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Long-Lived Particles

Too many results from the LHC to cover in 20 minutes, so I’ll focus on results 
made public since the previous LHCP (also try to summarize the previous work).
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Searches for long-lived particles (LLPs) are well motivated (at least one type of 
LL BSM particle must exist) as LLPs arise naturally in many BSM scenarii. 

small coupling

Why long lived? (Could be any or all of these.)

minimal phase 
space available

amplitude suppressed



Signatures of LLPs

Displaced Vertex 
from pp collision or HF decay, 

2+ charged particles, 
often with leptons 
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Displaced/Emerging Jet 
jets (possibly lepton jets), 

from a DV, or containing DVs, 
or many displaced tracks

Disappearing Track 
decay to invisible LLP 

plus lost soft 
particle(s)

Abnormal Track 
dE/dx, time of flight, 

RICH rings,…

Stopped Particles 
out-of-time decays to 

neutrals or leptons

LLP signatures depend on the model (often also include associated activity).

Other potential signatures 
exist, but only these have 
been employed thus far @ 

the LHC.
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where a
positive (negative) r value denotes that the SV is closest to material in the right (left) half of the VELO. The
bins are 0.1 mm⇥1 mm in size. N.b., the inner-most RF-foil region is nearly semi-circular in the xy plane,
which results in sharp edges at smaller r values; however, at large |y| values, the RF-foil is flat producing
SVs at larger values of r which can easily be mistaken as background in the zr projection shown here.

good quality. Futhermore, the SVs are required to be inconsistent with originating from the beam-68

spot in the xy-plane, and only events with exactly one SV are used. In total, the Run 1 and Run 269

data samples contain 14M and 38M SVs, respectively. Figures 2 and 3 presents some displays of70

the reconstructed SV locations.71

3. Material Maps72

The VELO closes around the beams during each fill with a precision of O(0.01 mm); therefore,73

when the beams move the VELO material also moves. A software-based alignment procedure74

is used to precisely determine the location of each VELO module, which also accounts for these75

fill-by-fill changes. The beam spot changes by O(0.1 mm) from year to year, and changed by76

⇡ 0.5 mm between 2011 and the start of Run 2. Separate VELO material maps are constructed77

for Run 1 and Run 2 to also allow for shifts of the VELO module locations relative to each other78

or relative to the RF-foil; however, it is found that the VELO material is consistent with having79

only moved globally by the amount expected due to the change in the beam spot location, and only80

a single map is presented below. This map must be adjusted for the beam-spot location of each81

data-taking period when used in an LHCb analysis.82

The z positions of the sensors are determined by fitting the observed SV z distributions near83

each module location. In these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm84

(x< 1.5 mm) for the left (right) VELO half. These requirements highly suppress contributions from85

material interactions in the RF-foil and from beam-induced backgrounds. Since the manufacturing86

tolerance of the sensor wafers is only 0.05 mm, the nominal wafer shapes in the transverse plane87

are used for the sensors. The x and y positions of each sensor, which are nominally at xbeam and88

0, are fitted simultaneously to the observed xy positions using SVs near each sensor in z. Only89

SVs that are inconsistent with originating from an interaction in the RF-foil are used in these fits.90

– 4 –
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Figure 1. From Ref. [1]: (top left) a photograph of one side of the VELO, taken during assembly, showing
the silicon sensors and readout hybrids; (top right) a schematic of both an r and f sensor, showing the sensor
strips and routing lines; and (bottom) schematics showing the cross section of the xz plane at y = 0, where
the r(f) sensors are shown with solid blue (dashed red) lines, and an xy view of overlapping sensors in the
closed position. N.b., the modules at positive (negative) x are known as the left or A-side (right or C-side).

