The shifts in �(��i)/⌃(��i) scale as expected, from significantly less than 1h
at w ⇠ 1 (high q2) to �5h in the bin with maximal w (lowest q2). The shift in the total rate is about �3h,
so normalizing yields shifts in �xi/⌃xi to the range [�3h, 3h].

5. For LFU observables we still find mostly excellent agreement between experiment and our SM predictions.

However, the aforementioned di↵erence between the measurements of A(µ)
FB and A(e)

FB becomes more significant,
given the smaller absolute uncertainty in �AFB and the fact that the relatively large SM prediction carries the
opposite sign from the one determined in the fit. This quantity di↵ers therefore by approximately 4� from its
SM prediction. In Figure 2 we show the pair-wise 2-dimensional best-fit regions of �AFB with �FL, � eFL, �S3,
and ⌃AFB. The discrepancy with the predictions reaches the 4� level, compatible with similar levels seen for
the 1-dimensional discrepancy for �AFB in Table III.

These observations mildly depend on the covariance matrix used in the fit. As stated above, we consider our
construction of the 80 ⇥ 80 covariance matrix reliable to the extent that the data in Ref. [3] are correct. To make
absolutely sure that our assumption regarding the e�µ correlations is not the reason for the observed discrepancy, we

adopt the following alternative procedure: We determine the A(e)
FB and A(µ)

FB with separate statistical and systematic

Forward-backward asymmetry (I)

• A quantity of interest that can be inferred from di↵erential decay rate measurement is

forward-backward asymmetry

hA⌧
FBi =

Z
A⌧
FB(q

2) =

R 1
0

d�⌧

dq2d cos (✓`)
d cos (✓`)�

R 0
�1

d�⌧

dq2d cos (✓`)
d cos (✓`)

d�⌧

dq2

• For example A⌧
FB(D

(⇤)) in B ! D(⇤)⌧⌫ decays is very sensitivity to NP contributions.

[P. Biancofiore et al]
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[PRD 103 (2021) 7, 079901, EPJC 81 (2021) 11, 984, arXiv:2203.07189]

Differential measurements involving different lepton species will improve the experimental 
precision on this observables significantly
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LFU in b → clν  [next]

With enough data one can measure all the angular coefficients 

[JHEP 11 (2019) 133]

is measured above the Standard Model (SM) expectation in results from the B-factories [1–
6] and LHCb [7, 8]. The current global averages of experimental results agree with the SM
predictions [9] at only ⇠ 3 standard deviations:

R(D⇤)exp = 0.295 ± 0.014 , R(D)exp = 0.340 ± 0.030 ,

R(D⇤)SM = 0.258 ± 0.005 , R(D)SM = 0.299 ± 0.003 .

In order to further characterise the underlying physics in b ! c⌧⌫⌧ transitions, it is
necessary to study the kinematics of semitauonic B decays in addition to their rates. Many
polarisation and asymmetry observables have been shown to discriminate between the SM
and NP scenarios [10–25]. One such example is the D⇤ longitudinal polarisation fraction,
which has recently been measured to be FD⇤

L = 0.60 ± 0.09 [26]. Several calculations of
the SM expectation exist, which centre around 0.45 [17, 20, 27–30]; this tension constitutes
another potential indication of deviation from the SM.

Complete information on the B0 ! D⇤�⌧+⌫⌧ decay kinematics is ultimately obtained
from the full angular decay rate [30]

d4�

dq2 d(cos ✓D) d(cos ✓L) d�
/ I1c cos2 ✓D + I1s sin2 ✓D

+ [I2c cos2 ✓D + I2s sin2 ✓D] cos 2✓L

+ [I6c cos2 ✓D + I6s sin2 ✓D] cos ✓L

+ [I3 cos 2� + I9 sin 2�] sin2 ✓L sin2 ✓D

+ [I4 cos � + I8 sin �] sin 2✓L sin 2✓D

+ [I5 cos � + I7 sin �] sin ✓L sin 2✓D ,

(1.1)

where the angles (✓D, ✓L, �) parameterise the spin-0 B0 meson decay topology, and are
defined in App. A. This expression involves a sum of twelve independent angular functions,
each of which is multiplied by a coefficient IX (X 2 {1c, 1s, 2c, 2s, 3, 4, 5, 6c, 6s, 7, 8, 9}) that
encapsulates the dependence on the square of the dilepton invariant mass, q2, form factors,
and the fundamental couplings. The angular distribution can reveal the influence of NP
even if R(D⇤) becomes fully compatible with the SM.

Angular analysis is well established in the study of rare dimuon decays such as
B0 ! K⇤0µ+µ� [31, 32]. The principal advantage of the technique is that the coefficients
contain all form factor dependence, so there is no experimental uncertainty due to a choice
of form factor scheme. Combinations of the angular coefficients can also reduce depen-
dence on the form factors in subsequent phenomenological interpretations. The difficulty
that arises in applying angular analysis methods to semitauonic decays is the missing in-
formation due to the lost neutrinos in both the B and ⌧ decays, which strongly sculpts the
angular distribution and makes a parametric fit to data impossible.

