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𝜂 coverage (track & muon): [-2.5,2.5]



B physics at CMS

• vs RHIC 

– better resolution
• CMS’ 1st Y(1S,2S,3S) measurements in HI 

– additional detector capability
• CMS’ 1st secondary vertex meas. in HI (eg b→J/ψ) 

• vs ALICE 

– complementary acceptance (ALICE access low-pt) 

– CMS better resolution 

• vs Tevatron experiments

– extend kinematic (pT,y) acceptance 

• vs ATLAS 

– more flexible trigger, lower pT threshold

• vs LHCb

– complementary acceptance, LHCb great particle ID

– higher luminosity  
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Excellent	detectors	for	quarkonium

• 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

Dimuon at CMS & trigger
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Selected historical CMS contributions with low pT muons
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Selected historical CMS contributions with heavy exotic states
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Open charm, beauty and quarkonium final states

13.6 TeV data analyses started
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Inclusive quarkonium production

• Quarkonium production 
– Perturbative in heavy quark pair 

– Non-perturbative in the evolution to bound state 

• Various hadronization models : QSM, QEM, (p)NRQCD, … 
– Tension b/w models and data in low/high pT

– No clear sign of polarization observed (up to 60 GeV/c for J/𝝍)
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Production mechanism still under 
investigation since the “November Revolution” 
in 1974 (48 years)



Charmonium cross section

• Quite precision data already in Run1 with 
model comparisons (CS, CO, CE, NRQCD, …)

• Precision measurements for J/𝝍 mesons from 
low~high-pT : 0~150 GeV/c 

– Crucial constraints to theoretical developments (data 
uncertainty much smaller)
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Charmonium polarization

• Measurements of S-wave charmonium states in various 
CS, HX frames 

• No sign of nonzero polarization up to 60 (40) GeV/c for 
J/𝝍 and 𝝍(2S)
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P-wave : Charmonia and Bottomonia
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First observation of 
with △M ≈ 10 MeV

NRQCD LDME test using

‘relative’ polarization 



Associated heavy flavour production
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J/ψ+J/ψ ηb
->J/ψ+J/ψ

ψ(2S)+J/ψ J/ψ+Y Y+Y J/ψ+D* Y+D* J/ψ+J/ψ
+J/ψ

J/ψ+J/ψ+
φ

J/ψ+J/ψ+
D*

Inclusive 
x-section 
and DPS 
fraction

P&P P&P P&P P&P
2016 only

P&P P&P ERD P&P P&P

Detection
of 
resonance

ERD ERD ERD P&P P&P

X-section 
of 
resonance

P&P

• Study interplay of soft QCD with (semi)hard QCD and EW physics

• Sensitivity to perturbative heavy flavor generation and nonperturbative initial 
and final state effects （next page）



Associated heavy flavour production

• Initial state: e.g. sensitivity to the concepts of 

single (SPS), double (DPS) and triple (TPS) parton scattering

parameterized by σeff

• Final state: e.g. sensitivity to heavy flavour hadron 
formation (colour singlet vs. colour octet), sensitivity to 
resonant multi-heavy-flavor states 
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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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𝐽/𝜓 candidates
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• 𝐽/𝜓 mass and vertex related 
cuts removed

• Clean 𝐽/𝜓 signals are seen
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CMS background (BW0 + NRSPS + DPS) 

16

• Most significant structure in first step is a BW at threshold, BW0--what is its meaning? 
• Treat BW0 as part of background due to:

• Inadequacy of our NRSPS model at threshold though one floating parameter?
• BW0 parameters very sensitive to other model assumptions
• A region populated by feed-down from possible higher mass states
• Possible coupled-channel interactions, pomeron exchange processes…

• NRSPS+NRDPS+BW0 as our background 

𝜒! 𝑝𝑟𝑜𝑏 = 79%

[6.2,15] GeV

CMS background (BW0 + NRSPS + DPS) 
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CMS model: 3 BWs + Background
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𝜒! Prob. = 1%

[6.2,7.8] GeV
BW1 BW2

BW3

BW1 (MeV) BW2 (MeV) BW3 (MeV)

m 6552 ± 10 6927± 9 7287± 19

Γ 124± 29 122± 22 95± 46

N 474± 113 492± 75 156± 56

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) 
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Fit CMS data with LHCb model I :

X(6900) parameters are in good agreement with LHCb

𝜒! 𝑝𝑟𝑜𝑏 = 10-4

A shoulder

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

• Does not describe 2 dips well

CMS vs LHCb comparisons
• CMS has more data

• 135/9 ≈ 15X (int. lum.)
• (5/3)4 ≈ 8X (muon acceptance due to pseudo-rapidity range)

• Similar number of final events, but CMS has less DPS bkgd
• CMS has higher muon pT ( >3.5 or 2.0 GeV  vs  >0.6 GeV) 
• DPS background suppressed by higher pT

X(6900)

