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We explore the physics potential of using precision timing information at the LHC in searches for long-
lived particles (LLPs). In comparison with the light standard model particles, the decay products of massive
LLPs arrive at detectors with time delays around the nanosecond scale. We propose new strategies to take
advantage of this time delay feature by using initial state radiation to time stamp the collision event and
require at least one LLP to decay within the detector. This search strategy is effective for a broad range of
models. In addition to outlining this general approach, we demonstrate its effectiveness with the projected
reach for two benchmark scenarios: a Higgs boson decaying into a pair of LLPs, and pair production of
long-lived neutralinos in the gauge mediated supersymmetry breaking models. Our strategy increases the
sensitivity to the lifetime of the LLP by two orders of magnitude or more and particularly exhibits a better
behavior with a linear dependence on the lifetime in the large lifetime region compared to traditional LLP
searches. The timing information significantly reduces the standard model background and provides a

powerful new dimension for LLP searches.
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The presence of long-lived particles (LLPs) can be a
striking feature of many new physics models [1-11]. At the
same time, vast swaths of the possible parameter space of
the LLP remain unexplored by LHC searches. LHC general
purpose detectors, ATLAS and CMS, provide full angular
coverage and sizable volume, making them ideal for LLP
searches. However, searches for LLPs that decay within a
few centimeters of the interaction point suffer from large
standard model (SM) backgrounds. LLPs produced at the
LHC generically travel slower than the SM background and
decay at macroscopic distances away from the interaction
point. Hence, they arrive at outer particle detectors with a
sizable time delay.

In this Letter, we focus on a general strategy that uses
precision timing as a tool to suppress SM backgrounds and
enhances sensitivity to LLPs at the LHC. Recently, precision
timing upgrades with a timing resolution of 30 picoseconds
have been proposed to reduce pileup for the upcoming runs
with higher luminosity, including a MIP timing detector
(MTD) [12] by the CMS collaboration for the barrel and
end cap region in front of the electromagnetic calorimeter, the
high granularity timing detector [13] by the ATLAS
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collaboration in end cap and forward region, and similarly
multiple precision timing upgrades [14] by the LHCb col-
laboration. The usage of (less precise) timing information for
long-lived particle searches has been discussed in the past and
applied to a very limited class of signals [15]. In this Letter, as a
strategy applicable to a broad range of models, we propose the
use of a generic initial state radiation (ISR) jet to time stamp the
hard collision and require only a single LLP decay inside the
detector with a significant time delay. Such a strategy can
greatly suppress the SM background and reach a sensitivity
two orders of magnitude or more better than traditional
searches in a much larger parameter space [6,27-29].

With a general triggering and search strategy that can
capture most LLP decays, we show a striking improvement
in sensitivity and coverage for LLPs. In addition to the
MTD at CMS, we also consider a hypothetical timing layer
on the outside of the ATLAS muon spectrometer (MS) as
an estimate of the best achievable reach of our proposal for
LLPs with long lifetimes [30].

Basics of timing.—While particle identification and
kinematic reconstruction are highly developed, usage of
timing information has so far been limited since prompt
signatures are often assumed. Such an assumption could
miss a crucial potential signature of an LLP, a significant
time delay. Here we outline a general beyond standard
model (BSM) signal search strategy that uses the timing
information and the corresponding background consider-
ation. A typical signal event of LLP is shown in Fig. 1. An
LLP, denoted as X, travels a distance £y into a detector
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FIG. 1. An event topology with an LLP X decaying into two

light SM particles a and b. A timing layer, at a transverse distance
Ly, away from the beam axis (horizontal gray dotted line), is
placed at the end of the detector volume (shaded region). The
trajectory of a reference SM background particle is also shown
(blue dashed line). The gray polygon indicates the primary vertex.

volume and decays into two light SM particles a and b,
which then reach timing detector at a transverse distance
Ly, away from the beam axis. Typically, the SM particles
travel at velocities close to the speed of light. For simplicity,
we consider neutral LLP signals where background from
charged particles can be vetoed using particle identification
and isolation. The decay products of X arrive at the timing
layer with a time delay

i _Cx [ Ci Csm
Mooy = 5 5 B .
for ith decay products from X and f; ~ fgy ~1. It is
necessary to have prompt particles from production or
decay, or ISR, which arrives at timing layer with the speed
of light, to derive the time of the hard collision at the
primary vertex (to “time stamp” the hard collision).

