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Search for exotic state 1-F 7r;(1400) at BESIII"
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Abstract The J/{ hadronic decays provide good laboratory to search for the hybrid states with exotic
quantum numbers. A full Partial Wave Analysis (PWA) is performed to the generated Monte Carlo J/{ — pnm
data, based on the design of BESIII detector, to study the sensitivity of searching for a possible exotic state at

BESIII.
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1 Introduction

Hybrid mesons are color-singlet mixture of con-
stituent quarks and gluons, such as qqg bound states.
The evidence of the existence of the hybrid mesons is
a direct proof of the existence of the gluonic degree of
freedom and the validity of QCD. The conventional
wisdom is that it would be more fruitful to search
for the low lying hybrid mesons with exotic quantum
numbers than to search for glueballs. Hybrids have
the additional attraction, unlike glueballs, they span
complete flavour nonets and hence provide many pos-
sibilities for experimental detection. In addition, the
lightest hybrid multiplet includes at least one J¥¢
exotic.

In searching for hybrids, there are two ways to
distinguish them from the conventional states. One
approach is to look for an access of observed states
over the number predicted by the quark model. The
drawback of this method is that it depends on a good
understanding of hadron spectroscopy in a mass re-
gion that is still rather murky. At present, the phe-
nomenological models have not been tested to the ex-
tent experimentally, so that a given state can be reli-
ably ruled out as a conventional meson. The situation
is further muddied by the expected mixing between
then conventional qq states and the hybrids with the
same JT¢ quantum numbers. The other approach is
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to search for the states with quantum numbers that
cannot be accommodated in the quark model. The
discovery of exotic quantum numbers would be defi-
nite evidence of something new.

Previous experiments have searched for the isovec-
tor 11 hybrid states, and some of them found the
evidence.

The first evidence for an exotic 7tn resonance was
claimed by the GAMS collaboration! in the charge
exchange reaction m~p — n7’n, and the findings
were, however, ambiguous in later analysis®. Con-
tributions from an exotic 7tn P-wave were also re-
ported from VESP!. At KEK!™, observation of a 7m
resonance, with the mass and width being coinci-
dent with those of a,(1320), was claimed, however,
a feedthrough from the dominant D-wave into the
P-wave cannot be excluded. E852 at BNL reported
an isovector 1-F state with the mass and width of
(1370 £16759) MeV/c? and (3854 4015;;) MeV/c?,
respectively, in mp — N p at 18 GeV/c\. In all
these studies, the 7tn P-wave was seen in a forward-
backward asymmetry of the 7 system produced in
71"p — N7~ p or n’n which evidences the interfer-
ence between the even and the odd 7 partial waves.
Later, Crystal Barrel Collaboration found the evi-
dence for an I9(JP¢) =1~ (1) exotic state with
the mass and width of (1400 +20 £ 20) MeV/c? and
(310 £ 50%50) MeV/c?, respectively, in the reaction
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pn — 7t~ 7°n obtained by stopping antiprotons in lig-
uid deuterium. The partial wave analysis of data on
pp annihilation at rest in liquid hydrogen (LH,) into
7°71°n by Crystal Barrel shows that the inclusion of a
7 P-wave in the fit gives supportive evidence for the
17 exotic state with the parameters compatible with
the previous findings!”. Another isovector 1+ me-
son, 71, (1600), was observed in prt®, n’ﬂ[g], and £, 7"
decay. The latter experiment also revealed a higher
state, 71, (2000)"%, and the f, 7t decays of 71, (1600) and
7, (2000) were measured. This rich spectrum of ex-
otic mesons is somewhat puzzling, since the lattice!'"!
and flux-tube model* '* calculations predict only
one low-mass 71; meson.

In the flux-tube model the lightest 1~ isovector
hybrid is predicted to decay primarily to bymt*?. The
fyt branch is also expected to be large and many other
decay modes are suppressed. However, few experi-
ments have addressed the b7t and f; 7t decay channels.
The VES collaboration reported a broad 1= peak
in by decay™, and Lee, et al.'® observed signifi-
cant 177 strength in f;7t decay. In neither case was a
definitive resonance interpretation of the 1= waves
possible. The preliminary results from a later VES
analysis show the excitation of 7t;(1600)?. E852 ex-
periment at BNL reported the observation of strong
excitation of the exotic 71;(1600) in the (by7r)~ de-
cay channel and confirmed the exotic 7, (2000) in the
reaction - p — mtr 0 plt .

By simply counting the powers of the electromag-
netic and strong coupling constants, one obtains:

I3/ —MH) > I'(J/p — MM) ~ I'(J/p — MG).

Here, M stands for ordinary qq meson, G for glue-
ball and H for hybrid state. Therefore, the hadronic
decays of J/1{ provide a good place to search for the
hybrid states.

In this paper, we present a full Monte Carlo simu-
lation of the decays J /1 — pnnt®, with p — "7t~ and
1 — vy and the results from a partial wave analysis,
based on GEANT4 and BESIII design.

