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Noble Prize 2015
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220890 ¢

Nobel prize awarded:
“for the discovery of neutrino oscillations, which shows that neutrinos have mass”
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h The standard model
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SM masses
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Where are v’s produced?

Reactors Sun

Accelerators Supernovae

Earth atmosphere Active galaxies

Earth crust
radioactivity

Big Bang
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E The invention of the v
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Absohrift/15.12.56 W

Orfener Briaf an dis Jrunpe der Radicaktiven bol der
Gauverains~Tagupg 3u Tubingsn.

Absohrift

Physikelisches Institnt

dar Eidg, Technischen Hochscmile Airdich, i« Des. 1930
Arioh Oloriastranse

Lisbe Radicaktive Damen und Herremn,

Wis dar Usbarbringer dissar Zaeilan, den ich Imldvollst
ansuhbren bitte, Ihnan des nEhearen sussinsndersetsen wird, bin ioh
sngesichts der "felschen®™ Statistik der Ne und Li-6 Kerne, sowie
des kontimuieriichen betu-Speictrums suf oloen wvarswaifelten Ausweg
varfallen um den "Weoheelsate®™ (1) der Statistik upd den Enargienats
su retten. M¥hmlich dis MGplichkelt, e= k¥mtsn elaktrisch neutrale
Telloben, e ioh Neutronen nesmen will, in den Iernen existieren,
wvelshe dem Spin 1/2 haban ond das Ausschlisssungaprinsip befolgen und
‘wheh von ldchtquanten musserdan noch dadirch cnterscheldsn, dass oie
:.-M. Lichtgesawindigkeit laufwn. Die Hasse deor Neutroenenm

von derzelben (Xossenordmung wis die Electroneosesse sedn wnd

s nioht grosser als 0,0] Protocamasse.~ Das kontimuierliiche

Spektrum wire dann warstindlich unter der Atmalme, dass bein
biba~Zarfall mit dem Elektron jewells noch ein Heutron emitiiert
wed, dwart, dass die Sumne der Enesrglen voa Neutron und klektron

konstant ist.
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The invention of the v

/Urich, 4. Dec. 1930
"Dear radio-active Ladies and Gentleman;

As the bearer of these lines, to whom | graciously ask you to listen, will explain o
you in more detail, - - - | have hit upon a desperate remedy to save the - - - law of
conservation of energy. Namely, the possibility that in the nuclei there could exist
electrically neutral parficles, which | will call neutrons*, that have spin 1/2 and
obey the exclusion principle and that further differ from light quanta in that they
do noft fravel with the velocity of light. The mass of the neufrons should be of the
same order of magnitude as the electron mass and in any event not larger than
0.01 proton mass. - The continuous beta spectrum would then make sense - - - so
far | do not dare to publish anything about this idea, and frustfully tfurn first to you,
dear radioactive people, with the question of how likely it is to find experimental
evidence - - - Thus, dear radioactive people, scrutinize and judge. -
Unfortunately, | cannot personally appear in Tubingen since | am indispensable
here in ZUrich because of a ball on the night from December 6 to 7. With my best
regards to you, and also fo Mr. Back, your humble servant

W. Pauli”

* - Neutrino , ,
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First detection (1956)

Clyde Cowan t Fred Reines

1918-1998)

(1SM9-1974)

Anti-Electron o E = @ > o
Neutrinos ﬁ

e @@ :
Hanford

nuclear reaktor e = e —> 0
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in coincidence




Solar neutrinos

From the Sun: 98 % Light
2 % Neutrinos
At earth 66 billion Neutrinos/cm?2 sec

Hans Bethe (1906-2005, Nobelprize 1967)
Thermo-nuclear rates (1938)
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Solar neutrinos

R. Davies Jr.

(starting 19671)

Comparison between calculated
and measured neutrino events:

R(exp/cal) ~ 1/2

“Solar v problem”
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Solar neutrinos

R. Davies Jr.

(starting 19671)

Comparison between calculated
and measured neutrino events:

R(exp/cal) ~ 1/2
“Solar v problem”

Solved in 2000/2002:
by experiments: SNO, KamLAND
NEUTRINOS CHANGE FLAVOUR!
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17

Neutrino oscillations

Slides from:

Mariam Tortola
(IFIC, Valencia)
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LLL.

Absolute neutrino mass scale
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The 5 specfrum and m,
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Energic ﬂ
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The 5 specfrum and m,

Intensidat¢
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Eneraqic fr
g Qs

= Classical method to search for neutrino mass

= Important: Very few events near Qs - ~ 10713 in (Qg- 1 eV, Qp)
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It ain’f so easy ...

e AN

1 ~. =

»

KATRIN = KArlsruhe TRitium Neutrino Experiment
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.-« To weigh a neutrino!

