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We have come a long way…
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LHCb: flavour and more!
• ~ 700 physics papers (most per author of any LHC experiment)
• Many significant discoveries

- Rare decays
- CP violation
- 64 of the 72 hadronic particles discovered at the LHC

- Breadth of physics program
- Heavy ions
- Electroweak
- Fixed target (He, Ne, Ar,…)…



Let us turn back the clock…
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60 years of the Cabibbo angle!
• First building block of what we now call “Flavour 

physics” was laid down by Nicola Cabibbo in 1963 
long before many of the ingredients of the SM were 
understood 

• Cabibbo’s theory of semileptonic decays provided 
the first step towards a unified description of 
hadronic and leptonic weak interactions 

•   quark is coupled by the weak interaction  only to 
one, specific superposition of  and , the Cabibbo 
combination ( )

u
d s

d cos θc + s sin θc
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Credit: Cabibbo family

(and 50 of Kobayashi-Maskawa theory!)



Roadmap for six selected key 
measurements [Feb. 2010]

1. The tree level determination of  

2. Charmless charged two-body  decays 

3. Measurement of mixing-induced CP 
violation in  

4. Analysis of the decay  

5. Analysis of the decay  

6. Analysis of  and other 
radiative  decays

γ

B

B0
s → J/ψϕ

B0
s → μ+μ−

B0 → K*0μ+μ−

B0
s → ϕγ

B
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The tree level determination of γ
• The only angle that can be measured purely from tree-

level decays 

• We anticipated a precision of 2.5 -3  (rescaling to Run 
1&2 luminosities) 

• We obtained:  

• In excellent agreement with indirect CKM fit predictions                                                            
 (UTfit),   (CKMfitter) 

• Uncertainty still statistically dominated (contribution of 
syst. uncertainties )

∘ ∘

γ = (64.9 ± 1.4)∘ γ = (65.5+1.1
−2.7)∘

∼ 1.4∘
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 γ = (63.8+3.5
−3.7)∘ ~5% uncertainty

LHCB-CONF-2022-003

https://cds.cern.ch/record/2838029/files/LHCb-CONF-2022-002.pdf


Measurement of mixing-induced CP violation in B0
s → J/ψϕ

• Tiny CP-violating phase  arising from 
interference between mixing and decay 
amplitudes in  decays 

• We anticipated a tagging power 
 , we achieved ~  

• We anticipated a proper time resolution of ∼40 fs, 
we achieved ~42 fs 

• We anticipated a statistical uncertainty of ~15 
mrad; most recent result gives [6 fb ] 

• All LHCb combined:

ϕs

B0
s

ϵtag(1 − w)2 ∼ 6 % 4.4 %

−1
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ϕs = − 0.039 ± 0.022stat ± 0.006syst rad

ϕs = − 0.031 ± 0.018 rad
arXiv:2308.01468

https://arxiv.org/abs/2308.01468
https://arxiv.org/abs/2308.01468


 Analysis of the decay B0
s → μ+μ−

• Very suppressed in the SM (loop, , helicity ~ ), 

theoretically “clean”, sensitive to NP 

• At the time we assumed a systematic uncertainty of ∼ 13% due to 
the limited knowledge of the relative production rates of  

mesons compared to + or 0 mesons 

•
 

• LHCb measured    at             

- found a significant dependence of   on  and -meson  

• This ( -dependent) measurement also used by CMS for their  
analysis

|Vts |2 ( mμ

MB )
2

B0
s

B0 B+

B(B0
s → μ+μ−) =

Bnormϵnorm fd
Nnormϵsig fs

× NB0
s →μ+μ−

fs/fd = 0.254 ± 0.008 s = 13 TeV

fs/fd s B pT

pT B0
s → μ+μ−
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PRD 104 (2021) 032005

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032005


Most recent  results  B(s) → μ+μ−

•  Latest CMS measurement (140 fb ), most 
precise to date : 

  

•Systematic uncertainty for  
dominated by uncertainty associated with 
-quark fragmentation probability ratio   
(~3%) 

