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LHC performance

qRun 2 has been amazing so far!
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CMS searches in a nutshell
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Searches	being	
pushed to	

higher	masses

CMS Exotica Physics Group Summary – ICHEP, 2016!
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Exotic domains
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The toolbox
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Figure 5. Diagram illustrating the pruning procedure.

• At each recombination step of constituents j
1

and j
2

(where pj1
T

> pj2
T

), either

pj2
T

/pj1+j2

T

> z
cut

or �R
j1,j2 < R

cut

⇥ (2mjet/pjet
T

) must be satisfied. Here, z
cut

and R
cut

are parameters of the algorithm which are studied in this paper.

• j
2

with j
1

are merged if one or both of the above criteria are met, otherwise, j
2

is

discarded and the algorithm continues.

The pruning procedure is illustrated in figure 5. Six configurations, given in table 1,

based on combinations of z
cut

and R
cut

are studied here. This set of parameters also

represents a relatively wide range of possible configurations.

Jet finding algorithms used Grooming algorithm Configurations considered

C/A Mass-Drop Filtering µ
frac

= 0.20, 0.33, 0.67

Anti-k
t

and C/A Trimming
f
cut

= 0.01, 0.03, 0.05

R
sub

= 0.2, 0.3

Anti-k
t

and C/A Pruning
R

cut

= 0.1, 0.2, 0.3

z
cut

= 0.05, 0.1

C/A HEPTopTagger (see table 2)

Table 1. Summary of the grooming configurations considered in this study. Values in boldface are
optimized configurations reported in ref. [4] and ref. [7] for filtering and trimming, respectively.

1.2.4 HEPTopTagger

The HEPTopTagger algorithm [26] is designed to identify a top quark with a hadronically

decaying W boson daughter over a large multi-jet background. The method uses the C/A

jet algorithm and a variant of the mass-drop filtering technique described in section 1.2.3 in

order to exploit information about the recombination history of the jet. This information

– 12 –

q N-subjettiness 𝜏𝑁 =
'
()
∑ 𝑝T, 𝑘min{Δ𝑅1, 𝑘, Δ𝑅2, 𝑘, … , Δ𝑅𝑁, 𝑘}
�
:

v t2/t1 for	W/Z/	Higgs	tagging
v t3/t2 for	top	tagging

Jets

qSoft drop (modified mass drop): ;<=	(?@A,?@B)
D@AE?@B

> 𝑧HIJ
KLAB
L

𝛽

v b = 0 zcut = 0.1

qPruning:
vRcut = 0.5N

?@
	zcut = 0.1

Merged	
“fat”	jet ΔR ≈

2𝑀
𝑝T

W/Z/H



B-tagging in boosted topologies

qBoosted top quark and Higgs bosons form final state of 
many BSM particle decay.

v Use fully hadronic decay to enhance signal
v B-tagging subjets improve signal sensitivity
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t W
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b

𝐵𝑅 H → bb# = 58%𝐵𝑅(t → W ± b → qqb̅)	=	68%	



Diboson resonances
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X W/Z/HW/Z/H



The Run 1 excess
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.
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ATLAS+CMS combination 
shows pretty big “evidence” 
for an excess

arXiv:1506.00962	[hep-ex]
JHEP08(2014)173

JHEP04(2016)155

q Considerable interest generated over 
time.



Searches'in'Resonant%Diboson%VV%Final'States'''
Signal%regions%(WZ)'distribuDons'in'mVV'

Results%
%

All'analyses'have'similar'sensiDviDes'ranging'between''''''
1.4%TeV%and'1.6%TeV%for'HVT'addiDonal'vector'bosons'

F  No'significant'excess'observed,'limits'are'set'in'these'
scenarios'

F  InterpretaDons'also'in'Higgs'and'Graviton'hypotheses'

47'

ZV'(with'Z'to'dilepton)' ZV'(with'Z'to'vv)' WV'(with'W'to'lv)'

ATLASFCONFF2015F075'
ATLASFCONFF2015F068'
ATLASFCONFF2015F071'

And then Run 2 started….
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No excess seen with recent 13 TeV data

M.	Kado/CERN/15Dec2015



Caterina Vernieri (FNAL)

Outline
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* Documentation 
* Outline  
* Analysis Strategy 

* b-tagging approaches 
* Bump-hunt  
* ALPHABET  

* Results 
* Conclusions 

Extradimension models
q Warped extradimension models as 

solution to the hierarchy problem. 
q SM fields can propagate in the “bulk”.

