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Ettore Majorana

a boy of via Panisperna (Fermi school)

March 25, 1938:
boat ride from Palermo to Napoli

ongj 32

disappears

“And thew, there are gentuses, Like Galileo and Newtow. Ettore
Majorana was one of them; unfortunately he lacked common
sense.”

Enrico Fermal
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Chi I’ha visto :

Ettore Majorana
ydinar:io di fasica
A Univer-

sita  d: Napoli, ¢
m:stertosamente
comparso dagl: ul-
timt di marzo. D
anng 3i, alto me-
tri 1,70, snello, con
capellli neri, occhi
scurt, una lunga ci-
catrice su! dorso di
una mano, Chi ne
sapesse qualcosa ¢
pregato dr scriverc
al R. P, E. Maria.
necct, Viale Regina Margherita 66 -

Romu

Sutelde?

Ettore Majorana - Questo
annuncio  della  famiglia
Majorana apparve sulla
«Domenica del Corricres
del 17 lugho 1938

took all his savings
and his passport

Mownastery LW Toscana?

Lived laappil,g L Venezuela:
citg of valencia?

left a Llegacy




1937: given a Job Ln Napoli by spectal weerit,
own a condlition to write a paper

Teoria simmetrica
dell’elettrone e del positrone

IL Nuwovo Cimento Vol. 14 (1937) p. 171

Last paper before his disappearance




Dirac ’'31

Dlrac equation ‘28

slzobeLtsg n ‘29

‘ Chao '29

Positrow Awnderson ‘=2

(a V\th-‘P Segre, Chamberlain ‘55)

particle =—>  different antiparticle

for every fermion

not wecessariLg, says Majorana




neutrino = anti neutrino?

vy = v + vy < m(npr e
—>QRN— X

&

AL =2 Leptow nunmber violation
o neutrinoless double beta RacaW’s?,  Furry '3

e hadrownte colliders - LHC Keung, GS ‘82




Neutrinoless double-beta decay  ceepert-mayer =5

5Ge A8 As+e+ v —> MGe =8 Se+etet+ v+

Be e

probe of neutrino Majorana mass!

~ Inverted

cosmology

, 3 ~ 0001 001 01 1
Vissanlt ‘02 lightest neutrino mass in eV

| om— — ——




caveat: ) ’
NWEeW phgsws tnvolved?

GQ ee
s e e
. Fewnberg, Goldhaber '59

(p ~ 100 MeV) Powntecorvo ‘&4

2 4
Anp X GFA]\gW A~ few TeV

a=9 operator

tailor made for LHC




Experiments
mass  fa bkg. AE" effriienrich, "FOM Tf/”Q mgga

—3cn
[ke] [revrens]  [keV] 10® yr  meV

past experiments
Hd-Moscow 11 0.35 120 7 1 0.86 1 1.9 170-530
Cuoricino 41 1 170 16 0.9 0.28 1 0.4 210-500
NEMO-3 6.9 2.1 g2 400  0.06 0.9 0.3 0.1 310-900
running experiments
EX0O-200 100 0.55 1.5 100 0.55  0.81 6 4.2 75-170
Kaml.-Zen 12800 0.55 0.05 250 0.31 0.023 4 2.6 90-220
Kaml.-Zen?2 12800  0.55 0.01 250  0.31 0.06 22 15 40-90
(_(GERDA-I 15 0.35 20 8 0.8 0.86 2 3.9 120-370)
GERDA-II 35 0.35 1 6 0.85  0.88 18 60-170
experiments under construction
Major.-Dem. 30 0.35 1 6 0.9 0.9 17 60-170
CUORE 750 1 10 12 0.9 0.27 7.5 50-110
SNO+ 780000 1.5 0.0002 230 0.33 5.6E-5 0.8 100-240
NEXT 100 0.55 0.8 25 0.25 0.9 5.2 70-160
proposed experiments
S.NEMO 100 1.1 0.1 200 0.2 0.9 6.9 55-140
Lucifer 100 1.1 1 10 0.9 0.5 19 33-85

EXO-200 'mee| < 0.3eV

Schwingenhewer12

Kaml-Zen  |me <0.6eV
what NEXT?







Origin of mass?

