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There are many reasons to expect 
physics beyond the Standard Model
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dark matter stabilizing the Higgs mass

Source of neutrino masses, baryon asymmetry of the universe, 
quantum theory of gravity, dark energy, and others…

The Goal of LHC Run 2 (my view)
• Find the “natural” solution to the hierarchy 

problem 

• Direct evidence by observing BSM 
states 

• And/or increasingly precise 
measurements of Higgs properties 

• For the second item, we more or less 
know what to do 

• We’ve already measured all the 
couplings (even if so far some not so 
precisely) 

• For searches, more complicated 

• Want to make sure program is carried 
out such that if do not find any direct 
evidence can still draw (some) 
conclusions about naturalness

Brock/Peskin Snowmass 2013 36
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Despite a broad search program, no clear 
signs of physics Beyond the Standard Model
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit



Where is BSM physics hiding? 
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Most SUSY 
searches target 
prompt decays, 

d0 ~< mm.  

Relatively sparse limits on 
particles with long lifetimes.



Large parameter space available for 
particles with long lifetimes.
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Each entry is a point in 
19-D pMSSM parameter space.  

27% of pMSSM points have NLSP (chargino) with cτ > 1 cm.  
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Most SUSY 
searches target 
prompt decays, 

d0 ~< mm.  

http://arxiv.org/abs/hep-ph/9901246


X0

Various mechanisms could 
lead to long lifetimes.  
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Long-lived 
particle 

highlighted

AMSB chargino 

RPV stop

t̃
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http://www.sciencedirect.com/science/article/pii/S0550321399003594
http://link.springer.com/article/10.1007%2FJHEP07%282012%29149
http://www.sciencedirect.com/science/article/pii/S0370157305003327
http://arxiv.org/abs/hep-ph/9801271
http://www.sciencedirect.com/science/article/pii/S0370269308001846
http://arxiv.org/abs/1212.6971


displaced jets
lepton jets

displaced leptons
displaced vertices

displaced / delayed photons

stopped particles
heavy stable charged particles

disappearing tracks
7

Region of BSM particle decay

Long-lived searches  
are signature-driven.  

1 7 m3

Region of BSM particle decay

LL particle may be
neutral or charged (or both)
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Long-lived searches  
are signature-driven.  

1 7 m3

Backgrounds outside the 
beamspot

• Few from Standard Model 
→ discovery potential  

• Unusual, e.g., detector 
noise, cosmic rays, 
reconstruction failure

• MC often inadequate
• Estimates based on data

LL particle may be
neutral or charged (or both) Region of BSM particle decay

displaced jets
lepton jets

displaced leptons
displaced vertices

displaced / delayed photons

stopped particles
heavy stable charged particles

disappearing tracks



displaced jets                                               .                     
lepton jets                                               .                     

displaced leptons                                               .                     
displaced vertices                                               . 

displaced / delayed photons                                               .                     
 .                     

stopped particles                                               .                     
heavy stable charged particles                                               .                     

disappearing tracks                                               .                     
reinterpretations                                               .                     

 JHEP 07 (2013) 122        JHEP 01, 068 (2015)
ATLAS-CONF-2015-013 & ATLAS Preliminary

CMS and ATLAS have 
many recent results

9

Phys. Rev. D 91, 012007 (2015)
Phys. Lett. B 743, 15 (2015)

ATLAS Preliminary 

JHEP 11, 088 (2014)

 arXiv:1411.6977 & CMS-PAS-EXO-14-012 
Phys. Rev. Lett. 114, 061801 (2015)

Phys. Rev. D 90, 112005 (2014)

Phys. Rev. D 88, 112003 (2013)
arXiv:1501.05603

Phys. Rev. D 88, 112006 (2013)
JHEP 01 (2015) 096

ATLAS-CONF-2014-037 
arXiv:1502.02522

1 7 m3

ATLAS Preliminary (paper in preparation)

LL particle may be
neutral or charged (or both) Region of BSM particle decay

http://link.springer.com/article/10.1007%2FJHEP07%282013%29122
http://link.springer.com/article/10.1007%2FJHEP01%282015%29068
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-013/
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.012007
http://arxiv.org/abs/1501.04020
http://link.springer.com/article/10.1007%2FJHEP11%282014%29088
http://arxiv.org/abs/1411.6977
http://cds.cern.ch/record/2002908?ln=en
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.061801
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112005
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.112003
http://arxiv.org/abs/1501.05603
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.112006
http://link.springer.com/article/10.1007%2FJHEP01%282015%29096
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-037/
http://arxiv.org/abs/1502.02522


 JHEP 07 (2013) 122        JHEP 01, 068 (2015)
ATLAS-CONF-2015-013 & ATLAS Preliminary

Selected CMS results 
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Phys. Rev. D 91, 012007 (2015)
Phys. Lett. B 743, 15 (2015)

ATLAS Preliminary 

JHEP 11, 088 (2014)

 arXiv:1411.6977 & CMS-PAS-EXO-14-012 
Phys. Rev. Lett. 114, 061801 (2015)

Phys. Rev. D 90, 112005 (2014)

Phys. Rev. D 88, 112003 (2013)
arXiv:1501.05603

Phys. Rev. D 88, 112006 (2013)
JHEP 01 (2015) 096

ATLAS-CONF-2014-037 
arXiv:1502.02522

1 7 m3

ATLAS Preliminary (paper in preparation)

LL particle may be
neutral or charged (or both)
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Region of BSM particle decay
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Disappearing tracks Stopped particlesFractionally charged particles
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Eur. Phys. J. C 75 (2015) 151  
arXiv:1501.05603

JHEP 01 (2015) 096  
arXiv:1411.6006

Phys. Rev. D 87 (2013) 092008  
arXiv:1210.2311

Selected CMS searches for 
exotic long-lived particles 



Disappearing tracks Stopped particlesFractionally charged particles
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Eur. Phys. J. C 75 (2015) 151
arXiv:1501.05603

JHEP 01 (2015) 096 
arXiv:1411.6006

Phys. Rev. D 87 (2013) 092008  
arXiv:1210.2311

Selected CMS searches for 
exotic long-lived particles 



A theory paper sparked our interest 
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FIG. 1: Charged track pT distribution. The dashed black
line is the QCD prediction estimated using the DW tune in
Pythia6.423, while the dashed blue line is the prediction for
the X-Y model described in the text, with a best-fit value of
mX = 7 GeV and mY = 1 GeV. The green curve is the sum
of the two contributions, to be compared with the CDF data
in red.

that a more accurate study of this signal is required, in
order to take into account detector e�ects and the track-
ing algorithms. Nevertheless, it clearly shows that a new
physics is an intriguing and viable possibility even in light
of the errata [7].

The cross section at ATLAS and CMS will be even
higher than at the Tevatron, O(10µb), so it would be
useful to investigate how these NOTs from the model
we study could show up at the LHC. Finding kinks may
be more di⇥cult than at the Tevatron given the larger
amount of detector material in the tracker, which in-
creases the probability of multiple scattering. To date, in
order to manage backgrounds, ATLAS and CMS searches
have required stringent track quality cuts. Consequently,
[5, 6] would have missed NOTs of the type studied here.
Given the large production cross section, it seems advan-
tageous to expand the current searches by loosening the
track quality cuts. In particular the nature of the silicon
trackers at ATLAS and CMS allow for a lower threshold
for tracker hits and may be well suited for discovering

NOTs with intermittent hits.

