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SUSY electroweaklike corrections to top pair production in photon-photon collisions
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We study the one-loop contributions of the gaugino-Higgsino sector to the process of top-quark pair pro-
duction viayy fusion at the NLC in framework of the minimal supersymmetric standard model. We find that
the corrections toyy—tt ande*e” — yy—tt are found to be significant and can approach a few percent and
one percent, respectively. Furthermore, the dependences of the corrections on the supersymmetric parameters
are also investigated. The corrections are not sensitivétg,y (or |u|) when Mgy>|u| (or |ul
>Msuy2)) and are weakly dependent on the gamith Mg (or |u|) being large enough. However, they are
sensitive to the c.m.s. energy of the incoming photons.

PACS numbgs): 12.15.Lk, 12.60.Jv, 14.65.Ha

[. INTRODUCTION dictions of the MSSM and the SM is typically below 10%
[5].

The direct discovery of the top quark was presented in The future Next Linear CollideNLC) is designed to
1995 by the Collider Detector at FermildiEDF) and DO  give the facilities for bothe®e™ and yy collisions at the
experiments at the Fermilab Tevatrid. This is considered energy of 500—2000 GeV with a luminosity of the ordef*L0
to be a remarkable success for the standard mé@8kl), cm 2s ! [6]. A large number of top quark and other particle
since the present value of the top quark mass determined Ryairs can be produced at this machine operatingqjincolli-
the Particle Data GroupPDG) average is 17385.2 GeV  sjon mode with an agreeable production fate The events
from the direct observation of top everitd], which coin-  \\ould be much cleaner than those produceghptand pp
cides with the indirect determination from the available pre-.qiders. It has been also found that theproduction rate in

cise data of electroweak experiments. But the SM has stil| y collisions is much larger than that from the direct
e~ —tt production both with and without considering the

some theoretical problems, such as the hierarchy problent,
the necessity of fine-tuning, and the nonoccurrence of 9auge - <hold QCD effect of top quark pair at center-of-mass
nergies of the electron-positron system around 1 T&\

coupling unification at high energies. The supersymmetric

(SUSY) models can solve these problems by presenting aff — ) .
Thus the procesyy—tt has a large potential for studying

"top quark physics directly.

additional symmetry. Among all the extensions of the SM
the minimal supersymmetric standard mo@diSSM) [3] is : , ]
the most attractive one at present, since it is the simplest case "€ next-to-leading order QCD corrections in the SM and
of the SUSY models. MSSM for this process both for polarized and unpolarized
Because of the strong Yukawa couplings of the top quarkphoton-photon collisions have been discussed in detail in
the SUSY electroweak radiative corrections in the top-quart®ef. [9]. There it was shown that the QCD corrections in
pair production process are especially interesting. People b&oth the SM QCD and the MSSM QCD are about 10% and
lieve that an accurate measurement of top quark pair produ®f the order—10"2, respectively. Denner, Dittmaier, and
tion at the present and future colliders should be effective irStrobel calculated the corrections to the procegs-tt in
measuring the physical effects induced by the virtual superthe electroweak standard model and found that the correction
symmetric particles and can afford us much informationreduction for unpolarized or equally polarized photons can
about the MSSM. Any deviation of the cross section of top-reach almost 10% close to thresh¢itD]. In Ref.[11], Li
quark pair production from the SM predictions, including et al. calculated theO(amf/m\zN) Yukawa corrections from
QCD and electroweak radiative corrections, would give aHiggs sector to top-quark pair production via photon-photon
hint of new physics beyond the SM. Therefore testing thiscollision in the SM, the general two-Higgs-doublet model
process to make the indirect search for virtual SUSY par{2HDM) as well as the MSSM. They found that the correc-
ticles is an attractive theme at present and future colliders.tion to the cross section is about a few percent in the SM, but
In previous studies, many works were concentrated on théhe correction can be more significant-10%) in the
top-quark pair production at the"e~ and hadron colliders, MSSM. Therefore the SUSY loop contributions have consid-
such as the CERN" e~ collider LEP2, CERN Large Had- erable effects. In this paper, we study the possible effects
ron Collider (LHC), and Tevatron. In Ref[4], the SUSY from the additional EW-like one-loop corrections through
QCD and SUSY electroweaklik€EW-like) corrections at the virtual presence of charginos, neutralinos and squarks at
pp colliders are presented. Recently, Hollik and Schapthe NLC. We provide explicit analytical expressions for the
pacher calculated the MSSM radiative one-loop correction§orm factors which parametrize the one-loop corrections of
to top-quark pair production vi@" e~ collisions at LEP2 yy—tt subprocess, and present numerical results both for
energies and found the relative difference between the préhe subprocess and processe™ — yy—tt at the NLC.
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The paper is organized as follows: In Sec. Il, the theoryparameterMsy,y, My(1), s and tang. In our work we
about the chargino or neutralino is introduced, and the relaadopt the assumption that tf8U(2)XU(1) theory is em-
tive Feynman rules used in the calculation are listed. In Sededded in grand unified theoUT), so we have the fol-
[ll, we discuss the tree level and one-loop EW-like correc-lowing relation:
tion cross section, respectively, and give the explicit analyti-
cal formulas for them. In Sec. IV, the numerical results and 55&,
discussions are described. Finally, we give a short summary. My)y=-5 Msya)- (2.9
In the Appendixes, the form factors used in the cross section 3Cw

calculations are listed in detail In the MSSM, each quark has two scalar partners called

squarks:q, andqg. Without consideringCP phases, the

IIl. LAGRANGIAN AND FEYNMAN RULES mass matrix of scalar quark takes the following forb3]:
We denote the process of the top-quark pair production 2 ~
via yy fusion as Mg agMq| (.
_ Ln=(q7qr) 2 ~ | (2.6
Y(P3) ¥(Pa)—t(P)t(P2), 2.9 ECULIILY R

wherep; , and p3 4 represent the four-momenta of the out- The expressions of the masses for the squark current eigen-
going top quark pair and the incoming photons, respectivelystates are listed in Appendix A, Eq®#1)—(A3). Then the

In this work, we consider one-loop corrections of themasses ofj; andq, read

gaugino-Higgsino sector in the MSSM to this process. At the
one-loop EW-like correction order, the verte)xt is modi-

