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Abstract. Top-quark physics plays an important réle at hadron colliders such as the Tevatron at Fermilab
or the LHC at CERN. Given the planned precision at these colliders, precise theoretical predictions are
required. In this paper we present the complete electroweak corrections to QCD-induced top-quark pair
production in quark—antiquark annihilation. In particular we provide compact analytic expressions for the
differential partonic cross section, which will be useful for further theoretical investigations.

1 Introduction

At ongoing and upcoming collider experiments, top-quark
physics will play a central role. Although the top-quark was
discovered already 10 years ago, direct measurements of
its properties are still rather limited. In particular most of
the quantum numbers are only constrained from indirect
measurements such as the electroweak precision observ-
ables. In the near future the hadron colliders Tevatron
at Fermilab and LHC at CERN will provide unique pos-
sibilities for detailed measurements in the top sector. A
necessary requirement for these analyses is the precise theo-
retical understanding of reactions involving top-quarks. At
hadron colliders both single top-quark production as well as
top-quark pair production have been studied extensively
in the past. The differential cross section for top-quark
pair production is known to next-to-leading order (NLO)
accuracy in quantum chromodynamics (QCD) [1-5]. In
addition, the resummation of logarithmic enhanced con-
tributions has been studied in detail in [6-11]. Recently
also the spin correlations between top-quark and antitop-
quark were calculated at NLO in QCD [5,12]. In [13,14] the
electroweak corrections were investigated. However, for the
quark—antiquark annihilation process, only the electroweak
vertex corrections were considered — the contributions from
box diagrams were ignored. It is well known that in the high
energy region s > myy,z the weak corrections can be en-
hanced by the presence of large logarithms (see e.g. [15,16]
and references therein) which justifies a detailed study of
all contributions. More recently the electroweak corrections
for b-quark production were re-analysed in [17,18]. In par-
ticular, it was again confirmed that the weak corrections
can lead to sizable corrections for specific observables. For a
more detailed theoretical investigation of these effects, it is
useful to have short analytic expressions available. The aim

of this work is to recalculate the weak corrections to top-
quark pair production — including the contribtution from
box diagrams — and give compact analytic results. Note
that we do not consider here the pure photonic corrections,
which form a separate gauge-invariant subset.

The outline of the paper is as follows. In Sect.2 we
present the calculation of the virtual electroweak correc-
tions to top-quark pair production in quark—antiquark an-
nihilation. The contributions involving box diagrams are
infrared-divergent. The singularities cancel when the vir-
tual corrections are combined with the corresponding real
corrections, which we calculate in Sect. 3. In Sect. 4 we dis-
cuss some checks we performed and give numerical results
for the total cross section.

2 Virtual corrections

In this section we present the calculation of the electroweak
corrections. We work in the 't Hooft gauge (R¢-gauge) with
the gauge parameters £* set to 1. In this gauge, apart from
the physical fields, also unphysical fields contribute. In
particular we have to consider the contribution from the
fields denoted by x, ¢, which are related to the longitu-
dinal degrees of freedom of the gauge bosons. In principle
in the R¢-gauge also ghosts need to be considered to can-
cel unphysical degrees of freedom. To the order where we
are working, the ghosts do not contribute. In addition,
given that we neglect the masses of the u,d,c, s quarks
the unphysical fields ¢ and x only contribute in the ver-
tex corrections to the final gluon—top—antitop vertex. The
renormalisation is done in renormalized perturbation the-
ory. That is the bare Lagrangian £ is rewritten in terms
of renormalized fields and couplings:
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Fig. 1. Sample diagrams for the virtual corrections
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Fig. 2. Counterterm diagrams

‘C(W(L A07 mo, gO)
= [-:(Z;//2WRa Z;/2AR3 Z’mmRa ZggR)
= L(¥r, Ar,mR, gr) + Lct (PR, AR, MR, gr). (1)

The contribution £(¥gr, Ar, mg, gr ) gives just the ordinary
Feynman rules, but with the bare couplings replaced by
the renormalized ones. Some sample diagrams are shown
in Fig.1. The complete list of Feynman rules can be
found for example in [19]. The second contribution in (1)
Let(Pr, Ar, MR, gr) vields the counterterms, which ren-
der the calculation ultraviolet (UV-) finite. The diagrams
needed here are shown in Fig.2. Note that although the
electroweak corrections appear here in one-loop approxima-
tion, they are the leading-order electroweak contribution.
The interference term of the amplitude M(qq — vy, Z — tt)
with the corresponding QCD amplitude vanishes as a con-
sequence of the specific colour structure. Terms of order
aga are therefore absent. Thus no renormalisation of the
coupling constants is required at the order under consider-
ation here. This is different from an electroweak correction
to an electroweak amplitude, which would not be UV-finite
without coupling-constant renormalisation. The whole con-
tribution from the renormalisation is given by

