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Outline
• Motivation for LLPs 

• Signatures 

• Disappearing tracks - LHC to CLIC 
‣ Side remark: above threshold reach at lepton coll. 

• Appearing (emerging) tracks  
‣ Side remark: Id of exotic objects inside jets? 
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Lifetimes and track lengths
• Rest frame lifetime 

• Nominal decay length 

• Lab frame 

• To touch tracker
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Lifetimes and track lengths
• Decay law 

• Long lifetime 

• Short lifetime 
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Motivation
• Minimal models (of dark matter) 

• Freeze in (dark matter) 

• Dark Sectors (dark matter) 

• Twin Higgs (dark matter?) 

• RPV SUSY 
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Minimal (Higgsino) DM
• SM + single weak multiplet (with neutral state) 

• Relic abundance  
function of mass  
only 

• Radiative mass  
splitting 

‣ Order cm lifetime of charged state
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Figure 5: Cosmological freeze-out abundance of the fermion doublet with Y = 1/2 (‘Higgsino’).
Plots have the same meaning as in fig. 2, except that since non-perturbative corrections negligibly
affect the cosmological abundance we do not show details of the computations.

M ≈ 3.8 TeV after including p-wave and RGE corrections (perturbative result in fig. 4a),
and increases up to almost M ≈ 10 TeV after including the non-perturbative Sommerfeld cor-
rections. Fig. 4d shows that Sommerfeld corrections are mostly relevant when T ≫ ∆M , such
that bound states are not expected to play a relevant rôle.

The scalar quintuplet with Y = 0.

As in the scalar triplet case, is plausible to assume that the quartic coupling with the Higgs
is negligibly small, because it is not generated by RGE effects. The V and Γ matrices are
related to those relevant for the fermion 5-plet as described in section 2.1. Non-perturbative
corrections increase the value of the mass M that reproduces the cosmological abundance from
M ≈ 5.0 TeV [6] to M ≈ 9.4 TeV.

The scalar eptaplet with Y = 0.

This is the smallest scalar multiplet that is automatically stable (its cubic scalar coupling
identically vanishes) and contains a MDM candidate compatible with all bounds. Again, it is
plausible to assume that the quartic coupling with the Higgs is negligibly small. Although we do
not show dedicated plots nor the V and Γ matrices, we computed non-perturbative corrections
finding that they increase the value of the mass M that reproduces the cosmological abundance
from M ≈ 8.5 TeV [6] to about M ≈ 25 TeV.

The fermion doublet with Y = 1/2 (‘Higgsino’).

It is not automatically stable, and, having Y ̸= 0, is excluded by direct DM searches. Nev-
ertheless, we consider it because n = 2 is the smallest multiplet, and because it is present in
supersymmetric models. The first problem can be solved by imposing a suitable symmetry, and
incompatibility with direct detection experiments can be avoided by assuming a mass mixing
with a neutral Majorana singlet (automatically present in supersymmetric models and known
as ‘bino’). We assume that this mass mixing is small enough not to affect the observables
we compute. An almost-pure Higgsino LSP is realized in corners of the MSSM parameter
space: it behaves as Minimal Dark Matter in the sense that its properties are not dictated by
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Freeze-in DM
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM
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Hall, Jedamzik,  
March-Russell, West, 2009

WIMP
Thermal abundance
in early universe

“FIMP” 
Never in thermal 
equilibrium
 = tiny coupling!

Both can give
correct relic
abundance
today



Freeze-in DM
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Dark Sector
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• Asymmetric 
dark matter 

• DM mass and 
stability  

• Many similar 
models, e.g. 
hidden valleys 
(Strassler, Zurek), 
twin Higgs 
(Chacko, Goh, 
Harnik)

Bai, PS, PRD, 2014

visible sector dark sector



Dark Sector
• Asymmetric DM motivates 
‣ e.g. 
 
   

• Dark pion lifetime possibly macroscopic
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Others
• Twin Higgs 
‣ long lived twin-glueballs through the Higgs portal 

• RPV SUSY 
‣ long lived states if breaking is small, many possible 

signatures 

• Co-annihilation 
‣ e.g. long lived gluinos, staus, … 
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Disappearing Tracks 
(kinked tracks)
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How does a track disappear?
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How does a track disappear?
• Depends on  

detector thresholds 

• B-field off 
data (ok this  
is old now) 

• But first 
we have  
to see it!
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Table 2 Summary of selection cuts and data reduction. The selection
efficiencies for each AMSB signal model are also shown.

Selection Data Signal efficiency [%]
LL01 LL02 LL03

Trigger selection and non-
collision rejection 1491012 90.2 90.2 89.3

e/µ veto 1390171 77.1 75.2 73.7
EmissT > 130 GeV 80971 67.9 68.8 69.4
Jet pT requirements 18345 66.5 68.1 68.8
High-pT isolated track 6042 40.8 42.9 43.5
Disappearing track 185 6.8 7.5 7.4

– Charged hadrons (mostly charged pions) interactingwith
material in the TRT detector.

– Low-pT charged particles whose pT is badly measured
due to scattering in the inner detector material.

The two categories are labelled as “high-pT interacting hadron
track” and “bad track” backgrounds, respectively. Fig. 2 shows
schematically the origins of disappearing high-pT tracks.
According to theMC simulation, high-pT interacting hadron
tracks were responsible for more than 95% of the background
tracks. Electrons having low pT can be classified as disap-
pearing tracks due to bremsstrahlung, however, the contri-
bution of these tracks was negligibly small after the lepton
veto and the track selection criterion (5).

