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CP-Violation in the Standard Model

Standard model: Origin of CP-Violation: Higgs-Sector!

CKM matrix: | §

- complex
* unitary
* 4 parameters: 3 real Euler angles, 1 Phase

‘characterized by J (Jarlskog invariant)
J=1m(V, V¥, V) #0

‘ Jmax

= Quark-Mass-Mixing matrix

= Cabibbo Kobayashi Maskawa (CKM) Matrix
Relates mass eigenstates
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Too small to explain
matter-antimatter
asymmetry in the
universe(O(108))




Origin of CP-Violation?

' 72 N
Standard Model: Phase of CKM-matrix (d'\ (Via| Vie [V )@
=Test Standard Model: determine phase | s' [=(V.,| V. |V, | s
=Test unitarity of CKM matrix vl vl v v s
=Test for New Physics S D R LD

Unitarity: derive 6 relations — 6 triangles in complex plane with area J/2

ViV

6.9. *
V. Vo 2V Vo +V Vo =0 ol ¥

Lunitarity triangle”

Unitarity Test = overconstrain triangle
»measure sides and angles
»>need triangle with = equal side length
= large angles
»only 2 triangles qualify
»not fully accessible to K-Physics
>1 fully accessible to B-Physics

.B"-triangle




CP-Violation and B-Physics

Smallest CKM elements

..... B-Physics: (B?,B-system, B)
determination of:

» B (sin2P) , o, (v)
> Vub’ Vcb’ th

Look for various types of b
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Assume is conserved




CP Violation
Three types of CP-Violation:

» CP-Violation in Decay — ,Direct" CP Violation

= Charged and neutral decays

- K°-System &
I'(4A— B)#T(4— B) £

» CP-Violation in Mixing — ,Indirect" CP Violation

=Neutral decays KO,BO = particle < antiparticle oscillations

b w d b u,C,t d
0
=0 - 0 0
B’ u,c,t[ {u,c,t B+ 8 w W BFTK -K)2I(K"— K"
d W b 4 wmol. b

» CP-Violation in Interference between Decays with and without Mixing

= nheutral B-meson-system: e.g. sin23 measurement with BABAR



Note on the K-System

KO,KO  Decay amplitudes dominated by the 2n decay.
= i.e. by the the I=0 amplitude -
= mixing dominated by same decay mode K'— T —> K"
= CP violation in mixing, interference mixing <> decay =«

Note: I=0 and I=2 amplitude have different phases
= direct CP-violation =¢' «g

— @P in K-system described by two parameters

= €, &'
£ komplex, arg(e)=45° (unitarity, I=0 dominates)
(nm, I =0[T|K,) ('~ |T|K,) (n°z°|T|K,)

€= =~E+E n00:< ~¢g—2¢

(nr,I=0|T|Ky) n+_:<7r+7r“T‘KS> nOnO‘T\KS>

K, »env,)-T'(K, ae‘fv_e)
(K, »env)-T(K, sen'v,)

0, =2Re(€) =



Oscillations/Mixing

B°B° —Oscillations:

- mass eigenstates:

:p‘BO>+‘1E> Kg)=p|K')+q K°>E" K,
p‘BO> BO> KL>=I9 KO>—QF> i KH>"

\p\ +lg|° =1 complex coefficients

91 gp, ¥

P(B® — B")# P(B’ — B

=B, and B; with Am and AT (my> m__, sigh of AI' not defined)

up to here, formalism is identical for K and B-systems:
BUT: Ar is negligible in the B system but significant in the K-system!
=Kaons: define eigenstates by lifetime: Ko, K|



CP Violation in Mixing

Since 1964 known: |4

p
1

K2)= m([@%m K?))

Mass eigenstates: 1

K?)= m(K§>+gm k"))

% 1

= CP violation (very small effect)

o € _P—q fl__:l__gm q
wi m / o Ime, ,—: unobservable
ptq p l+tg, P

=1-2Re(e,)

Re(e)= Re(e,,) /

observable

K-system: CP violation: small effect = Ree¢, <<1= ‘1
p




CP-Violation in K° K° - Mixing

P(K’ > K")-P(K" > K") _4Re(e,)

i — = = 4Re(e
P(K" - K")+P(K° - K") " 1+]g,[ €,

— 0 _
(K- ‘v)-T(K" Tt

Aexp(t): (_;0 —eTn ve) ( tO:O —eTn ‘2) (t)
[(Ki=o—env,)-I(K_, »en'v,)

004 £ CPLEAR
ng - 4Re(8m):(6.2i1.4)-103+
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Neutral—kaon decay time [7.]



