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14.5 B meson lifetimes and BB mixing

Editors:
Soeren Prell (BABAR)
Bruce Yabsley (Belle)

s

“The charged and neotral 5 meson liftimes, 7
and the BYB oxcllation frequency Amg are funda-

mental paraneters of B meson decays. They provide im-
portant. input for the determination of the CKM matrix

clements [Voa| and [Vigl. In addition, precise knowledge

e e dsrbe e prcion ecsinats o

(section 14.5.1), Amy (section 14.5.2) and a test of the

il b of B o o stion
the B factoics.

14.5.1 B meson |

In 1983, the MAC and MARK 11 Collaborations (Fernan-
dez ot al., 108; Lockyer et al., 1083) discovered in 20 GeV
center-of mass energy *e~ calisions recorded at the PE
storog ing 43 SLAC tht th impact purenctes of g
momenta lepions i hdrone fal sates were o

e, Assumin thst leptons oighnated mosl ot
D adron decays, the colaborations eatimated b hadron
Bt of the oder ofone iesccond o he e
lepton impact parameter distributions. Such a long 1if

quark mixing between the frst and second quark genera-
tion clisacterized by the Cabibbo angle. If quark mixing
betuween the second and the third generation was similar
o bliftime ofaround 0.1 ps s expected (Barger, Lo
and 1979). The ong itme o b hndrons v the
o caenc that e o o the RN e
et Ve B sl than the Catsibbo e, Alone
with irst limits on the branching of semileptonic
“ u transitions and thus |V /Ves| from experiments at
Cornell around the same tine (Chen ot aL., 1984; K
stein ot al
ment of [V led to the frst complete pictute of the mag-
itudes ofal the I matrix lements (Glnspa and
Wise, 1083). Soon after, it was realized that due to its
Lo et he B oot v i e
cays allowing for measurements of BB mixing and time-
dependent CP asymmotis
the time when the B factories started to record
i o i, e Parile Dot Crony listed n then
2000 Review of Pasticle Physics (Groom et the
averages of the BY and B* lifetimes and the
= (LBARE0.032) ps. 7 = (LESIE0.028) ps,
1062 £ 0,029 with relative uncertainties
d 2.7%, respectively
While the frs. measureanc cos of the magnitd o the
KM matrix clement provided by the initial b

theoretical descriptions of B meson decays the.
most procs detenmination of [V comes rom semilep-
foni branehingratio e

in savnions o the B ciries o messuze
the B meson Utimes even more precisly are two-fol.
One reason s theoretical and one is experimental. The
spectator quark model predicts that the two charge states
of the B meson, B+ and BY, have the same ffetime. De-
viations from this simple picture are expected 1o be of

order 1/} (Bih 199 Noubert and Sachras, 100)
where my i the b quark mass. A recent calculation pr
i he ratioofthe 5+ and 5 Hietimes 0 be /0 =
L0GT £ 0.027 (Becirevic, 2001). Whil in agreement. with
this prediction. the data at the time was not conclusive
on whethe th churged o newtral it s Longer
e a more procse messsement of 7. /70 ol pr
Sronger ten of these extulations. Expermental,
T 5 s i, reviis i et o b he
measurements ofthe BV gcluion roqueney (e v
fon 115:2) e ime-dependont € symmotries el
ing tho angks 6 nd ¢ of h Uiy
soctions 14,6 and 14.7). Aceurate velues of 7 and A
Teduce the systematic neortaintion i these analyoes o
!1nu~vll‘|)(>mlmn CP asymmetrics

ot prese messurments of th 3 mesn 1
times before the first esuls from the 53 fctores be-
came available were from experiments at the 20 reso-
o and CDF. These experiments messured the dis-
tance I the B meson travels from its production point
to s deay verex. The prodiction polt . espciel
the e*e~ or pp interaction point aud the decay vertex
ierminetom the et ot Fro
cay distance I, the measured B momentum pp, and the
Ko 13 s iy they dermine the proper- e of e
5 meson docey = 1/lf7)o = mol/ (o). The proper-
time (h»mlnmou of the B meson candidates i given by
T(t) = 2 exp(~t/75) before accounting for detector res-
oo ks The expermens exnt the
5 meon et o B 0 o measired proer 4

spectra. While the ARGUS and petmnts had
collected large Mmmn oL st e T(45) s
nance, their B mesons were essentially produced at rest

i the Iaboratory e renderig & propor-thne method
through decay-length measurements impossible.
These carlier B lifetime measurements are character-

ized by high-precision proper-time measurements (o, %
), bt typially muflied from » combination of il
tively swall signal samples, large backgrounds, and in i}
case of partially-reconsiructed B mesons, a poor measus
ment of the B momentum. In contrast, the measurcments
from BABAR and Belle have worse proper-time resoluti
ot heir highstatistics B sampls have Hetle bockground
and excellent knowledge of the B momentum, .
A principal difference between the B meson lfetithe
1

are due to resolution cffeets. In contrast, at the B facto-
i the 3 meson e barcly moring i theceer-ofmass
frome. Thas ther ronsveese momeniumn. e fromsvorme
i ¢ clone to 7o sl camnot bo ed fo 1
prec N
spot in th
Belle and
the B production point (as only a
the decay 7(45)), which would allow one to recon-
struet the = coordinate. Therefore the  coordinate of the
B production vertex cannot. be reconstructed with good
precision. Instead at the B factories the distance A= be-
ay vertices of the two

tween the dec mesons s measured.
A proper-tine difference is then given to good approima-
tion by

ar

=/ (e(3)5), (145.1)
where (#y)p is the Lorentz boost factor of the B meson
intho lab frame (s secton 4. Tho At disrbuion is
give

exp (|t /78), (145.2)

ctor sesolution effects

1t is symumetric around Af = 0. De
ill e i dsrbution, but there I o region In A1
that allows rly clen eces o tho At ecltion
function s in the experiments at the 29 and
Fo 5 Gt of e of e 7 e s
ments i the I facoris i o dsentangle the wndelying
true A distribution from the resolution
Both BABAR sad Bele uso mlipl amples o B me
s and the ratio.

