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Motivation

Phys. Rev. Lett. 131 (2023) 151902

SciBull65(2020)1983

• Structures in 𝐽/𝜓𝐽/𝜓 mass spectrum at LHCb, CMS, ATLAS
• Dips observed in data —— explained by interference in all three experiments
• Theoretical situation difficulty & confusing

• Same 𝐽!" between components? 𝐽!" = ?

BPH-21-003 accepted by PRL

https://doi.org/10.1103/PhysRevLett.131.151902
https://doi.org/10.1016/j.scib.2020.08.032
https://cds.cern.ch/record/2815336/files/BPH-21-003-pas.pdf
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Data samples and event selections

v Signal and background MC samples produced by Pythia8, JHUGen, …

v Main selections:
• Fire corresponding trigger in each year & offline selection

𝜇!"

𝜇#$

𝑋

𝜇%"

𝜇&$
⁄𝐽 𝜓%

⁄𝐽 𝜓&

𝑝! 𝜇 > 2 GeV (2016) & 𝑝! 𝜇 > 3.5 GeV (2017, 2018)
𝜂 𝜇 < 2.4
2.95 𝐺𝑒𝑉 ≤ 𝑀 𝜇"𝜇# ≤ 3.25 𝐺𝑒𝑉, then constrain to J/𝝍 mass
𝑝! 𝐽/𝜓 > 3.5 GeV
𝑆𝑜𝑓𝑡 𝑀𝑢𝑜𝑛 𝐼𝐷 𝑣𝑒𝑟𝑦 𝑙𝑜𝑜𝑠𝑒
𝑉𝑒𝑟𝑡𝑒𝑥 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝜇"𝜇#𝜇"𝜇# > 0.5%

• Multiple candidates’ treatment:
Select best combination of same 4𝜇 (~0.2%) with

𝜒'& = '! ("(# $)$/&
*'!

&
+ '( ("(# $)$/&

*'"

&

Keep all candidates arising from > 4𝜇 (~0.2%)

v Use the same data sample and event selection criteria in BPH-21-003

v 135 fb-1 CMS data taken in 2016, 2017 and 2018 LHC runs

https://cds.cern.ch/record/2815336/files/BPH-21-003-pas.pdf
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Spin-parity analysis

q General case
• Characterized by Ω = (𝑐𝑜𝑠𝜃∗, Φ`, Φ, 𝑐𝑜𝑠𝜃`, 𝑐𝑜𝑠𝜃a)

• 𝜃∗: the angle between incoming 𝑔(𝑞) momentum and 𝐽/𝜓 momentum in the X rest frame
• Φ%: the azimuthal angle between 𝐽/𝜓 decay plane and 𝑙"𝑙# decay plane in the X rest frame
• Φ: the azimuthal angle between two 𝑙"𝑙# decay planes defined in the X rest frame
• 𝜃%: the helicity angle between 𝐽/𝜓% momentum and 𝑙 momentum defined in the 𝐽/𝜓% rest frame
• 𝜃&: the helicity angle between 𝐽/𝜓& momentum and 𝑙 momentum defined in the 𝐽/𝜓& rest frame

• Multiple dimension fit
• Using all amplitudes (likelihood fit, full amplitude analysis)

qFollow the Higgs approach, two simplifications
• Hypothesis testing
• One observable optimal for separating two hypotheses (evaluated using MC & MELA)

https://spin.pha.jhu.edu/
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Spin-parity and amplitudes

q Polarization in production
• spin-0: unpolarized in any case, 𝑔𝑔 → 𝑋
• spin-1: 𝑞*𝑞 → 𝑋 produce 𝐽# = ±1
• spin-2: 𝑔𝑔 → 𝑋 produce 𝐽# = 0, ±2, minimal coupling: 𝐽# = ±2

