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introduction

This a 2-part talk with Dinko’s presentation tomorrow 
!
I will present some “foundations” for important tools for Run II 
Part I: 
	 jet substructure tools 
	 dealing with pileup 
!
Then Dinko will talk about more Higgs-relevant issues… 
Part II: 
	 b-tagging in boosted/merged topologies 
	 Higgs-tagging 
	 	  
goal: what is experimentally viable, where are the largest challenges and 
what should you care about for your analysis (model)?
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LHC Run II and beyond

More energy  :) 
	 more boost, merged topologies 
!
More pileup   :( 
	 jet shapes 
	 jet vetos 
	 VBF jet tagging 
!
!
Practically… 
	 jet substructure ↔ pileup mitigation 
	 some observables to consider: jet pT, mass, tagging;  
	 lepton isolation; MET
3
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pT spectrum
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oct. 23, 2014 6jet phase space

pT
20 GeV 100 GeV 300 GeV 2 TeV

pileup jets

quark/gluon jets

W/Z/H jets

top jets

???

•as a general rule,  
the boosted regime:


•ΔR ~ 2m/pT

lower 

pT regime

moderate 

pT regime

high 

pT regime

jet vetoes

VBF jets


high quark-jet multiplicities??


physics at the kinematic limit

resonances searches


boosted V/H/top

???
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“tools and techniques”

our goal is characterizing radiation 
!
inputs and handles: 
!
local hit reconstruction and event reconstruction 
	 e.g. ATLAS topoclustering and CMS particle flow 
 tracking plays a key role 
!
jet observables 
	 pT, Υ, φ 
!
jet shapes and jet taggers 
	 (groomed) jet mass, width, n-subjettiness, CMS/HEP top taggers, …
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Pileup&subtraction&(I)=

6 

Effect of  
sigma  
noise 

•  Linear behavior of rho 
up to high mu for fixed 
sigma noise values 

 

•  Higher pileup noise 
values lead to partial 
suppression of pileup 

 

•  Optimization of 
topoclustering sigma 
noise is key to 
reconstruct jets at  
high luminosity 
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outline

!
at low pT 
!
!
at high pT 

!
!
anticipating more pileup
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low pT regime
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at low pT
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The low pT regime is dominated by quark, gluon, and pileup jets.

Using all information, can do a better removing them: 
track-based observables and jet shapes
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Pileup&jet&suppression=

Jet Vertex Fraction (JVF) 

JVF 

ATLAS-CONF-2013-083 

•  Pileup local fluctuations within a same event 
can lead to pileup jets: 
•  QCD jets originating from pileup vertices and 

random combination of particles from multiple 
pileup interactions (“stochastic pileup jets”) 

•  Jet vertex fraction algorithm  
o  Tag and reject pileup jets using tracking and 

vertexing information 
ariel schwartzmann

CMS PAS JME-13-005
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quarks, gluons, and pileup jets
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New&jetMvertex&tagging&
variables=

•  Correct JVF for its pileup 
dependence: 

•  Use pileup-corrected 
observables: 

RpT =
ΣpT

trk (PV0 )
pT
jet

ATLAS-CONF-2014-018 

CorrJVF = ΣpT
trk (PV0 )

ΣpT
trk (PV0 )+

ΣpT
trk (PUn )
k nPU

trk
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New&jetMvertex&tagging&
variables=

•  Correct JVF for its pileup 
dependence: 

•  Use pileup-corrected 
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4.1 Input Variables 9

• Nneutrals264

• pD
T265

The first variable, which is found to be the most discriminating single radial variable, is defined266

as267

hDR2i =
Âi DR2

i p2
Ti

Âi p2
Ti

(6)

where the sum runs over all PF candidates inside the jet and DR =
p

Dh2 + Df2 is the distance268

of the PF candidate with respect to the jet axis. This variable is shown for two different h bins269

in Fig. 4. The variable for real jets peaks relatively close to zero, whereas for pileup jets it tends270

to correspond to a value of 0.05, which is slightly smaller than the expected value originating271

for a uniformly dense jet. The degradation in separation is clear as one extends out to higher272

h as a result of the coarse granularity in the forward calorimeters. In addition, as the pT of the273

jet becomes higher, the DR2 tends to get smaller for both pileup jets and non pileup jets. This274

trend in the current pileup jet id MVA yields an increase in the rate of both pileup jets and real275

jets at higher pT.276
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Figure 4: hDR2i for PF jets with pT > 25 GeV and |h| < 2.5 (left), and 3.0 < |h| < 5.0 (right).

