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CP Violation in the Standard Model

ne KiviivViede!

The Kobayasni-Viaskawa ansaiz: We need THREE generafions of guarks
1o produce the ONE imeducible phase representing for the CP violation.
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CP Violation in the Standard Model

pis Uplirelfiny [rlelnlejls ifef crelsieo)s
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CP Violation in the Standard Model

IRne CrRAVIeI@iNEASYMIMEIHIES
CPV is due to The interference between mixing and decay amplifudes.

(t)—F(B Bl —)fCP;”:A cos(Amt)4S

s e L =

Indicates direct G~ violation S; = sin2¢

A= 0if fop= JwKg if fop= JWKs
(=Ar= Crin BaBar)

A

sin(Amt)

cp

Acp Acp

A A

CP violated CP conserved
SN B ] b At » At/
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The Measurement in Principle

J The experiments fake the advantage of energy-asymmetnc collider
10 produce Loreniz boosted BImesons.
. Eully reconsiruct a CP eigensiaie (e.9. JwkKy).

- Tags the B flavor fromi the associated B meson.
- Measures the proper-time difference (Ar), and exiract

the CP.asymmetries.
Y - @KS
B'(B’) B°(B°)~JIwK?,
e = «ct

Y (4S) - >
EO(BO) Az = At -Byc

tag-side B - XI"v XD(._?YK

r
B> X1 v,XD(D- YK )
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VMeasurements of ¢/

IRe Eolden ChanneEl, B—CESs DECAVS
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5= 0.691 +0.029+0.014 - g
CP Violation in Bsystem , ot
s already established within. ~ 1TAG (0—c0s): 5S¢ = 0.072.+ 0.024
the Standard Model, (ACCS = 0.005 + 0020, consists of no DCPV)
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The Grand Puzzle

 Q: What is the source ofi CPviolation?
 A: The Kobayashi-Maskawa phase is the sourcel

A

J Q: That's all? b -10 KM phase only

- A: NOTYET CLEARI Since: p(y) _(SJ‘“'Z)?(v&uSlAP) conttibutes ~10-20
i

N

New: source of CPV.is required.

search for non-SM particles with higher order diagrams:
e.9. b—s,d penguin loops, B —~ ¢Kg, n'Kg,...

Y=
b_@}—sd Fﬁ bs,a’ &
4 qsqd Q“ Vy {:

u,c,t ?
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Vleasurements of ¢/ with Penguins
SingleViede Wi e HighESiT PIe ision: B K

Ko/ KLCOMIBIRER KelMOGES KMeaes

Events / ps

nmetry Entries /1.

s
! K_modes

|
) = 05

' 2
0 E 0

E ¥ £
= 1.5 -+ -5
-1 1

-6 -4 -2 4] 2 <t s 5] £ 2 (h] 2
AL (ps)

[ S(n'K9= 0.64+0.10+0.04 - S(n'KY) = 0.57+0.08+0.02

A(n'K9) =-0.01+£0.07+0.05 | - —C(n'K?) =0.08+0.06+0.02

Observation of TCPV in a single well-defined penguin mode!
Results are consistent with J/@ K average. ' 7’

.
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Dalitz Analysis: B—»mttKg,B—>KKKg

Obitain CP parameiers (¢y/p) direcily for 2-lbedy and 3-body modes

Py lime-dependeni simulfaneous Daliiz fifs.
The 2-fold ambiguity off “sin2¢; " could be resolved.

Y
’S 300 )
= 250 T
g 200 g =5
w 150 c
657 VI e £ 3683 M
N = 194498 E 50 . - Ng= 2172470
5 UO 05115 2 25 _ 3.5 4 4.55
i) m(rx* ) (GeV/c?)
5 190 >
X S
657M E P 465\ -
3 2 Ne(m®) = J268443
N = 1269451 i 3 Sty = +
i

No(r0) £ 160419

-~

M(K'K") (GeV/c?)
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Dalitz Analysis: B—»mttKg,B—>KKKg

Inie Eallelsinl Crielnipiall B s
Focus on the low M(KK) region, and Extract the CP parameiers:

i e 2 R8s e ¢, "= 7.447 4+ TN

- Acp=+0.31%92] +0.04+0.09 Acp= +0.14+0.19+0.02
(sin2¢,°"= 0.67+0.22/-0.32) (sin2¢ 6" = 0.26#0.26+0.03)
¥
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Dalitz Analysis: B—»mttKg,B—>KKKg

