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Long-Lived Particles
LLPs are generic 

in SM & BSM
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Long-Lived Signatures
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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



LLPs at LHC
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FIG. 2: Recast constraints on displaced t̃ ! d̄j d̄k via baryonic RPV. Colored bands indicate

acceptance variations up/down by 1.5. The dot-dashed lines indicate contours of �00
312

, assumed to

be the only contributing RPV coupling. Prompt limits (dark gray) are from [70], and low-mass

search projections (light gray) are from [71]. They are conservatively cut o↵ at 1 mm.

has been estimated that a search based on jet substructure could also push down into the

lower-mass region currently not covered [71]. (For longer-term projections, also see [71] as

well as [72].) The only other available limits are when the stops are detector-stable, the

strongest (⇡ 900 GeV) coming from the CMS and ATLAS charged R-hadron searches [7, 8].

Figs. 2 and 3 show the regions of mass and lifetime for t̃ ! d̄j d̄k that have now been

excluded according to our recasts, taking the two extreme cases of only light-flavor decays

and only b̄b̄ decays. The sensitivity is dominated by the charged R-hadron and displaced

dijet searches, a pattern that will recur often in our colored sparticle limits. For both

models there is nearly complete coverage out to almost 1 TeV, with a notable weak-spot at

c⌧ ⇠ 10 m and of course much weaker limits for displacements ⇠< mm. This weakening at

low lifetimes is more pronounced for the b̄b̄ decays, partially because the CMS dijet search

is intrinsically less e�cient for heavy flavor decays due to the somewhat lower particle track

multiplicities, but also because of the conservative choice in our modeling of displaced vertex

reconstruction for b-jets, discussed in Section II B. At lower lifetimes, we have also indicated

the existing and projected prompt limits, applying a conservative sensitivity cuto↵ at 1 mm.

(There should still be sensitivity from prompt searches for longer lifetimes, but we do not
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[Liu, Tweedie 1503.05923]
Not that many places to hide once the searches catch up
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CMS dijet

FIG. 6: Recast constraints on displaced q̃ ! qG̃ in general GMSB, conservatively assuming con-

tributions from only d̃R and s̃R. Colored bands indicate acceptance variations up/down by 1.5.

The dot-dashed lines indicate contours of the SUSY-breaking scale
p
F . Prompt limits (gray) are

derived from [89]. They are conservatively cut o↵ at 1 mm.

proxy for the gravitino LSP for squark decays in Pythia8. For the gluino, such an analogous

decay to neutralino does not exist at tree level, is not part of the MadGraph5 MSSM model,

and would not obviously be matched if forced to proceed in Pythia8. Instead, we compare

the unmatched Pythia8 predictions for its first shower emission to MadGraph5, both with

gravitino LSP. We again find similar decay kinematic distributions, with Pythia8 predict-

ing a somewhat slower fallo↵ out to �R(j, j) ⇠ ⇡. But the major di↵erence is in the total

emission rate, which Pythia8 over-estimates by a factor of about 1.8. To approximately

compensate for this, we rescale the individual vertex reconstruction e�ciencies by 1/2. It

should be understood that O(10%) modeling uncertainties on the displaced dijet reconstruc-

tion e�ciencies for GMSB gluinos should likely be applied, though we anyway e↵ectively

absorb this into our ad hoc systematic variations.

Starting with the squark NLSP, we display the results in Fig. 6. We conservatively

assume just two degenerate species, d̃R and s̃R. This is a technical possibility if the SU(3)

contributions to the sfermion masses are small, the SU(2) contributions are large, and the

third-generation squarks receive additional mass contributions. The exclusions are similar to

those of the RPV stops (Figs. 2 and 3), although now with much stronger prompt jets+ 6ET

searches. Unbroken coverage over lifetime is achieved up to about 450–550 GeV, limited by

the crossover between the HSCP and displaced dijet searches.
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FIG. 9: Recast constraints on displaced H̃0 decays via GMSB: a) pure H̃0 ! ZG̃, b) pure H̃0 !

hG̃, c) large-tan�. Colored bands indicate acceptance variations up/down by 1.5. The dot-dashed

lines indicate contours of the SUSY-breaking scale
p
F . Prompt limits (gray) are derived from [93].

