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1. Reconstruct hadronically/leptonically 
decaying bosons 

- Diboson: hadronic, leptonic and semi-
leptonic VV, VH and HH (V= W/Z) 

- Single boson: qV, AV 

2. Bump hunt in invariant mass spectrum

General search strategy

 3

Dijet invariant mass (GeV)

New resonance,  
typically narrow

Smooth SM background

Disclaimer:  
Many more interesting CMS analyses with 
boosted bosons than shown here, 
selected a few which highlight boosted 
reconstruction 

V/HV/H? ?MX
? ?
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All hadronic final states

X→VV, VH or HH decaying hadronically

The pros:

- Largest branching fraction (good at high 
mX where background is low)

- simple and robust: background (QCD) 
estimated from fit to data with smoothly 
falling function

V/HV/Hq qMX
q̅ q̅

AK8 AK8



Thea K. Aarrestad                                        Searches for new physics with boosted W, Z and H bosons

DOI:10.1140/epjc/s10052-017-5192-z 

 4

All hadronic final states

X→VV, VH or HH decaying hadronically

The pros:

- Largest branching fraction (good at high 
mX where background is low)

- simple and robust: background (QCD) 
estimated from fit to data with smoothly 
falling function

The cons: 

- trigger limited (need smoothly falling mjj)

V/HV/Hq qMX
q̅ q̅

AK8 AK8



Thea K. Aarrestad                                        Searches for new physics with boosted W, Z and H bosons

DOI:10.1140/epjc/s10052-017-5192-z 

 4

All hadronic final states

X→VV, VH or HH decaying hadronically

The pros:

- Largest branching fraction (good at high 
mX where background is low)

- simple and robust: background (QCD) 
estimated from fit to data with smoothly 
falling function

The cons: 

- trigger limited (need smoothly falling mjj)

- less sensitive in high-mass tail due to 
parametric fit

- overwhelming multijet background
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Figure 5: The dijet mass of the two wide jets from the low-mass search (left) and the high-mass
search (right). Data (points) are compared to QCD predictions from the PYTHIA 8 MC including
detector simulation (histogram) normalized to the data. The horizontal lines on the data points
show the variable bin sizes.

However, the intrinsic uncertainties associated with QCD calculations make them unreliable
estimators of the backgrounds in dijet resonance searches. Instead we will use the dijet data to
estimate the background.

arxiv:1806.00843 
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1. Get rid of pile-up 

- PileUp Per Particle Identification (PUPPI)   
(CMS “default” for AK8 (A. Beneckes talk)
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1. Get rid of pile-up 

- PileUp Per Particle Identification (PUPPI)   
(CMS “default” for AK8 (A. Beneckes talk)

2. Reconstruct mass (smeared by radiation 
and U.E) 

- modified Mass Drop Tagger  
(softdrop β=0, z=0.1) (C. Suarez talk) 
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! Orthogonal mass windows 
Important for combining results, mass  
resolution is key for choice of groomer
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2. Reconstruct mass (smeared by radiation 
and U.E) 

- modified Mass Drop Tagger  
(softdrop β=0, z=0.1) (C. Suarez talk) 

3. Tag by resolving jet substructure 

- n-subjetiness ratio 𝜏21 (C. Suarez talk) 

 5

Boson reconstruction q
q̅
AK8mV/H  

> 0 GeV

q/g
AK8mq/g  

≃ 0 GeV
vs.

https://doi.org/10.1007/JHEP10(2014)059
https://indico.cern.ch/event/649482/contributions/2993203/
https://indico.cern.ch/event/649482/contributions/2993204/
https://indico.cern.ch/event/649482/contributions/2993204/


Thea K. Aarrestad                                        Searches for new physics with boosted W, Z and H bosons

21τN-subjettiness  
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
0

10

20

30

40

50

60

70

80

610×

Data Background
=1200 GeV

X
),  mbH(b =4000 GeV

X
),  mbH(b

=1200 GeV
W'

), mqW(q =4000 GeV
W'

), mqW(q
=1200 GeV

Z'
),   mqZ(q =4000 GeV

Z'
),   mqZ(q

  (13 TeV)-135.9 fb

CMS
Preliminary

bbq q→ VH →X 

high purity low purity
V/H: 

2-prong 
like

QCD: 
1-prong 

like

! Two 𝜏21 categories:  
high-purity: best S/B 
low-purity: high efficiency

1. Get rid of pile-up 

- PileUp Per Particle Identification (PUPPI)   
(CMS “default” for AK8 (A. Beneckes talk)
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and U.E) 

- modified Mass Drop Tagger  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3. Tag by resolving jet substructure 

- n-subjetiness ratio 𝜏21 (C. Suarez talk) 

3. After PUPPI + softdrop + 𝜏21 

- at pT~500 GeV: ~55% 𝑒S at ~2% 𝑒B 
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How does this differ from ATLAS? 
(A. Soogards talk) 