Fig. 2 Origins of disappearing high-pT tracks.

The fraction of events containing these background tracks
is expected to be ∼ 10−4; background estimation based on
the MC simulation would therefore suffer from large uncer-
tainties due to the lack of sufficient MC statistics and also
from the difficulty in simulating the properties of these back-
ground mechanisms. A data-driven background estimation
technique was therefore used to estimate the background
track pT spectrum, which used control samples enriched in
the two background categories. The main contribution to
the high-pT interacting hadron background originated from
charged hadrons in jets and τ hadronic decays. In the pT
range above 10 GeV, where inelastic interactions dominate,

the interaction rate has nearly no pT-dependence [29]. There-
fore, the pT spectrum of interacting hadron tracks was ob-
tained from that of non-interacting hadron tracks. By adopt-
ing the same kinematic selection criteria as those for the
signal and ensuring penetration through the TRT detector
by requiring NouterTRT > 10, a pure sample of high-pT non-
interacting hadron tracks was obtained. The contamination
from bad tracks and any chargino signal was removed by re-
quiring the calorimeter activity associated to the track,∑∆R<0.1
EclusT / ptrackT , to be larger than 0.3, where ptrackT is the pT of
the track and ∑∆R<0.1EclusT is the sum of cluster transverse
energies in a cone of ∆R= 0.1 around the track. Simulation
studies indicated that the pT spectrum of bad tracks depends
little on the production process. A sample with an enhanced
bad track contribution was therefore obtained with the same
track quality requirements as for the chargino track, but re-
quiring EmissT < 100 GeV. The EmissT requirement makes this
sample orthogonal to the signal search sample. In addition,
the number of pixel hits associated to the track was required
to be zero, and ∑∆R<0.1EclusT /ptrackT < 0.3 in order to re-
ject possible contributions from high-pT interacting hadron
tracks and to enhance the purity of bad tracks. The require-
ment on the number of pixel hits had negligible impact on
the shape of the reconstructed pT spectrum. The purity of
bad tracks was close to 100% after these requirements.

An ansatz functional form (1+ x)a0/xa1+a2 ln(x) was fit-
ted to the pT spectrum of the control sample of the high-
pT non-interacting hadron tracks, where x ≡ ptrackT and ai
(i = 0,1,2) are fit parameters. Fig. 3(a) shows the track pT
distribution and the shape derived from a maximum likeli-
hood fit. Alternative fit functions gave shapes that agreed
with each other and with the original form within the fit un-
certainties. The choice of functional form in this analysis
was based on the χ2 values.

Bad tracks could have anomalously high values of pT
and become a significant background. Therefore, for the bad
track background shape, a flat term representing the high-pT
tail was added to give an estimate in the region of interest.
The resulting functional form was (1+x)b0/xb1+b2 ln(x)+b3,
where bi (i = 0,1,2,3) are fit parameters. The shape of the
bad track background is shown in Fig. 3(b).

6 Signal extraction and constraints on the AMSB
chargino

In order to evaluate how well the observed data agree with a
given signal model, a statistical test was performed based on
a maximum likelihood. The likelihood function for the sam-
ple of observed events (nobs), using the track pT, is defined
as:
nobs
∏

µsnexps Ls+ nb{(1− fbad)Lhad+ fbadLbad}
nb+ µsnexps

, (1)

from ATLAS 1202.4847



Higgsino projections

• Assumption: 100% track efficiency at 10cm  
Moriond a week later: 12 cm is possible!
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Figure 9: Reach for a high-luminosity run of LHC14, with L = 3000 fb�1 integrated lu-
minosity in (a) conventional analysis with and without (specified) improvements in tracker
granularity close to the beamline. We assume 50% background systematics , with estimated
uncertainties (details in text) in the 5� exclusion (2� discovery) contours shaded in blue
(green). The yellow shaded region corresponds to the ATLAS 8 TeV limit for pure Wino
states. (b) E↵ective cross section (defined in text) required for 35 charged-track events in
conventional analysis at LHC14-HL, corresponding to a (conservative) 5� discovery reach.
(c) Number of disappearing charged tracks satisfying selection criteria in central TB anal-
ysis. (d) Number of disappearing charged tracks satisfying selection criteria in forward TB
analysis. The dashed line corresponds to the nominal decay length for to pure Higgsino
states.

in figure 9. The backgrounds for the conventional analysis, panel (a), were estimated as
before, with the ATLAS 8 TeV limits on a pure Wino state in the same channel are shaded
in yellow. Recall that that the production cross section of the Wino is larger than that
of the Higgsino by a weak group Casimir factor. We also show our LHC14-HL projection
with unchanged tracking capability in the same plot for reference. We see that increasing
the tracker granularity below r = 10 cm as proposed above can result in a factor of 3
increase in sensitivity at LHC14-HL, extending the discovery reach down to c⌧ ⇠ 20 cm
for m� = 600 GeV. In this lower-energy environment the central TB analysis (figure 9(c))

– 14 –

Higgsino

Mahbubani, PS, Zurita, 2017



• Can cover thermal Higgsino mass range at FCC-hh 

• Mono-jet seems to fall short

Higgsino projections
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Figure 5: Results of conventional analysis: (a) E↵ective charged particle production cross
section (definition in text) required in order to obtain 10 disappearing charged track events
in conventional analysis at r = 10 cm, and (b) number of disappearing charged tracks
and sensitivity, normalized to the NLO pair-production cross section of a weak-doublet
fermion with Dirac mass m� and nominal decay length c⌧ . The plots are for a pp collider
at

p
s = 100 TeV with 3000 fb�1 of integrated luminosity. The c⌧ corresponding to a

pure-Higgsino state is shown as a dotted line. Superimposed onto the right panel (grey
shaded region) is the FCC-hh sensitivity in this channel for a 50% background systematic,
with the estimated uncertainties in the 5� (2�) contours shaded in blue (green).

particle.9 We see for instance, that obtaining 10 charged tracks at r = 10 cm for TeV-scale
charged particles and c⌧ between 5 and 10 mm would require a cross section of ⇠ 100 fb,
in the correct ball-park for weak production.

