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✦ The world is full of LLPs!

Introduction to LLPs

B. Shuve
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✦ LLPs are very well motivated in several  BSM 
models 
➡ Same motivations providing LLPs in SM: Feeble 

couplings, no definite mass scale

LLPs BSM motivation

Mathusla physics case 

arxiv:1806.07396  

https://arxiv.org/pdf/1806.07396.pdf
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✦ The appearance of long-lived particles in BSM 
models is usually more related to weak couplings 
than to high energy scales. 

➡ In several cases, new detector technologies associated 
to the HL upgrades will be very useful 

✦ Most of the above applies to dark sectors (later)

Intensity frontier

➡ LLPs are a perfect 
example of the relevance 
of the HL-LHC 

➡ Look for BSM physics by 
exploring the intensity 
frontier

F. Reddi
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✦ Nivel de texto 1 

➡ Nivel 2 
- Nivel 3

LLPs Physiology

H. Russell
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Long-Lived Particles (LLPs) 

Disappearing tracks
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✦ Scenarios with almost degenerate masses of 
SUSY particles 
➡ Long lifetime of mother, very soft charged daughter 

➡ Track disappears in the detector after traversing some 
layers 

➡ LHC detectors can cover wide range of mass and 
lifetime of the charginos

Tracks that disappear
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Fig. 4.1.1: Diagram depicting÷! ±
1 ÷! 0

1 production (left), and schematic illustration of app ! ÷! ±
1 ÷! 0

1 + jet event in
the HL-LHC ATLAS detector, with a long-lived chargino (right). Particles produced in pile-uppp interactions are
not shown. The÷! ±

1 decays into a low-momentum pion and a÷! 0
1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPse.g. from higgs
decays have been performed in the context of a futuree! p collider, resulting in good sensitivity for a
wide range inc" and mass [330].

4.1 Disappearing Tracks

A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposede! p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC

Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the÷! ±
1 , and÷! 0

1 are almost mass
degenerate, leading to a long lifetime for the÷! ±

1 which decays after the Þrst few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as÷! ±

1 ! #± ÷! 0
1.

The ÷! 0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig.4.1.1. The main signature of the search is a short ÒtrackletÓ which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efÞciency for signal
charginos is estimated using fully simulated samples of÷! ±

1 pair production withm(÷! ±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly ÒstandardÓ tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as ÒtrackletsÓ. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to havepT > 5 GeVand
|$| < 2.2. Candidate leptons, which are used only to veto events, are selected withpT > 20 GeV and
|$| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The Þnal state contains zero leptons, largeE miss

T and at least one tracklet, and
events are reweighted by the expected efÞciencies of tracklet reconstruction. The small mass splitting
between the÷! ±

1 and ÷! 0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one

105
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Results
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Fig. 4.1.4: Regions in the(m! ± , c! ) Higgsino parameter plane where more than 10 or 100 events with at least one
(left) or two (right) LLPs are observed at the LHeC. Light shading indicates the uncertainty in the predicted num-
ber of events due to different hadronisation and LLP reconstruction assumptions. Approximately 10 signal events
should be discernible against the! -background at2" , in particular for 2 LLPs, so the green shaded region repre-
sents an estimate of the exclusion sensitivity. For comparison, the black curves are the optimistic and pessimistic
projected bounds from HL-LHC disappearing track searches from Ref. [288]. The Þgure is from Ref. [330].

4.1.3 Searching for Electroweakinos with disappearing tracks analysis at HL- and HE-LHC

Contributors: T. Han, S. Mukhopadhyay, X. Wang

Prospects for a disappearing charged track search are Þnally presented for three different sce-
narios of collider energy and integrated luminosity: HL-LHC, HE-LHC, and FCC-hh/SppC (100 TeV,
30 ab�1). The studies are documented in Ref. [155] and are complementary to the monojet prospects
reported in Section3.1.3for higgsino-like SUSY scenarios.

As in Section3.1.3, the signiÞcance is deÞned asS/
q

B + ( �BB )2 + ( �SS)2 whereS andB
are the total number of signal and background events, and�S , �B refer to the corresponding percentage
systematic uncertainties, respectively.

Background and signal systematic uncertainties are assumed as�B = 20% and �S = 10%
respectively. In Fig.4.1.5we compare the reach of the HL-LHC, HE-LHC and FCC-hh/SppC options
in the disappearing charged track analysis for wino-like (left) and Higgsino-like (right) DM search. The
solid and dashed lines correspond to modifying the central value of the background estimate6 by a factor
of Þve. With the optimistic estimation of the background, wino-like DM can be probed at the95% C.L.
up to900, 2100, and6500 GeV, at the14, 27, and100 TeV colliders respectively. For the Higgsino-like
scenario, these numbers are reduced to300, 600, and1550 GeV, primarily due to the its shorter lifetime
and the reduced production rate. For the conservative estimation of the background, the mass reach for
the wino-like states are modiÞed to500, 1500, and4500 GeV, respectively, at the three collider energies.
Similarly, for the Higgsino-like scenario, the reach becomes200, 450, and1070 GeV. Results for HL-
LHC are also in reasonable agreement with experimental prospect studies. The signal signiÞcance in the
disappearing track search is rather sensitive to the wino and Higgsino mass values (thus making the2"
and5" reach very close in mass), due to the fact that the signal event rate decreases exponentially as the
chargino lifetime in the lab frame becomes shorter for heavier masses.

