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Branching ratio measurements of exclusiveB™ decays to charmonium
with the Collider Detector at Fermilab
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We report on measurements of the branching ratios of the de@ys>x%(1P)K*" and B*
— YK 7w, wherex2,(1P)—J/¢y and J/y—u* ™ in pp collisions atys=1.8 TeV. Using a data
sample from an integrated luminosity of 110 ptcollected by the Collider Detector at Fermilab we measure
the branching ratios to bBR(B" — x2,(1P)K ") =15.5+5.4(stat}* 1.5(syst) 1.3(br)x 10 * and BR(B™"
=YK 7t ) =6.9+1.8(staty 1.1(systy- 0.4(br)x 10~ * where (br) is due to the finite precision on
BR(B"—J/yK™), BR(XSl(lP)Hleﬁy) is used to normalize the signal yield, and (syst) encompasses all
other systematic uncertainties.

DOI: 10.1103/PhysRevD.66.052005 PACS nuniberl4.40.Nd, 13.25.Hw

[. INTRODUCTION both signal and reference decay modes. The acceptaqees
andA, s were calculated with a Monte Carlo simulation and
In this paper we report on measurements of the branchingdditional information from the data as discussed later in this
ratios of B* —x%(1P)K* and B*—J/¢yK*7* 7~ ob- paper. The termC is equal to one for the deca@*
served inpp interactions at a center of mass energy\sf —J/¢yK* 77~ and 1BR(X21(1P)—>J/1,/;7) for the decay
=1.8 TeV. These decay modes were observed in a da®*— y2 (1P)K™.
sample of an integrated luminosity of 110 ph using the
decay channels((c’l(lP)—d/wy and J/yp—utu~. Here
and throughout this paper, reference to a specific state im- Il. THE CDF DETECTOR
plies the charge-conjugate state as well. The current Particle
Data Group values for these branching ratios are based on The data were collected in the periods 1992-1998
measurements by ARGUR,2] and CLEO[3,4] using data 1A) and 1993-1995run 1B) by the Collider Detector at
from e* e~ colliders operating at th¥ (4S) resonance and Fermilab (CDF). The CDF detector has been described in
have uncertainties of the order of 50%. A more precise meadetail elsewher¢11,12. The components most relevant to
surement based @i e~ collider data has recently been pub- this analysis are briefly described here. A cylindrical coordi-
lished by the BABAR Collaboration for the decay” nate systemr(, ¢,z) best defines the CDF detector where the
—J/yK*T andBT— x%, (1P)K™ [5]. proton beam defines the z direction, r is the transverse
Theoretical predictions based on factorization and isospinlistance from the beam axis, awdis the azimuthal angle.
symmetry exist for some hadroni& meson decays to char- The pseudorapidity is defined as= —In[tan(6/2)] and the
monium[6,7] but have large uncertainties. These results inmomentum component transverse to the beam axis is de-
dicate that decays with a spin 1 charmonium particle in thenoted by pr. The central tracking chambeiCTC) and
final state, such aB* —J/yK* andB*— x% (1P)K™ have  Silicon Vertex detectofrSVX) were placed in a 1.4 T axial
branching ratios of similar magnitud®]. At the Collider magnetic field. The CTC had a resolution &pr/pt
Detector at FermilalfCDF) the x2,(1P) decay toJ/¢y is = ./(0.00137)%+ (0.0066¥ for tracks constrained to come
indistinguishable from the correspondigf,(1P) decay due from the beam line, wherg; is measured in Ge\. The
to the resolution of the calorimeté¢8], but the decayB™ SVX provided high resolution tracking information close to
—x%(1P)K " is forbidden if soft gluon exchange is ne- the nominalpp interaction point for improved vertexing. The
glected[1,9,10. central electromagnetic and hadronic calorimeters located
Since the procesB™ — J/ /K™ is similar to the processes outside the tracking volume were constructed with a projec-
we want to measure, and its branching ratio is comparativelyye tower geometry which pointed toward the nomipad
well measured, a ratio of branching ratios was measured bgnteraction point and covered the regibp <1.1. The calo-
tween the signal*sig” ) modesB* — x¢;(1P)K* andB*  rimeter towers subtended approximately 0.1yiby 15° in
—J/yK* 7" w~ and the well established referen¢eef” ) 4. A system of proportional chambef€ES was embedded
modeB " —J/yK ™. Many systematic uncertainties cancel in in the electromagnetic calorimeter at a depth of six radiation

this ratio which is given by Eq(1): lengths for measuring the position of the electromagnetic
showers at the stage of maximum development. The central

