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The production of at_pair from lepton-antilepton annihilation is considered for values of the center of mass
energy much larger than the top-quark mass, typically of a few TeV size. In this regime a number of simpli-
fications occur that allow us to derive the leading asymptotic terms of various observables using the same
theoretical description that was used for light quark production. Explicit examples are shown for the standard
model and the minimal supersymmetric standard model cases.
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[. INTRODUCTION rameters that appear in theoretical models beyond the SM
and of leaving, as one-loop functions, quantities that are
In a number of recent papefd—3], the production of from the beginning gauge invariant and finfté], as illus-
lepton-antilepton and quark-antiquark pairs from lepton-trated in previous referencé8]. In principle, this approach
antilepton colliders was considered at the one-loop levelgan only be used for final fermion-antifermion pairs that can
with special emphasis on the “asymptotic” leading behaviorbe physically produced at tfi#peak. Because of this appar-
of various observables in the case of “lightli.e., ently rigid criterion, it was not applied until now to the case
u,d,s,c,b) quarks. This analysis was performed both for theof final top-quark—top-antiquark production.
standard mode{SM) and for the minimal supersymmetric ~ The aim of this preliminary paper is that of showing that,
standard mode{MSSM) cases, and the results are fully il- if one only considers the “asymptotic” few TeV regime, it is
lustrated in Refs[1—3]. In particular, it was stressed that the possible to treat top-quark—top-antiquark production by the
leading asymptotic behavior is not provided by the knownsame theoretical approach that was used to describe the pro-
renormalization grougRG) logarithms alone, but from the duction of bottom-quark—bottom-antiquark with the only
overall term which is obtained adding to the RG linear loga-formal replacement, as a theoretical input, of tfeebidden
rithms those of the so-called “Sudakov-typé4]. The latter ~Z decay width into top-quark—top-antiquark with the avail-
ones are both of quadratic and of linear type in the SM, bugble Z decay into charm-anticharm. The only residual theo-
only of linear type in the supersymmetiSUSY) additional  retical difference is that asymptotic regime description will
contributions that appear in the extra relevant one-loop diale provided by known and calculated one-loop vertices con-
grams. In the case of final bottom-quark—bottom-antiquarkaining the squared top-quaf&nd bottom-quarkmass. This
production, it was stressed that important linear logarithmigvill allow us to provide theoretical prediction for several
contributions that are also proportional to the squared topobservables of the process, in the few TeV regime, for both
quark massand, for SUSY diagrams, also to the squaredthe SM and the MSSM cases, thus completing the already
bottom masscannot be neglected, and their numerical effectavailable treatment given for “light” fermion production in
was illustrated in several figures of R¢8], where special previous references.
emphasis was given to the “asymptotic” energy region be- Technically speaking, the paper will be organized as fol-
tween 3 and 5 TeV, which is supposed to be covered by th®ws. Section I will contain a brief kinematical description
future CERN Linear Collider(CLIC) acceleratoff5] and, ©f the process and of its simplifications in the asymptotic
possibly, by a future muon collidés]. regime. In Sec. Il the relevant one-loop diagrams giving rise
A very useful ingredient that was used in the theoreticalto the leading asymptotic contributions will be given for the
analysis of Refs[1-3] is the possibility of exploiting an Separate SM and MSSM cases. Section IV will contain the
approach in which several gauge-invariant combinations opumerical predictions for various observables, and finally a
one-loop quantitiegself-energies, vertices, and boxewe short conclusive discussion is made in Sec. V. The
“subtracted” at theZ peak. This introduces as theoretical asymptotic expressions of the relevant quantities that deter-
input quantities(widths, asymmetrigsthat have been mea- mine the observables of the process are given in Appendix
sured with extreme precision at the CERNe™ collider A; the definitions of the helicity amplitudes and of the ob-
LEP1, and SLAC Linear CollidefSLC). The reward is that servables specific to the finetl state can be found in Appen-
of decreasing systematically the number of theoretical padix B.
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rithms. Therefore, the leading terms of production at
“asymptotic” energies are exactly those that would be com-
puted in a “conventional” scheme in which the new “sca-

ﬁ" lar” component of Eq.(2.1) has been neglected, arfidur
7, Z AmAAAAK ! independent gauge-invariant combinations survive that are,
~.. formally, equivalent to those of the final light quark case.
B -,

At the one loop level, the amplitude of the procéss™
—tt receives corrections to the tree level contribution due to
. photon andZ exchange which consist in photon addself-
FIG. 1. Triangle SM diagrams contributing to the asymptotic €nergy corrections, initial *| = and finaltt vertex correc-

logarithmic behavior in the energy;representt or b quarks,B tions (including external fermion seIf-energ)eandI*I’tt_
represenW*, ®* or Z, G° Hgy. The arrow corresponds to the box contributions. Following the procedure of RET], we

momentum flow of the indicated particle. combine these various contributions into four terms which
have the same structure as the one loop photonZagelf-
Il. GENERAL DESCRIPTION OF tt PRODUCTION energy corrections to the transverse propagators, usually de-
FROM |+~ ANNIHILATION noted as

In full generality,tt production froml *1~ annihilation at IL,(0%) = = 0., A (0= =g, [AT(0)+a*F(?)] (2.2
one-loop differs from light fermion production because two (j j referring to photon ani), so that the asymptotic invari-
new structures appear in the theoretical description that are gt scattering amplitude reads
consequence of the non-negligible top-quark mass. This can
be visualized in two equivalent ways, either by considering aa(H(VA o2, gy =j (%)

