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Introduction
" Looking for Long-lived particles requires additional tricks 

and methods.!

" But also o#ers reduced backgrounds (sometimes)!

" We are close to releasing a White Paper that summarizes 
the current status, future prospects and makes 
suggestions for future research.!

" We are not just focused on ATLAS & CMS, we also cover 
LHCb, VELO, NA62, SHiP, MATHUSLA, FASER, CODEX-b 
and MoEDAL
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Motivation???
" Just because they can be there?!

" But perhaps we deserve a less sadistic view: Baryogensis!

" One of the SakharovÕs conditions for a successful baryogenesis is that 
the Universe is out of equilibrium during this process.!

" Take a weak scale particle: when it is about to decay!

" Typical ct is of order 1mm for M~1TeV and longer for lighter states!

" Not the only motivation and not the only answer: consider deviations 
from the regular thermal histories.

H ⇠ T2/M Pl ⇠ M 2
X /M Pl ⇠ (c! )! 1
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Higgs and LLPs
" Higgs boson is one of the Standard 

Model portals!

" As a result it deserves its own category!

" Higgs portal comes at a price: it is 
relatively light!

" LLPs are light: we need to rely on 
tracking!

" LLPs are heavy: we su#er in 
production rate

searches for long -lived particles beyond the standard model at the large hadron

collider 15

2.3 The Simplified Model Building Blocks

As discussed above, production and decay can largely be factorized
in LLP searches. This allows us to specify the relevant production
and decay modes for LLP models separately; we then put them
together and map the space of models into the umbrella categories
of motivated theories.

2.3.1 Production Modes

Motivated by our over-arching UV frameworks, we can identify a
minimal set of interesting production modes for LLPs. These pro-
duction modes determine LLP signal yield both by relating the LLP
production cross section to meaningful theory parameters such as
gauge charges or Higgs couplings, and by determining the kine-
matic distribution of the LLP. Additionally, a given production
mechanism will also make clear predictions for the number and
type of prompt objects accompanying the LLP(s). These prompt ac-
companying objects (AOs) can be important for both triggering on
events with LLPs and for background rejection, particularly when
the LLP has a low mass or decays purely hadronically. [MAKE
PSEUDO-FEYNMAN DIAGRAMS]

¥ Direct Pair Production (DPP): Here the LLP is dominantly pair-
produced non-resonantly from SM initial states. This is most
straightforwardly obtained when the LLP is charged under a SM
gauge interaction. In this case, an irreducible production cross
section is then speciÞed by the LLP gauge charge and mass. DPP
can also occur in the presence of a (heavy)t-channel mediator
(e.g., an initial quark-antiquark pair may exchange a virtual
squark to pair produce bino-like neutralinos); in this case the
production cross section is a free parameter.

¥ Heavy parent (HP): In this case the LLP can be produced in the
decay of a heavy parent particle that is itself pair produced from
the pp initial state. The production cross section is essentially a
free parameter, and is indirectly speciÞed by the gauge charges
and masses of the heavy parent particles. Heavy parent pro-
duction gives very different kinematics for the LLP than direct
pair production production, and will often produce additional
prompt accompanying objects in the rapid cascade decays of the
parents.

¥ Higgs (HIG): The LLP is produced through its couplings to the
SM-like Higgs boson. This case has an interesting interplay of
possible production modes. The dominant production is via
gluon fusion, which features no associated objects beyond initial
state radiation (ISR); owing to its role in electroweak symmetry
breaking, however, the Higgs has associated production modes
(VBF, VH), each with its own characteristic features. The best
prospects are for LLP masses belowmh/2, in which case the

16 lhc llp community

LLPs can be produced on-shell in SM-like Higgs boson decays.
LLPs with heavier masses can still be produced via an off-shell
SM-like Higgs, albeit at lower rates. The LLP can be pair pro-
duced or singly produced through the Higgs portal depending
on the model, and may also be produced in conjunction with
missing energy. The cross section (or, alternatively, the Higgs
branching fraction into the LLP) is a free parameter of the model.
The Higgs mass can also be taken as a free parameter: there ex-
ist many theories that predict new exotic scalar states (such as
the singlet scalar extension to the SM [64]), and these new states
can be produced through the same production modes as the SM
Higgs.