As discussed above, while we have focused on the
model parameters that could explain the original CDF
data, there is a wide range of NOT phenomenology.
In particular, the production rates may be significantly
lower, thereby easing the tension with existing con-
straints. Developing new techniques to search for NOTs
and expanding the benchmarks beyond those given in
this paper, thus provide important directions for future
theoretical and experimental studies.
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Meade, et al. proposed “new odd 
tracks” (NOTs) to explain CDF data 
excess above QCD prediction at 
large pT

NOTs could come in several forms: 
• kinked tracks
• displaced vertices 
• anomalous dE/dx 
• anomalous timing
• intermittent hits
• anomalous curvature
• disappearing tracks  

If the pT of the NOTs is 
mismeasured (e.g., from fractional 
charge), they could populate the 
region of the CDF excess.  



Standard reconstruction/ simulation requires 
modification for fractionally charged particles
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Fractionally charged particles 
have pT mismeasured by 
factor of 1/|q|.  

Stable fractionally charged 
particles deposit less energy 
in tracker, muon detectors.  
Reduced efficiency to trigger & 
reconstruct track offline. 
Important systematic 
uncertainty on signal efficiency.  
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Figure 2: Probability to record a hit in the DT muon system, as a function of the energy loss of
the hit.

Table 1: Efficiency of HLT SingleMu40 eta2p1 trigger for signal MC.
mass ( GeV) q=2/3 q=1/3
100 0.673 0.080
200 0.752 0.106
300 0.736 0.150
400 0.733 0.177

for detecting late tracks in the muon system; the earlier data was taken with a 25-ns trigger
window. The total trigger efficiency is the luminosity-weighted average of the efficiencies de-
termined for each trigger window.

The trigger efficiencies are given in Table 1. The trigger efficiency for charge 2/3 signal is 68-
74%, which is similar to the trigger efficiency measured for q=1 signal MC. For charge 1/3, the
trigger efficiency is much lower, between 8–18%. For the q=1/3 signal, most of the efficiency
loss comes from the trigger requirement; for events that pass the trigger the combined prese-
lection and signal region efficiency is about 50%. The lower trigger efficiency for q=1/3 results
from the fact that a q=1/3 track is more likely to leave clusters with an energy loss below the
threshold required to identify a hit. The trigger efficiency losses come from both the tracker
hits and muon hits falling below threshold. When both of these effects are removed (by in-
creasing the tracker hit amplitudes and by not removing any muon hits), the trigger efficiency
for the q=1/3 becomes about the same as that for q=2/3 (for m=100 GeV, about 66%). The
larger efficiency loss comes from the tracker hits falling below threshold. When all muon hits
are retained, but tracker hits below threshold are lost, the trigger efficiency is 12%; by compar-
ison, when all tracker hits are retained and muon hits below threshold are rejected the trigger
efficiency is 39%.

2.2 MC Signal

The search is designed to be sensitive to fractional-electric charge particles with lifetimes of a
few ns or more. To minimize theoretical model dependence, we simulate MC signal samples
with a long-lived 4th-generation lepton (⇥⇤) model with PYTHIA v6.422 [10], with charges of
q = 1/3, 2/3, and 1 and with masses of 100, 200, 300, and 400 GeV. The simulation is performed
in a similar way as in a search for multiply-charged particles [11]; the PYTHIA settings used for
the MC generation are provdided in that note. In this model, pairs of leptons (⇥⇤⇥⇤) are pair-
produced through the Drell-Yan process with neutral current Z�/��. For the process qq̄ ⇥

Muon system trigger emulation does not 
take into account hit energy loss.  We run 
custom trigger efficiency simulation that 
discards muon hits with low energy loss.  

DT energy loss (GeV)



Fractionally charged particles  
populate unchartered territory 
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Figure 2: Number of tracks per event, after the preselection, for the signal sample data.

sample after the preselection is shown in Figure 2. The number of events with more than one153

track passing the preselection is 0.8%.154

Plots of the variables used in the selection are given in Figure 3. For each plot, all the track155

cuts (not including the event-level cuts on ⇧max and mµµ) are applied except for the cut on the156

variable being plotted.157

4 Signal identification158

We have designed this search to have a signal identification technique that imposes as few159

assumptions on the signal model as possible but that also has the power to suppress the large160

Standard Model backgrounds.161

The critical difference between the track of a fractional charge particle and a Standard Model
minimum-ionizing particle is the smaller rate of energy loss in the detector layers by a fractional
charge particle. Figure 5 shows distribution of dE/dx measurements for hits recorded from a
simulated signal particle with mass of 100 GeV for three different charge hypotheses, q =
e, 2e/3, 1e/3. The distribution shifts lower with smaller electric charge. According to the Bethe
equation the average energy loss rate dE/dx is proportional to the square of the particle’s
charge q [7]:

�
⌧

dE
dx

�
= Kq2 Z

A
1
�2


1
2

ln
2mec2�2⇤2Tmax

I2 � �2 � ⇥(�⇤)
2

�
(1)

A particle passing through many layers of the tracker will record different energy losses through
each layer; the Bethe equation only describes the average energy loss rate. Various estimators
may be used to find the average dE/dx of all the hits associated with a track. These include
the arithmetic mean, a truncated mean of the lowest 60% of the tracks, and geometric means of

Bethe eqn:  ionization energy 
loss is proportional to q2

Heavy stable charged 
particle search  

Standard Model

fractionally charged particles



Hits with dE/dx < 2 MeV/cm
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Number of low-ionizing hits  
follows a binomial distribution  
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expected to be uncorrelated, and the number of measure-
ments below a given dE=dx value can be described by a
generalized binomial function,

Nevts ¼ N0

!

n

 !
pnð1# pÞ!#n;

!

n

 !
¼ !ð!þ 1Þ

!ðnþ 1Þ!ð!# nþ 1Þ ;

where Nevts is the number of events containing at least one
track with n low dE=dx measurements, ! is the average
number of measurements per track, p is the probability for
a single measurement to be low dE=dx, N0 is a normal-
ization factor, and !ðnÞ is the gamma function. The fit of
the binomial function to the background-dominated region
of the Z-peak control sample is shown in Fig. 2. The fitted
parameters are ! ¼ 17:5& 1:7, p ¼ 0:0125& 0:0013,
and N0 ¼ ð5:03& 0:03Þ ' 106; the values of ! and p are
close to those expected based on the number of measure-
ments per track and the fraction of low dE=dx measure-
ments. This function describes the distribution in the
control sample well, with "2=dof ¼ 0:07=1, correspond-
ing to a "2 probability of 79%. This is strong support for
the hypothesis that the data are distributed binomially and
therefore that the dE=dx measurements are uncorrelated.

Extrapolation of the fitted binomial function into the signal
region yields a pp background estimate of 0.005 events.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties that significantly impact
the results are the uncertainties in the integrated luminos-
ity, the background estimate, and the signal efficiency. The
uncertainty in the integrated luminosity is 2.2% [16].
The cosmic ray background estimate has a statistical

uncertainty of 71% that arises from the relatively small size
of the sample with inverted dxy and dz requirements used
for its determination. The statistical uncertainties in the
weighting factors are 1% and 24% for the dxy and dz
requirements, respectively. The systematic uncertainty as-
sociated with the assumption that the dxy and dz variables
are uncorrelated is assessed by examining a sample defined
by replacing the inverted dz selection with an inverted
#max requirement. This sample, obtained by requiring
0:1< jdxyj< 1:1 cm, #max > 2:8 rad, and all other prese-
lection criteria, provides a second estimate of the cosmic
ray background, which differs from the nominal estimate
by 42%. The statistical and systematic uncertainties are
summed in quadrature; the total cosmic ray background
estimate is 0:007& 0:006 events.
We assess three potential sources of uncertainty in the

pp background estimate in the signal region. The first
source is from the choice of the function used to fit the
control sample. While this is often a large source of un-
certainty in many a posteriori fits to data, our hypothesis
that a binomial function describes the distribution of the
number of low dE=dx measurements is motivated a priori
from first principles. We do not expect a large uncertainty
from this source. For completeness, however, other func-
tions are also compared to the data. Fits of several modified
exponential, power-law, and polynomial functions fail to
converge or have very low "2 probabilities. One function
that does fit the distribution reasonably well is Nevts ¼
p0n

p1þp2n, where pi are free parameters. The difference
between the background estimate from this function and
the nominal background estimate is 0.001 events.
The second potential source of uncertainty in the pp

background estimate arises from the statistical uncertain-
ties in the fitted parameters of the binomial function. The
propagation of these uncertainties results in an uncertainty
in the background estimate of &0:0004 events.
A third source of uncertainty arises from the small dis-

agreement between the distribution of low dE=dx measure-
ments from the control sample and that from the search
sample. In the background-dominated region, the largest
statistically significant discrepancy between the two samples
is 9%, for zero low dE=dx measurements. To assess the
resulting systematic uncertainty, the control sample fit is
repeated for a large number of trials, in each case setting
the value of the distribution in each bin randomly, according
to a Gaussian distribution with a mean of the original value

