Particle Physics II — CP violation
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Plan

1) Wed 12 Feb:
2) Mon 17 Feb:
3) Wed 19 Feb:
4) Mon 20 Feb:
5) Wed 9 Mar:

6) Mon 16 Mar:
7) Wed 18 Mar:

Anti-matter + SM

CKM matrix + Unitarity Triangle
Mixing + Master eqgs. + B’—=J/yK,
CP violation in B, decays (I)

CP violation in B and K decays (II)
Rare decays + Flavour Anomalies

Exam

> Final Mark:

= jf (mark > 5.5) mark = max(exam, 0.85*exam + 0.15*homework)

= else mark = exam

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

The charged current term reads:
= Sdiy Wi, = W W,

U U

—(1-yp° L (1=7 g —(1-y et (1=7°
ui( 9 ))/MWuVij( ) )dj + ﬁdj( o }/#Wﬂl/ji 7 ui
LT,y 4

7
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VW U.(l—ys)dj + iE}/’“‘W*Vﬁk(l—y/s)ul.

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

J

f’y NG

A comparison shows that CP is conserved only if Vij = Vl-j*

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:

c1o  Spp 0 C13 0 sy3e 1013 1 0 0
Vekn = —s12 c12 0 0 1 0 0 co3 893 | =
0 0 1 —513€13 0 3 0 —s93 co3
C12€13 512€13 513¢
—512€23 — €125235: C12€23 — 51252351: 523C13
512523 — C12€2351: —C12523 — 512C€2351 C23C13

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

” Vid Vie Vi 1 1y2 v A Cin))
w Vea Ves Ve | = L) AN

A Ly
------ Ve Vie Vi AN(1 - p A2
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This was theory, now comes experiment

e We already saw how the moduli |V;| are determined
e Now we will work towards the measurement of the
imaginary part
I iy iy =
- Parameter: 7 - VadVun + ¥d Yo + VgV =0

— Equivalent: angles o, B, vy.

(P-M) )

e To measure this, we need the formalism of neutral
meson oscillations...
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“The” Unitarity triangle

e We can visualize the CKM-constraints in (p,n) plane

Im * * *
VadVub+ %d Yo + ViaVYw =0
arg(V,,) = -y (p.M) . arg(V,y) = -p
¥
Vu u ’ v V*
* cd ¢cb
Ya Yo
Y B
0 | Re
’Vud‘ ’VUS‘ ]Vub]e_”
VCKM,Wolfenstein — _|‘/cd| . |‘/;s| - "/cb|
[Viale™  —|Vis|es |Vl



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:

i 2w - qw ‘P(t)=a(f)\30>+b(t)‘§0>E(Zgg)

ot

0 M

. J/
'

H=( M0 ) No mixing, no decay...

hermitian

| M 0 |_1| T 0 No mixing, but with decays...
0O M 200 T (i.e.: H is not Hermitian!)

. J . J/
4 4

hermitian hermitian

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

e <o )=~{ate) o) ?)(Zfﬁ;) =T'>0
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Describing Mixing...

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

iLw oy ‘P(t)=a(t)‘B0>+b(t)‘l_30>E(a(t))
ot b(1)
H=(M o)_i(r o) -
0 M 200 T Where to put the mixing term?
T lemita . hemitm
| M My i T T, Now with mixing — but what is the
M, M 201, T difference between M,, and I';,?
hermitian hermitian

\ —i / I',, describes B%<>f<>B? via on- \ Zi e

shell states, eg. f=n*m"
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Solving the Schrodinger Equation

( [ )

3 M—EI“ Mlz—gl“12
= o ()
\Mlz _EFIZ M“E

Eigenvalues:

— Mass and lifetime of physical states: mass eigenstates

i .2 — ()
My — il M — il =\

} M— il — X My — il
2

notation F' = \/(5\-112 - %Fl'z)(fwfz - ;“ TQ)

