
(a) (b)

(c) (d)

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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Long-lived particle reminder
26 1 Historical Introduction to the Elementary Particles

Fig. 1.6 Here, a pion decays into a muon (plus a neutrino);

the muon subsequently decays into an electron (and two

neutrinos). (Source: Powell, C. F., Fowler, P. H. and Perkins,

D. H. (1959) The Study of Elementary Particles by the Pho-

tographic Method Pergamon, New York. First published in

(1949) Nature 163, 82.)

How do we know there are two of them? Same way as before: we repeat the

experiment over and over, each time measuring the energy of the electron. If it

always comes out the same, we know there are just two particles in the final state.

But if it varies, then there must be (at least) three.∗ By 1949 it was clear that the

∗ Here, and in the original beta decay prob-

lem, conservation of angular momentum

also requires a third outgoing particle, quite

independently of energy conservation. But

the spin assignments were not so clear in

the early days, and for most people energy

conservation was the compelling argument.

In the interest of simplicity, I will keep

angular momentum out of the story until

Chapter 4.

    

Motivation

τ−1 = Γ ∼ y2( m
Λ )

n
Φ

y - small coupling

m≪Λ - scale suppression

Φ - small phase space  

Commonly appear in your 
favorite model

Heavy Neutral Leptons

SupersymmetryHiggs portal

(1949) Nature 163, 82. 

LLP benchmarks, Z. Liu

https://indico.cern.ch/event/1281579/contributions/5412043/
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How we’ve looked for LLPs at the LHC

shower shape
delay

Indirect Detection via decay products

Calorimetry

time of flight

infer decay 

via missing hits

Direct Detection of Charged 
long-lived particles

anomalous ionization

1 m 3 m 7.5 m
3.3 ns 10 ns 25 ns

CMS, βɣ=1

impact parameter
secondary vertex

Tracking
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Understanding sensitivity

Long-lived particle decay position follows an exponential with mean = βγcτ

• Detector technology

• Data Acquisition & Storage

• Reconstruction

• Standard Model Backgrounds

• Non-standard Backgrounds

Acceptance

driven by detector volume

Efficiency

driven by everything else

1. Tracker tends to ‘win’ on acceptance & efficiency

2. All challenges connect to beam induced background
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This talk

slow moving/

highly ionizing

Heavy meta-stable charged 
particles (HSCPs) 

Displaced tracks

displaced 

jets

displaced 

leptons

Consider a range of well motivated track-based LLP signatures

Map challenges posed by beam induced background to signal sensitivity


Assuming 3 TeV detector design as a baseline

Following strategy of [2211.05720] 

Disappearing

https://arxiv.org/abs/2211.05720
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Tracker geometry reminder

Fig. 7: View of the tracking detector projected on Z�R (left) and transverse plane (right). The transverse
plane view is zoomed into the Vertex Detector to demonstrate the double-layer arrangement.

1.5− 1− 0.5− 0 0.5 1 1.5 2
 [ns]photon - TOFhitt

0

0.2

0.4

0.6

0.8

1

Hi
ts

 [a
.u

.]

 = 60pstσMuons from IP: 

 = 30pstσMuons from IP: 

BIB:  Inner + Outer Tracker

BIB:  Vertex Detector

=1.5TeVs

Muon Collider
Simulation

Fig. 8: Comparison of hit-time distributions in the Tracking Detector between BIB particles (solid lines)
and signal muons (filled areas) corrected by the time of flight of a photon from the IP, taking into account
time resolution of each sub-detector.

4 Detector Simulation Software
Full simulation of a single µ

+
µ
� collision event involves several stages:

1. generation of all stable particles entering the detector;
2. simulation of their interaction with the passive and sensitive material of the detector;
3. simulation of the detector’s response to these interactions;
4. application of data-processing and object-reconstruction algorithms that would happen in a real

experiment.

The first stage of generating stable input particles is handled by standalone software, such as
Monte Carlo event generators for the µ

+
µ
� interaction and FLUKA or MARS15 for the BIB particles.