E
ve

nt
s

-210

1

210

410

610

search sample (CMS data)

control sample (CMS data)

binomial fit to control sample

-1 = 7 TeV, 5.0 fbsCMS,

Hits with dE/dx < 2 MeV/cm
0 1 2 3 4 5 6

D
at

a 
/ f

it

0
0.5

1
1.5

2

FIG. 2 (color online). Number of events with at least one track
with the given number of low dE=dx measurements, for search
data and the scaled Z-peak control sample background estimate.
The binomial function fit to the control sample is shown, with the
band representing its uncertainty. The ratio of the data to the
binomial fit is also presented. No tracks in the search sample
have five or more low dE=dx measurements.

S. CHATRCHYAN et al. PHYSICAL REVIEW D 87, 092008 (2013)

092008-4

signal  
region

Each hit is an independent  
ionization energy loss 
measurement.  

Background distribution from 
first principles allows for a 
precise bkgd estimate.  

3 free parameters



Binomial distribution results from  
uncorrelated measurements
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Particles that intersect the 
edge or center (glue joint) of a 
tracker module are more likely 
to produce a low-dE/dx hit.   

Some high-pT trajectories may 
violate uncorrelated 
assumption

Solution:  exclude hits close to 
edge/center of modules.  

local position of hits with dE/dx < 1.7 MeV/cm 
(tracker outer barrel)  

20 Jul. 2012 frac. chg. particles, W. Wulsin

Position of hits shows subdetector geometry

8

local y (cm) [dE/dx<1.7, subdetID=5]
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5

10

Entries  33628
Mean x  -0.6379
Mean y  -0.02228
RMS x   12.49
RMS y   5.814
Integral   3.363e+04
       0       0       0
       0   33628       0
       0       0       0

• tracker outer barrel modules are two 
sensors connected:  the boundary between 
them can produce low-dE/dx hits.  

https://cdsweb.cern.ch/record/939100/files/
oreach-2005-005_01.jpg

hi-pT 
particle gun

What else did we learn?
• Preliminary results actually had an excess at low dE/dx  

• Hits which happen to come near the edge of  physical sensor - some charge is 
lost, so “low dE/dx” 

• For ~straight tracks, given CMS tracker geometry, it is coincidentally possible 
to violate uncorrelated assumption 

• Additional accidental “correlated pp background” 

• Easily removed by fiducial cuts 



First look at data: a signal?  
Looked at sample of data after a preliminary 
version of the selection. 

Several events had tracks with many low-dE/
dx hits → expected signature of signal!   

But, upon examination of event displays these 
events had signature of cosmic ray muons → 
muon hits 180 degrees opposite the candidate 
track.  

Suppressed the cosmic ray bkgd by adding 
cuts on several variables (quality of primary 
vertex, # pixel hits, dxy, dz, IP time, 3D angle 
between candidate track and any other high-
pT track).  

18

9 low-dE/dx hits

11 low-dE/dx hits



First limits on 0<|q|<1  
stable particles at LHC

19

Set lower mass limits on DY 
production of particles with  

|q| = 2e/3:  310 GeV
|q| = e/3:  140 GeV

# events
Cosmic rays 0.007 ± 0.006
pp collisions 0.005 ± 0.004

Total bkgd 0.012 ± 0.007
Observation 0

Careful understanding of 
backgrounds →  

small contribution &  
precise estimate 
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Disappearing tracks Stopped particlesFractionally charged particles
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Eur. Phys. J. C 75 (2015) 151
arXiv:1501.05603

JHEP 01 (2015) 096  
arXiv:1411.6006

Phys. Rev. D 87 (2013) 092008
arXiv:

Selected CMS searches for 
exotic long-lived particles 
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Figure 10: Left: Number of pMSSM points of the phase-space excluded at 95% C.L. as a function
of the chargino average decay length. Right: Zoom of the long-lived region. The SUS-12-030
search [10] only considered points with ct < 10 mm. The bottom panel shows the fraction of
parameter points excluded by the SUS-12-030 search [10] (blue) or by reinterpreting the long-
lived particle search [8] (red). A few points with ct � 1 km are not excluded despite a signal
acceptance of about 50% because of their theoretical cross section being at the level of ⇠ 0.1 fb.

function of the chargino average decay length. Only 2.6% (1.1%) of the tested models with ct
larger than 50 cm (10 m) have not been excluded by the search for long-lived charged particles.
On the other hand, these figures also highlight that none of the CMS searches is currently
sensitive to the region 10 mm ct 50 cm which contains 14% of the parameter phase-space.

Figure 11 shows the number of parameter points predicted, excluded by Ref. [10], excluded by
reinterpreting the results of Ref. [8] and not excluded by any of those searches as a function
of the chargino mass and the mass difference between the chargino and the neutralino. The
Figure 12 shows the same information as a function of the chargino mass and chargino decay
length.

5 Conclusions

A technique for reinterpreting the results of the CMS search for long-lived charged particles
has been presented. The technique was validated on a few benchmark BSM models : pair
production of staus, inclusive production of staus in the context of the GMSB model, pair pro-
duction of long-lived leptons with a null isospin and pair production of charginos in the context
of the pMSSM. A 10% agreement is obtained on the model acceptance between the proposed
technique and the acceptance estimated by a full simulation and reconstruction of the CMS de-
tector. The technique was used to constrain the long-lived sector of a sub-space of the pMSSM
chosen to cover particle masses up to about 3 TeV/c2. We conclude that 98.9% (97.4%) of the
considered sub-space predicting long-lived charginos with a decay length ct � 10 m (50 cm) is

Motivation:  fill important  
gap in parameter space

21

Explore 0.1 < cτ < 1 m, a 
region well-motivated for a 
variety of reasons.  

• Important lifetime 
region (peak in 
pMSSM plot at right)  

• Distinct experimental 
signature.  

• Few Standard Model 
backgrounds.   

classic SUSY:  ~< 1 mm HSCP:  >~ 1 m

this search:  0.1 - 1 m

(chargino lifetime)



8 Jun 2014 Disappearing tracks, W. Wulsin 3

Disappearing track signature

2222

• Disappearing track:  stops partway 
through the tracker

• Produced by charged BSM particle 
if decay products are undetected 
because they are low-momentum or 
neutral/weakly-interacting.  

• Striking signature of new physics

• Would provide multiple handles to 
study a BSM particle, e.g., lifetime, 
mass, recovery of some decay 
products.  

• Signature-driven search, not 
designed for particular model.  
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Benchmark signal model

23

π+

χ0

χ+

Anomaly-Mediated SUSY 
Breaking (Nucl. Phys. B 557, 79 

(1999))
• small mass splitting between 

the lightest chargino (𝜒+) and 
neutralino (𝜒0)

• 𝜒± decays to 𝜒± → 𝜒0 π± with 
lifetime ~ 1 ns

• 𝜒0 interacts only weakly and π±  

has too little momentum to be 
reconstructed  

• direct electroweak production:  
pp → 𝜒±𝜒∓ & pp → 𝜒±𝜒0 

Many other models could produce disappearing 
tracks:  Phys. Rev. D 85, 095011 (2012), JHEP 36, 
1 (2013), JHEP 2, 126 (2013), arXiv:1212.6971.  



