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Motivation behind searches for heavy resonances
Various SM extensions predict new resonances, for example

I Spin-0: Extended Higgs sector (e.g. 2HDM, SUSY, ...)
I Spin-1: Extra gauge symmetries

(e.g. Heavy Vector Triplet, SSM, dark matter mediators, ...)
I Spin-2: Warped extra dimensions (e.g. Randall-Sundrum model)

Different production mechanisms possible
I Gluon-gluon fusion (ggF)
I Quark-antiquark annihilation (DY)
I Vector boson fusion (VBF)
I Associated production (bb̄ or tt̄)

Peter Falke (LAPP / CNRS) Fully leptonic high-mass resonance searches 25/07/18 1 / 22



Overview of final states

Variety of final states with different experimental signatures

I Hadronic decays

• Light quarks and gluons
• b- or t-quarks

I Leptonic decays

• ` ∈ {e, µ}
• τ
• Neutrinos

I Diboson production

• VV , VH, HH
• γγ, V γ, Hγ
• V /H: Many decay modes

Combination of final states can enhance sensitivity

Further channels presented in this session by Vincent and Gabriele

All public ATLAS results can be found at this website
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.092178.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 CERN-EP-2018-1792.3 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 1707.024244.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 1% 1804.108233.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 79.8 ATLAS-CONF-2018-0175.6 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass
HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 79.8 gV = 3 ATLAS-CONF-2018-0164.15 TeVV′ mass
HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass
LRSM W ′

R → tb multi-channel 36.1 CERN-EP-2018-1423.25 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL 1707.0242440.0 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π CERN-EP-2018-1742.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.37 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 CERN-EP-2018-1711.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 3.2 B(Y →Wb)= 1, c(YWb)= 1/
√
2 ATLAS-CONF-2016-0721.44 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass
VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 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 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(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 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 79.8) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
†Small-radius (large-radius) jets are denoted by the letter j (J).

https://indico.cern.ch/event/689399/contributions/3005490/
https://indico.cern.ch/event/689399/contributions/3005454/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic
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Contents of this talk

WZ → `ν`` search (36 fb−1)

VV /VH/`ν/`` combination (36 fb−1)

W ′ → `ν search (80 fb−1)

Low-mass γγ search (80 fb−1)

https://indico.cern.ch/event/689399/contributions/3005490/
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://arxiv.org/abs/1806.01532
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-31/
https://cds.cern.ch/record/2621303
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Benchmark model for combining various channels
Heavy Vector Triplet (HVT) model (arXiv:1402.4431)

I Triplet of colorless vector bosons V ′ ∈ {W ′±,Z ′}

I gq and g`: Universal coupling strength to quarks and leptons
I gH : Coupling strength to Higgs field → enables diboson decays

Special coupling points inside model
I HVT A → gH = −0.56, gF = −0.55 → weakly coupled, e.g. ext. gauge symmetry
I HVT B → gH = −2.9, gF = 0.14 → strongly coupled, e.g. composite Higgs

HVT model A
HVT model B
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WZ → `ν`` search
arXiv:1806.01532
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Analysis strategy

WZ → (`ν)(``) search (` ∈ {e, µ})
I Use single lepton trigger
I Two opposite-sign same-flavour leptons

with |M`` −MZ | < 20GeV

Special qq̄ and VBF selections
I VBF category: 2 light-quark jets

with ∆ηjj > 3.5 and Mjj > 500GeV
I qq̄ category: Remaining events

Main backgrounds
I SM WZ production (irreducible)
I Data-driven fake/non-prompt estimate

Signal extraction
I Template fit to MWZ distribution
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Results of the WZ → `ν`` search

Heavy Vector Triplet W ′ boson interpretation
I qq̄ category: Mass limit for

HVT A (B) at 2260 (2460)GeV
I VBF category: Slight excess at 450GeV

with 2.9σ (local), 1.6σ (global, LEE)

H±5 in Georgi-Machacek model
I (H++

5 ,H+
5 ,H

0
5 ,H

−
5 ,H

−−
5 ) fiveplet

I Fermiophobic → VBF category
I Slight excess at 450GeV:

