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Single-top-quark production via W-gluon fusion at next-to-leading order
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Single-top-quark production vigV-gluon fusion at hadron colliders provides an opportunity to directly
probe the charged-current interaction of the top quark. We calculate the next-to-leading-order corrections to
this process at the Fermilab Tevatron, the CERN Large Hadron Collider, and DESY HERA. Usiggaak
distribution function to sum collinear logarithms, we show that there are two independent corrections, of order
1/|n(m[2/m§) and «5. This observation is generic to processes involving a perturbatively derived heavy-quark
distribution function at an energy scale large compared with the heavy-quark[88556-282(197)03021-X]

PACS numbeps): 14.65.Ha, 12.38.Bx, 13.85.Lg, 13.87.Ce

I. INTRODUCTION schemg18]. Our numerical results differ significantly from
those of Ref[16].

Now that the existence of the top quark is firmly estab- We make several other contributions to the calculation of
lished[1], attention turns to testing its properties. A powerful the next-to-leading-order correction to theé-gluon-fusion
probe of the charged-current weak interaction of the togrocess.
quark at hadron colliders is single-top-quark production. The (1) We show that there are two independent corrections,
two primary processes are quark-antiquark annihilation via £f order 1/In(f/ng) and a5, which are numerically compa-
virtual s-channelW boson[2,3] and W-gluon fusion, which ~ rable. The leading-order processd®—q’t, as shown in
involves a virtualt-channe boson(Fig. 1) [4—6]. Within  Fig. 2@. The 1/In(f/ng) correction is associated with the
the context of the standard model, these processes providediggrams in Figs. @), 2(c), while the a5 correction arises
direct measurement of the Cabbibo-Kobayashi-Maskaweﬁrom the diagrams in Figs. 3, 4. The existence of a correction
matrix elementV,,. Beyond the standard model, they are Of order 1/ng?/ng) is a generic feature of calculations in-
sensitive to new physics associated with the charged-curre¥P!Ving perturbatively derived heavy-quark  distribution
weak interaction of the top quaf—14. functions at an energy scale large compared with the

Both the precise measurement\4f, and the indirect de- N€avy-quark massig. o _ _
tection of new physics require an accurate calculation of the (2) We perform the calculation in a simple and systematic

single-top-quark production cross section. The quark—Way using a structure-function approdd®,20. This allows

antiquark-annihilation cross section has been calculated étge calculation to be organized in a straightforward manner,

. . : . .. making use of its similarity with deep-inelastic scattering.
next-to-leading order in QCD, with a theoretical uncertainty . .
L S w full I th t | th -
of =6% [15]. The purpose of this article is to calculate the (3) We carefully analyze the appropriate scale in the par

; , . ton distribution functions. We show that the correct scale in
next-to-leading-order correction to the-gluon-fusion cross 4 o light-quark distribution function ig?=Q? (Q? is the
section. _ , virtuality of the W boson, with essentially no scale uncer-

A complete calculation of the next-to-leading order cor-iainty However, the appropriate scale in thedistribution
rection toW-gluon fusion has already been presented in thg,,ction is w2~ Q%+ m?
.

literature [16]. However, we show that this calculation is The paper is organized as follows. In Sec. Il we show that
incorrect, due to the factorization scheme used to subtragf, next-to-leading-order corrections are of two types

cc_)IIm_ear d|vergences. W_e argue that the_ CTEQuark dis- 1/In(m[2/m§) andag. We then argue that these corrections are
tribution function used in that calculatiofl7], although . L= L

nominally in the deep-inelastic scatteritiglS) scheme, is most reliably calculated in thMS factorization scheme. In
actually not compatible with that scheme, and yields incor-
rect results. To avoid this problem, we perform our calcula-
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t + 8 t FIG. 2. (a) Leading-order process for single-top-quark produc-
Gjb _ é@”qt _ tion, using ab distribution function.(b) Correction to the leading-
grsaﬁ b g(é b order process from an initial gluoric) Subtracting the collinear

region from(b), corresponding to a gluon splitting intokeb pair.
(b) and (c) taken together constitute a correction of order
FIG. 1. Single-top-quark production vi&-gluon fusion. 1/In(m[2/m§) to the leading-order process (a).
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FIG. 3. Orderag correction to the heavy-quark vertex in the Parisi(DGLAP) splitting furgionP
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logarithm is large, the perturbation series does not converge
quickly, and it appears difficult to obtain a precise prediction
for the total cross section.