2. Detector and Data Sets24

The LHCb detector is a single-arm spectrometer covering the forward pseudorapidty region of25

2 < h < 5 [7]. The detector, which was built to study the decays of hadrons containing b and c26

quarks, includes a high-precision charged-particle tracking system, two ring-imaging Cherenkov27

detectors, electromagnetic and hadronic calorimeters, and a system of muon chambers. The LHCb28

collaboration mostly collected pp collision data at center-of-mass energies of 7 and 8TeV in Run 129

and at 13TeV in Run 2; however, special running periods at alternative energies, or involving30

heavy-ion beams and gaseous targets have also been undertaken.31

The VELO is a silicon-microstrip detector that surrounds the pp interaction region and pro-32

vides excellent vertex resolution (see Fig. 1). The VELO aperture is smaller than required by33

the LHC beams during injection; therefore, the VELO consists of two retractable halves which34

close about the interaction region after the LHC beams are stable. During physics data taking, the35

VELO sensors are moved to within 7 mm of the beam, with the closest active regions only about36

8 mm in the transverse plane from the pp collisions. This enables achieving a charged particle37

impact parameter resolution of 0.035 mm for a transverse momentum of pT ⇡ 1GeV, and as low38

as 0.012 mm for high-momentum particles. A detailed description of the VELO performance is39

provided in Ref. [1].40

Each VELO half contains 42 silicon-microstrip sensors roughly semi-circular in shape with an41

outer radius of 42 mm, an excised inner semi-circle of radius 7 mm, and a thickness (in z) of 0.3 mm.42

– 2 –
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Figure 7. The normalized photon conversion p-value distribution obtained using a subsample of data from
an LHCb long-lived dark-photon search [6]. The data are consistent with the photon-conversion hypoth-
esis. Some example dark-photon distributions are also shown for lifetimes of 1 and 10 ps, showing good
separation between potential exotic signals and photon conversions.

5. Summary150

In summary, a study of the LHCb VELO material based on secondary hadronic interactions was151

presented, and a high-precision map of the VELO material was built. The analysis used secondary152

interactions of hadrons produced in beam-gas collisions collected during special run periods where153

helium gas was injected into the VELO. Material interactions occur along the entire length of the154

VELO in such events, rather than just near the pp interaction region. Using this material map, along155

with properties of a reconstructed SV and its constituent tracks, a p-value can be assigned to the156

hypothesis that the SV originates from a material interaction. This approach was recently used to157

veto photon conversions to µ+µ� in a search for dark photons at LHCb [6]. The procedure makes it158

possible to perform nearly background-free searches for many proposed types of long-lived exotic159

particles.160
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LHCb Material
New high-precision map of the VELO material and a data-driven method for determining 
a p-value for the SV-from-material hypothesis (allows blind BKGD-free selections).

LHCb-DP-2018-002 
[1803.07466]
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Figure 6: Distribution of hadronic-interaction vertex candidates in |⌘| < 2.4 and |z| < 400 mm for data and the
Pythia 8 MC simulation with the updated geometry model. (a), (b) The x–y view zooming-in to the beam pipe,
IPT, IBL staves and IST, and (c), (d) of the pixel detector. Some di↵erences between the data and the Pythia 8 MC
simulation, observed at the position of some of the cooling pipes in the next-to-innermost layer (PIX1), are due to
mis-modelling of the coolant fluids, as discussed in Ref. [9].

6.1 Radial and pseudorapidity regions

For the hadronic interaction and photon conversion analyses, the measurable ID volumes are divided into
several groups by radii, which are referred to hereafter as radial regions. Table 3 lists the radial regions.
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simulation, observed at the position of some of the cooling pipes in the next-to-innermost layer (PIX1), are due to
mis-modelling of the coolant fluids, as discussed in Ref. [9].

6.1 Radial and pseudorapidity regions

For the hadronic interaction and photon conversion analyses, the measurable ID volumes are divided into
several groups by radii, which are referred to hereafter as radial regions. Table 3 lists the radial regions.
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Figure 10: Comparison of the radial distribution of hadronic interaction candidates between data and simulation
(original and updated simulations) for (a) 20 mm < r < 75 mm and (b) 45 mm < r < 150 mm.

from the simulated pixel modules. Furthermore, a discrepancy in the shape of the distribution is apparent
in the region of the stave and cabling structures at 58 mm < r < 72 mm and 96 mm < r < 112 mm.
An excess in the MC simulation is also observed in the photon conversion measurements in this region
(see Figure 11(c)). The material composition of the PSF, PST and SCT barrel layers remains unchanged
since Run 1. The radial distributions in this range are shown in Figures 13(c) and 11(d), both of which
exhibit good agreement. For hadronic interactions, the fraction of background vertices in this outer region
is much larger, relative to the inner layers.

