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We investigate theﬂ/cp+c+?photoproduction ire*e™ collision at CERN LEP Il energies. The physical
motivations for this study are the followingl) such a process was not considered in previous investigations
of J/¢ photoproduction ire*e™ interaction, and we show in this work that it is worthwhile to do so in order
to make sound predictions for experimental comparig@nfrom recent Belle experiment results, the process
with the same final states at thifactory has a theoretically yet unexplainable large fraction; hence it is
interesting to see what may happen at other collid@jsthe process can be measured with a high accuracy at
the planned linear colliderg4) it is necessary to take this process into consideration in elucidating the
guarkonium production mechanism, especially in testing the universality of nonrelativistic QCD nonperturba-
tive matrix elements. We find that the process concerned is really important at LEP experimental energies;
within the theoretical uncertainties, it is of similar magnitude to the other color-singlet processes when the
transverse momentupy>1 GeV. Nevertheless, to explain the recent DELPHI experimental result, the color-
octet mechanism is still necessary, but with a shrunken contribution compared to previous analysis. It is found
that thed/ ¢+ c+€ph0toproduction process cannot be mimicked by the simple fragmentation scheme.
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I. INTRODUCTION tion at the DESY ep collider HERA [7-10,13, and
J/y (¢'") polarization in large transverse momentum produc-
Quarkonium physics s still an interesting research topiction at the Fermilab Tevatrofi3—15, and more recently in
while the first quarkonium stat¥ ¢ was discovered about 30 B factories. ) , )
years ago. Because of its approximately nonrelativistic na- It IS widely expected that th& factories will provide

ture, the description of the heavy quark and antiquark syste learer information about quarkonium production. The

. ) o . -factory experiments recently reported their measurements
is one of the simplest applications of QCD. The highly pre- . : _ .

! . ! ; on prompt charmonium production at e~ colliders aty/s
cise experimental results_ for quarkonium _Ieptonlc_ d_ecays: 10.6 GeV[16—18. To one’s surprise, both their inclusive
cause the heavy quarkonium to play a crucial role in invesgq eyclusive measurements have large discrepancies with
tigations of various phenomena, such as measuring the pafeoretical calculation$19—24. Among the puzzling fea-
ton distribution in haqron'hadron CO||ISIOnS, det.eCtIng thetures of theB_factory data, in particu|ar’ the total cross sec-
quark-gluon-plasma signal, and even new physics, etc. Ofion of the exclusivee” +e~—J/y+ 7, process is found to
the other hand, an interplay of perturbative and nonperturbaye about an order of magnitude larger than theoretical pre-
tive quantum chromodynamid®QCD) happens in quarko- dictions[22—24. That is[18],

nium production and decays, which can therefore stand as

probes in investigating the nonperturbative nature of QCD. o(e’+e =i+ o) X B(n—=4 charged
Quarkonium physics has experienced dramatic advances :(0-03?{8188@ 0.009 pb. 1)

in recent years; among them the current focus in the field has
been on the color-octet mechanig®OM) [1], triggered by  The Belle Collaboratiofil8] also found a large cross section
the highpr J/¢ surplus production discovered by the Col- for J/¢ inclusive production along with an open charm pair,
lider Detector at FermilalgCDF) Collaboration at the Teva- the same final state process that we are going to discuss,
tron in 1992[2-4]. The color-octet scenario was proposed _
based on a novel effective theory, nonrelativistic QCD o(e"e”—Jly+co)
(NRQCD) [5]. Having achieved the first step towards suc- o(ete —dy+X) -
cess in explaining the CDF data, the COM also has a strong

impact on almost every aspect of quarkonium physics, an@vhich is far greater than theoretical expectatiph8—21].
various efforts have been made to confirm this mechanisnThe newB-factory data, in some sense, pose a new “crisis”
or to fix the magnitudes of the universal NRQCD matrix in the study of quarkonium physics. Therefore, to reveal the
elements. Although the theoretical framework seems to showroblems lying behind the prevailing quarkonium production
qualitative agreement with experimental data, there are cemechanismgmodels is currently an urgent task, and possi-
tain difficulties in the quantitative estimate of the color-octetbly has a long way to go. Nevertheless, the Belle “puzzle”
contribution[6], in particular, inJ/ and ' photoproduc- does not really mean the failure of QCD based quarkonium
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production mechanisms, like NRQCD and the color-singletreason to disregard this process while taking color-octet pro-
CS model. The “crisis” may stem from the unexplored cesses into consideration. Therefore, to make an overall es-
higher-order contributions, for instance, and other yet untimation of J/¢ photoproduction at LEP and draw conclu-
known reasons within the framework of NRQCD. sions without considering the new proposed process may run
The final establishment of NRQCD factorization as thesome risk, as shown in the next section. Of course, in the
correct theory of quarkonium production and decays stillcase of having enough events, as inspiredBefactory ex-
needs more tests. The universality of NRQCD matrix eleperiments, one may expect that the process concerned will be
ments is one of the critical points to be verified. People havelearly distinguished from other processes. In addition, since
tried many ways to discover the universality of the COM atthe J/y+c+c final states have a relatively large invariant
different colliders; so far there is still no decisive result eithermass, it is easy to imagine that the resolved-photon contri-
proving or disproving it. bution for this process will be less important than the direct
Quarkonium photoproduction i"e ™ collisions has been  one, which is confirmed by our numerical evaluation. We
investigated by several groui2]; and, very recently, based find in explicit calculation that the resolved-photon contribu-
on leading order perturbative QCD analyses, Klaseal.  tjon is really negligibly small.
[27] find that the new DELPHI28] data evidently favor the  On the other hand, it is easy to attribute the y—J/
NRQCD formalism forJ/¢ production, but rather the con- +c+?process approximately to a simple fragmentation rep-

