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We report on a study of the angular distributions in the radiative decay of thexc1 andxc2 states formed in

p̄p annihilations. These distributions depend on the dynamics of the formation process and the multipole
structure of the radiative decay. Using 2090xc1 and 5908xc2 events, we have measured the fractional
magnetic quadrupole amplitude to bea2(xc1).M2/E150.00260.032, anda2(xc2)520.09320.041

10.039. We have
also measured the square of the helicity 0 fractional amplitude in thexc2 formation process to beB0

250.13
60.08.
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I. INTRODUCTION

Experiment E835 at Fermilab@1# is a continuation of the
study of charmonium states started by Experiment E760@2#,
with a substantial upgrade to facilitate higher luminosity o
eration. During the 1996–1997 run, E835 collected data c
responding to an integrated luminosity of 5.8 pb21 in the
xc1 energy region, and 11.2 pb21 at thexc2. In this paper
we present the results of the analysis of the angular distr
tion for the processes:

p̄p→xc1 , xc2→J/c g→e1e2g. ~1!

The angular distribution for this production/decay seque
is sensitive to the features of thep̄p annihilation process, the
properties of thecc̄ bound state and the nature of its rad
tive decay. The study of exclusive charmonium product
and decay channels has long been recognized as a good
ing ground for bound state models. The coupling between
set of charmoniumx states andp̄p is described by four
independent helicity amplitudes.xc0 is formed only through
the helicity 0 channel,xc1 can be formed only through th
helicity 1, and xc2 can couple through both; the relativ
strength of these last two amplitudes can be measured
from the study of the angular distribution.

The xc radiative decay is dominated by the dipole te
E1. The higher multipoles,M2 andE3, arise in the relativ-
istic treatment of the interaction between the electromagn
field and the quarkonium system~see, for example,@3#!.
These terms give contributions at a few percent level to
radiative width
0556-2821/2002/65~5!/052002~10!/$20.00 65 0520
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G~xc→J/cg!5uE1u21uM2u21uE3u2

5uE1u2@11O~Eg
2/mc

2!#

5uE1u2@11O~1022!#.

The study of the radiative decay angular distributions of
xc1 andxc2 states allows the measurement of the deviat
from pureE1 transition@4#, through theE1-M2 andE1-E3
interference terms.

The fractional electric octupole amplitude, labeled asa3
.E3/E1, can contribute only to thexc2 decay, and is pre-
dicted to vanish in the single quark radiation model@5# if the
J/c is a pureS-wave state. Even if there is an admixture
D wave,a3 is expected to be negligibly small@6,7#.

In the description of thexc radiative decay, the dominan
terms of bothE1 andM2 amplitudes contain the same ove
lap integral of the initial and final states radial wave fun
tions; relativistic effects on the wave functions are expec
to cancel out in the fractional amplitudes, labeled asa2
.M2/E1. A relativistic calculation@6# at order (vc /c)2

yields the relations:1

a2~xc1!52
Eg

4mc
~11kc!, a2~xc2!52

3

A5

Eg

4mc
~11kc!.

The parameterkc measures the deviation of the magne
moment from that of a free Dirac charm quark@i.e. mc
5 2

3 (e/2mc) with \5c51#. Using Eg5389.6 MeV and
429.4 MeV for thexc1 and xc2 decays, respectively, an

1We have corrected a misprint in Eq.~41! of Ref. @6#.
©2002 The American Physical Society02-1
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assumingmc51.5 GeV/c2, we havea2(xc1)520.065(1
1kc) anda2(xc2)520.096(11kc).

The ratio between the fractionalM2 amplitudes measure
for the two decays can provide a check of the basic assu
tions of the derivation; it gives

a2~xc1!

a2~xc2!
U

th
5

A5

3

Eg~xc1!

Eg~xc2!
50.676. ~2!

In fact, the present data are not in agreement with this p
diction but the comparison requires taking measureme
from two quite different experiments, E760@a2(xc2), Ref.
@8## and Crystal Ball@a2(xc1), Ref. @9##, and may be con-
sidered sensitive to different systematics. E835 has n
measured both these quantities with adequate precisio
one experiment.

