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OVERIEW,

« Neutrinos

¢ QOscillations
¢« Absolute Mass

« Neutrinoless Double Beta Decay

¢ Light Neutrino Exchange
¢« New Physics Mechanisms
¢ |n Combination with Cosmology

¢« Neutrino Mass Models
¢ Effective Mass and Seesaw
¢« Minimal Left-Right Symmetry

« LFV and LNV at the LHC
« Conclusion
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Neaiirieio Oselllzitions

¢ Neutrino interaction states different
from mass eigenstates

Neutrino flavour can change through propagation
Vl:za UiaVar Vi(t>:e_i(Eit_piX) A

Am® Llkm
eV2 E/GeV

normal hierarchy inverted hierarchy

. (m3)2 (m2)2
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¢ Solar neutrino oscillations

Large mixing L
¢« Atmospheric oscillations " (e,
. v,

~ Maximal mixing

¢« Reactor and accelerator neutrinos (my)

(m,)’ (m3)z—

sin”(20,5)=0.092+0.021 |

¢« Experimental unknowns and anomalies
CP violation? Sign of A m,;? Sterile Neutrinos?
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AlsSelttesNEUReNIVIass

¢« Energy endpoint in Beta decay ; .N‘L oy
m§=2,. U, |'m’<(2.2 eV)2| Katrin: m;~ 0.2 eV G

Tritium -decay s|

¢« Impact on Large Scale Structure
2= m<03—1eV |

¢« Neutrinoless Double Beta Decay
myy=[2, Usm, |<0.2-2.0¢V

Future: Mpp =~ 0.01 eV
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Dirzic s \Vlzljorzirlz

Two possibilities to define mass

Dirac v Majorana Vv

(e )

produces £ - VL

[
U
o — [
v

A J

produces £ -

A J

A J

A J

doesn’t interact VR produces £ *

doesn’t interact

L 7

A J

produces £ *

Detwiler '12

e —> |~ /M 2
Dirac mass, analogous to other fermions Majorana mass, using only a left-handed
(but with tiny coupling to Higgs) neutrino — Lepton Number Violation
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Dirzle s MIzljorelnzl

Two possibilities to define mass

Dirac v Majorana Vv
V AR duces £ Vi
L U » produces ) L U
VR C » doesn’t interact {vi:{
Vv P » doesn’t interact > : : , 4
) U o\)\ ‘0(\ 20,679 Physicians
n 2 (2P “/“LUCKIES
vR U > prOdUCES g * ® al.e‘@ﬁ [}?,t.t(lf!hgn
L toasted,

¥ e VR VL VL et VL
e 1/M =
Dirac mass, analogous to other fermions Majorana mass, using only a left-handed
(but with tiny coupling to Higgs) neutrino — Lepton Number Violation
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Natirinlolass Dougla Sate Becz)y

“ Process: (4,2) > (A, Z+2) + 2¢

“« Uncontroversial detection of 0vff3
of utmost importance
« Prove lepton number to be broken

¢« Prove neutrinos to be Majorana particles
(Schechter, Valle '82)

« Which mechanism triggers the decay?
Light Neutrino Exchange

L5 e (MBS e e Tar) General Effective Operator

d ; u d u
A e e
"v
——¢€ © -1 25
Wi T,,~107 y=>M=~1 TeV
d : u d u
-1 2 nueeddl M’
Tuzoﬁ“z,- U,m,
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N ERNEUUIRIENEXCHENGE

¢« Standard Mass Mechanism

neutrinoless B #4

Lindner, Merle, Rodejohann (2005)

hierarchical cancellation quasi—degenerate

« Decay Rate . (only normal)
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NU G eV aiiaEIEMERLS

OVZB (exotic, not observed)

2 e Upto
“ Decay Rate 1-. _ Tl—/lzzm_ng, G()V MOV 2 . :tzl:ev
m, hbar

® Probes all
states

« Requires calculation of matrix element of
the nuclear transition via intermediate state /

« Many-body problem not solvable
from first principle

10 — T T T T T T T T T T
. NSM =
« Factor 2 — 3 uncertainty . oA T
between different : o B
T | . ¢
nuclear models 6 i : o B
¢ Shell Models 5 I R DU o
2 ir'e |+ M ¢ '
¢« QRPA T
¢ IBM T T
Py T.* |
1 - *
“ Important to search for 0vf : ;
in several isotopes oy S A =
Isotope
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= coarirnertel Siitzition

Disfavored by OVBB

Claimed signal in 7®Ge: Mod. Phys. Lett.A 21 (2006) p 1547.

| I T I |

,J|-:

Disfavored by cosmology:
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1 026

KamLAND-Zen
(arXiv:1211.3863)
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Compining Ovpp zind Cosmology
Se

J. Auger, FrD, O, Lznely, | enl, DL Weligrs, Worc i Prograss

« Effective Ovpp Observable

eziq)lz n 2 eziq)zs

mBBE(mV e e3

~m\1—sin’(20,,)sin’(¢,,) quasi-deg. neutrinos

¢« Interplay of mass probes

1.0 i L Simulation of observables incl. NME and expected
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Cornoilirie) OvBE ziriel Cosenoloc)y