1
2 2\ _ 2 2 — 2 2.\2 2.~271/
fied by the virtual exchange of two chargirgs. , , and four (mql’qu) 2 {qu+ M * [(m‘L m‘h) +4agmg] i

neutralinosy’_, _,, which are respectively combinations of 2.7
charged gaugino and Higgsirifor chargino$, and neutral
gaugino, Higgsino, photmo angino (for neutralinog. The The Feynman rules for the couplingstof bL R~ X1and

mass eigenstatég) , 5 4 X1, for the charginos and neutrali- 1= T r— X3 23.4are presented in Reff3]. The squark mixing
nos are respectively obtained by diagonalizing the mass ma&ngleséy, 6, and phasegy, ¢y enter in the couplings when
trices X and Y in four component representatipd,12. The the weak eigenstatey ,qr above are transformed into the

chargino mass term in Lagrangian has the form mass eigenstaté@ ,G,. In this paper we denote the vertices
in squark mass eigenstate basis as

1 +_(0 X7
Lon==50"d)

a .
¢-) (2.2 t—b—% : V:;)+P|_+V$)+PR, (2.8a

with a 2x2 X defined in Ref.[3]. The two masses of

-~ (2)* *
charg|nom+ extracted from the diagonal elements of ma- t=bi—x;: Vq +PL= th +Pr,
trix X are worked out as (2.8b
1 5% VP +VvEpg, (2.89
MiZE{M§U(2)+M2+ 2my=[(MEya)— u?)? F 2 2
+Amy,cog28+AmG (M o)+ 12 t=t—x}: —V( XOPL XoPR,
+2M gy Sin 28)143. (2.3 (2.89

rqespectlvely, wher® g=3 (15 vs) and the explicit expres-
sions of the notations defined in Eq2.89—(2.80 are listed
in Egs.(A4)—(A11) in Appendix A.

1 For the Feynman rules of the Higgs-quark-quark, Higgs-
Lon=— E(I/IO)TYQ//O-F H.c. (2.4 squark-squark, Higgs-chargino-chargino at{d)-chargino-
chargino, one can refer to Ref3]. The couplings of

The definition of the &4 matrix Y can also be found in Hi995®) —xx —Xi have a general form as
[3,12] 0 HO A0 G0
Since we do not take th€P violation into account, all Ve *”_V Bx +JFVB *N*”S(B h"H"A%GY). (2.9
the possibleCP phaseq12] are assumed to be zero. The
physical masses of neutralinos are obtained by utilizing th@he notations defined above which appear in the form factors
transformation matridN to diagonalize the X4 mass matrix are explicitly expressed in Eq§A12)—(A15) of Appendix
Y. The detailed steps to work obitand the diagonal matrix A.
Yp are described in Ref12]. The above equations show that  For Higgs-quark-quark and Higgs-squark-squark cou-
the chargino and neutralino masses are related to the MSSplings, we denote

As to the neutralino sector, the mass term in Lagrangia
has the form as
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—igmsina igmzsinfa+B) (1 2 |
O +_ t- _ ~ — —__
HO—t—t:  Vyoy mysing " (2.10a Vo, costu > 35|n20W cog oy
_i 2 igm?cosa
IV L S s
. hOtt 2mysing 3 mysinB
(2408 g, (Aicos sina)sin ¢;cos6y
-~ o — o f
A0t b e —9MCOLB 2mysing .
—t=t Vaouys= “omy, 75 (2.110
(2.1009
igmgsin(a+ B)
—gm h0~t2~t2:¥ (E_ §SII’120W)SII’129}
GO—t—t: VG°tt75:F'yS- COSOw
w 2
2 igm;cosa
(2.10d + §sin2¢9wco§0't - m
The couplings oH°(h%) —G,—0; (i=1,29=t,b) are _ W
1gm . .
Voo —igm,cos(a+ B) sm20 oo - W(Atcom—u sina)sin #;cos6r,
HoL ™ COShyy 2 3w !
(2.119
2 igm2sina
+—sin20Wsin26h}——. —igmgsin(a+ B)
3 mysin 8 e = z -z
- W Vhoblbl COSQW ( 2 3SIn20W) 00526~b
igm
g—.t(AtSina-l-,u, coSsa)sin #5cosdr, 1 igmf,sina
2mysinf + 3SI Oysin? 0y + 0055
(2.113 W
_ igmy, . .
Voge = —igmgzcos(a+ B) sza st o - W(Absma—,u CoSa)Sin ,coséy,
H™bbh cosbyy 2 3w t
(2.119
2 igmésina
+=sirf oy cos by — ——— —igmysin(a+ B)
3 mysin 8 S~ z
. W Vhobzkb 0050W ( 2 3SIn20W) S|n26~b
1gmy . .
— ———(Asina+ u cosa)sin ¢;cosbx, 1 igm2sina
2mysing + §sin20Wcos’-0”b + —gm 205,8
(2.11H w
igmy Acsi . e
Vo- igmzcog a+ B) sze 026~ 2mWTs,B( pSiNa— w COSa)Sin 67,C0S 6,
Ho0 ™ 050y, 2 3w b (2.11h
1 _ igm2cosa .
+§sm20wsm20~ b} T 0SB respectively.
igm, , , Ill. CALCULATIONS
2—(AbCOSa+,uS|na)Sln 61,C0S6,,
MwCOSp In the calculation, we take the 't Hooft gauge and adopt
(2.119 the dimensional reductio(DR) schemg 14], which is com-
monly used in the calculations of the MSSM radiative cor-
__igmzcoga+B) rections as it preserves supersymmetry at least at one-loop
Vi0op,= W > 3S|f\29w sirf 7, order, to eliminate the ultraviolet divergences in the virtual
loop corrections. We choose the on-mass-sH@IMS)
1 igmZcosa schemd15] for doing renormalization.
+§Slr120WC0320Nb - W
W
) A. The tree-level formulas and notations
igm
- L(Abcomwﬂusina)sin 61,cosby, In the process of top-quark pair production via photon-
2my,cospB

photon collision, the Mandelstam vanablest and U are

(2119 defined ass=(p;+p,)?, t=(p1—p3)?, U=(p1—ps)2 The
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corresponding Lorentz invariant matrix element at the lowesthere the kinematic factor is defined as
order for the reactionyy—tt is written as