soms o dotermine the B9 and B* lftin
O o the B s, B picly romted i o
exclusive final state. The various samples differ in their
e Sy e etepers oo i el s
purity. More exclusive sumples have less background, but
s anallr sk, n the e anayss he - os
tion of the B decay vers i determined from its
o ofthe docay verte of
is reconstructed from the tracks

1
oot beloging to B e proer-ie diference At
then calculated fron 3
oo tht the st ' i
uncertainty in 2o, and almost the same for all lifetime
analyses at the B factories. The B lifetimes are extracted
from a fit to the At distributions of the sclocted candi-

using Ex

enerey B fstoie i th knovledge of the "B production
point. At all experiments the 3 mesons are pr
the Inminous region ¢

oduced in
e i e (e ot

tstothe proper-time disributions ovents
with measured £ < 0 provide valuable information about:
T oot oo Teton. S thre s o
true negative proper-times, all events with measured < 0

ng/EPR/CPT /Lorentz

ter accounting for detector resolution effects and
background. In the following, we will briely describe the
various measurements of the B meson lifetimes by the

fctoic. The el ofthese analyses are summaried i
Table 2

Fully-reconstructed final states

he B ltime messements with samples n i one
B decays to an exclusive hadronic finl s he
AR mensures the e

- D g

ey

lowest background.
times with the hadronic decays 50 —
WK and B -5 D)
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Table 24. 5 factory e /720 lon with hefounal papes, st st gl oy o the large B senllptaic bancing faction. They ro-
B e A A construct 680 B/fb™'. Duc to the missing neutrino the

nckgronnd leve i igher han T the sopic of flly:

- ,..gu,“ s e, A

o m & (s sk setion115.2) Becats of th vt

190 pm 140 b =1 At distributions for mixed events (BY B” or BY B") and

_ b unmived (B'BY) events, separately fitting the two At dis-

e Jus. R I 2 sas tributions enhances the sensitivity ruvlve\\zml At resolu-

BBw (Aubert, 2001c) . =% 190 um s € tion function. As a result the uncertainty of 740 is reduced

. 5 b approsimatey 157 BAIAR measnnes e 21 Hetime

Blle (Abe, 20050) a1 190 um 140 to be T = (15235024 + 0.022) ps. . The dominant sye.

ing the el evnts BABR oharvee o

ot (0552 2 000 e v g sl

o dta s o 206 (Ao, 201 Bl per. s RV e of bt 70y Ths, the 32 rsltion 20 -5 -1055 05 10 1s e e o,
Torms an »\m\l\~|~mmhum\g the rwlva hadronic final s dominated by the resolution of 2 It is similar for ll At (ps) h ample with background and the full statistical
aten DR TR o men deeny moden (o (A5) = 150 190 ] .m,m,,w,,w,u e o sl the l tathtiad

o e 5 i sk B3 Don. 3/ e o i 1 o o B 143 Fie 5. The A bttt of B () st 5 oty

fomovawe 5 i oo o 2015 (Vs 1 onstructed decays BAAR s o e s b ot B o v oni ol messusement of the  lftimes and
2¢). The decay channels K+ a2, prcie approximation by cxploting th preie knoviede st The oo s gt the s ofthe bSO 1 i s sy of 10 (Ao, 2005

‘m(. K ‘m,,Nd,(,,m,,hm,(, Y candidates, while of the B flight direction to correct for the B momentum e e components, e dorted s reprsent he 0w (1 analyi they reconstruct B0 e B condidaies

e 7 2 K St D cond. b T4 e (E0 453) T 01 it of T oot (Ao, 30020 b i sty et 1 o B cndidotes
dates (Belle does ot use the D decay modes involvi sclected B” and B candidates are then fit o a lik s analysis. Tn addition they reconstruct BY candidates in

b osetion fat e th o At iiion of

e s
KY). Charged D"~ cendidate e o by combining senileptonic decay BY — D" L*v. Using a fit to the

o 5 cadidte o fomed by U il vt (e 1452 comolvod with n 3 gl didates. BABAR messures LSI6£0.0032:£0.022) b3y Gttt o 1o gl ennlidaten ths oo
o & Do D it a s (o L B resolution function Ry to account for the wncertainty in ad e :(H/uuuuszuruu) s il Bello et 5 5 i he BB i ooy
P SR mf'm s a0 the At senstreneats G enpiial 1 it of s £0.0030:£0.019) ps and 75 = (1 e e e T i ey
KD canclidaten s roconstrucied oot e bacgroundevent BA s o gnal 4 eoliion a0 015) e The mesmremcns o 0 57 o nu i D‘;",: N ctaen v o (L534 %
) ndidate, in the decay modes e+ Tunction Ry e miting o the s o . G B lifetimes share the same sources of systematic uncc’ 0008010 . - 535 £ 0011 L 0.011) s meet
e it 3 Kb (0 5 K ). Th 1(28) can tion with 2610 mean and its convolution with a exponential tainty. Some of these uncertainites cancel in the ratio of
datesaxe rocomtructed i their decays 1o Jfq-, decay that lm»dv!ﬂ!w bias of zoup due to tracks o mum«m the lifetimes r, = 7p+ In a separate fit the param-

rom a displaced decay vertes of & charm meson. Charged cter 71 s replaced with 1, - 7o to estimate the statis

