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Top-squark mixing effects in the supersymmetric electroweak corrections
to top-quark production at the Fermilab Tevatron
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Taking into account the mixing effects between left- and right-handed top squarks, we calculate the genuine
supersymmetric electroweak correction to top-quark production at the Fermilab Tevatron in the minimal
supersymmetric model. The analytic expressions of the corrections to both the parton level cross section and
the total hadronic cross section are presented. Some numerical examples are also given to show the size of the
corrections[S0556-282(96)02019-X

PACS numbdss): 14.80.Ly, 12.38.Bx

I. INTRODUCTION mixings between left- and right-handed squarks and assumed

the mass degeneracy for all squarks. In such a simple case,

The top quark has been discovered by the Collider Detecthe analytic results were quite simple and the numerical size
tor at Fermilab(CDF) and DO Collaborations at the Fermilab of the corrections could not reach the observable level for
Tevatron [1]. The mass and production cross sectionsquark mass heavier than 100 GeV. However, due to the
are found to be 1768(staty+10(syst]199" J(stat) possible significant mixing effects between left- and right-

+22(syst)] GeV and 68396.4+2.2) Pb by CDF[DO] handed top squarks, which is suggested by low-energy su-

Collaboration. The comparison of the theoretical calcuIa’tiorpergr"’wIty models, and is completely gendrtl], the mass

of the top-quark production cross section with experimenta plitting between the two mass eigenstates of top squark may
op-q prod °Xp ._pe quite large. The supersymmetric electroweak corrections
results is necessary in the test of the mechanism by whic

AR ay be sensitive to top squark mixing effects.
top quarks are produced. Within the framework of the stan- In this paper, taking into account the mixing effects be-

dard model(SM) the next-to-leading-order calculation for y,een left- and right-handed top squarks, we present the
the QCD processes was completed several years[2ho genyine supersymmetric electroweak correction to top-quark
Recent work43] has extended those results with the inclu- production at the Fermilab Tevatron in the minimal super-
sion of the exact order? corrected cross section and the symmetric model. In Sec. II, we briefly overview top-squark
resummation of the leading soft gluon corrections in all or-mixing. In Sec. lll, we give the analytic expressions of the
ders of perturbation theory. The cross section was predictedorrections to both the parton level cross section and the total
to be o ((M=176 GeV)=4.79"35 Pb[3]. The latest re- hadronic cross section. In Sec. IV we present some numeri-
sults given by Berger and Contopanagdd] was cal examples to show the size of the corrections.
o(m=175 GeV}=5.52" 597 Ph. The one-loop electroweak

corrections to the cross section were found to be only a few Il. TOP-SQUARK MIXING

percent5]. Therefore, the results of theoretical prediction in

the SM are almost consistent with the experimental results The mass matrix of top squarks takes the f¢J

within the region of the errors. 2

Since the corrections to top quark production cross sec- e m?L mM g T
tion above 20% are potentially observable at the Fermilab —Ln=(ttR) 2 |
Tevatron, it is tempting to calculate the radiative corrections mMig - My R

arising from the new physics beyond the SM. In the minimal
supersymmetric modéMSSM), the Yukawa correctiofi6] m% :M'Z{ +m2+cog2B) (% — Zsirtoy)M2,
and supersymmetric QCD correction as well as the top- L L

squark mixing effects in supersymmetric QCD correc{idh 5 ) )

were calculated. The genuine supersymmetric electroweak m; =M7 +mp+ Zcog2pB)siPoM3,
corrections of orderam?/mZ, which arise from loops of A ?
chargino, neutralino, and squark, have also been calculated

by us in Ref[8] and its erratunj9], where we neglected the Mir=ncotB+AM, @

where M%L,M%R are the soft supersymmetrySUSY-)
*Mailing address. breaking mass terms for left- and right-handed top squarks,
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wu is the coefficient of théd;H, mixing term in the super-

potentiaI,At|\7I is the coefficient of the dimension-three tri-
linear soft SUSY-breaking termtgH,, and taB=v, /v, is

