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Studies of B%-B° mixing properties with inclusive dilepton events
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We report a precise determination of tB8-B° mixing parameterAmy based on the time evolution of
same-sign and opposite-sign dilepton yieldi(4S) decays. Data were collected with the Belle detector at
KEKB. Using data samples of 29.4 threcorded at th& (4S) resonance and 3.0 T recorded at an energy
60 MeV below the resonance, we measurmy=[0.503+ 0.008(stat)- 0.010(syst} ps !. From the same
analysis, we also measure the ratio of charged and neBitmaéson production at th¥(4S), f, /f;=1.01
+0.03(staty=0.09(syst), andCPT violation parameters inB%-B° mixing, $R(cos6)=0.00+0.12(stat)
+0.01(syst) andi(cosf)=0.03=0.01(stat} 0.03(syst).

DOI: 10.1103/PhysRevD.67.052004 PACS nuniderl3.66.Bc, 13.25.Gv, 14.40.Gx

I. INTRODUCTION The coefficientp, g, p’ andq’ can be expressed in terms of

) 0 o i the complex parameter& and ¢ by g/ p=tan(@/2)e'¢ and
The mass difference of tH&°-B” mass eigenstatedmy, q'/p’ =cot(@2)e'¢. CP is violated if 3(¢)+0, andCPT is

is a fundamental parameter in tBemeson system. The tech- y;gjated if g+ /2 [2]. The time-dependent decay rates are
nigues that have been employed to measure Y {i4S) given by[2]

— BB decays fall into two categories: namely, inclusive
and exclusive. Among the inclusive methods, the analysis of = (AL)
events where botB mesons decay into a final state that Y=t
includes a high momentum lepton provides the largest event |A* At 0| i AT ib]2
sample[1] and is well suited for further high precision mea- T %|sin ge ™|

~ B STBO
surements of the time evolution in tH&’B® system. This AT
system exhibits sensitivity not only tomy, but also to other % cosr{—At) — cod AmAt o
potentially interesting phenomena such @B violation in 2 LAmgAL) )

mixing, the decay width difference between the two mass
eigenstates and possibBPT violation in mixing [2]. for same-signS9 dilepton events, and
Without the assumption d@PT invariance, the flavor and

mass eigenstates of the neutBaimesons are related by I N
Y(4S) €t~

— RO RO A4 AT
|BH> p|B >+q|B >1 :| €| e—lAt‘/TBO (1+|COS€|2)COS At
4TBO 2
IBL=p'|B%—q'|B). (1) +(1—|cosf|?)cog AmyAt)

(AT :
*On leave from Nova Gorica Polytechnic, Nova Gorica. +29{(cos¢9)sm<7m) _ZJ(COSQ)SIH(AmdAt)] @
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for opposite-signOS) events. Here, we assun@P is con- TABLE |. Summary of dilepton events after all cuts. The num-
served in the flavor specific semileptonic decay amplitude®ers in the off-resonance columns are scaled using the luminosity
of the neutralB mesons and sefth(X’f*vdBO) andK€ ratio and represent the contribution included in the on-resonance

=(X* ¢ 7;|B° to be equalAmy andAT are the differences

in the mass and decay width between the two mass eigerp_—epton flavors On resonance Off resonance

states of the neutrd meson,I"'=1/7go is the average decay

width of the two mass eigenstatesf is the proper time SS 0s SS os

difference between the twB meson decays and is defined as ee 9877 52141 107.4 1513.3

At=t(¢")—t(¢") for the OS events, while the absolute yn 15503 65435 1464.4 4451.9

value is taken for SS events. eun 24458 113305 976.3 4403.1
In Eqg. (2), CP violation appears as a difference in the Total 49838 230881 2548.1 10368.2

¢ ¢t and¢ € rates, in case of a non-zefi{¢). It does
not depend o, AI" or the fraction of mixed events. The last
two terms in Eq(3) are clearly asymmetric iAt. The last
term will dominate over the second-to-last term sidomy Hadronic events are selected from a data set correspond-
>AT. In this analysis, we assume th&F andCP violating  ing to 29.4 fb ! at the'Y (4S) resonance and 3.0 T at an
effects are negligibly small3,4]. We extractAmy, f,/f, energy 60 MeV below the peak. Hadronic events are re-
the ratio of Y (4S) branching fractions t®*B~ and BOBC. quired to hgve at least five tracks, an event vertex with raqlial
and theCPTviolation parametersi(cos6) andJ(cos). Our ~ @ndz coordinateswhere thez axis passes through the nomi-
previous determination ofm, using dilepton events from ngl interaction point, and is antlparallel to the positron t_))eam
5.9 fb ! [1] treatedf . /f, as a fixed parameter. Otherwise W'th'n 1'5. c¢m and 3.5 cm respectively of the nominal inter-
the results reported here use the same analysis method afigion point(IP), a total reconstructed center-of-massm)

