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Take home messages

Take Home Message 1:

Flavour physics is interesting!

Take Home Message 2:

Despite some drawbacks, we can make
good progress in the next few years!
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Why flavour?

• The origin of the Yukawa patterns is unknown

• Yukawa couplings are free parameters in the SM and they have to be extracted from
data
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• The origin of the Yukawa patterns is unknown

• Yukawa couplings are free parameters in the SM and they have to be extracted from
data

• CKM and/or loop-suppressed decays have a small signal that should make
new physics visible

• We need to control SM predictions at high accuracy
• Indirect searches: no energy limitation
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Oth(yij) = Oexp

• Control theoretical accuracy

⇒ Predict with high accuracy non-perturbative quantities e.g. decay constants, form
factors, etc.

⇒ Need to develop non-perturbative methods

• Control experimental error

⇒ For statistically limited modes we only need to wait

⇒ For systematically limited modes we need more statistics and better techniques
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B-physics: LHCb and Belle II

LHCb Belle/Belle II

1. Introduction

The Belle II experiment [1] at the SuperKEKB electron-positron collider (High Energy 

Accelerator Research Organization, KEK, Tsukuba, Japan) is an upgrade of the Belle experiment

[2-3] that studied CP-violation, weak interaction coupling constants and rare physics processes at

the (4S) and (5S) resonances, and completed data taking in 2010. SuperKEKB collides 7 GeV

electron beams with 4 GeV positron beams, with an instantaneous design luminosity of 8 x 1035 

cm-1s-1 and a goal of recording 50 ab-1 of integrated luminosity. Such large data samples will 

allow measurements of rare B and D meson decays, including those that are suppressed or 

forbidden by the Standard Model of particle physics. Belle II will also allow unprecedented 

sensitivity to lepton flavor violating decays of the  lepton. In addition to searches for new 

physics, such data samples will lead to a substantial reduction of uncertainties for processes that 

were already measured by the previous generation of B-factory experiments. To detect rare 

processes, as well as to maximize the signal to background ratios in the channels of interest, 

Belle II requires improved particle identification capabilities. In particular, it is expected that rare

and previously unobserved physics phenomena can be explored at Belle II if separation of kaons 

from pions in the transverse momentum range from 1 GeV/c to 4 GeV/c can be accomplished 

with 85-90% efficiency while the misidentification rate is maintained below 5% [1, 4]. Improved

particle identification performance is also needed for Belle II to minimize the effects of beam 

backgrounds expected from SuperKEKB. To meet such particle identification requirements in 

the barrel region of Belle II, a novel Cherenkov radiation detector – the Time-Of-Propagation 

(TOP) detector [5-8] – was built (Fig. 1). 
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Figure 1: Location of the Time-Of-Propagation detector in Belle II. VXD: Vertex Detector. CDC: 

Central Drift Chamber. ECL: Electromagnetic Calorimeter. ARICH: Aerogel Ring-Imaging 

Cherenkov Detector. BKLM: Barrel Kaon-Long and Muon detector. EKLM: Endcap Kaon-Long 

and Muon detector.

• Hadronic machine (pp-collisions)

• Forward detector

• The momentum of the b-hadrons is
not known

• e+e− collisions at
√
s = m(Υ(4S))

• 4π detector

• The momentum of the b-hadrons is
known
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Current Experimental Status

Channel Belle I Belle II (current) LHCb Run I+II
B0, B̄0 ∼ 8× 108 ∼ 4× 108 ∼ 2× 1012

B± ∼ 8× 108 ∼ 4× 108 ∼ 2× 1012

B0
s , B̄0

s ∼ 6× 108 ∼ 0.5× 1012

B±
c − ∼ 8× 108

Λb, Λ̄b − ∼ 1× 1012

• Belle II data are currently analysed and many interesting results are out

⇒ New analysis techniques help in exploiting the current (low) statistics and achieving
remarkable results

• Many LHCb results are still based on Run I + half of Run II datasets

⇒ Still room for improvement before Run 3 results
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Current Experimental Status

• Data taking is not going as smoothly as foreseen

• LHCb suffered from delays due to problems during the 2023 Run

• Belle II resumed operation this year but they are also under luminosity target

• Recently, CMS has started producing very interesting results in rare decays

• The key forward is the complementarity of these three experiments
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Figure 1: State-of-the-art UT analysis in the SM implementing all the most relevant constraints in the (⇢̄, ⌘̄)
plane. Contour regions are shown at the 95% probability. Further details on the fit are reported in Table 1.

exemplified in Figure 1. Using all the most informative constraints in order to determine the apex
of the UT in the (⇢̄, ⌘̄) plane as precise as possible, we actually reach 3% precision in the inference
of CP violation, namely:

( ⇢̄ = 0.160 ± 0.009 , ⌘̄ = 0.346 ± 0.009 ) SM fit , (1)

with the other Wolfenstein parameters determined to be: � = 0.2251 ± 0.0008, A = 0.828 ± 0.010.
It is remarkable that the determination of the UT angles ↵, � and � allows for the same level of
precision in constraining CP violation from weak interactions in the SM:

( ⇢̄ = 0.159 ± 0.016 , ⌘̄ = 0.339 ± 0.010 ) angles . (2)

We observe that such a bound on CP violation still holds at the 6% level when one restricts the
UT fit only to CP-conserving observables, and marginally improves with the addition in the fit
of the observable "K, parametrizing CP violation from the mixing in the neutral kaon system, see
Figure 2. In Table 1 we report all the key observables for the SM global fits, with the measurements
adopted in the analysis, the mean and standard deviation of the posterior from the full fit, and the
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Figure 2: Determinations of the SM UT using partial information from the constraints available.
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“. . . there is a general consistency, at the percent level, between the SM predictions
and the experimental measurements. Thus in order to discover new physics effects

a further effort in theoretical and experimental accuracy is required.”
[2212.03894]
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However, there are a lot of puzzles that involve single measurements/theoretical
predictions:
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How do we make progress?

