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Reflects the “hierarchical structure” of the CKM matrix.




CKM under CP Transformation
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Weak (CKM) phases change sign under C' P transformation!



The quark mixing results into several interesting “loop” effects:
Standard Model predicts at loop-level: Flavor Changing Neutral Currents

(forbidden at tree-level)

Mixing of neutral mesons, e.q.: 0 o
9 .69 B < B

Neutral mesons: PD>; K°=|ds) D°=

P“>: K® =|ds) D°-
discovery of mixing 1960 2007 1987 2006



Phenomenology of Mixing

Applies to all neutral mesons!

fi(BO(t )] - (m _ir][5°(" )] Favrsaes
dt\B°(t)) . 2" Bt

eigenstates

Diagonalizing H: H

Mass eigenstates: BL> - p‘Bﬂ> +dq

E> withm, I, light

E> with m, I, heavy
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P +la =1 ‘BH,L(t)> _ ‘BH,L (0)>‘e—me.Lr e

Flavor eigenstates: ‘B”> -~ i(\BL>+ |BH>) ‘§D> = i(‘BJ‘ |BH>)
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Phenomenology of Mixing

P >B")=PB >B)= e e 126" cos amt]
CPT
P(B° »B°)= % % | [&'_”r +e M _pg cos&mt] Am =my, —m,
P(B° —B°)= 1 g 2 [e_r“ Lo _pg )i cos&mt]
CP - violation in mixing: P(B° N E) + P(E? 5B’ )= g # 1




BO — BO oscillation
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Standard Model predictions

0 po
Bd_Bd AmM mzo(/lﬁ)
Dominant contribution from top-loop: 17 =0.55£0.01
/ NLO QCD
Gz 2 * mrz
Amd 6.?3' mB fTB (thvrb) mW 775 F mlif’ «—— €.W. correction

f'B, = (235+33+12)°MeV " from lattice QCD

Describes the binding of the quarks to a meson



Prediction for BY — B? oscillation
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Oscillation is about 35 times stronger than in the case of B
( Ve much larger than V)

B oscillation:
Deactivation of GIM(*) suppression because of large top mass:

What would be the mixing if all quarks had the same masses?

(*) Glashow, lliopoulos, Maiani, 1970, see next page.



1970: Rare Kaon Decays

Observed branching ratio K, — ™~

BR(K T~ _
i) = (7.2£0.5) x 107

In contradiction with theoretical

expectations in the 3 quark model

(d =dcosb, + ssinb,)
= Glashow, lliopolus, Maiani (1970):

Prediction of a 2"¢ up type quark,
additional Feynman graph cancels

the “u box graph”

GIM mechanism
The study of this rare decay resulted in accidentally

correct prediction of m,. ~ 1.5GeV

% \‘\aui

M ~ sin6,cos 6,

M ~ —sin@,cos 0,



N Additional Diagrams
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Prediction of Charm Quark Mass was per chance correct, however
triggered a lot of activities.



1974: Discovery of J /W
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GIM supression:

Example: FCNC process b—>s (“penguin process” as in Bo>K*y)

Iri A(h — -‘-")SM — Lrubvr:.%/"ln -+ 17@5 ‘:iflr -+ L}bl }tflf
," K where A, denote the sub-amplitudes for the 3 possible
h uct s internal quark. A, depend on the quark masses only:
:) ; .2
Aq = A(myg /My, )

A

Using the unitarity of the CKM matrix, especially: Z{ Vi,V =0
the total amplitude can be rewritten:

A(b — s)sm = ‘-’EM"}Z(A; — Ac) + I-’ilg}‘f.:ﬁ(ﬂu — Ae)

In case of approx. equal quark masses, total amplitude Vagishes: GIM suppression.

For large top quark mass:  A(b —s),, =V, V., - M GIM suppression

m2, inactive




1986: BY Oscillation at ARGUS

ete™ = Y (4S) — B°BO

d wt b

Mo
b 4
B

Time integrated mixing rate: x4 = f Prized(t) - e~ t/Tdt =017 4 0.05

25 mixed events: 250 unmixed events:
BOYBO s p—¢- BOBO _y pty-
BOBO _y ptpt

First indication for a heavy top quark m; > 40 GeV!
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Experimental Status of By meson mixing

for T, ~T, ~T _ unmixed— mixed

A
unmixed+ mixed
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long range contribution Al
Same concept for all neutral meson systems, however

/"/-\ Different choice of parameters.
/ \r/\ P
‘\
\_ e — — — —
L — KO9/K0 | D°/D0 | B/B0 | BY /B0
short range contribution Am
7 [ps] 89.3 0.415 1.564 1.47
51700
[ ps™ 5.61-103 2.4 0.643 0.62
y=% 0.9966 0.008 | 0.0075 | 0.059
Amps~1] || 5.301-1072 | 0.16 0.506 17.8
-Sm 0.945 0.010 0.768 26.1




Blue line:

given a PY, at t=0,

the probability of
findinga PY at t

Red Line:
given a P?, at t=0,
the probability of
finding a PP at t
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B. — Mixing measurement at LHC

very fast mixi A @

Analysis steps:

» B, reconstruction: B,.—D_r (self-tagging)
* Measurement of proper decay time
» Tagging of production flavor

