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Introduction

2

A single-line formula of a fundamental theory

And experimental realities
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Image: https://sherpa-team.gitlab.io/monte-carlo.html#monte-carlo-event-generators
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String Fragmentation

4
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QCD Potential

5

• The color charged dipole are 
compressed to a tubelike region


• The potential can be linear: 
quenched QCD


• Full QCD: virtual fluctuation 
gluon and string break  
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Lund Model (String Model)

6
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Parton Shower with AO

7

CDF color coherence study shows that only the MC with angular ordering (AO) 
described third jet pseudorapidity distribution.
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Chudakov Effect

8

𝚹1

𝚹2

𝚹1 << 𝚹2: 𝞬 to be strongly suppressed

So, coherent Bremsstrahlung radiation is 𝚹1 > 𝚹2
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QCD (Color) Coherence

9

𝚹1𝚹3
𝚹2𝚹2𝚹2 𝚹3

Total color charge is not 0, 

soft gluon radiation from the parent gluon imagined to be on shell


𝚹3 < 𝚹2 < 𝚹1 
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Angular Ordering (AO)

10

QED and QCD angular ordering radiation can be considered in the same way



Hyunyong Kim University Of Seoul DEC 16 2021

Color Coherence @ CMS

11

Color coherence phenomena: 
interference of soft gluon 
radiation emitted along color 
connected object 

Experimental signature: 
• At least 3 jets event 
• Di-jet topology (back to 

back) 
• Relative abundance of soft 

radiation in the region 
between color connected 
final state partons 

Measure the angular 
correlation between 2nd and 
3rd jet
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CMS 7 TeV Result

12
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Color flow in TTbar events

13

Close to zero for color connected jets, uniform if no color connection

MCs predict stronger color connection than data 

Powheg+Herwig7 describes the data the best
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Complexity

• The 𝞫 variable is sensitive to color coherence effect but…


• It is not only color coherence effect but also several 
kinetic effects


• Difficult to show clear color coherence effect


• Event selections are not always 

• New variables need to test QCD (color) coherence

qq̄g

14
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New Motivation
• Untangle the different features of the radiation in the collinear and large-

angle events


• Investigate how well the PS approach describes the hard and large-angle 
radiation patterns


• Illustrate how ME calculations can attempt to describe the soft and 
collinear regions


• Soft/hard radiation → pT3/pT2


• Collinear or large-angle → ∆R23


• Two physics channel

• Three-jet: Jets are fully color connected

• Z + two-jet: Z boson (j1) is color neutral, so color coherence effects 

should not appear so strongly

• Different kinematic regions and initial-state flavor compositions are 

being probed

15
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Event Criteria
Soft radiation

(pT3/pT2 < 0.3)

Hard radiation

(pT3/pT2 > 0.6)

Collinear radiation

(small-angle, DR23 < 1.0)

Large-angle radiation

(DR23 > 1.0)

(a) (b)

(c) (d)

j1 j2

j3
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Observables

• pT ratio of 2nd jet and 3rd jet shows if parton radiation is 
soft or hard

• PS describes soft radiation (pT3/pT2 < 0.3)

• ME describes hard radiation (pT3/pT2 > 0.6)


• ∆R23 is representation of parton radiation opening angle


• 


• PS describes small-angle radiation (∆R23 < 1.0)

• ME describes large-angle radiation (∆R23 > 1.0)

ΔR23 = (y3 − y2)2 + (ϕ3 − ϕ2)2
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For pT3/pT2 Distribution

18
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For ∆R23 Distribution
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ME and PS Domain
• 3 jet event

• Di-jet topology

• 3rd jet from 2nd jet (parton shower)

• In 3 jet events, looking correlation between 2nd and 3rd jet


• Parton Shower (PS) vs Matrix Element (ME)

• PS: soft and collinear approximation

• ME: fixed order, good for hard radiation


• PS method dominant regions

• Soft radiation (pT2 >> pT3)

• Small-angle radiation (small ∆R23)


• ME method dominant regions

• Hard radiation (pT2 ~ pT3)

• Large-angle radiation (large ∆R23)



Hyunyong Kim University Of Seoul DEC 16 2021

ME vs PS
Matrix Elements (ME) 

• Systematic expansion in 𝛼s: exact calculation 

• Powerful for multi parton Born level

• Flexible phase space cuts

• Valid when partons are hard and well separated 
• Quantum interference correct

• Loop calculations are computationally expensive

• Negative cross section in collinear regions: unpredictive jet/event structure

• Difficult to match to hadronization

21

Parton Showers (PS) 
• Approximate, resums logs to all orders (LL or NLL)

