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Executive summary

• Sources of background in LLP searches are less predictable than prompt analyses 

• For each of five classes of backgrounds, we’ll discuss: 

• Examples from LHC experiment analyses 

• Future improvements (read: shameless plug for backgrounds WG)
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bulletin 
Week Monday 27 Novembre no 48/95 Semaine du lundi 27 novembre 

Enregistrements de la différence de potentiel, II, entre les rails et la 
terre (en haut) comparée au cliamp magnétique à l'intérieur de l'un 
des aimants dipolaires du LEP, indiqué en unités équivalentes 
d'énergie du faisceau en MeV. 

Les données du LEP 
confirment l'horaire des trains 

Recordings of the potential difference, II, between the rails and the 
Earth (top) compared with the magnetic field inside one of LEP's 
dipole magnets, given in units of beam energy equivalent, MeV. 

LEP data confirm 
train time tables 

Une perturbation étrange a été remarquée au LEP en juin 
1995. Un motif bizarre a été détecté pour la première fois 
dans le champ magnétique de courbure grâce aux nouvelles 
sondes à résonance magnét ique nucléaire récemment 
installées dans le LEP. Confrontée à de petites variations 
d'énergie du faisceau, l'équipe énergie du LEP se grattait la 
tête en vain. 

Cette perturbation apparaissait toujours à des heures régu-
lières et présentait des pics dans la matinée à 8 h, puis entre 
11 h et 13 h et en fin d'après-midi entre 18 h et 19 h. Par contre 
entre minuit et 4 h tout était parfaitement calme. Une bouteille 
de champagne a été offerte à quiconque éclaircirait le mystère. 

Le LEP, par ses grandes dimensions, est une machine très 
sensible, de nombreux paramètres peuvent affecter l'énergie 
de son faisceau pendant l'exploitation. On avait déjà montré 
que les effets du déplacement de la lune sur son orbite et du 
niveau du lac Léman doivent être pris en compte pour 
comprendre les variations d'énergie du LEP. Cependant, cette 
nouvelle perturbation, inférieure à 5 MeV, est plus petite que 
l'un ou l'autre de ces effets. 

On a pu montrer que la variation du champ magnétique 
vient de la circulation de courants électriques faibles dans 
l'enceinte à vide. Le groupe de travail sur l'étalonnage de 
l'énergie a décidé de consulter les compagnies d'électricité 
suisse et française, EOS et EDF. Après un temps de réflexion, 
M. Fleury de EOS a suggéré que la perturbation pourrait être 
due à des effets connus des trains électriques et il a ainsi 
gagné la bouteille de champagne. 

A strange disturbance was noticed in LEP in June 1995. A 
bizarre pattern in the bending magnetic field was detected 
for the first time thanks to new Nuclear Magnetic Resonance, 
NMR, probes recently installed in LEP. Small energy changes 
in the beam caused head scratching amongst the LEP energy 
team. 

This disturbance always appeared at regular times, with 
peaks in the morning at 8 am, then from 11 am to 1pm, and 
later in the afternoon between 6 pm and 7 pm. Whereas 
between midnight and 4 in the morning things were 
completely calm. A bottle of champagne was offered to 
anyone who could solve the mystery. 

LEP, due to its large size, is a very sensitive machine, its 
beam energy can be affected by many parameters during 
running. Already, it has been shown that phenomena such as 
the moon's orbit and the water level in Lac Leman have to be 
taken into consideration to understand LEP's energy 
behaviour. This new disturbance, however, is smaller than 
either of these effects, at a level of under 5 MeV. 

The change of magnetic field was found to be caused by 
small electrical currents flowing along the beam pipe. The 
energy calibration working group decided to consult the 
Swiss and French electricity companies, EOS and E D F . After 
some thinking, M. Fleury of EOS suggested that the 
disturbance could be due to known effects related to electrical 
trains, winning himself a bottle of champagne. 

Even if most of the current from the trains' overhead 
power lines goes back to the generator along the rails, up to 
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installées dans le LEP. Confrontée à de petites variations 
d'énergie du faisceau, l'équipe énergie du LEP se grattait la 
tête en vain. 