𝑞*𝑞 → 𝑋 produce 𝐽# = ±1

q Polarization in decay
Constraints: parity conservation, identical 𝐽/𝜓 bosons
𝐴$'$( helicity amplitude, 𝜆(= +,−, 0) helicity of 𝐽/𝜓
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Pythia8: NRSPS—Non-Resonant Single Parton Scattering
𝑔𝑔(99%) → 𝐽/𝜓𝐽/𝜓 → 𝜇"𝜇$𝜇"𝜇$

DPS—Non-Resonant Double Parton Scattering
JHUGen: generate 𝑔𝑔(𝑞1𝑞) → 𝑋 → 𝐽/𝜓 𝐽/𝜓 → 4𝜇

with different 𝐽+ : 0", 0$, 1", 1$, 2", 2$

Monte Carlo modeling

𝑞1𝑞 → BW → 𝐽/𝜓𝐽/𝜓 → 𝜇"𝜇$𝜇"𝜇$ 𝑔𝑔 → BW → 𝐽/𝜓𝐽/𝜓 → 𝜇"𝜇$𝜇"𝜇$

Φcosθ∗
Private work (CMS simulation)Private work (CMS simulation)

https://spin.pha.jhu.edu/
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Spin-parity discriminants
MELA (Matrix Element Likelihood Approach): create an optimal observable to separate 𝐽+-

𝑃. the matrix element squared
𝑐./ calibration constant for a given value of 𝑚0

A A

𝐷./ 𝑚0, Ω =
𝑃.(𝑚0, Ω)

𝑃. 𝑚0, Ω + 𝑐./×𝑃/(𝑚0, Ω)

Ω = (𝑐𝑜𝑠𝜃∗, Φ%, Φ, 𝑐𝑜𝑠𝜃%, 𝑐𝑜𝑠𝜃&)

Private work (CMS simulation)

Private work (CMS simulation)

https://spin.pha.jhu.edu/
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Fit model
1D template fit is NOT good at separating spin-parity hypothesis → 2D template

• Mass: separate signal and background

• 𝑫𝟎#: distinguish between different spin parities

• 𝑻(𝒎𝑿, 𝑫𝟎#): 2D template from JHUGen for 𝑚0 − 𝐷3# correlation

BPH-21-003

Private work (CMS simulation)Private work (CMS simulation)

𝑝𝑑𝑓' 𝑚 = 𝑁45) P 𝐵𝑊3
&⨂𝑅 𝑀3 + 𝑁678+8 P 𝑝𝑑𝑓678+8 + 𝑁9+8 P 𝑝𝑑𝑓9+8

+ 𝑟% P exp(𝑖𝜙%) P 𝐵𝑊% + 𝐵𝑊& + 𝑟! P exp(𝑖𝜙!) P 𝐵𝑊!
&

https://cds.cern.ch/record/2815336/files/BPH-21-003-pas.pdf
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Fit model
q Mass shape from MC is not perfect→ use analytic mass shape!

𝒑𝒅𝒇𝒊(𝒎𝑿, 𝑫𝟎)) = 𝒑𝒅𝒇𝒊 𝒎𝑿 ∗ 𝑻𝒊(𝑫𝟎)|𝒎𝑿)
𝑝𝑑𝑓 𝑚( : analytic function
𝑇(𝐷))|𝑚() : conditional template, normalized on 𝐷))

𝑇 𝐷)) 𝑚( =
𝑇(𝑚(, 𝐷)))

∫**)
. 𝑇(𝑚(, 𝐷)))

𝑇(𝑚(, 𝐷))): 2D template from MC simulation by JHUGen for 𝑚( − 𝐷)) correlation

q Final 2D fit model: 𝒑𝒅𝒇(𝒎𝑿, 𝑫𝟎)) =
𝑁,-.!. ∗ 𝑝𝑑𝑓,-.!.(𝑚(, 𝐷)))
+𝑁*!. ∗ 𝑝𝑑𝑓*!.(𝑚(, 𝐷)))
+𝑁/0) ∗ 𝑝𝑑𝑓/0)(𝑚(, 𝐷)))

