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LHC as a top factory — able to access BSM searches using a huge sample with the heaviest quark.

■ Many top-related SM measurements are ongoing.


■ Events of same topologies are expected in many BSM.
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Signatures of top final states may indicate new physics.


Top quark decays to 

■ Several object ID techniques are needed to tag a top quark.

‣ High-pT leptons and/or quark-jets from W, neutrinos identified as MET

‣ b-jet tagging, top tagging of boosted-top

W± + b (Vtb ∼ 1)
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ATLAS full-hadronic channel @ 139 fb-1

■ used the DNN top-tagging

■ Limits set on Z’ in topcolor-assisted-technicolor model


‣ only 2015-16 data of 36 fb-1 is available for semi-leptonic channel


CMS combined all three channels @ 35.9 fb-1

■ Limit set on the Kaluza-Klein gluon in the 

Randall-Sundrum scenario


■ Limits set on topcolor Z’
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CMS hadronic channel @ 137 fb-1 

■ limits on both right (left)-handed W’


■ mW′￼R, L
> 3.4 TeV

ATLAS @ 36.1 fb-1

■ searched for only right-handed W’

■ combined lepton+jet channel with 

full-hadronic channel


■ mW′￼R
> 3.25 TeV
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see T. Novak's and A. O. M. Iorio’s resonance search talk for more details
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Associated production with a boson is very rare process.

■ see P. J. Falke’s talk for more details

■ important topologies to BSM, e.g.

‣ Excited fermions, Leptoquarks, Vector-Like Quarks, …


No evidence of BSM so far:

■ Excited bottom:  [CMS-B2G-19-003, CMS-PAS-B2G-20-010]

‣ see A.O.M. Iorio’s talk for the resonance search


■ Leptoquarks [ATLAS-EXOT-2019-15, ATLAS-EXOT-2019-19, …]

‣ see E. Carquin Lopez’s talk


■ Vector-Like Quark (VLQ) searches:

‣ , , ,  [ATLAS-EXOT-2017-14, CMS-B2G-19-004, …]

‣  [CMS-PAS-B2G-20-002]

‣ see next slide and  T. R. Andeen’s VLQ talk


They are also sensitive to EFT operators (e.g. tt+Z related to tZ coupling)

■ see L. Barranco Navarro’s and J. Gonzalez’s talks in this session [CMS-TOP-19-001, …]

b* → tW

T → Zt T → Ht T → Wb B → Wt
W′￼→ Tb (tB)
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BSM searches with t(t̄) + X
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Vector-like quarks are expected to decay into final states with third generation quarks.

■ Combination of individual searches can cover all possible sets of VLQ decays.

■ No evidence yet, but the VLQ mass limits are above TeV scale.

■ Toward more high-mass region with high statistics data, 

a good top tagging may be one of key tool.

■ See the latest result of VLQ in T. R. Andeen's talk on Thursday.
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VLQ searches and top final states
ATLAS-EXOT-2017-17
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Very rare process

■  fb at NLO QCD+EW at  TeV


■ Sensitive to the top-Higgs Yukawa coupling

■ Sensitive to many BSM models, e.g.

‣ Gluino pair production in SUSY

‣ Heavy scalar/pseudoscalar boson in 2HDM

‣ Four-fermion contact interaction within EFT

‣ e.g. ATLAS-EXOT-2016-13


The measured production cross section to be:

■   fb @ ATLAS


‣ with a signal significance of 4.7  (2.6  expected) over background-only hypothesis

‣ consistent within 2.0 standard deviations with the Standard Model expectation


■  fb @ CMS

‣ in good agreement with SM

‣ set to exclusion limits to several physics models

■ see A. Kong’s talk for more details
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4-top production: pp → tt̄tt̄
ATL-CONF-2021-013
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Interpretation by CMS using the  result:

■ to constrain the top quark Yukawa coupling yt

■ to constrain the oblique parameter of Higgs in EFT

■ to set limits on the production of a heavy scalar or 

pseudoscalar boson in Type-II 2HDM and 
simplified dark matter models. excluded:

‣ Scalar:               350 < mH < 470 GeV

‣ Pseudoscalar:  350 < mA < 550 GeV

■ to set on couplings of the top quark to new light particles

tt̄tt̄
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4-top production: pp → tt̄tt̄
CMS-TOP-18-003
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interpreted  resonance results as dark matter search


Other dark matter searches with top quarks have been reported.

