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Top quark pair production beyond the double-pole approximation: pp, pﬁ—» 6 fermions
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Hadron collider cross sections f&production and dilepton, single-lepton and all-jet decays with up to 2
additional jets are calculated using complete LO matrix elements with 6-, 7-, and 8-patrticle final states. The
fixed-width, complex-mass, and overall-factor scheifi®4/'S, CMS, and OFSare employed and the quality
of narrow-width and double-pole approximatiofWA and DPA) is investigated for inclusive production and
suppressed backgrounds to new particle searches. NWA and DPA cross sections differ by 1% or less. The
inclusion of sub- and nonresonant amplitudes effects a cross section increase of 5 %uaercolliders,
but only minor changes at the Fermilab Tevatron. On-sttéVtb backgrounds for théd—WW decay in
weak boson fusion, the hadronicdecay of a heavyd ™ and the¢p—hh— r7bb radion decay at the CERN
LHC are updated, with corrections ranging from 3% to 30%. FWS and CMS cross sections are uniformly
consistent, but OFS cross sections are up to 6% smaller for some backgrounds.
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. INTRODUCTION section level. Fott_backgrounds, for examplet_anthb
_ _ _ results are added to account for double- and single-resonant
Since the discovery of the top quark in 1988, the Ca- o,y tions. Sincet calculations in the NWA implicitly
pabilities of ongoing and forthcoming collld_er eXPeriments ., vain sub- and nonresonant contributions that have been
have improved significantly. Consequently, production integrated out, this procedure can lead to significant double-
W'", be abundant and studied intensely as a signal at Fermicounting[4]. It also neglects interference effects: top pair
lab's Tevatron collider and even more so at CERN's Largés gquction and associated top/¢b) production are special-
Hadron Collider(LHC). With a decay width'; of about 1.5 jzations of one and the same process, since initial and final
GeV the top quark decays too rapidly to be observed directlygiates of hoth “processes” are identical. Furthermore, calcu-
and is instead identified through characteristic detector sigmtions in the NWA often do not include full spin correla-
natures with isolated leptons and jets. These signaturggys.
would also be observed in the production of various hypo-  Examples of new particle searches at present and future

fchetlcal particles, so that top quark product!on constitutes @Radron colliders with substantiat and Wtb backgrounds
important background for many new particle searches. In

+\A\/— + .-
light of the changed role that top production will play in the :gdtt(])i'iacHs?\rll\glsvz‘or[z:;sls]azgd(;;:s Tof [Sglili’éqrgrencgﬁ’ ar-
near future, the quality of the corresponding theoretical pre P 9 Y persy P

L : e
dictions needs to be reviewed. ticles[15], the Randall-Sundrum radion decaygs-W"™W

As is well known, a general, systematic and “natural” — "¢ vy [16] and ¢—hh—bbr" 7~ [17], and searches
treatment of unstable particles in perturbative field theory idor H™— 7_v in models with a singlet neutrino in large extra
not straightforward.Signal cross sections that are dominateddimensiond 18]. Reliable phenomenological studies of these
by the production and decay of unstable particles Witm searches require tools that allow accurate calculations of top
<1 can be calculated with a good accuracy in the narrowpair production and decay in resonant as well as non-
width approximation(NWA). This and similar approxima- resonant phase space regions and that are not susceptible to
tions, such as the leading-pole approximation, focus on corihe shortcomings mentioned above. The calculations should
tributions on or close to resonance and thus greatly simpliffherefore employ complete matrix elements, i.e., the sum of
calculations, since the production and decay of unstable pa@ll leading-order (LO) amplitudes. These matrix
ticles (largely) factorizes. They have been widely employed €lements—in fact all resonant fixed-order amplitudes—
to predict inclusive and exclusive cross sections. Their use t§xhibit unphysical singularities, and a finite-width scheme
determine background rates for experiments with restrictivdas to be applied to reflect that in field theory propagators of
selection cuts that eliminate resonant contributions and entinstable particles acquire complex poles when self-energies
phasize peripheral phase space regions can be problemat®#€ resummed to all orders. The set of higher-order contribu-
In such cases, users of general-purpose event generato%?,ns that has to be included to adequately model finite-width
such asPYTHIA [2] and HERWIG [3], have applied a sugges- effects is not uniquely determined. Moreover, variations of

tive procedure that combines results in the NWA at the cros8§igher order inl’/m, as well as the exclusion of problematic
phase space regions, e.g., thresholds, are permissible. Conse-