“conventional” formalism (similar to that used in the light

2[1 Fr (@ o)1]i

quark casgor by introducing the helicity amplitud¢9], that [ / 2242, 6)
are now experimentally more meaningful as the final top- +j{*(z) — 1_ ) J( ?
qguark polarization can be measured. To understand the origin K mz\ q>— mZ o
of the extra structures, it will be sufficient to consider the - ~ 7
theoretical expansion of a one loop vertex similar to that @ 1 A{(a59) ()
represented in Figs. 1 or 2, with either a photon & an- It qz—m§ 9 ]
tering the bubble. In full generality, wit P-conserving in- )
teractions one can associate to that diagram the quantity 1 "AﬁY(qZ 6)
_J{L(Y) > > (Z?, (2 3)
X q — mz q2 l’«

d
5= =700~ gar)+ —(p=p"),|, (2D
. a m a wherej"(y Z) are the conventional Lorentz structures used as

whereX =y, Z,_e7=|e|, e?=|e|/2sycyy andp, p’ represent a basis for the decomposition of the general amplitidés

(67—
the outgoing, t momentagy,, gx,, d* areO(«) one-loop 1=~ 1elQry, 24
T R _ 12
contributions which in gxeneral agf=(p+p’)? dependent. @ le| B
The two new quantitied” enter because the top mass cannot ot 2spCyy L P IV OAT

now be neglected and appear in the various theoretical ex- 0 5
pressions at one loop, making the overall number of indepenith gi 1oy, Oa,f= If- vi=1- 4|Qf|5vv- _
dent amplitudes of the process to increase from foor The four quantltlesF "(92,6), A %(9%,0), Al 2(9%,6),
massless fermion productiprio six. This is because the gnd AZY(g?,6) are the generalized photon aﬁdone -loop
threeindependent coefficients of EE.1) will be combined  self-energies, defined in Ref7], which contain also vertex
with thetwo independent coefficientg{, gj,) of the initial  and box contribution§10], and thus ensure the gauge invari-
(masslesslepton vertex. ance of the description.

Starting from this general statement, it is now relatively  Starting from these quantities one will now generalize for
easy to provide the expressions that appear at one loop, e.gd=t the treatment which was done in R7] in order to
in the helicity amplitudes formalism. This _procedure whichconstruct the four “subtracted” gauge-invariant functions
would be essential for a general description at “moderate”x a”(q ,0), Ris(q%,6), V7 2(2,6), andvﬁy(qz,e). It is at

c.m. energies, will be fully developed in a dedicated forth-y,i& point that one mtroduces the inputs(0) for the pure

coming paper[9]. But for the specific purposes of an photon part, as well as th&partial WidthsF(Z—>ff_) and the

*asymptotic” energy description, there will be a welcome Hocti o2 btained f h ies in th
simplification. In fact, it is possible to see immediately from efiective ang ESw, 1 (obtained from the asymmetries in the

the structure of the one-loop Feynman diagrams ihathe ~ channel "I ~— ff), measured iZ-peak experiments, for the
specific casesf the SM and in the MSSM, the coefficients pure Z and for the twoy-Z and Z-y mixed terms as ex-
of the new extra Lorentz structur@ € p')* vanish at large plained in Ref[7].

g? as 162, while those of the “conventional” Lorentz struc- In fact for the photon componet, (g2, ) the subtrac-

tures (y*, y*v°) can produce either quadratic or linear loga-tion is still performed atj?=0, leaving as theoretical input
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Ri(a,0)=Rie(a? 0) [T ((q®) =72, 2]
—(a?=m)[AZZ (0%, 0)— AZZie(a% )] (2.8)

s .
. ey with the c-quark function
T Ric(0%0)=17,c(0%0) = 121c(M2,6) (2.9
involving the generalize@ Z function for the production of a
cc pair
t 2
. : '216(9%,0) =y Fie(@®.0)—Fi(MZ,60)). (210
) A quite analogous procedure can be used for the interfer-
A ence termsv”? and V#?. Without entering the full details,
12 el Y this leads to the introduction in the theoretical input of
\\\ forward-backward asymmetry of thé decay into charm-
Fe anticharm and to the introduction of a new gauge-invariant
function
¢ ¢ ZY(q2 9\ =VZ(q2 0\ —TT@D(a2y—T17@ (42 i (V)
VEr(gs,0)=V2(q-,0)—[T r ,

FIG. 2. Triangle diagrams with SUSY Higgs and with SUSY (% 0)=Vic' (@5 6) 1)~ Te(an).
partners contributing to the asymptotic logarithmic behavior in the —(g%— m%)[Agoyf“(qz, 0)—Ag‘;’flc(q2, 0)]
energy;f represent or b quarks;S represent charged or neutral
Higgs bosondd *, A, H, h°, or GoldstoneG?; T represent stop or ith (2.13
sbottom statesy represent charginos or neutralinos. The arrow cor-V! _ _
responds to the momentum flow of the indicated patrticle. S A|ch(q2, 0) Aﬁ’/(M% ,0)

Vlcy(q !0): q2 - M2 1 (212
. . z
a(0) a.nd qng—loop qu;mtltles that will depend also mﬁ K2/(e2.0) A7) M2
(and, in principle, ormg): le M4 7 _ Z[r(y)( 2), i@
9 9 o PRI IR DA
A, (02,0 =F (0,0 -F}(d?,0) (2.6 . e
—[TU@®),i 24— (0P MDALY(G?, 6).
with (2.13
Fr (a2 0)=F(a> - TN — @i The other interference terM** does not require specific
2 p (boX), 2 tricks, as in the case of the photon componﬁgyt(qz,e).
—Q°AS,11(a%,6), (2.7 Its theoretical expression can be written in fact as
- o _ 2 oo AR 6 AE(MZ,6)
where the notationl(,j) means the projection of the contri- Vie(gs,0)= 5 - > (2.149
bution to the initial or to the final vertek (which, asymp- a Mz
t(?ticallyt,_wiy tkr)]e (;)f the typey“[a(%z)—E b((sg?)yi]z) 5())n thg with
elementj of the basis, as given by Eq&.4), (2.5, an ~ 2y 2 _— ) )
AP*(g?,0) is the similar projection of thé*1~—tT box A (g%, 0) _AT(QY) (AT Mz TON(q?),|@
contribution on the elemerj{”j{" of the basig7]. 92 92 02 T

To illustrate the treatment of the three remaining quanti- D2y () 5 21 A (BOX)f 2
ties, we consider briefly the case®{?(q?,6) and write its —[I,51(9%,j, i1 (a*=M2)ALZ (A%, 0)
theoretical expression adding and subtracting the analogous (2.15

quantity A(Z?(qg?,6). After straightforward manipulations,
this will lead to the following situation.

