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A definition, which we will understand later in this lecture:

The matter-antimatter symmetry vio

ation

in physics reactions corresponds to the breaking of the

so-called CP symmetry & C-P Violation




Matter-Antimatter Asymmetry

Current universe
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m (*) Bigi-Sanda, CP Violation, 2000
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2 is not empty™ ! Nparyon

nbaryor' 9 nbaryon - 0(10—10)
Y
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Sakharov conditions (1967) for Baryogenesis
1.  Baryon number violation
2. Cand CP violation

is almost empty* ! n

3. Departure from thermodynamic equilibrium (non-stationary system)

e, . S ..

So, if we believe to have understood CPV in the quark sector, and if it cannot account for
the observed baryon asymmetry ... what does it signify ?

A sheer accident of nature ?

What would be the consequence of a different value for the CKM phase ?

L




Much is Strange Out There ...

Hubble space telescope
picture of Cluster
+ ZwCl0024+1652

Image: NASA, ESA, M.J.
JEE AND H. FORD (Johns
Hopkins University)
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Much is Strange Out There

Dark matter does.not emit or reflect
sufficient electromagnetic radlat|on to
be detected

Evidence for dark matfer stems from:
= Gravitational lensing
m Kinetics of galaxies

m Anisotropy of cosmic microwave
background (blackbody) radiation

Bullet cluster: Collision of galaxy clusters: baryonic matter,
stars — weakly affected by collisions - Dt remtyy
affected gas (pink in picture), and collmiDaigss dagt matter
(blue) m Free H and He
e T E e
. 5% ® 4 Neutrlnos .
Heavy “elements
al legsing

0 03(7 . *
003%: 50/ 4% | A

weak lensing mass contours (Clowe in prep.)

- i

Galax Iuster Abell 1689

S den&we%ya!;w§5§ CHAIPQSEL QNS Bhairgrarh

NASA, N. Benitez (JHU), T. Broadhurst (The Hebrew UniverSity), H. Ford (JHU), M. Clampin(5TScl),
G. Hartig (STScl), G. lllingworth (UCO/Lick Observatory), the ACS Science Team and ESA
STScl-PRC03-01a




And: There is Much More Strangeness ...

Empirical and Theoretical

of the
Standard Model

Dark matter (and, perhaps, dark energy)

Baryogenesis (CKM CPV too small)

Grand Unification of the gauge couplings

The gauge hierarchy Problem (Higgs sector, NP scale ~ 1 TeV)
The strong CP Problem (why is 8~ 0 ?)

Neutrino masses

Gravitation




Energy in GeV

Time in s

©

Most of these
problems are
related to the
earliest
moments of
our Universe

Electromagnetic force
Weak force

Electroweak
unification

Strong force

«5&
' Lo

Gravitation

v

,Grand Unification”

B ® baryon Planck skale

A\ photon

- &R r galascy

M reeut ll . 1 ::::-lll

Particle Data Group, LBML, () 2000. Supported by DOE and MSF




The understanding of matter-antimatter symmetry violation

is crucial if we want to move closer into the heart of the Big Bang




Lecture Themes

Introduction
Antimatter

Discrete Symmetries

The Phenomena of CP Violation
Electric and weak dipole moments

The strong CP problem

The discovery of CP violation in the kaon system

CP Violation in the Standard Model
The CKM matrix and the Unitarity Triangle

B Factories

CP violation in the B-meson system and a global CKM fit

Penguins

CP Violation and the Genesis of a Matter World

Baryogenesis and CP violation

Models for Baryogenesis
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dlgreSS|on CP Vlolatlon a Famlly Hlstory of Flavour

(1957)

(1963)

e GIM-Mechanis "ashow llliopolous, Malanl) (1970)

» Jhy Resonance:

quarks (Ting, Rlchter) : (1974)

CERN Summer Student Lectures 2008 A. Hocker: The Violation of Symmetry between Matter and Antimatter (1 & 2)



dlgreSS|on CP V|olat|on a Famlly Hlstory of FIavour

: . y e t“ Y .- . -_" #w .
o ’ ? s ._: - e i | “I:' L_'-" dh_'drfr' 3 ﬁ'«h‘r J . ﬂgﬁ"

. I'”. z .
A gt -.'.-,,,F'U-'-'
ganta |

" (1999) g
. (1909) |5 |
Z
-) (2001) g
£ T
e Direct CPVin B'd«-system (BABAR, Belle) (2004) i
¥ B, mesons oscillate (CDF) (2006) T

e DY mesons oscillate (BABAR & Belle) o (2007)
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Evolution of working conditions (example BABAR, discovery of CP violation in B system, 2001) :
E.

