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Hunt for the apex



Three decades of immense progress…

 8
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…and motivation for at least two more

The apex of the CKM triangle remains one of the safest long-term bets for constraining generic NP models 9
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Fig. 25: Present (lighter) and future Phase 2 (darker) constraints on the NP scale from the UTfit NP
analysis. The right panel shows constraints assuming NP is weakly coupled, has MFV structure of
couplings, and enters observables only at one loop, see text for details.
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The road to a permille knowledge of 𝜸
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The road to a permille knowledge of 𝜸

The charged B decays with 2/4-body D decays give the tightest overall constraints, but with ambiguities 11

B±→D(hh,4h)K±



The road to a permille knowledge of 𝜸

Charged B decays with D→KShh and Bs→DsK(hh) can resolve the ambiguities (up to a twofold one) 12
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The road to a permille knowledge of 𝜸

Resonant charm data, particularly input from BES III, is vital to keeping systematics down long-term 13
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The road to a permille knowledge of 𝜸

Baryon decays, multi-body B decays, and double-dalitz decays crucial to push precision into permille region 14
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Suppressed modes are abundant now

Remarkable precision from LHCb legacy ADS/GLW measurement (JHEP 04 (2021) 081) 15

BaBar PRD 82 (2010) 072006

https://doi.org/10.1007/JHEP04(2021)081
https://doi.org/10.1007/JHEP04(2021)081
https://doi.org/10.1103/PhysRevD.82.072006
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Baryons are entering the game

CP asymmetry in 𝞚b→DpK sensitive to 𝜸 measured for the first time (arXiv 2109.02621) 16

Favoured Suppressed

Fav to suppressed ratio

Suppressed mode asymmetry

https://lhcbproject.web.cern.ch/lhcbproject/Publications/l/LHCb-PAPER-2021-027.html
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Global 𝜸 fits in the 2020s

A diagnostic tool as much as a tool for improving precision — sharing between collaborations essential 17

LHCb combination for EPS 2021 
LHCb-PAPER-2021-033, in preparation

Preliminary Preliminary



The continued importance of BES III input

Of course on top of this BES III will also help through usual uncorrelated systematics etc. 
A diverse experimental flavour programme is a healthy experimental flavour programme! 18

B±→D(hh,4h)K±:  

ADS (hh) mode limited by knowledge of 𝝳K𝛑 

4h modes could eventually rival KSHH (!!) if 
strong phases would be measured better, but 
will be limited very quickly if they cannot!
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Will eventually be limited at 1 degree level 
by current BES III measurements, therefore 
vital that BES III goes ahead and collects 10x 
the dataset!

https://arxiv.org/pdf/2103.05988.pdf
https://arxiv.org/pdf/2103.05988.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.112002
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.112002


60− 40− 20− 0 20
]4− [10−K+KYΔ

Avg.
18 Dw
18 Up
17 Dw
17 Up
16 Dw
16 Up
15 Dw
15 Up

LHCb 1−6 fb

Raw
Weighted

/ndf2χ

14/19 16/19

13/19 15/19

25/19 21/19

34/19 34/19

17/19 15/19

32/19 22/19

19/19 12/19

24/19 19/19

32/7 7/7

60− 40− 20− 0 20
]4− [10−π+πYΔ

Avg.
18 Dw
18 Up
17 Dw
17 Up
16 Dw
16 Up
15 Dw
15 Up

LHCb 1−6 fb

Raw
Weighted

/ndf2χ

9/19 22/19

17/19 16/19

16/19 17/19

17/19 13/19

20/19 19/19

26/19 28/19

33/19 29/19

15/19 20/19

26/7 10/7

Progress on charm CPV and mixing

Here I hope I can be forgiven for highlighting two LHCb results in particular the amazing 10-5 systematic 
uncertainty on the time-dependent CP asymmetry in D0 decays. 19
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Progress on charm CPV and mixing

Charm mixing parameters are now measured to better than the 1 permille level. Meanwhile a small global 2𝛔 
deviation from the no-CPV hypothesis appears (of course CPV in decay has been observed). 20
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16