We need a physics plan

• Joint between theory and experiment

• Concrete, exploiting what can be measured and predicted with high accuracy

What are the goals?

• Understand the SM at high accuracy

⇒ With or without the help of experimental data

• Look for hints of NP

⇒ Identify processes that are signatures for classes of models
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The LHCb case

2010 2020 2030 2040
Year

0

50

100

150

200

250

300

350

]
-1

In
t. 

lu
m

in
os

ity
 [f

bLS
1

LS
2

LS
3

LS
4

LS
5

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

0
2

4

6

8

10
12

14

16

]
-1 s

-2
 c

m
33

In
st.

 lu
m

in
os

ity
 [1

0

2

Physics programme limited by detector, and NOT by the LHC, so there’s 
a clear case for an ambitious plan of upgrades

LHCb upgrades

Upgrade IIUpgrade I

Upgrade II

Potentially the only general purpose flavour physics facility in the world 
on this timescale

schedule updated beginning of 2022
• Detector installation 

during LS4  (2033)

• Lpeak = 1.5x1034 cm-2 s-1

•  Lint =  ~50 fb-1 per year, 
≥300 fb-1 during Run 5 & 6 

 European Strategy Update 2020   "The  full potential of the LHC and 
the HL-LHC, including the study of flavour physics, should be exploited”  11/33
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50 fb−1
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The Belle II case

• Belle II is taking data (will soon end operation for 2024)

• During Run I, they collected 424 fb−1, of which 363 fb−1 at the Υ(4S)

• From this year’s trend, the “Base” luminosity is more realistic

Projection of integrated luminosity delivered by SuperKEKB to Belle II  

Target scenario: extrapolation 
from 2021 run including expected 
improvements.
  

Base scenario: conservative 
extrapolation of SuperKEKB 
parameters from 2021 run  

• We start long shutdown 1 (LS1) from summer 2022 for 15 months to replace VXD. There will be other 
maintenance/improvement works of machine and detector.

• We resume physics running from Fall 2023.
• A SuperKEKB International Taskforce (aiming to conclude in summer 2022) is discussing additional improvements.
• An LS2 for machine improvements could happen on the time frame of 2026-2027

LS1

[fb-1]

[YY/M/D]

480fb-1

510fb-1Run I
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Experimental prospects

• The nominal luminosity targets for Belle II and LHCb are 50 ab−1 and 300 fb−1

• Realistically, it is unlikely that they will meet this goal

• In many cases, lower luminosities are anyway enough

• Benchmarks: Belle II with 1 ab−1 and LHCb with 100 fb−1

Channel Belle II LHCb FCC-ee
B0, B̄0 ∼ 1× 109 ∼ 2× 1013 ∼ 6.2× 1011

B± ∼ 1× 109 ∼ 2× 1013 ∼ 6.2× 1011

B0
s , B̄0

s − ∼ 0.6× 1013 ∼ 1.5× 1011

B±
c − ∼ 8× 109 ∼ 4× 109

Λb, Λ̄b − ∼ 1× 1013 ∼ 1.30× 1011
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What to expect from Lattice QCD

Input fBs (Nf = 2 + 1) fBs (Nf = 2 + 1 + 1)
current 1.8% 0.6%

5 years 0.9% 0.3%

10 years 0.4% 0.11%

• More statistics implies a systematic reduction of uncertainties

• It is expected a reduction of a factor of 2 in 5 years and 5 in 10 years

• However, below the per cent level, QED effects have to be taken into account

⇒ Already included in fK , WIP per heavy mesons

• A conservative 1% error that accounts for QED has to be considered
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What to expect from Lattice QCD

Input fBs (Nf = 2 + 1) fBs (Nf = 2 + 1 + 1)
current 1.8% 0.6%

5 years 0.9% 0.3%

10 years 0.4% 0.11%

• More statistics implies a systematic reduction of uncertainties

• It is expected a reduction of a factor of 2 in 5 years and 5 in 10 years

• However, below the per cent level, QED effects have to be taken into account

⇒ Already included in fK , WIP per heavy mesons

• A conservative 1% error that accounts for QED has to be considered

Until QED problem is solved, there is no
need to improve significantly in statistics
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Main references
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|Vcb| and |Vub|



The long-standing |Vcb|/Vub puzzle
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The long-standing |Vcb|/Vub puzzle

B → D(∗)`ν̄
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The long-standing |Vcb|/Vub puzzle
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The long-standing |Vcb|/Vub puzzle

B → D(∗)`ν̄

B → π`ν̄

Λb → pµν̄/Λb → Λcµν̄, Bs → Kµν/Bs → Dsµν̄
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|Vcb| and |Vub|: current status

• Inclusive Vcb is rather stable

• Inclusive Vub is less clean theoretically because cuts used in experiments
make the theory prediction less precise

• Exclusive Vcb from B → D is also rather stable

• Exclusive Vcb from B → D∗ is still shaky and depends strongly on the
experimental dataset used and from theory inputs

• Exclusive Vub from B → π is rather reliable
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B → D∗`ν̄
18
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Figure 2.3: [B → D∗ℓν decay geometry] Geometry of B → D∗ℓν decays.