CP-Violation in K° K° - Mixing

(K, »env,)-T(K, >ern'y,
4, (K, »enmv,)-I( L%eﬂv_e):5Lz2Re(g)
(K, »env,)-TI(K, 5ern'v,)
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Direct CP Violation

Consider decay amplitudes for a decays into final state f

A1 %1 = CP violation
4 = Prob(B — f)#Prob(B — f)

B — f = amplitude 4
d P = if

"B — f = amplitude 47

Several possible contributions i o 4, and 4;
with magnitude 4;, weak phase ¢ and strong phase e’
Transformations under CP: ¢4 — e* and €4 — ¢d

Zf‘
Af‘ Z 46 Ot

4 4 =25 A4 44003
weak & strong phases

Direct CP violation requires > 2 different contributions with
different weak phases and different strong phases

For neutral modes, direct 2P competes with other types of CP violation



Direct CP Violation

Example: B>K™w

_I(B—/)-T(B—f)
" T(B— )+T(B—f)

oc 24,4, sin(@, — ¢,)sin(0, — 0,)

H_J
Tough to calculate

Expect significant interference
of tree and penguin amplitudes

Z

-

Similar diagrams for B— n'n

Status:in B-System, direkt CP-violation not yet observed  big challenge!l
in K-System, direkt CP-violation observed = €'\ 131 NA48 KTeV

(note, that difference between I=0 and I=2 €
amplitudes is here responsible for direct ZP)



Measurement of ¢'/¢

AK, af - , AK, —>r'n’) .
n, = =c+¢ Noo = - =E—2¢
AK, >rn'rn AK; —>rmm)
Measure l %1:04 g
21_03 : N A 4 8 /ndf = 13.2/19
F(KL %71'071'0) 1.02 —
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Measurements of ¢'/¢

Re(e’/e)x1 0*

G. Anzivino, NA 48, hep-ph/0111393

(prel.)

—

97 data
98+99 data
combined

—O__
——

NA31

E731

KTeV

NA48

KTeV 2001: Lepton Photon (2001)
.reanalysis of 1997 data"

Re(g—)z (20.7+2.8)-10™
E

— WA : Re(g—]: (17.2+1.8)-10~
E

»>Long standing discrepancy settled
»Direct CP-violation established

However:
Further conclusions wrt to SM
hardly possible.



CP in Interference between Mixing and Decay

A Ay
Consider decays into CP-eigenstates f.,= define A, = % Afcp :ncp% Afcp
"CP fCP
Acp : Observable in modulus and phase ! /'
—5  Oscillation Decay
BO CP-eigenvalue of f;,

Mixing Phase

— Weak
Decay Phase




CP in Interference between Mixing and Decay

_ l-¢
Define: £, = 1= A o Ap=—-=L
14+ A.p I+eg,
° 0 ° /—O
A () = N (K : >/ cp)—]Y \Kﬁ — fCP) K-Language
MK fop e MK = 1)

~(Ts+Ty).

2e 2 - (Re(e r)cos(Amt) +Im(e ;) sin(Amt))

2
—I't —I,¢
e +‘£f‘ e *

de 2 . qgf‘ cos(Amt —¢(£f))

2
—Igt -I;¢
e’ +‘£f‘ e *




CP in Interference between Mixing and Decay

ACP(t)z_A+—: . ° [
N(x? en*n‘)+N(K° >

]if(KO %n*n‘)—]if(ﬁ %n*n‘)
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PDG 2000:
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CP in Interference between Mixing and Decay

B-Language
—|At|/ﬂ:B0 i 2 . 2 i
(B° o /) (lem 7 e 100 Ysin(am o)+ ‘;CP‘ cos(Am 1)
CcP _
— e [ea P 1= |4, |
FB o f)ee (16+Mcp\2)x ‘;P‘ m(h, )sin(Am 1) \ch\ cos(Am 1)

ACP(t) — ]Y

V(B = £ )~ N(B = 1) (1= 1cs| Jeos(am, 1)~ 21m(Re, Jsin(am,)

N

indicates direct CP violation if |q/p|=1

B o, N (B - /) /

i+ A ) \

Interference



BO—>J/yK,

_ q| | 47|, 2it0u-0,) 2i(9p—9.4)
Aep =Ncp °ACP e T E e 1-2
P fep g, =—— =Re(g,)=0
- 14+ Acp
~]

" l 4= ﬁoﬁJ/WKO) .(OﬁJ/l/ng)
\BO%J/I//KO)+N( " 5 JIyK?)

a . .

0.4H» =—1 modes /‘m = —T¢p SIN 2‘(¢M —q)' ) sin(Amt)
0.2 %

0.2 ”

: VeaVes
045 At<0! P = afg[ }
06W2 . I/ZdV

s 6 4 2 o 2 4 &

Raw Asymmetry

| due to Y(4S) properties!

