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Why?

look for new physics

m~TeV

BSM

bosonboson

SM

SM

SM

SM

• predicted by many SM extensions 
• clean final states 

‣ but probing high-m is challenging!
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Expectations

what we dream

a mass variable
=m(VV), mT(VV)

what we search for

“easy” hard

O(1 TeV)

narrow!

http://nobelprize.org/nobel_prizes/physics/laureates/1976/richter-lecture.html
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Benchmark Models

main models used for Run-1

~(m
W/m

W’) 2

Extended Gauge Model Bulk Randall-Sundrum

spin-1 
BR(W’→WZ)~1.3%

spin-2 
BR(W’→WW/ZZ)~20/10%@m=1TeV:

Minimal Walking Technicolour

+ , + …

Heavy Vector Triplet
• heavy vector 
• couplings gVcH and (g2gV)cF 
• model A: comparable W and Z 

couplings 
• model B: fermionic coupling = 0 

(à la composite Higgs)

arXiv:1402.4431
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High-Mass is a Challenge!

low resonance mass

W/Z/H

SM

SM
W/Z/H

SM

SM

high resonance mass

ΔR~2mV/pTΔR ΔR

• jet reconstrucion ~ R! 
• lepton isolaion ~ R!

(pT ~ mresonance/2)

clean or dirty?
• lepton decays: clean, low BR 
• hadronic decays: delicate,  

higher BR, gives access to H(bb)

mass leptonic hadronic
W ~80 GeV 33% 67%

Z ~91 GeV 20% (vv) 
10% (ll) 70%

H ~125 
GeV hopeless 57% (bb)

JHEP 09 (2013) 076
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ATLAS Searches in Run-1

final state channel reference
lvll WZ Physics Letters B 737 (2014) 223–243  
llqq ZZ/ZW Eur. Phys. J. C (2015) 75:69 
lvqq WZ/WW Eur. Phys. J. C (2015) 75:370 
qqqq WZ/WW/ZZ arXiv:1506.00962 (accepted by JHEP) 

combination WZ/WW/ZZ ATLAS-CONF-2015-045  
vvbb/lvbb/llbb VH Eur. Phys. J. C (2015) 75:263 

bbbb HH Eur. Phys. J. C (2015) 75:412 
lv𝛾, ll𝛾 W𝛾, Z𝛾 Physics Letters B 738 (2014) 428–447  
𝛾𝛾bb HH Phys. Rev. Lett. 144, 081802

llll/llvv/llqq/vvqq H->ZZ arXiv:1507.05930

not in this talk
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The Instrument

B = 2 T, up to |η| < 2.5

σ/pT ~ 3.4×10-4 pT ⊕ 0.015

[ID]

up to |η| < 2.7

σ/pT < 10% up to 1 TeV

[MS]

inner detector (ID) pseudo-rapidity region 
offers best handles against pile-up and QCD

up to |η| < 3.2 (FCAL: 4.9)

σ/E ~ 50%/√E ⊕ 0.03

[HCAL]

Δη⨉ΔΦ = 0.1⨉0.1 for (|η|<2.5)

up to |η| < 3.2

σ/E ~ 10%/√E ⊕ 1÷3%

[ECAL]

Δη⨉ΔΦ ~ 0.025⨉0.025
σ(η) ~ 40 mrad/[E in GeV]
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Getting Fat

☞

jet recostrucion is based on topological clusters
• ani-kT algorithm, R=0.4 for ordinary, resolved jets 
• need different clustering strategy at high-pT

boosted jets: Cambridge-Aachen algorithm, R=1.2

distance parameter = ΔR(j1,j2)

AT
L-

PH
YS

-
PU

B-
20

14
-0

04
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Getting Fat

boosted jets: Cambridge-Aachen algorithm, R=1.2

distance parameter = ΔR(j1,j2)

iteraively declustered into two symmetric smaller jets, and “groomed”
• BDRS-A splitng, based 

on √yf (subjet momentum 
balance) 

• filtering: consituents of 
the two subjets are 
reclustered with C/A 
R=0.3, and up to 3 of 
these are retained 
➡ remove sov gluon 

radiaion, pile-up
or: ani-kT R=1.0, reclustered with kT R=0.3 
and “trimmed” based on subjet pT fracion
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Boson Tagging

W, Z, H or muli-jet?   ☞ use substructure informaion

p
yf = pT(j2)⇥

�R(j1, j2)