Candidate Track Selection
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HLT_MonoCentralPFJet80_PFMETnoMu95_NHEF0p95 
HLT_MonoCentralPFJet80_PFMETnoMu105_NHEF0p95 
HLT_MET120_HBHENoiseCleaned

Trigger on MET 
(produced by recoil 
of 𝜒𝜒 from ISR jet)

Jet Criteria

Candidate Track
Criteria

3.2 Background Estimate Samples 15

Table 7: Search sample selection criteria.

Sub-sample Description Requirements

Candidate Track

Missing Energy 6ET > 100 GeV

jet definition

Leading jet criteria

pT > 110 GeV
|h| < 2.4
charged hadron energy fraction > 0.2
neutral hadron energy fraction < 0.7
charged EM energy fraction < 0.5
neutral EM energy fraction < 0.7

Additional jet criteria no jet pairs with Df > 2.5
Df > 0.5 - 6ET && 2 highest-pT jets

Track quality

pT > 50 GeV
|h| < 2.1
d0 < 0.02 cm
dz < 0.5 cm
� 7 valid hits
0 missing middle hits
0 missing inner hits

Track isolation (SpDR<0.3
T � pT)/pT < 0.05

DR > 0.5 between track and any jet

Lepton vetoes

!in ECAL barrel-endcap crack, 1.42 < |h| < 1.65
!in DT Wheel 0 gap, 0.15 < |h| < 0.35
!in region of larger µ reco. inefficiency 1.55 < |h| < 1.85
!within DR < 0.05 of dead or noisy ECAL cluster
!within DR < 0.25 of errant CSC
!within DR < 0.15 of e, pT > 10 GeV && mvaNonTrigV0 > 0
!within DR < 0.15 of µ, pT > 10 GeV
!within DR < 0.15 of t, pT > 30 GeV, |h| < 2.3, loose tau ID

Disappearing Track Isolate signal
Pass Candidate Track criteria (above)
EDR<0.5

calo < 10 GeV
� 3 missing outer hits

Table 8: Lepton control sample selection criteria. All criteria of the Disappearing Track sub-
sample are required except for those listed here.

Disappearing Track sub-sample criteria removed

Electron Control Sample
!in DR < 0.15 of e (electron veto)
EDR<0.5

calo < 10 GeV
Muon Control Sample !in DR < 0.15 of µ (muon veto)

Tau Control Sample
!in DR < 0.15 of t (tau veto)
EDR<0.5

calo < 10 GeV

The Electron-ECAL Channel Tag and Probe Sample is used to study dead/noisy ECAL chan-

Data sample:  19.5 fb-1 of pp collisions at √s = 8 TeV 

Triggers



Disappearing Track Criteria
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• Missing outer hits are the characteristic 
sign of a disappearing track

• Nmissouter ≥ 3 rejects most SM tracks, which 
pass through all layers of the tracker

• But electrons and charged hadrons can 
produce missing outer hits

To avoid these SM sources of tracks with missing outer hits, we additionally require….

We promote a candidate track to a 
“disappearing track” if it … 
disappears

electron:  
bremsstrahlung of 
most of its energy

charged hadron:  
nuclear interaction → 

charge exchange
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Disappearing Track Criteria
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• We require there be not much 
energy in the calorimeter in the 
region geometrically associated 
to the our candidate track

• Ecalo < 10 GeV

• Ensures that missing outer hits 
are not from brem or nuclear 
interaction.  

Candidate tracks with missing outer 
hits and little associated calorimeter 

energy form the search sample 



Missing outer hits:  algorithmic sources
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For a single pixel seed, the trajectory with the largest quality score Q is retained:  
Q = 5*(# found hits) - 20*(# lost hits) - Χ2

Sometimes the wrong set of hits is chosen:  trajectory with missing outer hits has 
larger Q than one without missing outer hits.  

In muon particle gun events, 11% of tracks produce ≥1 missing outer hit.
• 7.3%:  track passes through a glue joint (near local y=0) (now fixed in software)
• 2.7%:  trajectory without missing outer hits has larger Χ2

• 0.7%:  the last hit is mistakenly removed (now fixed in software)

We were surprised to discover that muons sometimes produce missing outer hits. 

All tracks are impacted by these algorithmic 
sources of “fake” missing outer hits.



Missing outer hits: pass through glue joint
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• 4 missing outer hits
• 10 valid measurements
• 0 lost measurements
• Χ2=10.3

Score = 39.7

• 0 missing outer hits
•13 valid measurements
•1 lost measurement
• Χ2=14.5

Score = 30.5

missing outer hit
lost hit
valid hit Selected

Trajectory 2Trajectory1

 Score =5*(# hits) -20*(# lost hits) - Χ2

Trajectory 2 has the higher score so it 
is chosen even though it has a larger 

number of missing outer hits than 
Trajectory 1

Note:  Missing outer hits do not count as lost hits in 
the calculation of the score.

Not Selected

glue joint



Backgrounds arise from 
reconstruction failure modes

29

1. Electrons:  Can survive electron veto if directed toward a dead or 
noisy ECAL crystal.  

2. Muons:  Can survive muon veto from decay in flight, secondary 
electromagnetic shower, or no recorded hit in muon system.

3. Taus:  Can survive tau veto if pion track from 𝜏→πν has mismeasured 
pT.  

4. Fake tracks:  False trajectories from pattern recognition failure → 
mimic signal.  



Background Sources: Electrons
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Unreconstructed electrons 
from tag/probe sample

An electron track can survive the electron veto if its energy is not fully measured 
by the ECAL.  Therefore we avoid regions where this is likely to happen.  

• Veto tracks in the ECAL barrel-endcap 
gap.  

• Veto tracks within ΔR<0.05 of an 
ECAL channel known to be dead/
noisy. 

• Veto any tracks pointing toward 
additional problematic ECAL 
channels, identified with a Z→ee tag/
probe study.   

9"May"2014 Disappearing"tracks,"J."Brinson

Fake"Track"Rate"in"ZtoEE
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Background Sources: Muons

31

Veto tracks from global/standalone/tracker 
muon. 
We avoid regions where muon reconstruction 
can fail:  

• Veto η regions of large inefficiency
• Veto tracks within ΔR < 0.25 of bad CSC

• Even after fiducial cuts, muon 
may be unreconstructed when it 
decays in flight or produces a 
secondary electromagnetic 
shower.  

• From muon particle gun sample, 
muon reconstruction inefficiency 
is 6.8 x 10-5.  Very rare!

Unreconstructed muons 
from tag/probe sample

36 4 Background Characterization

• 29 events: An HCAL deposit of at least 10 GeV is produced. An example event is
shown in Figure 15.

• 19 events: One or more DT or CSC muon segments are produced but fail the tracker
muon quality criteria (DX < 3 cm or sX < 4). An example event is shown in Fig-
ure 16.

• 14 events: There are no ECAL or HCAL deposits greater than 10 GeV and no DT or
CSC segments are recorded. An example event is shown in Figure 17.

The contributions of these signatures are summarized in Table 24. A high-pT muon may
produce secondary electromagnetic showers, through the processes of delta ray production,
bremsstrahlung, or e+e� pair production [24, 25]. While we have not established the interac-
tion in these events, it is plausible that an electromagnetic shower could produce each of these
signatures, depending on whether the interaction occurs in front of the calorimeter, within the
calorimeter, or in the solenoid or other dead material.

Table 24: The signatures of events with an unreconstructed muon, in the muon (wide-h) particle
gun sample.

