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The flavor-changing neutral current (FCNC) process1

b→ s`` occurs in the standard model (SM) only through2

higher order diagrams where new physics (NP) contribu-3

tions could arise. Accurate SM predictions make the4

b → s`` phenomenology particularly suited to un-5

cover early indications of NP, especially through ob-6

servables like the lepton forward-backward asymmetry7

(AFB) and the differential branching fraction (B) as a8

function of dilepton mass, extremely sensitive to the in-9

terference between the SM and the NP decay ampli-10

tudes. The exclusive channels B+ → K+µ+µ− and11

B0 → K∗(892)0µ+µ− have been observed at Belle [1] and12

BaBar [2], with O(10−6) branching fractions. The decay13

B0
s → φ(1020)µ+µ−, however, has not been seen in previ-14

ous searches by CDF [3] and D0 [4]. Recently, BaBar [5]15

and Belle [6] measured AFB in the B0 → K∗0`+`− decay16

larger than the SM expectation, including data from the17

small q2 region (q2 ≡ M2
``c

2, where M`` is the dilepton18

invariant mass). Belle claims the cumulative difference19

from the SM prediction corresponds to 2.7 standard de-20

viations.21

In this Letter we report an update of our previous22

analysis [3] of the rare decay modes B+ → K+µ+µ−,23

B0 → K∗0µ+µ−, and B0
s → φµ+µ− using an increased24

data sample of pp̄ collisions at a center-of-mass energy25

of
√
s = 1.96 TeV corresponding to an integrated lumi-26

nosity of 4.4 fb−1, collected with the CDF II detector27

between March 2002 and January 2009.28

We update the B measurements and also report the29

measurement of the muon forward-backward asymmetry30

AFB in the B0 → K∗0µ+µ− decay. We reconstruct31

B → hµ+µ− candidates, where B stands for B+, B0,32

or B0
s , and h stands for K+, K∗0, or φ, respectively.33

Charge-conjugation is implied throughout the Letter.34

The K∗0 (φ) meson is reconstructed in the decay35

K∗0 → K+π− (φ → K+K−). We also reconstruct36

B → J/ψh decays as normalization channels in B mea-37

surements, because they have final states identical to38

those of the signals, resulting in a cancellation of many39

systematic uncertainties in the ratio of B’s. The relative40

B’s are described as follows:41

B(B → hµ+µ−)
B(B → J/ψh)

=
Nhµ+µ−

NJ/ψh

εJ/ψh

εhµ+µ−
× B(J/ψ → µ+µ−),

(1)
where Nhµ+µ− (NJ/ψh) is the B → hµ+µ− (B → J/ψh)42

yield, εhµ+µ−/εJ/ψh is the relative reconstruction effi-43

ciency that is determined from the Monte Carlo simu-44

lation.45

The CDF II detector is a multipurpose magnetic spec-46

trometer surrounded by calorimeters and muon detec-47

tors. Here we briefly describe the components relevant48

to this analysis. Charged particles are detected with the49

tracking system, immersed in a 1.4 T solenoidal magnetic50

field. A seven-layer silicon tracking system [7], ranging in51

radius from 1.5 to 22 cm measures the point of origin of52

Spain, wTexas Tech University, Lubbock, TX 79609, xIFIC(CSIC-
Universitat de Valencia), 56071 Valencia, Spain, yUniversidad Tec-
nica Federico Santa Maria, 110v Valparaiso, Chile, zUniversity of
Virginia, Charlottesville, VA 22906, aaYarmouk University, Irbid
211-63, Jordan, iiOn leave from J. Stefan Institute, Ljubljana,
Slovenia,

