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Next-to-next-to-leading order soft-gluon corrections in top quark hadroproduction
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We calculate next-to-next-to-leading order soft-gluon corrections to top quark total and differential cross
sections in hadron colliders. We increase the accuracy of our previous estimates by including additional
subleading terms, including next-to-next-to-next-to-leading-logarithmic and some virtual terms. We show that
the kinematics dependence of the cross section vanishes near threshold and is reduced away from it. The
factorization and renormalization scale dependence of the cross section is also greatly reduced. We present
results for the top quark total cross sections and transverse momentum distributions at the Fermilab Tevatron
and the CERN LHC.
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I. INTRODUCTION two kinematics near threshold. If all NNLO corrections, both
soft and hard, were known, there should be no difference
The discovery of the top quark 'ancollisions at run | of ?etvver(]en tf;\elgmo ﬁ'nemﬁt'cs’ even far fromfthreshold. Away
the Fermilab Tevatron in 199BL] and its observation cur- rom threshold, w eret € appro>'<|m.at|ons of Hej are not
Fxpected to apply since real emission of hard gluons comes

rently at run Il, with expected increases in the accuracy olaato olay, the discrepancy between the 1Pl and PIM results is

the top' mass and'cross section megsurements, hgve mg oet surprising. However, the NNLO-NNLL calculation ex-
theoretical calculations of top production cross sections an

: . o ; : . X ibits some notable discrepancies between the two kinemat-
differential distributions an interesting and topical subject.iCS even at the lowest;, where 7=s/(4m?)—1—0 at
The latest calculation for top hadroproduction includes nexty, .ashold. Thus additio’nal subleading terms are clearly

to-next-to-leading-orde(NNLO) soft-gluon corrections {0 needed to bring the calculation under further theoretical con-
the double differential cross secti¢®,3] from threshold re- .

summation techniqueist—10|. Near threshold there is lim- |y this paper, we include additional subleading NNLO
ited phase space for the emission of real gluons so that softoft corrections, including next-to-next-to-next-to-leading
gluon corrections dominate the cross section. logarithms(NNNLL), as well as some virtua$(x,,) correc-

These soft corrections take the form of logarithms,tions. We apply the method and results of R&2], based on
[In'(%n) /Xl + , With [<2n—1 for the orderal corrections, earlier resummation studigg—6], where master formulas
where Xy, is a kinematical variable that measures distanceare given for the NNLO soft and virtual corrections for pro-
from threshold and goes to zero at threshold. NNLO calcucesses in hadron-hadron and lepton-hadron collisions. As we
lations for top quark production have so far been donewill see, the subleading corrections do indeed bring the 1PI
through next-to-next-to-leading-logarithmidNLL) accu- aﬂj PIM results into agreement near threshold for both the
racy, i.e., for the scale-independent terms, including leadingig—tt and thegg—tt channels, while the discrepancies
logarithms (LL) with =3, next-to-leading logarithms away from threshold are also diminished, especially ingtpe
(NLL) with =2, and NNLL withl=1 [2,3]. This NNLO-  channel. Thus the threshold region is brought under theoret-
NNLL calculation has had great success in significantly reical control.
ducing the factorization or renormalization scale dependence Since the resummation formalism has been reviewed ex-
of the cross section. Indeed the scale dependence of top prignsively in Refs[2—5,12, we only provide a rough outline
duction is almost negligible. However, the dependence of théere. Threshold resummation is a method of formally calcu-
corrections on the kinematics choice is substantial. In Reflating contributions from soft-gluon emission to all orders in
[3], the top cross section was studied in both single-particleperturbation theory. The resummation is normally carried out
inclusive (1Pl) and pair-invariant-mas$PIM) kinematics. in moment space whefg s the variable conjugate tq, and
Important differences between the two kinematics choiceghe leading threshold logarithms are of the forrflfor the
were found in both the parton-level and hadron-level cros®rder e corrections. The resummed cross section, in mo-
sections, even near threshold. Similar kinematics effectsnent space, can then be expanded to NN{&Dd even
were found for bottom and charm hadroproduct{@y11]. higher orderd?2]) and the finite-order result finally inverted
Thus subleading, beyond NNLL, contributions can still haveback to momentum space. The previous calculations of Refs.
an impact on the cross section. If all the NNLO soft correc-[2,3] and the universal results of Regfl2] employ this ap-
tions are included, there should be no difference between thegroach.
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In the following section, we briefly discuss the difference Previously, we constructed LL, NLL, and NNLL approxima-
betvyeen 1PI_ and PIM k_in_ematics choiges and introduce th8ons tofi(jer) in the qaandgg channels fok<2, r<k [3].
scaling functions comprising the partonic cross sections emrpe renormalization and factorization scalgs, and ur re-
ployed later. Then in Sec. lll, we give the analytical foan of spectively, enter the partonic cross section in powers of
the NNLO soft and(some virtual corrections in theqq  In(u?n?), multiplying the scaling functions. For conve-
—stt channel in both 1PI and PIM kinematics. In Sec. IV we hience, we writeu=ur=pug here but retain the specific
give the corresponding results for tgg—tt channel. Note dependence in Secs. lll and IV. We work in thtS scheme

that while we refer only tot here, the results in Secs. Il and throughout.

IV are equally valid for all heavy quarks. Section V discusses Thf. sca(;mg fu(;wctlons <f:o?r;[a|n thf m_formatlon ont_the k"_l_
the partonic cross sections in both channels. In Sec. VI w ematics dependence of the partonic cross sections. 1o
NLL, the results presented in the following sections are

present the hadronic cross sections and transverse mom : X
tum distributions for top production in Tevatron run | and run’ entical to those of Ref|3]. Only the notation has been

Il as well as at the LHC. We conclude with a summary inmade more compact. Thus “ﬁ?z) scaling function, already
Sec. VII. at NNLL with the virtual §(xy,) contributions, is thus un-

changed from Ref[3]. In this paper we calculaté to
NNNLL, including the 5(xy) contributions, and, fof >,
the NNNLL [ 1/xy,], and some virtuab(xy,) contributions.
We study the partonic process—tt. Before discussing |hese new contributions are identified more explicitly in the
the corrections, we introduce our kinematics notation. Thdollowing sections.
same notation is used fof =qq and gg. A more detailed
discussion of the kinematics can be found in R8f.
In 1Pl kinematics, a single top quark is identified, so that Ill. NNLO SOFT CORRECTIONS TO qg—tt