M(j1)

subjet momentum balance

fat-jet mass

w/dedicated calibraion

charged track muliplicity

inner detector informaion as a proxy for 
higher hadronic acivity in muli-jet 
background jets

clean environment, 
~2-prong decays

sov and large-angle 
guon radiaion
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What about Leptons?

lepton isolaion in a cone helps idenify leptonic boson decays
• based on ID and ECAL/HCAL informaion, pile-up rejecion 
• strategy needs to be adapted to boosted Z decays

�R(`1, `2) > 0.25 :
X

�R<0.2

p(i)T < 0.15 · pT(`)

�R(`1, `2) < 0.25 :
X

�R<0.2

p(i)T � pT(`2) < 0.15 · pT(`1)

ΔR(ee) vs isolaion in 
G*→ZZ→llqq simulaion

improvement in A⨉ε, vs 
mW’~2pT(Z)

the boosted region
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X→WZ→𝓵v𝓵’𝓵’, the Clean Channel

• lepton trigger,  3 isolated leptons (e,µ) 
• mll cut, W mass constraint on lv pair 
• Δy(W,Z) < 1.5 
• low/high mW’ SRs with ΔΦ(MET,l) > (<) 1.5

event selecion

main background from SM WZ

‣ validated in data (invering  Δy, ΔΦ cuts) 
‣ dominant uncertainty from MC normalisaion

WZ control region

mW’>1.52 TeV



V. Ippolito - Diboson@ATLAS - Nov 24th, 2015 13

X→VZ→qq𝓵𝓵: Event Selection

leptonic leg

hadronic leg

• isolated ee/µµ pair 
• dilepton isolaion for pT(ll) > 800 GeV

• different exclusive selecion criteria vs pT 

• 70 < mhad < 110 GeV

merged

high-pT resolved

- pT(ll), pT(had) > 400 GeV 
- C/A R=1.2 jets, |η|<1.2, BDRS-A, √yf > 0.45

- pT(ll), pT(had) > 250 GeV 
- ani-kT R=0.4 jets, |η|<2.1

low-pT resolved - pT(ll), pT(had) > 100 GeV

SR

SRsidebands sidebands

๏ dominant background from Z+jets 
- norm, mqqll shape from mhad sidebands
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X→VZ→qq𝓵𝓵: Results

low pT resolved high pT resolved high pT merged

• dominant syst 
uncertainty from Z
+jets data-driven 
esimaion 

- 11-47% [merged]

mG*(k/Mpl’=1.0) > 740 GeV mW’ > 1590 GeV
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X→VW→qq𝓵v: Event Selection

• one lepton + MET > 30 GeV 
• 65 < mhad < 105 GeV, m(lv) constrained to mW 

• ΔΦ(jet, MET)>1

event selecion

merged

high-pT resolved

- pT(ll), pT(had) > 400 GeV 
- C/A R=1.2 jets, |η|<2.0, BDRS-A, √yf > 0.45

- pT(lv), pT(had) > 300 GeV 
- ani-kT R=0.4 jets, pT > 80 GeV

low-pT resolved - pT(lv), pT(had) > 100 GeV

๏ W/Z+jets, mulijet norm from MET fit to mhad sidebands 
- mul8-jet mqqlv shape from inverted lepton quality 
- top from MC, validated with 1 b-tag 

๏ main uncertainty from sideband fit (3-20%)
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X→VW→qq𝓵v: Results
mG*(k/Mpl’=1.0) > 760 GeV mW’ > 1490 GeV
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X→WZ/WW/ZZ→qqqq: Event Selection

• jet trigger, lepton veto, MET < 350 GeV (orthogonality) 
• C/A R=1.2 jets, |η|<2.0, BDRS-A 
• dominated by muli-jet, fi�ed with (1-x)p2-kp3xp3 (x=mJJ/√s)

boosted regime only

background rejecion
• √yf > 0.45 
• |y1-y2|<1.2 
• |(pT(1)-pT(2))/(pT(1)+pT(2))| < 0.15 
• |mJ-mV|<13 GeV 
• ntrk < 30, efficiency from mJ fit to W/Z+jets data/MC 

- fit tested on mJ sidebands, MC
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X→WZ/WW/ZZ→qqqq: Results

3.4σ local 
2.5σ global 2.6σ local

2.9σ local

‣ dominant signal norm uncertainty from 
ntrk cut efficiency (20%) 
- ISR/FSR ~ 5%, parton shower ~ 5%, 

jet mass scale/reso 5% each 
- shape: 5% from pT reso

WZ WW ZZ

3 ~overlapping channels: WZ, WW, ZZ
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X→WZ/WW/ZZ→qqqq: Limits