Tritium source Transport section  Pre spectrometer  Spectrometer  Detector

~70 m

Experiment: KATRIN

=- From source to detector ~ 70 m
= From 10'° electrons per sec to 1 e/sec
= Will improve sensitivity from m, < 2.5 eViom, < 0.2eV

= First data 2016 (?), final result in 5 years
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Supernova neutrinos
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i Supernova neutrinos
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About 20 neutrino events
detected in Komiokande and IMB

... from a total of 10°8 (1) neutrinos
emitted

Neutrinos arrive within
~ 10 secs
my < 15 eV

Both experiments:
Search for
proton decay

... but found
atmosperic and SN neutrinos!

Future SN in the galaxy:
10* — 10° events!

12 wnould allow a detailed check of SN physics
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Cosmology and neutrinos

Inflation

B‘ ar‘;
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Supported by DOE and NSF
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CMB and PLANCK
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CMB and PLANCK

/’\ Planck TT spectrum
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= "Power spectrum” - Sensitive 10: Q1. Q. Ac - - -

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.24/104



CMB and PLANCK
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'S and Planck

4.8 I Planck+WP+high g
Planck4+WP-+highlL4+-BAO

0.0 0.2 0.4 0.6 0.8 1.0
X m, [eV]

= Combination with WMAR “high-L" and BAQO:

S my; < 0.28eVand Ny = 3.32 +0.54

= Future dafa on gravitafional lensing sensitive to
ca2025(?): >, my, < 0.05eV?
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V.

Double beta decay
OR
Majorana or Dirac?
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——

Particle = Anfiparficle ?

PA.M. Dirac:

"The electric charge of the electronis Q(e) = —1
= anti-parficle: posifron Q(e€) = +1”
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——

Particle = Anfiparficle ?

PA.M. Dirac:

"The electric charge of the electronis Q(e) = —1
= anti-parficle: posifron Q(e€) = +1”

E. Mgjorana:

"No way to distinguish electrically neutral particles:
Anfti-particle = Particle”

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.29/104



iDouble beta decay

(Z,A) = (Z+2,A) 4+ 2e~ 4+ 2v

= Two single B decays
in the same nucleus

Germanium 76 " Selenium 76

4th Chilean School of HER Valparaiso, (13-15)/01/2016 - p.30/104



t Double beta decay

(Z,A) = (Z+2,A) 4+ 2e~ 4+ 2v

= Two single B decays
in the same nucleus

Germanium 76 " Selenium 76

(Z,A) = (Z+2,A) 4+ 2e~

= violates lepton number
= only possible if v = v

= Half-life of decay:
T/ o< (Mmy)™

2

Selenium 76

Germanium 76

4th Chilean School of HER, Valparaiso, (13-15)/01/2016-p.31/104



Distinguish 2v 55 from Ov35 7

= The neutrinos are not 2w 0v3B.J 0033
detected: 2v353 12 1!
confinuous spectrum =
= 0.8
-
~ 0.6
—
=
= Only electrons: e 0.4
OvBs peak at Qﬁﬁ < 02!
1 2 3 4 5

= Energy resolution essential
if the experiment wants to separate 2v 55 from 0v 33
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Distinguish 2v 55 from Ov35 7

; 1.2
= The neutrinos are not 0v3BJ 0033
detected: 2v53 j2 1
S E
£ E ¥ fit range
&
@ _
c10% &
8 - 3 c %
107 =3 § § =
10 = E
B GERDA (5.04 kg [yr)
1
- 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 '/B/B
200 400 600 800 1000 1200 1400 1600 1800

energy (keV)
Real experimental spectrum: GERDA (Dic. 2012)

Half-life: T12/”2BB — (1.84 + 0.14 — 0.10) x 102! yr
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E Experimental sensitivity

Background-free experiment:
T1/2 i Mt

In the presence of background:

1192 ca Mt

BAFE
M : Source mass
t . Measuring time 1 ton of isotope
B : Background and AE - B < -
AE : Energy resolution for (my,) <10 meV
a . Enrichment
c ;. constants
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|

Figure of Merif: AE versus b

The experiments from the
AExb point of view
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OvB35 decay with °Ge

AZ Stat: | Where: | 77/} (y) | (mu) (eV) | vear.
Hd-Mo | "6Ge | 35.5kgy LNGS 1.9 1025 0.35 2003
Spectrum near peak of Ov33: HD-Mo, setup ANG2-ANGA4:

o
o

Mo/ kgy (SSP)
[ J42kqy

el

900 2010 2020 2030 2040 2050 2060 2070 2080
energylkeV]

expected OvBg line

0.4

counts/(kg y keV)

0.2 -
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GERDA

Design of the GERDA experiment: Concept:
Less radioactive background

by operation in liquid Ar

Phase-I:

e uffer/ muon veto M ~ 20 kg °Ge

V/a First results 2014/2015
— | ¢  vessel

Phase-ll:

argon M ~ 35kg "6Ge

: = -3__ 1

| ‘Array B <10 kg-y-keV

= Improve limits to (or find 0v 35 with) half-live up to 1026 ys
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KamLAND-Zen

Electronics Hut

Calibration system at access chimney

Put ~ 400 kg

1200 m3 LS+ 1800m3 BO 136Xe into
1325 | 7”PMTs + 554 20”"PMT

> : KamLAND =

KamLAND-Zen!
Energy Res.=7 % / +/E

Water Cherenkov Outer Detector
225 20” PMTs

Monte-Carlo prediction:
(my) < 60mMeVin 2ys!

