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Why SUSY? A solution to three problems
In the SM the Higgs mass is proportional to the 
energy scale at which the theory breaks

We measured the Higgs mass to be 125 GeV

SUSY is the mechanism by which the Higgs stay 
light without (a large) tuning, canceling each 
fermion quantum correction by its boson equivalent

But SUSY can do much more:
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Provides a Dark Matter 
candidate (adding R-parity) 
and MET signatures at 
colliders

Gives unification of QCD and 
EW forces
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Legacy of 7 TeV Run
The ballpark of what we could discover was gone quite quickly

The Higgs was found
We turned our attention to some special kind of SUSY
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5 fb -1 @7 TeV 20 fb-1 @8 TeV



If we accept that SUSY solves 1/3 (or 2/3) of our problems, 
SUSY signatures @colliders change drastically

And we are extensively looking for any direction ...

New Scenarios
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NaturalnessMultiverse

Something    Else?

Natural SUSY 
(squarks,sbottom,higgsinos)

RPV models 
(no MET)

...

Split SUSY 
(long-living gluinos+ 
compressed ewikinos)

...

???



Natural SUSY Searches
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Natural SUSY
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- We found the Higgs and it’s light
- We would like to stabilize its mass because we are not comfortable
  with large cancellations
- We don’t “need” all the SUSY spectrum. The minimal spectrum to 
  stabilize the Higgs was not probed by experiments yet
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Natural SUSY with 8 TeV data
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Larger cross section
4b quarks in the final state, with or 
w/o leptons
More handles for bkg discrimination
Gluinos might be too heavy for these 
searches to be effective 

Smaller cross section
Final state similar to tt in the bulk 
of the parameter space
Reduced bkg discrimination power
Only handle if gluino heavy

~g

~χ0

~b
~t

b t

~g

~χ0
~b

~t

b t

b t

Gluino-mediated searches

Direct squark searches



Natural SUSY with 8 TeV data
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Lesson From Stop/Sbottom Searches
What we really need is a light stop

The current stop searches have three blind 
spots

As long as the gluino is kinematically accessible 
@LHC, these blind spots are covered to some 
extent

If not, direct stop/sbottom searches are the 
most powerful probe (but other ways possible 
with more light sparticles)

Gluinos are pushed > 1300 GeV and the stop in 
one of the blind spots, for natural SUSY to 
survive 8 TeV data

The main impact of 13 TeV run is the extension 
of the gluino reach
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high-mass frontier

stealth SUSY

compressed spectrum
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Gluino-Gluino Searches
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28 Lepton-Photon, 24–29 June, 2013  Andreas Hoecker — Searches for Supersymmetry at Colliders  

Searches for “Natural” SUSY scenarios 

Lightest squarks are stop/sbottom, gluinos possibly too heavy, gauginos accessible ? 

In particular direct stop and chargino/neutralino production 
require dedicated analyses covering all possible decay modes 

Direct b/t pair production 
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Spectacular events with 4 b-
quarks and/or multileptons (or 
2 leptons of same charge) + 
additional jets and MET in 
finals state 

Direct stop production has small cross section  

Events resemble that of top-pair production 

four%W%and%mul,-bjet%signature%

Didar'Dobur'(U.'Florida)' 2'LHCP,'May'2013'

Spectacular%signature%to%look%for%new%physics!%%

Examples%in%supersymmetry:%

single7
lepton'

di7lepton'Tri7lepton'

07
le
pt
on

'

47lepton'

47W'branching'frac5on'
• '07lepton:'large%BR(20%),%12%jets!%'
• 'single7lepton:%largest%BR(40%)%but%large%JBar/WJets%
background!%%

• 'OS'di7lepton:'20%%BR,%large%JBar%background'
• 'SS'di7lepton:'10%%BR,%low%background'
• 'mul57lepton:'10%%BR,%very%low%background!'

4b+MET final state is fully hadronic with 
large bjet multiplicity (wrt SM 
backgrounds) 

4t +MET final state quite unique at the 
LHC: several final states with different 
lepton and jet multiplicities

Other possibilities (3b+1t, 2b+2t, 1b+3t) 
are between these two extremes

Could produce same-sign dilepton (low 
bkg search)

Ideal territory for inclusive searches 
combining 0l and 1l final states



Search Strategy
The main ingredient to the search is a 
kinematic plane. 

The background on the tail is measured 
from the core, using transfer factors from 
MC

The searches are repeated for different 
final states

Searching for specific signals (e.g. stop 
production) advanced techniques (e.g. BDT) 
could be used 
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A measurement of the event energy (HT, Meff, MR)
A measurement of the unbalancing (MET,αT,MT2,R)

number of jets
number of btags
number of leptons

Meff

mT
1l sample

W+jet/tt+jets

signal region

0l sample

Meff

W+jet/tt+jets

SUSY

Nevents

≥3b sample
2b sample

1b sample
0b sample



SS dilepton
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Low Background to many searches

Sensitive to many SUSY decay chains

Optimal for natural SUSY

Rare decays (ttW, ttZ, etc) from MC
Charge MisID (no muon) from data
“Fake” leptons from b decays (from data)

Same-sign leptons whenever 3W or 4W appear in 
the final states (long squark cascades)

Loose kinematic cuts 
(complementary to other searches)
Enhance sensitivity with b-tag 
requirements
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Figure 4: Diagrams for the six SUSY models considered (A1, A2, B1, B2 and C1, RPV).

decay chains under consideration are shown schematically in Fig. 4.

Scenarios A1 and A2 represent models of gluino pair production resulting in the ttttec0
1 ec0

1 final
state, where ec0

1 is the lightest neutralino [32, 39–42]. In model A1, the gluino undergoes a three-
body decay eg ! ttec0

1 mediated by an off-shell top squark. In model A2, the gluino decays to
a top quark and and an anti-top squark, with the on-shell anti-squark further decaying into an
anti-top quark and a neutralino. Both of these models produce four on-shell W bosons and four
b quarks. Therefore, these models can be probed with search regions SR21–SR28 where at least
two b-tagged jets and high-pT leptons are required, the region with the best sensitivity is SR28.
The 95% CL upper limits on the cross section times branching ratio, as well as the exclusion
contours, are shown in Figure 5. For model A1 these are presented as a function of gluino mass
and ec0

1 mass and for model A2 as a function of gluino mass and stop mass for ec0
1 mass set to

50 GeV.

Model B1 is a model of bottom-squark pair production, followed by one of the most likely
decay modes of the bottom squark, eb1 ! tec�

1 and ec�
1 ! W� ec0

1. We consider three scenarios
in this decay mode. We either fix the ec0

1 mass at 50 GeV and present the limits in the meb1
-

mec±
1

plane, or use meb1
-mec0

1
plane with variable mass of mec±

1
using the equation mec±

1
= xmec0

1
+

(1� x)meb1
with x=0.5 or x=0.8. The value of x determines whether the top and W are produced

on- or off-shell. The limits on this model, obtained using search regions SR11 to SR28, are
presented in Figure 6. For the x=0.8 scenario the low-pT lepton selection is used, while high-pT
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Figure 4: Diagrams for the six SUSY models considered (A1, A2, B1, B2 and C1, RPV).
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decay chains under consideration are shown schematically in Fig. 4.
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two b-tagged jets and high-pT leptons are required, the region with the best sensitivity is SR28.
The 95% CL upper limits on the cross section times branching ratio, as well as the exclusion
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SS dilepton
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Three sets of signal regions, two for the 0-lepton channel and one for the 1-lepton channel,
are defined to enhance the sensitivity to the various models considered. They are characterised
by having relatively hard Emiss

T

requirements and at least four (SR-0l-4j), six (SR-1l-6j) or seven
(SR-0l-7j) jets, amongst which at least three are b-tagged jets. They are further classified as
A/B/C depending on the thresholds applied to the various variables defined above. Addi-
tional validation regions (VR) with low expected signal contribution are used to verify the
background predictions. The requirements that characterise all validation and signal regions
are summarised in Tables 1 and 2 for the 0- and 1-lepton channels, respectively.

baseline selection: baseline lepton veto, p j
1

T > 90 GeV, Emiss

T

> 150 GeV, � 4 jets with pT > 30 GeV,

Df 4 j
min

> 0.5, Emiss

T

/m4j

eff

> 0.2, � 3 b-jets with pT > 30 GeV

0-` region N jets pT jets [GeV] Emiss

T

[GeV] m
eff

[GeV] Emiss

T

/
q

H4j

T

[GeV
1

2 ]

