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Symmetries and Particles

O Standard Model of all tnteractions
(but gravity*)

based on symmeetries: Llocal gauge

* gravity negligible:

38 orders of magwnitude weaker than em

©  sun- 1050 particles  zero charge
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ang ular momentum at rest

0 Ruantum Mechantes:
S=n/22

Pa rticles Reep sPLV»wng
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0 eLeotrow (e) proton (p) neutron (w)
neutrino (V)

s =1/2

(fermions)

7 3 o s
‘ I ] ML e 10_3mp

neutritno mass ?
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O “messengers” of forces:
/

Force Mc‘:diator Qem SPm Mass

M\ )
\— F A=

Strong * e
‘;'.'::"f , gluons

80 GeV
80 GeV

9 GeV
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O proton and neutron: quarks  Gell-Mann ‘64

protow neutron
sp'w\, =1/ v

electron, neutriino

relativistie cquatiow for s=1/2
Dlrac ‘28
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0O bomwtbshell: awti—partiol,es

sk%obeLtsgw o= Chao '29
Joliot-Curie ?

e positron = antl electron FEsAae

D antL protown Segre’, Chamberlain ‘55

¥

0 “theoremt’:

anti-particle for every fermion (s=1/2)
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O “theorem’: massive charged fermions

' Dlrac ‘28

Left and Right

not neutrino ?
Majorana ‘37
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Teoria stmametrica dell’elettrone e oleL posutrowe

IL Nuwovo Clmento Vol. 14 (1937) P
171

Ettore Majom wat
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there are various types of sclentists

Second, third rank - do thetr best, but do wot go far.
First rank, make great discoveries, fundamental
for the development of sclence.

Awnd thewn, there are gentuses, Like qalileo and
Newtow. Ettore Majorana was one of thew,;
unfortunately he lacked common sense.
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O Neutrinos “real’ parthLes?

2

The creatiown of electrons out of “nothing”

0O Neutrino-less double beta deca Y

Racah ‘3F
O LHC - pp collistons can create electrons

Keung, gs '£3
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O why are WeUtrLnos So sPec'LaL?

O The wost aloof particles

L

A probe of new phystes |

J

C mmsee— ————
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DLSCOVErLING NeUtrlnos

O produced n beta decay n — p+e+ v

Continuous electron spectrum tnsteaol
of a mono-energetic electron

expected: E = Q

60 60N + €~ + V
57Co = ogNi + € e

\

chadwik ‘14

confusion anol
confirmation
L the Late 20's
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O cownservation of energy &

a new neutral pa rticle

Chadwick =22 neutron

S other of sléstion neutrino (small neutron)

Leptons (Light) Fermt (Amaldl)
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OO0 how to see Lt?

CrosSs sectlon t'w»g:

Z

compare with electron: g 1()_22 CIn

O  wean free path ~ 10%cm

70 million timees distance earth-sun

helps understand John Updiiee
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NEUTRINOS, they are very small.
They have no charge and have no mass Cosmic Gall
And do not interact at all.
The earth is just a silly ball
To them, through which they simply pass,
Like dustmaids down a drafty hall
Or photons through a sheet of glass.
They snub the most exquisite gas,
Ignore the most substantial wall,
Cold shoulder steel and sounding brass,
Insult the stallion in his stall,
And scorning barriers of class,
Infiltrate you and me! Like tall
and painless guillotines, they fall
Down through our heads into the grass.
At night, they enter at Nepal
and pierce the lover and his lass
From underneath the bed-you call
It wonderful; I call it crass.

by _John Updike
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NEUTRINOS, they are very small.
They have no charge and have no mass Cosmic Gall

And do not interact at all. B
The earth is just a silly ball \ o) D S

Wrowng
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O great pessimism

Paull regrets tnventing a particle that “will
never be seen”’

O Cowan and Relnes ‘56 Large flux of neutrinos

sSavannah =_riuver reactor

d =10 cm2s !
+# events = ®onV V = 10° em®

about 10 per hour
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O detector : water (protons) good old da Ys

g people

- Y =l PR Pois

e T LT R
|

(B T IH'-'-: s l:'L-'I'q[:I
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Atmospherlc neuwtrinos modern times

NeULILND MASS i, > 107! eV
WA el 9
% r;.’ P /}f'ﬁ.ko\ 3 g (mp b 10 eV)

v.,#.."
¢ flux & =0.1 CllE

DR R e

10% times smaller than
reactor flux

:avr_tv"‘
e —————
v'vr_vtu\‘.s‘b'.\-v’.-
. . - L R S R Y
SEELEEE T -
R""l|p?"