include the earlier data and, therefore, supersede the previo§§€9y greater than 0/ [W is the' Y (4S) c.m. energy, az
values. component of the net reconstructed c.m. momentum less

than 0.3V/c, a total ECL energy deposit between 0.025
and 0.9V, and a ratioR, of the second and zeroth Fox-
Il. EVENT SELECTION Wolfram momentg6] less than 0.7.

B. Hadronic event selection

The Belle detector, which consists of a silicon vertex de-
tector(SVD), a central drift chambe{CDC), aerogel @ren-
kov countergACC), time-of-flight counters, an electromag- Lepton candidates are selected from charged tracks that
netic calorimeter(ECL), and a muon andK, detector have a distance of closest approach to the run-dependent IP
(KLM), is described in detail elsewhef&]. For electron less than 0.05 cm radiallydf,p) and 2.0 cm inz (dzp). At
identification, we use position, cluster energy, and showeléast oner-¢ and twoz hits are required in the SVD. To
shape in the ECL, combined with track momentum anceliminate electrons fromy—e“e™ conversions, electron
dE/dx in the CDC and hits in the ACC. For muon identifi- candidates are paired with all other oppositely charged tracks
cation, we extrapolate the CDC track to the KLM and com-and the invariant mas@ssuming the electron mass hypoth-
pare the measured range and transverse deviation in ti®$i9 Me+e- is calculated. IfM ¢+~ <100 MeV/c?, the can-
KLM with the expected values. didate electron is rejected. If a hadronic event contains more

than two lepton candidates, we use the two candidates with
the highest c.m. momenta.

C. Dilepton event selection

A. Lepton selection The c.m. momentum of each lepton is required to be in
The efficiencies for identifying leptons are determinedthe range 1.1 Ge\W<p*<2.3 GeVk. The lower cut re-
from two-photon process data samplese”—e*e ete~  duces contributions from secondaigharm decay. The up-

for electrons ankt*e” —e*e u*u~ for muons. For both per cut reduces the contribution from nB continuum
cases, the possible degradation of efficiency due to nearbgvents. The angle of each lepton track with respect tazthe
tracks that are not present in QED events but must be coraxis in the laboratory frame must satisfy 308,,,<<135°.
sidered in hadronic events is examined using special hadFhis cut rejects tracks with large angles of incidence in the
ronic event data samples that contain embedded Monte CarBVD and hence provides betterertex resolution. In addi-
(MC) lepton tracks. tion, these cuts remove lepton candidates whose particle
We determine the probabilities for misidentifying hadronsidentification is performed using the endcap KLM or ECL,
as leptons using data samples K§— 7" 7~ decays for where the performance is not as good as that of the barrel
pions, p—K*K™ decays for kaons, and —p#w~ decays sections. Events that contain one or mat¢ candidates are
for protons. For tracks in the kinematic region of the dileptonrejected. We calculate the invariant mass of each candidate
event selection, the identification efficiencies are 92.6% fotepton with each oppositely charged tra@lssuming the cor-
electrons and 87.0% for muons. About 0.1% of pions andect lepton mass hypothekisf the invariant mass falls into
kaons, 0.2% of protons and 1.2% of antiprotons are misiderthe J/¢ region, defined as—0.15 GeVE <(Mg+e-
tified as electrons. About 1% of pions and kaons, and 0.2%- M) <0.05 GeVt?, —0.05GeVE<(M ,+,-—My,)
of protons and antiprotons are misidentified as muons. <0.05 GeVE?, the candidate event is rejected. The looser
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3.18 GeVE2<M,+,-<3.50 GeVE? for both electrons and
muons. A linear function is fitted to the sideband region of
the mass distribution and extrapolated to the signal region.

10 3L .
’ Using the fit result, we scale thkz distribution in the side-
L]
*

Events/(41.1 um)

band region to the background underneath the peak in the

\ signal region, and subtract it from the signal regibn dis-

# # tribution. Figure 1 shows the resulting detector response
# function. It has rms- 186 um in the ranggAz|<1850um.

10 F I q w ” We use this histogram as a lookup table in the analysis.

10°F

IV. FITTING

The mixing parameteAmy and other parameters are ex-
tracted by simultaneously fitting th#&z distributions of SS
-1000 0 1000 and OS events to the sum of contributions from all known
AZ (um) signal and background sources. We use a binned maximum
likelihood method. The backgrountiz distributions are ob-
tained from MC simulations and used in the fits in the form
of lookup tables.

