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HEAVY OR 
HIDDEN?
The experimental status of direct 
searches for exotic physics beyond 
the standard model at the Large 
Hadron Collider  

Salvatore Rappoccio

A man said to the universe:  
“Sir, I exist!” 
“However,” replied the universe, 
“The fact has not created in me  
A sense of obligation.” 
– Stephen Crane

Reviews in Physics 4 (2019) 100027

https://doi.org/10.1016/j.revip.2018.100027
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• Kind invitation from Tommaso to write 
review article about the state of exotic 
searches at CMS, thanks very much! 

• Me:  
• Previous “Beyond Two Generations” (B2G) convener 

at CMS (Focused on boosted exotica) 
• Currently working on SM measurements in the SMP-

HAD (hadronic measurements) group 
• Jets and substructure, tracking, software
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CMS long-lived particle searches, lifetime exclusions at 95% CL

CMS Exotica Physics Group Summary – ICHEP, 2016!
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Nope.

Nope.

Nope.

Nope.

Spoiler Alert : No new physics yet.
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∫
L dt [fb−1] Lifetime limit Reference
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RPV χ01 → eeν/eµν/µµν displaced lepton pair 20.3 1504.051627-740 mmχ
0
1

lifetime m(g̃)= 1.3 TeV, m(χ01)= 1.0 TeV

GGM χ01 → ZG̃ displaced vtx + jets 20.3 1504.051626-480 mmχ
0
1

lifetime m(g̃)= 1.1 TeV, m(χ01)= 1.0 TeV

GGM χ01 → ZG̃ displaced dimuon 32.9 CERN-EP-2018-1730.029-18.0 mχ
0
1

lifetime m(g̃)= 1.1 TeV, m(χ01)= 1.0 TeV

GMSB non-pointing or delayed γ 20.3 1409.55420.08-5.4 mχ
0
1

lifetime SPS8 with Λ= 200 TeV

AMSB pp → χ±1χ
0
1,χ

+
1 χ
−
1 disappearing track 20.3 1310.36750.22-3.0 mχ

±
1

lifetime m(χ±1 )= 450 GeV

AMSB pp → χ±1χ
0
1,χ

+
1 χ
−
1 disappearing track 36.1 1712.021180.057-1.53 mχ

±
1

lifetime m(χ±1 )= 450 GeV

AMSB pp → χ±1χ
0
1,χ

+
1 χ
−
1 large pixel dE/dx 18.4 1506.053321.31-9.0 mχ

±
1

lifetime m(χ±1 )= 450 GeV

Stealth SUSY 2 ID/MS vertices 19.5 1504.036340.12-90.6 mS̃ lifetime m(g̃)= 500 GeV

Split SUSY large pixel dE/dx 36.1 CERN-EP-2018-198> 0.9 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ01)= 100 GeV

Split SUSY displaced vtx + Emiss
T 32.8 1710.049010.03-13.2 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ01)= 100 GeV

Split SUSY 0 ℓ, 2 − 6 jets +Emiss
T 36.1 ATLAS-CONF-2018-0030.0-2.1 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ01)= 100 GeV

H → s s 2 low-EMF trackless jets 20.3 1501.040200.41-7.57 ms lifetime m(s)= 25 GeV

H → s s 2 ID/MS vertices 19.5 1504.036340.31-25.4 ms lifetime m(s)= 25 GeV

FRVZ H → 2γd + X 2 e−,µ−jets 20.3 1511.055420-3 mmγd lifetime m(γd )= 400 MeV

FRVZ H → 2γd + X 2 e−, µ−,π−jets 3.4 ATLAS-CONF-2016-0420.022-1.113 mγd lifetime m(γd )= 400 MeV

FRVZ H → 4γd + X 2 e−, µ−,π−jets 3.4 ATLAS-CONF-2016-0420.038-1.63 mγd lifetime m(γd )= 400 MeV

H → ZdZd displaced dimuon 32.9 CERN-EP-2018-1730.009-24.0 mZd lifetime m(Zd )= 40 GeV

VH with H → ss → bbbb 1 − 2ℓ + multi-b-jets 36.1 1806.073550-3 mms lifetime B(H → ss)= 1, m(s)= 60 GeV