Track-assisted jet mass (new) 
D2 energy correlation function ratio 

 
at pT~500 GeV: ~30% 𝑒S at ~1% 𝑒B 

ATLAS-CONF-2018-016

https://doi.org/10.1007/JHEP10(2014)059
https://indico.cern.ch/event/649482/contributions/2993203/
https://indico.cern.ch/event/649482/contributions/2993204/
https://indico.cern.ch/event/649482/contributions/2993204/
https://indico.cern.ch/event/649482/contributions/3007433/
https://cds.cern.ch/record/2621302/files/ATLAS-CONF-2018-016.pdf
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On top of mass and substructure, take 
advantage of b-tagging. Two methods:

 6

Higgs reconstruction

b

b ̅
AK8mH  

125 GeV



Thea K. Aarrestad                                        Searches for new physics with boosted W, Z and H bosons

On top of mass and substructure, take 
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- tag softdrop subjets (R=0.2) with CSV
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On top of mass and substructure, take 
advantage of b-tagging. Two methods:

- tag softdrop subjets (R=0.2) with CSV

- If boost is high, subjets overlap. Track-
sharing leads to performance drop
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On top of mass and substructure, take 
advantage of b-tagging. Two methods:

- tag softdrop subjets (R=0.2) with CSV

- If boost is high, subjets overlap. Track-
sharing leads to performance drop

- Enter: double-b MVA tagger not relying on 
subjets
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On top of mass and substructure, take 
advantage of b-tagging. Two methods:

- tag softdrop subjets (R=0.2) with CSV

- If boost is high, subjets overlap. Track-
sharing leads to performance drop

- Enter: double-b MVA tagger not relying on 
subjets

Additional difference: background!

- if QCD dominant, double-b best 
performance

- if tt ̄dominant, subjet b-tagging slightly 
better performance (double-b tagger not 
trained agains tt)̄
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On top of mass and substructure, take 
advantage of b-tagging. Two methods:

- tag softdrop subjets (R=0.2) with CSV

- If boost is high, subjets overlap. Track-
sharing leads to performance drop

- Enter: double-b MVA tagger not relying on 
subjets

Additional difference: background!

- if QCD dominant, double-b best 
performance

- if tt ̄dominant, subjet b-tagging slightly 
better performance (double-b tagger not 
trained agains tt)̄
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How does this differ from ATLAS? 
( A. Soogards talk) 

Subjet b-tagging on trimmed subjets 
(leading track jets) of size R=0.2 within 

R=1.0 jet. New: switch to variable R tagging 
and dedicated double-b tagger  

(S. Gangulys talk) 
 

ATLAS-CONF-2016-039 

https://indico.cern.ch/event/649482/contributions/3007433/
https://cds.cern.ch/record/2206038/files/ATLAS-CONF-2016-039.pdf
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All-hadronic triggers

 7

Grooming algorithms at HLT lowers mjj 
trigger thresholds 

- cut on jet trimmed mass (slightly less 
aggressive than mMDT used offline) 
of 30/50 GeV 

- fully efficient at offline softdrop mass 
of ~50 GeV 

As of 2018,  new double-b tag + 
trimmed mass trigger further lowering 
thresholds!
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Z

VV/qV fully-hadronic

 8

Categorisation (10 in total) 

- WW/WZ/ZZ and qW/qZ 

- 𝜏21 high-purity / low-purity  
(LP 20% improvement at high mX)

B2G-17-001 

http://dx.doi.org/10.1103/PhysRevD.97.072006
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VV/qV fully-hadronic

 8

Categorisation (10 in total) 

- WW/WZ/ZZ and qW/qZ 

- 𝜏21 high-purity / low-purity  
(LP 20% improvement at high mX)

W-tag efficiency scalefactors, jet mass 
scale+res. estimated in tt ̄(~200 GeV) 

- pT-dependence is difference in 
tagging efficiency in HERWIG++ and 
Pythia8 signal MC

B2G-17-001 

Simone Gelli - 2017

Fit distributions (Puppi 0.35)
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18 8 Results

Pruned mass [GeV]
40 50 60 70 80 90 100 110 120 130

Ev
en

ts
/(5

)

0

200

400

600

800

1000

1200 Diboson

WJets

SingleT

tt

Data

 (2016) (13 TeV)-1=35.8 fbLPreliminary  CMS

Figure 24: CHS High Purity WP=0.6
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Figure 25: CHS Low Purity WP=0.6
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Puppi SD mass [GeV]

Figure 26: Puppi High Purity WP=0.35
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Puppi SD mass [GeV]

Figure 27: Puppi Low Purity WP=0.35
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Figure 28: Puppi High Purity WP=0.4
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Figure 29: Puppi Low Purity WP=0.4
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Distributions of Puppi AK8 softdrop jet mass in data and MC for high purity (left) 
and low purity (right) selections. The double crystal ball function describes the 
signal contribution obtained is data (red solid) and MC (red dotted). The 
background contributions, including combinatorial ttbar background, are described 
by a Chebyshev and Error Functions for high and low purity categories respectively. 
The solid and dotted blue curve represents the sum of signal and background fits in 
data and MC respectively 

