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single AK8 jet in detector

Boosted Top Quarks
AK4 jets

Boost
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Identifying Boosted Top Quarks

4

•different approaches to top tagging: 

‣machine learning algorithms 
DeepAK8, ParticleNet, … 

‣ cut based using jet substructure techniques 
N-subjettiness ratio ( ) & soft drop mass ( )τ32 mSD

— in CMS —

τN =
1
d0 ∑

k

pT,k min(ΔR1,k, ΔR2,k, . . . , ΔRN,k)

JHEP 1103:015,2011 - arXiv:1011.2268

JINST 15 (2020) P06005 CMS-DP-2020-002

CMS-DP-2025-010

-subjettinessN

https://arxiv.org/abs/1011.2268
https://cds.cern.ch/record/2929534/files/DP2025_010.pdf


18.09.25 Boosted Top Quarks in Run 3 Johanna Matthiesen

Identifying Boosted Top Quarks

4

•different approaches to top tagging: 

‣machine learning algorithms 
DeepAK8, ParticleNet, … 

‣ cut based using jet substructure techniques 
N-subjettiness ratio ( ) & soft drop mass ( )τ32 mSD

τ32 := τ3/τ2

— in CMS —

τN =
1
d0 ∑

k

pT,k min(ΔR1,k, ΔR2,k, . . . , ΔRN,k)

JHEP 1103:015,2011 - arXiv:1011.2268

JINST 15 (2020) P06005 CMS-DP-2020-002

CMS-DP-2025-010

-subjettinessN

https://arxiv.org/abs/1011.2268
https://cds.cern.ch/record/2929534/files/DP2025_010.pdf


18.09.25 Boosted Top Quarks in Run 3 Johanna Matthiesen

Identifying Boosted Top Quarks

4

•different approaches to top tagging: 

‣machine learning algorithms 
DeepAK8, ParticleNet, … 

‣ cut based using jet substructure techniques 
N-subjettiness ratio ( ) & soft drop mass ( )τ32 mSD

τ32 := τ3/τ2

— in CMS —

“three - 
  prong”

“two - 
  prong”

τN =
1
d0 ∑

k

pT,k min(ΔR1,k, ΔR2,k, . . . , ΔRN,k)

JHEP 1103:015,2011 - arXiv:1011.2268

JINST 15 (2020) P06005 CMS-DP-2020-002

CMS-DP-2025-010

-subjettinessN

https://arxiv.org/abs/1011.2268
https://cds.cern.ch/record/2929534/files/DP2025_010.pdf


18.09.25 Boosted Top Quarks in Run 3 Johanna Matthiesen

Identifying Boosted Top Quarks

4

•different approaches to top tagging: 

‣machine learning algorithms 
DeepAK8, ParticleNet, … 

‣ cut based using jet substructure techniques 
N-subjettiness ratio ( ) & soft drop mass ( )τ32 mSD

τ32 := τ3/τ2

— in CMS —

“three - 
  prong”

“two - 
  prong”

τN =
1
d0 ∑

k

pT,k min(ΔR1,k, ΔR2,k, . . . , ΔRN,k)

JHEP 1103:015,2011 - arXiv:1011.2268

JINST 15 (2020) P06005 CMS-DP-2020-002

CMS-DP-2025-010

-subjettinessN

https://arxiv.org/abs/1011.2268
https://cds.cern.ch/record/2929534/files/DP2025_010.pdf


18.09.25 Boosted Top Quarks in Run 3 Johanna Matthiesen

Separating Signal From Background
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cut on τ32

signal efficiency?mis-tag rate?
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Separating Signal From Background

5

QCD multijet

ttbarcut on τ32

signal efficiency?mis-tag rate?
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Mis-Tag Rate

number of QCD events 
with a FatJet passing 
selection AND 
(incorrectly) tagged as a 
top jet given the  cut 
————————————————-— 
total number of events in 
QCD dataset 

•

τ32

QCD sampleQCD events, that are correctly 
rejected as background, 
given e.g. cut of  

→ of total events

τ32 < 0.67
∼ 98 %

NEW PLOT 
without numbers

NEW PLOT
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Signal Efficiency

number of ttbar events 
with a FatJet passing 
selection AND 
(correctly) tagged as a 
top jet given the  cut 
——————————————— 
total number of events in 
ttbar dataset 

•

τ32

ttbar 
sample

ttbar events, that are correctly 
accepted as signal, 
given e.g. cut of  

→ of total events

τ32 < 0.67
∼ 37 %

NEW PLOT 
without numbers

NEW PLOT
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Jet Substructure in Recorded Data

9

QCD multijet

ttbar
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Jet Substructure in Recorded Data

9

QCD multijet

ttbar

recorded data
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Scale Factors

10

•derive correction factors for each 

‣ data taking era 

‣ working point 

‣  bin of large-radius jet (AK8 jet) 

