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My personal (biased) perspective

✦ Very productive and useful workshop (as usual) 
➡ Not my intention to summarize all of it here! 
➡ Will try to avoid you missing your flight! 

✦ Instead, will try to present some ideas that 
caught my attention 
➡ Not ATLAS/CMS or theory person: different 

perspective? 
➡ Focus in global aspects 
➡ Apologies in advance for the omissions (>40 talks!) 
➡ And                   everyone for your participation!

+ material and ideas stolen!
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ATLAS, CMS and LHCb
✦ Dealing with backgrounds, common problems, 

common solutions?

ATLAS

 Disappearing Tracks: 
Backgrounds 

11

Lepton emitting 
hard photon

Hadron undergoing 
hard scatter

Random 
combination 

of hits

Link to paper

Hard hadronic 
interactions

Lepton emitting 
hard photon

Random 
combination 

of hits

Will be worse from Run 3 on! 
Machine Learning? 

Session for next workshop?!

Roloff
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VELO Material

LHC-LLP - 20/10/2017 Elena Dall’Occo

material map of the VELO is essential to reduce the background in LLP searches!

• beam-gas (helium) collisions  
• material interaction along the full 

length of the VELO 
• secondary interactions of hadrons 

used to map the material

• the map can be used in analyses with 
displaced vertices: 
a p-value can be assigned to the 
hypothesis that a SV originates from 
material interaction
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where the a
positive (negative) r value denotes that the SV is closest to material in the right (left) half of the VELO. The
bins are 0.1 mm⇥1 mm in size.

good quality. Futhermore, the SVs are required to be inconsistent with originating from the beam-67

spot in the xy-plane, and only events with exactly one SV are used. In total, 14M and 38M SVs are68

used to build the Run 1 and Run 2 maps, respectively. Figures 2 and 3 presents some displays of69

the reconstructed SV locations.70

3. Material Maps71

Separate VELO material maps are constructed for Run 1 and Run 2. The z positions of the sensors72

are determined by fitting the observed SV z distributions near each nominal module location. In73

these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm (x < 1.5 mm) for the left74

(right) VELO half. These requirements highly suppress contributions from material interactions75

in the RF-foil and from beam-induced backgrounds. Since the manufacturing tolerance of the76

sensor wafers is only 0.05 mm, the nominal wafer shapes in the transverse plane are used for the77

sensors. The x and y positions of each sensor, which are nominally at the xbeam and 0, are fitted78

simultaneously to the observed xy positions using SVs near each sensor in z. Only SVs that are79

inconsistent with originating from an interaction in the RF-foil are used in these fits. Figure 480

shows the shifts with respect to the nominal positions of each module. The largest shifts observed81

in z are ⇡ 0.6 mm in two of the pile-up sensors, while all standard sensors are consistent with82

their expected nominal positions to . 0.3 mm. Furthermore, the fitted z positions are found to be83

consistent in Run 1 and Run 2. The y positions are all found to be consistent with the expected84

values in both run periods; however, the modules are found to be shifted by O(0.1 mm) in x.85

The shape of the RF-foil in the xy-plane is roughly a semi-circle about the origin that transi-86

tions into straight lines that extend out away from the origin at fixed x values. The parametrization87

employed here describes these transitions using additional semi-circles (interpolation using bicubic88

splines was also tried, but found to provide a worse description of the data). The xy distributions89

of SVs are fit in 1 mm wide slices in z, where SVs consistent with originating from a module are90

removed, and in each of the 1066 slices four parameters are determined. The z dependence of each91

– 4 –

Figure 2. Reconstructed SVs in the Run 2 data sample showing the xy plane integrated over z within the
region of the VELO that contains sensor modules. The left (right) panel shows the central (forward) VELO
region. The bins are 0.1 mm⇥0.1 mm in size.

These sensors are placed into 21 standard modules in r–f pairs, where each r sensor provides41

a radial-coordinate measurement, each f sensor provides an azimuthal-coordinate measurement,42

and the module location determines the z coordinate. Each half also has two additional modules,43

referred to as the pile-up system, that only contain an r sensor and are located in the most upstream44

positions of the VELO. There is a slight overlap between the two VELO halves to ensure full45

angular coverage and to assist in calibration of the detector. Each half is contained in an RF-box,46

which provides an independent vacuum from the LHC machine vacuum. The beam-facing surface47

of the RF-boxes is the RF-foil, a 0.3 mm thick AlMg3 sheet that is corrugated around the modules48

to minimize the material traversed by charged particles. The RF-box and RF-foil shield the VELO49

sensors against RF pickup from the LHC beams, prevent impedance disruptions of the LHC beams,50

and protect the LHC machine vacuum.51

A beam-gas imaging system was installed during Run 1 to enable making high-precision lu-52

minosity measurements [8], which has since been repurposed to allow LHCb to collect data as a53

fixed-gaseous-target experiment. This analysis uses secondary interactions of hadrons produced in54

beam-gas collisions collected during special run periods where helium gas was injected into the55

VELO. The data used to construct the Run 1 map was collected during pp running periods in 201156

and 2012 meant for luminosity studies, with beam energies of 3.5 and 4.0TeV, respectively. The57

Run 2 map is built using data taken during a dedicated proton-helium run in 2016 with a beam58

energy of 4.0TeV. At most one LHC beam is permitted to traverse the VELO region in all events59

used in this study. The data sets were collected using a minimum bias trigger, which required at60

least one track was reconstructed at the software-trigger stage.61

Since the particles produced in secondary interactions in beam-gas events do not necessarily62

originate from near the interaction point or the beam line, the tracks used in this analysis are63

reconstructed using a non-standard tracking algorithm that makes no assumptions about the origins64

of the particles. All reconstructed tracks are required to be of good quality and to have hits in at65

least 3 r–f sensor pairs. The SVs are reconstructed from 3 or more tracks and are required to be of66

– 3 –

analysis already performed for Run1 and Run2!

CERN-LHCb-DP-2018-002

LHCb

LHCb material map of the VELO 
(from hadronic interactions in data)

Could something similar be 
conceived at ATLAS/CMS?