Left: High Purity; Right: Low Purity
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VV/qV fully-hadronic

 8

Categorisation (10 in total) 

- WW/WZ/ZZ and qW/qZ 

- 𝜏21 high-purity / low-purity  
(LP 20% improvement at high mX)

W-tag efficiency scalefactors, jet mass 
scale+res. estimated in tt ̄(~200 GeV) 

- pT-dependence is difference in 
tagging efficiency in HERWIG++ and 
Pythia8 signal MC

Background fit with parametric function 
in signal region (weakness: large 
uncertainty in tail of spectrum)

B2G-17-001 

http://dx.doi.org/10.1103/PhysRevD.97.072006
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Two complementary searches 

- fully-merged: tag two AK8 with double-b 

- partially-merged: tag one AK8 with double-
b, tag two AK4 with CSV 

Background shape: anti b-tag region 
Background normalisation: mass sidebands 

Adding partially-merged result  
improves limits by up to 55% !

HH fully hadronic
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Fit reduced mass mJjj,red ≡ mJjj − (mJ − mH) − (mjj(j1, j2) − mH) 
8-10% improvement on HH mass resolution 

http://cds.cern.ch/record/2621541?ln=en
https://doi.org/10.1016/j.physletb.2018.03.084
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Two complementary searches 

- fully-merged: tag two AK8 with double-b 

- partially-merged: tag one AK8 with double-
b, tag two AK4 with CSV 

Background shape: anti b-tag region 
Background normalisation: mass sidebands 

Adding partially-merged result  
improves limits by up to 55% !
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8-10% improvement on HH mass resolution 

27

6 Background Estimation500

6.1 Alphabet Background Estimate501

We measure the QCD background with a data-driven method which exploits a num-502

ber of sidebands of the signal region. These sidebands are defined with respect to503

the AK8 jet based on its mass and the value of the double-b discriminator. Consid-504

ering these two variables, we may define several regions, as outlined in Figure 26:505

the pre-tag region consists of all events which pass all selection requirements except506

the soft-drop mass requirements and tagger requirements on the AK8 jet. The signal507

region is the subset of those events which pass the mass requirement and pass the508

tagger requirement we impose on our signal. The anti-tag region is the subset of509

events which pass the mass requirement but fail the tagger requirement. All other510

events in the pre-tag region constitute the mass-sideband. For QCD background,511

we expect the shapes but not normalizations of distributions of events in the signal512

and anti-tag regions to be similar. If there were no correlation between the jet mass513

and the tagging variable, we could simply measure in the mass sideband the ratio514

of passing to failing events and scale the anti-tag region by this to obtain an estimate515

of the signal region (this method is often referred to as the ABCD method).

SIDEBAND 
(used to extract 

Conversion factor)

SIDEBAND 
(used to extract 

Conversion factor)

SIDEBAND 
(used to extract 

Conversion factor)

SIDEBAND 
(used to extract 

Conversion factor)
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Figure 26: Schematic representation of the regions used to perform our estimate.
516

As documented in [50], the tagging variable we consider has a dependence on mass.517

Thus, to obtain the normalization, we must measure a conversion rate or the pass-fail518

ratio, Rp/ f which depends on mass. We can fit for such a dependence in the mass-519

http://cds.cern.ch/record/2621541?ln=en
https://doi.org/10.1016/j.physletb.2018.03.084
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Two complementary searches 

- fully-merged: tag two AK8 with double-b 

- partially-merged: tag one AK8 with double-
b, tag two AK4 with CSV 

Background shape: anti b-tag region 
Background normalisation: mass sidebands 

Adding partially-merged result  
improves limits by up to 55% !
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Semi-leptonic final states

 10

X→VV or VH where one V decays 
leptonically (ℓℓ/ℓν/νν) 

The pros: 

- can trigger on lepton, lower thresholds, 
while retaining good signal efficiency 
through hadronic leg 

- less background (most sensitive at low 
mX) and background well-modelled in 
simulation (unlike QCD) 

The cons:  

- leptons can overlap, hard to reconstruct 

- leptons required to be isolated from 
hadronic activity within isolation cone. 
Need to avoid overlap

V/HVℓ/ν/ℓ qMX
q̅
AK8

ℓ/ν/ν

ℓ

With standard reconstruction,
leptons would be rejected due to  

non-isolation

ℓ

high boost

Isolation cone
ΔR < 0.3
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For muons close in ΔR, “global muon” 
efficiency drops when same muon track 
segments are used to seed algorithm, only 
one muon left after cleaning

- allow one muon to be identified in tracker 
only. Efficiency increase of 4-18%

Leptons required to be isolated from other 
hadronic activity in event

Boosted lepton reconstruction

 11

Muon 1: Global muon  
(tracker+muon chambers)

