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ProcesseseÀe¿\gg,Zg,ZZ in the standard model and the minimal supersymmetric
standard model
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We present the results of a complete analysis of the one-loop electroweak corrections toe2e1

→gg, Zg, ZZ in the standard model~SM! and the minimal supersymmetric standard model~MSSM!. A
special emphasis is put on the high energy behavior of the various helicity amplitudes and the way the
logarithmic structure is generated. The large magnitude of these effects, which induce striking differences
between the SM and MSSM cases at high energies, offers the possibility of making global tests which could
check the consistency of these models, and even decide whether any additional new physics is required.
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I. INTRODUCTION

Several projects of high energy and high luminositye2e1

colliders @Linear Collider ~LC!, CERN Linear Collider
~CLIC!# are under consideration@1,2#, possibly with a
photon-photon option@3#. They should allow us not only to
produce new particles but also to make very precise test
the fundamental interactions.

It is by now well known that the electroweak radiativ
corrections to several standard processes strongly incr
with energy. This arises due to the presence, already a
one-loop level, of large double~DL! and single~SL! loga-
rithm terms behaving like (a/p)ln2s, (a/p)ln s, @4–6#. In
the TeV range such terms reach the several tens of per
level. They are no more ‘‘small corrections’’ of ordera/p as
in the CERN e1e2 collider LEP SLAC Linear Collider
~SLC! energy range; they are essential parts of the dynam

A very important property of these large DL and SL log
rithmic terms is that their coefficients reflect the gauge a
Higgs structure of the basic interactions. Thus they offe
striking signature for studying the underlying dynamics a
differentiate between the standard model~SM! and the mini-
mal supersymmetric standard model~MSSM! @7,8#. Com-
pared with the high level of the experimental accuracy~few
per mille! that is expected for future colliders, this shou
allow deep tests of the basic electroweak interactions.

This has been illustrated recently by showing the r
evance of the SL and DL terms at high energy colliders in
case of light and heavy fermion pair production ine1e2

@6,9# andgg @10# collisions, and also for sfermion pair pro
duction @11#. Corrections including higher order contribu
tions have also been computed@11,12#.

Alternatively, these large logarithmic effects may also a
pear as large background contributions to possible new p
ics ~NP! signals. It will therefore be essential to have fu
control on them, which necessitates a precise analysis o
various virtual contributions induced from each dynami
sector. This will be particularly important in case a depart
is observed and hints for its origin are examined.
0556-2821/2003/67~1!/013012~10!/$20.00 67 0130
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The aim of this paper is to discuss these aspects in
case of neutral gauge boson pair production ine1e2

→gg, Zg, ZZ. One-loop effects in the SM have alread
been computed some time ago@13#. The additional step here
is to analyze in detail the high energy behavior and cons
also the complete set of MSSM contributions. We exam
how the asymptotic@double log~DL! and single log~SL!#
contributions are generated using the complete express
in each of the gauge and Higgs sectors, in SM and MSS
This should also be useful for discussing possible modifi
tions due to NP, and proposing strategies for comparing w
experimental results.

Incidentally, the neutral gauge boson production proces
e1e2→Zg, ZZ received recently considerable theoretic
@14–16# and experimental@17# interest motivated by the
search for anomalous neutral gauge boson self-coupl
~NAGC!. At the tree level in the SM and MSSM no cou
plings exist among three neutral gauge bosons. Such
plings only appear at one loop, through fermion triang
involving leptons and quarks in the SM, and also chargin
and neutralinos in MSSM@15#. These contributions are o
course part of the complete one-loop corrections mentio
above. The interest in them though is that additional su
contributions may appear, induced from NP forms conta
ing, e.g., heavier fermions, nonperturbative structures,
even direct neutral boson couplings. To experimentally stu
such couplings, it is essential to have full control of the ‘‘no
mal’’ SM or MSSM corrections; we will devote a specia
discussion to this point.

Finally, we consider the role of longitudinalZ production.
At high energy theZL production in the SM and MSSM is
strongly depressed; but the depression is stronger at the
level than after radiative corrections are included. As a res
the Born contribution to, e.g.,ZLZL production above 1 TeV,
is negligible compared to the one-loop one. Such a chan
may be a suitable place to search for forms of anomalous
contribution generated by, e.g., a strongly interacting Hig
sector.