Moo= M+ M, (3.19 B=11—am?s. (3.19

where S . .
The total cross section including the leading one-loop cor-

[ _ i _ rections in the frame of the MSSM is
Mi=| ulps)(—iey, )= (~iey,)v(py) e (pL)e’(p2) ],
] t (3.1b o=0¢+ 60110, (3.19
Mi=|u(ps)(—iey )Ai—(—iey W(pa)e'(p2)et(pl)|.  Where 8a*71°°P represents the interference term between
' U—m; . tree level and one-loop correction amplitudes.
(3.10
The corresponding differential cross section is obtained B. Self-energies
by The top quark wave function correctioaZ,,’s are deter-
don(i 8 N — mined in terms of the one-particle irreducible two-point
UO(A :S) —_ ¢ > Mol?, (3.10 functioniI'(p?) for top quarks in the dimensional reduction
dt 1672S spins (DR) mass basis. It should be written [d<]
where the summation with a bar overhead means the sum of I'w(p?)=(p— mt)+[|z§P,_2tt(p2)+ p&PREtt(pz)
the spins of final states and the average of the spins of initial )
photons. After integration over the total Born cross section +P SR (pA) + PRER(p?)]. (3.2a
with unpolarized incoming photons is worked out as
30m 147 With the Feynman rules of the interactions of top-quark—
5o(8) = 2,3(ﬂ2 )+(3—Z§4)In +{3 bottom-squark—chargino and top-quark—top-squark—
2f 1-B] neutralino, the corresponding unrenormalized chargino self-
(3.1  energies reafisee Fig. 1f)]
|
SL;n2) — )* (l) @
' V- Bo[ — p, + Vit V +B ny 3.2h
S0 s 2, Z m o % v Ve pime]. @20

Rip2y _t @) @) |0
EtStR(pz)_ r@ﬂz j;j_’z ( I’T’r‘)qOVtE)qo )QOBO[ P, m)f ]+ E m +\V/= +th)q+Bo[_p,m)q+,rTTq]),

thyx
(3.20
Eh<p2>=—1%2 E (E [ViplBal = p.m, m; |V“+|281[ pm*mq]) (3.20
25<p2>=—16772 2, (21’4|V§~;~;o|281[—p,m&o,mtj]+i1’2|v( 2128~ p,my, mq]) (3.20

Imposing the on-shell renormalization conditions given inself-energies ofyy and yZ° have no contribution to the
Refs.[15,16], one can obtain the renormalization constantsrelevant counterterms of thgtt vertex. The renormalization

for the renormalized top quark self-energied @k constant for thd™%;, vertex is written in the form

2y — _Cc-p _Ct
52tt(p) CL¢PL+CRpPR CSPL CSPR' (32f) 51—*,1;tt:_ie,y,u.[cLPL+cRPR]' (329)

The yy and yZ° self-energies with only quark and squark
one loops were presented in REL7]. We can see that the where
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Cr = E(52L+ 5751 Whgrgﬁdakes the ree}l part of the I_oop integrals. It ensures
L™ oot tt /s reality of the renormalized Lagrangian.

1 C. Renormalized one-loop corrections
Cr= 5 (6ZR+ szZ8!
R™ ( tt tt ), . . .
2 The renormalized one-loop matrix element involves the

(3.2  contributions from all the self-energy, vertex, box, triangle
and quartic interaction one-loop diagrams and their relevant
counterterms. The Feynman diagrams for the pro¢2sis
are depicted in Fig. 1, wher@) is for the tree level and
(b)—(f) are EW-like one-loop diagrams contributing to the

m, cross section in the frame of the MSSM. Specifically, Fig.

Cé= 7(52§+ ozt + om, 1(b.1-4 are the vertex diagrams, Fig(cl1-3 are the box

diagrams, Fig. (d.1-2 are the quartic interactions, Fig.

m
Cs= %( 575+ 528+ smy,

1 1(e.1-2 are the triangle sectors, and Figf)lis the self-
sm,= 5 R M L(m?) + mER(m2) + 35t (m?) energy diagram. Below we denote them by the upper indexes
of v, b, g, tr andself respectively. The relevant Feynman
rules are shown in Sec. [IB]. In the calculation, some of the
s-channel Feynman diagrams involving quark loops with the
1 exchanging ofy or Z° boson in Fig. 1e.2) can be neglected,
6Zh=-"ResL(m?) — = RISRMA) -5t (md)] as the consequence of Furry theorem. This is because Furry
my theorem forbids the production of the spin-one components
P of the Z° and v, a(r)1d the contribution from the spin-zero
%275 L2 R 12 SL(n2 component of theZ” vector boson coupling with a pair of
M7 RAMEG(P?) + My (p%) + 24 (%) chargino is very small and neglectable. The calculation also
SR, 2 shows they and Z° exchangings-channel diagrams in Fig.
+37 (P Hp2-me, (32)  1(d.2) and Fig. 1e.D with a squark loop have no contribu-
tion to the cross section, in which the contribution from each
. P of the y andZ® exchangings-channel diagrams in Fig(&.1)
8Zit=—Reg(m?) —m— Re{mZ(p?) + mE{(p?) is canceled out by the corresponding one with exchanging
p incoming photons. Including all the diagrams appearing in
Fig. 1, the renormalized matrix elements forpair produc-
tion in yy collision is written as

+33Rmd)], (3.2i)

+385(p%) + 2FR(P%)Hp2-me, (32K

5M17|00p:MV+Mb+Mq+Mtr+Mself
:Mv:t_f_Mv,ku_’_Mb&+Mb,Au_’_Mq+Mtr,At+Mtr,Au+MSelf&+Mse|f,1l
:Eu(p3)ey(p4)a(pl){fl'y,u71/+f27v7y+f37;¢plv+f47,up2v+fSpr1M+f67vp2u+f7pluplv+f8plp,p2v
+fop1,P2t F10P2, P20+ F11b3 Y, Yot F1ab3Y ¥t F1303Y P10t Frab3Y P20+ F1sD3 Y P1 T F1eB3Y0P2,