Signature Relative contribution
ECAL deposit > 10 GeV 9%
HCAL deposit > 10 GeV 43%
DT or CSC muon segments, but fail (DX < 3 cm or sX < 4) 28%
no DT or CSC segments 21%

Figure 14: A simulated pT =100 GeV muon particle gun event, in which the muon decays and
produces an ECal deposit of 84 GeV.

To reduce the background from unreconstructed muons, we apply fiducial cuts to reject candi-
date tracks in geometrical regions where the muon inefficiecy is larger than average. We study

Unreconstructed Muons
• We veto tracks matched to reconstructed muons 

• But if reconstruction fails because muon 
traverses a gap (or problematic chamber) in 
muon system, so does veto 

• We identify and then exclude tracks pointing 
to areas of known inefficiency in muon 
system 

• If muon decays in flight, reconstruction also 
fails (and so does veto) 

• Likewise if muon brems and/or creates E&M 
shower   

• Very rare 

• Probability ~6.8x10-5   
Extracted from “tag & probe” sample 
of Z events with 1 reconstructed µ 

and 1 unreconstructed µ

Locations of unreconstructed 
muons in CMS 

(gaps indicated by lines) 
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Background Sources: Taus

32

W→𝜏ν event
• Candidate track in 

magenta π from 𝜏→ πν
• Generated pT = 15.2 GeV
• Reco’d pT = 74.5 GeV:  

passes pT > 50 GeV cut.  
• Ecalo = 8.1 GeV:  passes 

Ecalo < 10 GeV cut.   
• Not reconstructed as 

tau, since track pT and 
Ecalo are very different.

4.4 Taus 33

14 May 2013 Disappearing tracks, J Brinson !7

14 May 2013 Disappearing tracks, J Brinson !7

Figure 20: An event display with a pion from a W ! tn decay that has passed the full selection.
The pion track has been highlighted in magenta. The reconstructed pT of the track is 74.75 GeV,
but the generated pT is only 15.2 GeV. EDR<0.5

calo is 8.1 GeV. Since the pT has been mismeasured,
this track passes the selection.

A charged hadron track from a tau decay can survive if its pT is mismeasured 
(which is easier to do for a disappearing track) 

We require ≥7 hits to reduce the fraction of tracks with mismeasured pT.



Background Sources: Fake Tracks
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Fake tracks are false trajectories that result from fake pattern recognition of a 
combination of random hits in the event. 

• Mostly rejected by track isolation and track quality requirements.  
• With each additional hit, probability to find a fake track decreases:  large Nmissout.
• Hits not produced by a single particle:  little Ecalo.  

4.5 Fake Tracks 37
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Figure 23: The number of missing middle hits (left) and the transverse impact parameter d0, for
fake tracks passing the Candidate Track criteria without the |d0|, Nhits, and Nmiddle

miss requirements.
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Figure 24: Distributions of EDR<0.5
calo and Nouter

miss for fake tracks passing the Candidate Track criteria
without the |d0|, Nhits, and Nmiddle

miss requirements.

Pernicious background → mimics 
the signal in Ecalo and Nmissout.  



Lepton Background Estimates
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Ni = Nictrl Pi

Nictrl (data):  # events passing search region criteria, without the lepton veto
Pi (MC):  probability of track from lepton to survive the lepton veto

• Developed a factorized data/MC estimate.  
• Use MC only to model lepton inefficiency.  
• Don’t rely on MC to model missing outer hits or other selection criteria.  
• Test the simulation of Plep with tag and probe samples.  

J
H
E
P
0
1
(
2
0
1
5
)
0
9
6

Electrons Muons Taus

Criteria removed to e veto µ veto τh veto

select control sample Ecalo < 10GeV Ecalo < 10GeV

N i
ctrl from data 7785 4138 29

P i from simulation < 6.3× 10−5 1.6+3.6
−1.3 × 10−4 <0.019

N i = N i
ctrlP

i <0.49 (stat) 0.64+1.47
−0.53 (stat) <0.55 (stat)

P i systematic uncertainty 31% 50% 36%

N i <0.50 (stat+syst) 0.64+1.47
−0.53 (stat)± 0.32 (syst) < 0.57 (stat+syst)

Table 3. The number of events in the data control samples N i
ctrl, the simulated identification

inefficiencies P i, and the resulting estimated contribution in the search sample N i, for each of the
SM backgrounds. The statistical uncertainties originate from the limited size of the simulation
samples, while the systematic uncertainties are derived from the differences in P i between data and
simulation in tag-and-probe samples.

7.2 Fake tracks

The fake-track background is estimated as N fake = NbasicP fake, where Nbasic = 1.77×106 is

the number of events in data that pass the basic selection criteria, and P fake is the fake-track

rate determined in a Z → ℓℓ (ℓ = e or µ) data control sample, a large sample consisting

of well-understood SM processes. In the simulation, the probability of an event to contain

a fake track that has large transverse momentum and is isolated does not depend on the

underlying physics process of the event. The Z → ℓℓ sample is collected with single-lepton

triggers and is selected by requiring two well-reconstructed, isolated leptons of the same

flavor that are opposite in charge and have an invariant mass between 80 and 100GeV,

consistent with a Z → ℓℓ decay. We measure P fake as the probability of an event in the com-

bined Z → ℓℓ control sample to contain a track that passes the disappearing-track selection.

There are two Z → ℓℓ data events with an additional track that passes the disappearing-

track selection, thus P fake is determined to be (2.0+2.7
−1.3) × 10−7. The rate of fake tracks

with between 3 and 6 hits is consistent between the sample after the basic selection and the

Z → ℓℓ control sample, as shown in figure 2. Fake tracks with 5 hits provide a background-

enriched sample that is independent of the search sample, in which tracks are required to

have 7 or more hits. We use the ratio of the rates of fake tracks with 5 hits between these

two samples (including the statistical uncertainty), to assign a systematic uncertainty of

35%. The fake-track background estimate is Nfake = 0.36+0.47
−0.23 (stat)± 0.13 (syst) events.

7.3 Background estimate validation

The methods used to estimate the backgrounds in the search sample are tested in three

control samples: the candidate track sample and Ecalo and Nouter sideband samples. The

sideband samples are depleted in signal by applying inverted signal isolation criteria, and

the size of the samples is increased by relaxing the track pT requirement to pT > 30GeV. In

the Nouter sideband sample, events must pass all criteria of the candidate track sample, and

the candidate track must have 2 or fewer missing outer hits. In the Ecalo sideband sample,

– 11 –



Fake Track Background Estimate
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Nkin:  number of events in search 
sample, before track selection criteria  
Pfake:  fake track rate from Z→μμ 
control sample 

Ratio of Pfake in the search sample 
and Z→μμ control sample

Systematic uncertainty from Pfake 
for 4 hits:  35%.  

• The fake track rate is independent of the 
underlying physics process.

• Developed entirely data-driven bkgd 
estimate.

Nfake = Nfakectrl Pfake
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Figure 8.6: The identity of the generated particle matched to the probe track (left)
and the invariant mass of the tag muon and probe track (right). Both figures corre-
spond to events in the Tau Tag and Probe Sample sample in which the probe track
survives the tau veto. The tau purity is 69%.

Table 8.10: Determination of the fake track rate P fake from the yield in the Muon
Fake Track Control Sample and Electron Fake Track Control Sample, with and
without the requirement of a Disappearing Track.

