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Preamble

? Searches done with 8 TeV data cover many final states
√ Semi-leptonic and fully hadronic signatures
√ I.e. spin-1 resonance (HVT) excluded for m . 1.8(1.5) TeV with VV combined (VH → `νbb̄) search
√ I.e. spin-2 resonance (RSG) excluded for m . 750 GeV with VV → qq̄`¯̀, qq̄`ν searches
√ Data excesses of 2.5σ at∼ 2 TeV in WZ fully hadronic channel (ATLAS [1])

and of 1.9σ at∼ 1.8 TeV in WH `νbb̄ channel (CMS [2])
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ADD GKK + g/q − ≥ 1 j Yes 20.3 n = 2 1502.015185.25 TeVMD

ADD non-resonant ℓℓ 2e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 1407.13765.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 3 TeV, non-rot BH 1308.40754.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1405.42545.8 TeVMth

ADD BH high multijet − ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1503.089885.8 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 1504.055112.66 TeVGKK mass
Bulk RS GKK → ZZ → qqℓℓ 2 e, µ 2 j / 1 J − 20.3 k/MPl = 1.0 1409.6190740 GeVGKK mass
Bulk RS GKK →WW → qqℓν 1 e, µ 2 j / 1 J Yes 20.3 k/MPl = 1.0 1503.04677760 GeVW′ mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 1506.00285500-720 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 2 e, µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 1504.04605960 GeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass
SSM W ′ → ℓν 1 e, µ − Yes 20.3 1407.74943.24 TeVW′ mass
EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e, µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qqℓℓ 2 e, µ 2 j / 1 J − 20.3 1409.61901.59 TeVW′ mass
EGM W ′ →WZ → qqqq − 2 J − 20.3 1506.009621.3-1.5 TeVW′ mass
HVT W ′ →WH → ℓνbb 1 e, µ 2 b Yes 20.3 gV = 1 1503.080891.47 TeVW′ mass
LRSM W ′

R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 17.3 ηLL = −1 1504.0035712.0 TeVΛ

CI qqℓℓ 2 e, µ − − 20.3 ηLL = −1 1407.241021.6 TeVΛ

CI uutt 2 e, µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 |CLL | = 1 1504.046054.3 TeVΛ

EFT D5 operator (Dirac) 0 e, µ ≥ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1502.01518974 GeVM∗
EFT D9 operator (Dirac) 0 e, µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 20.3 β = 1 Preliminary1.05 TeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 20.3 β = 1 Preliminary1.0 TeVLQ mass
Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 Preliminary640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass
VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass
VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass
VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass
T5/3 →Wt 1 e, µ ≥ 1 b, ≥ 5 j Yes 20.3 1503.05425840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d∗, Λ = m(q∗) 1407.13764.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass
Excited lepton ν∗ → ℓW , νZ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass
Higgs triplet H±± → ℓℓ 2 e, µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±

L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass
Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass
Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 Preliminary1.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: July 2015

ATLAS Preliminary∫
L dt = (4.7 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
CMS Exotica Physics Group Summary – Dec Jamboree, 2015	
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Outline

? Search Strategies
√ Identification of boosted W,Z (V) and h bosons that decay hadronically [3] [4]

? Presented searches for heavy resonances decaying into W, Z or h pairs
√ hh→ bb̄bb̄, ATLAS 13 TeV [5], CMS 8 TeV [6]
√ Vh→ `¯̀bb̄, qq̄ττ̄ , qq̄qq̄, ATLAS 13 TeV [7]
√ VV → qq̄qq̄, ATLAS 13 TeV [8], CMS 13 TeV [9]
√ VV → `νqq̄, ATLAS 13 TeV [10], CMS 13 TeV [9]
√ VV → `¯̀qq̄, ATLAS 13 TeV [11], CMS 8 TeV [12]
√ VV → νν̄qq̄, ATLAS 13 TeV [13]

? Summary and Conclusions

? Theoretical Interpretations considered in this presentation
√ Heavy Vector Triplet (HVT) (spin-1) model [14]
√ Randall-Sundrum Graviton (RSG) (spin-2) model [15]
√ Radion in Warped Extra Dimensions (WED) (spin-0) model [16]

? For a detailed scalar interpretation please see A. McCarn’s report on Wednesday
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Search Strategies
Heavy resonances decay results in boosted di-bosons, hadronic decays enhancing the rates
→ it is crucial to identify boosted V → qq decays

? ATLAS, anti-kt jets with R = 1.0, trimmed
with subjet R = 0.2 and pmin

T fraction of 5%

? Substructure exploited mainly with energy
correlation (D2), others variables studied

? b-tagging on ghost associated anti-kt

track-jets with R = 0.2
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? CMS, anti-kt jets with R = 0.8, pruned with
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T fraction of 10%
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N-subjettiness (τ21), other variables studied

? b-tagging on anti-kt jets with R = 0.4
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Search for resonances decaying in hh → bb̄bb̄

? Events selected with 3 or 4 b-tagged
track-jets with pj

T > 10 GeV matched to
R=1.0 jets with pJ

T > 250, 350 GeV

? Higgs-tagging based on mJ ∼ mh

? Main backgrounds from dijets and t̄t
estimated with Nbtag and mJ control regions
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? Events selected with pJ
T > 40 GeV,

mJJ > 1 TeV and Nbtag ≥ 2

? Higgs-tagging based on τ21 and mJ ∼ mh

? Main backgrounds from dijets and t̄t
modelled with exp. function validated
in mJ control region
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Search for resonances decaying in hh → bb̄bb̄

? Two signal regions, 3 and 4 b-tags

? Main uncertainties from b-tagging and jet
energy/mass scale
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? Three signal regions based on τ21