In these mesurements, the colaboration impase con
straints on the I candidates requiring them to be co®
patible with ane of the fnal stacs mentioned above: The
corresponding branching fractions for the I and D decays

and neuteal B docays are doscribed with the sume At - Vica trtor of the lietme ratio, BABAR and Bellc me . 7 ) ‘and the modeling of the backgroun
olution function. Belles signal A resolution function Ry e 007 o) and the modeling of the backgronnd

unction Ry (0.007 ps). The dominant contributions to the systematic
is formed by the convolution of four components: the de o) come o mcertninties i the backesound A¢

B e e tector resolutions for 2 a1 2o, the bias i 2o, duc i e syt et b the el e 00 T S B et
o o, vl sates e ot o 0 fe perent Tl angimning o, th deny o o chorn Wooon i e v i
(5 ko 91 () 7 ) B o i e Mt Spprosimaton Lt the o function (0,009 - 0.014 p) and the background 4t dio )
Bl rpectivl. Due o e G lction crerin, o3 15 1 te eterof s e T e ol 209 tribation (0005 — 0.012 pe). the aligument of the vertex
B el eloction, ettt ot resoution unctons have. . term accouning for a detector (0008 pe) the Knowledge of the = scale of the
i beckgtound i other analyes that ariss o o 0 e ool et mached v, s sl etoctor (0008 pu), and MC statistics (0.007 - 0000 péye Pariallyreconstructed final tates
et au. AL outlers. Both experiments deseribe the background The ot contibions o L stcmatc o
"% 2t distribution with n prompt term ane & o with an comne from MC staisics (005 —0.006) and uncortuintics  RABAR also s the 5 o Wt i sl
The = positon of the decay Verex, &, of the flly-~ ffective background lietime. The background At resol- in the hackgromnd At distributions (0.005 - 0.011) and of 21 b us 1%y (Aubert,
reconstricted B meson, By, 4 mensured with bigh prech. ton functions are of the same form a the signal esohition the signal A resalution function (0,006 - 0.008). 90024) and B0 D- s 2003
sion, typically of the rurlv\ u[m ) ~ 50 pm. The decay functions, but with separate parameters in order to mini- In another analysis BABAR uses events wummvuw! \\ulmymnmll\ reconstructed n the fin hvw
Hex. postion of the other B, —apy i determined fom ize corrlations with the sigaal resolution parameters in the semileptonic decay B° —> D%y ( S s
i trnche ot hslmwmh s Byee a8 described in section s BABAR and Belle determine the values of 7o and 7+ detrmine the BY lifetime (Aubert, 2003g). The Hdd of the time dependent O ssymanetries in

For these sunples. the s resolution 3 100-200 i with  rom a siultaenous it to the sumplos of 89 and B+ can- s oo ok i i e st s ) o i 15

ng/EPR/CPT /Lorentz
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In the measurement of 71 with B — DIy de-
cays they require  high-momentum lepton (1.4
2.3 GoV/c) and an opposite-charge soft pion (7. )consistent
with coming from the decay D' — D7 (55, < 019 GeW/
The D'~ momentum is inferred from the 7. momentum
without reconstructing the D', The analysis of this inclu-
sive il e doos o sufer o the el B brancing
Fractions to exclus and consequently has &
o Bk (110 B B Towener, it the s
thoal consonints from e DY teconsruction the gl

53%. The
Tt i 5
The decay paint of the By
naining tracks in the ovent. T
bigh-momerun lepion
ealculated from this lepton
rack consrainec o the bea spot n the raneverse pane.
Otherwise, all tracks with & center-of-mass angle greater
with respeet to the ., direction are considerd?
ment removes most of the tracks from the de-
cay of the D" danghter of the D

bias the reconstruction of the
e emowd ity contrbut more thau 6
. easutes the BY lfetime with a binned matt?
S ek it che Ar o o dntbtions of
the sclected B candidates to be +0
0.029) ps. For this reslt, the fitted rr' mm.w. mlt
plied by & correction factor R 0.007 0.007
to account for danghter tracks of e D e n
caleulation of the By, decay vertex. The largest, systen
atic uncertaint are due to the knowledge of the
fractions and parametrizations of the background types
(0015 ps). the At resolution model (0.017 ps) and Ry
(0,015 ps).

In 8 mors ecent anaves wih 8 !, BABAR uses

B

B DIy decays with a partially-reconstrcted D

TR o st 1 s B i o
Ama (Aubert, 20061). They require the other B in th
et B o o dcay senetonically il dtcning
Ly constraining the higl-cnergy lepton to

ecting or a suallbas (~0.000 s a
Gbrerve i MC-sinlated v they mensire
(1’504 £ 0.013°511%) ps. The dominant contributions 1o
e systematic rtor n s come from uncertanies in the
ment (15453 ps) and = sale (0.007 ps) of the SVT
I NIC statities (0007 ).

