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J/ ¢ dissociation cross sections in a relativistic quark model
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We calculate the amplitudes and the cross sections of the charm dissociation prodksses
—>D5,D*5(D_*D),D*D_* within a relativistic constituent quark model. We consistently account for the
contributions coming from both the box and triangle diagrams that contribute to the dissociation processes. The
cross section is dominated by the D andD*D* channels. When summing up the four channels we find a
maximum total cross section of about 2.3 mhyat=4.1 GeV. We compare our results to the results of other
model calculations.
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I. INTRODUCTION mesons was examined in the meson exchange nmid@l
and compared to the quark interchange model. The authors
The analysis of thel/ ¢ dissociation cross section is im- of this paper found that the meson exchange model could
portant for understanding the suppressiorlaf production  give predictions similar to those of the quark interchange
observed in Pb-Pb collisions by the NA50 Collaboration atmodels, not only for the magnitudes but also for the energy
the CERN Super Proton Synchrotr@8PS [1]. There are a dependence of the low-energy dissociation cross sections of

number of theoretical calculations on tee-+light hadron  the J/4 by = andp mesons.

cross sectionésee, e.g., the review Rd®2]). However, they It appears that the microscopic quark nature of hadrons is
give widely divergent results, which implies that one is still important in charm dissociation processes. The first step is to
far away from a real understanding of the scattering mechagalculate the relevant form factors corresponding to the triple
nism. The nonrelativistic quark model has been applig@jn a@nd quartic meson vertices in the kinematical region of the

and[4—6] for the calculation of the cross sections for the dissociation reaction. QCD sum rules have been used in
Refs.[14—17 to evaluate those form factors and to deter-

dissociation processesc+qq—>cq+qc The calculated mine the charm cross section. The cross section was found to
cross sections for the reactiods)+ 7—DD, D*D, DD* be about 1 mb at/s~4.1 GeV with a monotonic growth
D*D* have the following common features: they rise Vel’ywhen the energy is increasédi7].
fast from zero at threshold to a maximum value and finally ~ An approach based on theNLexpansion in QCD com-
fall off due the Gaussian form of the potential. The magni-bined with the Regge theory gives, for the total dissociation
tude of the maximum total cross section was found to beross section, a value of a few millibarns near s
~7 mb atys~4.1 GeV in[3] and a somewhat smaller value ~4 GeV[18].
of ~1.4 mb at\/s~3.9 GeV in[4-6]. We also mention the work of Deandre&al, where the
Another approach to studying the charm dissociation prostrong couplings/¢D*D* andJ/D*D* 7 were evaluated
cess started with the model proposed by Matinian andeviu  in the constituent quark modgl9]. Finally, an extension of
[7]. They assumed that the dissociation cross section is domibe finite-temperature Dyson-Schwinger equation approach
nated, in thet channel, by théd meson exchange. A gener- 0 heavy mesons and its application to the reaciofi+ =
alization of this approach can be found[®-13] where an —D+ D was considered ifi20].
effective chiral SW4) Lagrangian was employed. Such an  We employ a relativistic quark modg21] to calculate the
approach seems to us quite problematic for the followingcharm dissociation amplitudes and cross sections. This
reasons(i) SU(4) is a badly broken symmetry, airfil) some  model is based on an effective Lagrangian which describes
of the couplings in the chiral S¥) Lagrangian are un- the coupling of hadron$l to their constituent quarks. The
known. Nevertheless, this is a relativistic approach that aleoupling strength is determined by the compositeness condi-
lows one to study the above processes in a systematic fastien Z,,=0 [22] whereZ,, is the wave function renormaliza-
ion. In this framework, the dissociation cross sectiodaf  tion constant of the hadroH. One starts with an effective
by light hadrons is predicted to be, near the physical threshtagrangian written down in terms of quark and hadron
old, in the range 1-10 mb. Moreover, it is interesting to referfields. Then, by using Feynman rules, tBenatrix elements
to the papef12], where thel/ dissociation byw andp  describing the hadronic interactions are given in terms of a
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set of quark diagrams. In particular, the compositeness con=F,(x,x; ,x,) for any four-vector. In the following we use a

dition enables one to avoid a double counting of the hadronigarticular form for the vertex function,

degrees of freedom. The approach is self-consistent and uni-

versally applicable. All calculations of physical observables Fr(X,X1,Xp) = 5(X_Cile_(:%zXZ)q)H((Xl_Xz)z)y 2

are straightforward. The model has only a small set of ad-

justable parameters given by the values of the constituenthere ®, is the correlation function of two constituent

quark masses and the scale parameters that define the sizegefarks with masses);, m, and c!‘j =my/(m;+m).

the distribution of the constituent quarks inside a given had- The coupling constard,, in Eq. (1) is determined by the

ron. The.values of all fit parameters are within the window ofso-calledompositeness conditiariginally proposed if22]

expectations. and extensively used if24]. The compositeness condition
The shape of the vertex functions and the quark propagaequires that the renormalization constant of the elementary

tors can in principle be found from an analysis of the Bethemeson fieldH(x) is set to zero,

Salpeter and Dyson-Schwinger equations as was done, e.g.,

in [23]. In this paper, however, we choose a phenomenologi- 393

cal approach where the vertex functions are modeled by a Zy=1-

Gaussian form, the size parameter of which is determined by

a fit to the leptonic and radiative decays of the lowest-lying -

light, charm, and bottom mesons. For the quark prop;juﬁ;,ato,where1'[;| is the derivative of the meson mass operator. In

4—772ﬁ’H(Mﬁ>=o, @)

we use a local representation. order to clarify the physical meaning of this condition, we
We calculate the amplitudes and the cross sections of theote thatZ{{? is also interpreted as the matrix element be-
charm dissociation processes tween a physical particle state and the corresponding bare
state. ForZ,=0 it then follows that the physical state does
Jy+m7—D+D, not contain the bare one and is described as a bound state.
The interaction Lagrangian in E@L) and the corresponding
I+ 7—D* +5(D_*+D), free Lagrangian describe both the constitudaisarks and

the physical particlethadrong which are bound states of the
quarks. As a result of the interaction, the physical particle is
dressed, i.e., its mass and wave function have to be renor-
malized. The conditiorZ;=0 also effectively excludes the

These processes are described by both box and resonanth stituent degrees of freedom from the physical space and

diagrams which can be calculated straightforwardly in our . . i
approach. We compare our results with the results of oth fhereby guarantees that a double counting of physical ob

. ®Lervables is avoided. The constituent guarks exist in virtual
studies.