• Heavy resonance (ZP): Here the LLP is produced in the decay of
an on-shell resonance, such as a heavy Z! gauge boson initiated
by qq̄ initial state. Note that production via an off-shell resonance
is kinematically similar to the direct production (DPP) above. As
with HIG, the LLP can be pair-produced or singly-produced (po-
tentially in association with missing transverse momentum). In
ZP models, ISR is the dominant source of accompanying prompt
objects. Models with new heavy scalars could conceivably fall
into either ZP or HIG; the main determining factor according to
our organizational scheme is whether the scalar possesses Higgs-
like production modes such as VBF and VH. Note that heavy
resonance decays to SM particles also occur in these models and,
searches for such resonances [106, 107, 108, 109, 110, 111, 112]
may complement the sensitivity for decays to LLPs.

• Charged current (CC): In models with weak-scale right-handed
neutrinos, the LLP can be produced in the leptonic decays of
W/W!. Single production is favored. Prompt charged leptons
from the charged-current interaction are typical prompt objects
accompanying the LLP.

It is important to note that each of the above production mech-
anisms has its own “natural” set of triggers to record the signal.
For example, the Higgs production portal can be accompanied by
forward jets or leptons that are characteristic of VBF or VH pro-
duction; similarly, the charged-current production processes often
result in prompt charged leptons and the heavy-parent production
comes with associated hard objects from the heavy parent decay.
However, the reader should be cautioned that this does not nec-
essarily mean that the “natural” trigger is the optimal trigger for a
particular signal: for example, the Higgs production modes suggest
the use of VBF- or VH-based triggers, but if the LLP decays lepton-
ically, it might be more efficient to trigger on the lepton from the
LLP decay. Thus, the final word on which trigger is most effective
for a given simplified model depends on the production mode as
well as the nature and kinematics of the LLP decay.

The generic presence of associated prompt objects (such as VBF
or central jets, lepton, missing momentum, etc.) in many LLP pro-
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White Paper

(i) Recommended simpliÞed models!

(ii) Experimental coverage!

(iii) Trigger and detector upgrades!

(iv) Reinterpretations and recommendations for the 
presentation of results!

(v) Dark Showers, Quirks
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Simplified Models
Desiderata:!

i. Minimal, but su$cient set of models to cover the space of possible 
UV models!

ii. Provide a MC signal generation framework: All of these models will 
be (by the time the white paper is Þnished) stored in a repository. !

iii. Be able to expand when necessary!

iv. Have a single map between models and signatures!

v. Provide a way to reinterpret searches by providing e$ciencies on a 
set of benchmark models
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Simplified Models

Direct Pair Production 

Heavy Parent 

Higgs 

Heavy Resonance 

Charged Current

Diphoton 

Single Photon 

Hadronic 

Semileptonic 

Leptonic 

Flavored Leptonic

X

DecaysProduction

*Can always come with MET
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Simplified Models
22 lhc llp community

Production
Decay

!! (+ inv. ) ! + inv. jj (+ inv. ) jj ! ! + ! ! (+ inv. ) ! +
" ! !

#"= " (+ inv. )

DPP: sneutrino pair   SUSY SUSY SUSY SUSY SUSY
HP: squark pair, ÷q # jX   SUSY SUSY SUSY SUSY SUSY
or gluino pair ÷g # jjX

HP: slepton pair, ÷! # ! X   SUSY SUSY SUSY SUSY SUSY
or chargino pair, ÷$ # WX

HIG: h # XX Higgs, DM*   Higgs, DM* RH% Higgs, DM* RH%*
or # XX + inv. RH%*

HIG: h # X + inv. DM*, RH %   DM* RH% DM*  

ZP: Z(Z$) # XX Z$, DM*   Z$, DM* RH% Z$, DM*  

or # XX + inv.
ZP: Z(Z$) # X + inv. DM   DM RH% DM  

CC: W(W$) # ! X     RH%* RH% RH%* RH%*

Table 2.1: Simplified model channels for neutral LLPs. The LLP is indicated by X.
Each row shows a separate production mode and each column shows a separate
possible decay mode, and therefore every cell in the table corresponds to a different
simpliÞed model channel of (production) %(decay). We have cross-referenced the
UV models from Section 2.2 with cells in the table to show how the most common
signatures of complete models populate the simpliÞed model space. The asterisk
(*) shows that the model deÞnitively predicts missing momentum in the LLP decay.
A dagger (   ) indicates that this particle production % decay scenario is not present
in the simplest and most minimalimplementations of the umbrella model, but could
be present in extensions of the minimal models. When two production modes are
provided (with an ÒorÓ), either simpliÞed model can be used to cover the same
experimental signatures.

prompt objects. For example, the Higgs production modes not only
proceed through gluon fusion, but also through vector boson fusion
and VH production, both of which result in associated prompt ob-
jects such as forward tagging jets, leptons, or missing momentum.
All of the production modes listed in Table 2.1 could be accompa-
nied by ISR jets that aid in triggering or identifying signal events.
It is therefore important that searches are designed to exploit such
associated prompt objects whenever they can improve signal sensi-
tivity, especially with regard to triggering.