D. Majumder/ B2G-Dibosons meeting 10

Figure I.1: Scheme of dimensions on RS theory. The Gravity (Planck) and Weak (TeV) branes are

the 4 dimensional boundaries of the extra dimension � compactified on a interval (0,⇡). The figure also

illustrate the metric behaviour along the extra dimension.

Where the ⇤’s are vacuum energy densities on the branes/bulk, R is the Ricci tensor,
M5 is the 5D Planck mass and gXY is the 5D metric. If we denote the trace of the space-
time metric as g = �gXX the unity of volume reads

�
�
R
d5x

p
g
�
.

The 5D Einstein gravity equations in terms of the Ricci tensor and scalar (RMN and
R ⌘ RM

M ) are:

p
g

✓
RMN � 1

2
gMNR

◆
= TMN

See for example [32] and references within. The indexes M,N = 1, ..., 5 are the 5D
indexes, we use the sign convention (�,+,+,+,+).

The most general solution form to solve the classical Einstein motion equations main-
taining 4D Poincareé invariance is:

ds2 = e�2�(�)⌘µ⌫dx
µdx⌫ + r2cd�

2 (I.4)

Where µ⌫ = 1, ..., 4 are the 4D indexes. Using (I.4) the Ricci tensor and scalar are
given by:

Rµ⌫ = e�2k�(�)(4�(�)02 + �(�)00)⌘µ⌫ (I.5a)

R55 = �4�(�)02 � 4�(�)00 (I.5b)

The primes denotes derivations with respect to the � variable. If we neglect the matter
back-reaction on the Einstein gravity equations one finds the function �(�) is linear on

5

Plank scale 𝑴𝐏𝐥
Warp factor k
Mass scale 
LR = 𝟔� 𝒆bk𝒍×𝑴𝐏𝐥

~ TeV  (k𝒍 ~ 35)

q Additional degrees of 
freedom
u Radion (spin 0) 

bulk graviton (spin 2)

Invariant	mass	of	di-jets

q Search strategy: Bump hunt 
over a smooth background
u Mostly QCD dijet production



The heavy vector triplets
q Extension of the SM gauge sector
q W’ and Z’: Heavier partners of the SM W and Z bosons
q Comparable coupling to quarks and SM bosons – Model A
q Mostly coupling to SM bosons – Model B

v Accessible through diboson resonance searches
v Resonance mass, couplings to fermion gF and gauge bosons gV a

D. Majumder/ B2G-Dibosons meeting 11

JHEP	1409(2014)	060

For	no	quark	couplings,
accessible	only	through	
VBF	productions



Picking the signal
q Narrow resonances – peaking signal

v Jet substructure to reduce multijets backgrounds
v Jet groomed mass and N-subjettiness main workhorses
v t2/t1 < 0.45 or 0.45 < t2/t1 < 0.75 
v 65 < pruned mass < 105 GeV

D. Majumder/ ICTS, Bangalore/ 27 Jan 2017 12

CMS-EXO-15-002



Measurement in the data
q W boson jets from tt	̅events used for comparing simulation to the 

data

D. Majumder/ ICTS, Bangalore/ 27 Jan 2017 13
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Figure 2: Hadronic W pT and N-subjettiness ratio t21 distributions for the combined muon and
electron channels in the VW analysis and with 65 < mjet < 105 GeV. The VV, tt, and single-t
backgrounds are taken from simulation and are normalised to the integrated luminosity of the
data sample. The W+jets background is rescaled such that the total number of background
events matches the number of events in data.

events where the extra b jet from the top-quark decay is in the proximity of the W. From the
comparison between data and simulation, a normalisation correction factor for tt and single
top-quark background processes is evaluated in the signal jet mass window. The measured
data-to-simulation scale factors are shown in Tab. 1, and are used to correct the efficiency of the
W-tagging procedure.

Table 1: Data-to-simulation scale factors for the W-tagging procedure, as extracted from a top
enriched data sample and from simulation, for both categories (high purity and low purity) for
the all-hadronic and the semileptonic analysis.

Category Definition W scale factor
Dijet channel HP (t21 < 0.45) 0.69 ± 0.14
Dijet channel LP (0.45 < t21 < 0.75) 1.46 ± 0.38
`n+jet channel HP (t21 < 0.6) 1.03 ± 0.13
`n+jet channel LP (0.6 < t21 < 0.75) 0.88 ± 0.49

In addition, the W-jet mass peak position and resolution are extracted from the same fit. The
results are presented in Tab. 2, where the quoted uncertainties are statistical only. The mass
peak position is slightly shifted with respect to the W-boson mass because of the presence of
extra energy deposited in the jet cone coming from pileup, underlying event, and initial-state
radiation not completely removed by the jet pruning procedure. For events with top quarks,
additional energy contributions come also from the possible presence of a b jet close to the W-
jet candidate. Because the kinematic properties of W-jets and Z-jets are very similar, the same
corrections are also used in the case where the V-jet is assumed to come from a Z boson.