The lavout of the paper is as follows: In Sec. Il we briefl states only. One of the corollaries of the compositeness con-
. y ne pap ' . -"Y dition is the absence of a direct interaction of the dressed
discuss our relativistic quark model. In Sec. Il we outline : . L L

. . . . charged particle with the electromagnetic field. Taking into
the calculational technique of the arbitrampoint one-loop

diaarams with local propagators and Gaussian vertex fun account both the tree-level diagram and the diagrams with
9 propag She self-energy insertions into the external legs yields a com-

tions. We give explicit result for the triangle and box dia- g ;

rams which are the building blocks of the charm dissocia™°" factorZ, which is equal to zero. We refer the interested
9 ) 9 reader to our previous papdrl,24,25 where these points
tion amplitudes. In Sec. IV we calculate the charm . . ;

) o . . e discussed in more detail.
dissociation amplitudes and the total cross sections. In Sec.

. . . o We briefly discuss the introduction of the electromagnetic
we perform the n_umerlcal analysis and give our predlcuor‘held into the nonlocal Lagrangian in E(L) in a gauge in-
for the cross sections.

variant manner. This can be accomplished by using the path
exponential 26]

J i+ m—D* +D*.

Il. THE MODEL

Tﬂe coupling of a mesoHl to its constituent quarkg; ./:ﬁ,tt“e"‘(x):gHH(x)j Xmf dXoF (X, X1 ,X5)
andq, is determined by the Lagrangian
Xaz(xz)eieqzl(X2,X,P)FH)\He—ieqll(xl,X,P)ql(Xl)’

L%ttf(x)ngH(x)J XmJ dszH(x,xl,xz)az(xz) (4)

XT A ya1(X,) + H.c. (1)  where
Here,\y andI'y are Gell-Mann and Dirac matrices which (X X.P)= ind AL 5
describe the flavor and spin quantum numbers of the meson (i %,P) X ZA"(2) ®)

field H(x). The functionF is related to the scalar part of

the Bethe-Salpeter amplitude and characterizes the finite sizd wherez* is a coordinate point on the path At first
of the meson. To satisfy translational invariance, the functiorsight it appears that the results depend on the patrhich
Fy has to satisfy the identityFy(x+a,x;+a,x,+a) connects the end pointsandx; in the path integral in Eqg.
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[k +p1+c3y P3]2

(@) (b)

FIG. 1. The diagrams corresponding to thfe/— y transition:
(a) the usual one an¢b) the “tadpole.”

(5). However, we need to know only derivatives of such
integrals for the perturbative calculations here. Therefore, we
use a formalisni26] which is based on the path-independent
definition of the derivative of (x,y,P):

[k +clypa]” [k~ el pa]”

Jd
lim dx“&—ﬂl(x,y,P)z lim [1(x+dxy,P")

dx*—0 X dx*—0

_l(X,y,P)], (6)

[k +p1+chy Pa]z [k —p2—cZy P3]2

k—p2—ps

where the pathP’ is obtained fromP by shifting the end
pointx by dx. The use of the definition in E¢6) leads to the
key rule

k4 p1 Ama maYk — pa

]
ml(x,y,P)=AM(X). (7

which in turn states that the derivative of the path integral
[(x,y,P) does not depend on the pafhoriginally used in
the definition. This allows one to construct the perturbation
theory in a consistent way and guarantees the implement:
tion of charge conservation and the Ward identities.

As an example, we consider the transitiby— y which
is now described by two diagrams in Fig.(&) the standard FIG. 2. The strong triangle and box diagrams.
“bubble” and (b) the “tadpole” ones. The total matrix ele-

[k +ejy p1]2 [k —ciy p2]2

ment has a manifestly gauge invariant form t a® p?
yb=(1+—) m2— =1,
, , 2 (1+1)? 4
M355(p)=(g*"p"=p*p*)M,(P7), (8) ,
zo=tm—|1- | 2%
b— .
where ¢ 1+t) 4
For the pseudoscalar and vector mesons treated in this
30y 1 [~ 1 paper the derivatives of the mass operators are written as
My (p?)=e —| dt f daly.® (2,
J/l/l(p 0477_2 p2 0 (1+t)2 0 {ya J/y\“a

~ 1 d d*k .
fp(p?) = ——p" f (k)

~ 2 a 2;
—Yo®yy(Zp)}, 2p dp 4l
Xt y°Sy(K+ c1h) ¥°Sy(k—c3p)1,
t p? 1+3t/2—2t3a(1-a) ) 4
Ya=|1+ 5| mi+ — , ~, o, L optpt 1 df d*k - ,
2 4 2 11 =—| g*’— — —Pi(—k
(1+1) viP)=3|9 02 2|02|o dpe) a2 v(—k9)
Xt y"Sy(k+C3,) v*Sy(K—C5.p) 1. 9

1 2
L 2
2 “)p’

t
Z,=t[mi—a(l—a)p?]— —

1+t The leptonic decay constants andf,, are
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TABLE I. The physical quantities used in least-squares fitting our parameters. The values are taken from
the Particle Data Grouf®28] or from lattice simulation$29]. The value offg_is our average of QCD sum
rules calculation$30]. All numbers are given in MeV except f@o,,,

This model Expt. or lattice This model Expt. or lattice
f 130.7 130.%0.1+0.36 Ur0yy 0.272 GeV'? 0.273 GeV'!
fx 159.8 159.8 1.4+0.44 f a4 405 405+ 17
203+ 14 173+2
fo 211 03 fg 182 523
22615 198+ 30
230+ 14 200+20
fo 244 fg 209
s 250+ 30 S 230+30
ch 360 360 fy 710 71G6:37
3gp dk _ by a fit to experimental data, when available, or to lattice
—Zf S Pp(— KA y*y°Sy(K+c1,p) ¥°Sy(k—cip)]  results for the leptonic decay constafisand fy whereP
Am Ami =,D,B andV=J/¢,Y. Here we improve the fit by usin
p y 9
" the MINUIT code in a least-squares fit. The values of the fit
=TeP", parameters are displayed in Table Il. The quality of the fit
3 g may be assessed from the entries in Table I.
gvf
— By~ Kt y*Sy(K+ i) v- evSa(k—c5op)]
4m2) an? SR A 2 ll. STRONG TRIANGLE AND BOX DIAGRAMS
=myfyel. Transition matrix elements involving composite hadrons

are specified in the model by the appropriate quark diagram.
We use free fermion propagators for the valence quarks Here, we give explicit expressions for the integrals corre-
sponding to the strong triangle and box diagrams shown in
Fig. 2.
Sitk)= m—k (10 First, we will make the transformations which are com-