J. Atlejar, FED. O, Ezainzly, | Szielan, B, Weitars, Wearl 1ol Proc)fass

1y =, gy =0 =001, ¢5 = Pif4 o= 001 &2 = P12 = 0.0, ¢y 2 = 3P4 ny =001, ¢12 = Pi

3
o

s

m, = 0.03, o = 3Pi.l|r4
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Naw Priysics Cogliriotions o OvBE

¢ Plethora of New Physics Scenarios

dL - VA > Uy
. g V+A‘1LL > “r ';VLLLLV—A . e
d u W Lwea - X m,
Ky g, ™ _
— _ W V+A €k
- :V’L;VJFA > €r p Cvia .
L > > i
d y VFA dy —
. .
L o Left-Right Symmetry 7> " "4
— Tt v v A
I'=T = Grp|Mp !
dK > V+A
Extra
Dimensions dr. __ - wr
w”
M . r nS . . . — e,
ajoro R-Parity \fiolating "
SUSY Ve A
Leptoquarks &=
+
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/1

DISENIENFINERNEWAEHVSICERSCENENOS

¢« Angular and Energy distribution of emitted electrons
(Doi et al. '83; Ali et al. '06; Arnold et al. '10; FFD, Jackson, Nasteva, Soldner-Rembold '10)

al :£(1 k(E,,E,)cos0) —l<k<l L5

dE,dE,dcos® 2

¢ Linearin cos6
¢ k(E,, E,) depends on OvB[3 mechanism

0.0
00 02 04 06 08 1.0

|At |

Comparison of 0vpp in multiple isotopes
(FFD, Pas PRL 2007)

2 (1X) G(BY)‘M(BY) ¢ Depends on OvBp mechanism

T
7 (8 B )‘2 ¢« Independent of details of new physics
(if one mechanism dominates)
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=ifaeiva \Vziss zirel Saaszivw Vaenzirises

« Effective operator for Majorana neutrino mass

1 Ay = sz 1 — e e
L= (L H)H'-L,) - =(m,),Viv, gggr‘;‘fofm

¢« Seesaw Mechanism
Add right-handed neutrinos to the Standard Model particle content, M ~ 10'* GeV

1

L=Loy=— VMV, Y, L H,

¢« Light neutrino mass matrix at low energies

mp

100 GeV

m,=m, M 'm, for m, <M, m,~0.1eV O GaV
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I eIV ENY ESSHEERSEESaWAVIECHERISIN

« Effective operator for Majorana neutrino mass

1 hi' -c 7 ~ 1 7 I Im-
EA (L H)(HT-LJ.) - _(mv>._ ‘v Unique dim-5

L= J Operator

¢ Seesaw Mechanism

¢ Sterile Neutrino Mass Scale Unknown
~10" GeV: Naive Seesaw, GUTs >L<) >lé
¢ >10° GeV: Thermal Leptogenesis

(1) e sl o (B
Y

Vv Vv

¢ #10? GeV: Resonant Leptogenesis,
Production at LHC

1 keV: Dark Matter Candidate
1 eV: Oscillation, Cosmology, (Double) Beta Decay

L

U

-

U
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=ifacive Meass aieel Saaszivw \Vaarznisen

« Effective operator for Majorana neutrino mass

1 hy — = 2T 1 NG Unique dim-5

¢« Seesaw Mechanism

¢ Three possible mediators at tree level

Seesaw ||
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=ifacive Meass aieel Saaszivw \Vaarznisen

« Effective operator for Majorana neutrino mass

1 hy — = 2T 1 NG Unique dim-5

¢« Seesaw Mechanism

¢ Three possible mediators at tree level

D D)

v v
X X

Yo ¥,

Seesaw ||
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EHECHVENVIESSIENENERIS

« Effective operator for Majorana neutrino mass

1 hy — = 2T 1 NG Unique dim-5

¢« Radiative Generation via Loops
Alternative to Seesaw Mechanism

R-Parity Violating SUSY
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(gn®

Croolerns of S2asaw \VeenzErnisr

¢ Introduces high energy scale

L
¢« Right-handed neutrinos are singlets :E
Couple only via small mixture with active neutrinos &'

¢« Mechanism not testable with
low energy observables
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(gn®

Croolerns of S2asaw \VeenzErnisr

¢ Introduces high energy scale !

L ;
« Right-handed neutrinos are singlets T N
Couple only via small mixture with active neutrinos o ™

¢« Mechanism not testable with
low energy observables

¢ Possible Solutions

¢« SUSY Seesaw
Testable LFV effects from sleptons T

' Vt' ' .\'L‘(llx‘ new I)I'!\‘.\i&‘.\

GUT / Leptogenesis

QH

time
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(gn®

Croolerns of S2asaw \VeenzErnisr

¢ Introduces high energy scale

¢« Right-handed neutrinos are singlets
Couple only via small mixture with active neutrinos | &

¢« Mechanism not testable with
low energy observables

¢ Possible Solutions
¢ SUSY Seesaw

Testable LFV effects from sleptons

¢ “Bent” Seesaw mechanisms
LNV at low scale allows low mass
of right-handed neutrinos
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(gn®

Croolerns of S2asaw \VeenzErnisr

¢ Introduces high energy scale !