The rest of the simulation process is performed inside the iLCSoft framework [63] previously used by
the CLIC experiment [64] and now forked for developments of Muon Collider studies [65]. Particle
interactions with the detector material are simulated in GEANT4 [55], while detector response and event

16

I’ll mostly focus on the barrel for simplicity

B=3.57 T

(a) (b)

Figure 4: Transverse (a) and longitudinal (b) views of the innermost region of the tracking
detectors. In the left panel, one can visualise the four concentric cylindrical double-layers
of the VXD and the innermost layer of the IT. These appear also in the right panel along
with the four double-layer VXD endcap disks and the second layer of the IT.

The simulation of the BIB is a crucial element to assess the power of the presented
search. The muon decay products and the products of their interaction with the ma-
chine elements can reach the interaction region and the detectors. The BIB simulation
has been performed for machines with a centre of mass energy of

p
s = 1.5 TeV and

p
s = 125 GeV [75–79]. The composition, flux, and energy spectra of the BIB surviving

the shielding and entering the detector depend on the machine configuration and collision
energy. The most important BIB property is that it is composed of low-energy particles.
For

p
s = 1.5 TeV collisions the BIB mostly consists of O(1) MeV photons and electrons

and O(100) MeV hadrons; and is characterised by a broad arrival time in the detector. The
particle and hit multiplicity was observed to mildly decrease with increasing centre of mass
energy [77]. While the energy deposition in the detector by the BIB could increase at higher
collision energies, the analysis presented in this work is only sensitive to the hit multiplicity
that affects tracking. For this reason, in the absence of a dedicated BIB simulation at the
centre of mass energies used in this study, the simulated events with

p
s = 1.5 TeV were

taken as a conservative estimate of the BIB.
Monte Carlo samples were used to predict the expected backgrounds from SM processes

and to model the signal scenarios under consideration. Signal and background processes
were generated with MadGraph5_aMC@NLO 2.8.2 [80] interfaced to Pythia 8.244 [81]
for the parton showering and hadronisation. The matrix element calculation was performed
at tree level and includes the emission of up to one additional photon for all the relevant
samples.

– 9 –

Vertex Detector Inner Tracker Outer Tracker
cell size 25x25 µm2 50 µm x 1 mm 50 µm x 10 mm

thickness 50 µm 100 µm 100 µm
σt 30 ps 60 ps 60 ps

Pixel doublet layers
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Beam induced background reminder

Majority < 200 MeV Partially out of time Unusual position & direction

Fig. 3: Kinematic properties of BIB particles entering the detector region: momentum (left), position
along the beam line (middle) and arrival time with respect to the bunch crossing (right).

to mitigate the negative effects of the BIB, as demonstrated in the later sections of this paper.

2.2 Simulation in FLUKA
We report in this section the most relevant BIB features computed at

p
s = 1.5 TeV by the Monte Carlo

multi-particle transport code FLUKA [57,58]. The complex FLUKA geometry is assembled by means of
the LineBuilder [59] using the optics file provided by the MAP collaboration. The accelerator elements
have been defined in Fluka Elements Database following the information contained in this file and in
MAP publications [60,61]. The results obtained by FLUKA are benchmarked against those provided by
the MAP collaboration and the detailed comparison is described in Ref. [53].

The results presented below are computed for one beam, given the symmetric nature of the µ
+
µ
�

collider. In particular, the primary µ
� beam is simulated according to parameters reported in Table 1

travelling counterclockwise starting 200m away from the IP.
The major contributors to BIB are photons, neutrons and electrons/positrons. The time at which

BIB exits the machine in the IR is spread over a wide range but the major part is concentrated around the
beam crossing time (t = 0), as shown by the top panel of Fig. 4.

The bottom panel of Fig. 4 reports the longitudinal distribution of primary µ
� decays generating

the most relevant BIB families: the cumulative function shows it is enough to consider decays within
⇠ 25m from the IP. On the contrary, simulations show that to correctly account for the secondary µ

±, it
is necessary to consider primary decays up ⇠ 100m from the IP.

