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The Seesaw Mechanism (type [)
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Three Generations
of Matter (Fermions) spin ¥2 1
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Bosons (Forces) spin 1

Leptons

., three light neutrinos mostly ”active” SU(2) doublet
W v ~U, (v +0v5%)
/A with masses my, ~ OMp0T = v’FM A_/_,IFT

three heavy mostly singlet neutrinos
N ~ p R + 6)T VE Minkowski 79, Gell-Mann/Ramond /

. Slansky 79, Mohapatra /Senjanovic 79,
with masses My ~ My Yanagida 80, Schechter/ Valle 80
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Current Direct Search Constraints
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Current Direct Search Constraints
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Heavy Neutrino Searches
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Searching for HNLs with Ice Cube...

search for “double
cascade” events:

* one in HNL
production

* one in HNL decay 107
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Coloma et al 1707.08573
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http://arxiv.org/abs/arXiv:1707.08573
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Constraints from v-Oscillation Data
in Model with 2 Heavy Neutrinos

Al " determined by  { A
j——4 PMNS phases
' ” O and « 07@%8

normal neutrino mass ordering inverted neutrino mass ordering

coloured areas: consistent with v-oscillation data at 10, 20 and 30

from MaD /Hajer/Klaric/Lafranchi 1801.04207


http://arxiv.org/abs/arXiv:1801.04207

Constraints from v-Oscillation Data
in Model with 2 Heavy Neutrmos
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http://arxiv.org/abs/arXiv:1801.04207
https://arxiv.org/pdf/1609.09069.pdf

Constraints from Leptogenesis

in Model with 2 Heavy Neutrinos
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plots from Antusch/Cazzato/MaD /Fischer/Garbrecht/Gueter/Klaric 1710.03744



http://arxiv.org/abs/arXiv:1710.03744

Global Constraints: Total Mixing

disfayoy mass range ruled out by combining
10-13 %9 by glopy CONstra; direct search + BBN + v-osc

s e, o
M[GeV] 2 heavy neutrinos,
normal ordering of light

neutrino masses


https://arxiv.org/pdf/1609.09069.pdf

Global Constraints: Total Mixing
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Constraints from v-Oscillaton Data

in Model with 3 Heavy Neutrinos

U U}

normal ordering

mlightest < 10 mev

mlightest < 1 mev
Miighest < 0.1 meV

mlightest < 0.0l mev

Chrzaszcz et al 1908.02302



https://arxiv.org/abs/1908.02302

Constraints from v-Oscillaton Data

in Model with 3 Heavy Neutrinos

Ui U;

inverted ordering

mlightest < 10 mev

mlightest < 1 mev
Miighest < 0.1 meV

Mighest < 0.01 meV

Chrzaszcz et al 1908.02302



https://arxiv.org/abs/1908.02302

Global Constraints: Total Mixing
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https://arxiv.org/abs/1908.02302

Global Constraints: Total Mixing

GAMBIT 1.4.0

3 heavy neutrinos,

o

normal ordering of

0.8 light neutrino masses

my, = 0.05 eV

mu;) - 10_2 CV

llIIllIlll

S
NN

o
(=)
xmuj/j Vr 01181 pooqq()}‘[[[ OI'gOId

_ 0.2
102
Chrzaszcz et al 1908.02302
BBN bound

Ruchayskiy /Ivashko 1202.2841
Hernandez /Lopez-Pavon 1406.2961



https://arxiv.org/abs/1908.02302
http://arxiv.org/abs/arXiv:1202.2841
http://arxiv.org/abs/arXiv:1406.2961

Global Constraints: Total Mixing
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https://arxiv.org/abs/1908.02302
http://arxiv.org/abs/arXiv:1202.2841
http://arxiv.org/abs/arXiv:1406.2961
http://arxiv.org/abs/arXiv:1904.11959
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LHC Signatures

» Most searches to date focus on production via s-channel exchange go
weak gauge bosons

