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Why are we here?

Our theories of nature are inconsistent with each other => new physics!

Gravity
Big Bang/
Inflation

Standard
Model

Dark Matter, 
Dark Energy

Matter/antimatter 
asymmetry

And the really big bad 
ghoul… nonlocality. But 
let’s not go there.



Possibilities 
& 

Capabilities



Why long lived particle searches?



Long-lived particles are generic

A very wide range of BSM models introduce long-lived and/or 
weakly coupled particles

R-parity violation 
Gauge mediation 
(mini-)split SUSY 
stealth SUSY

Asymmetric Dark Matter 
Freeze-in 
composite Dark Matter 
…

Baryogenesis 
Neutrino masses 
Neutral Naturalness 
Hidden Valleys

Other



LLP mass vs lifetime vs production

The bigger the mass, the smaller in general the coupling you 
have to impose to get a narrow width (long lifetime)

The details linking production and decay in this heavily depend 
on the specific LLP and the portal used to access it.



Collider vs. fixed target mode
Fixed target Collider

Advantages

Disadvantages

Production rate 
Collimated 
production & decay

No access to very 
heavy LLPs 
Big shielding 
required for bkg

Access to higher 
mass LLPs via e.g. 
Higgs portal

Uncollimated 
production 
Hard to instrument 
Hard to shield



Collider vs. fixed target mode
To put the production argument in some context,  
consider the SPS vs. HL-LHC, each over 5 years 

Charm Hadrons @ SPS : O(1018) 
Charm Hadrons @ HL-LHC : O(1016) 

Beauty Hadrons @ SPS : O(1014) 
Beauty Hadrons @ HL-LHC : O(1015) 

This is why SHIP is so great at LLPs produced in 
charm decays, while HL-LHC can compete for 
beauty and dominates for anything heavier



Distance versus solid angle coverage
Fixed target : collimated production

Collimated production and decay mean that solid angle coverage 
is largely independent of optimal decay volume. The geometry is 
dominated more by the required size of shield.



Distance versus solid angle coverage

Uncollimated production means that (unless you go very forward)  
the size of your detector goes quadratically with the distance 
from collision point. Hence MATHUSLA’s 200x200 m2… 



Reach complementarity

Forward or transverse dedicated experiments add significant 
complementary coverage to direct (HL)-LHC searches



Reach examples from LLP WP
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white paper

https://arxiv.org/abs/1903.04497
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Figure 5.35: Current and expected limits in the dark photon param-
eter space mixing e2 versus A0 mass [368]. The black line represents
current LHCb limits from Ref. [262], while grey-shaded regions
are existing limits from other experiments. Expected limits from
the proposed inclusive search with 50 and 300 fb�1 are shown in
shades of blue. The expected sensitivity of D⇤0 ! D0 A0(ee) at low
mass is shown in shades of green. The arrows indicate the available
mass range from light meson decays into e+e�g.

2 In the limit mA0 ⌧ mZ , the coupling
of the dark photon to SM particles
with charge Q is approximately Qee.

plementary signatures have been considered: an inclusive search
for BSM gauge bosons (dark photons) in A0 ! µ+µ�, and a search
for A0 using radiative charm decays D⇤0 ! D0 A0, A0 ! e+e�.
The inclusive search [335] scans a large region from the dimuon
threshold 2mµ all the way up to the Z pole. The second proposed
signature [376] exploits a tag of the radiative decay of the D⇤0 us-
ing its reconstructed invariant mass and a di-electron dark photon
final state to probe a much lower mass range allowed by the decay
kinematics, [2me,142 MeV]. For both signatures, searches for both
a prompt and a displaced dark photon vertex are carried out. The
prompt search is expected to probe mixing parameters e2 below
10�7 despite the large irreducible background from Drell-Yan and
QCD 2. Since the dark photons with masses above the h mass decay
promptly for couplings that are accessible within LHCb, no attempt
is made to probe displaced dark photons in that region.

