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Standard Model limitations

• The Standard Model (SM) fails to explain/leave several opened questions:
• Lepton Flavour Violation (LFV), like in neutrino oscillation
• Muon anomalous magnetic moment ( g-2 )
• Anomalies in B-physics: R(∗)

D and R(∗)
K

• Dark matter in the universe
• Many Others ...

• All these opens to a new pletora of searches for physics Beyond Standard Model (BSM)

arxiv-2104.03281 arxiv-2103.11769

aSM
µ = 116591810(43) × 10−11 3.1 σ discrepancy with respect to SM
aexp
µ = 116592061(41) × 10−11
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https://arxiv.org/pdf/2104.03281.pdf
https://arxiv.org/pdf/2103.11769.pdf


Main techniques to search for BSM

• At LHC, several data analyses using Run1/Run2 datasets are trying to search for BSM
• Possible to test several signal hypothesis and tune models
• Possible to develop new object reconstruction and machine learning algorithms

Bump Hunting Excess at high pT regime MVA
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Phys. Lett. B 796 (2019) 68 JHEP 07 (2022) 067 Phys. Rev. Lett. 127 (2021) 271801
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-08/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-017/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-28/


ATLAS/CMS summary results

• Exotics searches covers a large variety of possible final states and signal models
• New fermions and gauge bosons
• Additional Higgs boson and di-Higgs production
• Leptoquarks
• Long-lived particles
• Many Others ...

• Results scan over a wide range of mass at the TeV scale
• Next slides will highlight some of the current results trying to span over different
searches method/fields
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1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2
top × BR( 2 ) > = 0.03(0.04) 0.108 0.34  137 fb 1

1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2
top × BR( 2 ) > = 0.03(0.004) 0.015 0.075  137 fb 1

1911.03947 (2j)Scalar Diquark 0.5 7.5  137 fb 1
1911.03947 (2j)Color Octect Scalar, k2

s = 1/2 0.5 3.7  137 fb 1
1808.01257 (1j + 1 )Higgs  resonance 0.72 3.25  36 fb 1

2106.10509 (1j + 1 )W  resonance 1.5 8  137 fb 1
1712.03143 (2 + 1 ; 2e + 1 ; 2j + 1 )Z  resonance 0.35 4  36 fb 1

1911.03947 (2j)String resonance 0.5 7.9  137 fb 1

CMS preliminary 16-140 fb 1 (13 TeV)
Overview of CMS EXO results

ICHEP 2022Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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2001.04521 (2 + 2j)Excited Lepton Contact Interaction 0.2 5.7  77 fb 1
2001.04521 (2e + 2j)Excited Lepton Contact Interaction 0.2 5.6  77 fb 1

2103.02708 (2 )quark compositeness ( ), LL/RR = 1 <36  140 fb 1
2103.02708 (2 )quark compositeness ( ), LL/RR = 1 <24  140 fb 1
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1811.10151 (1 + 1j + pmiss
T )Leptoquark mediator, = 1, B = 0.1, X, DM = 0.1, 800 < MLQ < 1500 GeV 0.3 0.6  77 fb 1

1908.01713 (h + pmiss
T )Z′ 2HDM, gZ′ = 0.8, gDM = 1, tan = 1, m = 100 GeV 0.5 3.1  36 fb 1

1908.01713 (h + pmiss
T )Baryonic Z′, gq = 0.25, gDM = 1, m = 1 GeV <1.6  36 fb 1

2112.11125 (2j + pmiss
T )Z′ mediator (dark QCD), mdark = 20 GeV, rinv = 0.3, dark = peak

dark 1.5 5.1  138 fb 1
1810.10069 (4j)complex sc. med. (dark QCD), m DK = 5 GeV, c XDK = 25 mm <1.54  16 fb 1

1901.01553 (0, 1 + 2j + pmiss
T )pseudoscalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.3  36 fb 1

2107.13021 ( 1j + pmiss
T )pseudoscalar mediator (+j/V), gq = 1, gDM = 1, m = 1 GeV <0.47  101 fb 1

