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CMS detector

➢Excellent detector for physics program

• Good muon system

• High-purity muon ID, 
Δ𝑚

𝑚
∼ 0.6% for 𝐽/𝜓

• Silicon tracking detector

• B = 3.8 T,
Δ𝑝𝑇

𝑝𝑇
∼ 1% & good vertex resolution

• Triggers for different physics programs
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All charm tetraquark candidates at CMS
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All charm tetraquark candidates at CMS

• Exotic hadrons allowed in QCD

• All charm tetraquark candidates at LHC in past few years

• Properties & Nature: further studies needed!
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pentaquark glueball hybrid

PhysRevLett132.111901(2024)

PhysRevLett131.151902(2023)

Sci.Bull.65(2020)23,1983-1993

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902
https://www.sciencedirect.com/science/article/pii/S2095927320305685
https://www.sciencedirect.com/science/article/pii/S2095927320305685
https://www.sciencedirect.com/science/article/pii/S2095927320305685


Spin-parity of the tetraquark candidates
• Tetraquark candidates observed 

in 𝐽/𝜓𝐽/𝜓 → 𝜇+𝜇−𝜇+𝜇− channel
• Mass spectrum implying interference

• Infer the spin-parity from their decays
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➢Theory
• 𝐽𝑋 = 0:

• …

➢Experiment
• Same properties of 3 resonances:

   𝒫 𝑚4𝜇, Φ, 𝜃1, 𝜃2 = 𝒫 𝑚4𝜇 ⋅ 𝑇 Ω 𝑚4𝜇 ∝ 𝐴 2

• Pairwise tests of 𝐽𝑋
𝑃 hypotheses 𝑖 and 𝑗:

𝒟𝑖𝑗 Ω 𝑚4𝜇 =
𝒫𝑖(Ω|𝑚4𝜇)

𝒫𝑖(Ω|𝑚4𝜇)+𝒫𝑗(Ω|𝑚4𝜇)

• Final 2D model:

𝓟𝒊𝒋𝒌 𝒎𝟒𝝁, 𝓓𝒊𝒋 = 𝓟𝒌 𝒎𝟒𝝁 ⋅ 𝑻𝒊𝒋𝒌(𝑫𝒊𝒋|𝒎𝟒𝝁)

𝟎𝒎
+

𝟎𝒉
+ 𝟎−

arxiv:2506.07944

https://arxiv.org/abs/2506.07944


Spin-parity of the tetraquark candidates

PhysRevLett132.111901(2024)

• Data analysis
• Dataset, event selection, 𝑚4𝜇 shape from PhysRevLett132.111901(2024) (observation paper)

• Background: data sideband & MC simulation with Pythia

• Decay angles Φ, 𝜃1, 𝜃2 to identify 𝐷𝑖𝑗(Φ, 𝜃1, 𝜃2;𝑚4𝜇)

• Hypothesis test
• Test statistics: 𝑞 = −2ln(ℒ𝐽𝑖

𝑃/ℒ𝐽𝑗
𝑃)

• Confidence level: 

• Example: 𝑗 = 0− vs. 𝑖 = 2𝑚
+
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𝟎−
𝟐𝒎
+

7.2𝜎

observed:
𝒒𝒐𝒃𝒔

arxiv:2506.07944

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
https://arxiv.org/abs/2506.07944


• Data consistent with 𝟐++，inconsistent with others

• JPC of the three tetraquark candidates X(6600), X(6900), X(7300)
• 𝑃𝐶 =+ +

• 𝐽 ≠ 1 at > 99% CL; 𝐽 ≠ 0 at 95% CL
• 𝐽 > 2 possible, but highly unlikely, require 𝐿 ≥ 2

• 𝑱 = 𝟐 consistent, naively expected 𝐽 = 0

arxiv:2506.07944

𝟎−
𝟐𝒎
+
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Spin-parity of the tetraquark candidates

More details see 
Xining Wang’s poster

Accepted by Nature

https://arxiv.org/abs/2506.07944
https://indico.ihep.ac.cn/event/26351/timetable/?view=standard#466-determination-of-the-spin


All-charm tetraquarks candidates at CMS

• Tetraquark candidates observed in 𝐽/𝜓𝐽/𝜓 mass at CMS
• 𝐽/𝜓 reconstructed via its 𝜇+𝜇− decays

• Data (314 𝑓𝑏−1）
• 2016-2018 (run 2): 13 TeV, 134.8 𝑓𝑏−1

• 2022-2024 (run 3): 13.6 TeV, 179.6 𝑓𝑏−1

• Trigger
• Run 2: 3 muons, pT > 5, 3, 3 GeV
• Run 3: 2muons, pT > 4, 3 GeV

CMS-PAS-BPH-24-003
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All-charm tetraquark candidates at CMS
• X(6600), X(6900), X(7100) in 𝐽/𝜓𝐽/𝜓 at CMS