the ratio of the vacuum expectation values of the two Higgs

doublets.
The mass eigenstates of top squark are obtained by

1, T, cosy sing) [T,
~ |=R|~ | = . ~ 2
1 tr —singd coY) \tg
and the masses 5{,2 are given by
m2 0
25T ty
RMR = 2 3
o my
2
The expressions of and m%lz are given by
2M | gm
tan20=———-, @)
m~ —-m

t tR

2 1
m‘i‘—g{

2 2 _ 2 2 2 2 2
m= +m> +\/ m> —ms )“+4Migmy |. (5
1,2 t tr ( t tR) LRM; |- (5)
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SM =) (—igeT y")u(py)— S”Wpe,)wv(po.

€)

Here, p1,p, denote the momenta of the incoming partons,
andps,p, are used for outgoing quark and its antiparticle.

S is center-of-mass energy of parton level proceSA*
stand for the genuine supersymmetric electroweak correc-
tions to the vertex of top-quark color current, which are
given by

22

g m;

M= o N Sra
oA 95T 32m°masirt B

[V*F1+ v*ysFo+k“F3

+k’u’}/5F4+ikVO"uVFSJf‘ikVO'MV’)’sFe], (10)

where o*”=(i/2)[ y*,v”] and the form factor~; are ob-
tained by

Fi=Ff+F], (11)
where F{ and F]' arise from chargino and neutralino dia-
grams, respectivelys; are given as

F1=j;12ijV}‘z[024+ MZ(Cy1+Co1) + (3 By+miB))

For sbottoms, since we neglect the mixing between left-

and right-handed sbottoms, we have

2 _ 2 _ 2 2 3 : 2

5, mbLR mb+MbLRJ_fcos(Z,B’)(T,_YR Qusirow)M3,
(6)

whereT =—3, 0 andQ,=— 1. MbL are the soft SUSY-

breakmg mass terms for left- and right-handed sbottoms.

IIl. ANALYTICAL EXPRESSION OF THE CORRECTION

At the Fermilab Tevatron, the top quark is dominantly
produced via quark-antiquark annihilatiphl]. The genuine
supersymmetric electroweak correction of orden?/m3, to

the amplitude is contained in the correction to the vertex of

X(me,Mj,mp)], (12
J—EZ VjaVialCost 7 Bi(my :M] mp)], (13
Fs=2m 2, ViVia(Cor=2620), (14

Fa=2 mtj ;2 Vj2V5(Cart 4Co—4C2), (15
Fo=—2m 2 ViViCutca, (16)

Fe=—13 mtjg’z Vj2Vj5(C1t Co1— 2C15— 2C23),  (17)

top-quark color current. The relevant Feynman diagrams are

shown in Fig. 1 in Ref[7]. The Feynman rules can be found
in Ref.[12]. In our calculation, we use dimensional regular-

ization to regulate all the ultraviolet divergences in the vir-

where the functions;;(—ps,p3+ p4,MJ ,mg,mp) and B4
are the three-point and two-point Feynman integfdl4].
The chargino massed; and matrix element¥;; depend on

tual loop corrections and we adopt the on-mass-shell renoparametersM, u,tan3, whose expressions can be found in

malization schemg13]. The renormalized amplitude for
aqg—tt can be written as

Men=Mqo+ oM, (7)

whereM is the amplitude at the tree-level adi! is the
correction to the amplitude, which are given by

Mo=0(p2)(—igsTAy")u(py)—-2U(pa)

X (—igsT*y*)v(pa), (8

Ref.[12]. B, are defined by

3B 4(p,my,my)

B (mmy,my)=—"-—7—— ' (18)
01( 1,112 ap 02— m2
F[' are obtained by
F'=F'*+F'2+F$ (for i=1,2), (19
FI=F''+F'2 (fori=34,56, (20)

F andF3 are given by
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4
E J4NJ4[Bl(mtvMOjlmt )+Bl(mtrM0]:mt )]+mt J4N [Bl(mt'MOI,mt )+Bi(mt,Moj,m?2)]