4
M

needs huge detectors
Super Kamiokanoe 110 ‘PCO‘PLC
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O 1956: bombshell of Lee and Yang

pari’cg violation L weak,
interaction

(not kimown: they argue it is
eventually restored at high energles *)

* mirror fermions

S, Wilezek, Zee 'f4 , ,
= GS, Martinez, MeLfo, NestL 11
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0 e)q:erimewt: poLarizeol Co atoms

60 B oo o | :
A — T ———————

Lederman et al ‘56

spin up (magnetie field) - parity tnvariant

but electrons prefer to go down
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1‘.956 - Q @V&WC 5ear Marshak, Sudarshawn ‘ 56

Gell-Manwn, Feynman * 57

O only left particles wn beta decay
V- A theory

L-R symmetry MLAXLAA Ly
broken
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O Birac: electron charged => complex

€ —Cn amCr

‘ Pa YLtH:

SiL e Sl
awtiparthLe — pasi’crow

er = (€]

] Majorawa: neutrino neutral
— Tl
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The Majorana Program

neutrino mass

Ve e A Vz o my(uLuL =F hC)

==\l — ) lente number violation

i

create electrons out
of ’wo’clfllwg’
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° heta decag :

) s

sometimes 'meosslb!,e :

76G€ 7@76 AS Lo oy ’
32 33 Ge lighter than As

e double beta olecag dominant :

SGe - Sebe te bl T

Goeppert-Mayer ‘35
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* search from 48

* geochemical observation 50

- Laboratorg ‘RéE T1/2 = 10%! yr

DR ————
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Lf neutrino Majom na

Cpis 10 g et
= =24

neutrino-less double beta deca Y

Majorana ‘37

Racah ‘3F#, Furry 38

Friday, March 11, 2011



beta decay : messenger W boson

¥

| Pa ritg violation

|
i
!

only Left 1Y rtieles
unteract with W

discovered at CERN n p — p collider ‘€=

studied at LEP: ¢ — €
‘90 -ties
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SPS experiment modern times
Super Proton Sywnchrotron. 137 people

'R1-'{4

F R

ctreumference

Tt 10724 sec
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LEP BK'PCYLWLBV\/JC modern times

Large Electron-Positron
collider

Ig‘ﬁ S IOO
°* 1500 peopLe
° 4 gdetectors: ALEPH, LEP =, OPAL, DELPHH

* 2F km cireumference

9
Standard Model ¢ 107 W bosons
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W bosown: the sh'w\,g (hairg) ouy
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e M e
Wern A et ol R e

p
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Goppert-Mayer,
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e M e
Wern A et ol R e

p

>

Goppert-Mayer, '35

76G€ S 7656—|—6—|—6

proportiowaL to neutrino mass

iy = e e — my el el

o

(mp ~ 10 eV)
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0.5 .0 E/Q |

sum of electron energies
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0.5 .0 E/Q |

sum of electron energies
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(GEX International Germanium EXperiment

NEMO (Mo) Neutrino Ettore Majomwa Obsewatorg

1w ’89 -3 January 11, 2011 Frtejus, France

CUORICINO (Te) Gran Sasso Laboratory, ttaly
(Little heart)

KHMBR (Ge) Gran Sasso Labomtorgj 90 - -'00

x elaims a result |
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* HMBEB e)qaenmew’c: KLanor—KLeim@ rothaus ‘01-10

e Majomwa neutrino mass —~ 0.4 eV

. L : :
coswLo 0@8 segaka e

sum of neutrino masses < 0.4 -1 eV

* FoglL et al ‘o

new ph 35103 nECESSary?
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CUORE = heart (Te)