' mon for all one-loop diagrams with local propagators and
with an effective constituent quark mass. As discussed in  Gaussian vertex functions. The Feynman integral corre-
[21,24 we assume for the meson mads, that sponding to a one-loop diagram withpropagators and, re-

spectively,n-vertex functions may be written in Minkowskii
My<m;-+m, (1)  space as

in order to avoid the appearance of imaginary parts in the d4k
physical amplitudes. This holds true for the light pseudo-  In(P1, - - - 1pn):J
scalar mesons but is no longer true for the light vector me-
sons. We shall therefore employ identical masses for the
pseudoscalar mesons and the vector mesons in our matrix XIS (k+14;)
element calculations but use physical masses in the phase

space calculation. This is quite a reliable approximation for
the heavy vector mesons, e.§* andB*, where the hyper- Where the vectors; are linear combinations of the external

fine splitting between th@®* and D and theB* and B, ~Momentap; to be spec_med later otk,is the loop momentum,
respectively, is quite small. andI’; are Dirac matrices for themeson[cf. Eq. (1)]. The

The shape of the vertex functions and the quark propagalexternal momenta are all chosen as ingoing such that one has
tors can in principle be found from an analysis of the Bethe=>i-1Pi=
Salpeter and Dyson-Schwinger equations as was done, e.g., The propagators can be written as
in [23,27]. In this paper, however, we choose a phenomeno-

.E 3
gy

i(— (k+v|+n) )

(12

logical approach where the vertex functions are modeled by TABLE II. The fitted values of the model parameters.

a Gaussian form, the size parameter of which is determined

by a fit to the leptonic and radiative decays of the lowest-Quark Energy An Energy Ay Energy
lying light, charm, and bottom mesorisee Table)l Our ~ masses  (GeV) (GeV) (GeV)

previous studies of phenqmena inv_olvir_lg the low-lying had'mu:md 0.223 A, 1074  Ag 1.959

rons have shown that this approximation is successful anq15 0.356 Ax 1514 AJ,; 2,622

reliable[21,24). We employ a Gaussian for the vertex func- m, 1707 Ap=Ao, 1844 Ay 3.065

tion of the form®,(kZ)=exp(—k&/AZ), wherekg is a Eu- m, 5121  Ag=Ag 1.887
clidean momentum. The size parametars are determined :
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TABLE IIl. The matrix a;=(v;—v;)? for the triangle diagram. Here;,;=0, vy=—P,, v3=P1, V4=CiP1, V5= —CiPs, Ve=P1
+C34Pa.

a;,=p3 a;3=ps 3= p§
a14=(c15)°p3 a15=(C1,)°p3 a16= C33P: — CoeCoP3+ CoaP)
84 Ci3P5— C1sCiaPT + C1gP3 az5=(c1y)?p5 ap6=(5)°P5
ags=(c35)°p3 ags= C1,PT — CI,L1P3+ CIaP3 as6=(C3)°p3
Q5= Cis(cis_ 012) p% A= Cis(cfs_ C§3) pi A= C%z(cfz_ C%a) P%
+ciClo CTd Po+ CI LT3 +C(Chs— CI o+ €T3 +C54(Chs— CT) P3 T+ CTL50%

Sk+d)=(m+k+d)- | dgefim=to’ g 1 [Tdptip,. ... 8
0 i=1J0

For the vertex functions one writes o N n
s :f dtt" 1 f de;8| 1—- 2, aj|f(tay, ... tay);
Di(— (k+vjp)2)=efien (Fvien™ =1 n, 0 =170 =1
(14 . . N
and we scale thé variable byt—wt with w=2=;_,8;.,

where the parameters;,,=s;=1/A} are the size param- —x! s and introduce the new variabig;= 3, /w(i=n

eters. One can then easily perform the integration éver +1,...,).
on We have
d*k 5
f i exp{zl Ailktvi) In(P1, - - .Pn)
o tn 1 n n
1 (1 _ f ) e
= —0:)2 = Sl 1=, aj|-e
—EGXD{E 1si;j:s2n ﬁiﬁj(vi UJ) ] (15) 0 (l+t)2H ( El I
n
Here, B=3?",8;. The numeratc_)rmi+k+¢i can be re- ><—t H A m+s— ! ¥+ iéﬁ) ,
placed by a differential operator in the following manner: = 1+t 2w
d4 n (18)
R ﬁk +2kr
f 77||H Ii(m+k+d;)e where
! 1 1
=IIr miJréiJf—ﬁr)'—erzlfj tE av;+ z B .
=1 2 Bz i=n+1
, " 1 The z form in the exponential function is written as
=—e "k F-(m+;§——f+ ﬂ)
2 I];[ I | I ﬁ 2 r t 1
(16) 2= o™ 77 AT T 22 (19
We thus have N
n n Zioc™ igl a;m; _1<|< - a;a;aj ,
n(plv !pn):H _2 Bi ==
i=1J0 i=1
n 2n
= i a a;i ,
1 E BiBi(vi—v:) ! |—21 aljz%—l 'BJ g 1<i<j<n @i
,8 <i<j=2n y

2= > BiBjaij :

n+1<i<j<2n

(170 The matrix aij=(vi—vj)2 depends on the invariant kine-
matical variables. Explicit expressions for this matrix for the
whererzziz;‘l/}ivi. Finally, we effect some further transfor- triangle and box diagrams are given in Tables Il and 1V,
mations on the integration variables to get the integral into aespectively. We will introduce the variabte=t/(1+1t)(0
form suitable for numerical evaluation. We use the formula <v<1) in Eq.(18) in what follows.
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TABLE V. The matrix aij:(vi—u)z for the box diagram. Herep,=0, v,=—p,y, vz3=—Po—P3, V4=P1, v5=ci4p1, Ug
=—CIP2, V7= —Po—C3aP3, Vg=P1+ CaPs.

_ 2
a12=P3

_n2?
A23= P3

a15= (Po+P3)?
= (p1+P2)?

_ 2
a14= Py
_ 2
A34= Py

1822
;5= (014)2p1

_ 3.2 342
Q18 C34P1 7~ C34C34P4
4 2
+C34(P1+ Pa)
_ 2122
a27=(C39)“P3

_ 1822
a16_(C12)2p2

_ 4.2 1.4 2
Axs= C14[312_ C14C14P1
2

+C1P1tP2)
_ 4 2 3 4 2
8287 C34P37 C34C34P4

_ 3.2 232
a;7= Czsgz_ C2C23P3
2
+ (P2t P3)
_2\2.2
az6=(C1) P32

1.2 14,2
A35= C14P4— C14C14P1

+c34(Pa+pa)? +c14(p1+Pa)?
a3g= CT,P5~ CTL5.P5+ CTA P2+ Pa)? ag7=(c59)°p5 ags=(C3,)°P5
ay5=(c1)%p] 6= CIP] — CTL5.05 as7= c§3p§— C§3023p§

+c1py+p2)? +C34(P3+ Pa)?