FIG. 8. The expectation of lepton flavor universality of the moments are tested for the first to fourth q2 moments: in the ratio
of electron to muon moments many of the associated systematic uncertainties cancel and all reported moments are compatible
with the expectation of lepton flavor universality (bottom top). Note that the individual electron and muon moments are
highly correlated. Furthermore, the generator-level and measured moments for all threshold selections on q2 are compared as
a ratio (bottom middle) and difference (bottom lower) for both electrons and muons.
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FIG. 3. The measured di↵erential B ! Xu `+ ⌫` branching fractions are shown: the lepton energy in the B rest frame (EB
` ),

the four-momentum-transfer squared of the B to the Xu system (q2 = (pB � pX)2), the invariant hadronic mass and mass
squared of the Xu system (MX , M2

X), and the light-cone momenta of the hadronic Xu system (P± = (EX ⌥ |pX |)). The hybrid
MC prediction and two inclusive calculations are also shown and scaled to �B = 1.59⇥ 10�3.

parameters listed in Table I. All predictions are scaled to
match the B ! Xu `+ ⌫` partial branching fraction (�B)
with EB

` > 1GeV of �B = 1.59 ⇥ 10�3 from Ref. [1].
The uncertainty band of the hybrid prediction includes
variations on the composition, form factors, and the in-
clusive modeling, whose central value is based on the
DFN prediction but includes the di↵erence to BLNP as
an additional uncertainty. The agreement between the
measured and predicted distributions is fair overall, with
di↵erences occurring for the fully inclusive predictions in

the resonance region of, e.g., low MX , and near the end-
point of q2 and EB

` . There the hybrid MC describes the
B ! Xu `+ ⌫` process more adequatly due to the explicit
inclusion of resonant contributions. The largest discrep-
ancy is observed in EB

` , but the data points ranging of
EB

` 2 [1 � 1.8]GeV exhibit strong correlations and are
only weakly correlated or anti-correlated with the other
bins of the spectrum.

In conclusion, this Letter presents the first measure-
ments of di↵erential branching fractions of inclusive

Belle Preprint 2021-015

New measurements by Belle shed light on Vub & Vcb 

Inclusive-exclusive tensions remain in Vcb, are reduced in Vub 
Tension in Vub from 2-3 sigma depending on inputs 
Vcb remains at 3 sigma, further experimental input must be 
matched by progress in theory/lattice calculations 

Discrepancy in Vub/Vcb from B→K𝝁𝛎 at low/high q2 needs to be 
understood better, implication for calculation of form-factors

16

FIG. 8. The expectation of lepton flavor universality of the moments are tested for the first to fourth q2 moments: in the ratio
of electron to muon moments many of the associated systematic uncertainties cancel and all reported moments are compatible
with the expectation of lepton flavor universality (bottom top). Note that the individual electron and muon moments are
highly correlated. Furthermore, the generator-level and measured moments for all threshold selections on q2 are compared as
a ratio (bottom middle) and difference (bottom lower) for both electrons and muons.
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0.5065 ±0.0019 ps-1
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(χd measurements)
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 * HFLAV average
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𝝙md,s — no systematics limit in sight?

Eagerly awaiting the full Run 1+2  LHCb update on Bs→DsK for 𝜸 of course 22
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𝛗s — the forgotten golden mode?

World average still dominated by LHCb but discrepancy in 𝝙𝝘s deserves careful attention 23
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Cataloguing hadrons



The LHC as a hadron factory

Credit to Patrick Koppenburg https://www.nikhef.nl/~pkoppenb/particles.html 25
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5-quark states: from exotic to routine

For now the nature of these pentaquarks remains unclear — Run 3 will have much to say about it 26
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4-quark states with charm & strangeness

Evidence of such states from LHCb and BES III, but more data needed to confirm properties 27
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Another doubly-heavy 4-quark state

Mass and width consistent with Tc++ expectations — motivates searches for stable doubly-bottom states 28
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Searches for further 4-quark states