They are conservatively cut o↵ at 1 mm.
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FIG. 5: Recast constraints on displaced H̃0 ! jjj via baryonic RPV. Colored bands indicate

acceptance variations up/down by 1.5. The dot-dashed lines indicate contours of mq̃/
q
Yq�00

ijk. We

have parametrized the decay assuming that one species of o↵-shell RH squark dominates, coupling

to the Higgsino according to its up-type or down-type Yukawa Yq / mq/(v sin�) or mq/(v cos�),

and splits into quarks via a single �00
ijk coupling. All final-state quarks are also assumed to be from

the first two generations.

similar to the RPV stop decays, though the much higher cross sections yield a significantly

extended mass reach for all searches. CMS dijets in particular reaches above 1.5 TeV, close

to the production limit of O(1) event in the entire run, and exceeding the mass reach of the

stable R-hadron search by several hundred GeV. Notably, the displaced trijet configuration

is very e�ciently picked up by the CMS dijets search, which was designed for a very di↵erent

signal. The weak spot at 10 m is still apparent, but much less pronounced since the CMS

dijet search nearly matches the HSCP search sensitivity at that lifetime. It is also interesting

to supplement with the limits from prompt searches [73, 74], which are similar for purely

light-flavor decays and decays containing b-quarks. Again applying an ad hoc 1 mm cuto↵

on the lifetime sensitivity of the prompt searches, there is currently unbroken coverage for

all possible lifetimes for masses potentially as high as 900 GeV.

The last baryonic RPV example model that we consider is a Higgsino multiplet “co-

LSP.” The four Higgsino states are assumed to be only mildly mixed into heavier electroweak

gauginos, and the multiplet split by O(10 GeV) or less. The heavier Higgsinos undergo a soft

but prompt cascade via virtual gauge boson emission into the lightest, neutral Higgsino. The
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LLP Opportunities
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2. If we see nothing at the LHC, what 
are the prospects for CLIC?  

1. If an LLP signature is seen at the LHC, 
what can we learn from CLIC?

Two natural questions for CLIC:

Not much to say about this today, though presumably 
improved mass, lifetime measurements are possible.

LHC weak points are triggering, backgrounds, 
resolution near IP; significant opportunities for LLPs 

neutral under QCD or neutral under SM. 
Many motivated examples…



Example 1: Twin Higgs
Standard 

Model
Standard 

Model
Radiative corrections to the Higgs mass are 

SU(4) symmetric thanks to Z2:

h + . . . f � h2

2f
+ . . .

L ⇥ �ytHAQA
3 ūA

3 � ytHBQB
3 ūB

3

Higgs is a PNGB of ~SU(4), but partner 
states neutral under SM.

Z2

V (H) � 9
64�2

g2�2
�
|HA|2 + |HB |2

�

[Chacko, Goh, Harnik ‘05]



Fraternal twins
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⇒ Dark QCD

[NC, Katz, Strassler, Sundrum ’15]



Exotic Higgs Decays

h

h*

h*

SM

SM

0++

0++

8

• Twin sector must have twin QCD, confines around 
QCD scale 

• Higgs boson couples to                                                      
bound states of twin QCD 

• Various possibilities. Glueballs most interesting; 
have same quantum # as Higgs 
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Produce in rare Higgs decays (BR~10-3-10-4)

Long-lived, decay length is macroscopic; 
length scale ~ LHC detectors

[NC, Katz, Strassler, Sundrum ’15]
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Exotic Heavy Higgs Decays
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14 TeV

8 TeV

h(125) not the only production mode; glueballs also 
produced in decays of heavy twin Higgs:

Rate comparable to h(125), but more striking kinematics. 
Also an open mode for higher glueball masses.
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Example 2: Folded SUSY

SUSY-like theory with uncolored 
sparticles. Start with a discrete 

symmetry + 5D SUSY.