Φ(300 GeV)→ s s 2 low-EMF trackless jets 20.3 1501.040200.29-7.9 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(300 GeV)→ s s 2 ID/MS vertices 19.5 1504.036340.19-31.9 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(600 GeV)→ s s 2 low-EMF trackless jets 3.2 ATLAS-CONF-2016-1030.09-2.7 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(900 GeV)→ s s 2 low-EMF trackless jets 20.3 1501.040200.15-4.1 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(900 GeV)→ s s 2 ID/MS vertices 19.5 1504.036340.11-18.3 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(1 TeV)→ s s 2 low-EMF trackless jets 3.2 ATLAS-CONF-2016-1030.78-16.0 ms lifetime σ × B= 1 pb, m(s)= 400 GeV

HV Z ′(1 TeV)→ qvqv 2 ID/MS vertices 20.3 1504.036340.1-4.9 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

HV Z ′(2 TeV)→ qvqv 2 ID/MS vertices 20.3 1504.036340.1-10.1 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

cτ [m]0.01 0.1 1 10 100

√
s = 8 TeV

√
s = 13 TeV

ATLAS Long-lived Particle Searches* - 95% CL Exclusion
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 36.1) fb−1

√
s = 8, 13 TeV

*Only a selection of the available lifetime limits on new states is shown. (γβ = 1)
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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 CERN-EP-2018-1792.3 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 − − 36.1 1707.024244.5 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 79.8 ATLAS-CONF-2018-0175.6 TeVW′ mass

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

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 79.8 gV = 3 ATLAS-CONF-2018-0164.15 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

LRSM W ′
R
→ tb multi-channel 36.1 CERN-EP-2018-1423.25 TeVW′ 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 CERN-EP-2018-1742.57 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 LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.34 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 CERN-EP-2018-1711.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 3.2 B(Y →Wb)= 1, c(YWb)= 1/
√
2 ATLAS-CONF-2016-0721.44 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 − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 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 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 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

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 79.8) 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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Nope.

Nope.

Nope.

Nope.

Spoiler Alert : No new physics yet.
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• Higgs 
• W, Z 
• Jets 
• Top quark 
• Bottom quark 
• Forward physics

Extensive understanding of the SM

EW and t xs’s

mtop

Bs -> mumu
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• Higgs 
• W, Z 
• Jets 
• Top quark 
• Bottom quark 
• Forward physics

Extensive understanding of the SM

EW and t xs’s

mtop

Bs -> mumu

~10 orders of magnitude of cross sections 
measured at the LHC, predicted by SM
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The end of particle physics?
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Collider physics answers

Particle physics

https://www.science20.com/tommaso_dorigo/why_we_need_a_new_collider-235940
https://lifeandphysics.com/2018/12/29/theory-experiment-and-supersymmetry/
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Why (still) the LHC?

Hierarchy problem?

Dark matter?

Precision 
measurements

Why mass hierarchies? 
Neutrinos? Quarks?

Unification?

More Higgses?

Compositeness?

Baryon asymmetry?

Strong CP  
problem?

3 gens?

Flavor anomalies?

Magnetic monopoles?

Behavior of QGP?

g-2 anomaly?
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Why (still) the LHC?

Hierarchy problem?

Dark matter?

Precision 
measurements

Why mass hierarchies? 
Neutrinos? Quarks?

Unification?

More Higgses?

Baryon asymmetry?
3 gens?

Flavor anomalies?

Behavior of QGP?

This talk:  

Non-SUSY exotic signatures of 
BSM physics

Compositeness?

Magnetic monopoles?

g-2 anomaly?
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• Why we still need particle physics 
• Exotic physics introduction 
• Search techniques 
• Selected analyses 
• Final thoughts

Outline
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• Very attractive: 
• Solves the hierarchy 

problem 
• Provides DM candidate 
• Unification of forces 
• Points to string theory 
• Nice theoretical structure 

• But: 
• No reason to think that all of 

these questions are linked 
• We haven’t found any

SUSY?