+ f1703P1,P1,+ F1a03P1,. P2, + F1ab3P 1,02, + Foob3P2,. P2, + f21‘}’56waﬁpfpg+ fzz‘}’sfﬂmﬁpgpg}V(pz),

(3.33

with form factors The vertex, box and triangle diagrams with exchanging
photons(i.e., u-channel are not shown in Fig. 1. The ampli-
tude parts from ther-channel vertex, box and quartic inter-
action corrections can be obtained from thehannels by
doing exchanges as below:

fi=f'+ 2+ 04+ +f5" (1=1-22. (3.3

Here we have divided each matrix elemehtY, MP,
M and M ®¢!Tinto t-channel andi-channel parts. For each A g -
of the corresponding form factors we have M=M= U ps=papr) (] —v,b,tr,sgé 39

fi=fl 1Y (k=v,btr,self, i=1-22. (3.39 Then we list only the explicit-channel form factors in
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FIG. 1. The Feynman diagrams at tree level and EW-like one-loop diagrams in the MSSM for subpmeast_s(a) Tree level diagram;

(b) vertex diagrams(c) box diagrams{d) quartic coupling diagram(e) triangle diagrams, an(f) self-energy diagrams. Theandb that
appear in diagrams have two physical particle eigenstates, whileave four mass eigenstates, aptl have two. The diagrams with

exchanging incoming photons are not shown in the figures exceptifor
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Appendix B. Now we can obtain the one-loop corrections towith
the cross section from the chargino and neutralino sectors for ,
this subprocess in unpolarized photon collisions: M£,=2v?[sin B cosB(\3+\4) +AgCOS B+ N\ 7SirF 8]

2 .
— My eSin B cosp,

~ ~ N - S
Solloop(g= —< fi dt2 Rez (Mg'éMl—loop)'
spins
(3.38

16m7s*Jt
wheret*=(m?—18)+158. The cross section of the top-
quark pair production via photon-photon fusion at #ee™ ) 5 ] )
linear collider, can be obtained by folding the cross section ~M2;=2V*[A;Sir? B+ 2\;c0Sf sin S+ \5c0S 3]
of the subprocess(yy—tt) with the photon luminosity
[18,19.

M32,=2v2[\,c0&B+ 2\ ¢COSPB Sin B+ \5SirB]
+ MoSir? B, (4.20

+m3ocog B,

wherev=174.1 V. The mixing angle i rmin
IV. NUMERICAL RESULTS AND DISCUSSIONS erev Ge € g angle 1S dete ed by

The SUSY EW:-like corrections to top-quark pair produc- . B 2M2,
tion process are strongly related to the fundamental MSSM sin 2a= JTrM32—4 detv2’ (4.20

parameters through the electroweak couplings involving top-

quark, squark and chargin@eutraling, i.e., Vig- andVigo  one can find the explicit expressions of(i=1, . . .,7) in
as expressed in Eq&2.83—(2.8d). For our numerical calcu- gt [20]. In this work, we takemso=150 GeV.

lation of squark sector,_we taki¥lq, 6; and 6 as input Our numerical results are presented in the figures. In Figs.
parameters, and we séf=0, andé; approachesr/4, so that 55 and 2b), the correctionA o and the relative correction
the masses of top squark pair split remarkably, while the sph%:AU/UO of the procesg2.1) depending on the c.m.s. en-

oflthe ?bottom Masses 1S m'n'm'zid‘t It:rrlom Eﬁr& and ergy Vs are plotted, respectively. From our analyses, we ex-
relevant expressions, we can see that the pararbers ect that for the curves of ts#=4 in Figs. Za) and Zb),

strongly related to the masses of top and bottom squark . ) =
therefore it would affect the MSSM correction quantitatively here should be some spikes or tuming p0|nts/_atv2mbl

in some regions of the parameter space. =403 GeV, 2, =415 GeV, 2m; =546 GeV, and &,

As stated in Sec. Il, the correction should also depend or=628 GeV due to the resonance effects. But we see in both
the fundamental MSSM parameters BnMgy;) and . figures that the first two resonance points merge each other
through gaugino and Higgsino couplings. Note that these pan the curves of tag=4 because they are too near. For
rameters take part in the EW-like corrections not onlytanB=40, there are only two obvious resonance points that
through the chargino and neutralino mass spectra, but alssan be seen on the curve in FigaRin the vicinities of /s
through the couplings including their transformation matfi-~2nTbl~2nTb2~410 GeV andys= 2”’552531 GeV, while
cesU, V andN. only one obvious resonance peak can be seen on the curve of

We take some of the general constantsmas 175 GeV, _ ~ B -
m,—91.187 GeV.my—4.5 GeV, SiRfy—0.2315, ande  @NA=40 aly5=2m;; =531 GeV in Fig. 2b).

=1/128. And we adopt the following set of input parameters N Figs. 3—6 we depicted the dependences of the relative
by default, in case the parameter is not set as the independei@diative correction on the fundamental supersymmetric in-
variable of the figure and no special declaration has beeRut parameterdlq, Mgy, and ||, respectively. In each

presented on them: figure we take four data sets for discussiéh} tanB=4,
J5=500 GeV; (2) tanB=40, {5=500 GeV; (3) tanB
J5=500 or 1000 GeV, tap=4 or 40, =4, \s=1 TeV; (4) tanB=40, 5=1 TeV. From Fig. 3
one can see the absolute value of the relative correction be-
Mq=Msy2)=n=200 GeV, (4. comes generally larger whefs goes higher. The same fea-
ture is also shown in Fig. 2. Figure 3 presents that the abso-
6=44.325°, 6,=0. lute value of the relative correction goes down to a smaller

. constant withM g increasing. SinceMg is related to the
We use the analytical formulas for the masses of the Q 9 Q

: : : . f squarks andb; , as stated in Eq2.7), it can be
MSSM Higgs bosongincluding two-loop leading-log cor- Masses o 2 1.2 i
; L . . ) easily understood as the feature of the decoupling effect. We
rections and squark mixing effegtgiven in Refs[20,21 can conclude that the smallbtg is, the more significant the