The kinetic energy distribution of most relevant BIB particle types is reported in Fig. 5. Energy
cutoffs have been applied in the simulation at 100 keV for �, e±, µ±, charged hadrons and at 10�14 GeV
for neutrons. The nozzles act in a very significant way in cutting out the high energy BIB component:
as we can notice the BIB particles entering the detector hall have kinetic energy below few GeVs. Only
charged hadrons and secondary muons can reach much higher energies but their number is quite low, in
the order of 104 and 103, with respect to 107 photons, neutrons and 105 electrons, positrons.

Most of the BIB exits the machine in the region around the IP and by considering a time cut within
-1 and 15 ns, which is the most relevant for the detector measures, a big portion of photons and neutrons
is removed, as displayed by the left panel of Fig. 5.

12

~108 low momentum particles per event

Drives nearly every aspect of detector design

distributions depend on beam energy, nozzle, and magnets
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Why the BIB is a problem (hit-level)

Computing and Software for Big Science (2021) 5:21 

1 3

Page 5 of 9 21

of flight of a photon from the IP to the corresponding sensor 
surface, referenced later in text as time of flight (TOF), is 
an important discriminating factor between the signal and 
BIB contributions, as demonstrated in Fig. 6, 7, 8. Yet the 
two hit classes are treated differently at the digitisation step. 
SimCalorimeterHits reflect the physical granularity 
of the detector, and a digitised hit is obtained by summing 
all contributions from MCParticles to the corresponding cell 
during a fixed readout time window. Instead SimTrack-
erHits are treated independently from each other, assum-
ing no physical division of sensor planes into pixels or strips, 
and the finite spatial and time resolution effects are applied 
by a Gaussian smearing of their position and time.

A more advanced digitisation processor is being devel-
oped for the tracking sensors that takes into account the 
charge sharing between pixels, realistic hit-time recon-
struction and pile-up effects. This more complex approach 
will unavoidably make the tracker-digitisation process more 
computationally demanding, and will also need an adjusted 
selection of input BIB MCParticles and SimTracker-
Hits relevant for the digitisation process. Therefore, some 
of the optimisation strategies described in the following will 
need to be revised in the future.

The main optimisation steps explored during the course 
of these studies are summarised in Table 1 together with 
the approximate effect on the main performance metrics. 
Detailed description of these and potential future optimisa-
tions to be studied is presented in the following subsections.

Simulation of BIB SimHits

Every particle in GEANT4 simulation is processed inde-
pendently, which allows to easily parallelise this step into an 

Fig. 6  Comparison of the TOF-corrected time distributions for hits 
from signal and BIB particles in the tracking detector, assuming sin-
gle-hit time resolution of !

t
 = 30 ps (60 ps) in the Vertex Detector 

(Inner/Outer Tracker). A narrow time window of ±3!t (represented 
by the dashed lines) allows to reject most of the BIB hits

Fig. 7  Comparison of signal and BIB hit properties in the ECAL 
Barrel: TOF-corrected time (top) and longitudinal position along the 
barrel radius (bottom). Soft BIB particles have a wider time distri-
bution due to the spread of their origin and time of flight, allowing 
to suppress their contribution with a narrow readout time window of 
±250 ps. Depth profile of the remaining hits can be used for further 
subtraction of the average BIB energy deposits

Fig. 8  Time distribution of simulated tracker and calorimeter hits 
corrected for the time of flight of a photon from the IP. The maximum 
hit time relevant for digitisation with realistic readout time windows 
is marked by the dashed line

Most studies assume              
1 ns integration window and 

±3σ time of arrival cut

All the handles we use to reject hits from BIB can 
reject long-lived signal 

A pointing requirement of 

Δφ < 2-3 mrad at R = 30 mm

Corresponds to d0 ≲100 µm* 

Small Δφ Large Δφ

Corrected time of arrivalPointing requirement 

2303.08533

https://arxiv.org/abs/2303.08533
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LLP hit efficiency

βɣ
m

ax

β
m

ax

mLLP [TeV] 

pmax = ( s /2)2 − mLLP2

Slowly moving: mLLP ≳ 1.5 TeV

Highly Ionizing: mLLP ≳ 3.5 TeV

Obtain mass from delay or dE/dx,

and track momentum

Example: meta-stable charged 
LLP pair production

Pointing: prompt high pT isolated tracks

How do pointing, timing, and charge measurements impact LLP hit 
efficiency?
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Time of Flight
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Time measurements at VXD3
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(b)