charged particle trajectories (tracks). A drift chamber [8]53

provides 96 measurements per track between radii of 4054

and 137 cm, allowing an accurate determination of the55

charged-particle momentum. The drift chamber also pro-56

vides identification of high momentum charged particles57

(1.5σ K–π separation at p > 2GeV/c) through the mea-58

surement of specific ionization energy loss (dE/dx). A59

time-of-flight (TOF) detector [9] provides an analogous60

identification performance in the lower momentum range.61

Drift chambers [10] are located at the outermost radial62

extent of the electromagnetic and hadronic calorimeters63

to detect muons within |η| < 0.6 and 0.6 < |η| < 1.0,64

where the pseudorapidity η = − ln(tan θ/2) and θ is the65

track angle measured with respect to the proton beam-66

line.67

A sample of dimuon events is selected online using a68

three-level trigger system. The first trigger level requires69

the presence of two charged particles with transverse mo-70

mentum pT ≥ 1.5 or 2.0GeV/c depending on the trig-71

ger condition, matched to track-segments in the muon72

chambers. The second level requires that the muon can-73

didates have opposite charge with an opening angle in74

the projection transverse to the beamline less than 120◦.75

At the third level, the trigger selects fully reconstructed76

events where the muon tracks are reconstructed in the77

silicon detector and satisfy Lxy > 200 µm, where Lxy is78

the transverse displacement of their intersection from the79

beamline.80

The offline loose event selection begins by looking for81

a common vertex of two muons with one (two opposite-82

charge) reconstructed charged particle(s) to form a83

B+ → K+µ+µ− (a B0 → K∗0µ+µ− or a B0
s → φµ+µ−84

) candidate. Each muon is required to satisfy the trig-85

ger requirements. The probability of the vertex fit χ2 is86

required to be greater than 10−3. All charged particle87

trajectories are required to be associated with hits in the88

silicon vertex detector and to have pT ≥ 0.4 GeV/c. In89

addition, we require pT (h) ≥ 1.0GeV/c and pT (B) ≥90

4.0GeV/c. To reduce the background with limited loss91

of signal, we require that the B candidate’s decay is con-92

sistent with being displaced from the primary interaction93

point in the transverse plane by Lxy(B)/σ(Lxy(B)) ≥ 3,94

where Lxy(B) is the transverse displacement of the re-95

constructed secondary vertex with respect to the primary96

interaction point and σ(Lxy(B)) is the estimated uncer-97

tainty of Lxy(B). We also require that the B candidate98

comes from the primary vertex by |d0(B)| ≤ 120 µm,99

where d0(B) is the distance of closest approach of the B100

trajectory to the beamline.101

For B0 (B0
s ) candidates the K+π− (K+K−) mass102

must lie within 50 (10) MeV/c2 of the world average K∗0
103

(φ) mass [11]. The ambiguity of the mass assignment104

in the K∗0 → K+π− decay is handled by choosing the105

combination with the K+π− mass closer to the known106

K∗0 mass. This results in the correct mass assignments107

for about 92% of the decays as determined from the sim-108
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ulation. Particle identification (PID) is performed with1