II. KINEMATICS AND SCALING FUNCTIONS

i(pa)+j(pb)—>t(p1)+x[t_](p2) (2.1 A. The qg—tt channel in 1PI kinematics
We begin our study with the next-to-leading ordiiLO)
wheret is the identified top quark of massandX[t] is the  corrections. In theMS scheme, the NLO soft and virtual
remaining final state that contains theWe define the kine- corrections forgg—tt in 1Pl kinematics can be written as
matical invariantss=(p,+pp)? t;=(pp—pP1)°—m?, u;
=(pa— p1)?—m? ands,=s+t;+u;. At threshold,s,—0,

and the soft corrections appear[4s (s;/mf)/s,]. . zdzfr%) ol 5 1 @s(1B) [ 1p [IN(S4/MP)
In PIM kinematics, we have instead S dt,du, 9 3 qq S N
i(pa) + ] (Pp)—tt(p) + X(K). (2.2 e [ 1] e
+c, aa 5 ++Cl q55(54) . (3.1

At partonic thresholds=M?, M? is the pair mass squared,

t;=—(M?/2)(1— Bycosb), and u;=—(M?2)(1 _

+ By cosb) whereBy = J1—4m?/M? and @ is the scattering Here the Born term is

angle in the parton-parton center-of-mass frame. The soft

corrections appear &'(1—2)/(1—2)],. with z=M?/s—1 at 8 1pI

threshold. Fog = mal(uf)KggNCr
At leading order(LO) the partonic threshold condition is

exact and there is no difference between the total cross sec-

tions in the two kinematic schemes. However, beyond LO

additional soft partons are produced and there is a differeno@here C=(N2—1)/(2N,) with N.=3 the number of col-

when not all terms are known. Any difference in the inte-ors, andK 4q= NC‘2 is a color average factor. Equati¢®.1),

grated cross sections due to kinematics choice thus arisggitten in the compact notation of Ref12], is identical to
from uncalculated subleading terms. The total partonic crosgq. (B2) of Ref.[3].

section may be expressed in terms of dimensionless scaling 1Pl
functions f{*” that depend only on the variable= s/4m? We also haveey | ,=4Cr and

t?+ud  2m?

—1[3],
2 2 as(p) < k 1Pl Uy tiug Tz
ajj(s,m*,u’)= 2 kZO (Amag(p)) C; qq= 2C[ 4 In| =] =In| — | ~Lp=1~In| —
= 1 m
k 2 2
u m?s
x> | S 29 +Cp —3|n(t—1)—|n(W Ly, 3.3
r=0 m 1 141
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where Ca=Ng, Lz=[(1-2m?s)/B]In[(1-pB)/(1+p)] and
B=+\1—4m?/s. For later use, we write

(3.9

2
1PI 1PI
Cqq =1, qa—ZC In( )

PHYSICAL REVIEW 8, 114014 (2003

1PI
where T} aq has no scale dependence.

Before presenting the NNLO soft corrections, we define
the constants (,=m?6, (,=7*90, and {3
=1.202058 .. ., and thetwo-loop constanKK=C,(67/18
— 7%/6)—5n,/9, with n; the number of light quark flavors.
Finally, we define

1Pl . . | .
so thatT, qq 1S the scale-independent partcofﬁ. Finally,
(1)s+v 1PI 5
pl . %q0s ding a a
—— B (3.9 —py——_pg S _pg S
1qq (a's/ )FBJ-P| Blag)=u du ﬁ0477 B1(47T)2 , (3.7
(l)S+V 1PI .
where o denotes thes(s,) terms in Eq.(4.7) of B
Ref.[13] W|th the definitions oft; andu, interchanged with where fo=(11C,~2n¢)/3 and
respect to that reference. We also write 34 .
ﬁlzgci—znf Cr+3Cal- (3.9
3 tou
cip":Tip'ﬁtCF — =~ +In| =] IIn| =5 +@In(—>, . , .
a4 a9 2 m* 2 s Following Ref.[12] we write the NNLO soft-plus-virtual
(3.9 corrections, including subleading terms, in 1P| kinematics as
|
2~(2) 1PI
9% F371P|a§(ﬂé) 1( 1p1 | IN%(s4/m?) n 3 1P 1P @ClpL In?(s,/m?)
dt,du, qq 2 €3 qq Sy 27°34q9°2d99 4 “34q S4 .
2
PI_1PI_, 1P 1Pl 2_@ 1Pl @ 1PI KR ~FIn? In(s4/m?)
*1C3 g1 aq qt (G qq) —{alCy qq) 2 T, aq " 4 Cs q5| ( +2Ce K+BCAI ( 1) Sy .
1PI__1PI 1PI_IPI_ 1PI 2_@ 1PI @ 1PI ) Bo, , /*’“F
12 i1 qa 4282 qaCa gt 43(C3 go) 2 Tiget 2 C2 an +g o TCF 7 4 In (
2 2
F 1Ug Ce o ug m 1 1P|
CFKIn( ) CFKIn< " +8CAI ( l)In( S )HS4 +tRg 8(Sy) 1 - (3.9
|
Here dependent terms are written asgA?). This is done sim-
ply by making the substitution Ipf/s)=In(u?m?)
+In(m?/s) and incorporating the additional imf/s) terms
(2)_ z 2_2 299 E) into the scale-independent contribution.
Gqq=CrCa| 583t 50— 57| TNiCe| - §2+
The virtual contnbutlonRqq is not fully known. How-
(3.10 ever, we can determine certain termsRA- exactly The

denotes a set of two-loop contributions that are universal for
processes Wlthq initial stateq 12]. Process-dependent two-

loop correctiong14] are not included ngé ) but, as we will

see in Sec. V, their contribution is expected to be negllglble aq

exact terms involving the factonzatlon and renormalization
scales are the NNLL contribution tb( and the NNNLL

contribution tof( Y The scale- mdependent contributions to
arise from the inversion from moment to momentum

Up to NNLL, the results in Eq(3.9) are identical to the space. These virtuaj tergns are subleading relative to the
sum of Eqs(B3) and(B4) in Ref.[3]. The scale-independent NNNLL contribution tof(qo) (For a detailed discussion of
terms multiplying [1/54]+ are proportional to the new the inversion procedure see Sec. IIIC and Appendix A of

NNNLL contribution tof
tionship is not exact because the prefactors in(B@) must
be correctly accounted for. Note that in E8.3), the scale-

