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Future colliders

2Michael Benedikt, Particle Colliders, 2019

Particle colliders are powerful instruments in physics for discoveries
and high precision measurements because they provide well 
controlled experimental conditions in laboratory environment

The exploration continues
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Complementarity: 
e.g. dark photon

3
10S.Gori

The reach on the minimal dark photon model
Kanemura, Moroi, Tanabe, 1507.02809

mA’ (GeV)

ATLAS Simulation Preliminary

Gaia Lanfranchi, Granada, 2019

Nice complementarity between beam-dump and colliders’ experiments

Improvements by several orders of magnitude
both in low-mass low-coupling regime (beam-dump)
and in high-mass large-coupling regime (colliders).

Vector portal: current limits in the ℇ versus Dark Photon mass plane
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ATLAS upgrade
Displaced muon jets

ee collider

ILC beam dump

pp collider

ep collider

Dedicated LLP detectors
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HL-LHC
• Upgrade of the detector and 10× integrated luminosity will give large gain 

in LLP searches.
• Higher geometrical acceptance
• Higher granularity/resolutions of the detector
• Improved trigger, including tracking
• Timing detectors

• But there are some negative impact too.
• High pileup late may increase the BG rate and/or decrease the signal 

efficiency.
• For saving CPU and storage, some objects could be dropped (e.g. 

low-pT tracks?)
• New detector layout may not be the best for some analyses.

4

Many results have been presented 
in this series of workshops
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Figure 4. Chargino reconstruction efficiency as a function of decay radius. The reconstruction
efficiency of pixel tracklets before applying the fake-rejection criteria is shown in red, while that
obtained with the standard tracking algorithm is shown in green. The error bars show statistical
uncertainties in the estimation. Also shown in blue, on the right axis, is the distribution of the
decay radius for charginos with a lifetime of 0.2 ns. The yellow shaded regions correspond to the
coverage of each detector.

pT, is smaller than 0.04. The candidate tracklet must have pT > 20GeV, and the pT
must be the highest among isolated tracks and tracklets in the event.

(2) Geometrical acceptance: the tracklet must satisfy 0.1 < |η| < 1.9.

(3) Quality requirement: the tracklet is required to have hits on all four pixel layers.

The number of pixel holes, defined as missing hits in modules in which at least one is

expected given the detector geometry and conditions, must be zero. The number of

low-quality hits4 associated with the tracklet must be zero. Furthermore, tracklets

must satisfy requirements on the significance of the transverse impact parameter,

d0, |d0|/σ(d0) < 2 (where σ(d0) is the uncertainty in the d0 measurement), and

|z0sin(θ)| < 0.5mm. The χ2-probability of the fit is required to be larger than 10%.

(4) Disappearance condition: the number of SCT hits associated with the tracklet

must be zero.

4A hit is categorised as low quality when the single-hit position uncertainty is large, or the hit position

is far from the reconstructed tracklet.

– 10 –

J
H
E
P
0
6
(
2
0
1
8
)
0
2
2

ATLAS Simulation

�+

�0
1

~
�+

1
~

Figure 1. Illustration of a pp → χ̃+
1 χ̃

−
1 + jet event, with long-lived charginos. Particles produced

in pile-up pp interactions are not shown. The χ̃+
1 decays into a low-momentum pion and a χ̃0

1 after
leaving hits in the four pixel layers (indicated by red makers).

relative to the disappearing-track signature. The disappearing-track signature provides the

most sensitive search to date for SUSY models with charginos with O(ns) lifetimes.

Previous searches for a disappearing-track signature were performed by the ATLAS [19]

and CMS [20] collaborations using the full dataset of the LHC pp run at a centre-of-

mass energy of
√
s = 8TeV. These searches excluded chargino masses below 270GeV

and 260GeV respectively, with a chargino proper lifetime (τχ̃±
1
) of 0.2 ns. In the previous

ATLAS analysis, a special tracking algorithm was used to reconstruct short tracks, and

the search was sensitive to charginos decaying at radii larger than about 30 cm. A crucial

improvement in the analysis described here is the use of even shorter tracks, called 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, 22]

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 [23] is a multipurpose detector with a forward-backward symmetric cylindrical ge-

ometry, covering nearly the entire solid angle around an interaction point of the LHC.2

2ATLAS 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,φ) are used in the transverse plane, φ being the azimuthal angle around the
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Figure 2: The radial layouts of the current ATLAS tracker and the proposed upgrade, the ITk.

needs to cover a much wider tracking phase space than tracking for prompt particles. To e�ciently
reconstruct signal tracks, a custom, extended configuration of the ATLAS tracking software is required.
This custom configuration, hereafter referred to as displaced tracking, is optimized for the Run 2 detector
and software [12]. Similarly, a custom algorithm is required for reconstruction of the displaced vertices.
These customizations depend heavily on the geometry of the tracker, and neither a dedicated displaced
tracking nor DV reconstruction setup has yet been developed for the Phase II detectors.

Many ATLAS Phase II projection studies rely on simulated events which have been fully reconstructed
by tracking software specially developed for finding prompt tracks in the Phase II detector. In other
studies, generated Monte Carlo (MC) events are used to obtain particle-level kinematic properties, which
are smeared by functions which estimate the future detector’s performance. In this analysis, a hybrid
approach is developed to estimate the prospective acceptance and e�ciency for reconstructing and selecting
displaced vertices. In this approach, particle-level Monte Carlo events are used to obtain kinematic
distributions for the signal. The displaced tracking performance is estimated by factorizing the current
displaced tracking performance into acceptance and e�ciency terms, and assuming that the e�ciency
performance of the Run 2 algorithm will be reproduced for ITk for particles which pass the acceptance.
The tracking acceptance is based on the number of hits left by a charged particle traversing the silicon
sensors, and is calculated for the tracks of interest using a full simulation of the ITk geometry. The current
DV performance is parameterized and extrapolated to the new detector geometry.

Other selections are either directly applied at particle-level to the signal events, or use the results of
the Run 2 reinterpretation material which are publicly available [13] to estimate the e�ciency. The
background estimation is extrapolated from the Run 2 data-driven result, and systematic uncertainties are
taken directly from the existing analysis.