_(ndN2.2
ays=(C39 “p;

Some further remarks are appropriate. One can see that Cross sections are calculated by using the formula
the existence of the loop integral E@.8) is defined by the
local a form z,,.. Even if we apply the constraints EQL1) ty
it does not guarantee that this form is always positive. For o(s)= @Tf dt|{M(s,t)|?, (21
instance, in the simplest triangle diagram wjifi=p3=p3 P1em’t-
=p? and m;=m,=mz=m the form z,,=0 if p?=3m2. , o ,
Such singularities in the Feynman diagrams with localVNereM(s,t) is an invariant amplitude and
propagators are called anomalous thresh{dég the discus- - 5 _ 5
sion in Ref.[31] and other references thergihe situation te=(Ey,em™ Esem ™~ (Prem™ drem
is much more complicated in the case of the box diagrams.
Obviously, we cannot consider the annihilation processes s+ mﬁl—mﬁ,z s+ mﬁ3—mH4
when the energy is large enough to go beyond the normal Eiem= —\/— E3,cm_—\/—v
thresholds corresponding to quark production. However, in 2Vs 2\s
the case of the dissociation processes considered here, the
local form z is always positive, and we are able to make -
self-consistent and reliable predictions for physical observ-
ables.

D+ wt DO

IV. THE J/4 DISSOCIATION AMPLITUDES
AND CROSS SECTIONS -

J/¥ Do
In our approach the dissociation processkg + at
—D+D? D**+DY andD**+D*? are described by the
diagrams in Fig. 3.
Our momentum labeling is defined by

Ip(py) + 7 (pr)—D3(q)+DYq), (20

where D7 =D" or D**, D$=D° or D*°, pi=m?,
— 2 2__ 2 A2 22 .2 ;.2 2__ A2
Zm%h//! pzz—mszmwv g1=mMg3=Mpg+(Mps+), 03=Mp,
=m'DY(m"D*Y).

The Mandelstam variables are defined in the standarc=
form

+ D+

s=(p1+P2)2=(01+02)?,

t=(p1—a1)?=(p2—d2)?
I/ Do
e r A2 (.12
u=(p1=0d2)*=(pP2—0q1)",
FIG. 3. The Feynman diagrams describing the charm dissocia-
tion processed/y+ 7" —D"+D° D*T+D° D* " +D*°.

wheres+t+u=mg,; + mZ,+ més+mé,.
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NYA(s,mfiy mip) s —9PHppfimp, -1
- - = Da* = 3 | D e ——
pl,cm 2\/5 D (p) sz*_pz D(p) sz_pz

)\1/2(3 mas mfm) For the form factors one obtains

Q1,cm= 2\/5

The reaction threshold is equal $§=(my3+my4)2. Note
that Eq.(21) contains the statistical factor 1/3 which comes
from averaging over the initial stat¥ ¢ polarizations.

The dissociation processes are described by both the box F(pl\%(t)zgwga*goj doy-exd —wzy(t)]
and the resonance diagrams as shown in Fig. 3. The reso-

Fuppds,t) = gJ/lﬂg%gﬂj dog-exg —w-zg(s,t)]

W2 mg(1+dy)— myd,],

nance diagrams depend explicitly only on trer u variables AW[—mgmc— m§b1+ m2b2(b;+b,—1)
whereas the box diagrams are functionsaindt. ) 5

In the following three subsections we write explicitly the —mpb1b,+thy(b1by+b1—1+by)]
amplitudes for the processe¥ ¢+ 7" —D*+DY D** —(1-v)(1+3by)},

+DY D**+D*%in terms of form factors; all the analytical
expressions for them are reported. @

Fuve(t) =03/49p+0p | doy-exd —wz,(1)]
A. The channelJ/ ¢+ =+ —D*+D? wimg(b,—1)— myb,]}
: . . o ‘ c\P2m ) g2dg
The invariant matrix element is written’as

MVPPR=Mo(VPPR+M/ed VPPP), @2 FQ&(UFQW@JD*QDJ doy-exd —wzy(u)]
where AW[Mgm+mZ(1—b; — by)
Mo(VPPR =€, (py)-e"1P1P2%2F ppds 1), (23 +mZ(—2byb,+b;b3+ b, +2b%h,— 2b3

+b3)+m3(—2b,b,+2b,b3+b3b,+b,
—2b2+b3)+u(2bsb,— b b3—b?h,)]
+4+ 3b1U _3b1+ 3b2l} _3b2_4l)},

Med VPPP =€, (p1)-{—M%.(PVPDL(p,—0p)
XMAE(\VVP)— M &, (PPVIDES (p,—ay)
XMAL(VPV)},

(18) Fsle)V(u):gJ/z/;ngD*J’ doy-exgd —wzy(u)]
M3.(PVP) =p3Fpya(t),
: {W[ —Mme+ b2(mc_ mq)]}'

B _ - (a) . . .
MLy (VVP) = gr1PPiPom s E (), The integration measures are defined by

M £y(PPV) =psFER)(u),

4

J dog=%f:dv(liv)af d4a5(1—i21 ai),

M Zéﬁ(\/pv) = g#1PPiP2 9 E (D) ().

2 3

; ; ; v ) J'd3a5<1—2 a').
resonance diagrams as compared to the box diagram. This 1-v i
extra sign is very important, as will be seen later on, since (24)
the extra sign leads to a constructive interference of reso-

nance and box graph contributions. The loop momenta directhe coefficientd; (triangle diagramsandd; (box diagrams
tions come from explicit calculation of tHeématrix elements ~ are given by

and are shown in Fig. 3. The vectddt) and pseudoscalar

(D) meson propagators are given by

The common minus sign is due to the extra quark loop in the 3 (1
dO’A: 47 dv
m=J0

bl:l) C(3+ (l_ U)(§1C%3+’§30§3),

b2:Ua2+(1_U)(§2C%2+53C23),
'Note that the symbok*#Pd=g*Frrp q,, wheree® " is the

_ Nl T A3
Levi-Civita tensor. Moreover, the order of indices V and P of the di=vas+(1-v)(81C147 S4C34),
form factors should be read looking at the Fig. 3 and following the ~ 4 o~ o~ 4
arrows backward in the loops. dy=—v(az+ag) = (1-v)(SC1oH+S3+54C3y),
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14
12
10

Form Factor
o 0
dipD

t (GeV?)

FIG. 4. Dependence dF {5\ (1) (solid line) and F{{), (1)

(dashed lingon the invariant variablé, which is theD* momen-
tum squared.

d3: —vaz— (1_ U)(§3C§3+§3+E4Cg4) .