I L I 1 I Lar I T il L L -
5000 5200 5400 SE00
B, mass [MeV/c



Flavor Tagging & B, Mixing

* Lepton Other B:
* Kaon 5' “‘opposite”
* Vertex charge

* Fragmentation hadron “same side”

Figure of merit: eD?~ 4.3%

* Tagging efficiency ¢ ~34%
* DilutionD = (1 - 2m) ~ 32%
o = mistag probability




candidates /(0.1 ps)
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e Tagged mixed

o Tagged unmixed

— Fit mixed

weeees it unmmixed

decay time [ps]



Status of the unitarity triangle
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Sofar discussed only length of sides (absolute values of CKM matrix elements),
angles come from measurements of CP violation






Neutral Meson Mixing

P CP(K°) = K°
Kl i cP(K% = K°

17"
/KO K= (K + K)
: =

CP(K;) = +K;

K°, KO: flavour eigenstates; clear defined quark content (K0 = |ds >, KO = |ds >)
K1, K5: C'P eigenstates
Kg, Ky mass eigenstates

(with clear defined mass and lifetime, le/L(t) — ¢~ ms/LteTs/Lt/2 )

in absence of CPV: Kg = K1, K5 = K>

Stephanie Hansmann-Menzemer 3



Kaon Mixing

FSt

Ks >= p|K® > +¢|K°® >, |Ks(t) >= |Kg > ¢ % le—imst
r .
|KL > leO > _qlKU >, |KL(t) > |KL > B—TLtB—szt

|p|2 + |Q|2 = 1 complex coefficients; ¢ = p = % s Kg =K1, Ky, = Ko

Flavour eigenstates:
|K0 >= QLp(lKS > + Ky, >)
KO >= (KL > — [Ks >)

time development of originally (at t=0) pure K9 and KO states:

KO(t) >= L([Ks(t) > +[Kp(t) >)
KO(t) >= 2 ([Kp(t) > — [Ks(t) >)

Stephanie Hansmann-Menzemer 4



Kaon Mixing

P(K? - KO =< K%(t)|K° >=

%|%|2 (e_rLt 1+ e Tut _ 9o~ TL+lm)t/2 oog Amt)

P(K0 — K% =< KO(t)|K? >=

1 . . —_
Z|§|2 (e Lot | e Tut _ 9e—TL+TH)E/2 g &mt)

CP conserved: P(K°? — K9) = P(K? — K°)
S
q| _
(+ normalisation g2 + p? = 1)

<~
1

q:}f’:ﬁ
p—
Ks = K1, K1 = K>

Stephanie Hansmann-Menzemer 5



Neutral Meson Mixing

. CP(K°) = KO
" CP(K°) = K°

KO @ Ki= J(K°+KO)
CP(K,) = +K;

ua\

7 (K° — K?)

C’P(h — K,

P(¥(mw)) = P(¥(q)) - P(¥(q))-(—1)L=0=1.-1-1.-¥(x) = —T(n)
C(¥(m)) = C(¥(qq)) = (—1)LT% . ¥(qq) = +¥(w)

CP(¥(rtn™)) = CP(¥(xT)) - CP(¥(x7)) - (—)L=0 = +¥(nt7m7)
L=0inK%— xtx—

CP(¥(rtn—7n%) =CP(¥(w))3. (-1 = —¥(xnT7nn0)
L=0inK% - ntr— =0

- If there is no CPV in decay, then: K1 — mta Ko —» w7 7w stemmani Hansmann Menzamer s



1964: Discovery of CPV

e produce K9, wait long enough for K'g component
484<m* <494 {10
to decay away — pure K, beam
o L gy
e search for C'P violation: K — 7w
30
— excess of 56 events: BR(K; — 7T+7T_) ~2x 1073
420
494 < m*< 504 tio
504<m*<514 Tie
ALy g
0.0996 09997 09538 09599 1.0000
cos B

mass eigenstates # CP eigenstates: | Ky, >= \/iﬂKz > +¢|Kq >)
1+ |e?
CP=1  CP=+1
Nobel prize for Cronin and Fitch in 1980
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Weak and Strong Phases
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Weak phases are related to involved CKM elements: ¢yeqk = arg(V,Vua)

Strong phases d comes often (but not always) from the hadronisation.

Definition of strong phase:

phase which doesn’t change sign under CP transformation.



C' P Violation

A; = Aje 91610

B -

N

Ay = Age 1926102

A; = AqetPrein
B > |

NS

Ay = Aset?2¢102

CP
|A]? = A2 =
AT + A3+ 2A1 Az cos(Ag + AJ) A2 + A2 + 241 A5 cos(— Ao + A6)
A1 and A2 need to have different weak phases ¢ and different strong phases ¢.

For sizable (measurable) effects both amplitudes should have about same size,

and both phase differences have to be sizable.

To conclude on weak phases, strong phases need to be known/measured.



CPV In Kaon System

Interfering amplitudes which cause CPV in mixing:

long range contribution AT’
/—'/-\
/\7/\ .
K* -
\_
short range contribution Am

Interfering amplitudes which cause CPV in decay:

oL .
K° . U i T
3z Vus @
e \\ "'f
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