Fortunately, this difficulty can be obviated. A formalism
exists to sum the collinear logarithms to all orders in pertur-
bation theonf21-23. The coefficient of the logarithmically
enhanced term is the Dokshitzer-Gribov-Lipatov-Altarelli-

qg» Which describes the

leading-order procesgh—q't. (c) represents the subtraction of the splitting of a gluon into ab pair. One can sum the loga-

collinear region from(b).

Sec. Il we introduce the structure-function approach to cal
culating these corrections. In Sec. IV we give our numericalC
results and draw conclusions. We give results for the Fermi

lab Tevatronpp collider for /S=1.8 and 2 TeV, the CERN
Large Hadron Collider (LHC), a pp collider with
JS=14TeV, and the DESYep collider HERA with

JS=314 GeV. The analytic expressions for the next-to-
leading-order structure functions are gathered in the Appe

dix.

Il. NEXT-TO-LEADING-ORDER CORRECTIONS
A. 1/In(mZ/m@) correction

The tree-level diagrams falV-gluon fusion are shown in
Fig. 1. Since théb-quark mass is small compared withy ,
let us neglect it for the moment. If tHe quark is massless,
the first of these diagrams is singular when the fingjuark

rithms by introducing @ distribution functionb(x, «?) and
calculating its evolution with. (from some initial conditioh

via the DGLAP equations. Thus the distribution function
an be regarded as a device to sum the collinear logarithms.
Since it is_calculated from the splitting of a gluon into a
collinearbb pair, it is intrinsically of orderasln(ﬂzln‘ﬁ). We
elaborate on this point at the end of this section.

Once ab distribution function is introduced, it changes
the way one orders perturbation theory. The leading-order

"brocess is novgb—q’t, shown in Fig. 23). This cross sec-

tion is of orderagn(mé/ng), due to theb distribution func-
tion (u=~m,). The W-gluon-fusion process, shown in Fig.
2(b), contains terms of both orderdn(né/mf) and o, as
discussed above. However, the logarithmically enhanced
terms have been summed into thelistribution function and
thus are already present in Figag It is therefore necessary
to remove these terms from th&-gluon fusion process to
avoid double counting. This is indicated schematically in
Fig. 2(c); the double lines crossing the internatquark

is collinear with the incoming gluon. This kinematic configu- propagator indicate that it is on-shell, which corresponds to
ration corresponds to the incoming gluon splitting into a reakhe kinematic region responsible for the large collinear loga-

bb pair. The propagator of the internblquark in the dia-
gram is therefore on-shell, and is infinite.

rithm [21-23,.
After the subtraction of the terms of ordegin(né/mg) in

In reality theb quark is not massless, and its mass reguig. 2(b) by the terms in Fig. @), the remaining terms are of
lates the collinear singularity which exists in the masslesgrder a;. Compared with the leading-order process in Fig.
case. The collinear singularity manifests itself in the totalz(a), this is suppressed by a factor 1thr§(rrﬁ). Thus the

cross section as terms proportional ti(@F+n¥)/mé], where

2= —q? is the virtuality of thew boson of four-momentum
g. Since the virtuality of th&V boson is controlled by th@/
propagatorQ? is typically less than or of ordelk/l\z,\,. For
readability, we write the logarithm as mf/m) in the fol-
lowing discussior{sincem?>M3,), although we use the ex-
act expression in all calculations.

The total cross section fal-gluon fusion contains these
logarithmically enhanced terms, of order, In(mé/ng), as
well as terms of order (both terms also carry a factor of

2 which we suppress in the following discussiofrur-

aw,
thermore, logarithmically enhanced terms,

diagrams of Figs. @), 2(c), taken together, correspond to a
correction to the leading-order cross sectidig. 2(a)] of
1/In(mé/mg), not of orderas. This is an essential point which
has been previously overlooked.

This observation is generic to any process involving a
perturbatively derived heavy-quark distribution function in
the regionu?> mé. For example, the calculation analogous
to the diagrams in Figs.(B), 2(c) for charm production in
neutral-current deep-inelastic scatterj@§] corresponds to a
correction of order 1/IiQ?/n) for Q>m?.

