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LHCb experiment overview
Single arm spectrometer fully instrumented in the forward region (2.0<η<5.0)
Designed for heavy flavour physics and also exploited for general purpose physics

[Int. J. Mod. Phys. A 30, 1530022 (2015)]

VELO
~20μm IP resolution

Tracking (magnet)
0.4%-0.6% momentum resolution (0.2-100 GeV)

Muon
εμ~97% for misID~2%

Collision

Rich
ε(k→k)~95% for (π→k)~5%

SMOG
Fixed target Herschel

Forward counters
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Hadrons discovery at LHCb

Many exotic hadrons 
observed that do not fit the 
conventional qq or qqq 
picture.

23 new exotic states:
• Charged, cc̄ , ccc̄ c̄ , open 
flavour
• Pentaquark candidates
• Search for unexpected 
contributions

LHCb-FIGURE-2021-001 https://cds.cern.ch/record/2749030 
https://www.nikhef.nl/~pkoppenb/particles.html  

67 at LHCb

https://cds.cern.ch/record/2749030
https://www.nikhef.nl/~pkoppenb/particles.html
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Hadrons discovery at LHCb

More data allows observation in different cases 
→ multidimensional amplitude fits
→ rare decays
→ challenging S/B 

LHCb-FIGURE-2021-001 https://cds.cern.ch/record/2749030 
https://www.nikhef.nl/~pkoppenb/particles.html  

https://cds.cern.ch/record/2749030
https://www.nikhef.nl/~pkoppenb/particles.html


Murilo Santana Rangel (UFRJ) Hadron spectroscopy and the new unexpected resonances 2024                                     5

Amplitude analysis of B+→ψ(2S)K+π+π−

[arXiv:2407.12475]

Deepen understanding of exotic states in independent decay modes.
Clean signal with ~3% background fraction
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Amplitude analysis of B+→ψ(2S)K+π+π−

[arXiv:2407.12475]

Algorithmic model-building procedure used in the amplitude analysis
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Amplitude analysis of B+→ψ(2S)K+π+π−

[arXiv:2407.12475]

Exotic ψ(2S)K+π− resonances are observed for the first time
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Observation of X(3960)
[PRL131,071901(2023)]

Amplitude analysis using B+→Ds
+Ds

−K+ with Ds
+→K+K−π+

PRD 108, 034012 (2023)
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Observation of X(3960)
[PRL131,071901(2023)]

Amplitude analysis using B+→Ds
+Ds

−K+ with Ds
+→K+K−π+

+ Threshold enhancement in the Ds
+ Ds

− mass spectrum
+ X(3960) (14σ) and X0(4140) (3.9σ) both with preferred JPC = 0++

+ X(3960) state is the same as χc
0(3930) observed in B+→D+D−K+?

+ More precise measurement are needed and on-going
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Confirmation of the states previously observed in the B+→D+D−K+ [PRD102(2020)112003]

Amplitude analysis of B+→D*±D∓K+ decays
[arXiv:2406.03156]
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Confirmation of the states previously observed in the B+→D+D−K+ [PRD102(2020)112003]
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+ In Run1, analysis four X→J/ψφ states were observed with S>5σ
+ In Run2, ~6 times larger sample: Add more states to the Run1 model to get good description

5 K* states + 4 X states + J/ψφ non-res.

New model

Run 1 model

Exotics in B+→J/ψφK+

[PRL 127 (2021) 082001]
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Projections of the fits with in two slices of J/ψϕ mass shows evidence of Zcs at 4 GeV

Exotics in B+→J/ψφK+

[PRL 127 (2021) 082001]
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New states found w.r.t. Run 1 result
Some states can be produced in photon or pomeron induced processes.

Exotics in B+→J/ψφK+

[PRL 127 (2021) 082001]
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Observation of diffractive exotic J/ψϕ resonances in pp collisions
[arXiv:2407.14301]

The first study of J/ψϕ  production in diffractive processes in proton-proton collisions.

Possible production of exotic states

Experimental strategy: Selection of J/ψ(→μμ)ϕ(→KK) in low multiplicity events: Nb of VELO tracks must be 4

Gonçalves, Moreira 
EPJC79(2019)1,7

http://arxiv.org/abs/2407.14301
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VELO acceptance review
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Clear J/ψ and ϕ signals - two-dimensional unbinned fit is performed to extract yields

Observation of diffractive exotic J/ψϕ resonances in pp collisions
[arXiv:2407.14301]

http://arxiv.org/abs/2407.14301
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Sideband sample
→ all selection requirements, except for an inverted offline requirement of more than four VELO tracks.
→ no mass structure

Observation of diffractive exotic J/ψϕ resonances in pp collisions
[arXiv:2407.14301]

http://arxiv.org/abs/2407.14301
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After imposing the exclusivity requirement, a resonant structure appears

Fit performed with previously observed resonances in B decays.
- Turn-on derived from events with more than four VELO tracks
- Non-resonant is modeled by an exponential function
- No interference assumed

The significance for the resonances χc1(4140), χc1(4274) and χc0(4500) are 2.4 σ, 4.3 σ and 5.5 σ.
This is the first observation of X→J/ψϕ production in diffractive processes

Observation of diffractive exotic J/ψϕ resonances in pp collisions
[arXiv:2407.14301]

PRL127(2021)082001

http://arxiv.org/abs/2407.14301
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Radiative decays of the χc1(3872)
[arXiv:2406.17006]