AVETGGESH PpRe, pPKE @@ (OB0)Ke
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K'K K, B(oKy [

PRELIMINARY

BaBar i 7.7+7.7+09
arXiv:0808.0700 :

Belle
ICHEP 2008 prieliminary

Average i 12.9+56
HFAG correlate@d average

Merged b—>qu B(fOKS) CKM2008
PRELIMINARY

BaBar ' L, 44.0'50+30+40
arXiv:0708.2097

Belle ? 12762 +08+3.3
ICHEP 2008 prelin ry

BaBar | 85+75+1.8
arXiv: 0808 0700
Belle : 28292 +2.0+20
ICHEP 2008 preliminary;

Naive aVerage | _ 19.3 +4.5
b-qas  prFaG |

" T K¢ B(PKy) [

PRELIMINARY

i BaBar 19.0 *1%+3.0+3.0
! arXiv:0708.2097

Belle

i Average
'HFAG

Average sin2¢ ,°ff

e AT
pOKé.(163f8%¥

)
4

4
4

£,(980)K, : 0.621513

Vlore or less consistent v'\'/'i’rh

b—ccs result. (-
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Vleasurements of ¢/ with Penguins

bﬁsqq PengUIHS SummOry b-ccs _ World Average e eenins : ’ 0.67+0.02
HFAG CKM 2008 results > (IR ol

057+ 0.0840.02

> 5 b | 0.64£0.10+0.04

All measurements now are g femgel b ML 0.59%007

; aBar . : 1 0.90 "020 004

more or less consistent w Belle ! ! 0.30+0.32+0.08

y Average : : H— 0.74+0.17

ith the S value from ! : b 055+ 0.20+0.03

E : 4 < 0.67+0.31+008

b — ccs decays: : Average! ; T 0.5740.17
BaBar : =

S(b—ccs) = 0.672+0.024 Bg”:lr 649194009+ 0.10

Average : ! — : 0.63 ‘031

HFAG naive average: 1 01120462007

S(penguins) = 064 + 0.04 | - M SRR

i ' 073307 iO.E‘)B

4 I\/Ieosuremerﬁ with penguin _ ; ;  oimseibions
modes are siill an excellent - A o i ;052040
test for NP. : § —|
I More stafistics are required ' 5 1 0.68:+0.15:£003 5%

0.82+0.07

fior mode-by-mode studies.
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Vleasurements of ¢/ T

We can still exiract the CP parameters, A~ & S
A, (t)=A__cos(Amt)+S__sin(Amt)

2ig, 1+|P/T|e"’e"
e —
1+|P/T|e'’e™"”

A
A __siné
S —J1-A_sin2p:"

lree + Penguin Relaied o ¢z
i AR IsespIn analysis s reguired:
A(B°—>m°t® Gronau-London PRL 65, 3381 (1990)

The branching fractions of
B — mwtm— /m*m0/ mOmx0 can be
used to constraia=ho

9:|¢2_¢fo <
s r
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Vleasurements of ¢/ T

TCPN. measurements with
B—mtm— candidates:
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[ St =-061+0.10:004 BN S+ = -0.6720.10£0003
- A(rtr) = +0.55+0.08+0.05 _C(rrtm) = +0.25+0008+0.02

Opbservarion of ICPV & DCPV/! ## 7

4

A
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Vleasurements of ¢/ T

Contours give -2A(In L) = Axg =1,

+ -
T T Sep VS Cp

ICHEP 2008
PRELIMINARY

-0.4 -0.2

corresponding to 60.7% CL for 2 dof

Bf (1"
Bf(n
Bf (0

Acp
ACP<7T

b

)

=

TT

TT
i

=)

TT
0
TT

)
)

5.16+0.22x10°
5.59+0.41x10°
1.55+0.19x10°

*)=0.06+0.05
')=043"07,
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HFAG Bf & Acp

4

Probability density

e
Q
<]
N

[ B—onx (WA)
B—nr (BABAR)
B—nr (Belle)

'~ CKMFitter:
- Frequenti

fitter
ICHEF 08

80 100 120 140 160 180

o (deg)

UTFit:
Bayesian
interpretation
P ,=(86,166)°



Mleasurements of ¢o/o: p1r

Noit a pure CP-eigensiaie!
Experimental approach; lime-dependent Dalfiz analysis 1o
constrain The ¢, angle without discreie ambiguity: (Snyder-Quinn).

Model the evenis Through a sguare Daliiz plof:

09

08

07
s
7N
4
4
W

0.6

) (GeV/c?)?

