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First evidence ofLL̄ in xcJ decays
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The first observation ofxcJ (J50,1,2) decays toLL̄ is reported usingc(2S) data collected with the
Beijing Spectrometer detector at the Beijing Electron Positron Collider. The branching ratios are determined to

be B(xc0→LL̄)5(4.721.2
11.361.0)31024, B(xc1→LL̄)5(2.620.9

11.060.6)31024 and B(xc2→LL̄)5(3.321.3
11.5

60.7)31024. The results are compared with model predictions.

DOI: 10.1103/PhysRevD.67.112001 PACS number~s!: 13.25.Gv, 12.38.Qk, 14.40.Gx
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I. INTRODUCTION

It has been shown both in theoretical calculations a
experimental measurements that the lowest Fock state ex
sion @color singlet mechanism~CSM!# of charmonium states
is insufficient to describeP-wave quarkonium decays. In

*Present address: University of Michigan, Ann Arbor, Michig
48109 USA.
0556-2821/2003/67~11!/112001~8!/$20.00 67 1120
d
an-

stead, the next higher Fock state@color octet mechanism
~COM!# plays an important role@1,2#. Our earlier measure
ment@2# of the total width of thexc0 agrees rather well with
the COM expectation. The calculation of the partial width
xcJ→pp̄, by taking into account the COM ofxcJ decays and
using a carefully constructed nucleon wave function@3#, ob-
tains results in reasonable agreement with measurements@4#.
The nucleon wave function was then generalized to ot
baryons, and the partial widths of many other baryo
antibaryon pairs predicted. Among these predictions, the
©2003 The American Physical Society01-1
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tial width of xcJ→LL̄ is about half of that ofxcJ→pp̄ (J
51,2) @3#.

In this paper, we report on an analysis of thegp1p2pp̄
final state produced inc(2S) decays. Evidence for the de
cays ofxcJ to LL̄ is observed for the first time. The da
used for this analysis were taken with the Beijing Spectro
eter detector~BESII! at the Beijing Electron Positron Col
lider ~BEPC! at a center-of-mass~c.m.! energy correspond
ing to Mc(2S) . The data sample corresponds to a total
about 15 millionc(2S) decays.

BES is a conventional solenoidal magnet detector tha
described in detail in Ref.@5#; BESII is the upgraded versio
of the BES detector@6#. A 12-layer vertex chamber~VTC!
surrounding the beam pipe provides trigger information
forty-layer main drift chamber~MDC!, located radially out-
side the VTC, provides trajectory and energy loss (dE/dx)
information for charged tracks over 85% of the total so
angle with a momentum resolution of sp /p
50.0178A11p2 (p in GeV/c) and adE/dx resolution for
hadron tracks of;8%. An array of 48 scintillation counter
surrounding the MDC measures the time-of-flight~TOF! of
charged tracks with a resolution of;200 ps for hadrons
Radially outside the TOF system is a 12 radiation leng
lead-gas barrel shower counter~BSC!. This measures the en
ergies of electrons and photons over;80% of the total solid
angle with an energy resolution ofsE /E521%/AE (E in
GeV!. Outside the solenoidal coil, which provides a 0.4 Te
magnetic field over the tracking volume, is an iron flux r
turn that is instrumented with three double layers of coun
that identify muons of momentum greater than 0.5 GeV/c.

A Monte Carlo simulation is used for the determination
the mass resolution and detection efficiency, as well as
estimation of the background. For the signal chann
c(2S)→gxcJ , xcJ→LL̄, the angular distribution of the
photon emitted in thec(2S) decay is assumed to be that f
a pure E1 transition. TheL in the xcJ c.m. system and the
daughter particles in theL c.m. system are generated isotr
pically. A total of 10000 events are generated for eachxcJ

state withL→p2p andL̄→p1p̄. For the estimation of the
number ofc(2S) events and the estimation of the systema
error, c(2S)→p1p2J/c, J/c→pp̄ events are generated
where thep1p2 invariant mass is distributed as measur
in Ref. @7#.

