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High energy behavior of yy—ff processes in the standard model
and minimal supersymmetric standard model
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We compute the leading logarithm electroweak contributiongjte- ff_processes in the standard model and
minimal supersymmetric standard model. Several interesting properties are pointed out, such as the importance
of the angular dependent terms, of the Yukawa terms, and especially of ## dapendence in the super-
symmetry contributions. These properties are complementary to those fougitein—ff. These radiative
correction effects should be largely observable at future high eneygyolliders. Polarized beams would give
interesting checks of the structure of the one-loop corrections. We finally discuss the need for two-loop
calculations and resummation.
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| INTRODUCTION will appear and will allow us to conclude thaty— ff pro-
cesses can equally well contribute to the tests of the SM at

The projects to build high energy and high luminosity high energies and to the search for its possible modifications
e’ e colliders[1,2] have recently motivated the study of the or extensions.
high energy behavior of the electroweak corrections to sev- The contents of the paper are as follows. In Sec. Il we
eral ete™ annihilation processes. Explicit computations of present the dynamical content of the SM and MSSM and we
the linear and quadratic logarithmic contributions to variousproceed with the computation of the complete one-loop weak
observables have shown remarkable properties which shoufpntributions in the asymptotic regime. QED and QCD cor-
be largely observable at these future machines and shoulgctions are left aside as they depend on the detection con-
provide deep tests of the different sectdgmuge, matter, ditions and are usua!ly included in specific Monte Carlo pro-
scalay of the standard modeSM) as well as of its super- grams[14]. After havmg checked that the set of self—energy,
symmetric extensions, such as the minimal supersymmetri¢ertex, and box diagrams that are retained in the high energy
standard modeMSSM) [3,4]. In fact, for many years it has limit is gauge mdependt_ant and satlsfles photon current con-
been known that in certain circumstances large logarithmigervation, we systematically work in the=1 gauge. We
terms, in particular, quadratic logarithms, can ap&a8]. che_ck the convergence of the separate contributions of the
The general features of the asymptotic one-loop electrowea¥@rious sectorsneutral gauge, charged gauge, Yukawh
corrections have been studied, a classification of the linedf€ Standard model, as well as of the additional supersymme-
and quadratic logarithms has been established, some tw§y (SUSY) terms (gaugino, Higgsino, additional Higgs
loop effects have been computed, and the possibility of reb0sons. We keep the single and the quadratic logarithmic
summing certain classes of contributions has been discussé@ntributions. We separate the angular independent correc-
[7-11]. tions from the_{angular dependgnt ones. All these contribu-

On the other hand, the possibility of realizing high energytions are specified for the helicity amplitudes of the process
and high luminosityyy collisions ate*e™ colliders through yy— ff; they are explicitly given in analytical form in Ap-
the laser backscattering procedure is actively considerepgendixes A and B. From these expressions it is then easy to
[12,13. One already knows that electroweak radiative cor-compute the various parts of the fully polarized cross
rections toyy— ff processes both in the SM4] and in the ~ Section. This is what we present in Sec. Ill. We then compute
MSSM{[15] are sizable enough to be observable owing to théhe effects on the variougy observables and we present and
large luminosities expected at these machines, which shouscuss the results in the SM and MSSM cases. With the
allow one to reach an accuracy better than the percent levetXpected luminosity of the Linear CollidékC) and CERN

The purpose of the present paper is to report on a study dfinear Collider(CLIC) these various contributions should be
the high energy behavior of the electroweak corrections t&Xperimentally observable. We then discuss the physics im-

the process;/y—>ff_in the SM and the MSSM, performed plications of the results as well as the domain of validity of

along the same lines as those taken for the aforementionéﬂe ope-loop computation and the need for a two-Iqop com-
; . . putation or a resummation at very high energies. This output

studles_of thee"e” —ff processes. We will show that the s s, mmarized in the concluding Sec. IV.

yy—ff processes offer an independent way to check the

general properties of the asymptotic logarithmic terms origi-
nating from the various sectors of the electroweak interac-
tions, and we will give precise numerical illustrations in or-
der to see how they can be experimentally tested. A great we found it convenient to express all the results in terms
similarity with the properties of the*e™—ff processes of helicity amplitudes(16] F, ,: .., \,\’,7,7" being the

Il. DYNAMICAL ONE-LOOP CONTENT OF yy—Ff
AT HIGH ENERGY
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FIG. 2. SUSY additional diagrams contributing in the

asymptotic regime ofyy— ff; chargino and neutralino sect¢),
and SUSY Higgs sectdb).

erated by the internal fermion self-energy and by the trian-
gular diagrams; box diagrams are convergent.
The explicit expressions of the helicity amplitudes in the
(c) high energy limit are given separately for each sector of the
) o ] ] electroweak corrections in an analytical form in Appendix A.
FIG. 1. SM diagrams contributing in the asymptotic regime OfThey are obtained by deriving the complete expressions of
yy—tf, Z sector(a), W sector(b), and Higgs sectofc). the amplitudes in terms of Passarino-Veltman functidrg,
and retaining only the asymptotilogarithmig parts of these

helicities of the two photons and of the fermion and antifer- nctions(see Appendix & In a second step we retain onl
mion, respectively; it is then easy to get the expressions offu PP P y

the observables in polarized photon-photon collisions. Thé.he terms t.hat contain Ilne.ar (@and quadra_tlc (Ifs) Iogg-
Born term consists of two diagrams with fermion exchang rithms, which we callleading terms neglecting terms like

: : C : : &i t/s), ..., etc., which we callnonleading termsDuring
in thet andu channels. It isyy symmetric; its amplitude, in n( .
the high energy limit, is written in Appendix A. It only con- this procedure we checked that the divergences and the fer-

. " . i ingularities cancel. We also separated the coef-
tributes to thg AN|=2 helicity amplitudes. mion mass singuie : .
At one loop, the list of diagraméo be symmetrized by ficients of the leading logarithms that a#éndependent from

interchanging the two photohshat contribute to the loga- those that' arej dependent'Q is the c.m. scattering angle
rithmic terms in the high energy limit is given in Figgat-o We now discuss these various terms in turn.

