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§ 62 new hadrons at LHC, where 18 are exotic 
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§ The dynamics and structure 
still unclear

§ Experimental investigations 
provide more information
§ Lineshape, spin-parity
§ Decay schemes & properties
§ Production
§ …

§ More new states continue 
bringing surprises

https://www.nikhef.nl/~pkoppenb/particles.html

https://www.nikhef.nl/~pkoppenb/particles.html


§ Doubly charmed tetraquark 𝑇!!" [arXiv:2109.01056, arXiv:2109.01038]

§ 𝜒!#(3872) production in 𝑝𝑝 collisions [arXiv:2109.07360]

§ 𝜔 contribution in 𝜒!# 3872 → 𝜋"𝜋$𝐽/𝜓 [LHCb-PAPER-2021-045, in preparation]

§ Study of 𝐵" → 𝐽/𝜓𝜂𝐾" [LHCb-PAPER-2021-047, in preparation]
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http://arxiv.org/abs/2109.01056
http://arxiv.org/abs/2109.01038
http://arxiv.org/abs/2109.07360


§ Single-arm forward spectrometer, dedicated for heavy flavour studies
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JINST 3 (2008) S08005, Int.J.Mod.Phys. A30 (2015) 1530022
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2 < 𝜂 < 5 range: ~25% 𝑏(𝑏 pairs in 
LHCb acceptance

§ Excellent vertex, IP and decay-time resolution

§ Good momentum resolution

§ Powerful hadron and muon identification 

Ideal place for hadron spectroscopy studies

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227


Doubly charmed tetraquark 𝑇!!"
arXiv:2109.01056
arXiv:2109.01038

http://arxiv.org/abs/2109.01056
http://arxiv.org/abs/2109.01038
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§ Significant peak in the 𝐷%𝐷%𝜋" mass
§ Slightly below 𝐷∗"𝐷# threshold

§ Two alternative lineshapes to model the
peak
§ 2-body P-wave relativistic BW (𝒜!")

§ Existence of 𝑇$$" : 22𝜎
§ Unitarized 3-body RBW (𝒜#)

§ Detailed investigation on the properties of 𝑇$$"

§ 9fb$%@7, 8, 13 TeV

Below 𝐷∗"𝐷# threshold

Fit results for unitarized 3-body RBW model

𝑁!"# = 186 ± 24

Motivated by the observation of hadrons containing at least
two charm quarks: Ξ&&'' [𝑐𝑐𝑢], 𝑋(6900)[𝑐𝑐 ̅𝑐 ̅𝑐]

𝑇$$"
§ 𝐷∗"𝐷#

§ 𝐷"𝐷∗#

§ 𝐷#𝐷#𝜋"

§ 𝐷#𝐷"𝜋#

§ 𝐷#𝐷"𝛾

δ𝑚 [keV/c%] Γ [keV/c%]
𝒜&' −273 ± 61 ± 5()*")) 410 ± 165 ± 43(+,"),

𝒜- −361 ± 40(,". 47.8 ± 1.9

𝛿𝑚 = 𝑚/!!" − (𝑚0∗" +𝑚0$)

arXiv:2109.01056, arXiv:2109.01038

http://arxiv.org/abs/2109.01056
http://arxiv.org/abs/2109.01038
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§𝑚H)I* : Unitarized model well
describes data
-> True 𝑫∗' contribution

𝑇&&' → 𝐷)𝐷∗' → 𝐷)𝐷)𝜋' 𝑇&&' → 𝐷𝐷∗ → 𝐷'𝐷)𝜋/𝛾

§ Partially reconstructed 𝑇&&' → 𝐷)𝐷∗' results in
𝐷)𝐷) and 𝐷'𝐷) masses

arXiv:2109.01056, arXiv:2109.01038

http://arxiv.org/abs/2109.01056
http://arxiv.org/abs/2109.01038


8

§ Consistent with isospin singlet
§ No hint for isospin partners: 𝑇&&) 𝑐𝑐@𝑢@𝑢 → 𝐷)𝐷)𝜋/𝛾; 𝑇&&'' 𝑐𝑐𝑑̅𝑑̅ → 𝐷'𝐷'𝜋/𝛾 and 𝐷'𝐷)𝜋'