The differential decay rate is given by

dΓ(B→D∗ℓν)
dwdcosθV dcosθℓdχ

=
3G2

F

4(4π)4
|Vcb|2mBm2

D∗
√

w2 − 1(1 − 2wr + r2)×

[(1 − cosθℓ)
2sin2θV |H+(w)|2

+(1 + cosθℓ)
2sin2θV |H−(w)|2

+4sin2θℓcos2θV |H0(w)|2

−4sinθℓ(1 − cosθℓ)sinθV cosθV cosχH+(w)H0(w)

+4sinθℓ(1 + cosθℓ)sinθV cosθV cosχH−(w)H0(w)

−2sin2θℓsin
2θV cos2χH+(w)H−(w)]

where Hi(w) are called the helicity form factors. These form factors are related to

another set of form factors, hV (w), hA1(w), hA2(w) and hA3(w), as follows.

Hi = −mB
R(1 − r2)(w + 1)

2
√

1 − 2wr + r2
hA1(w)H̃i(w) (2.19)

where H̃i(w) are given by

H̃±(w) =
√

1−2wr+r2

1−r

(
1 ∓

√
w−1
w+1

R1(w)
)

H̃0(w) = 1 + w−1
1−r

(1 − R2(w))
(2.20)

d’Agostini bias [? ]. Comparing the results of both the “lat” and “lat+exp” analyses allows

for testing the SM in a comprehensive way. Indeed, similar to [? ? ? ? ? ], we sometimes

observe that theory predictions show unexpected behaviour, and also, that results based

on di↵erent experimental data in some cases lead to conclusions that are at tension. We

analyse how this a↵ects the phenomenological predictions, and where deemed necessary,

attach a corresponding systematic error.

In what follows we first summarise the SM expression for the di↵erential decay rate of

B ! D⇤`⌫̄` decays, as well as the BGL ansatz. We then discuss the two fitting strategies

and results for the BGL parameterisations in Sec. 3 and 4, respectively. In the remaining

two sections we discuss the results for phenomenology and our conclusions.

2 Anatomy of B ! D⇤`⌫̄` decays

We briefly introduce the expression for the di↵erential decay rate for the process B ! D⇤`⌫̄`
in terms of hadronic form factors. Following that we discuss the model-independent pa-

rameterisation of the form factors, which are at the core of this study.

2.1 Di↵erential decay rates and hadronic form factors

The semileptonic B ! D⇤`⌫̄` decay, with the subsequent D⇤ ! D⇡ decay, is described

by four kinematic variables. First is q2, the square of the four-momentum transfer qµ =

(pB � pD⇤)µ, where pB and pD⇤ are the four-momentum of the B and the D⇤ meson,

respectively, or equivalently the hadronic recoil

w =
M2

B + M2
D⇤ � q2

2MBMD⇤
. (2.1)

Second, there are three angles ✓`, ✓v and � that describe the geometry of the decay.1 The

expression for the di↵erential decay rate in the SM in the limit of massless leptons in terms

of these kinematic variables is

d�

dwdcos(✓`)dcos(✓v)d�
=

3G2
F

1024⇡4
|Vcb|2⌘2

EW MBr2
p

w2 � 1q2

⇥
�
(1 � cos(✓`))

2 sin2(✓v)H
2
+(w) + (1 + cos(✓`))

2 sin2(✓v)H
2
�(w)

+ 4 sin2(✓`) cos2(✓v)H
2
0 (w) � 2 sin2(✓`) sin2(✓v) cos(2�)H+(w)H�(w)

� 4 sin(✓`)(1 � cos(✓`)) sin(✓v) cos(✓v) cos(�)H+(w)H0(w)

+ 4 sin(✓`)(1 + cos(✓`)) sin(✓v) cos(✓v) cos(�)H�(w)H0(w)
 

where H0, H± are the hadronic helicity form factors defined in QCD. For massive charged

leptons, an additional form factor contributes, which we denote with HS . For the discussion

1Following [? ], ✓` is the angle between the direction of movement of the charged lepton and the

direction opposite the movement of the B meson in the W rest frame, ✓v is the angle between the direction

of movement of the D0 in the D0 � ⇡ pair resulting from the decay of the D⇤, and the direction opposite

to the B meson in the D⇤ rest frame. The angle � is the angle between the two decay planes defined by

the charge-neutral lepton pair and the D0 � ⇡ pair, respectively, in the B rest frame.

– 3 –

• Belle II with inclusive tag, Belle with
hadronic tag

• Belle II w/ 189 fb−1 has the same
precision as the previous untagged
Belle analysis with the full dataset

⇒ Success of the inclusive tagging!

