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Overview
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• Dark Matter
• Neutrino Masses
• Baryon Asymmetry
• Hierarchy Problem

How long lived can a particle be?
• Big Bang Nucleosynthesis
• Cosmic Microwave Background

How to find long lived particles?
• A holistic approach to the LHC
• New detectors
• Beyond the LHC
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Why search for LLPs?
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Why search for LLPs?
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If there are not-too-heavy 
new particles…

… then whatever has 
hidden them from us so 
far may also make them 
long lived!
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Longevity in the Standard Model
figure from Brian Shuve



Keys to Longevity

small 
coupling constant 

heavy mediator

mass spectrum

W mass

SM example reason BSM examples

muon 

small mixing

neutron isospin

B hadrons CKM 
suppression dark photon

heavy neutrino

hidden valley

FIMP DM



Theory Motivations

 1806.07396

http://arxiv.org/abs/arXiv:1806.07396


Dark Matter Connection

“Freeze in” vs “freeze out” figure from Dev et al 1311.5297

Example: FIMP Dark Matter recent review: arXiv:1706.07442

http://arxiv.org/abs/arXiv:1311.5297
http://arxiv.org/abs/arXiv:1706.07442


Dark Matter Connection
“Freeze in” scenario
• example: sterile neutrinos,  

recent review arXiv:1602.04816  
• if produced in heavy particle decay, 

parent can be searched for  

“Freeze out” with compressed spectrum
• DM and mediator “freeze out” around the same time in the early 

universe  
⇒ abundance determined by co-annihilation / co-scattering

• small mass splitting can make the mediator long lived in colliders

http://arxiv.org/abs/arXiv:1602.04816
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Example: Higgs Portal Dark Matter

Filimonova/Westhoff 1812.04628

mediator mass [GeV]

portal coupling

mediator width

http://arxiv.org/abs/arXiv:1812.04628


mediator mass [GeV]

portal coupling

mediator width

displaced soft lepton signatures

Example: Higgs Portal Dark Matter

mediator width

Filimonova/Westhoff 1812.04628

http://arxiv.org/abs/arXiv:1812.04628


Neutrino Masses

⌫LmM⌫cL + h.c.
1

2
lLH̃c[5]⇤�1H̃T lcL + h.c.

“integrating out” heavier states with masses ~Λ >> Eν  
gives the Weinberg operator

figure from 1807.07938 

http://arxiv.org/abs/arXiv:1807.07938


Neutrino Masses

1

2
lLH̃c[5]⇤�1H̃T lcL + h.c.

figure from 1807.07938 

http://arxiv.org/abs/arXiv:1807.07938


L = LSM + i⌫̄R 6@⌫R � L̄LF⌫RH̃ � H̃†⌫̄RF
†L

�1

2
(⌫̄cRMM⌫R + ⌫̄RM

†
M⌫cR)

three light neutrinos mostly ”active” SU(2) doublet

⌫ ' U⌫(⌫L + ✓⌫cR)
with masses m⌫ ' ✓MM✓T = v2FM�1

M FTm⌫ ' ✓MM✓T = v2FM�1
M FTm⌫ ' ✓MM✓T = v2FM�1
M FT

three heavy mostly singlet neutrinos

N ' ⌫R + ✓T ⌫cL
with masses MN ' MMMN ' MMMN ' MM

125 GeV

Example: Right Handed Neutrino

May explain
• Neutrio masses
• Leptogenesis
• Dark Matter

Asaka/Shaposhnikov 2005
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Example: Right Handed Neutrino

for M below the electroweak 
scale these are long lived!



Thermal Leptogenesis

• N are around in the early universe  

• Yukawas F are CP violating

• N may preferably decay into matter

 

Basic idea
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Leptogenesis with small M ?

xH
dYN

dx
= ��N (YN �Yeq

N )

xH
dYB�L

dx
= ✏�N (YN �Yeq

N )� cW�NYB�L

x = M/T

“source” “washout”

What about the famous 
Davidson-Ibarra bound 
M > 10   GeV? 02022399

Buchmuller/Di Bari/Plumacher 0205349  

http://arxiv.org/abs/hep-ph/0202239
http://arxiv.org/abs/hep-ph/0205349


Leptogenesis with small M ?

xH
dYN

dx
= ��N (YN �Yeq

N )

xH
dYB�L

dx
= ✏�N (YN �Yeq

N )� cW�NYB�L

x = M/T

“source” “washout”

