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Why looking for long-lived particles?

!2

• Suppression from heavy mass scale: muon/charged pion

• Approximate symmetry & near degenerate state: KL to three 
pions

• 0. Long-lived particles from SM

Credit: B. Shuve



Why looking for long-lived particles?

• 1. Long-lived particles from beyond SM, e.g. SUSY
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• Feeble couplings: R-parity violating Supersymmetry, sterile 
neutrinos, portal models

• Suppression from heavy mass scale: gauge mediated 
spontaneous breaking Supersymmetry

• Near degenerate state: higgsino-like chargino/neutralino, or 
anomaly-mediated spontaneous breaking Supersymmetry



Why looking for long-lived particles at Collider?

• 2. Long-lived particle examples from dark sector
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Why looking for long-lived particles at Collider?

• 2. Long-lived particle examples from dark sector
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How to search for long-lived particles?
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• Spatial discrimination: mostly related with displaced-vertex, and 
track-based



LLP searches at the LHC
• LLP has strong theoretical motivation. 


• New proposals made for far detectors.


• We focus here on new approaches for searches at 
existing detectors, i.e., ATLAS and CMS.


• Larger geometrical acceptance, but also large 
background.


• Ample room for new ideas. 
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LLP basics: Geometrical acceptance 
• Pin: Geometrical acceptance
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• The detector length L2 - L1

• d: expected decay length of LLP in lab frame



LLP basics: Geometrical acceptance 
• Pin: Geometrical acceptance
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LLP basics: Geometrical acceptance 
• Pin: Geometrical acceptance
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LLP basics: Geometrical acceptance 

• Closer to IP ( for smaller lifetime)


• Longer detector (for larger lifetime)  


• The larger solid angle (any lifetime) 

ATLAS/CMS

• Inner detector, DV searches…


•  ~ meter(s) 


• ~ 4 π



Challenges
nsig = Nprod × Pin × ϵtrig × ϵsig × ϵpenalty

bkg
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Figure 2.3: Example event containing a B0 ! ⇡+⇡� candidate under Upgrade II conditions,
illustrating the PV association challenge. Each PV is drawn as a 2D Gaussian distribution with
the appropriate values and uncertainties for both spatial (x-axis) and temporal (y-axis) metrics
used to associate the B meson to a single origin PV. In this case, adding the temporal information
allows the correct PV [‘A’, closest to (0, 0)] to be identified where the spatial information alone
would lead to the wrong choice (‘B’).

this can be reduced to ⇠ 5% with a timing precision of 50–100 ps. Studies have also shown that
the track reconstruction e�ciency and fake rate can be addressed by decreasing the pixel pitch
from the current 55µm at Upgrade II, particularly for the innermost region of the VELO. The
addition of timing will also have crucial benefits in track reconstruction since it allows to reduce
drastically combinatorics at an early stage, saving CPU resources. Timing information from the
VELO also provides a precise time origin for tracks for the rest of the experiment, which will be
helpful for other subdetectors with timing such as the TORCH.

The timing and rate capabilities required from the ASIC are ambitious but achievable
with the foreseen R&D timeline. Another possibility being considered is to have a ‘mixed’
solution where the inner region has a smaller pitch (emphasising resolution) and the outer region
has a larger pitch emphasising more precise timing. Studies of the performance of a possible
configuration are shown in Fig. 2.4.

2.3.1.2 Downstream tracking

Changes to the downstream tracking system are also foreseen. In Upgrade I this comprises a
silicon strip detector located upstream (UT) and three tracking stations located downstream of the
magnet (T-stations). For Upgrade I the T-stations are covered by a twelve-layer scintillating fibre
tracker (SciFi). This covers the full acceptance, corresponding to 30 m2 per layer. In conjunction
with the VELO, these stations provide a high precision momentum measurement. They also
measure the track directions of the charged particles as input to the particle identification
systems, notably the photon-ring searches in the RICH detectors. Two challenges must be met
in the design of the system for Upgrade II. First, the higher occupancies necessitate increased
detector granularity. Second, the rate of incorrect matching of upstream and downstream track
segments needs to be minimised. This can be achieved by optimisation of the UT, minimisation
of detector material and use of timing information.

The high occupancies in Upgrade II necessitate replacing the inner part of the T-stations
with a high granularity silicon detector, with the large area covered by scintillating fibres as

11

Timing upgrade proposals at LHC
• CMS: MIP Timing Detector (MTD) in central region,  

High Granularity Calorimeter (HGCAL) in endcap 
region.