Muon 2: Tracker muon 
(tracker only, MIP)
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For muons close in ΔR, “global muon” 
efficiency drops when same muon track 
segments are used to seed algorithm, only 
one muon left after cleaning

- allow one muon to be identified in tracker 
only. Efficiency increase of 4-18%

Leptons required to be isolated from other 
hadronic activity in event

- require lepton energy >> surrounding 
hadronic activity (∑pT of charged particles 
within cone)

Boosted lepton reconstruction

 11

Muon 1: Global muon  
(tracker+muon chambers)

Muon 2: Tracker muon 
(tracker only, MIP)

ℓ1 iso: pT,had/ pTℓ1 < 10%

ℓ1

ℓ2

high boost

Requirement fails if second  
high-pT lepton enters cone!



Thea K. Aarrestad                                        Searches for new physics with boosted W, Z and H bosons

For muons close in ΔR, “global muon” 
efficiency drops when same muon track 
segments are used to seed algorithm, only 
one muon left after cleaning

- allow one muon to be identified in tracker 
only. Efficiency increase of 4-18%

Leptons required to be isolated from other 
hadronic activity in event

- require lepton energy >> surrounding 
hadronic activity (∑pT of charged particles 
within cone)

- to retain efficiency at high boost, remove 
all other PF electrons and muons before 
computing isolation

Boosted lepton reconstruction

 11

Muon 1: Global muon  
(tracker+muon chambers)

Muon 2: Tracker muon 
(tracker only, MIP)

ℓ1 iso: (pT,had - pT,ℓ2) / pTℓ1 < 10%

ℓ1

ℓ2

high boost
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3 final states:  H→bb ̄ with V→ℓℓ/ℓν/νν 
(orthogonal 0,1,2 lepton categories)

R.o.I: mVHT for νν, mVH for ℓℓ/ℓν

2 b-tag categories based on number of 
subjet b-tags: 

- 2 b-tagged subjets: dominate at low mX  
→ εS 29-19% (degrade with mX) 
→ εB ~0.5% 

- 1 b-tagged subjet: dominate at high mX  
→ εS 13-24%  → εB ~3%

VH semi-leptonic

 12
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3 final states:  H→bb ̄ with V→ℓℓ/ℓν/νν 
(orthogonal 0,1,2 lepton categories)

R.o.I: mVHT for νν, mVH for ℓℓ/ℓν

2 b-tag categories based on number of 
subjet b-tags: 

- 2 b-tagged subjets: dominate at low mX  
→ εS 29-19% (degrade with mX) 
→ εB ~0.5% 

- 1 b-tagged subjet: dominate at high mX  
→ εS 13-24%  → εB ~3%

For the first time, also set limits on dark 
matter where 𝜈𝜈 → 𝜒𝜒 

- most stringent limits on model to date!

VH semi-leptonic
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Boosted 𝜏 final states
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EXO-15-002 

X→VH→qq̄𝜏𝜏 or X→HH→bb�̄�𝜏 

The pros: 

- high branching fraction 

- with one 𝜏 decaying leptonically, low 
background and possibility to trigger on 
lepton+MET 

The cons:  

- extremely challenging to reconstruct 
H→𝜏𝜏 as 𝜏 decay products overlap

Trigger and tag  
using lepton and MET

https://cds.cern.ch/record/2125293
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Standard 𝜏 reconstruction algorithms 
attempt to identify 𝜏 by reconstructing  
𝜏 decay products (П0,П+/-)  

- look within AK4 jet cone 

For boosted 𝜏𝜏 final states, AK4 cones 
overlap and efficiency drops 

- Rather “seed” reconstruction using AK8 
softdrop subjets R=0.2 → subjet 𝜏-tagging 

Huge gain in efficiency using dedicated 
reconstruction! 

Boosted 𝜏 reconstruction

 14

𝜏+

𝜏-

mH  
125 GeV

П0

П+

ν

П0

П-

ν

AK4

AK4

Standard reconstruction

Reconstruct 𝜏  
within AK4 cone

𝜏+

𝜏-
AK8mH  

125 GeV

Boosted reconstruction

Reconstruct 𝜏  
within subjet(R=0.2) cone
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4

H→!!  reconstruction efficiency as a function 
of generator level Higgs transverse momentum 
evaluated using Radion→HH→!!bb samples.

- !’s are required to have |η| < 2.3 and pT> 20 
GeV and and pass Tau Identification 
requirements and very loose MVA based 
isolation 

- μ’s are identified with loose requirements 
(pile-up corrected isolation applied)

- Generated Higgs is required to have |η| < 2.3

Comparing Boosted and Non-Boosted 
Reconstruction Techniques

- Some Efficiency drop in semi-leptonic channel 
due to muon identification (isolation) requirement

Efficiency is evaluated using Radion→HH→!!bb 
samples where the Radion has a mass of 1 or 
2.5 TeV and the Higgs has a mass of 125 GeV
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CERN-CMS-DP-2016-038 

Standard 𝜏 reconstruction algorithms 
attempt to identify 𝜏 by reconstructing  
𝜏 decay products (П0,П+/-)  

- look within AK4 jet cone 

For boosted 𝜏𝜏 final states, AK4 cones 
overlap and efficiency drops 

- Rather “seed” reconstruction using AK8 
softdrop subjets R=0.2 → subjet 𝜏-tagging 

Huge gain in efficiency using dedicated 
reconstruction! 

