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Outline

* Mixing of neutral flavor states
 Measuring the mixing

* Mixing in the Standard Model
 Measuring the lifetimes
 What lies ahead

Many summary plots and combined fits can be found at:
B-Lifetimes Working Group: http://claires.home.cern.ch/claires/lepblife.html

B-Oscillations Working Group: http://lepbosc.web.cern.ch/LEPBOSC/
Last updated for 2001 summer conferences
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* Y, Symmetric e"e” Colliders:
Argus, CLEO
* B, only
e produced ~at rest
* 9 x 10% events

« 70 Pole e*e” Colliders:
LEP expts., SLD
* B, and B,
* boost
* ~1 x 10° pairs/LEP expt.
e ~1 x 10° SLD + pol. beam

E. I. Rosenberg

Where the data come from

« Hadron Colliders: CDFK, D0
B, and B,
* boost

several million events

trigger issues

Run II in progress

* Y, Asymmetric e'e" Colliders:
BABAR, BELLE
B, only
* boost
 3x107 pairs and counting

January 25, 2002 3



Mixing of Neutral Flavor States

* Neutral flavor states (K, D, B mesons) are .
produced in strong interaction flavor eigenstates B’ ,B’
* They decay in eigenstates of definite mass and lifetime

> _ e—Fit/Ze—imit B£>

If CP is conserved: CP‘B£> = J_r‘Bi'>

)= {8)2 55 [57) = {]8t)- )

(Bolp) = (e 2eomamn);

- e’ (cosh(A—Zrt) cos(Am ’)]

2
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BB’ BB .
V4 =X Most recent measurement of this type:

|

2
<B°(t)|B°(t)>‘ dt CLEO (Phys. Lett. B490: 36-44, 2000)
Uses 9.6 x 10% events (9.1 fb™1)

2 o 2
<B"(t)|B"(t)>‘ dt+ | ‘<B°(t)|B°(t)>‘ dt OneBisflavor
0 tagged by partially po o p* . p't o

|

2 X4 tructing:
. (ATz1 e reconstructing
(A””) +( 2 j (Amr)2 The other B is tagged by
= ~ high-p lepton in: B X
2(1+(Amr)2) 2(1+(Amr)2) ! S
B'B'+B'B"
7, = o e - 0.198+0.013+0.014
B'B'+B'B'+ BB’ + B’B’
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AT’

2
AFzO[m ] 5x107; for B,,— = <1%

from lattice QCD

we are measuring terms proportional to
T No flavor change

5 (1fos(am 1)

Flavor change

* Need to flavor tag both initial and final state
* Need to reconstruct both primary and decay vertices to
measure decay length: t = mL/p= L/By

beam spot, vertexing from tracks, intrinsic detector resolution

p decaying B momentum or
o, = i L YA good estimator needed (boost)
P P BABAR: 0(By)/By = 0.1%
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Tagging Methods

= wn
h

% Il B, (batt=0)
1 5 [ B, (bat1=0)
DELPHI 9 Discr. 5w —J
. . . i . 5 1 Comb
— can tag same side or opposite side  Yariables: - o

. . . S opposite side; 3 same * |
— side side: jet charge and topology ... uncorrelat,e dwith °

— opposite side: techniques similar to fina] state tag;1 both
final state tags sides: polar angle
* Final State:

-1 075 -05 -025 0 025 05 075 I

— b —> ¢ — s decays
* charge of primary lepton in sl decay
* charge of charm meson (fully or SLD sign(QD-QB)*separation

partially reconstructed) _—
* charge of kaon [ e

— momentum-weighted jet charge
— dipole charge between D and B
— jet angles (polarized beams)

— multivariate constraints (perhaps
realized in a neural net)

—  full reconstruction e o S

Charge Dipole

+ Data

1000 |

500 |
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Improvement in Detection

G, more important for large Am

Statistical Significance / Likelihood fit to:

S = \/gf(l—zwﬂ)&m‘”)2 e’ (1i(1—2w)c0s(Amt))®res

w is mistag fraction; (1-2w)=(1-2w,)(1-2w,)

1 ALEPH

B 1 [ L ' T I T T T I T T T T T T T ]

o5 B co- NIToNT L ' {

0.5 f— 0.5 : i

- I $ ]

