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The draft of our report is available at

https://www.overleaf.com/read/dymwtdkzgbtr

This report describes the physics case for precision studies of weak decays of b and c

quarks, and it discusses the experimental and theory programs needed to exploit these

physics opportunities in the next decades. This report is not a review of heavy-quark

physics, and no attempt has been made to provide complete references to prior work.

We welcome your suggestions for improvements! Thanks to everyone
who already sent us comments. This session is an opportunity for more
feedback.

In the following, we will give an overview of the content of the report.

https://www.overleaf.com/read/dymwtdkzgbtr


Contributed whitepapers

Title (some shortened to fit) Authors Reference

New physics in B meson mixing: future sensitivity and limitations J. Charles et al. 2006.04824

b → sτ+τ− physics at future Z factories L. Li, T. Liu 2012.00665

Charm Physics in the High-Luminosity Super τ -Charm Factory H.-Y. Cheng, X.-R. Lyu, Z.-Z. Xing 2203.03211

The Future Circular Collider G. Bernardi et al. 2203.06520

A New Tool for Detecting BSM Physics in B → K∗ℓℓ Decays A. Sibidanov et al. 2203.06827

A new tool to search for physics beyond the SM in B̄ → D∗+ℓ−ν̄ B. Bhattacharya et al. 2203.07189

Flavor Model Building W. Altmannshofer, J. Zupan 2203.07726

Belle II Executive Summary D. M. Asner et al. 2203.10203

The Belle II Detector Upgrade Program F. Forti et al. 2203.11349

Japan’s Strategy for Future Projects in High Energy Physics M. Endo et al. 2203.13979

Physics in the τ -charm Region at BESIII R. E. Mitchell et al. 2204.08943

The Physics potential of the CEPC H. Cheng et al. 2205.08553

Upgrading SuperKEKB with a Polarized Electron Beam S. Banerjee, J. M. Roney et al. 2205.12847

A lattice QCD perspective on weak decays of b and c quarks O. Witzel et al. 2205.15373

Belle II physics reach and plans for the next decade and beyond D. Tonelli et al. 2207.06307

Lattice QCD and Particle Physics A. S. Kronfeld et al. 2207.07641

Future physics potential of LHCb LHCb [link]
Physics with the Phase-2 ATLAS and CMS Detectors ATLAS and CMS [link]

+ a few others also cited in our report.
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Solicited overview whitepapers

We had solicited four whitepapers to give an overview of the physics discovery potential and
questions that can be addressed from both theory and experiments point of views.

Title Authors Reference

Rare decays of b and c hadrons W. Altmannshofer, F. Archilli 2206.11331

LFV and LFUV in b and c decays D. Guadagnoli, P. Koppenburg 2207.01851

High precision in CKM unitarity tests in b and c decays A. Lenz, S. Monteil in preparation
Searches for CP violation in b and c decays A. Dery, Y. Grossman, S. Schacht, D. Tonelli in preparation

Also see https://snowmass21.org/rare/weakbc for links to the workshops we held.

https://arXiv.org/abs/2206.11331
https://arXiv.org/abs/2207.01851
https://snowmass21.org/rare/weakbc


Executive summary of the report

Precision measurements in weak decays of heavy flavored hadrons can test in unique
ways our understanding of the fundamental interactions and of the observed baryon
asymmetry in the Universe.

The observation of several anomalies by the BaBar, Belle and LHCb experiments in
such decays, including evidence for violation of lepton universality, contrasts with the
lack of major discoveries in direct production of new particles and motivates
continuation of a strong heavy-flavor program in the next decades.

While the mass scales probed by direct searches for non-Standard-Model phenomena
at the energy frontier will only marginally increase in the near future, a substantial
advancement is expected in the study of weak decays of b and c quarks.

The next 10 to 20 years will see the unprecedented development of a highly synergistic
program of experiments, at both pp and e+e− colliders, which will be complemented
by advancement in theory, including lattice QCD.

Experimental measurements and theory predictions of several key observables will
reach unprecedented precision and will allow to test the SM in ways that have not
been possible thus far. With a strong participation in this program, the US
high-energy-physics community will remain at the forefront of indirect searches for
new physics and keep a leading role in expanding humankind’s understanding of
fundamental interactions.
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The path to discovery in heavy-quark physics

This is an introductory section, explaining why weak decays of b and c quarks are
powerful probes of physics beyond the Standard Model. Some of the things we
highlight are

• Arbitrarily heavy elementary particles can, as virtual particles, affect low-energy
processes

• Many extensions of the Standard Model predict new sources of flavor-changing
interactions and CP violation. Flavor physics measurements provide tight
constraints

• b and c hadrons give access to precision measurements for many different
possible final states

• New-physics effects in different observables are often correlated, and a broad
program of measurements and theory is helpful to discover and characterize
BSM physics

• Intriguing deviations from SM predictions have been observed in b → sℓℓ and
b → cτ ν̄ transitions, indicating violation of lepton-flavor universality



Schematic representation of (top) the B̄0 → K̄∗0µ+µ− decay amplitude and (bottom) of the B0
s -B̄

0
s mixing

amplitude as a sum over all possible Feynman diagrams. The diagrams on the left are examples of SM

contributions, while the diagram on the right would contribute in theories with a flavor-changing neutral gauge

boson Z ′.
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Lower bounds at 95% C.L. on the new-physics (NP) scale Λ from ∆F = 2 transitions for strongly-coupled NP with

(left) arbitrary flavor structure and (right) minimal flavor violation [Silvestrini:2019sey,UTfit:2007eik]. The

parameter CF (F = K ,D, Bd , Bs ) is the ratio between the full (SM+NP) amplitude and the SM amplitude for

F 0-F̄ 0 mixing; the parameter Ci (i = 1, ..., 5) is the coupling of the NP dimension-six operator Qi (defined in

Ref. [UTfit:2007eik]) governing the corresponding ∆F = 2 transition.



The deviations observed in rare b-hadron decays can be explained model-independently by allowing the Wilson

coefficients of the operators O9 = s̄γµPLb ℓ̄γµℓ and O10 = s̄γµPLb ℓ̄γµγ5ℓ in the weak effective Hamiltonian

to differ, for ℓ = µ only, from the Standard-Model values. Shown here are fit results for these differences C
bsµµ
9

and C
bsµµ
10 to experimental data, using theoretical calculations including lattice QCD. The global fit to all

observables (red) has a > 5σ pull (from Ref. [Altmannshofer:2021qrr], with annotations added)
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The ratios of branching fractions R(D) = B(B → Dτ+ν)/B(B → Dℓ+ν) and

R(D∗) = B(B → D∗τ+ν)/B(B → D∗ℓ−ν), where ℓ denotes muons or electrons, are predicted precisely in the

SM to be R(D) = 0.299 ± 0.003, R(D∗) = 0.254 ± 0.005 (the black point in this figure). The averages of

experimental measurements of these ratios correspond to the red ellipse, which exceed the SM predictions with a

combined significance of about 3.3σ [HFLAV].