We also show in figure 5(b) contours of the total number of charged tracks as function of
c⌧ , assuming a 100%-e�cient disappearing track selection at r = 10 cm. This is normalized
to the NLO production cross section for a weak-doublet fermion with Dirac mass m�, at
a 100 TeV pp collider with 3000 fb�1 of integrated luminosity. In both cases the c⌧ for a
pure-Higgsino state is shown as a dotted line.

Converting a number of tracks to a discovery/exclusion significance requires some
knowledge of the size of SM backgrounds to this process. There are essentially no real
backgrounds satisfying the analysis criteria.10 Fake backgrounds consist of interacting
hadron tracks, leptons failing identification criteria at low track pT , and tracks with mis-
measured pT due to “a high density of silicon hits, hadronic interactions and scattering”[28]
at large track pT . These fakes are not well-described by Monte Carlo simulations at the

9Caution must be exercised in applying the results to charged particles produced in cascade decays,
whose boost spectrum is instead set by the mass di↵erences between the parent and daughter particles, and
could be unlike that of a particle pair-produced at threshold.

10In principle a very boosted charged B-hadron could give rise to a disappearing track if it passed most
of its momentum to its neutral decay products. While the probability of a parent with pT > 1 TeV to
decay to a charged state with momentum below the detection threshold is already vanishingly small, the
neutral decay products would still leave large energy deposits in the calorimeters so even those events could
be removed e�ciently with suitable isolation cuts. What remains are events where the hadron decays to
a charged state and missing energy (i.e. neutrinos), which is suppressed in the SM due to the absence of
flavour-changing neutral currents.

– 10 –

Mahbubani, PS, Zurita, 2017



Wino (triplet)
• Thermal DM mass range ~ 3 TeV in reach of FCC-

hh, requires disappearing tracks
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Figure 10. Indication of the current bounds and future prospects for the elec-
troweak triplet Dark Matter candidate. Solid contours show the current bounds.
Dashed contours refer to the reach of future experiments. For the collider analysis
we have considered the 95 % CL sensitivity. For definiteness, at a 100 TeV collider
we show the reach for L = 3 ab�1 and 1% of background systematics. As discussed
in the text, for disappearing tracks the estimate of the background at future col-
liders is particularly challenging. In this case, the reach refers to a moderate choice
of the background uncertainty (the dashed line in Fig. 7).

running of the quartic coupling of the Higgs, stabilizing the Higgs vacuum.
Moreover, it does not introduce large radiative corrections to the Higgs mass,
and it helps to achieve the unification of the gauge couplings. This particle
emerges also in more general scenarios, like SUSY models [33, 36–42], GUT
constructions [34], and also in other contexts [87, 88].

Searches of this Dark Matter candidate with Direct Detection experiments
are challenging, since the loop-induced scattering cross-section o↵ nuclei is
very small, well below the sensitivity of current experiments. Indirect Detec-
tion strategies are more promising. Gamma-rays and anti-protons observa-
tions exclude the range M� . 1 TeV and 1.7 TeV . M� . 3.5 TeV, although
we remind that these limits are subject to large astrophysical uncertain-
ties. Moreover they hold under the assumption that the electroweak fermion
triplet accounts for all of the observed Dark Matter abundance. Likely, new
astrophysical observations will improve current Indirect Detection bounds in
the near future.

In this work we have studied the reach of future proton colliders for
the electroweak fermion triplet. We have focussed on two scenarios: Lhc at

22

Cirelli, Sala, Taoso, 2014
see also Low, Wang, 2014



CLIC thoughts
• Disappearing tracks are essential for mass reach at hadron 

colliders 

• For CLIC, the reach is probably close to  

• No boost near threshold, bad for < cm lifetimes 

• Tracklets to see all states, measure mass difference? 

• Alternative? photon energy scan? 

• How many tracker layers do we have to hit? dE/dx to 
discriminate from lighter charged tracks? 

• Can we see the soft pion? 
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Precision constraints
• Can we constrain masses above  

• Vector-like multiplets don’t  
contribute to S & T  
parameters, but to W,Y 

• Need below percent  
precision on  
at threshold 

• Contribution grows with energy - scan to cancel 
systematics? 
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Energy helps accuracy: electroweak precision tests at hadron colliders
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We show that high energy measurements of Drell-Yan at the LHC can serve as electroweak
precision tests. Dimension-6 operators, from the Standard Model E↵ective Field Theory, modify the
high energy behavior of electroweak gauge boson propagators. Existing measurements of the dilepton
invariant mass spectrum, from neutral current Drell-Yan at 8 TeV, have comparable sensitivity to
LEP. We propose measuring the transverse mass spectrum of charged current Drell-Yan, which can
surpass LEP already with 8 TeV data. The 13 TeV LHC will elevate electroweak tests to a new
precision frontier.

