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Measuremen t of the Lifetime Dierence in the B2 System

(Dated: May 11, 2006)

We presert a study of the decay B! J= . From a simultaneous t to the distributions in the
candidate mass, proper decay length, and three anglesof the decay products, we obtain the average

lifetime of the (B?, By) system, ~(BY) =1.53  0.08 (stat) *%'% (syst) ps, and the width di erence

between the light and heavy mass eigenstates, (L n) = 015 0.10 (stat) %33 (syst)
ps 1. The data sample corresponds to an integrated luminosity of 0.8 fb ! accumulated with the

D detector at the Tevatron. All results are preliminary .

Preliminary Results for Winter 2006 Conferences



. INTR ODUCTION

In the standard model (SM), the light (L) and heary (H) eigenstatesof the B systemare expectedto mix in such
a way that the massand decay width di erences betweenthem, M My M_ and L H , are sizeable.
The mixing phase s predicted to be small, and to a good approximation the two masseigenstates(B. and B')
are expectedto be CP eigenstates(CP-even and CP-odd). New phenomenamay alter , leading to a reduction of
the obsened comparedto the SM prediction [1]. The decay B?! J= | proceedingthrough the quark process
b! ccs, givesrise to both CP-evenand CP-odd nal states. It is possibleto separatethe two CP componerts of the
decay B! J= , and thusto measurethe lifetime di erence, through a simultaneous study of the time ewolution
and angular distributions of the decay products of the J= and mesons.

In Ref.[2] we preserted an analysisof the decay chainB{! J= ,J= ! * | | K*K basedon 450pb 1!
of data. In that analysis, we performed an unbinned maximum likelihood t to the data, including the B¢ candidate
mass, lifetime, and the transversity polar angle. We extracted three parameters characterizing the B? systemand its
decy BY! J= :~=1= ,where ( y+ L)=2; =, andthe relative rate of the decay to the CP-odd states
at time zero. Here we presert new results, basedon a two-fold increasein statistics. In addition, improvemerts in
the analysis and in the data handling include: (i) extending the t from three to v e dimensionsby including the
information on all three anglescharacterizing the nal state, and (ii) the track momertum bias is reducedby applying

an improved energylosscorrection. For (B?, §2) system, we measuredecay width di erence betweenheavy and light
masseigenstates , the averagelifetime —, the magnitudes of the decay amplitudes, and the relative phase of the
two CP-even amplitudes. We also discussthe sensitivity to the CP violation.

I. DATA

The data used for this analysis have pre-selectedeverts include two reconstructed muons with a transverse mo-
mentum greater than 1.5 GeV. Each muon is required to be detected as a track segmet in at least one layer of the
muon system, and to be matched to a certral track. One muon is required to have segmets both inside and outside
the toroid. We require the everts to satisfy a muon trigger that doesnot include a cut on the impact parameter. For
this sample, the estimated luminosity basedon triggers we are using is approximately 0.8fb *.

To selectthe B2 candidate sample, we apply kinematic and quality cuts listed in table I. In caseof multiple B2
candidates after all nal selection cuts, we selectthe one with the lowest 2. We de ne the signed decay length of
aB? mesonL)Efy as the vector pointing from the primary vertex to the decay vertex projected on the B? transverse
momertum. To reconstruct the primary vertex, we select tracks with pr > 0.3 GeV that are not used as deca
products of the B candidate, and apply a constraint to the averagebeam spot position. The proper decay length
(ct), is de ned by the relation ct = LEy Mgo=pr where Mg is the world average massof the B? meson[3]. The
distribution of the proper decay length uncertainty (ct) of B mesonspeaksaround 25 m. We accept everts with

(ct) < 60 m. There are 21380ewerts satisfying the above cuts. The resulting invariant massdistribution of the
(J=; ) systemis shown in Fig. 1 (left panel). The tted curveisaprojection of the maximum likelihood t, described
later. The t assigns978 45 everts to due the BY decay. The B signal for \long-liv ed" everts, i.e. for events with
ct= (ct) >5,is shown in Fig. 1 (right panel).