II. ANGULAR DISTRIBUTION IN THE HELICITY
FORMALISM

The angular distribution of reaction~1! is a function of
three anglesu, u8 andf8, which are defined as follows~see
Fig. 1!: u is the polar angle of theJ/c with respect to the
antiproton, in thep̄p center-of-mass system;u8 is the polar
angle of the positron in theJ/c rest frame with respect to th
J/c direction in thex center of mass system; andf8 is the
azimuthal angle between the J/c decay plane and thexc
decay plane, defined by the expression2

cosf85
~p¢J/c3p¢ p̄!

ip¢J/c3p¢ p̄i
•

~p¢J/c3p¢e1!

ip¢J/c3p¢e1i
.

Using the helicity formalism and the above definition
the angular distribution for reaction~1! can be written as
@10,11#

2Since the positron cannot be distinguished from the electro
our detector,u8 is allowed to range from 0 top/2; since all the
distributions are symmetric inf8, f8 can range from 0 top.

FIG. 1. Definition of the angles:u in the x rest frame and
u8, f8 in the J/c rest frame.
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W~u,u8,f8!

5(
i

Ki~Bul( p̄)2l(p)u ,Aul(J/c)2l(g)u!Ti~u,u8,f8! ~3!

where the coefficientsKi depend upon the helicity ampli
tudes and theTi ’s are functions of the observed angle
u,u8,f8. The indexl( p̄)2l(p) is equal to the projection o
the xc spin on thep̄ direction, andl(J/c)2l(g) is the
projection of thexc spin on theJ/c direction.

The detailed expression for the angular distribution
given in the Appendix. The helicity amplitudesBul( p̄)2l(p)u
andAul(J/c)2l(g)u parametrize the dynamics of the formatio
and of the decay processes, respectively. In the forma
process of thexc1, charge conjugation~C! invariance re-
quires B0[0, and B152B21. For the xc2 , C invariance
implies thatB15B21 ; B0 can differ from zero.

The helicity amplitudesA0 , . . . ,AJ can be expressed a
linear combinations of the multipole transition amplitud
a1 , . . . ,aJ11 @see the Appendix, Eqs.~A2! and~A3!#, which
are related to the total angular momentum carried away
the photon. SincexcJ and J/c have opposite parities, th
amplitudesa1 , a2, and a3 correspond to electric dipole
(E1), magnetic quadrupole (M2) and electric octupole (E3)
transitions, respectively.

The normalization conditions

(
i 521

1

Bi
251, (

k50

J

Ak
2[ (

m51

J11

am
2 51

imposed on the helicity amplitudes further reduce t
number of independent parameters. Conventiona
a2(xc1), a2(xc2), B0

2(xc2) and a3(xc2) are chosen as the
independent parameters to be determined, anda1(xc1) and
a1(xc2) are taken to be positive.

III. EXPERIMENT LAYOUT

A. The E835 target and antiproton beam

The experiment is located in the AP-50 straight section
the Fermilab Antiproton Source complex. Stochastica
cooled antiprotons stored in the Accumulator collide with
internal molecular hydrogen jet target@12#. The interaction
region measures 5 mm35 mm36 mm. An instantaneous
luminosity L;231031 cm22 s21 was achieved during mos
of the data taking.

B. The detector

The detector~see Fig. 2! is a non-magnetic, large accep
tance spectrometer with cylindrical symmetry about t
beam axis. It is optimized for the detection of electroma
netic final states and allows the rejection of the very h
hadronic background. The detector has been substantially
graded with respect to the one used for the E760 experim
by adding pulse shaping and time to digital converter~TDC!
readout on all the counters, to allow for the higher interact
rate. The central detector is built in concentric cylindric

in
2-2
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FIG. 2. E835 equipment layout.
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layers. Two sets of scintillator hodoscopes H1 and H2~with
8-fold and 32-fold azimuthal segmentation, respectively! are
used for charged event triggering. Four layers of straw tu
@13# provide azimuthal information for charged tracks and
pair of layers of scintillating fibers@14# provide information
on the polar angle.

A threshold Čerenkov counter@15#, with eightfold azi-
muthal and twofold polar segmentation, is used for elect
identification and covers the full azimuth and the polar ran
15°<u lab<65°. The septum between the two polar regio
was modified for E835 to avoid any loss of efficiency in t
septum region.

