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Abstract

We present a program to calculate the total cross sectidofequark pair production

in hadronic collisions. The program takes into accountmetteeoretical developments
such as approximate next-to-next-to-leading order pleative QCD corrections and it
allows for studies of the theoretical uncertainty by sefgavariations of the factoriza-

tion and renormalization scales. In addition it offers tlesgibility to obtain the cross

section as a function of the running top-quark mass. Therprogan also be applied
to a hypothetical fourth quark family provided the QCD cangs are standard.
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1 Introduction

The top-quark is the heaviest elementary particle in nadiseovered so far. As a consequence
of its large mass close to the scale of the electroweak syrgrbe¢aking it has remarkable
properties making it a distinct research object. For exantpé short lifetime does not allow
the formation of hadronic bound-states. Rather, the tagrigdecays before it hadronizes, a fact
often referred to colloquially as the top-quark behavikg & quasi-free quark. Non-perturbative
effects are thus essentially cut-off by the short lifetinmel,aas an important consequence, the
polarization of top-quarks can be studied through the pardlating decay into &V-boson and

a bottom quark. The top-quark also provides an interesting@ment for precision tests of the
Standard Model (SM) and possible extensions, e.g., by @instg the allowed range for the
Higgs mass.

A mandatory ingredient for top-quark physics at hadronideis are precise theoretical pre-
dictions to compare with. Current Tevatron measuremerdstlaa perspectives at LHC, i.e., a
measurement of the top-quark pair cross section with anrtaioty of the order of 5% only set
the target for theoretical predictions of the productioogass. Clearly such an accuracy needs
to include quantum corrections.

Within Quantum Chromodynamics (QCD) radiative correctiarere calculated some time ago
to next-to-leading order (NLO) first considering unpoladztop-quark production [L] 2] and
later including spin information [3]. In the former cases@acompletely analytical results have
recently been provided|[4]. Beyond the NLO accuracy in QCBoes sources of possible im-
provements have been identified. Large logarithmic caoestdue to soft gluon emission were
investigated and resummed at the next-to-leading-ldgari (NLL) accuracyl([8,6] and recently
improved to include also the next-to-next-to-leadingadtgnmic (NNLL) corrections([7=9]. Al-
ternatively, resummation has also provided the means tstaat parts of the full next-to-next-
to-leading (NNLO) fixed order results][7,/110,/11], which camdupplemented by including all
Coulomb type corrections [11] and also the full scale depand at NNLO accuracy |[[7,12].
With a target precision for the total cross section at thegewcent level also bound state effects
from the resummation of Coulomb type corrections| [13, 14\va#l as electro-weak radiative
corrections at NLO[[15-17] need to be considered.

The compilation of all these results is in principle straifgirward given the extensive literature
on the subject. However, no publicly available programtex® far which contains the latest
theoretical developments. The “modus operandi” of the pastthat predictions were updated
by theorists from time to time taking into account new théoet improvements and/or new sets
of parton distribution functions (PDFs). The aim of the j@rgspaper is to provide a program
for the computation of the top-quark pair cross sectionudirig state of the art theory. As such
it can serve as a reference for future cross section caicuotat The program Hathor includes
perturbative QCD corrections at higher orders in the difféapproximations along with options
allowing also a detailed study of the theoretical uncetiasn Moreover, it provides the possi-
bility to compute the total cross section not only in the coomhy adapted pole mass scheme
but also in terms of thS mass a choice recently employed for top-quark pair privoioign
hadronic collisions for the first timé [12,18]. Finally, thén of this publication is not only to
provide a tool for cross section calculations but also tdifate experimental analyses. To that
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end the package contains in addition to the stand alone gmogfso a small library that can be
easily integrated into existing code.

The outline of the article is a follows. In the next Section lreefly discuss the theoretical
foundations as well as the procedure to convert taMl§emass. Sectioris 3 ahtl 4 contain instal-
lation details and the program description while usage aadeles are given in Sectigh 5. We
end with conclusions in Sectidh 6. All formulae as impleneenin Hathor are collected in the
Appendices A andB.

2 Methods

The hadronic cross section for top-quark pair productiabisined from the convolution of the
factorized partonic cross sectigy) with the parton luminosities;;:

Oh;hy—stix (SSMy) = / ds.ij(s,S Ht) Gij (s, m, as(kr ), Hf) (1)
Ij4mtz
17ds. /8 s
Lij (s, S ) = é/_éfi/hl (év Hf) fi/h, <—§, uf) : (2)
S

HereSdenotes the hadronic center-of-mass energy square@ ) denotes the renormalization
(factorization) scale and the functiofig, , (X, it ) are the PDFs describing the probability to find
a parton of type with a momentum fraction betweermandx+ dxin the hadrorhy. The QCD
coupling constantis(ly) is evaluated at the scalg. In the following we uses in the scheme
with n¢ light flavors. For top-quark production, the running is tltesermined by the five light
flavorsu, d, ¢, s, b which we treat as massless. The top-quark masgppearing in Eq[(1) is the
mass renormalized in the on-shell (pole-mass) scheme.
In perturbative QCD the partonic cross sectii(s, m, Os, [ ) is expanded in the QCD coupling
constant up to NNLO:

Gij = agai(jO)(Svmt)+a§6i(j1)(sam£7Ur7uf> aé‘
with as = as/Tt
In leading-order (LO) only the parton channejg and gg contribute and the respective Born
Cross sections are given by:

(s, m, e, ) + O(a3), (3)

~(0) 48 1

Oga = fgﬁ('?’—Bz), (4)
o = {1 ephm (18 s oy, ®)

with B = /I —p andp = 4n¥/s. Starting from NLO also thggandgq channels contribute. In
Ref. [1] (and in many subsequent publications) an alteraatecomposition was used in terms
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of so-called scaling functionf;:

0 [0 (@ 2¢(2) 3
Gij = W{f (P) + 4Tos fij™ (P, Me /My, e /K ) -+ (4T00s) £ (P, e /My, e /e ) + O(0s )}.
(6)
Since the scaling functions are dimensionless they depelydom p and the ratiogis /m; and
K /Hs. The full renormalization and factorization scheme depeice can be constructed using
the renormalization group equation, the standard evaigguations of the PDFs and informa-

tion about lower orders, i.e., up to NNLO knowledgefﬁ?)(p) and fi(jl)(p,l, 1) is sufficient.
The general structure can be written in the following form

BV, /mup/m) = 110 4Lt 20ef Y, (7)
82 (p,pe/mpe/m) = £20 4Lt LG, f.<- ? 1301 + 30LRLM f
-|-21LRf +302L2 , (8)

withij = {qq,gg} and we abbreviatey = In(uz /m¢) andLg = In(p2/p2). The scale dependence

in thegq (gq) channel can be easily derived from the above realizingftjﬁ?at: 0 so some terms
in Egs. [7) and[(B) are simplify absent. In the conventioredusere the coefficients of the
beta-function.0l are given by

0= (4111) (11 ; ) 1= (4; <102 %Snf). 9)

The Born contributions have been presented in Hds. [(#),(8)aa present also the complete
NLO corrections are known, i.e., the functioqg;lo) and fi(jll) in Eq. (7). A complete NNLO

calculation for the total cross section is not yet availabilece fi(jz)(p, Hi/my, i /my) in Eq. (8)

is missing the contributiorﬁi(jzo) while fi(j21) and fi(jzz) have been obtained from renormalization

group arguments as mentioned above. However, exact eiqisger fi(jzo) in the limitp — 1

based on soft-gluon resummation have been derived anddertive foundation for approximate
NNLO results ofop,h,tix -
The central physics questions to be addressed can be plasgatbws:

e How large is the total cross section,n,;ttx at a given order in perturbation theory ?

e Given a computation of the total cross section accordinggto(®) what is the associated
theoretical uncertainty ?

In order to address these issues the package Hathor hasuiffeoduction models implemented
which are accessible to the user as options. In the followiadriefly describe these options
as far as the underlying physics is concerned. To be seBistamt and for easier reference all
necessary theory input, e.g., the scaling functions has taécted in AppendikB. For details

of how to access these options when running Hathor we retbetoext Sectiorls 4 amnd 5.
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Option LO

The optionLO provides a rough estimate although with large theoreticagettainties which
will receive sizable corrections at higher orders. Thisi@puses the Born cross sections of

Egs. [4),[(5) (see also Eqs.(B.1)=(B.3)).

Option NLO

The optionNLOis the first instance where a meaningful theoretical unoeytaan be quoted in
perturbation theory. This option employs the complete NLOOorrections[[1,12]. All scaling

functionsfi(jlo) are given as accurate fifs [12] based on the recently publishalytic results [4],

(see also Eqsl(B.4J}=(B.6)).

Option NNLO

The optionNNLOis required whenever predictions with an uncertainty ofdsehanO(10)% are
needed. This option is based on the known threshold enhamtedue to soft gluon emission,
i.e., complete tower of Sudakov logarithms at NNLO accuracpplemented by all Coulomb
type corrections [11] and also the full scale dependenc&Z[7(see Eqs[(B.12)E(B.17)). This
ansatz provides a good approximation for the total crogsosefy/[10], a fact which is supported
by the observation that the QCD corrections to top-quarkgaiduction in association with an
additional jet are small[19=21].

Thus, using the results of Refs. [11] 12], we have for thetions fi(jzo):

(@

T = (16112)2{ o In*B-+(~15051589+37.92592611) In°B (10)

1
n (10464831— 90.83813%) — 140.36771B) In2B

(249 67547+ 55776275 + (54.038454— 4.38649081;) ) InB

B
1 1 5
+3.6077441; + (~5.2728242:-1.8447758) 5 + Céq—)} :
3
20 _ B 65T[ n3(802
20 £(0
fog = 99) {4608|rf‘3+(—23215810+85.3333331f)|n3B (12)

(16
+( 31557218 119355291f+49630011[3) In2@

(23468889—1— 21.9695291; + (28667132 6.89305701) B> InB
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1 1
+68547138; + (~37910584- 0.96631118) 5 +ci )

where the unknown functior&%—) andcéé) in Egs. [10) and[(12) parametrize the contributions

which are not enhanced in the threshold region, Q&B°%). The go-channel, that isféﬁo) in
Eq. (12), is additionally suppressed near threshold witheations of orde©(B2In?(B)).

In summary, the optioéNNLO(which has been used e.g., for the phenomenological stadies
Ref. [12]) uses all presently available information at NNL®this way, it attempts to construct
the relevant parts of the complete NNLO corrections. Nexdgsthe small associated theoret-
ical uncertainty[[7, 10] due to scale variation @ndps) estimates effects beyond NNLO. An
additional systematical uncertainty on the quality of thpraximate NNLO result can be quan-

tified by varying the constanﬁ;gé—) andcéé) in a reasonable range comparable to the size of the

other coefficients in Eqd._(10) arld{12), ie? = +0(100). The default value ié:i(jz) =0.

i

Option LOG_ONLY

The optionLOG_ONLVYs also motivated by the idea of soft gluon enhancement meestold. It
emerged as a conservative definition of the theoreticalnaioty in a comparison of different
approaches to incorporate dominant terms beyond NLO totaindpgarithmic accuracy. In
particular threshold resummation at NLL accuracy, pertras in Refs[[6, 22] which typically
proceeds in Mellin-space, see Hq.l(13), has been testealsagai expansion in powers Of((tﬁ)

in momentum space as advocated in Réf. [7,10]. This congrahias yielded satisfactory agree-
ment, because resummation beyond NLL, i.e., at NNLL acgunas only a minor effect [7].
The optionLOG_ONLYas discussed below is based on work with CCMMMNU [23]. It issag
uine NLO approach with logarithmic improvement near thaddland scale variations i and