Will investigate other solutions to 
these open questions
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• Higgs potential: 

• Higher-order corrections: 

• If cutoff is Planck scale:  
• Yukawa couplings of particles cancel to very high 

precision 
• Or:  

• there is a scale between EW and Planck scales

Question: Hierarchy problem?
Hierarchy problem?

from v.e.vpole mass

Yukawa coupling

Cutoff
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• SUSY: 
• Spin-zero particles cancel 

divergences 
• R parity conserving: 

• Has a DM candidate (lightest 
SUSY particle, LSP) 

• R parity violating: 
• Usually no DM candidate 
• Can lead to long-lived 

particles, heavy states 
decaying to SM particles 

• Violates Baryon or Lepton 
number

Question: Hierarchy problem?
Hierarchy problem?

https://slideplayer.com/slide/5087540/
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• Extra dimensions / strong dynamics 
• “Brings down” the Planck scale 

• Large: graviton propagates through bulk 
• Creates quantum black holes 
• QM decays: ~2 particles 
• Thermally: many 

• Warped: SM constrained to one brane, Planck 
scale at another 

• Creates Kaluza-Klein tower of particles 
• Decays to SM particles 

• AdS/CFT correspondence, strong dynamics 
can be represented as extra dimensional 
models 

• Alternative way of thinking: CFT manifestations of AdS 
theory cancel divergence of Higgs

Question: Hierarchy problem?
Hierarchy problem?

https://www.learner.org/courses/physics/
visual/visual.html?shortname=AdSCFT

https://www.science20.com/
quantum_diaries_survivor/
large_extra_dimensions_reach_
next_year
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• “Brings down” the Planck scale 
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• Creates quantum black holes 
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• Thermally: many 

• Warped: SM constrained to one brane, Planck 
scale at another 

• Creates Kaluza-Klein tower of particles 
• Decays to SM particles 

• AdS/CFT correspondence, strong dynamics 
can be represented as extra dimensional 
models 

• Alternative way of thinking: CFT manifestations of AdS 
theory cancel divergence of Higgs
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Distinct signatures!
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Question: Dark matter?

Dark matter?

https://wmap.gsfc.nasa.gov/
universe/uni_matter.html 

Our universe:

https://wmap.gsfc.nasa.gov/universe/uni_matter.html
https://wmap.gsfc.nasa.gov/universe/uni_matter.html
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• Is it a particle? 
• Probably yes. Modified gravity scenarios don’t describe all of the 

observations.  

• How to search?  
• Direct detection, indirect detection, or produced at colliders 
• Which is best? Depends on the nature of DM. We have a collider, 

let’s use that. 

Question: Dark matter?

Dark matter?

https://wmap.gsfc.nasa.gov/
universe/uni_matter.html 

Us

Dunno 

REALLY 
dunnoOur universe:

https://wmap.gsfc.nasa.gov/universe/uni_matter.html
https://wmap.gsfc.nasa.gov/universe/uni_matter.html


‘-

!19

• R-parity conserving SUSY  
• Won’t cover 

• Hidden sectors 
• Entire “dark” universe, but 

interacts weakly with SM 

• Agnostic / parametric 
solutions 
• Effective field theories (very heavy 

mediator) 
• Simplified models (finite mass 

mediator) 

Question: Dark matter?

Dark matter?

http://inspirehep.net/record/840434?ln=en

http://inspirehep.net/record/1315811
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• R-parity conserving SUSY  
• Won’t cover 

• Hidden sectors 
• Entire “dark” universe, but 

interacts weakly with SM 

• Agnostic / parametric 
solutions 
• Effective field theories (very heavy 

mediator) 
• Simplified models (finite mass 

mediator) 

Question: Dark matter?

Dark matter?

http://inspirehep.net/record/840434?ln=en

http://inspirehep.net/record/1315811

Distinct signatures!
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• Neutrinos are massive 
• That’s not in the SM (i.e., this is BSM) 
• “Simple” to add mathematically, but profound 

implications 

• Not predicted by SUSY, which 
predicts, like, everything 
• Hint that nature has other plans??? 

• Why is this? 
• “See-saw” mechanism?  
• Need colliders to check this!

Question: Neutrino Mass?

Neutrino mass

https://slideplayer.com/slide/7939689/
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• IS predicted by SUSY 

• Strongly limited by proton 
decay 

• More generally: could lepton 
flavor be a “fourth color”? 
• Leptoquarks!

