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CP Violation in B Physics: A Brief Story
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Martter-Antimatter Asymmertry

., neuniverse staried
‘. , !, fromihe "Big Bang”

Our world consists
with only maiter

-matter Viatter

Governed by the same
pPhysics inferactions

ARTI-Maitier s gone!? Ry > i
Only seen in high-energy m’rercc’no«_ P A4 O
(e.g. cosmic ray, accelerators) ‘

— CP.violation must exist.
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Discovery of CP Violation

PisceVeN IR Redi@l Kaon Decays E964)

@nce upon diime,
', The Nobel Prize in Physics 1980 CP_symmefry wWas sacred

"for the discovery of violations of fundamental symmetry Al'l'ern C]'I'|Ve
principles in the decay of neutral K-mesons" ' ' '
— — interpretations in 1960's

« PAew particle X: K, - Ks+ X ?

“ M¥ew long-range force?

« INGNn-linear terms into Schroédinger equ.?
(9 yond quantum mechanics!)

~

« MREeneration of Ksin a fly unforfunately
James Watson Val Logsdon Fitch ; : ;
Cronin i@pped in the helium bdg.

@ 1/2 of the prize @ 12 of the prize

U=a U=a

oage. 4 Slide fBm M Hazumi-sarfs talk)



Discovery of CP Violation

The "Direct” CP Violation

Discovery in Kaon decays: (K’ m )= (K’>mntm)

WEIGHTED AVERAGE
1.687+0.23 {Er’ru::r:ac:£-1ler:1¢t:ﬂ,,.r 1.4) PDGZOOé

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our ‘best’ values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

ALAVI-HARATI 03 KTEV
- BATLEY

- BARR

' GIBBONS ~ 93B E7

(Confidence Le

DCPV. is tiny in kaon system!

Slide #Bm M Hazumi-sors talk)



CP Violation in Standard Model

ne KiviivViede!

The Kobayashi-Maskawa ansaiz: We need THREE generafions of guarks
1o produce the ONE imeducible phase representing for the CP violation.

Vid Vis



CP Violation in B Decays

INE @leinel Prepesal

NOTES ON THE OBSERVABILITY OF CP VIOLATIONS
IN B DECAYS

I.I. BIGI
Institur fir Theor. Physik der RWTH Aachen, D-5100 Aachen, FR Germany

Al SANDA'

Rockefeller Universiry, New York 1002

Tri2 CP-violafior ir) 2B

Received 16 Jung 198
wels orooossic] 27 yteliNe e[l

We describe a general method of exposing CP violations in on- s 0l E :
Such CP asymmetries can reach values of the order of up to 10% within the Kobayvashi-Maskawa
model for plausible values of the model parameters. Our discussion focuses on those (mainly
non-leptonic) decay modes which carry the promise of exhibiting clean and relatively large CP /'-

asymmetries at the expense of a reduction in counting rates. Accordingly we address the com-
plexities encountered when performing CP tests with a high statistics B meson factory like the
Z" (and a toponium) resonance.
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CP Violation in B Decays

Ine Unianiy liengle

CPsYmmMEIV IS BIroken Py ine CompPIEX PRAEsE
appeanng in fhe guark miXing mMmaitrix

Jo g 1-(A%/2) A AN (p—[in)
Vv, V. V,|= ~A 1-(A%/2) AN
o b a1 finlel - A8 1

B — mm, R The idea is To use

B — J/wKsdecays for
measuring the ¢; angle.

Vud V*ub +Ved Vich +Vid Vb =0

[ake ne. Properiy. or iy
Uniranry maiix A

B — DK »
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Unitarity Triangle in 1980's

) The "known" minimum CPvielafion in B'sysiem is: 15%.
<> A lot of B'mesons are reguired 1o measure the ¢; angle.