In this paper, a novel approach is presented that uses a multidimensional template
fit in the angular basis to measure the IX coefficients in a model-independent manner
without statistical biases. The technique assumes and requires excellent agreement between
data and simulated samples for the construction of the templates, which must describe all

– 2 –

+ . . .

combinatorial background at Belle II and LHCb differ, the B backgrounds generated in
Sec. 4 are still the most important. Thus, a data sample is created containing 7000 signal
events with 18.6% purity, where the relative background fractions remain the same as those
used in Sec. 4.

Results for 50 ab�1 of e+e� data (Nsig = 7000): The four-dimensional template fit
to the B-factory sample is performed in ((cos ✓D, cos ✓L, �)Reco, BDT) variable space, where
the decay angles are calculated using the true B meson four-vector to mimic the benefit of
the hadronic tagging. The number of bins in each dimension is chosen in the same manner
as the LHCb scenario fits. The signal fraction is measured to be fsig = 0.195 ± 0.014 (7.0%
relative uncertainty) and is consistent with the input value. The uncertainties on the IX
measurements are compared to the 23 fb�1 LHCb scenario in Fig. 11. Even though the
B-factory signal yield is lower, the overall IX precision is competitive due to the higher
purity and constraint on the initial state from the tagging of the other B decay.
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Figure 11: Comparison of absolute IX coefficient statistical uncertainties in the
Nsig = 40, 000 hadron collider template fit (navy) and the Nsig = 7, 000 B-factory fit (green).
The average uncertainties over all IX coefficients are indicated by the dotted lines.

5.4 Systematic uncertainties

The dominant systematic uncertainty comes from the assumed accuracy of the templates
used to model the background. Measured branching fractions are used to define the con-
tribution from each background decay, so these are varied within their uncertainties to
determine the appropriate uncertainty. Similarly, fixed fractions are used to define the
feed-down contribution, which has not yet been confirmed experimentally and thus a 40%
variation around fD⇤⇤ = 0.11 is used. Smaller variations in the angular coefficient mea-
surements are seen when the number of bins in the weighting procedure is varied from the
default 303 binning. The total systematic uncertainties are found to be small relative to
the statistical uncertainties, even in the highest yield case. The systematic uncertainties
are shown to modestly increase the error bars in Fig. 10.

– 18 –

Similar “methodology” as in b → s l+l- 

A Decay angle definitions

In this work, ✓D is defined as the angle between the direction of the D0 meson and the
direction opposite that of the B0 meson in in the D⇤� meson rest frame. The angle ✓L is
defined as the angle between the direction of the ⌧+ lepton and the direction opposite that
of the B0 meson in in the mediator (W+) rest frame. The angle � is the angle between the
plane containing the ⌧+ and ⌫⌧ and the plane containing the D0 and pion from the D⇤� in
the B0 rest frame. The three decay angles are displayed graphically in Fig. 12. Explicitly,
the decay angles are defined following the definitions in Ref. [32]

cos ✓D =
⇣
p̂(D⇤�)
D0

⌘
·
⇣
p̂(B0)
D⇤�

⌘
=

⇣
p̂(D⇤�)
D0

⌘
·
⇣

� p̂(D⇤�)
B0

⌘
, (A.1)

cos ✓L =
⇣
p̂(W+)
⌧+

⌘
·
⇣
p̂(B0)
W+

⌘
=

⇣
p̂(W+)
⌧+

⌘
·
⇣

� p̂(W+)
B0

⌘
, (A.2)

cos � =
⇣
p̂(B0)
⌧+ ⇥ p̂(B0)

⌫⌧

⌘
·
⇣
p̂(B0)
D0 ⇥ p̂(B0)

⇡�

⌘
(A.3)

where the p̂(Y )
X are unit vectors describing the direction of a particle X in the rest frame of

the system Y . In every case the particle momenta are first boosted to the B0 rest frame.
In this basis, the angular definition for the B̄0 decay is a CP transformation of that for the
B0 decay.

Angular observables à la K⇤µµ

• Reconstruct these three angles using the same momentum

estimates for B and ⌧ that go into q2 e.t.c.

W rest frame
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⌫̄⌧
<latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit>

D0
<latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit>

⇡+
<latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit>

⌫̄⌧
<latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit>

⌧�
<latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit>

D0
<latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit>

⇡+
<latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit>

✓L
<latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit>

✓D
<latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit>

�
<latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit>

~pB̄0
<latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit><latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit><latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit><latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit>

~pB̄0
<latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit><latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit><latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit><latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit>

13

Figure 12: Diagram of the three B0 ! D⇤�⌧+⌫ decay angles.

