Particle Physics II — CP violation
(also known as “Physics of Anti-matter”)

Lecture 3

N. Tuning
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Plan

1) Mon 2 Feb: Anti-matter + SM
2) Wed 4 Feb: CKM matrix + Unitarity Triangle
3) Mon 9 Feb: Mixing + Master eqgs. + B—JyK,
4) Wed 11 Feb: CP violation in B, decays (I)
5) Mon 16 Feb: CP violation in B, decays (II)
6) Wed 18 Feb: CP violation in K decays + Overview
7) Mon 23 Feb: Exam on part 1 (CP violation)
» Final Mark:

>

if (mark > 5.5) mark = max(exam, 0.8*exam + 0.2*homework)

else mark = exam

In parallel: Lectures on Flavour Physics by prof.dr. R. Fleischer

Tuesday + Thrusday
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Plan

e 2X45 min

1) Keep track

of room!

1) Monday

Start:
End:

Periode SEM2 - Hoorcollege (Aanwezigheid verplicht)
Groep Blokweken Dag Tijd Gebouw Zaal
6 7 8 9 10 11 12 13 14 15 16 17 18
1| 000000000000 Maandag 09.00 - 10.45 MIN 205
1| 0DE 0 EEEEE000D0O0 Maandag 09.00 - 10.45 MIN 023
1| 00EO0O0000O0O0OO0O0Oo0Oao Maandag 09.00 - 10.45 BBG 023
i, 000o0oo0oooeE0O0O00oao Maandag 09.00 - 10.45 MIN 012
1 B EEEEENEOEOOODO Woensdag 09.00 - 10.45 MIN 025
1, 000000 O0=mOoO0O0O0OaOo Woensdag 09.00 - 10.45 BBG 061
Periode SEM2 - Werkcollege (Aanwezigheid verplicht)
Groep Blokweken Dag Tijd Gebouw Zaal
6 7 8 0 10 11 12 13 14 15 16 17 18
1 E000000O0O0O00O000Oa0n Maandag 11.00 - 12.45 MIN 205
1| O ED0OEEDOEEBEODODODOAO Maandag 11.00 - 12.45 MIN 023
1, 00E 0000000 00n0aon Maandag 11.00 - 12.45 BBG 007
1| 000000 O0O0&@0O00OoaQ Maandag 11.00 - 12.45 MIN 012
1 B EEEEMOEOEEOOAO Woensdag 11.00 - 12.45 MIN 025
1| 0000000800000 Woensdag 11.00 - 12.45 BBG 061

9:00 =2 9:15

11:00

Werkcollege: 11:00 - ?

+ Wednesday:
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Charged Currents

The charged current term reads:

Lec :%utﬂ/uwy_dii T \gﬁdu?/yw u; = Jee W, +J&c W,
. A0 a0 . A0 5
:iui 1=y 7/“WD/ij 1=y dj + idj 1=y 7/“W+V' 1-7 U,
J2 2 2 J2 2 2
g — - S g + +
=—uy"W V. (1-y>)d —=d "W,V (1-
N Vi (1=7°)d; + 707" W ;(1-7°)u

Under the CP operator this gives: (Together with (x,t) -> (-x,1))

Lee —S L d "WV, (1-7°)u, + —=Ur W, (1-7°)d,

12 V2

A comparison shows that CP is conserved only if V;; = V;;"

In general the charged current term is CP violating
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CKM-matrix: where are the phases?

e Possibility 1: simply 3 ‘rotations’, and put phase on smallest:

C192 512 0 C13 0 5136_3513 1 0 0
s — , —
Vekun = —s12 ¢z 0 0 _ 1 0 0  co3  Sa3 =
0 0 1 —s13€"% () €13 0 —s93 3
€12€13 813

512C13
—512C23 — C12523S- C12C23 — 51252351 @ 5923C13

512523 — C12C2351:; —C12523 — 31262331 C23C13

e Possibility 2: parameterize according to magnitude, in O(}):

u Vauda Vus Vs 1—1)\2 A AN(p
W Via Ve Vo | = Az AN

Vi Vi Vi AN 1—p‘ e 1
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This was theory, now comes experiment

e We already saw how the moduli [V;;| are determined

Imaginary part

Im

— Parameter: n

— Equivalent: angles a, B, v.

