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Refleciions on Beaury:
CP Asymmeriries ai'Belle

*Weak interaction: CP, CKM matrix
*B(zauty) mesons & CP asymmetry

°B production: e'e- ->  (4S) at KEKB
*Belle experiment

Highlights in CP
Selected results
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Symmetry of Physical Laws TS

In an interaction-free universe (relativistic QM)
* massless particles
 symmetric in fransformations

P(r<—>-r), C(particle<—> antiparticle), T(t<—>-1)

Add interactions: emission/absorption of field quantum
 vertex contains :
’,’field

symmetry (or asymmetry) info
interaction strength/probability particle ,A" particle’
« (“charge” g)? « “coupling constant”  yeprtex
» mass = O via self-interaction

Forces: Strong, Electromagnetic, Weak, Gravitational

coupling ~ 10-°, quanta W+, Z°

K. Kinoshita U Michigan, April 19, 2004 !




Weak interaction

- the only known force that

* allows particle to change identity (flavor)

e violates P symmetry (maximally)
right-handed particles, left-handed antiparticles.
(no coupling to LH particles, RH antiparticles)
... but preserves CP symmetry (mostly)

* small CP asymmetry
.. but to y2k, seen only in K, (1963)

Hadronic modes, including Charge conjugation xParity Violating (CPV) modes

g 3a (21.11 +0.23 )%
Mo ataal (1257 +£0.19 )%
M1 wa CPV ( 2.08140.026) x 103
EPEE CPV ( 940 +£0.13 ) x 10~
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CP Violation 22

Why is it of interest?
e matter-antimatter asymmetry in universe
requires CP-violating interactions (Sakharov 1967)

What is source of CP asymmetry in K, ? in universe?
* ... apossible clue in weak coupling strengths...

K. Kinoshita U Michigan, April 19, 2004 '



Weak coupling strengths

Standard Model = 12 fermion flavors (+antifermion)
+ 3 generations(distinguished only by mass)x2 typesx2 ea(strong & EM couplings)

- stable, but for weak interaction Generation

weak couplings: type Q/|el 1 2 3

+ leptons: ~universal, lepton| -1 e 7 T
go geneﬁ]’rion x%ing <een (nostrong)| Ve Vy V1

Eh e e S U ssed
i <--> nzﬁpsr:ene quark +2/3 Up Charm | Truth
W+ "charged (strong) -1/3 1| d S b

Ve \/Mf————) V. current" own trange eauty|

Z0 "neutral current"
» quarks: neutral current - ~universal, no generation x-ing

» quarks: charged CL_:_rren’r - all different, approx. generation-conserving
n C _ .

Inelegant//

Vi NVK
8- 3h
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Licture e- u- T, C T

e charged-current interaction ~ g x - : ~ ~ N
’ N v, v 4 s b

no generation x-ing, universal coupling g¢

* quark mass/flavor defined by strong force, perturbed by weak:

d’, s, b'(weak) are linear combinations of d, s, b (strong)

d’ d)l — Cabibbo-Kobayashi-Maskawa (CKM) matrix
Sl, =M | s complex .
b A b preserves metric | = un|1-ar-y

“ orthogonality

ng%é(;/w (Glashow-Iliopoulos-Maiani)

* suppression of flavor-changing neutral currents
 multiplicity of charged current couplings
« AND .......

K. Kinoshita U Michigan, April 19, 2004 n



GELLE

... for >2 generations, e.g. 3, {9R+917} dof constrained by unitarity:
4 free parameters, incl. 1 irreducible imaginary part

== C/FP ’)/wtéfm ~ > (Kobayashi-Maskawa 1973)