• ATLAS: High Granularity Timing Detector (HGTD)


• LHCb: Vertex Locator (VELO), high granularity 
ECAL and Torch detector

LHCC-P-009

CMS-TDR-019

1804.00622

LHCb: 1808.08865, B0->pi+ pi- 

• Good potential to benefit 
new physics searches! 
(Rest of this talk)

30 ps resolution!

PV reconstruction at LHC

B0->pi+ pi- reconstruction at LHCb13



Time delay from LLP and detection proposal
• Long-lived particle X decay, X-> a b 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Time delay from LLP and detection proposal
• Long-lived particle X decay, X-> a b 

LT1

LT2

X

a b

SM
`X

`a

`SM

Timing layer

Signal arrival time - SM bkg ref time
βX ≲ O(1)

• For CMS MTD size, lX ~ 1.2 m ~ 4 ns


• LLPs (mass > 10 GeV) typically move much slower than speed of light


• LLPs have O(ns) time delay


• SM bkg time delay: Phase-2 time resolution 30 ps, Pile-up intrinsic resolution 
190 ps


• LLPs are significantly delayed comparing with SM backgrounds!!!

• Lower bound from slow X

Δt ≥
ℓX

βX
−

ℓX

1
= ℓX(β−1

X − 1)
JL, Z. Liu, L.T. Wang, 1805.05957 



Signal models

• Physics model:


• SigA (resonant Higgs): SM Higgs decay to two LLPs


• SigB (pair prod): GMSB SUSY long lived neutralino



ISR jet

Trackless jet 1
Fake displaced obj 

Time stamping PV
Trackless jet 2

No need to fake signal

ISR jet

Trackless jet

Fake displaced obj 

Time stamping PV

Time delay from 
resolution of timing detector

Time delay from 
spread of the proton bunch

Same vertex hard interaction Pile up

∼ 190 ps

Background

Other backgrounds: Interaction with material, Cosmic rays, Beam halo, 
Satellite bunches. Many already have mature veto mechanism; need to revisit 
to see the impact on timing. 

∼ 30 ps
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Time delay distributions
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• SM background time spread (Gaussian):


• Hard collision: ~30 ps


• Pile-up: ~190 ps


• Use timing cut to suppress  
SM background

• Lower pt/MET threshold




LLP sensitivity for resonance production

5

FIG. 3. The 95% C.L. limit on BR(h ! XX) for signal
process pp ! jh with subsequent decay h ! XX and X !
jj. Di↵erent colors indicate di↵erent masses of the particle X.
The thick solid and dotted (thick long-dashed) lines indicate
MS (EC) searches with di↵erent timing cuts. The numbers
in parentheses are the assumed timing resolutions. Other 13
TeV LHC projections [36, 37] are plotted in thin lines.

an intermediate resonance in other new physics scenarios
would have similar characteristics.

The second example is the decay of the lightest SUSY
electroweakino in the GMSB scenario. Its decay into
SM bosons (Z, h, or �) and gravitino is suppressed by
the SUSY breaking scale

p
F , and it can be naturally

long-lived. Amongst all the possible electroweakinos, the
bino is well-studied in a non-pointing photon search [19].
We study the case in which Higgsino is the lightest elec-
troweakino with decay �̃0

1 ! hG̃. Our selection would be
general so that all visible Higgs decays into SM particles
will be captured. In our simulation, we generate event
samples with the Higgs bosons decaying into dijets. This
two-body decay topology corresponds to approximately
70% of Higgs decays. This benchmark represents the
timing behavior of pair produced particles at the LHC
without an intermediate resonance.

For both of our examples, timestamping the hard col-
lision is achieved by using a ISR jet:

SigA : pp ! h + j , h ! X + X, X ! SM, (7)

SigB : pp ! �̃�̃ + j, �̃0
1 ! h + G̃ ! SM + G̃. (8)

For SigB, other electroweakinos �̃, such as charginos �̃±

or heavier neutralino �̃0
2, promptly decay into the lightest

neutralino state �̃0
1 plus soft particles.