Figure 5: Distribution of the measured detector hit times in the first layer, VXD0 (a),
and the fourth layer, VXD3 (b), of the vertex detector corrected by the time of flight that
a particle moving at the speed of light would need to reach the hit position if originating
from the centre of the interaction region. The red and green lines represent different signal
masses, for

p
s = 10 TeV collisions. The dashed blue line represents the distribution of the

arrival time for hits from the BIB. The vertical dashed gray lines indicate the accepted time
window for the nominal time selection cuts.

put in place. Such a procedure would allow to fully recover the signal track reconstruction
efficiency while keeping a roughly constant level of BIB hits surviving the selection, at
the cost of increased computational time due to the need to re-reconstruct the same event
several times. Realistic limitations of the maximum duration of the read-out window of
the tracking sensors, or the need to apply selections within the detector electronics could
limit the detection efficiency for �̃

± masses close to
p
s/2. For this reason, in the spirit

of maximising the discovery opportunities at such a high-energy exploration machine, it is
advisable to minimise as much as possible the use of timing requirements before the data
is read out and saved to disk for offline analysis. In the following, it is assumed that the
inefficiency due to the timing requirements can be minimised and it is therefore neglected.

The second handle to reject hits from the BIB is their spatial correlation in subsequent
layers of the detector. The double-layer layout of the vertex detector can be exploited to
reconstruct “stub” tracks from the pairs of hits in the neighbouring detector layers. The
angular direction of such stub tracks can be exploited to reject pairs of hits that do not
point back to the interaction region. The procedure is as follows: for each double-layer in
the vertex detector, only the hits in the inner layer of the pair that have a corresponding
hit in the outer layer within fixed thresholds in polar and azimuthal angle are retained.
Assuming that particles propagate outward, for each of those retained inner hits, all hits
within the same thresholds are retained as well. Figure 6 illustrates the power of such a
selection by showing the distribution of the polar angle difference in the innermost double-
layer of the vertex detector for signal and BIB hits. Signal hit pairs in the outer double
layers are characterised by smaller angular separations due to the longer distance from the

– 13 –

Layer Delay for LLPs at η=0 (ns)
1.5 TeV 4 TeV 4.8 TeV

VTX0 0.01 0.07 0.23
VTX3 0.01 0.11 0.39
VTX8 0.02 0.26 0.92
IB2 0.1 1.22 4.27
OB0 0.14 1.8 6.31
OB3 0.26 3.29 11.52

2102.11292

To reconstruct tracks from massive LLPs, need to extend timing windows

up to O(100 ps) in pixel and O(few ns) in Inner/Outer Tracker


Challenging given beam induced background

tdelay = 30 ps (1 − β−1)( L
10 mm )

Massive long-lived particles arrive late with respect to prompt particles

https://arxiv.org/abs/2102.11292
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Energy deposited by an incident particle (dE/dx) depends on βɣ

Cluster shape depends on position, incident angle, etc

11

Cluster charge & shape

Cannot reject high dE/dx clusters if shape is 
consistent with high pT particles 


Want coarse dE/dx information 

at hit or cluster level

Momentum Mass dE/dx

LLP High High Moderate
BIB Low Low Moderate

Prompt µ High Low Low

2205.06013

https://arxiv.org/abs/2205.06013
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Why the BIB is a problem (track-level)

Fig. 18: Track reconstruction efficiency for events containing a single muon with (blue) and without
(orange) BIB overlay as a function of truth pT(left) and ✓ (right).

