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High energy behavior of gg\f f̄ processes in the standard model
and minimal supersymmetric standard model

J. Layssac and F. M. Renard
Physique Mathe´matique et The´orique, UMR 5825, Universite´ Montpellier II, F-34095 Montpellier Cedex 5, France

~Received 20 April 2001; published 13 August 2001!

We compute the leading logarithm electroweak contributions togg→ f f̄ processes in the standard model and
minimal supersymmetric standard model. Several interesting properties are pointed out, such as the importance
of the angular dependent terms, of the Yukawa terms, and especially of the tan2b dependence in the super-

symmetry contributions. These properties are complementary to those found ine1e2→ f f̄ . These radiative
correction effects should be largely observable at future high energygg colliders. Polarized beams would give
interesting checks of the structure of the one-loop corrections. We finally discuss the need for two-loop
calculations and resummation.
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I. INTRODUCTION

The projects to build high energy and high luminos
e1e2 colliders@1,2# have recently motivated the study of th
high energy behavior of the electroweak corrections to s
eral e1e2 annihilation processes. Explicit computations
the linear and quadratic logarithmic contributions to vario
observables have shown remarkable properties which sh
be largely observable at these future machines and sh
provide deep tests of the different sectors~gauge, matter,
scalar! of the standard model~SM! as well as of its super
symmetric extensions, such as the minimal supersymme
standard model~MSSM! @3,4#. In fact, for many years it has
been known that in certain circumstances large logarith
terms, in particular, quadratic logarithms, can appear@5,6#.
The general features of the asymptotic one-loop electrow
corrections have been studied, a classification of the lin
and quadratic logarithms has been established, some
loop effects have been computed, and the possibility of
summing certain classes of contributions has been discu
@7–11#.

On the other hand, the possibility of realizing high ener
and high luminositygg collisions ate1e2 colliders through
the laser backscattering procedure is actively conside
@12,13#. One already knows that electroweak radiative c
rections togg→ f f̄ processes both in the SM@14# and in the
MSSM @15# are sizable enough to be observable owing to
large luminosities expected at these machines, which sh
allow one to reach an accuracy better than the percent le

The purpose of the present paper is to report on a stud
the high energy behavior of the electroweak corrections
the processgg→ f f̄ in the SM and the MSSM, performe
along the same lines as those taken for the aforementio
studies of thee1e2→ f f̄ processes. We will show that th
gg→ f f̄ processes offer an independent way to check
general properties of the asymptotic logarithmic terms or
nating from the various sectors of the electroweak inter
tions, and we will give precise numerical illustrations in o
der to see how they can be experimentally tested. A g
similarity with the properties of thee1e2→ f f̄ processes
0556-2821/2001/64~5!/053018~19!/$20.00 64 0530
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will appear and will allow us to conclude thatgg→ f f̄ pro-
cesses can equally well contribute to the tests of the SM
high energies and to the search for its possible modificati
or extensions.

The contents of the paper are as follows. In Sec. II
present the dynamical content of the SM and MSSM and
proceed with the computation of the complete one-loop w
contributions in the asymptotic regime. QED and QCD c
rections are left aside as they depend on the detection
ditions and are usually included in specific Monte Carlo p
grams@14#. After having checked that the set of self-energ
vertex, and box diagrams that are retained in the high ene
limit is gauge independent and satisfies photon current c
servation, we systematically work in thej51 gauge. We
check the convergence of the separate contributions of
various sectors~neutral gauge, charged gauge, Yukawa! of
the standard model, as well as of the additional supersym
try ~SUSY! terms ~gaugino, Higgsino, additional Higg
bosons!. We keep the single and the quadratic logarithm
contributions. We separate the angular independent cor
tions from the angular dependent ones. All these contri
tions are specified for the helicity amplitudes of the proc
gg→ f f̄ ; they are explicitly given in analytical form in Ap
pendixes A and B. From these expressions it is then eas
compute the various parts of the fully polarizedgg cross
section. This is what we present in Sec. III. We then comp
the effects on the variousgg observables and we present a
discuss the results in the SM and MSSM cases. With
expected luminosity of the Linear Collider~LC! and CERN
Linear Collider~CLIC! these various contributions should b
experimentally observable. We then discuss the physics
plications of the results as well as the domain of validity
the one-loop computation and the need for a two-loop co
putation or a resummation at very high energies. This out
is summarized in the concluding Sec. IV.

II. DYNAMICAL ONE-LOOP CONTENT OF gg\Ff̄
AT HIGH ENERGY

We found it convenient to express all the results in ter
of helicity amplitudes@16# Fl,l8,t,t8 , l,l8,t,t8 being the
©2001 The American Physical Society18-1
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helicities of the two photons and of the fermion and antif
mion, respectively; it is then easy to get the expression
the observables in polarized photon-photon collisions. T
Born term consists of two diagrams with fermion exchan
in the t andu channels. It isgg symmetric; its amplitude, in
the high energy limit, is written in Appendix A. It only con
tributes to theuDlu52 helicity amplitudes.

At one loop, the list of diagrams~to be symmetrized by
interchanging the two photons! that contribute to the loga
rithmic terms in the high energy limit is given in Figs. 1~a–c!
for the SM case. In the MSSM case, the additional SU
diagrams can be found in Figs. 2~a,b!. We have checked tha
these contributions are (j21) independent and that curre
conservation (l mJm50) holds separately for each photon.
Figs. 1~a–c! and 2~a,b! we have not drawn the external~pho-
ton, fermion! self-energy diagrams which do not contribu
to the logarithmic terms, although they must be taken i
account in order to get cancellation of the divergences g

FIG. 1. SM diagrams contributing in the asymptotic regime

gg→ f f̄ , Z sector~a!, W sector~b!, and Higgs sector~c!.
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erated by the internal fermion self-energy and by the tri
gular diagrams; box diagrams are convergent.

