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1. Introduction

Parton shower event generators are by now indispensabléharges of experimental as well
as theoretical studies for comparing (standard modely¢tieal predictions to measured observ-
ables in a most detailed way. Recent years have shown tremgmttvelopments to improve the
accuracy of those simulations from the lowest order dearipf hard scatterings to include exact
tree level matrix elements for a large number of jets as @imatkin [1-3], and NLO corrections
for the hard scattering itself, [4,5]. Parton shower aldponis themselves have undergone improve-
ments in various directions, seey.[6—10] and references therein, which have mainly been drive
by easing the combination of parton showers and higher dpddd corrections. Following first
steps of combining NLO corrections to the lowest order pseaghile including higher multiplic-
ity tree level matrix elements [11, 12], the combination aftpn showers and NLO corrections for
several jets has been achieved [13-15], partly by includmegytic resummation at high logarith-
mic order [16]. In this contribution, we discuss algorithttccombine parton showers and leading
(LO) or next-to-leading order (NLO) calculations for theogduction of multiple, additional jets,
focusing on the accuracy at which inclusive cross sectiomseproduced [17-19].

2. The Landscape of Perturbative QCD

Jet spectra, as well as event shapes and similar, infrareitige observables at colliders
exhibit a clear structure of leading contributions at higbelers in the strong coupling. Particu-
larly, the perturbative expansion in terms of the strongptiog as is typically plagued by large
logarithms of the infrared sensitive quantity which evafifjuovercome the smallness af, and
so render fixed order predictions unreliable. The compboatin these regions confront with a
certain simplicity of QCD amplitudes which factor in the pestive limits into universal and few
process dependent pieces at all orders, thus allowing theaton of resummation techniques to
cure the convergence of the perturbative series.

Notably in QCD (as opposed to electroweak correctionsjugive quantities are free of large
logarithmic corrections with the regions of resolved andegnlved parton emission, or exclusive
and inclusive jet cross sections to name an example, dielivegual in magnitude and opposite in
sign contributions of large logarithmic enhancement. itigation is illustrated in figurf] 1, along
with an illustration of resummation at next-to-leading doghmic (NLL) accuracy, taking into
account all terms of the formL" andafL?"~1. Figure[] also indicates the origin of the different
contributions in terms of resolved (emission), and unresibl{virtual), contributions which directly
relate to the number of legs and the order in the strong cogiglonsidered.

3. Parton Showers

Parton showers simulate the multiple emission of soft adithear partons originating from
a hard process configuratiagm driven by a differential cross sectiorodqh, gn|- - - |go)*. The se-
guence of scales, < gn_1, ..., o is either directly determined from shower evolution, ordsigned
by a clustering procedure corresponding to the inverse afsaiple shower evolutiog — @,, if

1See [17] for details on the notation
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Figure 1: lllustration of leading contributions to infrared sengitiobservables in QCD perturbation theory.
At each order in the strong coupling, large logarithmic cibotions appear which cancel in inclusive quan-
tities (left panel). The vertical axis indicates powersarfe logarithms in dependence of the order in the
strong coupling and the number of resolved or unresolvetpamissions (horizontal axes). Resummation
at a certain logarithmic accuracy sums parts of these durions to all orders (left panel, exemplifying a
NLL resummation).

the cross section is determined by exact matrix elementssilde parton shower algorithms can
up to date only be proven to perform resummation at the leMeladling logarithms, but there are
strong indications that a large part of the next-to-leadogarithmic contributions are present, at
least in special cases. Parton showering acts on crosersedtiiving eventgs, as

PS:[do(¢h,an)] = do (¢, On)An(H|dn) +PS, [da(%aQn)ddL(;lpu(%aQn+1)An(Qn+1|Qn)} )
(3.1)
where q
8i(dQ) = exp(~ [T Pt pigk ) | 32

is the Sudakov form factor which can be interpreted as thbalitity for no emission between
a hard scal€ and a soft scalg. The cancellation of large logarithmic contributions ilursive
guantities is inherent to parton shower evolution by théetfzat this evolution is a stochastic process
being subject to unitarity constraints,

[ da g P 1, G0 (@ 1) = 1 M a(ala ) 33)
q de(n(ilqu -1, 0k)Pk-1(0k|Ok-1) = k-1(d[Gk-1) - .

Considering inclusive and exclusive cross sections of tergitat leastn or exactly n resolved
partons, parton shower evolution will generate the crossmses

d
=n do® (@, 90) S Py (¢h-1,0n) -+ Pu( @, 61)An (1|l -+ |0)

dg

>n dU(O)(%,QO)S—g

We will take this observation as a starting point to constiatlusive cross sections when com-
bining parton showers and higher multiplicity jet crosst®ers at leading order (LO) and next-to-
leading order (NLO).

Pu(¢h-1,0n) - Pu(@,d1)An—1(nl - - |do) -
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Figure 2: Merging tree level matrix elements and parton showers faftel) allows to the exact descrip-
tion of subleading logarithmic contributions stemmingnfreesolved, tree level contributions (up to two
additional parton emissions in the case considered hehé3.viill yield a partially improved description of
contributions which would only be accessible from NLO cédtions and may leave its traces in inclusive
guantities (see text for details). This is to be confrontéth WLO matching (right panel), which includes
tree level contributions for one additional parton emissias well as the exact one-loop pieces without
modifying the inclusive cross section except adding thé dirder correction to it.