4

6 Projection of displaced vertexing performance

The configuration of the algorithm for reconstructing displaced vertices has recently been optimized within
ATLAS for finding signals such as decaying R-hadrons. The e�ciency of reconstructing a displaced vertex
is measured in simulation as a function of the number of reconstructed tracks which belong to the vertex
at generator-level, ntracks, and the radius of the vertex position in the transverse plane, rDV.

For this study, it is assumed that similar performance of the vertexing algorithms can be achieved in
Phase II. However, given the di�erent geometry of ITk relative to the current detector, the vertexing
e�ciency measured for Run 2 can not be applied directly to this study. The Run 2 vertex e�ciency is
parametrized and extrapolated as described below.

The Run 2 vertex e�ciency is parameterized as a function of rDV for bins of ntracks. One of the main
reasons that the reconstruction e�ciency depends on ntracks is due to the fact that the number of trials of
vertex forming using seed tracks increases with ntracks. The e�ciency is fit with a function which smoothly
combines an error function at low rDV to model the initial rise in e�ciency, a linear plateau, and an error
function at high rDV to model the falling o� of e�ciency near the beginning of the SCT. The fit values are
compared across all bins of ntracks, and some smoothing of values is performed for bins which su�er from
poor statistics.

To extrapolate from the Run 2 e�ciency to the expected performance at ITk, the same fit values are used
for each bin of ntracks. However, the mean of the error function used to model the turn-o� is moved from
300 mm to 400 mm to reflect the change in the location of the inner silicon strip layer.

The vertex e�ciency parameterized in this way in shown in Figure 4 for the case where ntracks = 10. The
e�ciency is shown as fit in the Run 2 measurement and as extrapolated to ITk. Also shown is the plateau
of the e�ciency as a function of ntracks for the ITk extrapolation, assumed to be the same as that measured
in Run 2.
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Figure 4: (a) The parametrized e�ciency for reconstructing a displaced vertex with ntracks = 10, as a function of the
decay radius of the parent particle, as measured in Run 2 simulation and extrapolated to the ITk geometry. (b) The
plateau of the vertex e�ciency as a function of ntracks for the ITk geometry.
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HL-LHC: Tracker layout (ATLAS)

Run2 HL-LHC acceptance

Disappearing track

Displaced vertex

N-4th layer (30 cm) N-4th layer (40 cm)
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Timing information @ HL-LHC

6arXiv:1903.05825 

Timing layer
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Figure 1: Schematic layout of an HL-LHC detector with the inclusion of a hermetic timing layer.

the interaction vertices in the event, with the additional time dimension allowing for the

disambiguation in the dense HL-LHC environment.

A neutral LLP produced in an HL-LHC event leaves no corresponding track in the de-

tector, but if it decays to at least two visible, reconstructable particles then its secondary

decay vertex can be measured in four dimensions in the same fashion. By associating such a

secondary vertex with the corresponding primary interaction vertex in an event then allows

for the measurement of the distance and time-of-flight of the LLP and its velocity [4]. Here,

we examine how this technique can be expanded to incorporate additional kinematic infor-

mation, like the measured missing transverse energy, to fully reconstruct the decays of these

neutral LLPs in events where they are singly or pair-produced.

We consider the scenario where an LLP travels between 0.1 cm and 1 m and decays in the

tracker into visible (V ) and invisible (I) particles. While V and I may correspond to one or

more particles in general we consider V (and I) as single objects. We further assume that V

provides enough measurements to reconstruct the location and time of the secondary vertex

where it was produced. Associating this reconstructed secondary vertex with the primary

vertex of the interaction the displacement (�rLLP ), time-of-flight (�tToF), and velocity of

the LLP can be calculated:

�LLP =
�rLLP
�tToF

. (2.1)

The anticipated uncertainties in the reconstruction of these quantities (|�(�rP )| ⇠
< (10 �

30)µm and |�(�tToF)| ⇠< (30� 300)ps [2]) imply that such a detector would be able to resolve
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Figure 1: Schematic layout of an HL-LHC detector with the inclusion of a hermetic timing layer.
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curves, Ca and Cb, on the two dimensional plane with the coordinates (mLLPi ,mIi) for i = a

or i = b. The point giving the true values of the masses, (mLLPi ,mIi), will lie on the

corresponding curve, Ci, but additional information is required to determine it.

Two completely solvable scenarios have been described:

• Pair-production of identical LLPs (LLPa = LLPb and Ib = Ia)

• Pair-production of non-identical LLPs, using timing (LLPa 6= LLPb and Ia 6= Ib)

For the special case with mLLPa = mLLPb and mIa = mIb the point of intersection of two

curves corresponds to the true solution, and can be calculated without timing information.

We denote this displaced vertex based reconstruction without timing information simply

“w/o timing reconstruction”. A method to reconstruct the 3-momenta of LLP’s and invisible

particles without timing information has also been developed, with details provided in the

Appendix. When timing information is available, assumptions about similarities between the

LLPs and invisible particles appearing in the two decays can be relaxed, with the associated

measurement of event kinematics denoted “timing reconstruction”. Each of the relevant

scenarios are summarized in Table 1.

mLLPa mLLPb mIa mIb pLLPa pLLPb pIa pIb

Identical LLPs w/o timing 4 4 4 4 � � � �

timing � � � � � � � �

Non-identical LLPs w/o timing ⇥ ⇥ ⇥ ⇥ � � � �

timing � � � � � � � �

Table 1: Summary of reconstruction scenarios. The mark � (⇥) indicates whether the system can
(cannot) be reconstructed. The triangle (4) indicates that the system can be reconstruct only with
ambiguities.

3 Reconstruction performance in simulated events

We present two case studies of these LLP reconstruction techniques in scenarios with the

pair-production of neutral LLPs independently decaying to visible and invisible particles.

The corresponding event topology is illustrated in Fig. 2. Such a scenario appears in many

BSM models, such as gluino decay in GMSB SUSY, slepton decay, gluball decay in hidden

sector model and many others [17–22]. In general, requirements on the LLP displacements

being experimentally significant in both space and time will remove nearly all SM background

contributions to this final state. The characterization and evaluation of remaining background

sources is left for future studies, with this paper focusing exclusively on signal events.
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Figure 2: Typical event topology for the LLP pair-production with decays to visible and invisible
particles

The first case study compares the performance of the “w/o timing reconstruction” and

“timing reconstruction” methods in a generic scenario of LLP pair production and decays,

with and without identical LLPs. We further explore the “timing reconstruction” approach

in a second case study, evaluating the precision of measured masses as a function of LLP

lifetimes, particle masses, and timing detector resolution.