Let us elaborate on our contention that thelistribution

of orderfunction is intrinsically of orderasln(,uz/rrﬁ), rather than

alIn"(m?/m@)/n!, appear at every order in the perturbative merely of orderag. If one neglects gluon bremsstrahlung
expansion in the strong coupling, due to collinear emissiorand the scale dependence of the gluon distribution function
of gluons from the internab-quark propagator. Since the and the strong coupling, one can solve the DGLAP equation
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FIG. 4. Orderag correction to the light-quark vertex in the

leading-order procesgb—q't.

for the b distribution function analyticallyfwith the initial
conditionb(x,x?)=0 at u=m,] [21-23:

2 1d
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P
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2

b(x,u?)= In

where the DGLAP splitting function is given by

1
Peg(2)=5[2+(1-2)%]. @
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from Fig. 3b); this is shown schematically in Fig(8. The
_ S _ remaining terms are of order2In(né/m@), so they are bona
FIG. 5. The ratio of theb distribution function to the gluon fiqe as corrections to the leading-order process.

distribution function, times 2/a(u?), versus the factorization Finally, there are the corrections to the light-quark vertex

scaleu, for various fixed values of. The curves are approximately i, the leading-order process, as shown in Fig. 4. These are

Iinearzwhen,u izs plotted ;)n a logarithmic scale, indicating that 5,5 hona fidexs corrections. Figures(d), 4(b) contain col-

b(x, %) [ ars( ) 2mlIn(uAME)g(x,?), as suggested by the ap- jineqy logarithms InQ?/n) (wheremy is a light-quark mass

proximation of £q.(1). which are absorbed by the light-quark distribution functions
) o 5 in the usual way. Since the light-quark distribution functions

Equation (1) shows thatb(x,x?) is of order aeIn(4?m})  are intrinsically of zeroth order ir, the remaining correc-

compared with the gluon distribution function. To supporttions are of orde,.

this, we show in Fig. 5 the ratido(x,u?)/g(x,u?) X2/
ag(u?) as a function ofu for various fixed values ok, C. Higher orders
using the CTEQ4M parton distribution functiofi24]. The Consider the next-to-next-to-leading order diagram in Fig.
curves are approximately linear whenis plotted on aloga- 6. This diagram generates terms of orde In%(mé/mg),
rithmic _ scale, indicating that b(x,u®)*[as(u®)/  a2n(m@/md), anda?. The term of order2In(me/m?) comes
2] In(u2E)g(x,u?). from the region in which the initial gluon splits into a col-
The b distribution function is on a different fOOting from linearbb pair’ and theb quark Subsequenﬂy radiates a col-
the light-quark distribution functions. The light-quark distri- |inear gluon. This term is summed by the leading-order DG-
bution functions involve nonperturbative QCD, and must bel AP equation, which sums leading logarithms
measuredor calculated nonperturbativelyThe b distribu-  o2In"(m@/m@)/n!, as discussed in Sec. Il A. Thus this term is
tion function involves energies of ordem, and larger, so it already present in the leading-order diagram, Fi@).2
can be calculated perturbatively; no measurement is neces- The terms of orderZIn(mé/mf) come from two sources.
sary. Given the gluon and light-quark distributions functions,The first is when the initial gluon splits into a collineb
perturbative QCD makes a definite prediction for thelis-  pair, and theb quark subsequently radiates a noncollinear
tribution function. gluon. This is associated with the diagrams in Figs) and
3(c), taken together, which correspond to noncollinear gluon
B. a, correction radiation. The logarithm is summed via the leading-order
] ) . DGLAP equation into theb distribution function in Figs.
There are also bona fideg corrections to the leading- 3(b), 3(c), so this term is already accounted for.
order procesgib—q’t. The diagram in Fig. @) is such a The other term of order2In(m/ng) is summed by ex-
correction; it is of orderaZIn(nf/ng) [including the factor  tending the DGLAP splitting functioR 4 to next-to-leading
asln(rrf/mﬁ) from the b distribution functior, so it is sup- order. This sums the first subleading logarithms, of order
pressed by a factor ok with respect to the leading-order agln“‘l(mf/nﬁ) (n=2) into theb distribution function of the
process. leading-order process, Fig(@. The remaining term, of or-
The diagram of Fig. @) contains terms of both order der aﬁ, is a correction of ordetxrgX 1/In(nf/m§) compared
a2In?(m?/m@) and a2In(mf/mf). The former terms arise from with the leading order process of Figia2
the collinear emission of the gluon, which gives rise to an- This analysis demonstrates that all collinear logarithms
other factor of Inf?/m@) (on top of the factor from thés ~ are ultimately summed into the distribution function; no
distribution function. Similar to the discussion above, an- eXplicit collmearnlogar_nhms remain. The remaining terms
other power of this logarithm appears at every order in théd€ all of orderag or, if the diagram has & quark in the
strong coupling, and summation is required to improve thdnitial state, of orderalIn(m{/ny). These correspond to cor-
convergence of perturbation theory. The coefficient of thigections of orderag™*x 1/In(m{/mg) or a2 *, respectively,
logarithmically enhanced term is the DGLAP splitting func- compared with the leading-order process. For a more de-
tion P,q, which describes the splitting of a quark into a tailed discussion of higher orders, see R&b).
guark and a gluon. The collinear logarithms are summed by o
adding another term, corresponding to gluon emission, to the D. Factorization scheme for heavy quarks
DGLAP evolution equation for thé distribution function. The factorization scheme used to eliminate the collinear
Once this is done, the collinear region must be subtractedivergences from the parton cross section must be the same
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written in terms of five structure functions:

P 9,9
Mww<x,Q2>=Fl<x,Q2)(—gw%)
WAq 2
L FaxQ)( P | Pg
P-q wT g )| e gz b
P, t

Fa(x,Q) .,
-1 2Pq e;uzpo’qu +F4(X’Q2)quV

FIG. 7. Single-top-quark production vi&-gluon fusion from a
structure-function point of view. The&/ boson initiates deep inelas-
tic scattering on both hadrons.

+F5(X1Q2)(P,u.ql/+PVq/.L)1 (3)

where Q2= —q?2. If the struck quark, and the quark into

, o . which it is converted, are both massless, then the current
as the scheme used to define the parton distribution fU”Ct'OQﬁith which the W interacts is conserved. and one has

in order to yield a correctand scheme-independgmesult. q“W,,=g*W.,,=0. This implies that the structure functions
P : 2y nv wv— Y-

In the MS scheme, thé distribution functionb(x,x?) is F,,Fs vanish. The scaling variablex is given by

defined to be zero gi=my, and is then evolved to higher x=,Q2/2P-q as usual.

values ofu via the DGLAP equation§l8]. This is the defi- If the quark into which the struck quark is converted is

nition of theb distribution function employed in the CTEQ assjve, such as the top quark, then the current is no longer

MS parton distribution functionfl7,24. conserved, andr,,F5 are nonvanishingalthough we will
Another popular factorization scheme is the DIS schemefing that they do not enter our calculatjofFurthermore, the

In this scheme, the neutral-current structure functionscgjing variable is now given by=(Q2+m2)/2P-q.

F,(x,Q?) is defined to have no _radiative .correct_ion forlight  The hadronic cross section in Fig. 7 is obtained by con-

quarks. Foru>m,, theb quark is essentially a light quark, tracting the hadronic tensors at each vertex with the square of

so a natural interpretation of thg DIS scheme fortihguark  the W propagator connecting them. Due to current conserva-

is that its contribution td=,(x,Q) has no radiative correc- +ion of the light-quark tensor, tthqV/M\zN term in the nu-

tion. This is the interpretation that was made in R&6l, herator of thew propagator does not contribute, so one
which adopted the DIS scheme for the parton cross sectlogimmy contracts the two tensors together. One finds

and used the CTEQ DIS distribution functiofs7]. How-
ever, the CTEQ DI$ distribution function is actually not in MWMV(Xl-QZ)MW”V(XzyQZ)
the DIS scheme as interpreted in REE6]. Rather, theb

distribution function is again defined by the initial conditon ~ =3F1(X1,Q*)F1(X2,Q?) +F1(x1,Q%)F »(x,,Q%)
b(x,u?)=0 at u=m,, and evolved to higher values of P, (—q) p..
via the DGLAP equations. There is no sense in which this X 2—2q+|:2(X1’Q2)|:1(X2’Q2) 12q
yields ab distribution function which is formally equivalent q q

to the usual DIS scheme. As a consequence, it is not correct
to calculate the parton cross section in the usual DIS scheme +F,(x1,Q%)F,(x,,Q7)

when using the CTEQ DI$ distribution function. The same P1-qP;-(—0q)
is true of the CTEQ DIS charm distribution function. P,-qP,-q\2 1
To avoid this problem, we calculate entirely in tMS X| Py Py— —2> + EFS(Xl’QZ)F3(X2’Q2)
scheme. This yields very different numerical results from the q
calculation of Ref[16] in the DIS scheme. P;-P,g?
o)
P1-qP.-q

