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Astroparticula ==) astro + particula

Astro: del latin astrum y este del griego antiguo astron: estrella
Real academia de la lengua: Cada uno de los

innumerables cuerpos celestes que pueblan el

Firmamento.

Particula: Componente pequeno de la materia

Una astroparticula es una particula que proviene de algin
cuerpo celeste:

Una astroparticula es un mensajero del universo



Astroparticulas

® Esunarama de la fisica de particulas que estudia a las particulas elementales de
origen astronOmico y su relacion con astrofisica y cosmologia.

® | afisica de astroparticulas es un nuevo campo que surge de la interseccion de:
® Fisica de particulas

Astronomia

Astrofisica

Fisica de detectores

Cosmologia

e o o0 0

Fisica del estado sélido
® Relatividad
® Debido en parte al descubrimiento de las oscilaciones de los neutrinos, este nuevo

campo ha tenido un rapido crecimiento, tanto tedrico como experimental a partir de
inicios del siglo XXI.



Ingredientes basicos

/

Produccion

"

~

-

Propagacion

/

\

~

Deteccion

/




1. Mecanismo de produccon
® procesos astrofisicos — reacciones nucleares
® Astrofisica (Estrellas de neutrones, supernova, Remanentes de SN, AGN)

® decaimientos j—g

2. Propagacion
® Interaccion de la particula con su medio A, ¢, ~ #

3. Deteccidn
® Reaccion de deteccion j—%

® Caracteristicas del detector

Entendimiento de las interacciones de las particulas



Good news!

We do understand the particles: The standard
model of elementary particles
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Standard model

A concordance model

19 free parameters + neutrino parameters
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Concordance model: Hundred of
experiments that have been verified
and they match by fixing only those

19 parameters




Fundamental (elementary) particles

Fundamental interactions
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What is an elementary particle?

Una condicion sine qua non para la existencia implica cierta dosis de
conservacion
Alfonso Reyes. La experiencia Literaria

(A sine qua non condition for the existence requires certain amount of
conservation)

Sine qua non : an essential action

Noether theorem
Symmetries ------ > Conserved quantities
Lagrangian-------- > Quantum numbers



Quark flavor properties

L/2]

Name Symbol Mass MeV/c®)* | J | B (% I | ¢ | s | T |B’ Antiparticle Ai?;ﬁiﬁ“‘“
First generation

Up u 23+07+05 | Wi+ 4+ 4% 00 0| 0| Antup -

Down | d 48+05+03 | Yl+s %= 0|0 0 0 Antidown d
Second generation

Charm | 1275 +25 Vol+% +% ] 0 [ +1 | 0 | 0 | 0 | Anticharm c

Strange| s 95 +5 i+l =40 0 1 0 =1 0| 0 | Antistrange s
Third generation

Top ¢ 173210 +510+710| Y, | +% | +% | 0 1 0 | 0 |+1 O | Antitop n

Bottom| 4180 +30 yi+ls =41 0 1 0 0 0 |-1| Antibottom b

J = total angular momentum, B = baryon number, Q = electric charge, /3 = isospin, C = charm, § = strangeness, T = topness, B’

— haAttAarnanace




Nature is relativistic and quantum,
l.e. QFT

oY

ot
e -

H = cd(p — —A) + pfme® + ep 1
c

Consider the non-relativistic limit of the Dirac equation:

—

1 S = 1 /1\* 1 S
H=—(FH—ed)? +V —2upS - B + (—) - V'L -

2m

Correct interaction term.

Home work: what about spin 1 particles?

Uy



Interactions: Local gauge invariance
(QED)

Start with a Dirac Lagrangian:

£ =iy d, ¢ — my

Is it invariant under the transformation:

"Ij - e—r'a(x):b ?
No: ¥ — e MY + ie"™ Y 3«

Modify the derivative: D, = d, — ied,.

Dp_\,b — eia(x)Dp¢



But also, impose a rule for the potential:
A A 1 d
T Ay + e n&

With those assumtions, verify:

L =iyy* Dy — myy
=Y (iy*d, — m)y + edy*yA,
Does it look familiar to you?
Finally, add a kinetic term:
L =9 (iv*d, — m)y + efy* A, ¥ — LF, F*
Interaction fo a fermion with a electromagnetic field, the third term a current.

R=y¢(iv*d, — m)y — eyy*QyA, — LF, F*.

Kinetic energy Kinetic energy

Interaction
and mass of of A,




Local gauge invariance (QCD)

Start again with the Lagrangian:
Lo = cjj(i'y”an — m)qj

But now 4y, 4,, 453 denote three color fields.