The outermost component of the central detector is a l
glass electromagnetic central calorimeter~CCAL! @16#, with
full azimuthal acceptance and uniform polar acceptance f
10° to 70°. It consists of 1280 counters pointing to the
teraction region, which are arranged into 20 polar ‘‘ring
and 64 azimuthal ‘‘wedges.’’ The CCAL measures the ene
of electrons and photons, with a resolutionsE /E'0.014
10.06/AE(GeV), and, coupled with the known position an
size of the interaction region, provides a measurement of
polar and azimuthal angles, with resolutionssu56 mrad
andsf511 mrad. The forward region is instrumented wi
an 8-element scintillator hodoscope~used as a charged pa
ticle veto at trigger level!, and a forward calorimete
~FCAL!, which was not used in this analysis.

The absolute luminosity is measured by an array of th
solid state detectors@17#, which count recoil protons scat
tered elastically atu lab.86.5°.
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IV. TRIGGER AND EVENT SELECTION

A. Trigger requirements

The first level of the trigger logic is designed to sele
high mass objects decaying toe1e2 with high efficiency
@18#. The essential elements entering the trigger are lo
signals from the 16 Cˇ erenkov cells, the scintillator hodo
scopes~H1 and H2!, and a matrix of 5 (u lab)38 (f lab)
analog sums from the central calorimeter. The analog su
from the central calorimeter coarsely define the positions
energies of electromagnetic showers~clusters!.

The primary trigger requires that a Cˇ erenkov signal be
associated with each of two charged tracks originating fr
the interaction region, as defined by an appropriate coin
dence between elements of the H1 and H2 hodoscope
order to select two-body decays of massive objects, it
quires two clusters in the CCAL, separated by more than
in azimuth and with energies above thresholds which dep
on the polar angle. The number of accompanying char
particles is limited by the requirement of<5 hits in the H2
hodoscope.

Two additional triggers are implemented to monitor a
study Čerenkov and CCAL efficiencies. The first auxiliar
trigger~AT1! requires that only one of the two charged trac
be tagged as an electron by the Cˇ erenkov, while in the sec-
ond auxiliary trigger~AT2! the requirement on the CCAL is
removed. In both cases, to keep the rate to a reasonable l
only events with charged particle multiplicity of 2~defined
by the number of H2 hits! are accepted, with the coplanarit
constraint requiring the two charged tracks back to back
2-3
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M. AMBROGIANI et al. PHYSICAL REVIEW D 65 052002
azimuth within 22.5°. An additional veto on charged trac
in the forward region is imposed on trigger AT2.

The primary trigger selects 96% of the events, while 4
are recovered by the auxiliary trigger AT1. The loss of eve
related to the tighter coplanarity requirements in AT1 is n
ligible. Event loss due to CCAL inefficiency is also neg
gible.

The efficiency of the coincidence H1̂H2 was studied
@18# with a set of dedicated runs and monitored through
the data taking with samples of minimum bias events. T
dedicated runs were also used to evaluate possible biase
to u-dependent efficiencies of the hodoscopes. No signific
effect was observed.

B. Software event selection

The selection ofx→J/cg→e1e2g events is based on
the number of clusters and on a 5C kinematic fit. We requ
that the three final state particles be detected in the CC
One extra cluster is allowed, if its energy is smaller than 2
MeV, to avoid rejection of the fraction of events~about 10%!
where one bremsstrahlung photon is emitted by the elec
or positron.

Fiducial cuts on the electrons (15°,u lab,60°) and on
the photon (12°,u lab,68°) are imposed to avoid edge e
fects. An additional cut (ucosu8u,0.95) is used to discard
events where the CCAL clusters for the electron and
photon overlap.

A 5C fit is performed using the measured energies
directions of the two electrons and the photon. The low ba
ground level allows us to set a low threshold on the kin
matic fit probability (C.L..1023) thus reducing any system
atic effects from imperfect knowledge of the calorime
resolution.

The numbers of events surviving these cuts are 209
the xc1, and 5908 at thexc2; we estimate that 1.1% to 1.8%
of the event samples are background~mostly due to non-
resonant 3p° events!, as measured from the event rate o
side the resonance region.

