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Over twenty years ago QCD-inspired models of hadronicstiggested the existence of mesons
beyond the Naive Quark Model (NQM), which motivated a rigeg@earch for exotic mesons.
The lightest of these states is thg(1400 decaying tonm observed by experiment E852 at
Brookhaven [1] and the VES collaboration at IHEP. Photopodidn is predicted to favor pro-
duction of aJ°¢ = 1~ gluonic excitation resulting in the increase of the ratiamfo a, mesons.

A Partial Wave Analysis was conducted on the reactipn— AT X — pr™mm(n), using the
AT to select the pion exchange. The analysis has shown the fieatra of the resonance de-
caying ton 7T to be dominated by the quantum state)®f = 2+ corresponding to the presence
of theap(1320). TheJPC = 1-+ state, shows no structure in the intensity distributione Phase
difference between th#© = 1-* andJPC¢ = 2++ amplitudes show the interference between the
two states. The PWA mass independent fits, along with the degssndent fits of the partial wave
results, will be shown for thg .
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Figure1: Invariant mass of) i~ binned for the PWA fit. The arrows point out the mass range adrelthe
ap andap resonances would be expected.

1. Introduction

Despite having explored exotic mesons using hadron bedmag; is very limited data on
photoproduction of light-quark mesons. It has been preditihat exotic mesons will be produced
with intensities 10 times that seen using hadron beams [2]th®©light meson photoproduction
experiments that have been done, the statistics have begmmlaking a partial wave analysis
(PWA) difficult and inconclusive [3, 4].

2. Data Selection

The data were taken at Jefferson Lab in Newport News, VA tdyslight mesons in the 1 to 2
GeV mass range fromp interactions with &= 4.4 to 5.6 GeV. This experiment was run in Hall B
using the CLAS spectrometer. The reconstruction ofrth@as calculated from the missing four-
momentum from the reconstructed charged tracks. To séled™t", a cut on theprr" invariant
mass selecting events with a mass less than 1.3 GeV. An@dlittut on the momentum transfer,
t, was employed to select the forward goingr~ from the slower moving baryon background.
The final events to be fit are shown in Fig. 1. To separate thesess partial wave analysis was
employed.

3. Formalism

The formalism used in this analysis is based on Chung [5,,&s7lised in the E852 [1, 8, 9]
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and g6c [10] analysis. The intensity of the resonaxas:
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where theV is unknown production amplitude amlis the decay amplitude derived from the
measured distributions of the kinematic variables offhend 7i—. The sum is over all quantum
numbers that describ¢, wherea is the se{J,P.M,L,l,A,S}.

To find the decay amplitudes, the state of the resonan&eis described by, M, L, andS.
X decays ton and i~ where they are described by the kinematic variables in teeframe of
X. Wherep is the momentum of) with a direction given byg, andg,, these are known as the
Gottfried-Jackson angles. The decay amplitude is

AsmLs(6n. @) = Y LSO, (67, ¢, 0)(LOSA|SA) ($yA0 S — A [SVFL(Plas (3:2)
A

whereF_(p) is the barrier function, which in this analysis is the BMteisskopf centrifugal-barrier
function for correcting the amplitude near threshold [Il}e detailed derivation of the intermedi-
ate steps is explained in detailed in Ref. [12] for the decawb-particle states.

The amplitudes are constructed as eigenstates of reftgdtiviake advantage of the parity
conservation in the production process [13]. It reducegtssible number of external spin config-
urations by a factor of two. Essentially, the sign of the quannumbeiM becomes the reflectivity,
€, andM is now the absolute value of the initil. Breaking the amplitudes into eigenstates of
results in the intensity distribution for a photon beam of:
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where ¢V, (6;, @) and®*Aq (6, @) are the production and decay amplitudes for a given reflectiv
ity, €.

The photon spin-density matrix in the reflectivity basisdapolarized and circularly polarized
photon beam i% times the identity matrix. In the case of a circularly patad beam, states with
different reflectivities cannot interfere with each othat tWwaves of the same reflectivity can. The
decay amplitude rewritten to include reflectivity is defirsed

*Aa (6, ¢h) = O(M)(AF (67, @) — eP(—1)MAM (67, 4)) (3.4)

where®@(M) is % or 5 for M > 0 andM = 0, respectively [5].

