Reflections on Beauty:

CP Asymmetries in B Meson

« Weak interactions & the b-quark: CKM matrix
* B(eauty) mesons & CP

B meson production: ete -> Y(4S5)

» Belle/Babar experiment
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B Symmetry of Physical Laws

In interaction-free universe (4-d, relativistic QM)
* massless particles
« symmetric in transformations

P(r<—-r), C(particle<— antiparticle), T(t<—-1)
Add interactions: emission/absorption of field quantum
 mass via self-interaction
* intferaction strength/probability

a“ charge’ g® a “ coupling constant” o
* symmetry info in vertex particle —4—pagticle
Forces: Strong, Electromagnetic, Weak, GF&itational

/

coupling ~ 102, quanta W+, Z°

///ﬁeld




E Weak Interaction

The only force known to

« allow particle to change identity

* violate P symmetry (maximally)
right-handed particles, left-handed antiparticles.
no coupling to LH particles, RH antiparticles.

- violate CP symmetry (a little)

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

What is source of observed CP asymmetry?




We have an interesting possibility ...
Standard Model = flavors

+

distinguished ONLY by mass (?)

fermions: 3 gene{{a‘rions X 2 types x 2 ea (doublets)
all stable, if not for weak interaction

Generation
type Q/ el 1 2 3
IZPTOH -1 € electron H muon T tau
(no strong) 0 Ve neutrino| Vg neutrino| Vi neutrino
quark | +2/3 Up Charm Truth
S ‘1/ 3 down STr'ange beau‘ry




ZO | L 0 W+
"neutral current” L W,°Z " vcharged current”
AQ =0 f — ¥ AQ = +1
| +eos] - | <>
q+2/3 <=> q'+2/3 q+2/3 <—> q'—1/3
NO generation x-ing (small) generation x-ing,
-> no flavor-changing quark only
single coupling strength all different strengths
p e _*---;T_ U=---=C~---~ -—seen
v - v _-"_v
‘ D :j:‘:;: L ‘ ‘M‘ <~ suppressed
Velove- oy d=---~S=-—--=D -
e U 1 not seen

Large # of fundamental "charges" — can this be simplified?



E GIM mechanism

Explains
» suppression of flavor-changing neutral currents
 multiplicity of charged current couplings
- for >2 generations, CP violation

Picture
» strong doublets, “ degenerate” genera’rions perturbed by weak force:
new doublets u c,

no gener'a’rlon X- |H9 univérsal Wbcouplmg (=g¢, seen in leptons)
d',s’, b’ are linear combinations of d, s, b:

S
b'

S

e N Cabibbo-Kobayashi-Maskawa (CKM) matrix
chls

complex _
preserves metric £ = unitary

orthogonality

For 3 x 3, unitarity constrains {9 real+9 imaginary} dof to
4 free parameters, incl. 1 irreducible imaginary part .




E Unitarity of CKM

(Wolfenstein parametrization):

d S b
g 1-A22 A A3A(p-i
x Weeouplings: {\\;Ud x“s xUb | A 122 )\(2% "
C Vcd Vcs VCb L] )\3A(1—p—|r]) \2A 1
t\Vid ts th l
Unitarity condition: from decay rates,

A=0.220 = 0.002
Vi™ Vim0 it ke3y: Vi "V g+ Vi, "V # Vi *Vi=0  “a-0.81 + 0.08
lp-in| =0.36 + 0.09

=> Mub:—ud_l_ 1 + M‘I‘b:_vfd = O |1-p—in| =0.79 £+ 0.19
vcb vcd vcb vcd 1.0( (p,n)
—(p+n) —(1-p—n)

ViV
(p, n): "unitarity triangle" VodVeb

Self-consistent if CKM is correct




E Complex couplings revealed via CP asymmetry

- t-integrated rates I' O |<f|H,|i>|2 => not sensitive to phase:

CPL V. Y= Ny

X y X y

— need interference between processes:

e.g., decays to CP eigenstate - paths w/wo mixing interfere

/’ - {cch+{K K m%

enstate

—> CP-dependent osmflatlon In decay time distributions



E CP Asymmetry of B -> J/y K,

Tree (real V;) B/‘g/}tp b/'ﬁ
g a T
mixing+free , , b ——<}p q__ € B~
wio o w NS woo w NS
l ' S b i d S
UV - N

arg(V;4°) = 20y
> (B — fop) = LTe A1 + pynepsin2d;sin( AmAL));

2
+1if Byg= B —1if CP odd
Mlop —

My =

_1if B,y = B"
* No theoretical uncertainty

+1 it CP even




E Measure time dependence - what’s needed?

