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Production of one or two vector mesons in peripheral high-energy collisions of heavy ions
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We study the production of spin-one mesons in high-energy heavy-ion collisions with peripheral kinematics

in the framework of quantum electrodynamics (QED). The cross sections of the production of a single vector
meson and of two different ones are presented. The explicit dependence on the virtuality of the intermediate
vector meson is obtained within a quark model. The effect of Reggeization of the intermediate vector-meson
state in the case of the production of two vector mesons is taken into account.
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I. INTRODUCTION

The CERN Large Hadron Collider (LHC) provides the
opportunity to study experimentally the production of scalar,
pseudoscalar, and vector mesons in peripheral collision of
heavy ions. Peripheral kinematics implies the detection of
particles produced in directions close to the axis of the
colliding beams [1]. The main feature of these processes is
the nondecreasing total and differential cross sections. The
invariant mass of the created particles is assumed to be
small in the fragmentation and central regions in comparison
with the total energy in the center of mass of the colliding
beams /s = 2E. The application of the known theoretical
approaches, such as the Nambu-Iona-Lasinio model as well
as chiral perturbation theory, seems to be legitimate. We
shall consider, in pure quantum electrodynamics (QED), the
processes of the production of a single vector meson and of two
vector mesons separated by a rapidity gap. It is known that the
main contributions to the amplitudes of peripheral processes
arise from the interaction mechanism of ions, mediated by the
exchange of spin-one particles, such as virtual photons, vector
mesons, and gluons. For sufficiently large electric charges
of the ions, virtual-photon exchanges will eventually play
the dominant role. Actually, the effect of the replacement
o — Zo for the case of charged heavy ions, e.g., for Pb-Pb
collisions, exceeds the corresponding QCD contribution for
typical regions of momentum transfer, where oy ~ 0.1-0.2,
which seems to be essential in the experimental setup. We
shall consider processes of the creation of one and two vector
mesons, such as orthopositronium or the p, w, and J/y
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mesons.

Yi(Zy, P)+Yo(Z,, P) — Ve, r)+Yi(Zy, P))+Y2(Z,, Py),
Yi(Zy, P))+Ya(Zy, P)) — Vey, 1) + Ve, 12)
+Y\(Zy, P)+Y2(Zy, P)). (1)

Here, P;, P/ are the four-momenta of the incoming and scat-
tered ions, and e, e; and r, r; are the polarization four-vectors
and four-momenta and of the created vector mesons, which
obey the transversality conditions e(r)r = e;(r;)r; = 0. To
describe the peripheral kinematics, it is convenient to introduce
the light-cone four-momenta p; as linear combinations of the
incoming-ion four-momenta P;:

pi=P —AP,, py=P,—nP, pi=p;=0, @
Pl =mi, P}=m3, 2P P,~2pipy=s>m,

where m; are the masses of the ions. In the calculation of the
differential cross section, the effects of the off-mass-shell-ness
of the exchanged photons and vector meson must be taken
into account. Our approach is based on taking the constituent
quarks to be QED fermions. The additional factors for the
QED amplitudes associated with the color and charge of the
quarks will be discussed later.

The details of the wave function of the bound state were
discussed in Ref. [2]. For our approach, only one structure R is
relevant. The virtual-photon polarization effects in the process
y*gg — Y were considered in Ref. [3]. The analysis of the
inclusive annihilation of heavy quarkonium beyond the Born
approximation of QCD was presented in Ref. [4]. In our work,
we shall obtain the differential cross sections for the creation
of one or two vector mesons considered as bound states of the
relevant quarks.

©2012 American Physical Society
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FIG. 1. Feynman diagrams pertinent to single vector-meson production in peripheral heavy-ion collisions.