The explicit expressions of the helicity amplitudes in t
high energy limit are given separately for each sector of
electroweak corrections in an analytical form in Appendix
They are obtained by deriving the complete expressions
the amplitudes in terms of Passarino-Veltman functions@17#,
and retaining only the asymptotic~logarithmic! parts of these
functions~see Appendix B!. In a second step we retain onl
the terms that contain linear (lns) and quadratic (ln2s) loga-
rithms, which we callleading terms, neglecting terms like
ln(t/s), . . . , etc., which we callnonleading terms. During
this procedure we checked that the divergences and the
mion mass singularities cancel. We also separated the c
ficients of the leading logarithms that areu independent from
those that areu dependent (u is the c.m. scattering angle!.
We now discuss these various terms in turn.

Standard model corrections

g and Z sectors

A first set of corrections is given by the internal fermio
self-energy, triangle, and box diagrams of Fig. 1~a! contain-
ing oneZ boson. The corresponding helicity amplitudes a
given in Eqs.~A3! and ~A4! ~terms proportional to@gV f

Z

f

FIG. 2. SUSY additional diagrams contributing in th

asymptotic regime ofgg→ f f̄ ; chargino and neutralino sector~a!,
and SUSY Higgs sector~b!.
8-2
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2gAf
Z (2t)#2/4sW

2 cW
2 ). One can check in Eqs.~A5!,~A6! that the

leading terms of theuDlu52 helicity amplitude combine in
an angular independent factor proportional to@ ln2(s/MZ

2)
23 ln(s/MZ

2)# multiplying the Born amplitude, in agreemen
with the general rule obtained in Refs.@10,11#, and that the
correction to theuDlu50 amplitude vanishes.

A similar set of corrections would be provided by the U
photon sector~cut at scaleMZ), just replacing the internalZ
by an internalg in all the diagrams of Fig. 1~a!. The result is
given in Eqs. ~A3! and ~A4! ~terms with Qf

2 instead of
@gV f

Z 2gA f
Z (2t)#2/4sW

2 cW
2 ). The properties of this ‘‘g sector’’

are exactly similar to those of theZ sector. In the following
numerical discussions we shall omit it, taking the standpo
that all photonic corrections~UV and IR including soft pho-
ton emission! should be put together inside the QED-ty
corrections, which depend on the characteristics of the de
tors and are generally treated separately by specific
grams. This is obviously a matter of choice, which can ea
be modified.

W sector

The corresponding diagrams are listed in Fig. 1~b!. In
addition to those obtained just by replacing theZ by theW,
there now appear new triangle and box diagrams involv
the three-bosongWWcoupling. The resulting amplitudes ar
given in Eqs.~A7!,~A8!. One sees that the leading terms E
~A9!,~A10! are enriched by angular dependent and ang
independent contributions arising from thegWW coupling,
which appear in addition to the@ ln2(s/MZ

2)23 ln(s/MZ
2)# cor-

rection of theuDlu52 amplitude.

Higgs sector

In the SM the Higgs sector consists in the set of diagra
of Fig. 1~c! involving charged and neutralF6,0 Goldstone
bosons as well as the physicalH Higgs boson, coupled to
fermions through Yukawa terms proportional tomf /MW .
This set of diagrams is relevant only for top and botto
quark production. The resulting amplitudes are given in E
~A11!,~A12! and their leading parts in Eqs.~A13!,~A14!. As
expected from the general properties established in@10,11#,
these leading corrections coming from field renormalizat
constants~which one can directly obtain by considering on
external self-energy contributions! are angular independen
linearly logarithmic, and affect only theuDlu52 ~Born! am-
plitude.

SUSY additional contributions

In the case of the MSSM, one should add to the previ
SM terms the following additional SUSY corrections. W
have separated them into two parts; first, a ‘‘nonmass
part’’ arising from the diagrams of Fig. 2~a!, in which only
the mass independent parts of the chargino and neutra
couplings are considered~corresponding to the charged o
neutral ‘‘gaugino’’ components!; secondly, a ‘‘massive part’
due to the mass dependent terms of the chargino and
tralino couplings~corresponding to the charged or neut
‘‘Higgsino’’ components! and also to the diagrams involvin
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SUSY Higgs bosons~from this last contribution we have
subtracted the contribution of the standardHSM diagrams in
order to avoid double counting of the physical Higgs secto!.
A general remark that was already made in the case ofe1e2

collisions is that, in the asymptotic regimes@M2, the only
dependence in the MSSM parameters that remains is the
pendence on tanb; all other parameters~except the global
SUSY scaleM appearing in the logarithmic terms! have dis-
appeared because of the unitarity properties of the mix
matrices appearing in the SUSY couplings~see the fourth
paper of Ref.@3#!.

Nonmassive terms

The amplitudes resulting from the mass independent
of the diagrams of Fig. 2~a! are given in Eqs.~A15!,~A16!,
and their leading terms in Eqs.~A17!,~A18!. For the same
reason as in the case of the Higgs sector, the correction to
uDlu52 amplitude is only linearly logarithmic and angula
independent~they can also be obtained from the extern
self-energy contributions to the field renormalization co
stants!, and the correction to theuDlu50 amplitude vanishes
asymptotically.

Massive terms

The amplitudes resulting from the mass dependent pa
the diagrams of Fig. 2~a! and of Fig. 2~b! are given in Eqs.
~A19!,~A20!, and their leading terms in Eqs.~A21!,~A22!.
They behave asymptotically in a way similar to the S
Yukawa terms, the correction to theuDlu52 amplitude be-
ing also only linearly logarithmic and angular independe
and the correction to theuDlu50 amplitude vanishing.
However, an important fact is the appearance of a cot2b de-
pendence in the term proportional tomt

2/MW
2 , and a tan2b

dependence in the term proportional tomb
2/MW

2 ~which can
be very important for large tanb values!.

We also note that, in the MSSM, summing the SM and
additional SUSY contributions, the leading asymptotic m
sive terms combine in order to reproduce the massive
contributions in which themt

2/MW
2 terms have been multi

plied by 2(11cot2b) and the mb
2/MW

2 terms by 2(1
1tan2b). This rule was already obtained for the proce
e1e2→ f f̄ in the fifth paper of Ref.@3#.