[see backup]

§ Pole:

§ Consistent with the peak position and FWHM 

§ Scattering length:

§ Attractive force

arXiv:2109.01056, arXiv:2109.01038

http://arxiv.org/abs/2109.01056
http://arxiv.org/abs/2109.01038


𝝌𝒄𝟏(𝟑𝟖𝟕𝟐) production in 𝒑𝒑 collisions
arXiv:2109.07360

http://arxiv.org/abs/2109.07360


§ Cross-section dependence on kinematics can be a probe for 𝜒!#(3872) nature

§ 𝜎J+,(KLMN)/𝜎O(NP) dependence on (𝑝Q, 𝜂) measured by CMS and ATLAS

§ 𝐷)B𝐷∗) molecule explanation of 𝜒&%(3872) unsupported [Phys. Rev. D81 (2010) 114018]

§ Consistent with 𝐷)B𝐷∗) + 𝜒&%(2𝑃) mixture model [Phys. Rev. D96 (2017) 074014]

§ LHCb can perform 𝜎J+,(KLMN)/𝜎O(NP) measurement in the forward region
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JHEP 04 (2013) 154,  JHEP 01 (2017) 117

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.114018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.074014
https://doi.org/10.1007/JHEP04(2013)154
https://link.springer.com/article/10.1007%2FJHEP01%282017%29117


𝝈𝝌𝒄𝟏(𝟑𝟖𝟕𝟐)/𝝈𝝍(𝟐𝑺)

§ 𝑅 measured in 𝑝Q and 𝜂 bins
§ From PV (prompt): 𝑅 increases with 𝑝*, 

similar to 𝜎+(-.)/𝜎0/+
[JHEP 02 (2012) 011, Eur. Phys. J. C72 (2012) 2100, Eur. Phys. J. C39 (2005) 163]

§ From 𝑏-decay (nonprompt): no dependence 
on 𝑝*

§ Prompt 𝑅#K RST/𝑅L RST ≈ 1 for all 𝑝Q
§ 𝑅 independent of collision energy and 𝑝*
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arXiv:2109.07360
§ 2.0 fb$%@8 TeV , 2012
§ 5.4 fb$%@13 TeV, Run2

𝜂 dependence
integrated out

𝐽/𝜓 → 𝜇"𝜇(

https://link.springer.com/article/10.1007%2FJHEP02%282012%29011
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-012-2100-4
https://link.springer.com/article/10.1140%2Fepjc%2Fs2004-02090-1
http://arxiv.org/abs/2109.07360


§ In 𝑝Q > 10 GeV/𝑐 region, consistent with
NLO NRQCD calculations for the 𝐷%@𝐷∗% +
𝜒!#(2𝑃) model 
[Phys. Rev. D96 (2017) 074014]
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𝝌𝒄𝟏(𝟑𝟖𝟕𝟐) cross section arXiv:2109.07360

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.074014
http://arxiv.org/abs/2109.07360


𝝎 contribution in 𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 → 𝝅"𝝅%𝑱/𝝍
LHCb-PAPER-2021-045, in preparation



§ 𝜒!# 3872 → 𝜌%𝐽/𝜓
§ Isospin violating

§ 𝜒&% 3872 is mostly isospin singlet  (non-observation of its charge partners)
§ An important probe of 𝜒&% 3872 nature

§ Isospin violating decays of charmonia highly suppressed

§ 𝜒!# 3872 → 𝜔𝐽/𝜓
§ Isospin conserving
§ Normalisation for 𝜒)* 3872 → 𝜌+𝐽/𝜓 branching fraction
§ ~2% contribution to 𝜋,𝜋-𝐽/𝜓 if no 𝜌+ −𝜔 interference

§ Could be largely enhanced if 𝜌# − 𝜔 interference exists

§ Detailed investigation of 𝜋"𝜋$ mass spectrum
§ Quantifying the 𝜌) and 𝜔 contributions and interference
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Performed by CDF and Belle, but no 
conclusive results due to low statistics

