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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 high sensitivity of such decays to beyond-Standard-Model physics, combined
with the lack of major discoveries in direct production of new particles, motivates the continua-
tion of a strong heavy-flavor program in the next decades. The observation of several anomalies
by the BaBar, Belle and LHCb experiments in such decays, including evidence for violation of
lepton universality, provides particular motivation to vigorously pursue this program. 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 development
of a highly synergistic program of experiments at both pp and e+e− colliders. This program
will be complemented by advancements in theory, including both lattice and continuum cal-
culations. Experimental measurements and theory predictions of several key observables will
reach unprecedented precision and will allow to test the Standard Model 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 retain its leading
role in expanding humankind’s understanding of fundamental interactions.
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Introduction

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. It is based on the several white papers submitted by the community and, in
particular, on Refs. [1–4] – which provide an overview of the contributions discussing weak decays of
b and c quarks. This report is not a review of heavy-quark physics, and no attempt has been made
to provide complete references to prior work. Section 1 discusses the motivation for heavy-quark
physics, giving an overview of its unique potential for discoveries of new dynamics up to very high
energy scales. Section 2 presents the experimental efforts planned/proposed over the 2020-2030
decades, followed in Sec. 3 by a discussion of the opportunities for a continued heavy-quark-physics
program at facilities further into the future. The expected theory progress is then outlined in Sec. 4.
The reports concludes in Sec. 5 with our recommendation to ensure a strong involvement of the
U.S. high-energy-physics (HEP) community in this field of research.

1 The path to discovery in heavy-quark physics

The power of indirect searches for new fundamental physics in rare processes and precision mea-
surements is rooted in the basic principles of quantum field theory. The probability amplitude for
the transition from a certain initial state to a certain final state is the sum of all possible Feynman
diagrams with these initial and final states. Crucially, the internal (virtual) particles in Feynman
diagrams are not required to be on the mass shell, which means that arbitrarily heavy particles will
contribute to the amplitude as long as there is no symmetry forbidding a coupling to them. The
effects of the heavy W− bosons, for example, are seen in the β decay of a neutron at much lower
energy. Similarly, the charm, bottom, and top quarks were all predicted theoretically through their
contributions as virtual particles to explain the observed phenomena of flavor-changing processes
at lower energy, well before these particles could be produced directly.

The study of weak decays of b and c quarks – or more generally of quark-flavor physics – has
been essential in constructing the Standard Model (SM), and may very well also point us to what
lies beyond. Many questions left unanswered by the SM, such as those about the origin of the large
matter-antimatter asymmetry in the Universe, the mechanism giving neutrinos their masses, and
the observed patterns and hierarchies in the many “fundamental” parameters, are directly related to
flavor physics. More generally, proposed extensions of the SM, for example supersymmetry (which
can alleviate the electroweak hierarchy problem and provides a dark-matter candidate), typically
introduce new sources of flavor-changing interactions and new sources of charge-parity symmetry
(CP ) violation. Flavor-physics measurements may reveal such effects, and can tightly constrain the
parameter spaces of new theories (see, e.g., Refs. [5–7]). Because the dependence on new particle
masses and (flavor-violating) couplings is different than in the on-shell production, the new physics
(NP) searches performed in weak decays of b and c quarks are also complementary to the direct
searches at the energy frontier.

The unique properties and the richness of possible final states of weak decays of b and c quarks
result in a particularly high potential for discovering new fundamental physics. As an example,
rare b and c decays – being strongly suppressed in the SM – are potentially sensitive to very high

3



Figure 1: Constraints at 1σ (darker) and 2σ (lighter) in the plane Cbsµµ9 vs. Cbsµµ10 resulting from
B(B0

s → µ+µ−) (yellow-green), combination of the lepton-flavor-universality ratios RK and RK∗0
(blue), combination of b → sµ+µ− observables (orange), and global fit of rare b decays (red) [9].

The Wilson coefficients Cbsµµ9 and Cbsµµ10 are the NP contributions to the couplings of the operators
O9 = (sγµbL)(µγµµ) and O10 = (sγµbL)(µγµγ5µ), respectively. The global fit result is inconsistent
with the SM point (the origin) by ∼ 5σ.

NP scales of several 10’s to 100 TeV [2]. Intriguingly, current experimental results for b → sµ+µ−

branching fractions and angular observables, as well as ratios of b → sµ+µ− and b → se+e−

branching fractions, already show a coherent pattern of deviations from SM predictions [1]. The
muon to electron ratios are predicted to be close to 1 in the SM with essentially no hadronic
uncertainties, but are observed to be closer to 0.75 on average, suggesting violation of lepton-flavor
universality. According to some analyses [8–11], fits to the experimental data and theory inputs
yield pulls of & 5σ with respect to the SM, as shown for example in Fig. 1. Moreover, restricting the
fits to only the ratios of b→ sµ+µ− and b→ se+e− branching fractions along with B(B0

s → µ+µ−)
still yields a significance for NP of & 4σ [8–11].

The tree-level b→ cτ−ν decays are not rare but are nevertheless expected to be quite sensitive
to physics beyond the SM as a result of the large τ lepton mass (for example, a charged Higgs boson
would couple much more strongly to the τ than to the other leptons) [1]. Experimental results are
available for ratios of b→ cτ−ν to b→ c`−ν branching fractions, typically denoted as R(Xc) where
Xc is the charmed hadron in the final state. The world averages of experimental results for R(D)
and R(D∗) exceed the SM predictions with a combined significance of ∼ 3σ, again pointing to
violation of lepton-flavor universality (Fig. 2).

The b → s`+`− and b → cτ−ν anomalies have led to significant efforts by the HEP theory
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Figure 2: The ratios of branching fractions R(D) = B(B → Dτ+ν)/B(B → D`+ν) and R(D∗) =
B(B → D∗τ+ν)/B(B → D∗`−ν), where ` 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 [12].

community to construct extensions of the SM that can explain them without introducing disagree-
ments with other measurements. Several viable models have been identified as discussed further
in Sec. 4.9. The models typically predict new particles with few- TeV masses, which could be
discovered directly at future high-energy colliders (see, e.g., Refs. [13–15]). In addition, effective-
field-theory arguments and specific models suggest possible correlations with NP signals in other
low-energy observables, such as K and τ decays [16–20].

The above anomalies are just an example – though currently very intriguing – of how dynamics
beyond the SM could be discovered through measurements of heavy-quark transitions. However,
to maximize the discovery potential, and to discern the type of NP, it is essential to investigate
many different observables. Typically, any given NP model predicts correlated effects in several
observables. Examples are illustrated in Fig. 3 for the cases of the rare decay B0 → K∗0µ+µ− and
of the B0

s -B0
s mixing amplitude in theories with a flavor-changing neutral gauge boson Z ′. Such

theories have been proposed as explanations of the deviations observed in b→ sµ+µ− observables,
and can be constrained further by comparing theory and experiment for the B0

s -B0
s oscillation

frequency [21,22]. In fact, meson-antimeson mixing provides to date the most stringent constraints
on baryon- and lepton-number conserving NP, reaching energy scales of O(105) TeV for strongly-
coupled NP with arbitrary flavor structure, as shown in the left panel of Fig. 4. This extraordinary
reach is due both to the Glashow-Iliopoulos-Maiani (GIM) mechanism and to the hierarchical
structures of the quark masses and of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. These
bounds are clearly beyond the reach of any direct-detection experiment and strongly suggest us
that any NP close to the electroweak scale must have a hierarchical flavor structure analogous to
that of the SM. Indeed, the bound on the NP scale can be lowered to a few TeV (right panel of
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Figure 3: Schematic representation of the (top) B0 → K∗0µ+µ− decay and (bottom) B0
s -B0

s mixing
amplitudes as sums over all possible Feynman diagrams. The diagrams on the left are examples of
SM contributions, while the diagram on the right is an example of an NP contribution in theories
with a flavor-changing neutral gauge boson Z ′.

Fig. 4) by requiring NP to have minimal flavor violation, i.e., the absence of new sources of flavor
violation beyond the SM Yukawa couplings (e.g., as in composite Higgs models). In the minimal-
flavor-violation case, the sensitivity becomes comparable to, and complements, other indirect probes
of NP such as electroweak precision observables or Higgs couplings (see, e.g., Refs. [23–25]).

The coming two decades will not bring a substantial increase in the energy scales directly
probed at colliders [25]. However, as discussed in the following, a remarkable increase in precision
is expected for many heavy-quark observables. Weak decays of b and c quarks then offer a unique
opportunity to reveal new phenomena, and/or strongly shape our expectations for beyond-SM
dynamics, before the next energy-frontier machine will become available (see, e.g., the expected
impact on the bounds on the NP scale from ∆F = 2 transitions in Fig. 4).

2 Experimental efforts in the next two decades

Several experiments with beauty- and charm-quark physics in their programs are in operation or
planned for the 2020s (Fig. 5). The Belle II experiment at the SuperKEKB asymmetric e+e− collider
is a major improvement over its predecessors Belle and BaBar. The experiment has been running
since 2019 and, until SuperKEKB Long Shutdown 1 in Summer 2022, has collected ∼ 430 fb−1

of integrated luminosity – corresponding to roughly the sample size collected by BaBar. During
the same period SuperKEKB has achieved a record peak luminosity of 4.7 × 1034 cm−2 s−1. The
experiment will produce a variety of world-leading results continuously as it proceeds towards the
goal of collecting an integrated luminosity of 50 ab−1 by the mid-2030s [28, 29]. To achieve this

6



Figure 4: Present (lighter) and future (darker) lower bounds at 95% confidence level on the NP
scale Λ from ∆F = 2 transitions [26, 27]. The Wilson coefficients Ci = FiLi/Λ

2 (i = 1, ..., 5)
are the coupling of the NP dimension-six operators governing the ∆F = 2 transition: Q

qiqj
1 =

(qαjLγµq
α
iL)(qβjLγ

µqβiL), Q
qiqj
2 = (qαjRq

α
iL)(qβjRq

β
iL), Q

qiqj
3 = (qαjRq

β
iL)(qβjRq

α
iL), Q

qiqj
4 = (qαjRq

α
iL)(qβjLq

β
iR),

and Q
qiqj
5 = (qαjRq

β
iL)(qβjLq

α
iR) (with α and β being color indices). On the left, NP is assumed

to have arbitrary flavor structure (Fi = 1) and to be strongly coupled with no loop suppression
(Li = 1); on the right, NP is assumed to have minimal-flavor-violation couplings (Fi = VCKM) and
to enter at one loop with weak coupling (Li = α2

2, with α2
2 being the weak structure constant). The

future bounds are based on expected sensitivities at Belle II (50 ab−1), BESIII, LHCb Upgrade II
(300 fb−1), and ATLAS/CMS (3 ab−1), and on improved theory inputs.

goal, SuperKEKB needs to reach a peak luminosity of 6.5× 1035 cm−2 s−1 and be upgraded during
Long Shutdown 2, which is currently scheduled for 2027-2028 [29–31]. An international task force
has been formed to provide advice to SuperKEKB on the possible upgrade options, which include
a redesign of the interaction region and of the final focusing system. Long Shutdown 2 provides
the possibility to upgrade parts of the Belle II detector as well. A new vertex detector might be
required to accommodate the new interaction-region design, and other sub-detectors might require
improved robustness against increasing machine background [30,32].

The LHCb experiment, after having collected about 9 fb−1 of pp collisions during Run 1 and
2 of the LHC, has just started the operation of its first upgrade during Run 3. By 2032, LHCb
Upgrade I expects to collect a sample corresponding to an integrated luminosity of 50 fb−1 [36].
Considering the increased collision energy and the enhanced online-selection efficiency, the yield of
beauty and charm hadrons available for analyses will increase by factors of 5 to 10, depending on
the final states, compared to the currently available data from Run 1 and Run 2. On the same
timescale, ATLAS and CMS will continue to contribute significantly in some selected areas, such
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BESIII
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3 fb–1 @ √s = 4.178 GeV 
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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 
…

Figure 5: Timeline of planned/proposed experiments in the next two decades [29,33–35].

as in decays with dimuons in the final state [37]. 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.

