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MEET THE GENIUS

"Because, you see, in the world there are various categories
of scientists: people of a secondary or tertiary standing, who
do their best but do not go very far. There are also those of
high standing, who come to discoveries of great importance,
fundamental for the development of science.

But then there are geniuses like Galileo and Newton.
Well, Ettore was one of them. Majorana had what no one
else in the world had" .

E. Fermi




LA SCOMPARSA

[
Nel marzo del 1938, prima di dissolversi e nel nulla, lo scienziato catanese Ettore Majorana, trentaduenne,

fisico teorico di altissima, internazionale levatura, docente all'Universita di Napoli, molto vicino al gruppo dei
«ragazzi di via Panisperna», cioé i giovani ricercatori atomici guidati a Roma da Fermi, scrive due lettere, una ai
familiari, una a un amico, nelle quali esprime il proposito di suicidarsi. Nella seconda annunzia addirittura il
giorno, l'ora e il luogo del suicidio. Ma non vi tiene fede: non e solo il suo corpo non sara ritrovato nel luogo
indicato, e nemmeno in nessun altro luogo, ma le ricerche, attivate da Mussolini, approderanno a una mezza
certezza e cioe che Majorana era ancora vivo qualche giorno dopo

La scienza, come la poesia, si sa che sta ad un passo dalla follia
\_
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DEAR RADIACTIVE LADIES AND GENTLEMEN
. TO EXPLAIN THE CONTINUOUS SPECTRUM IN THE BETA DECAY OF SOME NUCLEI.. |
HAVE FOUND A DESESPARATE REMEDY TO SAVE THE LAW OF ENERGY CONSERVATION...




BETA DECAY



BETA DECAY

Helium-3 (1, 2)

Tritium (2, 1) ‘ Recoil nucleus and
electron separate
. — with equal and
opposite momentum.

. &
(NN2)—= (N—1,Z+ 1)+ e,

where N = number of neutrons, and
Z = number of protons.




BETA DECAY

2-body decay

Helium-3 (1, 2)

Tritium (2, 1) Recoil nucleus and
electron separate
. — with equal and
opposite momentum.

oe-

NNZ)— (N—1,Z2+1)+ e,

Beta Energy

where N = number of neutrons, and

Z = number of protons.
Q——e




BETA DECAY

2-body decay

Helium-3 (1, 2)

Tritium (2, 1) Recoil nucleus and
electron separate
. — with equal and
opposite momentum.

oe-

(NN2)—= (N—1,Z+ 1)+ &

Beta Energy

where N = number of neutrons, and

Z = number of protons.
Q——e

ONLY ONE ELECTRON OBSERVED, CARRYING THE AVAILABLE ENERGY IN THE REACTION

THEREFORE, ALL THE EMITTED ELECTRONS SHOULD CARRY THE SAME ENERGY




ENERGY CONSERVATION?




ENERGY CONSERVATION?

Two-Body Final State
Helium-3 (1, 2)

Tritium (2, 1) Recoil nucleus and
electron separate
. —_— with equal and
opposite momentum

.e'
(N,2)— (N—1,Z+ 1)+ e,

where N = number of neutrons, and
Z = number of protons.




ENERGY CONSERVATION?

Two-Body Final State
Observed Expected
spectrum of _E_HE_Ctron

energies energy

Helium-3 (1, 2)
Tritium (2, 1) Recoil nucleus and

electron separate
S with equal and
opposite momentum

.e'

(N,2)— (N—1,Z+ 1)+ e,

Number of electrons

where N = number of neutrons, and Endpoint of
Z = number of protons. spectrum




ENERGY CONSERVATION?

Two-Body Final State
Observed Expected
spectrum of electron
\ energies R

Helium-3 (1, 2)

Tritium (2, 1) Recoil nucleus and
electron separate
. — with equal and
opposite momentum

. g

(N,2)— (N—1,Z+ 1)+ e,

Number of electrons

where N = number of neutrons, and Endpoint of
Z = number of protons. spectrum

-

EXPERIMENTALLY ONE OBSERVES ALL POSSIBLE ENERGIES BETWEEN O AND THE
MAXIMUM ENEGY AVAILABLE RATHER THAN A MONOCHROMATIC PEAK

WHERE IS THE MISSING ENERGY GOING?







| HAV MADE A TERRIBLE THING...
| HAVE POSTULATED A PARTICLE
THAT CANNOT BE DETECTED

THIS IS SOMETHING THAT
NO THEORIST SHOULD EVER DO...




| HAV MADE A TERRIBLE THING...
| HAVE POSTULATED A PARTICLE
THAT CANNOT BE DETECTED

THIS IS SOMETHING THAT
NO THEORIST SHOULD EVER DO...

