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2025 Breakthrough Prize
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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 (First LHC experiment to see X(3872))
– Measurement of X(3872) to                 (2013)

– Observation of                             (2020)

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

• Searches without showing significance structures
– Upper limit for                                 (2020) 

– Observation of                                     (2022)

– Observation of                               (2024) 

• Observations of new structures and decays
– Observation of X(4140) in          from                           (2014)

– Observation of X(6600) in                                         (2023)

– Observation of X(7100) in                                         (2025.04.07)

– Observation of X(6900) in                                         (2025.04.07)

– Spin-parity measurement of X(6600),X(6900),X(7100) (2025.04.08) 

CMS XYZ studies
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New domain of exotics: all-heavy tetra-quarks

5

• First mention of 4c states at 6.2 GeV (1975)
– Just one year after the discovery of J/𝝍

• First calculation of 4c states (1981): Z. Phys. C 7 (1981) 317

• A different exotic system compared to exotics with light quarks
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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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http://dx.doi.org/10.1007/JHEP09(2014)094


J/ψJ/ψ blind mass window for 13 TeV
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Signal: X → 𝐽/𝜓𝐽/𝜓 → 𝜇!𝜇"𝜇!𝜇"

(13 TeV, 2020)

(7 TeV & 8 TeV)

6.2 GeV 7.8 GeV
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J/ψJ/ψ candidates at 13 TeV

Zhen Hu              Apr 12, 2025            10th XYZ 
Workshop

• CMS data: 135 𝑓𝑏!", taken 
in 2016, 2017 and 2018 LHC 
runs

• 𝐽/𝜓 mass and vertex related 
cuts removed

• Clean 𝐽/𝜓 signals are seen

8Zhen Hu              Mar 28, 2024



CMS background (SPS + DPS + BW0) 

9

• 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



CMS background (SPS + DPS + BW0) 

10

• 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 
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CMS background (SPS + DPS + BW0) 

𝜒!	𝑝𝑟𝑜𝑏 = 79%

       [6.2,15] GeV



CMS J/ψJ/ψ fit: 3 BWs + Background

11

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

First
Observation

Confirmation of 
X(6900) from LHCb

Evidence

Statistical significance based on:
2 ln(L0/Lmax) 
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The dips
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Ø Possibility #1:
• Interference among structures?

Ø Possibility #2:
• Multiple fine structures to reproduce 

the dips?
• Mentioned in PAS

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



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)



Comparison with some theoretical calculations
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M[BW1] = 6552± 10± 12
MeV

M[BW2] = 6927± 9± 5
MeV

M[BW3] = 7287± 19± 5
MeV

arXiv:2108.04017 [hep-ph]

Nucl. Phys. B 966 (2021) 115393

M[BW1] = 6638± 10± 12
MeV

M[BW2] = 6847± 9± 5
MeV

M[BW3] = 7134± 19± 5
MeV

W/o interf. W/ interf.

• Radial excited p-wave states (like J/𝝍 series)?
• Or Radial excited s-wave states?
• Theoretical situation difficulty & confusing

• Important next step:  measure JPC to clarify

P-wave

S-wave

https://arxiv.org/abs/2108.04017


Spin Parity Analysis (2025) 
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CMS-PAS-BPH-24-002

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-002/index.html


Spin Parity Analysis (2025) 
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Data Analysis
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Concept of Analysis: Production
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Concept of Analysis: All Input
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Simplification in Angular Analysis
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Optimal Observables and Statistical Analysis
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Summary of Statistical Analysis
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Summary of spin parity analysis
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most likely



CMS J/ψJ/ψ Run 3

• Data samples [315 fb-1] 
– Run II: 135 fb-1 data taken in 2016, 2017 and 2018 

– Run III: 180 fb-1 data taken in 2022, 2023 and 2024
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7.9𝜎
9.8𝜎

4.7𝜎

CMS-PAS-BPH-24-003

Run 2

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-003/index.html


J/ψJ/ψ candidates Run 2+3

25Zhen Hu              Apr 12, 2025            10th XYZ Workshop

2.8 2.9 3 3.1 3.2 3.3 3.4

 ) GeV-
2µ +

1µM( 2.8
2.9

3
3.1

3.2
3.3

3.4

 ) GeV
-

4
µ +3

µM( 

0

500

1000

1500

2000

2500

3000

 2
0 

M
eV

)
×

C
an

di
da

te
s 

/ (
20

 M
eV

 

 (13.6 TeV)-1 (13 TeV) + 180 fb-1135 fb

CMS
Preliminary



CMS J/ψJ/ψ fit – Run 3
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BW1 (MeV) BW2 (MeV) BW3 (MeV)
m 6588 ± 19 6849± 12 7179 ± 10

Γ 454± 74 136± 18 67± 18

First observation of X(7100)

First observation of interferene



CMS J/ψJ/ψ fit – Run 2+3
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ψ(2S)J/ψ candidates Run 2+3
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Run2 + Run3 data

𝑵(	𝝍(𝟐𝑺)	𝑱/𝝍	 ) 𝟑𝟖𝟔 ± 𝟐𝟔 S 𝟑𝟖𝟔 ± 𝟐𝟔
(vs 109±14 in Run2)

