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Outline

•Introduction to long lived exotic  
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•Challenges at and a few results 

from the LHC  
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•Other opportunities for LLPs  

searches 

•Summary/Outlook
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The LHC Machine and Experiments

LHC is 100m underground and 27 km long
Magnet Temperature is 1.9 Kelvin = -271 Celsius

LHC has ~ 9000 magnets

Cost ~ 5 Billion USD

LHC has seven experiments

LHCf

totem

moedal

The Flagship Project of CERN: the Large Hadron Collider
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New Physics Hunters @ the LHC

The ATLAS experiment

The CMS experiment

…And also LHCb and MoEDAL
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LHC: So far no new physics 
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Classical Searches
-Superymmetry
-Exotica
-Flavor Universality
-…

No signal of new physics so far!!



Are we leaving no stones unturned?

• The LHC BSM searches are indispensable and should be 

continued in the new energy regime and with increasing 

statistics (higher mass, lower couplings) 

• But are we looking at the right place and do we leave not 

stones unturned? ->  Recent focus on long lived particles

• Time for more effort in thinking of complementary searches:  

-> What could the LHC miss with the present detectors?

Are we looking at the right place? Leave no stone unturned!!
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Searching for Long Lived 

Particles
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Long Lived Particles

• RP Violating SUSY

• ASMB SUSY

• Gauge Mediated SUSY

• Split SUSY

• Hidden Valleys Models

• Dark QED/Dark Photons

• Monopoles

• Quirk Models

• Dark Matter Models

• Stable Sexaquarks

• Axion-Like Particles

• …. 11



Long Lived Particles @LHC
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Some of the Challenges

Triggers: Tracking detectors
are powerful but difficult
to use in trigger

SM backgrounds often low. 
But need special studies
(punch through, secondary
interactions, tails, cosmics…)

Special reconstruction is 
often needed

Some detector upgrades for
High-Luminosity LHC (>2026)
address these issues.

Signatures



• Displaced jets, dijets, vertices

• Disappearing tracks 

• Displaced leptons & lepton jets 

• Displaced photons

• Dark photon decays

• Heavy Stable Charged Particles

• Stopped particles

• Emerging jets

• Monopoles stuck in material

• Heavy Neutral Lepton searches

• Strongly Interaction Massive Particles 

• …. (others…new ideas… ) 

Long Lived Searches Overview 
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Long Lived Searches: Examples 

metastable R-hadrons 

displaced leptons disappearing tracksdisplaced jets

stopped particles Hidden Valley searches



Multi Charged Particles

Use central tracker and de/dx measurement
to search for particles with electric charges
of 2e to 7e

Exclusion between 50 GeV and 980-1220 GeV

Pixel tracker

TRT tracker

arXiv:1812.03673
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Search for Delayed Jets
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-Using the ECAL
precision timing
~200 ps
-Search for jets not
connected to the 
primary vertex
-Data driven back-
ground estimate

EXO-19-001

GMSB long-
lived gluino
model search.
Mass limits up
to 2500 GeV



Example Scenario

-The lightest singlet N1 (mass ≈ KeV): good dark matter candidate. 
-N2, N3 (mass in 100 MeV - GeV region): 

- Mechanism to give masses to neutrinos 
- Explain baryon asymmetry 

Neutrino portal: νMSM (Neutrino Minimal Standard Model) 
Minimal extension of the SM fermion sector by three Right Handed
(Majorana) Heavy Neutral Leptons (HNL): N1, N2, N3. 

D.Gorbunov, M.Shaposhnikov JHEP 0710 (2007) 015 17



Heavy Neutral Leptons
Neutrino portal: νMSM (Neutrino Minimal Standard Model) 

Minimal extension of the SM fermion sector by Right Handed HNLs: N1, N2, N3. 

D.Gorbunov, M.Shaposhnikov JHEP 0710 (2007) 015 

First LHC results on prompt studies
Majorana/Dirac? Now studies with displaced jets/lepton analyses. L~ 1m? 18



Search for Heavy Neutral Leptons

Neutrino portal: νMSM (Neutrino Minimal Standard Model) 

Minimal extension of the SM fermion sector by Right Handed HNLs: N1, N2, N3. 

arXiv:1802.02965

arXiv:1905.09787
Tri-lepton search
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The MoEDAL Experiment 

MoEDAL = ~ 70 physicists from 30 institutes and 14 countries
-> MoEDAL is a passive detector, sensitive to new physics 20



Magnetic Monopoles

Simplifies the Maxwell equations!

Dirac: Charge quantization consequence of angular  

momentum quantization in the presence of monopole

‘t Hooft, Polyakov: GUT monopoles

Cho-Maison: Electroweak monopoles in the TeV

range. Recent discussion: arXiv:1602.01745

Magnetic Monopoles to explain the quantization of electric charge (Dirac ‘31)

gD is the Dirac unit 
magnetic charge

Collider signature: pair production of very highly ionizing particles!

