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We report on the reconstruction of the decay m&de— J/ K¢ using19.3 pb™! of data collected
by the Collider Detector at Fermilab ifp collisions at/s = 1.8 TeV. A signal of 41.8 =
6.9 events, with a signal-to-background ratio®f, is observed. Three additional decay mo#gs—
J/WK*, BY— J/ K*(892)°, and BT — J /4 K*(892)" are reconstructed. We measure three ratios
of branching ratios, each one relative to thé — J/¢ K* mode. We also report the ratio of decay
rates,I'(B — J/¢ K*)/T' (B — J/¢ K), for the vector-vector relative to the vector-pseudoscalar modes,
to be1.32 = 0.23(stah + 0.16(sys?.

PACS numbers: 13.25.Hw, 13.85.Ni, 14.40.Nd

This Letter reports on the reconstruction of the decayB(B* — J/¢ K"), B(B° — J/¢ K*(892)°)/B(B" —
B — J/y KJ [1] with the subsequent decaxs — J/¢K*), B(B* — J/y K*(892)")/B(B* — J/y K*),
7 7~ and on three additionaB — J/¢ K* modes and report the ratio formed by combining the pseudoscalar-
[2]. We reconstruct the isospin partn8 — J/¢s K*  to-vector-vector modes relative to the pseudoscalar-to-
and the pseudoscalar-to-vector-vector transitiaBfs;—  vector-pseudoscalar modes, which we refer to as the
J/ K*(892)° and BT — J/ K*(892)". We measure ‘“vector-pseudoscalar ratio.” By forming ratios, we mini-
three ratios of branching ratiosB(B® — J/¢ K°)/  mize several systematic uncertainties, the largest of which
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are associated with the-quark production cross section track satisfyingd, /o, > 2, whered, is the distance
and transverse momentum spectrum. Together witlof closest approach to the beam position, and is the
information on the polarization in the dec8y— J/# K*  uncertainty. Ther "7~ pairs are vertex constrained, re-
[3-5], these decay modes are of particular interest to tesfuired to point to the/ /¢ vertex and satisfy the require-
theoretical predictions that depend on the factorizatioiment, C.L.> 1%. A signed two-dimensional decay length
hypothesis [6,7] and thB — K™ form factor [8]. ny(K_?) > 1.0 cm, defined as the displacement of #i§
The decay mod&®® — J/i K¢ is expected to provide vertex projected onto the direction of thg:(KY), is re-
the first observation ofCP violation outside the kaon quired. We find7733 = 101 K¢ candidates with a signal-
system. From a theoretical point of view, the decayto-background ratio of:1. The K*(892)* candidate is
B® — J/y K¢ has several properties that make it idealformed with ak? candidate plus a track, assumed to be
for the search forCP violation in the b-quark system g 7", and thek*(892)° candidate is formed from two
[9,10]. Experimentally, a large cross section hmeson  charged tracks assumed to b&a and azw~. TheK-7
production at the Fermilab Tevatron collider has beerarticle assignment with invariant mass closest to the world
measured [11]. Furthermore, the decay of they —  average mass [15] of th&*(892)° is retained and combi-
w* u~ simplifies the triggering and the long lifetime of nations where th& * mass is greater thats MeV/c2 from
the K¢ permits the isolation of a cleaky signal in  the world average mass are rejected.
the hadron collider environment without explicit particle  In order to maximize the combinatoric background
identification. rejection, several constraints are applied incrementally
The data used in this analysis were collected with theand for each added constraint we require Q\ly?) >
Collider Detector at Fermilab (CDF) during the 1992—19%, whereA y? is the change iny? due to the additional
1993 run, and correspond to an integrated luminosityonstraint. Forthd /¢ K+ mode, thek* candidate track
of 19.3 pb~! of pp collisions at\/s = 1.8 TeV. The s added to the//y vertex constraint. For thé/y K3
CDF detector is described in detail elsewhere [12]. Themode,k? decay products are vertex and mass constrained
silicon vertex detector (SVX) and the central trackingand thek? is constrained to point to thé/y vertex in
chamber (CTC) provide spatial measurements initfie  three dimensions. For th&/y K*(892)* mode, thek?
plane [13], giving a track impact parameter resolution ofis constrained to point to the three-tragky 7 vertex
(13 + 40/P7) um [14]. The Py resolution of the CTC  and for the/ /¢ K*(892)° mode, the four tracks are vertex
combined with the SVX is6(Pr)/Pr = [(0.0066)* +  constrained. For all four modes, tecandidate system
(0.0009P7)?]'/2. Two muon subsystems in the central s constrained to point to the primary vertex.
region were used, which together provide coverage in the To further reduce the combinatoric background, we
interval |9| < 1.0, whereny = — In[tan(¢/2)]. Dimuon require Pr(K*) > 1.5 GeV/c, Py(B) > 7 GeV/c¢, and
events were collected using a three-level trigger system.(p) > 100 wm, where cr(B) is computed using the
The trigger requires that two oppositely charged CTCqisplacement of thd /¢ vertex projected onto the direc-
tracks each match muon track segments and that the™  ion of the P7(B). The normalized mass distributions are
invariant mass is between 2.8 add GeV/c? to select  shown in Fig. 1 for//¢ K™ andJ/¢ K2, and in Fig. 2
J /4 candidates [11]. for the J/¢ K*(892)° and J/¢ K*(892)*. The normal-
The B meson reconstruction starts with the isolation ofjzed mass is computed for each candidate by dividing