SIMJ* = 2(82Z, + 8Zy)| Mqgsurl®, (2)

where Z,, Z; denote the wave-function renormalisation
constants of the incoming light quark and the outgoing
top-quark (Z; = 148Z;). The squared leading-order QCD
amplitude |./\/qu_>tg|2 in d dimensions is given by

Mygoritl? = 16020, (N? — 1)(2 - B2(1 - 2%) — 2 2), (3)

where N is the number of colours, oy the strong coupling
constant and [ the velocity of the top-quark in the partonic
centre-of-mass system:
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(s denotes the partonic centre-of-mass energy squared).
The cosine of the scattering angle is denoted by z. The
parameter of dimensional regularisation ¢ is defined by

d=4-2e. (5)

For the renormalisation of the quark fields we use the on-
shell scheme. The renormalisation constants in this scheme
in terms of self-energy integrals and derivatives thereof
can be found for example in [19]. Before presenting the
results, let us add a few technical remarks. We used the
Passarino—Veltman reduction scheme [20] to reduce the
tensor integrals to scalar one-loop integrals. For the scalar
integrals we use the following convention:

(2mp)*e
(02 —m?2 +ie) ...

1
XO - 72 ddg
1T

(6)

For the UV-divergent integrals we define the finite part
for the one-point integrals Ag and the two-point integrals
By through

Ag(m?) = m* A+ Ag(m?),

BO(p27m%vmg) =A +§0(p2,m?,m§), (7)
with
. 11
A=({4n)*I(1+ s)g =--7 +In(4m) + O(e).  (8)

The vertex corrections do not contain infrared or mass
singularities (IR singularities). They contain only UV sin-
gularities, which are removed by the aforementioned renor-
malisation. On the other hand the contribution involving
box diagrams are UV-finite but contain IR singularities. In
order to regularize the IR singularities, we use dimensional
regularisation. To simplify their determination, we express
the d-dimensional four-point scalar integrals Dg in terms

of the (d + 2)-dimensional four-point integrals D2 and a
combination of three-point integrals in d dimensions. This
can be done by the following relation

Dt? = —2nDY, (9)
where the box integral in 6 dimensions is defined by
D*=%(p?, p3, 3, p1 - P2, P2 - D3, D1 - P3,
m12a m22a m323 m42)[17 é,uv éuguv .. ]

_ i/d% [, 6, 6l - . ]
in? (02 —m12 +ie)((L + p1)? — ma? + i)
y 1
((€+p1 +p2)? —m3? +ie)

1
10
8 ((€+p1+p2+p3)2—m42+i5)} (10)

and D is the coefficient of the metric tensor Juv appear-
ing in the Passarino—Veltman decomposition [20] of the
tensor integral

D*=0[0,0,] (11)
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(see (F.3) in [20]), which in turn can be expressed as a linear
combination of the scalar box integral DZ and scalar trian-
gle integrals C¢ in d dimensions. Owing to the finiteness of
the box integrals in 6 dimensions the infrared singularities
appear only in the three-point integrals.

For the presentation of the results it is convenient to
use the leading-order QCD cross section which is given by

do.Born
& =025 (12)
with ) 5
1 ,N2—1
gg = gTI:OzS N2 ; (13)

A factor 1/(4N?) from averaging over the incoming spins
and colour is included. In a first step we present the correc-
tions to the cross section from the contribution of Z boson
and W boson exchange to the light quark—gluon vertex.
The form of this vertex remains unchanged; its normalisa-
tion is shifted by a factor (1 +8Fp"" ™), which leads to
a shift by

dUIn.,WJrZ do.Born W7
= 2RedF VT 14
dz dz RedF, ’ (14)
with
0 1la
SFp T = =22 (0 + 98 f1p2) + 20w i)
(15)
and
filx)=1+2 {(1 +1In(x)) (2 + 3) (16)
1 72
—2(142)® (Lip (14 =) = =
o (1 (1+) - )]
where we used the definition
2
m.
pPi = SZ . (17)

In (15), a = % denotes the electromagnetic coupling.
The Cabibbo-Kobayashi-Maskawa mixing matrix has
been set to 1. The vector- and axial-vector couplings of
neutral and charged currents are given by

1

4= Ti — 2sw” 18
9o 25WCW( 3 Sw Qq)a ( )
1
4 — T4 19
a ZSWCW 3 ( )
1
aw = (20)

2\/§Sw’

where (), describes the electric charge in units of the el-
ementary charge e, sy is the sine of the Weinberg angle
(sw = sin(dw), cw = cos(Pdw)), and Ty denotes the weak
isospin. For the vertex corrections to the final vertex we split
the result into the contribution from Z boson exchange,
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W boson exchange, Higgs exchange and the contributions
from the would-be Goldstone bosons including the respec-
tive counterterms:

dO_Fin. _ dO'Fin"Z+d0‘Fin"W+d0‘Fin"H+d0'Fin"X+d0'Fin"¢.