Question: Unification? Unification?
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• Not required, but sometimes 
a consequence of 
unification 

• We know what to do! 
Rutherford / deep inelastic 
scattering!

Question: Compositeness?

Except now we 
use protons 
on protons! https://www.researchgate.net/figure/Inelastic-electron-

scattering-data-versus-Q-2-at-fixed-W_fig6_2041350
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• Hierarchy problem: 
• Somehow bridges gap between EW and 

Planck scales 

• Dark matter 
• Somehow interacts weakly with SM 

particles 

• Neutrino masses 
• Somehow very tiny, but not zero 

• Unification 
• Somehow leptons and quarks talk to 

each other outside of QED 

• Compositeness 
• Somehow fundamental particles are 

made of something else

General Considerations

Several distinct signatures!
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• Why we still need particle physics 
• Exotic physics introduction 
• Search techniques 
• Selected analyses 
• Final thoughts

Outline
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• Can include our “traditional” 
techniques 

• But non-traditional signatures 
require non-traditional 
techniques 

Distinct signatures
Long-lived 
particles

Lorentz-boosted 
particles

Traditional 
techniques

ISR-boosted 
particles
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Tools : Traditional signatures
• Many searches result in signatures similar to the SM 

• Different in the kinematics 

• Still involves traditional jets, leptons, photons, missing pt. 
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• Particles may decay some 
time after collisions 

• Options: 
• Heavy mediator suppresses rate 

• (like                        ) 

• Small mass splittings, restricted 
phase space for decays 

• (like                                          )

Tools : Long-lived particles

⇡ ! µ⌫

KL ! 3⇡,KS ! 2⇡

Applies to:
Dark matter?

Hierarchy problem?
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• Detection techniques: 
• Displaced tracks 
• Signals in calorimeters 

• Sometimes far after 
collision! 

• Disappearing jets 
• Future: Signals far outside 

collision hall!

Tools : Long-lived particles
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• Heavy particle —> W/Z/H/t: 
• can be Lorentz-boosted in lab frame! 

• Reconstruct particles within a single jet: 
substructure

Tools : Lorentz-boosted particles

Applies to:
Dark matter?

Hierarchy problem?
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• Particles that only 
interact weakly will not 
leave a detector signature 
• Neutrinos, dark matter, other 

weird things 

• Only hope: use ISR + 
nothing else to identify 
the event 
• Relies extensively on missing pt

Tools : ISR-boosted particles

Applies to:

Dark matter?
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• Why we still need particle physics 
• Exotic physics introduction 
• Search techniques 
• Selected analyses 
• Final thoughts

Outline
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• Decays to many particles via 
Hawking radiation 

• Signature is a large number of 
particles in the event 

• Search for high summed pt

Search: Thermal Black Holes

arXiv:1512.02586
arXiv:1705.01403

Traditional 
techniques
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• Interpretations: 
• Kaluza-Klein particles (graviton, gluon) 
• Extra gauge bosons 
• Quantum black holes 

• Signature: 
• Di-everything 
• Jets, leptons, photons, W/Z, t, b, H 
• Extensive use of boosted topologies!

Search: Heavy resonances

arXiv:1808.02380 

arXiv:1704.03366

Dilepton + diboson
ttbar

Traditional 
techniques

Lorentz-boosted 
particles

http://arxiv.org/abs/arXiv:1808.02380
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• Interpretations: 
• Vector-like fermions (extra dimensional theories) 

• Signature: 
• Strongly produced heavy quarks to SM quarks 
• Extensive use of boosted topologies

Search: Heavy fermion partners

Traditional 
techniques

Lorentz-boosted 
particles

arXiv:1705.10751

arXiv:1703.06352
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• Interpretations: 
• Dark matter 
• Large extra dimensions 

• Signature:  
• (1 of anything) + missing pt  
• Jet, lepton, gamma, W/Z/H, t, b

Search: Mono-mania

arXiv:1712.02345 

!36

Traditional 
techniquesLorentz-boosted 

particles

ISR-boosted 
particles

arXiv:1704.03848

http://arxiv.org/abs/arXiv:1712.02345
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• Example: mono-jet with 
substructure can be a 
search for lighter 
resonances! 
• No DM candidate, just boost via ISR!

