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Motivation
~ Muon Anomalous Magnetic Moment (9. ~2) ~
9,2

Muon Anomalous Magnetic Moment &, =

2

» The prediction of Standard Model

aM =

QED EW had had ,LBL
" a,  +a,6 +a,  +a

L

largest error from
Hadron vacuum polarization
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a 0
a™andr — 77V, decay

the contribution of hadrom Vacuum polarization a;*

4 I
difficult to obtain from first principle

V
“ # obtained from Experimental Data.

Cross section of e"'e — hadron T Semi-Leptonic decay

1%
e 7Z_+ // T
T >

Hadron system W

e T

Hadron system ™ 0

¥

T —> 7m°vr decay is

useful to determine the term ,

had
0
73% from 27 system < 7 . aﬂ
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a” and © — 7z'v, decay

Hadron Vacuum polarization term from 2z system (a™ )

2
aZ?Z’ — O!em (O) 2 ds@ Vzmo (S)
T 4M S p

2
s=M_, K(s) is known function.

/
Spectral function

: 2 B dN
er (S) — M 12 (1_ iZ] (1+ 2_82] r’ 1 ax’
67 Vo] Saw M; M; B, N , ds

0
JT7T  Mass square spectrum

1 dN_,

T

N . ds IS measured in this experiment.

T
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Present status ; Muon Anomalous Magnetic Moment ( g, -2 )

> EXp. measured by BNL (g-2) experiment. a;” = (11659203+8) x10™ 2002.9

» Theoretical prediction  new €€ data(cmp-2 and 7 data (aLEPH)
e 2003.1
€ € base
a," =(11659169.3+ 7.0(had) +3.5(LBL) + 0.4(QED + EW))x10™"

a®® —a’ =(33.7£11.2)x10" = _difference by 3.00

7]

* T base
a," =(11659193.6+5.9(had) +3.5(LBL) + 0.4(QED + EW))x10™

a’’—a;" =(94+105x10"° = agree within 0.9¢

{ Hadron Vacuum Polarization. term is different between @' @ and 7 base predictions.

Cross check is important !
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Event selection

Data : 443f0" accumulated from 2000.10 to 2000.12 at Belle.
(corresponding to 4.0x10° 'z~ production.)

e'e o 7' event selection

e'e” — 77 event selection criteria
Number of charged tracks 2 or 4

All charge (AQ )=0

eevent vertex position :

VZ

<25cm, M|<05 cm

eSeparate the event into 2 hemisphere by the event axis.

Event axis direction : 35’ < 9" <145’
*Back Ground rejection (next slide)

*Physics trigger
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e'e —»r'r event selection (Back ground rejection)

Bhabha , €e >4’ (y) and two photon rejection
+Missing mass and Missing angle cut ( MM vs ¢9m.$ plot)

2 2
MM :(pe+ + pef _Z ptrack _z py) Data MC (T+T_)
10 [ 10 S
p(radx
Prrack

b ) P, 8 8|
o 9".’;%::::7&""‘ P, § —
Missing  “mis ™. p, D >

angle "¢ O %) 30
Missing o L=

Mass(MM) a ! 7 .
= =
Two photon BG = o

— 2 2t
7)) =
2 o —

0y = 0r

Bhabha BG 0 25 50 75 100 125 1507 175 200 0 25 5 75 100 125 150 175 200
. d .
Missing Angle @9 Missing Angle  (deores

*Hadron( €€ —0d) rejection
+Reject high-multiplicity event (X = Mrag + 1N one X (Myage + N )ginee <25)

=) about 1,300,000 e'e — r'7” events are remained.



0 i
T —> 7V, Event selection

r — mx v _ selection criteria

eone charged track in hemisphere.

