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Outline
Focus only on recent results from ATLAS & CMS
Diboson resonance:
ഥ (just approved)
1. ATLAS: 𝑿 → 𝑽𝑯 → 𝒒𝒒 𝒃𝒃
2. CMS: 𝑿 → 𝑽𝑽 → 𝒒𝒒 𝒒𝒒 (arXiv:1906.05977)
ഥ 𝒃𝒃
ഥ 𝒒𝒒 (arXiv:2001.05178)
3. ATLAS: 𝒒𝒒(𝑽𝑩𝑭) → 𝑯𝑯 𝒒𝒒 → 𝒃𝒃
ഥ 𝑾𝑾 → 𝒃𝒃
ഥ 𝒒𝒒′ ℓ𝝂 (arXiv:1904.04193)
4. CMS: 𝑿 → 𝑯𝑯 → 𝒃𝒃
5. ATLAS: 𝑿 → 𝑽𝑽 → 𝑽ℓ 𝑽𝒉 (semi-leptonic) (arXiv:2004.14636)
6. ATLAS: 𝑨 → 𝑩𝑪 → 𝑱𝑱 (arXiv:2005.02983)
Vector-like quarks:
ഥ → 𝑾𝒃 𝒒′𝒃
ഥ → 𝒍𝝂𝒃 𝒒′𝒃
ഥ (arXiv:1812.07343)
1. ATLAS: 𝒒𝒈 → 𝒀(𝑻) 𝒒′𝒃
ഥ 𝒒′𝒃
ഥ → 𝒁𝒕 𝒒′𝒃
ഥ → 𝝂ത 𝝂 𝒃𝒒𝒒′
ഥ (arXiv:1812.09743)
2. ATLAS: 𝒒𝒈 → 𝑻 𝒒′𝒃
3. CMS:
ഥ → 𝑯𝒕 𝒒’𝒃
ഥ → 𝒃𝒃𝒕
ഥ 𝒒’𝒃,
ഥ
𝒒𝒈 → 𝑻 𝒒’𝒃
ഥ → 𝒁𝒕 𝒒’𝒃
ഥ → 𝒃𝒃𝒕
ഥ 𝒒’𝒃,
ഥ
𝒒𝒈 → 𝑻 𝒒’𝒃
ഥ 𝒒𝒕,ҧ
𝒒𝒈 → 𝑻 𝒒𝒕ҧ → 𝑯𝒕 𝒒𝒕ҧ → 𝒃𝒃𝒕
ഥ 𝒒𝒕,ҧ
𝒒𝒈 → 𝑻 𝒒𝒕ҧ → 𝒁𝒕 𝒒𝒕ҧ → 𝒃𝒃𝒕
(arXiv:1909.04721)
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Diboson resonance search
SM shortcomings indicate some kind of New Physics
(Hierarchy problem, Unific.of Gravity, Dark Matter/Energy)

Many BSM theories have been proposed:
(Extended Gauge-Symmetry models; RS Warped ED;
Two Higgs doublet models; Little/Composite Higgs)
Predicting new heavy boson(s) 𝑿 :
spin-0 : Radion
spin-1 : HVT 𝒁’, 𝑾’
spin-2 : Kaluza–Klein graviton (GKK)
at the TeV scale decaying to a pair of SM boson(𝑾, 𝒁, 𝑯, 𝜸 )
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Search for 𝑽𝑯 resonances in hadronic final states ATLAS

𝑾𝑯

Signal model:
spin-1 : 𝒁’, 𝑾’, HVT Model A and B
Main background: multijet

exclusion:
range below 2.9 TeV (model A)
range below 3.2 TeV (model B)

𝑾 and 𝒁 highly
boosted,
reconstructed as
single large R jet

Use jet substructure information to tag signal jets
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𝒁𝑯

Target journal: Phys. Rev. D

𝑾𝑯

exclusion:
range below 2.2 TeV (model A)
range below 2.65 TeV (model B)

𝒁𝑯

𝒈𝒇 , 𝒈𝒒 , 𝒈𝑯 : coupling strength of 𝑽′ to fermions, quarks, and
Higgs (𝒈𝒒 is taken to be equal to 𝒈𝒇 )
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multi-dimensional search for diboson resonances in the dijet final state CMS

Signal model:
1. spin-1 : 𝒁’, 𝑾’, HVT Model B
2. spin-2 : Kaluza–Klein graviton (GKK),
bulk RS model

𝑮𝒃𝒖𝒍𝒌 → 𝑾𝑾

𝑮𝒃𝒖𝒍𝒌 → 𝒁𝒁

Signature:
1. large R jet
2. “groomed” jet mass
3. N-subjettiness ratio 𝝉𝟐𝟏 = 𝝉𝟐 /𝝉𝟏