VR-0l-4j-A � 4 > 30 > 150 - < 16

VR-0l-4j-B � 4 > 50 > 150 m4j

eff

< 1000 -

VR-0l-7j-A � 7 > 30 > 150 mincl

eff

< 1000 -

VR-0l-7j-B � 7 > 30 150 < Emiss

T

< 350 mincl

eff

< 1500 -

SR-0l-4j-A � 4 > 30 > 200 m4j

eff

> 1000 > 16

SR-0l-4j-B � 4 > 50 > 350 m4j

eff

> 1100 -

SR-0l-4j-C � 4 > 50 > 250 m4j

eff

> 1300 -

SR-0l-7j-A � 7 > 30 > 200 mincl

eff

> 1000 -

SR-0l-7j-B � 7 > 30 > 350 mincl

eff

> 1000 -

SR-0l-7j-C � 7 > 30 > 250 mincl

eff

> 1500 -

Table 1: Definition of all validation and signal regions used in the 0-lepton analysis, based on
the number of jets with p

T

> 30 GeV or p
T

> 50 GeV, the jets and b-jets p
T

thresholds, the missing
transverse momentum, the effective mass, and the missing transverse momentum significance.

baseline selection: > 1 signal lepton (e,µ), p j
1

T > 90 GeV, Emiss

T

> 150 GeV,

� 4 jets with pT > 30 GeV, � 3 b-jets with pT > 30 GeV

1-` region N jets Emiss

T

[GeV] m
T

[GeV] mincl

eff

[GeV] Emiss

T

/
q

H incl

T

[GeV
1

2 ]

VR-1l-4j � 4 > 150 > 100 - -

VR-1l-6j � 6 > 150 100 < m
T

< 140 > 600 > 5

SR-1l-6j-A � 6 > 175 > 140 > 700 > 5

SR-1l-6j-B � 6 > 225 > 140 > 800 > 5

SR-1l-6j-C � 6 > 275 > 160 > 900 > 5

Table 2: Definition of all validation and signal regions used in the 1-lepton analysis, based on
the number of jets with p

T

> 30 GeV, the missing transverse momentum, the transverse mass,
the effective mass and the missing transverse momentum significance.
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Select events with >=3bjets

Search Based on Meff and MET

Several search regions depending on njets
Different final states combined: 0ℓ or 

≥1ℓ (e or μ) to get extra sensitivity

Bkg from tt+jets (data driven estimate) and rare processes (MC)
Textbook example of the search strategy described before
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Razor Inclusive Search
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Suppress QCD cutting 
on R & exploit peaking 
behavior of MR (SUSY 
search as a 
“resonance” search)

 Combine searches in 
different final states: 
overall result is 
inclusive 

Use b-tag multiplicity 
to enhance the 
sensitivity to natural 
SUSY models 

Determine the bkg 
with a sideband shape 
fit+extrapolation

SM bkg

~~        ~gg→4b+2Χ0

Search using the Razor variables 

26 Aug 2013 J. Thompson, Cornell 14 

 “Razor” kinematic variables: 

CMS PAS SUS-13-004 

and 

where 

SM Background Signal: mgluino = 1325 GeV, mLSP=50 GeV 

Signal 
has tail at 
high R2 

MR peaks at ~ 

 Variables are defined in terms of a dijet topology 
 For higher jet multiplicity, cluster jets into two “megajets” 

C. Rogan, arXiv:1006.2727 

Search using the Razor variables 

26 Aug 2013 J. Thompson, Cornell 14 

 “Razor” kinematic variables: 

CMS PAS SUS-13-004 

and 

where 

SM Background Signal: mgluino = 1325 GeV, mLSP=50 GeV 

Signal 
has tail at 
high R2 

MR peaks at ~ 

 Variables are defined in terms of a dijet topology 
 For higher jet multiplicity, cluster jets into two “megajets” 

C. Rogan, arXiv:1006.2727 

R=

Javier Duarte
Caltech

2013 Box Definitions
and Triggers
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Razor Inclusive Search
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Nbkg

P(
N b

kg
)

Nobserved

The extrapolated background prediction is compared to data to evaluate 
the agreement (given in standard deviations)

The projections on MR and R2 show now discrepancy. A signal would 
emerge as a peak in MR, more significant at large R2

DATA SIG+BKG 
MC

CMS PAS SUS-13-004



Gluino-Gluino Limits
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Gluino-Gluino Limits
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What does it mean for Stop?
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- Through the gluinos we can extend 
  the sensitivity to the blind spot
- This assumes that the gluino is 
  accessible @ LHC
- This will be a must for naturalness 
  only with the next run
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Lesson From Stop/Sbottom/Gluino Searches
What we really need is a light stop

The current stop searches have three blind 
spots

As long as the gluino is kinematically accessible 
@LHC, these blind spots are covered to some 
extent

If not, direct stop/sbottom searches are the 
most powerful probe (but other ways possible 
with more light sparticles)

Gluinos are pushed > 1300 GeV and the stop in 
one of the blind spots, for natural SUSY to 
survive 8 TeV data

The main impact of 13 TeV run is the extension 
of the gluino reach

20
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Sleptons/EWino searches

21

Searches shown so far 
concentrate on the production 
of colored sparticles (higher 
xsec vs jet background)

An intense program to search 
for slepton/chargino/neutralino 
searches

The common denominator is 
multi-lepton events

Could happen in conjunction 
with H decays (H-tagging for 
SUSY searches

 WGσLPCC SUSY 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1206.2892
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The EWino Limits
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- Limits relaxed to 200-300 GeV 
  when decay via W/Z
- No limit in this case if 
  LSP heavier than 100 GeV

Stringent bounds for EWkinos decaying 
via a slepton (harder lepton spectrum)!2 !1
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Exploit multi-lepton signatures (including 
leptons from other ewikino

SS dilepton rare in the SM (low bkg)

For WW→jjνℓ use Mljj to search for a peak

Higgs-tag for SUSY searches

23

Select events with two 
bjets. Use mbb to select 
Higgs-compatible pairs

Suppress the SM bkg 
cutting on kinematic 
variables (MET, MT, MCT)

6 5 Search in the same-sign dilepton final state
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Figure 2: The distributions of Mbb for the signal regions with (a) Emiss
T > 100 GeV, (b) Emiss

T >
125 GeV, (c) Emiss

T > 150 GeV, and (d) Emiss
T > 175 GeV. The data are compared to the sum of the

expected backgrounds. Three sample signal model points are also indicated, stacked on top of
the SM background. The uncertainty band includes the statistical and systematic uncertainty
on the background prediction.

Events with SS leptons, jets, and moderate Emiss
T are selected. Backgrounds with fake leptons185

and electrons with mismeasured charge are estimated from control regions in data, while back-186

grounds from muons with mismeasured charge are negligible. Here, fake lepton can refer to187

a lepton from a heavy flavor decay, decay-in-flight, or a misidentified jet. Additional back-188

grounds from a variety of SM processes with genuine SS leptons are estimated from simula-189

tion. Processes yielding a real same-sign lepton pair account for slightly more than half of the190

expected background, with the remainder from processes containing a fake electron or muon.191

The background from processes containing an electron with mis-reconstructed charge is very192

small.193

The most sensitive variable for this search, M`jj, attempts to reconstruct the Higgs boson mass194

from the W daughters by taking the invariant mass of the lepton-dijet system formed by the195

two highest pT jets and the lepton closest to the dijet axis. The signal would present itself as196

H→bb

H→WW/ZZ/ττ
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Hunting in the corners
Compressed Spectra

RPV models

Split SUSY

24

- The decay products of the produced sparticles are too soft to be detected
- Could trigger the events only through associated jet production (e.g. monojet, 
  talk by K.Black)
- For very compressed spectra, the decay products could become long living 
  (e.g. ewikinos)

- searches for leptonic RPV in place since the beginning of the run
- hadronic RPV more challenging (no MET to kill SM bkgs) but not impossible 
  (can use the resonance peak)
- MFV SUSY offers special opportunities (bjet excess). Some bound from existing 
  searches (e.g. 3l+b or 2l+b). More to come

- the accessible sparticles are the gluino and the ewkino sector
- Even in this case, one would need associated jet production
- Even in this case, should look for displaced jets (long-living gluino)



Long-Living Particles

25



LLP & Split SUSY

26

Split SUSY predicts a large mass gap between 
fermion (light) and scalar (heavy) sparticles

