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1. Introduction

Beauty 2019 was a lively conference, where we saw first results from the full LHC Run 2
data and from early Belle 2 data. There was excitement due to new announcements, mostly in
spectroscopy, and in anticipation of updates of the now long-standing flavour anomalies. The
observation of CP violation in charm — certainly the HEP highlight of 2019 — also triggered many
discussions. But the main initial shock was the announcement of the bankruptcy of the local carrier
Adria airways, which forced most of the attendees to rearrange their travel plans at the last minute.

The scene was nicely set by Chris Quigg, who asked 50 questions to be answered by experiment
and theory [1].

2. Spectroscopy

Who would have guessed that doubly charmed baryons would feature prominently at a Beauty
physics conference? Fifteen years after the putative observation of the Ξ+

cc baryon at a mass
of 3519 MeV/c2 by the SELEX [2] experiment, LHCb observed its doubly charged counterpart
Ξ++

cc [3, 4]. It was seen in the decay modes Ξ++
cc → Λ+

c K−π+π+ and Ξ++
cc → Ξ+

c π+ [5], but not
in Ξ++

cc → D+pK−π+ [6]. In the meantime we know its mass (3621.24±0.65±0.31 MeV) [7]; its
lifetime (256+24

−22±14 fs) [8], which confirms it as a weakly decaying particle; and its production
rate in pp collisions at

√
s = 13 TeV [9].

However, the mass measurement poses a problem: the Ξ+
cc and Ξ++

cc states cannot be isospin
partners as their masses differ by 100 MeV/c2, while at most 1 MeV is expected. LHCb thus started
looking for the singly charged state and did not find any excess at 3519 MeV/c2 [10]. However,
there is a 2.7σ excess at a mass of 3621 MeV/c2 (Fig. 1), which is the near the expected mass for
an isospin partner of the Ξ++

cc baryon [11]. More data will tell if the SELEX state is a statistical
fluctuation, if there is an unusual ispospin splitting, or if the two states are different in nature.

Another conundrum is the Ω 0
c lifetime: the FOCUS, WA89 and E687 experiments give a

combined lifetime of 69±12 fs [12, 13]. It is to be noted here that these fixed-target experiments
report lifetimes at the edge of their resolution of 50 to 70 fs. With a much larger sample, LHCb get
284±25 fs [14], which now places the Ω 0

c lifetime in between those of the Λ+
c and Ξ+

c baryons [15],
as shown in Fig. 1.
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Figure 1: (left) Mass spectrum of Λ+
c in the search for the Ξ+

cc baryon at LHCb [10]. (right) Lifetimes of
charm baryons [15].
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Figure 2: Fits to the J/ψ p mass spectrum in Λ 0
b→ J/ψ pK− decays at (left) LHCb [24] and (right) ATLAS [27].

The recent observation of excited B+
c states nicely demonstrates the importance of resolution

and large data samples. ATLAS first observed one state with 8 TeV data [16], which was then
recently resolved into two by CMS [17] and LHCb [4, 18]. Owing to the larger sample only CMS
can claim the observation of both states, while LHCb has the better resolution on their masses.

More new particles have been announced by LHCb. A new X(3842) meson seen in the D+D−

and D0D0 spectra could be the spin-3 ψ3(13D3) state [4, 19]. Also, two resonances appear in the
Λ 0

b π+π− spectrum [4, 20]. The tentatively called Λb(6152)0 baryon decays to Σ
±
b π∓ and Σ

∗±
b π∓

while the lighter Λb(6146)0 decays only to Σ
∗±
b π∓. They are likely to be the Λb(1D)0 doublet with

JP = 3
2
+ and JP = 5

2
+

. They could also be excited Σ 0
b baryons, but this hypothesis is disfavoured [21].

A much broader Λ 0
b π+π− resonance, consistent with being the Λb(2S)0 state, was later reported

using the same dataset [22]. These states are also seen at the CMS experiment [23].
Finally an analysis of Run 2 Λ 0

b→ J/ψ pK− data has unveiled additional pentaquarks: A new
Pc(4312)+ state and overlapping Pc(4440)+ and Pc(4457)+ states were reported by LHCb [24, 25].
The Pc(4450)+ state [26], previously reported in a full 6-dimensional amplitude analysis, is thus
split into two overlapping states, while the one-dimensional fit of Ref. [24] has no sensitivity to the
broad Pc(4380)+ state (Fig. 2). A 6-dimensional analysis will provide a clearer picture. For the
first time the P+

c states were also confirmed by another experiment: ATLAS reported a fit including
the LHCb states [27] (Fig. 2), although they are not able to fully exclude the hypothesis of no
pentaquarks (p∼ 9×10−3). Meanwhile the GlueX experiment reported no evidence for P+

c states
in J/ψ photoproduction [28]. A similar study from CMS is eagerly awaited. In the meantime CMS
observed the promising decay B0

s→ J/ψΛφ and studied the decay B+→ J/ψΛ p but do not need
exotic contributions to explain the data [29].

