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Parity Violation

e The“parity” operation transforms the universe into its mirror
Image (goes from right-handed to |eft-handed).

 Maxwell’s equations are totally parity invariant.

 BUT, inthe 50’ s huge parity violation was observed in weak
decays...

3 decay of polarized Co:

electron preferentially

f V_e emitted opposite spin
—> direction
lco 60 N;* e
.
J=5 J

=4
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B CP (almost) Conservation
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|t wasfound that by applying the C[harge Conjugation]
operation to all particles, the overall symmetry seemed to be
restored (neutrinos are left-handed, anti-neutrinos are right-
handed).

o Thissymmeltry fit nicely into the current algebras, and later
the gauge theories being used to describe weak interactions.

o Unfortunately, it wasn't quite exact...

4/2/2001 SUNY Stony Brook, April 2, 2001 4



D

W CP Violation

e |n 1964, Fitch, Cronin, etal, showed that physicsis not quite
Invariant under the CP operation, essentially by proving that
neutral kaons formed mass eigenstates

‘ KL,S> = aL,S‘ KO> + bL,S

W> where \aL,S\ e ‘bL,S‘

e Thisgenerated great interest (not to mention a Nobel Prize),
and has been studied in great detail ever since, but to date has
only been conclusively observed in the kaon system.

(as|~[b. s = 020
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Quark Mixing

/V \ (V \ /V \ L eptons can only
1 1 M 1 transition within a
— — — generation

/ \\/ \/ \ Although therateis
?\;é%//.it suppr&gsed, guarks

can transition

4 S |
\d) \S/ \b/ between generations.
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B The CKM Matrix ~

e, L, G . . e e . . e . . . . . . G e G e e e e e e G . . . . . . .

 Theweak quark eigenstates are related to the strong (or mass)
eigenstates through a unitary transformation.

d’ _Vud Vis Vub__d_ / U \ /C\ / t \

=V Vo Ve|s| T (i' i
P [V \?t Vi |0 \ /\S/\b)

Cabibbo-K obayashi-Maskawa (CKM) Matrix

n
|

e Theonly straightforward way to accommodate CP violation
In the SM is by means of an irreducible phase in this matrix
(requires at |east three generations, led to prediction of t and
b quarks)
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Wolfenstain Parameterization

The CKM matrix is an SU(3) transformation, which has four
free parameters. Because of the scale of the elements, thisis
often represented with the “Wolfenstein Parameterization”

1-N?/2 A | AN(p-in)
O -\ 1-N?/2 AN
AN (1-p—in) ~ — AN 1
CP Violating
First two generations phase

almost unitary.
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o “The” Unitarity Triangle

e, L, G . . e e . . e . . . . . . G e G e e e e e e G . . . . . . .

o Unitarity imposes several constraints on the matrix, but one...
ViV T VeaVep T ViaVip = 0

Results in atriangle in the complex plane with sides of similar
length (z A)\3) , which appears the most interesting for study

Vcdvc*b
(Notel inUS: ¢, =B, ¢, =qa, ¢, =V)
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<o The p—n Plane
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* Remembering the Wolfenstein Parameterization

1-N2/2 A AN(p-in)|
0 -\ 1-2?/2 AN
AN(L-p-in) -AN 1

we can divide through by the magnitude of the base....

(00) Lo

CP violation is generally discussed in terms of this plane
4/2/2001 SUNY Stony Brook, April 2, 2001
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B Direct CP Violation .‘

il A

« CPViolation is manifestsitself as a difference between the
physics of matter and anti-matter

ri=f)z2r({i=f)
 Direct CP Violation isthe observation of adifference between

two such decay rates; however, the amplitude for one process
canin general be written

A=|Ae¥e® = A=|Ae %™
\ /
Weak phase changes sign

e Sincethe observed rate is only proportional to the amplitude, a
difference would only be observed if there were an interference
between two diagrams with different weak and strong phase.