The gluino travels through the detector  as a R-
hadron  (hadronizing or interacting with the 
material), with or without electric charge

We expect a slow particles traveling across the 
detector

Could start charged and become neutral (or vice 
versa) or stay charged all the way through 
(depending on what the gluon picks when 
hadronizing)

Gluinos in split SUSY are only an example of a more 
general signature (LL sleptons, LL neutralinos in RPV, 
etc)

O(100 TeV)

~g _
q

q

~g

~!0

~  ~!0 !+

~q
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suppressed by squark 
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Long-living particles

27

Long-living particles are detected measuring the 
ionization, the time of flight, and the momentum

Different parts of the detector are used, together (to 
improve the precision) or individually (to be sensitive 
to different NP scenarios): 

24 Lepton-Photon, 24–29 June, 2013  Andreas Hoecker — Searches for Supersymmetry at Colliders  

Inclusive searches for squark and gluino production 

GMSB models (and others) can also lead to massive long-lived particles (LLP) 

Most recent ATLAS reference (8 TeV): ATLAS-CONF-2013-058 Most recent CMS reference (8 TeV): 1305.0491 
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Two long-lived slepton candidates 

Massive long-lived particles are searched for by ATLAS and CMS via time-of-flight, specific 
ionisation loss, and momentum measurements 

Subsystems used: silicon trackers (βγ), calorimeters (β — ATLAS only), muon systems (β) 

Various combinations of subsystems to catch different possible natures of long-lived particles 

tracker /  calorimeter  / muon system
(ATLAS only)

CMS PAS EXO-12-026ATLAS-CONF-2013-058

http://cds.cern.ch/record/1557775
http://cds.cern.ch/record/1557775


Long-living particles
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25 Lepton-Photon, 24–29 June, 2013  Andreas Hoecker — Searches for Supersymmetry at Colliders  

Inclusive searches for squark and gluino production 

LLPs may reach the inner tracker only, or penetrate the entire detector 

Most recent ATLAS reference (8 TeV): ATLAS-CONF-2013-058 Most recent CMS reference (8 TeV): 1305.0491 
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Strong limits on staus, stable gluino & stop R-hadrons in direct production 

Cross section limit for direct τ pair production ~ 
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Stopping Tracks
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Figure 3: The efficiency for decaying charginos with the disappearing-track selection. Vertical and
horizontal axes are the radius and η of the decay, respectively. Sensitive layers and areas of the pixel,
SCT and TRT detectors are also indicated in the figure.

Selection requirement Observed events Expected signal events (efficiency [%])
Quality requirements and trigger 20479553 1873 (8.8)

Jet cleaning 18627508 1867 (8.8)
Lepton veto 12485944 1827 (8.6)

Leading jet pT > 90 GeV 10308840 1571 (7.4)
Emiss

T > 90 GeV 6113773 1484 (7.0)

∆φ
jet−Emiss

T
min > 1.5 5604087 1444 (6.8)

High-pT isolated track selection 34379 21.9 (0.10)
Disappearing-track selection 3256 18.4 (0.087)

Table 1: Summary of selection requirements and data reduction for data and expected signal events
(mχ̃±1 = 200 GeV, τχ̃±1 = 0.2 ns). The signal selection efficiencies are also shown in parentheses. Signal
efficiencies are low at the first stage due to the trigger based on initial state radiation.

MC simulation. Each of the three types of background tracks shows a distinctive pT spectrum; a simulta-
neous fit is performed for signal and background yields using the observed pT spectrum and templates of
background-track pT spectra produced from dedicated control data samples. The pT spectra of the first
two background types are obtained in the same way as in Ref. [8].

5.1 Interacting hadron tracks

Charged hadrons, mostly charged pions, can interact with material in the ID and their tracks can be
misidentified as disappearing tracks. The pT shape of interacting hadron tracks is obtained from that of
non-interacting hadron tracks. In the pT range above 15 GeV, where inelastic interactions dominate, the
interaction rate has nearly no pT-dependence [25]. By adopting the same kinematic selection criteria
as those for the signal and ensuring a penetration through the TRT detector by requiring NTRT > 25,
a data sample of non-interacting hadron tracks is obtained. A pure control data sample is ensured by
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Figure 4: pT distributions of disappearing tracks with impact parameter ranges |d0| < 0.1 mm and
1 mm < |d0| < 10 mm in the multijet-enriched data sample, normalized to unity. The ratio between
the two distributions is also shown at the bottom of the figure. The error bars and band in the ratio plot
indicate the statistical uncertainties of each sample.

6 Estimate of systematic uncertainties

The sources of systematic uncertainty on the signal expectation are the following: the theoretical cross-
section, parton radiation model, jet energy scale (JES) and resolution (JER), trigger efficiency, pile-
up modeling, track reconstruction efficiency, and the integrated luminosity. The contributions of each
systematic uncertainty in the signal yield are summarized in Table 2 for two reference signal samples.

Theoretical uncertainties on the signal cross-section, already described in Section 3, range from 6%
to 8% depending on mχ̃±1 . The uncertainties on the modeling of high-pT jets, originating from initial- and
final-state radiation, are estimated by varying generator tunes in the simulation as well as by generator-
level studies carried out on samples produced with an additional jet in the matrix-element method using
MadGraph5 [26] and Pythia6 [27]. By adopting PDF tunes that provide less and more radiation and tak-
ing the maximum deviation from the nominal tune, the uncertainty due to jet radiation is evaluated. The
uncertainty arising from the matching of matrix elements with parton showers is evaluated by varying
the default value of the matching parameter [28] up and down by a factor of 2. The resulting changes
are combined in quadrature and yield an uncertainty of 10–17% depending on mχ̃±1 . The uncertainties
on the JES and JER result in a variation of the signal selection efficiency which is assessed according to
Ref. [21], and an uncertainty of 3–6% is assigned. An uncertainty due to the trigger efficiency is esti-
mated to be 4.5% by taking the difference between data and MC in a W → µν sample. The uncertainty
originating from the pile-up modeling in the simulation is evaluated by weighting simulated samples so
that the average number of pile-up interactions is varied by ± 10%, which yields a 0.5% uncertainty on
the signal efficiency. The ID material affects the track reconstruction efficiency. An uncertainty of 2% is
assigned from Ref. [29] to take into account differences in the tracking efficiency between data and MC
related to the detector material description in the simulation. The uncertainty on the integrated luminosity

8

ATLAS-CONF-2013-069Look for events with tracks dying 
in the inner detector (upper cut 
on TRT hits), recoiling vs ISR jet

Three main bkg sources, measured 
with data control samples

control sample

signal 
region

http://cds.cern.ch/record/1557775
http://cds.cern.ch/record/1557775
http://cds.cern.ch/record/1557775
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http://cds.cern.ch/record/1557775
http://cds.cern.ch/record/1557775
http://cds.cern.ch/record/1557775
http://cds.cern.ch/record/1557775
http://cds.cern.ch/record/1557775
http://cds.cern.ch/record/1557775
http://cds.cern.ch/record/1557775
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W and Z physics — differential measurements!
Large statistics allows precise tests of generators/theory, PDFs and bkg to searches 

Measurement 
of Z + jets 
production 
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Satisfying 
agreement 
for multileg 
generators.  

Improved for 
MEnloPS.  

Insufficient 
jet emission 
for MC@NLO   
+ PS (Herwig) 

ATLAS 1304.7098 

Aside: Treatment of ISR!
•  Signal efficiency in the small ΔM region depends on ISR!
•  Validate with data/MC comparisons in Z+jets and tt samples!

–  Different initial state partons 
 consistent results!

May 28th, 2013! LHC Seminar! 31 
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Z boost! tt boost!

•  CMS tuning of madgraph MC tends to overestimate ISR � 
extract corrections and reweight the signal MC events!
–  Now standard in CMS SUSY analyses!

pT(��) [GeV]! pT(jet system) [GeV]!

