
Heavy flavor spectroscopy studies at CMS

Kai Yi (Nanjing Normal University)

On behalf of the CMS Collaboration

June 3, 2024



Excellent	detector	for	B physics, especially for studies with muons

• Muon	system

– High-purity	muon	ID,		Dm/m~0.6%	for	J/ψ

• Silicon	Tracking	detector,		B=3.8T

– DpT/pT~1% &	excellent	vertex		resolution

• Special	triggers	for	different	analyses at	increasing	Inst.	Lumi.

– 𝜇 pT, (𝜇𝜇) pT,  (𝜇𝜇) mass, (𝜇𝜇) vertex, and additional 𝜇

CMS dimuon & trigger
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• X(3872) studies
– Measurement of X(3872) to                 (2013)

– Observation of                             (2020)

– Evidence of X(3872) in PbPb collisions (2022)

• Observations of new exotic hadrons
– Observation of X(4140) in          from                           (2014)

– Observation of new structure in                                         (2023)

• Observations of new decay channels (after 2022 only)
– Observation of                                     (2022)

– Observation of                               (2024) 

– Observation of                          (2024)

Heavy flavor spectroscopy studies at CMS
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X(3872) in heavy-ion collisions
• Coalescence with particles in QGP ➜ Enhance X(3872)

• Breakup by co-moving particles ➜ Suppress X(3872)
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X(3872) inner structure:

Compact, molecule

affects production in HI
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X(3872) in heavy-ion collisions

• First evidence of X(3872) production in HI 
• Statistical significance ~ 4.2 σ
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CMS 2010



X(3872) in heavy-ion collisions
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CMS
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 (PbPb 5.02 TeV)-11.7 nb

• X(3872) to ψ(2S) ratio
ρPbPb = 1.08 ± 0.49 (stat.) ± 0.52 (syst.)

• Indication of ρ enhancement in PbPb
w.r.t to pp

• Better precision needed to draw 
conclusion

X(3872)/ψ(2S) Ratio in PbPb

PRL 128 (2022) 032001

http://dx.doi.org/10.1103/PhysRevLett.128.032001


X(3872) in heavy-ion collisions
• Breakup by co-moving particles ➜ Suppress X(3872)
• Coalescence with particles in QGP ➜ Enhance X(3872)
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ρPbPb = 1.08 ± 0.49 (stat.) ± 0.52 (syst.)

Molecule indication?  Still debatable 



• X(3872) studies
– Measurement of X(3872) to                 (2013)

– Observation of                             (2020)

– Evidence of X(3872) in PbPb collisions (2022)

• Observations of new exotic hadrons
– Observation of X(4140) in          from                           (2014)

– Observation of new structure in                                         (2023)

• Observations of new decay channels (after 2022 only)
– Observation of                                     (2022)

– Observation of                               (2024) 

– Observation of                          (2024)

Heavy flavor spectroscopy studies at CMS

8Kai Yi              June 3, 2024, LHCP



New domain of exotics: all-heavy tetra-quarks
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• Inspired by 1980 R curve, first calculation of 4c states (1981): 
K.-T. Chao, Z. Phys. C 7 (1981) 317

R measurement 
(SLAC-LBL collaboration,1980)

STCF interested?• First mention of 4c states at 6.2 GeV (1975):  
Y. Iwasaki, Prog. of Theo. Phys. Vol. 54, No. 2

C=−



J/ψJ/ψ blind mass window for 13 TeV
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1 2 3
[6.3,6.6] [6.8,7.1] [7.2,7.8] GeV

Designed 3 signal regions based on Run I hints

LHCb first got X(6900) out of the door!  Congrats !

CMS merged 3 regions into one: [6.2, 7.8] GeV after LHCb’s X(6900)

Broad

Sci.Bull.65 (2020) 23

https://doi.org/10.1016/j.scib.2020.08.032


J/ψJ/ψ candidates at 13 TeV
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• ~15000 J/𝝍 pairs after
(m(J/𝝍 J/𝝍) <15 GeV)

• ~9000 J/𝝍 pairs 
(m(J/𝝍 J/𝝍) <9 GeV)

PRL 132 (2024), 111901
J/𝝍

High pT

Large high pT clean J/𝝍 pairs 



CMS background (SPS + DPS + BW0) 
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• Most significant structure is a BW at threshold, BW0--what is its meaning? 
• Treat BW0 as part of background due to:

• BW0 parameters very sensitive to SPS and DPS model assumptions
• A region populated by feed-down from possible higher mass states
• Possible coupled-channel interactions, pomeron exchange processes…

• SPS+DPS+BW0 as our background 

Kai Yi              June 3, 2024, LHCP

CMS background (SPS + DPS + BW0) 