Cette perturbation apparaissait toujours à des heures régu-
lières et présentait des pics dans la matinée à 8 h, puis entre 
11 h et 13 h et en fin d'après-midi entre 18 h et 19 h. Par contre 
entre minuit et 4 h tout était parfaitement calme. Une bouteille 
de champagne a été offerte à quiconque éclaircirait le mystère. 

Le LEP, par ses grandes dimensions, est une machine très 
sensible, de nombreux paramètres peuvent affecter l'énergie 
de son faisceau pendant l'exploitation. On avait déjà montré 
que les effets du déplacement de la lune sur son orbite et du 
niveau du lac Léman doivent être pris en compte pour 
comprendre les variations d'énergie du LEP. Cependant, cette 
nouvelle perturbation, inférieure à 5 MeV, est plus petite que 
l'un ou l'autre de ces effets. 

On a pu montrer que la variation du champ magnétique 
vient de la circulation de courants électriques faibles dans 
l'enceinte à vide. Le groupe de travail sur l'étalonnage de 
l'énergie a décidé de consulter les compagnies d'électricité 
suisse et française, EOS et EDF. Après un temps de réflexion, 
M. Fleury de EOS a suggéré que la perturbation pourrait être 
due à des effets connus des trains électriques et il a ainsi 
gagné la bouteille de champagne. 

A strange disturbance was noticed in LEP in June 1995. A 
bizarre pattern in the bending magnetic field was detected 
for the first time thanks to new Nuclear Magnetic Resonance, 
NMR, probes recently installed in LEP. Small energy changes 
in the beam caused head scratching amongst the LEP energy 
team. 

This disturbance always appeared at regular times, with 
peaks in the morning at 8 am, then from 11 am to 1pm, and 
later in the afternoon between 6 pm and 7 pm. Whereas 
between midnight and 4 in the morning things were 
completely calm. A bottle of champagne was offered to 
anyone who could solve the mystery. 

LEP, due to its large size, is a very sensitive machine, its 
beam energy can be affected by many parameters during 
running. Already, it has been shown that phenomena such as 
the moon's orbit and the water level in Lac Leman have to be 
taken into consideration to understand LEP's energy 
behaviour. This new disturbance, however, is smaller than 
either of these effects, at a level of under 5 MeV. 

The change of magnetic field was found to be caused by 
small electrical currents flowing along the beam pipe. The 
energy calibration working group decided to consult the 
Swiss and French electricity companies, EOS and E D F . After 
some thinking, M. Fleury of EOS suggested that the 
disturbance could be due to known effects related to electrical 
trains, winning himself a bottle of champagne. 

Even if most of the current from the trains' overhead 
power lines goes back to the generator along the rails, up to 
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Two parallels with LLP searches

• You don’t know what your backgrounds will be

• Often very mis-modeled or not modeled at all 

• Hard to find out which case you’re in 

• Expect the unexpected! 

• You may be the only one affected

• Effects relevant for LLP searches are often overlooked/ignored when developing 
the “standard” software algorithms

5
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Five classes of backgrounds

6

Nature’s fault Our fault

particles created at the detector center imperfect hardware

particles created in the detector volume imperfect software

particles created outside the detector
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1. particles created at the detector center

7
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1. particles created at the detector center

8
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20 4 Background characterization and estimation techniques

the QCD contribution to be the difference of data and non-QCD MC, and the error on the285

QCD contribution is the error on that difference, including all systematic uncertainties on the286

simulation. This ratio is then applied to the events in region D (anti-isolated OS leptons) to287

find the expected QCD yield in region B (isolated OS leptons). Table 14 shows the event yields288

in the displaced control region after the QCD estimate is performed. In addition to using the289

QCD event yield from region D, we also take the events in data, weight them using the NA/NC290

transfer factor, and then include them in region B (labeled data � driven QCD) to describe the291

shape of the QCD background. Figure 7 shows the electron-muon invariant mass spectrum in292

the displaced lepton control region.293

Table 14: Numbers of expected events in the displaced lepton control region

Event Source Event Yield ± 1s (stat.) ± 1s (sys.)
W!ln 2 ± 1.65 ± 0.193
Diboson 3 ± 0.555 ± 0.181
single top 3 ± 1.16 ± 0.209
tt̄ 12 ± 0.802 ± 0.742
Z!ll 109 ± 9.72 ± 5.49
data � driven QCD 653 ± 5.66 ± 32.7
background sum 785 ± 11.5 ± 33.1
MuEG data 763