– 21 –

Naturally the WC fits is the next step!
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On the searches for LFV signatures

LFV measurements

B0
(s) → τ±μ∓

• Already very effective in 
constraining BSM models such 
Pati-Salam extensions

• Complementary to cLFV searches 
with τ

22

J
H
E
P
1
0
(
2
0
1
8
)
1
4
8

Figure 7. Left: 68% (dark blue) and 95% (light blue) posterior probabilities of B(τ → µγ) and
B(B+ → K+τ+µ−) from the global fit. The black lines denote the 95% posterior probabilities
fixing ∆RK = −0.3 (solid) and ∆RK = −0.2 (dashed). The red bands show the 90% CL exclusion
limits for these observables. Right: 68% (dark blue) and 95% (light blue) posterior probabilities of
B(τ → 3µ) and B(Bs → τ+µ−) from the global fit.

in figure 7 (right). However, in this case the effect is diluted by the uncertainty on Z ′ mass

and couplings, which are not strongly constrained by other observables.

As a final comment, it is worth stressing that this low-energy fit does not pose stringent

constraints on the masses of the heavy vector bosons. The low-energy observables constrain

only the effective Fermi couplings in eq. (2.23), or ω1,3. Still, we can derive a well-defined

range for vector boson masses taking into account that gU # gc: setting 2.5 ≤ gU ≤ 3.0,

the masses of Z ′, U , and G′ range between 2 and 3TeV.

6 Conclusions

The main idea behind the PS3 model is that the flavor universality of strong, weak, and

electromagnetic interactions observed at low energies is only a low-energy property: the

ultraviolet completion of the SM is a theory where gauge interactions are completely flavor

non-universal, with each fermion family being charged under its own gauge group. The

motivation for this hypothesis, and the explicit construction of the PS3 model presented

in ref. [1] is twofold: it explains the pattern of anomalies recently observed in B meson

decays and, at the same time, the well-known hierarchical structure of quark and lepton

mass matrices. These two phenomena turn out to be closely connected: they both follow

from the dynamical breaking of the flavor non-universal gauge structure holding at high

energies down to the SM.

On general grounds, low-energy observables put very stringent constraints on flavor

non-universal interactions mediated by TeV-scale bosons, as expected in the PS3 model.

In this paper we have presented a comprehensive analysis of such constrains, and the cor-

responding implications for future low-energy measurements. As far as the constraints are

– 24 –

Bordone et al. JHEP10(2018)148 (2018) 


Figure 5.2: 68% (dark blue) and 95% (light blue) posterior probabilities of the NP shifts in
RD⇤ vs. �RK . The experimental values at 1� (2�) are indicated by the dark (light) coloured
bands.

Figure 5.3: Left: 68% (dark blue) and 95% (light blue) posterior probabilities of B(⌧ ! µ�) and
B(B+ ! K+⌧+µ�) from the global fit. The black lines denote the 95% posterior probabilities
fixing �RK = �0.3 (solid) and �RK = �0.2 (dashed). The red bands show the 90% CL
exclusion limits for these observables. Right: 68% (dark blue) and 95% (light blue) posterior
probabilities of B(⌧ ! 3µ) and B(Bs ! ⌧+µ�) from the global fit.
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LFV analyses [today]

Lepton flavour is not protected by any fundamental symmetry in the SM 

Many models explaining LFU breaking naturally predict the LFV
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Figure 1: Fits of the normalisation channels (left) B0
! J/ (! µ+µ�)K⇤0 and (right) B0

s !

J/ (! µ+µ�)� combining the di↵erent data taking periods.

Table 1: Normalisation mode yields [103] for di↵erent periods of data taking.

yield [103]
channel 2011–2012 2015–2016 2017–2018

B0
! J/ K⇤0 88.88 ± 0.30 85.56 ± 0.29 139.05 ± 0.37

B0
s ! J/ � 17.89 ± 0.13 16.22 ± 0.13 30.60 ± 0.17

5 Signal fit173

The signal decays B0
! K⇤0µ±e⌥ and B0

s ! �µ±e⌥ are modelled using the sum of two174

Crystal Ball functions [56], with exponential tails on opposite sides. The shape parameters175

are determined on simulation and fixed in the fit to data. Scale parameters for the core176

Gaussian resolutions to account for potential mismodelling of the mass resolution are177

determined using the control decays B0
! J/ K⇤0 and B0

s ! J/ �. Information from178

both J/ ! µ+µ� and J/ ! e+e� final states is combined to derive these correction179

factors, as no appropriate control mode with a µ±e⌥ final state exists. Depending on data180

taking period, the correction factors scale the core Gaussian widths by 1.04–1.08 with181

uncertainties at the percent level. In the nominal fit, the uncertainties on the scale factors182

are included as Gaussian constraints.183

Semileptonic cascades involving higher D⇤⇤�
(s) resonances are modeled in the fit as they184

Table 2: Normalisation constant ↵ [10�9] with associated statistical and systematic uncertainties
for di↵erent periods of data taking. Systematic uncertainties are discussed in Sec. 6

