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terms of the ¥ density matrix,
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I. INTRODUCTION

y"photoproduction exhibits the characteristics of diffraction or Pomeron ex-
change, namely, an almost constant total cross section for asymptotic energies
and an exponentially decreasing differential cross section. This kind of be-
havior was also found to hold in photoproduction of p, w, and ¢. Experimen-—
tally, the latter processes conserve s-channel helicity and, indeed, it is com-
monly thought that s-channel helicity conservation (SCHC) is an intrinsic char-
acteristic of Pomeron exchange.

In previous papersl’2 we have investigated whether SCHC also holds true
for 3y photoproduction by undertaking a systematic spin analysis of various
models for i photoproduction at asymptotic energies and near threshold. Two of
the models are phenomenological parametrizations of the data for p photopro-

duction, analytically continued in the vector meson mass tom,,=m_,, Alterna-

Vo

tively, we assumed the ¢ to consist of a pair of constituents interacting with the
nucleon via vector or scalar gluon exchange. The main result of this analysis is
that at asymptotic energies all models predict SCHC, whereas at moderate en-
ergies, substantial violation of SCHC is possible. In particular, however, in
this subasymptotic region vector gluon exchange obeys SCHC almost exactly, in
contrast to the predictions of all other models.,

This fact is especially significant in that the two vector gluon exchange
model is perhaps the most attractive model we consider., When combined with a
relativistic bound~state interpretation of the , it provides a well-defined, physi-
cally reasonable "Quantum Chromodynamics'~type mechanism for photoproduc-
tion, Calculations can be carried out which are limited in pre-

cision only by the technical difficulties involved in dealing with Feynman graphs,

For these reasons, we devote the bulk of the present work to a detailed
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examination of the two-gluon exchange picture. We include a complete discus-
. sion.of the calculation of the helicity amplitudes to leading order in s, as well
as detailed results for the density matrix. For a comparison of the predictions
of various photoproduction models we refer the reader to Refs. 1 and 2.

The paper is organized as follows. In Section II we discuss the connection
between the decay angular distribution for yN — yN (z/)—»e+e_) and the density
matrix. We consider the case of the most general z/)e+e— coupling, and its
reduction to a purely transverse coupling. The scalar and vector gluon ex-
change models are introduced in Section III, and calculation of the resulting
Feynman graphs is discussed. Section IV presents the results of the analysis
for helicity amplitudes and density matrix elements. Conclusions appear in
Section V. Finally, many of the technical details of the two-gluon exchange

calculation are reserved for the appendices.
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II. ANGULAR DISTRIBUTION AND DENSITY MATRIX

The spin density matrix of the created vector meson V in the process
YN — VN determines the angular distribution of its decay products. Since
P — e+e—,u+u- are the most important single y-decay modes, these can be used
to determine the helicity of the created y-meson in the same way as the rr”
mode in p-photoproduction contains information about the spin of the created p-
meson. In this section we therefore analyze the decay angular distribution for
v gt

The process we are describing is shown in Fig. 1 and its matrix element

can be written as a product
+ - +,-
LN ITIYN > = <04 IMIV><VITly> . (2.1)

The first term describes the decay V — 1*1” whereas the second is the helicity
amplitude for YN — VN, The decay angular distribution of the .vector meson in
its rest frame is obtained by squaring the matrix element and summing over the
helicities

Toosias = W0, - T, oyyi@:8) ey @.2)
Here Pyy is the spin density matrix for YN — VN; it is connected with the photon
density matrix and the helicity amplitudes through

Pyy1

= Z' <VITly>p,, o <VITIY'>*, (2. 3)
Yy

The above Eq. (2.1)is useful since it permits separation of the decay V — IV
from the creation process YN — VN, Once the decay is specified it provides in-
formation on the production process by use of the decay angular distribution.

Assuming that ¢ — e+e-,u+u_ proceeds through a photon, we have

«TIMIVS = o2 gy * (@,7Mv,) - €, () (2.4)
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where 8y is the vector meson-photon coupling constant and ¢ is the vector

mesonrwave function. The vector meson is, of course, assumed to be on its

mass shell. Once the decay mechanism is specified it is straightforward to

determine

oyyi8.9) = X <V Mla><a {MIV>,

(2.5)
o

where o refers to both lepton helicities. One might ask what changes would be

expected if the lepton pair were directly coupled to y. This can easily be cal-

culated by inserting

+ - 1
<L IMIV> = cxao Dy 5 (¢,0,-9)

@.6)
Vo
into Eq. (2.5) and by going through the same analysis with the result:
(L+cosZ 0 y26sin ijzlzqeld)(l—%) sinZg 21®(1-25) |
2
le, | . . Nt
Gy = e |8I020 6710 o5y agin®audscos®y =2 1P 05y | @.7)
\'A 2
‘. Np 2
sin?ge %1% (1-26) 'S”;zg e P1-26) (14cos’)+20sin%
c .2
where 6 =|—| . Note that Oy for the photon coupling Eq. (2.4) is obtained
1

by setting 6 = 0, corresponding to a transverse coupling, Let us concentrate

on the density matrix Pyy and go back to Eq, (2.3). So far we have not speci-

fied the form of the photon density matrix. It can be chosen in a particularly

suitable form such that the photon polarization vector becomes explicit. This
'standard decomposition' is

PCY. a

p(V) = p°+ b0 (2.8)

L

so that the corresponding decay angular distribution reads
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3

W(o,9) = W8, 4)+ 1 BF- WHO,0),
- o=l

with the W (8, ¢) given by*

0 1 0 1 0 2
W (6, 9) =§ <1+p00> +-2— <1—3p00> cos 0

+ J2 Re pio sin 20 cos ¢ + p) sin 6 cos2¢
Wl(e, o) = pil (1+cos2 f) + p(l)o sin2 0

+ 2Re p}o sin26 cos ¢ + pi_l sin” 6 cos2¢ ,
W26, ¢) = - /2 Imp>, sin20 sing - Imp? | sin’0 sin2p

W3(9,¢>) =-.J2 Impio sin26 sin¢ - Impi_l sin® 6 sin 2¢

@.9)

(2.10)

(2.11)

(2.12)

(2.13)
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III. GLUON EXCHANGE MODEL

Th this section we assume the y to consist of a pair of heavy quarks
(c-quarks) which interact via gluon exchange with the conventional SU(3)-quarks
(q-quarks) of the nucleon as drawn in Fig. 2. Such a picture is natural in a
quark-gluon theory of hadrons and their interactions, particularly in the case
of y photoproduction, where quarks cannot be interchanged between the y and
the nucleon. Furthermore, we assume that it is reasonable to retain only the
lowest order, two gluon exchange graphs. This is particularly well-justified
in the large -t region, where asymptotic ’freedom3 arguments suggest that the
quark-gluon coupling constant may be small due to the large momentum carried
by the gluons. At small t, lowest order perturbation theory may not be valid,
as is indicated by the diffractive t-dependence of photoproduction. Neverthe-
less, a two gluon exchange picture may still be tenable in this region if one
invokes a quark-bag interaction to provide the exponential t dependence. This
is the case in the Low-Nussinov model4 of the Pomeron. Therefore, we con-
sider it worthwhile to investigate the consequences of the two gluon exchange
picture for the spin dependence of i photoproduction. Having chosen a model
for the Pomerén, we now consider the nature of the y. Motivated by the success
of the charmonium mode15 in describing the spectrum and decays of the pions,
we assume that the 3 is a nonrelativistic bound state of a cc pair. Due to the
large charmed quark mass, the quarks are almost free and the 's momentum

is equipartitioned between them. Thus our model is defined by the diagrams
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shown in Fig. 3. In what follows, we perform the loop integrations, and

- devetop a technique to find the asymptotic form of the helicity amplitudes.