[Burdman, Chacko, Goh, Harnik ‘06]

Reduce symmetries & SUSY 
at the boundaries

Sparticles carry standard 
EWK quantum #’s, but 

QCD charges replaced 
with QCD’ charges 

Once again…Dark QCD



Colorless Signals
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• Produced via a Z, annihilate into hidden glueballs, 
which decay back to SM via Higgs; displaced decays 
@ LHC length scales. [Curtin, Verhaaren ’15] 

• Produced via a W, annihilate back into the SM to 
shed their charge. 

• (Also leave their mark indirectly, correcting Higgs 
decays to photons.)

FIG. 6. An estimate of the ATLAS limits on the production of an up-down pair of F-squarks as

a function of the F-squark mass, assuming 1, 2, or 3 such generations.

global [SU(3)⇥U(1)]2 symmetry, of which the gauged SU(3)W⇥U(1)
X

is a subgroup. This

approximate global symmetry, which is explicitly violated by both the gauge and Yukawa

interactions, is broken to [SU(2)⇥U(1)]2, which contains SU(2)
L

⇥U(1)
Y

of the SM as a sub-

group. The SM Higgs doublet is contained among the uneaten pNGBs that emerge from this

symmetry breaking pattern, and its mass is protected against large radiative corrections.

The symmetry breaking pattern may be realized using two scalar triplets of SU(3)W ,

which we denote by �
1

and �
2

. If the tree level potential for these scalars, V (�
1

,�
2

) is of

the form

V (�
1

,�
2

) = V
1

(�
1

) + V
2

(�
2

) , (51)

then this sector possesses an [SU(3)⇥U(1)]2 global symmetry. When �
1

and �
2

acquire

VEVs f
1

and f
2

, this symmetry is broken to [SU(2)⇥U(1)]2. For simplicity we will assume

that the two VEVs are equal, so that f
1

= f
2

= f . However, this is not required for the

mechanism to work. Of the 10 resulting NGBs, 5 are eaten while the remaining 5 contain

the SM Higgs doublet.

The next step is to understand how the cancellation of quadratic divergences associated

with the top Yukawa coupling arises in this theory. The top sector takes the form

�
1

�
1

Qt
1

+ �
2

�
2

Qt
2

(52)

where Q represents the SU(3) triplet containing the third generation left handed quarks,
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[Burdman, Chacko, Harnik, de Lima, Verhaaren ‘14]

F-squarks carry 
electroweak quantum 

numbers.

[Chacko, Curtin, Verhaaren ‘15]
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FIG. 1. Shaded regions: Projected sensitivity of different proposed
displaced vertex searches, at the 14 TeV LHC with 3000 fb�1, to
long-lived mirror glueballs from exotic Higgs decays in theories of
Neutral Naturalness [50]. The bounds are expressed as a function of
lightest glueball mass (horizontal axis) and top partner mass mt̃eff

in
FSUSY for degenerate unmixed stops (left axis) and mT in TH/QLH
(right axis). Light shading represents the factor of ⇠ 10 uncertainty
in the number of the lightest 0++ glueballs produced during mirror
hadronization when heavier glueball states are kinematically acces-
sible. Higgs decay is assumed to be two-body, which underestimates
sensitivity, especially for low m0. See [50] for details. Green con-
tours: Maximally conservative estimate of the number of glueballs
produced from top partner pair production and annihilation in the
Quirky Little Higgs model, normalized to the rate from exotic Higgs
decays. See Eq. (5).

100 GeV [52]. This serves to illustrate the exquisite sensitivity
of exotic Higgs decays to new physics [53].

In this letter we investigate another promising avenue for
probing theories of Neutral Naturalness: the displaced signa-
tures arising from the mirror glueballs that result from direct
top partner production. In theories such as FSUSY and QLH,
top partners can be pair produced through Drell-Yan (DY)
or vector boson fusion (VBF) processes with sizable rate at
the LHC. The top partner pair forms a so-called quirky bound
state [54–56], since the mirror gluon string connecting them
cannot snap by exciting light quark pairs out of the vacuum.
The bound state promptly de-excites via soft emission of glue-
balls and photons [56–61] and can annihilate to a pair of mir-
ror gluon jets. Top partner pair production can therefore result
in mirror gluon dijet production. The glueballs resulting from
mirror hadronization can then give rise to events with multiple
displaced vertices, which are even more conspicuous than the
events arising from exotic Higgs decays.