Roloff, 
Dall’Occo
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where the a
positive (negative) r value denotes that the SV is closest to material in the right (left) half of the VELO. The
bins are 0.1 mm⇥1 mm in size.
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 Displaced Vertices in the ID 

• LLP decaying hadronically 
within the tracker can produce 
many tracks all pointing to the 
same vertex 

• No dedicated triggers, so must 
trigger on other objects in the 
event 

• Run 1 searches triggered on 
MET, jets, and leptons 

• Only have results triggered 
on MET for Run 2 so far 

• Will be focusing on these 
results

13

Link to Run 1 paper
Link to Run 2 DV+MET paper

Part of the work is already there
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ATLAS, CMS and LHCb
✦ Detector related developments 

➡ New developments at ATLAS/CMS/LHCb are already/
will impact LLP searches

➡ ATLAS: Disappearing tracks IBL 
helped enable reconstruction of 
shorter tracks than in Run 1 → 
shorter sensitivity to shorter 
lifetimes 

• Sensitive to objects decaying 
between the pixel and SCT 

• Must have hit in each of 
first four layers of the pixel 

• No associated SCT hits 

• Must be isolated from other 
tracks and jets 

• Minimum pT requirement of 
20 GeV 

• These conditions are only 
going to become more difficult 
at high pileup

 Disappearing Tracks: 
Reconstruction 

10

Link to paper

Run 2 
(with IBL)

Run 1

probably kills fakes

Roloff
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➡ CMS: 4 instead of 3 barrel layers, 
and more endcap coverage, first 
layer at 3cm from the beamline, 
4th layer closer to first strip layer

✦ Detector related developments 
➡ New developments at ATLAS/CMS/LHCb are already/

will impact LLP searches

11

ATLAS, CMS and LHCb
From 2017 data onwards

● 4 instead of 3 barrel layers, and more endcap coverage

 6rst layer at 3cm from the beamline, 4th layer closer to 6rst strip layer

● new readout chip to cope with increasing particle rates (up to 100 PU)

CMS Pixel Upgrade

Steven Lowette – Vrije Universiteit Brussel
3rd LHC LLP Workshop – 16 May 2016 Page 5for LL searches even more important, 

tracking inefficiency as function of 
luminosity correlates tracking and 
vertexing efficiencies within events 

New pixel detector was a necessity
● dynamic ine:ciency in 6rst layer was starting to be limiting

 for LL searches, it sometimes matters more: tracking ine:ciency as function of 
luminosity correlates tracking and vertexing e:ciencies within events

CMS Pixel Upgrade

Steven Lowette – Vrije Universiteit Brussel
3rd LHC LLP Workshop – 16 May 2016 Page 6

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PixelOfflinePlotsAugust2017

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PixelOfflinePlots2016

New pixel detector was a necessity
● dynamic ine:ciency in 6rst layer was starting to be limiting

 for LL searches, it sometimes matters more: tracking ine:ciency as function of 
luminosity correlates tracking and vertexing e:ciencies within events

CMS Pixel Upgrade

Steven Lowette – Vrije Universiteit Brussel
3rd LHC LLP Workshop – 16 May 2016 Page 6

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PixelOfflinePlotsAugust2017

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PixelOfflinePlots2016

Lowette
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➡ LHCb

✦ Detector related developments 
➡ New developments at ATLAS/CMS/LHCb are already/

will impact LLP searches

12

ATLAS, CMS and LHCb

Dall’Occo
4

Trigger

LHC-LLP - 16/05/2018 Elena Dall’Occo

J. Phys. Conf. Ser. 664, 082004 (2015) 

very soft triggers!

at hardware level (L0): 
• muons with pT > 1.5 GeV 
• calo deposits with ET > 3 GeV

at software level (HLT): 
• topological triggers on detached vertices 
• PID and jets in trigger
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prompt-like sample

pT(µ) > 1GeV, p(µ) > 20GeV

Phys. Rev. Lett. 120, 061801 (2018)

new µµ turbo trigger with online muon 
id requirement (no pre-scale)

new turbo lines since 2015: 
• online reconstructed particles stored 
• lower level info discarded reducing event size  
• output can be directly used for analysis

excellent for light dimuons 
(prompt and detached) 

online µ id reduces rate of 
double misid from π
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ATLAS, CMS and LHCb
✦ More in the long term: Brand new proposal to 

make use of timing! Heavy LLPs are slower… 
➡ Great discrimination against background → enhanced 

sensitivities

Liu
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Dedicated experiments
✦ We’ve seen a lot of fight useful and lively 

discussion about the reach of new LLP 
experiments at the workshop 
➡ Key element: background. How realistic is the 0-

background assumption?

Signal and background signatures

Example signals for MATHUSLA:

9

Main backgrounds:

● Veto from bottom scintillator plane and requiring 
upward-going tracks gets rid of everything but neutrinos

● Atmospheric neutrino scattering rejected by vetoing 
narrow cones of tracks pointing away from IP

● Can also reject most neutrino scattering final states 
(which include non-relativistic protons) from timing

∼10 Hz
few / year

∼10 MHz
∼100 / year

Chou, Curtain, Lubatti 1606.06298

Curtin, Proffitt, Reddi

Federico Leo Redi | École polytechnique fédérale de Lausanne |

Backgrounds / 2

!27

Background

45Nico Serra - ACFI Workshop - UMass Amherst  20 July 2017

Very simple selection reduces the bkg to 
only a few in 5 years:


- Fiducial volume

- DOCA

- IP wrt target

- Vetos


Realistic to reach 0.1 expected bkg 
events for all channels we have been 
studying


SHIP

Mathusla
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SHIPIn general, on-site tests with prototypes will be very 
helpful to verify how realistic these assumptions are! 
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Dedicated experiments
✦ Great news: in several cases, first tests already 

starting!

Proffitt, Hill, Dey

RPCs

MATHUSLA test stand

Using 59 borrowed scintillators (from DØ) and 12 RPCs (from 
ARGO)... all well beyond their originally designed use!

Active surface area: 2.5 m × 2.5 m

Height: 6.7 m

Data readout:
TDC + ADC readout for scintillators, TDC + strip address for RPCs

14

Scintillators

Scintillators

Shown here in the buffer zone of SX1, ∼100 m directly above ATLAS

Demonstrator Installed in TS2 of 2017

• 12 scintillator bars installed (1% full milliQan) + 2 
hodoscope packs on either end

MilliQan CODEX-b

Backgrounds and shielding

Background studies: measurements (cntd.)

Two 30⇥ 30⇥ 2 cm wrapped plastic
scintillators + PMT + mechanical stand.

