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Intro: charmonium spectroscopy

• Well described by potential models
• More precise studies from lattice QCD

* see talk by Zhiyu Xiang for LHCb results on conventional quarkonia

Rev. Mod. Phys. 90, 15003 (2018)
Godfrey-Isgur model: PRD 32 (1985) 189 

https://indico.cern.ch/event/868940/contributions/3814192/
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Intro: exotic hadron spectroscopy
• Exotic hadron candidates in charmonium region:

experimentally observed states that don’t fit into charmonium picture

=>more than 20 charmonium-like
states observed

* for more results on exotic states 
see talk by Daniel Johnson

Possible interpretations
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FIG. 65 The current status of the charmonium-like spectrum. The dashed (red) horizontal lines indicate the expected states and their
masses based on recent calculations (39) based on the Godfrey-Isgur relativized potential model (40), supplemented by the calculations
in ref. (332) for high radial excitations of the P-wave states. The solid (black) horizontal lines indicate the experimentally established
charmonium states, with masses and spin-parity (JPC) quantum number assignments taken from ref. (9), and labeled by their spectroscopic
assignment. The open-flavor decay channel thresholds are shown with longer solid (brown) horizontal lines. The candidates for exotic
charmonium-like states are also shown with shorter solid (blue or magenta) horizontal lines with labels reflecting their most commonly
used names. All states are organized according to their quantum numbers given on horizontal axis. The last column includes states with
unknown quantum numbers, the two pentaquark candidates and the lightest charmonium 2�� state. The lines connecting the known
states indicate known photon or hadron transitions between them: dashed-green are � transitions; (thick E1, thin M1), solid-magenta are
⇡; thin (thick) dashed-blue are ⌘ (�); dashed-red are p; dotted-blue are ⇢

0 or !; and solid-blue other ⇡⇡ transitions, respectively.

lar states are expected to be near the masses of their
constituent hadrons and have appropriate S-wave J

PC

quantum numbers. This is the case for the Zb(10610)
and the Zb(10650), which are within a few MeV of the
BB̄

⇤ and B
⇤
B̄

⇤ thresholds, respectively, and applies rea-
sonably well to the Zc(3900) and Zc(4020), which are
' 10 MeV above the DD̄

⇤ and D
⇤
D̄

⇤ thresholds, re-
spectively. However, the interpretation of these states
as molecules is controversial. Peaks at masses that are
slightly above threshold are dangerously similar to expec-
tations for kinematically induced cusps (146; 147; 148)
(see Fig. 8b and related text). Anomalous triangle singu-
larities are another mechanism that can produce above-

threshold peaks that are not related to a physical res-
onance (372). Moreover, unlike the X(3872), no evi-
dence for these states have been found in lattice QCD
calculations (373; 374; 375; 376). On the other hand,
detailed studies of the BESIII’s Zc(3900) ! J/ ⇡ and
DD̄

⇤ signals (149) and Belle’s corresponding Zb sig-
nals (157; 377; 378) show that the observed peaks can
be identified as virtual states with associated poles in
the complex scattering t-matrices.

The J
P = 1+ Z(4430) (now with a mass near

4478 MeV) has been proposed as a radial excitation of the
Zc(3900), comprised of a molecule-like DD̄

⇤(2S) configu-
ration (379; 380), where the D

⇤(2S) is the radial excita-

Rev. Mod. Phys. 90, 15003 (2018)

https://indico.cern.ch/event/868940/contributions/3814189/
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!"#(%&'() or former X(3872) 
• Firstly observed in */,-- spectrum by Belle in 2003  

PRL 91, 262001

• Followed by measurements at BaBar, CDF, and LHC experiments
=> exotic hadron candidate

• Very narrow (unlikely to many other exotic states)
=> disfavors charmonium interpretation

• Close to ..∗ threshold

=> possible interpretation: weakly bound state - hadron molecule
* other models: compact tetraquark, mixed state, ccg hybrid, etc.

• Nature of !"#(%&'() to be understood

https://arxiv.org/pdf/hep-ex/0309032.pdf
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LHCb contribution: spectroscopy and decays
• !"# = %&& established by LHCb [PRL 110, 222001]  [PRD 92, 011102] 

• Precise line-shape measurement (new) arXiv:2005.13419
* for more details see talk by Daniel Johnson

• Measurements/searches of '(% )*+, decays.
Particularly, evidence of - )*+, → /(,1)3 decay Nucl.Phys. B886, 665-680

• Study/discoveries of b-hadron decays to '(% )*+,
* for recent results on b-hadron decays to charmonia see talk by Peilian Li

à rejects pure molecular model 

The last alternative - 456 = 28&
rejected at 8.4σ level

https://inspirehep.net/literature/1221245
https://inspirehep.net/literature/1364718
https://arxiv.org/abs/2005.13419
https://indico.cern.ch/event/868940/contributions/3814189/
https://inspirehep.net/literature/1288066
https://indico.cern.ch/event/868940/contributions/3815586/
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!"#(%&'() prompt production
• First prompt production measurement in pp at LHCb EPJC 72, 1972

at * = ' ,-.