The simulation of the detector response, including int
actions of secondary particles in the detector material, us
GEANT3 based packageSIMBES. Reasonable agreement b
tween data and Monte Carlo simulation is observed in tes
various channels, includinge1e2→ge1e2 ~Bhabha!,
e1e2→m1m2, J/c→pp̄, and c(2S)→p1p2J/c, J/c
→,1,2.

II. EVENT SELECTION

The analysis uses the same photon selection and cha
particle identification~ID! criteria as were used in Ref.@8#.
When selecting photons it is necessary to remove pho
produced by hadronic interactions of charged tracks with
11200
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detector material. This is achieved by cutting on the an
between the neutral cluster and the charged track in the B
The number of photon candidates in an event is not limit

Both TOF anddE/dx information are used for charge
particle identification. Probabilities of a track producing t
observed particle ID information, assuming the track is
pion, kaon, or proton, areProbp , ProbK andProbp , respec-
tively. For the decay channel of interest, the candidate ev
are required to satisfy the following selection criteria:

~1! Each charged track is required to be well fit to a thre
dimensional helix and be in the polar angle regi
ucosuMDCu,0.8.

~2! The number of charged tracks is four with net char
zero.

~3! The two lower momentum positive and negative charg
tracks are assumed to be thep1 and thep2, and the
other two tracks are regarded as the proton and the a
proton. Four-constraint kinematic fits to the decay h
pothesis are performed with each of the photon can
dates, and the one with the smallestx2 is taken as the
real photon. Thex2 probability of the fit is required to be
greater than 1%.

~4! The particle identification assignment of each charg
track must satisfyProbp ~for p6) or Probp ~for p or p̄)
.0.01.

A four-constraint fit assumingc(2S)→p1p2pp̄ is also
performed to select c(2S)→LL̄ and c(2S)
→p1p2J/c,J/c→pp̄ events for checking the reliability o
the analysis ofxcJ→LL̄ and to calculate the total number o
c(2S) events. The selection criteria used are the same as
xcJ→LL̄ except that no photon information is used.

III. EVENT ANALYSIS

Figure 1 shows a scatter plot of thep1p̄ versus thep2p

invariant mass for events withp1p2pp̄ mass between
3.38 GeV/c2 and 3.60 GeV/c2. The cluster of events in the
lower left corner shows a clearLL̄ signal.

Selecting events in thexcJ mass region and requiring th
mass ofp1p̄ (p2p) to be smaller than 1.15 GeV/c2, the
p2p(p1p̄) mass distribution shown in Fig. 2 is obtained.
clear L signal can be seen, and the background below
peak is very small. A fit of the mass distribution givesmL

5(1114.660.6) MeV/c2, in agreement with the world aver
age@4#, and a mass resolution of (6.360.6) MeV/c2.

After requiring that both thep1p̄ and thep2p mass lie
within twice the mass resolution around the nominalL mass,
the LL̄ invariant mass distribution shown in Fig. 3 is ob
tained. There are clearxc0 , xc1, andxc2→LL̄ signals with
low background, estimated usingL mass side band events
The highest peak around thec(2S) mass is due toc(2S)
→LL̄ with a fake photon.

Figure 4 shows the energy deposited in the BSC of
proton track versus the antiproton track for events selecte
xcJ→LL̄. Since the antiproton will frequently annihilate i
1-2
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the detector, much of the energy of the annihilation produ
may be detected in the BSC. The scatterplot is consis
with these expectations, indicating the two tracks are re
the proton and antiproton.

Figure 5 shows the distribution of secondary vertices
the xy plane of gLL̄ candidates in thexcJ mass region
~error bars!. This distribution shows good agreement with t
secondary vertex distribution of selectedc(2S)→LL̄
events~histogram!, but is significantly different from the ver
tex distribution of c(2S)→p1p2J/c, J/c→pp̄ events
~stars!, where no secondary vertex is expected. This indica
the events in thexcJ mass region are realLL̄.