II. MATRIX ELEMENTS OF THE 2 — 3 PROCESSES

To lowest order in perturbation theory, there are two sets of
Feynman diagrams involving three virtual-photon exchanges
(see Fig. 1). The contribution of each of them to the total
cross section has the form o ~ og(aL? + bL + ¢), where
L = In(s/M?)is the “large” logarithm and M is the mass of the
created vector meson. The interference of the relevant ampli-
tudes only contributes terms devoid of the “large” logarithm.
Below, we restrict ourselves to the consideration of just one of
the amplitudes, which corresponds to exchanges of one virtual
photon with one ion Y;(Z;, P;) and of two virtual photons with
the other ion Y»(Z,, P>). Using the prescriptions proposed in
Ref. [1] for evaluating the matrix element of the peripheral
process of single vector-meson production, we obtain

MY]Y2~>Y1Y2V —

(AraZ)@draZ,)? (2)3le
S

ar
d4
x /—qzszstFCV, 3)
(2m)*q%q3

where the factor CV accounts for the color and charge of
the quarks and N;, N, and F are given by the following
expressions:

1 R
N = ;ﬁ(Pf)qu(Pl),

1 _ pPr—q+my
N, = _M(P/)[ﬁl—ﬁl )
22 Y (pa— @ —m3
. =g tmy
+P1—P1:|M(P2),
(p2 — q3)> — m3
1MAI vk A .
FZETZTrO (p+ M)éepiu.papr, ()

where g3 = g, — q. The coupling constant A, which we
shall specify below, measures the strength of the interaction
of the vector meson with incoming photons. The quantity
ii(q)0"*v(g,) is the matrix element of the subprocess
3y — qg depicted in Fig. 1. So, we have

- —g+m[ 1 N R ., R R
0" prupavpa = pr—————| —Pa(=G4 + Gs + m)p2 + — pa(—G4 + Go + m)p2
D, D, D,
r, A N r, N |G+ G +m
+ [Dz P2G-—q+m)pr+ D; p2G-— g3+ m)pz] D, P1

+ ﬁ[ﬁz(CI— =4 +m)p1(=4+ + G +m)pa + pa(G— — §3 + m)p1(—q4+ + G2 + m)p2], (6)
273

where ¢g. are the four-momenta of the created quarks
and the denominators are given by the expressions
Dy =(q- —q1)* =m* +i0, Dy =(—q-+q)* —m*+i0,

and D3 = (—q;+ + q3)*> — m* + i0. Following the rules for
the construction of the matrix element of the quark-antiquark
bound state [5], we must put g, =¢g_- = p/2 in this
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expression. Let us now introduce the Sudakov parametrization
of the loop momenta and the momenta of the quarks and virtual
photons:

g1 =PBipi+qiL, g =a3pr+ B3p1 +q3L,
q=oapy+ Bp1+q.1, (7

s .
gr =ospr+Pipi +qi1, diqg= Edadﬁdzfl

From four-momentum conservation and the on-mass-shell
conditions of the quarks, we have

1
B+ =pB-= 5,31, o+a3z =a,
(®)

= 4m?
soy = 2ﬁ (P° + 4m*).

The expressions for the denominators can now be rewritten as

G+@=q+q4+q=p.

Dy = —Gi + pgi — 3(B° +4m?)
=—%%+%+Mﬂ —3R.

Dy =—g*+ pg — Esﬂla + 0,

Dy = —g; + pgs — s(a — ax)By + i0.

€))

Performing the integration over the component 8, of the
loop momentum, we obtain for N,

1

1 o0
s/dﬁNz = ;ﬁ(le)ﬁlu(Pz)/ Sdﬂ[m

1 S DI
+ m} = (—2711);u(P2)u(P2)

= —27iN;. (10)

Summing the squared moduli of N; and N} over the spin states,

we obtain
YN =2 YN =2 (11)

In a similar way, the integral over the Sudakov variable o gives

us
/OO d (1 n 1) (—2mi) 2 (12)
sda| — + — | = (—27i)—.
oo D,  Ds B

As a result for the contribution of these terms to the matrix
element, we have

8UnaZ)dnaZy)? ., Qri? | MyA [ d*G 1
7 Y2 40n¢ D, 2 m§2G2 4

13)

with the trace

=

1 1 1
T = _Trl #, [ —=
1 T Q 1 r|:p2( 2p+q1+m>

1
- P (Eﬁ_qu +m> ﬁz] (p+ M)

