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• Recap
• CMS 𝐽/𝜓𝐽/𝜓 analysis
• MC simulation

• Tuning in Pythia8
• NRSPS MC
• Signal MC

• Sideband study

arXiv:2306.07164

https://arxiv.org/abs/2306.07164


Tetraquark candidates
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arxiv: 2304.08962
arxiv: 2306.07164

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

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



vMC modeling with different 𝐽!"
vKnown inconsistent kinematic distributions of MC and data

ü Free parameter used in 1D fit to 𝐽/𝜓𝐽/𝜓 mass spectrum
Ø 𝐽!" → amplidute → kinematic distributions → important for spin-parity analysis!
ØCreate an optimal observable (MELA) to separate 𝐽!" → sensitive to 𝑝#……

Ø Solution: apply reweight / MC tuning

Spin-parity analysis
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https://spin.pha.jhu.edu/


v DPS：

𝐽/𝜓

𝐽/𝜓

v SPS：

𝐽/𝜓

𝐽/𝜓

v Data: 2016-2018, 𝐽/𝜓𝐽/𝜓 mass spectrum [6, 9] GeV

v Signal: tetra-quark candidates: BW1/BW2/BW3

v Background
• NRSPS—Non-Resonant Single Parton Scattering
• DPS—Non-Resonant Double Parton Scattering
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Spin-parity analysis

https://cds.cern.ch/record/2815336


v MC simulation (LO)

ü Signal MC: JHUGen/MCFM + Pythia8
• M[BW] = 6.552 GeV, Γ BW = 124 MeV, 𝐽! = 0"
• Gluon fusion

𝑔𝑔 → BW → 𝐽/𝜓𝐽/𝜓 → 𝜇"𝜇#𝜇"𝜇#
• Quark-antiquark annihilation

𝑞8𝑞 → BW → 𝐽/𝜓𝐽/𝜓 → 𝜇"𝜇#𝜇"𝜇#

ü Background MC: Pythia8
• NRSPS—Non-Resonant Single Parton Scattering

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

v Issues:
• Inconsistent kinematic distributions between data and MC

samples (both signal & background)
• Harder 𝑝$(𝜇"𝜇#𝜇"𝜇#) by pythia8

v Solution: Tuning in pythia8
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MC simulation

𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉]

BW gluon fusion

NRSPS

BW quark-antiquark annihilation

Data



v Fragment file for NRSPS
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Setup

v Apply looser filter after Parton Shower in Gen
level to save space

• 𝑝$ 𝜇 ≤ 1.8 GeV

• |𝜂 𝜇 | ≤ 2.5



v Mix of NRSPS and DPS
• In 𝑀[𝜇"𝜇#𝜇"𝜇#]∈ [6, 15] GeV
• From the fit to data, N[DPS] = 3494, N[NRSPS] = 7519

v Inconsistent 𝑝$ distributions
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Comparison of kinematic distributions

𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉]



v Suggested by theorist Steve Mrenna to try:

1. Set Pythia parameters in the config file:

PythiaParameters = cms.PSet(
pythia8CommonSettingsBlock,
pythia8CP5SettingsBlock,
pythia8PSweightsSettingsBlock,
processParameters = cms.vstring(

2. Change SpaceShower:pTdampMatch = 1 (or 3) and check the 𝑝! spectrum

3. Change SpaceShower:renormMultFac = between 0.1 and 10 to tune it further

4. Change SpaceShower:pTmaxFudge to tune it further if needed [Parameter definition]
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Tuning in PYTHIA

https://pythia.org/latest-manual/SpacelikeShowers.html


v How filter efficiency is affected by these parameters

(1) SpaceShower:pTdampMatch → 1% or 10%

(2) SpaceShower:renormMultFac → Increase or decrease by ≈ 20%

(3) SpaceShower:pTmaxFudge→ Increase or decrease by ≈ 1%

v Inconsistence due to harder 𝑝! →

Check the final distribution with the low filter efficiency
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Tuning for NRSPS
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Tuning for NRSPS