Quirky signals of FSUSY have been previously considered
in [57]. However, that study focused on pair production of first
and second generation partners and annihilation into W�. The
mass of those states is not as closely connected to naturalness
as that of the top partners, and this final state has much more

SM background than displaced decays.
In this paper we show that pair production of top partners,

with subsequent annihilation into mirror glueballs, can con-
stitute the discovery signature of Neutral Naturalness at the
LHC in large regions of parameter space. A key challenge in
making this prediction is the quantitative treatment of mirror
hadronization, the details of which are not well understood
for a pure SU(3) gauge theory. Even so, we demonstrate
how to consistently parameterize our ignorance about the non-
perturbative physics of the hidden sector, allowing for a sys-
tematic study of the signatures. We identify the regions of pa-
rameter space in which direct production is definitely superior
to exotic Higgs decays as a probe of top partner mass, even
with maximally pessimistic assumptions about the hadroniza-
tion of the mirror gluon jets. A full exploration of the signa-
ture space, which can include final states with many b¯b pairs,
displaced vertices, and missing energy, and which might al-
low for the measurement of top partner masses and couplings,
will be explored in a detailed follow-up publication [62].

It is also interesting to consider top partner pair production
in FTH models. Due to their SM singlet nature, this process
occurs via an off-shell Higgs only, with significantly smaller
cross section than for EW-charged partners. Furthermore, the
mirror partners of the b-quark are present in the low-energy
spectrum, leading the top partner pair to (mirror-) beta-decay
to a mirror-bottomonium state which then decays to the SM
either directly or via mirror glueballs. In either case, the num-
ber and energy of the produced glueballs is much lower than
for EW partners. These two factors likely mean that a 100
TeV collider is required to study this signature, which would
serve as a powerful diagnostic of the hidden sector and be
complementary to direct production of multi-TeV states in the
UV completion [43]. That being said, the presence of mirror
bottomonium states in the FTH model makes the exotic Higgs
decay phenomenology much more varied and rich than for
FSUSY and QLH [26]. We will quantitatively study the LHC
reach for these signatures beyond the glueball case explored
by [50] in a future study [63].

We now analyze top partner pair production in FSUSY and
the QLH. While these models serve as useful theory bench-
marks, our conclusions are general and should apply to any
scenario with EW-charged top partners charged under a mir-
ror QCD force.

FOLDED SUPERSYMMETRY — In the 5D FSUSY
theory [21], all QCD-charged fields of the MSSM, and the
SU(3)c gauge sector itself, are duplicated into two sectors A
(SM) and B (mirror) at some multi-TeV scale, with couplings
related by a discrete Z2 symmetry. At energies . TeV, the
electroweak and Higgs sectors are similar to the 4D MSSM
with decoupled gauginos. However, only our A-sector quarks
and B-sector mirror squarks have light zero modes. This
realizes an accidental low-energy SUSY limit, in which the
quadratically divergent top contribution to the Higgs mass is
cancelled by the mirror-sector stops, which carry the same
Yukawa couplings and electroweak gauge quantum numbers
as conventional stops, but are charged under the mirror QCD



Example 3: Pure Higgsinos
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h̃+

h̃�

h̃0

h̃0

W+

W�

“Pure Higgsino” challenging at 
colliders: ~350 MeV splitting 

means short O(cm) charged stub. 

Essentially impossible at LHC for 
any mass above LEP bound.
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Figure 8: Exclusion limit at 95% CL obtained in the electroweak production channel in terms of the lifetimes and
the masses of chargino. The yellow band shows the 1� region of the distribution of the expected limits. The
median of the expectation is shown in a dashed line. The red line shows the observed limit and the orange band
around it shows the impact on the observed limit of the variation of the nominal signal cross-section by ±1� of its
theoretical uncertainties. Results are compared with the observed limits obtained by the previous ATLAS search
with disappearing tracklets [16] and an example of the limit obtained at LEP2 by the ALEPH experiment [60].
The lifetime of chargino as a function of the chargino mass are shown in the almost pure wino LSP scenario at the
two-loop level [61].

