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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

Niels Tuning (2)




Table of contents

Introduction

1 CP Violation in the Standard Model

1.1 Parity transformation . . . . . . . .. ... oL
1.1.1  The Wu-experiment: °Co decay . . . . . .. ... .. ... .....
1.1.2  Parity violation . . . . . . ... ...
1.1.3 CPT . ..

1.2 C, P and T: Discrete symmetries in Maxwell’s equations . . . . .. .. ..

1.3 C, P and T: Discrete symmetries in QED . . . . . .. .. ... ... ...

1.4 CP violation and the Standard Model Lagrangian . . . . . ... ... ...
1.4.1  Yukawa couplings and the Origin of Quark Mixing . . . . . . . . ..
142 CPuwiolation . . . . . . . . ...

The Cabibbo-Kobayashi-Maskawa Matrix

2.1 Unitarity Triangle(s) . . . . . . . . . ..
2.2 Size of matrix elements . . . . . ... oL
2.3 Wolfenstein parameterization . . . . . .. ... ... L.
2.4 Discussion . . . ... e

Neutral Meson Decays

3.1 Neutral Meson Oscillations . . . . . . . .. ... ... .. ... ...,
3.2 The mass and decay matrix . . . . .. .. ..o

il

27
27

3.3 Eigenvalues and -vectors of Mass-decay Matrix . . . . . . . ... ... ... 29
3.4 Timeevolution . . .. . . . ... Lo 30
3.5 The Amplitude of the Box diagram . . . . . .. ... ... ... .. .... 32
3.6 Meson Decays . . . . . . .. L 35
3.7 Classification of CP Violating Effects . . . . .. ... ... ... ...... 36
CP violation in the B-system 39
41 Bithe B = J/pKSdecay . . . . ... 40
4.2 Bythe BY — J/ibd decay . . . ... 44
43 ~:the BY = D¥KF decay . . . ... ... ... ... ... ... 46
4.4 Direct CP violation: the B® — #=K¥ decay . . ... ... ... ...... 48
4.5 CP violation in mixing: the B® — ITvX decay . . . . .. . ... ... ... 49
4.6 Penguin diagram: the B® — ¢K2 decay . . . . . .. . ... ... ... ... 50
CP violation in the K-system 51
51 CPandpions . . . . . . . . . . . 51
5.2  Description of the K-system . . . . . . .. ... .. ... .. ........ 53
5.3 The Cronin-Fitch experiment . . . . . .. ... ... ... ... ...... 54
5.3.1 Regeneration . . .. .. ... .. ... 56

5.4 CP violation in mixing: €. . . . . . . . ... 57
5.5 CP violation in decay: € . . . . . . . ... ... 58
Experimental Aspects and Present Knowledge of Unitarity Triangle 61
6.1 B-meson production . . . . ... ... 61
6.2 Flavour Tagging . . . . . . . . . . . . 65
6.3 Present Knowledge on Unitarity Triangle . . . .. ... . ... ... ... 66
6.3.1 Measurement of sin23 . . ... ... .. oL 67
6.3.2 Measurement of ex . . . . . . . ... 67
6.33 |Vi/Vasl - o o o oo 68
6.3.4 Measurement of Am . . . ... L 68

6.4 Outlook: the LHCb experiment . . . . .. . .. ... ... ... ...... 71
Exercises 73




+ L

Loy =L+ L

Kinetic Higgs Yukawa

+

_ @ .,
—L Yuk Yljd (Méad]{)i ( " ) déj +... 4 <
v | | ——-e--
g 1 gl

/J I T
LKinettc = \/5 uLl W dLl + dLl W uLz

ﬁ

Diagonalize Yukawa matrix Y d’ d
— Mass terms 7

— Quarks rotate

I
- Off diagonal terms in charged current couplings b

(M d o (m, u
” _LMaSS = (d,s,b)L{ m, J{SJ + (u,c,t)L{ m, J{c] ..
W m, )\ D], m)\t),
----- < ; .
d,s,b

I




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 % * *®
- 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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Meson Decays

e Formalism of meson oscillations:

‘PO(Z,)> _ %(e—imHt—%FHt_l_e szt——FLt> ‘P0>

q
2

. 1 . 1 —
(e—lmHt—QFHt . e—szt—ﬁFLt) ‘P0>

e Subsequent: decay

. 2
st = 12 (oD Glo 0 )@Am )
PO >f PO> PO
_ —p Interference
A(f) = (fITIP%) | |A(S) = (TP
_ a4
/\f N p ‘-4f
. e—Tt ( direct’) Decay Interference
Tpo_s(t) = [Aff"

Art +

4 cosh —

A-l




Classification of CP Violating effects

1. CP violation in decay J 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°)
e
p

3. CP violation in interference

[(P%-p% — f)(t) # T(P°~pP" — f)(t)

qu)
3A, =3 (120) 20
! (PAf
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Remember!

Necessary ingredients for CP violation:
1) Two (interfering) amplitudes

2) Phase difference between amplitudes
— one CP conserving phase ( ‘strong’ phase)

— one CP violating phase ( ‘weak’ phase)

2 ammplitydes
2 DINaSeES
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Remember!

1on

2 ammplitydes

ADINGISES;

I CP operat
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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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Relax:

B92>J/WK. simplifies...
B 2"}1\/\f _— 1 — |/\f‘2 g, _ 2\\5/\f
DY A Y A Ve

B Upoy—p — Dpogy—y ~ 2C cos Amt — 25 sin Amt

[ pocy—r + L pogy— g - 2cosh %AFIL. + 2D sinh %AFt

2= AT=0

Acp(t) = =S Apsin(Amt)
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B. — J/yp : B analogue of B® — J/yK9

Replace spectator quark d 2 s
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B0 analogue of B% — J/yKO

|Vad| [ Vs |
"C' K M Wolfenstein — B | ‘Cd| , |‘cs| :
Vale ™ —[Vigle® |V
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ﬁs. B. — J/yp : B analogue of B® — J/yK9

Differences:

CKM Vig Vi

AT ~0 ~0.1
Final state (spin) KO :s=0 ¢: s=1
Final state (K) KO mixing -
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Bs: Bs0 — J/y@P

Acp(t) = Uowy—ame — Vo —apwe _ S Aymesin Amt —
FB? ()—J/wo T FBQ (£)—J [ COSW + RA oy sinw

AJjpé = (2) (ﬂJ/@AJ/M) :( tZVtS) (VcbV;’;)
i p’/ Bg " Aspps VisVie/ \V Vi

SAJ /e =in(—2}3s)
V.. large, oscilations fast,
need good vertex detector
CP|J/¢¢), 1 /), 3 amplitudes

I A 1T =2

AL A—)I=1

@ A0 Al I=0
Inal state (spin)

Final state (K)
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B. 2 J/yd® : B, equivalent of B> J/yK, !

e The mixing phase (Vy): o/~=28

BO > f BO >

Wolfenstein parametrization to O@’):

Lo 1.4
B A
1, 1

~\+ 1142)\‘5[1 —2p+um)] 1- i L —)\4(1 + 4A2)

2" 8
\A)\‘g[l—( —%AQ)(PHU) —A)\2+%AA4[1—2(p+in)] 1—%A2A4/

AN (p— i) \
AN?

R —
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B. 2 J/yd : B, equivalent of B> J/yK, !

e The mixing phase (V.): o.=-28,

BO > f BO> B0 > f

° E oo b ———e— < f ®
BS B Vcs*
s w
b Ve s t b c
S > > S [0)) S > > >— > c J/w
Vts th Vcb
Wolfenstein parametrization to O(’):
1 1
[ 1- A= o ) AN (p—in)
| 1
B Qg AQA 1-2p+in)] 1-=X =) (1444%) AN
S
1 1 1
\Am = (1= W) (p+in)] (AN 4 JANL=2p + in)]) 1- S 4PN )

e —
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B. 2 J/yd : B, equivalent of B> J/yK, !

