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Introduction - ATLAS & CMS

ATLAS & CMS two large general
purpose detectors on the 27 km
Large Hadron Collider (LHC) ring,
situated around two seperate
proton-proton collision points.

General Purpose - Can measure
large range of phenomena.

Similar but different design -
allows essential independent
replication of results.

Both forward-backwards
symmetrical cylindrical design
around collision point.

Nearly full coverage in solid
angle with exception of
particles travelling close to
parallel to the beam.

proton-proton collisions up to
13.6 TeV, highest energy
collisions on Earth.
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Introduction - Beyond Standard Model (BSM) Strategy
Most analyses assume new particles
will not interact with the detector -
Require indirect methods to detect,
common examples:

Measure missing momentum
from recoiling SM particles.

Measure properties of SM
particles potentially from a
BSM particle decaying, in
particular their invariant mass.
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Comparison of measured data
to simulations used to search
for & set limits on BSM.

Following talk exclusively about
BSM, important to note a lot
of very important SM work
done at ATLAS & CMS as well.
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Introduction - ATLAS Summary
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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 →WV → ℓνqq 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 ′ → 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 0 e, µ ≥ 1 b, ≥ 2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass
SSM W ′ → ℓν 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 → ℓνqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass
HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 139 gV = 3 1906.085893.8 TeVV′ mass
HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass
HVT W ′ →WH model B 0 e, µ ≥ 1 b, ≥ 2 J 139 gV = 3 CERN-EP-2020-0733.2 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 ℓℓqq 2 e, µ − − 139 η−LL CERN-EP-2020-06635.8 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∗) 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 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 2020

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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Introduction - CMS Summary
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CMS-PAS-EXO-19-009 (pp + , pp + )pp + Z/ + X 0.6 1.6 TeV  37 fb 1
1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2

top × BR( 2 ) > = 0.03(0.04) 0.108 0.34 TeV  137 fb 1
1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2

top × BR( 2 ) > = 0.03(0.004) 0.015 0.075 TeV  137 fb 1
1911.03947 (2j)Scalar Diquark 0.5 7.5 TeV  137 fb 1

1911.03947 (2j)Color Octect Scalar, k2
s = 1/2 0.5 3.7 TeV  137 fb 1

1808.01257 (1j + 1 )Higgs  resonance 0.72 3.25 TeV  36 fb 1
2106.10509 (1j + 1 )W  resonance 1.5 8 TeV  137 fb 1

1712.03143 (2 + 1 ; 2e + 1 ; 2j + 1 )Z  resonance 0.35 4 TeV  36 fb 1
1911.03947 (2j)String resonance 0.5 7.9 TeV  137 fb 1

CMS preliminary
Overview of CMS EXO results

March 2023

Selection 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 TeV  77 fb 1
2001.04521 (2e + 2j)Excited Lepton Contact Interaction 0.2 5.6 TeV  77 fb 1

2103.02708 (2 )quark compositeness ( ), LL/RR = 1 <36 TeV  140 fb 1
2103.02708 (2 )quark compositeness ( ), LL/RR = 1 <24 TeV  140 fb 1
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CMS-PAS-EXO-21-012 (1 + 2j + pmiss
T , 2 + pmiss

T )dark Higgs model, gq = 0.25, gDM = 1, = 0.01, m = 200 GeV, mZ ′ = 700 GeV 0.16 0.352 TeV  137 fb 1
CMS-PAS-EXO-20-010 (2 displaced + pmiss

T )inelastic dark matter model, y = 10 7, D = 0.1 0.02 0.08 TeV  137 fb 1
CMS-PAS-EXO-20-010 (2 displaced + pmiss

T )inelastic dark matter model, y = 10 6, D = 0.1 0.003 0.08 TeV  137 fb 1
CMS-PAS-EXO-21-007 (pp + )axion-like particle, f 1 = 1.2 TeV 1 0.5 2 TeV  103 fb 1

1811.10151 (1 + 1j + pmiss
T )Leptoquark mediator, = 1, B = 0.1, X, DM = 0.1, 800 < MLQ < 1500 GeV 0.3 0.6 TeV  77 fb 1

