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We present the results of a complete analysis of the one-loop electroweak correctiaiseto
— vy, Zy, ZZ in the standard modglSM) and the minimal supersymmetric standard modéSSM). 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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[. INTRODUCTION The aim of this paper is to discuss these aspects in the
case of neutral gauge boson pair production ehe”

Several projects of high energy and high luminositye* — vy, Zy, ZZ. One-loop effects in the SM have already
colliders [Linear Collider (LC), CERN Linear Collider been computed some time agi8]. The additional step here
(CLIC)] are under consideratiofil,2], possibly with a is to analyze in detail the high energy behavior and consider
photon-photon optiof3]. They should allow us not only to also the complete set of MSSM contributions. We examine
produce new particles but also to make very precise tests dfow the asymptoti¢double log(DL) and single log(SL)]
the fundamental interactions. contributions are generated using the complete expressions

It is by now well known that the electroweak radiative in each of the gauge and Higgs sectors, in SM and MSSM.
corrections to several standard processes strongly increa3éis should also be useful for discussing possible modifica-
with energy. This arises due to the presence, already at th@ns due to NP, and proposing strategies for comparing with
one-loop level, of large doubléDL) and single(SL) loga-  experimental results.
rithm terms behaving like d/7)In%s, (a/m)Ins, [4—6]. In Incidentally, the neutral gauge boson production processes
the TeV range such terms reach the several tens of perceate™ —Zy, ZZ received recently considerable theoretical
level. They are no more “small corrections” of ordef as [14-16 and experimenta[17] interest motivated by the
in the CERNe*e™ collider LEP SLAC Linear Collider search for anomalous neutral gauge boson self-couplings
(SLC) energy range; they are essential parts of the dynamicsNAGC). At the tree level in the SM and MSSM no cou-

A very important property of these large DL and SL loga- plings exist among three neutral gauge bosons. Such cou-
rithmic terms is that their coefficients reflect the gauge andlings only appear at one loop, through fermion triangles
Higgs structure of the basic interactions. Thus they offer dnvolving leptons and quarks in the SM, and also charginos
striking signature for studying the underlying dynamics andand neutralinos in MSSM15]. These contributions are of
differentiate between the standard mo@&W) and the mini-  course part of the complete one-loop corrections mentioned
mal supersymmetric standard mod®ISSM) [7,8]. Com-  above. The interest in them though is that additional such
pared with the high level of the experimental accur@feyv ~ contributions may appear, induced from NP forms contain-
per mille) that is expected for future colliders, this should ing, e.g., heavier fermions, nonperturbative structures, or
allow deep tests of the basic electroweak interactions. even direct neutral boson couplings. To experimentally study

This has been illustrated recently by showing the rel-such couplings, it is essential to have full control of the “nor-
evance of the SL and DL terms at high energy colliders in thenal” SM or MSSM corrections; we will devote a special
case of light and heavy fermion pair production efie™ discussion to this point.

[6,9] and yy [10] collisions, and also for sfermion pair pro-  Finally, we consider the role of longitudinZlproduction.
duction [11]. Corrections including higher order contribu- At high energy theZ, production in the SM and MSSM is
tions have also been computgtl,12. strongly depressed; but the depression is stronger at the Born

Alternatively, these large logarithmic effects may also ap-evel than after radiative corrections are included. As a result,
pear as large background contributions to possible new physhe Born contribution to, e.gZ, Z, production above 1 TeV,
ics (NP) signals. It will therefore be essential to have full is negligible compared to the one-loop one. Such a channel
control on them, which necessitates a precise analysis of theay be a suitable place to search for forms of anomalous NP
various virtual contributions induced from each dynamicalcontribution generated by, e.g., a strongly interacting Higgs
sector. This will be particularly important in case a departuresector.
is observed and hints for its origin are examined. The paper is organized as follows. In Sec. Il we describe
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FIG. 1. Diagrams at one loop.
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tral Higgs exchanges. The couplings and masses are taken
from [20], and the neutralino mixing formalism ¢R1] is
used.

