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...2018: Precision Science
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neutrino mass spectrum

e three mixing angles: 015, 623, 613
o three CP phases: 1 Dirac + 2 Majorana
e three masses: m;, mp, ms

Am3, <0
= absolute neutrino mass: mo

= two mass splittings:
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Mariam Tortola, Talk at Neutrinoz2o18
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Am?’s and mixing

angles determined at

the few-% Level

Consistent picture of
3-neutrino mixing

Mariam Tortola,
Talk at Netrinoz2o18
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» Absolute Mass Scale?
—+KATRIN, Cosmology

» Mass Hierarchy?
— 30 preference for NO

» CP Violation?
—20 (NO)/3.80 (I0O) evidence for CPV
— Best fit 317/2
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Why is a non-zero v mass physics beyond SM ?
EITHER - OR

MpVLVR mMﬁuL

1 1

Violation
il il

LNV New Symmetry, e.g. Lepton Number
e.g.
Seesaw-l  Lepton Number (Violation) is at the core of

IMinkowski77] = the link between v mass & physics beyond SM!



small my < neutral elementary fermion

< large scale unprotected by SM gauge symmetry

Weinberg 77

—Talk by

Seesaw-I: Fermion singlet ~ ©leg Antipin .
Seesaw-Il: Scalar triplet

j\/lmko?wkt &b Magg & Wetterich ‘8o;
Seesaw-lll: Fermion triplet T

Foot, Lew, FHe, Joshi ‘89 Lazarides, Shafi, Wetterich '81;
Mohapatra & Senjanovic 81;...




—Talk by

Lorenzo
Capriotti
Radiative Neutrino Masses Rk & other Lepton-Flavor-Non-
from Leptoquark Loops Universality Anomalies
Hirsch, Klapdor-Kleingrothaus, e

Kovalenko 96



Most prominent: OvBB decay

General Case

o mv HP, Rodejohann, 2015
“Mass Mechanism”’ Deppisch, Hirsch, HP, 2012



OvBB Decay

HP, Hirsch, Kovalenko, Klapdor-Kleingrothaus, 1999 & 2001
£ Deppisch, M. FHirsch, HP oaio




Keung, Senjanovic 1983; Allanach, Xom, HP, PRL 2009
Nemevsek, Nesti,

Senjanovic, Tello 2001

Model-independent approach also for LNV@LHC ?

» Necessary to go beyond eftective field theory
approach of #», #irsch, Kovalenko, Klapdor-Kleingrothaus, 1999

» Open up vertices, systematic decomposition of the
d=9 OvBB 0perat0r Bonnet, Hirvsch, Ota, Winter, 2013



OVBB versus LHC SSD at +/s = 14 TeV

S8 —Sipi— S S S35 -
| -=- £=300fb

- £=3000fb"!

my= 200 GeV

Taking into account previously
unaccounted for physics and detector
backgrounds at the LHC, renormalization
group evolution, and long-range
contributions to OvBB nuclear matrix
elements

[Peng, Ramsey-Musolf, Winslow, 2015/

my= | TeV

[Helo, Hirsch, Kovalenko, HP, 2013]






Baryon
Asymmetry

Lepton-Number-Violation:

— anomaly-free combination
B-L

Sphalerons:
B+L-Violation within SM



» Baryon Asymmetry as initial condition?

» Cosmic inflation: a(t) ~exp(A/3)t
— Universe flat, homogenous and empty
— necessity of Baryogenesis after reheating

» 3 Sakharov conditions:
— Non-Equilibrium
— C and CP violation
— Baryon Number Violation

» Prominent example - Leptogenesis:
right-nanded neutrino decay in early Universe

— Lepton

Asymmetry
Fukugita, Yanagida, 1986




“Falsifying Leptogenesis at the LHC”

¥ Deppiseh N iarz, M Gilinseh BRI (o1 l) 221600

» LNV @ LHC

» Lower bound on washout of Lepton Number
Asymmetry

» No out-of-equilibrium condition in early




But EVEN WORSE: consider Sphalerons

Leptogenesis:
B— B—

VR decay Sphalerons

B Asymmetry




Long range

vBB _OR . _ Mmechanism e.g. my
Short range LNV
mechanism @ LHC

Deppisch, Harz, Hirsch, Huang, HP, 2015

Low-Scale
Baryogenesis




Relation between the production mechanisms of the
observed baryon asymmetry and the dark matter

abundance

[S. Nussinov. Phys. Lett. B 165 (1985) 55-58]
[K.M. Zurek. Asymmetric Dark Matter, Phys. Rept., 537 (2014) 91-121]

