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The available data on the DD and inclusive hadronic cross sections in the v (3770) region from the BaBar,
Belle, BES-II, CLEO and KEDR experiments have been analyzed assuming that systematic uncertainties on
cross sections measured by various detectors are not correlated. Four theoretical models predicting the
¥ (3770) line shape were considered for the DD channel. All of them gave satisfactory description of the
data. The combined analysis of the DD and inclusive hadronic channels was performed using the model
based on the vector dominance approach and accounting for the contribution of the ¥ (2S) tail to the
DD cross section. The following values of the mass, total width, electron width and decay probability to

the non-DD states were obtained:

M (MeV)
3779.8+£0.6

T (MeV)
258+1.3

Cee (€V)
196 £ 18

B,pp
0.164 +0.049

where the errors quoted include both statistical and dominant systematic uncertainties.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Behavior of the hadronic cross section in the vicinity of the
¥(3770) is an object of numerous studies, both experimental and
theoretical, and a subject of many discussions over the last ten
years. The main topics of the discussions are the resonance line
shape and the probability of decay to the non-DD states. The data
on the DD and inclusive hadronic cross section expected from BES-
Il should shed light on both of them. While waiting for these
data, it would be useful to perform a joint analysis of all exper-
imental data available so far, compare different theoretical models
related to the 1 (3770) line shape and estimate its non-DD decay
probability. Some BES-III results on the DD channel were already
presented at the workshop on charm physics [1] but have not yet
been published.

A summary of the experimental data used in this study is
presented in Table 1. Five types of data were involved: inclusive
hadronic data in the form of the R ratio from BES and in the form
of the detected cross section with a known detection efficiency
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from KEDR, the DD cross section measured by BaBar and Belle
with radiative return, the ete~ — DD(y) cross section by BES and
CLEO, and, finally, the inclusive non-DD cross section extracted by
BES using kaons of high momentum which can not appear in de-
cays of D-mesons not too far from the production threshold. The
data for the R measurement were collected by BES in December
2003, but the data set collected in March 2003 and mentioned in
[2] is, unfortunately, not available.

2. Inclusive hadronic cross section

In the energy range from the v (2S) mass to the DD thresh-
old the inclusive hadronic cross section can be parameterized as
follows:

visible
ae*e*—>hadr(y)

= (925 Ty\as) + €1/ Oy + Err OFs + Euds O y)

_ ~RC _ _ __RC
+(épp Op5 + €npD BapDd Ty 3770) ) (1)
where oRC’s are theoretical cross sections, &’s are corresponding

detection efficiencies. The RC superscript means that the cross sec-
tion has been corrected for initial-state radiation (ISR) effects, nDD
stands for the direct ¥ (3770) decay to light hadrons, the other
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Table 1
Compilation of results near the 1(3770). 207 data points at 3.678 < W < 3.9 GeV.
Analysis Comments
BES [3] 68 points of R(W)
inclusive hadrons
BaBar [4] 36 points,
7 W+AW /2
DD [ Oere-pp(WHAW'/AW,
W—AW/2
AW =5 MeV
BES [5] + [6] 1+1 point, Ge*e’%hadr(y)(w)r

inclusive hadrons, non-DD Oete~—nondD(y) (W)

W = 3773 MeV

BES [7] 14 points, 0,1, ppy) (W)

DD

Belle [8] 9 points,

_ W+AW /2

DD [ Opte-spp(WHAW' /AW,
W-AW/2
AW =20 MeV

CLEO [9] + [10] 1+ 1 point, Oe+e——, hadr(y) (W),

inclusive hadrons, DD Oete-—pD(y) (W)

W =3774+1 MeV
17 + 21 + 38 points in 3 scans

visible
ge*e* —hadr(y) W)

KEDR [11]
inclusive hadrons

(super/sub)scripts seem self-explanatory. The detection efficiencies
depend on energy weakly and monotonously.

In this work Eq. (1) was used for analysis of KEDR data in the
approximation of Ref. [11]. Only the latter parenthesis in (1) is es-
sential for ¥ (3770) characteristics, the former one represents the
background which is subtracted by introducing additional parame-
ters in the fit.