Finally, the BESIII experiment at BEPCII uses e+e− collisions with center-of-mass energies
ranging from 2 to 5 GeV to study the broad spectrum of physics accessible in the τ -charm energy
region [38]. Since the start of operations in 2009, BESIII has collected more than 35 fb−1 of data,
comprising several data samples that are particularly useful for studying weak decays of charm
hadrons, such as 5 fb−1 of ψ(3770)→ D0D0 data, 3 fb−1 at

√
s = 4.178 (near the D+

sD
∗−
s threshold),

and more than 3 fb−1 at
√
s = 4.64 GeV (above the Λ+

c Λ
−
c threshold). The experiment will run

at least for the next 5-10 years, during which new upgrades for both the detector and accelerator
are being considered. In particular, BEPCII upgrades aim to first increase the maximum collision
energy to 5.6 GeV and then to increase the peak luminosity by a factor of three (for collision energies
above 4 GeV). The goal is for BESIII to integrate 20 fb−1 at

√
s = 3.773 GeV (before the scheduled

BEPCII upgrade in June 2024), 6 fb−1 at
√
s = 4.178, and 5 fb−1 at

√
s = 4.64 GeV [34].

These experimental efforts will complement one another, making possible a wide range of pre-
cision measurements that would be unfeasible at a single facility. Since most of the current heavy-
flavor results are severely limited by their statistical precision, the ability to access much larger
samples of b- and c-hadron decays is crucial. In this respect, the production rate of heavy flavored
hadrons in pp collisions gives LHC experiments a clear advantage with respect to the beauty and
charm “factories” operating at e+e− colliders. However, such advantage is mostly exploited in final
states made of only charged particles thanks to the excellent tracking and vertexing detectors that,
by precisely measuring their properties, allow to discriminate signal particles from backgrounds. In
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addition, all species of b hadrons are produced at the LHC, including bottom-strange mesons and
bottom baryons, which are kinematically forbidden at Belle II. Belle II and BESIII have unique
capabilities that give them advantages over hadron-collider experiments despite the lower produc-
tion rates. Reconstruction of neutral particles (photons and neutral pions) is nearly as efficient
and precise as that of charged particles. Because the initial state is known and the detectors are
nearly hermetic, fully-inclusive final states and reconstruction of particles with no direct signature
in the detector (such as neutrinos and K0

L mesons) becomes accessible. Reconstruction efficiencies
at beauty and charm factories are largely uniform as a function of the decay kinematics, which offers
an advantage in measurements that involve multibody decays. Coherent B0B0 pair production at
Belle II makes possible efficient determination of the flavor of the neutral B meson at production
(flavor tagging), which is key for several time-dependent CP -violation measurements. Coherent
D0D0 pair production through the ψ(3770) → D0D0 process at BESIII enables the measurement
of quantum-correlated observables that cannot be accessed elsewhere. Examples are strong-phase
differences between the D0 and D0 amplitudes, which are important inputs for the precise deter-
mination of the CKM angle γ and of the charm-mixing parameters in a model-independent fashion
at Belle II and LHCb [39–44].

The HL-LHC will extend the LHC program through the 2030s and the first half of the 2040s.
While no major upgrades are yet planned for ATLAS and CMS during this period, LHCb proposes
to upgrade the entire detector to be able to run at an instantaneous luminosity of around 1.5 ×
1034 cm−2 s−1, and collect a total of 300 fb−1 by the end of Run 6 (in the early 2040s) [36,45]. The
proposal is to install the new detector (Upgrade II) during LHC Long Shutdown 4 (2033-2034),
with some preparatory work (Upgrade Ib) to be performed already during Long Shutdown 3 (2026-
2028). The Upgrade Ib will also have benefits for the physics performance during Run 4, beyond
what has been projected for LHCb Upgrade I. The challenge for the LHCb Upgrade II resides
mostly in maintaining and extending the strengths of the LHCb Upgrade I detector, including
its flexible software trigger, in the much harsher environment resulting from ∼ 40 interactions
per bunch crossings. The detector must sustain radiation doses of up to 400 MRad per year, be
highly segmented to cope with large occupancy, and integrate timing information (with tens of ps
resolution) in the readout to be able to associate hits with the right primary interaction. These
challenges require the development of novel technologies, some of which will likely be deployed in
future HEP experiments [46].

At Belle II, studies have started to explore upgrades beyond the currently planned program, such
as beam polarization and ultra-high luminosity. The beam-polarization upgrade offers unique and
powerful sensitivities to NP via precision measurements of neutral-current couplings at 10 GeV, and
via studies of τ -lepton properties and decays [47]. Accelerator upgrades to reach a peak luminosity
in excess of 1 × 1036 cm−2 s−1 and collect ∼ 250 ab−1 of integrated luminosity have recently been
discussed [30]. If timely, such an upgrade may effectively complement the heavy-flavor program of
the HL-LHC experiments. However, the feasibility from the accelerator perspective is still unclear,
and so is the upgrade timeline.

With BESIII expected to end by around 2030, a Super τ -Charm factory (STCF) [35, 48] has
been proposed in China to continue and extend the physics program with e+e− collisions at energies
between 2 and 7 GeV and with peak luminosity of at least 5× 1034 cm−2 s−1. The current schedule
foresees the construction to occur between 2024 and 2030, and at least 10 years of operations.
Upgrades to further increase the luminosity and for the implementation of a polarized e− beam are
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also proposed for 2041-2042, followed by an additional 5 years of data taking.

2.1 Expected experimental progress on key observables

In a short summary such as this report, it is impractical to discuss all interesting observables in b and
c physics. Thus we focus on a small subset of observables that are currently of high interest, either
because their measurements show possible deviations from SM predictions, or because they are
limited by experimental uncertainties and therefore offer an opportunity for significant improvement
in precision over the next 10-20 years. A summary of the experimental prospects for many of these
key measurements is given in Tab. 1.

2.1.1 Lepton-flavor-universality tests

The next decade should clarify the hints of lepton-flavor-universality violation observed in recent
years thanks to the large data samples expected at LHCb Upgrade I and Belle II. Measurements
of LFU observables in b → s`+`− decays will reach 1%-level uncertainties, a precision sufficient
to establish or reject the level of LFU violation seen in the current measurements. The LHCb
Upgrade II data set will then open new avenues with sensitivity to even cleaner observables, such
as the difference between the values of C9 and C10 for b → se+e− and b → sµ+µ− transitions,
through the measurements of angular distributions [76,77]. The achievable precision will be crucial
to distinguish between different NP models (Fig. 6). Additionally, the LHCb Upgrade II sample will
allow lepton-flavor-universality tests in the related, and further suppressed, b→ d`+`− transitions,
which would further constrain the dynamics. 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.

Tests of lepton-flavor universality in B0 → D(∗)−τ+ν decays are expected to be dominated by
Belle II, thanks to the ability to constrain the kinematics of the undetected neutrinos by utiliz-
ing the precise knowledge of the B0B0-pair production mechanism. LHCb will also contribute, in
particular, by performing measurements of semitauonic rates of other b hadrons not accessible at
Belle II, such as B0

s → D(∗)−
s τ+ν, B+

c → J/ψτ+ν and Λ0
b → Λ+

c τ
−ν. Measurements of observ-

ables related to angular distributions, such as the τ+ and D∗− polarization fractions, will provide
supplementary sensitivity to non-SM physics and key information to decipher the dynamics (see,
e.g., Ref. [79–83]). Furthermore, Belle II has the unique ability to measure the inclusive ratio
R(X) = B(B → Xτ+ν)/B(B → X`+ν) – where X is any system made of one or more hadrons –
whose phenomenological interpretation is based on different theory inputs compared to the exclu-
sive observables, and will perform, for the first time, measurements of b→ uτ−ν decays. As shown
in Fig. 6, Belle II will achieve O(1%) sensitivities on most quantities using 50 ab−1 of integrated
luminosity.

Other possibilities to test electron vs. muon universality in semileptonic charm and beauty
decays have also been recently proposed, with many having good prospects at BESIII, STCF
and Belle II [38, 48, 84–86]. One example is the difference between the lepton forward-backward
asymmetries for B0 → D∗−µ+ν and B0 → D∗−e+ν decays [84–86]. This difference can be precisely
measured at Belle II.

10



O
b
se

rv
ab

le
C

u
rr

en
t

B
el

le
II

L
H

C
b

A
T

L
A

S
C

M
S

B
E

S
II

I
S
T

C
F

b
es

t
50

ab
−

1
25

0
ab
−

1
50

fb
−

1
30

0
fb
−

1
3

ab
−

1
3

ab
−

1
20

fb
−

1
(∗

)
1

ab
−

1
(∗

)

L
e
p

to
n

-fl
a
v
o
r-

u
n

iv
e
rs

a
li
ty

te
st

s
R
K

(1
<
q2
<

6
G

eV
2
/c

4
)

0.
04

4
[4

9]
0.

03
6

0.
01

6
0.

01
7

0.
00

7
R
K
∗
(1
<
q2
<

6
G

eV
2
/
c4

)
0.

12
[5

0]
0.

03
2

0.
01

4
0.

02
2

0.
00

9
R

(D
)

0.
03

7
[5

1]
0.

00
8

<
0.

00
3

n
a

n
a

R
(D
∗ )

0.
01

8
[5

1]
0.

00
45

<
0.

00
3

0.
00

5
0.

00
2

R
a
re

d
e
c
a
y
s

B(
B

0 s
→
µ

+
µ
−

)
[1

0
−

9
]

0.
46

[5
2,

53
]

n
a

0.
16

0.
46

–0
.5

5
0.

39
B(
B

0
→
µ

+
µ
−

)/
B(
B

0 s
→
µ

+
µ
−

)
0.

69
[5

2,
53

]
0.

27
0.

11
n
a

0.
21

B(
B

0
→
K
∗0
τ

+
τ
−

)
U

L
[1

0−
3
]

2.
0

[5
4,

55
]

0.
5

n
a

B/
B S

M
(B

+
→
K

+
ν
ν

)
1.

4
[5

6,
57

]
0.

08
–0

.1
1

n
a

B(
B
→
X
s
γ

)
10

%
[5

8,
59

]
2–

4%
n
a

C
K

M
te

st
s

a
n

d
C
P

v
io

la
ti

o
n

α
5◦

[6
0]

0.
6◦

0.
3◦

si
n

2β
(B

0
→
J/
ψ
K

0 S
)

0.
02

9
[6

1]
0.

00
5

0.
00

2
0.

00
6

0.
00

3
γ

4◦
[6

2]
1.

5◦
0.

8◦
1
◦

0.
35
◦

0.
4◦

(†
)

<
0.

1◦
(†

)
φ
s
(B

0 s
→
J/
ψ
φ

)
32

m
ra

d
[6

3]
10

m
ra

d
4

m
ra

d
4–

9
m

ra
d

5–
6

m
ra

d
|V
u
b
|(B

0
→
π
−
`+
ν

)
5%

[6
4,

65
]

2%
<

1%
n
a

n
a

|V
u
b
|/
|V
cb
|(Λ

0 b
→
p
µ
−
ν

)
6%

[6
6]

2%
1%

f D
+
|V
cd
|(D

+
→
µ

+
ν

)
2.

6%
[6

7]
1.

4%
n
a

1.
0%

0.
15

%
S
C
P

(B
0
→
η
′ K

0 S
)

0.
08

[6
8,

69
]

0.
01

5
0.

00
7

n
a

n
a

A
C
P

(B
0
→
K

0 S
π

0
)

0.
15

[6
8,

70
]

0.
02

5
0.

01
8

n
a

n
a

A
C
P

(D
+
→
π

+
π

0
)

11
×

10
−

3
[7

1]
1.

