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ABSTRACT reliability of simple fixed-order perturbation theory for physi-

We summarize our calculation of the total cross section fS?I proc_esses for V_VhiCh th_e n_e_ar-threshold regio_n in the suben-
top quark production at hadron colliders within the context Y variable contributes significantly to the physical cross sec-

perturbative quantum chromodynamics, including resummatigﬁgée-rsosp qbléi;kugreofﬁgt:gn ?Tt_];r;i Iizserrr;g?i?,;evgro; (':So%neaf:gtlo
of the effects of initial-state soft gluon radiation to all orders i ' . P . yarg pa
the strong coupling strength. e energy available. Other examples include the production of

hadronic jets that carry large values of transverse momentum

and the production of pairs of supersymmetric particles with
. INTRODUCTION AND MOTIVATION large mass. To obtain more reliable theoretical estimates of the

In hadron interactions at collider energiéspair production CroSs section in perturbative QCD, it is important first to iden-
proceeds though partonic hard-scattering processes involviriyy and isolate the terms that provide the large next-to-leading
initial-state light quarkg and gluong. In lowest-order pertur- order enhancement and then to resum these effects to all orders
bative quantum chromodynamics (QCI)(a?2), the two par- N the strong coupling strength.
tonic subprocesses ajg-¢ — t -+t andg+g — t-+%. Calcula-
tions of the cross section through next-to-leading or@¢s3), [I. GLUON RADIATION AND
involve gluonic radiative corrections to these lowest-order sub- RESUMMATION
processes as well as contributions fromd¢hey initial state [1].

A complete fixed-order calculation at ord8(a™),n > 4 does ~ The origin of the large threshold enhancement may be traced

not exist. to initial-state gluonic radiative corrections to the lowest-order
The physical cross section feach poduction channel is ob- channels. We remark that we are calculating the inclusive total
tained through the convolution cross section for the production of a top quark-antiquark pair,

i.e., the total cross section fori- £ 4 anything. The partonic
Am? izl ) subenergy threshold in question is the threshold fert-+ any
s/, dn®i;(n, w)Gi;(mmy k). (1) number of gluons. This coincides with the threshold in the in-

variant mass of thetz system for the lowest order subprocesses
The square of the total hadronic center-of-mass enerd, isonly.
the square of the partonic center-of-mass energy; i de- Fori4 j — t 4t + g, we define the variable through the
notes the top masg is the usual factorization and renormalinvariant(1 — z) = %, wherek andp, are the four-vector
ization scale, andp;;(n, 1) is the parton flux. The variable momenta of the gluon and top quark. In the limit thats 1,
n = = — 1 measures the distance from the partonic threstie radiated gluon carries zero momentum. After cancellation
old. The indices; € {qq, gg} denote the initial parton channel.of soft singularities and factorization of collinear singularities
The partonic cross sectiai;(n, m, u) is obtained commonly in @®(a2), there is a left-over integrable large logarithmic con-
from fixed-order QCD calculations [1], or, as described hergibution to the partonic cross section associated with initial-
from calculations that go beyond fixed-order perturbation thetate gluon radiation. This contribution is often expressed in
ory through the inclusion of gluon resummation [2, 3, 4] to aterms of “plus” distributions. 1MO(a?3), it is proportional to
orders in the strong coupling strength. We use the notation o 1n?(1 — z). When integrated over the near-threshold region
a = a(p = m) = a,(m)/x. The total physical cross sectionisi > 2 > 0, it provides an excellent approximation to the full
obtained after incoherent addition of the contributions from thgxt-to-leading order physical cross section as a function of the
theggq andgg production channels. top mass. Atn = 175 GeV, the ratio of the next-to-leading