) in 1PI kinematics. The rela-

Ref.[2].)
The terms multiplyings(s,) involving the factorization
and renormalization scales are given explicitly by
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2, 2 2 2 2
as(ug) C tiu 3 3 tqu
B 1P @SR | o MF || 2F () 31 o e Pog 13Tt
aq 72 m2/ | 2 mt | 2 ) 2 m?
2 2 2\ 42
HE| [ BR|3Bo tiug] 3 o[ MR| 3P0
+ —|—= — | =+ = | ==
In m2 In 2|74 CF In " 5 In 2|16
,U«Z ol [taua| 3 2 im? tur| 3l _1p | Bo z
+In| — |3 Cg|In F ) In 5 +Cg|In F ) lqa‘i—?ln —

m2
+ZCF§2[T1P' 2C In( )

24qq
n&\ | 380 tiug) 3 2\ Bo ( 1P| B1
+ — —|—=|n| —|+ —=In| —| + —+ — .
Inm [4 CellIn m4) 2In 2In quq 5 (3.11)
|
where 2~ (1) PIM
d“o qq _pB P as( R PM In(1-2)
dM2d cosp %9 ™ $adq 1-z |,
A =cz2 > alrecd Cor B Y 1
y q/q 32 4§2 53 FY“~A 453 12§2 96 +CZP|M P|M 5(1 Z)
a1-z], €1 qq
fHo1
_2_ = 3.1
+nch< ik (3.12 (3.149
Here the Born term is
The contributions muItlpIylng quadratic powers of &(n?) B PIM_ B s 1p||
are proportional to‘ 22) \while those linear in Ing2/n?) are aqa 25 qq PIM
proportional to the new NNNLL contributions ¢ 1) in 1Pl B 1 2m2
kinematics. :2—Swa§anNcCF §(1+,82cos’-0)+ —~
The terms multiplyings(s,) resulting from inversion {
termg that do not involve the factorization and renormaliza- (3.15
tion scales ar¢2,12] o _
where|py indicates that fort;, u; we use the expressions
below Eqg.(2.2). Equation(3.14), written in the notation of
2, 2 2 12 Ref.[12], is identical to Eq(B16) of Ref.[3].
FB_1P|“s(:U~R) { TP oc m- Also ¢PM— ac
aq 72 2 T2 4 Fin 34q N
m? cPM__ /’LF
A o T chm( | e
+C,l — 31 ) I (mzs +L]
1PI
__§4(C3 qq)z 4§2C In 2( )] (313) n t]_ n tlul B’
2
, o , =To"™ —2CeIn| —|, (3.16
These are the new virtua] contributions proportional to a9 S
29 in 1P| kinematics
qq ' and
ne\  Bo, [nk
— . . : PIM__ —PIM__ Po [ FR
B. The qg—tt channel in PIM kinematics c, qa=Tl a CF| ( S + 5 In( S ) (3.19

Next, we study the soft-gluon corrections in PIM kine-
mat_ics. TheMS NLO soft and virtual corrections tgq Note that the scale-independehf'g% is related to its 1PI
—tt in PIM kinematics are counterpart by
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TPIM__ 1P 1 d?c ’gl) STMF Herea’gla) S*™MF denotes the soft and mass factorization sub-
T qq 2T} alPIM™ =B PN szc? P traction terms calculated in Rd83]. The prime indicates that
aq cos we drop the overallb(1—2z) or §(s,) coefficient from the
1 A2 L) S+MF‘ expressions in Eq€82), (A8), and(A9) of Ref. [3].
— 5w '83 49 (3.18 In PIM kinematics, the NNLO soft-plus-virtual correc-
Fog S dtyduy |, tions, including the new subleading terms, are
2~(2) PIM
d*oqq _[EBPM al(ug) 1 pms In*(1-2) 3 pm P Bo pim In*(1-2)
dM?dcosg ¢ a2 2778 1-z 2%3qd"24qq 4 “34qq|| 1-7 .
PIM__PIM PIM PIM \2 @ PIM_ :30 cPM ~F n2 In(1-2)
+[C3 4qC1 qE+(Cz qq) —{o(cy qq) 5 T, oot wat 7 C, an( +2CFK+8CAI ( 1) -7 .
2
PIM_PIM__ . PIM_PIM_, PIM 2 @ PIM @ PIM MR ) @ o HF
12 qdC1 aq $2%2 4dCa aq gt ¢4a(Cq qq) 2 L 2 ©2 qd”( g +CF 4 In s
ookl 28 A +RMs(1-2) . (3.19
F s /jl1-z], '

To NNLL, the results in Eq(3.19 are identical to the sum of Eq&B17) and(B18) of Ref.[3]. The scale-independent terms
multiplying [1/(1—2)]. are the new NNNLL contribution tcb(z—‘o) in PIM kinematics.

Again, only certain terms ||RPWI that can be determmed exactly are included. The contributions td(%ﬁé scaling
functions are given below. The terms multiplyid§l — z) that involve the factorization and renormalization scales are

B PIM al(ud) 2 Mz 9C2 20,2+ 3 cul M_|2= | M_lzq :30| ) MR
qq 772 8 §2 16 FBO SBO gin m2 n m2 16
wd 5, (M ,30 TPM__ m? 2 1(2)
+|n m2 4CF|n S ZCF E“" 2 +2CF§2 2 qq 2C|:|n _SCF§3_2')/ a/q
2 2 2
R||3Bo| 3 m Bo B1
+In ?){ 2 [—Ecpln( < +—In< +T§"“§q +§} . (3.20

The contributions multiplying quadratic powers of Af(n?) are proportional to‘(— while those linear in Ing?/n?) are the

new NNNLL contributions proportional ttb;ql) in PIM kinematics.
The terms multiplyingd(1— z) that arise from inversion and do not involve the factorization and renormalization scales are

given by

2, 2 2 )
BiPIMaS(IU“R) {2 PIM__ m PIM |2 PIM_| -PIM__ m
qq 72 [ 2 T, qq 2C In(? 7 52(03 aq) T43C3 qq T2 qq 2CkIN| —
Ce u
PM . 2 ., “F 1
S s (tl)}' (321

These are the new virtudl contributions proportional tcb%’o) in PIM kinematics.
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IV. NNLO SOFT CORRECTIONS TO gg—tt
A. The gg-»tt_channel in 1PI kinematics