1908.01713 (h + pmiss
T )Z′ 2HDM, gZ′ = 0.8, gDM = 1, tan = 1, m = 100 GeV 0.5 3.1 TeV  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 TeV  138 fb 1
1908.01713 (h + pmiss

T )Baryonic Z′, gq = 0.25, gDM = 1, m = 1 GeV <1.6 TeV  36 fb 1
1810.10069 (4j)complex sc. med. (dark QCD), m DK = 5 GeV, c XDK = 25 mm <1.54 TeV  16 fb 1

2107.10892 (0, 1 + 2j + pmiss
T )pseudoscalar mediator (tt), gq = 1, gDM = 1, m = 1 GeV 0.05 0.42 TeV  137 fb 1

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

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

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

2107.10892 (0, 1 + 2j + pmiss
T )scalar mediator (tt), gq = 1, gDM = 1, m = 1 GeV 0.05 0.4 TeV  137 fb 1

1901.01553 (0, 1 + 2j + pmiss
T )scalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.29 TeV  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 TeV  140 fb 1
2107.13021 ( 1j + pmiss

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

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

1806.01058 (2j)RPV squark to 4 quarks 0.1 0.72 TeV  38 fb 1
1808.03124 (2j; 4j)RPV stop to 4 quarks 0.08 0.52 TeV  36 fb 1
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2202.06075 ( + pmiss
T )split-UED, 2 TeV 0.4 2.8 TeV  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 TeV  137 fb 1
1805.06013 ( 7j( , ))non-rotating BH, MD = 4 TeV, nED = 6 <9.7 TeV  36 fb 1

CMS-PAS-EXO-20-012 ( + j)RS QBH ( j), nED = 1 2 5.2 TeV  137 fb 1
1803.08030 (2j)RS QBH (jj), nED = 1 <5.9 TeV  36 fb 1

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

2103.02708 (2 )RS GKK( ), k/MPl = 0.1 <4.78 TeV  140 fb 1
CMS-PAS-EXO-20-012 ( + j)ADD QBH ( j), nED = 6 2 7.5 TeV  137 fb 1

2205.06709 ( )ADD QBH ( ), nED = 4 <5 TeV  137 fb 1
2205.06709 (e )ADD QBH (e ), nED = 4 <5.2 TeV  137 fb 1

2205.06709 (e )ADD QBH (e ), nED = 4 <5.6 TeV  137 fb 1
1803.08030 (2j)ADD QBH (jj), nED = 6 <8.2 TeV  36 fb 1

2107.13021 ( 1j + pmiss
T )ADD GKK emission, nED = 2 <10.8 TeV  101 fb 1

1812.10443 (2 , 2 )ADD ( , ) HLZ, nED = 3 <9.1 TeV  36 fb 1
1803.08030 (2j)ADD (jj) HLZ, nED = 3 <12 TeV  36 fb 1
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1811.03052 ( + 2 )excited muon, fS = f = f ′ = 1, = m * 0.25 3.8 TeV  36 fb 1
1811.03052 ( + 2e)excited electron, fS = f = f ′ = 1, = m *

e 0.25 3.9 TeV  36 fb 1
CMS-PAS-EXO-20-012 ( + j)excited b quark, fS = f = f ′ = 1, = m *

q 1 2.2 TeV  137 fb 1
CMS-PAS-EXO-20-012 ( + j)excited light quark (q ), fS = f = f ′ = 1, = m *

q 1 6 TeV  137 fb 1
1911.03947 (2j)excited light quark (qg), = m *

q 0.5 6.3 TeV  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 TeV  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 TeV  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 TeV  137 fb 1
1806.10905 ( 1j + + e)MSM, |VeNV*

N|2/(|VeN|2 + |V N|2) = 1.0 0.02 1.6 TeV  36 fb 1
1802.02965; 1806.10905 (3e; 1j + 2e)MSM, |VeN|2 = 1.0,  |V N|2 = 1.0 0.001 1.43 TeV  36 fb 1

1802.02965; 1806.10905 (3 ; 1j + 2 )MSM, |VeN|2 = 1.0,  |V N|2 = 1.0 0.001 1.24 TeV  36 fb 1
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1911.03947 (2j)Axigluon, Coloron, cot = 1 0.5 6.6 TeV  137 fb 1
1811.00806 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <3.5 TeV  36 fb 1