Basedonb < 1071 /(kg -y - keV)
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h KamLAND-Zen

Events/0.05MeV

Events/0.05MeV
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= L e, T TOtal . ZggB.
(OvBB U.L) B8y
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F — Total 8y
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= (OvpBU.L)
25 ... e 0upp
20E- (90% C.L.U.L) .7
15-

...............

Background!

110mAg Z 100
larger than MC

Fukushima?

PRL 110 (2013) 062502

Limit after subtraction:
Statistics: 89.5 kg - ys

TOPP (136 X ) > 1.9 x 1025 ys

1/2
90 % c.l.

Neutrino 2014
Purification in
progress, has reduced
HOmAg ~ 1/10

and continues ...
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B Xe: EXO-200

(Half a) TPC:

Setup of the EXO-200 experiment:

HFE Fluid

Vessel

T S e ————

Lead Shielding

i
R
& ::ﬁﬂ.k‘t"-
i pRESES g
'!_P;t" -

Natfure 510 (2014) 229:

limit for OvB8B-decay for 136Xe:
Ty /5 > 1.1 x 10%° ys

based on 100 kg-ys of data
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B Xe: EXO-200

counts/20keV

counts/20keV
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Updated O0v S result
Nature 510 (2014) 229
b=17x10"3/(kg -y -keV)
Statistics: 100 kg - ys

Tf}’fﬁ(l%xe) > 1.1 x 1025 ys
90 % c.l.
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NEXQO:

Proposal to

use 5 tons of 136 Xe
"Scale up EXO”
Install in SNOlab

Phase-I:

No Ba-fagging

(my) < 10mMeVindys
Tlo/”fﬁ(l%Xe) >

7 x 1027 ys

Phase-ll:

With Ba-tagging
(my) < 4mevV ?7?
T1f)7255(136Xe) >
2 x 1028 ys??

4th Chilean School of HER Valparaiso, (13-15)/01/2016 - p.42/104



Nlass mechanism

Convert 2 neutrons to 2 protons + 2 electrons, simplest
possibility for a Ov3s diagram:

4th Chilean School of HER Valparaiso, (13-15)/01/2016 - p.43/104



Nlass mechanism

Convert 2 neutrons to 2 profons + 2 electrons, simplest
possibility for a Ov3s diagram:

Neutrino
w propagaftor:

c
©

o cC
c

2m)4 p2—m?2

v =V f (d4p ml/—l_ﬁ

o Cc
o
©

"Mass mechanism” because weak inferaction is
left-nanded:

Pr(my +p )P, =m,PL
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h Mo, 55 O function of (m,))

1
ol

Log(Mouss)

2 4 6 g 10
Log({m.,)) [eV]

Take out m,, from definition of Mg, z3:

Constant for small m, = T} 5 ~m, "M’

(~1/my)? forlarge my = Ty/p ~m2M;
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E Mo, 55 O function of (m,))

1
ol

“Transition region”

21 1 my X pr

Log(Mouss)

. - ~ 0(100) MeV

2 4 6 g 10
Log({m.,)) [eV]

Take out m,, from definition of Mg, z3:

Constant for small m, = Ty /5 ~my, "M * “long-range” amplitude

~1/my)2 forlarge m, =  Ty,5 ~m2M;> “short-range” amplitude
/ vV H
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Three generatfions of v

For 3 generation of neutrinos, 2 independent Amfj, and 3 independent angles
Qiji

C12€13 $12€13 s13€ 7%
U = —S812C23 — C12823513€®®  c12c23 — s12823813€"? sasciz | P
512823 — C12C23513€%°  —c12823 — s12¢23513€"°  cagcis
1 0 0 0 ci2  si2 0
— 0 C23 S23 : 0 1 0 : —S12 C12 0 -P
0 —s23 23 0 0 0 1
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Three generatfions of v

For 3 generation of neutrinos, 2 independent Amfj, and 3 independent angles
Qiji

C12C13 5$12C13 s13e” %0
U = —512C23 — €12523513€"0  c12c23 — S12523513€% sozc13 | P
S12823 — C12€23513€%° —C12523 — 512€23513€°  c23C13
1 0 0 0 C12 s12 0
— 0 C23 S23 : 0 1 0 : —S12 C12 0 -P
0 —s23 23 0 0 0 1
atmospheric solar
2 2
Amsz, Ami,
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Three generatfions of v

For 3 generation of neutrinos, 2 independent Amfj, and 3 independent angles
Qiji

C12C13 5$12C13 s13e” %0
U = —512C23 — €12523513€"0  c12c23 — S12523513€% sozc13 | P
S12823 — C12€23513€%° —C12523 — 512€23513€°  c23C13
1 0 0 0 C12 s12 0
— 0 C23 S23 : 0 1 0 : —S12 C12 0 -P
0 —s23 23 0 0 0 1
atmospheric solar
2 2
Amsz, Ami,