+th0ij4Nj43in(20)[Bé(mt,Moj' ,M7,)—Bo(m,Moj,my )1}, (21
2 1 NjaN7,co820)[By(my, Mo; ,m7 ) —Ba(my Mo .mz )], (22)

Fitl are given by

_ 4
Fi= Z NjaNF[Coat ME(CatCop)]—SIN(20)Nj 4N smMo;(Co+C10)}, (23
_ 4
Foi= 2 NjaN7,C24c0826), (24)
_ 4
Fg'=2, [3 miN;aNfi(Co1—2C20) + 35in(26)N;aNjaMo;(2C12~ C1o) ), (25)
_ 4
Fliz gcos(za)mt;1 N;aN(Cor+4Co— 4Cp9), (26)
_ 4
F;l=j§1 [~ 3 MNjN(CortCop) + 3SIN(20)N4NjsMoj(CotCap)], (27)
_ 4
Flim— §cos{2¢9)mt;1 N;aN(C11— 2C15+ Co1— 2C20), (28)
|
where ¢;;(—p3,ps+ p4,M0, My, my ) are the three-point A 87m§ 92m2 A , .
Feynman integralfl4]. The neutralino massédo; and ma- A= PYE Bigy—z mWsm2,8[3 F1S(5+2mg) +2Fsms?],
trix elementsN;; are obtained by diagonalizing the matrix (32)

Y [12]. Giving the values for the parameters
M,M’, u,tan3, the matrixN and Np can be obtained nu- whereﬁt:\/mf/_é.

merically. Here, the parameteid,M’ are the masses of The hadroni ion is obtained b luting th
gauginos corresponding to &) and U1), respectively. e hadronic cross section is obtained by convoluting the
subprocess cross sectlonJ of partonsi,j with parton dis-

With the grand unification assumption, i.e., @K U(1) is
embedded in a grand unified theory, we have the relatioffibution functionsf{(x,,Q),f}(x,,Q), which is given by

M'=(5/3)(g’2/gz)M.Fi2are given by dr(1dL,
o "(S):ZJJ (S 0 )(é&in, (33

to_pta
Fi - Fi |sin(Zfl)ﬁfsin(Zﬁ),cos{Zﬁ)ﬁ—cos(20),m?lﬁm”t‘2 .
(29 with

_ The renormalized cross section for parton level process ﬂ: Jlﬁ A B
qq—>tt |S giVen by dT [f (XlaQ)fJ (T/XIIQ)_’_(A(_)B)] (34)

a(8)=c°+Ao0, (30 Inthe above the sum runs over all incoming partons carrying
a fraction of the proton and antiproton momenta
(P12=%X12P12), JS=1.8 TeV is the center-of-mass energy
of Fermilab Tevatronzy=x;x,, and o= 4mt/S As in Ref.

[3], we do not distinguish the factorization sc&eand the
renormalization scalg and take both as the top-quark mass.
In order to compare our results with the Yukawa corrections

with

0 87Ta§ ~ )
o :Wﬁt(s—’— 2my), (31)
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FIG. 1. The plot of relative correction to the hadronic cross
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FIG. 3. The plot of the relative correction to the hadronic cross
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in Ref.[6], we use the same parton distribution function as in
Ref.[6], i.e., the Morfin-Tung leading-order parton distribu-
tion function[15].

Ar~ (36)