The likelihood, L, is the product of the probability for each event in the biror Ehe par-
tial wave analysis, the probability is the intensity distition over the variable§, and¢,. The
likelihood is defined as:

— No
L = exp(—No(*Va)) |_| | (6nis i), (3.5)

wherel (6yi, @) is the intensity distribution for an individual bin in thegias @, and 6, from
equation 3.3 [3].[\_10(%) is the average number of events observed if the exact expetimas
repeated several times for a givéy, . I\To(fva) takes into account the acceptance of the experiment
and is evaluated using Monte Carlo simulations to modeleghetion in the detector configuration.
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Since the likelihood function is a product of probabiliteger the number of events in a given
nm mass bin, it becomes large very quickly. For practical reasbis the—In(L) that is min-
imized during the fitting procedure with the production amoples varied to find the minimum
—In(L). Expanding the likelihood function yields:

No ) /
INL=31In"% Peer Vo *Var “Aa(6ni, i) © Ac (Bni, i) (3.6)
[ g,ea,a’
N / !
- NON—r S Va Vg o], (3.7)
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where .
: 1 N )
£ (Dga/ = No Zpes/ SAa(eni,%i) eAa/(Gni,%i), (3.8)
n -

[3] and ff’dbga, is the normalized acceptance integral calculated from thplitudes of the ac-
cepted simulated data. From the simulatibipjs the number of raw events ah is the number
of events accepted\, is the number of observed events in the data. TR, (6, @) are the

amplitudes calculated for all data events.

4. Partial Wave Fitting Procedure

The fitting program is setup with the same structure as donteddn [11]. The program is
designed to call the MINUIT minimization package in the CBRBIlibrary and fits equation 3.7
to determine the real and imaginary parts of the productiopliéude, Rg £V, ) andIm( V),
respectively, for each of the partial wave states. The daoep corrected yield for an individual
mass bin is defined by

N *
N = NON—r > Vo Vg fO, (4.1)
N eaa’
where ECDZG, is raw normalization integral calculated from the amplésdf the raw generated
events.

The acceptance corrected yields plotted as a function ohesge mass are used to extract a
mass and width of the peak in a partial wave state. This psdsagferred to as a mass-dependent
fit. The phase difference between two wave states is

Im( £Vg £V2,)

AD = arctan —————.~
arctar Re £V, EV;')

). (4.2)

The phase difference between the complex variabt®ks and ®V,;,,, can show interference be-
tween wave states and can be fitted for the masses and widthessef states.

5. Partial Wave Analysis

5.1 Wave Set

For the meson mass range of 1.0 to 1.6 GeV, the higher ordessiee not expected so the
included states aré < 3. Additionally, the photon has a spin @fl further constraining the spin
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projection of the resonance to be = 1+. The final wave set iB;, D1, andS. TheSy is included
to absorb the background that is not described by the oth#ialparaves. TheS wave has an
isotropic intensity, in6 and ¢, where theP and D waves are not. With the circularly polarized
photon beam, the positive and negative reflectivity state® lequal contribution so the positive
and negative reflectivity states are tied together in therfitt

5.2 PWA: Mass-Independent Fit

The PWA was preformed on a bin-by-bin basis of tje~ invariant mass with the fit param-
eters of each bin independent of the previous bin. For a gieénf waves in each fit, ten fits were
performed using random initial parameters and the finaltiemilwas chosen to be the result with
the highest maximum likelihood value. Reiterating the fibids selecting a fit that could have
found a local maximum, missing the best solution. The madependent fits have shown a large
contribution from theJ®|m| = 271 state, with defined peaks around the mass ob#&320 as
expected from the quark model. The results of the final fit ackuded in the mass dependent fit
results in Figs. 3, 4, and 5.

