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The year 1995
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For the discovery of 

two fundamental 

particles 𝝉 and 𝝂𝝉

The 6th quark discovered at Fermilab

Discovery of an exoplanet 

orbiting a solar-type star



The year 1995
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Bombs, massacres, wars

and efforts to cease them



The year 1995
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Origin of LHCb: 1995
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... dedicated to the study of CPV 
and other rare phenomena in 
the decays of Beauty particles.

... precise measurements of the 
CKM angles ...

CKM matrix (quark-mixing matrix) 

& the unitarity triangles



Physics at LHCb (now)
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 Indirect search of BSM via precision measurements

• CKM, CPV and rare decays in 𝒃 and 𝒄 hadrons

 Precise measurements of QCD + EW 
at large rapidity

 Hadron spectroscopy

 Direct searches of New Physics

 Heavy-ion and fixed-target physics



The LHCb detector
JINST 3 (2008) S08005
Int. J. Mod. Phys. A 30 (2015) 1530022

Beam1 Beam2

Collision 
point

Vertex:
Time:
Momentum:
Mass :
Hadron ID:
Muon ID:
ECAL:

𝝈𝐈𝐏 = 𝟐𝟎 𝛍𝐦
𝝈𝝉 = 𝟒𝟓 𝐟𝐬 for 𝑩𝒔

𝟎 → 𝑱/𝝍𝝓 or 𝑫𝒔
+𝝅−

𝚫𝒑/𝒑 = 𝟎. 𝟒 ∼ 𝟎. 𝟔% (5 – 100 𝐆𝐞𝐕/𝒄)
𝝈𝒎 = 𝟖𝐌𝐞𝐕/𝒄𝟐 for 𝑩 → 𝑱/𝝍𝑿 (constrainted 𝒎𝑱/𝝍)
𝜺 𝑲 → 𝑲 ∼ 𝟗𝟓% mis-ID 𝜺 𝝅 → 𝑲 ∼ 𝟓%
𝜺 𝝁 → 𝝁 ∼ 𝟗𝟕% mis-ID 𝜺 𝝅 → 𝝁 ∼ 𝟏 − 𝟑%

𝚫𝑬/𝑬 = 𝟏⊕ 𝟏𝟎%/ 𝑬 (𝐆𝐞𝐕)

PV

Pseudorapidity coverage
𝟐 < 𝜼 < 𝟓

VELO silicon strips RICH PMTs
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A detector at the collider 

which looks like one for 

fixed-target experiment

𝒛



Pros of hadron spectroscopy at LHCb

Trigger
Mass resolution

Primary Vertex

TV

SV

Hadron ID
(𝑲/𝝅 separation)

Vertex resolution
𝝈𝐈𝐏: 𝟏𝟎 − 𝟖𝟎 𝛍𝐦

• Large production cross-section
• Efficient trigger
• Vertex locator with high 

precision
• High precision tracking system
• Powerful hadron identification
• Efficient muon system

https://twiki.cern.ch/twiki/bin/view/LHCb/LHCbPlots2016
https://twiki.cern.ch/twiki/bin/view/LHCb/ConferencePlots
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Data taking (run1+run2)

2010    2011   2012   2013   2014    2015   2016    2017    2018

 A huge amount of 𝑏ത𝑏 and 
𝑐 ҧ𝑐 have been produced
• ∼ 1012 𝑏ത𝑏

• ∼ 1013 𝑐 ҧ𝑐

 Many impressive results 
have been achieved

More than 𝟗 𝐟𝐛−𝟏

accumulated 
in Run1+Run2
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Pentaquarks
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Normal hadrons and exotic hadrons

12

Possible existence of exotic hadrons was proposed by Gell-
Mann and Zweig at the birth of quark model

Normal hadrons and exotic hadrons

Many searches for pentaquarks in the past 50 years, 
but no convincing experimental evidence before LHCb

