PHYSICAL REVIEW D VOLUME 55, NUMBER 9 1 MAY 1997

Supersymmetric electroweak corrections to single top quark production
at the Fermilab Tevatron
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We calculate theOLerMf/M\ZN) supersymmetrig SUSY) electroweak corrections to single top quark
production viagq’—tb at the Fermilab Tevatron in the minimal supersymmetric model. The supersymmetric
electroweak corrections to the cross section are at most a few percent @rtah but can exceed 10% for
tanB < 1. The combined effects of SUSY electroweak corrections and the Yukawa corrections can exceed
10% for favorable parameter values, which might be observable at a high-luminosity Tevatron.
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I. INTRODUCTION few percent due to QCD correctiof]. As analyzed in Ref.

h K h b di d by th lid {l?/]* the statistical error in the measured cross section for the
The top quark has now been discovered by the Collide{y rocess at the Tevatron will be abatiB0%: however,

Detector at FermilafCDF) and DO Collaborations at the 5 high-luminosity Tevatron would allow a measurement of
Fermilab Tevatror{1]. Measurements of its mass are 176the cross section with a statistical uncertainty of about 6%
+9 GeV and 176 18 from CDF and DO, respectively, and [9]. At this level of experimental accuracy a calculation of
the world-average value of the top quark mass from run | athe radiative corrections in the SM is necessary and effects
the Tevatron was recently reported to be $®GeV, based beyond the SM, for example, supersymmet8USY) cor-

on roughly 100 pb? of data[2]. At the Tevatron the domi- rections, should also be considered.

nant production mechanism of the top quark is the QCD pair N Ref.[9] the QCD and Yukawa corrections to thie*
production procesgq_—>tt_[3]. However, because the top process have been calculated in the SM. In a previous paper

quark is so heavy, electroweak production of single top]Elo] we calculated the Yukawa corrections to this process

S ) rom the Higgs sector in the general two-Higgs-doublet
guarks can become significant, particularly at the next Tevar—nodel (2HD|\§/]|? and the minimalgsupersymmetrg:gstandard

tron_rlun Il. With \s=2 TeV and an integrated luminosity of model (MSSM) [11] and found that the corrections can
2 fb™" one can expect, in the standard mod&\), thatfora  5ount to more than a 15% reduction in the production cross
175 GeV top quark, there will be about k40t pairs and  section relative to the tree level result in the 2HDM, and a
5x 10° single top quark events producpd], which is about  109% enhancement in the MSSM. However, in the MSSM, in
35% of the totaltt rate. After taking into account the addition to these Yukawa corrections from the Higgs sector,
b-tagging efficiency and the detection efficienid], there  the supersymmetrigcSUSY) corrections due to superparticles
are about 1000 single-taggedtt pairs in thel +jets sample, (sparticle$ should also be taken into account. The dominant
100 in the dilepton sample, and 250 single top events in theirtual effects of sparticles arise from the SUSY electroweak
| +jets sample available for testing various properties of thecorrections of ordelO(«,MZ/M3) and the SUSY QCD
top quark. Even with fewer events, single top quark produccorrections of orde®©(«;) which arise from loops of chargi-
tion processes are important because they involve the elecos, neutralinos, and squarks, and gluinos and squarks. It is
troweak interaction and, therefore, can probe the electroweakell known[12] that the anomalous magnetic moment for a
sector of the theory, in contrast to the QCD pair productionspin-1/2 fermion vanishes in the SUSY limit and away from
mechanism, and provide a consistency check on the meashe SUSY limit there is a partial cancellation. Therefore, in
sured parameters of the top quark in the QCD pair producgeneral, one can expect the Yukawa corrections from the
tion. At the Tevatron single top quarks are produced primaHiggs sector and the SUSY electroweak corrections from
rily via the W-gluon fusion proces§6] and the Drell-Yan- virtual charginos and neutralinos to cancel to some extent.
type single top processjq’—W* —tb (W* process [7], In this paper we present the calculation of the
which can reliably be predicted in the SM. The theoreticalO(ae,MZ/M{,) SUSY electroweak corrections at the Fermi-
uncertainty in the cross section is only about alab Tevatron in the MSSM, and show the combined effect of
including all theO(ae,M?/M3,) terms from both Yukawa
corrections and SUSY electroweak corrections. Diexs)
*On leave from Department of Physics, Peking University, China.SUSY QCD corrections will be given elsewhdrt3]. The

