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Boosted Higgs bosons
• Can improve sensitivity of SM Higgs measurements

• At high Higgs PT > 200 GeV 

• H➞bb, H➞ττ can benefit from analysis of unresolved jets 

• At higher PT, H➞ZZ/WW→ qqqq can also benefit 

• Can be used as a tool to search for BSM physics
• Radions, RS Bulk Gravitons 

• Composite Higgs 

• New vector triplets (W±’, Z’) 

• Portal to dark matter (2HDM) 
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SM Higgs boson at high PT

• SM theory shape is remarkably stable wrt higher orders at high PT 
• May provide a way to identify new physics that enters at high PT

Eur.Phys.J, 1806.08832

BSM example :  SMEFT with deviations 
in chromomagnetic operator 

SM predictions 

PLB 1801.08226, and see Jonas Lindert’s talk yesterday

• See later slides on our experimental techniques to probe this …  3



Focus of this talk
• Boosted Analyses and techniques used in : 

• BSM  :   X ➞ VV ➞ qqqq  (ATLAS) 

• BSM   :  X ➞ HH ➞ ττbb (CMS) 

• BSM   :  H ➞ bb +dark matter (ATLAS) 

• SM     :  gg ➞ H ➞ bb      (CMS) 

• Boosted boson techniques, mainly … 
• V(qq)-tagging vs. H(bb)-tagging 

• Track+Calorimeter techniques (ATLAS) 

• Track jets for b-tagging (ATLAS) 

• Double-b tagging (CMS) 

• H ➞ ττ tagging (CMS)

• BSM searches currently driving experimental techniques at high PT
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Measuring a boson-jet
• At low PT, a boson (W,Z,H) 

decaying to two quarks looks like 
2 jets

• Ie., W➞qq
• PW ~ 0

q q
W
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Measuring a boson-jet
• At low PT, a boson (W,Z,H) 

decaying to two quarks looks like 
2 jets

• Ie., W➞qq
• PW ~ 0

• But in heavy particle decays, two 
quarks become merged

• Ie., X➞WW➞qq+qq
• Mass of X ➞ Momentum of W’s
• W’s are said to be Lorentz “boosted”
• Quarks are essentially massless
• Merging when MX / MW > 10

• Ie, somewhere around ~ 1 TeV 
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Quark-jets vs. boson-jets
• Quark jets :

• Boson-jets :

• Smaller cone

• Larger cone
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Quark-jets vs. boson-jets
• Quark jets :

• Boson-jets :

• Jet collimated over single axis

• Jet collimated over two axes

• Smaller cone

• Larger cone

M2 ~ E1·E2(1-cos𝚹)

𝚹E1
E2

• Mass of jet ~ 0 GeV

• Mass of jet ~ boson mass ~ 100 GeV
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Grooming jets

 7

 Removing soft, high angle emissions

Goal : 

Many algorithms used : trimming, pruning, soft drop … 
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Sub-jet finding
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1 jet axis 
2 subjet axes 

We calculate a sum of: 
 (PT *angular distance  to axis)  

for each energy deposit in cone

Then compare ratio of 2-
axis sum to 1-axis sum

“τ21 = τ2/τ1 ”
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Does this all work ?
• Luckily, we have a way of 

testing these : 
• jet mass 
• pruning/trimming 
• sub-jet finding 

• The standard model process 
of top quark decay gives 
standard candle

Example from ATLAS : Identifying 
boosted W boson from top-quark 

decays
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Diboson resonances
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Extra dimensions

Extended gauge symmetry  
(more Z’ and W’ bosons)

Composite Higgs

Y

Y’

X is a new BSM particle at TeV-scale  
Y is a W, Z, or H boson

Signature is TeV-mass 
diboson resonance X

Keep in mind for the rest of this talk :  
The boson PT being probed in a diboson search is ~ half the mass of X  



ATLAS new particle flow for V-tagging
• Standard : Locally calibrated (LC) topo-clusters 

+ Excellent jet energy resolution based on noise-suppressed calorimeter cell clustering 

- Granularity of calorimeter insufficient to resolve angular separation from highly-boosted 
hadronic decays 

• New :  Track-Calo cluster (TCC) algorithm

• Combined TTCs (clusters matched to primary-vertex tracks) 

• Robust against pile-up (remove combined TTC if matched to PU vertex) 

• Yields improved angular resolution from tracks 

• Neutral TTCs (clusters not matched to tracks) 