quently, a variety of competing schemes exists

!Even limited, appealing schemes like the fermion-loop schemeglg’21’20’5@S _
become rather involved for all but the simplest applicatit®§]. The purpose of this paper is to compare leading-ottler
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cross sections calculated in the narrow-width or double-polsen when formulating complete LO matrix elements with
approximation(DPA) to cross sections that take into accountunstable particles to avoid unphysical singularities in reso-
all sub- and nonresonant amplitude contributions, and to innant phase space regions that can be removed by including
vestigate the consistency of several practical finite-widthcontributions to all orders in perturbation thedrgince no
schemes. The program we developed for this purpose is dé&nhown scheme is satisfactory in every respect, a cross sec-
scribed in Sec. Il, with particular emphasis on finite-widthtion by cross section comparison of several schemes with
schemes and their implementation. In Sec. Il A results forcomplementary properties is suggestive, but requires more
inclusive top pair production are presented, followed by rethan one version of each subprocess matrix element defined
sults for important top backgrounds to new particle searcheabove.

in and beyond the standard mod&M) in Secs. IlIB and Evidently, the creation of all required matrix elements is a
[II C, respectively. In Sec. IV we conclude with a summary considerable task and calls for automation. While the pro-
and outlook. gram is generally written irC+ + to permit greater code
locality and expressiveness, we prefer faster Fortran code for
II. PROGRAM DESCRIPTION the matrix element evaluation, since its speed determines the

_ program runtime after initial adaptation. Furthermore, to
We introduce a LO program fart production at hadron minimize the matrix element code, the program should use
colliders with up to two additional jets that is not specializedhelicity amplitudes in unitary gauge that neglect the
to resonant phase space regions and hence has to inclu@abibbo-Kobayashi-MaskawéCKM) mixing. MADGRAPH/
complete tree-level matrix elements for the contributing 2HELAS [22,23 is a matrix element generation system that
—6, 2—7, and 2-8 subprocesses. If th&/ "W~ decay matches our requirements and has recently been extended to
products are abbreviated &%, tt production includes the processes with 8—10 external particles. Its output is used as a
subprocesses starting point for the matrix element code in our program.
MADGRAPH/HELAS matrix elements use the fixed-width
gg—bbW, qg—bbw, (1) schemgFWS).2 In the FWS, all propagators of unstable par-
ticles are modified according to the following prescription:
tt+1 jet production includes the subprocesses

gg—bbg, qg—bbWg, ! — ! —. (7)
p2—m?  p?—m?+iml
qg—bbWg, qg—bbg, (2
. This substitution is easy to implement, but the resulting ma-
andtt+2 jet production includes the subprocesses trix elements with Breit-Wigner propagators are not gauge
. L invariant. As discussed in Ref®,6,4], calculations that em-

gg—bbWgg, qg—bbWgg, ploy gauge-variant amplitudes and receive sizable contribu-
tions from sensitive phase space regions can yield highly
qg—bbWag, qg—bbWqgg, erroneous results. To remedy this deficiency, various ap-
3) proaches have been suggested in the literature that yield
gg—bbWga, qgq—bbWag, manifestly gauge-invariant matrix elements. The theoreti-

cally most appealing approach is arguably the fermion-loop
schemd5,6]. We do not consider it further here, since it is
not applicable to processes with unstable particles that decay

The program contains subprocess matrix elements for thito bosons, includindt production. Even if it were appli-
dilepton, single-lepton, and all-jet decay modes, or more spesable in the case at hand, it would require as a prerequisite an

qq— bEWq qa, q_qa bHWE

cifically for the followingW*W~ decay final states: analytic calculation of effective vertices that has not been
automatized yet. Its implementation is therefore not straight-
Waitepton= "€ " v€ ™~ v, (4)  forward for complex multiparticle processes with several
o types of unstable particles. For the studies in Sec. Il we
Wiingle-leptor= €~ ¥0q0u » (50  therefore implement two practical finite-width schemes that
allow automatic matrix element generation for arbitrary pro-
Waljet= qUadqc@J- (6) cesses and guarantee electroweak &Ud(3) gauge-
For the dilepton and all-jet decay modes, the program allows
us to calculate different-flavor samples, e.g., wid¥ 2The Dyson resummation of top quark self-energy contributions is
=e veu v,, as well as same-flavor samples, e.g., withdescribed in Ref{4].