Now we will work towards the measurement of the

* * *
VudVu* ¥a ¥ *+ VgV =0

| Re

e To measure this, we need the formalism of neutral

meson oscillations...
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Neutral Meson Oscillations

Why?

e Loop diagram: sensitive to new particles

e Provides a second amplitude

> interference effects in B-decays
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Dynamics of Neutral B (or K) mesons...
Time evolution of B and B° can be described by an effective Hamiltonian:

.0, B 0 —o\ _(a(t)
|5\P—H\P W(t)=a(t)|B >+b(t)‘B >=£b(t)]
H= A()4 ]\04 No mixing, no decay...

'
hermitian

g_| M 0 |_{ T 0 No mixing, but with decays...
0O M 2V 0 T (i.e.: H is not Hermitian!)

\ J/ . J/
Vv '

hermitian hermitian

=>With decays included, probability of observing
either B® or B® must go down as time goes by:

& (a0 o) =(a ny)5 7o) =T >0
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Describing Mixing...
Time evolution of B% and B can be described by an effective Hamiltonian:

i S p_Hw ‘P(t)za(t)‘B°>+b(t)‘§o>z(a(t)j
ot b(t)
H=(M o)_i(r o) -
0 M 200 T Where to put the mixing term?
" hemitn | bemtin

H = MM, i I I, Now with mixing — but what is the

M, M | 2T, T difference between M, and I';,?
hermitian hermitian

-44 [",, describes B%>f«>B° via on- i /"
- shell states, eg. f=rn*n- 12
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Solving the Schrodinger Equation

| |
N, M _E M12 _§F12
v (t)= i v ()
Mlz—El“12 M _EF
Eigenvalues:

— Mass and lifetime of physical states: mass eigenstates

M — iD= A My — il

Mjy—4Tl, M—iT—=X| .

notation F' = \jf(f'rfm - %Flzjiﬂfﬁ - %FTE)

Am = 2R (Mlz _LF12)(M1*2 _Lriz)
i j 2 2

my+ 0 = M—RF— T —QF
Mo + %FE = M + RF — %F —+ S F AF:4S\/(M12_lzrlzj(Ml*Z_LZFIZj
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Solving the Schrodinger Equation

. O
Mfz_EFI2 M

Eigenvectors:
— mass eigenstates

BH>:p\B>+q‘§>
BL>:p\B>—q‘§>

' |
M _Er M12_§F12

——T

w(t)

2

find p and ¢ by solving

( M —ir
My =31,

|P1)
| Pa)

= p|P") =g
= p|P’) +q|P")

My — 5T ) (

M—1iT

0) (4
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Time evolution

e With diagonal Hamiltonian, usual time evolution is obtained:

Py(t)) = e mat=3lat| Py (0))
PL(t)) = e met=3Tet P (0))

P = 5 [P+ P ) — plP®) 4 gl P
@= %[|PH}_|PL)] Py = p|P% —q|P") B
N
P - L ey e )
R % {emmut =BT (p| ') 4 g P%)) + e 480 (p| P7) — q|P°)) |

i | —

(E—zm”t T'Ht t+e —imy E_%T_Lt) |PD} + Zi (E—‘!'-mut—%l_'nt . E—z'mf.f—%l_'.r_t) |PD}
p

— L (OIPY + (;) g (8)|P%) (3.6)



B Oscillation Amplitudes

For an initially produced B or a B? it then follows: (using: B’) = >

v (t)):

B (t)) =g, (t)|B°) +ﬂpg_(t)\@> | g 1t git

B(t))= g+(t)\?>+apg_(t)\ B°)

For BO, expect:
A" ~ 0,
la/p|=1

4

Amt “Liamt Liamt

_ A—imt —Tt/2
g+(t) e e c05 2 (t) e—imte—rt/z e ? +e 2
(t) —e“”“e‘“’zisin—Amt . ~ 2
- = 2

IS TUrimng (1o)



Measuring B Oscillations

B’ B*
v | g, (t) |
i t M A
) p 90 tv.X . Evix For BO, expect:
B B ) AT ~ 0,
£viX Poy 1 ja/pl=1
g. (t) ! q !
BO BO ! !
Examples: e—rt

