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0HDVXULQJ�WLPH�GHSHQGHQW�%�GHFD\V

H� ��� *H9

H� ����*H9

B0
J/ψ

e+

e−

KS

π−

π+

B0

µ+, e+, K+

∆z

Lorentz Boost  βγcγΒ ~ 0.55
<∆z> ~ <∆t>βγcγΒ ~ 260 µm 

/=1

(µ+)

(µ−)

B flavor tagging

B reconstruction

decay-time difference ∆ t
- Flavor eigenstate
- CP eigenstate

entangled
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7KH�6/$&�3(3�,,�%�IDFWRU\��������

PEPPEP--II accelerator schematic and tunnel viewII accelerator schematic and tunnel view

Peak Luminosity :    < 4.6 1033 /cm2 s

<B- Rate> :      ~ 8 / s 

Luminosity/Day  :      303  pb-1

%D%DU�ORJJLQJ�HIILFLHQF\�!�����

Y(4s) - 40 MeV

Y(4S)

5XQ�

5XQ�

���IE��

���IE��

���PLOOLRQ %%�HYHQWV
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7KH�%D%DU 'HWHFWRU�
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���OD\HUV�RI 53&V

6LOLFRQ�9HUWH[�7UDFNHU
��OD\HUV�RI�GRXEOH�VLGHG�6L VWULSV

(OHFWURPDJQHWLF�&DORULPHWHU
�����&V,�7O��FU\VWDOV

'ULIW�&KDPEHU
���D[LDO�VWHUHR�OD\HUV

',5&
����V\QWKHWLF�IXVHG�VLOLFD�EDUV
����� 307V

(3.1 GeV)

(9.0 GeV)
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3HUIRUPDQFH�����

7UDFNLQJ

����RI��π LQ�ODERUDWRU\��697���'&+�
����DYHUDJH�WUDFNLQJ�HIILFLHQF\������
σ�S7��S7 a�������#���*H9�F

� 697�/RFDWHG�LQ�KLJK�UDGLDWLRQ�DUHD��LQQHU�UDGLXV������FP�
� 5DGLDWLRQ�KDUG�UHDGRXW�HOHFWURQLFV���0UDG�

� 8S�WR�����KLW�UHFRQVWUXFWLRQ�HIILFLHQF\
� +LW�]�UHVROXWLRQ�a��� P DW���

(OHFWURPDJQHWLF�&DORULPHWHU

σ�(��(�a����#���*H9

a� 0H9�F� π� UHVROXWLRQ���

IRU�(γ !��� 0H9
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water  n3

air  n2

water

����P �����P

���PP�[ ���PP

3LQKROH�IRFXV3LQKROH�IRFXV

θ&

3ULQFLSOH�RI�WKH�',5&�

FRV�θ&  �����Q�λ��β

PDVV ��S� θ&���

WUDFNLQJ

θ& ��&KHUHQNRY DQJOH
Q����UHIUDFWLRQ�LQGH[
β  �Y�F�

Geometrical uncertainty σ(θ&) = 7.3 mr

Typical DIRC photon:  λ ≈ 400 nm,  ~ 200 bounces, ~ 5 m path in quartz.

4 synthetic fused silica bars
glued together
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3ULQFLSOH�RI�WKH�',5&�

� ���',5&�VHFWRUV
� HDFK�KDV�RQH�DOXPLQLXP�ER[�ZLWK����TXDUW]�EDUV�NHSW�LQ�QLWURJHQ�DWPRVSKHUH�
� &RYHUDJH��

����&�0��SRODU�DQJOH��
����D]LPXWKDO�DQJOH
����SKRWRQ�SURGXFWLRQ�HIILFLHQF\

,QVWDOODWLRQ�RI�WKH�ODVW�EDU�ER[
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3KRWRQ�SDWK�/�LQ�EDU  � ]
FRV��α[�α\��
BBBBBBB FRRUGLQDWH�DORQJ�EDU

SKRWRQ�GLUHFWLRQ�LQ�EDU

EDU�SURSDJDWLRQ�WLPH� WE  �/HQJWK�Y� �W�α[�α\��a�W�θ&�φ& �

5HFRQVWUXFWLRQ�
α\

α[

WE WZ

]

�'�� GHYLFH�'�� GHYLFH

z

y

θdip

θC

φC

�α[�α\�W��θC �φC �θdip �

track

track

Time Of Flight

 

3UHFLVH�WLPLQJ��W',5& IURP�UHFRQVWUXFWLRQ�
RI�WKH�SKRWRQ�SDWK�
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7LPH�5HFRQVWUXFWLRQ�

∆t [ns]

σ = 1.6 ns

-300 300∆t [ns]

(1)

(2)

±300 nsec L1 trigger
Window ( σ ~ 65 ns )

5HDGRXW��62%� ∆t = UDZ�307�KLW�WLPH ² /� WULJJHU�WLPH

∆t = t',5&� � WUDFN�WLPH��72)� � � t 307�!

find colliding bunches

1 beam-background hit/sector/event

±8 nsec window
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$QJOH�5HFRQVWUXFWLRQ�

e�e�→ µ�µ�

σ(∆θc,) = 2.4 mrad

σ(∆θc,γ) = 9.6 mrad

6LQJOH�3KRWRQ�$QJOH�5HVROXWLRQ

a����EDFNJURXQG�XQGHU ∆θc,γ SHDN�
�VFLQWLOODWLRQ��3H3 ,,�EDFNJURXQG�QHJOLJLEOH�

UHVROXWLRQ�GRPLQDWHG E\�
��� PUDG IURP�307�EDU�VL]H��
��� PUDG IURP�FKURPDWLF�WHUP�
a��� PUDG IURP�EDU�LPSHUIHFWLRQV�

θc,γ (measured) - θc,γ (µ) [mr]

σθ = √ σtrack
2 + σθγ

2 /1γ

7UDFN�&KHUHQNRY�DQJOH�UHVROXWLRQ

���LV�ZLWKLQ�a����RI�GHVLJQ�
KHUH��1γ ≥ 28
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.DRQ�,GHQWLILFDWLRQ�������������������

D∗– → D0 π –

K– π +

7XQLQJ�XVLQJ�FRQWURO�FKDQQHOV��H�J�

LGHQWLI\�WKH�π DQG�. IURP�WKH�'� NLQHPDWLFDOO\�
&RUUHFW�IRU�FRPELQDWRULDO�EDFNJURXQG��a�����

)RU�VHOHFWLRQ�FRPELQH�WKH�*DXVVLDQ�*�θ�θ&���ZLWK�3RLVVRQLDQ�
3�1γ��1H[SHFWHG ��1EFN��RI�SKRWRQ�FRXQWLQJ
�DQG�GULIW�FKDPEHU�DQG�697 G(�G; �*DXVVLDQ�� π
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/RZ�HQHUJ\�SKRWRQV��HQHUJ\�(���������0H9��IRU�����RI�WKHP���
IURP�DFFHOHUDWRU�PDNH�&RPSWRQ�VFDWWHULQJ�LQ�ZDWHU�TXDUW]�
5DGLDWLYH�%KDEKD�KLW�DUHD�EHORZ�62%

/DUJH�ZDWHU�WDQN�FROOHFWV�EDFNJURXQG

)XWXUH�

�� $W�DERXW����SV�WKH�WLPH�LQIRUPDWLRQ�EHFRPHV�
FRPSHWLWLYH�ZLWK�WKH�VSDWLDO�UHVROXWLRQ

�� 6HQVLWLYLW\�WR�FKURPDWLF�VPHDULQJ�YLD�GLVSHUVLRQ�
∆W ��WFDOFXODWHG  �/���FRV Θ&  ���QSKDVH�λ��β ��Y�

� WPHDVXUHG  �/�YJURXS������YJURXS  �F�QJURXS
⇒ a���QV��VKLIW�IRU�W\SLFDO�SKRWRQ�

%HWWHU�WLPH�UHVROXWLRQ

⇒ &RPSDFWLI\ UHDGRXW�SODQH�DQG�LPSURYH�WLPH�UHVROXWLRQ

H�J���PRGLILHG�RSWLFV��IRFXVLQJ��DQG�IODW�SDQHO�PXOWL�DQRGH�307V
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%� 5HFRQVWUXFWLRQ������������������������������������

(QHUJ\�	�0RPHQWXP�FRQVHUYDWLRQ�

2*2*
beam pEmm ESB −==

%HDP�(QHUJ\�6XEVWLWXWHG�0DVV

B

**
beamEEE −=

(QHUJ\�'LIIHUHQFH�LQ�&R0

B

σ(∆E)/Ebeam ~    15 – 30 MeV
σ(mES )        ~ 2 – 3 MeV

Detector

Accelerator

Typical resolutions:

±2.5σ∆E 

B0→D*–π+(Kπ)
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5HFRQVWUXFWLRQ�RI�5DUH�'HFD\V��FKDUPOHVV���������

FRV(θT)

6LJQDO

%DFNJURXQG

WKUXVW�DQJOH

%NJ6LJQDO
 �RSWLPL]HG�OLQHDU�
&RPELQDWLRQ�RI�DQJXODU�
HQHUJ\�IORZ���%�HPLVVLRQ�
DQG�WKUXVW�DQJOH�

F = Σαixi

)LVKHU�GLVFULPLQDQWHF

(YHQW�WRSRORJ\�

%%�HYHQW FRQWLQXXP�HYHQW
_

¶ %UHFR ·

'LVWLQFW�VLJQDWXUHV����!�%%�EDFNJURXQG�PLQRU
�!�FRQWLQXXP�EDFNJURXQG��MHW�

B

7KUXVW���PD[��Σ_SL WKUXVW_��Σ_SL_

���XVH�VKDSH�YDULDEOHV�H�J��DQJOH�EHWZHHQ
7KUXVW�D[LV�DQG�¶%·�GLUHFWLRQ�
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5HFRQVWUXFWLRQ�RI�φ.6������������������������������������������������
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%�!φ.��

signal events

3HQJXLQ�0RGHV� BABAR
20 fb−1

BBAABBARAR
20 20 fbfb−−11

B+ →φΚ+ 7.7-1.4 ± 0.8           ~ 31

B0 →φΚ0(Κ0
S) 8.1-2.5 ± 0.8           ~ 11 

B0 →φΚ*+(K+π0,Κ0π+) 9.7-3.4 ± 1.7           ~ 11

B0 →φΚ*0(K+π-) 8.6-3.4 ± 1.1           ~ 17

B0 →φπ+                                < 1.4  (90% C.L.)       ~  1

+1.6

+3.1

+4.2

+2.8

Channel           BF (10-6)         signal events

%�!η’. �

η’ →π+π−η / ρ γ
BaBar

B+ → η’ Κ+         ~ 137
B0 → η’ Κ0         ~   27

control channel

CP channel

« VR�IDU�RQO\ Κ0
S→π+π−
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'LUHFW�&3�0HDVXUHPHQWV���� BABAR
20 fb−1

BBAABBARAR
20 20 fbfb−−11

,Q�FKDQQHOV�E�!X�WUHH���E�!V���E�!G�SHQJXLQV
VHQVLWLYH�WR�γ��β+γ�
EXW��VWURQJ�SKDVH�ZHDNHQV�DQ\�TXDQWLWDWLYH�UHODWLRQ�WR�ZHDN�SKDVH�DQJOHV��

0HDVXUH�FKDUJH�DV\PPHWU\�������$&3  �

3XUH�SHQJXLQ�φ.±��������LQ�60��$&3 a��

QL� � QL�
QL� ��QL�

8QFHUWDLQW\��
��² ����FKDUJH�DV\PPHWU\�LQ�3,'�
��² ����3')�PRGHOV�����IRU�.�!.π���
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56 56 fbfb−−11%D%DU�SUHOLPLQDU\�
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,PSDFW�RI�WDJJLQJ�DQG�UHVROXWLRQ�RQ�&3�

VLQ�β

'⋅VLQ�β

A
sy

m
m

et
ry

∆t

Btag=B0

Btag=B0SHUIHFW�WDJJLQJ���SHUIHFW�UHVROXWLRQ

LPSHUIHFW�WDJJLQJ���
SHUIHFW�UHVROXWLRQ

LPSHUIHFW�WDJJLQJ��
LPSHUIHFW�UHVROXWLRQ

resolution function

R(∆t) ~ e-|∆t|/τB

(1 ± ηCP D sin2 β sin ∆md ∆t )⊗ Σ(∆t)

Asymmetry
R(∆t)

time/ps

time/ps

GLOXWLRQ�'  ����² ��ω�
ω : SUREDELOLW\�RI�ZURQJ�DVVLJQPHQW

∆t
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)ODYRU�WDJJLQJ�
b

c s
W- W+

Lepton- Lepton+

 kaon
��FDWHJRULHV�SUH�GHILQHG�XVLQJ
� SDUWLFOH�LGHQWLILFDWLRQ�VHOHFWRUV
� QHXUDO�QHWZRUN�VHOHFWLRQ�WR�UHVROYH�UHVLGXDO�VHW
ε : HIILFLHQF\
ω : PLVWDJ�IUDFWLRQ����'  ����² ��ω����TXDOLW\�4�≡ ε '�

Mis-tagging probabilities
IURP�WKH�GDWD��XVLQJ�WKH�
VDPSOH�RI�IXOO\�UHFRQ�
VWUXFWHG % GHFD\V��

4WRWDO  �������± ������

SUHFLVLRQ����σ��VLQ�β��a����� √ 4 1
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9HUWH[LQJ����������������������������������������������������

� (IILFLHQF\�a��������SURQJV�LQFOXGHG�
� 5HVROXWLRQ�GRPLQDWHG�E\�WDJ�VLGH
� $YHUDJH�∆W UHVROXWLRQ�a�����SV

∆W UHVROXWLRQ�IXQFWLRQ����*DXVVLDQ�
PRGHOHG RQ�0RQWH�&DUOR��PHDVXUHG�
IURP�WKH�%�IODYRU�VDPSOH

∆W �PHDV�WUXH�/σ∆W

5HVROXWLRQ�)XQFWLRQ 6LJQDO�0&��%��

WUDFNV�IURP��
ORQJ�OLYHG�'·V����
LQ�WDJ�YHUWH[

∆z

%� SDUWLDOO\�UHFRQVWUXFWHG

%��IXOO\�UHFRQVWUXFWHG

σz ~ 60-100 µm

σz ~ 180 µm

]
&RQVWUDLQW�IURP�DYHUDJH
EHDP�SRVLWLRQ
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9HUWH[LQJ��Φ.���-�Ψ .��

J/ψ KS

φ KS

φ→ Κ+Κ−

-�ψ → O+O−

2SHQLQJ�DQJOHV�TXLWH�GLIIHUHQW�

.��φ��

/HSWRQ�-�ψ�

3RODU�DQJOH�GLVWULEXWLRQ�
RI�GHFD\�SURGXFWV

φ LQ B (Y(4S) )

K+

K-

θ+

%�!φ .���� ODUJH�4�YDOXH�
� KHOLFLW\ DQJOH��a�FRV�θ
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)ODYRU�6DPSOH�

)
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%� → '��� π���-�ψ .����� %� → '��� π��ρ��D����-�ψ .��.�π��
_

Purity: 85%Purity: 88%

Lifetime :  

τB0 = 1.546 ± 0.032 ± 0.022 ps

Mixing   : 

∆md = 0.493 ± 0.012 ± 0.009 ps-1 (semileptonic)

∆md = 0.516 ± 0.016 ± 0.010 ps-1

single most precise measurements.

Proof of principle:

'

6.3 ps 12.6 ps

Amix(∆t) = (' cos ∆md ∆t) ⊗ Σ(∆t)

�������
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&RPELQHG�XQELQQHG 0D[LPXP�/LNHOLKRRG�)LW�WR�∆t VSHFWUD�RI
)ODYRU�DQG�&3�VDPSOH

0D[��FRUUHODWLRQ�RI�VLQ �β 
ZLWK��RWKHU�SDUDP������

)LW�6WUDWHJ\�

)LW�3DUDPHWHUV
6 �
&� �
0LVWDJ IUDFWLRQV�IRU�%� DQG�%� WDJV �
6LJQDO�UHVROXWLRQ�IXQFWLRQ �
(PSLULFDO�GHVFULSWLRQ�RI�EDFNJURXQG�∆W�������������
%�OLIHWLPH�IL[HG�WR�WKH�3'*�YDOXH W%  �������SV
0L[LQJ�)UHTXHQF\�IL[HG�WR�WKH�3'*�YDOXH�� ∆PG  �������SV��

B
7DJJHG�)ODYRU�6DPSOH

7DJJHG�&3 6DPSOH
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E
nt

rie
s 

/ 0
.6

 p
s

Kaon tagB0 tags

BABAR
Preliminary

B
− 0 tags

∆t (ps)

R
aw

 A
sy

m
m
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ry

0

50

0

50

-0.5

0

0.5

-5 0 5

6LQ�β 5HVXOW�² &3 ����.DRQ�7DJ BABAR
56 fb−1

BBAABBARAR
5656 fbfb−−11

VLQ�β  ������� ����

CP = -1

5DZ�&3�DV\PPHWU\
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6LQ�β 5HVXOW��� )ODYRU�6DPSOH BABAR
56 fb−1

BBAABBARAR
5656 fbfb−−11

&KHFN�IRU�ELDV�LQ�VLQ�β ILW�E\�
WUHDWLQJ�%IODY �PL[LQJ��VDPSOH�
VDPH�ZD\�DV�&3�VDPSOH�

&3�DV\PPHWU\�QRW�H[SHFWHG�
DQG�QRW�REVHUYHG�

√

VLQ�β  ������� ����
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6LQ��β � 0RGH�E\�0RGH�� BABAR
56 fb−1