B pair production 1 e*e- -> Y{(4S) -> BB
eMeasure decay-time difference
Asymmetric energy e*e- 1 (@KEKB: y Bct=200um)
good vertexing O silicon strip vertex detector
eFind CP eigenstate decays
high quality ~4mt detector [0 Belle/Babar
eTag other B’s flavor
good hadron id 0 dE/dx, Aerogel, TOF, DIRC
good lepton id O Csl, multilayer p
eLots of B mesons ~108  (Br (B-f.) ~ 1079)
very high Luminosity [ KEKB/PEP2

10




E BB pair production: Upsilon

25_“‘\“‘\"'I""'I“"'\“"I"""'I"""‘\‘_
-~ = .ee ->Y(4S) -> BB + 20 MeV;]
£ 20 '~|‘ ]

£t

= Lo
= 3
T 10_— i ! " ]
A SR | CLEO |
. + r ! . Dok >, J
KEKB. % S;_ +I \\h+ tf{ﬁ ! t%ﬁ‘: -tq**”'-q- e ﬂ*“‘“"t#-t_Jp_, __
8.0GeVe+35GeVe LYAS) YRS YGS) T YGAS)
IP Size - 77/me20,umx4omm 944 9.46 10.00 10.02 1034 1037 210.54 10.58 10.62

E n1' r‘a"‘e Mass (GeV/c™)
ve
Cross section ~ 1 nb = 10-33 cm?
dN

= é}' X | <« Luminosity (collision rate)
dt ~10 5! 1034 cm—2s! (design; currently 5.5x1033 @KEKB)

~108yp-!
Currently@Belle: 3x107 BB events (published), 4.8x107 on tape

T




E Time measurement at Y{(4S)

Y(4S): CP=-1, conserved

until first B decay (t=

identify b/b {flavor tag Reconstruct
CP=x1 mode @ t=At

flavor tag: e, y, K, ...
2



EDetector: evg.Belle

Designed to measure CP asymmetry

Charged tracking/vertexing

- SVD: 3-layer DSSD Si pstrip (~55 pm)
- CDC: 50 layers (He-ethane) -
Hadron identification
- CDC: dE/dx (~7%)

Electron/photon
- ECL: CsI calorimeter (1.57%@&1
Muon/KL (=

KL/u

svD

CDC

PID (Aerogel)
TOF

Csl
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We present a measurement of the standard model CP violation parameter sin2¢ (also known as
sin2/3) based on a 10.5 fb ! data sample collected at the Y(45) resonance with the Belle detector at the
KEKB asymmetric e*e™ collider. One neutral B meson is reconstructed in the J /¢ Ks, y(25)Ks, x1Ks,
7eKs, J/ WKy, or J [’ 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
intorval between the two B-meson decay points, we determine sin2¢, = 0.58*3 (stat) 7)) {5 (syst).
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E CP mode reconstruction

B - J/¢ K (-T1T710)

“golden mode" | BELLE Gpaiidmszsm

12000IIIIIIIIIIIIIIIIIIIIIIII

K, — TETT

10000

6000 [—

4000

2000

0
0.470 0.480 0.490 0.500 0.510 0.520
Dipion mass (GeV/c?)

8000

4000

T T I T
Dimuons ] / | | R I
[ Yield: 9231. + 209. J ‘JJ _’I J
“Meap: 3097.0 + 0.2 MeV/c? .
4+ 0.3 MeV/c?