-one 7° in the hemisphere.

gamma condition : gamma-like shower shape

: Ey > (0.08cev

- veto the additional gamma

(with high momentum (more than 200 MeV/c))

| one hemisphare
|

]
f r—nEv

the other hemisphers

Wedor —> nx OVT analysis each hemispheres.
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g °signal

(myy —m o) mﬁo :ﬂOMaSS (134'98Mev)
S = =

M, .7y invariant mass distribution

144
Oy o, . resolution of M,
m [TT T T T T T T ‘ T T T ‘ T T T T T T ‘ 1T ‘ T T T ‘ T T T ‘ 1] . . . .
;!25000 8 A S|gna| region Side-band region
- - e DATA i right -9<S <-7
3:3 I = MC(signal) | -6 < SW <9 eft 7. g W<9
%20000 B m MC(non-t B.G3.) vy
G - 1
o - ,
o) - |
€ 15000 | Normalization:_| *
<::5 i # of entries 1
10000 |- ] Side-band region are used for
[ ] estimation of 7 ° BG in signal region.
5000 |- - ol 11
- 1 Nsignal - Nsig _((N +N )XZ]
¥ e A PR oo st s o

‘-8 6 4 -2 0 2 4 6 8
(mW-mTIO)/crW
0
mmm) 320,000 7 — 77T V, events.
2003.3.28 JPS 2003 in Sendi



number of entries /0.05(GeV)?

77T ass Spectraum

T pV,

Clear peak of p(770).

IS dominant.

0(1450) peak.

7=V, is also included .

10 1

10

0.5

2003.3.28

\
T \x‘ T T

J
il
..
0

2

—

MC(signal)

r-fee((jKa]%g)oss

1-feed across
(others)

non-tau B.G.

Nor malizaj[ion::
# of entries

25 3
(GeV)?
JPS 2003 in Sendai

B.G. fraction
source B.G. fraction
non-7 B.G.(JIR)
ee— qq 2.3+0.06 %
Two photon | 0.14 + 0.01 %
Feed across B.G.
h>272% ([]) | 5.43+0.08 %
Kz° () | 1.74+0.090 %
Total 6.1+0.10 %




Unfolding

Acceptance and bin-by-bin migration effects are corrected

via Singular-Value-Decomposition method.

2 2
acceptance M olgen V= Mool
0.3 ‘ ‘ ‘ ‘ ‘ ~. 3 ‘ ‘
0.25 | 25 |
0.2 + :‘1_,7
. ' 1 @®©
@ IREATAL ++++++++ + O
S + % 3
= 015 ] o~
3 i
3 2
01 f,
0
0.05
0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
0.5 1 15 5 2 25 3 0 0.5 1 15 2 25 3
(M) (Gev)? (M ,0)” (observe) (GeV)
Acceptance include both the :
M . ) Mass square resolution : 0.03 GeV?
tau-pair and pipiO selection.
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“Unfolded mass spectrum

mass spectrum (unfolded)

number of entries /O.OS(GeV)2

r\‘\ T T T T T

10
104
103
10%

10 +

| ‘B‘el‘le

e Data

—— G&SFit
(P70 * Passoy)

2003.3.28

25
(GeV)?

05 1 1.5 2
(M__0)°
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Red line :
Breit Wigner fitting function
( o and ,O'are Included. )



Breit Wigner fitting form

2
dN S 2S
E - Ail_ M 2] (1+ M 2 j -V(8) Z—Z ; M ? | mass distribution
1 2 53 s=M 5”0
v(s) = E| F, (S)| b, v(s) ; Spectral function

F;z(s): 1 i¢(BWp+IBei¢.BW') free parameter
1+ pe" \—+ —2/ |AM,, T M _.T",.B.¢

s M2+d-T" - M
BW©®S = P P P
© o (MP=9)+ f(9-ivs T (9
Gounaris and Sakurai (G&S) Model

GS model is known that it can fit wilder
mass region that the commonly used BW.
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fit result and compare with previous Experiments

2003.3.28

Par;:eter Belle CLEO | ALEPH
M, mev)| 7739:04 1R3k0s (40
Fp mev)| 152407 1905:11 1H)5:16
o meyy| 1398+ 21 1365:7 1400+ 16
I o mev)| 450+ 40 356+ % — 310 (fixed)
p | 0.085:000| —0.108:007 | -0.077 s00e
@ (degre)| 181.0: 62 |=180.0 (fixed) |=180.0 (fixed
2feor | REL 682 54/ 66

JPS 2003 in Sendai

e O parameters : good agreement with previous EXxp.