025 | _ —_—
) E;m — .| |

-0.5 ;— 05 B

©7s = Physics Letters B 313, (1993)

mix

charge correlation Co

(2001) _
T
|Atl (ps)

s el e bnnrcon Tl cnn e run il nn % | L R
(0] 0.25 0.5 0.75 1 1.25 1.5 1.75 2 0 5
decay length/cm
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Coherent Production with boost:
finding flavor of one B fixes the flavor of
the second B at the same time

IOWA STATE UNIVERSITY

Either the tagging B or the reconstructed
B can decay first, Az (or At, proper time) can be <0

0.008F

0.008
0.007
0.008
0.005

0.004

0.003F
0.002F

0.001F

= No sharp
é:edge due

- to finite

- resolution

D'||||||||||||||

-5 o 5 10
Reconstructed proper decay time (ps)

E. I. Rosenberg

What’s different about the Asymmetric
B-factories

Tagging B

0.007fE

<LEP/SLD
<CDF

0.004F

0.003F

Belle/BaBar— ...
Present results o=

vs. t or |t|
January 25, 2002

=10

-5 ] 5 10
Reconstructed decay time difference (ps)
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ALEPH' (3+1 prel)
DELPHI  (4+1 prel)
L3(3)

OPAL (5)

SLD (5 prel)

CDF’ (442 prel

superceeded by- BABAR (2 prel)
new results BELLE (1)
below

average of above
after adjustments

ARGUS+CLEO
(%, measurements)

world average

New BABAR Results: (pub) Hadronic
(pub) Dileptons

New Belle Results: (prel) Hadronic
(prel) Dn

(prel) D' lv

* working group average
without adjustments

o

L)

o
H-e—H
o

| |
0.4 045 0.5 0.55
5
Am, (ps)

E. I. Rosenberg

Update to July 2001 WG Summary

0.446 £0.02 £ 0.018 ps’'
0.504 £0.019 £ 0.012 ps”’
0.444 +0.028 + 0.028 ps "'
0.479 +0.018 +0.015 p;
0.507 +0.023 + 0.0 1fps '
0.495 +0.026 + :
0.503 +0.009£0.011 ps’'
0.463 + 0408 £ 0.016 ps”'
+0.009 ps’’

489 +0.032 ps”’

0.489 +0.008 ps”'

0.516 £0.016 +0.010ps”’
0.493 £0.012 +0.009 ps'

0.521£0.017 * o ps”

0014
0.505 £0.017 £0.02 ps’'

0.489 £0.012 0011 ps’!

New Results:

1. BABAR (submitted for publication):
Inclusive Dilepton Events (20.7 fb1)
Fully reconstructed hadronic events
(29.7 fb1)

Both update preliminary results in

WG summary

BELLE (3 preliminary results) in
Nov based on 29.1 fb!:

Fully reconstructed hadronic events
Partial D*7 reconstruction

Partial D*1lv reconstruction
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Asymmetric B-factories Analyses

Full Reconstruction Analyses: Hadronic Decay Modes

“I>

BELLE

=y plr ot Dzt D pt s D et T 1w K

Simultaneous Maximum Likelihood Fit to mixed and unmixed events
g A’“”"es —— _Te™ (1 + (1 = 2w) coS (AmAt)) X res
L% Output is Am; w (mistag rates), Z  Unmixed Events 2
, , | and resolution parameters for % of
L[} signal and background (44 total 2 v
7 for BABAR); 154 fixed at PDG ST . L
" = value (1.548 ps)  Mixed Events b)
‘_ Other analyses: dilepton events
4. |Belle: D*1v | . N _
T D**n partial reconstruction > *© © = 050 B %

Caes (high and low p 7’s)

E. I. Rosenberg January 25, 2002 11
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"Hadroniq

Am, New Results

8-‘ __ L) ' .' ) v L L L ! ) ’ ' % L I ’ 7R
{ I 08F Dlleptons hep-ex/0112045 ! E
-
=
S 04 H l . " 3
hep-ex/0112044 |= oo B T ET e atis i
AN =l " 0.493+£0.012 £ 0.009 T
0.516 + 0.016 + 0.010 <C 0 [ A s e s o (s e G et |
to s 0 15 2 -10 -3 0 3 10
IAt] (ps) At (ps)
. Hadronic | «f D*m partial €. D D
. ' 0.521 +£0.017 ! 0‘-014 L 0.505+0.017 £0.020 = 0.3 :tﬂ‘ﬁtu-'l'sy T U012 i O.P14
: 02| \ L]
[ 0.2
- i of
: | g
k. 02 | 0.2}
T © — © — Sl e e O et acily dhedh
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B’ < B' Mixing and the Standard Model