e The mixing phase (V.): o.=-28,

BO > f BO> B0 > f
_ V', _ - v
b : Sy b & Ve fcp
B B W Ver
b Vcs ; ()] > i b c J/p
s > > S S - Vv, g Vio - Veb -
S
Vil Vel Vale )
‘fC‘I\'ﬂ!,\\-'olfenst.cin = —|":‘Cd| _ I‘CSI 3 ":'Cb| + O ()‘5)
I":rtdle_tj - | ‘;S |e1;35 ‘;b|
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Other angles
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Measure y: B9 - DK”7/+:both A .and A~

r(B->f)=

I(B>Ff)=

NB: In addition B > D#K”*:bothA,and A+ e Toning (22



Measure y: B, > D#K/* - first one /i D /K"

b \————
Vb
S
* 3 * 3 iy
I/cbl/us X A VubVCS X A’ €

This time | Af|=|A;|, so |A/=1!
(AD;M) B (‘-”ub‘-’;’;) (*4‘2) A, = 141
Ap-+ ViVis/ VA p Ay

e In fact, not only magnitude, but also phase difference:

M — |‘4D;Ix’+|€-z‘(65—“.f)

"qD:,_ K+t |"4D5_ K+t | Niels Tuning (23)




Measure y: B, > D K”/*

B%, = D.,K* has phase difference (5 - y):

AD;KJr _ AD;1<'+|€Q-(55_7)
AD; Kt AD;K+|
Need BY > D_*K- to disentangle § and y:
)\D_I{+ _ ( g ) (.4 D> K'+) _ ";2"}8 ‘;b‘:’; 442 ei(—Zﬁs—v +55))
s p/ BO\A DK+ Vis Vi 1 IV Vs 1Ay
N (g) (ADjK—) _ I’;’l“) /es lfu*s i~ Al ei(—Zﬁs—'}'—Js))
Dok p/ BE\Apt - VieVir | 1V 11 A,
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i 1. CP violation in decay J (P’ — f)# T (P°— f)
i This is obviously satisfied (see Eq. (3.15)) when
i Ay
i 1, # 1.
2. CP violation in mixing Prob(P° — P°) £ Prob(P® — PY)
H £1.
p

3. CP violation in interference

['(PYp% — f)(t) # T(P~pP" — f)(1)




!

~ /
{
/

= arg

VgV

|

1) B-— DK (Time integrated)
2) B’— D=*K* (Time dependent)

(

—|Vad]

Viale ™ —[Vidle [Vl

|

Necessary ingredients for CP violation:

1) Two (interfering) amplitudes
2) Phase difference between amplitudes

— one CP conserving phase ('strong’ phase)
— one CP violating phase (‘weak’ phase)




GLW:
CP eigenstate: D’— K*K*(zx)

~/

/

""/'u.d ‘/u* b ]
Ve ‘/}/c:;)

B- —-DK- /
Relative phase: y




8- —D°K-
- Relative phase: y

(B~ — fpK~) —T (Bt — fpK*) “essg,
Acp+ = - -
I'(B- — fpK~)+T'(BT — fpKT)
R _F(B_—>fDK_)+F(B+—>fDK+)
cP+ =

[ (B- — DOK+)

a )
GLW: AL N

: +
CP eigenstate: D’— K'K (an) B+ i(p-7) f CPK



Events / ( 5 MeV/c2)

- 0.038 & 0.012

rere— 1,007 -

LHCb

S 5600
m(Dh*) (MeV/c?)

GLW, TNA
CP eigenstate: D’— K*K (zx) B+ 7, 81(53 ~7) f CPK *
"’%» DOK -+
Pre Se
(ori= 0.145 4 0.032 4+ 0.010 |7, _2resnisn