Three-Body Final State

Helium-3 (1, 2)

Tritium (2, 1) Electron and
neutrino share
‘ —_— the available

energy.

Electron Antineutrino




| HAV MADE A TERRIBLE THING...
| HAVE POSTULATED A PARTICLE
THAT CANNOT BE DETECTED

THIS IS SOMETHING THAT
NO THEORIST SHOULD EVER DO...

Three-Body Final State

Helium-3 (1, 2)

T Electron and

Tritium (2, 1)
& —

Electron Antineutrino

neutrino share
the available
energy.




FERMI’S NEUTRINO

beta decay - : .
Fermi function to

account for the
nuclear coulomb
interaction with the
emitted particle.

N

20 2 L
N(p)=Cp(Q-KE,)F(Z.p)M; S(p.q)

Shape factor to
correct the matrix
glement for various
types of *forbidden”
decay paths.

1" 'l'

J 1

/ A

Distribution of Statistical factor
electron momentum derived from the

density of final
states available
to the emitted
pamcles,

Matrix element
for allowed
transitions gives
the strength of
the interaction
betwaen initial
and final states.

B

Electron kinetic energy

Transiticm

probability Matrix element

for the interaction

Electron momentum

Fermi's Golden Rule

Densitv of final

Siares

vitial
tate

IN 1936 FERMI DEVELOPS THE
FORMALLY THE BETA DECAY
THEORY

HE REALIZES THAT THE
NEUTRINO HAS A MASS WHICH
IS EITHER VERY LIGHT OR ZERO

HIS GREAT ARTICLE IS
FAMOUSLY REJECTED BY
NATURE




Solar anomaly

1995-2002
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19861998
Atmospheric Anomaly

atio of Vy/Ve ~ 2 Up/Down Symmetric Flux
(for Ev < few GeV) (for Ev > few GeV)
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1998-2002-2004: Neutrino Oscillations

Kamland

- EMeV
ZeMe\ ® EKamLAND data
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THE NEUTRINO PICTURE

(large angle MSW)
Vi —8 eV, BV,

‘ solar~3x< 10 JeV?
atmospheric

~Ax e

atmospheric
~3x10 eV

solar~3x102cWV?2

A 4

Degenerate

Normal hierarchy Inverted hierarchy




PARTICLES & ANTIPARTICLES

SAME MASS

OPPOSITE ELECTRIC CHARGE

OPPOSITE HELICITY

A (ELECTRICALLY) CHARGED FERMION
SUCH AS THE ELECTRON AS LEFT AND
RIGHT STATES FOR PARTICLE AND
ANTIRPARTICLE (WHICH ARE DISTINTC
VO » BY ELECTRIC CHARGE)

IF A PARTICLE IS MASSIVE
LEFT AND RIGHT STATES
MUST EXIST

CHARGED FERMIONS COUPLE LEFT-
RIGHT STATES TO A SCALAR (THE
HIGGS) TO GENERATE MASSES




MAJORANA’S NEUTRINO

IF NEUTRINOS ARE MASSIVE THEN
THERE EXISTS A RIGHT-HANDED STATE
(AS FOR ELECTRONS)

BUT UNLIKE ELECTRONS, NEUTRINOS
DO NOT HAVE (ELECTRIC) CHARGE

THEN ONE COULD ASSOCIATE THE
RIGHT HANDED STATE TO THE
ANTINEUTRINO




NEUTRINO DOUBLE-BETA DECAY
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NEUTRINO DOUBLE-BETA DECAY
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Number of electrons

Observed
spectrum of
energies

Expected
electron
energy

Endpoint of
spectrum




NEUTRINO DOUBLE-BETA DECAY

-

BB2v: two simultaneous B decays BBOV: requires massive Majorana
neutrinos. Non-SM process.

