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MP: antecedentes

ussara Miranda

®@® toda matéia em estado fundamental + féton +neutrinos

®® ~1960 por raios cdsmicos e aceleradores um verdadeiro zoo de particulas havia sido observado




MP: antecedentes

Strangeness

estranhezae enliimero quantico para classificar particulas & .
produzidas aos pares com tempo de vida muto maior do que o esperado a julgar por suas massas

@ 1961: Gell-Mann & Neemane e eighfold-way organiza o zoo em multipletos (SU s2°r)
Meson octet Baryon octet Baryon decuplet
spin=0 spin=1/2 spin=3/2
a A 0 P + 23 | P / $A- 0 p /++
) 5 \ QL ) ' '\\ "\lx ‘H.\ Q:E
g “\. ‘I\. g m '\
€ Gl g U _14 E A 3 L 7
ap [T T an 2 E -1t ¥ 5 3
ﬂ “x _ 1‘\_ Q:] E | B 5 Q 1 g_].ﬂ "x\ \\ Q\=1
E E K K E =] - '-t_ E-E \a:. *— \,:r #0
- - = - - = - e bt
n Q=-1Q=0 i Q=—1Q=0 = 3 o
iy 0~
Q=-1

1964: Gell-Mann + Zweig ¢ @idéia de quarks “constituintes” simplifica ainda mais...

nao supunham se tratar de objetos reais

Quark triplet

- d u ®® mesons: qq

Y )

~ w23 eebarions: qqq
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Strangeness
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produzidas aos pares com tempo de vida muto maior do que o esperado a julgar por suas massas

@ 1961: Gell-Mann & Neemane e eighfold-way organiza o zoo em multipletos (SU s2°r)

Meson octet Baryon octet Baryon decuplet
¥
" spin=0 " spin=1/2 . spin=3 / 2
w1 Kj’s— 2 of n p 01A ddd Aldud Alud A7
o & diw ind % x . Q=2
0 L 4 ,
g0 O dfj'T :?? ‘IT_ " £ EddE AudsT-\« uus B=it B 3 E#Eds E*Jus
o i ,uuss".',l 1 o e .—DQ 1 o : e Q=1
E -1 Ksu K sa E —RT7 A ssd & ssu E-E-— \,:,*-d %0
—— 4+ s ke 2 =
ﬁ Q=-1 Q=0 i Q=-1 Q=0 = \Essd‘i%s
W LS -

Q sss w_ previsao tedrica
=—1

@ 1964: Gell-Mann + Zweig ¢ @idéia de quarks “constituintes” simplifica ainda mais...

Quark triplet nao supunham se tratar de objetos reais

——

ot+d u ®® mesons: qq

Y )

~ w23 eebarions: qqq

N
A}
u
A

o fooe_




MP: antecedentes

ussara Miran
proton

@ 1968 espalhamento profundamente ineléstico.... estrutura no

A E.D. Bloom; et al. (1969). "High-Energy Inelastic e—p Scattering at €° and 10®". Physical
Review Letfers. 23 (16): 930—-934. Bibcode: 1969PhRvL..23..930B &.
doi:10.1103/PhysRevLett.23.930 &.

A M. Breidenbach; et al. (1969). "Observed Behavior of Highly Inelastic Electron-Proton
Scattering”. Physical Review Letters. 23 {16): 935-939. Bibcode:1969PhRvL..23..935B .
doi:10.1103/PhysRevLett.23.935 &.
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MP: férmions constituintes da matéria |

ussara Miranda @ s>alva or out

@ constituintes da matéria: quarks e leptons, férmions ( e anti-férmions) de spin=1/2
constituem a matéria

e e 3 familias

matter constituents
FERMIONS <pin-12 32 52, .. Phys Rep 427 (2006)457
Leptons spin =1/2 Quarks spin =1/2 = n
M Electri APPIOX. | 16 ctric L i a\
Flavor G ?/782 heC ric Flavor W EE charae "E I
eVic2 | charge Gevie? | °harg 2| ALEPH
W lightest (9_2)x107" o fJuuw 0.002 2/3 - DELPHI
€ electron 0.000511 -1 d down 0.005 -1/3 | L3
. _ - OPAL
Yo middle 5 009-2)x10"0 0 | € charm 1.3 2/3 20 b
M muon 0.106 —1 S strange 0.1 -1/3 :+ average measurements,
error bars increased
. _ by factor 10
Vi heaviest g 05-2)x10 o 0 t top 173 213 ' '
T tau 1.777 -1 b bottom 42 -1/3 10 I
| S

® quarks nio existem isolados, sdo constituintes dos hadrons o g
.. forca forte aumenta com a distancia E,_ [GeV]

cin

Baryons qqq and Antibaryons qqq Mesons qq

Mesons are bosonic hadrons
There are a few of the many types of mesons.