Is this Lagrangian invariant under this transformation?

q(x) = Ug(x) = e"*ag(x)

Here U is a 3x3 matrix, and

[7:1’ Tb] = tfabcTc
As in previous case, if we add 8 gauge fields:

o 1 c
Gi = G = 20,8~ fupees G



And the covariant derivative
— ; a
D, =4, +igT.G!
Then, Lagrangian is invariant, although, expressing in normal derivatives:

R =g(iy*d, - m)q — g(gy*T,q) G’
Adding a kinetic term for the fields:

e =g(iy*d, — m)q — g(gy*T,q)G: — YGLG»

py=a

This is the QCD Lagrangian.



Electro-Weak interactions:

W ¥, Z, v kinetic
= —1 . pr __ 1 ny .
i W, W sB,, B energies and

self-interactions

(lepton and quark

— 1 Y . .
+LY"(§3F — gif-wu — g’-—i—Bu)L kinetic energies
_ y < and their
+ Ry”( id, — g’EBF) R interactions with
kw i_s Zr Y
1 y 2 W1, Z, v, and Higgs
+ (fap —85TW, — 8"2—3,,)¢ — V(¢) masses and
couplings

lepton and quark
~(G,L¢R + G,L¢_R + hermitian conjugate). { masses and
coupling to Higgs



Where:
W,=9dW,—9dW —gW xXW,

And we have introduced the Higgs potential:

V(o) = p2éto + A(ole)’

Now, let us re-write some terms:

1 2 3 /
| ~ T ! ;’71 T ! IP'Q | ~ T ! ;3 g | ~

The first term is charged and can be written as

Ley 97 0 Wl —iw?2
ﬁleptons — _§ L Jﬂu ( 11’7: 4+ ZILFE H 0 H L.

This suggests the definition of the charged gauge bosons as

I+ 171 172
W = —(W! £ W?)

=l




Then, the charged electro weak interaction will be:

b

g L ~
leptons _m [Vﬁ![ﬂ(l — ﬁ)/5)€ LL: + gﬁ)/ﬂ(l o 75)]/ LL,LL ]

Now, consider the neutral term:

3 I B
cHRO o7 (w%) LW =L (L"YL+Ry"YR) B,

leptons

!
- gnwi-Los,

where

1 _
Jy = §(PL”/”I/L—€L“;’”€L)

Ji = — (py*vL + Oyl + 20py*lR)



Let us rewrite the neutral current with the new “physical” fields

Wf = sin QwA‘u -+ cos szﬂ
B, = costwA, —sinby 2,
where 0y is called the Weinberg angle
Then, the neutral current will be:
L+R . 1
l(ep—!c_onl(ﬂ) — _(g S111 QWT J? 23 59, COS QVV JEE)APL

1
+(—g cos Oy J& + §g’ sin Oy J) Z,

= —gsinfy (") A,

L

g Tl o S e
 2cos Ow Z wiY (QV—QA /5)¢-ngM

=,

And ¢ = gsinfy = ¢’ cos Oy



The neutral current

L% — f e :
NC 2 sin Qw cos By Zf: e gA 5) f
u d Ve e
1 — % sin2 @y | —1+ % sin2 Oy 1 —1 + 4sin? Oy
1 —1 1 —1




La seccion eficaz o es el numero de particulas dispersadas en un estado final especifico por
unidad de tiempo, dividida por el flujo inicial. La expresion para la seccion eficaz diferencial

es:
W,
(initial flux)

Cross section = (number of final states)

This is the connection with the experiment:

A detector only sees events, thus, experimental events and theoretical events are
Related by the cross section.

For a AB->CD scattering:

do| _ 1 pfﬂm?
dg om 6473'25 p; \

Invariant Amplitude 91



Feynman rules for computing the
iInvariant amplitudes

A) By using the quantum number conservation,
write the possible reactions

B) By looking at your Lagrangian, write the
particles that mediate such reaction

C) Draw you Feynman diagram for such reaction



EXTERNAL LINES SYMBOL FACTOR IN .