R FITTING PR OCEDURE

We perform a simultaneous unbinned maximum likelihood t to B candidates mass, proper decay length, and
three decay anglesdescribing the angular distribution of B! J= in transversity basis. The likelihood function L
is given by:

W . .
L = [fsigFaig + (1 fsig)Foexl: (1)
i=1

where N is the total number of everts, and f 54 is the fraction of signal in the sample. Féig is product of probability
distribution functions (PDFs) of the signal mass, proper decay length, and the decay angles,while Ffmk is for badk-
ground. Backgrounds are divided into two categories,basedon their origin and lifetime characteristics. \Prompt"

badkground is due to directly producedJ= mesonsaccompaniedby random tracks arising from hadronization. This

badkground is distinguished from \non-prompt" background, wherethe J= mesonis a product of a B-hadron decay



Quantit y Cut
B2 candidate mass 50< M( ; )< 5:8GeV
candidate mass 1:01< M(K*;K )< 1:03 GeV
J= candidate mass 29<M( *; )< 33GeVv
pr of B? > 6:0 GeV
pr of J= >4GeVifjj<1
2 of J= < 100
pr of > 1.5 GeV
2 of < 150
pr of hadronic track > 0.7 GeV
SMT hits on track > 1
CFT hits on track > 1
CFT + SMT hits on track >7
Decay length error of B candidate < 0:006 cm
Absolute decay length di erence
betweenB? candidate and J= < 0:2cm

TABLE [|: Summary of event selection cuts.

while the tracks forming the candidate emanatefrom a multib ody decay of the sameB hadron or from hadronization.
We allow for independen parametersfor the two badkground componerts in mass,lifetime, and decay angles.

Signal parametrization

For B signal massPDF we use Gaussianwith free mean and width. Lifetime and decay anglesPDF is described

by the time-dependert three-angledistribution for the decay of untaggel B2 mesons(i.e., summedover B¢ and §2),
in transversity basis[4], as given below:

d® (1)
dcos d' dcos

I 2jAo(0)j’e t'cog (1 sin® cog')
+sin? fjAc(0)j’e Y1 sin® sin?' )+ jA, (0)j%e “'sin? g

+pl—§sin2 iAo(0)jjAk(0)jcog » 1)e ‘'sin? sin2'
1. . . . .
+ p—éjAo(O)jjA? (0)jcos 2sin2 sin2 cos'

i Ac(0)jjA> (0)jcos 1sin?> sin2 sin’ %e Wt gt . (2)

In the coordinate system of the J= rest frame (where the mesonmovesin the x direction, the z axis is per-
pendicular to the decay planeof ! K*K ,andpy(K*) 0), the transversity polar and azimuthal angles( ;")
describe the direction of the *, and is the angle betweenp(K *) and p(J= ) in the rest frame. The quantity

is a CP-violating weak phase,due to the interferencee ects betweenB §2 mixing and decay processeslin the
standard model, is negligibly small ( = ckm = 0(0:03)), justifying the small-angleapproximation in the above
equation. In the following, we set  to zero.

Due to limited detector coverageand kinematic thresholds, the detector responseto the anglesis non-uniform. The
acceptancefunctions are determined using Monte Carlo (MC) simulations, and modeled by polynomials. To generate
MC we have used the SVV_HELAMP model in the EvtGen generator [5]. Simulated everts were reweighted to
match the kinematic distributions obsened in the data.