Search: Mono-mania revisited

Lorentz-boosted 
particles

ISR-boosted 
particles

arXiv:1705.10532
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• Interpretation:  
• Unification 
• Explanation for lepton flavor 

violating anomalies in B sector 
• Signature: 

• Leptons and quarks in final state 
• Can be low or high pt final states 

(traditional or boosted)

Search: Leptoquarks

Traditional 
techniques

Lorentz-boosted 
particles

arXiv:1703.03995 
arXiv:1605.06035

http://arxiv.org/abs/arXiv:1703.03995
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• Interpretation: 
• Seesaw mechanism 

• Signature: 
• Similar final state to leptoquarks, so often a two-

for-one deal! 
• Differs in the kinematics

Search: Heavy Neutrinos

arXiv:1703.03995 
+

arXiv:1703.03995 

Traditional 
techniques

Lorentz-boosted 
particles

http://arxiv.org/abs/arXiv:1703.03995
http://arxiv.org/abs/arXiv:1703.03995
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• Interpretation:  
• Compositeness 

• Signatures: 
• Different scattering spectra than elastic 
• Quark + gluon or photon resonances

Search: Compositeness

Traditional 
techniques

arXiv:1703.09127 arXiv:1711.10949 

http://arxiv.org/abs/arXiv:1711.10949
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1
±
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  (tracker + TOF)-18 TeV, 18.8 fb

) = 800 GeV
1
±
χ∼ > 0, m(µ) = 5, β, tan(

1
±
χ∼AMSB 

  (tracker + TOF)-18 TeV, 18.8 fb

) = 1000 GeVg~cloud model R-hadron, m(

  (stopped particle)-18 TeV, 18.6 fb

) = 200 GeV
1
±
χ∼, m(±π + 

1
0
χ∼ → 

1
±
χ∼, 

1
±
χ∼AMSB 

  (disappearing tracks)-18 TeV, 19.5 fb

) = 500 GeV0
1
χ∼) = 1000 GeV, m(q~RPV SUSY, m(

  (displaced dijets)-18 TeV, 18.5 fb

) = 150 GeV0
1
χ∼) = 1000 GeV, m(q~RPV SUSY, m(

  (displaced dijets)-18 TeV, 18.5 fb

) = 250 GeV
1

0
χ∼, m(γ G~ → 

1
0
χ∼GMSB SPS8, 

  (disp. photon timing)-18 TeV, 19.1 fb

) = 250 GeV
1

0
χ∼, m(γ G~ → 

1
0
χ∼GMSB SPS8, 

  (disp. photon conv.)-18 TeV, 19.7 fb

, m(H) = 125 GeV, m(X) = 20 GeVµµ → XX (10%), X →H 

  (displaced leptons)-18 TeV, 20.5 fb

 ee, m(H) = 125 GeV, m(X) = 20 GeV→ XX (10%), X →H 

  (displaced leptons)-18 TeV, 19.6 fb

) = 420 GeVt~ bl, m(→ t~RPV SUSY, 

  (displaced leptons)-18 TeV, 19.7 fb

CMS long-lived particle searches, lifetime exclusions at 95% CL

CMS Exotica Physics Group Summary – ICHEP, 2016!
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Nope.

Once more:
t* → tg S=3/2

t* → tg S=1/2

b* → tW KL=1

b* → tW KR=1

b* → tW k=k=1

t* → tg S=3/2

Observed limit 95%CL (TeV)
0 0.4 0.8 1.2 1.6 2
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Y→ tH c(Wb)=1.0
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0.31 fb