3.1 Comparison of reconstruction methods

To compare the “w/o timing reconstruction” and “timing reconstruction” reconstruction

methods, simulated signal events are evaluated using a toy representation of an HL-LHC

detector. Here, generator-level 4-vectors are smeared according to a simple model of a de-

tector, with the momentum resolution of visible particles taken to be 2%. The experimental

resolutions of LLP displacements in space and time are assumed to have resolutions of 12

µm and 30 ps, respectively. Events are generated using MG5aMC [23], with particle decays are

simulated with Pythia8 [24–26].

3.1.1 LLPa = LLPb and Ia = Ib

We first consider a scenario with identical LLPs and decays, choosing mLLP = 400 GeV

and mInv = 200 GeV, with a LLP lifetime of c⌧ ⇡ O(100)mm. Using both reconstruction

methods, the masses MLLP and MInv can be evaluated. Of note in this analysis is the

absence of significant combinatoric ambiguities as the two distinguishable displaced vertices

are independently identified and measured.

Assuming symmetry of the LLP decays, the reconstructed LLP and invisible particle

mass distributions calculated using the “w/o timing reconstruction” method are shown in the

Fig. 3. Clean peaks are observed in the distributions of MLLP and MInv at the true values.
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the displaced decays of LLPs over a range of lifetimes and kinematic phase-space, irrespective

of the presence of invisible particles (such as dark matter) in these decays.

2.1 LLP decays to visible and invisible particles (LLP ! V + I)

We first examine the two body decay of a single LLP (LLP ) to a visible (V ) and an invis-

ible (I) particle (LLP ! V + I). The visible particle (V ), by definition here, is identified

unambiguously with its reconstructed 4-momentum in the lab frame: P lab
V = (E lab

V ,p lab
V ).

The mass of V is easily calculable by m2
V = E lab

V
2
� p lab

V
2
. The 3-velocity of the LLP in

the lab frame � lab
LLP is also measurable, as explained in the previous section. As the energy

of the LLP is not directly measured, it is treated as an unknown kinematic parameter to be

determined. Even in the absence of knowledge of the LLP energy, the measured velocity can

still be used to evaluate measured 4-vectors in the rest frame of the LLP by boosting from

the lab frame by � lab
LLP :

E LLP
V = � lab

P

⇣
E lab

V � p lab
V · � lab

LLP

⌘
, (2.2)

where � lab
P = 1/

q
1�

�
� lab
P

�2
corresponds to the the relativistic gamma factor. Energy-

momentum conservation in this reference frame (pµLLP = pµV + pµI = (mP , 0)) constrains the

3-momentum of the invisible particle from that of the visible one, with p LLP
I = �p LLP

V .

Furthermore, the energy of the visible particle evaluated in the LLP rest fame is sensitive to

the masses of the particles appearing in this decay process, with

E LLP
V =

m2
LLP �m2

I +m2
V

2mLLP
, (2.3)

wheremLLP ,mI andmV are the masses of the LLP, invisible, and visible particle, respectively.

Combining Eq. 2.2 and Eq. 2.3 yields the expression for the mass of the LLP,

mLLP = E LLP
V +

q
(E LLP

V )2 +m2
I �m2

V . (2.4)

As E LLP
V and mV are measurable, the mass of the invisible particle is the only unknown

quantity appearing in this expression.1

The transverse components of the invisible particle momentum in the lab frame, p lab
I,T ,

can be inferred from the measured missing transverse energy. By equating the sum of the

transverse momenta of visible and invisible particles with that of the LLP, the energy of the

LLP in the lab frame can be calculated from measured quantities as

p lab
LLP,T = p lab

I,T + p lab
V,T

= E lab
LLP�

lab
LLP,T (2.5)

) E lab
LLP =

� lab
LLP,T ·

⇣
p lab
I,T + p lab

V,T

⌘

|� lab
LLP,T |

2
. (2.6)

1Even though the relations of the masses corresponds to the solution of a quadratic equation there’s no

sign ambiguity involved in Eq. 2.4; the sign in front of the square root is chosen by considering the massless

limit, mV ! 0 and mI ! 0.
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The mass of the LLP can then be measured according to

mLLP =
⇣
� lab
LLP

⌘�1
E lab

LLP (2.7)

=

q
1�

�
� lab
LLP

�2

|�lab
LLP,T |

2
� lab
LLP,T ·

⇣
p lab
I,T + p lab

V,T

⌘
. (2.8)

Similarly, the relation in Eq. 2.4 can be used to express the mass of the invisible particle:

mI =
q
m2

LLP � 2mLLP E LLP
V +m2

V . (2.9)

While highlighting the measured masses, the above expression corresponds to the complete

determination of the masses and momentum of all the particles appearing in the decay process

LLP ! V + I, facilitated by precision timing measurements.

2.2 Pair-production of non-identical LLPs (LLPa 6= LLPb)

The approach developed in the previous section can be extended to the pair-production of,

potentially non-identical LLPs, denoted as LLPa and LLPb. The energies and momenta of

the LLPs are represented by Ea, Eb and pa, pb respectively.

For pair-produced LLPs and their decay products, Eq. 2.5 is now generalized as

pa,T + pb,T = pI,T + pVa,T + pVb,T

) Ea�a,T + Eb�b,T = pI,T + pVa,T + pVb,T , (2.10)

where the total transverse momentum of the invisible particles is given by pI,T = pIa,T+pIb,T .

