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A small coupling explains 
why we have not seen New 
Physics.

It also tends to make 
particles long lived!

Where is the New Physics hiding?



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
• Higgs properties are just in critical regime
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Where is the New Physics hiding?

http://arxiv.org/abs/arXiv:1205.6497
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Hierarchy Problem
• Adding heavy states leads to electroweak hierarchy problem
• No problem if all masses below electroweak scale

Higgs properties / vacuum stability
• Higgs properties are just in critical regime

Degrassi et al 1205.6497 Ellis et et al 09

Points to relatively light New Physics
Must be weakly coupled to avoid discovery

Low mass + feeble coupling = LLP!

Bardeen 95,  
 Shaposhnikov 07

Where is the New Physics hiding?

http://arxiv.org/abs/arXiv:1205.6497


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

Minkowski 79, Gell-Mann/Ramond/
Slansky 79, Mohapatra/Senjanovic 79, 
Yanagida 80, Schechter/Valle 80

125 GeV

Example: Low Scale Seesaw (type I)

May explain
• Neutrio masses
• Leptogenesis
• Dark Matter
• Oscillation anomalies
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• RH neutrinos must mix to 
generate light neutrino mass 

•  Mixing leads to production 
in the early universe  

• For masses below 100 MeV, 
RH neutrinos do not decay 
before BBN 

• Their decay either disturbs 
BBN or affects the CMB 

BBN + CMB + ν-Osc. + Fixed Target
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• Seesaw: Need one RHN for 
each m ≠ 0 

• For m           > 10    eV, three 
RHN reach equilibrium

i
 -3

lightest

Hernandez/Kekic/Lopez-Pavon 1406.2961

BBN + CMB + ν-Osc. + Fixed Target

http://arxiv.org/abs/arXiv:1406.2961
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• Seesaw: Need one RHN for 
each m ≠ 0 

• For m           < 10    eV, one 
RHN almost decouples

i
 -3

Hernandez/Kekic/Lopez-Pavon 1406.2961

lightest

Two do Seesaw, 
and leptogenesis

DM candidate
Asaka/Shaposhnikov 2005

Dark 
Matter

Disfavoured
 by CMB and BBN

BBN + CMB + ν-Osc. + Fixed Target

http://arxiv.org/abs/arXiv:1406.2961


A Multi-Frontier Problem
neutrino oscillation experiments

mass differences, mixings…
… hierarchy, CP violation…

…light sterile neutrinos?

absolute neutrino 
mass searches 
(KATRIN ect.)

neutrinoless 
double β decay:

Dirac or Majorana?

fixed target 
experiments

(SHiP, NA62, …)

CMB and LSS :
absolute neutrino mass

CMB and BBN :
light sterile neutrinos?

IceCube 
“neutrino astronomy”

Cosmic Neutrino 
Background

Leptogenesis?

Sterile Neutrino 
Dark Matter?

Collider Probes of the origin of neutrino mass



Overview
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Bounds from cosmology

The νMSM: a “fully testable” model
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Fixed Target: NA62
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A Minimal Model: The νMSM

125 GeV

Pure Type I seesaw with RH Neutrinos below EW scale
Asaka/Shaposhnikov 0503065, 0505013 

• two RH Neutrinos have 
degenerate ~GeV masses 
seesaw + leptogenesis 

• one has a ~keV mass and 
feeble couplings  
Dark Matter candidate

http://arxiv.org/abs/hep-ph/0503065
http://arxiv.org/abs/hep-ph/0505013
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v
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q
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p
Mdiag

[observational constraints on DM candidate (cf. e.g. 1602.04816, 1807.07938 ) 
imply that it must have very feeble couplings]  

Effective theory for νMSM collider/fixed target phone:
Type I seesaw with two RH Neutrinos below EW scale