yentional _colo_r-singlet modgR9], which is quite encourag- I:;esentation, where charmonium is produced via charm quark
ing. Considering that the data accumulated at all four LER 0 nation. It is worthwhile to mention that the situation
e 2 . ) Mhere is different from and more complicated than quarko-
production in the future, we realize it is meaningful to inves- . production in, e.gZ° decays, where the fragmentation
tigate quarkonium photoproduction in more de_tail. we ﬁndmechanism worksl quite well, aﬁd the calculation can be
that, although superficially the/+y—J/¢+c+c process greatly simplified by taking the fragmentation limit. Here,
stands as a subleading order procésshe sense of strong some “nonfragmenting” graphs are not negligible. Explicit
coupling in comparison with the resolved photon processesnumerical results given in the next section support this argu-
its contribution to quarkonium production is not really nec- ment.

essarily minor compared to other processes within the CS Generally speaking, in photon-photon collisions the inter-
prescription. In direct photon production, the process conacting photons can either originate from the bremsstrahlung
cerned here is obviously the leading-contribution processef high-energy electron-positron collision, beamstrahlung,
since in experiment thé/y+ vy final state process is sup- or, theoretically, be obtained by Compton backscattering of
pressed. In the case of resolved photon production,[R€f.  |aser light off linear acceleratiofLINAC) electron beams,
finds that single resolved photon processes give the dominapéalizing photon-photon collision at a linear collider with
contribution. The resolved processes in general are SURgpproximately the same luminosity as that of taée~
pressed by the parton distribution probability, but may geheams. In this work we will study only the first case and
compensation from the order of the coupling cong®no  confront our result with the experimental data analyzed re-
find whether direct or resolved processes dominatd/in  cently by the DELPHI Collaboration of the LEP Il experi-
photoproduction at LEP, one needs to do a concrete calculgnent at CERN.

tion. The source of photons from electron-positron bremsstrah-

The remainder of the paper is organized as follows. Inung can be well formulated in the Weizdar-Williams ap-
Sec. I, we give a description of our calculation procedure. Inproximation[30]:

Sec. Ill, our numerical results are presented, where the the-

oretical calculation of)/ ¢+ ct+c photoproduction ae™e™ o m | 1+ (1—x)?
iders i i i Fyre(x)= log(Qfva Qi)
colliders is confronted with recent experimental results at vle o X max ~min
LEP. Finally, we give our summary and conclusions.
) 1
+2meX| ———— , 3
II. PHYSICS MOTIVATION AND FORMALISM max  Qmin

As explained in the Introduction, we are going to add thewhere  Q7;,=m2x?/(1-x)? and Qf = (E0)*(1-X)
processy+ y—J/y+c+c in e*e” scattering to the analy- +Q?, With x=E,/E,, 6 the experimental angular cut in
ses 0fl/ ¢ inclusive production at LEP II. Here, the colliding order to ensure that the photon is real, & E.= Js/2.
photons can participate in the hard interaction either directly, Our process of interest involves 20 Feynman diagrams.
or in resolved contributions through their hadronic compo-Ten are shown in Fig. 1 and the remaining ten are just their
nents. As realized, both direct and resolved processes can bbarge conjugates. It is evident that in this process the
of the same order within the energy distribution range we arguarkonium can be formed in the CS configuration, which
interested in27]. In this sense, since the process we considemay be formulated coincidentally in both the CS model and
is perturbatively at subleading order relative to the resolvedhe NRQCD description at leading order.
processes considered {27], it looks negligible at first Calculation of the prompd/ production rate is carried
glance. However, the complexity of this process makes theut by the standard procedure with the normalization of the
order analyses nontransparent. Further, there is no obviopin projection operators for quarkonium production taken as
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FIG. 1. Half of the Feynman diagrams of the discusdégl producing subprocesg+ y—>J/¢/f+c+E The missing diagrams are the
charge conjugates of the ones shown and can be simply obtained by flipping the fermion flow directions.

P P 1
Ps, (P;q)= >, v(——q;s )U(—Jrq;S) Pl (P;0)= G (P+M)+E(P+M)v*], (8
ss, =02 2 /Ul 5 1 1s,(P:0) 2\/§M[7 ( )+ ( )71 (8)
1 _1
X\ 2051155255 @ respectively.