↵± �stat ± �syst [10�9]
channel 2011–2012 2015–2016 2017–2018

B0
! K⇤0µ+e� 2.47 ± 0.01 ± 0.14 2.38 ± 0.01 ± 0.16 1.49 ± 0.00 ± 0.09

B0
! K⇤0µ�e+ 2.50 ± 0.01 ± 0.15 2.39 ± 0.01 ± 0.16 1.49 ± 0.00 ± 0.09

B0
! K⇤0µ±e⌥ 2.48 ± 0.01 ± 0.14 2.39 ± 0.01 ± 0.16 1.49 ± 0.00 ± 0.09

B0
s ! �µ±e⌥ 9.50 ± 0.07 ± 0.69 9.67 ± 0.08 ± 0.77 5.09 ± 0.03 ± 0.39
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Figure 2: Reconstructed B0
(s) mass distributions for (top left) B0

! K⇤0µ+e�, (top right)

B0
! K⇤0µ�e+, (bottom left) B0

! K⇤0µ±e⌥, and (bottom right) B0
s ! �µ+e�. The data

are overlaid with the fit projections of (blue) the background-only and (red) the signal-plus-
background model. For illustration, the signal shape, arbitrarily scaled, is drawn as red dotted
line.

systematic uncertainty. Further systematic uncertainties arise from the limited size229

of the simulation samples and corrections to simulated samples with limited precision.230

These include the reweighting of the B production kinematics and event multiplicity,231

corrections of the particle identification performance and the tracking e�ciency, as well232

as the corrections of the trigger e�ciencies using data driven methods [57]. In addition,233

systematic uncertainties of significant size originate from residual di↵erences between234

data and simulation, conservatively estimated from a comparison of the BDT output235

distribution for background subtracted [58] B0
! J/ K⇤0 and B0

s ! J/ � decays with236

simulation.237

7 Results238

No significant excess of B0
! K⇤0µ±e⌥ or B0

s ! �µ±e⌥ decays is observed and limits are239

set using the CLs method [59]. A one-sided test statistics is used [60], as implemented in the240

GammaCombo framework [61,62]. The test statistic is evaluated using pseudoexperiments,241

in which nuisance parameters are varied according to their uncertainties. The resulting242

7

Table 3: Relative systematic uncertainties [%] on the normalisation constant.

systematic source B0
! K⇤0µ±e⌥ B0

s ! �µ±e⌥

normalisation B 4.0 4.8
limited simulation statistics 0.7–1.5 0.6–1.4
L0 trigger correction 1 1
HLT trigger e�ciency 1 1
particle identification 0.3–0.8 0.3–0.6
muon identification 1 1
tracking e�ciency 1 1
production kinematics/multiplicity 1.2–2.7 1.6–3.8
residual MC di↵erences 1.7–4.3 1.1–3.7
�µ±e⌥ lifetime – 3.8–4.5P
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Figure 3: Observed and expected limits for (top left) B0
! K⇤0µ+e�, (top right) B0

! K⇤0µ�e+,
(bottom left) B0

! K⇤0µ±e⌥, and (bottom right) B0
s ! �µ±e⌥.

CLs scans are shown in Fig. 3, and upper limits at 90% and 95% CL are reported in Tab. 4.243

It should be noted that the limits given for B(B0
! K⇤0µ±e⌥) need to be understood as244

limits on the sum of B(B0
! K⇤0µ+e�) and B(B0

! K⇤0µ�e+).245

The nominal limits assume a phasespace model for the signal decays. However, NP246

models can have very di↵erent distributions in q2 = m2(µ±e⌥) and the three decay angles247

cos ✓`, cos ✓K and � [63–65]. This is illustrated in Fig. 4 and 5 in App. A, where q2 and248

8

[Preliminary - LHCb-PAPER-2022-008]

Recent search performed at LHCb

<latexit sha1_base64="47u9VXkjXUCYji+vFKI+xo7m/qg="></latexit>

B(B0 ! K⇤0µ±e⌥ < 9.9 (11.6)⇥ 10�9

Two orders of magnitude than previous searches
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B decays: final states with eµ

B+ B0 B0
s
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• B decays: 
• final states with eµ 
• final states with µτ 
• final states with eτ 

• The actors: 
• µ 
• e 
• τ 

• B0➝τ±l∓ 

• B0(s)➝τ±µ∓ 

• B+➝K+µ-τ+ 

• D decays: 

•  final states with eµ 
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B decays: final states with µτ

B+ B0 B0
s
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B decays: final states with eτ

B+ B0

HQL2021 -  14/09/2021

• Why look for LFV in B 
decays? 

• Why look for LFV in B 
decays? 