= P - diagonal matrix of Majorana phases

2 — 2~
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Neutrino oscillation dara

Forero, Tortola

10 T T 1T T T I I I I I I I & VG“eI 20]4
I 10 10 ] x? distributions
T 51 1r alls 5 for angles:
I 11 1L ] 0o, 0atm QN
O_I 11 | | 11 1 | | I_ _I I_ i | | | | | | ]
0.2 0.3 0.4 0.01 0.02 0.03
.2 . 2
sin@,, sin6,,
10 T T | L | T T T IIII|IIII|IIII|IIII
- 1t 1r . 2 distributions
. | Il 1L/ N i for Am?
>< | L L/ \ |
I 10 107 \ ] and phase:
I 11 ] / 2 2
_ 1L i \\ // Am@ d Arrn’Atm’
0 | | | 1 1 | | | | | IIII|IIII|I | /II
6 7 8 2 0 0.5 1 15 2
2 -5 . ,2
Am,, [107eV] o/Tt
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E Neutrino mixing in 0v 343

e
W= / Each vertex:
AAVAVAVAVAVAVV, VAV, )

Uez
1 V; W,LL_E/VMPLUeiVi
— |l v Full propagator reads:

MWWWWWA U
\\ — U2/ d4p qu;+i$

“J (@2m)tp?—m?

Vi

Define in the limit of small neutrino masses:

<ml/> — Z UeQz’ml/z'
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(m,) and v spectrum

Neutrinos mix, thus:

(my)

E 2 .
UejmJ
J

Coclamy + 51y, mg + 57, ma

A priori seven unknown guantities:
= 3 MAsses:; m;

= 2 angles: 6,, and

= 2 CP violafing phases: « and

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.52/104



(m,) and v spectrum

Neutrinos mix, thus:

(my)

2,
Z Ueimy
j

2 2 2 2 2 1
612613m1 —+ 3126136 mo9 —+ 3136 Bmg

+ Neutrino oscillation data:

= 1 mass: m,, + Am3, ., Am?

= 2 angles: 6. and

= 2 CP violafing phases: « and

= Two cases for hierarchy (NH and [H)
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(m,) versus m,, -status 2014

(my,) [eV]

Global fit data from:

O
10 Forero, Tortola
B & Valle;
-1 -
10 = || Inverse hierarchy arXiv:1405.7540
allranges af 1 o c.l.
1072
_al < Normal
10 ’ _ﬁ hierarchy
10—4 Lol Lol L0l Lol
1074 1073 1072 1071 10°
my, [eV]
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(m,) versus m,, -status 2014

Global fit data from:

= ol Ti2(**%Xe) > 1.9 x 10% ys
"o, 10 ?NME: Faessler et al., 1301.1587 Forero, Tortola
/g = & Valle;
-1 N
~— 10 |l Inverse hierarchy arXiv:1405.7540
allranges at 1 o c.l.
1072+
1073 ﬁ
= Planck =
10—4 Lol Lol L0
1074 1073 1072 1071 10°
my, [eV]

= Planck - limits frorn cosmological data
= Ty /2 (139 Xe) - limit from KamLAND-Zen
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Black Box Theorem

Schechter & Valle, PRD 1982
Takasugi, PLB 1984

If Ovis3

IS observed
the neutrino is @
Majorana particle!

= 4-loop “butterfly” diagram: m, ~ 10724 eV Duerr et al 2011
= Tree-level, T-loop, - - - 4-loop possible

= Rule of thumb: Helo et al., 2015

— Models with tree-level, 1-loop m, - mass mechanism dominates
— Models with 2-loop, 3-loop m, - mass mechanism ~ SR
— Models with 4-loop m, - SR dominates
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V.

Ovp s decay, LNV and LHC
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Leff-right symmetry

Motivation:
e
Vu.L
P
W- o=
Py B
Ve,L

~ 1/m%/VL — Gp

Extend standard model gauge group to:

SUB)e x SU2), xU(1)y = SUB)e x SU2)L, x SUR)r xU(1)p_1,
If my, > my, -interactions mostly left-handed

= LR symmetry implies: L <> L€ - vy is part of theory!
= Seesaw mechanism included in theory

1 4th Chilean School of HEP, Valparaiso, (13-15)/01/2016 - p.58/104



i GCUin LR?

- 80

= Running of ;! in the
d L
60" . minimal LR model
40 \ L—R SM + (131’2’2’0 +CI)1’3’1’_2 + @1’1,3,_2
i L unifies at £ = (few) 10'% GeV
20} 3 if M rp ~ 10t GeV
|

10° 10 10 10® 10° 102 10" 10%
E [GeV]

NOT TESTABLE EXPERIMENTALLY!
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GCUIn LR!