2107.13021 ( 1j + pmiss
T )scalar mediator (fermion portal), u = 1, m = 1 GeV <1.5  101 fb 1

1901.01553 (0, 1 + 2j + pmiss
T )scalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.29  36 fb 1

2103.02708 (2e, 2 )(axial)-vector mediator ( ), gq = 0.1, gDM = 1, g = 0.1, m > mmed/2 0.2 4.64  140 fb 1
2107.13021 ( 1j + pmiss

T )(axial-)vector mediator ( ), gq = 0.25, gDM = 1, m = 1 GeV <1.95  101 fb 1
1911.03947 (2j)(axial-)vector mediator (qq), gq = 0.25, gDM = 1, m = 1 GeV 0.5 2.8  137 fb 1

2103.02708 (2e, 2 )vector mediator ( ), gq = 0.1, gDM = 1, g = 0.01, m > 1 TeV 0.2 1.92  140 fb 1
1911.03761 ( 3j)vector mediator (qq), gq = 0.25, gDM = 1, m = 1 GeV 0.35 0.7  18 fb 1
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1810.10092 (6j)RPV gluinos to 3 quarks <1.5  36 fb 1
1806.01058 (2j)RPV gluino to 4 quarks 0.1 1.41  38 fb 1

1806.01058 (2j)RPV squark to 4 quarks 0.1 0.72  38 fb 1
1808.03124 (2j; 4j)RPV stop to 4 quarks 0.08 0.52  36 fb 1
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2202.06075 ( + pmiss
T )split-UED, 2 TeV 0.4 2.8  137 fb 1
2201.02140 (2j)3-brane WED gKK( + g ggg), ggrav = 6, ggKK = 3, = 0.5, m( )/m(gKK) = 0.1 2 4.3  137 fb 1

1805.06013 ( 7j( , ))non-rotating BH, MD = 4 TeV, nED = 6 <9.7  36 fb 1
1803.08030 (2j)RS QBH (jj), nED = 1 <5.9  36 fb 1

1911.03947 (2j)RS GKK(qq, gg), k/MPl = 0.1 0.5 2.6  137 fb 1
1809.00327 (2 )RS GKK( ), k/MPl = 0.1 <4.1  36 fb 1

2103.02708 (2 )RS GKK( ), k/MPl = 0.1 <4.78  140 fb 1
2205.06709 ( )ADD QBH ( ), nED = 4 <5  137 fb 1

2205.06709 (e )ADD QBH (e ), nED = 4 <5.2  137 fb 1
2205.06709 (e )ADD QBH (e ), nED = 4 <5.6  137 fb 1

1803.08030 (2j)ADD QBH (jj), nED = 6 <8.2  36 fb 1
2107.13021 ( 1j + pmiss

T )ADD GKK emission, nED = 2 <10.8  101 fb 1
1812.10443 (2 , 2 )ADD ( , ) HLZ, nED = 3 <9.1  36 fb 1

1803.08030 (2j)ADD (jj) HLZ, nED = 3 <12  36 fb 1
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1811.03052 ( + 2 )excited muon, fS = f = f ′ = 1, = m * 0.25 3.8  36 fb 1
1811.03052 ( + 2e)excited electron, fS = f = f ′ = 1, = m *

e 0.25 3.9  36 fb 1
1911.03947 (2j)excited light quark (qg), = m *

q 0.5 6.3  137 fb 1
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2202.08676 (3 , 4 , 1 + 3 , 2 + 2 , 3 + 1 , 1 + 2 , 2 + 1 )Vector like taus,  Singlet 0.125 0.15  137 fb 1
2202.08676 (3 , 4 , 1 + 3 , 2 + 2 , 3 + 1 , 1 + 2 , 2 + 1 )Vector like taus,  Doublet 0.1 1.045  137 fb 1

2202.08676 (3 , 4 , 1 + 3 , 2 + 2 , 3 + 1 , 1 + 2 , 2 + 1 )Type-III seesaw heavy fermions, Flavor-democratic 0.1 0.98  137 fb 1
1806.10905 ( 1j + + e)MSM, |VeNV*