= . . . _ 3We useHELAS-3, which implements the fixed-width scheme.
W=e"vee ve. Additional amplitudes with .Z—€"€7) e that the widely used version 2 eELAs implements step-
X(Z—vevy) and @,y,Z—0q,0u) X (9,7,Z—0q0q) frag-  width Breit-Wigner propagators, i.e.,[p?—m?+imI'6(p?)]. No
ments contribute in the dilepton and all-jet decay modespotable deviations occur in general, sifpd—m?|>mr if p2<0
respectively. Moreover, a finite-width scheme has to be choandI'/m<1.
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invariant results: the complex-mass sche(@S) [20] and ~ width approximation. For that purpose, a second
the overall-factor schem@F9 [21]. program—in nature similar to the one used to generate OFS
The CMS introduces Breit-Wigner propagators in amatrix elements—eliminates all amplitudes that do not con-

gauge-invariant manner by replacing the masses of all Ungin potentially resonarttas well ast propagators, thus ex-
stable particles with a complex value as follows: tracting all double-resonant amplitudes with respect to top
2T decay. The generated Fortran code employs the fixed-width
M= ym"—imr. ® scheme and is used in our DPA calculations. The DPA matrix
This substitution is performed unconditionally and yields, forelements are also used in our NWA calculations. To preserve
example, for the top propagator a different expression thaall spin correlations, we choose to implement the NWA di-
the FWS:i(p+ \/mf— imT)/(p?—mZ+imT)). sirf@yand  rectly by calculating with off-shell intermediate top quarks in
dependent quantities also acquire complex values in thigheI'(— 0 limit. To that end, the top width is scaled down to
scheme, since ca&,=my/m,. The CMS matrix elements in 't =y, and [M|? is multiplied by &2 to restore the
our program useHELAS-CMS, a modified version of the proper normalization of the total amplitude. For one resonant
HELAS library that we created by converting masses andpropagator one hagMeg?=1/eX|M|?. A setting of &
widths from real to complex variablés. =1/1000 is used in the program and yields excellent agree-
The OFS conserves gauge invariance while introducingnent with NWA implementations with on-shell intermediate
Breit-Wigner behavior by multiplying the complete LO ma- top states. In DPA or NWA mode, the program uses a Breit-
trix element(with singular propagators for unstable partigles Wigner mapping for each resonant top propagator that covers
with overall factors: a limited range of invariant top quark masses. Neglected
contributions from outside this range introduce a non-

p2—m? statistical error. For the background calculations in Secs.
Mcomplxm:Mres.,BW-prop.+Mnonres. 1B and Il C, off-shell top masses were generatednm
P +65I'; limiting neglected contributions to approximately 1%
p2—m? [see Eq.(19) in Ref.[4]]. For the inclusive calculations in
X 9 Sec. Il A, we increased the range factor to 6500, reducing
pT—m-+iml’ this error contribution to 0.01%. A comparison of results

For each unstable particle type, one factor is applied for evgiven in Table | below with results in Table Il in Ref]
erv timelike momenrf[um con?t?in’enion that occursplian ropa a_com‘irms that a range factor of 65 is not sufficient when a

y Propagasy o) error of less than 1% is desired.
tors of that type. The propagators absorb the corresponding

factor and transform into Breit-Wigner propagators: When cross sections fd)t_production with additional jets
are calculated with complete matrix elements, one finds that
1 p2—m? 1 computational complexity increases by a factor of more than

(10) 10 for each additional final state particle beyond tthéevel.
Resulting program runtimes quickly exceed what would be

Amplitudes that are nonresonant with respect to a particulafonsidered acceptable for phenomenological studies. To ob-
momentum combination do not absorb the correspondindgin thettjj results presented in Sec. Il B, it was therefore
factor, as indicated in Eq(9). To facilitate the automatic hecessary to use state-of-the-art integration techniques and to
construction of OFS matrix elements a scripting-languagdlevelop a method to distribute the Monte Carlo sampling
program was written that scangADGRAPH output, and overa Iarger number of processors. The resuttvsliCOMP,
analyses the structure of all contributing amplitudes. Potena Monte Carlo integration framework based on the adaptive
tially resonant propagators, where one side is only connecte@ultichannel techniques introduced in Rd34-24 that al-
to final state particles, are identified and the required overafows us to conveniently distribute the calculation over many
factors deduced. The script then constructs the overall factd?fOCessors in one or more computer clustersnicomp fur-
product for each amplitude, and outputs Fortran code thaher accelerates the computation of hadron collider cross sec-
calculates the OFS matrix element. To optimize the codetions through the adaptive Monte Carlo summation of sub-
combinations of overall factors that occur multiple times areProcess® helicity combination channels. The mapping of
evaluated once and the results are reused. sub- and nonresonant phase space regions follows the ap-
The comparisons presented in Sec. Il also require th@roach laid out in Refl27]. omnicompP and the phase space
calculation of cross sections in double-pole and narrowimapping library are described in more detail in H&8]. A
number of tests were applied to verify the correctness of the
program. First, the Lorentz-invariance of thvADGRAPH-
“Complex widths are introduced sinseapGRAPH output uses a  generated FWS matrix elements was teSt€@MS matrix

real constant ZERO for both, vanishing masses and widths as flements were tested by comparison with corresponding
argument forHELAS calls. In CMS matrix element code we define