4.2 Z!tt Background294

Besides QCD, given the requirements large impact parameters for both the electrons and muons,295

Z!tt is another major background, due to the relatively long lifetime of t.296

In estimating the contributions from Z!tt, one supposes the Monte Carlo is sufficient and will297

give us acceptable statistical uncertainties so that we construct a Z!tt control region, whose298

definitions are listed in Table 15, to verify this assumption. The impact parameter spectra are299

shown in Figure 8 for Z!tt. One notices that the MC-Data agrees well in the non-prompt300

region. Also three of the signal modes which have the largest cross section are included in301

Figure 8, informing very small signal contamination.302

Z!tt Selections
Trigger HLT Mu22 Photon22 CaloIdL v

Good Event FilterOutScraping> 0 and Good primary vertex

Good Lepton � 1 Good muon
� 1 Good electron

Z Selections

exactly one electron with MT < 50 GeV
exactly one muon with MT < 50 GeV

exactly one electron-muon pair with Df > 2.5
Â pT jet < 100 GeV

Table 15: Selections of Z!tt Control Region

4.3 Other Backgrounds303

Backgrounds other than QCD and Z!tt would not produce leptons with large impact pa-304

rameters physically, these events mainly come from W!ln, diboson, other Drell-Yan processes,305

analysis preselection + control region used to validate MC 

since Z→ττ has manageable cross section, 
MC used for signal region estimation

Example: Z→ττ in displaced e-μ search
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1. particles created at the detector center
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HF + μ/e control regions
• b-tagged jet 
• back-to-back jet with nearby 

lepton

construct d0 templates 
from the data in these 
control regions 

calculate transfer factors 
from low d0 sideband to 
high d0 search regions 

lepton isolation reduces rate,  
but still dominant background

Example: bb→̄eμ in displaced e-μ search
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2. particles created in the detector volume

• photon conversion = γ→e+e-  
in the presence of material  

• can create fake displaced electron 
signature 

• since many people are doing photon 
physics (remember the 750?), there are 
robust conversion ID algorithms in place 

• finds two tracks with common vertex 
and zero mass

10

Example: photon conversions
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2. particles created in the detector volume

• interactions with detector 
material that generate 
displaced vertices 

• can be rejected via vertex 
mass, track multiplicity cuts 

• can also reject via fiducial 
cuts, removing all vertices 
near material (see ATLAS 
data-derived material map)

11

Example: nuclear interactions



J. Antonelli      LHC LLP workshop, April 25

3. particles created outside the detector

• for track-based searches, can be easily vetoed 
by rejecting very back-to-back tracks 

• for calo-based searches, muon bremsstrahlung 
can leave out-of-time deposits 

• can be rejected by looking for coincidence 
of muon chamber hits in line with call 
deposit

12

Common	sources	of	background	

beam	halo	muons	 cosmic	muons	
weak	decays	

of	heavy	flavour	 material	interacEons	

>

•  popular	selecEon	criteria:	
•  transverse	distance	to	interacEon	point	
•  number	of	tracks	in	vertex	
•  displaced	lepton(s)	
•  veto	for	interacEons	close	to	detector	material	
•  Eming	(to	reject	out-of-Eme	calorimeter	clusters)	

•  remaining	background	(oren	b-bbar)	esEmated	with	simulaEon	and/or	
control	regions	 9	

b

b

Common	sources	of	background	

beam	halo	muons	 cosmic	muons	
weak	decays	

of	heavy	flavour	 material	interacEons	

>

•  popular	selecEon	criteria:	
•  transverse	distance	to	interacEon	point	
•  number	of	tracks	in	vertex	
•  displaced	lepton(s)	
•  veto	for	interacEons	close	to	detector	material	
•  Eming	(to	reject	out-of-Eme	calorimeter	clusters)	