Baryons are fermionic hadrons.
There are a few of the many types of baryons.

Symboll Name | Quark | Electric| Gev/c2|Spin Symbolf  Name | Quark | Electric | Gev/c2 | Spin
content| charge content| charge
P proton | uud 1 0938 |12 ot pion ud +1 0.140 0
p antiproton| Tuud 1 0938 |12 K- kaon st -1 0.494 0
n neutron | udd 0 0940 |12 p* rho ud +1 0.770 1
A lambda | uds 0 1116 |12 B | B-zero | db 0 5.279 0
Q- | omega | sss —1 1672 |32 M eta-c cc 0 2.980 0 7




force carriers
BOSONS spin=0,1, 2, ...

Unified Electroweak spin =1 Strong (color)  spin =1

Mass Electric Name Mass Electric
GeV/c?2 | charge GeV/c? | charge

9 0 0

gluon

Name

Particle Processes

These diagrams are an artist's conception. Orange shaded areas represent the cloud of gluons.

Higgs Boson spin =0

Mass Electric

Name GeV/c2 | charge n—>pe v =
W bosons ~ b
z0 H o N

N\
126 = o 2
Z boson @ P4
p * q
A free neutron (udd) decays to a proton An electron and positron y

(uud), an electron, and an antineutrino (antielectron) colliding at high

via a virtual (mediating) W boson. This ener nihilate to produce

is neutron B (beta) decay. BC sons via a virtual Z
boson or a virtual photon.

Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Gravitational Weak Electromagnetic Strong

Property Interaction Interaction (gjectroweak) nferaction Interaction ( X J forga forte: mantem hédrons e
Acts on: Mass — Energy Flavor Electric Charge Color Charge 1’11:1C1€O atémiCO P néo atua em

Particles experiencing: All Quarks, Leptons Electrically Charged Quarks, Gluons

4
Particles mediating: Sz Gluons leptOHS.

(not yet observed)
0718

m 10-41 : 25
3x107"" m 10-41 60

Strength at {

@@ forca fraca: decaimentoe troca de
saboreatua em quarks e 1éptchs



THE STANDARD MODEL OF

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model is a quantum theory that summarizes our current knowledge of the physit iteractions (interactions are manifested by forces and by decay rates of unstable particles).

FERMIONS matter constituents BOSONS force carriers

spin = 1/2, 3/2, 5/2, spin =0, 1, 2,

Leptons spin =1/2 ‘ Quarks spin =1/2 Unified Electroweak spin = 1

Approx.
Mass

GeV/c?
1, lightest ( 2)x10—9 q ~ J 0

neutrino* gluon
Quarki ¢
Size <107°m 4

Structure within
the Atom

Strong (color)  spin =1

Mass
GeVi/c?

Mass
GeV/c?

Electric
charge

Electric
charge

Electric
charge

Mass
GeV/c?

Electric
charge

Flavor Name Name

electron 0.000511

Higgs Boson spin = 0

wW-
W+

W bosons
20 . H

Z boson

middle

9
neutrino*  (0.009-2)x10

0.106

Electric
charge

Mass

Nucleus GeV/c2

Size ~ 104m

Name
mu

Proton
Size ~ 10"5m

. 9 126
heaviest,  (9.05-2)x10 t

tau 1.777 b bottom "
Higgs Boson
The Higgs boson is a critical component of the Standard Model. Its discovery helps confirm the

mechanism by which fundamental particles get mass.

Color Charge

Only quarks and gluons carry "strong charge” (also called "color charge") and can have strong
interactions. Each quark carries three types of color charge. These charges have nothing to do
with the colors of visible light. Just as electrically-charged particles interact by exchanging photons,
in strong interactions, color-charged particles interact by exchanging gluons.

*See the neutrino paragraph below.
Spin is the intrinsic angular momentum of particles. Spin is given in units of h, which is the quantum

unit of angular momentum where h = h/2r = 6.58x1072° GeV s =1.05x10%* J s. If the proton and neutrons in this picture were

10 cm across, then the quarks and electrons
would be less than 0.1 mm in size and the
entire atom would be about 10 km across.

Electric charges are given in units of the proton’s charge. In Sl units the electric charge of the proton
is 1.60x10~"° coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one electron in
crossing a potential difference of one volt. Masses are given in GeVi/c? (remember E = mcz)

where 1 GeV = 10° eV =1.60x10~"° joule. The mass of the proton is 0.938

GeV/c? = 1.67x10727 kg.