ZERO as a complex parameter and then we also have to declare all

widths as complex variables to be compatible. Note that all width ®We successfully ran programs on up to 16 processors.
variables are set to zero in CMS matrix elements, since the widths The Lorentz-invariance of one and the equivalence of two matrix
are contained in the mass variables. element routines was tested as described in Rgf.

d .
p?—m? p?—-m?+imI’  p?—m?+iml
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TABLE I. Cross sections in NWA and with complete matrix elements for inclustveroduction and
dilepton decay ljbe* vep” v,). Effects are compared for colliders, PDF sets, and finite-width schemes.
Tevatron corrections are of ordél,/m,=0.009, but LHC corrections are larger. PDF improvements de-
creased the LHC cross section by 18%, but the correction is robust. FWS, CMS, and OFS yield consistent
results. All cross sections are given in fb. Note that NWA cross sections include full spin correlgéens

Sec. ).

Collider INwa OFws OFws Tgg,FWs ( (ng,Fws) Oqqrws [ Tqqrws
TNwA Tgg,NWA OFws TgaNwA TFws

LHC 5.86x10°  6.19x1C° 1.06 1.06(88%) 1.00(12%

Tevatron 63.0 62.9 1.00 1.16%) 0.99 (95%)

PDF set TNWA OFrws orws! Tnwa

CTEQ6L 5.86<10°  6.19x10° 1.06

CTEQ4L 7.1810°  7.58<10° 1.06

Scheme o ol ona

NWA 5.86x 10° 1.00

FWS 6.1%10° 1.06

CMS 6.1 10° 1.06

OFS 6.1810° 1.06

FWS matrix elements after the complex masses and widthgtage-1 Very Large Hadron CollidefVLHC) (pp, +/s

in HELAS-CMS had been set to their usual, real values. The=40 TeV). Unless otherwise noted, all calculations use the
automatic generation of OFS matrix elements was tested bipllowing parameters: m,=91.187 GeV, Gp=1.16637
comparing with the manually created OFS matrix elements< 10~° GeV ?, and a(m;,)=1/128.92, which translates at
of Ref.[4]. The DPA-NWA matrix elements were verified by tree level to sif,=0.23105 andmy,=79.9617 GeV, as
comparing NWA cross sections with results from programswell as the masses,=175 GeV, m,=4.4 GeV, andmy

with on-shell intermediate top quarks. The phase space and 115 GeV. LO formulas for the decay widths then vyield
PDF integration has been tested by comparing with knowd’;=1.56 GeV, I'y,=2.01 GeV, I';=2.42 GeV, andIly
cross sections for the LHC and Tevatron. Moreover, the ad=0.00323 GeV. CTEQG6L LO parton distribution functions
dition of hadron collider capabilities to the general purposeare employed by default, withg(mz)=0.118 and the NLO
packages O’Mega and Whizaf@9] and AMEGIC+ + [30] formula. Factorization and renormalization scales are fixed at
reached the final stage this year, and a comparison of tofie top mass, except for studies where cross sections with
production cross sections to cross-check our implementzadditional jets are taken into accouietg., in Table II). In

tions is planned for the near future. this case, the factorization scale is chosegs min(my) of
the top quarks and additional jets. This factorization scale

definition avoids double-counting of contributions that have
. NUMERICAL RESULTS already been integrated out in the parton distribution func-

In this section we use the program described above tgons. The overal(PDF9 strong coupling constant factor is

n : .
study the difference between cross sections with on—sheﬁa‘lcm"’ltecj as d)"=1I7_;ay(my,), again using Fhe trans-
(NWA) and off-shell(DPA) intermediate top quarks, to de- verse masses of both top quarks and any additional jets as
termine the size of corrections when complete LO matrixPUL ATLAS de_tec“’f resolution ar“dec?‘y effe_c'gs are mod-
elements are included, and to search for deviations betwee‘?“ed as dgscrlbed in Refl4], but tagging efﬂqenmes are
results obtained with different finite-width schenfase first 1Ot taken into account. Monte Carlq Integration errors are
investigate these issues for inclusive top pair production ang'l% or less for |nclus!ve cross sections and 1% or less for
then turn to suppressed top backgrounds that are importa F\ckground cross sections.
for new particle searches in and beyond the standard model.
To cover the energy range of existing and future hadron o
colliders, cross sections are calculated for the Tevatron For Table | we choose inclusivé production and decay

