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VeLo & Tracking 

Magnet ECAL/HCAL

Muons

Particle ID
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Trigger strategy:
LHC: pp bunch-crossings [11 MHz]
Hardware: HCAL, muon information [1 MHz]
Software: Full event reconstruction [O(1) kHz]

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

2011 : 1 fb-1

2012 : 2 fb-1

2015 : 0.3 fb-1

2016 : 1.7 fb-1

2017 : 1.7 fb-1

2018 : 2.3 fb-1
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Large            @ LHCb in the forward region 
and efficient hadron trigger

σ(bb̄) Unprecedented samples of b,c-hadrons 
for spectroscopy of prompt & secondaries

Low pile-up and excellent IP resolution
15 + 29/pT(GeV)

Excellent resolution of B and D vertices

Low pT tracking and superb PID Efficient high multiplicity final state 
reconstruction

Good momentum uncertainty Precise signal resolution wrt backgrounds
0.5%-1% @ 200 GeV/c

down to ~300 MeV ϵK ≈ 90 % ; ϵπ→K < 5 %
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Spectroscopy: providing the hooks on 
which model-builders’ tapestries hang

• Many binding models exist, beyond mesons/baryons

• Models predict a spectrum of states (masses & quantum nos)

Pentaquark H-diBaryon Tetraquark

Meson molecule Glueball Hybrid



Study of  
line shape

χc1(3872)

arXiv:2005.13419 (3fb )

arXiv:2005.13422 (9fb )

−1

−1

6
1fb-1 + 2 fb-1 (+ 6 fb-1)
7 TeV 8 TeV 13 TeV

Known unknowns
별마당 도서관

Starfield Mall Libary
Tyn Cathedral
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arXiv:2005.13419

•  : first charmonium-like exotic hadron, discovered 
by Belle in 2003 

• Tetraquark? Molecule? Molecule with charmonium core?… 

• , : 
striking proximity to  threshold and very narrow 

•  rules out one conventional explanation

χc1(3872)

MBW = (3871.68 ± 0.17) MeV/c2 ΓBW < 1.2 MeV
DD*0

JPC = 1++
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-hadronb

• Observed in  

• Confirmed in  (and many more) 

• Two                     approaches here:

B± → K±(χc1(3872) → J/ψπ+π−)

J/ψπ+π−π0, D0D*0
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J/ψ
π−

μ+

μ− B+ J/ψ

π−

μ+

π+
μ−

inclusive  decaysb exclusive  decaysB

PV K−
PVπ+

arXiv:2005.13419 arXiv:2005.13422

displaced  and J/ψ π±

< 200 MeVmμμππ − mμμ − mππ

MVA for displaced charmonia, 
cut chosen to minimise σ(m)

BDT exploits decay topology 
and kinematics
Optimise Punzi FoM

X
mass constraint

Selection
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inclusive  decaysbarXiv:2005.13419

•          15k signal in  bins 
• Convolve lineshape with resolution 
• Measure wrt  mass 
• Data-drive mom. scale & res.

pπ+π−

ψ(2S)

Fit

pπ+π−

20122011

MBW = (3871.695 ± 0.067 ± 0.068 ± 0.010) MeV/c2

ΓBW = (1.39 ± 0.24 ± 0.10) MeV/c2

• : 0.03% mom. scale uncertainty 
• : resolution modelling

MBW
ΓBW

Main systematic

Conclusions
• Binding energy  
• First non-zero measurement of Breit-Wigner width…

(0.01 ± 0.14) MeV/c2

… but  …ΓBW > δE



m(B+) m(J/ψπ+π−)
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Fit
exclusive  decaysBarXiv:2005.13422

MBW = (3871.59 ± 0.06 ± 0.03 ± 0.010) MeV/c2

ΓBW = (0.96+0.19
−0.18 ± 0.21) MeV/c2

Conclusions
• Binding energy  
• Additional results for  mass and width

(0.12 ± 0.13) MeV/c2

ψ(3823)

Main systematic
• :  mass constraint 
• : sig/bg models

MBW B+

ΓBW

• 2D         to  and  
• Constrain  and  masses: improve res. and reduce corr. 
• Resolution model fixed to MC; scale factor shared with 

m(B+) m(J/ψπ+π−)
B+ J/ψ

ψ(2S)
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arXiv:2005.13419 arXiv:2005.13422

 W.A.MBW(χc1(3872))  W.A.ΓBW(χc1(3872))