To demonstrate how to map full models onto the list of simpli-
Þed models (and vice-versa), we consider a few concrete cases. For
instance, if we consider a model of neutral naturalness where X is
a long-lived scalar that decays via Higgs mixing (for instance, X
could be the lightest quasi-stable glueball), then the process where
the SM Higgs h decays to h # XX , X # bøb would be covered
with the Higgs production mechanism and a dijet decay. Entirely
unrelated models, such as the case whereX is a bino-like neutralino
with RPV decays in h # XX , X # jjj could be covered with the
same simpliÞed model because most hadronic LLP searches do not
have exclusive requirements on jet multiplicity. Similarly, a hid-
den sector model with a dark photon, A$, produced in h # A$A$,
A$ # f øf would also give rise to the dijet signature when f is a
quark, whereas it would populate the ! + ! ! column if f is a lepton.
Finally, a scenario with multiple hidden sector states X1 and X2, in

Example: Neutral LLP
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Reinterpretation and 
Presentation of Resultssearches for long -lived particles beyond the standard model at the large hadron

collider 95

Production

LLP

LLP

Decay

SimpliÞed Model e! ciencies

Signature
e! ciencies

Object e! ciencies

Figure 5.2: Possibilities for the presentation of results: simpliÞed-model efÞciencies
assuming a speciÞc topology of LLP production and decay, signature efÞciencies
assuming only a speciÞc LLP decay, and object efÞciencies which are independent of
the speciÞc decay mode.

ways of presenting results are useful to this end: signature efÞciencies
and object efÞciencies.

Signature efÞciencies are efÞciencies for the reconstruction of
the main LLP signature (single charged track, displaced vertex,
disappearing track, . . . ) as a function of the LLP kinematical pa-
rameters and the lifetime. Signal efÞciencies require the assumption
of a speciÞc LLP decay, but are highly model independent, since
they make no assumption on the LLP production mode. In addi-
tion, they are fully model-independent for stable particles (within
the detector dimensions), since in this case no assumptions about
the LLP decay mode are required. In many cases, however, the re-
construction efÞciencies depend on multiple variables, such as the
LLP pT, its transverse decay position, impact parameter, etc. As
illustrated in section 5.4.7, these efÞciencies could be very useful
for recasting LLP searches, but often they are not provided by the
experimental collaborations. Many recasting efforts consist in ex-
tracting these efÞciencies from the provided information, but can
result in large uncertainties.

Object efÞciencies are efÞciencies for the reconstruction of the
physics objects relevant for building the LLP signature. They can
clearly be applied to a wide range of LLP decay and production
modes, since no speciÞc assumptions about these are required.
For instance, a displaced lepton reconstruction efÞciency can be
provided as a function of the lepton pT and its production position.
As discussed in Section 5.4.2, these efÞciencies can be used to recast
LLP searches to an acceptable accurary (! 20%). Furthermore,
as illustrated in Section 5.4.7, knowledge of object efÞciencies are
essential for a general purpose recasting of the search. Within this
approach the model dependence is minimal and can be restricted
to a few general assumptions about the nature of the LLP. Also,
object efÞciencies could be included in fast detector simulators, thus
providing a way of recasting LLP searches on the same footing as

searches for long -lived particles beyond the standard model at the large hadron
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Figure 5.1: A qualitative overview of the possibilities for results presentation dis-
cussed in this chapter. The axes represent the complexity of information required by
each format and the corresponding level of model independence.

ready by some pioneering experimental publications [ 309, 146]. One
difÞculty in this respect is that the information needed for recasting
LLP searches is clearly analysis-dependent, which means an addi-
tional workload for the analysis groups to provide this information
case by case.