2 BESII/BEPCII

The BES is a large general purpose solenoidal
detector at the Beijing Electron Positron Collider
(BEPC). It is designed to study the exclusive and
inclusive ete” annihilations in the T-charm region.
Since 2003, an experimental project of upgrading
BES/BEPC to BESIII/BEPCII has been going on.
With the double-ring design, the peak luminosity of
BEPCII will reach 10** cm=2-s™" at the center of
mass energy around (3770) peak. Then, the lu-
minosity at J/{ peak will be about 60% of that at

P(3770) peak. If assuming the average luminosity is
half of the peak luminosity and the effective running
time for data accumulation is around 107 s each year,
the expected J/1 events for one year’s running are
about 10 billion, taking into account the 3400 nb peak
cross section for J/1{ production. This is a huge data
sample. On the other hand, the new BESIII detector
consists of a drift chamber (MDC) which has a small
cell structure filled with helium-based gas, an electro-
magnetic calorimeter (EMC) made of CsI(T1) crys-
tals, time-of-flight counters (TOF) for particle identi-
fication made of plastic scintillators, a muon system
made of Resistive Plate Chambers (RPC) and a super
conducting magnet. The designed single wire spatial
resolution, dF/dx resolution and momentum resolu-
tion for the MDC are 130 um, 6% and 0.5% +/1+p2
(p in GeV/c), respectively. The time resolution for
TOF is oror =100 ps for Bhabha events and the en-
ergy resolution for photons is o/ E ~2.5%/VE (E in
GeV) in EMC. The huge J/1{ data sample taken with
BESIII, a detector having much better performance,
makes the systematic study of the light hadron spec-
troscopy possible and makes the search for the new
hadron states, e.g. glueballs, hydrids and multi-quark
states possible.

3 Monte Carlo simulation of 1+
exotic state m;(1400) at BESII/
BEPCII

For J/{ — pnm®, we generated possible pro-
cesses of J/U — pay(980), pay(1320), pr,(1400) and
pay(1700), with the fractions listed below,

Fr(J/¥ — pae(980)) ~ 4.4%,
Fr(J /Y — pry (1400)) ~ 14.6%,
Fr(J /(b — pas(1320)) ~ 21.4%,
Fr(J /b — pas(1700)) ~ 41.6%,

and considered the angular distributions of differ-
ent spin-parities and the interferences among them.
The main background of J/{ — pnm® comes from
J/» — yptp~ which is also simulated by BESIII
Monte Carlo.

For a candidate event, we require two good
charged tracks with zero net charge and at least four
good photons. A good charged track is one that is
within the polar angle region |cosf| < 0.93 and has
the point of the closest approach of the track to the
beam axis within 1 cm of the beam axis and 5 cm
from the center of the interaction region along the
beam line. The two charged tracks are required to
consist of an unambiguously identified t*7t~. Candi-
date photons are required to have energy deposited
in the electromagnetic calorimeter to be greater than
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50 MeV and to be isolated from the charged tracks by
more than 20° in both z-y and r-z planes; at least four
photons are required. A four-constraint (4C) energy-
momentum conservation kinematic fit is performed to
the wH 7t~ yyyy hypothesis and the x3. is required to
be less than 15. For events with more than four se-
lected photons, the combination with the smallest 2
is chosen. The photons from the decays of 7t° and
are decided by the combination with the smallest §.
Here,

o= \/(Mn — Myyy2)? + (Mo — Mysya)?.

All the generated J/ip — pnm® events are sub-
jected to the selection criteria described above. The
error bars in Fig. 1(a) show nnt° invariant mass spec-
trum for the surviving events and the shaded area rep-
resents the background. The signal and background
events are normalized to 1.5 x 10 J/1{ data sample.
The mass resolutions and efficiencies in 1.4 GeV/c?
mass region are about 10 MeV/c? and 27.2%, respec-
tively.

All the signal events are added by taking into ac-
count the interferences between them, and the back-
grounds are included incoherently. A partial wave
analysis is performed to these events.

The covariant helicity coupling amplitude method
is used™® 2! to construct the amplitudes.

Here we briefly introduce the construction of co-
variant helicity coupling amplitude. For the decay
process a — b+ c, the decay amplitude M{b% of the
decay vertex of a— b+c can be written as:

M3, (0,6, M) o< Dy,5(6,0,0)FY,
F =< JMM/|M|JM >,
Here, J" is the spin-parity of the mother particle a,
S7 o"e are those of the daughter particle b and c,
and M, A\, v are the corresponding helicities, p, q,
k and ¢(9), w(A), e(—v) are the four momenta and
wave functions of particles a, b and c, respectively,
with 6 = A—wv, and the 6§ and ¢ are the polar and
azimuthal angles of particle b in the center of mass

frame of mother particle a. The parity conservation
in the decay leads to the relationship

Fi]u = ansna(—)‘]isng;]A,V .