Phys. Rev. Lett. 96 (2006) 102002
Phys. Rev. D 84 (2011) 052004 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.102002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.052004


§ Decay: 𝐵" → 𝐾"𝜒!# 3872 , 𝜒!# 3872 → 𝜋"𝜋$𝐽/𝜓, 𝐽/𝜓 → 𝜇"𝜇$
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preliminary

𝑁2!" = 6788 ± 117 § 𝜋"𝜋$ mass distribution
§ Determined from 𝜒$)(3872) mass fits in 𝜋"𝜋( mass slices
§ Cannot be well modelled by BW lineshapes

§ 𝜌# BW only ✘
§ 𝜌# BW + 𝜔 BW ✘

LHCb preliminaryLHCb preliminary

LHCb-PAPER-2021-045, in preparation§ 9fb$%@7, 8, 13 TeV



§ Existence of 𝜔 contribution: 7.1𝜎 (syst. considered)

§ Most significant to date

§ Fit fraction:
§ 𝑅3) ≡

4 ), 6$%
4 6&%, 6$%

: 0.019 ± 0.004 ± 0.003

§ 𝑅3788 = 1 − 𝑅9): 0.214 ± 0.023 ± 0.020
§ 𝜔 contribution and 𝜌 − 𝜔 interference

§ 𝑅3) /𝑅9): 0.025 ± 0.006 ± 0.005
16

LHCb preliminary

Large	𝜌 − 𝜔 interference

LHCb-PAPER-2021-045, in preparation

𝑔 couplings derived
based on PDG

ℳNI~𝛼NI H𝑇NI,NI + 𝛼KI H𝑇NI,KI

Γ 𝛼-:, 𝛼;: = ∫ ℳ -𝑑Φ

H𝑇NI,NI ≈ 𝜌 BW

𝑅1# =
Γ 𝛼%2, 0
Γ 𝛼%2, 𝛼+2

Acknowledgement to the JPAC collaboration



§ Extract the couplings
𝑔J+, KLMN →u)v/O
𝑔J+, KLMN →wv/O

= 0.29 ± 0.04

§ An order of magnitude larger than that of 𝑐 ̅𝑐 states
§ Indicate the large isospin violation of 𝜒&%(3872) decay

§ 𝜒)*(3872) is not likely an ordinary charmonium state

§ Other interpretations for the large isospin violation
§ Contain a significant 𝐷6𝐷∗ molecule?

[Phys. Rev. D 72 (2005) 114013, Phys. Rev. D 86 (2012) 074022, PTEP 2014 (2014) 123D01, etc]

§ Compact tetraquark?
[Prog. Theor. Phys. 118 (2007) 821, Phys. Lett. B 778 (2018) 247, Phys. Rev. D 102 (2020) 034017]
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𝑔3 %4 →2$6/3

𝑔3 %4 →86/3
= 0.045 ± 0.001

(Derived based on PDG)

LHCb-PAPER-2021-045, in preparation

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.114013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.074022
https://academic.oup.com/ptep/article/2015/7/079203/1564283
https://academic.oup.com/ptp/article/118/4/821/1817393
https://www.sciencedirect.com/science/article/pii/S0370269318300479?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.034017


Study of 𝑩" → 𝑱/𝝍𝜼𝑲"

LHCb-PAPER-2021-047, in preparation



§ 𝑋yz : C-odd partner of 𝜒!#(3872)
§ Predicted by many theoretical works

[JPS Conf. Proc. 13 (2017) 020023, EPJ Web Conf. 137 (2017) 06002, …]

§ Searched for by Belle and BarBar

§ Other charmonium-(like) states
§ 𝜓-(3823), 𝜓 4040 , etc
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Phys. Rev. Lett. 93 (2004) 041801
PTEP 2014 (2014) 043C01

BarBar

Belle

https://journals.jps.jp/doi/10.7566/JPSCP.13.020023
https://www.epj-conferences.org/articles/epjconf/abs/2017/06/epjconf_conf2017_06002/epjconf_conf2017_06002.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.041801
https://academic.oup.com/ptep/article/2014/4/043C01/2949452