‘-
Model Signature

∫
L dt [fb−1] Lifetime limit Reference

S
U

S
Y

H
ig

g
s

B
R

=
1

0
%

S
ca

la
r

O
th

e
r

RPV χ01 → eeν/eµν/µµν displaced lepton pair 20.3 1504.051627-740 mmχ
0
1

lifetime m(g̃)= 1.3 TeV, m(χ01)= 1.0 TeV

GGM χ01 → ZG̃ displaced vtx + jets 20.3 1504.051626-480 mmχ
0
1

lifetime m(g̃)= 1.1 TeV, m(χ01)= 1.0 TeV

GGM χ01 → ZG̃ displaced dimuon 32.9 CERN-EP-2018-1730.029-18.0 mχ
0
1

lifetime m(g̃)= 1.1 TeV, m(χ01)= 1.0 TeV

GMSB non-pointing or delayed γ 20.3 1409.55420.08-5.4 mχ
0
1

lifetime SPS8 with Λ= 200 TeV

AMSB pp → χ±1χ
0
1,χ

+
1 χ
−
1 disappearing track 20.3 1310.36750.22-3.0 mχ

±
1

lifetime m(χ±1 )= 450 GeV

AMSB pp → χ±1χ
0
1,χ

+
1 χ
−
1 disappearing track 36.1 1712.021180.057-1.53 mχ

±
1

lifetime m(χ±1 )= 450 GeV

AMSB pp → χ±1χ
0
1,χ

+
1 χ
−
1 large pixel dE/dx 18.4 1506.053321.31-9.0 mχ

±
1

lifetime m(χ±1 )= 450 GeV

Stealth SUSY 2 ID/MS vertices 19.5 1504.036340.12-90.6 mS̃ lifetime m(g̃)= 500 GeV

Split SUSY large pixel dE/dx 36.1 CERN-EP-2018-198> 0.9 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ01)= 100 GeV

Split SUSY displaced vtx + Emiss
T 32.8 1710.049010.03-13.2 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ01)= 100 GeV

Split SUSY 0 ℓ, 2 − 6 jets +Emiss
T 36.1 ATLAS-CONF-2018-0030.0-2.1 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ01)= 100 GeV

H → s s 2 low-EMF trackless jets 20.3 1501.040200.41-7.57 ms lifetime m(s)= 25 GeV

H → s s 2 ID/MS vertices 19.5 1504.036340.31-25.4 ms lifetime m(s)= 25 GeV

FRVZ H → 2γd + X 2 e−,µ−jets 20.3 1511.055420-3 mmγd lifetime m(γd )= 400 MeV

FRVZ H → 2γd + X 2 e−, µ−,π−jets 3.4 ATLAS-CONF-2016-0420.022-1.113 mγd lifetime m(γd )= 400 MeV

FRVZ H → 4γd + X 2 e−, µ−,π−jets 3.4 ATLAS-CONF-2016-0420.038-1.63 mγd lifetime m(γd )= 400 MeV

H → ZdZd displaced dimuon 32.9 CERN-EP-2018-1730.009-24.0 mZd lifetime m(Zd )= 40 GeV

VH with H → ss → bbbb 1 − 2ℓ + multi-b-jets 36.1 1806.073550-3 mms lifetime B(H → ss)= 1, m(s)= 60 GeV

Φ(300 GeV)→ s s 2 low-EMF trackless jets 20.3 1501.040200.29-7.9 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(300 GeV)→ s s 2 ID/MS vertices 19.5 1504.036340.19-31.9 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(600 GeV)→ s s 2 low-EMF trackless jets 3.2 ATLAS-CONF-2016-1030.09-2.7 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(900 GeV)→ s s 2 low-EMF trackless jets 20.3 1501.040200.15-4.1 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(900 GeV)→ s s 2 ID/MS vertices 19.5 1504.036340.11-18.3 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(1 TeV)→ s s 2 low-EMF trackless jets 3.2 ATLAS-CONF-2016-1030.78-16.0 ms lifetime σ × B= 1 pb, m(s)= 400 GeV

HV Z ′(1 TeV)→ qvqv 2 ID/MS vertices 20.3 1504.036340.1-4.9 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

HV Z ′(2 TeV)→ qvqv 2 ID/MS vertices 20.3 1504.036340.1-10.1 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

cτ [m]0.01 0.1 1 10 100

√
s = 8 TeV

√
s = 13 TeV

ATLAS Long-lived Particle Searches* - 95% CL Exclusion
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 36.1) fb−1

√
s = 8, 13 TeV

*Only a selection of the available lifetime limits on new states is shown. (γβ = 1)

Model ℓ, γ Jets† Emiss
T
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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 CERN-EP-2018-1792.3 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 − − 36.1 1707.024244.5 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 79.8 ATLAS-CONF-2018-0175.6 TeVW′ mass

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

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 79.8 gV = 3 ATLAS-CONF-2018-0164.15 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