Ill. STRUCTURE-FUNCTION APPROACH

Inspecting the leading-order process in Fig(a)2 where

gb—q’t, one observes that it is analogous to charged- Q%=—¢? (5)
current deep-inelastic scattering. In fact, it is double deep- ’
inelastic scattering; the virtudV boson is probing both the

2
hadron containing thb quark, and the hadron containing the x1=Q—, (6)
light quark,q. This is shown schematically in Fig. 7. We can 2P+
exploit this analogy to calculate the corrections to this pro- s
cess in a compact way, in terms of next-to-leading-order had- « Q t )
2

ronic structure function$19,20. This factorization of the S 2P, (—q)°

process is exact at next-to-leading order, because diagrams

involving gluon exchange between the light-quark andThe heavy-quark structure functioRg,Fs do not contribute

heavy-quark lines do not interfere with the tree diagram, dudo this expression because they are the coefficients of tensors

to color conservation. which containg”, g, or both. These tensors give vanishing
The hadronic tensor describing W boson of four- contribution when contracted with the light-quark tensor, due

momentumg striking a hadron of four-momentuf can be  to current conservation. TR& boson interacts with massless
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quarks in the hadron of four-momentuRy, and interacts
with a b quark in the hadron of four-momentum,, as

indicated in Fig. 7. Note that the latter hadron is probed by a

W boson of four-momentum- g, which results inP,- (—q)
appearing in several places in E¢). One must also add the
contribution where theW boson interacts with massless
quarks in the hadron of four-momentuRy and with theb
quark in the hadron of four-momentuRy, .

The differential hadronic cross section is given[Bg]*

1 gz 2
d":z_s4(§) (@ iz MW (X QMW (2, Q%)
1
X(2m)? ;5 dQPAWIdWS, ®)

whereW?= (P, +q)? andW5= (P,—q)? are the squared in-
variant masses of the hadron remnafiteluding the top
quark, andS=2P;- P, is the square of the hadronic center-
of-momentum energy. Using
2P1-q=Wi+Q?, ©)
2P, (—q)=W;+ Q% (10

we can write Eq.(4) in terms of the integration variables
2 2.
Q% Wi, W3

MW,(LV(XJ. !QZ)MW#V(XZ 1Q2)
=3F1(x1,Q%)F1(x2,Q%

1 5+ Q2
- 3F1x0,Q0F206,Q%) —z
1 Wi +Q?
— SFa(x1,Q)F1(x2,Q) —57—
2 Q
2 2 1
+F2(x1,Q%)F2(X2,Q%) W2+ 09 (W2t QP
W2 2 W2 2\\ 2
X<S_ ( 1+Q2)(;2 2+Q ) +F3(X11Q2)
S 1
2 — —
XFa(%2,Q )((W§+Q2)(W§+Q2) 2), (11
where
__ <
Xl—m, (12
_Q%+m?
Xz—m. (13)
The physical region is given by
W,;=0, (14)

This equation is obtained from E@) of Ref. [20] by setting
dI'=0 and integrating out the four-dimensional Dirddunction.
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W,o=m;, (15

W +W,=< /S, (16)

Qa?f%[S— Wi-Wi= NS WS W3], (17)
Na,b,c)=a?+b?+c?—2ab—2ac—2bc. (18

The next-to-leading-order expressions for the structure
functions are given in the Appendix. We use M& scheme,
for the reasons discussed in the previous section. After the
subtraction of the collinear logarithms[{@%+m@)/ng], we
set theb mass to zero, since it is small compared with the
top-quark masé.When evaluating the next-to-leading-order
contribution to the cross section, we use the next-to-leading-
order expression for the structure function corresponding to
the light quark or the heavy quark, but not both at the same
time, as this would yield a contribution of next-to-next-to-
leading order.