(pp, s5=1.96 TeV), the LHC pp, Ys=14TeV), and a into the dilepton final statérbe*veu v,, and compare
cross sections in NWA to cross sections with complete ma-
trix elements. First, the size of changes is compared for LHC

"Note that all results calculated with our program include full spinand Tevatron collisions. Generally one would expect finite-

correlations(see Sec. )l width effects to be of ordel;/m;=0.009, and the Tevatron

A. Inclusive production
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TABLE Il. Change of cross sections with complete matrix ele- butions are included raises the question how large the corre-
ments relative to cross sections in NWA for inclustteproduction ~ sponding effects are for new particle searches with
and dilepton, single-lepton, and all-jet decay at the Tevatron, LHCgjgnificanttt backgrounds. When optimized selection cuts
and Stage-1 VLHC {s=40 TeV). Atpp supercolliders, cross sec- are used to suppress top pair production, the dominant
tions increase uniformly by about 7% for all decay modes and col- — o i
lider energies. Effects are similar for cross sections in Ré#own double-resonarttt contributions are typically suppressed by
in parentheses replacing on-shell with off-shell intermediate top factors of order 10* and the importance of contributions

quarks changes cross sections by 1% or less. The pyts from sub- and non-resonant phase space regions can increase
>15 GeV, |5|<4.5, andAR>0.6 are applied for channels with considerably. A central jet veto, e.g.
singular phase space regions related to massless patrticles.

pr;i>15 GeV and [7;|<3.2, (12)
gems! onwa (Tcms! oppa)
Dilepton Single lepton All jet
Tevatron 1.001.01 1.01(1.02 1.01(1.02 i; very effective in suppressing thé background to inclu-
LHC 1.06(1.06 1.07(1.07 1.07(1.07 sive H—-=WW searches_ at the LH(7—_10]. The veto of Eq.
VLHC 1.06(1.06 1.07(1.06 1.08(1.07 (11) reduces the inclusive cross section of 6 pb to 14 fb when

the NWA or DPA is applied, whereas a calculation with com-
o ~ plete matrix elements yields 26 fb. Sub- and nonresonant
correction is indeed less than 1%. The LHC cross sectiongontributions increase the result by a factor 1.8. As in the
however, are enhanced by a significantly larger factor Oinclusive case, moving from NWA to DPA or switching

1.06. This effect is not caused by averaged versus exact SPifhite-width schemes changes the corresponding result very

correlations, since our NWA results include full spin COITe- e in comparison. The distributions in Fig. 1 show this
lations. Furthermore, less than 1% of the increase can b& P : 9-

attributed to double-resonant off-shell effedtas seen in 'elationship for differential cross sections. _ _
Table 1)). The increase is mainly caused by previously omit- H—WW searches are usually tuned for intermediate
ted subresonant contributions. These contributions are alddiggs boson masses around 170 GeV, whereHhe WW
included for the Tevatron. That no sizable increase occurbranching ratio is large. In Ref.11], the search forH
there can be traced to the fact that the Tevatron cross sectien WW decays in weak boson fusion at the LHC is studied
is dominated by quark scattering, while the LHC cross secfor the light Higgs bosonr; =115 GeV) favored by CERN
tion is dominated by gluon scattering. As shown in the tWoe*e~ collider LEP experimentf31]. The additional forward
rightmost columns, the large increase is specific to the gluones in weak boson fusion permit powerful selection cut op-
initiated process. In fact, theq cross section is slightly re- timjzations that make this search channel competitive-e-a 5

duced when sub- and nonresonant amplitudes are included.d}scovery is possible with 35 ff—even for relatively low
suggestive kinematical interpretation that relates the large in-

crease to off-shell contributions at hard scattering energi(ra"g“ggS bosor_1 masses where t_Hf\_NW branchlr_19 ra_ltlo 'S
below the on-shell top pair production threshold that are amsmall. In this search scenariof +jets production is the
plified by steeply falling PDFs is therefore misleading. A dominant background and its accurate determination is es-
comparison of calculations with CTEQ4L and CTEQS6L sential. Thett background is strongly suppressed because
shows that recent PDF improvements decrease cross sectiof final states without additional jets bothquarks need to
uniformly by 18%, thus having little effect on the pe resolved as forward jets with wide separation in pseudo-
orws/onwa €nhancement factor. For inclusive cross seCyapidity and very large dijet invariant mass. In Rgt1],

tions, differences between finite-width schemes are expectetymplete matrix element corrections were calculated for the
to be of higher order il’y/m;. The third comparison in —

Table | shows that FWS, CMS, and OFS vyield results thatltl Can%t;js backgrounds using ﬂ;e OF.?.' .Aﬁ sho(;/vn ig Soec.
agree when integration errors of 0.1% are taken into account. = cross sections can be artificially reduced. Our