𝜒! 𝑝𝑟𝑜𝑏 = 79%

[6.2,15] GeV



CMS J/ψJ/ψ model: 3 BWs + Background

13

𝜒! Prob. = 1%

[6.2,7.8] GeV

BW1 BW2

BW3

BW1 (MeV) BW2 (MeV) BW3 (MeV)
m 6552 ± 10± 12 6927± 9± 4 7287 +20

-18± 5

Γ 124 +32
-26± 33 122 +24

-21± 18 95 +59
-40± 19

N 470 +120
-110 492 +78

-73 156 +64
-51

𝜎(stat.) 6.5 9.4 4.1

𝜎(stat. + syst.) 5.7 9.4 4.1

Observation Confirmation of 
X(6900) from LHCb

Evidence

Statistical significance based on:
2 ln(L0/Lmax) 

Kai Yi              June 3, 2024, LHCP

PRL 132 (2024), 111901



The dips

14Kai Yi              June 3, 2024, LHCP

Ø Possibility #1:
• Interference among structures?

Ø Possibility #2:
• Multiple fine structures to reproduce 

the dips?
• Mentioned in paper/PAS

• More secrets to dig out
• We explored possibility #1 in detail

PRL 132 (2024), 111901



CMS J/ψJ/ψ interference fit
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• Fit with interf. among BW1, BW2, and BW3 describes data well

• Measured mass and width in the interference fit 

7.9𝜎
9.8𝜎

4.7𝜎

X(6600)  X(6900)  X(7100)

PRL 132 (2024), 111901



Comparison with theoretical calculations
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Nucl. Phys. B 966 (2021) 
115393

M[BW1] = 6638!"#!"$%&"%$' MeV

M[BW2] = 6847!(#!()%&&%&# MeV

M[BW3] = 7134!(*!$*%&#%&$ MeV

• Radial excited states? 
• measure JPC to clarify

S-wave

Ground states
Missing n=1

• PRD 109, 054034 (2024) 
new theoretical result

• More explanations?



• X(3872) studies
– Measurement of X(3872) to                 (2013)

– Observation of                             (2020)

– Evidence of X(3872) in PbPb collisions (2022)

• Observations of new exotic hadrons
– Observation of X(4140) in          from                           (2014)

– Observation of new structure in                                         (2023)

• Observations of new decay channels (after 2022 only)
– Observation of                                     (2022)

– Observation of                               (2024) 

– Observation of                          (2024)

Heavy flavor spectroscopy studies at CMS
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Observation of Λ𝑏 → 𝐽/ψ Ξ−𝐾+
• Multi-body decays of b-hadrons may proceed through exotic 

intermediate resonances
– E. g. pentaquark 𝐽/ψ 𝑝 structure in Λ𝑏 → 𝐽/ψ 𝑝 𝐾− observed by LHCb
– Λ𝑏 → 𝐽/ψ Ξ−𝐾+ final state can unveil yet-unobserved (e. g. doubly-strange) 

pentaquarks

• First-time observation of Λ𝑏 → 𝐽/ψ Ξ−𝐾+

– In final states with 𝐽/ψ → 𝜇𝜇, Ξ− → Λ(→ 𝑝𝜋−)𝜋−

– 𝟓. 𝟖 𝝈 significance
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arXiv:2401.16303

https://arxiv.org/abs/2401.16303


Observation of Λ𝑏 → 𝐽/ψ Ξ−𝐾+
• Λ𝑏 → 𝐽/ψ Ξ−𝐾+ branching fraction ratio measurement

– Large systematics cancellation in the measured ratio 𝑅
– Result dominated by low signal statistics

• Search for intermediate resonances
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No evidence of resonant structures at this signal statistics

arXiv:2401.16303

https://arxiv.org/abs/2401.16303


Observation of B0→ψ(2S)K0Sπ+π−

• 103 fb−1 @ 13 TeV pp collision data
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EPJC 82 (2022) 499

http://dx.doi.org/10.1140/epjc/s10052-022-10315-y


Observation of B0→ψ(2S)K0Sπ+π−

• No evidence of new resonant 
structures at this signal statistics
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3-body intermediate invariant masses
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http://dx.doi.org/10.1140/epjc/s10052-022-10315-y


Ξb → ψ(2S)Ξ observation and 𝛯𝑏∗0 studies
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• Full Run 2 140 fb-1

Kai Yi              June 3, 2024, LHCP



Ξb → ψ(2S)Ξ observation and 𝛯𝑏∗0 studies
• First observation of Ξb → ψ(2S)Ξ

23Kai Yi              June 3, 2024, LHCP

arXiv:2402.17738

https://arxiv.org/abs/2402.17738


Ξb → ψ(2S)Ξ observation and 𝛯𝑏∗0 studies

• Novel measurements of b-baryon properties

24Kai Yi              June 3, 2024, LHCP

Latest LHCb result

(Phys. Rev. Lett. 131 (2023) 171901)

arXiv:2402.17738

(in tight fidual region)

https://arxiv.org/abs/2402.17738


New conventional hadrons at LHC
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Observed by CMS

Observed by ATLAS

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



New exotic hadrons at LHC

26Kai Yi              June 3, 2024, LHCP

Observed by CMS, 
waiting for confirmation 
from other experiments

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

Observed by CMS



Outlook
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Thank you!