• Systematically dominated

⇒ Feedown from B → D∗∗ can be
reduce with further data
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B → D∗`ν̄: theory
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Hadronic form factors

• The B → D∗ case is more complicated because the D∗ is unstable

• Recent progress from Lattice QCD: complete calculation away from zero-recoil
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Figure 1. Solid magenta band: Simultaneous correlated Bayesian inference BGL “lat” fit to lat-

tice results by JLQCD 23 [11], HPQCD 23 [10] and FNAL/MILC 21 [9] with (Kf , KF1
, KF2

, g) =

(4, 4, 4, 4). Grey bands: Bayesian BGL “lat” fits to individual lattice data sets. Correlated fre-

quentist fits to the same data without unitarity constraint would also be of acceptable qual-
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FNAL/MILC 21 [9] together with the experimental average of Belle 23 [1, 2] and Belle II 23 [3, 4]

in HFLAV 24 [47], for which the frequentist fit would have (p, �2/Ndof , Ndof) = (0.13, 1.21, 58).

�2/Ndof in the last three columns of Tab. 3. In Tab. 4 we also show the BGL coe�cients for

the Bayesian BGL fit to individual or combinations of lattice-data sets. We note di↵erences

in the 0th and 1st order BGL coe�cients at the level of a few standard deviations. This is

particularly the case for aF2,1, where the tension between JLQCD 23 and FNAL/MILC 21

is about 2.5�, with HPQCD 23 lying in between for this coe�cient. Consequently, the fit

including JLQCD 23 and HPQCD 23 on the one side, and FNAL/MILC 21 and HPQCD 23

on the other, shows a similar tension. These deviations contribute to the di↵erent shapes

of the parameterisation of individual data sets as shown in terms of grey bands in Fig. 1.

We note, in this context, that FNAL/MILC 21 did not impose the kinematical constraint

– 9 –
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Figure 3. Di↵erential decay rates by HFLAV 24 and a (Kf , KF1 , KF2 , g) = (4, 4, 4, 4) BGL fits to

lat, lat+exp and exp. Lattice input JLQCD 23 (top two rows) and FNAL/MILC 21 and HPQCD

23 (bottom two rows). We show the 1� error bands. The horizontal bars indicate the bin-width of

the experimental data.
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• Different lattice results yield different
phenomenological consequences

• Understanding the differences
among lattice and with experimental
data is essential to make any
progress
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Figure 8. Comparison of results based on BGL fits to lattice data (squares), simultaneous BGL fit

to experiment (see legend) and lattice data (triangles), fits to only experimental data (circles) by

Belle [1, 2, 67, 68], Belle II [3, 4, 66], LHCb [69] and the HFLAV-Moriond 24-average [65, 72–81],

where available or visible within the shown range along the horizontal axis, and other work we

comment on in the text (also circles). All shown BGL fits are for (Kf , KF1
, KF2

, Kg)=(4,4,4,4).

The vertical blue band indicates our central results presented in Eq. (5.6), the vertical dashed line is

the corresponding statistical error, and the dash-dotted grey lines indicate the range for the results

that we would obtain using PDG error inflation (see text after Eq. (5.6)).

lat R⌧/µ(D⇤) Ropt(D⇤) Re/µ(D⇤) Ae
FB F e

L F ⌧
L P ⌧

JLQCD 23 0.2482(81) 1.0919(77) 1.00464(23) 0.221(22) 0.515(31) 0.447(17) -0.508(11)

HPQCD 23 0.270(13) 1.068(12) 1.00409(32) 0.264(31) 0.432(45) 0.398(24) -0.545(19)

FNAL/MILC 21 0.2748(89) 1.0805(47) 1.00395(21) 0.258(14) 0.456(20) 0.4202(93) -0.5277(74)

JLQCD 23 HPQCD 23 0.2558(60) 1.0854(59) 1.00444(17) 0.238(17) 0.488(23) 0.431(12) -0.5183(87)

FNAL/MILC 21 HPQCD 23 0.2734(70) 1.0794(42) 1.00399(17) 0.256(12) 0.457(17) 0.4191(83) -0.5290(66)

JLQCD 23 FNAL/MILC 21 0.2596(58) 1.0841(39) 1.00433(15) 0.252(12) 0.475(16) 0.4255(84) -0.5204(60)

JLQCD 23 HPQCD 23 FNAL/MILC 21 0.2616(52) 1.0832(36) 1.00428(14) 0.252(10) 0.473(15) 0.4241(73) -0.5221(56)

lat+exp R⌧/µ(D⇤) Ropt(D⇤) Re/µ(D⇤) Ae
FB F e

L F ⌧
L P ⌧

JLQCD 23 0.2548(17) 1.0918(36) 1.004497(52) 0.2187(64) 0.5215(42) 0.4505(35) -0.5096(49)

HPQCD 23 0.2556(20) 1.0927(55) 1.004483(67) 0.2197(64) 0.5213(42) 0.4499(53) -0.5085(76)

FNAL/MILC 21 0.2560(16) 1.0937(25) 1.004470(45) 0.2227(55) 0.5203(40) 0.4497(33) -0.5070(34)

JLQCD 23 HPQCD 23 0.2549(16) 1.0922(30) 1.004495(48) 0.2197(59) 0.5203(40) 0.4493(34) -0.5090(41)

