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Flavour physics and CP violation
informal introduction



The Standard Model Zoo
SU(3) x SU(2) xU(1) [g, W, Z; ]

Neutrinos —={ 1=11=[]
Pattern of the fermion Charsec
f ‘harged O 7 ]
masses is not currently leptons
/1] Down
not understood !!! e . ] ]
Up quarks Il ] .
I I |
10 107 107 107?107 1
Mass hierarchies (from ). The

heaviest fermion of a given type has unit mass.

Masses come out of interactions in the Standard Model

and these interactions conserve (or do not conserve...)
particular symmetries.
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Invariance properties with respect to the transformations
have been always important in physics

3
1. translations in R 1. momentum
2. rotations in R3 2. angular momentum
3.time translations 3.energy
invariance ) conservation

Gauge symmetry — invariance with
respect to the transformations in
«internal» space

In the SM this space has structure of U(1) x SU(2) x SU(3)



Besides continuous symmetries of prime importance in
high energy physics are discrete transformations

» C — charge conjugation
* P — space inversion
* | — time reflection



P transformation

coordinate X;—= X, =X

velocity V,— V', = -V,

momentum p; — p'i=-p;

angular momentum Li—=L =L,

spin S, — S =5,

charge density 0i—>pPi=p;

charge current i—=Ji=J

electric field E —E,=-E et
A vector

magnetic field B, — B',= B, potential



C transformation

e electric charge e — e =-e,
X; coordinate X — X' = X;
v, = ax, velocity V,— V=V,
dt
Pi momentum pi— P =P
L, =¢;,xp; angular momentum L,— L' =L,
S; spin S;— S =5;
0 charge density 0i—>pPi=—p;

Ji=pv; charge current Ji—=Ji=J



E field

B field




e
Xi
dx;
v, =
dt
Pi
L, = kX i P
S
0
.// = pV,-
g0 _9A
dx, dt
A
Bi - gljkO’)—k
ox j

C transformation

electric charge

coordinate
velocity

momentum

angular momentum
spin
charge density

charge current

electric field

magnetic field

(p=¢=-¢g.A>A

e —>e =-g
X;— X = X
V,— V=V,
pi— P’ =P
Li—L'.=L,
S;—> S =S§;
P;i—P=P;
Ji= =
E.— E';=-E;
B;— B'; = -B,



Xi
dx;
dt
Pi
L, =¢&;x;p;
S;
0

T transformation

time
coordinate

velocity

momentum

angular momentum
spin
charge density

charge current

t—t =t

X; = X; = X
V= V=V
pi—P;=-p;
Si — S'i - _Si
P> Pi=P,
Ji— 1=



_____

L
Sy

_______

_____

___________




Xi
dx;
Vv, =
dt
Pi
Lz = gijkxjpk
Si
0
// = pV,-
g - % _0A
dx, dt
0A
B =¢g. —k
i ijk Ix

T transformation

time

coordinate
velocity

momentum

angular momentum
spin
charge density

charge current

electric field

magnetic field
(¢—=¢=¢0.A—=A

t—t=-t

X;— X, = X;
V,— V= -y,
p;— P = —p;
Li— L' =-L,
S, — S =-S5,
Pi—>Pi=pP;
Ji—=Ji=
E,—E =E
B, — B'.=-B,

-A)



Experimental fact: strong and electromagnetic interactions
are C, P T, CP. CI, PT and CPT invariant.

CPT theorem:

Antiparticles and their interactions are indistinguishable from

particles moving along the same world-lines but in opposite
directions in the (3+1) dimensional space-time.

In particular, the mass of any particle is strictly equal to the mass of its
antiparticle (experimentally checked in 1 part to 10’8 in K-meson studies).

The same is true for lifetimes. Magnetic moments of particle and antiparticle
are opposite in sign

The SM strictly conserves CPT. There are no however any

theoretical reason why C, P and T should be conserved
separately.

Often in physics if something can happen — it does happen !



