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2 Heavy Quark Resonances Introduction

Heavy quarks are interesting because:

1. 3rd generation is special! 
➡ Could be a sign of new physics… 

!
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3 Benchmark Signal Models

Neutral spin-1 boson from additional U(1) symmetry to SM

• Could act as dark matter mediator 
➡ Links SM to DM sector 
➡ Explain DM abundance

• Can decay to pairs of heavy quarks

b* quark

Z’ Boson
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1. Introduction

Many extensions to the Standard Model (SM) predict the existence of new massive particles that couple
to quarks (q) or gluons (g). If produced in proton–proton (pp) collisions at the Large Hadron Collider
(LHC), these new beyond-the-SM (BSM) particles would decay, creating resonant excesses in the two-
jet (dijet) invariant mass distributions [1–6]. If the new particle couples to the b-quark it would decay
into bb̄, bq or bg pairs. A dedicated search for dijet resonances with one or both jets identified as
originating from a b-quark (“b-jet”) increases the signal sensitivity in this scenario.

Resonance searches using events containing two b-jets have been performed by the CDF [7] and
CMS [8, 9] experiments, probing the mass ranges of 200–750 GeV and 1–4 TeV respectively. The
increase in the centre-of-mass energy

p
s to 13 TeV of the pp collisions at the LHC provides a new

energy regime. Heavy resonances in the mass range 1.1–5.0 TeV decaying to b-jets have been probed
by the ATLAS experiment using 3.2 fb�1 of pp collisions at

p
s = 13 TeV [10]. Searches not requiring

b-tagging have also been performed. Using 8 TeV pp collision data, CMS excluded excited quarks and
Z 0 in the mass range 500–1600 GeV using data scouting [11]. ATLAS used a trigger-level analysis to
perform a search for narrow resonances in the dijet mass spectrum [12] and set limits on Gaussian cross
sections ranging from 3 pb at 450 GeV to 0.7 pb at 850 GeV. A new strategy for inspecting dijet masses
as low as 0.6 TeV based on identifiying b-jets at the trigger level was recently reported by the ATLAS
experiment [13].

In this note a search for new narrow resonances decaying to b-quarks, using 13.3 fb�1 integrated lu-
minosity of pp collisions at

p
s = 13 TeV collected with the ATLAS detector, is reported. The search

is based on the strategy outlined in Ref. [10] and profits from an enlarged dataset and an improved
algorithm for the identification of b-jets [14].
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Figure 1: Leading-order Feynman diagrams for the two processes considered: gb ! b⇤ ! bg and qq̄ ! Z 0 !
bb̄.

The results are interpreted in the context of two benchmark processes shown in Figure 1: an ex-
cited heavy-flavour quark b⇤ and a new gauge boson Z 0. Excited quarks are a consequence of quark
compositeness models that were proposed to explain the generational structure and mass hierarchy of
quarks [15, 16]. The Z 0 boson arises in many extensions to the SM as an additional U (1) symmetry
group. Two Z 0 models, the Sequential Standard Model (SSM) with SM-like fermion couplings and the
leptophobic Z 0 model [17, 18], are considered with a production cross-section computed at the next-
to-leading (NLO) order in perturbative QCD (pQCD). The benchmark models are expected to result in
a narrow resonance superimposed on a smoothly falling dijet invariant mass distribution.

This search divides the events into categories with at least one or two jets identified as b-jets to enhance
the signal sensitivity to the two b⇤ and Z 0 benchmark models. Results are also interpreted in the context
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cited heavy-flavour quark b⇤ and a new gauge boson Z 0. Excited quarks are a consequence of quark
compositeness models that were proposed to explain the generational structure and mass hierarchy of
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Many extensions to the Standard Model (SM) predict the existence of new massive particles that couple
to quarks (q) or gluons (g). If produced in proton–proton (pp) collisions at the Large Hadron Collider
(LHC), these new beyond-the-SM (BSM) particles would decay, creating resonant excesses in the two-
jet (dijet) invariant mass distributions [1–6]. If the new particle couples to the b-quark it would decay
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Z 0 in the mass range 500–1600 GeV using data scouting [11]. ATLAS used a trigger-level analysis to
perform a search for narrow resonances in the dijet mass spectrum [12] and set limits on Gaussian cross
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as low as 0.6 TeV based on identifiying b-jets at the trigger level was recently reported by the ATLAS
experiment [13].
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bb̄.