The multihadron cross section by BES was published in terms
of R. That simplifies the background subtraction but complicates a
study of the DD signal and inclusive non-DD decays of v (3770).
Indeed, the calculation of R requires weighting of different detec-
tion efficiencies entering in (1) and the evaluation of ISR correc-
tions for the DD cross section, which can not be done without
assumptions about the opp(W) behavior and (3770) parame-
ters. To facilitate this problem, R was transformed to the excess of
the observable cross section due to DD production and non-DD
decays of (3770):

RC RC
80hadr(y) = 05 + (EnpB/€pD) Bupb Oy 3770 ()

The required information on the detection efficiency and on the
account for radiative corrections was taken from Refs. [3,12]. Some
details on the transformation can be found in Appendix A. Since
the properties of the non-DD decay are not known well, it was
assumed that ¢,,5/¢p5 =1.

3. DD cross section

The DD cross sections can be presented in the form

2
GDE(W):%ﬂB I[Fp(W)>, Bp=+/1—4m}/W2, 3)

where Bp is the meson velocity in the c.m. frame and Fp is a D
meson form factor. For determination of the ¥ (3770) parameters
in the usual way it should be split into independent parts

Fp(W) = FYCT0w)e® 4 FNR (W), (4)

where F¥ (W) is a P-wave Breit-Wigner amplitude with energy-
dependent total width I'(W), FNR (W) is a non-resonant (with
respect to 1(3770)) part of the form factor and ¢ is a relative
phase shift.

In the spirit of the Vector Dominance Model (VDM) one can as-
sume that the form factor is saturated by contributions of nearest
vector mesons. Below 3.9 GeV it can be reduced to

FNR (W) = FY@3 (W) + Fo, (5)

where Fy is a real constant representing contributions of yr(4040)
and higher ’s. Such an approach was used for determination of
¥ (3770) parameters in Ref. [11] and was employed in this work.
In BES-III report [1] it is considered as one of two options.

Alternatively, the form factors following from the works [14-16]
were implemented in the analysis procedure. In these cases the
form factor can not be split according to Eq. (4), thus the resonance
mass and widths can not be compared with those obtained in the
VDM approach.

The DD cross sections published by BaBar and Belle can be di-
rectly matched with the theoretical cross section in Eq. (3). The
DD(y) cross sections published by BES and CLEO correspond to
ag%(W) in Eq. (1):

o5 w) = [ o (WVT=%) 7o W) GW . W) dwdx,
(6)

where F(x,s) is the radiative correction kernel depending on the
fraction of s lost in the initial-state radiation [17] and G(W, W’)
describes a distribution of the total collision energy. The latter is
assumed to be Gaussian with the standard deviation oy which is
about 1.3 and 2 MeV for BES and CLEO, respectively [18].

4. Data analysis

A sum of likelihood functions for independent experiments is
minimized with

L = Laaa(fN, Aw) + Lsyst(fn, Aw), ™

where Lg., is the Poisson likelihood function multiplied by two
when the number of observed events is known or just x2 when
only the cross section and its error are known. The integration of
the theoretical cross section to match BaBar and Belle data is per-
formed numerically with an energy step of 0.5 MeV.

Expected values in the likelihood are calculated with the addi-
tional free parameters fy and Ay specific for each experiment.
They account for systematic uncertainties of the experiment in the
cross section normalization and in the energy scale, respectively.
Their variations are limited by the term Lgys = (fyv — 1)?/0f +
AZ,/82, with the oy and 8w values taken from the appropri-
ate publication. Thus, the uncertainty estimates returned by the
fit reflect a statistical error as well as dominant systematic uncer-
tainties.

The characteristic value of the normalization uncertainty oy is
about 10% for the DD cross section measurements and about 3%
for the inclusive hadronic cross section. The typical energy uncer-
tainty is about 1-2 MeV for all experiments but KEDR, which has
a high-precision system of beam energy determination.