1+cos(Am-t) |

Decay probability

Proper Time >
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Compare the mesons:

Probability to measure P or P, when we start with 100% P

PO->po

PO> PO

y >
T

=]
Co
T T

Probgbilit
T

=
by
L L

02f-

NS S S S — o> Am X=Am/T | y=Ar/2r
2.6 108s 5.29 ns'! | Am/Ts=0.49 ~1
0.41 1012s 0.001 fs? ~0 0.01
1.53 10°12s | 0.507 pst 0.78 ~0
1.47 1012 s 17.8 pst 12.1 ~0.05
By the way,

08

06

04

02

.....................................................................

h=6.58 1022 MeVs

x=Am/T": avg nr of
oscillations before decay
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Summary (1)

e Start with Schrodinger equation: a(t)
| . p(t) = ( j
8 : . 1 l / o 1 . b t
za—z = Hi = (IW — %F)l/’ - ( ]tf]t‘j — EF* M}E _ %Fl? ) v (2—component(st)ate in
12 2+12 2 PO and PO subspace)

e Find eigenvalue:

M—;F—)\ Mlg—%Fm 0
My — ity M —3iT—X |~
. _ P
e Solve eigenstates: W, =
- +
[Py = p|P") —q|P") d
|Py) = p|P") +q|P")

we find p and g by solving
( M- iT ﬂf]g%?]g)('p)_)\ (p) , 4 _ Mz —

Mz, — T3, M —:iT = _' * ]
12— 3112 3 q q r M7y, —

e Eigenstates have diagonal Hamiltonian: mass eigenstates!

'—
b

b= b=
IR

= %
b
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Summary (2)

e Two mass eigenstates

|Py) = p|P°% + q|P°)
|Pr) = p|P") —q|P°)

e Time evolution:

Pa(t)) = emmat=iTa Py (0)) || 1P = gy im)
Py(t)) = e ™3| PL(0)) || 1P = 5P =Pl
~— _
—

1 . . . . _
‘ Po(t)> _ 5 (ezmgt%THt 1 szLtéFLt) ‘PE]) 1 % (eimHt%PHt B eszt%FLt) ‘PO>

e Probability for |PY> > |PO> |

e Expressin M=my+m and Am=my-m > Am dependence




Summary

e p, q: [B)=p[8) +q‘B >
p\B° )95
e Am, Al': Am 2293\/(|\/|12 —121“12 (Ml*Z —121“;"2 qd,p,M;;,I; related through:
i — q_ M., —il}, /2
AF:4S\/(M12 _EFH (M12_§r12 p M12 —il"lz /2
© MiXi Am A
* Xy: mixing often QUolted x=om g2 cos(Amt):cos(A_mlj :cos(xlj
in scaled parameters: r 2B rr -

Time dependence (if Al'~0, like for B?):

‘BO (t)>= g+(t)‘BO>+ﬂg_(t)‘@> g, ) = e imgTt/2 Cosﬂ
_ o P with O 2
‘BO (t)>: g+(t)‘BO>+Epg_(t)‘BO> g (t) _ g imtg- n/ZISIn%
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Personal impression:

e People think it is a complicated part of the Standard Model
(me too:-). Why?

1) Non-intuitive concepts?
= Imaginary phase in transition amplitude, T ~ e¢
= Different bases to express quark states, d=0.97d + 0.22s + 0.003 b

= Oscillations (mixing) of mesons: K> o | KO>

2) Complicated calculations? r(8° = ) |Af|Jo. (O +127 o (1) + 2% (202 (1) 9. (1)) |
r(s" - f)oc|ﬂf|{|g+(t)|2 + g (o) +%ﬂ%(i*gj(t)g (t))]

A A

3) Many decay modes? “Beetopaipaigamma...”
— PDG reports 347 decay modes of the B°-meson:
e [, IV, anything (10.33 £ 0.28 ) x 102
o [, VVY <4.7 x 10~ CL=90%

— And for one decay there are often more than one decay amplitudes...