} | | } } | | } } | | ! } |

T T T T T T T T T T T T T T
L ctrons 7
ield: 8193. + 174. |

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

2.60 2.80 3.00 3.20 3.4

Dilepton mass (GeV/c?)

llepton+1"not-hadron”

4o



E BO — J/LlJ KS (continued)

e L

457 events -
~3% background s.[

=

Evvar| 100 P

1]

Kinematics for final selection:

AE 0E* g~ E* pearnlO (B, qmls 1/2/2)
10-50 MeV res, depends on mode

M, . (Beam-constrained mass)
N\bcl:l(E*becxmz-l:)*cand2 )1/2

0~10MeV;

[Le% 3 2
b I'.1l';|l|i.'-|'-|'AE

131 T T
° ° 2
Signal region—&<3MeV/c

N -

T

-

f ol _
i e T of 1y
L LIsD L

Caarr Corarrminsd Moas (GAra’t )
Mbc

1
'-H -I .l

16




E Other charmonium+K

IPK (- & 1Pm) e

l— ————————

P(2S)(- I~ & I/Ppmrm) Kq L& __i'_?'” o leventh

Xei( /W) Ks Y Tl L
r]c(_’ KSK+T[_1 K+K—Tl0) KS - 13 __ ....... J:, ........... :r ......... _i%_ ______
I K, T EEEEE
JIP K*0 (- K, 1) (mostly)_ 10 frommd e

b
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E Other charmonium

Events/(5 MeV/c®)
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= 007/y K,

» J/Y: {tight mass cut}
1.42<p *<2.00 GeV/c
» K. : {KLM/ECL cluster w/o track,
>1 KLM super'layer's (resolution~ 3°

(1.5° if EcL)} within 45° of
expected lab direction

* Require cand to have B mass,
calculate momentum in CMS
(ps™) (~0.3 GeV for signal)

. backgr'ounds: random (from data),
"feeddown,"” known

modes - estimate via MC

= 5 g F=
10 //k‘:\gﬁ% N ‘)@&%\\\ /
/>

&9




l¥= CP candidates

Fu Iy reconstructed modes I/ K,
250 : . ! | 4
750 candldates . i g
— Sum _ 7 B _ -
200 e g K () 58 bkg ] ! Ny, = 346 events |
i 1 © 1501 —
= | i
% 1DIZI_— —_
5 f Npg = 223 evts -
= I ]
= | 7 ] B

Z 50 / 7% +

» [ ;:* ]
ol . A - / 2t SR, :
>200 5§E235m Canstra?ﬁiafdnhﬂass {695532?15 >3 :.H?- A / / V 1'?'/ / b +
[{.].G 0.5 1.0 1.5 2.

peems (GeV/c)
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i¥=y Flavor tagging

- V Iﬁ BELLE
D*+T>DO ) Kﬁ

- high-p Iep‘ron (p*>1.1 GeV): b > -
- net K charge b->K

- medium-p lepton, b->c->1*

- soft m b->c{D™*->DOm*}

* multidimensional likelihood, £>99°/°
Significance of CP asymmetry depen ds“' /

- tagging efficiency ¢
- wrong-tag fraction w (measured w data)
- effective efficiency = g(1-2w)

AT



E Az: vertex reconstruction

BELLE

Constrained to measured IP in r-¢
* B 0,~75 um (rms)

use only tracks from J/ylln;
* Byogt 0,140 pm (rms)

remaining tracks, excluding K.;
iterate, excluding tracks w. poor x2/p77~

resolution includes physics (e.g.
charm)

.- OQverall eff,




E Raw At distributions

distribution in At~Az/Byc, unbinned max. likelihood fit

*CP 1s violated!!
eseen In raw data
slarge effect

+
+

0.20}

0.10¢
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E Prepare to fit for sin2¢,

* BO lifetime = 1.548+0.032 ps, c1=464+10 um multiply by By=0.42

T — 1 AT A for lab length
mixing Am = 0.47+0.02 ps; cT~4.0 mmh 3 > =0 by

only ~ 1 cycle of oscillation measurable

* True CP asymmetry is diluted:
background to CP reconstruction
incorrect flavor tag rate
vertex resolution - not exactly as modeled
all need checks in data

-> Use same methods to make other (better known)

physics measurements: BC mixing, B lifetime,
D lifetime, null CP

24



E Wrong tag fraction via mixing

Same fit method, but
CP->flavor-specific

* B {D™1*, DO-nr*, D™-p*}+flavor tag"