M (with a constraint on the ratio @f /pis) estimate effects beyond NLO. Being a conservative
approach the resulting theoretical uncertainty is necigsarger than in the optiolNNLO

Let us briefly mention the essential technical points. InsRi€f 22] the logarithmic enhancement
is constructed from the (IN) terms in Mellin space where the resummation is usually peréal.
The transformation from momenturp) space to Mellini-) space is given by

1
o(N) = /0 dpp"to(p), (13)

wherep = 4n¥/s. The important feature of Eq._(L3) to realize is that beyarghtithmic ac-
curacy the momentum space and the Mellin-space expresswodsfer by terms which are not
enhanced iif8 or, respectively power-suppressed ifNL Any difference could be included in a
choice ofCi(jZ) in Egs. [10),[(1PR).

OptionLOG_ONLYhas to be used with the OptidiNLQ It applies Eqs[(10) an@d(1L2), but truncates
the functionfi(jo) beyond NLO to is leading term if8 (cf. Egs. [4), (b)) and, for consistency
neglects thegg-channel beyond NLOfééO) and Eqgs.[(B.14) and(B.15)). Also for the scale
dependent part, the optik®@G_ONL¥Xeeps only terms which are logarithmically enhanced in the
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threshold region. In this case the functioii”fjgl) and fi(jzz) in Eqs. [B.12)-HB.17)) are truncated

(2
J

to logarithmic accuracy. Again, one could also vary the mmscéﬁ—) andcéé) in arangeC;

+0(100) to test for additional systematical uncertainties. Thedifvalue isCi(jz) =0.

Option MS_MASS

The optionMS_MAS&llows for the computation of the total cross sections asations of the
running mass in th#1S scheme. In a nut-shell this is based on the replacement M(l; ) (see
Eq. (A.1)) in the expression far, n,itx in EQ. (1). The optioMS_MAS&an be applied together
with optionsLO, NLOandNNLQ

Let us briefly discuss the main motivation for this option.f&othe mass used in all formulae is
given as the so-called on-shell or pole-mass which is defasdtie location of pole of the quark
propagator calculated order-by-order in perturbatiooielt is well known that the pole-mass
is not a well defined concept in QCD since quarks do not appeasgmptotic states in the
guantum field theoretical description of the strong inteéogacowing to confinement. In other
words, the quark propagator does not have a pole in full QCDngke quantitative analysis
leads to the conclusion that the pole-mass is intrinsiaatigertain of the order of\gcp (see
e.g. [24[25]). Since in perturbation theory the pole-mass lze expressed in terms of a short
distance mass like for example the running mass which isffome non-perturbative effects it is
advantageous to translate the cross section predictionmstfre on-shell scheme to tMS mass
scheme. As a benefit, the convergence of the perturbatiesssrsignificantly improved when
the running mass is used and the extracted numerical valine abp-quark mass is very stable
under higher order corrections. These observations watefiinted out in Ref[[12].

In the Hathor program the conversioR,n, i (S, M) — Ohyh,—tix (S M(W)) has been realized
now in an easy way allowing a direct evaluation of the crostie using the running mass (see
also [18]). All details are deferred to Appendix A.

Option PDF_SCAN

The optionPDF_SCANallows for the automated computation of PDF uncertaintiethe default
setting of the Hathor package the PDFs can be accessed wittHAPDF library [26[27]. A
prerequisite for this option is, of course, that the resped®DF provides a set of error PDFs.
There are, however, different conventions with respecif Bncertainties.

For instance, there exists the convention of asymmetriemainties, a choice adopted by e.g.
MSTW [28] and CTEQI[2DB]. Here the error PDFs comenbr pairs (o +,0k — ), where the
first element of the pair describes the error of the corredipgnparameter in thet’-direction,
the second the one in the-direction. Then, for a given PDF set with a central fit regg in

a cross sectiogg the systematic uncertaintyo; is estimated by (see e.@.[30]),

1
Aoizé\/ Z (max(0, 40 1 F 0o, -0k — F 09))?. (14)
k=1,nppF
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Eq. (I4) is the default of the Hathor package when using thiepDF_SCAN Following stan-
dard conventions the PDF uncertainty should be linearlyeddd the theoretical uncertainty
from scale variations (parameterizing uncalculated highgers).

Other PDF sets, e.g. ABKM [31], employ the convention of sysinic uncertainties, where the
Nppr elements each describe the (symmetrie)variation. In this case, the quadratic uncer-
tainty Ao is obtained by adding the individual errors quadraticallyhie standard manner,

Aoy = \/k:%PDF (O'k — 0'0)27 (15)

and the optiolPDF_SCANas to be combined with the additional optiébF_SYM_ERR

Finally, there exist PDF sets, e.q. [B2] 33] which simplyrata numbenppg of best fits, where
typically nppr ~ O(100). Then, the PDF uncertainty of the cross sectida estimated by com-
puting it with each of the best fits and taking the standartilssitzal average. In such cases, the
optionPDF_SCANcannot be used for an automated computation of the PDF amaigrt Within
Hathor, it of course, always possible for the user to proowa code for the evaluation of the
PDF uncertainy.

If, however, a PDF set provides different values of the ggroauplingas for different error
PDFs, this is automatically taken into account.

Before continuing with the description of the Hathor pragrdet us mention that the package
offers the possibility for several extensions in the futundth an experimental precision of 5%
as envisaged at LHC the electro-weak radiative correcabh. O [15-+17] have to be taken into
account. While for the Tevatron they turn out to be smallqlib&in 1%) they are of the order of
2% at LHC with a slight dependence on the Higgs mass. Eleet@k NLO corrections can be
included in a similar manner as the higher order QCD cowastii.e., with the help of accurate
fits.