The results are interpreted in the context of two benchmark processes shown in Figure 1: an ex-
cited heavy-flavour quark b⇤ and a new gauge boson Z 0. Excited quarks are a consequence of quark
compositeness models that were proposed to explain the generational structure and mass hierarchy of
quarks [15, 16]. The Z 0 boson arises in many extensions to the SM as an additional U (1) symmetry
group. Two Z 0 models, the Sequential Standard Model (SSM) with SM-like fermion couplings and the
leptophobic Z 0 model [17, 18], are considered with a production cross-section computed at the next-
to-leading (NLO) order in perturbative QCD (pQCD). The benchmark models are expected to result in
a narrow resonance superimposed on a smoothly falling dijet invariant mass distribution.

This search divides the events into categories with at least one or two jets identified as b-jets to enhance
the signal sensitivity to the two b⇤ and Z 0 benchmark models. Results are also interpreted in the context
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!
We call this process “b-tagging”
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b-quark analysis

Reconstruction : b-tagging

Proton  
Beam

Primary 
Vertex

B/C Hadron Flight Path
Decay Product

Inner Detector Layers

B Hadron  
Formed Here

B Hadron  
Flight Path

Secondary 
Vertex

top quark analysis• b-quark will hadronise to form a B-hadron

• B-hadrons travel a finite distance before decaying 
• For pT = 200 GeV => d = 20 mm

• Search for:  1) Displaced crossing of tracks                = (Secondary vertex)  
                     2) Tracks not pointing to primary vertex  = (Impact parameter)

             3) Tertiary vertex from C-hadron decay    = (Jet Fitter)
➡ Combine these variables in a multi-variate algorithm

How to identify a b-quark?  

Differentiate b-jets and light-jets  !
We call this process “b-tagging”

Tertiary 
Vertex
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• Select Dijet Events 
- Require two high-pT jets 
- mjj > 1.4 TeV

• 2015 and 2016 Data Combined 
- 13 fb-1 of 13 TeV pp collision data 

• b-Tagging to identify b-jets: 
- Two categories: 

- >= 1 b-tag cat.   (for b*) 
- == 2 b-tag cat.   (for Z’)

Full list of events selection in backup EXOT-2015-22

b-quark analysis

Event Selection : b-quarks  [1] 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-22/#auxstuff
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-060/


6 Background Modelling

• Background is totally dominated by  
 multi-jet background 

!
• Use data-driven method 

• Avoid large modelling uncertainties

• Fit to smooth background  
!
- Use smoothly falling function: 

!
!
!

Dijet resonances - Bump Hunt

QCD background smoothly falling ! Compare data to background
estimate (smooth fit) & assess compatibility

3 Parameter fit function:
f (z) = p

1

(1� z)p2 (z)p3

where z = m/
p
s

BumpHunter algorithm used to
identify most discrepant range of
bins (1.53 - 1.61 TeV)

Compare agreement in data to
agreement from
pseudo-experiments ! p-value

Lydia Beresford Results from Jet Searches! January 6, 2016 9 / 46
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where,

Two Step strategy: • Search for discrepancies from fit !
- BumpHunter algorithm is used 
- Finds most discrepant excess. 
- p-Value from pseudo-experiments 
- Accounts for look-elsewhere effect 
- If significant excess is found, bkgd 

fit is repeated ignoring this excess.

b-quark analysis  [1] 

intro data checks draft/comments status results conclusion aux. figures backup
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Method: Search for deviations from the SM, knowing

- QCD dijet production is dominated by small scattering angles

- the mjj spectrum of QCD is smoothly falling

At low c

bump hunt – fit

At high mjj

shape comparison – MC

QCD like

BSM like

y⇤ = y1�y2
2

yB = y1+y2
2

Define c = e2|y⇤| = e |y1�y2|
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L. Bryngemark

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-060/


7 Results: b-quark

b-quark analysis

 [1] 

• Search Strategy 
- Fit to smoothly falling background 
- Find resonances using bumpHunter
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Figure 4: Dijet mass spectra overlaid with the fits to the background function together with the results from
BumpHunter and benchmark signals. The most discrepant region is indicated by the two blue lines. The lower
panels show the significances per bin of the data with respect to the background fit, in terms of the number of
standard deviations, considering only the statistical uncertainties. The distributions are shown for the (a) “1b”
and (b) “2b” categories.