\ 4

A O(10%4) B-factory was proposed.
(~1000x comparing to CESR @ Cornell)

N
)

L T—

Io,

oage. 9 (Slide from A.I. s@hdarsanis talk ot EKMI06)



{S.0lsen '

CLEO Data

.-1,,_'; PT O - S o o

A.l.Sanda
page. 10 (Slide from A.l. Sc#\-cljo—son's of|ldef] é‘KI\/I'Oé)



B-Factory Experiments

KEK(Japan

odeled by Duryl Dotz - Bevhaley Lib
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Luminosity Records

| KEKB + PEP-I1I

L _total) ~ 1.25/ab

(~1.8x10? B-meson pairs). / KEKB 7>
___________________________________ 7 /7 |for Belle R

~485/fb (Jan 10)

o
- S~ | |for BaBar SN

2000 2001 2002 2003 2004 2005 2006 2007
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Measurement of sin2q¢

QUM inienference eiween IWe: DIe@[@nis;

Box diagram + Tree diagram

@ K,
J/L/J

-
We have to "wait” (i.e. At#0) to have con’rnbu’nons frpm

he Pbox diagram. p

page. 13 ( r

Tree diagram
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Measurement of sin2g¢;

- The experiments take the advaniage of energy-asymmetrc collider
1o produce Loreniz boosted BImeSonSs.
J Eully reconsiruct a CP eigenstate (JwKy).

- Tags the B'flavor from the associated B meson.
J Measures the proper-time difference (Af), and exiract

the CP asymmeiries. ;VKS
B°(B°) L B°(B®)—JIyK®,
g =eg¥

Y (4S) T -
B°(B") Az = At -Byc

tag-side B - XI"v XD(‘_?YK

/’
B> XI v,XD(D— YK~ )
page. 14 (’ f



Measurement of sin2q¢

e CrRAVIGI@INGASYMIMEITES

A

()

page. 15

I'(B'>f.:;t)-T (B> f,,;t
L Jeeitin L Ser )=A cos(Amt)4S

HUdi e

Indicates direct CP violation S; = sin2¢;,

Af= O if fCP= J/(I/KS if fCP= J/L//KS
(—Af= Csin BaBar)

sin(Amt)

Acp Acp

A A

CP violated CP conserved




Measurement of sin2¢;
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CP Violation in B system
is already established within ~ [1TAG (B—ces) 5S¢ = U680 + 0025

the Standard Model. (A,s =0.012 £ 0.020, consists of no DCPV)

page. 16 (’ r




The Grand Puzzle

U Q: What is the source of CP violation?
A [he Kobayashi=NMaskawalphase produces, 2 asymmeirny. !

B
- Q: That's all? S
J A: NOT YET CLEAR! Since:

Although; the n(B)_ g qre3y. q0-10 REHESIIEEERTTIlY
aryon-antinaryon 16%. 0.2 D contributes ~ 10-20
Asymmetry. is
adlready: guite small. n(B)
~()
n(y) o Pl

r
@PV/ s far oo smallin the Standard NModéll
page. I/ (’ r



The Grand Puzzle

The Standard Model is almost correct af the free level,
pul the CP. violation is too small.

.

)
-

New:source of: CPV s required.
I

o
e
v

search for non-sM particles with higher order diagrams:
e.g. b—s,d penguin loops.

b—@}—sd k
Vas.qd

u,c,t

A new mission for the B-factories! 4
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The Belle Experiment & Analysis

>

r
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The KEKB Foc’rory

.‘- -

- - -ﬁ._,‘ﬂ_w--—a
. - v, e e

Cherry blossom



The Belle Collaboration
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13 countries,
55 institutes, f
~400 collaborators



The Belle Detector

SC solenoid Aerogel Cherenkoyv cnt.

1.5T n—1.015~1.030
3.5 GeV €
CsI(T1)
16X,
TOF conter
8 GeV e _7
#81 Drift Chamber
p— sterll cell +He/C,H,

1 y KL detection
‘ 14/15 lyr. RPC+Fe

-
-~ /

e Asymmle’rrlclde’re,@’rcl)r for
3/4 lyr. DSSD CP violation studies

- 7~
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Analysis Technigue

) B candidaies are identified Ly

A Mbc .
BEEMECENSIICINEE TGS
Mbc:\/Eieam_<P;)2
CB:EC'\E'CL\'#C‘,JB"ND | EREray. diffierence:
> i
5.279 GeV/c? AE=E, —E,,.,
A AE £, and P are fhe reconsirucied B
energy and momentum in the CM frame.
A > Dominated background:
| confinuum ete: — gQg Processes,
0.0 GeV i and suppressed by event shapes.
> Ofher background from B’a-elgcys are

examined by MC simulations.

