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Evidence for the 1,(1P) meson in the decay 7 (3S) — 7°h;(1P)
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Using a sample of 122 million 7°(3S) events recorded with the BABAR detector at the PEP-II
asymmetric-energy e"e” collider at SLAC, we search for the hy(1P) spin-singlet partner of the
P-wave x3(1P) states in the sequential decay Y'(3S) — 7°hy(1P), hy(1P) — vy (1S). We observe
an excess of events above background in the distribution of the recoil mass against the 7° at mass
9902 + 4(stat.) 4 1(syst.) MeV/c?. The width of the observed signal is consistent with experimental
resolution, and its significance is 3.0 o, including systematic uncertainties. We obtain the value
(3.741.1 (stat.) £0.7 (syst.) )x10™* for the product branching fraction B(Y'(3S) — 7°hy) x B(hy —

Y1)

PACS numbers: 13.20.Gd, 13.25.Gv, 14.40.Pq, 14.65.Fy

To understand the spin dependence of ¢G potentials
for heavy quarks, it is essential to measure the hyperfine
mass splitting for P-wave states. In the non-relativistic
approximation, the hyperfine splitting is proportional to
the square of the wave function at the origin, which is
expected to be non-zero only for L = 0, where L is the
orbital angular momentum quantum number of the ¢q
system. For L = 1, the splitting between the spin-singlet
(1P1) and the spin-averaged triplet state ((*Py)) is ex-
pected to be AMyp = M(3P;) — M(*P;) ~ 0. The
1Py state of bottomonium, the hy(1P), is the axial vec-

tor partner of the P-wave x,7(1P) states. Its expected
mass, computed as the spin-weighted center of gravity of
the x5 (1P) states [1], is 9899.87+ 0.27 MeV /2. Higher-
order corrections might cause a small deviation from this
value, but a hyperfine splitting larger than 1 MeV/c?
might be indicative of a vector component in the con-
finement potential ﬂa] The hyperfine splitting for the
charmonium ' P, state h. is measured by the BES and
CLEO experiments [3]-[5] to be ~0.1 MeV/c2. An even
smaller splitting is expected for the much heavier bot-
tomonium system [2].



The hy(1P) state is expected to be produced in 7°(3.5)
decay via ¥ or di-pion emission, and to undergo a subse-
quent E1 transition to the 7,(15), with branching frac-
tion (BF) B(hy(1P) — ymp(18)) ~ (40 — 50)% [2, ld].
The isospin-violating decay 7(3S) — 7h,(1P) is ex-
pected to have a BF of about 0.1% ﬂ, ], while theoret-
ical predictions for the transition 7°(3S) — w7~ hy(1P)
range from ~ 10~* [7] up to ~ 103 [d]. The CLEO ex-
periment reported the 90% confidence level (C.L.) limit
B(T(3S) = 7°hy(1P)) < 0.27% [L0] based on fewer than
0.5 million 7°(35) events.

In this paper, we report evidence for the h,(1P) state
in the decay 7(3S) — 7hy(1P). The data sample used
was collected with the BABAR detector ] at the PEP-II
asymmetric-energy ete™ collider at the SLAC National
Accelerator Laboratory and corresponds to 28 fb™! of in-
tegrated luminosity at a center-of-mass (CM) energy of
10.355 GeV, the mass of the 7°(35) resonance. This sam-
ple contains (122 £ 1) million 7°(3S) events. Detailed
Monte Carlo (MC) simulations b] of samples of ex-
clusive T(3S) — 7hy(1P), hy(1P) — ~ymp(1S) decays
(where the hy(1P) and n,(1S) are hereafter referred to
as the hy and the ), and of inclusive 7°(35) decays, are
used in this study. These samples correspond to 34,000
signal and 215 million 7°(3S5) events, respectively. In the
inclusive 7°(35) MC sample a BF of 0.1% is assumed for
the decay 7'(35) — 7°h, [d].