Comparison of the partonic cross section at next-to-leadip@ier to the leading order physical cross sections in the lead-

order with its lowest-order value reveals that the ratio becomgg, |ogarithmic approximation isfj;“)/of,‘;) —1.22. This ra-
very large in the near-threshold region. Indeedyas 0, the i shows that the near-threshold logarithm builds up cross sec-
“K-;actor” at the partonic levek (n) grows in proportion to tjon in a worrisome fashion. It suggests that perturbation the-
aln®(n). The very large mass of the top quark notwithstandingyy s not converging to a stable prediction of the cross sec-
the large ratioK () makes it evident that the next-to-leadingjon. The goal of gluon resummation is to sum the series in
order result does not necessarily provide a reliable quantitatjye:+2 In?"(1 — 2) to all orders ina in order to obtain a more
prediction of the top quark production cross section at the &dsfensible prediction.

ergy of the Tevatron collider. The large ratio casts doubt on theyifferent methods of resummation differ in theoretically and

*This work was supported by the U.S. Department of Energy, Division ahe_nomenologicallyimportgnt respects. Forma”_lﬂ if not explic-
High Energy Physics, Contract No. W-31-109-ENG-38. itly in some approaches, an integral over the radiated gluon mo-
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mentumz must be done over regions in whieh— 1. There- a contourP with endpoints 0 and 1 that is symmetric under
fore, one significant distinction among methods has to do witiflections across the real axis.

how the inevitable “non-perturbative” region is handled. In The function EXV is finite, andlim,, . E¥Y (n,m?) =

the approach of Laenen, Smith, and van Neerven (LSvN) [2lco. Therefore, the corresponding partonic cross section is fi-
an undetermined infrared cutoff (IRG), is introduced, with nite asz — 1 (n — +o00). The functionE®V includes both
Agep < po < m. The presence of an extra scale spoils thgerturbative and non-perturbative content. The non-perturbative
renormalization group properties of the overall expression. Thentent is not a prediction of perturbative QCD. We choose to
unfortunate dependence of the resummed cross section ondiBisthe exponent only in the interval in moment space in which
undetermined cutoff is important numerically since it appearstine perturbative content dominates. We use the attractive finite-
an exponent [2]. It is difficult to evaluate theoretical uncertaimess of Eq. (2) to derive a perturbative asymptotic representation
ties in a method that requires an undetermined infrared cutaff.E(z, a(m)) that is valid in the moment-space interval

1
20£b2 )

l<z=lhn<t= 3

lll. PERTURBATIVE RESUMMATION
= (11C4 — 2ny)/12; the number of flavors

The method of resummation we employ [3] is based on a pdie coefficient; =
turbative truncation of principal-value resummation [5]. Thigs = 5; Cqq = Cr = 4/3;andCyy = C4 = 3.
approach has an important technical advantage in that it doekhe perturbative asymptotic representation is
not depend on arbitrary infrared cutoffs. Because extra scales
are absent, the method permits an evaluation of its perturba- NOFL ol .
tive regime of applicability, i.e., the region of the gluon radia- Eij(z,a) ~ Byij(z, , N(t)) = 2Ci; Z af Z 85,02
tion phase space where perturbation theory should be valid. We p=1 3=0

oS 2rE N 4)
work in theMS factorization scheme.

Factorization and evolution lead directly to exponentiation (I)—*ere
:messe(t)fo;:aergsoréemfpgl:d logarithms in momenj §pace in 8ip = _bg—l(_l)p+] 9¢,1i(p— DI/t 5)

1 andT(1 + z) = Yo ,ckz®, whereT is the Euler gamma
PV oy o1 dX 2 function. The number of perturbative term&t) in Eq. (4)

B (n,m7) = —/d{ 1-¢ / P [ (Am)] is obtained [3] by optimizing the asymptrgtb;g: )approximation
"’ -0 2) |E(z,a)— E(z,a, N(t))| = minimum. Optimization works
The functiong(«) is c_aICL_JIabIe pe_rturbatively. All large SOft'perfectIy, withN(t) = 6 atm = 175 GeV. As long as: is in
gluor_1 threshold con_trlbut|on§ are included through the two-l0@Re interval of Eg. (3), all the members of the familyrirare
running ofa. The integral in the complex plane runs alongptimized at the sam& (t), showing that the optimum number
of perturbative terms is a function tfi.e., ofm only.