(Z,A) = (Z+2,A) +ej +e; + Ve, + e, (Z,A) = (Z+2,4) + e +e5 + Top<Te,

(AL = 2)
1

=z = G*(Q, 2)| M| |

1/2 = G™(Q, Z)|M° |*(mgg)*

y?

NEUTRINO DOUBLE BETA DECAY
(STANDARD BUT RARE DECAY.
LIFETIME OF THE ORDER OF 10'8 vy
FOR MOST NUCLEI

NEUTRINOLESS DOUBLE BETA DECAY
CAN ONLY HAPPEN IF NEUTRINO IS A
MAJORANA PARTICLE

IF NEUTRINO MASS TOO SMALL
DIFFERENCE VANISHES




BBONU & MASS HIERARCHIES

FFE? P2

A s

‘ solar~5x10 JeW2
atmaospheric

~3x 10 ev?

e

atmospheric
~3x10 dev?

solar~3=x10—2cWV?2

\ 4

Degenerate

Normal hierarchy Inverted hierarchy

- 90% CL (1 dof)

107 107 107!
lightest neutrino mass in eV




EXPERIMENTAL TECHNIQUES

Diodes & Bolometers

GIERIDA
Majorana

Cuore
COBRA

Calo+Tracko

SuperNEMO

Xenon TPCs
EX©&

Liquid Scintillator
CANDBLES, CAMEGSSINGES




THE ENERGY SIGNATURE

e 1 "I I I R T PR T |
2400 2450 2500 2550 2600
Enerav (keV

500 1000 1500 2000 2500 300C
Enerav (keV)

ENERGY RESOLUTION IS A MUST
ONE IS TIPICALLY AIMING TO
SEPARATE 5-7 ORDERS OF MAGNITUDE




RESOLUTION ONLY MAY NOT BE
ENOUGH

Y. G. Zdesenko et al., J. Phys. G 30 (2004) 971-981 Klapdor-Kleingrothaus et al., [arXiv: hep-ph/0302248].
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3500
Energy (keV) Example: KK’s claim in Heidelberg-Moscow experiment.

BB2v background can only be separated Backgrounds other B2V than become dominant if only total

from BPOV signal using energy resolution. energy available: any energy deposition under signal peak fakes
the signal. Need extra handles!!




The natural radioactiviy chains (or; the
experimentalist nightmare)

(4.47-10°y)
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DETECTOR MASS CRITICAL FOR SMALL
MBB

zero-background

background-limited

To explore inverse hierarchy (20 meV)
one needs O(10) ton y if background free
experiment! (impossible otherwise)




CURRENT GENERATION LIMITED BY
BACKGROUNDS

“Co sum peak
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AN EXAMPLE: SUPER NEMO

Planar and modular design: ~ 100 kg of isotope (~20 modules x 5-7 kg)

1 module:

Source (~40 mg/cm?) 4 (length) x 3(height) m?

Tracking : drift chamber ~3000 cells in Geiger mode
Calorimeter: scintillators + PM

~1 000 PM if scint. blocks

~ 100 PM if scint. bars
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A VERY DIFFICULT EXPERIMENT

SuperNEMO backgrounds

ArtIrary umils

= = =

- ol =
fd

B = B =

- Tail of bb2nu spectra

= depens on energy resolution NI T

Babal kimebic ersrpy (We% )

« Internal backgrounds: 214Bi, 2°8Tl
= fake pp event when decaying '__j—‘

0a -

= measured with BiPo detector i ; 100 kg 523e
5 years
7% FWHM

ey

m

18

« External backgrounds: 214Bi, 20°Tl, neutrons and y

[ n -
. _ ”'_ll'--—..}_‘—‘_;'
= expected o be negligible (from NEMO experience) | ;

]
L El 31 1.Z
imlal kinegic emergy (MeVy

- measured by BiPo L

« 222Rn inside tracking chamber: 214B; sticks to foil and wires
= dominant background in NEMO (5 mBg/cm3)
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MODULAR DETECTORS MUST

PRICE & EFFORT SCALES LINEARLY
BACKGROUNDS (PROPORTIONAL

TO SURFACES) SCALE LINEARLY

BE DUPLICATED




THE TPC DETECTOR

Time Projection Chamber: invented by D. Nygren in the 1970’s.
Can be seen as an electronic bubble chamber.