* At higher energies t-channel Wy-fusion becomes important
Dev et al 1308.2209
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(a) Charged current decay (b) Neutral current decay

Many final states:
The heavy neutrino can decay leptonically or semileptonically, into
mesons or jets, prompt or displaced, with LFV and/or LNV


http://arxiv.org/abs/arXiv:1308.2209

Neutrino masses vs collider searches

neutrino masses m: are small (sub eV)
== active-sterile mixing angle 60 must be small

approximate
B-L
conservation
Shaposhnikov 0605047
Kersten/Smirnov 0705.3221

colliders rely on branching ratio
== active-sterile mixing angle 6 must be large


http://arxiv.org/abs/hep-ph/0605047
http://arxiv.org/abs/arXiv:0705.3221

Can LNV be observed?

But: B-L is broken to generate
neutrino mass.
Is this enough???

HNL oscillations
destroy coherence and

make LNV observable!
Anamiati et al 1607.05641

AM?

phys

T OI2. + AM?

phys

Does neutrino osc. data
allow for this without

fine tuning? It depends
MaD /Klaric/Klose 1907.13034

B-L symmetry: destructive e
. p A~ f
interference amongst S N 1’*{“ e
contributions from different 7 w¥ T\ ““.
// ™ N
HNL flavour P - * f
(a) Charged current decay
I A R K o = S
N\
N\
\\
10-3 | » LNV suppressed |
R )< 1/3
107° \\\
s #LNV decays
N —
R /> 1/3 N Ru=—FINC decays
107% ¢ LNV generically observable »
Sesae
el S
| Plot from 1907.13034 sl SE=s
10—15“”‘”\ A LN
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M [GeV]

cf also 1409.4265, 1505.04749, 1605.01123, 1709.06553, 1703.01934,
1709.03797, 1805.00070, 1810.07210, 1905.03097, 1904.05367


http://arxiv.org/abs/arXiv:1907.13034
http://arxiv.org/abs/arXiv:1607.05641
http://arxiv.org/abs/arXiv:1907.13034
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A minimal realisation: The vMSM

No sew scale. Majorana mass is near the electroweak scale
No new gauge group.
Same # families for RH and LH fermions.

Yukawas similar to charged leptons.

Approximately respect approximate B-L symmetry.
One RH neutrinos almost decouples: Dark Matter!
the other two have degenerate masses: Seesaw + leptogenesis!
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http://arxiv.org/abs/hep-ph/0505013

Full Testability of the vMSM

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

|observational constraints on DM candidate (ct. e.g. 1602.04816, 1807.07938 )

imply that it must have very feeble couplings]
Minimality makes the model fully testable!

cf. Hernandez et al 1606.06719, MaD et al 1609.09069

1 - .
F — _UV mcyhagR\/Mdlag Casas/Ibarra 01
U


http://arxiv.org/abs/arXiv:1606.06719
http://arxiv.org/abs/arXiv:1609.09069
http://arxiv.org/abs/arXiv:1602.04816
http://arxiv.org/abs/arXiv:1807.07938

Full Testability of the vMSM

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

|observational constraints on DM candidate (ct. e.g. 1602.04816, 1807.07938 )

imply that it must have very feeble couplings]
Minimality makes the model fully testable!

cf. Hernandez et al 1606.06719, MaD et al 1609.09069

, light neutrino || light neutrino
Higgs vev v .. e
mixing angles |f mass splittings
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di '
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http://arxiv.org/abs/arXiv:1606.06719
http://arxiv.org/abs/arXiv:1609.09069
http://arxiv.org/abs/arXiv:1602.04816
http://arxiv.org/abs/arXiv:1807.07938

Full Testability of the vMSM

( )
Unknown parameters:

M, AM, Rew, Imow, O, &

\ J




Full Testability of the vVMSM___

HLNV vs LN cll relative size of N1 "
{} and N2 couplings, |

[- overall Ni] '
' COupllng ]
__J| strength ||

decay rates

| | Niflavour '
- mixing |

_pattern |




1 M relative size of N1 }
HLNV vs LNCJ| - o oee OF v
i i{ and N2 couplings, |
fidecay rates

[- overall N, '
| coupling || ‘
__J| strength ||

| Niflavour |

-1 mixing

 pattern

* 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 v-osc. data (and possibly Ov[33)
= poster child example for synergy between collider and
long baseline programs! cf. Hernandez et al 1606.06719, MaD et al 1609.09069



http://arxiv.org/abs/arXiv:1606.06719
http://arxiv.org/abs/arXiv:1609.09069
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The Ovpp Connection

Heavy neutrino exchange can dominate Ovf3f3...
..even in the leptogenesis region
= additional probe of Rew !

plot from Abada et al 1810.12463

Bezrukov 0505247

Blennow et al 1005.3240

Lopez Pavon et al 1209.5342
MaD / Eijima 1606.06221,
Hernandez et al 1606.06719,
Asaka et al 1606.06686
Abada et al 1810.12463
Dekens et al 2002.07182



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
http://arxiv.org/abs/arXiv:1810.12463
https://arxiv.org/abs/2002.07182

neutrino oscillation experiments

mass differences, mixings...
... hierarchy, CP violation...
...light sterile neutrinos?

absolute neutrino

mass searches
(KATRIN ect.)

neutrinoless
double  decay: -5_\
Dirac or Majorana?

=
3
Q
2y

fixed target
experiments
(SHiP, NAe62, ...)

Beyond the Standard Mode

Neutrino Physics

Praton Decay

A rontier

Collider Probes of the origin of neutrino mass

CMB and LSS :
absolute neutrino mass

CMB and BBN :
light sterile neutrinos?

IceCube
“neutrino astronomy”
-
Dark Energy '9 ° °
A~ Cosmic Neutrino
N
4{0 Background

Cosmic Particles

iverse

Unification of Forces

New Fhysics

,\\‘.
A\ Leptogenesis?
The C©°

Sterile Neutrino
Dark Matter?
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Sterile Neutrino

Dark Matter

+ What is the Dark Matter made of?

It makes up most of the mass in the universe.




Heavy “Sterile” Neutrino Dark Matter

Dark Matter Particles are

* heavy
» long lived Neutrinos are the only known particles

. neutral that fulfil three conditions...

* feebly interacting ...but they are too light

knownfparticles

+ What is the Dark Matter made of?
Dark Matter
82 %

It makes up most of the mass in the universe.



Heavy “Sterile” Neutrino Dark Matter

Dark Matter Particles are
* heavy

* long lived heavy sterile neutrinos
 neutral can fulfil all conditions!

* feebly interacting

+ What is the Dark Matter made of?
Dark Matter
82 %

It makes up most of the mass in the universe.



Indirect Dark Matter Searches

/- 74
loop level decay into photons N m
> >

L) F
904G%‘2 5 222- M 1° 1
[ L, = G“M° = 5.5 x 107446 .
N 25674 8 1keV >

One can search for an
emission line!




Data - model

Normalized count rate
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Boyarsky/Ruchayskiy/Ilakubovskyi/Franse 2014 ™M, [ka] Abazajian 16
see also Bulbul/Markevitch/Foster/Smith/Loewenstein/

Randall 2014

Situation unclear...
need better spectral resolution (XARM and ATHENA will help)



How to make Sterile Neutrino DM?

1. thermal production through mixing

2.thermal production through new
interactions at high energy

3.non-thermal production in decay of
heavy particles



(Quasipartcles in the Primordial Plasma

 Neutrinos in early universe are screened by the weak interactions
with the primordial plasma
= quasiparticles with modified dispersion relations and mixing angle

 The effect is similar to diffraction of photons in transparent media
= can be parameterised by effective mass and effective mixing angle

* If the medium properties change
adiabatically, the quantum state
stays coherent

* If the medium changes non-
adiabatically or the particles scatter,
decoherence occurs