= Rare and hard to interpret
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/o Indirect CP Violation

e, L, G . . e e . . e . . . . . . G e G e e e e e e G . . . . . . .

o Consider the case of B-mixing

d w L t b
>

BO W W BO

Ola
—t
o

tb td

B°(t))=e"(™? x \_COS(AT”“)‘ B) +isin(4gt)e | §°>J

Mixing phase= ar g(\/thtE) =@
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<o Indirect CP Violation (cont’ d)

. Ifboth BandB can decay to the same CP elgenstate f,
there will be an interference
> f

BO

And atime-dependent asymmetry

rB° - f)-r(B° - f)

At) = —

Aee (A1) r(B° - f)+I(B° - f)
=-277, SiN(AMAY) SIn (g, + )

/ \ " Decay phase

CP state of f

Mixing phase
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The Basic |ldea
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« Wecan create g°g° pairs at the Y(4S) resonance.

» Even though both B’s are mixing, if we tag the decay of one
of them, the other must be the CP conjugate at that time. We
therefore measure the time dependent decay of one B relative
to the time that the first one was tagged (EPR *“ paradox”).

« PROBLEM: At the Y(4S) resonance, B's only go about 30

Lm in the center of mass, making it difficult to measure time-
dependent mixing.

BO

e e

BO
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B The Clever Trick ,,

I
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o |f the collider isasymmetric, then the entire system is Lorentz
boosted.

e Inthe Belle Experiment, 8 GeV e’sare collided with 3.5
GeV e”'s so

BO

e e

B° — .
= 200um
€ >< ¢

e S0 now the time measurement becomes a z position
measurement.
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“Gold-Plated” Decay

e, L, G . . e e . . e . . . . . . G e G e e e e e e G . . . . . . .

iJ [P (Y- ee,u'u, ec)

B WAL C Total state CP

d } .j Ks(CP = £1)1 KL(CFEA-F]')
- OO, TOTC

@, =arg(VVy,) =0
probes ¢, = ¢, (=[)
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Predicted Signature

. pmm . pmm . pmm . pmm pmm_ pmm s

0.5 sineg;=+0.6

Decav Rate

t = Time of tagged decays
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“Tin-Plated” Decay

e, L, G . . e e . . e . . . . . . G e G e e e e e e G . . . . . . .

ub _’-[

@ =AYV V) = —(@ + @)
prObeS ¢y T¢ = ¢ — ((P2 T (pl) = —(, (: —(X)

Complicated by “penguin pollution”, but still promising
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What about @,?

* Corresponding decay would be B;— p Kg, but...
— Require moveto Y{(5s) resonance (messier)
— Time dependent B, mixing not possible.

« = Haveto find another way.
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Review - What B-Factories Do...

« Make LOTSof pp pairsat the Y(4S) resonancein an
asymmetric collider.

» Detect the decay of one B to a CP elgenstate.
e Tagtheflavor of the other B.
* Reconstruct the position of the two vertices.

» Measure the z separation between them and cal cul ate proper
time separation as t =Az/(By Yeu ©)

e Fittothefunctional form

e M- sin2@ sin AmAt ]

Write papers.
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e These are not discovery machines!

« Any interesting physics would manifest itself as small
deviations from SM predictions.

* People would be very skeptical about such claims without
Independent confirmation.

» Therefore, the answer is NO (two Is not one too many,
anyway).
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e Must be asymmetric to take advantage of Lorentz boost.

e Thedecays of interest all have branching ratios on the order
of 10 or lower.
— Need lots and lots of datal
» Physics projections assume 100 fbt= 1yr @ 10%* cm?s'?
* Would have been pointlessif less than 10% cm?st
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The KEKB Accelerator

e Asymmetric Rings

. — 8.0GeV(HER)
— %% — 3.5GeV(LER)
S ' HER  LER ' 2 %@ _ _
Q/é?? Interaction Region S, %9' i Ecm—105SGeV—
%
S ES M(Y(49))
] A} 7 e Target Luminosity:
il 5 & 10%4sicm
g T NIKKO Area 8 OHO Area -
= ||l & s H L e Circumference: 3016m
T - (TRISTAN Accumulation Ring) 17T ° Crog ng ar]gl e: illmr

 RF Buckets: 5120
¢ = 2nscrossingtime
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Motivation for Detector Parameters

o . pEm  _ pmm . pmm . pmm e

* Vertex Measurement
— Need to measure decay vertices to <50um to get proper time distribution.
o Tracking...