Electronic address: csli@svr.bimp.pku.edu.cn paper is organized as follows: In Sec. Il we present the ana-
Electronic address: oakes@fnal.gov Iytic results in terms of the well-known standard notation of
*On leave from Department of Physics, Henan Normal University,one-loop Feynman integrals. In Sec. Il we give some nu-
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q ¢ where ¢ is the angle between the top quark and incoming
Wt quark. Integrating this differential cross section over @os
one obtains the cross section for subprocess
. 5 F=Go+AG, @)
(a)
where the tree-level cross sectiog is given by
E, B,
\\1 x;\ 4 ~ 2
’ ~ g S—My 205 M2\24 (2 2y M 21 M2
| / B = = 2(s— +(s— +
‘)Z-ai i ; i-f, ' (415} 12877' SZ(S_M\2N)2[3(S MI) (S Mt)(Mt Mb)
t t t t
(®) +2M2M2], 5

andA o represents the SUSY electroweak corrections.
The total hadronic cross section for the single production

b b of top quarks viagq’ can be written in the form
(@ -
“(S):Zj dx 0% (X1 o8, ME, A F(xg, ) FP (X2, )
q - t
. +(A<=B)], (6)
a1 E E:|.
: : where
' : i 3 _
? s=(P1+P,)?, (7)
(f) (g) A
S=X1X58, (8)
FIG. 1. Feynman diagrams for the SUSY electrow¢akiISY
EW) correctionsi(a) tree-level,(b)—(g) one-loop corrections. P1=X1P1, 9)
Il. CALCULATIONS and
A. Formalism pPo=X5P5. (10

In our calculations we used dimensional regularization t0ere A andB denote the incident hadrons aRg andP,, are
control all the ultraviolet divergences in the virtual loop cor- yqir tour-momenta. whilé j are the initial partons ang,

rections and we adopted the on-mass-shell renormalizatiog, are their longitudinal momentum fractions. The func-
schem¢ 14]. Including theO(ae,M{/My) electroweak cor-  iqng f and f} are the usual parton distributio$5,16j.

rections, the renormalized amplitude fgq'—tb can be  Fipally, introducing the convenient variable=x,x, and

written as changing independent variables, the total cross section be-
M rer= M g+ SMSUSY EW, (n comes
1dr(1dL;) ..
where My, is the tree-level matrix element aniv SUSY EW o(s)=2, — (E d—T")(SUij), (11)
1,] 70

represents the SUSY electroweak corrections. The tree-level
Feynman diagram for single top quark production via
qq’—tb is shown in Fig. 18). The amplitudeM, is given

by

wherer,=(M;+M,)?/s. The quantityd Li;/d is the parton
luminosity, which is defined to be

92 1 o o %:fl%[fﬁ(xluu“)fB(Tlxly/»L)+(A<—>B)]
5 sz, V(P2) 7uPLu(p)u(ps) y*PLo(pa). dr ), xq i
o 2 (12

The amplitudesM SUSY EWjs given in the following section.
Here p, and p, denote the momentum of the incoming  The SUSY electroweak corrections of ordeg,M2/M3,

quarksq andq’, while p3 andp, are used for the outgoing to the processjq’—tb arise from the Feynman diagrams
t and b quarks, ands is the center-of-mass energy of the shown in Figs. lb)—(g). The matrix element for these cor-

Mozi

B. SUSY electroweak corrections

subprocess. rections can be written as
The renormalized differential cross section for the subpro- SUSY EW
cess is SMSUSYEW= 5M 2" =0 Mg, Moy, (13)
do B s—M? §|M 12 3 where 5M§Vli%( B represents corrections arising from the
dcosd 3278° ren self-energy diagrams and vertex diagraifigs. 1b)—(e)],
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while M., and M, correspond to the box diagralfig.