•  remaining	background	(oren	b-bbar)	esEmated	with	simulaEon	and/or	
control	regions	 9	

b

b

Example: cosmic and beam halo muons



J. Antonelli      LHC LLP workshop, April 25

4. imperfect hardware

• O(ns) CMS ECAL intrinsic 
timing resolution limits lowest 
lifetime accessible to delayed 
photon searches 

• We’re keeping the same 
crystals for the life of the LHC, 
but there are proposals for 
dedicated precision timing 
detectors for the HL-LHC

13

6 5 Efficiency

Figure 4: The schematic drawing of long-lived neutralino decay. The normal photon recon-
struction uses L3 as its trajectory. L1 is the decay length of neutralino and L2 is the photon
trajectory.

(a) (b)

Figure 5: Dt1 and Dt2 distribution of GMSB sample (L 180 TeV and t 20 ns ) with ECAL time
> 3ns (left) and timing distribution of GMSB MC and data (right).

5 Efficiency
Because the barrel ECAL is 1.5 meters in radius, the efficiency to detect photons from neutralino
decays is highly dependent on the transverse decay length (perpendicular to the proton beam
direction) of the neutralino in the CMS lab frame. Since the main feature of the signal event is
the delayed timing, we study the efficiency to detect a late photon. The efficiency is defined as
the fraction of photons with decay length within a bin that arrive later than 3 ns or more and
the photons pass the photon selection criteria.

Figure 6 shows the resulting efficiency as a function of the neutralino transverse decay length.
The efficiency is higher for longer lifetime. This is because in these cases, lower pT neutralinos
are more likely to decay inside ECAL and they are more likely to produce late photons as their
speeds are markedly slower than the speed of light. The efficiency peaks around 1 m and levels
off above 1.4 m or even starts increasing again. This happens because when the decays happens

Example: ECAL timing resolution
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4. imperfect hardware

• O(10μm) tracking resolution limits lowest lifetimes 
accessible by displaced track searches 

• applies to displaced jets, displaced leptons, 
displaced vertices, etc. 

• CMS/ATLAS recently installed pixel detector 
upgrade, lower lifetime regime should be revisited 
in coming data 

• CMS/ATLAS are getting completely new trackers for 
the HL-LHC, pixels should be ~6x smaller

14

Example: tracking resolutions
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Figure 16: Resolution, as a function of pseudo-rapidity, on the five track parameters for single,
isolated muons with transverse momenta of 1, 10 and 100 GeV. From top to bottom and left to
right: transverse and longitudinal impact parameters, j, cot J and transverse momentum. For
each bin in h, the solid (open) symbol corresponds to the half-width of the 68% (90%) interval
centered on the most probable value of the residuals distributions, as described in the text.
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Figure 21: Resolution, as a function of pseudo-rapidity, on the d0, f and pT track parameters for
single, isolated electrons with transverse momenta of 10 and 100 GeV. For each bin in h, the
solid (open) symbol corresponds to the width of the 68% (90%) interval having its origin on
the most probable value of the residuals distributions, as described in the text. Only the half
of the residuals distribution that does contain the non-gaussian tail due to bremsstrahlung is
considered in the interval calculation. The left (right) plots are of electrons reconstructed with
the KF (GSF) algorithm.
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5. imperfect software
• observed in CMS disappearing track search 

• analysis requires several “missing outer 
hits” on a track 

• calculated by number of modules 
traversed by fitted track trajectory minus 
the number of recorded hits on the track 

• dead channels taken into account

15

Example: artificial “missing hits”

22*July*2014 Disappearing*tracks,*J.*Brinson

Noutermiss*:*Algorithmic

17

All*tracks*are*impacted*by*the*
algorithmic*sources*of*missing*outer*

hits.

• For*a*single*seed,*many*trajectory*candidates*are*considered,*and*only*the*one*with*the*
largest*score*is*retained:*Score*=*5*(#*found*hits)*5*20*(#*lost*hits)*5*Χ2*

• Trajectories'with'missing'outer'hits'can'be'chosen'over'those'with'no'missing'outer'hits'if'
they'have'a'higher'quality'score.