10 5 W-tagging in a top enriched control sample

Table 2: W-jet mass peak position and resolution, as extracted from a top enriched data sample
and from simulation. These are used to derive corrections to the W-tagging procedure.

t21 < 0.45 m [ GeV ] s [ GeV ]
Data 84.7 ± 0.4 GeV 8.2 ± 0.5 GeV
Simulation 85.3 ± 0.4 GeV 7.3 ± 0.4 GeV
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Figure 3: Distributions from the top-quark enriched control sample in, muon and electron chan-
nels combined. Top: N-subjettiness ratio t21, Bottom left: mjet after requiring t21 < 0.45, Bottom
right: mjet after requiring t21 > 0.45.
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Modelling the qV/ VV processes
q Resoance particle mass reconstructed from dijet pairs
q Several categories

v WW/ WZ/ ZZ
v qW/ qZ

q Smoothness test of background using functional fits

D. Majumder/ ICTS, Bangalore/ 27 Jan 2017 14
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Results on the qV/ VV res. searches
q Limits set on different models in 

different categories:
v Bulk gravitons, radions, W’, Z’,

excited quarks

D. Majumder/ ICTS, Bangalore/ 27 Jan 2017 15
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Di-Higgs resonance
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q Low and high mass range – Alphabet method
q Intermediate mass range – Smoothness test

Graviton Radion

CMS-B2G-16-008



Wide resonances
q Wide resonance search goes beyond traditional “bump hunt”.

q Currently in preparatory stage with 13 TeV data
q Will require different strategy than bump hunt due to wide nature 

of signal. 
v Exact background prediction (normalization+shape) very important.
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Not so high mass resonance
q A light mass Z’->qq resonance 
q Z’ with a recoil to get into boosted regime

v Ease of triggering (trigger uses substructure too!)
v Allows to go lower in mass than possible using a dijet bump hunt.

q Uses the designed decorrelated tagger (DDT) 1603.00027
v Takes out dependence of t21 and jet mass
v Uniform jet mass window across pT range

q Using the designed decorrelated tagger
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𝜏21	eef = 𝜏g' − 𝑘𝜌eef

𝜌eef = log	(
𝑚g

𝜇𝑝f
)

CMS-EXO-16-030



Not so high mass resonance
q Background estimated from the data
q Mass and 𝜏g'eef	sidebands used to 

predict multijets background.
q Fit of signal and background shapes 

used to compute limits on the signal 
cross section.
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Sidebands Pass/	fail	ratio

CMS-EXO-16-030

=	0.38



tt	# resonances
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tt	# resonance searches
q Semi-leptonic and fully-hadronic 

final states.
q Hadronic analysis:

v 2 top-tagged jets with event 
categorized using N(b jet) and Δ𝜂 𝑗𝑗 .

v SM ttjets background from MC
v Non-top multijets using the data. 

mistag rate measured using control 
samples with invertecd top tag:
t32 > 0.69

q Semi-leptonic analysis:
v Leptons (e, µ), ET

miss, and jets.
v Events categorized using N(top jets).
v M(tt) reconstructed using the leptonic 

and hadronic top quark candidates
v SM tt+jets and W+jets are the main 

backgrounds.
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tt	#resonance limits
q No significant excess 

in the M(tt) spectra.
q Limits placed on a Z’ 

decaying to tt and KK 
gluons of different 
widths.

q Comparable mass 
limits. Semi-leptonic 
better at low masses.

q Combination of the 
channels is in 
progress.
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Vector-like quarks
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Vector-like quark searches
q VLQs in BSM: Composite Higgs, GUT, extra dimensions
q Interesting properties:

v Same transformation for left and right-handed particles => bare mass 
term respects gauge symmetry

v Plays role of top quark partner to regularize the Higgs mass at higher 
orders

q Rich phenomenology: many production and decay modes
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Single VLQ production 
the focus of Run 2
q Search for high mass 

vector-like top partners at 
13 TeV

q Single production 
dominates in the high 
mass regime.

q Jet substructures heavily 
used

v Trigger
v Event reconstruction
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Figure 4: Maximum single heavy quark production cross sections at the LHC with 8 TeV

(left) and 13 TeV (right), for selected quark multiplets. The dotted part of the lines

indicate the range of masses already excluded by direct searches. In the left plot, the

shaded area corresponds to cross sections below 1 fb, uninteresting for the luminosity

L ≃ 20 fb−1 collected.

