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OVERVIEW

Neutvinos atthe playground ... ou cantt pick

Your own
flavor!

status of the art

elementary-comic.com
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http://elementary-comic.com

OVERVIEW

In this talk we will discuss two main topics

2. DeteCting :::ndeomﬁoa?
neutrinos Ita iffcult t
with large e e

scale

experiments:

https://www-he.scphys.kyoto-u.ac.jp/nucosmos/en/files/NF-pamph-EN. pdf

Valentina Lozza, LIP Lisboa 3



1. NEUTRINOS
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THE SCALE OF THINGS
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And the neutrinos? Where they come from?
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THE BETA DECAY

Number , _ S SE—
beta rays Radium-E (Bi-210) | .
' This spectrum was very ‘
spectrum | ‘ 
=  different from that of alpha and |
] xpected |
Chadwick, 1914 2-body decay | gamma decays.

1 | | ,
1.05 KE (MeV)
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THE BETA DECAY

Number

betarays | Radium-E (Bi-210) WHAT THE HELL

spectrum
' v
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Expected
ChadWiCk, 1914 2-body decay
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THE BETA DECAY

Number , _
beta rays Radium-E (Bi-210)
spectrum
. Expected
Chadwick, 1914 2-body decay
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1 | | ,
1.05 KE (MeV)

Dear Radioactive Ladies and Gentlemen,

“W Pau|| in 1930 proposed the

| existence of a third particle in

the decay, which was carrying
‘part of the energy, but didn't
have charge and an extremely

' small mass

As the bearer of these lines, to whom I graciously ask you to listen, will
explain to you in more detail, how because of the "wrong" statistics of the N

and L16 nuclei and the continuous beta spectruim, I have hit upon a desperate
remedy to save the "exchange theorem" of statistics and the law of
conservation of energy. Namely, the possibility that there could exist in the
nuclei electrically neutral particles, that I wish to call neutrons, which have
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THE BETA DECAY

Number

beta rays [

Chadwick, 1914
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Radium-E (Bi-210)
spectrum

'W. Pauli in 1930 proposed the |
I ]
| existence of a third particle in

Expected . .
2body decay | the decay, which was carrying
‘part of the energy, but didn’t

have charge and an extremely

' small mass

Enrico Fermi gives it the name of neutrino (from Italian, little neutral
‘ one) and includes in his beta decay theory (1934)

1.05 KE (MeV)




A TERRIBLE MISTAKE
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EVERYTHING WENT WELL

° In 1952-1959 two experiments finally detected neutrinos!

Project Poltergeist Herr Auge

Nobel prize Reines 1995

Valentina Lozza, LIP Lisboa 17



THE DETECTION
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UNTIL ....
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¥ Neutrinotransformed
into p-meson

Invisible neutrino
collides with proton @&

i
.

- -The Neutrmo Event
Nov. 13, 1970 World's first .

\ T - ek o 4 '_'. 2 .
: observation.of a neutrino in a. pepicoliohicieates i S
+. i . hydrogenbubblechamber = = - | [
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WHERE NEUTRINOS COME
FROM?
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NEUTRINO BASICS

* What we know about neutrinos:

LEPTONS

o 3 types ( = flavours) of neutrinos exist = electron, muon, tau

e According to the lepton they produce when they have weak CC

interactions

Source /

-\ but ....

Muon neutrino

Source
J Detector
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NEUTRINO STATES

* What we know about neutrinos:
e No charge - do not participate in electromagnetism
o Weak interactions
o They have a tiny but different from 0 mass
e Mass eigenstates is different from the flavour eigenstates

o Neutrino can change their flavour once they have been produced
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NEUTRINO OSCILLATIONS

* Neutrino can change their flavour once they have been produced =

Neutrino’s oscillations

| | |
Neutrinol | | | | | | | | | | || I ll || (| ] ] |
| [ {] 1]

Neutrino2

Neutrino3

ot
1 1

99— O — O
Electron Neutrino Electron Neutrino
Muon Neutrino

Artwork by Sandbox Studio, Chicago with Corinne Mucha
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PARAMETRIZE THE
OSCILLATIONS