+𝑁 1234567/08/09/0: ∗ 𝑓)+ ∗ 𝑝𝑑𝑓)+ 1234567/08/09/0: (𝑚(, 𝐷))
+ 1 − 𝑓)+ ∗ 𝑝𝑑𝑓)) 1234567/08/09/0: (𝑚(, 𝐷)))]

𝑓)+: fraction of 0; signal component

q Perform pseudo-experiments 
ü Validate the fit package
ü Test the expected sensitivity of the fit model over the toy dataset

BPH-21-003

https://cds.cern.ch/record/2815336/files/BPH-21-003-pas.pdf
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Summary

THANKS!

q Develop the spin-parity framework
ü Create discriminants to separate different spin parities
ü Construct 2D interference fit model

q Checks on the framework are done
ü Validate the fit package
• fit is unbiased, and the uncertainties are appropriately estimated

ü Evaluate the sensitivity
• achieves a separation between 𝐽\ = 0] and 𝐽\ = 0^ with a significance of >> 5σ
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Fit validation 

Perform pseudo-experiments to validate the fit package
• Generate toy samples from the final 2D model 
• The yield of each component is determined by the fit to the J/ψ J/ψ mass spectrum in data
• True value of 𝑓)+ is 0.5: 50% 0; signal + 50% 07 signal
• Perform unbinned likelihood fit to each toy sample (only float 𝑓)+)

A fit projection of mass Projection of 𝑇 𝐷3# 𝑚0 on 𝐷3#

Toy sample

Private work (CMS simulation)

The pull distribution of 𝑓3"

Mean ~ 0
Std Dev ~ 1
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Expected separation 𝟎! vs 𝟎"

Perform pseudo-experiments to test the expected sensitivity of the fit model over the toy dataset
• The yield of each component is determined by the fit to the J/ψ J/ψ mass spectrum in data
• True value of 𝑓3" is set to 0 and 1, separately
• calculate the significance of the separation between 𝐽+ = 0" and 𝐽+ = 0$

True value of 𝑓3" is set to 1

True value of 𝑓3" is set to 0

Min(significance) > 12σ >> 5σ

Min(significance) > 12σ >> 5σ

The average likelihood scan of 𝑓3"
over all toy samples
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Backup
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2016+2017+2018: ~145 fb-1

Excellent detector for (exotic) 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

𝜂 coverage (track & muon): [-2.5,2.5]

• Special triggers for different analysis at increasing Inst. Lumi.
𝜇 pT, (𝜇𝜇) pT,  (𝜇𝜇) mass, (𝜇𝜇) vertex, and additional 𝜇
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Backup

• CMS vs LHCb comparisons:
• 135/9 ≈ 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)

• CMS vs ATLAS comparisons:
• ATLAS is  1/3 –1/2 of CMS data (trigger?)
• ATLAS used dR cut—remove high mass events
• CMS has slightly better resolution 

• CMS has good sensitivity to all-muon final state in this mass region

Sci.Bull.65 (2020) 23 Phys. Rev. Lett. 131 (2023) 151902

https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1103/PhysRevLett.131.151902


16

Backup

Phys. Rev. Lett. 131 (2023) 151902

SciBull65(2020)1983
BPH-21-003 accepted by PRL

https://doi.org/10.1103/PhysRevLett.131.151902
https://doi.org/10.1016/j.scib.2020.08.032
https://cds.cern.ch/record/2815336/files/BPH-21-003-pas.pdf
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Spin-parity analysis

q Develop the framework

• MC modeling 𝑔𝑔(𝑞*𝑞) → 𝑋 → 𝐽/𝜓 𝐽/𝜓 → 4𝜇 with different 𝐽!
• MELA developed to create optimal observable (discriminant) to separate pairs of hypotheses
• Construct two dimensional template with mass(𝑋) and discriminant
• 2D template fit to data

Ø As the first stage:

• Work on interference
• Assume 𝐵𝑊8, 𝐵𝑊9, 𝐵𝑊: have the same 𝐽!
• Focus on 0;, 07

𝑝𝑑𝑓< 𝑚 = 𝑁/0* J 𝐵𝑊)
9⨂𝑅 𝑀) + 𝑁,-.!. J 𝑝𝑑𝑓,-.!. + 𝑁*!. J 𝑝𝑑𝑓*!.