Let us finish this section by making a comparison with t
asymptotic properties observed in the case ofe1e2→ f f̄ . In
the ’t Hooft j51 gauge, the contributions of the triangle an
box contributions sometimes behave differently in thee1e2

and in thegg cases. The singleZ andW triangles get only
linear logarithms in thegg case, whereas they get linear an
quadratic logarithms ine1e2; in contrast, theWW triangle
gets only a quadratic logarithm ingg instead of the linear
logarithm ine1e2. These differences are complemented
those of the box diagrams. In bothZ and W sectors, the
boxes produce linear and quadratic logarithms ingg,
whereas in thee1e2 case theZZ box gives only linear loga-
rithms and theWW box has both linear and quadratic log
rithms. The Higgs and the SUSY sectors are very similar
the gg and e1e2 cases. They give only linear logarithm
8-3
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arising only from the triangle diagrams~and also from the
internal fermion self-energy in thegg case!. The Higgs and
SUSY box diagrams give no leading logarithms at all,
both gg ande1e2 cases.

III. EFFECTS ON THE gg\f f̄ OBSERVABLES

Having obtained the explicit expressions of the helic
amplitudes, it is easy to compute the various elements of
polarizedgg cross section. The general expression is giv
in Appendix C. Because of Bose statistics,CP invariance,
and real~asymptotic! amplitudes, the expression of the cro
section including terms up to ordera3 simplifies to

ds

dt d cosu
5

dL̄gg

dt H @12^j2j28&#
ds̄0

d cosu

1@^j2&2^j28&#
ds̄2

d cosu

1@^j3&cos 2f1^j38&cos 2f8#
ds̄3

d cosu

1@^j3j38&cos 2~f1f8!#
ds̄33

d cosu

1@^j2j38&cos 2f82^j3j28&cos 2f#
ds̄23

d cosuJ ,

~3.1!

in which dL̄gg /dt describes the photon-photon luminosi
per unit e2e1 flux obtained by the laser backscatterin
method@12#; t5s/see wheres[sgg . The Stokes parameter
(j2 ,j28), (j3 ,j38), and (f,f8) describe, respectively, the av
erage helicities, transverse polarizations, and azimu
angles of the two backscattered photons~see Ref.@19#!.

The Born amplitudes feed only the~parity conserving!
ds̄0 /d cosu and ds̄33/d cosu terms. The one-loop effect
feed all the above terms. Note the specific photon polar
tion dependences, which can be used to test the structu
the one-loop electroweak corrections and the absence o
expected effects. Taking into account the fact that

ds̄0

d cosu
,

ds̄3

d cosu
,

ds̄33

d cosu

are cosu symmetricand

ds̄2

d cosu
,

ds̄23

d cosu

cosu antisymmetric, we construct the five ratios

R05E d cosuF ds̄0

d cosu
2

ds̄0
Born

d cosu
G Y E d cosu

ds̄0
Born

d cosu
,

~3.2!
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R335E d cosuF ds̄33

d cosu
2

ds̄33
Born

d cosu
G Y E d cosu

ds̄0
Born

d cosu
,

~3.3!

R25E
F2B

d cosuF ds̄2

d cosu
G Y E d cosu

ds̄0
Born

d cosu
,

~3.4!

R35E d cosuF ds̄3

d cosu
G Y E d cosu

ds̄0
Born

d cosu
,

~3.5!

R235E
F2B

d cosuF ds̄23

d cosu
G Y E d cosu

ds̄0
Born

d cosu
,

~3.6!

on which the electroweak effects are now illustrated and d
cussed.

One should first note, using the definitions of the vario
‘‘cross sections’’ given in Appendix C, that the last two ratio
R3 and R23 only involve products ofuDl50u with uDl
52u amplitudes. As we have seen that, in the asympto
regime~see, for example, the leading expressions written
Appendix A!, the one-loop contributions touDl50u ampli-
tudes are much weaker than those touDl52u amplitudes,
one expects that these two ratios are much weaker than
other three.

Angular distributions

The angular distribution of the unpolarized Born cro
sectionds0

Born/d cosu is ~symmetrically! strongly peaked in
the forward and backward directions@see Figs. 3~a–c! at 3
TeV#. The electroweak corrections modify this distributio
somewhat because their effect is larger in the central reg
as shown in Figs. 4~a–c! where we plot the angular depen
dence of the relative effect of the electroweak correctio
defined as

DS ds0

d cosu D[F ds0

d cosu
2

ds0
Born

d cosu G Y ds0
Born

d cosu
. ~3.7!

It will therefore be interesting to have the largest possi
angular acceptance allowed by experimental detection an
cut the angular distribution into several bins. One could th
check the relative increase of the weak corrections in
central region.

Note that the radiative correction effect is always neg
tive, that the supersymmetric corrections always increase
magnitude of the effect, and in the case oft t̄ , bb̄ that this
effect strongly depends on tanb.

We now study in more detail the behavior of these effe
versus the energy, by considering the integrated cross
tions. In the following illustrations we choose to integrate t
angular distributions in the domain 30°,u,150°.
8-4
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FIG. 3. Angular distribution of the unpolarizedgg→ f f̄ cross section at 3 TeV;l 1l 2 ~a!, t t̄ ~b!, bb̄ ~c!; Born ~solid!, total SM ~small
dashed!, total MSSM (tanb54) ~dotted!, and total MSSM (tanb540) ~large dashed!.
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Leading versus nonleading terms

It is interesting to compare, as a function of the ener
the relative importance of the various logarithmic terms t
were presented in the previous Section II. We will do that
considering the ratioR0 giving the relative electroweak ef
fects on the unpolarized cross section, defined in Eq.~3.2!.

In Figs. 5~a,b! for l 1l 2, Figs. 6~a,b,c! for t t̄ , and Fig.
7~a,b,c! for bb̄ we show, separately for the SM and th
MSSM cases, the contribution of the sum of all logarithm
terms ~collected in Appendixes A and B!, compared to the
results obtained when nonleading logarithmic terms
dropped@i.e., terms of the type ln2(t/s), . . . , etc.,# and also to
the results obtained when dropping, in addition, the lead
angular dependent terms@terms ln(s/M2) multiplied by angu-
lar dependent logarithms#.

One sees that the nonleading logarithmic terms~which
appear in the expressions of the box contributions given
Appendix B! behave roughly like an additional small co
05301
,
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stant contribution~of the order of 1%) whose relative im
portance as compared to the full electroweak correction
creases with the energy; this is true for both the SM and
MSSM cases.