We proceed in three steps: we first perform the loop integration for the case

in which all particles are scalars (for clearness of presentation), subsequently
the c-quarks are taken to be fermions whereas the gluons are still treated as
scalars and, finally, the gluons are taken to be vectors. The nucleon is

treated as a scalar throughout. The six Feynman diagrams in Fig. 3 form the
smallest set of diagrams compatible with photon gauge invariance; the exchanged
gluons are not gauge invariant. Since the external particles are color singlets,
the calculation is performed according to the rules for QED. The infrared

problem is escaped by giving the gluons a finite mass m . in the propagator

G

denominator. The dependence of the results on the value of m G is discussed
in detail in Section IV.
A. All Scalars
The essential difficulty in calculating the Feynman diagrams drawn in Fig. 3
is the loop integration. It can be explicitly performed by use of Feynman para-

metric integrals. In Appendix A we explain the method and give details of the

calculation, whereas we simply state our results here:

T =G 3 j=@b,cd (3.1)
] t-m
P
1
L..=_f @)* 1.(0) , 1.(04)--_=5—(1—“2—E‘3i2 . (3.2)
b ) ) D -

J
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The index j indicates which diagram we are describing and G contains all coup-
ling cOnstants and i-factors appearing in the vertices and propagators, as well

as factors due to the loop-integration:

2
G = (de)-ig) )’ —= i (-’%-) : (3.3)
(2m)

Similarly, the amplitudes for diagrams (e) and (f) read:

Tj = 2G Lj(s,t) j ={e,f), (3.4)
1 5 o(l-Za)
L, = J da) I(a), I(x) = 3 (3.5)
] 0 ] ] D"

J

Dj contains the kinematical variables s and t and differs for each diagram apart

from the fact that Le £ involve a 5-dimensional a-integration. We identify

2

D, = D @4), D

. D,(4), D, = D(5),

C e

(3. 6)
D

il
il
i

b Du(4) R Dd DS(4) s Df Du(5) ,

where DS (4) and Du(4) have been defined in Eqs. (A.10) and (A, 16); similarly,
the explicit forms of Ds (6) and Du(5) are given in Eqs. (A.18)and (A.23). The
labels (4) and (5) refer to the loop with four and five internal lines, respective-
ly. Therefore D(4) appears in the amplitudes of diagrams j = (a,b,c,d), where-
as D(5) appears in the ones with j = {e,f). Since diagrams (b,d,f) are obtained
from diagrams (a,c,e) by the exchange p; P, their form is obtained by the

replacement s — u in Ta’ Tc , and Te' Note that in this case of all-scalar
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particles diagrams (a) and (c) are also related by s «— u crossing; this is no
longer the case for spinning particles.

Before going over to the spinning case we discuss the analytic structut;e of
these diagrams, Diagrams (a) and (d) possess a cut along the positive real axis

of the complex s-plane whose branch point is at

o

sg = (mN+m

Y = 16,3 GeV? . (3.7)
1 Y
There is no cut on the negative real axis for these two diagrams, The ampli—
tudes corresponding to diagrams (b) and (c) have correspondingly a cut on the
positive real axis in the complex u-plane, which, in the complex s-plane, gives

a cut along the negative axis with its branch point at

= (m2 = 2
SB2 = (mN—Zmwa—-t) =-t-4,937 GeV™ . (3.8)

A similar analysis shows that diagrams (e) and (f) possess the same cuts with
the same branch points, The amplitude T, therefore has two cuts, the conven-
tional s-cut on the positive real axis as well as the u-cut on the negative real
axis. Te can be split up into a sum of two terms, each contributing to only the
right- or only the left-hand cut. The same applies for diagram (f).

B. Scalar Gluons

In the preceding subsection we have set up the formalism for spinless par-
ticles and now go a step further by taking the quark-spin into account; the gluons
are still treated as scalars. The amplitudes of the first three diagrams in Fig.
3 may be cast into the form

2

Ta = G- ) [ﬁz(€°k'—g{K)EaV1], (3°9)
t-m
Y

T, = G- t_zmz [6,¥, (Kd-< - kv, ], (3.10)

Y
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T, = 2G- @,W.v, , (3.11)

and the corresponding ones for diagrams (b,d,f) are obtained by the replacement

Py = -Pg. The IAJ. represent the loop integrals with an internal fermion line and

are evaluated in Appendix A. They have the form

Ly
IAJ. :of da) =SJ.° Ij(oz) j=(@,b,c,d), (3.12)

and their spin factors are defined by

Sa = {mC —Xl}, ;‘3

C

[m, +4,},

(3.13)
{mc + ;{1} s

Il

il

c
where ;él and ;62 are defined in Eqgs. (A.30)and (A.31), The loop term for dia-
grams (e) and (f) is a 5-dimensional integral of the form given in Eq. (3.12) (j =

e,f) with the spin factors

D
S
se = ¢T +{mc +X;1}€/{mc +X;1 - K},
3.14
D (3.14)
gf = ¢“§"+{mc“y2}¢{m0+y2’}(}a
where yl and xfz are defined in Egs. (A.34) and (A.35). We are now in a position

to write the sum of all diagrams with four internal lines in a compact form:

1 d
_ 2 4 |
T T +T +T; =G 5 f(doz) {Z M@, @) - Ij(a)s. 3.15)
t-m j=a

Yy 0

Mj(p,oz) contains all spin factors of diagram j, such as,for example,
= q k-
Ma(p,a) = uz[e k g{k)sa]vl , B.16)

and similarly for all other diagrams j = (a,b,c,d). The Mj(p,oz) are functions of
the invariant kinematical variables s,t and (masses)2 and depend linearly on the

integration parameters . Insertion of the explicit forms of ﬁj into Eq. (3.12)
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shows that it can be cast into the invariant expansion

- 4
2
Toped = Ta* T+ T, + Ty = Go — 2 Qc WErW.(]. (.17

Qi contains all the spin factors, whereas Wi is a sum of a-parameter integrals.,

We have defined

O
ot
fil

ﬁzle" k'—gk)ﬁl - 151(}(;(—€°k')]vl

O
)
il

-u, [(e-k'-¢K)p, - B, K¢-e-k")]v
2 2 "2 1 (3.18)

li

Qg = -i,[(c- K-kl - & tte-c-ry,

o
N
1l

= Gy l(e-K'-¢K) + (ke-e-k)]v, .

We have calculated the matrix elements for the possible helicity combinations
and list our results in Appendix B. It is straightforward to determine the Wi"s s

with the result

1
Wi, ..48) = 0/ (da)4[°‘2/0‘2*“3/a2+°‘3+0‘4/1]°15(a), (3.19)

I

W1“04(u) Ofl(doz)‘l[a2+a3/a2/a2+a3+a4/1]qu(a) , (3.20)
where the first argument in the bracket of the integrand corresponds to Wl’ the
second one to WZ’ and so on.,
We can perform the same steps for diagrams (e+f). Writing
¥, = Klha, +Ka, +p -2, | (3.21)
with the a, determined by Eq. (A.34), the spin factors in Eqs. (3.14) are ex—

panded and lead to the invariant expansion:

13
T, = T, +T, = 2G. 1};5 Q;[W,(s) + W, (@] . (3.22)
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The "spin amplitudes™ Qi have been chosen as follows:

e

Q = §,lK'éK'lv, : Q, = U,[KeB, +B,¢Klv, .
Qg = Uy[B,¢B,1v, ) Qo = -, [K'4K]v; ;
Qp = U, [K'¢k+KeK' v, Q, = -Uy[ByeKlvy ;
Qg = U,[K'¢p, + B, dK'lv, , Q, = -Uy[fKlvym
Q3 = Uyld1v, , ©.23)

and their forms, evaluated for different spin combinations, are given in Appen-

dix B. The invariant amplitudes read

1
W, 40) = £ da) L. 11 (@),
(3.24)
[oeo] = [a?/ag/alaz/ala?)/azaS/a1/a3/1/(mi-DS/z)] ,
where again the first argument corresponds to W5, the second to W 6 and so on.
The last argument (mg-DS/Z) corresponds to W13. The corresponding ampli-
tudes for the u-channel coming from diagram (f), Wi(u), are defined as in Eq.
(3.24) with the 2 (defined by Eq. (3.21)) determined by xfz in Eq. (A.35), with
DS replaced by Dun
Up to this point our presentation has not involved any approximations and
the a-parameter integrals Wi could in principle be determined exactly, Since
our investigation is mostly concerned with the behavior at large energies, we
have chosen to introduce their high energy approximation, By applying the tech-
niques of € -integration or Mellin transformation we find the asymptotic forms

for the invariant amplitudes W, in T
i abed
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8= 2
- Wl(s)+W1(u) :—;—% —-é— fl +§fz ,

im 2
Wz(s)+W2(u) _ = fl —Efz s

(3.25)

Wo(s) + Wolu) == zi?”-fl,

W4(s) +W4(u) = 2 ;—W fl .
fl and f2 are slowly varying t-dependent functions whose detailed forms are
found in Egs. (3.51-3.52).