The Y quark decays into W−b with 100% branching ratio, so the signal resulting from

its single production is Y b̄j → W−bb̄j, which may be distinguished from the production

of W + jets by the large Wb invariant mass and the presence of a forward jet. For T b̄j,

the T singlet decays into W+b, Zt and Ht with branching ratios around 0.5 : 0.25 : 0.25.

The resulting signal W+bb̄j should be visible over the W+ jets background; in the Zt

decay channel the leptonic Z mode gives a clean signal but with a small branching ratio

and the signal in the Higgs channel might be identified by requiring several b tags and a

forward jet. The same can be said about Bb̄j with B → Hb, Zb, which have branching

ratios around 0.5 : 0.5 for the (B Y ) doublet. More detailed studies of the LHC sensitivity

to single T production have been given in [73–75].

7 Effects in top couplings

Using the explicit expressions for the Lagrangians collected in Appendix A, the limits on

mixing angles presented in the previous section can be directly translated into constraints

contributions of different vector-like multiplets (and/or other types of new physics), as we have discussed

above. Whether the large mixings necessary to make these processes phenomenologically relevant are

compatible with precision electroweak data needs to be checked for each model of this kind.
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Vector-like top quark partner
q Selecting top and Higgs jets 
q Pairing them to find a resonance
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Dark matter
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Top and Higgs portal DM
q Mon-top/ mono-Higgs signature 

of dark matter
v Top tagging with AK8 jets
v Higgs tagging using AK8 jets
v Large missing ET.
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Mono-Higgs DM search
q Simultaneous fits in many control and signal regions yields limits 

on DM candidate and mediator masses
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Trigger challenges
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In all-hadronic environments

q Substructure to the rescue



Triggering using boosted jets

q Trigger utilizes features of an all-hadronic T->tH event:
v Boosted top or Higgs: High pT jet with substructures and b-tagging
v Overall large jet activity: large 𝐻T

q Keeps trigger rates low while retaining high signal efficiency.
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Performance in the data

q Performance in the data follows expectation from simulation 
studies.

q Deployed for collecting single vector-like top events since 
Summer 2015
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Outlook
q Run 1 vs Run 2:

v Discovery mode started with the Higgs boson
v Run 2 is warming up: Holds a lot of promise for new physics searches.

q Lessons learnt from Run 1:
v Theory: Excluded ranges aka “where not to look for signals”.
v Understanding the LHC machine and the detectors.
v New reconstruction techniques.
v Better analysis strategies.

q Current Run 2 goals:
v Perfect new detection techniques like boosted boson and top tagging.
v Search for signals in very high masses (out of reach at 7 and 8 TeV).

q LHC should deliver 100-200/fb of data at the end of Run 2:
v Will be sensitive to a large variety of new physics signals.
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An incomplete list – 2016 dataset
q (2016 ICHEP dataset) All-had VV resonances B2G-16-021

v http://cds.cern.ch/record/2239381?ln=en
q (2016 ICHEP dataset) Search for VW diboson resonances in semi-leptonic 

final state B2G-16-020
v http://cds.cern.ch/record/2205880?ln=en

q (2016 ICHEP dataset) Mono-V DM search EXO-16-037
v https://cds.cern.ch/record/2205746/files/EXO-16-037-pas.pdf

q (2016 ICHEP dataset) Mono-boosted top DM search EXO-16-040
v https://cds.cern.ch/record/2205286
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An incomplete list– 2015 dataset
q 2015 data Search for ZV Resonance in Semi-leptonic Final States at 13 TeV

B2G-16-010
v http://cds.cern.ch/record/2199611?ln=en

q 2015 data HH->4b resonance  B2G-16-008
v http://cds.cern.ch/record/2202811?ln=en

q 8 TeV + 2015 13 TeV VV resonance B2G-16-007
v http://cds.cern.ch/record/2154306?ln=en

q 2015 data Search for VH in the (l l, l nu, nu nu)bb final state B2G-16-003
v http://arxiv.org/abs/1610.08066

q 2015 data Search for light vector resonances decaying to quarks at 13 TeV EXO-16-030
v https://cds.cern.ch/record/2202715