• Not robust against pile-up 

• Followed by trimming procedure

• remove pile-up and soft radiation inside large cone

[ATL-PHYS-PUB-2017-15]

[ Eur. Phys. J., 1603.02934 ]

[JHEP 0912.1342]
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ATLAS : new TCC jets
TCC : track-calo-clusters

[description at ATL-PHYS-PUB-2017-15]
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Performance of new algorithm

• While jet mass resolution is not better below PT of 2 TeV , the resolution of variable 
D2, useful for boson tagging does greatly improve

ATL-PHYS-PUB-2017-15 

[ 1409.6298, 1305.0007 ]

Ratio of 3 and 2-point energy correlation functions
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Results on VV search
Control region

Signal regions

[ ATLAS-CONF-2018-016 ] 

Note : Data out to PT > 2 TeV  15



Resonance interpretation

[ ATLAS-CONF-2018-016 ] 

Note : Limits out to boson PT > 2 TeV Huge gains with new TCC tagger
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Higgs portal to DM

• Signature  b-jet(s) opposite MET

 17



ATLAS: variable-Radius 
track jets

• Difficult to identify boosted b-jet pairs that are merged 

• Standard algorithm, Fixed-radius (FR) jets less 
effective at high PT 

• New algorithm, Variable-radius (VR) track jets 

• Radius parameter decreases with jet PT

 18

ρ determines how jet-radius 
scales with jet PT

Optimized to get : 



Identifying B hadrons in fat 
jets

• VR track jets  
improve 
significantly 
the efficiency 
for high PT 
H➞bb tagging 
(Mass above 2 
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Reconstructing Higgs-jet

• Gain of using fat jets 
between 1 and 2 TeV
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Track-assisted jet mass

Improves jet mass resolution 
  ➞ Improves S/sqrt(B) for boson signal at high PT

Calo-jet with track 
correction

 21



ATL-CONF-2018-051
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boosted HH➞bbττ
• Motivated by models : 

• X = Spin-2 Bulk graviton, Spin-0 radion 

• Heavy vector boson, V’ = Z’, W’

 23



boosted H➞ττ identification
1.  τ pair algorithm starts with CA8 jets 

2.  Reverses final step of clustering 

3.  Applies standard τ ID techniques (HPS) to identify 
hadronic taus with some modifications on isolation  

JINST 1809.02816 24



HH➞bbττ data

Note : Data out to Higgs PT ~ 2 TeV
JHEP 1808.01365

Jet mass Diboson mass in sidebands 
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HH➞bbττ results

Note : Data out to Higgs PT >1 TeV   —> Set limits on new particles up to 4 TeV
 26



boosted SM H➞bb

 27



Conventional wisdom
• Largest sources of Higgs bosons  

• Leading Higgs boson branching ratios  

1.   H➞bb (57%) 

2.   H➞WW (22%) 

• Leading Higgs boson production mechanisms 

1.   ggH (44 pb) 

2.   VBF H (3.7 pb) 

➡  Most signal comes from gg➞ H ➞ bb  (25 pb)  

➡  However, bb background is large (560 ub :  107 bigger !)    [1]  

➡ CW :  despite being our biggest source of Higgs bosons, gg➞ H ➞ bb impossible ! 

[1] LHCb PRL  1612.05140 28



But, is there a way to find 
gg ➞H ➞ bb ?

Perhaps by identifying high PT bosons, 
where S/B is more favorable 

Get inspiration from searches for new physics 
decaying to boosted Higgs bosons
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Ingredients to gg+ISR ➞ boosted H ➞bb

1. Start with AK8 jets 

2. Apply PUPPI to remove pileup 

1. Fix PT and η problems introduced 

3. Trim jets & apply soft-drop to remove soft, wide-angle emissions to get jet 
mass - make corrections to get correct mass scale 

4. Use ρ variable to remove difficult events to model 

5. Calculate N21 variable from 2-point and 3-point energy correlation functions 

6. Transform N21  ➞ N21,DDT to flatten effect of QCD, and make cut  

7. Select events based on double-b tagger 

 30



Soft-Drop 

For β = 0, case corresponds to so-called  
modified mass-drop tagger” (mMDT) 

[1307.0007, 0802.2470] 
 31



Double b-tagger

1. The two τ2 axes matched to secondary vertices using IVF 
algorithm (Inclusive Vertex Finder) runs on tracks, 
independent of jets 