With the above spin projectors, the amplitudes for the

+y—J/¢y+c+c process can be obtained; they are pre-
whereP, S, andS, are, respectively, the quarkonium four- sented in the Appendix for reference and comparison. Nev-
momentum, its spin, and ttlcomponent of the spimisthe  ertheless, the matrix element squared is too lengthy to be
relative momentum of the heavy quarks; ads, represent shown here. The whole calculation is evaluated by using the
their spins. In the nonrelativistic limit, foBwave states, to automatic Feynman diagram calculati6RDC) [31] pack-
leading order the covariant forms of the projection operator&ge. Interested readers, who want to have the lengthy expres-

are very simple: sions and the correspondi@RTRAN program, are encour-
aged either to download directly from the website or write to
1 us.
PooP;0)=——=7ys(P+M), (5)
0,00 2\/57’5(
1 I1l. NUMERICAL RESULTS
P1s,(P;0)= ﬁé*(P,SZ)(FM M), (6) As stated above, we perform calculation of the Feynman

diagram algebra by a computerized program, where the spin
projector method was built in, and which is more suitable for
respectively, for the pseudoscalar and vector quarkoniumdvaluating complicated processes. The Feynman diagram,
states. Here*(P,S,) denotes the polarization vector of the analytic formulas, an@oRTRAN source are generated by the
spin-1 quarkonium state, arMd=2m, is its mass. Herey, ~ FDC. This program was employed in the past in calculating
is the charm quark mass. The project¢s and (6) map a  the J/« electromagnetic production at electron-positron col-
QQ pair into theSwave states. In our study we also repeatliders [32], and in many other applications. In order to fur-
previous calculations, wheré/ prompt production was ther assure the applicability of this program, in preparing this
considered; that is, th& s coming from higher excited state work we repeated several other independent processes and
feeddown is taken into consideration. Fdwave state pro- compared with the results given in the literature. The numeri-
duction, to leading order one needs to expand the relativeal calculation is performed in batches by a Monte Carlo
momentum of heavy quarks to first order. Of the spin pro-subroutine also encoded in the FDC.
jectors they are The overall differential cross section &fy photoproduc-
tion can be obtained by the double convolution of the cross
sections of parton-partofphoton-photointo J/¢ processes,
[y*ys(P+M)+ys(P+M)y], (7)  With the parton distribution functions photon distribution
2\2M densities given schematically by

PooP;0)=
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the experiment. The maximum angle ensuring a real photon
in EQ. (2), 0,4, is taken to be 32 mrad. As shown in the
figure, the previously considered leading order CS processes
contribute less than the process we are considering here
when the transverse momentum is larger than 1 GeV. When
the transverse momentum is small we know the diffractive

interaction process will make the leading contribution for
J/y production. From the figure, the discrepancy between
experimental data and color-singlet calculations is reduced

after including they+ y—J/¢+c+c process, although the
CS contributions still fall below the data even with the opti-
mal choice of the errors. In drawing Fig. 2, the FDC was
used to recalculate the NRQCD and CSM processes from
[27] and numerical agreement with their results was ob-
tained.

The results from the previous study appearing in the fig-
e o ure are taken only at the central values. We notice that there

,3_| T T T T T T e are large uncertainties remaining in both the previous analy-
R 2 3 4 5 6 7 8 8 10 ses and our calculation, shown as the shaded band. The the-
RIS oretical errors come mainly from the influence of scale de-
FIG. 2. The transverse momentum distributiordt# photopro- ~ Pendence & =0.5my, my,2my), the nonperturbative matrix
duction in the LEP Il experiment. The results for tye- y—J/¢y  €lement uncertainty, and the variation of the charm quark
+c+c process are confronted with the central values in a previougnass (N.=1.5=0.1 GeV). The strong scale and mass de-
study in Ref[27] and the recent DELPHI experimental req8]. pendence imply that the higher-order relativistic and radia-
The upper bound of the shaded band is obtained at the renormditve corrections will be large.

ization scaler =0.5(M ) andm.=1.4, and the lower one at=2 As shown in Fig. 2, they+ y—J/ ¢+ ct+c process can-

andm,=1.6. not be reproduced by the fragmentation mechanjdd]
(simply multiplying y+y—c+c by 2.4<10™%), even on
the highpy side. This finding means that the nonfragmenta-
tionlike graphs existing in this process are not negligible in

) the high-energy and higpt limit. This characteristic sug-
gests thatB. photoproduction and hadroproduction, with
their similar topology of Feynman graphs, cannot simply be

Here,f (x) represents the photon densityeiie™ colli- replaced by a fragmentation mechanism.
sions or at photon colliders, arfg,(x)(i,j = v,g,u,d,s) de- In Fig. 3 we present the invariant mass, angular, rapidity,

notes the Gluk-Reya-Schienbein parton distribution func- e —
tions in photon33]. For direct photon-photon interaction, it and pseudorapidity distributions of the+ y—J/y+c+c
process. The invariant mass of colliding photons starts at 6

is obvious thatf.,,(x) will be a delta function. . . .
Yy -
In doing numerical calculations, the general parameter?ev as a physical requirement and ends at 35 GeV as im

are taken asy=1/137.065,(0Y*(3si1))=1.4 Ge\?, m, posed in the DELPHI experiment. Tlﬁpseud()xrapiqny var-
~15+0.1 GeV,Ag‘éD= 174 MeV/[26], and the strong cou- ies from—2 to 2.as also performed in the .exp.enment.
To show the influence of the renormalization scale and

pling is running with the renormalization scaje=ms. .
Here.m. = \ﬁer_pz is the normally defined transverse massCharm quark mass, in Table | we present the dependence on
T v o1 them of the total cross section. Hereneans the fraction of

of J/. The factor (/y+y¢")=1.278 is used to include the the renormalization scalg on the charmonium transverse