BT o messuresthe B e with o prtiles
reconstructed D~ fn the decays where
e s 7 o' 5 Sl 10 e il oo
sruction of the sem-leptonic fina sate, they reconstruct

Iy the soft pion 7, from the decay D™~ » Dr;-
the D™~ momentun s inferred from the 7, momehtus
The min vt spprss kg i 1 sl

ts decay vertex

he mising D mass My, which peaks at. he
ominal DY macs with  spread of 3 Mo/ for B s
Dt and 85 MeV/et for B — D' p*. Additional

ariables to suppress backgrounds el e angle bew
tveen h and the BY, the D'~ and p* helicity angles and
event shape variables. After all selection requirements are

Prell/Yabsley (lowa Stat:

applied, the signal purity is approximately ? %, The dom-
inant. background comes contimm events. The remain-
ing background from BB events s due to random h and
s combinations omd feeddows fom B 3 D cvents
and respeciv n B o D L
nd B Dt o L ostion
of the BV decay vertex is determined from. the  and
. track constrained to the nominal beam <pot. The do
cay vetes of B i dtermined n the sano vay as in
ABAR's carly analysis of B — D*~{*v (Aubrt,
umzm For tho oo
event-by
e B melded §
a Small additional cortetion to the fited BY letime s
applicd. BABAR uses several data control samples to de-
termine the different background fractions in the sigual
sample and their PDF parameters, These parameters are

BY — D™ they caleulate an

e the it e el e, The e fcines
are g0 = (1510 + 0.040 = 0.041)
and (516 £ 0064 £ 0.075) b in 57 3 Depe.

Tho combined racult, aceounting fof corre

e systematic uncertaintics for th 1
surements, The dominant uncertaintics In the measnre-
ments with the modes BY — D* 7" and BY — D"~ p*
come fom the knowlodg of the compoionof the back
round and its PDF parameters (0.021 ps, 0.050 ps), im-
ited MC statistics (0021 ps, 0,012 ps) and the D track
bis (0.017 ps, 0.026 ps)

Averages of 7y, 7+ and 7ie [

“The world averages of the 5% and B+ lfetimes and their
AG from the BABIR messire-

Aubert, 2001, 2002, 2003b.5, 2006, the Belle

cwents in’ (Abe, 2005) and measurements from
ALEPH, DELPHI, L3, OPAL, SLD, CDF and DO (Asuer
e, 010) o bes esectvel. 7 (L318:40007) s
008) s amd 7, 06) ps

T o pecie s comrting o thes
Factories and 4 recent set. of

ratio are caleulnted by HE

come from the 5
messusements from CDF wsing fully-reconstructed B
T events 211a). DO provids &

timmes and their rat

b stay
precision in these measurcaments oxecedes
Theorctical calelations. Thie, with he orignd] motie
tions flly addrese by the curent st of measurements
and the multitude of relevant systematic error s i

come with b percent preiaion messuremen, 1t 1
likley that there will be improved measurements using the

; Sydney)

full dat e o the B facoris o th even langer dta sts
of future Super B facto

1452 BB mixing

16521 Measurements of A .
Neutral meson-antimeson oscillations were predicted i
1955 by Gell-Mann and Pais (Gell-Mann and Pais, 1955)
and fist. obse w (Lande
Booth, lmpeduglia, Lederman, and Chinowsky, 1956). Mix-
ing in the BYB® system was discovered in 1957 by the
ARGUS collaboration (Albrecht i al, 197) and in the
BYBY system in 2006 by the CDF collaboration (Abuler
cia el al., 2006).
M

eson-antimeson oscillations proceed thror
ond order weak interaction s described by . box. di
ram. The time-cvolution of the BB systen

 phenomenclogy-based 2.x 2 Hamilonian matrix (for de-
tails see section 7). Solving this system of equations gives
S fmedpendent robabiltisor B sclltion, For

that s not aceessible frofiy
B s D

decay to.n fa

ht semloptonic decay B
3 i e, Thus he prbabilty llmz
lecays as B at

vl deay
the A in E

a B h\udu(ul at time
given by -

Prob(8"  B) = S x (1 - cos mat), (1453)
where Ay is the BB oscillation frequency and g0 js

the neutal B Iieime.
cays as B (for example through B0
siven by

Tho srbablty tha o podicid

e (s

Prob(B" - B") (1 +cos Amgt)

Uiyt th probbiie o n produced 7 to decey a5

ot a BV are given, respectivel, b
r.(.l,@uaw—‘l X (1 cosAmat). (145.5)
and

Prob(B" - BY) = & * (1+cos Amgt),  (14.5.6)

2

The first measurements of BB oscillations were e
integtotd monsurements by ARGUS (Albrec tal.
o CLEQ (Aol 199). Ty messured " ime.
et probablity s that a B (5%) prodeed in
—+ BB decays as a B (BY),

(14557

where 24 = Ama/ Ly

iments started to provide
iade possible by their proc

Ay m

Ay, Tn 1993
the first time-dey

he LEP exper-
pendent mes-

tex detectors and highly-boosted BY mesons from Z° de-

Abren ct al.

cciarri et al., 1096

6: Akers ot al.

o0t Buskulic o i, 1090). Tho CDE collboratin pi-
g messurement i 1995 (Abe
1999). Tn the 2000 Heview of Pasticie Pl
0, 2000) the PDG culenltes on avrase B o
tion frequency from time-dependent meastu

lished the

LEP expeiments

CDF of Amy

1
i (Groom

cments by the
780,018 ps

.y include measurements of the time-integrated B

It
g probabilly s

obtains a value of An

from CLEO
ma = (0472

and ARGUS the

PDG

‘The experimental strengths and weaknesses in the mea-
sucaents of A betveen the B octoris on one side

and the LEP experim
the same as for the
times. The former ber

{ime measnroments, wherossthe ater b the e

oflow-background, high-statistics B samples and excellont

nents and CDF on the
mea mm’mol\h of the
nefitted from high

B momentum resolution.
One of the frst measurements from the B factories was

the precise time-depe
perimental aspee

ndent measurement of
15 of this analysis are almost identical to

other side are
B meson life-
ecision proper-

ntage

Amg. The ex-

the meuwement oftime dependent CP-ssymmetries (see

the meosuement

cnys to Ravor il
have the same B

tion function as 5 d
(see sections 4 and 1
gorithuns are

tho parameter of the

the measured A distributions. A by-product of the Am,

ey
Bep at the tnne of thels production (e section
ses, maxinuum likelihood fits are used