N|2/(|VeN|2 + |V N|2) = 1.0 0.02 1.6  36 fb 1
1802.02965; 1806.10905 (3 ( , e); 1j + 2 ( , e))MSM, |VeN|2 = 1.0,  |V N|2 = 1.0 0.001 1.43  36 fb 1
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CMS-PAS-EXO-19-016 (2 + b)scalar LQ (single prod.), coupling to 3rd gen. fermions, = 1, = 1 <0.75  137 fb 1
2107.13021 ( 1j + pmiss

T )scalar LQ (single prod.), coupling to 1st gen. fermions, = 0, = 1 1 1.6  101 fb 1
CMS-PAS-EXO-19-016 (2 + 2j)scalar LQ (pair prod.), coupling to 3rd gen. fermions, = 1 <1.26  137 fb 1
1808.05082 (2 + 2j; + 2j + pmiss

T )scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 0.5 <1.29  36 fb 1
1811.10151 (1 + 1j + pmiss

T )scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 1 0.8 1.5  77 fb 1
1808.05082 (2 + 2j)scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 1 <1.53  36 fb 1

1811.01197 (2e + 2j; e + 2j + pmiss
T )scalar LQ (pair prod.), coupling to 1st gen. fermions, = 0.5 <1.27  36 fb 1

1811.01197 (2e + 2j)scalar LQ (pair prod.), coupling to 1st gen. fermions, = 1 <1.44  36 fb 1
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1911.03947 (2j)Axigluon, Coloron, cot = 1 0.5 6.6  137 fb 1
1811.00806 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <3.5  36 fb 1

2112.03949 (2e + 2j)LRSM WR(eNR), MNR = 0.5MWR <4.7  36 fb 1
2112.03949 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <5  36 fb 1

1911.03947 (2j)SSM W′(qq) 0.5 3.6  137 fb 1
CMS-PAS-EXO-21-009 ( + pmiss

T )SSM W′( ) 0.6 4.8  137 fb 1
2202.06075 ( + pmiss

T )SSM W′( ) 0.4 5.7  137 fb 1
1909.04114 (2j)Leptophobic Z′ 0.05 0.45  78 fb 1

2205.06709 ( )LFV Z′, BR( ) = 10% 0.2 4.1  137 fb 1
2205.06709 (e )LFV Z′, BR(e ) = 10% 0.2 4.3  137 fb 1

2205.06709 (e )LFV Z′, BR(e ) = 10% 0.2 5  137 fb 1
2103.02708 (2e, 2 )Superstring Z′ 0.2 4.6  140 fb 1

1905.10331 (1j, 1 )Z′(qq) 0.01 0.125  36 fb 1
1911.03947 (2j)SSM Z′(qq) 0.5 2.9  137 fb 1

2103.02708 (2e, 2 )SSM Z′( ) 0.2 5.15  140 fb 1
1912.04776 (2 )ZD, narrow resonance 0.11 0.2  137 fb 1

1912.04776 (2 )ZD, narrow resonance 0.0115 0.075  137 fb 1
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults


Z’ boson search

• Search for heavy resonances decaying into 2 electrons/muons
• Allow to test several models/resonance with different spin (0,1,2)

Phys. Lett. B 796 (2019) 68 arxiv-arXiv:2103.02708

• New resonances excluded up to mass of ' 5 TeV
A. De Maria 5 / 18

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-08/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-019/


W’ boson search

• Search for excess in the high MT regime considering all leptonic final states
• Allow to test several models like Sequential SM, Universal Extra Dimensions

ATLAS-CONF-2021-025 JHEP 07 (2022) 067

• W’ excluded up to mass of ' 5 TeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-025/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-017/


Higgs combination measurement

• This year it’s the 10th year after the Higgs boson discovery in 2012
• Both ATLAS and CMS published Higgs combination measurements setting limits to
invisible/undetected Higgs boson decays
• However, we can consider exotic and invisible Higgs decays to probe new physics