Introduction.— Hadron colliders are often viewed as
“discovery machines.” They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exemplified by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The flaws in this argument are well known to practi-
tioners of E↵ective Field Theory (EFT). Probing heavy
new physics, described by a mass scale M , at energies
E ⌧ M , gives a correction to observables scaling as
(E/M)n, for some n � 0. For those observables with
n > 0, hadron colliders benefit from the high CoM en-
ergy [2–7]. Is the energy enhancement at hadron colliders
su�cient to beat the precision of lepton colliders?

We address this question within the SM EFT [8, 9].
We study the e↵ect of “universal” new physics [10–12] on
neutral and charged Drell-Yan (DY) [13] processes: pp !
`+`� and pp ! `⌫. Universal theories include scenarios
with new heavy vectors that mix with SM ones [14–19],
new electroweak charged particles [20], and electroweak
gauge boson compositeness [21]. The e↵ects of universal
new physics on the DY process can be parameterized
as modifications of electroweak gauge boson propagators
and encapsulated in the “oblique parameters” [22]. At
leading order in a derivative expansion they correspond
to Ŝ, T̂, W, and Y [10], which modify the �, Z, and W
propagators. The e↵ects of Ŝ and T̂ on DY processes do
not grow with energy, making it di�cult for the LHC to
surpass stringent constraints from LEP [1]. On the other

hand, W and Y, which are generated by the dimension-6
operators of table I, give rise to e↵ects that grow with
energy.

We find that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [23–
29], Parton Distribution Function (PDF) determination,
and NNLO calculations [30–36]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and find spectacular reach to probe W and Y.
While we propose to use DY for electroweak preci-

sion tests, previous studies have shown DY can probe
4-fermion contact operators [37–44], the running of elec-
troweak gauge couplings [45, 46], and quantum e↵ects
from superpartners [47, 48].

universal form factor (L) contact operator (L0)

W � W

4m2
W
(D⇢W

a
µ⌫)

2 � g22W

2m2
W
JL

a
µJL

µ
a

Y � Y

4m2
W
(@⇢Bµ⌫)

2 � g21Y

2m2
W
JY µJY

µ

TABLE I. The parameters W and Y in their “universal” form
(left), and as products of currents related by the equation of
motion (right). We dropped corrections to trilinear gauge cou-
plings.

EWPT from DY.— The 4 parameters Ŝ, T̂, W, and Y
modify the SM neutral (�, Z) and charged (W±) vector
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Appearing Tracks 
(displaced vertices, emerging jets, etc)
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Signatures
21

displaced dijet emerging jet

R =

mediator mass

dark pion masses

R & 1 R � 1

• Third direction: Conformal behaviour, spherical “jets”

PS, Stolarksi, Weiler, JHEP 2015

AKA soft bombs, see Knapen, Pagan Griso, Papucci, Robinson, 2016



Reach ATLAS/CMS

• Optimistic scenario (no non-collisional BGs) 

• More realistic studies under way at ATLAS/CMS
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Figure 10: Region of lifetime and mediator mass parameter space probed with 100 fb�1 (top
row) and 3000 fb�1 (bottom row) at the 14 TeV LHC. For each model we show 2� (dashed)
and 5� contours (solid) in the M

X

� c⌧
0

plane, assuming a systematic uncertainty of 100% on
the background. The di↵erent colors correspond to requiring E(1 GeV, 0, 3 mm) � 2 (blue) and
E(1 GeV, 0, 100 mm) � 2 (red).
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Simplified models
• Successful way to present collider searches in a 

less model dependent way 
‣ Two masses (DM & mediator) and two couplings 

• Minimal extension to include displaced decays 
‣ Add second “dark” state with mass 

‣ Lifetime 

• Underlying models e.g. “GMSB SUSY”, freeze-in 
DM, twin Higgs dark sectors
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Buchmuller, De Roeck, Hahn,  
McCullough, PS, Sung, Yu, 2017



Signatures

• X can be any set of SM particles 

• Can also imagine charged 

• UFO files available, download 
and start doing CLIC studies!
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Simplified DM Models

Variables DM candidate Interaction
m� Dirac Vector
m1 Majorana Axial-Vector
g� Scalar-real Scalar
g� Scalar-complex Pseudoscalar
Extension Displaced Signature

⌧ , m2 Decay of �2 ! �1X

TABLE I. Overview of the di↵erent building blocks that form simplified DM models. The lower part of this table lists the
kinematic variables, lifetime (⌧) and mass (m2) of the excited state �2 and its decay �2 ! �1X, which are required to add the
displaced signature to the standard simplified DM models.

�2

�1

X

X

�2

�1

�2

�1

X

X

�2

�1

(a) (b)

FIG. 1. Collider signatures of displaced DM. (a) A pair of displaced vertices is observed with a single state X produced at
each vertex. (b) A pair of displaced vertices is observed with a collection of states X produced at each vertex. In both cases
the DM will typically carry away missing energy, which is a smoking gun for displaced DM production.

structure of the mediator is chosen to be either a Vector, Axial-Vector, Scalar or Pseudoscalar interaction. Table II A62

gives an overview of the di↵erent building blocks that form simplified DM models that are currently used to interpret63

DM searches at colliders (see [1, 2] for further details). In this paper we assume that the DM particle �1 is a Dirac64

fermion and focus on s�channel exchanges OB: is this correct?.6566

These parameters are encoded in the central red dot illustrated in Fig. 1 OB: not sure I understand what is67

meant here? Seems not really to ref to Fig 1 and capture the relevant properties of the production of the68

long-lived neutral particle. Importantly for triggering considerations, this also economically allows for the inclusion69

of initial state radiation in the same way as for the mono-X signatures required of DM searches.70