FNAL/MILC 21 HPQCD 23 0.2558(16) 1.0928(23) 1.004479(44) 0.2232(54) 0.5193(39) 0.4484(32) -0.5082(32)

JLQCD 23 FNAL/MILC 21 0.2548(15) 1.0921(22) 1.004502(43) 0.2241(53) 0.5188(39) 0.4476(29) -0.5091(30)

JLQCD 23 HPQCD 23 FNAL/MILC 21 0.2548(15) 1.0919(20) 1.004503(42) 0.2243(50) 0.5179(38) 0.4470(29) -0.5094(28)

Table 8. Summary of results. The top panel of the table is based on BGL fits to only lattice data,

while the bottom panel is based on combined BGL fits to lattice and experimental data (HFLAV

24). A summary of these results is also provided in Fig. 8.

– 23 –

• The spread of the results is worrisome when trying to make precise predictions
• Combining various lattice results reduces uncertainties but renders predictions

incompatible with the ones from a single dataset
• It is not clear that more statistics will solve the problem, difficult to give a solid

prospect
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Exclusive Vub from B → π`ν̄
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• Predictions for B → π form factors
are more stable

• Agreement with experimental data is
very good

Fig. 84: Model independent BCL fits (Npar = 3 + 1) for B ! ��� tagged and untagged (left)

and Bs ! K�� untagged (right) with 5 ab�1 data samples, and lattice-QCD error forecasts

in 5 years (w/ EM).
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Fig. 85: Projections of Vub error to various luminosity values and lattice-QCD error fore-

casts for B ! ��� tagged and untagged modes. The figure on the left is obtained by using

lattice forecasts with EM corrections and the figure on the right by forecasts without these

corrections.

over partonic final states, which eliminates any long-distance sensitivity to the final state.

The short-distance QCD corrections, which appear at the typical scale µ � mb of the decay,

can be computed in perturbation theory.

The remaining long-distance corrections are related to the initial B meson. They can

be expanded in the heavy-quark expansion (HQE) in powers of �QCD/mb � 0.1, where

�QCD is a typical hadronic scale of order MB � mb � 0.5 GeV. This expansion systemat-

ically expresses the decay rate in terms of non-perturbative parameters that describe the

universal properties of the B meson.

The non-perturbative parameters a�ect the di�erential decay rates from which |Vcb| and

|Vub| are extracted. Their dominant e�ect is on the shapes of the distributions while |Vcb|
and |Vub| only enter through the overall normalisation. Hence, the strategy for a precise
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8 Leptonic and Semileptonic B Decays
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Fig. 87: Projections for a global |Vub| fit at Belle II with 1 ab�1 and 5 ab�1. No theory

uncertainties are included in the fit, which can be expected to be of similar size.

possible within the global fit to let the form of F (k) as well as its uncertainties be char-

acterised solely by the uncertainties in the included experimental measurements, such that

any intrinsic limitations from model-dependent assumptions are avoided.

Using this approach, a global fit to all available B ! Xs� measurements extracting |C incl
7 |

along with F (k) has been performed by the SIMBA collaboration in Ref. [297], clearly

demonstrating the feasibility of this approach.

Projections for a global fit using two projected single-di�erential spectra in mX and E` for

B ! Xu�� and a E� spectrum in B ! Xs� from Belle II at 1ab�1 and 5ab�1 are shown in

Fig. 87. Projections with even higher integrated luminosity are hard to obtain, because they

will require improvements on the experimental systematics. As always, these projections

only should serve as an indication. The achievable precision will strongly depend on the

precision and number of available spectra. The projected fit uncertainties at 1ab�1 (5ab�1)

are about 4.5% (3%) for the fit to B ! Xu�� only and 3% (2%) for the combined fit to

B ! Xs� and B ! Xu��. These fit uncertainties already include the dominant parametric

uncertainties from mb and F (k), as these are constrained in the fit by the data. They do not

include theoretical uncertainties, which can be expected to be of roughly similar size to the

fit uncertainties. These projections do not include sub-leading shape function e�ects, which

are expected to become relevant at this level of precision, but can then also be constrained

by the measurements. In general, one can expect that the increased Belle II statistics can

and should be exploited to reduce the current systematic limitations.

|Vub| summary. A summary of projections for inclusive, exclusive and leptonic decay

based determinations of |Vub| is given in Table 59.

8.8. Conclusions

Belle II will have a lot to say on leptonic and semileptonic B meson decays. Precise mea-

surements of the CKM matrix element magnitudes are crucial for pinning down the allowed

level of CP violation in the SM, but much work must be done to resolve inconsistencies

207/688

Figure 4: (Left panel) projections of |Vub| uncertainties as functions of integrated luminosity

in B
0 ! ⇡+`�⌫̄` analyses where the partner B meson is reconstructed (tagged) and not

reconstructed (untagged) for current and future expected lattice QCD inputs [5]; (right
panel) global fit projections for inclusive |Vub| for 1 ab�1 and 5 ab�1 [5]. Theoretical
uncertainties are not included in the fit.