We now turn to thegg channel. We write théS NLO

soft-plus-virtual corrections fogg—>tt_in 1PI kinematics as

d2 glg) 1Pl . lplas(ﬂé) P In(s4/m?)
dtldul 99 3 g9 Sh N
wp |1 clPl
+C2 gg s, T 9g9(Sa)
3,2
as(rR)| o | 1 ciPl
T Agg S, +Tl gg5(s4) .
(4.7
The Born term is given by
FB P=27a2(uR)KggN:Ce| Ce— CA BQED,
s?
(4.2

whereK 4= (N2—1)"2 is a color average factor and

PHYSICAL REVIEW D 68, 114014 (2003

2t1uUq
Age= TKggBoen( NG~ 1){ Nc( 1- 2

Ca
~Cet =

Nc N¢ [ tiug
(ReLg+1)+ —+="n (

2
1 tyu
+ 1 (CeC(Rel g+ 1)=In| —

N2 (tf-u 1)
+7 32 In tl (44)
and
(1)S+V1PI
TPl ggs (4.5

1
99 ai’/w

wherea()S*VP! denotes the scale-independdis,) terms
in the NLO cross section. These terms are given by Eq.
(6.19 in Ref.[15]. We also define3f;=4C,,

U
) 2cAln(“F)
m S

€3 gg= —2Ca—2Caln

tl Ul 4m25 mZS 1p| (ILLF)
=4+ =4 - ) —2C,ln 4.6
Boeo w L tou; (4.3 T3 g9 AlN| 5 (4.6
Equation(4.1), in the notation of Ref.12], is identical to Eq. 1pI can t1U1 Bo | 'BOI MR 4
(B10) of Ref. [3]. Note that because of the complex color 1gg—|“all ) n s T s | (4.7
flow in the gg channel, entering at NLL, only some of the
soft and virtual terms are proportional to the Born term. At The NNLO soft-plus-virtual corrections, including the
NLO, the rest are included in new subleading terms, in 1Pl kinematics are
27 (2) 1PI 3 2 2 2
Szd 0'99( : B 1PI S('“R) ( clPl y2 In*(s4/m") + 3 1Pl 1Pl '80 1P In*(s4/m")
dt,du, 99 3 gg S, . 2399”299 4 3 99 S, .
Bo Bo MR In(s4/m?)
ool ot (03500~ L3P~ 5 TH g 7 03| g | +2CaK | =g
.
+| clP! 1PI 1Pl (1P 2+@ 1Pl '““R
C2 ggC1 gg~ £2C2 ggC3 ggt £3(C3 gg) €2 g¢'M 5
M tiu 1
+g<2>+cA’8 In 2( F) CAK |n< ) CaK In| 22 ] = +R1P'6(s4)]
4 m4 S
4 2 2 2 2
as(pR) §C1P| AC In*(s4/m") 4| [ 9ctP _Bo A+ PI TclPI o In(s,/m?)
72 |2 399799 S4 299 199" Fgg S, N
Bo MR Bo m?\ |[ 1
||t ¥t 7| ) st | Xhe T TR Fon| 5| RS0
+
(4.9
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where

FC = 7K. Boey(N2—1
gg_E gg QED( c )

x[zm(ﬂ)( l)[41“ 94+ 2(N2-2)T'%g
S

+<1—2L:1>Nc[4(1“ 9)2+ (N2 +4)In( ”
s ty

4 u
+ —[(F%?)Z—Z(ng)z]—2Nc|n2(—l) ] : (4.9
N¢ ty
with
F%gE_CF(LIB"‘l)"‘CA,
99— _ C
(4.10
|
B 1P|a§('u‘§l) In2 '“_'2: C_i| o[ tats
g9 72 n m > N m?
2 2
ME MRr|3Bo tiuy
+1In E In E T CAIn F
2
MF 2| m Bo
+ _—] —
In 2 Ciln (m )In(s) 5
K [tuy ,
_8Ci§3+CA§|n(? 2 5&]
4, 2
ag(uR)
== | 2CALoAL | Caln
T
where
, 3 Ce C,a
Y $4=Ci& 3t Zia)‘”f s t5) 413

The contributions multiplying quadratic powers of &(n?)

are proportional tof &? at NNLL while those linear in
In(u?/m?) are the new NNNLL contributions proportional to

fZ in 1PI kinematics.

The terms multiplyings(s,) that arise from inversion and
do not involve the factorization and renormalization scales

are

1U1
rn4

PHYSICAL REVIEW 8, 114014 (2003

Here

o) 22 41
Gg9= 53 §2—ﬁ3

4 5
+nfCA( —38- a)
(4.11

denotes a set of universal two-loop contributions for pro-
cesses withgg initial states[12]. Process-dependent two-
loop correction$14] are not included iG Z). To NNLL, the
results in Eq(4.8) are identical to the sum of Eq11) and
(B12) of Ref.[3]. The scale-independent terms multiplying
[1/s,]. are the new NNNLL contribution td{5% in 1PI
kinematics.

The complex color flow now gives us two contributions to
the virtual correcuonsRég', proportional to the Born term,
andR:™. As for theqq channel, we include only certain
terms that can be determined exactly. The terms multiplying
8(s4) involving the factorization and renormalization scales

are

tiuy 5 2
In? M—é —%
2] 16
tu; m2 m?
F In +2Cpls T2 a9 —2Cp,ln i’y
2 2
MR\ | 3Bo tiug) (Mm% B
- ITCAIn W) In<?)+§
—%) TSP (i +ﬂT§1§gl i } (4.12
[
D[ & m?\ | 1
B 1P ¥s\HR) 1Pl 2, 1Pl \2
Fgg 772 T o2 gg_ZCAIn 5 + Zfz(cs gg)