Factorization scale

The similarity of the leading-order procegb—q’t with
deep-inelastic scattering suggests that the relevant scale in
the light-quark distribution function ig2= Q?. If the parton
distribution functions were extracted solely from deep-
inelastic-scattering data at the same values ahd Q? rel-
evant to this process, this statement would be exactly correct,
because the radiative corrections to deep-inelastic scattering
are precisely the same as those to the light-quark vertex in
gb—q’t. The latter process has additional radiative correc-
tions, both to the heavy-quark vertex and between the two
quark lines, but these are unrelated to the scale in the light-
quark distribution function.

The actual situation is not far from the situation described
above. Most of the information on the light-quark distribu-
tion functions does come from deep-inelastic scattering, and
the relevant values of andQ? are within the range of the
HERA ep collider: x~m,/{/S~0.1 at the Tevatron and
x~0.01 at the LHC, withQ?’<M3,. We therefore set
1?=Q? in the light-quark distribution function and refrain
from varying the scale, as is usually done to estimate the
theoretical uncertainty from uncalculated higher-order cor-
rections.

The situation is entirely different for the scale in the
distribution function. The collinear logarithm that results
from the diagrams in Figs.(B) and 3b) is In[(Q?+md)/ng].
Upon subtraction of the collinear region via the diagrams in
Figs. 2c) and 3c), the remaining logarithm is
In[(Q?+n?)/u?] (see the Appendix The appropriate scale in
the b distribution function is therefor@g?~Q?+m?. Since
the b distribution is obtained from an entirely theoretical
calculation, we vary this scale in order to estimate the uncer-

2In practice, it is simpler to set the mass to zero from the outset,
and evaluate the cross sectionNi=4—2¢ dimensions. The col-
linear logarithms appear as terms proportional te—1¢+ In4r,
and are subtracted in thdS scheme.
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TABLE I. Cross sections for single-top-quark production Wagluon fusion at the Tevatron, LHC, and
HERA for m;=175 GeV. The cross sections are the surh afdt production at the Tevatron and the LHC,
and eithert (positron bearhor t (electron beamat HERA. The first column gives the leading-order cross
section[Fig. 2@)]; the second column the correction of order ifi(d) [Figs. 2b),(c)]; the third column
the correction of orde; (Figs. 3, 4; and the last column the next-to-leading-order cross sedtfiensum of
the first three columpsAll calculations are performed in thdS scheme using CTEQ4M parton distribu-
tions functions withu?=Q? for the light-quark vertex ang.>= Q?+m? for the heavy-quark vertex.

VS LO (pb) Uin(m¢/mg) (pb) as (pb) NLO (ph)
1.8 TeVpp 1.87 —-0.38 0.24 1.73
2TeVpp 2.71 —-0.53 0.31 2.49
14 TeVpp 274 -30 6 250
314 GeVep 1.01x10°4 -0.35x10°* 0.37x10°4 1.03x10°*
tainty from uncalculated higher-order corrections. duce a single event. This is unattainable given the design

The argument above shows that the appropriate scales lnminosity of the machine£=1.6x 10*%cn?/s).
the light-quark and-quark distribution functions are differ- ~ We argued in Sec. Il C that the CTEQ DiSdistribution
ent. Although it may seem unfamiliar to have different scalegunction is incompatible with the usual DIS scheme, and
in the parton distribution functions of a given hadronic pro-Yields incorrect results. To demonstrate this, we also perform
cess, we have shown that it is appropriate in this case. Thie calculation in the DIS scheme using CTEQ4D distribu-
appropriate scale for the production of a quark of mags tion functions. The next-to-leading-order cross sections at

via charged-current deep inelastic scattering is 3.0 T TTTTTT T 1
2_N2 2 H H 2_0N2 H
n =Q°+mg, which yields u“=Q< for the light-quark 29 B -
structure function andu?=Q?+m? for the top-quark V5 =2 TeV pp
charged-current structure function. 28| 7]
2.7 -
IV. RESULTS AND CONCLUSIONS "8_‘ 26 L ]
We evaluate the next-to-leading-order cross section fol \; 25 NLO ]
single-top-quark production vi&V-gluon fusion using the 24 -
latest CTEQMS distribution functions, CTEQ4M24]. The
cross sections at the Tevatrgh8 and 2 TeVY and the LHC 23F 7
for the sum oft andt production fof m,=175 GeV are 291 -
given in Table I, assuminy;,= 1. The leading-order cross 91 1 L1 1LLLL I I

sections are also evaluated with the CTEQ4M distribution
functions.(When evaluated with the CTEQA4L leading-order
distribution functions, the leading-order cross sections are 340 T TTTTTT T T
1.63, 2.35, and 240 pb at the three machinebhe

