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Searches for New Physics with Boosted Objects 
and Substructure with the ATLAS Detector
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Why Boost Your Search for New Physics
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‣ Hadronic final states dominate 
branching ratios of bosons/tops

‣ Power of new techniques to 
reconstruct these final states 
demonstrated in Run 1

‣ Increase in cross section of 
boosted processes in Run 2!

13/8 TeV Cross section ratio
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The ATLAS Detector and Calorimeters
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‣ Read-out in several segments along shower development

‣ Fine position resolution in electromagnetic calorimeter

η=0

η=1.7

η=4.9
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ATLAS Clusters: the Inputs to Substructure
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‣ Clusters are built starting from the fine readout granularity of the ATLAS 
calorimeter (above the EM calorimeter in the central region)
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ATLAS Clusters: the Inputs to Substructure
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‣ Seeds are taken from cells that are above 4 standard deviations of the noise
‣ Noise includes electronic noise and average energy readings from pile-up
‣ Each cell has its value of noise stored in a database and that value is validated in data

4σ seed cells
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ATLAS Clusters: the Inputs to Substructure
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4σ seed cells

‣ Cluster grows (in 3 dimensions) into adjacent cells where a deposition >2σ is found

2σ “growth” cells
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ATLAS Clusters: the Inputs to Substructure
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‣ Cluster grows (in 3 dimensions) into adjacent cells where a deposition >2σ is found
‣ Growth continues while adjacent cells with >2σ are found

2σ “growth” cells
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ATLAS Clusters: the Inputs to Substructure
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‣ Cluster grows (in 3 dimensions) into adjacent cells where a deposition >2σ is found
‣ Growth continues while adjacent cells with >2σ are found

2σ “growth” cells
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ATLAS Clusters: the Inputs to Substructure
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4σ seed cells
2σ “growth” cells
boundary cells

‣ Once growth is no longer possible, an additional set of boundary cells is added 
(irrespective of their energy)



Rencontres de Physique de La Thuile 2016 D. Lopez Mateos

Looking Inside Jets: A Few Definitions
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‣ Track multiplicities

‣ N-subjetiness

‣ Jet mass 

‣ Jet charge

‣ kt splitting scales

‣ Volatiliy

‣ Planar flow

‣ Jet pull

‣ Angularities (and EEC angularities)

⇒Wealth of variables studied with different taggers as motivation; often used with 
groomers

N-subjetiness
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Grooming
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‣ Split-filtering, trimming and pruning studied in 
detail with 2011 and 2012 data



Rencontres de Physique de La Thuile 2016 D. Lopez Mateos

Grooming
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‣ Split-filtering, trimming and pruning studied in 
detail with 2011 and 2012 data
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Trimming in action
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Grooming
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‣ Split-filtering, trimming and pruning studied in 
detail with 2011 and 2012 data

anti-kt R=1.0 jets

Trimming in action
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Grooming
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‣ Split-filtering, trimming and pruning studied in 
detail with 2011 and 2012 data
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Grooming
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‣ Split-filtering, trimming and pruning studied in 
detail with 2011 and 2012 data
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W/Z-tagging in Run 1
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W/Z-tagging in Run 1
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‣ Detailed comparison of 2-
variable taggers with many jet 
reconstructions/groomers

‣ Used data to measure the 
efficiency for signal and 
background

➡ Good agreement between 
data and performance 
predicted in MC simulations[*
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W/Z-tagging in Run 2
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‣ Run 1 studies give us confidence to do the same thing in Run 2 and establish 
systematic uncertainties
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H→bb Tagging
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‣ Exploit two b-tags inside the jet

‣ Tag small (R=0.3 or 0.2) jets made of tracks (charged particles)

‣ Uncertainties driven by b-tagging (calibrated in Run 1 using ttbar events)
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Top Tagging Algorithms
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Simple taggers 

‣ 1-D or 2-D cuts on mass 
and substructure variables

‣ Used when backgrounds 
are small

Complex taggers 

‣ Use more complex 
combinations of the 
substructure kinematics

‣ Used when higher 
rejection is needed (at 
lower efficiencies) ‣ Both types thoroughly validated using data-driven 

techniques with 2012 data
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Analyses Using Substructure in Run 1 and 2
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SUSY stop search JHEP 1409 (2014) 015, JHEP 1411 (2014) 118 Back-up
X➝tt search JHEP 1301 (2013) 116, JHEP 1508 (2015) 148 Discussed here
W’➝tb search EPJC 75 (2015) 4, 165 Back-up
DM searches PRL 112 (2014) 041802, arXiv:1510.06218 See A. Cortes’s talk
ttbar differential x-section arXiv:1510.03818 Not shown (measurement)
Vector-like quark searches PRD 92 (2015) 11, 112007, arXiv:1510.02664 Back-up
W’➝WZ search EPJC (2015) 75:69 (209), JHEP 1512 (2015) 055 Discussed here
Hadronic W cross section NJP 16 (2014) 11, 113013 Not shown (measurement)
HH➝4b search EPJC 75 (2015) 9, 412 Discussed here