theJ/y signal. First, the CTC track is extrapolated to thethe difference between the invariant mass and the world
muon chambers and is required to match the muon track

segment. Only well measured tracks in the CTC are used

and good quality SVX information is added when avail- 100 | - 3_4 mm -

able, which is in approximately 50% of the candidates.
We calculate the invariant mass of two oppositely charged
muon candidates after constraining them to originate from
a common point in space (“vertex constraint”). The con-
fidence level (C.L.) of the fit is required to be greater than
1%. We require one muon witlt;y > 1.8 GeV/c and

the other one witlPr > 2.5 GeV/c to ensure we operate

in a well-measured region of the trigger efficiency. We
find 62 146 = 299 J/¢ meson candidates with a signal-
to-background ratio of:1.

After mass constraining thé/«s to the world average
value [15] and requiring the C.L> 1%, we search for
kaon candidates from all other tracks within the CTC fidu- 5 10 5 0 5 10 15
cial volume. For theJ/ K* mode, every track is con- Normalized Mass
sidered a kaon candidate. Ti& selection requires two FIG. 1. The normalized mass distribution for (&) K+ and
oppositely charged tracks witR; > 0.35 GeV/c, each  (b) J/ K9 after all cuts.

0)

5 E () B° - J/yK) ]

Events/(Bin width = 1.
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T ‘ T The efficiency of thePr(B) cut (ep,)), the c7(B) cut

(a) B = 3/yx" (ecrp)), the Pr(K) cut (ep,(x)), and the efficiency for

] finding theJ /¢ (e;,4), all cancel in the ratio. However,
some of the efficiencies associated with #ig decay do
not cancel in the ratio. The superscript denotes the
remaining terms. To facilitate cancellation, these terms
are factorized as

R G
] € = €+ € +)EA 42 +),
(b) B* > J/yK™ J/Y KT K+ €Trk(K*)€AX2(J/ Y K)

b EAY2(J/Yp K*) = €V(utpu ) EM(utp)EV(KT)

‘7_ and

:
(LI
5 1

R —
0 15 €/ukd T EKSEAXAI/YKY) >

X €P.(J/y K+)€EP.(J/h K*)