(p,7)
Initial lepton line [~ or y; . . . U (p)
Initial lepton line [* or 7 (p:7) 7 (p)
nitial lepton lme (" or v; . i . Ur(P
Final lepton line [~ or i py7) Uy (p)
¥ - @
(p:'r)

Final lepton line [T or 7;




PROPAGATORS

Internal W hoson

Internal Z boson
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SYMBOL FACTOR IN M
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L owest contributing order Feynman diagrams for v; + f — v + f.

vi(p1) vi(p)

> - >
f(p2) f(p2)
2
— e M e 1 -(_gaﬁ +kzakzg/m7
M =, (17)] Y- Y*(9y — 94 fo)]u,,,f( ) k% —mZZ T
97" g



Low energy limit:

W or Z boson

Lm{m¥,, m%} > k?

s
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There are Dirac spinors:
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Define:

"

D = T (B + may) )y (9vF — g"¢vs) (B1 + muy )Y (g3 — gf’;"vs)}

“

@ = TS (B + mp)valgl — ghvs) (B2 + myp)vs (gl — gﬁ'w)},

\
and

T{A+ B+ ..} =Tr{A} + Tr{B} + ...
T{y"} = Tr{7°7*} = TT{1°1*77} = {47477} = 0
T {7 777777} = —4ie*7°

Tr{y“~".. 4Py} = 0 if v“~"...~4”~7is an odd number of ~-matrices,

ITI'(’}’Q“‘,"}S"‘I*&“‘,!??) — 4(770577767? — naénﬁﬂ _I_ naﬂn,ﬁﬁ)



Then:

1

2[(if}) + (g2 (P Py — gt P

D Splpplu [QV 9a Lt +

- 1.
@ =8py ph [lgffg;iemp@ + —[(gv) + (992 (Mo ppar + Noatps — Nophas) + 5??%?—»(9% — gf’i)naﬁ]

(d_ff> _ X LA
dQ/CM ™~ 6472(E; + E2)2 |py|’

:% > IMP=GE D x@].

s“s"f

D x @ = 1284{, g%, gVt gL (D1 95) (p1p2) — (Pip2)(p1Ph)]
+32[(g1)? + (92)[(gv)? + (")) [(Pip2) (p1Ph) + (P1Ph) (prp2)

—32m3[(g))% — (d)2(@¥)? + ()21 wpn)].



A reference system:

p]- — (E?OJOJE)?

P2 = (\/E2 +m?-':050: _E)*

p1 = E(1, cos ¢sinf, sin ¢ sin f, cos ),

ph = (\/E2 | mi}, —FEcos¢sinf, —E sin ¢sinf, —E cos ),

vy i 'P; /;

> & S s —>

D1 P2 Ph
7

BEFORE AFTER

z-direction




D x @ = 128¢7 g7 g1 g2 [( E\/E3+m + B%)? — (B\/E2 + m? + E? cos 0)?]
+32(g7)% + (92)*(V)? + (6?1 [(B\/ B2 + m3 + E2) 4 (E\/E? + m3 + E? cos )
- 32[(9{)* = (a})I0})* + (o )]EQ(l—cosaﬂ.

Cross section is then:

GQ T
olvf]= 2 / M x @ sin 6d6.
327 (E + \/E2 +m2)2 Jo

And finally:

G4.(s — m%)2

A7 s

‘ m32 (s —m?2)? m
f f I f)Q{ f ‘f }_[(gf)Q_(gf)Q] f

oclvf]= (9V+9A)2+(9V_9A

L—(Pl +p2)® = (E + (/E? + m})?



Ready for comparison with
experiments:

Experiment Energy Events Measurement, o sin? Oy

LAMPF 7-60 236 [10,0 £ 1,5 + 0,9]E,, - | 0,249 4 0,063
10—45¢m?

LSND 10-50 191 [10,1 £ 1,5] - E,, 0,248 + 0,051
10~4%¢cm?

_ 1.5-3.0 381 [0,86 £ 0,25] - oy _Aa
Irvine 0,29 4 0,05
3.0-4.5 77 [1,7£0,44] - oy _ 4

Krasnoyarsk | 3.15-5.175 | N/A 45 £ 24 0,2270°%
10—46¢cm? /fission

Rovno 0.6-2.0 41 [1,26 + 0,62] N/A
10—44cm? /fission

MUNU 0.7-2.0 68 1,07 & 0,34 events day—1 N/A

Global

0,259 + 0,025




Un ejemplo arquetipico de
astroparticula: Neutrinos solares

do(Ey, T
XU(dT )xthexR(T,T’)

NGt = Z / dE, f dT\;Cbi)\i(Eu)\/

b

Produccion: Flujo de
Neutrinos solares

Deteccion

Propagacion: Practicamente sin cambio
(hipotesis)



El problema de los neutrinos
solares

e o
w:,:y

.”’e"

3He
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El problema de los neutrinos
solares

Ray Davies

John Bacall

Experimento en
Homestake

- 1970-1994

42



NG = Z / dE, / dT¢: \i(E,) X

1. Modelo estandar solar (MES): &;, i (EL)
2. Experimento: R(T,T"), Ne

3. Modelo estandar electro-deébil:

Superk, SNO
1 1
) are
1
iow
=lox
The "Be

MNeutrinoe Flux
B

o T ] T

Neutrino Energy (MeV)

Thmry [ | "HBe [ | P=p: pEp
L] H CHO

do(E,, T
o )t x N. x R(T.T")

Total Rates: Standard Model v=. Experiment

Bahcall-Pinsonneault 2000

Oi=0.12

Ti118

0350002

GALLEX
+
GxO !En
-
"H0

Experiments pmm
Uncertninties ER
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., Como resolver este problema?