=> Differential production cross-section to be measured 

• Recent prompt production measurement by ATLAS JHEP 01 (2017) 117

=> Prediction: !"#(%&'() modelled  as a mixture of !"#((/) and DD* molecule 
arXiv:1304.6710 

https://inspirehep.net/literature/1082706
https://link.springer.com/content/pdf/10.1007/JHEP01(2017)117.pdf
https://arxiv.org/pdf/1304.6710.pdf
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!"#(%&'() production in-medium
• Nature of !"#(%&'() can be studied by exploring in-medium effects:

• Dependence on event multiplicity in pp collisions (this talk)
• Nuclear modification factors in heavy-ion or pA collisions

• Promptly produced quark pairs can dissociate due to interactions with surrounding 
medium
* for heavy-ion results see talks by Guilia Manca and Jiayin Sun

• In-medium effects expected to be enhanced if !"#(%&'() has large radius compared 
to charmonium system
*weakly bound molecular state is expected to have radius about 7fm

=> powerful test when comparing the effects wrt to ones observed for charmonium states, 
e.g. *((+)

https://indico.cern.ch/event/868940/contributions/3814483/
https://indico.cern.ch/event/868940/contributions/3814481/


Measurement of  !"#(%&'() production in pp 
with particle multiplicity

LHCb-CONF-2019-005

https://inspirehep.net/files/031883d2c67d812d5d4ae8e16d691ea0


LHCb detector
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• Single-arm spectrometer designed for beauty and charm physics in forward region
• Large heavy quarks production cross-section compared to B-factories

• No prompt production at B-factories
! "" → $%$& ~(. * +,
! "" → ,-,& ~.. / +,

at 0 = 13 TeV 

IJMPA 30, 1530022
JINST 3, S08005
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• Precise vertex reconstruction with VELO
• Powerful charged hadrons ID by RICH detectors

RICH detectors:
!/#/$ ID

Muon system

VErtex LOcator:
Primary and secondary 
vertex reconstruction

Calorimeters:
e/%/$& ID

Tracking system

• Single-arm spectrometer designed for beauty and charm physics in forward region
• Large heavy quarks production cross-section compare to B-factories

Resolution:
Impact parameter : '() = +& ,-
Lifetime                  : '. = /0 12

3 − 5 separation:
6#→#~90%
6$→#~0%

6,→,~9;%
6$→,~< − =%

LHCb detector IJMPA 30, 1530022
JINST 3, S08005
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• Coverage complementary to ALICE, ATLAS and CMS in !" and #
• Comparable b-quark production cross-section in much smaller solid angle
• Large trigger bandwidth for b-physics
• Limited instantaneous luminosity

2 < η < 5

IJMPA 30, 1530022
JINST 3, S08005

LHCb detector
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Data analysis
• Data sample: 2.0 $%&' collected at ( = 8 +,-
• Signal channel: ./0 1234 → ( ⁄8 9 → ::)(< → ==)
• 9 4> → ( ⁄8 9 → ::)== used as normalization

• Data selection: 
⁄8 9 → :: candidates are combined with two pions identified by RICH

• Kinematic refit constraints
• ?(::) mass to ⁄8 9 mass from PDG
• to have same origin vertex for all four tracks

9 4>

./0 1234

LHCb-CONF-2019-005

https://inspirehep.net/files/031883d2c67d812d5d4ae8e16d691ea0
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Prompt and b-decays components
PV ! ̅!

z
⁄$ %&&

'()*+,'-.
b-hadron

• Separated using pseudo-proper lifetime /0

• Simultaneous fit to invariant mass and /0 performed

• Ratio of 123 4567 / % 78 extracted in bins of 9:;+*<=.>?@ -
proxy to event multiplicity
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Prompt production fraction
• Defined as  !"#$%"& =

("#$%"&
("#$%"& ) (*+,-./01

- studied in bins of 23456789:;<

• Obvious decreasing trend for both =.> ?@AB and C BD
=> b-production events has naturally larger multiplicity than prompt
=> prompt production can be affected by in-medium effects 

(unlikely to affect production in b-decays)

LHCb-CONF-2019-005

https://inspirehep.net/files/031883d2c67d812d5d4ae8e16d691ea0
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Relative production cross-section
• Obtained as

Prompt: stronger suppression of !"# $%&' relative to ( ') at high multiplicity
=> expected if !"# $%&' is weakly bound state (system with large radius)
* the slope is found to be 2.6σ different from zero

b-decays: no strong dependence on event multiplicity
=> consistent with ATLAS measurement JHEP 01 (2017) 117

LHCb-CONF-2019-005

- systematics dominated, 
correlated between the bins

- would benefit from differential 
prompt production measurement

https://link.springer.com/content/pdf/10.1007/JHEP01(2017)117.pdf
https://inspirehep.net/files/031883d2c67d812d5d4ae8e16d691ea0
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Theory interpretation (new)
arXiv:2006.15044

• Molecule dissociates immediately: sharp dependence predicted
• Tetraquark interpretation fits better to data points
• Detector effects to be understood

https://arxiv.org/pdf/2006.15044.pdf
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Towards production measurement in pPb and Pbp

• Clear signal from !"# $%&' :

• Analysis ongoing

• Complementary to other LHC measurements

LHCB-FIGURE-2019-019
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Summary
• The nature of !"#(%&'() is important for understanding and testing QCD

• A rich program is devoted at LHCb to study its spectroscopy, production and 
decays

• The measurement of the !"#(%&'() production in pp with particle multiplicity 
has been performed

• The results show that prompt !"#(%&'() production is more suppressed than 
* (+ at high event multiplicities
=> helps to understand the nature of  !"#(%&'()
=> suggests that !"#(%&'() is more weakly bound than * (+

• More production measurements to come:  
• ,-.(3872) production in pPb
• updated ,-.(3872) production in pp
• …

Stay tuned
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