5 1 correction can be. We can read from Fig. 3 that the relative
Mo o= 5L Tr M?%\(TrM?)?~4detM?], (4.29  correction can reach 2% whenM, is about 150 GeV, and
for large M o with the same\/s the parameter taé tends to

where make little difference on the relative correction. In Fig. 4, the
corrections as the function d#lgy,) are plotted with the
TrM2=MZ,+M3,, detM?=M${M3,—(M%,)?, four data sets. The grooves around 230 GeV on the two

(4.2b curves forys=500 GeV and the small heaves in the vicinity
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FIG. 2. The corrections as the functions of c.m.s. ene@ior
subprocessyy—tt. (a8) The absolute correctiongb) the relative
corrections. The solid line is for tgg=4 and the dashed line is for
tanB=40.

of 450 GeV on the two curves gfs=1 TeV, are all because

of the resonance effec{/§~2mx2+. WhenMgyy) is large, all 0.005 T “ S
of the four curves become very plain because of the decou- Ly §/ -7
pling effect. In Fig. 5, there are two peaks at the position oR VT

aboutu~470 GeV on the curves ofs=1 TeV due to the

resonance effect, but the resonance effects around the region

1~230 GeV on the curves witk's=500 GeV are not clear.

And we can see that the correction is no longer sensitive to ©1 1 |—tang=40,/s=1TeV

tanB and u when u gets larger than 600 GeV. This is be-
cause the parameter t8nand u are not only related to the

oot b
masses of sparticles, but also involved in some vertices T
which are concerned in our calculation. Both Fig. 4 and Fig. L e T T
5 show that the higher the c.m.s. energyis, the larger the 0015 Bl

relative corrections to subprocess are.
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o o |---tang=4,/s=1TeV
B - |—tang=40,/s=1 TeV

002 4

0.025 T T S S T S TN
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M, (GeV)

FIG. 3. The relative corrections as the functionsvbf for sub-
processyy—tt. The solid line is for targ=4, \s=500 GeV, the
dashed line is for tap=40, \5=500 GeV, the dotted line is for
tanB=4, Js=1 TeV, and the dash-dotted line is for tan
=40, 5=1 TeV.

cross section of the parent process due to the one-loop EW-
like correction can approach one percent.

V. SUMMARY

In this work we have studied the complete one-loop ra-
diative corrections from the gaugino-Higgsino sector in the
processyy—tt in the frame of the MSSM at the NLC. This
process has great importance at the future NLC operating in
photon-photon collision mode. From the numerical calcula-
tion with several typical sets of input parameters, we find
that the EW-like corrections from the chargino or neutralino
sector can be a few percent for subprocess and can approach
one percent for the parent process. These corrections are
smaller than the QCD corrections, but are comparable to the

—Itanﬂ%4,Js‘=500 GeV
oo : . |—tang=40,/s =500 GeV
0005 -:-croor | tang=4,/8=1TeV

100 200 300 400 500 600 700 800 900 1000

Figure 6 shows the cross section of the parent process M (GeV)

e"e” — yy—tt including one-loop EW-like corrections as
the function of c.m.s energy of incoming electron-positron

SU@)

FIG. 4. The relative corrections as the functionsMg,, for

pair. In Fig. 7, the relative corrections for t8+4 and  subprocessy—tt. The solid line is for tag=4, /=500 GeV,
tanB=40 are plotted, respectively. It is clear that the absothe dashed line is for tge=40, \5s=500 GeV, the dotted line is
lute value of the relative correction becomes larger with thefor tang=4, \s=1 TeV, and the dash-dotted line is for t&n

increasing of thee*e™ c.m.s energy. The reduction of the

=40, 5=1 TeV.
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FIG. 5. The relative corrections as the functionsuofor sub- FIG. 7. The relative correction for the parent process as the

processyy—tt. The solid line is for tag=4, \S=500 GeV, the function ofe*e™ energyy/s. The solid line is for tapg=4 and the
dashed line is for tag=40, S=500 GeV, the dotted line is for dashed line is for tag=40.

tanB=4, s=1 TeV, and the dash-dotted line is for tan
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ric parameters. With the variation of the parametbts,

Msyz) and|u|, we can see some physical features, such as ~ APPENDIX A: SOME EXPRESSIONS DEFINED

the decoupling effects, threshold effects and the resonance IN' LAGRANGIAN

effects, Wher_e t_h_e relative correction can be significgntly eN- | the Lagrangian shown in E42.6), we denoteg, and
hanced or d_|m|n|shed. We conclugie t_hat the EW-like ONE4 . as the current eigenstates. For the up-type scalar quarks,
loop correction to Born cross section is strongly depender\;\,e have

on the c.m.s. energy and the related MSSM parameters in

some cases. We find that the correction is not sensitive to 2 = -
Msye) (or [u]) when Mgyzy>|u| (or [u[>Msgyz). The My =Mg+mg+mz
correction is weakly dependent on the ratio of the vacuum

1 2
5~ QqSiy| cos 28,

expectation values tg, whenMgq (or |u|) is large enough. m2 = M2 +m2+0..mZ2s2
- X . = cos 23, Al
But it is related to the c.m. energy of the incoming photons g MU Mg+ QqMzSiycos 28 (AL)
obviously. ~
ag=p CotB+AM.
0.55 ¢
05 E For the down-type scalar quarks,
o E
o 045 F ) =~ 1
= b mg =M+ mj—mZ §+Qqs\2,v cos 28,
= 0
o
92 035 F ~
o £ 2 _ a2 2 2.2
?\‘ 03 F m“q?_MD+mq_{—quZSWCOS278’ (A2)
- [
Ead . ~
A 025 j ag=ptanf+AgM,
¢ 02 2
SonE /| where Q,=5 (for up-typg, —3 (for down-type is the
S 3 S R charge of the scalar quarkj?, M? and M3 are the self-
T : : supersymmetry-breaking mass terms for the left-handed and

0,05 Tl b oo right-handed scalar quarks, asg=sin 6y, cw=sinfy. As
400 600 800 1000 1200 1400 1600 1800 2000 . ~0 T~