ü Best one (NRSPS): pTdampMatch = 1; renormMultFac = 10; pTmaxFudge = 2

New pythia configuration for NRSPS

𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉] 𝜂 𝜇"𝜇#𝜇"𝜇#

Run II data
Run II data
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Old SPS vs. new SPS
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• NRSPS and gluon fusion signal MC look similar

• Both disagree with data

• Also need to tune down for signal MC

• With the same new configuration in pythia?
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Tuning for signal MC

Original pythia configuration

𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉]

BW gluon fusion

NRSPS

Data

BW quark-antiquark annihilation



v 𝑝! distribution after final event selection 

v Useless for pTdampMatch

Original pythia configuration New pythia configuration
pTdampMatch = 1
renormMultFac = 10
pTmaxFudge = 2
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Tuning for signal MC

𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉] 𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉]



v Solution
v SpaceShower:pTmaxMatch (default = 0; minimum = 0; maximum = 2)

v SpaceShower:pTmaxMatch = 0 (handled by Pythia)
• Pythia will decide on the scale on its own (skeptical)

v SpaceShower:pTmaxMatch = 1
• Using the factorization scale written in the LHE file for hadronization
• Typically, f.scale= 𝑠/2 in 𝐽𝐻𝑈𝐺𝑒𝑛/𝑀𝐶𝐹𝑀

• With the pTmaxFudge parameter we scale radiation up or down somewhat

v To enlarge the 𝑝$ when using ptMaxMatch = 1, try different f.scale:
• 𝑓. 𝑠𝑐𝑎𝑙𝑒 = some large fixed numbers (e.g. 20/50/100)
• 𝑓. 𝑠𝑐𝑎𝑙𝑒 = uniformly distributed in a range (e.g. [10,40])
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Tuning for signal MC



v Best constant: 𝑓. 𝑠𝑐𝑎𝑙𝑒 = 20
v To describe the right tail in data:

ü 𝑓. 𝑠𝑐𝑎𝑙𝑒 ∈ 𝑈𝑛𝑖𝑓𝑜𝑟𝑚 [10, 40]
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Tuning for signal MC

𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉] 𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉]



Tuning for signal MC
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v SPS vs signal MC

𝑓. 𝑠𝑐𝑎𝑙𝑒 ∈ [10, 40]

𝑱𝑯𝑼𝑮𝒆𝒏 𝒈𝒈 𝑱𝑯𝑼𝑮𝒆𝒏 𝒒g𝒒 𝑴𝑪𝑭𝑴𝒈𝒈

𝒑𝑻(𝐗)

𝒑𝒛(𝑿)

𝑓. 𝑠𝑐𝑎𝑙𝑒 ∈ [10, 40] 𝑓. 𝑠𝑐𝑎𝑙𝑒 ∈ [5, 50]



Tuning for signal MC
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• 𝑓. 𝑠𝑐𝑎𝑙𝑒 ∈ [5,30]/[10, 40]/[5,50]
• To cover more, choose 𝑓. 𝑠𝑐𝑎𝑙𝑒 ∈ [5,50]

𝒑𝑻(𝐗)



Tuning for signal MC
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• Developed a new version of the JHUGen generator with changeable 𝑓. 𝑠𝑐𝑎𝑙𝑒 : V7.5.4
• Check with new version:

𝑓. 𝑠𝑐𝑎𝑙𝑒 ∈ [5, 50]

𝑱𝑯𝑼𝑮𝒆𝒏 𝒈𝒈

𝒑𝒛(𝑿)𝒑𝑻(𝐗)

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


Summary of MC tuning
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q Inconsistent kinematic distributions between data and MC samples

q Solved mostly by tuning in pythia8
• NRSPS MC:

üpTdampMatch=1, renormMultFac=10, pTmaxFudge=2
• Signal MC:

üpTmaxMatch=1, f.scale ∈ Uniform [5, 50]

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

[Green light in the Generator Meeting on Oct 16]

https://indico.cern.ch/event/1335023/contributions/5619913/attachments/2734843/4755332/pythia8tuning.pdf
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Data vs. mix of SPS & DPS in sideband

• Sideband mass region: M[X] ∈ [9, 15] GeV
• Kinematic distributions in sideband: data vs. mix of SPS & DPS
• More consistent with new SPS