An inclusive search for dark photons has already been per-
formed with LHCb data collected in 2016 [262]. This was possi-
ble due to the high reconstruction and identification efficiency of
soft di-muons at LHCb. These results demonstrated the unique
sensitivity that can be reached at LHCb. The planned increase in
luminosity and removal of the hardware-trigger stage in Run 3
should increase the number of expected A0 ! µµ decays in the low-
mass region by a factor of O(100 � 1000) compared to the 2016 data
sample. The limits placed by the current data and the sensitivity
expected with future LHC runs is shown in Figure 5.35.

The exclusive search for D⇤0 ! D0 A0, A0 ! e+e� is much more
challenging and not feasible prior to the upgrade, since the hard-
ware trigger and the higher material budget degrade the sensitivity.

https://arxiv.org/abs/1903.04497
https://arxiv.org/abs/1903.04497


Reach projections for HNL

 

Link to 
white paper

searching for long-lived particles beyond the standard model at the large hadron
collider 55

19 The proposed detector FASER would
also have the capability to reconstruct
such vertices [290].

arguments can be made in the case of heavy ion collisions [279].
This possibly enables LHCb to better probe the more challenging
tau channel. Figure 3.4 shows the overall expected reach of LHC
searches in the HNL coupling strength (for the muon channel) ver-
sus mass plane, using assumptions detailed in Ref. [277], similar to
those in Refs. [38, 43].
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Figure 3.4: Summary of projected experimental sensitivities to
HNLs in various experiments, in the coupling strength (U2 for
dominant mixing to nµ) vs. mass plane. The projections labelled
“LHC Run 3” and “HL-LHC” are for HNLs in W decays in general-
purpose experiments, and the one labelled “Mathusla” assumes the
full HL-LHC MATHUSLA dataset. We also show the recent CMS
result for the prompt tri-lepton signature [271]. Prospects at proton
beam-dump experiments are also shown for an already existing ex-
periment, NA62 [281], and for the planned experiment SHiP [282].
Existing constraints from direct searches are indicated as coloured
solid lines [283–287]. The lines labelled “Seesaw” and “BBN” show
lower theoretical constraints from the observed neutrino masses
(assuming a normal hierarchy) and primordial nucleosynthesis,
respectively [288]. The line labelled “BAU” is an upper theoretical
constraint in the nMSM model for accounting for baryon asym-
metry in the universe while the lightest HNL is a dark-matter
candidate [288].

The sensitivity of LHC experiments to HNLs is complementary
to that of fixed-target experiments which can probe lower couplings
thanks to high-intensity beams albeit at lower mass ranges (i.e., tar-
geting HNLs from c and b decays). The CERN SPS provides great
opportunities with the running NA62 experiment [289] and the
planned SHiP experiment [282], which comprise a vacuum decay
vessel and spectrometer tracker downstream of the target to recon-
struct vertices of long-lived neutral particles 19. These provide the
best sensitivity to HNL masses up to 2 GeV, where they probe a
region of the parameter space favored in models which simultane-
ously explain neutrino masses, matter-antimatter asymmetry and

https://arxiv.org/abs/1903.04497
https://arxiv.org/abs/1903.04497


Reach for ALPs

 

Link to CODEX-b EOI

II PHYSICS CASE C Minimal models

CODEX-b, 300/fb

LHCb, B→K(*)μμ

CHARM

REDTop, 1017 pot

E949

FASER2, 3/ab

KLEVER, 5·1019pot

MATHUSLA200, 3/ab w/ ϵfloor=10-5

CODEX-b w/ calo

0.05 0.10 0.50 1 5
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

10-7

10-6

10-5

10-4

10-3

10-2

10-1

ma[GeV]

c f g Y

ALP w/ universal fermion couplings, Λ=1TeV

FIG. 11: Reach of CODEX-b for fermion-coupled ALPs. The vertical axis on the left corresponds
to the couplings defined in Eq. (3), while the one on the right to the normalization used in the
PBC study [17]. The baseline (tracker only) CODEX-b design is shown as solid, while the gain by
a calorimeter option is shown as dashed. All the curves except for the other experiments except
MATHUSLA are taken from [17], after rescaling with to the di↵erent lifetime/branching ratio

calculation used here. The MATHUSLA reach is based on our estimates, see text for details.

