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Historical remarks

Sakharov realized that CP violation is one of
the necessary conditions of the excess of
matter over antimatter in the Universe

Kobayashi, Maskawa suggested method to
Introduce the CP violation in the Standard
Model

Carter and Sanda suggested way to search
for CP violation in B meson decays
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The CKM paradigm in the SM

(1973) M.Kobayashi and T.Maskawa
» CP violation = third generation of quarks

Cabibbo-Kobayashi-Maskawa matrix V
e couples quark charged currents to W+

* mixes the left-handed (q;=d,s,b) quark
mass eigenstates to give weak
eigenstates;

* unitary, with 4 independent parameters
(e.g., 3 angles and 1 phase)

- complex elements: phase changes sign
under CP

» interfering amplitudes can give
observable CP-violating rate b
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Discovery of b quarks

Summer 1977 at FNAL:
Discovery of Y(9.46) —» u*u-
interpreted as 13S, bb

i
"Observation of a Dimuon f\
Resonance at 9.5 GeVin § “'|
400 GeV Proton-Nucleus =5
Collisions," :

PRL 39, p. 252, (1977) 7




B meson production at e*e” colliders
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b lifetimes

xio2 [T T T 1T T T 1

> Isolate samples of high-pr 2} () L MAC
leptons (155 muons, 113 o} -
electrons) wrt thrust axis I8 J’[ 1983
o Measure impact parameter & I :
wrt interaction point e 4 |
o Signed by taking thrust axis of & s J' LLH
b-jet as the 8 hadron direction e
> Lifetime implies V_, small R 2 . -
o MAC: (1.820.6 £0.4) ps T |
o Mark II: (1.20.4 £0.3) ps | l
» Integrated luminosity at . i L1
29 ceV: 8 (mm)
o 109 (92) pb! ~ 3,500 bb MAC, PRL 51, 1022 (1983)

pairs MARK II, PRL 51, 1316 (1983)



CKM matrix and Unitarity Triangle

Wolfenstein parameterization:
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The “normalized” Unitarity Triangle

Pd _/
apply unitarity constraint to yE ar. /6“"—31’. a=x—-f-y

these two columns

(1,0)

Orders of magnitude for V. V ¥oil,
Wolfenstein parameters: *
E o ViiVoo

v
A=022, A~0.8, Jp’+n*~04| [V, =4, V, ~V, ~1



The Unitarity Triangles

PN
u ] . d-s*=0 (K sysTei'n)
c| U :
g = F s-b* = 0 (B, system)
" _/

'. I '. d-b* = 0 (B, system)

These three triangles (and the three
apply unitarity constraint to triangles corresponding to the rows) all

pairs of columns have the same area. A nonzero area is
a measure of CP violation and is an
invariant of the CKM matrix.




Solving the eigenvalue equations and defining: Am=m, —m,

Mixing for P=K, D, B

Effective Hamiltonian approximation: “dispersive”

L) Q) e R

From flavor to mass eigenstates (~,, P, ) ~ CP eigenstates (~,, P.):

2= P) 4 P) = GEIR)+[R) &=L

JI+E] pPtq
!P£>=p!P°>—CJIF°>=m(lﬁ>+5lﬁ>) o+l =1
E

Am* ~1/4AT? = M, | ~|T,,[
AmAT = 4Re(M I, )

AT =T, -T,



q, p, Am and Al for B, and B,

7 W, b g %ot b
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B? - ( S) —— VYV N — - - - B‘O = (bS)
b W 4 b w.e, 1T 9
M., dominated by the top quark
In the SM | 12 Flz/Mlz <
for Bmesons: | [, few common on-shell states
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CP-violating parameter: 0 = |p|2 —|q|2 = <PH |P,> 107



Time evolution of neutral B mesons - 1

(assuming CPT as a good symmetry, for simplicity)...
Time evolution of mass eigenstates:

B(L)(t)> _ e—er/z o~ ™M e+itAmB/2

BO( )> —tTg /2 _—itMg e—u‘AmB/Z

B,(0))
B;,(0))

Time evolution of initially (t=0) pure flavour eigenstates:

Phys( )> ( 1 > %h_(t) §0> h+(t)= e—zrﬁ/z o™ COS(t Am, /2)
phy,, (t)> = Z h(t )(B°>+ h,(7) §0> h(1)= l{e"r’*/z e sin(t Am, /2)]
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Time evolution of neutral B mesons - 2

Flavour oscillations: for initially pure Bo(t = 0) ;
probability for finding B° (BO) at time t, assuming |g/p|=1

yh+(112=%effﬂ [eenslim = e

Time-integrated ratio and time-integrated oscillation probability:

) [ e

_N(BO)— fdt’th(r]z_Z‘i‘xz, Z—l‘i—f" I

Observable by looking at self-flavour tagging semileptonic or hadronic
decays! For example:

BY— D Iy B’ > DI v
B > D r* B’ > D'x”

B’ > D ['v B’ > D'I'v



BB oscillations

» Reconstructed Y(45) event

Y(45) > 8°B° - B°R
B >0 v, 0 >0 Tk .
B 50 v, DD N
» Time-integrated 21% i
mixing rate
o 25 (270) like (opposite) sign
dilepton events

o 4.1 lepton-tagged
semileptonic B decays

> Integrated Y(4S)
luminosity 1983-87:
o 103 pb! ~ 110,000 8 pairs ARGUS, PL B 192, 245 (1987)
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mixing K% system CPV

X, =0.95
v, =—0.996

Both of order unity! &5, = 2Re(e £ )
- - : Only K°, is left after 1+ ‘5 K‘
SR o ~ one oscillation

CPV is small...

=3%x107°
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CHARGE ASYMMETRY IN THE DECAYS K'—w nfe'v
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mixing B, system CPV

To a very

good approx.,

equal decay y,~0
widths and no

CPV in mixing 94 * 0

. s amix(t )= coS(Am Z‘)
| / = cos(x, 1/7,) l
M\ | In the simplest case, i‘;:f =

time-dependent ST v
\/ CP asymmetry: _

a’ (1)=1m(2, )sin(Ame) |

|
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- T = f’/.T,; .T = f/"""d
x,=0.72+0.03 Time-integrated (incoherent!):
2 cp Xy Xa
X2 e AT = Im(z, ) = 0.47
Ka= =18% ¢ 1+x° . 1+ x
2‘1 G g ) 4 d




mixing B, system CPV

1o for the plot X, is very large =|
T, = 1B . >~ I
ye = 0.10 Yy, small, perhaps not negligible <&
x,>21 (95%CL) p “n\pUnUAUAFI
2y, <0.46 (95% CL) g | | | Jf
Mixing probability close to 50% L - n "
8 i . €.0 2 2 4
x+ 109 T AN =
of ) ’ | r A | | ‘ Z‘g — yzS‘ > 0.4988 /Ny Nual mixture of |13, and B3, 1
e: “ “ h A [' 2 1+x\ lu:g to/Ts =~ 11.5 1
E :'_ ] 10"’: f\
E W‘ | Time-dependent CP-asymmetry: | A et Yoy :
|| sinusoidal function, modulated by | \
\ LT Il afunction f(t); 100% at the max.! ~ woff (0 FRed)e ™ mp
0.0 2.0 - 40 l 6.0 0 5 T wa/’rs 15
T = t/m, o2 S -
/T a. (t) = Im(/'t fon )sm(Am t)f (1)
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T = t/m

The D System

In the D-DY system, both are very small
% Yp very small: only few common states
CP = +1 =rm, KK, K)n"

OP = -1 K%° K%

& xp very small: strongly CKM suppressed

.2
Mixing probability X = Lp
extremely small o i

interesting system to look for new physics

th+ 15 1, v
a'm'.i;r.(t) ~ 1— % (t/T)Z
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