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It was a long journey
The LHC and the detectors behaved 
incredibly well

The collected statistics increased 
constantly, new territories explored 
every six months 

The environment changed dramatically:

3

Higher rates forced us to use tighter 
triggers

The pileup increase made the object 
identification (leptons, jets, etc) more 
challenging

Higher luminosity and no new-physics 
signal made us sensitive to the 
background from rare processes (e.g. 
ttV, VV+bjets, etc)

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

Jets and Missing transverse energy in high pileup environment

16

Z! μμ 

Each pileup event contributes on 
average about 5 GeV per unit of 
rapidity 

An event with 20 pileup-interactions 
has on average 1 TeV diffused in 
the calorimeters (|η|<5)
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The Global Picture
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51 Lepton-Photon, 24–29 June, 2013  Andreas Hoecker — Searches for Supersymmetry at Colliders  

ATLAS deeply mines SUSY signatures & models 

51 
Model e, µ, τ, γ Jets Emiss

T
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MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0541.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃→qqqq""("")χ̃
0
1χ̃

0
1 2 e,µ (SS) 3 jets Yes 20.7 m(χ̃

0
1)<650 GeV ATLAS-CONF-2013-0071.1 TeVg̃

GMSB ("̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB ("̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

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

GGM (wino NLSP) 1 e, µ + γ 0 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) <200 GeV ATLAS-CONF-2013-0541.14 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)<100 GeV ATLAS-CONF-2013-053100-630 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-2013-007430 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, 1209.2102167 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-2013-048220 GeVt̃1

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

0
1)=0 GeV, m(t̃1)-m(χ̃

±
1 )=10 GeV ATLAS-CONF-2013-048150-440 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 ATLAS-CONF-2013-053150-580 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(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-2013-025520 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 0 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 ∗χ̃01Z

∗χ̃01 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

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

±
1 0 1 jet Yes 4.7 1<τ(χ̃

±
1 )<10 ns 1210.2852220 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<100 s ATLAS-CONF-2013-057857 GeVg̃

GMSB, stable τ̃ 1-2 µ 0 - 15.9 5<tanβ<50 ATLAS-CONF-2013-058385 GeVτ̃

Direct τ̃τ̃ prod., stable τ̃ or "̃ 1-2 µ 0 - 15.9 m(τ̃)=m("̃) ATLAS-CONF-2013-058395 GeVτ̃

GMSB, χ̃
0
1→γg̃ , long-lived χ̃

0
1 2 γ 0 Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

χ̃01→qqµ (RPV) 1 µ 0 Yes 4.4 1 mm<cτ<1 m, g̃ decoupled 1210.7451700 GeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ 0 - 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 0 - 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 0 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 0 Yes 20.7 m(χ̃

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

1

g̃→qqq 0 6 jets - 4.6 1210.4813666 GeVg̃

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

Scalar gluon 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 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: LP 2013

ATLAS Preliminary∫
L dt = (4.4 - 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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Definitely too much to be covered in one talk
I will try to give you a general idea

 You will find more on the ATLAS and CMS twiki pages
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The Global Picture
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Definitely too much to be covered in one talk
I will try to give you a general idea

 You will find more on the ATLAS and CMS twiki pages

24 June 2013

Summary

28

q* (qg), dijet
q* (qW)
q* (qZ) 

q* , dijet pair
q* , boosted Z

e*, Λ = 2 TeV
μ*, Λ = 2 TeV

0 1 2 3 4 5 6
Z’SSM (ee, µµ)

Z’SSM (ττ)
Z’ (tt hadronic) width=1.2%

Z’ (dijet)
Z’ (tt lep+jet) width=1.2%

Z’SSM (ll) fbb=0.2
G (dijet)

G (ttbar hadronic)
G (jet+MET) k/M = 0.2

G (γγ) k/M = 0.1
G (Z(ll)Z(qq)) k/M = 0.1

W’ (lν)
W’ (dijet)

W’ (td)
W’→ WZ(leptonic)