1(f)] and crossed box diagrarfFig. 1(g)], respectively.

SUSY EW. .
oM, IS given by

Y EW g°
MUY | 5

1 _
wip | I VLS v(P2)v,PLu(pyu(ps)

X[ y*PL(36ZL +36ZP +EY) + p4P E5

+ p4PLESTv(Pa). (14

The renormalization constants and form factors in @d)
are

1 A ~07
t_ ~ 2| _ (txj tj)
5ZL_W{|RIV(?| ( 2+Fl i

*

- W) L \12( R 0|2
+2MtM;?Lti;?RTi;?GO i '+Mt(|Rti;JQ|

~ 2 ~
- |, 9 2 (tx; b))
LRG|+ o ML [V PMEG, ™,
(15
2 ~
g 2 A byt
A )‘tZRYi|V12|2(_E+F(1 MO (18)
g *
L__ * M~ ~ R _ _
B vz MVERUIRIROG My Mgco

_ R* _ L*

+ RTi}gokj [M{(Caz— Ca3) +5(C1at Co3) +2C24— 31},

7
g *
L_ _ * R~ OL ~ —oM~
2= 42 A ViRRY, Oy [LtixEMxEClZ
tRTM(Cot €29, (18)
and
EL=L>\V* R; [L7 ~00R M=+ (co+ C1q)
3 4‘/271_2 trj2it L=t k) X 0 1
— Ry 5004 Mi(C1o+ co9)], (19

where sums overi,j,k are implied and the functions
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B 1 n+1 1_
Grl'=- fo dy m?y(y—z)+r(nj2(1y—)y)+miy’ 2y
M -
wSIingB

Lg,=costg, Lg,= —sindg, (23
Ralzsinea, R’dzz costg, (24
L51;?=Aj costg —C;sindy, (25
'-az%?: —Ajsingg —Cjcost, (26)
R'ﬁl}?: —AJ* sinfg +B;cosdg, (27
R'ﬁzi?: —AJ* cos; —Bjsindg, (28

L 1 * *
Oij:_ENi4Vj2+Ni2Vj11 (29)

and
R 1 * *

Oij:E Ni5U 2+ NRU g, (30

where ¢, is the mixing angle of squark, the matrix ele-
ments U;; and V;; depend on parameterM!, u, tanp,
whose expressions can be found in Réfl], and

~ gmgNj, . 9N
A amysing' BiTC Tt ac,, 3
2 29S8y,
Cj=§ Ele*—gc—W Nj;, (32)
N{1=N;:Cw+N;j2Sw, (33)

In the aboveS,=sin &y andC\,=cos . m, is the mass of
the quark whose corresponding squaykappears in Egs.
(25—(28). The chargino massed depend on parameters
M, u, and tanB, whose expressions can be found in Ref.
[11]. The neutralino massé8;o and matrix elementssl;; are

]
obtained by diagonalizing the neutralino mass matrix.1].

Cii(p4’p3’M§f’MTi’Miﬁ) are the three-point Feynman inte- jye the values of the parametévls M’, u and tang, the

grals [17]. A=(1/e)— yg+In 47 with yg being the Euler
constant and>=4—2¢ is the space-time dimension. The
functionsF§4?, G{1 and constants in the above equations

are defined as

N 1 m2y(y—1)+m3(1—y)+mdy
B et et

M
(20)

matrix N and Mso can be obtained numerically. Herg,is

the coefficient ofl theH;-H, mixing term in the superpoten-
tial andM andM’ are the masses of gauginos corresponding
to SU2) and U1), respectively. With the grand unification
assumption, i.e., S@)xXU(1) is embedded in some grand
unified theory, we have the additional relatioM’
=5/3(g'%/g>)M.