2112.03949 (2e + 2j)LRSM WR(eNR), MNR = 0.5MWR <4.7 TeV  36 fb 1
2212.12604 ( + pmiss

T )SSM W′( ) 0.6 4.8 TeV  137 fb 1
2112.03949 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <5 TeV  36 fb 1

1911.03947 (2j)SSM W′(qq) 0.5 3.6 TeV  137 fb 1
1909.04114 (2j)Leptophobic Z′ 0.05 0.45 TeV  78 fb 1

2202.06075 ( + pmiss
T )SSM W′( ) 0.4 5.7 TeV  137 fb 1

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

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

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

2103.02708 (2e, 2 )SSM Z′( ) 0.2 5.15 TeV  140 fb 1
CMS-PAS-EXO-21-005 (2 )ZD, narrow resonance, 2 = 3 × 10 6  (90% C.L.) 0.0042 0.0079 TeV  97 fb 1

CMS-PAS-EXO-21-005 (2 )ZD, narrow resonance, 2 = 7 × 10 7 (90% C.L.) 0.0011 0.0026 TeV  97 fb 1
1912.04776 (2 )ZD, narrow resonance, 2 = 4 × 10 5 (90% C.L.) 0.11 0.2 TeV  137 fb 1

1912.04776 (2 )ZD, narrow resonance, 2 = 8 × 10 6 (90% C.L.) 0.0115 0.075 TeV  137 fb 1
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PRD 105 (2022) 032008 G  WW  qq 1.8
HIG-21-011 G  HH  bb 0.7
2206.10268, Acc. by JHEP G  HH  multi-leptons 0.6
JHEP 05 (2022) 005 G  HH  bbWW (lep.) merged-jet 1.4
JHEP 04 (2022) 087 G  ZZ  qq 1.2
PRD 106 (2022) 012004 G  ZZ  qq 1.2
JHEP 09 (2018) 101 G  ZZ  qq 0.9
JHEP 03 (2018) 003 G  ZZ  0.8
PLB 798 (2019) 134952 G (2016 combination) 0.8
PRD 105 (2022) 032008 R  WW  qq 3.1
2210.00043, Sub.  to PLB R  VV  qqqq 2.7
2204.12413 Sub. to PLB R  HH  bbbb merged-jet 3.0
HIG-21-011 R  HH  bb 0.7
2206.10268, Acc. by JHEP R  HH  multi-leptons 0.7
JHEP 05 (2022) 005 R  HH  bbWW (lep.) merged-jet 2.2
JHEP 01 (2019) 051 R  HH  qq 1.3
PRD 106 (2022) 012004 R  ZZ  qq 2.9
PRD 105 (2022) 032008 W′  WZ  qq 3.9
PRD 105 (2022) 032008 W′  WH  qq 4.0
2210.00043, Sub.  to PLB W′  WZ  qqqq 4.4
JHEP 01 (2019) 051 W′  WH  qq 2.6
PRD 106 (2022) 012004 W′  WZ  qq 4.0
JHEP 09 (2018) 101 W′  WZ  qq 2.7
PLB 798 (2019) 134952 W′ (2016 combination) 4.3
PRD 105 (2022) 032008 Z′  WW  qq 4.0
2210.00043, Sub.  to PLB Z′  WW  qqqq 3.5
2210.00043, Sub.  to PLB Z′  ZH  qqqq 3.9
EPJC 81 (2021) 688 Z′  ZH  ( , )bb 3.7
JHEP 01 (2019) 051 Z′  ZH  qq  1.8
PLB 798 (2019) 134952 Z′ (2016 combination) 3.7
PLB 826 (2022) 136888 W′  qq   W  (gm = 0.1, = 4MX) 1.5
PLB 826 (2022) 136888 R  qq   W  (gm = 0.1, = 4MX) 1.4
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March 2023Overview of CMS B2G Results
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PLB 835 (2022) 137566 X  aa  bbbb (Ma = 0.1 TeV, MXN/f = 8) 2.6
PRD 106 (2022) 012002 WKK   RW  WWW (1 ) 3.4
PRL 129 (2022) 021802 WKK   RW  WWW (0 + 1 ) 3.7
JHEP 09 (2022) 088 W′   Tb/Bt (MVLQ = 2/3MW ) 3.2
EPJC 79 (2019) 208 Z′  tT  tZt/tHt   +jets  (MT = 1.5 TeV) 2.3
PRL 123 241801 (2019) Stealth g  0