7
×

10
−

3
n
a

n
a

n
a

n
a

n
a

∆
x

(D
0
→
K

0 S
π

+
π
−

)
18
×

1
0−

5
[7

2]
n
a

n
a

4.
1
×

10
−

5
1
.6
×

10
−

5

A
Γ
(D

0
→
K

+
K
−
,π

+
π
−

)
11
×

1
0−

5
[7

3]
n
a

n
a

3.
2
×

10
−

5
1
.2
×

10
−

5

T
ab

le
1:

P
ro

je
ct

ed
u

n
ce

rt
ai

n
ti

es
(o

r
90

%
C

L
u

p
p

er
li

m
it

s)
in

se
ve

ra
l

k
ey

h
ea

v
y
-fl

av
or

ob
se

rv
ab

le
s

ov
er

th
e

n
ex

t
tw

o
d

ec
ad

es
.

A
m

is
si

n
g

en
tr

y
m

ea
n

s
th

at
th

e
ob

se
rv

ab
le

ca
n

n
ot

b
e

m
ea

su
re

d
,

th
e

ab
b

re
v
ia

ti
on

n
a

m
ea

n
s

th
at

,
al

th
ou

gh
th

e
ob

se
rv

ab
le

ca
n

b
e

m
ea

su
re

d
,

th
e

p
ro

je
ct

ed
u
n

ce
rt

ai
n
ty

is
n

ot
av

ai
la

b
le

.
P

ro
je

ct
io

n
s

ar
e

ta
ke

n
fr

om
R

ef
s.

[2
8,

30
,7

4]
(B

el
le

II
),

R
ef

s.
[4

5,
75

]
(L

H
C

b
),

R
ef

.
[3

7
]

(A
T

L
A

S
a
n

d
C

M
S

),
R

ef
s.

[3
4,

48
]

(B
E

S
II

I
an

d
S

T
C

F
).

(∗
)

In
te

gr
at

ed
lu

m
in

os
it

y
at
√
s

=
3
.7

73
.

(†
)

P
ro

je
ct

ed
u

n
ce

rt
ai

n
ti

es
o
n
γ

re
su

lt
in

g
fr

om
B

E
S

II
I/

S
T

C
F

m
ea

su
re

m
en

ts
of

th
e
D

st
ro

n
g-

p
h

as
e

d
iff

er
en

ce
s,

w
h

ic
h

w
il

l
co

n
tr

ib
u

te
as

ex
te

rn
a
l

in
p

u
ts

to
th

e
B

el
le

II
an

d
L

H
C

b
m

ea
su

re
m

en
ts

.

11



2 1 0 1
C9

0

1

C 1
0

Contours drawn at 3

Current LHCb Data
Projection for the SM
Projection for a vector-axial-vector NP contribution
Projection for a pure vector NP contribution

1

2.
5 5 10 25 50

Data sample in ab−1

0

2

4

6

8

10

12

14

16

18

To
ta

l u
nc

er
ta

in
ty

 [%
]

R(X) (had FEI, lep τ)
R(π) (had FEI)
R(D) (had FEI, lep τ)
R(D) (SL FEI, lep τ)
R(D∗) (had FEI, lep τ)
R(D∗) (SL FEI, lep τ)
R(D∗) (had FEI, had τ)

Figure 6: (Left) Projected sensitivity at LHCb to the difference between muon- and electron-mode
contributions to the C9 and C10 couplings in different scenarios [45]. Blue, red and green filled
regions show the 3σ uncertainty contours under each scenario with the LHCb Upgrade II data set.
The grey region shows the current 3σ uncertainty. (Right) Expected Belle II sensitivity for various
tests of lepton-flavor universality in semitauonic B decays as a function of integrated luminosity [28].
The FEI acronym refers to the algorithm for reconstruction of the partner B-meson [78].

2.1.2 Rare decays

The purely leptonic rare decay B0
s → µ+µ− has very small branching fraction in the SM and, as

such, it has been historically considered one of the “golden” channels for flavor-changing neutral-
current b-hadron decays. The average of the experimental measurements of B(B0

s → µ+µ−),
(3.01 ± 0.35) × 10−9, is dominated by statistical uncertainties that are larger than the theory
uncertainties on the predicted SM value, (3.66 ± 0.14) × 10−9 [87]. The experimental precision is
expected to closely approach the SM uncertainty with the LHCb Upgrade II data set and to match
it when combining with ATLAS and CMS 3 ab−1 results (Tab. 1). A related probe for beyond-SM
dynamics, which is particularly powerful in constraining supersymmetry or models with minimal
flavor violation, is the ratio between B0 → µ+µ− and B0

s → µ+µ− branching fractions. This will be
measured with better than 10% relative precision by the combination of the HL-LHC measurements.
Thanks to its superior vertexing and flavor-tagging capabilities as compared to ATLAS and CMS,
LHCb Upgrade II will furthermore have the unique ability to measure the CP -violation parameters
A∆Γ and SCP with a time-dependent analysis of B0

s → µ+µ− decays [45]. These are important
observables that, if different from their SM expectations of unity and zero respectively, would
provide unambiguous evidence for new dynamics [88].

Besides from lepton-flavor-violation tests, differential decay rates of semileptonic b → s`+`−

decays as a function of the squared dilepton mass, q2, and of angular observables provide a wealth
of information to constrain all Wilson coefficients in the effective Hamiltonian. Hints of NP in C9

firstly arose from measurements of the q2-dependent B0 → K∗0µ+µ− and B0
s → φµ+µ− angular

distributions and branching ratios at LHCb [89–95]. Experimental progress in this area is expected
to be dominated by LHCb, with contributions from Belle II and the Phase-2 upgrades of ATLAS and
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CMS [2]. The absence of charged leptons in the final state – which removes theory uncertainties
due to charm-loop effects [96] – makes b → sνν decays particularly interesting complementary
probes of the non-SM physics scenarios proposed to explain the b → s`+`− anomalies [97]. Belle
II will be the only experiment capable of exploring these key channels in the next decades. As
an example, it has the potential to observe B+ → K+νν decays at the SM rate with only 5 ab−1

of integrated luminosity and severely constrain various non-SM extensions such as models with
leptoquarks, axions, feebly interacting, or dark-matter particles [28]. Given that many NP models
predict the largest effects for the 3rd generation, additional complementary information will arise
from improved searches at LHCb and Belle II of b → sτ+τ− decays. For example, the limits on
B(B0

s → τ+τ−) and B(B+ → K+τ+τ−) are both expected to improve by an order of magnitude or
more at the end of LHCb Upgrade II [2, 98]; and Belle II is expected to improve current limits on
the B0 → τ+τ− and B0 → K∗0τ+τ− branching fractions by factors of 20 and 4, respectively, with
50 ab−1 of integrated luminosity [28,74].

LHCb and Belle II will access a wide range of b→ s(d)γ decays. Belle II is expected to have the
best sensitivity in the next decade to observables based on exclusive B decays, reaching on many
percent or sub-percent precision with 50 ab−1 of integrated luminosity [28, 74]. LHCb has unique
access to time-dependent CP -violation observables in B0

s → φγ decays, for which an improved
calorimeter during Upgrade II would be critical to keep systematic uncertainties comparable or
below the expected statistical uncertainties [36,45]. Belle II will also study these transitions inclu-
sively. The precise and reliable SM prediction of the inclusive B → Xsγ rate, where Xs identifies a
particle or system of particles with strangeness, makes it an extremely sensitive probe for beyond-
SM dynamics [99,100]. In addition, the inclusive analysis enables the determination of observables
like the b-quark mass and can provide input to determinations of |Vub| [74]. Depending on the
assumed detector performance in rejecting neutral hadrons faking photons, Belle II will reach a
relative precision on B(B → Xsγ) between 2% and 4% with the 50 ab−1 data set, which is com-
parable to the theory prediction. Moreover, it will have the ability to explore the photon-energy
spectrum at much lower energies than before [28,74].

Rare and forbidden decays of charm hadrons probe beyond-SM contributions in c → u tran-
sitions and are therefore complementary to searches done in the b sector. Despite the SM rate
being dominated by long-distance dynamics, the effective GIM cancellation and (approximate)
symmetries of the charm system allow to define various null-test observables related to angular
distributions and CP violation, which have high discovery potential in the near future [101]. First
measurements of such observables in D0 → K+K−µ+µ− and D0 → π+π−µ+µ− decays have been
recently performed at LHCb [102]. The experimental precision has already reached 0.1− 0.01 and,
for the D0 → K+K−µ+µ− results, the overall agreement with the SM is at the level of 2.7σ.
These measurements are expected to reach sub-percent precision during Upgrade II, and will be
complemented by studies of other rare charm decays and by tests of lepton-flavor universality [75].
Lepton-flavor universality tests and unique studies of c → uνν decays are expected to be possible
also at e+e− colliders [38,48,74].

2.1.3 Precise CKM-unitarity tests and new sources of CP violation

Precise tests of CKM unitarity remain crucial in constraining dynamics beyond the SM, partic-
ularly if new sources of CP violation are present. Figure 7 shows the current constraints on the
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Figure 7: The triangle, in the complex plane, representing the orthogonality of the first and third

columns of the CKM matrix, i.e., 1 +
V ∗tbVtd
V ∗cbVcd

+
V ∗ubVud
V ∗cbVcd

= 0, with (left) current and (right) future

constraints overlaid [27, 103]. The future constraints assume central values corresponding to a
perfect agreement under the SM hypothesis and are based on expected sensitivities at Belle II
(50 ab−1), BESIII, LHCb Upgrade II (300 fb−1), and ATLAS/CMS (3 ab−1), and on improved
theory inputs.

determination of the apex of the standard CKM unitarity triangle in comparison with the future
constraints from expected measurements at Belle II, BESIII, LHCb Upgrade II and ATLAS/CMS,
combined with future theory improvements [27,103].

The angle γ is the only CP -violation parameter of the SM that can be measured exclusively from
tree-level processes, such as from the interference between B− → D0(→ f)K− and B− → D0(→
f)K− decay amplitudes where f is any final state directly accessible to bothD0 andD0 mesons. The
theoretical uncertainties enter only at the level of one-loop electroweak corrections and are below
O(10−6), because all the required hadronic matrix elements can be experimentally measured when
enough final states f are taken into account. New CP violating effects in non-leptonic tree-level
decays can modify the SM relation between γ and the CKM elements by several degrees, making
precise (. 1◦) measurements of γ powerful probes of NP [104, 105]. The present experimental
uncertainty on γ is about 4◦ [12], dominated by LHCb measurements [62] with important inputs
from CLEO and BESIII [106,107], and it is limited by statistics. The experimental progress in the
next decades should bring the uncertainty down to 0.35◦, provided that strong-phase differences
between D0 and D0 amplitudes are measured with sufficient precision. The sample of coherent
D0D0 pairs expected to be collected at BESIII will contribute 0.4◦ to the γ uncertainty. Hence,
either larger samples of ψ(3770)→ D0D0 data will need to be collected (e.g., at the STCF), or new
methods to constrain these hadronic parameters will need to be developed.