for the SM case. In the MSSM case, the additional SUSY

diagrams can be found in Figsa2b). We have checked that Standard model corrections

these contributions aret 1) independent and that current
conservation|“J ,=0) holds separately for each photon. In
Figs. a—g and Za,b we have not drawn the extern@ho- A first set of corrections is given by the internal fermion
ton, fermion self-energy diagrams which do not contribute self-energy, triangle, and box diagrams of Figa)lcontain-

to the logarithmic terms, although they must be taken intdng oneZ boson. The corresponding helicity amplitudes are
account in order to get cancellation of the divergences gengiven in Egs.(A3) and (A4) (terms proportional td g&;

v and Z sectors
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—gi(27)%4s5c3,). One can check in Eq$A5),(A6) that the  SUSY Higgs bosongfrom this last contribution we have
leading terms of théAX|=2 helicity amplitude combine in subtracted the contribution of the stand&tdy, diagrams in
an angular independent factor proportional [ﬂoz(s/M§) order to avoid double counting of the physical Higgs sector
—3In(¥M2)] multiplying the Born amplitude, in agreement A general remark that was already made in the case"ef
with the general rule obtained in Ref40,11], and that the collisions is that, in the asymptotic reginse>M?, the only
correction to thgAN|=0 amplitude vanishes. dependence in the MSSM parameters that remains is the de-
A similar set of corrections would be provided by the UV pendence on taf; all other parametergexcept the global
photon sectofcut at scaleM ), just replacing the intern@ ~ SUSY scaleM appearing in the logarithmic termbave dis-
by an internaly in all the diagrams of Fig.(&). The resultis appeared because of the unitarity properties of the mixing
given in Egs.(A3) and (A4) (terms with Qf2 instead of Mmatrices appearing in the SUSY couplingeee the fourth
[0%:—gZ(27)1%/4s2,2,). The properties of this 4 sector”  Paper of Ref[3]).
are exactly similar to those of th& sector. In the following
numerical discussions we shall omit it, taking the standpoint
that all photonic correctiondJV and IR including soft pho- The amplitudes resulting from the mass independent part
ton emission should be put together inside the QED-type of the diagrams of Fig. (@) are given in Eqs(A15),(A16),
corrections, which depend on the characteristics of the dete@nd their leading terms in Eq$§A17),(A18). For the same
tors and are generally treated separately by specific praeason as in the case of the Higgs sector, the correction to the
grams. This is obviously a matter of choice, which can easilyA\|=2 amplitude is only linearly logarithmic and angular
be modified. independent(they can also be obtained from the external
self-energy contributions to the field renormalization con-
W sector stantg, and the correction to thHé | =0 amplitude vanishes
asymptotically.

Nonmassive terms

The corresponding diagrams are listed in Figb)1In
addition to those obtained just by replacing théy the W,
there now appear new triangle and box diagrams involving Massive terms
the three-bosonWW coupling. The resulting amplitudes are - ;
given in Egs(A7),(A8). One sees that the leading terms Eqs.thengggﬂgugeéi;a;It;%fg?n;i;hezrtga:rsedgeieggcﬁnég:rt of
(A9),(A10) are enriched by angular dependent and angula(Alg) (A20), and their leading terms in Eq§A21),(A22).
independent contributions arising frorg thavw cc;upling, They,beha\,/e asymptotically in a way similar to the SM
which appear in addition to thin(§/M7)—3In(gMZ)] cor-  yyawa terms, the correction to thAN|=2 amplitude be-

rection of theAX[=2 amplitude. ing also only linearly logarithmic and angular independent,
. and the correction to théAN|=0 amplitude vanishing.
Higgs sector However, an important fact is the appearance of 3&de-

In the SM the Higgs sector consists in the set of diagramgendence in the term proportional mf/M3,, and a tafg
of Fig. 1(c) involving charged and neutrab=° Goldstone dependence in the term proportionalrtg/M3, (which can
bosons as well as the physiddl Higgs boson, coupled to be very important for large ta values.
fermions through Yukawa terms proportional o /My . We also note that, in the MSSM, summing the SM and the
This set of diagrams is relevant only for top and bottomadditional SUSY contributions, the leading asymptotic mas-
quark production. The resulting amplitudes are given in Egssive terms combine in order to reproduce the massive SM
(A11),(A12) and their leading parts in EqéA13),(A14). As  contributions in which then?/M§, terms have been multi-
expected from the general properties established®11,  plied by 2(1+cofB) and the m2/M3, terms by 2(1
these leading corrections coming from field renormalization, t323). This rule was already obtained for the process
constanlts{wlr;lch one can d_|tr)ec_tly obtain by|00|fls(|jder|ngzj only e*e”—ff in the fifth paper of Ref[3].
external self-energy contributionare angular independent, Let us finish this section by making a comparison with the

linearly logarithmic, and affect only thé\\|=2 (Born) am- . . . —
ylog y | ( ) asymptotic properties observed in the caseoé™ —ff. In

plitucle. the 't Hooft §&=1 gauge, the contributions of the triangle and
N o box contributions sometimes behave differently in éte~
SUSY additional contributions and in theyy cases. The singlg and W triangles get only
In the case of the MSSM, one should add to the previoudinear logarithms in theyy case, whereas they get linear and
SM terms the following additional SUSY corrections. We quadratic logarithms ir*e™; in contrast, thelVW triangle
have separated them into two parts; first, a “nonmassiveets only a quadratic logarithm ipy instead of the linear
part” arising from the diagrams of Fig.(®, in which only  logarithm ine*e™. These differences are complemented by
the mass independent parts of the chargino and neutraliritbose of the box diagrams. In both and W sectors, the
couplings are considereorresponding to the charged or boxes produce linear and quadratic logarithms iy,
neutral “gaugino” componenis secondly, a “massive part” whereas in the* e~ case theZZ box gives only linear loga-
due to the mass dependent terms of the chargino and netithms and the/VW box has both linear and quadratic loga-
tralino couplings(corresponding to the charged or neutral rithms. The Higgs and the SUSY sectors are very similar in
“Higgsino” components and also to the diagrams involving the yy ande*e™ cases. They give only linear logarithms,
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_Born
/Jdcosgdcose

