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Dipole Showers and Automated NLO Mat
hing in Herwig++Simon Pl�atzer1 and Stefan Gieseke21 DESY, Notkestrasse 85, D-22607 Hamburg, Germany2 Institut f�ur Theoretis
he Physik, KIT, D-76128 Karlsruhe, GermanySeptember 29, 2011Abstra
t. We report on the implementation of a 
oherent dipole shower algorithm along with an automatedimplementation for dipole subtra
tion and for performing powheg- and MC�NLO-type mat
hing to next-to-leading order (NLO) 
al
ulations. Both programs are implemented as add-on modules to the eventgenerator Herwig++. A preliminary tune of parameters to data a
quired at LEP, HERA and Drell-Yanpair produ
tion at the Tevatron has been performed, and we �nd an overall very good des
ription whi
his slightly improved by the NLO mat
hing.PACS. 12.38.Bx Perturbative QCD 
al
ulations { 12.38.Cy Summation of QCD perturbation theory1 Introdu
tionMany physi
s analyses at the Large Hadron Collider (LHC)are nowadays based on Monte Carlo simulations [1{5℄,e.g. for a

eptan
e determination or even for ba
kgroundsubtra
tion. With the high pre
ision aimed for in manyanalyses it is mandatory to provide many of the simula-tions with the highest possible theoreti
al a

ura
y. Formost pro
esses this is now next-to-leading order (NLO) inthe perturbative expansion of Quantum Chromodynami
s(QCD). During the last de
ade, enormous progress wasmade in the development of te
hniques to mat
h NLO
al
ulations on the one hand and to merge multiple jettree level matrix elements on the other hand with partonshower algorithms.First attempts to improve parton shower emission pat-terns with the information from the full matrix elementfor the hardest gluon emission were made with so-
alledmatrix element 
orre
tions [6, 7℄, that have long been im-plemented in the standard event generators. The next bigimprovement was made when matrix elements for multi-ple hard emissions were merged with parton shower al-gorithms, �rst for e+e� annihilation pro
esses [8, 9℄ andthen also for hadroni
 
ollisions [10℄. An alternative ap-proa
h was proposed in [11℄, where di�erent implementa-tions have been systemati
ally 
ompared as well. The ex-perien
e that was made with these algorithms over the lastyears [12℄ has lead to further improvements [13, 14℄ su
hthat now the systemati
 un
ertainties due to e.g. mat
hings
ale dependen
e have been signi�
antly redu
ed.Mat
hing to NLO matrix elements has been initiated�rst with a phase spa
e sli
ing method [15{17℄. A moresystemati
 mat
hing has then been introdu
ed by Frix-ione and Webber in the MC�NLO approa
h [18℄. Thisapproa
h has then been generalised to in
lude massive

partons [19℄. Many pro
esses have been in
luded in themeantime [20{22℄. As the algorithm depends on subtra
-tion terms for a spe
i�
 parton shower implementation,the �rst versions of MC�NLO have been tailored to workwith Herwig only. Now, it also works with Herwig++,i.e. as the subtra
tion s
heme has been generalised to-wards the Herwig++ parton shower implementation, allpro
esses available in the MC�NLO pa
kage 
an also beshowered with Herwig++ to a
hieve formal a

ura
y atNLO [23℄.As the mat
hing of NLO matrix elements and partonshower algorithms takes pla
e perturbatively to the spe
i-�ed order, i.e. the next-to-leading order, there is formallyan ambiguity left that 
an be used to devise alternativemat
hing s
hemes. One su
h s
heme has been proposedby Nason [24℄ and now goes under the name powheg.The guiding prin
iple of this algorithm is to allow for amat
hing algorithm that does not introdu
e events withnegative weight, as the MC�NLO pres
ription does. Thisapproa
h has also been very su

essfully established dur-ing the last years and implemented as a separate programpa
kage [25℄. Many pro
esses are available in this programpa
kage [26{30℄. However, the method itself is also usedby other groups to mat
h NLO 
al
ulations with partonshowers within a given shower pa
kage. Many pro
essesare available with Herwig++ [31{35℄ or sherpa [36℄.The internal implementations bene�t from the in
lusionof trun
ated showers (see below).On the parton shower side, a number of new partonshower algorithms have been developed during the lastyears, partly together with the rewrite of old generators[37, 38℄. Many new developments have addressed the ideaof implementing a shower that is dire
tly related to thesubtra
tion terms 
ommonly used in NLO 
al
ulations.This led to the implementation of parton showers with
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hing in Herwig++splitting kernels based on the Catani{Seymour subtra
-tion s
heme [39, 40℄ for NLO 
al
ulations [41, 42℄, whi
hwas proposed in [43℄. Similar ideas are followed with othersubtra
tion s
hemes as e.g. in the vin
ia shower [44℄ whereQCD antenna subtra
tion terms are fa
ilitated.With more and more NLO 
al
ulations being mat
hedone-by-one the question arises whether this step 
an beautomated. In fa
t, the powheg method is already a �rststep into this dire
tion, as the method as su
h is indepen-dent of the showering algorithm. In parti
ular, no spe
i�
subtra
tion terms or the like are needed in order to mat
ha given NLO 
al
ulation to any shower. There are sub-tleties on the shower side, though. The powheg methodguarantees to give the hardest emission within the par-ton evolution and ensures that this is generated a