1Pl | T1PI m’ 3 1P \2
+{3C3 gg T3 gg_ZCAIn ? - Z§4(C3 gg)
(MR) m?
M £33 g~ £o| T2 ge 2Caln| || |G
w?
b
5 =FS, (4.19
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These are the subleading virtuatontributions proportional Equation(4.15), in the notation of Ref[12], is identical to

to f{%0). Eq. (B24) of Ref.[3]. In addition,c5j,=4Cx,
_ I I
B. The gg—tt channel in PIM kinematics cg”\ggz —2Cp— 2CAIn<?) ETS"\QQ—ZCAln(?>,
We continue our study of subleading terms in ¢fgchan- (4.17
nel by writing theMS NLO soft-plus-virtual corrections for 8 2 g )
ti i i o, [ MF 0, [ H#R
gg—tt in PIM kinematics as C;’Ihgg: — ?In(—) 7| = (4.18
27(1) PIM 2 _
sI00 " pe pm@sKR) | o | IN(172) Finally,
2 99 99 1—
dM“d cosf z 1y 1 g2’ (D) StMF
TPM _ 1Pl | e 0 g9
PIM PIM Lo toofemT 7S dM2d 0
+C2g9 7—5| TC1gg0(172) 28 cos
+
3( 2 1 B Zdzo-,(g]é) ST (4 19)
Fs\HAR) | ¢ cPIM T2 :
— Agg[l + T 0ed(1-2)|. al's dudu, |
4.15 Hereo’ (i) 5™ denotes the soft and mass factorization sub-
traction terms calculated in Rdf3]. The prime indicates that
Here the Born term is we drop the overalb(1—z) or &(s,) coefficients from the
expressions in Eq€82), (A10), and(A1l) of Ref.[3].
g8 PIMZEFB 1PI| 4.16 The NNLO soft-plus-virtual corrections in PIM kinemat-
99 2s 99 IPIM: ' ics, including the new subleading contributions, are

Ay ™ =Fg P'M—ag(’u%) 1 oo IN%(1-2) 3 e _pv _ Bo_pim In?(1-2)
Sm_ 99 2 200|771 23962 997 7 C300|| 17 +
Bo Bo 1R In(1—2)

PIM .PIM PIM PIM PIM PIM

S arot (G2 gg)2—§2(03 99)2_7T2 g9t 3 C3 goln 5 +2CAK 1—
4

PIM _PIM PIM _PIM P 2, PO pim 1R @)

+ C, ggcl gg_§202 ggc3 gg+ §3(C3 gg) + ZCZ ggln ? +ggg
2 2
~ M 1
+

N ag(,U«ZR) § PIM rc Inz(l—_z) + (ZCPIM _ @)Arc +CPIM TCP|M+FrC In(l—Z)

mt (279979 1=z |, 200" 2 " et G Taat T e]| T, |

Bo ,U«é Bo

PIM PIM rc PIM cPIM cPIM

FI\Crgg{2Caigqt 7N 5 JA 90T | C2'9 5 | Tigo|| 7T=5| tReg 01-2). (420
+
with
B B
1c __ Cc co_ c
A o3P Fia=55Féo: (4.21)

whereAgg andF;g are the 1PI functions given in the previous subsection. To NNLL, the results iME) are identical to
the sum of Eqs(B25) and (B26) of Ref. [3]. The scale-independent terms multiplyind/(1—2z)]. are the new NNNLL

contribution proportional td%® in PIM kinematics.
Neither of the virtual correctiongf" or RST™, are fully known. We keep only those terms that are determined exactly.
The terms multiplyings(1—z) that involve the factorization and renormalization scales are
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The contributions multiplying quadratic powers of &(n?)
are proportional tdf (5 at NNLL, given in Ref.[3], while
those linear in Ing%n?) are the new NNNLL contributions
proportional tof (5" in PIM kinematics.

The terms multiplyings(1—2z) that arise from inversion
and do not involve the factorization and renormalization
scales are

2, 2 2,12
g pm¥s(MR) [ Laf oy m 1o P2
99 2 | 2?2 9o~ 2Caln| || +742(C5gg)
m2
£,y T~ 20| S| |- 2]
4, 2 2
as(HR) PIM PIM m e
L,
_ EF gg ] (4.23

These are the new virtual corrections proportional g in
PIM kinematics.

V. PARTONIC CROSS SECTIONS

In this section, we present numerical results for t[ffé)
scaling functions in thegq and gg channels. We give the

PHYSICAL REVIEW 8, 114014 (2003

0.003 —~
s
=
0.002 & —
E‘_',Iv FIG. 1. TheMS scheme scal-
o ing functions multiplying the
0.001 9 pyIng o
scale-dependent logarithms;
0.000 (left-hand side and f{*? (right-
hand sid¢ The upper plots are for
0.005 _ the qqg channel while the lower
S plots are for thegg channel. The
'g solid curves are for 1Pl kinemat-
0.000 ~ w ics, the dashed for PIM kinemat-
ob .
- ics.
100 10!
2 2 2 2 2
3Bo, [ mE MR 0, o #R
—Inl < |In| = |+—==In"| —
8 m2 m2 16 m2
2
2 2 Bl MR
}—SCAg’g—Zy’S,é +5 il =
2 2
ME 3BO PIM MR
— |+ ——T n| — | ;. 4.2
m?2 4 19 m?2 (4.22

complete soft-plus-virtuaff*? (to NNLL) and f{*" (to
NNNLL) scaling functions and the partial results fiff"®
that include the soft NNNLL and the virtudl terms calcu-
lated in Secs. Ill and IV.

We begin with a comparison of the full soft-plus-virtual
1PI and PIM contributions t6{" and f{*?, shown in Fig.

1. The upper plots are for thpq channel. The left-hand side
of Fig. 1 compares the NNNLL 1PI and PIM scaling func-
tions for f%’l). At low 7, closer to partonic threshold, the
agreement is very good, better than that obtained at NNLL in
Ref. [3]. The agreement is also improved at large The

right-hand side shows thég%’z) scaling functions in both

kinematics. The results fof'%? remain unchanged from

those of Ref[3]. The agreement of(%’z) between the two
kinematics choices is excellent—the results are virtually in-
distinguishable.

The lower plots of Fig. 1 show the corresponding scaling
functions in thegg channel. The agreement of the NNNLL
fgzdl) scaling functions between the two kinematics choices is
somewhat improved at highh compared to previous NNLL
results[3]. We note that there is some ambiguity in the way
that the expressions for thgg partonic cross sections can be
written at threshold. We have investigated the effect of re-
placing 1—2t,u,/s? with (t5+u?)/s? in Eq. (4.4, more
consistent with the expressions in REE5]. These two ex-
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0.075
0.050
4
0.025
0.000 FIG. 2. Thef{*? scaling func-
0.075 tions in theMS scheme. The left-
hand side shows the results for the
= 0.050 qq channel while the right-hand
= side shows the results for thgg
o 0.025 channel. The top plots show the
Iz NNLL result from Ref.[3]. The
L

center plots give the results
through NNNLL and the bottom

plots give the results including the
virtual ¢ terms. The solid curves

are for 1Pl kinematics, the dashed
for PIM kinematics.