Using the two independent relations from the transverse vector constraint Eq. 2.10, the two

unknown energies (Ea and Eb) can be analytically calculated as:

Ea =

"
�b ⇥ (pmiss

T + pVa + pVb) · k̂

�b ⇥ �a · k̂

#
, Eb =

"
�a ⇥ (pmiss

T + pVa + pVb) · k̂

�a ⇥ �b · k̂

#
, (2.11)

where k̂ is a unit vector pointing along the beam-line. A detailed derivation of this expression

is contained in the Appendix. With Ea and Eb calculated, the complete 4-momenta of the

long-lived and invisible particles are given by:

pa = (Ea, Ea �a), pb = (Eb, Eb �b), pIa = pa � pVa , pIb = pb � pVb , (2.12)

where �a,b is measured using timing information. We emphasize that this derivation is com-

pletely generic, in that it can be applied to any system with the same event topology. As these

four-vectors are fully-determined, the masses of LLPs and invisible (dark matter) particles

can also be calculated; this is one of our main results in this paper.

One may wonder why the addition of timing information is su�cient to determine these

quantities of interest. The reason is fairly simple: counting the number of kinematic degrees
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Lepton collider
• “An electron-positron Higgs factory is the highest-priority next collier” - 

European strategy
• (Not so heavy) LLP searches from Higgs decays are natural candidates of 

the next field to explore.
• Much cleaner environment than ones in a hadron-machine.
• Fine-segmented particle-flow oriented detector design.
• Data and processing-time may not be a big concern (compared to a 

hadron-machine).
• More complex trigger- and offline-reconstruction algorithms, which 

require more CPU and output data, could be used.

7

Long-lived particles at CLIC

Erica Brondolin (erica.brondolin@cern.ch)Long-Lived particles at CLIC 226th May 2020

● Various new physics models predict particles with macroscopic lifetimes
● CLIC = Compact Linear Collider
● High-luminosity linear e+e- collider
● Three centre-of-mass energy stages: 380 GeV, 1.5 TeV, 3 TeV
● Clean collision environment compared to hadron colliders

○ Although some beam-induced background present
○ Possibility of triggerless readout

https://cds.cern.ch/record/2720129
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Lepton collider: 
 detector performance

8

LHC ILC

Innermost vertex layer to IP 3.3 cm 1.4 cm

Layer 4 radius 12 cm 4.8 cm

Inner-most pixel size 50 × 250 μm 20 × 20 μm

Material in tracker (central) 0.4–0.5 X0 ~ 0.10–0.15 X0

1/pT reresolution 34 × 10-5 / GeV 5 × 10-5 / GeV

Impact parameter resolution ~20 μm ~5 μm

Low pT tracking pT > ~0.5 GeV are kept Efficient down 0.2 GeV

EM calo number of channels 76k 100M
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LLP from Higgs decays

9
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Figure 1: Projected 95% h ! XX branching ratio limits as a function of proper decay

length for a variety of X masses. Blue lines are for CEPC and orange lines are for FCC-ee,

and where only one is visible they overlap. The larger dashes are the ‘long lifetime’ analysis

and the smaller dashes are the ‘large mass’ analysis.

broadens our sensitivity range. This fact also helps us retain e�ciency at low masses, as we

are able to get down to a projected branching ratio limit of 1 ⇥ 10�4 for mX = 2.5 GeV

despite our 2 GeV cut on charged invariant mass of the decay cluster. For larger masses this

cut has less e↵ect, which allows it to push down to even lower branching ratios ⇠ 5⇥ 10�5.

The ‘large mass’ analysis begins working well for masses not far above the 6 GeV charged

invariant mass cut and provides sensitivity to far shorter decay lengths, reaching all the way

down to the impact parameter resolution and below. For mX = 10 GeV, where we are aided
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ILC250 limits are ~1.8× worse

meters to tens of meters. In principle, instrumenting the exterior of a general-purpose detector

with large volumes of scintillator may lend additional sensitivity to even longer lifetimes. In

this work we will focus on tracker-based searches at future lepton colliders, as these may be

simulated relatively faithfully and ultimately are among the searches likely to achieve zero

background while retaining high signal e�ciency.

We define our signal model in FeynRules [32] and generate the signal e+e� ! hZ !
XX + `¯̀ at

p
s = 240 GeV using MadGraph 5 [33]. Where appropriate, we will also discuss

prospects for Higgs factories operating at
p
s = 250 GeV (potentially with polarized beams)

such as the ILC by rescaling rates with the appropriate leading-order cross section ratios.

In order to correctly simulate displaced secondary vertices, the decay of the LLP X and all

unstable Standard Model particles is then performed in Pythia 8 [34].

In addition to the signal, we consider some of the leading backgrounds to our signal

process and develop selection cuts designed at achieving a zero-background signal region. The

most significant irreducible backgrounds from Standard Model processes include e
+
e
� ! hZ

with Z ! `¯̀ and h ! bb̄ as well as e+e� ! ZZ ! `¯̀+ jj. Unsurprisingly, there are a variety

of other Standard Model backgrounds, but they are typically well-controlled by imposing

basic Higgsstrahlung cuts, and we do not simulate them with high statistics. In addition to

irreducible backgrounds from hard collisions, there are possible backgrounds from particles

originating away from the interaction point, including cosmic rays, beam halo, and cavern

radiation; algorithmic backgrounds originating from e↵ects such as vertex merging or track

crossing; and detector noise. Such backgrounds are well beyond the scope of the current

study, and will require dedicated investigation with full simulation of the proposed detectors.

Correctly emulating the detector response to LLPs using publicly-available fast simulation

tools is notoriously challenging. In particular, we have found that the detector simulator

Delphes [35] tends to cluster calorimeter hits from di↵erent secondary vertices into the same

jets, significantly complicating the realistic reconstruction of secondary vertices. As such, we

develop an analysis strategy using only ingredients from the Pythia output, although we do

further run events through Delphes and utilize ROOT [36] for analysis.

We implement two distinct tracker-based analyses with complementary signal parameter

space coverage, which we denote as the ‘large mass’ and ‘long lifetime’ pipelines. We shall

eventually see that the former will be e↵ective for mX & 10 GeV down to proper decay

lengths c⌧ & 1µm, while the latter is able to push down in mX by a factor of a few though

is only fully e↵ective for c⌧ & 1 cm. Full cut tables for both irreducible backgrounds and a

variety of representative signal parameter points appear in Tables 1,2 respectively.