q 2015 data all-hadronic T->tH B2G-16-005
v https://arxiv.org/abs/1612.05336

q 2015 data Z’->tT all-hadronic B2G-16-013
v http://cds.cern.ch/record/2217867?ln=en
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An incomplete list– 2015 dataset
q 2015 data all-hadronic ttbar res. B2G-15-003

v http://cds.cern.ch/record/2160237?ln=en

q 2015 data semi-leptonic ttbar res. B2G-15-002
v http://cds.cern.ch/record/2138345?ln=en

q 2015 data Search for dark matter in association with a Higgs boson decaying into a pair of
bottom quarks at sqrt(s) = 13 TeV with the CMS detector EXO-16-012

v http://cds.cern.ch/record/2202804
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BACKUP
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The CMS detector
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CMS High Level Trigger 9

Figure 1. Three dimensional view of the CMS detector, and it’s detector components.

Hz via different sequential trigger levels. The first trigger level of CMS,Level-1, is

hardware implemented and reduces the data rate, by using specific low level analysis

in custom trigger processors. All further levels are software filters which are executed

on (partial) event data in a processor farm. This is the upper level of real-time data

selection and is referred to as High-Level Trigger or HLT. Only data accepted by the HLT

are recorded for offline physics analysis. Additionally, small samples of the rejected data

are retained for monitoring the performance of the HLT while the bulk of it is discarded

and dropped from any further processing without compromising physics efficiency.

This paper details how CMS proposes to achieve the necessary reduction factor, while

keeping an uncompromising physics efficiency. The HLT algorithms are described in

detail, typical threshold choices are given and the physics performance for several

benchmark processes is demonstrated. The results reported here demonstrate that CMS

has developed an efficient and agile trigger structure which will select the physics signals

of interest in the harsh LHC conditions.

The report is organized as follows. Section 2 describes the CMS trigger, section 3 the

electron/photon triggers and section 4 the muon triggers. The jet and missing ET related

triggers are discussed in sections 5 and 6. Sections 7 and 8 discuss the τ and other heavy

flavour triggers respectively. In section 9 we present the initial ideas on calibration

triggers, while section 10 studies benchmark physics channels and discusses a prototype

trigger table for the HLT. The Appendix describes the Level-1 trigger algorithms.



SM status
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Standard Model: still going strong 

15/12/2015 CMS Collaboration - 13 TeV Results 
22 



Sequential jet clustering
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q Distance	measure	between	two	particles
𝑑𝑖𝑗 = min 𝑘𝑇𝑖2𝑝, 𝑘𝑇𝑗2𝑝

Δij
𝐷

v Dij = 𝑦𝑖	 − 𝑦𝑗 2 + 𝜙𝑖	 − 𝜙𝑗 2� 	
v p = 0 for Cambridge-Aachen algorithm (CA)
v p = 2 for kT algorithm
v p = -2 for anti-kT algorithm
v D = Distance measure of jets

q Find the smallest of dij and diB. Combine 4-momentum of 
particles i and j. B is beam direction. diB = kTi

2p

q Continue until all particles are clustered into jets.
q 2p = 0 for Cambridge-Aachen algorithm
q 2p = 2 for kT algorithm
q 2p = -2 for anti-kT algorithm



Jets
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qReconstructed charged particles 
(tracker+magnetic field)
+Reconstructed neutral particles 
(calorimeters)
+jet clustering algorithms 
= Jets

q CMS jet algorithms:
v anti-kT (R-0.5)
v Cambridge-Aachen (R=0.8, 0.15)
v Anti-kT (R=0.4)

Distance parameter R gives the “cone” size of the jet. 

Run	1

Run	2



CMS jet energy corrections
4 1 Introduction

Reconstructed

Jets

MC + RC

MC

Pileup

MC

Response (pT , ⌘)

dijets

Residuals(⌘)

�/Z+jet, MJB

Residuals(pT )

MC

Flavor

Calibrated

Jets

Applied on MC

Applied on data

Figure 2: Consecutive stages of jet energy corrections, for data and simulation. All corrections
marked with MC are derived from simulation studies, RC stands for Random Cone and MJB
refers to the analysis of multijet events.

scale at hadron colliders.117

In Sec. 10 we describe additional studies made by looking at the composition of reconstructed118