The improvements in going from the HL-LHC to the HE-LHC, and further from the HE-LHC to
the FCC-hh/SppC are very similar to those obtained for the monojet analysis, namely, around a factor of
two and three, respectively. Results for both analyses are summarised in Table4.1.2.

6Background is estimated by extrapolating ATLAS Run-2 analysis [332]. See [155] for details.
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Fig. 4.1.5: Comparative reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the disappearing charged
track analysis for wino-like (left) and Higgsino-like (right) DM search. The solid and dashed lines correspond to
modifying the central value of the background estimate by a factor of five.

95% C.L. Wino Wino Higgsino Higgsino
Monojet Disappearing Track Monojet Disappearing Track

14 TeV 280 GeV 900 GeV 200 GeV 300 GeV
27 TeV 700 GeV 2.1 TeV 490 GeV 600 GeV
100 TeV 2 TeV 6.5 TeV 1.4 TeV 1.6 TeV

Table 4.1.2: Summary of DM mass reach at 95% C.L. for an EW triplet (wino-like) and a doublet (Higgsino-
like) representation, at the HL-LHC, HE-LHC and the FCC-hh/SppC colliders, in optimistic scenarios for the
background systematics.

4.2 Displaced Vertices
Many models of new physics predict long-lived particles which decay within the detector but at an
observable distance from the proton-proton interaction point (displaced signatures). If the decay products
of the long-lived particle include multiple particles reconstructed as tracks or jets, the decay can produce
a distinctive signature of an event containing at least one displaced vertex (DV). In the following sections,
a number of prospects studies from ATLAS, CMS and LHCb are presented. Results are interpreted in
the context of supersymmetric or higgs-portal scenarios but are applicable to any new physics model
predicting one or more DVs, since the analyses are not driven by strict model assumptions.

4.2.1 LLP decaying to a Displaced Vertex andE miss
T at HL-LHC

Contributors: E. Frangipane, L. Jeanty, L. Lee Jr, H. Oide, S. Pagan Griso, ATLAS

There are several recent papers at the LHC which have searched for displaced vertices, including
Ref.s [300, 333–335]. The projection presented here [336] requires at least one displaced vertex recon-
structed within the ATLAS ITk, and events are required to have at least moderate missing transverse
momentum (Emiss

T ), which serves as a discriminant against background as well as an object on which to
trigger. The analysis sensitivity is projected for a benchmark SUSY model of pair production of long-
lived gluinos, which can naturally arise in models such as Split SUSY [337]. Each gluino hadronises into
an R-hadron and decays through a heavy virtual squark into a pair of SM quarks and a stable neutralino
with a mass of 100 GeV.

This study makes use of Monte Carlo simulation samples to obtain the kinematic properties of sig-
nal events, which are then used to estimate the efficiency for selecting signal events. The pair production
of gluinos from proton-proton collisions at

!
s = 13 TeV was simulated in PYTHIA 6.428 [92] at lead-

ing order with the AUET2B [338] set of tuned parameters for the underlying event and the CTEQ6L1
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✦ Showing different Higgsino 
scenarios as benchmarks  
➡ Comparison between HL-

LHC, HE-LHC and even LHeC ~Exclusion
~5! discovery

Specific DM scenario with 
defined lifetimes! 
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https://cds.cern.ch/record/2647294
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.035026
https://link.springer.com/article/10.1007/JHEP07(2018)024
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Long-Lived Particles (LLPs) 

Displaced vertices
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✦ Common feature: displaced BSM particles that 
decay back to SM particles 

➡ In some cases, additional handles, such as MET, needed 
to trigger or discriminate against background 

➡ Different well motivated theoretical models possible, 
some degree of overlap with SUSY and dark sectors, 
e.g. dark photons (covered later)

SVs displaced from the PV

➡ Different final states possible: 
jets, leptons, É as well as 
multiple displaced vertices 

➡ Examples from the 3 
experiments for this signature. 
Significant complementarity!
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✦ Example of new detector features or techniques at HL-
LHC in ATLAS and CMS. Different models under 
consideration

Displaced Vertices + MET

➡ Split SUSY: Gluinos decaying to 
quarks + neutralino  

➡ ATLAS projections on displaced-
tracking capabilities of new inner 
tracker (ITk) 

➡ MET + tracks in displaced vertex

➡ SUSY GMSB smuon to muon 
and gravitino (muon + MET) 

➡ smuon can be very long-lived, 
make use of standalone 
muons with no constraint on 
the vertex position
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Fig. 4.2.4: Left: discovery signiÞcance and p-value for a Þxed smuon mass ofM ÷µ = 200 GeV. The displaced
signiÞcance is compared to the algorithm with a beamspot constraint (ÒPhase-2 standaloneÓ). Right: discovery
sensitivity in the 2D parameter space of mass and decay length.

duce the background efÞciently. The best background discriminator is the impact parameter signiÞcance
d0/ ! (d0) ! 10. The muons should move in roughly opposite directions and MET should be larger than
50 GeV to account for the two gravitinos. After this selection the signal efÞciency is about4 " 5%
for c" = 1000 mm, nearly independent of the smuon mass, and10! 5 " 10! 4 for QCD, tøt, and DY
backgrounds.