5.4.2 Inclusive |Vub|
Measurements of inclusive B ! Xu`⌫ decays, where Xu is a charmless hadronic system, are
unique to B factories. Because of on-threshold BB production, after reconstructing a signal
lepton and the partner B meson, all remaining tracks and energy clusters can be associated
with the Xu candidate. Measurements are challenging and require accurate modeling of the
b ! u signal and the b ! c background as demonstrated in the latest Belle measurement
of B ! Xu`⌫, which indeed reports results closer to exclusive [45]. With larger sample
sizes and continuing developments in reconstruction algorithms (e.g., improved partner B
reconstruction) Belle II will accomplish measurements of inclusive |Vub| to O(0.01)
precision (Table 2).

Table 2: Expected fractional uncertainties (in percent) for inclusive |Vub| measurements [5].

Statistical Systematic Total expt. Theory Total

(reducible, irreducible)

1 ab�1 2.5 (2.9, 1.6) 4.1 2.5 � 4.5 4.8 � 6.1

5 ab�1 1.1 (1.3, 1.6) 2.3 2.5 � 4.5 3.4 � 5.1

50 ab�1 0.4 (0.4, 1.6) 1.7 2.5 � 4.5 3.0 � 4.8

Promising novel ideas are also explored. Belle has recently demonstrated a first
measurement of the B ! Xu`⌫ di↵erential spectra [46], paving the way for extensions at
Belle II. These measurements combined with model-independent theory approaches [47,48]
allow to determine the leading-order shape-function, needed to extract |Vub| from the

12

• With combined progress from theory
and experiment, the uncertainty on
inclusive Vub reaches 2% with 5 ab−1

• Can the inclusive tagging bring to
similar results with less statistics?
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New physics in b→ c`ν̄



Lepton Flavour universality
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RD(∗) =
B(B → D(∗)τ ν̄)

B(B → D(∗)`ν̄)

• Test Universality between the 3rd
and 2nd lepton families

• Ratios allow cancelling hadronic
uncertainties and experimental
uncertainties

• The B → D∗ mode is still affected by
the same effects discussed before

• The theory prediction of B → D is
much cleaner
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Experimental prospects
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Figure 5.3: The projected absolute uncertainties on R(D⇤) and R(J/ ) (see Sect. 5.3.2) from
the current sensitivities (at 3 fb�1) to 23 fb�1, 50 fb�1, and 300 fb�1.

modelling and the limited size of simulated samples. A major e↵ort is already underway to
commission fast simulation tools. The background modelling is driven by a strategy of dedicated
control samples in the data, and so this uncertainty will continue to improve with larger data
samples. From Run 3 onward it is assumed that, taking advantage of the full software HLT,
the hadronic analysis can normalise directly to the B0 ! D⇤�µ+⌫µ decay, thus eliminating
the uncertainty from external measurements of B(B0 ! D⇤�⇡+⇡�⇡+). It is assumed that all
other sources of systematic uncertainty will scale as

p
L. With these assumptions, an absolute

uncertainty on R(D⇤) of 0.003 will be achievable for the muonic and hadronic modes with the
300 fb�1 Upgrade II dataset.

On the timescale of Upgrade II, interest will shift toward new observables beyond the
branching fraction ratio [218]. The kinematics of the B! D⇤⌧⌫ decays is fully described by the
dilepton mass, and three angles which are denoted �, ✓L and ✓D. LHCb is capable of resolving
these three angles, as can be seen in Fig. 5.4. However, the broad resolutions demand very large
samples to extract the underlying physics. The decay distributions within this kinematic space
are governed by the underlying spin structure, and precise measurements of these distributions
will allow the di↵erent helicity amplitudes to be disentangled. This can be used both to constrain
the spin structure of any potential new physics contribution, and to measure the hadronic
parameters governing the B! D⇤⌧⌫ decay, serving as an essential baseline for SM and non-SM
studies. The helicity-suppressed amplitude which presently dominates the theoretical uncertainty
on R(D(⇤)) is too strongly suppressed in the B! D(⇤)µ⌫ decays to be measurable, however this
can be accessed in the B! D(⇤)⌧⌫ decay directly. If any potential new physics contributions are
assumed not to contribute via the helicity-suppressed amplitude then the combined measurements
of B! D(⇤)µ⌫ and B! D(⇤)⌧⌫ decays will allow for a fully data-driven prediction for R(D(⇤))
under the assumption of lepton universality, eliminating the need for any theory input relating to
hadronic form factors. However, these measurements have yet to be demonstrated with existing
data. This exciting programme of di↵erential measurements needs to be developed on Run 1
and 2 data before any statement is made about the precise sensitivity, but it o↵ers unparalleled
potential to fully characterise both the SM and non-SM contributions to the b ! c⌧⌫ transition.

48

Figure 5: Expected Belle II sensitivity for various R measurements as a function of
luminosity. The FEI acronym refers to the algorithm for reconstruction of the partner
B-meson mentioned in Sec. 3.

Regardless of the challenges associated with measuring R(X), Belle II will pro-
vide the most precise experimental information to resolve the R(D) and R(D⇤)
anomalies.