Cross-frontier session on the flavor anomalies



Report sections

1 The path to discovery in heavy-quark physics

2 Experimental efforts in the next two decades

3 Farther into the future

4 Expected theory progress

5 Current and future U.S. involvement



2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2032 2033 2034 20352028 2029 2030 2031 2039

LS1 LS2

SuperKEKB

Belle II 430 fb–1 7 ab–1 50 ab–1Upgrade(s)

Run2 LS2 Run3 LS3 Run4 LS4 Run5

Large Hadron Collider (LHC) High Luminosity LHC (HL-LHC)

LHCb

ATLAS/CMS

9 fb–1

190 fb–1

35 fb–1

450 fb–1

300 fb–1

3 ab–1

50 fb–1Upgrade I Upgrade Ib Upgrade II

Phase-2 Upgrade

LS

BEPCII

BESIII
5 fb–1 @ √s = 3.773 GeV 
3 fb–1 @ √s = 4.178 GeV 
3 fb–1 @ √s = 4.64 GeV

20 fb–1 @ √s = 3.773 GeV 
6 fb–1 @ √s = 4.178 GeV 
5 fb–1 @ √s = 4.64 GeV

20 fb–1 @ √s = 3.773 GeV

Upgrade(s)

STCF

1 ab–1 @ √s = 3.773 GeV 
…

Timeline of heavy-flavor experiments

2.1

hadron colliders

250 ab–1 ?

e+e– colliders



Belle II status and plans

• Running since 2019. 
Achieved 
peak L = 4.7×1034cm–2s–1 
int. L = 430 fb–1 

• Now in LS1 (till ~end of 
2023), mainly to replace an 
incomplete vertex detector

.22

LS1

LS2

• International task force of accelerator experts formed in 2021 to help define the 
path towards target L = 6.5×1035 cm–2s–1 and target int. L = 50 ab–1 by mid-2030s 

• Upgrade SuperKEKB in LS2 (~2027-2029) to reach target peak L (QCS, lattice?) 

• Upgrade vertex detector to accommodate the new interaction-region design, 
and other sub-detectors to improve robustness against increasing machine 
background



• Beam polarization to perform precision electroweak (and 
τ-physics) measurements 
• Could begin while SuperKEKB completes its program 

of delivering 50ab−1 to Belle II and continue afterwards 
• Running at ultra-high luminosities (L > 1036 cm–2s–1) and 

integrate ~250ab–1 

• Such an upgrade may effectively complement the heavy-
flavor program of the LHC experiments. However, the 
feasibility from the accelerator perspective is still unclear, 
and so is the upgrade timeline

Proposals beyond current Belle II program

2.3



LHCb status and plans

• Collected about 9fb−1 during Run 1 and 2 

• Upgrade I detector just started taking data and plans to get 50fb–1 by 2032 

• Considering the enhanced online-selection efficiency, the yield of beauty 
and charm hadrons available for analyses will increase by factors up to 10 
(depending on the final states) compared to Run 2 

• Upgrade II during LS4 (2033-2034) to run at L = 2×1034cm–2s–1 (10× Upgrade 
I) and collect 300fb–1 by end of Run 6 (early 2040s) 

• Now part of the baseline HL-LHC plan 

• Some preparatory work (Upgrade Ib) can be performed already during LS3 
(2026-2028) to also benefit the physics performance during Run 4, beyond 
what has been projected for Upgrade I

2.4



• Key ingredients: 
• High granularity 

• Fast timing (tens of ps) 
• Radiation hardness (up to few 

1016 neq/cm2) 

• DAQ and trigger: 
• Full detector readout at 30 

MHz 

• Offline-quality reconstruction 
at trigger level for real-time 
analysis 

LHCb Upgrade II

• LHCb physics program limited by the detector (and not by the LHC) 
• Baseline target: keep same performance as in Run 2, but run at L = 2×1034cm–2s–1 

with 40x larger pile-up 
• Extremely challenging upgrade, currently in early planning [LHCb-TDR-023]: options 

available, dedicated R&D needed, estimated cost of ~175MCHF for baseline option

2.5
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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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Figure 26: (a) CMS proper time uncertainty distribution in 2012 data (blue) and Phase-2 Monte Carlo (red)
samples [140]. (b) ATLAS dependence of the proper time resolution on the ⌫
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transverse momentum for Run 1 (ID),
Run 2 (IBL) and upgrade HL-LHC Monte Carlo simulations [139].
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ATLAS/CMS upgrades

• For the HL-LHC both experiments are 
planning significant modification of the 
detectors (Phase-2 upgrades scheduled 
during Long Shutdown 3 in 2026-2028) to 
maintain effective data taking and event 
reconstruction at increased luminosity and 
pileup 

• Particularly relevant for heavy-flavor physics 
are upgrades to 

• the tracking systems, which would 
result in improved mass and decay-time 
resolutions, and to 

• the trigger systems, to maintain the 
online selection efficient at the relatively 
low transverse momenta typical of the 
final state muons from beauty decays

2.6

(a) (b)

Figure 24: Projected CMS HL-LHC dimuon invariant mass distributions with overlaid fit results for the ⌫0
3,B

! `
+
`
�

analysis, in the pseudorapididty regions of (a) |[
5
| < 0.7 and (b) 0.7 < |[

5
| < 1.4 [128].

5.1.3 CP violating phase 5s sensitivity in H
0

s ! P/75 decay

The ATLAS [139] and CMS [140] studies present an estimate of the precision in the q
B

measurement
achievable at the end of Phase-2 by extrapolation from their Run 1 analysis results [141, 142] obtained using
full detector simulation data and studying the fit performance with Monte Carlo pseudo-experiments.

The main ingredients in the estimation of the sensitivity at the end of Phase-2 are the signal yield, the
tagging performance and the proper decay length uncertainty (namely the ⌫

0
B

proper decay time resolution).
For CMS, the latter is expected to be well enhanced (3 times smaller thanks to the Phase-2 Tracker). In
Figure 26(a) the CMS proper time uncertainty distribution is shown for Phase-2 Tracker and compared with
Run 1 data. The upgraded ATLAS tracking system will improve tracking and vertexing precision, enhancing
the proper time resolution by 21% and 39%, relative to Run 2 and Run 1 respectively: Figure 26(b)
illustrates this resolution as a function of the ⌫

0
B

transverse momentum, comparing with the Run 1 and Run
2 (including the pixel Insertable B-Layer (IBL) module) simulated detector performances.

Another large improvement for CMS is expected to come from the presence of the tracker timing layer
which will mitigate the e�ect of the increased pileup, thus providing a signal-to-background level similar
to the one at 8 TeV. The analysis strategy follows the one used for the

p
B = 8 TeV result whereas three

di�erent flavor tagging performance scenarios have been considered, correspondingly based on: 1) muons
and jet charge, 2) a muon and electron, 3) leptons, jet-charge and same-side jet-charge and kaon-tagging.
Furthermore the systematic uncertainties should be reasonably kept under control so that 1) the total
uncertainty on q

B
could be still statistically limited at the end of Phase-2, whereas 2) the statistical and

systematic uncertainties are assumed to contribute about equally for the decay width di�erence ��
B

between the light and heavy eigenstates.