•The rarer  is still unobserved, but 
its expected ~  rate is within reach 

•These two results alone have had a major 
impact on constraining the parameter space of 
several BSM theories, in particular SUSY

−1

Bs → μ+μ−

b
fs/fu

B0 → μ+μ−

10−10
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PRL 842 (2023) 137955

PRL 128 (2022) 041801 
PRD 105 (2022) 012010

https://www.sciencedirect.com/science/article/pii/S0370269323002897?via=ihub
http://www.apple.com/uk


 Analysis of the decay B0 → K*0μ+μ−

• Another decay suitable for NP searches, as it proceeds only through EW loop diagrams 

• Roadmap document: measurement of zero-crossing point of  with a simplified analysis (counting method) 

• LHCb update based on 4.7/fb (~4600 events)

AFB

B0
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• : local tension of  and  in  bins of 
[4.0,6.0] and [6.0,8.0] GeV   

• Global analysis finds a deviation of  

P′ 
5 2.5σ 2.9σ q2

2

3.3 σ

PRL 125 (2020) 011802 

•
, with  and  

combinations of  spin amplitudes 
dependent on Wilson coefficients and 
form factors  

• “Robust” to form-factor uncertainties 

P′ 5 =
S5

FL(1 − FL)
FL S5

K*0



  and other radiative  decaysB0
s → ϕγ B

•  and other radiative decays 

-   transition proceeds via loop diagrams, sensitive to contribution of possible NP 

- In the SM, photons are predominantly left-handed, but NP could enhance right-handed 
component 

•  related to the ratio of right- to left-handed photon polarisation amplitudes, for 
which we anticipated a statistical precision of ~0.2 with 2/fb 

• We measured  (plus the CPV parameters  and ) with 3/fb  

• We also measured the photon polarisation in  with 6/fb :     
 

• We studied  at very low  [0.0008-0.257 GeV ] where the rate is 
dominated by  , to give the best constraint on the photon polarisation 
(5% measurement) with 9/fb 

• Many radiative decay analyses still to be completed with Run 2 data

B0
s → ϕγ

b → sγ

AΔ
ϕγ

AΔ
ϕγ = − 0.67+0.37

−0.41 ± 0.17 Sϕγ Cϕγ

Λ0
b → Λγ

αγ ≡
γL − γR

γL + γR
= 0.82+0.17+0.04

−0.26−0.13

B0 → K*0e+e− q2 2

B0 → K*0γ
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PRL 123 (2019) 081802

PRD 105 (2022) L051104
JHEP 12 (2020) 081

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.081802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051104
https://link.springer.com/article/10.1007/JHEP12(2020)081
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051104




charm CPV and mixing
• Latest result on mixing 

parameters gives

 

• CPV in charm decays 

-  

-  

-
- 5.3  measurement of CPV

ΔACP = Araw(K+K−) − Araw(π+π−)

ACP( f; t) =
Γ(D0(t) → f ) − Γ(D0(t) → f )
Γ(D0(t) → f ) + Γ(D0(t) → f )

ΔACP = (−15.4 ± 2.9) × 10−4

σ
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0 0.5 1 1.5
 1−| q/p|

0.5−

0

0.5

φ

 bin-flip+π+πS
0 K→ 0DLHCb Prompt 

 bin-flip+π+πS
0 K→ 0DLHCb SL 

 bin-flip+π+πS
0 K→ 0DLHCb 

LHCb
 1−5.4 fb

contours hold 68%, 95% CL
PRD 108 (2023) 052005 
PRL 127 (2021) 111801

f = K+K− or π+π−

• Remarkable results, although large hadronic non-perturbative 
uncertainties make them particularly challenging to interprete

 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.052005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801




 massW

16



 mass @ LHCbW
• Measurement based on shape of  distribution of 

muons from  decay 

• Simultaneous fit of  of muons from  and of  of 
 

• Result based on  1.7 fb  (3x more data on tape); efforts 
are now being made to improve the modelling and 
reduce the systematic uncertainties  

• Important because LHCb probes an acceptance region 
complementary to that of ATLAS/CMS 