. ; Am=25ﬁ\/(M12—;I‘12)(M1*2_;I‘;“z
my + %Fl — M —RF — %r —QF
my+ Ly = M+RF— _T+SF AF=4S\/(M12 -%rlz)(M;; -%r;;
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.0
l_
ot

Solving the Schrodinger Equation

y(t)=

l

M-—-1I' M,--TI,,

2
L

Ml*z - 3 12

Eigenvectors:
— mass eigenstates

BH>=p‘B>+q‘IT3>
BL>=p‘B>—q‘E>

M-=

l

2y (o)

l

2

‘Pl> = P‘PO
|P) = p|P’

find p and g by solving

M — %l"
My = 51,

My — il
M —iT

) —q|P%)
)+ q|P°)

)(2) ()

%k i sk
Q/p =\/(M12 _2r12

TS
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Time evolution

e With diagonal Hamiltonian, usual time evolution is obtained:

Pu(t)) = et At Py (0)
PL(t) = e ™ PL(0))

pIP°) +qlP°)
p|P°) — q|P°)

1
Oy _— __
) = 5 (1Pa) + P Py)
_ 1 P
) = (P — Py FL
—_ 2q
———
1 . .
PY(0) = oo e Pu(0) + 6“"""‘“%F"t|PL(0)>}
2p
1
T —ml“t——F”t 0 0
- 51 (|P°) +qlP)) +
1 : 1
I —tmyt—5Tyt —imyt F,t 0 1
2(6’. +e )|P)+2p

— g (1P + (g) g (1)|P°)

M ] P — g P)) |

( _—ml,,t—_—l,-l“”t.

. e—z':m,‘t——él"','t) |p0>

(3.6)



B Oscillation Amplitudes

For an initially produced B? or a B? it then follows: (using:

y (1))

B(1)) = £.(0|B")+ g (0

B'(1))=g,(0|B")+L g (1)

p

q
g, (t) _ e—imte—rt/2 COS%
g (t) =e™e™?i sin%

—

with

For B9, expect:

g.(t) =

AT ~ 0,
la/p|=1

BO> L(|BH>+|BL>)

2p
B') == (18,)-8.))
—i,t

2q

+ e—la)_t

2

e

g. (t) N e—imte—rt/Z




Decay probability

Measuring B Oscillations

Bo
q !
1 t e
g_( ) % X For BY, expect:

AT ~ 0,
la/p|=1

g. (1) ‘ ‘

Examples:

Proper Time -
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Compare the mesons:

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

PO-> PO
P> PO

y 2
T

IS
Co
T

S
=
L L

S
-
L

Probabilit

>
>
T

||||||||||||||||||||||||||||||||||||||

> t
L L

U[ U’UJU4 UJUOU 08091

BO (ps)

S R s T <t> Am | x=Am/T | y=Ar/2r
08} 2.6 108s 5.29 nst | Am/T¢=0.49 ~1
,: 0.41102s | 0.001 fs! ~0 0.01

; 1.531012s | 0.507 ps! 0.78 ~0
"t 1.47 10125 | 17.8 pst 12.1 ~0.05
" By the way,

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)
0/ ' M—iT  Mp—iT Vs b(?)
y 7 y/ — Niag — L]
ZE = H;/‘ = (A[ — ér)l/' — ( M — z * j{; _ i N ) 1/’ (2-component state in
12 2712 - P° and PP subspace)

e Find eigenvalue:
M—il =X\ My — il

My —iT% M — il =) |
: _ p
e Solve eigenstates: Y. =( )
_ g
|P) = P\PO> - ‘Z|P0>
|P) = p|P°) +q|P")

we find p and ¢ by solving
M—iT Myp—iTu\(p\_, (» y, 2 _ [Miz— 5l
My — il%t, M — il = T -- i
279tz Mg q q P My, — 517,

e Eigenstates have diagonal Hamiltonian: mass eigenstates!