The paper is organized as follows. In Sec. II we descr
©2003 The American Physical Society12-1
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the method used for the computation of the one-loop con
butions and we give the explicit expressions of t
asymptotic amplitudes. The numerical results are prese
in Sec. III and we conclude in Sec. IV. In the Appendix w
define our notations and give the expression of the B
terms.

II. THE ONE-LOOP CONTRIBUTIONS

In the present work, the complete one-loop effects
e2e1→gg, Zg, ZZ have been computed, using the o
shell renormalization formalism@18#. The relevant diagrams
are depicted in Fig. 1. The results are expressed in term
invariant amplitudesNj defined in the Appendix. We refrain
from giving the explicit expressions of the invariant amp
tudes in this short paper, since they can be found in
archives@19#. The structure of these amplitudes is

Nj~s,t,u!5Nj
ren1Born1Nj

Tri1Nj
Box , ~1!

whereNj
ren1Born represents the Born amplitudes modified

renormalization counterterms and the gauge and elec
self-energy functions. The other two terms in Eq.~1! de-
scribe the triangular and box diagram contributions. The
contribution is then fully determined by diagrams involvin
only standard particle exchanges; while in the MSSM c
additional diagrams arise involving SUSY contributions
self-energies and the triangle and box diagrams contain
chargino, neutralino, slepton, squark, and charged and

FIG. 1. Diagrams at one loop.
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tral Higgs exchanges. The couplings and masses are t
from @20#, and the neutralino mixing formalism of@21# is
used.

In the illustrations we use the specific benchmark MSS
models corresponding to typical cases with either low
high masses for the inos or the sfermions@22,23#. These
models are constructed in the context of the constrai
MSSM supergravity~SUGRA! framework, with universal
soft supersymmetry-breaking masses, assumingR-parity
conservation. They have been selected to be consistent
all present particle physics and cosmological constraints,
provide a rough indication of all available possibilities in th
SUGRA framework@22#.

The one-loop amplitudes are quite involved. They beco
simple and intuitive though at very high energies, whene
(s, utu, uuu) are much larger than all masses of the partic
exchanged in the various diagrams. Under such conditio
the dominant radiative corrections are described by sin
~SL! and double-log~DL! corrections affecting only thoseNj
which receive nonvanishing Born-level contributions@these
Born amplitudes are given in Eqs.~A10!–~A14!#.

Thus, to the leading-log approximation, the radiative
corrected invariant amplitudes are given by

Nj.Nj
Born,L@11cL#1Nj

Born,R@11cR#1dj ,L
(W) , ~2!

where only the invariant amplitudesNj for which the Born
contribution is nonvanishing, appear. ThecL,R coefficients
are process, model, andj-independent. In the SM case, the
are given by

cL5
a~112cW

2 !

16psW
2 cW

2 F3 ln
s

mW
2 2 ln2

s

mW
2 G2

aa(W)

8psW
2

ln2
s

mW
2 ,

~3!

cR5
a

4pcW
2 F3 ln

s

mW
2 2 ln2

s

mW
2 G , ~4!

while in the MSSM case by

cL5
a~112cW

2 !

16psW
2 cW

2 F2 ln
s

mW
2 2 ln2

s

mW
2 G2

aa(W)

8psW
2

ln2
s

mW
2 ,

~5!

cR5
a

4pcW
2 F2 ln

s

mW
2 2 ln2

s

mW
2 G , ~6!

where in the right-hand part of Eqs.~3! and ~5!

a(W)522,
324sW

2

122sW
2

,
4cW

2

122sW
2

, ~7!

should be used forgg, gZ, andZZ, respectively.
As seen from Eq. ~2!, (cL , cR) provide angular-

independent universal corrections to the Born amplitudes
addition to them though, the additiveW-box contributions
dj ,L

(W) appear in Eq.~2!, which are discussed below.
2-2
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The cL,R correction in Eq.~2! is ~a least partly! induced
by vertex diagrams involving photon,Z, W, and MSSM part-
ner exchanges. In particular, the first terms forcL and the
completecR terms @compare Eqs.~3!–~6!#, which have the
structure

F3 lnS s

mW
2 D 2 ln2S s

mW
2 D G in SM,

F2 lnS s

mW
2 D 2 ln2S s

mW
2 D G in MSSM, ~8!

are generated by diagrams involving an electron line
satisfy the same rules as those established in@8,10# for fer-
mion and scalar pair production ine2e1 annihilation. In
agreement with@8,10#, we find that their coefficients are in
dependent of the SM or MSSM scales, depending only
the eL , eR weak isospin I e and hyperchargeYe[2(Qe

2I e
(3)), through

a

4p F I e~ I e11!

sW
2

1
Ye

2

4cW
2 G . ~9!