1 N
= ZTr[ﬁzfllﬁl + pr1g1plMeé = sM(qe). (14)

S Tro,
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The contribution of the last two terms may be found using the
relation

o 1
/ sdocD D =(-2 1)—— (15)

0 »Ds B D

where D = R — 4Ggs. The calculation of the relevant trace
leads to

| . R R
=Tr pal(G—1 — Go1 + m)(—G41 + 4§31 —m)

4
+(G-1 — Gz +m) (=441 — Go1 —m)|(p + M)é
1 M
= —Zmz Tr p2g1pé = —37/31(6116)- (16)

Here, the expression contained within the square brackets
is 2m(gs + §» — G+ — §—) = —2mgq,, the replacement (p +
M) — p is due to the relation pe =0, and pr,p = %S,Bl.
Furthermore, we have

1 144G —q)

—_— = 17
D R RD an
‘We thus obtain
27i)8(gg3)(eq) M
/MF=<memmo A s
RD 2

It is worth noting that the right-hand side of this equation
vanishes in the the limit where the transverse momenta of each
of the three virtual photons vanish, which is a consequence of
gauge invariance.

The final result for matrix element corresponding to the
Feynman diagram in Fig. 1(a) is

- 2127, 230’
MY1Y2 Y1Y2V=M2 q—ANlNz(CIIe) ](429 R)CV,
1
(19)
with
£i G
(3. R) = / 19 20)
7§25 R —4q4s)

As shown in Appendix A, the function J has the form

. 1 R R—§’

2¢," — R 2‘12 7
= —L(x1), 21
o) 1)

where

1 (1+x)? a3
L(x) = 1 , = . 22
)= oy mes s @

III. DIFFERENTIAL CROSS SECTION OF SINGLE
VECTOR-MESON PRODUCTION

The Feynman diagrams contributing to the process of single
vector-meson production are shown in Fig. 1. The phase space
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volume has the form
Qu)y*d>P] d*Py d*p
(271’)9 2E; 2E/ 2p0

i= 64(P1+P2—P1 Py—p). (23)

We introduce the factor d*q,8*(p1 — q1 — p/l)d4q284(p2 -
g2 — p5) in terms of Sudakov variables and use the standard
Sudakov parametrization of Eq. (7) [1]. Allowing for the vector
meson to be unstable, the three-particle phase space volume
then becomes

1L @)t ,d*qd%, dpy

ATy = —
ST oyt T 22 B

dp*R(p%), (24

where p? = sasB1 — (¢1 + ¢»)* and we have replaced the delta
function by a Breit-Wigner resonance,

57 — M%) — R(p?) = ~ e
P P r -t
where M ~ 2m, and I" are the mass and the total decay width
of the vector-meson resonance and m, is the mass of the
bound quarks. The quantity p*> = (P, + P, — P| — P;)* may
be associated with the square of the missing mass in the process
of single vector-meson production.

With the matrix element of Eq. (19), we now have

(25)

M2r?’

oY S27772M201321Z2N1N2AZ 26)
R b
where
Zy(q1€) Zi(q2€) cv
Z= |57 L&D)+ ?E( 2) . @27
[q?(q?Jer) @ (a3 + M?)
The relevant differential cross section is
doV 2%7(Z1Z,)* a8 AP M* _, d*G1d*G> dp
=~ = - 72— R(p®). (28)
dp R b4 ﬂ

The interference term in Z2 is canceled by the average over
the azimuthal angle. For the case of extremely small transverse
momentum |g;| of ion Y}, a modification of this formula is
necessary, which consists in replacing

L dp =B dp
- 2 ’
@k @+ma) B
and a similar replacement for small values of |g,|. This leads

to the so-called Weizsacker-Williams enhancement factor in
the total cross section:

(29)

do®
e oOR(pz)[zg(L% —5Ly) + Z{(L5 — 5L»)
2 2 m% m%
|
do® 2008 (M \M>Z,Z,)*

=y
drlzdrz2 (6724_ M‘Z/)Z

After integration over d>g, we obtain

do?  871Zjg'a®
dridr} n B B

' (AL R(r) R(r3)ITIXGe1) (G2 (Cy' Cy?)
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where
321 (Z1 Zra®)?
00 = 71(1—20‘)"4(6‘ Y(1 —1n2),
M?
Li,=In il
1,2 - m%’za
/1 dx 5+x 5 1+2x 1
c=2 — n—
0 X 2(1 —x)3 2 (1—x)* x
~~ 10.4565. 31

In Sec. V, we present typical values of o1’ for orthopositro-
nium and the p, w, and J /v mesons.

IV. DIFFERENTIAL CROSS SECTION OF DOUBLE
VECTOR-MESON PRODUCTION

In the case of two vector mesons in the final state, we
must consider the two mechanisms due to the sets of Feynman
diagrams indicated in Figs. 2(a) and 2(b).

The phase space volume of the four-particle final state is
Qn)* _sdpi dp’ d*qd*q'd>q

]T —_—
Qm)2" B B n3

1
X dr1 dr2 ( )R(rzz)g,

4 =

(32)

where 2 = sa/B1 — (g1 — q')* and r? = s’ — (G2 + §')*.
Also here, we assume that m? ,/s < B’ < B < 1. Let us
introduce another auxiliary four-vector: ¢’ = o' p> + B'p1 +
q) -

The matrix element of the process of double vector-meson
production mediated by a virtual vector meson [see Fig. 2(a)]
has the form

HT TRV _ (lezaz)leNzAlAz(Mv,Mv2)2 n?2°
a P+ M
x T(q é1)(G eCy' Gy, (33)
where T is given by the expression
_ e R Re) | Jlai R R)

R/R, RiR,

Wlth R1 —q +q1 +M1, Rz_q +q2+M2, R1 —q +
g+ M2, and R, = ¢ +q2 + M?. Here, My is the mass of
the virtual vector meson, g is its couphng constant, and M| »
are the masses of the created vector mesons.

The cross section of the process of double vector-meson
production is

2d*G1d*§>d*G dB dB

_— 35
w3 B B )

2 2

2
MM 3
(1 +2c0520) P19 4, 4,2 (—V> R()R (rz)(chVZ)quldqu ( ai 4 ) (36)

M3 M} M2 M2
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FIG. 2. Feynman diagrams pertinent to two vector-meson production in peripheral heavy-ion collisions via intermediate (a) vector-meson
and (b) two-gluon states.

where cos 6, = cos ¢;¢, and

i & \_ [* 43 @)
PO uz) =) Gz 0 (37)
v v 0 (q + M v)
is evaluated in Appendix B yielding the numerical values presented in Table I.
For the case of two-gluon exchange [see Fig. 2(b)], the matrix element has the form

yneonnvve 2127 3(212205 o )(Mv]Mvz) NiN;

2 — A AA0C!" ¢/, (38)
b " 4143 ¢
where
I(Ry, oo R
0= %(elql)(ezqz) + %(elqz)(equ) (39)

The quantity /(R;, R») is given in Appendix A. For the cross section, we may write

do®  227(Z,Zy00?)(My, My,)* dp, dp d2Gd*G>d> 2
T ( q2_>2)2 ———R(r1)R(r3) Q* = —(Ay A2>2—‘“ DA (cheky. (40)
ridr} @) Bp 2
Performing the integration over d¢, we obtain
da,gz) 2107 (Z Zya%a ) dxidx, ) dp, dp Vi v 2 _
= R(r})R(r3) — —(A;A2)*(C)' C,?) [® + @ + 2 cos’ 6;,GIW, 41
dridr; x1x2My, My, (ri)R() B ,3( (G G0) T 12G] (41)

where the functions ®, ®, and G are evaluated in Appendix B In the region of small values of (}122 we must replace g7 —