Fig. 19: Track pT(left) and Nhit (right) distributions between real (blue) and fake (orange) tracks in single
muon events.

with a branching ratio of 58%. Jet reconstruction is one of the most difficult reconstruction tasks at a
Muon Collider, since almost all sub-systems are involved, and the impact of the BIB is significant in all
of them, with different features in different sub-detectors. The jet reconstruction algorithm employed is
described in this section, and its performance is discussed. The algorithm has been designed to recon-
struct jets in the presence of the BIB, but it is far from being fully optimized, and further studies are
needed in the future. However we are going to demonstrate that even at this stage the jet reconstruction
can achieve a decent performance. Given the high level of details of the full simulation (including the
BIB impact) this give us the confidence that measurements with jets are possible at a Muon Collider,
and further dedicated advancements on MDI, detectors and reconstruction algorithms would go in the
direction of improving the physics reach. The algorithm works as follows:

1. tracks are reconstructed using the Combinatorial Kalman Filter algorithm and are filtered depending
on the number of hits in the sub-systems;

2. calorimeter hits are selected by requiring a hit time window and an energy threshold;
3. tracks and calorimeter hits are used by the PandoraPFA algorithm to obtain reconstructed particles;
4. the reconstructed particles are clustered into jets with the kt algorithm;
5. requirements are applied to remove fake jets;
6. a jet energy correction is applied.

The jet performance has been evaluated on simulated samples of bb̄, cc̄ and qq̄ dijets, where q stands for

25

BIB overlay √s=1.5 TeV 

Fig. 18: Track reconstruction efficiency for events containing a single muon with (blue) and without
(orange) BIB overlay as a function of truth pT(left) and ✓ (right).

Fig. 19: Track pT(left) and Nhit (right) distributions between real (blue) and fake (orange) tracks in single
muon events.

with a branching ratio of 58%. Jet reconstruction is one of the most difficult reconstruction tasks at a
Muon Collider, since almost all sub-systems are involved, and the impact of the BIB is significant in all
of them, with different features in different sub-detectors. The jet reconstruction algorithm employed is
described in this section, and its performance is discussed. The algorithm has been designed to recon-
struct jets in the presence of the BIB, but it is far from being fully optimized, and further studies are
needed in the future. However we are going to demonstrate that even at this stage the jet reconstruction
can achieve a decent performance. Given the high level of details of the full simulation (including the
BIB impact) this give us the confidence that measurements with jets are possible at a Muon Collider,
and further dedicated advancements on MDI, detectors and reconstruction algorithms would go in the
direction of improving the physics reach. The algorithm works as follows:

1. tracks are reconstructed using the Combinatorial Kalman Filter algorithm and are filtered depending
on the number of hits in the sub-systems;

2. calorimeter hits are selected by requiring a hit time window and an energy threshold;
3. tracks and calorimeter hits are used by the PandoraPFA algorithm to obtain reconstructed particles;
4. the reconstructed particles are clustered into jets with the kt algorithm;
5. requirements are applied to remove fake jets;
6. a jet energy correction is applied.

The jet performance has been evaluated on simulated samples of bb̄, cc̄ and qq̄ dijets, where q stands for

25

BIB overlay √s=1.5 TeV 

Remaining hits result in ~100k ‘fake’ tracks per event

low pT, poor quality of fit, and low nhit

nhit requirements determine fiducial volume for 
displaced and disappearing tracks

2303.08533

https://arxiv.org/abs/2303.08533
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Direct Detection Acceptance

Assume two LLP decays at η=0, βγ=5, require ≥1 decay w/in detector volume

3 TeV Muon Collider Geometry,

What is the minimum nhits per track for meta-stable charged particles?

Acceptance versus lifetime

Fig. 7: View of the tracking detector projected on Z�R (left) and transverse plane (right). The transverse
plane view is zoomed into the Vertex Detector to demonstrate the double-layer arrangement.
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Simulation

Fig. 8: Comparison of hit-time distributions in the Tracking Detector between BIB particles (solid lines)
and signal muons (filled areas) corrected by the time of flight of a photon from the IP, taking into account
time resolution of each sub-detector.

4 Detector Simulation Software
Full simulation of a single µ

+
µ
� collision event involves several stages:

1. generation of all stable particles entering the detector;
2. simulation of their interaction with the passive and sensitive material of the detector;
3. simulation of the detector’s response to these interactions;
4. application of data-processing and object-reconstruction algorithms that would happen in a real

experiment.

The first stage of generating stable input particles is handled by standalone software, such as
Monte Carlo event generators for the µ

+
µ
� interaction and FLUKA or MARS15 for the BIB particles.