𝑁(𝜓(2𝑆)𝐵𝑘𝑔"	) 56 ± 24

B 1427 ± 57
(vs 208±22 in Run2)𝑁(	𝐵𝑘𝑔#	𝐽/𝜓	) 282 ± 28

𝑁(	𝐵𝑘𝑔#	𝐵𝑘𝑔"	) 1089 ± 43

ψ(2S) J/ψ

× 3.5 yield

CMS-PAS-BPH-22-004

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-22-004/index.html


CMS ψ(2S)J/ψ mass Run 2+3
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• X(6900) is obvious

• X(7100) is visible

• Signal dominated
by Run3



CMS ψ(2S)J/ψ fit Run 2+3
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7.9𝜎
4.0𝜎 First observation of X(6900) → ψ(2S)J/ψ

Evidence of X(7100) → ψ(2S)J/ψ



B physics at ATLAS
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• ATLAS has collected a large set of data

• Run 1 (2010-2013): 4.9!b34 at 7 TeV
and 20.3!b34 at 8 TeV

• Run 2 (2015-2018): 139!b34 at 13 TeV

• Analysis focus mostly on final states with 
muons.

• Dedicated B-physics triggers.

• Excellent track and muon identification 
with the goodness of the inner detector 
and muon spectrometer.
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Hunt for di- ⁄𝐽 𝜓 resonances by ATLAS at 13 TeV 

32

• Signal: 𝑇#### → 𝐽/𝜓 + 𝐽/𝜓	 or	 𝐽/𝜓 + 𝜓(2𝑆) → 4𝜇

• Backgrounds:

• Prompt: SPS and DPS

• Non-prompt: 𝑏𝑏 → 𝐽/𝜓 + 𝐽/𝜓/𝜓(2𝑆) + 𝑋 → 4𝜇

• Others: Single ⁄𝐽 𝜓 background and non-peaking 
background containing no real ⁄𝐽 𝜓 candidate

• Excess in both channels

• The unbinned maximum likelihood fits are performed in 
the 4𝜇 mass spectrum.

• The signal pdf: several interfering BW multiplied 
with a phase space factor and convolved with a 
mass resolution function

di- ⁄𝐽 𝜓 :

𝐽/𝜓 + 𝜓(2𝑆) :

di- ⁄𝐽 𝜓

𝐽/𝜓 + 𝜓(2𝑆)
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ATLAS di- ⁄𝐽 𝜓 channel 

33

Extracted masses and widths (GeV)

• Model A - similar to LHCb
model I, but 2 auxiliary BWs 
interfere with X(6900) 

• Model B - similar 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 peak around 6.9 Gev is 
consistent with the LHCb 
observed X(6900), with 
significance > 5𝜎X(6900) > 5𝜎

Model A Model B 
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X(6900) X(6900) 



ATLAS ⁄𝐽 𝜓 + 𝜓(2S)channel 
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Extracted masses and widths (GeV)

• Model 𝛼: X(6900)+2nd 
resonance

• Two bumps together: 4.7 𝜎 

• 2nd bump alone: 3 𝜎 

• Model 𝛽: a single resonance 
X(6900) in this channel 

• 4.3 𝜎

Model 𝛼 Model 𝛽
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Summary: new exotic hadrons at LHC
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https://www.nikhef.nl/~pkoppenb/particles.html

LHCb 21 CMS 3

2++

2++

2++

X(6900) → ψ(2S)J/ψ
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http://cds.cern.ch/record/2929472 南师 复旦 清华 中山
http://cds.cern.ch/record/2929529 南师 清华 复旦
http://cds.cern.ch/record/2929695 南师 清华 JHU

J/ψJ/ψ Run 2+3
ψ(2S)J/ψ Run 2+3
J/ψJ/ψ spin parity

http://cds.cern.ch/record/2929472
http://cds.cern.ch/record/2929529
http://cds.cern.ch/record/2929695


Backup
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CMS J/ψJ/ψ fit – Run 2&3

No-interference fit
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Concept of Analysis: Production
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J/ψ Polarization
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Production angles
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Decay angles
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Summary of Statistical Analysis
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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?



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

44Zhen Hu              Apr 12, 2025            10th XYZ Workshop
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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



Observation of B0→ψ(2S)K0Sπ+π−

• 103 fb−1 @ 13 TeV pp collision data
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Observation of B0→ψ(2S)K0Sπ+π−

• No evidence of new resonant 
structures at this signal statistics
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• Comparing with LHCb,  CMS has:
• 135/(3+6) ≈ 15X int. lum.
• (5/3)4 ≈ 8X muon acceptance
• Higher muon pT ( >3.5 or 2.0 GeV  vs  

>0.6 GeV) 
• Similar number of final events, but 

much less DPS
• 2X yield @CMS for X(6900)

• Comparing with CMS,  ATLAS has:
• 1/3 –1/2 of CMS data (trigger?)
• dR cut—remove high mass events

Disclaimer: comparison plots in this page are not made by ATLAS/CMS/LHCb
（taken from https://indico.cern.ch/event/1158681/contributions/5162594/ ）

https://indico.cern.ch/event/1158681/contributions/5162594/
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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
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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)”
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CMS and LHCb Fit Comparison - 2
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“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
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• 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