‣ merge scenario of top quark decay products

pT

— to correct MC simulation —

3q 2q 0o1q background

NEW PLOT 
with pretty legend
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Tag and Probe Method With  Pairstt̄
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Tag and Probe Method With  Pairstt̄
single lepton

b tagged small 
radius jet

 
(neutrino)
pmiss
T

large 
radius jet

ΔR >
2
3

π

Tag top
Probe top

electron or muon, 
 GeV, 

isolated
pT > 55

 GeVpT > 15

 GeV> 50

 GeVpT > 300
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Probe Jet: τ32

12

NEW PLOT
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Probe Jet: τ32

12

passing       failing
 cutτ32  cutτ32

NEW PLOT



18.09.25 Boosted Top Quarks in Run 3 Johanna Matthiesen

Probe Jet: τ32

12

passing       failing

min(pT1, pT,2)

pT1 + pT2
> zcut ⋅ (ΔR12

R0
)βsoft drop 

criterion
JHEP 1405 (2014) 146 - arXiv:1402.2657

 and  mSD

 cutτ32  cutτ32

NEW PLOT

NEW PLOT

NEW PLOT
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SF Derivation

13

— simultaneous fit for merge categories and  of probe jet —pT

•constraint:  

•syst. uncertainties considered, FSR largest impact

Ntotal = Npass + Nfail = const

prefit 
pass

postfit 
pass

12

11

10

9

8

7

6

5

4

3

2

1

2− 1− 0 1 2
2σ - 2

Iσ)/Iθ-θ( Iσ)/Iθ-θ(

prop_binbin_1m__22__pt_400_480__tau32_wp_very_loose_pass_bin6

ISR

xsec_mj

prop_binbin_1e__22__pt_400_480__tau32_wp_very_loose_fail_bin5

prop_binbin_1m__22__pt_400_480__tau32_wp_very_loose_fail_bin5

jec_Total

prop_binbin_1m__22__pt_400_480__tau32_wp_very_loose_fail_bin7

xsec_tt

prop_binbin_1e__22__pt_400_480__tau32_wp_very_loose_fail_bin6

prop_binbin_1m__22__pt_400_480__tau32_wp_very_loose_fail_bin6

xsec_vx

FSR

CMS Internal

0.005− 0 0.005
SF__3q__22__pt_400_480∆

Fit  Impactσ+1
Pull  Impactσ-1

0.034−
0.035+ = 0.890SF__3q__22__pt_400_480SF__3q__pt_400_480

SF__3q__pt_400_480

(work in progress!)

NEW PLOT 
(with new results)
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Quick and automated 
derivation of SF essential to 

be used in analyses.

(work in progress!)

github.com/columnflow/columnflow

NEW PLOT 
(with new results)

http://github.com/columnflow/columnflow
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Analysis Strategy

14

I. Selection

II. Reconstruction

III. Event Classification

IV. Statistical Analysis

ditop mass - gen level [GeV]

 events with lepton+jets 
final state objects
tt̄

kinematics of the  systemtt̄

using machine learning

bump hunt or set limits

— searching for  bosons —Z′￼
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Search for New Physics Effects …

15

select events

calibrate events/objects
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Search for New Physics Effects …

15

boosted 
reconstruction

resolved 
reconstruction

select events

AK8 jet 
present?

calibrate events/objects

NEW PLOT
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Search for New Physics Effects …

15

boosted 
reconstruction

resolved 
reconstruction

select events

χ2 = (
mlep − m̄lep

σm̄lep
)2

+(
mhad − m̄had

σm̄had
)2

choose best  
jet combination 

per event

AK8 jet 
present?

calibrate events/objects

NEW PLOT
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… In the Ditop Mass Spectrum

16

χ2 < 30

NEW PLOT

NEW PLOT
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… In the Ditop Mass Spectrum

16

ditop mass [GeV]

resolved

ditop mass [GeV]

boosted
χ2 < 30

NEW PLOT

NEW PLOT
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… In the Ditop Mass Spectrum

16

DNN for event 
classification

selected events

ditop mass [GeV]

resolved

ditop mass [GeV]

boosted
χ2 < 30

NEW PLOT

NEW PLOT
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… In the Ditop Mass Spectrum

16

DNN for event 
classification

selected events

ditop mass [GeV]

resolved

ditop mass [GeV]

boosted
ditop mass [GeV]

boosted 
signal 

region

χ2 < 30

NEW PLOT

NEW PLOT
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Statistical Analysis

17

CMS Combine 
Comput.Softw.Big Sci. 8 (2024) 1, 19 - arXiv:2404.06614

ditop mass [GeV]

?

https://arxiv.org/abs/2404.06614
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0 1 2 3 4 5 6 7 8 9
 [TeV]Z'm