Nature 607 (2022) 60-68

Binv . < 0.16, Bun. < 0.16 at 95% CL

Nature 607, pages 52-59 (2022)

Binv . < 0.13 (0.08 exp), Bun. < 0.12 (0.21
exp.) at 95% CL
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/


H→ invisible in VBF final state

• VBF Higgs boson production most sensitive channel to search for H→ invisible
• Main background from strong and electroweak Z+jets production
• (ATLAS) Results interpreted for Higgs boson as a portal to dark matter

JHEP 08 (2022) 104

Binv . < 0.15 (0.10 exp.) at 95% CL

Phys. Rev. D 105 (2022) 092007

Binv . < 0.18 (0.10 exp.) at 95% CLA. De Maria 8 / 18

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-003/


Search for H → AA→ 4γ arXiv:2209.06197

• Look for two collimated photons reconstructed as Γ
• Main background from SM H→ γγ and QCD/γ+jets

• No excess observed in µS+B fit of Γ distributions → set limits on exotics Higgs decay
B(H → AA→ 4γ)ε[0.9, 3.3]× 10−3 at 95% CL for 0.1 GeV < MA < 1.2 GeV
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-016/


Search for X → HH → 4b Phys.Rev.D105(2022)092002

• Considering spin-0 and spin-2 benchmark signal models
• corresponds to resonant HH production via gluon-fusion

• Analysis performed in Resolved and Boosted regime:
• Resolved for MX ε[250, 1500] GeV, using anti-Kt 0.4 jets
• Boosted for MX ε[0.9, 5] TeV, using largeR jets

• Bulk Randall-Sundrum model excluded for graviton masses 298 GeV < M < 1460 GeV

A. De Maria 10 / 18

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/


LFV search in Z decay

• Lepton Flavour conservation often violated in BSM theories
• Search for LFV in Z decay:

• peak around the Z mass in the Z → eµ final state
• fit MVA score in the final states involving τ leptons

Z → eµ Z → lτhad Z → lτlep

arXiv:2204.10783 Nature Phys. 17 (2021) 819 Phys. Rev. Lett. 127 (2021) 271801

• B(Z → eµ) < 2.62× 10−7 at 95% CL
• B(Z → eτ) < 5× 10−6, B(Z → µτ) < 6.5× 10−6 at 95% CL
• All these results are the most stringent limits to date for LFV search in Z decay

A. De Maria 11 / 18

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-35/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-36/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-28/


LFV search in H→ lτ final state

• Search in both leptonic and hadronic τ decay final state
• Use MVA discriminant to enhance signal over background and extract results

Phys. Rev. D 104 (2021) 032013 ATLAS-CONF-2022-060

Obs. (Exp) B(H → eτ) < 0.22(0.16)% Obs. (Exp) B(H → eτ) < 0.19(0.11)%
Obs. (Exp) B(H → µτ) < 0.15(0.15)% Obs. (Exp) B(H → eτ) < 0.18(0.09)%

• Results can be interpreted as limits for non-diagonal Yukawa coupling matrix elements
A. De Maria 12 / 18

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-060/


Introduction to Leptoquark (LQ)

• LQs can explain deviations from lepton flavour universality from the SM in B-physics
• Predicted in many BSM scenarios and decay to lepton-quark pairs
• Carry color charge, fractional electric charge and non-zero baryon and lepton number

• The LQ cross section depends not only depends on the mass of LQ but also on the
Yukawa coupling(λ)

Arxiv-1801.07641
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https://arxiv.org/abs/1801.07641


ATLAS/CMS Summary LQ search

• Several searches for 1st,2nd and 3th and cross-generations final states
• Investigating both Scalar and Vector LQ, both single and pair production

Single LQ prod Pair LQ prod
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Overview of CMS leptoquark searches

ICHEP 2022
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Mass [TeV]

L
Q

(µ
q
)