Biplab Dey CODEX-b, 3rd LLP LHC workshop, CERN May 18th , 2018 14 / 22
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FASER, MATHUSLA and SHiP (light LLPs)
SHiP: For shorter lifetimes and mass < ~ 10 MeV, SHiP is much better.  

MATHUSLA access higher scale physics and sees 10-100 more 
LLPs from exotic meson decays if lifetime >> 100m.

FASER: “small” cylindrical (R = 0.2m, L = 10m) detector (far):

Feng, Galon, Kling, 
Trojanowski 1710.09387

For SM+S model reach, 
FASER + MATHUSLA > SHiP ! 

Very intriguing! Does this interplay 
apply to other low-mass LLP 
scenarios?! 
Will be explored in PBC report.

17

Dedicated experiments
✦ Which one should be build? 

➡ Ideally, all of them… But if not, trade between reach/
funding needed

SM+S scenario

Curtin, Dey

B → Xsφ 

92 lhc llp community

0.5 1.0 2.0 4.0

m� (GeV)

10�12

10�10

10�8

10�6

si
n

2
� CODEX-b SHiP

MATHUSLA

CHARM

LHCb, 3 fb�1

LHCb, 300 fb�1

Figure 5.28: Left: CODEX-b reach for B ! Xs j in the s2
q–mj plane. Solid (dot-

dashed) line assumes L = 300 fb�1 (L = 1 ab�1). Right: Inclusive CODEX-b B ! Xs j
reach (solid lines). The shaded regions (dashed lines) indicate current LHCb limits
(300 fb�1 projection) from B ! K(j ! µµ), rescaled to the inclusive process and
assuming Br[j ! µµ] ' 30% and 10% for mj = 0.5 GeV and 1 GeV, respectively.
Gray shading and dashed line indicate respectively the approximate current [242]
and Belle II projected [243] limits from B ! K(⇤)nn̄ precision measurements.

is to pursue the quest for magnetic monopoles at LHC energies.3318

Nonetheless the detector is also designed to search for any massive,3319

long-lived, slow-moving particle [248, 249] with single or multiple3320

electric charges arising in many scenarios of physics beyond the3321

Standard Model [250].3322

5.3.3.2 The MoEDAL detector3323

The MoEDAL detector [moedal] is deployed around the intersec-3324

tion region at the LHC Point 8 (IP8) in the LHCb Vertex Locator3325

(VELO) cavern. A schematic view of the MoEDAL experiment is3326

shown in Fig. 5.30. It is a unique and largely passive detector com-3327

prising different detector technologies.3328

5.3.4 Nuclear track detectors3329

The main sub-detector system is made of a large array of CR39,3330

Makrofol and Lexan nuclear track detector (NTD) stacks surround-3331

ing the intersection area. The passage of a HI particle through the3332

plastic detector is marked by an invisible damage zone along the3333

trajectory. The damage zone is revealed as a cone-shaped etch-pit3334

when the plastic detector is chemically etched. Then the sheets of3335

plastics are scanned looking for aligned etch pits in multiple sheets.3336
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is to pursue the quest for magnetic monopoles at LHC energies.3318

Nonetheless the detector is also designed to search for any massive,3319

long-lived, slow-moving particle [248, 249] with single or multiple3320

electric charges arising in many scenarios of physics beyond the3321

Standard Model [250].3322

5.3.3.2 The MoEDAL detector3323

The MoEDAL detector [moedal] is deployed around the intersec-3324

tion region at the LHC Point 8 (IP8) in the LHCb Vertex Locator3325

(VELO) cavern. A schematic view of the MoEDAL experiment is3326

shown in Fig. 5.30. It is a unique and largely passive detector com-3327

prising different detector technologies.3328

5.3.4 Nuclear track detectors3329

The main sub-detector system is made of a large array of CR39,3330

Makrofol and Lexan nuclear track detector (NTD) stacks surround-3331

ing the intersection area. The passage of a HI particle through the3332

plastic detector is marked by an invisible damage zone along the3333

trajectory. The damage zone is revealed as a cone-shaped etch-pit3334

when the plastic detector is chemically etched. Then the sheets of3335

plastics are scanned looking for aligned etch pits in multiple sheets.3336

Eagerly waiting for the PBC 
report to clarify this :)
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Dedicated experiments
✦ Heard for the 

first time at the 
workshop 

SeaQuest NA62

Gori, Dobrich
SIMPS

NA62 standard data-taking & parasitic BSM trigger lines

main measurement: K+ ! ⇡+⌫̄⌫

Run 2016: presented at this year’s Moriond, and also

here: https://indico.cern.ch/event/714178/

Run 2017: ⇠ 3⇥ 1012 Kaon decays collected :-)

Run 2018: since mid April-November

then long shutdown expected

Trigger band width shared by ⇡+⌫̄⌫

+ other Kaon & non-Kaon modes

example Kaon: K+ ! N + l+,

N: ‘stable’ Heavy Neutrino

2015 data: PLB 778 137 (2018)
based on ⇠ 3 ⇥ 108 Kaon decays

from 2016 data:

invisibly decaying Dark Photon

K+ ! ⇡0⇡+ with ⇡0 ! A0 + �

(prelim: paper in preperation)

search peak in missing mass of

m2
miss = (PK � P⇡ � P�)

2

heavier BSM? other prod channels?

decay of long-lived?

) upstream production

60 % meson decays & 40 % direct p prod.

trigger 2017: µµ and µ + track

not requiring initial Kaon

both O(1017) POT in 2017

Babette Döbrich (CERN) for the NA62 collaborationLong lived particles at NA62 LLP at LHC, 18/05/2018 5 / 15
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LLPs maybe not main physics goal: 
but huge advantage, ongoing 
experiments! Competitive!
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Dedicated experiments
✦ MOEDAL already producing results, but not only 

Pinfold
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Exciting competition with ATLAS!
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Reinterpreting
✦ Reinterpretations' main goal: Where are the 

gaps? What other searches could we do?  
➡ For this we do not need completely accurate results. 
➡ But it’s probably not worth it to "compete" with full 

experimental analysis  

✦ Other important goal (to me), compare results 
from different experiments in similar models. 
Two examples: disappearing tracks (see 
GAMBIT & CheckMATE) and dark photons 

✦ But what ingredients do we need for this? 
➡ At least provide efficiency maps in every analysis: 

also useful from the point of view of data preservation
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Reinterpreting

!21

Reinterpretation Challenges
• One model can generate many different signatures

• One signature can come from many models
searches for long-lived particles beyond the standard model at the large hadron

collider 23

Production
Decay

gg(+inv.) g + inv. jj(+inv.) jj` `+`�(+inv.) `+
a `�

b 6=a(+inv.)