4. Tree Level Merging Revisited

The merging of tree level matrix elements and parton showaiens at improving the descrip-
tion of multiple parton emission by the respective, exaek tevel matrix elements as far as com-
putationally feasible. This may either be done across ghhafse space or only in a certain region
for large-angle, hard emissions. Generically, we imposeigimg condition to replace the product
of lowest order cross section and parton shower splittirapailities by their exact counterpart
in exclusive cross sections generated by the merging #hgoyriwhile keeping the Sudakov form
factor accounting for exclusiveness of the respective fitale. Assuming the presence of tree
level matrix elements for emission of up kbadditional partons, and introducing a ‘hard’ region
as resolved by a merging cutgffabove the shower cutoff, we have

PS; |doll5e*] =
N—-1

PSup [z doy” (@, A(plok| -+ 60) +PS doé°><w,qN>AN1<qN|---|qo>]] . @)
k=0

i.e. shower emissions are restricted to a range between thengesgaleo and the infrared cutoff
u (as indicated by the symbol Rg) for all but the highest matrix element multiplicity avdile,

and otherwise unconstrained. The general solution to timslidon is given in [17], and involves
subtraction of the parton shower approximation in the hagion abovep, accompanied by an
appropriate Sudakov reweighting. This is illustrated imfef2 and compared to NLO matching.

5. Inclusive Cross Sectionsas a Guideto NLO Merging

By definition of the tree level merging condition, exclustmss sections resemble the func-
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tional form expected from parton shower evolution; sincenmmdification of the Sudakov form
factors has been made to restore the unitarity of the meadguagithm, inclusive cross sections do,
however, not reflect the expected pattern except for theeligmatrix element multiplicity avail-
able. Starting from the next-to-maximal multiplicity, westead find for the — 1 parton inclusive
cross section:

do’” (@h-1,Gn1)Bn2(Gn1| -+ o) +

/qﬂl g, (99 (@) dan
P dap, dgn_1dan

Pp(%laQﬂ)dap()O)(%l>in)> Dn-1(0hnl - |q0) -

The first term is the expected result, while the correctidhitvolves an integral over the difference
between am parton cross section and the approximation to it when repabe softest emission
to be driven by the parton shower. Provided that the partowshis a reasonable approximation
to the singly unresolved behavior of tree level matrix elatagthis contribution will not contribute
logarithmically enhanced contributions to inclusive aresctions. The situation for merging parton
showers and NLO corrections of different jet multiplicityilMbe different. Here, the tree level
(i.e. LO) exclusiven-parton cross sections (according to the shower resolwtitim resolution
parameterp) will be replaced by their NLO counter parts as achieeegl. by the algorithms
outlined in [13-15], while the shower kernels still reflebetunresolved behavior of tree level
matrix elements, thus contributing higher logarithmicearterms to inclusive quantities.

As a first step towards NLO merging with inclusive cross setiwhich are not out of con-
trol, we therefore attempt to restore the LO inclusive crasstions within a tree level merging
algorithm, first. Having identified the contribution by whimclusive cross sections are spoiled, it
is straightforward to subtract these contributions from tirerged cross section in an algorithmic
way: Within the merged cross section, for all but the highmsttiplicity, the integral over the
phase space for the softest emission inrihRel parton contribution needs to be subtracted from
the n parton contribution. This algorithm amounts to a variantheiw LoopSim method [20] and
in the case of tree level merging does generate approxinmatéoop contributions, thus rendering
the LO merging effectively an nLO merging.

Expanding exclusiva-parton cross sections above the merging spale first order in the
strong coupling, one readily identifies the correction tonpote the nLO cross section to a full
NLO cross section. The correction is given by the NLO calioredifferential in the Born vari-
ables, which will otherwise be treated in the same way asrteelével input to the merging al-
gorithm. The problematic contributions in inclusive cragxtions, as discussed previously, are
now manifest. We can, however, add correction terms sirtol#éne ones used for tree level merg-
ing to restore the exact NLO inclusive cross section timesagbpropriate Sudakov suppression in
a similar algorithm. This procedure will generate appradentwo loop contribution, effectively
rendering the algorithm a merging of LoopSim nNLO calcwias.

6. Conclusions and Outlook

We have presented an extension to multileg matrix elemehparton shower merging, which
preserves inclusive cross sections at the level of theablailaccuracy, particularly at tree and
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one-loop level. This constraint is of utmost importancetipalarly for the latter case, as NLO
corrections to shower splitting kernels are so far out oflned he procedure starts from merging
LO calculation of different jet multiplicities, will genate approximate NLO corrections similar to
the LoopSim algorithm when imposing constraints on inelgiross sections and thus serves as a
guide to NLO merging. Repeating the procedure in this casddyiapproximate NNLO corrections
and we anticipate that this could well serve as a guide to NI§LL® parton shower matching. An
implementation of this algorithm based on the Herwig++ Matux framework [8] is underway.
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