BABAR: PRL 87, 091801 (2001)
Belle: PRL 87, 091802 (2001)




Through the
Looking
Glass

What's the
Matter with
Antimatter ?

David Kirkby, APS, 2003




Paul Dirac (1902 - 1984)

m

7t Combining quantum mechanics with special relativity,
and the wish to linearize d/ot, leads Dirac to the equation

_ -. for which solutions with negative energy appear
Dirac, imagining holes
and seas in 1928

Energy i Vacuum represents a “sea” of such negative-energy

R particles (fully filled according to Pauli’s principle)
o "\ +E %+ Dirac identified holes in this sea as “antiparticles” with
° opposite charge to particles ... (however, he conjectured
0+ that these holes were protons, despite their large difference in mass,
because he thought “positrons” would have been discovered already)
_me P
—— -E
S “ An electron with energy E can fill this hole, emitting an
s=-12 [s=+1/2 energy 2E and leaving the vacuum (hence, the hole
This picture fails for bosons ! has effectively the charge +e and positive energy).
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Antineutroﬁ

discovery
= p 1996

S RS

Antiproton charge-
exchange reaction into
neutron-antineutron pair in
propane bubbfe chamber

(source: E.G. Segre; Nobel Lecture)

nti-p — n + anti-n

5 . Aty

“ “annihilation star”
(large energy release
' from antineutron destruction)
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Particles and Antiparticles Annihilate

What happens if we bring particles and antiparticles together ?

| Amodern
example:

Higgs candidate
e'e” - ZH(Z) - qgbb
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T

Symmetries

A symmetry is a change of something that leaves
the physical description of the system unchanged.

Physical symmetries:
& People are approximately bilaterally symmetric

] Spheres have rotational symmetries

Laws of nature are symmetric with respect to mathematical operations,
that is: an observer cannot tell whether or not this operation has occurred

}%_‘% ||" - -...I_?H{f_lt iy Pol
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Continuous Symmetries and Conservation Laws

%t In classical mechanics we have learned that to each continuous symmetry
transformation, which leaves the scalar Lagrange density invariant, can be
attributed a conservation law and a constant of movement (E. Noether, 1915)

“t Continuous symmetry transformations lead to additive conservation laws

Invariance under Homogeneity of

Symmetry L Isotropy of space
movement in time space

Transformation Translation in time mansction s Rotation in space

space
Conserved . Angular
: Energy Linear momentum
quantity momentum

=P  No evidence for violation of these symmetries seen so far
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digression: Symmetry of Reference Systems

Another type of symmetry has to do with reference frames moving with respect
to one in which the laws of physics are valid (inertial reference frames):

Physical laws are unchanged when viewed in any reference frame
moving at constant velocity with respect to one in which the laws are valid

Note that while laws are unchanged between reference frames, quantities are not

The fact that the laws of motion are unchanged between frames, plus the fact that
the speed of light is always the same lead to the theory of special relativity with two

consequences
@  Two events that are simultaneous in one reference frame are not
necessarily simultaneous in a reference frame moving with respect to it

@  There are some quantities (called Lorentz scalars) that have values
independent of the reference frame in which their value is calculated
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Continuous Symmetries and Conservation Laws

In general, if U is a symmetry of the Hamiltonian H, one has: [H,U]=0 = H=U'HU
i)

“t Accordingly, the Standard Model Lagrangian satisfies local gauge symmetries
(the physics must not depend on local (and global) phases that cannot be observed).