3.1σ (local), 1.9σ (global, LEE)
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VV /VH/`ν/`` combination
ATLAS-EXOT-2017-31
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-31/


Final states used for combination
Combination scope

I Use inputs from published baseline analyses
I 14 final states → VV /VH/``/`ν decay modes → interpretation
I Systematic uncertainties correlated where necessary
I Narrow width assumption (Γ/M < 5%); neglect interference effects

Chose step-wise combination procedure
I VV + VH + (`ν/``) → (VV /VH) + (`ν/``) → (VV /VH/`ν/``)
I Intermediate combination results included in paper, too
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Selection and statistical analysis

Overview of selections
I Final states involve e, µ, jets (different types) and Emiss

T
I Orthogonality between channels ensured due to chosen cuts

j = small-R jet, J = large-R jet

Channels combined with profile likelihood approach to yield
I Exclude regions with CLS < 0.05
I Rely on asymptotic assumption for full pole mass range
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Cross-section limits from bosonic decay modes

Sensitivity comparison
I Fully leptonic: Sensitive mainly to low MV ′

I Semi-leptonic: Broad sensitivity distribution
I All-hadronic: Main contribution at high MV ′

Significant sensitivity improvements
I VV compared to single best channel (`νqq)
I VV /VH compared to VV

+

=
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Leptonic and combined cross-section limits

Examples here give limits for HVT A
I Relative importance of VV/VH and lv/ll depends on couplings
I HVT B dominated by VV /VH

Combination of leptonic channels
I `ν/`` similar sensitive in full mass range

Observed (expected) mass limits for HVT A

         lνqq
W': 2.80 (2.90) TeV
Z':  2.75 (2.85) TeV

         VV
W': 3.6 (3.6) TeV
Z':  2.9 (3.1) TeV
V':  3.7 (3.7) TeV

llqq, ννqq, ...

      VV+VH
V': 4.3 (4.3) TeV

VH

        lν+ll
V': 5.0 (5.0) TeV

 VV+VH+lν+ll
V': 5.5 (5.3) TeV
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VV /VH and `ν/`` mass limits in coupling plane

Higgs and (universal) fermion couplings
I Couplings regions outside contours are excluded
I VV /VH: Excludes large gH regions; BR→ 0 for gH → 0
I `ν/``: Provides sensitivity for small gH

+
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VV /VH and `ν/`` mass limits in coupling plane

Quark and lepton couplings for gH = −0.56
I No sensitivity for low gq as cross-section → 0
I Strongest constraints from `ν/``, except at low gl (BR→ 0)
I VV /VH complements sensitivity at low gl

+

Peter Falke (LAPP / CNRS) Fully leptonic high-mass resonance searches 25/07/18 13 / 22

VV/VH

lv/ll

VV/VH/lv/ll



Constraints from precision EWK measurements

Comparison with constraints from VV /VH/`ν/`` combination
I Stronger in entire (gH, gF) plane
I Stronger in most of (gq, gl) plane

• Exception is low gq region → cross-section → 0 at LHC

I Asymmetric behaviour due to interference effects
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EWK curves from J. de Blas (update of arXiv:1005.3998)

https://arxiv.org/abs/1005.3998


W ′→ `ν search
ATLAS-CONF-2018-017
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Analysis strategy

Signature: Hard lepton + Emiss
T

I Use single lepton trigger
I eν: pT,e > 65GeV, Emiss

T > 65GeV
I µν: pT,µ > 55GeV, Emiss

T > 55GeV
I Dedicated muon selection
→ good reconstruction at high pT

Variable of interest: Transverse mass
I MT =

√
2p`TE

miss
T · (1− cos ∆φ`,Emiss

T
)

Main backgrounds
I SM off-shell W → `ν production
I Top-quark production
I Data-driven fake/non-prompt estimate
→ originating from multijet events

Signal extraction
I Template fit to MT distribution

for MT > 300GeV
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Results of the W ′ → `ν search
Sequential Standard Model used as benchmark

I Identical couplings of W ′ to fermions as SM W
I Equal to HVT model at gq = gl = e

sin θW

Limits set on production rate
I No excess observed
I eν: σ × BR < 10−1 − 9 · 10−5 pb
I µν: σ × BR < 10−1 − 4 · 10−4 pb