To emphasize the power of timing, we rely mostly on
the timing information to suppress background and make
only minimal cuts. In this case, we need only one low
pT ISR jet, with pj

T > 30 GeV and |⌘j | < 2.5. In
both signal benchmarks, we require at least one LLP
decays inside the detector. We generate signal events
using MadGraph5 [38] at parton level and adopt the UFO

model file from [39] for the GMSB simulation. After de-
tailed simulation of the delayed arrival time for the dif-
ferent lifetime of the LLPs and geometrical selections, we
derive the projection sensitivity to SigA and SigB using
the cross sections obtained in Ref. [40] and Refs. [41, 42],
respectively.

For SigA, the 95% C.L. sensitivity is shown in Fig. 3.
The decay branching ratio of X ! jj is assumed to be
100%, where j here is light flavor quark. For X ! bb, a
similar plot is provided in the appendix. The EC and
MS searches, with 30 ps timing resolution, are plotted in
thick dashed and solid lines. For MS, the best reach of
BR(h ! XX) is about a few 10�6 for c⌧ < 10 m. It is rel-
atively insensitive to the mass of X because both 10 GeV
and 50 GeV X are moving slowly enough to pass the time
cut. The best reach points for di↵erent mass of X occurs
at di↵erent c⌧ and approximately inversely proportional
to mX . This is because the maximal probability for X to
decay is at a fixed d = c⌧� = (LT2�LT1)/(log(LT2/LT1)).
For large c⌧ at the EC search, the lighter X has worse
BR sensitivity reach than heavier ones, since the detec-
tor is shorter than MS and �t cut e�ciency is smaller
for lighter X. Interestingly, for c⌧ . 10�2 m, the reach
of light X becomes better than heavy X. In this regime,
�t from X movement alone is not enough, and thus the
path di↵erence contributes significantly, as illustrated in
Fig. 1. For the MS search, a less precise timing resolu-
tion (200 ps) has been also considered with cut �t > 1 ns
to suppress background. After the cut, the backgrounds
from SV and PU for MS search are 0.11 and 7.0⇥10�3 re-
spectively, and SV background dominates. For PU back-
ground, the final time spread includes the timing reso-
lution and PU intrinsic time spread in quadrature. The
heavy X is almost not a↵ected, while light X loses sen-
sitivity by a factor of a few.

We compare EC and MS (thick lines) with 13 TeV
HL-LHC (with 3 ab�1 integrated luminosity) projections,
two displaced vertex (DV) at MS using zero background
assumption (thin dotted) and one DV at MS using a
data-driven method with optimistic background estima-
tion (thin dashed) from [36]. It is clear that timing cuts
greatly reduces background and provides better sensitiv-
ity. For the long lifetime, the limit is proportional to c⌧
for searches requiring one LLP to be reconstructed as the
signal, and (c⌧)2 for searches requiring two LLPs to be
reconstructed as the signal. Therefore one LLP decay is
better. The projected limits from invisible Higgs decay
at 13 TeV [37] is also plotted in Fig. 3.

For SigB, we show the projected 95% C.L. exclusion
reach in the plane of Higgsino mass m�̃ in GeV and
proper lifetime c⌧ in m in Fig. 4. The projected cov-
erage of the EC and MS searches in blue and red shaded
regions, respectively. Due to the slow motion of �̃, we
show the projections with a tight (solid lines) and a lose
(dashed lines) �t requirement. We can see minor di↵er-
ences between di↵erent delayed time cut choices for this

h → X X, X → j j
MS(30ps), Δt>0.4ns
MS(200ps), Δt>1ns
MTD(30ps), Δt>1ns
MS2DV, noBKG
MS1DV, optimistic

BRinv
h <3.5%

mX in [GeV] 40 50

10-3 10-2 10-1 100 101 102 103 104 105 106 107 108
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

cτ (m)

B
R
(h
→
X
X
)

Precision Timing Enhanced Search Limit (HL-LHC)