Background parametrization

The badkground massdistributions are parametrized by low-order polynomials: prompt componert by linear poly-
nomial, while non-prompt by 2" order polynomial. The lifetime shape of the background is described as a sum of a
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prompt componert, simulated as a Gaussianfunction certered at zero, and a non-prompt componert, simulated asa
superposition of one exponertial for the negative proper decay length region and two exponertials for the positive ct
region, with free slopesand normalization. For the prompt and non-prompt background decay anglesdistributions,
we have used various polynomials: (1 + Xox €08 + Xuxcos ) for , 1+ Yy cog2' ) + Yo cog(2' ) for ', and
1+ Zo cog( ) for . We alsoallow for a background term analogousto the interferenceterm of the CP-even waves,
with a free coe cien t | nty.

There are total 32 free parametersin the t, listed in table II.

| |Parameter notation | description |

1 fsig (Nsig) fraction of the signal in the total number of candidate events, de ned in Eg. 1 (Nsig = fsig  Niot ).

2 M The mean value of the Gaussian function in the signal mass PDF.

3 The width of the Gaussian function in the signal mass PDF.

4 - The inverseof the averagedecay width i.e. == 1= ,where = ( | + p)=2.

5 Decay width di erence betweentwo CP eigenstatesof (B2, Eg) system, i.e. = .

6 A- (0) The magnitude of the CP-odd linear polarization amplitude at time t=0 in B! J= deca.
The fraction of CP-odd componert at time t=0 is given by R, = jA,(0)j> and (1 R-») =
jAj (0)2 + jAo(0)i2.

7 | jA0(0)j? A (0)j? | The di erence in squareof CP-even linear polarization amplitude at time t=0 in B! J= deca.

8 1 Arg(A; (0) A-(0)), CP  conserving strong phase, expected to be mod

9 2 Ar g(Ao(0) A, (0)), CP conserving strong phase, expected to be 0.

10 CP violating weak phase. It can be expressedin terms of elemerts of the CKM matrix as
e = % expected to be very small O(0.03).

11 S A parameter multiplied to the proper decay length uncertainty ( (ct)), if it is under/o ver estimated.

12 aip The coe cien t of the massterm in the linear parametrization, describing the massdistribution of
prompt background.

13 ay The coe cien t of the linear term in 2" order polynomial 1+ a;ym + azm?, describing the mass
distribution of non-prompt background.

14 az same as above but coe cien t of the quadratic term.

15 f The normalization constant of the exponertial at ct < 0 in the background lifetime PDF.

16 e The normalization constant of the rst exponertial at ct > 0 in the background lifetime PDF.

17 fas The normalization constant of the secondexponertial at ct > 0 in the background lifetime PDF.

18 b The slope of the exponertial function at ct < 0 in the background lifetime PDF.

19 b. The slope of the rst exponential function at ct > 0 in the background lifetime PDF.

20 b+ The slope of the secondexponertial function at ct > 0 in the background lifetime PDF.

21 X2p Coecien t of cog term in the polynomial 1+ Xapcos + Xapcos' , describing the transversity-
angle distribution of the prompt background.

22 Xap sameas above but of cos’ term.

23 X Coe cien t of co term in the polynomial 1+ X 5 cos + Xgcos | describing the transversity-angle
distribution of the non-prompt background.

24 Xa sameas above but of cos’ term.

25 Y1p Coe cien t of cog2 ) term in the polynomial 1+ Yi,co82 )+ Yzpcos*(2 ), describing the -angle
distribution of the prompt background.

26 Y2p sameas above but of cos?(2 ) term.

27 Yai Coe cien t of cos(2 ) term in the polynomial 1+ Yy cos(2 )+ Xz cos?(2 ), describing the -angle
distribution of the non-prompt background.

28 Ya sameas above but of cos*(2 ) term.

29 Zop Coe cien t of cog term in the polynomial 1+ Z,,co8® , describing the -angle distribution of the
prompt background.

30 Zo Coe cien t of co€ term in the polynomial 1+ Zj cos describing the -angle distribution of the
non-prompt background.

31 Int, Allowing for a term analogousto line 3 of Eq. 2 for the prompt background.

32 I nt, Allowing for a term analogousto line 3 of Eq. 2 for the non-prompt background.

TABLE |I: De nition of the t parameters usedin unbinned maximum likelihood t.