REQUIRES A NOBLE GAS TO OPERATE

CHARGED PARTICLES TRAVERSING TPC IONIZE
GAS LEAVING A TRACK

IF TRACK STOPS INSIDE TPC THEN ITS ENERGY
IS CALORIMETRICALLY MEASURED (WITH GOOD
RESOLUTION)

LARGE VOLUME POSSIBLE (THUS LARGE MASS)

NO SURFACES IN FIDUCIAL VOLUME FOR
BACKGROUND IONS TO ATTACH TO




WHY A XE TPC

Ideal Gas Law (15 °C)

[ - 15°C
30°C

detect the 2 electrons
(1onization + scintillation 1n xenon detector)

136Xe — (+ 2ve)

positively identify daughter via
ontical spectroscoov of Ba+

GOOD IONIZATION DETECTING MEDIUM.
PROVIDES ALSO SCINTILLATION LIGHT. CAN BE
LARGE (SCALABILITY).

XENON IS A NOBLE GAS: EASY TO ENRICH,
PURIFY AND MANIPULATE.

NO LONG-LIVED ISOTOPES THAT CAN BE
ACTIVATED.

XE-136 HAS A sLow [3p2V MODE.
NO SURFACES/WIRES FOR 214B] TO ATTACH TO.

KINEMATICAL SIGNATURE (OBSERVE TWO
ELECTRONS)

BA*t* TAGGING USING OPTICAL SPECTROSCOPY.




Liquid Xenon: EXO

- Mass scalability (compact detector).
- Ba+ tagging.

- Energy resolution.
- Lost of tracking capabilities.

Gas Xenon: Gotthard

-

- Good energy resolution.
- Mass scalability.

| - Bat tagging and event kinematics.

s

- Equalization & calibration
- Mechanics

LXE |ONIZATION - SCINTILLATION
ANTICORRELATION %'

&

Iml”'h!'sugi“”i’




./

Ground

Central HV plane APD plane (copper) and
(photo-etched acrylic supports grid plane (photo-etched
phosphor bronze) - phosphor bronze)

flex cables on back of APD plane | field shaping
teflon light rings (copper)

6.6ratta - EXO Valencia, Dec 2007 reflectors 29

G.Gratta - EXO

One readout pancake

e




BACKGROUNDS FOR EXO

o v (2449 keV) from 214Bi decay (from 238U and 222Rn decay chains)
e vV (2615 keV) from 208T1 decay (from 232Th decay chain)

e ¥ (1.4 MeV) from 9K (a concern for the 2vpf)

e 90Co: 1173 + 1333 keV simultaneous y’s (from 93Cu(c,n)%Co)

e other y’s in 238U and #32Th chains

e other cosmogenics of Cu (a concern for the 2vf3[3)

e 222Rn anywhere (Xe, HFE, air gaps inside lead shield)

e 1n situ cosmogenics in Xe, neutron capture de-excitations, ...

EXO DOES NOT DISCRIMINATE GAMMAS FROM TWO ELECTRONS!




A XE DETECTOR FOR THE NEXT GENERATION

NEXT

A Neutrino “xperiment with a
gas ‘e | PC may:

Have all advantages of a Xe
monolithic detector (like EXO)

Outdo Liquid Xe by getting
topological info

Override tradicional limitation of gas
TPCs (Gothard) by applying the
latest developments on TPC readouts

Be a competitive option for the next
(ton scale) generation of
experiments




Micropattern detectors

seminal idea is atributed to Oed (88)

Breed of Micro Pattern Gas Detectors

Micre Sinp Gas Chambar
Micro Gap Charmbar
Micro Dod Chamber

Micro Pin Slruclurs

Sl Ll o g MICROMEGAS

S _ | T Giomataris, Charpak (96)
Micrs Greowa Dalachor .
Well Detector : ‘ @
Micro Wire [etecior “~on '
T o=