H

(Uf[H|Ui) = (f|UTHU |i) = (f|H|i)

) <f ’

U(1) gauge transformation > Electromagnetic interaction
SU(2) gauge transformation > Weak interaction
SU(3). gauge transformation -> Strong interaction (QCD)

Conserved additive quantum numbers:
= Electric charge (processes can move charge between quantum fields, but the sum of all charges is constant)
= Similar: color charge of quarks and gluons, and the weak charge

% Quark (baryon) and lepton numbers (however, no theory for these, therefore believed to be only
approximate symmetries) =2 evidence for lepton flavor violation in “neutrino oscillation”
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Discrete Symmetries

Discrete symmetry transformations lead to multiplicative conservation laws

The following discrete transformations are fundamental in particle physics:

Quantity R C T
Space vector —X X X
Time t t —t
Momentum —p p —p
Spin S S —-S
Electrical field -E -E E
Magnetic field B -B -B
“ Time reversal T : C\d>=‘o_l>
The tme amow s reversed i the SOUBONS - e revenent Cl*)=+|)

the opposite direction is also allowed

= Time reversal symmetry (invariance under change of time direction) does certainly not correspond to our daily experience. The
macroscopic violation of T symmetry follows from maximising thermodynamic entropy (leaving a parking spot has a larger solution space
than entering it). In the microscopic world of single particle reactions thermodynamic effects can be neglected, and T invariance is realised.

CERN Summer Student Lectures 2008 A. Hocker: The Violation of Symmetry between Matter and Antimatter (1 & 2)



The CPT Theorem

The CPT theorem (1954): “Any Lorentz-invariant local quantum field
theory is invariant under the successive application of C,Pand T”

Proofs: G. Luders, W. Pauli (1954);
J. Schwinger (1951)
Derived from Lorentz invariance and

the “principle of locality”

Fundamental consequences:

= Relation between spin and statistics: fields with integer spin (“bosons”) commute and
fields with half-numbered spin (“fermions”) anticommute - Pauli exclusion principle

= Particles and antiparticles have equal mass and lifetime, equal magnetic moments
with opposite sign, and opposite quantum numbers

<107

i Best experimental test: ‘(mKo_mKO)/ Mo
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If CPT is Conserved, how about P, Cand T ?

= Parity is often violated in the macroscopic world:

L )
[

LEFT H@\N@EDNESS

AN AWKWARD PREDISPOSITION

. - - . . T I
Strongly Left-sided | Strongly Right-sided | Mixed Sided lif._mw_ué'f‘”(?;%‘z“,,&% wngen] o nNATIONAL k] s
RMcHT LEFT LEFT OR RIGHT TUSKED.
ENGLSH: GorRECT) (LEFT i) ONE TUSK 15 USED FOR

— DIGGRING & 15 SLIGHTLY
Handedness 5% 72% 22% FRENCHT OROIT  GAUCHE S

LARGER THAN THE OTHER,
* (ADROIT)

0 0, 0% (7 LATIN © DEXTER.  SIMISTER]
Footedness 4% 46% 50% (?) kb THE ESKiMos, MAORIS
GREEKS QFR' ;;.gnsn& Cmv E?EYME

0 0 0 ° 15 AN EXCEPToN. | - FINANTL °
Eyedness 5% 54% 41% RRISTEROSILEFT-HANCED) ALs] 2IeHT-HANDED . 50 UERE
MERNS BETTER THE ANCIENT EGYPTIANS °
GREEKS L ROMANS.

{'BWW?‘? 0

TTONKEYS
WHEN ONE-RAND-SIDED T00LS, SUcH AS ) v A RECENT STUDY

Earedness 15% 35% 60%

Porac C & Coren S. Lateral preferences and human behavior. New York: Springer-Verlag, 1981

SCYTHES & SICKLES, FIRST APPEARED, THEY L OF FAPRNESE
WERE PRECOUS OBTECTS OWNEY &Y THE TS 4| phCARUE MONKEYS
COMMUNITY -NOT BY INDIVIDUALS, 1T REVERLED:!

EVERYBODY SHOULD BE ABLE To USE
THE SRME ToOLS— SO A ONE-HAND-SIBED

WAS 0BVIOUSLY DESIRRBLE THAT g ) 401, LEFT-PAWED
BAS DEVELOPED,

2.0, RIGHT-PAUED

= About 25% of the population drives on the
left side: why ?

In ancient societies people walked (rode) on the left to have their

SIAMESE TWINS ARE MIRROR IMAGES)
oF EACH OTHER, ONE WILL BE
LEFT-HANDED & THE OTHER
RIGHT-HANDER, THE FINGERPRINT!
OF ONE TWIN'S RIGHT HAND E’?’Le -FEET
8E ALMOST JDENTICAL To THE
OTHER THIN'S LEFT HAND.