FIG. 1. Scatter plot ofp1p̄ versusp2p invariant mass for

selectedgp1p2pp̄ events with thep1p2pp̄ mass in thexcJ mass
region.

FIG. 2. Mass distribution ofp1p̄ (p2p) recoiling against a

L (L̄) ~mass,1.15 GeV) for events in thexcJ mass region. Dots
with error bars are data and the histogram is the Monte Carlo si
lation, normalized to theL signal region~two entries per event!.
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A. Remaining backgrounds

The background from non-LL̄ events is estimated from
the L mass sidebands as shown in Fig. 3, and this can
described in fitting theLL̄ mass spectrum by a linear bac
ground. The background from channels withLL̄ production,

including c(2S)→LL̄, c(2S)→S0S 0̄, c(2S)→LS 0̄

1c.c., c(2S)→J0S 0̄1c.c., c(2S)→gxcJ ,xcJ→S0S 0̄

→ggLL̄, andc(2S)→p1p2J/c→p1p2pp̄, is obtained
by Monte Carlo simulation. By using the branching ratios

c(2S)→LL̄, c(2S)→S0S 0̄, and c(2S)→p1p2J/c
→p1p2pp̄ measured by previous experiments@4#, and na-

ively assuming c(2S)→LS 0̄1c.c. and c(2S)→J0S 0̄

1c.c. are one order of magnitude smaller thanc(2S)

→LL̄ and c(2S)→S0S 0̄, and xcJ→S0S 0̄ is about the
same asxcJ→LL̄, we obtain the expected total backgroun

u-

FIG. 3. Mass distribution ofLL̄ candidates. Histogram with
error bars is data, and the shaded histogram is fromL side band
events~normalized!.

FIG. 4. Energy deposited in the BSC of the proton and antip

ton tracks for selectedxcJ→LL̄ events.
1-3
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plotted in Fig. 6. The curve in this plot indicates the best
of the background mass spectrum from 3.2 to 3.65 GeV/c2.
The background from events with more photons is sma
and Monte Carlo simulation ofc(2S)→J0J 0̄ indicates that
its contamination to thexc signal is negligible.

B. Fit to the mass spectrum

Fixing the mass resolutions at their Monte Carlo predic
values @(12.760.9) MeV/c2, (9.460.3) MeV/c2 and (9.8
60.4) MeV/c2 for xc0 , xc1 andxc2, respectively#, and fix-

FIG. 5. Secondary vertex distributions. Dots with error bars
for events with their mass in thexcJ mass region, the histogram i

for selectedc(2S)→LL̄ events, and the asterisks are for selec

c(2S)→p1p2J/c, J/c→pp̄ events. The dots and histogram a
normalized for greater than 1 cm, and the normalization for
asterisks is arbitrary.

FIG. 6. Invariant mass distribution ofLL̄ selected from Monte
Carlo simulated background events normalized to the total num
of c(2S) events in the data sample. The curve shows the best fi
the mass spectrum below 3.65 GeV/c2.
11200
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ing the widths of the threexcJ states to their world averag
values@4#, the mass spectrum was fit with three Breit-Wign
functions folded with Gaussian resolutions and backgrou
including a linear term representing the non-LL̄ background
and a component described in the previous subsection re
senting theLL̄ background with the global normalizatio
factor floating to take into account possible systematic b
in the background estimation~mainly branching ratio uncer
tainties!. The unbinned maximum likelihood method wa
used to fit the events withLL̄ mass between 3.22 an
3.64 GeV/c2, and a likelihood probability of 27% was ob
tained, indicating a reliable fit. The number of events w
errors determined from the fit are 15.224.0

14.2, 9.023.1
13.5, and

8.323.4
13.7 for xc0 , xc1 and xc2, respectively. The statistica

significances of the three states are 4.5s, 3.5s and 2.6s.
Figure 7 shows the fit result, and the fitted masses
(3425.666.3) MeV/c2, (3508.563.9) MeV/c2 and
(3560.364.6) MeV/c2 for xc0 , xc1 andxc2, respectively, in
agreement with the world average values@4#. The detection
efficiencies from the Monte Carlo simulation were dete
mined to be «xc0

MC5(6.0760.24)%, «xc1

MC5(6.6560.25)%

and «xc2

MC5(6.0960.24)%, where the errors come from th

limited statistics of the Monte Carlo samples.