page. 23 (’ r



Active K/m Separation

) Combining The information from 3 active deteciors:

dE/dx (CDC) I || e
dE/dX ~ 5%
Time-of-flight (TOF) I i s
AT ~100 ps {r = 125cm )
Aerogelicounter (Barrel) | i MU - - 1.010 ~ 1.028
(endcap) | I -0
{ only flavor tagging )
| | | | A
L= L(dE/dX) X LOOF) X L(ACC) 0 1 2 3 4 (GeV/c)
O « Stable performance up to 4 GeV/c.
Fo°0 puack track EXra sepdaration e 10y
s power from AE
T (if the KID: fails).
LKA K Ly \ -




Background Supjpression

signal (spherical) Variables:
(e.g. Modified Fox-Wolfram moments, etc.)

i<
-]
=
@
£
o
-
<C

Exploit the
difference between
spherical B eventséir
jet-like continuum

-] —— Signal MC
— g | = Sideband Data ||
ere” — gq (et-like) T

page. 25



Background Supjpression

Combined event iopology: JP conservation in ¥ decay:

PrOJeCT
To I=dimension
Y@ Fisher

Diseriminant

-1 -0.8-06-04-02 0 02040608 1

1 We use a likelihood ratio to combine
all the information:;

— Signal MC
1 Sideband Data

LR= Sig
L,+L,,

INUITer ol Crhes

. Selection applied on LR with the
dependence on b-tagging quality. C 5T 0505 040508070505

pPage. 26



b Flavor Tagging

Information on charged fracks o/ B or not
1o B, thai's
a guesiion

= ==

Calculate Nighter LR cuf for poor Tags

Selectthe track  compined g - r Select the track
with largest r with largest r

. .
Flavor information g and r

N N
Event-level q “N(B)+N(B")

look-Up table i f
q. ﬂovor s +'| or _'I 1 -0.75-0.5-0.25 0 0.25 0.5 0.75 1

r. quality = (0,1)

Number of Entries

e Looser LR ?&T for good 1@gs



"PHOTOS” Effects

> Final stafe radiation (FSR) effects;

PHOTOS v2.13 has been included in the i/_\’rr
MIC simulations. K

=> Interference is on. Q

S Double photon on, with Ecut = 26 MeV. )

(E. Banoerie and Z\Was €ompui. Pays, Comm. 79, 291 (1994))

MC w/ & w/o PHOTOS

¢ Systemartic uncertainty of
PHOTOS in B—»Kmr decays has
peen calculated ~ 1/million
= Negligipleifor cUireni: Siaiisiics.
(& NapeVve and Z\Was hep-ph/0607019)

pPage. 26



body B — Kt Decays

Charmless Two

)

S

r

-

page. 29



Direct CP Violation: Ingredients

> CP transformation: A=|A] | | A=|A]
weak phase: ¢ = —o ; Fuy (o iy 7 ¥
strong phase: o =» o i | s
B=|B|e'°e'? B=|B|e'’e '?
. Amplitude sum: B
L CP Asymmetry:
A+B /
5 A+B+A+B
el B A_,c|A||B|sin & sin ¢
Pt

“© Ingredients for direct CP asymmetry: e

I Iwe Interfered amplitudes with similar ordej#ef mog‘ﬁi-’rude.
2. Non-vanished strong phase & weak phase. €

page. 30 (' e



B — Kmr Decays

« Sizedble direct CP asymmeiry could be generaied by the
Interference between penguin & free amplitudes:

W o
b S 4 W K
u u
+ p0 l inierered
e g ” With by 2 U W
u,d : u,d u,d i u,d g
b—s Penguin: suppressed b—u Tree: suppressed
by the loopi (2 order). by small V.,

<> Sensitive to the ¢3 angle:  A_,(B— Km)x|T||P|sinésing, £

e
« Similar DCPV. expected for Bt — Kxm0 and BY — K&+ .. decays.
(since They are sharing the same diagrams!)

page. 31 (’ r



B — K Decays

: i , { e.g. u,d
> RAfios of branching fractions for festing o o
sulb-dominance diagrams. b ik
W_
u 3 u

(tTheoretical uncertainties are canceled)

Electroweak Penguin

coefficients from
Isospin relations

K R, puzzle !?
page. 32 {



B — Kmr Signals

«> Signal exiracted by fils o and (in 2-dimensions).
> Simultaneous fits with K*m0 <1 B 40 & Kot <1 B KK*

0 0 b= . s 0 :
5.2 5225 525 5275 5.3 -0. b2 5220545 5278 53
2 2
M, (GeV/c?) | M,, (GeV/c?)

e energyelossiforml, .