• Data fit
• Signal: Coherent sum of X(6600), X(6900), X(7100)

• BKG: NRSPS, DPS, combinatorial contribution, feeddown

• Significance
• > 𝟓𝝈 for each of X(6600), X(6900), and X(7100) [first observation]

• > 𝟓𝝈 for interference (two dips) 

> 𝟓𝝈 for each single dip: 6750 MeV dip, and 7150 MeV dip

CMS-PAS-BPH-24-003

Feeddown: e.g.,  𝑋 → 𝐽/𝜓𝜓 2𝑆 → 𝐽/𝜓𝐽/𝜓𝜋𝜋 is reconstructed as 𝐽/𝜓𝐽/𝜓 instead of 𝐽/𝜓𝐽/𝜓𝜋𝜋

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

CLHCP2025
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More details see
Yilin Zhou’s talk yesterday
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X(6900) and X(7100) in 𝐽/𝜓𝜓(2𝑆) at CMS

• 𝐽/𝜓 and 𝜓(2𝑆) reconstructed via 𝜇+𝜇− 

• Data (314 𝑓𝑏−1):
• 2016-2018 (run 2): 13 TeV, 134.8 𝑓𝑏−1

• 2022-2024 (run 3): 13.6 TeV, 179.6 𝑓𝑏−1

• Trigger:
• Run 2: 3 muons, pT > 5, 3, 3 GeV
• Run 3: 2muons, pT > 4, 3 GeV

CMS-PAS-BPH-22-004

109 ± 14

386 ± 26 281 ± 22
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More details see
Liangliang Chen’s poster

X(6900) and X(7100) in 𝐽/𝜓𝜓(2𝑆) at CMS
• X(6900) and X(7100) in 𝐽/𝜓𝜓(2𝑆)

• Data fit
• Signal: X(6900), X(7100) and their interference

• Background: NRSPS, DPS, combinatorial contribution

• > 𝟓𝝈 for X(6900) [first observation in this channel], 𝟒. 𝟎𝝈 for X(7100)
• Impact from X(6600) [below threshold] considered in systematic uncertainty

CMS-PAS-BPH-22-004
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Exotic hadrons at LHC

CLHCP2025 13https://www.koppenburg.ch/particles.html

(21 from LHCb, 3 from CMS)

https://www.koppenburg.ch/particles.html


Other heavy flavor results

CLHCP2025 14

arxiv:2508.05820
Submitted to PRL

PhysRevLett135,151803(2025)

arxiv:2412.19952
Submitted to PRL

EPJC84(2024)1264

https://arxiv.org/abs/2508.05820
https://journals.aps.org/prl/abstract/10.1103/zc76-rgcp
https://arxiv.org/abs/2412.19952
https://link.springer.com/article/10.1140/epjc/s10052-024-13244-0


Precise mass measurement of B∗+, B∗0, and B𝑠
∗0

• Mass measurement of B∗+, B∗0, B𝑠
∗0

• Hyperfine splits in the B meson system are important input for quark models
• Tension in indirect mass measurements: LHCb, CMS vs. CLEO, Belle
➢Calls for precise measurement

• First exclusive reconstruction of B∗+, B∗0, and B𝑠
∗0 via B∗ → B𝛾

• Dataset: 140 𝑓𝑏−1 in 2016-2018 at 𝑠 = 13 TeV
• Low-energy photon reconstruction (challenge!):
𝑒+𝑒− pair from photon conversion 

• Ground-state B mesons reconstruction:
𝐵+ → 𝜓𝐾+, 𝐵0 → 𝜓𝐾∗0, 𝐵𝑠

0 → 𝜓𝜙

• 𝜓 𝐽/𝜓,𝜓 2𝑆 → 𝜇+𝜇−, 𝐾∗0 892 → 𝐾+𝜋−, 
𝜙 1020 → 𝐾+𝐾−

CLHCP2025 15

𝑒+

𝑒−

arxiv:2508.05820

https://arxiv.org/abs/2508.05820


Precise mass measurement of 𝐵∗+, 𝐵∗0, and 𝐵𝑠
∗0

• Simultaneous fit in the 7 categories of |𝜂(𝛾)|
• Signal shapes are double crystal ball functions
• To better constrain peaking contribution from the other two 𝐵∗

• Fit projections in best resolution region in below

• To improve resolution: 

CLHCP2025 16

arxiv:2508.05820

Submitted to PRL

https://arxiv.org/abs/2508.05820


Precise mass measurement of 𝐵∗+, 𝐵∗0, and 𝐵𝑠
∗0
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arxiv:2508.05820