2020/01/11 Zhenwei Yang, Center for High Energy Physics, Tsinghua

𝒒𝒒𝒒𝒒ഥ𝒒
Exotic hadrons

𝒒𝒒ഥ𝒒ഥ𝒒𝒒ഥ𝒒 𝒒𝒒𝒒

Normal hadrons



𝛬𝑏
0 → 𝐽/𝜓𝑝𝐾− decays

First observed by LHCb as a potential background for
𝐵𝑠
0 → 𝐽/𝜓𝐾+𝐾−

• Large signal yield found, used for 𝛬𝑏
0 lifetime measurement

13

𝜦𝒃
𝟎

𝜇+

𝐾−

𝑝

𝜇−

Primary vertex

(PV) 𝑁sig = 26,007

LHCb RUN I
3 fb−1

PRL 115 (2015) 072001
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Proton-proton 

interaction point

PRL 111, 102003

Tsinghua group then used this 
decay to measure 𝛬𝑏

0 production 
cross-sections



Observation of pentaquarks

 Two 𝑷𝒄
+ states observed in full amplitude 

analysis of 𝜦𝒃
𝟎 → 𝑱/𝝍𝒑𝑲− decays

Best fit gives 𝑱𝑷 = (
𝟑

𝟐

−
,
𝟓

𝟐

+
)

• 𝑱𝑷 = (
𝟑

𝟐

+
,
𝟓

𝟐

−
) & (

𝟓

𝟐

+
,
𝟑

𝟐

−
) not excluded 

Resonance Mass (MeV) Width (MeV) Fraction(%)

𝑃𝑐(4380)
+

4380 ± 8 ± 29 205 ± 18 ± 86 8.4 ± 0.7 ± 4.2

𝑃𝑐(4450)
+

4449.8 ± 1.7 ± 2.5 39 ± 5 ± 19 4.1 ± 0.5 ± 1.1

𝓑 𝚲𝒃
𝟎 → 𝑷𝒄 𝟒𝟑𝟖𝟎

+𝑲− 𝓑 𝑷𝒄
+ → 𝑱/𝝍𝒑 = 𝟐. 𝟔𝟔 ± 𝟎. 𝟐𝟐 ± 𝟏. 𝟑𝟑−𝟎.𝟑𝟖

+𝟎.𝟒𝟖 × 𝟏𝟎−𝟓

𝓑 𝜦𝒃
𝟎 → 𝑷𝒄 𝟒𝟒𝟓𝟎

+𝑲− 𝓑 𝑷𝒄
+ → 𝑱/𝝍𝒑 = 𝟏. 𝟑𝟎 ± 𝟎. 𝟏𝟔 ± 𝟎. 𝟑𝟓−𝟎.𝟏𝟖

+𝟎.𝟐𝟑 × 𝟏𝟎−𝟓

PRL 115 (2015) 072001

Chin. Phys. C40 (2016) 011001
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𝑷𝒄 𝟒𝟑𝟖𝟎
+

𝑷𝒄 𝟒𝟒𝟓𝟎
+



Structure of the pentaquarks?

Tightly-bound

Maiani et al, PLB749 (2015) 289

Lebed, PLB749 (2015) 454

Anisovich et al, PLB749 (2015) 454

and others 

 Fall-apart decay:
• Wide states?
• What slows it down to make 𝑃𝑐 4450 +

narrow? 𝐿 between diquarks?
• 𝑷𝒄 𝟒𝟑𝟖𝟎

+ 𝑺 = 𝟏, 𝑳 = 𝟎 broad, 
𝑷𝒄 𝟒𝟒𝟓𝟎

+ 𝑺 = 𝟎, 𝑳 = 𝟏 narrow

 Spectrum
• Many states expected (𝑛, 𝐿, 𝑆)

𝒅

𝒖

𝒖ത𝒄

𝒄

𝑷𝒄
+

𝒖

𝒖

𝒅

ത𝒄

𝒄

𝑱/𝝍 𝒑

𝑴𝑷𝒄
+ = 𝑴𝑱/𝝍 +𝑴𝒑 + ~𝟒𝟎𝟎 𝐌𝐞𝐕

2020/01/11 15Zhenwei Yang, Center for High Energy Physics, Tsinghua



Update with full run1+run2 data

 We planned to update the results to using the full data sets
• To determine the 𝐽𝑃 quantum numbers
• To better determine other properties
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Improved selection