Sakharov’s nonequilibrium 
condition can be fulfilled in 
two ways.

asymmetry generated
during N production
(“freeze-in scenario”)

asymmetry generated
during N decay

(“freeze-out scenario”)



sphaleron freeze-out: baryon asym
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“big bang” T = 130 GeV
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ruled out by experiments

plot from
Abada et al 1810.12463 

recent studies with two heavy neutrinos: Eijima et al 1808.10833 , Lucente et al 
1803.10826, MaD et al 1710.03744 [hep-ph], Hernandez et al 1606.06719 

For 
experimental 

searches:
Talk by Jan 

Hajer

• colour code measures the degree of fine tuning

• colourful points:  
leptogenesis + neutrino masses with three heavy neutrinos

Low Scale Leptogenesis at the LHC

heavy neutrino mass [GeV]

http://arxiv.org/abs/arXiv:1810.12463
http://arxiv.org/abs/arXiv:1808.10833
http://arxiv.org/abs/arXiv:1803.10826
http://arxiv.org/abs/arXiv:1710.03744
http://arxiv.org/abs/arXiv:1606.06719


Hierarchy Problem
• Adding heavy states leads to electroweak hierarchy problem
• No problem if all masses below electroweak scale Bardeen 95,  

 Shaposhnikov 07

Higgs properties / vacuum stability
• SM could e valid EFT to Planck scale!
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The Hierarchy Problem

http://arxiv.org/abs/arXiv:1205.6497
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How long lived can particles be?



cosmic time 

energy density, temperature

optical 
astronomy

Cosmic 
Microwave
Background

light 
element 

abundances

Large 
Hadron 
Collider



Big Bang Nucleosynthesis
Light elements are 
produced in a chain 
of nuclear reactions.

Theory is in good 
agreement with 
observed 
abundances in IGM

Decay of LLPs 
would disturb BBN

⇒ LLP must not 
decay during BBN!



Light elements are 
produced in a chain 
of nuclear reactions.

Theory is in good 
agreement with 
observed 
abundances in IGM

Decay of LLPs 
would dissociate 
nuclei

⇒ LLP must not 
decay during BBN!

Big Bang Nucleosynthesis
• Decay products can dissociate nuclei

What exactly goes wrong?

log of hadronic 
branching ratio

Jedamzik 0604251

recent update: Hufnagel et al 1808.09324 

http://arxiv.org/abs/hep-ph/0604251
http://arxiv.org/abs/arXiv:1808.09324


Big Bang Nucleosynthesis
Light elements are 
produced in a chain 
of nuclear reactions.

Theory is in good 
agreement with 
observed 
abundances in IGM

Decay of LLPs 
would dissociate 
nuclei

⇒ LLP must not 
decay during BBN!

What exactly goes wrong?
• Decay products can dissociate nuclei

log of hadronic 
branching ratio

Jedamzik 0604251

…and thereby the Hubble rate

• Decay modifies relation between temperature and energy 
density…

• Entropy injection modifies baryon to photon ratio

recent update: Hufnagel et al 1808.09324 

http://arxiv.org/abs/hep-ph/0604251
http://arxiv.org/abs/arXiv:1808.09324


Cosmic Microwave Background
CMB is sensitive to the number of 
relativistic particle species in the 
primordial plasma

SM predicts 3 neutrinos (in 
addition to photons). This 
prediction assumes thermal 
distributions with single T.

Observed value: 
Neff = 2.99 ±0 .17 Planck 1807.06209 

LLP decay would create 
entropy, disturb spectra and 
ruin this agreement

http://arxiv.org/abs/arXiv:1807.06209


How long lived can new particles be?
0.1s 300.000 yrs

⇐ must decay before 0.1s …

…or after more than 300.000 yrs ⇒
(e.g. Dark Matter)

hot 
plasma

galaxy 
formation
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Searches at the LHC

See talk by 
Juliette Alimena 



Searches at the LHC

See talk by 
Juliette Alimena 

A “holistic” approach
• use complete detector system!
• use all data!
• add new detectors

FASER, MATHUSLA, Codex-b,  
AL3X, MOEDAL, MilliQan, …
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parameter space 

Use all Data!

 

• strongly enhanced production cross 
section for ALPs, monopoles etc.  