Inclusive Z Sample! Inclusive tt Sample! Z+jets

LO ME+PS generators model the 
associated jet production in a fair way

The study of SM processes (e.g. V+jets or tt+jets):
- make us confident that we control the signal 
  efficiency for monojet-like signatures
- provide us with a measurement of the 
  systematic error (and a MC weight) to correct 
  the signal Monte Carlo

Relevant for inclusive 
searches and searches 

with dedicated ISR 
selection
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Altan Cakir  |  Searches for R-parity Supersymmetry at CMS |  EPS-HEP 2013 |  Page 3 

R-Parity Violation in Supersymmetry? 

o  Proton decay involves violating both lepton and baryon number simultaneously, no single 
renormalizable R-parity violating (RPV) coupling leads to proton decay. �

   �
#   R-parity violation " one set of the R-parity violating couplings are non-zero! �

�
The most general superpotential " W = WMSSM + WRPV �

WMSSM = he
ijLiH1Ej + hd

ijQiH1Dj + hu
ijQiH2Uj + μH1H2 �

    WRPV = ½ λijkLiLjEk + λ`ijkLiQjDk + ½ λ``
ijkUiDjDk + κiLiH2 �

�

Li(Qj) are lepton(quark) SU(2)L doublet, Ej(Dj, Uj) are the electron (down- and up-quark) SU(2)L  singlet, λijk, λ`ijk, λ``ijk are 
Yukawa couplings, κ mass parameter. �

•  RPV couplings can violate lepton and baryon number conservation �
•  Can result in two, three and four body decays of supersymmetric particles to 

Standard Model particles�
•  Couplings chosen to have prompt decay, and to satisfy constraints from 

neutrino mass and proton decay. �

Once R-parity is broken, new kinds of couplings give new 
processes (and signatures @LHC)

- In general, one needs a mechanism by which these couplings are small
- Leptonic SUSY is easier to find (leptons in final state) 
- Hadronic RPV has appealing theoretical aspects (trade R-parity for MFV 
  explains the small couplings) but it is more difficult to search for

Leptonic RPV Hadronic RPVMixed RPV
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- Pair-produced gluinos give multijet final states
- Background from QCD. No MET to suppress it. 
Estimated with lower-njet data (ATLAS) or with 
a shape analysis (CMS)
- Study final states with b-jets (enhanced 
sensitivity to 3rd generation)
- Could probe more complicated cascades 
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(a) 6-quark model (b) 10-quark model

Figure 1: Feynman diagrams for the gluino decays used as benchmarks for this search. Diagrams for (a)
the 6-quark model and (b) the 10-quark model are shown.

Section 6.65

2 Detector, data acquisition, and object definitions66

The ATLAS detector [6, 7] provides nearly full solid angle coverage around the collision point with an67

inner tracking system covering |η| < 2.51, electromagnetic and hadronic calorimeters covering |η| < 4.9,68

and a muon spectrometer covering |η| < 2.7.69

The ATLAS tracking system is comprised of a silicon pixel tracker closest to the beamline, a mi-70

crostrip silicon tracker, and a straw-tube transition radiation tracker at radii up to 108 cm. These systems71

are layered radially around each other in the central region. A thin solenoid surrounding the tracker72

provides an axial 2 T field enabling measurement of charged particle momenta. The track reconstruction73

efficiency ranges from 78% at ptrack
T = 500 MeV to more than 85% above 10 GeV, with a transverse74

impact parameter resolution of 10 µm for high momentum particles in the central region. The overall75

acceptance of the inner detector (ID) spans the full range in φ, and the pseudorapidity range |η| < 2.5 for76

particles originating near the nominal LHC interaction region.77

The calorimeter comprises multiple subdetectors with several different designs, spanning the pseu-78

dorapidity range up to |η| = 4.9. The measurements presented here use data from the central calorimeters79

that consist of the Liquid Argon (LAr) barrel electromagnetic calorimeter (|η| < 1.475) and the Tile80

hadronic calorimeter (|η| < 1.7), as well as two additional calorimeter subsystems that are located in the81

forward regions of the detector: the LAr electromagnetic end-cap calorimeters (1.375 < |η| < 3.2), and82

the LAr hadronic end-cap calorimeter (1.5 < |η| < 3.2). As described below, jets are required to have83

|η| < 2.8 such that they are fully contained within the barrel and end-cap calorimeter systems.84

The jets used for this analysis are found and reconstructed using the anti-kt algorithm [8, 9] with85

a radius parameter R = 0.4. The energy of the jet is corrected for inhomogeneities and for the non-86

compensating nature of the calorimeter by weighting the energy deposits in the electromagnetic and the87

hadronic calorimeters separately by factors derived from the simulation and validated with the data [10].88

1The ATLAS reference system is a Cartesian right-handed coordinate system, with the nominal collision point at the origin.
The anticlockwise beam direction defines the positive z-axis, while the positive x-axis is defined as pointing from the collision
point to the centre of the LHC ring and the positive y-axis points upwards. The azimuthal angle φ is measured around the beam
axis, and the polar angle θ is measured with respect to the z-axis. Pseudorapidity is defined as η = ln[tan( θ2 )], rapidity is defined
as y = 0.5 ln[(E + pz)/(Epz)], where E is the energy and pz is the z-component of the momentum, and transverse energy is
defined as ET = E sin θ.
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Figure 5: Comparison of data with the background estimate for the inclusive analysis. The
background estimate (red solid curve) is obtained from a maximum-likelihood fit to the data.
The bin widths of the plot increase along the x axis to match the widening of mass resolution
that occurs at higher masses. The green (blue) dashed line and green (blue) shaded area show
the distribution and pulls for a simulated light-flavor RPV gluino with a mass of 500 (750) GeV.
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Figure 6: Comparison of data with the background estimate for the heavy-flavor analysis. The
left plot shows the results from the low-mass selection. The background contribution from
the b-tag control region is shown in light green, while that from simulated tt events is in red.
The right plot shows the high-mass sample with resolution based-binning, as well as the four-
parameter fit to the data in red.
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Figure 6: The number of observed events in the ≥ 6- and ≥ 7-jet bin is compared with the expectation
that is determined by using Pythia to project the number of observed events in the low-jet multiplicity
control regions. No b-tags are required. The contents of the bins represent the number of events with at
least 6 jets passing a given jet pT requirement. The data are compared with the background expectations
from the projections. In the ratio plots the green bands convey the background systematic uncertainties.
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~g→3j ~g→b+2j

~g→3j ~g→b+2j ~g→t+2j

Gluino masses around 900 GeV probed
Analyses sensitive up to low gluino masses (~200/400 GeV)
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Appealing RPV scenario: the CKM couplings save us from proton decay

Gluinos are pair produced and decay to tt+2bjet+2j

SS dilepton (if gluino is a Majorana particle) excludes gluinos lighter 
than ~900 GeV

As for natural SUSY, the lack of a gluino signal puts stringent bounds
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Figure 10: Neutralino/gluino (left) and chargino (right) LSP decays.

left-right mass insertion. In this case, the partial widths �(b̃L ! ūid̄j) are

�ij ⇠ m
˜b

8⇡
y2b |�00

ij3|2 , (7.6)

giving a total lifetime

⌧
˜bL

⇠ (41 µm)

✓
10

tan �

◆
6

✓
300 GeV

m
˜bL

◆
. (7.7)

Thus, displaced vertices are expected at low tan�, as illustrated in Fig. 8. The phenomenol-
ogy is distinct from that of a stop LSP: roughly 99% of decays will be to top and strange
or top and down quarks, with less than one percent going to charm and strange quarks,
and a small fraction to other final states. Thus, an increase in top quark production is ex-
pected, with most SUSY events containing at least two top-jets. However, fewer b-jets will
be produced, except those arising from top decays.7

Otherwise, the LSP can be a chargino, a neutralino, or a slepton. Each of these will
give a distinct phenomenology. Assuming that the LSP is a neutralino, its decay will be
dominated by the diagram in Fig. 10. The width is approximately

�
˜N ⇠ m

˜N

128 ⇡3

|�00
tsb|2 , (7.8)

where we estimate a phase-space suppression of 1/16⇡2 for each additional final state particle.
The lifetime is then

⌧
˜N ⇠ (12 µm)

✓
20

tan �

◆
4

✓
300 GeV

m
˜N

◆
. (7.9)

As shown in Fig. 11, this scenario is much more likely to produce displaced vertices, although
they can still be avoided in a sizable region of parameter space. Thus, for the case of a
neutralino LSP the expected signal of SUSY would be an increase in the top production
cross section (since the LSP decay involves top quarks), including potentially same-sign
tops, and possibly also displaced vertices for the lights jets. A gluino LSP would decay in
a very similar fashion to a neutralino LSP, whereas a chargino LSP would have a similar
lifetime, but would usually decay via two b-jets without a top quark, as shown in Fig. 10.

The case of a chargino LSP is very similar to that of a neutralino. The one significant
di↵erence, as can be seen from Fig. 10, is that in the chargino case we expect no top in the
final state, and instead expect more b jets.