The objective of this chapter is to discuss the presentation of
the LLP search results with the aim that they can be re-used for
interpretations beyond the models considered in the experimental
publications. To this end, we Þrst discuss in Section 5.2 the various
options for presenting the LLP results, see Fig. 5.1, and compare
their advantages and shortcomings. In Section 5.3 we discuss in
more details how the simpliÞed models in Section 2 can be used
to re-interpret LLP searches. In Section 5.4, we present several at-
tempts of recasting LLP searches, according to the LLP signature:
heavy stable charged particles, disappearing tracks and displaced
objects; for each case, the lessons learned are elaborated. Section5.5
presents a Þrst attempt to extend the public detector simulator
Delphes to deal with LLP searches, while Section 5.6 deals with
reinterpretations performed within the experiments themselves, in-
cluding the RECAST framework. In Section 5.7, we discuss comple-
mentary constraints on LLPs from re-interpreting prompt searches.
We conclude in Section 5.8 with our recommendations for the pre-
sentation of LLP results.

5.2 Options for Presenting Experimental Results

A qualitative view of the various possibilities for presentation of
search results is given in Fig. 5.1. We broadly classify these pos-
sibilities according to the type of information provided or type
of efÞciency. Each type refers to distinct signal objects, as illus-

Complicated Topic: but there is convergence 
and recommendations for each decay channel
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Experimental Coverage

50 lhc llp community

(addressed in Section3.1.1) presents with a similar signature and
could provide some coverage of this signature.

An LHC phenomenological study of SIMPs was carried out in
ref. [217]. We summarize the main points of the study here. In their
setup, SIMPs interact with the SM via an attractive potential (ei-
ther scalar or vector mediator) coupling SIMP pairs with qøq pairs.
The proposed analysis selects events with high pT back-to-back jets
within the tracker, exploiting the charged energy fraction within
a jet to discriminate signal from background, The astrophysical
experimental constraints on this scenario are compared with the
expected reach of this search and that of monojets in Þgure 3.7.
Currently there is an ongoing analysis in CMS pursuing this strat-
egy.
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FIG. 4. Summary plot showing all the most important applicable constraints. Our results are shown in

the upper solid red line (Òthis workÓ), which corresponds to the green line of Figure 3 (left). In black

solid/dashed (lower lines), the monojet constraints are shown. The other constraints are: atmospheric

XQC and RRS experiments (blue and cyan, respectively), underground experiments (brown dashed), and

CMB+Lyman- ! (black dashed).

V. CONCLUSION

In this work we have considered further the possibility that DM may be made (partially
or totally) of particles with strong interactions with ordinary matter. These so-called
SIMPs, for strongly interacting massive particles, are much less considered than their more
popular siblings, the WIMPs, but they are regularly considered in the literature in order
to address some astrophysical issues. While they are challenged by many observations,
again mostly astrophysical, they are not completely excluded. Furthermore, little work
has been done on possible constraints from colliders. Extending on previous works, in
particular [19], we have studied in more details the possibility of observing trackless
jets at the LHC, taking into account realistic simulations of the QCD background and
the response of the detectors. Most notably, we show that the charged content of jets
is a powerful discriminator to suppress dijet backgrounds at LHC, thus enhancing the
sensitivity to a potential SIMP signal. Our analysis shows that SIMPs with mass up to
m! ! 400 GeV could lead to an observable signal, provided its interaction cross section
with ordinary matter is about 10% of that of ordinary nucleons. Most of our work is
dedicated to the forecast for the experimental search of SIMPs at the LHC. To do so, we

Figure 3.7: Astrophysical and collider constraints on a simple SIMP setup. Note that
the relevance of the astrophysical constraints depends on the contribution of the
SIMPs to the relic density. Taken from reference [217].

.

3.2 Overview of Gaps

1. All-hadronic

¥ Use associated object triggers (especially motivated by Higgs
like VBF and VH)

¥ Try to push to lower masses & lifetimes

¥ Online reconstruction of hadronic displaced objects

¥ Exclusion limits for displaced hadronic taus. Opportunity for
CMS displaced triggers?

2. Leptonic

¥ Intermediate region between low-mass (lepton-jets) and high-
mass (resolved ATLAS/CMS searches)

¥ Continue to push to go to lower masses, pT thresholds

¥ Tau leptons in LLP decay, in particular if they come from ID.
Opportunity for CMS displaced triggers?

3. Semi-Leptonic

searches for long -lived particles beyond the standard model at the large hadron
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¥ Low masses (like Majorana neutrino)

¥ Making sure to cover all ßavor combinations (for example, one
CMS search only coverse± µ! ), as well as same-sign vs. oppo-
site sign leptons

¥ Trigger on associated objects or use dilepton trigger if there
are two LLPs?