3−10

2−10

1−10

1

10

210

310

410

pb
 

t t
→

Z'
Β 

Z'
→

pp
σ

CMS
 (13 TeV)1−138 fb

Preliminary
95% CL upper limit

Observed
Expected
68% expected
95% expected

Theory prediction
Z' 10% width

Statistical Analysis

17

improve limits found 
in Run 2 analysisCMS Combine 

Comput.Softw.Big Sci. 8 (2024) 1, 19 - arXiv:2404.06614

ditop mass [GeV]

?
CMS-PAS-B2G-22-006

https://arxiv.org/abs/2404.06614
https://cds.cern.ch/record/2929286?ln=en
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•identification of boosted objects essential step in many analyses 

•boosted top quarks as potential window to BSM physics 
here: heavy /Higgs bosons, non resonant  production 

•Run 2 search public under CMS-PAS-B2G-22-006 

•Run 3 search to use more data and improved analysis strategy 

•cut based top tagging algorithm using jet substructure 
and soft drop mass as baseline for top tagging  

•derived working points and scale factors

Z tt̄

Summary

18

github.com/columnflow/columnflow

NEW PLOT 
with pretty legend

https://cds.cern.ch/record/2929286?ln=en
http://github.com/columnflow/columnflow


BACKUP
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•new framework in development in CMS 

•advantages: 

columnar analysis 

fully orchestrated with intermediate outputs 

Python-based 

•single command triggers complete workflow 

very quick turnaround time

New Framework for Run 3

26.11.24, 15:38Online FlowChart & Diagrams Editor - Mermaid Live Editor

Page 1 of 2https://mermaid.live/view#pako:eNqlWW1v2zYQ_isChwIukLixu8SJs…_-zibHQ6Ojk_Ox-8Px8ekWcyPnk9Ij8qL4P-Sf0bDEaDwcWvF2ev_wIwFtx1

Results1

Cutflow plots

Merging 2

ML Training

Merging 1

Plots

Tables Inference

lfns

lfns

cols

masks cols

cols

lfns

stats

stats

masks cols sizes

factors

events

optional
events

events

masks

hists hists hists

wrapper

eventsevents

events

colscols

cols

events

yes

mlcols stats

mlcols stats

model

either
way

colscols

hists

hists

cols

data hists

mc hists

data hists

mc hists

data histshists

wrapper

hists

wrapper

hists

cols

GetDatasetLFNs

CalibrateEvents

SelectEvents

MergeSelectionMasks

MergeSelectionStats

CreateCutflowHistograms

ReduceEvents

MergeReductionStats

MergedReducedEvents

ProvideReducedEvents

ProduceColumns

UniteColumns CreateHistograms

Used in
training?

PrepareMLEvents

MergeMLEvents MergeMLStats

MLTraining

MLEvaluation

MergeHistograms

MergeShiftedHistograms

MergeMLEvaluation

CreateDatacards WritePyhfWorkspaceCreateYieldTable

PlotVariables1D PlotVariables2D

PlotVariablesPerProcess2D

PlotShiftedVariables1D

PlotShiftedVariablesPerProcess1D

PlotCutflow PlotCutflowVariables1D PlotCutflowVariables2D

PlotCutflowVariablesPerProcess2D

PlotMLResults

— columnar-based analysis with columnflow (CF) —

CF repo

https://github.com/columnflow/columnflow
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•new framework in development in CMS 

•advantages: 

columnar analysis 

fully orchestrated with intermediate outputs 

Python-based 

•single command triggers complete workflow 

very quick turnaround time

New Framework for Run 3
— columnar-based analysis with columnflow (CF) —

CF repo
input: 
nanoAOD

selection

calibration

calculations

machine 
learning

histograms

plots datacards

https://github.com/columnflow/columnflow
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•select FatJet (AK8 jet) with 

•  

•  GeV  
→ boosted regime 

•in ttbar sample to determine signal 
efficiency: 
uniquely matched to parton-level top quark 

•additional softdrop mass constraint:
 GeV  

→ window around top mass

|η | < 2.4

pT > 400

105 < mSD < 210

Procedure and Selection

1. Set mis-tag rates defining the WP: 
0.1% → very tight 
0.5% → tight 
1.0% → medium 
2.5% → loose 
5.0% → very loose 

2. Plot mis-tag rate and determine cut 
values on  

3. Plot signal efficiency and determine 
signal efficiency for these cut values/WP

τ32

— for WP derivation —
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 Of FatJetsmSD

22

image credit: J. Dolen 
from cms-opendata-workshop

→ fails for wide-angle soft radiation

min(pT1, pT,2)

pT1 + pT2
> zcut ⋅ (ΔR12

R0
)β

β = 0

zcut = 0.1

https://cms-opendata-workshop.github.io/workshop2022-lesson-physics-objects/06-substructure/index.html
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Tag and Probe Method With  Pairstt̄