7If m
˜b
<⇠ mt, the phenomenology will be di↵erent yet again, with displaced vertices more likely due the

reduced width, but no extra top production.
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And Much More
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Many other topics I could not cover (for lack of time)
- search for 1st/2nd generation squarks (direct and gluino-mediated production)
- leptonic RPV (mainly from SS dilepton and multilepton)
- other searches for LLP
- Search for GMSB susy in events with photons
- Other exotic signatures: stopping gluinos, disappearing tracks, etc
- ... 
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GMSB ("̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

"̃L,R"̃L,R, "̃→"χ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeV#̃

χ̃+1 χ̃
−
1 , χ̃

+
1→"̃ν("ν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1
χ̃±1 χ̃

0
2→"̃Lν"̃L"(ν̃ν), "ν̃"̃L"(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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Berkley
2/5/2013 /60gigi.rolandi@cern.ch 50

Mass reach 1 year at  14 TeV

1fb cross section for gluino gluino production is for 
Mgluino=1 TeV

W. Beenaker et al

What Next?

39

Berkley
2/5/2013 /60gigi.rolandi@cern.ch 

Estimated performance at 13 TeV and 50 ns

47

estimated performances for 
50 ns collisions@13 TeV

x 7

2000

x 20

The gain in energy is particularly 
pronounced for  heavy objects

For the restart
We will most likely have a rump-up as fast as for Run-I 
(experienced gained operating the LHC and the detectors)

We will benefit immediately of the higher energy to probe 
the existence of heavy objects

Cumulating more data on the longer term we will also 
improve the intermediate mass range

We will get to the sensitivity of Run-I after the 
first 1-3 fb-1

Berkley
2/5/2013 /60gigi.rolandi@cern.ch 50

Mass reach 1 year at  14 TeV

1fb cross section for gluino gluino production is for 
Mgluino=1 TeV

W. Beenaker et al

gluino 
sensitivity 
after 1fb-1 
@7 TeV

gluino 
sensitivity 
after 1fb-1 
@14 TeV

G. Rolandi BrunoFest@Berkeley



Snowmass Extrapolations
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Similar extrapolations from CMS

Exo:c&Resonances&
•  Direct&discovery&probe&of&new&physics&at&highest&mass&scales&

–  Narrow&weak&resonances:&Z’&bosons&&in&extended&electroweak&sectors&
–  Broad&strong&resonances:&KK&gluons&in&models&with&extra&dimensions&

•  For&concrete&comparisons,&assume&Z’&with&SM&couplings&
•  Dielectron&reach:&7.8&(6.5)&TeV&w/&3000&(300)&YL1&(muons&similar)&

J.&Nielsen&(UCSC)& Snowmass&Energy&Fron:er&LL&2013/07/01& 29&
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      (Simulation)
 PreliminaryATLAS

 ll→Z’

 = 14 TeVs

-1
 L dt = 3000fb∫

Exo:c&Top&Quark&Resonances&

•  KK&gluons&(broad)&or&topcolor&Z’&(narrow)&highLmass&resonances&

•  Top&quark&signature&tagged&with&an:LkT&1.0&“hadronic&top&jet”&
–  Mass&from&lepton&+&jets&signature&(good&for&narrow&resonance)&

•  gKK&mass&reach:&6.7&(4.3)&TeV&w/&3000&(300)&YL1&

–  Typical&observa:on&that&more&complex&signals&benefit&from&larger&dataset&

J.&Nielsen&(UCSC)& Snowmass&Energy&Fron:er&LL&2013/07/01& 30&
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Searches&for&Squarks&and&Gluinos&
•  Full&study&to&characterize&sensi:vity&to&stronglyLproduced&SUSY&

–  Dominated&by&physics&backgrounds&Z(νν)+jets&and&top&pairs&
–  Large&missing&energy&requirement&robust&against&pileup&

J.&Nielsen&(UCSC)& Snowmass&Energy&Fron:er&LL&2013/07/01& 27&
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 discovery reach-13000 fb

 discovery reach-1300 fb

 exclusion 95% CL-13000 fb

 exclusion 95% CL-1300 fb

1/2>15GeVHT = 14 TeV   MET/s = 0.    
LSP

Squark-gluino grid, m

Zn, sys=30%
ATLAS Preliminary (simulation)

Roughly&400D500%
GeV%sensi1vity%
improvement%with&
3000&YL1&dataset,&
independent#of#LSP#
mass#

Reach&for&3000&YL1:&&
msq=3.2&TeV,&
mgl=2.7&TeV&

Expected limit with 
3000 fb-1 shown

Expected limit with 
3000 fb-1 shown

tt resonance

ll resonance

–  Dominated by physics backgrounds Z(νν)+jets and top pairs
–  Large missing energy requirement robust against pileup
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July 1, 2013 

Discovery Potential: Stops 
 Two approaches (analysis assumed unchanged) 

 Pessimistic: assume same systematic uncertainties as 8 TeV analysis 

 Optimistic: scale bkg  like stat. unc., but require bkg > 10% relative 

 Can discover (5) stops up to 750-950  GeV w/300 fb-1 (14 TeV) 

J. Olsen – Snowmass Energy Frontier Workshop 34 

t~

t~

t 

t 

Search in final state with ℓ + jets + MET July 1, 2013 

Gluinos, Sbottoms, EWKinos 

J. Olsen – Snowmass Energy Frontier Workshop 35 

 Two approaches 
 “conservative” and “optimistic” similar to 

stop scenarios (more details in backup) 
 Analysis methods assumed unchanged 

 5 discovery reach 
 Guino:  up to 1.7 TeV 
 Sbottom: ~600 – 700 GeV 
 EWK-ino: ~500 – 600 GeV 

Gluino 

sbottom 

EWK-ino 

July 1, 2013 

Gluinos, Sbottoms, EWKinos 

J. Olsen – Snowmass Energy Frontier Workshop 35 

 Two approaches 
 “conservative” and “optimistic” similar to 

stop scenarios (more details in backup) 
 Analysis methods assumed unchanged 

 5 discovery reach 
 Guino:  up to 1.7 TeV 
 Sbottom: ~600 – 700 GeV 
 EWK-ino: ~500 – 600 GeV 

Gluino 

sbottom 

EWK-ino 

July 1, 2013 

Gluinos, Sbottoms, EWKinos 

J. Olsen – Snowmass Energy Frontier Workshop 35 

 Two approaches 
 “conservative” and “optimistic” similar to 

stop scenarios (more details in backup) 
 Analysis methods assumed unchanged 

 5 discovery reach 
 Guino:  up to 1.7 TeV 
 Sbottom: ~600 – 700 GeV 
 EWK-ino: ~500 – 600 GeV 

Gluino 

sbottom 

EWK-ino 

July 1, 2013 

Gluinos, Sbottoms, EWKinos 

J. Olsen – Snowmass Energy Frontier Workshop 35 

 Two approaches 
 “conservative” and “optimistic” similar to 

stop scenarios (more details in backup) 
 Analysis methods assumed unchanged 

 5 discovery reach 
 Guino:  up to 1.7 TeV 
 Sbottom: ~600 – 700 GeV 
 EWK-ino: ~500 – 600 GeV 

Gluino 

sbottom 

EWK-ino 

Snowmass Extrapolations

Similar 
extrapolations 
from ATLAS

- Extrapolated with pessimistic (same systematics as now) 
  and optimistic (scale systematics with luminosity) models
- The true value should be in the middle
- 5σ discovery reach shown



Summary
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No evidence of new physics so far

We improved the techniques and we learned a lot. 
It was a good  training exercise for the next run 
(and we got the Higgs discovery “for free”)

We are still looking at the 8 TeV data extending 
the searches to the unexplored (and more difficult) 
corners

We will have 1 year to plan in advance the analysis 
of the first few fb-1 of ~ 13TeV collisions and then 
the long term high-statistics analyses
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SUSY Cross Section
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The Monojet Search
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MET

MET

MET

1 lepton

2 lepton

1 lepton

0 lepton

W+je
ts/t

t+j
ets

Z(νν)+jets
Z(ll)+jets

MET spectrum from data 
control samples and MC 

scale factors

No need to different 
kinematic cuts (eg mT)  
for bkg control samples 
(no signal contamination)



The Monojet Search
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24 June 2013

Monojets

24

CMS-PAS-EXO-12-048
ATLAS-CONF-2012-147

• Limits for ADD model (n=2) : 
– ATLAS : 4.2 TeV
– CMS : 5.0 TeV

Good control over the kinematic variables
MC prediction OK
Large sensitivity to NP on the MET tail
No evidence for a deviation from SM