In the above formalism we have not yet taken into account the fact that we in-
tend to describe photoproduction of a spin-1 particle. The amplitudes in Egs.
(3.17-3.22) describe production of a pair of c-quarks where both are assumed to
have equal 4-momentum (since binding effects are ignored in this approach). Due
to parity relations between the amplitudes with different helicities, we may re-
strict ourselves to the photon helicity: 7\,)/ =+1 throughout, We define the

helicity amplitudes for cc-production as TC (7\07\6;7\y) and similarly for y-photo-

production T(A e 7\7). Then
T(1,1) = T G%1) ,
- 1 1 _1. 1,1,
TO.1) = ST G -21) + Tzl (3. 26)

T(-1,1) = TC(—%-%;;l) .

We are now able to give the asymptotic form of the amplitude Tabc d for -
photoproduction which receives contributions from diagrams with four propa-

gators in the loop only

S—» o0

T(1,1) =>J2 . 8. G ~—1—7 £, » 3.27)



—tim + _N( 2, )t _N 3, 28
T(0,1)=> [S fllz FSM + 5 i.sfz S oM, 5 5] ( )
t_mz/) [¢
T(-1,1) ,4\/—2(}’ t, ls” £ (3.29)
t- m¢

We carry out the same kind of analysis for diagrams (e) and (f). By use of the
REDUCE computer program we determined the asymptotic s-dependence of the

Tef-amplitudes; since integrals with an ¢, in the integrand depend asymptoti-

3
cally only on |s| we find:

S —»=0 1
T(L,1) < o,
TO,1) ~ %-,
T(-1,1) ~ =, (3. 30)
8

WS , Wg, and W11 all contain a multiplicative o 3 they are- of nonleading
order in s (see subsection D), and we neglect their contributions, However, we
find that for T(0,1) and T(-1,1), the contributions involving Q5 , Q7, and Q13
also behave like 1/s asymptotically. Specifically, the leading asymptotic con-
tribution to T(0,1) and T(-1,1) is given by

S— 0

T; =>2G (Q{W () + W} + QAW W, +2{W, (6 HW, (@)}

- W W ,@E) + Qg - {W W @ . B.31)

Taking the Qi and the Wi to leading order in s we find

S—»0 ~
T(0,1) =>G - llr —t- 2{2h ) - 2h (@,0,) + 3h ()} -h (1)] , (3.32)
mC
ir 2 ht(l)
T(-1,1) =>G- —~tJ/2[h (a5) - h (@yo,) +—5—1, (3 33)
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where the t-dependent functions ht are defined in (3.58). Therefore, these con-
tributions must be added to the contributions from Toped t© obtain T(0,1) and
T(-1,1) in leading order. We note that the T(1,1) amplitude decreases asymp-
totically at least one power in s faster than Tab od’ although the T(0,1) and
T(-1,1) amplitudes contribute to order 1/s and so compete with Tabc q°

C. Spin-1 Gluons

We now extend our formalism to the case of spin-1 gluons (and spin-3 c-
quarks). However, before going into the details, we first assert gauge invari-
ance. We cut diagrams (a+c+e) at the gluon lines and consider only the c-quark
part. The sum of these diagrams does satisfy the divergence condition
k- (Ta+Tc+Te) = 0 due to the Ward-Takahashi identity. 6 An explicit proof for
the model under consideration may be constructed without difficulty.

The calculation of the amplitudes here requires investigation of the spin fac-
tofs Iéj (or SJ. ). Evaluation of their structure for diagram (a) gives (see Appen-
dix A)

B, = Db bty +2D_(F +fo) + 3Dy 47" 1 (3. 34)
where the )#i are linear combinations of the external momenta as defined in Egs.
(A.39). The expansion coefficients (ai’bi’ci) are linear functions of the integra-
tion variables and are specified in Eqs. (A.40). Since the amplitude for diagram
(b) is obtained by the exchange Py— -Py; which can be absorbed in the v by re-
defining their coefficients a;, we have: Sb = Sa (vi)o The v, are fixed as in Eq.
(A.39), but the functions a; are replaced by the definitions in Eq. (A.44). |

The amplitudes of diagrams (c) and (a) are connected by the exchange:

Py = Py, M, —~ -m, and an overall minus sign in the amplitude leading to: 8 .
= —$a(wi). The above modification is absorbed not in the a; but in the newly de-

fined variable y(/i as given in Eq. (A.43). The functions a, are the same as for
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diagram (a) and are defined in Eq., (A.40). Diagram (d) is calculated analo-
‘gously, B = Sc (w,), with the wi defined in Eq. (A.43) and its coefficients a,
given by Eq. (A.44).

The spin factors of diagrams (e) and (f) are composed of three contributions:

B, = Sel +S62 +Se3 , (3.35)
2 Ds 2 Ds
sel = ¢+ [3D - 5= m | + D [(Vyel, + (Voo ] = 5 [¥gd oy (F, d+d¥ )]
2 Ds
+ g -5 W ¢t, +DA¥ FHod + dH 011,
B, = m [ dh ¥, +¥ b d0, ],
2
B, = A Fadhory (3. 36)
3

where xfi is a linear combination of the external momenta as defined in Eq, (A.4T7),
The spin factor of diagram (f), Sf = $e (vi), differs only in the functions 8000 in

v (apart from the replacement DS — Du), which are given in Eq. (A.49) for dia—
gram (e) and in Eq, (A.50) for diagram (f).

In prihciple it is now possible to write an invariant expansion for each dia-
gram as was done in Egs. (3.17)and (3.22). However, in practice this is an
endless undertaking, We therefore have chosen to determine the leading order
approximation of the helicity amplitudes and could easily extend this analysis to
any higher orders. By symbolic computing we have determined the first two

terms of the spin factors dominating for asymptotic s-values. We write

j 2
t-m. O
]

. 1
T, = G- 2 f(doz)4 MJ.(p,oz)Ij(oz) j =(a,b,c,d), (3.37)
where

M, ,a) = a,[(e-k'-¢K)B ]v, , (3.38)
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M, p,a) = 0,[8 K¢~ e-k)]v, . (3.39)

‘The same definitions hold for Mb (M d) which differ from Ma (Mc) only in the
expansion coefficients of the Vi (Wi) apart from changing DS into Du° The anal-

ogous form applies for diagrams (e) and (f)
1 5
Tj = 2o G-f (dx) Mj(p,oz)Ij(oz) " (3.40)
0

with

M @p,e) = u, (8 +8 +8 w. =M +M_ +M_. (3.41)
e 2e1 e2 631 e1 e2 e3

The leading order contributions of the matrix elements Mj(p,oz) have been eval-

uated by a symbolic computing program for the spin combinations

A,Y =+1, Ay =+1, Ag =43, (3.42)
All amplitudes Mj(p,a) (G =a,b,c,d) may then be expressed in the form:
M, () = S (geeetg) s
MJ'("'I') = I:;l—za 5 (n1°°°n5)’
V¢
My(--) = b (@geents) s (3.43)
where
€3 £.) = Sof. +tok +m2o +m2°g + D ¢ (3.44)
17eebp) T 808y F Ly Mt fg YLy 5° y