6.6 Regions between pixel and SCT detectors

The track-extension e�ciency Eext(⌘), averaged over �, is shown in Figure 12(a). The distribution is
approximately constant around a value of 95% within |⌘| < 0.5, gradually falling towards a local minimum
of around 83% at |⌘| ' 1.9. The e�ciency recovers to around 90% at |⌘| ' 2.2, and then falls again as |⌘|

20

New (incredibly detailed) study of the ATLAS inner detector material (including the IBL) 
using Run 2 data, and an improved material description in the ATLAS MC.
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A Model of Dark Particle Physics?

How rich is the dark sector of matter?
Mike Williams 9

dark
higgs?

dark
quarks?

dark
leptons?

dark
forces?

Dark
nucleons

and nuclei?

SM SM

SM SM

A A’

DM DM
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Mike Williams Massachusetts Institute of Technology

Associate Professor 77 Massachusetts Ave, 26-437

Department of Physics Cambridge, MA 02139-4307

mwill@mit.edu 617 253-4816

To members of the award committee,

This letter is in support of the application of Maria Patsyuk, who has applied for
the Leona Woods distinguished postdoctoral lectureship award. I am the founder and
leader of the LHCb group at MIT, a member of both the LHCb Collaboration and
Editorial boards, and the founder and leader of the MIT GlueX group. I have known
Maria since 2015, when she started working as a postdoc in my GlueX group.

The Detection of Internally Reflected Cherenkov light (DIRC) detector was a revo-
lutionary particle-identification system employed by the BaBar experiment at SLAC.
A novel upgrade to this system known as the Focusing DIRC (FDIRC) was designed
to maintain the amazing DIRC performance but with a greatly reduced number of
PMTs required—thus also greatly reducing the cost of such a system. Unfortunately,
the SuperB experiment in which the FDIRC was meant to be installed was canceled;
however, the DIRC and FDIRC concepts live on, as they have now been adopted by
many existing and future experiments.

My group at MIT led the design R&D for a DIRC-type detector planned for use at
Je↵erson Lab. Since joining our group, Maria as been the leader of our DIRC e↵orts.
She has done amazing work on developing its simulation in Geant, on designing a
laser-based calibration system, and designing and prototyping a method for preserving
as much Cherenkov light as possible using silicon cookies to join the PMTs to the
quartz exit window from the DIRC optical box. Maria does excellent work, and is
able to lead e↵orts like this largely independently. This is quite impressive for a junior
postdoctoral researcher.

Maria has also been working with Prof. Or Hen on developing a novel program
to study short-range correlations in nucleons using nuclear targets at GlueX—and on
similar projects in Russia. She is becoming a true leader in that area of nuclear physics,
which is even more impressive given her hardware commitments.

In summary, Maria Patsyuk is an excellent young physicist. I highly recommend
Maria for this lectureship award. She has done excellent work as a postdoctoral re-
searcher, and I have no doubt that she has a bright career ahead of her. Please do not
hesitate to contact me with any questions or if any further information is required.

↵0 = "2↵
Sincerely,

Associate Professor of Physics
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Visible A’ Decays
Existing bounds on visible A’ decays.
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plot based on Ilten, Soreq, MW, Xue [1801.04847]

Well defined target range in epsilon—that is almost unexplored above 20 MeV (thermal 
DM requires ε > 10-8). Lower masses are preferred by SIMP models.

Thermal: see Evans, Gori, Shelton [1712.03974]; SIMP: see Choi et al [1707.01434]
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Leverage LHCb’s excellent 𝛕 resolution and move to triggerless readout in Run 3.
plot based on Ilten, Soreq, MW, Xue [1801.04847]

But why wait for Run 3? Triggers written in 2016 taking advantage of LHCb’s move to real-
time calibration and the introduction of a reduced-event-size data stream.
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Visible A’ Decays
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2016 µ+µ- results are consistent with our predictions rescaled to this sample. Huge improvements 
implemented in the 2017 triggers, plan quick update 2017 dimuon search — then onto e+e- and 
non-standard decay topologies. 