* separate same-, opp-flavor events
- fit to Az: mixing asymmetry, w:

miy Nopp(At)+Nggme (At)

€.££72(1-2w, ey, | =(27.0£2.2)%
99.4% of candidates tagged
(good agreement w MC)

asymmetry

asymmetry

0.5
0

-0.5

£
£

£ L
Z 0.5
S

0

0.5 |-

a1 -

| 0<r<0.25

e+

4

©:0.444+0.019

10
Proper decay time(ps)

| 0.5<r<0.625

B

5 +0.037
| ©:0.2833005

= (1 — 2w)cos(AmgAt -

“ | 0.75<r<0.875

T T
E [

| :0.10330827

0 10
Proper decay time(ps)

S

L 0.625<r<0.75

+0.033
I ©:0.210708%55

L P
0 5

10
Proper decay time(ps)

L 0.875<r<1.0

| w:0.025700%0

5 10
Proper decay time(ps)

Flavor tags classified by
(MC) Purity - 6 bins
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E At resolution function

» Double Gaussian, parameters calculated event-
by-event, includes effects of

- detector resolution .

- poorly measured tracks .. ;; \

- bias from e.g. charm N

- approximation of At=Az/Byc "~ T~
- form, parameters from | S B— -

- Monte Carlo tail fraction: 1.8%

- fits for DO K", B D1 v lifetimes

- validate: B lifetime, same fitting
1,=1.55+0.02 ps (PD62000: 1.548:0.032 ps)
1,=1.64+0.03 ps (PD62000: 1.653:0.028 ps)
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B3 Fitting At distribution

- distribution in at~az/Byc
» unbinned max. likelihood fit, includes
- signal root distribution (analytic)
- wrong tag fraction (const)
- background: right & wrong tag (MC, parametrized)

- detector & tagging Az resolution
(parametrized,evt-by-evt)

25



E Results

All modes combined: sin2@,=0.99+0.14(stat)+0.06(sys)

Combined

weighted by - curve from
P sensitivit At (ps) unbinned fit

28




E Control sample: B®- non-CP states

use: B D™-n*, D*p*, D*Fv, J/PK*(K+m)

B0 Control sample “sin2(pl”

0.05+0.04

(statistical
error only)

£




E fit CP -1 and CP+1 separately:

P 10.8440.17

| 0| |0 |
2 |Z
ool e (®) NICP=+1
Z | Z 1 >
/|
ﬂ. ...... N\, — 1.31+0.23
weighted by A | .
P sensitivit é‘;”:g:':gﬁl&;)
8 4 0 4 3
At (ps)
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E Systematic errors

Vertex algorithm +0.04
Flavor tagging +0.03
Resolution function +0.02
K, background fraction +0.02
Background shapes +0.01
Am, and 1g, errors +0.01
Total +0.06

AT



E Compare with other experiments

CDF
(2000)

Belle
(Osaka,6.2/fb)

BaBar
(Osaka,9/fb)

Belle
(11.2M BB)

BaBar
(23M BB)

Belle
(31.3M BB)

BaBar
(32M BB)

Average
(4 expt.)

-0.5

+0.41
0.79 4 44
+0.82
0+84 —I-"4 iﬂ-lﬁ

+0.43 + 0.07
0.45 -0.44 -0.09

0.12+ 0.37£0.09

+0.32 +0.09
0.58 -0.34 - 0.10

0.34% 0.20£0.05
0.99+ 0.1410.06
0.59+ 0.1410.05

0.79%+ 0.10
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E Result in context

(locating tip of unitarity triangle)

= IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII;III

-0.004 -0.002 ll 000 0. ||||2 ll.ﬂll‘l 0006 0.008 ll
- | S12 Ve >
33
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E Summary/Prospects

Successful run of Belle in 2000-1
* sin 2¢;: 30.5 fblon Y(4S), 1137 tagged events
* 19 papers published or submitted

Next
* higher precision on sin2¢,
data as of 1/23/02 - 48 fb!; anticipate 100 fb! by summer
* Lum: peak 5.5x1033cm-2s1; 24 hrs 311 pb1;
month 6120 pb!
- other angles - need >300 fb! - within sight!
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