the TOF and dE/dx probabilities of the particle hypoth-2

esis. We require loose PID for both kaons and pions3

coming from the K∗0 meson or φ meson to reduce com-4

binatorial background. This removes 15% of the B mass5

sideband events (defined later) while 99.5% of the signal6

is retained. We also require a muon likelihood [12] to7

suppress hadron tracks that produce false trigger muons.8

Rare decay candidates with a dimuon mass near9

the J/ψ (ψ′) are rejected: 8.68 (12.86) < q2 <10

10.09 (14.18) GeV2/c2. To eliminate the radiative11

charmonium decays that escaped rejection above, we12

remove candidates consistent with originating from13

a B → J/ψ(′)h decay followed by the decay14

of the J/ψ(′) into two muons and a photon:15

|(M(µµh)−MPDG
B )−(M(µµ)−MPDG

J/ψ(′))| < 100MeV/c2,16

where the PDG superscript indicates known experimen-17

tal averages [11] and M(µµ) < MPDG
J/ψ(′). We also reject18

candidates with an opposite-sign hadron-muon combina-19

tion, which are reconstructed as signal and are assigned20

the muon mass to both particles, within 40 MeV/c2 of21

the J/ψ or ψ′ mass. This removes the charmonium de-22

cays where one of the muons is misidentified as a hadron.23

We reject candidates in which two-track (three-track)24

combinations are compatible within ±25 MeV/c2 with25

D0 → K−π+ (D+ → K−π+π+ or D+
s → K+K−π+)26

decays for B+, B0, and B0
s decays, respectively. This27

removes B → Dπ (D = D0, D+, and D+
s ) decays where28

two hadrons are misidentified as muons.29

The search for the rare decays is performed using a30

multivariate Artificial Neural Network (NN) classifier.31

We train the NN on simulated signal and a sample of32

events representative of the background events under the33

signal. To simulate the signal we use pythia [13] and34

EvtGen [14] based on the SM expectation [15]. The35

background sample is obtained from the sidebands of the36

B invariant mass distribution, defined as the regions +5σ37

to +15σ above the world average B mass, with the B38

mass width σ = 20 MeV/c2. We take only the higher39

mass sideband for the B+ and B0 decays, since the lower40

sideband is significantly populated with physics back-41

ground from partially reconstructed B meson decays. We42

use both sidebands for B0
s decays. We optimize the NN43

threshold in order to maximize both the B and the AFB44

significance. For the B+ and B0 analysis we optimize the45

NN threshold by maximizing Ns/
√
Ns +Nb, where Ns is46

the expected number of signal events, and Nb is the ex-47

pected background. We determine Ns by Eq. (1), which48

is described later, with the world average B, and deter-49

mineNb from the number of sideband events scaled to the50

signal region, which is defined as ±2σ from the world av-51

erage B mass. For B0
s decays, Ns is taken from a theoret-52

ical prediction [16]. We maximize Ns/(5/2 +
√
Nb) [17].53

The signal yield is obtained by an unbinned max-54

imum log-likelihood fit to the B candidate invariant55

mass distribution. The likelihood is constructed from56
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FIG. 1: Mass of B0 → K∗0µ+µ− and B0
s → φµ+µ− can-

didates with fit results overlaid. The vertical lines show the
signal region.

the product of the event-by-event signal and back-57

ground probability density functions (PDFs) appropri-58

ately weighted for signal and background and is given by59

L =
∏

(fsigPsig + (1 − fsig)Pbg), where fsig is the signal60

fraction, Psig is the signal PDF parametrized with two61

Gaussian distributions with different means, and Pbg is62

the background PDF modeled with a first- or second-63

order polynomial. The shape variables of the signal PDF64

are determined from the simulated signal and the B mass65

resolution is scaled by the ratio of the mass resolution in66

J/ψh data and simulation, which ranges from 1.07 to67

1.09. The shape variables of the background are deter-68

mined from sideband data. Fitted parameters are fsig,69

the mean B mass, and the background shape. The fit70

range for B+ and B0 (B0
s ) decays is from 5.18 (5.00)71

to 5.70GeV/c2, to avoid the region dominated by the72

physics background.73

We consider charmless B decays and the crosstalk74

among the rare decays as possible sources of back-75

grounds, which appear predominantly in the signal re-76

gion. While the contribution from charmless B decays77

is negligible due to excellent muon identification, we78

find a sizeable crosstalk between B0 → K∗0µ+µ− and79

B0
s → φµ+µ− contributing approximately 1% of the sig-80

nal, as estimated from simulation. These contributions,81

whose fractions are determined by simulation assuming82

the world average B and the theoretical prediction [16],83

are subtracted from the fit results for the signal yields.84

From the B mass fits we obtain 120 ± 16,85

101 ± 12, and 27 ± 6 signal events for B+ → K+µ+µ−,86

B0 → K∗0µ+µ−, and B0
s → φµ+µ−, respectively, where87

the uncertainties include the Poisson term from finite88

statistics of the whole sample. Figure 1 shows the89

B mass distributions. The statistical significance is90

s ≡
√
−2 ln(Lnull/Lmax), where Lmax is obtained from91

a fit with the signal fraction free to float and the mean B92

meson mass fixed to the fitted value in the correspond-93

ing control channel, and Lnull is the maximum likelihood94
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obtained from a fit with fsig = 0. We obtain s = 8.5σ,1