(21)
Note that only the sum has a physically meaningful inter-
pretation. For the individual terms we use the following
decomposition into form factors:

. 1—732) .
daFm.7 i 00— - (( ﬁzﬂ )Fé(l
dO.Born

+ dz B

2)+F(1+ 22))

(22)
For the different contributions we obtain
F7 = (2pz(952 +gt%) - B2t - 3922)>
—3 —1
X (30(1,3) - 30(3,4))
1 2 2\( 2 t2 4 t2
+§ ((4pz - ﬂ )(gv + Ya ) 6 (gv - 3ga )

+8pz52922) SCS, (23)

FZ = (g +4.%)
X [1+2(A (m 2)fZ(mQ))
2 P sao gy Vo z o(my
3 ps\ =3
-(3+%) B0y

po(1— 362\ —1
(“ 62(1—62)>B°(3’4)

- 2—;2 (G*(1 + B%) + 4p. 52 + 2p?) 808} , (24)
FZ = % (sz(gf,z + gt (1 -2l - 3922))
d
3 — B} (3,4) (25)
p2=m,2

The integrals are defined in the appendix. For the contri-
bution from the W boson we find

FY = gw® [(1 + 5% 4+ 4(pw — b))

< (By(1,3) - By(1,2))
+i(1+52+4 ))2_452)303], (26)
= gw { L+ s(1— ﬂ?) (Ao(mw?) — Ao (my?))

252(1 - 5?)
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x (1+46% — 56" + 4(pw — pp) (1 — 33%))

x§§(1 2)

(14562 +4(pw — 1)) By(1,3)

252

8;2 (1+108* 458

+8(pw — pb) + 868°(3pw — p1)

1600~ ) 5C3. (21)

(0%
Fy = ——gw’

2
275 (1 - /8 - 4(pw

—m))

d
XSTPQBSL(I,Z)

20,2

pr=my

The contribution from the Higgs boson is given by

208 + p1r) (Bo(1,3) - B

2
H _ 2 My
Fo = gw po—1 (172))

1= 0%) = 3pun —20%) 5C|,  (29)

(31)

For the unphysical fields x and ¢ we find

2

X — gt2 mye
e a 2
mz

x[20. (Bo(1,3) = Bo(3,4))

+(2p: + ﬁ2)pzsC§}, (32)

2
2 My
X _— ot
Fm_ga 2
Z

2p.(1 = 36%)
51—

) By(3,4) — 2 52 CO}, (33)

; (34)

p2=m,2

2
o 2y d
= — 4p,s— By (3,4
on 9 mz2 P Sdp2 0(3:4)

gw? s
8 mw

2
X [(1 — B* —48%(pw + 2pp) + 4pw)
x (§§(1,3) —§§(1,2))
— pu)By(1,2)
G (-8 35701 - 7%)

+862pb +16(1 — 8)(p2 — pi)
+64p5(pp — pu)?

+16p6 (o

- 4ﬁ4(pb +2 pw)

4(2p0 — 1)) sca*]

2
gw S
2 mwy?

<[-30- 5+ 4

1—3%+4py ~
g Calmn?

1
)

x(1— 8% +4py) (1 — 8%+ 4(pw

— Zo(mf))
(1-36%)

— ) Bo(1,2)

(1—45% + 36" + 4pu (1 - 57) — 86°pp)

1
8/6’2
XEO(I, 3)
=

T35
+64p(puw — p)°

+16p2,(1 — 8?) — 16p3(1 — 58%)

1+ 8% =58 +36° + 4(2pw — pp)

49200+ Ton) = 85220+ 3)) 50 360

(6 S
F¢:_7 1— 2\2
B 16n9W mw2 (( B )

—4(1 = 5)(2p + pu)

(37)

2

d
—16p5(pw — pv)) SdTJQBé*(L 2)

p2=my

Again only terms proportional to gsz,gff or gw? are
present. Let us now discuss the contribution from the box
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diagrams. To the order auvs? considered here, we can dis-

tinguish two different contributions.
(1) The (box-type) electroweak correction to the QCD Born
amplitude, interfering with the QCD Born amplitude.
(2) The QCD box diagram interfering with the electroweak
Born amplitude.

In the following we will call the first the electroweak-
box (EW-box), and the second the QCD-box contribution.
For the EW box we obtain

dO.EW—box

dz

a gy 41
= 00939 {z LBBO(LS)
2(1 - %)

_76(1 — ﬂ222) (1 + 252 . ﬁ222)
X (E3(1,4) +§3(3,4))
. 2(1 - 4%
Bl —p%2%)(1 - p.)
X (L4 8%+ 8°(1 =541 - 2%)
— (201 =822 + 81 (1 = 2%)) p-
+ (14 28% = B22%)p2) sCo(1,3,4)
2 —1
115 (1 —28%+ 322%)B,(2,4)
1
+

(1=p82)(1 - p:)?
X [(1=82)% (2621 - 2%)
B (4(8 = 2) = 8°(1 = 2°)?) p.
— (401 =% = B2(1+ B* = 262)(1 = 2?)) p?
+2(1—28% 4 522%)p?] sC§(2,3,4)

262(1 - 22)
A=A =)

x (1— 3% +2(1 — Bz + f%2%)

— (14 = 262)p- + 2p2) sDG~>FN!