In the Standard Model, the transformation takes place
via box diagrams and gives us information on
V.4 (B4 mesons) and V, (B, mesons)

b t Vides dgs b w Vs ds
o= o » - s e P o
ds t b ds W b
< = <} wwa}
th,ts th,ts
2
G 2 2
_ F 2 m, * 2
Am, demWS( b ) X\VVia| S5 Bg M5

a 2
6r / }\d
Decay constant Bag parameter
E. I. Rosenberg January 25, 2002 13
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Standard Model and Mixing

ujfci(t *The flavor eigenstates of the quarks are not
d b the weak interaction eigenstates--there are
S transitions between the families.

“This mixing is described by the CKM (Vud Vs Vb

Matrix. Where the three diagonal elements | \/ 4 Ves Vb

V.5 Ve and V, 2~ 1, family is almost a ¢ cs °C
\Vid Vis Vib

ud® 7 cs?
g00d quantum number.

A
Vi Vi Via Vis*
Vi ch C thth* *The CKM matrix is unitarity
a which can be expressed as:
VuaVur*tVeaVer*+VaVep*=0
i B >

E. I. Rosenberg (1,0) January 25, 2002 14
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g " Constraining the Unitarity Triangle

* Lattice QCD calculations: uncertainty in By, & fg, ~20%
= limits extraction of V , from Am,

* Ratio Am/Am, gives us a better limit
am, v, [ = a2 ((1=p) +7)s Am [ = 42

1 [ T T T T T T T T T

2

2
Amg Mg fe By |V,
- 2
Amd dedeBBd I/td
2
— mBs 5 I/l‘S
my & |V,
1 05 0 03 ' Lattice QCD: “known” to ~ 5%

E. I. Rosenberg January 25, 2002 15
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B’ Mixing

L]

 Oscillations not yet observed § ~[LEPaveragerel) [N\ il E
=5 o HTIT
« Express results as Amplitude £ | it a i el
A of oscillations as a function N . e i
of Am by a likelihood fit for O LT
fixed value of Am,to ' ' i
Te'"(1+ £ cosAm t)
Bands show 95% C.L. Limits
1 F \-. .
LEP/SLD and CDF R T T T T TR T T Y
Am_ (ps’ )

provide data
E. I. Rosenberg January 25, 2002 16
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New Results from SLLD

Same initial state tag: Pol. Az or NN multivariate using opposite side var.

Three different final state tags — hierarchical to remove overlaps:
Lepton + topological D B, — D X; D reconstructed  Dipole Charge

8 e Emmm e me e e e e s e S I S L IR B I R A I T o o B I I B B I R R
[ SL D LEPTON+D | 1 51 D DS+TRKS PRELIMINARY 1= [SLD DIPOLE PRELIMINARY
] = L. 3
25+ - sensitivity 1.7 ps’ "-i = ¥ | i = 2
6 e datatlc A 95% CLlimit 7.3ps” - < ? datai l'g - g e datatlc A 95%CLlimit 4.9ps = o
[ - L645c - sensitivity  6.5ps’ ] [" oo 16dSe 1< 3 E- 1650 <o sensitivity .6 pk i
- B data£1.645G ~ ] L B datat 16450 HATI8 1 F Bl datat 16450 / 1"
4 0 datat 16450 (stat only) ] | [] dataz 1.645 o(stat only) A ° ‘_‘E“ y 2 F [ data+ 1.645 6 (stat only J e
2 — ST . 4 | | /11T te St
p- e T ‘ [LsT] ‘ T4 ] '|'T | LAREARIES =
B e HMEEENEEEY YEEE NN REr T I | &
-ZeT;‘\l"""'_’- _-.- i &I" | ..*+. “T ! | | .’..l" 0 T [ l |“ " n'"e | IS L 2P 0
af Thal U TP L | 5 A U | BT S P! . B !
o ft et ietl “’TT_‘“_'“ T T| I It ‘ :
W T L-f": =~ , 1 [\ . | T, . 1F
: : ; nl, : A = : L T" t ] . 4 i
= | . . 8
% i 1 2r : | ‘ I ol ller] 2 -
L [ ] L
E \ 4 (1] [
. L -.\’__,- d 3 b
4 - - . i
4 D—)(pnorK*K i 4F
% i e P e i e L T PEETE FETT FTT TS FETTE FTEEE BT P Lii ' | : ; R : R
TO0 25 5 75 10 125 15 175 20 225 25 0 25 5 7.5 10 125 15 175 zu 25 2 e b b : sl b