Elementary particLe MALASSES:
Higgs (ABEGHK) mechanism

how to probe?

olirectng see the phase transition at T > 100 GeV
high T (sywmmetry restoration) 5

(@) =0

Kirzhnits, Linde ‘F2
weilnberg; Dolan, Jackiw ‘F4




Goldstone ‘0

mass from Yukawa couplings thggs ‘e4, ‘66

weilnberg ‘67
Goldstone - Higgs - Welnberg boson h

yp=2 —L —> T'(h— ff) =

_QmW

GF mhm2
4/ 27 /

probe origin of charged fermion masses

R

measure Higgs (Goldstone-wetnberg) branching
ratios

2]

sawme philosophy for neutrinos




Neutrino mass

VL
SM: L-R asgmme‘crg < - )

&

neutrino massless

VLV1, forbidden by SU(2) symmetry




God may be left-handed, but not an tnvalid




Parity violation in weak
interaction s bl

not well knowwn:
comjeoture: LR s a
hidden symmetry *

* mirror fermions
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L-R symmetr Lee, Yang conjecture

neutrtno massive
naive expectation: m, ~ m. (if Plrac)

SliE PatL, salam "#4

Mohapatra, §S "F5
17>




Theoretical motivation

G:SU(Q)L X SU(Q)R X U(l)B_L

%




Neutrino mass

SEesaw

MD = DLrac mass

M, —MDM Mp
N

neutrino mass related to

amount o

£ P violation

E

new ph 3sios:

Minkowskl ‘F7+
Mohapatra, Gs ‘9

N - gauge interactions:
WR and ZR







example: tgpe [l seesaw Vo 0 i = const

¥ ek B AN AR T S

Moat e

Tello, Nemevsek, Nestl, GS, Vissanl 148

lightest my in GeV
10 100 400
normal

| \ér:verted

inverted

E | Myp=35TeV
MWR:3.5T6V ] L ]
] - largest my =0.5TeV -
' largest my =0.5TeV - 10-3
1074 0.001 0.01 0.1 1 10~ 0.001

lightest neutrino mass in eV

lightest neutrino mass in eV

T — T

Right Left + Right

Das, Deppisch, Kittel, valle 12
Helo, Kovalenko, Hirsch 43







Rotatlon Ln a plane

/

same sigwn charged
di-Leptons




Production @ colliders

direct probe of Majora na

L

50% Lepton -
50 % awntileptons

* LNV: same sigw leptons

* reconstruct WR, N masses; VR
vasgquez ‘14




14 TeV LHC

L=10/{0

red = backgrouna peaks = mass of WR

11 3jor1.1.335: 11. invariant mass

20 r

500 1000 1500 2000 2500 3000

R —— R

up to ~ & Tev @ L= 200/{0

—

NestL 40

no background
above 1.5 TeV

Ferrart et al, ‘00




NemevserR, S, Tello 12
LR s Y mme’crg

Cife (D) Ol = 12 D M= M}

B M- MN\/MLNMV

analogue of qoldstone-Higgs-wWeinberg for charged fermions

) e Y )
P:frL = fr * Mp = My, NewmevseR, S, Tello, to appear




leading: N — (*WF

’ MD
sub—Leadm@: N — FWZF ‘ Ol = Y

—— My, =6TeV ] Neme\/seh, qS, Tello 12

“T7 My, =3TeV

LLlustrate: type Il seesaw

100 200 500 1000

my in Gev Mp = Viy/mym NVLT

ahimLL’cg feastble

Ferrarl et al ‘0o Hawn, Low, Rulz, SL 12




L-R scale?

K1 — Ks mass difference * Mwy, 2, 2.5 TeV

Beall, Bander, Sontl ‘€1
Mohapatra, S, Tran ‘€3

Zhang, Awn, L, Mohapatra 'OF

Matezza, Nemevsek, Nestl, GS “10

19.7 fo™ (8 TeV 19.7 fb” (8 TeV

N T T T T N T T T ] T N T T T T N T T T ]
= Observed = Observed J
Expected ; . " Expected E

e)qberimewt catehing, Up

CMS 1407.2682

75555
77555555557
s

Figure 3: The 95% CL exclusion region (hatched) in the (Mw,, My, ) plane, assuming the model
described in the text (see Section 1), for the electron (left) and muon (right) channels. Neutrino
masses greater than My, (yellow shaded region) are not considered in this search.

