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FIG. 5. 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 �̃0 ! hG̃ and h ! bb in GMSB scenario. We de-
coupling other electroweakinos and hence have Higgsino-like
chargino �̃± and neutralino �̃0

2 nearly degenerate with �̃0
1.

ground. After the cut, the backgrounds from SV and PU
for MS search are 0.11 and 7.0 ⇥ 10�3 respectively, and
SV background dominates. For PU background, the final
time spread includes the timing resolution and PU intrin-
sic time spread in quadrature. The reach for heavy X is
almost not a↵ected, while the sensitivity to the branch-
ing ratio can be reduced by at most a factor of a few for
light X.

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. 4.

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. 5. 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
signal. Although in the previous section, EC and MS sig-
nal with �t > 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
generic behavior for the coverage of EC and MS searches

in term of the lifetime for SigB.
Furthermore, we draw gray dashed-dotted lines for the

corresponding model parameter
p

F of the fundamental
SUSY breaking scale for GMSB in the figure for refer-
ence. To compare with the reach of existing long-lived
particle searches and their projection, we follow Ref. [6]
and quote the most sensitive CMS displaced dijet search
conducted at 8 TeV [43], and show the projected sensi-
tivity at 13 TeV assuming statistical dominance for the
background. We can see significant improvement for tim-
ing enhanced LLP searches, almost doubling the reach of
m�̃ with lifetime around one meter. Furthermore, timing
searches extend the sensitivity to very long lifetime, up
to 105 m for a 200 GeV long-lived Higgsinos.

In Fig. 4 and 5, an upper bound on �t, �t < 25 ns,
is required for EC to stay in the same proton bunch. If
there is no such requirement, the pile-up background will
increases linearly with the number of proton bunches in
the time window. For the MS search, the recording time
extends to hundreds of ns, and the pile-up background
can be eliminated by screening the approximately ±0.5
ns window for each bunch crossing, which has negligible
impact on the signal e�ciency.

Discussion.–We demonstrate that exploiting timing in-
formation can significantly enhance the LLP searches at
CMS and ATLAS. To emphasize the utility of timing, we
have only made minimal requirements on the signal, with
one ISR jet and a time delayed signal. Further optimiza-
tion can be developed for more dedicated searches. The
timestamping ISR jet can be replaced by other objects,
like leptons and photons. Depending on the process, one
can also use objects from prompt decay. For example, in
the Higgs signal, the final state jh can be changed to Wh,
with the W boson decay leptonically. The charged lep-
ton from the W boson can trigger the event and calibrate
the time as well, in the meantime, the background is re-
duced from QCD to electroweak cross-sections. At the
same time, the signal is only reduced by a smaller produc-
tion cross-section, and all other features remain similar.
For instance, in R-parity violating SUSY, the pair pro-
duced squarks and gluinos can promptly decay to neu-
tralino plus jets. Those jets can provide the timestamp
for the event as well. In addition, for specific searches,
one should also optimize the selection of the signal based
on the decay products of the LLPs.

We have considered two concepts of timing layer at the
LHC. The CMS EC timing upgrade for HL-LHC already
provides significant improvement. The MS system 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 longer travel distance. As an
estimate of the best achievable sensitivity, given that the
MS is an ideal place to look for LLPs at the LHC, we
have also considered a hypothetical timing layer outside
of the ATLAS MS. We found robust enhanced sensitivity

• Timing results in large gains in cτ and mass reach
• Requires L1-trigger to fully exploit LLP potential
• ~50 ps resolution available at HL-LHC
• Next generation detectors (FCC-hh) below 5 ps? — IF input

study by Liu, Liu, Wang, 1805.05957. 
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some common characteristics. The rate of this process is
controlled by the production rate of the resonance and
the branching ratio into the LLP. The decay length of
the LLP, d = �c⌧ , plays an important role in determin-
ing signal rate within the detector volume. Moreover, the
boost � is also important in determining the time delay.
In this class of models, the boost of the LLP is set by the
mass ratio � / mY /mX .

In the second class of models, shown in the lower panel
of Fig. 1, the LLP(s) are produced directly without going
through a resonance. This would be the case, for exam-
ple, for heavier X with SM interactions. A typical bench-
mark would be the production of SUSY electroweak-inos.
The signal of this class of models have distinct 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.