Although the simplified model approach has proved to very useful to perform a systematic and well-defined chara-71

teristation of DM searches at colliders, there are well-known limitations to this framework that will also apply to72

the displaced vertices framework studied here. inparticular, comparing simplified models with more UV-complete73

models, if there are any signatures present in the complete model as a result of the richer spectrum of states, such as74

cascade decays in SUSY scenarios, then the simplified models strategy may miss signatures that turn out to be the75

most constraining. As a result we would advocate the simplified models approach as complementary to the study of76

complete models, but not as a substitute.77

B. Displaced Vertices Simplified Models78

In this section we will will augment the simplified DM models. The usual DM candidate in simplified models is79

now identified as an excited dark sector state � ! �2. We then add to the model the true stable DM state �1,80

with an additional coupling to �2 and SM states, to allow the decay �2 ! �1 + X, where X is a SM object, which81

could be individual or multiple particles. This setup is depicted in Figure 1. We have now introduced two additional82

parameters: the mass of the DM state m1 and the coupling g12 which enables the decay of �2. However, we will now83

argue that the latter should be traded instead for the more physical parameter ⌧ , which describes the lifetime of the84

excited state.85

�2

Buchmuller, De Roeck, Hahn,  
McCullough, PS, Sung, Yu, 2017



Typical LHC problems
• Triggering 
‣ Conventional triggers (e.g. ISR). Efficiencies unclear 

due to cleaning cuts 

‣ Dedicated LLP triggers (lower bandwidth, efficiency) 

• Pile-up 

• Large QCD backgrounds, can look like almost 
anything
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Opportunities at CLIC
• Drop distinction between single displaced objects and 

displaced jets 
‣ Find each dark pion! 

• No triggers - find anything which is not SM?  

• Segmented calorimeters, ideal to find displaced energy 
deposits 

• Non-resonant or light, weakly coupled mediators?  

• Study dark sector properties, dark sector spectroscopy, 
… 

26



Summary
• Long lived particles appear in many BSM scenarios, often 

related to dark matter or baryogenesis (not discussed) 

• Unconventional collider signatures - dedicated searches 
can be very sensitive, background free 

• CLIC detector design looks very good: 
‣ no triggers 

‣ close to beam line 

‣ segmented calorimeters (also granular ecal?) 

• MC implementations available, for detailed studies!
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Signatures
29

9

so where do we start?

24 April 2017Heather Russell, McGill University

displaced leptons, 
lepton-jets, or 
lepton pairs

displaced 
multitrack vertices

multitrack vertices in the 
muon spectrometer

quasi-stable 
charged particles

trackless, 
low-EMF jets

emerging jets

non-pointing 
(converted) photons

disappearing or 
kinked tracks

from talk by H. Russel (ATLAS)

@ Long Lived Particle

workshop, CERN, 2017



Where does LHC struggle
• Higgs portal DM 
‣ Above threshold (                         ) very limited reach 

even for 100 TeV pp collider 

• Weakly interacting DM 
‣ Minimal DM 

‣ Wino, Higgsino, Bino; mixed scenarios 

‣ Difficult regions often covered by direct or indirect 
detection - even then a laboratory production of DM 
would be highly beneficial

30
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Where does LHC struggle II
• Annihilation mostly into leptons, e.g. 

‣ gauged lepton number portal (1305.1108) 

‣ leptophilic DM 

‣ gauged Lμ-τ portal  

• Light, very weakly coupled mediators (dark photon… ) 

• Flavoured DM(?) 

• sterile neutrinos (and axions etc…)
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Weakly coupled states
• Direct reach usually close to           at FCC-ee 

• Not enough to cover e.g. thermal Higgsino region  
(1.1 TeV) 

• Use precision instead?  
Factor 10 improved  
constraints on STU  
parameters 

‣ e.g. 1404.4398, could  
probe new vector-like states up to 500 GeV or more 

• Precision also in pp machines (e.g. 1609.08157)
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Electroweak precision constraints at present and future colliders Jorge de Blas
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Figure 1: (Left) 68%, 95%, and 99% probability contours for the S and T parameters. (Center) 68% and
95% probability contours for S and T fixing U = 0, together with the individual constraints from MW , the
asymmetry parameters sin2 q lept

eff , Ppol
t , A f , and A0, f

FB with f = `,c,b, and GZ . (Right) Expected sensitivities to
S, T, U at future colliders. Different shades of the same colour correspond to results including or neglecting
the future theoretical uncertainties.

the future SM theoretical uncertainties would still be a limiting factor, reducing the sensitivity to
S, T, U in some cases by up to a factor of 2.

Result Correlation Matrix

S 0.09±0.10 1.00
T 0.10±0.12 0.86 1.00
U 0.01±0.09 �0.54 �0.81 1.00

Table 2: Results of the fit for the oblique parameters
S, T , and U .

Result Correlation Matrix

S 0.10±0.08 1.00
T 0.12±0.07 0.86 1.00

Table 3: Results of the fit for the oblique pa-
rameters S and T , fixing U = 0.

Motivated by the �2.6 s discrepancy in A0,b
FB, it is interesting to consider the possibility that

the leading NP effects in EWPO manifest in extra contributions to the Zb̄b couplings,

gb
a = gb SM

a +dgb
a, a = L,R or V,A. (3.1)

The results of the fit to EWPD provide four solutions for dgb
a, but two of them are disfavored by the

heavy flavour LEP2 data. The two surviving solutions are characterized by a relatively small dgb
L,

due to the Rb constraints, and a sizable contribution to dgb
R, needed to solve the A0,b

FB anomaly. In
Tables 4 and 5 and Fig. 2 we show the results for the solution that is closer to the SM. While current
data is barely consistent with the SM at 95% probability, the order of magnitude improvement at
the FCCee or CepC —also shown in Fig. 2— would allow to confirm whether the A0,b

FB is a probe
of NP or simply an outlier.