Also the treatment of QCD radiative corrections leaves ré@nimprovement, e.g. by incorpo-
rating bound state effects from the resummation of Couloypk torrections [13,14]. Finally,
the design of the Hathor package can in principle also accuuate related approaches for the
computation of the total top-quark pair cross section bdydhO, for instance those based on
soft gluon enhancement in differential kinematics [34,3gle Ref.[[36] for earlier work). Such
extrapolations of large logarithms from soft gluon emissio a differential variable (e.g. the
top-quark pair-invariant mass) to the full partonic phgs#ce introduce systematic uncertainties
and require a detailed comparison to an inclusive approacih as in Eqs[(10)E(1.2).

3 Installation

In the default setting the Hathor package is based on the IIfARbrary [2€] to access the
PDFs. The Hathor package has been tested with the most remrsian lhapdf-5.8.3 which can
be obtained fronttp://projects.hepforge.org/ihapdf . Please follow the instructions
in the LHAPDF package to install the LHAPDF library. To budad use Hathor first unpack
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the package usintar xvfz Hathor.tar.gz at the location where one wants to install the
package. This will create a directory Hathor-1.0. Pleasatera symbolic linkhapdf inside
this directory to the location of ones LHAPDF installatiothe contents ofhapdf should
contain the LHAPDF installation with the directorigsn include lib lib64 share . Then
use make to build the Hathor package. Make will build the Katktatic) librarylibHathor.a
which can be used in other applications. In addition an exammgrammain.exe is built. For
details concerning the example program we refer to Sectiddote that the compilation is done
using the GNU compilers gcc, gfortran and g++. The packadg@asvn to work also with the
Intel compiler. In fact we recommend the usage of the Intadgiter since this results in a much
better performance. However, given that it is not everywtarailable Hathor uses the GNU
compiler by defaulfd

To run the example one has to tell the system where the dyndracies for LHAPDF can be
found. This is conveniently done using the environmentaldelLD LIBRARY_PATH Using the
C-shell the statement would be:

setenv LD LIBRARY_PATH <path_to_lhapdf installation>/ lib/

In addition, one probably needs to specify the location whbe grid files for the LHAPDF
library are stored. Again using the C-shell, the statementlevbe of the form:

setenv LHAPATH <path_to_lhapdf_installation>/lhapdf/s hare/lhapdf/PDFsets

For a detailed description concerning the paths requiretiéy HAPDF library, we refer to the
LHAPDF manual. As concluding remarks with respect to the Ribfaries we would like to
point out that Hathor does not try to handle errors from thé\PBF library. This is not possible
since LHAPDF does not provide a detailed error handlingoAlste that since LHAPDF is not
thread safe the same is true for Hathor.

Hathor is also equipped with a graphical user interface jGWitten in Java. The GUI makes
use of dynamic libraries to access the Hathor library withawald The dynamic library is
built with the commandCreateJavaGui.csh which is included in the Hathor package. The
commandCreateJavaGui.csh ~ creates the dynamic librafpHathor4Java.so and writes
the executable filghathor which is used to start the GUI. Please note ttiathor sets up
various paths: i.e. the environment variabAPATHis set to./lhapdf/share/lhapdf if it
has not been set yet. In addition the dynamic libralie$iAPDF.so  andlibgfortran.so on
which the Hathor library relies are preloaded. This stepadf@rm dependent and not alway easy
to achieve in a universal way. If the graphical interfacesdioet start withxhathor the correct
setting of the paths is a likely source of potential errorsthiat case we recommend to set the
necessary paths directly xhathor or to consult the authors for support.

For the Intel compiler the user has to adaptrtakefile .
2The same technology can be used to access the Hathor liboanyMathematica or Maple. The authors may
provide the respective interfaces in a future update on ddma



4 Description

The entire cross section is calculated inside the classdfiatlinis is done in order to avoid any
possible problem with names used in already existing cddsile this class, a two dimensional
numerical integration is performed in which the PDFs arevolried with the hard scattering
cross section. As a numerical integration procedure we his&/gas aIgorithn[B?E Since
Vegas is a Monte Carlo integration we need to provide randomhbers. Those are obtained by
using the Ranlux algorithm [38] and we use the implememtadiilable from Ref[[39].

The Hathor class takes as constructor argument a referertke PDF which should be used in
the current cross section calculation. In the following veé the publically available function
calls and option choices together with a short description.

e Hathor(Pdf & pdf)
Constructor to build one instance of the Hathor class. Tharaent is an instance of the
PDF. In case that LHAPDF is used the corresponding definitionld be:
Lhapdf pdf("MSTW2008nnlo68cl");
to use theMSTW2008nnlo68cl set.
At first sight it might appear strange that we use an additibmapper class” as interface
to LHAPDF. The idea behind this is to give the user the pobsiltdo become independent
from LHAPDF. This is achieved by inherting the clddmpdf from the base clasBdf .
By inhering its own class from the base class the user canetasiy implement its own
wrapper to whatever PDF set he wants to use. As an exampbdatseMSTW has been
supplied, which gives direct access to the MSTWI(sét [28] téNloat in the MSTW case the
OsVvalue is set to 1 since the library does not provide a fundtavaluate it. The user has
thus provide its owmis.) We have observed that in some cases the original codedaavi
with the PDF sets is faster than what is provided by LHAPDRc8ithe evaluation of the
PDFs represents a significant part of the calculation thgeuséthe original PDFs may
speed up the entire calculation significantly.

e void printOptions()
Use this function to print the options currently selectealthie routinesetScheme() ;

e void setScheme(unsigned int newscheme)
Sets the specific scheme in particular perturbative ordgeremormalization schemes. Pos-
sible options are:
— Hathor::LO to switch on the leading-order contribution.
— Hathor::NLO to switch on the individual NLO contribution.
— Hathor::NNLO to switch on the individual NNLO contribution (see Sectidn 2

Please also note that for the computation of the total crestsos up to e.g. NNLO accu-
racy, it is necessary to combine the options as in

3Hathor uses Vegas code which is a C port of the original foreexsion [37].
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setScheme(Hathor::LO | Hathor::NLO | Hathor::NNLO);
Other possible options are:

— Hathor:MS_MASS to use the mass renormalized in & scheme (see Sectibh 2).