26, in section 11.6)

o P cigenstates. In pariculr, ol recomirueted 7 do
such as B

e oo it 24 e

tates, D,

o (ct)s CP oi
). The same B fla
the flavor

docars

time-dependent asy

measurement with fully-
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in B decays

wstates, Bep
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s of By and
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mmetries from

1 states are the
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nerey B factoic
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On the other hand,

metric beam.
improving the
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constants and QCD b

(for details see sectio

e oscillation fr

BB, oscillation frequency Arm, from
hadron colliders and lattice QUD calenlations of the decay

bag; pasameters of B

on 1

provide strong

the Unitarity Triangle (see scetion 22.1)

The time-deper

tories all follow th

decay the two neutral B mesons are

dont. Avm measurement

same basic idea. In the
produ

ent. P-wave state. If one of the B mesons,

B can e st
favor, i.e. B
o o B

pined to decay o 2

at that time must be

' cortn time ; B
b uBhpipsite
(X

and B, mesons
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s o consequenc o Bose symmety, Cogsoqently
the probabilities to observe unmized (+), mired

) 050 . T, ments . o of e prope:
time difference At = f — tug and of Ay
Prob(BB - BF) = Py (At =
/e
(14 con Amat),
i
Prob(B'F - BB o BB = P_(A) = ™
i,
1 cos ) 1455)

The B factories have messured the B oscilltion
freency with vaios Gl staes ad 5 resonsucit
fecigues T all Amg messurenents one ccon-
e o e Hovor o s B il e
maining dharged particis i theevent are e o dentiy
or “tag” the flavor of the other B, refrred t0 15 Biag, a5 5
B9 or B, In the analyses of dilepton finl states, both
mesons axe identified only through bigh-momentumn lep-
s o cmlptonie decays T proer-ne diflsnce
(e s etermined o the - posiions o e
ey b e and the average boost
o e Y09 e . mm ). The boos 5
nown o good preision from the o and ¢ beam cnr-
oo s the A2 mensarement dominaten the Af e
tion (sce section 4). The value of Amg is then extracted
from st . 10 the At ditsbions of e
o principal expd
imental compleation o he probabil dtributions in

mixed and mixed cvents, There

458 First, the flavor tagaing algorithm sometimes
incorrectly identifies the By, flavor. The probability to
incoreetly identiy o favot of Brg, w roducs the ob
served amplitude for the oscillation by a factor (1 — 20}’
Stcond, the resolution of At s comparable i
tion period and must be accounted fo PDFs for the
unived and mixad sgpal ovonts Mgy can bo oxpressed
25 he comvlution of the underlying A% distribution

Dt g (A Ay, w) = 1 (1 - 2u) cos AmgAt]

(145.9)

=
with n sigal 8¢ rsluion uncion Ry containing p-
rameters ;. A fit is then performed to extract simultames
e Rt e oo Beton ot
G and the mixng hequency A I the renaindor of
ks section we give brief descriptions of the various A
messurements by e B ftorics. The resuls are swnma
sized in Table 25,

Dilepton final states

Dl published hes st et of A g i
ton evnts in a sample of 59 b ! (Abe, 2001b). Tn a

s e e mm st they ample
" (Hasting ‘publshed one o
Surement of Ang with (nymm even i sl of
21 b~ (Aubert, 2002).

“The inclusive nature of the dilepton inal state pro-
vides arge vt samples. The meastrements o bused on
the identification of events contaiin epton pair (-
T
The tlavors of
mind o e by e s of e g i the
final state. For T(4S) resonance decays o BVBV pairs,
opposite-sign (lmlz(‘ (OS) and s: um--«mnlmm (SS) lep-
ton pairs correspond to wnmixed and. mixed events,
spectively. Both experiments apply selection erteria
sure o wellmensured At and to suppress backgrounids
from fuke loptons, continuum events, J/6 docays and s0-
cnlled B caseado decays, whero a lapion originate rom
e el dcy o e, i o
s o he oot B 4 ot et

el ko comes. o cinied

Balle determines the. < conmimate of the 5 decny v
tices from the intersections of the lopton tracks with the
Bl fthe b st o () comve i
the average B® flight length (~20 um in lh ) rest
e, The e posion andwidh e demmml o

a runcby-run basis sing hadsonic events (see section
Ths fnd 21 = (100~ 200) i, o0 ~ 5 pam. i

(2= 3) mmn. The proper-time difference is cal-
Cilated o the = positions of the two  leton ertices

using, 51, where Az the difference
et th. b = verticn. For 0 vente, he postioey
charged lepton is taken as the first lepton (=1). For 8

events Belle ses the absolute value of Az. BABAR applics
‘& beann spot constraiat to the two lepton tracks to find
the primary vertex of the event i the transverse plane
The positons of closest approach of the tvo tracks to this
oo nthe ransereplae v cmputed an e o
) and 2, whete

Lo the highest and socond highest momentum leptons i
the T(45) rest frame. The vertex fit constrains the lepton
racks to originate from the same point in the transverse
plane, thereby neglecting the nonzero fight length for BY
st A o comequence,the A: resoluion faetion is
A Aependen, bocoming wors ai higher | ). Negle
o i depenence ntroucc 4 smal s that BABAR
accounts for in the systematic uncertainty.