On the contrary, the leading angular dependent te
~which appear in the triangle diagrams involving thegWW
three-boson coupling! are more important~similar effects
have been noticed in Ref.@11#, in the case of the crosse
channele1e2→gg) and increase with increasing energ
They cannot be omitted at all, and we will come back to th
role in the final discussion. This comment applies to both
SM and the MSSM cases, as the SUSY additional contri
tions only consist of angular independent contributions.

We have checked that, around 1 TeV, our asymptotic
sults agree with those obtained in Ref.@14# for the purely
weak part of the SM corrections to light fermion pair pr
duction. In thet t̄ case, the agreement at 1 TeV is only qua
tative, for both the SM case@14# and the MSSM case@15#, as
8-5
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FIG. 4. Angular distribution of the relative departure from the unpolarized Borngg→ f f̄ cross section at 3 TeV due to electrowe

radiative corrections;l 1l 2 ~a!, t t̄ ~b!, bb̄ ~c!; total SM ~solid!, total MSSM (tanb54) ~small dashed!, total MSSM (tanb540) ~large
dashed!.
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this energy is just marginally ‘‘asymptotic’’ for top quark
and for supersymmetric contributions. Nevertheless, the c
cellation of the various MSSM parameters, except for
large tanb dependence that we emphasized, can alread
seen at this energy in@15#.

Importance of Yukawa terms

In Figs. 6~a,b,c! for t t̄ and Figs. 7~a,b,c! for bb̄, we have
also shown the effect of dropping the Yukawa terms~coming
from the Higgs and the Higgsino sectors! proportional to
mt

2/MW
2 andmb

2/MW
2 . Comparing the curves for the SM cas

and the curves for the case with no Yukawa terms in Fig. 6~a!

for t t̄ and Fig. 7~a! for bb̄, one sees that these terms are ve
important, especially in thet t̄ case, where they contribut
easily half the effect at CLIC energies. In the MSSM ca
the comparison is made in Figs. 6~b! and 7~b! for tanb54,
and in Figs. 6~c! and 7~c! for tanb540. The tanb depen-
dence can be understood by looking at Eq.~A21!, in which
05301
n-
e
be

y

,

one sees a cot2 b dependence associated with the te
(mt

2/MW
2 ) and a tan2 b dependence associated wi

(mb
2/MW

2 ), which becomes dominant at very large tanb val-
ues. These properties are rather similar to those observe
gg→ f f̄ @18#.

Polarized and unpolarized cross sections versus the energy

We finally illustrate the behavior of the various terms
the polarized cross section, Eq.~3.1!, versus the energy, in
the l 1l 2, t t̄ , andbb̄ cases.

In Figs. 8~a,b,c! and 9~a,b,c! we present the ratiosR0 and
R33 which show the relative departures from the Born p
diction @see Eqs.~3.2!,~3.3!#. The effects are in all cases o
the order of several percent at LC energies and of the o
of 10–20 % at CLIC energies. In the MSSM case they
larger than in the SM case, especially for large tanb values.

In Figs. 10~a,b,c!, 11~a,b,c!, and 12~a,b,c! we present the
ratiosR2 , R3, andR23 defined in Eqs.~3.4!, ~3.5!, and~3.6!.
8-6
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HIGH ENERGY BEHAVIOR OFgg→ f f̄ PROCESSES IN . . . PHYSICAL REVIEW D 64 053018
There is no Born contribution to these terms. The effects
R2 ~circular photon polarization dependence! are comparable
to those previously seen inR0. This is becauseR2 measures
the parity violating effects which are maximal inW cou-
plings. On the contrary, the effects are very small inR3 ~one
photon transversally polarized! and R23 ~one photon trans-
versally polarized, the other circularly polarized! because
these terms, as we have already mentioned after their de
tions, are proportional to the interference of smallDl50
amplitudes@which have no leading ln(s/M2) or ln2(s/M2)
terms# with Dl52 ones. Very high energies are required
order for these observables to reach the observable pe
level.

We can add a final remark concerning the cross sec
for gg to hadrons, the analog of the cross section for had
production ine1e2 collisions s5[s(e1e2→uū1cc̄1dd̄

1ss̄1bb̄). In gg collisions, as we can see from Figs. 3~b,c!,
because of the factorQf

4 in the Born cross section, the rate

FIG. 5. The ratioR0 for gg→ l 1l 2 versus the energy; SM~a!,
MSSM ~b!; all logarithmic terms~solid!, leading terms only~small
dashed!, leading angular independent terms only~large dashed!.
05301
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largely dominated by the contribution of up quarks (u,c),
and the Yukawa contribution, appearing solely in theb case,
can be completely neglected. So the properties of the e
troweak radiative corrections tos(gg→hadrons) can be to

tally inferred from those ofs(gg→t t̄ ), ignoring the Yukawa
contributions; see, for example, the curves correspondin
the case with no Yukawa terms in Figs. 6~a,b!.

IV. CONCLUSIONS

We have studied the high energy behavior of the one-lo

weak corrections to the processesgg→ f f̄ , in the SM and the
MSSM.

In the asymptotic energy regime, we have classified a
computed all correction terms coming in the ’t Hooftj51
gauge from fermion self-energies, triangle, and box d
grams. We have checked that, in each weak sector, the s
diagrams contributes in a gauge independent way to the

ear and quadratic logarithmic contributions to thegg→ f f̄
amplitudes. Explicit analytic expressions are given in Appe
dixes A and B, and turn out to be rather simple and reflec
a remarkable way the theoretical properties of the S
charged gauge, neutral gauge, and Higgs sectors and o
MSSM gaugino and Higgsino sectors. These results sat
the known general properties of leading electroweak lo
rithms at one loop@7,10,11#. They also match with the com
plete one-loop computations performed around 1 TeV
@14,15#.

We have shown that these effects should be well visible
gg collisions at LC and CLIC, the large luminosities e
pected at these machines allowing one to reach an accu
better than the percent level. We have given the results
five observables defined in the case of polarized pho
beams. Clearly, the behavior of each observable should
vide clean tests of the SM or the MSSM and allow us
check the absence of unexpected new physics effects.