— Hathor::LOG_ONLY to keep only the logarithmically enhanced terms (see S&2fio
Please note that this option requires alathor::NNLO to be set.

— Hathor::PDF_SCAN to switch on the evaluation of the PDF uncertainties. That is
say, the error PDFs are also integrated along with the desati@e. To save comput-
ing time one may set the accuracy wiX8.setPrecision(Hathor::LOW) to LOWN
this case. Care has to be taken, though, by the user to emsuréhé¢ default PDF
uncertainty estimate as implemented in Hathor (asymmetrar) complies with the
conventions of the respective PDF set, as e.g. some PDFregidg@only a symmet-
ric error. In this case, the additional optiblathor::PDF_SYM_ERR needs to be set.
See also the discussion in Section 2.

— Hathor::PDF_SYM_ERR invokes symmetric PDF error, if foreseen by the convention
of the PDF set.

Please note, that these options can again be combinedsery. a
setScheme(Hathor::LO | Hathor::NLO | Hathor:MS_MASS);

void setColliderType( COLLIDERTYPE type)

Sets the hadronic initial state. Ustathor::PP  to select proton—proton collisions and
Hathor::PPBAR for proton—anti-proton collisions. The collider energe® set to the
default values: 7 TeV in case of proton—proton collisiond 4860 GeV in case of proton—
anti-proton collisions. If this is inappropriate the vadusan be changed using the com-
mandvoid setSqrtShad(double ecms) , Where the center of mass energy is provided
in GeV.

void setSqgrtShad(double ecms)
Sets the center-of-mass energy in GeV.

void setNf(int nf)

Sets the number of massless flavorsito For top-quark physics the default setting is
ns = 5 and should not be changed. This function may be used wheardke section for
a hypothetical heavy quark of a fourth family is computedHashor includes the fulhs
dependence of the hard scattering cross section, i.e tutréssathe formulae for genenaj.
However, please note that the PDFs usually prodigim then; = 5 flavor scheme. So the
user should be careful with this option (and the interpretedf the results).

void setCqq(double tmp)
Can be used to set the constant defined in[EQ. (10) to a spedlifie (see Sectidd 2). The

default isCqq = 0.
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void setCgg(double tmp)
Can be used to set the constant defined in[Eq. (12) to a spedlifie (see Sectidd 2). The
default isCyg =0

void setPrecision(int n)

Can be used to define the accuracy of the numerical integrpgdormed by the Hathor
package. It sets the number of function evaluations useldeMonte Carlo integration.
In principle, the user can provide any reasonable intedeeva

Pre-defined values ar#athor::LOW , Hathor::MEDIUM , Hathor::HIGH . We recommend
LOWor the PDF scan andEDIUMfor the central value. This should be sufficient for most
applications. Please note thégthor::LOW should give already an accuracy at the percent
level. For detailed comparisons of theoretical resdl&H may be used.

double getAlphas(double mur)
Returns the QCD coupling constant at the renormalizatiatesour as provided by the
(central) PDF.

double getXsection(double m, double mur, double muf)

This function starts the cross section calculation for a&gitop-quark mass and the fac-
torization/renormalization scales provided as argumedtdess a specific scheme is set
throughsetScheme the default setting is used:

Hathor::LO | Hathor:NLO | Hathor::NNLO

The cross section for the central PDF is returned. More métion can be obtained
throughgetResult

void getResult(int pdfset, double & integral, double & err)

This function is used to obtain additional information aftee cross section has been calcu-
lated for a specific setting of the renormalization/factation scale usingetXsection

The integer valugdfset specifies the respective PDF: O for the central value, and 1 to
getPdfNumber()  for the respective error PDF. The result for the central&alnd the nu-
merical error from the numerical integration are returrfeduighintegral  anderr . Note
thaterr should always be negligible. If this is not the case the gieniof the numerical
integration should be increased throwsgtPrecision

void getPdfErr(double & up, double \& down)

This function returns the PDF uncertainty, if the optitathor::PDF_SCAN has been used.
By default, Hathor assumes an asymmetric PDF error coroenitn case of a symmetric
one, the optioPDF_SCANhas to be combined with the opti®®F_SYM_ERRsee Sectiohl2
and the discussion above).

int getPdfNumber()

Returns the number of error PDFs currently in use. If O isrretd the optioPDF_SCANs
not switched on or the PDF set does not support error PDFs, i&.gase of the PDF set
mstw2008nnlo.68cl  the return value would be 40.
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e void sethc2(double)
Can be used to change the value fbc)? which is used by Hathor to convert the cross
sections from GeV? to pico barn. The default used by Hathor is:
0.389379323e+9 .

5 Usage and examples

A concrete instance of the Hathor class is built using:

Lhapdf pdf("MSTW2008nnlo68cl");
Hathor XS(pdf);

The evaluation of the cross section (using the defaultrggtts then done using
XS.getXsection(171.,171.¥2,171./2);

where the mass has been setto 171 GeViard?2 x 171 GeV andis = 171/2 GeV. The result
of the evaluation is obtained through

XS.getResult(0,val,err,chi2a);

Note thatXS.getXsection(171.,171.¥2,171./2); triggers the numerical integration of the
cross section. It has to be called first befdfegetResult(0,val,err,chi2a); can be used.
In a typical application we may want to use a lower statistithe Monte Carlo integration for
the evaluation of the PDF uncertainty. This is achieved leyftitlowing code:

unsigned int scheme = Hathor::LO | Hathor::NLO | Hathor::NN LO;
double mt = 171., muf=171.,mur=171,,
double val,err,chi2a,up,down;

Lhapdf pdf("MSTW2008nnlo68cl");
Hathor XS(pdf);

XS.setPrecision(Hathor::MEDIUM);
XS.getXsection(mt,mur,muf);
XS.getResult(0,val,err,chi2a);

XS.setScheme(scheme | Hathor::PDF_SCAN);
XS.setPrecision(Hathor::LOW);
XS.getXsection(mt,mur,muf);
XS.getPdfErr(up,down);

The central value is calculated with the precision ssE®IUM The estimate of the PDF uncer-
tainty is then obtained with a lower accuracy.