The box diagram amplitudéM . is



M pox=1U(P3)[ (FiPRr+ TP+ T3p4Pr

+15P4POU(PL) U (P2) P3P+ (F2y*Pg
+18y*PUU(P)U(P2) P lo(Ps).  (39)
Here the form factorsf,tl’ﬁ’5 are
g2
fo=— v —— NVj1 Vi RNquLq 7[LT7oMi(D1z~Dig
+Dyy—Dgg) + RTi}EM XE( D1,—Di3)], (36)
g2
b_ -
f3= gy MVitViaRi Lalgmlte
X (D 12— D13t Das—Day), (37
gZ
fo=— > —— N V)V RNLqILq LT Dz, (39)
andfg4,6 can be obtained through the permutation
foas=T2 3§L1~0HR1X La0—Rg, (39

adix

The sums overi,j,k,| are implied and the functions
Dij(p4,p3,—pl,M;r,MIi,M;E,Mal) are the four-point
Feynman integralfl17].

The amplitude for the crossed box diagrai ., is

SM o= —iU(pg)[f{PL+ f5Pr+f5P4PL
+fap4PrIU(P2)v(P1) PLu(Pa), (40)
where the form factors;, are
g2
fi= = ooy MUVERT L L oM
X[M{R770(Do+ D) +M,0L770D0],  (41)
g2
f5= = o MULLVERT L RaM
X[M{L750(Do+Di1p)+ M 0R770Do], (42
g2
fo=— v —— MUSVERT Lg L oM Ri 72(Do+ Dy,
(43
and

-

—my(A¢+u cot B)
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—— MURVERT Ly R~,~0M (LT 72(Do+D1y).
(44)

The sums over,j,k,| are again implied and the functions

Dij(p4,p3,—p2,M~ M7, ,M~ My ) are the four-point
Feynman mtegral@l?] The Constantsk 7 RE ~o are de-
iX i iX i
fined by
L~ 7T =Acosfg —Csinbg, (45)
L’azijp: —A/sindz —C/costg, (46)
R/ﬁ&?: —A[*singg +B] costy, (47
and
Ra o=—A[*cosflg —B/sinbg, (48
with
o 9MeNs L 9N
A= oMgco’ BI=C7 T 3g, 49
and
! ! 1 gﬁ\/ !
CJ:—§eNJf+§C—W J; (50)

IIl. NUMERICAL RESULTS AND CONCLUSION

In the following we present numerical results for the cor-
rections to the total cross section for single top quark pro-
duction viaqq —tb at the Fermilab Tevatron witk/s=2
TeV. In our numerical calculations we used the Martin-
Roberts-Stirling set GM.R.S.G) parton distribution func-
tions [16] and chose the scalg=+/S. Also we neglected
SUSY corrections to the parton distribution functions. For
the parameters involved, we chobg,=91.188 GeV,M,
=80.33 GeV, M;=175 GeV, My=5GeV, and aq,= .
Other parameters were determined as follows.

(i) The upper bound on taf viz., tang
<0.52 GeV M+, was determined from data d@— 7vX
[18]. The lower limits on tarB are tan3>0.6 from pertur-
bative bound$19] and tang>0.25(for M= 175 GeVj from
perturbative unitarityf19]. We limited the value of tag to
be in the range of 0.25 to 5, as larger values of@aare not
interesting, although allowed by the current dgté], since
the effects are negligibly small.

(ii) For the parameter®y_, M7y , tang, andM | g=A;

+ u cot B in top squark mass matrp20]

—my(A¢+pu cot B)

(52)
M2 +m?+0.16 co$28)M2
R
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FIG. 2. The SUSY electrowealSUSY EW correctionA o/ o
as a function oﬁ\/l;l, assuming ta=1 andM g=m;.

we assumed\/IIR=M?L. There are then three free param-
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FIG. 3. The SUSY electroweakSUSY EW correction as a
function of M, g, assuming tag=1 andM7 =60 GeV.