Due to the second term of Eq. (7), introduction of parameters
fn and Ay does not reduce the number of degrees of freedom. Up
to nine additional free parameters were used to subtract the back-
ground and exclude systematic uncertainties related to calculations
of the ¥ (2S) radiative tail. The subtraction of the background in
the KEDR data is described in Ref. [11]. For the BES hadronic data
two parameters were introduced, AR,gs and AF;‘;(ZS) / F;/;(zs>' The
former corrects the uds-background level, the latter gives the rel-
ative correction to the value of the v (2S) leptonic width used in
Ref. [3] for the radiative correction calculation.
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Fig. 1. The fit of data in the efe~ — DD, ete~ — DD(y) and ete™ — hadrons(y)
channels. For the latter only the excess of the cross section associated with the DD
threshold is shown. The dotted and dashed lines mark D®, D* and D*'s thresholds.

5. VDM fit results

The results of the combined fit of all data in the VDM ansatz
are presented in Fig. 1. The fit gives x2 = 230 for 192 degrees of
freedom which corresponds to the x2 probability of about 3.2%.
Such a value of P(x?) can be considered as satisfactory due to
outliers existing in some data sets. After a few points are removed,
P(x?) reaches 17%.

The fit gives the following values of the parameters fy and Ay
for DD channels:

Experiment fN—1(%) Aw (MeV)
Belle —6.02 +6.55 —-1.23+1.16
BaBar 0.17 £5.99 2.90+1.00
BES 4.99+3.97 0.40+0.19

They demonstrate that the experiments agree within the er-
rors quoted. The parameters fy were fixed at unity for the data
obtained by BES, CLEO and KEDR in the inclusive hadronic chan-
nel. The corrections for the R,4; and l‘e‘/’e(m values used in the
BES hadronic data analysis are small, AR, = 0.015 + 0.022,
ATL@D 1@ —0.022 +£0.014.

The unitarity condition gives some arguments that the interfer-
ence phase ¢ should be close either to zero or 180 degrees. For
this reason the first solution looks preferable.

The results obtained confirm the conclusions of the work [11]
by the KEDR collaboration. Namely, the exotic assumptions are not
necessary for the description of the DD line shape and the value
of the ¥(3770) mass is almost 7 MeV higher than the result of
the PDG fit [18] performed using measurements which do not ac-
count for effects of the resonance-continuum interference. Similar
results on the mass and total width were presented by BES-III [1]:
M =3781.5+0.3, ' =25.2 +£ 0.7 MeV (statistical errors only) al-
though the value of the relative phase differs: ¢ =208 +4 degrees.
It should be noted that in [1] it was not specified which of possible
solutions was chosen.

The fit gives a large probability of the non-DD decays 0.164 +
0.049 in agreement with the results by the BES collaboration ob-
tained using ‘inclusive non-DD selection’ [6]:

B,pp =0.151£0.056 = 0.018.

n

The formal statistical significance of the result is about 3.3 o, how-
ever, the total error of 0.049 is dominated by systematic uncertain-
ties in the DD normalization scale and can be underestimated. The
exclusion of BES data on ete™ — DD(y) [7] reduces the result to
0.126 £0.056 (2.20).

The results presented above were obtained without the cor-
rection of the R values by BES to the detection efficiency depen-
dence on the assumption on v (3770) shape and parameters which
were used in the analysis [3]. To check the corresponding sys-
tematic uncertainties this correction was applied as described in
Appendix A. The following variations of the main v (3770) parame-
ters were obtained: §M = —0.3 MeV, §I" = 0.4 MeV, 6T, =4.2 €V,
8B, p5 = 0.007. They are not large compared to the total errors of
corresponding parameters.

6. Alternative DD cross section models

Recently a few theoretical works appeared that discussed the
¥(3770) line shape in the DD decay channel, their comprehen-
sive list can be found elsewhere [13]. Here we consider three
works: N.N. Achasov and G.N. Shestakov [14] suggested a model
of the D meson form factor which meets the elastic unitarity re-
quirement; G.-Y. Chen and Q. Zhao [15] studied the line shape
of the DD cross section within an effective field theory, while
X. Cao and H. Lenske [16] accounted for the interactions between
¥(3770) and the DD continuum in the approach suggested by
U. Fano [19]. The number of free parameters in these models is
equal to six.