ordingto the phase spa
e weighting of the NLO matrix element.However, if the shower does not evolve in the same hard-ness measure as the powheg algorithm, one has to intro-du
e so-
alled trun
ated showers. This has been dis
ussedalready in early powheg implementations [45℄ and is nowpart of Herwig++ [14℄ and sherpa [13℄.Many NLO 
al
ulations are available as ready-to-use
omputer 
odes that often 
ome as pa
kages that in
lude anumber of pro
esses at NLO already. Most of these 
odesuse the Catani{Seymour subtra
tion method to regulariseinfrared divergen
es. More re
ently, also the 
omplete au-tomation of NLO 
al
ulations has been dis
ussed with �rsttools readily available [46,47℄, based on the approa
h [48℄.Some more 
al
ulations are already based on a fully au-tomated tool 
hain [49{53℄. Part of this progress relieson the automati
 generation of Catani{Seymour subtra
-tion terms [54{56℄ or FKS subtra
tion terms [57℄. Thelatest developments unify the mat
hing of multiple tree{level emissions and the mat
hing of NLO 
orre
tions tothe Born level [58, 59℄.In this paper we introdu
e an implementation of aparton shower based on the Catani{Seymour subtra
tionterms, similar to the showers introdu
ed in [41, 42℄. Thegoal of the implementation is to provide a framework foran automati
 mat
hing of NLO 
omputations to a partonshower. The use of the subtra
tion terms is highly bene-�
ial as the MC�NLO like mat
hing, that is based on asubtra
tion of the parton shower 
ontribution to the NLOobservable be
omes trivial. Together with a framework tohandle powheg like mat
hing we will have the possibilityto 
he
k systemati
s within a single implementation. Byusing a shower based framework we may dire
tly make useof trun
ated showers in order to minimise systemati
 un-
ertainties inherent to the mat
hing formalism. As a �rststep in this programme we present the shower implemen-tation, whi
h is embedded as a module in the Herwig++event generator. In addition we present NLO mat
hings tothe basi
 QCD pro
esses.The paper is organised as follows. In Se
. 2 we intro-du
e the dipole shower in detail. Se
. 3 introdu
es theimplementation of an automati
 mat
hing with this par-ton shower, that we 
all Mat
hbox. In Se
s. 4, 5 and 6we present 
omparisons to data from LEP, HERA and theTevatron, respe
tively.

2 Dipole ShowersThe dipole shower algorithm outlined in [60℄ has been im-plemented as an add-on module to Herwig++, [1℄. Inthis se
tion we brie
y review its properties and give a fulldes
ription of the implementation.The authors have shown that parton showers basedon Catani-Seymour subtra
tion kernels [39℄ 
orre
tly re-produ
e the Sudakov anomalous dimensions and properlyin
lude e�e
ts of soft gluon 
oheren
e, upon using an or-dering of emissions in transverse momenta as de�ned bythe emitting dipoles. The simple inversion of the kinemati
parametrisation used in the 
ontext of NLO subtra
tion,however, does not resemble a physi
al pi
ture for initialstate radiation. An alternative has been suggested andimplemented in the simulation presented here.2.1 Starting the ShowerThe dipole shower starts evolving o� a hard sub pro
ess,whi
h is assigned 
olour 
ow information in the large-N
limit. This 
olour 
ow information is used to �rst sort all
oloured partons atta
hed to the hard sub pro
ess into
olour singlets. Pra
ti
ally, this is done by making use ofthe fa
t that a 
olour singlet is `simply 
onne
ted' in thesense of its 
olour 
ow topology: Any parton i in a 
oloursinglet 
an be rea
hed from a parton j in the same singletby just following 
olour lines and 
hanging from a 
olourto an anti-
olour line at an external gluon. Ea
h 
oloursinglet is now an independently evolving entity, and 
anonly split into two 
olour singlets in the presen
e of ag ! q�q splitting. In the next step, the partons in ea
hsinglet are sorted su
h that 
olour 
onne
ted partons arelo
ated at neighbouring positions, when representing thesinglet group of partons as a sequen
e. Note that thesesequen
es may be open or 
losed: We will 
all a sequen
eopen, or non-
ir
ular, if there exists a 
ir
ular permutationof the elements in it su
h that the partons at the �rst andlast position are not 
olour 
onne
ted. Conversely, if theredoes not exist su
h a permutation, the sequen
e is 
alled
ir
ular or 
losed. The possible sequen
es are depi
ted inFig. 1. On
e this sorting has been a

omplished, we willrefer to these singlet sequen
es as dipole 
hains: ea
h pairof subsequent partons in a singlet sequen
e forms a dipole,whi
h may radiate. For ea
h parton in ea
h dipole, a hards
ale is then determined as de�ned in [60℄.2.2 Evolution of the Parton EnsembleThe main shower algorithm a
ts on a set of dipole 
hains,and pro
eeds as long as this set is not empty. Dipole
hains are removed from the list, if they stopped evolv-ing, i.e. if there was no splitting sele
ted with a p2? abovethe shower's infrared 
uto� �2IR. The �rst entry in theset of dipole 
hains is taken to be the 
urrent 
hain. Forea
h dipole (i; j) in the 
urrent 
hain (with both possibleemitter{spe
tator assignments, i.e. also 
onsidering (j; i)along with (i; j)), any possible splitting (i; j) ! (i0; k; j)



Simon Pl�atzer, Stefan Gieseke: Dipole Showers and Automated NLO Mat
hing in Herwig++ 3is 
onsidered to 
ompete with all other possible splittingsof the 
hain. For any su
h splitting, given a hard s
alep2? asso
iated to the emitter under 
onsideration, a s
aleq2? is sele
ted with probability given by the Sudakov formfa
tor�(i;j)!(i0;k;j)(q2?; p2?) =exp � Z p2?q2? dq2 Z z+(q2)z�(q2) dzP(i;j)!(i0;k;j)(q2; z)! ; (1)where P(i;j)!(i0 ;k;j)(q2; z) is the appropriate splitting prob-ability as de�ned in [60℄, using the respe
tive dipole split-ting fun
tion Vi0;k;j .The splitting with the largest sele
ted value of q2? isthen 
hosen to be the one to happen, ex
ept the largestq2? turned out to be below the infrared 
uto�. In this 
asethe 
urrent 
hain is removed from the set of dipole 
hains,inserted into the event re
ord and the algorithm pro
eedswith the next 
hain. The momentum fra
tion z is 
hosento be distributed a