New trigger in Run-3 !

https://cds.cern.ch/record/2868780



Backup
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Spin Parity Analysis (on going) 
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Observation of triple J/ψ

l Signal yield: 5!".$%&.'events 

l Significance > 5σ
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Nature Physics 19 (2023) 338

σ(pp→J/ψJ/ψJ/ψX)
= 272 +141−104 (stat) ± 17 (syst) fb

“6c” search in future?



Backup
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Sci.Bull.65 (2020) 23
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ATLAS X 4.6

ATLAS X 1.8

PRL 131 (2023) 151902

• Consistent shape for X(6900) for 3 experiments
• Consistent shape for X(7100) for 3 experiments after scaling 
• Consistent shape for X(6600) for CMS and ATLAS after scaling

Hard to say between CMS/ATLAS and LHCb

Comparison with LHCb & ATLAS

https://doi.org/10.1016/j.scib.2020.08.032
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Fit CMS data with LHCb model I :

𝜒! 𝑝𝑟𝑜𝑏 = 10-4

• LHCb did not give parameters for BW1
• CMS has a shoulder before BW1
• helps make BW1 distinct 

• Does not describe 2 dips well

CMS and LHCb Fit Comparison - 1
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2 auxiliary BWs + X(6900) + bkg

BW1

Kai Yi              June 3, 2024, LHCP

X(6900)
BW2

BW2 are in good agreement with LHCb X(6900)

https://doi.org/10.1016/j.scib.2020.08.032

https://cms-results.web.cern.ch/cms-results/public-
results/superseded/BPH-21-003/index.html

https://doi.org/10.1016/j.scib.2020.08.032
https://cms-results.web.cern.ch/cms-results/public-results/superseded/BPH-21-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/superseded/BPH-21-003/index.html
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• CMS obtained larger amplitude and wider width for X(6700) 
• Does not describe X(6600) and below
• Does not describe X(7200) region

𝜒! 𝑝𝑟𝑜𝑏 = 10-4
“X(6700)”

33

CMS and LHCb Fit Comparison - 2

Kai Yi              June 3, 2024, LHCP

“X(6700)” interferes with NRSPS + X(6900) + BkgFit CMS data with LHCb model II :
https://doi.org/10.1016/j.scib.2020.08.032

https://cms-results.web.cern.ch/cms-results/public-
results/superseded/BPH-21-003/index.html

https://doi.org/10.1016/j.scib.2020.08.032
https://cms-results.web.cern.ch/cms-results/public-results/superseded/BPH-21-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/superseded/BPH-21-003/index.html


CMS and ATLAS Fit Comparison

34Kai Yi              June 3, 2024, LHCP

• ATLAS model A： analogous
to LHCb model I, but 2 
auxiliary BWs interfere with 
X(6900) 

• ATLAS Model B: analogous 
to LHCb model II, one 
auxiliary BW interferes with 
NRSPS

• Both models describe the 
data well

• the broad structure at 
the lower mass could 
result from other 
physical effects, such 
as the feed-down 

• The 3rd peak mass is 
consistent with the LHCb
observed X(6900), with 
significance > 5𝜎

https://arxiv.org/abs/2304.08962

Interf. Among BW0-1-2 auxiliary BW interf. SPS 

X(6900) > 5𝜎

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-003/index.html


CMS background (SPS + DPS + BW0) 
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• Most significant structure is a BW at threshold, BW0--what is its meaning? 
• Treat BW0 as part of background due to:

• BW0 parameters very sensitive to SPS and DPS model assumptions
• A region populated by feed-down from possible higher mass states
• Possible coupled-channel interactions, pomeron exchange processes…

CMS background (SPS + DPS + BW0) 
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𝜒! 𝑝𝑟𝑜𝑏 = 79%

[6.2,15] GeV



J/ψJ/ψ cross section at 7 TeV
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Total cross section, assuming unpolarized prompt J/ψJ/ψ pair production 
1.49± 0.07 (stat.)± 0.13 (syst.) nb

Different assumptions about the J/ψJ/ψ polarization imply modifications to 
the cross section ranging from -31% to +27%.
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J. High Energy Phys. 09 (2014) 094

http://dx.doi.org/10.1007/JHEP09(2014)094


X(3872) in heavy-ion collisions

• The inner structure of X(3872) affects its production in HIC
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X(3872) in heavy-ion collisions

• Breakup by comoving particles ➜ Suppress X(3872)
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X(3872) in heavy-ion collisions

• Coalescence with particles in QGP ➜ Enhance X(3872)
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