— _Born
dogg dog;

dcosf dcosh

arising only from the triangle diagram&nd also from the
internal fermion self-energy in they case. The Higgs and R33=J d cos6
SUSY box diagrams give no leading logarithms at all, in

both yy ande*e™ cases. 3.3
— d_Born
Ill. EFFECTS ON THE yy—ff OBSERVABLES Rsz d coso / Jdcos&
. . - . - F-B d 0030 dcosé’

Having obtained the explicit expressions of the helicity 3.4
amplitudes, it is easy to compute the various elements of the '
polarizedyy cross section. The general expression is given
in Appendix C. Because of Bose statisti&P invariance, doBorm
and real(asymptoti¢ amplitudes, the expression of the cross Rs= J dcost| 4 oosa coso / f dcosd - iop
section including terms up to ordes® simplifies to (3.5

o Sl (e S dop°""
drdcosé¢ dr d cosé Rps= Lin cosé d cosﬁ / J d cosa 3 cose
(3.6

do,
+[(&2)—(£3)]

d cosé
on which the electroweak effects are now illustrated and dis-
, , 3 cussed.
+[(€s)cos 2p+(&5)c08 28" | One should first note, using the definitions of the various
“cross sections” given in Appendix C, that the last two ratios
, ) Rs and R,3 only involve products of AN=0| with |[AX
+[(&séz)co8 A+ ") [y =2| amplitudes. As we have seen that, in the asymptotic
regime(see, for example, the leading expressions written in
Appendix A), the one-loop contributions A\ = 0| ampli-
tudes are much weaker than those|40\ =2| amplitudes,
one expects that these two ratios are much weaker than the
(3.)  other three.

, , dops
+[(£2€3)C08 2p" —(&36,)Cc0S 2p]

dcosé|’

in which dfw/df describes the photon-photon luminosity
per unit e"e" flux obtained by the laser backscattering
method[12]; 7=s/s.. Wheres=s. . The Stokes parameters The angular distribution of the unpolarized Born cross
(£,8)), (£3.£5), and (b,¢") descrlbe respectively, the av- sectiondog°™/d cosé is (symmetrically strongly peaked in
erage helicities, transverse polarizations, and azimuthdhe forward and backward directiofisee Figs. G—0 at 3
angles of the two backscattered photésse Ref[19]). TeV]. The electroweak corrections modify this distribution
The Born amplitudes feed only th@arity conserving ~ somewhat because their effect is larger in the central region,

dog/d cos and doss/d cosé terms. The one-loop effects @S Shown in Figs. @-g where we plot the angular depen-
feed all the above terms. Note the specific photon polariza! dence of the relative effect of the electroweak corrections,
tion dependences, which can be used to test the structure g?f ined as
da_gorn
/ dcosé’ S

the one-loop electroweak corrections and the absence of un-
It will therefore be interesting to have the largest possible

expected effects. Taking into account the fact that
angular acceptance allowed by experimental detection and to
cut the angular distribution into several bins. One could then
check the relative increase of the weak corrections in the
central region.
Note that the radiative correction effect is always nega-
dcosf’ dcosf tive, that the supersymmetric corrections always increase the

magnitude of the effect, and in the casetodf bb that this

effect strongly depends on tgh

_Bom We now study in more detail the behavior of these effects

/ f dcosa versus the energy, by considering the integrated cross sec-
d coso tions. In the following illustrations we choose to integrate the

(3.2 angular distributions in the domain 3@9<<150°.

Angular distributions

doyg do’BOrn

= dcosd dcosh

d(TO
d cosé

doy dos doas
dcosfd’ dcosf#’' dcosd

are cos symmetricand

do, doys

cos# antisymmetricwe construct the five ratios

d_ _Born
0o
dcoshd d cose

Ro= f d cosé

053018-4



HIGH ENERGY BEHAVIOR OFyyﬂff_PROCESSES IN... PHYSICAL REVIEW D 64 053018

50 30

45

25

40

35

20

30

-
o

25

dog/dcos 8
dog/dcos 8

20

=
=]

15 ~ s
\\__’/
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
cos f
(a)

dog/dcos @

\a.’,. ‘,."4./
- ~t
L s
R . -
~ et

-0.6 -0.4 ~0.2 0 0.2 0.4 0.6
cos 0

(©)

FIG. 3. Angular distribution of the unpolarizegly— ff cross section at 3 Te\:'| - (a), tt_(b), bb (c); Born (solid), total SM (small
dasheg, total MSSM (tan3=4) (dotted, and total MSSM (ta=40) (large dashed

Leading versus nonleading terms stant contribution(of the order of 1%) whose relative im-
It is interesting to compare, as a function of the energyportance as compared to the full electroweak correction de-

the relative importance of the various logarithmic terms thatreases with the energy; this is true for both the SM and the
were presented in the previous Section II. We will do that byMSSM cases.
considering the ratidR, giving the relative electroweak ef- ~ On the contrary, the leading angular dependent terms
fects on the unpolarized cross section, defined in(B@). (which appear in the triangle diagrams involving the&/W

In Figs. 5a,b for 117, Figs. Ga,b,0 for tt, and Fig. three-boson couplingare more importan{similar effects