+ 𝑟8 J exp(𝑖𝜙8) J 𝐵𝑊8 + 𝐵𝑊9 + 𝑟: J exp(𝑖𝜙:) J 𝐵𝑊:
9

BPH-21-003

https://spin.pha.jhu.edu/
https://cds.cern.ch/record/2815336/files/BPH-21-003-pas.pdf
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Monte Carlo modeling
Pythia8: NRSPS—Non-Resonant Single Parton Scattering

𝑔𝑔(99%) → 𝐽/𝜓𝐽/𝜓 → 𝜇"𝜇$𝜇"𝜇$
DPS—Non-Resonant Double Parton Scattering

JHUGen: generate 𝑔𝑔(𝑞1𝑞) → 𝑋 → 𝐽/𝜓 𝐽/𝜓 → 4𝜇
with different 𝐽+ : 0", 0$, 1", 1$, 2", 2$

First focus on 𝐽+ = 0" vs. 𝐽+ = 0$

MELA can re-weight 𝐽+ = 0" to 𝐽+ = 0$ to increase statistic

flat for spin-0 flat for spin-0

Private work (CMS simulation)

Private work (CMS simulation)

https://spin.pha.jhu.edu/
https://spin.pha.jhu.edu/


Modeling of Interference

q Generation is based on JHUGen+MCFM
• Interference of any pairs of resonances
• Based on modeling of off-shell Higgs + new resonance
• Mohit and Jeff did custom work to adjust to 𝑋 + 𝑌 → 𝜓𝜓 → 4𝑓

Interference of two BWs

Mass

Template

Discriminant

𝐽+ = 0"

𝑟%𝐴%e.:! + 𝑟&𝐴& + 𝑟!𝐴!e.:*
& =

𝑟%&× 𝐴% &+𝑟&&× 𝐴& &+𝑟!&× 𝐴! &

+𝑟%𝑟&cos 𝜑%×𝑅𝑒(2𝐴%𝐴&∗ )+𝑟%𝑟&𝑠𝑖𝑛𝜑%×𝐼𝑚 −2𝐴%𝐴&∗
+𝑟&𝑟!cos 𝜑!×𝑅𝑒(2𝐴&𝐴!∗ )+𝑟&𝑟!𝑠𝑖𝑛𝜑!×𝐼𝑚 2𝐴&𝐴!∗

+𝑟!𝑟%cos 𝜑! − 𝜑% ×𝑅𝑒(2𝐴!𝐴%∗)+𝑟!𝑟%𝑠𝑖𝑛 𝜑! − 𝜑% ×𝐼𝑚 −2𝐴!𝐴%∗

19

q Create templates
• Pure terms: MC modeling directly
• Interference terms?

Private work (CMS simulation)

https://spin.pha.jhu.edu/
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Modeling of Interference

q Create templates
• Interference of 2 BWs: |𝑨𝟏 + 𝑨𝟐|𝟐 = |𝐴8|9 + |𝐴9|9 + 𝑅𝑒(2𝐴8𝐴9∗)
• Subtract pure terms out to get interference term
• Repeat for each pair with real/imaginary couplings

• 𝑅𝑒(2𝐴8𝐴9∗) = |𝑨𝟏 + 𝑨𝟐|𝟐 − |𝐴8|9 − |𝐴9|9

• 𝐼𝑚 −2𝐴8𝐴9∗ = |𝑨𝟏e
1,( + 𝑨𝟐|𝟐 − |𝐴8|9 − |𝐴9|9

• ……
• 9 templates (3 pure + 3 real + 3 imaginary)