6 8
At (ps)



B°—>J/yKs; < KP—nn

B°—>J/yKs: ,golden channel®, more channels available

CP Violation (Ap#1): 3 possible mechanisms

1. lq9/p| =1
Kaons: small effect (g,,) - described by ¢
B-Mesons: small effect in SM (|q/p|=1)
2. |A/A| =1
Kaons: very small effect (¢')
B-Mesons: O (diagrams for B°—J/yK. have same phase)

3. (I)M"(I)A ¢ O
Kaons: small effect (Re(ey)= Re(e,,)= Re(e;)) - described by ¢

B-Mesons: SM: large phase difference (op-0,5) =B

Kaons: All 3 effects: small but contribute - described by €, €
Branching ratio large
B-Mesons: dominated by interference between mixing and decay

Branching ratio tiny (BR=4-10-%)



B-Mesons at the Y(4S)

pr'oduc’rlon. b - resonance, m =10.58 GeV Y (4S) Energy Scan
e'e” — Y(4S) — B*B(50%) oo EERE f

r L

B°B°(50%)
05 |

Y(4S) restframe: p(B) ~ O (approx. 340 MeV) |, 4 t
=coherent BB system with L=1 '

«— BB threshold

2 bosons = symmeftric wavefunction R
V= \PFI \Pspacg L:]- = ¥

avour

antisymmetric

space

1, 0o=5 5.0 cannot distinguish between B and B until
-\, = E(B B” —B"B") = g B decays into non CP eigenstate!
= decay defines t,=0!

At may be positive or negative. With |Ap|=1=]A pdt=-1/sin2Bsin(Amt)dt =0
‘ =time resolved asymmetry measurement necessary!

=Boost of Y(4S) system! =determine At from Az (in boost direction)
PEP-IT/BABAR: By=0,55 = Byc 1, =260 pm= <Az>~260um



Measurement of sin2p
_ F(ﬁe]/wK?)—F(BOHJ/WKg)

=D -sin 28 [sin(amAr)- R (A7 - Ar)dar

0 |
K’S{ =sDilution D: D = (1-2w)
-7 T reduces visible asymmetry

Pl gk h B )

5: Determination of Az (At)

4: Determination of At = Az/Byc resolution funktion R

6: sin2p fit to At distribution for B° and B tags



B-Factory PEP-IT at SLAC

PEP Il
Low Energy
Ring (LER)

7 N\
BABAR 3
Detector “AR

North Damping Ring

p\ Positron II:ieturn Line Positrop Source
e-gun

200 MeV binde
injector
_PEPI
South Damping Ring High Energy
Ring (HER)

- 3 km -

Design Reached
E[GeV]e /et 90/ 3.1 v
L [em2 5] 3 x 1033 4.6 x 1033
Lint [pb1/day] 135 309




ity and Data Sample
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BABAR

BABAR Detector

BABAR collaboration:
9 countries, 73 insTiTuTes‘ Muon/Hadron Detector
German institutes::

Bochum Magnet coil (1.5 T) = HHHN

Dresden . Electron/Photon Detector
Rostock

. . . Cherenkov Detector ‘ p “\ H
516 physicists -\\\\\\\\\\\\ e
. Tracking Chamber —~

Calorimeter: W support Tube ' \\\\\\\\\\\

6580 CsI(TI) crystals [ Vertex Detector
photodiode readout

(2 per crystal) &

|
F \ MW
, e, W y

bmb+F - Forderschwerpunkt W

BABAR

GrolRgerdte der physikalischen
Grundlagenforschung

7-2000
8658A1



1. Silicon Vertex Detector

2. Central Drift Chamber

3. Aerogel Cherenkov Counter

4, 1IMe OT FIgnt -Ounter

D. Csl Calorimeter

6. KLM Detector

7. Superconducting Solenocid

8. Superconducting Final
Focussing System

and BELLE

Offline+Online Luminosity (pb"t) (/day)

Insegrated Luminosity (pb™")

2
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+Flavour™ Sample

Nent = 27992
I

~, [ N(sig) = 13743 +/- 125
> || purity = 0.850
O5000— 4t
]
8 [ BABAR
~ 4000 Preliminary
“qc'; -
53000 Neutral
i B Mesons +
2000(— '
1000(—
1 | 1 1 1 | 1 1 1 | 1 1 1 .l ..... 1
2> 5.22 5.24 5.26 5.28 5.3
m_, (GeVi/c")
— N(sig) = 12909 +/- 120 {Nent= 23634

(24
o
o
o

(2]
o
o
o

2000—

1000—

purity = 0.880
BABAR
L Preliminary
Charged
B Mesons
| | | L f oo
5.2 5.22 5.24 5.26 5.28 5.3

Events / 0.0025 GeV/c 2
P
o
T

mgg (GeV/cz)

These samples are used to measure:
> B9, B lifetimes
» Am (mixing) of neutral B

> Az resolution and tagging
performance for the sin(2p)
measurement
(are parameters in combined fit for
sin 2P to CP, Flavour, and Background
samples.)