¢' contribution. Taking the nonrelativistic limit, thé/y That isp — h is the J/ v t
mass is taken to be twice the charm quark mass, and the op8Hf>S- ' Nat ISK=rmr, Wherepy is the Y transverse mo-
mentum. The total cross sections are obtained under the con-

charm pair has the same mass as the charm quadkiin -
otherwise the gauge invariance will be broken. To retain conditions v(10)>pr>1.0 GeV, W<35 GeV, and|7|<2,
sistency with other analyses, our choice of parameters is iWhereW and » are the final state invariant mass aty
accordance with that taken in RéR27]. For details of the Pseudorapidity, respectively.
choices, e.g., the magnitudes of color-octet matrix elements, It is evident that both the renormalization scale and the
readers are recommended to refer to ¢hieqQsL fit used by  charm quark mass induce large uncertainties on the total
[27]. cross section. Between them, the scale dependence is more
In Fig. 2 we present our process versus other theoreticamportant. Under the same physical cut and parameter input
predictions[27] and the recent DELPHI experimental result we find that the new process at linear collid¢c€s), e.g.,
[28], where to avoid nonphotoproduction processes the inTESLA, gives a total cross section of 0.41 pb at the central
variant mass of the'y system is limited t&V<35 GeV asin  values of the scale and charm quark mass, which is larger

da=fdxldxzdtfy(xl)fy(xz)E fdxidxj
i,j,k

X i (XD F (XD dai 4 g i(Xi X)) -
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TABLE |. Renormalization scale and charm quark mass depen-
dence of the total cross section.

m.=1.4 GeV m.=1.5 GeV m.=1.6 GeV

r=0.5 0.82 pb 0.54 pb 0.37 pb
r=1 0.47 pb 0.31 pb 0.21 pb
10°E r=2 0.30 pb 0.20 pb 0.14 pb
E. PRI TR N S SR B s e b b
0 10 20 30 -1 =0:5 0 0.5 1
Invariant mass of photon and photon cos(J/y and beam) ment at the squared matrix element level and then evaluated

it. In both cases a large cancellation happened, and up to the
precision limit of theFORTRAN program they became zero.
We found that the uncertainty induced by scale variation

10 -2 is quite large, which means the higher-order corrections
L 10 . .. .. . .
M w could be big. The uncertainties remaining in the quarkonium

L nonperturbative matrix elements and charm quark mass are

also sources of theoretical prediction errors.

We also compared the pure fragmentation result with our
TN N W Fai ooy ofl oo g oo full calculation, and find that the situation of quarkonium
20 ! 2 20 ! 2 production here differs from that i@° decays, where the

Rapidity of J/% Pseudo—Rapidity of J/% fragmentation scheme can almost reproduce the full Feyn-
man diagram calculation results. It is noticed that, after con-
sidering our proposed process, the preliminary DELPHI data
are still not explainable by the CSM alone, and the color-
octet scenario is still necessary. Nevertheless, since large un-
certainties remain in both CS and NRQCD analyses, quanti-
fative conclusions for the universality of color-octet matrix

ments are still hard to reach. In our opinion, to have a full
ext to leading orde(NLO) calculation of promptl/ ¢ pro-
duction would be critical on this point and beyond. Although
the present DELPHI data are just marginal for observing the

v+ y—Jly+c+c signal, it would still be interesting for
In this work we performed a calculation of the++y  experimenters to see whether the accumulated LEP data are
— I+ c+c process of)/ ¢ photoproduction ine*e~ in-  sufficient to find it. In any case, at LCs this new process
teractions in LEP I experimentsy which was not taken intoShOU'd be observed with hlgh precision. It is also noticed that
consideration in previous analyses. We find that this proces® previous NLO calculations ofi/y photoproduction at
is quite large in photon-photon collisions at LEP. The impor-HERA [12,34, the similar order procesg+y—J/4(y")
tance of including this process lies in two aspe¢is.It is +c+c was missing. Naive estimation tells us that the miss-
the dominant process among all the CS subprocesses withg part there should not be so important as in the case of
transverse momentum greater than 1 GeV. Since in the lowphoton-photon interactions. A detailed investigation of this
p region the diffractive interaction will be overwhelmingly will be presented elsewhere.
large, to have a clear signal of it one needs to focus on the
largept area.(2) Considering the large uncertainties still
remaining in the color-octet matrix elements, in attempting ACKNOWLEDGMENTS
either to fix these uncertainties or to test the accuracy of
QCD perturbative calculations, it is very necessary to include C.-F.Q. would like to thank J. P. Ma for discussions on
this new process. related issues and ITP for their hospitality while part of this
The new process we considered is unique relative to otheork was done. This work was supported in part by the
processes of/y production ine*e” scattering. It is obvi- National Science Foundation of China with Contracts No.
ously necessary to obtain gauge invariance for the total amL9805015 and No. 90103013 and by the Chinese Academy
plitude. We performed a check and found that there is gaugef Sciences under Project No. KJCX2-SW-NO02.
invariance. It was also checked for other processes with the
aim of giving us more confidence in our results. In practice, APPENDIX
we performed the gauge invariance check in two different ) )
ways. At the amplitude level, we replaced the photon polar- We give the matrix elements of the procegs y—J/y
ization vecto(s) by the corresponding momentum, then real- +c+c. Here,e;,¢€,,€3 are the polarizations of initial pho-
located the independent terms and numerically calculated thens andl/ ¢, respectively; ang; (i=1,2,3) are their corre-
amplitude squared; in the other method, we did the replacesponding momenta.