Level Crossing and Resonant DM Production

* effective mass of ordinary
neutrinos depends on
temperature I, momentum
p and lepton chemical
potential £

* effective masses ot
ordinary and sterile
neutrinos can become
equal for some parameters

* “level crossing” leads to
resonant production of DM

effective in-medium mass (keV)
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effective in-medium mass (keV)

Level Crossing and Resonant DM Production

10_2 = 1 I 1 I 1 I 1 I 1 I 1 I 1 =
resonance generates non-thermal : 5
momentum distribution of DM particles | ]
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This affects the Dark Matter free streaming length
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Impact on Structure Formation

2
W T 71 1 17 1 "1

1075 L

“cold” DM

This affects the formation of structures in the
universe...

...Jeading to observable
differences in the matter
distribution on small scales

(below Mpc)

Lovell 12

“warm” DM



1072

Impact on Matter Power Spectrum
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Observational Probes

* These scales are primarily O —
constrained by Lymana forest, “
weak lensing, 21cm line

* also: dwarf galaxy counts, 10

reionisation history, substructures

104 ¢ ] 10

k [h Mpc™]

Planck TT

Matter Power Spectrum
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~+  Planck EE
10! H+  Planck ¢¢
H+  SDSS DR7 LRG
++ BOSS DR9 Ly-a forest
DES Y1 cosmic shear
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Wavenumber k [h Mpc 1]



Sterile Neutrino Dark Matter

0.5 1 2 5 10
1.x107°f ' ' ' ' '

1.)(10_8' N : D

1.x107 10}

phase space excluded

~
| |
[ |
[ ]
: ‘O '
O o! \- - 3
A 8 o : \~:\”‘\ k!
D Q S M A\ e
2 94 RERNES
$ S s
pL T B < ©., AT
..... -O . N
1 % 10—12 A L Q@ ~ . Lymana disfavoured %
..... [ ]
S TEaa . thermal production
resonant production : - -~( P )
[ |

bl ]
]
]
]
i ]
L ]
e
i ]

]
-

1.x107 14}

current X-ray
constraints

]
.....
]
-

20 50

thermal overproduction

i
]
]
"
]
]
i ]
]
-
]
-~
Ny
i ]
-

0.5 1 2 3 10
Boyarsky /MaD/Lasserre / Mertens/Ruchayskiy 18 M [keV]

20 50



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

Sterile Neutrino Dark Matter
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http://arxiv.org/abs/arXiv:1807.07938

Sterile Neutrino Dark Matter
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Sterile Neutrino Dark Matter

0.5 1 2 5 10 20 50
1.x107°f ' ' ' ' ' ' '
too much Dark Matter
1.%x 1078}
1.x10719} ,
C\CID | ' | 2 current X-ray
s LI constraints
1.x 10712
1.x 107
too little Dark Matter

05 1 2 5 10 20 50
Boyarsky /MaD/Lasserre / Mertens/Ruchayskiy 18 M [keV]


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

[ifettime Constraint
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Keys to Longevity

muon pion B meson neutron
small coupling
heavy mediator W boson W boson W boson W boson
symmetry flavour isospin
: : phase space
kinematics

suppression



Longevity in the Standard Model
figure from Brian Shuve
ct (m) 1 ‘ .
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The concept for the above figure originated in a 1986 paper by Michael Turner.
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Supported by DOE



Big Bang Nucleosynthesis

Time (5] = Light elements are

l - : 4 i .k produced in a chain
- Kasitvon He - of nuclear reactions.
_ Theory is in good
1044 ’H agreement with
2 SHe - [ observed
g ol i abundances in IGM
“108- Neuons|  Decay of LLPs
o] A L ~ would disturb BBN
gr "
o2l — ' = LLP must not
3.0x10° 1.0 x 107 0.3 x 107 0.1 x10° decay during BBN!