The smallest and least well-known CKM matrix element magnitude is |Vub|. In the standard
unitarity triangle, |Vub| constrains the length of the side opposite to the precisely measured angle
β (Fig. 7). On the other hand, |Vcb| normalizes the triangle and indirectly enters in SM predictions
for many processes in flavor physics. For example, in the b sector, B(B0

s → µ+µ−) is approximately
proportional to |Vcb|2; in the kaon sector, B(K0

L → π0νν) and εK behave like |Vcb|4 and |Vcb|3.4,
respectively [109]. For both |Vub| and |Vcb|, there are persistent tensions between exclusive and
inclusive determinations from semileptonic b-hadron decays, as shown in Fig. 8. The reason for this
discrepancy is unknown. Most indications point to possibly inconsistent experimental or theory
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Fig. 85: Projections of Vub error to various luminosity values and lattice-QCD error fore-
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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

Figure 8: (Left) Constraints in the |Vcb|-|Vub| plane from exclusive measurements and lattice QCD
(colored bands, and their combination yielding the black point in the center) as well as inclusive
measurements and operator-product expansions (blue point in the upper right) [108]. (Right) Pro-
jections of uncertainties in exclusive measurements of |Vub| from B0 → π−`+ν decays as functions
of integrated luminosity at Belle II [74]. Projections are separately made for analysis in which the
partner B meson is reconstructed (tagged) or not (untagged), and for current or future (expected)
lattice QCD inputs.

inputs, but interpretations in terms of non-SM physics cannot be excluded [110]. Improving both
the exclusive and inclusive determinations of |Vub| and |Vcb| is a high priority that will require a
combined experiment-theory effort. Experimentally, Belle II will drive the global progress through-
out the next decades. With the 50 ab−1 of integrated luminosity, it will achieve O(1%) precision on
inclusive |Vub| and will double the global precision in exclusive |Vub| results, independently of any
improvement in theoretical inputs. With the same sample, Belle II will reach O(1%) precision on
both inclusive and exclusive determinations of |Vcb|. Expected progress in lattice QCD will then
offer further significant improvement as, e.g., shown in Fig. 8 for |Vub|, and as discussed in Sec. 4.
Unique contributions from LHCb will come from measurements of rates of a variety of b-hadron
decays. LHCb has already performed measurements of |Vcb| using B0

s → D(∗)−
s µ+ν decays and of

the ratio |Vub|/|Vcb| using semileptonic Λ0
b and B0

s decays [66,111,112]. These offer complementary
sensitivity, particularly because they are subject to different theory inputs. The planned detector
improvements in Upgrade II will significantly enhance the opportunities for more studies based on
other B0

s decays modes and on B+
c mesons.

Determinations of |Vcs| and |Vcd| rely on rate measurements of leptonic and semileptonic charm
decays performed by CLEO, BaBar, Belle, and BESIII, together with lattice calculations of the cor-
responding form factors or decay constants [12,108,113–115]. The most precise determinations yield
1%-level uncertainties, with sub-percent precision recently achieved for |Vcs| from D → K`+ν [116].
The precision with semileptonic decays is limited by the lattice-QCD computation of the decay
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form-factors. Measurements with leptonic decays are, instead, limited by experimental uncertain-
ties. 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 [38]. Further im-
provement will be possible when combining with measurements at Belle II [74] and at the STCF,
provided that systematic uncertainties can be reduced well below the 1% level [48].

New sources of CP violation departing from the CKM picture can be effectively searched for
in neutral meson mixing, where the knowledge of the CP -violating mixing phases are limited by
the experimental statistical uncertainties. This is particularly true for the B0

s -B0
s mixing phase

φs ≈ −2βs, which is suppressed by a factor 0.05 compared to the B0-B0 phase β. The world
average value, based on measurements from the LHC and Tevatron experiments, has a precision
of 19 mrad [12]. The SM prediction, taken as the indirect determination of −2βs via the global
CKM fit to experimental data, has an uncertainty of 0.8 mrad [103]. Such estimation, however,
neglects contribution to φs from subleading penguin amplitudes that are estimated to be smaller
than 21 mrad [117]. Improved measurements of φs will be performed at LHCb, ATLAS and CMS,
with a combined projected uncertainty based exclusively on the B0

s → J/ψφ channel estimated
to go below 4 mrad. To possibly expose NP, the expected progress in experimental precision will
require improved constraints on the SM penguin contributions, which can be achieved by measuring
SU(3)-related decays [75, 118, 119]. Other avenues for beyond-SM sources of CP violation are
penguin-dominated b→ qqs decays such as B0

s → φφ or B0
s → K∗0K∗0. The sensitivities expected

at LHCb on these channels are shown in Fig. 9. Similarly, in the B0 system, time-dependent CP
asymmetries in B0 → φK0

S and B0 → η′K0
S can be compared to determinations of sin 2β based on

tree-dominated b→ ccs transitions, such as B0 → J/ψK0
S [4].

Charmless B decays give access to α, the least known angle of the CKM unitarity triangle, which
also suffers from much larger theory uncertainties compared to other CKM angles. Appropriate
combinations of measurements from decays related by isospin symmetries, such as B0 → (ππ)0,
(ρπ)0, (ρρ)0 and a±1 π

∓, reduce the impact of hadronic uncertainties and yield a robust direct
determinations of α with a 4◦ uncertainty [12]. The determination of α is expected to be dominated
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Figure 10: Projected uncertainty as a function of the expected Belle II sample size in (left) the
decay-time-integrated CP asymmetry of B0 → π0π0 decays and (right panel) in the B → Kπ
isospin sum rule IKπ. The solid red curve shows the projection assuming updates on the complete
set of B → Kπ measurements. The dashed grey curve represents the projection assuming no Belle
II inputs [28].

by Belle II with a projected uncertainty of 0.6◦ with 50 ab−1, provided that there is also an improved
understanding of the size of isospin breaking (e.g., using B → πη(′) decays). Isospin symmetry
also provides so-called sum rules, which are linear combinations of branching fraction and CP
asymmetries that offer null tests of the SM. An interesting case is provided by the so-called Kπ
puzzle, a long-standing 3σ-deviation anomaly associated with the difference between direct CP
asymmetries in B0 → K+π− and B+ → K+π0 decays, and more generally from the isospin sum
rule IKπ relating B0 → K+π−, B+ → K0π+, B+ → K+π0 and B0 → K0π0 decays [120]. Since
IKπ is predicted to be zero within O(1%) in the SM, a precise determination of all inputs offers a
reliable and precise null test of the SM. The current experimental sensitivity of ∼ 13%, limited by
the BaBar and Belle measurements of the B0 → K0π0 mode, is expected to be improved by Belle
II in the next decade as shown in Fig. 10.

Unique opportunities to search for new sources of CP violation in the up-type-quark sector
are provided by the study of charm hadrons. LHCb made the first observation of CP violation in
charm decays in 2019 by measuring a nonzero difference in the CP asymmetries of D0 → K+K− and
D0 → π+π− decays, ∆ACP [121]. In contrast to b decays, loop amplitudes in charm are severely
suppressed by the GIM mechanism and SM CP violation arises mostly from the interference of
tree-level amplitudes, possibly associated with rescattering [122, 123]. Rescattering amplitudes
are challenging to compute and make the interpretation of the observed CP violation ambiguous.
Precise measurements of CP asymmetries in other decay channels help constrain the rescattering
effect and are therefore crucial to understand the underlying dynamics [4]. The Cabibbo-suppressed
decay D+ → π+π0 is a particularly interesting mode as it proceeds essentially via a single tree
amplitude in the SM [124, 125]. Thus, observing direct CP violation in D+ → π+π0 would be a
robust indication of new dynamics. While LHCb will continue to dominate the precision on CP
asymmetries in decay modes with charged particles in the final state [75], in the next decade Belle II

17



0.96 0.98 1.00 1.02 1.04

|q/p|

−6

−5

−4

−3

−2

−1

0

1

2

φ
D

[◦
]

No CPV

Solid (dashed) contours contain 68.3% (95.4%)

Current LHCb 23fb−1 300fb−1

Figure 11: Projected sensitivity at LHCb to the parameters of CP violation in charm mixing, |q/p|
and φD, assuming the current central values of experimental observables [45]. Contours shaded
with different levels of darkness indicate 68.3% and 95.4% confidence-level regions.

is expected to dominate the precision on ACP (D+ → π+π0) and will be the only experiment able
to precisely measure modes with only neutrals [28], such as D0 → π0π0 in which CP violation is
expected to be of a measureable size [126].

LHCb’s recent observation of a nonzero mass difference between neutral charm eigenstates [72]
paves the the way for future precision measurements of mixing parameters and searches of CP -
violation effects in D0-D0 mixing. The current constraints on CP violation in charm mixing are
at least an order of magnitude above the expected SM contribution and are limited by statistical
experimental uncertainties [12,127,128]. The data sets expected from the operation of the Upgrade
I and Upgrade II detectors make LHCb the only planned experiment with a realistic possibility
of observing CP violation in charm mixing, since it has the best sensitivity to decay modes such
as D0 → K−π+, D0 → K+K−, D0 → π+π− and D0 → K0

Sπ
+π− [75]. As examples, projected

sensitivities for the mixing-induced CP -violation observables AΓ in D0 → K+K−, π+π− and ∆x in
D0 → K0

Sπ
+π− are reported in Tab. 1; the projected sensitivity for the parameters |q/p| and φD,

resulting from the combination of these and other measurements at LHCb, is shown in Fig. 11.

3 Farther into the future

The emergence of high-energy e+e− circular collider projects to accurately study the properties
of the Higgs boson opens a new appealing perspective for a continued heavy-quark-physics pro-
gram past the HL-LHC era [25, 129–132]. The proposed machines will operate at all the relevant
electroweak thresholds (Z0, H0, W+W−, tt) and will give access to abundant samples of b- and
c-hadron decays. As an example, the expected number of Z0 decays to be collected with FCC-ee
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will provide about 20 times more B mesons, and about 9 times more charm hadrons, than expected
at Belle II with 50 ab−1 [131]. Moreover, similarly to LHCb, all b-flavored particles will be produced
and with a significant boost to allow precise measurements of decay-time-dependent observables.

FCC-ee and/or CEPC will be able to complement many of the studies performed at Belle II
and LHCb, and significantly extend the program in several critical areas. A particular strength
will be the ability to make sensitive studies of modes containing neutral hadrons, photons and
neutrinos, with much larger sample sizes than will be available at Belle II. This possibility will
enable FCC-ee/CEPC to harness a wide range of charm-meson decay modes in measurements of
γ from B− → DK− and B0

s → D(∗)−
s K+ decays. It is expected that the flavour-tagging efficiency

will be significantly higher than at the LHC, bringing corresponding gains for time-dependent
measurements of B0

s decays [133, 134]. Other interesting possibilities include modes relevant for
the angle α; e.g., precise measurements of the time-dependent CP asymmetries in B0 → π0π0

can be performed making use of both the γγ and e+e−γ decays of the π0 meson. At a high-
energy e+e− collider, another approach will open up for precise measurements of CKM matrix
elements that has no systematic limitation due to the knowledge of hadronic inputs, e.g. from
lattice QCD: direct determination from hadronic decays of W+ bosons. Several 108 W+ boson
decays will be collected when operating FCC-ee and/or CEPC at the W+W− threshold and above,
making possible, e.g., measurements of |Vcb| with up to an order of magnitude improved precision
with respect to present results. In addition to the measurement of CKM-related observables,
FCC-ee/CEPC will perform studies of a wide range of suppressed flavor-changing neutral-current
processes, such as b → s(d)`+`−, b → s(d)τ+τ− and b → s(d)νν (see, e.g., Refs. [135–137]). This
program will be extended to the analysis of favored, but experimentally challenging, modes, where
the SM predictions are reliable and beyond-SM effects could be pronounced (e.g., the decays B+

c →
µ+ν and B+

c → τ+ν [138, 139]). The analysis of these channels, together with that of radiative
flavor-changing neutral currents in both the beauty and charm sectors, will provide stringent tests
of the SM and have high discovery potential for NP. Moreover, baryons with b and c quarks from Z0

decays are strongly longitudinally polarized, giving access to new types of angular observables [140].
Measurements of weak decays of b and c quarks place specific demands on the detector design,

particularly in the areas of vertexing, calorimetry and particle identification. These requirements
are not necessarily the same as those required for electroweak and Higgs physics, and motivate a
machine with four interaction points with one experiment devoted to heavy-flavor physics.

With a Higgs factory likely to represent the medium-term future of particle physics, the long-
term future of the field crucially depends on the next generation of high-energy colliders to push
forward the reach for direct production of NP particles [25]. Precise measurements of flavor ob-
servables in the next decades are likely to provide unique inputs that can have a major impact on
the motivation and planning of such facilities. As an example, NP in b→ sµ+µ− transitions would
suggest that a muon collider of 10 TeV (or higher) has greater potential for a direct discovery than
a 100 TeV pp collider [13,14].