Thus ~as far as the electron-line terms are concerned! at en-
ergies much larger than the masses of all standard and s
symmetric particles, the only difference between SM a
MSSM dynamics is concentrated in changing the SL coe
cient from 3 to 2, obviously because of the different numb
of degrees of freedom in the two models. On the contra
the double-log term DL is the same in both the SM a
MSSM dynamics@8,10#.

The lasta(W) terms in Eqs.~3!, ~5! come from subgraphs
involving the final gauge bosons and only contain DL term
As in the electron-line case, the coefficients of these
terms are insensitive to the differences between the SM
MSSM dynamics; they are given in Eq.~7!.

The dj ,L
(W) term in Eq. ~2! is a specific purely standar

W-box contribution, whose coefficient is fixed by thegWW
and ZWWcouplings. It is angular dependent and of cour
insensitive to supersymmetric particle exchanges. It is gi
by

dj ,L
(W)5

a2b(W)

sW
2

PLH h t
jF2 ln

s

mW
2 ln

12cosu

2
1 ln2

12cosu

2 G
1hu

j F2 ln
s

mW
2 ln

11cosu

2
1 ln2

11cosu

2 G J , ~10!

where again the indexj runs over theNj amplitudes that
receive nonvanishing Born contribution. Forgg production,
the parameters to be used in Eq.~10! are

b(W)51, h t
1,25

1

t
,

h t
45

1

t
1

2

s
, hu

1,25
1

u
, hu

452
1

u
2

2

s
, ~11!
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while, for gZ,

b(W)51/4sWcW ,

h t
1,252

s

2
h t

65
324sW

2

t
2

1

u
,

hu
1,252

s

2
hu

65
324sW

2

u
2

1

t
,

h t
45

324sW
2

t
1

1

u
1

8cW
2

s
, hu

452
324sW

2

u
2

1

t
2

8cW
2

s
,

~12!

h t
55

1

u
1

4cW
2

s
, hu

552
324sW

2

u
2

4cW
2

s
,

and, forZZ,

b(W)51/2sW
2 ,

h t
1,25

122sW
2

t
2

1

u
, hu

1,25
122sW

2

u
2

1

t
,

h t
45

122sW
2

t
1

1

u
1

4cW
2

s
, hu

452
122sW

2

u
2

1

t
2

4cW
2

s
,

h t
55

1

u
1

2cW
2

s
, hu

552
122sW

2

u
2

2cW
2

s
, ~13!

h t
652h t

852
2

s F122sW
2

t
2

1

uG ,
hu

652hu
852

2

sF122sW
2

u
2

1

t G ,
h t

75
2sW

2 21

t
2

2cW
2

s
, hu

75
1

t
1

2cW
2

s
.

When the helicity amplitudes generated by theNj ones
are computed, it is found that the above structure of mai
multiplicative corrections to the Born contributions is on
preserved for the TT amplitudes, where both final gau
bosons are transverse. It is only in this case that the one-
asymptotic amplitudes are given by the Born ones, mu
plied by the various leading-log coefficients. Such a fact
ization form does not work for the TL, LT, and LL, helicity
amplitudes, which are mass suppressed; thereby forcing
difference between the high energy behavior of the one-l
helicity amplitude, and its Born contribution, to be not sim
ply logarithmic, but to also have a power-law part.

As an example we recall that due to ‘‘gauge cance
tions,’’ the Born e2e1→ZZ TT amplitudes behave like a
constant at asymptotic energies, the Born TL and LT o
vanish like mZ /As, and the Born LL amplitudes diminish
like mZ

2/s. This latter property can be explicitly seen in
2-3
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Fl00
Born.2~2l!