The uncertainty on the combined 2015 and 2016 integrated luminosity is 2.9%. It is derived, following
a methodology similar to that detailed in Ref. [38], from a preliminary calibration of the luminosity
scale using x–y beam-separation scans performed in August 2015 and May 2016.

The uncertainty in the jet energy scale and resolution is estimated using untagged jets in 13 TeV data
and simulation by following the methods described in Ref. [34]. The total uncertainty is found to be
approximately 1% for both the jet energy scale and the jet energy resolution across the investigated
mass range.

The additional uncertainty in the energy scale of b-tagged jets is estimated using the MC samples
and verified with data following the method described in Ref. [39]. The ratio rtrk of the sum of track
transverse momenta inside the jet to the total jet transverse momentum measured in the calorimeter is
used for this estimate. The double ratio of rtrk from data and simulation is formed and compared for
inclusive jets and b-jets. The estimated relative additional uncertainty is found to be at most 2.6% in
the jet pT spectrum of interest. This relative uncertainty is applied in addition to the nominal jet energy
scale uncertainty.

Uncertainties on the correction factors for the b-tagging identification response are applied to the sim-
ulated event samples [35, 40] and are the largest uncertainties in this analysis. The uncertainty in the
measured tagging e�ciency of b-jets is estimated by studying tt̄ events in 13 TeV data. An additional
term is included to extrapolate the measured uncertainties to the high-pT region of interest. This term
is calculated from simulated events by considering variations on the quantities a↵ecting the b-tagging
performance such as the impact parameter resolution, percentage of poorly measured tracks, descrip-
tion of the detector material, and track multiplicity per jet. The dominant e↵ect on the uncertainty when

7

No Significant 
Deviation

>= 1 b-tag 
BH p-value = 0.44

2 b-tag 
BH p-value = 0.60

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-060/


8 Results: b-quark

 
b* excited quark  

1.5 < mb* < 2.3 TeV 
!

Leptophobic  
Z’ boson  

mZ’ = 1.5 TeV 
 

Limits Set on 
Benchmark Models

b-quark analysis  [1] 

 Model  b* quark Z’ Boson

ATLAS  
13 TeV,  
13.3 ifb 

2.3 TeV 1.5 TeV 
(Leptophobic)

CMS  
8 TeV,  
19.6 ifb 1.54 TeV 

1.68 TeV 
(Sequential 

SM)
 [3] 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-060/
http://cds.cern.ch/record/1542405/files/EXO-12-023-pas.pdf


9 Event Selection : Top quark

• 2015 data set              -     3.2 fb-1 13 TeV pp data 

Full list of event selection in backup

Selecting tt̄ events: signal and backgrounds

Why the lepton + jets channel?
Select from data and Monte Carlo events
consistent with semileptonic tt̄ decay
Only irreducible background SM tt̄

Reducible backgrounds mitigated
using kinematic and topological
cuts, but selection should be model
agnostic.

W+jets
(data driven)

single top Z+jets QCD multijet
(data driven)

diboson

Anna Duncan (UoG) tt̄ Resonances Search April 11, 2017 5 / 24

• Single lepton t t̅  
(electron or muon)

- Good Branching Ratio: 28% events 
- Lepton makes for easier reconstruction and identification

top quark analysis

 [2] 

https://cds.cern.ch/record/2141001
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>= 1 b-tagged  
small-radius jet 
     

Exactly 1 electron or muon

Missing ET

1 large-radius jet 

(Top-tagged) [4] 
 

• Single lepton t t̅  
(electron or muon)

- Good Branching Ratio: 28% events 
- Lepton makes for easier reconstruction and identification

top quark analysis

 [2] 

https://cds.cern.ch/record/2116351/files/ATL-PHYS-PUB-2015-053.pdf
https://cds.cern.ch/record/2141001
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Reducible backgrounds mitigated
using kinematic and topological
cuts, but selection should be model
agnostic.