• Small statistical overlap between the samples is considered 
• World average  improves by a factor of 3 to  
• First non-zero determinations of 

MBW 60 keV
ΓBW

MBW = (3871.64 ± 0.06) MeV/c2

ΓBW = (1.19 ± 0.19) MeV/c2

New	world	average
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arXiv:2005.13419

•  threshold opens very close to  

• Employ Flatté model, convolved with resolution

D0D*0 χc1(3872)

arXiv:0907.4901

• Very different raw ‘width’; indistinguishable after resolution

MBW = (3871.695 ± 0.067 ± 0.068 ± 0.010) MeV/c2

ΓBW = (1.39 ± 0.24 ± 0.10) MeV/c2

Flatté mode: (3871.69+0.00+0.05
−0.04−0.13) MeV/c2

Flatté FWHM: (0.22+0.06+0.25
−0.08−0.17) MeV/c2
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arXiv:2005.13419

• Consider the amplitude in the complex energy plane 
• Opening channels create branch-cut singularities, generating 

two Riemann sheets 
• Location of poles on sheets connected to state’s nature: 

• ‘Bound state’: on real axis below threshold, on physical sheet 
• ‘Virtual state’: on real axis above threshold, on unphysical sheet 
• ‘Resonance’: off real axis, on unphysical sheet

• Two poles. ‘Switch off’ non-  open channels: bound 
state . P(compact component)<33%

DD*
δE ∼ 24 keV



Observation of 
structure in -pair 
mass spectrum

J/ψ

arXiv:2006.16957
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Unknown unknowns

1fb-1 + 2 fb-1 + 6 fb-1
7 TeV 8 TeV 13 TeV

Dancing House Hotel
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arXiv:2006.16957

• All observed hadrons contain at most two heavy quarks 

• Many QCD models expect  states 

• tightly bound: short-range heavy-quark interaction 

• Expected in range , decaying 
to charmonia pair.

Tcc̄cc̄

5.8 < m(Tcc̄cc̄) < 7.4 GeV

Expectation

Search at LHCb
J/ψ
PV

μ+

μ−

J/ψ μ+

μ−

• (muons)   

• Good track & vertex quality 

• Consistent with originating at PV

pT > 650 MeV/c
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arXiv:2006.16957

• Max-  2d  distribution 
• Signal: DSCB+Gaussian 
• Background: exponential 

• Function symmetric under -swap 

•  signal

ℒ m(μ+μ−) − m(μ+μ−)

J/ψ

(33.57 ± 0.23) × 103

Signal isolation

• Expect resonant production in SPS with, on average, harder 
-pair  spectrum than DPS: bin in  or apply cut 

• Subtract DPS contribution using high -pair  region

J/ψ pT pT

m(J/ψ )
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arXiv:2006.16957

-pair  distributionm(J/ψ )

• Constrain  masses to nominal, and to come from PV 
• Observe broad structure between  and  
• Narrower component at  
• Inconsistent with NRSPS+DPS at more than 

J/ψ
6.2 6.8 GeV/c2

6.9 GeV/c2

5σ
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arXiv:2006.16957

Interpretation

•  state at  and either: 
• one more (interfering with NRSPS), or 
• two more, near threshold 

• Feed-down may contribute; unlikely for narrow state 
• Near-threshold rescattering could be important

Tcc̄cc̄ 6.9 GeV/c2

Interference	with	SPS Two	BW	near	threshold
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arXiv:2006.16957

Interpretation

• No interference: 

• Main systematic: : threshold structure shape 

• With interference: 

• Main systematic: :  treatment; -only: possible 
 peak

M, Γ

M, Γ pT M
7.2 GeV/c2

M = (6905 ± 11 ± 7) MeV/c2

Γ = (80 ± 19 ± 33) MeV/c2

M = (6886 ± 11 ± 11) MeV/c2

Γ = (168 ± 33 ± 69) MeV/c2

• Structures consistent with predicted  states 
• More data needed to gain further insight

Tcc̄cc̄



Studies of 
 and B → D(*)D(*)K*

Λ0
b → ηc(1S)pK

arXiv:2005.10264 (9 fb ):’11-’18

arXiv:2007.04280 (4.7 fb ):’11-’16

arXiv:2007.11292 (5.5 fb ):’16-’18

−1

−1

−1

20
1fb-1 + 2 fb-1 + 6  fb-1
7 TeV 8 TeV 13 TeV

Unknown knowns
Charles Bridge



• Charmonia in  
• Standard  in  

Manifestly exotic channels e.g.  …

m([c][c̄])
DsJ m(D0K+)

m(D*+D0), m(D+K−)
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A new laboratory for exotic spectroscopy