L) AFMBIDEXTROUS

T MR B MSTINETIVE FOR Wogn [ THE WS ARITY RETECTS

. . 1o CRAGLE BAGIEs On THER LeFT | PHIBHER PERCENTAGE POST  RichT-
sword closer to the middle of the street (for a right-handed man) !? ﬂg;mpmg;;&ﬁgggaﬂgg*; R rpore, ﬁ‘i:% %Elea
kOILEFT-HANDED LS LEFT FooT.

SCHOOLCHILDREN  HAVE

OMN AVERAGE, SLIG
e feence, sucHTLY

Hou To_FIND_IF YOU RRE LEFT-EYED
£ IN MENTAL INSTIT- OCUS EYES ON DISTANT OBJECT. RASE

FINGER G0 Youl SEE JT 'CUT OF FOCUY, I
TIONS,MORE P
:\HP?NN MERMEE?;LE' FRONT OF ORJECT. WINK ONE EYE THE
LEFT-HANDED, THE OTHER. FINGER WILL RPPEAR TO
) TJUMP LHEN YOu LNk Dommﬂm‘
'ﬁmummn 1§ LEFT- EYE RBWUT NOT THE OTH.

.2 The DNA is an oriented double helix

Two right-handed
polynucleotide
chains that are
coiled about the
same axis:

LR

SPORT
N MANY SPDKTS SUCH
AS CRICKET, TENMS £ %:
FFJJCING;‘ |1 15 AN — o a

PLAYERS GET GSEn 1o p

PLAYERS ARE OFTEN MOST RIGHT-HANDERS ARE RIGHT-
CONFUSED &Y A LEFT- EYED. THERE 15 SOME EVIDENCE THAT
HANDED DRPONENT. [THEY ALSO CHEL) MORE WITH THE

: RIGHT SIDE OF THE SAM.
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Not so in the microscopic World ?

Electromagnetic and strong interactions are (so far) C, P and T invariant

&

Example: neutral pion decays via electromagnetic (EM) interaction : ® — yy but not ©° — vyy

the initial (n°) and final states (yy) are C even: hence, C is conserved !

L+S+I

Generalization: P\qq’>:(—1)m\qﬁ’> , Claq) (—1)L+S\qc_|> , G‘uﬁ(5)>=(—1)

uti(d))
Experimental tests of P and C invariance of the EM interaction:

C invariance: BR(7z° — 3y) <3.1x10°
P invariance: BR(77 — 47°) < 6.9x107

Experimental tests of C invariance of strong interaction: compare rates of positive and
negative particles in reactions like: pp —» 7777 X, K'K™X
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And ... the Surprise in Weak Interaction !

Lee & Yang:

“Past experiments on the weak interactions had actually no bearing on
the question of parity conservation.”

“In strong interactions, ... there were indeed many experiments that

established parity conservation to a high degree of accuracy...”

“To decide unequivocally whether parity is conserved in weak interactions,
one must perform an experiment to determine whether weak interactions

c : c o

d|ﬁerent|ate the I‘Ig ht from the |eft Yang, C. N., The law of parity conservation and other symmetry
laws of physics, Nobel Lectures Physics: 1942-1962, 1964.
Lee, T. D., and C. N. Yang, Question of Parity Conservation in
Weak Interactions, The Physical Review, 104, Oct 1, 1956.

—— |
—1 for electron
- . Vifu, 1967
+1 for positron
Wﬁa‘t* giii+|}'f-|- e
) ) ) ) ) Teo~0.01K
» Parity is maximally violated in weak polarized in iLE
. . ' magnetic field L
interactions ! l .
°
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P and C Violation in Weak Interaction

%t Goldhaber et al. demonstrated in 1958 that in the B decay of the nucleus, the
neutrino (e7) is left-handed, while the antineutrino (e*) is right-handed:

+

Particle : e e 1% vV
Helicity: —v/c +v/c -1 + 1 ( = C violation!)

In the Dirac theory, fermions are described as 4-component spinor wave
functions upon which 4x4 Operators T'; apply, which are classified according
to their space reflection properties :

( / wy =y Yy scalar (S) \ P-even
Wy pseudoscalar (P) P-odd

_ wy'y  vector (V) P-even
7 (4x4)y current < ~ _
0 wr' vy axial vector (A) | P.odd
Lorentz-covariant bilinear
w(r'y —=7'v")w tensor (T) antisymmetric tensor

KK¥ _2igH ” j
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P and C Violation in Weak Interaction

% Let’s consider the B reaction: n+v —>e +p

@ General ansatz for the current-current some constants

matrix element : ’,/\‘

One transparency with a bit of math

... sorry ...
won'’t happen again (almost) ...