W+jets
(data driven)

single top Z+jets QCD multijet
(data driven)

diboson
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>= 1 b-tagged  
small-radius jet 
     

Exactly 1 electron or muon

Missing ET

1 large-radius jet 

(Top-tagged) [4] 
 

• Single lepton t t̅  
(electron or muon)

- Good Branching Ratio: 28% events 
- Lepton makes for easier reconstruction and identification

top quark analysis

 [2] 

which contains 
 
 

1 b-tagged 
track-jet

https://cds.cern.ch/record/2116351/files/ATL-PHYS-PUB-2015-053.pdf
https://cds.cern.ch/record/2141001
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SM t t̅ 
- Largest  
- Irreducible

top quark analysis
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Background Estimations

• Monte-Carlo Simulation is used for most backgrounds
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cuts, but selection should be model
agnostic.
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SM t t̅ 
- Largest  
- Irreducible

top quark analysis

Background Estimations

• Monte-Carlo Simulation is used for most backgrounds

➡ Multi-jet - Estimate using a “loose” lepton selection 
control region, which is multi-jet dominated

- Use well predicted W+/W- charge asymmetry  
to correct simulation normalisation• Data-Driven

➡ W+Jets

 [2] 

https://cds.cern.ch/record/2141001


11 Results: top-quark

top quark analysis
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Figure 9: The mreco
t t̄

distribution before the likelihood fit in the (a)e+jets and (b)µ+jets selections. The SM back-
ground components are shown as stacked histograms. The shaded areas indicate the total systematic uncertainties.
The signal distribution for a Z 0TC2 with mass 2 TeV, and width divided by mass of 1.2%, is also shown stacked on top
of the background expectation. The ratio of the data to the total expectation from background processes is shown
in the lower panel, open triangles indicate that the ratio point would appear outside the panel.
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Figure 10: The mreco
t t̄

distributions after a likelihood fit assuming there is no signal for the (a)e+jets and (b)µ+jets
selections. The SM background components are shown as stacked histograms. The shaded areas indicate the total
systematic uncertainties. The ratio of the data to the final fitted expectation is shown in the lower panel, open
triangles indicate that the ratio point would appear outside the panel.

9. Summary

A search for heavy particles decaying to tt̄ in the lepton-plus-jets decay channel was carried out with
the ATLAS experiment at the LHC. The search uses data corresponding to an integrated luminosity of
3.2 fb�1 of proton–proton collisions at a centre-of-mass energy of 13 TeV. No excess of events beyond the
Standard Model predictions is observed in the tt̄ invariant mass spectra. Upper limits on the cross-section
times branching ratio are set for a narrow ( 3% width) Z 0 boson. Based on these results, the existence
of a narrow (width 1.2% of its mass) leptophobic topcolour Z 0 in the range 0.7 TeV< mZ 0 < 2.0 TeV is
excluded at 95% CL.

15

Electron Muon

 [2] 

No Significant 
Deviation 

 Found

Most significant excess: 
M = 1.75 TeV 
Sig = 0.9 σ

• Search Strategy 
- Compare data to background estimates 
- Find excesses using BumpHunter

https://cds.cern.ch/record/2141001


12 Results: top-quark top quark analysis
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Figure 11: The observed and expected cross section 95% CL upper limits on the Z 0TC2 signal. The theoretical
predictions for the production cross section times branching ratio at the corresponding masses are also shown.

16

 [2] 

 
Top-colour Z’ boson 

!
0.7 < mZ’ < 2.0 TeV, 

(1.2% width) 
!