[K. Petraki, R. Volkas, Int. J. Mod. Phys., A28 (2013) 1330028

Asymmetric dark matter, baryon asymmetry and lepton number violation

Mads T, lt.nuls( 1, ( landia Hagedorn,' [\\(1 Chih Huang,' 2! Emiliano Molinaro, ‘[.m(] Heinrich Pis? ﬂ
op —()//_q/n.s. Unaversity of Southern Denmark, (-u,mpu.su_/ 55, DK-5230 Odense M, Denmark
*Fakultdit fir Physik, Technische Universitdat Dortmund, 44221 Dortmund, Germany
> Department of Physics and Astronomy, University of Aarhus, Ny Munkegade 120, DK-8000 Aarhus C, Denmark

We study the effect of lepton number violation (LNV) on baryon asymmetry, generated in the
early Universe, in the presence of a dark sector with a global symmetry U(1) x, featuring asymmetric
dark matter (ADM). We show that in general LNV, observable at the LHC or in neutrinoless double
beta decay experiments, cannot wash out a barvon asymmetry generated at higher scales, unlike
in scenarios without such™ dark™ LA ODS ; : S

S. o e odels with different types of dark matter (I)I\I), we find that
the l)\l mass is of the order of a few GeV or below in our scenario.

[M.T. Frandsen, C. Hagedorn, W.C. Huang. E. Molinaro, H. Pds, arXiv:
1801.09314]



Problem

V Mass Baryon
generation| Asymmetry

@ | TeV of the
Universe




Problem

V mMass Baryon
generation Asymmetry

@ | TeV of the

Universe
eight chemical potentials

free parameter

Asymmetric
Dark Matter solved !!!



Reactor Anomaly

Excess Events/MeV

Data/Prediction
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Fn-Chuan
Huang, Talk

at Netrino2018
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Appearance versus Disappearance Experiments
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Dentler, Hernandez-Cabezudo, Kopp,
Machado, Maltoni, Martinez-Soler,
Schwetz, 2018



http://inspirehep.net/record/1664547

Consider an asymmetrically warped extra
dimension with a sterile neutrino in the bulk

2 142 _—2klu| 7,2 9 Chung, Freese, 1999, 2000
ds” = dl € dx du Csaki, Erlich, Grojean, 2001

"our brane"
[Doring, HP, arXiv:1808.07734

warped parallel hypersurface

extra dimension

E IMeV1
[HP, Pakvasa, Weiler, PRD72, 2005/




e=5%10"", k=£=100=5.%x 107", L=735 km

In a 3+3 model with
democratic mixing the
sterile neutrino
decouples completely at
high energies

Probabilities @ MINOS FarDetector
Al“ LSND™ =1. ﬁ) V sin- (’ =(). ()ﬁ 3

| ‘",' 'u

Doring. HP. Sicking, | \
Weiler, .l
arXiv:1808.07460
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IceCube neutrinos point to long-sought cosmic
ray accelerator

JceCube Collaboration, /
2018
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\ Multimessenger observations
\ of an astrophysical neutrino
source pp. 115,146, & 147



» Neutrinos: Consistent 3v picture
» Open Questions: Origin? Dirac/Majorana?
» v Mass & LNV < Physics BSM

» LNV < Baryogenesis < Dark Matter




» Neutrinos 2018

» Open Questions

» Why is this interesting?

» Neutrino Mass Models

» Probing LNV: OvBB & LHC




2n — 2p + 2e~

Mass mechanism:

[T10/V2]_1 o | 32 Ugmil?

technische universitat

dortmund

In general: Every operator

ppeenn/M>
will generate Ov33 decay

[HP, W. Rodejohann, NJP 17 (2015) 115010]
[F. Deppisch, M. Hirsch, HP, JPG 39 (2012) 124007]




Apply the decompgsition of [Bonnet, Hirsch, Ota, Winter, 2013]
to OvBB @ LHC:

» Results for Scalars and Vectors very similar

» Concentrate on Scalars & Topology 1:

Scharge,

SLQcharge (I_:)& 0, B:)& O),
SDQcharge (B=iZ/3)

[Helo, Hirsch, Kovalenko, HP, 201 3]

technische universitat

dortmund