Enhanced discrimination of pileup comes from adding the full jet shower shape information277

to the BDT. This is done through the five variables A < (DR) < A + 0.1 which consist in the278

fractional energy deposits in five annuli about the jet axis. They are defined as:279

A < (DR) < A + 0.1 =
1

pjet
T

Â
i2A<DR<A+0.1

pTi (7)

where A is in the 0.1 intervals from 0 to 0.5 about the jet cone axis. These five variables are280

shown in Fig. 5 for jets in the tracker volume. Comparing them a clear feature is observed:281

pileup jets contain a large fraction of their energy in the regions DR = 0.2 � 0.4 and not in the282

nearby regions about DR = 0. Gluon jets also have a similar characteristic trend, however they283

tend to be less diffuse than pileup jets.284

In addition to these variables, the class of radial variables was studied. They can generically be285

expressed as286

Wij =
1

Âi p2
T

Â
i

 
(Dfi)

2 p2
T (DhiDfi) p2

T
(DfiDh) p2

T (Dhi)
2 p2

T

!
(8)

Various track-based and  
shape/mutiplicity observables

Using shape-based observables is possible 
even when no tracker is available!

CMS PAS JME-13-005

ATLAS-CONF-2014-018
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example: h!ττ
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08/13/13 Philip Harris BOOST 19

Usage Examples: Jet Vetos
● Pileup jet id allows extension of jet vetos to low pT

● Critical for b-tag veto (requires jets with pT > 10 GeV)

Vector boson fusion background reduced by a factor of 2 
(90% good jet eff)

jet counting stabilizes with pileup jet ID applied

even when there are no jets in your final state, there are jets in your final state 

CMS PAS JME-13-005
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high pT regime

11
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•separating a W/Z/H/t jet from a high pT quark or gluon★ jet 
•1. jet mass: four-vector sum of particles in a jet

•2◎. W/Z/H/t/? have non-trivial [n-prong] structure

•3. b-tagging (see Dinko’s talk)
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merged jet efficiency

  single CA R=0.8 jet

R (W,Jet) < 0.1∆  

resolved jets efficiency

  two AK R=0.5 jets

) < 0.1j,Jet
i

R (q∆  

at high pT
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•

★ high pT quark or gluon* jet discrimination too! 
•

◎ beware of correlations with #1

CMS: 1410.4227
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groomed jet mass
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Figure 18. Evolution of the mean uncalibrated jet mass, hmjeti, for jets in the central region
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PV

for jets in the range 200 GeV 
pjet

T

< 300 GeV (left) and for leading-pjet

T
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(right). (a)-(b) show trimmed anti-kt jets with R = 1.0, (c)-(d) show pruned anti-kt jets with
R = 1.0, and (e)-(f) show mass-drop filtered C/A jets with R = 1.2. The error bars indicate the
statistical uncertainty on the mean value in each bin.– 32 –
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•Grooming tends to push the jet mass scale of the background to lower values 
while preserving the hard scale of the heavy resonance 

•Grooming techniques are also vital in reducing the pileup dependence of the jet 
mass

•ATLAS and CMS have scanned many different groomers and grooming parameters

ATLAS: 1306.4945

CMS PAS HIG-13-008
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two-prong tagging (W’s)

14 10

W Tagging – Performance comparison
ATLAS-PHYS-PUB-2014-004

Fixing tagger and choosing best jet algorithm.
Lower p

T

values in the backup slides.
All taggers seem to perform similarly after grooming.

p
T ,truth 2 [350 GeV, 500 GeV] p

T ,truth 2 [500 GeV, 1 TeV]
Danilo Ferreira de Lima (Durham&Glasgow) ATLAS Boosted Objects Tagging August 21, 2014 10/34