FIG. 3. From upper left to lower right, mass distribution
do/dM,,; angular distributiondo/d cosé; rapidity distribution
do/dy; and pseudorapidity distributiotio/d 7.

than the total cross section at LEP as shown in Table I. Thi
means that the new process can surely be measured with hi
accuracy at future LCs.

IV. DISCUSSION AND CONCLUSIONS
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where

M =cu(p,)(C1P3€3P1€1+ CoP3€3+ C3€2P1P3€1 + Ca€xP1 €361+ Cs€2P3€3P1 €1+ Co€xP3€3P1

+C7€5P3€3€1 T Cg€r€1+ Crp€xP3€1 1 Cr1€2P3€3 1 Cp€x P31 C13€r€3€1 T Crg€r€31 C5€rP 1€

+ Cie€oP1€31 C7€0+ C1g€3P1 €1 Crg€3€1 T Cop€3t Co1 T CooP1 €11 Co3P3P1 €1+ CogP3€]

+ Co5P3+ Cog€1+ Co7P1+ CogP3P1+ Cog€3P1+ C3oP1P3€3+ C31€2P1P3+ Ca2€2P1) v (Ps),

_ 40962aX( OV (I gty 7

6561m, » GiT J-:El,zo Gi.iYi

CZ

Y1 =[4XaX 1o 2ME—Xg— 2X10+ X15)] 7L, Yo=[ —2X3(2MZ+X15) (4MZ+2X15)] 2,

Ya=[2X3Xg(2M3+x15)] "%, Ya=[2X3Xg(2MZ—Xy—2X3+X14)] "2,
Ys=[—2X4(2MZ+X12) (AMZ+2x1)17 Y, Ye=[2X4xg(2M3+x19)] Y,
y7=[2X4Xg(2MZ =X — 2X,4+X15)] 2, Ya=[ — Xg(2MZ+X15) (2MZ+X14+ X35+ 2X10)] 2,

y9:[_Xs(zmg"‘X14)(2X1_X2_X8)]711 Y1o:[_X2(2m§+X14)(2X1_X2_X8)]71,

X1=P1- P2, X2=P1-P3: X3=P1-Pas X4=P1-Ps, X5=P1- €1, Xg=P1- €2,
X7=P1- €3, Xg=P2-P3, X9=P2-Ps, X10=P2-Ps, X11=P2- €1, X12=P2- €2,
X13= P2 €3, X14=P3°Pa, X15=P3 - Ps, X16=P3- €1, X177~ P3- €2, X18= P3- €3,
X197 P4 Ps5s X20= P4 €1, X21=Pa- €2, X22=Pa- €3, Xp3=Ps- €1, X4~ Ps- €3,

Xo5=Ps5- €3, Xpp= €1° €, Xp7= €1° €3, Xpg= €7 €3,

C1=[4X24(4Y 10+ Y3+ 3Yat3YsT Y7+ 3yt 4Yg) +4Xo1(—Y3+YatYe—Y7—VYs)
+4X142Y 10T 2Ya+ 2yt Ys+2Y0) ],

Co={Xod 4Xg(—Yg—Yo) T 8Xa(Y10F Y6 Y71 2Yg) +8X5(—Ys— Y7~ Yo)
+4Xa(Y10— 2Y6— 2Y7) + 8X1(— Y10t Yo+ Y7) + 8(2MZYs— X1o¥g+ X15Ys) ]

+[8X24X23(3YeT Y71 Ys) + 8Xa3Xo1(Ye— Y71 ¥Ys) + 8XoaXoo —Y3—3Y4+Ys) +8X21Xoo(Y3—Yat Vs)

+ 4XoX16( — Y101 3Ys— Yo) T 4Xo1Xa6( Y10t Vst Vo) + 16— X17Xo0Y 4+ X17%23Y6) 1}

C3=[4%X7(Y10—3Y3—YatYe— Y71 Vo) +4Xos(—2Y10t Y3~ Ya— Y6+ Y7—3Ys—2Yo)
+ 4% 2y 101 3Y3+Yat Yo+ 3Y7+ Vst 2Yg) T 4X13(Y10— 2Y3— 2Y7 T Yo) |

Ca={16MZ(—2y3— 2y, +Yg) +[4Xg(— Y101 2Y3+ 27— Yo) + 4Xo( — Y10+ 3Ya+Ya— Yo Y7~ Vo)
+4X15(2Y10~ Y3+ Yat+Ye— Y71 3Yst+ 2Yg) T 4X14(—2Y10—3Y3—Ya— Y6~ 3Y7—Ys—2Yo) 1},

Cs=4Me(—Y1= Y10~ Y2~ Y3~ Ya~ Y5~ Y6~ Y7~ Ys~ Yo,

Co=[4X23(Y10—4Y6—4Y71T3Ys—Yo) + 4Xo0( —3Y10— 4Ys—4Y7—Ys—5Yo)
+4X16( = Y10~ 4Y6— 47+ Ys— 3Yo) ],