IV. NUMBER OF c„2S… EVENTS

The number ofc(2S) events is determined usingc(2S)
→p1p2J/c,J/c→pp̄. There are many advantages in usi
this channel to determine the number of events:

~1! It has the same kind of charged tracks as the chan
of interest, and the momenta in these two channels
similar, so that in the branching ratio measureme
the systematic bias in tracking, kinematic fit, trigge
ing, particle ID, geometric acceptance of charg
tracks, etc. will cancel out.

e

d

e

er
of

FIG. 7. Mass distribution ofgLL̄ candidates fitted with three
resolution smeared Breit-Wigner functions and background, as
scribed in the text.
1-4
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~2! It is easy to select, and the error on the branching ra
is small @(2.1260.10)31023 for the world average#
@4#.

The selection criteria of this channel are the same as
the xcJ→LL̄ analysis, except the photon is not consider
The invariant masses ofp2p andp1p̄ are required to not be
in the L mass region to removec(2S)→LL̄ background.
Figure 8 shows thepp̄ invariant mass distributions of bot
data and Monte Carlo simulation. There is a hugeJ/c signal
on top of very low background.

The number ofJ/c→pp̄ events is estimated by subtrac
ing sideband events forpp̄ invariant mass regions from 3.
to 3.05 GeV/c2 and from 3.15 to 3.2 GeV/c2 from the signal
region (pp̄ invariant mass from 3.05 to 3.15 GeV/c2),
giving

nJ/c→pp̄
obs

51826644.

Using the same method, the efficiency is determined us
Monte Carlo data as

«5~17.8860.12!%.

FIG. 8. Distribution of pp̄ invariant mass of c(2S)

→p1p2J/c,J/c→pp̄ data ~top! and Monte Carlo simulation
~bottom!.
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Using the BES branching ratio forc(2S)→p1p2J/c
@(32.361.4)% @9## and the PDG branching ratio forJ/c
→pp̄ @(2.1260.10)31023 @4##, the number of c(2S)
events is obtained

Nc(2S)5
nJ/c→pp̄

obs /«

B@c~2S!→p1p2J/c#B~J/c→pp̄!

5~14.9160.3661.13!3106,

where the first error is statistical and the second is syst
atic, including the statistical error of the efficiency, the erro
from the two branching ratios used, and the uncertainty
to the Monte Carlo simulation of the angular distributions

It should be noted that the efficiency correction facto
due to the differences between data and Monte Carlo dat
the particle ID, the kinematic fit, tracking, etc. are not co
sidered, because the same differences exist in thexcJ

→LL̄ analysis and will cancel in thexcJ→LL̄ branching
ratio measurement.

As a consistency check, one can apply the particle
correction factor (1.04360.011) and kinematic fitting cor-
rection factor (0.94360.010), which are measured in th
following sections. One then obtainsNc(2S)5(15.1660.37
61.16)3106, which agrees with the number ofc(2S)
events determined using either inclusivec(2S)
→p1p2J/c or inclusive hadrons.

V. EFFICIENCY CORRECTION AND SYSTEMATIC
ERRORS

The systematic errors in the branching ratio measu
ments come from the efficiencies of the photon ID, parti
ID, kinematic fitting, low energy photon detection, MD
tracking, the branching ratios used, the number ofc(2S)
events, theL mass cut, etc.