1/In(mt2/r‘rﬁ) and «ag corrections are listed separately. The 320 \/5 = 14 TeV pp
1/In(mé/mg) correction is—20% at the Tevatron, and 11% 300
at the LHC. This confirms previous calculations of this cor-

rection in theMS scheme[7,30,31. The a correction is = 280
+12% at the Tevatron, angt 2% at the LHC. The next-to- £ 260
leading-order cross section is the sum of the leading-orde o 240
cross section and these two corrections. The fact thatthe
correction partially compensates the 1Af{mg) correction is 220
a numerical accident, as these are two truly independent p:
rameters. 200
Also given in Table | is the cross section fer p— vth 180 111111l L1 |
or e*p—vgth at HERA[26-28. (The leading-order cross 0.2 0.5 1.0 20 5.0
section is 1.2% 10" 4 pb when evaluated with the CTEQ4L \/ﬁ
leading-order distribution functionsThe 1/Ingré/mg) correc- /@ +m;

tion is —35%, and theag correction is+37%. An inte-

grated luminosity of about 10 fif would be needed to pro- FIG. 8. Cross section for single-top-quark production via

W-gluon fusion at the Tevatron and the LHC for,=175 GeV,
versus the ratio of the factorization scaleto its natural value,
3The current world-average top-quark mass is 17%6 GeV  u=Q%*+ mtz. Both the leading-order and next-to-leading-order
[29]. cross sections are shown.
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3.0 T T | tion functions with increasingn, is not augmented by a de-
2.9 ~ crease in the partonic cross section, which scales s, 1/
) \/§ =2 TeV pp instead of 13. The present uncertainty of 5.5 GeV in the
. op-quark mas corresponds to an uncertainty af9%
2.8 t k mas§29] ds t tainty 8f0%
2.7 in the cross section at the Tevatron an®%% at the LHC.
— nticipating an uncertainty of+2 GeV in the top-quar
2.6 Anticipating tainty of+2 GeV the top-quark
~Q
a, mass from run Il at the Tevatron and/or from the LHC re-
\bd ;i duces the uncertainty in the cross section from the top-quark
. mass to*=3% at the Tevatron and: 2% at the LHC.
2.3 Another source of uncertainty is the gluon distribution
29 function, which reflects itself in an uncertainty in thedis-
2.1 tribution function. It is impossible to estimate this uncer-
’ i : ¢ tainty with any confidence at this time; what is needed is a
2.0 parton distribution set with an associated error-correlation
270 T matrix.
! I In this paper we present the first complete and correct
265 VS =14TeV pp - calculation of the next-to-leading-order corrections to single-
260 top-quark production viaw-gluon fusion. We show that
955 there are two independent corrections, of order fffr(e)
_ and «g, which are numerically comparable. We estimate the
e s
2 250 uncertainty due to uncalculated higher-order corrections to
b 245 be about+5% at the Tevatron and the LHC. Assuming the
uncertainty in the gluon distribution function can be quanti-
240 fied and reduced to a sufficiently-small level, single-top-
935 quark production viaW-gluon fusion will be an accurate
probe of the charged-current interaction of the top quark at
230 | ' : the Tevatron and the LHC. In conjunction witfg—tb, it
165 170 175 180 185 will yield an accurate measurement \f, and possibly in-
my (GeV) dicate the presence of new physics.
FIG. 9. Next-to-leading-order cross section for single-top-quark ACKNOWLEDGMENTS
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To estimate the uncertainty from uncalculated higher-

order corrections, we vary the scale in thedistribution Z.S.