FIG. 1. Detector response function determined from Jhe¢
data.

lower cut for the electron pair invariant mass is to rej#af
mesons whose calculated mass is low due to bremsstrahlung A. Signal Az distributions

of the daughter electr¢s. The opening angle of the two The signal from the neutrd® meson pairs originates ei-

leptons in the c.m. framdy,, is required to satisfy-0.8 0=0 000 o SO0 /s
<con <095 1o reduce etike Cominuum evens, 5SS IONEIE W o Toneo e E b P
events where the two reconstructed tracks originate from the ’ 9
. . . ressed by
same particle and events with a primary lepton and a second”
ary lepton originating from the sanimeson. After all cuts e~ |At]/7g0
are applied, we obtain 49838 SS and 230881 OS events. The PY""= N4Sf0b§e‘g?m4—[l+cos(A mgAt)],
numbers of selected dilepton events are summarized in 8O
Table I. . ) ei‘At‘/TBO
P™MX= N ,of ob3el i ———[1—cog AmgAt)].
Ill. Az DETERMINATION 47g0

(4)
The z coordinate of eaclB meson decay vertex is deter-

mined from the intersection of the lepton track with the run-If the possibility of CPT violation is included, these expres-
dependent profile of the IP smeared in the¢ plane by 21  sions become
,brL]m OItc])cfaccoun[_)for the tr;lsvecrj&ﬂight Iferr:gth. V\fe define T
the difference between ttecoordinates of the two leptons as 5 unm_ 2 _unm _ 2

Az=2(¢*)—2(¢") for OS events andAz=|z(¢*) PH=Nasfoboee™———[ (1~ |cost|*)cog AmyAD)
—2z(¢7)| for SS eventsAz is related to the proper-time

2 ~ .
difference byAz=cByAt. The Lorentz boost factor of the + 1+ |cos6|*~ 23(cosf)sin(AmgAt) ]

efe” c.m. frame at KEKB is8y=0.425[7]. ST

The observedAz distributions have contributions from mix _ 2 _mix )2

. . . P™=N,4sf b ——|sinf|[1—cog AmyAt)].
“signal” defined as events where both leptons are primary 4st0B0€et 47go | al LAmaAL)]
leptons from semileptonic decays Bfmesons, and “back- )

ground” where at least one lepton is secondary or fake, or_ | o o
the event is from the continuum. The contributions from 'Ne integrals oP“"™andP™ give the time-integrated frac-
“signal” are theoretically well-defined distributions con- tion of mixed events
volved with the detector response function, which describes
the difference between the trdez and the measuredz. In
order to estimate the detector response function, we employ
J/' decays, where the truz is equal to zero, and whose
measuredAz distribution, after the contribution of back- wherexy=rgoAmy. WhenCPT is conserved, this becomes
ground is subtracted, yields the response function. the more familiar expressiomd=x§/(2+2x§). The values
Candidatel/ s events are selected using the same criteriaf |cosé®> and |siné|? are determined froni(cosé) and
as the dilepton sample except thay veto and the cuts on  J(cos#).
cosd;, are not applied. We define thl ¢ signal region as The signal distribution for charge® meson pairs is the
3.00 GeVE2<Mg+o-<3.14 GeVE? and  3.05 GeW? same for both th€€PT conserving andCPT violating cases
<M,+,-<3.14 GeVE?, and the sideband region as and is given by

|sin 6|23
~ |sin6]?x5+ 2+ X5+ | cosh)| 2]

Xd (6)
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TABLE I1l. Results of fits. npg is the number of degrees of

B
freedom. ~ iy Eﬁ‘fég?)
520000- Signal B,
Fitting method CPT conserved AllowCPT violation % gi?g"cil B
S i o= BKi
Amy (psY) 0.503+0.008 0.503:0.008 #110000 — Q"
LA 1.01+0.03 1.02£0.03 ,
MR(cosh) 0.00+£0.12 0 1000 0 1000
J(cosh) 0.03+0.01 AZ (um)
Ter 94+ 6 91+5 E:_ -~ Data(SS)
Twr 140+ 2 139+2 N - gi_l t:atIa:3
© I
x2 139 (npe=186) 132 (pr=284) % 5000} &
S
&
e*\At\/TBJr
P=N,sf . b? €7} e (7 0 P
Bt 0 500 1000 1500
, , o AZ (um)
In the equations aboveé\,gs is the total number ofY (4S) 7 08
events,fo and f, are the branching fractions af(4S) to 3
neutral and charge# pairs (f, +fy=1), by andb, are the S o6l +
semileptonic branching fractions for neutral and charged ﬁ +
mesonse,, with superscript are the efficiencies for selecting S o4k + + +
dilepton events of charge@hd), unmixed(unm), and mixed
(mix) origins. The ratioe$®: e/™: € is determined from 02 , , ,
MC simulations and is fixed in the fit, because any detector “0 500 1000 1500
effect that is not simulated correctly should affect events 14Z] (um)