Old SPS

New SPS

𝒑𝑻(𝐗) 𝒑𝒛(𝑿) 𝜼(𝑿)
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Data vs. mix of SPS & DPS in sideband
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• Angle distributions in sideband: data vs. mix of SPS & DPS
• More consistent with new SPS

𝐜𝐨𝐬𝜽𝟏 𝐜𝐨𝐬𝜽𝟐 𝐜𝐨𝐬𝜽∗𝝓𝟏 𝝓
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Mass dependent c-curve

• Get mass dependent c-curve using 0" and 0# signal samples

• Discriminant to distinguish 0" and 0#: 𝐷*! =
+(*")

+ *" ".+(*!)
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Data vs. mix of SPS & DPS in sideband

Ø 𝐷*! in sideband region:
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Data vs. mix of SPS & DPS in sideband
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• 𝐷*! in sideband region: comparison of data and mix of SPS & DPS
• More consistent with new SPS

Old SPS New SPS

𝐷*! 𝐷*!
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Apply reweight

• Reweight mass for SPS & DPS to the fitting functions
• 𝐽/𝜓𝐽/𝜓 mass spectrum in [6, 15] GeV:
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Apply reweight
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• Kinematic distributions of data vs. mix of SPS & DPS after reweight in sideband region:
• For old SPS:

After
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reweight
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More consistent
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Apply reweight
• Kinematic distributions of data vs. mix of SPS & DPS after reweight in sideband region:
• For new SPS:
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Data vs. mix of SPS & DPS in sideband
• 𝐷*! in sideband region: comparison of data and mix of SPS & DPS

New SPS
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Summary
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v Inconsistent kinematic distributions between data and MC samples

v Solved mostly by tuning in pythia8
• NRSPS MC:

ü pTdampMatch=1, renormMultFac=10, pTmaxFudge=2
• Gluon fusion signal MC:

ü pTmaxMatch=1, f.scale ∈ Uniform [5, 50]

v Perform sideband study
• Data vs. mix of SPS & DPS

ü More consistent with new SPS: kinematic distributions, discriminant 𝐷"!
• Reweight mass

ü More consistent for 𝑝! distribution
ü Little effect on 𝐷"!

THANKS!

[Green light in the Generator Meeting on Oct 16]

https://indico.cern.ch/event/1335023/contributions/5619913/attachments/2734843/4755332/pythia8tuning.pdf


Backup
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v 𝑝$ distributions in three stage for NRSPS
• After Parton Shower, but before filter cuts
• After Parton Shower, and after filter cuts
• After final selections

v Check
• How filter efficiency is affected by these parameters
• 𝑝$(𝜇"𝜇#𝜇"𝜇#) distributions after final event selection
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Tuning for NRSPS

𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉]



Configuration Filter efficiency

origin 51153/500000=10.23%

pTdampMatch=0 50622/500000=10.12%

pTdampMatch=1 4999/500000=1.00%

pTdampMatch=2 5026/500000=1.01%

pTdampMatch=3 51052/500000=10.21%

pTdampMatch=4 51121/500000=10.22%

v Change SpaceShower:pTdampMatch = 1 (or 3) and check the pT spectrum

• Default = 3; minimum = 0; maximum = 4

• Filter efficiency = 1% or 10%
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Tuning for NRSPS



Configuration Filter efficiency Configuration Filter efficiency

pTdampMatch=1
renormMultFac=0.1

6759/500000=1.35% pTdampMatch=3
renormMultFac=0.1

62190/500000=12.44%

pTdampMatch=1
renormMultFac=0.5

5353/500000=1.07% pTdampMatch=3
renormMultFac=0.5

53854/500000=10.77%

pTdampMatch=1 4999/500000=1.00% pTdampMatch=3 51052/500000=10.21%

pTdampMatch=1
renormMultFac=2

4591/500000=0.92% pTdampMatch=3
renormMultFac=2

48147/500000=9.63%

pTdampMatch=1
renormMultFac=5

0.85% pTdampMatch=3
renormMultFac=5

44860/500000=8.97%

pTdampMatch=1
renormMultFac=10

0.81% pTdampMatch=3
renormMultFac=10

43519/500000=8.70%

v Change SpaceShower:renormMultFac between 0.1 and 10 to tune it further 

• Default = 1.; minimum = 0.1; maximum = 10.
• Filter efficiency: increase or decrease by ≈20%
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Tuning for NRSPS