BBAABBARAR
56 56 fbfb−−11

Systematic Error

sin2sin2ββ
a����LPSURYHPHQW LQ�VWDWLVWLFDO�HUURU�WR�SUHYLRXV�
PHDVXUHPHQW�>QDwYH��σ�VLQ�β�� ������[�VTUW���IE�����IE���@�

∆W PHDVXUHPHQW ������
� UHVLGXDO�XQFHUWDLQWLHV�LQ�
697�DOLJQPHQW��

∆W UHVROXWLRQ�IXQFWLRQ ������
� GLIIHUHQFH�EHWZHHQ�&3�DQG�)ODYRU�VHW���

∆PG DQG�OLIHWLPH�NQRZOHGJH ������

%DFNJURXQG�SURSHUWLHV ������

� OHYHO��P(6 VKDSH�
� FRPSRVLWLRQ��%� FRQWHQW�
� &3�DV\PPHWU\�LQ�EDFNJURXQG

0LVWDJ IUDFWLRQ �������
² GLIIHUHQFHV�%&3 YHUVXV�%)/$9 VDPSOHV

⇒ σ  ��������IRU�WKH�IXOO�VDPSOH
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3URELQJ�1HZ�3K\VLFV�

&3�YLRODWLRQ�PRGLILHG:

,Q�FDVH�PRUH�WKDQ�RQH�ZHDN�GHFD\�SKDVH�SUHVHQW

⇒ DGGLWLRQDO��cos(∆m∆t) WHUP�LQ�GHFD\�GLVWULEXWLRQ

)LW�ZLWK�η&3 ���VDPSOH�

QHZ�SK\VLFV�GHFD\�"

R(∆t) ∝ exp(–|∆t|/τB) ( 1 ± S sin(∆m∆t) ± C cos(∆m∆t) )

S  �VLQ��β ?
±C cos(∆m∆t)

C = 0.083 ± 0.065 (stat.) ± 0.022 (syst.)

S UHPDLQV�XQFKDQJHG
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6LQ��β  − :RUOG�$YHUDJH
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7R\�0&�WHVW�IRU�φ.6 LQ����IE���

)LW�%)�⊗ &3����

6LJQDO� ������EDFNJURXQG� ���������VLQ�β  ����
$OORZ�QR�WDJ�FDWHJRU\�
3')V IURP�%)�ILW�DQG�IRU�&3�VLGH�PRGHOHG�RQ�WKH�IODYRU�VDPSOH
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sin2β(φKS) = 0.76–0.51
+0.45

Nsig(φKS) = 59–7.8
+8.5

����VDPSOHV�

sin2β Nsig

6LQJOH�VDPSOH�
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&.0�,QWHUSUHWDWLRQ�

η

ρ
>+|FNHU HW�DO� (XU�3K\V�-�&���������������
RU�RWKHU�UHFHQW�&.0�ILWV�@

� VLQ�β PHDVXUHPHQW�LV�
FRQVLVWHQW�ZLWK�FXUUHQW�
60�FRQVWUDLQWV�

� QR�QHZ�SK\VLFV�LQ�PL[LQJ�
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6XPPDU\�

%D%DU PHDVXUHV�WLPH�GHSHQGHQW�&3�YLRODWLQJ�DV\PPHWULHV�LQ�
QHXWUDO�%�GHFD\V�DW�WKH�<��6��UHVRQDQFH�ZLWK�YHU\�KLJK�SUHFLVLRQ�

:H�KDYH�REVHUYHG�&3�YLRODWLRQ�LQ�WKH�%� V\VWHP�DW�WKH�����σ OHYHO

sin(2β)=0.75±0.09±0.04

7KH�YDOXH�LV�FRQVLVWHQW�ZLWK�RWKHU�H[SHULPHQWDO�FRQVWUDLQWV�RQ�WKH
6WDQGDUG�0RGHO�

%D%DU LV�ZHOO�VXLWHG�WR�PHDVXUH�VLQ�β LQ�WKH�SXUH�SHQJXLQ�FKDQQHO�φ.���

,Q����IE�� ZH�H[SHFW�����σ�VLQ�β�-�Ψ a�����

σ�VLQ�β��φ ≤ ������a������ZLWK�DOO�φ�η· PRGHV�

∆�VLQ�β��7KHRU\ < ���������������
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2XWORRN�

sin2β