9.7σ, and 6.3σ for B+, B0, and B0
s decays, respectively.2

This is the first observation of the B0
s → φµ+µ− mode.3

We do not apply a NN selection to J/ψh channels, be-4

cause these signals are of sufficient size and purity with5

the loose selection. To obtain the relative efficiency of6

Eq. (1), the NN cut efficiency of the loosely selected7

events is considered in addition to the relative efficiency8

of the loose selection.9

The dominant sources of systematic uncertainty on the10

B measurements are the discrepancy of the NN cut ef-11

ficiency between data and simulation, background PDF12

parameterization, acceptance differences due to form fac-13

tor models used in the simulation. These have systematic14

effects up to 5% of the measured B. For the absolute B15

measurements we assign the uncertainties of the world16

average B(B → J/ψh) [11].17

Results of the relative B (Eq. (1)) measurements are18

listed in Table I. We also show the absolute B which19

is obtained by replacing the control channel’s B with20

the corresponding world average [11] value. These num-21

bers are consistent with our previous results [3], other22

B-factory measurements [6, 18], and the theoretical ex-23

pectations [16].

TABLE I: Measured branching fractions of rare modes. First
(second) uncertainty is statistical (systematic).

Mode Relative B(10−3) Absolute B(10−6)
B+ → K+µ+µ− 0.38± 0.05± 0.02 0.38± 0.05± 0.03
B0 → K∗0µ+µ− 0.80± 0.10± 0.06 1.06± 0.14± 0.09
B0