(a) The theoretical input which will appear in the “Born”
term will be identical with that of charm-anticharm produc-

anzd in Eqg.(2.15 no final (top) vertices or boxes appear at
m3.

The previous equations that we wrote are quite general.
) . o . . . From their expressions one can now determine in a straight-
Flon, ﬂthe sense t'hat it will contain the partial width of forward way tﬁe related asymptotic behaviors. To obtain ?he
Into cc, exactly as in Ref{7] for f:.C' . . latter ones, it will be sufficient to add to the “lightt quark

(b) The residual (_)ne-loop qu_antlty will be the difference functions, already computed in Refd, 3] the extra nonuni-
between the nonuniversal vertices and boxes of top-quanfersal terms coming from the difference between top-quark
production and the corresponding quantities of charm progertices and charm verticeghe difference between boxes
duction. In the notation of Ref{7], this will correspond to || vanish asymptotically since the latter ones are not pro-
the introduction of a “modified” gauge-invariarR,; func-  ducing massive terms, as already illustrated in those refer-
tion defined in terms of the generaliz€& self-energy as ence$. This means that the only extra quantities to be com-
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puted for the specific purposes of this paper are theion that come from final top-quark vertices and are propor-
asymptotic “Sudakov-type” linear logarithms proportional tional either to the squared top-quark mass(iarpractice,

to the squared top-quark and bottom-quark masses comimgnly for the SUSY caseto the squared bottom-quark mass.
from the final top vertex. Their expressions will be given in These are coming from the diagrams shown in Fig. 1 for the

the following section. SM and in Fig. 2 for the extra SUSY component of the
MSSM, that we consider separately in this paper. Using our
I1l. MASSIVE ONE-LOOP CONTRIBUTIONS conventional definitiongl] of the one-loop vertexI',,, we
FROM FINAL TOP VERTICES derive the components of the leading asymptotic behavior

that are proportional to the quark masses following the same
For the specific purposes of this paper we shall only beyrgcedure that was used in RES]. The results are given by
interested in those contributions to the processtqfroduc— the following equations:

) ea

PL(SM, massive— o7l In a*{m{L(7,PL) +2(7,Pr) 1+ mi(,PL), (3.1

I'4(SM massiv¢—>—a|nq2{(3—4sz)m2(y P.)—8s3,mZ(y,Pr)+(3—4s3)m3(y,P)} (3.2
w ' 967 MWSWCW W/ u L t\7u" R b\ Yu" LS .

T7(x, massiveHTlnqz{mtuﬂoﬁm[m +2(7,PR) 1+ m3(L+tarf B)(7,PD)}, 3.3

247

IZ(x, massiveHe—fslnqz{(3—4s€N>m$<1+coﬁﬁ)(y,ﬂ)—8s6vm$(1+co€ﬁ>mPR>

96mMy,swCw
+(3—4sg)mi(1+tarf B)(y,P)}, (3.4
I2(H)— Wlnqz{mt(cotzﬁ)[m U +2(y,Pr)1+mi(tar? B)(y,PL)} (3.5

PZ(H)— o 1nq?{(3— 483 M2(cOR B) (7, PL) — 8LmR(cOE B) (7,Pr)
“ U 9emMasacw t wPL) = Bswm; YuPr

+(3—4sg)mi(tar? B)(y,PL)}, (3.6)

where P, g=(1% y°)/2. (H) denotes the contribution from I'4(MSSM, massive
the SUSY charged and neutral Higgs bosons of the MSSM .

(the contribution from the SM Higgs boson has been sub- ea In a2 2
tracted and (y) denotes the contribution from charginos and 48 MWSW W ngi{(3—4sy)
neutralinos of the model.

Equations(3.1)—(3.6) are the new results of this paper. Xmf(1+cof B)(y,P.)

Note that the total MSSM massive contributions just corre- 2 9 2
spond to the SM ones with thvat2 terms being multiplied by —8symi(1+cot” B)(v.Pr)

2(1+cofB) and them? terms by 2(itarf B), a rule +(3—4s2)m3(1+tarf B)(y,P.)}. (3.8
which had already been observed in Ré&f: ( w) Mol AlrPl}- (38

ea It should be stressed that, as already remarked in[Bgf.
I/ (MSSM, massivbamln q#{m7(1+cof B) in the leading asymptotic SUSY “Sudakov” logarithms all
WEW the details of the MSSM, in particular the mixing parameters
X[(y,PL)+2(y,Pr)] appearing in the chargino and neutralino mass matrices, are

5 washed out in the largg? limit, and are “reshuffled” in
+my(1+tarf B)(y,PL)}, (3.7  subleading constant terms. The only supersymmetric param-
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eter of the model that survives asymptotically is gariThis  quarks: the integrated” e —tt cross section denoted by
will affect the observables of top-quark—top-antiquark pro-o, the forward backward asymmetfgg ;, the longitudinal
duction in a potentially interesting way that will be fully polarization asymmetnA, g and its forward-backward po-
examined in the final discussion. larization asymmetry11] A;. Second, we have considered a
To obtain the expressions of the various observables ofiew set of observables related to the top-quark polarization.
the procesd “1~—tt, one has to add the above massive!n the high-energy regime only the longitudinal component
contributions to those coming from the massless quark situ@f the top-quark polarization survives, the transverse polar-
ation (in our case, that corresponding to charm produgtion 'Zation degree vanishes i@, / /9?. So we have computed
The overall terms are incorporated into the four gaugein€ averaged top helicity,, its forward-backward asymme-

