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Baryon Asymmetry of the Universe

The observable universe contains almost no antimatter
and a lot more photons than baryons. g Canettictal 12044186
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CMB constraint on BBN constraint on baryon-to-
baryon-to-photon ratio n: photon ratio n): .
6.03x10"%<1<6.15x10 58x10 %1 <6.6x 10

(Planck Collaboration) (PDQG)


https://arxiv.org/abs/1204.4186

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

“Baryon number violation

+C and CP violation

+Deviation from thermal
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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 1um Jlaypeam Hodeneasckou npemuu
A.Jl.Caxapos 1921-1989



Where does the asymmetry come from?
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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
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Baryon asymmetry generated
(“Baryogenesis”)




Where does the asymmetry come from?

Baryogenesis requires New Physics!

Cosmic phase transition? Decay of a heavy particle?
% Matter Antimatter
O

Electroweak baryogengesis, GUT baryogengesis,
leptogenesis,
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Where does the asymmetry come from?

Electroweak Baryogenesis
Kuzmin /Rubakov /Shaposhnikov

Cosmic phase transition?

% ® * Uses SM sphaleron for B

violation

Electroweak baryogengesis, * Needs first order phase
transition for deviation from

equilibrium
e Needs new CP violation




Electroweak Baryogenesis

diffusion

Iws < H
Garbrecht 1812.02651

for a review, see also Morrissey / Ramsey-Musolf 1206.2942


https://arxiv.org/abs/1812.02651
https://arxiv.org/abs/1206.2942

EWBG: Nonequilibrium Condition

» Needs first order phase transition to create deviation from
equilibrium

* Occurs for sizeable cubic term in Higgs finite temperature effective
potential

» Typically achieved by extending scalar sector, either by direct
coupling to SM Higgs (“Higgs portal”) or through loops (e.g. MSSM)

2nd Order 1st Order /

Higgs Field, H

Cline 1704.08911


https://arxiv.org/abs/1704.08911

EWBG: Nonequilibrium Condition

» Needs first order phase transition to create deviation from
equilibrium

* Occurs for sizeable cubic term in Higgs finite temperature effective
potential

 Typically achieved by extending scalar sector, either by direct
coupling to SM Higgs (“Higgs portal”) or through loops (e.g. MSSM)

Signatures

e collider searches for new scalars

» GW signature from phase
transition




EWBG: Nonequilibrium Condition

Sound Waves Turbulence
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Signatures

e collider searches for new scalars

* GW signature from phase
transition



https://arxiv.org/abs/1810.02380

EWBG: CP violation

diffusion

* asymmetry generated in
diffusion in front of bubble wall

 preserved from washout when
wall passes by

* needs new CP violation that can
be observed in electric dipole

moment measurements (¢) # 0

I'ws < H

Signatures
g Garbrecht 1812.02651

e collider searches for new scalars
de Vrles et al 1710.04061

» GW signature from phase

transition
e EDMs



https://arxiv.org/abs/1812.02651
https://arxiv.org/abs/1710.04061
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Where does the asymmetry come from?

Leptogenesis
Fukugita/Yanagida

Three Generations
of Matter (Fermions) spin %2

Decay of a heavy particle?

Y\

* Decaying particle c Matter Antimatter
heavy neutrino N

* Conveniently also explains

. GUT baryogengesis,

neutrino masses! et

7 . 17, p g 7
(“seesaw mechanism”)

» Evidence for CP violation in

neutrino oscillations




aaaaa

Leptons

T'he Seesaw Mechanism (type [)
L=Lsn +1WpAvp — ZLFVRFI — ﬁTﬂRFTL
1
— (Ve rMyvg + DRM VS