16mZ
2

s

cosu

sinu H ~2sW
2 21!2

4sW
2 cW

2 PL1
sW

2

cW
2 PRJ .

~14!

When the one-loop effects are included, the TL and
amplitudes receive, apart from the logarithmic factors, ad
tional mass dependent terms of the typeM /As, whereM is
some mass involved in the one-loop diagrams. ForZLZL
amplitudes, these one-loop modifications lead to a strikin
different high energy structure, where the rapidly vanish
;mZ

2/s Born behavior is replaced by a logarithmically in
creasing one involving ln2utu/M2 and ln2uuu/M2 terms. This
structure is induced by Higgs sector box diagrams, wh
asymptotic contribution dominates the tree-level one.

The simplest way to obtain it is by using the equivalen
theorem and considering the processese1e2→G0G0 (G0

being the Goldstone state supplying the longitudinalZL com-
ponent!. Since in theme50 limit this later process has n
Born term, its only possible contribution comes from box
with internal~eZHZ! and (nWGW) lines; whereH stands for
the standard Higgs boson in SM, while in MSSM it repr
sents a suitable mixture of theCP-evenH0 and theh0 states.
The resulting asymptotic helicity amplitudes are then

Fl00.~2l!
a2sinu

4 H F ln2
utu
mW

2 2 ln2
uuu
mW

2 G J
3H S 1

sW
4 1

~2sW
2 21!2

2sW
4 cW

4 D PL1S 2

cW
4 D PRJ

.~2l!
a2sinu

2
lnS s

mW
2 D lnS 12cosu

11cosu D
3H S 1

sW
4 1

~2sW
2 21!2

2sW
4 cW

4 D PL1S 2

cW
4 D PRJ , ~15!

in both SM and MSSM. Thus, at sufficiently high energy, t
order a2 contribution of Eq.~15! becomes larger than th
~suppressed! Born LL contribution of Eq.~14!. The cross-
over of these two terms is around 1 TeV.

Contrary to the TT case induced by Eq.~2!, asymptoti-
cally there is no difference between the SM and the MS
predictions for longitudinalZLZL production. This is due to
the fact that theH0 contribution is proportional to cos2(b
2a) and theh0 one proportional to sin2(b2a), producing a
result identical to the SM one.

The NAGC effects

As mentioned in the Introduction, the full one-loop resu
for e2e1→Zg, ZZ in SM or MSSM may be viewed as a
irreducible background in the search of possible anoma
neutral gauge boson couplings. The general form of s
couplings has been written in@14#. Here, we restrict the
analysis to the on-shell couplingsh3

g,Z and f 5
g,Z , which

should be the dominant ones@15#. Their contributions to the
helicity amplitudes have been given in@14#. As shown there,
01301
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g

e

e

s

-

s
h

h3
g,Z contributes to the TT and TLe1e2→Zg amplitudes,

and f 5
g,Z to the TLe1e2→ZZ one. There is no contribution

to e1e2→gg.
In @15#, dynamical models for generating NAGC hav

been considered. The conclusion of that work was that
contributions toh3

g,Z and f 5
g,Z arising from one-loop effects

induced by new higher fermions of massM pertaining to the
NP scale, diminish faster than 1/s, for s@M2. So they can-
not modify the leading-log SM or MSSM structure, and th
are always part of the subleading contributions. But th
may exist more general types of NAGC leading to app
ciable tree levelh3

g,Z and f 5
g,Z couplings.

In any case, the processese2e1→Zg, ZZ may be used
to constrain such NAGCs, and for this purpose, knowled
of the complete one-loop effects is essential. Such c
straints are presented in the next section, assuming LC e
gies of 0.5 or 5 TeV.

FIG. 2. The ratio of the unpolarized differential cross secti
e2e1→gg to the Born contributions, at 0.5 TeV~a! and 5 TeV~b!,
for SM and a representative subset of the benchmark MSSM m
els of @22#.
2-4
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III. NUMERICAL RESULTS

Here we present the numerical prediction for observab
like angular distributions, integrated cross sections,
asymmetries, defined in the Appendix. Most of these obs
ables do not refer to the final gauge boson polarizations.
some remarks concerning the production of specifica
transverse or longitudinalZ bosons are also given.