ording to dP(i;j)!(i0 ;k;j)(q2?; z). Sin
efor now we use azimuthally averaged splitting kernels, theazimuthal orientation of the transverse momentum is 
ho-sen to be distributed 
at. The momenta of the splittingprodu
ts and the spe
tator after emission are then 
al
u-lated as spe
i�ed in [60℄.As the evolution fa
tors into dipole 
hains as indepen-dently evolving obje
ts, all possible emitters in the 
hain{ after having inserted the generated splitting { now getthe sele
ted q2? assigned as their hard s
ale, or stay atthe kinemati
ally allowed s
ale p2?;i;j if q2? > p2?;i;j . If ag ! q�q splitting has been sele
ted for a 
ir
ular 
hain, this
hain be
omes non-
ir
ular. If it has been sele
ted for analready non-
ir
ular 
hain, this 
hain breaks up into twoindependent 
hains exa
tly between the q�q-pair, owing tothe 
olour stru
ture of this splitting. This situation, alongwith non-ex
eptional splittings is depi
ted in Fig. 1.2.3 Finishing the ShowerAfter the shower evolution has terminated, the in
omingpartons with momenta pa;b in general have non-vanishingtransverse momenta with respe
t to the beam dire
tions.This ne
essitates a realignment of the 
omplete event en-
ountered at this stage. Following the arguments of [60℄,the momenta of the evolved in
oming partons pa;b aretaken to de�ne the frame of the 
ollision at hand, i.e.hadron momenta ~Pa;b. We then seek a Lorentz transfor-mation to take ~Pa;b to the externally �xed hadron mo-menta Pa;b, whi
h is in turn used to realign the 
ompleteevent.To 
onstru
t the momenta of the in
oming hadrons~Pa;b, we require the three-momenta of ~Pa;b being 
ollinearwith the respe
tive partoni
 three-momenta and de�nemomentum fra
tionsxa;b = 2 ~Pb;a � pa;bS : (2)

! !Gluon emission o� a 
ir
ular 
hain.The 
hain stays 
ir
ular.! !Gluon emission o� a non-
ir
ular 
hain.The 
hain stays non-
ir
ular.! !g ! q�q splitting in a 
ir
ular 
hain.The 
hain be
omes non-
ir
ular.! !g ! q�q splitting in a non-
ir
ular 
hain,triggering breakup of the 
hain.Fig. 1. Examples of parton emission from dipole 
hains. Inthese examples always the upper dipole has been 
onsideredfor emissions. Note that any dipole may split in two di�erentways, splitting either of its legs. These 
ompeting possibilitiesare not shown in the transition diagrams.The momentum fra
tions are further 
onstrained by re-quiring that ( ~Pa + ~Pb)2 = S (3)where S is the 
entre-of-mass energy squared of the 
olli-sion, su
h that the desired Lorentz transformation exists.The se
ond 
onstraint is in prin
iple to be 
hosen insu
h a way as to preserve the most relevant kinemati
quantity of the hard pro
ess whi
h initiated the showering.By default, we 
hoose this to be the rapidity of a systemX , whi
h is either the system of non-
oloured parti
les atthe hard sub-pro
ess, or the 
omplete �nal state in 
aseof a pure QCD hard s
attering.2.4 Cluster HadronizationThe 
luster hadronization model, originally proposed in[61℄, is the hadronization model used by the Herwig++event generator. The model in its initial stage just af-ter parton showering, performs a splitting of gluons intoquark-antiquark pairs su
h that in the large-N
 limit aset of 
olour singlet 
lusters emerge from the event under
onsideration.These 
lusters are then subsequently 
onverted intohadrons, by either splitting them into 
lusters of lowerinvariant mass or performing dire
tly the de
ay to meson
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hing in Herwig++pairs, in 
ase another q�q pair is `popped' from the va
uuminside the 
luster, or baryon pairs, where the 
reation ofa diquark-antidiquark pair is assumed. Further details ofthe model will not be dis
ussed here.The main assumption of the model is however, thatboth quarks are lo
ated on their 
onstituent mass shell,and gluons are as well assigned a non-vanishing 
onstituentmass, entering as a parameter of the model. In the stan-dard Herwig++ parton shower, a
ting as a 1 ! 2 
as-
ade, only s
ales and momentum fra
tions of the splittingsare determined during the evolution, the full kinemati
information being 
onstru
ted after the end of the pertur-bative evolution. This setup thus straightforwardly allowsto in
lude the 
onstituent masses in this parti
ular step.Sin
e the dipole shower preserves momentum 
onservationlo
ally to ea
h splitting, ending up with a set of masslesspartons, su
h a treatment is not possible.The way to perform the `reshu�ing' of the masslessparton momenta to their 
onstituent mass shells is 
hosento be the following algorithm: Let Q
 be the total momen-tum of all �nal state partons and perform a boost �
 to the
entre-of-mass system of Q
, �
Q
 = (Q̂
;0). The boostedparton momenta pi are now put on the 
onstituent massshell, in
luding a global res
aling of their three-momenta,pi = (jpij;pi)! p0i = �q�2jpij2 +m2
;i; �pi� : (4)Momentum 
onservation then implies the following rela-tion be satis�ed,̂Q
 =Xi q�2jpij2 +m2
;i ; (5)whi
h may be solved numeri
ally to yield a value for �.Finally the inverse boost ��1
 is applied to the new partonmomenta p0i.3 The Mat
hbox ImplementationClosely related to the dipole shower implementation, thoughte
hni
ally independent of it, is the development of theMat
hbox module. Mat
hbox is based on an extendedversion of ThePEG, the extensions providing fun
tional-ity to perform hard pro
ess generation at the level of NLOQCD a

ura
y and easing the setup of run time interfa
esto external 
odes for hard pro
ess generation. We have im-plemented an automated generation of subtra
tion termsbased on the dipole subtra
tion formalism [39℄, based onthe information available from ThePEG matrix elementimplementations, whi
h will be dis
ussed in further de-tail in se
tion 3.2. A full NLO 
al
ulation to be run inthe Mat
hbox framework only requires the implementa-tion of tree-level and one-loop amplitudes, the presen
e of
olour (and spin) 
orrelated amplitudes for the Born pro-
ess and the presen
e of a phase spa
e generator appro-priate to the pro
ess under 
onsideration. Fig. 2 sket
hesthe involved software modules and their intera
tion withan external implementation of a NLO 
al
ulation.