7(a,b,0 for bb we show, separately for the SM and the have been noticed in Refl1], in the case of the crossed
1 L) 1 + — . . - .
MSSM cases, the contribution of the sum of all logarithmicchannele’ e —yy) and increase with increasing energy.
terms (collected in Appendixes A and)Bcompared to the They cannot be qmltteq at all, .and we will come back to their
results obtained when nonleading logarithmic terms ard©l€ in the final discussion. This comment applies to both the
droppedi.e., terms of the type Ft/s), . . . ,etc.] and alsoto SM and the MSSM cases, as the SUSY additional contribu-
the results obtained when dropping, in addition, the leadingions only consist of angular independent contributions.
angular dependent terrfierms In§/M?) multiplied by angu- We have checked that, around 1 TeV, our asymptotic re-
lar dependent logarithriis sults agree with those obtained in Rgt4] for the purely
One sees that the nonleading logarithmic tertwhich ~ Weak part of the SM corrections to light fermion pair pro-
appear in the expressions of the box contributions given imuction. In thett case, the agreement at 1 TeV is only quali-
Appendix B behave roughly like an additional small con- tative, for both the SM cadd 4] and the MSSM casil5], as
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FIG. 4. Angular distribution of the relative departure from the unpolarized Boymf?cross section at 3 TeV due to electroweak

radiative correctionst™ |~ (a), tt_(b), bb (c); total SM (solid), total MSSM (tan3=4) (small dashey total MSSM (tan3=40) (large
dashegl

this energy is just marginally “asymptotic” for top quarks one sees a cdB dependence associated with the term
and for supersymmetric contributions. Nevertheless, the canm2/M3) and a taAB dependence associated with
cellation of the various MSSM parameters, except for the(mﬁ/M\zN), which becomes dominant at very large fwal-

large tan3 dependence that we emphasized, can already bges. These properties are rather similar to those observed in
seen at this energy if5]. v 1 (18]

Importance of Yukawa terms . . .
Polarized and unpolarized cross sections versus the energy

In Figs. Ga,b,0 for tt and Figs. 7a,b,0 for bb, we have
also shown the effect of dropping the Yukawa terzrsming
from the Higgs and the Higgsino sectpngroportional to

mZ/MZ, andmz/ M3, . Comparing the curves for the SM case | _ Figs. 8a.b.0 and 9a.b.0 we present the raticRy and
and the curves for the case with no Yukawa terms in Fig). 6 R, which show the relative departures from the Born pre-

for tt and Fig. Ta) for bb, one sees that these terms are verygiction [see Eqs(3.2,(3.3)]. The effects are in all cases of
important, especially in thét case, where they contribute the order of several percent at LC energies and of the order
easily half the effect at CLIC energies. In the MSSM caseof 10-20 % at CLIC energies. In the MSSM case they are
the comparison is made in Figsbp and 7b) for tanB=4, larger than in the SM case, especially for large gavalues.

and in Figs. éc) and 7c) for tanB=40. The tarB depen- In Figs. 1@a,b,9, 11(a,b,0, and 12a,b,0 we present the
dence can be understood by looking at E&R1), in which  ratiosR,, Rs, andR,; defined in Egs(3.4), (3.5), and(3.6).

We finally illustrate the behavior of the various terms of
the polarized cross section, E@.1), versus the energy, in

thel*1~, tt, andbb cases.
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largely dominated by the contribution of up quarks,d),

and the Yukawa contribution, appearing solely in thease,

can be completely neglected. So the properties of the elec-
troweak radiative corrections @(yy— hadrons) can be to-
tally inferred from those oér(yy—tt), ignoring the Yukawa
contributions; see, for example, the curves corresponding to
the case with no Yukawa terms in Figgaf.

Ry

-0.125

IV. CONCLUSIONS

-0.15 We have studied the high energy behavior of the one-loop

weak corrections to the processeg— ff, in the SM and the
MSSM.

In the asymptotic energy regime, we have classified and
computed all correction terms coming in the 't Ho@f: 1
gauge from fermion self-energies, triangle, and box dia-
grams. We have checked that, in each weak sector, the set of
diagrams contributes in a gauge independent way to the lin-

ear and quadratic logarithmic contributions to the—ff
amplitudes. Explicit analytic expressions are given in Appen-
dixes A and B, and turn out to be rather simple and reflect in
a remarkable way the theoretical properties of the SM
charged gauge, neutral gauge, and Higgs sectors and of the
MSSM gaugino and Higgsino sectors. These results satisfy
the known general properties of leading electroweak loga-
rithms at one loof7,10,11. They also match with the com-
plete one-loop computations performed around 1 TeV in
[14,15.

We have shown that these effects should be well visible in
vy collisions at LC and CLIC, the large luminosities ex-
pected at these machines allowing one to reach an accuracy

0.5 1 1.5 2 2.5 3 3.5 1 better than the percent level. We have given the results for
Vs (TeV) five observables defined in the case of polarized photon
(b) beams. Clearly, the behavior of each observable should pro-

vide clean tests of the SM or the MSSM and allow us to

FIG. 5. The ratioR, for yy—171~ versus the energy; SN&), check the absence of unexpected new physics effects.
MSSM (b); all logarithmic termg(solid), leading terms onlysmall An important fact is the strong rise of the effect on the
dashey leading angular independent terms otlgrge dashex cross section, partly due to the angular independent factor
al47[In(§MZ)—3In(¥M3)], but we have shown that there

There is no Born contribution to these terms. The effects if'€ @lso important angular dependent contributions. A clear