WR’ (tb)
WR, MNR=MWR/2

WKK μ = 10 TeV
ρTC, πTC > 700 GeV

String Resonances (qg)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (qqbar)

gluino, 3jet, RPV
0 1 2 3 4 5 6

gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB

hyper-K, hyper-ρ=1.2 TeV
neutralino, cτ<50cm

0 1 2 3 4 5 6

Ms, γγ, HLZ, nED = 3
Ms, γγ, HLZ, nED = 6
Ms, ll, HLZ, nED = 3
Ms, ll, HLZ, nED = 6

MD, monojet, nED = 3
MD, monojet, nED = 6
MD, mono-γ, nED = 3
MD, mono-γ, nED = 6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2

MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2

MBH, Quantum BH, MD=3TeV, nED = 2
0 1 2 3 4 5 6Sh. Rahatlou 1

LQ1, β=0.5
LQ1, β=1.0
LQ2, β=0.5
LQ2, β=1.0

LQ3 (bν), Q=±1/3, β=0.0
LQ3 (bτ), Q=±2/3 or ±4/3, β=1.0

stop (bτ)
0 1 2 3 4 5 6

b’ → tW, (3l, 2l) + b-jet
q’, b’/t’ degenerate, Vtb=1

b’ → tW, l+jets
B’ → bZ (100%)
T’ → tZ (100%)

t’ → bW (100%), l+jets
t’ → bW (100%), l+l

0 1 2 3 4 5 6
C.I. Λ , Χ analysis, Λ+ LL/RR
C.I. Λ , Χ analysis, Λ- LL/RR

C.I., µµ, destructve LLIM
C.I., µµ, constructive LLIM

C.I., single e (HnCM)
C.I., single µ (HnCM)

C.I., incl. jet, destructive
C.I., incl. jet, constructive

0 5 10 15

Heavy
Resonances

4th
Generation

Compositeness

Long
Lived

LeptoQuarks

Extra Dimensions 
& Black Holes

Contact 
Interactions

95% CL EXCLUSION LIMITS (TEV)CMS EXOTICA
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Legacy of the 7 TeV run

6

Already with 1fb-1 the exclusion curve removed a large fraction of the accessible 
parameter space
Adding statistics moved the limit by ATLAS and CMS more in the unexplored territory
After this, any improvement on the high-mass front became adiabatic
This was not true anymore if one changes the SUSY paradigm 

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

 For example multi-step gluino decays 
 (Or any other scenario with many jets!) 

1110.2299 

6 

Long decay chains 1.34 fb-1 

default 0-lepton 

long decay chains 

1fb-1
5fb-1
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Natural SUSY with 8 TeV data
Direct squark searches

Gluino-mediated searches

7

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
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The 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 

8

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

Thursday, July 11, 13



Gluino-Gluino Search: 4t+MET

9

σ~10-3pb→20 events 
produced in 20 fb-1

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 
~ ~ 

Gluino-mediated b/t production 
~ 

b̃/t̃

b̃/t̃
p

p

�̃0
1

b/t

�̃0
1

b/t

~ 

g̃

g̃
p

p

�̃0
1

b/t

b/t

�̃0
1

b/t

b/t

t̃

t̃

�̃±
1

�̃⌥
1

p

p

b

�̃0
1

W

b

�̃0
1

W

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!'
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Gluino-Gluino Search: 4b+MET
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σ~5*10-3pb→60 events 
produced in 12 fb-1

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 
~ ~ 

Gluino-mediated b/t production 
~ 

b̃/t̃

b̃/t̃
p

p

�̃0
1

b/t

�̃0
1

b/t

~ 

g̃

g̃
p

p

�̃0
1

b/t

b/t

�̃0
1

b/t

b/t

t̃

t̃

�̃±
1

�̃⌥
1

p

p

b

�̃0
1

W

b

�̃0
1

W

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 
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Stop-Stop Search: tt+MET
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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 
~ ~ 

Gluino-mediated b/t production 
~ 

b̃/t̃

b̃/t̃
p

p

�̃0
1

b/t

�̃0
1

b/t

~ 

g̃

g̃
p

p

�̃0
1

b/t

b/t

�̃0
1

b/t

b/t

t̃

t̃

�̃±
1

�̃⌥
1

p

p

b

�̃0
1

W

b

�̃0
1

W

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 
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m
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1
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1
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r¾ t A1t
~ production, 1t