Fig. 2. A sket
h of the intera
tion of the Mat
hbox and dipoleshower modules as integrated in Herwig++. To perform amat
hed NLO 
al
ulation an external 
ode only has to providetree-level and one-loop amplitudes along with 
olour- and spin-
orrelated amplitudes of the Born pro
ess and an appropriatephase spa
e generator.Besides being 
apable of performing a Monte Carlo in-tegration of `plain' NLO 
orre
tions, the main purpose ofMat
hbox is to turn a NLO 
al
ulation into a mat
hed
al
ulation to be 
onsistently 
ombined with a partonshower. Here, fun
tionality is espe
ially provided to 
al-
ulate the in
lusive NLO 
ross se
tion di�erential in theBorn degrees of freedom, whi
h, along with a matrix ele-ment 
orre
tion to the shower, is the main ingredient tothe powheg method of 
ombining parton showers andNLO QCD 
orre
tions.Mat
hbox is automati
ally generatingmatrix element
orre
tions from the NLO real emission 
ontribution. Itfurther allows the possibility to over
ome problems in thepowheg mat
hing owing to radiation zeroes in the Bornmatrix element. The matrix element 
orre
tion splittingkernel, whi
h is essentially de�ned by the ratio of realemission and Born matrix elements squared is turned intothe 
orresponding distribution in
luding the Sudakov formfa
tor by using the ExSample library, [62℄. ExSampleallows the eÆ
ient sampling of distributions of this type,without having to provide any analyti
 knowledge on thesplitting kernel or trying to estimate enhan
ement fa
-tors to simpler fun
tions su
h as dipole splitting kernels.ExSample is also used to sample emissions in the dipoleshower implementation.3.1 NotationWe 
onsider NLO 
al
ulations 
arried out using the dipolesubtra
tion method, [39℄. Instead of using the notation es-tablished there, we unify the indi
es of all possible dipolesto ease readability, as expressions be
ome quite 
ompli-
ated espe
ially when 
onsidering the powheg type mat
h-ing. For the subtra
tion dipoles we 
hoose the notationDij;k ;Daij ;Daik ;Dai;b ! D� ; (6)where the arguments are uni�ed and we make expli
it thedependen
e on either real emission or `tilde' kinemati
s,
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hing in Herwig++ 5e.g.Dij;k(qa; qb; q1; :::; qn+1) ! D�(p�n(qn+1)jqn+1) : (7)In this notation, pn now refers to the whole phase spa
epoint,pa; pb; p1; :::; pn ! pn � (p̂a; p̂b; p̂1; :::; p̂n) ; (8)where we have added hat symbols to the momenta to dis-tinguish a single momentum from a 
omplete phase spa
epoint. The `tilde' mapping and its inverse are denoted byfpij(qi; qj ; qk) ; epk(qi; qj ; qk)! p�n(qn+1) (9)qi;j;k(fpij ; ~pk; p2?; z; �)! q�n+1(pn; p2?; z; �) :Di�erential 
ross se
tions are 
onsidered in 
ollinear fa
-torisation,d�X (pnjQ; xa; xb; �F ) =fP a(xa; �F )fP b(xb; �F )d�X (pnjQ)dxadxb (10)where the partoni
 
ross se
tion is in general of the formd�X(pnjQ) = F (p̂a; p̂b)X(pn)d�(pnjQ) : (11)Here F (p̂a; p̂b) is the appropriate 
ux fa
tor and X(pn)generi
ally denotes any 
ontribution to the 
ross se
tionwhi
h 
an be 
ast in the above form, i.e. tree-level ampli-tudes squared, one-loop tree-level interferen
es, subtra
-tion terms, or the `de
onvoluted' �nite 
ollinear terms tobe dis
ussed below. The phase spa
e measure d�(pnjQ) isgiven byd�(pnjQ) =(2�)dÆ nXi=1 pi � pa � pb �Q! nYi=1 dd�1q̂i(2�)d�12q̂0i (12)In latter se
tions, it will turn out to be useful to rewritethis asd�X (pnjQ; xa; xb) = X(pn)dF (xa; p̂a; xb; p̂b)d�(pnjQ)� X(pn)d�F (pnjQ; xa; xb) ; (13)where we dropped making expli
it the fa
torisation s
aledependen
e from now on.The �nite 
ollinear terms originating from 
ounter termsto renormalise parton distribution fun
tions and integratedsubtra
tion terms are reported in [39℄. These are given as
onvolutions of Born-type 
ross se
tions of 
olour 
orre-lated amplitudes with 
ertain `insertion operators', e.g. forthe in
oming parton aZ 10 dz C(pan(z))d�(pnjQa(z))dF (xa; zp̂a; xb; p̂b) ; (14)where the supers
ript a along with an argument z indi-
ates, that parton a's momentum is res
aled by z. The in-sertion operators themselves in
lude +-distributions, and