Running of ;! in the

mMinimal LR model

M+ P1220+P131,-2+P1,1,3-2
unifies at £ = (few) 10'° GeV

if My p ~ 1011 GeV

T 80
§ |
i L=R
40 L
201 3
07 | | | | | | | |
102 100 10 108 109 10%@ 10" 10%°
E [GeV]
7 80/
Arbeldez et al, PRDD89: N
60
Many non-minimal LR models exist
with perfect unification and 40
Mpp ~1 TeV! I
Example plof: 20|
SM+2P1 220 +3P1,130+2P1,1,3,—2 ol

102 10 105 10® 210%™ 102 10" 10%6
E [GeV]
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& Black Box: Experiment

The experimentalist sees:
d

u

e
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Wr and Ovp s decay

The experimentalist sees:

If my — OC
| ‘ limit on
= = u 5
W, ™~ 1/mWR mw, — 0
> e
N X ~1/mn
> e
1 2
Wg Y /mWR
d > > u

With 777 (1% X e) > 1.6 x 10% ys;

<mN> —1/4
>
mwg = 1.3 ( [1TeV] ) TeV
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i Example: Wr @ LHC

Keung & Senjanovic, 1983

Signail:

Same-sign and opposite-sign
di-lepton + jets, no Fr
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E Example: Wy @ LHC

Keung & Senjanovic, 1983

Signail:

Same-sign and opposite-sign
di-lepton + jets, no Fr

| 400
% 0 % 300}
o r 1 O
< < 200t
% %
o 1 & 100
= S
L 0
Obiee", . L“—“ .............
0 1 2

_ —1 _
= Assumes L =30 fo at \/5 =14 TeV 4th Chilean School of HER Valparaiso, (13-15)/01/2016 - p.64/104



EWR Q LHC - 2012

Plot from: ATLAS, Eur.Phys.J C72;

: T T T T T T T T T ]
S ok ATLAS IL dt=2.1fb" Vs=7 Tev E
2] ] “¢-Data (268 entries) ]
o P I Z+jets 4
g 100 M Fake lepton(s) 7]
Diboson N
80 W Top .
Background uncertainty ]
—HNEO, O, ]
60 my=0.3 TeV, Aa¥?=2 Tev ]
40 -
20 -
DU, —

0 P -

0 L 1.2 14 1.6 1.8 2
= F ]
0 4 r ]
£ OSE L+ j E
S 2 ’ Y -
o e Y 2 % ]

1 Bz ,Z@%%%%ymy I RRRReass
0 0 0.2 04 06 0.8 1 1.2 1.4 1.6 1.8 2
my [TeV]

Events /0.2 TeV

Data/SM

= Assumes £ = 2.1 fo~1 at /s = 7TeV

ORLNWA O

0.

Signail:

Same-sign and opposite-sign
di-lepton + jets, no Fr

§ T
N

ATLAS

J’ Ldt=2.1fb" Vs=7 Tev
SS

“¢-Data (106 entries)
W Z+jets
Il Fake lepton(s)
Diboson
WTop
Z2Background uncertainty

—LRSM
my, =1.5 TeV,m=0.8 TeV

N\

4 0.6 0.8 1 . 14 1
r V 7
2 T
W/me,%;%&///iw/// AL I
[ X : Pttt dlaiodata’ ; ;;; /;/;;//55////2 ' e ‘=
0.6 0.8 1 12 1.4 1.6 18 2
M) [TeVv]
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H Status LHC, June 2014

Signal:

Same-sign and opposite-sign
di-lepton + jets, no Fr

CMS (and ATLAS) with /s = 8 TeV:
Non-observation gives

stringent limits on

short-range Wr diagrams

for Ov BB decay.

MN [TeV]

Assumes: gr = g1,/

Mg [TeV]
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Dijef searches af LHC

resonance Mmass

[data-fit]/fit

£

n T T
£ 10° L -
e ATLAS * ATLAS collaboration
o = J 1 § .
5 F 1s=8 TeV, [L dt=20.3 by’ = arXiv:1407.1376
= 10 %— _§'
g0 E E
g0k -
% 104;5 —e— Data E;
a 10’ — Fit = Absence of resonance(s)
1P e g,m= g'g Ex = can be interpreted as
= o-q,m=20Te = . .
10k G m = 3.5 TeV - upper limits on couplings
JE 5 as function of (hypothetical)
E— | =

Signif.

MO L o 4

U‘HII|III III|II

03 04 05 1 P 3 4
Reconstructed m, [TeV]
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E Dijet and 0v33 decay

Absence of pp - Wgr — j7 gives limit on 0vj33:

10! \ Helo & Hirsch
100y = 1509.00423
10" .
g < displaced vertex search (future)
S 10°2F : . gray:
D . |} SHIP (Future) TOVBB > 1025 Vs
l— 10—3 A . 1/2 ~
EZ 104+ — cyan:
OvsBp
105 Ty, 2 10%Tys
10—6 L
10—7 \ .l \ \ \ \ \ \ \ \ \ \ \
12 3 456 7 8 91011121314 1516 17

Mur(TEV)

= full (dashed) current limits

(future sensitivity) for dijet data
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i CMS excess: arXiv:140/.3683

