
Top Quarks & (Boosted) Jets
what are they & how do we observe them?

Louise Skinnari (Cornell University)                                           CERN, October 6, 2015



Large Hadron ColliderBasically accelerators brings you ...

from nearly a bottle of hydrogen to a little bit before this
How much time(distance) does it take from the source to collisions ?  
(assumption, protons travels always at the speed of light)  
 

In the Linac 2, basically nothing.  
In the PSB, a bit less than than 1.2 s. !
In the PS, a bit less than 3.6 s!
In the SPS, a bit less than 16.8 s!
In the LHC, minimum 30 minutes

{ } 1 821.6 s → 546 480 000 km 
!
about 3.7 time the distance Sun-Earth 



The Standard Model
what makes the top quark special?



The Standard Model
what makes the top quark special?

MASS

m(Higgs) ~0.7m(top)



Stable Particles



Stable Particles

Neutron
Proton

Composite particles

2.2 µs

15 min

≥1032 years



how can we then see something 
like a top quark?



Top Quark Decay

t

top quark lifetime ~10-25 seconds
near 100% of tops decay to W+b
electric change = 2/3e



Top Quark Decay

t

W boson lifetime ~3x10-25 s
W’s decay to leptons/quarks



Top Quark Decay

-
-

t-t

at LHC, top quarks most often pair-produced

- quark-antiquark annihilation
- gluon fusion



can we see a quark?



Quarks - Hadrons - Jets
• Quarks cannot exist as free particles! 

• Spring-like strong force prevents quarks from separating
• To force quarks apart we have to add energy which in turn creates more quarks

• Hadronization - forming hadrons from quarks & gluons

hadronization happens after ~10-24 s
reminder:  top quark lifetime ~10-25 s



Quarks - Hadrons - Jets
• Hadronization result in clusters of neutral & charged particles which can be 

observed in the detector

theorist view experimentalist view

mesons:  quark+antiquark 
baryons:  3-quark states



Quarks - Hadrons - Jets
• Hadronization result in clusters of neutral & charged particles which can be 

observed in the detector

• These clusters are called “jets”
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Identifying Particles



how do we “see” a neutrino?



Momentum Conservation!Single muon + missing ET @ mT = 1.1 TeV 

1 event expected 
with mT > 700 GeV 
for the luminosity 

analyzed 



Real Top Quark Pair  (...probably!)

electron

muon

jet

jet

“missing” transverse 
momentum



Why Top Quarks?
• Heaviest known elementary particle

• Short-lived enough to decay before hadronizing

• Precise measurements of Standard Model 
properties using top quarks

• Window to “new physics” -- new exotic 
particles may decay preferentially to 
top quarks !

Is there physics beyond the SM?

what is dark matter? 

why are there 3 generations?

where is the anti-matter?

why is gravity so weak?



To make things more complicated ... 
Boosted Particles



Boosted Top
e.g. new heavy particle (Z’) 
decaying to two top quarks

top quarks produced with 
large kinetic energy

top quark in turn decays, its decay 
products will appear in a narrow cone

high kinetic energy low kinetic energy 



Real Boosted Top Quark Pair  (...probably!)



Boosted Top - Structure Within



Analyses
Use detailed simulation to predict what we should observe
Look for patterns in the data
Measure a known process vs search for unobserved phenomena



Boosted Top Measurement
Measure how often top quarks are produced with high momentum

pp

W-

W+

t-

b-

t

b

q-q

e/µv b-jet

fat jet

one top quark 
decays to lepton

one top quark 
decays to quarks

“trigger” using lepton 
+ 2 jets

identify wide jet using substructure
- has 3 sub-jets
- 2 sub-jets compatible with W mass
- jet mass compatible with top

➤ Define an event selection
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Figure 5: Distributions of top tagging variables for full merged top jet candidate in the hadronic
hemisphere after the semileptonic selection: (a) number of subjets, (b) minimum pairwise sub-
jet mass, and (c) and jet mass. tt is simulated with the MADGRAPH event generator. These
distributions are used to evaluate the top-tagging efficiency SF. The mmin distribution is not
well modeled by the simulation. This effect may be due to mis-modeling of radiation within
the top jet or merged subjets at very high jet momenta. The discrepancy is most evident at large
jet pseudorapidity and therefore we choose to measure a pseudorapidity-dependent scale fac-
tor.



