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Overview of analyses
Search Final	states √s	(TeV) Int.	lumi.

(fb-1)
Reference

VV	
(WW/	WZ/	ZZ)

lvjj,	JJ 13 2.6 EXO-15-002

WH/	ZH lljj,	lvjj 13 2.17-2.52 B2G-16-003

WW lvqq 13 2.3 B2G-16-004

VV	
(WW/	WZ/	ZZ)

lvjj,	JJ	 8+13 19.7 +	2.6 B2G-16-007
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q All	analyses	done	using	13	TeV	data	from	2015.
q Combination	of	8+13	TeV	data	uses	full	Run	1	data	and	2015	data.
q Common	search	strategy	is	to	look	for	a	narrow	peaking	signal	over	a	smoothly	

falling	background	distribution	(bump	hunt).
q Searches	being	pushed	to	above	~TeV	range	for	the	resonance	masses.

q Need	boosted	techniques	to	tag	boson	jets	(J).
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Analysis techniques

Anti-kT cone 0.4( AK4)

New physics
ÞMassive resonances (W/Z/H)
ÞDecay to standard model bosons with 

high Lorentz boost
ÞAt least one boson decaying 

hadronically. Can be reconstructed 
using large sized jets and 
substructure

W/Z jets

Anti-kT cone 0.8 (AK8) Anti-kT cone 0.8 
(AK8)
B tagging subjets

Higgs jets

BSM	particle
(Massive)

p p

W/Z

W/Z/H

Hadronic
decay

Leptonic
decay

ΔR ≈
2𝑀
𝑝T
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Why boosted jets

q Higher efficiency of reconstructing boosted W/Z/H 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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VV resonances at 13 TeV
q Search for WW/ WZ/ ZZ

v lvqq and qqqq final states

q pT(µ/ e) > 53 / 120 GeV
q ET

miss > 40 (80) GeV for muon 
(electron) channel.

q Boosted hadronic W→ qq′, and 
Z → qq.		 tagged using large area 
jets and substructure techniques.

q 65 < pruned mass < 105 GeV
v W cand.: 65-85 GeV
v Z cand.: 85-105 GeV

q N-subjettiness t2/t1 < 0.75
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q Backgrounds from sidebands in the 
pruned jet mass for the leptonic
analysis
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Background estimation
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q Fit to the the data
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q Limit on bulk gravitons in Warped extra dimensions
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Results for WW/ WZ/ ZZ
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q Limit on W’ in HVT model B

q Limit set on resonance branches 
between 800-4000 GeV.

q W’ in HVT model B eliminated up 
to 2 TeV.
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WH/ ZH -> lvbb/ llbb/ vvbb

q Higgs jet: pT(AK8) > 200 GeV ❖ 105 < pruned M < 135 
GeV ❖ 1 or 2 subjets b tagged.

q vv channel: ETmiss > 200 GeV ❖ No leptons with pT
> 10 GeV ❖ Df (ETmiss, all jet) > 0.5 ❖ Df (ETmiss, 
Higgs jet) > 2 ❖ No b tagged jets

q lv channel: pT(µ/ e) > 55/ 135 GeV ❖ ET
miss > 80 GeV 

❖ Df (ET
miss, jet) > 2 ❖ Df (l, ET

miss) < 2 ❖ pT(W->lv) > 
200 GeV

q ll channel: Same trigger and lepton selection as lv 
channel ❖ 70 < M(ll) < 110 GeV ❖ pT(ll) > 200 GeV ❖ Dh
(ll, jet) < 5 ❖ Df (ll, Higgs jet) > 2.5
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Background estimation
q SM backgrounds: 

v DY+jets (using pruned mass sidebands) 
v tt+jets and single top (events with b tagging)

q Top background:
v Control samples with 0/ 1 lepton and 0/1 b-

tagged subjets
v Require additional b-tagged AK4 jet to enrich 

in top quarks.
v Obtain da/MC normalization scale factor.
v Applied to top MC contribution in the signal 

region.

q DY background:
v Jet pruned mass mj sidebands in data and MC 

are used:
30 < mj < 65 GeV and mj > 135 GeV.

v Data/MC scale factor is obtained for the mj
sideband by fitting the invariant mass 
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Results for WH/ ZH resonance

q Background/ signal shapes fit to the data 
distribution

q No excess found. 
q Limits set on spin 1 W’ and spin  Z’ cross 

section.
q Interpreted in terms of HVT model B
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WW resonance 
Semileptonic final state at low mass extension
q Low mass resonance search: 600-1000 GeV 
❖ One isolated muon(electron) with pT > 40 (45) GeV❖ ET

miss > 40 (80) GeV for muon 
(electron) channel ❖W tagging with AK8 jets: 65 < pruned mass < 95 GeV ❖ t2/ t1 < 0.45

q Leptonic W reconstructed from lv and paired with hadronic W jet ❖ pT(W) > 200 
GeV ❖ Df (WW) > 2 ❖ b jet veto to reduce tt+jets

D. Majumder/ SUSY 2016 11

B2G-16-004

 (GeV)WWM
400 600 800 1000 1200 1400 1600

Ar
bi

tra
ry

 s
ca

le

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02
 (13 TeV)