=1

while for a scalar interaction: Uug = %UU +7)u =0 and similar for P, T

% Consider a (weak interaction) V — A neutrino-electron current in the relativistic limit:

_ _ 1 _ _ _
U, (V - A) u, = ue7ﬂ 5(1 ~7s ) u, = (ue,L T U R ) 7ﬂuv,|_ = ue,Lyﬂuv,L

» [t projects upon the left handed helicities, and hence violates P maximally, as required !
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P and C Violation in Weak Interaction

* Weak interaction violates both C and P symmetries

ey

The preferred emission
direction of the light
left-handed electron is
opposite to the muon A

polarization.

Similar situation for C
transformation (i.e.

O

replace all particles with
their antiparticles).

CERN Summer Student Lectures 2008

@ Consider the collinear decay of a polarized muon: (... > € +V,+V,

<

handedngss of the el

P transformation (i.e.
reversing all three
directions in space)
yields constellation that
is suppressed in nature.

Applying CP, the resulting
reaction—in which an
antimuon preferentially
emits a positron in the
same direction as the

| larization—i rved.
handedness of the pasitron: B. Cahn, LBL polarizatio s observed
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.and TOMOITOW. we wil SEE







CP Violation

CP Symmetry requires that processes and
their anti-processes have the same rates

1. Due to the CPT theorem, CP symmetry also requires T symmetry

2. CP violation would enable us to distinguish between particles and
antiparticles, and between past and future in an absolute way !




Dipole moments

3

Can there be CP violation in the electromagnetic or neutral weak current ?

Let’'s modify the Standard Model Lagrangian to allow for CP violation through

electromagnetic and weak dipole moments:

i_ 1% wea
[ L. :_Ewﬂ 7/56( diF + @t ZW) }

where F,, and Z,, are electric and weak field strength tensors.

In the nonrelativistic limit one obtains the Pauli equation with the additional terms:

Lep — diVGE +d)"*6Z

A shift in the energy of the system when
applying an external electric or weak field

But.... why do these dipole moments violate CP symmetry ?
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Dipole Moments and CP Violation

et

must be proportional to it
de<s

|
d = [d®: p(X)- X
(4? dipole
= The spin has the form of angular momentum - axial vector
SoecI XP
w Parity transformation gives: Pd=-d, PS=3§ = d=0
P invariance

Time reversal transformation gives: Td =d , TS=-S = d=0
T invariance

Spin is the only explicit “direction” of an elementary particle. Hence the dipole moment

The electric dipole moment is the average of a charge density distribution - polar vector

Non-vanishing electric or weak dipole moments require the
1 presence of a P- and T-violating (=CP-violating) interaction

CERN Summer Student Lectures 2008

spin  moment
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.—
c 1020 - neutron: e
3 J o— electron: e
- 1022+
LLl
o] -
S 1024-
£ .
- 10-264
v
= =
E 102+
o) =
3 -30
L 10 | I I

1
1960 1970 1980 1990 2000

R

“ The Measurement of EDMs:
History of the experimental
progress

<— d(muon) < 7x10-"° ecm

<— d(proton) < 5x10-24

<— d(neutron) < 3x1026

<— d(electron) <1.6x10?7

— _/
v

present experimental limits

None of this seen yet, why ?

Standard Model
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digression: CP Violation in the QCD Lagrangian

It was found in 1976 that the perturbative QCD Lagrangian was missing a term L,

104 ~ ~ 1
— . _ S a MV ua _ ofa
perturbative QCD  P.T -violating Gluon field tensors b el fiol g
ual field tensor

that breaks through an axial triangle anomaly diagram the U(1), symmetry of L ocp , which
is not observed in nature

when classical symmetries are broken on
the quantum level, it is denoted an anomaly

2

—

B

Ea + a

B,

= 2
E.| +

The term G; G*"* contained in Lqcp is CP-even, while G;Vé‘”""‘ is P-and T-odd, since:
similar to electric field
tensors: F, F*, F, F*