DPP: sneutrino pair † SUSY SUSY SUSY SUSY SUSY
HP: squark pair, q̃ ! jX † SUSY SUSY SUSY SUSY SUSY
or gluino pair g̃ ! jjX

HP: slepton pair, ˜̀ ! `X † SUSY SUSY SUSY SUSY SUSY
or chargino pair, c̃ ! WX

HIG: h ! XX Higgs, DM* † Higgs, DM* RHn Higgs, DM* RHn*
or ! XX + inv. RHn*

HIG: h ! X + inv. DM*, RHn † DM* RHn DM* †

RES: Z(Z0) ! XX Z0, DM* † Z0, DM* RHn Z0, DM* †

or ! XX + inv.
RES: Z(Z0) ! X + inv. DM † DM RHn DM †

CC: W(W 0) ! `X † † RHn* RHn RHn* RHn*

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
simplified 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 simplified model space. The asterisk
(*) shows that the model definitively predicts missing energy in the LLP decay. A
dagger (†) indicates that this particle production ⇥ decay scenario is not present
in the simplest and most minimal implementations of the umbrella model, but could
be present in extensions of the minimal models. When two production modes are
provided (with an “or”), either simplified model can be used to cover the same
experimental signatures.

7 This should not, of course, be in-
terpreted as saying that searches
shouldn’t be done that exploit these
features. Instead, our position is that
experiments should bear in mind the
range of topologies and models cov-
ered by each cell in Table 2.1 when
designing searches, and that some
more inclusive signal regions should
be established where possible.

could be the lightest quasi-stable glueball), then the process where825

the SM Higgs h decays h ! XX, X ! bb̄ would be covered with826

the Higgs production mechanism and a di-jet decay. Entirely un-827

related models, such as the case where X is a bino-like neutralino828

with RPV decays h ! XX, X ! jjj could be covered with the829

same simplified model because most hadronic LLP searches do not830

have exclusive requirements on jet multiplicity. Similarly, a hidden-831

sector model with a dark photon, A0, produced in h ! A0A0,832

A0 ! f f̄ would also give rise to the di-jet signature when f is a833

quark, whereas it would populate the `+`� column if f is a lepton.834

Finally, a scenario with multiple hidden-sector states X1 and X2, in835

which X2 is an LLP and X1 is a stable, invisible particle, could give836

rise to signatures like h ! X2X2, X2 ! X1 jj that would be covered837

by the same Higgs production, hadronic decay simplified model;838

however, we see how /ET can easily appear in the final state, and839

that the LLP decay products may not all be hadronic. Therefore,840

the simplified models in Table 2.1 can cover an incredibly broad841

range of signatures, but only if searches are not overly optimized to842

particular features such as /ET and resonant LLP reconstruction7.843

2.4.2 Electrically Charged LLPs: |Q| = 1844

For an electrically charged LLP, we need to consider far fewer pro-845

duction modes because of the irreducible gauge production asso-846

neutral LLP channels

Shuve !22

Reinterpretation Challenges
• We want searches to cover as much phase space as possible

• We want results presented so they are as broadly applicable as 
possible

• LLP searches are challenging because:
• “Standard” objects (electrons, muons, tracks) are not so 

standard if they come from LLP decay or stable LLP

• Signal efficiencies hard to model with publicly available 
simulation

• Efficiencies can have strong dependence on kinematics, 
LLP decay position, etc.

+ efficiency tends to be model dependent…
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Reinterpreting

!21
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Shuve, Conte !22

Reinterpretation Challenges
• We want searches to cover as much phase space as possible

• We want results presented so they are as broadly applicable as 
possible

• LLP searches are challenging because:
• “Standard” objects (electrons, muons, tracks) are not so 

standard if they come from LLP decay or stable LLP

• Signal efficiencies hard to model with publicly available 
simulation

• Efficiencies can have strong dependence on kinematics, 
LLP decay position, etc.

Recasting implementation of the analysis 

• Recasting done in the framework of the first MA5 school organised in Korea 
Authors: Jung Chang under the supervision of Jory Sonneveld and Sam Bein 
Both recast analysis & validation note are available on the PAD. 
 

• Software: MA5 v1.6 + Delphes 3.4.1_Tracks with 8 TeV CMS tracking performance 

25 

+ efficiency tends to be model dependent…
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Reinterpreting

Desai, Kim

Displaced Lepton search

4.1 Corrections to leptons 5
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Figure 1: Diagram of control and search regions based on lepton impact parameter. CR I corre-
sponds to the prompt control region, CR II corresponds to the displaced control region, and CR
III (IV) corresponds to the region with a displaced electron (muon). Note that CR II is a subset
of both CR III and CR IV. SR I, SR II, and SR III correspond to the three search regions.

8 TeV

20000

20000

…

B2G-12-024, CMS PAS EXO-16-022

Requires CERN login
Don’t know, but probably 100%

Hmm.. 

✦ More work needed on our (experientalist) side 
➡ Challenging, but we should try



Xabier Cid Vidal - Closeout and taking stockMay 18th 2018 26

Reinterpreting

Desai, Kim

Displaced Lepton search

4.1 Corrections to leptons 5

SR I

SR II

SR III

CR IV

CR III

μ |d0| [μm]
0 100 200 500 1000 100 000…

CR I

CR II

0
10

0
20

0
50

0
10

00
10

0 
00

0
…

e 
|d

0| 
[μ

m
]

Figure 1: Diagram of control and search regions based on lepton impact parameter. CR I corre-
sponds to the prompt control region, CR II corresponds to the displaced control region, and CR
III (IV) corresponds to the region with a displaced electron (muon). Note that CR II is a subset
of both CR III and CR IV. SR I, SR II, and SR III correspond to the three search regions.

8 TeV

20000

20000

…

B2G-12-024, CMS PAS EXO-16-022

Requires CERN login
Don’t know, but probably 100%

Hmm.. 