Because of the range of validity in Eq. (3), terms in the ex-
ponent of the formx* In* n are of order unity, and terms with
fewer powers of logarithmsy® In*~™ n, are negligible. Re-
summation is completed in a finite number of steps. Upon using
the running of the coupling strengshup to two loops only, all
monomials of the forme* In*+1n, o In* n are produced in
the exponent of Eq. (4). We discard monomiafsln® » in the
exponent bcause of the restricted leading-logarithm universal-
ity betweentt production and massive lepton-pair production,
the Drell-Yan process.

The exponent we use is the truncation

da(n)/dn (pb, 9 q)

~

5

25 N(t)+1
E;j(z,a,N)=2C; Z a”spm”'l'l, (6)
p=1
e e b b b b b b b b
®0oi oz 035 04 05 08 07 08 08 | with the coefficientss, = s,11, = b’z’_lzf’/p(p—|-1). The

n. M=175 Gev number of perturbative ternf¥(¢) is a function of only the top

Figure 1: Differential cross sectialw /dz in theMS scheme for quark massn. This expression contains no factorially-growing

the ¢g channel: Born (dotted), next-to-leading order (dasheg)enormalon)_terms. It is_ valuable to stress that we can derive
and resummed (solid). the perturbative expressions, Egs. (3), (4), and (5), without the

principal-value prescription, although with less certitude [3].
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After inversion of the Mellin transform from moment spacearies as: and thusx vary. Using a different choice of parton
to the physically relevant momentumasie, the resummed par-densities [7], we find a 4% difference in the central value of our
tonic cross sections, including all large threshold correctionmediction [3] atm = 175 GeV. A comparison of the predic-
can be written tions [3] in theMS and DIS factorization schemes also shows a

Revert man oy modest difference at the level 6%.
Gt (nym) = / dzePs (=205 (n.m,z). (7)  Our calculation is in agreement with the data [8]. We find
Zmin ot(m = 175 GeV,v/§ = 1.8 TeV) = 5.5270:97 pb. This

The leading large threshold corrections are contained in the exess section is larger than the next-to-leading order value by
ponentE;;(z,a), a calculable polynomial iz. The deriva- about9%.

tive 7, (n, m, z) = d(ﬁﬁf)(n, m, z))/dz, and&,(;-)) isthe lowest-  The top quark cross section increases quickly with the en-
order O(a2) partonic cross section expressed in terms of i§f9Y of thepp collider. We provide predictions in Fig. 3 for an
elastic kinematic variables. The upper limit of integratiof/Pgraded Tevatron operating ¢S = 2 TeV. We determine
i : Y(m = 175 GeV,v/S = 2 TeV) = 7.5610;;; pb. The

Zmaz < 1, is set by the boundary between the perturbative afl eV, —0.55 P
non-perturbative regimes, well specified within the context 6entral value rises to 22.4 pb &S = 3 TeV and 46 pb at
the calculation, and,,,;,, is fixed by kinematics. VS=4 'I_‘eV- _

Perturbative resummation probes the threshold downto  Extending our calculation to much larger values rof at
no = (1 — zmaz)/2. Below this value, perturbation theory, rev/S = 1.8 TeV, we find that resummation in the principgi
summed or otherwise, is not to be trusted. For 175 GeV, channel produces enhancements over the next-to-leading order
we determine that the perturbative regime is restricted to vaross section o21%, 26%, and34%, respectively, forn =
ues of the subenergy greater than 1.22 GeV above the thresi®@, 600, and 700 GeV. The reason for the increase of the en-
(2m) in thegq channel and 8.64 GeV above threshold inghe hancements with mass at fixed energy is that the threshold re-
channel. The difference reflects the larger color factor inythe gion becomes increasingly dominant. Sincedfiehannel also
case. The value 1.22 GeV is comparable to the decay widthdgiminates in the production of hadronic jets at very large values

the top quark. of transverse momenta, we suggest that on the ord&s%fof
the excess cross section reported by the CDF collaboration [9]
IV. PHYSICAL CROSS SECTION may well be accounted for by resummation.