with these origins equally. Th&z distributions are obtained FIG. 2. Results of the simultaneous fit to the same-sign and

from these distributio_nBEqS_,.(4), ©) and(_?)] by conv_ersion opposite-sign\ z distributions assumin@PT invariance. The upper
from At and convolution with the emperical resolution func- yyo piots are for the opposite-sign and same-sign events, respec-

tion described in the previous section. tively. Signal and background obtained from the fit are also shown.
The bottom plot is the OS-SS asymmetry with the fit result super-
B. Background Az distributions imposed.

The background\z distributions are estimated using the o
MC simulations. A comparison of th&z distribution ofJ/ The shapes of thé.z background distributions and the
data samples between the data and MC simulations shoW}9rmalization of the backgrounds from neutiabvents de-
that the data distribution is wider than the MC distribution. APENd onAmg. To account for this, we generated two
detailed study showed that after convolving the MC distribu-Sa@mples ‘Efl generic neutr® MC events, one withAmg
tion with a o="50= 18 um Gaussian, the distributions com- =0-469 ps = and one withAmy=0.522 ps *. Background
pared favourably. We smear MC background distributions irZ distributions for any value o my are produced by linear
the same way to compensate for this discrepancy. mterpolatlon_betwe_en these two MC data sets.

We categorize the backgrounds into eight types depending 1€ MC simulation does not always reproduce the hadron
on their sources: charg&lpairs, mixed and unmixed neutral Showering processes correctly in the klnlema'uc region of in-
B pairs, and continuum, each of them contributing to both Sgerest. In order to account for possible discrepancies, we ob-
and OS events. To normalize the amount of continuum back@in an overall cor_rectlon factor by using a speC|_aI control
ground, we use the off-resonance data. This leaves sevdélata sample._ln this sample events are selected in the same
parameters to normalize the fractions of other background¥¥@y as the dilepton events, except that we now require that
The first of these is4 which is varied in the fit as given by exactly one lepton passes thg Ieptpn gelecuon criteria and the
Eq. (6); the remaining six are associated with the efficienciether track passes all selection criteria except for the lepton

for selecting these background events which are denoted d§entification requirements. The ratio of data to MC simula-
tions fake rates binned if,, and p is then applied to the

e, €D edun umn DX X (8)  control sample to obtain the overall fake rates for the dilep-
ton analysis. From this method, the hadron misidentification

We combine these six types into two: correct (&) which  probabilities of the MC simulations are increased by 6% for

is associated withe3s, €3<, €X', and wrong tagWT)  muons and decreased by 5% for electrons.

which is associated witeS¥, e42", DX . For both CT and

WT backgrounds, relative fractions of the three background V. RESULTS

types are fixed according to the MC simulations. We then

determine the\z distributions for CT and WT backgrounds  In the fit, we fix the parametersgo=1.542+0.016 ps,

by adding the three corresponding contributions. and 7g+/730=1.083+-0.017 [3], and we impose the con-
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TABLE lll. Systematic errors contributing to themy andf, /f, measurements.

Source Amy (psY f,lfg

7g+ /780 (£0.017) +0.0053 +0.071
Detector response function +0.0047 +0.021
Monte Carlo statistics +0.0036 +0.011
50 um smearing of backgroundz (+18 um) +0.0032 +0.015
Az cut +0.0030 +0.010
0)ap CUL +0.0030 +0.030
7g0 (£0.016 p3 +0.0012 +0.002
drp cut +0.0010 +0.003
Continuum contribution +0.0008 +0.001
BR(B—DX)(D%+4.7%D":+7.9%) +0.0007 +0.001
Fake rate correctiony: = 3% e: = 25%) +0.0007 +0.002
Linear interpolation +0.0005 +0.020
IP profile (=10 um) +0.0002 +0.005
Quadratic sum +0.0097 +0.086

straintb . /by= 75+ /7go. In the fit whereCPTis conserved, signal events and subtracting the tive from the measured