events should be generated a

ording to the res
aled in-
oming momentum zp̂a. A numeri
al implementation is at�rst sight not obvious. Considering however the integra-tion over the momentum fra
tion xa, these 
ontributions
an be rewritten in terms of a Born-type 
ross se
tionmultiplied by modi�ed PDFs along the lines ofZ 10 dx Z 10 dzf(x)B(xz)P (z) =Z 10 dxB(x) Z 1x dzz f �xz �P (z) (15)and the +-distributions 
an be expressed in a way to allowfor numeri
al implementation. All possible 
ontributionsfor light quarks are implemented in Mat
hbox.Any NLO 
ross se
tion within the dipole subtra
tionthus takes the form�NLO = Z jMB(pn)j2u(pn)d�F (pnjQ; xa; xb) (16)+ Z [2RehM�B(pn)MV (pn)i+hMB(pn)jIjM(pn)i℄�=0 u(pn)d�F (pnjQ; xa; xb)+ Z hMB(pn)j( ~P+ ~K)jM(pn)iu(pn)d~�F (pnjQ; xa; xb)+ Z �jMR(qn+1)j2u(qn+1)�X� D�(p�n(qn+1)jqn+1)u(p�n(qn+1))!� d�F (qn+1jQ; xa; xb)where the insertion operators I are given in [39℄ and havebeen implemented for light quarks in full generality aswell. ~P, ~K and d~�F denote the de
onvoluted versions ofthe �nite 
ollinear terms originating from the insertion op-erators P,K given in [39℄. Here, the test fun
tions u(pn)refer to the 
lass of events to be generated by a MonteCarlo realisation of the above integrals, and MB;R de-note the Born and real emission amplitudes, respe
tively.Sin
e only the stru
ture of the real emission and subtra
-tion terms turns out to be relevant for mat
hing purposes,we from now on 
olle
tively denote Born, virtual and in-sertion operator 
ontributions byZ jMBV (pn)j2u(pn)d�F (pnjQ; xa; xb) :Sin
e all the integrals will be dealt with by means ofMonte Carlo methods, di�erentials are expressed in termsof a Ja
obian expressing the physi
al variables in termsof random numbers and a volume element on the unithyper
ube of these random numbers, e.g.d�(pnjQ) = �����pn�r ���� dkr : (17)We identify ratios of di�erentials to a
tually mean the ra-tios of the 
orresponding fun
tions multiplied by the Ja
o-bian in use to express them in terms of random numbers,
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hing in Herwig++e.g. for two 
ross se
tions we de�ned�X (qmjQ)d�Y (pnjQ) � X(qm)Y (pn) ����qm�rq �������pn�rp ��� : (18)3.2 Automated Dipole Subtra
tionAny matrix element implemented in ThePEG is expe
tedto provide information on the diagrams 
ontributing toit. It is this information, whi
h is used to generate sub-tra
tion dipoles by a simple algorithm of 
he
king, for any
ontributing diagram, if any two external 
oloured legs areatta
hed to the same vertex. By removing this vertex fromthe diagram information, the diagram of the 
orrespond-ing `underlying Born pro
ess' is obtained. Conversely, thesame pairing of diagrams provides a way to identify whi
hreal emission pro
esses are to be 
onsidered given anyBorn pro
ess. This information is used when setting upthe in
lusive NLO 
ross se
tion 
al
ulation and generatingmatrix element 
orre
tions for the parton shower. From agiven matrix element obje
t implementing a real emission
ontribution, Mat
hbox 
he
ks a set of Born matrix el-ement obje
ts provided along with the real emission onesfor the underlying Born pro
esses obtained and adds allmat
hing pairs to the 
al
ulation if there exists a sub-tra
tion dipole obje
t whi
h 
laims responsibility for thegiven pairing. Similarly, all insertion operator implemen-tations present are 
he
ked if they 
laim responsibility fora given Born pro
ess, thus 
ompleting the setup of a NLO
al
ulation. The 
omplete 
al
ulation is then inje
ted asa ThePEG SubPro
essHandler obje
t into the stage ofevent generation.For running unmat
hed 
al
ulations, a group of events
onsisting of real emission and `tilde' phase spa
e pointsis provided along with the relative weights of the individ-ual 
ontributions present in the group. The sum of theseweights, i.e. real emission minus subtra
tion term 
ontri-butions is driving the 
ross se
tion integration and eventunweighting.3.3 Subtra
tive NLO Mat
hingOwing to the fa
t that the dipole shower implementationuses splitting kernels whi
h pre
isely equal the dipole sub-tra
tion terms, following the steps leading to MC�NLOhere results in a very simple mat
hing.1 This subtra
tivemat
hing is basi
ally identi
al to the NLO 
al
ulation it-self, ex
ept that instead of event groups now a single realemission phase spa
e point is generated from the sub-tra
ted real emission 
ontribution. In an algorithmi
 man-ner, the mat
hing may thus be expressed very simply:1 Though the kinemati
 parametrisation di�ers from the oneused in the subtra
tion 
ontext, it 
an be related to the usual`tilde' parametrisation by a boost in 
ase a single emission is
onsidered.

{ Generate Born-type events pn with densityjMBV (pn)j2d�F (pnjQ; xa; xb) ; (19){ generate real-emission type events qn+1 with density jMR(qn+1)j2 �X� D�(p�n(qn+1)jqn+1)!� d�F (qn+1jQ; xa; xb) ; (20){ and feed either into the dipole shower.A subtlety, however, arises here. Sin
e we are interestedin des
ribing the hardest emission a

ording to the exa
treal emission matrix element, the parton shower shouldnot generate harder emissions than the one �xed from theNLO 
al
ulation. Pra
ti
ally, this is implemented by 
al-
ulating the p�? as de�ned by the inverse `tilde' mappingfrom ea
h dipole 
on�guration �, sin
e the kinemati
s ofthe emission appears di�erently depending on the emittingdipole 
onsidered. p�? is 
ommuni
ated as a veto s
ale tothe dipole shower, whi
h is not allowed to generate emis-sions with p? > p�? o� the emitter, emission and spe
-tator partons used to evaluate D�. Another approa
h, inwhi
h the dipole shower is generally not allowed to emitat s
ales p? larger than �nal state transverse momenta
an equivalently be used and may be
ome the default ina future version. This treatment is then very similar tothe Herwig shower in use with the traditional MC�NLOimplementation.3.4 NLO Mat
hing with Matrix Element Corre
tionsThe splitting kernels to be used for a matrix element 
or-re
tion are given by the ratio of real emission and Bornmatrix elements squared, weighted by (in prin
iple) ar-bitrary weight fun
tions for ea
h kinemati
 mapping ofa subtra
tion term, i.e. for ea
h subtra
tion term. It ismost simple to 
hoose the subtra
tion terms themselvesto de�ne these weight fun
tions. This has the advantagethat all divergen
es but the divergen
e asso
iated to thesubtra
tion term D� are divided out from the real emis-sion matrix element, and dynami
al features of the Bornmatrix element, like peaks owing to unstable parti
les, are
attened out in the splitting kernel 
onsidered.Within this pro
edure, one fa
es three major problems:{ Some of the subtra
tion dipoles, in parti
ular the oneswith initial state emitter and �nal state spe
tator orvi
e versa, are not positive-de�nite. This makes aMonteCarlo treatment of the 
orresponding Sudakov-typedistribution hard to implement. Sin
e the regions, wherethese dipole kernels be
ome negative 
orrespond tohard, large angle parton emission, it is 
lear that thisproblem 
an be 
ured by 
hanging the irrelevant �-nite terms of the subtra
tion dipoles, provided theyare 
onsistently taken into a

ount in the integratedones. Within the Mat
hbox implementation this hasso far been 
arried out for the qq initial-�nal dipoles,
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h have been modi�ed to reprodu
e the matrix ele-ment squared for gluon emission o� the 
orrespondingve
tor 
urrent and are thus positive by de�nition.{ The Born matrix element squared may 
ontain zeroes.In this 
ase, its inverse is obviously ill-de�ned.{ The implementation of the parton densities at hand,whi
h enter as a ratio in the splitting kernels as well,may not be stable in parti
ular for large x in the sensethat the interpolation used os
illates around zero ratherthan tending to zero smoothly. This poses a problemsimilar to the zeroes in the Born matrix element, how-ever now without any physi
al interpretation.The latter two problems 
an be solved by introdu
ingan auxiliary 
ross se
tion d�s
reen(pnjQ; p2?) whi
h entersinto the de�nition of the splitting kernelsdP�(p2?; z; �jpn) = d3r D�(pnjq�n+1)P� D�(p�n(q�n+1)jq�n+1)� d�R(q�n+1jQ; x0a; x0b)d�B(pnjQ; xa; xb) + d�s
reen;�(pnjQ; p2?) ; (21)where we have already written the splitting kernel di�er-ential in the random numbers determining p2?, z and �,and the dependen
e of q�n+1 = q�n+1(pn; p2?; z; �) on thesplitting variables is understood impli
itly. In order notto 
hange the divergen
e stru
ture implying the resumma-tion of large logarithms, the s
reening 
ross se
tion needsto vanish as p2? ! 0. Sin
e Born zeroes 
annot o