Crgogewia underground Obser\/atorg for Rare Bvents
21278

COBRA ) :
cadmium O-neutrino Beta =Research Apparatus

2014 7
MAJORANA (GQ8) 2015

Super NEMO  (Mo) 2014

MOON

Molybdenum Observatory Of Neutrinos
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meoodlern tlmes

GERDA experiment ,
GERmantum betector Array

Gran Sasso Laboratory

A

e O
order of | —#\‘”‘ wt i

magwnituole .’ \ /1 T we
better thawn L ¢ lud“)‘ 1

=i ! N_N h.'

expect: -qb "’-—" ,

a few years

-]
’ .
!
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Standard Model i cnow weinberg satan |

'61-6F

SU(2)L xU(1) gauge theory

ER no L-R symmmetry

wo VR
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I ! I !
- - e = SN =N = N =

=

Standard Model  _iscow weinberg satane |

'e1-6F

SU(2)L xU(1) gauge theory

e R no L-~R sY mm&trg

wo VR

forbidden by SU(2) symmetry
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e Stawndard Model :

dow't ask: parity broken for all seasons

na ooeptabLe:

God may be left-handed, but not an tnvalid
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- e = S v = N = - - e - e

~ L-R symmetr

PatL salam ‘F4

Mohapatra Gs F5
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Mmwes = MW,

Patl Salam ‘F4

E > mw, parity restored?

Mohapatra Gs F5
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neutrino mass

*seesaw
MinkowskL “F7#

Mohapatra, GS 79
*qell-Manwn et al 79

m, < 1leV <l My, = 10°GeV
MWL ~ 80 GeV

> 2500 GeV

Y

Ll L m L:
MLnLLA ode .. T

Theoretieal Limalt : s
Matezza, NemevserR, Nestl, S ‘2010
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Mohapatra, GsS ‘{1
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Tello, Nemevselk, Nestl, S,
vissant 11

if HMBRB claim true and | Wr @ TeV = 1000 Gev
neutrino mass small

(cosmology)

LHC energles
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WRr production @ colliders

(anti)
proton

proton

g Par'uc:d restoration
e ¢lectrons +J'e’cs
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W

j = hadrowlcjet

Keung, S ‘€3
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LHC air view meoolern tlmes

CERN
* 2F Rma

* 175 m odeep
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proton - fargto;\, &
: E=3500 eV
saat-tenwg

\

Large Hadron Collider at CERN

Circumference 26.7 km (16.6 miles)

Proton Beams
= total

Experimental Hall P
(Collision point) g», -

/_,,,;/,»- * b= ._.. S‘Pu«t, Zagreb. E=7-000 qev

Detector for CMS experiment

~ Proton Injector

.--‘-_ ’ v///"
Tunnel cross ~~  Booster rings \ - " Experimental Hall
section [ V. (Collision point)

will double

* Detector for

ATLAS experiment

L:julol:jawa (displaced for clanty)
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COVWPaOt Muow
Solenotd

CMS detector
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both CMS and ATLAS:

dedicated search for Wg

@ 14 TeV:

Wr Up to 4 TeV mass
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14 Tev LHC Nesty

Y # of events as a function of energy (GeV) for L = 8fb‘1\

1.1.3j or 1.1.33j: 1ll+33j invariant mass

\

red = background peaks = mass of Wg
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*becoming reality as we spear,
after two decades of watting

* first data already here and wmore

to come this year

*@DE ==.5TeV aLreaolg a LLmtt:

MWR > 1700 GeV

Y

Nemevsek, Nestl, S, Zhang, next week
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LHC and Left-Right Symmetry

[ direct test of restoration of parity

[A divect production of electrons

spectacular LHC
stgnatures 1!
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* cawn probe the origin of neutrino mass

e can resolve the mystery of L-R symmetry
LA nature

STAY TUNED
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