Weak interactions violate P-parity

I.D.Lee, C.N.Yang, 1956 C.S.Wu, 1957

A
|
|
|

neutrino | P

O @ 100% C-violation in neutrino sector
nded

Left-handed

p

A
|
|
|
|
|
|




L.D.Landau, 1959:
hypothesis of
combined CP-parity
conservation

J.Cronin, V.Fitch, 1964: CP-violation
discovery in neutral K-mesons
decays.
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| Final states of neutral kaon decays I

ptonic final states : nmw and T

CPl|ntn™) = +| 7t = K,—ntn—
CP| n°7% = +| 720 = K,—m0nx0
+| 7t x0), =1 = K
CmtaT T 1 + = 0
_..' 7r+-7r_"71'0)l 4 =0 = K, G
nTw

CP| nn°n%) = —| 70x0570)

CP| ntn—n0) =

By detecting a pionic final state one can tag
the CP symmetry of neutral kaons at the
time of their decay, assuming no direct CP-
violation. | o |




-

‘Measured properties of neutral kaons

(PDG98)

Final State

Kg
Branching Ratio

Ky,

Branching R

e (68.61 £+ 0.28)% (2.067 + 0. 035) X 10 3

R (3.441.1-0.9) x 10" 12.56 + 0.20)%

w07 0n0 < 1.9 X 107° (90% CL) | (21.12 + 0.27)%

mev (6.70 + 0.07) x 10~* | (38.78 + 0.27)%

v (4.69 £ 0.06) x 1074 §[(27.17 + 0.25)%
Calculated from Kj semileptonic rates and the

K lifetime assuming AS = AQ.

Kgs and Kj, are no eigenstates of CP :
[Ks) o [K0) + e6lK) 1 |Kx) ox [Ka) + gl K)

Mean Life:

s = (0.8934 - 0.0008) x 1005
T = (517 £ 4) x 10105

Mass:

mg — mg = (0.5301 & 0.0014) x 10%hs!




Number of decays

—
Q
[0}

Y
o
o

104

10 |

In the world of elementary particles:
(CPLEAR 1999)

10°L

102

8 10 12 14 16 18 20
Neutral kaon decay time [~107'"s]

neutral kaon
decay time distribution

=

anti-neutral kaon
decay time distribution

CP violation
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Interactions of fermions: neutral currents
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Standard Model and CP violation

Strong interaction

Electromagnetic interaction

Weak interaction

Up type quark
spinor field

Q=2/

U=

/‘

U
C

L

3

gluons
photons

neutral current
charged current: W~

Down type quark
spinor field example
Q — —l/ 3 dL
h t\ )
D=|s ‘“’7
b Vo ¥

/ **/coupling
/
/

there are 3x3 =9 V’s |

Cr.



U.L, CL, tL

Correct way: Up, Cps I
W‘ \\&

Vud’ Vus’ V e Vud > Vus > oo
dL, SL, bL dL’_SL’ bL

LoV, U YH(1-ys) D, W' +V D,y”(l—yS)U W,
I CP conjugation

Lep % Vi Diy(1=ys) U, W, + V., U,y (1—y5) D, W,

I[fV, =V,— L=Lg: ie. CPconservation




Let us look at now: V,; U, y*(1-ys) D,

One family o
1 free phase — IVl e i0
1 free modula
VI e @ uy(1-ys) d VI uy(1—y5) d

Changing u quark phase: u — ¢ 1
Unitarity: V'V = VV' = E (one constraint)
VI =1

0 free phase
O free modula

NO CP



- 4 N 4 £ -
Two families y, _| Vg Vi # 110€ phase

Ve Ve 4 lree moduli (or rotation angles)

1) The phase of V;; can be absorbed by adjusting the phase
differences between 1- and j- quark

4 quarks = 3 phase differences
4 — 3 =1 phase left

2) Unitarity V'V = vV = E: four constraints:
1 off-diagonal constraint for the phase g 10
1 — 1 =0 phase left — K II ~ 01

three constraint for the rest
4 — 3 = 1 rotation angle left

V 1s real, 1.e. no eP.