ur forp2? ! 0 (the QCD singularities fa
tor in this limit withrespe
t to the Born pro
ess) Eq. (21) is free of these prob-lems. If, in addition, the s
reening 
ross se
tion does notdepend on the parton distributions, the te
hni
al issueswith PDFs be
oming zero are 
ured as well.The s
reening 
ross se
tion has however to be takeninto a

ount for the �xed order 
al
ulation in order toreprodu
e the 
orre
t NLO 
ross se
tion and will therebyspoil the original simpli
ity of using the NLOK-fa
tor dif-ferential in the Born variables to generate events to enterthe matrix element 
orre
ted shower. In
luding the s
reen-ing 
ross se
tion the �xed order 
ross se
tion 
an thenbe 
al
ulated to be 
onstru
ted of densities for Born-typeand real emission type events. The densities for Born-typeevents 
losely resemble the K-fa
tor modi�
ation,d�in
lusive(pnjQ; xa; xb) =d�BV (pnjQ; xa; xb) + Z d3rd�R,in
lusive(pnjQ; xa; xb)d3r (22)whered�R,in
lusive(pnjQ; xa; xb)dkrBd3r =d�B(pnjQ)dkrB X� D�(pnjq�n+1)P� D�(p�n(q�n+1)jq�n+1)R(pnjq�n+1) ;(23)

andR(pnjq�n+1) = �d�F (q�n+1jQ; x0a; x0b)d�(pnjQ)+ d�R(q�n+1jQ; x0a; x0b)d�B(pnjQ; xa; xb) + d�s
reen;�(pnjQ; p2?) : (24)To generate events a

ording to these densities, a k + 3-dimensional random number point is 
hosen, where thethree additional degrees of freedom are dis
arded. Owingto the fa
t that the integration volume in terms of randomnumbers is the unit hyper
ube, this pro
edure produ
esthe integration over the degrees of freedom of the partonemitted in the real emission on average.Events of real emission type are to be generated withdensityd�R(qn+1jQ; xa; xb) �X� �R(p�n jqn+1) D�(p�njqn+1)P� D�(p�njqn+1) ; (25)�R(p�n jqn+1) = d�s
reen;�(p�njQ; p2?)d�B(p�n jQ; x0a; x0b) + d�s
reen;�(p�n jQ; p2?) ; (26)whi
h is just a reweighting of the real emission 
ontribu-tion. Events of both 
lasses 
an then be showered by aparton shower using a matrix element 
orre
tion as de-�ned at the beginning of this se
tion, and a 
ommuni
a-tion of veto s
ales applies to the real emission 
ontributionalong the same lines as for the subtra
tive mat
hing. Notethat the individual 
ontributions are positive, as long asthe s
reening 
ross se
tion is bounded from above by areasonable value.Sin
e this type of mat
hing is independent of the par-ton shower to a
t downstream, the a
tual implementationdoes not make any referen
e to the dipole parton shower,and real emission 
ontributions a

ording to the matrixelement 
orre
tion are generated outside any shower mod-ule, presenting a real emission sub pro
ess supplementedwith proper veto s
ales, or a Born-type sub pro
ess to theshower, if radiation has been generated a