The signal from the neutral B meson pais originates
ither from BB (unn) or from BB and BB (mix)
The signal At distibutions ase expressed by

(81) = Nyasy fabfelf™ (1 + cos(AIASP)

PP = Ny ol (1 - oAy
whers Ny s th otal munber o T(45)evnts, o anid
the branching fractions of the T(4S) to neutral

i caged B pais (Jy + fo ~ 1), b aud b, are
semileptonic branching fractions for neutral and charged
B mesons, e with superseript. are the offciencis for s
lecting dilepton events of charged, wnmixed and mixed
origins. Belle determines the ratio ¢ : eff™ : e from
simulation and fixes it in the fit, because detector

Table 25, Measus

i of . The e mensrement in (Hars, 0% Tomar, 2002) bavs b supereded ty (Ao

2005¢) and ar mot separately inchuded in the 5 facorics verage (Aanr e 4L, 2010

gt Siethod R S R ]
ot

effects that are not simulated correctly are expected to
affect events with these origins equally. The Az distribu-
tions are obtained for these distributions by conversion

from At and convolution with Az resolution function.
Beledeteninesthe gl
J/1 decays in data, for which the tro
s o ssned A s sfee s
tributions of backgrounds are subtracted, yiclds the A
resolution function. A detailed comparison between data
and MC simulation shows that after convolving the MC
distribution of J/4 decays with a Gaussian of width
(50 £ 18)pam, the MC distribution agrees with data.
ar the MC background At distributions n the
samne way to account. for this discrepancy.
Likelihood fit description (incl. backgrounds)

Brom lepton vt BAR mossurs in o sple
of 21 1" Mg = (0.093 £ 0.012:£ 0.000) ps~ (Aubert
5002 il Bl amploal 2 -

(0303 0008+ 0010) | (i, 205, where e
fst rvors av stavistical an he second an systematic
The lagest contrbations t the sytematic crors come
from the ncertaintics i the 20 and B Hictimes (~
0006 ps), in the A2 and in the Af resoluion functions
(~0.006 1),

Partially-reconstructed fina states

BABAR mensures Amy with a sample of partially-recon-
sructed B0 D1y cvents n S1 1 (Aubr, 2000
They select 7 = D151 (1 = ¢ or ) eventswith ptist
reconstruction of the decay D** — DO using oy the
Charsed lepton from tha B9 decay (e A the ol pion
() from the D" docay. This mede ha a large selction
effcieny inc the D decy is ot reconstruced an the
branching fraction of B' — D**I-7_about half of

senilptoni branhing wsion of the 5°. T other W
the event s identified through a sccond high-momentum
leten i

vents are required to have at least four charged tracks.
T ol ko] B Wl st et be o

ng/EPR/CPT /Lorentz

Events /024 ps
T
L

iy

o B O s

o
Atps)
g, 64, The At distibutions for (a) opposite sizn and (b)
same-sign dilopton events; (c) asymmetry betyeen opposite-
sign and same-sign diepton evests. The points are the data and
Tines correspond to the likelibood fit result (Aubert, 20020).

than 05 o rdeo background rom gt quak produc-
tion i contimuum events. The lepton B
ot e et byt g 124 Go\'h
and the soft pion momentum must be between 60 and
300 MO/ By spprosmatin the D" mementim o
the 7" momentum, they caleulate the square of the miss-
ing neutrino mass M. The M2 distribution peaks at 7cro
for signal events, while it is spread over a wide ran;
negative values for background events.

BB doternines the B dcay verteng rtex
fit of the 7 tracks, constraind am
spot_position in e ransee pi, b for

e BV distamcn. The Qi i g1 B lerer-
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mind from I1, and the beam spot sinilar to the proceduse:

to determine the By decay vertex. The flavor of B is
determine from the lepton and soft. pion charges. The
Havor of the other B in the event s determined from the
charge of I

After all selection criteria BABAR finds 49,000 sigimb
events ovor  background of. 5000 vt he data s
ple i the region M3 > =25 GeV?/,Backgrounds sy
o v done it v tho sefon 15
o sgnal candidate T i the event
BABAR simultanconsly fts the distributions of M2
At and oa; of the mixed and unmixed events with'®
binned maximun-likelihood method. Probabilites for
given event to belong to any of the identified background
sources (e~ — 7 continwum, BB combinatorial and
B* peaking backgrownd) are caleulated based on the si
nal and background My distributions. Sigual is consitto
s to be any combination of a lepton and  chasged
D producein the decay of a singe B mesn, They
Further divide their signal events according to the origin
U tag epton nto primas,casende, nd deces-side Iepton
tags & primay leptantug i produced n he diect decay
B ascade lepton tag is produced in the pros

s B0 B Tt e vk oot
by the semi-leptonic decay of the wnreconsiructed DY
selative normalization betwreen mixed and unmixed signal

the soft pion momentum must be below 450 McV/c. Belle
pplics impact parameter requirements on =, and 7 to
suppress backgrounds from interactions of boam paticles
with residual gas in the beam pipe or the beam pipe wall
They rquive hoth teacks to have SVID nformiation and bo
not identified as leptons.

