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OUTLINE
• Most exotic part of exotic program

• Search for long-lived particles relies on detector features more than 
other exotic searches
– dedicated trigger
‣ stopped particles

– dedicated reconstruction algorithms
‣muon reconstruction: heavy stable charged particles
‣ tracking: disappearing tracks

– dedicated detector calibration
‣ ECAL time calibration

• Many searches in Run1 but no discrepancy or excess

•  Only a selection of searches discussed in this talk
– not latest nor best known

• Identify strategies and searches with highest potential for Run2  
in light of Run1 non-excesses and some wishful excesses
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LONG-LIVED	APPROACHES
• Delayed tracks

– classic heavy stable charged particles

• Tracks with large impact parameters
– standalone muons in muons system
– two or more tracks displaced from primary vertex

• Spatially displaced vertices
–  both for high and low mass particles
–  some dedicated tracking to increase efficiency for tracks  

displaced from primary vertex

• Displaced jets
– relies on displaced tracks

• Delayed photons 
–  measurement of time of flight with ECAL
– photon conversions
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LONG-LIVED	PICTURE

• Delayed charged tracks

• Tracks with large impact parameters

• Spatially displaced vertices

• Displaced Jets

• Delayed photons
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Figure 1: The |d0|/sd distribution for the electron (left) and muon (right) channels, shown in
the top row for events in the control region (|DF| > p/2) and in the bottom row for events
in the signal region (|DF| < p/2). Of the two leptons forming a candidate, the distribution
of the one with the smallest |d0|/sd is plotted. The solid points indicate the data, the shaded
histograms are the simulated background, and the hashed histograms show the simulated sig-
nal. The histogram corresponding to the H ! XX model is shown for mH = 1000 GeV/c2

and mX = 350 GeV/c2. The histogram corresponding to the ec0 ! `+`�n model is shown for
meq = 350 GeV/c2 and mec0 = 140 GeV/c2. The background histograms are stacked, and each
simulated signal sample is independently stacked on top of the total simulated background.
The d0 corrections for residual tracker misalignment, discussed in the text, have been applied.
The vertical dashed line shows the selection requirement |d0|/sd > 12. Any entries beyond the
right-hand side of a histogram are shown in the last visible bin of the histogram.
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DISPLACED	VERTEX

• Displaced di-lepton vertices from tracks with large impact parameter
5

8 6 Systematic uncertainties affecting the signal
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Figure 2: Comparison of the tail-cumulative distributions of |d0|/sd for data in the signal region
(|DF| < p/2) and the control region (|DF| > p/2) for the electron channel (left) and the muon
channel (right). The d0 corrections for residual tracker misalignment, discussed in the text,
have been applied. Of the two leptons forming a candidate, the distribution of the one with the
smallest |d0|/sd is plotted. The bottom panels show the statistical significance of the difference
between the distributions in the signal and control regions.

events in the tail-cumulative distribution of |d0|/sd in the region DF < 0 with that in the region
DF > 0. Points at |d0|/sd values with very few events, such that the relative statistical uncer-
tainty in this ratio is greater than 30%, are excluded since they would not provide a precise
estimate of the systematic uncertainty. The maximum difference of the ratio from unity for all
remaining points is then taken to be the systematic uncertainty. Using this procedure, we ob-
tain a systematic uncertainty of 11% and 21% in the electron and muon channels, respectively,
in the estimated amount of background.

The second approach addresses a potential issue with the first method, namely that it measures
the systematic uncertainty in the background normalization at lower values of |d0|/sd than are
used in our standard selection. In the data, the bias on the track d0 due to misalignment is less
than 5 µm, whereas our |d0|/sd > 12 requirement typically corresponds to a selection on |d0|
of approximately 180 µm. This suggests that misalignment should not be a significant effect at
large |d0|/sd. Nonetheless, to allow for the possibility that it might be, we employ the second
approach; namely, when computing our final limits, we do so twice, once with the impact
parameter corrections applied, and once without them, and then take the worse limits as our
final result. This should be conservative, given that as stated above, the impact parameter
corrections remove the majority of any asymmetry caused by misalignment. In practice, the
misalignment is so small that these two sets of limits are identical.