Limits from Monojet

48

Also limits from ADD models (n=2): 4.2 TeV (ATLAS) ; 5 TeV (CMS)

24 June 2013

Monojets

24

CMS-PAS-EXO-12-048
ATLAS-CONF-2012-147

• Limits for ADD model (n=2) : 
– ATLAS : 4.2 TeV
– CMS : 5.0 TeV

Result translated in a limit using effective operators , 
suppressed by M*

Results can be compared to direct DM searches under the 
assumptions implicit in the effective-operators approach



The prototype process is 
squark-squark -> jj + 2 LSP

If we could put the 
squarks in their rest 
frames, we would see two 
jest with same |p|

We observe the jets in the 
lab frame, boosted by 
relative squark momentum 
and partons boost

We would like to undo the 
two boosts

The Razor 

βL

βT

z

y
q

q

Squark rest frames

Center of 
mass frame

Lab frame

2 3 The Razor Analysis

3 The Razor Analysis45

The razor kinematics is based on the generic process of the pair production of two heavy parti-46

cles, each decaying to an unseen particle plus jets. This includes SUSY signals with complicated47

and varied decay chains, or the simplest case of a pair of squarks each decaying to a quark and48

an LSP. All such processes are treated on an equal footing by forcing every event into a dijet49

topology; this is done by combining all jets in the event into two megajets. When an isolated50

lepton is present, it can be included in the megajets or not as explained in [2]. For the 1 fb�1
51

analysis the trigger requirements, pileup conditions, and pile-up subtraction dictate that iso-52

lated electrons enter the megajet reconstruction as jets, while isolated muons are not included53

in the megajet reconstruction and mimic the contributions of neutrinos. The megajet recon-54

struction is thus based on a calorimeter-driven view of the events.55

To the extent that the pair of megajets accurately reconstruct the visible portion of the under-56

lying parent particle decays, the signal kinematics is equivalent to pair production of heavy57

squarks q̃1, q̃2, with q̃i ! jic̃i, where the c̃i are LSPs and ji denotes the visible products of the58

decays. For simplicity we will use the approximation that the ji are massless.59

The standard computation of the cross section for such a process uses a parameterization of the60

phase space and the matrix element extracted from consideration of three preferred reference61

frames: the rest frames of the two squarks and the center of mass (CM) frame.62

In the rest frame of the ith squark, the 4-momenta of the squark and its decay products have63

the simple form64

pq̃i = Mq̃(1, 0) , (1)

pji =
MD

2
(1, ûi) , (2)

pci =
MD

2
(

1
bD

, �ûi) , (3)

where the ûi are unit vectors in the directions of the visible decay products,65

MD ⌘
M2

q̃ � M2
c̃

Mq̃
= 2Mc̃gDbD , (4)

and bD is the boost parameter to the rest frame of the LSP c̃i. The other preferred frame is the66

q̃1q̃2 CM frame, with67

pq̃1 = gCM Mq̃ (1, bCMûq̃) , (5)
pq̃2 = gCM Mq̃ (1, �bCMûq̃) , (6)

where ûq̃ is a unit vector in the direction of the first squark, and bCM is the boost parameter68

from the CM frame to the q̃1 rest frame. In the CM frame the energies of the visible decay69

products can be written70

Ej1 =
gCM MD

2
(1 + bCMûq̃ · û1) , (7)

Ej2 =
gCM MD

2
(1 + bCMûq̃ · û2) . (8)
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pj1

pj2

p*j1

p*j2

pRj1

pRj2

-βLR*

RAZOR
 CONDITION

|pRj1|= |pRj2|

-βTCM

βTCM

• In reality, the best we can do is to compensate the missing 
degrees of freedom with assumptions on the boost direction

- The parton boost is forced to be 
  longitudinal
- The squark boost in the CM frame 
  is assumed to be transverse 

• We require that the two jets 
have the same momentum 
after the transformation, and 
we solve for the boost

• The transformed momentum 
defines the MR variable

4 3 The Razor Analysis

The problem with the conventional parameterization of this process is that, with two unseen111

LSPs, there are not enough experimental observables to reconstruct any of the three reference112

frames just described. This is true even in the absence of initial state pT (as will now be assumed113

throughout), where the CM frame is just a longitudinal boost from the lab frame.114

The strategy of the razor analysis is to approximate these unknown frames with a razor frame115

that is defined unambiguously from measured quantities in the lab frame. Event by event,116

razor frame observables then estimate the scales MD and gCM MD seen above.117

A razor frame is defined by finding a longitudinal boost from the lab frame to a frame where118

the visible energies can be written in terms of an overall scale that is manifestly invariant under119

longitudinal boosts. This then defines a razor frame where the scale of the visible energies is set120

by a quantity that should approximate gCM MD in the (unknown) CM frame. Such longitudinal121

boosts are very special; in fact there are only two independent ones:122

bR ⌘
Ej1 � Ej2

pj1
z � pj2

z
, (9)

bR⇤
L ⌘ pj1

z + pj2
z

Ej1 + Ej2
. (10)

The first razor boost bR defines the R frame where the visible four-momenta reduce to123

pj1 =
MR

2
(1, ûR

1 ) , (11)

pj2 =
MR

2
(1, ûR

2 ) , (12)

where MR is the longitudinal boost invariant124

MR ⌘ 2|~pR
j1 | = 2|~pR

j2 | = 2

vuut (Ej1 pj2
z � Ej2 pj1

z )2

(pj1
z � pj2

z )2 � (Ej1 � Ej2)
2

. (13)

In the limit that bCM is small (production near threshold), this MR is a direct estimator of the125

SUSY mass scale MD. More generally MR is an estimator of gCM MD, the quantity that sets the126

scale for the visible CM energy. A drawback of the R frame construction is that bR as defined127

by (9) is not guaranteed to have magnitude less than unity; this means that for some fraction of128

events gR is either imaginary or singular and the razor method cannot be applied.129

The second razor boost bR⇤
L defines the R⇤ frame where the visible four-momenta reduce to130

pj1 = (
1
2
(MR � (~pj1

T � ~pj2
T) · ~Emiss

T
MR

), pj1
T, pz) , (14)

pj2 = (
1
2
(MR +

(~pj1
T � ~pj2

T) · ~Emiss
T

MR
), pj2

T, �pz) , (15)

where MR is the longitudinal boost invariant131

MR ⌘
q

(Ej1 + Ej2)
2 � (pj1

z + pj2
z )2 , (16)

and the longitudinal momentum pz is determined from the massless on-shell conditions. Ob-132

viously the R⇤ frame always exists since the magnitude of bR⇤
L is less than unity. Here again MR133

The Razor 
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The Razor 
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as defined by (16) is an estimator of gCM MD. It is also possible in this construction to obtain134
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assumed topology, the maximum value of the scalar sum of the megajets transverse momenta143

(p1
T, p2

T) is MD. The maximum value of the Emiss
T is also MD. Especially useful is MR

T , a kind of144

average transverse mass whose maximum value for signal events is also MD:145

MR
T ⌘

s
Emiss

T (pj1
T + pj2

T ) � ~Emiss
T ·(~p j1

T + ~p j2
T )

2
. (20)

Given a global estimator MR and a transverse estimator MR
T , the razor dimensionless ratio is146

defined as147

R ⌘ MR
T

MR
. (21)

Signal events are characterized by the heavy scale MD, while backgrounds are not. Qualita-148

tively we expect MR to peak for the signal over a steeply falling background. Thus the search149
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note that, while MR
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they are largely uncorrelated for signal events as shown in Figure 1.158
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SUSY Search As a Bump Hunting
+ 5 
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We consider all the 
possible ways to separate 
the jets in two “megajets”
We compute the four-momentum of one 
megajet as the sum of the fourmomenta of 
jets it contains
We take the configuration for which the 
megajets give the smallest sum of inv. masses

Megajets
We target a multijet
+MET topology
We built a framework 
for dijet+MET decays
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1D Background Model
f(MR)~e-kMRk = a + b R2cut

f(R2)~e-kR k = c + b MRcut

7.1 QCD multijet background 9

after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the287

megajet calculation. The exponential region of these distributions is fitted for each value of288

R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the289

likelihood in the exponential fit is found to be a linear function of R2
cut as shown in Fig. 2 (right);290

fitting S in the form S = a + bR2
cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.
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The R2
cut distributions for events satisfying the QCD control box selection, for different values292