The relative correction to the hadronic cross section as a
function of sbottom mass is presented in Fig. 1 for
) o tanB=0.25 and taf=1, respectively. Since the correction
~ In the numerical examples presented in Figs. 1-3, Wgs ‘proportional to 1/sifB, the size of correction for
fixed M =200 GeV, u=—100 GeV, and used the relation tan3—0.25 is much larger than the corresponding correction
M’=3(g"“/g9M to fix M'. Also, we assumed gjze for tagg=1. In the rangen; <150 GeV, the correction
M7, =Mt =Mj ~ which depend on sbottom mass js yery sensitive to sbottom mass. The correction can be
mp=mp, as in Eq.(6). For tarB and the mixing parameter either negative or positive, depending on sbottom mass. For
M_ g, We restrict them to the range 18r0.25 [6], mg>200 GeV, the correction drops to about zero size, show-
M r=3mg_ [16]. Other input parameters ara,=91.188 ing the decoupling behavior of MSSM. Each plot in Fig. 1
GeV, Cem= 1/1288, andG,:=1166372< 10—5 (Ge\/)—Z. has a Sflf:ll’p d|p, Wh|C.h occurs Nat the threshold pOInt
my is determined througfL7] m=mg+M;. The chargino massed , ,=(230,100) GeV

for tanB3=0.25 andM, ,=(220,120) GeV for tag=1, thus
the threshold point locates at;=76 GeV for taB=0.25
(35 andmp=56 GeV for targ=1.
Figure 2 shows the dependence of the relative correction
to the hadronic cross section on the value ofgdar sbot-
tom massmy=100 GeV and 150 GeV, respectively. The
correction is very sensitive to tgnin the range tag<<1.
o When taB<1, the correction size gets very large since it is
proportional to 1/sifj3.

Figure 3 is the plot of the relative correction to the had-
ronic cross section versus the top-squark mixing parameter
M r. The corresponding neutralino masses in this figure are
(122, 115, 77, 229 GeV and chargino masses are
(230, 100) GeV. The starting poi, g=0 corresponds to
no-mixing case, at which top-squark masses
my, = mTL‘R=(213, 216) GeV and the mixing angle

IV. NUMERICAL EXAMPLES AND DISCUSSION

m\z,v) Ta 1

2
m2| 1- —g|= —— ——,
W( mz)  2Gp 1-Ar

where, to ordeO(am?/m3,), Ar is given by[18]

Ao /0o(%)

-30

tanp

o
T Solid: mg=100 GeV ] 0=0. AsM R increases, the mass splitting between two top-
L Dashed: mg=150 GeV _ squarks increases. A%, g=200 GeV, top-squark masses
m712=(103, 285) GeV and the mixing angte=0.775. The

two sharp dips in the plot correspond to two threshold points
at about M g=200 GeV and 230 GeV, at which

me=my + My -
So, from Figs. 1-3 we found that only for t@r1 and

FIG. 2. The plot of relative correction to the hadronic crossmy<<150 GeV the correction size may exceed 20%. For

section vs taB, whereM r=1.5mj .

tanB=1 ormg>150 the correction size can only reach a few
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percent. In Ref[6], the Yukawa correction from the SUSY tion, are potentially observable at Fermilab Tevatron and
Higgs sector to the hadronic cross section was found to beould be used to place restrictions on MSSM.
very small for tagg=1, on the order of one percent, and only ~ Note addedAfter we finished this paper, we saw a similar
for minimum value ta@=0.25 the correction can be above report(hep-ph/960541@by J. Kim J. Lopez, D. Nanopoulos,
10% but never exceeds 20%. Therefore, the genuine supetld R. Rangarajar[Report No. hep-ph/960541@inpub-
symmetric electroweak corrections are comparable to thlished] which has some overlap with this work. As pointed
Yukawa correction from the SUSY Higgs sector. out in their paper, their results are in agreement with ours.
In conclusion, we presented the analytical expression for
the genuine supersymmetric electroweak corrections of order
am?/mj, to top-quark pair production at the Fermilab Teva- We thank Jorge L. Lopez, Raghavan Rangarajan, and
tron with the consideration of top-squark mixing. Numerical Jaewan Kim for comparing their numerical results of neu-
examples showed that only for a1 andmp <150 GeV  tralino masses and Feynman integrjs;,C,,C;; with ours.
the correction can exceed 20%. In the most favorable cas&his work was supported in part by the Foundation for Out-
these supersymmetric corrections, combined with Yukawatanding Young Scholars of Henan Province, and by Na-
corrections of the Higgs sector and also SUSY QCD correctional Nature Science Foundation of China.
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