R, (circular photon polarization dependeiege comparable difference also appears in eaék:|,t,b case between the
to those previously seen Ry. This is becaus®, measures SM and MSSM corrections. The SUSY additional terms in-

the parity violating effects which are maximal W cou-  Cr€@se the magnitude of the weak corrections. For example,

plings. On the contrary, the effects are very smalRin(one at 3 TeV, inl ™I~ production, the correctign is 12.7% in
photon transversally polarize@nd R,3 (one photon trans- the SM and—13.6% in the MSSM. In thét andbb cases,
versally polarized, the other circularly polarizedecause the Yukawa terms contribute for a large part of the effect,
these terms, as we have already mentioned after their definpoth in the SM and in the MSSM; in this last case an ob-
tions, are proportional to the interference of smal=0  servable tai8 dependence appears. At 3 TeV, the weak ef-
amplitudes[which have no leading I8(M?) or In((sM?) fects ontt production are—23.1% in the SM,—27.2% in
termg with AA=2 ones. Very high energies are required inMSSM (tang=4), and—28.6% in MSSM (tarB=40); and
order for these observables to reach the observable percegy bb production, they are-32.3% in the SM,—34.8% in
level. _ _ _ the MSSM (tanB=4), —41.6% in the MSSM (tap=40).
We can add a final remark concerning the.cross Sectiofhis tang dependence could be used for a fameasure-
for yy to hadrons, the analog of the cross section for hadropent(see the corresponding discussioreire ™ collisions in
production ine*e™ collisionsos=0(e"e”—uu+cc+dd  Ref.[18]).
+sst bH). In y7y collisions, as we can see from Figgb3), These results are complementary to those observed in the
because of the fact@? in the Born cross section, the rate is processe*e”—ff. We have shown that the roles of the

-0.175

Ry

-0.15

053018-7



J. LAYSSAC AND F. M. RENARD PHYSICAL REVIEW D64 053018
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-0.35

FIG. 6. The ratioR, for yy—>tt_versus the energy; SK&), MSSM (tang=4) (b); MSSM (tanB=40) (c); all logarithmic termgsolid),
leading terms onlysmall dashey leading angular independent terms ofigrge dashex all logarithmic without Yukawa termésery small
dashegl

self-energy, triangle, and box diagrams are different in thevhich would partly solve the problem. However, we have
two processes, but the qualitative aspect of the informatioishown that there are important angular dependent terms for
that can be reached about the features of the electrowealhich no prescription has yet been obtained and may require
corrections is rather similar. There are, however, quantitativein explicit two-loop computation.

differences when comparing the effectslil ~, bb, andtt At lower energiegthe 0.5 to 1 TeV domain of L there
production. This is essentially due to the fact thatyiy  is apparently no such problem. Although the effectyig

collisions the Born term, proportional tQf, is especially —bb can reach 15% at 1 TeV, the weaker experimental ac-
small in thebb case, so that the electroweak corrections areuracy in this channel may still allow one to stay at the
relatively larger. Also the effects of gauge, Yukawa, andone-loop level. However, as we have shown by comparing
SUSY contributions are cumulative so that the correctiongeading and nonleading logarithmic terms, in this energy
are larger than in the®e™— ff processes at the same en-range the logarithmic approximation is probably not suffi-
ergy. cient. Constant termgand possibly terms of ordeM?/s)

As these first order effects already reach the 10% leveinay not be negligible, especially if the SUSY scale is rather
around 1 TeV, and 30% around 3 TeV, one may naivelyhigh, and one may not be allowed to neglect the mass of the
expect that higher order terms easily reach the few percer8USY particles running inside the loops. This approximation
level, observable at CLIC, raising the question of a possiblalso fails to reproduce the “resonance” effects that appear
two-loop computation. For the angular independent termsaround the thresholds fgsfermion or charginppair produc-
general resummation techniques have been proddsetl],  tion[15]. In this “low energy” regime, the full set of MSSM
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FIG. 7. The raticR, for yy—bb versus the energy; Sk&), MSSM (tang=4) (b); MSSM (tang=40) (c); all logarithmic termgsolid),
leading terms onlysmall dashey leading angular independent terms ofliarge dashey all logarithmic without Yukawa termésery small
dashegl

parameters enters the garfend not only tap8 as in the >M? (avoiding the forward and backward domairigeping
asymptotic regime We intend to perform a detailed com- only logarithmic terms involving, t, or u. A general conse-
parison of the logarithmic approximation with the exactquence of the high energy limit is the dominance of chirality
computation of the full one-loop contributions. It should al- conserving terms withr' = — 7 only.

low us to understand the role and discuss the measurability,
in the LC regime, of each of the various MSSM parameters.

Born term
APPENDIX A: ASYMPTOTIC EXPRESSIONS At high energy, the invariant amplitude corresponding to
OF THE HELICITY AMPLITUDES AT ONE LOOP the diagrams of Fig. 1 is

We denote by, , ... the helicity amplitudes of the pro- Born o eqe’ é'q'e ,
cessyy—ff, \,\',7,7" being the helicities of the photons RET=—eQui(p) T G (A1)
(%£1), and of the fermion and antifermion=(1/2) in theyy
center of mass. We denote byl, e’,’ the photon polariza- Qi ; ; :
: , : ¢ is the fermion charge in unit dé|.
tion vectors and four-momenta amj,p t’he termlon, and It leads to the helicity amplitudes
antifermion four-momentag=p—I1=1'—p’, q'=p—1"=I
—p’; Vs and# are the energy and the scattering angle.

We work in the high energy limits=(l+1")%=(p FBom g 402 A+27cosd (A2)
+p')? t=0g?=-s/2(1—cosf), u=q'?=—s/2(1+cosb) NohnoT fl sing
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FIG. 8. The ratioR, for yyﬂff_versus the energy:"1~ (a), tt_(b), bb (c); SM (solid), MSSM (tanB=4) (small dashed MSSM
(tanB=40) (large dashed

Note that at high energy, due to Bose symmetry, the Born [g\z,f—gif(ZT)]z
term involves only\’ = —\ (i.e.|AN|=2) amplitudes. Faan—r=a?Qff Qft ————5——
B 453,C2,
. (27)cosé S
SM electroweak corrections X! -8 — """ ||n— + B! 2
{ sing nM% BxaM2)/-

v and Z sectors

(A4)

The sum of self-energy, triangle, and box diagrams of Fig
1(a) (to which external fermion self-energy diagrams are

_ ) z _
added is convergent and gives the asymptotic contributions ' 31(1 4SW|Qf|)’ Gar=lar-
The leading terms are

The box quantitied’ are defined in Appendix B, ang\z,f

VA VA 2

I.t. Born @ 2 [9Vi—9ar(27)]