The reach predictions are shown in Fig. 11 for a fermion-coupled ALP (BC10) and in

Fig. 12 for an ALP coupled to gluons (BC11), for the case of the nominal – i.e. tracker-

only – CODEX-b design. In this case, an ALP decaying only to neutral particles such

as photons is invisible, and highly boosted ALPs may decay to merged tracks, such that

the signature resembles more closely a single appearing track inside the detector volume.

For such a signature, the CODEX-b baseline design is not background-free; we use the

background estimates presented in Tab. III (see Sec. III below), corresponding to 50 events

of background in the entire detector in 300 fb�1. The CODEX-b reach with a calorimeter

option (shown here as a dashed line) is further discussed in Sect. V C.

The MATHUSLA estimates and the CHARM exclusion in Fig. 12 have been recomputed,

while all the other curves have been taken from [17], after rescaling them to the appropriate

lifetime and branching ratio expressions used in our plots. For MATHUSLA we used the

200 m⇥200 m configuration and assumed that a floor veto for upward going muons entering

the decay volume is available with a rejection power of 105. Based on the estimates of 107

upward going muons [63, 64], we therefore used 100 events as the background for unresolved

highly boosted ALPs.
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II PHYSICS CASE C Minimal models
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FIG. 12: Reach of CODEX-b for gluon-coupled ALPs. The vertical axis on the left corresponds
to the couplings defined in Eq. (3), while the one on the right to the normalization used in the
PBC study [17]. The baseline (tracker only) CODEX-b design is shown as solid, while the gain
by a calorimeter option is shown as dashed. See Fig. 34 for further information about how the
CODEX-b reach changes with di↵erent detector designs. FASER2 and REDTop curves are taken
from [17], after rescaling with to the di↵erent lifetime/branching ratio calculation used here. The
CHARM curve has been recomputed with the same assumptions used for the CODEX-b curve.

The MATHUSLA reach is based on our estimates, see text for details.

For the case of the fermion-coupled ALP we have further improved the lifetime and

branching ratio calculations compared to those used in Refs. [17, 65], by including the

partial widths of ALP into light QCD degrees of freedom, using the same procedure as in

Ref. [66]. The result is shown in Fig. 13. In particular in the 1 . ma . 2 GeV range, for a

given coupling the ALP lifetime is O(10) smaller than previously assumed, and the decays

are mostly to hadrons instead of muon pairs.

4. Heavy neutral leptons

Heavy neutral leptons (HNLs) may generically interact with the SM sector via the lepton

Yukawa portal, mediated by the marginal operator L̄iH̃N , or may feature in a range of

simplified NP models coupled to the SM via various higher-dimensional operators. In the

mN ⇠ 0.1–10 GeV regime, that we consider below, these models can be motivated e.g. by

explanations for the neutrino masses [67], dark matter theories [68], or by models designed

to address various recent semileptonic anomalies [69–71].
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Improved detectors at HL-LHC

Expect significant improvement in reach per luminosity!
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example, the low threshold of the single jet would require timing
information at early levels of the trigger, and out-of-time back-
grounds could also reduce the gains from timing information. Nev-
ertheless, this high-level theory analysis provides an inspiration to
the experimental collaborations to perform more detailed, internal
studies that will ultimately determine how realistic the projections
are.

In general, the prospect of improvements in LLP searches at the
HL-LHC due to precision timing upgrades for CMS (and ATLAS)
remains understudied, and deserves more comprehensive exper-
imental and phenomenological studies, including understanding
and reducing out-of-time backgrounds.
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Figure 5.27: Theory projection from Ref. [357] of the 95% C.L. limit
on BR(h ! XX), where X is an LLP, for the production of pp ! jh
with the subsequent decay of h ! XX and X ! jj subject to as-
sumptions in the text (one ISR jet with pT,j > 30 GeV and |hj| < 2.5,
and at least one LLP inside the detector). Different colors indicate
different masses of the particle X. The thick, long-dashed lines indi-
cate searches with the CMS MTD plus the timing requirements. The
thick solid and dotted lines indicate searches with a hypothetical
timing layer outside the ATLAS muon spectrometer plus timing
requirements. The numbers in parentheses are the assumed timing
resolutions. This provides motivation to see whether these gains
can be realized by studies from within the collaborations.