The trajectories of charged particles are reconstructed
using a combination of five layers of double-sided sili-
con strip detectors and a 40-layer drift chamber, both
operating inside the 1.5-T magnetic field of a supercon-
ducting solenoid. Photons are detected, and their ener-
gies measured, with a CsI(T1) electromagnetic calorime-
ter (EMC), also located inside the solenoid. The BABAR
detector is described in detail elsewhere ﬂﬂ]

The signal for 7(3S5) — 7°h;, decays is extracted from
a fit to the inclusive recoil mass distribution against
the 7° candidates (Myecoiu(m?)). It is expected to ap-
pear as a small excess centered near 9.9 GeV/c? on
top of the very large non-peaking background pro-
duced from continuum events (ete™ — ¢g with ¢ =
u,d, s,c¢) and bottomonium decays. The recoil mass,
Mrecoit(T°) =/ (Efoum — E*(@0))%2 — p*(79)2 (where
E}. .m corresponds to the sum of the beam particle CM
energies), is computed in the eTe™ CM frame (denoted
by the asterisk). We enhance the sensitivity of the search
for the hy by exploiting the fact that the Ay is expected
to decay predominantly to v 7, and so require a recon-
structed photon consistent with this decay. The precise
measurement of the 7, mass HE] defines a restricted en-
ergy range for a photon candidate compatible with this
subsequent h; decay. A similar approach led to the ob-
servation by CLEO-c, and then by BES, of the h. in the
decay chain 1(25) — her® — neyr® [3]-[5], where the 7,
was identified both exclusively (by reconstructing a large
number of hadronic modes) and inclusively.

The photon from h, — 1, decay is monochromatic
in the hy rest-frame and is expected to peak at ~490
MeV in the ete™ CM frame, with a small Doppler broad-
ening that arises from the motion of the h; in that
frame; the corresponding energy resolution is expected
to be ~ 25 MeV. The Doppler broadening is negligible
compared with the energy resolution. Figure 1 shows
the reconstructed CM energy distribution of such candi-
date photons in the region 250-1000 MeV for simulated
T(3S) — 7°hy, hy — ymy events before the application of
selection criteria; the signal photon from hy — v, decay
appears as a peak on top of a smooth background. We
select monochromatic photon candidates with CM en-
ergy in the range 420-540 MeV (indicated by the shaded
region in Fig. 1).
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FIG. 1: The reconstructed CM energy distribution of the can-
didate photon (7) in simulated ¥'(35) — 7 hy(1P), hy(1P) —
Mp(1S) events. The shaded region indicates the selected
E*(v) signal region.

We employ a simple set of selection criteria to sup-
press backgrounds while retaining a high signal efficiency.
These selection criteria are chosen by optimizing the
S/v/B ratio between the expected signal yield (S) and
the background (B). The 1(3S) — 7%y, hy — mp
MC signal sample is used in the optimization, while a
small fraction (9%) of the total data sample is used to
model the background. We estimate the contribution B
in the signal region, defined by 9.85 < m.ccoir(7°) < 9.95
GeV/c?, using the sidebands of the expected h; signal
region, 9.80 < Myecoit(1°) < 9.85 GeV/c? and 9.95 <
Mirecoil () < 10.00 GeV /2.

The decay of the 7, is expected to result in high final-
state track multiplicity. Therefore, we select a hadronic
event candidate by requiring that it have four or more
charged-particle tracks, and that the ratio of the second
to zeroth Fox-Wolfram moments [14] be less than 0.6 [15)].

For a given event, we require that a primary vertex



be found and fitted successfully from all charged-particle
tracks in the event. We then constrain the candidate
photons in that event to originate from that vertex.

A photon candidate is required to deposit a minimum
laboratory energy of 50 MeV into a contiguous EMC crys-
tal cluster that is isolated from all charged-particle tracks
in that event. To ensure that the cluster shape is consis-
tent with that for an electromagnetic shower, its lateral
moment ﬂﬁ] is required to be less than 0.6.

A 70 candidate is reconstructed as a photon pair with
invariant mass m(yy) in the range 55-200 MeV/c? (see
Fig. 2). In the calculation of My ccoi(7°), the y-pair in-
variant mass is constrained to the nominal 7° value @]
in order to improve momentum resolution.