* Oscillations are parametrized by 3 masses (m;, mz, m3), 3 angles (812,0:3,023) and an extra

complex phase: e'5’
|—> Responsible for the CP-violation part
Flavour Mass
eigenState oA NRERERERREAERERERES "e, U EEEEEEEEEEEEEEEEEEEEEEN "y eigenState
Ve - /1 0 0 \: C13 0 8136_7’(S C19 s12 0\: /11
v, | =0 ca3  S23 | 0 1 0 (| —s12 ci2 O i] 1o
Vr i\0 —s23 c23/i\—s13€” 0 C13 :\ 0 0 1/:\w3
: Accelerator and : Solar +
: . : SBL reactor ;
:  Atmospheric : LBL reactor :

The probability of an electron neutrino to be A m2 L:
detected in the same flavour depends on the mass P 'V 2>v =1— Sil’lz (2 6) Sil’lz (= )
difference squared and the distance source-detector € 4 F

Simplified 2-neutrinos case
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MEASURING OSCILLATIONS

Flavour Mass
eigenstate eigenstate
Ve 1 0 0 C13 0 8136_2(S C19 S1o 0 1
vy — 0 C23 5923 0 1 0 —S12 C12 0 %)
U+ 0 —S923 (€23 —81367’(S 0 C13 0 0 1 Vs

. s multi-ring = —
- Sub-GeVyplike | 100 | e Data-BG-GeoV,
or 75 - — Expectation based on osci. parameters
b 50 Ir determined by KamLAND
x + + 25 > B +
[ +1....1....|.... — B
°7" 05 0 05 1 %1 08-06-04-02 0 e 0.8 B
e 400 S B ——
multi-ring O
100 Multi-GeV p-like o -
300 Q;: 06 N + + o
200 TG : . .
100 2 - T +
(o] 7Y PP I I % 04__
-1 -08-06-04-02 0O |
Ccos® 7 = +
150 e (JNOSC. 0217
100 _— B
50 _OSCI OI_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
20 30 40 50 60 70 80 90 100
%7 05 0 05 1 L/E_ (km/MeV)
cos® Ve
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MASS ORDERING

Ve 1 0 0 C13 0 8136_7’(S C19 S1o 0 141

vy — 0 C23 5923 0 1 0 —S12 (C19 0 V9

U+ 0 —S93 (€23 —81367’5 0 C13 0 0 1 V3
Accelerator and Solar +

SBL reactor

Atmospheric LBL reactor
e Neutrino Mass Ondering
% 9
parameter best fit £ 10 30 range  precision at 1o m- m-
Am3, [107%eV?] 7.507032  6.94-8.14 3% Precisio A -V, A
. _ : . V
A |10 eV | MNO) 25500 017 063 1% SIGN UNKNO i
|IAm3,| [1073eV?] (I0) 2.45%9902 937953 Normal | ™=V,
sin26;5 /10~! 3.184+0.16 2.71-3.69 5% Precision .
- —m;,
o) - solar~7x103eV?2
sin“fs3 /107 (NO) 5.74+0.14 4.34-6.10 59% OCTANT UNKNOWN Lin 2
sin2653 /10~ (10) 5784010 433608 atmospheric '
~2x103eV?2
sin6; 5 /1072 (NO) 2.200t8:823 2.000-2.405 39 Pracision a[mospheric
sin26,5 /10~2 (10) 222570964 9018 92 424 mxl ~2x103eV?>
. +0.13 - y solar~7x105¢V?2
()/7'(' (NO) 1.08_0'12 0.71 1.99 CP VIOLATIONQ m.2 1 1m 2
5/ (10) 1580 01106 ! _ 3
9
Neutrino measurements and plans - L IMFP/ XV CPAN 2023 .
4
0 0
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NeuTRINO L3 [o]: A

2 Observed Expected
e spectrum of electron
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Neutrino Ls born
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The solar neutrinos problem

First
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Muon neutrino Ls discovered
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AND NOW?

We know that neutrinos change flavour

Illustration: © Johan Jarnestad/The Royal Swedish Academy of Sciences

What is the origin of the neutrino mass?