In the illustrations we use the specific benchmark MSSM
models corresponding to typical cases with either low or
high masses for the inos or the sfermidi&2,23. These
models are constructed in the context of the constrained
MSSM supergravity(SUGRA) framework, with universal
soft supersymmetry-breaking masses, assuniaparity
conservation. They have been selected to be consistent with
all present particle physics and cosmological constraints, and
provide a rough indication of all available possibilities in the
SUGRA frameworK22].

The one-loop amplitudes are quite involved. They become
simple and intuitive though at very high energies, whenever
(s, |t|, |u]) are much larger than all masses of the particles
exchanged in the various diagrams. Under such conditions,
the dominant radiative corrections are described by single
(SL) and double-logDL) corrections affecting only thosé,
which receive nonvanishing Born-level contributidgnisese
Born amplitudes are given in EgA10)—(A14)].

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

Nj=NP 14 ¢ ]+ NP R 1+l +dMY, ()

where only the invariant amplitudds; for which the Born
contribution is nonvanishing, appear. Ther coefficients
are process, model, ajdndependent. In the SM case, they
are given by

the method used for the computation of the one-loop contri-

butions and we give the explicit expressions of the a(1+2c3) s s aaW s
asymptotic amplitudes. The numerical results are presented C = Tenlcl 3 Inm—z—lnzm—2 — > 2m_2’
in Sec. Ill and we conclude in Sec. IV. In the Appendix we TSww W w]  8msy w
define our notations and give the expression of the Born ©)
terms. S <
o
Cr=-—7 |3IN——IN>—|, (4)
Il. THE ONE-LOOP CONTRIBUTIONS 4mcy My My

In the present work, the complete one-loop effects inwhile in the MSSM case by
e e"—vyvy, Zv, ZZ have been computed, using the on-

shell renormalization formalisifiL8]. The relevant diagrams a(l+205v) 5| S 2 s aa(W)I , S

i in Ei i CL=—=——>—>2IN——In“"—|— n ,
are qeplcted in Fig. 1. Th_e res_ults are expre_ssed in terms of “L 167753,0\2,\, m\zN m\zN ’7TS\2N m\zN
invariant amplitudesN; defined in the Appendix. We refrain )
from giving the explicit expressions of the invariant ampli-
tudes in this short paper, since they can be found in the

hiveg[19]. The structure of these amplitudes is __“ s 2.3
arc . CR—4—2— 2 In—2——ln — |, (6)
TCy my, my,

N s,t,u :N_ren+Born+ NT"+N.B°X, 1 ) )
i )=N J J @ where in the right-hand part of Eq&) and (5)
whereN"™®" B represents the Born amplitudes modified by a2 2
oo 3—4sy 4cyy
renormalization counterterms and the gauge and electron aW=_2 ' ,
self-energy functions. The other two terms in Ed) de- 1-2s5, 1-2s%,
scribe the triangular and box diagram contributions. The SM
contribution is then fully determined by diagrams involving should be used foyy, yZ, andZZ, respectively.
only standard particle exchanges; while in the MSSM case As seen from Eq.(2), (c_, cg) provide angular-

)

additional diagrams arise involving SUSY contributions toindependent universal corrections to the Born amplitudes. In

self-energies and the triangle and box diagrams containingddition to them though, the additiv&-box contributions
chargino, neutralino, slepton, squark, and charged and ned—ff"L’) appear in Eq(2), which are discussed below.
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The c_ g correction in Eq.(2) is (a least partly induced  while, for yZ,
by vertex diagrams involving photo#, W, and MSSM part-

ner exchanges. In particular, the first terms éprand the b =1/4syc,
completecg terms[compare Eqs(3)—(6)], which have the
structure 12 S ¢ 3—4sy 1
77'[ - E 7]t - t G'
31In S —In? S in SM
mé, md, ’ 12 S g 374sy 1
Mo =75 MT T 1’
s
21n m_z) ~In? m_z) in MSSM, tS) , 3-4sy, 1 8c . 3-4sf 1 8¢
w W = tot—< M= T o
t u s u t s
are generated by diagrams involving an electron line and (12
satisfy the same rules as those established,h0] for fer-
mion and scalar pair production i@ e” annihilation. In 5 1 40\2/\/ 5 3_45\2/\/ 40\2/\/
agreement withi8,10], we find that their coefficients are in- mEGT s T T T T s