PF jets. These support the overall conclusions drawn from the determination of residual jet119

energy corrections for data.120
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CMS multijet event
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Other kinds of jets
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Other kinds of jets

q Boosted SM particles can be reconstructed as a single jet.
v Intrinsic jet mass
v Internal substructure
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Jet grooming
Or how to unravel subjets inside fat jets
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Why boosted jets

q Higher efficiency of reconstructing boosted W/Z/H 
or top quarks using fat jets than using slimmer resolved jets.
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Figure 1. Efficiency to reconstruct a CA8 jet within ∆R < 0.1 of a generated W boson, and the
efficiency to reconstruct two AK5 jets within ∆R < 0.1 of the generated quarks from longitudinally
polarized W bosons, as a function of the pT of the W boson.

tt background. We identify additional b jet candidates in the event by requiring that an

AK5 jet, with an angular distance of ∆R > 0.8 to the CA8 jet, passes the CSV b-tagging

discriminant [45] using a medium working point. To suppress tt background in the W+jet

selections described above, we require that no such b jets be present in the event.

To select the tt sample, we use the kinematic selection described above for the W+jet

topology, but instead require that there is at least one AK5 b jet, with an angular distance

of ∆R > 0.8 to the CA8 jet considered as W jet candidate. To increase the statistical

precision of the sample, we select the CA8 jet with the largest mass and with ∆φ between

the lepton and the jet greater than π/2 as W jet candidate, rather than the highest pT
CA8 jet.

5 Algorithms for W jet identification

A jet clustering algorithm with R = 0.8 is used to identify W jets. A large value of R

increases the efficiency to reconstruct W bosons with small boost as single jets, since the

average angular distance between the W decay products is inversely proportional to the

pT of the W. The chosen value of R provides a high efficiency for W bosons with small

boost and ensures that no efficiency is lost in the transition from classical W reconstruction

from two small jets at low W pT and reconstruction from a single large jet at higher W pT
(see e.g. ref. [46]). Another point to consider when choosing the value of R, is the tt data

sample available for validating highly boosted W jets. If R is chosen too large, the b quark

from the t → Wb decay tends to merge into the W jet. The chosen value of R is the result

of a compromise between high efficiency for W bosons with small boost and a sufficiently

large sample of W jets in tt data for validating the W jet identification algorithms.

Figure 1 shows the pT range of W bosons for which the R = 0.8 algorithm is efficient

and compares this to the efficiency for reconstructing W bosons from two R = 0.5 jets.

Above a pT of 200GeV, the CA8 jet algorithm, used to identify W jets, becomes more

– 6 –

VH with H → bb̄: jet substructure or not?
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Effects of grooming

q Large mass 
acquired due to 
multiple pp 
interaction during 
the same bunch 
crossing (pileup)
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impact of grooming algorithms to results without grooming.

Jet R Clustering algorithm sR (GeV/PV)

AK5 ungroomed 0.10± 0.03 (stat.)

AK7 ungroomed 0.28± 0.03 (stat.)

AK7 filtered 0.16± 0.02 (stat.)

AK7 trimmed 0.12± 0.04 (stat.)

AK7 pruned 0.10± 0.05 (stat.)

AK8 ungroomed 0.33± 0.03 (stat.)

Table 4. Values of slopes for the dependence of hmJi on NPV for AK jets with di↵erent radii and
clustering algorithms.

7 Corrections and systematic uncertainties

Before comparison of the jet mass distributions with QCD predictions, the data are cor-

rected to the particle level for detector e↵ects, such as resolution and acceptance. The

simulated particle-level jets are reconstructed with the same algorithm and with the same

parameters as the PF jets. We use the unfolding procedure described in refs. [52–56] to

correct the jet mass, through an iterative technique for finding the maximum-likelihood

solution of the unfolding problem. The detector response matrix is obtained in MC studies

of jets. In general, the number of iterations must be tuned to minimize the impact of sta-

tistical fluctuations on the result. In practice, however, the procedure is largely insensitive

to the precise settings and binning of events and four iterations usually su�ce. A larger

number of iterations were found to provide the same results except for small fluctuations

in the tails of distributions. A simpler bin-by-bin unfolding is used as a cross-check, and is

found to provide similar results, with fluctuations in the tails of the distributions. The jet

transverse momenta are not unfolded.
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q Excess mass 
reduced by 
grooming
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q Grooming reduces dependence of jet mass on pileup.



Figure 5. Diagram illustrating the pruning procedure.

• At each recombination step of constituents j
1

and j
2

(where pj1
T

> pj2
T

), either

pj2
T

/pj1+j2

T

> z
cut

or �R
j1,j2 < R

cut

⇥ (2mjet/pjet
T

) must be satisfied. Here, z
cut

and R
cut

are parameters of the algorithm which are studied in this paper.

• j
2

with j
1

are merged if one or both of the above criteria are met, otherwise, j
2

is

discarded and the algorithm continues.