0.7 < mZ’ < 3.2TeV 
 (3% width) 

Limits Set On 
Benchmark Models

 Model ATLAS      
13 TeV, 3.2 ifb

CMS 
13 TeV, 2.6 ifb

ATLAS  
14 TeV, 300 ifb

ATLAS  
14 TeV, 3000 ifb

Top-colour Z’ 
Boson

 !
0.7 - 2.0 TeV 
(Width = 1.2%)

!
0.6 - 2.3 TeV 

(Semi-leptonic, Width = 1%) !
0.6 - 2.5 TeV 

(Combined with hadronic) 

!
3.0 TeV 

(Resolved + Boosted) 
 

Projected

!
4.0 TeV 

(Resolved + Boosted) 
 

Projected  
 

 [5]  [6] 

https://cds.cern.ch/record/2141001
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b-quark analysis
• Use trigger level b-tagging to reach new mass ranges    

‣          mjj > 1.4 TeV  : Using single jet-level trigger as presented 
‣ 0.5 < mjj < 1.5 TeV  : Using trigger level b-tagging 
‣ Such a search performed in 2015 data-set  [7]

Future Plans For Analysis
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top quark analysis
• Different topologies for differing top-quark momentums

• All hadronic t t̅ channel

Exploring New Decay Topologies
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Combine low mass
large-R jet with nearby
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=) large-R jet often a W boson decay

Improve m
tt̄

resolution in boosted channel with alternative reconstruction
Are there more events with this topology that fail boosted and resolved selections?
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b-quark analysis
• Use trigger level b-tagging to reach new mass ranges    

‣          mjj > 1.4 TeV  : Using single jet-level trigger as presented 
‣ 0.5 < mjj < 1.5 TeV  : Using trigger level b-tagging 
‣ Such a search performed in 2015 data-set  [7]

Future Plans For Analysis

both analyses
• 2015 + 2016 data-set : ~ 36.1 fb-1 of data 
• Both analyses expect updates with more data…

top quark analysis
• Different topologies for differing top-quark momentums

• All hadronic t t̅ channel

Exploring New Decay Topologies

large-R jet mass [GeV]
100 150 200 250 300

E
v
e
n

ts

0

500

1000

1500

2000

2500

3000

3500

 eventstMC t

Work in Progress

 eventstMC t

Work in Progress

large-R jet mass [GeV]
65 70 75 80 85 90 95 100

E
v
e
n

ts

0

200

400

600

800

1000

1200

1400

 eventstMC t

Work in Progress

 eventstMC t

Work in Progress

(large-R jet + btag) mass [GeV]
50 100 150 200 250 300 350 400

E
v
e
n

ts

0

10

20

30

40

50

60

 eventstMC t

Work in Progress

 eventstMC t

Work in Progress

Large-R jet mass in
boosted channel

Often have large-R jet
mass < 100 GeV

Combine low mass
large-R jet with nearby
b-tagged jet

=) large-R jet often a W boson decay

Improve m
tt̄

resolution in boosted channel with alternative reconstruction
Are there more events with this topology that fail boosted and resolved selections?

Anna Duncan (UoG) tt̄ Resonances Search April 11, 2017 7 / 24

Exploring New Decay Topologies

large-R jet mass [GeV]
100 150 200 250 300

E
v

e
n

ts

0

500

1000

1500

2000

2500

3000

3500

 eventstMC t

Work in Progress

 eventstMC t

Work in Progress

large-R jet mass [GeV]
65 70 75 80 85 90 95 100

E
v

e
n

ts

0

200

400

600

800

1000

1200

1400

 eventstMC t

Work in Progress

 eventstMC t

Work in Progress

(large-R jet + btag) mass [GeV]
50 100 150 200 250 300 350 400

E
v

e
n

ts

0

10

20

30

40

50

60

 eventstMC t

Work in Progress

 eventstMC t

Work in Progress

Large-R jet mass in
boosted channel

Often have large-R jet
mass < 100 GeV

Combine low mass
large-R jet with nearby
b-tagged jet

=) large-R jet often a W boson decay

Improve m
tt̄

resolution in boosted channel with alternative reconstruction
Are there more events with this topology that fail boosted and resolved selections?

Anna Duncan (UoG) tt̄ Resonances Search April 11, 2017 7 / 24

Semi-Boosted Boosted  
(Presented)

Resolved



14 Conclusions

!• Searches For Heavy Quarks Resonances at ATLAS 
- Both b-quark and t-quark searches



14 Conclusions

!