@ 05

B
o
E

Zoom in
fo the
interference
e el Fegion. o

0 01 02 03 04 05 06 07 08 09 1

m' f—

mi(n'n) (GeV/cH)?

starfing from The 3-body decay amplitudes, and fiis#o P

the evenis with 27 form factor bilinear coefficients. r
(lransiare ihese coerficients 1o Quasi-2-body. paramerters for easy. interpreialions)
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Mleasurements of ¢o/o: p1r
Bfactory data ExTroCTing ine 27 bilineor

* BaBar
o Belle
Average H
+ Belle
Average

Events / 0.002GeV/c?

52 522 524

o (degraes)



Vleasurements of ¢/ pp

Similar to w7, The ¢, angle can be consirained using an Isospin
AnalysIs (rncluding several branching fachions & Acp measurements),

& BaBar
| Belle
£ Average

/ 100 2o¢ 633 160
egrees
B

]
using p*p~ events
= SCP
Contours give -2A(In L) = Ax™ = 1, correspending to 60.7% CL for 2 dof

pp. is ~100% longitudinal
polarized =» ~CP eigenstaie.
Penguin pollution is small
(since p’p’ is tiny.)

20 30
O oo (deg)

page. 18 P




Measurements of ¢,/a: Summary

A global consirainii oni ¢, /oc rely: on siaiistical freatment,

ESKIVIEner (Fregueniisi or Ul iSeyesian):
Including: ww (WA), pmt (WA), and pp(WA) HEAG results.

- B—pr(WA)
- B—pp(WA) | COMBINED
- B—rr(WA)

o
(=]
(=]
Y

CKM fit

Probability density

i PR o H ' |
A no a meas. in fit !} v : .
W H ""‘-‘-.,__ 0 .

o

40 60 80 100 120 140 160 180

a (deg)

$,=88.3° (central value)  $,€(9227)° U (166+2)34@,68% L.
$-€(83.5,94.0)° 1o interval (From the rest of UTFit: ¢,292%£4°)
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Measurements of ¢s/y

) i iy Suppressed:V..*V
<— K Common K'Y i R
u Final State i >

i C ()0 e i (x U p—
5 “p"'= f @aD""’ B
B > D°K il L L
Al G P |~ e exPli 65) exp(—i|pg)

Three methods for exploiting the interference (choice of DP decays):
= Gronau, London, Wyler (GLW): Use CP eigenstates of D0 decays,
e.g. DO — KK, mr, K¢, Kw.
= Atwood, Dunietz, Soni (ADS): Use doubly Cabibbo-suppressed decays ==
e.g. DO - Km, Kir., P
= Girl, Grossman, Soffer, Zupan (GGSZ): Use Dalitz plot Gn’.yms
e.qg. DO — K, KKK, mrrrre,
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Measurements of ¢s/y: GLW Mefthod

Reis Vs Gronaut IDHbendon: DX Wl e PISISEZS5 85 48 8H(H 01 s RIS 265: 12 (19011

PRELIMINARY PRELIMINARY

A p Averages @ Rp Averages E

BaBar 1 0.27 +0.09+ 0.04 BaBar 1.06+0.10 + 0.05

HFAG Belle 0.06 + G.14 + 0.05 Bellie ' 1.13+0.16 +0.08
goF | CDF -

0.39+0.17 £0.04 1.30£0.24+£0.12

AVEIages;  Average . | L

BaBar i -0.09 + (.09 + 0.02 : 1.03+0.10 + 0.05

a=y x Belle e 0.12% 014 0.05 ] 11740144014

o> o Average  fak 04100, | 1.060.10
@ \' J B_aBar ' : -0.11 iq.09i0,01 : : ; 1.31+0.13+0.03
BELLE Belle : -0.20 + (.22 + 0.04 ; g 1.41+ 0.25 + 0.06
SR ¢ Average 2 -0.12+0.08 | 1.33+0.12

~380M | 5 BaB A 1.09+0.12 +0.04

0.13+(.30+0.08 1.15+£0.31 £ 0.12
.07 +0.10 4 110+0.42
0.09 £ 0.13 £ 0.05 : i \ 7+0.35+0.09
d.ogio.m . ; : 2.17+£0.36
-0.23 £0.21 £ 0.07 _ \ 10340274012
-0.23+0.22 \ _ 1.03 £0.30

-0.8 -06 -04 -0.2 0 02 04 06 08 1 1.2 1.4

Constrain on ¢s; ,=1+r,%2r,cos(5,)cos(p,) _|A(b—>u)

(D) 15 Liglle|t[=)) Agp,=F2r,sin(6,)sin(p;)/ R p.