The pruning procedure is illustrated in figure 5. Six configurations, given in table 1,

based on combinations of z
cut

and R
cut

are studied here. This set of parameters also

represents a relatively wide range of possible configurations.

Jet finding algorithms used Grooming algorithm Configurations considered

C/A Mass-Drop Filtering µ
frac

= 0.20, 0.33, 0.67

Anti-k
t

and C/A Trimming
f
cut

= 0.01, 0.03, 0.05

R
sub

= 0.2, 0.3

Anti-k
t

and C/A Pruning
R

cut

= 0.1, 0.2, 0.3

z
cut

= 0.05, 0.1

C/A HEPTopTagger (see table 2)

Table 1. Summary of the grooming configurations considered in this study. Values in boldface are
optimized configurations reported in ref. [4] and ref. [7] for filtering and trimming, respectively.

1.2.4 HEPTopTagger

The HEPTopTagger algorithm [26] is designed to identify a top quark with a hadronically

decaying W boson daughter over a large multi-jet background. The method uses the C/A

jet algorithm and a variant of the mass-drop filtering technique described in section 1.2.3 in

order to exploit information about the recombination history of the jet. This information

– 12 –

Pruning
q Removes the softest components of the jets.
q Jets reclustered using the Cambrdige-Aachen algorithm with a 

distance parameter of 0.8 (CA8 jets). In each recombination step 
a softer protojet is ignored, if it is soft enough or at a wide-
enough angle in comparison to the original jet.
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arXiv:1306.4945zcut >	0.1Rcut <	M(CA8)/pT(CA8)



Jet filtering
q Fat jet constituents are reclustered using the Cambridge-Aachen 

algorithm with a smaller distance parameter (R = 0.3) compared 
to the parent jet. This defines new subjets, ordered in 
descending order of pT.

q The four-momentum of the new jet is defined as the sum of the 
4-momenta of the 3 hardest pT subjets.
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(a) The mass-drop and symmetric splitting criteria.

(b) Filtering.

Figure 3. Diagram depicting the two stages of the mass-drop filtering procedure.

In this paper, three values of the mass-drop parameter µ
frac

are studied, as summarized

in table 1. The values chosen for µ
frac

are based on a previous study [4] which has shown

that µ
frac

= 0.67 is optimal in discriminating H ! bb̄ from background. A subsequent

study regarding the factorization properties of several groomed jet algorithms [47] found

that smaller values of µ
frac

(0.20 and 0.33) are similarly e↵ective at reducing backgrounds,

and yet they remain factorizable within the soft collinear e↵ective theory studied in that

analysis.

Trimming: The trimming algorithm [7] takes advantage of the fact that contamination

from pile-up, multiple parton interactions (MPI) and initial-state radiation (ISR) in the

reconstructed jet is often much softer than the outgoing partons associated with the hard-

scatter and their final-state radiation (FSR). The ratio of the p
T

of the constituents to that

of the jet is used as a selection criterion. Although there is some spatial overlap, removing

the softer components from the final jet preferentially removes radiation from pile-up,

MPI, and ISR while discarding only a small part of the hard-scatter decay products and

FSR. Since the primary e↵ect of pile-up in the detector is additional low-energy deposits

– 10 –
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Jet trimming
qReclusters jet constituents using the kT algorithm with 

radius Rsub = 0.2
q If pT

sub > fcutlhard keep, else remove.

D. Majumder/ ICTS, Bangalore/ 27 Jan 2017 52

Cutoff	paramter =	0.03
Hard	QCD	scale	=	jet	pT

arXiv:1306.4945

in clusters of calorimeter cells, as opposed to additional energy being added to already

existing clusters produced by particles originating from the hard scattering process, this

allows a relatively simple jet energy o↵set correction for smaller radius jets (R = 0.4, 0.6)

as a function of the number of primary reconstructed vertices [48].

Figure 4. Diagram depicting the jet trimming procedure.

The trimming procedure uses a k
t

algorithm to create subjets of size R
sub

from the

constituents of a jet. Any subjets with p
Ti

/pjet
T

< f
cut

are removed, where p
Ti

is the

transverse momentum of the ith subjet, and f
cut

is a parameter of the method, which is

typically a few percent. The remaining constituents form the trimmed jet. This procedure

is illustrated in figure 4. Low-mass jets (mjet < 100 GeV) from a light-quark or gluon lose

typically 30–50% of their mass in the trimming procedure, while jets containing the decay

products of a boosted object lose less of their mass, with most of the reduction due to

the removal of pile-up or UE (see, for example, figures 29 and 32). The fraction removed

increases with the number of pp interactions in the event.