The values ofz,, z5, andw are defined by the relevant
diagrams(size parameters and quark and hadron masses

B. The channeld/ ¢+ =*—D**+D°

The invariant matrix element can be written as

M(VPPV)=M(VPPV)+ M (VPPV), (25 t(GeV?)

with FIG. 5. Comparison of oufsolid line) form factorsF§3),(t)

andF ). (1) with those(dashed ling obtained in[35].

Mo (VPPV) =€, (p1)€,, (1) [P5 Py 2F{Bey(s,t)

+ 0y 2R {Bv(s,1) + PPy 2R (Pp(s,t) The expressions for the form factors are given in the Appen-
dix.
+ 05 s 2 F (e, ) + g 1e2F (o (s, )],

C. The channell/ ¢+ w*—D*++D*0

M ed VPPV) =€, (P1)€,,(02)[ — M3, (PVPDSE _
The amplitude for the proces¥ ¢+ w+*—D**+D*°

X (2= Q)MAL#2(VWV) can be written as
—M3e2(PVV)D (p2— a1) MAE(VPV) M(VVPV)=Mq(VVPV)+M{VVPV),  (26)
+MA2(PVP)Dp(p,—qr) ML (VPP)]. where

Mo(VVPV) =€, (P1)€,,(0) €, (Ar)[ g#2H3ePP2020aF (D, (5,1) +gHaragPP2izia (R, (s,t)

+ghikeg Dlpzqzﬂng/)Pv(S’t) + pllLsS plpz””’“ZFS,@pv(S,t) + p:‘fzs p1p2”1M3FS/F<)pV(S,t)

+ pgssplpzﬂwzpwpv(slt) + p528p1p2ﬂlﬂ3F$/7\)Pv(slt) + p‘z’“lsplpzﬂzﬂsFS/S\)Pv(slt) + q518p1p2ﬂ2M3F£/9V)PV(S't)

+ pf2‘28P1Q2M1M3F§/1\%V(S’t) + p"2‘38 p1Q2M1M2FS/1V1F),V(S,t) + p‘l‘38 P2Q2M1M2F£/1V2F)>V(5,t) + pi‘Zg P2QZM1#3F§/1\%V(SI)

+ p/2‘18P2Q2#2M3|:§/1\;1F))V(S,t) + qglg PZQ2M2M3FS/1V5|)DV(S,'[) + 8P1M1M2/’-3|:{/1\55|)3V(S,'[) + 8P2M1M2#3F£/1V7%V(s’t)]_
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Vs =4.0GeV Vs=4.2GeV
54
8.4
5.2
8.2
5
& &
= & S48
w w
78 46
78 44
-05 0 05 1 -2 -15 -1 -05 0 05 1
t(GeV ?) t(GeV ?)
Vs=44GeV Vs = 4.6 GeV
3.6
34 24
g 3.2 § 22
i >
3 =,
2.8 18
2.6
-4 -3 -2 ;1 0 1 -5 -4 -3 -2 -1 0 1
t(GeV®) t(GeV?)
Vs = 4.8GeV Vs =5.0GeV
1.4
1.8
1.3
16 1.2
g &1
< <
w14 o
0.9
12 0.8
-6 -4 -2 0 -8 -6 -4 -2 0
t(GeV?) t(GeV?)
FIG. 6. Dependence of the form factby,,5.p(s,t) ont for different values ofys.
L L . B s
When taking into account parity invariance one knows Mied VWWPV) =€, (P1)€, (02) €, (A1) — M {42(PVV)

from helicity counting that there are only 14 independent
amplitudes in théVVPV) case. The above set of 17 ampli-
tudes are in fact not independent. They can be reduced to a
set of 14 independent amplitudes by making use of the

Schouten identitysee, e.q.[32])

gHH1g 23RS+ Y Iy, thp  pg s gy pbs) =0,

XD (pa— a2 MAH3(VWV)
~M3h3(PVV)DRE (po—ay)
X MAPE2(\WV ) + MA2(PPV)

XDp(p2—0d2)M Z,ch(VPV)

We have made use of the Schouten identity as an additional

check on our numerical calculations.
Moreover, the resonance terM {VVPV) and all the

structures involved are reported in the following expressions:

+MA4%(PVP)Dp(pa— g MAY2(VWP)],

M {42(PVV) = gP2(P2= G2 (@) (1),
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t=0GeV?

Fvepp

O = N W A~ OO N

N

4.2 4.4 4.6 48
Vs (GeV)

&)}

FIG. 7. Dependence of the form factéty ,5,.p(s,t) on s at
t=0.

MALPES(VWV ) = (p,— g,) “1pPptaF (i (1)
+(P2—02)*(p2— Q2)Bplfs':s/2va\)/(t)
+grasplFRR (1) +grars
X (Po— 02) PR (1) + g#1PpisF (3 (1)

+g#38(py— o) “F A (1),

M {p3(PVV) = gPa(P2mavrsep(®) (),

PHYSICAL REVIEW D70, 014005 (2004

3.8 4 42 44 46 48 5
Vs (GeV)

FIG. 8. Contributions of the boxdotted curveé and resonance
(dashed curvediagrams to tota(solid curve cross section for the
processl/y+ 7wt —D*+DO.

MAEP#2(VWV) = (p,—ap) “1pfpf 2F (R (u)

+(P2—00)"1(p2— 1) PP 2F R (U)
+gr2pfFQR) (U) +g12(p,—qy) P
X FQR (u) +g#1Pph2F(RR) (u)

+g#28(py— ) “F R (u),
MAZ(PPV) =pj2F (),

MAY3(VPV)=¢ P11k (9 (1),

Jn>DD Ja->D*D
0.08 1
0.06 0.8
z 5 0.6
€ 0.04 €
5 504
0.02
0.2
38 4 42 44 46 48 5 38 4 42 44 48 48 5
Vs (GeV) Vs (GeV)
J7— D*D* 3
0.5 0.8
0.4
- ~ 0.6
€03 €
b b
02 0.4
0.1 0.2
0
4 4.2 4.4 46 48 5 38 4 42 44 46 48 5
Vs (GeV) Vs (GeV)

FIG. 9. The cross sections of the procesdgs+ 7+ —D* +DP, J/y+ 7" —D**+D°, andd/y+ = —D**+D*0. All three curves

are shown together in the last plot.
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M43, (PVP) = p4°F (), 25
MAH2(VVP) = gP1d2rakzF (D).