The expansion coefficients £,n,¢ are linear combinations of products of the in-
tegration variables @ and D = D(a) is familiar from the 1all-scalar case® and
reduces the power in the denominators of I{(e). Our notation is as follows:
Ma(i,:&) is the matrix element Eq. (3.43) of diagram (a). The helicity of the
c—quark (wave function ﬁz) is indicated in the first argument, whereas the sec-

ond argument refers to the helicity of the c—quark (wave function vl). We do
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not consider it useful to write down all functions (¢,7n,¢){which differ for each
diagram and each spin combination) but list in Appendix C those which are im-
portant for later arguments,

In the same way we have evaluated the asymptotic forms of the amplitude

Me as given in Eq. (3.41) and found:

_ 2,
M, () = {mie (€ o0ty) = Dglge ool
M, (-+) = = {mz(n coelg) =D Mgerangh
ey m2 c''l 4 s''5 8
o ‘
My ) = (gt - Dt} : ©.45)
Me2(++) = S o (Eqo0eby)s
Ve, () = =g g g eeny)
Vm,
Mez(——) = b (€qeeoly)s (3.46)
M63(++) = 8 e (§1°°°§4) ’
M o= L s,
63(— ) . 2 s (n1'°°n4)’
mC
Meg(--) = te (Cyeeely)s (3.47)
where
(Egoenty) = s-g1+t-§2+mz-53+m2N°§4a (3. 48)

The functions gi’ni’ ...,etc., are linear combinations of products formed by the
integration parameters and differ for each diagram and contribution. For ease

of notation we have dropped the index referring to the diagram or specific
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contribution. Each should therefore carry this index, as, for instance, gi =
gi(el;oﬂ or n, = ni(a;a), and so on. Some of the functions Eamys and ¢, are
listed in Appendix C. The same results hold for diagram (f), which, however,
has different functions (¢,n,¢).

Before discussing further approximations we would like to stress that the

amplitudes Mao o Mf given in Egs. (3.43) and (3.45) — (3.47) are leading order

approximations in the spin factors for asymptotic s-values., The invariant amp-

litudes have so far been treated exactly leading to integrals of the form

1
JE) = (Jf da). t@) - @) (@ =4,5) (3.49)

whose asymptotic form will be considered in the following step.

D. Asymptotic Form of Feynman Parameter Integrals

The integrals J(£) can in principle be calculated exactly. However we have
chosen to determine their leading asymptotic behavior, Mellin transform tech-
niques can be used in order to determine the first, second,... correction
terms. 7 One might question whether such an approximation is justified at ener-
gies just above the threshold rise. In order to gain some insight we have cal-
culated for some integrals their asymptotically leading contribution as well as
their first correction terms and find in all cases that for s > 30 GeV2 a leading
order approximation gives the correct order of magnitude of the integrals al-
though the correction terms are not yet entirely negligible,

In what follows, we present the asymptotic behavior of the intégrals grising
in the case of scalar gluon exchange. The evaluation of diagrams (a~-d) requires
the asymptotic forms of the integrals Wl. . 4(s) in Eq. (3.19) and similarly of
Wlo . A(u) in Eq. (3.20), which are easily found by use of ¢ -integration tech-

niquesc.8 The result is



’ﬂn(—%
- — - f,(¢) for & = {L,ay,0,}
§ —0 (+35
IE) = (3.50)
1s ft(g) for ¢ = {ozs} ,
¢+ 3)

where the t—dependent functions ft(g) are

1 2
_ _ _ _ 26(1-Za) _ 2 11-6
£o= £(1) = 26(e,) = 2f(a,) = 6( da) —i————l[dol —-t'éﬂn'm! (3.51)
S
with
/ 4mér
6 = 1 - t 3
rtoo3sa-za) _ (Y1, o+t(-y) >
f, = f(a,) = (do) =[dy-—£n (3.52)
s = 1tl% 1 5 5t(1y)
0 [d;1 0
with

2 2 2 21 .3
5 = [t (1y)" - 4t{ymg+ (1y)mh1®.
N G
The integrals arising in the invariant amplitudes of diagrams (e) and (f) are

W 13(s) and W5 13(u) as defined in Egds. (3.24). Insertion of the

5coo
explicit form for DJ.(S) from Egs. (A.18) and (A.23) shows that these integrals
have two cuts; one is along the positive real axis and the other is along the neg-
ative real axis. By use of the following transformation we were able to separate
the two pinching singularities in the integrand and to reexpress the resulting in-

tegrals as a sum of two terms where each contains only one cut. The trans-

formation is
8(ary » 05)
8(6:1 , as)

_ 1
= 5 (3.53)

o7
I
Q

1 H

Q1
I

1 T ¥ty
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Note that the integration range is limited to the shaded region in Fig. 4. Ac-

cordinBly the integrals arising in Eq. (3.24) can be written as

J) = —f(da) (oo m)+(.,°,-625.°.)] . (3.54)

where (...0-...)is a shorthand notation for the integrand after introducing the

5
above transformation and the convention of writing
1

. +q
f(dazy” = J d&luoda‘l _f 1aaz5 (3.55)
0 -0

is introduced. Each of the contributions in Eq. (3.54) has only one cut. The
asymptotic behavior can therefore be determined by use of Mellin transforma-

tion. Straightforward application of this method to integrals with

= {l,(012—044),014(042—014),(012-014)2} (3.56)
gives
(E) = = 25 t(g) ( . )
with
1
h,(£) = J da) 5—1—30‘—1 . (3.58)
[d 12

All other contributions with £ =@, - (... ) were found to contribute asymptoti-

cally at least one power less in s,

We find it useful to make a few comparative remarks about the functions
ft(g) and ht(g) concerning their size, t-dependence, and m G—dependence, \ll;hich
will be of use for our discussion in Section V.,

(i) In order to illustrate the size and t-dependence of the functions ft (ht) we
give in Fig. 5 (Fig. 6) their t-dependence with the masses fixed at my, =

3.1 GeV and me = 1.0 GeV. Omne notices that the size of ft and ht
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diminishes if more integration parameters « appear in ¢ and that the t-
dependence is flat,

(ii) In Fig. 7 we show variation of these integrals with decreasing gluon mass.
ft(l) and ht(l) both increase rapidly due to the infrared singularity.

(iii) There is no mV—dependence in the integrals ft(g) whereas the integrals
ht(g) decrease with increasing vector meson mass since the factor 1/ (t—m%/_)

is hidden; this becomes apparent in the limit m G~ 0 (Fig. 8).

The integrals J(¢) appearing in the case of spin-1 gluons for diagrams (a-d) are

of similar structure to those discussed above in Eq. (3.50). Integrals with no

oy or Qg follow the asymptotic behavior of Eq. (3.50) whereas integrals with
ozrl1 ° (aoo)Or ag > (... ) behave asymptotically similarly to Eq. (3.50) with

modified functions ft(g) and ht(g ), of course, Integrals with 0y« 0gin the inte-
grand do not appear. The size, mass- and t-dependence of theﬁe integrals is
similar to the ones discussed above. However in this case of spin-1 gluon ex-

change there appear new integrals of the form

~ L oas@-za) 577 ’an(‘%)
) = [ aet 20520 —
0 8

. (3.59)

The D in the denominator appears with one power less here, which is due to the
multiplicative D in the expansion (3.44). If the e -integration method is used in
order to determine the asymptotic form, it is advantageous to use Spence func-
tions and their asymptotic behavior. For those who prefer to apply the Mellin

transformation we mention that the singularity in the integrand arises in the

factor — . Similarly one can show that
A3+,3
L S m(-3)
J(a3) —_ (3.60)