~
1t

~ Status: LHCP 2013

ATLAS Preliminary

-1 = 4.7 fbintL -1 21 fb5 intL1
0

r¾W b 
-1 = 20 fbintL

Observed limits )theomObserved limits (-1 Expected limits

0L CONF-2013-024

=8 TeVs -1 = 20 - 21 fbintL =7 TeVs -1 = 4.7 fbintL

1L CONF-2013-037
-
2L CONF-2013-048

0L [1208.1447]
1L [1208.2590]
2L [1209.4186]
-

σ~10-2pb→200 events 
produced in 20 fb-1
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Stop-Stop Search: bbWW+MET
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σ~10-2pb→200 events 
produced in 20 fb-1

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 
~ ~ 

Gluino-mediated b/t production 
~ 

b̃/t̃

b̃/t̃
p

p

�̃0
1

b/t

�̃0
1

b/t

~ 

g̃

g̃
p

p

�̃0
1

b/t

b/t

�̃0
1

b/t

b/t

t̃

t̃

�̃±
1

�̃⌥
1

p

p

b

�̃0
1

W

b

�̃0
1

W

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 

The limit depends on how close the χ+ and 
χ0 masses are
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Sbottom-Sbottom Search:bb+MET

13

σ~2*10-2pb→400(240) 
events produced in 

20 fb-1 (12 fb-1) 

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 
~ ~ 

Gluino-mediated b/t production 
~ 

b̃/t̃

b̃/t̃
p

p

�̃0
1

b/t

�̃0
1

b/t

~ 

g̃

g̃
p

p

�̃0
1

b/t

b/t

�̃0
1

b/t

b/t

t̃

t̃

�̃±
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�̃⌥
1

p

p

b

�̃0
1

W

b

�̃0
1

W

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 
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Hunting in the corners
Compressed Spectra

RPV models

Split SUSY

14

- 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)
- 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)
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The Monojet Search

15

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)
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The Monojet Search

16

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

Thursday, July 11, 13



The Monojet Search

17

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 sapproach
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Do we control the jet radiation?

18

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

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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•  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
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Long-living particles

19

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)
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Long-living particles

20

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 

)2cMass (GeV/
500 1000 1500

 (p
b)

σ
95

%
 C

L 
lim

it 
on

 

-410

-310

-210

-110

1

10

210

)2cMass (GeV/
500 1000 1500

 (p
b)

σ
95

%
 C

L 
lim

it 
on

 

-410

-310

-210

-110

1

10

210

-1 = 8 TeV, L = 18.8 fbsTracker + TOF    CMS    

Theoretical Prediction
gluino (NLO+NLL)
stop (NLO+NLL)
stau, dir. prod. (NLO)
stau (NLO)
|Q| = 2e/3 (LO)
|Q| = 1e (LO)

gg~gluino; 50% 
gg~gluino; 10% 

stop
stau; dir. prod.
stau
|Q| = 2e/3
|Q| = 1e

 mass [GeV]1τ
∼

250 300 350 400 450 500

C
ro

ss
 s

ec
tio

n 
[fb

]

1

10
 = 10βproduction, tan

σ 1±expected limit 

 = 30βproduction, tan

 = 50βproduction, tan

observed limit

σ 2±

observed limit

observed limit

ATLAS Preliminary
-1 Ldt = 15.9 fb∫ = 8 TeV, s C

M
S

: 1
30

5.
04

91
 

AT
LA

S
-C

O
N

F-
20

13
-0

58
 

Strong limits on staus, stable gluino & stop R-hadrons in direct production 

Cross section limit for direct τ pair production ~ 
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If Not SUSY

New Resonances to ff

New Resonances to VV/VH/HH

New Partners of Top and Bottom

Many other possibilities I have no time to 
cover 

21
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The Substructure Revolution
Pushing the searches to higher mass values, 
we are confronting ourselves with W,Z,H, and 
top produced at large boost

After a mass-dependent threshold, the 
particles acquire enough mass to look like a 
single fat jet once they decay hadronically

In this case, we don’t reconstruct them 
anymore from jets, but as a single massive jet

The jet mass becomes a powerful 
discriminator against ordinary backgrounds

 We can then look inside the jet to see if it 
looks more like more jets merging (massdrop, 
subjettiness, etc)