o L~ A - . try H, g, as well as the same two observa , HER
invariant quantitiesl o ¢, Ry, V'ytz' Vﬁy from which aI.I the . inythet'E:Zse of longitudinally polarized beamby?:heirtggfi-
observables at one loop can be built in the asymptotic regimgision in terms of the top-quark spin density matrix as well as
of thett production process. We have listed the various conthe general expression of the helicity amplitudes are given in
tributions in Appendix A, in the following order; first, the Appendix B; more details will be found in Ref9].
SM contributions, universgRG) terms, nonuniversal mass-  The results for the asymptotic behavior of each observ-
less terms and nonuniversal massivm;2 (andmﬁ dependent able are given by the following equations with the various
terms; secondly, the additional SUSY contributions split intoterms grouped in the following order: first in SM, the RG
the same three groups. with the mass scalg, followed by the linear and quadratic
Starting from the formulas of Appendixes A and B it is Sudakov (V diagram$ terms, the linear and quadratic Suda-
now possible to derive the theoretical predictions for thekov (Z diagrams terms and finally the linear Sudakov term
leading asymptotic behavior of the observables of the proarising from the quadratitmt2 contribution; then, in bold
cess. These are exhibited in the following final Sec. IV.  face, the SUSY contributions, first the RGUSY) term with
the mass scalg, then the linear Sudako{8USY) m,- and
m,-independent ternfscaled by the common mas4), the
IV. ASYMPTOTIC BEHAVIOR OF THE OBSERVABLES linear SudakoMSUSY) term arising from the quadratimt2
OF tt PRODUCTION contribution (scaled by a common ma$4’) and in curly
. brackets the same term to which tiné tar? 8 contribution is
As compared to thihght quark case, another new featurg‘dded successively for t#=10 and for tarB=40. This
of the proces$ "I~ —tt is the availability of a richer set of \as done in order to show precisely the origin of the differ-
observables which are experimentally measurable. The tognce between the total SM prediction and the total SUSY
quark essentially decays inM/+b and from the distribu-  part.we have chosen to use for simplicity common mass
tions of these final particles it is possible to reconstruct itSscalesM and M’ because of the present ignorance of the
polarization state. In general it can have longitudinal andhhysical masses of the charginos, neutralinos, and sfermions
transverseinside and normal to the production plar®m-  appearing in the triangle diagrams of Fig. 2 as well as those
pOﬂentS[lZ]. It is convenient to describe this polarization of the Charged and neutral H|ggs bosons appearing together
state and to compute the corresponding decay distributiongith the top quark and the bottom quark. A change of refer-
through the helicity formalism by constructing the spin den-ence scale is equivalent to the addition of an asymptotically
sity matrix; see, for example, a recent discussion in Refnegligible constant term; see Ref8] and[9] for a discus-
[13]. Measurements of the corresponding polarization desjon of this point.
grees would constitute new tests of the top-quark production e first consider the four observables constructed from
mechanism. o the differential cross section without measuring the final top-
So for the procesk'| ~—tt we can consider two sets of quark polarization. In the following equations the various
observables. First, we have computed the one-loop effectsubtracted” Born termsOB are defined in terms of the
for the same set previously considered in the case of lighZ-peak inputs as explained in Sec. Il

— o8 1+ = | (8.8MN-33.16| q2+ 22.791 a 5.531Ir? a +| 3.521 a 167|r?q2
Ot= 0y E (8. . 6”;2 . nﬁ\zl—v . W/_V . nmg . W
q° 9 o q°
—14.21In—+ (4.44 N+ 11.09In— — 10.09In —»— 42.64 — 15.33{ - 27.48In— | ¢, (4.1
mt /.Lz M M/Z
oP=0.182 pbb*(TeV?), (4.2)
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q° q” q* q” q*
Arg=ARg t+ W[(0.45\l—4.85)ln?— 1.79Ian+0.17lrFWv)—(1.26InM—%+0.06IrFM—§>
q° q° q° q°
+0.61In-+(0.22 N+ 1.291In— —0.23In 1>+ 1.840.54{ - 068}In— : (4.3
t w?
Agg,=0.607, (4.4)
5 @ q2 q2 2 q2 2
Art=AlR T 7 (2.06\|—22.43|nM 1475InM— 354|n2 MZ, 0.40InM2 0.491r? Z)
q° q° 9’ q°
+3. 79|nm2+(103N+595)|n——403|n —5+11.363.36{— 423}In— , (4.5
o
Ar=0.336, (4.9
2 2 2 2 2
B, @ 3 q Q° q Q° q
A At+4w{(l.82N 19.77)In;2+ 8.68|anv 2.76|nszV + 0.0glnmg 0.45|n?Vg
q° q° q° q°
+3.69In—+(0.91 N+ 5.25In— —3.20In >+ 11.0§3.27%{ - 4.1%In— 1, (4.7)
my i M M’
AP=0.164. (4.8

We have then considered the four other observables con-
structed from the final top-quark helicity and defined in Ap— HRnobos — §AE%3°X, (4.1
pendix B. In the asymptotic regime.e., neglectmgnt q®
terms and new Lorentz structujese notice that, if there
were no box contributions introducing extéadependences,
these four observables would be exactly related to the four HLRnobox_ _ § (4.12
previous ones. This is obvious from the fact that, in this LFe 4
limit, there are only four independent combinations of pho-
ton andZ coupling which describe the differential cross sec-

tion for any top-quark or top-antiquark helicifgenotedG,, At nonasymptotic energies relatiorig.10 and (4.12),
G,, G4, andGg in Ref. [14]). The relations would be the contrarily to Egs.(4.9) and (4.11), should be affected not
following ones: only by box effects, but also b|y1t2/q2 terms and by contri-

butions from the new Lorentz structures; more details will be
o box_ 0 box given in Ref.[9].
HET=—3A0 (4.9 Taking the SM box contributions into account we obtain
to the following results:

3
HIgEo'= — 2 ATS @10

H,=HB+ — 2.42N+26.36| q2+ 15.901 a +3.671Ir7 a +| —0.741 qz+059|rF 9
=H ) (02 38in 2 901Ny 2 +3.67IM G T4z T OS9G
q° q° q2 q°
—491In 5+ (— 121N—700)In—+427|n —14.74 - 436}{+5.49}InM—,}, (4.13
m u?
HP=-0.219, (4.14
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2 2 2 2

q q q q°
Hire= HtFB+ {( 1.55N+ 16. 8])Inlu 782|an|2 +2. 65Ir12M2 O.23InM—%+O.37Ir?M—§)
9’ 9’ q2 9’
—2.84In 5+ (~0.77N-4.46In— +3.02In 1 —8.524—2.52{+3. 17}In— : (4.15
t u?
Hepg=—0.252, (4.1
q2 q2 2 q2 2
HR=HIRB+ —{ (—0.50N+6.46In—5+| —1.91In—5 +0. 23|r? 0.70 In— +0.08Ir? )
Am e MW W IV'z M7
9’ 9’ 9’ 9’
~0.81In—5+(~0.30N-1.70In— +0.31In 75— 2. A4 —0.72{+0. 9]}In—] , (4.17
t w?
H*B=—-0.809, (4.18
2 2 2 2
HeRg=HRg + —{(O)Inq—2+ 3.241 q—+(0)|n2 il 0. 50|nq +(0)|n2 q (O)In%
W t
q° q° 9’
+(O)In;+(O)InW+(O)InM—,2}, (419)
HeRg = —0.750. (4.20
[
One can check that, indeed apart from the two SM coef- V. CONCLUSIONS

ficients of Ing%M3,) and Ing%M3), affected by the box con- .
tributions, all othevr coefficients,Z)as well as the “Born” terms In th|s_paper we have extended to the case of the process
satisfy the relation§4.9—(4.12. In particular Eq.(4.12 is €'e —tt the study of the high-energy behavior of four-
responsible for the appearance of the various zeros in Edermion processes that we had undertaken in previous works
(4.19. So the physical content of the four observables confor the case of light fermions. First we have shown how the
structed with the top-quark helicity is almost the same as thaX peak subtracted representation can still be used to describe
of the polarized differential cross section. The importance othis process, by taking as inputs the measurements of the

the angular dependence in the SM box contribution can bgharm-anticharm process at theeak, and by putting inside
appreciated from the size of the nonzero coefficients in Eq.

(4.19 and will be illustrated in a figure given below. A com-
parison with experimental data on top quark polarization
should be useful for a confirmation of the results obtained o2
from the cross section and the asymmetries and should cor
stitute a check of the modé¢SM or MSSM and of the ab- 010y
sence of unexpectedly large asymptotic contributions. 0.00 |
Equations(4.1)—(4.20 are the main result of this paper.
To better appreciate their message, we have plotted in Figs
3-10, the asymptotic terms, with the following convention:  -020
for the cross section, we show the relative effect; for asym-i_
metries and helicities, the absolute effect. To fix a scale, weg

<

-0.10 [

-0.30

also write in the figure captions the value of {lasymptoti¢ -040 ¢

“Born” terms and we have put.= M for the RG terms and 080 | __ guivesalRG |
M=M'=m, for the SUSY terms. The plots have been —— - MSSM, tanfi=1.0, m;=0

drawn in an energy region between one and ten TeV. Il vt a4

We have plotted the overall SM value, the overall MSSM 070 |
value for purposes of comparison, and the approximate ex- , , , ,
pressions that would be obtained by only retaining the o 2 4 6 8 10

. . . ) . sqri(q’) (TeV)
asymptotic RG logarithms in both cases. From inspection of
these figures a number of conclusions can be drawn. They FIG. 3. Relative effects i, due to the asymptotic logarithmic
are listed in the final Sec. V. terms. The Born expression for largé is 182 fb/(@?/TeV?).
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A, A,
0.00 ‘ : ‘ : 0.00
-0.01
-0.05
-0.02
-0.10
-0.03
<é' -0.04 | g -015¢
<
-0.05 q
- - Universal RG -0.20 + - - - - Universal RG
— SM — SM
-0.06 | ——- MSSM, tanp=1.0, m,=0 A — —- MSSM, tanf=1.0, m,=0
—-— MSSM, tan}=10.0 —-— MSSM, tanB=10.0
007 —— MSSM, tanB=40.0 =025 1  —— MSSM, tanB=40.0
008, z 7 6 8 10 030, 2 n 6 8 10
sqrt(q’) (TeV) sqri(q’) (TeV)
FIG. 4. Absolute effects ir\gg; due to the asymptotic logarith- FIG. 6. Absolute effects i\, due to the asymptotic logarithmic
mic terms. The Born value for largs is 0.607. terms. The Born value for largg? is 0.164.

the subtracted functions the difference betweentthand Iog&r;t?_w: Izgdﬁ]ugdiﬁz\ég?gr top-quark production are sys-
thecc one loop effects. We have then applied this method inematically larger than those in the corresponding lepton or
order to obtain well-defined predictions for the high-energy-light” ( u,d,s,c,b) quark production observables. This is
behavior of the various observables that can be experimeRalid both in the SM and in the MSSM situation. In the latter
tally studied ine*e” —tt. We have made illustrations with case, top production exhibits also in the leading terms a dras-
the one loop effects that appear in the SM and in the MSSMtic dependence on tg® much stronger than that of bottom
The results of this investigation are now summarized. production(shown in Ref[3]).