dependent of the SM or MSSM scales, depending only on
the e , eg weak isospinl, and hyperchargeY.=2(Q. and, forZz,
—13)), through

bW =1/2s7,,
a |lo(lg+1) Y2
=t : 9) 1-2s3 1 1-2s3 1
LSy o e e W
Thus(as far as the electron-line terms are concerraddkn-
ergies much larger than the masses of all standard and super- , 1—25\2,\, 1 4C\Z,V 4 1- 23\2,\, 1 40\2,\,
symmetric particles, the only difference between SM and 7t~ ¢ Tyt s WS T 1 s
MSSM dynamics is concentrated in changing the SL coeffi-
cient from 3 to 2, obviously because of the different number 1 2¢2 1-2s2,  2¢2
. W W W
of degrees of freedom in the two models. On the contrary, nf=—+ —, nﬁz — -, (13
the double-log term DL is the same in both the SM and u S u S
MSSM dynamicq8,10]. 5
The lasta™) terms in Eqgs(3), (5) come from subgraphs 6. s 2[172sy 1
involving the final gauge bosons and only contain DL terms. KO t ul’
As in the electron-line case, the coefficients of these DL
terms are insensitive to the differences between the SM and 5 g 2 1-2s5, 1
MSSM dynamics; they are given in E). ="M= TG T o 1l
The d*) term in Eq.(2) is a specific purely standard
W-box contribution, whose coefficient is fixed by thaVvw 2 _ 2 2
and ZWW_couplings. It is angular dependent and of course, 77[7:23\,\, ! — Zﬂv 773—}+ Ziv
insensitive to supersymmetric particle exchanges. It is given t S S
by When the helicity amplitudes generated by tdg ones
o?bW) _ s  1-cosh 1—cosf are computed, it is found that the above structure of mainly
dJ(V‘L’): 5 PL( 7| 2In—In +1n2 multiplicative corrections to the Born contributions is only
' Sw My 2 2 preserved for the TT amplitudes, where both final gauge
s 1+cosd 1+ cosd bosons are transverse. Itis only in this case that the one—Io_op
+72In—In +1n2 } (100 asymptotic amplitudes are given by the Born ones, multi-
My 2 2 plied by the various leading-log coefficients. Such a factor-

] o ] ization form does not work for the TL, LT, and LL, helicity
where again the indek runs over theN; amplitudes that amplitudes, which are mass suppressed; thereby forcing the
receive nonvanishing Born contribution. Fet production,  difference between the high energy behavior of the one-loop

the parameters to be used in Eg0) are helicity amplitude, and its Born contribution, to be not sim-
ply logarithmic, but to also have a power-law part.
bW =1 7h1,2:£’ As an example we recall that due to “gauge cancella-
t tions,” the Borne e —2ZZ TT amplitudes behave like a

constant at asymptotic energies, the Born TL and LT ones
vanish likem; /s, and the Born LL amplitudes diminish

1 1
1,2 4
like mi/s. This latter property can be explicitly seen in

(1,2 - 12 "
mETtg WY WE T g 11
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1a,,r]§COSe (25\2/\1—1)2 S\Z/\IP LU L B O |
- + .
s sind| 4sich, - ocq ¢
(14)

Born__
F)\OO_ (2)\) 51/2=O.5T6V ?fﬁ

0.95

When the one-loop effects are included, the TL and LT
amplitudes receive, apart from the logarithmic factors, addi-
tional mass dependent terms of the tyyéy/s, whereM is
some mass involved in the one-loop diagrams. EpZ,
amplitudes, these one-loop modifications lead to a strikingly
different high energy structure, where the rapidly vanishing
~m§/s Born behavior is replaced by a logarithmically in-
creasing one involving fit|/M? and Irf|ju/M? terms. This
structure is induced by Higgs sector box diagrams, whose
asymptotic contribution dominates the tree-level one.