yielding the numerical values presented in Table II, ‘11 + ‘31 ml 62 N q2 + a%m%
We note that the interference term of the two amplitudes is
W = dg; dg; (42)  absent, so that IM® + MP 2= M@+ M2
~2 *2
a 9

is the Weizsacker-Williams enhancement factor, and
V. DISCUSSION AND CONCLUSIONS

=2 . . .
= 912 (43) We studied the production of one or two vector mesons in
b2 My, My, peripheral heavy-ion collisions at high energies. In the case
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TABLE 1. Values of the function P(xy, x,; 1, 1), defined in Eq. (B1), for different values of x; and x,.

x1\Xa 0.1 0.5 1 1.5 2 3 4 5

0.1 0.076 0.0047 0.00049 0.000082 0.00004 0.000046 0.000045 0.000038
0.5 0.0047 0.00036 0.000049 0.00001 3.66x 10°© 251 x10°° 248 x10°° 223 x 10°°
1 0.00049 0.000049 9.0049 x 1076 234 x 10°°  7.85x 1077  252x 1077 2136 x 1077 2.03 x 1077
1.5 0.000082 0.00001 2.34 x 10~° 739%x 1077 278 x 107 646 x 108 3357 x 10~  2.85x 10~%
2 0.00004 3.66 x 107° 7.85 x 1077 278 x 1077 129x 1077 459x 1078  252x 10  1.76 x 10~%
3 0.000046  2.51 x 10~ 2.52 x 1077 6.46 x 107 459 x 10%  4.02x 1078 321 x10°  2.45x 1078
4 0.000045  2.48 x 10~ 2.14 x 1077 336 x 1078 252x 10°  321x 10 291x 108  235x 1078
5 0.000038 223 x10°°  2.029x 1077  285x 10 176 x 108 245x 108  235x 10"  1.96x 10%

of Za > «y, a simplified version of a general theory [4] can
be used to lowest order of QED and QCD that is based on
the subprocesses y*y*g — V and y*gg — V. In our study
of double vector-meson production, a vector meson can also
appear virtually as an intermediate state. In this case, it is
important to replace it by the relevant vector Reggeon state,
with the Regge trajectory

In the case of single vector-meson production, the color
and charge factors are C¥ = 1 for orthopositronium, C" =
3y 0) = 1 for the p and w mesons, and C¥ = % for the

u,d

J/ ,I/f meson. In the case of double vector-meson production [7]
through the mechanism shown in Fig. 2(a), we have C2V ' =
3y Qf] = % for the p and w mesons, and CZV' = % for the
J /¢ meson. In the case of the mechanism shown in Fig. 2(b),

av(@)) = av(0) + oy (0)G) ~ ay(0) ~ 1/2. (44) we have C!" =33 Q, =1 for the p and w mesons, and
This results in an additional factor ¢ = 3% = 2 for the J /v meson.
2\ 2ay(0)—1) Note that the mechanism involving single y* exchange
(p_) ~ S_O, (45) [see Fig. 2(b)] yields a L* enhancement, whereas double y*
S0 P’ exchange [see Fig. 2(a)] only produces a L? enhancement. For

where so ~ 1 GeV and p? is the missing-mass square, in the
cross section do .

When constructing the invariant mass square of the decay
products of one vector meson, p> = (P + P, — P/ — 2’)2 =
sPras — (G1 + §2)?, we take into account that the part sf;a;
is the combination (3" E;)* — (3 pi;)?, with E; and p;, being
the energies and z components of the three-momenta of the
decay products, while the part —(g; + ¢)? is the contribution
from the transverse components —(3_ p;1)?. Here, it is
understood that the z direction is taken along the beam axis
in the center-of-mass frame. Such is the case for double jet
production with r§ = (P; — P{ — q')* = sa/B1 — (g1 — §')*
andry = (P, — Py +q')> = saf’ — G2+ §').