C7=[4Xg(Yg+Yo) +8X4(— Y10t Y6+ Y71 VYs) +4X5(2y10+ 2y3+2ys+4ye+ 4y, +Yg+4Yo)

+4X,(4yg+4y7+3Yg) +4X1 (Y10~ 4Ye—4Y7—3Y9) +4(— 7m§y8+ 5X10Ys— 5X15Ys— 3X19Ys) |,
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(A1)

(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

(A8)

(A9)

(A10)

(A11)
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Cg= {mﬁ[ 16x7(Y10t4Y3—YstYo) +96Xosyg] +[8XosXo(— Y3+ Ys—Ys)
+8XoXo( = Y10~ 33— Ya—Ys— Yo) +8X7X15(Y3— YatYg) + 8X7X14(Y10t 3Y3+Yat Yg+Yo)

+ 8(3X13X18Ys+ 2X13X2Y 31 3X14X05Y's — 3X15X20Y 5 — 3Xo5XgYs — 2X7XgY3) 1},
C10=8McX7(Y10T Y5+ Y6 T Y7+ Vo),
C11=M[8Xo3(—Y5— Y~ Y7+ Ys) T 8Xao(Y1+ Yot Y3+ YatVys) +4X1s(Yi0t Vet VYo,

C1o={Xor 4Xg( = Y5 Yo) +8X4(2Y10— Y6~ Y7) +8X3(— Y10~ 3Ys— 3y7— 3Y0)
+4Xo(Y 10~ 6Y6— 6Y7—4Ye) +8X1(— Y10+ 3yt 3Y7+2Ye) +8(2MZYs—X10¥s+ X15Ys)]
+[8X7X23( — 210+ 2y +4y7— 3Yg) + 8Xa5Xa3( Y6 — Y71 Ya) + 8XaXoo — Y6~ 3Y7+ 3Ys)
+8X7%20(Y10~ 3Y3~ Y4+ 3Y6+ 3y7+ 3Yg) + 8Xa5Xa0( Y3~ Y4~ V) + 8XaX20(3Y3+Yat Ys)
+4x7X16( — Y10t 6Y6+ 6y7 =Yg+ 3Yg) + 4XosX16( — Y10~ Y8~ Vo) T 4X2oX16( V10T Yt Vo)

+ 16Xp3%13(Y7— Ys) — 16X13%o0Y 31}

C13={M[ 12Xg(—Yg—Yo) T 8X4(Y10— 2Y6— 2Y7—Yg— Yo) + 8X3(Y1—2Y10~ Y3~ Ya—3Ys— 3y7—4Yo)
+4X5(—3Y 10— 2Y5—8Ye— 8y7—2yg— 10yg) + 8X15(4yg+Yg) +24X1(Ys+ Y71 Yo)

+8(—3XyYg+ X1Y9+ X10Yg+ XoYg) 1+ 8MY(Tyg+4yq)},

C14={MZ[64,5(y7—Ye) + 16(— X16Y5— 4X20Y3)]
+[16xgXo3( — Y71 Yg) +8X23Xa(Y10~ 3Y6— 571+ 3Ys— Vo)
+8XooXa( = 2y10+ Y3+ Ys—4Ye— 4Y7—4Yg) +4XegX16(Ys T Vo) + 8XaX16( —2Y 10T Vet Y7)
+8x3X16(Y101T 3Y6 T 3Y7+ 3Yo) +4XoX16( — 2Y 10~ 2Y6— 2Y7+ Y8 Yo) +8Xa3X1s( — Y6 T Y7)
+8Xa0X15( — Y3+ YaT2Yg) +4X16X15(Y10+ Va1 Vo) +8Xa3X14(Ye+ 3Y7— 3Ys)
+8Xo0X14(—3Y3~ Y4~ Ys) +4X16X14( — Y10~ Y8~ Yo) +8X16X1(Y10~ 3Y6— 3Y7— 2Y0)
+8(X10X16Y8+ 2X20XgY3) I},

C15=M[8X7(Y1—2Y3+ Y6~ Y7) T 8Xos( — Y10t Y2+ Y3—Ya—Yet+Y7—2Ys— Vo)
+8Xox = Y11+ 2Y10t 2Y3— Y5+ 2Y7+ Y+ 2Yg) +8X13(—Y3—Y7) I

C16= Mc[8X23(Y10— 3Y6— 3Y7+ 25— Vo) +8Xoo( —2Y10— 3Y6—3Y7—Ys—4Yo)
+4X16( = 3Y10— 2Y5—8Ys—8Y7+Yg— 7Yo) ],

C17= (XoAMc[ BXg(Yg+ 2Yg) + 16X4( — 2y 10t Yo+ Y7) +32X3(Ye+ Y7+ Yo) + 16Xo( — Y10+ 2Y6+ 2Y7+ 2Yg)

+ 16X15(—Yg—Yo) + 16X1 (Y10~ 2Y6— 2Y7— Yo) + 16(X10yg— X14Y9) | + 32m§( —Ys—2Yo)}
+M[ 16X7Xo3(Y6— Y7+ Ya) + 16KXo5Xo3( — Y1 Y7 Yg) T 16Xo5Xox( — Y5+ 2Y7— 3Ys)

(A12)
(A13)

(A14)

(A15)

(A16)

(A17)

(A18)

(A19)

