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In this supplemental material, we provide more information for: (a) the signal benchmark con-
siderations, (b) the time delay at CMS MTD, (c) (more) background considerations and (d) trigger
discussions.
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(a) the signal benchmark considerations
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FIG. S1. Two classes of signal kinematics for LLPs.

In general, there are two classes of qualitatively dif-
ferent production channels for the LLPs, as shown in
Fig. S1. In the first class (upper panel), the LLP(s),
denoted as X, are produced through the decay of a heav-
ier resonance (Y ), which can contain one or more LLPs.
Perhaps the most well-known model in this class is when
the resonance is the Higgs boson (Y = h). This is highly
motivated by possible connection of new physics and elec-
troweak symmetry breaking. At the same time, the res-
onance can certainly be other SM particles, such as W ,
Z and the top quark, and BSM particles such as W ′, Z ′,
and so on. They all share some common characteristics.
The rate of this process is controlled by the production
rate of the resonance and the branching ratio into the
LLP(s). The decay length of the LLP, d = γβcτ , plays
an important role in determining signal rate within the
detector volume. Moreover, the boost γ is also important
in determining the time delay. In this class of models, the
boost of the LLP is set by the mass ratio γ ∝ mY /mX .

In the second class of models, shown in the lower panel
of Fig. S1, the LLP(s) can be produced directly without
going through a resonance. This would be the case, for

example, for heavier X with SM interactions. A typi-
cal benchmark would be the production of SUSY elec-
troweakinos. The signal of this class of models have dis-
tinct features as well. In particular, they will be produced
close to the threshold, with velocity being a fraction of
the speed of light. In this case, a large time delay is
always expected.

This choices of SigA and SigB in the main text are
chosen to capture above two representative classes of the
LLP kinematics.

(b) the time delay at ATLAS MS
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FIG. S2. The differential ∆t distribution for typical signals
and backgrounds at 13 TeV LHC for ATLAS MS. The legends
are the same as in Fig. 2.

Timing information has been applied to BSM searches
in identifying new physics in some very limited cases.
Such examples include the time of flight parameter
adopted in the heavy stable charged particle searches [1–
3], the time delay parameter adopted in the non-
pointing photon searches at the CDF and recently at the
LHC [4–10], and (very loosely) in the stopped particle
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searches [11]. Precision timing thus opens a new window
to search for Beyond Standard Model (BSM) signals.

In Fig. S2, we show typical time delay ∆t for the AT-
LAS MS for benchmark signals and the backgrounds. In
comparison with the time delay distribution for CMS
MTD, shown in Fig. 2, the signal delays are enlarged
by roughly an order of magnitude. After the cut ∆t > 1
ns, the heavy particles in the signal are almost not af-
fected, and only 10 GeV X lose some fraction of events.
This fact is in good agreement with Fig. 3.

We have considered two concepts of timing layer at
the LHC. The CMS MTD timing upgrade for HL-LHC
already provides significant improvement. The MS sys-
tem has the notable benefits of low background, a large
volume for the LLP to decay and more substantial time
delay for the LLP signal due to the longer travel distance,
see Fig. 3. Therefore, a less precise timing resolution can
still achieve similar physics goals for MS system. It can
serve as an estimate of the best achievable sensitivity
using timing information in LLP searches. A feasibility
study on new timing layer options like this, balancing
technology, design, cost, and physics goals would be a
natural next step, given the promising results shown in
this study. In summary, the precision timing enhanced
search for LLPs is very generic and can suppress SM
background significantly. The timing information should
act as a new dimension in the future searches.

(c) QCD background explanations

In the ATLAS MS search, we have chosen the detec-
tor transverse length between 4.2 m and 10.6 m. How-
ever, the ATLAS MS displaced vertex search [12], due
to the vertex reconstruction requirement, can only effec-
tively select signal events decaying in the 4-7 m range,
reducing the derived search sensitivity with the full MS
volume approximately by a factor of two. We expect that
with the help of the timing layer and a relaxed vertex re-
construction requirement, the effective decay range could
be extended to the full MS while maintaining the same
signal efficiency. In comparison with LLP decay in the
7-10 m range of the MS, there is no detector activities in
the layers prior to that. Hence, the dominant background
from punch-through jet can still be vetoed effectively.

The trajectories of charged SM particles can be curved
in the magnetic field, which increase the path length in
comparison with neutral SM particles. We use the stan-
dard jet algorithm, and define the time of jet by the first
arrival objects inside the cone. With sufficient informa-
tion in the tracker, we can even avoid using curved (low-
pT ) tracks to define the time. In this regard, the arrival
time of a jet is defined by the leading components. Al-
though jets contain soft (and hence slow) particles, the
majority of the constituent particles in a jet still travel
with nearly the speed of light [13–16].

The trackless jet fraction is measured in the validation
data for the low-electromagnetism jet search at the AL-
TAS [17], and it is found to be 10−2. However, they also
found a huge additional suppression through the energy
deposition ratio between electromagnetic and hadronic
calorimeters. We have calculated the trackless jet frac-
tion using Pythia and obtained 10−3. Considering the
suppression, our estimation is reasonable.

The pile-up events have both time and spatial spread.
Therefore, the interaction point information z would also
enter the estimation of such background. However, given
that the typical spread is few cm, it can induce a time
shift at most ≈ O(100) ps [13], typically with an addition
suppression of a geometrical factor. Adding in quadra-
ture, this will at most give an insignificant increase the
spread in time by ≈ 60 ps. One can use larger time de-
lay cut to alleviate this effect. It has even less impact
for MS search, where the pile-up background is already
small before timing cut.

The number of SV backgrounds with 30 ps resolu-
tion are 10−232 and 10−35 for MTD and MS respectively,
with time cut at 1 ns and 0.4 ns. For 60 ps resolution,
the Gaussian suppression power decreased by one-quarter
(1/4) in the exponent. The number of SV backgrounds
become 10−51 and 10−5 for MTD and MS respectively.
The SV backgrounds become negligible after timing cut
compared with PU one. We note this shows for SV
background, although the background seems to be big
to begin with, our timing cut choice is very conserva-
tive and leave huge room for non-Gaussianity from such
background.

In the future, the object reconstruction with separa-
tion not only in spatial but also in time should help dis-
criminate these various backgrounds. In specific searches,
signal typically has additional feature to further suppress
the background. For instance, in our case, we actually
have two visible objects with different time delays. Tak-
ing advantage of such characteristics, we expect the back-
ground can be further suppressed.

(d) trigger discussions

Triggering on delayed signals concerning the primary
interaction vertex could become a very interesting and
important application for the general class of long-lived
particle signals [18–22]. Triggers with additional timing
information (such as sizable delay) would complement
current trigger system that focuses on very hard events,
using HT , pT of jets, leptons, photons, and missing
ET [23, 24]. A much softer threshold could be achieved
with sizable time delays as an additional criterion, which
would be extremely beneficial for LLP, especially for com-
pressed BSM signal searches.
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