« p' parameters : Belle results are most precise.



Evaluation of a;

97 = asm(O) > ds@\/mo (S)

H T 4M 2 S /

/

2
V(8 = s (1‘ Sz](“ Zszj
$Y/4 |Vud SEW M T M T

( MT (tau mass)

Bimo 1 derO
B. N, ds

€ V72

SEW (Electro-Wesak correction factor)

< |\/ud| (element of CKM matrix)

Be (Br.of r — ev v)

T
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Systematic error ()

External systematics ~Normalization factors~

source value |Aay

(10™)

Sew  |1.0199+0,0006 |+0.32
V,, |09734+00008|+0.42

B, | (17.84+006) % [+1.82
B o | (2541+011) % [+2.30

total +2.98

Largest error from B

2003.3.28 JPS 2003 in Sendai



Systematic error ()

Internal systematics

source Aa,” | comment
(10™)
B.G. estimation B.G. fraction
non-7 BG | hadron +0.05 0.14+0.01 %
2photon | +0.4 | 2.3+006 %
Feed across |h>27% | +0.3 | 5.43+008 %
BG K 7% | +1.2 | 1742000 %
Energy scale +0.1 | AE/E=+0.2% (z°)
efficiency
M | nl mum 7/ energy i1.8 80MeV — 200MeV
non-7z° BG +0.8 | Use #°side-band
total +2.36

2003.3.28

JPS 2003 in Sendai

1.Non-7 BG.
estimated by B.G. MC.
control data sample are used
for the calibration.
2. Feed-across
1o of measured Br.
3. Energy scale
uncertainty estimated from
¥ mass peak.
4. 7° Selection
estimated from the uncertainty
of side-band.

5. minimum ¥ energy



result

Resultof & is... cney

pre
o™ =(5AL3+ 20t ) £ 2363s) + 2 9o o)) x10™

Integrated mass sqr. region : 4m ° to (1.8)°cev’

— cf. ALEPH
ay = (533.86i 3.57(stat) + 2.36(5}15)) x107" (T base)
Integrated mass sqr. region : 4m_° to (1.8)%cev’

Belle ALEPH
a —a
( ~ z ) — r4 =1.6 Consistent within error

2 2 7 _
\/O-Belle — O ALEPH ' excluding common error
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Backup dlide
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Anaysis

Flow of this analysis

2003.3.28

Data from Belle

e'e - r'r” event selection

r — zz’v_event selection

'

@a&:s spectrum @
.

Unfolding (reject detector contribution)

1
'

Spectral function measurement

'

Calculation of the term hadron vacuum polarization

JPS 2003 in Sendai



2.Event selection

Exp. Data _ _
Monte Carlo simulation

(Belle detector) ) :
Simulator of event production

Data taking system

Detector simulation

Raw Data

Data reconstruction

' event selection

Used Data

Ao’ Cpe

data accumulated from W
2000.10 to 2000.12 at Belle P

7 data: 4.0x10°
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e'e - ' event selection

7 decay <

[+ Therearefew charged tracks in the event.

7 decay to 1 charged track  about 85%
T decay to 3 charged tracks  about 15%

e r* / e . o / .