The simplest way to obtain it is by using the equivalence
theorem and considering the processée — G°G® (G° 0.93, g s g e e e e
being the Goldstone state supplying the longitudifjatom- cosV
ponenj. Since in them,=0 limit this later process has no
Born term, its only possible contribution comes from boxes

0.94

[do(e e'—>yy)/dcos¥]/[Born]

LANLIL

with internal(eZH2 and (W GW) lines; whereH stands for 0.78 r e (b) /e ]
the standard Higgs boson in SM, while in MSSM it repre- L s TEoTeV e
sents a suitable mixture of ti@P-evenH® and theh? states. o SM

The resulting asymptotic helicity amplitudes are then Foome- A i

_ 0.76
- ~ a’sing 2 It| | , Ul

~ n?— —In?—
r00=(2N) — 2 mZ,

r(l+(28\2’V_1)2)P+(2)P}
X R N PR
S zsiel )l

a®siné ( s) (l—cos&)
=(2\) In| —|In| ——

0.74

[do(e e*—>yy)/dcos¥]/[Born]

-
&

2 mg,) | 1+cos#
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[(53v prr s e s (15) Q. 0.2 04 06 0.8

. - . FIG. 2. The ratio of the unpolarized differential cross section
in both 28M anq M.SSM' Thus, at sufficiently high energy, thee’eJrHyy to the Born contributions, at 0.5 Te@) and 5 TeV(b),
order a” contribution of Eq.(l§) becomes larger than the for SM and a representative subset of the benchmark MSSM mod-
(suppressedBorn LL contribution of Eq.(14). The cross- els of [22].
over of these two terms is around 1 TeV.

Contrary to the TT case induced by E®), asymptoti- hg’z contributes to the TT and Te"e™ —Zy amplitudes,
cally there is no difference between the SM and the MSSMandf2'“ to the TLe"e™—ZZ one. There is no contribution

predictions for longitudinalZ, Z, production. This is due to toe*e — yy.

the fact that theH® contribution is proportional to cég In [15], dynamical models for generating NAGC have
—a) and theh® one proportional to sfif3—«), producing a been considered. The conclusion of that work was that the
result identical to the SM one. contributions toh}# and 2 arising from one-loop effects

induced by new higher fermions of maskpertaining to the
NP scale, diminish faster thansl/for s=>M?2. So they can-
not modify the leading-log SM or MSSM structure, and they
As mentioned in the Introduction, the full one-loop resultsare always part of the subleading contributions. But there
fore"e*—Zvy, ZZ in SM or MSSM may be viewed as an may exist more general types of NAGC leading to appre-
irreducible background in the search of possible anomalousiable tree leveh? and f2 couplings.
neutral gauge boson couplings. The general form of such |n any case, the processese™ —Zy, ZZ may be used
couplings has been written ifil4]. Here, we restrict the to constrain such NAGCs, and for this purpose, knowledge
analysis to the on-shell couplings}* and f¢*, which  of the complete one-loop effects is essential. Such con-
should be the dominant ong%5]. Their contributions to the straints are presented in the next section, assuming LC ener-
helicity amplitudes have been given(it¥]. As shown there, gies of 0.5 or 5 TeV.

The NAGC effects

013012-4
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FIG. 3. The ratio of the unpolarized differential cross section g1 4. The ratio of the unpolarized differential cross section
e e*—Zy to the Born contribution, at 0.5 Tel&) and 5 TeV(b),  g-¢* .77 to the Born contribution, at 0.5 Tetd) and 5 TeV(b),
for SM and a representative subset of the benchmark MSSM mody,r S\ and a representative subset of the benchmark MSSM mod-
els of[22]. els of[22].