4 Expected theory progress

The expected experimental advances in weak decays of b and c hadrons must be complemented
by commensurate advances in theoretical calculations. In many cases, measurements involving
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hadrons cannot be related to the underlying short-distance physics of interest (such as CKM matrix
elements) without calculations of hadronic matrix elements, using lattice QCD or other approaches,
such as the operator product expansion (OPE) for inclusive observables. In addition, the Wilson
coefficients of weak effective operators need to be calculated in the SM and in NP models, and efforts
in model building are required to find ultraviolet-complete explanations of observed deviations from
the SM that ideally also address some of the other fundamental questions about the Universe outside
of flavor physics.

While for some observables, such as purely leptonic B0
(s)-meson decay rates, theoretical predic-

tions are currently more precise than experiment, the opposite is true for other observables, such as
the CP asymmetries in hadronic charm decays where reliable SM predictions are still unavailable.
For the determinations of |Vub| and |Vcb| in semileptonic b-hadron decays, the uncertainties are
currently more evenly split between experiment and theory, and both need to improve at a similar
pace.

The following subsections summarize the status and prospects of theoretical calculations for
selected important quantities or processes. Many of these topics are also discussed in the Theory-
Frontier topical-group-6 report [141].

4.1 Exclusive leptonic and semileptonic decays

At leading order in weak effective theory and at leading order in QED, the nonperturbative QCD
contributions to exclusive leptonic or semileptonic decays are given by matrix elements of the form
〈0|q′Γq|h〉 or 〈h′|q′Γq|h〉, respectively, where h and h′ denote the hadrons in the initial and final
states. These matrix elements can be expressed in terms of Lorentz-scalar decay constants or form
factors, respectively, and are required inputs in the determination of |Vub|, |Vcb|, |Vcd|, |Vcs|, in the
theory predictions for lepton-flavor universality ratios, and in the theory of rare b and c decays. In
general, studying the quark-level transitions of interest in multiple different decay channels involving
hadrons with different spin helps in disentangling different operator structures of NP couplings.
For example, the baryonic decay Λ0

b → pµ−ν provides constraints on right-handed couplings in the
b→ u weak effective Hamiltonian which are complementary to those from B → πµ−ν [66,142,143].
Furthermore, theoretical predictions may also be needed for transitions to higher-lying states that
contribute to the backgrounds in measurements, such as B → D∗∗`+ν [144–146].

Numerical lattice-gauge-theory computations now provide the most precise results for decay
constants and for many form factors, and the precision can be improved even more in the future
[108,113–115]. Light-cone sum rules and QCD factorization/soft-collinear effective theory (see, e.g.,
Refs. [147–156]) can be used for final states or kinematic regions that are challenging for lattice
QCD. In addition, heavy-quark effective theory (HQET) can provide useful relations, especially
for b→ c transitions (see, e.g., Refs. [154,157]); here it is anticipated that long-standing questions
about higher-order corrections can be answered with new experimental and lattice results in the
coming years [110]. Another important theoretical tool is dispersion relations based on analyticity
and unitarity, which yield bounds on form factors that can stabilize kinematic extrapolations [158].

For the charm-meson decay constants fD and fDs , the current averages of lattice results in pure
QCD and in the isospin limit have total uncertainties of 0.3% and 0.2%, respectively, while the
uncertainties for fB and fBs are 0.7% and 0.6%, respectively. Key in achieving this precision was the
use of the same type of relativistic lattice action for the heavy quarks as used for the light quarks,
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which eliminates the systematic uncertainty associated with the matching of the vector and axial-
vector currents from the lattice to the continuum. For bottom quarks, this approach still requires
extrapolations in the heavy-quark mass, as most lattices used in the analyses have a spacing a
that is not small enough to satisfy amb < 1. For semileptonic form factors, first calculations
using the fully relativistic approach have been performed for D → K [116, 159], B → K [159],
B → D(∗) [160], B0

s → D(∗)

s [161, 162], B+
c → J/ψ [163], and B → π [164]. Reaching sub-percent

precision for the b-hadron semileptonic form factors, will require large numbers of samples (gauge
configurations/source locations) to reduce the statistical uncertainties (especially for B → π, which
is intrinsically noisier than, e.g., B0

s → D−s ) and ultrafine lattices, demanding leadership-class
computing resources [165].

If the hadron in the final state is a resonance with non-negligible decay width, a rigorous
theoretical treatment requires computing transition matrix elements to the multi-hadron asymp-
totic final states to which the resonance couples, followed (if desired) by analytic continuation to
the resonance pole. The mathematical formalism (known as the Lellouch-Lüscher formalism) re-
lating the infinite-volume transition matrix elements of interest with the finite-volume transition
matrix elements accessible on the lattice is well-established for 1 → 2 transitions [166–175] and
has already been implemented to perform lattice calculations of K → ππ weak decays [176–180]
and of the electromagnetic πγ∗ → ρ(→ ππ) transition [181–183]. The formalism is also applica-
ble to semileptonic decays with two-body resonances in the final state, such as B → ρ(→ ππ)`+ν,
B → K∗(892)(→ Kπ)`+`−, B → K∗0 (700)(→ Kπ)`+`−. Here, it is possible to compute theB → ππ
or B → Kπ transition form factors for the relevant partial waves (e.g., P wave and S wave) as
functions of both the dilepton invariant mass squared, q2, and the ππ or Kπ center-of-momentum
energy squared, s. The analysis must take into account rescattering into other multi-hadron chan-
nels if s is above their thresholds, and neglecting such channels thus places an upper limit on the
accessible range of s. It is known how to take into account multiple coupled two-body channels
(e.g., ππ + KK), and work is underway to extend the formalism to the three-body and higher
sectors [184,185]. Dispersion theory can also be used to describe the s dependence, see e.g. [186].

4.2 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. This applies in particular to soft or collinear photons
that can lead to large logarithms, and to hadron-structure-dependent effects, neither of which
are accounted for by the commonly included Sirlin factor ηEW [187]. Soft photon radiation in
experiments is modelled using PHOTOS [188], which however neglects radiation from charged
initial-state particles and other important effects [189].

Significant progress in the treatment of QED corrections has been made recently in effective-
field-theory-based approaches and factorization [87, 189–194]. Sizeable hard-collinear logarithms
were identified and were shown to be absent at the structure-dependent level using gauge invariance
[191]. Factorization in QCD×QED is still a rather new subject under active development. It must
be noted that, as soon as non-perturbative soft matrix elements are evaluated in factorization
including QED, light-cone distribution amplitudes need to be generalized accordingly [195].

First lattice-QCD calculations of structure-dependent QED corrections to leptonic decays have
been performed for pion and kaon leptonic decays [196,197], and this approach is in principle also
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applicable to B(s) and D(s) leptonic decays. In Refs. [196,197], real-photon emission was treated in
the point-like approximation, which is sufficient for π and K decays to muons, but not for decays
to electrons. Since then, full structure-dependent lattice calculations of real-photon emission in
leptonic decays have also been performed [198–201]. These calculations are interesting not only in
the context of QED corrections to leptonic decays but can also describe radiative leptonic decays
with hard photons. The hard photon lifts the helicity suppression and, in the case of B0

(s) → `+`−γ,
provides sensitivity to a larger set of operators in the weak effective Hamiltonian. Furthermore,
radiative leptonic B decays at high photon energy are well suited to constrain the first inverse
moment of the B-meson light-cone distribution amplitude, an important parameter in the theory
of nonleptonic B decays [202–217].

Recently, lattice calculations have also been demonstrated for P → `ν`′+`′−, where the `′+`′−

pair is produced through a virtual photon [218,219]. Work is also underway to compute structure-
dependent QED corrections to semileptonic decays on the lattice, which is substantially more
challenging compared to leptonic decays [220]. The electroweak box diagrams have also been
computed on the lattice for kaon semileptonic decays [221]. Further progress with QED corrections
to semileptonic decays, and extensions of the calculations from light/strange mesons to charm and
bottom mesons, would be desirable.

4.3 Exclusive rare b and c hadron decays

The theory uncertainties for rare b and c decays vary widely among different types of processes and
observables [1,2]. Muon-to-electron lepton-flavor-universality ratios such as RK are predicted to be
very close to unity in the SM, and one of the main sources of uncertainty is QED, as discussed in
the previous Section and in Ref. [1]. The branching fractions of the purely leptonic B0

(s) → µ+µ−

are also predicted quite precisely, thanks to sub-percent-precision lattice-QCD results for the decay
constants [222] and recent progress with perturbative QCD and QED corrections [87]; the dominant
source of uncertainty in these branching fractions is now |Vcb|.

The theory of semileptonic b → s`+`− branching fractions and angular observables depends
on both local hadronic matrix elements of quark-bilinear currents, described by local form factors,
and nonlocal hadronic matrix elements involving four-quark or quark-gluon operators together with
the quark electromagnetic current at a different spacetime point. Both are important sources of
uncertainty. Higher-precision lattice calculations of the local form factors are expected in the future
as discussed in Sec. 4.1. For the nonlocal matrix elements, the charm contributions are the most
significant and problematic. At high q2, the nonlocal matrix elements may be approximated using a
local OPE [223,224], but the OPE is unable to predict the detailed q2-dependence associated with
broad charmonium resonances in this region. At low q2, the available approaches include QCD
factorization [225] and the light-cone OPE [96, 226]. The latter calculation was recently further
improved and combined with dispersive bounds [227, 228]. The theory of the nonlocal matrix
elements at low q2 is more challenging for Λ0

b decays, where new types of nonfactorizable spectator-
scattering contributions arise [229, 230]. In contrast to semileptonic modes with charged leptons,
dineutrino modes (b→ sνν) do not receive contributions from these nonlocal matrix elements and
can be predicted precisely using just the local form factors. In b→ d`+`− decays, non-local effects
are qualitatively different as contributions from ρ and ω resonances are not suppressed [2,231,232].
Controlling those effects will be crucial to establish exclusive b→ d`+`− decays as important probes
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of NP [233].
Rare charm decays involving the transitions c → u`+`− or c → uγ are subject to large

long-distance contributions that dominate the short-distance contributions by orders of magni-
tude [234–237]. Nevertheless, as already mentioned, one can construct observables that are strongly
suppressed in the SM and serve as clean null tests, such as CP asymmetries and angular observables
that vanish in the SM [238–243]. Additional probes for NP are lepton-flavor-violating transitions
and dineutrino modes [241–244].

4.4 Inclusive semileptonic and radiative decays

The standard approach for calculating the inclusive B → Xc`
−ν decay rate is the heavy-quark

expansion (HQE). Using the optical theorem, the inclusive rate is expressed in terms of a forward
matrix element of a product of two weak currents at different spacetime points. This is then
treated with the heavy-quark/operator-product expansion that yields a series of local operators,
organized by powers of 1/mb [110], where the leading term corresponds to the “partonic rate”
and terms up to order 1/m5

b are known at tree level. The hadronic matrix elements are fitted
to experimental data [245, 246] (in principle, they can also be calculated using lattice QCD [247–
249]), and the matching coefficients are calculated perturbatively. For the partonic rate, the full
kinematic distribution is known at order α2

s, and the total rate at α3
s [250]. The full kinematic

distribution of the 1/m2
b contribution and the total rate at order 1/m3

b have been calculated at
order αs [251–253]. The theory uncertainty in inclusive |Vcb| determinations has reached the 1%
level [245]. Looking ahead, the proliferation of HQE parameters at higher orders can be reduced by
considering reparametrization-invariant observables, in particular q2 moments [254], as was already
implemented in Ref. [246]. Higher-order αs corrections can be calculated, and improvements in the
heavy-quark mass determination as well as novel heavy-quark mass schemes may be beneficial. At
sub-percent level, possible duality violations and problems of HQE convergence [255] as well as QED
corrections should be investigated further. The b → u`−ν and b → cτ−(→ `−νν)ν backgrounds
also need to be treated carefully [256].