CMS and LHCb Comparison - 1

18

2 auxiliary BWs + X(6900) + bkg

BW1



• CMS obtained larger amplitude and natural width for X(6700) 
• Does not describe X(6600) and below
• Does not describe X(7200) region

𝜒! 𝑝𝑟𝑜𝑏 = 10-4
“X(6700)”

All existing fits presented are not very good: 
...other interference scenarios are under study in CMS

“X(6700)” interferes with NRSPS
+ X(6900) + Bkg

19

Fit CMS data with LHCb model II :

CMS and LHCb Comparison - 2



CMS and ATLAS Comparison
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New exotic hadrons at LHC
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CMS

CMS



First observation of triple heavy flavour pair production

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

l Significance > 5σ
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arXiv:2111.05370 
accepted by Nature Physics

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



3J/psi: SPS, DPS and TPS processes

• Expect dominance of DPS, with some TPS and very little SPS
– SPS: ~6%, DPS: ~74%, TPS: ~20%
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DPS effective cross section

Two“clusters”of results -> σeff might not be universal

24Zhen Hu                             Dec 11, 2022

• Consistent with results 

from di-quarkonium

• 3 – 10 mb

• Inconsistent with jets, 

photons and W bosons

• 10 – 20 mb



BS -> μ μ at CMS
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BS -> μ μ Dominant Contributions
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BS -> μ μ BF Result
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B0 -> μ μ BF Result
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BS -> μ μ BF Result
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Search for lepton flavor violating τ→3μ

• No significant excess 
above the expected 
background is observed

• An upper limit on the 
branching fraction Br(τ→3μ)
of 8.0 × 10−8 at 90% 
confidence level is 
obtained, with an expected 
upper limit of 6.9 × 10−8
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JHEP 01 (2021) 163

http://dx.doi.org/10.1007/JHEP01(2021)163


CP-violating phase φs

• Measurement of the CP-
violating phase φs in the B0

S → 
J/ψ φ(1020) → µ+µ−K+K− 
channel

• 48500 reconstructed events

• φs = −11 ± 50 (stat) ± 10 (syst) 
mrad

• ∆Γs = 0.114 ± 0.014 (stat) ±
0.007 (syst) ps−1 ,
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Phys. Lett. B 816 (2021) 136188

http://dx.doi.org/10.1016/j.physletb.2021.136188


Summary

• Successful achievement of quarkonium measurements in the past ~10 
years @ CMS 

– Precision cross section results in inclusive quarkonium production for S-
wave quarkonium : uncertainty smaller than theory calculations 

– No significant polarization observed for S-wave quarkonium states from 
low- to high-pT

• Associated heavy flavour production are a great tool to test interplay 
of soft QCD with (semi)hard QCD and EW physics

– Triple J/psi production has been observed for the first time by CMS

– A previous observation for a resonant double J/psi state by LHCb has been 
confirmed by ATLAS and extended to a two (three) states family by CMS

• Relative uncertainty on BF(BS->μμ) reduced to 11%
– The best single measurement to date

• CPV related: no significant deviation from standard model prediction

32Zhen Hu                             Dec 11, 2022
Thank you !



Muon selection
§ p((µ±) >  2.0 GeV/c
§ |η(µ±)| < 2.4
§ All muons are soft
§ For 2017-18 years: p((µ±) >  3.5 GeV/c for at least 

one µ%µ! pair, which has 𝑣𝑡𝑥𝑝𝑟𝑜𝑏(µ%µ!) >0.5%
and 2.95 < m***+ < 3.25 GeV

J/y selection
§2.95 < mJ/y < 3.25 GeV
§p!(J/y) > 3.5 GeV/c
§𝑣𝑡𝑥𝑝𝑟𝑜𝑏(J/y) >0.5%
§Constrained 𝑣𝑡𝑥𝑝𝑟𝑜𝑏(J/y) >0.1%

J/yJ/y selection
§𝑣𝑡𝑥𝑝𝑟𝑜𝑏(4µ) > 0.5%
§𝑣𝑡𝑥𝑝𝑟𝑜𝑏(J/yJ/y) > 0.1%
§Proper HLT is fired in event

Multiple candidates

§Choose the best candidate with minimum (" J/y! #" J/y"#$
$(" J/y! )

)'+(" J/y% #" J/y"#$
$(" J/y% )

)'

value if there are 4 muons in event, but more than one candidate (~0.2%)
§Keep all candidates if there are more then 4 muons in event (~0.2%)

Baseline mass variable – invariant mass of two constrained J/y candidates 

Event selections
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https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06015/pdf


Backup
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Summary
• CMS found 3 significant structures using 135 𝑓𝑏#( 13 TeV data

• BW2 consistent with X(6900) reported by LHCb

• Two new structures, provisionally named as X(6600) [BW1], X(7300) [BW3]
• A family of structures which are candidates for all-charm tetra-quarks!