 Exploit features of 𝐵-hadron decays
• High 𝑝T
• Detached from primary vertex
• Hadron ID information

 Selection improved with better uses of hadron ID
• Hadron ID information used as input variables of MVA

A much powerful MVA selector is achieved

• Hadron ID used to help vetoing mis-ID backgrounds
𝐵0 → 𝐽/𝜓𝐾−𝜋+, 𝐵𝑠

0 → 𝐽/𝜓𝐾+𝐾−, et al. 

 Efficiency increased by a factor of two
• With a background fraction similar to the previous publication

2020/01/11 Zhenwei Yang, Center for High Energy Physics, Tsinghua 17

𝜦𝒃
𝟎 𝝁+

𝑲−

𝒑

𝝁−

Primary Vertex



New 𝜦𝒃
𝟎 → 𝑱/𝝍𝒑𝑲− sample

246k 𝜦𝒃
𝟎 signals

𝟔. 𝟒% background in ±𝟐𝝈

Signal yield increases by a factor of 9.5

5.4% background in ±2𝜎

26k 𝜦𝒃
𝟎

signals

LHCb run 1
3 fb−1

PRL 115 (2015) 072001
PRL122 (2019) 222001

LHCb run 1+ run2
9 fb−1
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 Improved selections (~2x)
 Increased luminosity (~3x)
 Increased cross-sections (~1.5x)



Data consistency check
𝜦𝒃
𝟎 → 𝑲−𝑷𝒄

+(→ 𝑱/𝝍𝒑)𝜦𝒃
𝟎 → 𝑱/𝝍𝜦∗(→ 𝑲−𝒑)

 Fit with the same amplitude 
model to the full data 
sample

6D amplitude analysis
fit to masses and decay angles

 However, more could be 
different …

• It gives parameters of 𝑷𝒄 𝟒𝟒𝟓𝟎
+

and 𝑷𝒄 𝟒𝟑𝟖𝟎
+ that are consistent

with the run1 results

PRL 115 (2015) 072001
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PRL122 (2019) 222001



Binning from coarse to fine: new narrow peaks

 Old bin width: 15 MeV

 Large statistics allows for 
finer binning of 2 MeV, 
comparable with 𝑚(𝐽/𝜓𝑝)
resolution (2.3-2.7 MeV)

Coarse binning!

Fine binning!

Fine 𝑱/𝝍𝒑 structures observed 
(insignificant in run1 sample)

PRL 115 (2015) 072001
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PRL122 (2019) 222001



Display in smaller bin size
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𝛬
(1
5
2
0
)

PRL 122, 222001 (2019)



What the new data tell: a first glance
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 The peaking structure at around 4450 MeV confirmed
• Resolved into two narrower peaks with nearly identical masses
• Unable to resolve in earlier smaller data set

Mass split small and comparable to the natural widths

 A new narrow peak at lower mass discovered
• Insignificant to be identified with earlier data set

 AmAn challenging & time-consuming
• Must consider the resolution effect of 𝑚𝐽/𝜓𝑝

• Data sample much larger
The amplitude model needs to be improved

• Work in progress 



How to fit the new data

 Simplified approach: 1D fit to the 𝑚𝐽/𝜓𝑝 distribution
• Narrow signals

Three Breit-Wigner (BW) functions ⨂ resolution (2-3 MeV) 

• Background of 𝛬∗ + non-𝛬𝑏
0 + possible broad 𝑃𝑐

+: two models compared
Higher-order polynomial, or low-order polynomial + broad BW

 Robust determination of 𝑀 and 𝛤 of narrow structures

 Neither sensitive to 𝐽𝑃 nor to broad peaks, like 𝑃𝑐 4380
+

 Several 𝑚𝐽/𝜓𝑝 distributions with different selections or 
weighting to estimate systematic uncertainties
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Fit-1: all candidates