19.7 fo' (8 TeV) Local significance 2.8 o
"4 "paa(i7i7) |

> C T T T
= 10° :_CMS V7 1t (1164) — 4
o E © DY+Jets (475) ] 12 o (8 TeV)
o C Other (108) ] L “CMS My, = My, /2 ]
- My, = 2.5 TeV (29) 7 — B . ]
2 102k . - My,=25TeVunbimed 4 = |- Observed limit
S = Mo Mo E o) . W Expected limit i
> C N W . (b) I Expected+ 10
L B - T B [ ] Expected+2¢ I
10 - o Theory (g.=g,)
EREE E
1 1
‘, _ m ]
1 X% I
S : ;I
% 4_ * ' 7 o C
g 1 £ L
8 2r | -
L ] .g L4 - L} #+ - = 1 L1 1 | L1 L1 ‘ 1 L1 1 ‘ 1 - | | |
0 1 2 3 4 1 1.5 2 2.5 3 3.5
Mg [TeV] My [TeV]
Note:

= excess only in ee final state
= only 1 out of 14 events is like-sign
= NO excess is seen iN me, j;

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.69/104



i ATLAS like-sign lepton +j

I

> = h | < Data 2012 B
B nn - .
(\5 = ee channe ---Signal MC mWR = 12328 g:’-.‘:‘\\/,]‘E : 20
= N — - ' '
‘g = -~ Total background - ATLAS’ arXiv:1506.060
L%’ = Il Charge flip .
10 E [ Prompt =
= [ Non-prompt ] does not confirm
1072 = = excess in eejj
- ] ... searches only for
10° = ATLAS e 3 like-sign leptons
- 15=8TeV, 2031 L %
2 - a - Z
Slo ~
g2 %ﬁ% — Note:
0560 1000 1500 2000 2500 300 FOr meej; > 1.5 TeV
m eeV (5-6) events expected (BG)

/ero events observed!
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h ATILAS diboson searches

arXiv: 1506.00962

Search for dijets compatible with a highly boosted W or Z boson decaying to
quarks, using jet mass and substructure properties

-
2

10—

10* g———————— ] ————r > R e B e e LA B e e = a - L e s =
> 5 = > U F E > E g
& E ATLAS —e— Data 3 [0} F ATLAS -e— Data 3 5] F ATLAS —e— Data 3
o C \s=8TeV, 20.3 b == Background model ] S 10° ?@ -8TeV,20.3fb" —— Background model _ — =] 10° ?ﬁ =8TeV,203 10" —— Background model _ =
2 10°E — 1.5TeVEGM W', c =1 - hy E —1.5TeVBuk G, kM, =1 3 - E —1.5TeVBuk G, kM, =1 3
- E ) E Ly st Ve 3 iy s /My 3
s E 20TeVEGM W', c =1 1 2 el 2.0 TeV Bulk G, kiVly =1 | 2 L 2.0 TeV Bulk G, KM =1 ]
2 — 25TeVEGM W', c=1 1 £ 10k rgr /My =1 2 100 s KMy =1
S o | B 5 E —— Significance (stat) 3 Q E —— Significance (stat) 3
o 10° __ Significance (stat) 3 w B I Significance (stat + syst) | Z I Significance (stat + syst) |
Il Significance (stat + syst) 3 = g ¥ — 10k g Y -
W2 Selection ] F WW Selection 3 F 2Z Selection 3
10 E e 5 1 E
_ e - 10" 5
SR IR b e S = | | =
g g g - I I | 1 5 § I 1 E
Q = SR B E =S| S - E
5 &
£ £ 9 _‘——i-——j—— o £
E { g - { g
[s) o -1 =3
%) L e W i i o I i
1.5 2 25 3 3.5 2.5 3 3.5
m; [TeV] m; [TeV]

W Z like WW like 7 7 like
340 2.6 o 2.9 0

= Note: Event samples are NOT independent, cuts “overlap”
= More than 60 cites in 2 months!
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i ATILAS diboson searches

—_
o
S

L I L L
ATLAS —e— Data
o — -1 === Background model
\s=8TeV, 20.3fb — 15TeVEGMW:, ¢ = 1
20TeVEGM W', c=1
—25TeVEGM W', c =1
—— Significance (stat)
H Il Significance (stat + syst)

arXiv: 1506.00962:

Events / 100 GeV
5:)

3.4 o excess

W2Z Selection around 2 TeV

] IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII|

| T TT IIII| T IIIIIII| I IIIIIII| T IIIIII| I

107

- - dijets
8 3:_' ..........................................................................................................
& 2F
;.(;_) (-)I__ .............
> - Mo ]
I IS SRR R I

1.5 2 2.5 3 3.5 .
m; [TeV] - diboson search

- ATLAS 1503.08089: (Il,lv,vv)+bb
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i Conclusions
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Neutrino mass models
and Ov 53 decay
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Standard model fermions

Under the SM group, SU(3). x SU(2)r, x U(1)y . we have weak doublets:

2
e“=er x (1,1,1) , u“=upRp (3,1,—5)

For example SM Yukawa interactions:
LYK =y, Q- Hu® +Y,Q - Hd® + Y.L - He®

where H o (1,2,1) and H = (ir2)H*
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Theoretical expectation?