2. Then, combination of 2nd vtx info and impact parameters of 
tracks used to define MVA double-b tagger  

 32



Tagging jets with 2 b quarks

CMS Simulation 13 TeV, 2016
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Modeling of jet mass
Previously:  
• poor modeling of jet mass 
• many parameters to describe fit 
• hard to model correctly for all boson PT

Now :  Better fit of mass, across PT

(Can discuss from backups how better 
modeling is obtained at low and high PT )

PRL 1709.05543

 34

500 < jet PT < 600 GeV

900 < jet PT < 1000 GeV



Modeling of jet mass
Previously:  
• poor modeling of jet mass 
• many parameters to describe fit 
• hard to model correctly for all boson PT

Now :  Better fit of mass, across PT

(Can discuss from backups how better 
modeling is obtained at low and high PT )

PRL 1709.05543

 34

This could allow differential 
Higgs measurements vs. PT

500 < jet PT < 600 GeV

900 < jet PT < 1000 GeV



gg➞H➞bb results PRL 1709.05543

W
Z

 35

First, consider 
events failing the 
double b-tagger

➞ Mainly sensitive to 
W+jet 

Jet mass 

(PT > 450 GeV)



gg➞H➞bb PRL 1709.05543

W Z

1) Measurement of Z➞ bb  
(for Z PT > 450 GeV) 

Expected Z(bb) significance :  5.8σ 
Observed H(bb) significance : 5.1σ  

 36



gg➞H➞bb PRL 1709.05543

W Z

1) Measurement of Z➞ bb  
(for Z PT > 450 GeV) 

Expected Z(bb) significance :  5.8σ 
Observed H(bb) significance : 5.1σ  

 36

H ? 2) Search for H➞bb 
(for H PT > 450 GeV)
Expected H(bb) sig. :  0.7σ 
Observed H(bb) sig. : 1.5σ 🍀  
“Measurement” :  σ/SM = 2.3 +1.8-1.6  



Identifying bosons above 
QCD

For lead jet PT > 600 GeV

Boson-tagging based on D2 only

Results make us wonder, could we see H➞bb this way also ?

[ ATLAS-CONF-2018-016 ] 
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Summary
• Presented techniques for identifying high PT  bosons

• Boosted W-jet and Z-jet 

• Boosted jets of H(bb)  &  H(ττ )  

• Can be used to probe for new physics (heavy vector 
bosons, radions, bulk gravitons, dark matter, 2HDM, etc.) 

• Can be a tool for SM measurements (as in gg+ISR→H→bb) 
not previously thought possible … 

• Should we be recasting our boosted measurements and 
searches as differential wrt Higgs jet PT ?
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Description of techniques and acronyms
• Hadronic jets

• AK :  Jets clustered with sequential anti-Kt algorithm [0802.1189]  
• C/A jets :  jets sequentially clustered with Cambridge/Aachen algorithm only uses 

angular separation to build up successive jets [ 9907280 ] 
• PF : Particle Flow jets - technique at CMS to combined measurements from calorimeters, 

trackers, muon detectors to get particles, used for jet clustering  [1706.04965 ] 
• TCC : Track-Calo Clusters - technique at ATLAS to combined tracking and calorimeter 

information, used for jet clustering [ATL-PHYS-PUB-2017-15] 
• N12 :  variable with ratio of 2-point and 3-point energy correlations within jet, used to find 

boson-jets [1609.07483] 
• SD (Soft-Drop) : algorithm for removing soft wide-angle radiation from jet [ 1402.2657 ] 
• jet trimming, pruning  : algorithms for removing small QCD-like emissions from within a 

jet [0912.1342]  
• PUPPI :  pileup per particle identification algorithm (CMS) for removing particles likely to 

be pile-up from jets [1407.6013] 
• ρ = log(m2/pT2) :  a variable for defining a dimensionless scale for QCD jets, whose 

distribution varies little over PT [1307.0007 ]  
• DDT : Designed Decorrelated tagger - a transform of N12 that flattens out the efficiency 

for QCD jets, uses ρ & pT  [1603.00027] 
• τ21 : N-subjettiness, τ1 represents how much a jet seems to have a 1-prong shape, τ2 is 

how much it has a 2-prong shape, etc.   The variable τ21 is the ratio τ2 to τ1 such that 
small τ21 means a jet is more likely to have a 2-prong structure [1011.2268 ]  39