•  To reconstruct high pT jet substructure make full use of ECAL granularity 
•  Rather than assigning ΣEcalo-Σptrack excess to single photon or neutral 

hadron (“merged PF neutrals”) with HCAL granularity 
•  Split photon excess according to ECAL clusters (“split PF photons”) 
•  Split hadron excess energy in ECAL+HCAL according to direction and 

energy distribution of ECAL clusters (“split PF neutrals”) 
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PF improvements for Run II 

9 19 Aug 2014 Andreas Hinzmann 

JME-14-002 

W pT = 2 TeV 

• Understanding the plethora of 
various observables  

• Pushing the performance of 
taggers to its bounds • A broad kinematic regime 

from 200 GeV - 2 TeV

• data-driven validations  
of the various taggers

ν
b q

q
-

bl
t

W

b
{

CMS: 1410.4227

ATL-PHYS-PUB-2014-004
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10

Shower Deconstruction e�ciency ATLAS-CONF-204-003

Apply cut in weight and scan it.
The sub-jet combination for each permutation is required to be in a
top- and W -mass window: limits the maximum e�ciency point.
All methods shown use anti-k

t

R = 1.0 trimmed jets, except
HepTopTagger, which uses C/A R = 1.2 jets geometrically matched
to anti-k

t

jets. In all cases, the p
T

> 550 GeV cut is implemented for
the large-R jet for all taggers.
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3-prong taggers (tops)

15 Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
 
14

 For p
T
 > 800 GeV comparison between algorithms with different cone sizes   

possible

 Performance in Simulation

C/A15

C/A8

Tobias Lapsien
tobias.lapsien@desy.de

V + top tagging in CMS
 
14

 For p
T
 > 800 GeV comparison between algorithms with different cone sizes   

possible

 Performance in Simulation

C/A15

C/A8

• As in the case of W’s: 
• Understanding the plethora of 

various observables  
• Pushing the performance of 

taggers to its bounds

• for top-tagging, b-tagging in 
boosted topologies becomes 

very important 
• (More in Dinko’s talk)

CMS PAS JME-13-007

ATLAS-CONF-2013-084
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anticipating more pileup

16
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pileup

17

2012 JEC status Approval Plots Conclusions Jet Corrections

Pile-Up Corrections

Pile-up measured with Zero Bias data and MC, then calibrated to QCD MC o↵set.
Random cone method allows to separate contribution per subdetector
Most charged hadrons can be associated to pile-up vertices and removed

Part that can be removed is labeled ”charge Hadrons”
Part that remains as PU after charge hadron substraction is labeled ”charged pile-up”
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The CMS collaboration JEC 3 / 12

The scale of the problem: 
!

pileup scenarios for 2015 
40 PU, 50 ns BX

20 PU, 25 ns BX


!
@40 PU, R=1.0, 


this is ~90 GeV of energy per jet!

•pileup affects all jet observables  
•jet shape observables are particularly susceptible to such effects
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approaches to pileup

18

Run I 
ρμ x Aμ


removing charged PU

tagging pileup jets


grooming (for masses)

[no unified way to do jet shape corrections]

for Run II 
Can we simplify, compactify, or 

improve on these methods?
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approaches to pileup

19

for Run II 
Can we simplify, compactify, or 

improve on these methods?

Next generation PU algorithms, intuitively try to correct at the “particle” level!
Some ideas (and a gross oversimplification for the uninitiated)…

soft killer"
an extension of median ρ!
formalism to particle level

constituent subtraction"
extension of area formalism!

to the particle level

PUPPI"
an extension of pileup  
jet ID to particle level

Run I 
ρμ x Aμ


removing charged PU

tagging pileup jets


grooming (for masses)

[no unified way to do jet shape corrections]

**Logo unsanctioned by the authors

** **

berta,leitner,miller,spousta:1403.3108
cacciari,salam,soyez:1407.0408

bertolini,harris,low,NT:1407.6013
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at particle level…

20 Matteo Cacciari - LPTHE BOOST  -  London  -  August 2014

Comparisons and conclusions

35

pt m

‣ Subjet/particle-based background subtraction methods tend to perform 
better in terms of dispersion than full jet-based ones
‣ can be made reasonably unbiased and robust
‣ can be fast
‣ allow one to calculate any observable

‣ Many tools are already public and available in FastJet Contrib

From CERN PU Workshop From CERN PU Workshop

30 PU
60 PU
100 PU
140 PU

https://indico.cern.ch/event/306155/

A workshop dedicated to putting many methods on equal footing"
[at particle level, usual caveats apply]

Gives a feeling for the various methods 
performance vs. pileup"

Important to see these algorithms within the experiments
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Jet resolution of corrected jets as a function of generator level pT in
three di↵erent regions of the detector, the barrel region 0 < |⌘| < 1.3
(left), the endcap region 1.3 < |⌘| < 3.0 (middle), and the forward
region |⌘| > 3.0 (right).