Due to the electron exchange diagrams in thet and u
channels, the angular distribution is strongly peaked in
forward and backward directions. Because of detection d
culties along the beam directions, we only consider c
scattering angles in the region 30°,u,150°. The integrated
cross sections are thus defined by integrating in this ang
region.

The one-loop radiative correction effects to the differe
tial and integrated cross sections are described by the r

FIG. 3. The ratio of the unpolarized differential cross sect
e2e1→Zg to the Born contribution, at 0.5 TeV~a! and 5 TeV~b!,
for SM and a representative subset of the benchmark MSSM m
els of @22#.
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to the corresponding Born contributions. Thus the differe
tial cross sections are described in Figs. 2–4 for the SM
a representative set of MSSM SUGRA models suggeste
@22#, which are consistent with all present particle and c
mological constraints. The effects are always negative
increase with energy and the scattering angle. In the SM
0.5 TeV, they are about27%, 28%, and215% for gg,
Zg, and ZZ production, respectively; while at 5 TeV the
correspondingly reach the level of227%, 240%, and
258%.

The differences between the SM and the various MS
cases for the differential cross sections, especially at la
angles, are within 1.5% fore1e2→gg, and increase to 10%
and 20% forZg andZZ production, respectively.

The radiative corrections effects to the integrated unpo
ized ~summed over all final polarization! cross sections are

d-

FIG. 4. The ratio of the unpolarized differential cross secti
e2e1→ZZ to the Born contribution, at 0.5 TeV~a! and 5 TeV~b!,
for SM and a representative subset of the benchmark MSSM m
els of @22#.
2-5



es
n

II,
n

ln
ll
n

nt
ee
y

n
-

est-
n-

-
oop
are

not

-
ve
res-
get
ille

ch

en-

in
he
L
old,
like
by
V,
ly
v-
r in
ggs

tiv

M

ion
a-

G. J. GOUNARIS, J. LAYSSAC, AND F. M. RENARD PHYSICAL REVIEW D67, 013012 ~2003!
described in Figs. 5–7. The above 1 TeV behavior of th
cross sections agrees~apart from a model dependent consta
term! with the asymptotic leading log expressions~3!–~6!,
for SM and MSSM, respectively. As pointed out in Sec.
the main difference between the SM and MSSM predictio
at high energy stems from the respective factors (3s
2ln2s) and (2 lns2ln2s), which depend only on the overa
structure of the theory and are totally independent of a
other MSSM parameter. So, an experimental measureme
the coefficient of the linear log term could check the agr
ment with SM or with MSSM, and even provide hints if an
additional NP contribution is needed.

Another interesting quantity is the left-right polarizatio
asymmetryALR , which is not affected by normalization un

FIG. 5. The ratio of the unpolarized integrateds(e2e1→gg)
cross section to the Born contribution for SM and a representa
subset of the benchmark MSSM models of@22#.

FIG. 6. The ratio of the integrated unpolarizeds(e2e1→Zg)
cross section to the Born contribution, for SM and a set of MSS
models of@22#.
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certainties, and its measurement may be extremely inter
ing experimentally. In this case the Born contribution is co
stant in energy and satisfiesALR(Born)50, 0.2181, and
0.4164 forgg, gZ, andZZ, respectively. The radiative cor
rections can then conveniently be described by the one-l
induced departure from these values. Since the effects
similar to those for the integrated cross sections, we do
present them explicitly.

The above behavior of the unpolarized cross section~or
ALR asymmetry! is ensured by the dominance of the TT am
plitudes. Ingg, where only such amplitudes occur, we ha
checked that by putting an additional constant to the exp
sion for the asymptotic cross section fitted at 5 TeV, we
agreement with the exact one-loop result at the perm
level, for energies as low as 0.2 TeV.

In gZ production, the presence of TL amplitudes, whi
are negligible in the several TeV range,1 generate corrections
below 1 TeV which are at the several percent level and s
sitive to the MSSM model considered.