)

+ou % gtat{ 4B3(1.3)

-
1- %22
41 - )
)

(Eé(l,zl) +§é(3,4))

(52 - (1= P22 +12)
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xsCo(1,3,4)
2 _
g0 262 + 3222)B, (2, 4)
2
(1= B2)(1 - p.)?
X [( — f32) (1 — Bz fﬂz(l —zz))
— (31 = 87 = B2) + B%2 + 26°2%) p.
+(3(1-p8%) - (1-2%)
— Bz(1 - 2% + 3*2%)) p?
— (1 =282+ 3%2%)p3] sCj(2,3,4)
46%(1 — 2%)
A=
x (Bz— (1= B2)p: + p?) sDI=0EWL
+(z — —z)] }
1 1
x [(1=B2)Cj(1,2,4) — (1+ B2)C3(1,2,4)]
+0(e), (38)
with
B = 78TEOLOZS(N2 — l)m
x ((d—2—-p%(1—2%)glg},
+0z(d —2)(d — 3)glgl) - (39)

Note that the contribution do®W—bo* is UV-finite, as al-
ready mentioned. This can be easily checked by replacing
the By integrals by A and verifying that this contribution
indeed vanishes. Since we are using box integrals in d = 6
dimensions, the IR singularities appear only in the three-
point integrals. In particular, in the above result, only the
last line in (38) is singular. As a consequence only this term
needs to be evaluated in d dimensions. Note that owing
to the structure of the IR singularities in QCD we will
not pick up finite terms of the form e/e. They will cancel
with the corresponding terms in the real corrections, as we
will show in the next section, where the real corrections
are discussed.
For the QCD box we find

doQCD
dz
« 1 26
= 09— gi{z[B 1,3
On(l_pz)gg B O( )
1— 32 —
o 10 e 2Bl (L)

B — 22?)
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1- B2
B(1 — 3%22)

xsC2PL(1, 3, 4)}

+ (14824521 -6%)(1-2%)

1 —1
Py e R LR

521(1_522) (3—282(1— Bz) — %) sDI=61

]

+

o 1 t | 56

+UOE a—;)z)ggg“{230(l’3)
1 + ﬁ? 2 o

i pe 52; (1-75%) (5080D1(1,3,4) - 233(1,4))

1+ pz =1 26%(1 = 2%) d=6,1
+ L — ﬁzﬁ( = B)Bo(2,4) + W%’Do
+(z — —z)} }

1 1

x [(1 - 63)05(17 274) - (1 + BZ)CS(L 274)]
+0(e). (40)

Combining the two resultsin (38) and (40), the IR-divergent
part is thus given by

Lo 1
321 N2
—(1+82)C3(1,2,4)]

as 1 0
16m N2 s

B(1-B2)C5(1,2,4)

B [54C(1,2,4) — s,:C3(1,2,4)] . (41)

In particular, we obtain

as 1 f
 16m N2 ;B [5q¢C0(1,2,4) = 54C5 (1, 2,4)]
O 13 €
= n 2 ;B(4n) I'l+e¢)
2 Sqf
X [ In (qt) + g(Sqt) - Q(Sqt') ) (42)
9 Sqt
with s;; = 2k; - k;j, where we have used
Cy(1,2,4)
[ !
" in? C0A+ ko) (€ + k)2 — my?)

1 1
= ——(Un)r(1+¢e)—
BT+
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x (512 + é In (th‘;Q) +g(sqt)) L O(e), (43)

Sqt

with

g5u) = —In (Sqt) . <mf2) Cly (%)2
1 p? Sqt 2\ p?
2

—92Lis <W> _ lln (th) . (44)
Sqt 2 Sqt

We note that the divergent three-point integral

1 1
in2 / C+ k)2 (0 + kg + kg)2 —mz?)

(45)

which could in principle also appear, cancels in the calcu-
lation.