s → φµ+µ− 1.11± 0.25± 0.09 1.44± 0.33± 0.46

24

We also measure the differential Bs with respect to25

the dimuon mass. Events in the signal mass region are26

grouped into five or six independent q2 bins. Figure 227

(a, b) shows the differential B for B+ → K+µ+µ− and28

B0 → K∗0µ+µ−.29

The AFB and the K∗0 longitudinal polarization (FL)30

are extracted by an unbinned likelihood fit to the cos θµ31

and cos θK distributions, respectively, where θµ is the32

helicity angle between the µ+ (µ−) direction and the di-33

rection opposite to the B (B) meson in the dimuon rest-34

frame, and θK is the angle between the kaon direction35

and the direction opposite to the B meson in the K∗0
36

rest frame.37

The differential decay rates [19] are sensitive to cos θK38

and cos θµ through the angular distributions given by39

3
2FL cos2 θK + 3

4 (1− FL)(1− cos2 θK) for the cos θK and40

3
4FL(1 − cos2 θµ) + 3

8 (1 − FL)(1 + cos2 θµ) + AFB cos θµ41

for the cos θµ distribution. The PDFs include the decay42

angular distributions and the likelihood fits are, thus,43

sensitive to the variables in the decay distributions.44

We measure FL and AFB for B0 → K∗0µ+µ− and45

also AFB for B+ → K+µ+µ−. Angular acceptances of46

cos θK and cos θµ are considered as histograms obtained47

from simulated signal samples assuming unpolarized de-48

cays. The contribution from decays with K-π swapped49

K∗0 mesons distorts the signal distribution and swaps50

the sign of cos θµ. This effect is considered by adding51

an additional signal-like term to the likelihood function.52

The contribution from decays with non-resonant K-π is53

considered to be small [19] and neglected in the fit. For54

the B+ decay, we set FL = 1 and consider no scalar55

term [20].56

The combinatorial background PDF shape is taken57

from the B mass upper sideband that is used for the58

NN training. The sideband data are divided into five or59

six q2 bins and the angular variables cos θK and cos θµ60

are described as histograms. In the fit to cos θK (cos θµ)61

distribution, the only free parameter is FL (AFB).62

The dominant sources of systematic uncertainty on the63

measurement of FL in the B0 decay are due to the uncer-64

tainty of the signal fraction, angular acceptance, and fit65

bias near the physical boundary. For the measurement66

of AFB in the B0 decay mode, the dominant system-67

atic uncertainty arises from the FL fit. The systematic68

uncertainty on the AFB measurement in the B+ decay69

is dominated by the signal fraction uncertainty, angular70

background shape and angular acceptance. The total sys-71

tematic uncertainties range in 0.02–0.08, 0.05–0.25, and72

0.02–0.08 for FL in B0 and AFB in B0 and AFB in B+,73

respectively.74

The results of the fit in six q2 bins are shown in Fig. 275

(c, d) and summarized in Table II. Results in the range76

0 ≤ q2 < 4.3GeV2/c2 and 1 ≤ q2 < 6GeV2/c2 are also77

included.78

In summary, we have updated our previous analysis79

of FCNC decays b → sµµ using data corresponding to80

an integrated luminosity of 4.4 fb−1. We report the81

first observation of the B0
s → φµ+µ−, the most rare B0

s82

decay observed to date, and measure the total B. We83

measure the total B, differential B, FL, and AFB of the84

B+ → K+µ+µ− and B0 → K∗0µ+µ−, with respect to85

q2. These are consistent and competitive with the other86

current best results. At present there is no evidence of87

discrepancy from the SM prediction.88
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TABLE II: Summary of B0 → K∗0µ+µ− and B+ → K+µ+µ− fit results. Maximum q2 is 19.30 (23.00) GeV2/c2 for B0 (B+).

q2 (GeV2/c2) B(10−7) FL AFB B(10−7) AFB

B0 → K∗0µ+µ− B+ → K+µ+µ−

[0.00, 2.00) 0.98± 0.40± 0.09 0.53+0.32
−0.34 ± 0.07 0.13+1.65

−0.75 ± 0.25 0.38± 0.16± 0.03 −0.15+0.46
−0.39 ± 0.08

[2.00, 4.30) 1.00± 0.38± 0.09 0.40+0.32
−0.33 ± 0.08 0.19+0.40

−0.41 ± 0.14 0.58± 0.19± 0.04 0.72+0.40
−0.35 ± 0.07

[4.30, 8.68) 1.69± 0.57± 0.15 0.82+0.19
−0.23 ± 0.07 −0.06+0.30

−0.28 ± 0.05 0.93± 0.25± 0.06 −0.20+0.17
−0.28 ± 0.03

[10.09, 12.86) 1.97± 0.47± 0.17 0.31+0.19
−0.18 ± 0.02 0.66+0.23

−0.20 ± 0.07 0.72± 0.17± 0.05 −0.10+0.17
−0.15 ± 0.07

[14.18, 16.00) 1.51± 0.36± 0.13 0.55+0.17
−0.18 ± 0.02 0.42+0.16

−0.16 ± 0.09 0.38± 0.12± 0.03 0.03+0.49
−0.16 ± 0.04

[16.00, 19.30(23.00)) 1.35± 0.37± 0.12 0.09+0.18
−0.14 ± 0.03 0.70+0.16

−0.25 ± 0.10 0.35± 0.13± 0.02 0.07+0.30
−0.23 ± 0.02

[0.00, 4.30) 1.98± 0.55± 0.18 0.47+0.23
−0.24 ± 0.03 0.21+0.31

−0.33 ± 0.05 0.96± 0.25± 0.06 0.36+0.24
−0.26 ± 0.06

[1.00, 6.00) 1.60± 0.54± 0.14 0.50+0.27
−0.30 ± 0.03 0.43+0.36

−0.37 ± 0.06 1.01± 0.26± 0.07 0.08+0.27
−0.22 ± 0.07
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FIG. 2: Differential B of B+ → K+µ+µ− (a) and differen-
tial B (b), longitudinal K∗0 polarization (c), and forward-
backward asymmetry (d) of B0 → K∗0µ+µ−, as a function
of squared dimuon mass. Points are the fit result. The solid
curve is the SM expectation [15], which use maximum- and
minimum- allowed form factors on differential B plots. The
dotted curve is the C7 = −C7

eff
SM expectation, where C7 is

one of the Wilson coefficients [21]. The dashed line is the
averaged expectation in each squared dimuon mass bin and
hatched regions are charmonium veto regions.
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