® Incluir masa a los neutrinos y mezcla entre los auto-estados de masa
$» Momento magnético grande
® Interacciones no-estandares en corrientes neutras que cambian sabor

do(E,,T)

o X P(A-m.g_, 0, pv,€,€...)

NGps =Y ¢i X t X Ne X [dEy/dT/\i(Ey) X

1.0scilacién de neutrinos Hipotesis: Los neutrinos tienen masa
2.Precesion espin-sabor Hipotesis: Los neutrinos tienen masa y un momento magnético p,,

44



Un fendmeno puramente cuantico

1.0scilacion de neutrinos
Hipotesis: Los neutrinos tienen masa

va) = Z Ugalva)
a

Pt 5, 0 0
m2 e—i t
H = 0 p+ 2_; 0 , Vo, t) = Vo, t = 0)
2
0 0 p+ o2

En el vacio por ejemplo:

2

A Am2
P(De — 17@) ~1— Sen2(2913)sen2 (%L) _ 008491388n2(2912)sen2 ( 452 L)




Interaccion con la materia

® Corrientes neutras (NC): intercambio de Z

® Corrientes cargadas (CC): intercambio de W

Ecuacidén de evolucidon

Am
AE

Am
4E

D_B
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

O: L L al
10" 10" 10"% 10" 10™ 10" 10" 10" 10'®

0.9 -

Am
cos 260 + V2 Gp N, Vom

sin 260 Am?

4E/Am* (eV™")

sin 260
cos 20



(

Masa vs. Momento magnéetico

2. Precesion espin-sabor
Hipotesis: Los neutrinos tienen masa y un momento magnético 11,

1r)eL

VeR

I/MR

\

0

590

\ uB_(t)

/ Ve — 20

Pee

0 $20 uB(t) )
—Ve —c26 —uB_(t) 590
—puBy(t) V4 c20 0

520 0 -V, + c20 /

LLLLL 1\:3IIIIIII 1I4IIHIII 1I5HIIIH 1I6IIIHH 17
10 10 10 10 10

C/arm2 (a\/ 1y




Masa vs. Momento magnetico

-3

Iﬂ E T Iélll:l':ll]nbl T |||;| T |;g T TTTI T 1 ||||§

C . Free ]

| FTg

m.'j;g .

0 .

Ol \ 3

o - =

“c 10°L 1

oF ]

=10 3 ==

107°L Active ]

7911[Ga+CI+SK(Sp, Zenith) ]

T E |

I_,_!§+|Ci:+;ﬂ..,..gi:r::)+|~~lf: ]

10 _|I|||||u] _:]IIIIIII |2|||||u] II””"I Lol
107 100 100 IO 1 10.

tan®y

Am? [eV?]

E

[ J_L,".=1 D-1
F B ., =84kG

1

Hg

savsl

1

i

tane

107
107
107
107°
107"

| .”]-E
109
| 1071

T . . .”]-11
10*10° 10% 107 10° 10" 10°% 10° 10

4



Kamland

Calibration Device
LS Balloon

(diam. 13 m)

Chimney

Liquid Scintillator,

(1 kton)
Containment
Vessel !
(diam. 18 m] Photo-
Multipliers

Outer Detector | |

Outer Detector 5
PMT

I..\'*Il.i-’. U‘ﬁ_w q.l’lu ‘fl

Eventz0.425 MeV
=

1
! sn’Z8 =10
1 Am’= 685 107V

i
LA
TTTT[TIT T[T I T T [TT T T[T T[T TTIT

ag

NN ATAN

10 f '|I|

n.
w* 1w® 1w w' 1w 1w 1w w 1wt
tani

[O.G. Miranda et al. 2002]




Un modelo
consistente

107

10~

12

1074

-~
-
.
iman
e

~ " ."*-,_
3 CHORUS 54

- ""—1:‘-::-_-_ -':}' - N _O-M A- D

[

Cl 95% all solar 95%

~ All limits are at 90%CL
unless otherwise noted

102 109
tanZ0
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- \‘

Obs Z¢’L X t X Ne X [dEV /dT% da(fV’T) 4

P(Am27 Qa)uy, 6,8/...)

Produccion

Deteccion

Propagacioén

51



Continuara...
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