Improvement in sensitivity of
up to 30% relative to previous
search methods with threedimensional (𝑴𝑱𝟏 , 𝑴𝑱𝟐 , 𝑴𝑱𝑱)
maximum likelihood fit

Main background: multijet
𝑾′ → 𝑾𝒁

exclusion: range
below 3.8 TeV
2020/5/28

𝒁′ → 𝑾𝑾

exclusion: range
below 3.5 TeV

https://arxiv.org/abs/1906.05977, Eur. Phys. J. C 80 (2020) 237
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ഥ 𝒃
ഥ VBF production ATLAS
𝑯𝑯 → 𝒃𝒃𝒃

VBF topology
narrow resonance

Two classes of signals:
1. a broad resonance with width 10-20% of
the signal mass
2. a narrow resonance with a fixed width
of 4 MeV
Higgs pair assignment

Main background:
multijet and 𝒕𝒕ҧ

broad resonance

Background
rejection
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https://arxiv.org/abs/2001.05178, Submitted to JHEP
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ഥ 𝒒′𝒍𝝂 final states CMS
Heavy resonance decaying to 𝑯𝑯 in 𝒃𝒃𝒒ഥ
One large R jet
(𝒃𝒃 jet),
corrections
applied to make
𝑴𝒃𝒃 = 125 GeV

One large R
jet (𝒒𝒒 jet)
𝒑𝒛 of the neutrino estimated by setting
the invariant mass of the neutrino, the
lepton, and the 𝒒𝒒’ jet to 𝒎𝑯 and solving
the corresponding second-order equation

Signal model:
1. spin-0 : Radion, Randall–Sundrum framework
2. spin-2 : Kaluza–Klein graviton (GKK), bulk RS model

Simultaneously estimating the signal and background yields
using a maximum likelihood fit to the data in the 12 event
categories and in the plane of the 𝒃𝒃 jet mass and the 𝑯𝑯
resonance mass

spin-0

spin-2

Signature:
1. Presence of 𝒃𝒃 jet and 𝒒𝒒 jet
2. Back-to back: 𝚫𝑹 𝒍, 𝒒𝒒 < 𝟏. 𝟐, 𝚫𝝋(ℓ, 𝒃𝒃) > 𝟐,
𝚫𝑹(𝒃𝒃, 𝒒𝒒) > 𝟏. 𝟔
Main background: 𝒕𝒕,ҧ multijet, and 𝑾+jets
2020/5/28

https://arxiv.org/abs/1904.04193, JHEP 10 (2019) 125

First result from CMS in this decay channel
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Search for heavy diboson resonances in semi-leptonic final states ATLAS
ggF

0 lepton: 𝒁 → 𝝂𝝂
1 lepton: 𝑾 → ℓ𝝂
2 lepton: 𝒁 → ℓℓ

DY

RNN
classification
VBF
(𝜷=𝟏)

defined by 𝑫𝟐
requirement

Signal model:
1. spin-0 : Radion, Randall–Sundrum framework
2. spin-1 : 𝒁’, 𝑾’, HVT Model A, B, and C
3. spin-2 : Kaluza–Klein graviton (GKK), bulk RS model
Main backgrounds:
0 lepton: 𝒁+jets and 𝑾+jets
1 lepton: 𝑾+jets and 𝒕𝒕ҧ
2 lepton: 𝒁+jets
2020/5/28

Final discriminants:
0 lepton: 𝒎𝑻
1 lepton: 𝒎ℓ𝝂𝑱 or 𝒎ℓ𝝂𝒋𝒋
2 lepton: 𝒎ℓℓ𝑱 or 𝒎ℓℓ𝒋𝒋

B-tagging

Considered both merged (𝑽 → 𝑱) and resolved (𝑽 → 𝒋𝒋) jets

https://arxiv.org/abs/2004.14636, Submitted to EPJC
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Search for heavy diboson resonances in semileptonic final states ATLAS

DY 𝒁′ → 𝑾𝑾
ggF 𝑹 → 𝑾𝑾 + 𝒁𝒁

ggF 𝑮𝑲𝑲 → 𝑾𝑾 + 𝒁𝒁

VBF 𝑹 → 𝑾𝑾 + 𝒁𝒁

DY 𝑾′ → 𝑾𝒁

VBF 𝑾′ → 𝑾𝒁

VBF 𝒁′ → 𝑾𝑾

VBF 𝑮𝑲𝑲 → 𝑾𝑾 + 𝒁𝒁

Observed (expected) 95 CL lower limits on
the mass, in TeV, of different resonances
2020/5/28
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Dijet resonance search with weak supervision ATLAS
Search for resonant new physics using a machinelearning anomaly detection procedure that does not
rely on a signal model
Weakly supervised learning:
 Classification Without Labels (CWoLa)
 sensitive to plenty of signals