4. Photonic

¥ No coverage for LLPs decaying into lg, jg or without Emiss
T .

¥ Poor coverage (non-dedicated search) for single g, only if
two jets are present, needs recasting of CMS delayed photon
study [ 186].

¥ Prompt photons searches useless, as they veto "non-standard"
photons.

¥ No coverage for softer photons.

5. Other exotic long-lived signatures

¥ DTs: ct " mm are very hard to probe. Unclear if ATLAS IBL
will be present in HL-LHC run. What is the lowest distance
new layers (or double layers) can be inserted at?

50 lhc llp community

(addressed in Section3.1.1) presents with a similar signature and
could provide some coverage of this signature.

An LHC phenomenological study of SIMPs was carried out in
ref. [217]. We summarize the main points of the study here. In their
setup, SIMPs interact with the SM via an attractive potential (ei-
ther scalar or vector mediator) coupling SIMP pairs with qøq pairs.
The proposed analysis selects events with high pT back-to-back jets
within the tracker, exploiting the charged energy fraction within
a jet to discriminate signal from background, The astrophysical
experimental constraints on this scenario are compared with the
expected reach of this search and that of monojets in Þgure 3.7.
Currently there is an ongoing analysis in CMS pursuing this strat-
egy.
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or totally) of particles with strong interactions with ordinary matter. These so-called
SIMPs, for strongly interacting massive particles, are much less considered than their more
popular siblings, the WIMPs, but they are regularly considered in the literature in order
to address some astrophysical issues. While they are challenged by many observations,
again mostly astrophysical, they are not completely excluded. Furthermore, little work
has been done on possible constraints from colliders. Extending on previous works, in
particular [19], we have studied in more details the possibility of observing trackless
jets at the LHC, taking into account realistic simulations of the QCD background and
the response of the detectors. Most notably, we show that the charged content of jets
is a powerful discriminator to suppress dijet backgrounds at LHC, thus enhancing the
sensitivity to a potential SIMP signal. Our analysis shows that SIMPs with mass up to
m! ! 400 GeV could lead to an observable signal, provided its interaction cross section
with ordinary matter is about 10% of that of ordinary nucleons. Most of our work is
dedicated to the forecast for the experimental search of SIMPs at the LHC. To do so, we

Figure 3.7: Astrophysical and collider constraints on a simple SIMP setup. Note that
the relevance of the astrophysical constraints depends on the contribution of the
SIMPs to the relic density. Taken from reference [217].

.

3.2 Overview of Gaps

1. All-hadronic

¥ Use associated object triggers (especially motivated by Higgs
like VBF and VH)

¥ Try to push to lower masses & lifetimes

¥ Online reconstruction of hadronic displaced objects

¥ Exclusion limits for displaced hadronic taus. Opportunity for
CMS displaced triggers?

2. Leptonic

¥ Intermediate region between low-mass (lepton-jets) and high-
mass (resolved ATLAS/CMS searches)

¥ Continue to push to go to lower masses, pT thresholds

¥ Tau leptons in LLP decay, in particular if they come from ID.
Opportunity for CMS displaced triggers?

3. Semi-Leptonic

This group summarized the current experimental coverage 
and identiÞed the blind spots
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Detector & Trigger Updates

searches for long -lived particles beyond the standard model at the large hadron

collider 63

identify tracks from signal events and reject those originating from
backgrounds. The performance curves are evaluated for two differ-
ent strategies for the discriminator: the dE/dx discriminator, which
relies solely on the inner pixel modules (ÒdE/ dx-only"), ignoring
the HIP ßags, and a recomputed discriminator which includes
the HIP ßags from the Outer Tracker PS modules (ÒdE/ dx+HIP
ßag"). The signal versus background efÞciency performance curves
demonstrate that for a background efÞciency of 10! 6, analogous to
the current analysis performance, the dE/ dx+ HIP-based discrim-
inator leads to an expected signal efÞciency of 40%, around4 to 8
times better than the dE/ dx-only discriminator. In the dE/ dx-only
scenario, the efÞciency for the HSCP signal is about8 times smaller
than that obtained in current data. The inclusion of the HIP ßag
for the PS modules of the Outer Tracker restores much of the ef-
Þciency, so that the same sensitivity as in Phase-1 will be realized
with about four times the luminosity of Phase- 1. The Phase-1 sensi-
tivity will be surpassed with the full expected integrated luminosity
of the HL-LHC. This study demonstrates the critical impact of the
HIP ßag in restoring the sensitivity of the CMS tracker for searches
for highly ionizing particles.
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Figure 4.7: Left: distribution of the dE/ dx discriminator versus track momentum
(p) for tracks with high momentum ( pT > 55 GeV) in background events (red)
and for candidate signal particles. Pair produced ÷! S with a mass of 871GeV (blue),
and a gluino with a mass of 1400GeV (green), are shown. Right: The performance
of the dE/ dx discriminator for selecting gluinos in events with 0 PU and 200PU.
The signal versus background efÞciency performance curves for a discriminator
making use of both the pixel information and the Outer Tracker HIP ßag (red and
magenta) demonstrate a better performance compared to a discriminator trained to
exploit only the dE/ dx information from the pixel modules (blue and green), for a
background rejection of 10! 6.