~f— Temperature (K)



Big Bang Nucleosynthesis

What exactly goes wrong? recent update: Hufnagel et al 1808.09324

* Decay products can dissociate nuclei

| Al | I I I I I

|0 log of hadronic

\ / branching ratio

% Jedamzik 0604251

-3
4

|

[ T U N S T TR R S—



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

Big Bang Nucleosynthesis

What exactly goes wrong? recent update: Hufnagel et al 1808.09324

* Decay products can dissociate nuclei

* Decay modifies relation between temperature and energy
density... o T

2
: T 7 (4
P~ + Preutrinos + [new physics effects| = p, —|— v =1x T,;l 1+ Neﬁ‘g (—11

...and thereby the Hubble rate
ST

H2 - ?GP

* Entropy injection modifies baryon to photon ratio

>/1/3



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

Temperature fluctuations [ pt K* ]

Cosmic Microwave Background

5000 |

2000

2000

2000

1020

Multipole moment, £

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

P e s e e e = distributions with single T.
{3
& Observed value:
P Neff=2.99 £0 .17  Planck 1807.06209
o ’,l"l B 012 .
e i, LLP decay would disturb
Ryt 55 o A ®
o 18 1 0.2° D1 0.7 Spectra and ruin this

Angular scale

agreement


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

How long lived can new particles be?

0.1s 300.000 yrs

galaxy
formation

< must decay before 0.1s ...

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




A lower Iimit?
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lower limits from neutrino data+BBN
strongly depend on #RHN and mass of the lightest neutrino MaD 1904.11959



http://arxiv.org/abs/arXiv:1904.11959

Leptogenesis

+ Why was there more matter than
antimatter in the early universe?

...S0 that some matter survived the mutual
annihilation to form galaxies, stars etc.
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The concept for the above figure originated in a 1986 paper by Michael Turner.
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Baryon Asymmetry of the Universe

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

o 0 O n
® o ® ® 7 e
® O
e O pair creation processes O
“ ® O ® freeze out
O
o ® o
T >2mc? T <2mc?
CMB constraint on BBN constraint on baryon-to-
baryon-to-photon ratio n: photon ratio n: i
6.03x 10"« n<6.15x10 " 58x10 %1 <6.6x 10

(Planck Collaboration) (PDQG)



Where does the asymmetry come from?

[TOYTA CCCP
Sakharov Conditions (1967)
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Where does the asymmetry come from?

s — . - = a— - - —_ P - —ta

Exists in Standard Model
(sphaleron)

Sakharov Conditions (1967)

“Baryon number violation

“(C and CP violation

+Deviation from thermal

equilibr um p Jlaypeam Hodeneacxon npesuu
A.Jl.Caxapos 1921-1989



Where does the asymmetry come from?

-
L~ - . o . aa — L VN —_— PR

Exists in Standard Model

Sakharov Conditions (1967) (sphaleron)

“Baryon number violation

Exists in Standard Model
(weak interaction, CKM phase)

...but too small!

“(C and CP violation

+Deviation from thermal -

equilibr um P Jlaypeam Hodeneackon npesuu
A.Jl.Caxapos 1921-1989



Exists in Standard Model
(sphaleron)

Sakharov Conditions (1967)

“Baryon number violation

Exists in Standard Model
(weak interaction, CKM phase)

...but too small!

“(C and CP violation

Exists in Standard Model
(Hubble expansion of the universe)

+Deviation from thermal

...but too small!

equilibrium



Accelerators

NUCLEl FORM
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Supported by DOE

Particle Data Group, LBNL © 2015

The concept for the above figure originated in a 1986 paper by Michael Turner.
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Baryon asymmetry generated
(“Baryogenesis”)




Thermal Leptogenesis

s

\—

Basic idea

* N are around in the early universe
* N interactions are CP violating

* N may preferably decay into matter

~

CP violating parameter €
_ I'noem = Uy yom-

€ —
FN—>£H Sk FN—>ZH*

final asymmetry

Yp_ 1 x €/g.