5.1.3.8 LLP Searches with a Level-1 Track Trigger in CMS

As discussed in Section 5.1.1, a central feature of the CMS upgrade
at the HL-LHC will be a new silicon outer tracker which allows
track reconstruction for every LHC bunch crossing (at a rate of
40 MHz). The pT selection for stubs (hit pairs in the pT modules of
the outer tracker) to be read out is determined by the bandwidth
from the detector to the back end electronics, and is fixed at about

searching for long-lived particles beyond the standard model at the large hadron
collider 91
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Figure 6.6: L1 tracking efficiency versus generated particle pT for |h| < 2.4 (left) and versus h
for pT > 3 GeV (right) for tt events in a scenario with 200 pileup events on average. Results for
muons (electrons) are shown as filled black (open red) circles.

Figure 6.7: Total L1 track rate for tt events with an average pileup of zero (black circles), 140 (red
triangles), and 200 (blue squares) events. Results are shown for scenarios in which truncation
effects are (markers) or are not (dashed lines) considered in the emulation of L1 track process-
ing. In all cases, the expected average track rates are easily accommodated by the downstream
L1 trigger system.

finding efficiency shown in Section 12.2.3.2. Specialised optimizations for electron tracking are
presently under study.

Figure 6.7 presents the total L1 tracking rate for tt events with average pileup scenarios of 0,
140, and 200 events. The growth of track rate with pileup reflects the increase in fake and
duplicate tracks due to combinatorics. The total rate for 200 pileup events on average should
be easily accommodated by the downstream L1 trigger.

The resolutions of the pT and z0 parameters of muons with pT > 10 GeV in tt events are shown
in Fig. 6.8 for various average pileup scenarios. The resolutions are defined in terms of an in-
terval centred on the residual distribution that contains 68% or 90% of the tracks. As expected,
resolutions degrade at forward pseudorapidity due to a corresponding increase in multiple
scattering. In general, L1 parameter resolutions are excellent, which will provide for robust
trigger object matching and charged particle reconstruction in the L1 trigger.
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Figure 5.2: Left: L1 tracking efficiency versus generated particle pT
for |h| < 2.4. Right: L1 tracking efficiency versus h for pT > 3 GeV.
Results for muons (electrons) are shown as filled black (open red)
circles, and are produced with tt̄ events in a scenario with 200 pile-
up events per bunch crossing, on average [342].
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Figure 6.8: Relative pT resolution (left) and z0 resolution (right) versus pseudorapidity for
muons in tt events with zero (black dots), 140 (red triangles), and 200 (blue squares) pileup
events on average. Results are shown for scenarios in which truncation effects are (markers) or
are not (lines) considered in the emulation of L1 track processing. The resolutions correspond
to intervals in the track parameter distributions that encompass 68% (filled markers and solid
lines) or 90% (open markers and dashed lines) of all tracks with pT > 3 GeV.

6.3.2 Offline tracking performance

Starting from 2026, the HL-LHC will achieve an instantaneous luminosity of 5 ⇥ 1034 cm�2 s�1,
with a bunch spacing of 25 ns, as described in Chapter 1. In each bunch crossing, the CMS
tracker will be traversed by around 6000 charged particles (inclusively, counting reconstructed
tracks with pT > 300 MeV), produced by about 200 collisions on average, and in those challeng-
ing conditions excellent tracking performance has to be maintained. In this section preliminary
results on the offline tracking performance over the full acceptance of the CMS tracker are pre-
sented. A brief description of the reconstruction method and of future developments is given
in Section 12.3.2.

Given that the CMS HLT tracking is based on the offline tracking code, a similar level of per-
formance is expected. Because of HLT time constraints, a parallelization of the algorithms is
already under development and will be applied also in the Phase-2 HLT track reconstruction.
This topic is discussed further in Section 12.3.2.4.

6.3.2.1 Tracking efficiency and fake rate

The performance of the track reconstruction can be summarized by the track finding efficiency,
the fake rate, and the resolution of the estimated track parameters. The exact definitions of
efficiency, fake rate, and resolution are provided in Section 12.3.2.2. Three simulated samples
have been used: single muons with a transverse momentum of 10 GeV and tt events, both
with superimposed minimum-bias events, as well as samples with highly energetic QCD jets
generated with 3.0 < pT < 3.5 TeV. Two pileup scenarios — denoted 140PU and 200PU —
are considered, where the number of pileup events is drawn from a Poisson distribution with
mean equal to 140 and 200, respectively.