Cross section changes when progressing from NWA tcp'rogram allows us to calculate these corrections using the
DPA and finally to complete LO matrix elements are dis-FWS, CMS, or OFS. The results are given in Table Ill and

channels of inclusivét production at three hadron colliders: displays first results fort +2 jets production calculated with

Tevatron, LHC, and a Stage-1 VLHC wit{is=40 TeV. In  complete LO matrix elements in the literature. Sub- and non-
all cases the ratio®rcys/onwa and ocoys/oppa are very — resonant amplitude contributions enhance the total top back-

similar: Replacing on-shell with off-shell intermediate top ground by a factor of 1.1.

quarks changes cross sections by no more than 1%. Effects

are generally small at the Tevatron. pp supercolliders, on

the other hand, cross sections increase uniformly by about C. Backgrounds to beyond-SM physics searches

7% for all decay modes and collider energies. At the LHC, top backgrounds also play an important part
in searches for physics beyond the standard model. In this

section we focus on two studies Wheut—eproduction consti-
The unexpectedly large increase of inclusive cross sedutes the dominant background: the search for hadrenic
tions atpp supercolliders when sub- and nonresonant contridecay of a heavy charged Higgs boson in supersymmetric

B. Backgrounds to SM Higgs boson searches
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FIG. 1. Charged lepton separation ifr¢p space and transverse mass distributions for suppreéssprbduction and dilepton decay
(bbe" veu v,) at the LHC. The applied central jet vetp(>15 GeV and| | <3.2) reduces thet acceptance to %10 2. Differential
cross sections with complete matrix eleme(sislid lineg and in NWA and DPA(dashed lingsare shown. Sub- and nonresonant amplitude
contributions enhance the total cross section by a factor 1.8. Off-shell top eff#efs vs NWA) and deviations between finite-width
schemegFWS, CMS, OF$are negligible. The transverse mass is definethas \2p i B[ 1— cosAd(¢€,E)].

models and the radion decay—hh— bbr" 7, where one dion where both top quarks and the intermediateoson are

T decays leptonically and the other hadronically. close to resonance. More specifically, we requimy,
The production of a charged Higgs boson with,=  — M/ <2y and|myw—mz|<2I'z. The results are shown in

>r‘nt in Supersymmetric models at h|gh tﬁrwas ana'yzed Table VI. The DPA is excellent and contributions from am-

in Ref.[32]. Production proceeds througiy—H*tb and is  Plitudes with resonanZ propagator are negligible. In the

followed by the decay$i®— rv (with hadronic+ decay  OFS. the dominant double-resonant top amplitudes are arti-

andt—jjb. Applying the selection cuts of thisTLas study, ~ ficially suppressed by the overall factdtpZ—m3)/(p3

we calculatett background cross sections in NWA and with — m3+imzI'7)|<1. The resulting OFS cross section is con-
complete matrix elements to determine the enhancement fagéguently much smaller than CMS or FWS cross sections.
tor. The results are shown in Table IV. Sub- and nonresonanthis example illustrates that cross sections for multiresonant
amplitude contributions enhance the top background by &rocesses cannot be calculated reliably with the OFS if siz-
factor of 1.1. ThexTLAS analysis takes subresonant contribu-2ble contributions arise from phase space regions where sev-

tions into account by combining_anthb results in NWA eral amplitudes with different resonance structure compete.

: : Artificially reduced cross sections can even occur for single-
at the cross-section level. This procedure can lead to substan- : L
. . . resonant processes, given that nonresonant contributions are
tial double-counting of sub- and nonresonant contributions

I Sizable in phase space regions close to resonance. The au-
[4]. Our enhancement factor indicates that the actual to?hors of Ref[5], for example, compared OFS and fermion-
background is 23% lower than the estimate in R8£]. In by p'e, P

. _ loop scheme cross sections for radiatieproduction and
REfL[ls.]’ the analy§|s was extended.to t.he searchHor . found that OFS results are 30% lower close to threshold.
— 7_ v in models with a singlet neutrino in large extra di-