Rcp+
Rop+ =1+ 7%+ 2:rp cosdp cosy




ADS:
B or D Cabibbo favoured: D'— Kz

~ T aT(y lud ‘/U* b
’l' — al g - ‘ 7 T
‘ed V ch

B- —-DIK- /
. Relative phase: y

i(85-7) D K-n+K+
0
D K-l_JoaHOWed'



vub*
b
B- —-DK- /
B . Relative phase: y
—_ Co4,
DOK — %o
, S"ﬁp'
ADS: AN,
-+ K+
B or D Cabibbo favoured: D’— K*n i(d5-7) K'n*K
5 DOK‘IJ“oWed_
A I'(B-— fpK~)-T' (Bt — fpKt ﬁ,ores%d cabib?? 2
ADS = I'(B- - fpK~)+T (B+ — fDK‘|‘) “Difference in suppression”
R F(B —>fDK_)-|—F(B+—>fDK+ . -
ADS — T (B_ _ fDK_) IT (B+ R fDK+) Average suppression



Suppressed mode for
the B~ is relatively
more suppressed than

—_ Ry = 0.0073 £ 0.0023 £ 0.0004 : : :
> RYt = 0.023240.0034 % 0.0007
5 15 LHCb
=
=~ 10 _ ) | | -
£ pmleR e - Bk K- - - :t: B S[K] K
LE {x# \ ) I x H —
. T 5400 5500 T 00 Se00 ’&
4 m(Dh*) (MeV/c?)
uré C
a\’o —_— by,
¢ . DOK — %0,
ADS: £
, + (5. — -t K+
B or D Cabibbo favoured: D'— Kz B 7, 61(53 ) K n*K
~ -7 \} J
BR~ 2 10 43¢ DOK owed:
llpp,,e blbbo al
4 SSeo, ca

Aaps= —().H2
Raps= ().0152 -

015 1 O

-

- 0.0020 -

= 2nrprsin(dp + 6p) sin ",’/RfDS

= 7‘32 + 'I‘D2 +2irgrp 006(53 + (51)) €087



Another example of CP violation in decay

i 1. CP violation in decay J (P’ — f)# T (P°— f)
i This is obviously satisfied (see Eq. (3.15)) when
i Ay
i 1, # 1.
2. CP violation in mixing Prob(P° — P°) £ Prob(P® — PY)
H £1.
p

3. CP violation in interference

['(PYp% — f)(t) # T(P~pP" — f)(1)

~ q.‘_lf)
SA; =8 ——=] #0
! (PAf



CP violation in Decay? (also known as: “direct CPV”)

First observation of Direct CPV in B decays (2004):

2

- S 400 BaBAR| B° —k'm 1
q _lirmlees ] B 0 BaBae] 2K |
D QS | % |
B—7 Tl B=f] 2200 :
s
2
0
‘ BAB I hep-ex/0407057 [ 0.1 i
A AR Phys.Rev.Lett.93:131801,2004 () B
A, = -0.133=0.030 = 0,009 g O
4 20 _+
HFAG: oy b -
Acp = -0.098 £ 0.012 52 522 524 526 528 5.3

mg. (GeV/c 2)



CP violation in Decay? (also known as: “direct CPV”)

First observation of Direct CPV in B decays at LHC (2011):

4 Iz 7-T
CP
R

B—f

LHCb-CONF-2011-011

‘ LHCbI

Acp(B’ — KTn7) = —0.074 £ 0.033 £ 0.008

Events /{ 0.0225 GeV/c?)

Events /{ 0.0225 GeV/c?)

LHCb I

LHCb
Preliminary

\s =7 TeV Data

LHCb
Preliminary
\s =7 TeV Data

5.3 5.4 5.5 5.6 5.7 5.8
K =*invariant mass (GeV/c®
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Remember!

Necessary ingredients for CP violation:
1) Two (interfering) amplitudes

2) Phase difference between amplitudes
— one CP conserving phase ( ‘strong’ phase)

— one CP violating phase ( ‘weak’ phase)

2 ammplitydes
EDINEGISES
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Direct CP violation: ( B®> f) = [(B°>f)

CP violation if T( B9> f) # [(B°>F)

But: need 2 amplitudes - interference

¥ oo

d Amplitude 1 Amplitude 2

.