NZ→ll 9.84× 106

N fake
ctrl 2.0

P fake = N fake
ctrl /N

Z→ll (2.0+2.7
−1.3)× 10−7

Table 8.11: Fake track background estimate.
N fake

ctrl (data) 1.77× 106

P fake (data) (2.0+2.7
−1.3)× 10−7

N fake 0.36+0.47
−0.23
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Validate the background estimates in two 
looser pT (pT > 30 GeV), sideband regions:

• Replace Noutermiss > 3 with Noutermiss <2
• Replace Ecalo < 10 GeV with Ecalo > 10 

GeV

The background estimates are consistent with 
the yield from data in these control regions.
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Figure 39: The transverse momentum of tracks in the EDR<0.5
calo sideband sample (left), and in the

Nouter
miss sideband sample (right) The data are compared with the background estimate.

Table 36: The data yields and estimated backgrounds in the Candidate Track sub-sample and
sideband samples.

Sample data estimate data/estimate
Candidate Track sub-sample 59 49.0 ± 5.7 1.2 ± 0.21
EDR<0.5

calo sideband sample 197 195.4 ± 13.0 1.01 ± 0.098
Nouter

miss sideband sample 112 102.9 ± 8.8 1.09 ± 0.14

Table 37: The fractional systematic uncertainties in the background estimates.

Systematic uncertainty
electron estimate 31%
muon estimate 37%
tau estimate 37%
fake track estimate 35%

sub-sample. The difference between data and MC in the integral of the reweighted distribution898

is taken as the systematic uncertainty associated with the simulation of ISR. The uncertainty is899

between 8.0% and 9.5% for the various signal parameter points.900

The uncertainty associated with the trigger efficiency is assessed by comparing the measured901

and predicted trigger effiency in a W ! µn control sample. We first require all events to pass902

the HLT_IsoMu24_eta2p1 trigger. Next, we apply all of the offline criteria of the Candidate903

Track sub-sample, without the muon veto and 6ET cut. In addition, we require exactly one muon904

in the event, to reduce the contamination from Z ! µµ. Finally, we require that the difference905

in azimuthal angle between the muon and any jet in the event be less than 2.7, which is mo-906

tivated by the HLT trigger filter in HLT_MonoCentralPFJet80_PFMETnoMu95_NHEF0p95907

that requires the difference in azimuthal angle between the leading jet and any subleading jet to908

be less than 2.9, as discussed in Section 2.2. In a significant number of events, the muon and the909

Ecalo sideband
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Figure 39: The transverse momentum of tracks in the EDR<0.5
calo sideband sample (left), and in the

Nouter
miss sideband sample (right) The data are compared with the background estimate.

Table 36: The data yields and estimated backgrounds in the Candidate Track sub-sample and
sideband samples.

Sample data estimate data/estimate
Candidate Track sub-sample 59 49.0 ± 5.7 1.2 ± 0.21
EDR<0.5

calo sideband sample 197 195.4 ± 13.0 1.01 ± 0.098
Nouter

miss sideband sample 112 102.9 ± 8.8 1.09 ± 0.14

Table 37: The fractional systematic uncertainties in the background estimates.

Systematic uncertainty
electron estimate 31%
muon estimate 37%
tau estimate 37%
fake track estimate 35%

sub-sample. The difference between data and MC in the integral of the reweighted distribution898

is taken as the systematic uncertainty associated with the simulation of ISR. The uncertainty is899

between 8.0% and 9.5% for the various signal parameter points.900

The uncertainty associated with the trigger efficiency is assessed by comparing the measured901

and predicted trigger effiency in a W ! µn control sample. We first require all events to pass902

the HLT_IsoMu24_eta2p1 trigger. Next, we apply all of the offline criteria of the Candidate903

Track sub-sample, without the muon veto and 6ET cut. In addition, we require exactly one muon904

in the event, to reduce the contamination from Z ! µµ. Finally, we require that the difference905

in azimuthal angle between the muon and any jet in the event be less than 2.7, which is mo-906

tivated by the HLT trigger filter in HLT_MonoCentralPFJet80_PFMETnoMu95_NHEF0p95907

that requires the difference in azimuthal angle between the leading jet and any subleading jet to908

be less than 2.9, as discussed in Section 2.2. In a significant number of events, the muon and the909

Nmissout sideband

CMS Internal

After the full selection, the expected 
background is 1.4 ± 1.2 events.  

CMS Internal
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Observed 2 data events, 
consistent with the expected 

background of 1.4±1.2.  

Distributions of key 
variables consistent with 

background-only 
hypothesis.

outer
missN

0 2 4 6 8 10 12 14
En

tri
es

 / 
un

it

0.5

1

1.5

2

2.5

3

3.5

4
Data
Stat. uncert.
Fake bkgd
 bkgdτ
 bkgdµ

e bkgd

CMS
 (8 TeV)-119.5 fb

Number of hits
0 5 10 15 20 25 30

En
tri

es
 / 

un
it

0.5

1

1.5

2

2.5

3

3.5

4
Data
Stat. uncert.
Fake bkgd
 bkgdτ
 bkgdµ

e bkgd

CMS
 (8 TeV)-119.5 fb

 [GeV]caloE
0 5 10 15 20

En
tri

es
 / 

1 
G

eV

0.5

1

1.5

2

2.5

3

3.5

4
Data
Stat. uncert.
Fake bkgd
 bkgdτ
 bkgdµ

e bkgd

CMS
 (8 TeV)-119.5 fb

 [GeV]
T

Track p
0 100 200 300 400 500

En
tri

es
 / 

10
 G

eV

-310

-210

-110

1

10 Data
Stat. uncert.
Fake bkgd
 bkgdτ
 bkgdµ

e bkgd

CMS
 (8 TeV)-119.5 fb



Limits

38

• Generic chargino limits
• Region to the left of the solid curve 

is excluded at 95% C.L.
• Maximum sensitivity for lifetimes of 

7 ns, exclude charginos with mass 
less than 505 GeV

• Constraint on mass of chargino and 
mass difference between the 
chargino and neutralino in AMSB

• Exclude charginos with mass of 260 
GeV i.e.  lifetime of ~0.2 ns and mass 
difference of 160 MeV
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Inclusive approach:  Exploit difference in 
shape of a discriminating variable between 

signal vs. backgrounds (e.g., track pT).  

likelihood function for the track pT consists of one proba-
bility density function for the signal and four for the differ-
ent backgrounds derived in Sec. V. In the fit, the yields of
the signal, interacting-hadron, and pT-mismeasured tracks
are left free. The yields of electron and muon background
tracks are constrained to their estimated values within the
uncertainties. The effects of systematic uncertainties on the
yields and the parameters describing the pT-distribution
shapes of the background tracks are also incorporated into
the likelihood function.

The number of observed events having a high-pT dis-
appearing track above a given threshold and the expecta-
tion for the background, derived by the background-only fit
in the pT range below 75 GeV, are given in Table III. No
significant deviations from the background expectations
are found. The probability (p0 value) that a background-
only experiment is more signal-like than the observation
and the model-independent upper limit on the visible cross
section (!95%

vis ) at 95% confidence level (C.L.) are also
given in the table. Figure 5 shows the pT distribution for

the selected data events compared to the background model
derived by the background-only fit in the full pT range: the
best-fit values for the yields of interacting hadrons, electron
tracks, muon tracks, and pT-mismeasured tracks are
2187! 71, 852! 35, 23! 8, and 212! 33, respectively.
Three selected examples for the signal are also shown in
the figure.
An excess with a corresponding significance of "2! is

seen in Fig. 5 at pT around 90 GeV. Detailed investigation
of the events in this region show no peculiarities or
significant differences in event kinematics or track proper-
ties compared to candidates in nearby track-pT regions.
The discrepancy is also not consistent with any of the
signal hypotheses studied in this article. For the models
considered, high-pT tracks are expected and the best ex-
pected sensitivity derives from the region with pT above
200 GeV, where a deficit is observed as reported in
Table III.
Events with two disappearing-track candidates, being

particularly sensitive to chargino-pair production with a
long lifetime, are also explored. One candidate event is
found; however, the event lacks high-pT disappearing-
track candidates (their pT being 30 GeV and 18 GeV).