The event kinematies are fully constrained by the -
B D

momentum conservation of the decays ;, and
D™~ DOxf. the masses of all partices in thete do-

cays, the BV onergy and the 77, and =" momenta. Belle
e v b, the s D8 s M. ad the
angle between the soft p the D+ rest frame and
The momentam of (e B i he centr-oF s home.
The My, dottion fr sl vts b sl
at the > s, while background events spread
towards ~1m~l]vr s Sl vt e e 0 e
o, > 155 GeV/e and 0.3 < |cosdf,| < 105

o B is determined rom he 7, charge
he flvo of the ol 5 in th event s deternined rom
Uhe charge of L. The tag lepton i recired 10 have mo-
et ocates than 11 GAv/e and to poss inile 1o
quirements on SV hits and impact parameter as the

pons- Leptonsthat whencombined with any ol lepton
inthe event e o o the 1 s e rfctd, el

B,

e ed based on the. mixing
rate . The At sigal PDF for both unixed and mixetion of the iy
X comses of he sum of PDFs for primary, caseade,

nd deenyside tags cach onvoluted with s ovn rol
tion function.

alution function with event-by-event Af uncertaiutie
BLODIITEY peond
Arng = (05110007 51) ps- where the fst
s satistical and the secom 1 sytematie. The statsical
correlation between 7o and Amng s 0.7%. The results i
clude corrections of ~0.006 ps on g and +0.007 ps-
o s from et o, bt appr.
sk bckground, and combiateril 55
hukzmmul h.m«l on MC st The systematic en®¥
et et e SV s
). the selected range of Af and 7
(0.0033 ps~1), and the analysis hmr(“llﬂ('»pe")\\hu«rx
the largest. systematic crror sources in the
ment are the SVT alignment (5558 ps
e detctor (00070 e e the e i (00070 )
Bl s A with  sampe o prily e
nted 5 vents in 20.1 1" (Zheng, 2003)
T e 79 D3 evete with pat e
oo Ui ey S B by e
pion (a7) from the B decay and the soft pion () from
e D" decay. Using thi partal reconstriction method.
el cbisine s v of ngnlde ot evrts o
pared to the ful reconstruction of the D" The fiavor
ofthe s 7 in the vt i dendfed throh . i
momentum lepton ly from semileptonic decay
o events are selecte by track il and
total energy variables. The hatd pion from the & decay
st have & momentum in the range 2.05-245 GeV/c and

Fom the it they get 7

oo et rom i icr
) trck with the bean spot acounting

for the B meson Hight distance.

After all selection criterin Bellefinds 3,433 signal events
over a background of 1,466 events which are used in the
Amg measurement. Studics of MC-simulated events shors
that a significant fraction of the selected events come from
BY— D*¥p~ decays.

Belle simtapeculy s the 8 distibutions o the
mixed and unmixed events with a unbinned maximm-
Beond method The B miving s Sy
the only free parameter in the fit. The sigual Af resolu-
tion function uses a standard triple-Gansian PDF in the

iduals, The rslion uncion paametrs ors do-
termined from J/i 1o e+ 4~ final states. Back-
rounds are i fded into peaking and non-peaking e
ot Nonering kg donited b o
combinations of 7 2 with primary leptons from
Bl 55 eyt o ot bocksponn from
contimuun. Peskig backgrownd i doate b the fo
lowing sources: and B0 D
secondagy epton tage o f..h lpton tgs B0
B nd B " ey with primary.
Koo g, ey epton ot o Bl epon o
Peaking and non-peaking backgronnd PDFS are convolved
with their own resolution functions.

o~ with
D

From the it Blle obiaing A = 0309 & 0017 &
0 ps, where the first error is statistical and the second
is systemtatic The systematic et in A is domnated
by uncertainties in the bucksround fractions (0.014 ps~1)
and the signal Af resolution function (0.012 ps

Prell/Yabsley (lowa State; Sydney)

Fully-reconstructed final states

BARAR peconstrcts nentenl 5 mesons i the decny o
B~ DI Dl DO-af. J/OK in n data
-«Amplpuf)“( 1 (Auber, 20010, 2002), Bl s the
B decays to the hadronic finl s

D e somple o1 203
The ecay chamnels K K
are_used to reconstruct, DV candidates, while

él_

- mmlu}\ ot and Kon- are used Tor D candie
dat
). candidates are formed by combining
a DY with a soft 7. The B mmlulnm are formed m
combining a D"~ or D~ with a 1%, p* (p* — w*al)
i (of - BARR o econeructs cands.
dats of B0 = 1K from combinatons of Jfy candy
e, he decey modes 7 17 K
(K0~ o it feducd bncksrons
o contim v by ppiin rovemon o the

normalized second Fox-Wolfram moment and the ang]
betaween the thrust axis of the particles that form the re-
constructed B candidate and the thrust axis of the r
g tracks and unmatched calorimeter lusters n (1%
et compute i he (15 rame Netrl 5 onits
e dntifd by thir AF and meg alue, BABAR wets
Cvents with s = 52 GeV/eE and [AE| within of
seto. They wse the events in the backszound- oot
GeV/e? 1o determine the backgrowf
paramaters, Balle e i eud A5 10 b within 30
around their expected means.
sideband region in the
background parameters.
Events with a reconstructed BY are then analyzed {6
determine tho flaor o the oiher B wing the D flavor
tagging algorithms deseribed in detail i section 5.3. Belle
assigus 99.50% of the events to a flavor tag category, while
AR reects the 307 of events with massinal fvor dis.
erimination.
The decy tie diffeence At between B decays i d-
termined rom the mesured sepustion
along thy e T et of the et
R Bag: The mensured A i then
converted into At according (0 Eq. 2?. BABAR applics an
ovnt-by-event comocion o tho directions of the B me-
son momenta with respect to the  dircetion in the T(15)
e, Detal of the coeulaion o S an] s e thtt
respective resolutions are given in section .
After all sclection criteria are applied BABAR (Bellc)
finds 6300 (5300) signal events with an average purity of
56