45

~50% better mass 
resolution wrt Run 2



BESIII and STCF

• BESIII at BEPCII uses e+e− collisions to study the broad spectrum of physics accessible 
in the τ-charm region 
• Since the start of operations in 2009, BESIII has collected more than 35 fb–1 of data, 

comprising several samples that are relevant for weak decays of charm hadrons 
• 5 fb–1 at √s=3.773 GeV (unique sample of correlated D0D̄0 pairs) 
• 3 fb–1 at √s=4.178 GeV (near the DsDs* threshold) 

• >3 fb–1 at √s=4.64 GeV (above the 𝛬c𝛬̄c threshold) 

• The experiment will run at least for the next 5-10 years and expects to integrate 20 
fb−1 at √s=3.773 GeV (by June 2024), 6 fb−1 at √s=4.178 and 5 fb−1 at √s=4.64 GeV 

• A Super τ-Charm factory (STCF) has been proposed in China to continue and extend 
the BESIII physics program at collision energies between 2 and 7 GeV and with peak 
luminosity of at least 5×1034cm−2s−1 
• The current schedule foresees the construction to happen between 2024 and 2030, 

and at least 10 years of operations (including implementation of a polarized e– beam)

2.7



Complementarity

2.8

LHCb Belle II
• Huge advantage in production rate, but 

large backgrounds results in lower 
efficiencies (advantage remains mostly for 
charged final states) 

• Larger boost and superior decay-time 
resolution for time-dependent 
measurements 

• Access to all b-hadron species 

• Cleaner environment allows for more 
generous selections — milder efficiency 
effects 

• Unique access to fully neutral final states 
and decays with invisible particles 

• Quantum-correlated BB̄ production allows 
efficient determination of production flavor 
for time-dependent CP-violation 
measurements

• Larger inst. lumi. than LHCb, access 
limited to final states with dimuons 

• Unique access to quantum-
correlated D0D̄0 pairs

charm-τ factories (BESIII/STCF)ATLAS/CMS 



Expected progress on (some) key observables
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Observable Current Belle II LHCb ATLAS CMS BESIII STCF

best 50 ab�1 250 ab�1 50 fb�1 300 fb�1 3 ab�1 3 ab�1 20 fb�1 (⇤) 1 ab�1 (⇤)

Lepton-flavor-universality tests

RK(1 < q2 < 6 GeV2/c4) 0.044 [31] 0.036 0.016 0.017 0.007

RK⇤(1 < q2 < 6 GeV2/c4) 0.12 [32] 0.032 0.014 0.022 0.009

RD 0.037 [33] 0.008 < 0.003 na na

RD⇤ 0.018 [33] 0.0045 < 0.003 0.005 0.002

Rare decays

B(B0
s ! µ+µ�) [10�9] 0.46 [34, 35] na 0.16 0.46–0.55 0.39

B(B0
! µ+µ�)/B(B0

s ! µ+µ�) 0.69 [34, 35] 0.27 0.11 na 0.21

B(B0
! K⇤0⌧+⌧�) UL [10�3] 2.0 [36, 37] 0.5 na

B/BSM(B+
! K+⌫⌫) 1.4 [38, 39] 0.08–0.11 na

B(B ! Xs�) 10% [40, 41] 2–4% na

CKM tests and CP violation

↵ 5� [42] 0.6� 0.3�

sin 2�(B0
! J/ K0

S ) 0.029 [43] 0.005 0.002 0.006 0.003

� 4� [44] 1.5� 0.8� 1� 0.35� 0.4� (†) < 0.1� (†)

�s(B0
s ! J/ �) 32 mrad [45] 10 mrad 4 mrad 4–9 mrad 5–6mrad

|Vub|(B0
! ⇡�`+⌫) 5% [46, 47] 2% < 1% na na

|Vub|/|Vcb|(⇤0
b ! pµ�⌫) 6% [48] 2% 1%

fD+ |Vcd|(D+
! µ+⌫) 2.6% [49] 1.4% na 1.0% 0.15%

SCP (B0
! ⌘0K0

S ) 0.08 [50, 51] 0.015 0.007 na na

ACP (B0
! K0

S⇡
0) 0.15 [50, 52] 0.025 0.018 na na

ACP (D+
! ⇡+⇡0) 11 ⇥ 10�3 [53] 1.7 ⇥ 10�3 na na na na na

�x(D0
! K0

S⇡
+⇡�) 18 ⇥ 10�5 [54] na na 4.1 ⇥ 10�5 1.6 ⇥ 10�5 na na

A�(D0
! K+K�,⇡+⇡�) 11 ⇥ 10�5 [55] na na 3.2 ⇥ 10�5 1.2 ⇥ 10�5 na na

Table 1-1. Projected uncertainties (or 90% CL upper limits) in several key heavy-flavor observables over the next two decades. A missing

entry means that the observable cannot be measured, the abbreviation na means that, although the observable can be measured, the

projected uncertainty is not available. Projections are taken from Refs. [17, 19, 56] (Belle II), Refs. [57, 28] (LHCb), Ref. [23] (ATLAS

and CMS), Refs. [25, 30] (BESIII and STCF). (⇤) Integrated luminosity at
p
s = 3.773. (†) Projected uncertainties on � resulting

from BESIII/STCF measurements of the D strong-phase di↵erences, which will contribute as external inputs to the Belle II and LHCb

measurements.
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Disclaimer

• It is impossible to make a complete and exhaustive list of 
interesting observables in b and c physics in a short report 

• Selecting only a few “golden” channels would be too reductive 
as the strength of the field relies on combining several 
complementary inputs — often from different experiments, and 
theory — to reduce the interpretation unknowns 

• The aim of the report is therefore to provide an overview of the 
observables that are currently most interesting, either because 
their measurements already show hints of deviations from the 
SM or because they are severely limited by the experimental 
uncertainties

2.10



Lepton-flavor-universality tests

• Measurements of LFU observables in b→s𝓁+𝓁– 
decays will reach 1%-level uncertainties in the 
next decade, a precision sufficient to establish 
or reject the level of LFU violation seen in the 
current measurements 

• LHCb Upgrade II will then open new avenues 
with sensitivity to even cleaner theoretically 
observables crucial to distinguish between 
different NP models (e.g., such as the difference 
between the values of C9 and C10 for b→se+e− 
and b→sμ+μ− using angular observables) 

• Additionally, further suppressed b→d𝓁+𝓁– 
transitions will become accessible. For 
example, the statistical precision on the ratio 
B(B+→π+μ+μ−)/B(B+→π+e+e−) is expected to 
reach a few percent at LHCb

2.11



0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4R
(D

*)

HFLAV SM Prediction
 0.003±R(D) = 0.299 

 0.005±R(D*) = 0.254 

 = 1.0 contours2χΔ

World Average
 0.014± 0.026 ±R(D) = 0.339 
 0.010± 0.010 ±R(D*) = 0.295 

 = -0.38ρ
) = 28%2χP(

HFLAV

2021

σ3

LHCb15

LHCb18

Belle17

Belle19 Belle15

BaBar12

Average

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74

HFLAV

2021

HFLAV
2021

Lepton-flavor-universality tests

• Tests of LFU in b→cτ–ν̄ decays are expected to 
be dominated by Belle II, thanks to the ability to 
constrain the kinematics of the undetected 
neutrinos by leveraging on the precise knowledge 
of the production mechanism 

• LHCb will uniquely contribute with measurements 
based on other b hadrons (Bs, 𝛬b, Bc) 

• Observables related to angular distributions will 
provide supplementary sensitivity to non-SM 
physics and key information to decipher the 
dynamics 

• Other possibilities to test electron vs. muon 
universality in semileptonic charm and beauty 
decays (e.g., through Δ variables) have also been 
recently proposed, showing good prospects at 
BESIII, STCF and Belle II 
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Slavomira Stefkova,  25.04.2022,  Flavor at the Crossroads Workshop 18

  