0.000
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0.000
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n n

pressions are equivalent at threshddg=0 andz=1, but ¢ terms provide a further small reduction. With the sublead-
can differ at largen. Note thatfézg*z) is not affected by this ing terms, the 1PI result is smaller than previously but posi-
replacement since there is no contribution from E44).  tive while the PIM result becomes more negative. However,
The resulting differences if*g"g'l) are small, appearing only at on the whole, the subleading terms bring the 1Pl and PIM
7>0.1 where the agreement between the scaling functions iresults into better agreement over gl The effect of the
the two kinematics begins to diverge. The main effect of thevirtual ¢ terms is numerically small. This small effect is in
second choice is to make the PIM result fé%l) more nega- agreement with the arguments in Sec. Il C of Héf. con-
tive at largez. We thus use the expressions as written in Seccerning resummation prescriptions. There it was shown that
IV to be consistent with those of Rdf3]. when subleading terms from inversion are calculated exactly
We now turn to thefi(jz'o) scaling functions, the most im- they do not have an unwarrantedly large effect on the nu-
portant contributions at NNLO since they are independent ofnerical results.
In(u?m?). We add the NNNLL terms, i.e. terms proportional A similar trend is seen for thgg channel on the right-
to [1/s4]. (1P) and[1/(1—-2)]. (PIM), to our previous hand side of Fig. 2. The agreement between the NNLL 1Pl
NNLO-NNLL calculation. We also investigate the effect of and PIM scaling functions at low; is significantly better
keeping the virtual terms resulting from the inversion from ha in theqq channel. This may perhaps be a consequence
moment to momentum space. To demonstrate the effect Qft the more complex color structure of tyg channel. Note
adding successive supleadmg contnbutpns, in Fig. 2 we,gwever the significant divergence at large The 1PI
show the NNLL results in the upper plots, including the newn | result is large and positive while the PIM is large and
NNNLL contributions alone in the middle plots, and adding egative. Again, inclusion of the subleading contributions
the virtual { terms, Eqs(3.13, (3.21), (4.14 and(4.23,in  jmproves agreement over ajl. There is only a small im-
the lower plots. _ ___ provement possible at low. However, the improvement at
We first discuss the results for tlyg channel in theMS  |arger, >0.1 is notable. The 1PI result with soft NNNLL
scheme, shown on the left-hand side of Fig. 2. Note that t®lus virtual ¢ terms is reduced by nearly a factor of two
NNLL, the two kinematics choices give rather different re- relative to the NNLL result aty=10. The difference be-
sults, even at low. When the NNNLL contribution is  tween the NNNLL result with and without the virtuatterms
added, both the 1Pl and PIM results are reduced relative tg, however, also small in this channel. Likewise, the sub-
the NNLL over all ». The agreement between the two kine- |eading terms stop and reverse the downward trend of the
matics is much improved up t9>0.01. Adding the virtual  PIM scaling functions. The 1Rjg contribution will still be
terms resulting from inversion improves the agreement bepositive while the PIM will still be negative but the differ-
tween the 1Pl and PIM kinematics further for 0:0%  ence may not be as large as before. Using the alternate ex-
<0.1. At »>0.1, the region where the parton luminosity pression, @+ ui)/sz, in Eq. (4.4 does not significantly
peaks fortt production at the Tevatron, the additional virtual change the results, particularly for 1Pl kinematics. The PIM
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result becomes slightly more negative at intermedigt dr
~1. o ’ P asm= 3 [ — Py (7, 1) 0y (7S, 1)

Finally we note that if we had kept only th#contribu- Li=a.a.g JAMTS
tions in the[ 1/s,], and[1/(1—2)], terms, the 1Pl and PIM logy o S/4m?— 1) 7
results would not have agreed near threshold. The full = 2_ f d|0910771T
NNNLL result, given in Secs. lll and 1V, is required for the hi=aag <77 K
res_ult to be independgnt _of kinematics ch_oice near threshold. X |n(10)<I>ij(77,M§)oij(n,mz,,ué) (6.2
This agreement also indicates that additional two-loop con-
tributions not included in our expressions should be small. where s S

We now turn to our calculations of the hadronic total n= m—lz m—l, (6.3

cross sections and transverse momentum distributions.

and S is the hadronic Mandelstam invariant. Our investiga-
tions in Ref.[3] showed that the approximation should hold
VI. HADRONIC TOTAL CROSS SECTIONS AND py if the convolution of the parton densities is not very sensitive

DISTRIBUTIONS to the high# region. _
We use the recent MRST2002 NNL@pproximaté par-

The inclusive hadronic cross section is obtained by conton densitieg16] with an NNLO evaluation ofxs. The par-
voluting the inclusive partonic cross sections with the partorton luminosities, weighted to emphasize the most important
luminosity, ®;; , defined as contributions to the hadronic cross sections, are shown for

JS=1.96 TeV in Fig. 3. Theyq luminosity is nearly 50%
1 1 higher than the CTEQ5M17] qq luminosity used in Ref.
CI)i,-(r,,uE)z Tf dxlf dX,8(X1Xo— 7) [3]. The gg luminosities for the two sets are rather similar.
0 0 The peak of the luminosity is ap<1, but still in a regime
6.1) where the 1Pl and PIM results differ most. Fortunately the
gg luminosity is small compared to theq luminosity since
the differences in the kinematics is largest in fgechannel.

2 2
X bisn, (X1, ) in, (X2, E),

where é; (X Mé) is the density of partons of flavdr in Our calculations use the exact LO and NLO cross sections
' ; ; ; 2,0
hadronh carrying a fractiorx of the initial hadron momen- Wit the soft NNNLL and virtual corrections tof {* and
tum, at factorization scalg. Then the full soft-plus-virtual scale-dependent terrﬁi‘.%l) and
I ' I ' I ' I '
15— — 15
~~
o Q2 _
o, & FIG. 4. Thett total cross sec-
: 10 < tions in pp collisions at \/S
> % =1.8 TeV (left-hand sid¢ and
g [ 1.96 TeV (right-hand sidg as
© © functions of m for w=m. The
- 5 o NLO (solid), and approximate
‘5’ A NNLO-NNNLL + ¢ 1PI (dasheg,
L ] ® PIM (dot-dashed and average
| | | | (dotted results are shown.
1 1 1 1 o
160 180 200 160 180 200

