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• STAR Time Projection Chamber (TPC) 
provides excellent charged track 
resolution for tracks  with 𝑝𝑇> 0.2 GeV/c

• Barrel Electromagnetic Calorimeter 
(BEMC) provides neutral energy 
deposits

• Both have full coverage in azimuthal 
angle and |η|< 1 

• Allows for measurement of full jets via 
anti-𝑘𝑡 algorithm

• BEMC used for trigger in order to obtain 
jet-rich data sample

Measurement at STAR
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Projected N-Point Energy Correlators (ENC)
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𝑑 (𝑅𝐿)
Experimental 
Construction 
of Two-Point 
CorrelatorNote: Energy assumes pion mass

Theoretical 
Definition of 
projected N-
Point CorrelatorChen et al. 2020, 

PRD 102, 5

η

● Allows for study of jet evolution using final state jet constituents as they are, no 
additional clustering or grooming after jet-finding

● Ratios of ENCs (i.e. E3C/EEC) allows for isolation of perturbative effects

Two-Point

https://doi.org/10.1103%2Fphysrevd.102.054012
https://doi.org/10.1103%2Fphysrevd.102.054012
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Projected N-Point Energy Correlators (ENC)
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𝑑 (𝑅𝐿)
Experimental 
Construction 
of Three-Point 
CorrelatorNote: Energy assumes pion mass

Chen et al. 2020, 
PRD 102, 5

η

Three-Point

● Allows for study of jet evolution using final state jet constituents as they are, no 
additional clustering or grooming after jet-finding

● Ratios of ENCs (i.e. E3C/EEC) allows for isolation of perturbative effects

𝑅𝐿= longest edge

𝐸𝑘

https://doi.org/10.1103%2Fphysrevd.102.054012
https://doi.org/10.1103%2Fphysrevd.102.054012
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Two-Point Correlator at STAR (R = 0.6)

• Separates distribution into non-
perturbative and perturbative regimes, 
separated by a transition region

• Theoretical comparison calculated in the 

Perturbative Region (
3GeV

pT
Jet

Low

 < 𝑅𝐿 < 𝑅𝑗𝑒𝑡)

• Behavior agrees well with theoretical 
expectations!

• Low angle behavior compared with toy 
model of hadrons, assuming uniform 
energy distributionLee, Mecaj, Moult (2023): arXiv:2205.03414

24/09/2024 Andrew Tamis - Hard Probes 2024

𝑝T,jet 

https://arxiv.org/abs/2205.03414


𝑅𝑗𝑒𝑡 = 0.4, η𝐽𝑒𝑡 < 0.6

• Shift corrected results on x 
axis by average 𝑝T,jet in a given 

bin

• Since location of turnover ∝
𝚲𝐐𝐂𝐃

𝐩𝐓
𝐉𝐞𝐭, scaled curves will turn 

over within the same region

• In this case, average 
momentum is determined via 
PYTHIA and applied post-
correction

𝒑𝑻-Shifted Distributions

< 𝑝𝑇,jet> ∆𝑅𝑇𝑢𝑟𝑛𝑜𝑣𝑒𝑟 ~ 2 − 3.5 𝐺𝑒𝑉/𝑐 
Andrew Tamis - Hard Probes 2024 624/09/2024



3D Unfolding – Method
• Used for all results going forward, and in upcoming paper

• Perform matching between particle and detector level

• Match jets (within Jet Radius) and constituents (within 0.01 in η-φ)

• Bayesian Unfolding in three variables per correlation

• 𝑝𝑇,𝑗𝑒𝑡 ,  𝑅𝐿 , Energy Weight

Andrew Tamis - Hard Probes 2024 724/09/2024



E3C Measurement

• Shows movement of 
transition region with 
jet momentum

• Quantify difference in 
scaling in ratio

• PYTHIA and HERWIG 
describe behavior well
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E3C/EEC Ratio

• Ratio shows a positive 
slope in perturbative 
regime

• Change in slope with 
jet 𝑝𝑇 is dependent 
on running of 
coupling constant 𝜶𝒔
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Chen et al. Phys. ReV. D 102, 054012

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.054012


Charge-weighted EECs
• Can further extend non-perturbative 

power of EEC by exploring correlation of 
both angle and charge distribution.

• Weight energy flow operator by particle’s 
electric charge: 

• Charge-weighted EEC = 
𝑑 σ𝐽𝑒𝑡𝑠 σ𝑖≠𝑗

𝐸𝑖𝑄𝑖𝐸𝑗𝑄𝑗

𝑝𝑇,𝐽𝑒𝑡
2

𝑑 (𝑅𝐿)

• Sensitive to hadronization mechanism
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Figure: Mriganka Mouli Mondal

Lee, Moult, arxiv:2308.00746

https://indico.bnl.gov/event/10555/contributions/54737/attachments/37429/61671/Jets3D_mriganka.pdf
https://arxiv.org/abs/2308.00746


Charge-weighted EECs
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Youqi Song 

Probes similar physics to 𝑟𝑐 
measurement performed by 
STAR

See talk by Youqi Song on 25/9

• Can further extend non-perturbative 
power of EEC by exploring correlation of 
both angle and charge distribution.