§ Full LHCb data, ℒ = 9 fb$#

§ 𝐵" → 𝐽/𝜓𝜂𝐾", 𝐽/𝜓 → 𝜇"𝜇$, 𝜂 → 𝛾𝛾
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LHCb preliminary

𝑁9": 5.39 ± 0.16 ×10+

LHCb-PAPER-2021-047, in preparation

LHCb preliminary

Clear signature of 𝜓 2𝑆 → 𝐽/𝜓𝜂



§ Evidence for 𝜓N(3823) [3.4𝜎] and 𝜓 4040 [4.7𝜎]
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§ Upper limit for other states

An order of magnitude improvement

First evidence: 𝐹3%(+,%+) = 5.95 ± 3.38 ×10(%

𝐹3 *#*# = 40.6 ± 11.2 ×10(%

LHCb-PAPER-2021-047, in preparation



§ Topics	in	this	talk:
§ Doubly charmed tetraquark 𝑇&&' :	isospin	singlet?	
§ 𝜒&% 3872

§ 𝜔 contribution in 𝐽/𝜓𝜋"𝜋(: large isospin violating coupling indicates it is inconsistent with conventional 
charmonium?     

§ 𝜎<!&(+,=%) dependence on (𝑝/ , 𝜂) shows it is consistent with 𝐷#�𝐷∗# + 𝜒$)(2𝑃) model 
§ Searching for its C-odd partner in 𝐵" → 𝐽/𝜓𝜂𝐾" decays

§ LHCb	upgrades:
§ 7× data	by	2030
§ Opportunity	for	new	exotic	states

§ e.g.	triply	charmed	(bottom)	hadron	(Σ$𝐷, 𝐽/𝜓𝐷,…)
§ Precision	investigation	of	properties
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arXiv:1808.08865 

Thank you for your attention!

https://arxiv.org/pdf/1808.08865.pdf




Backup for 𝑻𝒄𝒄"



𝐷,𝐷, and 𝐷,𝐷-𝜋,masses
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§ No hint for 𝑇!!"" 𝑐𝑐𝑑̅𝑑̅ → 𝐷"𝐷"𝜋%/𝛾 and 𝐷"𝐷%𝜋"

arXiv:2109.01056, arXiv:2109.01038

http://arxiv.org/abs/2109.01056
http://arxiv.org/abs/2109.01038


Backup for 𝝌𝒄𝟏(𝟑𝟖𝟕𝟐) production



§ Reconstruction: 𝜒!# 3872 , 𝜓 2𝑆 → 𝜋"𝜋$𝐽/𝜓(→ 𝜇"𝜇$)

§ Differential cross section ratio in different regions of  (𝑝Q, 𝜂)
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§ Signal yields determined from fits in each (𝑝Q, 𝜂) region
§ Efficiencies determined from MC

(See next slides)

arXiv:2109.07360

http://arxiv.org/abs/2109.07360


§ Pseudo decay time to separate prompt and non-prompt contributions
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arXiv:2109.07360

http://arxiv.org/abs/2109.07360


Backup for 𝝎 contribution in 𝝌𝒄𝟏(𝟑𝟖𝟕𝟐)
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LHCb-PAPER-2021-045, in preparation

Phys. Rev. Lett. 122 (2019) 232002
arXiv:hep-ex/0505037
Phys. Rev. D82 (2010) 011101

ℬ 𝜔 → 𝜋"𝜋$ = (1.53 ± 0.12)%

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.232002
https://arxiv.org/abs/hep-ex/0505037
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.011101
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LHCb-PAPER-2021-045, in preparation

𝜌# BW 

𝜌# BW + 𝜔 BW 
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LHCb-PAPER-2021-045, in preparation

p𝐴-:~𝛼-: s𝑇-:,-: + 𝛼;: s𝑇-:,;:
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LHCb-PAPER-2021-045, in preparation

𝑅39)< = 𝑅3)</𝑅9)<, where the contributions above the 
mass limit are also included
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LHCb-PAPER-2021-047, in preparation