• Probe into new physics models 
- Top-colour and leptophobic Z’ boson : May be dark matter mediator  
- b* heavy quark : model could explain quark hierarchy

• Searches For Heavy Quarks Resonances at ATLAS 
- Both b-quark and t-quark searches



14 Conclusions

!

• Probe into new physics models 
- Top-colour and leptophobic Z’ boson : May be dark matter mediator  
- b* heavy quark : model could explain quark hierarchy

• Used complex techniques to identify heavy quarks 
- b-quark:      Use b-tagging to identify B-hadrons 
- Top-quark:  Use three different types of jets 

• Searches For Heavy Quarks Resonances at ATLAS 
- Both b-quark and t-quark searches



14 Conclusions

!

• Probe into new physics models 
- Top-colour and leptophobic Z’ boson : May be dark matter mediator  
- b* heavy quark : model could explain quark hierarchy

• Used complex techniques to identify heavy quarks 
- b-quark:      Use b-tagging to identify B-hadrons 
- Top-quark:  Use three different types of jets 

• Differing techniques to model backgrounds 
- b-quark:      Use smoothly falling fit to data 
- Top-quark:  Use MC simulation with data-driven components

• Searches For Heavy Quarks Resonances at ATLAS 
- Both b-quark and t-quark searches



14 Conclusions

!

• Probe into new physics models 
- Top-colour and leptophobic Z’ boson : May be dark matter mediator  
- b* heavy quark : model could explain quark hierarchy

• Used complex techniques to identify heavy quarks 
- b-quark:      Use b-tagging to identify B-hadrons 
- Top-quark:  Use three different types of jets 

• Differing techniques to model backgrounds 
- b-quark:      Use smoothly falling fit to data 
- Top-quark:  Use MC simulation with data-driven components

• Results 
- No significant discrepancies from standard model 
- New limits set on benchmark models 

• Searches For Heavy Quarks Resonances at ATLAS 
- Both b-quark and t-quark searches



14 Conclusions

!

• Probe into new physics models 
- Top-colour and leptophobic Z’ boson : May be dark matter mediator  
- b* heavy quark : model could explain quark hierarchy

• Used complex techniques to identify heavy quarks 
- b-quark:      Use b-tagging to identify B-hadrons 
- Top-quark:  Use three different types of jets 

• Differing techniques to model backgrounds 
- b-quark:      Use smoothly falling fit to data 
- Top-quark:  Use MC simulation with data-driven components

• Results 
- No significant discrepancies from standard model 
- New limits set on benchmark models 

• Searches For Heavy Quarks Resonances at ATLAS 
- Both b-quark and t-quark searches

• Updates expected with full 2015 + 2016 data-set, so stay tuned!  👻 👻



[1] : 
!
!
 [2] : 
!
!
[3] :    CMS PAS EXO-12-023             (CMS di-b-jet, 8 TeV) 
!
[4] :    ATL-PHYS-PUB-2015-053    (Top-tagger) 
!
[5] :    arXiv:1704.03366                 (CMS t t̅ resonance, 13 TeV) 
!
[6] :    ATL-PHYS-PUB-2017-002   (High-lumi prospects t t̅ ATLAS) 
!
[7] :    ATLAS-CONF-2016-031      (Low-mass di-b-jet) 
!
!
!
!
!
!
  !
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17 Data and Event/Jet Selection

• Data Used!
- Comined 2015 + 2016 Data Set 13.3 ifb!
- GRL - IBL-on data only  

• Trigger!
- HLT_j380, lowest unprescaled single jet trigger!

 !
• Event Selection!

- Reject events with problematic calo. reconstruction (LAr, Tile and Core Errors)!
- At least two jets. !
- Leading-jet pT > 440 GeV,      Subleading jet pT > 60 GeV!
- mjj > 1340 GeV, such that we are on the trigger plateau. !
- |y*| < 0.6,   where y*=0.5*(y1 - y2), central region more sensitive!
- |η| < 2.4, in tracking geometry for b-tagging!
- 2 b-Tagged jets: fixed 85% efficiency WP!

!
• Jet Selection!

- Standard jet calibration (with JES correction applied)!
- 2016 loose jet quality cuts applied. !

!