Configuration Filter efficiency

pTdampMatch=3
renormMultFac=10
pTmaxFudge=0.25

42977/500000=8.60%

pTdampMatch=3
renormMultFac=10

pTmaxFudge=0.5

43496/500000=8.70%

pTdampMatch=3
renormMultFac=10

pTmaxFudge=2

43488/500000=8.70%

v Change SpaceShower:pTmaxFudge to tune it further if needed

• Default = 1.0; minimum = 0.25; maximum = 2.0

• Filter efficiency: increase or decrease by ≈1%
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Tuning for NRSPS



v Another thing to check: 𝑝$(𝜇"𝜇#𝜇"𝜇#) distributions after final event selection 
ü pTdampMatch=1 → data
ü pTdampMatch=3 → original NRSPS (default=3)
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Tuning for NRSPS

𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉]



v 𝑝$(𝜇"𝜇#𝜇"𝜇#) distributions after final event selection 
• pTdampMatch=1 with different renormMulFac and pTmaxFudge
• Small difference
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Tuning for NRSPS

𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉]



Original
f.scale= 𝑠/2

f.scale= 𝑠/2

f.scale=20
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𝑓. 𝑠𝑐𝑎𝑙𝑒 = 𝑐𝑜𝑛𝑠𝑡

f.scale=20

f.scale=50

f.scale=100



gg (BW1_g1)
MC filter
efficiency

pTmaxMatch=1 pTdampMatch=1
pTmaxFudge=2

Origin LHE 131./507500=
0.03%

2265./507500=
0.45%

Scale 20 21074/507500=
4.15%

41239/507500=
8.13%

Scale 50 38857/507500=
7.6%

45651/507500=
9.00%

Scale 100 45872/507500=
9.04%

48573/507500=
9.57%

ü Best one: f.scale = 20

f.scale=20 GeV with pTmaxFudge=2 appears
to have higher distribution than f.scale=50 GeV 
(with default pTmaxFudge=1). This suggests that 
the fudge factor is not simply increasing the f.scale
value by the fudge factor, it appears to be more 
complicated.

Issue: bigger Min[𝑝$] in MC, all begin with a similar point

Lower f.scale, shaper the plot
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𝑓. 𝑠𝑐𝑎𝑙𝑒 = 𝑐𝑜𝑛𝑠𝑡

𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉]



ü Best one: f.scale = 20

Issue: left tail & right tail
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𝑓. 𝑠𝑐𝑎𝑙𝑒 = 𝑐𝑜𝑛𝑠𝑡

𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉] 𝜂 𝜇"𝜇#𝜇"𝜇#

𝑀 𝜇"𝜇#𝜇"𝜇# ≤ 7 𝐺𝑒𝑉



v Comparison
ü f.scale = 15 VS f.scale = 2×M[BW]
ü f.scale = 20 VS f.scale = 3×M[BW]
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𝑓. 𝑠𝑐𝑎𝑙𝑒 = multiplicative of the resonance mass

𝑀 𝜇"𝜇#𝜇"𝜇# ≤ 7 𝐺𝑒𝑉

𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉] 𝑝$ 𝜇"𝜇#𝜇"𝜇# [𝐺𝑒𝑉]
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Ø Number of signal peak from fit to J/psi J/psi mass spectrum in different X pt range

v To get the pt distribution of signal peak:
Ø Fix masses and widths of BW1, BW2 and BW3, and fit to data in different pt range

Pt bin
range
[GeV]

[10, 15] [15,20] [20,25] [25,30] [30,35]

N(BW1) 64 137 114 73 18

N(BW2) 34 171 156 55 50

N(BW3) 12 33 68 12 27
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Tuning for gg signal MC
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Tuning for gg signal MC