Figure4.2.3shows expected exclusion limits for the gauge-mediated SUSY breaking model with
the smuon being a (co-)NLSP for the predicted cross section as well as for a factor 100 larger cross
section. The exclusion limits are shown as functions of smuon mass in Fig.4.2.3(middle) and decay
length in Fig.4.2.3(right). The sensitivity also depends onc" because shorter decay lengths shift the
signal closer to the background. The expected exclusion limit is around200 GeVfor c" = 1000 mm
with 3 ab! 1. For the same mass, a discovery sensitivity of3! signiÞcance can be reached, as shown
in Fig. 4.2.4. This also illustrates the importance of the lepton trigger thresholds to be kept at a few
times 10 GeV, even in the environment of 200 pileup interactions. Figure4.2.4also shows the discovery
sensitivity in the 2-dimensional parameter space of smuon mass and decay length.

4.2.3 LLPs decaying into muons and jets at the HL-LHC

Contributors: A. Bay, X. Cid Vidal, E. Michielin, L. Sestini and C. V‡zquez Sierra, LHCb

The LHCb experiment has proved to be highly competent with regard to direct searches for LLPs,
being able to complement ATLAS and CMS in certain parameter space regions [342]. In this section,
we provide prospects in the search for R-Parity Violating (RPV) supersymmetric neutralinos decaying
semileptonically into a high-pT muon and two jets. The results are taken from Ref. [343] which extrap-
olates the analysis in Ref. [344]. The neutralinos are assumed to be produced through an exotic decay of
the SM Higgs boson. Prospects are shown for the expected datasets after both planned LHCb Upgrade I
and Upgrade II (Run-3ÐRun-4 and Run-5 onwards, respectively).

The trigger efÞciency for this analysis is conservatively assumed to remain unchanged with respect
to the published result. However, assuming a100%efÞcient Þrst level trigger, after the removal of the
hardware trigger level in Run-3, the overall trigger efÞciency could improve by a factor of2 " 3. Re-
garding pile-up effects, a moderate penalty factor is applied to account for the increased pile-up expected
in Runs 3-5 at LHCb. In order to expand the projections, the results are interpolated for different masses
and lifetimes that are not considered in simulation. The interpolation is linear and two-dimensional.
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Fig. 4.2.2:Projected sensitivity for the upper limit on the mass of a gluinoR-hadron that can be observed with3!
and5! conÞdence or excluded at95% C.L., as a function of the gluino lifetime, for a background of1.8+1 .8

! 0.9 events
(left) and a background of0.02+0 .02

! 0.01 events (right). These results are valid for a gluino which decays to SM quarks
and a stable neutralino with a mass of100 GeV. Results assume3 ab! 1of collisions at

!
s = 14 TeV collected

with the upgraded ATLAS detector, and are compared to the observed ATLAS exclusion limits for a dataset of
33 fb! 1 at

!
s = 13 TeV .

given by the procedures described above; only charged decay products withpT > 1 GeV, |" | < 5, and
with 6 mm < r prod < 400 mm are considered. To exclude hadronic interactions of SM particles, the
vertex must not be located within a region of the detector Þlled with solid materials, and the invariant
mass of the reconstructed vertex must be larger than10 GeV. The event must pass the MET trigger
and ofßine requirements of the Run-2 search,i.e. MET> 250 GeV; the efÞciency of passing the MET
trigger and ofßine MET requirements is taken from the Run-2 analysis, as parametrised in Ref. [340] as
a function of the generator-level MET and theR-hadron decay positions.

The background for this search is entirely instrumental in nature. For this projection, two different
extrapolations of the size of current background are performed. The default extrapolation assumes that
the background and its uncertainty will scale linearly with the size of the dataset, resulting in an expected
background of1.8+1 .8

! 0.9 events. However, several handles could be tightened in the analysis selection
to continue to reject background without introducing appreciable signal efÞciency loss. For example,
additional requirements on the vertex goodness-of-Þt or the compatibility of each track with the vertex
could be imposed to further reduce backgrounds from low-mass vertices which are merged or crossed by
an unrelated track. Therefore, a more optimistic scenario is also considered in which the total background
and uncertainty are kept to the current level of0.02+0 .02

! 0.01 events.

The signal selection uncertainties are taken to have the same relative size as in the existing Run-2
analysis. Uncertainties on the signal cross-section prediction are taken by varying the choice of PDF
set and factorisation and renormalisation scales, with a reduction of50%applied to the uncertainties to
account for improvements by the time the analysis will be performed.

Using the number of expected signal and background events with their respective uncertainties,
the expected exclusion limit at95% C.L. on the gluino mass, as a function of lifetime, is calculated
assuming no signal presence. In the case that signal is present, the3! and5! observation reaches are
also calculated. The results are shown in Fig.4.2.2for both background scenarios.

The signiÞcant increase in sensitivity relative to the ATLAS result with33 fb! 1 at
!

s = 13 TeV
comes in part from the increase in collision energy and integrated luminosity. For longer lifetimes, a
signiÞcant gain in selection efÞciency and therefore reach is also due to the larger volume of the silicon
tracker, which allows displaced tracks and displaced vertices to be reconstructed at larger radii. This
pushes the radius at which tracks from long-lived particles can be efÞciently reconstructed from300to
400 mm, with corresponding gain in acceptance for lifetimes of10 nsand greater. While the results pre-
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✦ LLPs produced through Higgs portal 
➡ Project from Run 1 analyses, scale to the upgrade(s) luminosities, 

conservative assumptions 

➡ Different benchmark models lead to different final states (different limits)

LHCb searches
 LHCB-CONF-2018-006

➡ Hidden valley V-pions 
(jets final state)

➡ mSUGRA neutralino 
(2 jets + muon) 