??

b

q/g

b-Jet

b-Jet
b

q/g

b-quark analysis



18 Data and Event/Jet Selection

• Data Used!
- 2015 Dataset - 3.2 ifb - (GRL - IBL-on)!

 !
• Trigger!

- e trigger: HLT_e24_lhmedium_L1EM18VH OR HLT_e60_lhmedium OR HLT_e120_lhloose.!

- •μ trigger: HLT_mu20 _loose_L1MU15 OR HLT_mu50!!
• Event pre-selection!

- Exactly one lepton (electron or muon)!
- Veto on the 2nd lepton at pT > 25 GeV.!

- ETMiss > 20 GeV!
- ETMiss + mTW > 60 GeV!
!

• Jets!
- ≥ 1 b-tagged track jet!
- ≥ 1 R = 0.4 jet (small-R jet)!

- ∆R(small-R jet,l) < 1.5.!
- ≥ 1 large-R jet (large-R jet)!

- ∆φ(l,large-R jet) > 2.3!
- ∆R(large-R jet, small-R jet) > 1.5.!

top quark analysis

Selecting tt̄ events: signal and backgrounds

Why the lepton + jets channel?
Select from data and Monte Carlo events
consistent with semileptonic tt̄ decay
Only irreducible background SM tt̄

Reducible backgrounds mitigated
using kinematic and topological
cuts, but selection should be model
agnostic.

W+jets
(data driven)

single top Z+jets QCD multijet
(data driven)

diboson

Anna Duncan (UoG) tt̄ Resonances Search April 11, 2017 5 / 24



19 Lepton/Jet Overlap Removal
!
• Muons!

- If ∆R(muon, jet) < (0.04 + 10GeV/pμT):!
- If the jet has at least 3 tracks originating from the primary vertex, remove the muon!
- Else, remove the overlapping jet!

!
• Electrons!

• Reject small-R jets with ∆R(electron, jet) < 0.2  
(assume it’s an electron energy deposit)!

• Then, reject electrons that have ∆R(electron, jet) < 0.4 !
• (assume it’s a b-jet decay).!

top quark analysis



20 Signal Acceptance

top quark analysis

b-quark analysis

No b-tagging b-tagging

 [1] 

 [2] 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-060/
https://cds.cern.ch/record/2141001
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Background Modelling - Wilks’ Statistic

• Use Wilks’ statistic for nested function 
- Compares to a higher-order function 
- Follows chi2 distribution 
- Hence, can calculate a p-value from it 
!
• Use Wilks’ p-value to choose fit function 

- Default option is 3 parameter fit function 
- Compare to higher order function (4 parameter) 
- If p-value drops below 0.05: 

- Indicates that the higher-order function required. 
- Adopt higher order function and then test against 5-parameter 

!

• Fit to background using smoothly falling 

November 11, 2015 – 11 : 15 DRAFT 6

Selection criteria Nevents Remain (%) Rel. remain after Trigger (%)
all 4.19298e+06 100% -

LAr 4.19096e+06 99.952% -
tile 4.19057e+06 99.9426% -
core 4.18506e+06 99.8111% -
NPV 4.18445e+06 99.7967% -

Trigger 2.13496e+06 50.9175% -
jetSelect signal 2.11007e+06 50.3239% -

TriggerEfficiency 1.8426e+06 43.9448% 100%
jetCleanning 1.83321e+06 43.721% 99.4906%
LeadingJetPt 964037 22.9917% 52.3195%

SubleadingJetPt 964037 22.9917% 52.3195%
y* 518684 12.3703% 28.1496%

mjj > 1006 144490 3.446% 7.84165%
One b tagged 12123 0.289126% 0.65793%
Two b tagged 1356 0.0323398% 0.0735918%

Table 2: Cutflow for data15 events in period D to E3. The b tagging is using the fixed b jet efficiency
WP of 85%.

Selection criteria Normalized Nevents Remain (%)
TriggerEfficiency 187276 100%

jetCleanning 186438 99.5527%
LeadingJetPt 108259 57.8074%

SubleadingJetPt 108259 57.8074%
y* 56124 29.9685%

mjj > 1006 16252 8.67785%
One b tagged 1110 0.592652%
Two b tagged 107 0.0569156%

Table 3: Cutflow for normalized pythia 8 MC sample. The b tagging is using the fixed b jet efficiency
WP of 85%.