• Exploit anticorrelation of PDF uncertainties to partially 
cancel out uncertainties in  combination

pT
W

q/pT W ϕ*
Z → μμ

−1

MW

mW = 80354 ± 23stat ± 10exp ± 17theory ± 9PDF MeV
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[JHEP01 (2022) 036]

https://link.springer.com/content/pdf/10.1007/JHEP01(2022)036.pdf


Fixed-target experimental program
• Started with luminosity measurement for LHCb: SMOG         

(System to Measure Overlap with Gas) 

- Inject ~10  mbar of gas in the interaction region  

- 1.4% precision on lumi @8TeV  

• Huge implications of this idea not so clear at the time! 

• Opportunity to operate in fixed-target mode @unique energies
40-100 GeV

−7

sNN ∼ 2ENMN ∼

18

NIMA.2005.07.010

LHCb-PUB-2018-015

• SMOG2 allows simultaneous  and -gas data taking: 
the only experiment at the LHC to take data with two 
simultaneous interaction points at two different energies

pp p

https://www.sciencedirect.com/science/article/abs/pii/S0168900205014130?via=ihub
https://cds.cern.ch/record/2649878/files/LHCb-PUB-2018-015.pdf
https://cds.cern.ch/record/2649878/files/LHCb-PUB-2018-015.pdf?subformat=pdfa&version=1


• AMS-02 has greatly improved measurements of the  abundance in cosmic rays, 
which is very sensitive to possible dark matter contributions 

• Interesting to reduce uncertainties in  production in the interstellar medium: 
 is ~40% of secondary cosmic  

p

p
pHe → pX p
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Phys.Rev.Res 2, 023022 (2020)

• Antiprotons from Hyperon decays 
-   Dominant contribution Λ → pπ+

• Significantly larger than model predictions  arXiv:2205.09009 

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.121.222001
https://journals.aps.org/prresearch/pdf/10.1103/PhysRevResearch.2.023022
https://arxiv.org/abs/2205.09009
https://arxiv.org/pdf/2205.09009.pdf


Spectroscopy
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An impressive zoo…
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arXiv:2210.10346

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222001
https://arxiv.org/pdf/2210.10346.pdf


An impressive zoo…
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arXiv:2212.02716

Nature Phys. 18 (2022) 7

https://arxiv.org/pdf/2212.02716.pdf
https://www.nature.com/articles/s41567-022-01614-y


An impressive zoo…
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Science Bull. 65 (2020) 1983 

https://www.sciencedirect.com/science/article/pii/S2095927320305685?via=ihub


Lively debate on nature of such exotic states
• Compact tetraquarks (pentaquarks) vs meson-meson (meson-baryon) molecules  

• It will be difficult to explain these multi-quark states unambiguously 

• The best we can probably hope for is to demonstrate the presence of different dominant 
binding mechanisms in different systems 
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Tests of Lepton Flavour Universality

26

RK low-q2 RK central-q2 RK§ low-q2 RK§ central-q2

0.6

0.8

1.0

1.2

1.4

R
K

,K
§

¬2 = 1.6, p = 0.812, æ = 0.2

RK low-q2 = 0.994+0.094
°0.087

RK central-q2 = 0.949+0.048
°0.047

RK§ low-q2 = 0.927+0.099
°0.093

RK§ central-q2 = 1.027+0.077
°0.073

LHCb
9 fb-1

Data
SM

PRD 108 (2023) 032002 
PRL 131 (2023) 051803 

Po
st

 D
ec

 2
02

2
Central  :   q2

q2 ∈ [1.1,6.0] GeV2/c4
Low  :  q2

q2 ∈ [0.1,1.1] GeV2/c4

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.051803


27



What happened?
• Tightening electron PID showed a coherent pattern 

• Led to uncovering previously underestimated peaking backgrounds
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Resulting mass fits in electron mode

29

5000 5500 6000
m(K+e+e°) [MeV/c2]