In Fig. 2, we show typical time delay Az distribution for
the CMS MTD for benchmark signals and the back-
grounds. The two benchmark signals considered here are
the glueballs from Higgs boson decays, and the neutralino
and chargino pair production in the gauge mediated SUSY
breaking (GMSB) scenario [2,3]. Both the glueballs and
lightest neutralino proper lifetimes are set to have
ct =10 m. The 10 GeV glueballs have larger average
boost comparing to the 50 GeV glueballs, and hence have a
sizable fraction of the signals with delays less than 1 ns.
The GMSB signal is not boosted and hence significantly
delayed compared to the backgrounds, with more than 70%
of the signal having Af > 1 ns.

Search strategy—We consider events with at least one
ISR jet to time stamp the PV and one delayed SM object
coming from the LLP decay. We propose two searches
using the time delay information:

Ly Ly, Trigger €uig Esig Ref.

€¥ake
MTD 1.17 m 0.2 m Delaylet 0.5 05 1073 [12]
MS 106 m 4.2 m MS ROI 0.25,0.5 025 5x 1072 [27]

2

The size of the detector volume is described by transverse
distance to the beam pipe from Ly, to Ly, , where Ly, is the
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FIG. 2. The differential Ar distribution for typical signals and
backgrounds at 13 TeV LHC. The plot is normalized to the
fraction of events per bin with varying bin sizes, in linear
(At < 1 ns) and logarithmic scale (> 1 ns), respectively. Two
representative signal models are shown with different masses.
The LLP proper lifetime is set to 10 m, and the distribution only
counts events decayed within [L7 ,Ly,] of [0.2, 1.17] m in the
transverse direction, following the geometry of the CMS MTD in
the barrel region. For the background distribution shown in gray
curves, we assume bunch spacing of 25 ns. The solid and dashed
gray curves represent backgrounds from the same hard collision
vertex and hence with a precision timing uncertainty of
SPT = 30 ps and from the pileup with a spread of §, = 190 ps,
respectively.

timing layer location and Ly, is the minimal displacement
requirement for a analysis. For both searches, we assume a
similar timing resolution of 30 ps. For the MS search,
because of the larger time delay and much less background
due to “shielding” by inner detectors, a time resolution
of 0.2-2 ns could achieve a similar physics reach. The
€yig» Esig» and €l are the efficiencies for trigger, signal
selection, and a QCD jet faking the delayed jet signal with
pr > 30 GeV in MTD and MS searches, respectively.

For the MTD search, we assume a new trigger strategy
dubbed “DelayJet” using precision timing information at
CMS. This can be realized by putting a minimal time delay
cut when comparing the prompt time stamping jet (with
pr > 30 GeV) with the arrival time of another jet (with
pr > 30 GeV) at the timing layer. In Supplemental
Material section (d) [15,30], we describe some of the
recent effort by the experimental collaboration to imple-
ment this in the triggering upgrade.

The MTD signal, after requiring Ly, of 0.2 m, will not
have good tracks associated with it. Hence, the major SM
background is from trackless jets. The jet fake rate of
TP — 103 is estimated using PYTHIA [42] by simulating
the jets with minimal p; of 30 GeV and study the anti-kt
jets with R = 0.4, where all charged constituent hadrons
are too soft (py < 1 GeV). For comparison with other
studies, see the Supplemental Material section (c) [15,30].

For the MS search, we use the MS region of interest (MS
ROI) trigger from a very similar search [43] as a reference,
with an efficiency of ey, =0.25 and 0.5 for the two
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benchmark BSM signals, and a signal selection efficiency
of €4, =0.25. The backgrounds are mainly from the
punch-through jets, and its fake efficiency can be inferred

to be ey =5.2x 107, normalized to 1300 fake MS
barrel events at 8 TeV [43], see details in the Supplemental
Material section (c) [15,30].

Background consideration.—The main sources of the
SM background faking the delayed and displaced signal are
from jets or similar hadronic activities. The origin of
background can be classified into same-vertex (SV) hard
collision and pileup (PU). For this Letter, we assume the
time-spread distributions follow a Gaussian distribution.

dPA) _ 1 poarpas), (2)
dAt V26,

where the time spreads o, differ for different sources of
backgrounds. The validity of these description should be
scrutinized by experimental measurement, e.g., from zero-
bias events. From Refs. [12,16-18], the Gaussian descrip-
tion is appropriate up to a probability of a 107* to 107°
level. Even in the case the Gaussian fails at the tail, a
suppression power of 1073 is already enough for MS. For
MTD, one can require two time delayed objects to double
the Gaussian suppression. Since the time delay is domi-
nated by slow movement of X, the two jets from X decay
satisfy this requirement easily.