All the expressions for the form factors are reported in the i
Appendix. -
Note that thel/ s dissociation amplitudes are not equal to 4 >~
zero when contracted with the four-momentum of the 5 A
except in Eq.(22) which involves the Levi-Civitaensor. In ]
our approach we consider ttié¢s and other vector mesons 3.8 4 42 44 46 48 5

as bound states of constituent quarks and not as gauge fields. Vs (GeV)

o (mb)

-

FIG. 10. The total cross sectiddotted ling together with the

V. NUMERICAL RESULTS AND DISCUSSION contributions already plotted in Fig. 9.

Some comments about and comparisons ofttdepen-
dence of the form factors are in order. The behavior of

FEA =F8 (1) gll;I the IiEe)rature, fort=m2, , it is +opx+pra(S), (27)
a _ a . . .
calledgpsp,) andFyyp(t)=Fj,p.p(t) in the kinematical which are plotted in Fig. 9 Note thaty+p¥o= op++po. We

region is shown in Figs. 4 and 5. In order to be able to
o}

X ) lot o(S) as a function ofys in Fig. 10. One can see that
compare with other calculations we quote the value 'fhe maximum is about 2.3 mb a~4.1 GeV. This is close

0ol S) = 0p+po(S) + 0px +po(S) + op+p*0(S)

FU o(MB.) (=dp«p,), Which is equal to 22. This value is 1o the result obtained ifi—6].

about 2r larger than the recent experimental results from

CLEO, gp*p,=17.9+0.3+1.9[33]. A very small value for ACKNOWLEDGMENT

Jo+p, Was predicted by the light cone QCD sum rules o a0k pavid Blaschke and Craig Roberts for useful
approacH 34].

@) discussions. M.A.l. gratefully acknowledges the hospitality
For theF ;5. ,(t) form factor, we cannot go on the mass 4nd support of Mainz University during a visit in which
shell due to the presence of an anomalous threshold. some of this work was conducted. This work was supported
The dependence &f,,5,5(s,t) ont for different values in part by a DFG Grant, the Russian Fund of Basic Research
of \/s is shown in Fig. 6. One can see that theehavior is Grant No. 01-02-17200, and the Heisenberg-Landau
rather flat. Moreover, the dependencergf,5,o(S,t) on Js  Program.
att=0 is shown in Fig. 7.
In Fig. 8 we separately plot the contributions coming from APPENDIX: EXPRESSIONS FOR FORM FACTORS
the box and resonance diagrams for the procigist 7" Here we report the analytical expressions for the
—D"+DY We display the dependence of the cross sectionform factors involved in the calculation of the amplitudes
on the variable/s for each channel in Fig. 9. The total cross J/ ¢+ w*—D* *+DP° and J/y+ 7wt —D*T+D*O,
section is a sum over all channels, respectively.

1.3/ p+at—D*++DO

FgI)DPV(S1t) = gJ/u//ngD*ng dog-exgd —w-z(s,t)]- NgI)DPVv

N{Bpy= — Mgmew?+ m2w?(2d,dy — 2d,d3— dg) + maw?( — 1+ d; —d,) + M3, w( — 4d;d,d3— 2d,d,d5— 2d,d,— 2d,d3d;
—dd3—2d,dy—d,d3—d; +4d?d,d;+ 2d2d, + 4d3d5 + 2d2d3+ 2d2 — 2d3dy — d3) + m3w?( — 6d,d,d5+ 2d,d,d3
—2d,d,—4d;d3d;— 2d,d5— 2d,d5+ 2d,d3+ 2d3d,d5+ d?d, + 2d3d3+ 2d,d3 — 3d,d3 + d, + 4d5d; — 2d5d35 + 2d3
+2d3d;+ d3—d3) + m3w?(— 2d,d3+ d2d;+ 2d5d3— 2d,d5— 2d,d3+ 2d,d3— d3d;— 2d3d5 — d;— d3+ d3)
+uw?(3d,d,d;+ 2d,d,+ 2d,d3d5+ d;d3+ d;d3— 2d7d,d3— did, — 2d?d3) + sw?(d;d,d3+ 2d,d,d3+ d,dg
+d,d3— dfd;— 2d3d3) + tw?( — d;d,d3— 2d,d,d5— d,d3— 2d,d3+ 2d,d5+ 3d,d3+ d3ds+ 2d3d3+ d3+ d3)
+w(—3-8vd;d3—3vd;+8vd,ds+3vd,+5vds+3v +8d,d;+ 3d; — 8d,d;— 3d,— 5d5),
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N{Bpy= +maw?(—2d,d,+ dy+ 2d3) + m3,,w3(d,d,d3 + 2d,d5d3+ 3d, d3+ 2d, d3 — 2d3d,d; — 3d7d, — 4d7d5+ 2d3d,)
+maw?(—2d,d,d3+2d,d,— 2d,d5d3+ 7d,d3+ 4d,d3— 2d?d,— 2d?d3+ d,d3— d,+ 3dad;— 4d3+ 2d3d;— 5d3
—2d3) + m2w?(—d,d,d5+ 2d,d,d5— 2d,d,— 2d?d,d5+ 3d,d5— d,d3+ 3d3d; — 2d5d3 + 2d3d5 + dg)
+uw?(—d;d,—3d,d5— 2d,d3+ 2d3d, + 2d2d3) + sw?( — d;d,d3+ d;d, — 2d,d3d5+ 2d3d,d5) + tw?(2d,d,d
+d;d,+2d,d3d;— dpd;— 3d2d;— 2d3d3) + w(1+8vd;dy+ 2vd; — 7vd,— 8vds— v —8d,d,— 2d, + 7d,+ 8d3),

N{Bpy= +Mgmew?(2d3) + mZw?( — 2d,d3+ 2d3) + m2w?(— 1—dy) + mj,,w?(— dyd,d3— dyd,— 2d,d5ds — d;d5+ dyds
+4d,d3+2d,d3—d, + 2d7d,ds+ d?d,— 2d?d;— 2d3d3+ d3) + m3w?(2d,d,d5— d,d,— 2d,d5d5— d;d35+d;ds
+2d,d3—d,d3— 4d,d3+ 2d,d3+ d3d;— 4d2d3+ d5+ 2d3d,+ d3+ 2d3) + m2w?(— d,d,d;— 2d,d,d3+ 2d, d3
+2d,d3—d,d3+d,d3+ 4d,d3— d3d;— 2d3d5+ d3— 2d3) + uw?( — 2d,d,d3+ d,d, + 2d,d2d5+ d,d3— d,dg
—2d,d3) +swA(d;d,d3+ 2d,d,d3— 2d,d3— 2d,d3) + tw?(d,d3— 2d,d3+ d3d3 + 2d5d3 — 2d3— 2d3) + w(— 1
+8vd,d;+3vd,— 4vd;—8vd3+v —8d,d;— 3d,+ 4d;+ 8d3),