Run 1

Run 2
Diboson searches ATLAS-CONF-2015-068, 71, 73, 75 Discussed here

High mass W/Z+H search ATLAS-CONF-2015-074 Discussed here

Dark matter search ATLAS-CONF-2015-080 See A. Cortes’s talk

SUSY stop search ATLAS-CONF-2015-067 See C. Ohm’s talk

‣ Many early analyses already making use of boosted objects!

‣ I will discuss those performed in Run 2 and some representative analyses from Run 1
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Top Resonance Searches with Simple Taggers
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X➝tt➝lepton+jets 

‣ Low backgrounds other than tt

‣ No advantage in cutting hard on 
substructure variables
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Top Resonance Searches with Simple Taggers
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X➝tt➝lepton+jets 

‣ Low backgrounds other than 
ttbar

‣ No advantage in cutting hard on 
substructure variables

‣ A simple cut on the first kt 
splitting scale (>40 GeV), mtop>100 
GeV
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Top Resonance Searches with Simple Taggers
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‣ Clear improvement in reconstruction using large-R jets as we go to high masses
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Top Resonance Searches with Simple Taggers
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Top Resonance Searches with Complex Taggers
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‣ Large multijet background

‣ Use HEPTopTagger at about 40% efficiency to reject multisite backgrounds
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Di-Higgs Searches
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HH➝4b 

‣ Large multijet background

‣ 2 b-tags used

‣ Sideband control regions 
heavily used for validation and 
background estimation
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Di-Higgs Searches
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‣ Good agreement between data and MC in sidebands

‣ Multijet remains the most dominant background in the signal region
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Di-Higgs Searches
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‣ Power to constrain also 2HDM models (SUSY or others)
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High-Mass Higgs Searches
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HVT➝W/Z H 
‣ Only looking at the boosted regime, obvious wins with respect to Run 1

‣ Several analysis regions (signal and control) help constrain many different 
backgrounds

‣ Looking at 3 channels: ℓℓbb, ℓ𝜈bb and 𝜈𝜈bb
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High-Mass Higgs Searches
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HVT➝W/Z H 
‣ Only looking at the boosted regime, obvious wins with respect to Run 1

‣ Several analysis regions (signal and control) help constrain many different 
backgrounds

‣ Power to exclude Z’ up to about 1.5 TeV, small excess seen around 2 TeV

13 TeV
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Diboson Searches

32

‣ Three analyses combined looking for these resonances

- ZW/ZZ➝ℓℓqq (resolved and boosted regime)
- WZ/WW➝ℓ𝜈qq (resolved and boosted regime)
- WW/WZ/ZZ➝qqqq (only boosted regime)
- ZW/ZZ➝𝜈𝜈qq (only boosted, only Run 2)
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Diboson Searches in Run 1
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Diboson Searches in Run 2
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‣ In early data focus on high-mass region: only substructure-based analyses!

‣ Same tagging cuts applied by all analyses
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Diboson Searches in Run 2
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‣ In early data focus on high-mass region: only substructure-based analyses!

‣ Same tagging cuts applied by all analyses

‣ Additional tagging cut applied for all-hadronic channel (for stronger background 
suppression)
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➡  Only barely sensitive to ~2 TeV region, if bump present, not as strong as in 2012 
dataset

13 TeV
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‣ Techniques developed during Run 1 to look into very high-pT physics are now 
mature

‣ 2015 saw many Run 1 papers and Run 2 results using these new techniques, and 
many more are to come

‣ Searches in the boosted regime cover exotic physics, Higgs physics and 
Supersymmetry

‣ 2015 did not give us enough data to settle the diboson excess observed in 
boosted searches at the end of Run 1, but if signal present, weaker than in 2012

➡ Our exploration of the new LHC energy regime with hadronic physics is 
ongoing at a faster rate than ever!



