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Introduction / Motivation     

● New particles will either be
– Prompt decays

– Semi-stable, decay in detector

– Detector stable, decay outside the detector
(or get stopped in the detector and decay later)

● Must ensure sensitivity 
to detector-stable case

● Very well-motivated
– NLSP → LSP with small Δm

● Lots of pMSSM points there!

– Split / mini-split SUSY

● mH=125 GeV → 10-100 TeV squarks
● Off-shell gluino decay through 

heavy squarks → long lifetime!
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Benchmark Scenarios

● 1) Colored (gluino, stop, sbottom, ...)
– Pair-produced via strong-interaction or Drell-Yan

– Hadronizes into “R-hadron”

– Electrically charged or neutral at production

– Charge exchange through nuclear interactions 
with detector material

– “Generic, Regge, or Intermediate” benchmark 
R-hadron spectra / interaction models

● 2) Not colored, but electrically charged (stau, 
chargino, …)

– Pair-produced via Drell-Yan

– Always charged, escapes the detector like a 
“heavy muon”
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R-hadron: Previous Searches / Limits

● LHC 8 TeV has best sensitivity so far...
● Complicated signatures, model-dependent:

– Become neutral in detector

● Inner-track only + calorimeter timing
● Inner-track only (use dE/dx only)

– Start neutral, get charged in calorimeter

● Muon-track only 

● m(stop/sbottom)>~800 GeV
m(gluino)>~1200 GeV

ATLAS-CONF-2012-075
CMS PAS EXO-12-026
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R-hadron: Future Proton Collider Reach

● Luminosity doesn't buy much...
– Cross-section falls fast!

– S/sqrt(B) → sqrt(L)

– Gluino R-hadron:

● 8 TeV 30/fb: 1.3 TeV
● 8 TeV 300/fb: 1.5 TeV
● 8 TeV 3000/fb: 1.7 TeV

● But CM energy is nice!
– S and B both scale ~linearly

– Gluino R-hadron:

● 14 TeV 300/fb: 2.8 TeV
● 14 TeV 3000/fb: 3.3 TeV
● 33 TeV 3000/fb: 7 TeV?
● 100 TeV 3000/fb: 20 TeV?

● Squark: ~2/3 of gluino reach

300/fb

3000/fb

http://www.snowmass2013.org/tiki-index.php?page=EF+Facilities+List

http://www.snowmass2013.org/tiki-index.php?page=EF+Facilities+List
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R-hadron: Future Lepton-Collider Reach

● Look at LEP searches...

● Not easy to make gluinos
– Have to make quarks first!

– Sensitive up to ~CM/4

● But can produce squarks
via Drell-Yan up to ~CM/2

http://arxiv.org/pdf/hep-ex/0303024v1.pdf
http://arxiv.org/pdf/hep-ex/0305071v1.pdf

m(gluino)>~20 GeV

m(squark)>~90 GeV

http://arxiv.org/pdf/hep-ex/0303024v1.pdf
http://arxiv.org/pdf/hep-ex/0305071v1.pdf
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Heavy-muon: Previous Searches / Limits
● LHC 8 TeV has best sensitivity so far...

– High-pT, isolated track

– Measure velocity of track via

● dE/dx (inverting Bethe-Block)
(measured best in silicon)

● Precise timing
(measured in calorimeters and
 muon systems)

– Background: mis-measured leptons

– m(stau)>~340 GeV

● LEP was sensitive to
long-lived charged 
particles up to ~CM/2

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-058/
http://lepsusy.web.cern.ch/lepsusy/www/gmsb_summer02/lepgmsb.html

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-058/
http://lepsusy.web.cern.ch/lepsusy/www/gmsb_summer02/lepgmsb.html
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Heavy Muon: Future Collider Reach

● Proton colliders:
– S/sqrt(B) → sqrt(L)

– S and B both scale ~linearly with CM

– Heavy-muon reach:

● 8 TeV 30/fb: 350 GeV
● 8 TeV 300/fb: 425 GeV
● 8 TeV 3000/fb: 500 GeV
● 14 TeV 300/fb: 700 GeV
● 14 TeV 3000/fb: 850 GeV
● 33 TeV 3000/fb: 2 TeV?
● 100 TeV 3000/fb: 6 TeV?

● Lepton colliders:
– Heavy-muon reach ~CM/2:

● ILC e+e- 1 TeV: 500 GeV
● Muon collider 4 TeV: 2 TeV

300/fb

3000/fb
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Summary: Estimated Mass Reach

                        Mass (GeV)

Gluino

Stop / Sbottom

Stau / Chargino

LHC 14 300/fb
LHC 14 3000/fb

LHC 33 3000/fb
ILC 1

Muon 4 TeV

LHC 8 30/fb

1000 2000

LHC 14 300/fb
LHC 14 3000/fb

LHC 33 3000/fb
ILC 1 TeV

Muon 4 TeV

LHC 8 30/fb

LHC 14 300
LHC 14 3000

LHC 33 3000/fb
ILC 1 TeV

Muon 4 TeV

LHC 8

1.3 TeV

2.8 TeV

3.3 TeV

3000

7 TeV?250 GeV

1 TeV

850 GeV

1.9 TeV

2.2 TeV

4.5 TeV?500 GeV

2 TeV

500 GeV

2 TeV

350 GeV

700 GeV

850 GeV

2 TeV ?
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Conclusions

● Detector-stable particles are a highly-motivated BSM target
– R-hadrons (gluino, stop, sbottom, …)

– Heavy-muon (stau, chargino, …)

● Distinct signature, low backgrounds

● R-hadrons:
– pp colliders are more sensitive than lepton colliders

● Large production xs, higher energy

– Go for as high-energy a pp collider as possible

● Heavy-muons:
– pp colliders again more sensitive in general

● However, 4 TeV lepton (muon?) collider is comparable to LHC 33 3000/fb

– Go for either a high-energy pp or lepton collider
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