Makoto § First 3rd-
Kobayashi =

generation particle (t)
® Seen 1975

el .y

Maskawa
K. Kinoshita U Michigan, April 19,_!-2004




3-generation Matrix
d s b explicit parametrization(Wolfenstein):
Woe x o[ Vg Vs Vol | 12222 & A3A(p=in)!
couplings) = ¢| Wy Vs WVep|CL4rr|  —h 1-R212  A2A
| Vi V‘ﬁ/v,,i/ MBA(1-p—in) -A2A 1|
. . / from decay rates,
Vi V=i “tompiex’  1.=0.220 + 0.002
i=1,k=3}: V., "V, *+V . *V . 4+V . * V. =0 A=-0.81 +£0.08
(=L k=3) ib ud ™ 7 cb C‘i fo. T1d lp—inl = 0.36 = 0.09
=> Mub_ud,l_ 1 + M‘rb_fd - O 3 ( 1-) I1-p-inl =0.79 = 0.19
vcj*vcd vcijcd !
-(p+un) -(l=p-m) VM \\fd\\fi
VedVeb Gl

(p, m): "unitarity triangle"

Self-consistent if CKM is correct

0.0 1.0
K. Kinoshita U Michigan, April 19, 2004 !



5
CKM CP phenomenolo
CP asymmetry - requires >3 generations

-> o observe, need process w. all 3 («<- B decays),
interference between =2 processes

-> to test, probe different angles w different decays
B factory program:

1.0 (F’:ﬂ) are all asymmetries

consistent w single

M KM phase?

Vﬂ {ivEE first result

BO->mrmr
BO->pm

VedVe BO->T /K, |
BO-> D*m BO->¢K,
BOSD*p | O\ BO_>D () D)

K/ Kinoshita — | D.{] 1 .'D U Michigan, April 19, 2004 n



manifestation of complex couplin Serie

e.g. B -> J/y K, for sin 2¢; (Sanda/Bigi/Carter)
"indirect" CP asymmetry

Tree (real V;) + mixing+tree (ocVTd*z) ( (p.M)
LY i1 b 1y . Vi Vib
V,V

K K VeV,
VCbV \} Sochb VFCbV\\} S cdVeb

(no cc of hadronic phase under CP)

CP asymmetry from x-term(s) - no theoretical uncer’ram’ry o arg(V;4%) = 2¢1

Bottom line: CP-dependent oscillation in time:

AN 1
o ——(B — fop) = 2re—w(1 + mynepsin2eysin( AmAt));

B +1if By—y = B _(—1ifCP0dd>
= if B,y = BY (i +1 if CP even

This is only the cleanest, simplest - "golden mode" n
K. Kinoshita U Michigan, April 19, 2004



CP phenomenology: variation

e.g. B -> J/yn® 2 paths, different phases, + mixing

Tree (T) o Penguin (P) _ = a |
: _'_”m/< Jy B iy (p-M)
BY W' = b v d

JT0 BO 7[0
d d d d
< Vep Ved Vip Vig
mixing+ " mixing+ "
Vip #Vig?VepVed o Vip *Vig?VipVig” |
0.0 1.0
+1if By—g= B"

Bottom line: "direct" CP asymmetry possible 4=\ _1if B;_g = B

O;_]:(B — fop) = %Fe_rm(l + ¢ [Acos(AmAt) + Ssin(AmAt))|)

"direct" asym
relation to ¢, depends on T/P relative amplitudes, strong phase (not known)

K. Kinoshita U Michigan, April 19, 2004 n



R i - At by asymmetric energy ete- -> (45)
Eal (symmetric (4S): CLEO 1979-2001)
s ! ; .
E o f :,+ ' What else is needed?
Tergy 1+ >107 B's just to get started - KEKB
I R R N ®..... .1+ hadron (K/m) ID - dE/dXx,
o L + - v LR PR Y % .. ]
©OY(IS)  Y(2S)  Y(3S) Y(4S) ] . .
(E)).4£Il | 9;16 ‘lOiOIOIl‘OEOIZ‘ | 10‘34 | lOI37 IlI0154* I1I015I8‘ HI ‘lIO‘.6‘2 GCF‘OQ@I(CCI"CHI’(OV), Tlme"Of"fhghT