• no pile up = no primary vertex 
misidentification  

• different backgrounds  
• triggers can be lowered to see soft 

particles

Example displaced vertex from heavy 
neutrinos in heavy ion collisions  
MaD et al 1905.09828

see Jan Hajer’s talk
and Bruce et al 1812.07688 

http://arxiv.org/abs/arXiv:1806.07396
http://arxiv.org/abs/arXiv:1905.09828
http://arxiv.org/abs/arXiv:1812.07688


FASER ATLAS IP

SPS

TI12

LHC

FASER

• dedicated LLP detector  
• size: 20cm x 5m  
• to be placed 480m from 

ATLAS IP

FASER 1812.09139 

http://arxiv.org/abs/arXiv:1812.09139


FASER ATLAS IP

SPS

TI12

LHC

FASER

• dedicated LLP detector  
• size: 20cm x 5m  
• to be placed 480m from 

ATLAS IP

FASER 1812.09139 

APPROVED!

http://arxiv.org/abs/arXiv:1812.09139
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displaced vertex from
LLP decay is so 
spectacular…

MATHUSLA MAssive Timing Hodoscope for 
Ultra-Stable NeutraL PArticles

slide by David CurtinMATHUSLA 1811.00927 

http://arxiv.org/abs/arXiv:1811.00927


Beyond Colliders: Fixed Target
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Dump mode 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Example: Heavy neutrino searches with NA62

see Jan Hajer’s talk
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The SHiP Proposal

see 1504.04956 , 1504.04855 

Search for Hidden Particles
• new fixed target experiment using SPS beam with 10    protons on target
• would be world’s most sensitive fixed target experiment
• see  https://indico.cern.ch/event/792346/contributions/3442749/attachments/1852329/3041310/Mermod_LHCLLP_May19.pdf

20

http://arxiv.org/abs/arXiv:1504.04956
http://arxiv.org/abs/arXiv:1504.04855
https://indico.cern.ch/event/792346/contributions/3442749/attachments/1852329/3041310/Mermod_LHCLLP_May19.pdf
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Example: Heavy neutrino searches in the νMSM

http://arxiv.org/abs/arXiv:1609.09069
http://arxiv.org/abs/arXiv:1711.02865


Summary

• LHC still has great potential to discover new particles!  

• Cosmology provides valuable input  
(DM clustering, BBN, neutrino masses, baryogenesis, 
phase transitions, gravitational waves, light inflaton, …)  

• Non-collider experiments are complementary to LHC  

• There is room for crazy ideas!
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Portals to Hidden Sectors



MATHUSLA



Schematic Design
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Figure 2. Schematic illustration of LLP decay signal (top) and main backgrounds (bottom) in a MATHUSLA-
like detector consisting of a robust multi-layer tracker (a) above an air-filled decay volume. A veto of scintillator
or tracker (b) may surround the decay volume to provide additional background rejection, but depending on the
outcome of detailed background studies, this may not be required.

displaced vertices of upwards-traveling charged tracks that are reconstructed by a highly-robust multi-
layer tracking system near the roof. The original simplified design proposed in [1] assumed 5 layers of
Resistive Plate Chambers (RPCs), which are suitable for economical coverage of very large areas with
good position and timing resolution. This is also the basis for the more realistic preliminary detector
design proposed in Section 7 of this letter, though other technologies are also being considered.

Fig. 3 shows the position of three simplified geometries for the MATHUSLA decay volume
we will consider in this letter. To a reasonable approximation, sensitivity to LLP production rate
(long lifetime) scales inversely (linearly) with detector area, assuming fixed height. As long as the
detector starts . 100m horizontally displaced from the IP on the surface, the sensitivity is not greatly
dependent on the precise position of the detector.

MATHUSLA200 has a 200m⇥200m⇥20m decay volume. This is the geometry proposed in [1]
and studied in most previous works, including the physics case white paper [46]. Significantly, this
large size would allow MATHUSLA to probe LLP lifetimes close to the Big Bang Nucleosynthesis
(BBN) limit c⌧ . 107m for LLPs produced in exotic Higgs decays (see Section 4). It could be
implemented if sufficient land was made available, but the default benchmark we consider in this
letter is MATHUSLA100, which is smaller by a factor of 4 with a 100m ⇥ 100m ⇥ 20m decay
volume. The reason for making this choice is that an available experimental site near CMS may be

– 7 –



Where to put this?