Majorana Neutrino mass

(Yv)?
m, =~ . Weinberg, 1979
A
Smollneis of ne.u’rrln”o Mass Minkowski. 1977
can be “explained” by:
= High scale: Large A Yanagida, 1979
“classical” seesaw Gell-Mann, Ramond, Slansky, 1979

Mohapatra, Senjanovic, 1980
Schechter, Valle, 1980

Foot et al., 1988
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Iheorefical expectation?

Majorana Neutrino mass generated from an n-loop dimension d diagram:

= O () ()

Smallness of neutrino Mass
can be “explained” by: —

> Tree y—1
= High scale: Large A o Z-loop 102
[ V4 o o
classical” seesaw 00l Ole

= Loop factor: n > 1

+ “smallish” v ~ O(10-3 — 10~ 1) <
= Higher order: d = 7,9, 11 10
= Nearly conserved L, w0

i.e. small e ("inverse seesaw”) -

... or combination thereof

Os O; Oy On

4th Chilean School of HER, Valparaiso, (13-15)/01/2016-p.77/104



iAL — 2 operators

Weinberg, 1979

Ciq
Ow TJ(LiH)(LjH) One d=5
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i AL = 2 operators

d = b5: Weinberg, 1979

Ciq
Ow TJ(LiH)(LjH) One d=5

Example realization, seesaw type-l:

(H) (H)

+ +

/
\ /
\ rvpr
g /
\

/ \
vy, vy
A ~ M,,Rk

.. vyvuv
Cig < Y Y5

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.79/104



E AL = 2 operators

d = b5: Weinberg, 1979

Ciq
Ow TJ(LiH)(LjH) One d=5

Example realization, seesaw type-l: Ov 3B decay:

(H) (H)

+ +

/
\ /
\ vr /

\

AN

vy vy

A ~ MyRk (a)

.. v v .
Cij X Y. Y Mass mechanism!

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.80/104



E Example d = 7: LLQd°H

Graphically:
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Example d = 7.

Again, more than one realization.
Example:

Q de

— - — ’_ —_ S —
. S31,-1/3 + S3.2,-1/6 L

S3.1,—1/3 - singlef leptoquark
S3.2.1/6 - doublet leptfoquark

AL = 2,50 ...

LLQd°H

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.82/104



Example d = 7: LLQd°H

Again, more than one realization. OvBB decay:
Example:

Q de

— - — ’_ —_ S —
. S31,-1/3 + S3.2,-1/6 L

53,1,_1/3 - singlet leptoquark (b)
53,2,1/6 - doublet leptoquark Long range contribution!
- 0
AL = 2,50 ... Ao Lo (HO)

2
M31,1/3™3,2,1/6
No helicity suppression!

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.83/104



Example d = 7: LLQd°H

Again, more than one realization. 1-loop neutrino mass:
Example: "
|
Q dc +

__(__’___»_

S31,-1/3 + S3.2,-1/6

Q de

— - — ’— - > — <
Ss31,-1/3 + S32.-1/6

S3.1,—1/3 - singlef leptoquark |
S3.2.1/6 - doublet leptfoquark -

L

AL = 2,50 ...

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.84/104



Example d = 7: LLQd°H

Again, more than one realization. 1-loop neutrino mass:
Example: -
|
Q de
e -

S31,-1/3 + S3.2,-1/6

|
H

Ov BB decay has both contributions:

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.85/104



Example d = 9: LLQdQ)d°

True d = 9 operator; Many, many realizatfions ...

Q Q

de d°
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Example d = 9: LLQdQ)d°

True d = 9 operator; Many, many readlizations ...
One example:

Q Q

d€ d° | S6.3.1/3 de

t=

Se,3,1/3 - Triplet diquark
S3.2.1,6 - doublet leptoquark

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.87/104



Example d = 9: LLQdQd"

True d = 9 operator: Many, many readlizations ...
One example:
Q Q ur, ur,
Q Q
d¢ d*
| 4/3
de¢ | S(6,?/>71)/3 de
|
e & — — —
L L
(2/3) 2/3
_ 83,2,—1/6 S%é —)1/6

Se,3,1/3 - Triplet diquark
S3.2.1,6 - doublet leptoquark

Ov BB decay without neutrino!

AL = 2,50 ...

4th Chilean School of HER Valparaiso, (13-15)/01/2016 - p.88/104



Example d = 9: LLQdQ)d°

True d = 9 operator: Many, many readlizations ...
One example:

Q Q

dC

Se,3,1/3 - Triplet diquark
S39,1/6 - doublet leptfoquark

2-loop neutrino mass!

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.89/104



Example d = 9: LLQdQ)d°

True d = 9 operator; Many, many readlizations ...
One example:

Q Q

dC

L

d u

-

o, e

d u
(c)

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.90/104



i Distinguish mechanisms?