Boosted 𝜏 reconstruction

 14
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3 orthogonal searches:  WH/ZH/HH 

Combine subjet b-tagging, boosted V 
reconstruction and boosted 𝜏 tagging 

- both fully-hadronic and semi-leptonic  𝜏𝜏 
final states using boosted reconstruction

VH/HH to 𝜏𝜏qq /𝜏𝜏bb

 15
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Take advantage of signal peaking in both jet 
mass and invariant mass and search for 
X→VW in Mℓν,AK8-mAK8 plane

Going multidimensional
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single top production.

Each background is modelled by a separate shape pdf based on its properties.

The W+jets background shape is described as a conditional probability of mWV as a function of
mjet:

PW+jets(mWV, mjet) = PWV(mWV|mjet, q1) Pj(mjet|q2). (2)

The conditional probability is essential to take into account the large correlations between mjet
and mWV. Those correlations arise from the strong dependence of the jet mass on the jet pT
during the hadronization process. The 2D conditional templates, PWV, are constructed from
simulated events, starting before the detector simulation stage. For each event in the back-
ground samples, jets are clustered from stable particles using the same substructure algorithms
as during event reconstruction. Consequently, a scale and resolution model is derived for both
mjet and mWV as a function of generated jet pT by comparing the reconstructed and generated
variables. Smooth templates are then populated as sums of 2D Gaussian distributions, where
the mean values of the Gaussians correspond to the true value of mjet and mWV, shifted by the
derived scale model, and the 2D covariance matrix is given by the resolution model. This tech-
nique is similar to the kernel-estimation procedure given in Ref. [81] but uses the simulation
and the exact resolution model instead of starting from reconstructed events. The final step is to
smooth the tails for high values of mWV ensuring there are no empty bins in the templates. The
smoothing is performed by fitting events in each mjet bin with mWV > 2.0 TeV using an expo-
nential function and then using the function values to populate the tails for mWV > 2.5 TeV. The
Pj shapes are one-dimensional (1D) histograms derived directly from reconstructed simulated
events, in contrast to the PWV shapes discussed above.

For both the Pj and PWV components, nuisance parameters are introduced to account for differ-
ences between data and simulation. The most important difference is attributed to the differ-
ent pT spectrum of the jets in the simulation. The template construction is repeated by adding
event weights corresponding to a harder (softer) spectrum, and the pdf is interpolated between
these alternative templates. An additional uncertainty lies in the choice of the scale/resolution
model, which is estimated by varying the scale as functions of mjet and mWV. The derived
shapes are found to be in agreement with the simulated events, validating the template con-
struction procedure. This procedure implicitly assumes that a single component can account
for the sum of the tt events with an arbitrary fraction of reconstructed W+V jet and W+jets con-
tributions. A variation of the relative fractions is found to translate into a change in the average
pT spectrum, which is taken into account as a systematic uncertainty.

The W+V/t background is modelled as :

PW+V/t(mWV, mjet) = PWV(mWV|q1) Pj(mjet|mWV, q2). (3)

In this case, PWV is a 1D template constructed in the same way as for the W+jets background,
and the smoothing of its tail with an exponential function is performed for mWV > 1.2 TeV. Pj
is described by two peaks: a peak around the W boson mass dominated by top quark events
where only the W ! qq0 was reconstructed inside the large-radius jet, and a peak around
the top quark mass where the W boson and the b quark decays are merged. These peaks are
modelled by two double Crystal Ball plus one exponential function, whose parameters are de-
scribed by uncorrelated polynomial functions of mWV. The presence of both jet peaks allows
additional scrutiny, since the relative fraction of the two peaks as a function of the resonance
mass provides a robust validation of the top quark pT spectrum convolved with effects from
jet grooming. Different shapes are used in the individual event categories to account for differ-
ences in the event kinematic distributions. The mjet distribution for the W+V/t background in

http://dx.doi.org/10.1007/JHEP05(2018)088
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For all-hadronic, extend this to 3D scan of 
MV1-MV2 - MVV 

- use full jet mass line shape, can 
incorporate all VV searches in one 
common framework 

No signs of new physics in diboson 
searches 

- 3D fit easily extendable to scan jet mass 
in search for non-SM bosons 

- cascade decay signatures, scan different 
𝜏 ratios. Ideal for searches a la CWoLa 
(no signal prior)

Outlook: 2D→3D
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Tri-gauge Boson Searches

-25-

“Boosted” three gauge bosons
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(2 − 3TeV) 
(a few 
hundred GeV) 

9 𝑉’s in the second step doesn’t need to be the same as 𝑉 in the first step
9 𝜑 could be a general scalar.