L e — S




2.8 sloma excess Ln ee

_ 19.7 o™ (8 TeV) DCPPLSOM et aL' 14

« 'Data(1717) | A A <
S o Helkinhetmo et al 14
{77] Other (151) .

oz Aguilar-saavedra, Joaguim 14
: Gluza, Jelinski 15
Deppisch et al 15

r= SS/0s=1/14

7

pseudo-Birac: degenerate N1 and N3,
N2 decoupled (no muon eXCcess)

poi Gluza, Jelinskl 15

below the theoretical Limtt,
but assumed mN=1/2 MWR

se ’ % ’ rd
(*no Brett-wigwner) MSSM?! -







wot the way Lt happened

L-R SO (10) fa mng symmetry

MinkowskL F7 Gell-Manw et al "#9

Yanagioa 79
Mohapatra, GS ‘79 Glashow 9




Setback

M, = MgLMD

-

canwnot determine M_D Mp =+/mn O M,

&= arlo'utmrg complex orthogonal matrix 070 =1

casas, lbarra ‘01

S Cprogenestet hard to be wrong

Paull :(




Seesaw I

(

nwo connectlon between
LHC and onulbeta

Pawlt :(
actually part of LR

Mohapatra, GS ‘€1

Seesaw Il Aok iisre.

triplet fermion quintet fermion




L-R theory

* understanding P violation
* gauge structure: new currents
e LNV®@colliders: connected to onubeta

® see-saw: VR




Standard Model

* Electroweak unification

* gauge structure
* W-Z, mass ratLo

e neutral currents: Z boson




L-R theory

a complete, predictive theory of
neutrlno mass

&

needs LHC




O could probe the origin of neutrino mass
O could resolve the mystery of parity violation

O could direc’ch observe Lepton number violation

O could directly see Majorana nature of N

O connected with low energy: onubeta, LFV




aadm I ARE L Sl o bl ke PR o B




Lf N light, SM Higgs h could help

L h mixes enough with the LR scale Higgs

* Higos Hunters quida

h-> NN dcaags qraesser ‘OF

Malezza, Nemevsek, Nestl ‘1.5

=)




Mohapatra, GS 75, '{1
bi-doublet

R - triplet @ ~ (hsms Hheavy) L - triplet

- | @ 6

* mass of N(Majorana)  BW symmetry mass of UV
* mass of Wrand Zr breaking (Majorawa)

VR > UV > vy,




theory bound

Final state

Lower limit

Comments

75
e/u+ N
0ljg
coRle T e

e+e_

+ o+
e

FEr + ]

+p+
g5

1.5 TeV

2.5 TeV

< 2.5 TeV

~ 2 TeV

~ 3 TeV
100-355 GeV
70-90 GeV
45 GeV
113-251 GeV

CMS [41]

CMS [42]
ATLAS, CMS [43, 44]
ATLAS [46
LEP [48]
ATLAS [51

LEP [55]

LEP [48]
ATLAS [51], CDF [53]

independent on /N mass
light N (missing energy)
heavy Majorana N [45]
see [47]
indirect, see [49, 50]
spectrum dependent [52]
chargino search [54]
Z-boson width
flavor dependent

Table 1. A summary of limits on the mass scales of the particles in LRSM from collider searches.




Schechter-Valle “theorem?”:

O0v2(3 itmplies neutrine Majorana mass

o |14 ,
A ey Ay Schecter, valle '€2

0v20 - probe of neutrino (Majomwa) MLASS

suggests

Duery, Lindwner, Merle ‘ 11
effectively = o
om, =0 om, ~ 1074 eV




Planck scale seesaw
o 10 2 eV

to better appreciate

méw/m? < 1028

MOk DLy
my e el

Akhwedov, Berezhiant, gS 91

Mohapatra 79

the black box




Grand Unification?

suggestive: L
v o

Y

So (10) tatlor made

minimal supersy mmetrLe VersLow:

O oo hiies 0 o ) BAje, GS, Vissani ‘02

013 ~ 10° Goh, Mohapatra, Ng ‘02

Y

T2k Daga Bag