HSCP trigger with muon upgrade The upgrade of the RPC system
will allow the trigger and identiÞcation of slowly moving parti-
cles by measuring their time of ßight to each RPC station with a
resolution of O(1) ns. The speed of muon-like particles and the
time (bunch crossing) of their origin will be computed with a fast
algorithm to be implemented in the Level 1 trigger at HL-LHC.

The RPC detectors are synchronized to register muons moving at
the speed of light with a local time equal to zero with respect to the

" LLP searches rely on all detector 
subsystems!

" Appearance (or disappearance) 
of particles mid-ßight poses 
additional challenge to the 
trigger system!

" Track triggering is of interest!

" Pile-up is a constant enemy.heavy stable particle: 
use the fact they are 

not minimally ionizing

11



Dark Showers
" Disclaimer: This is my 

subgroup: so I may spend 
more time on thisÉ!

" The showers may come from:!

" Strongly coupled group 
SUÕ(N)!

" Hierarchical splittings!

" Finally, the dark sector needs 
to decay back into SM

Dark Sector!
Hidden Valley!

É

Standard Model
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Dark Showers
" Interesting models: !

i. Lepton-jets!

ii. Emerging jets!

iii. SUEPs (Soft Unclustered 
Energy Patterns)!

iv. Semi-visible jets!

v. Photon-jets!

vi. É

Dark Sector!
Hidden Valley!

É

Standard Model
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Dark Showers
Experimental Challenges:!

" Suddenly there are many displaced vertices: the 
reconstruction becomes complicated!

" Collimated particles tend to fail the typical isolation 
requirements: Not just for electrons and photons, also 
muons.!

" High sphericity events spread their energy evenly over the 
detector: not much to trigger on.

14



Dark Showers
Theory Challenges:!

" What are reasonable benchmark models?!

" How does one create a reliable simulation of showers?!

" Current showering software is very good for QCD, which is 
dominated by nearly-collinear radiation.!

" Even using di#erent showering prescription VINCIA, we still 
saw a lack of coverage of large sphericity events.!

" Use di#erent models to achieve theoretical coverage of such 
signatures.

15



Dark Showers
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Figure 4: Comparison between accessible ranges of parton shower and AdS/CFT-inspired models (labeled ÒKK
modelÓ) for sphericity and thrust. In the parton shower, the curves correspond to events produced at

!
s = 100! ,

with conÞnement scale ! . The ! functions of the theories are tuned such that g2(100! )/ 4" is 0.06, 0.12, 0.24 for
the 3 distributions. In the KK model case, the dashed curve corresponds to a bulk interaction while the solid curve
corresponds to a boundary interaction. Expectation values for all distributions are computed.

Sphericity is deÞned as the scaled sum of the two smaller eigenvalues of the sphericity tensor

Sab =
!

i pa
i pb

i!
i |p i|

2 , (4)

where the sum is over all Þnal-state particles in the event [16]. When the eigenvalues! i are ordering in
decreasing orderS = 3

2 (! 2 + ! 3), and can take on the values0 Æ S Æ 1. Thrust is instead deÞned via a
maximization procedure with respect to all possible axes in the event [17] ,

T = max
|n|=1

!
i |n ápi |!

i |pi |
. (5)

Both observables essentially measure the divergence of an event from the pencil-like Þnal-state structure of a
2 æ 2 scattering process without making any direct reference to jets. Historically, thrust had the advantage of
infrared and collinear safety by virtue of being insensitive to arbitrarily additional perfectly soft and collinear
radiation, and thus being calculable in weakly-coupled perturbation theory. For our concerns, this di! erence
can be turned into an advantage, as an observed di! erence between the 2 observables can act as a diagnostic
of the sensitivity of our predictions to the non-perturbative parameters in the parton shower.