Three Generations 2 :
of Matter (Fermions) spin %2

# massive SM neutrinos < # RH neutrino flavours

o o if all SM neutrinos are massive, three RHN

ooooo

flavours are needed

9
. e minimal model with migest= 0 has two RHN
z
w

three light neutrinos mostly ”active” SU(2) doublet
v~U,(vy + 0v%)
with masses my, ~ OMy0T = v2FM A_/_,IFT

three heavy mostly singlet neutrinos

' “‘""’* N ~ 1 R _|_ QT VC Minkowski 79, Gell-Mann/Ramond/
. L Slansky 79, Mohapatra/Senjanovic 79,
Wlth 1IN aSSES MN ~ MM Yanagida 80, Schechter/Valle 80



Thermal Leptogenesis

s

e

Basic idea

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

* N may preferably decay into matter

=

CP violating parameter €
B By e

6 TR
v g + 1 7

final asymmetry

Y 7 o €lg

\\ 7

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



Boltzmann Equations

figure 1b
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http://arxiv.org/abs/hep-ph/0205349

High Scale Leptogenesis

figure 1b

“Vanilla leptogenesis” requires
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“source”’ “washout”


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

Falsitying High Scale Leptogenesis

e LNV at the TeV scale would wash out L generated at high scale
e electroweak sphalerons above ~130 GeV imply B also washed out

e discovery of low scale LNV can rule out high scale leptogenesis!
Deppisch/Harz 1312.4447

A
1014._ I-T\ —
E 4_1 '3
1012 F e ]
3 current ?
101% +
= 0v3B3 LFV
o 107
~ F .
_ _ 105k :
ou F _,
10%
(c) (d) f LHC reach ;
]Oz—EW scale 'g
Deppisch et al 1503.04825, 1711.10432 :

05 07 09 01 1 rfv ueqq


http://arxiv.org/abs/arXiv:1312.4447
https://arxiv.org/abs/1503.04825
https://arxiv.org/pdf/1711.10432.pdf
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Right Handed Neutrino Mass Scale

e —————————————— ¢ ® ® © ® —
eV keV MeV GeV TeV 101* GeV
&
3 ZI S :
S clifa Explain Light Neutrino Masses
o= % (“Seesaw Mechanism”)
—
£ o
2 % Origin of Matter
g ev 7 i /4
:81 = S (“Leptogenesis”)
< [=)--
(" )

- MaD 1303.6912
ah = Direct Searches <
S m
— D
b S\ J

Q °

z Indirect Searches



https://arxiv.org/pdf/1303.6912

Leptogenesis with small /77

figure 1b

'''''''' -

10"
z=l\/|1/T

Buchmuller /Di Bari/Plumacher 0205349

xH

dYp_1,
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“Vanilla leptogenesis” requires

9
M > 10" GeV Davidson/Ibarra 0202239

Flavour effects can reduce this by
few orders e.g. Dev et al 1711.02861

Resonant enhancement by I' / AM
permits M < 'TeV eg. Dev et al 1711.02863

—FN(YN —Y?\?) XZM/T

EFN(YN = Y?\(fl) = CWrNYB_L

“source” “washout”


http://arxiv.org/abs/hep-ph/0202239
http://arxiv.org/abs/hep-ph/0205349
https://arxiv.org/abs/1711.02861
https://arxiv.org/abs/1711.02863

Leptogenesis with small /77

figure 1b

107 10° 10’
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107 F N, 19 2 -4 .
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____________ & / 'R K °

10° E . / 1. Sakharov’s nonequilibrium

condition can be fulfilled in
two ways.

{ =7 =N\ i
asymmetry generated } TN N i

during N production
i (“freeze-in scenario”)

' xH — GFN(YN = Y?\(fl) = CWrNYB_L

“source” “washout”



Thermal Leptogenesis Fukugita/Yanagida 86

high scale
M >> TeV
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Leptogenesis from Neutrino Oscillations
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source term

lepton charge

baryon charge

6.x1075F
4.x107°F
2.x107°F

2.x107°F
4.%x107°F
6.x1075E

4.x107%¢
3.x107%
2.x107%
1.x107%F

1.x 1079
~2.x107%
-3.x107%
-4.x107%

10710

107!

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.