Jia Liu                 

LLP sensitivity for resonance production

!20

5

FIG. 3. The 95% C.L. limit on BR(h ! XX) for signal
process pp ! jh with subsequent decay h ! XX and X !
jj. Di↵erent colors indicate di↵erent masses of the particle X.
The thick solid and dotted (thick long-dashed) lines indicate
MS (EC) searches with di↵erent timing cuts. The numbers
in parentheses are the assumed timing resolutions. Other 13
TeV LHC projections [36, 37] are plotted in thin lines.
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the timing information to suppress background and make
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both signal benchmarks, we require at least one LLP
decays inside the detector. We generate signal events
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tailed simulation of the delayed arrival time for the dif-
ferent lifetime of the LLPs and geometrical selections, we
derive the projection sensitivity to SigA and SigB using
the cross sections obtained in Ref. [40] and Refs. [41, 42],
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For SigA, the 95% C.L. sensitivity is shown in Fig. 3.
The decay branching ratio of X ! jj is assumed to be
100%, where j here is light flavor quark. For X ! bb, a
similar plot is provided in the appendix. The EC and
MS searches, with 30 ps timing resolution, are plotted in
thick dashed and solid lines. For MS, the best reach of
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atively insensitive to the mass of X because both 10 GeV
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of light X becomes better than heavy X. In this regime,
�t from X movement alone is not enough, and thus the
path di↵erence contributes significantly, as illustrated in
Fig. 1. For the MS search, a less precise timing resolu-
tion (200 ps) has been also considered with cut �t > 1 ns
to suppress background. After the cut, the backgrounds
from SV and PU for MS search are 0.11 and 7.0⇥10�3 re-
spectively, and SV background dominates. For PU back-
ground, the final time spread includes the timing reso-
lution and PU intrinsic time spread in quadrature. The
heavy X is almost not a↵ected, while light X loses sen-
sitivity by a factor of a few.

We compare EC and MS (thick lines) with 13 TeV
HL-LHC (with 3 ab�1 integrated luminosity) projections,
two displaced vertex (DV) at MS using zero background
assumption (thin dotted) and one DV at MS using a
data-driven method with optimistic background estima-
tion (thin dashed) from [36]. It is clear that timing cuts
greatly reduces background and provides better sensitiv-
ity. For the long lifetime, the limit is proportional to c⌧
for searches requiring one LLP to be reconstructed as the
signal, and (c⌧)2 for searches requiring two LLPs to be
reconstructed as the signal. Therefore one LLP decay is
better. The projected limits from invisible Higgs decay
at 13 TeV [37] is also plotted in Fig. 3.

For SigB, we show the projected 95% C.L. exclusion
reach in the plane of Higgsino mass m�̃ in GeV and
proper lifetime c⌧ in m in Fig. 4. The projected cov-
erage of the EC and MS searches in blue and red shaded
regions, respectively. Due to the slow motion of �̃, we
show the projections with a tight (solid lines) and a lose
(dashed lines) �t requirement. We can see minor di↵er-
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Challenges and opportunities
• To enable 30 ps resolution, require timestamp by ISR object or other prompt 

product (squark -> q neutralino)


• Fine for central timing detector (large solid angle)


• Bad for forward timing detector (small solid angle)

• Without timestamp - directly cut on 
large time delay, due to pile-up 190 
ps resolution


• Fine for large LLP mass, bad for 
small LLP mass


• e.g. ATLAS MS: tile calorimeter 
timing resolution is 1.3–1.7 ns, 
RPCs 1.8 ns
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• Without timestamp - directly cut on 
large time delay, due to pile-up 190 
ps resolution


• Fine for large LLP mass, bad for 
small LLP mass


• e.g. ATLAS MS: tile calorimeter 
timing resolution is 1.3–1.7 ns, 
RPCs 1.8 ns.  
Good enough for 10 ns timing 
cut.
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• Other SM backgrounds: Interactions with materials, cosmic 
rays, beam halo, satellite beam etc


• Existing mature veto mechanism


• More handles in bkg rejection: MET at PV, ISR lepton, two 
delayed objects…

• Feedback from CMS collaboration


• CMS EXO-19-001 applies the timing techniques 


• the first application of ECAL timing (~200 ps) to searching 
for displaced jets from neutral long-lived particles.


• The above backgrounds are manageable! 



CMS EXO-19-001 background study
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• Beam halo small


• Core and satellite bunches small but one 
shall try to improve by precision timing


• Cosmics small (for this analysis, no need to 
do cosmic veto further but there are many 
ways) and scale with time but not luminosity 

Timedelay is useful!



CMS EXO-19-001 applies the timing techniques
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Summary

• LHC has great detectors for long-lived particle searches


• Timing information helps to suppress BKG


• Generic feature (slow moving) for heavy LLP


• Powerful enough to allow search for single LLP decay 


• LLPs (even in the extremely long-lifetime limit) could be optimally searched 
at the LHC main detectors  

• All existing LLP searches can be re-optimized using timing information


• Precision timing is a new dimension of particle physics information available 
for BSM searches. Further exploration is well motivated, exciting and will 
significantly enhance discovery potential universally for LLPs 

Thank you!
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