 Fit the full 𝑚𝐽/𝜓𝑝 distribution

 Clear narrow structures, but background is high

2020/01/11 Zhenwei Yang, Center for High Energy Physics, Tsinghua 24

low-order polynomial + broad 𝑷𝒄
+ as bkghigh-order polynomial

PRL 122, 222001 (2019)



Fit-2: 𝑷𝒄
+ dominating region

 Fit candidates with 𝑚𝑝𝐾 > 1.9 GeV  
• 80% 𝛬∗ bkg removed

 Significance:
• Evaluated with toy simulations from the 6D amplitude model

• Look Elsewhere Effect
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PRL 122, 222001 (2019)

7.3s
5.4s 

(2 vs 1)

𝟔𝟓𝟕−𝟏𝟐𝟖
+𝟏𝟓𝟑

Yield: 

𝟖𝟑𝟔−𝟏𝟗𝟏
+𝟐𝟓𝟔

𝟕𝟗𝟓−𝟏𝟒𝟎
+𝟏𝟓𝟎

𝑷𝒄 𝟒𝟑𝟏𝟐
+: 7.3𝝈

2 peaks over 1 (~ 4450 MeV): 5.4𝝈



Fit-3: Novel method

 Candidates weighted by 𝑤(cos𝜃𝑃𝑐) =
1

𝜎stat.
2 ≈

1

𝑆+𝐵

• 𝑤 is inverse of cos𝜃𝑃𝑐 distribution of 𝛬𝑏
0 candidates with 𝑚𝐽/𝜓𝑝 ∈ 4.2, 4.6 GeV

 𝜃𝑃𝑐 is 𝑃𝑐 helicity angle : angle between Ԧ𝑝𝐽/𝜓 and − Ԧ𝑝𝐾 in the 𝐽/𝜓𝑝 rest frame
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PRL 122, 222001 (2019)

low 𝒎𝒑𝑲

more 𝜦∗

low w

high 𝒎𝒑𝑲

less 𝜦∗

high w

K

L

L

−

P
y p

p
y

b

b rest frame

Pc rest frame

qPc

c



Fit-3: Novel method

 Candidates weighted by 𝑤(cos𝜃𝑃𝑐) =
1

𝜎stat.
2 ≈

1

𝑆+𝐵

• 𝑤 is inverse of cos𝜃𝑃𝑐 distribution of 𝛬𝑏
0 candidates with 𝑚𝐽/𝜓𝑝 ∈ 4.2, 4.6 GeV

 Most statistically sensitive method
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PRL 122, 222001 (2019)

8.2s

6.2s 
(2 vs 1)

the nominal 𝑴&𝚪 measurements



Results
To determine the relative 𝑃𝑐

+ production rates, fit inclusive 𝑚(𝐽/𝜓𝑝) obtained 
with 1/𝜀 event-weights, where 𝜀 is the efficiency parameterization in 6D 𝛬𝑏

0

decay phase-space (masses and angles)
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Further information needs the amplitude analysis of the 𝚲𝟎 → 𝑱/𝝍𝒑𝑲− decay

PRL122 (2019) 222001



Other studies

 Ongoing work to understand the 𝑃𝑐's nature
• 𝐽𝑃 determination from amplitude analysis of 𝛬𝑏

0 → 𝐽/𝜓𝑝𝐾

• Other decay channels suggested 

2020/01/11 Zhenwei Yang, Center for High Energy Physics, Tsinghua 29



𝜦𝒃
𝟎 → 𝜦𝒄

+ഥ𝑫𝟎𝑲− (LHCb unofficial results)

 Two LHCb PHD theses in public 
• https://doi.org/10.11588/heidok.00025126

• https://doi.org/10.11588/heidok.00027350
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ℬ(𝛬𝑏
0 → 𝛬𝑐

+ഥ𝐷0𝐾−)

ℬ(𝛬𝑏
0 → 𝐽/𝜓𝑝𝐾−)

= 4.8 ± 1.0(stat.+syst. )