Niels Tuning (21)



Describing Mixing

Time evolution of B®and BP can be described by an effective Hamiltonian:

a

M~iT M- ily
— =
ot

j
Hep = (M — =T = L 1
)= (M=) M- irn, M- ir

", describes B%>f«>B° via on- - /f
shell states, eg. f=rn*n- 12
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Inami and Lim,
Prog.Theor.Phys.65:297,1981

Box diagram and Am

Am=mg, —M, :<PI3‘H‘P:>_<PLO‘H‘PLO>

*
.V'IJ.E,CE,.tE ?ud,.cd,.td ua es,ts vud,.cd,.td
\\\\\. llll I|
s . /da = \ uect | 4
+ = _ 0
K° v ) KO K
b= (ny
=
d fx'; q'-,‘l' = d / uct r"'-.
_x'ff ' o A *
vud., ed, £d vus, cs, ks vud‘ ed, td vus,. [=F=J =¥

M., — i(_i’gu‘) (V* VidVo* Vira)

/ dtlk —ig*? — kK k% fmi, —ig®? — K2k /m3,

(27)4 k2 — m3. k2 — m3.

_ ¥+ m, _ ¥+ m,

{Hs’}"h(l - TE)W Yol — 7" )ua| |Tsva(l —7 )H—z"}a(l — " )va

Niels Tuning (23)




Box diagram and Am

-ua es,ts Vud,cd,td

_\ uct g:l

K° é
-

d/ uct &
__x*

."l'rur;:l,l ed, td Vus, c=,ts
GEmiy 2 2 2 Fors |2
Amyp = Wﬂqca&fﬂfﬂlﬁ [So[mc;’mn-)I’t-'.;-d‘rcsl }
(%.m?
| Fily
Ampg = —T?QCDBHJFHWB [Sﬂ(mﬂlmn )|ViaVi }

b Ve (u,0,0) Vo o Vg WV )
B W w BB @zt |(wet)  po
_ (z,zc,1) _ _ %4 _
d - b d . b
VQd VQb VQd V;;tb
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Box diagram and Am: Inami-Lim

e K-miXxing

Table 2: Factors entering the matrix element, which is proportional to the product

of the Inami-Lim function and the CKM term.

Internal 5+ 0 tor BY CKM BY CKM K% CKM
quarks -
c,C 3.5 x 10~ AZ)\b A%\ 22
(7.4 x 107°) (1.4 x 1073) 2.7 x 10~2)
c,t 3.0 x 1072 AZA%|1 — p —in| A%\ A*XN(1 — p — in]
(7.3 x 1079) (1.5 x 107%) (8.8 x 107%)
t,t 2.5 A2 )01 — p —in|? A2\ AT — p — ip)?

(7.2 x 1075) (1.5 x 1073) (1.1 x 1077)

C.Gay, B Mixing, hep-ex/0103016




Box diagram and Am: Inami-Lim

e BO-mixing

Table 2: Factors entering the matrix element, which is proportional to the product

of the Inami-Lim function and the CKM term.
Internal 5+ 0 tor BY CKM BY CKM K% CKM
quarks -

c,c 35 x 107 AZ)ND AZ)T A2
(7.4 x 107°) (1.4 x 1073) (2.7 x 1072)
c,t 3.0 x 1073 AZA%|1 — p —in| A%\ A2N5(1 — p — in|
(73x10°%) (1.5 x 107%) (8.8 x 107°)
t,t 2.5 A2 )01 — p —in|? A2\ AT — p — ip)?

(7.2 x 1075) (1.5 x 1073) (1.1 x 1077)

C.Gay, B Mixing, hep-ex/0103016




Box diagram and Am: Inami-Lim

e B.%-mixing

Table 2: Factors entering the matrix element, which is proportional to the product
of the Inami-Lim function and the CKM term.

I::EE"{:‘ I-L factor BY CKM BY CKM K% CKM
c,c 35 x 101 AZ)E AZ)NT PX:
(7.4 x 107°) (1.4 x 1073) (2.7 x 1072)
c,t 3.0 x 1073 AZA%|1 — p —in| A%\ A2N5(1 — p — in|
(7.3 x 1079) 5 x 1073 (8.8 x 107%)
t,t 2.5 A2 )01 — p —in|] 1IN0 — p — in|?
(7.2 x 1079) (1.1 x 1077)

C.Gay, B Mixing, hep-ex/0103016




Next: measurements of oscillations

1. BY mixing:

» 1987: Argus, first

> 2001: Babar/Belle, precise
2. B.Y mixing:

» 2006: CDF: first

> 2010: DO: anomalous ??
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BY mixing
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BY mixing

e What is the probability to observe a BO/E0 at time t,
when it was produced as a B? at t=07?