1072 107}

mass / temperature



(Quanttatve Description

e Start from 2PI effective action in the Schwinger-Keldysh formalism

* Derive Markovian quantum kinetic equations in a series of
controlled approximations (,,density matrix equations”)

dR | 1 @
7;Y=v-[Uﬂ>RNL-§m@U{FﬂFfmz ﬁ}—§<<“M{FUM%RN}+wv“>ﬂﬂuF+
1
— 5 GO My FTF* My, Ry — I} + FINAMpy FT pF* My, Ry} +
— (AN FT WF* M)y
N 9¢(3 " a
‘C‘it S 2Nz§ 722 {<7<0>> (FRNFT _F RNFT) _ oyt p Rty

+ (710 (FRNFT + F*RgFT )
+ (7O (F*MMRNMMFT _ FMMRNMMFT) o5y g2 T

+GUn (P Ma R My F" + FMy Ry MuFY)

aa



(Quanttatve Description

e Start from 2PI effective action in the Schwinger-Keldysh formalism

* Derive Markovian quantum kinetic equations in a series of

controlled approximations (,,density matrix equations”)
— neutrino effective Hamiltonian H

dR | 1 1 .
e i [(HY RN — 50O {FTF Ry — 1} = 50" {FTuF, Ry | + (71 Flup+
1

- |
2<,y(0)>{ ~gll “Mas. Ry —I} + 5<7(1b)> {MMFT,UF*MM,RN}-l-

— (AN FT WF* M)y neutrino density matrix R
[ oxetory lepton chemical potentials
% misc) {60 ( . i g
) — FRvFT — F* —F)_2 (la)y , T
+ (10, (FRNFT + F*RNFT)

Remaining terms: heavy neutrino mass M,
coupling F and thermal transport coefficients y

+ (7O (F*MMRNMMFT _ FMMRNMMFT) o5y g2 T

+GUn (P Ma R My F" + FMy Ry MuFY)

aa



Leptogenesis with 2 RH Neutrinos

10 S — — S —

- Full equation
: freeze-in
10° } - - freeze-out
107 |

107

108 |
10°

)
, - -

U’

10-10

1011

10 NH

1014
1

3
1
1
a2 e, .
10 r
0‘1

10° 10* 10? 10°
My, GeV

The region in which the freeze-out scenario (“resonant leptogenesis”)
and freeze-in scenario (“ARS leptogenesis”) work overlap!

Klaric/Shaposhnikov/Timirsyasov 2008.13771



http://arxiv.org/abs/arXiv:2008.13771

with 3 RH Neutrinos

Leptogenesis
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https://arxiv.org/abs/2106.16226

Leptogenesis with 3 RH Neutrinos
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https://arxiv.org/abs/2106.16226
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Leptogenesis with 3 RH Neutrinos
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https://arxiv.org/abs/2106.16226

HL-LHC Displaced Vertex Search

1075}
1075+
v DA : (a) Charged current decay
L ‘\ ‘., - v i
bQ 10—7_ \~~ *\" _
T '
: : %
sl ; §~‘ ‘e Y |
].O ; :X’. """"""" ‘\\’
——— ATLAS s
i 3ab™ T e
10—9:_ -—-- CMS ~'§7~ :: -
- B i N '’ - +
..... LHCb 380fb™" R P l f
[ ‘w et (b) Neutral current decay
2 3 5 10 20 30
MaD /Hajer 1903.06100
M; [GeV]

see also Helo et al 1312.2900, Izaguirre /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 , Cvetic et al 1805.00070, 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: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:1903.06100

What can we learn?