/o (o) an_assumption at Planck scale, we chobsg=My=Mp

=M. SinceCP effects are not considered, the valag is

FIG. 6. The cross section including the contributions of one-real. Vyhen"dL~andaR are mixed, they give the mass eigen-
loop EW-like corrections for the parent process as the function otatesq; and g,. The mass eigenstateﬁu ang g, are ex-
e"e” energyys. pressed in terms of the current eigenstajes gr as
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§1=0,C0S0,—QgrSiNb,, 1 ) 2
q ) q %tlo —igV2| =——— WY Sln,B J4$|n6?-t—§tan6\,\,NJ7‘lCOS6*t,
d2=0,Sin 64+ gqrCoShy, (A10)
with
2agmq V&= —ig\2 t OuN Y &
tan 20,=———. (A3) Vige= 19 anduN;1+ 5Nz [sin b
M — M, .
t
The explicit expressions for the notations used in Egs. tomeng SinB 40055“)- (A11)
(2.89—(2.80) are listed as below:
(1) igm, O\ coser, (A4) The shorted notations defined in EQ.9), are explicitly
 2mysing expressed below:
(2) . My .
Vthl‘}(_*:_lg Ujlcongb_'—\/Em—(;()g,l[-}UjZSInyb , s —ig
i w V' g+~ + =—=][cosa RV, 1Uy ») +sina Re V| .U, 1)1,
(A5) HO X \/5[ &V Uk 2 &V U]
(A12)
(1) igmy .
Vi == vrsing, (A6)
Y 2mysing 2"
ig
A sina RV, ;U cosa Re(Vy Uy )1,
V(z) =—ig| U; sin6‘“——mb U.,c0s6; e \/E[ TRt e
thy I Pmycosg 20 (A13)
(A7)
v 2 * o ps 9 .
ttlxo__lg\/— om Snﬂ J4C030~t+ §tan0Wles|n0~tv VA0~+~+ E[Slnﬂ Re(kalUkvz)-f—COSB Re(kazUkvl)],
(A8) (A14)
v =—ig\2 t BN+ SN o
ttlxo_ ig andyNj1+ 5 Njz | costy
-9 .
Voo i+ =—=[ cosB Re(Vy 1Uy ») — Sin B RE(Vy Uy 1)].
— L Nsiné; (A9) 2
2mysing 4 ’ (A15)

APPENDIX B: FORM FACTORS

In this appendix we list all the form factors for the one-loop correction diagrams by using some abbreviations for the
following expressions:

_BO[_pl_pZ!mq(!mq(]_Av ESYk:EéVk(mu(qu(),
—. . A
BS"’J=BO[p3—pl,m)qo,mtj]—A, Bi""=BO[p3—p1,mXio,mE]+ >

Eg’i’j: BolP3— plam)q*:mq]_A: Ezll’i’j: BolP3— plam)q*vmq]“‘ PR
C5"',Cab’=Co,Cal —P1,P1+ pz,m,qﬂmq,mq],
C3" . Cab = Co,Capl — P1.Pa+ Pz, My, my ],
C3.Cab=Co.Catl —P3.P1+ P2, M, M, My v ],

Co*,Cak=Co,CatlP3,— P1— P2, My My, My 1,
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C5*,Cab=Co,Catl P3,— P1— P2, MM, My, m; ],
C3"1.Cab! (ky kz) =Co, Carl —ka ka+ka, My mye e ],
CH,Cl Ky kp)=Cog,Capl — Ky Ky + ko, e Moy, M, ],
C8",CEI(Ky ko) =Co,Capl — Ky k1 +Ky, T30, M, N
D5 b Dllj D;Lé Do,Dap,Dapd P1,—P3,— Pa, My, M, M rr’r+]
DZIJ DZIJ Dgllatjz Do.Dap,Dand —P1.P3, Pa, M+, My, My, mq]

D3"),D3;’ ,D3td=Do.Dap Dand —P1.P3, Pa, Mg, My i, mi ],

Dg', DA DQ‘L‘é:Do-Dab,Dabc[—ps,pl.—p4,nfq,mq,m&+,m+],

At_" y Au:,\ y
t—m? a—m?
A | A !
h= X , H™X )
s—m? s—m?
i i
Ap= 2 Ac=13 2

mx W 2@ 2 g @) @ W
N Ve 1B R = Vi Ve Vi Vi

and

~~0 ~~0 .
thtj)ﬁ - |V(1) |2 |V(2) |2 GlUx = — D2 2 1)

0 0 2 =~ VippVige Vigp Vi

The one-particle-irreducibl€lPl) correction to the vertexytt stemming from squark, chargino and neutralino can be
written in terms of the form factors

AT (kg K2) =091(Ky, Ko)KY ysKy +9ao(K1 Ko K5 ys5Ky + ga(Ky, Ko)KY vskat+ ga(Ky ko) K5 ysKo+ gs(Ka, Ko)KY s
+06(Ky1, ko) K ys+97(Ke ko) sy Kikao+0g(Ky, Ka) v5v“Ki+ go(Ky Ka) v5 ¥ Ko+ g1o(K1, Ka) y57*
+011(Ky, ko) KKy + 912Ky ko) k5 Ky +013(Ke  Ko) K Ko +g14(Ky ko) KoKy +915(Ky  Ko)KY + 916(Kp ko) K5
017Ky, ko) y*KiKo+ 91g(Ky, ko) ¥Ke+010(Ke, K2) YKo+ ook ko) ¥,

wherek; andk, are the four-momenta of the lightest top quark pair and along their outgoing directions, respectively. In the
equation above, the form factors of the Lorentz invariant structures includjmp not contribute to the cross sections of our
subprocess. Therefore we shall list only the explicit expressions of the form fagtérs- 11-20). The form factorg; (i
=11-20) are expressed as follows:

2 2 Fttﬁ)ﬁ C7|l C7|J

Ft;:lf)q (C6Ij C6I] CGIJ CGI] GII)(klikz)

ki,kp)=
911(K1,k2) 162 1 5E2 522

+2CJ1 7+ 2C50 —ACH) (ky k) —

QY 3 Gi(cHi- o+ 2ck i+ 2cki- 4B (ky ko),
i=1

3272 4j=12
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. ie et L . . .
Gutkiko)= 7 3 2 Fy P (cgi- ChNkuko)+ ——=Qu 3 3 FI (ClyI-CliT+ 2057+ 2C ) (ky ko)
ie . . .
+32772Qt|: 4j:212 tw(CSI] Clyl+2C35 +2C357) (kg ko),
9us(ke ko) = 21 21 FUW (84 oo c251+c6”><k1,k2)+ QbE 2 FUY (Clyi- 2T+ 2CT1)
X (ki) + —— QtIEH S, Gici-2cty + 2080k ko)
Guikiko) =1 2 2 Fy P (0%'+c"-‘"><kl,kz>— QbE >, P (el 20k ko
e % ~8i.i 8]
32W2Qti§14j§1261 (CT5'+2C3 ) (ki ko),
. . . ie
915(ky ko) = p: lzJEZF”V m)q+(Cg"'J+Cfﬂ"—c‘f§")(k1,k2)+32 ~Qp .2 2 Ft% My (CoM+2C73)
= T