Next we study the EWPD constraints on NP models whose leading observable effects appear
in modifications of the Higgs couplings (see, e.g., Ref. [6]). Assuming the new dynamics respects
custodial symmetry, the deviations in the Higgs to vector boson couplings can be parameterized by
a single scale factor kV (kV = 1 in the SM). This induces the leading effects in EWPO, in the form
of logarithmic contributions to the S and T parameters [7]. From the fit results in the left panel of
Fig. 3,

kV = 1.02±0.02, and kV 2 [0.98, 1.07] at 95% probability. (3.2)
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Once more the challenges
• Higgs portal 

• Electroweak production, small mass splitting 

• Leptophilic interactions 

• Light, weakly coupled mediators 

• Flavour sensitive interactions 

• Beyond-WIMP scenarios severely un-studied
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Pedro Schwaller
 WIMPs and non-WIMPs at 100 TeV
 CERN, 2014

ALSO DIRECT DETECTION GETS HARDER
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Figure 4-4. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for U.S.-led direct
detection experiments that are expected to operate over the next decade. Also shown is a band indicating
the cross sections where WIMP experiments will be sensitive to backgrounds from solar, atmospheric, and
di↵use supernovae neutrinos.

the solar neutrinos give way to the more energetic atmospheric neutrinos and di↵use supernovae background.
The flux of these neutrinos is much lower, and exposures with sensitivities to WIMP-nucleon cross sections
of ⇠ 1 ⇥ 10�48 cm2 are required to be sensitive to this neutrino component. Depending on the particular
WIMP mass under consideration, these neutrino backgrounds can have a recoil spectrum that is very similar
to an authentic WIMP signal. Given the Poisson fluctuations from the neutrino signal and their relatively
large total flux uncertainties, this creates a challenge to improving the sensitivity of WIMP searches much
beyond such cross sections [39]. Figure 4-4 shows not only the current landscape, but also the projected
sensitivities of proposed experiments superimposed on the neutrino background, where coherent neutrino
scattering will begin to limit WIMP sensitivity. This will eventually require either background subtraction
or techniques such as directional or annual modulation to press beyond this background in the absence of a
positive WIMP sighting.

Community Planning Study: Snowmass 2013

Snowmass 
Cosmic Frontier



Pedro Schwaller
 WIMPs and non-WIMPs at 100 TeV
 CERN, 2014

WIMP AT COLLIDER?

full model minimal model effective theory

e.g. MSSM, UED

couplings depend on 
model structure

Signals: 
X+MET, from 

production of heavy 
states,

mono jets,
model specific

e.g. minimal DM

DM is gauge singlet 
or multiplet

single (or few) 
mediators

Signals:
mono jet,

mediator specific,
multiplet specific

only SM + DM 

couple via effective 
operators

Signals:
mono jet



Pedro Schwaller
 WIMPs and non-WIMPs at 100 TeV
 CERN, 2014

DEGENERATE ELECTROWEAKINOS

‣ Simplified SUSY: Only higgsino or bino/wino light

‣ Searches difficult when  
masses are degenerate

‣ Mono jets? Impossible at  
8 TeV, low masses testable  
with 14 TeV:

PS, Zurita, 1312.7350
see also:
C. Han et al, 1310.4274
Baer et al, 1401.1162
Z. Han et al, 1401.1235

Notes:

‣ Assumed 1% systematics

‣ Includes soft leptons (more later)

‣ Cuts not optimal for  
�m & 15 GeV



Pedro Schwaller
 WIMPs and non-WIMPs at 100 TeV
 CERN, 2014

SOFT LEPTONS

• Chargino decay: 

• With                           have                        in rest 
frame: below detector limits   
At LHC: mono jet recoil can boost it above threshold 

• 100 TeV: boost factor 10-20

‣ Low muon thresholds give access to even smaller  
(can we find a 1 GeV muon? and have precision for 25 TeV muons?)

‣ Also a problem: mono jet searches veto leptons above 20 GeV.  
will loose a lot of signal! Similar issue with soft jets from W decays

C1 ! N1W
⇤ ! N1`⌫`

�M ⇠ 1� 10 GeV pT,` ⇠ few GeV

�m

Giudice, et al, 1004.4902
...
PS, Zurita, 1312.7350
Z. Han et al, 1401.1235



Pedro Schwaller
 WIMPs and non-WIMPs at 100 TeV
 CERN, 2014

GOING TO 100 TEV

• Reach TeV scale,  
with better S/B  
(pure Higgsino, divided by  
Z(νν) background, just 
jet pT cut, generator level)  
(See also LT Wang’s talk!)

• Important? 

‣ pure Higgsino has correct relic 
density for M = 1.1 TeV

‣ very simple model, testable!

pT,j>3000

pT,j>500

pT,j>500, LHCpT,j>120
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Figure 5: Cosmological freeze-out abundance of the fermion doublet with Y = 1/2 (‘Higgsino’).
Plots have the same meaning as in fig. 2, except that since non-perturbative corrections negligibly
affect the cosmological abundance we do not show details of the computations.

M ≈ 3.8 TeV after including p-wave and RGE corrections (perturbative result in fig. 4a),
and increases up to almost M ≈ 10 TeV after including the non-perturbative Sommerfeld cor-
rections. Fig. 4d shows that Sommerfeld corrections are mostly relevant when T ≫ ∆M , such
that bound states are not expected to play a relevant rôle.

