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Preamble: we need to start with CLEO-c

❑This was the time when a lot of the ideas that I will 
discuss blossomed and a methodology  for rigorous 
experimental verification was developed

❑This was my “golden opportunity” to encounter the 
profound and inspiring ideas that have motivated a 
large component of my research since

❑The CLEO-c task force encompassed  an inspiring  
year of collaboration between theorists and 
experimentalists to lay the foundations for this last 
exciting chapter of the CLEO experiment

❑One of the strong synergy was with the “Lattice 
Reinassance” that was explained eloquently to us by 
Peter, his very inspiring presentations are going to 
be abundantly quoted in what follows
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A brief history of lattice QCD

3

from
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The outcome: a 

“predictive QCD 

challenge”
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The decay 
constant now

PDG 2024 average
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𝑓𝐷+ = 207.3 ± 6.6 MeV



The lattice 
promise
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The exciting 
promise of 

exotic hadrons



My next chapter: the LHCb trilogy

LHCb: Phase I

LHCb Upgrade I

LHCb Upgrade II(the software trigger edition)

(exploiting timing to reach the 

highest sensitivity)

(an ever-growing physics scope)

10/14/24

http://cds.cern.ch/record/1129809/files/
https://arxiv.org/pdf/2305.10515
https://cds.cern.ch/record/2776420?ln=en


LHCb physics: beauty, charm and beyond
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CP Violation in charm 
and beauty decays

Magnitude of quark 
mixing angles

Rare b and c 
decays

Neutral 
meson 
oscillations 

Lepton 
flavor 
universality

Conventional 
and exotic 
spectroscopy

Search for 
exotic new 
particles, 
axions, dark 
sector ..
Electroweak 
physics in the 
forward 
direction

Heavy ion 
physics

New leaves are still growing on this rich “tree of knowledge”



Precision tests of the Standard Model
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The magnitude of Vxb and semileptonic b decays

11

(,d/dq2…= |Vub|
2x (Hadronic matrix element)x(known factors) 

Lattice QCD,LC sum rules,
HQE.. 

“exclusive” study a 

specific final state

q2=m2()

Experimental 

observables

What 

we want 

to know

“inclusive” study an inclusive 

property of the decay (E, 

Mhad,q
2)

Illustration 
focused on 
Vub, change 
u➛c for Vcb.
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Current situation

M. Bona, 
ICHEP2024
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Comments on 
the LHCb

𝑉𝑢𝑏

𝑉𝑐𝑏
from 𝐵𝑠

0 →

𝐾−𝜇+𝜈

❑LHCb result in 2 q2 bins, results are not 
consistent (different theoretical input?)

❑The LHCb measurement is 
𝑉𝑢𝑏

𝑉𝑐𝑏
 , any inference on 𝑉𝑢𝑏  needs to 

express all the inputs and there are several 
uncertainties that need to be taken into 
account
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b semileptonic decays at LHCb
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❑Use of b-baryon decays 

provides complementary 

information to B mesons

❑At LHCb b are produced 

copiously 
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𝑉𝑢𝑏

𝑉𝑐𝑏
from Λ𝑏

0 ⟶ 𝑝𝜇− ҧ𝜈/Λ𝑏
0 ⟶ Λ𝑐

+𝜇− ҧ𝜈 
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1) Exploit the copious b production at 

LCHb

2) Kinematic constraints allow determination 

of magnitude of b momentum (modulo 2-

fold ambiguity)

3) LHCb determines the ratio in high q2 

region

➯ Minimize background from Cabibbo 

favored decays in

➯ Use region where lattice predictions 

are expected to be more reliable

3) Use normalization factor derived from 

Lattice QCD calculation to extract 

|Vub/Vcb| 2

b

c
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arXiv:1503.01421v3 Detmold,Lehner,Meinel
❑ Calculation uses 2+1 

flavors of dynamical 

domain-wall fermions, 

RBC & UKQCD 

configurations & q2 

dependence 

parameterized with z-

expansion

exp th

|Vub/Vcb| arXiv:1504.01568
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Comment on Λ𝑏
0 ⟶ Λ𝑐

+𝜇−𝜈

❑LHCb studied the q2 distribution 
and compared it to the lattice 
prediction

❑Consistent with HQET as noted in 
q2 spectrum shape LHCb, further 
pursued in Berlonchner, Ligeti et al