¥ Ol
»
¥ =i
D
=]
|
wy)
=3
)
o
4

I'(B'—=K'n)x VubV e +V V[ = |20 1 22

[B —Ka) x|y ve +v, V| ~ JrED 4 22f

Only different if both 6 and y are #0 !
> r(B°f) # (B%f)
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Hint for new physics? B%>Kn and B=>K=n"

Redo the experiment with B* instead of BO...
d or u spectator quark: what’s the difference ??

B° = K'm
Average | A, = -0.114+0.020
A
3.607
B — K'a° 1
Average | | A, = +0.049£0.040

B> Kn
d d
| |
0 _ —_
B O b i O'fr
| '
S
u Kt
u u B+9KTC
-
B+ O l_) i O ﬂ.O
| |

Mode Acp S(o)
KTn— —=0.093 +0.018+0.008 4.7
Kt7%  +0.07+0.03+0.01 2.3
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Hint for new physics? B>Kn and B=>K=n°

B— KT PUZZLE

e with small arg(C/T) (or just small C)
(ACP(BO — K+7T_) - ACP(B+ ok K+7TO)J

e experimentally
Acp(Bt — K+7%) = 0.050 + 0.025
Acp(B® — KTn~) = —0.09810012

e solarge C and large arg(C/T)
e problematic for SCET/QCDEF

e large 1/my?

e _in pQCD the large phase claimed from Glauber gluons
Li, Mishima, 0901.1272
. presence of isospin violating NP can be tested precisely

J. Zupan Hadronic decays... 8 Beauty 2011, Amsterdam, Apr. 7, 2011
Niels Tuning (39)
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g o)

C

©

< |

AL

s &

N 1

. +

n £,

m G| &
E| <

Zl gl

Q| B8l
B

| 3|+t

e \T/K

C MH

RE

| F| &

| Bl <

|l s —

amlll -

P (penguin)

C (color suppressed)

so large C and large arg(C/T)

T (tree)

BY—K
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Next

1. CP violation in decay J (P — f)#T(P°— f)

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

3. CP violation in interference

['(PYp% — f)(t) # T(P~pP" — f)(1)




CP violation in M|X|ng7 (also known as: “indirect CPV”: €+0 in K-system)

P(BO eEO)ZP(EO —B°)

Look for like-sign
t=0 t Decay lepton pairs:
/ B’B’ =117 X
g —1*1*xX «P(B’—=B
BOEO/BB =X ( _)
— B'B* —»11°X «P(B'—B°)
AN B°B® —11*X
W =17 W =177
V] EO b ‘chb Vl

|
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(limit on) CP violation in B® mixing

Search for 7' and CP Violation in B"-B" Mixing with Inclusive Dilepton Events

]
[=)

IIII|IIII|IIIJ_|_I_.I_I_I_|_¢.I_I_I_.|._I_I_I.I|IIII|III1

AT(At) = N:: (At)+N__ (At) B 1+\q/1?\4

2 04
: o B4B4R{ Look for a like-sign

< 02 asymmetry:

§ 0.1 ....' 'l'l ! + |+

2 o Ll 14 N, (At)-N_(Ar) 1-]g/p[
£

I NS NS N ....I....I.u.ﬁ.

As expected, no
M T T w2 asymmetry is observed...

2
At (ps)

o

FIG. 3: Corrected same-sign dilepton asymmetry as a func- q _ 1
tion of At. The line shows the result of the fit for the dileptons -
with Az > 200 pm. _ v p

We report the results of a search for 7' and CP violation in B"-B” mixing using an inclusive
dilepton sample collected by the BABAR experiment at the PEP-II B Factory. The asymmetry
between ¢T/T and (¢~ events allows us to compare the probabilities for B" — B” and B" — B"
oscillations and thus probe 1" and CP invariance. Using a sample of 23 million BB pairs, we measure
a same-sign dilepton asymmetry of Ap,cp = (0.5 4 1.2(stat) & 1.4(syst)) %. For the modulus of the
ratio of complex mixing parameters p and ¢, we obtain||q¢/p| = 0.998 + 0.006(stat) 4+ 0.007 (syst)
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Remember!