4 / 8

CMS ECFA studies, HL-LHC
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jet shapes

21

First studies within the experiments give promising results!

Boosted W mass n-subjettiness τ2/τ1

CMS PAS JME-14-001
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summary
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other things I like but don’t have time to talk about

!
Jet charge can be used to discriminate 
between W+ and W-!
! comparison to data (in semi-leptonic ttbar) 
! shows nice agreement!!
!
!
Helicity angle can be measured using 
subjet kinematics!
!
!
Missing transverse energy and lepton 
isolation can be improved by tagging jets 
(or particles) as pileup 
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5.4 W-polarization and quark-gluon composition 13

possible to distinguish the fermion and antifermion in the W decay, which restricts the distri-390

butions to 0  cos qJ  1. Figure 6 (b) shows the helicity angle between the two pruned subjets391

for a 600 GeV X resonance, differing from Fig. 6 (a) in that it includes reconstruction and accep-392

tance effects. The depletion of events at | cos qJ | ⇡ 1 is due to two acceptance effects. When393

qJ ⇡ 0, the partons would be overlapping and thus reconstruction of two subjets is difficult.394

When qJ ⇡ p, the one subjet tends to be much softer than the other and this can cause the395

loss or misidentification of the subjet originating from one of the W decay partons. It appears396

that transversely polarized W bosons decay with the quarks emitted closer to the direction of397

the W, and therefore can be used to determine the polarization of the W boson. Going further,398

the reconstructed cos qJ is compared to the parton-level information. The resolution on the an-399

gular distance between two subjets in the laboratory frame is approximately 10 mrad, which400

translates to a resolution of approximately 65 mrad on qJ in the W rest frame. The resolution401

remains relatively constant over a large range of W jet pT.402
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Figure 6: (a) Generator level cos qJ distributions for longitudinally and transversely polarized
W bosons. (b) Subjet angular observables after a selection on pruned jet mass of WL and WT
samples for jets with 250 < pT < 350 GeV.

Fig. 4 (b) compares the signal-to-background discrimination of the W tagger for pure WL and403

pure WT signal samples. We observe that the pruned jet mass selection is less efficient for404

WT; this is consistent with Fig. 6 (b), where the WT jets with | cos qJ | ⇡ 1 are removed by405

the pruned jet mass selection. This can be explained by a higher asymmetry in the pT of the406

two quarks from the WT decay, such that the pruning algorithm in a considerable fraction407

of events rejects the particles from the lower pT quark and yields a much lower jet mass. In408

addition, the DR separation between the partons for pure WL bosons is smaller on average409

than for WT bosons and is more likely to be accepted by a CA8 jet. Of the two effects, the410

dominant contribution depends on the transverse momentum of the W jet. For higher jet pT,411

the difference in the reconstructed cos qJ and DR between WL and WT becomes larger since the412

more QCD-like topology of the transversely polarized W bosons becomes important, i.e. it is413

easier to distinguish WL and WT. The t2/t1 discrimination power is also degraded for WT,414

although, to a smaller degree than the pruned jet mass.415

The composition of the QCD background also influences the discrimination of the variables416

CMS PAS JME-13-006
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summary

at low pT 
	 jet vetoes and VBF jet tagging are going to be a challenge as pileup 
	 increases; tag jets as “pileup”, “quark”, or “gluon” 
at high pT 

	 understanding 2-prong and 3-prong boosted objects is maturing using  
	 studies with boosted W’s and tops 
	 can use this as proxies for “SM” Higgs and other new possible particles 

anticipating more pileup 
	 as pileup grows, we will need more sophisticated methods to mitigate its 
	 effects 
	 new ideas are available and being explored by the experiments 
!
Stay tuned for Dinko’s talk more specifically about Higgs-tagging!
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