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INTRODUCTION

The Standard Model (SM) top quark couplings are uniquely fixed by timeiple of gauge
invariance, the structure of the quark generations, and a requirerhemiwding the lowest di-
mension interaction Lagrangiaf] [1]. Within the SM the top quark is consideseal point-like
particle. It should be stressed, that within the SM all top-quark produgtioperties and decays
are evaluated with high accuracy without any phenomenological paraméiee total cross sec-
tion production as well as the differential distributions are calculated @ith0%) accuracy [[[L].
The top quark decays through one decay chainelpW™ (other decay channels have very small
branching ratios, less thefi(10~%)). Due to a very small life-timet{ ~ 10-2* sec,; < 1//Aqcp)
the top-quark decays long before it can hadronize. Therefore,ritilsaly to expect the formation
top-hadronsT (tt)- or M(t@)-mesons and\(tqg)-baryons. The search for anomalous (i.e. non-SM)
interactions is one of the main motivations for studying top-quark physicaddiition, very often
the events with the top quarks are backgrounds to new physics that weddjscover.

The physics of the top quark at the LHC has been studied in great ddfaih¢luding in
many cases a realistic simulation of the detectors (see talks at this Workshuogp)goal of this
presentation is to give a short review of Monte Carlo (MC) generatotspttaide a simulation
of the processes with top-quark production and decays (the details@lecations could be found
elsewheref[1[] 2]).

1. GENERAL SCHEME OF GENERATOR

A general scheme of full event simulation assumes the evaluation of thephazdss (the
cross section value, the incoming and outgoing particle’'s momenta and Qoltinens to evolve
the event through a parton showering and hadronization the colourddgis of shower, and the
decay of the unstable particles. As a result an event information contaimsaimenta of the final
hadrons, leptons and photons and positions of their decay vertexegally such information
contains also the characteristics (momenta, cold{ffsgodes, mother’'s and daughter’s relations)
of all intermediate partons (quarks, gluons, gauge bosons, unstajdeghparticles, etc) that
provide to trace-back the history of particles production insight of ev&nt: such generator by
using an acceptance-rejection method (Mon Neumann) returns weigtget &he most popular
full event generators, likel ERWIG [B], PYTHIA [f], ISAJET [H], and SHERPA[R] include all such
steps of simulation.

We start with the consideration of the specific moments related to the processesp-
guarks and describe their realization in MC generators. The diagramshileg top-pair and
single top production (at leading order — LO) are presented or{ Figs 1, 2.
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Figure 1: tt production (QCD)
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Figure 2: single top production (electro-weak)

In almost all cases one needs to know an information not only about fipajuark, but
also about it decay products. Therefore, it is appeared a questithoanto include top decays
?”. The natural and correct way is to calculate an exact amplitude inclubdagnitial partons
and final state particles. However, the full amplitude typically consists mamyaiies without
intermediate top-quarks. For examples, the full amplitude of the progesstt with the both final
W-bosons decaying into electrons has many other diagrams witkquarks. In particular, there
is at least one diagram with twt-bosons.gg — bbZZ with onez decaying intce" e~ and second
Z — VeVe. Typically, all such non-resonant diagrams (i.e. without top-quark)giik a very small
contribution to “resonance” region, where when the invariant massie dinal particles are very
close tot-quark andw-boson masses (e.§(be“ve) ~ m andM(e*ve) ~ My). Therefore, for
this case it is useful to explore a Narrow Width Approximation (NWA). It ne#mat one take
into account only diagrams with intermediate top quarks and consideiqakirks as “on-shell”
particles:

1 m
= 5(p2 - 1.1
@ e mr 0% .
As a result one can factorize the production and decays of the top. ek that, typically
there are appeared three questions: how to include top decays ?; hepraduce Breit-Wigner
resonance shape ?; how to include top spin (polarization) ?