\\ 7

asymmetry arises from quantum interference in the plasma
= we derive quantum kinetic equations from first principles



Leptogenesis with small #/7

0" figure 1b
10 g 10’
10" E 107
10 10
10° g 10°
10° g 10"
10* | ; o What about the famous
o z : Dav1dson-Ibarra bound
0" f 107 M > 102 GeV? p0223
'O‘pé | ! 10"
107 m"z=M_;T 10
Buchmuller/Di Bari/Plumacher 0205349 dY
xH — —FN(YN —Y?\?) X=M/T
dx
xH dY;Z;L — EFN(YN =i Y?\(fl) = CWrNYB_L

“source” “washout”


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

Leptogenesis with small /77

figure 1b

10

15
'0- | : v U U U | T T T U Uy
10" Co= = W saTi R
10 Ny,

107
E in
10° e =0

lllm LI

10
10°

10°

lm Illm Illm lllm
7=

o f  asymmetry generated
I il during N decay

(“ freeze-out scenario”)
10°

10°

10" 3

llllm LI

107

during N production

asymmetry generated |

t (“ freeze-in scenario”) |

oo Sakharov’s nonequilibrium

1 condition can be fulfilled in

| o+ tWO ways.

dY
wH — Y = (YN —Y) x=MT
X
- dYp_
xH dB - — GFN(YN = Y?\(fl) e CWrNYB_L
X

“source” “washout”



Thermal Leptogenesis Fukugita/Yanagida 86
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Freeze-In Leptogenesis

Heavy Neutrinos undergo CP
violating oscillations during
heat production.

This induces asymmetries in
the SM lepton flavours.

Sphalerons partly transfer the
asymmetries into a baryon
number.
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Leptogenesis in the vMSM

revious searches

DVs
Lovepv, = 3000 fo~"
Ly rcp = 300 fb™
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1 > 5 10 20

Plot from Boiarska et al 1902.04535, leptogenesis computation used on Eijima et al 1808.10833



http://arxiv.org/abs/arXiv:1902.04535
http://arxiv.org/abs/arXiv:1808.10833

Lept()genesm with three HNLs

I IIIYII[ I T ll1||l| | I B 1

51\/ . NS \ ~
= Belle IT ™ ... :

10—4 =
. 1 plot from

\ ATLAS: 1 Abada et al 1810.12463

i llllll‘l I ’Iiilll[—
I

5§ Parameter space
grows in all
directions!

- NO
10—12 L

=
[
(—

1

10! 10

heavy neutrino mass [GeV]

* colourful points: leptogenesis + neutrino masses with three HNLs

* colour code measures the degree of fine tuning


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

LLHC Displaced

Searches



Recent LHC Results

o ! T

=T 3
ATLAS trilepton search -
K 1077 &=
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LNV or LNC 05l
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107°
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https://arxiv.org/abs/1905.09787
http://arxiv.org/abs/arXiv:1802.02965

Displaced Vertex Sensitivity Region

10_5:_I AN
— v\

N production cross
10-9L  section U0, too small

B 'S
‘e
| I I | I I I I | o |

2 5 10 20
Mi [GeV]

MaD /Hajer 1903.06100



http://arxiv.org/abs/arXiv:1903.06100

Future

prompt decays at the LHC

[zaguirre /Shuve 1504.02470
Pascoli/Ruiz / Weiland 1812.08750

displaced vertices at the LHC

MaD /Hajer 1903.06100

see also

Helo et al 1312.2900
[zaguirre /Shuve 1504.02470
Gago et al 1505.05880

Dib /Kim 1509.05981

Cottin et al 1806.05191
Abada et al 1807.10024
Boiarska et al 1902.04535

Liu et al 1904.01020

Dib et al 1903.04905
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http://arxiv.org/abs/arXiv:1806.05191
http://arxiv.org/abs/arXiv:1807.10024
http://arxiv.org/abs/arXiv:1902.04535
http://arxiv.org/abs/arXiv:1904.01020
http://arxiv.org/abs/arXiv:1903.04905
http://arxiv.org/abs/arXiv:1805.00070
http://arxiv.org/abs/arXiv:1905.03097
http://arxiv.org/abs/arXiv:1312.2900
http://arxiv.org/abs/arXiv:1504.02470
http://arxiv.org/abs/arXiv:1505.05880
http://arxiv.org/abs/arXiv:1509.05981
http://arxiv.org/abs/arXiv:1903.06100
https://arxiv.org/abs/1812.08750
http://arxiv.org/abs/arXiv:1504.02470