BRsig _c Nsig| [ Aret (1)  Muon chamber§CMU), at a radius of 3.5 m from the beam
BRet | Nyet Asig) axis, were located behind the calorimeter and provided muon

identification in the region of pseudorapidity|<0.6. The
The number of observed eventd,;; andN,.;, were mea- central muon upgrade syst€@MP) which consisted of four
sured in the data while applying similar selection criteria tolayers of drift chambers was located outside the CMU behind
an additional four interaction lengths of steel absorber and
covered a similar region of. Finally, the CMX muon sys-
*Now at University of California, Santa Barbara, CA 93106.  tem extended the coverage up| t<1.0. Depending on the
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incident angle, particles had to penetrate six to nine absorp®,

tion lengths of material to be detected in the CMX. ;
© 6000 .

=

IIl. EVENT SELECTION 8

The measurements reported here are based on a da™
sample of muon pairs collected with a three-level online trig- @
ger. The first level trigger required two charged track seg- & 4000 |- -
ments in the central muon chambers. The efficiency for this g
trigger rises from~40% at py=1.5 GeVkt to 93% for .
muons withpt>3.0 GeVEk. At the second level at least one
muon segment was required to match a CTC track found byg
a hardware fast track process@FT). The CFT performed a
partial reconstruction of all charged tracks witgy above
2 GeV/c. Muon candidates found by the first level trigger
were required to match a CFT track extrapolated to the muor
chambers within about 15 degrees in azimuth. The third level
trigger required that two reconstructed CTC tracks be
matched with two tracks in the muon chambers and that the 03 E— 0 B Y- S— 1
invariant gnass of the dimuon pair be between 2.7 and M,y — mxc1(1p)(PDG) GeV/02
4.1 GeVk-.

Additional requirements were made offline to suppress FIG. 1. The distribution of the mass differenfAM=M,,.,
background in the dimuon sample. Each muon chamber track m,,ar(PDG)]. TheE7 is required to be greater than 0.7 GeV.
was required to match its associated CTC track to within 3 The measured,,, is corrected for a 20 Me\? underestimate
inr—¢ and 3.% in z, whereo is the calculated uncertainty due to the calorimeter calibration.
due to multiple scattering, energy loss, and measurement un-

certainties. Muons from the/y—u"n™ decay were re- requirement ensured that the shower was fully contained in a
quired to be identified by the CMU alone or both the CMU ¢e||. The location of the signal in the CES chambers and the
and CMP for tracks with7|<0.6. Muons with 0.6[7|  reconstructedi//K* vertex determine the direction of the
<1.0 were required to be identified by the CMX system. Thephoton momentum; its magnitude is the energy deposited in
muons were also required to have opposite chargeptH®  the calorimeter. We retained photon candidates that had no
each muon from thel/¢, for run 1A, was required to be tracks extrapolating to their calorimeter cell. Figure 1 shows
greater than 2.0 Ge¢/with one muon of the pair greater the measured/. ,.—m spectrum. To identify events
than 2.8 GeV¢. For run 1B, due to different trigger thresh- . 0 Ty xallh) .
olds, both muons were réquired to hape greater than with & xc,(1P) the reconstructedit,,, was required to be
! . within =110 MeVk? of the world average value for

2.0 GeVk. J/¢ events were selected by requiring that the . e 10 .
muon pair forms a vertex and has an invariant mass withir c1(tP) [13]. 'Ehe |dent|f|-edxc-1(1P) event.s were then in-
+40 MeV/c? from the world average value fany;,, [13]. cluded in they.,(1P)K™ invariant mass distribution where

