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Success and Challenges of the Standard Model

After the observation of Higgs boson in 2012 by ATLAS and CMS
experiments, all the elementary particles predicted by the Standard Model
have been observed.
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The SM works extremely well but...

Phenomena not explained

• Gravity

• Dark Matter & Dark Energy

• Neutrino mass

• ...
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Beyond the Standard Model
Many theories beyond the Standard Model solving the challenges, predict
new phenomena accessible by the LHC
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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 1703.091278.9 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 1808.023802.3 TeVGKK mass
Bulk RS GKK →WW → qqqq 0 e, µ 2 J − 139 k/MPl = 1.0 ATLAS-CONF-2019-0031.6 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 − − 139 1903.062485.1 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 139 CERN-EP-2019-1006.0 TeVW′ mass
SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass
HVT V ′ →WZ → qqqq model B 0 e, µ 2 J − 139 gV = 3 ATLAS-CONF-2019-0033.6 TeVV′ mass
HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass
LRSM WR → tb multi-channel 36.1 1807.104733.25 TeVWR mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 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 1811.023052.57 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 reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y = 0.4, λ = 0.2, m(χ) = 10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 1,2 e ≥ 2 j Yes 36.1 β = 1 1902.003771.4 TeVLQ mass
Scalar LQ 2nd gen 1,2 µ ≥ 2 j Yes 36.1 β = 1 1902.003771.56 TeVLQ mass
Scalar LQ 3rd gen 2 τ 2 b − 36.1 B(LQu

3 → bτ) = 1 1902.081031.03 TeVLQu
3

mass

Scalar LQ 3rd gen 0-1 e, µ 2 b Yes 36.1 B(LQd
3 → tτ) = 0 1902.08103970 GeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 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 1807.118831.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 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 − 139 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2019-0076.7 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 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR 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

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass
Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: May 2019

ATLAS Preliminary∫
L dt = (3.2 – 139) 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).
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Motivation

• Model independent search for new resonances in high PT Z events

• Leptonic Z decays provide a clean tag and fully triggered sample

• Signal process: pp→ (Y)→ Z + X, the resonances could be X or Y

• A generic search in the sense that X can have all possible final states.

• Relevant variables: mX , mZX or HT (scalar sum of all objects)

Feynman diagrams for W ′ →WZ process Event topology in Feynman diagrams’ style
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Event selections

Data sample:

• 2015+2016 (36.2 fb−1) data and MC samples are used for defining
the analysis

• Final analysis will use full Run2 data of about 140 fb−1

Event Selections

Trigger selections
Ne+e− ≥ 1 or Nµ+µ− ≥ 1

Select Z candidate, closest to PDGmass
pT,(sub)lead lepton > 27GeV

66GeV < mll < 116GeV
pT,ll > 50GeV
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Analysis strategy
1 Identify leading pT object in the remaining final state X

2 Define channels with the leading pT object in the event:
• leadJ: jet + ...
• leadB: b-jet + ...
• leadP: photon + ...
• leadL: lepton(e/µ) + ...
• leadFatJ: large-R jet + ...
• leadMET: MissingET + ... ( MET/

√
SumET > 5.0)

3 Study all kinematic distributions for every given channel

(a)Lead jet (b) lead large-R jet (c) lead lepton
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Event yield of different channels

• The leading jet channel dominates in statistics

• The leading lepton channel is further separated in leading e and µ
channels
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Background estimation

• Dominant background process varies with different channels.

• Background from fake contribution is small and data-driven

• All other background is based on MC simulation
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Kinematics of Z +X system

• At LO, pZT=0, large pZT implies QCD radiation in the SM or new
resonance X production
• Expected X − Z balance in pT in e.g. the leading jet channel with
pZT > 100 GeV
• PtRatioZX: pXT /p

Z
T

• DeltaPhiZX: φZ − φX
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Kinematic variables in resonance search
• The kinematic variables used for model-independent resonance search:

• HT : scalar sum of transverse momentum of all visible objects
• mX : invariant mass of visible objects in recoil system
• mZ+X : invariant mass of all final states
• mX′ and mZ+X′ : from only two leading pT objects of the same type.

• The mass detector resolution is derived given by the difference
between reconstruction and truth info.
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Kinematic variables in resonance search
Plots taken from LeadJ category in highZPt100 region in Zee channel.
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Fitting on mass spectrum

• Hard to model well in all categories using MC simulation.

• Assume the shape of background smoothly falling-down.

• Perform a fit to estimate the background contribution.
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Challenge of the analysis

• The highly boosted Z bosons make the two decaying electrons
non-isolated at high pT

• Aim to gain efficiency by developing ”fat-electron” identification

• Recover the events with small-R (0.4) jet instead of 2 ID-electrons.

∆R(e, e) vs pZT in truth
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”Fat-electron” candidates
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• pT > 450GeV , |η| < 2.5

• mjet > 50GeV

• 0 < Ntrack,pT>500MeV ≤ 7

• EMfrac: fraction of deposited
energy in EM calorimeter,
pT-dependent cut
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BDT selections
• The BDTG(Gradient Boost Decision Trees) model is trained to select

fat-electrons.

• Trained signal from HVT
VcWZ→ llqq samples

• Background from γ + jets,
W(eν)jets and top processes
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Inefficiency of lepton triggers

• In extremely high pZT region of electron channel, the lepton triggers
will also suffer from the boost issues.

• Jet triggers added to recover the efficiency loss.

• Plots below show the comparison of different trigger selections for
signal MC samples.
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Summary

• 2015+2016 data and MC samples are used to test the proposed
analysis strategy.

• The search algorithm is defined and tested

• The fat-electron object and jet triggers increase statistics in extremely
high pT regions.

• The analysis is still ongoing and will include full Run2 ATLAS data
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Thanks for your attention!
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Backup
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