4.2 Electrons 31

invalid hits, but in some cases it removes the last hit instead of a invalid hit.596

• 2.7%: An alternate trajectory with fewer missing outer hits is found, but its c2 is597

larger than that of the selected trajectory, leading to a lower quality score. The min-598

imum difference in quality score between the track and an alternate trajectory is599

shown in Figure 10.600

• 0.4%: No trajectory without missing outer hits is found. These tracks contribute to601

the last bin of the histogram in Figure 10.602

The algorithms that select the best candidate track trajectory could be modified to eliminate603

most of the missing outer hits from these sources. Such modifications would require reprocess-604

ing all of the data, so we did not implement them for this analysis.605
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Figure 9: The normalized local y-position of the intersection of a track trajectory with a module,
when no simulated hit is produced (left), and the position of simulated hits for which a hit is
reconstructed (right), in the muon (narrow-h) particle gun sample.

4.2 Electrons606

An electron may fail to be reconstructed if it is directed towards an ECAL channel that is607

dead/noisy, such that a significant fraction of its energy is not recorded. When this occurs,608

unreconstructed electrons can pass the EDR<0.5
calo < 10 GeV criterion. To avoid a background609

from these electrons, we reject tracks within a cone of DR<0.05 of a dead/noisy ECAL chan-610

nel. To study these channels, we use events in the Electron-ECAL Channel Tag and Probe Sample611

defined in Table 12. The list of 1222 ECAL channels which were classified as dead or noisy at612

any point during the 2012 run is supplied by the ECAL DPG. These known dead/noisy ECAL613

channels as well as the comparison of this map with data events in the Electron-ECAL Channel614

Tag and Probe Sample are shown in Figure 11. Most clusters in h,f for the data coincide with615

known dead or noisy ECAL channels. Figure 12 shows the h,f distribution for the probe track616

in the same sample after vetoing tracks within DR < 0.05 of any dead/noisy ECAL channel.617

Even after this requirement, some clusters are still present in the data that do not coincide with618

known dead or noisy ECAL channels. In the h,f distribution of probe tracks, we classify any619

bin with at least 3 data events as a ’hot spot’ and add it to the map of dead or noisy ECAL chan-620

nels. There are 12 such coordinates added; these are listed in Table 24. After all other selection621

In*muon*parGcle*gun*events,*11%*of*
tracks*produce*at*least*one*missing*

outer*hit.*
• 7.3%:**track*passes*through*a*
glue*joint*in*tracker*module*
(near*local*y=0)**

• 2.7%:**trajectory*without*
missing*outer*hits*has*larger*Χ2*

• 0.7%:**the*last*hit*is*mistakenly*
removed,*due*to*a*bug*in*the*
track*smoothing*(now*fixed*in*
CMSSW!)

Missing*Hits Reconstructed*
Hits

← -y → +y

y = 0

• discovered that large portion of missing hits had trajectories passing near to the 
center of the silicon detector module 

• glue joint was causing lost hits, was in simulation code but not track 
reconstruction code

CMS silicon strip module
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5. imperfect software
• observed in CMS displaced lepton search 

• selected lepton is from a B decay, 
surrounded by rest of B jet (not isolated)

16

Example: artificially isolated leptons

z x

y

vertex 
track 
lepton 
PV
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5. imperfect software
• observed in CMS displaced lepton search 

• selected lepton is from a B decay, 
surrounded by rest of B jet (not isolated)

17

Example: artificially isolated leptons

z x

y

vertex 
track 
lepton 
PV

• different vertex chosen as PV 
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5. imperfect software
• observed in CMS displaced lepton search 

• selected lepton is from a B decay, 
surrounded by rest of B jet (not isolated)

18

Example: artificially isolated leptons

z x

y

vertex 
track 
lepton 
PV

• different vertex chosen as PV 

• lepton isolation calculated wrt PV

artificially isolated leptons!
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Future work
• Since the LHC startup, we’ve generally tried to design zero-background searches 

• makes sense to cast the broadest net possible at first 

• It’s (relatively) easy to search for very heavy, very displaced objects 

• Moving forward, we’ll start targeting more challenging regimes and holes in coverage 

• e.g. softer decays, lower lifetimes 

• This will require deeper thinking about background rejection to balance sensitivity 
and generality 

• much interesting work to be done!

19
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Fin