B — Kt Branching Fractions

page. 34

Process

Bl K
B K|
Bl K| o

B’ Kt

Branching Ratio x 106

Belle (107°)

19.9+£0.4+0.8
12.4+0.5+0.6

BaBar (10°°) HFAG Avg.(107°)
23.9+1.1+1.0 23.1+1.0
19.1+0.6+0.6 19.4+0.6

13.60.60.7 12.9+£0.6
10.3+0.7+0.6 9.9 016

CLEO All The resulrs are in

Belle

BABA R QOOd Ogreemem‘!
PDG2006
New Avg.

Ref. (Belle Coll, PRL 98, 181804 (2007))
(Belle Coll, PRL 99, 121601 (2007))
Babar Coll, PRI 97, 171805 (20063%
(Babar Coll, PRD. 75, 01200852007,
(Bobar Coll, PRIEY 6, 091 162:@007))
(Babor Coll, PRE: 7 7201120051@2008))

s r



B — Kmr Ratios of Branching Fractions

Belle Resulis
RC =1.08+0.06+0.08
R =1.08+0.0870%

BaBar Results

R =1.14+0.07+0.08
R =0.9320.07=0.06

HEAGS AVEIGGES

R =1.12:=0/07
R =0.98+0.07

K= R puzziel?

The ratios are now more or less consistent

with the SM (=~ 1o for HEFAG).
page. 35 3



B — Kmr : Direct CP Violation

> Similar DCPV are expected for
Qggu_? gggf/l B — K+ and B — K& decays

+ =\ _ |0 Nt
A (K 1m)=-94+1.8+0.8% @ K =7 3 ] %

(460 W@V iiemio) P S

page. 36 (' o



B — Kt : Direct CP Violation

CDF data
BaBar dato CDF Run Il Preliminary L =1 fb"

2

Weighted Events / 2 MeV/¢™
2

)
Events/(3.3MeV/c)

e 524 526 528
myg (GeV/ cz_) mE.S (G@V/ C )

05 561 52 53 54 55 56 57 58
Invariant tn-mass[GeV/c?]

Process | Belle BaBar
Kt | —94+1.8+08% —10.7+1.8%"9

—-0.4

K* 7’ +7.+3.+1. % +3.0+3.9+1.0%

page. 37/ (’ e




B — Kt : Direct CP Violation

S\sTiEemaiic URCER@niiEs

Systematic Source K ™ K’
Signal PDF +0.03/—-0.02% =+0.04 % ot

. oSl O e
Charmless B fraction +0.01 % +0.06/—0.04 % Uncertainties
' 7w amount +0.03/-0.01 % are. tiny
Fakerate(rt'm —K'm )| +0.13% (=0.1%)!
Detector bias +0.81 %
Total +0.82 %
The uncerainty is only
dominaited by the detector -~
beJS (checked by o P
D** — DO t, DP— Kmr sample.):

almodf

backgreund free!

. e
0.1465 0.15¢

page. 38 Am (GeV/c?) ( r




B — Kt : Direct CP Violation

The deviation in direct CP violation is firmly measured:

) Simple analysis: jusi count the numier of B-mesons.
 Very good agreement wilh ofiner experments.
) Tiny systemartic uncerfainties.

-

Noispace for mistakes:in experiments
.

.

HOW. o Infenrer tis deviation. Is the joo!

Coniribuiions from The sub-dominance diagrams?
Hadronic effects? How about the NLO calculaitns?
or, New. physics? g

page. 39 (’



. W#k uﬁ'ﬁﬁm
 A00: e Nmﬁfﬂ:ﬂf

AME# :

S BiLLOn 'l’thF"b
AGO THERLS

cgw,p uml. BEEN

L!FE a.u
MARS

\ llr_-_-_
4

CHANCE THAT Th[m‘. | \ Al A
Wt ( pAWHE‘r
|

LETS HoPE LIFE ON MARS IS MORE INTSLLIGENT THAN LIFE ON EARTH.