6.2 B ! K(⇤)⌫⌫̄ decays

The study of flavor-changing neutral-current transitions, such as b ! s⌫⌫̄, is a keystone
of the Belle II physics program. These transitions are suppressed in the SM [59] and
only occur at higher orders in SM perturbation theory via weak-interaction amplitudes
involving the exchange of at least two gauge bosons. The absence of charged leptons in
the final state reduces the theoretical uncertainty compared to b ! s`` transitions [60, 61].
SM branching fractions range between 2.2 ⇥ 10�6 and 8.4 ⇥ 10�6 depending on final state,
with O(10%) fractional uncertainties [61]. Decays B ! K(⇤)⌫⌫̄ are of particular interest
as they o↵er complementary probes of non-SM physics scenarios proposed [62] to explain
the anomalies observed in b ! s`+`� transitions [63–68]. More generally, B ! K(⇤)⌫⌫̄
decays provide provide discriminating constraints among various non-SM extensions such
as models with leptoquarks [69, 70], axions [71], feebly interacting [72], or dark matter
particles [73, 74].

Serious experimental challenges accompany the reliability of theoretical predictions.
Final-state neutrinos leave no signature in the detector and provide no information about
the signal B meson. Indirect information is obtained by reconstructing the (non-signal)
partner B meson produced in the e+e� ! ⌥ (4S) ! BB̄. Previous studies explicitly

15

• Main experimental uncertainties: B → D∗∗ feed down, simulates samples size

• improvable with data-driven analysis and more efficient simulation software

• Uncertainties should approach the few % level with more statistics

• Current theory uncertainty for RD is 1%

• No study with the inclusive tagging, ongoing work at Belle II
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“Dirty” b-hadron decays



b→ se+e−

Table 7.2: Estimated yields of b ! se+e� and b ! de+e� processes and the statistical uncertainty
on RX in the range 1.1 < q2 < 6.0GeV2/c4 extrapolated from the Run 1 data. A linear
dependence of the bb production cross section on the pp centre-of-mass energy and unchanged
Run 1 detector performance are assumed. Where modes have yet to be observed, a scaled
estimate from the corresponding muon mode is used.

Yield Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

B+! K+e+e� 254 ± 29 [274] 1 120 3 300 7 500 46 000
B0! K⇤0e+e� 111 ± 14 [275] 490 1 400 3 300 20 000
B0

s ! �e+e� – 80 230 530 3 300
⇤0

b ! pKe+e� – 120 360 820 5 000
B+! ⇡+e+e� – 20 70 150 900

RX precision Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

RK 0.745 ± 0.090 ± 0.036 [274] 0.043 0.025 0.017 0.007
RK⇤0 0.69 ± 0.11 ± 0.05 [275] 0.052 0.031 0.020 0.008
R� – 0.130 0.076 0.050 0.020
RpK – 0.105 0.061 0.041 0.016
R⇡ – 0.302 0.176 0.117 0.047
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Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron
and muon modes with the Run 3 and Upgrade II data sets. The 3� regions for the Run 3 data
sample are shown for the SM (solid blue), a vector-axial-vector new physics contribution (red
dotted) and for a purely vector new physics contribution (green dashed). The shaded regions
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J/ decays to µ+µ� and e+e�. This approach is expected to work well, even with very large
data sets.

Other sources of systematic uncertainty can be mitigated through design choices for the
upgraded detector. The recovery of bremsstrahlung photons is inhibited by the ability to
find the relevant photons in the ECAL (over significant backgrounds) and by the energy
resolution. A reduced amount of material before the magnet would reduce the amount of
bremsstrahlung and hence would increase the electron reconstruction e�ciency and improve the
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b→ se+e−

Table 7.2: Estimated yields of b ! se+e� and b ! de+e� processes and the statistical uncertainty
on RX in the range 1.1 < q2 < 6.0GeV2/c4 extrapolated from the Run 1 data. A linear
dependence of the bb production cross section on the pp centre-of-mass energy and unchanged
Run 1 detector performance are assumed. Where modes have yet to be observed, a scaled
estimate from the corresponding muon mode is used.
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RX precision Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

RK 0.745 ± 0.090 ± 0.036 [274] 0.043 0.025 0.017 0.007
RK⇤0 0.69 ± 0.11 ± 0.05 [275] 0.052 0.031 0.020 0.008
R� – 0.130 0.076 0.050 0.020
RpK – 0.105 0.061 0.041 0.016
R⇡ – 0.302 0.176 0.117 0.047

9C Re ∆
3− 2− 1− 0 1

10
C 

R
e

 
∆

1.5−

1−

0.5−

0

0.5

1

1.5

2

2.5
SM
scenario II
scenario I

Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron
and muon modes with the Run 3 and Upgrade II data sets. The 3� regions for the Run 3 data
sample are shown for the SM (solid blue), a vector-axial-vector new physics contribution (red
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“Clean” b-hadron decays



Belle II

Full Event Interpretation (FEI)

• Wrt Belle algorithm more decay
modes have been added

• Low efficiency but high signal purity

Inclusive tagging

• High efficiency but low purity

• Properties of the Rest-Of-Event
(ROE) are used to increase
efficiency

• Especially convenient for modes with
neutrinos

SEARCH FOR B+ → K+νν̄

8

• Reliable theoretical predictions 
ℬ(𝐵→𝐾𝜈𝜈)̄ = (5.58±0.38)×10-6 [arxiv:2207.13371] 
Branching fraction gets increased by leptoquarks, axions, etc. 