The rest of the simulation process is performed inside the iLCSoft framework [63] previously used by
the CLIC experiment [64] and now forked for developments of Muon Collider studies [65]. Particle
interactions with the detector material are simulated in GEANT4 [55], while detector response and event

16

Possible Fiducial Volumes

Disappearing tracks @Muon Collider 2102.11292

https://arxiv.org/abs/2102.11292
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Fig. 7: View of the tracking detector projected on Z�R (left) and transverse plane (right). The transverse
plane view is zoomed into the Vertex Detector to demonstrate the double-layer arrangement.
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Fig. 8: Comparison of hit-time distributions in the Tracking Detector between BIB particles (solid lines)
and signal muons (filled areas) corrected by the time of flight of a photon from the IP, taking into account
time resolution of each sub-detector.

4 Detector Simulation Software
Full simulation of a single µ

+
µ
� collision event involves several stages:

1. generation of all stable particles entering the detector;
2. simulation of their interaction with the passive and sensitive material of the detector;
3. simulation of the detector’s response to these interactions;
4. application of data-processing and object-reconstruction algorithms that would happen in a real

experiment.

The first stage of generating stable input particles is handled by standalone software, such as
Monte Carlo event generators for the µ

+
µ
� interaction and FLUKA or MARS15 for the BIB particles.

The rest of the simulation process is performed inside the iLCSoft framework [63] previously used by
the CLIC experiment [64] and now forked for developments of Muon Collider studies [65]. Particle
interactions with the detector material are simulated in GEANT4 [55], while detector response and event

16
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Displaced Track Acceptance

Assume two LLP decays at η=0, βγ=5, require ≥1 decay w/in detector volume

3 TeV Muon Collider Geometry,

What is the minimum nhits needed for displaced tracks?

Possible Fiducial Volumes Acceptance versus lifetime
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Yes, many possible solutions


• Multiple iterations of tracking a la CMS: 
easiest to most difficult


• For displaced tracks: compensate for 
increased combinatorics with increased 
pT cut


• For slowly moving tracks: compensate  
for relaxed time windows with tighter 
pointing, pT, and nhit requirements, fit to 
velocity


• Seed regions of interest

15

Non-standard tracking

d0 [mm]

p T
 [G

eV
]

Possible strategy

1 GeV
2 GeV

10 GeV

5 GeV

Heavy/
Leptonic LLPs

Light/
Hadronic LLPs

SM

 [2211.05720, 2102.11292] 

Most (all) studies have focused on prompt tracks

Do we have any hope for displaced or unusual tracks?

https://arxiv.org/abs/2211.05720
https://arxiv.org/abs/2102.11292
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Detector modeling 

Eg. Calibrating dE/dx for |η| and detector 
conditions with SM particles

2205.06013

Eg. validating displaced muon trigger 
efficiency with Cosmics

CMSDisplacedMuons

Need to make sure all custom reconstruction & selections are well modeled

https://arxiv.org/abs/2205.06013
https://twiki.cern.ch/twiki/bin/view/CMSPublic/DisplacedMuonsRun2
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Unusual backgrounds

Standard Model LLPs

1 TeV b-jet〈L〉~10 cm 


Low mass and nTrack

Cosmic 

Muons

Material interactions

CMSTrackingPOG

1803.07466


d0 tails of prompt SM particles Randomly 
crossing tracks

Go as close to the interaction point as possible

Reject as many displaced backgrounds as possible

DV

Primary vertices

https://twiki.cern.ch/twiki/bin/view/CMSPublic/TrackingPOGIPresolutionFullEtaUL17
http://arxiv.org/abs/1803.07466
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Selection & Analysis Strategy
Past: achieve ~0 background with ~simple selections


Now: sophisticated techniques to access lower masses and probe full lifetime range 

eg. Heavy neutral leptons

Categorize in lepton flavor & charge


Vertex Mass & displacement

ATLAS-EXOT-2019-29

CMS: 2201.05578 ATLAS-CONF-2022-001

eg. Displaced lepton jets

input calorimeter cells/clusters

into advanced Neural Networks 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-29/
https://arxiv.org/abs/2201.05578
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-001/
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Background estimation

   Ismet Siral, University Of Oregon
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• Above are shown expected background distributions for discovery categories:

• Overall a good shape agreement has been observed between data and expected background with the 
exception of:

• An excess in the Inclusive-High category at m >1 TeV

• The observed excess events were examined individually for unexpected instrumentation effects and 
backgrounds.