• WZ: mW’ > 1.5 TeV 
• WW, ZZ: no sensiivity to tested model
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Combination

mW’ > 1.81 TeV

๏2 TeV: local p0 reduced to 
2.5σ (other channels more 
bkg-like) 

๏best sensiivity from lvqq/
qqqq, lvll at low mass 

๏mG*(k/Mpl’=1.0) > 810 GeV

acceptance to W’→WZ



V. Ippolito - Diboson@ATLAS - Nov 24th, 2015 21

X→VH→vvbb/𝓵vbb/𝓵𝓵bb: Event Selection

1b

2b

0-lep 1-lep 2-lep

• resolved channel only 
• ani-kT R=0.4 jets, 1-2 b-tags, 0-1-2 leptons 
• backgrounds: 

- W/Z+jets (semi data-driven) 
- mulijet (data-driven), top (CR fit)
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X→VH→vvbb/𝓵vbb/𝓵𝓵bb: Results

HVT: for each mV’, 
area outside the 

curves is excluded

limits on neutral/charged resonance masses
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X→HH→bbbb

• resolved 
- 4 b-jets, mbb~mH, �bar veto 

• boosted 
- 2 trimmed ani-kT R=1.0 jets, mJ cut, 2 b-tagged R=0.3 track-jets 

• mulijet from 2b→4b extrapolaion

@1 TeV: σ(m4b)~15%

SIDEBAND

CR
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‣ plethora of final states probed at ATLAS during LHC Run-1 

❖ a few tantalising excesses, but no smoking gun for new 
physics 

‣ detector, analyses and tools ready for 13 TeV data 

❖  parton luminosity should help! 

‣ let’s stay tuned!

24

Conclusions

— The hardest thing of all is to 
find a black cat in a dark room, 

especially if there is no cat.



Backup
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Ready for Run-2?
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How Two (Fat) Jets Look Like
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How Two (Fat) Jets Look Like
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‣ mass/pT calibraion of large-R jets is MC-based 

‣ energy and mass-scale uncertainies derived using track-jets 

❖ calorimeter-related effects cancel out! 

‣ e.g. mass response evaluated in MC and W/Z+jets-enriched data 
sample 

❖ average of raio between response for calo and track jets is taken 

❖ raio between this number in data and MC is checked for 
stability against observables 

✦ systemaic uncertainty from mismodeling, if significant

29

Systematics for Fat Jets: the R-Track Method



V. Ippolito - Diboson@ATLAS - Nov 24th, 2015

‣ WZ 

❖ from CR with inverted Deltay(W,Z), DeltaPhi(l,MET) cuts 

❖ dominant source of uncertainty 

‣ ll’+jets (>=1 lepton from jet) 

❖ select events with lepton trigger, less stringent lepton cuts (no iso/IP) 

❖ measure fake factor on Z+jets (MET < X cut), dijet samples 

✦ enforced topology, fake = 0.10 +/- 30% 

➡ uncertainty due to Z+jets vs dijet 

❖ apply it in lvl”l” and “l”vll regions 

✦ validated in low-MET CR

30

X→WZ→𝓵v𝓵’𝓵’: Background Estimation
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X→VW→qq𝓵v: Background Estimation

CR
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X→WZ/WW/ZZ→qqqq: More Details

all but boson tagging full selecion
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X→WZ/WW/ZZ→qqqq: More Details

signals

|y1-y2|, low mass |y1-y2|, high mass ntrk efficiency fit
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X→WZ/WW/ZZ→qqqq: mJ Cut Choice

increasing m
JJ
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X→WZ/WW/ZZ→qqqq: Fit Validation
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Combination

mW’ > 1.81 TeV

mG*(k/Mpl’=1.0) > 810 GeV
๏2 TeV: local p0 reduced to 

2.5σ (other channels more 
bkg-like) 

๏best sensiivity from lvqq/
qqqq, lvll at low mass
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Combination

W’: best sensiivity from lvll (low mass), lvqq/qqqq (high mass) 
G*: best sensiivity from lvqq
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Combination

W’: best sensiivity from lvll (low mass), lvqq/qqqq (high mass) 
G*: best sensiivity from lvqq
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Combination: Cross-Section & Branching Ratios
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X→VH→vvbb/𝓵vbb/𝓵𝓵bb: Event Selection