A. Photon ID

The fake photon multiplicity distributions in both data an
Monte Carlo simulation are checked withc(2S)
→p1p2J/c,J/c→pp̄ events. The Monte Carlo simulatio
predicts too many fake photons at very low energy~less than
50 MeV!. Using a photon energy cut at 50 MeV or reweigh
ing the Monte Carlo simulation events with the measu
fake photon multiplicity distribution indicates that the Mon
Carlo simulation simulates the data with a precision of 4
This will be taken as the systematic error on the photon

B. Particle ID

Samples ofp1, p2, p, and p̄ tracks are selected in
c(2S)→p1p2J/c,J/c→pp̄ events by requiring a good ki
nematic fit to this process and good particle identification
the other three charged tracks involved. This allows a m
surement of the particle ID efficiency, and a correction fac
of 1.04360.011 to the Monte Carlo efficiency is found fo
the channels that we are studying. The error is from
1-5
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limited statistics of the samples used and is taken as
systematic error of the particle ID.

C. Kinematic fit

The bias due to the kinematic fitting is caused by diff
ences between data and Monte Carlo data in the fitted
mentum and error matrix of the charged track and differen
in the measurement of the energy and the direction of
neutral track and their uncertainties. The effect is studied
charged tracks and neutral tracks separately.

1. Charged tracks

The bias from the kinematic fit of the charged tracks w
checked usingc(2S)→p1p2J/c,J/c→pp̄ events. This
channel is very clean and can be selected without the he
a kinematic fit. By comparing the number of events with a
without a kinematic fit, the efficiencies forprobx2.1% are
measured to be (85.1460.92)% and (90.3260.24)% for
data and Monte Carlo simulation, respectively. This result
a correction factor for the Monte Carlo simulation efficien
of 0.94360.010 for this specific channel.

2. Neutral tracks

The effect of neutral track measurement is studied us
c(2S)→gxcJ ,xcJ→p1p2pp̄ events. A careful calibration
of the neutral cluster information in the BSC~including the
energy and direction measurement and their errors! was per-
formed using radiative Bhabha events from the samec(2S)
data set. By applying this calibration to both data and Mo
Carlo simulation, the relative changes in the branching ra
of xcJ→p1p2pp̄ are measured to be 1.1%, 1.9% and 4.2
for xc0 , xc1 and xc2, respectively. No corrections to th
efficiencies are made; the largest difference~4.2%! is taken
as the systematic error in the measurement of neutral tra

D. Photon detection efficiency

The low energy photon detection efficiency is studi
with c(2S)→p1p2J/c, J/c→p1p2p0 events produced
in the same data sample used for thexcJ analysis. We assum
the lower momentum positive and negative charged tra
are thep1 andp2 from c(2S) decays, and the largest en
ergy neutral cluster is a photon from thep0 decay. Assuming
the second photon from thep0 decays is missing, we do
two constraint kinematic fit requiring all the final particle
come fromc(2S) decays and the two photons form ap0.
The fitted four-momentum of the second photon is taken a
test beam into the detector and used to determine the d
tion efficiency. A total of 2901 photons are selected for t
efficiency study. The same analysis is performed with Mo
Carlo events, and agreement between data and Monte C
data is observed at a precision of 8% for the photons acc
panyingxc0 , xc1 andxc2.

For converted photons, no specific study was perform
since this occurs for only a very small fraction of the eve
~less than 1%!, and the difference between data and Mon
Carlo simulation should be even smaller and negligible co
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E. Other systematic errors

The angular distributions of the photon accompanying
xcJs and the angular distributions of theL or L̄ decays may
cause a systematic error at the 10% level. This is determ
by comparing different theoretical models for the angu
distributions. The uncertainty in the angular distribution
the proton inJ/c decays results in a 4% error in the dete
mination of the number ofc(2S) events.

The Monte Carlo simulated mass resolution may hav
bias at the 10% level. This is determined from the compa
son ofL andJ/c signals in various channels involved in th
analysis. Changing the mass resolutions used in fitting
xcJ mass plot produces small changes in the number
events; the maximum change in the three cases is around
This is taken as the systematic error due to the mass res
tion uncertainty.

The background estimation, including the uncertainties
the branching ratios used, the uncertainties in the simula
of the contamination probability, the parametrization of t
background shape, and the fitting range used, etc., cause
uncertainty at the 10% level. The systematic errors on
branching ratios used, likeB@c(2S)→p1p2J/c#, B@J/c
→pp̄#, B@c(2S)→gxcJ# and B(L→p2p) are obtained
from other experiments@4,9#.

