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Measurement of the D*(2010)" meson width and the D*(2010)* — D° mass difference
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We measure the mass difference, Amyg, between the D*(2010)" and the D° and the natural line
width, T, of the transition D*(2010)" — D°7T. The data were recorded with the BABAR detector
at center-of-mass energies at and near the 7°(45) resonance, and correspond to an integrated lumi-
nosity of approximately 477fb~". The D" is reconstructed in the decay modes D® — K~ 7T and
D’ — K- ntr~xT. For the decay mode D° — K~ 7" we obtain I' = (83.4+£1.7£1.5) keV
and Amo = (145425.6 +0.6 = 1.8) keV, where the quoted errors are statistical and system-
atic, respectively. For the D' — K~ ntn 7" mode we obtain I' = (83.24 1.5+ 2.6) keV and
Amo = (145426.6 + 0.5 £ 2.0) keV. The combined measurements yield I' = (83.3 £ 1.2 + 1.4) keV
and Amo = (145425.9 + 0.4 4 1.7) keV; the width is a factor of approximately 12 times more precise
than the previous value, while the mass difference is a factor of approximately 6 times more precise.

PACS numbers: 13.20.Fc, 13.25Ft, 14.40.Lb, 12.38.Gc, 12.38.Qk, 12.39.Ki, 12.39.Pn

The line width of the D*(2010)" (D**) provides a win-
dow into a nonperturbative regime of strong interaction
physics where the charm quark is the heavier meson con-
stituent @ﬁ] The line width provides an experimental
test of D meson spectroscopic models, and is related to
the strong coupling of the D* D7 system, gp+pr. In the
heavy-quark limit, which is not necessarily a good ap-
proximation for the charm quark M], this coupling can
be related to the universal coupling of heavy mesons to
a pion, g. Since the decay B* — B is kinematically for-
bidden, it is not possible to measure the coupling gp+pr
directly. However, the D and B systems can be related
through g, allowing the calculation of gp«p,, which is
needed for a model-independent extraction of |Vy;| 3, ld]
and which forms one of the larger theoretical uncertain-

ties for the determination of |Vi,| [d].

We study the D** — DO9rT transition, using the
DY - K—nt and D° — K—nt7n~nt decay modes, to
extract values of the D** width ' and the difference be-
tween the D** and D° masses Amyg. Values are reported
in natural units and the use of charge conjugate reactions
is implied throughout this paper. The only prior mea-
surement of the width is I' = (96 4+ 4 + 22) keV by the
CLEO collaboration, where the uncertainties are statisti-
cal and systematic, respectively B] In the present analy-
sis, we use a data sample that is approximately 50 times
larger. This allows us to apply restrictive selection cri-
teria to reduce background and to investigate sources of
systematic uncertainty with high precision.

To extract I', we fit the distribution of the mass differ-



ence between the reconstructed D*+ and the D° masses,
Am. The signal component is described with a P-wave
relativistic Breit-Wigner (RBW) function convolved with
a resolution function based on a Geantd Monte Carlo
(MC) simulation of the detector response [d].

The full width at half maximum (FWHM) of the RBW
line shape (=~ 100keV) is much less than the FWHM of
the almost Gaussian resolution function which describes
more than 99% of the signal (= 300keV). Therefore, near
the peak, the observed FWHM is dominated by the reso-
lution function shape. However, the shapes of the resolu-
tion function and the RBW differ far away from the pole
position. Starting (1.5 — 2.0) MeV from the pole posi-
tion, and continuing to (5 —10) MeV away (depending on
the D° decay channel), the RBW tails are much larger.
The observed event rates in this region are strongly dom-
inated by the intrinsic line width of the signal, not the
signal resolution function or the background rate. We
use the very different resolution and RBW shapes, com-
bined with the good signal-to-background rate far from
the peak, to measure I' precisely HE]

This analysis is based on a data set corresponding to an
integrated luminosity of approximately 477 fb~! recorded
at, and 40 MeV below, the 7(4S) resonance [11]. The
data were collected with the BABAR detector at the PEP-
IT asymmetric energy ee™ collider, located at the SLAC
National Accelerator Laboratory. The BABAR detector
is described in detail elsewhere ﬂﬂ, ]; we suminarize
the relevant features below. The momenta of charged
particles are measured with a combination of a cylin-
drical drift chamber (DCH) and a 5-layer silicon vertex
tracker (SVT), both operating within the 1.5 T mag-
netic field of a superconducting solenoid. Information
from a ring-imaging Cherenkov detector is combined with
specific ionization (dF/dxz) measurements from the SVT
and DCH to identify charged kaon and pion candidates.
Electrons are identified, and photons measured, with a
CsI(T1) electromagnetic calorimeter. The return yoke of
the superconducting coil is instrumented with tracking
chambers for the identification of muons.