Explicit demonstration

[V qle @ud ity (1=ys) d + 1V e @us Ty (1—ys) s

+ 1V jle ®ed ¢ yW(1—ys) d + |V e Pes Ty (1—y5) S
U —> i e %ud

IVudl Ij'\{‘u(l_yS) d+ |Vus|€ Pus~¢ud) 77 'Y“u(l_\/S) 5

+ |V jle @cd ¢y (1—y5) d + |V e bes Ty(1—ys) s

s — § e “us=Pud) ¢ — ¢ ¢ (@cs~ PustPud)

Vol uy(A—ys) d + 1V L uy(1-ys) s

+ 1V e ®cy(1-ys) d + 1V | cy*(1—ys) s

Out of four quark, three quark phases can be adjusted:
4 free phase — | free phase



C us

|4 * Vcs* Vcd V

us C

Unitarity: V'V = VV' = E (4 constraints) {Vl LV d] [Vud Vj

N
iv

V.V +V, V. =0V JIIVI+IV IIV.Ie-®=0

us CS us

O free phase: 0 = o

2 2
F+IvV. =1

1 free modula or rotation angle

WV F+IV F=1,1V

us

VI =cos 0,1V, =cos 0,1V, =simn 0, IV, =sin 0
Vo [ cos v SIn 6}
—sin O cos 0
One rotation angle without phase: — NO P
(Cabibbo angle)



Three families /- VoV VQ

us

Vcd Vs Vcb

C

\th Vts Vty

Out of six quark, five quark phases can be adjusted:
9 free phase — 4 free phase

[E— —— 100
=l =Ill o

Out of nine unitarity constraints, three are for the phases
4 tfree phase — 1 free phase

9 free phase

9 free moduli (or rotation angles)

the rest (six) are for the rotation angles
9 free rotation angles — 3 free rotation angles

Three rotation angles with one phase:
— CP can be generated




Electroweak theory with 3 families can
naturally accommodate CP violation
in the charged current induced 1nteractions

through the complex

Cabibbo-Kobayashi-Maskawa quark
mixing matrix V, with

4 parameters
(three angles and one phase).



M. Kobayashi, T.Maskawa, 1974:
theoretical mechanism for
CP-violation in the SM

|ldea: nontrivial superposition of non-interacting particles
forms flavor eigenstate that interacts weakly

In other words: it is impossible to diagonalize simultaneously
the mass term and charged currents interaction term:

(d,
L. =&(ﬁL, C, , t_L))/“I}CKM S, W!j + h.c.

int \/5

D1



CKM mechanism in the SM
to describe Flavour Physics



CKM matrix can be parameterized by four parameters in many different

ways. The so called « Wolfenstein parameterization» is based on
expansion in powers of A=V, |+O(A")=0.2272+0.0010

(T Voo V) ,
ud  “us  Tub Vud* Ve V.. vy, th are (practically) real

. 2 5 > 15° cs® ~ ¢
IC‘KI\-'I =11 cd / CS J cb

\ 4 ;(1 I;s J ;b )

[ | \

1-% A A (p—in) |

V.. could be slightly complex

/ cd
V.. V,, could be complex

S

—l[l + A:}C‘(p + 1 )l ( 124

)
Y |

N

AN

A}ﬁll —(p+ m)( 1- ’,,” A}S[(l _4 )— A(p + m)‘ 1 /'



It is convenient to discuss the properties of CKM matrix
In parameterization-invariant terms. Such invariant are
absolute values of the matrix elements and «angles»
between them

a2 ]

N = arg n
(%

If any of these angles is different from zero, it means that
there is a complex phase in CKM matrix which cannot be
rotated away. This violates CP.

* *

«Jarlskog invarianty ~ J =|lm V, V_ V. V., ~3x107

o



Off-diagonal unitarity conditions can be represented as
triangles on complex plane.