3 Real corrections

As mentioned in the previous section the contribution from
the box diagrams is IR-divergent. To render the correc-
tions to the total cross section finite we need to include
the real corrections at the same order. A few sample di-
agrams are shown in Fig.3. The diagram containing the
triple gluon vertex (see Fig. 4) does not contribute because
of the colour structure. The calculation of the real correc-
tions is straightforward. The phase-space integration over
the regions where the emitted gluon is soft will produce
the IR singular contribution needed to cancel the corre-
sponding singularities in the virtual corrections. Note that
owing to the colour structure no collinear singularities ap-
pear, because the interference between the two diagrams,
where the gluon is emitted from the initial state, vanishes.
As a consequence no factorisation of initial-state singu-
larities is required. To extract the IR divergences, we use
the so-called subtraction method [21-23]. The basic idea
of the subtraction method is to add and subtract a term
in such a way that the singularities appearing in the real

7 Efff
W
>ﬁwﬁﬁm 1999 005
9999999%
9.
z 5990999

Fig. 3. Sample diagrams for the real corrections
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Fig. 4. Amplitude containing
the triple gluon vertex. The di-
agram does not contribute here
because of the colour structure

S
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corrections are matched point-wise and that the term is
simple enough to be integrated analytically in d dimen-
sions over the full phase space. Given that the same term
is added and subtracted, this procedure does not change
the result. The analytically integrated term is combined
with the virtual corrections, while the unintegrated term
is combined with the real corrections. Given that the term
combined with the real corrections match point-wise the
singularities of the squared matrix element, the integration
can be done numerically in 4 dimensions. Because of the
universal structure of soft and mass singularities in QCD,
the subtraction terms can be constructed in a very gen-
eral way. For further details on the subtraction method,
we refer to [21,23]. Here we just reproduce the necessary
equations required for the case at hand.

Using the subtraction method the NLO contribution
to the cross section can be symbolically written as [21,23]

UNLO(kqa kq) = O'V(kq, kq) + UR(kqa kti)

= / [dO’R(k(pkq_akhkt_) kg)]g=0
3

- Z (dULO ® dVdipole) (kqa ktj» kt7 kfv kg)

dipoles P
+/[d0\/(kq7k¢73 ktka)
2
+dULO kqakqaktvkt) ( +I )] =0
/dx/daLo (xkq, kg, ki, k) @ (Kq + Py)
+/dx/daLo(qu,xkq,kt, k7) ® (Kg + Pg). (46)
2

Here dog, dov denote the real and virtual corrections to
the cross section. In particular we have
dO’V — do_In. + do_Fin. + dUEW_bOX + do_QCD—box. (47)
In (46) we label the integral symbols with an index 2 or 3
to indicate that the phase-space integral runs over a 2- or
3-particle final state. The terms of the form
dopo ® F (48)
with F = P, K, dVgipole deserve some explanation. In gen-
eral the symbol “®” introduces spin as well as colour cor-
relation between the operator F' and the leading-order am-
plitude, which is a vector in colour space. Note that for
the case studied here, where the gluon is always emitted
from a quark line, no spin correlation appears. For the
contribution from the integrated dipoles we obtain

dGLO(kZN kcja kt7 kf) ® 7

118

= 39m IN? 3 (qq = tt |1y + Xg|qq — tt),,
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_ a1 é (4m)e
© 32m24N2 s I'(1—¢)
2 Sqf
X { In <qt> + H(sq) — H(Sqt‘)}
e Sqt
x (qq — tt|T,Ty| q7 — tt), (49)
with
H(sqt)

o (22) - (2 m ()
(g ) ()
(& > ( >+éln<é‘i>2+3m<i‘i>
»

2
LA T L
sar (QQ(Sqmmt))
3 (Q(Sqtamt) - mt) _ 3my
Q(Sqtvmt) Q(Sqtamt) + my

+1In

7'52
+—.

5 (50)

Following [21] we used the bra-ket notation to represent
the leading-order amplitude as vector in colour space:

lgg — tt).
In the derivation we used the following result for I:

Cas (4m)°
2 (1 —e¢)

2\ € TC2
Ty |:CF <5t> (VQ(thmtvO;Ev’%) B )
q

Iq(g’/i2§ {}’pa) =

1
—T;
X{CF t

2
+ Ig(p,mye; e )+vqln(5 )+7q+K]
qt

1 MZ g n2
+C7FTth |:CF (.Sqt) (Vq(sqt707mt;572/3) - 3)

2
+29 4y (“) +7q+Kq]
e Sqt
+(t e D)}, (51)

which can be easily obtained from [23]. The definitions of
Vo,V 1'0:7q, Ky can be found in [23]. The result for I
can be obtained from the above result by the replacement
(¢ <> @). The T}, T, appearing in the above equation are
colour-charge operators, which act on the leading-order
amplitudes that are vectors in colour space. The calculation
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of this specific contribution was further simplified by noting
that, because of the simple colour structure of the process
at hand, the following relation holds:

(q@ — tt|T, Ty q7 — tt)

= —(qq — tt|T,T¢| qg — tt)
= —(qq — tt|T3Ti| qq — tt)
= (qq — tt|T;T7] qq — tt) . (52)

The square of the colour-correlated tree amplitudes is
given by

(qq — tt|T, T qq — tt)
S

= —32n’aa(N? — 1)

s —my?
< ((d—2-p*(1-22))glgh
+B2(d — 2)(d — 3)glg)