CMS
Simulation preliminary

Bulk Graviton M=600 GeV
Bulk Graviton M=700 GeV
Bulk Graviton M=800 GeV
Bulk Graviton M=900 GeV
Bulk Graviton M=1000 GeVEv

en
ts

 / 
( 5

 G
eV

 )

0

50
100

150
200

250
300

350
400

450
ν µ →Data, W tt

Single Top VV

W+jets MC Stat
=750 GeV (x30)G MBulkG

 (13 TeV)-12.3 fb

CMS
Preliminary

 (13 TeV)-12.3 fb

CMS
Preliminary

Jet Pruned Mass (GeV)
40 60 80 100 120 140

D
at

a 
/ M

C

0.5

1

1.5

2

Ev
en

ts
 / 

( 0
.0

4 
G

eV
 )

0

100

200

300

400

500

600

ν e →Data, W tt
Single Top VV

W+jets MC Stat
=750 GeV (x20)G MBulkG

 (13 TeV)-12.3 fb

CMS
Preliminary

 (13 TeV)-12.3 fb

CMS
Preliminary

1τ/2τ
0 0.2 0.4 0.6 0.8 1

D
at

a 
/ M

C

0.5

1

1.5

2



Background estimation
q Main backgrounds from SM:W+jets and tt+jets
q W+jets background:

v WW invariant mass mWW modelled in pruned mass 
sidebands:

v 40 < pruned pass < 65 GeV and 
135 < pruned mass < 150 GeV

v MC ratio aMC(mWW) in signal region to sideband region 
obtained.

v Background in signal region in data by rescaling mWW in 
data sideband by aMC(mWW).

q tt+jets background:
v Control region selection: 

Lepton + AK8 jet tagged as a W jet + b-tagged AK4 jet
v Enriched in  semileptonic top tt+jets
v Data/ MC scale factors are derived: 

muon-channel: 0.847 ± 0.049 and 
electron channel: 0.865 ± 0.084.
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Results
q Data consistent with predicted background in the mWW mass spectrum.
q Limit set on WW resonance combining muon and electron channel.
q Limit set on bulk graviton cross sections for different masses in warped 

extradimension models (k/𝑀𝑃𝑙 = 0.5).
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WW, WZ, ZZ, WH, and ZH 
8+13 TeV combination
q Combining 8 and 13 TeV diboson resonance searches.

v 19.6 fb-1 at √s = 8 TeV and 2.2 - 2.6 fb-1 data at √s = 13 TeV.
v Combination performed for mass above 0.8 TeV

q Interpretation:
v W’/ Z’ in heavy vector triplet models decaying to WZ/ WH/ ZZ/ ZH 
v Bulk gravitons decaying to WW or ZZ

v All resonances assumed to be narrow compared to the experimental mass resolution.
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particle spin charge decay production W/Z polarization
W’ 1 charged mainly WZ, WH mainly qq( 0) mostly longitudinal
Z’ 1 neutral mainly WW, ZH mainly qq mostly longitudinal

Gbulk 2 neutral mainly WW, ZZ mainly gg mostly longitudinal



WW, WZ, ZZ, WH, and ZH 
8+13 TeV combination procedure
q Combination using likelihood function for each analysis.

v Histogram binned as a function of the diboson invariant mass for 
3lv, qq.qq., qq.bb., qq.qq.qq., qq.ττ

v Analytical function of diboson invariant mass for lvqq., lvbb.. 
q Systematic uncertainties treated as nuisance parameters modelled using log-

normal priors and profiled. 
v Uncertainties are either fully correlated or fully uncorrelated.
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B2G-16-007

Systematic uncertainty Type 8+13 TeV e+µ HP+LP W+Z
Lepton trigger yield no no yes yes
Lepton identification yield no no yes yes
Lepton momentum scale yield, shape no no yes yes
Jet energy scale yield, shape no yes yes yes
Jet energy resolution yield, shape no yes yes yes
Jet mass scale yield no yes yes yes
Jet mass resolution yield no yes yes yes
b tagging yield no yes yes yes
W tagging (HP/LP) yield no yes yes yes
Integrated luminosity yield no yes yes yes
Pileup yield no yes yes yes
PDF yield yes yes yes yes
µ f ,µr scales yield yes yes yes yes

Correlation
of	systematic
uncertainties



W’ and Z’ combination results
q Exclusion limit in range 0.8 < resonance mass < 4 TeV
q 13 TeV results dominate for high masses.
q For HVT interpretation the W’ and Z’ production cross section times branching 

fractions to different decay channels are combined.
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B2G-16-007
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WW, WZ, ZZ, WH, and ZH 
8+13 TeV combination
q Combination of 8 TeV (19.7 fb-1) and 13 TeV (2.3 fb-1)
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Summary
q CMS search for diboson

resonances with first 13 TeV data 
performed.

q Significant coverage of new mass 
range. No excesses found.

q Combined results of 8+13 TeV set 
most stringent bounds on W’/Z’ 
and spin 2 resonances. 

q New 13 TeV data pours in. 
Challenging but exciting new 
grounds to cover. Stay tuned.
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BACKUP
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HH->bbbb: 8 TeV analysis
q Resonance X decaying to HH

v Both Higgs decaying through H->bb

q Higgs jet reconstruction using pruned jet mass, 
substructure (t2/t1 and b-tagged subjets).

q Events categorized as leading (subleading) jet having 
v t2/t1 < 0.5 (high purity)
v 0.5 < t2/t1 < 0.75 (low purity).

q Exclusion limit set on radions in warped 
extradimension models

q Main background is SM multijets production.
q Background modelled as a falling exponential.
q Radion (LR = 1 TeV) below 1.4 TeV excluded
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EXO-12-053
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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.