Events/ (Bin width = 1.0)
%
T

N tmiiRIRA

-15 -10 -5 0
Normalized Mass

G
€Ky = €5 €Pr(m)ETik(KS) €Ly €d,y >

FIG. 2. The normalized mass distribution for (a) = .o .o . .
J/ K*(892)° and (b)J /4 K*(892)" after all cuts. CANUID KD iv(“ wOEM )€V ) EP(m )
EM(mta ) €P,(J/Y KS)EP.( /Y KS) >

averageB mass [15] by the error on the mass (typically Where the superscript indicates the term is a geomet-
12 MeV/c2), where the error is determined using the full fical acceptancey, M, and P indicate a vertex, mass, or
covariance matrix for each candidate. The normalized0inting constraint, respectively, whik, andP. refer to
mass follows a Gaussian shape more closely than the ifointing constraints in the-y plane and: direction. We
variant mass distribution. The number of signal events i§ancel theey k) against theep (- ,-) term and have veri-
obtained by fitting a Gaussian of width fixed to 1.0 and afied the cancellation by Monte Carlo simulation. Cancel-
flat background to the normalized mass distributions usi"d the remaining terms in the expansionafy:(/y x+)

ing a binned maximum likelihood method. The results@gainst similar terms i&x,:(;/y k9, leaves the efficiency

are given in Table I. producte, o/, ko) = EV(r 7 ) €Mzt a)-

The ratio of branching ratios is computed using the The geometrical acceptances, #e(,) term, the track-
relation ing efficiencies 1), and thee;  are calculated using a

0_, 0 0 . Monte Carlo simulation that incorporates the following.

lf((lf+ — j;j §+)) = i]]\gj/{f;f)) ZJ/MO (1) The b-qua}rk Pr and rapidity distribut_ions _foIIow
J/¥ Ks the next-to-leading order QCD [16] calculation with MRS

% 1 DO [17] proton structure functions.
BKY— 77’ (2) TheB™ — J/y K+ and theB® — J /i K° decays

0_, g0 C involve a pseudoscalar-to-vector-pseudoscalar decay. In
where the factor of 2 corrects fak K7, which is the J/¢ rest frame, the decay muons follow a Xin

not rfconstrlgcted, and we assume equal prodgc'uon .rat%%gular distribution with respect to the kaon direction in
of B™ and B” mesons. World average branching ratiosy, oot frame of th& meson

Z;?aI u;t:d d];(;(reranilrfe ;('}“(Li?ggtg)ro d_e)cl?)is;rgl)S]z, ;?3 'z(:]zpm (3) We measure the efficiency of the CTC track recon-
B(K¥(892)+ — KO ) = 2/3 struction algorithm by embedding simulated tracks in real
; S . dataJ /i events. The tracks are generated so as to per-
The reconstruction efficiencies are factorized as mit the reconstruction of th& mass [2]. We measure
a tracking efficiency oferyx+) = [92.0 = 2.0(sysh]%
R for Pr(K*) > 1.5 GeV/c. Thek? tracking efficiency is
€J/p K = €Pr(B)€cT(B)EI/YEPH(KY) € /y KO - €rrk(x?) = [86.0 * 2.0(sysd]% for Pr(m) > 0.35 GeV/c.

R
€Iy Kt = €EPr(B)€EcT(B)EJ /Y EPr(KT)ET /Y K+ »

TABLE I. Summary of number of events, signal-to-backgrouidK), and ratios of efficien-
cies relative to the8* — J/i K* decay mode.

J/WK* J/ K J /i K*(892)° J/ i K*(892)*
Number of events 169 = 18 41.8 £ 6.9 71 £ 12 17.0 = 4.7
S/B 0.97 9.23 0.77 3.12
Ratio of efficiencies 1.57 = 0.08 2.11 £0.18 3.53 £ 0.37
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The efficiency of thed,/o, > 2 cut and the effi- kinematic and C.L(A x?) cut efficiencies are slightly dif-
ciencies of the C.I(Ax2) > 1% requirement on the ver- ferent. The efficiencies associated with ti¢ are deter-
tex and mass constraints of the" 7~ pairs €y~  mined in the same manner outlined previously. We use the
€m(=+=-)) Were obtained from the inclusivE) sample. Monte Carlo method described above to compute the ratio
In summary, we determine the ratio of efficiencies to beof the remaining efficiencies. A summary is provided in
6]/¢K+/E‘]/¢Kg = 1.57 = 008(SySD Table I.