Figure 6.9 shows the tracking efficiency for single muons. The efficiency is stable and close to
100% in the entire range of pseudorapidity, in both pileup scenarios.

Figure 6.10 shows the results for tracks from tt events in both pileup scenarios. The efficiency
and the fake rate for tracks with pT > 0.9 GeV are shown as a function of the pseudorapidity.
The distributions contain only tracks passing a certain set of quality requirements (referred to
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lines) or 90% (open markers and dashed lines) of all tracks with pT > 3 GeV.
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ing conditions excellent tracking performance has to be maintained. In this section preliminary
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formance is expected. Because of HLT time constraints, a parallelization of the algorithms is
already under development and will be applied also in the Phase-2 HLT track reconstruction.
This topic is discussed further in Section 12.3.2.4.

6.3.2.1 Tracking efficiency and fake rate

The performance of the track reconstruction can be summarized by the track finding efficiency,
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efficiency, fake rate, and resolution are provided in Section 12.3.2.2. Three simulated samples
have been used: single muons with a transverse momentum of 10 GeV and tt events, both
with superimposed minimum-bias events, as well as samples with highly energetic QCD jets
generated with 3.0 < pT < 3.5 TeV. Two pileup scenarios — denoted 140PU and 200PU —
are considered, where the number of pileup events is drawn from a Poisson distribution with
mean equal to 140 and 200, respectively.

Figure 6.9 shows the tracking efficiency for single muons. The efficiency is stable and close to
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and the fake rate for tracks with pT > 0.9 GeV are shown as a function of the pseudorapidity.
The distributions contain only tracks passing a certain set of quality requirements (referred to

Figure 5.3: Relative pT (left) and z0 resolution versus pseudorapid-
ity for muons in tt̄ events with zero (black dots), 140 (red triangles),
and 200 (blue squares) pile-up events per bunch crossing, on aver-
age. Results are shown for scenarios in which truncation effects are
(markers) or are not (lines) considered in the emulation of L1 track
processing. The resolutions correspond to intervals in the track pa-
rameter distributions that encompass 68% (filled markers and solid
lines) or 90% (open markers and dashed lines) of all tracks with
pT > 3 GeV [342].

significantly improved pT resolution. The transverse impact param-
eter resolution is also improved with respect to the current detector,
ranging from below 10 µm in the central region to about 20 µm at
the edge of the acceptance.

For tt̄ events, the efficiency to identify the primary vertex cor-
rectly is ⇠ 95% at an average pile-up level of 140, and ⇠ 93% at an
average pile-up level of 200. The vertex algorithm used is the same
as the one used in Run 2 for a pile-up of about 35, therefore it is
not yet optimized for vertex reconstruction at very high pile-up. In
Figure 5.5 the resolution of the vertex position in the x, y, and z co-
ordinates is shown as a function of the number of tracks associated
to the vertex. The vertex position resolution is almost independent
of the amount of pile-up in the event and the longitudinal resolu-
tion is only 50% worse than the transverse one, as expected given
the pixel dimensions of the inner tracker modules.

Given that the CMS HLT tracking is based on the offline tracking

CMS HL-LHC L1 
Track Trigger

https://arxiv.org/abs/1903.04497
https://arxiv.org/abs/1903.04497


Dark matter and top quarks

Many, particularly scalar, models favour interactions with top 
quarks; a rich variety of searches exists and is planned

BSM at HL-LHC 
yellow report
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Fig. 3.2.5: 95% C.L. exclusion limits in the m(a)�m(H±) plane following from our one-lepton (1L) and two-
lepton (2L) analysis shown as red and blue lines. The black curves indicate the bounds obtained by a combination
of the two search strategies. The used 2HDM+a parameters are indicated. The left (right) panels correspond to
300 fb�1 (3 ab�1) of

p
s = 14 TeV data. Systematic uncertainties of 20% (5%) on the SM background (signal)

are assumed.