(1) The leading electroweak effect at the one loop level is  (3) The validity of a one loop perturbative expansion for
guite sizeable in the TeV region in all observables, with thetop production seems to us neither too likely nor too unlikely
only (expectedl exception of the forward-backward asymme- in the TeV regime. Around one TeV, all the effects are sub-
try, where the squared Sudakov logarithms are practicallgtantially under controle.g., below the 10% level, assumed
vanishing, as a consequence of a general rule already di#s be a rough threshold for the reliability of the approxima-
cussed in Refl3]. The effect increases with energy, follow- tion). In the CLIC region(3—5 Te\) the 10% boundary is
ing a trend that is drastically different from that of the systematically crossed, and the effect in the MSSM can reach
smooth and much smaller pure RG approximation, and italues varying from 15—20 % in the cross section, depending
appears therefore to be essentially governed by the varioum tang (the SM effect is smaller in this case; an opposite

H
ALR.t !
0.00 0.30
- --- Universal RG
— SM
—0.05 025 I __ MSSM, tanp=1.0, m,=0
—-— MSSM, tanf=10.0
—— MSSM, tanf3=40.0
-0.10 | 0.20 1
3 | T 045
<ﬁ -0.156 q
<
-0.20 - - - - Universal RG < 0.10 -
— SM
—— - MSSM, tanp=1.0, m;=0
—-— MSSM, tanf=10.0
-025 —— MSSM, tanP=40.0 1 0.05 |
0. ‘ . ‘ . 0.00 . ‘ ‘ ‘
030 0 2 4 [¢] 8 10 0 2 4 6 8 10
sqr(q) (TeV) sqri(q’) (TeV)
FIG. 5. Absolute effects i\ r ; due to the asymptotic logarith- FIG. 7. Absolute effects iil; due to the asymptotic logarithmic
mic terms. The Born value for largg® is 0.336. terms. The Born value for largg? is —0.219.
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LR

Ht.FB H t,FB
0.30 ; ; ; . 0.04
--~-~- Universal RG
2 — SM ---- Universal RG
025 ___ MSSM, tanB=1.0, m,=0 1 003l —— SM
—-— MSSM, tanP=10.0
—— MSSM, tanB=40.0
0.20 |
0.02
g
;_. 0.15 |- g
E 0.01 |
0.10 |
0.00 [ === === m e e e e e
0.05
—0.01 . . . .
0.00 . . . L 0 2 4 6 8 10
0 2 4 6 8 10
sqrt(q”) (TeV)
sqri(q’) (TeV)

FIG. 10. Absolute effects iff{ g due to the asymptotic loga-
rithmic terms(only SM box terms contribuje The Born value for
largeg? is —0.750.

FIG. 8. Absolute effects i, g due to the asymptotic logarith-
mic terms. The Born value for largg? is —0.252.

situation characterizes the two polarization asymmetries
For the specific purposes of a very high precision test, thi
would strongly motivate &hard two loop calculation of the

most relevant(in practice, the logarithms of “Sudakov-

type”) effects[15]. On the other hand, one could argue that
possible neglecte_d terms, e.g., constant ones, might Somaﬁence of the “massive” linear logarithms of “Sudakov-
how reduce the size of the effect. Our personal feeling, mofype,” proportional tomtz (and also in the SUSY case, to

tivated by the previous experience for light fermion produc- : ) )
tion[1,2], is that in the SM case these extra terms can reduc%g) and generated by the final top-quark vertex. To visualize
t

the effect, but not drasticallgi.e., at the few percent reduc- he nur_rlgrical derz]pelndzrjce, ¥¥e havg hplotted iE Fjgs. 11-13
tion leve). In the MSSM case, this feeling remains to be € variation of the leading effects with t@nat the "CLIC

investigated in some more detail, although it is confirmed by €ference point”\q?=3 TeV. As one sees, the numerical

a partial previous analysis performed in R&i. Certainly, if ~dependence has some features that appear to us potentially
one moves to the 10 TeV region, where the leading logalntéresting. Assuming a typical “visibility parameter” of
rithms should provide a rather reliable approximation, thel%: that corresponds to an integrated luminosity of about

40% relative effect in the top cross section shown in Fig. 3t0° fo_ %, we notice that: o o
(a) The effect should be largely visiblg.g., it is around

appears hardly compatible with a one-loop truncation of the
Rlectroweak perturbative expansion.

(4) The strong dependence on f@nof the leading
asymptotic terms appears to be a special characteristic of the
top-quark production in the TeV regime. This is a conse-

LR

H™, o,
0.05 0.00
- - -~ Universal RG -0.02
— SM
0.04 - ——- MSSM, tanB=1.0, m,=0 4 _0.04 |
—-— MSSM, tanB=10.0 '
—— MSSM, tanB=40.0 006 |
0.03 [ g _0.08 |
= € oto |
g o
0.02 - —oa2t
Sb_
=
s -0.14
0.01 | -0.16
-0.18
000, 020, 10 20 30 40
sart(q’) (TeV) tan
FIG. 9. Absolute effects iR due to the asymptotic logarith- FIG. 11. Relative effects i, due to the asymptotim? andm?
mic terms. The Born value for largg? is —0.809. logarithmic terms versus ta8, at \gZ=3 TeV.
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A, and, in a certain sense, unique “t@rdetector.” A dedicated
004 ' . ' analysis with this specific purpose is already being actively
performed[9].
0.03 |
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g 001
¢ APPENDIX A: ASYMPTOTIC LOGARITHMIC
;g CONTRIBUTIONS IN THE MSSM
0.00
1. SM contributions
-001 | In order to allow an easy comparison of the above SUSY
contributions with the SM ones we now recall, in the next
_0.02 ) . . three subsections, the results obtained in Rgf<] for the
0 10 o %0 “  same four gauge invariant functions.
FIG. 12. Absolute effects i~ due to the asymptotim? and a. Universal SM contributions
m? logarithmic terms versus ta®, at \/g>=3 TeV. a(i?) (3 ,
X (RG), 2 atp q
A%, 0)— 2m (3N Zl)ln(lu> (A1)

the 10% level when taf varies from 1 to 1Din the case of
the cross sectionr ; it remains less strongly but still poten-
tially visible in the polarized asymmetrieAt" and A,  R(R®)(¢2,9)— —

af MZ) ( 20— 40c3,+ 32y,

(around the few percent level varying tarfrom 1 to 10; it AmSCiy 9
is irrelevant(10 times smallerin A rg . 1—2c2 — 424 2