1qq ( + 2jets, M 0
1 = 0.2TeV) 1.7

JHEP 04 (2019) 031 Z′  tt ( /MZ′=1%) 3.8
JHEP 04 (2019) 031 Z′  tt ( /MZ′=10%) 5.2
JHEP 04 (2019) 031 Z′  tt ( /MZ′=30%) 6.6
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Dark Matter (DM) Searches - Contents

We do not know the
composition of most of the
mass in the universe, dark
matter.

Many BSM models attempt to
explain dark matter &
introduce new interactions
between DM & SM, allowing
the potential to detect dark
matter at colliders.

Combination with
astrophysical, cosmological, lab
based & other measurements
can help to produce stronger
limits & guide each other.

(Invisible H → DM) + tt̄
[arXiv:2211.05426]

(Invisible H → DM) + (tt̄/V )
[arXiv:2303.01214]

Invisible H Combination
[arXiv:2301.10731]

(Dark H → W+W−) + DM
[arXiv:2211.07175]

(a → DM) + t +W
[arXiv:2211.13138]

(Dark H → bb̄) + DM
[ATL-PHYS-PUB-2022-045]

(H → τ+τ−) + DM
[ATLAS-CONF-2022-069]

(Dark H → W+W−) + DM
[CMS-PAS-EXO-21-012]
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DM - Higgs Decaying to DM [1,2]

g

g
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t
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t

SM BH→inv very small (H → ZZ ∗ → 4ν,BH→inv = 0.001)

Allows probing of BSM theories that introduce new massive
particles that H can decay to.

Many DM models allow this, in/direct coupling to H

Many production modes of H, ttH outlined here.

Both (ATLAS/CMS) limits in ttH of BH→inv < (0.38/0.26) consistent
with SM to within 2σ, interpreted in terms of limits on DM theories. Still
lot of phase space to probe until measurement reaches SM sensitivity!
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DM - Higgs Associated with DM [1,2,3,4,5]
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Many BSM models predict DM can be produced
alongside the Higgs or a new dark Higgs

e.g. BSM particle emits Higgstrahlung then decays
to DM.

Huge number of potential probeable states in SM.

Lots of opportunities to reinterpet previous analyses
with new methods, Active Learning included here.
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Unique Phase Spaces (UPS) - Contents

Lots of BSM theories include
phase spaces that are very
unique compared to the SM.

Some of these are less well
probed than others.

Important to cover as much
phase space as possible to
ensure these BSM theories can
be detected.

Fractionally charged particles
[CMS-PAS-EXO-19-006]

Doubly charged H++/H−−

[arXiv:2211.07505]

H → eµ (charged lepton flavour
violation (CLFV))
[CMS-PAS-HIG-22-002]

Out of time trackless jets (Long Lived
Particles [LLPs])
[arXiv:2212.06695]

Heavy LLPs
[ATLAS-CONF-2022-034]

Displaced µ+µ− + DM
[CMS-PAS-EXO-20-010]

µ̃µ̃ → mm displaced µµ+ Emiss
T

[ATLAS-CONF-2023-018]

γγ Resonance + forward protons
[ATLAS-CONF-2023-002]
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UPS - New Charges [1,2]

All fundamental SM particles charges ±1
3e,±2

3e,±e. BSM could
introduce fundamental particles with different charges.
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number of low dE
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Doubly charged Higgs.
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e/mu considered, including LFV.
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UPS - Charged Lepton Flavour Violation [1]
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CMS search for new resonance (X) with similar production
mode to H that decays X → eµ (CLFV)

2.8(3.8)σ global(local) excess at mX =146 GeV.

Similar old ATLAS search [PhysLetB.2019.135148] sees no
excess in combined, very small excess in VBF channel.
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UPS - LLPs [1,2,3,4]
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BSM that does not interact with detector may decay to particles that do.

Traditionally consider BSM decaying instantly.

BSM may travel measurable distances, substantially changes phase space.

Lots of LLP phase space to cover, requires dedicated triggers and
reconstruction algorithms only recently possible to reliably probe.