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2018-006.html
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Long-Lived Particles (LLPs) 

Overcoming technical challenges
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✦ New BSM charged particles, long-lived enough to traverse 
the detector. Results from CMS : technical challenges

Detecting HSCP at CMS
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➡ Time of flight measurements: 
HSCP similar to muons, but 
traveling more slowly 

➡ Use TOF to discriminate (use 
factor of 25 better time 
resolutions at HL-LHC CMS 
muon system)
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Fig. 4.3.1: Example of an RPC hit time measurement distribution for muons from the SM processZ ! µµ in
comparison to events from semi-stable staus with a mass of about1600 GeV, produced inpp ! ÷! ÷! processes.
The relativistic muons pass through the detector at the speed of light, hence their time of arrival is centred around
zero. Decay products from the slowly moving staus arrive much later, for the given mass on average by10 ns.
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Fig. 4.3.2:Left: comparison of the mass resolution for a1.6 TeV stau. In Run-2 the plotted resolution can only be
achieved ofßine, while the upgraded RPC link-boards in Phase-2 provide a similar mass resolution already at the
trigger level. Right: reconstruction efÞciency for HSCPas a function of" and# given by the colour code of the
z-axis. With the Phase-2 upgrade, events with" < 0.5 can be triggered with nearly90%efÞciency for|#| < 0.8.

the trigger is highly efÞcient between0.6 < " < 1, but only about20%efÞcient for" < 0.5 [350,351].
The large gain in efÞciency for very slowly moving particles in Phase-2 enabled by the upgrade of the
RPC trigger can be exploited in a model independent HSCP search.

4.3.2 Heavy stable charged particle search with energy loss

Contributors: J. Pazzini, J. Zobec, CMS

It may happen that the only signs of new physics are rather exotic signatures that cannot be de-
tected with conventional analyses. An example for such a signature is the production of heavy stable
charged particles with long lifetimes that move slowly through the detector, heavily ionising the sensor
material as they pass through. The supersymmetric particles stau (÷! ) and gluino (÷g) are possible exam-
ples. Often, the cross section for such processes is expected to be very small and hence the HL-LHC
provides a good environment for searching for such particles. Depending on their mass and charge, we
can expect anomalously high energy loss through ionisation (dE/ dx) in the silicon sensors with respect
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➡ Anomalous high energy loss 
through ionisation (dE/dx) in 
silicon sensors  

➡ Sensitivity enhanced by 
change in the electronics of 
the outer tracker (ÒHIP flagÓ)
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Fig. 4.3.4: Performance of thedE/ dx discriminator for selecting pair produced÷! s (left) and gluinos (right) in
events with0 PU and200 PU. The signal versus background efÞciency performance curves for a discriminator
making use of both the pixel information and the Outer Tracker HIP ßag (red and magenta) demonstrate a better
performance compared to a discriminator trained to exploit only thedE/ dx information from the pixel modules
(blue and green), for a background rejection of10! 6.

original dE/ dx discriminator, which relies solely on the Inner Tracker modules (ÒdE/ dx-onlyÓ), and
a recomputed discriminator which includes the HIP ßags from Outer Tracker modules (ÒdE/ dx+HIP
bitÓ). The signal versus background efÞciency performance curves in Fig.4.3.4demonstrate that for a
background efÞciency of10! 6, analogous to the Phase-1 analysis performance, thedE/ dx+HIP-based
discriminator leads to an expected signal efÞciency of 40%, around 4 to 8 times better than thedE/ dx-
only discriminator. In thedE/ dx-only scenario, the efÞciency for the HSCP signal is about 8 times
smaller than that obtained in Phase-1 [351] and about 64 times the Phase-1 luminosity would be required
to reach the Phase-1 sensitivity, making this search almost untenable. The inclusion of the HIP ßag for
the Outer Tracker restores much of the efÞciency, so that the same sensitivity as in Phase-1 will be re-
alised with about four times the luminosity of Phase-1. The Phase-1 sensitivity will be surpassed with
the full expected integrated luminosity of the HL-LHC. This study demonstrates the critical impact of
the HIP ßag in restoring the sensitivity of the CMS tracker for searches for highly ionising particles.

4.4 Additional examples of specialised techniques for LLP at HL-LHC

Two examples of specialised techniques relevant for LLPs are presented in this section. First, CMS illus-
trates the importance of precise timing detectors providing efÞcient measure the time of ßight of LLPs
between primary and secondary vertices. Second, ATLAS shows how jets arising from neutral LLPs
decaying within the hadronic calorimeter can be characterised to efÞciently reduce pile-up dependencies
and therefore improve the sensitivity to new physics of this kind.

4.4.1 Fast timing signatures for long-lived particles

Contributors: D. del Re, A. Ledovskoy, C. Rogan, L. SofÞ, CMS

A precision MIP timing detector (MTD) allows one to assign timing for each reconstructed vertex
and to measure the time of ßight of LLPs between primary and secondary vertices. This section presents
studies from the CMS Collaboration from Ref. [353] exploring the potential of such techniques at the
HL-LHC.