(b) It varies from— 14 to — 5 and from—5 to —9% in o, #) n (q_2> (A2)
and from+4 to +1 and from+1 to —1% in the polarized 6 m

asymmetriedAr " andA; when tang varies from 1 to 10 and

(RG) (RG)
from 10 to 40. Therefore, it is in principle sensitive to the (4°,0)=VZ;7(a"6)

large tang region. a(u?) (10—-16c3,  1+42%)\ [P
These features, if retained by a more complete approxi- —3 3 N+ 8 ) n (—z)

mation, e.g., that includes possible constant terms, would TSwlw K

make top-quark production in the CLIC regime a promising (A3)

b. m-independent terms in SM nonuniversal contributions t6IF—>tt_(same asin U_UCE)

2 2 2 2 2 2
q g2 a(2-vi-vd q q a q? q 1+cosé
A (9?6 —| It ——————| 31 In? IN?——+21 In———
R eV A Pl Vi v S R VL Ve e L VU VU
121 q2I 1+cosé A4
25@;TQf a et vP)(L-ovd)in M2 1—cose’ (Ad)
3a 5s5 2 a(2+ 302+ 3v?) 2 2
R,<$>(q2,0)_>——2(1—iw>|nq—2— 2( SW)| 2 O ST R 3, — i,
4sy, 3 My, 4msy 3 M3, W 64mSyCly M7 M7
2 2 2
acy, 2 q° q° 1+coséd a 9= 1+cosfd
2 2 2 2
q 2 q av|(1-vf) = a|Qv, q q°
vV (g2 ——[(3-10c2)In—5 — 1+—2)|2 In——In?—
7211 (d ’0)_)87rcwsw 3 OCW)nM\ZN 3w/ M2Z| | 1287s3c3,  8msyow 3 M2 : M2
2 2
acw [ q° q 1+coséd a g° 1+coséd
+ + + —_—
2 W(' mz F2inyzinT 3273, i ”')'nMgml—cosa' (A6)

053013-10



TOP QUARK PRODUCTION AT FUTURE LEPTON . ..

2

PHYSICAL REVIEW B3 053013

2 2

q 2 q° avt(l—vtz) av) o} o}
vy 0)— ——| (10s3,— 9)In (1—— )m2 3In—>—In?
(@ )H ( W) MG o My | 1287(Qsich 8mswew [YH M2
2 2
aCyy 29 q? q 1+coséd a 9= 1+cosh
|
wherev,=1-4s?,, v,=1-4|Q,|sj,. In each of the above , , , 483,
equations, we have successively added the contributions Vz,1t(4%)—Vz,,c(d )—mm q 1—7
coming from triangles containing one or twd, from tri- wHw
angles containing ong, from WW box and finally fromzZ m2  m?
t b

box. — T (All)

Ile Ile

c. my-dependent terms in nonuniversal SM contributions
to 171~ —tt

K@ =& 1 1e(@2) ~ ——In 2
@ wle 247y,
2 2
m
x|(3-288) 5 +2sh—2> [, (A8)
MW W
o 453\ m?
Ri(q2) —Rie(g?) + In g 1+—W)_t
11(d%) 1c(d%) 1672, a 3 /M2,
4s2,\ m2
. 1__vv>_b, (A9)
3 My
2 2
2 2y_ _%Cw of M Mo
Vozi(49)—=V,z2,0(0%) = 127rswln M2, M2/
(A10)
A,

0.04

0.03 |

0.02 -

0.01 |

AA, (@], m terms)

0.00 -

-0.02

0 1‘0 2‘0 3‘0 40
tanf
FIG. 13. Absolute effects i, due to the asymptotim? andm?
logarithmic terms versus ta8, at \/g2=3 TeV.

2. Additional SUSY contributions

a. Universal (y,Z-self-energy) SUSY contributions

They arise from the bubblegnd associated tadpole dia-
gramsg involving internal L and R sleptons and squarks,
charginos, neutralinos, as well as the charged and neutral
Higgs and Goldstone bosofsubtracting the standard Higgs
boson contribution

A univy 2 i ﬂ 2
AM(q )H4ﬂ(3+ 9 )In qs, (A12)
Uiy 2 o  [13-26s,+ 18sy,
(@)=~ SACaL 6
2 4 2N 2
+(3—6sy,+ SSW)? In g%, (A13)
VL;r%IV(qZ) Vunlv(qZ)
o«  [13-18s, , 2N
 4mwsucy| 6 +(3-8sw) g In %,
(A14)

whereN is the number of slepton and squark families. These
terms contribute to the RG effects.

We then consider the nonuniversal SUSY contributions.
These are the contributions coming from triangle diagrams
connected either to the initidl'| ~ or to the finaltt lines,

and containing SUSY partners, sfermiohs charginos or
neutralinosy; , or SUSY Higgs boson&ee Fig. 2, external
fermion self-energy diagrams are added making the total
contribution finite. These nonuniversal terms consist in
m; - mdependent terms and im, ,-dependent termsqua-
dratic m? andm terms given below.
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b. m-independent terms in SUSY contributions tIr—tt
(same as for uy co

2
~ 2 @ ,~ 71+82sy
A, (Q)— 7Tln q —72C\2/v , (A15)
PN ,27— 675, +82sy,
1t(d )-’; nq T
(A16)

, 6320057, + 164sy,

144s,,Cy ’
(A17)

2 o
V,zi(9%)— ;'” q

a 81— 24055+ 164sy,
VZy,It(qZ)_’;m q? 144SW03
W

(A18)

c. m-dependent terms in SUSY contributions tBIr—tt

Zoz,lt(qz)—>Za,lc(qz)_ In q

24773\2,\,

m2
x| (3—2s2,)(1+2 co /3)M—;

W
m;
+2s5—(1+2tarf B) |, (A19)
MW
Ri(02)— R (0?) +———1In o2 1+4S€V(1
— n —_—
1t(d icd 16775\2,V q 3
+2 cot B)
2 2
m 4sy
XWVJF 1- 3 ) (1+2ta|’?ﬁ)]
(A20)