To demonstrate the potential sensitivity to general
BSM signals with precision timing, we choose to show
two representative benchmark models following above
discussion about classes of LLP production modes, one
from Higgs decay into the dark sector, and the other
one from Drell-Yan pair production of supersymmetric
(SUSY) long-lived particles. With a very general trig-
ger and search strategy that can capture most of LLP
decays, we show striking improvement in the sensitivity
and coverage for LLP. In addition to the EC timing layer
at CMS, we also consider a hypothetical timing layer on
the outside of ATLAS Muon Spectrometer (MS) as an
estimate of the best achievable reach of our proposal.
Basics of timing.— While the particle identification
and kinematic reconstruction are highly developed, the
timing information is less used as prompt decays are of-
ten assumed for BSM signals. However, the signature
of an LLP, in general, could have a significant time de-
lay since the mass of the new particle can be compara-
ble to its momentum. Here we outline a general BSM
signal search strategy of using the timing information,
and more importantly, the corresponding consideration
for the background. A typical signal event of LLP is
shown in Fig. 2. An LLP, denoted as X, travels a dis-
tance `X into a detector volume and decays into two light
SM particles a and b, which then reach timing layer at
a transverse distance LT2 away from the beam axis. In
a typical hard collision, the SM particles generally travel
close to the speed of light. The trajectories of charged SM
particles can be curved, which increase the path length
in comparison with neutral SM particles. For simplicity,
we only consider neutral LLP signals where background
from such charged particles can be vetoed using particle
identification and isolation.2 Hence, the decay products

2
Charged stable (at the scale of tracker or detector volume) par-

ticles are highly constrained by the heavy stable charged particle

searches by both ATLAS and CMS [14–16].
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FIG. 2. An event topology with an LLP X decaying to two
light SM particles a and b. A timing layer, at a transverse
distance LT2 away from the beam axis (horizontal gray dotted
line), is placed at the end of the detector volume (shaded
region). The trajectory of a potential SM background particle
is also shown (blue dashed line). The gray polygon indicates
the primary vertex.

of X, taking particle a for example, arrives at the timing
layer with a time delay of

�t =
`X

�X
+

`a

�a
�

`SM

�SM
, (1)

with �a ' �SM ' 1. It is necessary to have prompt
decay products or Initial State Radiation (ISR) which
arriving at timing layer with the speed of light to derive
the time of the hard collision at the primary vertex (to
“timestamp” the hard collision). ISR jets could easily be
present for all processes, and we use this generic feature
to “timestamp” the hard collision for the proposed new
searches in this letter.3

Typically, `SM/�SM range between several nanosec-
onds (ns), for entering EC, to tens of ns, for exiting the
MS. As a result, with tens of picosecond (ps) timing
resolution, we have a sensitivity to percent level time
delay caused by slow LLP motion, e.g., 1 � �X > 0.01
with boost factor � < 7. In Fig. 3, we show typical time
delay �t for a hypothetical timing layer at the outer
part of the ATLAS MS system for benchmark signals
and the background, and the distributions for EC are
put in appendix. The two benchmark signals considered
here are the glueballs from Higgs boson decays, and the
electroweakino pair production in the Gauge Mediated
SUSY Breaking (GMSB) scenario. Both the glueballs
and lightest neutralino proper lifetimes are set to be
c⌧ = 10 m. The 10 GeV glueballs (red dashed line) have
larger average boost comparing to the 50 GeV glueballs

3
Although Jets contain soft (and hence slow) particles, the ma-

jority of the constituent particles in a jet still travel with nearly

the speed of light [12, 21–23].

Timing for LLPs 

Si Xie 3 

•  LLPs will generically give delayed signals 
•  Delay comes from two effects: 

1.  Path length difference ( LLP travels in some direction, 
then decays possibly towards a different direction) 

2.  LLP can be significantly slower than speed of light 

(2) 

(1) 
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Experimental Considerations

• Study LLP physics reach as a function of detector timing resolution
• Input to and from Instrumentation Frontier
• Technology development/limitations very important
• DAQ and L1 critical to unlock full LLP potential
• see some trigger discussion in the next slide

• Define simplified models to allow comparison with other approaches
• Will work with MC Task Force

• The authors have been working on these studies for several years — on 
phenomenology and detector development. 
• Snowmass great platform to complete these forward-looking studies 
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30%
40%

ECAL Barrel Only   

Table 1: Topologies considered in this paper, corresponding basic event selection and benchmark models.