LHCb also has limits for prompt A’ near the Y resonances [1805.09820].

Visible A’ Decays

see for [1801.04847] and gitlab.com/philten/darkcast for recasting to any other vector model

http://gitlab.com/philten/darkcast
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Dark photon sensitivity can be very different in non-minimal models, e.g., if dark-sector fermions 
also couple to our Higgs boson allowing H→fDfD→A’A’+X decays to occur.

ATLAS [1511.05542] (see also 1505.07645,CONF-2016-042), CMS [PAS-HIG-16-035].

Visible A’ Decays

ATLAS/CMS limits shown here assume B(H→fDfD)=10%.

ATLAS

ATLAS

CMS
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ATLAS Simulation
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Figure 1: Illustration of a pp ! �̃+1 �̃
�

1 + jet event, with long-lived charginos. Particles produced in pile-up pp

interactions are not shown. The �̃+1 decays into a low-momentum pion and a �̃0
1 after leaving hits in the four pixel

layers (indicated by red makers).

tracklets, which allows the reconstruction of charginos decaying at radii from about 12 cm to 30 cm. The
use of these tracklets is possible thanks to the new innermost tracking layer [21] installed during the LHC
long shutdown between Run 1 and Run 2. The use of shorter tracklets significantly extends the sensitivity
to smaller chargino lifetimes.

This paper is organised as follows. A brief overview of the ATLAS detector is given in section 2. In
section 3, the signal processes and backgrounds are described and an overview of the analysis method
is given. The data samples used in this analysis and the simulation model of the signal processes are
described in section 4. The reconstruction algorithms and event selection are presented in section 5. The
analysis method is discussed in section 6. The systematic uncertainties are described in section 7. The
results are presented in section 8. Section 9 is devoted to conclusions.

2 ATLAS detector

ATLAS [22] is a multipurpose detector with a forward-backward symmetric cylindrical geometry, covering
nearly the entire solid angle around an interaction point of the LHC.2 The inner tracking detector (ID)
consists of pixel and micro-strip silicon detectors covering the pseudorapidity region of |⌘ | < 2.5,
surrounded by a transition radiation tracker (TRT), which improves the momentum measurement and
enhances electron identification capabilities. The pixel detector spans the radius range from 3 cm to
12 cm, the strip semiconductor tracker (SCT) from 30 cm to 52 cm, and the TRT from 56 cm to 108 cm.
The pixel detector has four barrel layers, and three disks in each of the forward and backward regions. The
barrel layers surround the beam pipe at radii of 33.3, 50.5, 88.5, and 122.5 mm, covering |⌘ | < 1.9. These
layers are equipped with pixels which have a width of 50 µm in the transverse direction. The pixel sizes
in the longitudinal direction are 250 µm for the first layer and 400 µm for the other layers. The innermost

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2)
and the rapidity is defined as y = (1/2) ln[(E + pz )/(E � pz )] where E is the energy and pz the longitudinal momentum of the
object of interest.

3

Many models (e.g. AMSB SUSY) predict nearly degenerate EW-scale states, 
where the neutral state is lighter (typically the DM) with ΔM ~ O(100 MeV).

Signature is a short (c𝛕~O(cm) in benchmark models) and isolated high-pT track 
in an event with a large amount of missing transverse energy. 
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CMS-EXO-16-044 
[1804.07321]Disappearing Tracks @ CMS
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the left of the curve is excluded at 95% CL.

• trigger requires MET > 75 GeV and 
an isolated track with pT > 50 GeV; 

• at least 7 (3) track (pixel) hits and 
NO missing inner hits; 

• transverse impact parameter must 
be consistent with the pp collision; 

• background mostly from real leptons 
(estimated using a Z-decay tag-and-
probe sample) and fake tracks 
(estimated using a pure Z sample 
with additional large-IP tracks); 

• 7 candidates observed consistent 
with the 6.5±1.3 background events 
expected.