• B decays: 
• final states with eµ 
• final states with µτ 
• final states with eτ 

• The actors: 
• µ 
• e 
• τ 

• B0➝τ±l∓ 

• B0(s)➝τ±µ∓ 

• B+➝K+µ-τ+ 

• D decays: 

•  final states with eµ 

• D(s)+➝h±l+l’∓ 

• D0➝X0e±µ∓ 

• Outlook
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P. Álvarez Cartelle (Cambridge)Beyond the flavour anomalies III

Lepton flavour violation at LHCb U I/II

12

Upgrade I Upgrade II
~2 x 10-10 ~9 x 10-11

~8 x 10-10 ~3 x 10-10

~4 x 10-10 ~7 x 10-11

~4 x 10-10 ~6 x 10-11

~4 x 10-9 ~2 x 10-9

~3 x 10-9 ~1 x 10-9

~4 x 10-9 ~1 x 10-9

~4 x 10-9 ~4 x 10-9

~3 x 10-6 ~1 x 10-6

~8 x 10-6 ~3 x 10-6

~1 x 10-5 ~5 x 10-6

~3 x 10-9 ~1 x 10-9

LFV analyses [next]

Significant improvements foreseen for the next decade
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Lepton flavour violation at LHCb U I/II
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LFV analyses [next]

!22Elena Dall’OccoElena Dall’Occo !22

Outlook

HQL2021 -  14/09/2021

• lot of progress in the past few years, a wide variety of final states has been and is being explored 
• getting close (especially for B decays with eµ final states) to the range of interest for BSM physics 
• Belle II already started to collect data and is expected to record a 50 times larger data sample 

(50 ab-1 in 2027) 
• LHCb upgrade I detector will start taking data in 2022 with the goal  to accumulate 50 fb-1 by 

the end of Run 4 (~2030) 
•
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• LHCb upgrade 1: extrapolations at 95% C.L. 

from arXiv:1808.08865 and F. Archilli talk at 
Snowmass2020 

• Belle II extrapolations from arXiv:1808.10567

• Why look for LFV in B 
decays? 

• Why look for LFV in B 
decays? 
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• The actors: 
• µ 
• e 
• τ 

• B0➝τ±l∓ 

• B0(s)➝τ±µ∓ 

• B+➝K+µ-τ+ 

• D decays: 

•  final states with eµ 

• D(s)+➝h±l+l’∓ 

• D0➝X0e±µ∓ 

• Outlook

for more Belle II results 
see Abdul talk!
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[LHCb, arXiv:1808.08865, The Belle II Physics Book]

Reaching an interesting range for BSM physics
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An extensive and complementary physics programme

Charm rare decays STCF

10 Hector Gisbert, Marcel Golz, Dominik Stefan Mitzel
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Fig. 3. Di↵erential SM branching fractions of dB(D+
! ⇡+µ+µ�)/dq2 (left) and dB(D0

!

⇡+⇡�µ+µ�)/dq2 (right). The blue bands represent the non-resonant contributions including the-
oretical uncertainties of hadronic form factors at the charm scale µc. The resonant contribution is
displayed in orange (left) including the full uncertainties from form factors, resonance parameters
and their associated strong phases. The solid and dashed lines (right) represent di↵erent set-ups
of the strong phases �⇢ and ��. The grey dashed line shows the approximate experimental upper
limits on the branching fractions taken from Refs. 48, 49, which are determined using restricted
ranges in dimuon mass (grey shaded areas) by vetoing resonance-dominated regions. In the left,
the limit has been extrapolated to the full range. Find details in Sect. 4.2 and 4.3. The plots are
adapted from Refs. 28, 44.

4. Experimental searches for rare and forbidden decay modes

Searches for rare and forbidden decays have been carried out investigating purely
leptonic final states, semi-leptonic multi-body decays of charged (D+, D+

s
) and neu-

tral (D0) mesons, as well as decays of charmed baryons. Searches for semi-leptonic
decays are often restricted to regions in q

2 away from the resonances to enhance
sensitivity to NP as shown in Fig. 3. Forbidden decays refer to those which violate
conservation of charged lepton flavor and lepton number. As resonance pollution
to these decays is absent, no q

2 binning is needed for forbidden decay modes, and
their studies represent a clear null test, complementary to those presented in Sec. 6.
Searches for decays of D0 and D

+ mesons violating conservation of baryon number
also exist,81,82 but will not be discussed further in this review.

The most recent experimental results have been obtained by the LHCb, BaBar,
Belle and BES III collaborations. The LHCb detector83,84 is a single arm forward
spectrometer designed to study decays of mesons containing a c or b quark, sited at
the LHC (CERN, Switzerland). LHCb has been designed to study proton–proton
(pp) collisions in its main operation mode. BaBar85 and Belle86 are cylindrical
large-solid-angle detectors that operated at the PEP-II (SLAC National Acceler-
ator Laboratory, USA) and KEKB (KEK, Japan) asymmetric-energy e

+
e
� col-

liders, known as b-factories. BES III87 is a general-purpose detector recording
e
+
e
� collisions in the double-ring collider BEPCII (IHEP, China). Thanks to the

large production cross-section at hadron colliders in the forward region,88,89 LHCb
can profit from the world’s largest recorded data set of charm hadron decays to date.
Conversely, the other experiments benefit from detectors with excellent capabilities