Turning topp scattering at the energies of the Large Hadron

Other than the top mass, the only undetermined scales aredlaflider (LHC) at CERN, we note a few significant differences
QCD factorization and renormalization scales. We adopta coffom pp scattering at the energy of the Tevatron. The dom-
mon valuey for both, and we vary this scale over the intervahance of thegg production channel is repted bygg domi-
p/m € {0.5,2} in order to evaluate the theoretical uncertaintifance at the LHC. Owing to the much larger value/#, the
of the numerical predictions. We use the CTEQ3M parton deflear-threshold region in the subenergy variable is relatively less
sities [6]. A quantity of phenomenological interest is the diimportant, reducing the significance of initial-state soft gluon
ferential cross sectioﬂ%’"z’"). Its integral overn is the
total cross section. In Fig. 1 we plot this distribution for tige
channel atn = 175 GeV,v/S = 1.8 TeV, andy = m. The
full range ofrn extends to 25, but we display the behavior only
in the near-threshold region where resummation is important.
We observe that, at the energy of the Tevatron, resummation is
quite significant for thgg channel. A similar figure for theg
channel may be found in our publications [3].

In Fig. 2, we show our total cross section fdrproduction
as a function of top mass g collisions aty/S = 1.8 TeV.
The central value is obtained with the chojggm = 1, and
the lower and upper limits are the maximum and minimum of e
the cross section in the ranggm € {0.5,2}. At m = 175 I
GeV, the full width of the uncertainty band is about 10% . We
consider that the variation of the cross section over the range
wu/m € {0.5, 2} provides a good overall estimate of uncertainty.
For comparison, we note that over the same rangg,ahe L
strong coupling strengtd varies by+10% atm = 175 GeV. In 140 160 180 200 220 240 260
estimating uncertainties, we do not consider explicit variations m (GeV)

of the non-perturbative cutoff, expressed through . This Figure 2: Inclusive total cross section for top quark production

IS Just|_f|ed bec_ause, for a flxe@ andp, Zmag 1S Obt?"”e‘_’ by in pp collisions aty/S = 1.8 TeV. The dashed curves show the
enforcing dominance of the universal leading logarithmic terms

. . ; . upper and lower limits while the solid curve is our central pre-
over the subleading ones. Therefotg,,, is derivedand is '
. ) - diction. CDF and DO data are shown.
not a source of uncertainty. At fixed, the cutoff necessarily

() (0, 1)

pp—> tT+X, vs=1.8TeV
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radiation. Lastly, physics in the region of large subenergygf consistency. The influence of subleading terms is amplified
where straightforward next-to-leading order QCD is also imt higher orders where additional subleading structures occur
adequate, becomes significant térproduction at LHC ener- in the CMNT approach with significant numerical coefficients
gies. Using the approach described in this paper, we estimateportional tor?, ((3), and so forth. We will present a more
ot*(m = 175 GeV, /S = 14 TeV) = 760 pb. detailed discussion of these points elsewhere.

Our theoretical analysis and the stability of our cross section

V. OTHER METHODS OF RESUMMATION under variation of the hard scateprovide confidence that our

perturbative resummation yields an accurate calculation of the

Two other groups have published calculations of the tgclusive top quark cross section at Tevatron energies and ex-
tal cross section atn = 175 GeV and /s = 1.8 TeV: paysts present understanding of the perturbative content of the
ot (LSVN [2]) = 4.9577 50 pb; ando* (CMNT [4]) = 4.75* 083 theory.
pb. From the purely numerical point of view, all agree within
thei_r estimates of Fheoretical uncertainty. Howev_er, the resum- VI. REFERENCES
mation methods differ as do the methods for estimating uncer-
tainties. Both the central value and the band of uncertainty [ P. Nasoret al, Nucl. PhysB303, 607 (1988);B327, 49 (1989);
the LSvN predictions are sensitive to their arbitrary infrared cut- B335 260(E) (1990). W. Beenakket al, Phys. RevD40, 54
offs. To estimate theoretical uncertainty, we use the stangtard ~ (1989); Nucl. Phys351, 507 (1991).
variation, whereas LSvN obtain theirs primarily from variationg@] E. Laenen, J. Smith, and W.L. van Neerven, Nucl. PR%S, 543
of their cutoffs. (1992); Phys. Lett.B821, 254 (1994).