To suppress backgrounds due to misreconstructed m°
candidates, we require |cosf,| < 0.7, where the helicity
angle 6, is defined as the angle between the direction of
a v from a 7¥ candidate in the 7° rest-frame, and the 7%
direction in the laboratory.

Photons from 7% decays are a primary source of back-
ground in the region of the monochromatic photon line
from hy — ~mp transitions. A monochromatic photon
candidate is rejected if, when combined with another
photon in the event (7y2), the resulting 2 invariant mass
is within 15 MeV /c? of the nominal 7° mass; this is called
a ¥ veto. Similarly, a very large number of misrecon-
structed ¥ candidates results from the pairing of photons
from different 7°’s. A 7° candidate is rejected if either of
its daughter photons satisfies the 7° veto condition, with
72 not the other daughter photon. To maintain high sig-
nal efficiency, the 7° veto condition is imposed only if
the energy of 2 in the laboratory frame is greater than
200 MeV (150 MeV) for the monochromatic photon (for
the 7° daughters). With the application of these vetoes,
and after all selection criteria have been imposed, the av-
erage ¥ candidate multiplicity per event is 2.17 for the
full range of m(yy), and 1.34 for the 7¥ signal region
(110 < m(yy) < 150 MeV/c?). The average multiplic-
ity for the monochromatic photon is 1.02; for 98.4% of m°
candidates there is only one associated photon candidate.

To search for an hy, signal, we select a m.ccoi (7°) range
from 9.73 to 10 GeV/c?, and divide it into 90 intervals of
3 MeV/c? (see Fig. 3). For each myccoi(70) interval, the
m(77y) spectrum consists of a 7° signal above combinato-
rial background (see Fig. 2). We obtain the m.ccoi (7°)
spectrum by extracting the 70 signal yield in each inter-
val of Myecoit(?) from a fit to the m(yy) distribution
in that interval. The M, .ccoi(7°) distribution is thus ob-
tained as the fitted 7° yield and its uncertainty for each
interval of M ccoir(7°).

We use the MC background and 7°-signal distributions
directly in fitting the data ﬂﬁ] For each Myceoit(7°)
interval in MC, we obtain histograms in 0.1 MeV/c?
intervals of m(y7y) corresponding to the m°-signal and
background distributions. The 7%-signal distribution is
obtained by requiring matching of the reconstructed to
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FIG. 2: The result of the fit to the m(yvy) distribution in
data (data points) for the full range of mrewil(ﬂ'o). The solid
histogram shows the fit result, and is essentially indistinguish-
able from the data; the shaded histogram corresponds to the
background distribution.

the generated 7°’s on an candidate-by-candidate basis
(termed “truth-matching” in the following discussion).
The histogram representing background is obtained by
subtraction of the 7%signal from the total distribution.
For both signal and background data the qualitative
changes in shape over the full range of M, .ccoi(7°) are
quite well reproduced by the MC. However, the 7° sig-
nal distribution from data is slightly broader, and the
peak mass value slightly higher, than for the simula-
tion. The m(~y) background shape also differs between
data and MC. To address these differences, the MC 7°
signal is displaced in mass and smeared by a double
Gaussian function with different mean and width values;
the MC background distribution is weighted according
to a polynomial in m(yy). The signal-shape and back-
ground weighting-parameter values are obtained from a
fit to the m(yy) distribution in data for the full range
of Myecoit(m?). At each step in the fitting procedure,
the mY-signal and background distributions are normal-
ized to unit area, and a x? between a linear combination
of these MC histograms and the m(yy) distribution in
data is computed. The result, shown in Fig. 2, indicates
that the fit function provides an adequate description of
the data (y?/NDF=1446/1433; N DF=Number of De-
grees of Freedom). The background distribution exhibits
a small peak at the 7 mass, due to interactions in the
detector material of the type nn™ — pa® or pr— — nx®
that cannot be truth-matched. The normalization of this
background to the non-peaking background is obtained
from the MC simulation, which incorporates the results
of detailed studies of interactions in the detector mate-
rial performed using data HE] This peak is displaced
and smeared in the same way as the primary 7° signal.
The fits to the individual m(y7y) distributions are per-