Using the measured displacement between primary and secondary vertices in space and time, the
velocity of LLPs in the lab frame"#LAB

P (and$P ) can be calculated. In such scenarios, the LLP can decay
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✦ Fast timing signatures at 
CMS  

➡ MIP timing detector (MTD): 
Measure displacement b/t 
primary and secondary 
vertices in space and time 

➡ Can use the kinematics of the 
event+timing information to 
measure, e.g., the     mass

Other techniques
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Fig. 4.4.2:EfÞciency (left) and mass resolution (right) as a function of timing resolution of MTD for reconstruction
of ÷! 0

1 mass in SUSY GMSB example of÷! 0
1 ! ÷G + e+ e! with M (÷! 0

1) = 700 GeV considering events with
separation of primary and seconday vertices more than3" in both space and time.

Fig. 4.4.3: Left: diagram for SUSY process that results in a diphoton Þnal state through gluino production at the
LHC. Right: sensitivity to GMSB÷! 0

1 ! ÷G + # signals expressed in terms of neutralino lifetimes and masses
assuming a timing detector with different values of resolution and an integrated luminosity of300 fb! 1.

The second SUSY example is a GMSB benchmark scenario [346] where the lightest neutralino
(÷! 0

1) is the next-to-lightest supersymmetric particle, and can be long-lived and decay to a photon and a
gravitino (÷G), which is the LSP. Figure4.4.3(left) shows a diagram of a possible gluino pair-production
process that results in a diphoton Þnal state.

For a long-lived neutralino, the photon from the÷! 0
1 ! ÷G + # decay is produced at the÷! 0

1 decay
vertex, at some distance from the beam line, and reaches the detector at a later time than the prompt,
relativistic particles produced at the interaction point. The time of arrival of the photon at the detector
can be used to discriminate signal from background. The time of ßight of the photon inside the detector
is the sum of the time of ßight of the neutralino before its decay and the time of ßight of the photon
itself until it reaches the detector. Since the neutralino is a massive particle, the latter is clearly negligible
with respect to the former. It becomes clear in this sense that in order to be sensitive to short neutralino
lifetimes (O(cm)), the measurement of the photon time of ßight is a crucial ingredient of the analysis.
The excellent resolution of the MTD detector (O(30 ps)) can therefore be exploited to determine with
high accuracy the time of ßight of the neutralino, and therefore of the photon, also in case of a short
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to fully-visible or partially-invisible systems. Using the measured energy and momentum of the visible
portion of the decay,E LAB

P and #PLAB
P , one can calculate its energy in the LLP rest frame as

E P
V = $P

!
E LAB

V ! #PLAB
V á#%LAB

V

"
=

m2
P ! m2

I + m2
V

2mP
, (4.4.1)

wheremP , mV , andmI are the masses of the LLP, the visible and the invisible systems, respectively. As-
suming the mass of the invisible system is known, the subsequent mass of the LLP can be reconstructed
as

mP = E P
V +

#
E P

V
2

+ m2
I ! m2

V . (4.4.2)

The reconstruction of the decay vertex for neutral LLPs decaying to visible or partially-invisible
decay products is enabled, thus offering unprecedented sensitivity in these searches at the LHC. The
beneÞts of precision timing on such LLP searches is illustrated in two representative SUSY examples.

The Þrst example is a gauge mediated SUSY breaking (GMSB) scenario where the÷! 0
1 couples to

the gravitino ÷G via higher-dimension operators sensitive to the SUSY breaking scale. In such scenarios,
the ÷! 0

1 may have a long lifetime [354]. It is produced in top-squark pair production with÷t " t + ÷! 0
1,

÷! 0
1 " Z + ÷G, andZ " e+ e! . The decay diagram is shown in Fig.4.4.1(left).

Events were generated with PYTHIA 8 [68]. The masses of the top-squark and neutralino were set
to 1000 GeVand700 GeV, respectively. Generator-level quantaties were smeared according to the ex-
pected experimental resolutions. A position resolution of12µm in each of three directions was assumed
for the primary vertex [355]. The secondary vertex position for thee+ e! pair was reconstructed assum-
ing 30µm track resolution in the transverse direction [355]. The momentum resolution for electrons was
assumed to be2%. And Þnally, the time resolution of a charged track at the vertex was assumed to be
30 ps.

The mass of the LLP was reconstructed with Eq.s (4.4.1) and (4.4.2) assuming the gravitino is
massless by settingmI = 0 . Figure4.4.1(right) shows the distribution of the reconstructed mass of the
neutralino for variousc" values of the LLP. The fraction of events with a separation between primary
and secondary vertices of more than3& in both space and time as a function of MTD resolution is show
in Fig. 4.4.2(left). The mass resolution, deÞned as half of the shortest mass interval that contains68%
of events with3& displacement, as a function of MTD resolution is shown in Fig.4.4.2(right)
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to fully-visible or partially-invisible systems. Using the measured energy and momentum of the visible
portion of the decay,E LAB
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wheremP , mV , andmI are the masses of the LLP, the visible and the invisible systems, respectively. As-
suming the mass of the invisible system is known, the subsequent mass of the LLP can be reconstructed
as
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The reconstruction of the decay vertex for neutral LLPs decaying to visible or partially-invisible
decay products is enabled, thus offering unprecedented sensitivity in these searches at the LHC. The
beneÞts of precision timing on such LLP searches is illustrated in two representative SUSY examples.

The Þrst example is a gauge mediated SUSY breaking (GMSB) scenario where the÷! 0
1 couples to

the gravitino ÷G via higher-dimension operators sensitive to the SUSY breaking scale. In such scenarios,
the ÷! 0

1 may have a long lifetime [354]. It is produced in top-squark pair production with÷t " t + ÷! 0
1,

÷! 0
1 " Z + ÷G, andZ " e+ e! . The decay diagram is shown in Fig.4.4.1(left).