Ill. NUMERICAL RESULTS to the corresponding Born contributions. Thus the differen-

Here we present the numerical prediction for observablegal cross sections are described in Figs. 2—4 for the SM and
like angular distributions, integrated cross sections, and representative set of MSSM SUGRA models suggested in
asymmetries, defined in the Appendix. Most of these obserd22], which are consistent with all present particle and cos-
ables do not refer to the final gauge boson polarizations. Bunological constraints. The effects are always negative and
some remarks concerning the production of specificalljincrease with energy and the scattering angle. In the SM at
transverse or longitudina bosons are also given. 0.5 TeV, they are about 7%, —8%, and—15% for yv,

Due to the electron exchange diagrams in thendu  Zvy, and ZZ production, respectively; while at 5 TeV they
channels, the angular distribution is strongly peaked in theorrespondingly reach the level of 27%, —40%, and
forward and backward directions. Because of detection diffi-—58%.
culties along the beam directions, we only consider c.m. The differences between the SM and the various MSSM
scattering angles in the region 309<150°. The integrated cases for the differential cross sections, especially at large
cross sections are thus defined by integrating in this angulangles, are within 1.5% fa&" e~ — yy, and increase to 10%
region. and 20% forZy andZZ production, respectively.

The one-loop radiative correction effects to the differen- The radiative corrections effects to the integrated unpolar-
tial and integrated cross sections are described by the ratiézed (summed over all final polarizatigreross sections are
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FIG. 5. The ratio of the unpolarized integratede e* — y7)

cross section to the Born contribution for SM and a representative FIG. 7. The ratio of the integrated unpolarized cross section

subset of the benchmark MSSM models[22]. o(e”e*—Z2Z) to the Born contribution, for SM, and a representa-

tive subset of the benchmark MSSM modelq22].
described in Figs. 5—7. The above 1 TeV behavior of these

cross sections agreéspart from a model dependent constant - . .
term) with the asymptotic leading log expressiof®—(6) certainties, and its measurement may be extremely interest-
for SM and MSSM, respectively. As pointed out in Seé. 1. ing experimentally. In this case the Born contribution is con-
the main difference between the SM and MSSM prediction$tant in energy and satisfied g(Born)=0, 0.2181, and

at high energy stems from the respective factors (8 In 0-4164 foryy, yZ, andZZ, respectively. The radiative cor-
—In%) and (2 Ins—In%s), which depend only on the overall _rect|ons can then conveniently be descnped by the one-loop
structure of the theory and are totally independent of anynduced departure from these values. Since the effects are
other MSSM parameter. So, an experimental measurement gfmilar to those for the integrated cross sections, we do not
the coefficient of the linear log term could check the agreePresent them explicitly.

ment with SM or with MSSM, and even provide hints if any 1€ above behavior of the unpolarized cross sectn
additional NP contribution is needed. A r asymmetry is ensured by the dominance of the TT am-

Another interesting quantity is the left-right polarization Plitudes. Inyry, where only such amplitudes occur, we have

asymmetryA, , which is not affected by normalization un- c_hecked that by putting an additional c_onstant to the expres-
sion for the asymptotic cross section fitted at 5 TeV, we get

agreement with the exact one-loop result at the permille
level, for energies as low as 0.2 TeV.

In yZ production, the presence of TL amplitudes, which
are negligible in the several TeV ranfjgenerate corrections
below 1 TeV which are at the several percent level and sen-
sitive to the MSSM model considered.

The case oZZ production is more interesting, because, in
addition to the TL and LT components which behave like the
ones inyZ, there are also LL components. The Born LL
component, which contributes about 10% close to threshold,
is strongly depressed at higher energies, behaving like
oge~ 1/s%. But because of large contributions generated by
the Higgs sectot,a logarithmic increase arises above 1 TeV,
illustrated in Fig. 8. This happens at a level which is hardly
observable, except with very high luminosity colliders. Nev-
ertheless we show it because of its exceptional behavior in
‘.‘....‘.i..m..m..m..m..‘.‘.mi....m.% the very high energy range. Its dependence on the Higgs

3
s'/* (TeV)