V. ANALYSIS OF THE ANGULAR DISTRIBUTION

The maximum likelihood method is used to estimate
values of the angular distribution parameters. As mentio
at the end of Sec. II, we fit for helicity amplitudes in th
formation process and multipole amplitudes in the dec
The unbinned likelihood function is defined as

L~a!5 )
j 51

Nevents

Pj~a;V j !

where V j spans the variable space$cosuj ,cosuj8 ,fj8%,
and a spans the fit parameter space:$a2%(xc1)
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and$B0
2 ,a2 ,a3%(xc2). The probability densityPj of observ-

ing an event atV j is a function of the parameters, and
given by

Pj~a;V j !5
W~a;V j !•acc~V j !

E W~a;V!•acc~V!dV

. ~4!

Here W is the theoretical distribution function@Eq. ~3!#,
acc(V) is the geometric acceptance function, and the integ
in the denominator is performed over the entire variab
space.

The difficulty of performing a 3-dimensional integral fo
each point in thea space in order to maximize the likelihoo
function can be overcome if we recall thatW can be factor-
ized into angle-dependent and amplitude-dependent te
@see Eq.~3!#. Using this property, the denominator of Eq.~4!
can be written as

E W~a;V!•acc~V!dV5(
i

Ki~a!•Fi

where the termsFi5*Ti(V)•acc(V)dV are independent o
the dynamics, and can be calculated for any acceptance
figuration using a Monte Carlo integration method. The e
mates of the angular distribution parametersa are found by
maximizing the logarithm ofL(a).

The goodness of fit is estimated using thex2 method. The
data are binned into 120 bins, six in cosu (20.81 to 0.81,
dbin50.27), five in cosu8 ~0 to 0.95,dbin50.19), and four in
f8 ~0 to p, dbin5p/4), and thex2 is calculated using@19#

x25(
i 51

120

@2~ni
pred2ni

obs!12ni
obs ln~ni

obs/ni
pred!#

whereni
obs is the observed andni

pred is the expected numbe
of events in thei th bin, normalized toNevents.

VI. RESULTS

The results of the likelihood fits are summarized in Tab
I and II. The statistical errors are determined from the co
tour on which the likelihood function has decreased by
factore21/2. Thex2 for all fits is satisfactory and the best fi
values derived by minimizing thex2 are consistent with

TABLE I. Results at thexc1: the first error is statistical, the
second is systematic.

a2 x2/Ndo f

0.00260.03260.004 87.3/96
TABLE II. Results at thexc2: the first error is statistical, the second is systematic.

B0
2 a2 a3 x2/Ndo f

0.1620.10
10.0960.01 20.07620.050

10.05460.009 0.02020.044
10.05560.009 98.9/93

0.1360.0860.01 20.09320.041
10.03960.006 [0 99.4/94
2-4
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FIG. 3. The angular distribution at thexc1:
the numbers of observed/expected events
given, for six bins in cosu. The expected number
of events are corrected for acceptance. The nu
ber of observed/expected events are omitted
the bins which are outside the detector acce
tance.
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those obtained maximizing the likelihood. The number
degrees of freedom varies with the number of free para
eters, and with the number of bins within the acceptance

A. Results for the xc1

The full xc1 angular distribution is given in the Appendix
The E1-M2 interference term is given by

DW5a1a2~cos2u2cos2u8!.

For a pure dipole transition,a151, the angular distribution
is given by

W~cosu,cosu8,f8!5
1

2
~12cos2 ucos2u8

2sinu cosu sinu8cosu8cosf8!.
05200
f
-
The effect ofa2Þ0 would be to introduce an asymmetr
betweenu andu8 in the angular distribution. The observe
numbers of events are compared in Fig. 3 with the bes
expectations. Each table shows thef8, cosu8 event num-
bers for one cosu bin; the binning is defined in Sec. V.

In Fig. 4 we show the projections of thexc1 angular dis-
tribution on the three observables cosu, cosu8 andf8. The
shaded histograms give the observed number of events
corrected for acceptance. The dots indicate the event n
bers after acceptance corrections, and the line histogr
show best fit predictions.

As an illustration, ifa250, the projections of the angula
distributions reduce to

W̄~cosu!;12
1

3
cos2u, W̄~cosu8!;12

1

3
cos2u8.
2-5
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FIG. 4. Projections of the an
gular distribution at thexc1: the
data sample, corrected for acce
tance ~dots!, is compared to the
best fit prediction~solid line!. The
raw data set~shaded histogram! is
also shown.
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After the acceptance corrections, thef8 projection is ex-
pected to be flat for any value ofa2.