66~ Y

Géocza:(éa-éa) —=Ls -Y(E,B,) 9, F*" =", 3, F =0

a

2
) Relativistic invariants,

) ==

v .
Maxwell equations

color electric and magnetic fields

This CP-violating term contributes to the EDM of the neutron:

d [0 8-5x107"° ecm, so that @ tiny or zero
"Strong CP (finevtuning) Problem"
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digression: The Strong CP Problem

7t Remarks:

= |If at least one quark were massless, L,could be made to vanish; if all quarks are
massive, one has uncorrelated contributions, which have no reason to disappear

e

Peccei-Quinn suggested a new global, chiral Upq(1) symmetry that is broken, with the
“axion” as pseudoscalar Goldstone boson; the axion field, ¢, ,compensates the
contribution from L :

L =| g— g &Ga éﬂv,a axion coupling to SM particles is
0 f 8r * suppressed by symmetry-breaking
a v\f scale (= decay constant)

QCD nonperturbative effects (‘instantons”) induce a potential for ¢, with minimum at ¢, = 6-f,

The axion mass depends on the Upq(1) symmetry-breaking scale f,

a

~[1o7 GeV

x0.62 eV, and axion coupling strength: g, = m,
f (GeV)] pling gih: ¢

= If f, of the order of the EW scale (v), m_~250 keV - excluded by collider experiments
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digression: The Search for Axions (a dark matter candidate !)

@ The axion can be made “invisible” by leaving scale and coupling free, so that one has:
m, ~ 10-'2eV up to 1 MeV > 18 orders of magnitude !

; Axion scale and mass, together
1 10° 101 10 10% ¢ (GeV) with the exclusion ranges from
= experimental non-observation

10° 1 105 107 w0, {S¥)
AT
Red giants
77 INNNN
Accelerator Sn 1987a Cosmology
searches
O;;cn Axion
mass range
v
a f
@ Axion decays to 2y, just as for the #%, or in a static magnetic field: ------
Schematic view of X-ray
CAST experiment A 500 saconds detector
at CERN: VMUV = oe B m = m m — m m o e m e o e e mm o m e
3 ¢ Flight time >
2
Sun Earth
Axion source Axion detection (LHC dipole magnet)
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Ingredients ... Strange Particles

% Strange mesons have an “s” valence quark

= Non-strange particles: (z,p,...)_,: ud, (ull —dd)/~/2 Neutral particies are
(no...)_,: (UT+dd)/V2+ eigenstates of C operator
1 &se)i=0 -
“ Strange particles: (K, K", )y o KP=US, K™ = US,\KO =ds, K° = C_ISJ
Y

Neutral strange particles are
not eigenstate of C operator

% Production of strange particles via strong or electromagnetic interaction has to

respect conservation of the S (“strangeness”) quantum number
(Strange particles are “eigenstates” of these interactions)

(ﬂ';:ops:o) (A Ko )s I

(”g:ops:o )s— — (p5=o S= +1KéJ 1)s=o

(Ps=oPso )Szo (”s oK Ke_ +1) e (”s oKs- +1K§ 1) "
(

€5-08s-0 )s:o P = (Kg +1K§ 1)3 =0

1t Kaons are lightest s-particles - can only decay via s-changing weak interaction
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The Discovery of CP Violation

Empirically (in the experiment) one does however not observe the neutral *flavor
eigenstates” K and K° but rather long- and short-lived neutral states: K, and Kg

s Their observed pionic decays are: Kg — (zz)’ and K, — (zzz)’ Larger phase space of
27 decay:
= And it was believed that: CP |Kg)=+|K;) and CP|K )=-|K ) = 7, /7, 0580

However, Cronin, Fitch et al. (BNL) discovered in 1964 the CP-violating decay K, — 7'z~

< L t Today’s most precise
Jim Cronin ) L > T SVents N measurement of ampli-
7N | T bATA AW tude ratio:
o 00 | T MONTE-CARLO CALCULATION 4 1\20
|4 1110 .-
_13 \ HzA(KLefrﬁ)
VVVVVVVV 0 b A(KS — 75%‘)
1 ho —
S — ITY 5 =(2.282+0.017)x10°
= rd L 140/
..’ E 1397
Val Fitch ST g _mr-—[*—Fth- i ?g:;;-ﬁ
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e'e” 5 ¢ > KK and equivalently: e'e” - ¢ - KK,