The group of Catani, Mangano, Nason, and Trentadi® E. L. Berger and H. Contopanagos, Phys. Lett.3B1, 115
(CMNT) [4] calculate a central value of the resummed cross (1995); Phys. RewD54, 3085 (1996); ANL-HEP-CP-96-51, hep-
section (also with:/m = 1) that is less than% above the ex- ph/9606421 (21 June 1996).
act next-to-leading order value. There are similarities and djfj s. catani, M. Mangano, P. Nason, and L. Trentadue, hep-

ferences between our approach and the method of CMNT. We ph/9602208 (1 Feb 1996): hep-ph/9604351 (18 Apr 1996); M.
use the same universal leading-logarithm expression in momentMangano and P. Nason, private communication.

space, but differences occur after the transformation to MOM@A- . Contopanagos and G. Sterman, Nucl. PIBA00, 211 (1993);
tum space. The differences can be stated more éttplitwe 419, 77 (1994).
examine the perturbative expansion of the resummed hard lL - .

. . - H.L. Lai et al, Phys. RevD514763 (1995).
nel H%(z, «). If, instead of restricting the resummation to th of a|-e & rhys. e (_ _ )
universal leading logarithms only, we were to use the full cobd A- Martin, R. Roberts and W. J. Stirling, Phys. Lefi354 155
tent ofoﬁ(z, «), we would arrive at an analytic expression that (1995).

is equivalent to the numerical inversion of CMNT, [8] P. Tipton, 28th International Conference on High Energy Physics,
Warsaw, July, 1996; A. Castro (CDF collaboratiab)d; J. Bantly
(DO collaboration)ibid.

HE ~ 14 2aC;; [In®(1— 2vg In(1 — ] O(a?). (8
* 200Gy |7 (1 —2)+ 295 In(1 —2)| +0(a"). (8) [9] F. Abeet al, Phys. Rev. Lett77, 448 1996.

In terms of this expansion, in our work we retain only the lead-
ing termln®(1 — z) at ordera, but CMNT retain both this term
and the subleading terByg In(1 — z). Indeed, if the sublead-
ing term2yg In(1 — 2) is discarded in Eq. (8), the residuals
bij /oty ¢ defined by CMNT [4] increase frof18% to 1.3%
in thegg production channel and from4% to 20.2% in thegg
channel. After addition of the two channels, the total residual
§/aN L0 grows from the negligible value of abo018% cited
by CMNT to the value3.5%. While still smaller than the in-
crease of abou®% that we obtain, the increase 8f5% vs.
0.8% shows the substantial influence of the subleading loga-
rithmic terms retained by CMNT. "F
We judge that it is not appropriate to keep the subleading term .
for several reasons: it is not universal; it is not the same as the I pp—> tEHX, vs=2.0 TeV
subleading term in the exa@(a?) calculation; and it can be i
changed arbitrarily if one elects to keep non-leading terms in
moment space. The subleading term is negative, and it is nu- e
merically very significant when integrated throughout the phase 140 160 180 200 220 20 260
space. In theqg channel atm = 175 GeV andv/S = 1.8 m (GeV)
TeV, its inclusion eliminates more than half of the contribuzjg, e 3: Inclusive total cross section for top quark production
t|on_from t_he _Igadlng term. _In our view, the presence of N4k ps collisions aty/S = 2.0 TeV.
merically significant subleading contributions begs the question

() (0, 1)
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