S
)
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IV. FEATURES OF THE SPIN ANALYSIS
In this section, we continue our detailed analysis of the set of Feynman dia-
grams shown in Fig. 3, and present results of a numerical study of the helicity
amplitudes and density matrix elements. Some numerical results for the density
matrix have been given in Ref. 2 and have been compared with the predictions of

a variety of models; here we wish to analyze the two gluon exchange picture in

more detail, with emphasis on the gluon and vector meson mass dependence

of the amplitudes. We first comment on the amplitudes describing vector

gluon exchange between spin-i quarks and a spinless nucleon. The spin

part of the amplitudes Ta" oo Tf is contained in the Mj(p,oz),, Their structure is
the same for all diagrams (a-d) as given in Eqs. (3.43), and in Eqs. (3.45) -

(3.47) for diagrams (e) and (f). The difference for each diagram arises only

through the o~dependent functions (gi,n i gi)o
We consider first the loop diagrams with 4 internal lines, .j =(a,b,c,d). In

principle we should give the explicit forms of all functions £(@).... Due to lim-

itation of space we list those which are relevant for our discussion in Appendix

C. The fact that D, =Dd and Db = Dc leads us to consider the sums (Ma+Md)

and (Mb+Mc) in order to spot cancellations. Let us examine the details:

1. A superficial look at Eqs. (3.43) might lead one to the incorrect conclusion
that some of the amplitudes grow like szo Integration over the o-param-
eters introduces at least a factor 1/s. Since there are no cancellations the
amplitudes Mj (++) indeed grow like s1 (if in s terms are ignored). In the
sum Tabc q’ the real part « {n s vanishes in leading order, and the dom-
inant contribution is purely imaginary.

2, The leading contributions to Mj (-+) cancel in the sums since

T)l(a) = ‘ﬂl(d) ’ Tll(b) = "771(0) @Wl)
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as a quick look at Appendix C shows. Therefore

S ~—=00

- M(—+) == s°. @.2)
In Mj (--), the gl—terms do not entirely cancel so that M(--) is asymptoti-
cally of the same order in s as M(-+); however, numerical calculations show
that for asymptotic s-values M(--) < M(-+) because of the size of the t-
dependent functions f t(g )o
Mj (++) contains a term ¢ 5= {8-3c 3} which is multiplied by D. The re-

sulting integral behaves asymptotically as

L 4 6(1-2a)5 ™% [’m("sz‘”2
i) = Of d)* (8-3arg) —(———lD ==>_._(._§T_ St @.3)
s ——
2

and substantially enhances Mj (++) due to the !ans—termu Similar terms in
M(-+) and M(--) are much less influential,

We point to the explicit m, dependence in Mj (-+) which tends to suppress
this amplitude for increasing values of m.. There is further mc—depen—
dence hidden in the expansion coefficients loen which, however, is present
in all amplitudes and is of less importance for the spin characteristics, We

will elaborate more on these questions in the numerical discussions.

We now consider the amplitudes containing the loop over five internal lines. For

computational convenience we have split the amplitudes into three parts:

M (@) = M, +M, +M, ,
1 2 3
@4.4)
Mf(p,a) = M, +M, +M, , )

ST

and now discuss their properties. In Appendix C we give the explicit forms of

the relevant functions gi, n5 Ci" Inspection of Eqs. (3.45) - (3.47) leads us to

the following conclusions:

10

The contributions due to gl in (Te + Tf ) do not cancel due to the oz5-inte—
1 1
gration and gl(el) = -gl(fl). There is a nonvanishing contribution due to Nye
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2, Mel(++) (and Mel(i——)) possess a multiplicative mg—dependence and thus
grow for increasing quark masses, whereas Mel(—+) is less affected.

3. The dominant contribution to diagrams (e) and (f) comes from (Te2+Tf2)
since gl(ez) = gl(fz) and the asymptotic behaviors of the Feynman param-~

eter integrals J(¢) for diagrams (e) and (f) are identical. Again, the dom-
inant contribution is purely imaginary, but has opposite phase to the dom-
inant contribution from T .
abed

4., One notices that Me (++) has no explicit mc—dependence; we have numeri-
2
cally verified that the integrals J(£) show a strong decrease as mi in-

creases. Therefore, to leading order diagrams (e) and (f) decrease as m(?;
grows.
5. The contribution (Te +Tf ) seemingly leads to an sz—type increase, How-

3 73

ever £, is proportional to o, which leads, as we show in Appendix C, to a

3
decrease J (51) ~ 1/s2; in addition there are cancellations,

6. Meg(—+) seemingly rises like s1 in the asymptotic region. However nl(e3),
given in Appendix C, shows that most contributions are proportional to Qgs
which leads to the integral J (oz3) ~ 1/s2, The remaining term A 0 depends
on (oz2 - 4)° One can show that asymptotically the integrals over a, and
over o, cancel since dg is symmetrical under the exchange of a, and o 4
The same applies for the integral with Qy° Qg as part of the integrand. We
conclude that Me3(—+) s——:—:; s°.

Our second comment concerns the m G—dependence of the density matrix element

pgo for vector gluon exchange. In our analysis we noticed that the amplitudes

depend substantially on the gluon mass, which leads us to further investigate the

m G—dependence of pgoa Taking t =-0.2 (GeV/c )2, we show this dependence for

o and 3y photoproduction in Fig, 9. The same results are plotted at t =-2. O(GeV/c)z
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in Fig, 10, In each case there is a sharp bump in pgo at a particular gluon
mass.” The position and height of the bump change when my, and/or t are varied.
At low t, the peaks for p and ¢ are of about the same height, as is the case for
my, lying between the p and y mass. Att=-2,0 (GeV/c)2 the p peak is much

higher than the y peak., At smallt, as m,, is decreased, the bump occurs at

A%

smaller values of m @ This is illustrated in Fig. 11, where the position of the
peak is plotted in the m -my, plane for t =-0.2 (GeV/c )20

To reveal the origin of this dramatic behavior, we plot in Fig, 12 the amp-~
litudes T(1,1) and T(0,1) versus m for i photoproduction at t = -0,2 (GeV/c)zo

This shows that Im T(1,1) has a zero at m , = 0,55 GeV. Therefore, |T(,1)l

G
is reduced at this point and pgo ~ IT(O,l)I'?'/IT(l,l)I2 is enhanced., The van-
ishing of Im T(1,1) is due to a cancellation between Im T(1,1) of diagrams (a-d)
and Im T(1,1) of diagrams (e+f), which are plotted in Fig, 13, Since Im T(1,1)
~ -Im T(l’l)abc q’ the resulting nonflip amplitude [Im T(1,1)| is much smaller
than either of its component amplitudes.

To analyze this phenomenon further, we note that for both T(1,1)abc d and
T(1,1)ef terms involving the invariant integrals ft(l) and ht(l) dominate (see
Figs. 5,6); of course other terms contribute as well, but they are smaller.
Therefore, we examine the behavior of the functions ft(l) and ht(1)° In Fig. 7
we exhibit the mG—dependence of ft(l) and ht(l) for t =-0,2 (GeV/c )20 This be-
havior is mirrored in the nonflip amplitudes (Fig. 13) and the general result
that T(1, 1)ef ~ —T(l’l)abcd is a consequence of the sign and magnitude of these
integrals, The detailed pattern of cancellation in Im T(1,1) is governed by

these terms, and also, to a lesser extent, by the other terms in the invariant

expansion of the amplitude,
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When the gluon mass is of the same order of magnitude as the other vari-

ables =, t, m%], mzN in the problem (i.e., m_, — 1 GeV) the behavior of ft(l) and

G

ht(l) is complicated, In the limit m. — 9, ft and ht o« !Zn(mé) as might be

guessed from Fig. T,

m_—0
ft Q _%!Zn(sz) + (finite terms) , (4.95)
mG——OO . N
h r = In(m',) + (finite terms) . (4. 6)
t -t t 2 G
F-m,)

It is easy to show that the contributions of these terms to the nonflip amplitude

cancel (apart from the finite terms) in the limit m , — 9, so that there is no

G
!Zn(sz)j-type divergence in the overall amplitude.