22
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Untagged data
QCD Pythia6
QCD Herwig++

 qW (1.5 TeV)→q* 
 qZ (1.5 TeV)→q* 
 WZ (1.5 TeV)→W' 

 WW (1.5 TeV)→ 
RS

G
 ZZ (1.5 TeV)→ 

RS
G

)-1CMS (5.0 fb
 = 7 TeVs

CA pruned R=0.8

ordinary jet boosted W/Z/H boosted top

boosted top

boosted W/Z

24 June 2013

A new frontier : Boosted Topologies

• SUSY “wants” to be light
– But we haven’t seen it

• Extra dimensions a bit higher
• Masses of new particles will 

possibly be HEAVY
• Gives SM particles (W/Z/H, top) 

significant Lorentz boosts!

9
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Above a 
threshold,

jets are 
MERGING!

ATLAS-CONF-2012-150

Boosted 
top quarks

Boosted  Z’sSee talk from
Mihoko Nojiri!
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The technique is tested on data control samples (e.g. boosted Ws and tops 
in ttbar events)

These studies allow to check and correct the MC simulation of the signals

This allows to optimize the V-tagging, H-tagging, and t-tagging to improve 
the searches

A new domain of jet physics which will be more important with 13 TeV 
collisions

23

24 June 2013

A new frontier : Boosted Topologies
• Good description of the 

kinematics by MC
• Extremely pure top samples

11
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The Substructure Revolution
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Resonances to VV
merged 

topology (large 
masses)

resolved 
topology (small 

masses)
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Resonances to ttbar

24 June 2013

ttbar Resonances

17

ATLAS-CONF-2013-052
CMS-PAS-B2G-12-005
CMS-PAS-B2G-12-006
CDF : hep-ex/1211.5363

CDF

• Limits for RS KK 
gluon : 
– ATLAS : 2.0 TeV
– CMS : 2.5 TeV

Boosted jets!

Boosted jets!

Boosted jets!

24 June 2013

ttbar Resonances
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Top&Bottom Partners

Different techniques (exclusive vs inclusive vs multivariate analyses)

When possible, exploit number of btags to suppress SM backgrounds
26

New heavy colored objects 
decaying to a b or t + one 
boson (W,Z,H)

Searched for mainly in pair 
production, with both merged 
or resolved decay products
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24 June 2013

Quark Partners (1) : T 2/3

19

Boosted jets!
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Top&Bottom Partners
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Plane fully explored for masses ~ 600 GeV
Masses up to 800 GeV excluded for some BR choice
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Resonances to ll

28

24 June 2013

Dilepton Resonances

• Limits for RS1 KK 
graviton with 
k/Mpl = 0.1:
– ATLAS : 2.5 TeV
– CMS : 2.4 TeV

• Limits for ADD 
model with n=2 :
– CMS : 4.4 TeV

13

ATLAS-CONF-2013-017
CMS-PAS-EXO-12-027
CMS-PAS-EXO-12-031
CMS-PAS-EXO-12-061

24 June 2013
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Resonances to dijet

29

24 June 2013

Dijet Resonances

• Limits for RS1 KK 
graviton 
(k/Mpl = 0.1) :
– CMS : 1.5 TeV

• Limits for excited 
quarks : 
– ATLAS : 3.8 TeV
– CMS : 3.5 TeV

15
ATLAS-CONF-2012-148
CMS-PAS-EXO-12-059

24 June 2013

Dijet Resonances

• Limits for RS1 KK 
graviton 
(k/Mpl = 0.1) :
– CMS : 1.5 TeV

• Limits for excited 
quarks : 
– ATLAS : 3.8 TeV
– CMS : 3.5 TeV

15
ATLAS-CONF-2012-148
CMS-PAS-EXO-12-059

Results in agreement 
with SM until 5 TeV 
(highest explored 

energy)
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The Next Run

30
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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?

31

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
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Snowmass Extrapolations

32

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)&
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ll resonance

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

34

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 “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 fb-1 of 13 (?) TeV collisions and then 
the long term high-statistics analyses
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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
ck

i

◆1/k

, (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

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:
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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

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]

38

Loose 
Selection
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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:
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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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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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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
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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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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:
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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

CSCs (! ~ 7 ns for 
cathode, 9 ns for anode)

Time of flight
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