[PRL 127, 181802 (2021)]Search for B+ → K+νν̄

BSM  already with 1 ab-1B+ → K+νν̄

Results
Binned simultaneous ML fit to  to extract signal      
strength  ( )
No significant signal is observed, limit of   @ 90 C.L.    

 competitive with only 63 fb-1

Inclusive tag approach shows the best performance 

pT(K+) × BDT2
μ 1μ = SM ℬ = 4.6 × 10−6

4.1 × 10−5

→

μ = 4.2+2.9
−2.8(stat)+1.8

−1.6(syst)

On-resonance data

 Purity: 22%

                        Purity: 6%

Rare decays: B→K(*)νν̄

• Complementary to b→s𝓁+𝓁– 
transitions, but with no charm-loop 
contamination (theoretically clean) 
 
 
 
 
 

• Accessible only at Belle II 

• SM rate of B+→K+νν̄ can be 
measured at >3σ with 5/ab

2.13
Slavomira Stefkova,  25.04.2022,  Flavor at the Crossroads Workshop 19

  
Belle II snowmass paper : 2 scenarios baseline (improved)

Uncertainties on the signal strength µ

3  (5 ) sigma for SM  with 5 fb-1σ σ B+ → K+νν̄

[PRL 127, 181802 (2021)]

Prospects in Belle II
Physics: similar channels, inclusive measurement , 
measurement of FL

Faster observation: reducing biggest systematics,              
combined measurement using all the tagging approaches

Xs

BSM  already with 1 ab-1B+ → K+νν̄

Search for B+ → K+νν̄

μ = 4.2+2.9
−2.8(stat)+1.8

−1.6(syst)

On-resonance data

 Purity: 22%

                        Purity: 6%

Baseline (improved) uncertainties 
on rate relative to SM

Slavomira Stefkova,  25.04.2022,  Flavor at the Crossroads Workshop 15

 

SM theory
FCNC transition heavily suppressed in SM
Does not suffer from charm-loop contributions   clean SM 
computation 

 [arxiv:606.00916]
SM  taken from [arXiv:1409.4557]
Complimentary to other  transitions

→

ℬ(B+ → K+νν̄) = (4.6 ± 0.5) × 10−6

q2(νν̄)
b → sll

Possible BSM enhancements
Axions [PRD 102, 015023 (2020)]
Dark Matter candidates [PRD 101, 095006 (2020)
Z’ [PL B 821 (2021) 136607]
Leptoquarks [PRD 98, 055003 (2018)]

[PRL 127, 181802 (2021)]

Consistent with 
 

anomalies 
R(D(*)) and b → sμμ

Cornella et al. 
[arxiv:2103.16558] 

Search for B+ → K+νν̄



Rare decays: B(s)→µ+µ– decay
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5.3. HEAVY SECTOR (SHORT-, MID- AND LONG-TERM) 75

s b
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g̃ g̃ B̄0
sB0

s

Fig. 5.6: Examples of diagrams contributing to Bs � B̄s mixing in the SM (left) and example of
SUSY new physics contributions, with a gluino-squark exchange shown as an example (right),
adapted from [293].
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Fig. 5.7: BR(B0
s ! µ+µ�) vs. BR(B0

d ! µ+µ�) in the SM (black cross), and in a particular
supersymmetric unified model (green points are consistent with other constraints). The coloured
contours show the expected 1s HL-LHC sensitivity of ATLAS, CMS, and LHCb Upgrade II.
From Ref. [302].

spectroscopic studies of heavy quark systems are expected to continue in the future at Belle II,
LHCb, FAIR/PANDA...

An important goal of the program is to search for potential new physics effects that could
enter through virtual corrections, see Fig. 5.6 for a Bs � B̄s mixing example. It is important to
stress that there are a number of measurable quantities that are theoretically clean, and where
the knowledge will still be statistically limited after Belle II and LHCb Upgrade I. A list of such
observables, which will actively drive the field, includes the CP-violating phase g , the lepton-
universality ratios RK(⇤) , RD(⇤) , etc., the mixing phases in the Bs and D systems, as well as the
ratio of branching ratios BR(Bd ! µ+µ�)/BR(Bs ! µ+µ�). A notable target of the physics
programme at the HL-LHC is to probe at the 10% level the ratio BR(Bd ! µ+µ�)/BR(Bs !
µ+µ�), which, in case that new physics deviations are found, is a powerful observable to test
the MFV hypothesis. The expected 1s sensitivities of ATLAS, CMS and LHCb in BR(B0

s !
µ+µ�) versus (B0

d ! µ+µ�) are shown in Fig. 5.7.
Intriguingly, some measurements, in both charged-current and neutral-current semilep-

tonic B decays, hint at a violation of one of the key predictions of the SM: the universality

SUSY allowed 
+ other exp. constraints

• Powerful probe of the SM gauge sector 

• LHCb Upgrade II will approach SM 
uncertainty (currently limited by CKM 
matrix elements, Bs decay constant) 

• Effective lifetime and time-dependent CP 
asymmetry are additional NP probes that 
will become accessible during HL-LHC



Rare charm decays

• Rare and forbidden decays of charm hadrons 
probe beyond-SM contributions in c→u 
transitions and are therefore complementary to 
searches done in the b sector 

• Despite the SM rate being dominated by long- 
distance dynamics, null-test observables related 
to angular distributions and CP violation provide 
NP discovery potential in the near future 

• At LHCb, tests with D0→h+h−μ+μ− decays (now 
at 0.1-0.01) are expected to reach sub-percent 
precision and will be complemented by studies 
of other modes and by tests of lepton-flavor 
universality 

• Lepton-flavor universality tests and unique 
studies of c→uνν̄ decays are expected to be 
possible also at e+e− colliders
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We define the integrated angular coefficients hI8i analogous to hI5,7i, (36), and hI9i analogous

to hI6i, (35). From here we obtain the integrated CP asymmetries hAki = (hIki � hĪki)/�ave.
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I7 ⋅ sin θμ sin ϕ +
I6 ⋅ cos θμ+

 clean 
null tests!
I5, I6, I7

p2 = m2(h+h−)
q2 = m2(μ+μ−)

Differential decay rate

[I6 = AFB]

• measure  integrated* observables  separate for  and p2, cos θh ⟨Ii⟩ D0 D0

⟨I2,3,6,9⟩(q2) = 1
Γ ∫

p2
max

4mh

dp2 ∫
1

−1
d cos θh I2,3,6,9

⟨I4,5,7,8⟩(q2) = 1
Γ ∫

p2
max

4mh

dp2 [∫
0

−1
d cos θh − ∫

1

0
d cos θh] I4,5,7,8

*optimal for p-Wave in hadron system
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CKM tests: �

• The only CP-violation parameter that can be 
measured from tree-level decays (negligible 
theory prediction) 

• New CP violating effects in non-leptonic tree-
level decay can modify the SM relation between 
γ and the CKM elements by several degrees 

• LHCb dominates the current 4º precision, and is 
expected to keep the lead in the next decades 

• Complementarity is trilateral: inputs from 
coherent D0D̄0 data instrumental to reach the 
asymptotic precision 

• Current ~1.5° contribution (CLEO+BESIII) 
expected to shrink to ~0.4° (BES III after 
2024) and to ~0.1° (STCF)

B�

D0K�

D0K�

fDK�
rBe

i(�B��)

rDei�D
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Precision
Now 4º

Belle II (50/ab) 1.5º
LHCb (50/fb) 1º

Belle II (250/ab) 0.8º
LHCb (300/fb) 0.35º



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

198/688

CKM tests: Vub, Vcb

• Long-standing discrepancy between 
exclusive and inclusive determinations. 
Resolving the tension is a high priority 
that will require a combined 
experiment-theory effort 