+ 16X7Xo0( = Y11 Y101 2Y3+ Yo) + 16KXo5Xo0o( — Yo — Y3+ Ya+2Ysg) + 16Xo0Xo0(Y1— 2Y3) + 8X7X16( Y10t Vet Vo)

+ 8XoeX16(Y10T Vg Yo) T 16XogX13( — Y7+ 2Yg) + 16Xo0X13(Y3— Yg) + 8(X15X16Ys— 2X16X22Y8) 1),

C18= M[ 8X24(4Y 10t Y3+ 3Ya+3Ye+ Y71+ 2Yg+4Yg) +8Xo1(Y101+ 2Ya+2Ys— Y+ Vo)
+4x145Y 101 2y, + 3y3+ 5yt SYe+3y7+3yg+5Yo) ],
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C.-F. QIAO AND J.-X. WANG PHYSICAL REVIEW D69, 014015 (2004

C19={8MZ(5X17Y5~ 4X2aY5) + [ 16%20%x(2Y 10+ 2Y5+ Y7+ Vg 2Yo) + 8XaXa (V10T 2Y6+Ye)
+4xgXy A — Y~ Yo) T 16XgX17A — Y7 Yg) + 8X3Xs A — Y10~ Y3~ Y4~ Y6~ 3Y7~ Yz~ Yo)
+4XX 174y 10+ 4Ys— 4Y7+Yg+ 3Yg) +8X17X1 (Y6t 3Y7 1 Vo)
+8( = 4X10X17Y8— X14X2aY 8+ 3X15X17Y 8 X15X21Y8 — 2X15X24Y 8T 3X17X10Y8 T X2aXsYs) I}, (A22)

C20= (Xa6{Mc[ BXg( =Yg —2Y9) + 16X4(Y10+ Yo+ Y7+ 2Yg) + 16X15(Yg+ Vo) + 16X1(— Y10~ Yo)
+8(— 2X10Y5+ 2X14Y9+ X2Y10) ]+ 32M3(Yg + 2Yg)} + M 16X2%25( 3y s+ Y7~ V) + 16XXao — Y3~ 3Ya)
+ 16Xa1Xoo( = 2Y4+Yg) + 8X29X1#(5Y 6+ 37— 3Yg— 2Yg) + 8XapXaA — 2Y2— 3Y3—5Y4— Y~ 2Yo)
+ 8X24X16( — 3Y10~ Y8~ 3Yo) + 16X21X16( — Y10~ Vo) + 4X17X16( — 5Y10— 3Ys— 9Y9) + 3K21X23Y56]), (A23)

C21= (Xoe{ 32MZX7(Y 10— 2Y 5+ 27— 2Yg) + [ 16XgX7(Y6— Y71 Yo) +3o5Xa( Y+ Vo)
+ 16XooXo( — Y10~ 2Y7) + 32X 7X15( — Y6 = Yo) + 16X7X14( V10T 2Y7) + 16XoXas( — Y6+ Y7— Vo) I}
+Xor ME[ 3217 — Yo+ o) + 64aaye] + [ 16%20Xa( — 3y 10~ Y6~ 2Y7— Y5 = 3Yg) + 16a1Xo( — Y10~ 2Y6—Yo)
+16X3X1 A Y101 Yo+ Y71 Yo) +8XoX17( — Y10~ 4Y6— 3Yg) +8X17X15( — 2Yg+Yo) + 16X17X1(— Y6~ Y7~ Vo)
+8(2x10X17Y 8+ X14X17Y 9+ 2X14X24Y 8+ 2X15X24Y 8+ X17X8Y 8~ 2X24XgYs) |}
+ Xog{ MA[ 325V — Y77+ Ya) T 3Xa0(Y3— YaTYs) + 16X16( Y101 3Ys—Yo) ]
+[16X23Xa(Y10t 3Y7— Yg 1 Yo) + 18XaoX2(2Y 10~ Y3+ Y6+ 3Y7+ 2Yg) + 16X4X16(Y10T Y6t Y71 o)
+8XoX16(4Y10+ 2Y6t 67— Ygt4Yg) +8X16X15(2Yg— Vo) + 16XaX14( — Y7+ Ys) + 16Xa0X14(Y3+ Ys)
+8X16X14(Y10T V) +8(— 2X1X16Y 10~ 2X10X16Y8 ~ 2X15X20Y 4+ 2X15X23Y 6 X16X8Y8 T 2X20XgY 4~ 2X23X8Ye) I}
+[16x7Xo9X17( — 3y 7+ Yg) + L8KXaaXooX1 A Y7~ Y8) + 187 XooX1A — Y10+ Y3~ Y6 = 3Y7—Yo)
+ 16X22X20X1 7/ — Y3~ Y8) + 16X7X2aX16(2Y 10+ Y6+ Y71 Vgt 2Yg) + 16X7X21X16(Y6 — Y7)
+8X7X17X16(Y10T 2Y6— 6Y7F Vg Yo) + 8Xo2X17X16( — Y10~ Y8~ Yo)

+ 16(X13X16X24Y 8 — X13X17X20Y 4+ X13X17X23Y 6 — X16X22X24Y 8~ X16X24X25Y 8T X17X00X 08y 4 — X17X03%0sY6) 1), (A24)