N{Boy= + Mgmew?( — 2d,) + maw?( — 2d,d3+ 2d3) + maw?(1+ dy) + m3; w?( — 3d;d,d3— 2d;d,d5— d;d,+ dy d3+ 2d, d3
+d;ds+d; +2d?d,d;+ d?d, — 2d?d5— d?) + m3w?( — 2d,d,d5— 2d,d35d3 + d;d3+ 2d,d3+ d,d3— 2d,d3+ 5d3ds
—2d2d3— d5+4d3d;— 3d3—2d3) + m*w?(— d;d,d3— 2d,d,d3—d;d,+ 2d,d5d3 + d; d3+ dod3— dpd3+ 2d,d3
+d3d;—4d3d3+ 2d3d;— d3) + uw?(2d,d,ds+ 2d,d5d;— d,d5— 2d,d3) + swA(d,d,d3+ 2d,d,d3+ d,d,
—2d,d3d;—dd3) +tw?(d,d;+ 2d,d5— dd3+ 2d3d35— 2d3d3) + w(1+ 8vd,d;—vd,— 8vd5+ 2vd;— v — 8d,dj
+d,+8d3—2d,),

NGRpy= +mgmem3y ,w2( — 1/2) + mgmemZw?( — 1/2) + mqmeswA(1/2) + mimaw?( 1) + mim3;, ,w?(d;d,+dydg+d; — d
—1/2d,— 1/203) + mZm3w?(dydy + dyda— 1/2d,— d3) + mamZw?(d; d3+ doda — 1/20;5— d3) + muw?( —dd,
+1/2d,) + miswA(—ddz+ 1/2d3) + matw?( — d,d3) + maw(1—v) +mZm3, w?(d;d,+d;d3+3/2d, —d?)

+ mZm3w?(— 1/2+ dyd,+dy + dyd3— 3/2d,— d3+ dg) + mZm2w?(1/2+ d,d3+ 1/2d, + d,od5+ 1/2d, — d3) + mZuw?
X (—d;dy—dy) +mZswA(—dyd3— 1/2d;) + mitw?( — 1/2— d,da— 1/2d,— d3) + m2w(2— 2v) +mj,,mpw?(d;d,ds
+2d,d,d%—4d,d,—5d,d5— 2d,d3+ d,d3— 1/2d, + 11/2d%d, + 4d?d3+ 3/2d5 — 2d3d,— d3— 1/2d,d5+ d, + 3/2d3
+1/2d3— 1/2d%) + m,,m2w?(2d,d,d3+ 2d,d3ds+ 1/2d,d5— 7/2d,d5— 2d, d3 + 1/2d, + 7/20%d5 + 4dTd5— 2d3d;
—1/2d3 - d,da— 1/2d3d5— dg+ 1/2d3) + m3, ,uw?(d; dyd3+ 3/2d,d, + d1d5+ 1/2d, dg— 2d3d,d3 — 4did, — 2d5d3
—d2d;—di+2d3d,+ d) + md,,swA(dydyda+ 1/2d,dp+ 3/2d, dg+ dy d3— 2d5d,d — 1/202d,— 7/20%d 3 — 2d5d3
—1/2d7+2d3d,+ 1/2d3) +m3, ,tw?( — 4d,d,d5— 2d,d,d5— 1/2d,d,— 2d; d5d3 — 1/2d, d5— 3/2d d3— d,d5— 1/2d,;
+2d3d,d3+ 1/2d5d, + d5ds+ 1/2d5 + d,da+ 1/2d,d5+ 1/2d3d 5+ 1/2d 3+ 1/2d3) + m3,,w( — 3/2—5vd;d, — 5vd,ds
—13/20d; +5vdT+3/20d,+ 3/20d3+ 3/20 + 5d1d, + 5d; da + 13/2; — 5d5 — 3/2d, — 3/203) +m, , w?( — d;d,d3
—d,d,— 1/2d,d3— d,d3— 1/2d,d3+ 2d?d,d5+ 3d3d, + d2d3+ 3d2d5 + d?d3+ 3/2d5 — 2d3d, — 2d3d,— 5/2d3+ df)
+m2m2w?(—d;d,ds— d,d3+2d3d,d5+ 1/2d%d,+ d3d5+ 5/2d,d3 — 2d,d3+ 1/2d, — d3d 5 + 4d5d3— 2d3d;— 1/2d3
—1/2d3—d3) + m3uw?( —2d,d,d5+ 3/2d,d, — 2d,d2d5+ 7/2d,d3+ 2d,d3 — 2d?d, — 2d?d3+ 1/2d,,d5— 1/2d,
+1/2d2d3— d2— 1/2d3) + m3swA(2dd,ds— 2d,d,d32+ 1/2d,d,+ 2d,d2d5 + 1/2d,d2+ d, dg— d,d3— 2d?d,dg
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—1/2d%d,— did;— 1/2d,d5+ 1/2d,d3— 1/2d,— 1/2d5d; — 1/2d3+ 1/2d3) + m3tw?(— 2d,d,d5— 1/2d,d,— 2d,d3d4
—1/2d,d3+ 1/2d,d5— 2d,d3+ 5/2d5d; — 2d3d35+ 1/2d3+ 2d3d 5+ 1/2d3) + m3w(— 1—5vd;d,— 2vd; — 5vd,ds
+4vd,+5vd5— 2vds+v +5d,d,+ 2d; + 5d,d3 — 4d, — 5d3+ 2d3) + miw?(2d,d,ds— d;d,+ 2d,d5d; — 3d, d3
—2d,d3+d?d,+d2d2— d,d3+ d,d3+ 1/2d,— 3d3dy + d2d3 + 3/2d2 — 2d3d, + 2d3 + d3) + m2uw?(2d,d,d3
—2d,d5d;—1/2d,d3+ 1/2d,d5+d;d5— 2d3d,d5— 1/2d2d,— d?d5+ 1/2d,d53 — 1/2d,d3 + 1/2d5d 3+ 1/2d ) + m2sw?
X (—d;dyds—2d,d,d3+ 1/2d,d5+ 3/2d,d5+ 2d,d3— d5d;— 2d2d3+ 1/2d,d5+ 1/2d,,d5+ 1/2d5— 1/2d3) + m2tw?
X (—dyd,d3—2d,d,d3— 1/2d,d3— d,d3— 1/2d,d3+ 2d,d3— d3d5— 2d3d3+ 1/2d 5+ d3+ d3) + m2w(— 1/2
—5vd;d3—3/20d; — 5vd,ds— 3/20d,+ 5/20d5+ 5vd3+ 1/20 + 5d,d5+ 3/2d, + 5d,d5 + 3/2d, — 5/2d5— 5d3)
+m?w?(d,d,ds+2d,d,d3— d,d3—2d,d3+ 1/2d2d5+ d?d3— d,d3— 2d,d3+ 1/2d5d 5+ d3d5— 1/2d;— 1/2d3+ 1/2d3
+d3) +uswi(—d,d,d;— 1/2d,d,— 1/2d,d3+ 2d?d,d5+ 1/2d3d, + d2d3) + utw?(2d,d,d5+ 1/2d,d, + 2d, d2ds
+1/2d,d35— 1/2d,d5— 1/2d5d3) + uw(1/2+ 5vd,d,+ 2vd; — 3/20d, — 1/20 — 5d,d,— 2d + 3/2d,)
+u?w?(—1/2d,d,— 1/2d,d3+ d?d, + d?d3) + stw?(d;d,d3 + 2d,d,d3+ 1/2d,d5+ d,d3— 1/2d,d3 — 1/2d,,d5— 1/2d 4
—1/2d3) + sw(1+ 5vd,d3+ 3/2vd; — 3/20d3— v — 5d,d3— 3/2d; + 3/2d3) + s?W?( — 1/2d,d3— 1/2d,d5+ 1/2d3d
+d2d3) +tw(—1/2+ 5vd,d3+ 3/20d,+ 2vd3+ 1/20 — 5d,d3 — 3/2d,— 2d5) + t2w?(1/2d,,d5 + dod3 + 1/2d35d 4
+d3d3)+3-6v+ 30>