— Would like Ap/p=.5% to help distinguish B - mtrtdecays from B - K1t and B - KK
decays.

— Provide dE/dx for particle ID.
 EM caorimetry
— Detect y sfrom dow, asymmetric s - need efficiency down to 20 MeV.
« Hadronic Calorimetry
— Tag muons.
— Tag direction of K 'sfrom decay B - YK
o ParticleID
— Tag strangeness to distinguish B decays from Bbar decays (low p).
— Tag 1t sto distinguish B - mtrtdecays from B — K1t and B —» KK decays (high p).

Rely on mature, robust technol ogies whenever possible!!!
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Particle ID needs

e, L, G . . e e . . e . . . . . . G e G e e e e e e G . . . . . . .

800 L ‘ Technology Pros Cons Comment
u Tagging Kaans
oom - TOF Simple. Only for low | Included in
400 momentum. Belle
200 F :
E | | | » | | | | dE/dx Proven. Only for low | Included in
O O\ 11 IOS\ L1 | 1 111 \1.5I 11 2 25 1 1 I3I 1 1 I3A5I 1 1 I4I 1 | I4‘5I 1| I5 Comes for momentum Be”e.
Kaan Mementum GeV/c free.
- TMAE based | Provenin Universally Rejected.
200 £ RICH SLD and despised.
150 B B — s DELPHI
100 — CSIRICH | Once seemed | No one could Rejected.
=0 B promising. build a
O E\ 111 | L 11| | | I | 1 11 | 1111 ‘ 1111 ‘ 111 1 ‘ 1111 111 | 1111 Working
0 05 15 2 25 3 35 4 45 5 prototype.
Pion Momentum Gev/c )
DIRC Rugged. New. Babar choice
300 Excellent Contstrants
: 3 — DK separation. on detector
200 geometry
- Aerogel Simple. Barely Belle choice
160 o threshold adequate
D :\ 1 11 | L 111 | 1 11 | 1111 | 1 111 ‘ 1111 ‘ 1 111 ‘ 1 11 ‘ 1111 | 1111 Cerenkov
0 05 15 2 25 3 35 4 45 5
Kaon Momentum GeV/c
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The Detector

e

Belle -

4/2/2001 SUNY Stony Brook, April 2, 2001 26



All Finishea!!
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R June 1, 1999: Our First Hadronic Event!!

Farm 2 BEvent  TB54 Exzp 3 Run 21 Farm Event 7854
Date/TIME Tue Jun 1 14zE7z44 1549 Eher 8.00 Eler 350 Date/TIME Tue Jun 1 14z37z44 1399
TrglD O Detver O Magllr ¢ BFisld 1.50 Dspver 2.01

Exp 3 Run
Eher 2.00 Eer 350
BELLE TrglD 0 Detvsr O Maglh © BFiekd 1.50 DapVer 2.01 BELLE
10

¥
Qlo
)0l Q95

] o)
) P 4
) )
i i OO
o
G R
S § o
o by o
O -3 ° e
&) 9]
&) O
i (@]
0 o 5
o (o
&) ()
@ (8]
OO OO
(&) o 8]
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Lum| nosity

200 §
175 E
1580
125 ;
100 E

th =)
o LR

o
5]
3
i
o
[
s
iy
‘B
=]
E
E
3
]
£
E
o
¥
o
=

o[ nstantaneous: 3.24x10* cm™s
 +Per (0-24h) day: | 194.9 pb™
| ePer (24 hr) day: | 198.pb™

Integrated Luminesity (pb™")

b2 N - B k2
th & <h & (h
o o o D 0
L I v R o R

5!?1{1999 1115/ 1889 I Efiﬁfff/ﬁ

Total for first CP Results

(Osaka):

4/2/2001

6.2fb™

11}15{2069

| Our Records:

1

3 *Per week: 1124. pb™
*To date: ~17.5fb™
5 (on peak)

Note: integrated numbers
are accumul ated!