The determination of |Vub| from inclusive B → Xu`
−ν measurements is substantially more

complicated due to the large charm background. Cutting away the b → c`−ν contribution with
a requirement on the lepton energy leaves only the endpoint region with 2E`/mb ∼ 1, where the
local HQE breaks down. In this region, one needs to use a light-cone OPE, such that the HQE
parameters are replaced by nonlocal matrix elements, the so-called shape functions [257,258]. The
shape functions can be evaluated through a combination of fits to the differential data and QCD-
based modeling; see Ref. [110] for details and prospects for improvements.

Also very important are the inclusive rare decays B → Xsγ and B → Xs`
+`− [2], which can

provide tight constraints on NP with different systematic uncertainties compared to the exclusive
rare b decays. The inclusive B → Xsγ branching fraction currently has a 5% theory uncertainty [99],
while Belle II may reach 2% as shown in Tab. 1. The theory uncertainty can be reduced further by
completing the NNLO QCD corrections without interpolation in the charm mass and by controlling
nonperturbative effects that are expected to give few-% contributions. For B → Xs`

+`− decays at
low q2 the situation is similar [100]. At high q2 the uncertainties are larger due to the breakdown of
the HQE, as with B → Xu`

−ν decays. At high q2 it is advantageous to normalize the B → Xs`
+`−

rate to the B → Xu`
−ν rate with the same kinematic cut [259].
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Finally, significant progress in lattice QCD has been made in direct computations of the forward
matrix elements of the two weak currents that are needed to describe inclusive decay rates. Extract-
ing the hadronic tensor from a Euclidean four-point function requires solving an inverse Laplace
transform. This is an ill-posed problem in principle, but the severity of the problem can be reduced
by limiting the energy resolution, which at the same time controls finite-volume effects [260–264]
(see also Ref. [265] for earlier work). Exploratory computations of inclusive semileptonic decay
rates, along with a comparison to OPE predictions, have been performed successfully at a lower-
than physical b-quark mass [262,266,267]. This paves the way for further calculations with physical
parameters and controlled systematic uncertainties.

4.5 Neutral-meson mixing

The mass differences ∆md and ∆ms in B0-B0 and B0
s -B0

s mixing are known from experimental
measurements with an extraordinary precision of 0.4% and 0.03%, respectively [12]. The theoretical
uncertainties are at the 10% level [268,269]. Reducing them will therefore have a significant impact
on CKM constraints and on many NP models, including models proposed as explanations of the
b→ s`+`− anomalies.

The theoretical description of ∆md and ∆ms at leading-order in weak effective theory involves
the hadronic matrix elements 〈B0

(s)|Qi|B0
(s)〉 of five local four-fermion ∆B = 2 operatorsQi, of which

only Q1 contributes in the SM (see the caption of Fig. 4). These matrix elements can be calculated
using lattice QCD [268, 270–274] or sum rules [275–279]. Lattice results for the SU(3)-breaking
ratio ξ, formed using the ratio of B0

s - and B0-meson mixing parameters, have reached percent-
level precision [268, 271–274, 280–282]. For the mixing parameters themselves, there are currently
some tensions among the lattice results from different groups employing different renormalization
schemes, lattice discretizations, and numbers of dynamical quark flavors that need to be understood
and resolved. It is likely possible to achieve sub-percent uncertainties within the next five years,
at which point QED effects become important [114]. The sum rules estimates can also be further
improved by determining 1/mb corrections to the strict HQET limit, by determining NNLO-QCD
corrections to the QCD-HQET matching or by considering the sum rule in full QCD [3].

For the width difference ∆Γs, a large contribution to the theory uncertainty is due to the
hadronic matrix elements of dimension-7 operators. A first lattice-QCD calculation of these opera-
tors has been reported in Ref. [283], leading to a SM prediction of ∆Γs = 0.092±0.014 ps−1, which
can be compared to the current experimental average of 0.084 ± 0.005 ps−1 [12]. Hence, further
substantial improvements in the theory uncertainties would have a big impact, particularly given
that the experimental uncertainties at the LHC are projected to decrease even further [37,75].

In D0-D0 mixing, the CP -violating contributions can be described reasonably well by local
hadronic matrix elements of ∆C = 2 operators. These matrix elements have already been deter-
mined via sum rules [277] and lattice QCD [284–286] with uncertainties of order 5-10%, and further
improvements are possible using standard methods in the coming years. However, the overall mix-
ing process is dominated by long-distance effects, corresponding to hadronic matrix elements of two
∆C = 1 operators at different spacetime points. Analogous nonlocal matrix elements have been
computed on the lattice for the kinematically simpler case of kaon mixing [287–289], but substan-
tial further theoretical and algorithmic developments are needed to extend this work to the case of
charm mixing. It may be possible to employ novel methods similar to those developed for lattice
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calculations of inclusive decay rates (cf. Sec. 4.4) [113].

4.6 Heavy-hadron lifetimes

Comparisons between theory and experiment for heavy-hadron lifetimes, or lifetime ratios, can also
provide useful constraints on physics beyond the SM. Examples are the constraints on beyond-
SM explanations of the R(D(∗)) anomalies from τB+

c
[290], and constraints from τB0

s
/τB0 on NP in

b→ sτ+τ−, on B-meson-based baryogenesis, and on NP in nonleptonic decays such as b→ ccs [291].
A recent experimental surprise is the LHCb measurement of the Ω0

c lifetime, which rearranged the
hierarchy of the charm-baryon lifetimes [292–296].

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 [291, 295, 297–300]. There have been exploratory
lattice calculations of spectator effects more than 20 years ago [301–305]. New state-of-the-art
lattice calculations would be desirable to complement sum-rule calculations.

4.7 Nonleptonic bottom-hadron decays

Nonleptonic bottom-hadron decays are widely used to study CP violation, both in the SM and be-
yond. As discussed in Sec. 2.1.3, the CKM angles α, β, and γ can be determined from combinations
of multiple nonleptonic B(s) decay modes that allow the dominant hadronic matrix elements to be
obtained from the experimental data. However, except for the case of γ [306], subleading effects
will no longer be negligible at the increased precision expected from experiments in the coming
years, and need to be understood theoretically. An example is the Vub (“penguin”) contamination
in B0 → J/ψK0

S and B0
s → J/ψφ, which affects determination of the CKM angles β and βs.

Flavor-symmetry relations are widely used in theoretical studies of nonleptonic b decays
[307–311]. Calculating hadronic matrix elements for nonleptonic b decays directly is very challeng-
ing. Commonly used approaches are perturbative QCD, QCD factorization/soft-collinear effective
theory, and light-cone sum rules, often combined with an expansion in 1/mb [117,203,312–330]. Re-
cently, factorization was also extended to include QED [192,331]. Naturally, one may ask whether
lattice-QCD calculations of nonleptonic b-hadron decays are possible. The lattice methods de-
veloped for exclusive decays with two or three hadrons in the final state [166–175, 184, 185] are
insufficient for processes like B → ππ due to the high center-of-mass energy of the mesons in the
final state, at which rescattering to many different states with more than three hadrons would
affect the finite-volume matrix elements. However, lattice calculations can contribute in other ways
to the theory of nonleptonic b decays, for example by providing first-principles predictions of the
B-meson light-cone distribution amplitude [332–335].

An interesting puzzle has emerged concerning the branching fractions of B0
(s) → D(∗)-

(s){π+, K+}
decays, where improved QCD-factorization predictions are several standard deviations higher than
experimental measurements [323,336]. The estimated theoretical uncertainties include, for the first
time, the O(ΛQCD/mb) corrections. The decays considered include some of the simplest, color-
allowed processes that are unaffected by penguin or annihilation contributions, and it appears
unlikely that large nonfactorizable effects can explain the deviations [337]. Quasi-elastic rescattering

25



effects were studied in Ref. [338], where it was found that such effects cannot simultaneously account
for the measured branching ratios of the color-allowed and color-suppressed decays. Beyond-the-
SM explanations of the puzzle have been explored, for example, in Refs. [339, 340], and may lead
to large enhancements to CP asymmetries that could be observed experimentally [341]. Significant
deviations from the SM predictions using QCD factorization were recently also found in dedicated
measurements of the ratios between Γ(B0 → D∗+h−) and dΓ(B0 → D∗+`−ν)/dq2|q2=m2

h
[342].

While much of the work to date has focused on processes with B(s) mesons, the increased
statistics from the continued running of the LHC will likely allow to observe CP violation also in b-
baryon decays. A non-vanishing CP asymmetry is a measure of direct CP violation, as baryons and
antibaryons do not undergo mixing because of baryon number conservation. Theoretical studies of
CP violation in b-baryon decays can be found, e.g., in Refs. [343–351].

4.8 Nonleptonic charm-hadron decays

In charm decays, the size of diagrams from penguin operators is determined by the ratio mb/mW �
1, which is much smaller than in the case of bottom decays, where the relevant ratio is mt/mW > 1.
It follows that penguin operators are usually not relevant for charm decays, and the GIM mechanism
is extremely effective. In singly Cabibbo-suppressed decays, CP violation in the SM is proportional
to the small non-unitary contribution of the relevant 2× 2 submatrix of the CKM matrix.

Direct charm CP violation has been observed by LHCb in a difference of direct CP asymme-
tries, ∆adir

CP ≡ adir
CP (D0 → K+K−) − adir

CP (D0 → π+π−), with the result (−0.161 ± 0.028)% [12].
The SM prediction is of order ∆adir

CP ∼ 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 discussed in the pre-
vious Section are less suitable. Depending on the methods used to estimate rQCD, one arrives at
very different interpretations of the result [122,123,352–357]. Further work is clearly needed. The
theoretical understanding can also be improved by combining measurements of the CP asymme-
tries 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 [166–175,184,185] are better than for nonleptonic
B decays, due to the smaller number of open multi-hadron channels at

√
s ∼ mD.

Like in the bottom sector, there are also interesting opportunities to study charm CP violation
in decays of baryons. Theoretical aspects are discussed in Refs. [358–363].

4.9 Model building

The ultimate goal of the efforts discussed in this report is to find clear manifestations of physics
beyond the SM, and to narrow down the structure and parameters of what theory will replace the
SM. The efforts to construct new candidate theories, i.e., beyond-SM model building, are discussed
from a general point of view in the Theory-Frontier topical-group-8 report [364] and, in the context
of flavor physics, in Refs. [1, 365].

Beyond-SM model building may be approached from different directions. Many models are
primarily designed to address questions relating to naturalness problems, dark matter, or baryoge-
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nesis. Nevertheless, such models often lead to new sources of flavor-changing interactions that may
be observed in weak decays of b or c quarks, leading to tight constraints. 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 measure-
ments. Typically, the measurements are initially interpreted in a model-independent way at the
level of Wilson coefficients in a low-energy effective theory. If the scale of NP is far above the weak
scale, the low-energy effective NP operators must be invariant under the SM gauge group. This
condition imposes interesting new relations among different processes [16,366–369]. The next level
could be simplified models with new particles capable of producing the observed deviations, but
not subject to the requirement of providing a renormalizable, self-consistent theory. Finding an
ultraviolet completion would then be the next step.

Many of the models constructed to explain the b → s`+`− anomalies contain Z ′ bosons [370–
389], typically with masses of a few TeV, and therefore within reach of the LHC or future colliders
[390–395]. Another possibility are leptoquarks [368,369,396–414], which can arise in many different
beyond-SM scenarios, including in composite models [397, 402, 410], in the MSSM with R-parity
violation (in the form of the sbottom squark) [415–419], and as gauge bosons models in models with
enlarged gauge groups [420–429]. Several models can simultaneously explain the b → s`+`− and
b → cτ−ν anomalies, and/or simultaneously address other questions, for example by providing a
dark-matter candidate. Interestingly, if requiring that a single mediator is responsible for the effects
in both b→ s`+`− and b→ cτ−ν at tree level, there is a unique choice of leptoquark: the SU(3)-
triplet, SU(2)-singlet, hypercharge-2/3 vector leptoquark, usually denoted as U1. This leptoquark
may be one of the gauge bosons in a generalized version [420,421,430–432] of the Pati-Salam grand
unified theory [433].