Dirac vs Majorana
* LNV vs LFV decay rates e.g. Anamiati/Hirsch/Nardi 1607.05641

° Angular distribution e.g Arbelaezetal 1712.08704 , Balantekin/Gouvea/Kayser 1808.10518

 Flavour mixing Pattern e.g. Dib/Kim /Wang/Zhang 1605.01123

CP properties

e.g. Cvetic / Dib / Kim / Saa 1503.01358

Mass spectrum
e.g. Antusch / Fischer 1709.03797

Test seesaw mechanism and leptogenesis

Hernandez /Kekic / Lopez-Pavon / Racker / Savaldo 1606.06719,
MaD / Garbrecht / Gueter / Klaric 1609.09069
Antusch /Cazzato/MaD /Fischer /Garbrecht/Gueter /Klaric 1710.03744


http://arxiv.org/abs/arXiv:1607.05641
http://arxiv.org/abs/arXiv:1712.08704
http://arxiv.org/abs/arXiv:1808.10518
http://arxiv.org/abs/arXiv:1605.01123
http://arxiv.org/abs/arXiv:1503.01358
http://arxiv.org/abs/arXiv:1709.03797
http://arxiv.org/abs/arXiv:1606.06719
http://arxiv.org/abs/arXiv:1609.09069
http://arxiv.org/abs/arXiv:1710.03744
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Most Minimal Scenario (2HNL)

e This minimal scenario is very predictive

e In particular, the flavour mixing pattern is strongly constrained:
important for experimental sensitivity 1606.06719, 1609.09069, 1704.08721, 1801.04207

(a) Normal ordering. (b) Inverted ordering.

plot from 1801.04207



Constraints from v-Oscillation Data
in Model with 2 Heavy Neutrinos

\\\\\\\\ T T

N I —

| O sin2623 = 0.451
4 O sin2623 =0.574

[— 5=261°
Uei2/ Ui2
normal neutrino mass ordering normal neutrino mass ordering
coloured areas: consistent with v- can measure Majorana phase a!
oscillation data at 1o, 20 and 3o MaD et al 1609.09069

cf. also Caputo et al 1611.05000

MaD /Hajer /Klaric/Lafranchi 1801.04207



http://arxiv.org/abs/arXiv:1801.04207
https://arxiv.org/pdf/1609.09069.pdf
http://arxiv.org/abs/arXiv:1611.05000

Constraints from Leptogenesis
in Model with 2 Heavy Neutrinos
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-8.0
-8.2
-8.4
-8.6
-8.8
-9.0
0.
Ue®/U? Ue®/U?
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plots from Antusch/Cazzato/MaD /Fischer/Garbrecht/Gueter/Klaric 1710.03744



http://arxiv.org/abs/arXiv:1710.03744
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Neutrino masses vs collider searches

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

B-L symmetry: destructive
interference amongst
contributions from different

Can LNV be observed?

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

HNL flavour
(a) Charged current decay
| S "~ 77 HNL oscillations
X N LNV suppressed destroy coherence and
107° ]
f R, < 1/3 make LNV observable!
/! .
f Anamiati et al 1607.05641
o AM?
’ \\ Ry — #LNV decays | R,y — phys
R// > 1/3 N "T #LNCdecays | '“¥ — 2. + AM?
1079 ¢ LNV generically observable * ] N phys
I Does neutrino osc. data
Lo N N allow for this without
| Plot from 1900713084 Sel aSs=- fine tuning? It depends
10~1° Eh— — e e MaD /Klaric/Klose 1907.13034
1 10 100 1000
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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Full Testability of the vMSM

e Neutrino Minimal Standard Model (VMSM): example for
a simple UV complete scenario Asaka/Shaposhnikov 0503065 , 0505013

e Effective theory for vMSM collider/ fixed target pheno:
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]

1 - .
F — _UV mglagR\/Mdlag Casas/Ibarra 01
(Y,


http://arxiv.org/abs/arXiv:1602.04816
http://arxiv.org/abs/arXiv:1807.07938
http://arxiv.org/abs/hep-ph/0503065
http://arxiv.org/abs/hep-ph/0505013

Full Testability of the vMSM

e Neutrino Minimal Standard Model (VMSM): example for
a simple UV complete scenario Asaka/Shaposhnikov 0503065 , 0505013

e Effective theory for vMSM collider/ fixed target pheno:
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]