m (GeV) m (GeV)
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clxlz P .
3 1.0~ — o 1 . .......w
a i 1 u/m
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) | | FIG. 7. The scale dependence of thdotal cross sections ipp
’0? 1.2 — collisions atyS=1.96 TeV as a function gf/m. The LO(dot-dot-
~N | ] dot-dasheyy NLO (solid), and approximate NNLO-NNNL# ¢ 1PI
ﬁ __________________ (dashed, PIM (dot-dashefland averagédotted results are shown.
1.0— —
\% s -] nel dominates foppp—tt. The NNLO-NNNLL+ ¢ results
I I are given in both 1Pl and PIM kinematics. We also show the
0.8 160 ' 180 ! 200 average of the two kinematics results, perhaps closer to the
full NNLO result. Here the NNLO-NNNLI+¢ PIM cross
m (GeV)

section is slightly lower than the NLO cross section for all
FIG. 5. The NNLO-NNNLL+ £ K factors atyS=1.8 TeV as masses shown. In Rdf3], the PIM cross section_vvas a bit
functions of top quark mass ipp collisions with x=m (uppey, higher than the NLO. The reducnon of the Pliyty result
w=2m (middle) and w=m/2 (lowen. The curves show the ratio of caused by the new subleading terms lowers the .total PIM
the approximate NNLO-NNNLK ¢ 1Pl (dashed PIM (dot- ~ CrOSS section. The NNLO-NNNLt ¢ 1PI cross section re-
dashetland averagésolid) cross sections to the NLO cross section. Mains above the NLO for afh although reduced relative to
the NNLO-NNLL cross section due to the subleading terms.

. . . _The average of the two kinematics is just above the NLO
(2.2)
fij*~ at NNLO given in Secs. Ill and IV. These cross sections., << sections for both energies.

are denoted NNLO-NNNLE £ in the following. To lessen Going to higher scales increases all the NNLO-NNNLL

the influence of the largey region where the threshold ap- ., - o rrections so that both kinematics choices give cross
proximation does not hold so well, we multiply the NNLO o tions Jarger than the NLO. On the other hand, at lower
scaling functions by a damping factorIi+ 7, as in Ref.  scales, the NNLO-NNNLE- ¢ cross sections are reduced
[3]. ) ) relative to NLO. The ratio of the NNLO-NNNLK ¢ cross

In Fig. 4, we present the NLO and approXimate gsetions to the NLO cross sections, tdactors, are shown
NNLO-NNNLL + ¢ tt cross sections a{/S:l.S TeV (left- in Fig. 5 as functions of mass fgu=m (upper ploj, 2m
hand side¢and 1.96 TeMright-hand sidgas functions of top  (middle ploy andm/2 (lower plob at /S=1.8 TeV. In keep-
quark mass for =m. As expected from Fig. 3, thgq chan-  ing with the results in Fig. 4, whep=m, K<1 for PIM

1-1 I T I T I T I T 1.1
~~
’E‘ - 41 F E FIG._6. The scale depend@ce
T Il of thett total cross sections ipp
3 10 - - 10 & collisions at VS=1.8 TeV as a
‘b’ _--_--_-—-_'-7_52'-_-‘-'_-'-_3-‘_.‘.3:;‘.';:_-.-.:.-:.-.:.—. I T e R R S S L ~] function of top quark mass. The
—===1  poororoiesE ~N i i
> | i J Py left-hand side shows the ratiqu(
g Q =2m)/(w=m) while the right-
N g0l 1 L | oo B hand side gives the ratio foru(
Il . : Il =m/2)/(w=m). The NLO
3; 3 (solid), and approximate
) i 1T A ry NNLO-NNNLL + ¢ 1PI (dashed,
| . | . | . | . PIM (dot-dashef and average
160 180 200 160 180 2000-3 (dotted results are shown.
m (GeV) m (GeV)
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TABLE I. The MS top quark production cross section 'pnB collisions at the Tevatron fom
=175 GeV. The exact NLO results and the approximate NNLO-NNMNILresults are shown.

o (pb)
MRST2002 NNLO CTEQ6M

JS (TeV) Order w=mi2  p=m u=2m p=m/2 p=m wu=2m
NLO 5.24 5.01 4.46 5.27 5.06 4.51

1.8 NNLO-NNNLL+¢ 1PI 5.40 5.52 5.36 5.43 5.58 5.43
NNLO-NNNLL +¢ PIM 4.78 4.92 4.85 4.76 4.94 4.89

NLO 6.79 6.52 5.83 6.79 6.54 5.85

1.96 NNLO-NNNLL+ ¢ 1PI 7.00 7.17 6.99 7.01 7.21 7.04
NNLO-NNNLL +¢ PIM 6.14 6.35 6.28 6.08 6.33 6.29

kinematics,>1 for 1Pl and for the average. THéfactors  u/m for 0.2< u/m<10 at\/S=1.96 TeV andn=175 GeV
are larger forw=2m and smaller forw=m/2. Note also that in Fig. 7. The NLO cross section is not as strong a function
K is almost independent @f. The NLO/LOK factor,~1.25  of u/m as the LO cross section. In fact, it is seen to rise with
for u=m, 1.52 for u=2m and 0.94 foru=m/2, is also  w/m and then turn over. The NNLO-NNNLE{ cross sec-
essentially mass independent but typically larger than th&ons, however, exhibit even less dependenceudm, ap-
NNLO-NNNLL + ¢/NLO K factors shown here. Only the proaching the independence of scale corresponding to a true
pn=m/2 value of the NLO/LOK factor is similar to that of physical cross section. They change by less than 15% over
the NNLO-NNNLL+ ¢{/NLO averageK factor in Fig. 5. The the entire range ofu/m considered. The change in the
smallK factors, calculated with the MRST2002 NNLO par- NNLO-NNNLL + ¢ cross sections through the rang#2
ton distribution functions at each order, indicate good con< u<2m, normally displayed as a measure of uncertainty
vergence. Even though the results are shown & due to scale variation, is less than 3%. Note also that, at this
=1.8 TeV, theK factors atyS=1.96 TeV are very similar. ~energy, the absolute difference between the NNLO-NNNLL
We now examine the scale dependence in Fig. 6 as & ¢ 1Pl and PIM cross sections is also not large.
function of top quark mass and in Fig. 7 as a function of In Table I, we give the NLO, NNLO-NNNLE-¢ 1Pl and
w/m with m=175 GeV. Figure 6 shows the ratio of the PIM tt total cross sections afS=1.8 and 1.96 TeV fopp
cross sections withu=2m to w=m on the left-hand side interactions, corresponding to Tevatron runs | and Il. The
and the ratio foru=m/2 to u=m on the right-hand side at results are presented for=175 GeV andu=m/2, m, and
both NLO and NNLO-NNNLL+¢{ at /S=1.8 TeV. The ra- 2m. We show the results of our calculations with the
tios are nearly independent of mass at this energy. The scalRST2002 NNLO parton densitigd 6] and the three-loop
dependence is reduced at NNLO-NNNkL relative to o . We compare these with results of calculations with the
NLO. The NNLO-NNNLL+ ¢ results are very similar for the  CTEQ6M NLO parton densitieEL8] and the two-loope,.
two ratios. In contrast, the LO scale dependence is muclthe results with the two different sets of parton densities are
larger, o(u=2m)/c(u=m)~0.74 and oc(u=m/2)/c(n  quite similar even though the densities are evaluated to dif-
=m)~1.4. The difference between the scale dependence #rent orders. Note that the NNLO-NNNLL/ scale depen-
JS=1.8 TeV and 1.96 TeV is negligible. dence is negligible compared to the NLO scale dependence,
We have also calculated the cross sections as functions @s shown in Fig. 7. The kinematics dependence of the

