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Recent results on hadronic final states from Babar
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Abstract. Two recent studies from the Babar Collaboration at SLAC are presented on the production of hadrons
at low energies. The first is a study of exclusive K* K~ production in e*e~ annihilation events with initial-state
photon radiation. The second is a study of 7. production in two-photon interactions and a three-body Dalitz-plot
analysis searching for intermediate scalar meson production in 7. decays.

1 Introduction

The Babar experiment operated at the PEP-1I asymmetric-
energy e*e” collider at SLAC from 1999 to 2008. The data
analysis is still very active, with around 20 papers expected
to be submitted for publication in 2014. The bulk of the
data sample was collected at the energy of the T(4S) res-
onance, with smaller samples collected at the Y(25), the
T(3S), and at an off-resonance energy slightly below the
T(4S). Here, two recent studies of hadronic final states
are presented. The first [1] is a study of the low-energy
exclusive efe” — K™K~ cross section based on events
with untagged initial-state photon radiation (ISR), leading
to a precise measurement of the charged kaon electromag-
netic form factor and a test of QCD. The second [2] is a
study of the two-photon processes ete” — e*e"K*K™n
and ete” — ete KK 7°, leading to observations of the
1. meson and its decay to scalar mesons.

2 The e*e” — K"K~ cross section and
charged kaon form factor

Until recently, there have been essentially no measure-
ments of the charged kaon form factor. In 2005 the CLEO
Collaboration published a result [3] on the charged kaon
form factor at the fixed energy /s = 3.7 GeV. This was
followed in 2013 by results [4] from Seth et al. (using
CLEO data) at the fixed energies of 3.8 and 4.2 GeV. In
2013, the Babar Collaboration published results [5] using
the ISR method, in which a photon radiated from the ini-
tial e* or e” in the e*e™ annihilation process reduces the
energy available to the K*K~ system, allowing measure-
ment of the form factor over a range of energies Vs’. The
results of these previous studies are summarized in Fig. 1.
Figure 1 includes the leading-order asymptotic QCD pre-
diction, which is seen to lie well below the data.

The Babar form factor results in Ref. [5] are based
on tagged ISR photons, in which the photon is observed
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Figure 1. Previous measurements [3—5] of the charged kaon fac-
tor (squared), in comparison with the QCD asymptotic predic-
tion.

within the fiducial volume of the detector. The new study,
presented here, is based on untagged ISR photon events,
i.e., on events with photons produced at angles close to
the beam axis, outside the detector acceptance. The un-
tagged analysis allows larger dikaon invariant mass values
mggx = Vs to be probed. The resulting data lie closer to
the asymptotic regime and thus allow a more valid test of
the QCD prediction.

The analysis is based on 469 fb~! of data collected
at the Y(4S) resonance or slightly below. Events are re-
quired to contain exactly two charged tracks with oppo-
site charges, each of which is identified as a kaon using a
combination of information from a ring-imaging detector
and the central tracking chamber. The two tracks are fit
to a common vertex with a beam-spot constraint. The y?
probability of the fit is required to exceed 0.1%. Event are
selected that are consistent with an ISR photon along the
beam direction. Specifically the magnitude Pr kg of the
vector sum of the transverse momenta of the two kaons is
required to be less than 0.15 GeV, and the magnitude of the
missing mass squared anm = |(per + pe- — pri)?| (With
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Figure 2. Distributions of (left) the magnitude Pr g of the vector sum of the transverse momenta of the two kaons, and (right) the

missing mass squared M2

iss®

pi the 4-momenta) is required to be less than 1 GeV. The
expected distributions of these two variables for simulated
signal events are shown in Fig. 2.

The dikaon invariant mass distribution Mgg of events
selected with these requirements is shown in Fig. 3 (left).
A clear J/y peak is visible. For Mgx > 6 GeV, a large
background is present from ete” — utu y;sr events.
Note that muon identification has not been applied at this
stage. The green-shaded histogram in Fig. 3 (left) shows
the distribution of events that have at least one identified
muon. Events with at least one muon candidate are re-
jected. After applying this (final) selection requirement,
the signal detection efficiency ranges from 1-14%, depend-
ing on Mgg.

The analysis is restricted to values Mgx < 8 GeV be-
cause the signal rate is very small for larger Mgk values.
Also, the ete™ — u*u~y s background becomes large as
My approaches the nominal e*e™ collision energy +/s.

Background from e*e™ — e*e yisg, T ysR, and
PpPvisr events is evaluated with control samples and found
to be negligible. Other ISR background, e.g., from e*e™ —
K*K ’ﬂoylg g events, is evaluated using data sideband dis-
tributions in the Mrzm'xs and pr gk variables. The back-

ground from untagged e*e™ — e*e”K*K™ two-photon
processes is obtained from simulation normalized to data.