we have a total of five parameters to be fitted. They arédZ. The proper time response function is constructed in the
Amg, f, /fo, two parameters which are related to the frac-Same manner, except the trgecAt is subtracted. Each of
tions of CT and WT backgrounds and are expressefigs the three types of response functions is generated using 35
=b2 MY eddand Ty r=b2 19 d¥, and an overall normal-  independent MC data sets, resulting in 105 response func-
ization. In the search fo€PT violation, we add two param- tions. The fit results using each response function are then
etersfR(cosé) andJ(cosé). The results of the fits are sum- compared to extract the systematic errors. Additionally we
marized in Table II. vary the amount of background subtraction from the)

The values ofAmy andf, /Ty do not vary in a significant mass peak byt1l o, and repeat the fits. The final detector
way whenCPT violation is included. We use the result from response function systematic error is the combined error re-
the CPT conserving fit to obtailimy and f_. /fo. TheAz  sulting from the above methods.
distributions for the SS and OS events and the resulting To quantify the systematic error associated with the MC
asymmetry are shown in Fig. 2, together with the fit resultsstatistics, the MC data are divided into=20 sets and the
~ Systematic errors in the determination/fng andf. /fo  data are fitted using each background distributien (i
include c.ontrll.)utlons_ from uncertainties in the parameters: 1,...n). Both the shapes and the efficiency ratios are inde-
that are fixed in the flt:_rB+_/7-B_o, the extra 5Qum smearing pendent for each fit. The fits were repeated with 45 different
of the background\z d|st£|but|ons,rBo,0|nclu5|veD MESON  hairs of end points for thA my linear interpolation. The rms
branchmg frac'uongﬁD X andB—D"X. AIS.O co_ntnbut- of the fit results was assigned as the error. The systematic
o o, o S as Geneor (0 the 1P consaint was esimated by varyg i
lepton misidentification probabilities, detector response funcomeanng used to represent the transvéstght length by

- .
tion, MC statistics, background function linear interpolation _1.0 é”.“-tghe CL.HS o?t:]hg \éar]:abllthSZi Ora ar(;dtcrj]r,p gvere .
end points, IP profile smearing, the event selection criterig 211€d In the region ot their detault values and the changes in

6., anddr , and theAz fit range. Uncertainties of the over- the fit results assigned as errors. The remaining systematic
all z scale in the detector and the boost faclyr can also ~ €/T0rs were calculated by varying the default valuestiy
contribute to the systematic error. o, repeating the fits and assigning the differences as errors.
The contribution from the detector response function isThe contributions from the uncertainties in thescale and
dominated by the statistics of thiéy event sample. Biases By were found to be negligible.
due to approximating the detector response function with the The errors are summarized in Table IIl.
Az distribution ofJ/ events and the effect of tH& motion To reduce the backgrounds, the analysis was repeated
in the Y(4S) frame also have some contribution. We esti-with tighter p* cuts, and separate fits were performed with
mate the uncertainty of the detector response function bgg eu and uu sub-samples. Deviations from the default
comparing the results of fits to a full MC simulation using results were all consistent with statistical fluctuations. We
three different types of response functions. These aré/thie repeated the fit including the effects &fT'/I'=1% and
response functiotiextracted in the same way as in data  found the shift in results to be negligible-0.0001 ps?).
true Az response function, and a response function based on The largest contributions to the systematic error for
the proper time difference between tBemeson decay§or  J(cosd) come from the uncertainty in the extra 5@m
systematic errors associated with @notion in theY (4S) smearing and thé,,, selection criteria and amount 00.03.
frame. The trueAz response function is constructed using The systematic error fdR(cosé) is dominated by the uncer-
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tainty in the response function. We conservatively assign agilepton analysisAmy=(0.503+0.008+0.010) ps?! is in
error of £0.01. . good agreement with the results from other methods used by
In summary, we obtain Belle [8] and the current world averaig]. The error for the

_ f./fyg measurement is dominated by the uncertainty in
— 1 + 0
Amy=[0.503+0.008 stay +0.01@sysy]ps ™, 75+ /0. We have also obtained new limits @PT violation

f, /fo=1.01+0.03 stay + 0.0 sys?, parameters.
PR(cos)=0.00+ 0.1 stah =0.01(sysd, ACKNOWLEDGMENTS
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branching fractions foiY' (4S) decay toB*B~ and B°BY, Korea Science and Engineering Foundation; the Polish State
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tions to the systematic error for themy measurement come 2P03B 17017; the Ministry of Science and Technology of the
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