) 0 25 5 75 10 125 15 175 20 225 28
Am_(ps") Ams(psu:} Am, (ps})
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New Am, Limits &,

By > D;z",D;a’,D'K " ,D'K a;

o Complete D reconstruction
% SLDCOMBINED pREL]M[NARy/ﬁ]\ S also exclusive D, and high-p, hadron
:-E. 3r it x t -1 / .\‘\ 4 tD
Eoptae smienndiil 1S 7 DELPHI
20 Bl dataziesso / | "3{"" r E [
) RS 4 * \_\ A & S| Eur. Phys. J C13, 573 (2000) /.~
..... o~ - Il i d:
B T
H+ """" ~ i '] ] -i'.'!jt. B g
1 b - -\Ww“\" [ 1 dof T
2 [ i
3 F \; 0 25 5 75 10 125 15 17.5 I12O
0 s s e s s Tirs 20 ;s as AmBS (ps )
Am (ps‘l)
January 25, 2002 18
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Amplitude
(o)
L7 L]

[

1.5

REASN EREIRER ST RS B
- World average (prel.)

¢ daatlc A 95%CLlimit 146ps”
- 16450 -© sensitivity ~ 18.3 ps’

[ datat1.645c
[ ] data+1.645 o (stat only)

Q.Q A, e
O = predicted region in SN

18 - Sienel at about  e#

gl 6 - T
| 4L T
:....[....l....|....|....|....|....1....1....|. 1 2;_
0 25 5 75 10 125 15 175 20 225 25 0 | | | | | | | | | |
Am_ (ps™) 92 93 94 95 96 97 98 99 00 Of

year
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Lifetime Measurements

I <F(t)

(1-cos(Am t))  *Tag event as B
*Measure B momentum

ez (1+cos(Am 1)) sMeasure Decay length

(B(t)

Exclusive Event Tagging

Inclusive

B — D*lv (X); reconstruct D*

B —» DX
B - J/yK

Topology:
Displaced vertex; event shape

Full reconstruction (new )

E. I. Rosenberg

January 25, 2002 20
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Working Group Summary

LI I LRI | I LI I LB} I L} T | T LELEL
III LIL} | L} ! LI} '| UL} | T T [ T I TTT I L II *
ALEPH D™ ) 1.518+0.053+0.034 | ALEPH D1 i 1.648+0.049+0.035 ps
(91-95 Prel.) 10.15 (91-95 Prel.) 021 +0.04
ALEPH excluql;dt; —— 1. 25+H 13 ?025 ps ALEPH EXC]{I;?‘iJ}; | . i 1.5875 15 003 PS
ALEPH 1t'nt recon, b 1.49 515 ~0.06 PS CDF J/v K ) l 636+0.058+0 025 ps
CDF Jjy K o 1.497+0.073+0.032 92:95) -
CDF n' 3 bea il 1.474£0.039"952 ! gl e 163750058 ‘o043 PS
DELPHI J)‘ o1 e 1.61°)1% +0.08 ps DELPHI (191;‘_’;’31} -y : || 1.6120.16£0.12 ps
DELPHI ‘"Pﬂl‘!sy H—e—q [1.6330.1420.13ps gy pyy topolo ] | 1.72+0.08+0.06 ps
DELPHI fopology o AEAEE00IBE0.035) e DRI topology 1.631:+0.012+0.021
DELPHI 71 ! 1.532:0.0410.040 | a1, ? Pret) et new ool PS
L3 tonglony 1.52+0.06+0.04 ps L3 topolo —e—{ 1.6610.0610.03 ps
= p(941%y1 g i ) 043
4 Pre f—e—o 1.7412.1210.04 ps OPAL lopf;l;! -‘f‘: o 1.64310.03710.025 ps
[ )
OPAL tnpolo{ —+ 1.523+0.057+0.053 OPAL D' n‘] 1.5240.1410.09 ps
g SITU 1LY 91-93
OPALD 'l % . 1.53+0.120.08 ps (91-93) H——1 B
OPAL Imlusnc l) [ 1.541+0.02810.023 | 002
1.56") 13 £0.10 ps 1.623+0.020+0.034 ps
1.58510.021+0.043]  BABAR exclusive o 1.673+0.032+0.023 ps
BABAR exclusive ot 1.546+0.032+0.022 | (99-2000) new
(99-2000) new
World average I | i ] | H l I I I 1.546i0.018 ps World average L1 1 I L1 1 I L1 1 I L1 1 I 1 L | L1l | L1 1 1-6471-0-016 ps
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 5 Litetime 12 13 14 15 16 17 18 1.9
B Lifetime :
Worlkinlg Group ©(B°) (ps) Working Group T(B") (ps)