Neutrinos

Neutrinos are produced in the sun, supernovae, reactors, accelerator
collisions, and many other processes. Any produced neutrino can be
described as one of three neutrino flavor states Ver Yy OF Vg labelled by the
type of charged lepton associated with its production. Each is a defined
quantum mixture of the three definite-mass neutrinos v , vy, and vy for
which currently allowed mass ranges are shown in the table. Further
exploration of the properties of neutrinos may yield powerful clues to puzzles
about matter and antimatter and the evolution of stars and galaxy structures.

Quarks Confined in Mesons and Baryons

Quarks and gluons cannot be isolated — they are confined in color-neutral
particles called hadrons. This confinement (binding) results from multiple
exchanges of gluons among the color-charged constituents. As
color-charged particles (quarks and gluons) move apart, the energy in the
color-force field between them increases. This energy eventually is
converted into additional quark-antiquark pairs. The quarks and antiquarks
then combine into hadrons; these are the particles seen to emerge.

Gravitational

Interaction Interaction (Electrowe

Interaction

Property

Acts on: Mass — Energy Color Charge

Two types of hadrons have been observed in nature mesons qg and
baryons qqq. Among the many types of baryons observed are the proton
(uud), antiproton (Gtd), and neutron (udd). Quark charges add in such a
way as to make the proton have charge 1 and the neutron charge 0. Among
the many types of mesons are the pion n* (ud), kaon K~ (sii), and B (db).

Quarks, Leptons

0.8 25
10-4 60

Particles experiencing: All rks, Gluons

Graviton
(not yet observed)

10-41
10-41

Particles mediating: Gluons

Matter and Antimatter

For every particle type there is a corresponding antiparticle type, denoted by
a bar over the particle symbol (unless + or — charge is shown). Particle and
antiparticle have identical mass and spin but opposite charges. Some
electrically neutral bosons (e.g., Z°, ¥,and Mg =cC but not K = dS) are their
own antiparticles.

107" m

Strength at {

3x10""m

Learn more at Pal rtic|eAdvenfU re.org

Unsolved Mysteries

Driven by new puzzles in our understanding of the physical world, particle physicists are following paths to new wonders and startling
discoveries. Experiments may even find extra dimensions of space, microscopic black holes, and/or evidence of string theory.

Why No Antimatter? What is Dark Matter?

Particle Processes

These diagrams are an artist's conception. Orange shaded areas represent the cloud of gluons.

Why is the Universe Accelerating? Are there Extra Dimensions?
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Invisible forms of matter make up much of the An indication for extra dimensions may be the

The expansion of the universe appears to be Matter and antimatter were created in the Big
A free neutron (udd) decays to a proton
Bang. Why do we now see only matter except
for the tiny amounts of antimatter that we make
in the lab and observe in cosmic rays?

(uud), an electron, and an antineutrino
via a virtual (mediating) W boson. This
is neutron B (beta) decay.

An electron and positron
(antielectron) colliding at high
energy can annihilate to produce
B° and B® mesons via a virtual Z
boson or a virtual photon.

accelerating. Is this due to Einstein's Cosmo-
logical Constant? If not, will experiments
reveal a new force of nature or even extra
(hidden) dimensions of space?

mass observed in galaxies and clusters of
galaxies. Does this dark matter consist of new
types of particles that interact very weakly

with ordinary matter?

extreme weakness of gravity compared with the
other three fundamental forces (gravity is so
weak that a small magnet can pick up a paper
clip overwhelming Earth’s gravity).

©2014 Contemporary Physics Education Project. CPEP is a non-profit organization of teachers, physicists, and educators. Learn more about CPEP products and websites at CPEPphysics.org. Made possible by the generous support of:
U.S. Department of Energy, U.S. National Science Foundation, & Lawrence Berkeley National Laboratory.




simetrias: C,P,T

Carga q _q até ~1950 pensava-se que estas eram
Parldade r &= -1 simetrias fundamentais em todas as

Tempo t e _t leis da fisica

o P

e e quanticamente spins sdo paralelos
ou anti-paralelos a direcdo do
movimento ™ helicidade troca de

sinal sob P
Right-handed: Left-handed:
S = S

espelho
10



forca fraca(ff): P |

@ ff é responsavel pelos decaimentos de quarks e leptons.
®e proposta por Fermi para explicar o decaimento B @ . C;I@

ussara Miranda

@ ffeP?