19

E.g. SUSY does not make the weak scale fully natural, but explains DM. 
Natural candidates are pure wino (~3 TeV) or pure higgsino (~1 TeV).

FIG. 7. Wino annihilation cross section at LL0 with z
cut

=0.85.

A similar behavior is observed in the case of the higgsinos. Here, we give plots at two

limiting cases in parameter space. The left panel of Fig. 8 shows the purest doublet that

direct detection constraints allow. The neutral splitting, �M
n

= 200 keV, with a chargino

mass splitting �M
+

= 350 MeV. For the MSSM, this would correspond to having gaugino

masses ⇠ 108 GeV. The right panel uses �M
N

= 2 GeV and �M
+

= 480 MeV, a spectrum we

would get from gaugino mass parameters just a factor of a few larger. For M
�

<⇠ 3 TeV, we

find again that the LL0 cross section is substantially reduced.

However, one thing to be noticed is that the full theory cross section contains single

and double log(1 � z
cut

), which become large in the endpoint region. For our value of

interest, z
cut

=0.85, to get a handle on the importance of the endpoint logarithms, we see

that log(1� z
cut

)2 = log(2M
�

/M
W

) for M
�

⇡ 1.4 TeV. In fact, we see in Fig. 8 that around

this mass is where the LL0 curve stops tracking LL and turns to decrease sharply, going to

negative values by 1 TeV. The corrections arising from these endpoint logarithms (which

have only been partially captured in the present form of the EFT) can no longer be ignored.

A full-theory tree-level calculation reveals that the missing terms are positive and enhance

the cross section [20], as they must in order to restore positivity.

To test the hypothesis that the large corrections at LL0 arise from taking z
cut

close to the
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FIG. 8. Higgsino annihilation cross section at LL0 with L: �M
N

= 200 keV, �M
+

=350 MeV, R:

�M
N

= 2 GeV, �M
+

=480 MeV, and z
cut

=0.85.

endpoint, we can take an unrealistically large “signal bin” with z
cut

=0.5. In this calculation,

endpoint logarithms are small and we are justified in dropping them completely. Addition-

ally, with the larger bin, even though we smear out the photon energy at single-log order,

a much greater fraction of them remain in our signal region. We see in Fig. 9 that LL0 is

indeed a small correction throughout our range. We get a very similar result with z
cut

=0.5

for higgsinos, as well. This prompts us to conclude that as far as log(2M
�

/M
W

) terms are

concerned, we are justified in ignoring higher order corrections, such as the two-loop cusp

anomalous dimension. However, including e↵ects that become large in the limit of small

1� z
cut

will be important going forward.

This exercise emphasized that it is vital to include endpoint corrections. Furthermore,

as the resolution of future experiments improves, z
cut

will increase, and corrections will only

get larger. Although our results here establish the need for further study, there are two

conclusions we can draw already that are worth emphasizing:

1. Single logs won’t save the wino: Around the thermal relic mass of 3 TeV,

log(1 � z
cut

)2 <⇠ log(2M
�

/M
W

), so endpoint corrections be important. However, as

we have mentioned they will be positive. Thus, our LL0 result represents a floor for

the wino annihilation rate, and we see that this is still an order of magnitude larger

than the HESS exclusion limit. As we discussed [7], these limits are subject to large

astrophysical uncertainties, and a su�ciently large, > 1 kpc, core can be invoked to

23

Thermal wino 
effectively 

excluded by 
indirect 

detection; 
thermal higgsino 

still in play

Wino Higgsino



Displaced Decays @ CLIC

LHC advantage: 3x107 Higgses at 
ATLAS+CMS with 300/fb @ 14 TeV

LHC disadvantage: Triggering 
(e.g. no vertex-based displaced 

search sensitive to Higgs @ 8 TeV)

CLIC in principle: 1.5x106 Higgses from 0.35/1.4/3 TeV (w/out 
polarization). Improved triggering & environment

Maximal CLIC sensitivity: BR ~ 3x10-6  
(4 evts, no bkg, perfect acceptance), c.f. BR ~10-4 at LHC. 