Niels Tuning (18)



Summary (2)

e TwoO mass eigenstates

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

e Time evolution:

Pu(t)) = e mat=3Tui P (0)) || 1PV = g5 1Pw + IR0
Po(t)) = e ™=t p(0)) || 1P = 5o [1P) — IRl
R __
V

‘PO (l_)> _ % (e—imHt—%FHt _j[_ e—imzj—%fit) ’P0> _j[_ Qip (e—imHt—%FHt . e—imLt—%FLt) ‘P0>

e Probability for |[P9> > |H)> !

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




Summary
* P, q. ‘BH>=p‘BO>+q

‘BL>=P‘BO>‘C]

;
;

e Am, Al': Am= zg)ft\/(Mlz _érlz M, _%ri‘z d,p,M;;, I'; related through:
i : q \/M;; —iT", /2
AT = 43\/(M12 _Erlz M., —El“fz p M, -il,,/2
* X,y: mixing often quoted _Am _AI ey
in scaled parameters: T Y ) A C"S( r T) “’S(’“T)

Time dependence (if AI'~0, like for BY):

B (1)) = g,()|B)+ %g_(t)\ﬁ> g, () =emem o Amt

with
‘ﬁ(t»=g+(t)‘ﬁ>+§g-(f)‘30> g (l) =e—imte—rt/2isin%
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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 ~ ¢
= Different bases to express quark states, d’=0.97 d + 0.22s + 0.003 b

= Oscillations (mixing) of mesons: |K'> « |[K7>

2) Complicated calculations? 0(8° > 1), o (O +14F Lo (0 + 2R (22 (1) ()]
o (O + e (0 + 2R (22 (1) (1))

—0 — 2
r(5' = r)=[4] T i

3) Many decay modes? “Beetopaipaigamma...”
— PDG reports 347 decay modes of the B%-meson:
e [, I*v, anything (10.33 +£0.28 ) x 1072
e [, VVvy <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 BY and[?

B? can be described by an effective Hamiltonian:

&)
— =

j
Hip = (M - -
o~ =W =3

M—il' My — il
) = 2 2 )
L)y My — i3,  M—1iT Y

2+ 12

> *

/ Miz \ e.g. the weak box diagram / M1z \
50 BO BO BO
\ -i - Z I',, describes B%<>f<>B? via on- =i /

2 12 — s 2 412

shell states, eg. f=n*n"
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Inami and Lim,

Box dia gram an d /Am Prog.Theor.Phys.65:297,1981

=,y =, = (B3 |H )~ (P | )

*

g
[
0
[
ot
[
g
]
0
0
ot
0
<
[
0
[+
o
[

us,cs, ts

l

A
o
\ uct ;/

30N

A

o

A

o

PrYVS
Al
o

Vud,cd,td Vus,cs,ts V‘Jd: cd, td Vus,cs,ts

. _Lgu_ - -
M, — i VA ViaVi LV
(2\/§> ( d d)
dik (—ig)“’ — kAka/7n.?‘-) (—iga‘p — kak’.p/7n“2‘-)
k

(2m)* 2 — m‘Z‘ k2 — 771"2‘,.
¥+ m, . . .
[“5“(1 =gz (L~ 7 ua] [Pere(l =) ez v (1 = v
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Box diagram and Am

* >
V. ' v, Vus cs,ts Vucl ed, td

s uct ;‘

D o _
K° ) o) KO° K°
= o+
v -~

uct \

Vud.cd,td us,cs, ts vud ed, td Vu:.cs,ts
G2m?2 o
Amp = %chpB 5 = LR [So(m.g / 771?‘,)|\f"cd‘f’cs 2]
2 .2
Amp = LW o By famp [So(m? /m?)|ViaV,
Lnp = G772 NecpPBJBTNB o(mg /miy )| ViaVe
Vb (u,c,t) Vo Voo W Vg
b b (61) Tod d b a d
5o W W B B (u,¢,t) (u,c,t) BO
_ (w,c,t) _ _ 14 _
d . b d - b
VQd VQb VQd ‘/qb
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Box diagram and Am: Inami-Lim

e K-mixing

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

of the Inami-Lim function and the CKM term.