\ 4

/r /e
/ 72% 7\ 13%

2003.3.28

_ There are missing of momentum and mass
because of neutrino( vV ) .
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e'e - 'z event selection (Back ground rejection)

Bhabha , €e —»x 1/ (y) and two photon rejection

.clean Bhabha and mumu event rejection : )_|P|<9.0cevc , Y |E|<9.0cev

+Missing mass and Missing angle cut

2 10 ‘ ‘ ‘ ‘ ‘ ‘ __Data

MC
MMZ:(pe++pe—_Z ptrack_zpy)’\ ’
Prrack S 8 § 8
P 4 < Pe 8 7 6
e = = 4
Missing  Oms™. p,A i
angle ‘ 2| 2
Missing
Mass(MM) or ; 0
0 2 w0 75 100 15 150 175 20 0 2 %0 75 100 15 150 175 20
8miss (degree) @Fiss (degree)

*Hadron( e'e — g ) rejection
oLow-multiplicity event = X = (Myage N, ) gne X (Myae N, ) g <25

m=) Then ,we obtained about 1,300,000 event of e'e —>777".
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Missing mass VS, Missing angle

Data

MC(Bhabha)

2003.3.28

= Missing Mass (Gev) -
o o N M OO 00 O

Missing Mass (Gev)
o N b~ OO 00

‘ (1)Dat‘a‘ —

0O 50 100 150 200
6" miss (degr ee)
(3)M C(Bhabha,mumu)

i

0O 50 100 150
6" miss (degr ee)

200

e, o B

=
o

Missing M ass (Gev
MaRCL,
o P

o

—2MC(sample)

O 50 100 150 200
8'miss (degr ee)
(49M C(2photon)

4

50 10

0 150

8'miss (degr ee)

JPS 2003 in Sendai
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MC(tau)

MC(2photon)



Time dependence

Time dependence of 7z’ event

0.264 | | a\;er agé:O.é568,
7 data at Belle detector 0.262 ¢
0.26
BELLE o %y _
0258 BRIy IImrmmIImmnmmmmmIIIInmIIhhomor
z To e
OE 0256 [N/ b
Z
I 0.254
| o I ARIR_ =+ 05%
= 0.252
&
Nomemecsssi ¢ 022
Z/Z//ILJI”JMM\X\“\\X\\“\\L\\\\“\X\‘\“ 2000 2001 2002
\ S 0.246
i 8 é io 11 12 is 14 15 16 17 18 19 20
Exp. Number
N7z'7z'o . . .
N— IS stable within 0.5%.
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Time dependence

Time dependence of 7z’ event

0.264 | aver age=0.2568]

-------------------------------------------------------------

I AR/R,, =+ 05%

0.248 |

2000 2001 2002 |\|
0.246 2

IS stable within 0.5%.

8 9 10 11 12 13 14 15 16 17 18 19 20 Nn
Exp. Number
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Momentum of z°and =*

'—\
o
Q
S

8000

6000

number of entries / 0.01

4000

2000

0
7T

L e DATA

[] MC(signal)
[ non-tau B.G.

Nor malization:

| S

(ST SRR I

number of entries

0
0 01 02 03 04 05 06 07 08 09

P.0(CM)/Egep,

1

(GeV)

number of entries/ 0.01

9000

8000

7000

6000

5000

4000

3000

2000

1000

o
o\\\\\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\

+

T

9 *ﬂ

e DATA

[ MC(signal)
J non-tau B.G.

Normalization:
number of entri

01 02 03 04 05 06 07 08 db
P.t(CM) / Egm

—> (00d agreement between Data and MC .

2003.3.28
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Fitting result of Breit Wigner model

number of entries /0.05(GeV)2

K& S model
mass spectrum (unfolded) Belle
10%
i ¢ Data
[ --- K&SFit (py) 7
104 — K&SFit (pz70) + Pruaso) ]
10%
10%
10 -
1 . S S S S S S SR |
0 0.5 1 15 2 2.5
(M nT[O)Z (GeV)?

2003.3.28

number of entries /0.05(GeV)2

mass spectrum (unfolded) Bedlle
102
i ®* Data
i --- G&SFit (T |
10 4? — G&SFit (p(770) + p(1450)) E

102
10%

10

JPS 2003 in Sendai

0.5 1 15 2 2.5
(M__0)? (GeV)?