In all three cases the predictions for the inclusive hadronic
cross section for the non-negligible B, are absent. For this
reason the models were employed to fit the DD cross section
measured by BaBar, Belle, BES and CLEO and compare the fit
quality with that for the VDM inspired model. The following
values of x?2 for the fits in the two energy regions were ob-
tained:

As discussed in [11], for the form factor in Eq. (4) the likelihood Model x?/Npok P(x*)% X2 /Nbor P(x*)%
function has two local minima with very close values of x?2 at two VDM (this work) 68.1/54 9.4 40.4/34 20.8
values of the relative phase ¢. This corresponds to two possible A-S [14] 75.4/54 29 43.9/34 119
solutions for the 1 (3770) parameters: G-z [15] 756/54 28 43.9/34 1.9

C-L[16] 75.5/54 2.8 44.9/34 10.0
M (MeV) I' (MeV) B.pp Tee (eV) ¢ (deg) w < 3.9 GeV <3.82 GeV
1: 37798406  258+13  0.164+£0.049 196+18 18745 : : - .
9 37799406 259413 009940030 328418 22743 The alternative models do not improve the description of avail-

able DD data.
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Fig. 2. Comparison of y(3770) line shapes for the models considered.

The line shapes with parameters of models obtained in the fit
are presented in Fig. 2. The resulting line shapes for the mod-
els [14-16] are surprisingly similar. All of them predict a zero
DD cross section slightly above 3.8 GeV. The cross section can
not drop to zero in the model in which the amplitude is a sum
of Breit-Wigner shapes. The value of x?2 for six data points in
the energy range from 3.795 to 3.82 GeV is about 5.86 for the
VDM assumptions and about 8.1 for the alternative models, thus
vanishing of the cross section can not be either excluded or con-
firmed.

7. Conclusion

A joint analysis of all data on cross sections for hadron produc-
tion in ete~ annihilation around the v (3770) resonance published
so far leads, in our opinion, to the following conclusions:

e Account of the resonance-continuum interference in any rea-
sonable way solves the problem of the (3770) line shape.
The existing data do not allow a selection of the best model
among those considered.

e The /(3770) parameters obtained ignoring the resonance-
continuum interference are not accurate and should not be
used. In particular, it concerns various results on the differ-
ence of the ¥(3770) and v (2S) masses presented in Ref. [18].

e The y(3770) cross section measured in the DD channel is less
than the total one by a factor of 0.836 + 0.049, thus the prob-
lem of the non-DD decays is still pending.

The data on the DD cross section and the inclusive hadronic cross
section from BES-III are eagerly awaited.
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Appendix A

The R data by BES was transformed to the cross section as fol-
lows:

80hadr(yy(W) = FR(W) (R en(W) /e, (W) — Rygs) 03, (W),
(8)

where of (W) = 4mwa?/3W?2 is the Born cross section of the
dimuon production, R,4s = 2.141 is the light quark contribution
in R according to [3], ¢4(W) is the net hadronic detection effi-
ciency used for the R calculation in Ref. [3], &} (W) is the hadronic
detection efficiency reweighted for the current assumption on the
¥ (3770) shape and parameters.

The radiative correction factor FRC(W) for v (3770) production
was calculated as in Ref. [3]| using the values of the mass M =
3772.2 MeV and the total width I =26.9 MeV [12].

The correction for the detection efficiency variation was ap-
plied iteratively. In terms of Eq. (1) the net detection efficiency
for hadronic events can be defined as follows:

____visible RC
&h = Oﬁe*e*»hadr(y)/ahadr’ 9)

where ak‘ffdr is the sum of hadronic cross sections. The &,(W) de-
pendence presented in Fig. 2 of Ref. [3] was fitted to extract the
values of &uds, €y, €y (25) and &y entering in Eq. (1). The contri-
bution of the 7 pair production was neglected. The parameters and
assumptions required for the calculation of ak‘;Cdr were the same
as in Ref. [3]. At the first iteration the fit of cross sections was
performed with &,/ = 1 which allowed to calculate the net effi-
ciency s,@(W) for the second iteration using Eqs. (9) and (1).

At the first approximation the values of §opadr(,) obtained as
described above do not depend on assumptions on the (3770)
shape and parameters. Since &,(W) was taken from the plot, the
correction for the efficiency variation is not accurate. We used it
only for the check of the systematic uncertainty.
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