Dirac Majorana
Valentina Lozza, LIP Lisboa 22

| different answers to the question of|

We still don’t know their mass

wMI'v\elnjorakn»a Dirac prOpOSd tWO

whether neutrinos and antimatterl{

)y, the topic remains an open question. .:
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DETECTING NEUTRINOS

* Neutrinos have a very small interaction probability:
o The probability for a neutrino to interact in the Sun is extremely small: 10-41 cm?
® You need more than 1076 neutrinos/s emitted to observe 1 neutrino/s in 1 m3 of water

o Important: We don’t observe neutrinos directly (weak interaction and no charge), we

v,+e —U,+e
* So how do we study neutrinos?

o We need large detectors
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DETECTING NEUTRINOS

* Neutrinos have a very small interaction probability:
o The probability for a neutrino to interact in the Sun is extremely small: 10-41 cm?
® You need more than 1076 neutrinos/s emitted to observe 1 neutrino/s in 1T m3 of water

o Important: We don’t observe neutrinos directly (weak interaction and no charge), we

* So how do we study neutrinos?
o We need large detectors

o And large neutrinos fluxes

NEUTRINOS
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DETECTING NEUTRINOS

* Neutrinos have a very small interaction probability:
o The probability for a neutrino to interact in the Sun is extremely small: 10-41 cm?2
® You need more than 1076 neutrinos/s emitted to observe 1 neutrino/s in 1 m3 of water

o Important: We don’t observe neutrinos directly (weak interaction and no charge), we

v,+e —U,+e
* So how do we study neutrinos?
o We need large detectors

o And large neutrinos fluxes

o A looooooot of time

-

e
_ -"‘\ - =
"% | DON'T HAVE ALL DAY/ SSSF= o
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DETECTING NEUTRINOS

* Neutrinos have a very small interaction probability:

o The probability for a neutrino to interact in the Sun is extremely small: 10-41 cm?2
® You need more than 1076 neutrinos/s emitted to observe 1 neutrino/s in 1 m3 of water

o Important: We don’t observe neutrinos directly (weak interaction and no charge), we

v,+e —v,+e
* So how do we study neutrinos?
o We need large detectors
o And large neutrinos fluxes
e A looooooot of time
e Reduce as much as possible other sources of contamination

(cosmic radiation for example)
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THE NATURE OF NEUTRINOS

* An understanding of the nature of neutrino mass is connected to the charge
conjugation nature — Dirac or Majorana — of neutrinos. An observation of Ov(f3
would answer the following questions:

Are neutrinos their own antiparticles?

Is lepton number is violated?
What is the absolute value of the mass of neutrinos?

Why the Universe contains more matter than antimatter?

Results will have a profound impact across research areas

} Standard Model of particle physics

Valentina Lozza, LIP Lisboa O



THE OVvBB DECAY

* A radioactive decay is a way the nucleus becomes more stable by loosing one or more
particles. We have seen that in nature there exist 3 main decay modes: alpha, beta, and
gamma

e Sometimes a nucleus is unstable but cannot decay by a simple beta decay
e A double-beta decay happens

Beta decay Double
beta decay

e-

Antineutrino Antineutrinos
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THE OVvBB DECAY

* A radioactive decay is a way the nucleus becomes more stable by loosing one or more

particles. We have seen that in nature there exist 3 main decay modes: alpha, beta, and
gamma

e Sometimes a nucleus is unstable but cannot decay by a simple beta decay
e A double-beta decay happens

Beta decay Double

beta decay N\ The detected

/ \ spectrum Is very

: v similar to the

normal beta
decay

o
o
1

~

e-

ol
w
1]
-

dN/d(K./7Q)
o
1

0.54 / \

\‘\
0.0 T T T

Antineutrino Antineutrinos
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THE OVvBB DECAY

* A radioactive decay is a way the nucleus becomes more stable by loosing one or more
particles. We have seen that in nature there exist 3 main decay modes: alpha, beta, and
gamma

e Sometimes a nucleus is unstable but cannot decay by a simple beta decay
e A double-beta decay happens

Beta decay Double
beta decay

e-

Decay scale is 1020 yrs

Antineutrino Antineutrinos

Valentina Lozza, LIP Lisboa 33



THE OVvBB DECAY

* A radioactive decay is a way the nucleus becomes more stable by loosing one or more
particles. We have seen that in nature there exist 3 main decay modes: alpha, beta, and
gamma

e Sometimes a nucleus is unstable but cannot decay by a simple beta decay
e A double-beta decay happens

Beta decay Double
beta decay

@
¢

e-

/
Antineutrino Antineutrinos
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THE OVvBB DECAY

* But we want to go further:

Beta decay Double Neutrinoless double
beta decay beta decay

¢
.

e-

Only happens if

§ neutrinos are Majorana §

/
Antineutrino Antineutrinos

Involves “internal” neutrino
annihilation
Only possible for Majorana
neutrinos

Valentina Lozza, LIP Lisboa 35



THE OVvBB DECAY

Nuclear Matrix Element, depends
on the nuclear Level distribution
of the tnitial and final state
Largest theoretical uncertainty