Events were generated with PYTHIA 8 [68]. The masses of the top-squark and neutralino were set
to 1000 GeVand700 GeV, respectively. Generator-level quantaties were smeared according to the ex-
pected experimental resolutions. A position resolution of12µm in each of three directions was assumed
for the primary vertex [355]. The secondary vertex position for thee+ e! pair was reconstructed assum-
ing 30µm track resolution in the transverse direction [355]. The momentum resolution for electrons was
assumed to be2%. And Þnally, the time resolution of a charged track at the vertex was assumed to be
30 ps.

The mass of the LLP was reconstructed with Eq.s (4.4.1) and (4.4.2) assuming the gravitino is
massless by settingmI = 0 . Figure4.4.1(right) shows the distribution of the reconstructed mass of the
neutralino for variousc" values of the LLP. The fraction of events with a separation between primary
and secondary vertices of more than3& in both space and time as a function of MTD resolution is show
in Fig. 4.4.2(left). The mass resolution, deÞned as half of the shortest mass interval that contains68%
of events with3& displacement, as a function of MTD resolution is shown in Fig.4.4.2(right)
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✦ ATLAS : Jet reconstruction 
techniques for neutral LLPs 

➡ Target LLPs decaying inside 
the hadronic calorimeter. Main 
challenge, discriminate 
against non-collision bkgs. 

➡ Benefit from increased 
longitudinal granularity in HL-
LHC ATLAS 

0 500 1000 1500 2000 2500 3000 3500

 [mm]xyL

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

F
ra

ct
io

n 
of

 J
et

 E
ne

rg
y

 20! "µ#  0 < 
 40! "µ#20 < 

 210! "µ# !190 

ATLAS
 40)! "µ# = 13 TeV (0 < s

 210)! "µ# ! =  14 TeV (190 s
) = (125, 40) GeVs, m

$
(m
Central Offline Jets, TileCal A Layer

Internal SimulationSimulation

0 500 1000 1500 2000 2500 3000 3500

 [mm]xyL

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

F
ra

ct
io

n 
of

 J
et

 E
ne

rg
y

 20! "µ#  0 < 
 40! "µ#20 < 

 210! "µ# !190 

ATLAS
 40)! "µ# = 13 TeV (0 < s

 210)! "µ# ! =  14 TeV (190 s
) = (125, 40) GeVs, m

$
(m
Central Offline Jets, TileCal BC Layer

Internal SimulationSimulation

0 500 1000 1500 2000 2500 3000 3500

 [mm]xyL

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

F
ra

ct
io

n 
of

 J
et

 E
ne

rg
y

 20! "µ#  0 < 
 40! "µ#20 < 

 210! "µ# !190 

ATLAS
 40)! "µ# = 13 TeV (0 < s

 210)! "µ# ! =  14 TeV (190 s
) = (600, 50) GeVs, m

$
(m
Central Offline Jets, TileCal A Layer

Internal SimulationSimulation

0 500 1000 1500 2000 2500 3000 3500

 [mm]xyL

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

F
ra

ct
io

n 
of

 J
et

 E
ne

rg
y

 20! "µ#  0 < 
 40! "µ#20 < 

 210! "µ# !190 

ATLAS
 40)! "µ# = 13 TeV (0 < s

 210)! "µ# ! =  14 TeV (190 s
) = (600, 50) GeVs, m

$
(m
Central Offline Jets, TileCal BC Layer

Internal SimulationSimulation

Fig. 4.4.4:Top: fraction of the jet energy deposited in A-layer (left) and BC-layer (right) of the Tile as a function
of the transverse decay position of the LLP in events with a125 GeVHiggs boson decaying to two25 GeVLLPs.
Bottom: same for events with a600 GeVboson decaying to two150 GeVLLPs.

Level-1 granularity in Phase-II is especially promising for such a trigger. It may allow for a quick assess-
ment of the energy deposited per layer in a jet, which has already been found to be a good discriminator
ofßine for LLP jets.

Pile-up presents challenges for LLP searches at the analysis level as well. Soft energy deposits
in the electromagnetic calorimeter in line with energy deposits from a neutral LLP result in jets with a
higher than allowed fraction of their energy in the electromagnetic calorimeter. An alternative to using
this coarse fraction is to consider the energy deposited per layer.

The model used in the generation of LLP signatures is a simpliÞed hidden-sector toy model with
a sector, containing particles neutral under the SM gauge group, weakly coupled to the SM sector. In-
teractions between sectors may occur via a communicator particle. Due to the weak coupling between
sectors, the lifetime of these particles can be long. The process here is one in which a scalar boson,! ,
which is also the communicator, is produced during thepp collision in ATLAS and decays to a pair of
hidden sector particless. Each LLPs, in turn, decays with long lifetimes via the communicator to heavy
SM states. Heavy states are preferred due to the Yukawa coupling to the! boson.

Figures4.4.4show some examples of the fraction of total jet energy at the EM-scale deposited by
the LLPs produced within the|" | < 0.7 rapidity range in the given layer for different slices of the average
µ as a function of the LLP transverse decay positionL xy . For lighter pairs of LLPs,s and their parent
particle! , the effects of increasing pile-up are small, but possibly not negligible. This may motivate the
introduction of multivariate analysis (MVA) technique for identifying jets consistent with displaced LLP
decays. Such an MVA can be in the form of a regression that attempts to identify the decay position
of the jet-initiation particle. It can be made directly pile-up-aware by including pile-up as one of its
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Dark sectors (dark photons)
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✦ Weakly coupled Dark Sectors help to address SM 
problems 
➡ Can get also DM candidate (e.g. freeze-in) 

✦ Dark sector portals: 
➡ Scalar portal (!) 