DISCUSSIONS

page. 40



How about other B—~hh Decays?

) B->KK, and KK+ are W= Exiremely suppressed
\
only dominated by b d b— e
b—d penguins. l § Wié \
¢ K*K-is proceed : S C S
I/l,d u U

Py The W-exchange.

AE (GeV)

Bf(KOKO):O.87f8§3i0.09><10—6 L) - ]
e e T (KsKs) & Bf(KsK*) are smalll,
g No signal for K*K;

Bf (K"K )<0.41x107°@90% C.L.

page. 41 ' r



How about other B—~hh Decays?

«> Large A-p () could e generated by b—u lree + b—~d Penguin.
« Small A-» Grim®) since it should be dominated by b—u Tree.

+ e
7T0 7T+| : g iy g2 : |7TO 7T0
d W

W Jes e b d

u W%1< d t l/t,d

ufz’ UEBENN Y D u,d g
’ i ’ d i d

b—u Tree Color-suppressed Tree b—d Penguin G

Consistent wWith zero

Process | BF (X100~ .
m m | 51+02+0.2 +4+0.55+0.08+0.05

o 6.5+0.4%%  4+0.07+0.06+0.01

=05

ail +0.73 +0.04
T 7T 1.1+0.3%+0.1 O .

page. 42



How about other B—hh

he Compleieliapie (Bele Paia)

Process , BF (x10°°) A,
Kl || 228" =+1.3 +0.03+0.03+0.01 -

K'm™ | 199+04+0.8 —0.094+0.018+0.008
K'm? | 124+05+06 +0.07+0.03+0.01
B 1190007700 —0.052 0,14 = 0HISES

' | 5.1+£0.2+0.2 +0.55+0.08+0.05(*%)

BN 6504 +0.07+0.06+0.01

el 1.1+0.3=0.1 +0.447 510 2

K°K® | 0.8679%+0.09 —0.38+0.38+0.05 (*)

) —0.21

K0K+ 1.22—!—0.334—0.13 +Ol3+023i002

—0.28—-0.16 —0.24

K K™ <0.25 N/A
((*): from TCPV. onolysis)

page. 43

Decays?

Dominated by
b—s penguins (+EWP),
No Acp.

The Acp(Krr) Puzzle!

| Conftributed by b—s penguin
& Color suppressed Tree;
Need more data o verify.

| Dominated by
b—u trees (+Color-suppress).
No ACP'

r
i

small branching fractions,
need more dafa.

s r



How about sub-dominance diagrams?

W= \)
b A) W=
AU e il “ [ . 4
U > >
d - d d < d
b—s Penguin b—u Tree
W= \)
b S =
u i u
t 22 +
e g oLl
u < u u < U
B — KE0 b—s Penguin b—u Tree
u,d
i L
b I/l/tt b I £ u,d -
+ W -~
2 w* g

Color-suppressed Tree  Electroweak Pengpin

page. 44 (



How about sub-dominance diagrams?

) Resolution 1o The puzzle; ennance (or bliow: Up) he conirbulions

from sulb-dominance diagrami(s). €.9.:

b S—t L > Uu
S u
W= W,:?H‘l<

u o
b p—(nl" - u u . u

u < u
b—u Tree Color-suppressed Tree

S0y
.ﬁ\ﬁs = 2

> . ‘ ,6\
c‘S o t“}» ?xds o ’2

~ )
Do) i Yt

<

One can resolve the
Acp(Km) puzzle by

enlarge ine
C/T from ~0.3 16 ~1.6.

N
NLO calculations do

support a larger C,
Ut not for
a preak down of the
whole picture; C>T

-~ A

4
r

REf. (Chiang ei al, PRID! /0, 0540201(2004)), (Charng et al, PRD 71, G14086 (20605))

page. 45
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How about sub-dominance diagrams?

 Electroweak penguin: negligitle CPviolating phase in SM.