 Signal regions : 𝒎𝑱𝑱 [1.90, 2.28, 2.74, 3.28, 3.94, 4.73,
5.68, 6.81, 8.17] TeV.
 In any signal region:

signal present: tag that signal and enhance a bump in
the 𝒎𝑱𝑱 spectrum
no signal: 𝒎𝑱𝑱 spectrum remain smooth after tagging

 avoid large trials factor
 a smart way of doing 3D bump hunt

 Calls for two mixed samples that are statistically
identical aside from different class proportions

fully data-driven

A network is trained to distinguish
between a given 𝒎𝑱𝑱 signal region and
the two neighboring sideband regions
features for ML: masses of the two jets.

2020/5/28

https://arxiv.org/abs/2005.02983, Submitted to Phys. Rev. Lett.
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Dijet resonance search with weak supervision ATLAS
Selection:
1. At least two large-R jets with 𝒑𝑻 > 𝟐𝟎𝟎 𝑮𝒆𝑽 and 𝜼 < 𝟐. 𝟎 (reduce t-channel)

2. At least one jet with 𝒑𝑻 > 𝟓𝟎𝟎
3. Two leading jets ∆𝒚𝑱𝑱 < 𝟏. 𝟐, and both with 𝟑𝟎 𝑮𝒆𝑽 < 𝒎𝑱 < 𝟓𝟎𝟎 𝑮𝒆𝑽
Decorrelate 1D 𝒎𝑱 = {𝒎𝟏 , 𝒎𝟐 } distribution by percentile scaling

Combine sidebands (weight = 1/N) to further cancel out differences

2020/5/28
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Dijet resonance search with weak supervision ATLAS
Model-dependent fit:
 Train NN with injected signal strength μ:
 Apply NN selection ϵ (depends on μ)
 Let μ be POI and set 95% CL limits in the usual way
 Limit depends on injected signal strength!

𝑾’

more sensitive than the inclusive di-jet search and extends the coverage of the allhadronic diboson search to regions away from the SM boson masses.

 First application of fully data-driven machine-learning
anomaly detection
 First search that covers 𝑨 → 𝑩𝑪 production where all
of 𝑨, 𝑩 and 𝑪 are BSM particles
 Now only two-dimensional, great potential to extend
this method!
2020/5/28
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Vector-like quark search
Results shown today are focused on Single
Production  Sensitive to probe the couplings
to SM quarks, e.g. mixing angle 𝜽𝑳 , 𝜽𝑹

Vector-like Quarks (VLQs) are heavy nonchiral quarks with symmetric left- and
right-handed couplings to SM particles

(By comparison, searches for pair-produced
VLQs allow limits to be set on VLQ masses
which are rather insensitive to the couplings)

Predicted in many extensions to the SM
(little higgs, composite higgs, warped or
extra dimensions, …)
SM quarks

VLQ

electro-weak
transformations

same for leftand righthanded

different for
left- and
right-handed

Obtain mass

Higgs
mechanism

new strong
sector
confinement

2020/5/28

Could have a role in stabilizing
the Higgs boson mass, and thus
offer a potential solution to the
hierarchy problem
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Search for single production of VLQ decaying into 𝑾𝒃 ATLAS
forward jet

𝑾 decays leptonically

low energy, often fall out
of acceptance
Sizeable interference effects between the amplitude for VLQ
signal production and the SM are considered:
1.

𝑻-quark production in a 𝑻 singlet model, with only a
left-handed coupling, interfere with t-channel single top

2.

𝒀-quark production in a (𝑻, 𝑩, 𝒀) triplet or (𝑩, 𝒀)
doublet model with only a left-handed coupling or righthanded coupling, interfere with electroweak 𝑾− 𝒃𝒒

t-channel single top
2020/5/28

https://arxiv.org/abs/1812.07343, JHEP 05 (2019) 164

electroweak 𝑾− 𝒃𝒒
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Search for single production of VLQ decaying into 𝑾𝒃 ATLAS
Coupling limits are extracted with
reweighting factors of interference

𝟐𝒔𝒊𝒏𝜽𝑳 = 𝒄𝑾𝒃
𝑳

Main backgrounds:
𝒕𝒕,ҧ single Top, and
𝑾+jets

(𝑻 𝑩 𝒀) Triplet
𝒀 left hand

𝟐𝒔𝒊𝒏𝜽𝑹 = 𝒄𝑾𝒃
𝑹
competitive with the indirect
constraints for VLQ masses
between 800 GeV and 1250 GeV
2020/5/28