LHCb unofficial measurement

Using PDG values for ℬ of 𝛬𝑏
0 → 𝛬𝑐

+𝐷𝑠
− and 𝛬𝑏

0 → 𝐽/𝜓𝑝𝐾−

https://doi.org/10.11588/heidok.00025126
https://doi.org/10.11588/heidok.00027350


Amplitude result

 Dominated by 𝐷𝑠
∗− → ഥ𝐷0𝐾−

 No sign of 𝑃𝑐 signal at 4.3122=18.6GeV2 4.452=19.8GeV2
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𝐷𝑠1
∗ 2700 model

𝐷𝑠1
∗ 2860 by K-matrix 



Fits without 𝑷𝒄 states
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Fit fractions



Search for 𝑷𝒄
+ → 𝜦𝒄

+ഥ𝑫𝟎
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Fit fraction (stat. only) 

ℬ(𝑷𝒄 → 𝛬𝑐
+ഥ𝐷0)

ℬ(𝑷𝒄 → 𝐽/𝜓𝑝)
4312 4440 4457

Central value 1.5 ± 2.5 0.7 ± 1.0 0.2 ± 3.6

95% CL < 6.4 < 2.5 < 7.5

Data have not contradicted molecular model predictions yet, more data needed



Prospects
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LHCb Upgrade (2019-2020)

 Increase luminosity to 
𝟐 × 𝟏𝟎𝟑𝟑 𝐜𝐦−𝟐𝐬−𝟏

• 5 times larger than current 
maximum instantaneous luminosity

 All sub-detectors read out at 
40 MHz for a full software 
trigger

• Record with 10 GB/s 

 All subdetector apart from  
muon and calorimeter systems 
will be fully replacedCERN-LHCC-2012-007

[ LHCB-TDR-017 ]
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https://cds.cern.ch/record/2310827?ln=en


Scintillating Fibre (SciFi) tracker installation
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Scintillating Fibre (SciFi) tracker installation
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LHCb Upgrade 2

 Upgrade 2 proposed to take full profit of HL-LHC
• ℒ = 1 − 2 × 1034 cm−2 s−1, 10 times larger than Upgrade 1
• Aiming at 300 fb−1 after Run5

EOI submitted in 2017 (CERN-LHCC-2017-003)
Physics document submitted in 2018 (arXiv:1808.08865) 

Consolidate in LS3
Major upgrade in LS4
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Physics case: hadron spectroscopy

 Much more 𝑏- and 𝑐-hadrons would be produced with the 
Upgrade

 A gold mine of hadron spectroscopy studies
• Observation of new states
• Precision determination of the characteristics of observed hadrons
• Understand the nature of these states and strong interactions

arXiv:1808.08865
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Summary

 LHCb operated well in run1+run2 and produced nice results
• Confirmed the 𝑃𝑐 4450

+ peak structure, which is resolved into two narrower states, 
𝑃𝑐 4440

+ and 𝑃𝑐 4457
+

• Observed a new narrow state 𝑃𝑐 4312
+

 1D fit to narrow peaks with naïve background model used
• More accurate result has to wait for detailed amplitude analysis

 LHCb Upgrade is under construction
• Expect to accumulate data of 50 fb−1 after Run4 (2029) 

 LHCb Upgrade2 proposed and R&D started
• Expect to accumulate data of 300 fb−1 after Run5 (around 2035)

 Stay tuned for new results from LHCb
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Doubly charmed baryons
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SU(4) quark model

44

When extended to (𝒖, 𝒅, 𝒔, 𝒄), hadrons form SU(4) multiplets
Our knowledge of charmed baryons is limited

• 𝑪 = 𝟐 baryons: 𝜩𝒄𝒄
+ (𝒄𝒄𝒅), 𝜩𝒄𝒄

++(𝒄𝒄𝒖) and 𝜴𝒄𝒄
+ (𝒄𝒄𝒔)

• Excited charmed baryons

PDG

Mesons

PDG

Baryons𝑱𝑷 =
𝟏

𝟐

+

𝑱𝑷 =
𝟑

𝟐

+

Baryons

𝒔𝒖 𝒅 𝒄

2020/01/11 Zhenwei Yang, Center for High Energy Physics, Tsinghua



Observation of 𝜩𝒄𝒄
++ at 13 TeV

Significant structure at around 𝟑𝟔𝟐𝟎𝐌𝐞𝐕/𝒄𝟐 in 2016 data
• Local stat. significance > 𝟏𝟐𝝈
• Confirmed in 2012 data (> 𝟕𝝈)

45

A significant peak!