F. Total systematic error

Table I lists the systematic errors from all sources, as w
as the correction factors to the Monte Carlo efficiency
particle ID and the kinematic fitting of charged tracks. Sin
these two correction factors cancel out in the calculation
branching ratios, there are no corrections to the efficienc

TABLE I. Summary of systematic errors and the efficiency c
rection factors. Efficiency correction factors are only determined
the particle ID and the kinematic fitting of charged tracks. Sin
these correction factors cancel in the branching ratio calculat
they are not used.

Source xc0 xc1 xc2

MC statistics 4.0% 3.8% 4.0%
Fake photon 4%
Particle ID 1.04360.011
4C-fit ~chrg! 0.94360.010
4C-fit ~neut! 4.2%
Phot. eff. 8%
Gamma conversion ,1%
Angular distr. 10%
Mass resolution 3%
Background 10%
c(2S) number 8.0%
B(L→p2p) 1.6%
B@c(2S)→gxcJ# 9.2% 8.3% 8.8%
Total systematic error 22% 21% 22%
1-6
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TABLE II. Summary of numbers used in the branching ratio calculation and branching ratio resultsRB ,

defined in the text, is the relative branching ratio ofxc0→LL̄ to that ofc(2S)→p1p2J/c.

quantity xc0 xc1 xc2

nobs 15.224.0
14.2 9.023.1

13.5 8.323.4
13.7

« ~%! 6.0760.24 6.6560.25 6.0960.24
Nc(2S)(106) 14.961.2
B(L→p2p) @4# 0.63960.005
B@c(2S)→gxcJ# ~%! @4# 8.760.8 8.460.7 6.860.6

B(xcJ→LL̄)(1024) 4.721.2
11.361.0 2.620.9

11.060.6 3.321.3
11.560.7

np1p2J/c
obs 1826644

«p1p2J/c ~%! 17.8860.12
RB(1022) 2.4520.65

10.6860.46 1.3320.46
10.5260.25 1.3320.55

10.5960.25
sy
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3-
determined by Monte Carlo simulation for thexc0 , xc1 and
xc2 branching ratios, and their errors are not considered
the summation.

VI. RESULTS AND DISCUSSIONS

The branching ratios ofxcJ→LL̄ can be calculated with

B~xcJ→LL̄!5
nobs/«

Nc(2S)B@c~2S!→gxcJ#B~L→p2p!2
.

Using numbers from above, one gets

B~xc0→LL̄!5~4.721.2
11.361.0!31024,

B~xc1→LL̄!5~2.620.9
11.060.6!31024,

B~xc2→LL̄!5~3.321.3
11.560.7!31024,

where the first errors are statistical and the second are
tematic. The numbers used and results are summarize
Table II.

Compared with the corresponding branching ratios
xcJ→pp̄ @4#, the branching ratios ofxc1 and xc2→LL̄

agree with the corresponding branching ratios topp̄ within
two sigma. This is somewhat in contradiction with the e
pectations from Ref.@3#, although the errors are large.

As for xc0→LL̄, the measured value agrees with thepp̄
measurements from BES and E835@2,10# within 2 standard
deviations. One should also note that there is no predic
for B(xc0→LL̄).
g
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11200
in

s-
in

f
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n

What we actually measure in this analysis is the relat
branching ratio ofxc0→LL̄ to c(2S)→p1p2J/c. The
relative branching ratio is found with the following formula

RB5
B@c~2S!→gxcJ#•B~xcJ→LL̄!•B~L→p2p!2

B@c~2S!→p1p2J/c#•B~J/c→pp̄!

5
nobs/«

np1p2J/c
obs /«p1p2J/c

.

These results are also shown in Table II.

VII. SUMMARY

LL̄ events are observed for the first time inxcJ decays
using the BESII 15 millionc(2S) event sample, and corre
sponding branching ratios are determined. The results onxc1
and xc2 decays only agree marginally with model predi
tions.
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