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OVERIEW,

« Neutrinos

¢ QOscillations
¢« Absolute Mass

« Neutrinoless Double Beta Decay
¢ Light Neutrino Exchange
¢« New Physics Mechanisms

« 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

Vi:Zo( Ul.o(Vo(, Vi(t>:e—i(E,-t—PiX)Vi

Am° Llkm
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normal hierarchy inverted hierarchy
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=P =sin’(20)sin’( 1.27

¢ Solar neutrino oscillations

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

g 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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ASEIUEINEUIHReNVIESS

Tritium p-decay spectrum near endpoint

¢« Energy endpoint in Beta decay N
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¢« Impact on Large Scale Structure

m, =2.5eV

¢« Neutrinoless Double Beta Decay

B ? Future Experiments:
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Natirinlolass Dougla Sate Becz)y

“ Process: (4,2) § (A, Z+2) + 2¢

« Uncontroversial detection of 0Vf3[3
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
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N ERNEUUIRIENEXCHENGE

¢« Standard Mass Mechanism

Heidelberg-Moscow
T..("®Ge) 3 1.9%0% y
*n,43 (0.3 -0.6) eV

Lindner, Merle, Rodejohann (2005)

« Decay Rate .
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= coarirnertel Siitzition

Disfavored by OVBB

Claimed signal in 7®Ge: Mod. Phys. Lett.A 21 (2006) p 1547.
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Naw Privsics Corlirigitions o OYEE

¢ Plethora of New Physics Scenarios
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=ifaeiva \Vziss zirel Saaszivw Vaenzirises

« Effective operator for Majorana neutrino mass

h.
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2 Ay
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T L T, 1 ¢ Unique dim-5
(Li H)(H L]> - (mv> iVj Operator

¢« Seesaw Mechanism
Add right-handed neutrinos to the Standard Model particle content, A 3§ 104 GeV

L

LSM—E\_/RMV%-F\_/RYVL'H”

1

¢« Light neutrino mass matrix at low energies

2 -1
m
mv:mlT)M_lmD form, <M, mVNO,]eV( D ) ( M )

100GeV | | 10" GeV
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(gn®

Croolerns of S2asaw \VeenzErnisr

¢ Introduces high energy scale !

i
¢« Right-handed neutrinos are singlets T n/
Couple only via small mixture with active neutrinos % 7

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

eI EINSIOINS CESEWAVIEE

¢ 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

SIS

J

' 5

' Vt' ' .\'L‘(llx‘ new I)I'!\‘.\i&‘.\

GUT / Leptogenesis

T

time

QH
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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

1281 Frank Deppisch Probing LNV in DBD and at the LHC 21/01/2013



(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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Mianeriell Eei=R

MO ESYININEL]

¢« 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 V;+ W, + Z, masses M,

~My, ~M,

NR<AR>m~0.5-5 TeV

¢ General Seesaw Il Mechanism
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Neglect any
Left-Right mixing
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Nattrislolass Blotgle Satel Baaziviin ine LS
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cierged Laoian) Fleivolr Vigleiton

¢« Lepton flavour practically conserved in the Standard Model

2 2

Am
Br(u—ey)= 32;:'2 U:.u,, 1’| ~10

W

LFV is clear sign for BSM physics

¢« Flavour violation in quark and neutrino sector
Strong case to look for charged LFV

¢« LFV can shed light on p TeV scale new physics
¢ Grand Unification models
¢ Flavour symmetries /l\ Ve QITTT Litogssionks
¢ Origin of flavour 1 &
time " Q,H

N

majorana V
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era LRV Proeassas

¢« Mediated by right-handed neutrinos
and doubly charged Higgs bosons

Am3,\? (2 TeV\*
BR(;z—uq)mQxlOgsinQ(Qo)( ’;'1?) ( ¢ ) |

mwg

myy R

¢ U-e conversion in nuclei enhanced
via box diagrams

R(u—e)~Br(u—ey) |

¢ U — eee strongly enhanced due to
tree level contribution

Br(u—eee)~10°XR(u—e) |

« BSM Flavour Problem

Small mixing and / or mass differences required
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Siniella Netirinio Procuetion