The resultingd/ ¢ muon tracks were then combined with the J/¢y mass has been constrained to the world average
other tracks to reconstruct " decay vertex. For both the value form, (p).
B+HX21(1P)K+, Xgl(lP)Hley, Jp—utu andB”* To reduce background levels, additional selection criteria
—JyK 7t 7™, Jy—utu” decay chains, the dimuon were placed on thpy of the nond/ tracks, thepy of the B
mass was constrained to the world average valuenrfg;, ~ meson candidate, the proper decay length ofBlecandi-
during the fit. At least one of the muon tracks as well as all ofdate,ct(B), the impact parameter of ti&" momentum with
the other tracks were required to have hits in the SVX inrespect to the beam Iinﬂ,xy(B)|, and theB™ isolation vari-

order to use well measured tracks close togipeinteraction ~ able f,_=pr(B)/(pr(B) +=p7°"™). The quantity>p7™"®is
point and thus ensure good vertex parameter measurementise scalar sum of the transverse momenta of all Bérean-
ForB*—J/yK*«* 7~ decays the events for which the in- didate tracks withiny/(A 7)?+ (A $)?<1.0 of theB* mo-
variant mass of thé/ 7+ =~ was within 10 MeVL? of the  mentum direction. For each signal mode the selection criteria
(29 mass were removed in order to exclude the decayvere optimized to maximizes?/(S+Bkg) of the signal

B — (29 K™ wherey(2S)—J/ym* ™. Track combina- sample whereS is the expected signal for 110 ph
tions with a vertex fity? probability greater than 1% were and Bkg is the background underneath the sign&l.

£ 2000 -
3J

Accepted Mass Range

then included in th&8™ mass fits. was calculated using the acceptances from the Monte
To reconstructB™ — x2,(1P)K* candidates where the Carlo and inverting Eq. (1) to find S=Ngpected

x2—Jlyry, we selected events with HyK ™ vertex and a =(Nret/C)(BRsig/BRier) (Asig/Arer). Bkg was derived
transverse energy deposition of at least 0.7 GeV in a cell ofrom fits to the sidebands around the signal peak observed in
the central electromagnetic calorimeter with a signal in thedata. The optimized cuts are listed in Table I. The optimiza-
fiducial volume of the CES chambers. The fiducial volumetion of ct(B) and|l,,(B)| yielded similar results for the two
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TABLE |. Summary of optimized kinematic cuts.

75 T , ; I . |
BT —x%(1P)K™ BY—J/yK ot m™
ct(B) >80 um >80 um
[14y(B)] <100 um <100 um
for >0.6 >0.7 50
p(B) >5 GeVlc >6 GeVlc
pr(K, ) >1.25 GeVt >0.7 GeVk

analyses, whereas the optimization of the cuts andf,,_

Number of entries / 10 MeV/c?

0o
N
(=}

251 -
were different for the two analyses due to the different num-
bers of particles in the final states. i ]
IV. CANDIDATE B MESON INVARIANT MASS | | |

DISTRIBUTIONS

5.20 530, _ 540

The resultingy’, (1P)K* andJ/yK* 7+ 7~ mass distri- M(J/YK'm"n™)  GeV/c
b‘gt"’”s aie showr? n F!gs.. 2 -an(-j 3, respe(?tlvely. The FIG. 3. The invariant mass distribution 8f yK* =" 7~ from
X_cl(lp)K m(_ass distribution is ]_c't with a Gaussian for the run | data. The histogram is fitted with two Gaussians of equal area
signal and a first order polynomial for the background. Thet, e signal and a first order polynomial for the background. The
JyK* @ m~ mass distribution is fit with two Gaussians of o Gaussians are used to account for the ambiguity on the mass of
equal area for the signal and a first order polynomial for thghe two same charge meson tracks. The width of the first signal
background. Since we cannot adequately distinguish betweetaussian is fixed to 8.8 Me? while the width of the second
kaons and pions, Fig. 3 has two entries per event. The secomhussian is 145 MeM?. The peak contains 56:714.5 B*
Gaussian is used to account for incorrect assignment for the;J/yK* 7=+ 7~ events.
kaon and pion tracks. The width of the Gaussians used in the
fit for both decays is fixed based on the width measured inysing the final kinematic cuts used by th&"
the Monte Carlo scaled by the difference in widths observed_,Xgl(lp)K+ analysis. The fits of they;(1P)K™ and
between data and Monte Carlo for the reference signaj/,k* mass distributions exclude the region below 5.15
J/IyK*. For all fits the mean of the Gaussian was a freegeyic2 to avoid including partially reconstructed
parameter. The reference sigriiy/K* is shown in Fig. 4 —J/yK* events. The values fd¥sjq and N, are summa-