• Belle II will drive the global experimental 
progress throughout the next decade 

• LHCb can achieve competitive 
sensitivity on the ratio |Vub|/|Vcb| using 
𝛬b and Bs decays 

• Not obvious that data and theory 
improvements will solve discrepancy — 
if keep doing the same, why would we 
get different results? Opportunity to 
innovate
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CKM tests: Vcd, Vcs

• |Vcs| and |Vcd| determinations offer additional constraining information  

• Currently known with ~1% uncertainties from leptonic and semileptonic 
D(s) decays. No much room for improvements in the next decade 

• The precision with semileptonic decays is limited by the lattice-QCD 
computation of the decay form-factors. Measurements with leptonic 
decays are, instead, limited by experimental uncertainties 

• The relative uncertainties in |Vcs| and |Vcd| from leptonic decays are 
expected to be reduced at BESIII from 2.6% and 1.2% to 
approximately 1.1% and 0.9%, respectively 

• Further improvement may be possible at STCF, provided that systematic 
uncertainties can be reduced well below the 1% level

2.19



Figure 2.2: Projected sensitivity at LHCb for CKM angle �s using various di↵erent decay modes.
The SM prediction and its uncertainty [31], calculated using latest experimental results [32], is
also shown as the grey band.

as it is both extremely small and very precisely predicted in the SM, so that even small NP
contributions can be detected. The SM predictions come from the CKM benchmarks mentioned
in the previous section, where current data give �s = 37 ± 1mrad. LHCb currently dominates
the world average for direct measurements of �s using B0

s ! J/ � [8], and a range of other
channels mediated by the b ! cc̄s quark-level transition, but the precision is still insu�cient to
determine if this phase deviates from its SM prediction. Figure 2.2 demonstrates that with the
Upgrade II dataset the uncertainty on the determination of �s crosses the important threshold
of the SM prediction in several decay modes. Moreover the combined precision of all b ! ccs
modes will be of the same order of magnitude as the current SM uncertainty.

The phase �s can also be determined from decays to final states that proceed through pure
loop processes such as B0

s ! �� and B0
s ! K⇤0K⇤0. These decays are very challenging to study

but have excellent sensitivity to new physics. Many of the di�culties that arise when trying to
interpret results in a NP context can be resolved using a simultaneous analysis of related B0

decays such as B0
! �K⇤0 and B0

! K⇤0K⇤0; this approach will become feasible only with the
Upgrade II statistics. The projections for these modes are also shown in Fig. 2.2.

A further theoretically clean approach to search for CP -violating NP is through the parameters
of CP -violation in B0

(s)–B0

(s) mixing. These are denoted ad,s
sl

since they are typically determined

using semileptonic decays, and are precisely predicted to be tiny in the SM [33] while being
highly sensitive to NP that could enter the mixing loops. Copious signal yields will be available
in the B0

(s) ! D�
(s)µ

+⌫µ channels, and the main challenge will be to control potential systematic
uncertainties due to production, detection and background asymmetries. These can, however,
be determined from control samples, and therefore extrapolation of the sensitivity from existing
results [34, 35] is possible. These measurements will provide unique null tests of the SM.

9

ATLAS  
CMSLHCb

• Mixing strengths limited by 
theory uncertainties 

• Mixing phases limited by 
experimental (statistical) 
uncertainties. Large room for 
improvement, especially for Bs 

• During HL-LHC precision with 
Bs→J/ψ𝜙 will be ~4 mrad, well 
below the tree-level SM value 

• Will either expose NP or provide precise reference for non-SM searches in 
gluonic-penguin channels 

• Important to assess sub-leading penguin pollution to tree-level decays 
using SU(3)-related channels

CP violation in B(s) mixing
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• Hadronic unknowns from soft gluons: hard to extract reliably CKM phases from 
single processes. Appropriate combinations of channels suppress unknowns 
offering stringent beyond-SM tests 
 
 
 

• Current precision of 13% 
will reduce to ~2% thanks 
to precise LHCb determinations 
in charged final states and 
unique Belle II access to K0π0 

• Similar tests accessible in K*π 
and K*ρ systems
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Hadronic B → Kπ decays 

Hadronic unknowns from soft gluons: hard to extract reliably CKM phases from 
single processes. Appropriate combinations of channels suppress unknowns 
offering stringent BSM tests

Current precision 13%. 

Reduce to ~2% thanks to 
precise LHCb determinations in 
final states with charged and 
unique Belle II access to K⁰π⁰ 
Similar tests accessible in K*π 
and K*ρ systems



CKM angle α

• Charmless B decays give also access to α, the least known 
angle of the CKM unitarity triangle, which also suffer from much 
larger theory uncertainties than other CKM angles 

• Appropriate combinations of measurements from decays related 
by isospin symmetries, such as B0→(ππ)0,(ρπ)0,(ρρ)0 and a1±π∓, 
reduce the impact of hadronic uncertainties and yield a robust 
direct determinations of α with a 4° uncertainty 

• Belle II accesses all inputs and expects to reach sub-1° precision 

• Need to be accompanied by an improved understanding of the 
size of isospin breaking (e.g., using B→πη('))
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0 5 10
 ) [%]0π+π→+D(CPA

CLEO
[Phys. Rev. D 81 (2010) 052013]

 0.3)%± 2.9 ±(2.9 

Belle
 0.23)%± 1.24 ±(2.31 

[Phys. Rev. D 97 (2018) 011101]

LHCb
 0.6)%± 0.9 ±(-1.3 

[LHCb-PAPER-2021-001]

Average
 0.8)%±(0.4 

Direct CP violation in charm

• Unique opportunities to search for new sources of CP 
violation coupling preferentially to up-type quarks  

• D+→π+π0: one of the few golden channels left! 
Isospin forbids CP violation in the SM offering powerful 
null test for NP  

• Precision expected to improve by almost an 
order of magnitude in the next decade 

• Complemented by isospin sum-rule of D→ππ decays 
 
 
 

• A nonzero value of R would indicate NP 

• Currently R consistent with zero within 0.24%, limited by π0π0. Belle II will improve test 
power by an order of magnitude in the next decade

2.23

1 Introduction

The observation of Charge-Parity (CP ) violation in two-body decays of neutral D
mesons [1] motivates searches for similar e↵ects in charged D meson decays. The two-
body D+

(s)! h+⇡0 and D+
(s) ! h+⌘ decays, where h+ denotes a ⇡+ or K+ meson,1 are

mediated by Cabibbo favoured (CF), singly Cabibbo suppressed (SCS) or doubly Cabibbo
suppressed (DCS) processes. The SCS modes D+

s ! K+⇡0, D+
! ⇡+⌘ and D+

s ! K+⌘
receive contributions from two di↵erent weak phases, proportional to the products of
the CKM matrix elements VcdV

⇤
ud and VcsV

⇤
us, allowing CP violation at tree-level. In the

Standard Model (SM), the CP asymmetries are expected to be of the order 10�4–10�3 [2–7].
The CF mode D+

s ! ⇡+⌘ and the DCS modes D+
! K+⇡0 and D+

! K+⌘ receive
contributions from only one weak phase at tree-level, requiring interference with loop-level
processes to exhibit CP violation. The D+

s ! ⇡+⇡0 mode proceeds via an annihilation
topology decay and is therefore highly suppressed.