Vil Vs 1Vt Vo Vi [V

C C f

* *

Vud 'th + Vus 'Vts +Vub 'Vz‘b

The Unitarity triangle:

All 6 unitarity triangles have )

equal area but only two of Vv o V.V,
them are not degenerate.

B-mesons decays are :
very sensitive to CP!




The Unitarity Triangle

p: B, mixing phase
-B,: B, mixing phase
y: weak decay phase

7 e

0 ” %
p Vus Vts / Vca’ Vcb



Search for New Physics

In Flavour Physics
(using CP-violation and Rare Decays)



Examples of diagrams in kaon decays

semileptonic decays: with tree diagrams

S - L u
K+(KO) — /" v + hadrons
u(d) ™ u(d) =] 0 Ag = 1
O=+1(0) 01 AQO=-1
r
W/ v
S L > U o
_ _ K (K% — ¢~ v + hadrons
u(d) = ud)  g=-—] 0 As = +1

O=-1(0) 01  AQO=+I

AQ = As rule



another type of semileptonic decays: with penguin diagrams

for example

u(d) > u(d)
W,-2 T

Yo 2

< -

K*(K") — ¢* ¢~ + hadrons
+ C.C.



leptonic decays:
st order electroweak interactions

— +
S W Vv
>- -——- < W-annihilation diagram
(,.+
u :

2nd order electroweak interactions

_ W - _ wH )
C , _ Seaisnss
d u_ _\_ + d -
- ’ (F
W W™ -

box diagrams



hadronic decays:

Tree diagrams

W' <;_1

/
S - L u

u(d) > u(d)

K"K »>n'n’ (n'n, 7’1

W /<£
L u
". < u, cl

u, d
u(d) » u(d)

S -

o

K'K% - n'n’n’, i
(', n'n’n)

+ C.C.



Penguin diagrams

A4 7T TS
W toa
S — :

d

Uq

u(d)

< u.d and = W'
— 7 S -
u. d

» u(d) u(d)

K"K > n'n’ (n'n, n'n)

+ more gluons



Examples of B decays mediated by loop diagrams

Q B, oscillations: box diagram
U Penguin diagrams:
» Radiative penguin: B, = ¢y
» Electroweak penguin: B 2 K*uu

» Strong penguin: B> mm, B,2¢¢

Oscillation box

b et ¢ q
B W+ Cw- B
q q
q u,c,t § b
> > >




Physics of loops

1 Loops can be explored in rare flavour decays

d Why is it important to study loop processes in
general?



Loop processes contain /loop momentum integrals
and hence can indirectly probe physics at large mass scale

gquantum electrodynamics at small distances or
in strong fields is sensitive to the electron mass in loops

a) the potential between static sources deviates from Coloumb
law at small distances:

< o
NAAN + J\/

\:,}}N = V(r)=—

r

1+—1Ilog
3t cm,r

201 1]

b) the energy stored by the static magnetic field is different
from its classical value: H* /2

Y g i

"
gclassic * i y : € =

° 5
2|

Y



Analogously rare B-decays mediated by loop processes
are sensitive to heavy particles masses and couplings:
logarithmically for radiative penguins and power-like for
box diagrams. However the concrete form of functional
dependence is much more complicated than in considered

simple examples.

Oscillation box

< - O Diverging diagrams
b u,c,t 3 qQ
Bq W+ Cw- B Q GIM cancellation
q u,c,t g b 1
> > > | ~ qu
Vi V*ib



Loop processes contain sums over all relevant degrees
of freedom (Lorentz structure of the interaction, symmetries
related to New patrticles etc...).

neutral kaon oscillations

Neutral K-mesons made of d and anti-s quarks oscillate in
vacuum with the frequency ~ 1070 sec’’ because of the
following loop process, mediated by “box” diagram:

o

5 u,c, 1 I
KO W+ W_ KO
> >

d u, c,t

Viq V*ib

S

Notice that it is the same diagram which describes oscillations
of B-mesons if we replace s-quark by b-quark!