2. TOPDECAYS

2.1 Decays
Within the SM in 99.9% of case the top-quark decays bwofinal statet — bW, W — f f/,
The matrix element describing this decay is well knofyn [1]:

(Popt)(PtPf7)
(P — M)+ TG MG,

IM(t — b ff')20 (2.1)
In fact, this is only one decay channel that included in almost all gensra@her interesting SM
channels (e.y — bW*Z* — bff’¢t¢-) are still not available at generator level. At the same time
few other decay channels (due to non-SM physics) are included inagere In particular, they
are:

o SUSY:t — bH™ (almost all packages)

o FCNC:t — qg, 9Z, qy (TopReX[Rq])

ot — bW(— f f_’) with anomalous interaction¥ (4- A and tensor coupling©NETOP[PT])
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2.2 TheBreit-Wigner resonance shape

The usage of Narrow Width Approximation (NWA) assumes that all top querlany event
have the same default masg). There are two approaches, that provide to reproduce the Breit-
Wigner resonance shape due to the finite decay width of the top-quark.

With “smearing-mass” method the matrix elements are calculated for defiuitass [}] .
Then for each event Breit-Wigner distribution

f(rit) O

1
= 2.2
(Z— )+ 7 22)
is used to generate separate masegpfF top-quarks. Then, the momenta and energies of all
final-state particles should re-evaluated. For examplettfpair production with newng(t) and

Mp(t) masses one has:

€ B = B30 = VE2 = By, = M TR0

This method certainly is not unique, but normally provide a sensible behdtan be applied for
event with any number of top quarks in final stattdtf ...).

Another proposed method (modified NWA]25]) assumes the generaticewafinfor t-quark
in the event by using of Breit-Wigner distribution. Then, the squared malement (M|?) is
calculated with this newn” Note, that such trick can be used only for the process with one top
quark in the final state (i.e. not forr production).

(2.3)

2.3 How toincludetop polarization

Since the top quark decays before hadronization, its spin propertiestaspoiled. Therefore
spin correlations in top production and decays is an interesting issue irutrg-ghysics. The
simple way to include top polarization assumes usage of the helicity amplitude teeHfijjq An
equivalent (and sometimes more simple for practical usage) method [8]izere TAUOLA [f]
package. In this method the matrix element squakéd can be represented in the “factorized”
form.

a

t ¢ F

Mp(ab — tX)

Figure 3: an equivalent method (TAUOLA)

For the process with one final top-quark (see Hig. 3) the full amplitudarsdthas the form:

IM(ab— F 4 X)[2 = %5(;)54}2) x [M8(ab — t+ X)|2 (1+vihi) [MS(t — F)[2

IMp(ab— t +X)|2 = [M3(ab— t + X)|?(1+ (v9))
IMp(t — F)[? = [M3(t — F)[*(1+ (h9))
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where the amplitudeiv®|? describe the production and decayunipolarized top-quark sis the
t-quark spin (p¢s) = 0), andv¥, h* are so-called “polarization” vectorf [8].

For example, the spin-dependent matrix element squared describingadpetpcay — bl v
can be re-presented in the form as follows:

M2 0 (PoPv) (PtPe) (1_ mt(PéS>> L M i (2.4)

(PG — M3 )2+ TgMg, (PtPe) (pPe)

whereri; is the direction o momentum irt-quark rest frame.

3. MATCHING ALGORITHMS

3.1 Matching Parton Showersand Matrix Elements

Recently a substantial progress has been achieved in simulation of tlesgreith multi-jet
final states[[1]d, 12]. Indeed, the description of multi-jets obtained frorsibever evolution is in-
accurate, since hard radiation at large angle is suppressed by tHarardering prescription. The
available generatorsALPGEN, CompHEP, Madevenetc) provide a generation of top production
with up to 6-jets [1}1} 19, 14, 15]. Due to the complexity of the matrix elements@i&uation for
these many-body configurations, calculation are normally available onlyJaross sections.

An approach in which multi-parton events generated using the exact leadieg ME gen-
erator can be consistently evolved into multi-jet final states by means of aesih@. The main
problem is how to eliminate the double counting, where jets can arise from bmthigher-order
calculation and from the hard emission during the shower evolution.