Mod.Phys.Lett.A 36 (2021) 04, 2130002
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Charm rare decays

Unique probe of up-type quark FCNC and complementary to B and K physics  

c → u l+l- FCNC more rare than the ones involving b quark  

SM can be tested with clean null-tests  

Different type of physics channels, from forbidden to not-so-rare 

Introduction

What about charm?
• Unique probe of up-type quark FCNC and complementary to B and K physics

• Very suppressed in the SM due to GIM and CKM suppressions
• Non-resonant contributions: O(10�9)
• Resonant contributions: O(10�7/�6)

• Precise theoretical predictions are difficult

• SM can be tested with clean null-tests

• Different type of physics channels, from forbidden to not-so-rare

M. Fontana (LPNHE) Rare decays @LHCb 18-03-2022 4 / 16

Mod. Phys. Lett. A 36 (2021) 2130002
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Charm rare decays [today]

Searches for 25 new charm rare/LFV/LNV
[LHCb, JHEP 06 (2021) 044]
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Results improve upon the prior world’s best constraints by up to a factor of 500
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Charm rare decays [today]

Similar to the B Full angular analysis of four body decays
[LHCb, arXiv:2111.03327]
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Charm rare decays [next]

Limits foreseen for the branching ratio

Prospects for existing measurements

Limits on BFs (away from resonances for multibody)

Mode Upgrade (50 fb�1) Upgrade II (300 fb�1)
D

0
! µ+µ� 4.2 ⇥ 10�10 1.3 ⇥ 10�10

D
+

! ⇡+µ+µ� 10�8 3 ⇥ 10�9

D
+
s ! K

+µ+µ� 10�8 3 ⇥ 10�9

⇤c ! pµ+µ� 1.1 ⇥ 10�8 4.4 ⇥ 10�9

D
0

! e
±µ⌥ 10�9 4.1 ⇥ 10�9

Statistical precision on asymmetries (phase space integrated)

Mode Upgrade (50 fb�1) Upgrade II (300 fb�1)
D
+

! ⇡+µ+µ� 0.2% 0.08%
D

0
! ⇡+⇡�µ+µ� 1% 0.4%

D
0

! K
�⇡+µ+µ� 0.3% 0.13%

D
0

! K
+⇡�µ+µ� 12% 5%

D
0

! K
�

K
+µ+µ� 4% 1.7%

A. Contu - Towards ultimate precision in Flavor Physics, Durham (2-4 April 2019)

M. Fontana (LPNHE) Rare decays @LHCb 18-03-2022 22 / 16

Statistical precision in the asymmetry
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[LHCb, arXiv:1808.08865]
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21

𝑫ퟎ → 𝝆 𝝁 𝝂𝝁

𝑵𝐃𝐓
𝐬𝐢𝐠𝐧𝐚𝒍 = ퟓퟕퟎ ± ퟒퟎ

PRD104(2021)091103

𝐏𝐞𝐚𝐤𝐢𝐧𝐠 background 
from 𝐃ퟎ → 훑 훑 훑ퟎ훑ퟎ

𝑩𝑫ퟎ→𝝆 𝝁 𝝂𝝁
= ퟏ. ퟑퟓ ± ퟎ. ퟎퟗ𝐬𝐭𝐚𝐭. ± ퟎ. ퟎퟗ𝐬𝐲𝐬𝐭. × ퟏퟎ ퟑ

𝑹𝝁/𝒆 =
𝑩𝑫ퟎ→𝝆 𝝁 𝝂𝝁

𝑩𝑫ퟎ→𝝆 𝝁 𝝂𝝁
𝑷𝑫𝑮 = ퟎ. ퟗퟎ ± ퟎ. ퟏퟏ

𝚪𝑫ퟎ→𝝆 𝝁 𝝂𝝁

ퟐ𝚪𝑫 →𝝆ퟎ𝝁 𝝂𝝁
= ퟎ. ퟕퟏ ± ퟎ. ퟏퟒ

Agrees with the theoretical expectation of lepton 
flavor universality within the uncertainty

Support isospin symmetry within 2.1ı

2.92𝐟𝐛 ퟏ@𝑬𝒄𝒎= 3.773GeV

12

𝑹𝝉/𝝁 =
𝚪(𝑫𝒔 → 𝝉 𝝂𝝉)
𝚪(𝑫𝒔 → 𝝁 𝝂𝝁)

=
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𝟐

𝟐

ퟗ. ퟕퟓ ± 𝟎. 𝟎𝟏
(SM prediction)

= ퟗ. ퟔퟕ ± 𝟎. 𝟑𝟒

• Combine results from BESIII measurements and PDG2020

In the SM: 

Lepton flavor universality

No LFU violation in 𝝉 − 𝝁 flavors with the current precision.
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Lepton flavor universality

No LFU violation in 𝝉 − 𝝁 flavors with the current precision.