We remove a large amount of combinatorial and B me-
son decay background by requiring D** mesons produced
in efe™ — cc reactions to exhibit an ete™ center-of-
mass-frame momentum greater than 3.6 GeV. The entire
decay chain is fit using a kinematic fitter with geomet-
ric constraints at the production and decay vertex of the
DY and the additional constraint that the D**t labora-
tory momentum points back to the luminous region of
the event. The pion from D** decay is referred to as the
“slow pion” (denoted 77) because of the limited phase
space available in the D*T decay. The selection crite-
ria are chosen to provide a large signal-to-background
ratio (S/B), in order to increase the sensitivity to the
long signal (RBW) tails in the Am distribution; they are
not optimized for statistical significance. The criteria
are briefly mentioned here and presented in detail in the

4

archival reference for this analysis m] The resolution
in Am is dominated by the resolution of the 7} mo-
mentum, especially the uncertainty of its direction due
to Coulomb multiple scattering. We implement criteria
to select well-measured pions. We define our acceptance
angle to exclude the very-forward region of the detector,
where track momenta are not accurately reconstructed,
as determined using an independent sample of recon-
structed K — 77" decays. The K2 reconstructed
mass is observed to vary as a function of the polar angle
6 of the K2 momentum measured in the laboratory frame
with respect to the electron beam axis. To remove con-
tributions from the very-forward region of the detector
we reject events with any D*¥ daughter track for which
cosf > 0.89; this criterion reduces the final samples by
approximately 10%.

Our fitting procedure involves two steps. In the first
step we model the finite detector resolution associated
with track reconstruction by fitting the Am distribu-
tion for correctly reconstructed MC events using a sum
of three Gaussians and a function to describe the non-
Gaussian component HE] These simulated D*T decays
are generated with I' = 0.1keV, so that the observed
spread of the MC distribution can be attributed to event
reconstruction. The non-Gaussian function describes 7}
decays in flight to a u, for which coordinates from both
the 7 and p segments are used in track reconstruction.

The second step uses the resolution shape parameters
from the first step and convolves the Gaussian compo-
nents with a RBW function to fit the measured Am dis-
tribution in data. The RBW function is defined by

dl'(m) mI p«pr (M) mel (1)
dm  (m2 — m2)® + (meDrotar(m))?’

where I'p-py is the partial width to D%z}, m is the

s
DO7F invariant mass, mg is the invariant mass at the
S K
pole, Droar(m) is the total D*T decay width, and T is
the natural line width we wish to measure. The partial

width is defined by

s~ () ()" ()

Fhr(p) Po m

Here ¢ = 1, F5-1 (p) = /1 +12p? is a Blatt-Weisskopf
form factor for a vector particle with radius parameter r
and daughter momentum p, and the subscript zero de-
notes a quantity measured at the mass pole mq |14, ]
We use the value r = 1.6GeV ™! from Ref. [16]. For
the purpose of fitting the Am distribution, we obtain
dT'(Am)/dAm from Eqs. () and (@) through the substi-
tution m = m(D°) + Am, where m(D°) is the nominal
D° mass [117].

As in the CLEO analysis B], we approximate the total
D** decay width T'roga1(m) = T'p«pr(m), ignoring the
electromagnetic contribution from D** — DT~. This
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FIG. 1. (color online) Fits to data for the D° — K~ n" and
D° » K- n"n 7" decay modes. The total probability den-
sity function (PDF) is shown as the solid curve, the convolved
RBW-Gaussian signal as the dashed curve, and the back-
ground as the dotted curve. The total PDF and signal com-
ponent are indistinguishable in the peak region. Normalized
residuals are defined as (Nobserved — Npredicted) / 1/ Npredicted-

approximation has a negligible effect on the extracted
values, as it appears only in the denominator of the RBW
function.

To allow for differences between MC simulation and
data, the root-mean-square deviation of each Gaussian
component of the resolution function is allowed to scale in
the fit process by the common factor (1+¢). Events that
contribute to the non-Gaussian component have a well-
understood origin (74 decay in flight), which is accurately
reproduced by MC simulation. In the fit to data, the non-
Gaussian function has a fixed shape and relative fraction,
and is not convolved with the RBW. The relative contri-
bution of the non-Gaussian function is small (< 0.5% of
the signal), and the results from fits to validation signal-
MC samples are unbiased without convolving this term.
The background is described by a phase-space model of
continuum background near the kinematic threshold ﬂﬁ]
We fit the Am distribution from the kinematic threshold
to Am = 0.1665 GeV using a binned maximum likelihood
fit and an interval width of 50 keV.