The SV background mainly comes from QCD multijet
production. At least one prompt jet is required to time
stamp the event, while another trackless jet from the same
hard collision fakes long-lived signals. The fake jet has an
intrinsic time delay At = 0. However, it spreads out in time
due to finite timing resolution, 6T = 30 ps. At 13 TeV
with £;,, = 3 ab™!, the estimated number of background
events are

MTD: N3y, = 0;LipeMIPel ™ ~ 1 x 101,

S
MS: N3y, = o ﬁmtemgeﬁaﬁ ~4x10°, (3)

where o ~ 1 x 108, pb is the multijets cross section with

two jets p7 > 30 GeV, and e, and ef,, are the trigger and
fake-rate efficiencies without using timing information.

The PU background contains two hard collisions within
the same bunch crossing that do not occur at the same time.
The PU background requires the coincidence of a triggered
hard event and a fake signal event from pileup collision
whose primary vertex fails to be reconstructed. At the HL
LHC, the total number of background events can be
estimated,

o :
PU = i JMTD ¢j | 7
MTD: Ny, = o Emtemg (npU . Ehre S| ®2x 107,

inc

0j S
MS: Niy = ojLincety (n e fm) ~50,  (4)

mnc

where o;,, = 80 mb is the inelastic proton-proton cross
section at 13 TeV [44]. 7ipy = 100 (nominally 140 or 200
[45]) is the average number of inelastic interactions per
bunch crossing at the HL LHC. In Eq. (4), one hard
collision needs to time stamp the event, while the other hard
collision contains at least two jets, all of which have to be
neutral to miss the primary vertex reconstruction.
Otherwise, this second hard collision will leave tracks
and be reconstructed as another vertex in the tracker, thus
getting vetoed. Therefore, the background kag is sup-
pressed by at least one additional factor of neutral jet

fraction f{n ~ 1073, This additional factor fm, more strictly
speaking, should be the probability for a multijet process
whose primary vertex fails to be reconstructed and misas-
signed to the triggered vertex, which need to be estimated
through a full detector simulation and calibrated with data.

The key difference between the PU and SV backgrounds
is that the time spread being determined by the beam
property for the former (190 ps [12]), and by the timing
resolution for the latter (30 ps [12]). For the MTD (MS)
search, if we apply cut Az > 1 (0.4) ns, the total estimated
events from a SM background is 1.3 (0.86), where the SV
background become completely negligible.

Backgrounds not from the hard collision have larger
temporal spread, such as cosmic ray, beam halo, miscon-
nected tracks, interaction with detector material, etc. At the
same time, their properties are well measured and can be
vetoed effectively. For example, for the MS search, dis-
placed vertex reconstruction can help suppress the above
backgrounds. Its efficiency has been included in €4, [27].
In another example, the nonpointing photon searches study
at ATLAS [18] found that such backgrounds are negligible,
with two photon final states which only have directional
information. Reference [19] measured the stopped particle
signatures and found that the energy cut alone can reduce
the background to single digit. In comparison, our signal
has more kinematic features, such as large energy depo-
sition (more than 30 GeV) and high track multiplicities
with sizable time delay. It can be further separated from
these backgrounds. The argument for MS also applies to
the CMS MTD search. The search for a pair of jets from
one displaced vertex [28] found the SM QCD background
to be dominant. Moreover, since the MTD detector is much
smaller than MS, the cosmic ray background is less
problematic. Even assuming the number of SM background
events to be 100, the limits in Fig. 3 are only weakened by a
factor of 5.

Augmented sensitivity on LLPs through precision
timing.—Our first example, Signal A (SIGA), is a Higgs
boson decaying to glueballs with subsequent decays into
SM jet pairs. This occurs in a model [10] where the Higgs
boson is the portal to a dark QCD sector whose lightest
states are the long-lived glueballs. Typical energy of the
glueball is set by the Higgs mass, and the time delay
depends on glueball mass.
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Precision Timing Enhanced Search Limit (HL-LHC)
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FIG. 3. The 95% C.L. limit on BR(h — XX) for signal process
pp — jh with subsequent decay 7 — XX and X — jj. Different
colors indicate different masses of the particle X. The thick solid
and dotted (thick long dashed) lines indicate MS (MTD) searches
with different timing cuts. The numbers in parentheses are the
assumed timing resolutions. Other 13 TeV LHC projections
[29,51] are plotted in thin lines.

The second example, Signal B (SIGB), is the decay of
the lightest neutralino in the GMSB scenario. Its decay into
SM bosons (Z, h, or y) and gravitino is suppressed by the
SUSY breaking scale /F, and it can be naturally long-
lived. This benchmark represents the timing behavior of
pair produced particles at the LHC without an intermediate
resonance.