6 Systematic uncertainties affecting the signal

The systematic effects influencing the signal efficiency arise from: uncertainties in the efficiency
of reconstructing tracks from displaced vertices, the trigger efficiency, the modelling of pileup
(i.e. additional pp collisions in the same bunch crossing), the parton distribution function (PDF)
sets, the renormalization and factorization scales used in generating simulated events, and the

EXO-12-037

http://arxiv.org/abs/1411.6977
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DISPLACED	VERTEX	INTERPRETATION
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Figure 5: The 95% CL upper limits on s(H ! XX)B(X ! µ+µ�), as a function of the mean
proper decay length of the X boson, for Higgs boson masses of 125 GeV/c2 (top left), 200 GeV/c2

(top right), 400 GeV/c2 (bottom left), and 1000 GeV/c2 (bottom right). In each plot, results are
shown for several X boson mass hypotheses. The shaded band shows the ±1s range of vari-
ation of the expected 95% CL limits for the case of a 20 GeV/c2 X boson mass. Corresponding
bands for the other X boson masses, omitted for clarity of presentation, show similar agreement
with the respective observed limits.
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Figure 5: The 95% CL upper limits on s(H ! XX)B(X ! µ+µ�), as a function of the mean
proper decay length of the X boson, for Higgs boson masses of 125 GeV/c2 (top left), 200 GeV/c2

(top right), 400 GeV/c2 (bottom left), and 1000 GeV/c2 (bottom right). In each plot, results are
shown for several X boson mass hypotheses. The shaded band shows the ±1s range of vari-
ation of the expected 95% CL limits for the case of a 20 GeV/c2 X boson mass. Corresponding
bands for the other X boson masses, omitted for clarity of presentation, show similar agreement
with the respective observed limits.
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Figure 5: The 95% CL upper limits on s(H ! XX)B(X ! µ+µ�), as a function of the mean
proper decay length of the X boson, for Higgs boson masses of 125 GeV/c2 (top left), 200 GeV/c2

(top right), 400 GeV/c2 (bottom left), and 1000 GeV/c2 (bottom right). In each plot, results are
shown for several X boson mass hypotheses. The shaded band shows the ±1s range of vari-
ation of the expected 95% CL limits for the case of a 20 GeV/c2 X boson mass. Corresponding
bands for the other X boson masses, omitted for clarity of presentation, show similar agreement
with the respective observed limits.



4 5 Event reconstruction and preselection

The two sets of displaced tracks, corresponding to the two jets, are merged and fitted to a
common secondary vertex using an adaptive vertex fitter [25]. The vertex fitting procedure
down-weights tracks that seem inconsistent with the fitted vertex position, based on their c2

contribution to the vertex. To include a track in the vertex, its weight is required to be at least
50%. This procedure reduces the bias caused by tracks incorrectly assigned to the vertex, e.g.
tracks originating from pileup interactions. The secondary vertex fit is required to have a c2 per
degree of freedom less than 5. The distance in the transverse plane between the secondary and
the primary vertices, Lxy, must be at least eight times larger than its uncertainty. We require
that the secondary vertex includes at least one track from each of the two jets. This requirement
greatly reduces the background contribution from vertices due to nuclear interaction in the
tracker material. The nuclear interaction vertices are characterized by low invariant mass of
the outgoing tracks, making it unlikely that the outgoing tracks are associated with two distinct
jets. The invariant mass formed from all tracks associated with the vertex, assuming the pion
mass for each track, must be larger than 4 GeV and the magnitude of the vector pT sum of
all tracks must be larger than 8 GeV. Vertices can be misreconstructed when displaced tracks
originating from different physical vertices accidentally cross. To suppress such vertices, for
each of the vertex tracks we count the number of missing tracker measurements along the
trajectory starting from the secondary vertex position until the first measurement is found.
We require that the number of missing measurements per track, averaged over all the tracks
associated with the displaced vertex, is less than 2.