• 𝐵+→𝐾+𝜈𝜈 ̅has never been experimentally observed 

Search for 𝐵+→𝐾+𝜈𝜈 ̅ is unique to Belle II 
Challenge: two neutrinos in the final state 
=> Information from partner 𝐵 (tag) provides insight about signal 𝐵 

=> Use inclusive-tag approach to search for 𝐵+→𝐾+𝜈𝜈 ̅in 362 fb-1 

=> Use conventional hadronic-tag approach as an auxiliary measurement

NEW

Hadronic tag 
 

𝜖 = 𝒪(2%)
Btag → hadrons, e . g B → D(*)nπ

Υ(4S)B+ B−
ν

K+

π

D(*)
ν̄

Inclusive tag 
 

𝜖 = 𝒪(100%)
Btag → anything

Υ(4S) B−B+
ν

K+
ν̄
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B+ → K+νν̄

Hadronic Tagging

B(B+ → K+νν̄) = (1.1+0.9+0.8
−0.8−0.5)× 10−5

Inclusive Tagging

B(B+ → K+νν̄) = (2.7±0.5±0.5)×10−5

Combined

B(B+ → K+νν̄) = (2.7± 0.5+0.5
−0.4)× 10−5

24

FIG. 21. Signal strength µ determined in the ITA (left) and HTA (right) for independent data samples divided into approximate
halves by various criteria. The vertical lines show the result obtained on the full data set. The horizontal bars (and dot-dashed
lines) represent total 1 standard deviation uncertainties.

FIG. 22. Distribution of q2
rec for ITA events in the pion-

enriched sample and populating the ⌘(BDT2) > 0.92 bins.
The yields of simulated background and signal components
are normalized based on the fit results to determine the
branching fraction of the B+ ! ⇡+K0 decay. The pull dis-
tribution is shown in the bottom panel.

is reduced by about 20%. The increase in the systematic
uncertainty, also observed in ITA, is compensated by an
increase in the data-sample size due to changes in the

FIG. 23. Branching-fraction values measured by Belle II,
measured by previous experiments [9–13], and predicted by
the SM [4]. The Belle analyses reported upper limits; the val-
ues shown here are computed based on the quoted observed
number of events, e�ciency, and f+� = 0.516. The BABAR
results are taken directly from the publications, and they use
f+� = 0.5. The weighted average is computed assuming sym-
metrized and uncorrelated uncertainties, excluding the super-
seded measurement of Belle II (63 fb�1, inclusive) [13] and
the uncombined results of Belle II shown as open data points.

3.5σ evidence wrt background only

2.7σ tension wrt SM

[2311.14647]
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Prospects
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Figure 6: Allowed 68% CL regions for the R2 simplified model coupling cSL = 8cT [56, 57]
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 [58]. 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.

reconstructed the partner B meson in hadronic [75–77] or in semileptonic decays [78,79].
Recently, we introduced a novel, inclusive reconstruction method [80] 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

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)
B0 ! K0

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)
B0 ! K⇤0⌫⌫̄ 1.08 (0.72) 0.60 (0.40) 0.49 (0.33) 0.34 (0.23)

higher signal e�ciency and better sensitivity than any previous approach, as shown by
the Belle II B+ ! K+⌫⌫̄ branching fraction results [80].

We project sensitivities based on Belle II simulation and an early Belle II analysis [80].
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

uncertainty scales with luminosity
∼ 26%

B+ → K+νν̄@14%
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What about theory?

• Currently, SM prediction is affected by ∼ 7% uncertainty

• With Lattice QCD projections in 5 years ∼ 2%

Current uncertainties 3− 4%

With Lattice in 5 years + 1 ab−1 Belle II
we could see B+ → K+νν̄

at 5σ with same central values
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Theory predictions for B̄s → µ+µ−

B(Bs → µ+µ−) =
τB

32π2

α2
EMG

2
F

mBs

|VtbV ∗
ts|2f2

Bs
m2
µ

√
1− 4m2

µ

m2
Bs

|C10|2(1 + ∆QED)

B(Bs → µ+µ−) = (3.660± 0.138) · 10−9

• Leading uncertainty from |Vcb|

• Current total uncertainty ∼ 3.8%

• No pollution from charm rescattering

hadronic input
photons probing
the Bs structure
[Beneke, Bobeth, Szafro, ’19]

;
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“Worse” case
exclusive Inclusive

;
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Experimental prospects on B̄s → µ+µ−

B(B̄s → µ+µ−) = (3.09+0.46+0.15
−0.43−0.11)× 10−9

• With 100 fb−1, the statistical uncertainty drops to ±0.14 (∼ 4.5%)

• Leading current systematics is fs/fd (3%)

• Prospects with more luminosity are not clear

• Interplay with CMS is interesting to validate results

• We expect a similar reach for CMS

[2108.09283,2108.09284,2212.10311]
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Charm is the new beauty
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• c→ uνν̄ modes are very suppressed by GIM⇒ SM predictions are zero
• any signal is a clear sign of NP

δB = 1/
√
ηeffNhcB

[R. Bause, H. Gisbert, M. Golz, G. Hiller, ’21]
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Take home messages

Take Home Message 1:

Flavour physics is interesting!

Take Home Message 2:

Despite some drawbacks, we can make
good progress in the next few years!
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