PHYSICAL REVIEW VOLUME 104, NUMBER 1 OCTOBER 1, 1954

Question of Parity Conservation in Weak Interactions*

T. D. Leg, Colwmbia University, New Vork, New Vork
AND

C. N. Yane, | Brookhaven National Labsratory, Upton, New York
(Received June 22, 1956)

The question of parity conservation in @ deeays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions,

high degree of accuracy, but that for the weak inter- ©-t puzzle
actions (i.e., decay interactions for the mesons and 0* > " n® +1f mg=m,
hyperons, and various Fermi interactions) parity con- T -l =1~ 107
servation is so far only an/ extrapolated hypothesis se as interacdes fracas ndo conservam P
unsupported by experimental evidence. (One might 0 = v =K

even say that the present 86— 7 puzzle may be taken as
an indication that parity conservation is violated in
weak interactions. This argument is, however, not to

Proposig¢do: observar spin de produtos de decaimentos radiativo de nticleos polarizadols1

TP_=-1;P, =+1;P =1



forca fraca(ff): P|

Phys. Rev. 105 (1957)

1412

Experimental Test of Parity Conservation
in Beta Decay*

C. 5 Wu, Columbia ["niversily, New Vork, New YVork

AMD

E. AMBLER, K. W. Havwazrp, D). D). Horrees, anp K. P. Hupsox,
National Burean of Standards, Washingion, D, C.

(Received January 15, 1957)
e
L ::: |
| e

e edecaimento radiativo do Co®  ee polarizado

Nobel 1957

e eclétrons e neutrinos movem-se na direcao no nucleo em sentidos opostos.

? Motion "4 1 § 2 ®e no caso de conservacio de paridade ndo existiria
1 Spin sentido preferencial na emissao dos elétrons
ﬂ\‘
@ Wu observa que os elétrons se movem no

4t w4t sentido oposto a polarizacdo do Co® 12




forca fraca(ff): ...CP?2...CPT |

alvador,BA,out

@ forca fraca ndo sé viola P, viola maximamente mm V,* 1‘ ‘ Ve * ‘l' ‘ * Motion

T Spin

a forga fraca sé interage com anti-neutrinos (anti-particulas) de mdo-direita e
neutrinos (particulas) de mdo-esquerda

@ forca fraca viola maximamente C ) i 13 ; 1§e —C> i E
i Tﬂ* L3

@ CP?? +1‘—T e e forca fraca viola “minimamente” CP
4 V“lnt rrrrrr i 3
> o O Q fon
+ P € s
e_l_ T ® — T ® — ﬂt.

@ CPT TEOREMA : qualquer teoria de campos relativistica é invariante por CPT

G@I@e "



QP .sistema kaons neutrosj

@ particulas estranhas: Jussara Miranda @ Salvador,BA,out/18
®e produzidas aos pares em interagdes fortes (AS=Q)
.. decaem por interaqées fracas |AS|=1 PHYSICAL REVIEW VOLUME 97, NUMBER 5 MARCH 1, 1955

Behavior of Neutral Particles under Charge Conjugation

M. GELL-MANN,* Department of Physics, Columbia University, New York, New York
AND

A, Paxs, Tnstitute for Advanced Study, Princeton, New Jersey "'
(Received November 1, 1954)

o K°(ds): S=+1 ee K°—2nm |AS|=2

@ K°(ds): S=-1 ee K’—2m B K 275K particula anti-particula mix por

interacdes fracas

@ troca de base:

- Decaimento  amplivade dois tempos de vida distintos
K’ Ky = V% (K° - K) K® -2 A0 no sistema de kaons neutros.
T 1 Kp=V% (KK E :221 \2 'S - T K1 ST Ko  como K2 ndo se acopla a 2,
K° Kl o 0 (modo mais facilmente
K, atingivel) ele terd tempo de

X~ , : vida maior
K; e K, are ndo sdo particula e anti-

particula; ndo tém S bem definido. Sdo eles
os “objetos” que efetivamente decaem

previsdo tedrica existéncia de dois

K® e K® sdo produzidos meésons neutros
K; eK, decaem
14

Tna época ainda conhecidos como 6



QP:sistema kaons neutros |

® pK=-K P[K)=-K°)

Jussara Miranda @ Salvador,BA,out/18

CK®)=[K°)  C[K”)= [K°)
CP|K%=-|K°) CP|K’)=-|K*)

CP[Ky)=[K;) CPIKy)=-[K;)
assumindo CP = K, =2m K, 3"

K,e fo ndo sdo auto-estados de CP

@ s¢ CP entao podemos associar K, com K,
e K, com K, que sdo efetivamente

observados no laboratério (auto-estados
de massa)

K;=V% (K° - K°

— /1 0, yo
observacdo dos K. Ky = V% (K" +K)