Suppose we know nothing about the existence of heavy
c- and t-quarks.

Then naive estimate of the box diagram with one internal
u-quark gives for the level splitting Am,, (which is nothing
but the oscillation frequency)
G, ~ Azmlz ~ Gé Mf,, ~107° GeV ™

kMg
while experimental resultis G, ~107" GeV ™ It seems we
have a problem...

Solution: GIM - S.Glashow, J.lliopoulos, L.Maiani, 1970
Box diagram with internal c-quark cancels the one with
u-quark (up to the quarks mass difference):

G,
1671°

G, ~ (m,—m )’ sin’ O cos’ O



Flavour Physics

Excellent track record to probe high energy scale

7 B
Very suppressed K; —=uru

A~
o

o
cl
:<

o o
o]
22
N /,+
N
/\O
==




Flavour Physics

Excellent track record to probe high energy scale

7 N
Very suppressed K; —=utu

= SU(2) doublet structure (GIM)

0
S Z ut ullc
_______ . 0
d w d] s
S _ | W+ w* S _ | W+ w*
u vy ) C vy )
d A\ u d A\ u
S - W 70 w S = A\ SVA w
d W " d W "

=01t m,=m,




Flavour Physics

Excellent track record to probe high energy scale

Very suppressed K; —=uru” = SU(2) doublet structure (GIM)
Amy and Br(K; —=uru)



Flavour Physics

Excellent track record to probe high energy scale

Very suppressed K; —=uu” = SU(2) doublet structure (GIM)
Amy and Br(K; —utru”) = charm mass ~1.5 GeV/c?
s W ws | WH|__ d
uc Vv, uc uc
d W w- d W~ S
S 4o W+ s ut s L uci d
d W u- d W uc W S
Br(K'—uruw) =F(m,,...)  Amg=G@mn,,...)



Flavour Physics

Excellent track record to probe high energy scale

Very suppressed K; —=uru” = SU(2) doublet structure (GIM)
Amy and Br(K; —utu”) = charm mass

CPV and very suppressed B—uu~ = third family

Amg = top mass

before observing directly ¢, b or t



History of m,

UAI, 1984

N —

UA1
12
< o

ki ew

.5

te-]

*1130~50 GeV/c?

e e L

6 L 2

rrrrrrrr

EVENTS/SGev/e' w4
N
> 6 EVENTS
2o ;
. 2 et Wt
¢ 2 . 2 2F }Pkn, = 40 Gev/se?
oy 2
20 40 60 80 00 120 WO 0 10

Phys. Lett. 147B (1984) 493 m v, ), cevsé

ARGUS, 1987

Y(4S)—>B°§O
_>BdBd
— ("7 or((

24.8+7.6+3.8
Am(B ) ~ 100 x Am(KO)

B |

LEP
electroweak fit
150~210 GeV/c?

- .

3 1995

| = CDF

L [>50 GeV/e? L 17528410 GeVie?
DO

“%{:‘ii !_.’;. 'l"!f
' * Y 1099422

)l———

K

GeV/c?

v \»'.'

Phys. Lett. B 192 (1987) 245



Comparison of calculated G, with experimentally measured
Am,, leads to correct prediction for m_, ~1GelV

This is how it actually happened: GIM mechanism was suggested in 1970,
while direct experimental discovery of c-quark took place only in 1974!

Perhaps even more spectacular is that the famous
Kobayashi-Maskawa paper where the quarks of third generation (b- and
t-quarks) and current paradigm of CP-violation were introduced was
also published a few months before c-quark discovery (and about four
years before b-quark discovery).

Historical remark #2. Original idea about possible fourth quark (c-quark)
Was suggested by M.Gell-Mann in his original 1964 paper devoted to the
quark model with three light quarks (u-, d-, and s- quarks) on aesthetic
grounds of symmetry between quarks and leptons.

Historical remark #3. The analogous mixing matrix in lepton sector was
proposed by Z.Maki, M.Nakagawa and S.Sakata in 1962, i.e. well before
CKM!