VIII. RESULTS

In the absence of a signal, constraints are set onm~"!
1
and

#~"!
1
. The upper limit on the production cross section for a

givenm~"!
1
and #~"!

1
at 95% C.L. is set at the point where the

C.L. of the ‘‘signalþ background’’ hypothesis, based on
the profile likelihood ratio [35] and the CLs prescription
[36], falls below 5% when scanning the C.L. along various
values of signal strength. The constraint on the allowed
#~"!

1
$m~"!

1
parameter space is shown in Fig. 6. The

expected limit is set by the median of the distribution of
95% C.L. limits calculated by pseudoexperiments with the
expected background and no signal, where the systematic
parameters are varied according to their systematic uncer-
tainties. The regions excluded by the previous ATLAS
search [8] and the LEP2 searches are indicated. The
example of the exclusion reached by the ALEPH experi-
ment [9] of 8 GeV at 95% C.L. that is derived for the
chargino mass in the case of heavy sfermions, irrespective
of the chargino-neutralino mass difference, is shown as the

TABLE III. Numbers of observed and expected background events as well as the probability
that a background-only experiment is more signal-like than observed (p0) and the model-
independent upper limit on the visible cross section (!95%

vis ) at 95% C.L.

ptrack
T > 75 GeV ptrack

T > 100 GeV ptrack
T > 150 GeV ptrack

T > 200 GeV

Observed events 59 36 19 13
Expected events 48:5! 12:3 37:1! 9:4 24:6! 6:3 18:0! 4:6
p0 value 0.17 0.41 0.46 0.44
Observed !95%

vis [fb] 1.76 1.02 0.62 0.44
Expected !95%

vis [fb] 1:42þ0:50
$0:39 1:05þ0:37

$0:28 0:67þ0:27
$0:19 0:56þ0:23

$0:16
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FIG. 5 (color online). The pT distribution of disappearing-
track candidates. The solid circles show data and lines show
each background track pT spectrum obtained by the background-
only fit. The resulting uncertainties on the pT spectrum for each
background are indicated by the error bands. The signal expec-
tations are also shown. The ratio of the data to the background
track pT spectrum is shown at the bottom of the figure.

SEARCH FOR CHARGINOS NEARLY MASS-DEGENERATE . . . PHYSICAL REVIEW D 88, 112006 (2013)

112006-7

Exclusive approach:  Identify, understand, 
mitigate, and estimate each source of 

background.  

Phys Rev D 88, 112006 (2013), arXiv:1310.3675
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Eur. Phys. J. C 75 (2015) 151  
arXiv:1501.05603

JHEP 01 (2015) 096 
arXiv:1411.6006

Phys. Rev. D 87 (2013) 092008
arXiv:

Selected CMS searches for 
exotic long-lived particles 
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X0

Various mechanisms could
lead to long lifetimes.  

4

Long-lived 
particle 

highlighted

AMSB chargino 

RPV stop
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RPV neutralino

GMSB neutralino
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q̄

q̄

�̃±
1 �̃0

1�̃0
1

⇡±

q

q

G̃

�

H
X0

q q

�̃0
1g̃

q̃⇤

`±

b

�̃0
1

`±

q

q̄

˜̀±

R-hadrons typically stop in calorimeters 
or muon yoke flux return. 

Look for calorimeter cluster asynchronous with 
p-p collisions. 281 hours of trigger livetime.  
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Beam halo muons
Caused by stray protons 
striking beam pipe & 
collimators 

Cosmic ray muons
Cosmic veto was found to 
introduce energy dependence in 
the signal efficiency, so the 
offline cuts were modified.  

Instrumental noise (HCAL) 
Combat with cuts on jet 
topology and timing.  

151 Page 6 of 22 Eur. Phys. J. C (2015) 75 :151

Table 1 Summary of systematic uncertainties

Systematic uncertainty Fractional uncertainty (%)

JES uncertainty ±3

Luminosity uncertainty ±2.5

εreco uncertainty ±13

Background uncertainty +27, −19

mate described in Sect. 6. This systematic uncertainty arises
from the limited size of the data control samples that were
used to estimate the contribution of each of the background
processes to the search sample.

The systematic uncertainties are summarized in Table 1.

8 Results

The total and individual background estimates for both the
2012 search period and the 2010 control period used to deter-
mine the background from instrumental noise, are summa-
rized in Table 2, together with the number of observed events.

With the assumption that the backgrounds listed in Table 2
are uniformly distributed in time, which is valid even for the
halo background for times at least one BX away from the
collision as our selection requires, we perform a counting
experiment in equally spaced log(time) bins of gluino (top
squark) lifetime hypotheses, τg̃(τt̃), from 10−7 to 106 s. For
lifetime hypotheses shorter than one orbit (89 µs), we count
only candidates within a sensitivity-optimized time window
of 1.3τg̃(τt̃) from any pp collision. This restriction avoids
the addition of backgrounds for time intervals during which
the signal has a high probability to have already decayed. In

order to resolve any time structure in the data within a single
orbit, we test two additional lifetime hypotheses for each
observed event for these counting experiments: the largest
lifetime hypothesis for which the event lies outside 1.3τg̃(τt̃),
and the smallest lifetime hypothesis for which the event is
contained within 1.3τg̃(τt̃). Table 3 shows the results of the
counting experiments for selected lifetime hypotheses. The
observed number of events is consistent with the background
expectation for all lifetime hypotheses tested.

8.1 Limits on gluino and top squark production

We obtain upper limits on the signal production cross section
using a hybrid CLS method [34,35] to incorporate the sys-
tematic uncertainties [36]. These limits are presented in Fig. 3
as a function of particle lifetime τ . The two left-hand axes
of Fig. 3 are production cross section times branching frac-
tion (σ × B) for top squarks and gluinos, assuming the total
visible energy in the decay satisfies either Eg > 120 GeV
or Et > 150 GeV for the gluino and top squark analyses,
respectively. The minimum energy of the SM particle is set
by considering the reconstruction efficiency shown in Fig. 1.
Below this energy, the reconstruction efficiency drops off
rapidly and we are significantly less sensitive to !g and !t
decays. By not making a specific neutralino mass hypothesis,
we are able to constrain a larger phase space of top squark
decays, including the region where the top squarks are off
mass-shell. The right-hand axis of Fig. 3 shows the quantity
σ ×B × εstopping × εreco, which is more model independent.

Table 2 Background
predictions and observed events
for the 2010 control and 2012
search samples

Period Trigger livetime (h) N bkg
noise N bkg

cosmic N bkg
halo N bkg

total N obs

2010 253 0.0+2.3
−0.0 4.8 ± 3.6 – 4.8+4.3

−3.6 2

2012 281 0.0+2.6
−0.0 5.2 ± 2.5 8.0 ± 0.4 13.2+3.6

−2.5 10

Table 3 Results of counting
experiments for selected
lifetime hypotheses

Lifetime hypothesis Leff (fb−1) Trigger livetime (s) Expected bkg. Observed

50 ns 0.121 5.0 × 104 0.66+0.18
−0.07 0

75 ns 0.271 1.0 × 105 1.3+0.4
−0.2 3

100 ns 0.512 2.0 × 105 2.6+0.7
−0.5 3

1 µs 2.864 8.4 × 105 11.0+3.0
−2.1 6

10 µs 3.885 1.0 × 106 13.1+3.6
−2.4 10

100 µs 3.972 1.0 × 106 13.2+3.6
−2.5 10

103 s 3.868 1.0 × 106 13.2+3.6
−2.5 10

104 s 3.004 1.0 × 106 13.2+3.6
−2.5 10

105 s 1.727 1.0 × 106 13.2+3.6
−2.5 10

106 s 1.181 1.0 × 106 13.2+3.6
−2.5 10

123
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• Use dedicated trigger, with unusual requirement of no beam present 
within ±1 bunch crossing.  