If a long-lived neutral particle decays into a dijet at a displaced location, the trajectories of all
tracks associated with the dijet should cross the line drawn from the primary vertex in the
direction of the dijet momentum vector at the secondary vertex. The quantity Ltrack

xy , illustrated
in Fig. 1, is defined as the distance in the transverse plane between the primary vertex and the
track trajectory, measured along the dijet momentum direction. We use a clustering procedure

L
xy

PV

Dijet 
momentum

trajectory

track

Figure 1: Diagram showing the calculation of the distance Ltrack
xy . In the transverse plane, Ltrack

xy
is the distance along the dijet momentum vector from the primary vertex (PV) to the point at
which the track trajectory is crossed.

to test whether the distribution of Ltrack
xy is consistent with a displaced dijet hypothesis. Clusters

Shahram Rahatlou, Roma Sapienza & INFN

DISPLACED	JETS

• Dedicated trigger
– 2 jets with displaced tracks selected at High Level Trigger

• Only track and vertex information used

7

EXO-12-038

http://arxiv.org/abs/1411.6530


12 8 Results
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Figure 5: The 95% CL upper limits on the product of the cross section to produce a heavy
resonance H that decays to a pair of neutral long-lived particles X, and the branching fraction
squared B2 for the X decay into a quark-antiquark pair. The limits are presented as a function
of the X particle mean proper decay length separately for each H/X mass point. Solid bands
show the ±1s range of variation of the expected 95% CL limits.
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Figure 5: The 95% CL upper limits on the product of the cross section to produce a heavy
resonance H that decays to a pair of neutral long-lived particles X, and the branching fraction
squared B2 for the X decay into a quark-antiquark pair. The limits are presented as a function
of the X particle mean proper decay length separately for each H/X mass point. Solid bands
show the ±1s range of variation of the expected 95% CL limits.
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DISPLACED	JET	INTERPRETATION

• Higgs-like interpretation remains a favorite benchmark

• Addition of ECAL time information in Run2 under study
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DELAYED	CONVERTED	PHOTONS
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LONG-LIVED	NEUTRALINO
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DELAYED	PHOTON	WITH	TIMING
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SHAPE	OF	PHOTONS	IN	CALORIMETER
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Several clustering algorithms are used in CMS:
! Energy fully recovered (ECLU = ∑Ei)
! Precise position measurement
! Time from the hottest crystal

Prompt Photon Delayed Photon
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DELAYED	PHOTONS	IN	7	TEV	DATA

13

• This analysis requires detailed study and calibration of ECAL time 
measurement 

• No other physics client than this analysis so far EXO-11-035

http://lanl.arxiv.org/abs/1212.1838
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ECAL	TIME	RESOLUTION

• E1,E2 < 120GeV

• |E1/E2| < 1.2

14

• E1,E2 > 10GeV

• E1,E2 < 120GeV 

• 60GeV<mee(e1,e2)<150GeV
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ULTIMATE	ECAL	RESOLUTION

• Limiting factors in ECAL time resolution (compared to design) identified
– upgrade of ECAL barrel electronics part of Phase 2 program
– distribution of clock to each crystal one of primary challenges
– Pile-up mitigation is the best known motivation
– But long-lived particles will be an important physics client

• ECAL time measurement so far has been used only in one physics analysis!

15

crystals in same trigger 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FOOD	FOR	THOUGHT
• Extensive SUSY program at Run 1 indicates any preferred or 

favorite corner of parameter space for long-lived particles?

• Can we do more than the two primary benchamrks?
– Higgs-like decays to X pairs 
‣ 3 free parameters

– squark decays to neutralino + X

• Which searches are worth upgrading (e.g. use of time information) 
rather just adding up data

• Are photons really so lonely?
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OUTLOOK
• Search for long-lived particles use simple and basic detector 

information 
– unlike some of sophisticated variables needed in many Higgs and BSM 

searches

• Deeper understanding of detector response typically implies 
longer time scale for long-lived searches
– and longer term detector activity commitment

• Displaced vertices remain perhaps most profitable approach
– results can be interpreted in many models, specially in terms of some 

flavor of some Higgs-like particle
‣Higgs remains a catchy name

• Time of flight for photons and electrons requires heavy investment 
in detector studies but can pay dividends
– clean experimental signature
– unfortunately not enough theoretical models to get people excited
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