, light neutrino || light neutrino
Higgs vev v .. .
mixing angles |f mass splittings
1

di :
_— — UV mylagR\/Mdlag Casas/Ibarra 01

(¥
Dirac phase 0 lightest v mass
Majorana phase o || (almost) vanishes

complex| | N-mass M

angle w | | and splitting


http://arxiv.org/abs/arXiv:1602.04816
http://arxiv.org/abs/arXiv:1807.07938
http://arxiv.org/abs/hep-ph/0503065
http://arxiv.org/abs/hep-ph/0505013

Full Testability of the vMSM

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

( )
Unknown parameters:

M, AM, Rew, Imw, O, &

\ y,

light neutrino || light neutrino
Higgs vev v -
mixing angles |f mass splittings
1

d
— Uy m lagR\/Mdlag Casas/Ibarra 01

(¥
Dirac phase 0 lightest v mass Complex N-mass M
Majorana phase « || (almost) vanishes || angle w | | and splitting




Full Testability of the vVMSM

e s {61z Of N1 and N2
‘ heavy neutrino if couplings relative
\masses I

\ overall Ni " DUNE, NOVA,

| || T2K, HyperK...
\ strength /| YPEr

coupling

" Ni flavour }
~i mixing |

Re, Iw’ 6, 1 o

light neutrino || light neutrino
mixing angles |f mass splittings

dlagR\/Mdlag Casas/Ibarra 01

pattern

Dirac phase 0 lightest v mass Complex N-mass M
Maj bhase a || (almost) vanishes




How to measure AM?

ratio of LNV to LNC decays
1s sensitive to AM

2
R = —a
2I'%, + AM?

phys

Anamiati et al 1607.05641

1 10 100 1000
M [GeV]

MaD /Klaric/Klose 1907.13034



http://arxiv.org/abs/arXiv:1607.05641
http://arxiv.org/abs/arXiv:1907.13034

How to measure AM?

ratio of LNV to LNC decays

1s sensitive to AM

AM?

R — phys
“Tor2 4+ AM?

phys

Anamiati et al 1607.05641

1 10 100 1000
M [GeV]

MaD /Klaric/Klose 1907.13034

spatially resolving

this ratio gives
more information!

Antusch et al 1709.03797
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How to measure AM?

1.0f | | | |
tOSCxC [m] : position space
(fixed y=50)
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http://arxiv.org/abs/arXiv:1607.05641
http://arxiv.org/abs/arXiv:1907.13034
http://arxiv.org/abs/arXiv:1709.03797

The Ovpp Connection

Heavy neutrino exchange can dominate Ovf3f3... Bezrukov 0505247
Blennow et al 1005.3240

Lopez Pavon et al 1209.5342
MaD /Eijima 1606.06221
Hernandez et al 1606.06719

..even in the leptogenesis region
= additional probe of Rew !

Normal Ordering

T TSR T N T A : Asaka et al 1606.06686
[T I ‘. I g > :li\ ¢ 7] Y M\U L0 gt gLl ﬂ"'h @I ‘f"‘;‘ T Lo \\? I Q‘]‘
10_1 e o ( ;} '1 1’ f $?"5‘“.{& g .'-'4“:‘;,:£ ] \&;A- o ;,9:‘::()-:.;::::‘; Abada et al 1810.124:63
_,f-'.;.‘: TGt U T ¢ i"i IRVE T2.00 B .:‘J\‘\"— o s 4 & ol “",-,‘:’ X a
05 ;:. sf{ p 4 '{4 - ¢ \:‘*‘n ",‘ ;j("*“‘ ;.?\T 1\1‘; e g u:,:\-f'_ ', _ti‘r" ,‘
A N PN I I i . e TS, v ot ;
AL Wt = thre P St B A o X 5t colourful points: can explain
10-2 (BN, 2 RY ot baryon asymmetry and neutrino
N mass
aol
& * colour code measures the degree
10-3 # of fine tuning
- A 2 » y M -
; . . RS . L.# 4.+ points outside the standard 0Ovpf
Y N ° o o ° . ® P R
e : : : oo, band are possible...
104" o0 * .....observing a non-standard
jl [N | I\IIHI‘ L L | \HHH‘ L L L | \\HIH‘ | \\HIH‘ | \\HIH‘
10-10 10-8 10-6 10-4 10° value provides a probe of RH

my [eV] neutrino properties!