Fitting result

K&S K&S

p+p (Bisred) | p+p (B¢ used)
M, 7713505 | T7307:00| TIRX03 | T739: 0z
L, 1190380 | 1307606 | 137 +000 | 1407
|VL 13078:66 | 1421 7+180 | 130063 | 13082+ 0
. |54/ 7+nes | A28 05| 4459+ »s5 4.+ 39
ﬂp —012: 008 014-0aw | 0084 0004| 0085+ 000
& 1884+ o 1800: 617
p /dOf 209/ B= B8/ 2= H6/ B = H6/ 2=

03 03 083 08

2003.3.28
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Unfolding of invariant mass

— About Unfolding

The observed distribution includes contribution of detector acceptance ,and smeared .

”7///‘?/0//5#/[7””0” ovservea arstrroution

—) Derector 9 el
z/ﬂfa/o’//?g

We can obtain true distribution by using Unfolding.

Unfolding is carried out by

Singular Value Decomposition (SVD) method.
method ala ALEPH , A.Hocker, V.Karvelishvili,N.I.M. 372(1996)469
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Spectral function

Belle
) . Bdle
° [ ]
1- PO + CLEO
f . .
r A [ )
L ) 4 ..
I é .
S *.,
— 10 ¢ o
> [ ’ ‘..‘..
[ .,
A %
| o o‘
! .
[ ]
-2 I )
10 ‘; ‘ ¢¢¢* :
7 \ ]
4 ++++
| i
0 0.5 1 15 2 2.5
M,.9? (Gev)?
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Systematic detail 1

MC (two photon)

10 pr————————— 1 pr——————————
z6 | 6| 527 1
= SO °3
24 = Bl U
o ? = | E._ { Two photon B.G. estimated by
E 21 F;'.Z_-' _j;; Data using control sample.

” B T _.'I. .. . . % ] -:1' : t'!."f_' . | . ;n:;-i -

0 50 100 150 200 0 50 100 150 200

A miss (degree) & miss {degree)

Hadron BG contribution also estimated by Data using control sample.
Xoart = (Mg TN )one X (Myage TN, ) i > 25 for hadron selection

Xpart = (ntrack + ny)one X (ntrack + n;/)other < 25 for T SeIeCtI on
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Systematic detail2

(3) Energy scale

. 0 .
2% uncertainty of 7~ mass spectrum is assumed.

(4) Gamma energy threshold

(%)

264 1

26.2 |

26

258 |

256 |

e

=254 |
252 1
25|
24.8 |

246 |

0.05 0.1 0.15 0.2 025 0.3 0.35 04 045 0.5,60.55
gamma theshold energy )

(5) z° side-band subtraction

i AB/B= 1.0%

Uncertainty of B(hz°) as gamma-threshold function.

Use control sample of z° side-band .

2003.3.28

JPS 2003 in Sendai



Hadron Vacuum polarization ande’e Data

The term of hadron vacuum polarization e'e — hadron
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e'e Dataand 7 Data

e'e” — hadron T semi-Leptonic dacayc decay

\ 4

Iso-spin  Cnserve of Vectro Current

!

We can treat 7 data as same condition as € e data.

2003.3.28 JPS 2003 in Sendai



	Measurement of spectral function                   in the decay
	Motivation~ Muon Anomalous Magnetic Moment (       ) ~
	and　　　　　　　decay
	and                 decay
	Present status ; Muon Anomalous Magnetic Moment (            )
	event selection
	event selection (Back ground rejection)
	Event selection
	signal
	mass spectraum
	Unfolded mass spectrum
	fit result and compare with previous Experiments
	Evaluation of
	Systematic error (Ⅰ)
	Systematic error (Ⅱ)
	result
	Analysis
	2.Event selection
	event selection
	event selection (Back ground rejection)
	Missing mass VS. Missing angle
	Time dependence
	Time dependence
	Momentum of     and
	Fitting result of Breit Wigner model
	Fitting result
	Spectral function
	Systematic detail 1
	Systematic detail2
	Hadron Vacuum polarization and 　　 Data
	Data and 　Data