An important fact is the strong rise of the effect on t
cross section, partly due to the angular independent fa
a/4p@ ln2(s/MW

2 )23 ln(s/MW
2 )#, but we have shown that ther

are also important angular dependent contributions. A c
difference also appears in eachf 5 l ,t,b case between the
SM and MSSM corrections. The SUSY additional terms
crease the magnitude of the weak corrections. For exam
at 3 TeV, in l 1l 2 production, the correction is212.7% in
the SM and213.6% in the MSSM. In thet t̄ andbb̄ cases,
the Yukawa terms contribute for a large part of the effe
both in the SM and in the MSSM; in this last case an o
servable tanb dependence appears. At 3 TeV, the weak
fects ont t̄ production are223.1% in the SM,227.2% in
MSSM (tanb54), and228.6% in MSSM (tanb540); and
for bb̄ production, they are232.3% in the SM,234.8% in
the MSSM (tanb54), 241.6% in the MSSM (tanb540).
This tanb dependence could be used for a tanb measure-
ment~see the corresponding discussion ine1e2 collisions in
Ref. @18#!.

These results are complementary to those observed in
processe1e2→ f f̄ . We have shown that the roles of th
8-7
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FIG. 6. The ratioR0 for gg→t t̄ versus the energy; SM~a!, MSSM (tanb54) ~b!; MSSM (tanb540) ~c!; all logarithmic terms~solid!,
leading terms only~small dashed!, leading angular independent terms only~large dashed!; all logarithmic without Yukawa terms~very small
dashed!.
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self-energy, triangle, and box diagrams are different in
two processes, but the qualitative aspect of the informa
that can be reached about the features of the electrow
corrections is rather similar. There are, however, quantita
differences when comparing the effects inl 1l 2, bb̄, and t t̄
production. This is essentially due to the fact that ingg
collisions the Born term, proportional toQf

4 , is especially

small in thebb̄ case, so that the electroweak corrections
relatively larger. Also the effects of gauge, Yukawa, a
SUSY contributions are cumulative so that the correctio
are larger than in thee1e2→ f f̄ processes at the same e
ergy.

As these first order effects already reach the 10% le
around 1 TeV, and 30% around 3 TeV, one may naiv
expect that higher order terms easily reach the few per
level, observable at CLIC, raising the question of a poss
two-loop computation. For the angular independent ter
general resummation techniques have been proposed@7–11#,
05301
e
n
ak
e

e
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nt
le
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which would partly solve the problem. However, we ha
shown that there are important angular dependent terms
which no prescription has yet been obtained and may req
an explicit two-loop computation.

At lower energies~the 0.5 to 1 TeV domain of LC!, there
is apparently no such problem. Although the effect ingg

→bb̄ can reach 15% at 1 TeV, the weaker experimental
curacy in this channel may still allow one to stay at t
one-loop level. However, as we have shown by compar
leading and nonleading logarithmic terms, in this ene
range the logarithmic approximation is probably not su
cient. Constant terms~and possibly terms of orderM2/s)
may not be negligible, especially if the SUSY scale is rath
high, and one may not be allowed to neglect the mass of
SUSY particles running inside the loops. This approximat
also fails to reproduce the ‘‘resonance’’ effects that app
around the thresholds for~sfermion or chargino! pair produc-
tion @15#. In this ‘‘low energy’’ regime, the full set of MSSM
8-8
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FIG. 7. The ratioR0 for gg→bb̄ versus the energy; SM~a!, MSSM (tanb54) ~b!; MSSM (tanb540) ~c!; all logarithmic terms~solid!,
leading terms only~small dashed!, leading angular independent terms only~large dashed!; all logarithmic without Yukawa terms~very small
dashed!.
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parameters enters the game~and not only tanb as in the
asymptotic regime!. We intend to perform a detailed com
parison of the logarithmic approximation with the exa
computation of the full one-loop contributions. It should a
low us to understand the role and discuss the measurab
in the LC regime, of each of the various MSSM paramete

APPENDIX A: ASYMPTOTIC EXPRESSIONS
OF THE HELICITY AMPLITUDES AT ONE LOOP

We denote byFl,l8,t,t8 the helicity amplitudes of the pro
cessgg→ f f̄ , l,l8,t,t8 being the helicities of the photon
(61), and of the fermion and antifermion (61/2) in thegg
center of mass. We denote bye,l , e8,l 8 the photon polariza-
tion vectors and four-momenta andp,p8 the fermion and
antifermion four-momenta;q5p2 l 5 l 82p8, q85p2 l 85 l
2p8; As andu are the energy and the scattering angle.

We work in the high energy limits5( l 1 l 8)25(p
1p8)2, t5q252s/2(12cosu), u5q8252s/2(11cosu)
05301
t

ty,
.

@M2 ~avoiding the forward and backward domains!, keeping
only logarithmic terms involvings, t, or u. A general conse-
quence of the high energy limit is the dominance of chiral
conserving terms witht852t only.

Born term

At high energy, the invariant amplitude corresponding
the diagrams of Fig. 1 is

R Born52e2Qf
2ūf~p!Fe”q”e” 8

t
1

e” 8q” 8e”

u Gv f̄~p8!. ~A1!

Qf is the fermion charge in unit ofueu.
It leads to the helicity amplitudes

Fl,2l,t,2t
Born 528p aQf

2Fl12t cosu

sinu G . ~A2!
8-9
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FIG. 8. The ratioR0 for gg→ f f̄ versus the energy;l 1l 2 ~a!, t t̄ ~b!, bb̄ ~c!; SM ~solid!, MSSM (tanb54) ~small dashed!, MSSM
(tanb540) ~large dashed!.
or
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Note that at high energy, due to Bose symmetry, the B
term involves onlyl852l ~i.e. uDlu52) amplitudes.

SM electroweak corrections

g and Z sectors

The sum of self-energy, triangle, and box diagrams of F
1~a! ~to which external fermion self-energy diagrams a
added! is convergent and gives the asymptotic contributio

Fl,2l,t,2t5a2Qf
2H Qf

21
@gV f

Z 2gA f
Z ~2t!#2

4sW
2 cW

2 J
3H 2Fl1~2t!cosu

sinu G ln s

MZ
2 1Bl,2l

1 ~MZ
2!J ,

~A3!
05301
n

.

s

Fl,l,t,2t5a2Qf
2H Qf

21
@gV f

Z 2gA f
Z ~2t!#2

4sW
2 cW

2 J
3H 28F ~2t!cosu

sinu G ln s

MZ
2 1Bl,l

1 ~MZ
2!J .