=~0 . . A
> 2 GNmp(Ce 2 - 2CH ) (ke ko),

—2CTy (K, Kk
157 (kg ,Kp) i

e ot ) e et . -
Oukiko)= = 2 2, R e Cllka ko) = -5 Q0 3 3 F¥ mi (CEM+2C 37 (ky ko)

T2 iS12j=12 3272 Tis12i512

Qt P G‘“m&o«:%”#zcs"><k1,k2>

Gurky ko) = > S EIN (4 COIY (kg ko),

3272 12512

e T -
918(k11k2)2919(k11k2):3 > 2 > th% ”’B{CS"’](kl-kz),

2w i=12j=1.2

gzoKs, k2>— U (e~ 2)CE + (ky-ky) (G — C8LT+ B+ C8— 20847) + 2(ky ko) (CEI — C3)

7TI—2

o o o ie
+ (Ko ko) (C3T+C3T) = m2. C§M) (kg ko) + ——=Qp 2 ““f Coi(ky,ky)
X 1672 T isi2j=12

ie
" l6n? i; E Gt%CSIJ(kl"‘Z)'

Then the form factors in the renormalized amplitude ofttebannel vertex diagrams in the procwt?can be written
as

=0 (i=2,3,6,7,9,10,12,13,16— 22

f1'=2ieQup1- P3) A{ML 917 P1,P3— P1) + Y17 P1— P3.P2) 1~ J1s(P1— P3.P2) — G1o( P1.P3— P1)},
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fi'=2ieQu(p1- P3)ALG1AP1— P3.P2) — 911(P1— P3.P2) ],

f\slft: —2ieQA{ie[CT+C 1+ m{[g11(P1,P3— P1) — 91 P1,P3— P1) — U13(P1,P3— P1) + G14(P1,P3— P1)
—09174P1,P3~P1) + 914 P1~ P3,P2) 1+ (P1- P3)[913(P1,P3~ P1) ~ 914(P1,P3— P1) + 29174 P1,P3~ P1) ]
+ M 915(P1,P3~ P1) ~Y16(P1,P3~ P1) + 918(P1,P3~ P1) —Y18(P1~ P3,P2) —~ J19(P1,P3— P1)
—019(P1—P3,P2) 1+ 920(P1,P3— P1) + Joo P1— P3.P2)

fy'= 2= 2ie QA{M{ g12(P1— P3.P2) — 912 P1— P3.P2) — U13(P1— P3.P2) + G14(P1— P3.P2)
—20914AP1— P3:P2) 1+ 915(P1— P3,P2) — J16(P1— P3,P2) + 2018(P1— P3.,P2)

fii=—ieQAJie(C*+C™)+m g1 P1,P3—P1) + 1A P1— P3.P2)1— M g1g(P1.P3— P1)
+018(P1— P3,P2) T 919(P1,P3— P1) + G1o(P1— P3.P2) 1+ 920 P1,P3— P1) + oo P1— P3.P2)

=Y 0i(P1— P3,P2) = Ti(P1,P3— P1)]-

The form factors from the renormalized amplitudet@hannel box diagramd=ig. 1(c)] are expressed as

—ie?

= S (S myi[2p;- pa(DII + DY~ D) +2py-py(D1} 1+ DI+ DIy + DY~ DI~ D3

3272 512502

—2Di3")+2pz-p(D33! ~ D33!~ D3yY) + m¥(2D15) + 2D34) ~ 2031~ 2D 34~ D'~ D3}) + 2D} + mi, D]

+thX {2p;-pom(DI3 + D3 +2D3 — D3 — D39) 4+ 2py - psmy(D 11! + D137+ D310+ D33 + D34 + D3
+2D3y'-3D34 "~ D34~ D3id — D3/ — 2D 1) + 2p,- psmy(D3 + D3 - DY - D3 — D3 - D3id)

+mtm»)q+(D0"+D1'J)+mt[4D%7'J+(4 €)D31i1+m¥(2D14 +2D3 +4D3L1 - 3D} - 3D3 1 — 2D 3 — 2D 3}

v ot C% S S W oz f mon - C% Y S (6 mol
—Dg" =Dy} - F% mD3{ —F - G M mD3;
a))) 1672 i:1,2j:1,2( 1 tosll T2 1) 1672 i:1,4j:1,2( ¢ MD3zig
ttl 2Q tq tq
—G Xim_D3lj_ E )qm+D4IJ+F )qm D4'J D4
W2 ) 1672 i= 1212’2[ r D312)],
ie? ~ ~ 22 -
~ e ~+ o o ~+ N ie Q — N
>'= i LI+ DY)+ FO 21— b thx 2§ _ t% 2),]
f 1672 i:1,2j:21,2[F1 m(D27"+Da1p) +F57" my D37 1672 i:lyzj;lyz(lzl mD315 My D377)
ie?Q? 2 -
o0 T30 D3 — G oD 3y 1 2 thy” L EUY 1y (D4 4 D4
1672 i:1,4j:21,2(G1 M3~ G, mpDzr) 1672 i:1,2j:21,2[|:2 m’ﬁ+D27 +F7" m(Da77+ Dapy) ],
(02
- —ie .
fa'= S, FU¥ [2p,-py(D31 + D31+ D3I~ DI DI~ DY)+ 20, pa(DE 1+ DI+ DY+ DY

1672 i=12j=12
+D3y'— D3}/ - D3l - D - D3 - D) +2p,- pa(D3 + D3yl + Dag ! — D3 — Dl — D3y ) + m¥(D13 )+ D3y