— Calculate observable probility ¥*W¥(t)

—t/r

prob(B(t) | B®) oc & (1+ cos(Amt))

~t/z

orob(B°(t) | B®) oc = (1—cos(amt))

e A simple BY decay experiment.
— Given a source B% mesons produced in a flavor eigenstate |B%>

— You measure the decay time of each meson that decays into a
flavor eigenstate (either B9 or B?) you will find that

e O-N, ()

= coS(Am-t)
BO—>B° (t) + NBO—>|§° (t)
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BY mixing: 1987 Argus

BO oscillations:
— First evidence of heavy top
— 2> My,p>50 GeV

— Needed to break GIM
cancellations

NB: loops can reveal heavy particles!

Phys.Lett.B192:245,1987

DESY 67-029

Rpril 1987

OBSERVATION OF B'.B’ MIXING
The ARGUS Colluboration
In summary, the combined evidence of the investization of B® meson pairs, lepton pairs
and B® meson-lepton events on the Y(4$) leads to the conclusion that .5 mixing has

been observed and is substantial,

Parameters Comments
r > 0,09 90%C L This experiment
x> 044 This experiment
Bifg = f; < 160 MeV B meson (= plon} decay constant
mp, < 5GeV /e b-quark mass
n < 141071 : B meson hfetime
[Vig) < 0.018 Kobayashi-Maskawa matrix efement
P00 < U, QCD correction factor [17]
m, > 50GeV e t quark mass
e
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BY mixing: t quark

GIM: c quark

BY mixing pointed to the top quark:

ARGUS Coll, Phys.Lett.B192:245,1987

DLSY 87-029
Rpril 1987

_']
OBSERVATION OF B'.B° MIXING
The ARGUS Collaboration
In summeary, the combined evidence of the investigation of % meson pairs, lepton pairs

and B meson-lepton events on the T({48) leads to the conclusion that B“-Fﬂ mixing has

been observed and is substantial.

Parameters Comments

r > 0.09 90%CE This experiment

x > 0.44 This experiment

Bifg = f, < 160 MeV B meson (= pion) decay constant

my < 5GeV/c? b-quark mass

n < 14-1071% ; B meson lifetime

[Vigl « 8.018 Kobayashi-Maskawa matrix element
QCD correction factor [17)
t quark mass

KO—pu pointed to the charm quark:

GIM, Phys.Rev.D2,1285,1970

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasnow, J. Iutorouros, avp L. Marawnt}
Lyman Laboralory of Physics, Havvard University, Cambridge, Massachuseits 02139
(Received 5 March 1970)

We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our ¥fbfel to a complete Yang-Milis theory is discussed.

splitting, beginning at order G(GA?), as well as con-
tributions to such unobserved decay modes as Ky —>
ut4u—, K+ — at+I+1, etc., involving neutral lepton

We wish to propose a simple model in which the
divergences are properly ordered. Our model is founded
in a quark model, but one involving four, not three,
fundamental fermions; the weak interactions are medi-

new quantum number @ for charm.




BY mixing: 2001 B-factories

e You can really see this because (amazingly)
BY mixing has same time scale as decay

- 1=1.54 ps
- Am=0.5 ps!
- 50/50 point at tAm =~ =

— Maximal oscillation at 2nAm = 21

e Actual measurement
of B9/ BO oscillation

— Also precision measurement
of Am!