Events from models expected to provide a range of behaviors were generated. Extra-dimensional models
with both bulk and boundary interactions were considered, with the former expected to yield very isotropic
events. For the parton shower, a modiÞed version of the VINCIA dipole-antenna parton shower [18] is used,
in which an SU(N ) gauge theory with only light quarks showers and hadronizes into light mesons with masses
m! v

/ ! v ≥ m! / ! QCD . Coupling boundary conditions and one-loop running were then varied while adjusting
shower cuto! s to ensure that couplings remain perturbative throughout the parton shower.

The results are summarized in Þg. 4, with the uncertainty in the parton shower distributions coming from
considering transverse momentum and dipole virtuality shower ordering. The similar behavior of the two
distributions indicates that sensitivity to non-pertrubative e ! ects from hadronization are not large. With
the lowest sphericity/highest thrust distribution fairly close to that expected from QCD, a wide range of
non-QCD-like behaviors is observable. A noticeable gap between the most isotropic behavior with the parton
shower and the most jetty events with the extra-dimensional approach possible still remains, although a
signiÞcant fraction of the range in these observables is covered by these approaches.

Examining the behavior of observables that are perturbatively incalculable in the weakly coupled theory
indicates that a degree of caution is warranted, however, with the two approaches giving qualitatively di! erent
results to certain questions. As an example, we look at the correlation between sphericity and total event
multiplicity for the two closest parton shower and extra-dimensional models. Displayed in Þg. 5, we see
that multiplicity is far less correlated with sphericity in the former case are much more highly correlated
in the latter case (note the di! ering scales in the two plots). Such qualitative di! erence seen between the
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Figure 5: Correlation between sphericity and hadron multiplicity for events generated with parton shower (left) and
AdS/CFT-inspired models with boundary interaction (right). Notice that the scales on the axes are di ! erent in the
two panels.

two extra-dimensional models warrants more detailed study of event behavior in the transition region, while
both approaches would beneÞt from further consideration of how jet-level observables, whether physically
well-justiÞed or not, vary over their accessible ranges.

[SK: Mention turning o ! pythia hidden showers running to get a better guess of conformal part]

3 Trigger strategies

maybe table

3.1 Lifetime independent triggers

MET, HT etc, substructure

3.2 Prompt and short lived hidden showers

Thoughts re: pile-up & low-µ datasets for llp-darkshowers community white paper Matt LeBlanc (University
of Arizona) 22 Feb 2018

While Run 2 of the LHC has brought unprecedented opportunity for discovery with a large (expected
> 100 ifb) dataset of 13 TeV pp collisions, the ability to explore the energy frontier comes at a cost: high
trigger thresholds and challenging experimental conditions may limit the sensitivity of LHC experiments to
BSM models such as SUEP with soft & di! use signatures. During 2017 data-taking, the typical!µ" value
could approach 60 interactions per bunch crossing. (refer also to typically high trigger thresholds ? probably
already discussed?)

Another interesting opportunity to consider in the context of dark showers is that of the low-µ datasets
provided by the LHC at 5 and 13 TeV during 2017, respectively at!µ"=4 and 2 (at IP 1). While the integrated
luminosity of these samples is much lower than the standard 13 TeV pp dataset, the change in conditions
lends itself well to searches for BSM scenarios which would normally be hopeless to distinguish from pile-up
noise. In a low-µ environment, new strategies for selecting soft events may become possible, such as the
use of object-multiplicity (track- or cluster- based) triggers, or HT triggers with lower thresholds than are
typically available.

The ability to cleanly reconstruct low-pT tracks and vertices or soft calorimeter clusters could provide the
only way to experimentally access very low-mass SUEP.

¥ Di! erent trigger strategies may be used

¥ HT with lower thresholds

¥ Object multiplicity (tracks etc.)

9

Parton Shower
KK modes
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Conclusion

" Higgs is an important portal to new physics.!

" Understanding Higgs production is an important input: 
Associated production objects can be very useful for NP 
searches.!

" LLPs are challenging, but ÒmotivatedÓ and fun.!

" We are on our way towards the White Paper: it will be a 
good read.
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