+2D3y +2D30 0+ 2D3 + 2Dy~ D1} - D3 - 2D1'J—2D1"—2D§13—2D1'J)+m+(D1"— D) +(4—e)

2 ~ 2
.. Qb t“_+ L Qt t"”“‘o ..
X (D33 —D 312>]— —~ 2,2, F (D3~ D3~ o, 2, 0 (D3 - D3
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Y A 04
Fl (D312_D31l)!

o2 i=12j=12FtM [2p;-po(D34 + D3I+ D3 - D3 — DI — D) +2p, - pa(2D3 + 2D+ DI+ DELY

+D3a—2D341 —2D3 1~ D33 — D3L —D350) +2p,- pa(D3s’ + D3 + D3 — 2D 3 — D34Y) + mA (D13 + D3}

+2D3 +2D3 'J+201'J+2D1'J—Dl"—Dl'J—le'J—2D1"—2D§jg—2D1'J)+m+(D1"— D137

i n20)2 ~ in202
. o 1efQg T N [ O i
(6— )DL~ 2D~ (4— )DL+ - iz}l:zj:lzlzl% (D3 + D3+ - i;ﬂ; E)«(Dau D)
le*Qy WY 4,
+ > F, D3t

82 iS12j=1,2

in2
—le
= > {2|:“”q mym+ (D + D - 1")+F“W [2p, pa(DYT— D)+ mP(DY + DL+ 2D
2 iS1,2 512
ie?Qp

82 iS12j=1.2

~2D}}/~2D4) +mé, D5+ 2(D3} - DHi) 1} - FyI¥ (D%+ D3 - D3)

in202 in2
ie“Q; o L . Lo i1efQy t
_ GUYY (D3I p3ii_p3ijy— — <P 2F) " s DI D4

82 i=1,4j=§;',2 (D37 311 —D313) 16,2 i=l,2j=§;2{ LM+ ( )

+F““ [2p;-p2(2D35" — D34 —D34)) +2py - pa(2D34 ) +2D4j) + D3/ + D3 - 2D34 — D33 — D34/ — D3

4| ’)+2p2 pg(Dg]I-Oj_I_D4I j_D4I J_ 4j, ‘)+mt(D4' 1+D4| j+4D4I j_3D4I j_D4Ij 2D4| J) (D4IJ

D13)+ (4= €) (D34~ D311},

Y
—ie i ; .
L6212 2,1 2F Y mym D14+ F 5 [ 2, py(DYYI— DY)+ 2p, - p(DYyI+ DL+ DIy~ DY~ DY

~Dg")+2p, pa(Dgy’ ~D35’) + m{(D3g! + 2D3;" ~ D1y’ ~ 2D37)) — mi. D1y’ — (4 - €)D33d ]}

122 ~ 122 .2
ie Qb ~+ ] Qt ol s 1€ Qb

Fy% D2l + D3-S 5 S (oF N mymy DY
872 iS12i512 8mw2 iT14j<i2 1672 iS12j512

+F H)q [2p1 p2(D4| ]_D4I ])+2p1 p3(D4I J+D§l,1|-01+D4| j_D4I J_D4I] 4| j)+2p2 p3(D4| j_ 4| J)

+m(D15)+ 2%~ D3 - 2D3) + mé DI+ (4- DT},

) - -
—le thx" L nLid oy pLid_ mLid - mLid ALy o e L nLid g nLids i
8.2 2122;‘2[':2% m)q+(D11"+D21'J+ng"—Dlg’J—DZ;"'J—ng")+F1% my(2D31" + D1’ +D3g’ + D31y

+ D31~ 2D3}1- D141~ D1~ DY~ DY)~

ie’Q; " 2000 2 20 20 20 (20
82 igzjgz[':z my+ (D137 + D% + D’ — D13’ — D3y

th

Dgs")+F“W mt(D§L;'+D§)11+D2'J—D“'—D%{&—Di{'i)]— Z Z [Gtg)“m)éJ(Dg"wLDgiJ—sz"

033008-14



SUSY ELECTROWEAKLIKE CORRECTIONS TO TP. .. PHYSICAL REVIEW D 61 033008

. - 2 et .
—Digv'—DggJ—D‘*'J)+G“i*"mt(D3"+D3'J+D3'J—D3"—Dgig—D:*")]— Qb > X [Fy™ my (D3
i=12j=12

4j 4j 4j, t 4j 4j 4j 4j 4j 4j 4j 4j
+D3)-D33' - D3 J)+F )qmt(D24J+D26]+D36J+D38] D35 —D3 — D3l — D31,

~ _ia2
fg,t: € 2 2 [Fq)ﬁ m+( Dlll+DllJ_ 1|])+Ft)qmt(Dllj-l-D%i’oj—ZDl'J—Dl'] llj)]
8m? iS12j=12
ie?Qp

- > [F‘kw m;+(D3)+ D3I - D - D3 - D3I - D2'1)+F“W m(D1+ D2+ D2+ D2}
T i=12)=1.2

2
~D%’'-D 0)]— Q‘

E E [Gtt’)“m)qo (D3 + D3 - D3 —D3I D3I~ D3'J)+G“1)“mt(Dﬂ'+D3'J

a2
b t t
= 2,2, R my+ (D34~ D31)+ F9¥ my(D41+ D41~ D41~ D)1,

301 L M3 N30k 3]
+D3'+ D33’ = D33! —D31d) 1

. —ie2 . 3 )
e 3 3 [FY (D5 - D)+ P my(D3+ D3~ DI DY)
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The form factors in the renormalized amplitude of the quartic interaction diagrams in(B)ghdve the form as
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32772 Ry i=1,4j=1,
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f9=0, (i=3-22.

The form factors in the renormalized amplitude from tfehannel triangle diagrams depicted in Fige)lare listed below:
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firi=0, (i=3-6,11-20,

whereC3£=C3¥— A/4 andC4¥=C45— A/4. The form factors in renormalized amplitude of the self-energy correctidiis
from Fig. A(f) in t-channel are expressed as
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In this work we adopted the definitions of two-, three-, four-point one-loop Passarino-Veltman integral functions as shown
in Ref.[22] and all the vector and tensor integrals can be deduced in the forms of scalar inf2gfals
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