HL-LHC Displaced Vertex Search
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http://arxiv.org/abs/arXiv:1903.06100

A Heavy Metal Path to New Physics

-4
10 DELPHI
(long lived)

In heavy ion runs: use very low triggers.

Allows to search for low P events!

L

_5 PbPb  5/nb
10 0.5/pb

% ArAr 5/pb

7

« HNLSs with masses below 5 GeV A o 5o

can be produced in B meson decays

 Searches at CMS and ATLAS are 10-6
difficult because of the low
transverse momentum (more than

DELPHI
short lived)

99% of them have below 25 GeV)

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

MaD /Giammanco/Hajer /Lucente 1905.09828



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

Fixed Target

Experiments



The NA62 Experiment

m, in-vacuum tracker g’
| silicon decay volume | /- [ |had.
taroet K-tag  tracker
g tag M
0 0 — 7Y
| T/u- ||
1t collimator | tag || |had.
(can act as dump e
_2 ! ! ! ! ! y !
100 150 200 25

* fixed target experiment in
CERN’s North Area

* primary purpose: measure
kaon decay into
pion + neutrino + antineutrino

‘ pictureFigure/picture from the NA62 collaboration

BV



NA62 Kaon Mode

m, in-vacuum tracker v
i silicon decay volume | 7T/ - - had.
target K_tag traCker tq .
protons kaons g,[.L
TP seEEEEE E
—1¢t collimator
(can act as dump)
_2 ! ! ! ! ! ! >
0) 50 100 150 200 250 I
Target Mode:

e 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



NA62 Dump Mode

m, in-vacuum tracker v
1 silicon decay volume |—| SM particles , had.
target K_tag tracker | . HNL Y ) h u
0 O | e "
protons msons. s n / - H
—1F collimator SM particles | tag had.
(can act as dump) g/
_2 ! ! ! ! ! ! >
0 50 100 150 200 250 M

Dump mode

* target removed, protons hit collimator = produce mesons, leptons

* mesons /tauons decay into HNL + SM particles

* HNL pass all components and decay in the in-vacuum decay volume

= search for decay nothing — leptons/hadrons in vacuum chamber



NA62 Kaon Mode: First Results
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from Evgueni Goudzovski's talk at Kaon 2019, see also talk by Artur Shaikhiev here
see also Cortina-Gil et al 1712.00297



http://arxiv.org/abs/arXiv:1712.00297
https://indico.cern.ch/event/769729/contributions/3511127/attachments/1907464/3150874/goudzovski_130919.pdf

NA62 Dump Mode Sensitivity
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MaD /Hajer/Klaric/Lafranchi 1801.04207



http://arxiv.org/abs/arXiv:1801.04207
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https://arxiv.org/pdf/1902.07598.pdf
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DUNE Near Detector

10~1 |
109 _
- Pscudo-Dirac
10-8 : pair
Type 1
10710 L |
: Majorana state
10—12 ' ' M BT R ) ' L L
0.01 0.05 0.1

Mass (GeV)
Plot from 1905.00284, see also Krasnov 1902.06099



http://arxiv.org/abs/arXiv:1905.00284
http://arxiv.org/abs/arXiv:1902.06099

DUNE Near Detector
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http://arxiv.org/abs/arXiv:1905.00284
http://arxiv.org/abs/arXiv:1902.06099

T'he SHiP Proposal

Hidden Sector
decay volume

Spectrometer
Particle ID

—

Target/

hadron absorbe v; detecior S I I - P
ctive muon shield l

Search for Hidden Particles

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


http://arxiv.org/abs/arXiv:1504.04956
http://arxiv.org/abs/arXiv:1504.04855

Future
Detectors



* dedicated LLP detector

* size: 20cm x 5m

* to be placed 480m from .