Global Constraints in the νMSM

http://arxiv.org/abs/arXiv:1602.04816
http://arxiv.org/abs/arXiv:1807.07938


updated plot from MaD et al 1609.09069 
cf. also Chun et al 1711.02865 

Global Constraints in the νMSM

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


• collider constraints
• fixed target experiments
• neutrino oscillation data
• neutrinoless double β decay
• lepton universality
• cLFV decays
• CMK unitarity
• electroweak precision data
• big bang nucleosynthesis 
cf. e.g.  1609.09069      

updated plot from MaD et al 1609.09069 
cf. also Chun et al 1711.02865 

Global Constraints in the νMSM

http://arxiv.org/abs/arXiv:1609.09069
http://arxiv.org/abs/arXiv:1609.09069
http://arxiv.org/abs/arXiv:1711.02865
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Full Testability of the νMSM
Effective theory for νMSM collider/fixed target phone:

Type I seesaw with two RH Neutrinos below EW scale

Casas/Ibarra 01

[observational constraints on DM candidate (cf. e.g. 1602.04816, 1807.07938 ) 
imply that it must have very feeble couplings]  

http://arxiv.org/abs/arXiv:1602.04816
http://arxiv.org/abs/arXiv:1807.07938
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[observational constraints on DM candidate (cf. e.g. 1602.04816, 1807.07938 ) 
imply that it must have very feeble couplings]  

http://arxiv.org/abs/arXiv:1602.04816
http://arxiv.org/abs/arXiv:1807.07938


Unknown parameters:  
M,          ∆M,          Reω,          Imω,           δ, α
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Unknown parameters:  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heavy neutrino 
masses

size of N1 and N2 
couplings relative 
to each other

overall Ni 
coupling 
strength

Ni flavour 
mixing 
pattern

DUNE, 
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Unknown parameters:  
M,          ∆M,          Reω,          Imω,           δ, α

heavy neutrino 
masses

size of N1 and N2 
couplings relative 
to each other

overall Ni 
coupling 
strength

• In principle all parameters can be measured  
 ⇒ fully testable model of neutrino masses and baryogenesis

• This requires a combination of collider/fixed target 
experiment data and ν-osc. data (and possibly 0νββ)  
⇒ poster child example for synergy between collider and 
long baseline programs!

DUNE, 
NOvA, …

Ni flavour 
mixing 
pattern

cf. Hernandez et al 1606.06719, MaD et al 1609.09069 

Full Testability of the νMSM

http://arxiv.org/abs/arXiv:1606.06719
http://arxiv.org/abs/arXiv:1609.09069


Current Status: 
Constraints from ν-oscillation Data 
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normal neutrino mass ordering inverted neutrino mass ordering

from MaD/Hajer/Klaric/Lafranchi 1801.04207  

determined by  
PMNS phases
δ and α

http://arxiv.org/abs/arXiv:1801.04207
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M = 30 GeV

Current Status: 
Constraints from Leptogenesis

http://arxiv.org/abs/arXiv:1710.03744
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Current LHC Constraints
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Heavy Neutrino Lifetime
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prompt trilepton

Izaguirre/Shuve 1504.02470 

displaced lepton jet
Izaguirre/Shuve 1504.02470 
see also 
Helo et al 1312.2900  
Gago et al 1505.05880

even more sensitivity: 
Cottin et al 1806.05191 
Abada et al 1807.10024
MaD/Hajer in progress

displaced vertices
Antusch/Fischer  1706.05990 

LHC Searches (current setup)

updated plot from MaD et al 1609.09069 
cf. also Chun et al 1711.02865 

http://arxiv.org/abs/arXiv:1504.02470
http://arxiv.org/abs/arXiv:1504.02470
http://arxiv.org/abs/arXiv:1312.2900
http://arxiv.org/abs/arXiv:1505.05880
http://arxiv.org/abs/arXiv:1806.05191
http://arxiv.org/abs/arXiv:1807.10024
http://arxiv.org/abs/arXiv:1706.05990
http://arxiv.org/abs/arXiv:1609.09069
http://arxiv.org/abs/arXiv:1711.02865


CMS: Search for Displaced Muon

M

U
2

25 events

9 events

13 TeV, 300/fb

[preliminary results 
MaD/Hajer]



HL-LHC: How much better?