5.2.1 Fit Quality

To check the quality of the PWA fit, the solution is used to viatigenerated events, tak-
ing wave angle distributions and detector acceptance ictoumt. In Fig. 2 the GJ angles are
compared between the data and the prediction from the PW#tieol The conclusion of the
mass-independent fit is the PWA solution describes the aagawell for the GJ angles.
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Figure 2: The GJ angles for the data (points) used in the PWA fit overlaild the predicted distribution
from the PWA solution (histogram).

5.3 Mass-Dependent Fit

To understand the nature of tReandD waves observed in this experiment, a mass-dependent
fit is applied to the results of the PWA intensity and phas&bhce distributions. This fit was
carried out over thegm~ mass range of 1.0 to 1.7 GeV. TReandD wave decay amplitudes are
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Figure 3: Fit 1: Intensity mass dependent fit fag. Fitting the BW intensity function (Eq??), the mass
and width of thea, is 1.324+0.01 and 0.154:0.011 GeV, includes both reflectivities added together.

treated as resonant and use the relativistic Breit-Wigaen$ for the amplitudes. The fit of the
intensity of the 21 for thea, is illustrated in Fig. 3 with a final mass and width of 1:8R.01 and
0.154+0.011 GeV, respectively. The fit was used as the initial massnadtih for the rest of the
fits. The accepted mass and width of Has 1.318 and 0.107 GeV, respectively, from the Particle
Data Group [14]. The fitted mass is close to the accepted \altithe width is wider and this is
expected from the effects of fitting a peak that is close tonttuith of the bins.

A fit of coupling the intensity and phase of the Rinto a? fit resulted in a narrower width
but fails to describe the phase shift past 1.45 GeV. The p$tafids fit for a constant phase minus
the phase of the™2L. The fit is shown in Fig. 4 and resulted in a mass and width3# 1.0.01 and
0.14+0.01 GeV.

By including the T 1 and 2 1 interference, illustrated in Fig. 5, is tlag is found with a mass
of 1.343+0.003 and a width of 0.1740.003 GeV. With the E852 mass and width values for the
(1400 of 1.37 and 0.385 GeV, thm amplitude was fit to have a mass and width of 143923
and 0.58+0.05 GeV. The results initially look promising but the resulttioe fit of the phase is
poor. In the resonance spectra the acceptance decreasn@.& to 0.15 % in the last five bins in
the fit, the shift in phase difference is possibly a produgiadrly known fits due to a combination
of low statistics in the data (9 to 38 events per bin) and tgmidanging acceptance.

6. Conclusion

The inspiration of this analysis was to look for an exotit¢estasing photoproduction in a reac-
tion restricted to charge exchange. In previous searcheqresence of an exotic was conclusive
for neutral exchanges but not consistent for charge ex@sangthin the same experiments [15].
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Figure4: Fit 2: Coupled phase motion (top) and intensity (bottomhefinass dependent fit fag. Fitting
the BW intensity function, the mass and width if theis 1.32+0.01 and 0.14+0.01 GeV.
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Figure5: Fit 3: Coupled phase motion (top), intensity of P wave (médidhnd intensity of D wave (bottom)
of the mass dependent fit fag and s, for positive reflectivity. The mass and width of the fitedis 1.343
+0.003 and 0.174-0.003 GeV. The mass and width of is 1.39+0.23 and 0.58t0.05 GeV but the phase
difference of the fit does not model the data.
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This has led to the counter arguments of the exotic intenferes due to background or model de-
pendencies. The use of photoproduction is the next steppiong the possibility of exotics. The
PWA of thenr mass spectrum in photoproduction showed a peak inthe 2* partial wave
spectrum but did not show a strong tontribution from the exotic candidate. The fit of the partia
wave spectrum resulted in a mass and width offhe- 2% to be consistent with they(1320).
However, further analysis of the phase difference betweedt= 2+ andJ” = 1~ along with the
intensities resulted in no evidence of thig 1400 exotic. This analysis is sensitive to the if it

is produced at the hypothesized strength of 30 to 50 % cfth@&he lack of evidence of an exotic
at the proposed intensities adds to the excitement of thegameration of results to come from
CLAS12 and GlueX at Jefferson Lab, COMPASS at CERN, and PanGs!.
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