The coupling constant A of the meson-photon interaction
in the case of single vector-meson production, appearing in
Eq. (5),is given by A = a/2/(2/7) for orthopositronium and
by A; =2 fy, /My, with f, = f, =0.21 GeV and f;, = 0.38
GeV, for the w, p, and J /¢ mesons, respectively (see Ref. [6]
for details).

pp collisions at the LHC, the “large” logarithm is as large as
L=In;=~T7.

We do not consider gluon exchange between heavy ions
and vector mesons to avoid channels with ion excitation.

Our study was performed in terms of the momenta of the
particles and the fractions f; and «, of energy transferred from
the ions via the virtual photons to the created vector mesons.
In the case of the production of a single vector meson, its on-
mass-shell condition implies that sy 81 > M‘z, with oy, B <
1, and its rapidity is

d E

A _ 1y Evtpve (46)
pi Ey — pv;

As for the production of two vector mesons, there is a rapidity

gap between them. The impact factor p is inversely related to

the modulus |g| of the two-dimensional transverse momentum
q. In the Weizsacker-Williams approximation, we have for the

TABLE II. Values of the function ®(x;, x5; 1, 1) = ®(x;, x2; 1, 1) = G(xy, x3; 1, 1), defined in Eq. (B4), for different values of x; and x,.

x1\Xa 0.1 0.5 1 1.5 2 3 4 5
0.1 1.67 1.006 0.623 0.428 0.314 0.191 0.129 0.094
0.5 1.006 0.6142 0.386 0.268 0.198 0.123 0.08399 0.0615
1 0.623 0.386 0.246 0.173 0.129 0.0808 0.0559 0.0414
1.5 0.428 0.268 0.173 0.1221 0.0918 0.0583 0.04078 0.0304
2 0.314 0.198 0.129 0.0918 0.0695 0.0446 0.0314 0.0235
3 0.191 0.123 0.0808 0.0583 0.0446 0.029 0.02073 0.0157
4 0.1297 0.08399 0.0559 0.04078 0.0314 0.02073 0.149 0.01142
5 0.094 0.0615 0.0414 0.0304 0.0235 0.0157 0.01142 0.0088
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G JG2 Prax o2
f = f e “7
0 q + Qmin R2 P

ion

distributions

where |gmin| = MionM ‘2, /s is determined by the characteristic
values of the momentum transfer to the ion, and R;,, and m;e,
are the radius and mass of the ion, respectively. For Z = 80 and
A = 200, we have Rj,, & 5 fm. Also assuming My = 3 GeV
and /s = 7 TeV, we have |gmin| ~ 0.04 MeV. The maximum
allowed value of the momentum transfer |gma.x| is determined
by the condition that the ions do not reach exited states. Nuclear
resonances have masses of typically 30-100 MeV. Thus, the
momentum transfer varies in the range 0.04 MeV < |g| <
100 MeV. The corresponding range of variation of the impact
parameteris Rion < 0 < Pmax, Where pmax = 1/|qmin] = 5 pm.

We now estimate the cross section of single vector-meson
production according to Eq. (30). Using the approximation
[dp*R(p*) = 1,weestimatesV for Z; = Z, = 80and L, =
L, =7 to be 0.8 pb for orthopositronium, o, = 3.2 pb for p
and o mesons, and 4 pb for J /v mesons.

Using similar approximations in the case of double vector-
meson production, we find

o 2 o) _ aiL?

o (zap ~034, T~ LT g 48

ol o (Za)?
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APPENDIX A

In this section, we shall explain how to calculate the two-
dimensional Euclidean integrals appearing in Egs. (19) and
(39),

&k k(G — k)

J@ R = | ——et,
o % R2G) — D
27 7 72 (Al)
P2k kG —F
I(R,, Ry) =4/—W+»»
7 k% (g — k)>*D1 D,

where D = R —4k(§ — k), R =G>+ G2+ M2, D; = R; —
4k(g — k), and R; = g7 + q*> + M?. For the first one, we have
R—-D

d*k :
4] = — = = hm[RJ] - JO], (AZ)
T k2(42 _ k)2D r—0

PHYSICAL REVIEW C 86, 045203 (2012)

with

Ji =/d—2]€ = ! = ,
T (K2 +22)(g> — kP + A2)D

d*k 1

TR 4G — kP D)