• Weight energy flow operator by particle’s 
electric charge: 

• Charge-weighted EEC = 
𝑑 σ𝐽𝑒𝑡𝑠 σ𝑖≠𝑗

𝐸𝑖𝑄𝑖𝐸𝑗𝑄𝑗

𝑝𝑇,𝐽𝑒𝑡
2

𝑑 (𝑅𝐿)

• Sensitive to hadronization mechanism

https://indico.cern.ch/event/1339555/contributions/6041014/


Charge-weighted EEC Measurement

ΔR

Charge-weighted EEC = 
𝑑 σ𝐽𝑒𝑡𝑠 σ𝑖≠𝑗

𝐸𝑖𝑄𝑖𝐸𝑗𝑄𝑗

𝑝𝑇,𝐽𝑒𝑡
2

𝑑 (𝑅𝐿)
 = EECLike  - EECOpposite

+

+

+

+

+ + +

-

-

- -

• Experimentally: Build distributions out of 
like-sign correlations and opposite-sign 
correlations

• Perform 3D Bayesian unfolding separately 
to each distribution

• Construct charge-weighted EEC via their 
difference

-

-
-

-
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Like and Opposite charge Distributions
• Both Like and Opposite sign 

follow expectations in 
perturbative region

• Excess of like-charge 
correlations below transition 
region

• Shift in location of transition 
region seen in Monte-Carlo, 
but not resolved in data

• PYTHIA 8: Detroit tune and 
HERWIG 7: Default tune
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Charge-weighted Ratio

• Cluster hadronization (HERWIG) and 
String hadronization (PYTHIA) both 
predict same qualitative behavior

• Pythia describes perturbative regime 
better, but neither describe data 
below transition region

• Implementation of charge 
dependence/conservation in 
hadronization mechanism may not 
fully capture effects

Andrew Tamis - Hard Probes 2024 1424/09/2024

Cluster String

Torbjörn Sjöstrand

https://indico.cern.ch/event/1276932/contributions/5563319/attachments/2711373/4708156/ucla23ts.pdf


Charge-weighted E3Cs
• Distribution is now charge odd - directly dependent on initiator charge

• Unique study at RHIC – Quark rich regime
• Signal suppressed for gluons
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Charge-weighted E3C = 
𝑑 σ𝐽𝑒𝑡𝑠 σ𝑖≠𝑗
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𝑅𝐿

PYTHIA 8: Detroit Tune



Charge-weighted Ratio – Three Point

• Monte-Carlo models predict 
3-point charge correlations 
better than 2-Point

• Suggests hadronization 
mechanism that has greater 
two-point charge 
dependence than three-point
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Extension to Heavy-Ion

• Energy Correlators in heavy-ion 
systems can isolate interactions with 
medium to discrete angular scales
• See poster by Ananya Rai on wake effects

• However, there is significant 
contribution from background-signal 
as well as background-background

• Background subtraction method used 
by CMS is able to subtract both
• See talk by Jussi Viinikainen earlier today
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Andres et al. Phys. Rev. Lett. 130, 262301

https://indico.cern.ch/event/1339555/contributions/6040966/
https://indico.cern.ch/event/1339555/contributions/6040817/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.262301


Background Simulation
• Measured Jet Event (JE) contains both signal and background

• Test viability of background subtraction method used by CMS at STAR with toy model tuned to 
resemble STAR isobar data

• Generate jets in PYTHIA, and generate background associated with jet event as well as two 
unassociated background events (Minimum-Bias)

• Impose unique shape on background (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 > 1
𝐺𝑒𝑉

𝑐
ℎ𝑎𝑣𝑒 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 0.01) 

to verify that self-correlations are removed

24/09/2024 Andrew Tamis - Hard Probes 2024 1818
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Background Subtraction
• Form correlation between jet event and 

mixed event to remove signal-
background and background-background 
contributions

𝐽𝐸 𝑥 𝐽𝐸 − 2 𝐽𝐸 𝑥 𝐵1 − 𝐵1 𝑥 𝐵1

 = 𝑺𝒙𝑺 − 2 𝐵 𝑥 𝐵1 

• However, leaves over uncorrelated 
background contribution

• Require second mixed event to remove 
uncorrelated contribution
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𝐽𝐸 𝑥 𝐽𝐸 = 𝑆 𝑥 𝑆 + 2 𝑆 𝑥 𝐵 + 𝐵 𝑥 𝐵

𝐽𝐸 𝑥 𝑀1 = 𝑆 𝑥 𝐵1 + 𝐵 𝑥 𝐵1

Uncorrelated

𝐵1



Two-Point Background Subtraction

• 𝑆2
𝑇𝑤𝑜−𝑃𝑜𝑖𝑛𝑡 = 𝐽𝐸2 - 2 𝐽𝐸 𝑥 𝐵1 

− 𝐵12 + 2𝐵1 𝑥 𝐵2

• Signal-background correlations 
are by far most significant 
contribution

• This method successfully 
removed both correlated and 
uncorrelated background

24/09/2024 Andrew Tamis - Hard Probes 2024 20



Conclusions

• STAR is an extremely useful environment for study of ENCs, and an 
excellent complement to LHC measurements