Observation of Long-Lived Neutral V
Particles®

K. Laxpe, E. T. Boots, J. ImpEDroLIs, axnp L. M. Lenerman,
Cotnmnbia Urisersity, New Fork, New York

AXND

W, Cromowsey, Broobhoren Nodional Laboratory,
IFpdom, Wew Fork

(Received July 30, 1956)

se CP entdo K 42m -
resumo =1 .
forca forte K° K°  composicdo de quarks :
auto-estados CP KK, CP|K 1,2>=+,-|K 12) K0
auto-estados de massa KK, propagagao 5,
K

15
TCP_=-1;CP, =+1;,CP, =1



QP .descoberta|

Mirand a @ Salvad or,BA,ﬂo“ut 18
Nobel 1980

Jussara
VoLusE 13, MuMmBer 4 PHYSICAL REVIEW LETTERS 27 Jury 1964

EVIDENCE FOR THE 2n DECAY OF THE an MESON=T
J H Christenson, J, W !:tgm],i v, L. Fiteh T and B, Turlay®

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the

charged pion, ‘g:::; Yoy
Scintillato
REGION OF
In this detector the K3 decay PLAN VIEW OBSERVED DECAYS
leads to a distribution in m™ ranging from 280 | foot

MeV to ~536 MeV; the K, 3, from 280 to ~516; and
the K53, from 280 to 363 MeV,

e -

An important calibration of the apparatus and / / T e ,..,‘.ﬂ,._‘f;’;s
data reduction system was afforded by observing W

the decays of K,” mesons produced by coherent | w
P T - | ~ o,
regeneration in 43 gm,/cm”® of tungsten. Since the i ?\.—; m
| .

",
7 C/ I'l’:’ .ff"//// o 4‘{\ K,
oilmanor / - \ 5 k Ch b r ‘e,
s ) — par ambe ",
K LS ] T aTa T e A et e dh 4T . ",
g e W L L o R e U, . 4 “'-"
ot

K,® mesons produced by coherent regeneration %x //I
. . -fﬁ /
have the same momentum and direction as the -fm;f
K.,” beam, the K,® decay simulates the direct de- 57 Ft. 1o .._———{ ) Magnet "'
o i internal target Helium Bag .
cay of the K,” into two pions. The regenerator miernal large Scintillator
was successively placed at intervals of 11 in. Water
Cerenkov

1The Discovery of CP Violation: a Surprise -- Prof. Jim
Cronin 30 video: http://cds.cern.ch/record/1228545/




QI‘(' .descoberta

{a)
—— DATA: 5211 EVENTS

» ==-= MONTE-CARLO CALCULATION

o
VECTOR i 0.5 600

4500

1400

4300

—4200

4100

]."’1

'l 1 i L
300 350 400 450 500 550 600 MaV

(b)

—— DATA
----- MONTE- CARLO CALCULATIO

f
VECTOR T+ =0.5

L i i
0.998 0.999
cos @

FIG, 2. (a) Experimental distribution in m* com-
pared with Monte Carlo caleulation. The calculated
distribution is normalized to the total number of ob=
served events. (b) Angular distribution of those even
in the range 490 <m® <510 MeV. The calculated curv
is normalized to the number of events in the complete
sample,

Salvador,BA,o"ut/ 18

After subtraction of background,
484 <m* < 494 lio 45+ 10 events are observed in the forward peak
at the K” mass, We estimate that ~10 events can
| n !_rLILnJ-lnr"n’J-lﬁq Yy be expected from coherent regeneratiup. The
number of events remaining (35) is entirely con-

3 sistent with the decay data when the relative tar-
get volumes and integrated beam intensities are

Jussara Miranda

20 E taken into account, This number is substantially
> smaller (by more than a factor of 15) than one
w would expect on the basis of the data of Adair
494 < m*< 504 Lol © 4
= et al.
2
We would conclude therefore that K,° decays to
two pions with a branching ratio R= (K, 7%+ 77)/
504<m*<514 tlo

(K," = all charged modes) = (2.0£0,4)% 107 where

L P ﬂruer_ﬂj . the error is the standard deviation,

0.99%96 (0.9997 0.9998 09999 |.0000

cos 8

0
FIG. 3. Angular distribution in three mass ranges K
for events with cos@ > 0. 9995,

- The presence of a
two-pion decay mode implies that the K,° meson K°
is not a pure eigenstate of CP. Expressed as

K,°=2"Y(K-K,) +e(Ko+f_o)] Ky
lel =2,3x107% K,

6 meses depois o resultado foi confirmado por outro experimento 7
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(,’/I". observacao
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d
@ obsercacio ¢ = acoplamento complexo ®  requer interferénciall
) " e eamplitude:
lagrangiana : L ~ gj; @iy + g™ @ifepyt A= |A,| eit+]A,eic
@ ®observavel:
[Al2= A1 + [A,]? + 2|Aq]|A,] cos(a+¢)
A= |A1 ] + A,]? + 2]A4]|A,] cos(a-¢)