Case I Case II

� NOT covered by typical di-boson searches [Aguilar-Saavedra (2017), Collins, in progress] 

� Case I: 𝟑 boosted (massive) gauge bosons (vs. boosted di-boson searches (typically) selecting two 

hardest boosted jets) [Agashe, Collins, Du, Hong, DK and Mishra, in progress] 

� Case II: 1 boosted jet with more complicated structure [Agashe, Collins, Du, Hong, DK and Mishra, in progress]

Dijet invariant mass (GeV)

MV1 = 80 GeV

MV2 = 80 GeV

MVV = X TeV
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Summary
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H→!!  reconstruction efficiency as a function 
of generator level Higgs transverse momentum 
evaluated using Radion→HH→!!bb samples.

- !’s are required to have |η| < 2.3 and pT> 20 
GeV and and pass Tau Identification 
requirements and very loose MVA based 
isolation 

- μ’s are identified with loose requirements 
(pile-up corrected isolation applied)

- Generated Higgs is required to have |η| < 2.3

Comparing Boosted and Non-Boosted 
Reconstruction Techniques

- Some Efficiency drop in semi-leptonic channel 
due to muon identification (isolation) requirement

Efficiency is evaluated using Radion→HH→!!bb 
samples where the Radion has a mass of 1 or 
2.5 TeV and the Higgs has a mass of 125 GeV
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CMS first search in ɣ+W/Z/H final state 

Two categories 

- b-tagged Higgs jet (double-b tagger) 

- non b-tagged (gain at low background) 

Background estimate from fit to data 
(similar to VV and VH all-hadronic) 

ɣ+W/Z/H resonance search ɣHb
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B2G-17-001
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Source Relevant quantity
Uncertainty (%)

Double-tag Single-tag
HP+HP HP+LP HP+j LP+j

Jet energy scale Resonance shape 2 2 2 2
Jet energy resolution Resonance shape 6 7 4 3
PDF Resonance shape 5 7 13 8
Jet energy scale Signal yield <1 <1
Jet energy resolution Signal yield <1 <1
Jet mass scale Signal yield <2 <1
Jet mass resolution Signal yield <6 <8
Pileup Signal yield 2
PDF (acceptance) Signal yield 2
Integrated luminosity Signal yield 2.5
Jet mass scale Migration <36 <10
Jet mass resolution Migration <25 <7
V tagging t21 Migration 22 33 11 22
V tagging pT-dependence Migration 19–40 14–29 9–23 4–11
PDF and scales (W0 and Z0) Theory 2–18
PDF and scales (Gbulk) Theory 8–78
PDF and scales (q*) Theory 1–61
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Figure 3: Left: The double-b tagger pass-fail ratio Rp/f of the leading-pT AK8 jet in semi-
resolved events as a function of the difference between the soft-drop mass and the Higgs boson
mass, mJ � mH. The measured ratio in different bins of mJ � mH is used in the fit (red solid
line), except in the region around mJ � mH = 0, which corresponds to the signal region (blue
markers). The fitted function is interpolated to obtain Rp/f in the signal region. Right: The
reduced mass distribution mJjj,red in the data (black markers) with the estimated background
represented as the black histogram. The tt +jets contribution from simulation is represented in
green. The rest of the background is multijets, calculated by applying the Rp/f to the antitag
region. The total background, before fitting the background model to the data, is depicted
using the shaded region. The signal distributions for a bulk graviton with a mass of 800 GeV
(blue) and the non-resonant benchmark 2 model (red) are also shown. For the upper and lower
figures, the pseudorapidity intervals are |Dh| < 1.0 and 1.0 < |Dh| < 2.0, respectively.
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5. Systematic uncertainties 11

5 Systematic uncertainties

The following sources of systematic uncertainty affect the expected signal yields. None of these
lead to a significant change in the signal shape. A complete list of systematic uncertainties is
given in Table 3.

Table 3: Summary of systematic uncertainties in the signal and background yields, for both the
semi-resolved analysis and the fully merged analysis, taken from Ref. [25].

Source Uncertainty (%)
Signal yield

Trigger efficiency 1–15
H jet energy scale and resolution 1–3
H jet mass scale and resolution 2
H jet t21 selection 14–30
H tagging correction factor 5–20
b tagging selection 2–9
Pileup modelling 1–2
PDF and scales 0.1–3
Luminosity 2.5

Background yield
QCD background Rp/f fit 2–10
tt +jets cross section 5

The trigger response modelling uncertainties are particularly important for mJjj,red < 1100 GeV,
where the trigger efficiency drops below 99%. The trigger efficiency data-to-simulations scale
factor has an uncertainty between 1% and 15%, attributable to the control trigger inefficiency
and the sample size used.