Key questions: backgrounds, tracker resolution.
13

LLPs from h(125)
[Curtin & Verhaaren ’15]



Displaced Decays @ CLIC

LHC advantage: ≤ 600 1 TeV twin 
Higgses decaying into LLPs at 

ATLAS+CMS with 300/fb @ 14 TeV

LHC disadvantage: Backgrounds 
(CMS vertex search not 

background-free at 8 TeV)

CLIC in principle: ≤ 700 1 TeV twin Higgses decaying into 
LLPs with 2/ab @ 2 TeV, lower backgrounds?

Maximal CLIC sensitivity: Discovery reach up to kinematic limit? 
Key questions: rates, backgrounds, tracker resolution

14

LLPs from heavy Higgses
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Displaced Decays @ CLIC

LHC advantage: Large 
electroweak cross sections

LHC disadvantage: 
Backgrounds (CMS vertex 
search not background-

free at 8 TeV)

Maximal CLIC sensitivity: Discovery reach up to kinematic 
limit? Key questions: rates, backgrounds, tracker resolution

15

LLPs from (s)quirkonia (e.g. folded SUSY) 2
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FIG. 1. Shaded regions: Projected sensitivity of different proposed
displaced vertex searches, at the 14 TeV LHC with 3000 fb�1, to
long-lived mirror glueballs from exotic Higgs decays in theories of
Neutral Naturalness [50]. The bounds are expressed as a function of
lightest glueball mass (horizontal axis) and top partner mass mt̃eff

in
FSUSY for degenerate unmixed stops (left axis) and mT in TH/QLH
(right axis). Light shading represents the factor of ⇠ 10 uncertainty
in the number of the lightest 0++ glueballs produced during mirror
hadronization when heavier glueball states are kinematically acces-
sible. Higgs decay is assumed to be two-body, which underestimates
sensitivity, especially for low m0. See [50] for details. Green con-
tours: Maximally conservative estimate of the number of glueballs
produced from top partner pair production and annihilation in the
Quirky Little Higgs model, normalized to the rate from exotic Higgs
decays. See Eq. (5).

100 GeV [52]. This serves to illustrate the exquisite sensitivity
of exotic Higgs decays to new physics [53].

In this letter we investigate another promising avenue for
probing theories of Neutral Naturalness: the displaced signa-
tures arising from the mirror glueballs that result from direct
top partner production. In theories such as FSUSY and QLH,
top partners can be pair produced through Drell-Yan (DY)
or vector boson fusion (VBF) processes with sizable rate at
the LHC. The top partner pair forms a so-called quirky bound
state [54–56], since the mirror gluon string connecting them
cannot snap by exciting light quark pairs out of the vacuum.
The bound state promptly de-excites via soft emission of glue-
balls and photons [56–61] and can annihilate to a pair of mir-
ror gluon jets. Top partner pair production can therefore result
in mirror gluon dijet production. The glueballs resulting from
mirror hadronization can then give rise to events with multiple
displaced vertices, which are even more conspicuous than the
events arising from exotic Higgs decays.

Quirky signals of FSUSY have been previously considered
in [57]. However, that study focused on pair production of first
and second generation partners and annihilation into W�. The
mass of those states is not as closely connected to naturalness
as that of the top partners, and this final state has much more

SM background than displaced decays.
In this paper we show that pair production of top partners,

with subsequent annihilation into mirror glueballs, can con-
stitute the discovery signature of Neutral Naturalness at the
LHC in large regions of parameter space. A key challenge in
making this prediction is the quantitative treatment of mirror
hadronization, the details of which are not well understood
for a pure SU(3) gauge theory. Even so, we demonstrate
how to consistently parameterize our ignorance about the non-
perturbative physics of the hidden sector, allowing for a sys-
tematic study of the signatures. We identify the regions of pa-
rameter space in which direct production is definitely superior
to exotic Higgs decays as a probe of top partner mass, even
with maximally pessimistic assumptions about the hadroniza-
tion of the mirror gluon jets. A full exploration of the signa-
ture space, which can include final states with many b¯b pairs,
displaced vertices, and missing energy, and which might al-
low for the measurement of top partner masses and couplings,
will be explored in a detailed follow-up publication [62].