An example of the usage of Hathor illustrates the calcutatidh running a mass. It reproduces
the central curve (NNLO) of the right plot in Figure 5 of RéE2].
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double val,err,chi;

Lhapdf lhapdf("MSTW2008nnlo68cl");
Hathor XS(lhapdf);

XS.setColliderType(Hathor::PPBAR);
XS.setScheme(Hathor::LO | Hathor::NLO | Hathor::NNLO | Ha thor:MS_MASS );

XS.setPrecision(Hathor::LOW);

for(double mt = 140; mt < 181.; mt++ )
XS.getXsection(mt,mt,mt);
XS.getResult(0,val,err,chi);
cout << mt << " " << XS.getAlphas(mt) <<" "<< val << " " << err << e ndl;

}

The typical runtimes for these examples range between ds@nd a few minutes and also de-
pend on the chosen compilers. E.g. on an Intel 3.00GHz Quad@® we have obtained with the
optionsNNLQ PDF_SCANPDF setMSTW2008nnlo68cl ) andXS.setPrecision(Hathor::LOW)

the result for the cross section after 64 seconds using thetrgfh compiler, and, 41 seconds
respectively, using Intel’s ifort compiler.

The Java GUI is invoked by the commaxidithor (see the discussion in Sé¢. 3 for the installa-
tion). A screenshot is displayed in Fig. 1 and the input ifegblanatory with the help of Seld. 4
for the description of all options.

Input Parameters

m,= 171000 | Ho= 171000 | He= 71000 |
Collider Settings
® Proton / Proton O Proton f Antiproton Energy = I?OCICI. |GeV

Parton Distribution Functions

PDF set: |MSTW2CICIEnnI06EIcI |

Perturbative Order

¥ LO NLO [INNLO []LOG OMLY Cgq=
Additional Settings

[[1MS MASS [ |PDF SCAM [|SYM PDF ERR [ |SCALE SCAN
Integration Accuracy

®LOW O MEDIUM O HIGH

|9 Cog = ’07

Results

afpy) = |— o= | | pb

Figure 1:Screen shot of the Java graphical user interface for Hathor.
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6 Conclusions

Top-quark production at hadron colliders is at the edge cbbeng a precision measurement
requiring accurate theory predictions. Hathor is a fastféadble program for the computation
of the total cross section of hadronic heavy-quark paidpobion. It takes into account the
latest theoretical developments through a variety of otiat allows for separate variations of
all scales and can be used with a large number of PDFs thrineghHAPDF interface. As a
novelty, Hathor offers predictions in different renormzalion schemes for the heavy-quark mass
(pole andVIS) and it can also be applied to a hypothetical fourth quankify assuming standard
QCD couplings. Thus, with these functionalities Hathor sarve as a reference for future cross
section calculations.

Hathor typically runs in a few seconds up to a few minutes ¢deling on the chosen options,
e.g. extensive PDF scans) on standard desktop or notebanKIR€ Hathor package can either
be used as a stand alone program or, as a small library, ite@adly integrated into existing
code, e.g. for experimental analyses.

Hathor is publicly available for download frorm [40] or frome authors upon request.
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A Total cross section with a running mass
The starting point is the relation between the on-shell masitheMS mass:
M = M(k) (1+asl +282) . (A1

with ag = as/Tt If the decouplingns™=% — as"=° is performed am(yy) the coefficients are
given by

1= 4t (A2)
307 2 1 509, 47 ,
2 = 5 HR@+ U2 LB+ T+ 5t (A.3)

71 1 13 1, 4
- (m+§z<2>+3—6e+1—2e )nf+§ZA<m/m>,

which are known from Refs[ [41=43] arfd= In(l,2/m(1)?). Note that the coefficients; de-
pend in general on the renormalization scale. Usiim) instead ofm(yy ) the formulae sim-
plify significantly. The full renormalization scale depe&mte can be restored at the end using
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renormalization group argument&(m; /m) accounts for all massive quarks lighter than the
top-quark. For all light quarks we sei = 0 so the sum in EqL(Al3) vanishes.

To convert the cross section to tMS mass scheme we start from the hadronic cross section
expanded img:

Oty —tix (S M) = &80@ (S m) +ado™ (S m) +adc®(Sm)+0(&).  (A4)
Expressingm in terms ofm(m) and expanding s we obtain
Ohyrpotix = 2200 (Sm(m)) +ado'™ (Sm(m)) +ado'® (S m(m)) (A.5)
3 do'®(m) a) o, dol%(m)
+ag1m(m )T +a ¢ ™( )ZT
my=m(m) my=m(m)
doW(m) 1 5.,d2060(m)
+m( ).T +§m( )1d7mz :
my=m(m) my=m(m)