function about the central valye?=Q?+m?. The results

are shown in Fig. 8 at the Tevatr¢2 TeV) and the LHC, for

both the leading-order and next-to-leading-order cross sec- APPENDIX

tions, using the CTEQ4M parton distribution functions. The  The structure functions for the charged-current production

next-to-leading-order cross section is considerably less sensz 4 heavy quark were calculated at next-to-leading order
S|t!ve 'to M, 8S expected: Varying. betwgen qne-half and many years ago in Ref32]. This calculation was recently
twice its central value yields an uncertainty in the next-to-repeated in Ref[33], which discovered a misprint in the
- ) o ,
leading-order cross se9t|on OH’./O al the Tevalron and previous result, and also adopted the modern convention of
+4% at the LHC. As discussed in Sec. lll, we do not vary . . I . .
treating the gluon as having— 2 helicity states irN dimen-

the scale in the light-quark distribution function, where sions. We present the structure functions below. for com-
w?=Q?2. Although our estimate of the theoretical uncertainty IIeteﬁess P ucture tunct W,

in the cross section from uncalculated higher orders is rathe? , .
small, it would be worthwhile to pursue the calculation to the OUr calculation utilizes the _charged-zcurr_ent structure
next order inas. functions for top-quark productionf;(x,Q%) (i=1,2,3),
Another source of uncertainty stems from the uncertaintycalculated in theViS scheme. The bottom-quark mass is ne-
in the top-quark mass. The cross section as a function of thglected throughout. To make contact with R¢&2, 33 we
top-quark mass is shown in Fig. 9 at the Tevatf@nTeV)  define a related set of structure functio§(x,Q?), via
and the LHC. The cross section is relatively insensitive to thé=,=F;, F,=2xF,, and F;=2F;. These structure func-
top-quark mass because the decrease in the parton distribtiens are related to the parton distribution functions by

the Tevatron(1.8 and 2 TeY and the LHC are found to be
2.25, 3.23, 294 pb. These differ from the results in kh8
scheme by much more than the theoretical uncertainty in th
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TABLE II. Coefficients in the expression fdr(z,\).
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TABLE lIl. Coefficients in the expression fd?(z,\).

[ A B, Ba; Bs; [ Cui Ca,i Cs,i Ca,
1 0 1-4z+72 z— 22 i 1 4—4(1-1\) (1-M)z 2 -4
2 Ka i 2 3 1-az
2-27- 7 12 2 8—18(1-1) 1-x 61 —12
3 0 —1-2 1-z L +12(1-1)? 1-\z
3 2(1-\) 0 —2(1-2) 2
2
ag(u®)
Fi(x.Q)=d(x,u?) + = 1
™ Ka=3(1=M)In(1-\). (A7)

id
x| ;{Hﬁ(Z,QZ,MZMQ(;ﬂZ)

The coefficients in the expression fofi(z,\) are given in
Table II.

+ H?(z,Qz,uz,)\)q(g,Mz) } (A1) The coefficient function for initial gluongFigs. 2b),2(c)]
is
where ,
Q%+m
Q2 H-g_lvz(Z!QZ!/'l’zl)\):qu(Z)(iL)\+|n 2 t +h|g(zi)\)|
N= (A2) =3 1
Q°+mg (A8)
The coefficient function for real and virtual gluon emission where
(Fig. 9 is
P (z)=£[22+(1—z)2] (A9)
H(z,Q% 1% \)=Pgq(2)In >—+hi(zN), (A3)
)72
_ 1-\z
wheré Ly=In iz (A10)
4 (1+2?
P25 | 1o - (Ad) h%(z,\) = Co+ Cy;z(1—2)+ g+ (1-0)
" X zLy(C3;+\2Cyj), (A11)
4 1
hl(z\)== {h9+A8(1-2)+By; ———
1(ZN) 3 { 19 ) H1-2), Co=Pqy(2)[2In(1-2)—In(1-r2z)—Inz]. (Al12)
By~ By —— A5)  The coefficients in th ion fbP(z,\ iven i
+ 2 1-n2). +Bg; a2 [ (A5) e coefficients in the expression fbf(z,\) are given in
+ Table Ill.
2 143 (1+22)In 2 gThe2 e)2<plicit logarithms  in Hiq_(z,Qz,,uz,)\) and
hi=— |4+ —+ =+ ——K,|8(1-2) - —— HY(z,Q%, 1, \) show that the appropriate scale for the pro-
2n 3 2A 1-z cess isu?=Q?+m?, as discussed in Sec. Ill. o
2In(1—2)—In(1—\2) The structure functions for light quarkBig. 4) in the MS
+(1+2%) 1—7 , (A6)  scheme can be obtained from these expressions by taking
+

“The expression foh corrects a misprint in Ref33], where the

w23 term was written asr/3.

m,—0 (A—1). This limit is unambiguous, except for the
factorL, ; the correct substitution is

L)\—>In T (A13)
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