5I14f2ﬁ01

Total for these Results:

10.5fb™
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The Pieces of the Analysis
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Event reconstruction and selection
Flavor Tagging

Vertex reconstruction

CP fitting

4/2/2001 SUNY Stony Brook, April 2, 2001
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<o JY and K¢ Reconstruction
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» o

lﬂ':‘.l""mﬂil'

L e L o EE  _ pEm R o e e s

12[][”] 1 T T I ] T T I T T T | T .+ T L EDDD ¥ ¥ + ] I' ¥ ¥ + ] I' ¥ 1 1 i 'I L LI 1 1 'I L L] T 1
Dimuons l_lJ — | F oy ]
 Yield: 9231. + 209, HH KS - T .
2000 - 3097.0% 0.2 MevV/ic® —| oooo = =
Width: + 0.3 MeV/c? | 0=4Mev |
| Require mass N
4000 |- sooo - Neq
I t within 4o of PDG
] 1 1 I '] 1 1 I 'l | 1 Fa | I ] 1 1 Ennn B
D 1 ] T I | T 1 I T T ] I T 1 T
_ Dielectrons -
| Yield: 8193. = 174, | 4000
| Mean: 30850+ 0.3 MeV/ic®
Width: 11.9+ 0.3 MeV/c® i
2000 | T
2000 —
- - D 1 1 1 L I 1 1 1 '] I 1 1 1 1 I || 1 1 1 I L I’ 1 1
0 i i ; [ i " 1 ; Lo i ' . . 0.470 {0,480 0,480 l.'II.EIZII':IIE 0.510 0,520
2 60 2.80 3.00 3.20 3.40 Dipion mags (CGeV/c')

Dilepton mass (GeVic®)
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In the CM, both energy
and momentum of ared
BO are constrai ned.

Use “Beam-constrained
Mass’:

M éC = Ebzeam - (Z_FS)Z

123 Events
3.7 Background

4/2/2001

B - ¢K< Reconstruction

.

Signal

L 1 a
- AE g
g
15
LHe
- - E
]2 L
|—I_‘L g
4 = L
;l e
3 = 5.200
Events/{10 MeV)

SUN I Jwily DIVUK, AMITT £, £UUL

Events/(2 MeV/c%)

. pmm . pmm . pmm . pmm pmm_ pmm s

5250

5.300

Beam Conskained Mass (Gevic °)

AEvs Mbe

fo)



=
o

BELLE

Al Fully Reconstructed Modes (... all but &) ¥

lﬂ':‘.l""mﬂil'

[
—— Sum n
60 - Jiw K (rTT) —
r = =Jfy H!::'.':'jx::] —l .
S " p- Mode | Events | Background
= . & e
2 a0} 41 | BoyKg | 1230 3.7
ol -
. 1 | | All Others| 71.0 7.3
] L
i Totd 194.0 10.0
20 - -
o Eed eyl A ’_L»—U-I—JL—H"JF- ‘—Llﬁ .
5.200 5.225 5.250 5.275 5.300
Beam Constrained Mass {Gev/c?)
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B - ¢K, Reconstruction w
@ KLM Cluster

KL;

B

Exp 5 Ruwn 404 Farm ! Ewtnil B1333

Eher 800 Elar 350 Scd Dmec 11 2322551 19949

TrgiDl L +

Pioiich) 7.9 Eioiig 1 Gnli—ld O EDE-K 0 KLk-B &
-

J/ ¢ daughter
particles

e Measure direction (only) of
K, inlab frame

e Scale momentum so that
MK+ ¢¥)=M(B°)