[9¥1— gar(27)]? FA,A,T,T*_FA,x,T,T(Zl)[Qf+22

Frnn—r= aZQ?[Q?JF Sy ™ 4Ashcly
'W-~W
s
x| In?— -3 In—%|, A5
L’r)cosemiz_i_Bl (Mg)] MZ M% ( )
sing VR

(A3) Fin——0. (AB)
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FIG. 9. The ratioR3; for yyﬂff_versus the energy:"1~ (a), tt_(b), bE(c); SM (solid), MSSM (tanB=4) (small dashegd MSSM

(tanB=40) (large dashed

W sector

We now sum the contributions of the charged gauge sec-
tor, with the self-energy, triangle, and box diagrams of Fig.
1(b). Note that in order to get a convergent result one has to
add the photon self-energy contribution; it cancels the diver-
gent contribution that appears in the axial term of the cor-
rected yff vertex, whereas a remaining divergence in the
vector term is absorbed by the charge renormalization:

F)\,)\,T,—T:

N+ (271)cos6
sin@

CEZ
F)\,*)\,T,*T: 43\2/\/[1(27)][

X1 2Q¢[Qs— 2(2|3f)]|” M2, +Q+¢(213¢)

N S
=

t

X | (1+c0s6)In?— +(1—cosh)In>—
m

W 'W
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+2 sirf6l
SI HnMW

+BZ _\(M§) —[Qr—(2130)]

+[Qr— (215 1?B} _ (M%)

X(2131)By (M 6@], (A7)

a,2

Qv[l—(ZT)]

s
—8Q¢Q¢— (2|3f)]s|n0 M2,

X{(ZT)

N ol ino (2—cosh) , t
Q(2la)sin®| 7 —cosp " 1z,

(2+cos«9)|2u 2 sing ol S
17 cosd n w( siné cos )nMW
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FIG. 10. The ratioR, for yy— ff versus the energy:" 1~ (a), tt (b), bb (c); SM (solid), MSSM (tanB=4) (small dashey MSSM
(tanB=40) (large dashed

_ 2pl 2 2 2
+[Qf (2|3f)] B)\,)\(MW)+B)\,)\(MW) +[2Qf(2|3f)71]|n 2

| S
n WV s (Ag)

—[Qf—(zl3f>]<2|3f>Bi,A<M6v>]. (A8)
Fi% ., —0. (A10)

The leading terms are Note the appearance of angular dependent leading terms.

This is the only sector where it happe(sich terms were
also found in Ref[11] in the crossed channel e — yy for

o
F'A'T;MV,T—>— Fff’rﬂm,(w> [1-(27)] left-handed electronsSee the discussion in Secs. Il and Il1.

S S Higgs sector
ZQ?( In?— —3 Inz) We now add the contributions of the diagrams of Fig) 1
My My involving the Goldstone boso® and the physical Higgs
1—cosf bosonHg)y. This concerns only_ thg produc_tic_)n of massive
cosf In—— quarks f=t,b, as these contributions, arising from the
1+cosd Yukawa couplings, are proportional to/M?,:

X

S
+4Q¢(2l3)IN°—5 +4
MW
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2
. _ @[ [ A+ (27)cos +m£’[1(2r><213f>])
NN, 7, — T 45\2/\/ f sing IVIW
m? + 2Q2( m?) B3 (A11)
x| |z [1+(27)(2150)] fimg,) 2
W
b a?
+|\/|\2N[1—(27')(2|3f)]> Fanr—r= Lls\zlv[{Bf,x+[Qf(2|3f)]zBf,x
2 _ _ 6
4t M;) InMSZ B [ (215)T? [Qr—(2131)](213¢)BY )}
" " m—$1+2 2l +m§1—2
XB3 _,—[Qi—(2a0)1(21)BS. ) B VA
m? m?
t 2 f 3
X Mz’[1+(27)(2|3f)] X(2134)] +2Qf<M2)B>\,)\}' (A12)
W W
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The leading terms are SUSY additional contributions
Nonmassive terms
2
Elt _, _pBomn @ ﬂ[3+(27)] By nonma;sive terms we mean.the contribu.tions due to
ANmhT T N 3omse ) |\ MG, the diagrams involving gauge couplings of sfermions, chargi-
nos, and neutralinos. They come from self-energy, triangle,
mﬁ ﬁ and box diagrams in Fig.(@ (and external fermion self-
+ Wv[l_(ZT)] Oyt Wv[3+(27)] energy terms
m2 S c _a®[[N+(27)cosh
+|v|t2[1_(27')])5bf]ln|v|2, (Alg) NN T 48\2N Sin@
w w 5
2C;Q S
X 2Qf2< Al +1—(2¢)) In—
Fi.n-—0. (A14) Cw M

+[1- (20283 -, —2[Qs—(2130)](2l5)
Note that the box functionB®#® (and consequently the full RS D.B
Higgs contribution toF, , ,_,) do not contribute to the XBY -\ F DBy )}
leading Ins or In?s terms; so no scale is mentioned in their
notation (see Appendix B the same property holds in the +[1+(27)]EfB§’xJ , (A15)

following supersymmetric contributions.
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a2 o
Far o= ge (1= (27)){283, - 2[Qr~ (2140)] I s W Ty
X(215)BS , + DB}, }+[1+(27)]E(B} ), CQf S
(2131)By \+ DBy \}+[1+(27)]E(BY ) o f L1200 In=,. (a17)
(A16) W "™
where Fyrr-—0. (A18)
1 1 42 M is a common SUSY scale introduced for convenience
Ci=-[1-(27)]+s3[1+(27)], D;=—, E=—p, (which is fixed to 0.5 TeV in the illustrationsNote that a
4 Cw Cw change of value oM amounts to the introduction of addi-
9_gs? 42 tional (neglectedl constglnt terms, as the SUSY contributions
—OSy Sw, only appear with Irg/M<) and never with quadratic logarith-
Note in addltlon that the SUSY contribution B, , , -,
2 4(9—85\2,\,) 643\2/\/ also has no leading kor In?s terms.
D :_+ 2 1 = 2 )
9 8lcy Y 8lcy, Massive terms
9_ 8?2 &2 These terms arise from the Yukawa couplings of the
Co= ——[1—(27)]+ 1+ (271, Higgsino component of the charginos and neutralinos inter-
36 9 acting with sfermions, as well as from the physical SUSY
) ) Higgs contributiongfrom which we subtract the SM Higgs
_§ (9—8sy) _ Asy contribution in order to avoid make double counting of the
b_g 81sz b_glcw2 : Higgs sector contribution From self-energy, triangle, and
box diagrams of Figs. (2,0 (and external fermion self-
The leading terms are energy termsone gets