✦ More work needed on our (experientalist) side 
➡ Challenging, but we should try

Using new parametrisation

10≠1

100

101

102

up
pe

rl
im

it
on

cr
os

ss
ec

tio
n

[fb
] split SUSY simplified model

g̃ æ qq̄‰̃0
1

mg̃ = 1400 GeV
m‰̃0

1
= 100 GeV

ATLAS
Recasted

10≠3 10≠2 10≠1 100 101 102

· [ns]

0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

ra
tio

10≠1

100

101

102

103

up
pe

rl
im

it
on

cr
os

ss
ec

tio
n

[fb
]

split SUSY simplified model
g̃ æ qq̄‰̃0

1

mg̃ = 2000 GeV
m‰̃0

1
= 100 GeV

ATLAS
Recasted

10≠3 10≠2 10≠1 100 101 102

· [ns]

0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

ra
tio

Very good agreement with published limits!

Reinterpretation by G
. C

ottin. & A. Lessa

Very impressive result!
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Hideyuki Oide 2018-05-16

Introduction: reinterpretation in general

Efficiency: a coefficient defined for each SR which is approximately applicable to various signal 
models (model-independent) for the specified acceptance to predict Nsig.

Acceptance: The rate of events passing a fiducial selection defined at the truth level for each SR.  
The acceptance is chosen to give as much uniform efficiency as possible, and users need to be 
able to calculate the acceptance with the specified way for themselves with standard generators.  
→ Effectively, this determines the “user interface”

�2

Real-life experiment Simple reinterpretation framework

Pileup

Detector
Response

Reconstruction

Selections

Trigger

Nsig

L
d�

d⌦

Geant4

Complex
TriggerMenu

Athena

Analysis
Framework

for each signal region
model model

Approximately
equivalent for 
the given 
Signal Region

Truth level

Reco level

Truth-level
Selection

Acceptance
Definition

Efficiency
Database

Events in 
Acceptance

L
d�

d⌦

Nsig

⇥

N (S)

sig,i ' (Ai · h"i)(S) ·
�
L · �tot

i

�

(S)

Experiment
provides these

See Iacopo’s talk for the standard reint. case

27

Reinterpreting
✦ Therefore crucial to provide tools! First step, 

reinterpretation of own results? 

Oide, Alimena
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✦ Example: Freeze-In Dark Matter 

Mariotti, Zaldívar 

Recasting ATLAS DV+MET

Alberto Mariotti (VUB) Singlet Doublet DM Freeze-In

Figure 10: Exclusion curves from collider analyses in the plane of the decay length versus
the mass of the heavy neutral fermions. Our recasting of the ATLAS DV+E/ T search,
associated to the final states of hh+ E/ T , hZ + E/ T or ZZ + E/ T , for the simplified models
i), ii) and iii) (see the text for details) are shown with red, blue and green solid lines
respectively. The orange dashed line is the exclusion of displaced searches at 8 TeV LHC,
as estimated in [106]. The purple dashed-dotted line is our estimate of the impact of the
prompt searches at 13 TeV performed by CMS [110].

iii) BR[�2,3 ! Z�1] = 100%.

In order to constrain the above simplified models, we consider the total production cross
section of the doublet fermions states, computed at NLO by Prospino2 [104], summing all
production modes shown in (29), corresponding to the solid red line in Figure 6. With no
background in the signal region, the parameter configuration of a model is excluded at 95%
confidence level (CL) or more if it yields a number of selected events � 3.0. The resulting
exclusion curves are depicted in Figure 10 as three solid lines. As we can see, the difference
in the efficiencies among the three simplified models results in only a small impact on the
sensitivity. Moreover, the largest doublet mass (about 1.3 TeV) is probed for a decay length
around c⌧ ⇡ 5 cm. Also, the exclusion curves are not symmetric in c⌧ with respect to this
maximal reach. This is due to the fact that the exponential distribution determining the
displacement is falling very rapidly for a displacement larger than a given c⌧ , while it goes
to zero less steeply for displacement smaller than c⌧ . This also explains why the reach of
the analysis extends to regions with very large decay lengths, up to c⌧ ⇡ 50 m.

In Figure 10, we also show for comparison the exclusion from the 8 TeV searches, as
reported by Ref. [106]. This is depicted as a dashed orange line and includes both searches

20

Simplified models with
fixed BR into h(+MET) or Z(+MET)

✦Apply the efficiency grids

DV+MET search 
has strong 

reach on EW 
states in SD-FI

See Nishita Desai 

 talk of yesterday

See Hideyuki Oide  

 talk of yesterday

✦Follow object selection of 
auxiliary materials

✦Validate recasting with model 
in ATLAS paper as advocated 
in Les Houches 2017

Etruth
T , d0, n

DV
tracks,mDV , Rdecay, zdecay

ATLAS arXiv: 1710.04901
CERN-EP-2017-202

G. Cottin, N. Desai, J. Heisig, A. Lessa 

Calibbi, Lopez-Honorez, Lowette, AM

8TeV limits
Z.Liu, B.Tweedie, '15
CMS PAS EXO-12-038 

LLP workshop 17-05

➡ Freeze in: alternative 
mechanism to obtain 
dark matter abundance 

➡ It naturally involves 
small couplings (long-
lived particles)  

➡ Several recasts done: 
example DV+MET ATLAS

Other interesting examples: Cottin, Lara, Vogl, Popara, Heisig, DiPetrillo…

Reinterpreting
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Reinterpreting
✦ I have the feeling that LHCb is behind ATLAS/

CMS in providing this kind of tools 
➡ Modest effort, but more work needed!  
➡ Still, some courageous dared to give it a tryA best case scenario for LHCb
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I O(100) events with `↵(`� + J)displaced after run 5.

Oliver Fischer Long lived right-handed neutrinos, oscillations and leptogenesis 5 / 8

Fischer, Xue
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New (and not so new!) theory ideas

✦ Now I wonder, why didn’t we look for LLPs from 
the very beginning?