= 4nB, (53)

with B as defined in (39). Comparing (42) with (49) and
(53), it is easy to see that when combining the real and
virtual corrections the IR singularities indeed cancel. In
addition, as promised already in the previous section, we see
that indeed no €/ terms appear, which must be due to the
“d-dimensional” factorisation of the infrared singularities.
The K and P operators can be calculated along the same
lines as described above for the I operator. In particular
we obtain

(&8
Kq = 7ﬁTth{K(x,sqtamt) - K(I‘,Sq{, mt)}a (54)
with

K(z,sq, m¢)

+6(1 — x)

mtz < th ) 1 mf,2
X |—1In + =
Sqt Sqt + mt2 2 Sqt + mt2
+§ th
2 \/Sqt + Mm% +my
3 (sqt—Zm“/sqt—l—th—&—me)]

-1
+2n Sqt

+Prqgg(x)1n<( (1= 2)sqt )

—_—— 55
1 —x)sq +my? (55)
where the regular part PZ, of the evolution kernel P%(x)

is given by
Pt () = —(1+2),

reg

(56)
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and the Plus prescription defines distributions in the usual
way, through

[F(z)], = lim {9(1 —z—n)F(z)

n—0

~s1—z-n) [ o F(y)dy}. (57)

The function [Jyq], is given in (5.58) of [23], and we re-
produce it here explicitly:

[']gQ (l‘, y2)} +
1—x

B [2(1—x+y2>2 -

T (1—|—1n(1—1:+y2))}

+

2
+ {2_:6]+1n(2+y2 — ). (58)
For the P operator we find
_ 9 paq St
P, 2TEP (2)TTy In <5qt> , (59)
with
PY(g) = P11 (z) + 2 + §6(1 —x). (60)
ree 11—z X 2

Note that in deriving the above relations we used again
relation (52) to simplify the colour-charge algebra. The
corresponding results for the antiquark give the same con-
tribution for the K and P operators. Note that when cal-
culating

/dx / doro(why, kg, ki ke) © (Kg +Pg),  (61)
2

one has to replace k; by xk, in the calculation of the colour-
correlated matrix element (53) as well as in the phase-space
measure. For details concerning the evaluation of the Plus
prescriptions we refer to [23]. A remark might be in order
concerning the appearance of the K and P operators. To the
order we are working here, there is no contribution from the
factorisation of initial-state singularities. At first sight the
fact that the evolution kernel P?¢ appears might thus look a
bit strange. The reason is just that a corresponding term is
included in the dipole contribution, which is combined with
the real corrections. If we apply the subtraction method
as it is described in [23], we thus have to consider the
contributions from the K and P operators as shown above.
In principle one could think of changing slightly the form
of the subtraction terms; but in that case the analytic
integration over the subtraction terms would also need to
be redone. Let us close this section with some remarks
about the subtraction term

(doLo ® dVaipole) (kg kg, ke, kz, kg) (62)

in (46), which is combined with the real corrections. This
contribution is obtained as a sum over individual “dipoles”
D, DY

i3
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(doLo ® dVaipole)
1 1

— 5o v [ ARalk k) (63)
x (D,?g +Df, + D} + DL + D + D + DY + Dgg) :

Here i and j are the unresolved partons, while a plays the
role of a spectator. The explicit expressions for the 8 dipoles
can be easily obtained from [23]. For example, we get

1 1
DI — v
t (bt + kg)? —my? @4g 4 1
<(al)alky) — ()8l
Ty T aCR)ath) > (k) )
1 1
__ Ve B (64
(ke +kg)? —mi® Tugq " |y i, puh (4
where
kg ke + kg - kg — ke - kg
= 65
ztg7q qu i k/’t + kq K kg ) ( )
k;q# = Tyg,qkY, k' = ki + kg — (1 — 2e9,)kY, (66)
and
2 . m?
Vq:8nas{~—1—z—}. 67
tg 2— Ttg,q — <t ¢ kt . k'g ( )

The four-momentum of parton ¢ is denoted by k;. The
momentum fraction Z; is defined by

kg - bt

S — 68
kg ki + kg - kg (68)

Zt
For the remaining dipoles the obtained results are similar.
The numerical implementation of the subtractions
terms shown above is straightforward. So far we have only
discussed the calculation of the total cross section. In princi-
ple also more exclusive quantities can be calculated without
any significant change. In the next section we will discuss
our numerical results for the cross section. More exclusive
quantities will be discussed elsewhere.