The best fit value ofa2 for the xc1 resonance isa2

50.00260.032, as reported in Table I. Thex2 is 87.3, with
Ndo f596.

Minimum x2 and maximum likelihood methods give full
compatible results@a2(likelihood)2a2(x2)520.002#. Fig-
ure 5 shows that2 ln(L) is smooth and well behaved ove
the whole parameter space; local minima of2 ln(L) are also
visible ata2561 ~i.e. a150), with x2'140.

By adding events from the samples of data taken ab
and below thexc1 c.m. energy, we are able to extrapolate t
possible bias on the results of the fits induced by the ba
ground. We do not observe any evidence of a bias on
result from this source, when we allow the extra backgrou
sample to vary from 1% to 2%. A systematic errorDa2
50.004 is deduced from the fluctuation of the best fit res

Our measurement ofa2(xc1) agrees with the value (a2

520.00260.020
0.008) measured by the Crystal Ball Collaboratio

@9#.

FIG. 5. For thexc1 , 2 ln L(a2) as function ofa2.
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B. Results for the xc2

The full xc2 angular distribution is given in the Appendi
~see Table V!. The angular distribution, ifa2 ,a350 andB0

2

50, is given by

W~cosu,cosu8,f8!

5
1

10F11cos2u1cos4u12cos2ucos2u8

23cos4ucos2u82cos2usin2usin2u8cos 2f8

1S 1

4
sin 2u2sin 2ucos2u D sin 2u8cosf8G .

The data for thexc2 are shown in Figs. 6 and 7. As for th
xc1, Fig. 6 shows the data compared to the predictions of
fit in the 120 bins of cosu, cosu8 andf8. Figure 7 gives the
projections of the data on cosu, cosu8 and f8. The histo-
gram, data points and line have the same meaning as in
4 above. As an illustration, ifa250 andB0

250, the projec-
tions of the angular distributions reduce to

W̄~cosu!;12
1

3
cos2u, W̄~cosu8!;11

1

13
cos2u8,

W̄~f8!;12
8

71
cos 2f8.

We fit the data for two different hypotheses for the oc
pole amplitudea3. In the first fit, all three parameters ar
allowed to vary. The octupole amplitudea3 is found to be
consistent with 0. The likelihood function is smooth and w
behaved over the whole parameter space. Since the expe
value fora3 is less than 1022, in the second fita3 is set equal
to 060.005, yielding a systematic error of 0.005 onB0

2 and

of 0.003 ona2. In both cases, the results of minimumx2 and
maximum likelihood fits differ by less than 0.25 standa
deviations.
2-6
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FIG. 6. The angular distribution at thexc2:
the numbers of observed/expected events
shown for six bins in cosu. The expected number
of events are corrected for acceptance. The nu
ber of observed/expected events are omitted
the bins which are outside the detector acce
tance.
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After performing the fits, we correct for the bias due
the underlying background. By adding varying numbers
events taken in thehc(10.9 pb21) and hc8 (7.2 pb21)
search regions, we estimate the bias on the result due to
background to be

DB0
2520.0360.01,

Da2520.00960.003, ~a3 fixed at 0!

DB0
2520.0260.01, Da2520.00660.004,

Da350.00860.004.

Our best fit results for thea350 case areB0
250.1360.08

60.013 anda2520.09320.041
10.03960.006. The contour plots o
05200
f

the

the likelihood function in thea2-B0
2 plane for a350 are

shown in Fig. 8. The open point shows the uncorrected b
fit value; the solid one shows the final result. The error b
show the systematic error on the final result.

VII. CONCLUSIONS

E835 has studied the formation and radiative decay ofxc1

and xc2 states inp̄p annihilation. For the decay proces
E835 is the first experiment to give a precise measuremen
the fractionalM2 transition amplitude for bothJ51 and 2
charmoniumP states.

We observe that the value ofa2(xc2) that we measure is
compatible with the predictions of a simple theoretic
model. Our value for thexc1 amplitude, however, is lowe
2-7
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FIG. 7. Projections of the an
gular distribution at thexc2: the
data sample, corrected for acce
tance ~dots!, is compared to the
best fit prediction~solid line!. The
raw data set~shaded histogram! is
also shown.
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than expected in this model. Figure 9 shows a compariso
all existing measurements of thea2 amplitude; p̄p experi-
ments indicate a smallerM2 contribution to thexc2 radiative
decay, compared to the Crystal Ball result. The observeds
discrepancy betweena2(xc1) as measured and the predictio
~with kc50) could indicate the presence of competi
mechanisms, leading to the reduction of theM2 amplitude at
the xc1.