• Dips in data show possible interference effects – under study

• More data/knowledge needed to understand nature of near threshold region

• All-heavy quark exotic structures offer system easier to understand
• A new window to understand strong interaction

M[BW1] = 6552± 10± 12 MeV Γ[BW1] = 124± 29± 34 MeV >5.7𝞂

M[BW2] = 6927± 9± 5 MeV Γ[BW2] = 122± 22± 19 MeV >9.4𝞂

M[BW3] = 7287± 19± 5 MeV Γ[BW3] = 95± 46± 20 MeV >4.1𝞂

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


Significance with systematics
• To include systematics, alternative resonance/background shapes applied in the 

fit.

• Calculate signal- and null-hypothesis 𝑁𝐿𝐿_𝑠𝑦𝑠𝑡 including systematic using:

𝑁𝐿𝐿_(𝑠𝑦𝑠𝑡−𝑠𝑖𝑔) = Min{𝑁𝐿𝐿_(𝑛𝑜𝑚−𝑠𝑖𝑔), 𝑁𝐿𝐿_(𝑎𝑙𝑡−𝑖−𝑠𝑖𝑔)+0.5+0.5⋅Δ𝑑𝑜𝑓}

p 𝑁𝐿𝐿_(𝑛𝑜𝑚−𝑠𝑖𝑔): the NLL of nominal ‘signal hypothesis’fit.

p 𝑁𝐿𝐿_(𝑎𝑙𝑡−𝑖−𝑠𝑖𝑔): the NLL of i-th alternative fit of ‘signal hypothesis’

p Δ𝑑𝑜𝑓: the additional free parameters comparing to the nominal ‘signal 
hypothesis’ fit.

• 𝑁𝐿𝐿_(𝑠𝑦𝑠𝑡−𝑛𝑢𝑙𝑙) = Min{𝑁𝐿𝐿_(𝑛𝑜𝑚−𝑛𝑢𝑙𝑙), 𝑁𝐿𝐿_(𝑎𝑙𝑡−𝑗−𝑛𝑢𝑙𝑙)+0.5+0.5⋅Δ𝑑𝑜𝑓}

• Significance including systematics as usual from 𝑁𝐿𝐿_(𝑠𝑦𝑠𝑡−𝑛𝑢𝑙𝑙)−𝑁𝐿𝐿_(𝑠𝑦𝑠𝑡−𝑠𝑖𝑔)

36

Significance with syst.
BW1 5.7𝜎
BW2 𝑛𝑜 𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 𝑐ℎ𝑎𝑛𝑔𝑒𝑠
BW3 𝑛𝑜 𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 𝑐ℎ𝑎𝑛𝑔𝑒𝑠
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Line shape

• S-wave relativistic Breit-Wigner (used in default fit):

𝐵𝑊 𝑚;𝑚., Γ. =
𝑚Γ 𝑚

𝑚.
/ −𝑚/ − 𝑖𝑚Γ(𝑚)

,where Γ 𝑚 = Γ.
𝑞𝑚.

𝑞.𝑚
,

𝑞 is the momentum of a daughter in the mother particle rest

frame; 𝑞. means the value at peak position (𝑚 = 𝑚.).

• NRSPS and NRDPS:
𝑓01232 𝑥, 𝑥., 𝛼, 𝑝4, 𝑝/, 𝑝5

= (𝑥 − 𝑥.)6⋅ 1 −
1

15 − 𝑥. / −
𝑝4
10 ⋅ 15 − 𝑥 / ⋅ exp −

𝑥 − 𝑥. 7)

2 ⋅ 𝑝/
7) ,

𝑓01832 𝑥, 𝑎, 𝑝., 𝑝4, 𝑝/ = 𝑥9 ⋅ exp −𝑎 ⋅ 𝑥9 ⋅ 𝑝. + 𝑝4 ⋅ 𝑥9 + 𝑝/ ⋅ 𝑥9/ ,

where 𝑥. = 2𝑚:/<, 𝑥9 = 𝑥 − 𝑥.
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CMS result with BW0 explicitly shown
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• Investigated effects of systematics on local significance by a profiling procedure
a discrete set of individual alternative signal and background hypotheses tested in minimization
• Significant change: BW1 significance changed from 6.5𝞂 to >5.7𝞂
• No relative significance changes for BW2 and BW3 

M[BW1] = 6552± 10± 12 MeV Γ[BW1] = 124± 29± 34 MeV >5.7𝞂

M[BW2] = 6927± 9± 5 MeV Γ[BW2] = 122± 22± 19 MeV >9.4𝞂

M[BW3] = 7287± 19± 5 MeV Γ[BW3] = 95± 46± 20 MeV >4.1𝞂

X(6900) [LHCb] 
(somewhat different fit model)

M[BW2]=6905±11±7 MeV
𝚪[BW2] =80±19±33 MeV

consistent

Significance with systematics
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Significance with systematics
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