Here two methods to search for LLPs, trackless out of time jets (BSM
particle decays beyond tracker at a late time) & displaced muons.
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UPS - Forward Protons [1]
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Supersymmetry (SUSY) - Contents

SUSY often considered a
natural symmetry to have.

Introduces bosonic partner for
every fermion, & fermionic
partner for every boson.

Allows very phenomenologically
rich models - hence can cause
effects in many different phase
spaces, allows many analyses.

Can potentially solve many
issues with the SM, in
particular the WIMP miracle
arose from expectations of
≈ TeV scale SUSY, interesting
to probe at LHC.

(HH/HZ ) → γγbb̄
[ATLAS-CONF-2023-009]

Emiss
T + ≥ 3b [arXiv:2211.08028]

Squark/gluino decay chain to
multilepton
[ATLAS-CONF-2023-017]

(e/µ)+ multijet
[arXiv:2211.08476]

2(top squark) → 2(4-body decay),
single lepton
[arXiv:2301.08096]

Jack Lindon (University of Alberta) BSM searches in ATLAS & CMS March 30th, 2023 16 / 32

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-009/
https://doi.org/10.48550/arXiv.2211.08028
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-017/
https://doi.org/10.48550/arXiv.2211.08476
https://doi.org/10.48550/arXiv.2301.08096


SUSY - Higgsino [1,2]
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Many models motivated by natural SUSY have the lightest
supersymmetric particle (LSP) be a neutralino χ̃0

1 that is
almost a pure higgsino.

LSP particularly interesting as a DM candidate.

If DM is entirely natural LSP, LSP likely on TeV scale.

Production of higgsino usually associated with multijet.

Considered here both the Higgsino being an LSP (does not decay) &
Higgsino not LSP & decays to (h/Z)+G̃ (gravitino).
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SUSY - Long Decay Chain [1]
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SUSY introduces
many new particles.

Allows long decay
chains - complex
final states.
Ideal to be probed
by multilepton.

Many Signal Regions (SR)

Allows probing many SUSY
particles at once.

All SRs consistent with SM to
within ⪅ 2σ.

Strong limits set on many SUSY
particles.
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SUSY - lepton + multi heavy objects [1,2]

Most models of SUSY having the top squark (t̃) being the lightest squark.

Cosmological observations imply t̃ has similar mass to the LSP.

Suppresses two & three body decays.

Pair produced gluinos also decay to multiple heavy objects.

Motivates search for final state with many massive objects.

Large multijet background, reduced by requiring a single lepton.

Consistent with SM, strong limits set on mt̃ , mg̃ & mχ̃0
1
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Leptoquarks (LQ) & Vector-like Quarks (VLQ) - Contents

A simple 4th generation of
quarks identical to the known 3
generations of quarks with
more mass is excluded.
However, a new particle similar
to quarks is possible.

Many BSM theories include
leptoquarks (behave like quarks
but carry lepton numbers) &
vector-like quarks (behave like
quarks but non-chiral).

Leptoquarks & vector-like
quarks are able to decay into
SM particles allowing detection.

pair scalar & vector LQ → (t/b) + (e/µ)
[arXiv:2210.04517]

pair scalar & vector LQ → b + τ
[arXiv:2303.01294]

pair LQ → j + τ [arXiv:2303.09444]

pair VLQ, at least one
VLQ → (t/b) + (Z → l−l+)
[arXiv:2210.15413]

pair VLQ T/B Final state
(e/µ)+ ≥ 3j+ ≥ 1b + Emiss

T

[arXiv:2212.05263]

pair VLQ in leptonic final states
[CMS-B2G-20-011]

VLQ T → t + (H → γγ)
[arXiv:2302.12802]

LQ → τ + b [CMS-PAS-EXO-21-009]

LQ + τ [CMS-PAS-EXO-19-016]
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LQ - Pair Produced LQ [1,2,3]
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Due to leptoquark’s color charge, can be created (among
other ways) in pairs through s-channel interaction with g .

Decay into both quark & lepton.

Considered here coupling to heavy quarks & all 3 leptons.

Many LQ models assume only couple to one fermion
generation, important to check all as well as mixed
generations.