• B-tagging Higgs jets
• VR track jets : Variable-radius track jets (dependent 

on PT) used at ATLAS for B-tagging within large-cone 
jets [theory 0903.0392, ATLAS implementation ATL-
PHYS-PUB-2016-013 ] 

• Double B-tagger : MVA based tagger, used at CMS 
for tagging Higgs boson, starts with IVF  (Inclusive 
Vertex Finder) that finds secondary vertices in tracks 
independent of jets, matches to sub-jets from τ21 
algorithm, and considers variables like impact 
parameter [CMS-PAS-BTV-15-002 ]

Description of techniques and acronyms
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• Tau identification
• SVFit :  algorithm for calculating di-tau 

invariant mass based on MET and visible 
products [1104.1619]

• boosted tau lepton ID :  CMS techniques for 
identifying tau leptons in sub-jets of large-R 
jets [CMS-DP-2016-038]

Description of techniques and acronyms

 41



Backup

 42



When do we need a boost ?

 43
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New physics in Higgs PT 
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Improved background estimate for high-PT Higgs with N21,DDT

Use QCD data to model signal region by selecting 
events which fail a cut on N21,DDT 

Better fit of mass, across PT

 45

Modeled vs. jet ρ, PT

More info PRL 1709.05543

DDT = Designed decorrelated tagger 



CMS 
particle flow
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PUPPI+soft drop W-tagging 
in top events
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Thea K. Aarrestad                                        Searches for new physics with boosted W, Z and H bosons 48

Some backup plots CMS

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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Measuring a normal quark jet

 49



Measuring a normal quark jet

 49



Measuring a normal quark jet
• 2/3 of jet momentum from charged 

particles
• Bend in 3.8 T B-field (CMS)
• Produce ionization in tracker 

• determine momentum 
precisely from curvature >~1%
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Measuring a normal quark jet
• 2/3 of jet momentum from charged 

particles
• Bend in 3.8 T B-field (CMS)
• Produce ionization in tracker 

• determine momentum 
precisely from curvature >~1%

• 1/3 of jet momentum from neutral particles
• 2/3 of which are photons that shower EM

• Produce scintillation light within 20 
cm crystal calorimeter (ECAL)

• Precise energy measurement from 
light  ~> 1%

• 1/3 of which are neutral hadrons
• Produce extended nuclear shower in 

100 cm brass-sampling scintillator 
hadronic calorimeter (HCAL)

• Poor energy measurement ~20%
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Measuring a normal quark jet
• 2/3 of jet momentum from charged 

particles
• Bend in 3.8 T B-field (CMS)
• Produce ionization in tracker 

• determine momentum 
precisely from curvature >~1%

• 1/3 of jet momentum from neutral particles
• 2/3 of which are photons that shower EM

• Produce scintillation light within 20 
cm crystal calorimeter (ECAL)

• Precise energy measurement from 
light  ~> 1%

• 1/3 of which are neutral hadrons
• Produce extended nuclear shower in 

100 cm brass-sampling scintillator 
hadronic calorimeter (HCAL)

• Poor energy measurement ~20%

Using all 3 detectors, we measure quark-jet energies to 10%  49



BACKUP
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Higgs PT modeling
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Heavy resonances 
decaying to two bosons

 53

W
q

q Z
q

q H
q

q

• These two bosons Y={W,Z,H} each mostly decays to quarks

So we just need controlled way to make 
TeV-mass scale heavy resonances and 

then look for quarks in our detector

Y

Y’



In spring 2015, while studying 2012 LHC data
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In summer 2015, things got more 
interesting

• Another bump at 2 TeV found 
by ATLAS analyzing the 2012 
data

2 TeV  55



ATLAS 2 TeV bump in 2012 data
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Other 2012-data diboson resonance 
searches

 58

JHEP 08 (2014) 173

UZH Dr. Andreas 
Hinzmann

2 TeV 
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Figure 1.1: Heavy X particle production and decay.
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ATLAS new 2015 data search results
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• Nothing at 2 TeV 
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CMS 2015 data search results
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CMS 2015 data search results
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• Nothing obvious at 2 TeV 
• Statistical fluctuations as expected 
• 3 TeV excess more interesting than 2 TeV   

• (combined ~2σ local fluctuation)
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X ➞WH➞lvbb
MET = 185 GeV 
Ele PT = 400 
Jet PT = 1.08 TeV  
MJ = 124 
MX = 1.81 TeV

CMS EXO-14-010
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but not seen in muons
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