Neutrinoless double
beta decay Phase-space
factor

TOv ':GOV.
120

L4
*

lllllllllllllll

Effective Majorana neutrino mass

Half-life o Depenols on My, Mo, Mz and the
the decay

mixing angles
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THE OVvBB DECAY:
EXPERIMENT

Count/Fit the number of events at

I 203 | the Q-value of the reaction
egion
f .
@ nterest mass ’wu’chw\, the
= fiduwetal volume
¢
- OvBp
/\ > "..--‘.
Energy OFY Background itnoex
. re . venwts/rRev/Ro)/
To improve the sensitivity on the Majorana events/ie RQ_W
. . SNO+ (expected) = 2.9¢e-4
mass by a factor 2, requires an improvement of CERDA = 5464
the half-life by a factor of 4, hence 16x on the CUORE = 1.5¢-2
square root terms KAMLAND-Zen = 1.3e-4
Large mass Not seen yet!
High radiopurity Decay scale is >1025 yrs
Good energy resolution
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THE OVBB DECAY:
TECHNIQUES

1. Liquid scintillator detectors (Xe/Te):

. Good resolution

Isotope mass (m,,)

[mol]
10 10* 10° 10 |

. GERDA-II :
1. ngh mass Py ? 7Ge semiconductor
LEGEND-200 detectors
lll. Low background HEGEND-1000 | 3
EXO-200 25
, C. . nEXO 2
V. Event’s ID discrimination NEXT-100 [ - g &
gas/liquid TPCs =& S
NEXT-HD =y
PandaX-lll |7 E ©
o ° 36 & 8
2. Bolometers/semiconductors: - e £
. . . DARWIN g Z
|. Great resolution but relative low size. KLZ-400 = g8
KLZ-800 liquid g 2
Il. Requires cooling at cryogenic temperatures L scintillators | 2 §
+ =
SNO+I 130Te z
3. Tracki I d ; e C
. Tracking or topology detectors: CUPID-0 oyogeric & £
o GLURIDMOES. calorimeters < =
l. Gas/qumd TPC. CCRL(J?DSIS Mo | (bolometers) = %
Amore-ll

ll. Good topology reconstruction.

lIl. Low mass
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THE OVBB DECAY:
TECHNIQUES

1. Liquid scintillator detectors (Xe/Te):

Isotope mass (m,,)
[mol]
10 102 10° 10* |

KL-Zen =BEST RESULT FOR 0vBB T/, [l —— sl B
LEGEND-200 | detectors

26 i > LEGEND-1000 3

3.8x1026 yrs (combined 400-800) 0 .

nEXO | 2

NEXT-100 [~ | e/l £ g

s gas/liquid TPCs % 3

. PandaX-lll |7 é E

2. Bolometers/semiconductors: Lz x| 5 g

| g2

|. Great resolution but relative low size. iﬁ;ﬂ; 2 5

L2500 — |

I 1 1 KL2Z - ° <

Il. Requires cooling at cryogenic temperatures B | (seintiliators £:

SNO+II 130T 2 Tés

. CUORE =

3. Tracking or topology detectors: GhPB.0 cryogenic B &

o CUPID-Mo - calorimeters < =

. GaS/quUId TPC. CCRJ:DSI[S) 199M0 | (bolometers) = %
Amore-ll

ll. Good topology reconstruction.

lIl. Low mass
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Deep Underground
~ 2 km

Acrylic Vessel (AV)
12 m diam., 5 cm thick

PSUP (PMT Support Structure)
~ 9300 PMTs
54% Coverage

Light water (H20) shielding
- 1700t internal
- 5300t external

Urylon layer/Radon seal

Norite Rock
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CONSTRUCTION

aihew
e e
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SNO+ LOCATION

Muon Flux in Underground Laboratories

1074 5
@SNOI.AB, Sudbury, Canada EKZL(KR) A Horizontal access
) Yemilab(KR) @ \Vertical access
10_5 3 iml a
" _
NU) -6
- 10775 WIPP (US)  LSC (ES)
E ] Soudan (US)  kamioka (JP)
= 10—7_ A
§ ) k (IT)
= 1078
© E SURF (US) SM (FR)
3 5 & A
|_
10_93
] SNOLAB‘CA) CKL (CN)
10—10 -