0-lepton (20/30/2% efficiency at 0.4/1/2 TeV) 
• MET, TrackMET cuts (close by 45º, no jet within 85º) 
• MET-dependent bb ΔR cut 
• MET back-to-back w.r.t. bb system

+ mbb constraint to mH

1-lepton (8/20/2% efficiency at 0.4/1/2 TeV) 
• ight lepton definiions 
• no jet close to MET, MET/mT > 30/20 GeV, mW mass constraint 
• enhance signal with pT(W) > 0.4⨉mVH

2-leptons (18/30/1% efficiency at 0.4/1/2 TeV) 
• dilepton mass cut 
• reject �bar with MET < 60 GeV 
• enhance signal with pT(Z) > 0.4⨉mVH
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X→VH→vvbb/𝓵vbb/𝓵𝓵bb: Backgrounds

mulijet: data-driven 
• 0-lep: ABCD with ΔΦ(MET,jet) vs ΔΦ(MET,TrackMET) 
• 1-lep: template for MET fit from inverted lepton criteria (~lvqq) 
• 2-e (µ~0): shape from inverted isolaion, norm from mee fit

W/Z+jets 
• fit for W/Z+cq, W/Z+hf normalisaions 
• modeling checked in CRs with no b-tag or with mbb sidebands 

• W/Z+qq corrected vs jet pT(j1), pT(j2), ΔΦ(j1,j2) [0-tag] 
• then, Z+cq, Z+hf corrected [2-lep] 

• �bar is fi�ed in eµ+bb CR, shape validated in CR

systemaics 
• JES [3-1% for 0.02-1 TeV pT(jet)], JER[20-5%] b-tagging efficiency
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X→HH→bbbb: Selection Criteria

resolved 
• 4 b-jets (MV1 70%/5x c-rejecion/140x q,g-rejecion) 
• back-to-back dijets, ΔR cut between two b’s 

- m4j-dependent pT and Δη cuts 
• top veto (most of �bar from b-fakes from c), based on addiional jets 
• mbb cut and then constraint to mH 
• muli-jet from (>=)2-tag sample, corrected from sidebands 

- and validated in CR corrected via pT(dijet), ΔR(subjets), ΔR(dijets) 
• �bar from inverted veto, NSR=e2/(1-e2)NCR [e from semi-leptonic decays]

boosted 
• ani-kT R=1.0 trimmed jets, matched to 0.3 ani-kT track jets 
• similar bkg strategy, but merging 2 and 3-tag samples
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X→HH→bbbb: Acceptance & Systematics

resolved boosted
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X→HH→bbbb: Limits

complementarity 2HDM H→hh

mG*(k/Mpl’=1.0) > 720 GeV mG*(k/Mpl’=2.0) > 990 GeV
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X→HH→bbbb: 2HDM Exclusions

tanβ, cos(β-α)grey=limit not reliable
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X→HH→bbbb: 2HDM Exclusions

tanβ, mHgrey=limit not reliable
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‣ leptonic W/Z (l=e,µ) + photon 

❖ lv: pT(l)>25 GeV, E(𝛾)>40 GeV, 
MET>35 GeV, mT(l,MET)>40 
GeV, Z veto on e𝛾 

❖ ll: 65 < mll < 105 GeV 

❖ DeltaR(l,𝛾)>0.7 to reject photon 
radiaion 

‣ W/Z+jets from data-driven 

‣ fit to mass distribuions

47

X→W/Z𝛾
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‣ heavy vector triplet benchmark model 

❖ V0, V+/- 

❖ phenomenological lagrangian, assuming on-shell producion (insensiive 
to underlying details of the actual theory) 

‣ couples to fermions through g cF / gV 

‣ couples to Higgs, vector bosons through gV cH 

‣ cF, cH close to unity in most models 

❖ model A: weakly-coupled vector resonances from extension of the gauge 
group 

❖ model B: strong scenario (e.g. composite Higgs)

48

The HVT Framework (arXiv:1402.4431)
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‣ strongly coupled dynamics 

‣ predicts two triplets of resonances (masses ~ 2 TeV) 

❖ vector, axial-vector 

❖ R1
+/-,0 

, R2
+/-,0 

❖ charged bosons decay to WH, neutral bosons to ZH 

‣ coupling to vector bosons with ~non-running strength gilde 

❖ to fermions with g/gilde 

✦ g => SU2(L) 

‣ axial-vector bare mass determines R1, R2 masses

49

Minimal Walking Technicolor
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