Sarngitvity Mazien

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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Siniella Netirinio Procuetion

Sansiivity Hezien

¢ Reconstruction of W, and N

150
ATLAS exclug

[a—"
)
-

()
()]

Events / (20 GeV)

Opposite Sign + Same Sign Leptons
LHC reach @ 14 TeV, 30 fb"

Events / (20 GeV)
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Siniella Netirinio Procuetion

Carnaral a=u \Mlidrie

my =2.5 TeV,my=0.5 TeV

LHC reach @ 14 TeV, 30 b
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Twe Natiririe Oseclllzitiorns

Wlepdenzl Baotan Fleivallr Vielziten)

¢« Two neutrinos
exchanged with
maximal mixing
and 1% mass splitting

[ €r Wp  Tg
U puns 0 0 01 Vi
0 cos¢p sin¢g O|N
0 —sin¢ cos¢p O|N
0 0 0 O/N

~

1

[\

3

dp=m/4

¢« Correlation with low
energy LFV processes

LHC reach @ 14 TeV, 30 b’
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Twe Natiririe Oseclllzitiorns

Wlepdenzl Baotan Fleivallr Vielziten)

¢« Two neutrinos
exchanged with
maximal mixing
and 1% mass splitting

[ €R Wep  Tg
U ouns 0 0 0|V
0 cos¢p sin¢g 0[N,
0 —sin¢p cos¢ O|N,
0 0 0  0]n,
dp=m/4

¢« Correlation with low
energy LFV processes

LHC reach @ 14 TeV, 30 fb"
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Two Netig Osclllzitorns

Vlsndenzl Beatan Fleivolls Violzibon)

« Two neutrinos 3| S V4 I
/ / Auld— ’

exchanged with s
maximal mixing )
and 1% mass splitting Sf"
q
le € Up Tp
Uons 0 0 0|V

0 cos¢p smn¢ 0[N,
0 —sin¢ cos¢ O|N,
N

0 0 0 0

3

dp=m/4

¢« Correlation with low
energy LFV processes

LHC reach @ 14 TeV, 30 fb"
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Twe Natiririe Oseclllzitiorns

Wiidriel Ariella ziciel Mleiss Bifferanics

¢« Two neutrinos
exchanged with mixing

angle @ and mass diff. Am,

[ €r Wp  Tg
U puns 0 0 01 Vi
0 cos¢p sin¢g O|N
0 —sin¢ cos¢p O|N
0 0 0 O/N

~

1

[\

3

suppressed as Am;/ (mNFN)l

¢« Correlation with low
energy LFV processes

My, =2.5 TV, my=0.5 TeV |

LHC reach @ 14 TeV, 30 fb™"
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Siniella Netirinio Procuetion

Upnlftzipy e=ti=r \Vliirie

¢ Including coupling to taus

[ € MUp T
Uouns 0 0 0 |V
0 Ve Ve Ve[V
0 0 0 0 | N,
0 0 0 0 |N

3

¢« Tau reconstruction efficiency

reduced by

Br(t—e(w)vv)~1/3|

¢ Highly boosted secondary

leptons
¢ No cut on missing p;

. A\
M, =1.5TeV :
\\\mN OBTeVR\

\\\x;\sﬁ\\:;\&x&x N\
s\ N\
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Cornozlrisor to OYEE

¢ Consider contributions

to OvB 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?

¢ OvpBf 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
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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?

¢ OvpBf 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

¢ Rich phenomenology in models
of neutrino mass generation

¢ Charged lepton flavour violation
¢ LFV and LNV processes at the LHC
¢« Connection to Leptogenesis?
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Lefeuvre (2011)
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