1000 2000 3000 4000 5000 6000 7000
Effective Vertical Depth [meters water equivalent]
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Solar neutrinos
pep, CNO, low
energy 8B

_ Neutrinoless
t double-beta
§ decay of 130Te

. Supernovae
neutrinos

Rare decays
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DOUBLE-BETA DECAY WITH SNO + S N@

* Add a large mass of the isotope of interest and then count

=

O

% 40 B Ovip (100 meV)

£ m— 2vBp

< BN (o.n)

<2 B U chain

g 30 I Th chain

8 " External
25 B °B vES

" Cosmogenic

20

15

10

%.2 23 24 2.5 2.6 2.7 2.8 2.9 3
Reconstructed Energy (MeV)
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CP - VIOLATION

* If neutrino’s interactions DO NOT conserve CP, neutrino and antineutrinos oscillations are
different!

&
Ve —b‘/

Produced as v, Detected as ve

e+

a /
- —@

Produced as 7, Detected as 7,
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PHYSICS

Underground Eormilab
Research L e

Facility o

oo
B g

* Neutrino Oscillation Physics * SN burst physics and astrophysics
o High sensitivity for leptonic CP violation e Galactic core collapse supernova
o Identify the neutrino mass hierarchy ® unique sensitivity to ve
® Precision oscillation physics * Atmospheric Neutrinos
* Proton Decay % Solar neutrinos (similar approach as SN)

® Target SUSY-favored mode p —> K+ v % Neutrino Interaction Physics (Near Detector)
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DUNE FAR DETECTOR;
LAR TPCs

* Major Challenges:

* Technology advantages:

o Event reconstruction (monolithic detector)

® 3D imaging (use image processing o |
technology for event classification) e Strong activity in ML algorithms

o Full event topology o Scaling of technology

e Understanding the detector

1 uvy ¥ wire plare wavelorms
| Liguid Argon TFC y "r-'
|

'_-L‘#._-_L'-_i.'x_ 4+

o~
= - R T e

N .
S e R e e S A S h S e e L5
e e o S W

: : e
- e m e e e e -

e

. -~

—% . T TR T

¥ wire plane wavedorms '
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A NEUTRINO
EVENT

Proton path

Neutrinotransformed =~ |
| into p-meson

Invisible neutrino

collides with proton

- g The 'Neutrino Event’ . -~
Nov. 13,1970 — World's first 7 < pdam
: observation.of a neutrino in a. 5, |l EEes
¢ i . hydrogenbubble chamber = = - [EEESSI_

Ree = 2L

Proton
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LONG BASELINE
OSCILLATIONS

Measure a neutrino beam at long distance...

Sanford
Underground
Research 0 e \
Facility I

Fermilab

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

* Measure neutrino spectra at 1300 km in a wide band beam

e Near detector at Fermilab: measurement of v, unoscillated beam

e Far detector at SURF: measure oscillated vy and ve
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LONG BASELINE
OSCILLATIONS

...and then repeat for antmeutrmos

Sanford

Underground
Research o WS e .
Facility =z

Fermilab

,,,,,
................

* Measure antineutrino spectra at 1300 km in a wide band beam

o Compare oscillations of neutrinos and antineutrinos

e Direct probe of CP violation in the neutrino sector

Valentina Lozza, LIP Lisboa b4



EVENT’S TYPE

700

600

500

Events per 0.25 GeV

800

DUNE v, Disappearance
sin’,, = 0.580

Am2, = 2.451 x 107 eV?
3.5 years (staged)

—4— Signal v, CC

B v, CC
m Ne

B (v, + V,) CC
(v.+Vv)CC

v, disappearance

3.5 yrs running

3 4 5 6 7 8
Reconstructed Energy (GeV)

350

300

250

Events per 0.25 GeV

200

150

100
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DUNE v, Disappearance
sin’,, = 0.580
AmZ, = 2.451 x 107 eV?

3.5 years (staged)

—4— Signal v, CC

v, CC

ZINC

I (v, + V) CC
(v.+v)CC

anti-v, disappearance
3.5 yrs running

Reconstructed Energy (GeV)

55

Events per 0.25 GeV

Events per 0.25 GeV

160 CP -

140

120

100

80

-

DUNE v, Appearance
Normal Ordering
sin’26,, = 0.088

sin8,, = 0.580

3.5 years (staged)

’ —— Signal (v, + v,) CC
Y. I Beam (v, + V) CC
H [INC

e B (vi + V) CC

P (v.+ v) CC

; e S = T2
H —38p=0
T = §pp = +U2

Ve dPppearance
3.5 yrs running
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SUMMARY

Neutrinos

Zand we know how)

% They oscillate
G * They are massive (but we don’t know how much)

| % Are neutrinos their own antiparticles?