 Transformto CM frame
and look at p(B°).
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50
. s Data
a0l . [] Signal
| _[ B JyK® (—KinP) O<pg'<2GeV/c
s | 'I.- JKLX (no JayK*©) o
ﬁ’*“? J+fake K Biases spectrum!
g * [] fake Jhy
gop |k 131 Events
) of Wl 1 54 Background
: “I!f‘ 7 ’};\7}:';\ ;,.::;
o: ///ﬁ%//&%f//ﬁ% Y

0 02 04 06 08 1 12 14 16 1.8 2
pg™ (GeVlic)
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Complete Charmonium Sample
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Mode Nﬁy Nb;ﬂgd
J/ () Kg(ntn™) 123 3.7
J /b (£+0~) K 5(x070) 19 2.5
Y28 )Kg(ntn™) 13 0.3
(28 (J /Yt ) Kg(ntn™) 11 0.3
Xe1(YJ /) Kg(ntn™) 3 0.5
N(KTK %) Kg(ntn™) 10 2.4
ne(KsK+tn )Kg(ntn™) 5 0.4
J/pete)md 10 0.9
Sub-total 194 11
J/ (LT Ky 131 54
Total 325 65
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Flavor Tagging

e, L, G . . e e . . e . . . . . . G e G e e e e e e G . . . . . . .

Ve, OF'p,
b <
BO
g K, n, @ etc.

Statistically, B'swill tend to produce high momentum

e",u",and/or K, whil e B% swill produce the opposites.
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Very slow pion

B”'swill tend to produceslow 1T".
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Event by Event Tagging Quality
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s

If we tag events wrongly, we'll measure CP violation as
P(Ble — fep) 01— W)(L-Sin 2@ sin AmAL) +w(1+sin 2@, sin AmAL)]
=e"'[{1- (1-2w) sin 2¢, sin AmAY ]

So the measurement is diluted by afactor (1-2w)=r

|deally, we can determine this on an event by event basis to be used
In the CP fit

Example, for high-p lepton

wrong I b Iy 1, Ig Ig

| right
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s~ slow pion LH kaonLH ¥ lepton LH ™« ™
E 3 charge Z]
> | charge charge S harg = o
Q| p* . 2 P c|=
= ) P o cOS Blab 4
: cos [} COSs Hi I P*miss E g
% COS Othrust-trk P(k/x ID) = Mrecail T | E
il P{E."?t ||:|], Plelectron ID)
- : | " P(Muon ID)
; event LH : .
E —— -+ q-r-(for max. r-) 1
2 [(1+qur) - [1(1-gur) g/
= [1(1+Gre) + [1(1-Qrre) o
Q i
} qlrl {fﬂr max. rI'J T ——— R — i
I'u 14
- Q-1 = P(B%) — P(B%)
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Tagging Efficiency

o . pEm  _ pmm . pmm . pmm e

TABLE 1. Experimentally determined event frac-

tions (f;) and incorrect flavor assignment probabilities

(w;) for each r interval.

l r fi wy

1 0.000-0250  0.393£0.014  0.4707555:
2 0.250-0.500  0.154+0.007  0.33675 00
3 0.500—0.625  0.092+0005  0.28670 057
4 0.625-0.750  0.100£0.005  0.21015033
5 0750 —0.875  0.1214+0.006  0.008700%%
6  0.875—1.000  0.134+0.006  0.0207002

. pmm . pmm . pmm . pmm pmm_ pmm s

Experimentally determined
w valuesin each r region

Tagging efficiency £ = 99.4% (vs. 99.3% in MC)

Effective efficiency €4 = €1(1-2w)? = 27.0% (vs. 27.4%in MC)

4/2/2001
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/o V ertex Reconstruction