Six configurations of trimmed jets are studied here, arising from combinations of

f
cut

and R
sub

, given in table 1. They are based on the optimized parameters in ref. [7]

(f
cut

= 0.03, R
sub

= 0.2) and variations suggested by the authors of the algorithm. This

set represents a wide range of phase space for trimming and is somewhat broader than

considered in ref. [7].

Pruning: The pruning algorithm [6, 49] is similar to trimming in that it removes con-

stituents with a small relative p
T

, but it additionally applies a veto on wide-angle radiation.

The pruning procedure is invoked at each successive recombination step of the jet algo-

rithm (either C/A or k
t

). It is based on a decision at each step of the jet reconstruction

whether or not to add the constituent being considered. As such, it does not require the

reconstruction of subjets. For all studies performed for this paper, the k
t

algorithm is used

in the pruning procedure. This results in definitions of the terms wide-angle or soft that

are not directly related to the original jet but rather to the proto-jets formed in the process

of rebuilding the pruned jet.

The procedure is as follows:

• The C/A or k
t

recombination jet algorithm is run on the constituents, which were

found by any jet finding algorithm.
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Jet N-subjettiness
q Look for structrues inside jets by counting hard energy “lobes” 

inside the jet

q N = Number of candidate “subjets” 
without applying jet grooming techniques

q Subjet axes obtained using the exclusive kT algorithm and 
reversing the last N clustering steps

q k = all jet constituents with transverse momentum pT,k

q DRi,k = 𝑦𝑖	 − 𝑦𝑘 2 + 𝜙𝑖	 − 𝜙𝑘 2�

q 𝑑𝑜 = ∑ 𝑝T, 𝑘𝑅𝑜
�
: , Ro = distance parameter of the original jet
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𝜏𝑁 =
1
𝑑𝑜
� 𝑝T, 𝑘min{Δ𝑅1, 𝑘, Δ𝑅2, 𝑘, … , Δ𝑅𝑁, 𝑘}

�

:
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Jet pruning performance
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Figure 2. Distributions of six variables characterising jet substructure in simulated samples
of highly boosted and longitudinally polarized W bosons and inclusive QCD jets expected in the
W+jet topology. The discriminator distributions (except for the pruned jet mass in the upper left
panel) are shown after a selection on the pruned jet mass of 60 < mjet < 100GeV. MG denotes
the MadGraph generator. Thick dashed lines represent the generator predictions without pileup
interactions and without CMS detector simulation. The histograms are the expected distributions
after full CMS simulation with pileup corresponding to an average number of 12 and 22 interactions.
(upper middle) gives the mass drop variable, (upper right) the N-subjettiness ratio τ2/τ1, (lower
left) the Qjet volatility, (lower middle) the energy correlation function double ratio Cβ

2 , and (lower
left) the jet charge.

their ∆R, which can provide additional discrimination. The distribution of µ is shown in

figure 2 (upper middle). The differences between the generator level predictions and those

at detector level with pileup are small for this observable, because the detector can resolve

the two relatively well separated subjets.

N-subjettiness τN [52]: is a generalized jet shape observable. N-subjettiness is com-

puted under the assumption that the jet has N subjets, and it is the pT-weighted ∆R

distance between each jet constituent and its nearest subjet axis:

τN =
1

d0

∑

k

pT,k min{∆R1,k,∆R2,k, · · · ,∆RN,k} (5.1)

where k runs over all constituent particles. The normalization factor is d0 =
∑

k pT,kR0

and R0 is the original jet distance parameter. The τN observable has a small value if the jet

is consistent with having N or fewer subjets, as almost every jet constituent will be close in

∆R to its own true subjet. For discrimination between W jets with two subjets and QCD

– 8 –

JHEP12(2014)017	

JHEP12(2014)017	

q Pruning+N-subjettiness ratio t2/t1 gave the best performance for 
identifying boosted bosons in CMS in Run 1



Comparing jet grooming techniques

q Filtering is one of the least aggressive grooming algorithms, 
followed by trimming.

q CMS used filtered jets for top-tagging in Run 1.
q Trimming being used for triggering with jets and substructures.
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B-tagging
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How b-tagging works
q Track and vertex info combined using a multivariate technique.
q Trained on simulated samples of jets of light and heavy flavours.
q Commissioned on collision data.
q Residual difference between simulation and data measured and 

accounted for as scale factors during data analysis.
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Validation in the data
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Performance
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