In the initial fits to data, we observed a strong de-
pendence of Amg on the slow pion momentum. This
dependence, which originates in the modeling of the mag-
netic field map and the material in the beam pipe and
SVT, is not replicated in the simulation. Previous BABAR
analyses have observed similar effects, for example the
measurement of the AT mass ﬂﬁ] In that analysis the
material model of the SVT was altered in an attempt
to correct for the energy loss and the under-represented
small-angle multiple scattering (due to nuclear Coulomb
scattering). However, the momentum dependence of the
reconstructed A7 mass could be removed only by adding
an unphysical amount of material to the SVT. In this
analysis we use a different approach to correct the ob-
served momentum dependence and adjust track momenta
after reconstruction.

We use a sample of K§ — 777~ events from D** —
D} decays, where D° — K37, and require that
the Kg daughter pions satisfy the same tracking cri-
teria as the mJ candidates for the D° — K7t and
D° — K—ntr~nt signal modes. The K3 decay vertex
is required to lie inside the beam pipe and to be well
separated from the D° vertex. These selection criteria
yield an extremely clean K3 sample (over 99.5% pure),
which is use to determine three fractional corrections to
the overall magnetic field and to the energy losses in the
beam pipe and, separately, in the SVT. We determine the
best set of correction parameters by minimizing the dif-
ference between the 777~ invariant mass and the current
world average for the K° mass (497.614+0.024 MeV) [17]
in 20 intervals of laboratory momentum in the range 0.0
to 2.0 GeV. The best-fit parameters increase the magni-
tude of the magnetic field by 4.5 Gauss and increase the
energy loss in the beam pipe and SVT by 1.8% and 5.9%,
respectively ﬂﬁ] The momentum-dependence of Amg in
the preliminary results was mostly due to the slow pion.



However, the correction is applied to all D*T daughter
tracks. All fits to data described in this analysis are
performed using masses and Am values calculated using
corrected momenta. Simulated events do not require cor-
rection because the same field and material models used
to propagate tracks are used for their reconstruction.

Figure[Il presents the results of the fits to data for both
the D° - K—nt and D° - K77~ 7t decay modes.
The normalized residuals show good agreement between
the data and our fits. Table [l summarizes the results of
the fits to data for both DY decay modes. The table also
shows S/B at the peak and in the high Am tail of each
distribution.

TABLE I. Summary of the results from the fits to data for
the D° - K=« and D° — K~ 7w~ n" channels (statistical
uncertainties only). S/B is the ratio of the convolved signal
PDF to the background PDF at the given Am and v is the
number of degrees of freedom.

Parameter D’ - Kn D° - Krrr
Number of signal events 138536 + 383 174297 £ 434
I' (keV) 833+ 1.7 83.2+15
scale factor, (1 + €) 1.06 £+ 0.01 1.08 £0.01
Amg (keV) 145425.6 £ 0.6 145426.6 £0.5
S/B at peak
(Am = 0.14542 ( GeV)) 2700 1130
S/B at tail
(Am = 0.1554 (GeV)) 0-8 0-3
X2 /v 574/535 556,535

We estimate systematic uncertainties related to a vari-
ety of sources. The data are divided into disjoint subsets
corresponding to intervals of D** laboratory momentum,
D** laboratory azimuthal angle ¢, and reconstructed
DY mass, in order to search for variations larger than
those expected from statistical fluctuations. These are
evaluated using a method similar to the PDG scale fac-
tor m, ﬂ] The corrections to the overall momentum
scale and dF/dx loss in detector material are varied to
account for the uncertainty on the K3 mass. To estimate
the uncertainty in the Blatt-Weisskopf radius we model
the D** as a point-like particle. We vary the parameters
of the resolution function according to the covariance ma-
trix reported by the fit to estimate systematic uncertainty
of the resolution shape. We vary the end point used in
the fit, which affects whether events are assigned to the
signal or background component. This variation allows
us to evaluate a systematic uncertainty associated with
the background parametrization; within this systematic
uncertainty, the residual plots shown in Fig. [] are con-
sistent with being entirely flat. Additionally, we vary the
description of the background distribution near thresh-
old. We fit MC validation samples to estimate systematic
uncertainties associated with possible biases. Finally, we

use additional MC validation studies to estimate possi-
ble systematic uncertainties due to radiative effects. All
these uncertainties are estimated independently for the
D’ — K—7t and D° — K- 7ts~ 7t modes, as dis-
cussed in detail in Ref. m] and summarized in Table [l

The largest systematic uncertainty arises from an ob-
served sinusoidal dependence for Amg on ¢. Varia-
tions with the same signs and phases are seen for the
reconstructed DY mass in both D° — K—7t, D% —
K-rmTn~nt, and for the K2 mass. An extended inves-
tigation revealed that at least part of this dependence
originates from small errors in the magnetic field from
the map used in track reconstruction m] The impor-
tant aspect for this analysis is that the average value is
unbiased by the variation in ¢, which we verified using the
reconstructed Kg mass value. The width does not dis-
play a ¢ dependence, but each mode is assigned a small
uncertainty because some deviations from uniformity are
observed. The lack of a systematic variation of I' with
respect to ¢ is notable because Amg shows a clear depen-
dence such that the results from the D° — K7t and
D — K—rtn—nt samples are highly correlated and
shift together. We fit the Amg values with a sinusoidal
function and take half of the amplitude as the estimate
of the uncertainty.