1.0 TRITTTTTT T T T T T T I T T T T T T T T T I T T T T T T T T T T T T T T T T T ITIorTT
@

0.9

0.8

e
-7

o(e e —>Zv)/c(e e —>Z%)porn

e
=]
L= e e e e

FIG. 6. The ratio of the integrated unpolarizede e* —Zy) The TL cross section behaves likd?/s? at high energies,
cross section to the Born contribution, for SM and a set of MSSMwhereas the TT one behaves like,1apart from log factors.
models of[22]. 2Compare the Goldstone contributions given in Ep).
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benchmark MSSM models ¢22]. For comparison the Born con- E ]
tribution is also given. c 3
0 ; g
mass is rather weak; the relative differences between the - F 3
cross sections fomy=0.3 TeV ormy=1 TeV, and the one oL .
for my=0.113 TeV being at the permille level. _5F ]
. _— g —— 0.5TeV g
Constraints on NAGC contributions L 1TeV ]
. . . .. Covvvv v e bvvvr v b ioveva b 3
We first look at the “normal” NAGC contributions arising 10 -2 0, 4
from fermionic triangular loops, both in the SM and MSSM. f3*10

Since these decrease faster thas With energy[15], one

can only look for NAGC at energies not higher than 1 TeV.
In e"e” —Zy the effects are due to the TT and TL ampli-
tudes; while inete"—ZZ only TL (and LT) amplitudes

contribute. However, in th&y case there is no interference
between the NAGC and Born TT amplitudes; since the finato h5. In ZZ the roles of the photon arflare interchanged,
gauge boson helicities are equal for the NAGC amplitudesaunp mainly depending orfZ, andA_g on f2, due to the

and opposite for the Born ones. So in both i@ andZZ  gigerent chirality structure of the Born terms. All this can be

cases, the effects will mainly come from the interferenceyaceq off from the fact that the photon couples vectorialy,
with the weaker Born LT amplitudes, and should be at thgypije the Zeecoupling is essentially purely axial.

permille level aroundor below 1 TeV. We conclude there- As seen from Figs. @) and 9b), the implied sensitivity is

fore thqt new NAGC Contributions_generr’:}teoI by, e.g. tri'|i|<e|y to increase with energy. We conclude therefore that NP
angles involving higher mass fermions, will be marglnallyforms inducing the NAGC&1Z, 27 at the level of 10° to
observable; unless very high luminosities are available. 10~ should be observablg a'rojnd 1 TeV

We next look at the sensitivity to the “true” NAGC am-
plitudes, described in a model independent way by the phe-
nomenological coupling constarﬂlg*Z for Zvy, andfg'Z for
ZZ [14]. Assuming a given experimental accuradgr ex- In this paper we have analyzed the behavior of the elec-
ample, a conservative 1I%0on the unpolarized integrated troweak corrections to the process€®e™ — yy, Zvy, ZZ at
cross sectionsr,,, and the left-right asymmetnA z, we  the one loop level, in the context of the SM and the MSSM.
then obtain the NAGC observability limits for such contri-  These processes are particularly interesting in various as-
butions. This is illustrated in Figs(& and 9b) for Zy and  pects. Their final gauge bosons are easy to detect experimen-
ZZ production, at energies of 0.5 and 1 TeV. tally, while their theoretical structure provides clean tests of

Note from Figs. 9a) and 9b) that theo,,, andA g con-  the electroweak interactions. The Born terms are only due to
straints are almost orthogonal, allowing a good limitation ofelectron exchanges in theand u channels; contrary to the
both the photon- and-NAGCs. This arises because, jZ, WW case, there is ne-channel tree level term. Since there
ounp Mainly depends o}, whereasA, g is more sensitive are no QCD or Yukawa contributions, the identification of

FIG. 9. The NAGC limits fromo,, and A g measurements
assuming an accuracy of 1%, for the processes —Zy (a) and
ete =277 (b).