»B-Flavour known by decay
—Determination of w
—Determination of efficiency ¢

(via fit to Flavour & CP Data)



At distributions

0.6f
0.5¢
0.4F
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2
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Fit

Combined unbinned maximum likelihood fit for:
CP, Flavour and Background samples

1205 B' = Iy Kg 471 B" tags
B® — y(2s) K 524 B' tags
100 B® — %, K¢
80 BABAR
Preliminary

60

40

20

At (ps)

Mistag, resolution determination dominated by large Bg 4, sample
Background parameters from mgg sideband

RO Am: fixed t0 0.472 h pS'1 PDG V(]lues
BO lifetime: fixed to 1.548 ps



sin2B-Fit to At Distributions
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sin2f and Unitarity Triangle

-1 0 1 2

BABAR sin(2p)

There is 2P outside the K-system!
Consistent with the SM :
precision test requires more data.
i.e better determination of V

a la Hocker et al,
Eur.Phys.J.C21:225-59,2001

Is there direct 2P ?
=Fit for |\l too:

| Ap | =0.92 £0.06 + 0.03
—=Consistent with no direct 2P



sin2} - World Measurements

BaBar %,4{ 0.75+ 0.09+0.04
New results <
Belle % . 0.82+ 0.12+0.05

+0.41
0.79 g4
+0.82
Aleph . 0.84*%3% 10,16
+1.8
Opal % 320" +0.5
World Average H 0.78+ 0.08

I\I\llllll\l\llllll I\l\ll\l\l\llllll‘llll
03040506070809 1 111.21.3
sin23




CP-Violation in Mixing

Using Dileptons

CP/T violation (ep):  Acp(Af) =

SM expectation:
A5~(0.5 - 5)10-3

N =N(E)  4Re(g,)
NUTIN+NUELT) 1+ |g, |

o
i 9
TT

It
hﬂqﬁ? #H, ++ _

 BABAR:

o
L)
TT

Z_

By= RO
Y_Y(4S) B/

= <Az> = 260

O o ___. : -

o

o ‘
-

(=]

Dilepton Charge Asymmetry
=]
ha

o

O
X

O
)

| | | | | 1 | 1 1 1
10 12
At {ps)

O
=

Ao, =(0.511.241.4)%

o
M_
h:
a2 ]

q

P

= |—{=0.998£0.006=0.007

Re(ey)/(1+] €52 = (1.2 £ 2.9 + 3.6)-10°3




CP Asymmetries in BO—m'r

(0,0)

(1,0)

Diagrams

Tree and Penguin:
= different weak phases

= sin2a only from Tree diagram!
= Acp measures sin2o
= need to disentangle Penguin pollution!




CP Asymmetries in BO—n'n Kn

Time dependent asymmetry measurement:

= very similar to sin23 measurement 2Im(A,.,)
BUT: Re(g;) not necessarily O! (see Kaon case) Sex = 1+ P

cP

e—\At\/T

f.= [1£S__sin(AmAf) F C,._ cos(AmAt)] :
- 4t _ 1_‘)‘CP‘
74 2
1+ Acp]

BABAR: measure B%—h*,h-, h=n,K (global max. Lhood fit)

B(ntn) =( 5.4 £ 0.7 £ 0.4)-10° - :: ) _ BABAR :
B(K'm)=(17.8 + 1.1 +0.8)106 .| iﬁfé S| primon

T .
B(KK) < 1.1+106 (90% CL) LK 0Oi=1P

Direct CP violation:

N _ . .
A, = R x £ —=(0.05£0.06%£0.01)
N . +N

. e Kt Ktr~ - . ||i2 L 5_;_:35 ! _-;.I;;_:. L _q_;_:;-::, y
preliminary [-0.15 > +0.05]@90%CL



SiN20.,¢+
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» Isospin analysis = measure B—non0

- or use models?

e.g. M.Beneke, G.Buchalla, M.Neubert, and C.T.Sachrajda,

Nucl.Phys.B606:245-321,2001

see talk by M. Beneke on Thursday, 12:15h
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Conclusion and Outlook

CP Violation in K-System well studied
> All three types of CP violation discovered
> Many CPT tests performed

Study of CP-Violation in the B-System and measurement of CKM-
parameter will provide sensitive tests on the origin of CP-violation

CP violation has been observed in the B system
o first observation of CP violation outside the K-system!
o Providing a relevant constraint in the p-n plane

Many more measurements on CP violation in B-system: sino. ¢, Re(gp),...
Already a rich variety of CKM tests and more in the near future
CP-Violation measurements in the B-System just started

> expect productive long term future even after BABAR, BELLE
completion! (LHCb, BTeV, ....)

—=high precision measurements on angles, sides, direct CP violation...