➡ Vector  portal (AÕ) 

➡ Neutrino portal (N) 

➡ Axion portal (a) 

✦ For light mediators, cross sections at the LHC can be 
huge! 
➡ Main challenge is triggering and discriminating backgrounds

Intro to dark sectors

M. Williams
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✦ Most spectacular example of vector portal: dark 
photon  

➡ world wide effort for their detection: LHC, B-factories, 
fixed target experimentsÉ.

Dark photons

➡ massive dark sector photon A' 
couples to SM photon via 
kinetic mixing  

➡ signature: resonance in 
(prompt or displaced) di-lepton 
spectrum 

➡ if minimal scenario dropped, 
production also possible by 
other means. Example: Higgs 
portal
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✦ LHCb features allow searching for the dark photon in the 
minimal scenario. Two strategies: 

➡ di-muon direct search or look for A' ! e+ e- in D *0 ! D0 A' decays 

➡ Main advantage, self-normalize to "* ! µµ or ee modes 

➡ Depending on # 2 value, dark photons long-lived or not

Dark photons at LHCb
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✦ Search for long-lived dark photons produced through the 
Higgs portal

Dark photons at ATLAS/CMS

➡ Use of Displaced standalone 
(DSA) muon algorithm at CMS  

➡ Require at least two DSA 
muons. Discriminate against 
backgrounds using impact 
parameter

➡ Since dark-photons are light, 
decay products boosted: 
displaced collimated jets of 
muons at HL-LHC ATLAS 

➡ Special L0 triggers designed, 
using features of upgrade  
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CMS Phase-2 Simulation Preliminary , 14 TeV)-1(3000 fb

Fig. 3.4.4: Left: distance of the closest approach of the displaced muon track with maximumpT to the primary
interaction vertex,RMuon ! 1, for signal and background after the Þnal event selection. Right: parameter scan in
the! ! m! D

plane. The gray lines indicate the regions of narrow hadronic resonances where the analysis does not
claim any sensitivity.

by ! R =
!

! " 2 + ! #2 > 0.05. The three-dimensional angle between the two displaced muons
is required to be less than$ ! 0.05 (not back-to-back) in order to suppress cosmic ray backgrounds.
Additionally, pmiss

T " 50 GeV is imposed to account for the dark neutralinos escaping the detector
without leaving any signal.

In order to discriminate between background and signal, the three-dimensional distance from the
primary vertex to the point of closest approach of the extrapolated displaced muon track, calledRMuon,
is used. The event yield after full event selection of both selected muons as a function ofRMuon ! 1 and
RMuon ! 2 is used to search for the signal. Figure3.4.4(left) showsRMuon ! 1 of the Þrst selected muon
for signal and background samples.

The search is performed using a simple counting experiment approach. In the presence of the
expected signal, the signiÞcance of the corresponding event excess over the expected background is
assessed using the likelihood method. In order to evaluate the discovery sensitivity the same input is
used as in the limit calculation, now with the assumption that one would have such a signal in the data.
The discovery sensitivity is shown in the two-dimensionalm! D

-c%plane in Fig.3.4.4(right). This search
is sensitive to large decay lengths of the dark photon.

In the absence of a signal, upper limits at95% C.L. are obtained on a signal event yields with
respect to the one expected for the considered model. A Bayesian method with a uniform prior for the
signal event rate is used and the nuisance parameters associated with the systematic uncertainties are
modelled with log-normal distributions. The resulting limits for the Dark SUSY models are depicted in
Fig. 3.4.5. While the results shown in Fig.3.4.5(left) are for a dark photon with a decay length of1 m as
a function of the dark photon mass, Fig.3.4.5(right) shows the results for a dark photon mass of20 GeV
as a function of the decay length [306]. The relatively long lifetimes accessible in this search provide
complementary sensitivity at lower values of! .

3.4.2.2 Searching for dark-photons decays to displaced collimated jets of muons at HL-LHC ATLAS

Contributors: C. Sebastiani, M. Corradi, S. Giagu, A. Policicchio, ATLAS

Prospects for searches for Hidden Sectors performed by ATLAS are presented in this section [311].
The benchmark model used in this analysis is the Falkowsky-Ruderman-Volansky-Zupan (FRVZ) vector
portal model. In this case, a pair of dark fermionsf d2 is produced in the Higgs boson decay. As shown

96

ATLAS Simulation Preliminary

Fig. 3.4.8: Exclusion contour plot in the plane deÞned by the�d mass and the kinetic mixing parameter✏. Two
different scenarios are shown assuming a Higgs decay branching fraction to the hidden sector of1%: 300 fb�1

after Run-3 (red) ad3 ab�1 after HL-LHC including multi-muon scan trigger improvement (orange).

3.4.2.3 Summary of sensitivity for dark photons from Higgs decays

The discovery reach from the ATLAS and CMS searches for dark photons can be compared to that from
the generic�d search results shown in Fig.3.4.1. This is reported in Fig.3.4.9as a function of the dark
photon mass and✏2: the reach of minimal models is shown together with that of models with additional
assumptions on the dark photon production mechanism via Higgs decays. A10% decay rate of the Higgs
boson into dark photons is assumed for the latter. Under these assumptions, the HL-LHC ATLAS search
will allow to target a crucial region with dark photon mass between0.2 and10 GeV and low✏2, while
the CMS search will cover higher�d masses and even lower mixing parameters. This is complementary
to the LHCb and low-energy experiments reach as well as with the coverage of prompt-lepton searches
at the LHC.

