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Role of the QCD-induced gluon-gluon coupling to gauge-boson pairs
in the multi-TeV region
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We discuss the production of yy and Z y pairs induced by the gluon-gluon fusion mechanism at
typical supercollider energies. Due to the large flux of gluons with small fractional momenta, it is
found that in certain kinematical configurations this subprocess, although of order (o., /~) with

respect to the leading quark annihilation, can give an appreciable contribution to the cross section
for Z y production and even a larger one for the yy production.

I. INTRODUCTION

Hadronic production of intermediate-vector-boson pairs
will be extensively studied at the future supercolliding pp
machines. ' At the leading order in QCD and in the elec-
troweak coupling constant the dominant process is
represented by the quark-antiquark annihilation. The typ-
ical values of the partons fractional momenta which are
relevant to boson pair production are of order
x —Mz /E, and can therefore be as small as
10 —10 for center-of-mass energies of 10—40 TeV. In
such a small x range the number of gluons in the colliding
p and p becomes much larger than that of quarks and an-
tiquarks. Due to this increased gluon luminosity, one
can expect that gluon-gluon-initiated processes in the hard
interaction (although of higher order in as) can play a
role with respect to the leading, quark-induced ones. In
this context it should be interesting to analyze the contri-
bution of the gluon-fusion process represented by the
quark box diagram of Fig. 1 (and crossed ones). Com-

y, 2'

FI&. 1. Quark loop diagram for the gg-induced production
of yy and Z y pairs.

pared to the qq annihilation this process contributes an or-
der (as/m. ) to the cross section. In the expansion of the
latter in powers of o.z there are, of course, many other
terms, proportional to a& and to u~, which originate
from QCD corrections to the quark-antiquark annihila-
tion and also from quark-gluon-induced processes, and
which are known only to a limited extent. Among other
things, these corrections affect the leading QCD defini-
tion of the Q -dependent quark and gluon distributions.
From this point of view, the quark box in Fig. 1 is thus
one among the corrections of O(as ). Nevertheless, as it
contributes positively to the cross section and can be con-
sistently estimated by using the gluon distributions at the
leading order in QCD without requiring the knowledge of
the other corrections mentioned above, it represents as it
stands a well-defined term which is sensible to analyze.

The yy~yy scattering via the fermion box diagram is
a classical issue in the context of QED, and has received
much attention in the past; ' The calculation of the box
diagram in the general configuration is a very complicated
technical problem, and leads to cumbersome formulas,
which have been explicitly worked out, for off-shell final
photons, in Ref. 4. Thus, in the present paper we will uti-
lize the results of Ref. 4 in order to discuss, as the sim-
plest applications, the cases of gg~yy and gg —+Z y.
Although rather special at first sight, these processes
should already be representative (at least in a qualitative
sense) of the role of the gluon-gluon box diagram in the
more general--case of the production of two massive bo-
sons at the supercolliders. For gg —+yy relatively simple
formulas can be written down which, however, have only
been exploited so far at the lower energy of present collid-
ers. For gg~Z y such a compact formulation does not
exist. In the next section we will briefly describe the pro-
cedure followed to derive the gg~Z y helicity ampli-
tudes, as well as the various inputs used in order to com-
pute the yy and Z y production cross sections in pp: In
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FICr. 2. Mass spectrum of yy pairs produced in pp collisions at V s =10 TeV (a) and Ws =40 TeV (b). Solid curve, qq annihila-

tion; dashed curve, gg-initiated process. The allowed minimum transverse momentum for the photons is 50 GeV/c. The rapidity cut
Yis 2.5.
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the last section a discussion is given of the results so ob-
tained.

do
dz

a, a, eq(r3 —4eqsin Op )