The scalar quintuplet with Y = 0.

As in the scalar triplet case, is plausible to assume that the quartic coupling with the Higgs
is negligibly small, because it is not generated by RGE effects. The V and Γ matrices are
related to those relevant for the fermion 5-plet as described in section 2.1. Non-perturbative
corrections increase the value of the mass M that reproduces the cosmological abundance from
M ≈ 5.0 TeV [6] to M ≈ 9.4 TeV.

The scalar eptaplet with Y = 0.

This is the smallest scalar multiplet that is automatically stable (its cubic scalar coupling
identically vanishes) and contains a MDM candidate compatible with all bounds. Again, it is
plausible to assume that the quartic coupling with the Higgs is negligibly small. Although we do
not show dedicated plots nor the V and Γ matrices, we computed non-perturbative corrections
finding that they increase the value of the mass M that reproduces the cosmological abundance
from M ≈ 8.5 TeV [6] to about M ≈ 25 TeV.

The fermion doublet with Y = 1/2 (‘Higgsino’).

It is not automatically stable, and, having Y ̸= 0, is excluded by direct DM searches. Nev-
ertheless, we consider it because n = 2 is the smallest multiplet, and because it is present in
supersymmetric models. The first problem can be solved by imposing a suitable symmetry, and
incompatibility with direct detection experiments can be avoided by assuming a mass mixing
with a neutral Majorana singlet (automatically present in supersymmetric models and known
as ‘bino’). We assume that this mass mixing is small enough not to affect the observables
we compute. An almost-pure Higgsino LSP is realized in corners of the MSSM parameter
space: it behaves as Minimal Dark Matter in the sense that its properties are not dictated by

12

Cirelli et al, 0706.4071



Pedro Schwaller
 WIMPs and non-WIMPs at 100 TeV
 CERN, 2014

MINIMAL DM (HEAVY WIMPS)

‣ DM part of weak gauge multiplet

‣ e.g. triplet with Y=0 (wino) correct relic density for M~2.8 TeV

‣ too heavy for mono jets :( 

‣ But: Tiny mass splitting, charged components long lived (~50 cm)

‣ weak production, too heavy for LHC  
FHC will do it (detector!)

‣ Larger splitting (e.g. from mixing):  
soft leptons again? 

‣ (see T. Cohen’s talk for more details)

(ii) the presence of a number of unknown parameters (e.g. all sparticle masses) obscures the
phenomenology of the DM candidates; (iii) the stability of the DM candidates is the result of
extra features introduced by hand (e.g. matter parity).

We here explore an opposite, minimalistic approach: focussing on the Dark Matter problem,
we add to the Standard Model (SM) extra multiplets X + h.c. with minimal spin, isospin and
hypercharge quantum numbers, and search for the assignments that provide most or all of the
following properties:

1. The lightest component is automatically stable on cosmological time-scales.

2. The only renormalizable interactions of X to other SM particles are of gauge type, such
that new physics is determined by one new parameter: the tree-level mass M of the
Minimal Dark Matter (MDM) multiplet.

3. Quantum corrections generate a mass splitting ∆M such that the lightest component of
X is neutral. We compute the value of M for which the thermal relic abundance equals
the measured DM abundance.

4. The DM candidate is still allowed by DM searches.

In section 2 we list the possible candidates. In section 3 we compute the mass splitting. In
section 4 we compute the thermal relic abundance of X and equate it to the observed DM
abundance, inferring the DM mass M . In section 5 we discuss signals and constraints from DM
experiments. In section 6 we discuss collider signals. Section 7 contains our conclusions and a
summary of the results.

2 The Minimal DM candidates

We consider the following extension of the SM:

L = LSM + c

!

X̄ (iD/ + M)X when X is a spin 1/2 fermionic multiplet
|DµX |2 − M2|X |2 when X is a spin 0 bosonic multiplet

(1)

where D is the gauge-covariant derivative, c = 1/2 for a real scalar or a Majorana fermion
and c = 1 for a complex scalar or a Dirac fermion: in all cases we assign X in the minimal
non-chiral representation of the gauge group, and M is the tree-level mass of the particle.

We want to identify the cases in which X provides a good DM candidate. Therefore we
assume the following gauge quantum numbers:

3. X has no strong interactions [3].

2. X is an n-tuplet of the SU(2)L gauge group, with n = {1, 2, 3, 4, 5, . . .}.

1. For each value of n there are few hypercharge assignments that make one of the compo-
nents of X neutral, 0 = Q = T3 +Y where T3 is the usual ‘diagonal’ generator of SU(2)L.
For a doublet, n = 2, one needs Y = 1/2. For a triplet, n = 3, one needs Y = 0 (such
that the component with T3 = 0 is neutral), or Y = 1 (such that the components with
|T3| = 1 are neutral). For a quadruplet, n = 4, Y = {1/2, 3/2}. For a quintuplet, n = 5,
Y = {0, 1, 2}.

2

Cirelli, Fornengo, Strumia, hep-ph/0512090
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MIXED DM, CO-ANNIHILATION

• Mixing e.g. of singlet DM candidate with gauge doublet  
(e.g. bino-wino, extended Higgs sector, vectorlike leptons)

• V-leptons example:

‣ Co-annihilation preferred, good  
relic density with ~ 10 GeV mass  
splitting for weak (0.1) coupling

‣ Search strategy? (mono jet etc...)