Fig. 3.4.9: Summary of the contour reach of searches for dark photons from Higgs decays. The purple, grey and
blue areas are explained in Section3.4.1, and correspond to the minimal dark photon model, with best sensitivity
achieved by LHCb and low-energy experiments. The red and pink areas, explained in Section3.4.2.2and Sec-
tion 3.4.2.1, correspond to results from ATLAS and CMS where dark photons are produced through a Higgs boson
decay with a branching fraction of10%.
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✦ Combine prospects of minimal scenario with 
those of Higgs portal 
➡ Assume H ! AÕAÕ BR to be 10%

Dark photons combination

ATLAS Simulation Preliminary

Fig. 3.4.8: Exclusion contour plot in the plane defined by the ! d mass and the kinetic mixing parameter ". Two
different scenarios are shown assuming a Higgs decay branching fraction to the hidden sector of 1%: 300 fb! 1

after Run-3 (red) ad 3 ab! 1 after HL-LHC including multi-muon scan trigger improvement (orange).

3.4.2.3 Summary of sensitivity for dark photons from Higgs decays

The discovery reach from the ATLAS and CMS searches for dark photons can be compared to that from
the generic ! d search results shown in Fig. 3.4.1. This is reported in Fig. 3.4.9 as a function of the dark
photon mass and "2: the reach of minimal models is shown together with that of models with additional
assumptions on the dark photon production mechanism via Higgs decays. A 10% decay rate of the Higgs
boson into dark photons is assumed for the latter. Under these assumptions, the HL-LHC ATLAS search
will allow to target a crucial region with dark photon mass between 0.2 and 10 GeV and low "2, while
the CMS search will cover higher ! d masses and even lower mixing parameters. This is complementary
to the LHCb and low-energy experiments reach as well as with the coverage of prompt-lepton searches
at the LHC.
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Fig. 3.4.9: Summary of the contour reach of searches for dark photons from Higgs decays. The purple, grey and
blue areas are explained in Section 3.4.1, and correspond to the minimal dark photon model, with best sensitivity
achieved by LHCb and low-energy experiments. The red and pink areas, explained in Section 3.4.2.2 and Sec-
tion 3.4.2.1, correspond to results from ATLAS and CMS where dark photons are produced through a Higgs boson
decay with a branching fraction of 10%.
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✦ Dark-sector scenario to solve the flavour hierarchy 
problem, while providing suitable candidates for DM  

➡ Model predicts massless dark photon: exotic signature 
corresponding to the Higgs decay given by a 
monochromatic photon plus massless MET, both resonating 
at the SM Higgs mass 

➡ Follow CMS analysis cuts to provide sensitivity 

➡ Alternative strategy tried to control the QCD  
background, by applying a jet veto within |$ j| < 4 

Dark photons via Higgs-boson 
production at the HL- and HE-LHC 
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! ! A [14 TeV] ! ! A [27 TeV]
H " " ø" (B! ø! = 1%) 66.6 139.1

" j Ð Ð
jj " " j 886 31235
e " " 93 169

W (" #$)" 123 239
Z (" $$)" 283 509

total background 1385 32153

Table 3.4.3: Event yields in femtobarn for signal and backgrounds after the cutsp!
T > 50 GeV, /E T > 50 GeV,

100 GeV< M! ø!
T < 130 GeV, and jet veto within|%j | < 4.5. A is the acceptance described in the text.

B! ø! (%) 3 ab! 1@14 TeV 15 ab! 1@27 TeV
signiÞcance 2! 5! 2! 5!

CMS inspired 0.012 0.030 0.0052 0.013
jet veto in|%j | < 4.5 0.020 0.051 0.021 0.053

Table 3.4.4:Discovery (5! ) and exclusion (2! ) reach for theH " " ø" BR (in %) at the HL-LHC and HE-LHC.

B! ø! down to3! 10! 4, for 3 ab! 1 of integrated luminosity, provided the CMS inspired analysis of thejj
background can be reliably applied in this case. Same conclusions hold for the HE-LHC project, where
a 1 ! 10! 4 (5! ) discovery reach can be achieved, for15 ab! 1of expected luminosity, assuming that the
CMS inspired analysis of thejj background is still reliable at27 TeV. On the other hand, if a jet veto
in |%j < 4.5| is applied instead, lower sensitivities onB! ø! can be obtained, leading to discovery just for
B! ø! down to5 ! 10! 4 at both HL-LHC and HE-LHC facilities.

We nevertheless think that a more realistic detector simulation and optimisation strategy would be
needed in order to make the present reach estimates more robust. In Ref. [317], one can also Þnd a study
of the vector-boson-fusion channel sensitivity toB! ø! at 14 TeV.
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✦ The search for long-lived particles will be one of 
the stars in the HL(HE)-LHC 
➡ The landscape is really wide and many ideas are yet to 

come 

➡ We can profit many of the technological developments 
foreseen at the detectors 

✦ Great enthusiasm for dark sectors in the theory 
and experimental communities 
➡ World-wide effort in the search for dark photons 

✦ In both areas, competition will come from other 
experiments as well, exciting times ahead!

Conclusions