_a® [ [N+ (27)cosh . m3 -
Fx,-m,-f—gvzv Qf W_[1+(27)(2|3f)](1+200 B)+W—[1 (27)(2131)](1+2 tarrB)
2
+2| — MW [(14+2 cofB) b+ (1+2 tarfB) 8y¢] |IN

m? mZ
[1+(27')(2|3f)]C012B+—2-[1 (27)(2l 3)Jtar’ B

+{By \+[Qs— (2I3f>]283,x}

m2 m?
+{B§,—)\+[Qf_(2|3f)]28;\1,—)\}<W\I[l""(ZT)(ZISf)](l"‘COFﬂ)"" M—gv[l—(Zr)(Zlgf)](lthanzﬂ)

2

m;
2[1+(2T) (2151)](1+2 cotB) + 2[1 (27)(2131)](1+2 tartB)

—[Qi—(213)](2131)BY

2
+ 2Q$l\T—é/{Bi_x[cotzﬁatﬁtarFﬁébf] +By ,\[(1+ cotZﬁ)5tf+(1+tarFﬁ)5bf]}J , (A19)

S 267 ™ 2 P
AN T, =T 45\2;\/ (Bxa+[Qi—(213)] B 2 [1+(27)(2l5)]cot' B+ 2[1 (27)(2l3¢) Jtarr B
m2
¢
2

m2
+{B} \+[Qs— (2151)1°B} )\}( [1+(27)(2|3f)](1+200t2,3)+—[1 (27)(2|3f)](1+tanz,6’))

m? m?
—[14(27) (21 51) (1 +2 coBB) + —o[1— (27)(2|3f)](1+2tar?/3))
Ile MW

—[Qi—(213)1(2150)B3 ,
m2

+ 2Qf2M;{va)\[cotzﬂétf-f—tanzﬂébf] +By \[(1+cofB) oy + (1+tar12ﬁ)5bf]}] : (A20)
W
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The leading terms are

It @
F}\,tf)\,r,fq'_> - FE,O”)]\,T,T( 3271_3\2,\/)
X{

mg )
+—[1—(27)](1+2 tartB) | &y
Iv'W

m;
——[3+(27)](1+ 2 cotB)
MW

2

m
+ W\I—V[3+(27)](1+2taﬁﬂ)

2
|le
F\'5 7o ,—0.

APPENDIX B: ASYMPTOTIC EXPRESSIONS
OF THE BOX DIAGRAMS

The contributions of the box diagrams of Figs. 1 and 2 to
the helicity amplitudes can be written in the following gen-
eral form, where=1, ... ,6correspond to the six types of
box diagram. The following expressions are obtained by re-
taining only the logarithmic terms that appear in the com-
plete expressions written in terms of Passarino-Veltman

functions:

B, _\(M?)= ;sin O{[\ + (27)cosh]X, +ssirPe(27) X5},

B) \(M?)=— sing(27)[ cosoX} + s sir? 6X5+ X5],

2

s?+tu .t S®+tu .u  3t+2s
1= I+ ——In?-—
s ut s ut

3u+2s u t—2s t u—2s
- In—+
ut S ut

ut

4s+5t+5uI S N sI 5
tu "Mz M2

s—uI 2t s—tI ,u t+35I t
=—=In“—— ==In“"—+ n-
2u° s 2t s 2tu’ s

Xz

u+3s u

_ |n_
2ut? s’

m; S
+—[1-(27)](1+2 co?ﬂ)) 5bf) Iz,

In—

InW—i— —In—

PHYSICAL REVIEW D64 053018

1 tu—32I ,t tu 32| I t+2I u
3T s a M sTth
LU RS B5
—1n ,
w "z (B9
s+ 2st ,t s2+2su ,U 3t+4s t
1= >—In“ -+ >—In“—— In—
tu S ut S 2ut S
3u+4sI u 5I t 5I u
2ut s 2u"'MZ 2t"m?
13*°~4t?~4u®> s s s
- 4 —n?—y
2stu M tu M
1 t 1 u
Y S T Sl
tln VE uIn vid (B6)
52 t—uI t u—t|2u+2t—3u|t
=@M sT 28 ST 2t s
2u—3tI u B7
ut s’ (B7)
S3+ 413+ 4ts?+ 65t _t
X2=— In2=
8 stl? s
s2+4ul+4us?+6sL? LU stat t
nc— In—
suf s ut s
s+t4u u s t
- n-—+—In—
ut s ut
2t2+4st—2u2—4su| s
stu 2
t+2s u+2s In? S
2st 2su | " M2
4 t u
0 2 —
S(I M2 In MZ)! (88)
3 t |2t+ u | 2u_’_lI t+1l u
=2 s M s T us Tt s
(B9)
3 | 2t+ u | ,u s+3tI t
a3 s s T a2 s
s+3u u B10
ez s (B10)

t u _u 1 t 1 u
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i S | 2t+ |2u 1I t 1I u B2 _ 2(27)cos6 , S
Tl T Th L MT T T sing " M2
(B12)
l1-cosf# s