For the J/¢ K*(892)° and theJ/¢ K*(892)* decay Six sources of systematic uncertainty contribute to the
modes, the efficiencies are factorized in the same marfatio of efficiencies. Each uncertainty in the lifetimes,
ner. For both ratios,[J/¢ K*(892)°]/(J/¢ KT) and 7+ andrp, contributes a 2% uncertainty to the(B) >
[J/y K*(892)*]/(J/¥ K™), the efficiencies for the cuts 100 um cut. This contributes a 2.8% systematic error for
on c¢7(B) and Pr(B) will cancel. the ratio of efficiencies. The ratio of tracking efficien-

The efficiency of theP7(K*) cut and finding the/ /¢  cies has a (2—3.5)% systematic error, depending on the
do not cancel because of th&* polarization and the mode. The C.l(Ax?) > 1% requirement adds (2—2.8)%
K*-K mass difference. These ratios are corrected for thand was determined from the inclusi¥g sample. Polar-
acceptance of th&* mass window, which is computed by ization (I',/T") uncertainties contribute (1.9-2.4)% and
integrating a Breit-Wigner distribution. Eadli/¢ K*)/  the variation of theb-quark Py spectrum in the Monte
(J/¥ K) ratio also has unique noncanceling efficiencies Carlo simulation contributes (1.7-7.6)%. In the two cases
For the K*(892)° case, there is the effect of slightly where theJ/y trigger efficiencies do not cancel due to
different geometrical acceptances and efficiencies for thdifferent polarization effects in the ratio, we determine the
K™, as well as terms associated with the: the efficiency ratio of the number of events with and without a trigger
of adding an extra track to the vertex constraint,Pa¢7)  requirement, and assign an additional 5% uncertainty due

cut, and the track and geometric efficiencies. to the difference in the ratios. The uncertainties are sum-
For the[J /¢ K*(892)*]/(J/¢ K*) ratio, both modes marized in Table II.
have a charged track originating from tBedecay vertex. We find the ratios of branching ratios to be

However, the geometric acceptance, track reconstruction,

|
BB — J/¢y K°)/B(B" — J/y K") = 1.13 = 0.22(stah = 0.06(sysh,
B(B° — J/y K*(892)°)/B(B" — J/y K™) = 1.33 = 0.27(stah = 0.11(sysb,
B(BT — J/¢y K*(892)")/B(B" — J/y K™) = 1.55 = 0.46(stah + 0.16(Sys} .

We determine the vector-pseudoscalar ratio using the relation

_[INU/YK™) + NU/Y K (0€]py o + €]y )
[NU/wKS) + N/ K/ (voeg g0 + vi€lpyge)

where we have assumed isospin symmetry. The syrabakpresents the total reconstruction efficiency including all
branching ratios whilevy and vy are factors which depend on the ratio of production rates andtheson lifetime
ratio (73 /7). Assuming equal production rates, we determine

>

R=TB—J/yK)/T(B—J/PyK) =132+ 023(sta) = 0.16(sys),

where the systematic error is summarized in Table Il. The dominant systematic uncertainty of 9% comes. fram
[15]. In addition we use the world average valBéB* — J/¢ K*) = (1.02 = 0.14) X 1073 [15] to obtain three

TABLE Il. Summary of systematic uncertainties (%) for the ratios of branching ratios.

€5/y K+/6J/4,Kg 6]/1//1(*/6]/:// K*0 E]/z//K*/fj/u// K** ev/ep
Tp+/Tpo 2.8 2.8 9
Trk efficiency 2.8 2 3.5 2.1
C.L(Ax?) 2.8 2 3.5 2.1
r,/r 1.9 2.4 1.9
Pr(b) variations 1.7 5.4 7.6 5.5
Trigger 5 5 5
Total 5.0% 8.6% 10.6% 12%
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branching ratios
B(B® — J/y K°) = [1.15 + 0.23(stad + 0.17(sysh] X 1073,
B(B® — J/ K*(892)°) = [1.36 + 0.27(stad = 0.22(sysh] X 1073,
B(B" — J/¢yK*(892)") = [1.58 + 0.47(stah = 0.27(sysh] X 1073,