Discovery Regions

Always data-driven, sometimes very tricky

Finding signal free control regions, correlations between key 

variables, unexpected backgrounds, etc

   Ismet Siral, University Of Oregon
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Systematic Uncertainties

24

• Uncertainties are calculated per each mass window 
and the leading uncertainties are:  

• Template Corr: Leading uncertainty. It evaluates for 
the data-driven BG the assumption that the kinematic 
and d!/d" template can be sampled separately to 
form a toy track. It’s achieves that by generating a 
alternative BG solely using in dE/dx CR and 
comparing the data distribution in dE/dx CR. 

• η slicing: It estimates the effect of the choice of η 
binning of the dE/dx templates  

• dE/dx Scale:  This uncertainty is introduced to cover 
the disagreement observed in the Low-pT VR - IBL0-
Trk-Low. 

• The size of this additional systematic uncertainty 
is evaluated using VR-LowPt and VR-HiEta by 
making likelihood fit without other uncertainties. 

• dE/dx tail: dE/dx tail statistical uncertainty estimated 
by using a fitted Crystal ball function instead of the 
raw template

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
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Different physics than the LHC… 

We should think about how increasing distance or going 

forward could probe interesting phase space
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Aux Detectors

increase pseudorapidity η → lower mass
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Many more proposed 

experiments!
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• Tracker tends to be the most powerful detector volume for LLPs


• Many challenges posed by the beam induced background


• Optimistic we can overcome these challenges


• A lot of exciting work ahead!
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Conclusions



(a) (b)

(c) (d)

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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Long-lived Particles

Experimental constraints Karri Folan DiPetrillo
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Large radius tracking arXiv:2304.12867

https://arxiv.org/abs/2304.12867
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Charged LLPs/Disappearing track

(a) (b)

(c) (d)

Figure 2: Kinematic distributions for thermal higgsino, m�=1.1 TeV (left) and thermal
wino, m� =2.7 TeV (right) at a putative Muon Collider with

p
s = 10 TeV and at a proton-

proton collider with
p
s = 100 TeV. The upper panel shows the pT of the chargino (solid

line) and of the corresponding initial state radiation particle (jet for FCC-hh, photon for
MuC) with dashed lines. The lower panel shows the distribution of the events in the ⌘���

plane, using red (blue) for the FCC-hh (MuC).

based on (initial-)final-state radiation is employed. In the lower panel we see that while the
FCC-hh enjoys a large longitudinal boost, the events at the MuC are far more central. This
observation supports having a detector with a reduced polar angle acceptance, which is in
line with the current plans for the MuC detector design (see Section 3). Indeed, selecting
parton level tracklets satisfying |⌘| < 2.44 keeps 98 (97.5) % of the thermal wino (higgsino)
events. In addition, we also see that the maximum Lorentz factor �� is smaller at the MuC
than at the FCC by about one order of magnitude. However the overall distribution has a
less significant spread to lower values and the MuC is expected to efficiently detect charged
tracks with lower c⌧ than the FCC-hh, as we will discuss in Section 3.

We note that in principle pure wino and higgsino could be probed by indirect detection
at e.g. the Cherenkov Telescope Array (CTA) [64] or the AMS-02 experiment [65] before the
timescale of the next generation of colliders (FCC, MuC, etc). A potential excess from these

– 6 –
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Cluster charge/shape

⊙B

High pT

Low pT negative charge

Low pT positive charge

Cluster shapes

MPV = 0.027 × ln(d) + 0.126 [keV] 

width =0.31×d0.81 [keV] 

MPV & shape shifts

w/ detector thickness
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Time of flight

( ΔmToF

m )
2

= [(ΔpT

pT
)

2
+ ( 1

1 − β2 )
2

(
σthit

thit
)

2

]

Need good pT resolution to improve S/B separation and 
measure mass in case of discovery

Improves w/ L

30 ps bunch length sets minimum time resolution (in MAP)