The principal background in the signal region arises
from residual e*e™ — p*u"y s events. To evaluate this
background, a maximum-likelihood fit is performed to the
M?Z.  distribution in bins of Mkg. The M2, distribu-
tion peaks at zero for signal events and at negative values
for ete™ — uu"ysr events. The probability distribu-
tion function (PDF) for the e*e™ — u* ™7y sr background
component is obtained from y*u~y events with one identi-
fied muon. The PDF for the signal component is obtained
from simulation.

The signal yield is extracted from the fit and trans-
lated into a measurement of the signal cross section

for simulated e*e™ — K* K™ y;sg signal events. The arrows indicate selection requirements.

ok+x- as a function of Mgk by dividing the signal
yield by the efficiency and luminosity, calculated in-
dividually for each Mgk bin. The signal cross sec-
tion is then used to determine the magnitude of charged
kaon form factor |Fgg| using the relation oggx(Mgg) =

[7a?B3C/BMELONFx(Mkk)l, where 8 = (1 — 4m2 [M2,,

and C = 1.0008 is a final-state Coulomb correction.

The results for Mgx < 5 GeV are shown in compar-
ison with the previous results in Fig. 3 (center). The un-
tagged (SA ISR, or “small angle”) results are seen to be
much more precise that the tagged (LA ISR, or “large an-
gle”) results presented by Babar previously. The results
for Mgx > 2.6 GeV are shown in Fig. 3 (right). The
untagged results extend the form factor measurements to
much higher energies than the previous studies. Figure 3
(right) includes the QCD predictions: the leading-order
asymptotic [Asy (LO)] result [6] mentioned above, the
next-to-leading-order asymptotic [Asy (NLO)] result, and
a next-to-leading-order [CZ (NLO)] calculation [7] that
accounts for quark motion within the hadrons (finite quark
masses). At the higher scales probed by this analysis, the
QCD prediction is seen to be in much better agreement
with the data than at the lower masses previously consid-
ered.

3 7. production and scalar mesons

The second study is based on an entirely different class
of events, namely untagged two-photon events ete” —
e*e”X, which give access to JFC states not directly pro-
duced in e*e” annihilations. In particular, the . meson,
with JP€ = 07", can be produced directly in the two-
photon process. The focus of the study presented here
is scalar meson production in 7. decays. The scalar me-
son sector has long been problematic, with more states ob-
served than can be accommodated by the quark model, and
with broad and interfering states that are difficult to inter-
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Figure 3. (left) Dikaon mass distribution Mgx of selected events. (center) Charged kaon form factor results for Mxx < 5 GeV in

comparison with previous measurements.
calculations.

pret. Searches for scalar glueballs have been performed in
J/y decays. This study allows a search for glueball candi-
dates in 1. decays.

The analysis is based on 519 fb~! of data, represent-
ing effectively the entire Babar data sample: the Y(nS)
(n=1,2,3) and off-peak samples. The targeted reactions
are 1) yy —» K*Knpwithn — vy, 2) yy - K'K™ g
with n — n*7~ 7%, and 3) yy — K*K~n°. For reactions 1)
and 3), we require exactly two charged tracks and for reac-
tion 2) exactly four charged tracks, with identification of
the tracks as kaons or pions, as appropriate. The tracks are
fit to a common vertex with a beam-spot constraint. The
X probability of the fit is required to exceed 0.1%. The
tracks are combined with a n — yy or n° — yy candi-
date. The selected photon pairs must satisfy a beam-spot
constraint and yield a diphoton mass consistent with the n
or ¥ mass. Analogous requirements are applied to recon-
struct n — 777~ 7" candidates.

Events consistent with yy — K"K~ events are re-
jected by eliminating events with pr xx < 0.1 GeV. Back-
ground from the ISR processes e*e™ — K*K ny;sg and
K*K n s is reduced by requiring the missing-mass
squared to exceed 10 GeV.

The transverse momentum of the candidate K*K™n
and K*K 7 systems are shown in Fig. 4. The results are
shown in comparison with simulations of the targeted sig-
nal processes. Peaks at low transverse momentum are seen
for all three reactions. The shapes of the peaks are consis-
tent with the simulated signal shapes. To select events,
we require the transverse momentum of the targeted three-
particle systems to be less than 0.05 GeV (see the dashed
vertical lines in Fig. 4). The signal selection efficiency is
around 5% and is evaluated as a function of mgg and the
K™ helicity angle.

The resulting K*K™n and K* K~ n” three-body invari-
ant mass spectra are shown in Fig. 5. Very large signal
peaks are seen for the ¢ meson. Clear 7.(2S) peaks are
also seen. These results provide the first observation of
n. — K"K~ n decays. The only previous result [8] for this
channel is based on a signal yield of only 6.7 + 3.2 events,
and is not significant. We also obtain the first evidence for

(right) Charged kaon form factor results for Mgx > 2.6 GeV in comparison with QCD

n.(2S) — K*K n decays (4.9 standard deviations of sig-
nificance, including systematics) and 77.(2S) — K*Kn°
decays (3.7 standard deviations).