The SCS D+
! ⇡+⇡0 mode is of particular interest as the CP asymmetry in the SM

is expected to be zero as a result of isospin constraints [3–6]. The CP asymmetries of the
signal decays are defined to be

ACP (D
+
(s)! h+h0) ⌘

�(D+
(s)! h+h0)� �(D�

(s)! h�h0)

�(D+
(s)! h+h0) + �(D�

(s)! h�h0)
, (1)

where � is the partial decay rate and h0 denotes either a ⇡0 or an ⌘ meson. A non-zero
value of ACP (D+

! ⇡+⇡0), coupled with a verification that the isospin sum rule

R =
ACP (D0

! ⇡+⇡�)
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⌧D+
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⇣
B00
⌧D0

+ B+�
⌧D0

⌘ (2)

is consistent with zero, would be an indication of physics beyond the SM [7–10]. Here,
⌧D+ and ⌧D0 represent the D+ and D0 lifetimes and B+�, B00 and B+0 represent the
branching fractions of D0

! ⇡+⇡�, D0
! ⇡0⇡0 and D+

! ⇡+⇡0 decays, respectively. A
recent measurement from the Belle collaboration determined the CP asymmetry to be
ACP (D+

! ⇡+⇡0) = (2.31± 1.24± 0.23)% [10], where the first uncertainty is statistical
and the second is systematic, corresponding to a value of R = (�2.2± 2.7)⇥ 10�3.

In this article measurements of CP asymmetries of seven D+
(s)! h+⇡0 and D+

(s)! h+⌘

modes are performed, using samples corresponding to either 9 fb�1 or 6 fb�1 of integrated
luminosity, respectively, collected by the LHCb experiment in proton-proton (pp) collisions
at the LHC. The 6 fb�1 data set comprises data collected during 2015–2018 (Run 2)
at a centre-of-mass energy of 13TeV, whilst the 9 fb�1 data set additionally includes
data collected during 2011–2012 (Run 1) at centre-of-mass energies of 7TeV and 8TeV.
The neutral ⇡0 and ⌘ mesons are reconstructed via decays to the e+e�� final state.
The reconstruction of electron and positron tracks, in addition to the charged hadron
track from the D+

(s) meson decay, enables the determination of the displaced D+
(s) meson

decay vertex and suppresses background from particles originating from the primary pp
interaction. The signal receives contributions from the suppressed three-body Dalitz
decays ⇡0

! e+e�� and ⌘ ! e+e�� with branching fractions (1.174 ± 0.035)% and

1Inclusion of charge conjugated processes is implied throughout, except when discussing asymmetry
definitions.
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more data at approximately the square root of the luminosity, which may give sensitivity
below 10�6 in some cases.

2.6 Charm physics

The enormous production rate of charmed hadrons at the LHC has allowed the LHCb
experiment to perform a broad set of fundamental measurements in the charm system,
including D0 mixing parameters, constraints on CP violation in mixing and searches
for CP violation in charmed hadron decays. The physics reach of this program will be
significantly enhanced with the much larger data sets expected from the operation of the
Upgrade I and Upgrade II detectors. The fully software trigger of the upgraded experiment
will allow for the collection of orders of magnitude larger samples of charmed hadrons
than any other experiment, including Belle II. The addition of the magnet stations would
further boost the e�ciency of selecting flavor-tagged decays, crucial for the studies of
mixing and CP violation.

Figure 5: Projected sensitivity with LHCb Upgrade II to the parameters of CP violation in charm
mixing, |q/p| and �D, assuming the current central values of experimental observables. Contours
shaded with di↵erent darknesses indicate 68.3% and 95.4% confidence levels, corresponding to 1
and 2 sigma respectively.

Within the SM, mixing and CP violation in the charm sector are predicted to be
extremely small, the latter of order O(10�4). This provides an opportunity for searching
for the influence of NP that may result in significant enhancement of these e↵ects. Until
recently, observed CP violation was confined to the kaon and b-hadron systems. LHCb
has performed the first observation of CP violation in charm decays using the measured
asymmetry parameter �ACP [7]. This result, which is consistent with the upper end of

13

Mixing-induced CP violation in charm

• Compelling access to beyond-SM physics. Precise predictions are hard, 
but LHCb’s sensitivity to ~x10 enhancements with respect to naive SM 
predictions offers unique discovery potential

2.24



Report sections

1 The path to discovery in heavy-quark physics

2 Experimental efforts in the next two decades

3 Farther into the future

4 Expected theory progress

5 Current and future U.S. involvement



Farther into the future

• While the next collider is mostly motivated by the need to understand 
the mechanism behind the electroweak-symmetry breaking, the 
important role of heavy-quark physics should still be considered as 
key for a broad and rich HEP program 

• On the other hand, the great potential to disclose indications of NP 
(or severely constrain its nature) in the next decades means that 
quark-flavor physics is likely to provide crucial inputs about what 
should be the next multi-TeV energy-frontier facility

3.1

EF report:



Heavy-flavor physics at a Higgs factory
• The proposed Higgs factories will operate at all the 

relevant electroweak thresholds (Z0, H0, W+W−, tt̄) and 
will give access to abundant samples of b and c 
hadrons 
• Moreover, all b-flavored particles will be produced 

and with a significant boost to allow measurements 
of decay-time-dependent observables 

• At the Z0, a particular strength will be the ability to 
make very sensitive studies of hadronic modes with 
neutrals; of suppressed FCNC processes (e.g., 
b→s(d)τ+τ–, b→s(d)νν̄); and of favored, but 
experimentally challenging, modes such as Bc→µ+ν 
and Bc→τ+ν 

• At higher energies, unique opportunity to directly 
measure CKM elements from hadronic decays of W+ 
bosons: i.e., with no systematic limitations due to the 
knowledge of hadronic inputs 
• e.g., measurements of |Vcb| with up to an order of 

magnitude improved precision with respect to 
present results

3.2

Channel BelleII LHCb-U1a Z-factory
B

0, B0 ⇠ 5⇥ 1010 ⇠ 6⇥ 1013 ⇠ 1.2⇥ 1011

B
± ⇠ 5⇥ 1010 ⇠ 6⇥ 1013 ⇠ 1.2⇥ 1011

B
0
s
, B0

s
⇠ 6⇥ 108 ⇠ 2⇥ 1013 ⇠ 3.2⇥ 1010

B
±
c

� ⇠ 2⇥ 1011 ⇠ 2.2⇥ 108

⇤
0
b
, ⇤

0
b

� ⇠ 2⇥ 1013 ⇠ 1.0⇥ 1010

Table 2: Number of b-hadrons expected to be produced at BelleII, LHCb and future
Z-factory as FCC-ee. BelleII expected yields are evaluated considering that the experi-
ment will run at ⌥ (4S) and ⌥ (5S) with an integrated luminosity of 50 ab�1 and 5 ab�1

respectively. LHCb expected yields are evaluated at 50 fb�1 considering b-hadrons to be
produced in the detector acceptance. Z-factory expected yields are taken from Ref. [50]

in the short and long term period.

3.2 Current experimental status and expected sensitivities

In this section the current experimental status of the study of B and D rare decays and
expected future sensitivities are reported.