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,293

after a turn-on at low R2. The exponential region of these distributions is fitted for each value294

of Mcut
R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that295

maximizes the likelihood in the exponential fit is found to be a linear function of Mcut
R as shown296

in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut
R determines the values of c and d. The d297

slope parameter is found to equal the b slope parameter within an accuracy of a few percent as298

shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically299

describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after300

integrating out R2(MR), exploiting the equality d = b.301

The other backgrounds exhibit the same behavior; each SM process can be described with the302

same functional form but different parameters.303
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.
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dE/dx In the Tracker
Measure the charge released in the tracker

Compute ionization, which gives a measurement of p/m through 
charge-dependent empirical coefficients

3

5, 6, 7 and 8e for masses of 100–600 GeV/c2 for |Q| < e, 200–1000 GeV/c2 for 6e  |Q|  8e and74

100–1000 GeV/c2 for the other charges.75

3 CMS Detector76

The central feature of CMS is a superconducting solenoid of 6 m internal diameter. Within the77

field volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic cal-78

orimeter (ECAL), and a brass/scintillator hadron calorimeter (HCAL). Muons are measured79

in gas-ionization detectors embedded in the steel return yoke. Extensive forward calorime-80

try complements the coverage provided by the barrel and endcap detectors. The inner tracker81

measures charged particles within the pseudorapidity range |h| < 2.5. It consists of 1440 silicon82

pixel and 15 148 silicon strip detector modules and is located in the 3.8 T field of the supercon-83

ducting solenoid. It provides a transverse momentum (pT) resolution of about 1.5% for 10084

GeV/c particles. Muons are measured in the pseudorapidity range |h| < 2.4, with detection85

planes made using three technologies: drift tubes (DT), cathode strip chambers (CSC), and re-86

sistive plate chambers (RPC). Matching muons to tracks measured in the silicon tracker results87

in a transverse momentum resolution between 1 and 5%, for pT values up to 1 TeV/c. The first88

level (L1) of the CMS trigger system, composed of custom hardware processors, uses informa-89

tion from the calorimeters and muon detectors to select the most interesting events in a fixed90

time interval of less than 3 µs. The High Level Trigger (HLT) processor farm further decreases91

the event rate from around 100 kHz to around 300 Hz, before data storage. A more detailed92

description can be found in Ref. [50].93

The CMS experiment uses a right-handed coordinate system, with the origin at the nominal94

interaction point, the x axis pointing to the center of the LHC ring, the y axis pointing up95

(perpendicular to the plane of the LHC ring), and the z axis along the counterclockwise beam96

direction. The polar angle q is measured from the positive z axis and the azimuthal angle in the97

x-y plane. The pseudorapidity is given by h = � ln[tan(q/2)].98

3.1 dE/dx Measurements99

As in Ref. [23], dE/dx for a track is calculated as:

Ih =

✓
1
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i
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i
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where ci is the charge per unit path length in the sensitive part of the silicon detector of the
i-th track measurement and k = 2. Ih has units MeV/cm and is computed using only measure-
ments from the silicon strip detectors. Two additional dE/dx discriminators, Ias(I0as) are used
to separate SM particles from candidates with large (small) dE/dx. Ias is given by:
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where N is the number of measurements in the silicon-strip detectors, Pi is the probability for100

a minimum–ionizing particle (MIP) to produce a charge smaller or equal to that of the i–th101

measurement for the observed path length in the detector, and the sum is over the track mea-102

surements ordered in terms of increasing Pi. The I0as discriminator has the same form but with103

Pi representing the probability for a MIP to produce a charge greater or equal to that of the i–th104

measurement. The Ias and I0as estimators are computed using only silicon strip measurements.105

charge/unit path (fixed k=2)

4 4 Data Selection

As in Ref. [23], the mass of a |Q| = 1e candidate particle can be calculated based on the rela-
tionship:

Ih = K
m2

p2 + C. (3)

where the empirical parameters K = 2.559± 0.001 MeV cm�1 c2 and C = 2.772± 0.001 MeV cm�1
106

are determined from data using a sample of low-momentum protons.107

3.2 Time-of-flight Measurements108

The time of flight to the muon system can be used to discriminate between speed-of-light par-
ticles and slower candidates. A single dt measurement can be used to determine the track b�1

via the equation:

b�1 = 1 +
cdt

L
(4)

where L is the flight distance. The track b�1 value is calculated as the weighted average of the
b�1 measurements from the DT and CSC systems associated with the track. The weight for the
ith DT measurement is given by:

wi =
(n � 2)

n
L2

i
s2

DT
(5)

where n is the number of f projection measurements found in the chamber from which the
measurement comes and sDT is the time resolution of the DT measurements, for which the
measured value of 3 ns is used. The factor (n � 2)/n acounts for the fact that residuals are
computed using two parameters of a straight line determined from the same n measurements
(minimal number of hits in a given DT chamber that allows for at least one residual calculation
is n = 3). The weight for the ith CSC measurement is given by:

wi =
L2

i
s2

i
(6)

where si, the measured time resolution, is 7.0 ns for cathode strip measurements and 8.6 ns for109

anode wire measurements.110

The resolution on the b�1 measurement is approximately 0.065 in both the CSC and DT sub-111

systems.112

4 Data Selection113

The analyses of HSCP candidates fall into multiple topologies. Singly charged HSCPs are114

searched for in three ways: (1) requiring tracks be reconstructed in both the inner silicon detec-115

tors and the muon system, referred to as the “tracker+TOF” analysis; (2) only requiring tracks116

be reconstructed in the inner silicon detectors, the “tracker-only” analysis; and (3) only requir-117

ing tracks be reconstructed in the muon system, the “muon-only” analysis. The latter two cases118

account for the possibility of charge flipping (charged to neutral or vice versa) within the cal-119

orimeter. The muon-only analysis is the first CMS result that does not require a HSCP to be120

charged in the inner tracker. Fractionally and multiply charged candidates are searched for121

using a tracker-only type and tracker+TOF type analysis respectively, but with different selec-122

tion, background estimate, and systematic uncertainties. The preselection for these categories123

is described below.124

empirical coefficients

Ih vs pT distributions 
provides S vs B 
discrimination
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dE/dx In the Tracker

Additional discrimination from p-
value of MIP-ionization pdf (for 
data-driven BKG determination)

3

5, 6, 7 and 8e for masses of 100–600 GeV/c2 for |Q| < e, 200–1000 GeV/c2 for 6e  |Q|  8e and74

100–1000 GeV/c2 for the other charges.75

3 CMS Detector76

The central feature of CMS is a superconducting solenoid of 6 m internal diameter. Within the77

field volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic cal-78

orimeter (ECAL), and a brass/scintillator hadron calorimeter (HCAL). Muons are measured79

in gas-ionization detectors embedded in the steel return yoke. Extensive forward calorime-80

try complements the coverage provided by the barrel and endcap detectors. The inner tracker81

measures charged particles within the pseudorapidity range |h| < 2.5. It consists of 1440 silicon82

pixel and 15 148 silicon strip detector modules and is located in the 3.8 T field of the supercon-83

ducting solenoid. It provides a transverse momentum (pT) resolution of about 1.5% for 10084

GeV/c particles. Muons are measured in the pseudorapidity range |h| < 2.4, with detection85

planes made using three technologies: drift tubes (DT), cathode strip chambers (CSC), and re-86

sistive plate chambers (RPC). Matching muons to tracks measured in the silicon tracker results87

in a transverse momentum resolution between 1 and 5%, for pT values up to 1 TeV/c. The first88

level (L1) of the CMS trigger system, composed of custom hardware processors, uses informa-89

tion from the calorimeters and muon detectors to select the most interesting events in a fixed90

time interval of less than 3 µs. The High Level Trigger (HLT) processor farm further decreases91

the event rate from around 100 kHz to around 300 Hz, before data storage. A more detailed92

description can be found in Ref. [50].93

The CMS experiment uses a right-handed coordinate system, with the origin at the nominal94

interaction point, the x axis pointing to the center of the LHC ring, the y axis pointing up95

(perpendicular to the plane of the LHC ring), and the z axis along the counterclockwise beam96

direction. The polar angle q is measured from the positive z axis and the azimuthal angle in the97

x-y plane. The pseudorapidity is given by h = � ln[tan(q/2)].98

3.1 dE/dx Measurements99

As in Ref. [23], dE/dx for a track is calculated as:

Ih =
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, (1)

where ci is the charge per unit path length in the sensitive part of the silicon detector of the
i-th track measurement and k = 2. Ih has units MeV/cm and is computed using only measure-
ments from the silicon strip detectors. Two additional dE/dx discriminators, Ias(I0as) are used
to separate SM particles from candidates with large (small) dE/dx. Ias is given by:
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where N is the number of measurements in the silicon-strip detectors, Pi is the probability for100

a minimum–ionizing particle (MIP) to produce a charge smaller or equal to that of the i–th101

measurement for the observed path length in the detector, and the sum is over the track mea-102

surements ordered in terms of increasing Pi. The I0as discriminator has the same form but with103

Pi representing the probability for a MIP to produce a charge greater or equal to that of the i–th104

measurement. The Ias and I0as estimators are computed using only silicon strip measurements.105

probability MIP to produce <= 
observed ionization
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Figure 2: Observed and predicted mass spectra for candidates entering the tracker-only (left
column) or tracker+TOF (right column) signal region for the loose selection. The expected
distribution for a representative signal is shown in green. The top row is for

p
s = 7 TeV, while

the bottom row is for
p

s = 8 TeV.