3 Statistical Techniques139

3.1 Introduction140

3.2 Background Modeling141

In this analysis, the dijet mass spectrum is dominated by the QCD background. Figure 24 shows the142

comparison between data and QCD MC. Here the MC was normalized to the no b-tag. The single b-tag143

and double b-tag take the normalization factor from the no b tag. A good agreement with the data was144

found for PYTHIA8 sample, both the light favor composition and heavy favor composition can be well145

modeled.146

Then the dijet mass spectrum is fitted by a fit function:

f (x) = p1(1� x)p2(x)p3+p4 lnx+p5 lnx2
, (1)

where pi are fit parameters, and x = m j j/
p

s. Here p4 and p5 are set to zero for nominal fit. This function147

has been found to be able to provide a satisfactory fit to the leading and next-to-leading-order QCD MC.148

where, 
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mjj > 1006 144490 3.446% 7.84165%
One b tagged 12123 0.289126% 0.65793%
Two b tagged 1356 0.0323398% 0.0735918%

Table 2: Cutflow for data15 events in period D to E3. The b tagging is using the fixed b jet efficiency
WP of 85%.

Selection criteria Normalized Nevents Remain (%)
TriggerEfficiency 187276 100%

jetCleanning 186438 99.5527%
LeadingJetPt 108259 57.8074%

SubleadingJetPt 108259 57.8074%
y* 56124 29.9685%

mjj > 1006 16252 8.67785%
One b tagged 1110 0.592652%
Two b tagged 107 0.0569156%

Table 3: Cutflow for normalized pythia 8 MC sample. The b tagging is using the fixed b jet efficiency
WP of 85%.

3 Statistical Techniques139

3.1 Introduction140

3.2 Background Modeling141

In this analysis, the dijet mass spectrum is dominated by the QCD background. Figure 24 shows the142

comparison between data and QCD MC. Here the MC was normalized to the no b-tag. The single b-tag143

and double b-tag take the normalization factor from the no b tag. A good agreement with the data was144

found for PYTHIA8 sample, both the light favor composition and heavy favor composition can be well145

modeled.146

Then the dijet mass spectrum is fitted by a fit function:

f (x) = p1(1� x)p2(x)p3+p4 lnx+p5 lnx2
, (1)

where pi are fit parameters, and x = m j j/
p

s. Here p4 and p5 are set to zero for nominal fit. This function147

has been found to be able to provide a satisfactory fit to the leading and next-to-leading-order QCD MC.148
• This comes in 3, 4 and 5 parameter functions  

  for 3 and 4 parameter set p4 = p5 = 0 or p5 = 0 respectively

Dijet resonance - Choosing a fit function

Fit functions: f (x) = p
1
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Probability distribution assuming null is true, given by
Wilk’s theorem: As sample size ! 1, the test statistic will approach a �2

distribution with Ndof = the di↵erence in number of dimensions of the 2 models

Use value of test statistic and Wilk’s
theorem to calculate a p-value

Plot evolution of p-value with lumi, if
p-value remains < 0.05 drop null for
alternate!
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b-quark analysis
Background Function Choice



22 Background Flavour Composition b-quark analysis

 [1] 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-060/


23 Data-Driven Background top quark analysis

1. Background from sources of non-prompt leptons  
(predominantly QCD multijet).  

• Very large uncertainties in Monte Carlo modelling 
• Choose region with many leptons of low reconstruction quality  

(larger contribution from QCD multijet events). 
• Matrix method separated prompt from non-prompt leptons. 
• loose→tight efficiency ε and fake rate f derived from (or validated with) data. 
• Select signal events except with loose lepton criteria.  

The number selected will be Nprompt + NQCD 
• Ntight =ε×Nprompt +f ×NQCD 
• Solve for f × NQCD (using anti-tight leptons) 
• Shape: Weights to account for f and ε dependency on variables. 

 
 
2. W+jets background normalisation. 

• Data driven scale factors 
• Select events with signal selection, except ≥ 1 b-tag cut.  
• W+jets charge asymmetry well predicted.