• Also with colored states 
(e.g. stop, sbottom co-annihilation, see LT Wang’s talk)

e.g. 
Joglekar, PS, Wagner, 1207.4235
Cheung & Sanford, 1311.5896
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HIGGS PORTAL DARK MATTER

• Simple DM models, scalar  
is even renormalizable

• Direct detection &  
relic density: 

• Testable at colliders?

see e.g. 
Kanemura, Matsumoto, et al, PRD82, 055026
Low, PS, Shaughnessy, Wagner, PRD85, 015009

LHC 14 TeV
Channel: 2e2Μ " 4Μ
L dt # 30 fb$1

%hinp # %hSM, No Σh Reduction
%hinp # %hSM, 50' Σh Reduction
%hinp # 2(%hSM, No Σh Reduction
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FIG. 5: Comparison of two di↵erent reduction mechanisms in the event rate.

IV. DARK MATTER CONNECTIONS

If the Higgs boson decays to invisible particles, the presence of new quasi-stable states

naturally leads to the question whether those particles could also be dark matter candi-

dates. Assuming this is indeed the case, we study in this section implications from Higgs

search limits, the observed relic density, as well as constraints from dark matter (DM) direct

detection experiments.3

For simplicity we consider cases where the DM is either a scalar or a fermion which is a

singlet under SM gauge symmetries, and take as free parameters the DM mass, its coupling

to the Higgs boson, and the Higgs mass. The minimal models describing interactions of the

Higgs boson with a scalar and a fermionic DM are [4, 25]:

L = �c m
2
s|S|2 + �c �sH

†H|S|2 , (18)

L = �c mf  ̄ + �c
�f
⇤
H†H ̄ , (19)

where �c = 1/2 for a real scalar and a Majorana fermion and 1 otherwise.

The requirement that the invisible decay width of the Higgs is comparable to the visible

3 For related work on the impact of LHC Higgs limits on Higgs portal dark matter, see Refs. [8, 23], while

for more general DM features of Higgs portal models, see Refs. [24].
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NON WIMPS
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• Asymmetric DM, hidden valleys, mirror worlds, SUSY dark 
sectors, non-thermal DM

Hidden Dark Worlds

Standard Model
Mp � 1 GeV

Our thinking has shifted

From a single, stable weakly 
interacting particle .....

(WIMP, axion)

...to a hidden world 
with multiple states, 

new interactions

Models: Supersymmetric light DM sectors,
Secluded WIMPs, WIMPless DM, Asymmetric DM .....

Production: freeze-in, freeze-out and decay, 
asymmetric abundance, non-thermal mechanicsms .....

K.#Zurek,#Aspen#2014#
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ASYMMETRIC DM

• Motivated by 
relic density related to baryon asymmetry?

• Important components (collider perspective):

‣ asymmetry sharing  
mechanism

‣ efficient annihilation  
of symmetric relic  
density to SM

⇢
DM

⇠ ⇢
Baryon

SM Dark

B 6= 0 D 6= 0

Asymmetry
generation and

sharing

n� n̄
⇡

n+ n̄
SM  � ��̄

Symmetric  
component 
annihilation
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SYMMETRIC COMPONENT ANNIHILATION

• Requires stronger annihilation than thermal relic

• Already strongly  
constrained by  
mono jets 

• Simple mediator models should be testable reliably at 
100 TeV; should have more detailed study (beyond 
EFT)!
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Figure 2. Limits on ⇤ for operators with spin-dependent direct detection cross-sections, viable
parameter regions are shaded. Constraints are from Simple (Stage 2: light purple; Combined: dark
purple), CRESST (orange), ATLAS 1 fb�1 (red, dashed) and CMS 4.67 fb�1 (blue, dashed).
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March-Russel, Unwin, West, 1203.4854
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ASYMMETRY MEDIATOR

• Chances more model dependent

‣ Leptogenesis like mechanisms: Typically high scale, unlikely in reach 
of current/next-gen colliders

‣ Dark sphalerons: Z’ and W’ signals. TeV scale possible, but not 
guaranteed

‣ Via weak scale baryogenesis:  
Requires extended Higgs sector (N. Craigs talk)

‣ Dark baryogenesis:  
Also requires mediator, model dependent

e.g. Cheung, Zhang, 1306.4321
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(DARK) HIDDEN VALLEYS

• One example: Hidden sector with dark QCD  
DM is dark baryon,                    from IRFP

• Bi-fundamental mediators 
decouple at scale

•                      required by  
IRFP and dark pion lifetime

• Jets + dark jets/MET signatures, most models testable at 
100 TeV collider

Strassler & Zurek, hep-ph/0604261

MDM ⇠ Mp Bai, PS, 1306.4676
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Many other interesting models… no time :( 
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SUMMARY

• WIMP paradigm strongly suggests DM at or below the few TeV scale - 
many models in reach of FHC/FCC/100 TeV

• Mono jets everywhere. Don’t forget, DM not always a singlet:

‣ soft leptons

‣ displaced vertices/charged tracks

‣ mono-Higgs , Z , γ                    ( also mono Z’ )

‣ quark/gluon jet discrimination (e.g. 1312.5325)

• non-WIMP DM can have spectacular signatures

‣ few TeV scale motivated in some scenarios, e.g. many models of asymmetric DM

‣ Exotic signatures from complex dark sectors, e.g. dark jets, long cascades, displaced 
vertices              (and maybe baryon number violation???)



Emerging Jets
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Tracking
Volume QCD

hadrons

neutral, SM  
singlet states
(dark pions)

PS, Stolarksi, Weiler, JHEP 2015
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Veto tracks
here!

PS, Stolarksi, Weiler, JHEP 2015