mensions, and we expect a similarly reduced top background TABLE IIl. Top background cross sections with up to two ad-
if sub-resonant contributions are included at the amplitudelitional jets for theH —WW-—e* 1.~ p; decay search in weak bo-
level. son fusion at the LHC. The light Higgs-optimized selection cuts and
In Table V enhancement factors are given for the topevent classification from Reff11] are applied. All cross sections are
background to the decay,ﬂhthET 7~ of a Randall- given in fb. Sub- and nonresonant amplitude contributions enhance
Sundrum radion with mass 300 GeV. The twdeptons de- the total top background by a factor of 1.1. Thie background
cay leptonically and hadronically, respectively. The selectiorwithout additional jets is strongly suppressed because in this case
cuts of theaTLAs analysis in Ref[17] are applied. Specific bot_h b_quarks need .tq be resolved as for'V\_/arq jets_ with wide sepa-
model parameters are given in the table caption. The effect dgftion in pseudorapidity and very large di-jet invariant mass.
sub- and nonresonant amplitude contributions is small for — — —
this top background, in fact smaller than for inclusitte tt tt] tt]
prOdUCtIOﬂ g O-/U-NWA (o O'/U'NWA g C'/(TNWA
The OFS cross sections in Tabl_es IV and V are severgl\ya  0.020 1.0 0.94 1.0 0.24 1.0
percent lower than the corresponding FWS and CMS crosgys  0.044 21 1.08 11 0.24 1.0
sections, which agree within the integration error of 1%. Tocyis 0044 21 1.07 11 024 1.0

understand why the OFS may not be suitable fottaback- OFS 0.044 21 1.07 1.1 0.24 1.0
ground calculations, we integrate the small phase space re
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TABLE IV. Top background for heavy charged Higgs produc- TABLE V. Top background for the radion decay—hh
tion gg—H“tb and decays$i™— 7v (with hadronicr decay and . pbs*7~ at the LHC, where one decays leptonically and the
t—jjb atthe LHC. The selection cuts of taeLAs analysis in Ref.  other hadronically. The selection cuts of thieAs analysis in Ref.
[32] are applied. Sub- and nonresonant amplitude contributions erf17] are applied. The radion vacuum expectation valde
hance the_top background by a factor of 1.1. Hreas analysis =1 TeV, the radion-SM H|ggs mixing parametgqao’ the radion
combinestt and Wtb results in NWA at the cross-section level. mass m,=300 GeV, and the lightest Higgs boson masg
This procedure can lead to substantial double-counting of sub- ane 125 GeV. Our results indicate that sub- and nonresonant ampli-
nonresonant contributiorig], evidently a 30% effect in the case at tude contributions change the top background by not more than 3%.
hand. All cross sections are given in fb. Parton-level results aré\ll cross sections are given in fb. Parton-level results are rescaled,
rescaled by a factor 0.16, so that our NWA result andrieHiA- 5o that our NWA result and theyTHIA-ATLFAST [2,33] tt result

ATLFAST [2,33] tt result given in Table 3 in Ref32] match. given in Table 5 in Ref[17] match.
o ol ona o ol onwa
NWA 0.343 1.00 NWA 3.27 1.00
NWA (tT+ Wtb) 2 0.485 1.41 FWS 3.36 1.03
FWS 0.376 1.09 CMS 3.34 1.02
CMS 0.378 1.10 OFS 3.17 0.97
OFS 0.364 1.06
Calculated in Ref[32]. practical finite-width schemes, i.e., the fixed-width, complex-

mass, and overall-factor schemes, as well as the narrow-

Despite some effoft,we were unable to find a phase spacewidth and double-pole approximation for comparison. While
region, where CMS and FWS cross sectionstfoproduc-  our LO calculations are subject to substantial scale uncertain-
tion showed significant discrepancies. We therefore conjedies, the obtained cross section ratios are expected to be ro-
ture that calculations employing the gauge-variant fixed-bust. For inclusive production, advancing from NWA to DPA
width scheme may be used to obtain reliable predictions foby replacing on-shell with off-shell intermediate top quarks
the processes considered here. We note that the reliability @hanges cross sections by 1% or less. The inclusion of sub-
the fixed-width scheme has recently also been established fand nonresonant amplitudes increases NWA or DPA cross
e"e” —6 fermion processe84]. sections by 5-8 % at the LHC and VLHC, but has little

Our LO calculations do not include logarithmic-enhancedeffect on Tevatron cross sections. Top backgrounds to new
higher-order contributions from collinear—bb configura- ~ Particle searches are often suppressed by optimized selection
tions for initial state gluons. An improved treatment would Cuts that can enhance the importance of sub- and nonreso-
includegb scattering matrix elements convoluted with the nant contributions considerably. We updated on-ditéivVtb
quark PDF. Then, a subtraction of the gluon splitting termbackground estimates for thé&— WW decay in weak boson
would also be required to avoid double-count[@§]. How-  fusion, the hadronicr decay of a heavyH™ and the ¢

ever, the additional net contribution to inclusive produc- —hh— 77bb radion decay at the LHC, and found correc-

tion is less than 29%36] and can safely be neglected in our tions from 3% to 30%. All calculated FWS and CMS cross