4 Numerical results

In the following we will discuss numerical results for the
weak corrections to the total cross section. If not stated
otherwise, we used the following values for the masses:

my = 91.1876 GeV, my = 80.425 GeV,
mpg = 120 GeV,
myp = 4.82GeV, m; = 178.0GeV,
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and

1

_ 2 _
= 53’ sw? = 0.231

a(2my) os = 0.1,

for the couplings. Using mz and my, as input parameters,
the weak mixing angle can be in principle calculated within
the theory. However, since our calculation is leading order
in the electroweak coupling, we expect that the numerical
choice for sw as given within the MS-scheme, will give
results closer to the actual values. Before showing our final
results for the cross section, let us first discuss several checks
we performed. The analytic expressions for the vertex cor-
rections to the initial vertex can be found in the literature.
We compared with the results given in [25,26] and found
complete agreement. For the corrections to the final vertex,
no such compact expressions can be found in the literature.
Using the same input parameters as in [13] we compared
with plots shown in [13] and found agreement. Furthermore
a precise numerical comparison with Bernreuther, Fiicker
and Si [29] who also recently finished an independent calcu-
lation of the weak corrections, lead to complete agreement.
For the case of the box diagrams it is possible to compare
the contribution of the QCD boxes with an analytic result
available in the literature [24]. In [24] the corrections to
the total cross section were calculated using the optical
theorem. In our calculation we just need to split the real
corrections into the contribution belonging to the EW box
and that belonging to the QCD box. As far as the matrix
elements for the real corrections are concerned, the contri-
bution where the momentum flow in the Z-propagator is
the total centre-of-mass energy belongs to the QCD box.
On the other hand, the contribution where the momentum
of the gluon propagator is equal to the total centre-of-
mass energy belongs to the EW-box contribution. Sample
diagrams for both contributions are shown Fig. 5. For the
subtraction terms there is no such difference, they have to
be distributed equally. This splitting might sound some-
what artificial, but it allows a direct comparison with [24].
In Fig. 6 we show the analytic result from [24] as a line. The
crosses are obtained from the numerical integration of our
results for the QCD box over the full phase space. We find
complete agreement taking the numerical uncertainties of
the phase-space integration into account. This is a highly

*

199999999999, X

9
G z 5090999%°
27
27, 20y T
a
*
390959
. Ty,
X 99999999995 oo
z
b

Fig. 5. Schematic representation of real corrections to the
QCD-box contribution a and the EW-box contribution b
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Fig. 6. Comparison with results available in the literature [24]

non-trivial test, because the entire contribution from the
subtraction method is checked. In addition we compared
again with the results by Bernreuther, Fiicker and Si and
found perfect agreement [29].

Note that for the box contributions only the axial-vector
part (proportional to gfg?) contributes to the total cross
section thanks to the Furry theorem. We included the vector
part (proportional to gfg?) in our calculation as well, be-
cause our aim is to allow also the calculation of differential
quantities (with or without cuts) where these terms might
contribute. We checked that for the total cross section the
vector part indeed cancels in the numerical evaluation of
the phase-space integrals — providing a further check of our
numerical implementation. Terms proportional to gfg? or
gL g4 contribute to parity violating observables only. They
are relevant for spin dependent quantities and have not
been included in the present analyses. An important con-
sequence of the Furry theorem is that the result for incoming
down-type quarks can be obtained directly from the one for
up-type quarks as far as the boxes are concerned. There is
just a relative sign between the two contributions, because
of the sign difference in the weak isospin. At the hadron
level the contribution of the box diagrams is thus directly
proportional to the difference of the parton distribution
functions between up- and down-type quarks. This leads
to a suppression of the contribution of the box diagrams.

Let us now discuss the numerical results for the cross
section. In Fig.7 we show the separate contributions as

10

relative weak corrections [%]

-40 ‘ ‘ ‘
-3 -2 - 2 3
10 10 10 1 10 10 10
n

Fig. 7. Different contributions to the electroweak corrections for
incoming up-quarks: initial vertices (long-dashed), final vertices
(dotted), EW box (dash-dotted), QCD box (dashed). The sum
is shown as a full line
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10

relative weak corrections [%]

-30 3 ‘2 ‘1 ‘2 3
10° 107 10 1 10 10" 10

n

Fig. 8. Relative change of the cross section from corrections
to the final vertex for different Higgs masses my = 120 GeV
(full line), my = 180 GeV (dashed), my = 240 GeV (dotted),
mp = 1000 GeV (dashed-dotted)

well as the sum for the partonic cross section for incoming
up-quarks as a function of

S
77 - 4mt2 (69)
For a Higgs mass of my = 120GeV used in Fig.7 the
dominant contribution is given by the vertex corrections.
It can also be seen that the contribution from EW boxes is
much larger than the contribution from the QCD boxes. We
have checked that the purely weak contributions, of order
a? are completely negligible. At hadron colliders the parton
subenergies may reach the order of TeV and beyond. In this
region the suppression of the cross section by large Sudakov
logarithms starts to become important, similarly to the
situation for purely electroweak processes (see e.g. [15,16]).
In this region the weak corrections are of the order of
10% and more. Furthermore, the vertex corrections depend
strongly on the Higgs mass as shown in Fig. 8, and this
dependence is particularly pronounced in the threshold
region. (For a related discussion see [27].) In particular for
small my and small velocity 3 one is still sensitive to the
attractive Yukawa force. For large my and small 3, on

the other hand, the Higgs contribution vanishes. In Figs. 9

o
o

weak corrections [pb]
S
(o]