Sandglass Dedaclor

Diriift: field
typical 102 V/am




Micromegas: latest developments

GainStability

g
3

readout

E
3

Mean value of calibradion
an
.
B

45000 ==

Gain stability over

sta blllw | : 7 months (less

: : ; ~{ than 5%) in the
i i i L i | CAST experiment

[ el ] OG0 ST 0 ELDNOE il B pon b G -
= I a1 LalEi ]

Ease of construction Energy resolution

15 Llr':i"":"]{_'a- "1‘5'5:1:" L;'
UM: 1%V
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: ' Shating > s
Completely overrides common

BULK Micromegas : prEJUdlces-ﬂ'r! Cﬂnventlﬂnﬂl Fe55 E-Ir.‘n.f soUrce
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Energy resolution

Measurement of E resolution at high
energies:

— High pressure Ar+Isob small setup,
read by new generation Micromegas
readout ( microbulk) non-pixelized
anode

Mixtures testes: Ar + Iso 2%, Ar + Iso 5%
Pressures tested: from 1 to 5 bar




Energy resolution

m Obtained resolutions

1.5 — 2 % (FWHM)

in @ wide range of
parameters (mesh and drift
V, P, etc...)

Landau deconvolution
analysis indicate possible
Intrinsic Micromegas energy
resolution of 0.7 % FWHM.

Same measurements in
Xe and Xe mixtures in

preparation //

feo BOD B30 40 BBD
Chanmnma|




AN SPAGUETTI WITH TWO MEAT
BALLS

PID

KINEMATICAL SIGNATURE ALLOWS
TO REJECT NON BB BACKGROUNDS

EXO: GAMMAS WILL FAKE THE
SIGNAL

GXE: TRACKS ARE SEEN, GAMMA
NEED TO CONVERT IN FIDUCIAL
VOLUME TO BE A BACKGROUND

PLUS, SIGNATURE OF TWO
ELECTRON DIFFERENT FROM
SINGLE ELECTRON. EXTRA
REJECTION




NO MODULES! WIN WITH L3

ELECTRONICS)

SCALING A TPC

Laser pressure
detection equalizing
region membrane

Laser
detection
region

cathode

‘meshes

pressure
~equalizing

-~ membrane

. PAY WITH L2




NEXT R&D

Energy resolution and gas mixture
— Demonstrate in Xe

— Role of quencher. Compromise with
scintillation signal.

T0 measurement (UV light)
Software: simulations
— Best use of topology information
— Backgrounds
Mechanics (high P issues)

Background
— Needed radiopurity measurement program

— Needed shielding? Active/pasive?
Selfshielding?

Readout type and design
— Which is best for NEXT?

— Implications to radiopurity




GAS XE TPC PROTOTYPES

PROTOTYPE DESIGN AT IFAE




MONTE CARLO SIMULATIONS

| mits in tha (x.y| plane | | hits in the [x.2} plane |
200

e

200 F

130 F
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A5 0

| hits in the (x.1) plane |
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STUDY EFFICIENCY, EVENT CHARACTERIZATION &
BACKGROUND REJECTION
(IFIC, IFAE)
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A GXE TPC CAN EXPLORE INVERSE HIERARCHY

10Y

NEXT-100 CL 90% NEXT-1000 CL 90%

90
80
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60
50
40
30
20

10
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0 10 20 30 40 50 60 70 80 90100 100200 300400500 600 700 8009001000
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ETTORE MAJORANA MEETS HIS SHADOW

THE NEUTRINO, AS ETTORE MAJORANA HIMSELF IS
A MISTERIOUS PARTICLE.

WHY DID MAJORANA DISSAPEAR? DID HE COMMIT
SUICIDE? DID HE CHOOSE TO VANISH, TO RETIRE
FROM THE WORLD, TO BECOME A SHADOW?

IF SO, HE COULD BE STILL ALIVE, 100+ YEARS OLD
AND STILL WANDERING IF THE NEUTRINO IS ITS
OWN ANTIPARTICLE ITS OWN SHADOW

MAYBE THE ANSWER CAN COME SOON. A 100 KG
XE TPC COULD FIND THE SIGNAL FOR BBONU IN
LESS THAN 10 YEARS.

CAN ONE EXPLORE THE INVERSE HIERARCHY? THIS
REQUIRES 1 TON TPC OR MORE. PERHAPS IT CAN
BE DONE...
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