Mass GeV/ie') BB threshold * lepton ID - CsI, multilayer p

2nd decay * <<200um vertexing -
at t=At double-sided silicon strip

=0 . AZSATByC

mode @ t=At
< 103

(4?)> B, T | flavor tag @t=0: e, y, K¢, ...
CP=-1, first B decay effective eff ~30%

conserved
(t=0), break CP
U Michigan, April 19, 2004
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Colliding beams: KEKB

L. =120 X 103 cm2s! wor record) 4
Data (6/1999-4/2004) I
JLdt = 230 fbl@{ (4S)+off(~10%)}

(>2.2x108 B events) .
C(E*beqm) = 2.6 MeV ‘ _. _
IP size = 77um(x) x 2.0um(y) x 4.0mm(z) .

K. Kinoshita U Michigan, April 19, 2004 H



The Detector <&

Hadron identification
- CDC: dE/dx

Charged tracking/vertexing
*+ SVD: 3-layer DSSD Si pstrip

- CDC: 50 layers (He-ethane) + TOF: time-of-flight

‘ - ACC: Threshold Cerenkov
| Ne ﬁ (aerogel)
| o/

Electron/photon

1.5 T superconducting
solenoid

)

I
Il
N1

(5N

+ KLM: Resistive plate
counter/iron
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We present a measurement of the standard model CP violation parameter sin2¢ (also known as
sin2f3) based on a 10.5 fb ! data sample collected at the Y(4S) resonance with the Belle detector at the
KEKB asymmetric ¢ *¢™ collider. One neutral B meson is reconstructed in the J /¢ Ks, #(28)Ks, x1Ks,
n.Ks. J/ K., or J /7’ CP-eigenstate decay channel and the flavor of the accompanying B meson is
identified from its charged particle decay products. From the asymmetry in the distribution of the time

interval between the two B-meson decay points, we determine sin2d, = 0.58%53(stat) 1 {5 (syst).

DOI: 10.1103/PhysRevLett.86.2509 PACS numbers: 11.30.Er, 12.15 Hh, 13.25 Hw
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/>
Belle physics results Serie

/8+2 papers published or in press (1st in 3/2001)
54 abstracts submitted to XXTI Lepton-Photon (Fermilab 2003)

"“W%H“ 18 - CP asymmetry in B decay
25 - B decay non-CP
>v“< 8 - charm hadrons

Physics topics overlap in many
@ 1-QCb analyses, e.g., discovery of new

charmonium states in B decays.

K. Kinoshita U Michigan, April 19, 2004 n



Recent highlights in CP <>

Beauty: CP and related

* time-dependent CP measurements
update of J/yK, (¢;)
with J/ymo(~¢,), D™ (2¢1+d3), OK(d4), T (~0,)
- evidence/observation
B-> K*I*I-, m%n©, D*D-, m9p°
* new method for ¢5: Dalitz plot analysis
DOK* {DO->K ')
Charm:
- difference of CP lifetimes in D (ycp)

K. Kinoshita U Michigan, April 19, 2004 n



1) CP final state reconstruction
exploit
- exclusive pair production of B
* narrow resolution of collision energy

Eywarai 100 Rt
=

&

AE =E* =0 (E*, =5 2/2)}
o~10-50 MeV, depending on mode.=

cand beam

s Dy (s B o Meas (et

M. (Beam-constrained mass) 121 e
M, =(E*, . 2-p* 2)V/2 Signal region _/@"‘31l\’eV/c2
¢ eam can

2) Flavor tagging: sigh of other b :
all remaining particles in the event faf )
high-p lepton (p*>1.1 GeV): b-s- Moe L
or TT net K Char'ge b->K- !l:lll:-:l.--._ ._.5-:.5:-. - ..5_-:::
| | medlum"P Iep.ron, b“>C"> |+ Basmarr S rafrained Mo (GraT )
k ﬁ soft m b->c{D™->D%m+*}

b .