formed with the smearing and weighting parameters fixed
to the values obtained from the fit shown in Fig. 2. In
this process, the MC signal and background distributions
for each Myccoi(m°) interval are shifted, smeared, and
weighted using the fixed parameter values, and then nor-
malized to unit area. Thus, only the signal and back-
ground normalizations are free parameters in each fit.
The x2-fit to the data then gives the value and uncer-
tainty of the coefficient multiplying the w%-signal his-
togram as the number of 7 events and its uncertainty.
The fits to the 90 m(yy) distributions provide good de-
scriptions of the data, with an average (x?/NDF) =
0.98 £ 0.03 (NDF=1448), where the value £0.03 is the
ram.s. of the distribution. We verify that the fitted °
yield is consistent with the number of truth-associated
7’s in MC to ensure that the 7° selection efficiency is
well-determined using truth-matching, and to check the
validity of the 7%-signal extraction procedure.

Figure 3 shows the miy.ccoi(7°) distribution obtained
in data by applying the 7%signal extraction procedure.
To search for an hy signal, we perform a binned x?2 fit
to this spectrum using a fit function that contains signal
and background contributions. The signal component
is parametrized with the sum of two Crystal Ball [19]
functions with parameter values determined from signal
T(3S) — 7hy, MC events. The background function is
obtained from the background distribution of an inclu-
sive MC sample that is weighted to accurately model the
distribution in data. The weighting function is a fifth or-
der polynomial with parameters set from a fit of the ratio
of the My ecoi(m?) distributions in data and MC exclud-
ing the hy, signal region (9.87-9.93 GeV/c?). We obtain a
corrected MC background distribution by applying this
weight over the full range of My ccoir (7°).

We fit the corrected MC background distribution with
a sixth order polynomial function. To improve sensitivity,
the background function is fixed in the fit to data. All
the parameters of the h; signal lineshape except the peak
position and yield are fixed. The number of h; events
obtained from the fit is 9145 4 2804, and the h,; fitted
mass value is m = 9902 & 4 MeV/c?. The distribution
of the normalized residuals is described by a Gaussian
function with mean and width values consistent with zero
and one, respectively; this confirms that the uncertainties
associated with the individual 7% signals are reliable.

In order to determine the statistical significance of the
signal we repeat the fit with the hj mass fixed to the cen-
ter of gravity of the x;s(1P) states, m = 9900 MeV /c?.
The signal yield obtained from this fit is 8959+2796. The
statistical significance of the signal is calculated from the
square-root of the difference in x? for this fit with and
without a signal component; this gives a value of 3.2 stan-
dard deviations. Figure 4 represents the results of a scan
performed as a function of the assumed h; mass. Each
point in this figure corresponds to the fitted signal yield
with the h, mass parameter fixed.
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FIG. 3: (a) The mremil(ﬂ'o) distribution in the region

9.73 < Myecoil (7r0) < 10 GeV/c2 for data (points); the solid
curve represents the fit function described in the text. The
normalized residuals are shown underneath. (b) (inset) Ex-
panded view of the signal region; the dashed curve represents
the background function. (c) The mremil(ﬂ'o) spectrum after
subtracting background; the shaded histogram represents the
signal function resulting from the fit to the data.

We obtain an estimate of systematic uncertainty on the
number of 79°s in each Myceoi(m°) interval by repeating
the fits to the individual m(y7y) spectra with the line-
shape parameters corresponding to Fig. 2 varied within
their uncertainties. The distribution of the net uncer-
tainty varies as a third order polynomial in M, ccoi (7).
We estimate a systematic uncertainty of 210 events on
the hy signal yield due to the 7%-yield extraction pro-
cedure by evaluating this function at the fitted h;, mass
value.

The dominant systematic uncertainty on the measured
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FIG. 4: The fitted yields as a function of the assumed hy
mass.

hy, yield is due to the choice of the shape of the m.ccoi (7°)
background distribution. It is estimated from an ensem-
ble of background function parameters, obtained by per-
turbing the nominal fit values by random amounts sam-
pled from the covariance matrix, with correlations taken
into account. A sample of 1500 sets of randomized pa-
rameter values is obtained by this procedure. For each
such set, we fit the data distribution with the background
function fixed to the parameter values of the set. The dis-
tribution of the signal yields is found to be Gaussian with
mean coinciding with the nominal fit value and o = 1059
events. Similarly, we obtain a systematic uncertainty of
+0.5 MeV/c? on the hy, mass.