BSM=/➝LLP 

Hidden Valley 

      ALP 

      SM+S 

      SM+V (+S) 

HNL

UV theory

RPV SUSY 
GMSB 
mini-split SUSY 
Stealth SUSY 
Axinos 
Sgoldstinos  

Neutral Naturalness 
Composite Higgs 
Relaxion  
 
Asymmetric DM 
Freeze-In DM 
SIMP/ELDER 
Co-Decay 
Co-Annihilation 

Dynamical DM 
 
WIMP Baryogenesis 
Leptogenesis  
 
Minimal RH Neutrino 
   with U(1)B-L Z’ 
   with SU(2)R WR 
   long-lived scalars 
   with Higgs portal 
   from ERS 
Discrete Symmetries

exotic Z  
decays 

exotic Higgs 
decays 

exotic Meson 
decays

prod. modes

depends on prod. mode

{

confining  
sectors

Top-down Theory IR LLP Scenario

Baryogenesis

Neutrino
Masses

Dark Matter

Naturalness

Motivation

EFT

(direct production of BSM state at LHC that is or decays to LLP)

MATHUSLA Physics Case, June 2018

DRAFT

Curtin
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New (and not so new!) theory ideas

✦ Now I wonder, why didn’t we look for LLPs from 
the very beginning?

Shuve

Simplified Models
Neutral LLPs

Filled entries are realized in simplest benchmark theories: 
SUSY-like, Higgs portal, gauge portal Z’, RH neutrinos, DM
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New (and not so new!) theory ideas

✦ Novel signatures for long-lived particles 

➡ Really enjoy this approach, no matter how crazy these 
signatures may look like!

Mukherjee 

Incredible number of searches for New Physics 
in many different channels, 
using various physics interpretations

Quite a few long-lived signatures are also searched for

But null results so far...

Where is new physics hiding?

Very exotic, unconventional signature 

•not yet searched for?

•experimentally challenging?
5Wednesday, 16 May 18

Decay outside detector

•Extreme scenario

•Only backward-moving 
particle enters the detector 

•Identify backward moving 
particle by timing 

•Potential background is 
cosmic ray

•Use only lower half of 
barrel ?

tN

tN+1

taken from CMS
14Wednesday, 16 May 18
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New (and not so new!) theory ideas

✦ Novel signatures for long-lived particles 

➡ Really enjoy this approach, no matter how crazy these 
signatures may look like!

Renner 

SUMMARY
LHC Fixed Target

Emerging jets for dark pions 
above about 20 GeV

Different characteristic 
length scales for different 

hadron flavours to emerge

Hadronically-decaying dark 
pions with masses 1-5 GeV 

Common decay modes:
⇡D ! ⇡⇡⇡

<latexit sha1_base64="c0bZt/5/FQHUxsthbAO224CMRak=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyGJFeuuqAuXFewDmhAm00k7dDIJMxOhhIK/4saFIm79Dnf+jdM2BRU9cOFwzr3ce0+YMiqVbX8apaXlldW18nplY3Nre8fc3WvLJBOYtHDCEtENkSSMctJSVDHSTQVBcchIJxxdTf3OPRGSJvxOjVPix2jAaUQxUloKzAMvpcE19FQCNVtUYFZty625F84pnJOzekFsFzqWPUMVFGgG5ofXT3AWE64wQ1L2HDtVfo6EopiRScXLJEkRHqEB6WnKUUykn8/On8BjrfRhlAhdXMGZ+n0iR7GU4zjUnTFSQ/nbm4p/eb1MRXU/pzzNFOF4vijKGNTPTrOAfSoIVmysCcKC6lshHiKBsNKJVXQIi0/h/6TtWo5tObe1auOyiKMMDsEROAEOOAcNcAOaoAUwyMEjeAYvxoPxZLwab/PWklHM7IMfMN6/ACgglPk=</latexit><latexit sha1_base64="c0bZt/5/FQHUxsthbAO224CMRak=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyGJFeuuqAuXFewDmhAm00k7dDIJMxOhhIK/4saFIm79Dnf+jdM2BRU9cOFwzr3ce0+YMiqVbX8apaXlldW18nplY3Nre8fc3WvLJBOYtHDCEtENkSSMctJSVDHSTQVBcchIJxxdTf3OPRGSJvxOjVPix2jAaUQxUloKzAMvpcE19FQCNVtUYFZty625F84pnJOzekFsFzqWPUMVFGgG5ofXT3AWE64wQ1L2HDtVfo6EopiRScXLJEkRHqEB6WnKUUykn8/On8BjrfRhlAhdXMGZ+n0iR7GU4zjUnTFSQ/nbm4p/eb1MRXU/pzzNFOF4vijKGNTPTrOAfSoIVmysCcKC6lshHiKBsNKJVXQIi0/h/6TtWo5tObe1auOyiKMMDsEROAEOOAcNcAOaoAUwyMEjeAYvxoPxZLwab/PWklHM7IMfMN6/ACgglPk=</latexit><latexit sha1_base64="c0bZt/5/FQHUxsthbAO224CMRak=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyGJFeuuqAuXFewDmhAm00k7dDIJMxOhhIK/4saFIm79Dnf+jdM2BRU9cOFwzr3ce0+YMiqVbX8apaXlldW18nplY3Nre8fc3WvLJBOYtHDCEtENkSSMctJSVDHSTQVBcchIJxxdTf3OPRGSJvxOjVPix2jAaUQxUloKzAMvpcE19FQCNVtUYFZty625F84pnJOzekFsFzqWPUMVFGgG5ofXT3AWE64wQ1L2HDtVfo6EopiRScXLJEkRHqEB6WnKUUykn8/On8BjrfRhlAhdXMGZ+n0iR7GU4zjUnTFSQ/nbm4p/eb1MRXU/pzzNFOF4vijKGNTPTrOAfSoIVmysCcKC6lshHiKBsNKJVXQIi0/h/6TtWo5tObe1auOyiKMMDsEROAEOOAcNcAOaoAUwyMEjeAYvxoPxZLwab/PWklHM7IMfMN6/ACgglPk=</latexit><latexit sha1_base64="c0bZt/5/FQHUxsthbAO224CMRak=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyGJFeuuqAuXFewDmhAm00k7dDIJMxOhhIK/4saFIm79Dnf+jdM2BRU9cOFwzr3ce0+YMiqVbX8apaXlldW18nplY3Nre8fc3WvLJBOYtHDCEtENkSSMctJSVDHSTQVBcchIJxxdTf3OPRGSJvxOjVPix2jAaUQxUloKzAMvpcE19FQCNVtUYFZty625F84pnJOzekFsFzqWPUMVFGgG5ofXT3AWE64wQ1L2HDtVfo6EopiRScXLJEkRHqEB6WnKUUykn8/On8BjrfRhlAhdXMGZ+n0iR7GU4zjUnTFSQ/nbm4p/eb1MRXU/pzzNFOF4vijKGNTPTrOAfSoIVmysCcKC6lshHiKBsNKJVXQIi0/h/6TtWo5tObe1auOyiKMMDsEROAEOOAcNcAOaoAUwyMEjeAYvxoPxZLwab/PWklHM7IMfMN6/ACgglPk=</latexit>