P _
&) A=A eif+]A el

CP atua nos campos: Qi) M @ity
CP é uma simetria do sistema se gj;= g;;*

® ¢P pode ser observada de diversas formas:

2 )
(A) L(i f jF l _’_<z F4 (A) 914 direta sem presenca de mixing: mésons carregado:
(B) /P no mixing. PO, P0— [£X
) > o (© ,Q{’ no termo de interferéncia. B0,B0— J/y K,
(B) r r 7 l i r ' . p

no K;—r m B) e (C) contribuem

J -‘:&
(3

lw
(.

todas as possiveis formas de manifestacdo de (}I{ jd

© + =3 + foram observadas

PaP P P
i 18




Qp . no modelo padrio®® CKM |

. . VOLUME 10, NUMBER 12 PHYSICAL REVIEW LETTERS 15 JunE 1963
@®Cabibbo Kobayashi Maskawa
UNITARY SYMMETRY AND LEPTONIC DECAYS
Nicola Cabibbo
. Q Q CERN, Geneva, Switzerland
(Received 29 April 1963)
Ve U, O u +2/3
VWV~ u (f\‘ W
-1 s -1/3

@ para unificar as interagdes fracas nos setores
de quarks e lepton e acomodar as taxas de

decaimento observadas, Cabibbo introduziu o
- -< 4>—< 4>—< angulo de mistura 0,
§ To determine 6, let us compare the rates for
£

Kt—=pt+vand 7= pt+u; we find
g > g cos 90 gsmt?c ’

. . , LK" = wu)/C(at - u)
universalidade das interacoes fracas

=tan?0M_(1-M 2/M_*»2/M (1-M 2/M 2, (3
W Ww-— n K( u / K ) / ‘i'l'( p. / ﬂ'ﬂ) ( )
From the experimental data, we then get5,®
o dcosbc + ssinfeo 0-0.957. (4)
Ly _ u
g J p-netv, (1*0) u—de*v,  G?cos’ O
Ve Yy u B u - n"e‘ v, d—>ue v, G*cos® 0
e J, )\ w ), \d ), \ dcostc+ssinfe /), K‘ - 1%V, s—ue v, Gz sin? 6,
ut —etv,y, — G
. .. no setor leptdnico nio hd mistura de familias
charme ndo havia sido descoberto!!l! o P
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Cabibbo Kobayashi Maskawa

@ KM propoem a extensdo no esquema de
Cabibbo para acomodar ¢P .

®e acoplamento complexo requer uma matriz de CP-Violation in the Renormalizable Theory
mistura 3X3. of Weak Interaction

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

Makoto KOBAYASHI and Toshihide MASKAWA
KM propoem uma terceira familia no setor de quarks¥

Department of Physics, Kyoto University, Kyoto
antes da sequnda estar “completa”’,

(Keceived September 1, 1972)

(:_e )(:_M)(V; ) ( ;)( CS,)( tb’> m dubletos da interagdo fraca (1w=1/2)

W V\l}
\ i "¢ b "¢
d Vud Vus Vub d e—\ <
S - Vcd Vcs Vcb S & v gVCb C
b Vig Vie V| \DP )
Vckm

Nobel 2008

fquark ¢ proposto por G.I.M. (1970).

J/p (cc)observado em novembro/1974
fterceira familia: Y(bb) observado em 1977
e o quark t em 1994
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Cabibbo Kobayashi Maskawa

@ matriz complexa N X N m 2N2 pardmetros Vg N=3
@® Vinculos:

unitariedade: ~ V*TV =1 m) N?vinculos
fases arbitdrias:
|gj) = e%ilgj) ®M2N-1fases irrelevantes

@ pardmetros independentes:  N2-2N-1

Vi © 4 parametros m 3 angulos + 1 fase complexa irredutivel

precisamos verificar se este esquema faz sentido!

na verdade os elementos da matriz CKM podem ser medidos de diversas formas.

a comparacdo dos resultados servem como verificacdo do esquema e/ou fazer
previsoes
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Qp . no modelo padrioee CKM

® magnitudes sdo obtidas comparando taxas de

decaimento:
n—pev Ki=rev 5 ko e
I B—mlv
Vud| |Vus| ub|
Vcdl |Vcs| Ivcb| B—=Dl
D—-mlu MJ V|
oscilacdes By Bt t-Wb