~ > 2 hard  b->{c}mX
D * § DO K - multidimensional likelihood, €299%

» incorrect tag reduces ¢, net (28.7+0.5)%
K. Kinoshita U Michigan, April 19, 2004 n



GELLE

3) Continuum suppression 4) Vertex reconstruction
event parameters, likelihood ratio At~Az/Byc

Exp S Fun 272 Farm 5 Ewant 10B&G

Ehar B.00 Eler 5.50 Tus Naw 16 23212208 1999
ELLE TrgiD O Dstver O Mgl © BFleld 1.50 Depver 5.04
Piot{chy 101 Blot{gm)] G25VD-M DCOC—M O KLH—M ©

BB
éq 0.86

_Lsig

Lig*Log

sig

5) Fit to At distribution:
unbinned maximum likelihood

K. Kinoshita U Michigan, April 19, 2004 H



e.qg., for sin2¢, - reconstruct CP eigenstate decays MG
"CP-side 1'09" 12000 ————————————

Dimuons

0 | Yield: 9231. + 209. |
+or— | “Meap: 3097.0+ 0.2 MeV/c? -

BO — J/y K (—mn-) 8000 - fear; 309 AR
Exp 5 Run 272 Farm 5 Event 10889 > \ T

1\ n
O I den mode Eher 8.00 Eler 3.50 Tue Nov 16 23212208 1999
BEI I E TrglD QDetVer 0O MeglD O BField 150 DspVer 504 4000

Ptot(ch] 10.1 Etot(gm) 0.2 SVD—M 0 CDC—M OKLM\\
. . | L L . | L L . |
0 T T I T T T I T T T I
i ctrons ,
ield: 8193. + 174.

| Mean: 3095.0+ 0.3 MeV/c?
Width: 11.9+ 0.3 MeV/c?

000

[l

12000 ——r—1— —— —— — 0 l - L l
! ! ! 2.60 2.80 3.00 3.20 3.40
i K T +j'[: _ Dilepton mass (GeV/c?)
10000~ S A < 1 ep'ron+1"noT-hadr'on"
I * o theeellll
w0 - gn4d MeV/

6000 |- Ks mass+4

4000

2000

0 o by by b by
0.470 0.480 0.490 0.500 0.510 0.520

Dipion mass (GeV/cT)
K. Kinoshita U Michigan, April 19, 2004




sin2¢,: {charmonium}+K, tag (CP=-1) <o

BELLE-CONF-0353

Fully reconstructed

1000 Mode N Puty
o b ?9;_1 used JI(EF)K(n ) 1997 0.976£0.001
ol —om ] IR ) B’ 0824002
& 600 | W) V2S)(Jfurte ) K (ntr7) 163 088+0.01
s S xd(J/m)Kg(m-) 01 0924001
Sawof 7S KK 7 )KO( )13 04003
Bap KK 7 ) lrtr) T 0T0£0
C(pp)KO( ) 20 0914002
Allwith ¢ = -1 2911 0,933 40.002
0

52 521 524 526 538 . 53 () KK 174 093001

Beam Constrained Mass (GeV/c )

K. Kinoshita U Michigan, April 19, 2004 H




N
)
o

(\®)
-
-

Entries/ps

+1)

o

47Nt/ (Ngee 4N
o
)]

(Nq%
o

S
Ul

wn O

-

-0.5 |

Measurement of sin2

;5417 evts

- Qif«-%«‘i

SN \ St e )

# \e- asymme'rr'y

140 fb-!

is seen in raw data

Poor tags

sin2¢,=

0.733+0.057+0.028

consistent with no
direct CP violation

Good tags

BELLE-CONF-0353
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world average from {cc}K

sin2¢, (Belle 2003, 140 fb1)
=0.733+0.057+0.028

sin2¢, (BaBar 2002, 81 fb1)
=0.741+0.067+0.033

sin2¢, (World Av.)
=0.736+0.049

K. Kinoshita U Michigan, April 19, 2004 H
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(relative amplitudes, strong phase not known)
expect S = -sin2¢, if penguin is small

B->J/yn® 140 fb

o w0f 88.6+10.0
175 E 35

15 30
12.5 E 23

10 E 20

7.5 15

5 E 10

201 0 01 02 52 52255.255.275 5.3

AE (GeV) M, (GeV/c?)