PRL119 (2017) 112001

𝑵𝐬𝐢𝐠 = 𝟑𝟏𝟑 ± 𝟑𝟑

𝒎 = 𝟑𝟔𝟐𝟏. 𝟖𝟎 ± 𝟎. 𝟕𝟐 𝐌𝐞𝐕/𝒄𝟐

𝝈 = 𝟔. 𝟔𝟑 ± 𝟎. 𝟖𝟐 𝐌𝐞𝐕/𝒄𝟐

𝑚cand(𝛯𝑐𝑐
++) = 𝑚 𝛬𝑐

+𝐾−𝜋+𝜋+ −𝑚cand 𝛬𝑐
+ +𝑚PDG 𝛬𝑐

+
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CCTV and others
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Observation of 𝑿(𝟑𝟖𝟒𝟐) in 𝒎(𝑫ഥ𝑫)
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arXiv:1903.12240 

𝑴 = 𝟑𝟗𝟐𝟏. 𝟗 ± 𝟎. 𝟔 ± 𝟎. 𝟐 𝐌𝐞𝐕
𝜞 = 𝟑𝟔. 𝟔 ± 𝟏. 𝟗 ± 𝟎. 𝟗 𝐌𝐞𝐕

𝝌𝒄𝟐(𝟐
𝟑𝑷𝟐)

𝑴 = 𝟑𝟖𝟒𝟐. 𝟕𝟏 ± 𝟎. 𝟏𝟔 ± 𝟎. 𝟏𝟐 𝐌𝐞𝐕
𝜞 = 𝟐.𝟕𝟗 ± 𝟎. 𝟓𝟏 ± 𝟎. 𝟑𝟓 𝐌𝐞𝐕

First observation of 
hadroproduction of 𝝍(𝟑𝟕𝟕𝟎)
(dominantly 𝝍 𝟏𝟑𝑫𝟏 state) 

Likely 

𝝍 𝟏𝟑𝑫𝟑 state

first observation

𝑴 = 𝟑𝟕𝟕𝟖. 𝟏 ± 𝟎. 𝟕 ± 𝟎. 𝟔 𝐌𝐞𝐕

 First observation of 𝑋(3842), probably 𝜓(13𝐷3)

 First observation of hadroproduced 𝜓(3770) and 𝜒𝑐2(3930)



Observation of excited 𝑩𝒄
+
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𝑴 =

𝑴 =

LHCb: arXiv:1904.00081

𝟔. 𝟑𝝈
2. 𝟐𝝈

CMS: Phys.Rev.Lett.122(2019)132001

ATLAS: Phys.Rev.Lett.113(2014)212004

Jibo and Liupan are made the major contribution



Propellants provided by LHCb: conventional

• Observation of the doubly 
charmed baryon 𝜩𝒄𝒄

++

Phys. Rev. Lett. 118 (2017) 182001 Phys. Rev. Lett. 119 (2017) 112001

 Examples of conventional hadrons
• Discovery of five narrow excited 𝜴𝒄

𝟎

states all at once

𝜴𝒄
∗𝟎 → 𝜩𝒄

+𝑲− 𝜩𝒄𝒄
++ → 𝜦𝒄

+𝑲−𝝅+𝝅+
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Propellants provided by LHCb: exotic
 Examples of exotic hadrons