There are several approaches to this problem, aiming at different leve@lscuracy. The
first one (“matrix-element correction” techniqe][16]) corrects theraxmate ME for the emis-
sion of the hardest gluon in a given process by using the exact LO M&s&cond is known as
CKKW [[7]; its goal is to implement multi-jet ME corrections at the leading, ortstexeading
logarithmic level. This method assumes a separation of the multi-jet phasehsimaitee domains
covered by the ME calculation and the domains covered by the showetiewolihen by means
of Sudakov re-weighting the ME weight to reproduce the probability of>atusive N-jet final
state from the inclusive parton-level N-jet rate. This allows to add pdeesi-event samples of
different jet multiplicity.

An additional prescription is proposed in J11] (“MLM prescription”). this approach the
partons from the ME calculation are matched to the jets reconstructed afpartbebative shower.
Parton-level events are defined by a miniml:‘urnthresholdE?1in for the partons, and a minimum
separation among them\R;j; > Ryin. However, no Sudakov re-weighting is applied. Rather,
events are showered, without any hard-emission veto during the shéter evolution, a jet
cone algorithm with cone sizBy;, and minimum transverse ener&;’f‘“” is applied to the final
state. Starting from the hardest parton, the jet which is closest to(ij ip) is selected. If the
distance between the parton and the jet centroid is smalleRhanthe parton and the jet match.
The matched jet is removed from the list of jets, and matching for subsepgakabs is performed.
The event is fully matched if each parton has a matched jet. Events which dwatah are rejected.
For events which satisfy matching, it is furthermore required that no extrinjaddition to those
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matching the partons, be present. Events with extra jets are rejected,rassipp replacing the
Sudakov re-weighting used in the CKKW approach. Events obtained fiilyiag this procedure
to the parton level with increasing multiplicity can then be combined to obtain fully sihau
samples spanning a large multiplicity range. Events with extra jets are not tejpdtee case of
the sample with highest partonic multiplicity. Fig. 4 presents an illustration of abbeseribed

examples[[11], 32].
%
B &/ v

Figure 4: Few examples of matching. The solid line corresponds tmpdrom a hard process, while the
dashed one presents a parton emitted by the showeN;tA)= Npart = 3, the event is matched and kept. (B)
Njet = Npart = 3, bUtNmatched= 2, the event should be rejected. (&haiched= Npart = 3, butNjer = 4, the
event is matched and kept for inclusive sample, but shoulgjeeted for exclusive samples.

3.2 Matching with and additional b-quark

Very simple procedure is proposed for the procest-afannel single-top productiof [19],
where one has two complementary subprocess (sef Fig. 5):

“2 52gb—qt and “2— 3'qg— q'tb (3.1)

¢ ¢—>e0

<
<
<
-

>

l gooom——b
t-channel

Figure 5: Two subprocess of the single top production.

This matching procedure is based on the consideration of the transvensentoon O+ (b))
of additionalb-quark [L9].

The matching procedure starts from simulation of the events tagfilnark production due to
2 — 2 process. Such an event has an additiquqlJark generated by MC showering generator
(i.e. PYTHIA or HERWIG). Any event from this sample is accepted if the transverse momentum
of the additional;-quark is smaller than some valyg. Second sample consists of events from
2 — 3 process. The event from this sample is accepted if the addiﬁeqmrk from a hard process
haspT(E) > po. Thus, the resulting (total) sample @fjuark production events is the sum of two
contributions:

N(ppﬁtx)t_channelz N(Z_)Z)(pp—’tcﬁ pT(B) Po) (3.2)

<
+ N3 (pp— tq'b; pr(b) > po)
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The correspondingr (b)-distributions are shown in Fij 6.
This method of generation ofchannel single-top production is realizedSimgle Top[L9] and
TopReX[Rd] codes.