16' g k 4 slI18g cosOpr

II. CALCULATIONS

First of all, the gluons in Fig. 1 can be formally re-
placed by photons, with +~ad and a color factor
4 Trk'A, . Second, the y&y5 coupling of the Z to quarks

should not contribute by C parity, so that only the vector
coupling of the Z,

1/2
GzMz

y& (r3 —4e~sin 8~),l~2 V2

is active. Finally, there is the quark electric charge eeq at
the photon vertex. With these replacements one can use
the expressions for the box four-point function G& z
given in Ref. 4 for the case of one nonvanishing and
spacelike external mass. Formulas are presented in Ref. 4
in a form which allows a straightforward continuation to
timelike external masses. The amplitude for gg —+Z y is
finally obtained by summing the coherent contributions of
all quark species. At the high energies we are interested
in, it should be a safe approximation to neglect the masses
of the u, d, s, c, and b quarks. In this mq

——0 limit the
various gg ~Z y helicity amplitudes, although quite
complicated by the presence of Mz&0, are still manage-
able, and we report them explicitly in the Appendix. One
can notice that, compared to the case of the yy final state,
there are eight independent transverse amplitudes instead
of five, essentially due to the nonidentity of y and Z .
There are, in addition, four independent longitudinal am-
plitudes, which are easily derived by defining the ap-
propriate Z longitudinal polarization vector and utilizing
the relations given in Ref. 4. As regards the top quark we
should in principle retain m, and use the full mass-
dependent formulas which, however, become quite unwiel-

dy and no longer expressible in terms of Spence functions
with real arguments. On the other hand, such a calcula-
tion should not be so important in practice in the regime
we are interested in, as we can expect, rather generally,
that the top-quark box diagram should be depressed by
the large m„so that the ultimate result should be deter-
mined almost entirely by the box diagrams with just the
"massless" u, d, s, c, and b quarks. " Accordingly, we
have disregarded the top quark in our calculation. While
this should be a very reasonable approximation for the yy
case, the depression due to m, could be much less severe
in the Z y case. ' ' On the other hand, taking rigorously
into account such an effect here would certainly affect the
final result for the cross section much less than the other
overall uncertainties (e.g., those due to the parton distribu-
tions) which are present in the calculation.

The amplitude for the process gg~yy can be directly
obtained from the Appendix by taking the limit Mz~0
and by suitably redefining the coupling constant. We
have explicitly checked that one reobtains in this way the
amplitudes given in Ref. 5.

The differential cross section for gg —+Z y averaged
over the color and the spin of the gluons reads

Mz
X

s

24

4 X IM I'

where s and z =cos8 represent, respectively, the parton
c.m. -frame energy squared and scattering angle, and the
M; are the helicity amplitudes explicitly given in the Ap-
pendix. A significant observable is the cross section to
produce a Zy (or a yy) pair of invariant mass M = V ~s,
where &s is the colliding pp c.m. -frame energy, with both
bosons in a rapidity interval (in that frame) —Y&y & Y.
One has

dO p

dM (pp —+Z @+anything)

2M
dyb..„G,(x.,Mz')

z2
XG-(xb, Mz ) dz (gg~Z y), (2)

z& dz

where G (x, Q ) is the gluon fractional momentum distri-
butions, and

yboost 2 ln(xa ~xb )

relates the gg c.m. frame to the pp c.m. frame, such that

~~e&txmst

x =~re ' "'
b

(3)

and the angular-integration limits z1,z2 are determined by
F and by the requirement that the photon has a minimum
pz. As there is no well-defined prescription for the pro-
cess under consideration, we have indicatively chosen as
the "large" scale in aq and in the partons distributions
Q =Mz . The parton distributions used in the calcula-
tion are those of Ref. 7(a) (GHR) with a value A=0.4
GeV, and both the set 1 and the set 2 distributions of Ref.
7(b) (DO1 and DO2) with A=0. 2 and 0.4 GeV, respec-
tively.