Submitted to PRL

https://arxiv.org/abs/2508.05820


Search for the rare decay 𝐷0 → 𝜇+𝜇− in 𝑝𝑝 collisions

• 𝐷0 → 𝜇+𝜇− a FCNC process
• Highly suppressed in SM 3 × 10−13

• Sensitive to new physics
Significant enhancement in many new physics models:
leptoquarks, R-parity violating supersymmetry, extra fermions or gauge bosons

• UL < 3.1 × 10−9 @ 90% CL from LHCb, still allows NP contributions

• 𝐷0 → 𝜇+𝜇− search at CMS
• 𝑝𝑝 collision dataset in 2022-2023 at 𝑠 = 13.6 TeV, 64.5 𝑓𝑏−1

• New inclusive dimuon trigger
• 𝐷0 from 𝐷∗+ → 𝐷0𝜋+ to suppress background
• 2D UML fit on 𝑚(𝐷0) and Δ𝑚 = 𝑚 𝐷∗+ −𝑚(𝐷0)

CLHCP2025 18

PhysRevLett135,151803(2025)

https://journals.aps.org/prl/abstract/10.1103/zc76-rgcp


Search for the rare decay 𝐷0 → 𝜇+𝜇− in 𝑝𝑝 collisions

• 2D UML fit on 𝑚(𝐷0) and Δ𝑚 = 𝑚 𝐷∗+ −𝑚(𝐷0)
• Sum of two/three Gaussians for signal component in 𝑚(𝐷0)/Δ𝑚

• No obvious excess of events
• 𝐵 𝐷0 → 𝜇+𝜇− < 2.1 2.4 × 10−9 at 90(95)% CL using the asymptotic CLs method

CLHCP2025 19

Signal channel
Normalization channel: 𝐷0 → 𝜋+𝜋−

PhysRevLett135,151803(2025)

https://journals.aps.org/prl/abstract/10.1103/zc76-rgcp


Evidence for CP violation in 𝐵𝑠
0 → 𝐽/𝜓𝜙 decays 
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• 2017 + 2018 dataset, 13 TeV, 96.5 fb-1 (~ 491000 signal events)
• passing 𝑱/𝝍 + 𝝁 or 𝑱/𝝍 + 𝝓 trigger

• 𝑱/𝝍 → 𝝁+𝝁−, 𝝓 → 𝑲+𝑲−

• Time-and flavor-dependent angular analysis, 7D UML fit

→

→

arxiv:2412.19952

https://arxiv.org/abs/2412.19952


• Comparable in precision to the world’s most precise single measurement by LHCb

Evidence for CP violation in 𝐵𝑠
0 → 𝐽/𝜓𝜙 decays 

21

arxiv:2412.19952

Submitted to PRL

CLHCP2025

https://arxiv.org/abs/2412.19952


Search for CPV in 𝐷0 → 𝐾𝑆
0𝐾𝑆

0

• CPV in up-quark (heavily suppressed) not as well studied as in down-quark

• First observation by LHCb 

• Aa

• First CPV measurement in charm sector at CMS
• 2018 data, 41.6 fb-1 BParking dataset

• contains O(1010) semileptonic B decays

CLHCP2025 22

EPJC84(2024)1264

https://link.springer.com/article/10.1140/epjc/s10052-024-13244-0


Search for CPV in 𝐷0 → 𝐾𝑆
0𝐾𝑆

0

CLHCP2025
23Signal channel Reference channel

EPJC84(2024)1264

https://link.springer.com/article/10.1140/epjc/s10052-024-13244-0


Search for CPV in 𝐷0 → 𝐾𝑆
0𝐾𝑆

0

talk

• Direct measurement: 

➢

• Compatible with no CPV at 2.0𝜎, with LHCb at 2.7𝜎, with Belle at 1.8𝜎

• Statistically limited; systematic primarily from fit models

• More details see Vladimir’s talk this afternoon

CLHCP2025 24

EPJC84(2024)1264

https://indico.ihep.ac.cn/event/26351/timetable/?view=standard#314-cp-violation-measurement-i
https://link.springer.com/article/10.1140/epjc/s10052-024-13244-0


Summary

• Recent contributions in heavy flavor & (exotic) hadron physics at CMS
• All-charm tetraquarks
• Precise measurement of the mass of B∗+, B∗0, and B𝑠

∗0

• Rare decay of 𝐷0 → 𝜇+𝜇− to probe new physics

• CPV search in 𝐷0 → 𝐾𝑆
0𝐾𝑆

0

• New data, new opportunities!
• Working on & waiting for new results from run 3 data

CLHCP2025 25

Thanks
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