Charm rare decays [next]

Rich environment for purely leptonic and semi-leptonic decays
[BESIII, PRD 104 (2021) 091103]

Lots of channels yet to be explored!

Lepton Universality (part 2 - semileptonic decays) - BES-III 29

▸            collisions at variable centre of mass energy

▸ Measurements of CKM matrix elements, hadronic form 
factors and electron/muon Lepton Universality observables

<latexit sha1_base64="BNh+pRFwZHRnD9kLoj70A4KHweI=">AAAB8XicdVDLSgMxFL3js9ZX1aWbYBEEcZipo213RTcuK9gHtrVk0kwbmskMSUYoQ//CjQtF3Po37vwb04egogcSDufcy733+DFnSjvOh7WwuLS8sppZy65vbG5t53Z26ypKJKE1EvFINn2sKGeC1jTTnDZjSXHoc9rwh5cTv3FPpWKRuNGjmHZC3BcsYARrI93Su/R4bL6TcTeXd2zvtFTwHGTImeeVizPill3k2s4UeZij2s29t3sRSUIqNOFYqZbrxLqTYqkZ4XScbSeKxpgMcZ+2DBU4pKqTTjceo0Oj9FAQSfOERlP1e0eKQ6VGoW8qQ6wH6rc3Ef/yWokOSp2UiTjRVJDZoCDhSEdocj7qMUmJ5iNDMJHM7IrIAEtMtAkpa0L4uhT9T+oF2z23vWsvX7mYx5GBfTiAI3ChCBW4girUgICAB3iCZ0tZj9aL9TorXbDmPXvwA9bbJ8YbkQM=</latexit>

e+e�

Phys. Rev. D 104, L091103 (2021)

<latexit sha1_base64="1ognpFKPEX3i5lQnZ3KPsj5TSYM="></latexit>

D0 ! ⇢�µ+⌫µ
<latexit sha1_base64="ijpX2e/wJBL4v3Oh2vXC0CVgmsk="></latexit>

B(D0 ! ⇢�µ+⌫µ) = (1.35± 0.09± 0.09)⇥ 10�3 first observation 
<latexit sha1_base64="N43Xlz7TutXYlOXoU0QSz60eZZs="></latexit>

B(D0 ! ⇢�µ+⌫µ)

B(D0 ! ⇢�e+⌫e)
= 0.90± 0.11

SM prediction [0.93, 0,96]
No LFU violation with current sensitivity

▸ Semileptonic charm decays

▸ See Lanxing Li’s talk, Wed 12:20AM

<latexit sha1_base64="NxlrziY/TY2MQgeq92LxMy0ELSY=">AAAB+HicdVBNS8MwGE7n15wfq3r0EhyCp9LO2m0HYeDF4wT3AVsZaZZuYUlbklSYZb/EiwdFvPpTvPlvTLcJKvpAyJPneV/eN0+QMCqVbX8YhbX1jc2t4nZpZ3dvv2weHHZknApM2jhmsegFSBJGI9JWVDHSSwRBPGCkG0yvcr97R4SkcXSrZgnxORpHNKQYKS0NzfIlbFheDQ4SDm3r3B2aFX15Tr3a0G/Xsx0nJ55b9S5q0LHsBSpghdbQfB+MYpxyEinMkJR9x06UnyGhKGZkXhqkkiQIT9GY9DWNECfSzxaLz+GpVkYwjIU+kYIL9XtHhriUMx7oSo7URP72cvEvr5+qsO5nNEpSRSK8HBSmDKoY5inAERUEKzbTBGFB9a4QT5BAWOmsSjqEr5/C/0mnajme5d64laa7iqMIjsEJOAMOqIEmuAYt0AYYpOABPIFn4954NF6M12VpwVj1HIEfMN4+AWvakPs=</latexit>

= 9.67± 0.34
<latexit sha1_base64="mlRIctuDJDjhi/pIB8IBW1kMpS0="></latexit>

[SM : 9.75± 0.01]
Precision for D+ → lν or Ds in purely 

leptonic of 10% and 3% 
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Charm rare decays [next] STCFTable 1: For the studies on D+
(s) → !+ν!, the obtained precisions at BESIII and projected precisions at

STCF and Belle II. Considering that the LQCD uncertainty of fD+
(s)

has been updated to be about 0.2% [11],

the |Vcd| measured at BESIII has been re-calculated, and is marked with ∗. Preliminary results are marked
with †. For Belle II, we assume that the systematic uncertainties can be reduced by a factor of 2 compared
to Belle’s results.