• Tetraquark candidates in the 
𝑱/𝝍𝝓 system of 𝑩+ → 𝑱/𝝍𝝓𝑲+

decays

Phys. Rev. Lett. 118 (2017) 022003 Phys. Rev. Lett. 115 (2015) 072001

𝒑 = 𝟐𝟐%

𝑿(𝟒𝟏𝟒𝟎)
𝟖. 𝟒𝝈

𝑿(𝟒𝟐𝟕𝟒)
𝟔. 𝟎𝝈

𝑿(𝟒𝟓𝟎𝟎)
𝟔. 𝟏𝝈

𝑿(𝟒𝟕𝟎𝟎)
𝟓. 𝟔𝝈

Data          
Fit

𝑷𝒄 𝟒𝟑𝟖𝟎
+

𝑷𝒄 𝟒𝟒𝟓𝟎
+

𝒎𝑱/𝝍𝒑 [𝐆𝐞𝐕]
𝒎𝑱/𝝍𝝓 [𝐌𝐞𝐕]

• Pentaquark candidates in the 𝑱/𝝍𝒑
system of 𝜦𝒃

𝟎 → 𝑱/𝝍𝒑𝑲− decays
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Renaissance of spectroscopy in heavy flavour

 The 𝑋(3872) [𝜒𝑐1 3872 ] state observed by 
Belle in 2003 in the 𝐽/𝜓𝜋+𝜋− spectrum
• The harbinger of a new direction in hadron 

spectroscopy

 More exotic hadrons, mostly containing 𝑐 ҧ𝑐
or 𝑏ത𝑏, have been observed soon later
• Various models proposed for quark 

composition and binding mechanisms of these 
states

 Great progress achieved with combined 
efforts from both theory and experiments
• LHCb has been providing propellant to boost 

our understanding since the start of the LHC

𝑿(𝟑𝟖𝟕𝟐)

𝝍(𝟐𝑺)

𝒎 𝑱/𝝍𝝅+𝝅− −𝒎(𝑱/𝝍) GeV

PRL91 (2003) 262001
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Recently discovered exotic hadron candidates

 A list of those containing hidden 
charm or beauty

Rev. Mod. Phys. 90 (2018) 015003

LHCb
contributes
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Pros of hadron spectroscopy at LHCb

Trigger
Mass resolution

Primary Vertex

TV

SV

Hadron ID
(𝑲/𝝅 separation)

Vertex resolution
𝝈𝐈𝐏: 𝟏𝟎 − 𝟖𝟎 𝛍𝐦

https://twiki.cern.ch/twiki/bin/view/LHCb/LHCbPlots2016
https://twiki.cern.ch/twiki/bin/view/LHCb/ConferencePlots

Closest distance between the beam 
and the VELO is around 0.5 cm

Well identified with 𝒑 ∈ 𝟐 − 𝟏𝟎𝟎 𝐆𝐞𝐕/𝒄

2020/01/11 54Zhenwei Yang, Center for High Energy Physics, Tsinghua
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Vertex Locator

200 mm n-on-n Si short strips

double metal layer for readout

with Beetle chip (1/4 mm CMOS)

They have to be placed in secondary vacuum  complex mechanics

total 172 k channels

occupancy < 1%
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RICH detector
Performance of particle ID

Typical event in the RICH1 photon detectors

Use Cherenkov rings to identify 
charged particles, especially 
hadrons and muons
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“Dalitz plot”

57

𝜦(𝟏𝟓𝟐𝟎) → 𝒑𝑲−

 Clear horizontal band at 𝑚𝐽/𝜓𝑝
2 ≈ 20 GeV2

 Λ∗ structures dominate low 𝑚𝐾𝑝
2 region, interferences unlikely generate the 

horizontal band at high 𝑚𝐾𝑝
2 region

𝑷𝒄
+ → 𝑱/𝝍𝒑 ?

PRL 115 (2015) 072001
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Fits with interferences
 No interferences 

considered for nominal fits

 Fits with coherent sum 
between various BW 
amplitudes, including the 
broad 𝑃𝑐

+ state with the 
same 𝐽𝑃 are also tried

 No significant evidence for 
interferences
• but it provides the source of 

the largest systematic 
uncertainty on the mass and 
width determinations.

Example of the fit with interference:
𝑷𝒄 𝟒𝟑𝟏𝟐

+ interfering with the broad 𝑷𝒄
+
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