5 Current and future U.S. involvement

The U.S. has been a leader in heavy-quark physics, involving a vigorous community and a series
of extremely successful domestic experiments. The CLEO experiment at Cornell and the BaBar
experiment at SLAC have been fundamental in today’s understanding of B and charm physics,
and the CDF and D0 experiments at the Tevatron have pioneered the study of B0

s mesons and
b-baryons in addition to set the bases for precise heavy-quark physics at hadron colliders. 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 U.S. heavy-flavor community
has exclusively relied on offshore experiments, namely LHCb, Belle II and BESIII. About 60 physi-
cists from six U.S. institutions participate to the LHCb collaboration. U.S. groups have lead the
design, construction and commissioning of the upstream silicon tracker for Upgrade I; the develop-
ment of trigger algorithms for real-time analysis; and several key physics measurements, including
searches for lepton-flavor-universality violation, CP -violation in the B0

s system, and discovery of
tetra- and penta-quark states. The Belle II collaboration includes about 80 physicists from 17 U.S.
institutions. BNL hosts a Tier 1 GRID computing facility for Belle II. U.S. groups have played
major roles in the design, construction, commissioning, and operations of the Belle II hadron- and
muon-identification detectors; in critical machine-detector interface studies of beam backgrounds;
in management and leadership positions, and in data analysis. The BESIII collaboration currently
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includes six physicists from three US institutions. The BESIII U.S. groups contribute to data anal-
ysis and have senior members holding significant leadership positions, such as in the publication
committee. The combined physics output of LHCb, Belle II and BESIII is in the order of 220
publications per year1 – comparable to experiments at the energy frontier, which typically rely on
much larger funding and U.S. participation.

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. An example is the strong
support given by the 2020 European Strategy Update to the study of heavy-flavor physics at the
HL-LHC. For the U.S. HEP program to have the breadth to assure meaningful role in future
discoveries, support for a significant U.S. participation in future heavy-flavor experiments needs
to be assured. U.S. groups can have leading roles in the design and construction of detector and
data-acquisition-system upgrades planned over the next ten years. Hence, U.S. contributions to
LHCb Upgrade II and future upgrades of Belle II must be encouraged.

The successful experience of the LHC has demonstrated that experiments at energy-frontier
facilities can be effectively complemented by experiments focusing on indirect searches for beyond-
SM physics through the study of weak decays of b and c quarks. 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.

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. Lattice gauge theory plays a crucial role for the physics program
discussed in this report, and the U.S. has a very active lattice community. In flavor physics, the
Fermilab Lattice, HPQCD, MILC, and RBC-UKQCD Collaborations are particularly influential.
The majority of lattice-field theory researchers in the U.S. are also members of the USQCD collab-
oration, which was founded in 1999 for the purpose of creating and utilizing software and dedicated
hardware resources for lattice gauge theory calculations. As of April 2022, USQCD has 169 mem-
bers. USQCD software is open-source and used widely by the worldwide community. 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.

In the next decades, weak decays of b and c quarks will offer a unique opportunity to reveal NP
that is not directly accessible at the energy frontier. A healthy U.S. HEP program will endeavor
to be among the leaders in this research.
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[168] L. Lellouch and M. Lüscher, Weak transition matrix elements from finite volume correlation
functions, Commun. Math. Phys. 219 (2001) 31 [hep-lat/0003023].

[169] C.J.D. Lin, G. Martinelli, C.T. Sachrajda and M. Testa, K → ππ decays in a finite volume,
Nucl. Phys. B 619 (2001) 467 [hep-lat/0104006].

39

https://doi.org/10.1140/epjc/s10052-020-7616-4
https://arxiv.org/abs/1908.09398
https://doi.org/10.1007/JHEP05(2022)024
https://arxiv.org/abs/2112.12674
https://doi.org/10.1016/j.physletb.2022.137434
https://arxiv.org/abs/2206.11601
https://doi.org/10.1103/PhysRevD.99.055008
https://arxiv.org/abs/1812.07593
https://doi.org/10.1007/978-3-030-18948-8
https://arxiv.org/abs/2207.12468
https://arxiv.org/abs/2112.13775
https://doi.org/10.1103/PhysRevD.101.074513
https://doi.org/10.1103/PhysRevD.101.074513
https://arxiv.org/abs/1906.00701
https://doi.org/10.1103/PhysRevD.105.094506
https://doi.org/10.1103/PhysRevD.105.094506
https://arxiv.org/abs/2105.11433
https://doi.org/10.1103/PhysRevD.102.094518
https://arxiv.org/abs/2007.06957
https://doi.org/10.1103/PhysRevD.106.054502
https://arxiv.org/abs/2203.04938
https://arxiv.org/abs/2204.00039
https://doi.org/10.1007/BF01211097
https://doi.org/10.1016/0550-3213(91)90584-K
https://doi.org/10.1007/s002200100410
https://arxiv.org/abs/hep-lat/0003023
https://doi.org/10.1016/S0550-3213(01)00495-3
https://arxiv.org/abs/hep-lat/0104006


[170] N.H. Christ, C. Kim and T. Yamazaki, Finite volume corrections to the two-particle decay
of states with non-zero momentum, Phys. Rev. D 72 (2005) 114506 [hep-lat/0507009].

[171] M.T. Hansen and S.R. Sharpe, Multiple-channel generalization of Lellouch-Luscher formula,
Phys. Rev. D 86 (2012) 016007 [1204.0826].

[172] R.A. Briceño, M.T. Hansen and A. Walker-Loud, Multichannel 1 → 2 transition amplitudes
in a finite volume, Phys. Rev. D 91 (2015) 034501 [1406.5965].

[173] R.A. Briceño and M.T. Hansen, Multichannel 0 → 2 and 1 → 2 transition amplitudes for
arbitrary spin particles in a finite volume, Phys. Rev. D 92 (2015) 074509 [1502.04314].

[174] A. Agadjanov, V. Bernard, U.-G. Meißner and A. Rusetsky, The B → K∗ form factors on
the lattice, Nucl. Phys. B 910 (2016) 387 [1605.03386].

[175] R.A. Briceño, J.J. Dudek and L. Leskovec, Constraining 1 + J → 2 coupled-channel
amplitudes in finite-volume, Phys. Rev. D 104 (2021) 054509 [2105.02017].

[176] T. Blum et al., The K → (ππ)I=2 Decay Amplitude from Lattice QCD, Phys. Rev. Lett. 108
(2012) 141601 [1111.1699].

[177] RBC, UKQCD collaboration, Standard Model Prediction for Direct CP Violation in
K → ππ Decay, Phys. Rev. Lett. 115 (2015) 212001 [1505.07863].

[178] N. Ishizuka, K.I. Ishikawa, A. Ukawa and T. Yoshié, Calculation of K → ππ decay
amplitudes with improved Wilson fermion action in non-zero momentum frame in lattice
QCD, Phys. Rev. D 98 (2018) 114512 [1809.03893].

[179] RBC, UKQCD collaboration, Direct CP violation and the ∆I = 1/2 rule in K → ππ decay
from the standard model, Phys. Rev. D 102 (2020) 054509 [2004.09440].

[180] RBC, UKQCD collaboration, Lattice determination of I=0 and 2 ππ scattering phase
shifts with a physical pion mass, Phys. Rev. D 104 (2021) 114506 [2103.15131].

[181] R.A. Briceno, J.J. Dudek, R.G. Edwards, C.J. Shultz, C.E. Thomas and D.J. Wilson, The
resonant π+γ → π+π0 amplitude from Quantum Chromodynamics, Phys. Rev. Lett. 115
(2015) 242001 [1507.06622].

[182] R.A. Briceño, J.J. Dudek, R.G. Edwards, C.J. Shultz, C.E. Thomas and D.J. Wilson, The
ππ → πγ? amplitude and the resonant ρ→ πγ? transition from lattice QCD, Phys. Rev. D
93 (2016) 114508 [1604.03530].

[183] C. Alexandrou, L. Leskovec, S. Meinel, J. Negele, S. Paul, M. Petschlies et al., πγ → ππ
transition and the ρ radiative decay width from lattice QCD, Phys. Rev. D 98 (2018) 074502
[1807.08357].

[184] F. Müller and A. Rusetsky, On the three-particle analog of the Lellouch-Lüscher formula,
JHEP 03 (2021) 152 [2012.13957].

40

https://doi.org/10.1103/PhysRevD.72.114506
https://arxiv.org/abs/hep-lat/0507009
https://doi.org/10.1103/PhysRevD.86.016007
https://arxiv.org/abs/1204.0826
https://doi.org/10.1103/PhysRevD.91.034501
https://arxiv.org/abs/1406.5965
https://doi.org/10.1103/PhysRevD.92.074509
https://arxiv.org/abs/1502.04314
https://doi.org/10.1016/j.nuclphysb.2016.07.005
https://arxiv.org/abs/1605.03386
https://doi.org/10.1103/PhysRevD.104.054509
https://arxiv.org/abs/2105.02017
https://doi.org/10.1103/PhysRevLett.108.141601
https://doi.org/10.1103/PhysRevLett.108.141601
https://arxiv.org/abs/1111.1699
https://doi.org/10.1103/PhysRevLett.115.212001
https://arxiv.org/abs/1505.07863
https://doi.org/10.1103/PhysRevD.98.114512
https://arxiv.org/abs/1809.03893
https://doi.org/10.1103/PhysRevD.102.054509
https://arxiv.org/abs/2004.09440
https://doi.org/10.1103/PhysRevD.104.114506
https://arxiv.org/abs/2103.15131
https://doi.org/10.1103/PhysRevLett.115.242001
https://doi.org/10.1103/PhysRevLett.115.242001
https://arxiv.org/abs/1507.06622
https://doi.org/10.1103/PhysRevD.93.114508
https://doi.org/10.1103/PhysRevD.93.114508
https://arxiv.org/abs/1604.03530
https://doi.org/10.1103/PhysRevD.98.074502
https://arxiv.org/abs/1807.08357
https://doi.org/10.1007/JHEP03(2021)152
https://arxiv.org/abs/2012.13957
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[237] A. Bharucha, D. Boito and C. Méaux, Disentangling QCD and new physics in
D+ → π+`+`−, JHEP 04 (2021) 158 [2011.12856].

[238] S. de Boer and G. Hiller, Rare radiative charm decays within the standard model and
beyond, JHEP 08 (2017) 091 [1701.06392].

[239] S. Meinel, Λc → N form factors from lattice QCD and phenomenology of Λc → n`+ν` and
Λc → pµ+µ− decays, Phys. Rev. D 97 (2018) 034511 [1712.05783].

[240] S. De Boer and G. Hiller, Null tests from angular distributions in D → P1P2l
+l−, l = e, µ

decays on and off peak, Phys. Rev. D 98 (2018) 035041 [1805.08516].

[241] R. Bause, M. Golz, G. Hiller and A. Tayduganov, The new physics reach of null tests with
D → π`` and Ds → K`` decays, Eur. Phys. J. C 80 (2020) 65 [1909.11108], Erratum Eur.
Phys. J. C 81 (2021) 219.

[242] M. Golz, G. Hiller and T. Magorsch, Probing for new physics with rare charm baryon (Λc,
Ξc, Ωc) decays, JHEP 09 (2021) 208 [2107.13010].

[243] M. Golz, G. Hiller and T. Magorsch, Pinning down |∆c| = |∆u| = 1 couplings with rare
charm baryon decays, Eur. Phys. J. C 82 (2022) 357 [2202.02331].

[244] R. Bause, H. Gisbert, M. Golz and G. Hiller, Rare charm c→ uνν dineutrino null tests for
e+e− machines, Phys. Rev. D 103 (2021) 015033 [2010.02225].

[245] M. Bordone, B. Capdevila and P. Gambino, Three loop calculations and inclusive Vcb, Phys.
Lett. B 822 (2021) 136679 [2107.00604].

[246] F. Bernlochner, M. Fael, K. Olschewsky, E. Persson, R. van Tonder, K.K. Vos et al., First
extraction of inclusive Vcb from q2 moments, 2205.10274.