analysis in Sec. Il A. In the weak boson fusion Higgs bosonsections agree within errors. Gauge-violating effects of the
search discussed in Sec. Il B, one or bbtquarks have no

finite transverse momentum threshold, but collinear contribu- TABLE VI. Cross sections fott production with dilepton de-

tions are small within typical cutpd]. For central jet veto cay ppe* veu” v,) at the LHC, calculated in DPA and with com-
suppressed top backgrounds, on the other hand, one woulfkte matrix elements using several finite-width schemes. Only the
expect more progounced collinear enhancement. The seleghase space region whelmyyy— my|<2I'; and |my,—m|<2T,
tion cuts for thett background studies in Sec. Il C require is integrated. In this regio# bosonand top quark propagators are
that theb quarks are resolved with a transverse momentumesonant. The DPA is excellent, i.e., resongnproduction domi-
of at least 15 GeV. The collinear region is thus avoided. nates. The contribution from amplitudes with a resor&aptopaga-
tor is negligible. In this phase space region OFS matrix elements are

IV. SUMMARY AND OUTLOOK inadequate, since the dominant double-resonant top amplitudes are

artificially suppressed by the overall facttps—m3)/(p3—m3
im;I';)|<1. The OFS result is 30% smaller than the CMS and

We presented cross sections for top quark pair productio WS results. Al results are given in fb,

at hadron colliders with up to two additional jets resulting in
6-, 7-, and 8-particle final states calculated with complete

tree-level matrix elements. Our program includes dilepton 7 ol Top
single-lepton, and all-jet decay modes, and implements threBpPA 0.0168 1.00
FWS 0.0170 1.01

CMS 0.0170 1.01

8We considered, for example, the selectiomsg,,>500 GeV, OFS 0.0118 0.70

| 7|>3.5, andARyw<1.0 for collider energies up to 100 PeV.
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FWS appear to be generally negligible for the processes corshell. However, the evaluation of the virtual corrections of
sidered here. Our calculations show further that the OFS mathis 2—4 process involves 1-loop hexagon amplitudes,
yield underestimated cross sections and should be appliaghose computation is still very challengifig9]. While the

with caution in studies with suppressed top backgrounds. tt_+jets program described in this paper allows us to calcu-

. Becausg of the large sca_le uncertainties O_f LO CrOSS S€¢ate the real emission component of a complete calculation of
tions, precise absolute predictions for top pair production a

) . ) bp—>6 fermions at NLO in QCD, the evaluation of the vir-
hadron colliders cannot be achieved with tree-level CalCUIa'Eual corrections for such 26 processes is well beyond
tions. The extension of LO to NLO calculations in the frame- o L .

work of the narrow-width and double-pole approximationspresent cgipablhtl_es. NLO predictions for ma_ny-partlcle pro-
was first explored in the context of weak gauge boson pro_cesse§ W'th. multiple scales can be further |mproved_ by re-
duction[37] and has recently also been carried out for topsummlng hlgher-ozrd(_ar contributions with large logarithms,
pair production at hadron collidef88]. The results in Sec. SUYch asag'f)g(mtzlpﬂ) in the case at hand. _

A imply that subresonant contributions need to be in- !N @ddition to precise and ?CC:JI’ate calcplatlonfs r:or hard |
cluded in NLO calculations for inclusivié production app scattering subprocesses, a reliable comparison of theoretical

. . _ predictions and experimental data also requires the proper
0,

supercolliders to achleve a theorencgl .error(@(f5 %). A inclusion of parton showering, hadronization, and detector
common method o improve LO prgdlcuons_ for suppresse%ﬁects_ To standardize the co-operation of parton-level
top backglroun(?ls IIS_ (t)o applyla regctlon-slpeldﬁltactorz LeK Monte Carlo programéwith full matrix elementsand show-
tf rescae; a Wrr]esu ts b y multip ylgg wit ering and hadronization event generators—which in turn pro-
— Yincl,NLO/ Tincl,LO - en subresonant and nonresonanty,q input for detector simulations—a generic interface has
phase space regions contribute substantially to cross Sefiaen specified recently in Re#0]. In the near future, we
tions, the merit of such procedures has to be tested by comy 14 implement this interface and to make our complete

paring with fully differential NLO calculation_s that cover LO top pair production program available to interested ex-
resonant and nonresonant phase space regions. The start imental physicists

point for a complete NLO calculation of top pair production,
i.e., a calculation that is not specialized to the double-
resonant phase space region, would be the evaluation of the
NLO corrections of the complete matrix element for the

bbWw*W~ final state. The calculation of the real emission We thank T. Stelzer for access to a recent versiomati-
corrections is straightforward, since thW# bosons are on GRAPH and T. Trefzger for helpful information.
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