? Main uncertainties due to b-tagging and jet
mass tagging
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Search for resonances decaying in hh → bb̄bb̄

? Data interpreted in RS Graviton
(k/MPl = 1.0, 2.0) model

? 95% CL exclusions:
475 < mG∗ < 785 GeV (k/MPl = 1.0)
mG∗ < 980 GeV (k/MPl = 2.0)
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? Data interpreted in WED Radion
(ΛR = 1, 3 TeV) model

? 95% CL exclusions for ΛR = 1 TeV
1.15 < mX < 1.55 TeV
0.3 < mX < 1.1 TeV (resolved search [17])
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Search for resonances decaying in Wh, Zh → 2lep.+ bb̄

? Search in νν, `ν, `` channels requiring
pJ

T > 250 GeV, mJ
lead ∼ mh

? ≥ 1 track-jet b-tagged assoc. to lead. Jet

? 1` and 2` events selected with isol. leptons
pT > 20− 24 GeV, 0` with Emiss

T > 80 GeV

? Main bkg. Z+jets (0`, 2`) and W+jets, t̄t (1`)
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? Fit to mVH in control (mJ sidebands and
Nbtag = 1, 2) and signal regions (lepton
flavors and Nbtag = 1, 2)

? Main uncertainties from large R jet
energy/mass scale and b-tagging
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Search for resonances decaying in Wh, Zh → 2lep.+ bb̄

? Data interpreted in HVT (A and B) models
√ (A): mV′0 < 1480 GeV and mV′± < 1490 GeV
√ (B): mV′0 < 1760 GeV and mV′± < 1620 GeV
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Search for resonances decaying in WW , WZ, ZZ → qq̄qq̄

? Events selected with 2 jets pJ
T > 200 GeV,

pleadJ
T > 450 GeV and mJJ > 1 TeV

? V → qq̄ tagger based on D2, mJ and Ntracks

? Main backgrounds from di-jets events
modelled with a power-law function
validated in MC and data control regions
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? High-pT bosons pV
T > 200 GeV

? V → qq̄ tagger based on τ21 and mJ

? Main backgrounds from di-jets events
modelled with a power-law function
validated in MC and data control regions
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Search for resonances decaying in WW , WZ, ZZ → qq̄qq̄

? Three signal regions defined based on V-tag

? Main uncertainties from large R jet
energy/mass scale and D2
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? Six signal regions defined based on
V-tag and τ21

? Main uncertainties due to bkg. fit and
V-tagging efficiency for signal
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Search for resonances decaying in WW , WZ, ZZ → qq̄qq̄

? Data interpreted in RS Graviton
(k/MPl = 1.0) and HVT (A) models

? 95% CL exclusions: 1380 < mW′ < 1600 GeV
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Search for resonances decaying in WZ, WW → `νqq̄

? Events selected with pJ
T > 200 GeV,

Emiss
T > 100 GeV, pW`ν

T > 200 GeV

? High-pT bosons p``T , p
J
T > 0.4 m``J

? V → qq̄ tagger based on D2 and mJ

? Main backgrounds from W + jets and t̄t
from fits to control regions
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Search for resonances decaying in WZ, WW → `νqq̄

? Fit to m`νJ in signal and control regions

? Main uncertainties from bkg. shapes, large R
jet energy/mass scale
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Search for resonances decaying in WZ, WW → `νqq̄

? Data interpreted in RS Graviton
(k/MPl = 1.0) and HVT (A) models

? 95% CL exclusions: mW′ < 1250 GeV and
mG∗ < 1060 GeV
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Search for resonances decaying in WZ, ZZ → `¯̀qq̄

? Events selected with pJ
T > 200 GeV, isol.

leptons pT > 25 GeV and m`` cuts

? High-pT bosons p``T , p
J
T > 0.4 m``J

? V → qq̄ tagger based on D2 and mJ

? Main backgrounds from V + jets estimated
with control regions and MC extrap.
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Search for resonances decaying in WZ, ZZ → `¯̀qq̄

? Fit to m``J in signal regions

? Main uncertainties from large R jet
energy/mass scale and D2 and Z + jets
background
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Search for resonances decaying in WZ, ZZ → `¯̀qq̄

? Data interpreted in RS Graviton
(k/MPl = 1.0) and HVT (A) models

? 95% CL exclusions: mW′ < 1400 GeV
and mG∗ < 850 GeV
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Search for resonances decaying in WZ, ZZ → νν̄qq̄

? Events selected with pJ
T > 200 GeV,

Emiss
T > 250 GeV, ch. leptons veto

? V → qq̄ tagger based on D2 and mJ

? Main backgrounds from V + jets, t̄t
estimated with fits to control regions
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Search for resonances decaying in WZ, ZZ → νν̄qq̄

? Data interpreted in RS Graviton (k/MPl = 1.0) and HVT (A) models

? 95% CL exclusions: mHVT < 1600 GeV
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Summary of VV searches

? Summary of searches with 13 TeV data from ATLAS and 8 TeV data from CMS

? Data interpreted in the HVT model (using different couplings)
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Conclusions

? ATLAS and CMS released new results of searches for boosted di-bosons
resonances at 13 TeV
√ ATLAS covered various final states looking at semi-leptonic (`νqq̄, νν̄qq̄, `¯̀qq̄) and fully

hadronic VV, VH semi-leptonic decays with b-tagged jets and di-Higgs production
√ CMS searches carried out with VV production decaying to `νqq̄ and fully hadronic final

states (most sensitive ones) plus of course the 8 TeV searches

? Data excesses (2-2.5σ) at ∼ 2 TeV not confirmed, more data needed to fully
(dis-)prove them

? Improved limits on cross-sections for spin-1 and spin-2 resonances
production

? More data is coming soon ... stay tuned!
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Search for resonances decaying in Wh, Zh → 2lep.+ bb̄
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