ording to thematrix element 
orre
tion or not, respe
tively.Note that, when putting the s
reening 
ross se
tion tozero, the original simpli
ity of the powheg-type mat
h-ing is re
overed. The matrix element 
orre
tions, in
lusiveand real-emission type 
ontributions are all setup and 
al-
ulated in an automated way within the Mat
hbox im-plementation. The s
reening 
ross se
tion is by default
hosen from the 
orresponding phase spa
e and the di-mensionality required by the phase spa
e, i.e.d�s
reen;�(p�n(qn+1)jQ; p2?) = (p�?)2s�(qn+1) d�(qn+1jQ)(s�(qn+1))nout ;(27)where p�? is the transverse momentum asso
iated to themapping p�n(qn+1), s�(qn+1) is the appropriate mass squaredof the emitter-spe
tator pair in p�n, and nout is the numberof outgoing parti
les. Other 
hoi
es may be possible.
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hing in Herwig++4 Results at LEPThe variety of data a
quired by the LEP experiments al-low for a systemati
 �t of parameters of the parton showerand the hadronization model. In a preliminary �t, the pa-rameters assumed to mainly determine the des
ription ofevent shape variables and jet rates as measured by theDELPHI experiment [63℄ and jet observables as reportedby the OPAL 
ollaboration [64℄ have been �tted using theRivet [65℄ and Professor [66℄ systems. The parametersand ranges 
onsidered are given in Tab. 1, along with ashort des
ription. Parameters whi
h are known to mainlya�e
t individual hadron multipli
ities have not been var-ied, and fragmentation parameters for heavy quarks havebeen set equal to the values of those for light quarks. Asimple modi�
ation of the running of �s in the infrared hasbeen adopted by repla
ing its argument q2 ! q2 + �2soft.This modi�
ation has originally been motivated to supplyanother model for intrinsi
 transverse momentum gener-ation by letting the initial state shower evolve down tovery small s
ales along the lines of [67℄. We see howeverno reason that it should not be 
onsidered for �nal stateradiation as well.Separate �ts have been performed for LO and NLOpredi
tions. LO predi
tions have been obtained by run-ning just the parton shower, using a one-loop running �s.NLO predi
tion have been obtained by means of supple-menting the shower with the matrix element 
orre
tionmat
hing without using the Born s
reening 
ross se
tionand a two-loop running �s. In total we �nd that the NLOsimulation gives a marginally better �t than the LO one,though the des
ription of data is 
ompletely 
omparablewithin experimental un
ertainties.The �tted parameter values are displayed in Tab. 2.Most notably, the hadronization parameters for the LOand NLO �t do not signi�
antly di�er. For both predi
-tions, a modi�
ation of the infrared running of �s seemsnot to be preferred. The infrared 
uto� of the partonshower is determined more pre
isely by the NLO �t, whi
hprefers a smaller 
uto�. Also �s(M2Z) is determined morepre
isely by the NLO �t. Both �s values obtained are
ompatible with the world average [68℄ of 0:1184, wherethe NLO result is 
loser to this value. Note that thisshould be regarded a 
oin
iden
e at the level of the ap-proximation 
onsidered and it is 
ertainly not possible touniquely relate the obtained value to one applying to theMS s
heme. In Figs. 3 and 4 the LO and NLO simula-tion results are 
ompared for sele
ted observables. Fig. 5shows the energy-energy-
orrelation, whi
h has not beenin
luded in the �t.4.1 Comparison of Mat
hing StrategiesTheMat
hbox framework provides the fa
ility to swit
hbetween the powheg-type mat
hing with matrix element
orre
tions in
luding or ex
luding the auxiliary Born s
reen-ing 
ross se
tion, and subtra
tive mat
hing. For reasons ofsystemati
s it is instru
tive to 
ompare these approa
hes.No separate �t for the variants not 
onsidered so far has
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Fig. 3. Some event shape variables as predi
ted by the leadingorder and next-to-leading order simulations. Here, we addition-ally 
ompare to the standard Herwig++ shower (version 2.5.1with default settings), showing that the dipole shower gives asigni�
antly improved des
ription already at leading order.
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Fig. 4. The di�erential three jet rate as predi
ted by the lead-ing order and next-to-leading order simulations.
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Fig. 5. Energy-energy 
orrelation. Note that this observablehas not been in
luded in the �t.been performed and the NLO �t values as given in theprevious se
tion have been used. The di�erent mat
hingstrategies give 
ompletely 
omparable results. If there aresmall visible di�eren
es, there is no 
lear tenden
y thateither variant would give a better des
ription than anyof the others. Fig. 6 
ompares the mat
hing strategies forthe two jet rate. To this extent, the subtra
tive mat
hing
ould be preferred amongst the powheg-type ones owingto its smaller 
omputational 
omplexity. This statement,however, not only in
ludes that negative weighted eventsdo not pose a major problem, but also has to be veri�edin a pro
ess dependent matter sin
e there is no hint, if thebehaviour observed here is a general feature { parti
ularlyat hadron 
olliders.5 Results at HERAOwing to the approximation underlying the dipole par-ton shower, diagrams 
ontributing to parton emission of
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Fig. 6. Comparison of mat
hing strategies exempli�ed for theDurham two-jet rate.a given dipole (i; j) may be 
onsidered a gauge invariantsubset in the soft and/or 
ollinear limits for N
 ! 1.This implies that the infrared 
uto�s and soft s
ales en-tering the emission probabilities need not be the same forall dipoles. The emitter-spe
tator 
on�gurations forminggauge invariant quantities in this sense are the two emit-ter 
hoi
es for �nal-�nal dipoles, initial-initial dipoles, andthe 
ombination of initial-�nal and �nal-initial 
on�gu-rations. Fitting DIS data therefore allows one to �x theinfrared 
uto� and soft s
ale for the latter, before �nally
onstraining the same parameters for initial-initial dipolesat a hadron 
ollider, whi
h is 
onsidered in the next se
-tion.For the �t des
ribed here, the same te
hnique as forLEP, and data a

umulated by the H1 experiment [69℄have been used. For LO and NLO, the defaultHerwig++PDFs, MSTW 2008 LO** [70, 71℄ and MRST 2002 NLO[72℄, have been used. The same PDFs were 
onsidered forhadron 
ollider data to be dis
ussed in the next se
tion.The NLO �t was obtained by running the mat
hing withmatrix element 
orre
tion.The �ndings are similar as for the �t to LEP data.We �nd a reasonable predi
tion of transverse energy 
owsover the whole range of (x;Q2) plane. The mat
hed NLOpredi
tion gives a 
omparable �t to the LO simulation,while preferring both a smaller infrared 
uto� and s
reen-ing s
ale. The �tted parameters are given in Tab. 3.Fig. 7 shows the average transverse energy as a fun
-tion of Q2 in the 
entral dete
tor region. This observableis 
learly improved by the NLO mat
hing at small mo-mentum transfers. A more detailed analysis of DIS datain
luding in
lusive jet and event shape data is 
urrentlyunderway.6 Results at the TevatronAfter having determined the simulation parameters forhadronization, �nal state radiation, and radiation o� a
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Fig. 7. Average transverse energy in the 
entral region as mea-sured at HERA and 
ompared to leading order and next-to-leading order predi
tions.�nal-initial dipole by �tting LEP and HERA data, two pa-rameters remain to be determined: the infrared 
uto� andsoft s
ale for radiation o� an initial-initial dipole. We here
onsider the p? spe
trum of e+e� Drell-Yan pair produ
-tion as measured by the CDF 
ollaboration [73℄. Sin
e theDrell-Yan pro
ess re
eives rather large QCD 
orre
tionsfrom leading to next-to-leading order and a still 
onsider-able 
orre
tion at NNLO, both �ts have been performedby normalising the simulation to the measured 
ross se
-tion. The matrix element mat
hing in
luding the Borns
reening 
ross se
tion has been used here, as for the DISdata.The Professor algorithm here turned out not to beappli
able, as the 
ubi
 interpolation was not 
apable ofdes
ribing the 
omplete dynami
s of letting the showerevolve to rather small infrared 
uto�s, owing to the pre-s
ription of introdu
ing a soft s
ale in �s as already de-s
ribed before. We have therefore performed a prelimi-nary �t by generating 300 random points uniformly inparameter spa
e, whi
h here in
ludes the infrared 
uto�for initial-initial dipoles, the soft s
ale for initial-initialdipoles, as well as the widths of a Gaussian distributionfor intrinsi
 transverse momentum, �?. The latter hasbeen 
hosen to be potentially di�erent for valen
e and seapartons.Out of these random points we have pi
ked the onewith lowest �2 with respe
t to the data, again both for LOand NLO simulations. The resulting parameters are givenin Tab. 4. Note that the p? distribution for sea partons isnarrower, 
orresponding to a broader spatial distributionas 
an be motivated on di�erent grounds.We show the 
omparison of LO and NLO simulationsin Fig. 8 showing similar systemati
s to the distributionsdis
ussed before. In order to determine the predi
tivity ofthe simulation already at this very 
oarse level of tuning,we additionally show the pseudo-rapidity distribution ofa third jet in events with at least two hard jets, Fig. 9, as
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ross se
tion of the Drell-Yan-pair p? 
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ross se
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Fig. 9. The pseudo-rapidity distribution of a third jet inevents with at least two jets. We here only show the leadingorder predi
tion in order to 
he
k the predi
tivity of the tune
arried out so far.
arried out at CDF [74℄. Reasonable agreement with datais found. On top of the work presented in [60℄, this 
on-stitutes another 
ru
ial test of 
oherent parton evolution.7 Con
lusionsWe have introdu
ed a new dipole shower module for theevent generator Herwig++ that allows for an automati
mat
hing of NLO 
omputations with a parton shower.A tune of the hadronization module to the most impor-tant data sets show that we 
an a
hieve very good resultsfrom this simulation already without the in
lusion of NLOterms. In
luding NLO 
orre
tions at this relatively simplelevel only marginally improves the results. This e�e
t isexpe
ted as it is known that the Catani{Seymour showers
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 the behaviour of NLO matrix elements verywell also in phase spa
e regions well outside the 
ollinearlimits. However, the mat
hing poses no te
hni
al prob-lem and 
an be seen as a proof{of{
on
ept for the ideato provide a framework for automati
 mat
hing. At thistime with relatively simple matrix elements at NLO thatare provided by internal 
ode. Future work will 
on
en-trate in the in
lusion of external 
ode via a well de�nedinterfa
e, following the ideas in [75℄.A
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hes 2009.A Code ValidationA.1 Shower Splitting KernelsThe sampling of shower splitting kernels has been expli
-itly veri�ed in situ, meaning using the full implementationas present in the simulation 
ode, against an independentimplementation using a numeri
al integration to obtainthe Sudakov-type distributions. Fig. 10 shows an examplefor a �nal-�nal splitting kernel, proving 
orre
tness of thispart of the 
ode.A.2 NLO QCD Corre
tionsAll leading order matrix elements implemented in theMat
h-box framework have been 
ross-
he
ked against the Her-wig++ matrix elements.The fun
tionality of the automati
ally generated sub-tra
tion terms has been veri�ed. Fig. 11 shows a typi
alexamples of the ratio of subtra
tion to real emission 
ross