❑Analysis with normalization 
channel is forthcoming so this 
channel should be taken seriously

q2 spectrum shape LHCb 
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http://cds.cern.ch/record/2282768/files/10.1103_PhysRevD.96.112005.pdf?version=1
https://arxiv.org/pdf/1812.07593
http://cds.cern.ch/record/2282768/files/10.1103_PhysRevD.96.112005.pdf?version=1


Final comment on 𝑉𝑐𝑏 , 𝑉𝑢𝑏 , 
𝑉𝑢𝑏

𝑉𝑐𝑏
 

❑The inclusive-exclusive comparison chapter cannot be sorted out just 
by measuring more channels in the same way

❑Important contributions by the lattice to exclusive channels (beyond 
zero recoil) 

❑On the wish list:
❑Inclusive decays 

❑Beyond the gold-plated modes 
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Indirect search for new physics
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The origin story: beauty as a tool for 
discovery
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❑ Old paradigm: tree diagrams are dominated by Standard Model processes, and loops can unveil new physics 

manifestations through interference with new particles (maybe not the whole story)

❑ Also: things are more complicated: we observe hadron decays    effective Hamiltonian

ℋ 𝑏 → 𝑠ℓ+ℓ− = −
4𝐺𝐹

2
𝑉𝑡𝑏𝑉𝑡𝑠

∗ 

𝑖=1

10

𝒞𝑖(𝜇)𝒪𝑖(𝜇)



Search for new physics in 𝑏 → 𝑠ℓℓ decays
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PhysRevLett.132.131801𝑞2 ≡ 𝑚𝜇𝜇
2

Angular analysis

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.131801
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ICHEP2024



Non-local form factors
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𝒜 𝜆
𝐿,𝑅 𝐵 → 𝑀𝜆ℓℓ = 𝑁𝜆 𝐶9 ∓ 𝐶10 𝓕𝝀 𝒒𝟐 − 16𝜋2

𝑀𝐵

𝑚𝑏
𝓗𝝀 𝒒𝟐

Local form factors Non-local form 

factors

Old approach: exclude regions 

where non-local effects expected 

to be dominant



Experimental study of local and non-local 
amplitudes

❑Full q2 range of 𝐵0 → 𝐾∗0𝜇+𝜇− used in the fit

❑Fit model encompasses signal (local, one and two-
particle non-local amplitudes & interference terms) & 
gives:

6/3/2024 24

LHCb-PAPER-2024-011

Wilson Coefficient results

𝒞9 3.56 ± 0.28 ± 0.18

𝒞10 −4.02 ± 0.18 ± 0.16

𝒞9
′ 0.28 ± 0.41 ± 0.12

𝒞10
′ −0.09 ± 0.21 ± 0.06

𝒞9𝜏 (-1.0±2.6 ± 1.0) × 10−2

𝐵0 → 𝐾∗0 𝜏+𝜏− → 𝜇+𝜇−  
rescattering



QCD in action
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The importance of QCD
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QCD @ work
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Q1:Can we organize the zoo of known 

hadrons into a well-motivated 

structures (𝑞 ത𝑞, 𝑞𝑞𝑞, 𝑞 ത𝑞𝑞 ത𝑞, 𝑞𝑞𝑞𝑞 ത𝑞. . ) 

with specific quantum numbers and 

masses consistent with a theoretical 

model?

Q2: Study manifestations of QCD in 

collective nuclear phenomena

L. Maiani, A. Pilloni, GGI Lectures on exotic mesons

https://arxiv.org/abs/2207.05141


Lattice QCD spectroscopy
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S. Prelovsek, Beauty 2019

An example of the success in matching recent LHCb discoveries: 
double-charmed baryons



Heavy ion program: 2023 PbPb data

❑VELO in open position and no UT reached 30% centrality (70% 
saturation in Run II)

29

LHCb-Fig-2024-004

About 20K D0 decaysNuclear physics 
connection: 

interpret collective 
manifestations of 

QCD



High expectations
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From S.  Prelovsek at Beauty 2019



Conclusions

❑The field of heavy flavor physics remains a vibrant laboratory for 
discovery, with new perspective opening up with the LHCb upgrade(s) 
under way and in the planning stage for the HL-LHC era

❑The breadth of our program can only be achieved if our progress in 
developing a quantitative understanding of the hadronic matrix 
element mediating the decays studied is calculated in a rigorous 
manner & lattice QCD is crucial to the effort

❑Warm thanks to Peter for his outstanding contribution to the field 
and for the clarity and inspiration that he brought into our 
scientific dialogue and for wonderful talks that are still very vivid 
in my memory after all these years!
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The end
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