Good agreement with SM, strong limits set.
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VLQ - Pair Produced VLQ [1,2]
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Like quarks, VLQ
may be produced in
pairs directly from g .

Decay into
(W /Z/H) + q
Often assumed to
preferentially
couple to
3rd-generation

Considered cases: ≥ 1 high energy
leptonically decaying Z + (t/b), & high
Emiss
T +(e/µ)+ ≥ 3j+ ≥ 1b

Complementary, high Emiss
T catches

cases were energetic Z missed due
to neutrino decay.

b tag greatly reduces background.
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VLQ - Singly Produced VLQ [1]
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VLQ may be singly produced from W → (q + VLQ).

T’ then decays to (W /Z/H) + q

Allows a fairly simple clean final state.

q q’
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γ
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Consider here T ′ → tH where H → γγ

Diphoton has excellent mass resolution.

Allows increased sensitivity to search for peak above falling
diphoton mass continuum, despite low branching ratio.
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Higgs - Contents

Scalars sensitive to new
particles, particularly through
internal loops. Possibility of
BSM to modify properties of H
(e.g. branching ratios).

H couples directly with all
massive particles in SM
(possible exception of
neutrinos), possibly similar
mechanism allowing coupling to
BSM particles.

Higgs only recently discovered,
much to still investigate.

Hence a Higgs portal to the
dark sector often investigated.

Higgs self coupling combination
[arXiv:2211.01216]

H → 4l , constraining self coupling
[CMS-PAS-HIG-21-009]

Higgs combination
[Nature 607, 60–68 (2022)]

nonresonant pair H → bbb̄b̄
[arXiv:2301.03212]

nonresonant pair H → WW γγ
[CMS-PAS-HIG-21-014]

HEFT pair H → (bb̄) + (γγ/ττ)
[ATL-PHYS-PUB-2022-019]
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Higgs - Higgs Self Coupling [1,2, 3]
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Higgs directly couples with itself in SM. However trilinear coupling small.

kλ a measure of H trilinear coupling deviation from SM, SM kλ = 1.

BSM can modify this coupling through internal loops.

Important to produce stringent constraints on H self interaction.

Investigated here by searching for double H decays (4b, 2b2τ, 2b2γ) & 4l .

Complementary, important to investigate
many channels.

Observed CMS limit −5.5 < kλ < 15.1.

Observed ATLAS limit −2.2 < kλ < 7.7. g

g H

H

H

κt κλ
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Higgs - Higgs pair production [1,2,3]
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Higgs can be pair produced in SM, both
through self coupling & other interactions.

Can be reinterpreted as an effective field
theory (EFT).

Many Effective Couplings (EC) to probe.

BSM can cause deviations to any or all of
these effective couplings.

Measurements of 4b,2W 2γ,2b2γ & 2b2τ used to measure EC.
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Conclusion

Extremely rich & varied BSM analyses at ATLAS & CMS. Important to
fully utilise LHC & cover all phase space possible. Many strong results.

Limits set on rare invisible decays of H, interpreted in terms of DM.

Many DM & other BSM models probed via potential interactions with H.

Lots of Higgs effective couplings measured, interpreted to limit BSM.

Lots of new unique analyses covering new phase space, for instance LLPs &
new charges.

Very distant detectors (AFP & ATLAS) matching events to produce strong
probes of BSM.

Many final states probed to cover phenomenologically rich SUSY.

Strong limits set on leptoquarks & vector-like quarks in many analyses.

Hints of resonance at 146 GeV decaying via charged lepton flavour violation.
Important to note more work needs to be done to determine if fluctuation or
real, looking forward to Run-3 results to improve this measurement.
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Backups
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DM - Higgs Decaying to DM

ATLAS, expected
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DM - Higgs Decaying to DM

ATLAS
CMS

Channel Best fit B(H → inv) B(H → inv)
Combined 0.08+0.04

−0.04 0.15 (0.08 exp)
VBF-tag 0.09+0.05

−0.05 0.18 (0.10 exp)
VH-tag 0.04+0.09

−0.09 0.21 (0.18 exp)
ttH-tag −0.08+0.16

−0.16 0.26 (0.30 exp)
ggH-tag 0.22+0.16

−0.16 0.49 (0.32 exp)
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Talk on LLPs - https://cds.cern.ch/record/2852462
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