Necessary ingredients for CP violation:
1) Two (interfering) amplitudes

2) Phase difference between amplitudes
— one CP conserving phase ( ‘strong’ phase)

— one CP violating phase ( ‘weak’ phase)

2 ammplitydes
EDINEGISES

Niels Tuning (44)



DO Coll.,

. . . .. Phys.Rev.D82:032001,2010.
CP violation in B.° Mixing?? ArXiv:1005.2757

Fermilab-Pub-10/114-E

Evidence for an anomalous like-sign dimuon charge asymmetry

V.M. Abazov,*® B. Abbott,™ M. Abolins.®® B.S. Acharya,?” M. Adams,*® T. Adams.*” E. Aguilo.® G.D. Alexeev,*®
OEO 1+1 -
B —> X
/~ B°B" =1'1"X P
—
——

5 )

0 10 -
BB 1'1°X o« P(B"—B")

— R°RO

.

B°B’

‘Box” diagram: AB=2

AM, = 2|M}?|,

Al =2 |P}12 COS Oy
F12 - SM
a = |- SR (PSSM ~ 0.004
My Py ~ 0.04
O = on — arg(—I'19)
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CP violation from Semi-leptonic decays

SM: P(B’—B’) = P(B’«—B’) 5| - Vie et b
DO: P(B’°—B’) # P(B’«B’) o

YV VY

b—-Xu-v, b—-Xutv

b—b — Xutv, b—b — Xuv
Compare events with like-sign pu
Two methods:

o —
nT —n
» Measure asymmetry of events with 1 muon a =
nt +n-
> Measure asymmetry of events with 2 muons j\,fb++ — N, ~
Al = NN
“'b “'h
Switching magnet polarity helps in
reducing systematics ‘421(81\,{) — (—23i88) wx 10~4

But...:
» Decays in flight, e.g. K—u
» K'/K-asymmetry



CP violation from Semi-leptonic decays

+ SM: P(B’—B’) = P(B’—B’)
. DO: P(B’—B")+ P(B’«—B’)

A% = (0.506 & 0.043)a? + (0.494 + 0.043)a5)

0.01

We measure the charge asymmetry A= (NTH —N~7)/(N*F + N~ 7) of like-sign dimuon events
in 6.1 fb~' of pp collisions recorded with the DO detector at a center-of-mass energy /s = 1.96 TeV
at the Fermilab Tevatron collider. From A we extract the like-sign dimuon charge asymmetry 0
in semileptonic b-hadron decays: A% = —0.00957 & 0.00251 (stat) + 0.00146 (sys). It differs by
3.2 standard deviations from the standard model prediction A%(SM) = (=2.3702) x 107, and
provides st evidence ol anomalous C P violation in the mixing of neutral B mesons.

3.2 standard deviations from the standard model

-0.01

-0.02

-0.03

b __
Asl_

—0.00957 + 0.00251 (stat) & 0.00146 (syst)

2

EDo 4,
= Standard Model

— B Factory W.A.

- DO B—D, 1 X

IIII|IIII|IIII|IIII|IIII|IIII|I

IIIIIIIIII

-0.04-0.03-0.02-0.01 0 0.01

B°.—D_tX°uv




More B...
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Other ways of measuring sin2f3

e Need interference of b->c transition and B? -B° mixing

e Let' s look at other b>c decays to CP eigenstates:

All these decay amplitudes have the same phase

—\ D+ (in the Wolfenstein parameterization)

so they (should) measure the same CP violation

- /2 Z}J/l//ﬂ/f(zs)»)(c,
o { el
d \ S;Id}KS,KL,JTO
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CP in interference with B>¢K,

e Same as B"2JyK, :

e Interference between B9—f_,and B?—B/—f_,
— For example: BO—J/WK_ and BO—B0— J/WK,
- For example: B?—pK, and B—B°— oK,