correspond to a DM mass of m� = 1 GeV and the coupling choices gq = g� = 1, as recommended
by the ATLAS/CMS DM Forum (DMF) [219] and the LHC DM Working Group [215]. The estimated
95% C.L. exclusion limits are obtained from a 5-bin likelihood fit to the |cos ✓``| = tanh (�⌘``/2)
distribution. The inclusion of shape information is motivated by the observation that the distributions
of events as a function of the pseudorapidity difference �⌘`` of the dilepton pair is different for signal
and background [216]. At LHC Run-3 it should be possible to exclude DMF scalar (pseudoscalar)
models that predict a signal strength of µ = 1 for mediator masses up to around 200 GeV (300 GeV)
using the 5-bin likelihood fit employed in our study. It should be possible to improve the maximal mass
reach by roughly a factor of 2 when going from LHC Run-3 to the HL-LHC and from the HL-LHC to
the HE-LHC. The corresponding 95% C.L. exclusion limits on DMF scalar (pseudoscalar) mediators
are thus expected to be around 450 GeV (500 GeV) and 900 GeV (950 GeV) at the HL-LHC and
the HE-LHC, respectively. Another conclusion that can be drawn from our sensitivity study is that the
reach of future LHC runs depends strongly on the systematic background uncertainty, and as a result a
good experimental understanding of tt̄Z production within the SM will be a key ingredient to a possible
discovery of DM in the tt̄+ Emiss

T channel.
Using the recasting procedure described in Ref. [220], the sensitivity estimates presented in

Fig. 3.2.4 for the DMF spin-0 models can be translated into exclusion limits on next-generation spin-
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Collider vs direct DM

Plot is for ATLAS but similar for CMS. Adds particular value at 
low masses, although note that this plot is made for DM-SM 
couplings of O(1) so must be interpereted with care. 
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Fig. 3.2.3: Comparison of the 90% C.L. limits on the spin-independent DM-nucleon cross-section as a function
of DM mass between these results and the direct-detection experiments, in the context of the colour-neutral sim-
plified model with scalar mediator. The green contour indicates the 5� discovery potential at HL–LHC. The lower
horizontal line of the DM–nucleon scattering cross-section for the red (green) contour corresponds to value of the
cross section for m(�) = 430 GeV (m(�) = 105 GeV). The grey contour indicates the exclusion derived from
the observed limits for Run-2 taken from Ref. [213]. The results are compared with limits from direct detection
experiments.

total systematic uncertainty on the SM background is 14% for SRb,low/SRb,high and 13% for SR2`.
Exclusion limits are derived at 95%C.L. for mediator masses in the range 10�500 GeV assuming

a DM mass of 1 GeV and a coupling (g) of 1.0. The limits are shown in Fig. 3.2.2 for �/a ! ��̄
production in association with either bottom quarks or top quarks for L = 3 ab�1 at

p
s = 14 TeV. Also

shown for comparison are the corresponding limits at 13 TeV with 36.1 fb�1 taken from the previous
Run-2 analysis.

For �/a+ bb̄, the exclusion potential at the HL-LHC is found to improve by a factor of ⇠ 3� 8.7
with respect to Run-2. In the context of the 2HDM+a model with m(A) � m(a), sin ✓ = 0.35 and
y� = 1, the HL-LHC limits translate to an approximate upper bound on tan� ranging from ⇠ 19
for m(a) = 10 GeV to ⇠ 100 for m(a) = 500 GeV, significantly extending the current phase space
coverage. In final states with one or two leptonically-decaying top quarks, the mass range for which a
colour-neutral scalar mediator is excluded extends from 80 GeV to 405 GeV. Similarly, exclusion of
pseudoscalar masses up to 385 GeV is expected. In the case of the scalar mediator model, this represents
a factor of 5 improvement with respect to the 36 fb�1 13 TeV results in the same channel. An additional
improvement of approximately 3 is possible when considering a statistical combination of all relevant
top decay channels [214], which is not explored for the HL-LHC in this work.