Measurement of mass from the 
knowledge of Ih(p) [measured on  
data sideband]
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Use arrival time in the muon chambers 
to measure the TOF

For a single hit determines "-1

For a track, weighted average of the 
single hits

4 4 Data Selection

As in Ref. [23], the mass of a |Q| = 1e candidate particle can be calculated based on the rela-
tionship:

Ih = K
m2

p2 + C. (3)

where the empirical parameters K = 2.559± 0.001 MeV cm�1 c2 and C = 2.772± 0.001 MeV cm�1
106

are determined from data using a sample of low-momentum protons.107

3.2 Time-of-flight Measurements108

The time of flight to the muon system can be used to discriminate between speed-of-light par-
ticles and slower candidates. A single dt measurement can be used to determine the track b�1

via the equation:

b�1 = 1 +
cdt

L
(4)

where L is the flight distance. The track b�1 value is calculated as the weighted average of the
b�1 measurements from the DT and CSC systems associated with the track. The weight for the
ith DT measurement is given by:

wi =
(n � 2)

n
L2

i
s2

DT
(5)

where n is the number of f projection measurements found in the chamber from which the
measurement comes and sDT is the time resolution of the DT measurements, for which the
measured value of 3 ns is used. The factor (n � 2)/n acounts for the fact that residuals are
computed using two parameters of a straight line determined from the same n measurements
(minimal number of hits in a given DT chamber that allows for at least one residual calculation
is n = 3). The weight for the ith CSC measurement is given by:

wi =
L2

i
s2

i
(6)

where si, the measured time resolution, is 7.0 ns for cathode strip measurements and 8.6 ns for109

anode wire measurements.110

The resolution on the b�1 measurement is approximately 0.065 in both the CSC and DT sub-111

systems.112

4 Data Selection113

The analyses of HSCP candidates fall into multiple topologies. Singly charged HSCPs are114

searched for in three ways: (1) requiring tracks be reconstructed in both the inner silicon detec-115

tors and the muon system, referred to as the “tracker+TOF” analysis; (2) only requiring tracks116

be reconstructed in the inner silicon detectors, the “tracker-only” analysis; and (3) only requir-117

ing tracks be reconstructed in the muon system, the “muon-only” analysis. The latter two cases118

account for the possibility of charge flipping (charged to neutral or vice versa) within the cal-119

orimeter. The muon-only analysis is the first CMS result that does not require a HSCP to be120

charged in the inner tracker. Fractionally and multiply charged candidates are searched for121

using a tracker-only type and tracker+TOF type analysis respectively, but with different selec-122

tion, background estimate, and systematic uncertainties. The preselection for these categories123

is described below.124

4 4 Data Selection

As in Ref. [23], the mass of a |Q| = 1e candidate particle can be calculated based on the rela-
tionship:

Ih = K
m2

p2 + C. (3)

where the empirical parameters K = 2.559± 0.001 MeV cm�1 c2 and C = 2.772± 0.001 MeV cm�1
106

are determined from data using a sample of low-momentum protons.107

3.2 Time-of-flight Measurements108

The time of flight to the muon system can be used to discriminate between speed-of-light par-
ticles and slower candidates. A single dt measurement can be used to determine the track b�1

via the equation:

b�1 = 1 +
cdt

L
(4)

where L is the flight distance. The track b�1 value is calculated as the weighted average of the
b�1 measurements from the DT and CSC systems associated with the track. The weight for the
ith DT measurement is given by:

wi =
(n � 2)

n
L2

i
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DT
(5)

where n is the number of f projection measurements found in the chamber from which the
measurement comes and sDT is the time resolution of the DT measurements, for which the
measured value of 3 ns is used. The factor (n � 2)/n acounts for the fact that residuals are
computed using two parameters of a straight line determined from the same n measurements
(minimal number of hits in a given DT chamber that allows for at least one residual calculation
is n = 3). The weight for the ith CSC measurement is given by:

wi =
L2

i
s2

i
(6)

where si, the measured time resolution, is 7.0 ns for cathode strip measurements and 8.6 ns for109

anode wire measurements.110

The resolution on the b�1 measurement is approximately 0.065 in both the CSC and DT sub-111

systems.112

4 Data Selection113

The analyses of HSCP candidates fall into multiple topologies. Singly charged HSCPs are114

searched for in three ways: (1) requiring tracks be reconstructed in both the inner silicon detec-115

tors and the muon system, referred to as the “tracker+TOF” analysis; (2) only requiring tracks116

be reconstructed in the inner silicon detectors, the “tracker-only” analysis; and (3) only requir-117

ing tracks be reconstructed in the muon system, the “muon-only” analysis. The latter two cases118

account for the possibility of charge flipping (charged to neutral or vice versa) within the cal-119

orimeter. The muon-only analysis is the first CMS result that does not require a HSCP to be120

charged in the inner tracker. Fractionally and multiply charged candidates are searched for121

using a tracker-only type and tracker+TOF type analysis respectively, but with different selec-122

tion, background estimate, and systematic uncertainties. The preselection for these categories123

is described below.124

DTs (! ~ 3 ns)

4 4 Data Selection

As in Ref. [23], the mass of a |Q| = 1e candidate particle can be calculated based on the rela-
tionship:

Ih = K
m2

p2 + C. (3)

where the empirical parameters K = 2.559± 0.001 MeV cm�1 c2 and C = 2.772± 0.001 MeV cm�1
106

are determined from data using a sample of low-momentum protons.107

3.2 Time-of-flight Measurements108

The time of flight to the muon system can be used to discriminate between speed-of-light par-
ticles and slower candidates. A single dt measurement can be used to determine the track b�1

via the equation:

b�1 = 1 +
cdt

L
(4)

where L is the flight distance. The track b�1 value is calculated as the weighted average of the
b�1 measurements from the DT and CSC systems associated with the track. The weight for the
ith DT measurement is given by:

wi =
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(5)

where n is the number of f projection measurements found in the chamber from which the
measurement comes and sDT is the time resolution of the DT measurements, for which the
measured value of 3 ns is used. The factor (n � 2)/n acounts for the fact that residuals are
computed using two parameters of a straight line determined from the same n measurements
(minimal number of hits in a given DT chamber that allows for at least one residual calculation
is n = 3). The weight for the ith CSC measurement is given by:

wi =
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i
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where si, the measured time resolution, is 7.0 ns for cathode strip measurements and 8.6 ns for109

anode wire measurements.110

The resolution on the b�1 measurement is approximately 0.065 in both the CSC and DT sub-111

systems.112

4 Data Selection113

The analyses of HSCP candidates fall into multiple topologies. Singly charged HSCPs are114

searched for in three ways: (1) requiring tracks be reconstructed in both the inner silicon detec-115

tors and the muon system, referred to as the “tracker+TOF” analysis; (2) only requiring tracks116

be reconstructed in the inner silicon detectors, the “tracker-only” analysis; and (3) only requir-117

ing tracks be reconstructed in the muon system, the “muon-only” analysis. The latter two cases118

account for the possibility of charge flipping (charged to neutral or vice versa) within the cal-119

orimeter. The muon-only analysis is the first CMS result that does not require a HSCP to be120

charged in the inner tracker. Fractionally and multiply charged candidates are searched for121

using a tracker-only type and tracker+TOF type analysis respectively, but with different selec-122

tion, background estimate, and systematic uncertainties. The preselection for these categories123

is described below.124
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