■ Searches for dark matter in  final states [ATLAS-SUSY-2018-08, CMS-EXO-16-049, and CMS-EXO-18-010]


■ Searches for dark matter produced in association with a single-top [ATLAS-EXOT-2018-43 and CMS-EXO-18-010]

tt̄

tt̄ + Emiss
T
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Interpretation on Dark Matter
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Simplified benchmark models with scalar (S) / pseudo-scalar (P) mediators 
which couple both to the SM and to the DM.

■ This assumption implies that the interaction between any new neutral spin-0 state 

and the SM matter is proportional to the fermion masses via Yukawa-type couplings.

■ also sensitive to invisible Higgs decays (ttH production) [ATL-CONF-2020-052]
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χ = 2mφm

Observed 95% CL
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-08/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-049/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/


Junpei Maeda | 7 June 2021 | BSM searches with top final states | 

Focusing on 2-Higgs double extended sector + pseudo-scalar DM mediator

■ CP-odd boson (a, A), CP-even boson (h, H), and charged-Higgs (H±)
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Dark matter associated with single top
ATLAS-EXOT-2018-43
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directly, leading to a di↵erent phenomenology. For completeness, we exam-

ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the

mediating particle, labeled �, is a charged scalar color triplet and the SM parti-

cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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 : ratio of the vaccum expectation values of the two Higgs doubletstan β

CMS @ 35.9 fb-1

■ combined searches w. ttbar and single-top


■ 


ATLAS @ 139 fb-1

■ combined searches w. ttbar and single-top

■ excluded some phase spaces in , , 

and  plane


see M. Toscani’s talk for details

mϕ > 290 GeV, ma > 300 GeV

ma mH+

tan β

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-43/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-010/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-010/index.html
https://indico.cern.ch/event/905399/contributions/4298042/
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Top quark may be one of the key tools to search for physics Beyond the Standard Model in LHC.


Many search results with top final states have been released.

■ No direct evidence of new physics, in either model-independent or model-dependent searches

■ The EFT interpretation becomes more important.


The search growing interest towards more rare signal.

■ More data will come in LHC Run 3 and HL-LHC.

■ We should push to understand our detectors and to develop new techniques of analyses (e.g. top-tagging).


The program to search for BSM with top quarks is far from complete.

■ More full Run 2 analysis to come. Stay tuned!
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Summary
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Exotics Summary in ATLAS 
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T

∫
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 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 multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 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 ′ → ## 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 0 e, µ ≥ 1 b, ≥ 2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT Z ′ → ZH model B 0-2 e, µ 1-2 b Yes 139 gV = 3 ATLAS-CONF-2020-0433.2 TeVZ′ mass

HVT W ′ →WH model B 0 e, µ ≥ 1 b, ≥ 2 J 139 gV = 3 2007.052933.2 TeVW′ 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 ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 ATLAS-CONF-2021-0121.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 ATLAS-CONF-2021-0122.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV ATLAS-CONF-2021-0063.1 TeVmmed

Pseudo-scalar med. 2HDM+a 0 e, µ 2 b Yes 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-006520 GeVmmed

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 2 e ≥ 2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 ATLAS-CONF-2021-0081.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥ 2 j, ≥ 2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥ 2e, µ, ≥ 1τ≥ 1 j, ≥ 1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e,µ, ≥ 1τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

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 b, ≥ 1j Yes 79.8 singlet, 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∗) 1910.084476.7 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 #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ 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 139 20008.07949790 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±± → ## 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 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: March 2021

ATLAS Preliminary∫
L dt = (3.6 – 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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Exotics summary in CMS
CMS Exotica Summary for 13 TeV

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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Top final state is the most effective signature to search for Vector-Like Quarks. 

17

VLQ searches and top final states
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Dark matter in tt̄ + Emiss
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