M

U
2

14 TeV, 3000/fb

[preliminary results 
MaD/Hajer]



updated plot from MaD et al 1609.09069 
cf. also Chun et al 1711.02865 

LHC Searches (current setup)

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


updated plot from MaD et al 1609.09069 
cf. also Chun et al 1711.02865 

HL LHC Perspective

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


Beyond the Minimal Model: 3 HNLs

ruled out by experiments

colourful points = leptogenesis works
colour indicates fine tuning (blue = low, red = high)

 plot from Abada/Arcadi/MaD/Domcke/Klaric/Lucente  1810.12463 

global constraints:  
MaD/Garbrecht  

1502.00477 

http://arxiv.org/abs/arXiv:1810.12463
http://arxiv.org/abs/arXiv:1502.00477
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colourful points = leptogenesis works
colour indicates fine tuning (blue = low, red = high)

Abada/Arcadi/MaD/Domcke/Klaric/Lucente  1810.12463 

Beyond the Minimal Model: 3 HNLs

ruled out by experiments

lower bound on mixing depends on lightest neutrino mass 
for sufficiently small value it can be very low!

upper bound from leptogenesis 
practically removed (> exp. bound)
leptogenesis testable at LHC!

global constraints:  
MaD/Garbrecht  

1502.00477 

http://arxiv.org/abs/arXiv:1810.12463
http://arxiv.org/abs/arXiv:1810.12463
http://arxiv.org/abs/arXiv:1502.00477


The 0νββ Connection

plot from Abada et al  1810.12463

Heavy neutrino exchange can massively alter the rate 
within the viable leptogenesis parameter space

 MaD/Eijima 1606.06221, 
Hernandez et al 1606.06719,

Asaka et al 1606.06686 

Bezrukov 0505247 
Blennow et al 1005.3240 

Lopez Pavon et al 1209.5342 

Abada et al  1810.12463

http://arxiv.org/abs/arXiv:1810.12463
http://arxiv.org/abs/arXiv:1606.06221
http://arxiv.org/abs/arXiv:1606.06719
http://arxiv.org/abs/arXiv:1606.06686
http://arxiv.org/abs/hep-ph/0505247
http://arxiv.org/abs/arXiv:1005.3240
http://arxiv.org/abs/arXiv:1209.5342
http://arxiv.org/abs/arXiv:1810.12463
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Searches at Future Colliders
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displaced vertex searches at future colliders  
Antusch et al 1710.03744 

cf. also Antusch et al 1612.02728 

Searches at Future Colliders

updated plot from MaD et al 1609.09069 
cf. also Chun et al 1711.02865 

http://arxiv.org/abs/arXiv:1710.03744
http://arxiv.org/abs/arXiv:1612.02728
http://arxiv.org/abs/arXiv:1609.09069
http://arxiv.org/abs/arXiv:1711.02865
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The NA62 Experiment
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NA62 Kaon Mode
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NA62 Kaon Mode: First Results
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NA62 Dump Mode
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NA62 Dump Mode Sensitivity
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Yesterday at CERN…
Head-on PbPb 
collision…

…first lab events with 
PeV energies!

Can we use this for 
something?

[thanks Georgios Krintiras for providing the picture]



1. high track multiplicity  

2. low instantaneous 
luminosity  

3. lower collision energy 
per nucleon  

4. runs are shorter

1. A² enhancement of # 
of nucleon collisions  

2. no pile up  

3. can operate main 
detectors with very 
low triggers

LLP searches in Heavy Ion Runs?
Con Pro

MaD/Giammanco/Hajer/Lucente/Mattelaer 1810.09400

http://arxiv.org/abs/arXiv:1810.09400


Crosssection gain vs. luminosity loss [Jowett 2018]

Under Optimistic assumption of p = 1.9 and t
ta

= 2.5 h
and neglecting operational e�ciencies

A2‡W L
0

·b L
ave

N/N(p)
[µb] [1/µb s] [h] [1/µb s] [1]