• Main topology not predetermined: inefficient for exclusive states

• Computationally cheep

• Simple multi parton

• Valild when parsons are soft and/or collinear 
• Sudakov form factors/resummation: sensible jet/event structure  
• Easy to match to hadronizaion
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ME and PS Matching
• The best way to describe data with MC is matching ME and PS method


• Avoid double counting 

• Ensure smooth distributions

22

LO ME and PS jet merging:  
• Merging scale with tcut 
• Use ME where all 

partons are harder than 
tcut and add Sudakov 
dampening to the ME
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Event Generators

23

6

5.1.3.30 + PYTHIA 6.425 using the same tune and PDF set as for generating Z + two-jet samples.179

WW events are generated with PYTHIA 6.425 with CTEQ6L1 PDF set and Z2Star tune. Single180

top events are generated with POWHEG (CT10 PDF set, Z2Star tune).181

Table 3: MC event generators and version numbers, parton-level processes, PDF sets, and UE
tunes used for the comparison with measurements.

Event generator Parton-level process PDF set Tune

Three-jet events
PYTHIA 8.219 LO 2j+PS NNPDF2.3LO CUETP8M1
MADGRAPH 5.2.3.3 + PYTHIA 8.219 LO 4j+PS NNPDF2.3LO CUETP8M1
POWHEG 2 + PYTHIA 8.219 NLO 2j+PS CT10 NLO CUETP8M1

Z + two-jet events
PYTHIA 8.219 LO Z+1j+PS NNPDF2.3LO CUETP8M1
MADGRAPH 5.1.3.30 + PYTHIA 6.425 LO Z+4j+PS CTEQ6L1 Z2Star
SHERPA 1.4.0 + CSSHOWER++ LO Z+4j+PS CT10 AMISIC++
aMC@NLO + PYTHIA 8.223 NLO Z+1j+PS NNPDF30 nlo nf 5 pdfas CUETP8M1

5 Data correction and study of systematic uncertainties182

To facilitate the comparison of data with theory, the data are unfolded from reconstruction to183

stable-particle level, defined by a mean decay length larger than 1 cm, so that measurement184

effects are removed and that the true distributions in the observables are determined. The un-185

folding is performed using the D’Agostini algorithm [43] as implemented in the ROOUNFOLD186

software package [44] for three-jet events, while the singular value decomposition method [45]187

is used for Z + two-jet events. The response matrices are obtained from the full detector simu-188

lation using MADGRAPH for three-jet events and SHERPA for Z + two-jet events.189

The distributions are normalized to the integral of the spectra for three-jet events and to the190

number of inclusive Z + one-jet events in the Z + two-jet analysis. The Z + two-jet analysis191

normalization thus reflects the probability to have more than one jet in the event.192

Systematic uncertainties associated to the jet energy scale (JES) calibration, the jet energy reso-193

lution (JER), PU modeling, model dependence, as well as the unfolding method, are estimated.194

Muon-related uncertainties (single muon trigger efficiency, muon isolation, muon scale and195

resolution) for the Z + two-jet channel are negligible with respect to other systematic sources.196

The treatment of the uncertainty depends on the uncertainty source and is estimated sepa-197

rately for the each bin (see below). The overall uncertainty for each bin is estimated summing198

in quadrature uncertainties from the various sources.199

The systematic uncertainty from the JES is 0.15 (0.24)% at
p

s = 8 (13)TeV for the three-jet case200

and 5–10% for the Z + two-jet events. The JER observed in data differs from that obtained201

from simulation and simulated jets are therefore smeared to obtain the same resolution as in202

the data [46]. The systematic uncertainty from JER is estimated by varying the simulated JER203

uncertainty up and down by one standard deviation, which results in a systematic uncertainty204

of 0.16 (0.12)% at
p

s = 8 (13)TeV for three-jet and 2–3% for Z + two-jet events. When the205

distributions of Z + two-jet events are normalized to the integrals of the histograms, instead of206

the number of Z + one-jet events, the systematic uncertainties due to the JES and JER decrease207

to 0.3–0.5%, except for the pT3/pT2 shape, which is still sensitive to the JES with changes of up208

to 3%.209

The distribution in the number of primary vertices is sensitive to the PU difference between210

To facilitate the comparison of data with theory, the data are unfolded 
from reconstruction to stable-particle level, defined by a mean decay 
length larger than 1 cm, so that measurement effects are removed and 
that the true distributions in the observables are determined 