Using Feynman’s trick of joining the denominators,

! —/ld ! (A4)
ab ~ Jo x(xa—i—ib)z’

with ¥ = 1 — x, we obtain for Jy:

(A3)

; /1 p / d*k 1
0= X [ ——=
0 T [(k - gox)’ + ¢o2xx + 2]
1 -2
d 2
0 G3XxX+Ar* g5 A
For J;, we have

1 1 ydy
4J1 Z/ dx/ -2 -, 5 > N 2
0 0 [q2 XXy +Z(R—yq2)+y)»]

(A6)

where y = 1 — y. Introducing the variable t = 1 — 2x, we
may cast this into the form:

1 1 dt
Ji =4/0 ydy/o —(A “BrR (A7)
where
A=@y +3(R—@°9) +4y2% B=§)" (A3)
Performing the integration over ¢, we obtain

1 12 1/2 172
d 2(AB A"+ B
i f yay [ ( ) 1 ]
0

A32B2| A—B N2 _ gl

— i+ () | (A9)

1
dy
]2:/(; m]l’l

where

T1/2 +y

T2 —y
(A10)

)

1
d
11=2f - fy ,
o [¥(p—¥)+4yolT

with

o _ R A?

T=y+¥p—9). p==z. o==. (Al
q q

The first integral /; contains an infrared singularity. Intro-

ducing the small parameters o and €, with 0 < € K 1, we

rewrite it as

1—€ d 1 d
11=2/ 4 +2/ S
o Ye—=Mp—-1+y2-p)] l—e Yo +40
2. p

2

For the second integral I, which is infrared finite, the
*—a

substitutions T = ¢%, y = >,a=p—1,and a+b=1

(A12)
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yield

/ 2/1 dtl th+1t>—a 2/1 dt(l—t)[ b+ 2t b—2t ]
= — —— nN--—— = - —
2T b -2 —a) blg 1 libtiP—a h—1+a

1 > +a 2 a+1

The total answer for J; is

1\°[1. 1 2
Ji(p) =2 (Tz) [— In—4+ ———2Inp—2In2—1In(p — 1))] ) (Al14)
q p o p2—p)
For the sum J = RJ; — Jy, we obtain
. 1 R? 1 1 1)2
J(R,G@) = —5——1n = In & (A15)
2G5 —R  4R-G3)35 Gi+Mx—1 4x
where x = G3/(q7 + M?).
For the integral I, we have
k1 R, — D)) (R, — D R2 R?
ar= (L1 RZDOR =D _ + R g ) = e hiRD, (A16)
T k3(g — k)? DD, Ry — R — R,

where J; given in Eq. (A9) and R, = 51,22 +3*+M 12’2. The infrared singularity is canceled using

1 R R? R R}
1= . In — S In — 4 (A17)
R — Ry 2> — Ry 4¢*(Ry—q*) 2¢°—Ri 49*(Ri—q?)

For the case of Rj = R, = R = G} + > + M?, we have

1 2G3 | R?
— n .
R—gi 247 —R " 4Gi(R* - q7)

27
I<R,R>=—i/d’<w

(A18)
IR J m  k*g—k)?*D

9 oy
4ﬁ[RJ(R,q )] —4[

For the cross section of single vector-meson production, integrated over g; and ¢35, we have

doV  167(Z1Z2a%) A /00 dx ln2<(x+1)2>{Z/ L ﬁ)/ dt -t
dp*R(pD) M2 ) Gt D212 4 AR o w0+ o))

m3 m3
+<ﬂ1—>(¥2,Zl<—>22,;01=ﬁ12—>,02=v22)}- (A19)
Using
*© d 1)?
/ * 2 (EEDT Cog C o, (A20)
0o (x2—1)? 4x
we obtain the expression given in Eq. (31).
APPENDIX B