Coo= (Xog{ 16M(Y 10— Y3+ Ya+Ye— Y7+ Vst Yo) +[8Xs(— Y10~ Ya— Y6~ Yo)
+8Xa(— Y10 Y3~ Y6~ Yo) +8X15(Y10T Yat Y+ 2Ys+Yo) +8X1a( —Y3—Y7—Ve) I}
+[8X7X1AY10~ Y3+ Y6+ Yo) +8XasXad — Y10~ Ya— Y6~ 2Ys— Vo)
+8XoX1AY3+Y7+Ys) +8X1Xa(Yi0t YatYetYo)]), (A25)

Co3=8XogMe(—Y2—Y3— Y7~ Ys), (A26)

Cos=1{Xod 4Xg(YgTYo) + 16X4(Y7+Yg) + 8X3(Y10t Y3+ YatYe+3Y7+Yst Vo)
+4Xo(Y10+ 2Y6+ 6Y7+ 2Y0) + 8X1(— Y6 — 3Y7— Vo) +8(—5MZyg+4X10ys— 4X15Ys— 3X16Ys) ]
+ [ 16X7Xo4( — 2Y 10— 26— Y7~ Y8~ 2Y9) + 8X7Xo1( — Y10~ 2Y6— Vo) + 4X7X1A —5Y 10— 6Ys—2Y7—Yg—5Y9)

+8(— X13X24Y g+ X17X25Y g+ X21X25Y g+ Xo2XpaY g+ 2X24X25Y8) I} (A27)

Co5= McXod 16Xo3( — Y7+ Yg) + 160 Yo+ Y3+ Yg) + 8X16Ysl, (A28)
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Co6= (Xogl Mc[ BXg(2yg+Yg) +32X4(y7+Yg) + 16X3(Y101 Yat+ Yot 2Y7+Ys+Yo)
+8X,(Y10t 2Ys+ 6Y7+ 2yg+2yg) + 16X (— Y= 2y7— Yg) + 16(3X10¥s— X14Ys— 4X15Ys — 3X10yg) | — 112m3yg}
+mM[ 16X7X04( = 3Y10— 3Ys— Y7~ 2Y5— 3Yg) + 16X7Xo1( — Y10~ 2Y6— Yo)

+8X7X1 A —4Y 10— 5Y6—3Y7—Ys—4Yo)

+ 16(— X13%04Y 5+ X17X25Y g+ X21X05Y 8T X20X24Y 8+ 2X24X28Y8) 1),

(A29)

Co7=1{McXoAd 16X4(3Y 10+ 3Ys+ Y7+ Ys+ 3Yg) + 16Xo1(Y10+ 2Y6 T Vo) + 8X144Y 101 5Y6+ Y7+ Yg+4Yo) ]
+MeXod 16Xo5( —Ye—2Y7+Yg) + 16Xo0( — Y10~ Y6~ 2Y7— Y5~ Yo) + 8X16( — V10— 2Y6—6Y7—Yo) |

+MeXod 16X7(Ye— Y71 Yo) + 16Xo5( — Yo+ Y7~ Yg— 2Y9) + 16X Y10~ Y5+ 2Y7) + 16X15( — Y7+ Yo) I},

(A30)

Cog={ X274 8X24(3Y 10+ 3Ys+ Y71 Ys+ 3Yg) + 8Xa1(Ye—Y7) + X143y 101+ 4Ys+ Ys+ 3Yg)]
+ Xod 8Xo3(— Y10~ Y6 — 3Y7 1T 2Yg— Yo) + 8Xoo( —2Y10— Y6 — 3Y7— Ys— 2Yg) T 4X16( —3Y10— 2Ys— 6Y7+VYg

—3Yo) |+ Xod 8X7(Ys— Y7+ Yo) +8Xos( — Y+ Y7—

Y~ 2Y9) +8XoxA Y10t Y61 3Y7+Yo) +8X1a( —2y7+Yo) I},

(A31)

Cao= (X6t L6ME( — Y10+ 2Y6— 2y7+ Vg + 3Yo) + [ 8Xg( — Ve + Y7 2Y0) + 16Xy — Ve — Vo) + 8X15(2Y6+ Vg + 3Yo)
+8X14(— Y10~ 2Y7) I} +[8Xo5X17A Y6+ 3Y7— 2Y35) + 8Xo0X174 Y10t Y6+ 3Y7+ Y5+ Yo)

+ 8X24X16( — 3Y10~ 3Y6— Y7~ Y~ 3Y9) + 8Xo1X16( — Yo+ Y7) + 8X1X16( — Y10~ Y6+ 3Y7—Ys—Yo) 1),

C30= 8X2eMc(—Y5— Y6~ Y7~ Yo),

C31= 8XoiMe(Y10T Y5+ Y6+ Y7+ Vo),

(A32)
(A33)

(A34)

Ca= (Xor{ 16MZ(y10+ 4y7— Y+ Vo) +[8Xa(Ye—Y7) + 8X1s( — V10— Yo+ Y7~ Ys— Vo)
+8X14(2Y10F Y61 3Y7+ 2Y9) — 16Xgy7 ]} +[8X7X16( Y101 2Y7+ Vo) + 8XosX16( — 2Y7 1+ Yg)

+ 8XoX16( —3Y10— 2Ys— 4Y7— 3Yg) T 8X16X13(Y10t Y6+ 3Y7 1+ Yo) ).

(A35)
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