For each DM and mediator mass pair, the exclusion limit on the cross-section for producing colour-
neutral scalar mediator particles can be converted into a limit on the cross-section for spin-independent
DM-nucleon scattering with the procedure described in Ref. [215]. Limits on the tt̄ + � model at
90% C.L., corresponding to exclusion of mediator masses up to m(�) = 430 GeV, are used for this
purpose. Fig. 3.2.3 shows the resulting constraints in the plane defined by the DM mass and the scat-
tering cross-section. The maximum value of the DM-nucleon scattering cross-section depicted in the
plot corresponds to the value of the cross section for a mediator mass of 10 GeV. The exclusion limits
at 90% C.L. are shown in red and the 5� discovery potential is illustrated in green. The lower horizon-
tal line in the green (red) contour corresponds to the value of the cross section for m(�) = 105 GeV
(m(�) = 430 GeV). Overlaid for comparison are the most stringent limits to date from several DM
direct detection experiments.
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Towards future colliders

Benefit from FCC-hh in these searches is clear 

BSM at HL-LHC 
yellow report

Fig. 3.1.5: Comparative reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the monojet channel for
wino-like (left) and Higgsino-like (right) DM search. The solid and dashed lines correspond to optimistic values
of the systematic uncertainties on the background estimate of 1% and 2% respectively, which might be achievable
using data-driven methods with the accumulation of large statistics.

95% C.L. Wino Higgsino
14 TeV 280 GeV 200 GeV
27 TeV 700 GeV 490 GeV
100 TeV 2 TeV 1.4 TeV

Table 3.1.2: Summary of DM mass reach at 95% C.L. for an EW triplet (wino-like) and a doublet (Higgsino-
like) representation, at the HL-LHC, HE-LHC and the FCC-hh/SppC colliders, in optimistic scenarios for the
background systematics.

colliders. Systematic uncertainties �B = 1�2% and �S = 10% are assumed. In Fig. 3.1.5 we compare
the reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the monojet channel for wino-like (left)
and Higgsino-like (right) DM search. The solid and dashed lines correspond to systematic uncertainties
on the background estimate of 1% and 2% respectively. Results are summarised in Table 3.1.2. In an
optimistic scenario, wino-like DM mass of up to 280, 700 and 2000 GeVis expected to be probed at
the 95% C.L., at the 14, 27 and 100 TeV colliders respectively. For the Higgsino-like scenario, these
numbers decrease to 200, 490 and 1370 GeV, primarily due to the reduced production cross-section.
Clearly, a 27 TeV collider can substantially improve the reach by a factor of two or more compared
to the HL-LHC, while improvement of another factor of three can be further achieved at the 100 TeV
collider.

3.2 Dark Matter and Heavy Flavour
When the mediator between the dark sector and the SM is a scalar or pseudoscalar one expects the
couplings to the SM to scale with the SM fermion mass. Thus, a natural place to look for DM production
is in association with pairs of top or bottom quarks, see Section 3.2.1 and Section 3.2.2. Alternatively, a
neutral vector mediator with flavour-changing interactions can produce DM in association with a single
top, see Section 3.2.3. Finally, scalar mediators may be searched for directly in four top final states, as
shown in Section 3.2.4.

3.2.1 Associated production of dark matter and heavy flavour quarks at HL-LHC
Contributors: M. Rimoldi, E. McDonald, F. Meloni, P. Pani, F. Ungaro, ATLAS

The prospects of a search for dark matter produced in association with heavy flavour (bottom
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French institutes
interests & plans



ATLAS

Disclaimer: based on contributions to the GT1 document…

Existing involvement in SUSY and direct, simplified-model-based 
DM searches by LPSC group. 

Involvement now extending to dark QCD searches, in which dark 
quarks hadronize into dark hadrons. Results in unusual, for example 
displaced, hadronic jets. 

Analysis work complemented by work on jet performance, and 
general effort on the upgrade of the ATLAS inner tracker by French 
ATLAS groups. 



CMS

Disclaimer: based on contributions to the GT1 document…

Existing work by IPHC group on stop pair and inclusive mono-top 
searches is now being expanded to LLPs. 

One interesting analysis is searching for low 𝛃-factor high-pT tracks 
with a large energy deposit in the tracker and a large TOF in the 
muon layers. This almost-stable charged LLP is generic in many BSM 
models. HL-LHC detector upgrades will help, in particular charge 
measuring tracker layers, timing layers, and the L1 track trigger. 