As a first step in either analysis, we select Higgsstrahlung events by requiring that our

events have an opposite sign electron (muon) pair in the invariant mass range 70  Mee  110

GeV (81  Mµµ  101 GeV) and with recoil mass M
2
recoil =

�
(
p
s,~0)µ � p

µ

``

�2
in the range

120  Mrecoil  150 GeV, with p
µ

``
the momentum of the lepton pair. This allows us to limit

our background considerations to the irreducible backgrounds mentioned above and cuts down

severely on the e
+
e
� ! ZZ background, as seen in Tables 1 and 2.

We next identify candidate secondary vertices using a depth-first ‘clustering’ algorithm,

– 4 –

arXiv:1812.05588

Higgs branching ratio and the mass and decay length of the LLP. While these forecasts are

generally applicable to any model giving rise to the signal topology, we additionally interpret

the forecasts in terms of the parameter space of several motivated models in Section 4. We

summarize our conclusions and highlight avenues for future development in 5.

2 Signal and Analysis Strategy

Exotic decays of the Higgs to long-lived particles encompass a wide variety of intermediate and

final states. The decay of the Higgs itself into LLPs can proceed through a variety of di↵erent

topologies. Perhaps the most commonly-studied scenario is the decay of the Higgs to a pair

of LLPs, h ! XX, though decays involving additional visible or invisible particles (such as

h ! X + invisible or h ! XX + invisible) are also possible. The long-lived particles in turn

may have a variety of decay modes back to the Standard Model, including X ! ��, jj, `¯̀, or

jj`, including various flavor combinations. These decay modes may also occur in the company

of additional invisible states. Moreover, a given long-lived particle may possess a range of

competing decay modes, as is the case for LLPs whose decays back to the Standard Model

are induced by mixing with the Higgs.

Our aim here is to be representative, rather than comprehensive, as each production and

decay mode for a long-lived particle is likely to require a dedicated search strategy. For the

purposes of this study, we adopt a simplified signal model in which the Higgs decays to a pair

of long-lived scalar particles X of mass mX , which each decay in turn to pairs of quarks at an

average “proper decay length” c⌧ .2 Both the mass mX and proper decay length c⌧ are treated

as free parameters, though they may be related in models that give rise to this topology. For

the sake of definiteness, for mX > 10 GeV we take a branching ratio of 0.8 to bb̄ and equal

branching ratios of 0.05 to each of uū, dd̄, ss̄, cc̄, though the precise flavor composition is not

instrumental to our analysis. For mX  10 GeV we take equal branching ratios into each

of the lighter quarks. We further restrict our attention to Higgs factories operating near the

peak of the e
+
e
� ! hZ cross section, for which the dominant production process will be

e
+
e
� ! hZ followed by h ! XX. The associated Z boson provides an additional invaluable

handle for background discrimination. Here we develop the conservative approach of focusing

on leptonic decays of the Z, though added sensitivity may be obtained by incorporating

hadronic decays.

Given the signal, there are a variety of possible analysis strategies sensitive to Higgs decays

to long-lived particles, exploiting various parts of a general-purpose detector. Tracker-based

searches are optimal for decay lengths below one meter, with sensitivity to shorter LLP decay

lengths all the way down to the tracker resolution. Timing information using timing layers

between the tracker and electromagnetic calorimeter o↵ers optimal coverage for slightly longer

decay lengths, while searches for isolated energy deposition in the electromagnetic calorimeter,

hadronic calorimeter, and muon chambers provides sensitivity to decay lengths on the order of

2Of course, “proper decay length” is a bit of a misnomer, but we use it as a proxy for c times the mean

proper lifetime ⌧ .
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LLP
Analysis:
• Clustering particles whose origin is within 7um.
• Impact parameter: average of all particles.

• “long lifetime” analysis: dmin = 3 cm,   Mcharged > 2 GeV
• “large mass”   analysis: dmin = 5 μm,  Mcharged > 6 GeV
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Figure 1: Projected 95% h ! XX branching ratio limits as a function of proper decay

length for a variety of X masses. Blue lines are for CEPC and orange lines are for FCC-ee,

and where only one is visible they overlap. The larger dashes are the ‘long lifetime’ analysis

and the smaller dashes are the ‘large mass’ analysis.

broadens our sensitivity range. This fact also helps us retain e�ciency at low masses, as we

are able to get down to a projected branching ratio limit of 1 ⇥ 10�4 for mX = 2.5 GeV

despite our 2 GeV cut on charged invariant mass of the decay cluster. For larger masses this

cut has less e↵ect, which allows it to push down to even lower branching ratios ⇠ 5⇥ 10�5.

The ‘large mass’ analysis begins working well for masses not far above the 6 GeV charged

invariant mass cut and provides sensitivity to far shorter decay lengths, reaching all the way

down to the impact parameter resolution and below. For mX = 10 GeV, where we are aided
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Figure 1: Projected 95% h ! XX branching ratio limits as a function of proper decay

length for a variety of X masses. Blue lines are for CEPC and orange lines are for FCC-ee,

and where only one is visible they overlap. The larger dashes are the ‘long lifetime’ analysis

and the smaller dashes are the ‘large mass’ analysis.

broadens our sensitivity range. This fact also helps us retain e�ciency at low masses, as we

are able to get down to a projected branching ratio limit of 1 ⇥ 10�4 for mX = 2.5 GeV

despite our 2 GeV cut on charged invariant mass of the decay cluster. For larger masses this

cut has less e↵ect, which allows it to push down to even lower branching ratios ⇠ 5⇥ 10�5.

The ‘large mass’ analysis begins working well for masses not far above the 6 GeV charged

invariant mass cut and provides sensitivity to far shorter decay lengths, reaching all the way

down to the impact parameter resolution and below. For mX = 10 GeV, where we are aided
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length for a variety of X masses. Blue lines are for CEPC and orange lines are for FCC-ee,

and where only one is visible they overlap. The larger dashes are the ‘long lifetime’ analysis

and the smaller dashes are the ‘large mass’ analysis.

broadens our sensitivity range. This fact also helps us retain e�ciency at low masses, as we

are able to get down to a projected branching ratio limit of 1 ⇥ 10�4 for mX = 2.5 GeV

despite our 2 GeV cut on charged invariant mass of the decay cluster. For larger masses this

cut has less e↵ect, which allows it to push down to even lower branching ratios ⇠ 5⇥ 10�5.