0.08 0.08
7~ o~
> >
8 8 FIG. 8. The top quark trans-
<, 004 0.0¢4 verse momentum distribution with
ry B m=175 GeV at \S=1.8 TeV
~ ~ (left) and 1.96 TeV(right). The
QP_.' pf' NLO (solid: u=m; dotted: u
< 0.02 0.02 © =m/2; dot-dashedu=2m), and
I I approximate NNLO-NNNLL+¢
o o 1Pl w=m (dashedl results are

S shown.
0.00 0.00
0 100 200 300 0O 100 200 300
Py (GeV) p, (GeV)
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NNLO-NNNLL + ¢ cross sections thus remains the largesttnd new subleading terms make our new estimates for the
source of uncertainty. At/S=1.8 TeV, averaging over the total NNLO-NNNLL+ ¢ tt cross section noticeably smaller.
1Pl and PIM NNLO-NNNLL+ ¢ results with the two sets of In Fig. 8 we show the top quark transverse momentum
parton distributions ap=m=175 GeV, our best estimate (istributions atS=1.8 and 1.96 TeV. The NLO and
for the cross section is 5.240.31 pb where the quoted un- NNLO-NNNLL+¢ 1Pl results are shown using the
certainty is from the kinematics dependence. A  MRST2002 NNLO densities. Details of the hadronic calcu-
=1.96 TeV our corresponding best estimate is 6.77ation of thep; dependence are given in Appendix B of Ref.
+0.42 pb. . _ [2]. At NNLO-NNNLL + ¢ we observe an enhancement of

_ We note that the cross sections presented in Table | aige NLO distribution with no significant change in shape.
significantly lower than our previous estima{@s3] at both  1ig pattern agrees with earlier, resummed, results on top
NLO and NNLO. The dlffer_e.nce at NLO is solely due to the transverse momentum and rapidity distributi¢8sid).

new sets of parton densities used here, MRST2002 and Finally we discuss top production jop collisions at the

CTEQG6M, relative to CTEQSM in Refd2,3]. With these LHC. The weighted parton luminosities are shown in Fig. 9

new densities, our NLO results, as well as the total NNLO- . -~ i
NNLL results derived in Ref[3], are around 3% lower. The for the maximum LHCpp energy,/S=14 TeV. Thegg Iu

effect of the new densities on the NNLO corrections alone igninosity now dominates theq by a factor of 4. The peak of

even larger. The NNLO-NNLL 1PI corrections are smaller the luminosity is still aty<1 so that this energy is not very
than our previous resulf®,3] by 14% for x=m and 18% far from partonic threshold. However, large uncertainties

for w=2m with the MRST2002 NNLO densities. Most of M&Y be expected in thgg channel since the difference in the

this difference is due to the relative valuesaafbetween the Kinematics choice, largest in this channel, will be empha-
two densities. In addition, the new subleading terms we hav&12€d by the higigg luminosity. .

included here further reduce the magnitude of the NNLO _Since thegg contribution dominates at high energy, the

corrections. The combined effect of the new parton densitiedifference in the total cross sections between the two kine-
matics increases strongly with energy. The complex color

6 : : , : structure of thegg channel may be better suited to 1PI kine-
matics and thus this kinematics choice could be more appro-
priate in processes where tgg channel dominates, see Ref.
[11] for discussions of bottom and charm production. The
NNLO-NNNLL +¢ 1PI scale dependence at high energy
. seems to support such a conclusion. ¥8= 14 TeV, the
NNLO-NNNLL +¢ 1Pl scale dependence is 4%, smaller
than the 9% dependence of the NLO cross section, accept-
able behavior, similar to that at the Tevatron. However, the
NNLO-NNNLL + ¢ gg PIM contribution is large and nega-

tive. The qq PIM contribution is also negative fop<=m
albeit much smaller than thegg contribution. The
- NNLO-NNNLL + ¢ PIM cross section is reduced by nearly a
factor of two relative to the NLO. The scale dependence is
, . - similarly large. Thus we only provide NNLO-NNNLt ¢
200 300 400 50 1Pl results for the LHC. AtS=14 TeV with m
o (GeV) =175 GeV and the MRST2002 NNLO parton densities, the
NLO cross section is 808.8 pb far=m/2, 794.1 pb foru

FIG. 10. The top quark transverse momentum distribution with=m, and 744.4 pb for u=2m. The corresponding
m=175 GeV atyS=14 TeV. The NLO(solid: x=m; dotted: x NNLO-NNNLL + ¢ 1PI cross sections are 845.2 pb far
=m/2; dot-dashed:ux=2m), and approximate NNLO-NNNLL =m/2, 872.8 pb foru=m, and 875.1 pb fo.=2m. In Fig.
+¢ 1Pl w=m (dashedl results are shown. 10 we show the NLO and NNLO-NNNL% ¢ 1PI top quark

do/dp, (pb/GeV)

0 100
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pr distributions at \/§: 14 TeV. Here also the tion or renormalization scales. We have provided numerical

NNLO-NNNLL + ¢ corrections enhance the NLO result results for the total cross section and top transverse momen-

without a change in shape. tum distributions for top quark production at the Tevatron,
for both runs I and Il, and at the LHC.
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