Internal 4, 0 tor  BY CKM BY CKM K9 CKM
quarks 8
c,c 3.5 x 10~ A?)\® A%\ \?
J (7.4 x 107%) (1.4 x 1073) 2.7 x 10~2)
c,t 3.0 x 1072 A2)\%|1 — p —in| A2\ ANl — p —in)|
(7.3 x 1079) (1.5 x 1073) (8.8 x 107°)
t,t 2.5 A2X8|1 — p —in|? A2)\1 A1 — p —in|?

(7.2 x107%) (1.5 x 1073) (1.1 x 1077)

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




Box diagram and Am: Inami-Lim

e BO2-mixing

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

of the Inami-Lim function and the CKM term.
Internal ;0 e tor | B CKM BY CKM K CKM
quarks '

c,c 3.5 x 1071 A?)\® A%\ M2
(7.4 x 107%) (1.4 x 1073) (2.7 x 1072?)
c,t 3.0 x 1073 A2)\%|1 — p —in| A2\ AZX8|1 — p —in
(73x10°%) (1.5 x 107%) (8.8 x 1075)
t,t 2.5 A2)5|1 — p — in|? A2)\1 A1 — p —in|?

(7.2 x107%) | (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.

Internal ; , 0 tor  BY CKM BY CKM K9 CKM
quarks 8
c,c 3.5 x 1071 A?)\® A\ M2
(7.4 x 107%) (1.4 x 1073) (2.7 x 1072?)
c,t 3.0 x 1073 A2)\%|1 — p —in| A2\ AZX8|1 — p —in

(7.3 x 1079) 1.5 x 1073 (8.8 x 107°)
(7.2 x 107°) 1.5 x 10~3 (1.1 x 1077)

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




Next: measurements of oscillations

1. B% mixing:

> 1987: Argus, first

» 2001: Babar/Belle, precise
2. B.° mixing:

» 2006: CDF: first

> 2010: DO: anomalous ??
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BY mixing

Niels Tuning (29)



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*w(t)

-ttt

prob(B°(t)| B®) « S— (1+ cos(Amt))

—t/tT

prob(B(t)| B®) « <— (1 - cos(Amt))

e A simple B? decay experiment.

— Given a source BY mesons produced in a flavor eigenstate |B°>

- You measure the decay time of each meson that decays into a
flavor eigenstate (either BO or[2]B%) you will find that

NBo%Bo (t) -N B0 RO (t)
(O+N,, . ()

= COoS(Am 1)

BO —BY
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BY mixing: 1987 Argus

BY oscillations:
— First evidence of heavy top
- 2 My, >50 GeV

— Needed to break GIM
cancellations

NB: loops can reveal heavy particles!

Phys.Lett.B192:245,1987
0ESY 87-029

April 1987

-0
OBSERVATION OF B'.B" MIXING
The ARGUS Collaboration
In summary, the combined evidence of the investigation of B® meson pairs, lepton pairs

and B meson-lepton events on the Y(45) leads to the conclusion that BB’ mixing has

been observed and is substantial,

Parameters Comments
r > 0,09 90%C L This experiment
x » 044 This experiment
Bify & f, < 160 MeV B meson (= plon} decay constant
my < 5GeV /! b-quark mass
n < 14:107"% B meson lifetime
[Vigl < 0.018 Kobayashi-Maskawa matrix element
7600 ~ U QCD correction factor [17]
m, > 50GeV /¢? t quark mass
TSS—
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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

DESY 67-029
Rpril 1987

been observed and is substantial.