One may write an explicit covariant expression
(Lorentz scalar) for the helicity-coupling amplitudes

FAJV = Za gaAa()‘l/)
where
Aa()‘l/) = [p"7rl7w()\)’g(—y)7¢* (6)]

Here, the variable o stands for the set {I,s}, [ is the
quantum number of relative angular momentum of

particles b and ¢ and r = ¢ — k is the relative four-
momentum between particles b and ¢, and g, is the
coefficient to be determined. It is to be noted that
n=11is for s+o+1—J odd and n = 0 for even.
The covariant helicity coupling amplitude F}, which
is not the function of the Euler angular included in D-
function can then be written. Up to now, the vertex
amplitude of single decay process has been obtained.

In the analysis, the constant width Breit-Wigner
functions are used for each resonances. The form is
described as follows:

mI’

BWx = s—m2+iml"’
where s is the square of n7t° invariant mass, m and I’
are the mass and width of the intermediate resonance
X, respectively.

We write down the total covariant helicity cou-
pling amplitude of the sequential decay processes:

Jb—p’+X, X—nn’

as
3/
AXo) =My - BWi(X) - Mg

The differential cross section, do/d®, is given by:

do
£:|Atotal|2+BG . (1)

Here, Aot is the total amplitude which is de-
fined as a coherent sum over the amplitudes due to
all possible intermediate states, and BG denotes the
background contribution.

The magnitudes and relative phases of the am-
plitudes are determined by an unbinned maximum
likelihood fit to the generated data.

The background events from J/{ — yptp~ are
given the opposite log likelihood in the fit to can-
cel the background events in the data. The ratio of
background of this channel is set to be 10% in the
simulation sample. In this analysis, the masses and
widths of a0(980) and a,(1700) are fixed to PDG val-
ues and those for a,(1320) and 7t; (1400) are allowed
to float.

Figure 1(a) shows the comparison of nm® invari-
ant mass spectrum for the generated events and that
from PWA projections. The consistency is reason-
able. Fig. 1(b) represents the contributions from each
component. The angular distributions for the gener-
ated events and those from PWA are shown in Fig. 2.

The comparison of the input and output values for
the masses, widths and component fractions is shown
in Table 1, where the output masses, widths and frac-
tions that are obtained from PWA analysis agree with
the input values reasonably.
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Fig. 1. The nn° invariant mass spectrum for J JAUES pn7®. The signals are the Monte Carlo events generated
by taking into account the angular distributions of each resonance and the interferences among them, as
described in the text, and the backgrounds are added to the signals incoherently. The sum of the signals and
backgrounds are shown as the error bars. (a) The comparison of the generated mass spectrum and PWA
projection from all contributions. The background is shown as the shaded region; (b) The contribution of
PWA projection from different components.
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Fig. 2. Angular distributions of J/{ — on7®. The error bars are the distributions for the signal and back-
ground events and the histograms show the results from PWA.

Table 1. Input and output comparison of masses, widths and component fractions. Here the masses and
widths of ag(980) and a2(1700) are fixed to PDG values.

a0(980) a2(1320) 71 (1400) a2(1700)
mass/(GeV/c?) input 0.985 1.318 1.376 1.732
output fixed 1.320+£0.002 1.380+0.008 fixed
width/(MeV /c?) input 80 107 360 194
output fixed 112+4 376+ 16 fixed
fraction(%) input 4.4 21.4 14.6 43.4

output 4.6+0.3 19.5+0.8 14.5+1.3 41.6+£1.7
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In order to study the sensibility of the significance
for the exotic state 7;(1400), we generated another
Monte Carlo sample, which contains the same com-
ponents as the previous one, i.e., a¢(980), a(1320),
7, (1400), a,(1700) and their interferences, but has a
smaller fraction of 71;(1400). Their input fractions
are listed below:

Fr(J /¥ — pag(980)) ~4.7%,
Fr(J /¥ — pm,; (1400)) ~ 8.1%,
Fr(J /b — pas(1320)) ~ 20.4%,
Fr(J/{ — pas(1700)) ~ 41.7%.

Following the same steps, we perform a PWA to
the second Monte Carlo sample and checked the in-
put and output agreement. Table 2 lists the masses,
widths and fractions of the input and output values

for each component. They also have a reasonable
agreement in the case of smaller fraction of the ex-
otic state 7;(1400). In both cases, the 71;(1400) is
significant.

4 Summary

The Monte Carlo simulation indicates that the
partial wave analysis is able to separate the compo-
nents a,(1320) and 7t; (1400) that have different spin-
parities but at the same mass, when the statistics is
enough and the resolution of the detector is good.
With a large statistics, it is also possible to measure
the phase motion to give a more convincing evidence
for the existence of a resonance.

Table 2. Input and output comparison of masses, widths and branching fractions. Here the masses and widths
of ag(980) and a2(1700) are fixed to PDG values.
a0(980) a2(1320) 711 (1400) a2(1700)
mass/(GeV/c?) input 0.985 1.318 1.376 1.732
output fixed 1.316 £0.002 1.387+0.009 fixed
width/(MeV/c?) input 80 107 360 194
output fixed 108+4 380420 fixed
fraction(%) input 4.73 20.36 8.07 41.67
output 4.37+£0.21 17.68+0.09 9.84+1.07 40.4440.09
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