Monopoles will ‘burn’ 
through the plastic sheets
of the experiment or get
trapped in the dense 
material of the trapping
detector Example 

production process
21



The MoEDAL Experiment

-> Three subdetector systems 

• Passive Nuclear Track-Etch Detectors (NTDs)

- 120m2 of CR39 and Makrofol (for very high ionization)

- Detection threshold is “charge/β > 5” 

• Passive Trapping Detectors (MMTs)

- 794 kg of aluminium bars 

• MediPix chip based online radiation monitor system

The NTD and MMT detectors are exchanged every year

The removed 2018 detector are being analysed 
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Magnetometer Measurements

->Detection Method:
Measure a persistent
current induced in the
superconducting coil
of a sensitive SQUID
magnetometer 

A DC-SQUID rock magnetometer
(2G Enterprises model 755)
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2016/2017 data analysis base on 794 kg Aluminium to “stop” the monopoles 
and search with a SQUID precision magnet (4.0fb-1) arXiv:1903.08491

Monopole Searches: MoEDAL @ 13TeV

Limits for different  

monopole charges
First monopole search 

result @LHC at 13 TeV
No signal yet… 
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Monopoles Stopped in the Beampipe 

Test performed with pieces of material from the LHC from 18 m away from 
the interaction region in 2012: set up SQUID procedure

A beampipe analysis effort has been put into place in MoEDAL
-> CMS beampipe being prepared for the ETH SQUID in Alberta right now
Other beampipes under discussion (RHIC, BaBar…)

ADR et al., Eur. Phys .J. C72 (2012) 2212 

18/2/2019!!
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New: ATLAS Monopole Search
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arXiv:1903.08491

Use high ionization in the transition
radiation tracker and pencil-like
energy deposit in the ECAL

Results interpreted via Drell-Yan production for Dirac charges 1 and 2

2016 data



LHC Monopole Searches
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V. Mitsou



Proposals for New Experiments @LHC
MilliQan: searches for 
millicharged particles
MAPP: Same from MoEDAL

CODEX-b: searches for long lived
weakly interacting neutral particles 

MATHUSLA: searches for long lived
weakly interacting neutral particles 

FASER: searches for long lived
dark photons-like particles

New: AL3X (‘ALICE’ for LLP arXiv.1810.03636)… 
28



Particles with Milli-Charges?

“New” idea  -> Hunting for particles with charges ~ 0.3-0.001e 
Baseline paper:   arXiv:1410.6816
Proposal for a new experiment/CMS subdetector.
Demonstrator (1%) taking data since mid-2017 

MilliQan Experiment

arXiv:1607.04669

Motivation: 
•“Dark QED” ie QED in the dark
sector that kinematically mixes 
withthe SM QED.

•The EDGES anomaly…?

Detection technique: 
scintillators-> low photon signals 

29
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MilliQan Experiment  

• Took data since September 2017
→ ~100 fb-1 of data on tap

• First physics paper on these data?

Installed demonstrator in 2017

Dominant background: dark current pulses in the PMTs in coincidence
with environmental radioactivity and cosmic rays
New design under study:  3 x 80cm → 4 x 60cm scintillator bars



MAPP @ MoEDAL

31



MATHUSLA
A proposal for a large area 
surface array to detect ultra
long lived particles coming
from the pp collisions

Aim to cover the range 

~ BBN constrained inspired

arXiv:1811.00927
Physic case arXiv:1806.07396

Detector surface array eg above 
ATLAS or  CMS:  ~ (200m)2 32



MATHUSLA
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Recent developments

• Not on surface but make 5-10m
deep hole to put it in.

• Size to 100mx100m 
• Use scintillators instead of 

RPCs for the tracking stations

CMS area

MATHUSLA physics 
white paper
arXiv:1806.07396



CODEX-b Proposal

34

An LLP detector in 
the LHCb area 

RPCs
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CODEX-b Proposal

Example: Higgs-scalar mixing

Demonstrator
for Run 3

Limited background
campaign in 2018
did not show nasty
surprises



Re-using the ALICE detector?

36
1810.03636

For LHC Run 5
or later??



Physics Reach: Example

37For low masses: MATHUSLA, CODEX-b and AL3X have a leading edge

x

x

HL-LHC reach

arXiv:1810.03636



The FASER Experiment
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arXiv:1708.09389

FASER

FASER is in the line-of-sight, behind 100m of rock shielding. The LHC magnets sweep away 
charged particle backgrounds hence low radiation and low beam backgrounds

FASER, ForwArd Search ExpeRiment, will search for light, extremely 
weakly-interacting particles at the LHC 

~ 480m



FASER Phase 1 Approval
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The FASER experiment (phase 1) has been approved March 5th

Re-use spare ATLAS SCT silicon 
tracking modules and LHCb EM 
calorimeter modules 

arXiv:1901.04468



FASER Phase 2

40

For the HL-LHC run..