Verm = | 0.22520 4 0.00065 0.97344 4 0.00016  0.0412F05052

+0.00029 +0.0011 +0.000021
0.00867 "5 00031 0.0404 "5 5005 0.999146 " 5'500046

0.97427 + 0.00015  0.22534 + 0.00065  0.00351F9-00012

T ndo se pode medir por taxa de decaimento
pq sento t muito pesado ndo chega a hadronizar




QIS . no modelo padrio®® CKM |

@ Wolfenstein: parametrizacdo conveniente baseada na hierarquia das transicées:

ee CKM escrita como expansao em A =sin0.

l— X% [2 A A3(p —in)
VekM = 3 [ 5 AN2 LR
AX3(1 — p — in) 1
- 0s menores acoplamentos sdo os complexos
b Le° : b Lo’ espera-se GB um efeito pequeno!
vub 4 v ub
u
|
u C t acoplamento por geragdo Vud Vus Vub_
15t to 2nd ~. V _ V V V ~ [
gnd 3rd  ~p@ CKM ™ cd cs 'cb

st rd ~2\3
1 to 3¢~ Via Vi Vi - : .

23



915 . no modelo padrio®® CKM |

@®relacoes de unitariedade

VATV =1 )3V, V¥, =0, ~
J v
@ @ dentro de cada linha ou (coluna) V
|Vud|2 + |Vcd|2 + |er\2 =1 \Vi

|Vus‘2 + ‘Vr;s‘f + ‘Vrsr? =1
|Vub\2 + |Vcb|2 + \U’m|2 =1

@ @ entre colunas diferentest: .. .
esta combinagdo particular

VudVip+VedVip +VigViy =0 m ~0 (33) + O (33) + O (W) produz um tridngulo de lados
~equivalentes associados ao B’

3 nimeros complexos cuja soma é nula m} triangulo no plano complexo

Vi Vi i Vid o triangulo 'sd' associado ao
{ o Vi Via K¢ ~O(A)+O(H)+ O(N)
a =arg | —
Vi Vud
‘\“{ —ar B V;bvud
| LN AT
. e
cbVed =arg | —
8 = arg VVia
24

os angulos internos estdo

associados a (,’,15 fpodemos construir muitas mais relagdes,

mas estas sao as mais uteis



Qp . no modelo padrioe® CKM

T A
exchuded ares has OL= 085 . %’
i t

05 =

IS 0.0 e =
) s _]

10 - v €

- snl:w.fm:sEﬁ-:l:l =

- ICHEF 16 : {axcl::aIEL:vu.EE:l ~

_15 J S | | | [ | i L1 1 | | L1 1 1 | L 11 1 I I. [ | i

-1.0 -0.5 0.0 0.5 1.0 15 2.0

Existe uma solugdo consistente com a proposta de CKM!!!

\Vudl, | Vus|

\Ves!s [Vublst
B — tv

Amy, Ams
€K
sin23
iy

-

/

3

parametrizacdo de Wolfenstein

[Observable| | +20 |
A 0.825 [+0.014 -0.027]
N [ [0.22509 [+0.00059

- |-0.00058]
pbar ' |0.160 [+0.024 -0.014]
nbar 0.350 [+0.015 -0.015]
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QPZ B*->hhh(h=K*,t+) no LHCb

@® LHCb: um dos quatro experimetos LHC ®®(runl pp @ ~7 TeV) Jussara Miranda @ salvador,sA,out
oo =3fb-1(2011/2012)

@ objetivo principal: flsica dos sabores e GP mbotimizado para mésons B (e D)®®alta estatistica

@ participacdo brasileira: CBPF, UFR], PUC-Rio,UFTM

VELO magnet .
Rl CH calorineters
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CP: B:hhh no LHCb

@ E=mc?ee m=mOyeey=1/v(1-v%/c?)

@® numa colisio: Em) m

uma infinidade de particulast sdo criadas e decaem para
outras mais estdveis que deixam rastro nos detetores

evento tipico do run 2 LHCb
@ tipicamente podemos observar:

Ki-pi-n.i- eiui y

@ ‘‘observar’#: posicido (traco; vértice)
momento,
carga,
identidade

a cada colisdo produz-se (em tempo real)
uma lista de particulas observadas

para definir se sdo potencialmente
interessantes

Ttodas as particulas de “interesse” nao chegam aos detetores, as “reconstruimos” a partir do produto de seus decaime2ds
*medir com uma probablilidade ou erro



QP: B=->hhh no LHCb

@ quadrimomento: p=(E/c,p)
@ massa invariante: m2c?=p?=E?/c?-p?