rized in Table II.
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FIG. 2. The invariant mass distribution q«l‘gl(lP)K+ candi-
date events. The histogram is fitted with a Gaussian signal and a FIG. 4. The invariant mass distribution df 4K* candidate
linear background with the width of the Gaussian fixed toevents. The histogram is fitted with a Gaussian signal and a linear
12.1 MeVic?. The peak contains 19:86.8 B*— x2,(1P)K ™ background. The peak contains 5287 B* — J/4K* events with a
events. fitted width of 13.2 MeV£2.

052005-5



D. ACOSTAEet al. PHYSICAL REVIEW D 66, 052005 (2002

TABLE II. Summary of quantities used to calculate the ratio of efficiency was obtained from real data by applying the pho-
branching ratios. Note that the acceptances for the two decay chafon requirements to a sample of electrons from photon con-
nels use different minimunp; requirements for th& meson and  versions selected using only tracking informatigi8,19.
are not directly comparable. All uncertainties are statistical only. The “no track” probability was estimated by looking at the
track occupancy of calorimeter towers in the data Bor

0 —
B — xeu(1P)K” BT —J/yK m —J/IyK™" events. The tracking efficiencpy"@°k, was esti-

Ny 525+ 27 435+ 28 mated by compining thpt spectrum for the_ two pio_ns from
Naig 19.8+6.8 56.7-14.5 Monte Carlo with the measured pion tracking efficief2g]
Aves 0.0467- 0.0006 0.0694 0.0003 in plng of pr. The values_ofc}h_e acgleptances and their fac-
Asig 0.004170.00022 0.013%0.0010 torized parts are summarized in Table II.
Ageom 0.0276+0.0004 0.01320.0001
ARk 0.990+0.004 VI. SYSTEMATIC UNCERTAINTIES
AY 0.151+0.004

Both branching ratio measurements have a systematic er-
ror due to the uncertainty on the world average value of
V. EFFICIENCY CORRECTIONS BR(B*—J/#K™) used to extract the absolute branching ra-
tios. Since they both used the same Monte Carlo generation
algorithm, they also share an uncertainty due to Bhgro-
duction model used. These effects were estimated by varying

: S . e i
correct!ons;. ,:: %r tt)h|s sé;muli\rt:onN?_gmx gD a”ddB i eventfsN the scale by a factor of two above and below the central
were simulated based on the QCD predictions of Naj 5 e of w=po, varying the b quark mass by

son, Dawson, and EIliENDE) [14,15. The input parameters +0.25 GeVE2 around the central value of 4.75 G/

to the model were set to a renormalization and factorizatiorénd varying the Peterson fragmentation parameter by
scale of M= o™ Vmp+p7, mass of theb quark m, .+ 002 around the central value of 0.006. The difference
=4.75 GeVt?, and Peterson fragmentation parameter petween the largest and smallest values for the ratio

=0.006. Events in the chr;m_nBr*—u]/z,/;K+ were generat_ed Aret/Agq Was used to estimate the uncertainty on the
for calculating the geometrical acceptang. Events in pranching ratio.