2
ac m
Vyzi(@?) = V,210(9%) = 1277\;\/\,\,'” qZ(M—;(lJrZ cof B)

w

m2
—M—;’(1+2tar?ﬁ)), (A21)

w

a 4sy,
VZy,It(qz)HVzwc(qz)— Wl q ( 1— T)

m? m?2
x(M—‘z(1+2coFﬂ)—M—§(1+2tar?ﬂ) .

w w
(A22)
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3. Nonuniversal massive MSSM contribution

Finally we find it interesting to sum up all the mass'mé
and mf, terms appearing in the MSSKSM and SUSY non-

universal massive contributions 13’1~ —tt). We remark

that the net effect as compared to the SM result is a factor

2(1+cof ) for them? term and a factor 2(%tar? 8) for
them? one, a rule similar to the one observed in tecase

[3]:

K@ =K o0~ n q{(s—zs@)mcoﬁ B)
127sy,

2 m2
X—+28% Z(1+tar12,8)1, (A23)
w W
s
Rit(9%)—Rie(a%) + 2Inq 1+ ——|(1+cof B)
8msy, 3
m? 4s,
X—+ 1_T —(l+tar\2,8) (A24)
W

ac m?
Vo287 = V,z16(43) — ——In qz(—;(1+cotzﬁ)
MW

67Sy
mp
- —(1+tarf ) |, (A25)
w
5 ) a 5 48\2,\,
Vz,11(d9)—Vz,c(q )—mm q 1_T
X me 1+cof M 1+tarf
M\Z/v( cot" B) MSV( art g) |.
(A26)

APPENDIX B: HELICITY AMPLITUDES AND TOP SPIN
DENSITY MATRIX

A generic invariant amplitude

e?_ 4 _
A= —u(t)| y*g3+ —(p—p") ,|v(1)-v(1)y,gu(l)
q my
2
WU(I) Y499 — 987>
d? —
(PP v(t)-v(D) 7y, (9% —gar )u(l) (B

leads to the helicity amplitude
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FONGAGAND = (2A|)e2F[

99— 2\ g5,

[ guL2msin 00y,
4shcila?

mz)

d ,
+ gitl[gt\/?(cose(s)\t 2N (M AD) E,Btzqz SN ,xt—] ] ,

wherex|=\|-=—\+=*+3, \;==* 3, A\{=*+ 3 and the nor-

g(2mesin 08, — VOGP (A~ \p)coso— 2\ Va28, ) — —,8

PHYSICAL REVIEW B3 053013
sinaﬁktyw
JaP(\ = Ap)cost—2x1o28, -]

z
(B2)

At largeg? the top-quark polarization is only described by

malization is such that the differential cross section is giverits helicity (the transverse polarization vanisheSo one de-

by

do BNt
dcosd 64mq

gamgz (1= PPOLpY(+ +) 40—, )]
HP=PO[PR(+,+)+p (=, 2))} (BY)

with B,=1—-4mZ/g?. N, is the color factor 3, times the

QCD caorrection factor. The top-quark spin density matrix is

defined as

1
pu()\ti)\t’)EszJrR()\tv)\t,)
12 FI N\ = ! A, AT
5 = | _5! ta\t
* 1 ’ — 1 _
XEX|N== 5 M N HF M=+ 5

X F* (B4)

1
7\|=+§,)\t’ AT

for unpolarized = beams, and
LR 1 L-R
p ()\ti)\t) Zp ()\t!)\ )

12 FIA 1>\>\—
_EW 1= Evtrt

X F*

1, 1
N== 5NN —F M=+ 5 AT

X F* (B5)

1 oy —
)\|: + E,)\t 1)\1

for longitudinally polarized ~ andl * beams with degree®
andP’, respectively.

From Eq.(B3) one constructs the usual four observables

ot, Argt, ALrt, and A¢. But from the density matrices

Egs.(B4), (B5) one can also construct other observables re-

lated to the final top-quark polarization.

fines the following observables.
(a) With unpolarized *| ~ beams: the averaged top-quark
helicity

f [pY(+,+)—pY(—,—)]d cosd

Hi= (B6)
| 1o #0402 -1 coso
Its forward-backward asymmetry
f [pY(+,+)=p"(—,—)]d cosh
F-B
Hirs= (B7)

f[pU(+’+)+pU(_’_)]dCOSa

(b) The same two quantities for the left-right polariza-
tion asymmetry. The averaged polarized top helicity

f [pLR(+ 1+)_pLR(_!_)]d cosd

He"= ., (B9
f[PU(+,+)+pU(—,—)]dcose
and its forward-backward asymmetry
f [p"R(+,+)=p"R(—,—)]d cosg
F-B
Ht FB= (B9)

f[PU(+,+)+pU(—,—)]dcosa

These quantities can be measured through the decay of the
top quark intoW+b, see, for example, the discussion in Ref.
[13].

In the asymptotic regime, th&-peak subtraction method
described in Sec. Il implies the following expressions for the
effective photon and couplings to be used in E¢B2):

|e|g\zl_’ Vama(0)Qe

1.
1+ EAa,n(qZ,e)}, (B10)
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1. le| 1 1.
lelgl— Va4ma(0)Q| 1+ EAaJt(qz, a)}, Toucu 2= E‘yélz{ 1- ER“(qZ' e)}, (B15)
(B12)
N ~ 1 s c where vi=1-4|Q(|sj,;, sy being the effective angle
Hg\z/|—>_ EI')’IUZ 1- Eﬁn(qz,a)— W\ measured aZ peak in the channdl’| ~—ff, and
wlw |
B12 —
(12 48wl (Z—ff) (B16
e 1 1. Y= =2y
%gfw— Eﬁ’?[l— ERn(qz,e)}, (B13 NzeMz(1+2t)
W W
- Nz« being the color factor 3, times the QCD correction factor
igz _)Eylxz 1— Eﬁl (92,0)— BSWCW\A/27 in the ff channel at th&Z peak. Complete results including
2spcy oVt 2 7 2t . nonasymptotic contributions and new Lorentz structures will

(B14)  be given in a forthcoming pap¢®].
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