Counting the excited Ω
−
b states [30] reported after the conference, the LHC has now observed

33 new hadrons [31].

3. CP violation

The most exciting CP-violation result of the year is the observation of CP violation in the charm
sector. Using the data collected so far, LHCb measures a significant difference ∆ACP between the
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CP asymmetries in D0→ K+K− and D0→ π+π− [32]. This comes 35, 17 and 6 years after the first
observation of CP violation in the kaon, B0 and B0

s [33] systems, respectively. However it is hard to
tell if the measured CP asymmetry is consistent with the SM or not [34]. The understanding of the
SM contributions to this asymmetry has improved recently — also thanks to wildly varying values
of ∆ACP reported in previous measurements — but the jury is still out on whether the measured
value is consistent with expectations.

In parallel there has been progress on precision measurement of CP asymmetries in B decays.
The weak B0

s mixing phase, φs, was measured with similar precision by ATLAS and LHCb [38–40].
The latest HFLAV average [35] is shown in Fig. 3 and compared to the SM prediction [41].1 The
increased precision is largely due to improved flavour tagging algorithms [40,43,44]. A comparison
of the tagging efficiency and mistag rates for selected analyses in five experiments is shown in
Fig. 3. The improvement is particularly striking when comparing the performance of LHCb’s
analyses of B0

s→ J/ψφ published this year [38] and B0→ J/ψK0
S , which dates from 2015 [37]. More

developments in flavour tagging are still in the pipeline. Improved measurements of the unitarity
triangle angle γ are also to be expected in the next years [45].

These measurements are input to CKM unitarity triangle closure tests [46, 47] (Fig. 4, left).
There is still a discrepancy in the values of the CKM matrix elements |Vub| and |Vcb| depending on
whether they are determined using inclusive b→ q`ν or exclusive B→ Hq`ν decays (Fig. 4, right).
For the latter, form factors are a critical input. However their determination by lattice groups also
varies, as shown by Witzel [48]. Those for the decay B0

s→ K−`+ν [49], which is sensitive to |Vub|,
will become relevant in the near future. The expectation from CKM fits favours the inclusive (higher)
value of |Vcb| and the exclusive (lower) value of |Vub|. Recently a measurement of B0

s→ D(∗)−
s µ+ν

by LHCb [50] has provided a first exclusive measurement of |Vcb| using B0
s decays. It is found to

be closer to the value favoured by inclusive measurements, but also consistent with the average of
exclusive determinations. It is likely that these puzzles remain for a while.
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Figure 3: (left) Best fit of B0
s mixing parameters [35] and (right) comparison of tagging efficiency and mistag

fraction for selected CP violation measurements [36–39].

1This average still uses the slightly different preliminary ATLAS result [42].
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Figure 4: (left) CKM unitarity triangle fit from CKMFitter [46]. (right) Determinations of |Vub| and |Vcb|
using exclusive B decays [35]. The average obtained from inclusive decays is shown for comparison.

4. Flavour Anomalies

ATLAS, CMS and LHCb have released measurements of the B0
s→ µ+µ− and B0→ µ+µ−

branching fractions [51, 52] using data up to 2016. A combination by Straub is shown in Fig. 5. It
should be noted that the quoted branching fractions assume the SM value of the effective lifetime
for the admixture of heavy and light B0

s states, which affects the selection efficiency [53]. LHCb
provides a recipe to correct for this effect [51]. This issue will no longer be relevant once the
effective lifetime has been measured [54]. LHCb and CMS have provided first measurements,
although still with poor sensitivity.

It is debatable whether the B→ µ+µ− tension with the SM prediction counts as an anomaly,
but the low rate of b→ sµ+µ− decays certainly does. There is a lower rate of such decays with
respect to the electronic b→ se+e− decays seen by LHCb [56] and to a lesser extent by Belle [57].
Similarly, all branching fractions of b→ sµ+µ− decays are measured below their theoretical
expectations [58]. Moreover, the SM prediction for B→K∗µ+µ− may even be too low, as explained
by Descotes-Genon [59, 60].

0 1 2 3 4 5

BR(Bs → µ+µ−) ×10−9

0

1

2

3

4

5

6

B
R

(B
0
→

µ
+
µ
−

)

×10−10

ATLAS

LHCb

CMS

full comb.

Gaussian comb.

SM prediction

−1.5 −1.0 −0.5 0.0 0.5

Cbsµµ
9

−0.5

0.0

0.5

1.0

1.5

C
bs
µ
µ

1
0

flavio
b→ sµµ 1σ

b→ sµµ & Bs,d → µµ 1σ

b→ sµµ & Bs,d → µµ & ∆F = 2 1σ

b→ sµµ & Bs,d → µµ & ∆F = 2 & Λb → Λµµ 1σ
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Table 1: Pulls with respect to the Standard Model of various fits to b→ s`+`− data with three New Physics
hypothesis [60].