WW, WZ, ZZ, WH, and ZH 
8+13 TeV combination
q Signal efficiencies in percentage in various channels:
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Channel HVT RS bulk
W 0 Z0 Gbulk

WZ WH WW ZH WW ZZ
HP/LP HP/LP HP/LP HP/LP HP/LP HP/LP

qqqq (8 TeV) 5.9/5.5 0.8/0.7 5.7/5.3 0.8/0.7 3.8/3.1 5.7/4.2
`nqq (8 TeV) 4.8/- - 9.4/- - 10.6/7.1 -
``qq (8 TeV) 1.1/- - - 0.2/- - 3.0/1.0
3`n (8 TeV) 0.6 - - - - -
qqqq (13 TeV) 5.0/10.1 1.8/2.5 4.2/8.7 1.9/2.6 4.5/10.2 5.7/11.2
`nqq (13 TeV) 9.4/0.5 1.7/0.2 19.0/1.1 - 16.7/1.0 -
qqbb/qqqqqq (8 TeV) - 3.0/1.8 - 1.7/1.1 - -
`nbb(8 TeV) - 0.9 - - - -
qqtt (8 TeV) - 1.2 - 1.3 - -
``bb (13 TeV) - - - 1.5 - -
`nbb (13 TeV) - 4.0 - - - -
nnbb (13 TeV) - - - 4.2 - -



WW, WZ, ZZ, WH, and ZH 
8+13 TeV combination
q Background estimation methods in various channels:
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Channel Main background Estimation method

qqqq (8 TeV) QCD multijets parametrized by smooth function

`nqq (8 TeV) W+jets

normalization and shape from data in sidebands:

m
jet

in [40, 65] and [105, 130] GeV

``qq (8 TeV) Z+jets

normalization and shape from data in sidebands:

m
jet

in [50, 70] and [110, 130] GeV

qqqq (13 TeV) QCD multijets parametrized by smooth function

`nqq (13 TeV) W+jets

normalization and shape from data in sidebands:

m
jet

in [40, 65] and [135, 150] GeV

qqbb/qqqqqq (8 TeV) QCD multijets data driven

`nbb (8 TeV)

W+jets

normalization and shape from sidebands:

m
jet

in [40, 110] and [135, 150] GeV

qqtt (8 TeV)

Z/g+jets

data driven estimate from control regions

tt, QCD multijets

``bb/`nbb/

V+jets

normalization and shape from data in sidebands:

nnbb (13 TeV) m
jet

in [30, 65] and > 135 GeV



W’ and Z’ combination
Comparing 8, 13 and 8+13 TeV limits
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Bulk graviton combination
Comparing 8, 13 and 8+13 TeV limits
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VV 8+13 TeV combination
Statistical significance of excesses
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Combination W0 Z0 HVT (W0 +Z0) Gbulk

VV 13 TeV 0.00 0.10 0.00 0.00
VV+VH 13 TeV 0.00 0.00 0.00 -
VV 8 TeV 1.22 0.56 1.03 1.61
VV 8+13 TeV 0.20 0.46 0.33 0.35
VH 8 TeV 2.05 0.56 1.79 -
VV+VH 8 TeV 2.22 0.77 1.95 -
VV+VH 8+13 TeV 0.86 0.00 0.83 -

Significance	at	MX =	1.8	TeV

Combination W0 Z0 HVT (W0 +Z0) Gbulk

VV 13 TeV 0.00 0.05 0.00 0.00
VV+VH 13 TeV 0.00 0.00 0.00 -
VV 8 TeV 1.20 0.46 0.91 1.05
VV 8+13 TeV 0.00 0.30 0.00 0.00
VH 8 TeV 2.17 1.41 1.78 -
VV+VH 8 TeV 2.32 1.02 1.89 -
VV+VH 8+13 TeV 0.33 0.00 0.20 -

Significance	at	MX =	1.9	TeV

Combination W0 Z0 HVT (W0 +Z0) Gbulk

VV 13 TeV 0.00 0.07 0.00 0.00
VV+VH 13 TeV 0.00 0.00 0.00 -
VV 8 TeV 0.77 0.75 0.76 0.44
VV 8+13 TeV 0.23 0.45 0.29 0.06
VH 8 TeV 0.00 0.00 0.00 -
VV+VH 8 TeV 0.58 0.60 0.48 -
VV+VH 8+13 TeV 0.00 0.00 0.00 -

Significance	at	MX =	2	TeV



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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Good	data	at	3.8	T:	2.7	fb-1