BELLE

Common requirements in vertexing
— # of associated SVD hits > 2 for each track
— |P constraint in vertex reconstruction 1
CP side vertex reconstruction |
— Event isrgected if reduced x2 > 100.
Tag side vertex reconstruction LS
— Track parameters measured from CP vertex must satisfy:
 |AZ<1.8mm, |[0Z<500um, |Ar|<500um
— Iteration until reduced x2 < 20 while discarding worst track.
[Zp - Zisgl<2mm (=107;)

Overdll efficiency = ~87%. Intotal 282 eventsfor the CP fit.
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Iy
f (At;Sin2@) =e ™ (1isin2qsinxd E]
n

B

PDF = j (1-fo.) f ()R —At) ' +f PDF,, (4)

fg = background fraction. Determined from a 2D fit of E vs M.
*R(4t) = resolution function. Determined from D”’sand MC.

*PDF;;(A4t) = probability density function of background.
Determined from YK sideband (210 events).

4/2/2001 SUNY Stony Brook, April 2, 2001 44



Resolution Function

—0.09 ps
1.54 ps
—0.78ps
3.78ps
0.018

'I —_—
L | I T T PR T T | v I N I A | i P |
-10 -8 £ -4 -2 0 2 4 ) B 0
Ak resolution (ps)
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Mode Lifetime (ps)

B~ D' 150, - pdg2000
D' 1,654 I o "
D™ p~ 150+0.11

Combined 1.59+0.05 e
Dl v 152+0.05 — o

B~ _ D% 168+0.05 —

Dl v 1.63+0.06 1

[ps]
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o
Mo
o

1/N dN/d(At)
o
T

0.10F

0.05F

-15 -10 -5 0 5 10 15
At (ps)

sin2¢ =.58"% (stat)
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Individual Subsamples

L L R N o R W N R N R R N R R o g e o

Fit o0

M ode d - «CP = -1 modes
(stat. err.) i --CP = +1 modes
Non-CP | 0.065+0.075 — Combined
B - ¢Ks | 1217 | Eif
B - K, -004+060 |3
£ 8
CP=-1 0.82+% |9
CP=+1 0.10:2(7, 4f
All CP 0.58"% 0 i
15 -1 05 0 05 1 15

sin2¢.
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Consistency Check

L L R N o R W N R N R R N R R o g e o

Plot asymmetry in individual time bins...

Pr
Fix at PDG value

1, +

nzgonns TS
\ Acpnst \

Our fit
\_T\_':b I -

7 8in20,=0.58
_2...|.;.|...|...|L..L...|...J.. ]
-8 -6 -4-2 0 2 4 6 8

At (ps)
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Sources of Systematic Error

Source O. o.
W rong tag fraction +.05 -.07
Resolution for signal +.01 -.01
Background Shape +.01 -.01
Physics Parameters +.03 -.04
|P Profile +.02 -.01
Background (not K,) +.03 -.02
Background (K.) +.05 -.05
T otal +.09 -.10

e BottomLine

sin2¢ =.58"3; (stat) "2 (syst.)

Published in Phys.Rev.L ett. 86, 2509 (2001)
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Other Recent Publications

e, L, G . . e e . . e . . . . . . G e G e e e e e e G . . . . . . .

» “Measurement of BY; - B%-bar Mixing Rate from the Time
Evolution of Dilepton Events at Upsilon(4S)” (to appear in
PRL)

 "A Measurement of the Branching Fraction for the Inclusive
B->Xs gamma Decays with Belle* (submitted to PLB)

e "Measurement of Inclusive Production of Neutral Pions from
Upsilon(4S) Decays’ (submitted to PRL)

+ Several Morein the Pipeline!!
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Summary and Outlook

L L R N o R W N R N R R N R R o g e o

Belle isworking very well!!
Our current value of sin2¢,, based on 10.5 fb! of datais

sin2¢@ =.58"3; (stat) "2 (syst.)

Thisis consistent with the BaBar value of

sin25 =.34+.20(stat) +.05(syst.)
and with other previous results (CDF, LEP)

The probability of observing thisvalue if CPisconserved is
4.9%

* The next few years should be very exciting!
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