IV. PHYSICS ISSUES AND CONCLUSIONS
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the electroweak corrections should be very clean. for additional NP effects, a comparison of the three processes
We have completely computed the one-loop SM andyy, Zy, ZZ may provide a hint for their origin; particularly
MSSM corrections in order to analyze the contents of thef NP is related to NAGC couplings or to some other anoma-
gauge, Higgs, and Goldstone sectors, as well as their supdpus properties of th& boson. We also note that a measure-
symmetric counterparts. We have studied how these contriment of the coefficient of the double log term could check if
butions vary with energy, and how they conspire to generatéhere are no higher gauge bosons acting.
asymptotically the leading logarithmic terms, and in particu- N conclusion, the three processes studied here present a
lar the remarkable difference between the SM combinatiof@rge panel of interesting properties. They are extremely
(3 Ins—In%) and the MSSM one (2 Is—In2%). This contri- ~ Simple at the Born level, but extremely rich in the supplied
bution fixes the asymptotic form of the transverse-transverstiformation at the radiative corrections level. The, Zv,
final gauge bosofiT T) amplitudes. At moderate energies, we and ZZ final states are complementary for the study of the

have also found that the mass-suppressed TL and LL ampl@auge(gauging sector in the MSSM models, the Higgs sec-
tudes play a non-negligible role. tor, and the search for neutral anomalous gauge couplings.

The structures of the angular distributions, integrated Ve have thus seen one more aspect of the fact that in the
cross sections, and left-right asymmetries, for both unpolarseveral TeV domain the electroweak interactions start be-
ized and polarized final states, have also been studied ngoming strong. The processes studied here illustrate this
merically. It was found in particular that th , asymmetry ~ Property and should be_ considered as part of the r_esearch
shows essentially the same effects as the unpolarized croB&egram at the future high energy colliders, demanding for
section, a feature which may be experimentally interesting ifhe highest luminosities. In some respect, the tests supplied
reducing the normalization uncertainties. by (e"e"—vyy, Zy, ZZ), are in the same spirit as the high

In addition to studying the standard and supersymmetri®recision tests performed with—2 measurements, or with
effects, we have considered possible additional NP NAG@P€ak physics. They should provide global checks of the va-
contributions, as described by effective Lagrangians. Wéidity of the SM or MSSM theory.
have shown that the corresponding coupling constants could
be constrained at an interesting level. ACKNOWLEDGMENT

Summarizing, we can say that the electroweak radiative
corrections are large and growing with energy. Starting from
a few percent at the energy range of a few hundreds of GeV
they reach 10% already at 1 TeV, and continue growing ac-
cording to the logarithmic rules. So, in the high energy range APPENDIX: KINEMATICAL DETAILS
they are no longer “small corrections.” They are essential
parts of the dynamics, which can be experimentally analyzed
at the future colliders, whose accuracy should reach the per- e"(\,D+et(\ 1) =V(e,p)+V'(e',p), (Al
cent level or even better. For more accurate theoretical pre-
dictions, computations of higher orders may be attempted; ivhere (, ') are the incoming electron and positron mo-
has already been claimed that several logarithmic terms exnenta, and X, \') their helicities. The outgoing neutral
ponentiatd 12], so that all the features that we have observedyauge bosonz or y are generally denoted &andV’, their
at the one-loop level remain true for higher orders also.  momenta asf, p’), respectively, the complex conjugate of

We have also shown that measurements of the three preheir polarization vectors ag( e'), and their corresponding
cessee’e” —yy, yZ, andZZ should provide global tests nelicities as f,;'). We also define

of the basic interactions. A strategy for these tests could be

This work was supported by “Programme d’Actions ite
rees Franco-Hellenique, Platon 04100 UM.”