It is also interesting to consider top partner pair production
in FTH models. Due to their SM singlet nature, this process
occurs via an off-shell Higgs only, with significantly smaller
cross section than for EW-charged partners. Furthermore, the
mirror partners of the b-quark are present in the low-energy
spectrum, leading the top partner pair to (mirror-) beta-decay
to a mirror-bottomonium state which then decays to the SM
either directly or via mirror glueballs. In either case, the num-
ber and energy of the produced glueballs is much lower than
for EW partners. These two factors likely mean that a 100
TeV collider is required to study this signature, which would
serve as a powerful diagnostic of the hidden sector and be
complementary to direct production of multi-TeV states in the
UV completion [43]. That being said, the presence of mirror
bottomonium states in the FTH model makes the exotic Higgs
decay phenomenology much more varied and rich than for
FSUSY and QLH [26]. We will quantitatively study the LHC
reach for these signatures beyond the glueball case explored
by [50] in a future study [63].

We now analyze top partner pair production in FSUSY and
the QLH. While these models serve as useful theory bench-
marks, our conclusions are general and should apply to any
scenario with EW-charged top partners charged under a mir-
ror QCD force.

FOLDED SUPERSYMMETRY — In the 5D FSUSY
theory [21], all QCD-charged fields of the MSSM, and the
SU(3)c gauge sector itself, are duplicated into two sectors A
(SM) and B (mirror) at some multi-TeV scale, with couplings
related by a discrete Z2 symmetry. At energies . TeV, the
electroweak and Higgs sectors are similar to the 4D MSSM
with decoupled gauginos. However, only our A-sector quarks
and B-sector mirror squarks have light zero modes. This
realizes an accidental low-energy SUSY limit, in which the
quadratically divergent top contribution to the Higgs mass is
cancelled by the mirror-sector stops, which carry the same
Yukawa couplings and electroweak gauge quantum numbers
as conventional stops, but are charged under the mirror QCD



Displaced Decays @ CLIC

LHC advantage: Large 
electroweak cross sections.

LHC disadvantage: 
Triggering (1cm charged 

stub essentially impossible, 
decay products too soft).
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Pure Higgsinos / Pure Higgsino DM

Maximal CLIC sensitivity: Discovery reach up to kinematic 
limit? Key questions: rates, backgrounds, tracker resolution
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Figure 8: Exclusion limit at 95% CL obtained in the electroweak production channel in terms of the lifetimes and
the masses of chargino. The yellow band shows the 1� region of the distribution of the expected limits. The
median of the expectation is shown in a dashed line. The red line shows the observed limit and the orange band
around it shows the impact on the observed limit of the variation of the nominal signal cross-section by ±1� of its
theoretical uncertainties. Results are compared with the observed limits obtained by the previous ATLAS search
with disappearing tracklets [16] and an example of the limit obtained at LEP2 by the ALEPH experiment [60].
The lifetime of chargino as a function of the chargino mass are shown in the almost pure wino LSP scenario at the
two-loop level [61].
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Conclusions
• LLPs are generic and arise in many motivated extensions 

of the Standard Model (especially those consistent with 
current LHC null results). 

• LHC coverage sub-optimal for LLPs neutral under QCD or 
neutral under the SM. E.g. arising from exotic h(125) 
decays, heavy Higgs decays, electroweak production. 

• CLIC potential strengths in backgrounds, triggering, 
tracker resolution provide potentially significant reach 
beyond LHC, covering a variety of motivated targets. 

• A clear target for further study…

Thank you!