The impact of the jet energy scale and resolution uncertainties on the signal yield was estimated
to be 1%–3% [40]. The jet mass scale and resolution, as well as the t21 selection efficiency data-
to-simulation scale factors were measured using a sample of boosted W ! qq0 jets in semilep-
tonic tt events. The jet mass scale and resolution has a 2% effect on the signal yields because of
a change in the mean of the H jet mass distribution. A correction factor is applied to account
for the difference in the jet shower profile of W ! qq0 and H ! bb decays, by comparing the
ratio of the efficiency of H and W jets using the PYTHIA 8 and HERWIG++ shower generators.
This uncertainty, the H tagging correction factor, is in the range 5%–20% depending on the res-
onance mass mX. The t21 selection efficiency uncertainty amounts to a 14%-30%, depending on
how many t21 tags are used, two for the fully-merged and one for the semi-resolved analysis.
An additional uncertainty on the t21 scale factor is assigned, using simulations, for jets with pT
higher than those in the tt events used for the measurement.

The double-b tagger and the DeepCSV discriminator efficiency scale factors are used to correct
the signal event yields to that observable in the data. The double-b tagger and the DeepCSV
discriminator scale factors are taken to be 100% correlated. The associated uncertainty is about
2%–9% [64], depending on the double-b tagger and requirement threshold and jet pT, is prop-
agated to the total uncertainty in the signal yield.

The impact of the PDFs and the theoretical scale uncertainties are estimated to be 0.1%–3%,
using the PDF4LHC procedure [46], and affect the product of the signal acceptance and the se-
lection efficiency. The PDF and scale uncertainties have negligible impact on the signal mJjj,red

6. Results 13

6 Results

The search for a resonance X decaying to HH ! bbbb with two boosted H jets [25] is com-
plemented with this analysis, covering the semi-resolved topology involving one boosted H jet
and one resolved H ! bb decay reconstructed using two b jets. The signal HH production is
searched for as an excess of events in the mJjj,red spectra of the different signal event categories,
as discussed in Section 4. The binned mJjj,red distributions of the signal and the background are
fitted to the data (Figs. 3 (right)) using the asymptotic approximation of the modified frequen-
tist approach for confidence levels, taking the profile likelihood as a test statistic [68–70]. The
systematic uncertainties are treated as nuisance parameters and are profiled in the likelihood
maximization. Upper limits at 95% confidence level are set on the product of the production
cross section and the branching fractions s(pp ! X)B(X ! bbbb) . The uncertainties on the
estimated background after the fit to the data are reduced by up to 5%, depending on the value
of mJjj,red.

Results are obtained using a statistical combination of the semi-resolved and fully-merged
event categories for the bulk graviton having a mass between 0.75–2 TeV, and a radion with a
mass between 0.75-1.6 TeV. Above these mass ranges, the inclusion of the semi-resolved events
does not improve the search sensitivity appreciably. The limits on s(pp ! X)B(X ! bbbb)
are depicted in Fig. 4, and tabulated in Tables 5 and 6 for the bulk graviton and the radion,
respectively. The limits for mX > 2 TeV for the bulk graviton, and mX > 1.6 TeV for the radion
are those from the fully-merged analysis of Ref. [25].

For the interpretation of the results, this paper uses the scenario of Ref. [71] to describe a KK
graviton, where the propagation of SM fields is allowed in the bulk, and follows the character-
istics of the SM gauge group, with the right-handed top quark localized near the TeV brane.
The radion is an additional element of WED models that is needed to stabilize the size of the
extra dimension l. The theoretical cross sections for s(pp ! X)B(X ! bbbb) are calculated
using k/MPl = 0.5 for the bulk gravitons and LR = 3 TeV for the radions, of different masses.
For these values of k/MPl and LR, the branching fractions B(X ! bbbb) are 10% and 23%, for
the graviton and the radion, respectively [72]. As shown in Fig. 4 (right), a radion having a
mass between 1 and 1.5 TeV is excluded at 95% confidence level for LR = 3 TeV.

 [TeV]Xm
1 1.5 2 2.5 3

) [
fb

]
bbb

 b
→

 H
H 

→
 (X

 
B

 X
) 

→
(p

p 
σ

1−10

1

10

210

310

410 Observed 95% upper limit

Expected 95% upper limit

 1 std. deviation±Expected limit 

 2 std. deviation±Expected limit 

 = 0.5)PlM/κBulk KK graviton (

 (13 TeV)-135.9 fb

CMS
Preliminary

 [TeV]Xm
1 1.5 2 2.5 3

) [
fb

]
bbb

 b
→

 H
H 

→
 (X

 
B

 X
) 