Belle (new) 1.554 + 0.030 % 0.019 ps Belle (new) 1.695+ 0.026 + 0.015 ps

E. I. Rosenberg January 25, 2002 21



Entries per 0.1 mm

Entries per 0.1 mm

1.636= 0.058 = 0.025 ps

1.631 £0.012 + 0.021 ps

E. I. Rosenberg

012345678910
T5(pS)

110 pb! i 2.1 M Z—hadrons
JIyK topology tag :
1.497 £0.073£ 0.033 ps  1.546 = 0.018 £ 0.035 ps
» — 450 | ' i
prefiminary | 4pg |
m-E 350 |
300 | 10° &
o 250
200 10 £
1 150 |
100 | _
’ | 50 E- !
03 0.2 0 03 04 0 - =
o) 0123456788910
T(ps) £
_ 1600 | =
n.%_ CDF preliminary 1400 | - bg
F 1200
vE e M B+
' 800 M B0
600 | Bs
400 |
200 y W A
0

PRL 87 201803 (2001)

“entries / 0.8ps

At (ps)

1.673 + 0.032 £ 0.023 ps

January 25, 2002

reconstructed hadrons

>
20 1

1.554 £ 0.030 + 0.019 ps
EO

—20 —15 -10 -5 0 5 10 15 20
At (ps)
1.695 = 0.026+ 0.015ps
22
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B, Lifetime

", DELPHI: D/ —>¢/h

s
Ln

d
<

Events /(0.12 ps)

E. I. Rosenberg

DELPHI

Comb.
udsc
bel

bl (B)
bl (B,)
Data

ALEPHD_1
91-95)

ALEPHD_h
91.95)

DELPHID 1
(91-95 Prel.)

DELPHI D, h
(91-95 Prel.)

DELPHI inclusive D
(91-94

OPAL inclusive D
(90-95

OPAL D_1
(90-95)

Average
of above 8

World average

B Lifetime
Working Group

July 2000

January 25, 2002

+0.14
1.54" |, £0.04 ps

1.47+0.1410.08 ps

+0.06
1.3640.09*09¢ ps

1.42%01540.03 ps

+0.16 +0.07
L4975 008 PS

+0.13
1.60+£0.26 "< ps

+0.20 +0.18
L7270 017 PS

+0.16
1.50" 5 £0.04 ps
1.47140.059 ps
1.34"%% 40,05 ps

-0.19 —

1.464+0.057 ps

23
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ALEPH D™
(91-95 Prel.)

ALEPH exclusive
(91-94)

CDF J/y K e

(92-95)

CDF D' e

(92-95)

DELPHI D]
(91-93)

DELPHI top?glg%

DELPHI topology
(94-95 Prel.)