~A4!

The box quantitiesBi are defined in Appendix B, andgV f
Z

5I 3 f(124sW
2 uQf u), gA f

Z 5I 3 f .
The leading terms are

Fl,2l,t,2t
l .t. →2Fl,2l,t,2t

Born S a

4p D H Qf
21

@gV f
Z 2gA f

Z ~2t!#2

4sW
2 cW

2 J
3S ln2

s

MZ
2 23 ln

s

MZ
2D , ~A5!

Fl,l,t,2t
l .t. →0. ~A6!
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FIG. 9. The ratioR33 for gg→ f f̄ versus the energy;l 1l 2 ~a!, t t̄ ~b!, bb̄ ~c!; SM ~solid!, MSSM (tanb54) ~small dashed!, MSSM
(tanb540) ~large dashed!.
e
ig
s
e
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h

W sector

We now sum the contributions of the charged gauge s
tor, with the self-energy, triangle, and box diagrams of F
1~b!. Note that in order to get a convergent result one ha
add the photon self-energy contribution; it cancels the div
gent contribution that appears in the axial term of the c
rectedg f f vertex, whereas a remaining divergence in t
vector term is absorbed by the charge renormalization:

Fl,2l,t,2t5
a2

4sW
2 @12~2t!#H Fl1~2t!cosu

sinu G
3F2Qf@Qf22~2I 3 f !# ln

s

MW
2 1Qf~2I 3 f !

3S ~11cosu!ln2
t

mW
2 1~12cosu!ln2

u

mW
2 D
05301
c-
.
to
r-
r-
e

12 sin2u ln
s

MW
2 G1@Qf2~2I 3 f !#

2Bl,2l
1 ~MW

2 !

1Bl,2l
2 ~MW

2 !2@Qf2~2I 3 f !#

3~2I 3 f !Bl,2l
5 ~MW

2 !J , ~A7!

Fl,l,t,2t5
a2

4sW
2 @12~2t!#

3H ~2t!F28Qf@Qf2~2I 3 f !#
cosu

sinu
ln

s

MW
2

1Qf~2I 3 f !sinuS ~22cosu!

12cosu
ln2

t

mW
2

2
~21cosu!

11cosu
ln2

u

mW
2 D ~22 sinu cosu!ln

s

MW
2 G
8-11
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FIG. 10. The ratioR2 for gg→ f f̄ versus the energy;l 1l 2 ~a!, t t̄ ~b!, bb̄ ~c!; SM ~solid!, MSSM (tanb54) ~small dashed!, MSSM
(tanb540) ~large dashed!.
rms.

II.

ve
e

1@Qf2~2I 3 f !#
2Bl,l

1 ~MW
2 !1Bl,l

2 ~MW
2 !

2@Qf2~2I 3 f !#~2I 3 f !Bl,l
5 ~MW

2 !J . ~A8!

The leading terms are

Fl,2l,t,2t
l .t. →2Fl,2l,t,2t

Born S a

32psW
2 Qf

2D @12~2t!#

3H 2Qf
2S ln2

s

MW
2 23 ln

s

MW
2 D

14Qf~2I 3 f !ln
2

s

MW
2 14Fcosu ln

12cosu

11cosu
05301
1@2Qf~2I 3 f !21# ln
sin2u

4 G ln s

MW
2 J , ~A9!

Fl,l,t,2t
l .t. →0. ~A10!

Note the appearance of angular dependent leading te
This is the only sector where it happens~such terms were
also found in Ref.@11# in the crossed channele1e2→gg for
left-handed electrons!. See the discussion in Secs. II and I

Higgs sector

We now add the contributions of the diagrams of Fig. 1~c!
involving the Goldstone bosonF and the physical Higgs
bosonHSM . This concerns only the production of massi
quarks f 5t,b, as these contributions, arising from th
Yukawa couplings, are proportional tomf

2/MW
2 :
8-12
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FIG. 11. The ratioR3 for gg→ f f̄ versus the energy;l 1l 2 ~a!, t t̄ ~b!, bb̄ ~c!; SM ~solid!, MSSM (tanb54) ~small dashed!, MSSM
(tanb540) ~large dashed!.
Fl,2l,t,2t5
a2

4sW
2 H Qf

2Fl1~2t!cosu

sinu G
3F S mt

2

MW
2 @11~2t!~2I 3 f !#

1
mb

2

MW
2 @12~2t!~2I 3 f !# D

12S mf
2

MW
2 D G ln s

MW
2 1$Bl,2l

4 1@Qf2~2I 3 f !#
2

3Bl,2l
3 2@Qf2~2I 3 f !#~2I 3 f !Bl,2l

6 %

3S mt
2

MW
2 @11~2t!~2I 3 f !#
05301
1
mb

2

MW
2 @12~2t!~2I 3 f !# D

12Qf
2S mf

2

MW
2 DBl,2l

3 J , ~A11!

Fl,l,t,2t5
a2

4sW
2 H $Bl,l

4 1@Qf2~2I 3 f !#
2Bl,l

3

2@Qf2~2I 3 f !#~2I 3 f !Bl,l
6 %

3F mt
2

MW
2 @11~2t!~2I 3 f !#1

mb
2

MW
2 @12~2t!

3~2I 3 f !#G12Qf
2S mf

2

MW
2 DBl,l

3 J . ~A12!
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FIG. 12. The ratioR23 for gg→ f f̄ versus the energy;l 1l 2 ~a!, t t̄ ~b!, bb̄ ~c!; SM ~solid!, MSSM (tanb54) ~small dashed!, MSSM
(tanb540) ~large dashed!.
l

ir
e

to
rgi-
gle,
The leading terms are

Fl,2l,t,2t
l .t. →2Fl,2l,t,2t

Born S a

32psW
2 D H S mt

2

MW
2 @31~2t!#

1
mb

2

MW
2 @12~2t!# D d t f1S mb

2

MW
2 @31~2t!#

1
mt

2

MW
2 @12~2t!# D db fJ ln

s

MW
2 , ~A13!