⇡D ! K⇡
<latexit sha1_base64="8ikPCYrI+Wax3ZMTJeTRairt+M8=">AAAB+HicdZDLSsNAFIYn9VbrpVGXbgaL4CoksWLdFXUhuKlgL9CEMplO2qGTSZiZCDX0Sdy4UMStj+LOt3HSRlDRHwY+/nMOc84fJIxKZdsfRmlpeWV1rbxe2djc2q6aO7sdGacCkzaOWSx6AZKEUU7aiipGeokgKAoY6QaTi7zevSNC0pjfqmlC/AiNOA0pRkpbA7PqJXRwCT0Vw2uYs1mzLbfunjnHcAEnjQJsFzqWPVcNFGoNzHdvGOM0IlxhhqTsO3ai/AwJRTEjs4qXSpIgPEEj0tfIUUSkn80Xn8FD7QxhGAv9uIJz9/tEhiIpp1GgOyOkxvJ3LTf/qvVTFTb8jPIkVYTjxUdhyqA+M08BDqkgWLGpBoQF1btCPEYCYaWzqugQvi6F/0PHtRzbcm7qteZ5EUcZ7IMDcAQccAqa4Aq0QBtgkIIH8ASejXvj0XgxXhetJaOY2QM/ZLx9Arz3kn4=</latexit><latexit sha1_base64="8ikPCYrI+Wax3ZMTJeTRairt+M8=">AAAB+HicdZDLSsNAFIYn9VbrpVGXbgaL4CoksWLdFXUhuKlgL9CEMplO2qGTSZiZCDX0Sdy4UMStj+LOt3HSRlDRHwY+/nMOc84fJIxKZdsfRmlpeWV1rbxe2djc2q6aO7sdGacCkzaOWSx6AZKEUU7aiipGeokgKAoY6QaTi7zevSNC0pjfqmlC/AiNOA0pRkpbA7PqJXRwCT0Vw2uYs1mzLbfunjnHcAEnjQJsFzqWPVcNFGoNzHdvGOM0IlxhhqTsO3ai/AwJRTEjs4qXSpIgPEEj0tfIUUSkn80Xn8FD7QxhGAv9uIJz9/tEhiIpp1GgOyOkxvJ3LTf/qvVTFTb8jPIkVYTjxUdhyqA+M08BDqkgWLGpBoQF1btCPEYCYaWzqugQvi6F/0PHtRzbcm7qteZ5EUcZ7IMDcAQccAqa4Aq0QBtgkIIH8ASejXvj0XgxXhetJaOY2QM/ZLx9Arz3kn4=</latexit><latexit sha1_base64="8ikPCYrI+Wax3ZMTJeTRairt+M8=">AAAB+HicdZDLSsNAFIYn9VbrpVGXbgaL4CoksWLdFXUhuKlgL9CEMplO2qGTSZiZCDX0Sdy4UMStj+LOt3HSRlDRHwY+/nMOc84fJIxKZdsfRmlpeWV1rbxe2djc2q6aO7sdGacCkzaOWSx6AZKEUU7aiipGeokgKAoY6QaTi7zevSNC0pjfqmlC/AiNOA0pRkpbA7PqJXRwCT0Vw2uYs1mzLbfunjnHcAEnjQJsFzqWPVcNFGoNzHdvGOM0IlxhhqTsO3ai/AwJRTEjs4qXSpIgPEEj0tfIUUSkn80Xn8FD7QxhGAv9uIJz9/tEhiIpp1GgOyOkxvJ3LTf/qvVTFTb8jPIkVYTjxUdhyqA+M08BDqkgWLGpBoQF1btCPEYCYaWzqugQvi6F/0PHtRzbcm7qteZ5EUcZ7IMDcAQccAqa4Aq0QBtgkIIH8ASejXvj0XgxXhetJaOY2QM/ZLx9Arz3kn4=</latexit><latexit sha1_base64="8ikPCYrI+Wax3ZMTJeTRairt+M8=">AAAB+HicdZDLSsNAFIYn9VbrpVGXbgaL4CoksWLdFXUhuKlgL9CEMplO2qGTSZiZCDX0Sdy4UMStj+LOt3HSRlDRHwY+/nMOc84fJIxKZdsfRmlpeWV1rbxe2djc2q6aO7sdGacCkzaOWSx6AZKEUU7aiipGeokgKAoY6QaTi7zevSNC0pjfqmlC/AiNOA0pRkpbA7PqJXRwCT0Vw2uYs1mzLbfunjnHcAEnjQJsFzqWPVcNFGoNzHdvGOM0IlxhhqTsO3ai/AwJRTEjs4qXSpIgPEEj0tfIUUSkn80Xn8FD7QxhGAv9uIJz9/tEhiIpp1GgOyOkxvJ3LTf/qvVTFTb8jPIkVYTjxUdhyqA+M08BDqkgWLGpBoQF1btCPEYCYaWzqugQvi6F/0PHtRzbcm7qteZ5EUcZ7IMDcAQccAqa4Aq0QBtgkIIH8ASejXvj0XgxXhetJaOY2QM/ZLx9Arz3kn4=</latexit>

Both NA62 and SHiP will probe 
interesting parameter space

 10

LONG-LIVED PARTICLES FROM 
A FLAVOURED DARK SECTOR 

Sophie Renner
Based on 1803.08080 with Pedro Schwaller
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✦ Hidden Sectors are Diverse!