sbottoms, these masses then also increase Mith. So,

eters in the top squark sector and we chose the mass of tiféth an increase oM, all the squark masses except the

lighter top squarksm;l, M, g, and tang to be the three
independent parameters. The best current lower bound on t
top squark mass is 55 GeV coming from the CERNe™
collider LEP, operating af’s= 130— 140 GeV[21]. We con-
servatively took the lower bound to be 50 GeV fuof, . For

the other squarks; i.eg, q’, andb, we neglected the mixing
between left- and right-handed states and assuiv
=Mg.Mg =Mg:=Mjp =My  which was then determined
1 2 1 2
by [20]
m§1=m§+M§L+coqzﬁ)(—§+§S§V)M§. (52)

(i) For the parameterd!, M’, u, and tang in the
chargino and neutralino matrix, we pu#1=200 GeV,
u=—100GeV, and then wused the relatiorM’
=(5/3)(g'%/g*)M [11] to determineM .

Some typical numerical calculations of the SUSY elec-
troweak corrections are given in Figs. 2—4.

Figure 2 shows the SUSY electroweak correction
Aoloq as a function of lighter top squark malgky,, assum-

ing tanB=1 and M g=m;. The correction is only a few
percent of the tree-level value and is quite sensitive to the
lighter top squark mass. There are two peaks at abjut

=75 and 67 GeV due to the fact that;=175 GeV, M;o

J
=(100,107,128,221) GeV, and the threshold for open top
decay into a neutralino and a lighter top squark is crossed in

these regions.

Figure 3 gives the SUSY electroweak correction as a

function of Mg, assuming taB=1 and M7 =60 GeV.

This correction is also sensitive tdl . With increasing

M g the mass splitting between the two top squarks in-
creases. Since we fixed the masd gf the mass of, then
increases withM g. Furthermore, with an increase of

Mir. M7, increases and thus the sbottom masses also in-

lighter stop increase and their virtual effects decrease due to

ﬁgcoupling effects. From Fig. 3 one sees that Mg

>200 GeV the magnitude of the correction drops below one
percent.

In Fig. 4 we present both the SUSY electroweak correc-
tion and the Yukawa correctigriQ] as a function of tars.
For the SUSY electroweak correction we assumddg
=m,. Since both these corrections are proportional to
MZ/M3, sir? B, they can be very large for small tgh From
Fig. 4 one sees that the SUSY electroweak correction ex-
ceeds—10% for tanB<0.5, and grows rapidly in size with
decreasing tap. As in the case of the Yukawa corrections,
the SUSY electroweak corrections are negligibly small for
tanB>1. Also, comparing the SUSY electroweak correction
with the Yukawa correction in Fig. 4, one notes that the
SUSY electroweak correction and Yukawa correction have
opposite signs, and thus cancel to some extent. If the lighter

20

Ve

Aa/0o(%)

SUSY EW Correction (Mg, =100GeV)
— — — Yukawa Correction (My+=100GeV)
Yukawa Correction (My+r=300GeV)

1 2 3 4

o L

0
tang

FIG. 4. The SUSY electrowealSUSY EW) correction and the

crease, as seen frgm E(@Z)- Sigce we assumed the massesyukawa correction as a function of ta#h M, g=m, was assumed
of the squarkqy,, q,, q,, andq, are degenerate with the for the SUSY EW correction.
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top squark has the same mass as the charged Higgs bosd®% for favorable values of the parameters. Since the cross
the cancellation is appreciable. However, as seen in Fig. 4, gection for single top quark production can be reliably pre-
the charged Higgs boson is much heavier than the lighter todicted in the SM 9] and the statistical error in the measure-
squark, the magnitude of Yukawa correction is much smallement of the cross section will be about 6% at a high-
than the SUSY electroweak correction and there is very littlduminosity Tevatron [9], these corrections may be
cancellation. In such a case the combined effects can exceethservable; at the least, interesting new constraints on these
—10% for tanB<1. Note that in Ref[9] the QCD and lead- models can be established.
ing electroweak corrections were calculated in the SM.
While the QCD corrections were found to be quite large, the
leading electroweak corrections were found to be negligibly
small. This work was supported in part by the U.S. Department
To summarize, the combined effects of SUSY elec-of Energy, Division of High Energy Physics, under Grant
troweak corrections and the Yukawa corrections can exceedo. DE-FG02-91-ER4086.