We perform a Dalitz-plot analysis of 5. — K"K~ de-
cays, in order to search for resonant structure. Events in
the n. mass range are selected for this study, yielding a
sample with 1161 . — K*K™n candidates and 76% pu-
rity. A maximum-likelihood fit is performed based on a
sum of amplitudes, each representing a possible interme-
diate resonant state. The fit determines the relative mag-
nitudes and phases of the amplitudes, with background
contributions evaluated using sideband data in the K*K™n
mass distribution. The fit is performed assuming no inter-
ference between the signal and background components.

Figure 6 (left) shows the projection of the fit in the m%( K
variable. We observe clear evidence for scalar meson pro-
duction in the intermediate states. Specifically, prominent
mass peaks are seen for the f,(980), fo(1500), fo(1710),
and f,(2200) mesons. The f,(1500) and f,(1710) are glue-
ball candidates, and the strength of their coupling to the
1. is important to help establish their character. The pro-
jection of the Dalitz-plot results onto the miﬂ variable is
shown in Fig. 6 (right). In this case, peaks for the K(1430)
and K(1950) are seen. These two resonances had pre-
viously been seen only in the K7 decay channel. The
K;(1430)" — K*7n measurement, seen with a significance
of 10.3 standard deviations, represents the first observation
of this decay mode. Thus the . — K™K n amplitude is
dominated by scalar meson production.

We perform a similar Dalitz-plot analysis of . —
K*K~n° decays. After selecting the region around the 7,
mass, we obtain 6710 events with 55% purity. The back-
ground is evaluated with sidebands in the three-particle in-
variant mass distribution, as with the . — K*K™n analy-
sis. The projections of the results onto the m?{;ﬁ] and m%( K
axes are shown in Fig. 7. Scalar amplitudes are seen to
dominate for this process also, with strong Kj(1430) and
K;(1950) components in the K7 mode and ap production
in the KK mode [note that the vector K*(890) peak seen in
Fig. 7 (left) is consistent with the expectation from back-
ground].
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Figure 4. Transverse momentum distributions of the candidate K*K~n and K*K~7° systems in comparison with the corresponding
simulations of signal events. The dashed lines indicate the selection requirements.

g 200 ¢ Babar %
] i 1
= N nc +- 3 E |
2 150 |- K*Km -5 400
2 [ Mm=>yy&mwand) |5
3 100 |- ) 4@
— ML fit 1 200
> (25)?
o] : 7 0

35
m(K* K n) (GeV/c?)

3.5
m(K* K n°) (GeV/c?)

Figure 5. Invariant mass distributions of the selected (left) K™ K~ and (right) K* K~ 7" systems, along with the results of the maximum-

likelihood fit.
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Figure 6. Projection of the Dalitz plot results for 5. — K*K ™1 events onto the (left) m%, and (right) m%,_ axes.

Finally, we present measurements of the K;(1430)
mass and width. These measurements are obtained us-
ing scans. The motivation for these measurements is
that there are large uncertainties in the PDG averages
for the K;(1430) resonance parameters. The large PDG
uncertainties arise because individual results from differ-
ent experiments do not agree with each other. For the
mass, we obtain 1438 + 8(stat.) +4 (syst.) GeV, which
can be compared with the PDG average 1425 + 50 GeV
and with the most precise single result, 1435 + 5 GeV

from the LASS Collaboration [9]. Thus, the Babar re-
sult agrees with that of LASS. For the width, we obtain
210 £ 20 (stat.) 12 (syst.) GeV, compared to the PDG av-
erage of 270 + 80 GeV and the LASS measurement of
279 + 6 GeV. Thus the Babar result lies around 3 standard
deviations below the LASS result.

4 Summary

In summary, improved results for the charged kaon elec-
tromagnetic form factor have been presented, which ex-
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Figure 7. Projection of the Dalitz plot results for . — K*K 7" events onto the (left) mino and (right) méK axes.

tend the measurements up to a dikaon invariant mass of
8 GeV, where the data are seen to approach the next-
to-leading order QCD prediction and agree with the pre-
diction to within the uncertainties, resolving a previous
discrepancy between experiment and calculation. In ad-
dition, the first Dalitz-plot analysis of three-body 7. de-
cays has been presented. We obtain the first observa-
tion of n, — K*K™n decays and the first evidence for
n:.(2S) — K"K n decays. We obtain the first observa-
tion of K;j(1430)" — K*n decays and precise results for
the K;(1430) mass and width. We observe the f,(1500)
and fy(1710) glueball candidates in 7. decays. This addi-
tional information on scalar meson production in a char-
monium decays can provide new and improved results on
scalar meson couplings and resonance parameters, and can
help to clarify the interpretation of the scalar meson sector.
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