A Monte Carlo simulation was used to optimize the kine-
matic cuts described above as well as calculate efficienc

0 - . L. P
the channelsB" —xcy(1P)K™ and B*—J/yK" 7" 7 The systematic uncertainties specific to th@"
were generated for estimating . the signal acceptances. j/yK*#* 7~ decay channel are primarily due to accep-
A apyk+ andAy i+ o+, for use in Eq.(1). tance uncertainties. In addition to purely fiducial effects, the
Both the acceptances,o (ip)k+ and Ay k+ 4+~ Were  value ongf;K"lw+w, may be affected by mass resonances
calculated using the factorized forms described below: ~ and helicity effects. The primary mass resonances affecting
the above decay arB™ —J/yK35 ", K5 " —K*Oz*, K*O
Ao L= AJEOM o Ay —K*7™ andB"—=J/yK*O7t, K*O=K* 7. These pro-
Xc1(1P)K K+ '

cesses were simulated using the Monte Carlo and the differ-
ence between the maximum and minimum values for

ASS ks o+ - Was used to estimate the uncertainty. The effect

0 . : . of helicities was simulated by generating events with the
The xc1(1P)K™ acceptance is assumed to factorize into a . X . 2

: g daughter particles polarized either longitudinally or trans-
geometrical term similar to the acceptance for the reference com

signal and a photon term. TREyK ™7 7~ acceptance is "erSely- Half of the difference between A e - VAl

assumed to factorize into a geometrical term and a tracking€S for the two helicity states was used to estimate the un-

. . I ) .
efficiency term due to the two extra pion tracks with respec€ertainty. Since thé/¢K "™~ vertex is formed from five
to the reference signal. tracks rather than the three used for the reference signal, an

uncertainty due to vertex efficiency is included for that chan-

_ eom track
AJ/¢K+7T+7T*_A2/I/IK+7T+777XArac . (2)

The two geometrical acceptancesA?°°", and , ; -
geom 9 P ) Adrgcs nel. The uncertainty due to tracking efficiency was found to
AJ/¢K+7+7T* were both calculated using the Monte Carlo be negligible.

and |yg|<0.9 wherepT'"=5.0 GeVE for the x¢1(1P)K*  channel are related to uncertainties on the photon acceptance.
analysis angpy''"=6.0 GeVEk for thed/yK " =" 7~ analysis  Since the photon detection efficiency is determined using
as described in the section on event selection,yanid the  conversion electrons, there is an uncertainty in the estimation
rapidity of theB meson. Thel/ from the decayX(C’l(lP) of the detector response between photons and electrons, due
—J/y was generated unpolarized using the assumption dio the uncertainty on the amount of material in front of the

a purely electric dipole transitiord6,17. The photon accep- calorimeter. There is also an uncertainty on the “no track”
tance,A?, is the product of the probability that the photon is isolation efficiency which is simply statistical in nature.
within the fiducial volume, the reconstruction efficiency of Based on the result in R€f17] and the results of the Monte
the fiducial photon, and the probability that there is no trackCarlo simulation, we concluded that the uncertainty due to
in the photon tower. The fiducial probability was calculatedJ/ helicity was negligible for this decay. The individual
using the Monte Carlo simulation. The photon reconstructiorsystematic errors are summarized in Table 111
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TABLE Ill. Systematic uncertainties oBR(B* — x%,(1P)K") andBR(B* —J/yK 7" 7 7).

Source of uncertainty BR(B"— x%(1P)K™) BR(BY—=J/yK* m*a™)
BR(B"—J/yK™) 6.0% 6.0%
BR(x2,(1P)—J/4y) 5.9%

B production model 9.0% 7.2%
B decay modelresonance 6.6%
B decay modelhelicity) 13.1%
Vertex probability 3.0%
Photon eff. 3%

Photon—no track eff. 3%

VIl. CONCLUSION

The measured values foBRg4/BRes are 1.53
+0.53(stat)- 0.15(syst}=0.09(br) and 0.68 0.18(stat)
+0.11(syst) for the decay8*— 2, (1P)K* and B
— YK 7t 7, respectively. The third uncertainty for the
BJ“HXSI(lp)KJr ratio is due to the uncertainty on
BR(x%,(1P)—J/yy)=0.273-0.016[13]. As expected, the
ratios are close to unit§6]. The final branching ratios were

measurement foBR(B*— x2,(1P)K™) can also be com-
pared to the recent measurement by the BABAR Collabora-
tion of 7.5+ 0.8(stat) 0.8(syst)x 10™# [5] which is consis-
tent with our result but with better precision.
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