Ks >7m'm Run Event Date
K. = T 6757 738533 Apr. 20, 99

Note that the
quantum coherence
is broken after the
decay of one of the
two K9’s




The Discovery of CP Violation in
the Charged Weak Current

¢ To understand the observed CP violation from the flavour perspective, let us
construct CP eigenstates with CP eigenvalues 1:

k)=—=(K)+[R) . [oP=+1

)= (K)-IK?) . [eP =1

= While the flavour eigenstates are defined by the production, the CP eigenstates
are distinguished by their decay into an even and odd number of pions.

iz Since there is CP violation, the physical states (“mass eigenstates”) are
not exactly the same as the CP eigenstates:

[ S AR

where: |g/p|=|(1-£)/(1+¢)|0 0.995 = 1 (1)
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CP Violation and Neutral Kaon Mixing

%+ CPLEAR (CERN) measured the rates of K°,K°(t) = z'z~ (using initial state
strangeness tagging) as a function of the decay time, and finds quite a surprise:

7 : :
10°F _ w s-tagging at production:
:J‘k. after acceptance correction
6l ™ and background subtraction K 7tK°
10° ¢ pp — _ !\ charge of K*
; Kz K°
5
% 1o = Rates are different for the
z } two flavor states
5 104 F
3
E 10°
102
« Also T violation measured
o F o = TN 9 BDosRisg BeRRsRansatighnt
2 4 6 8 10 12 14 16 18 20 S8YHRRRIFY 6F)
Neutral-kaon decay time [ts] KO/KO(t) s> ety
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Neutral Kaon Mixing

Neutral kaons "mix” through the charged weak current, which does not conserve
strangeness, neither P nor C. Weak interaction cannot distinguish K° from K°

: Simple picture: they mix through common virtual states:

0

LN
K® K®

~—. (n7rr)” —

1t These oscillations are described in QCD by AS = 2 Feynman “box” diagrams:

Because Am(K) = m(K) - m(Kg) = 3.5 x10-'2 MeV > 0, a K°will change with
time into a K°and vice versa
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Neutral Kaon Mixing

= Aninitially pure K9 state, will evolve into a superposition of states:
[K(t)) = g(t)|K®)+h(t)[K°)

The time dependence is obtained from the time-dependent Schrodinger equation:

0 0 With 2x2 matrices M, I", of which the off-
d ‘K (t )> _ ‘K (t)> diagonals «< Am, A" govern the mixing

'E‘E%t)} =(M=27) K'(v) ]

1(T)/1(0) 10 After several Kg lifetimes, -
i only K, are left

The respective time-dependent intensities ;!

: : , 0
are found to be (neglecting CP violation): | \K
0.5 -
| o (t) o< e el 4 20 T2 cog (A -t) " g
L
IKO (t) oc e—FSt +e—1“,_t _2e—(FS+FL)t/2 COS(Am t) '
cos terms caused
by interference - ' - - ! .
0.0 2.0 4.0 6.0
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Observing
0 Misine

The s in the K* is
transferred to the KO

The s in the K° mixes
to a s making a K°

The s is transferred
to a A (uds baryon)
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Neutral Kaon Mixing and CP Violation

Ha
g

Since Kg and K| are not CP eigenstates, the time dependence has to be slightly
modified by the size of g, giving rise to an additional sine term.

F(IZO — 7Z'+7[_)—F(Ko - 7[*7[‘)

F(IZO — 7[*7:‘)+F(K° N 7[*7:‘)

Neglecting other
o< ‘8‘ COS (Am . = (0) sources of CP violation

& assuming arg(¢) = n/4.

o Asymmetry: A =

amplitude < |¢|

(b) Neutral-kaon decay time [T]
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There are in Fact Four Meson Systems with Mixing

Pairs of self-conjugate mesons that can be transformed to each other via flavor
changing weak interaction transitions are:

[ K°>:Sd> D°>=cu> B§>:bd> Bso>zbs>] Al measured

by now !