K. Kinosnita

N W H
. -
“\\.\.- H

o Ny

A\
A\
N S
\'\"\\ N W
SR N\ =
] H : , :

8

At (ps)

S =-0.72+0.42+0.08
A = -0.01+0.29+0.07

sin2¢; (World Av.)=0.736+0.049

BELLE-CONF-0342+

U Michigan, April 19, 2004



More time-dependent sin2¢, - or new physics?

modes dominated by b->sqq penguins

b N
u,c,t
Bt g
-
U
W u,d, s
b S !
p— n,m
a u,d, s
B u,c,t c A
9 u b § g
ni B~ W= K= K
u > U U - u

in the absence of New Physics, S = sin2¢,

K. Kinoshita U Michigan, April 19, 2004 H



Reconstruction of b->s

Mode Ny Purity
#Ks 106 064 £0.10
K*K"Ks 361 0.55+ 0.05
’Ks 421 058+0.05
BY — &K i
30 PRs 140 fb!
0
o B — K"K Ks
5[} is — e 1 ="
0 () ’
50 | BY — 11'Kg
100 -Nsig_ =244 + 21
) T S
052522 524 526 528 53

K. Kinoshita
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: o
Time-dependence: sezi
1.0} BY n'Ks o LU K*E-Ke — BY — ﬂhKS T
0.5t ‘ : 3 ‘
0.0t 4 —t= l ] rﬁ-}ﬁy_%/—
05| B T
10  Poor '[aj;i ~ Poor Tagsi ~ PoorTags
1.0} ' 3 SM Expectation
0.5} - E |
0.0 :ﬁ/—w
-0.5 I o
10k Good Tags} Good Tags Good Tags
-5.0-25 00 25 5.0 -5.0-25 00 25 5.0 -5.0-25 0.0 25 5.0
At(ps) At(ps) At(ps)
n'Kg K*K™Kg DKg
S| +043+£027+0.05 +0.51+0.26+0.05700 [H0.96 £0.50777

Al -001+016x0.04 -0.17x0.16+0.04 t/‘—[].lﬁ + (0.29 + 0.07
ent.

uncertainty in CP cont

[sin2¢;(world avg) = 0.736+0.049] differs by 3.56 PRL 91, 261602 (2003)

 kmstta . however {Babar: +0.45:0.43:0.07}  y menemer TR



Sln2¢2: BO—> LY BELLE
o e v
2 paths, each w/wo mixing: ¢, =arg Tdd\f/bb
Tree (T) Penguin -
U \u\
T 'E W \}r[—
OCVUb*Vud va de
miXing'i‘ ! mIX|ng+ T
* v*b*z Vsz vub vud* X VTb*Z Vfd2 V'I'b vfd*

Bottom line: A, may include direct CP violation
dN

1
I —(B — fop) = 2F _FAt(l + q - [Argrcos(AmAL) +Syrsin( AmAL)|)
* if T dominates, A_=0,S_=sin2¢,
- if P, T comparable, A_,z0, Sm~sin(2¢2+26)-2/(|71\\|2+1)

difference of—T 21 if direct CP

strong phase violation
K. Kinoshita U Michigan, April 19, 2004



BO-> st * 7t~ reconstruction issues

.. less clean than BO->J /yK,:

» "physics bkg" B°->K* 7t~ => hadron ID, kinematics
dE/dx, TOF, Aerogel — “positive ID” ¢,=91%, ¢,=10%
» continuum => event shape {qq "jet-like" vs BB "spherical®)

Fisher discriminant from modified Fox-Wolfram moments
B candidate direction relative to beam axis

Construct Likelihood ratio LR=Lgp/[Lgg*L,]. 2 selections:
LR >0.86 {8883530/0, Sqq:5o/o}
0.86 > LR > LR, (cut depends on flavor tag classification)

K. Kinoshita U Michigan, April 19, 2004 H



. <[>
hISTor' BELLE
_ However...