• Unusual backgrounds are not well-studied.  For example, one peculiar 
type of HCAL noise was from a few towers that sometimes unlatched from 
LHC clock and fired 1-2 bunch crossings early, causing a dijet event to be 
split between 2 events.  

• Signal simulation is performed in two steps.  First, find stopping position 
by simulating pair production of gluinos or stops (Pythia8), R-
hadronization (PYRHAD), and detector interactions via cloud model 
(GEANT).  Second, simulate R-hadron decay at position from first step.  
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Stopped particles:   
lifetime sensitivity
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8.2 Limits on gluino and top squark mass 9

Table 3: Results of counting experiments for selected lifetime hypotheses.

Lifetime hypothesis Leff (fb�1) Trigger livetime (s) Expected bkg. Observed
50 ns 0.121 5.0 ⇥ 104 0.66+0.18

�0.07 0
75 ns 0.271 1.0 ⇥ 105 1.3+0.4

�0.2 3
100 ns 0.512 2.0 ⇥ 105 2.6+0.7

�0.5 3
1 µs 2.864 8.4 ⇥ 105 11.0+3.0

�2.1 6
10 µs 3.885 1.0 ⇥ 106 13.1+3.6

�2.4 10
100 µs 3.972 1.0 ⇥ 106 13.2+3.6

�2.5 10
103 s 3.868 1.0 ⇥ 106 13.2+3.6

�2.5 10
104 s 3.004 1.0 ⇥ 106 13.2+3.6

�2.5 10
105 s 1.727 1.0 ⇥ 106 13.2+3.6

�2.5 10
106 s 1.181 1.0 ⇥ 106 13.2+3.6

�2.5 10

analyses, respectively. The minimum energy of the SM particle is set by considering the re-304

construction efficiency shown in Fig. 1. Below this energy, the reconstruction efficiency drops305

off rapidly and we are significantly less sensitive to eg and et decays. By not making a specific306

neutralino mass hypothesis, we are able to constrain a larger phase space of top squark decays,307

including the region where the top squarks are off mass-shell. The right-hand axis of Fig. 3308

shows the quantity s ⇥ B ⇥ #stopping ⇥ #reco, which is more model independent.309

8.2 Limits on gluino and top squark mass310

Figure 4 shows the limits on gluino and top squark mass as a function of the particle lifetime.311

The production cross sections at
p

s = 8 TeV were obtained at next-to-leading order in as with312

next-to-leading-logarithmic soft gluon summation (NLO+NLL) using NLL-FAST [37], with the313

assumption that any other sparticles are decoupled. Assuming B(eg ! gec0) = 100% and314

B(et ! tec0) = 100%, we are able to exclude meg < 880 GeV and met < 470 GeV at 95% CL for315

1 µs < t < 1000 s with Eg > 120 GeV and Et > 150 GeV. Because of the requirements on316

the minimum energies for the gluon (top quark), these limits do not apply for all neutralino317

masses, as discussed in the next section.318

8.3 Results for higher energy thresholds319

With the selection criteria described previously, we are able to reduce background contami-320

nation to acceptable levels. We can, however, be more aggressive with the removal of back-321

grounds by increasing the offline jet energy threshold (Ethresh). Since #reco is essentially flat322

above the minimum energy of Eg or Et, and the background falls steeply with energy, we po-323

tentially obtain stronger limits on the production cross section by running the analysis with an324

increased jet energy threshold. This more aggressive method of reducing background was per-325

formed for Ethresh = 100, 150, 200, and 300 GeV. However, as Ethresh increases, the sensitivity326

to heavy ec0 degrades. If there is a smaller mass splitting between eg(et) and ec0, the amount of327

energy available for the visible decay product is small.328

To perform the analysis at the higher jet energy thresholds, the threshold is applied to the329

simulated signal to calculate the minimum energy of Eg or Et and #reco for each Ethresh. We330

repeat the analysis of the 2010 data to estimate the instrumental noise rate at the increased331

threshold, and then the cosmic and beam halo rates are determined as for the analysis with332

the 70 GeV jet energy threshold. The resultant contributions of each background source to each333

Effective luminosity degrades for short 
lifetimes because particles may decay within 
±1 bunch crossing of a pp collision.   

Effective luminosity degrades for very 
long lifetimes because particles may 
decay after data collection has stopped.  

Complementary with HSCP 
analysis in terms of particle 
velocity.  

Stopped 
particles

HSCP



Stopped particles 
results 
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Outlook:  Run 2 has  
(barely) begun

0.1 fb-1 
delivered so far
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8     +      34    +     47     =    89 fb-1 by end of  2017 

http://lhc-commissioning.web.cern.ch/lhc-commissioning/schedule/LHC-long-term.htm

We are here

We’ll soon be here
With 8 fb-1 of 13 TeV data, the mass 

reach for systems of >1 TeV will 
exceed that  of 20 fb-1 of 8 TeV data

Run 1 sensitivity Run 1 sensitivity
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http://lhc-commissioning.web.cern.ch/lhc-commissioning/schedule/LHC-long-term.htm
http://collider-reach.web.cern.ch/


Outlook:  Efforts underway to repeat & 
improve these searches at √s=13 TeV
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Fractionally charged particles:  search techniques incorporated into 8 TeV 
search for Heavy Stable Charged Particles, for |q|<1, |q|=1, |q|>1 (JHEP 07, 
122 (2013), arXiv:1305.0491).  

Disappearing tracks:  Implemented a new dedicated trigger path for Run 2 
that selects events with MET>75 GeV and an isolated track with pT>50 GeV.  

Stopped particles:  Plan to exploit shape of jet energy distribution to improve 
sensitivity.  



Beyond the beamspot 
is an important place to look for new physics.
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• Many models predict new particles with long lifetimes.  
• Backgrounds typically small but unusual.  
• Standard reconstruction algorithms often inadequate.  
• Novel analysis techniques are needed.  

Despite a lot of searching, no signs of BSM physics yet…

… and we can’t be sure where new physics will show up…

… so a comprehensive BSM search program should pursue a wide 
range of signatures and lifetimes.
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Thank you



Additional material
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Observed Event 1

52

58 7 Results

Table 32: Measured quanitites for observed events in Disappearing Track sub-sample.

run 195397 208353
lumi 822 177
event 1049991863 218831628
track pT 70.8 GeV 129.2 GeV
track h -1.16 1.21
track f 3.00 3.13
track number of hits 7 12
track EDR<0.5

calo 7.7 GeV 3.3 GeV
track Nouter

miss 6 4
Df(track- 6ET) 0.035 -0.012
6ET 151.7 GeV 132.4 GeV
leading jet pT 132.5 GeV 111.5 GeV

Figure 44: Data event 1049991863, which is in the Disappearing Track sub-sample. The candidate
track is highlighted in red.195397:822:1049991863 (2012B)

• pT = 70.8 GeV
• η = -1.16, φ = 3.00
• number of valid hits = 7

• Ecalo = 7.7 GeV
• Noutermiss = 6
• MET = 151.7 GeV
• Leading jet pT = 132.5 GeV

Candidate Track



Observed Event 2
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61

Figure 45: Data event 218831628, which is in the Disappearing Track sub-sample. The candidate
track is highlighted in red.

Table 35: Expected limits at the 95% confidence level

t (ns) Exp. Excluded Mass ( GeV)
0.5 367.0
1.0 443.5
5.0 480.1

208353:177:218831628 (2012D)
• pT = 129.2 GeV
• η = 1.21, φ = 3.13
• number of valid hits = 12

• Ecalo = 3.3 GeV
• Noutermiss = 4
• MET = 132.4 GeV
• Leading jet pT = 111.5 GeV

Candidate Track