—4(27)S|n9|ﬂm|nw

X3 5In———In= wens T e’ _
a4tu?’'s 4ud s 4ut 437 s’ . 1 1—cosé
(B13) +2(27)cosasm0(1 1_Cosé’ln 5
1 1+cos¢9I S (823
S t S u 1 t 1 u - n n—s,
X4=—=—>In’=+ ->In’—+ =In-— ~In—, 1+cost 2 M?
2u s 2t s u t
(B14) 5 N+ (271)cosé S S
B)\’,)\Z ~ sing 6| —In? M2+2In
X5_25|2t 6I u 6I t+2t+u|2t
1" tu n u u nl\/l2 t an tu n M?2 _2((3_(:050)"11_(:036
2
2u+t , u
= "y (B15 1+cosf| s
u +(3+cos)In———|Int 1. (B24)
ngilni, (B16) 5 (27)cosb|| , s s
ut u B)\‘)\Z W In W_4|nW
1—cosé
5 2(u—t) 2lis EInL—llni + (3—cos€)|nT
8 tu t M2 u M?
1y + cosd)| 1+cos«9I s]
L, 1 U cosf)In———|In—
+2| =In vz ¢h Mz)’ (B17) 2 M
+4(27)sing in_ 200
7)Sin n
XG XG 0, (B19) 1+coso 2
1 | 1+cos¢9I S 525
1 u 1-coso 2 "M% (829
xg:mm— (B19)
Using these simple expressions in Egs.
(A3),(A4),(A7),(A8),(A11), (A12),(A15),(A16),(A19),(A20),
Leading In's and In?s terms one obtains the leading terms of the helicity amplitudes

rglven in Egs. (A5),(A6),(A9),(A10),(A13),(A14),(A17),

Keeping in the above expressions only the terms propo (A18),(A21),(A22).

tional to In@M?) and Irf(sM?), one obtains

A+ (27)cosd s APPENDIX C: THE POLARIZED ff
1 — N 2 . Yy—
M sing )('n mz 4 Ian)’ (20 CROSS SECTION
In the high energy limit, with real helicity amplitudes, the
27)cosd s eneral expression of the polarizeg cross sectionf19] is
B} }\=8<L)In—2, (B21) g P P 4
' siné M
do dL,,| dog o do’,
2 _[A*(2r)cosh Al S drdcosd dr |dcosé <§2>dcosé’ <§2>dc050
NA sing M2 M2
_ 1—cos# , doy, do
F2sio| i +Eh) g oo+ {E2)C0S 2 o
1 1+cosé s - e , doy
Tivcose" 2 t)""wz (B22 (€g)c0s 2" Geocs
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do'ss [ Ny S [k . co
+(&aé3) dcosHCOSZberfb) dcosd | 6dms =, [Fr g, Pl (C9
+ doss cosAp—¢’) doy [ —Ng
d cos6* dcosf (64775)2 [F ++agh - x3x4]
, do. —[F o F -] (C10
+(&,&5)c08 20" ——— dCOSG Nghgl = +hgh,
o do
do’ 23
_<§3§é)c032¢dm22]. (CY dcosd (64775) E [Fiap Forapn,]
—[F oo P (C1)

In Eqg. (C1), 7=s/Sge, Wheres=s,,,, while dL,,/dr de-
scribes the photon-photon luminosity per ugite” flux  \yhereN; is the color factor (3 whehis a quark and 1 when
[12]. The Stokes parameters,(£3), (£5,£5), and (6,¢')  itis a lepton.

describe respectively the average heIiCitieS transverse Po- Us|ng the fact that at h|gh energy the 0n|y nonvamsmng
larizations, and azimuthal angles of the two backscatteregbrmion helicities are\g=—\,=r, as well as the relations
photons. Typical values for these various quantities are givegue to Bose symmetry ar@P conservation,

in Ref.[19]. In Eqg. (C1) there appear the following quanti-

ties:

Fi_ ,-.scosf)=—F_,  _.(s,—cosb), (C12

doy N; ,
dcost 128775) E [F g2 HIF -l
Fi+r—-s,cos0)=F__ . _.(s,cosh)
+|F+,>\3>\4| +|F7+>\3>\4| 1, (C2 e o
=—Fi4 7-+s,—coso)
do, N ) ) =—F__,_.s,—cosf), (C13
dcose_(lzan_s)}\g4 [|F++)\3)\4| _|F**)\3)\4|
) ) one sees that
al LEFSEOVENH e | SENENH b (C3
I dO'O d0'3 . d(Té
do', 2 [F IF E dcosfd’ dcosf dcosg*
dcosf 128775 RSPVl LEE Y
—|F+,>\3}\4| +|F7+>\3>\4| IP (C4 doz, dogs dogs
dcosfd’ dcosd’ dcosé
dos, , , .
= + are co¥ symmetri¢ and that
S| ] S TP HF y
—|F+_>\3>\4|2—|F_+)\3)\4|2], (CH do, - _ do dozs =_ dos
d cosé dcos#’ dcoséd d cosé
do ) Z [F F_ ] are cod antisymmetric
= ++Na\ +Aghy
dcost | 64ms o : The Born amplitudesare such that
FLIF- o Feoap,ds (C6)
Mahal TR F89™ _ (s,cos6)=0, (C14
do's _ > [Fainp,Froag, Fro - (s,cos0) = —F2 __ (s,cos0),
dcosd 647rs Non, © TRl TR (C15
P Fongl €7 leading to the only nonvanishing Born contributions,
d;33 ( ) doBorn doBom doBom
= > [F F_ 1, (C8) o _ Y92 33
dcosg | 64ms/yGx, - "t TRt dcoséd  dcosd’ dcosf’ (€19
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At first order (°) in the electroweak correctior(ge., ne- d;o dgzz d;3 dgé dgss

lecting the terms quadratic i _,), one has the addi- =— =
gonal groperties a A7) dcosé dcos¢’ dcosf# dcos§’  dcose’

dog  doy dobs o 17 and the two antisymmetric ones
dcosd  dcos’ dcosg
so that only five observables remain: the three symmetric do - doy doas - dozs
ones d coséd dcosé’ d cosé dcosé’
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