IV.  RESUL TS

In the limit = 0, the last term in Eq. 2 vanishes,and the strong phases ; and , enter only as a di erence.
We set , to zeroand vary 1. Our results, and comparisonswith previous measuremets, are preseried in Table I11.
Figures 2 - 5 shaw the t projections on the three decay anglesand on the lifetime distribution. Figure 6 shows a
the 1- contour for versusc—. Note that this measuremem of ~— should not be directly comparedto the earlier
measuremets of the B? lifetime that assumeda single lifetime. The one-slope t to this data, i.e. a t for the case

0, gives™ = 1.450 0.058ps.

Sensitivit y to CP violation

The decay rate in Eq. 2 includesa dependenceon CP - violating weakphase, aswell asontwo CP - conserving
strong phases, ; and », through the interferenceterms betweenthe CP-even and CP-odd waves. With a sizeable
lifetime di erence, oneshouldin principle be ableto detect their presence.We nd it impossiblefor our t to converge,
if we allow all three phasesto vary simultaneously. We test the sensitivity to the terms proportional to by setting

2 = 0 (to its expectedvalue in SM) and allowing ; to vary. Results of this t are shown in Table IIl in the column

marked\D %6 free ". We nd the CP-violating phasein the (B?, §g) systemto be consistert with zero. The
statistical precision of our estimate of the CP-violating angleis 0.7 at a xed value of one strong phase.

TABLE [11: Comparison of the existing direct measuremens of decay rate dierence betweenB? masseigenstates( ), the

averagelifetime (i.e. inverseof the averagedecay rate, ~ = 1/ ), the CP-violating weak phase( ), and decay amplitudes to
the (J= ; ) nal state.

Observable CDF '04 D '05 D '06 D '06
ref. [7] ref. [2] CP consened free

(ps ') |0:47%5; 0:01 0175 o5 | 0:115"%10 008 | 0:7°%0

~ (ps) 14015 [1:89%% 16 vz | 15308 “oios | 153008

0 { 0 -0.9 0.7
R, 0:13 0:08 0:16 0:10 |0:19 005 0:01|0:29 0:.05
iA0(0)j>  jA(0)j?| 0:355 0:067 0:355 | 0.35 0.07 0.01|0.34 0.07
1- 2 1.94 0.36 { 25 04 2.6 04

Systematic uncertain ties

Systematic uncertainties come from se\eral sources. To test the sensitivity to the detection acceptance,we vary
the parametersdescribing the e ciency by 1 . We also perform maximum likelihood ts using seeral alternativ e
approachesto the function neededto match the kinematic distributions of simulated events and data. We use our
earlier estimates [2] of the MC veri cation of the event processingand tting procedure. The event processingof
real data entails additional uncertainties, not fully accourted for by MC simulations. About half of our presert data
sample was processedwice, with two di erent versionsof the reconstruction program. We usethe di erence of the
t results for the corresponding samplesto set the uncertainty due to the inadequaciesof the event processing. We
useour earlier estimate of the e ect of the imperfect detector alignmert.

Our adopted de nition of the measuredproper decay time usesthe world averageB? mass. Alternativ ely, one
could usethe measuredmassof the candidate (J= , ) pair. The di erence for badkground events near the edgesof
the allowed massrangeis 8%. The di erence in the decay length value changesthe badkground massand lifetime
parameters, but has little e ect on the physics obsenables. We include the di erence in the t results for the two
de nitions in the discussionof the systematic uncertainties.

Our sampleincludes one B? candidate that hasa very low probability to be a well-measuredsignal or background
evert. Its proper lifetime, ct = 0.38cm, is more than 0.1 cm above the next highest ct event. The massvalue of 5.43
GeV is more than two above the averagesignal mass. Removing this event lowers by 0.03ps ! and ~ by 0.03
ps, and increasesR, by 0.01. We assignasymmetric systematic uncertainties to this e ect, called \Outlier".