The derivatives of the LO cross sections with respect to tasswean be written in the following
form:

do(O)(m) 2 S ( d ) -0 i
dam ~ m(m) d ' A.6
dm — m(r_n) Am(m) S Sd Lij (S S Uf) (S m(m)) (A.6)
and
d2g0 5 < . "
- d ! ,m(m A.7
dnp ) m(m)? Am( m? S<SdSLJ(S Suf)) 617 (s, m(m)) (A7)

o /S d dai(.o)
_c ds(s—~zii(s, 1
+r_n(m) /4m(m)2 ( d IJ( S?“f)) dm
my=m(m)

where a summation over the contributing parton channelsdsistood. Note that in EqE._(A.5), (A.6)
and [A.T) the renormalization scale is settc= m(m). The required derivatives of the LO par-
tonic cross sections with respect to the mass are easilinedtérom Eqs.[(4),(5):

dogq 1 1 2p

Mdm ~ Tngoc B (A.8)
dogg 1 o2 1 p ( 2| anb ( +B) 2 4)
= 36— 403 +43")In —7-1163°+9 . (A9
" dm T e (PO ABTHARYIN 1 &32+918!) . (A.9)
For the first derivative o6'Y) we obtain a similar result:
do@ S Lo
me=m(m)

+%A;(m)zds(sd%mj(s,sypf)) ol <s,m(m),ﬁ,l) :
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with

0
61 (s m(m) = i o (s, m(m), m“—f_) 1) . (A11)

0
Using Eq. [(6) the contributioﬁi(jl)(s, m(m)) can be written as

2x(1) 8a52(m(m)) £(11)

asojj = m(m)2 ij (A.12)
Since the luminosities are only known numerically the denixes are evaluated using
d
geLi (s,SYf) = > (L.J (s+8,S Hr) — Lij (S—8,S Hr)) +O(8%). (A.13)
The results presented so far are only validiipe= m(m). Using
as(M(M)) = as() (1+ 4mas(be ) LRO+ (470)%as () * (g + O°LE)) , (A.14)

with Lz = In(2/m(m)?) it is easy to restore the complete renormalization scaleniggnce.

B Scaling functions

Here we present the expressions for the scaling functioims@emented in the program Hathor.

At Born level,
g = n2[37p[2+9] (B.1)
fo = o, (B.2)
© _ TIBp +B
19 = 192[[3( +16p+16)|n(1 B> 28—31p}, (B.3)

wherep = /I—p andp = 4n¢/s. At NLO the functionsfi(jlo) have been described through
precise parametrizations with per mil accuracy and the¥atg ansatz [12]:

(@ = 2 22py (32m2-5) ing - —f}wp U+ h(B,au,....a17) (B.4)

36m 12
1 (0) 2 10
8 z(nf 4)f [SInZ—él p— 9],
30 = —33[ N+~ |n2—§ +h& (B.ay,....a5) , (B.5)
7 366 1118
1§ = o0 [2an?p (721n2- 2% in B+ ) + BB an) (B6)
2 1
e —4) 1§2m['n<1tg> _ZB] !
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wherens denotes the number of light quarks and the compfetelependence has been kept
manifest. The constanag readag? = 0.03294734 anag® = 0.01875287 and the fit functions
h(B,ay,...,a17) andhg% (B,as,...,a15) are given in Eqs[(B.18). (B.19) together with a list of all

parameters in Tabisl [I-3. The exact expressions for scaémdept functlonsfl(J Y have already
compact analytical form containing at most dilogarithmiey read([1]

1 [16m 1+B P
&Y = ﬁ{mpln(l B)-}-gféq)(p) (127 6nf+48|n(482>)}, (B.7)
1 m (4 +
i) = 8T[2192[ p(14p%+27p— 136)|n<l E) (B.8)
—3—2p(2 p)h(B)—ﬁsB(qu:)z 346834—724)}
1+
f5) = = [192{2p(59p2+198p 288)In (rg) (B.9)

+12p (p? +16p +16) ho(B) — 6p (p> — 160+ 32) hy(B)

4
B (744932—33283+724)} +1269 (p)In <4LBZ)] :

with the auxiliary functions containing the standard dédthm Li>(x) = — [5 ¢ din(1—t),

hi() = In? (1%8) 2 (1 2B> + 2Ly (1;'3) oLi, (1 2B> . (B.10)

ho(B) = L|2<12fﬁ)—u2<%). (B.11)

At NNLO the functionsfi(j21) and fi(jzz) are known exactly [12]. The fits to the scaling functions
generally have per mil accuracy with exceptions in regidosecto zero, where an accuracy
better than one percent is kept.

f(2_1) B 1 (0) 8192I 3 12928 32768
aq - (161'[2)2 aq [_ B+ ( 9

1
+ (—84051065+ 70.183854}> InB 82246703 + 467.9040%

In 2) In2B (B.12)

+ﬁfé§> [—256I 2B+ (@3— %SI 2) INB+6. 579736%—64.61427@
+h(B,bi +n¢ci) — (fgfzz)zf(gq) L,)I 2—§Inp—%o}

i@ = (1671[2)2 c§0,>[2048| 28+ (—%ﬂ&%l n2)InB 27089724 (B.13)
+(12T‘[2)2f(§q){320| 3—5%6+%)| 2}+h(3 b.+nfc.)+3(‘1‘27]f;)2f(§?,
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oy 3770, 5 6805 6160
f§ay = (16“2)23[ n?B+ (=1 + 57 IN2)InB+0.1370778 (B.14)

81
163
40, 2206886%1 m[ﬁ [46|nB— +76In2} +h2 (B, b +nic)

2 41385 _1540 385 o
fSa = (16n2)28[ Ing + 57 2]+ (B.bi+nrci)., (8.15)
(21 1 (0) 109920 2
% = eep 5169 |- 4608|r?3+( - 18432In2) In?p (B.16)
L 1
+(69.647185- 2481500 ) InB 456867724 + 17.01007(
Ns ( 4048
Fager 2168 |- 64In2[3+<ﬁ—192m2> InB — 3446528%—37.6020011

+h(B bi +nsci),

122 = (16 2) S [1152|r?3+( 2568+ 2304In2Inp — 797431214(} (B.17)
0)
+(16 272 %6 [161nB— 16+ 16In2] +h(B, b+ nrc),

with the fit functionsh(B, a, . ..,a17) and hé%)(B,al,...,alg) (see Tabd.1133 for a list of all pa-
rameters),

h(B,ay,...,a17) = aiP?+aB>+asp*+ayf° (B.18)