BACK-UP SLIDES
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‣ Track multiplicities

‣ N-subjetiness

‣ Jet mass 

‣ Jet charge

‣ kt splitting scales

‣ Volatiliy

‣ Planar flow

‣ Jet pull

‣ Angularities (and EEC angularities)

⇒Wealth of variables studied with different taggers as motivation; often used with 
groomers
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‣ ttbar from MC, multijet using the matrix method, for W+jets: 
- Relax selection criteria (b-tagging, Δφ and d12 cut)

‣ Kbb(e,μ)=1.36±0.07, 1.51±0.08; Kc(e, μ)=0.71±0.03, 0.66±0.03; 
Kl(e,μ)=0.934±0.005, 0.873±0.004

‣ CA(e,μ)=0.89±0.06, 0.81±0.05
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‣ Multijet estimated in sidebands and extrapolating from 2-tag region

‣ Kinematics in 2-tag reweighed to match 4-tag region

‣ ttbar normalization calculated from data, shape from MC

‣ ttbar CR defined by inverting top veto, efficiency of veto calculated in 
semileptonic top sample



Rencontres de Physique de La Thuile 2016 D. Lopez Mateos

Di-Higgs Search: Systematics

51



Rencontres de Physique de La Thuile 2016 D. Lopez Mateos

Di-Higgs Search: Interpretations

52

 [GeV]
KKG*m

600 800 1000 1200 1400 1600 1800 2000

) [
fb

]
bbb

 b
→

 h
h 

→ 
KK

 G
*

→
(p

p 
σ

1

10

210

 = 2.0PlMBulk RS, k/
Observed Limit (95% CL)
Expected Limit (95% CL)

σ1±Expected 
σ2±Expected 

ATLAS
-1 Ldt = 19.5 fb∫ = 8 TeV  s

 [GeV]Hm
600 800 1000 1200 1400

) [
fb

]
bbb

 b
→

 h
h 

→
 H

 
→

(p
p 

σ

1

10

210

Observed Limit (95% CL)

Expected Limit (95% CL)
σ1±Expected 

σ2±Expected 

ATLAS
-1 Ldt = 19.5 fb∫ = 8 TeV  s

 = 1 GeVHΓ



Rencontres de Physique de La Thuile 2016 D. Lopez Mateos

High-mass Higgs Searches: Backgrounds and Sys
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‣ Combined likelihood fit for each channel using CRs enriched in each background

‣ Low (W/Z+jets) and high sidebands (ttbar) used as CRs, in 1-tag and 2-tag 
events for the low sidebands (W/Z+c vs W/Z+b)

‣ Constraints within systematics included in a maximum likelihood fit

‣ Theoretical prior systematics from MC comparisons:
- W/Z+light: 10%
- W/Z+c: 30%
- W/Z+b: 30%
- ttbar and single top: 30%
- Diboson: 11%

‣ Additional uncertainties on invariant mass shape
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‣ Z+jets, W+jets and ttbar are all important backgrounds

‣ Studied requiring muons in the final state and building ETmiss including those 
muons

‣ Background modeling uncertainties from MCs input to the fit that includes in 
these regions

- W+jets: 10% throughout all mT

- Z+jets: 1% at low mT, 10% at high mT

- ttbar: 10% at low mT, 40% at high mT

Process SF from the WZ signal region SF from the ZZ signal region

W+ jets 1.04± 0.14 1.07± 0.13
Z+ jets 1.13± 0.13 1.12± 0.11

t¯t 0.82± 0.11 0.80± 0.10
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VV→ℓνJ Backgrounds and Systematics
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‣ W+jets and ttbar are the most important backgrounds

‣ Normalizations taken from a fit to data using CRs:
- ttbar: b-tagged events
- W+jets: invert invariant mass cut on large-R jet

‣ Multijet taken from data changing lepton identification requirements

‣ Diboson taken from MC, as well as shape uncertainties
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VV→ℓℓJ Backgrounds and Systematics
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‣ Z+jets is the main background, using a CR to validate inverting the mass cuts of 
the jet

‣ Uncertainties on this background comparing 
data-driven estimate and MC for diboson 
(6%) and ttbar (10%), using MCs
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Individual Diboson Limits (WW, ZZ)
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ℓℓqq, ZZ
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‣ Tagger pushing the limits of cut-based taggers, but rather good performance
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8 TeV VLQ Search and Boosted Objects
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‣ No tagger used, just 
large-R jet 
reconstruction if lepton 
is far from large-R jet

‣ Better mass resolution 
in this case
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