‘-‘\ - -
- 100.00 mm Tracking stations
ATLAS IP \J-\“— 3 plancs of silicon stri ]
\_ - p d. : : p _/’
dctcetor per stitlgg_,f/

Scintillator/Pb Veto /4:"::
o velo incoming charged B 44{}6’0’@ i
particles and protons ’,,,-"”" _ ,’

‘ "_/»" /

\ - e '

Trigger/preshower !
scintillator station !
{

\‘*-\v.;{:""j \ Llectromagnetic
0: 6 Tesla permancnt Triggcr/timing calorimcter
FASER 1812.09139 dipole magnets scintillator station (Lead/scintillator)

with 20 ¢m aperture


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

Vi L
i

sl;ﬁ:gﬁg displaced vertex from
LLP decay is so
spectacular...

,—=

Scintillator ¢ DV Ai r

surrounds Q§o ¢
detector %

Multi-layer
tracker in the roof

Surface .
'l
SIGNAL: "
neutral ’
- LLP L*
O ’
O ATLAS Ry
A or CMS ’
I ’
I o> I LHC beam pipe
| | |
100m 200m

MATHUSLA physics case 1806.07396

slide by David Curtin

MAssive Timing Hodoscope for
Ultra-Stable Neutral PArticles

WwO¢


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

Schematic Design

leptons jets

(a) Multi-layer

tracker
LHC Air-filled
interaction decay Volume
point /
’ ‘ (b) Scintillator
invisible LLP
e .
L 4 |
Mfrom inelastic scattering scattering
LHC scattering neutrino cosmic rays atmospheric

p from LHC from LHC neutrino



Where to put this?

* =i.p
- === = current boundary of unused CERN bt
'f)f?perty \t\)nwest side of site 2 T,,,,j»-_,




MATHUSLA Test Stand

Uppermost
scintillator g
A

Overall spacing

=6.5m RPC spacing

=1.74m

v
Lowermost
scintillator

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.



Future

Colliders



Future Colliders

displaced vertex searches at future colliders
Antusch et al 1710.03744

Antusch et al 1612.02728

eI | 1

10° 10" 102
M; [GeV]


http://arxiv.org/abs/arXiv:1710.03744
http://arxiv.org/abs/arXiv:1612.02728

vMSM from
B-L Symmetry



T'he Hierarchy Problem

Hierarchy Problem

» Adding heavy states leads to electroweak hierarchy problem
* No problem if all masses below electroweak scale Bardeen 95,

Higgs properties / vacuum stability
* SM could e valid EFT to Planck scale!

Shaposhnikov 07

xxxxxxxxxxxxxxxxxxxxxxx
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A Minimal Model: The vMSM

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
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DM candidate must have very feeble couplings (cf. e.g. 1602.04816, 1807.07938 )
= Effective theory for vMSM collider/fixed target pheno:
Type I seesaw with two RH Neutrinos below EW scale
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vMSM from B-L Vlolatlon
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Neutrino masses vs collider searches

Large branching

rations consistent
with small Q;

neutrino masses approximate
meets B-L
neutrinoless conservation

e.g. Kersten/Smirnov 07

P

double 3 decay
constraints

Heavy Neutrino

implies '
mass degeneracy @




Neutrino masses vs collider searches

may observe CP

violation in Heavy

Neutrino decay
Cvetic/Kim/Saa 14

leptogenesis in

the vMSM works

Asaka/Shaposhnikov 05

Heavy Neutrino
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Beyond the
Minimal Model



HNLs in a Dark Sector
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Beyond the Minimal Model: Gauge Extensions
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* discovery potential
is much better in
models with extra
gauge Interaction
(e.g. L-R symmetric
model)

plot from

|Nemevsek /Nesti/ Popara 1801.05813

ct. Cai et al 1711.02180
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