N B0 8" () -N B9 B’ (t)

= coS(Am-t)

BO —B° (t) +N B0 B° (t)




B.° mixing
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B, mixing: 2006

BTSN bob-service  Profles  JobNews  Research
Horme About us Contact Join us Search deutsch english

B Physics Astronomy
12.04.2006

Fermilab’s CDF scientists present a precision measurement of a subtle dance
between matter and antimatter

Scientists of the CDF collaboration at the Department of R el

Energy's Fermi National Accelerator Laboratory
announced today (April 11, 2006) the precision
measurement of extremely rapid transitions between
matter and antimatter. As amazing as it may seem. it has
been known for 50 years that very special species of
subatomic particles can make spontaneous transitions
between matter and antimatter. In this exciting new result,

“o 1 2 3 4
Oscillation frequency (trilion Hertz)

The figure shows the CDF measurement of the Bs
oscillation frequency at 2.8 trillion times par second.

staggenng rate that challenges the |mag|nat|on 3 trillion
per second.

e analysis i designed such that possible
oscillation frequencies have an amplitude
consistent with 1.0 whilke thase not present in the

Dr. Raymond Orbach. Director of the DOE Office of data will have an amplitude consistant with zero.
Science, congratulated the CDF collaboration on "this Image courtesy COF: colaboration.
important and fascinating new result" from the experiment. 35)




B.° mixing (Am,.): SM Prediction

CKM Matrix Wolfenstein parameterization
V, V. V,) [ 1-2/2 A AEF(p-in)
Veeu =V V. V, |= ) 1-22/2 AL +0(1Y)
VeV, V) (APA-p-in) -AX 1
u, ct Vts
i ' ° Ratio of frequencies for B° and B,
W W~ 2 2 2
_ B Ams _ mBs st BBs ’VtS‘ — Bs 2 ts‘
= i —— i b 2 2
W Vts
b VATAATATA AT 5
_ V,, ~ A2
et 1" Vg ~23 > Am, ~ (1A2)Am, ~ 25 Am,
s V + b +0.047 i
ts W & =1.210 353 from lattice QCD
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B.° mixing (Am,): Unitarity Triangle

CKM Matrix Unitarity Condition
VidVip +VeaVeo +VigVp =0

(p,M)

V|| 1
Vil Vea]

Amd
Amg
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cos(4m.t)
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T T T T

-2

—
T T T T

B.° mixing (Am,)

CDF Run Il Preliminary

Nygo e (H-N BYB° (t)

= cos(Am-t)
0 (D + N, o (D)
Am=17.77 *£0.10(stat) £ 0.07(sys)
ps™
L=1.0fb"

—hep-ex/0609040

05

| —e— data

- cosine with A=1. 28

05

....................

[ [
1 | | S _
Am, & Amy 1 BS *W W* BS
] s .t , b
] 5 ~ X
b ¢ sg s [\
B, § g gg B,
s _5_ < _b_ g b

0 005010150202503035 25 o0 05 |

Proper Time t (ps) ’
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candidates / (0.1 ps)

B.” mixing (Am,): New: LHCb

400

200

Nygo e (t)- Nygo g0 (t)
NBO —B° (t) + NBO —B° (t)

= cos(Am-t)

Amg

17.768 £ 0.023 (stat) = 0.006 (syst) ps~’

ms = . . stat . sVs) ps— ,
A 17.774+0.10 +0.07 1 CDF, 2006 [2

e Tagged mixed

3. o Tagged unmixed B

Q — Fit mixed

L Fit unmixed

2 3 4
decay time [ps]

LHCDb, arXiv:1304.4741

[ [
| | S _
W Wy B,
s .t , b
> S Sy
b ¢ sg s [\
S E_S_;(_b_? b
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candidates / (0.1 ps)

B.” mixing (Am,): New: LHCb

Nygo e (H-N BYB° (t)

= cos(Am-t)
NBO —B° (t) + NBO —B° (t)

Amg = 17.768 £ 0.023 (stat) = 0.006 (syst) ps~!