Abada et al 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
http://arxiv.org/abs/arXiv:1810.12463

‘ overall Ni ' DUNE, NOvA,

_ || T2K, HyperK... |
\ strength yPer

s, | Size Of N1and N2
’ heavy neutrino il couplings relative | coupling
L masses i '

" Ni flavour
AM, Rew, Im, O, e | 2

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 0v[3{3)
= 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

new detectors
(FASER, Codex-b,

MATHUSLA, AI3X,
ANUBIS X-ray searches: SRG/eROSITA, SRG/

ART-XC, ATHNEA, XRISM, Lynx...

Indirect probes at accelerators
rare decays, EWPD,
lepton universality)

Collider searches for heavy neutrinos

absolute neutrino mass

searches (KATRIN ect.) CMB and LSS :

absolute neutrino mass
non-accelerator

searches
(TRISTAN...)

Origin of Universe
neutrin()less Unif;:::\i,o:hz;iirces
double 6 de Ca.y j Beyond the Standard Model

Neutrino Physics

astrophysics:
supernovae etc.

fixed target experiments
(SHiP, NA62, DUNE, [
T2K..) /)'9&, s
"ontier Theory: leptogenesis

neutrino oscillation parameter region

experiments

DUNE, Hyper-K Theory: Sterile neutrino

broduction
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B-L. Symmetry



B-L. Symmetric Limit

express Lagrangian in terms of the Dirac spinor 1)y = (I/ Rs T I/%W) .
L = Lsm +Yn(id — M)Yn + Vpsidvrs — Fyn¢' €' lpa — Folpacd
— FS o ey — €aFolracd™ S — € Fulpaed*vps — €, Fi Rzl €01,

~1 N _
—uM S (VRN + ONUR) — W MYV

approximately conserved

charge assignment in Lagrangian ) ,
5 5 STang charges in leptogenesis

spinor L-charge spinors L-charge
VRs = %(Vm + iVR2) +1 P.N;, N;P, +1
VRw = 5(VR1 — iVR2) -1 P_N;, N;P_ -1

VR3 0




vMSM from B-L. Symmetry

a0 0
A 0 M1+y) O
0 0 M’

B Bl ve in b e ) B
F-(1+4e€;) iFr(1 —€;) F. €

Shaposhnikov 06
Kersten /Smirnov 07

F.(1+e.) il — ¢ ) Feeé)

B-L violating
parameters

/
B



vMSM from B-L. Symmetry

M(1 = p) 0 0

No hiérachy proble -

Fll+e) il (l—¢) e
a Fu(l = eu) z’FM(:_ — eu) FMEL :
F(1+e;) iF.(1—¢;) Fre.
Shaposhnikov 06
Kersten/Smirnov 07
B-L violating
parameters

/
B



vMSM from B-L Symmetry

M(1— p) 0 0

Bt 0 i 0
0 | 0pw M

' iérarchy pr s
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Shaposhnikov 06
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| light v masses: pseudo. Dirac  feebly coupled | parameters
pait sterile neutrino / -



’VMSM from B-L. Symmetry

=0 0V *' leptogene51s

(W= mass degeneracy for |

/ v

4w 7' J free for pseudo Dirac

No hiérarchy e

Bl e —€.) F.ée,
r— B oY il e e
FT(]- =l 67‘) l i’T(:- 67‘) ‘ €’

Shaposhnikov 06
Kersten /Smirnov 07

‘ N | ‘ B-L violating
| light v masses: pseudo. Dirac  feebly coupled | parameters
‘ pait sterile neutrino .