[247] A.S. Kronfeld and J.N. Simone, Computation of Λ and λ1 with lattice QCD, Phys. Lett. B
490 (2000) 228 [hep-ph/0006345], Erratum Phys. Lett. B 495 (2000) 441.

44

https://doi.org/10.1007/JHEP08(2017)112
https://arxiv.org/abs/1703.04765
https://doi.org/10.1007/JHEP07(2020)158
https://arxiv.org/abs/1911.12819
https://doi.org/10.1103/PhysRevD.66.014009
https://arxiv.org/abs/hep-ph/0112235
https://doi.org/10.1140/epjc/s10052-015-3801-2
https://doi.org/10.1140/epjc/s10052-015-3801-2
https://arxiv.org/abs/1510.00965
https://doi.org/10.1103/PhysRevD.93.074001
https://arxiv.org/abs/1510.00311
https://doi.org/10.1007/JHEP04(2021)158
https://arxiv.org/abs/2011.12856
https://doi.org/10.1007/JHEP08(2017)091
https://arxiv.org/abs/1701.06392
https://doi.org/10.1103/PhysRevD.97.034511
https://arxiv.org/abs/1712.05783
https://doi.org/10.1103/PhysRevD.98.035041
https://arxiv.org/abs/1805.08516
https://doi.org/10.1140/epjc/s10052-020-7621-7
https://arxiv.org/abs/1909.11108
https://doi.org/10.1140/epjc/s10052-021-08998-w
https://doi.org/10.1140/epjc/s10052-021-08998-w
https://doi.org/10.1007/JHEP09(2021)208
https://arxiv.org/abs/2107.13010
https://doi.org/10.1140/epjc/s10052-022-10302-3
https://arxiv.org/abs/2202.02331
https://doi.org/10.1103/PhysRevD.103.015033
https://arxiv.org/abs/2010.02225
https://doi.org/10.1016/j.physletb.2021.136679
https://doi.org/10.1016/j.physletb.2021.136679
https://arxiv.org/abs/2107.00604
https://arxiv.org/abs/2205.10274
https://doi.org/10.1016/S0370-2693(00)00833-9
https://doi.org/10.1016/S0370-2693(00)00833-9
https://arxiv.org/abs/hep-ph/0006345
https://doi.org/10.1016/S0370-2693(00)01277-6


[248] P. Gambino, A. Melis and S. Simula, Extraction of heavy-quark-expansion parameters from
unquenched lattice data on pseudoscalar and vector heavy-light meson masses, Phys. Rev. D
96 (2017) 014511 [1704.06105].

[249] Fermilab Lattice, MILC, TUMQCD collaboration, Up-, down-, strange-, charm-, and
bottom-quark masses from four-flavor lattice QCD, Phys. Rev. D 98 (2018) 054517
[1802.04248].

[250] M. Fael, K. Schönwald and M. Steinhauser, Third order corrections to the semileptonic
b→ c and the muon decays, Phys. Rev. D 104 (2021) 016003 [2011.13654].

[251] A. Alberti, T. Ewerth, P. Gambino and S. Nandi, Kinetic operator effects in B → Xclν at
O(αs), Nucl. Phys. B 870 (2013) 16 [1212.5082].

[252] A. Alberti, P. Gambino and S. Nandi, Perturbative corrections to power suppressed effects
in semileptonic B decays, JHEP 01 (2014) 147 [1311.7381].

[253] T. Mannel, D. Moreno and A.A. Pivovarov, NLO QCD corrections to inclusive b→ c`ν
decay spectra up to 1/m3

Q, Phys. Rev. D 105 (2022) 054033 [2112.03875].

[254] M. Fael, T. Mannel and K. Keri Vos, Vcb determination from inclusive b→ c decays: an
alternative method, JHEP 02 (2019) 177 [1812.07472].

[255] T. Mannel, Vcb and Vub Continuum QCD Theory Overview, talk at Snowmass workshop
Theory meets experiment on |Vub| and |Vcb|, 2021.

[256] T. Mannel, M. Rahimi and K.K. Vos, Impact of background effects on the inclusive Vcb
determination, JHEP 09 (2021) 051 [2105.02163].

[257] C.W. Bauer, M.E. Luke and T. Mannel, Light cone distribution functions for B decays at
subleading order in 1/mb, Phys. Rev. D 68 (2003) 094001 [hep-ph/0102089].

[258] C.W. Bauer, M. Luke and T. Mannel, Subleading shape functions in B → Xu`ν and the
determination of |Vub|, Phys. Lett. B 543 (2002) 261 [hep-ph/0205150].

[259] Z. Ligeti and F.J. Tackmann, Precise predictions for B → Xsl
+l− in the large q2 region,

Phys. Lett. B 653 (2007) 404 [0707.1694].

[260] M.T. Hansen, H.B. Meyer and D. Robaina, From deep inelastic scattering to heavy-flavor
semileptonic decays: Total rates into multihadron final states from lattice QCD, Phys. Rev.
D 96 (2017) 094513 [1704.08993].

[261] M. Hansen, A. Lupo and N. Tantalo, Extraction of spectral densities from lattice correlators,
Phys. Rev. D 99 (2019) 094508 [1903.06476].

[262] P. Gambino and S. Hashimoto, Inclusive Semileptonic Decays from Lattice QCD, Phys. Rev.
Lett. 125 (2020) 032001 [2005.13730].

[263] T. DeGrand, Remarks about weighted energy integrals over Minkowski spectral functions
from Euclidean lattice data, Phys. Rev. D 106 (2022) 014504 [2203.04393].

45

https://doi.org/10.1103/PhysRevD.96.014511
https://doi.org/10.1103/PhysRevD.96.014511
https://arxiv.org/abs/1704.06105
https://doi.org/10.1103/PhysRevD.98.054517
https://arxiv.org/abs/1802.04248
https://doi.org/10.1103/PhysRevD.104.016003
https://arxiv.org/abs/2011.13654
https://doi.org/10.1016/j.nuclphysb.2013.01.005
https://arxiv.org/abs/1212.5082
https://doi.org/10.1007/JHEP01(2014)147
https://arxiv.org/abs/1311.7381
https://doi.org/10.1103/PhysRevD.105.054033
https://arxiv.org/abs/2112.03875
https://doi.org/10.1007/JHEP02(2019)177
https://arxiv.org/abs/1812.07472
https://indico.fnal.gov/event/46246/
https://doi.org/10.1007/JHEP09(2021)051
https://arxiv.org/abs/2105.02163
https://doi.org/10.1103/PhysRevD.68.094001
https://arxiv.org/abs/hep-ph/0102089
https://doi.org/10.1016/S0370-2693(02)02444-9
https://arxiv.org/abs/hep-ph/0205150
https://doi.org/10.1016/j.physletb.2007.07.070
https://arxiv.org/abs/0707.1694
https://doi.org/10.1103/PhysRevD.96.094513
https://doi.org/10.1103/PhysRevD.96.094513
https://arxiv.org/abs/1704.08993
https://doi.org/10.1103/PhysRevD.99.094508
https://arxiv.org/abs/1903.06476
https://doi.org/10.1103/PhysRevLett.125.032001
https://doi.org/10.1103/PhysRevLett.125.032001
https://arxiv.org/abs/2005.13730
https://doi.org/10.1103/PhysRevD.106.014504
https://arxiv.org/abs/2203.04393


[264] W. Jay, Inclusive Semileptonic Decays from LQCD (overview), talk at Snowmass workshop
Theory meets experiment on |Vub| and |Vcb|, 2021.

[265] S. Hashimoto, Inclusive semi-leptonic B meson decay structure functions from lattice QCD,
PTEP 2017 (2017) 053B03 [1703.01881].

[266] S. Maechler, P. Gambino and S. Hashimoto, Comparison of lattice QCD results for inclusive
semi-leptonic decays B mesons with the OPE, PoS LATTICE2021 (2022) 512
[2111.02833].
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with two scalar leptoquarks – R2 and S3, 2206.09717.

53

https://doi.org/10.1103/PhysRevD.98.095002
https://arxiv.org/abs/1705.00915
https://doi.org/10.1007/JHEP03(2017)117
https://arxiv.org/abs/1701.05825
https://doi.org/10.1016/j.physletb.2017.10.027
https://arxiv.org/abs/1705.03858
https://doi.org/10.1007/JHEP08(2017)019
https://arxiv.org/abs/1706.06100
https://doi.org/10.1007/JHEP12(2018)075
https://arxiv.org/abs/1809.01158
https://doi.org/10.1103/PhysRevD.98.055003
https://doi.org/10.1103/PhysRevD.98.055003
https://arxiv.org/abs/1806.05689
https://doi.org/10.1103/PhysRevD.101.015004
https://arxiv.org/abs/1909.02021
https://doi.org/10.1007/JHEP04(2022)163
https://arxiv.org/abs/2109.07093
https://doi.org/10.1016/j.physletb.2021.136554
https://doi.org/10.1016/j.physletb.2021.136554
https://arxiv.org/abs/2103.13991
https://arxiv.org/abs/2107.07518
https://doi.org/10.1016/j.physletb.2015.05.063
https://arxiv.org/abs/1503.03865
https://doi.org/10.1103/PhysRevD.97.115046
https://arxiv.org/abs/1712.07646
https://doi.org/10.1140/epjc/s10052-018-6437-1
https://arxiv.org/abs/1712.02536
https://doi.org/10.1103/PhysRevD.104.115027
https://arxiv.org/abs/2108.08511
https://doi.org/10.1103/PhysRevLett.127.061803
https://doi.org/10.1103/PhysRevLett.127.061803
https://arxiv.org/abs/2104.05730
https://arxiv.org/abs/2206.09717


[390] A. Greljo and D. Marzocca, High-pT dilepton tails and flavor physics, Eur. Phys. J. C 77
(2017) 548 [1704.09015].

[391] B.C. Allanach, B. Gripaios and T. You, The case for future hadron colliders from
B → K(∗)µ+µ− decays, JHEP 03 (2018) 021 [1710.06363].

[392] M. Abdullah, M. Dalchenko, B. Dutta, R. Eusebi, P. Huang, T. Kamon et al., Bottom-quark
fusion processes at the LHC for probing Z ′ models and B-meson decay anomalies, Phys.
Rev. D 97 (2018) 075035 [1707.07016].

[393] M. Kohda, T. Modak and A. Soffer, Identifying a Z ′ behind b→ s`` anomalies at the LHC,
Phys. Rev. D 97 (2018) 115019 [1803.07492].

[394] B.C. Allanach, J.M. Butterworth and T. Corbett, Collider constraints on Z ′ models for
neutral current B-anomalies, JHEP 08 (2019) 106 [1904.10954].

[395] G.-y. Huang, F.S. Queiroz and W. Rodejohann, Gauged Lµ−Lτ at a muon collider, Phys.
Rev. D 103 (2021) 095005 [2101.04956].

[396] G. Hiller and M. Schmaltz, RK and future b→ s`` physics beyond the standard model
opportunities, Phys. Rev. D 90 (2014) 054014 [1408.1627].

[397] B. Gripaios, M. Nardecchia and S.A. Renner, Composite leptoquarks and anomalies in
B-meson decays, JHEP 05 (2015) 006 [1412.1791].

[398] R. Alonso, B. Grinstein and J. Martin Camalich, Lepton universality violation and lepton
flavor conservation in B-meson decays, JHEP 10 (2015) 184 [1505.05164].

[399] M. Bauer and M. Neubert, Minimal Leptoquark Explanation for the RD(∗) , RK , and
(g − 2)µ Anomalies, Phys. Rev. Lett. 116 (2016) 141802 [1511.01900].

[400] L. Calibbi, A. Crivellin and T. Ota, Effective Field Theory Approach to b→ s``(
′),

B → K(∗)νν and B → D(∗)τν with Third Generation Couplings, Phys. Rev. Lett. 115
(2015) 181801 [1506.02661].
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