+asp?InB+agBiInp+azp*InB+agf®Inp
+agP?In? B + agoB3IN? B+ a11B Inp +a12P In*p -+ a13?Inp
+a14B?In?p +aysP3Inp + aePIn?p + a1 7B Inp,

he (B,ar,....a5) = aP*+ap®+asp® (B.19)
+asB*InB +asB>InB+asB°InB
+a7B%p Inp+agP?pIn®p+agfip Inp
+aioB®p In?p+ayp*pInp
+a1oB*p In?p +a1aB?p Inp+ a14B?p In*p + a1sB%p In°p,

el (B,ar,...,a18) = aP3+apB®+ag® + aup®+asp’ (B.20)
+agB*InB+a7B°InB+agflInp+agf’InpB
+a1oB3Inp +a11B3In?p +aiB*inp +a13p*In?p
+aaB°Inp + agsB°In?p 4 a1eB®Inp + a17B%In%p +aygB’ Inp.
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o @ @

i a b Ci bi Ci

1| 0.07120603 —0.15388765 —0.07960658 0.37947056 —0.00224114
2| —1.27169999 4.85226571 (0111294 —4.25138041 (02685576
3| 1.24099536| —7.06602840 —0.09496432] 2.91716094 —0.01777126
4| —0.04050443 2.36935255 —0.32590203| 0.94994470 —0.00626121
5| 0.02053737| —0.03634651 —0.02229012] 0.10537529 —0.00062062
6 | —0.31763337| 1.25860837 (23397666 —1.69689874  (M0980999
7| —0.71439686| 2.75441901  (B0223487| —2.60977181 (01631175
8| 0.01170002 —1.26571709 (13113818 —0.27215567  (@©M0182500
9| 0.00148918 —0.00230536 —0.00162603 0.00787855 —0.00004627
10 | —0.14451497 0.15633927 (08378465 —0.47933827 (00286176
11| —0.13906364| 1.79535231 —0.09147804, —0.18217132 (00111459
12| 0.01076756| 0.36960437 —0.01581518 —0.04067972  M0017425
13| 0.49397845 —5.45794874  (®6834309 0.54147194 —0.00359593
14 | —0.00567381] —0.76651636 (03251642 0.08404406 —0.00035339
15| —0.53741901] 5.35350436 —0.25679483 —0.51918414  M0363300
16 | —0.00509378 0.39690927 —0.01670122] —0.04336452  M0017915
17| 0.18250366| —1.68935685 (07993054 0.15957988 —0.00115164

Table 1:Coefficients for fits of theq scaling functions.
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fga fga fga
i aj bi C bi C
1| —-0.26103970, —0.00120532 00003257 —0.00022247 00001789
2 0.30192672| —0.04906353 M0014276] 0.00050422 (0000071
3| —0.01505487] —0.20885725 —0.00402017| —0.02945504 —0.00020581
4 | —0.00142150, —13.73137224 06329831] 0.34340412 00108759
51 —0.04660699 14.01818840 —0.05952825| —0.31894917 —0.00086284
6 | —0.15089038 —0.00930488 00002694 0.00009213 (0000010
7| —0.25397761] —0.52223668 (00159804 0.00690402 (00001638
8| —0.00999129 —4.68440515 M1522672| 0.07847233 00022730
9 0.39878717] —7.61046166 02869438 0.16042051 (00045698
10| —0.02444172 1.36687743 —0.00875589| —0.05186974 —0.00025620
11| —0.14178346 1.84698291 —0.00800271| —0.03861021 —0.00016026
12 0.01867287, —7.26265988 04043479 0.21650362 @M0070713
13 0.00238656| —4.89364026 01965878 0.10137656 (00034937
14| —0.00003399 11.04566784 —0.05262293| —0.28056264 —0.00072547
15| —0.00000089 4.13660190 —0.01457395/ —0.08090469 —0.00025525
16 0.00000000, —6.33477051 02314616/ 0.13077889 (00034015
17 0.00000000; —1.08995440 00291792 0.01813862 00006613
18 0.00000000 1.19010561 —0.00220115] —0.01585757 —0.00006562

Table 2:Coefficients for fits of thgq scaling functions.
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(21)

(22)

fﬁggjO) fgg fgg
i aj o] GCi bi Ci
1 —8.92563222] —4.18931464 (12306772 0.01222783 —0.00380386
2| 14990572830 8235066406 —2.75808806| —0.77856184  (D8757766
3| —14055601420| —87.87311969 319739272 1.33955698 —0.10742267
4 —0.34115615 9.80259328 —0.56233045| —0.59108409 02382706
5 —2.41049833 —1.12268550 (03240048 0.00248333 —0.00099760
6 54.73381889] 2951830225 —0.92541788| —0.23827213 (02932941
7 90.91548015 4836110694 —1.57154712 —0.38868910 (04906147
8 —4.88401008 —7.06261770  (B5109760, 0.28342153 —0.01373734
9 —0.17466779 —0.08025226 (00227936, 0.00010876 —0.00006986
10 13.47033628 7.01493779 —0.21030153| —0.03383862  (M0658371
11 2266482710, 1500588140 —0.63688407| —0.29071016 (02089321
12 4.60726682 3.84142441 —0.12959776| —0.11473654 (00495414
13| —67.62342328| —47.02161789 191690216] 0.98929369 —0.06553459
14 —9.70391427 —8.05583379 (®6755747, 0.24899069 —0.01046635
15 65.08050888| 47.02740535 —1.86154423 —1.06096321 (06559130
16 5.09663260 4.21438052 —0.13795865| —0.13425338 (00551218
17| —20.12225341| —14.99599732  (B8155056| 0.35935660 —0.02095059

Table 3:Coefficients for fits of theyg scaling functions.
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