Fl,l,t,2t
l .t. →0. ~A14!

Note that the box functionsB3,4,6 ~and consequently the ful
Higgs contribution toFl,l,t,2t) do not contribute to the
leading lns or ln2s terms; so no scale is mentioned in the
notation ~see Appendix B!; the same property holds in th
following supersymmetric contributions.
05301
SUSY additional contributions

Nonmassive terms

By nonmassive terms we mean the contributions due
the diagrams involving gauge couplings of sfermions, cha
nos, and neutralinos. They come from self-energy, trian
and box diagrams in Fig. 2~a! ~and external fermion self-
energy terms!:

Fl,2l,t,2t5
a2

4sW
2 H Fl1~2t!cosu

sinu G
3F2Qf

2S 2CfQf
2

cW
2 112~2t! D G ln s

M2

1@12~2t!#$2Bl,2l
3 22@Qf2~2I 3 f !#~2I 3 f !

3Bl,2l
6 1D fBl,2l

4 %

1@11~2t!#EfBl,2l
4 J , ~A15!
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Fl,l,t,2t5
a2

4sW
2 „@12~2t!#$2Bl,l

3 22@Qf2~2I 3 f !#

3~2I 3 f !Bl,l
6 1D fBl,l

4 %1@11~2t!#EfBl,l
4

…,

~A16!

where

Cl5
1

4
@12~2t!#1sW

2 @11~2t!#, Dl5
1

cW
2 , El5

4sW
2

cW
2 ,

Ct5
928sW

2

36
@12~2t!#1

4sW
2

9
@11~2t!#,

Dt5
2

9
1

4~928sW
2 !

81cW
2 , Et5

64sW
2

81cW
2 ,

Cb5
928sW

2

36
@12~2t!#1

sW
2

9
@11~2t!#,

Db5
8

9
1

~928sW
2 !

81cW
2 , Eb5

4sW
2

81cW
2 .

The leading terms are
05301
Fl,2l,t,2t
l .t. →2Fl,2l,t,2t

Born S a

16psW
2 D

3F S 2CfQf
2

cW
2 112~2t! D G ln s

M2 , ~A17!

Fl,l,t,2t→0. ~A18!

M is a common SUSY scale introduced for convenien
~which is fixed to 0.5 TeV in the illustrations!. Note that a
change of value ofM amounts to the introduction of add
tional ~neglected! constant terms, as the SUSY contributio
only appear with ln(s/M2) and never with quadratic logarith
mic terms.

Note in addition that the SUSY contribution toFl,l,t,2t
also has no leading lns or ln2s terms.

Massive terms

These terms arise from the Yukawa couplings of t
Higgsino component of the charginos and neutralinos in
acting with sfermions, as well as from the physical SUS
Higgs contributions~from which we subtract the SM Higg
contribution in order to avoid make double counting of t
Higgs sector contribution!. From self-energy, triangle, an
box diagrams of Figs. 2~a,b! ~and external fermion self-
energy terms! one gets
Fl,2l,t,2t5
a2

4sW
2 H Qf

2Fl1~2t!cosu

sinu GF S mt
2

MW
2 @11~2t!~2I 3 f !#~112cot2b!1

mb
2

MW
2 @12~2t!~2I 3 f !#~112 tan2b! D

12S mf
2

MW
2 D @~112 cot2b!d t f1~112 tan2b!db f#G ln s

M2

1$Bl,2l
4 1@Qf2~2I 3 f !#

2Bl,2l
3 %S mt

2

MW
2 @11~2t!~2I 3 f !#cot2b1

mb
2

MW
2 @12~2t!~2I 3 f !#tan2b D

1$Bl,2l
3 1@Qf2~2I 3 f !#

2Bl,2l
4 %S mt

2

MW
2 @11~2t!~2I 3 f !#~11cot2b!1

mb
2
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2 @12~2t!~2I 3 f !#~11tan2b! D

2@Qf2~2I 3 f !#~2I 3 f !Bl,2l
6 S mt

2

MW
2 @11~2t!~2I 3 f !#~112 cot2b!1

mb
2

MW
2 @12~2t!~2I 3 f !#~112 tan2b! D

12Qf
2
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2

MW
2 $Bl,2l

3 @cot2bd t f1tan2bdb f#1Bl,2l
4 @~11cot2b!d t f1~11tan2b!db f#%J , ~A19!
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4sW
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2Bl,l

3 !S mt
2

MW
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mb
2

MW
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The leading terms are

Fl,2l,t,2t
l .t. →2Fl,2l,t,2t

Born S a

32psW
2 D

3H S mt
2

MW
2 @31~2t!#~112 cot2b!
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mb

2

MW
2 @12~2t!#~112 tan2b! D d t f

1S mb
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MW
2 @31~2t!#~112 tan2b!

1
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2

MW
2 @12~2t!#~112 cot2b! D db fJ ln

s

M2 ,

~A21!

Fl,l,t,2t
l .t. →0. ~A22!

APPENDIX B: ASYMPTOTIC EXPRESSIONS
OF THE BOX DIAGRAMS

The contributions of the box diagrams of Figs. 1 and 2
the helicity amplitudes can be written in the following ge
eral form, wherei 51, . . . ,6correspond to the six types o
box diagram. The following expressions are obtained by
taining only the logarithmic terms that appear in the co
plete expressions written in terms of Passarino-Veltm
functions:
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tu
ln2
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3
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, ~B16!

X3
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2~u2t !
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ln2

t

u
12S 1

t
ln

t

M2 2
1

u
ln

u

M2D
12S 1
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M2 2
1

t
ln2

u

M2D , ~B17!

X1
65X3

650, ~B18!

X2
65

1

2tu
ln

u

t
. ~B19!

Leading ln s and ln2s terms

Keeping in the above expressions only the terms prop
tional to ln(s/M2) and ln2(s/M2), one obtains

Bl,2l
1 52S l1~2t!cosu

sinu D S ln2
s

M2 24 ln
s

M2D , ~B20!

Bl,l
1 58S ~2t!cosu

sinu D ln
s

M2 , ~B21!