TABLE 1V: Sourcesof systematic uncertainty. The numbersre ect the variation of the tted certral values assaiated with
the 1- variation of the corresponding external input parameters.

Source c (BY) R>  jAo(0)j* JAO)J* 1
m ps !
Acceptancevs. ', 0.5 0.001 0.003 0.01 0.02
Procedure test 2.0 0.025 0.01 { {
Event processing 8.0 0.00 -0.01 { {
Detector alignment 2.0 { { { {
ct de nition 1.3 0.001 -0.001 -0.002 -0.009
\Qutlier" -7.5 -0.03 0.01 0.0 0.0
| Total 11:3,+3:2 0:04,+0:03 0.01 0.01 0.02]

V. SUMMAR Y

We have measuredthe width dierence, , betweenthe light and heary B2 masseigenstates,which in the limit
of no CP violation coincideswith CP-even and CP-odd states of the (B?, §g) system. We have also measuredthe
averagelifetime —(B?) = 1=, the magnitude of the decay amplitudes, and the di erence between CP conserving
strong phases.We obtain:

= 015 0:10%%3 ps ¢
—(B?) =1.53 0:08"%% ps
R> = jA> (0)j? = 0:19 0:05 0:.01
jA0(0)j2  jA(0)j>= 0:35 0:07 001
1 ,=25 04 002
These measuremets are consistert with SM predictions within the measuremen uncertainties.
We have also explored the CP-violating interferenceterms, and nd our data to be consistert with no CP violation

in the (BY, §2) system. The statistical precision of our estimate of the CP-violating angle( ) is-0.9 0.7 with one
of the strong phases xed at its expected value of zero, and the other allowed to vary.
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FIG. 1: The invariant mass distribution of the (J= ; ) system for data BY candidates. Left: All events. The curves show:

the total t (red solid line), prompt background (blue solid line) and non-prompt background (light-green solid line). Right:

Subsamplewith the prompt background suppressed.
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FIG. 2: The transversity distribution for the data signal-enhancedsubsample (i.e. \non-prompt" and signal massrange). The
curves show: the total t (blue solid line); CP-even (red dotted line), CP-odd (red dashed-dotted line) and the total signal

contribution (red dashedline); the background (light-green solid line).



10 140 DZRun Il Preliminary
- 0
% 120 Bs ® g/y f . Data
2 5.26< M(B;) <5.46 GeV — Total Fit
3
2100 ct/s(cy>5 ... Total Signal
Fit prob: 71.2 % — Background

(0]
o

60

......................
- - -
-----
~~~~~

.

40
0 B 11 1 1 I 1 1 1 1 I 1 1 11 I 1 11 1 I 1 1 1 1 I 1 1 11 I
-3 -2 -1 0 1 2 3f

FIG. 3: The distribution in the decay angle' for the data signal-enhanced subsample (i.e. \non-prompt" and signal mass
range). The curvesshow: the total t (blue solid line); signal contribution (red dashedline); and the background (light-green
solid line).
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FIG. 4: The distribution in the decay angle for the data signal-enhanced subsample (i.e. \non-prompt" and signal mass
range). The curvesshow: the total t (blue solid line); signal contribution (red dashedline); and the background (light-green
solid line).
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FIG. 5: The proper decay length, ct, of the data B candidates in the signal massregion. The curvesshow: the total t (blue
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FIG. 6: The D default (three-angle t) 1- (stat.) contour in vs ¢~ plane, comparedto a 1- band for the world average[3]
(WA) measuremert basedon avor-specic decays, s = 1:442 0:066 ps. The SM theoretical prediction [8] is shown asthe
horizontal band. Also shown is the CDF 2004result [7], the recert CDF measuremern of the B? lifetime from the B! K*K
decay [9], and the implication of the preliminary D result [10] of the branching fraction for the decay BR(B2! D¢Ds).