! *Visitor.
[1] References to a specific state imply the charge-conjugate

where the quoted systematic error includes the uncertainty__ State as well. _ o
in the B(B* — J/¥ K*). These results are consistent [2] J. Gonzalez-Atavales, Ph.D. thesis, University of Pennsyl-

. vania, 1995.
W'tlh the C‘f”?m world ﬁverage Va'“tez[ﬁ]' details of thel3] H- Albrechtet al. Phys. Lett. B340 217 (1994).
' .S. Alam et al., Phys. Rev. D50, .
n conciusion, we nhave presente e detalls o e[4] M.S. Al | Ph R 060. 43 (1994)

reconstruction of theCP eigenstateB” — J/¢ K3 in @ (5] F. Abeet al., Phys. Rev. Lett75, 3068 (1995).
hadron collider environment and demonstrated that a goods] M. wirbel, B. Stech, and M. Bauer, Z. Phys. Z9, 637
signal-to-background ratio is achieved. We have reported  (1985); M. Bauer, B. Stech, and M. Wirbel, Z. Phys. C
three branching ratios using’ — J/¢ K*(892)°, Bt — 34, 103 (1987).
J/y K*(892)", and B® — J/y K° relative to Bt — [7] M. Gourdin, A.N. Kamal, and X.Y. Pham, Phys. Rev.
J/¢ K, which are comparable in precision and in good  Lett. 73, 3355 (1994).
agreement with the current world average values [15].  [8] R. Aleksanet al., Phys. Rev. D61, 6235 (1995).

We also combine these four decay modes to determind® For a review, see8 Decays,edited by S. Stone (World

. . . Scientific, Singapore, 1994), 2nd ed.
the vector-pseudoscalar ratio and confirm a previou o i
determination of R = 1.64 * 0.34 [18], where naive flO] I.1. Bigi and A.1. Sanda, Nucl. Phys3193 85 (1981);

. . . I. Dunietz, inB D Ref. [9]); Y. Ni d H. inn,
spin counting would predict a value of three for the in Bulgleecgyls?Ref. ?g]?}ls( ef. [9) "an Quinn

vector-pseudoscalar ratio. Theoretical models [6—8] thafy 1] F. Abeet al., Phys. Rev. Lett75, 1451 (1995).
assume the factorization hypothesis and use current mesQip] F. Abeet al., Nucl. Instrum. Methods Phys. Res., Sect. A
form factors are presently not able to simultaneously 271, 387 (1988).
accommodate a low vector-pseudoscalar ratio and thg3] In CDF, ¢ is the azimuthal angled is the polar angle
polarization data [5]. This measurement reinforces the  measured from the proton direction, ands the radius
need for a better understanding of these models. from the beam axisz(axis).

We thank the Fermilab staff and the staffs of thel14] D. Amidei et al., Nucl. Instrum. Methods Phys. Res.,
participating institutions for their vital contributions. This Sect. A350 73 (1994).
work was supported by the U.S. Department of Energy'°] ﬁ‘%c'ig%?a Group, L. Montanet al., Phys. Rev. D60,
and National Science Foundation; the Italian Istituto[16] S Dastone)t' al., Nucl. Phys.B327, 49 (1988): M. Man-
Nazionale di Fisica Nucleare; the Ministry of Education, génoet al., Nucl..’Phys:.BS73'295 (’1992)_ T
Science and Culture of Japan; the Natural Sciences ar[@?] A.D. Martin, W. J. Stirling, and R. G. Roberts, Phys. Rev.
Engineering Research Council of Canada; the National = p 47, 867 (1993).
Science Council of the Republic of China; the A. P. Sloan18] T.E. Browder, K. Honscheid, and S. Playfer,BnDecays
Foundation; and the Alexander von Humboldt-Stiftung. (Ref. [9]).

2020