Strategy Basic event selection Benchmarks

2MSVx At least 2 MS vertices Scalar portal, Higgs portal baryogenesis,
Stealth SUSY

1MSVx+Jets Exactly 1 MS vertex Stealth SUSYAt least 2 jets with ET > 150 GeV

1MSVx+E
miss
T

Exactly 1 MS vertex Scalar portal with m� = 125 GeV,
E

miss
T > 30 GeV Higgs portal baryogenesis

machine-induced background [39]. This last contribution, usually referred to as beam-induced background,
is composed of particles produced in the hadronic and electromagnetic showers caused by beam protons
interacting with collimators or residual gas molecules inside the vacuum pipe.

To avoid unintended biasing of the results, the signal regions of the 2MSVx and 1MSVx+AO strategies
were blinded during the analysis development.

4 Description of benchmark models

Although the event selections outlined in Section 3 are sensitive to a large variety of models, this paper
interprets the results in terms of three di�erent benchmark models. The first, shown in Figure 1(a), is a
scalar portal model [14], where a SM-like Higgs or lower/higher-mass boson (�) decays into two long-lived
scalars (s). Figure 1(b) shows the second model, Higgs portal baryogenesis [20], in which a SM-like Higgs
boson (h) decays into long-lived Majorana fermions � that decay into fermions, violating baryon and/or
lepton number conservation. The last model, shown in Figure 1(c), is a Stealth SUSY model [7, 8] where
the long-lived singlino (S̃) is produced by a gluino (g̃) in association with a prompt gluon-jet (g). The
singlino decay produces two gluons and a light gravitino.
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Figure 1: Diagrams of the benchmark models studied in this paper: (a) scalar portal model, (b) Higgs portal
baryogenesis model, and (c) Stealth SUSY model. The LLPs in these processes are represented by double lines and
labeled (a) s, (b) �, and (c) S̃. In the Stealth SUSY model, G̃ is the gravitino and S is the singlet. The final-state SM
fermions are labeled as f , and the gluons as g.

The decay channels, the relative masses and lifetimes generated for each model, as well as details about the
Monte Carlo (MC) event generation are described in Section 5.

6Mh = 125 GeV
Mx= 50 GeV, c𝜏 = 1m

• Use Timing (MTD or ECAL) to tag Jets at L1 
• 30 ps for 20 GeV neutral energy deposits in ECAL
• 30 ps for MIPS

• Jet pT > 20 GeV  and EB time > 1ns   

• One jet trigger  → signal efficiency is around 40%

Final results expected  
for CMS L1-TDR

Preliminary standalone study
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Endcap Muon Systems: example CMS
• Large shielding: up to 27 nuclear interaction lengths of iron
• Several layers of active material: muon system as a sampling calorimeter
• Large shielding allows to massively suppress background

• dominant remaining backgrounds: neural SM-LLP from pileup
• Highly sensitive to LLPs with large range of masses. Detector measures 

LLP energy not only mass
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Muon System Analysis: current status

• ~1% signal events kept after MET cut

• ~4500 events in acceptance

• In H→SS model. ggH allows Run2 search due to the large cross section

• Trigger on MET (lack of dedicated trigger) from recoil of Higgs against ISR

• For large cτ one of the LLPs will decay outside the calorimeter

Tracker 

Muon system
ISR-Jet

LLP

Shower

LLP

MET/Higgs PT

Undetected 

Gen Higgs Pt [GeV]

Inclusive 
MET > 200 GeV

Require at least 1 LLP 
to decay in CSC

—  ISR-Jet > 200 GeV
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• CMS presented a plan for a dedicated L1 trigger for Run3 

- S. Dildick @ 7th LHC LLP Workshop

- Cathode Strip Chambers allow to count raw hit multiplicity → 10x gains in 

trigger efficiency

• Study LLP potential of CMS Muon System for Run3 and HL-LHC to a 

wide range of representative models

- Different LLP decays: quarks, gluons, hadrons, photons, leptons

- Sensitivity to light LLP produced through Higgs, W and Z bosons

• Build upon HL-LHC sensitivity study to optimize FCC-hh Muon System 

design

• Looking forward to working on this group

LLP Muon Systems Study

https://indico.cern.ch/event/863077/contributions/3850860/attachments/2045232/3427570/LLPWorkshop_20200523_SD.pdf
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Backup
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HL-LHC Beamspot 

Si Xie 15 

•  Beamspot has a width in time of ~180ps 

RMS in time : 
~180ps 