EW top production, t-channel
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Figure®6: pT(b_) distributions of the additionzﬂ-quark production in “2— 2" (the dotted curve) and “2> 3"
(the dashed curve) processes. The solid histogram is theoktimse two contributions. The vertical line
corresponds to parameter valpg= 10 GeV.

4. NLO CORRECTIONS

Recently a substantial progress has been achieved in the calculatioesfgle-top produc-
tion at NLO [24,[2b] 26[ 37]. The radiation effects are included in the indtiad final states, as
well as into decays. These generators (Ek@P[R4], ONETOP[RH] and the code based MCFM
generator[[26]) provide a generation of total cross section and eiffia distributions.

One really needs to include NLO corrections in ME generators. Indesgg sbhower MC's
provide a representation of the final state complete enough to allow realititalesimulations.
On the other hand, the inclusion of NLO effects in fixed-order ME MC'si¢eto distributions
which are not positive definite. The naive introduction of NLO matrix elencentd lead to dou-
ble counting, since as shower MC generators already incorporatefgaig NLO effects (a real
emissions, as well as virtual effects included in the Sudakov form fgctdrkis problem was
successfully solved (see the article][18], where it was shown how thigimgecan be done very
effectively). This method is implemented MC@NLO generator[[23] describing heavy-quark pair,
Higgs, DY and gauge boson pair production.

The inclusion of NLO corrections in the shower MC guarantees that tatakesections gen-
erated by the MC reproduce those of the NLO ME calculation, therebyepsomcluding the
K factors and reducing the systematic uncertainties induced by renormaliaaticfactorization
scale variations. At the same time, however, the presence of the higlegreorrections generated
by the shower will improve the description of the NLO distributions, leading fmaderes from
the parton-level NLO result. This is shown, for example, in fg. 7, whidwshthepr spectrum
of att pair resulting from the pure NLO calculation, from the LO shower, anthftloeeMC@NLO
improvement. At largepr, a region dominated by the NLO effectdC@NLO faithfully repro-
duces the hard, large-angle emission distribution given by the NLO matrix etenf&t smallpr,

a region dominated by multiple radiation and higher-order effectsMib@NLO departs signifi-
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cantly from the NLO result, while properly incorporating the Sudakovurisation effects only
available via the IS shower evolution.
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Figure 7: Transverse momentum distribution of top quark pairs udsimget different approaches: the LO
HERWIG MC, the parton-level NLO MC, and the merging of the twtoiMC@NLO. Figure froml@Z].

Recently, NLO corrections to the single-top production processes{ls-channels) are in-
cluded aMC@NLO event generatof [27]. The comparisde@NLO and HERWIG results for the
single top production are given on Fg. 8. Note, that the both generatersery close results for
the highespr jet distribution (the left histogram on Fifl. 8), whilkC@NLO predicts much harder

pr-spectrum foib-jet (not from top decay).
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Figure 8: The transverse momentum distributions for the higlpeget andb-jet (not from top decay).

5. EVENT GENERATORS

This section presents brief description of the generators. Only few t@asiments and the list
of included top-quark production process are given for each entry.

5.1 Full event simulation packages

These packages provide a full event simulation including the hard @oesgration, show-
ering and hadronization with subsequent decays of the unstable Badron
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*HERWIG [f]

contains a wide range of Standard Model, Higgs and supersymmetricspescdt uses the parton-
shower approach for initial- and final-state QCD radiation, including catoberence effects and
azimuthal correlations both within and between the jetERWIG is particularly sophisticated in
its treatment of the subsequent decay of unstable resonances, induidlisgin correlations for
most processes.

Processesincluded: tt, single top {, schannels)itH, Ztt, gb — tH*

*PYTHIA [f]

is a general-purpose generator for hadronic events in pg, @ndep colliders. It contains a
subprocess library and generation machinery, initial- and final-statenpsintmwvers, underlying
event, hadronization and decays, and analysis tools.