BESIII STCF Belle II
Luminosity 2.93 fb−1 at 3.773 GeV 1 ab−1 at 3.773 GeV 50 ab−1 at Υ(nS)

B(D+ → µ+νµ) 5.1%stat 1.6%syst [6] 0.28%stat –
fD+ (MeV) 2.6%stat 0.9%syst [6] 0.15%stat –
|Vcd| 2.6%stat 1.0%∗

syst [6] 0.15%stat –
B(D+ → τ+ντ ) 20%stat 10%syst [7] 0.41%stat –
B(D+ → τ+ντ )

B(D+ → µ+νµ)
21%stat 13%syst [7] 0.50%stat –

Luminosity 3.2 fb−1 at 4.178 GeV 1 ab−1 at 4.009 GeV 50 ab−1 at Υ(nS)
B(D+

s → µ+νµ) 2.8%stat 2.7%syst [8] 0.30%stat 0.8%stat 1.8%syst

fD+
s

(MeV) 1.5%stat 1.6%syst [8] 0.15%stat –
|Vcs| 1.5%stat 1.6%syst [8] 0.15%stat –
fD+

s

/fD+ 3.0%stat 1.5%syst [8] 0.21%stat –

B(D+
s → τ+ντ ) 2.2%stat 2.6%

†
syst 0.24%stat 0.6%stat 2.7%syst

fD+
s

(MeV) 1.1%stat 1.5%
†
syst 0.11%stat –

|Vcs| 1.1%stat 1.5%
†
syst 0.11%stat –

f
µ&τ

D+
s

(MeV) 0.9%stat 1.0%
†
syst 0.09%stat 0.3%stat 1.0%syst

|V µ&τ
cs | 0.9%stat 1.0%syst

† 0.09%stat –

B(D+
s → τ+ντ )

B(D+
s → µ+νµ)

3.6%stat 3.0%
†
syst 0.38%stat 0.9%stat 3.2%syst

2

[STCF, arXiv: 2203.03211]
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A “flavourful” path to NP?

Figure 3.3: LHC constraints for the U1 vector leptoquark for the benchmark scenarios with �b⌧
R = 0

(left) and �b⌧
R = �1 (right). The 1� and 2� regions obtained from the fit to low-energy data are also

shown.

scenarios considered here, the largest cross section is obtained for pp ! U⇤
1
U1 ! b⌧ t⌫. The CMS

collaboration has performed a dedicated search for this channel using 137 fb�1 of 13 TeV data [105].
The corresponding exclusion regions (obtained for c = 0) are shown in Figure 3.3 for both benchmark
scenarios, together with the 1� and 2� regions obtained from the low-energy fit. We also show
the projected limits for the high-luminosity phase of the LHC (HL-LHC with 3 ab�1 of integrated
luminosity) under the assumption that no NP signal is detected and that statistical and systematic
uncertainties scale with the square root of the luminosity. As can be seen, these searches o↵er only a
relatively small coverage of the parameter space favored by the low-energy fit. Other direct searches,
such as single-leptoquark production from quark-gluon scattering [102, 106–108] (see figure 3.4 b)
or resonant production via lepton-quark fusion [109–111] (exploiting the recently determined lepton
PDFs from photon splitting [112]) will play a crucial role in the event of a discovery, but are currently
not competitive with other high-pT searches.

Another interesting collider constraint is obtained by searching for modifications of the high-pT
tail in the dilepton invariant mass distribution in the Drell-Yan process pp ! ⌧+⌧� + X induced
by t-channel U1 exchange [41, 103, 113, 114] (see figure 3.4 c).4 The dominant production mechanism
for this channel is via a bb̄ initial state, while contributions from bs̄- and ss̄-initiated processes are
subdominant due to the underlying flavor structure of the leptoquark couplings. Stringent limits
from pp ! ⌧+⌧� +X data can be obtained by recasting the ATLAS analysis in [117] with 139 fb�1

of 13 TeV data, following the same recasting procedure described in [103]. As shown in Figure 3.3,
high-pT lepton tails provide important constraints on the parameter space preferred by the low-energy
fit, especially for �b⌧

R = �1, where the limit is about two times stronger than in the �b⌧
R = 0 scenario.

However, for both benchmark scenarios a large region of the parameter space still remains viable.
Together with the present bounds, we also show the projected limits for the HL-LHC, again assuming

4Analogous limits from pp ! µ⌧ [103, 115] and pp ! µ+µ� [42] do not provide competitive bounds because of the
flavor suppression of the light-lepton couplings, though they might play a relevant role in the future in the event of
discovery. Similarly, limits derived from pp ! ⌧ ⌫̄ [116] are found to be weaker due to the smallness of V ⇤

cs �
s⌧
L and V ⇤

cb

compared to the dominant third-generation couplings.
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Preferred by B-anomalies

On the interplay between direct and indirect searches 

[by Admir Greljo]  
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SUMMARY

 

 

WHAT COMES NEXT?

More data, more channels, more observables, novel ideas 

Full understanding of the field will require a combined 
effort of the different experiments

 

A PRECISION FLAVOUR PHYSICS ERA AHEAD OF US! 

[a “compass” to the LHC searches?]

Very rich physics programme with unprecedented 
discovery potential in the near future

Intriguing set of anomalies in B meson decays

i.e. decay rates, angular analysis, LFU analyses