Amplitude for (Z, A) — (Z + 2, A) 4+ eTeT can be divided info:

d u
.
o, ¢
d u
(c)
Mass mechanism “long-range” “short-range”

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.91/104



E Distinguish mechanisms?

Amplitude for (Z, A) — (Z + 2, A) 4+ eTeT can be divided info:

d u
.
o, ¢
d u
(c)
Mass mechanism “long-range” “short-range”
Compore WITh E 100% Klapdor et al., NIM 2004 Red line:
other experiments: 3 : Claim for
Cosm0|ogy £ | Inverse hierarchy T]-O/VQIBB (76 Ge) p—

KATRIN?
(1.1979:57) x 1025 ys

“= Normal hierarchy

10 Ll Ll Ll Ll
107 1073 1072 107t 10°
my, [eV]
4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.92/104




i Distinguish mechanisms?

Amplitude for (Z, A) — (Z + 2, A) 4+ eTeT can be divided info:

d u
.
o, ¢
d u
(a) (c)
Mass mechanism “long-range” “short-range”
Compare with = L of Planck + BAO:
-I-her eX erimen-l-s O, 10 E Klapdor et al., NIM 2004
@) P c
2 | P I NO overlap
Osmo Ogy 10 £ | Inverse hierarchy WiTh O”Owed

KATRIN? region of (my)!

10 Ll Lol !
1074 1073 1072 1071 10°
my, [eV]
4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.93/104



i Distinguish mechanisms?

Amplitude for (Z, A) — (Z + 2, A) 4+ eTeT can be divided info:

d u

.

o, ¢

d u

(a) (b) (c)
Mass mechanism “long-range” “short-range”
Compore with = 100 [ T1p(%°Xe) > 1.9 x 105 ys Claim now
. <3 E NME: Faessler et al., 1301.1587

other experiments: —_ - ruled out by:
Cosm0|ogy \E/ 10_1 ? |l Inverse hierarchy GERDA
KATRIN? EXO-200

KamLAND-Zen

Planck =

10°
my, [eV]

4th Chilean School of HER, Valparaiso, (13-15)/01/2016 - p.94/104
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Distinguish mechanisms?

Amplitude for (Z, A) — (Z + 2, A) 4+ eTeT can be divided info:

d u
.
o, ¢
d u
(b) (c)
Mass mechanism “long-range” “short-range”

Angular correlations
OvBt /EC decays 15

LHC? o
4 1.0
S
SuperNEMO = 05
Arnold et al., 2010 00
00 02 04 06 08 10

AL/ Q
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Distinguish mechanisms?

Amplitude for (Z, A) — (Z + 2, A) 4+ eTeT can be divided info:

d u

&

o, €

d u
(c)

Estimate Ov B3

100} sensitivity for

, different operators:

LHC tests

10 (99 and O11
LHC-2018

100 i feened) and

0 I i parfially O~

LEP

Os O7 Oy MhiChilean School of HEP Valparaiso, (13-15)/01/2016 — p.96/104



Leptogenesis and LHC
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LNV @ [HC
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LNV @ [HC

84 fl
q;
X Y' fZ
8 ES) Y
. VE
j
g
! /4

Example:

ud = W5E — TN — I+t
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LNV @ [HC

84 fl
q;
v oS
81 8>
sy
! >y,
Example: Example:
UJ-) W}{F — l+N — l+l+]j uu — 86,3,1/3 — 253,2,1/6 — l+l+j]

ug — S 1,173 + 1T = 11555 99 — g9 = Ye,2,1/6 T &6,2,1/6 — 1Tt 5557

4th Chilean School of HER Valparaiso, (13-15)/01/2016 - p.100/104



OvBps and LHC (/s = 14 TeV)

J.C. Helo et al,
PRD88 (2013)

- - ~DQ
Uuu - S43

_____ aa - 85?3

........ l] d- é]_
..... = l] g% 8&93 e

_ -LQ
d g — S2/3 e’

Jer - Mean coupling

Mg - Mean mass
= Assumed upper limit on o(pp — X): 1072 fb

= mpr = 1000 GeV (realistic (?) case)

= Full lines: Br= 10—1, dashed lines Br= 102
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Leprogenesis

Sakharov’'s conditions:

o
(i) Baryon number violation N; /

(i) C and CP violation W,
(i) departure from thermal equilibrium .

(e) Tree

In Leptogenesis:

(i) Convert L to B through SM sphalerons
(i) CP violation through interference tree « 1-loop
(i) L out of equilibrium via right-hnanded neutrino decay
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Lepfogenesis and LHC

Deppisch, Hartz & Hirsch
PRL 112 (2014)

pblue lines
washout factor I'yy,
- Suppression of L oc 10~ Tw

Observation of

LNV @ LHC implies:
(High-scale) Leptogenesis
is ruled out!

Loopholes???

(i) Resonant LG
with my < mx?

(i) Hide LG in 7's?

4th Chilean School of HER Valparaiso, (13-15)/01/2016 - p.103/104
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