The systematic uncertainty associated with the choice
of signal lineshape is estimated by varying the signal
function parameters, which were fixed in the fit, by +1 o.
Systematic uncertainties of £75 events and 4-0.5 MeV /c?
are obtained for the h; yield and mass, respectively.

After combining these systematic uncertainty esti-
mates in quadrature, we obtain an effective signal sig-
nificance of 3.0 standard deviations. We find an h,
yield of 9145 + 2804 4+ 1082 events and an h; mass value
m = 9902 + 4 + 1 MeV/c?, where the first error is sta-
tistical and the second systematic. The resulting hyper-
fine splitting with respect to the center of gravity of the
xbs (1P) states is thus Agp = +244 41 MeV/c?, which
agrees within error with model predictions ﬂ, ]

To convert the yield into a measurement of the product
BF for the sequential decay 7(3S) — 7 hy, hy — y1p, We
determine the efficiency eg from MC, requiring that the
signal 7° and the v be truth-matched. The resulting effi-
ciency is g = 15.84+ 0.2%. MC studies indicate that pho-
tons that are not from an hy, — v transition can satisfy
the selection criteria when only the 7°(3S) — 7°hy, tran-
sition is truth-matched. This causes a fictitious increase
in the hy signal efficiency to e = 17.94 0.2%. Therefore,
the efficiency for observed h; signal events that do not

correspond to hy, — ym, decay is Ae = 2.1%. However,
there is no current experimental information on the pro-
duction of such non-signal photons in h;, and 7, decays.
Furthermore, the above estimate of efficiencies in MC
does not account for photons from hadronic h; decays,
since the signal MC requires h, — ym,. We thus assume
that random photons from hadronic hy decays have the
same probability Ae to satisfy the monochromatic pho-
ton selection criteria as those from 7, decays. We assume
a 100% uncertainty on the value of Ae when estimating
the systematic error on the product BF.

We estimate the product BF for 7(35) — 7°hy, hy —
~vmp by dividing the fitted signal yield IV, corrected for the
estimated total reconstruction efficiency, by the number
of T(35) events Ny(sg) in the data sample. We obtain
the following expression for the product BF:

N/ (N-
B(Y(38) — 7°hy) x Blhy — i) = w (1)
where
Ac/es
C=14+——"—""— 2
B(hy = ~ymp) @)

is the correction factor to the efficiency eg to account for
the non-signal hadronic hy and 7, contributions. In this
equation, we assume a BF value B(hy — 1) = 45+ 5%
according to the current range of theory predictions. The
corresponding correction factor is 1 — C' ~30%, with a
systematic uncertainty dominated by the uncertainty on
Ae.

We obtain B(Y(3S) — 7°hy) x B(hy — ym) =
(3.7+ 1.1 £0.7) x 10~%, where the first uncertainty is
statistical and the second systematic. The result is con-
sistent with the prediction of Ref. B], which estimates
4 x 10~* for the product BF. Since the hj-decay uncer-
tainty reduces the significance of the product BF rel-
ative to that of the h; production, we may interpret
the former result as an upper limit. From an ensem-
ble of simulated events using the measured product BF
value, and the statistical and associated systematic un-
certainties (assumed to be Gaussian) as input, we obtain
B(T(3S) — 7°hy) x B(hy — ymp) < 5.8 x 10~* at 90%
C.L.

In summary, we have found evidence for the decay
T(3S) — 7°hy, with a significance of 3.0 standard devia-
tions, including systematic uncertainties. The measured
mass value, m = 990244 (stat.)+1(syst.) MeV/c?, is con-
sistent with the expectation for the h,(1P) bottomonium
state, the axial vector partner of the x,;(1P) triplet of
states. We obtain B(Y'(3S) — 7°hy) x B(hy — ymp) =
(3.7 £ 1.1 (stat.) £0.7 (syst.) )x107* (< 5.8 x 107% at
90% C.L.).
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