* What is the absolute mass scale?

* What is the CP violation phase?

* What is the mass hierarchy?

* A whole zoo of experiments are trying to address these questions |
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INFO

Neutrino group @UIP
For thesis/general info:
manelra@lip.pt
viozza@Llip.pt



https://www.lip.pt/?section=research&page=research-group-details&details=project&area=physics&line=Dark-matter-and-neutrino&projectid=23
mailto:maneira@lip.pt
mailto:vlozza@lip.pt

BACK UP SLIDES
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PARAMETRIZE THE
OSCILLATIONS: 2V CASE

* Oscillations are parametrized by 2 masses (m1, my), 1 angle (0)

Flavour Mass
eigenstate eigenstate

V,]— cos 0 sine. v,
[ ] —sin® cosO [Vzl

Vv,

Pure \'u Pure \.p

The flavour composition changes

with time, because the mass states

have slightly different velocities | -
° Time, t
The probability of an electron neutrino to be . 2 . 2 :A- ;n-z' L \
f | - — —-—-—-—'-— -
detected in the same flavour depends on the P |,.fve 2 Ve} _ S11 (2 e) SN ( )

mass difference and the distance source-detector
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CAN WE MEASURE THE MASS
DIRECTLY

* Yes, but it is not easy!
e Measure their track curvature in a magnetic field doesn’t work
® neutrinos are neutral, not affected by EM fields
e Measure energy and momentum of daughter particles ?
o Neutrinos are the lightest particles, don’t decay in others

e Use quantum interference to probe neutrino mass v

Magnet

AR - pimy
- oM
o Py, mjy
L M2=(E1+E2)>—(p1+p2)?

cathode
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WHERE WE OPERATE

NL do Noroeste Gronelandia
NT
Canada Baia de
Hudann
Mar d¢
Labradi

2= Fermilab

T -y S NB
a M NS
1} D - M 5 NH
VY : - {Y Y
o Estados RGN
U Unidos MO WV OF
Y \/
K AR TN NC
M 4
MS al
™
Fl
Golfo do
México México
Cuba
. Porto Rico
Guatemala Mar das
_ Caraibas
Nicaragua et
©Ysanford Vonezueia
Und d Research Facilit S
nderground Research Facili S -
i . Colémbia Suriname
South Dakota Science and Technology Authority et
Equador
AM
AC Brasil
Peru - RO 10
T
GO
Bolivia
MS
Paraguai
Chile . a0

Valentina Lozza, LIP Lisboa

N

//
> -

S

Oceano
Atlantico
Norte

D D D D S G G D S G G S D D S G G S S G G S S G G S G G G W S I I S S S S G Sl D S s v S s v e anyses A S S S G A cuP SID I S I GED GED GED G SED GED GED GED S GED GED GED SED SHP GED GED GED D SID GED GED GED S GHD SED GED I SED GED GED GED GED GED SED GHD D GNP Gn g e [ seu avd

O

Islandia

Suécia
Finlandia
Noruega
Dinamarca
Reino Unido . ;
Bielor=Lsia
Ilanda Polénia &
Alemanha | v
' &> Ucrania
‘ ‘ﬂia‘ : : Cazaquistao
Franca /S : ~Roménia
. Italia \Ji S
Espanha v Uzbequistao g,
Grécia : ista =
2 ugal Turquia Turquemenistao
- : Mar Siria f
unisia Mediterrdneo Afeganistao
| %
Marrocos e Irdo
. Paquistao
Algéla Libia Egito
Sara 2t
Ocidental SAl’ag.Ita
audita
Omd
Mauritania -
s Niger Sudao 5
Chade lémen
Burkina B o g
G‘;me | :;so : s Golfo de Ade Mar Arabico
: Nigéria Suddo .| Etibpia
and do Sul
Golfo da . {
Guiné Somalia
Gabio Republica™ .=~ Quénle —cmmm e e——————————
Democréatica
GajE0ngo Tanzania
Angola freal, 1
Zambia - Mogambique
Namibia Zimbabué
Bttty Madagdscar
Oceano