LHCb di-J/𝝍 signal is compatible with both tetraquark & rescattering hypotheses — more data needed to 
establish spin-parity in particular. For very heavy tetraquarks CMS & ATLAS datasets play a crucial role. 29
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Precision studies of hadron properties
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A nice example of how in a few years we’ve gone from observation to precision studies
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Anomalous couplings

https://www.nowness.com/story/a-second-world-yugoslavia


Experimental status of the anomalies

Apologies to teams whose b→sll results were omitted: blame HFLAV for not making a b→sll plot! 32

Algueró et al

The Einsteinian constant is not a constant, is not a center. It is the very concept of 
variability -- it is, finally, the concept of the game. (Jacques Derrida) 

The 5𝛔 criterion is not a criterion, it is not a constant. It is the very… (V.V. Gligorov)
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b→𝝁𝝁 legacy LHC measurements
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b→𝝁𝝁 legacy LHC measurements

A beautiful (and SM-compatible) legacy of Runs 1 and 2 34
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s→𝛎𝛎d steps towards discovery

Evidence of the decay and good agreement with the SM. A tremendous achievement for NA62! 
A future observation of K0→𝛑0𝛎𝛎 opens a fifth way to constrain the apex of the CKM Unitarity Triangle 35
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Amazing to see CMS entering the K*+ game — this is what we need as a field! 
Results in very nice agreement with the picture observed in the neutral K* meson analyses 36
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𝛗𝝁𝝁 angular analysis + branching fraction

Pattern again consistent with other b→sll angular analyses. At this point fair to say that nobody really thinks 
these are a pure fluctuation — but more data is needed to determine what they are. 37

0 5 10 15
]4c/2 [GeV2q

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1L
F LHCb

φ ψ/J (2S)ψ

1−LHCb 8.4fb
1−LHCb 3fb

SM (LCSR+Lattice)

0 5 10 15
]4c/2 [GeV2q

0

2

4

6

8

10

12

14

)4 c2−
 (G

eV
2 q

)/d−
µ+

µ
φ 

→ 0 sB(
Βd

φ ψJ/ (2S)ψ

LHCb
1−fbLHCb 9
1−fbLHCb 3

SM (LCSR+Lattice)
SM (LCSR)
SM (Lattice)

8− 10×
arXiv 2105.14007arXiv 2107.13428

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-014.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-014.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-022.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-022.html


]2c [MeV/)−e+e+m(K
5000 5500 6000

)2 c
C

an
di

da
te

s /
 (2

4 
M

eV
/

0
20
40
60
80

100
120
140
160
180
200
220
240

-1Data 9 fb
Total fit

−e+e+ K→+B
+)K−e+(eψ J/→+B

Part. Reco.
Combinatorial

LHCb

b→sll lepton universality tests

The data is mounting… almost entirely in one direction. Even baryon modes are entering the game. 
The latest LHCb analysis of RK provides the first single-measurement evidence for LU in b→sll decays! 38

]2c) [GeV/−e+e−pK(m
5 5.5 6

310×

2 c
C

an
di

da
te

s p
er

 5
0 

M
eV

/

0
5

10
15
20
25
30
35
40
45 −e+e−pK → 0

bΛ
Combinatorial

−e+e0π−pK → 0
bΛ

ψ/J−pK → 0
bΛ

−e+e−K+K → 0
sB

−e+e
*0

K → 
0

B

LHCb

JHEP 05 (2020) 040arXiv 2103.11769

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2019-040.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2019-040.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-004.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-004.html


b→sll lepton universality tests

Nevertheless could still be a fluctuation — fascinating to see what CMS (and ATLAS?) can do in this sector 39
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b→cl𝛎 LU: we need more observables

Angular b→sll and b→cl𝛎 lepton universality tests are slowly starting, despite the difficulties. Post-hoc analysis of 
Belle data by theory colleagues provides a strong motivation to publish our data in more detail! 40
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Searches for LFV

 Many searches going on across the full range of hadron/lepton decays… 41
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Towards 
the 2020s



Final thoughts

All eyes on Belle 2 — vital sociologically and scientifically to have an e+e- flavour factory in business 
CMS has a potentially amazing HL-LHC detector&trigger. Can they make the most of it? 
Vital to ensure LHCb upgrade 2 is the best detector possible, with a much bigger budget than previous ones. 
BES III and NA62 will continue to play unique and crucial roles in the experimental landscape 43
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