We have computed Eq. (2) versus M for pp c.m. ener-
gies of 10 and 40 TeV, with a minimum pz of the photon
of 50 GeV and Y=2.5. The results are shown in Figs.
2(a), 2(b), 3(a), and 3(b) and compared to the leading-order
qq annihilation for the production of yy and Z y, respec-
tively. The results at v s =10 TeV are rather insensitive
to the input parton distributions, so that in Figs. 2(a) and
3(a) we represent by just one curve the three cases con-
sidered. On the contrary, the dependence on the parton
distributions turns out to be much more significant at
v s =40 TeV, due to the smaller values of x involved, and
is explicitly displayed in Figs. 2(b) and 3(b).
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FIQ. 3. Same as Fig. 2 for the Z y mass spectrum. The allowed minimum transverse momentum for the photon is 50 GeV/c.
The rapidity cut Yis 2.5.

III. DISCUSSION

As one can see from the figures, the contribution of the
box diagram for Z y is a correction to the leading mecha-

nism at v s = 10 TeV. At the larger value V s =40 TeV it
increases, however, appreciably, to the point of reaching
roughly the same size as the qq-induced cross section. In
the case of yy production the contribution of the box dia-



ROLE OF THE QCD-INDUCED GLUON-GLUON COUPLING TO. . . 1703

gram is already of the same size of the annihilation dia-
gram at Vs =10 TeV and can be even a factor of 2 or 3
larger, in the peak region, at v s =40 TeV. This is due to
the combined effect of the increase of the gluon flux with
respect to the quark flux for smaller values of the partons
fractional momenta x„xb and to the rapidity cuts which
constrain the integration region in Eq. (2) away from the
forward direction and accordingly reduce the importance
of the t pole in the qq annihilation diagram. For the
latter reason one can see that if the value of the rapidity
cutoff Y is decreased by some factor, the ratio of the box
to the' qq cross sections proportionally increases. All of
these effects are such that the (as/~) factor of the box
diagram relative to the qq annihilation is largely
recovered.

One can also remark that the box diagram produces a
smaller effect in the case of Z y, compared to the case of
yy (of course, within the same cuts). This is due to some
extent to Mz&0, but also in large part to the explicit
value of the electroweak couplings of the Z to quarks.
We should also point out that although, as expected, the
cross sections depend rather sensitively on the chosen cut
on the minimal pi of the photon, the relative importance

of the box and the qq does not appear to change qualita-
tively.

The cuts in the rapidity and in pz imposed in our expli-
cit calculation are in line with the criterion suggested in
Ref. 1. The resulting cross sections both of the qq- and of
the gg-induced yy and Z y production processes are
rather small. However, owing to, the large luminosity
which is expected to be achieved at the superconducting
supercollider, they should be well within the limits of ob-
servability.

On the basis of the results described above for the sim-
plest case of yy and Z y, we can expect a similar trend
for the more general (and more complicated) case of ZZ
and 8'8' production.
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APPENDIX

(A 1)

Here we give the expression for the 24 helicity amplitudes contributing to the process Zy —+gg. For any helicity am-
plitude Miikt, the first index refers to the polarization state of the Z boson and the second, third, and fourth to the pho-
ton, gluon, and gluon helicity states, respectively:

s +Mz E'+'(u, t,s) E'+'(u, s, t) E'+'(u, t,s)
M+ + (s, t, u)=M + +(s, t, u) =-+ —+ — » —+ —+ r

Su i Su i 8

E"'(s,u, t)

Ssi

E"'(s,t, u)
M++ (s, t, u) =M ++(s, t, u) = —— +

2 8si

E'+'(s, t, u) E'+'(s, u, t)
M++++(s, t, u) =M (s, t, u) =-++++ 2 8 8si

E' '(s, t, u)

E'+'(s, t, u)

(A2)

(A3)

E"'(t,s, u)
M+ +(s, t, u) =M ++ (s, t, u) =—

2 Sti

s +Mz E'+'(t, u, s)

si Sti

E"'(t,s, u)
(A4)