The case ofZZ production is more interesting, because,
addition to the TL and LT components which behave like t
ones ingZ, there are also LL components. The Born L
component, which contributes about 10% close to thresh
is strongly depressed at higher energies, behaving
sBorn

LL ;1/s3. But because of large contributions generated
the Higgs sector,2 a logarithmic increase arises above 1 Te
illustrated in Fig. 8. This happens at a level which is hard
observable, except with very high luminosity colliders. Ne
ertheless we show it because of its exceptional behavio
the very high energy range. Its dependence on the Hi

1The TL cross section behaves likeM2/s2 at high energies,
whereas the TT one behaves like 1/s, apart from log factors.

2Compare the Goldstone contributions given in Eq.~15!.

e FIG. 7. The ratio of the integrated unpolarized cross sect
s(e2e1→ZZ) to the Born contribution, for SM, and a represent
tive subset of the benchmark MSSM models of@22#.
2-6
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mass is rather weak; the relative differences between
cross sections formH50.3 TeV ormH51 TeV, and the one
for mH50.113 TeV being at the permille level.

Constraints on NAGC contributions

We first look at the ‘‘normal’’ NAGC contributions arising
from fermionic triangular loops, both in the SM and MSSM
Since these decrease faster than 1/s with energy@15#, one
can only look for NAGC at energies not higher than 1 Te
In e1e2→Zg the effects are due to the TT and TL amp
tudes; while ine1e2→ZZ only TL ~and LT! amplitudes
contribute. However, in theZg case there is no interferenc
between the NAGC and Born TT amplitudes; since the fi
gauge boson helicities are equal for the NAGC amplitud
and opposite for the Born ones. So in both thegZ and ZZ
cases, the effects will mainly come from the interferen
with the weaker Born LT amplitudes, and should be at
permille level around~or below! 1 TeV. We conclude there
fore that new NAGC contributions generated by, e.g.,
angles involving higher mass fermions, will be margina
observable; unless very high luminosities are available.

We next look at the sensitivity to the ‘‘true’’ NAGC am
plitudes, described in a model independent way by the p
nomenological coupling constantsh3

g,Z for Zg, and f 5
g,Z for

ZZ @14#. Assuming a given experimental accuracy~for ex-
ample, a conservative 1%! on the unpolarized integrate
cross sectionssunp and the left-right asymmetryALR , we
then obtain the NAGC observability limits for such cont
butions. This is illustrated in Figs. 9~a! and 9~b! for Zg and
ZZ production, at energies of 0.5 and 1 TeV.

Note from Figs. 9~a! and 9~b! that thesunp andALR con-
straints are almost orthogonal, allowing a good limitation
both the photon- andZ-NAGCs. This arises because, ingZ,
sunp mainly depends onh3

g , whereasALR is more sensitive

FIG. 8. The integrated cross section fors(e2e1→ZLZL), as a
function of the energy for SM and a representative subset of
benchmark MSSM models of@22#. For comparison the Born con
tribution is also given.
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to h3
Z . In ZZ the roles of the photon andZ are interchanged

sunp mainly depending onf 5
Z , and ALR on f 5

g , due to the
different chirality structure of the Born terms. All this can b
traced off from the fact that the photon couples vectoria
while theZeecoupling is essentially purely axial.

As seen from Figs. 9~a! and 9~b!, the implied sensitivity is
likely to increase with energy. We conclude therefore that
forms inducing the NAGCsh3

g,Z , f 5
g,Z at the level of 1023 to

1024, should be observable around 1 TeV.

IV. PHYSICS ISSUES AND CONCLUSIONS

In this paper we have analyzed the behavior of the e
troweak corrections to the processese1e2→gg, Zg, ZZ at
the one loop level, in the context of the SM and the MSS

These processes are particularly interesting in various
pects. Their final gauge bosons are easy to detect experim
tally, while their theoretical structure provides clean tests
the electroweak interactions. The Born terms are only du
electron exchanges in thet and u channels; contrary to the
WW case, there is nos-channel tree level term. Since the
are no QCD or Yukawa contributions, the identification

e

FIG. 9. The NAGC limits fromsunp and ALR measurements
assuming an accuracy of 1%, for the processese1e2→Zg ~a! and
e1e2→ZZ ~b!.
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the electroweak corrections should be very clean.
We have completely computed the one-loop SM a

MSSM corrections in order to analyze the contents of
gauge, Higgs, and Goldstone sectors, as well as their su
symmetric counterparts. We have studied how these co
butions vary with energy, and how they conspire to gene
asymptotically the leading logarithmic terms, and in partic
lar the remarkable difference between the SM combina
(3 lns2ln2s) and the MSSM one (2 lns2ln2s). This contri-
bution fixes the asymptotic form of the transverse-transve
final gauge boson~TT! amplitudes. At moderate energies, w
have also found that the mass-suppressed TL and LL am
tudes play a non-negligible role.