•single lepton 

•  GeV 

•b-tagged AK4 jet 
close to lepton 

•  GeV 

•  GeV 

•  GeV 

•  GeV 

•jet-lepton 2D isolationpT, lep > 55 pT, AK4 > 15

pmiss
T > 50

pT(Wlep) > 150

pT, AK8 > 300

single 
lepton

b tagged 
AK4 jet

pmiss
T

leading 
AK8 jet

ΔR >
2
3

π

Tag top
Probe top
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•lepton selection: 

•single muon/electron trigger 

•low :  GeV and isolation 

•high :  GeV and 2D isolation 

•  

•  GeV 

•at least two jets with  and: 

•  GeV 

•  GeV 

•at least one b-tagged jet

pT 30/35 < pT < 55/120

pT pT > 55/120

|ημ/e | < 2.4

pmiss
T > 70/60

|η | < 2.5

pjet1
T

> 50/50

pjet2
T

> 50/40

Baseline Selection
— in numbers —

muon/electron channel
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Selection Efficiencies

 muon channel electron channel inclusive channel 
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•note different color scale! 

•2D cut only in high  
regime of lepton 

•contribution of low  
contributions in first bin 

•reduces QCD background

pT

pT

Jet-Lepton 2D Cut
— filtering leptonic B meson decays —

 or  GeVΔRmin(lep, jet) > 0.4 pT, rel(lep, jet) > 25

 before  after

https://www.researchgate.net/publication/324010247_B_s_Klv_form_factors_with_21_flavors
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Merge Category Algorithm

27

— process_ids producer—

1. Check if st or tt. 

2. Check if bkg: 
no probejet 
OR top decay merged into probejet not hadronic 
OR associated b quark and both associated W 
decay products merge into probejet 

3. Check if 3q or 2q: 
not bkg 
AND exactly 3/2 quarks merged into probejet 

4. Check if 0o1q: 
not bkg 
AND 0 or 1 quarks are merged into probejet

process ID set per event from gen level info:

https://github.com/uhh-cms/topsf/blob/master/topsf/production/processes.py#L22
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Combine Physics Model

•with seesaw condition, keeping  constant 

•  as parameter-of-interest, determining  

•one fit per combination of year/era and WP 

‣ simultaneous fit for merge categories and  bins of probe jet:

Ntotal

SFpass SFfail

pT

Seesaw Condition 
 Ntotal = Npass + Nfail = const

SFfail = (1 − SFpass) ⋅
Nprefit

pass

Nprefit
fail

+ 1

SF__3q/2q/0o1q__22__pt_300_400
SF__3q/2q/0o1q__22__pt_400_480
SF__3q/2q/0o1q__22__pt_480_600
SF__3q/2q/0o1q__22__pt_600_inf

12 scale factors}
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•checked Run 2 impacts (JMAR Meeting 06.06.23) and 
wrote down five highest for each SF in each pT bin: 

• FSR q2qgMuR/g2ggMuR/x2xgMuR 

• xsec tt/st/mj/vx 

• scale tt/st 

• toppt B 

• JES 

• PU 

• btagging

Main Uncertainities
— in Run 2 —

available in Nano as PSWeight, not split (single NP)

already used in v8 fit

available

all unc. sources available from central json

available (minbias_xs)

available in Nano as LHEScaleWeight

to be investigated

https://indico.cern.ch/event/1293110/contributions/5436324/attachments/2659281/4609775/Matthies_JMAR_TopTagging_UL_2023-06-06.pdf
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DNN for Event Classification
— network architecture —

0.5

0.3

0.1

0.1

tt̄
single top
W+jets
Drell-Yan

ReLu activation

softmax 
activation

59 input features: 
• jet multiplicities 
• kinematic properties of 

objects (MET, jets, lepton)

output nodes
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DNN for Event Classification
— network architecture —

0.5

0.3

0.1

0.1

tt̄
single top
W+jets
Drell-Yan

ReLu activation

softmax 
activation

59 input features: 
• jet multiplicities 
• kinematic properties of 

objects (MET, jets, lepton)

output nodes
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• AdamOptimizer 

• ReLu activation for hidden layers 

• softmax activation for output layers 

• batchsize = 32768 

• drop out rate = 0.5 

• epochs  500 

• folds = 5 

• learning rate = 0.0005 

• validation fraction = 0.25

≤

DNN Parameter

jet 
multiplicity 5 AK4 jets 3 AK8 jets lepton MET

NAK8

NAK4 EE E
pTpT pT

pT

ηη η

ϕ

ϕ ϕ ϕ

mass softdrop mass

b-tag score τ21

τ32

59 input features model hyperparameters