To open the acceptance for decays from Ds & Bs

Dark HiggsDark Photon Axion like particle



Experimental Complementarity
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A rough sketch for the coverage for feebly interacting particles

V. Gligorov



Status of the Various Projects
Based on Simon Knapen
FNAL seminar fall 2018 (*)

● FASER1/MilliQan(?)
installation by 2021 

● MATHUSLA, CODEX-b, 
FASER2 for HL-LHC

(*) Experiments have different capabilities for measuring the LLPs   42



~100 fb-1

~3000 fb-1

7-8 TeV 13-14 TeV

~300 fb-1

Splices 
fixed

Injectors
upgrade

New 
low-β*

quads

Run 1 Run 2 Run 3
HL-LHC

Approved program at CERN to collect 3-4 ab-1 with the LHC (HL-LHC)
Maximize the reach for searches and for precision measurements (eg Higgs)

LHC Future Running till ~2037 
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CERN High Beam Intensity Initiative 

Many studies on
long lived particles

Summary plots of the
reach are being completed
for the European Strategy
Document (November)

Last workshop (January ‘19)
https://indico.cern.ch/event/755856/

Next workshop November 5-6

NA62, NA64, SHIP, LHC new experiments…
44



New Possible Experiments 

From the beyond collider study document:  arXiv:1902.00260 
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SHiP Beam Dump Experiment Proposal
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arXiv:1504.04956

arXiv:1811.00930



Sensitivity Summaries 

Search for dark photons (visible mode) Search for millicharges

Search for dark scalars Search for heavy neutral leptons

arXiv:1901.09966
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Beam Dump Experiments

High intensity frontier for low mass particles with very weak couplings
->upcoming neutrino experiments (SBL, LBL) foresee very high intensity beams   

These experiments can
perform searches for low 
mass New Physics particles eg
-HNL/sterile neutrinos
-dark photons 
-ALPs
-mini/millicharges
…

<- Example for millicharges
FerMINI @FNAL?

Near Detector:
few 100m away
from the dump

> 1021 POT/Year

arXiv:1806.03310

https://indico.fnal.gov/event/18430/

48



More Milli-Charge Hunting
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A proposal for milli-charges at FNAL @ MINOS near detector
Submitted end of May 

Based on the MilliQan design 

See also: arXiv:1806.03310
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Need a more 
systematic approach 

2016

at the LHC



LHC Community White Paper
Web page: https://indico.cern.ch/event/649760

White Paper being finalized

Input from ATLAS, CMS, 
LHCb, proposed specialized 
experiments and theory
Completed March 2019
(~ 300 pages)  

Also meetings with 
LHC Dark Matter group

Recent workshop: 27-29 May 2019 CERN 

ICTP 2017
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Recent Reviews/Reports
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White paper of the LHC
long-lived particle 
community
Accepted by J.Phys.G

Report of the CERN 
Physics Beyond Colliders
Working group 

Present LHC coverage paper 



• Clearly and increased interest in LLP searches at the LHC 

in CMS, ATLAS, LHCb, MoEDAL. Many analyses done or  

are in progress. No signal observed yet, but only the top of 

the iceberg has been covered so far.

• MoEDAL is a small dedicated experiment for a search for 

highly ionizing particles, such as monopoles, using unique 

detection techniques at the LHC.

• New ideas for additional new experiments at the LHC to 

increase the LHC coverage: MilliQan, MAPP, MATHUSLA, 

CODEX-b, FASER, AL3X… 

• These proposals are at a different stage of progress, approval 

and funding right now. FASER1 is approved/funded.

• We are still hunting for new physics! It takes                            

only one significant deviation to show the way…                                     

.                               and maybe one day soon…

Summary 
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BACKUP



Neutrino Detector & Program

Note: anti-ντ has never been 

observed

SHiP neutrino program
~8k expected ντ and ~4k 
anti-ντ interactions in the 

target

• First observation of anti-ντ
• Sufficient statistics to 

perform ντ and anti-ντ cross 

section measurement.
• First measurement of 

structure function F4 and 
F5 entering in DIS 
neutrino-nucleon cross 
section

Follows the OPERA concept

Neutrino interactions
for 5 year running
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More Milli-Charge Activities
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Physics Beyond Collider Study 

arXiv:1902.03246

arXiv:1901.09966

LArTPC study 



Physics Goals

New physics prospects in the hidden sector
Explore Hidden Portals and extensions of the Standard Model incorporating
long lived and very weakly interacting particles

Vector portals: motivated by ‘mirror world’, constituting dark matter, g-2 anom.
Scalar portals: right handed neutrinos,dark matter, inflation,“dark naturalness”
Neutrino portals: neutrino oscillations, dark matter, baryon asymmetry…
Axion portals: extended Higgs, SUSY breaking, dark matter, inflation…
SUSY portals…   
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Details on the Portals
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Monopoles

Simplifies Maxwell equations

Searched for at all colliders

Tevatron direct limits ~ 400-800 GeV

Magnetic Monopoles to explain the quantization of electric charge (Dirac ‘31)

= n 68.5e

arXiv: 1112.2999
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