(𝑩 𝒀) Doublet
𝒀 right hand

𝟐𝒔𝒊𝒏𝜽𝑳 = 𝒄𝑾𝒃
𝑳

𝑻 Singlet
𝑻 left hand

Interference small

(𝑩 𝒀) Doublet
𝒀 right hand
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Search for large MET with one top-quark ATLAS
large MET

Final discriminate:
transverse mass
of (𝑬𝒎𝒊𝒔𝒔
, 𝑱)
𝑻
narrow-width
approximation is used

collimated into
a large-R jet
Main backgrounds: 𝒕𝒕,ҧ single Top, 𝑾+jets, and 𝒁+jets

2020/5/28

https://arxiv.org/abs/1812.09743, JHEP 05 (2019) 41

16

Electroweak production of vector-like 𝑻 quark fully hadronic final states CMS

Low
mass
tZ SR

Low
mass
tH SR

Signature:
1. 𝑻 → 𝒕𝑯 and 𝑻 → 𝒕𝒁 with 𝑿 → 𝒃𝒃 (𝑿 = 𝑯, 𝒁) and
top decays all hadronically

2. Looking for a 𝑴𝒕𝑿 peak
3. Two mass range considered:

 Low-mass search (𝑻 mass 0.6 to 1.2 TeV):
Invariant mass of 5-jets (≥3 b tagged)
 High-mass search (𝑻 mass > 1 TeV):
Invariant mass of 2 large-R jets

High
mass
tZ SR

High
mass
tH SR

Main backgrounds: multijet and 𝒕𝒕ҧ

2020/5/28

https://arxiv.org/abs/1909.04721, JHEP 01 (2020) 036
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Electroweak production of vector-like 𝑻 quark fully hadronic final states CMS
𝑻 masses below 1 TeV, the models with a bottom quark are strongly constrained

𝜞Τ𝒎𝑻 ≤ 𝟎. 𝟎𝟓
𝑾𝒃 → 𝑻 → 𝒕𝑯 + 𝒕𝒁

𝜞Τ𝒎𝑻 = 𝟎. 𝟏
𝑾𝒃 → 𝑻 → 𝒕𝑯 + 𝒕𝒁

𝜞Τ𝒎𝑻 = 𝟎. 𝟐
𝑾𝒃 → 𝑻 → 𝒕𝑯 + 𝒕𝒁

expected sensitivity up to 1.28 TeV

𝜞Τ𝒎𝑻 = 𝟎. 𝟑
𝑾𝒃 → 𝑻 → 𝒕𝑯 + 𝒕𝒁
expected sensitivity up to 0.82 TeV

𝜞Τ𝒎𝑻 ≤ 𝟎. 𝟎𝟓
𝒁𝒕 → 𝑻 → 𝒕𝑯 + 𝒕𝒁

𝜞Τ𝒎𝑻 = 𝟎. 𝟏
𝒁𝒕 → 𝑻 → 𝒕𝑯 + 𝒕𝒁

𝜞Τ𝒎𝑻 = 𝟎. 𝟐
𝒁𝒕 → 𝑻 → 𝒕𝑯 + 𝒕𝒁

𝜞Τ𝒎𝑻 = 𝟎. 𝟑
𝒁𝒕 → 𝑻 → 𝒕𝑯 + 𝒕𝒁

Showing limits of whichever of the two searches (high mass or low mass) for each mass with best estimated expected sensitivity
 Significantly more sensitive for 𝑻 → 𝒕𝑯 compared with previous searches

 Gives the first constraints using this production mode on 𝑻 → 𝒕𝒁 for hadronic decays of the Z boson
2020/5/28
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Summary
No evidence for New Physics yet
Limits are set for multiple theory models of diboson
resonance and VLQ, pushes resonance masses higher
Combination efforts have been made to give a bigger
picture for diboson searches
https://arxiv.org/abs/1906.00057

New techniques are developed to better distinguish
𝑾/𝒁/𝑯 from SM BKG
much more to come with more analysis scrutinizing full
Run II data!

Thanks!
https://arxiv.org/abs/1808.02380
2020/5/28
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back up
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Search for 𝑽𝑯 resonances in hadronic final states ATLAS
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multi-dimensional search for diboson resonances in the dijet final state CMS
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Heavy resonance HH bbbb ATLAS
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Heavy resonance HH bbqqlv CMS
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Search for heavy diboson resonances in semileptonic final states ATLAS
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Search for heavy diboson resonances in semileptonic final states ATLAS
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Dijet resonance search with weak supervision ATLAS
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Search for large MET with one top-quark ATLAS
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Search for single production of VLQ decaying into Wb ATLAS
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Electroweak production of vector-like T quark fully hadronic final states CMS
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