• Charged ENCs expand sensitivity of ENCs to non-perturbative effects 
and the hadronization mechanism
• Observe tension with current Monte-Carlo models in two-point charge-

dependent hadronization

• First measurements of Two and Three-Point Charged EECs shown, 
with heavy ion extension in progress

Andrew Tamis - Hard Probes 2024 2124/09/2024



Backup
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Background Simulation – Three Point

• Requires introduction of a third minimum bias event to correct for 
fully uncorrelated three-point correlations

24/09/2024 Andrew Tamis - Hard Probes 2024 2323

𝐵3𝐵2𝐵1



Three-Point Background Subtraction

• Method can be applied very 
similarly to three-point

• Requires a third minimum-bias 
event

• 𝑆2
𝑇ℎ𝑟𝑒𝑒−𝑃𝑜𝑖𝑛𝑡= 𝐽𝐸3

- 3 𝐽𝐸2 B1 
- 3 JE 𝐵12

- −𝐵13

- +6𝐵12𝐵2
- +6JE B1 B2
- −6 B1 B2 B3

24/09/2024 Andrew Tamis - Hard Probes 2024 24

Decreasing Magnitude



Quark/Gluon Behavior of Charged Ratio

25

Pythia8 – Detroit Tune
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Torbjörn Sjöstrand
50 Years of Quantum Chromodynamics
UCLA 

ucla23ts.pdf (cern.ch)

https://indico.cern.ch/event/1276932/contributions/5563319/attachments/2711373/4708156/ucla23ts.pdf
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Closure – E3C
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Closure – E3C Positive Charge Product
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Closure – E3C Negative Charge Product
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Systematics – E3C
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• Hadronic Correction– Varied from nominal 100% to 50%
• Tower Scale Variation – Varied by 3.8 %
• Tracking Efficiency – Varied by 4 %
• Unfolding Prior – PYTHIA embedding sample was re-weighted to 
resemble HERWIG at each correlation, and then used to train
the response matrix.
• Unfolding Iteration – Varied from the nominal 4 iterations to 2 (6) 
iterations



Systematics – E3C/EEC Ratio
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• Presented as absolute value of error rather than 
fractional as distribution hovers around zero

• Many systematics are brought below Barlow test 
due to cancellation in ratio
• Barlow test not performed on prior variation – treated 

as statistically independent sample



Closure – E3C Charge Ratio
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Charged E3Cs
• Distribution is now charge odd -> Many two-point correlations cancel

• Equivalent     and      correlations cancel out
• Distribution only affected by net charge

•      correlations exactly cancel with themselves
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Charged E3C = 
𝑑 σ𝐽𝑒𝑡𝑠 σ𝑖≠𝑗

𝐸𝑖𝑄𝑖𝐸𝑗𝑄𝑗𝐸𝑗𝑄𝑗

𝑝𝑇,𝐽𝑒𝑡
3

𝑑 (𝑅𝐿)
 = E3C   -   E3C

φ

η

+

+

+

+
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-

-
-

-
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or 
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Q*Q*Q

+ + -
- - + +

+
+ -

--
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𝑅𝐿

+ + - -

+ -

This would fill one ++- 
correlation and one +-- 
correlation, cancelling 
exactly


	Slide 1: Exploiting Two- and Three-point Charge-Energy Correlators at STAR as Probes of Jet Evolution
	Slide 2: Measurement at STAR
	Slide 3: Projected N-Point Energy Correlators (ENC)
	Slide 4: Projected N-Point Energy Correlators (ENC)
	Slide 5
	Slide 6: bold italic p sub bold italic cap T -Shifted Distributions
	Slide 7: 3D Unfolding – Method
	Slide 8: E3C Measurement
	Slide 9: E3C/EEC Ratio
	Slide 10: Charge-weighted EECs
	Slide 11: Charge-weighted EECs
	Slide 12: Charge-weighted EEC Measurement
	Slide 13: Like and Opposite charge Distributions
	Slide 14: Charge-weighted Ratio
	Slide 15: Charge-weighted E3Cs
	Slide 16: Charge-weighted Ratio – Three Point
	Slide 17: Extension to Heavy-Ion
	Slide 18: Background Simulation
	Slide 19: Background Subtraction
	Slide 20: Two-Point Background Subtraction
	Slide 21: Conclusions
	Slide 22: Backup
	Slide 23: Background Simulation – Three Point
	Slide 24: Three-Point Background Subtraction
	Slide 25: Quark/Gluon Behavior of Charged Ratio
	Slide 26
	Slide 27
	Slide 28: Closure – E3C
	Slide 29: Closure – E3C Positive Charge Product
	Slide 30: Closure – E3C Negative Charge Product
	Slide 31: Systematics – E3C
	Slide 32: Systematics – E3C/EEC Ratio
	Slide 33: Closure – E3C Charge Ratio
	Slide 34: Charged E3Cs