The considered process is

the following. One could first try to compare the high energy g=l—-p=p'—1', g'=l-p'=p-1I',
behavior of the cross sections and left-right asymmetries
with the SM predictiongcontaining in particular the (3 In s=(l+1")2=(p+p')? t=q? u=q'2

—In®s) term). If there is no new particle produced, SM may
seem to be a reasonable assumption, and one would eithgre c.m. scattering angle betwekrandp is denoted by.
check its consistency or, if the check failsje would be led The electron mass is throughout neglected, implying

to anticipate some form of NP. N'=—\==1/2. Consequently there are at most 18 helicity
Another situation may be that many candidates for superamplitudes written as

symmetric particles are found, with masses considerably

smaller than the highest collider energy attainable. One F, , ,=F[e"(\,)e"(N'=—\, ")
should then compare the high energy behavior with the e
MSSM prediction[containing in particular the (2 lsIn?s) —V(e(u),p) V'(e'(n'),p")]
term| and again we could check whether a global agreement
appears. If there are still some departures indicating the need _ Y,
PP P 9 _,-:21,9”(7‘ JO1N;(s,tUu MU, (A2)

3.e., a disagreement with the predicted high energy behavior i#n terms of nine Lorentz invariant formisg(j=1,9) defined
identified. below.
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li=(e:D(y-e), 1,=(e"-1)(y-e), NEor— B ty yEern. v (A9)
Is=(e-1)(e"-1)(y-p), and for all processes it is found that
l,=(e-e)(y-p), ls=(e-p’)(y-e), N3Q™ '=N3g™ U=0. (A10)
le=(e-p’)(e -D(y-p), A3 . . .
6=(e-P)( )(v-p) (A3 The rest of the invariant amplitudes are:
-at
=(e"-p)(y-e), lg=(e'-p)(e-N(y-p), ee =y
2 2
I9=(e~p’)(e’-p)(7~p). NBorn t_ NBom t_ NBorn t_ e—PL—e—PR
t t '
Their coefficients, split according to the electron-helicity, de-
fine the invariant amplitudes as e? e?
NBorn u__ NBorn u_ NBorn u_ _PL__PR-
Nj(s,t,u,N)=Ni(s,t,u)P +NR(s,t,u)Pr,  (A4) u u
(A11)
where
—at
1 1 e e —-ZZ7Z
PL:__)\, PR:_+)\ (AS)
2 2 s
N?orn t_ NBorn t__ NBorn t__ Eom,t: NBorn t
In the specific case of the processe™ — yv, only four t—m§ 2
transverse-transverse amplitudes appear, which are described ) )
through the invariant functionl;, N,, N3, Ng. __ s o, NBorn i 9zt 9zr
In the case ok~ e —Zy, where the gauge boson polar- N S—t+m3 2 t t
ization and momenta are defined Bye,p) and y(e',p’),
the process is most generally described by the six invariant
amplitudesNy, ... ,Ng. NBom u_ NBorn u_ NEorn, u_ _—S Ngorn, u
Finally, for e e*—2ZZ, the complete set of the s—u+m§
N1, ... ,Ng amplitudes is needed for a complete description.
-s
Born, u__ Born, u__ Born, u
1. Observables 2 N u_mé N7 2 Ne
The polarized differential cross section is written as 2 2
— % — % A12
do(\,p,p') B ) T q (A12)
dcosd  32ms Csiat Lyl (A6)
with
where Cq,=1/2, 1/2, and 1 foryy, ZZ, and yZ, respec-
g\rlgly. The integrated cross sections for definite polarizations (23\2/\/_ 1) Sw 13
do(\, ') 97 s IO, AP
(e o\, p,pm’
o\, p )_f_cd €080 —coss (A7) e et—2Zy.
where(.:EcosBm.in is_an angular cutfixed at6,,;,=30° in the s Bomt_ S Born, {_ n(Born, t_ s Born,
numerical applications — N = 2 N2 Nz =Ny T Ng
For longitudinally polarizece™ beams, the left-right po- S—mz STmz mz
larization asymmetry is defined as _ s NBorn,t:egZL . GQZRP
1 1 2 6 t L t R
ol —op’ Tl o
Ar(pu,u')= . (A8) s
1 , 1 , NBorn u_ NBorn, u_ _NBorn, u
O\ Tgpm [To| T mn s=mg) "t Tlstmg) e T
—-s -s
2. The Born terms = (ﬁ) NEo™ ”27 NEerm. u
These are due to electron exchange inttle&d u chan-
nels. In terms of the invariant amplitudes defined in Eq. _&%. egZRP (A14)
(A4), they are written as u o ou R
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