Parameters

OBSERVATION OF B'.B’ MIXING
The ARGUS Collaboration

In summary, the combined evidence of the investigation of B meson pairs, lepton pairs

and B meson-lepton events on the Y(4$) leads to the conclusion that B“-B_a mixing has

Comments

KO—ppn pointed to the charm quark:

GIM, Phys.Rev.D2,1285,1970

r > 0.09 90%C'L

x =044

Bifp = f, < 160 MeV
my, < 5GeV/c?

n < 141071

[Vigl < 0.018

This experiment

This expetiment

B meson (= pion} decay constant
b-quark mass

B meson lifetime
Kobayashi-Maskawa matrix efement
QCD correction factor [17]

t quark mass

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasuow, J. Iriorouros, axp L. Marantf
Lyman Laboratory of Physics, Harvard 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 Tfbfel 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 K;—
wru—, K+ — w4141, 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 = 2t

e Actual measurement
of B%/BP oscillation

— Also precision measurement

of Am! _4

N, (O-N_, Bt B j
g ()= N g ()=cos(Am-t) | E
NBO RO (t) + NBOQEO (t) L ————



B.° mixing
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B.° mixing: 2006

BEETR vococe | ofier  JobNews Rasemch
Home About us Contact Join us Search deutsch enqglish

() I M Bl o=

® 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
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,
CDF physmsts meg : agtimatter

staggenng rate that challenges the lmagmatlon 3 trillion
per second.

Dr. Raymond Orbach, Director of the DOE Office of
Science, congratulated the CDF collaboration on "this
important and fascinating new result" from the experiment.

3 CDF Run Il Preliminary L=10M"

“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.

e analysis i designed such that possible
oscillation frequencies have an amplitude
consistent with 1.0 whilke thase not present in the
data will have an amplitude consistent with zero.
Image courtesy CDF collaboration.
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B. mixing (Am,.): SM Prediction

CKM Matrix
(Ve Vi Vi)
VCKM= Vcd Vcs Vcb
Ve Ve V)

Wolfenstein parameterization

[ 1-X/2 A AX (p-in))
-2 1-A*/2 AX +O(1Y)
\A/13(1—,0—i77) —AX ] )

Ratio of frequencies for B® and B,
Am mBs fstBBS V 2 V

S ts ts

2

mBS 2

- 2
de ‘I/td ‘

g =1.239 + 0.046 from lattice QCD
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B.° mixing (Am,): Unitarity Triangle

CKM Matrix Unitarity Condition
VidV t ViV +V, Vb =0

(p,M)

V¥, 1

)
%
\V4
VIRV | Vchcb Vd

C

Amd

(0,0) (1,0) Amg
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B.° mixing (Am,)

BO —B° (#) -

Ny 5 (@)

= cos(Am -t)

p O+ Ny (1)

Am=17.77 £0.10(stat)£0.07(sys) ps’!

CDF Run Il Preliminary L=1.0fb"

= 2[hep-ex/0609040
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NI

w1

Q -

© [
0f
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. ——data
oL — cosine with A=1.28
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|
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Consistency?

= -
0.7}

0.6}
0.5
0.4}
0.3}
0.2}
0.1}

Of

Compare eg.:

mmE) 1) Am, with y

2) |V,| with sin2f
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' From: M.Blanke & A.Buras
0.4 $ arXiv:1812.06963 -
0.3+
I
0.2+
0.1¢ Sr )
0.0 : : . .
0.0 0.2 0.4 0.6 0.8 1.0

p

Figure 2: Constraints on the UT from the angles vy (red) and B from Syks (blue), and R;
from AMy/AM, (green).



Am,/ Amy

e Check ratio

Am m

s Bs

/3B

Bs

Bs

Is

2

Am

d mB

2
d deBBd

%

td

2

e Hadronic parameter much more precise:

Am
Am

m

S — Bs 52

d de

62

2 /\
B fBSBBS

- f3Bg
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¢ for Am_/ Amy

lattice QCD
o Fermilab Lattice/MILC
Used by Buras
—_— ¢ =1.206 +0.019 > ~ = (63.0 + 2.1)o

o RBC/UKQCD
¢ = 1.1853 £ 0.00541 0 5158 > v = (60.7 £ 1.5)°

QCD sum rules

Calculated by Lenz 0.0065
—_— o £ =1.2014%) 005 > v = (62.540.9)°

e Hadronic parameter:

2 /\
B fBSBBS

: & =

Ams mBS 52 s

f2Bg

Amd My
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Consistency?
If you believe £ = 1.201 = 0.007 then ...