In Figs. 9 and 10 we saw that the position of the bump in p(o) 0 depends on t.
This suggests that, for certain values of m @ the t-dependence. of pg 0 might ex-
hibit unexpected behavior. As an example of such behavior we show in Fig. 14

the t-dependence of pg 0 for p-photoproduction at m_, =0.045 GeV. Note that

G

this value of m is in the region of the peak at t =-0.2 (GeV/c )2 (Fig. 9). Fig.

14 shows that the expected peak is quite narrow in t, and represents a signifi-
cant deviation from the general behavior of pgoﬂ Again, the position of the peak
depends on m @ S° that the t-dependence of pgo could, in principle, be used to
determine m ..

As the vector meson mass increases, peaks in the t-dependence of pgo be -
come broader. In Fig. 15 we show pgo for y photoproduction with ma = 1 GeV.
There is a broad enhancement centered att = -2.0 (GeV/c )2, after which pgo
resumes its usual monotonic t—dependence.,v Again, this effect is rather sen-
sitive to the value of m q S° that the results presented in Figs. 14 and 15 should
be regarded as illustrative of the kind of behavior that can be expected in this

model.
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We conclude this section with some comments on the results described
‘aboveé? Since y photoproduction is not an elastic process, the indefinite sign of
Im T(1,1) does not necessarily imply a violation of unitarity. Note, however,
that gluon gauge invariance is violated due to the use of a nonzero gluon mass.
Since gauge invariance and unitarity are intimately connected it may be that
violation of gluon gauge invariance manifests itself by flipping the sign of

Im T(1,1) when m_ becomes of the order of the other masses in the problem.

G
We resorted to a study of the massive case because of the difficulty of carrying
out calculations in the infrared limit.

The main result of our analysis, which appears to hold for all values of the
gluon mass, is that helicity conservation is almost perfectly satisfied for ¢
photoproduction even near threshold. For p photoproduction, the results of the
model defined in Fig. 3 probably require more modification due to the more
relativistic nature of the bound state. Furthermore, quark interchange diagrams
can also contribute in this case. For these reasons we have not presented any
comparison of our results for p photoproduction with the data. On the other hand,

the data9 are consistent with SCHC violation of 10% or less, in agreement with

our qualitative results.
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V. CONCLUSION

By combining the two-vector-gluon exchange model of the Pomeron with the
nonrelativistic bound state picture for the i, we have obtained a simple, cal-
culable model for y photoproduction. It corresponds to the simplest set of QCD
diagrams consistent with photon gauge invariance. We have proceeded on the
assumption that this model should provide a reasonably accurate description of
the spin dependence of y photoproduction, and have investigated its consequences
in considerable detail,

Asymptotically, this picture provides SCHC, as do all acceptable models of
photoproduction. It therefore becomes necessary to study the model in the
threshold region in order to distinguish its predictions from those of other mod-
els. Unfortunately, the necessity of evaluating a loop integral precludes the pos-
sibility of obtaining analytic results in this region. However, by expanding the
amplitudes in powers of s, we have obtained results for the density matrix ele-
ments which we expect to be reliable fairly near threshold. Much of the paper is
devoted to a detailed discussion of the techniques we have applied to the calcu-
lation of the amplitudes,

The main conclusion to be drawn from our analysis is that two vector gluon
exchange conserves helicity to a very good approximation even near threshold.
The amount of SCHC violation depends quite sensitively on the gluon effective
mass, although it is never greater than 10% in pg 0 for ¢ photoproduction. Other
models which satisfy SCHC asymptotically predict a measurable helicity fiip near
threshold,2 in contrast to the two vector gluon exchange model., When data on
the spin dependence of y photoproduction become available, it will be possible to
test the predictions of the various models, and in particular to confirm or rule

out the simple QCD picture studied here.
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APPENDIX A
This appendix gives details of the loop integration discussed in Section III.
For clarity of presentation we first treat the Feynman diagrams in Fig. 4 for the
case of all-scalar particles. Subsequently we generalize to spin-3 c—quarks
(keeping the gluon spin 0) and finally we consider the case of spin-% ¢c-quarks in-
teracting via spin-1 gluons with the spinless nucleon. We first list a few inte-

grals which will be of later use:

]°° a% in? 1

0= (sl ODRD) (X2 @)
Igvz —JC%MQV ol_ji%?\ =10{i§u(;_13)ﬁ} ,_ (A.3)
1, = _£+°°;z4 [Ai;]?t210{(>\—36)?>~2—4)} i (A.4)

We begin with the case of all-scalar particles. The amplitude for diagram (a)

then reads
T =G. L . L (A.5)
a (k_E:)Z 2 a ’ °
r+eo 5 4 1
L= (%) | at) m 2!, (A.6)
a 2 2 2
T —~c0 r=1 qr—mr’

where the internal momenta are defined as in Fig. 4a. In order to perform the

loop integration we use the Feynman parameter integral

1
e o-1 [ @a)N e A7)

fo.o
1" N 0 (2o -f "
r r

1
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which permits evaluation of the loop integration by writing

-

4 2
AC-B ) (A.8)

Pla,l) = rEzlar o (qi-mi) = A° (_Q-B/A)2+( X

Application of the transformation ' =¢{-B/A and use of Eq. (A.7) leads to the

result

1
4
La = j da) M (A.9)
0 [D]

Replacement of all (momenta)z—factors by the external masses and kinematical

variables gives

_— 2 = §— o
Ds = AC-B = 7 X ° Qg +01S ) (A.10)
where the negative definite function
2 2 2 4
cilS = t°a2(-—a +a4) mye o (—a +a3) m, al(oz +2¢ +2a3)-mGo (a2+a4)o(213ar).

(A.11)

For later use we define

1 3 _ o _ -
dg = dy(@,=0), 45 = d (@;=0), d] = d_(a;=0,=0). (A.12)

At this point we also mention the relation

2 2 1 2
! -— I -—
k-k') m 5(t mzp) , (A.13)
which when inserted in Eq. (A.5) indicates a t-pole att = mz We have assumed

mz = 4m§ throughout. Diagram (c) could be calculated in the same way., How-

ever, we skip this step by noticing that diagram (c) is obtained from diagram (a)

by the replacement Py Py Thus

. L (A.14)
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with
- L 4s0=a)
L = f da) , (A.15)
c 2
0 D
u
where
_ s
Du =-50,0, +du (A.16)
and
- $ l
du to 2(——oz +a4) 1013‘ +m oz3( ~Qg)
2 2 4
- mcal(oz1+2a2) - mG(oz2+oz4) i) I (A.17)

Note that d111’ di, dz, which are defined analogously to Eqs. @.12) for the s-
channel, are identical with dl, d3, d°, All quantities D , D ,d ,d , etc.,

s’ s’ s 8’ Tu’ s’ u
should actually carry the index (4), DS = DS(4)o -+, since they refer to dia—
grams j = (a,b,c,d) with four internal lines. We have omitted this index in order
to simplify our notation. Going through the same procedure with the amplitude

for diagram (e) is straightforward and leads to

_S o (o
D, =3 aglay-a)+d (A.18)

where

ot 2 2 2
<=3 h1 - mth - mch3 mGh4 (A.19)

=
!