[b] → [c][c̄]X

(cd̄ūs)

Huge family of decay modes accessible!
B+ → D0D0K+

B+ → D+
s D−

s K+

Λ0
b → Λ+

c D0K−

B+ → D+D−K+ B0 → D0D−K+

(cc̄ūd)

B0 → D0D0K−π+
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Raw Background subtracted

Limited scope & statistics; 50% irreducible background

• First steps by the B-factories: 
• Belle (2008) B+ → D0D0K+

Experimental context

• BaBar (2015)  and B+ → D0D0K+ B0 → D0D−K+

arXiv:0707.3491

arXiv:1412.6751
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• Most comprehensive prior study by BaBar 
• New publications by LHCb 

• 1) 

First step: Branching-fraction measurements
arXiv:1011.3929

B+ → D*+D−K+ B+ → D*−D+K+ B0 → D*−D0K+

B+ → D0D0K+ B+ → D0D0K+ B0 → D0D−K+

• Efficient hadron trigger, low-  reconstruction, effective 
particle ID, multivariate topological/kinematic selection 

• Engage  and 

pT

D0 → K−π+, K−π+π+π− D+ → K−π+π+

• High statistics; extremely pure samples

arXiv:2005.10264

9	P-1

Signal

NormalisaRon
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• Most comprehensive prior study by BaBar 
• New publications by LHCb 

• 2) 

First step: Branching-fraction measurements
arXiv:1011.3929

B0 → D0D0K+π−

B0 → D0D−K+

• Efficient hadron trigger, low-  reconstruction, effective 
particle ID, multivariate topological/kinematic selection 

• Engage  and 

pT

D0 → K−π+, K−π+π+π− D+ → K−π+π+

• Amplitude analysis to follow

arXiv:2007.04280

4.7	P-1

Signal

NormalisaRon



25

• Several pentaquarks seen in  
• Additional sensitivity using  

• Relative rate of existing pentaquarks to  
and  depends on structure 

• Prediction for new  molecular contribution:

Λ0
b → J/ψpK−

Λ0
b → ηc(1S)pK−

J/ψp
ηc(1S)p

DΣc

New pentaquark search
arXiv:2007.11292

m(ηc(1S)p) = 4.27 GeV/c2

5.5	P-1

SimulaRon

arXiv:1711.01710
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• Particle ID to suppress  misID 
• Multivariate selection to suppress combinatorial background, 

maximising Punzi FoM 
• Veto  signal in  pair 
• Signal weights obtained from invariant-mass fit:

K → p

J/ψ → pp pΛ0
b
pηc(1S)

arXiv:2007.11292

New pentaquark search

• First observation:  component at Λ0
b → ηc(1S)pK− 7.7σ

5.5	P-1
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• Weights used to focus on  in :Λ0
b → ηc(1S)pK− ηc(1S)p

arXiv:2007.11292

New pentaquark search

• No significant pentaquark contributions with this 
statistically limited sample

5.5	P-1

Signal Contro
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Conclusion & prospects

• Wide range of searches for standard and exotic 
states achieved with the versatile LHCb detector

• Many more to come (multi-open-charm final 
states in B decays, new prompt searches) 

• First-fruits of a rich harvest already at hand

• Full exploitation of Run 2 data underway, as we 
approach LHC Run 3 in a few months’ time

see also talks by Yixiong, Wojciech, Viacheslav, Andrii, Zhiyu, Raul

https://indico.cern.ch/event/868940/contributions/3815639/
mailto:https://indico.cern.ch/event/868940/contributions/3815590/
https://indico.cern.ch/event/868940/contributions/3814516/
https://indico.cern.ch/event/868940/contributions/3814482/
https://indico.cern.ch/event/868940/contributions/3814192/
https://indico.cern.ch/event/868940/contributions/3814180/
https://indico.cern.ch/event/868940/contributions/3815639/
mailto:https://indico.cern.ch/event/868940/contributions/3815590/
https://indico.cern.ch/event/868940/contributions/3814516/
https://indico.cern.ch/event/868940/contributions/3814482/
https://indico.cern.ch/event/868940/contributions/3814192/
https://indico.cern.ch/event/868940/contributions/3814180/