FEvR(1) =000+ 0p f doy-exd —wzy(t)]- [wmgme(— 1) +wmi( —by) +wn? (bZb,— b7+ b3) +wt(b; b+ bib, —by+b3)

+wimB(—b2b,) +v(1+3b;) —1—3b,],

FEVB(t) = 0u1y90+ 9o J doy - expl Wz (1)]- [WM(1 = bg) + Wi~ 3b3by+ byb3+ by + biby— b+ b, —bj)

+wt(—b;b,+bib3+b,—2b5+b3) +wmi (b b,— by b5—b,+b3)+v(—2+3b,)+2—3b,],
FEM(U)=0,05+ f dory - ex —wzy(u)]-{w[mg(b,— 1) —mch, 1},
FORv(U)=9/,9090+ J doy-exf —wzy(u)]-{w me(b,— 1) —mgb,1},
FEUR(U) =990+ 9o J dory - eXH ~ W2y (W)]-{W[ (— MMy —migby) + M b(Dy— 14-by) + MpDy(byby+ bl — 14 by) —ubiby]
—(1-v)(1+3by)},
FURH(U) =031495 f dory- ex —wzy(u)]- {W] — 2memgby+ mE(— 1+ by) + i by (b3~ 1+byby+by) +mEb3(b; — 1+ by)
—ub;b3]—(1—v)(1+3b,)}.
2. g+ at>D*T+D*0
Fs\)/Pv(S,t)nglwgé*gwj dog-exd —w-zg(s,1)]-NQpy |
NWPVZ _Wzquza
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NS/Z\;PV: w?mcdy,
NR)py=w?me(1—d;+dy),

N{py =w?me(1-2d;+dy),
NS/S\}PV: —w?mcdy,

Ny =wW2[mq(1—dy+dz) —mgds],
Ny = —w?mgds,

NR)py=w?da[ mg(2d;— 1) — 2m.d, ],
NGy =w2d,[ my(1—2d;) +2med, ],
Nsll\?l)Dv:WZ( mgd,—mcd,),
NGBy =W mgd,+me(d; —dp—1)],
NS/JVZI)DV: —w?mcdy,
N{ody=w?me(d; —d,—1),
NGy = 2w?dg[ mgd, —me(1+d)],

NGy = — 2w?d,[ mgd,—me(1+d,) ],

2 dZ_d3

1 3
N{,l\%v:Wch[ —mg+ mﬁ,wdl( di—=— +m2D*(§—d1d2—d1—d2d3+ 5o+ d%—dg)

2

m

+m

1
5 +ds

1 1 1 ,
— 5~ s~ 5d;—dods— 5, + 3

+udy(1+dy)+(py+sdy)

+t

%(1+d2)+d3(1+d2) ]—chw(l—v),

1 1
NWF),V:Wqu[ —mi+ mﬁ,d,( —dyd,—didy—dy+di+ 5(dy+dy) | + sz*dz( dp—d;—da+ 5

1
di— >

+ud, 5

1 1
+m127d3(d3_d1_d2+ E +Sd3( dl_ E +td2d3} _W(l_U)(mq+ mc),
FEMD=0,03. | do-exif ~way(0]-fwlmy(b,~ 1)~ mcb,)
FON (D)= 095 J doy - expf ~wzy(1)]-[4wbyby(by + by~ 1)],

FOR(0=05,05 | dos-exiT—wz,(0)]-[2wby(by ~ 2030, 1+ 3, 263)),

FO& (1) =0/y95+ f dory - exp —wzy(t)]-{w[ — m(mg+mcby) +m3, b2(b; +b,— 1)
+1thy(b2+byby+b,— 1) —m3b2b,]— (1—v)(by+1)},
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FR (1) = gJ,wgé* f doy-exf —wzy(t)]-{w[mZ(d2— 1) +m3,,(3bsb,—b;b5— by —bib,+bi—b,+Db3)

+1t(byby—b;b3—b,+2b3—b3) —m3(byb,+byb5+by—b3) 1+ (1—0v)(by— 1)},

F%‘V)(t)=gj,¢g§*f doy - exp —wzy (1) ]-{w[ me(mg—mcby — mcb,+ me) +m3, by (— 2b,+ b3+ 1+ 2b,b,— 2b, +b?)

+1tby(—2b;+2bsb,+ b2+ 1—2b,+b3) + m3b;b,(2—by,—by) ]+ (1—v)(2— by —by)},

FOW (1) =911485+ J dory - expf = w2y(8)]- {w[ me(2mgby— mcby+Mg) +m3, by (— b3+ 1-byb,—by)

+tby(—b;b,+by,—b3)+m3bb3]+ (1—v)(by+ 1)},

FO(t)=0,9p0px f doy - ex —wzy (1) ]-{w mg(me—mgb; — myby+mg) +m3, b1 (1—2by — 2b,+ b3+ 2b;b,+ bl)

+1tby(1—2b;—2b,+ b3+ 2b;b,+b3) + m3biby(2—by—by) ]+ (1—v)(4—3b;—3by)},

F{2u(t) = 94/,9090+ f doy-exd —wzy ()] {w[me—b,(me—mg) 1}
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