E .|r."l
-

Belle results | Belle

"Study of CP-Violating { :.:,42."fb

Asymmetries in BO -> '~ Decays" l?sf'fb |

{PRL 89, 071801 (2002)}
(42 bt ~45M B pairs)

L5 |

e
"Evidence for CP-Violating '_Tmifb 56/fb
Asymmetries in B -> m'm- Decays  ? i
! HFAG
heavy flavor averaging group
{PRD 68, 012001 (2003)} 0.5 A =0.37:0.16
(78 fb™t ~85M B pairs) S =-0.56+0.20

v2 = 6.1 -> CL=0.047 (20)

I i S
.. also no?['g that physical r'egion is \/82 + A2 <1
-1.5 :

PR TR N TN TN TR TR S T 1
-1.5 -1 =05 .','J' ." L5

K. Kinoshita U Michigan, April 19, 2004 E



n ew S BELLE

- additional data 78 fb! -> 140 fb!
- signal fraction 1d -> 2d (AE, M,.) fit: improved robustness

* new independent analysis: binned maximum likelihood in At
different resolution functions, blind

K. Kinoshita U Michigan, April 19, 2004 H



BO->t* 7t~ and K* =~ final samples

300 |

Events/2Q MgV
8 & Qﬁé S

=

K. Kinoshita

— —Total === K=

2 {772 rémm—--Thee-tdy
e G

£
=

oo

o et ey bty

T T T
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AE (GeV)

0.86>LR>LR
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|~'\.... 1

A
02 04

AE (GeV)

U Michigan, April 19, 2004 =



Result of fit

1
05 F
0 puEin

% .05 F ‘
A = +0.58+0.15:0.07 ' E__.

S = -1.00£0.21:0.07

mmetry

A

0

1
5 F
0 :
0.5 F
1

Asymmetry

K. Kinoshita



Validation of result

- many subsamples - consistent results
* no CP asymmetry observed - independent selection with binned fit

where none expected gives ~same result
04 F (a) " qq(sideband) | ° ensemble simulation study -
£ o o VR 1 confidence of unphysical result is
g0z reasonable
0.4 -. N IR | PR I
_ 04 E(b) ~ Non-CP sample L5
i 0.2 —
E- 0 —_—— : ,l
bl i 4,42@ . e
i—-,.‘ 0_2 - ' . 5 .
P S = = E— |+ HFAG |
S F | - ) 0.5 1407fb o |
e | | 81/fb
-I:I.-li- :_ " I " M L i L " M 1 " # I|‘f|:}
-5 D 5 Ti 13/tb 5'5
At (ps) i
Conclusion "Observation of Large CP Violation and

Observation of CP violation (5.26) Evidence for Direct CP Violation in BO->n*n-

. . . o Decays," submitted to PRL
k. kinoshita Evidence for direct CP violation (3.20) U Michigan. April 19, 2004



B
Summar

Belle in 2004:

» KEKB luminosity 1.20x103%cm2s™! (design: 1x1034); >220M B pairs

* sin2¢, is now a "precision" measurement

» first results on alternative probes of sin2¢; (or new physics!)
B->J /¢y 0 - penguin may be small (heed more data)
surprise deviation in B->¢K, - 3.50 - hints of new physics?
consistency with SM in other b->sss

- developing sensitivity to ¢,, ¢5
B->mt* - - first evidence of direct CP violation?

- observations/hints in many modes, possibly CP in future

Next
-+ 500 fb! by 2005
* Luminosity > design

* the CP challenge: heating up - stay tuned! =
K. Kinoshita U Michigan, April 19, 2004