21400 T
— X ]
Q'IZOO B,— Dn ]
EIOOO Am,=17.768 ps~ 3
. 3 G.=0fs
i e Tagged mixed S 800 o0, 3
%, . ] . g n o
- SEfEYS i o Tagged unmixed O 600F =
400 4 —— Fit mixed 4007 * E
| a e Fit unmixed S S g A M We
. : : o5 of TR RAVAYATAWE
i =3 2 3 4
g 8 decay time t (ps)
200 & 0
| = 600 B,— Din* 3
i s00F: Am,=17.768 ps™ 3
F o.=44 fs
B 400
UU 300;—
) . 200F
decay time [ps] :
LHCb, arXiv:1304.4741 2
- 1 PR 1
% 1 2 3 4

decay time t (ps)



Mixing - CP violation?

e NB: Just mixing is not necessarily CP violation!

e However, by studying certain decays with and without
mixing, CP violation is observed

e Next: Measuring CP violation... Finally
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Meson Decays

e Formalism of meson oscillations:

1 ] ) : . _
‘ PO(t)> _ 5 (e—zmHt—%FHt i e—szt—%FLt) ‘PO) 1 % (e—zmHt—%PHt _ e—szt—%FLt) ‘p0>

(PP = [g_(1) (f)

q

e~ Tt 1
|Q’i(?5)|E - (mahiﬁﬁimaﬂmt)
e Subsequent: deca
| e PO—f

Niels Tuning (42)



0
Notation: Define A; and X, I _>f

(f) = (f1T|P)

(f) = (TP

Af) = (ITIPY)

A
A = (AP A

and define the complex parameter A; (not be confused with the Wolfenstein parame-

ter A !):
(3.14)

The general expression for the time dependent decay rates, I'po_,;(t) = |{f|T|P°(¢))|*.
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Some algebra for the decay P? > f

‘PO (’[)> _ (eimHt;rHt+eimLt;PLt) ‘PU> + q (eimmérm_eimm;m) u50>

2

o |

. — — T~
Coos) = 1A ( (0P (rPlo- )R 03 (1))
~—

\/\/

- _ Interference
AS) = (TP | A = ITP7)
q A,
A= 21
T p A
PO Sf PO> PO >f
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Some algebra for the decay P? > f

Ppoop(t) = A% (lo+ (O + [APla- (0 + 2R[Arg7 (£)g-(1)])
Ppof(t) = |Af? E (lg— (O + [ 7" g4 (O + 2R[Arg (1) g~ (1)])
Ppo_p(t) = |Ay? g (lg- (O + (A Plg+(OF + 2R[Arg4.(£)g” (1)])
Ppo_p(t) = JAf*  (lop(OF + A Plo-(0)]* + 2R[A gy ()g-(1)])  (3.15)
gL (t)]” = E;H (mah %&T‘t + cos &mt)
gt (t)g_(t) = E_;t (sinh %&Ft + 1 sin &mt)
g(t)g-(t) = E_;t <5i11h %&Ft — isin .ﬂmt) (3.16)
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The ‘master equations’

—I't ('direct’) Decay Interference

((1 +|Af]%) cnah%&ﬁf + 2R\ sillh%&rt — (1 — |Af]?) cos Amt + 23\ sin&mt)

Lpo_f(t) =

The sinh- and sin-terms are associated to the interference between the decays with and
without oscillation. Commonly, the master equations are expressed as:
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The ‘master equations’

—TI't ('direct’) Decay Interference

((1 + |)k_f|2) cnah%&ﬁf + 2R\, sillh%&rt —(1— |)t_f|2) cos Amt 4 2T sin&mt)

Ppo_f(t) =

The sinh- and sin-terms are associated to the interference between the decays with and
without oscillation. Commonly, the master equations are expressed as:

Tt 1 1
Upo_f(t) = |}1Jf|2 (1+ |)\f|2)€2 (cc:-sh iﬂrt—l—Dfsinh Eﬂft—l—Cfcos&mt—stin&mt)

»|? et 1 1
Lpo_s(t) = |As]? . (1+ |)\f|2)7 (cosh 5&1“1‘ + D¢ sinh Eﬂf't — C'ycos Amt + Sy sin &mt)
(3.18)

ek 2R 1— |\ 23\
P oA f= (3.19)
L+ [Aff? L+ [Af? L+ [Af]?
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Classification of CP Violating effects

1. CP violation in decay I'(P"— f)£T(P° — f)
This is obviously satisfied (see Eq. (3.15)) when
Ar
1
1, + 1.

2. CP violation in mixing

Prob(P" — P") # Prob(P" — P")

‘E‘%l.
p

3. CP violation in interference

D(P°5%) — )(t) # T(P°r®) — £)(E)

A
I\, =S (E_f) £0
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What's the time?
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