The ‘large mass’ analysis begins working well for masses not far above the 6 GeV charged

invariant mass cut and provides sensitivity to far shorter decay lengths, reaching all the way

down to the impact parameter resolution and below. For mX = 10 GeV, where we are aided
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broadens our sensitivity range. This fact also helps us retain e�ciency at low masses, as we

are able to get down to a projected branching ratio limit of 1 ⇥ 10�4 for mX = 2.5 GeV

despite our 2 GeV cut on charged invariant mass of the decay cluster. For larger masses this

cut has less e↵ect, which allows it to push down to even lower branching ratios ⇠ 5⇥ 10�5.

The ‘large mass’ analysis begins working well for masses not far above the 6 GeV charged

invariant mass cut and provides sensitivity to far shorter decay lengths, reaching all the way

down to the impact parameter resolution and below. For mX = 10 GeV, where we are aided
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• Stub track candidate: 
• At least four hits in the tracking system 
• Prompt, isolated track 
• Minimum transverse momentum 
• Disappearing within the tracking system 

volume 
• No energy deposition in the calorimeter 
• Additional: dE/dx requirement 

• At least one stub candidate per event
• Additional: soft displaced pion(s) and 

additional photons 

10Erica Brondolin, Emilia Leogrande: 7th LHC LLP

Disappearing track at CLICAnalysis strategy
● Signal:

○ Stub track candidate definition:
■ At least four hits in the tracking system
■ Prompt, isolated track
■ Minimum transverse momentum
■ Disappearing within the tracking system volume
■ No energy deposition in the calorimeter
■ Additional: dE/dx requirement

○ At least one stub candidate per event
○ Additional: soft displaced pion(s) and 

additional photons
○ Samples generated:

■ cτ = 6.9  mm
■ cτ = 180 mm
■ cτ = 600 mm
■ (Default: cτ = 600 mm to increase statistics)

● Background:
○ Beam-induced γγ → hadrons:

■ random combination of hits
■ split tracks
■ conversion

Erica Brondolin (erica.brondolin@cern.ch)Long-Lived particles at CLIC 1026th May 2020

Pion tracking efficiency
● Challenges for pion tracks reconstruction:

○ Displaced
○ Very soft

● Soft displaced pions are well reconstructed
● Duplicate tracks in central region due to loopers

Erica Brondolin (erica.brondolin@cern.ch)Long-Lived particles at CLIC 1326th May 2020

Expected sensitivity by a truth-level study
covers the thermal DM mass limit (~1 TeV).

arXiv:1812.02093

Soft pion reconstruction
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e-p colliders: LL chargino
• e-p collider have “middle” feature between lepton and hadron colliders

• Higher collision energy than lepton colliders
• Cleaner environment than hadron colliders. e.g. pileup~1 at FCC-eh (60)

11

Displaced objects at e-p colliders

e� p

jet A

BC

rmin

Tracker

Interaction
Region PV

• (A) Hard jet, pTj > 20 GeV,  |ηj| < 4.7: identifies the PV and provides trigger.

• (B) 1 charged particle (π,μ) is displaced if the charged track has impact parameter > rmin

• (C) 2+ Charged particles (a,a) give a displaced vertex (DV) if d(PV,DV) > rmin 

• Charged track: pT > 100 MeV, 100% reconstruction efficiency.  
(corresponds to O(0.1m) curvature in a B=3.5 T field)

15

arXiv:1712.07135 
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FIG. 8. Regions in the (m�± , c⌧) Higgsino parameter plane where more than the indicated number of one (top) or two (bottom) LLPs
are observed at the FCC-eh with a 60 GeV electron beam and 1 ab�1 (left) or 10 ab�1 (right) of luminosity. Light shading indicates the
uncertainty in the predicted number of events due to different hadronization and LLP reconstruction assumptions. As for the LHeC estimate
in Fig. 7, the green region represents our 2� sensitivity estimate in the presence of ⌧ backgrounds. For 10 ab�1, red shading is an optimistic
sensitivity estimate in case background rejection is better than we anticipate. For comparison, the black curves are projected bounds from
disappearing track searches, for the HL-LHC (optimistic and pessimistic) and the FCC-hh, see Fig. 3.
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FIG. 9. Same as Fig. 8 for the FCC-eh with a 240 GeV electron beam.
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FIG. 4. Example of dominant Higgsino (left) and Higgs (right)
production processes at e�p colliders. V = W± or Z as required.

see e.g. ref. [101]. Sensitivity projections are summarized
in Fig. 3 (bottom), and notably constrain short lifetimes but
not long ones. This is due to the coupling to the Higgs bo-
son, which mediates nuclear scattering and depends on the
Higgsino-Bino mixing angle, or, equivalently, �m � �1�loop

and only becomes appreciable for mass splittings ⇠ GeV.
Hence, the lack of signals in direct detection strongly favors
a highly compressed spectra.8 The most sensitive of these
future experiments is DARWIN [122], which will be able to
probe DM-nucleon cross sections very close to the so-called
neutrino floor, where backgrounds from solar, cosmic and
atmospheric neutrinos become relevant. For thermal Hig-
gsino DM, this scattering rate corresponds to mass splittings
of about 0.5 GeV.9 Probing cross sections below the neutrino
floor will be much more challenging.

Indirect detection experiments search for signs of dark mat-
ter annihilation in the cosmic ray spectra. Assuming a thermal
relic abundance, current bounds from Fermi disfavor masses
below 280 GeV, with proposed CTA measurements being sen-
sitive to m� ⇠ 350 GeV [131]. AMS antiproton data might
exclude somewhat higher masses [132], but that bound is sub-
ject to very large uncertainties.

While these cosmological bounds complement collider
searches, they are much more model-dependent. One can
imagine a Higgsino-like inert doublet scenario which does not
give rise to a stable dark matter candidate (e.g. the lightest
neutral state could decay to additional hidden sector states),
making colliders the only direct way to probe their exis-
tence. Even if the assumptions about cosmology hold, col-
lider searches are vital to fill in the blind spots below the neu-
trino floor. If a direct detection signal is found, the precise
nature of dark matter would then have to be confirmed with
collider searches. Finally, even with the most optimistic pro-
jections there are regions of parameter space at intermediate
mass splitting (lifetimes . mm) that are difficult to probe us-
ing both direct detection and current strategies at pp colliders.