Boosted Top Measurement

➤ Estimate rate of other processes
    producing similar events 
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➤ Estimate the uncertainties
To what precision do we know the measured calorimeter energy? 
How well do we know how much data we had?
...

This often takes most time!



Boosted Top Measurement
➤ Put it all together ...
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Search with Boosted Top
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Many models for physics beyond 
the Standard Model predict new 
gauge bosons:  Z’

“Bump-hunt” search 
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No new physics discovery (yet) !!



complications



Some Numbers
• Collisions every 0.000000025s 

• Top quarks & Higgs bosons: rare!

• Huge amount of info produced
• A collision event ≈ 1MB 

≈ 500 page book
• ... 40 million times / second

• Must reduce to manageable 
rates ➙ TRIGGER 



Upgrade of LHC
• Planned upgrade of the LHC to 

have even higher intensities in 
the collisions

• High Luminosity LHC (2023-2025)

• Challenging for both accelerator & detectors, e.g.  triggering

PILEUP = multiple collisions in same crossing



Outlook
Find tracks as part of first 
filtering step



Outlook

Louise Skinnari, L1 Track Triggering at CMS for the HL-LHC, WIT2014

Hadronic Triggers

• Jet’s z position measured by associating the jet to nearby L1 tracks
• Define hadronic triggers requiring vertex consistency

• Multijet triggers
• n jets from same vertex (|z(jet) - zEVT| < 1cm)

• HT (missing HT) triggers
• No vertex association:  HT = sum(jet pT) for all jets  (pT > 15 GeV & |η| < 2.0)
• Vertex association:  HT = sum(jet pT) for jets with |z(jet) - zEVT| < 1cm
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Louise Skinnari, L1 Track Triggering at CMS for the HL-LHC, WIT2014

Hadronic Triggers

• Jet’s z position measured by associating the jet to nearby L1 tracks
• Define hadronic triggers requiring vertex consistency

• Multijet triggers
• n jets from same vertex (|z(jet) - zEVT| < 1cm)

• HT (missing HT) triggers
• No vertex association:  HT = sum(jet pT) for all jets  (pT > 15 GeV & |η| < 2.0)
• Vertex association:  HT = sum(jet pT) for jets with |z(jet) - zEVT| < 1cm
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jet1
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FAIL (Δz > 1cm)jet2

jet1

z

PASS (Δz < 1cm)
jet2Look inside jet cone for tracks 

Use tracks to associate jets to 
common production point -- 
discard pileup events



OUTLOOK

Enjoy the rest of your visit!

Some resources
 

http://home.web.cern.ch/students-educators/summer-student-programme
http://www.particleadventure.org
http://home.web.cern.ch/about 

http://home.web.cern.ch/students-educators/summer-student-programme
http://home.web.cern.ch/students-educators/summer-student-programme
http://www.particleadventure.org
http://www.particleadventure.org
http://home.web.cern.ch/about
http://home.web.cern.ch/about


BONUS SLIDES



Detectors within Detector



Detectors within Detector

EM interaction of photon/electron, cascade 
of secondary electrons & photons



Detectors within Detector



Detectors within Detector



Top Quark Pair -- Detector Signature
classify depending on “final state”



LHC Beam Overview

2014.10.27 R. Bruce 4 

Large Hadron Collider 
• 8 raka sektioner,  

8 bågar 
• Buncher med 

partiklar cirkulerar 
med motsatt 
omloppsriktning 

• Kollisioner vid 4 
experiment: ATLAS, 
CMS, LHCb, ALICE 

• Operationscykel: 
• Injektion (450 

GeV) 
• Acceleration till 

3.5-4 TeV 
• Kollisioner 

(timmar) 
• Dump av 

återstående 
stråle 

 

transfer line 

Injection 
beam 1 

transfer line 

Injection 
 beam 2 

collimators 

accelerating  
RF system Beam extraction 

collimators 



Trigger, Step 1:  Quick & Dirty
Use coarse information from 
muon detectors & calorimeters 

40,000,000 → 100,000 events/s

~4µs



Trigger, Step 2:  More Precise
Still quick but using 
information from full detector

100,000 → 1,000 events/s



Triggering & Tracking 
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•  Level-1
︎■	 HLT without tracking
□	    + isolation
★   HLT with tracking
✴     + isolation

Number of muons (real & fake) produced / second 
as function of transverse momentum