Mode dependent parameters: A(b—c)
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Measurements of ¢3/y: ADS Method

Ref. D. Atwood, I. Dunietz and A. Soni, PRL 78, 3357 (1997).

HEFAG
AVErageEs:;

(mostly from BaBar)

~\> "2 /’:'J
0 /
| /

BELLE

230\
222l g 7w

R, Averages E

BaBar

Belle
arXiv:0804.2063

Average

2 BaBar
PRD 72 (2005) 03200

S Average
HFAG

PRD 72 (2005) 032004

Average
HFAG

*, BaBar

CKM2008 preliminary

Average
HFAG

BaBar
PRD 76 (2007) 111101

Average

-0.08 -0.06 -0.04 -0.02

PRD 72 (2005) 032004 '

PRELIMINARY
0.013 5 0m

0.008 + 0.006 “39%2

0.010 £ 0.005

0.012+0.012 + 0.009

0.012+0.015

002 004 0.06 0.08 0.1

Olosenvalles:
1z Bf(BHDsuppressedK)
RADS_
Bf(B_)DﬂavoredK)

=ri+r, +2r,r,cos(p,)cos(5)

A, =21 r,sin(¢p))sin(8)/R,

Where
5=6,+5,
0 i
SRS 06 15+0.0010
A(D->D" m—||)

r

Ip & 0 p are the corespopeing omﬁi’rude

rafio and strong phase diffefence o ihe
D meson decays.
gl r



Vleasurements of ¢3/y: Dalitiz Analysis

Re.f A. Giri, Yu. Grossman, A. Soffer, J. Zupan, PRD 68, 054018 (2003).

Using three-body final state (common to B° and [9); Kg rhTr-.
The Dalitz distrilbuiion densliy:

= Sign
dp(mi( 77 mi{ T(_) oC |fD|2dm§{ i dm?{ e CorrGSpondlng 1_0 B+/B_
%
| i reral
/b (mKS i mKSn‘>_ Lre ,

Vieasurng B/ 5 @symmeiny across ine Daliiz plof.
If DO—>KSTFT( amplifude is known, The parameters, ¢ 3, rg & 6, can e £

exiracted from the fils To the Dalitz distribution. -
Need to model PP decay amplitude =» using D*— DPrr décalys.
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Vleasurements of ¢/ y:

Fitting parameters;  x,=r,cos (6, ;)

Dalitz Analysis

y,=r,sin(6,+¢,)

Maximum likelihnood fil with eveni-by-eveni background freatment.

Clear evidence ofi CP violation
N B~ DK decays!



Vleasurements of ¢/y: Dalitz Analysis

=)
(S —

LFELLE

=701 el a0
including DK~ & D" K~

0 50 100150200250 300350 0 50 100150200250 300350

[ ‘\\
>

‘ =y
)

7/ BoBar 383\

A——

y=1(76+225 4+ 5]
including DK~ ,D" K ,DK"~

rg & 6 are extracied for =4
-150 -100 -50 50 100 150
each decay channel. v (deg)
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Measurements of ¢3/y: Summary

Including GLW, ADS, and analyses.

B all
B2 Dalitz

i X ADs+GLW

-+ D(*) K(*) GLW + ADS
cmos . --- D(F) K(*) GGSZ [ Combined

Full Frequentist treatment on MC basis preliminary

—
=
(/5]
o
D
g
——
o —
L2
Q
L2
O
l
(a T

CKMFitter;: ¢3=70 55 ° UTFit: p3=81%13° s

Pz Measurement is still very: difficult and Is limited by‘fﬁe ;Tcﬂs’rics.
Uncerainty: is still around 15°~30°. Need new inpufs from LHCIG & SuperB.
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summary & Conclusion

The B-faciories have provided high precision measuremenis and
consfraints 1o fhe unitary: frnangle:
=¥ ¢ /B IS precisely measured already, 6~2°. Now. i becomes

an excellent place for NP searches.

= o/ Mmeasurement s limited by the penguin pollution, 6 ~10°.

= ¢p3/y: 0~15°=30° need much more datad, and a good model for
the DP Dalitz decay.

_Precision measurements of CP violation provide
B important constraints/fests to the physics beyonad
4 the Standard Model!

These measurements are still limited Ly stafistics! ~
= Wair for 1he final data sefts from B-factories & fevairon. =
= Data from LHCDP, and the Super B factory in the future.
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