Figure 4. Possible site for the MATHUSLA detector near CMS. The relevant area is to the west of the IP and
enclosed by the blue dashed lines. The LHC beam runs roughly east-west. This site could accommodate a
detector layout similar to our MATHUSLA100 benchmark.

be greatly simplified if the decay volume did not have to be physically enclosed by any sensors or
support structure. The latest results presented in Section 6 suggest that such a hermetic veto may
not be required to reject muon backgrounds, but significant additional study is required to understand
whether the same holds true for the cosmic ray-related backgrounds as well. At the present time, the
minimal realistic detector design in Section 7 does not include the hermetic veto, though it can be
extended to include this feature.

The scalable nature of the MATHUSLA concept also means the detector lends itself to a modu-
lar implementation. Assembling the necessary decay volume out of closely spaced submodules with
an area in the O(10m ⇥ 10m) range has many practical advantages, allowing their production to be
standardized and benefit from economies of scale, while easily adjusting their deployment to the par-
ticular characteristics of the available experimental site. A modular design also allows for incremental
ramp-up of detector operations, since even a small fraction of the final experiment allows for tunning
trigger strategies and providing early results. Finally, individual modules can be upgraded much more
easily and cheaply than the whole detector, which realistically allows for additional capabilities to be
added, including higher spatial tracking resolution for low-mass LLP searches, or possibly additional
material layers for limited particle ID and photon detection [67], see Section 4. The more realistic
design presented in Section 7 is based on such a modular construction.

– 9 –



MATHUSLA Test Stand

(a) (b)

Figure 20. (a): schematic view of the MATHUSLA test stand. (b): picture of the final assembled structure in
his test area in the ATLAS SX1 building at CERN. The green dots identify the two scintillator layers used for
triggering, while the red dots the three RPC layers used for tracking.

Figure 21. Details of the Tevatron DØ scintillators used for the MATHUSLA test stand.

The scintillators are mounted on two supporting structures as shown in Figure 22, arranged in
order to maximize the coverage.

– 45 –



NA62



The NA62 Experiment
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NA62 Kaon Mode
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Target Mode:
• protons hit target ⇒ produce 75 GeV beam hadrons, leptons
• tag kaons
• kaons decay into HNL + lepton in the in-vacuum decay volume  
⇒ search for peak in lepton spectrum

in-vacuum
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cf. 1712.00297  for recent results

http://arxiv.org/abs/arXiv:1712.00297


NA62 Dump Mode
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Baryogenesis



The observable universe contains almost no antimatter 
and a lot more photons than baryons. 

Baryon Asymmetry of the Universe

CMB constraint on 
baryon-to-photon ratio η:
6.03 x 10   < η < 6.15 x 10     

BBN constraint on baryon-to-
photon ratio η:

5.8 x 10   < η < 6.6 x 10     -10 -10

e.g. Canetti/MaD/Shaposhnikov 
arXiv:1204.4186 

-10 -10

(Planck Collaboration) (PDG)

http://arxiv.org/abs/arXiv:1204.4186


Baryon Asymmetry of the Universe

T > 2 mc² T < 2 mc²

CMB constraint on 
baryon-to-photon ratio η:
6.03 x 10   < η < 6.15 x 10     

BBN constraint on baryon-to-
photon ratio η:

5.8 x 10   < η < 6.6 x 10     -10 -10

The observable universe contains almost no antimatter 
and a lot more photons than baryons. e.g. Canetti/MaD/Shaposhnikov 

arXiv:1204.4186 

pair creation processes 
freeze out

-10 -10

(Planck Collaboration) (PDG)

http://arxiv.org/abs/arXiv:1204.4186


Where does the asymmetry come from?

❖ Baryon number violation  

❖ C and CP violation  

❖ Deviation from thermal 
equilibrium

Sakharov Conditions (1967)



Where does the asymmetry come from?

❖ Baryon number violation  

❖ C and CP violation  

❖ Deviation from thermal 
equilibrium

Sakharov Conditions (1967)

Exists in Standard Model
at T > 130 GeV 

(sphaleron)

Exists in Standard Model 
(weak interaction, CKM phase)

…but Jarlskogg invariant too small!

Exists in Standard Model 
(Hubble expansion of the universe)

…but deviation too small!



Heavy Neutrinos
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Sterile Neutrino Dark Matter

Boyarsky et al 1807.07938

http://arxiv.org/abs/arXiv:1807.07938


A Multi-Frontier Problem
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