W′
SSM excluded up to 5.6 TeV
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mW ′ lower limit [TeV]
Decay Expected Observed
W ′ → eν 5.4 5.7
W ′ → µν 4.9 4.8
W ′ → `ν 5.5 5.6



Low-mass γγ search
ATLAS-CONF-2018-025

(High-mass γγ search available at arXiv:1707.04147)
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Analysis strategy

Search for X → γγ decays (MX < MH)
I Use diphoton triggers with

ET,thr = 20 (22)GeV
I ET,γ > 22GeV required offline
→ close to trigger turn-on

Categories for (un)converted photons
I Separation between UU, CU and CC

Main backgrounds
I SM γγ, γj and jj QCD production
I Mis-ID of ee pairs from DY production

Signal extraction
I Fit of analytic functions to

60GeV < Mγγ < 120GeV range
I Signal model with Γ/M ' 0
→ dominated by detector resolution
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Results of the low-mass γγ search

Modelling of misidentified ee pairs from DY production
I Shape determination from ee data after kinematic transformation

(correction for Bremsstrahlung)
I Normalisation computed from e → γ fake rates in data
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Exclusion limits set on X → γγ production
I σfid × BR < 40− 75 fb, slightly higher limit around Z peak
I Cannot confirm 2.8σ (local) effect at MX = 95GeV reported by CMS
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Summary
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Summary

High-mass resonances with various final states investigated at ATLAS

Extensive analysis of 2015/16 dataset
I WZ → `ν`` search
I First VV/VH/lv/ll combination performed at the LHC

First results including 2017 data are available
I W ′ → `ν search
I Low-mass γγ search

Demonstrated readiness for full Run-2 analyses

No new physics found yet
I More data and new topologies will allow the extend search range
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Backup
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WZ → `ν`` validation region
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WZ → `ν`` acceptance × efficiency
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WZ → `ν`` acceptance × efficiency
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WZ → `ν`` systematics
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WZ → `ν`` kinematic distributions
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WZ → `ν`` kinematic distributions
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Combination acceptance × efficiency
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Combination signal templates
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Combination acceptance × efficiency
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Combination Graviton limits
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Combination scalar limits
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Combination expected HVT limits
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W ′ → `ν combined limit
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W ′ → `ν Emiss
T distribution
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W ′ → `ν systematics
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W ′ → `ν event display for eν (MT = 2.2TeV)

Peter Falke (LAPP / CNRS) Fully leptonic high-mass resonance searches 25/07/18 39 / 22



W ′ → `ν event display for µν (MT = 5.0TeV)
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Low-mass γγ signal template
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Low-mass γγ DY background

Invariant Mass [GeV]
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Low-mass γγ DY background
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Low-mass γγ local p-values
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Low-mass γγ impact of systematics
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Low-mass γγ systematics

Source Uncertainty [%] Remarks

Signal yield
Luminosity ±2
Trigger eff. ±1.4 – 1.7 mX -dependent
Photon identification eff. ±1.5 – 2.3 mX -dependent
Isolation eff. ±4
Photon energy scale ±0.13 – 0.49 mX -dependent
Photon energy resolution ±0.053 – 0.28 mX -dependent
Pile-up ±1.8 – 4.1 mX -dependent
Production mode ±2.4 – 25 mX -dependent

Signal modeling
Photon energy scale ±0.3 – 0.5 mX - and category–dependent
Photon energy resolution ±2 – 8 mX - and category-dependent

Migration between categories
Material −2.0 /+1.0 /+4.1 category-dependent (UU/CU/CC)

Non-resonant Background
Spurious Signal 128 / 104 / 79 ratio to the expected spurious signal uncertainty

(604 / 496 / 181 events) (category-dependent)

DY Background modeling
Peak position ±0.1 – 0.2 category-dependent
Peak width ±2 – 3 category-dependent
Normalization ±9 – 21 category-dependent

Peter Falke (LAPP / CNRS) Fully leptonic high-mass resonance searches 25/07/18 46 / 22


	Main part
	Appendix