References
New Physics hypothesis [65] [55] [66] [67] [68] [69]
Vector: CNP

9µ
5.6σ 5.9σ 6.2σ 5.3σ 6.5σ 4.7σ

V −A : CNP
9µ

=−CNP
10µ

5.2σ 6.6σ 6.4σ 4.5σ 5.9σ 4.8σ

RH : CNP
9µ

=−CNP
9′µ 5.5σ 6.4σ

The value of the P′5 asymmetry in B0→ K∗0`+`− decays [61] has been measured for muons
by the LHC experiments [62],2 and for both muons and electrons by Belle [64]. There are de-
viations from the SM predictions at the level of 2 to 3σ in the dilepton-mass-squared region
4 < q2 < 8 GeV2/c4.

Combining all constraints on b→ s`+`− and b→ sγ decays, various groups perform Wilson
coefficient fits which disfavour the Standard Model with large significances [55, 65–69]. The pulls
are listed in Table 1, where the SM is compared to models with new vector, V −A, or right-handed
(RH) currents. These pulls should however be taken with some care. Significant experimental
signatures are eagerly awaited.

Any new physics explanation of these anomalies must leave all other well-measured observables
minimally changed. Particularly difficult are the constraints from B0

s mixing as a new operator
involving a bs coupling would strongly affect the mixing frequency. The measured values of ∆ms

and ∆md are actually a bit off the SM predictions using decay constants from the lattice [70] (by
less than 2σ ), but the pull tends to go into the opposite direction of what would be expected from
new operators required to address the flavour anomalies [71, 72].

The scale of such new physics is also very poorly constrained. It could be as high as 30 TeV for
an unsuppressed coupling, 6 TeV in case of CKM-suppression (|VtbV ∗ts|), 2.5 TeV for loop suppression
(1/16π2) and as little as 0.5 TeV for both [72, 73].

Any departure from lepton universality is likely associated with some level of violation of
lepton-flavour conservation. No known symmetry principle can protect the one in the absence of the
other [74]. It is thus essential to look for lepton-flavour-violating decays such as B→ Keµ . However,
no hint is seen. LHCb for instance have recently improved the limit on B+→ K+e±µ∓ [75] to the
10−9 range. Similarly BaBar set limits in the 10−7 range for a large set of D decays [76].

Another sign of lepton-universality violation is seen in tree-level B→ D(∗)τ−ν decays. Belle
has presumably given their final word on the ratios R(D) = B(B→ Dτ−ν)/B(B→ Dµ−ν) and
R(D∗) in Ref. [77]. The HFLAV average is now 3σ away from the SM, as shown in Fig. 6 [35].

5. Outlook

We are in exciting times for flavour physics. Belle II, the successor of Belle, has started and
is presently rediscovering rare decays such as B0→ K∗0γ and optimising their sensitivity to CP
violation [78]. They have already produced their first physics paper with 276 pb−1 [79].The aim is
to collect more than 50 ab−1 by 2027.

2The LHCb measurement was recently updated in Ref. [63].
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Figure 6: HFLAV average of R(D) and R(D∗) [35].

Recoil mass spectrum in e+e−→ µ+µ−Z′ search [79]In parallel, most of the LHC Run 2
dataset is still to be analysed. In particular the first results from the CMS parked B sample are
eagerly awaited.

In the near future, we are also expecting a much improved measurement of the muon’s g−2
and improved precision in rare kaon decay experiments [80].

Meanwhile the theory community is working hard to meet the improved experimental precision.
Many new calculations are anticipated from the Lattice QCD collaborations, notably form factors
addressing the Vub and Vcb puzzles. Model builders are eagerly awaiting confirmation (or not) of the
flavour anomalies to pave the way toward a consistent New Physics model that can accommodate
them.

The LHC will resume operations in 2021. All LHC detectors are being upgraded, but the most
dramatic change is that of LHCb. Most of the detector is being replaced in order to cope with an
increased luminosity of 2×1033cm−2s−1 and to feed all data into a software-only trigger. LHCb has
also presented plans for a phase-II upgrade, with the plan to collect 300 fb−1 by the end of Run 5.
A timeline is shown in Fig. 7. The expression of interest [81] and the physics case [82] were well
received by the LHCC, who encourage the collaboration to present a TDR.

The future beyond that is less well defined. The proposed 100 km FCC accelerator has also an

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

LHC Run 3 LS3 Run 4 LS4 Run 5 . . .

LHCb Ia LHCb Ib LHCb II

Belle II

Figure 7: Timeline of LHCb and Belle II operations.
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interesting potential for flavour physics, in particular in its initial FCC-ee form [83]. However, it
is presently hard to reply to Quigg’s last question “How do you assess the scientific potential for
Beauty and in general of . . . ” followed by a list of 10 more or less realistic future projects [1]. The
answer will likely depend on the direction indicated by the flavour anomalies.
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