Y has to decrease considerably for consistent CKM picture!

0.7 . | |

0.5 LHCb 74.0+>0 ¢

0 World Avg (HFLAV) 71.1+46__ .
1S Lenz (Ame*P, ESR)  63.4 £ 0.9

0.3 ;

0.2

0.1

08 0.2 0.4 0.6 0.8 1.0

0

D. King, A. Lenz, Th. Rauh, arXiv:1911.07856, |V, | and y from mixing (addendum)
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candidates / (0.1 ps)

B. mixing (Am,): New: LHCb

J(O-N,, (¢
Ny )= N o) = cos(Am 1)
NBO_>BO(t)+NBo_>§0(t)

Am, =

17.768 + 0.023 (stat) £ 0.006 (syst) ps !

(Ams = 17.7740.10(stat)£0.07(sys) ps—* CDF, 2006 [2])

a e Tagged mixed
: {’ I 4. o Tagged unmixed
400 A o\ it mi B
g NG — Fit mixed s
i Ay Fit unmixed
2001
O L
0 1 2 3 4

LHCDb, arXiv:1304.4741

decay time [ps]

~ [
b
!
S
b
[«

qQ

q

S g
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candidates / (0.1 ps)

B. mixing (Am,): New: LHCb

BoeBo () =N, 5 (D)

o NBOQEO @ A

Amg = 17.768 4+ 0.023 (stat) 4 0.006 (syst) ps™’

21400 T T TS
;12()()%_ Ideal B,— D;n” _'
< . -
% ' Am,=17.768 ps™ 3
_ Ftooo 6.0
a e Tagged mixed = 300
g 3% [=) o
o A . < -
- {) Fratd. o Tagged unmixed O 600F
Ay, :
400F o — Fit mixed 40013
i : : c 200f
---------- Fit unmixed e 2
i S j:
£3>
i D0 decay time t (ps)
O n y
200_ I"_UG) 'I""I"'I"':
— = 600 B,— D, n* _E
_ sook: Am,=17.768 ps™ 3
- 0.=44 fs
i 400F
0 :
300F
0 -
. 200
decay time [ps]| o
LHCb, arXiv:1304.4741 2
0_ 1 1 1

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:

‘PO (l‘)> = % (e—z’mHt—%FHt + e—imLt—%FLt) ‘P0> i Zi <e—imHt—%FHt B e—imLt_%FLt) ‘p0>
p

(PP = lg_(1)P (’)

q

E_Ft 1
|g:t(t,)|2 e (cosh BAFt 4+ cos Amt)
e Subsequent: deca
9 decay PO __ f
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PO—f

Notation: Define A and A.

Af)= (ITIPY)  A(f) = (JITIF)
AP = (TP A

(f) = {F1T|P?)
and define the complex parameter A; (not be confused with the Wolfenstein parame-
ter A !):

A J&
Af =~ /\fzia Af =

)

Aj= i (3.14)

F Af

TR
b

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 (t)> _ %(e—z’mHt—%rHt_I_e—z‘mLt—%rLt> PY) _I_Qip(e—imyt—%FHt_e—imLt—%FLt> P°)

. — . —
Prost) = 142 ((on0Py GoPlo-OP)ER001 (00-0)

_ . Interference
A(f) = (FIT|P°) | [ACS) = (IT]P7)
q As
A, — 220
Y
PO >f PO>P0 >f
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Some algebra for the decay P° > f