The results for the two independent D° de-
cay modes agree within their uncertainties. The
dominant systematic uncertainty on the RBW pole

position comes from the variation in ¢ (1.5 —
1.9keV). For the decay mode D° — K—7*
we find ' = (83.4+£1.7+£1.5)keV and Amy =

(145425.6 £ 0.6 £ 1.8) keV, while for the decay mode
DY - K-atn~nt we find I' = (83.2+ 1.5+ 2.6) keV
and Amg = (145426.6+0.5 £2.0) keV.  Account-
ing for correlations, we obtain the combined mea-
surement values I' = (83.3+1.2+1.4)keV and
Amgy = (145425.9+ 0.4 + 1.7) keV.

Using the relationship between the width and the
coupling constant m], we can determine the experi-
mental value of gp«+por+. Using I' and the masses
from Ref. ﬂﬂ] we determine the experimental coupling
9 pop+ = 16.92 4 0.13 & 0.14, where we have ignored
the electromagnetic contribution from D** — D%+,
The universal coupling is directly related to gp«pr by
J = gp++postfr/ (2W). This parametriza-
tion is different from that used by CLEO B], it is cho-
sen to match a common convention in the context of
chiral perturbation theory, as in Refs. M, ] With
this relation and f, = 130.41MeV, we find g=*P =
0.570 + 0.004 + 0.005.

Di Pierro and Eichten HE] present results in terms of
R, the ratio of the width of a given state to the univer-
sal coupling constant. At the time of their publication,
g = 0.82+0.09 was consistent with the values from all of
the modes in Ref. @] In 2010, BABAR published much
more precise mass and width results for the D;(2460)°



TABLE II. Summary of systematic uncertainties with correlation p between the D° — K~ 7" and D° — K~ nt7n 7" modes.
The K~ 7" and K~ 77 7" invariant masses are denoted by m (D?eco).

Source

Osys (I') [keV]
K

Osys (Amyg) [keV]

Knnm K Knnm

Disjoint D** momentum variation
Disjoint m (D?CCO) variation
Disjoint azimuthal variation

Magnetic field and material model

Blatt-Weisskopf radius
Variation of resolution shape parameters
Am fit range
Background shape near threshold
Interval width for fit
Bias from validation
Radiative effects

0.88  0.98 0.47 0.16 0.11 0.28
0.00 1.53 0.56 0.00 0.00 0.22
0.62  0.92
0.29 0.18 0.98 0.75 0.81 0.99
0.04  0.04 0.99 0.00 0.00 1.00
0.41  0.37 0.00 0.17
0.83 0.38
0.10  0.33 1.00 0.00 0.00 0.00
0.00 0.05 0.99 0.00 0.00 0.00
0.00  1.50 0.00 0.00 0.00 0.00
0.25 0.11 0.00 0.00 0.00 0.00

-0.04 1.50 1.68 0.84

0.16 0.00
-0.42 0.08 0.04 0.35

Total

2.6 1.7 1.9

TABLE III. Updated coupling constant values using the latest
width measurements. Ratios are taken from Ref. [2(].

R=T/

State Width (T") (model)
D*(2010)" 8334+ 1.3+ 1.4keV 143keV 0.76 & 0.01
D1(2420)° 3144054+ 1.3MeV 16 MeV  1.40 +0.03
D3(2460)°  50.54+ 0.6 +0.7MeV 38MeV  1.15 + 0.01

and D3(2460)° mesons [21]. Using these values, our mea-
surement of I', and the ratios from Ref. @], we calculate
new values for the coupling constant §. Table [T shows
the updated results. We estimate the uncertainty on g
assuming op < I'. The updated widths reveal signif-
icant differences among the extracted values of §. The
order of magnitude increase in precision of the D** width
measurement compared to previous studies confirms the
observed inconsistency between the measured D*t width
and the chiral quark model calculation by Di Pierro and
Eichten [2()].

After completing this analysis, we became aware of
Rosner’s 1985 prediction that the D*T natural line width
should be 83.9keV ﬂﬂ] He calculated this assuming a
single quark transition model to use P-wave K* — K7
decays to predict P-wave D* — Dm decay properties.
Although he did not report an error estimate for this
calculation in that work, his central value falls well
within our experimental precision. Using the same proce-
dure and current measurements, the prediction becomes
(80.5 + 0.1)keV [23]. A new lattice gauge calculation
yielding T(D**) = (76 + 77{;) keV, has also been re-
ported recently [1].
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