LRSM W ′
R
→ tb multi-channel 36.1 CERN-EP-2018-1423.25 TeVW′ 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 CERN-EP-2018-1742.57 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 LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.34 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 CERN-EP-2018-1711.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 3.2 B(Y →Wb)= 1, c(YWb)= 1/
√
2 ATLAS-CONF-2016-0721.44 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 − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 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 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 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

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 79.8) 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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Once more:
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• Why we still need particle physics 
• Exotic physics introduction 
• Search techniques 
• Selected analyses 
• Final thoughts

Outline
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• Nothing conclusive yet 
• Hints abound in lepton sector (nu masses, LFV) 
• Dark matter is still there 
• Have to study the Higgs in detail 

• Three possibilities:

What’s next?

or

Hidden

Heavy
Nothing new or
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Perspective

Styles of 2017

Flying car 
(Delorean)

“Mr. Fusion” cold fusion reactor

1985 View of “The Future” (2017):

Multiple wristwatches… only tells time!
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Next run of LHC:  
• Are we still looking for “Mr. 

Fusion” and flying cars? 
(extrapolation of present ideas 
of “the future”)  

• There is nothing but our 
personal bias to motivate this, 
but nature does not care 

• Or, is there a new deeper 
understanding we need to 
uncover?

Perspective

A man said to the universe:  
“Sir, I exist!” 
“However,” replied the universe, 
“The fact has not created in me  
A sense of obligation.” 
– Stephen Crane
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• Dark matter is unknown… 
• Probably non-negotiable. This is almost certainly a particle. 

• Higgs + QM is extremely weird… 
• Problem with nature, or problem with us? 

• Lepton sector questions are very puzzling… 
• “Who ordered THAT!?!” …I. I. Rabi, after discovery of the 

muon 
• 80 years later, still full of surprises

My personal take

All need further investigation  
from particle physics! 

Future colliders a necessity!
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• Hot off the press! 15-Jan-2019! 
• Future Circular Collider (FCC) 

Conceptual Design Report (CDR) 
• https://fcc-cdr.web.cern.ch 

CERN’s take

https://fcc-cdr.web.cern.ch
https://youtu.be/t0ou50ado_4
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• LHC tunnel (27 km) 
• Timeline: driven by accelerator R+D 
• HE-LHC : 27 TeV  
• 7B CHF 

• New tunnel (100 km) 
• FCC-ee :  

• Timeline: 2040 
• scan Z—>WW—>H—>ttbar  
• 10B CHF 

• FCC-hh :  
• Timeline: 2050 
• 100 TeV pp 
• 15B CHF

FCC CDR tl;dr
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• Aside from colliders, need BIGGER 
detectors! 
• Put detectors far from interaction 
• MATHUSLA / FASER 

New directions
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• Plethora of open questions in particle 
physics 

• Nearly guaranteed that we don’t have 
the full picture 

• LHC and future colliders are an 
important part of the scientific puzzle 
facing humanity

Summary

Fin
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• pp collider in Geneva, 
Switzerland and 
surrounding areas in 
France 

• 27 km circumference 
• 50-175 m underground 
• Restarted May 23rd 
• Ecom = 13 TeV  
• Expect L > 1.7e34 / cm2-s 
• Plan on O(50) fb-1 

integrated lumi this year

The Large Hadron Collider
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CMS
(3.8T) 210 m2 of silicon sensors: 

9.6M (Str) & 66M (Pix) 
channels

PbWO4 crystals (76K)

Scintillator/brass

Iron / Quartz fiber fwd 
calorimeter, 3<|η|<5;  

       + Castor,    
       5<|η|<6.55 

+ Zero Degree 
Calorimeter

Cathode Strip 
Chambers,  
Drift Tubes, 
Resistive Plates

2 planes of silicon 
modules for ECAL
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Tools : Boosted hadronic jets

m2 ⇡ E2(1� cos(✓12))

cos(✓12) ⇡ 1� m2

E2
⇡ 1� 1

�

✓12 ⇡ 2m

E
=

2

�

Assume E1=E2 = E/2

Traditional jet clustering fixes 
theta, so is a de-facto a MAXIMUM 

energy selection (bad): 
Need substructure!

2