0

50

100

150

200

C
ou

nt
s

/
(3

2
M

eV
/c

2 ) LHCb
9 fb°1

RK central-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially reconstructed
B+ ! K+J/√(! e+e°)

5000 5500 6000
m(K+º°e+e°) [MeV/c2]

0

20

40

60

80

C
ou

nt
s

/
(3

2
M

eV
/c

2 ) LHCb
9 fb°1

RK§ central-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially reconstructed
B0 ! K§0J/√(! e+e°)

5000 5500 6000
m(K+e+e°) [MeV/c2]

0

20

40

60

C
ou

nt
s

/
(3

2
M

eV
/c

2 ) LHCb
9 fb°1

RK low-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially reconstructed
B+ ! K+¥0(! e+e°∞)

5000 5500 6000
m(K+º°e+e°) [MeV/c2]

0

20

40

60

C
ou

nt
s

/
(3

2
M

eV
/c

2 ) LHCb
9 fb°1

RK§ low-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially reconstructed



LHC  VELO  vacuum control system incident
• Incident happened on 10th January 2023, 

during a VELO warm-up in neon.  

• Very thin RF foils separating the LHC and 
VELO vacua, suffered a plastic deformation of 
up to ~15 mm towards the beam → they have 
to be replaced 

• No damage to the detector 

• Replacement of the foil in the shutdown at the 
end of 2023 

• VELO could not be fully closed in 2023
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LHC vacuum

VELO vacuum



We have upgraded our detector
• Full software trigger 

• Raise  to 2x10 cm s (5x Run2) maintaining 
the current reconstruction performance 

• Major redesign of all sub-detectors and 
ambitious readout upgrade

ℒ 33 −2 −1
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New pixel-based VELO 
New RICH mechanics, optics, photodetectors 
New Silicon strip upstream tracker UT
New SciFi tracker  
New electronics for MUON and CALO  
New luminometer PLUME
New SMOG2 system for fixed target physics 

Kept

Upgraded

It’s an all-together new detector! 



A lot of signal → a lot of data to process
• Full software trigger will process 30 MHz of inelastic collisions  → factor ~10 increase in 

hadronic yield in Run 3
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First stage of all-software trigger 
implemented on GPU farm  

LEP

UA1 NA49
H1/ZEUS

CDF/DZero

KLOE
BaBar

KTev CDF II / DZero II

HERA B
ALICE

LHCb Run1/2
ATLAS / CMS

ALICE Run 3 ATLAS HL-LHC

CMS HL-LHCLHCb Run 3107

106

105

104

103

102

101

100

1980 2000 2020 2040

LHCb Run 5
LHCb Run 4

B
an

dw
id

th
 (M

B
/s

)

Year

A.
 C

er
ri 

/  
P.

 C
ol

lin
s

[P.Collins]



LHCb upgrade program
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LHCb upgrade program
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Goal is to run at ~1034 cm-2 s-1 , and integrate 
~300 fb-1,  which poses enormous detector 
challenges.

Pileup of 40 and 200 Tb/s of produced data !

Installation in LS4, with smaller detector 
enhancements in LS3.

Potentially the only general purpose flavour 
facility in the world on this timescale.

Require excellent radiation tolerance, higher 
granularity and inclusion of precise timing 
information (a few 10 ps) to be able to mitigate 
pileup

R&D started, more groups are welcome!
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Concluding remarks
• LHCb has lived up to its promises and more, delivering many world record  and sometimes 

unexpected results (exotic spectroscopy, CPV in charm,…). For some topics we have moved from 
exploration to precision measurements and we can still gain by increasing the sample sizes.   

• Precision measurements of flavour observables provide a powerful way to search for NP effects 
beyond the SM, complementing direct searches for NP. This is particularly important in the 
absence of direct collider production of new particles.  

• In general, the SM still (depressingly) in good health. We’ll keep looking! 

• We have upgraded our detector and implemented many innovative technological ideas.  

• The precision program in flavour physics over the next 10 ÷ 15 years is, in my view, the most 
promising direction to make discoveries before the next accelerator (assuming NP is on the 
horizon).
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