Strassler 

Jets, Suep, and Who Knows What Else

• QFT is known to exhibit many different phenomena

• This means that there is enormous diversity in the phenomenology of  
hidden sectors at LHC

• Especially since we know so little about what hidden sectors to look for
• Any even within a model, small changes can drastically change the pheno

• In the majority of  theories, we cannot calculate what will happen
• At best we can learn a few facts that will help guide our searches
• There are surely some phenomena that we don’t yet suspect
• There is no hope of  a MC for most non-perturbative hidden sector theories

• Therefore: we must search for LLPs in general ways, not reliant on
• QCD-like hidden sector dynamics
• Unreliable and unvalidated MCs
• Specific corners where QFT dynamics is known in an extreme limit

• Unless all the potential implications have been worked out by theorists

Implications for LLPs Research
• MCs will not reliably cover HV territory, and many MCs won’t be reliable

• Theoretical knowledge isn’t even close to what we need
• Question all claims to the contrary

• Multiplicities (total and by particle type) are often unknown
• Low multiplicity (1!) a big issue for LLPs; need searches covering this case

• Energy distributions for non-perturbative processes are rarely known
• Slow LLPs raise special concerns; could this dominate??

• Angular distributions are often unknown
• This is not always a problem for LLPs
• Except maybe (in limited cases) when typical LLP is inside prompt decay

• Soft spherical SUEP is not entirely well-defined, needs more nuance
• Need more details, or at least more clarity on what is not known

• LLP searches need a model-independent approach!

Implications for LLPs

New (and not so new!) theory ideas
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New (and not so new!) theory ideas

Reddi

Federico Leo Redi | École polytechnique fédérale de Lausanne |

Conclusions

!33

Michelangelo Mangano
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Synergies

Ongoing work and new ideas

15

From the Higgs Exotic Decay group we are 
encouraging analyses to re-interpret their prompt 
searches in terms of slightly displaced signatures.

Probe a region of the phase 
space “in between” prompt 
and LL. 

Coordinate the transition 
between long-lived and prompt 
searches.

Big effort ongoing to provide final recommendations on the 
several fronts and feasibility studies for final states not 
currently being studied. 

As it has been done for prompt h→aa searches, centralize 
the different benchmark models and provide 
recommendations to generate MC, if they don’t exist.

1508.01522

Caminal

Higgs XS WG
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Synergies

Harris

DM WG
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WG breakout
✦ Lively discussion in the breakout sessions + 

elevator pitch session!
➡ Blue Sky ideas. Example of idea: use of new potential 

crossing points? Infinite money: let’s instrument 
Geneva's sky!

➡ Simulation (+example from 
elevator pitch): stop very heavy 
particles in the calorimeter, very 
high ionization, doesn’t rely on 
the stopped particle to decay 

➡ HNL: a lot of interest, 
Formation of HNL@LLP group 
should definitely take place!

Fischer, Zurita, Shuve, Buttinger
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LLP white paper
✦ Don’t forget it: we’re writing a paper! 

➡ Huge effort from many people, now very close to the 
end!

https://github.com/jbbeacham/LHCLLP 

https://github.com/jbbeacham/LHCLLP
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LLP white paper
✦ Experimental gaps: Very good state, but 

discussion on taxonomy…

Zurita

Proposals for exotics taxonomy
2) Highly ionizing tracks:

a- calo decays: HSCP
b- HIPS: monopoles
c-quirks

3) anomalous tracks:
b1-disappearing/kinked tracks
b2-emerging tracks: SIMPS, emerging jets

4) Out of time decays: SP

2) Highly Ionizing/Calorimeter Signatures: 
     a- Large dE/dx: HSCP
     b- Out-of time decays:  SP 
     c- Trackless signatures: SIMPS, emerging jets 

3)  Unconventional Track Signatures :
     a- Highly-Ionizing tracks: monopoles and quirks models
     b- disappearing/kinked tracks

2) In-time exotic long-lived signatures:
a- Slow and/or anomalously ionizing tracks   
(HSCPs, fractionally charged, quirks, monopoles)
b- disappearing/kinked tracks
c- Trackless jets
d- Emerging jets

3) Out-of-time long-lived signatures:
        a) OoT calo
        b) OoT muons

2a) could be broken into a bunch of options: 
a- Slow & highly ionizing tracks (HSCP & quirks)
b- Low dE/dx (fractional)
c- Extremely high ionization (Monopoles)

Proposal I

Proposal II

Proposal III
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LLP white paper
✦ Trigger and detector upgrades: very good 

progress, some external review probably needed 

➡ Important for dedicated detectors: if you want to be in 
the paper, please contribute

Cheng

From LHC to HL-LHC

5/17/2018 2Yangyang Cheng | Upgrade@LLP Workshop

Å Draft Complete

Å Draft Complete

ÅCollecting more contributions

Can we actually fit ep collider, CLIC here?
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Conclusions

1 6  M ay  2 0 1 8J a m e s  B e a ch a m  [ O h i o  S t a t e ] L H C  L L P  Wo r k s h o p  —  C E R N  2 5

Th e  f u t u r e  i s  e x p e r i m e n t a l

O u r  j o b  a s  p hy s i c i s t s  i s  n o t  t o  f i n d  S U S Y  o r  W I M P   
d a r k  m a t t e r  o r  s e q u e n t i a l  S M  Z ’  o r  Q B H  o r  V L Q s  o r …  

A f t e r  o u r  f i r s t  l o o k  a t  1 3  Te V,  o u r  t r a d i t i o n a l  m o t i va t i o n  
p a r a d i g m s  a r e  f a d i n g  o r  d e a d  

Th e  H i g g s  d i s c ove r y  o n l y  a n sw e r e d  o n e  o p e n  q u e s t i o n  —  d o e s  
t h e  S M  H i g g s  e x i s t ?  —  a n d  r a i s e d  a  b u n ch  o f  o t h e r s !  

B u t  t h e s e  o t h e r  q u e s t i o n s  a r e  n o  l o n g e r  a c c o m p a n i e d  by  
g u a r a n t e e d  d i s c ove r i e s  

S c a r y :  W h e r e  d o  w e  l o o k ?  

Fr e e d o m :  E ve r y wh e r e !   We  h ave  o n e  o f  t h e  m o s t  s o p h i s i c a t e d  
d e v i c e s  e ve r  b u i l t  a t  o u r  d i s p o s a l ,  a n d  o u r  j o b  i s  t o  p u s h  i t  t o  
i t s  l i m i t s ,  t o  m a p  o u t  a l l  ava i l a b l e  e x p e r i m e n t a l  o b j e c t  s p a c e  

Th i s  m e a n s  b o l d  n e w  i d e a s  i nvo l v i n g  L L P s .   2 0 1 8  i s  t h e  p e r f e c t  
t i m e  t o  b e  b o l d !

where they ever? :-)
Exciting! 

Beacham
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See you in                           !

44