3.2.1 Purely leptonic B decays

As reported in Sec. 4.1, purely leptonic rare B
0 and B

0
s
decays are very well predicted

in the SM. While the B
0
s
! µ

+
µ
� decays have been already observed at the LHC, the

other two-body decays, due to the additional helicity or CKM suppressions, as for the
B

0
s
! e

+
e
� decays or the B

0! µ
+
µ
� decays, or the technical challenge they represent at

hadronic machines, such as for the B0
s
! ⌧

+
⌧
� decays, only upper limits on their branching

fractions have been set.
The branching fraction of the B0

s
! µ

+
µ
� decay measured by the LHCb collaboration is

B(B0
s
! µ

+
µ
�) =

�
3.09+0.46+0.15

� 0.43� 0.11

�
⇥ 10�9, where the systematic uncertainty is dominated

by the uncertainty on the ratio of fragmentation fractions fs/fd (⇠ 3%) and the uncertainty
on B

+! J/ K
+ branching fraction used as normalisation channel. This represents the

most precise single-experiment measurement and it is based on the 9 fb�1 collected during
the first two runs of LHC. Within the same analysis the branching fraction of B0! µ

+
µ
�

decays was also measured to be B(B0! µ
+
µ
�) =

�
1.2+0.8

� 0.7 ± 0.1
�
⇥ 10�10 with a statistical

significance 1.7�. Since no evidence of B0! µ
+
µ
� decays is reported a upper limit on its

branching fraction is evaluated to be B(B0! µ
+
µ
�) < 2.6⇥ 10�10 at 95% CL.

The ratio of B0
s
! µ

+
µ
� and B

0 ! µ
+
µ
� branching fractions, which is a powerful

observable to test minimal flavour violation, has been also measured by the LHCb experi-
ment and found to be 0.039+0.030+0.006

� 0.024� 0.004. Even if this quantity is statistically limited it will
be probed at the 10% level with 300 fb�1 [42].

Also the ATLAS and CMS experiments have measured the B
0
(s) ! µ

+
µ
� processes

branching fractions with a fraction of the data collected at LHC during the first two runs.
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Figure 6: (a) Result of a single pseudoexperiment fit, where the peaking signal is clearly distinguishable
from the background. (b) Signal yields measured in 2000 pseudoexperiment fits, where the generated value
is indicated by the dashed vertical line.

optimal purity is found across all NZ values. Sets of 2000 pseudoexperiment fits are run for each
NZ value, using the expected signal, B

+ æ ·
+

‹· , and background yields from the cut optimisation.
The signal yields expected as a function of NZ , as well as their uncertainties as measured in the

pseudoexperiment fits, are summarised in Tab. 1. The relative signal yield precision as a function
of NZ is illustrated in Fig. 7, where four di�erent systematic uncertainty scenarios are shown;
‡syst = [0, 0.25, 0.5, 1] ◊ ‡stat. All values shown are summarised in App. B Tab. 3. The level of
systematic uncertainty in a real analysis will depend on several factors, such as:

• Detector resolution, reconstruction e�ciency, and calibration quality;

• The size of the simulated samples used to create fit templates;

• The decay models used to generate signal and background decays;

• Knowledge of the relative proportions of decay modes entering the total background template.

Given the high signal purity achievable, however, and the distinctive shape of the signal maximum
hemisphere energy distribution, an eventual measurement is not expected to be limited by systematic
uncertainties. Assuming that the systematic uncertainties can be controlled at the level ‡syst = ‡stat,
the relative precision possible on N(B+

c
æ ·

+
‹· ) with NZ = 5 ◊ 1012 is

Ô
2 ◊ 1042/4295 = 3.4%.

3.8 Branching fraction determination

It is common to measure signal modes relative to a normalisation decay, in order to minimise
systematic uncertainties and cancel the e�ects of hadron production. One suitable choice of normali-
sation mode for B

+
c

æ ·
+

‹· is the semileptonic B
+
c

æ J/Âµ
+

‹µ decay, where the J/Â æ µ
+

µ
≠

channel can be selected in order to provide a clean three-muon B
+
c

decay vertex. This mode can be
reconstructed and selected with high e�ciency, as sources of lighter b-hadron background can be
eliminated with a m(J/Âµ) > 5.3 GeV/c

2 cut [36,59]. Above this cut, the only sources of remaining
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Heavy-flavor physics at a Higgs factory

• Performance requirements for 
precise measurements of weak 
decays of b and c quarks are not 
necessarily the same as those for 
electroweak and Higgs physics 

• e.g., excellent tracking is at 
reach;  good particle 
identification, and ultra-high 
resolution calorimetry and 
vertexing are highly desirable 

• This motivates a machine with four 
interaction points with at least one 
experiment devoted to heavy-flavor 
physics

3.3

Flavours @ FCC

E- Detector performance: exquisite tracking is necessary and at reach. 
Invariant-mass resolution as it is in the current state of IDEA fast simulation:    

Ultra-high resolution calorimetry and vertexing are in addition highly 
desirable. Performance to be determined in the Feasibility Study Phase.  

6S. Monteil

1) FCC-ee specifics for Flavour Physics.
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Expected theory progress: subsections

• Decay constants and local form factors

• QED corrections to leptonic and semileptonic decays

• Exclusive rare b and c hadron decays

• Inclusive semileptonic and radiative decays

• Neutral-meson mixing

• Heavy-hadron lifetimes

• Nonleptonic bottom-hadron decays

• Nonleptonic charm-hadron decays

• Model building



Decay constants and local form factors

Decay constants: ⟨0|q̄′Γq|H⟩

Local form factors: ⟨H′|q̄′Γq|H⟩

These are key inputs in

• the determination of |Vub|, |Vcb|, |Vcd |, |Vcs |

• the theory predictions for lepton-flavor universality ratios

• the theory of rare b and c decays

Lattice QCD typically provides the most precise, first principles results (but HQET and
LCSR are also useful). The uncertainties of the D, Ds , B, Bs decay constants from
lattice QCD have already reached 0.3%, 0.2%, 0.7%, 0.6%, respectively. In the
coming years, similar precision should be reached for semileptonic form factors
involving stable mesons.

For semileptonic form factors with two-hadron/resonance final states, such as for
B → K∗(→ Kπ)ℓ+ℓ− and B → ρ(→ ππ)ℓν, finite-volume methods for rigorous
lattice calculations have been developed and should be implemented.



QED corrections to leptonic and semileptonic decays

With QCD uncertainties reduced to the sub-percent level, further theoretical
improvements are needed in the treatment of QED corrections.

Significant progress in the treatment of QED corrections has been made recently in
soft-collinear effective-field theory and factorization. Several novel sources of
dangerous logarithms have been identified, including hard collinear logs. Light-cone
distribution amplitudes need to be generalized to include QED.

First lattice-QCD calculations of structure-dependent QED corrections to leptonic
decays have been performed for pion and kaon leptonic decays, and the approach is
also applicable to B(s) and D(s) leptonic decays. This includes real-photon emission,
which (for large Eγ) lifts the helicity suppression and provides sensitivity to a larger set
of operators in the weak effective Hamiltonian.



Exclusive rare b and c hadron decays

Dominant sources of uncertainties (in the SM):

• µµ
ee

ratios: QED corrections

• B(s) → ℓ+ℓ−: the value of |Vcb|

• Hb → Hs,d νν̄ and Hc → Hu νν̄: local form factors

• Hb → Hs,d ℓ
+ℓ− and Hb → Hs,d γ: local form factors and nonlocal matrix

elements (relative importance depends on q2).