“+ They have very different oscillation frequencies that can be understood
from the “CKM couplings” (= tomorrow !) occurring in the box diagrams

S for the plcﬂ i

N(T )/N7 %=002 | |
K | =0 K

d | 00 s

mixing probability:
x ~ 2x1076
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Three Types of CP Violation

The CP violation discovered by Cronin, Fitch et al. involves two types of CPV:

= CP Violation in mixing:

\
[ Prob(K® — K°) = Prob(K°® — K?) ]

also called:
% CP Violation in interference of decays with and without mixing: > “indirect CPV”

L Prob(K°(t) - z*7z~) # Prob(K°(t) - z'7") J

J
“ There is another, conceptually “simpler” type of CP violation:
% CP Violation in the decay:
— — also called:
[ Prob(K — f) #Prob(K — f ) ] } “direct CPV”
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“Direct” CP Violation = CP Violation in Decay

1t General signature: rate differences between CP-conjugated processes:

T - -

¥ It must involve interference of amplitudes contributing to the processes.

= To obtain interference, we need phases that change sign under CP

= Example: if the decay amplitudes are given by: {a,,.¢,e 0}

A} 1) = ag"e” +age 9y Alers sign under 7
Alli)=|f)) = (ae%e ™ +ae%e ™) e 0. CP invariant
(=) = )m ' (‘strong phase”)

2

where: Ty =) = |A() >0 and T(T)-[F) « [&(1)-[7)

We can define the following CP asymmetry Acp:

A :l_"(‘i_>—>‘f_>)—l“(‘i>_>‘f>) _ 2aa,sin(6, - 6,)sin(¢ —¢,)
i f(‘i_>e‘f_>)+l“(\i>a\f>) a’ +a; +2aa,cos (6, - 6,)cos(¢,— ¢, )
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CP Violation in the Kaon Decay

i We have seen that at least two amplitudes with different weak and strong
phases must contribute to the decay for direct CPV. This suppresses this type of

CPV, so that the observable effect should be small compared to &
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The Discovery of CP Violation in the Decay

It took several experiments and over 30 years

: : : (K, —7°7°) /T(K = x'7 )=
of effort to establish the existence of direct CPV ( g 0) ( - _) 0 1—6><Re(i
I(Ks = 7°7°)) T(Ks»>7z'7)
“ Feynman graphs: a Experimental average
- W - d T Indeed, a very small CPV effect !
— S - = u
US IS -l + 40
—_— K {d - dl” Re(e'/c)x10* 2
Tree 35 | REG
(born-level) _ 52 A=
amplitudes W & c2 e
—_ S = - U 0 30 - o ﬂ’go
KO ﬂ' ° 0
-
@
\_ 25 | o £ KTeV
12
20 - |
15 I (16.7 £ 2.3)x104 —
NA48% %t
4]
10| _ g Egt
uﬂ o (=] %‘g
51 | 5 %38
“Penguin” >3°
(loop-level) | I I | I | | I
amplitude 0 P o - ~
(=2} (=2} o o9
=2} =2} o o
- - N N
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And the Theory ?

¢
it Direct CP violation is in general very hard to calculate due to its sensitivity to

the relative size and phase of different amplitudes of similar size
¢ t  Many theoretical groups have put efforts into this. All agree that the effect is
much smaller than the indirect CPV (a success for the Standard Model !), but

the theory uncertainties are larger than the measurement errors

L i e R plot not updated !
(72]
S Dubna
< 9 7S EN Wiocoicius N | IS I Beijing ____
._g § = Miinchen Roma _ Valencia T Tsukuba
o0 D - Taipei
— ) A S Y | Sy & Sy — =l__0 _ ______
o wn| = I
O O w l Lund
< ol 11 AT 4 Wm0 ] cr-racs
Dortmund ;
S Hamburg o ...the ball is on
28 the theory side

courtesy:
G. Hamel de Monchenault

end of Lecture 1&2

CERN Summer Student Lectures 2008 A. Hocker: The Violation of Symmetry between Matter and Antimatter (1 & 2)



Conclusions of the first two Lectures

No CP violati

CP violation is

CP violation h:
direct and indi

P, C, T are good symmetries

hout antimatter !

a vital ingredient for the creation of a ma

CPT Symmetry is a fundamental property of quantum fiel

P, C are maximally violated in weak interaction

aS been

No other sourc

CERN Summer Student Lectures 2008

fromagnetic and strong interactions

CP, T are broken symmetries of weak interaction

first discovered in the kaon system, and both,

rect CP violation have been

e of CP violation has been found so far
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Cartoon shown by N. Cabibbo in 1966... since then, there was tremendous
progress in the understanding (better: describing) CP violation - next lecture !