Analysis complemented by work on tracking, particularly for highly 
displaced tracks, and using machine learning techniques. 



LHCb

Disclaimer: based on contributions to the GT1 document…

Proposal by LPNHE group to build CODEX-b, beginning with a 
2x2x2 metre prototype, called CODEX-𝛃, in Run 3. 

Informal green light from LHCb subject to engineering drawings (in 
course of preparation) and sufficient people to assure maintenance. 

Prototype based on RPCs for ATLAS upgrade, collaboration with 
the Tor Vergata group. Calorimetry options are being studied for an 
eventual full detector.



Phenomenology & reinterpretation

Disclaimer: based on contributions to the GT1 document…

Because DM and LLPs are so generic in BSM models, new models 
constantly emerging. The French community is strongly involved in the 
conception of simplified models used by the experiments. 

Critical to reinterpret existing searches! Heavy involvement by the French 
community in tools for reinterpretation and recasting, notably 
MadAnalysis5, SmodelS, and the LHCiTools project. 

Fast detector simulation for LLP searches and a unified treatment of long-
lived and prompt signatures are key areas of work for the future. 
Automatising the description of simplified model topologies, and 
efficiently interpolating multidimensional efficiency maps will also be very 
important in this.



Conclusion
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Backups



Reach for magnetic monopoles

 

Link to 
white paper

searching for long-lived particles beyond the standard model at the large hadron
collider 139
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Figure 5.41: Magnetic monopole mass limits from CDF [426],
ATLAS [208] and MoEDAL searches [304, 419] as a function of
magnetic charge for various spins, assuming a Drell-Yan pair-
production mechanism.

to 25�). The ability to vary depth and angle enhances MoEDAL to
be able to distinguish between theoretical scenarios in the event a
signal is observed.

The first apparatus specifically designed to detect mini-charged
particles was the SLAC (Stanford Linear Accelerator Centre) “beam
dump”-type detector, comprising scintillator bars read out by pho-
tomultiplier tubes [429]. MoEDAL’s new detector, shown in Fig-
ure 5.42, and milliQan (discussed above in Section 5.3.3) proposed
for deployment near to the CMS detector [95] also designed to
search for milli-charged particles, both have a design that harks
back to the original SLAC detector. In order to reduce backgrounds
from natural radiation the photomultiplier tubes and scintilla-
tor detectors of the MoEDAL apparatus will be constructed from
materials with low natural backgrounds currently utilised in the
astroparticle-physics arena. Its calibration system utilises neutral
density filters to reduce the received light of high incident muons
that manage to penetrate to the sheltered detector from the interac-
tion point, in order to mimic the much lower light levels expected
from particles with fractional charges.

MoEDAL is also planning another new sub-detector called
MALL (MoEDAL Apparatus for detecting extremely Long Lived
particles) [428]. In this case MoEDAL trapping volumes, after they
have been scanned through the ETH Zurich SQUID facility to iden-
tify any trapped monopole will be shipped to a remote under-
ground facility to be monitored for the decay of pseudo-stable mas-
sive charged particles that may also have become trapped. MALL is
the detector that monitors MoEDAL trapping volumes for decays of

https://arxiv.org/abs/1903.04497
https://arxiv.org/abs/1903.04497


Distance versus lifetime coverage

Being far away isn’t even really helpful for probing longer 
lifetimes, since for very long lifetimes the exponential looks 
almost flat anyway. What really matters is your volume/lumi.
Of course if you see a signal, you’ll struggle to measure its 
lifetime without a deep detector or precise timing… 

10 m from IP 50 m from IP

ετ(10m) = 0.4% 

ετ(100m) = 5.8% 

ετ(1000m) = 1.0%

10m

ετ(10m) = 23% 

ετ(100m) = 8.6% 

ετ(1000m) = 1.0%



A kingdom for a magnet

In fixed target mode on the other hand, even if your distance 
to the first measured point is large, all decay products go in 
a small geometrical cone, so quite possible to add a magnet

Fixed target : easy!



The quest for zero background

Considerations : size of shield, active layer for in-shield 
secondary production, vacuum decay vessel or calorimeter style 
detector (?), magnet or timing/calorimetry for reconstruction?