First observation of the χc1(3872)→ψ(2S)γ decay(6σ)
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Radiative decays of the χc1(3872)
[arXiv:2406.17006]

Measurement of the ratio
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Exotic hadron nuclear modification factor
[PRL132(2024)242301]

Prompt production of  X(3872) and (2S) in pp, pPb and Pbp 𝜓
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Exotic hadron nuclear modification factor
[PRL132(2024)242301]

Comparison between X(3872) and (2S) suggests 𝜓
differences between exotic and conventional 
hadrons in medium

N.B. Initial state effects (eg shadowing) should 
largely cancel in ratio

For PbPb predictions see for example: 
Abreu, Navarra, Vieira – PRD110(2024)1,014011 
https://indico.cern.ch/event/1356329/timetable/#66-the-x3872-to-psi2s-yield-ra 

https://indico.cern.ch/event/1356329/timetable/#66-the-x3872-to-psi2s-yield-ra
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Exotic hadron nuclear modification factor
[PRL132(2024)242301]

First measurement of nuclear modification factor for an exotic hadron

Production of χc1(3872) hadrons in pPb collisions 
may be enhanced relative to pp collisions.
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+ Challenge with description of production and polarization
+ Exotic in jets provides new way to examine production mechanisms

𝑿( ) in jets𝟑𝟖𝟕𝟐
[LHCb-PAPER-2024-021]

→𝒃 𝝍(2S)  and → ( )𝒃 𝑿 𝟑𝟖𝟕𝟐
+ well described by PYTHIA
+ very similar to  → / , (2S)𝒃 𝑱 𝝍 𝝍
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𝑿( ) in jets𝟑𝟖𝟕𝟐
[LHCb-PAPER-2024-021]

Prompt: Two component structure:
Different mechanisms?

Prompt: Rises towards 
isolation, very different from 
conventional state (2S)𝝍

Prompt: Less isolated than expected



Murilo Santana Rangel (UFRJ) Hadron spectroscopy and the new unexpected resonances 2024                                     27

--- Recent results demonstrate exotic spectroscopy is still an unexplored territory.

--- New results in the pipeline with Run 2 data

--- Run 3 data collection on-going → interesting results ahead with higher statistics and better selection

--- Other measurements not shown can be found https://lbfence.cern.ch/alcm/public/analysis

Summary

https://lbfence.cern.ch/alcm/public/analysis
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http://lape.if.ufrj.br
facebook/instagram/youtube: @lapeufrj 
rangel@if.ufrj.br rangel@cern.ch

http://lape.if.ufrj.br/
mailto:rangel@if.ufrj.br
mailto:rangel@cern.ch
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THANK YOU
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Run 3 detector
CERN-LHCC-2012-007

New VELO 
(Pixel Detector)

UT 
(new silicon tracker)

SciFi 
(new scintillating fibre tracker)

New mirrors and 
photon detectors

New readout electronics 
for the entire detector

Murilo Santana Rangel (UFRJ) Heavy Ions and New Physics (20-May-2021)                                        30

http://cds.cern.ch/record/1443882?ln=en
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LHCB-PUB-2014-027

 ❈ Increase instantaneous luminosity: 
4 × 1032 → 2 × 1033 cm-2 s-1

 ❈ Replacement of tracking detectors
  ♯ finer granularity to cope with higher particle density
  ♯ new front-end electronics compatible with 30 MHz 
readout

 ❈ Remove hardware trigger stage and operate software 
trigger at 30 MHz input rate with 5 x more pileup than Run 2.

 ❈ Prospects for integrated luminosity for heavy-ion
PbPb 0.5/nb
pPb 150/nb

Run 3 Real time analysis
CERN-LHCC-2012-007

http://cds.cern.ch/record/1670985
http://cds.cern.ch/record/1443882?ln=en
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Observation of diffractive exotic J/ψϕ resonances in pp collisions
arXiv:2407.14301 

http://arxiv.org/abs/2407.14301
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Observation of diffractive exotic J/ψϕ resonances in pp collisions
arXiv:2407.14301 

http://arxiv.org/abs/2407.14301
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Observation of X(3960)
arXiv:2407.14301

http://arxiv.org/abs/2407.14301
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Exotics in B+→J/ψφK+

[PRL 127 (2021) 082001]

~ 4% background fraction
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Evidence for a J/ψKs
0 structure

[PRL 131 (2023) 131901]

Amplitude analysis of B0→J/ψφKs
0
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Evidence for a J/ψKs
0 structure

[PRL 127 (2021) 082001], [PRL 131 (2023) 131901]

+ Simultaneous fit is performed to the B0→J/ψϕKS
0 sample and the B+→J/ψϕK+ sample

+ Amplitudes in the two decay modes are related through isospin symmetry
+ Amplitude model includes 9 excited K states and the 9 observed J/ψφ exotic resonances 

B0→J/ψφKs
0

B+→J/ψφK+
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Evidence for a J/ψKs
0 structure

[PRL 127 (2021) 082001], [PRL 131 (2023) 131901]

The mass and width of this state are measured to be

The mass difference between the possible isospin partner

Consistent with the two states being isospin partners.
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JINST 13 (2018) no.04, P04017

High Rapidity Shower Counters for LHCb – HERSCHEL

- installed at the end of 2014 → increase pseudorapidity coverage
- 5 stations with 4 scintillators with PMT
- able to detect forward particle showers and veto events with these
- removed at the end of Run 2

Figure not in scale

JINST 13 (2018) no.04, P04017

http://dx.doi.org/10.1088/1748-0221/13/04/P04017
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