Hyunyong Kim University Of Seoul DEC 16 2021

LO + PS

24

LO2J

L02J + PS: 
3rd jet is from PS calculation

Hard scattering  
• pQCD + EW 
• ME correction (default) 

+ PS 
• ISR, FSR 
• Underlying Event 

• MPI 
• Beam remnants (color reconnection) 

• Hadronization 
• Ordinary decay
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NLO + PS

25

NLO2J

NLO2J
NL02J + PS: 

3rd jet is from ME (NLO) calculation 
Or ME (virtual) + PS

• NLO ME calculation
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LO (High-multiplicity) + PS

26

LO2J LO4J

LO3J
L04J + PS: 

3rd jet is from PS calculation 
Or ME

• LO ME calculation 
• PS jet merging 

• 2 → 2 + 3 + 4 with Qcut = 10 GeV 
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• Small-angle radiation region (left)

• All predictions show significant deviations from the measurements.

• LO 4j+PS prediction shows different behavior compared with LO 2j+PS and NLO 2j+PS

• The number of partons in the ME calculation and the merging method with the PS in the present simulations 

lead to different predictions

• Large-angle radiation region (right)


• The LO 4j+PS calculations well described

• The LO 2j+PS and NLO 2j+PS predictions show large deviations from the measurements

Eur. Phys. J. C 81, 852 (2021). https://doi.org/10.1140/epjc/s10052-021-09570-2
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• Soft radiation region (left)

• The predictions from LO 2j+PS and NLO 2j+PS describe the measurement well 

• The prediction from LO 4j+PS shows a larger deviation from the data 


• Hard radiation region (right)

• The predictions for distributions from LO 2j+PS differ from the measurement

• The predictions from NLO 2j+PS and LO 4j+PS agree well 

• Higher-multiplicity ME calculations are needed to describe well  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Z + two-jet pT3/pT2

29

• All distributions are normalized to the selected number of Z + one-jet events 

• In general, the measurements with Z + two-jet events are well described by all 

theoretical predictions, except for the underestimation of the j3 emission

• The contribution of the background (ttbar production with full leptonic decay and 

dibosons) increases the probability of j3 emission from 2% (soft radiation) to 10% 
(hard radiation) depending on the phase space region
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Z + two-jet ∆R23

30

• In comparison with the three-jet measurements, Z + two-jet measurements show 
significant differences 


• The different kinematic selection criteria relative to three-jet events, thus reducing the 
sensitivity in the soft and collinear region


• Within the available phase space, the measurements are in reasonable agreement 
with both PS and ME calculations
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Z + two-jet

31

• Compare the event distributions with predictions from PYTHIA 8 with the final-state PS and MPI 
switched off


• The initial-state PS was kept because one of the jets must originate from PS when Z + two-jet events 
are selected


• Multiple parton interactions play a very minor role, while the final-state PS in PYTHIA 8 is very important

• When the final-state PS  is switched off, events where both jets come from the initial-state PS

• The initial-state PS are kept with a tendency to be close to each other in ∆R23
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Summary
• Two kinematic variables are introduced to quantify the radiation pattern in multijet events

• Transverse momentum ratio (pT3/pT2) is measured


• Small-angle radiation: ∆R23 < 1.0

• Large-angle radiation: ∆R23 > 1.0


• Angular separation (∆R23) is measured

• Soft radiation: pT3/pT2 < 0.3

• Hard radiation: pT3/pT2 > 0.6


• Three-jet

• The collinear region is not well described by all predictions 
• The PS approach fails to describe the regions of large-angle and hard radiation region but well 

describes the measurement in the soft radiation region

• Higher-multiplicity ME calculations are needed to describe well in the hard radiation region

• The methods of merging ME with PS calculations are not yet optimal for describing the full 

region of phase space

• Z + two-jet


• The distributions in Z + two-jet events are reasonably described by all tested generators  
• An underestimation of third-jet emission at large pT3/pT2 both in the collinear and large-angle 

regions, for all of the tested models 

• The background contribution may partially cover the difference

• The different kinematic regions and initial-state flavor composition may be the reason why the 

three-jet measurements are less consistent with the theoretical predictions relative to the Z + 
two-jet final states 



Backup
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Event Selection
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Systematics
• Considered systematics

• Jet Energy Scale (JES)

• Jet Energy Resolution (JER)

• Pileup weight (PU)

• Physics Model (MOD)

• Unfolding (UNFOLD)


• Systematics are compared in normalized yield

• Maximum values are used

• Unfolded (particle level) systematics

• 8 TeV MOD and UNFOLD uncertainties are grater that 13 TeV

• 8 TeV MADGRAPH response matrix used PYTHIA 6 for PS
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