5 The b—spenguin
b _f(ﬁﬁ/\ u,d may. pick Up
& WN}__ i b new. CPviolating
oL 3 U pPhase from ihe
Biectroweak Penguin u < phys|CS beyond SM
Hard fo change much  New Physics Penguin
Acp within SM

Model independent fifs yield an EWP like NP amplitude:
Ref. Baek et al, PRD 71, 057502 (2005); PLB 653, 249-253 (2007)

Fourih generation quarks in the loop:
Ref. Hou et al, PRL 95, 141601 (2005)
- £

[The NP in EWP sector should also effect other measurements, e.dg. \

F o

TCPV in b—s penguin modes, CPV in B, mixing, efc.
page. 46 (’




Other "Hints” with b—s Transitions

E R sin2qp, T with

Belle ; : . 050+0.21+0.06 ,
: ; 0.39+0.17 b_>5 pengL”n MOdeS
' 0.58+0.1040.03
. 0.6410.10+0.04

Average! . I CETs < A gold medal search for NP

BaBar i : ' 0.71+0.24 £0.04

Belle ; | | 030+032+008 (theorefically very clean):

Average ; | : 5 0.58 +0.20

BaBar Rl E 1 040%0.2340.03 meqsuring USiﬂg the

Belle j i 0.33+0.35+0.08

Average = 038+019 b—s penguin modes ($pKs, n Ks, efc.),

BaBar ! | 0.61 703+ 0.09+0.08

. ln Average: . e e 1 I L and compare them with the

e aninn BEERE el sin2¢7 from b—ccs tree processes.

0.48+0.24

el = A gloal shifif fo ihe lower side is
' 085 007 found in data (except the outlying

T 072£0.71£0.08

- Mg S UK fromn BaBar Dalitz analysis).
S R i Ell © Opposite sign to thetheoretical
. & Average’ = -l predictions. £

i ’

r




Other "Hints™ with b—s Transitions

6S = S(b—s) - S(b—c)

7 HEAG
K*KK° Expermental
n'K° Averages
Especially for B»m0Ks,
which is contributed KsKsKs
by b—s penguin + i [

color suppressed tree + wOK

electroweak penguin more data to

redlly tell the
difference .

m QCDF (Beneke), m pQCD (Mishima-Li)
m SCET (Williamson-Zupan) Solution 1 / m Solution 2

page. 48 (’ r




Other "Hints™ with b—s Transitions

CPRVIielaionin Bs DECANS

AT aydir
{F(I)Ncosh( 25 )—cos (¢ )sinh ( : ) (== sin(cbs)sin(AMStﬂ

<> Jime-dependent + angular analysis using B, — J/w ¢ decays.
«> SM predicis negligible Bs mixing phase: ~2°.

« Tevatron results:
{; J/{[J &
f‘

DT | py=—0.57"0%" 02 ra)|
page. 49 ( r
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a deviation from SM




Other "Hints” with b—s Transitions

REsUlirfiren Ulliirgreue

FIRST EVIDENCE OF NEW PHYSICS IN b «—s TRANSITIONS
(UTfit Collaboration)

) r —y e s = ) 1 3 3 s = 24 - F * = 3.5 \ I [ / : T
M. Bona,! M. Ciuchini,? E. Franco,? V. Lubicz,*>* G. Martinelli.,*® F. Parodi,® M. Pierini,!
P. Roudeau,” C. Schiavi,® L. Silvestrini.®? V. Sordini,” A. Stocchi,” and V. Vagnoni®

> Evidence of New Physics:

Combining results from D@ and CDFE

get a 3.7a deviation from SM (Bayesian).
> The issue could be fully sorted atf LHC

o(ps) ~ 0.02 rad @ 2/1b. -




summary: Hints to New Physics

) The mechanism ofi CPviolation is well-estalished within the
framework of the Standard Viedel. Buti it is known 1o be 100
small 1o account for ihe maiter-dominaied Universe.

*© A large deviation in direct CP violation is firmly measured in
B— K decays at Belle (4.40). Combining the result with ofher
experiments will give a deviation of 5.3a.

> Although It is suscepitipble o
the hadronic effects and It
needs furfher clarification,
fhis large deviafion would
Pe @RiNEICEiieR GIFREW,
SEUCES O CPVielahion in
3 e=inlejtlin) leje) e

J‘rr.l!ri
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summary: Hints to New Physics

F o

Kéeping ih\)esTigoTing |

N
the data recorded ot ’ Open the box, and / hen""

observe New Physit ics,at [Hc

B-factories & Tevairon
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