8 It is also possible to have an accidentally small (or null) coupling of Higgs
to dark matter in the so called blind-spots [130]. We will not consider this
option further in this work.

9 This implies a lower bound on the singlet mass of 10 TeV. The singlet might
then be well outside the reach of both the present and future generation of
collider experiments.

FIG. 5. Production rate of Higgsinos at e�p colliders. The fraction
of events with two charged Higgsino LLPs is ⇠ 40� 50%.

C. Higgsino search at e�p colliders

At e
�

p colliders, Higgsinos are produced dominantly in
VBF processes as shown in Fig. 4 (left). Since the produc-
tion process is 2 ! 4 it suffers significant phase space sup-
pression and has a rather small cross section, as shown in
Fig. 5. Fortunately, the spectacular nature of the LLP sig-
nal, and the clean experimental environment, still allows for
significant improvements in reach compared to the existing
search strategies outlined in the previous subsection.

LLP signature

We first consider searches at the LHeC. Weak-scale Higgsi-
nos are produced in association with a recoiling, highly ener-
getic jet with pT > 20 GeV. This jet alone will ensure that
the event passes trigger thresholds and is recorded for offline
analysis. Crucially, the measurement of this jet will also deter-
mine the position of the primary vertex (PV) associated with
the Higgsino production process.

Due to the asymmetric beams the center-of-mass frame of
the process is boosted by bcom ⇡

1
2

p
Ee/Ep ⇡ 5.5 with re-

spect to the lab frame. Subsequently, the long lived charginos
are typically significantly boosted along the proton beam di-
rection, which increases their lifetime in the laboratory frame.

For small mass splittings . 1 GeV considered here,
the dominant decay modes of the Higgsinos are to single
⇡

±
, e

±
, µ

± + invisible particles. The single visible charged
particle typically has transverse momenta in the O(0.1 GeV)
range. In the clean environment (i.e. low pile up) of the e

�
p

collider, such single low-energy charged tracks can be reliably
reconstructed.

Analysis strategy

The following offline analysis strategy is sketched out in
Fig. 6. One or two charginos are produced at the PV, which is
identified by the triggering jet (A). A chargino decaying to a

The system is highly boosted by 
asymmetric collision.
Long lifetime in the lab frame.



e-p colliders: dark photon

p
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Figure 1: Feynman diagrams for the dark photon production processes in electron-proton collisions. Here p and X denotes a parton
from the beam proton before and after the scattering process, respectively.

Figure 2: Production cross section for dark photons, via the process e�p ! e��0X, with X denoting a number of hadrons. The
dashed and solid line represents the lower transverse momentum cut on X to be 5 and 10 GeV, respectively.

(DVCS) and Bethe-Heitler-like processes (cf. e.g. [39]) where the momentum transfer is su�ciently small to
allow electron-proton instead of electron-parton scattering. The former (latter) process is expected to have a
comparable (larger) cross section and results in larger (smaller) angles for the �0 emission. We expect that
these processes could potentially increase the signal strength. Nonetheless, a quantitative statement requires a
dedicated analysis, which is beyond the scope of this paper.

The signal is given by the process e�p ! e�X�0, where X denotes the final state hadrons, and the dark
photon �0 decays into two charged fermions or mesons. This process is shown schematically in Fig. 3. In general
in collisions with low momentum transfer the scattering angles of the electron and X are small compared to
the respective beams. Therefore the electron and proton beams are used to define the backward and forward
hemispheres of the detector, which are optimized for low energy electromagnetic radiation and high energy
hadrons, respectively.

Characteristic for the DIS production process of the dark photon are the small scattering angles of the de-
flected electron and parton from the beam interaction, which are, however, still within the geometric acceptance
of the LHeC and FCC-he detectors. The �0 is typically emitted from the electron and has a very small emission
angle. Exemplary for the ⌘ and momentum distributions of the dark photon are shown for three di↵erent masses

Figure 3: Sketch of the signal signature of a displaced dark photon decay. The proton (electron) beam is denoted by the larger
(smaller) arrow from left to right (from right to left). The position of the primary vertex is inferred from the hadronic final state
X and the scattered electron e. From the primary vertex (labeled “PV” ) inside the interaction region the dark photon �0 emerges
and decays after some finite distance into the two charged particles f+ and f�.
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Figure 6: Projected sensitivity of dark photon searches at the LHeC and FCC-he via displaced dark photon decays. The sensitivity
contour lines are at the 90% confidence level and consider a transverse momentum cut on the final state hadrons of 5 GeV. The
blue and red areas denote the assumption of zero and 100 background events, respectively, the solid and dashed lines correspond
to a reconstruction e�ciency of 100% and 20%, respectively. The shaded gray area labelled with “LHCb” is currently being tested
by the LHCb experiment [18]. See text for details.

E141 [6], E774 [7], one in Orsay [8], and the updated constraints from the NuCal experiment from Ref. [28];
the upper limits on the mixing from the beam dump experiment NA48 [9] and the electron-positron collider
experiment BaBar [10]. Shown by the light gray region and labelled with “LHCb” is the region currently
tested by the LHCb experiment in their search for long-lived particles [18]. A preliminary evaluation of the
sensitivity to dark photons at the LHeC and FCC-he as presented in this paper had been reported in Ref. [42]
(Fig. 8.16), wherein they are compared with the potential sensitivity of several other future facilities, illustrating
how electron-proton colliders o↵er a complementary coverage in a low-mass and intermediate coupling regime.

It is important to realize that in particular the final state electrons are very di�cult to test in any other
present and future experiment for masses below the di-muon production threshold. Electron-proton colliders
will o↵er an excellent coverage for dark photon masses around 0.2 GeV and mixing above 10�5.