0 0
LQ( t)LQ( t), BR(LQ t) = 1 0 0 137 fb 1 (13 TeV)2202.08676

0.2 1.42
0.3 2.05

LQ( t)LQ( t), BR(LQ t) = 1, = 1 0.3 1.7 36 fb 1 (13 TeV)1809.05558
0.3 1.42

0 0
LQ( j), BR(LQ j) = 1, j = u, d 0 0 20 fb 1 (8 TeV)1509.03750

0.3 0.66
0 0

LQ( c)LQ( c) + LQ( c)LQ( s), BR(LQ c, s) = 0.5, 0.5 0 0 36 fb 1 (13 TeV)1808.05082
0.2 1.29

0 0
LQ( c)LQ( c), BR(LQ c) = 1 0 0 36 fb 1 (13 TeV)1808.05082

0.2 1.53

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Mass [TeV]

L
Q

(τ
q
)

0 0
LQ( t)LQ( t), BR(LQ t) = 1 0 0 137 fb 1 (13 TeV)2202.08676

0.2 1.12
0.5 1.73

LQ( b)LQ( t) + LQ( t), Equal LQ coupling to b, t, = 2.5 0.5 1.41 137 fb 1 (13 TeV)2012.04178
0 0
0 0

LQ( t)LQ( b) + LQ( t), Equal LQ coupling to t, b, = 2.50 0 137 fb 1 (13 TeV)2012.04178
0.5 1.02

0 0
LQ( b), BR(LQ b) = 1, = 1 0 0 36 fb 1 (13 TeV)1806.03472

0.2 0.74
0 0

LQ( b)LQ( b), BR(LQ b) = 1 0 0 36 fb 1 (13 TeV)1811.01197
0.3 1.02

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Mass [TeV]

L
Q

(ν
q
)

0 0
LQ( eu)LQ( eu) + eLQ( eu), BR(LQ eu) = 1, = 1 0 0 137 fb 1 (13 TeV)2107.13021

1 1.5
0.5 1.81

LQ( t)LQ( t), LQ t) = 1 0.5 1.47 137 fb 1 (13 TeV)1909.03460
0.5 1.14

0.5 1.93
LQ( b)LQ( b), LQ b) = 1 0.5 1.55 137 fb 1 (13 TeV)1909.03460

0.5 1.2
0.5 1.98

LQ( e( )j)LQ( e( )j), BR(LQ e( )j) = 1, j = u, d, s, c 0.5 1.55 137 fb 1 (13 TeV)1909.03460
0.5 1.14

Scalar Vector(k=0) Vector(k=1)

CMS Summary plots ATL-PHYS-PUB-2022-012

A. De Maria 14 / 18

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-012/


LQ search in bτ final state ATLAS-CONF-2022-037

• Main focus on singly produced scalar LQ:
• considering S̃1 model with LQ having 4/3e and 3B + L = −2
• LQ production mostly through quark-gluon fusion and scattering

• Include also pair production of scalar LQs since similar final state
• Assuming LQ exclusive decay in bτ
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• First ATLAS result for the search of singly-produced LQ in bτ final state
• For singly+pair LQ production, masses below 1.25 TeV excluded for λ values > 0.5
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https://cds.cern.ch/record/2815283/files/ATLAS-CONF-2022-037.pdf


Dilepton-ratio measurements

• Test possible SM extension looking at µµ/ee/eµ production

Phys. Lett. B 830 (2022) 137106

Expect ρ < 1 at LHC; ρ > 1 can be
introduced by BSM physics

JHEP 07 (2021) 208

BSM can cause R to deviate from unity

• Still no sign of BSM physic observed
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-29/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-019/


Summary

• The Standard Model fails to explain/leave several opened questions
• many possibilities to search for physics Beyond the Standard Model

• At LHC, several data analyses using Run1/Run2 datasets are trying to search for BSM
• possible to develop new object reconstruction and machine learning algorithms

• A selected collection of results from ATLAS and CMS has been shown but still no
robust sign of BSM has been found across several search types/final states
• other results include also Long Lived Particles, searches in final states with jets, search for

dark matter candidates and many others

• Looking forward to continue the BSM search using LHC Run3 data
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