' e 2
¢ Right-handed neutrinos are singlets T e
Couple only via small mixture with active neutrinos &% 7

¢« Mechanism not testable with
low energy observables

¢ Possible Solutions
¢ SUSY Seesaw

Testable LFV effects from sleptons

¢ “Bent” Seesaw mechanisms
LNV at low scale allows low mass
of right-handed neutrinos

¢ Left-Right symmetric models
Right-nanded neutrinos couple
with gauge strength to charged leptons
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Mirllgrizll Egf=re)ait Syraarleire

Based on

SU(3)xSU(2),xSU(2),XxU(1),_,

Higgs Sector:

cell IVioele]

Pati & Salam '74
Mohapatra & Senjanovic '75

Bidoublet (EW Breaking) + Left-handed Triplet + Right-handed

Triplet (Breaking Lepton Number + Parity + SU(2);)

Generate NV;+ W, + Z, masses M ,~M, ~M,

NR<AR>m~0.5-5 TeV

General Seesaw Il Mechanism

224092 Frank Deppisch

— —E sin CVV (77@ UEEJL =+ IleEIzJR)

Ml + IR sin Cw (PT;UE?L + JVU;?R) YR,

V2

figL_,__

V2

= (Ug" + N{UER) 4

(N;UER + peUED) 4,

Probing LNV on Three Frontiers

Neglect any
Left-Right mixing

L— g — i
Ty, = —\/% Uiyl

L— gR N T L
L)TI{VR -~ E I/gz IVZ "}"’L g R,

22/05/2013



Nattrislolass Blotgle Satel Baaziviin ine LS

dL = V—szq')’ = HL dK 7= V+A“?1L e HR
IVL H—-—e' "{f M—.—e_
r A 1 R 4 RR)2
Z (ULL)2 M _ (m,) Xm, kmy My, Z (U
i ei _ _ 4 i
m., m, W % W, SR T MWR MNl-
V—A,SJJ\ . . dy v A,f'rr e
(a) (b)
d;; = V_A"LLL £ u dy = V_A;,Hl = uy
M b W V—A o W V—A ¢
W, LL ;LR Ko Ky : Z LL ; ,LR
M Zi Uel U Xmy c Kty SIn C Uez Uez
W W, A % %W ST Unna——
V+A,5J\r . w  d, o V-A .
(c) (d)
dy — & Hy
4 We €
My, m, RR\2 ar | 2
(URPM
4 2 j ei N, r
My M3 » i
R
d, > Y > up
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Riejrii=rizirielacl Neatiririo Procluction it irie L RlC
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Siniella Netirinio Procuetion

ATLAS exclug

¢ Monte Carlo Simulation (PrROTOS)

¢« Background ttbar, Z + jets
(Pythia, Alpgen)

¢« Fast Detector Simulation
(AcerDET)

¢ Selection Criteria

number of jets N; > 2

Opposite Sign + Same Sign Leptons
number of isolated leptons Neg=2 LHC reach @ 14 TeV, 30 fb

invariant dilepton mass my; > 300 GeV

total invariant mass mye;; > 1.5 TeV
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Cornozlfisor o QyHE

¢ Consider contributions

to OvBp from triplet
Higgs

(Us)

DI
I
M,

LHC reach @ 14 TeV, 30 fb
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Coneclusiorn

¢ Neutrinos much lighter than other fermions
Strong experimental program to probe absolute mass
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Conelusion

¢ Neutrinos much lighter than other fermions
Strong experimental program to probe absolute mass

¢ Neutrinos are the only neutral fermions
Dirac or Majorana? Lepton Number Violation?
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Coareclusion

¢ Neutrinos much lighter than other fermions
Strong experimental program to probe absolute mass

¢ Neutrinos are the only neutral fermions
Dirac or Majorana? Lepton Number Violation?

¢ 0OvBp is crucial probe for BSM physics

¢ Hope for the best
New LNV physics at the EW scale

¢ Prepared for the worst
Only 5-dim operator from LNV
at the GUT scale

91/82 Frank Deppisch

Lefeuvre (2011)
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Coareclusion

¢ Neutrinos much lighter than other fermions
Strong experimental program to probe absolute mass

¢ Neutrinos are the only neutral fermions
Dirac or Majorana? Lepton Number Violation?

¢ 0OvBp is crucial probe for BSM physics
¢ Hope for the best

Lefeuvre (2011)

350

New LNV physics at the EW scale i s il e 72
¢ Prepared for the worst o geRoar T
Only 5-dim operator from LNV BT
at the GUT scale : | NN
- = £ 150 SNO+ ©0.1%)
“ EX6CROE

Rich ph(_enomenology in rpodels X o, | |

of neutrino mass generation ; cUORENEMD
Cosmological Observations o | ueried Misrarcly Sho- g1 7

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

(-
¢« Charged lepton flavour violation

¢ LFV and LNV processes at the LHC
¢ Connection to Leptogenesis?
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