4 Conclusions

Extending the SM gauge group with an additional U(1)X factor gives rise to a dark photon that interacts with
the SM fermions via kinetic mixing. The interaction strength is governed by the mixing parameter ✏, which
also leads to dark photon decays into pairs of leptons, hadrons, or quarks. In this article we have estimated
the prospect for a dark photon search at the LHeC and FCC-he via its displaced decays into two charged SM
particles and for a mass range 10 MeV  m�0  0.7 GeV. Under the assumption that unknown backgrounds are
completely reducible and can be suppressed without much loss of signal e�ciency, we found that non-observation
of a signal at the LHeC (FCC-he) can exclude dark photons in the considered mass range with kinetic mixing ✏
larger than about 2⇥10�5 (10�5) when considering final state hadrons with transverse momentum above 5 GeV.
This complements existing searches and search strategies for dark photons in this mass range, which usually
probe mixings either much below these numbers, or above 10�3. It also complements forecasted sensitivities
at future colliders, which cover mostly the large-mass, large-coupling regime, and also the low-mass, very low-
coupling sensitivity of beam-dump or fixed-target experiments, or external LHC detectors such as FASER.
The electron-proton colliders would therefore o↵er a complementary coverage in a low-mass and intermediate
coupling regime.
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allow electron-proton instead of electron-parton scattering. The former (latter) process is expected to have a
comparable (larger) cross section and results in larger (smaller) angles for the �0 emission. We expect that
these processes could potentially increase the signal strength. Nonetheless, a quantitative statement requires a
dedicated analysis, which is beyond the scope of this paper.

The signal is given by the process e�p ! e�X�0, where X denotes the final state hadrons, and the dark
photon �0 decays into two charged fermions or mesons. This process is shown schematically in Fig. 3. In general
in collisions with low momentum transfer the scattering angles of the electron and X are small compared to
the respective beams. Therefore the electron and proton beams are used to define the backward and forward
hemispheres of the detector, which are optimized for low energy electromagnetic radiation and high energy
hadrons, respectively.

Characteristic for the DIS production process of the dark photon are the small scattering angles of the de-
flected electron and parton from the beam interaction, which are, however, still within the geometric acceptance
of the LHeC and FCC-he detectors. The �0 is typically emitted from the electron and has a very small emission
angle. Exemplary for the ⌘ and momentum distributions of the dark photon are shown for three di↵erent masses

Figure 3: Sketch of the signal signature of a displaced dark photon decay. The proton (electron) beam is denoted by the larger
(smaller) arrow from left to right (from right to left). The position of the primary vertex is inferred from the hadronic final state
X and the scattered electron e. From the primary vertex (labeled “PV” ) inside the interaction region the dark photon �0 emerges
and decays after some finite distance into the two charged particles f+ and f�.
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Disappearing track @ FCC-hh
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• Hit-time information at each silicon layers can be used for two purposes,
1. BG fake tracks (random-combination) decrease by requiring consistent 

time of pixel-hits on track.
2. Measure the velocity of a particle.

• Vertex time can be determined by other objects (e.g. jets)
• If hit-time resolution is 20 ps, velocity resolution for charginos could be ~6%.

• Interesting detector developments (AC-LGAD, Monolithic-LGAD…) are on-
going.
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Figure 2. Distribution of the reconstructed Wino mass for Sample Point 1, taking L(min)
T,2 = 10 cm

(left) and 5 cm (right) in a single experiment with the integrated luminosity of L = 10 ab−1.

with an isolated lepton4 because it may originate from the decay of W -boson. Thus, for

the Wino mass determination, we use the events satisfying the following conditions (as well

as Requirements 1, 2 and 3 in the previous section):

(1a) There exists a charged Wino with LT > 10 cm and β < 0.8.

(1b) There exists no isolated lepton.5

We calculate the reconstructed Wino mass m(rec)

W̃
for all the charged Winos satisfying (1a).

In figures 2, 3, and 4, we show the distribution of the reconstructed Wino mass for

Sample Points 1, 2, and 3, respectively, where not only L(min)
T,2 = 10 cm but also 5 cm cases

are shown as explained before. As mentioned earlier, the Wino with L(min)
T,2 = 5 cm is not

used for the mass determination; it is used to show impact on the mass determination from

altering the event selections. This is also the case for Bino and gluino. For Sample Points

1 and 2 (Sample Point 3), we take the integrated luminosity L of 10 ab−1 (30 ab−1). The

peak of the distribution is close to the true Wino mass. In order to determine the position

of the peak, we use a fitting function in the form of a Gaussian function plus a constant:

dN

dm(rec)
= A exp

[
−(m(rec) − m̄)2

2σ2

]
+ C, (4.4)

4A term of lepton used in the selection means electrons and muons.
5For the detection and isolation of leptons, we adopt the default condition of Delphes defined in the card

FCChh.tcl: a charged lepton is detected with some non-zero tracking efficiency if its momentum satisfies

pT > 0.5GeV and |η| < 6. It is also considered to be isolated if the scalar sum of the pT values of particles

that surround it within a cone of radius
√

∆η2 +∆φ2 < 0.3 and possess pT > 0.5GeV, divided by its pT ,

is less than 0.1 (0.2) for an electron (a muon).

– 10 –

Time information @ FCC
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Reconstructed 2.9 TeV wino mass by 
timing @ FCC-hh 30 ab-1

https://indico.bnl.gov/event/7668/contributions/35795/attachments/27425/41920/SNOWMASS_DetectorRD.pdf
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HEPData
• Running experiments usually submit published-paper data to HEPData

• Numerical values of histograms and graphs
• Additional material for re-interpretation (efficiency, acceptance etc)
• Simplified C++/python code to reproduce the analysis.

• Why don’t we do also for studies on future colliders ?
• LLP studies often require significant code development for estimation 

of efficiency and acceptance.
• E.g. development of tracking code, special LLP event simulation, 

massive CPU-time for Geant4 simulation, etc.
• By sharing data would benefit/accelerate/promote future-collider 

studies.

• Actually, we put data from our paper (DT@FCC) on HEPData.
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Conclusion
• There are many proposals in Snowmass, which I couldn’t cover in this talk, 

please check them out!

• What is limiting the current search ? (Inefficiency of large radius tracks, 
track-level particle ID, displaced lepton, displaced-vertex resolution, time 
resolution or DAQ window…)
• It may be interesting to surveying from analysis experts on detector 

limitations, then to ask detector experts if we can improve.
• Such a wish-list may be useful for detector experts to develop new 

detector technologies.

• Designing an “LLP-builtin” detector would be fun!
• Freely thinking may result an spin-off for nearer-future, i.e. HL-LHC (?)
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