In principle, this is a striking BSM signature; however, in practice, backgrounds from 
pattern-reco failures, material interactions, etc, make this a difficult search.
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disappearing 
tracks in the ID pixel dE/dx

pixel dE/dx 
& HCAL 
timing

Excluded: a pure Wino LSP with m(𝜒+) < 460 GeV [1712.02118] and a pure Higgsino LSP 
with m(𝜒+) < 152 GeV [ATLAS-PHYS-PUB-2017-019].



R-Hadron Models
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The gluino can form an R-hadron if its lifetime is larger than the QCD 
hadronization time scale (e.g. R-parity conserving split SUSY).

Signature changes as the gluino lifetime increases: prompt-like jets → b-like jets 
→ jets with a multi-track displaced vertex → direct detection or stopped decay. 
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reinterpreted 
prompt 
search

pixel dE/dx

pixel dE/dx 
& HCAL 
timing

DV+MET

ATLAS-CONF-2018-003

stopped

See ATLAS-CONF-2018-003 for additional limits for RPV models.
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(see talk by V Kutzner)
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A Model of Dark Particle Physics?

How rich is the dark sector of matter?
Mike Williams 9

dark
higgs?

dark
quarks?

dark
leptons?

dark
forces?

Dark
nucleons

and nuclei?
X

XH

MIT

Mike Williams Massachusetts Institute of Technology

Associate Professor 77 Massachusetts Ave, 26-437

Department of Physics Cambridge, MA 02139-4307

mwill@mit.edu 617 253-4816

To members of the award committee,

This letter is in support of the application of Maria Patsyuk, who has applied for
the Leona Woods distinguished postdoctoral lectureship award. I am the founder and
leader of the LHCb group at MIT, a member of both the LHCb Collaboration and
Editorial boards, and the founder and leader of the MIT GlueX group. I have known
Maria since 2015, when she started working as a postdoc in my GlueX group.

The Detection of Internally Reflected Cherenkov light (DIRC) detector was a revo-
lutionary particle-identification system employed by the BaBar experiment at SLAC.
A novel upgrade to this system known as the Focusing DIRC (FDIRC) was designed
to maintain the amazing DIRC performance but with a greatly reduced number of
PMTs required—thus also greatly reducing the cost of such a system. Unfortunately,
the SuperB experiment in which the FDIRC was meant to be installed was canceled;
however, the DIRC and FDIRC concepts live on, as they have now been adopted by
many existing and future experiments.

My group at MIT led the design R&D for a DIRC-type detector planned for use at
Je↵erson Lab. Since joining our group, Maria as been the leader of our DIRC e↵orts.
She has done amazing work on developing its simulation in Geant, on designing a
laser-based calibration system, and designing and prototyping a method for preserving
as much Cherenkov light as possible using silicon cookies to join the PMTs to the
quartz exit window from the DIRC optical box. Maria does excellent work, and is
able to lead e↵orts like this largely independently. This is quite impressive for a junior
postdoctoral researcher.

Maria has also been working with Prof. Or Hen on developing a novel program
to study short-range correlations in nucleons using nuclear targets at GlueX—and on
similar projects in Russia. She is becoming a true leader in that area of nuclear physics,
which is even more impressive given her hardware commitments.

In summary, Maria Patsyuk is an excellent young physicist. I highly recommend
Maria for this lectureship award. She has done excellent work as a postdoctoral re-
searcher, and I have no doubt that she has a bright career ahead of her. Please do not
hesitate to contact me with any questions or if any further information is required.
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Sincerely,

Associate Professor of Physics

LHC signatures (which is best depends on mass)

H (𝝌)
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The strongest constraints on minimal Higgs portal models come from beam dumps, kaon 
decays, b→s penguin decays @ LHCb, LEP Higgs searches, and the UL on exotic Higgs 
decays from ATLAS/CMS.

Searches at low mass suffer from the curse of longevity, as vertex detectors are optimally 
sized for mixing angles O(0.01 rad).

plots from Evans, Gori, Shelton [1712.03974]



 20
Additionally, many non-LHC experiments have been proposed, including SHiP, BDX, …
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CODEX-b box
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shield veto
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DELPHI

FIG. 1. Layout of the LHCb experimental cavern UX85 at point 8 of the LHC [58], overlaid with the CODEX-b apparatus.