The structures of the angular distributions, integra
cross sections, and left-right asymmetries, for both unpo
ized and polarized final states, have also been studied
merically. It was found in particular that theALR asymmetry
shows essentially the same effects as the unpolarized c
section, a feature which may be experimentally interesting
reducing the normalization uncertainties.

In addition to studying the standard and supersymme
effects, we have considered possible additional NP NA
contributions, as described by effective Lagrangians.
have shown that the corresponding coupling constants c
be constrained at an interesting level.

Summarizing, we can say that the electroweak radia
corrections are large and growing with energy. Starting fr
a few percent at the energy range of a few hundreds of G
they reach 10% already at 1 TeV, and continue growing
cording to the logarithmic rules. So, in the high energy ran
they are no longer ‘‘small corrections.’’ They are essen
parts of the dynamics, which can be experimentally analy
at the future colliders, whose accuracy should reach the
cent level or even better. For more accurate theoretical
dictions, computations of higher orders may be attempte
has already been claimed that several logarithmic terms
ponentiate@12#, so that all the features that we have observ
at the one-loop level remain true for higher orders also.

We have also shown that measurements of the three
cessese1e2→gg, gZ, andZZ should provide global test
of the basic interactions. A strategy for these tests could
the following. One could first try to compare the high ener
behavior of the cross sections and left-right asymmet
with the SM predictions@containing in particular the (3 lns
2ln2s) term#. If there is no new particle produced, SM ma
seem to be a reasonable assumption, and one would e
check its consistency or, if the check fails,3 we would be led
to anticipate some form of NP.

Another situation may be that many candidates for sup
symmetric particles are found, with masses considera
smaller than the highest collider energy attainable. O
should then compare the high energy behavior with
MSSM prediction@containing in particular the (2 lns2ln2s)
term# and again we could check whether a global agreem
appears. If there are still some departures indicating the n

3I.e., a disagreement with the predicted high energy behavio
identified.
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for additional NP effects, a comparison of the three proces
gg, Zg, ZZ may provide a hint for their origin; particularly
if NP is related to NAGC couplings or to some other anom
lous properties of theZ boson. We also note that a measur
ment of the coefficient of the double log term could check
there are no higher gauge bosons acting.

In conclusion, the three processes studied here prese
large panel of interesting properties. They are extrem
simple at the Born level, but extremely rich in the suppli
information at the radiative corrections level. Thegg, Zg,
and ZZ final states are complementary for the study of t
gauge~gaugino! sector in the MSSM models, the Higgs se
tor, and the search for neutral anomalous gauge couplin

We have thus seen one more aspect of the fact that in
several TeV domain the electroweak interactions start
coming strong. The processes studied here illustrate
property and should be considered as part of the rese
program at the future high energy colliders, demanding
the highest luminosities. In some respect, the tests supp
by (e2e1→gg, Zg, ZZ), are in the same spirit as the hig
precision tests performed withg22 measurements, or withZ
peak physics. They should provide global checks of the
lidity of the SM or MSSM theory.
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APPENDIX: KINEMATICAL DETAILS

The considered process is

e2~l,l !1e1~l8,l 8!→V~e,p!1V8~e8,p8!, ~A1!

where (l , l 8) are the incoming electron and positron m
menta, and (l, l8) their helicities. The outgoing neutra
gauge bosonsZ or g are generally denoted asV andV8, their
momenta as (p, p8), respectively, the complex conjugate
their polarization vectors as (e, e8), and their corresponding
helicities as (m,m8). We also define

q5 l 2p5p82 l 8, q85 l 2p85p2 l 8,

s5~ l 1 l 8!25~p1p8!2, t5q2, u5q82.

The c.m. scattering angle betweenlW andpW is denoted byu.
The electron mass is throughout neglected, imply

l852l561/2. Consequently there are at most 18 helic
amplitudes written as

Fl,m,m8[F@e2~l,l !e1~l852l, l 8!