Processes included: tt, single-top {, s channels)itH, gb— tH™, no spin correlations

*ISAJET [H]

is a general-purpose generator for hadronic ever88JET is based on perturbative QCD plus
phenomenological models for parton and beam jet fragmentation.

Processes included: tt, no spin correlations

*SHERPA [f]
is a new multi purpose event generator with a powerful matrix element gemaMEGIC++

5.2 Treelevel matrix element generators

Such packages generate the hard processes kinematic quantities swagsas and momenta,
the spin, the colour connection, and the flavour of initial- and final-statemsr Then such infor-
mation is stored in the “Les Houches” formpt][29] and is passed to fulltesigrulation generator
(like PYTHIA or HERWIG).

*ALPGEN [[L1]

is designed for the generation of the SM processes in hadronic collisiithsemphasis on final
states with large jet multiplicities. It is based on the exact LO evaluation of panoatrix ele-
ments, as well as top and gauge boson decays with helicity correlationsod@égenerates events
in both a weighted and unweighted mode.

Processes included: tt + up to 6jets, single toptg, tb, tW, tbW (no extra jets)ittt + up to 4jets,
ttbb + up to 4jetsHtt + up to 4jetsW /Ztt + up to 4jets

eCompHEP [[L3]

CompHEPcomputes squared Feynman diagrams symbolically and then numerically calcuteste
sections and distributions. The output event’s information in the “Les Hesidormat [29].
Processes included: tf, single top, (Zttt, ttbb, ) W/Ztt, spin correlations are included

eMadEvent [[L4]

is a multi-purpose, tree-level event generator, which is powered by tlrxraement generator
MadGraph[[[§]. MadGraphautomatically generates the amplitudes for all the relevant subprocesses
and produces the mappings for the integration over the phase space.

Processes included: tt + up to 3jets, single tofgibb + up to 1jet,Htt up to 2jets
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eMC@NLO [P3] combines a Monte Carlo event generator with exact NLO calculatibretes
for QCD processes at hadron colliders.
Processes included: tt, single top (- ands-channel)

eAcerMC [P7] (see talk of B.Krersevan in this conference).

AcerMC is dedicated for generation of the Standard Model background mesaspp collisions
at the LHC

Processes included: tf, single toptttt, ttbb, W/Ztt, spin correlations are included

eSingleTop [[[9] generator is based on tempHEP[[LJ] package.
processes: t-channel single top production 2 2 + 2— 3, spin correlations are included

eTopReX [P]]

provides a simulation of several important processes in hadronic collis@nmplemented in
PYTHIA. Several top-quark decays channels are included: the SM charneM/*, q=d, s, b), b-
guark and charged Higgs-~ bH™) and the channels with flavor changing neutral current (FCNC):
t —u(c)V,V =g, Yy, Z. The implemented matrix elements take into account spin polarizations of
the top quark.

Processes included: gg(qq) — tt, single-top productiort{, s-, andtW-channel)gq — H** —tb,

g — W*/Z*QQ with W*/Z* — ff andQ = c, b,t, gu(c) — t — bW (due to FCNC).

«MCFM [R§] included the matrix elements at next-to-leading order and incorparttspin cor-
relations.
Processes included: tt, single top {- ands-channel) Htt, W/Ztt

«ZTOP [R4] code includes the full NLO-corrections to single top productieraids-channel).

*¢ONETOP [P5] code include full NLO-corrections to single top productiongnds-channel) and
top-quark decay.

CONCLUSIONS

Recently a substantial progress had been achieved in implementation ofeasmidop events
simulation and developing of event generators for the top quark produentic decays.

In particular, several new processes describing the top-quarkigtiod and decays are in-
cluded in the generators provided full simulation of event. Many evengrgéors provide gen-
eration of the top-quark processes with spin correlations. Tree levelrg®rs make possible a
generation of the top production processes with additional multi-jets in thestat@ls. The codes
with full NLO corrections to single-top production processes are avail&lge generators include
the processes with the top-quark production and decays due to intesdotipond SM.
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