1= 2(oz +o )+a4(a1+a2)—a1a3

=2
!

o = adoy- ’;‘(O‘l - aght

3 = 1(oa +2a4+2a )+oz (o +2a2+2oz3)

=
]

(5
4 (oz2 +oy) f ozr> . (A.20)

—



- 35 -

For later convenience we introduce the transformation

-

&=a+a

1 1 5° 5 5 (4.21)

and newly define:

=544 .
TDS 2a3a5+as (A.22)

&'S is defined by dS with N and ag replaced according to the above transforma-
tion, Furthermore we will need the quantities c_ié, &2, d_: which are specified as

in Eq. (A.12), Similarly we introduce

= -5 -
D, = ~gagloeg - o) +d, (A.23)
with
_t 2 2 2
du= 5 hl—mN hz—mc h3_mG h4, (A.24)

h1 = az(oz4+oz5)+ oz4(oz1+oz2) - 00,

~ 1
h, = aglag+ 5@ -o5) ,

h3 = (o +2ag+ 20,) + ag(ag + 20, + 20,) ,

1

5
h, = (o, +a4;<2far> . (A.25)
Note that, again, all quantities DS «+o should actually carry the index (5): DS 5),
.., Since they refer to the diagrams with five internal lines. We have omitted

this index for simplicity of notation.
We now evaluate the loop integrals Iéj for spin-3 c-quarks and spinless glu-
ons; their form is
¥ s(_ JL) f+md4ﬂ{—jl’+m}(;‘7-—l-—) (A. 26)
a 2 c 2 2/’

r=i qr —mr
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nen ) T ()

5 (A.27)
r=1 qr-mr

i oo 1
¥, = (——Z-W—z) o “0{ @rm )bl +m >}( _1?——5) (. 28)

The loop integration can be performed as sketched above, with modifications due
to the spin factors.

In particular we have to remember the linear transforma-
tion ' =¢ - B/A. By use of the integrals, Eqs. (A.1) - (A.4), we find

'/1d4{ £} -1 (¢
—O (Ol) mC—l a()

(A.29)
Here we introduce the convention
;(1 = -161042 +Iz$2(oz2+oz3) T (oz +0 +a4) R (A.30)
%, = B ayray) + by, th (@pratay . (4.31)
The same analysis for diagram (c) leads to

I P SV
RGBT AR R

(A, 32)
The spin factor of diagram (e) is evaluated by dropping all terms linear in ¢'

since their contributions vanish in the loop integration. Using Eqs. (A.1) -
(A.4) we obtain

1
=1 qz—mi

Of do ){@/—-—+<m +f )¢ @+ K)o I6)

[Se]

: +
L, = (;—) o[ %l @, +m )¢ f+m, )}(

(A. 33)
where again we have introduced the convention of writing

xfl = }é(oz4+oz5)+k2 (@ tag-a,) - B ag (A. 34)
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~ 7/2 = k(a3+oz4+oz5) + ]—g(az—as—a4) +g$1a3 . (A.35)
Using the rule
By = 0, ~ Py) s
Yy = L, = 2y,
Ve = B — -Py) (A.36)

one easily establishes the spin factors for diagrams (b), (d), and (f), as given in
Egs. (3.13) and (3.14). For simplicity of notation we sometimes use the sim-
plifying convention that, instead of writing the index of each diagram in Ij (@),
we will rather use s or u in agreement with Ds or Du of the particular diagram.
The generalization of the above formalism to amplitudes describing spin-3 c-
quarks which interact via spin-1 gluons with the spinless nucleon is straight-
forward; we therefore only indicate modifications,

In the integrands of Eqs. (A.26) - (A.28) for Iéj, the spin parts differ. We

first consider diagram (a). The curly bracket in Iéa of Eq. (A.26) is replaced by

{8+ ) -0 +m ) +B,)} (A.37)
We now follow the same procedure as above: replacement of all internal mo-

menta by the external ones, replacement { ={'+B and subsequent rearrangement

of terms as follows:

{° ° '} = (ﬁl+ﬁ2+ﬁ4_xl_ﬁlt)(mc_xl—ﬂ,')(zéz'*'ﬁli_;(l_ﬂ,') = (ﬁlvfz')(yz-f')(ﬁfg-ﬁ" )

{)#1742%3 + 0% (7&1+7é3) + Q"ﬁzﬁ"} + {terms with odd powers of £'}. (Ao 38)

We have defined

4!

fl

(Bia; +Boby +K'eq)

¥

il

m, + (xﬁlaz + xﬁzbz + k'cz) ,
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= 1
%3 - @133 + ﬁ2b3 + k 03) H (A. 39)
Where the Bis000; etc. , depend linearly on the integration parameters a. In—
serting the definition of Xl, given in Eq. (A.30/31), into Eq. (A, 38) defines the

expansion coefficients in terms of the integration parameters a:

a, =1+« b, =1-a, -«

1 27 71 2 3 71 1’
= = =.11-
8y =0, b2 ——(oz2 +a3) s Gy 2(1 ozl),
= —9 _ =1
ag =0, , b3 =2 (a2+oz3), Cgq =304 & (A.40)

Using the integration formulas in Eqs. (A.1) - (A.4) in order to perform the d4]2
integration, one finds
= 1 D M

B, = W h e +2D (F +hg)+ 2 sV,ﬂzy (A.41)
We now consider the modifications in diagram (c) due to spin—1 gluon exchange.
The curly bracket in the integrand of Eq. (A.27)is replaced by-

{6, -d)¢ +m )@, -4 . (A.42)

In principle we now could go through all modifications as before. In the explicit

evaluation of the helicity matrix elements, however, we found it more convenient

to take advantage of the relation Jéc = —Ea(le Py, M, — -m_). This therefore

leads to Sc = —Sa(wi)with

¥, = (-By2; - Byby +K'ey),

Wy = -mg (B2, - Biby +Kiey)

Wg = (—gﬁza3 - 151b3 + k'cs) . (A.43)
All a; ... are chosen as for diagram (a) and are specified in Eqs. (A.40).

The spin factors for diagrams (b) and (d) are determined by the replacement

Py +* P, in those of diagrams (a) and (c). This does not modify the form of Sa
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as a function of the ;éi; however, it does change the expansion coefficients 8000

(as fufictions of the integration parameters «) in the xfi according to:

=~ = - =1
a, 1+ (oz2 + a3) , b1 (1+a2) » Cy =20,
= = e :‘-—.l —
a, = (oz2 tag), b2 g Cy z(l-aoq),
- = =1
2q -—2+(a2+a3) R b3 =-a,, Cq =30 . (A.44)

To summarize, all spin factors Sa,o .o ,Sd are given by Eq. (3.34) as a function
of the vi (wi)o Differences in the spin factors arise in the expansion coefficients
of these quantities., CHERE for diagrams (a) and (c) are given in Eq. (A.40),
whereas the ones for diagrams (b) and (d) are given in Eq. (A.44).
We now determine the spin factors of diagrams (e) and (f). The curly
bracket in the integrand of Iée in Eq. (A.28)is replaced by
{@, +d)d; +m )¢l + m )dg + B0}, (A.45)

which, by writing the internal momenta in terms of the external momenta and
the loop momentum ', may be cast into the form:

{oo b= () m th+ ") (m bt ) ) (4.46)
where

)&i = 161 ai+k bi+k' c; G=1,00.,4) & (A.47T)
The curly bracket is expanded in ¢' and the d4!2 integration is performed using
Eqgs. (A.1)— (A.4). All terms with an odd number of 4! vanish upon integration,

leading to

B o= 8, +H +8
1 9

(A.48)
€3

whose explicit forms are given in Eqs. (3.45) — (3.47).
The same reasoning for diagram (f) leads to Sf = Se (vi) and the two ex-

pressions differ only in the expansion coefficients v; as a function of the
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integration parameters «. The coefficients in the v, are easily evaluated and

we find for diagram (e):

ay =2—oz3 s
2y =-Qg,

ag =-Qg ,
ay = 2—a3,

and for diagram (f):

ay =a3—2 ’
a, =0Og,
ag = Qg
a, =a,-2,

(S Ty ¢y
g Tyt 5. O
3=oz4+oz5—1, 03
lo4 —a4+a5+1, Cy
b1 =a3+a4+a5-2 ,
b, =a +o +0

=1
= 2(a2+013—a4-1) ,

_1
= 2(a2+oz3-oz4) ,

(A.49)

(A.50)
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APPENDIX B
Here we give details of the "spin amplitudes" Qi’ defined in Eq. (3.18) and

(3.23). In order to clarify our notation, we define the momenta and wave-

functions.