→V„e~m!,p… V8„e8~m8!,p8…#

5 (
j 51,9

v̄~l8,l 8!I jNj~s,t,u,l!u~l,l !, ~A2!

in terms of nine Lorentz invariant formsI j ( j 51,9) defined
below.

is
2-8
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I 15~e• l !~g•e8!, I 25~e8• l !~g•e!,

I 35~e• l !~e8• l !~g•p!,

I 45~e•e8!~g•p!, I 55~e•p8!~g•e8!,

I 65~e•p8!~e8• l !~g•p!, ~A3!

I 75~e8•p!~g•e!, I 85~e8•p!~e• l !~g•p!,

I 95~e•p8!~e8•p!~g•p!.

Their coefficients, split according to the electron-helicity, d
fine the invariant amplitudes as

Nj~s,t,u,l![Nj
L~s,t,u!PL1Nj

R~s,t,u!PR , ~A4!

where

PL5
1

2
2l, PR5

1

2
1l. ~A5!

In the specific case of the processe2e1→gg, only four
transverse-transverse amplitudes appear, which are desc
through the invariant functionsN1 , N2 , N3 , N4.

In the case ofe2e1→Zg, where the gauge boson pola
ization and momenta are defined byZ(e,p) and g(e8,p8),
the process is most generally described by the six invar
amplitudesN1 , . . . ,N6.

Finally, for e2e1→ZZ, the complete set of the
N1 , . . . ,N9 amplitudes is needed for a complete descripti

1. Observables

The polarized differential cross section is written as

ds~l,m,m8!

d cosu
5

b

32ps
Cstat uFl,m,m8u

2, ~A6!

whereCstat51/2, 1/2, and 1 forgg, ZZ, and gZ, respec-
tively. The integrated cross sections for definite polarizatio
are

s~l,m,m8!5E
2c

c

d cosu
ds~l,m,m8!

d cosu
, ~A7!

wherec[cosumin is an angular cut~fixed atumin530° in the
numerical applications!.

For longitudinally polarizede6 beams, the left-right po-
larization asymmetry is defined as

ALR~m,m8!5

sS 2
1

2
,m,m8D2sS 1

1

2
,m,m8D

sS 2
1

2
,m,m8D1sS 1

1

2
,m,m8D . ~A8!

2. The Born terms

These are due to electron exchange in thet and u chan-
nels. In terms of the invariant amplitudes defined in E
~A4!, they are written as
01301
-

bed

nt

.

s

.

Nj
Born5Nj

Born, t1Nj
Born, u , ~A9!

and for all processes it is found that

N3,9
Born, t5N3,9

Born, u50. ~A10!

The rest of the invariant amplitudes are:
e2e1→gg.

N1
Born, t5N2

Born, t5N4
Born, t52

e2

t
PL2

e2

t
PR ,

N1
Born, u5N2

Born, u52N4
Born, u52

e2

u
PL2

e2

u
PR .

~A11!

e2e1→ZZ.

N1
Born, t5N2

Born, t5N4
Born, t52

s

t2mZ
2

N5
Born, t52

s

2
N6

Born, t

52
s

s2t1mZ
2

N7
Born, t5

s

2
N8

Born, t52
gZL

2

t
2

gZR
2

t
,

N1
Born, u5N2

Born, u52N4
Born, u5

2s

s2u1mZ
2

N5
Born, u

5
2s

2
N6

Born, u5
2s

u2mZ
2

N7
Born, u5

s

2
N8

Born, u

52
gZL

2

u
2

gZR
2

u
, ~A12!

with

gZL5e
~2sW

2 21!

2sWcW
, gZR5e

sW

cW
. ~A13!

e2e1→Zg.

s

s2mZ
2

N1
Born, t5

s

s1mZ
2

N2
Born, t5N4

Born, t52
s

t2mZ
2

N5
Born, t

52
s

2
N6

Born, t5
egZL

t
PL1

egZR

t
PR ,

S s

s2mZ
2D N1

Born, u5S s

s1mZ
2D N2

Born, u52N4
Born, u

5S 2s

s2uDN5
Born, u5

2s

2
N6

Born, u

5
egZL

u
PL1

egZR

u
PR . ~A14!
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