Bl,2l
2 5S l1~2t!cosu

sinu D H 4S ln2
s

M2 2 ln
s

M2D
12 sin2uS 1

12cosu
ln

12cosu

2

1
1

11cosu
ln

11cosu

2
21D J ln

s

M2 , ~B22!
05301
r-

Bl,l
2 52

2~2t!cosu

sinu
ln2

s

M2

24~2t!sinu ln
12cosu

11cosu
ln

s

M2

12~2t!cosu sinuS 12
1

12cosu
ln

12cosu

2

2
1

11cosu
ln

11cosu

2 D ln
s

M2 , ~B23!

Bl,2l
5 5S l1~2t!cosu

sinu D H 6S 2 ln2
s

M2 12 ln
s

M2D
22S ~32cosu!ln

12cosu

2

1~31cosu!ln
11cosu

2 D ln
s

M2J , ~B24!

Bl,l
5 52S ~2t!cosu

sinu D H ln2
s

M2 24 ln
s

M2

1F ~32cosu!ln
12cosu

2
1~3

1cosu!ln
11cosu

2 G ln
s

M2J
14~2t!sinuS 1

11cosu
ln

12cosu

2

2
1

12cosu
ln

11cosu

2 D ln
s

M2 . ~B25!

Using these simple expressions in Eq
~A3!,~A4!,~A7!,~A8!,~A11!, ~A12!,~A15!,~A16!,~A19!,~A20!,
one obtains the leading terms of the helicity amplitud
given in Eqs. ~A5!,~A6!,~A9!,~A10!,~A13!,~A14!,~A17!,
~A18!,~A21!,~A22!.

APPENDIX C: THE POLARIZED gg\f f̄
CROSS SECTION

In the high energy limit, with real helicity amplitudes, th
general expression of the polarizedgg cross section@19# is

ds

dt d cosu
5

dL̄gg

dt H ds̄0

d cosu
1^j2&

ds̄2

d cosu
1^j28&

ds̄82

d cosu

1^j2j28&
ds̄22

d cosu
1^j3&cos 2f

ds̄3

d cosu

1^j38&cos 2f8
ds̄38

d cosu
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1^j3j38&F ds̄33

d cosu
cos 2~f1f8!

1
ds̄338

d cosu*
cos 2~f2f8!G

1^j2j38&cos 2f8
ds̄23

d cosu

2^j3j28&cos 2f
ds̄823

d cosuJ . ~C1!

In Eq. ~C1!, t5s/see, wheres[sgg , while dL̄gg /dt de-
scribes the photon-photon luminosity per unite2e1 flux
@12#. The Stokes parameters (j2 ,j28), (j3 ,j38), and (f,f8)
describe, respectively, the average helicities, transverse
larizations, and azimuthal angles of the two backscatte
photons. Typical values for these various quantities are gi
in Ref. @19#. In Eq. ~C1! there appear the following quant
ties:

ds̄0

d cosu
5S Nf

128psD (
l3l4

@ uF11l3l4
u21uF22l3l4

u2

1uF12l3l4
u21uF21l3l4

u2#, ~C2!

ds̄2

d cosu
5S Nf

128psD (
l3l4

@ uF11l3l4
u22uF22l3l4

u2

1uF12l3l4
u22uF21l3l4

u2#, ~C3!

ds̄82

d cosu
5S Nf

128psD (
l3l4

@ uF11l3l4
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u2

2uF12l3l4
u21uF21l3l4

u2#, ~C4!

ds̄22

d cosu
5S Nf

128psD (
l3l4

@ uF11l3l4
u21uF22l3l4

u2

2uF12l3l4
u22uF21l3l4

u2#, ~C5!

ds̄3

d cosu
5S 2Nf

64psD (
l3l4

@F11l3l4
F21l3l4

#

1@F22l3l4
F12l3l4

#, ~C6!

ds̄83

d cosu
5S 2Nf

64psD (
l3l4

@F11l3l4
F12l3l4

#

1@F22l3l4
F21l3l4

#, ~C7!

ds̄33

d cosu
5S Nf

64psD (
l3l4
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F21l3l4

#, ~C8!
05301
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ds̄833

d cosu
5S Nf
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l3l4
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F22l3l4

#, ~C9!

ds̄23

d cosu
5S 2Nf

64psD (
l3l4

@F11l3l4
F12l3l4

#

2@F22l3l4
F21l3l4

#, ~C10!

ds̄823

d cosu
5S 2Nf

64psD (
l3l4

@F11l3l4
F21l3l4

#

2@F22l3l4
F12l3l4

#, ~C11!

whereNf is the color factor (3 whenf is a quark and 1 when
it is a lepton!.

Using the fact that at high energy the only nonvanish
fermion helicities arel352l4[t, as well as the relations
due to Bose symmetry andCP conservation,

F1,2,t,2t~s,cosu!52F21,t,2t~s,2cosu!, ~C12!

F11,t,2t~s,cosu!5F22,t,2t~s,cosu!

52F11,t,2t~s,2cosu!

52F22,t,2t~s,2cosu!, ~C13!

one sees that

ds̄0

d cosu
,

ds̄3

d cosu
[

ds̄38

d cosu*
,

ds̄22

d cosu
,

ds̄33

d cosu
,

ds̄338

d cosu

are cosu symmetric, and that

ds̄2

d cosu
[2

ds̄28

d cosu
,

ds̄23

d cosu
[2

ds̄238

d cosu

are cosu antisymmetric.
The Born amplitudesare such that

Fl,l,t,2t
Born ~s,cosu!50, ~C14!

Fl,2l,t,2t
Born ~s,cosu!52F2l,l,2t,t

Born ~s,cosu!,
~C15!

leading to the only nonvanishing Born contributions,

ds̄0
Born

d cosu
[2

ds̄22
Born

d cosu
,

ds̄33
Born

d cosu
. ~C16!
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At first order (a3) in the electroweak corrections~i.e., ne-
glecting the terms quadratic inFl,l,t,2t), one has the addi
tional properties

ds̄0

d cosu
52

ds̄22

d cosu
,

ds̄338

d cosu
50, ~C17!

so that only five observables remain: the three symme
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i-

o
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05301
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and the two antisymmetric ones
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