For both examples, time stamping the hard collision is
achieved by using an ISR jet:

SIGA: pp—>h+j, h-X+X, X->SM, (5)

SIGB: pp—=ji+j, i1—=h+G—>SM+G. (6)
For SIGB, other electroweakinos 7, such as charginos 7+ or
heavier neutralino 79, promptly decay into the lightest
neutralino state 77 plus soft particles. Hence, we take the
inclusive Higgsino pair production cross section for this
process.

To emphasize the power of timing, we rely mostly on the
timing information to suppress background and make only
minimal cuts. We only require one low py ISR jet, with
Pl > 30 GeV and |y ;| <2.5. In both signal benchmarks,
we require at least one LLP decays inside the detector. We
generate signal events using MADGRAPHS [46] at the parton
level and adopt the UFO model file from [47] for the
GMSB simulation. After detailed simulations of the
delayed arrival time, we derive the projected sensitivity
to SIGA and SIGB using the cross sections obtained in
Ref. [48] and Refs. [49,50], respectively.

For SIGA, the 95% C.L. sensitivity is shown in Fig. 3.
We assume X decays to SM jet pairs with 100% branching
fraction. The MTD and MS searches, with 30 ps timing
resolution, are plotted in thick dashed and solid lines,
respectively. For MS, the best reach of BR(h — XX) is

about a few 1076 for ¢z < 10 m. It is relatively insensitive
to the mass of X when my > 10 GeV because X are
moving slowly enough to pass the timing cut. For the MS
search, a less precise timing resolution (200 ps) has also
been considered with cut Ar > 1 ns. After the cut, the
backgrounds from SV and PU for MS search are 0.11 and
7.0 x 1073 respectively, and the SV background dominates.
The reach for heavy X is almost not affected, while reduced
by a factor of ~2 for light X.

In Fig. 3, we compare MTD and MS (thick lines) with
13 TeV HL LHC (with 3 ab~! 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
estimation (thin dashed) from Ref. [29]. The projected
limits from invisible Higgs decay at 13 TeV [51] is also
shown in Fig. 3.

For SIGB, we show the projected 95% C.L. exclusion
reach in the plane of Higgsino mass m; and proper lifetime
ct in Fig. 4. The projected coverage of the MTD and MS
searches in blue and red shaded regions, respectively. Due
to the slow motion of 7, we show the projections with a
tight (solid lines) and a loose (dashed lines) Az requirement.
The loose selection, A > 10 ns allows us to use the current
muon timing resolution of 2 ns [52] to achieve similar
coverage. Although MTD and MS searches with Ar > 1
and 0.4 ns cuts have background event of order 1, we also
show the sensitivity reach with a sizable background of 100
at the HL LHC. We observe a similar behavior for the
coverage of MTD and MS searches in term of the lifetime
for SIGB.

Furthermore, we draw gray dashed-dotted lines for
SUSY breaking scale /F. To compare with existing
LLP searches and their projection, we follow Ref. [6]
and quote the most sensitive CMS displaced dijet search
conducted at 8 TeV [28], and show the projected sensitivity

Precision Timing Enhanced Search Limit (HL-LHC)
: | L\'E/E““”r | GMS‘B Higgsi )
== Tey iggsino _]
__________ — At>12ns
Tiats2ns -;
—at>1ns ]
-- At>10ns 7§

—

ct (m)

. 8Tev 13 TeVv
ool o DiplacedDiet , 4
200 400 600 800 1000

myx (GeV)

N |
1200 1400

FIG. 4. The projected 95% C.L. limit on the Higgsino mass—
lifetime plane for signal process of Higgsino pair production in
association with jets, with subsequent decay of the lightest
Higgsino 7° — hG and h — bb in GMSB scenario. We decouple
other electroweakinos and have Higgsino-like chargino 7* and
neutralino 79 nearly degenerate with 7.
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at 13 TeV HL LHC assuming statistical dominance for
the background. We can see timing searches almost double
the reach of m; with lifetime around one meter, and extend

the sensitivity to very long lifetime, up to 10° m for a
200 GeV LLP.

Discussion.—We demonstrate in this Letter that exploit-
ing timing information can significantly enhance the
sensitivities of LLP searches at the LHC. To emphasize
the advantage of timing, we made minimal requirements on
the signal, with one ISR jet and a delayed signal. Further
optimization can be developed for more dedicated searches.
The time stamping ISR jet can be replaced by other objects,
such as leptons or photons. Depending on the underlying
signal and model parameters, one can also use prompt
objects from signal production and decay. In addition, for
specific searches, one could also optimize the selection of
the signal based on the decay products of LLPs. Finally, we
emphasize that the current LLP searches are complemen-
tary to the timing proposed in this Letter. Once combined,
the current searches should in general gain better sensitivity
for heavy LLP.
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