L3 Topolog
P o5
OPAL topology
(93-95)

OPAL D'
(91-93)

BABAR exclusive
(99-2000)

World average
] 1 1 1 I 1 1 1 I 11 1 I 1

e L

0.8 1 1.2 14

T BB
Belle (new) 1.091+0.023+0.014

0.6
B Lifetime
Working Group

E. I. Rosenberg

Spectator process

1.08510.059+0.018

+0.23 +0.03
1.27 -0.19 -0.02

1.093+0.066:0.028
new
1.110+0.056") 030

+0.17
1.00"17+0.10

+0.13
1.069 1 +0.10
1.054:+0.017+0.027
new
1.09:+0.07:0.03
1.079:0.064+0.041
0.99+0.14° 03

+0.16
1.03°01 £0.09

+0.025

1.037°003; +0.024

1.08210.02610.012

new

1.068+0.016

Lifetime Ratios

baryon/ meson meson/meson
2
m A A 1
'~ —t— > +—+0| —
1297 m- m m
T 1 T ] T T T I ) 1 T | 1 T 1
(B )/(BY H 1.068+0.016
1.0 - 1.1
1(B,)/1(B") H 0.947+0.038
0.99 - 1.01
w(A,)/(B°) }_,ﬁl 0.795+0.053
| 0.9-1.0
t(b baryon) H 0.781+0.034
k(Bn) g oy O | O SO A T T 09-1.0
07 08 09 1 11 12
Lifetime
orking Group lifetime ratio
24
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What lies ahead?

 BABAR and Belle:

B.)=p|B") T ‘F>
30 fb'! — 300 fb-! 2004 | _> p‘ >+q

— Go beyond Am: AT’ )

— CP effects: € (|q/p|) S

+ CDF/DO0 100 pb! — 2 fb-12004 [ S— Y
- probe B, mixing ox=30with | i
semileptonic decays (x=Am/T) < *HH
— probe B, mixing to x~60 in ol
hadronic mode | PRL 82, 3576 (1999)
— Precision lifetime ratios (B/B") S —
Am,  (ps™)

E. I. Rosenberg January 25, 2002 25



CDF Expectations

s T B , —_— ,.
1:-9 E : | .'I‘ | | E! -?_‘{0 I\II
-;: 0.9 E *NE Bg MIXIng a‘ = o ; |
‘s 08 = 5¢ Observation = 0.8 — CUF+Layer00+ TOF : f
c = / . I P
B 07 B sR=12 / [ 3 T G0 §/B=1R2
= E R S
o 06 sB=211 ; | 0.6 — -»—+¢ S/B=2/1 o /
S 05 U B -
g - o _r'; l |2 I..a’
o 0.4 E K / = 04 — i
= ! / = " %
0.3 = / : -
— /‘,./ — ‘II":/JI
0.2 ) o = 02 o7/
0.1 :— e .- —: L 0 i/’ d
B = z i - R
0 = | | | | | | | | = O =% |_7?_\ | | [ /| | S (| | R LI
0 20 40 60 0 20 40 60 80 100
Ks xs

Figure 1: Left: Required luminosity to measure at 50 xz, as function of z,.
Right: Error on z; as function of z;.
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And much later ......

LHC startin 2006?

ATLAS CMS LHCb
Channels used:
B! decay channels Dyt Dyt Dyt
Dia?
1) decay channels on~ o o~
KK~ | (seetext)
¢ decay channel KR~ KtK- KYK-
a, decay channel pOrt
K*Y decay channel Kta—
Assumptions:
B(b— BY) 0.105 0.105 0.12
B(B? — D7ty | 3.0x107% |3.0x107*|3.0x107?
B(BY = D;al) | 6.0x107? - -
B(D; — ¢n™) 0.036 0.036
B(D; — K*K-) = 0.033 =
B(D; - KtK—77) - - 0.04
BY lifetime 1.54 ps 1.61 ps 1.57 ps
Analysis performance:
Reconstructed signal events per year 3457 4500 86000
Rec. and tagged signal events per year 3457 4500 34500
B! purity of tagged sample 0.38 0.5 0.95
Wrong tag probability 0.22 0.22 0.30
Proper time resolution(Gaussian function(s)) || 50 fs (60.5%) 65 fs 43 fs
93 5 (39.5%)
AN, reach after one year of running:
Measurable values of AN, up to 30ps~! 26ps~! 48ps~!
95% CL excl. of AM, values up to - 29ps~! 38ps~!
a(Amy) for Am, — 20ps™! 0.11 - 0.011
x5 reach after one year of running:
Measurable values of 2, up to 46 42 75
95% CL excl. of a5 values up to - 47 91

E. I. Rosenberg

Table 22: Summary of the analyses and results for B oscillation frequency measurements by the LHC experiment:
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