In this section, we shall explain how to evaluate the integrals appearing in Egs. (36) and (41) relevant for the mechanisms
based on vector-meson [see Fig. 2(a)] and two-gluon [see Fig. 2(b)] exchange, respectively.
In the first case, we have

[e'e] 2
dx -x° ,

P(x1, X235 p1, p2) = — T, B1
(x1, X235 p1, P2) /0 G (BI)
with
. — i(xy, r)i(xz, r2) + i(xlafl)i_(foZ)’ B2)
rirn rirn
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r2

i(x,r)=

In ,
2x —r  4x(r —x)

(B3)

andry =x+x1+p. n=x+xX2+ 2, I =X+ X1+ p2, 2 =X+ X2+ p1, p1 = My, /My, and p, = M}, /M7, Numerical
values of P(xy, x,; 1, 1), appropriate for the important case p; = p, = 1, are listed in Table L.

On the other hand, we have

o0 . 2 o0 .= = 2
J(ri, r2) < J(1,72)
q)('x17-x2;pla p2):f dx<l—) ) q)(xlaxz;lola 102)2/ d-x(l— )
0 0

rr

Jri, ) j(r, 72)

i

o0
G(x1, x25 p1, p2) = f dx — (B4)
0 rirarir;
where
. r r r?
jrr) = ry—rnr; |:2x -1 In 4x(ry — x) 2 — ry In 4x(r; — x)i|. (B3)
In the case r; = r,, we have [see Eq. (A18)]
2 )
J'(rl,rl)=4—(x8_x1)2 n (x:xl) ) x=ﬁ. (B6)

For p; = ps, we have ®(x1, x2; p1, p1) = P(x1, x2; p1, p1) = G(x1, X2; p1, p1). Numerical values for the important choice p; =

0> = 1 are listed in Table II.

[1] A.B. Arbuzov, V. V. Bytev, E. A. Kuraev, E. Tomasi-Gustafsson,
and Yu. M. Bystritskiy, Phys. Part. Nucl. 41, 593 (2010).

[2] I. F. Ginzburg, S. L. Panfil, and V. G. Serbo, Nucl. Phys. B 284,
685 (1987); 296, 569 (1988).

[3] E. V. Kuraev, N. N. Nikolaev, and B. G. Zakharov, JETP Lett.
68, 696 (1998) [Pis’'ma Zh. Eksp. Teor. Fiz. 68, 667 (1998)].

[4] G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Rev. D 51,
1125 (1995); 55, 5853(E) (1997).

[51 G. S. Adkins and Y. Shiferaw, Phys. Rev. A 52, 2442
(1995).

[6] M. V. Terentev, Sov. J. Nucl. Phys. 24, 106 (1976)
[Yad. Fiz. 24, 207 (1976)]; V. B. Berestetsky and M. V.
Terentev, Sov. J. Nucl. Phys. 25, 347 (1977) [Yad. Fiz. 25,
653 (1977)]; S. P. Klevansky, Rev. Mod. Phys. 64, 649
(1992).

[7] V. Pozdnyakov (private communication).

045203-9


http://dx.doi.org/10.1134/S1063779610050011
http://dx.doi.org/10.1016/0550-3213(87)90057-5
http://dx.doi.org/10.1016/0550-3213(87)90057-5
http://dx.doi.org/10.1016/0550-3213(88)90033-8
http://dx.doi.org/10.1134/1.567931
http://dx.doi.org/10.1134/1.567931
http://dx.doi.org/10.1103/PhysRevD.51.1125
http://dx.doi.org/10.1103/PhysRevD.51.1125
http://dx.doi.org/10.1103/PhysRevD.55.5853
http://dx.doi.org/10.1103/PhysRevA.52.2442
http://dx.doi.org/10.1103/PhysRevA.52.2442
http://dx.doi.org/10.1103/RevModPhys.64.649
http://dx.doi.org/10.1103/RevModPhys.64.649