® VM- m ,m ee M?= (E1+E2)2 - |P1 ”]E’2|2

@® observacio do sinal de interesse (B— hhh): massa invariante da combinacdo de
3 tragos carregados + critérios de selecaot para eliminar combinacdes espurias
(background)

S0 T T T T T T T T T T
= | LHCb | —Model
% 400} . mn BE ST
9 Combinatorial
%300 1 ==B—4-body
g =200 : mBoK

2
S 100} ]
- X ¥ ¥y 3 7

= L Tk 1 T %

< () Edaia Pl ;L el Postomninc
o 51 52 53 54 55 51 52 53 54 55

m(w ) [GeV/c?] m(m) [GeV/e?]

28
T que exploram as caracteristicas do decaimento de interesse



j)P . B*>hhh no LHCb

assimetria total CP
¢ T~ ] -TB 1
CP = _ —_ i
ot al. [[B~ — 7| +T[B" — f7] PHYSICAL REVIEW D 90, 112004 (2014)
%10 x10°

=
b

0.5

-

q; — Model a; b
"}- & 'Bi_'KiR-'-E_ "}" 12 (b) un Bi—}KiK+K_ 5
3 ~-Combinatorial{ (510 +-Combinatorial
= = B—4-body = 8 . ‘
S, B’k o - B-mKK
~ = B snintn S 6 =B =K'
& 24 .
= &
= =
2 22
ﬁ - | Ly ﬁ n J T A T I T O T o i s —
21 3Z 53 54 3D Il 32 33 34 3 1 32 33 34 33 31 32 33 24 2]
m(K ) [GeV/cY] m(K'') [GeV/c?] m(K K'K") [GeV/c?] m(K'K'K") [GeV/c?]
X0 | Fakee) PELEEL A P ra P lx“]} | R RS ¥ L Lo B
a il e e
S E S — 1T
E S f SESaa E 0.5 't .-.Combinatorial
= 9 't - Combinatorial] = i -} =Bs—4-body
o = < b | —B—4-body
S 15 B—4-body = | % EESKEKK
= =B K ~ 04 L4 | =BK T
g 1 s ‘
= =
= =
= =
=] =
= =1
o -

D E b U g - : . " T : .
51 52 53 54 55 51 52 53 54 55 51 52 53 54 55 51 52 53 54 55
m(TT ) [GeVie?] m(T ) [GeVie?] m(mKK) [GeVie?] m(m*K*K") [GeV/e?]

Acp(B* = K*xtn~) = +0.025 +0.004 +0.004 + 0.007, Acp(B= — a~xta~) = +0.058 + 0.008 £ 0.009 £ 0.007,

Acp(B* = K*KTK™) = —=0.036 £ 0.004 + 0.002 + 0.007, Acp(B* - 7*K*K~) = —0.123 +0.017 £ 0.012 £ 0.007,
29

medida mais simples possivel ... contagem de eventos



j)P . B*>hhh no LHCb

@claborando... explorar 2P na dindmica do decaimento
...estado resonante intermedidrio

®® sistema com dois graus de liberdade: m* Xm?

h,
® B _, intermediate 4;112 ®e DALITZPLOT: ® m* Xm?, éoespacode fase do
4 hs

state 3

decaimento em 3 corpos
® “retrato” do decaimeto

100K Simulated B >K'r'n”
Isofgars:o .
K'(890)° + n
K(890)' + 7 ® dI'(m?;,,m?,3) o |A|2dm?, dm?,;
K,(1430)° +
K,(1430)" +
p(770) + K

25 :1 .

20 H}

30
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CP: B=-hhh no LHCb

@ medir a assimetria em regides no espacco de fase

KKK
— 25 T T T T
L =B
T N LHCb (EI.)
> 20F
©
515F
IA -
# woF
v r
T L
g sE
% "sl""_llu""ls
m(K'K) [GeVY/cd]
grande CP em baixa massa
2 asp
- C
@ 20
2k
e
E 10
T
5 oy
ﬂ:_l | L | L L -
0 5 10 15 |

mi (') [GeVYe']

podemos elaborar ainda m

[ ]
LA

[
=

[y

mA(K'10) [GeV?/ et

—
o]

LA

. Illl}l — Illjl — Izll}l —
m(m) [GeV/ed]

rico padrao de CP associado a interferencia entre estados
intermediarios KKt

25 (d)

T 1 =
08
0.6
04
02
0

-0.2
-0.4
-0.6
-0.8

1

LHCDb

m*(K'n) [GeW Y]

L :ZIU L
mA(K'K ) [GeV/c]

10

=]

31
ais propondo um modelo de amplitude...



conclusoes

v awer

direct CPV k& |

Py 8. 17-‘.

Sin(g ) Sk

hll Y
- geall”
- —

Ay

. = B¢ mix freq 3
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