ACKNOWLEDGMENTS

[1] CDF Collaboration, F. Abeet al, Phys. Rev. Lett74, 2626
(1995; DO Collaboration, S. Abachét al,, ibid. 74, 2632
(1995.

[2] S. Willenbrock, Report No. hep-ph/961124Qnpublished
and reference therein.

[3] F. Berends, J. Tausk, and W. Giele, Phys. RevdD 2746
(1993.

[4] C.-P. Yuan, Report No. hep-ph/9604484npublished, and
reference therein.

Gunion and H. E. Haber, Nucl. PhyB272 1 (1986.

[12] S. Ferrara and E. Remiddi, Phys. Le#8B, 347 (1974, P.
Fayet and S. Ferrara, Phys. R€82, 1 (1977.

[13] C. S. Li, R. J. Oakes, and J. M. Yartgork in progress

[14] A. Sirlin, Phys. Rev. 22, 971(1980; W. J. Marciano and A.
Sirlin, ibid. 22, 2695(1980; 31, 213E) (1985; A. Sirlin and
W. J. Marciano, Nucl. PhysB189 442 (1981); K. I. Aoki
et al, Prog. Theor. Phys. Suppl3, 1 (1982.

[15] H. L. Lai et al, Phys. Rev. D61, 4763(1995.

[5] Dan Amidei and Chip Brock, “Report of the TeV2000 Study [16] A. D. Martin, R. G. Roberts, and W. J. Stirling, Phys. Lett.

Group on Future ElectroWeak Physics at the Tevatron,” 1995

(unpublished, and reference therein.

[6] S. Dawson, Nucl. Phy3249 42 (1989; S. Willenbrock and
D. Dicus, Phys. Rev. 84, 155 (1986; S. Dawson and S.
Willenbrock, Nucl. PhysB284, 449(1987); C. P. Yuan, Phys.
Rev. D41, 42(1990; F. Anselmo, B. van Eijk, and G. Bordes,
ibid. 45, 2312(1992; R. K. Ellis and S. Parkdbid. 46, 3785
(1992; D. Carlson and C. P. Yuan, Phys. Lett. 36, 386
(1993; G. Bordes and B. van Eijk, Nucl. Phy&435 23

(1999; A. Heinson, A. Belyaev, and E. Boos, Report No.

he-ph/9509274unpublished
[7] S. Cortese and R. Petronzio, Phys. Lett3®5 386 (1993.
[8] T. Stelzer and S. Willenbrock, Phys. Lett. 357, 125(1995.
[9] M. Smith and S. Willenbrock, Phys. Rev. B, 6696(1996.
[10] C. S. Li, R. J. Oakes, and J. M. Yang, Phys. Re\65 1672
(1997.
[11] H. E. Haber and C. L. Kane, Phys. Rg7, 75(1985; J. F.

354, 155(1995.

[17] G. Passarino and M. Veltman, Nucl. Ph{l60, 151 (1979.

[18] ALEPH Collaboration, D. Buskuliet al, Phys. Lett. B343
444 (1995.

[19] V. Barger, M. S. Berger, and P. Ohmann, Phys. ReU™D
1093(1993.

[20] J. Ellis and S. Rudaz, Phys. Lefi28B, 248 (1983; A. Bou-
quet, J. Kaplan, and C. Savoy, Nucl. Phg262 299 (1985.

[21] L. Rolandi(ALEPH Collaboration, H. Dijkstra(DELPHI Col-
laboration, D. Strickland(L3 Collaboration, and G. Wilson
(OPAL Collaboration, Joint Seminar on the First Results of
LEP 1.5, CERN, December, 19986npublishegt ALEPH Col-
laboration, Report No. CERN-PPE/96-10, 1986publisheg

L3 Collaboration, H. Nowak and A. Sopczak, Report No. L3
Note 1887, 1996unpublishedt Opal Collaboration, S. Asai
and S. Komamiya, OPAL Physics Note PN-205, 1996pub-
lished.