candidates from a
" ot e e

Fit and PDFs
Desrib resolution fneton bere,check bow v s cov-
ered in sectio

Backszound exents, which e dominated by continn
wim and BB combinatorial sources, are accounted for
by aditional terms in the D, where he background
PDFs provide an empirical description for the possible
AF behiwior of the background evente. BABAR s sep-
arate parameters for each tagging category, while Belle

ng/EPR/CPT /Lorentz

uses & common parameterization. The background types
considerd o et ftmo omponent and a noncosil
tory component with an empirical nonzero lifetime. Both
petmenes b the hackaroum st Fncion

with the same function as the signal resolution function,
bt with sparae parametas 0 miimio corrlatons.
ABAR determines thesignal probabilyfor eah cvent
from o e s dowri
ol reconstracted B decys to baronicfal staes
ABAR measures in a sample of 30 b Amy = (0.51
000 BT s (o, 20010 where e ot e
ror is statistical and the second is systematic. The cen-
tral value has been corrected by ~0.002 £ 0.002 ps to
account. for a small vasiation of the background compo-
tion as a function of mes. An additional correction of
Z0.007 % 0.003 ps! has been spplied to account for
bins observed in fully-simulated MC events due to cor-
reations between the mistag rate and the A resolution
that are not explicitly included in the likeibood func-
tion. The Iargest contributions to the systematic errors
in the BABAR measurement come from the uncertaintics
in the BY lifetime (0.006 ps~") and in the alignment of the
SVT (0.005 ps~). Belle measures in a sample of 20 f-!
A = (0528 £ 0.017 £ 0.011) ps (Tomura, 20020)
i the A= and in the A/ resolution functions (~ 0,006 ps~

Add Belle systematic error
Event sclection (D*1y)

Al measurement

Flavor tagzing

it and PDFs
sult and dominant systematic errors

el pertorms an anliscombining the xci o
final states B0 -+ DI+, Dt JfpK2, J/K" with
B D"l o mensue A i sample ol 10 -1 (Abo
2005c). Dominant systematic errors

Tk

The varions measurements of Amg by the B factories
listed in Table 25 have been averaged by the Heavy Fla-
cor Avcenging Group (HFAG), where resule superseded
by more recent ones have been omitted from the average.
Before being combined, the A measurements have be
adjusted to & common et of input vabues, including the B
meson lfetimes. The total systematic wncertainity is uot
neglgibl they ae doninated by .. Systenatio cora-
tions arise from common phy: s (e.5. B lifetimes
‘nd branching actiond) and common expermental
niques and algorithms (c.z. fisvor tagging, Af resolution,
and background decripion). Gombining (e I facorics
Ay measurements and accounting for all identified cor-
relations, HFAG quotes

A = (0508 0,003 4 0.003) ps

where the first error is statistical and the second is sys-

temsie. Combining the B fctories Amng wemee with

time-dependent. measurements from the LI

tron experiments and time-integrated meas
the same vale.
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@ two figures and two tables (one each for lifetimes and mixing)
@ current B-mixing plot is from di-lepton analysis:

o due to large background At dist” for mixed events peaks at zero
e plan to add another figure where "dip” at At = 0 becomes visible
(lepton tagged fully hadronic final state or so)

@ received first full set of comments from Adrian:
almost all addressed, will post a response in HN in the next week
@ averages:

o HFAG has a B-factories-only Amy average;
will be quoted in the book along with the world average
o A B-factories-only average for the B-lifetimes and their ratio
e Soren will contact HFAG (O. Schneider) to make these averages for us
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Lifetime and mixing: status and dependencies

@ two figures and two tables (one each for lifetimes and mixing)
@ current B-mixing plot is from di-lepton analysis:
o due to large background At dist” for mixed events peaks at zero
e plan to add another figure where "dip” at At = 0 becomes visible
(lepton tagged fully hadronic final state or so)
@ received first full set of comments from Adrian:
almost all addressed, will post a response in HN in the next week
@ averages:
o HFAG has a B-factories-only Amy average;
will be quoted in the book along with the world average
o A B-factories-only average for the B-lifetimes and their ratio
e Soren will contact HFAG (O. Schneider) to make these averages for us

AT details still to be integrated / settled
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EPR correlations, CPT and Lorentz violation

@ remaining sections still to be written
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@ these have other common features:

o rely on an extension of the basic lifetimes / mixing machinery
o have theoretical and analysis apparatus built over the top
e.g. Lorentz violation: SM Extension formalism . ..
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o rely on an extension of the basic lifetimes / mixing machinery
o have theoretical and analysis apparatus built over the top
e.g. Lorentz violation: SM Extension formalism . ..

@ integration of introduction / theory still to be done

@ current Section 14.9 will disappear this week,
bringing all these topics into one section

@ situation not satisfactory, but we have a plan ... s
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EPR correlations, CPT and Lorentz violation

@ remaining sections still to be written

@ each deals with one, or a handful of analyses
@ Bruce's responsibility: for December (other side of deadlines)

EPR: one paper; | was closely involved in the paper
CPT: handful of results, including a pending Belle update
Lorentz: dominated by a single, large BaBar paper

@ these have other common features:

o rely on an extension of the basic lifetimes / mixing machinery
o have theoretical and analysis apparatus built over the top
e.g. Lorentz violation: SM Extension formalism . ..

@ integration of introduction / theory still to be done

@ current Section 14.9 will disappear this week,
bringing all these topics into one section

@ situation not satisfactory, but we have a plan ...

@ comments?
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