Lpo_p(t) = [Af® (lacOF + [APlo- (O + 2R[A ;g7 (1) g-(1)])
2
- olq ‘ — . — .
Lpo_p(t) = |Af|® , (lg— (O + AP lar (O + 2R[Afg (1) 9" (1)])
2
Tpo_f(t) = |Agf? p (lg—(OF + AP la+ (O + 2R[A g+ (1) 9" (1)])
Ppo_f(t) = [Af*  (lo+(OF + ArPlo- (O + 2R\ sg} ()g-()])  (3.15)
. e 1t 1
lg=(t)]? = 5 (cosh EAFt + cos Amt)
e Tt 1
gy (t)g_(t) = 5 (sinh §AFt + i sin Amt)
e Tt 1
gi(t)g (t) = 5 (Sinh EAFt — i sin /.\mt) (3.16)
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The ‘master equations’

—T't ('direct’) Decay Interference

B

((1 + [Af]?) cosh %Af‘t + 2R\ sinh%AFt — (1 — |Af|?) cos Amt + 23\ s sin Amt)

Lpo_f(t) =

Ppo_s(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

B

((1 + [Af]?) cosh %Art + 2R\ sinh%AI‘t — (1 —|A\f|?) cos Amt + 23\ s sin Amt)

Lpo_f(t) =

Fpo_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:

Cpo_f(t) = |Aff (1+ |Af]%) E;Ft (cosh %Art + Dy sinh %Aft + C'y cos Amt — Sy sin Amt)
2 —I't
Lpo_s(t) = |Af]? § (14 |)\f|2)eT (cosh %Aft + Dy sinh %Al"t — C'y cos Amt + S sin Amt)
(3.18)
with 2R, EWE 232,
s YT ST irar (3.19)
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Classification of CP Violating effects

1. CP violation in decay J (P’ — f)#T(P°— f)

This is obviously satisfied (see Eq. (3.15)) when

2. CP violation in mixing

Prob(P" — P") # Prob(P" — P")

e
p

3. CP violation in interference

D(P°5% — f)(t) # T(P%p% — f)(t)

I\, = S £0
g (:D 4f)
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What's the time?
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Now: Im( %)

oy

1. CP violation in decay NP — f)#T(P°— f)
This is obviously satisfied (see Eq. (3.15)) when
Af
A # 1.
2. CP violation in mixing Prob(P° — P") # Prob(P® — P°)
‘g‘ £1.
p

3. CP violation in interference

['(PYp% — f)(t) # T(P~pP" — f)(1)

We will investigate Xf for various final states f 2P F= ¥ (g¥) -Té 0
4 f



Z

. .
.J—| |
""ﬁ '\.\

CP violation: type 3 A =S (%

[(P°~p" — f)(t) # T(P°p®) — f)(1)

I po t)y—f — Fpo .
Aop(t) ( (t)—f

— FPO(t)—,f + FpO(t)_,f

5 et 1 1
Tpo_s(t) = |As (1+ \/\f\z)( 5 (('nsh §Aff + Dy sinh §AF1‘ + C'y cos Amt — Sysin Ann‘)
9| P 2 5 e Tt 1 1
Cpo_f(t) = JAF2 |5 (1+ 0 5 (msh 5AFI‘ + Dy sinh —Al't — Cy cos Amt 4 Sy sin Amz‘)
q ] 5 5 J
Camy L I-P 23
TUIEIE T T T

~ Lpoy—y =Lpoy—y  2C;cos Amt — 25y <in Amt
- Tpogy—s+ I pogny— s ~ 2cosh %Aft + 2D smh %Aft

Acp(t)
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Classification of CP Violating effects - Nr. 3:

Consider f=f:

Upoy~r —Upoy—y  2C; cos Amt — 25 sin Amt
[pogyg + Cpogy s 2cosh 2ATt + 2D sinh Al

Acp(t) =

If one amplitude dominates the decay, then A, = A

—3A s sin Amt
cosh ATt + R\ sinh ZAD't

Acp(t) =

3. CP violation in interference

['(P°-p% — f)(t) # T(P~pP" — f)(t)

qu)
3A, =3 (125 o
! (PAf
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CP violation: a famous example

e The golden decay B—J/WK,
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