Amplitude 1 — Amplitude 2

Z/K ZJ/KO F_—> )=y (¢ .
A, =(_) &=(1) —w(ﬁ) A, (t)=— D=1 () = Im(A,)sin Amt
B’ AJ/’/’Ks P g AJ/U/KO 1)k rl_?—>f (t) + rB—>f (t)

kIR

1 Vi Va \(VaVes \( ViVt : :
ok T\ N\ N A (1) =—sin2p sin(Amt)
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CP in interference with B>¢K,: what is different??

e Same as B"2J/yK, :

e Interference between BY—f,and BY—BY—f,
- For example: BO—J/WK and BO—B0— J/WK,
- For example: BY—¢pK_and BY—B%— ¢K_

Amplitude 1 Amplitude 2

rgef(t) _FB—>f(t)
Izl (O)+T, (1)

A, ()= = Im(A, ) sin Am¢

Ap(2) =—sin2p sin(Amt)
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Penguin diagrams
THE PHENOMENOLOGY OF TEE NEXT LEFT - HANDED QUARKS Nucl. Phys. B131:285 1977

n)

*
J. Ellis, M.X. Gaillaxd ), D.V. Nanopoulcs +) and S, Rudaz
CERN - Geneva

e 1.1 History of Penguins

The curious name penguin goes back to a game of darts in a Geneva pub in
the summer of 1977, involving theorists John Ellis, Mary K. Gaillard, Dimitri
Nanopoulos and Serge Rudaz (all then at CERN) and experimentalist Melissa
Franklin (then a Stanford student, now a Harvard professor). Somehow the telling
of a joke about penguins evolved to the resolution that the loser of the dart game
would use the word penguin in their next paper. It seems that Rudaz spelled
Franklin at some point, beating Ellis (otherwise we might now have a detector
named penguin); sure enough the seminal 1977 paper on loop diagrams in B
decays [3] refers to such diagrams as penguins. This paper contains a whimsical
acknowledgment to Franklin for “useful discussions™ [4].

Fig. 2
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Penguins?? b

The original penguin: A real penguin: Our penguin:

Antibottom Antistrange

Antistrange
Quark
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Flying Penguin

Penguin T-shirt:




The “b-s penguin”

Asymmetry
B> J/yKq n SM
d Ks
BO O . z BO
b 3/%

... unless there is new physics!

e New particles (also heavy) can show up in loops:
— Can affect the branching ratio

b

B2 oK |

W3
- Y - S !
%< S ¢9’] >(KK)CP
g

- L

“Penguin” diagram: AB=1

=

b*‘i.",;_z_ % S
U
U

— And can introduce additional phase and affect the asymmetry
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Hint for new physics??

.
\J
nJ . ~

e sin2p_ = 0.52 + 0.05

1.5 peng

1 |
Mexcluded area has CL > 0.95'

1.5

Y(0)

Am,

IIIIIIII_1

0.5 0.5

0 [ ] —
- o p y \: cbl
0.5 N 0.5

AL () \\ —: 1 (@) | o a

B sol. wicos2Bp <0 | : . . :

- ﬂ,ﬂm‘zgﬂ; . Treeandb—d { (exclahClL > 095) ] - . Treeandb —>S | (xiatctsoss) -

1.5 T T T | R R R R B B R [ —  BEAUTY 2006 | | | —
. 1.5 T T Y [ [ | [ L [

'1 '0-5 o o 5 1 1-5 2 -1 -0.5 o o 5 1 1-5 2

P S.T’ Jampens, CKM fitter, Beauty2006 P
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Kaons...

e Different notation: confusing! Kp) = |K2) +€|Ky)

K,K,K, K,K, K, K’ |Ks) = |K1) +e€|K2)

Kp)=p I{O> —q F>
Ks) =D KY > +q K”>

e Smaller CP violatina effects

— 2\ A AN (p —in)
Vern = —A 1 — 1)2 AN? + 0V
AN (

1—p—in) —AN 1
— 0 0
oV = % —2(p+in)))  —zA(1+4A4%) 0 +O(X%)
A \O ;. 1 £ ¢ 1 A2\«
AN (p +in) sAN(1 = 2(p +1in))) —5 AN

» But historically important!

= Concepts same as in B-system, so you have a chance to understand...
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