1
E( )(+t), , s)us+MZ2 E(+)(t,u, s) E+'(t, s, u)

M+++ (s, t, u) =M +(s, t, u) = —— + +
Sti Si Sti

(A5)

M++ +(s, t, u) =M + (s, t, u) =

M+ ++(s, t, u) =M + (s, t, u) =

L

s+Mz E'+'(u, t,s) E'+'(u, s, t) E'+'(u, t,s)
+ + +

2 si Sui Su) 8

E' (s, t, u) E' '(s, u, t) E' '(s, t, u)

(A6)

(A7)

M +++(s, t, u) =M+ (s, t, u) =

Mp+++(s t u)= —Mp (s t u)=

E'+'(s, t, u) E'+'(s, u, t)
+

2 8si 8si

—Mz E (s u t)2 (&)

—u
2stu 8s

&

E'+'(s, t, u )

E+'(s, t, u)

Ssi

(A8)

(A9)

Mp ++(s, t, u)= —M()+ (s, t, u)=
—Mz E (s, u, t)2 (&)

2$tu 8s)
—u

E"'(s,t, u)

8si
(A10)
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Mp+ +(s t u)= M—p + (s t u)=—
—Mz E+ (u, s, t) s(t u) E+ (u, t,s)2 (1) (&)

+
2stu 8ui s) 8u)

(A 1 1)

Mp++ (s, t, u) = —Mp +(s, t, u) =
2 (&)—Mz E+ (t,s, u)

u
2stu 8ti

s(t u) E+ (t, u, s)(1)

s) 8ti
(A12)

Mz is the Z-boson mass squared, s, t, u are the Mandelstam variables satisfying

s+t+u =Mz

and the notation x& ——x —Mz is used. The functions E'+'(x,y, z) and E"(x,y, z) correspond to E'+'++(jklm) and
E"'++(jklm) in Ref. 4 in an obvious correspondence among respective arguments [i.e., E+(s, t, u)=E+++(1234),E"(t,s, u)=E "++(1324), and so on).

Equations (Al) —(A12) as they stand are valid for any value of the quark mass m. However, we worked out the zero
quark mass limit and in this particular case the functions E+ (x,y, z) simplify considerably. They explicitly read

E'+'(x,y, z)

8xi
2y —z

yI Z]
G (z,y)+

2Mz 2z 2z y i y z 2z+ —1 G(Mz, y)+ — 1 ——— H(y, z, —Mz )
yr X y& X y X

(A13a)

E'+'(x,y, z)

8

2
r

z x Mz x ] 2yz.2+ G(z„y) — 2+ + G(Mz ~y)+ 1 — H(y, z, —Mz )
X X yi X X)X

(A13b)

E'"(x,y, z) =0,
E' '(x,y, z)

8
(A13c)

The functions G (x,y) and H (x,y, —Mz ) are defined as

G (x,y) = —G (y,x), (A14a)

ReG(x,y) = —,
' ln-

y
(A14b)

Im6 (x,y) = ——[B(x)—0(y)],
2

H(x y —Mz') =H(y, x, —Mz'),

(A14c)

(A15a)

2= 1 ZMz
ReH(x, y, —Mz )= ———2ReLi2

ZMz'+xy
+2 Re Li2

y+Z
+2 Re Li2 2+X

+R.e l.n +Re j.nZ+y Z+X
y X

zMz +xy—Re ln2
Xy

—2Re ln '+y ln
y

n
Mz'

—2 Re ln ln" M-' (A15b)

I

ImH(x, y, —Mz )= ——ln 0(x)+ln 0(y)+ln 0(Mz )
2 X xy +zMz

(A15c)

(

In Eqs. (A15b) and (A15c) z = —(x +y —Mz ), and the dilogarithm is defined as usual

~ In(1 t)—
Li~(x) =- dt .

t

The amplitudes for yy —+gg transition are trivially obtained from the above expressions, setting Mz ——O.

(A 16)
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