→
(p

p 
σ

1−10

1

10

210

310

410 Observed 95% upper limit

Expected 95% upper limit

 1 std. deviation±Expected limit 

 2 std. deviation±Expected limit 

 = 3 TeV)RΛRadion (

 (13 TeV)-135.9 fb

CMS
Preliminary

Figure 4: The upper limits for a bulk graviton (left) and radion (right), combining the fully-
merged selection and the semi-resolved selection (where the events used in the fully-merged
analysis are not considered in the semi-resolved analysis). The inner (green) and the outer (yel-
low) bands indicate the regions containing the 68% and 95%, respectively, of the distribution of
limits expected under the background-only hypothesis. The theoretical prediction is shown as
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Figure 4: Data and expected background determined with the a transfer function method in
the thth channel: W mass window for the t21 HP (upper left) and LP (upper right) categories,
Z mass window for the t21 HP (middle left) and LP (middle right) categories, and H mass
window for the 1 b-tagged subjet (lower left) and 2 b-tagged subjets (lower right) categories.
Signal contributions are also shown assuming the benchmark scenario B of the HVT model for
the V’ and LR=1 for the radion, each with a mass of 2 TeV.
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Figure 4: Data and expected background determined with the a transfer function method in
the thth channel: W mass window for the t21 HP (upper left) and LP (upper right) categories,
Z mass window for the t21 HP (middle left) and LP (middle right) categories, and H mass
window for the 1 b-tagged subjet (lower left) and 2 b-tagged subjets (lower right) categories.
Signal contributions are also shown assuming the benchmark scenario B of the HVT model for
the V’ and LR=1 for the radion, each with a mass of 2 TeV.
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Graviton production depends on gluon PDFs, and results in a variation from 10 to 64% on the
number of signal events expected. Uncertainties of similar magnitude arise from the variation
of the factorization and renormalization scale, which are ranging from 3 to 13% for W0 and Z0,
and from 10 to 19% for Radion and Graviton production. While normalization uncertainties
are not accounted for in the limit setting, effects on the signal acceptance are propagated to the
final fit amounting to 0.5–2% for the PDF uncertainties, depending on the resonance mass.

Further systematic uncertainties affecting the normalization of signal and minor backgrounds
considered in the analysis include pileup contributions (0.5%) and integrated luminosity (2.6%).
A list of the main systematic uncertainty contributions is reported in Table 3.

Table 3: Summary of systematic uncertainties for the background and signal samples. Uncer-
tainties marked with † are not included in the limit bands, but instead reported in the theory
band.

shape V+jets tt, t+X Signal
a-function X X - -
Bkg. normalization 11–60% 2–38% -
Top scale factors - 5–14% -
jet energy scale X - - X
jet energy resolution X - - X
jet mass scale - - 1%
jet mass resolution - - 8%
V tagging - - 6%(HP)–11%(LP)
V tagging extr. - - 8%–18%(HP), 2%–8%(LP)
b-tagging - - 3–7% (1b), 3.7–5.4% (2b)
b-tagged jet veto - 3% 1%
trigger - - 2%
leptons Id, Iso - - 2%
t Id - - 6–8% (`th), 10–13% (thth)
t Id pt extr. X - - 0.5–18% (`th), 0.2–30% (thth)
t energy scale X - - 1% (`th), 5 � 3% (th)
pile-up - - 0.5%
QCD scales† - - 2.5%–12.5%, 10%–19%
PDF scale† - - 6%–37% ,10%–64%
PDF acceptance - - 0.5%–2%
luminosity - - 2.6%

12 8 Results

8 Results

Results are obtained from a combined fit of the signal and background to the data of the res-
onance mass distribution, based on a profile likelihood where systematic uncertainties are
considered as nuisance parameters and profiled in the statistical interpretation [58, 59]. The
background-only hypothesis is tested against the signal hypothesis simultaneously in the var-
ious categories. With no evidence of significant deviations from the background expectation,
95% confidence level (CL) upper limits are determined for the signal using the asymptotic fre-
quentist method [58, 60, 61]. Limits are derived on the production cross section times branching
ratio for a heavy resonance (X) for the decays X! WH, ZH or HH (s95%⇥ BR (X ! WH/ ZH/
HH)). For the WH and ZH final states, a spin of 1 is considered for X, while for the HH final
state, spins of 0 and 2 are considered. The limits, assuming the signal has a narrow width, much
less than the experimental resonance mass resolution of around 7%, are reported in Figs. 5–6.
For the WH and ZH final states, the W and Z mass regions are combined because there are
contributions of both signals to the two mass regions.
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Figure 5: Observed 95% CL upper limits on s⇥BR(X!WH) (left) and s⇥BR(Z!ZH) (right).
Expected limits are shown with 1 and 2s uncertainty bands. The `th and thth final states, HP
and LP t21 categories, and W and Z mass signal regions are combined.
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Figure 6: Observed 95% CL upper limits on s⇥BR(X(spin-0)!HH) (left) and s⇥BR(X(spin-
2)!HH) (right). Expected limits are shown with 1 and 2s uncertainty bands. The `th and thth
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For a spin-1 signal, the results are interpreted in the context of the simplified HVT model with
heavy vector bosons, which is parametrized in terms of a new interaction of strength gV , the
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