1 F - ]
12 7 R
-1.4 ‘ ‘ ‘

170 175 180 185 190
m, [GeV]

Fig. 9. Dependence of the ¢¢ induced hadronic cross section
on the top mass m; (LHC) for 3 different Higgs masses (muy =
120 solid line, mpg = 200 dashed line, myg = 1000 dashed-
dotted line)
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Fig. 10. Dependence of the ¢¢ induced hadronic cross section
on the top mass m: (Tevatron) for 3 different Higgs masses
(mma = 120 solid line, myg = 200 dashed line, mgyg = 1000
dashed-dotted line)

and 10 the total contribution of the weak corrections to
the quark—antiquark induced part of the hadronic cross
section is shown, which should be compared to the QCD
corrected total cross section of 5.75 pb [11] and 833 pb [28]
for 1.96 TeV and 14 TeV respectively. As far as the total
cross section is concerned, the effects are evidently very
small. Electroweak corrections are, however, important for
differential distributions, which are enhanced in the region
of large parton subenergies [30].

5 Conclusion

In this article we have evaluated the complete elec-
troweak corrections to top-quark pair production in quark—
antiquark annihilation including terms from the interfer-
ence between QCD and electroweak amplitudes. In par-
ticular we present short analytical results, which will be
useful for further investigations. As a first application we
have studied the impact of the weak corrections on the
total cross section. We confirm the findings of [13] that the
correction to the total cross section is negligible.

Acknowledgements. We would like to thank W. Bernreuther,
M. Fiicker and Z.-G. Si for useful discussions and for a detailed
comparison of results prior to publication.

Appendix A: List of used integrals
Using the definitions

Bo(p%amlza m22)

1
= dde
in2

(2mp)*e
= ) ()

(02 —mg? +ie)
Co(p3, 3, p1 - P2, m1”, ma’, m3?)
_ 1 ddg (271:/"’)25

(02 —mq? +ie)((L + p1)?2 — ma? +ie)

in2
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y 1
((L+p1 4 p2)? — m3? + ie)
the integrals used in Sect. 2 are
B§(1,3) = By(s,0,mz?%), (A1)
B(%<1’4) = Bo(mt2707mt )a (A2)
B(%(374) = Bo(th,mZ 7mt2)a (AB)
s

33(2,4)=BO( 51— B2) + m2,0,my ) (A4)
B3(2,4) = By (=2 (14 82) + m2,0,m?), (A5)
Bg<1a3) :BO(Samt , M )7 (AG)
Bé(lv 2) = BO(mt 7mb27mW2)a (A7)
Bg(1,3) = Bo(s,my?, my?), (A.8)
38(1,2) = Bo(m*, m”, mpg”), (A.9)
BS(1,3) = By(s,0,0), (A.10)
)

Co(1,3,4) = Cy (s,mi%, ~

Cl(1,2,4) = C, (0
C3(1,2,4) = Co (0,

C1(2,3,4) = C, (o,mf, _

S
2 2
ivova 7mt)7

7_5(1 —62) +mt27

2

Z(l . 62),0,0,mt2) , (A.12)
— S (14 B2) + m?,

Z(l n ﬁz),o,o,mf) , (A.13)

S
1(1 - Bz)aovaQath) )

(A.14)

C3(2:3,4) = Co (0,me?, =2 (1 + 82), 0,mz% mi2)

(A.15)
CQPL(1,3,4) = C (s,mt (=5:0.0,m; ) (A.16)
Cg = CO (mt27mt2a % - mt27mt27m227mt2> ) (A17)
Oé = CO (mt2amt27 % - mt27mb27mw2amb2) ) (A18)
5 _ 2 2 S 2 2 2 2
CO_CO(mt 7mt;§_mt y M T, 1My 7(A19)
DI=6EWL _ 16 0,0, S S
0 0 mi?, o, =~ (1= B2),
27 4
s 2 2
—1(1 + (2),0,0,mz~, m; ) , (A.20)
DI=SEW?2 _ po (0, 0,12, g Z(l + B2),
—Z(l — B2), O,O,mZQ,mt2> . (A21)
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d=6,1 6 2 5§
DO :DO (O7Oamt a§a_i(1_ﬂz)a
—fﬂ%ﬁ%LQQQnH), (A.22)
d=6,2 S S
DO DS (O,O,mt2,§,71(l+ﬁ/2’),
S
—Zu—ﬁaxmxamt) (A.23)
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