’VMSM from B-L. Symmetry

0 0 4 leptogene51s |
(==} mass degeneracy for |
4w 7' J free for pseudo Dirac

No hierarchy = / ® [ Dark Matter:

F.(1+e€.) i i c&.) F ee’
F=L1 Bl e )Y il =) Die .
E i (1 =T 67‘) Z.» T ( 67') F 6 W feeble Couphng

Shaposhnikov 06
Kersten /Smirnov 07

P lighter (keV)

mass

N | ‘ B-L violating
light v masses: pseudo. Dirac  feebly coupled | parameters
pait sterile neutrino / .



Global Constraints for 3 RHN



Global Constraints: Total Mixing

101 GAMBIT 1.4.0

3 heavy neutrinos,

—
-

normal ordering of
light neutrino masses

O
o0

©
oy

IIlIlIlIIll

o
S

S
[ \)
Xeuly [~ =\ OIyel POOYI[YI] o[Joi]

Chrzaszcz et al 1908.02302



https://arxiv.org/abs/1908.02302

Global Constraints: Total Mixing

101 GAMBIT 1.4.0

3 heavy neutrinos,
normal ordering of

light neutrino masses

Xeuly [~ =\ OIyel POOYI[YI] o[Joi]

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

101 GAMBIT 1.4.0

3 heavy neutrinos,
normal ordering of

light neutrino masses

Seesaw bounds
MaD 1904.11959

xeuly /7 =V OIyel POOYI[aNI] o[Joid

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

Constraints from v-Oscillation Data

in Model with 3 Heavy Neutrinos

U;?IJ Ui2

normal ordering

Mighest < 10 meV

mlightest < 1 mev
mlightest < 0.1 mev

mlightest < 0.0l mev

Chrzaszcz et al 1908.02302
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[.HC Searches



Current Direct Search Constraints
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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

p I+ f/
(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

Recent LHC Results

[SV. ' T ' [ T ' T ' T i T ' [ ' T ' ' [ ' T '
ATLAS {s =13 TeV, 32.9-36.1 fb™

2110_35— 95% CL exclusion —E
g E —° Oeb:elrl:ez (prompt, LNV) E
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. 107 = B Expocted < o =
prompt and displaced - T Ervected <20 =
LNV or LNC o5 .
1905.09787 = =
10—6 i ! | ! | ! | | | ! ! ! | ! ! ! | I | | | ! | | )
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§ CMS 95% (‘lL upper limits | i
L. meeees Expected ]
0 [ = 2 std. deviation S
2' I = 1 std. deviation . =
10728 —— Observed 7 CMS trilepton search
S Wy Observed, 1 prompt decays onl
Rl prompt N — DELPHI prompt - b P Y Y
10-4L- decays — DELPHIlong-ived] L[NV OF LNC
... —CcMS8TeV I 180202965
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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
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MaD /Hajer 1903.06100



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

HL-LHC Displaced Vertex Search
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(a) Charged current decay

(b) Neutral current decay

MaD /Hajer 1903.06100



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

» HNLs with masses below 5 GeV e som

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 1812.07688, 1905.09828



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

Sterile Neutrino Dark Matter



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

knowniparticles
+ What is the Dark Matter made of?
It makes up most of the mass in the universe.

Dark Matter
82 %




Heavy “Sterile” Neutrino Dark Matter

Dark Matter Particles are
* heavy

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

* feebly interacting

knewniparticles

+ What is the Dark Matter made of?

It makes up most of the mass in the universe.

Dark Matter
82 %




Indirect Dark Matter Searches

Vaa 04
loop level decay into photons N m
S >

L) F
904G%‘2 5 222- M 1° 1
I L, = G“M° = 5.5 x 10™+“6 -
N 25674 8 1keV >

One can search for an
emission line!




Data - model

Normalized count rate
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Has the line been seen?
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see also Bulbul/Markevitch/Foster/Smith/Loewenstein/

Randall 2014

Situation unclear...
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72

need better spectral resolution (XARM and ATHENA will help)



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

Sterile Neutrino Dark Matter
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