𝑟%𝐴%e.:! + 𝑟&𝐴& + 𝑟!𝐴!e.:*
& =

𝑟%&× 𝐴% &+𝑟&&× 𝐴& &+𝑟!&× 𝐴! &

+𝑟%𝑟&cos 𝜑%×𝑅𝑒(2𝐴%𝐴&∗ )+𝑟%𝑟&𝑠𝑖𝑛𝜑%×𝐼𝑚 −2𝐴%𝐴&∗
+𝑟&𝑟!cos 𝜑!×𝑅𝑒(2𝐴&𝐴!∗ )+𝑟&𝑟!𝑠𝑖𝑛𝜑!×𝐼𝑚 2𝐴&𝐴!∗

+𝑟!𝑟%cos 𝜑! − 𝜑% ×𝑅𝑒(2𝐴!𝐴%∗)+𝑟!𝑟%𝑠𝑖𝑛 𝜑! − 𝜑% ×𝐼𝑚 −2𝐴!𝐴%∗

Interference of two BWs

Fit parameters: 𝑟8, 𝑟:, 𝜑8, 𝜑:

Private work (CMS simulation)
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Modeling of Interference

• JHUGen & MCFM package + weights: modeling of 9 contributions separately 
• Fit validation: perform template fit to data (only one bin for discriminant)
• Consistent fit result with analytical fit to data

Consistent fit result

Background simulation 
(SPS,  DPS,  BW0)
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Monte Carlo: Re-weighting

• Disagreement on mass distributions between MC and analytic functions from published paper
• Reweight mass distributions to match analytic functions
• Reweighting is not a necessary requirement. Templates can be made without reweighting

6 6.5 7 7.5 8 8.5 9
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Reweight for pure term Reweight for interference of 2 BWs

Private work (CMS simulation) Private work (CMS simulation)
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MC tuning
q Inconsistent kinematic distributions between data and MC samples

q Discriminants are sensitive to 𝑝; , angle, … distributions → sensitive to MC simulation
q MC tuning in Pythia8 to improve the agreement between MC and data

• NRSPS MC:
ü pTdampMatch=1, renormMultFac=10, pTmaxFudge=2

• Signal MC:
ü pTmaxMatch=1, f.scale ∈ Uniform [5, 50]

Ø Perform sideband consistency study
…… Let’s compare in the sideband region ……

[Green light in Generator Meeting on Oct 16]

[report in P&P meeting on Nov 15]

𝑞1𝑞 → BW → 𝐽/𝜓𝐽/𝜓 → 𝜇"𝜇$𝜇"𝜇$
𝑔𝑔 → BW → 𝐽/𝜓𝐽/𝜓 → 𝜇"𝜇$𝜇"𝜇$
NRSPS: 𝑔𝑔(99%) → 𝐽/𝜓𝐽/𝜓 → 𝜇"𝜇$𝜇"𝜇$ similar

https://indico.cern.ch/event/1335023/contributions/5619913/attachments/2734843/4755332/pythia8tuning.pdf
https://indico.cern.ch/event/1338469/contributions/5666105/attachments/2751637/4789797/talk_2023_11_15.pdf
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Sideband consistency study
• Sideband region: M(X) ∈ [9, 15] GeV
• Mixing NRSPS and DPS: yield of is determined by the fit to the J/ψ J/ψ mass spectrum in data 
• Improved agreement of kinematic distributions

𝒑𝑻(𝐗) 𝒑𝒛(𝑿) 𝜼(𝑿)
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Sideband consistency study

Improved agreement of the discriminant 𝐷))between tuned MC and data

Discriminant to distinguish between 0+ and 0-:

𝐷3# 𝑚0, Ω =
𝑃3#(𝑚0, Ω)

𝑃3" 𝑚0, Ω + 𝑐3#×𝑃3#(𝑚0, Ω)



𝑻(𝒎𝑿, 𝑫𝟎#)
from MC simulation
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Fit model
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