The momentum 4-vectors in the CM-system are:

K =k, 0,0,k, k¥=(E, k'sin 8, 0, K cos 8), (B.1)

pP1‘= (B> 0, 0, k), pg= (E,, -k' sin 6, 0, k' cos ) . (B.2)

We have used the following spin 1/2 wave functions:

F+ cos 5 -F sin 5
. .6 [
F+- sin 3 F+ cos >
u+ = =
. 0
F_cos -g F sin 5
F_sin g -F cos—g- ?
K - ~—— o
— =" —
9] )
F_sin 5 F cos 5
] .8
-F_cos 5 -¥ sin D) (B.3)
v~ ) =
—F+ sin 5 -F, cos 5
6 . 0
F+ cos 3 —F+ sin >
and the photon polarization vectors read:
™ 0)
*1 (B. 4)

-i
|0
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We comment about the definition of our spinors. Since the cc-state describes a
particle of spin-1, we have chosen the phase convention of the spinors in agree-
ment with the phase of the spin-1 helicity polarization of a particle moving in

the direction k' (). This demands that in constructing the c-spinor v_, the

l’
antiquark has to be considered as a 2-state in the sense of Jacob and Wick, 10
which finally results in the change:

3-A
vy = (-1) TV e (B.5)

The spinors in Eq. (B.3) have been obtained by a simple boost and rotation 4 and
do not contain this change. The above phase convention, however, has been taken
into account in the matrix elements, Eqs. (3.18) and @.23).
The calculation of the "spin amplitudes':
= = }\. }\. °
<>\1>»21Qil7\’y +1> Qi( 1 2) _ (B. 6)

is straightforward and we therefore list here only a few examples

_ 20 1 20 §oo 2
Q,(++) = -8 cos” Sk[(E +k)+2k'sin” 5] => -\2(s-my)
Q(-*) = sin ¢ (%1;) [El(E'k—ElkHE'kz(l—-l-{Ecos 6)] == \[m:i(—%+4mi) ,
Q) = ~Bsin® Zk (B +k) - 2kicos’ 7] =5 2 Lt~ 4m? +m)
(B.7)

and so on,
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APPENDIX C
Here we list the expansion coefficients £,7,8,..., in the amplitudes Mj(p, o)

in Egs. (3.38)and (3.39):

Mgy = J—% (t-a)@-ag)

n, = - 1{5 (t-a)-ag)

g, = - l/—sz 4oy -a1a3+a§a3), (C.1)
My £y < % (t-a)E-ay)’

SRR RN

&y ° F % (daj-oqoq +ag0) , (C.2)
My g < G (t-a))@-0g) ,

n, =+ 2 ae-o,”

g, =+ £82' @ e l-ay) (C.3)
Myt £ T fg (t-a)@-0g)”

n =+ \ng— (1-011)(2—013)2 :

& 7 \_/é"g ay@g(l-ey) - (©.4)

The phase convention Eq. (B.5) for the v-spinor has been taken into account. The
expansion coefficients (£ 50 Mg §5) in Eq. (3.44)hide a !ln2 (-s) dependence; their

explicit forms are:

M, £ = Sag -8, My g, = =305 +8,
n5=—3oz3+8, n5=3a3—8,
s = 3By -1), & = EBe;-1), (C.5.6)
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}\_/IE: .§5 =3043—8, —l\il—cl: .g5 =—3a3+8,
n5=30z3-8, 7]5=-3013+8,
ts = %(3011 -1), o = %(3a1 -1). (C.7,8)

The expansion

(e) and (f) are:
Me

1

W]

coefficients appearing in the amplitudes of the nonplanar diagrams

Py = J%[(2-a3)(1-a2-a3-a4—2a5)] ,

no
ul =“[4-[(2‘-a3)(a4+0!5)] ;
c, = i_g[l +{1+20 +20 . H24a a0, )] (C.9)
1 4 47°%p 2773 T4f o ’
2 2
: 51__—_ \/—;—(2—013) ’
2
1 =+‘%-[(2-oz3)(3+a2-a3—014)] )
_ N2
£ =g l@-ag)aytag-a,)] , (C.10)
PN 3. 2 .
: gl '——4~ a3[a3+a3 A2+Ol3 A1+AO] »
A = 21a—a—2a)2
0= " 2l-agma-2ag)
2 4 3 2
nl “‘—‘\ILG'[OZ3+063° A3+013° A2+O!3° A1+A0] ’
2 2
Ay= 4@ - o)+ 2(e - @, -l
_ J2. 4 3 2 -
b1 =g lags Agrag e Agtage Ay tage A+ Al
A={40? - &%)+ (Ba, - 2)a, - a,) (C.11)
o= 1Hloy — ey 5 2" 44 )
.E :_1[2—- 1—0[ - - —2a)
PEy NG} ( 043)( 9 3 4 5 I
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+:/—4_2[(2 -oz3)(2 —oz3—oz4 ~a5)] ,

_ N2
= +%0 1+ {z-az-a3+a4}{3-2a3-2a4-2a5}] ,
2 2
_’\/'7;—'(2‘0[3) ’
J2
+—-4—[(2 - a3)(1 -, - o + 014)] s
N2
_l/é_—[(z-a:;)(az —O£3-O[4)] ’
—{42— a3[ag+a§° A2+oz3° A1+AO] ,
A = 201 -0, -o, -20 )2
0 - ( 2 4 57 °
J2

4 3, 2
-—=ja +oe3 A3+a3 A2+oz

16 1% s AT AD

3
A = d@?-odyrae, - 1)@, - o,
0 2 ~ %y 5 5 AN

J2

8

4 3 2
[a3- A4+oz3 A3+oz3° A2+oa3n A1+A

A, = {4(042 - ai) + Bag - 6)(a, - oz4)} .

0]’

(C.12)

(C.13)

(C.14)
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FIGURE CAPTIONS

Lépton decay of the photoproduced y-resonance,

d~-photoproduction in a picture of quarks interacting via gluons.

Photoproduction of i = (cc) as viewed in a two-gluon exchange model.

Integration region for integral (4.54).

Size and t-dependence of residue functions ft(g) appearing in the asymptotic

form of the amplitudes of diagrams (a) - (d).

Size and t-dependence of residue functions ht(g) appearing in the asymptotic

form of the amplitudes of diagrams (e) and (f).

mG—dependence of residue functions ft(l) (Eq. (3.51)) and ht(l) (Eq. (3.58)).

This behavior is representative of all integrals of the same type.

mV—dependence of residue functions ft and ht given in Eqs. (3.51) and (3.58).

Two-gluon exchange model with vector gluons. Density matrix element pgo

G
region where the nonflip amplitude vanishes (peak). The kinematical vari-

for p- and y-photoproduction as a function of the gluon mass m  in the
ables are s =30 GeVz, t=-0.2 (GeV/c)z°

Two-gluon exchange model with vector gluons. Density matrix element pg 0
for p- and y-photoproduction as a function of the gluon mass m G in the
region where the nonflip amplitude vanishes (peak). The kinematical vari~
ables are s =30 GeVz, t=-2,0 (GeV/,c)z.

Pogition of the peak (in Fig. 9) as a function of my, and m . for s =30 GreV2
and t =-0,2 (GeV/c)z.,

Two-gluon exchange model with vector gluons. Gluon mass dependence and

relative size of the flip and nonflip amplitudes (in arbitrary units) for -

2
photoproduction, The kinematical variables are s =30 GeVz, t =-0,2(GeV/c).

Two-gluon exchange model with vector gluons, Gluon mass dependence of
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the nonflip amplitude for y-photoproduction. The amplitudes of diagrams

(@7 - (d) and diagrams (e) and (f) are presented separately. The kine-

matical variables are s =30 GeVz, =-0,2 (GeV/c )2o

Two-gluon exchange model with vector gluons. t-dependence of pgo for p-

photoproduction at the peak, The gluon mass was chosen to be m G=0. 04 GeV.
Two-gluon exchange model with vector gluons. t-dependence of pgo for ¥-
photoproduction at the peak., The gluon mass was chosen to be m G=

1.0 GeV.
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