The number of LLP decay vertices expected in the box

Nbox = LLHCb ⇥ �pp!'X ⇥

Z

vol

d"(r, ⌘)

dV
dV , (1)

where the location of the box is specified by an azimuthal
angle, the distance from the IP, r, and the pseudorapid-
ity, ⌘. In these coordinates, the di↵erential fiducial e�-
ciency is

d"(r, ⌘)

dV
=

1

2⇡r2c⌧

Z
d� w(�, ⌘) ⇥

e�r/(c⌧��)

��
. (2)

with � and � the usual kinematic variables. The func-
tion w(�, ⌘) is the di↵erential probability of producing
the LLP with pseudorapidity ⌘ and velocity �, and is
typically obtained from Monte Carlo.

To gain a rough sense of the achievable fiducial e�-
ciency, let us assume w is factorizable into a �-function in
� at �0�0 ⇠ 3 and a flat distribution in pseudorapidity for
|⌘| < ⌘0 ⇠ 5. This is a reasonable approximation for, e.g.,
an exotic Higgs decay. That is, w(�, ⌘) ⇡ �(���0)/(2⌘0)
on the box domain ⌘ 2 [0.2, 0.6]. Approximating the box
geometry as a cube in polar coordinates – a spherical
shell segment in real space – the fiducial e�ciency

"box '
0.4

2⌘0

|�2 � �1|

2⇡

h
e�r1/r0 � e�r2/r0

i
, (3)

with r0 = c⌧�0�0. Using |�2 � �1| ⇠ 10/25, r1 ⇠ 25 m,
r2 ⇠ 35 m, one estimates a maximum fiducial e�ciency
"box ⇠ 10�3. In the long (short) lifetime regime c⌧ � r1,2

(c⌧ ⌧ r1,2), this e�ciency is linearly (exponentially) sup-
pressed by |r2 � r1|/r0 (e�r1/r0). In the case of Higgs

decay to dark photons, e.g., this translates to a maxi-
mal 2� exclusion reach of Br[h ! 2�d] ⇠ 10�4, for the
300 fb�1 of integrated luminosity expected after Run 5.
We confirm this estimate with a more detailed simulation
below.

C. Tracking

In order to demonstrate the feasibility of the proposed
detector, we have studied a simple tracking layout based
on RPC strip modules with 1 cm2 e↵ective granularity.
Such modules typically also have 1 ns or better timing
resolution, which may be useful for background rejection
or improving the reconstruction of slow-moving signals.

As there is no magnetic field to provide a momentum
estimate, it is crucial that we have the best possible spa-
tial resolution on the decay vertex of our hypothetical
long-lived particle. The single most important parameter
for vertex resolution is the distance between the vertex
and the first measured point on the decay product tra-
jectories. For this reason we instrument all sides of the
box with six RPC layers, at 4 cm intervals, but also add
five equally-spaced triplets of RPC layers along the depth
of the box. We require six hits in order to reconstruct
a decay product, and assume that we are able to track
above 600 MeV of momentum. A detailed study of track-
ing performance for di↵erent particle species, including
the e↵ects of multiple scattering, is left for a future study.

We study the vertex reconstruction e�ciency achieved
by the above-specified layout for the h ! �d�d and
B ! 'Xs benchmarks over a range of �d, ' masses and
lifetimes. Details of these models and the reach anal-

Felix Kling FASER: ForwArd Search ExpeRiment at the LHC 
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Summary

•Searches for LLPs are well motivated (at least one type of LLP must exist to 
explain DM) as long-lived particles arise naturally in many BSM scenarii.  

•The LHC experiments each have active and vibrant LLP programs 
performing a diverse set of LLP searches. For many BSM models, the LHC 
limits are the most stringent. 

• I only had time to cover a small fraction of the searches that have been 
performed thus far at the LHC (this talk focused on the most recent results). 
(See LLP snapshots from ATLAS, CMS, LHCb at [this indico page] for more complete lists of 
existing searches.) 

•Many dedicated LLP experiments have been proposed to target parameter 
space that is (probably) not accessible at the LHC.  

•Looking forward to discovery(ies) soon!
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https://indico.cern.ch/event/714087/