1

1

H 0.056 21.0◊103 75.0 15.0◊103 1
16

8

O 7.17 94.3 6.16 35.2 0.30
40

18

Ar 40.3 4.33 11.2 2.00 0.0957
40

20

Ca 44.8 2.90 12.4 1.38 0.0735
78

36

Kr 157 0.311 9.40 0.135 0.0253
84

36

Kr 169 0.311 8.77 0.132 0.0266
129

54

Xe 390 0.0665 4.73 0.0223 0.0103
208

82

Pb 955 0.0136 1.50 2.59 ◊ 10≠3 0.0029

The gain in crosssection is overcompensated by the loss in luminosity.
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Luminosities and Cross Sections
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Advantage 2:
No mis-identification of primary vertex location
Can make additional use of timing information?

We have not worked this out yet - input is welcome!
MaD/Giammanco/Hajer/Lucente/Mattelaer 1810.09400

http://arxiv.org/abs/arXiv:1806.07396
http://arxiv.org/abs/arXiv:1810.09400


Advantage 3:
One can run with very low triggers.
Allows to search for low p   events!

HNL Production in B Meson Decays
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T

• HNLs with masses below 5 GeV 
can be produced in B meson decays  

• Searches at CMS and ATLAS are 
difficult because of the low 
transverse momentum  (more than 
99% of them have below 25 GeV)  

• Low triggers in heavy ion runs 
allow to collect this data

MaD/Giammanco/Hajer/Lucente/Mattelaer 1810.09400

http://arxiv.org/abs/arXiv:1806.07396
http://arxiv.org/abs/arXiv:1810.09400


Advantage 3:
One can run with very low triggers.
Allows to search for low p   events!

Heavy Ions and Hidden Sectors
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• HNLs with masses below 5 GeV 
can be produced in B meson decays  

• Searches at CMS and ATLAS are 
difficult because of the low 
transverse momentum  (more than 
99% of them have below 25 GeV)  

• Low triggers in heavy ion runs 
allow to collect this data

MaD/Giammanco/Hajer/Lucente/Mattelaer 1810.09400

Workshop “Heavy Ions and Hidden Sectors” 
December 4/5 in Louvain La Neuve - come and join!
https://agenda.irmp.ucl.ac.be/event/3186/ 

http://arxiv.org/abs/arXiv:1806.07396
http://arxiv.org/abs/arXiv:1810.09400
https://agenda.irmp.ucl.ac.be/event/3186/


Summary
The (probably) simplest and most minimal model of 
neutrino mass and baryogenesis still works very well.

Existing facilities offer numerous ways to search for 
heavy neutrinos at all frontiers.

Most of them can be used to search for a much wider 
range of weakly coupled new particles.

Let’s turn every stone before we give up on finding 
New Physics at the LHC!



Backup Slides



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!



Thermal Leptogenesis

• N are around in the early universe  

• Yukawas F are CP violating

• N may preferably decay into matter

 

Basic idea

N

l
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H H
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N N
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l
l
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α α αβ

β
I I I

J
J

✏ =
�N!`H � �N!¯̀H⇤
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YB�L / ✏/g⇤

CP violating parameter ϵ

final asymmetry

Fukugita/Yanagida 86



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
m

etry fixed

“big bang” T = 130 GeV

Thermal Leptogenesis

Resonant Leptogenesis

Leptogenesis from Neutrino Oscillations
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T2K: Preliminary Results

https://indico.desy.de/indico/event/18342/session/35/contribution/132/material/poster/0.pdf

https://indico.desy.de/indico/event/18342/session/35/contribution/132/material/poster/0.pdf


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 –
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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
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Possible improvements:
- add iron plate at bottom to distinguish e from mu?
- add detector at bottom for additional rejection/veto?
- digg it into the earth?
- bring more close to IP?



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.
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Open questions:
- MATHUSLA100 vs MATHUSLA200
- location?
- digging?



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.
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Now:
Apply for 1% size prototype 
Cost: ~ 1 million $

Final cost: tens of millions