• Hc → Hu ℓ+ℓ− and Hc → Hu γ: nonlocal matrix elements

For B → K (∗) ℓ+ℓ− and Bs → ϕ ℓ+ℓ−, there has been significant recent progress with
the nonlocal charm matrix elements at low q2 using the light-cone OPE + dispersive
bounds.



Inclusive semileptonic and radiative decays

B̄ → Xcℓ
−ν̄:

• Theory uncertainty has reached 1% level thanks to calculations of higher-order
radiative and relativistic corrections

• Number of HQE parameters can be reduced using reparametrization-invariant
observables such as q2 moments

• Concerns at sub-percent precision level: duality violations, HQE convergence,
QED corrections, b → uℓ−ν̄ and b → cτ−(→ ℓ−νν̄)ν̄ backgrounds

B̄ → Xuℓ
−ν̄:

• Large charm background requires kinematic cuts. HQE breaks down in endpoint
region → light-cone OPE → shape functions. Data-driven approaches can
reduce model-dependence.

Inclusive semileptonic decays using lattice QCD:

• Lattice methods have been developed, and exploratory computations, along with
a comparison to OPE predictions, have been performed.

B̄ → Xsγ and B̄ → Xsℓ
+ℓ−:

• B̄ → Xsγ and B̄ → Xsℓ+ℓ− (low q2) theory uncertainties are currently ∼ 5%,
can be reduced by completing the NNLO QCD corrections without interpolation
in the charm mass and by controlling nonperturbative effects.



Neutral-meson mixing

B0-B̄0 and Bs -B̄s mixing:

• Uncertainties of ∆md , ∆ms , and ∆Γs : experiment 0.4%, 0.03%, 5%; theory
O(10%). Main nonperturbative input: hadronic matrix elements of dimension-6
and dimension-7 operators (lattice QCD or sum rules). Improved calculations
will lead to tighter constraints on new physics.

D0-D̄0 mixing:

• The CP-violating contributions are reasonably well described by local hadronic
matrix elements of ∆C = 2 operators. Known from lattice QCD with O(10%)
uncertainties.

• The long-distance contributions from nonlocal matrix elements of two ∆C = 1
operators are poorly known. It may be possible to calculate them on the lattice
using similar methods as those developed for inclusive decays.



Heavy-hadron lifetimes

Comparing experiment and theory for heavy-hadron lifetimes (or lifetime ratios) can
also provide useful constraints on physics beyond the SM.

Similar to inclusive semileptonic decays, the standard theoretical tool is the HQE (and
some of the Wilson coefficients and hadronic matrix elements are shared between
these applications). Significant sources of theoretical uncertainty for b-hadron
lifetimes are spectator effects described by four-quark operators, and the Darwin term.
There have been exploratory lattice calculations of spectator effects more than 20
years ago. New state-of-the-art lattice calculations would be desirable to complement
sum-rule calculations.



Nonleptonic bottom-hadron decays

In determinations of CKM angles from nonleptonic B(s) decays, the dominant hadronic
matrix elements can be fitted to experimental data by combining multiple observables.
However, except for γ, subleading effects (for example, the “penguin” contamination
in B0 → J/ψK0

S and B0
s → J/ψϕ), have become, or will become important.

Theoretical tools include flavor symmetries, perturbative QCD, QCD
factorization/soft-collinear effective theory, and light-cone sum rules, often combined
with an expansion in 1/mb.

An interesting puzzle has emerged concerning the branching fractions of
B0
(s)

→ D (∗)-

(s)
{π+, K+} decays, where improved QCD-factorization predictions are

several sigma higher than experimental measurements.

Direct lattice calculations of exlusive nonleptonic B decays are not expected to
become feasible. However, lattice calculations can contribute in other ways to the
theory of nonleptonic b decays, for example by predicting the B-meson light-cone
distribution amplitude.



Nonleptonic charm-hadron decays

LHCb has observed direct CP violation in charm decays,

∆adirCP ≡ adirCP(D
0 → K+K−)− adirCP(D

0 → π+π−) = (−0.161± 0.028)%.

The SM prediction is of order

∆adirCP

∣∣
SM

∼ 10−3 × rQCD,

with rQCD being a ratio of pure low-energy QCD amplitudes.

Calculating the QCD amplitudes from first principles is even more challenging than in
the case of nonleptonic b decays, due to the stronger QCD coupling at the lower
energy and the lower heavy-quark mass, meaning that many of the theoretical tools
are less suitable, and predictions of rQCD cover a wide range.

The theoretical understanding can also be improved by combining measurements of
the CP asymmetries in all singly-Cabibbo-suppressed charm-meson decays, taking
advantage of flavor-SU(3) sum rules. In addition, the long-term prospects for direct
lattice-QCD calculations of the relevant QCD amplitudes using the Lellouch-Lüscher
approach are better than for nonleptonic B decays, due to the smaller number of open
multi-hadron channels at

√
s ∼ mD .



Model building

BSM model building may be approached from different directions. Many models are
primarily designed to address questions relating to naturalness problems, dark matter,
or baryogenesis. Nevertheless, such models often lead to new sources of
flavor-changing interactions that may be observed in weak decays of b or c quarks.

On the other hand, the observation of deviations from the SM in weak decays of b or
c quarks motivates a directed effort to build models that can explain these deviations
while remaining consistent with other measurements. There are several levels:

• Model-independent analyses in a low-energy effective theory

• Additional constraints on effective operators from invariance under SM gauge
group for heavy NP

• Simplified models

• UV-complete models

We discuss BSM models that can explain the anomalies in b → sℓ+ℓ− and/or
b → cτ−ν̄, for example the U1 leptoquark that may be one of the gauge bosons in a
generalized version of the Pati-Salam grand unified theory.
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Remarks about US involvement — experiments
• The U.S. has been a leader in heavy-quark physics, involving a vigorous community and a series 

of extremely successful domestic experiments (CLEO, BaBar, Tevatron). Such a strong domestic 
program did not limit participation in offshore experiments, such as Belle at KEK in Japan 

• Since the shutdown of PEP-II and of the Tevatron, the US has ceded leadership in heavy-flavor 
physics to offshore experiments. As a consequence, the experimental heavy-flavor community 
and funding have shrunk over the years 

• International recognition of the importance of a continued heavy-flavor-physics program in the 
next decades is evident from the commitments in Europe and Asia. Need to ensure a significant 
level of US participation in future heavy-flavor experiments 

• In particular, U.S. contributions to LHCb Upgrade II and future upgrades of Belle II must be 
encouraged.  

• While the identification of the next energy-frontier facility will be mostly motivated by the need to 
understand the mechanism behind the electroweak-symmetry breaking and/or by the need to 
increase the reach of direct searches, the important role of heavy-quark physics should still be 
considered as key for a broad and rich HEP program. Strong U.S. participation in these efforts 
should also be encouraged

5.1



Remarks about US involvement — theory

• The experimental progress in heavy-flavor physics has often 
benefited from a close collaboration with the theory 
community. The U.S. has strong theory groups working on 
quark-flavor physics, which are internationally recognized and 
influential 

• Scientists in the U.S. have pioneered heavy-quark effective 
theory, nonrelativistic QCD, heavy-hadron chiral perturbation 
theory, and lattice formulations for heavy quarks. 

• In order for the strong theory and lattice efforts in the U.S. to 
continue, stable support for researchers and for computing 
resources is essential

5.2