The measurement ofB0
2(xc2) completes the set of exper

mental parameters characterizing the coupling of char
nium triplet P states top̄p. Theoretical predictions on th
helicity structure of the coupling can be found in the fram

FIG. 8. Contour lines of lnL(a2 ,B0
2), corresponding to

1,2,3 . . . standard deviations around the best fit value for thexc2,
when a3 is set equal to 0. The open marker indicates the bes
result before correcting for the bias. The error bars show the siz
the total systematic error.
05200
of
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work of the diquark model@20#. We summarize our informa
tion on the helicity dependence of the coupling ofp̄p to
charmonium in Table III. We characterize the strength of
coupling by the hadronic branching ratio,BRh5G(xcJ

→ p̄p)/G(xcJ→hadrons). Our present measurement sho
that the helicity 0 coupling in thexc2 is small ~13%! com-
pared to the helicity 1 contribution. This may be consider
consistent with the fact that thexc2 andxc1 coupling top̄p
are quite similar. We note, however, that thexc0 which
couples only through the helicity 0 channel has as large ap̄p
coupling as the other states.
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TABLE III. Couplings betweencc̄ P states andp̄p.

State Helicity 0 Helicity 1 BRh* 104

xc2 0.1360.08 0.8760.08 1.260.2 @2#

xc1 0 1 1.260.2 @2#

xc0 1 0 1.5-5@21#

TABLE IV. CoefficientsKi and functionsTi at thexc1.

i Ti(u,u8,f8) Ki(A0 ,A1)

1 1 1
2

2 cos2 u 1
2 ~A1

22A0
2!

3 cos2 u8 1
2 ~A0

22A1
2!

4 cos2 u8 cos2 u 2
1
2

5 sin 2u sin 2u8cosf8 2
1
4 A0A1
05200
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APPENDIX: FULL EXPRESSION FOR THE ANGULAR
DISTRIBUTION

The angular distribution for the reactions~1! can be writ-
ten as

W~u,u8,f8!5(
i 51

N

Ki~Bul( p̄)2l(p)u ,Aul(c)2l(g)u!Ti~u,u8,f8!

~A1!

with N55 at thexc1, andN511 at thexc2. Tables IV~for
the xc1) and V ~for the xc2) give the full expressions~from
Ref. @10#! for the coefficientsKi and the functionsTi that
appear in Eq.~A1!. The parameterR is defined as
TABLE V. CoefficientsKi and functionsTi at thexc2.

i Ti(u,u8,f8) Ki(R,A0 ,A1 ,A2)

1 1 1
8

(2A0
213A2

22R(2A0
224A1

21A2
2))

2 cos2 u 3
4

(22A0
214A1

22A2
21R(4A0

226A1
21A2

2))

3 cos4 u 1
8

(6A0
228A1

21A2
2)(325R)

4 cos2 u8 1
8

(2A0
213A2

22R(2A0
214A1

21A2
2))

5 cos2 u8 cos2 u 3
4

(22A0
224A1

22A2
21R(4A0

216A1
21A2

2))

6 cos2 u8 cos4u 1
8

(6A0
218A1

21A2
2)(325R)

7 sin2 u8 cos 2f8 A6

4
~R21!A0A2

8 cos2 u sin2 u8 cos 2f8 A6

4
~426R!A0A2

9 cos4 u sin2 u8 cos2f8 A6

4
~5R23!A0A2

10 sin 2u sin 2u8 cosf8 2A3

4 S A0A11A3

2
A1A22RS 2A0A11A3

2
A1A2D D

11 cos2 u sin 2u sin 2u8 cosf8 2
1

4A3
~5R23!S 3A0A11A3

2
A1A2D
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R[
2B1

2

B0
212B1

2 52B1
2512B0

2.

The helicity amplitudesAk are linear combinations of th
multipole amplitudesai :

S A05
1

A2
a12

1

A2
a2

A15
1

A2
a11

1

A2
a2
D

J51

~A2!
g,

A
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