0.010.1
110

0 0.2 0.4 0.6 0.8 1N�1 dN=dz
z

q ! qg

Fig. 10. Example 
omparison of sampled �nal-�nal splittingmomentum fra
tion (blue lines) versus results from a numeri-
al integration (turquoise lines) at two di�erent dipole masses,sij = (100GeV)2 (
ontinuous lines) and sij = (50GeV)2 (bro-ken lines).
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p2pi � pg/GeV
q emitter�q emitter

0.70.80.91
1.11.21.31.4
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Fig. 11. Envelopes of the ratio of the subtra
tion to the realemission 
ross se
tion versus the propagator denominator forall singular 
on�gurations in Z + jet produ
tion.
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tion, plotted against ea
h of the invariants entering thepropagator denominators.The `plain' NLO 
ross se
tion, and the in
lusive oneentering the mat
hing with matrix element 
orre
tion havebeen 
he
ked to agree, with and without the usage of theBorn `s
reening' 
ross se
tion. The NLO 
ross se
tion fore+e� ! jets has been validated against the analyti
allyknown K-fa
tor of 1 + �s=�. The NLO 
ross se
tion forDIS and Drell-Yan has been 
he
ked against the existingpowheg implementation in Herwig++. For deep inelas-ti
 s
attering, the subtra
tion terms have been modi�ed inorder to have positive de�nite dipole kernels, �nite termsof the integrated subtra
tion terms have been 
hangeda

ordingly. The fun
tionality of the subtra
tion has been
he
ked with both variants, and the NLO 
ross se
tionswith and without modi�
ations are found to agree.A.3 NLO Mat
hing with Matrix Element Corre
tionsA non-trivial 
ross 
he
k of the matrix element 
orre
tion
ode and ExSample as the underlying `working horse', isto 
onsider the spe
tra for a gluon emission o� a q�q dipoleas generated by the shower, whi
h is validated againsta numeri
al integration of the expe
ted distribution im-plemented in a 
ompletely independent 
ode. By puttingthe real emission matrix element entering the mat
hing tobe equal to the sum of dipoles (the 
orre
tness of whi
hhas been 
he
ked by verifying that the 
ross se
tion ofthe subtra
ted real emission matrix element is 
onsistentwith zero), the matrix element 
orre
tion must produ
ethe same spe
trum as the shower 
ode. We have 
he
kedthat this is indeed the 
ase. It should be stressed that thema
hinery underlying the setup of the matrix element 
or-re
tion is mu
h more 
omplex than the shower implemen-tation, and, that the splitting kernel entering the matrixelement 
orre
tion does depend on more parameters2 thanthe one parameter of the shower kernel (
orresponding tothe dipole invariant mass).

2 In a realisti
 appli
ation these are not two random num-bers needed for the Born pro
ess, but indeed six, sin
e photonradiation is generated of ea
h in
oming lepton, requiring tworandom numbers per in
oming lepton.
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hing in Herwig++Parameter Range Des
ription�s(M2Z) 0:1 � 0:13 Input �s at Z mass.�IR;FF 0:5 GeV� 2:0 GeV Infrared 
uto� for �nal-�nal dipoles�soft;FF 0:0 GeV� 1:2 GeV Soft s
ale for �nal-�nal dipolesmg;
 0:67 GeV � 3:0 GeV Gluon 
onstituent massClmax 0:5 GeV� 10 GeV Maximum 
luster massClpow 0:0 � 10:0 Cluster mass exponentClsmr 0:0 � 10:0 Cluster dire
tion smearingPsplit 0:0 � 1:4 Cluster mass splitting parameterTable 1. The parameters varied for the �t to LEP data.Parameter LO NLO�s(M2Z) 0:113185 � 0:007281 0:117550 � 0:005053�IR;FF (1:416023 � 0:306430) GeV (1:245196 � 0:226821) GeV�soft;FF (0:242725 � 0:202069) GeV 0:0 GeV 3mg;
 (1:080386 � 0:499546) GeV (1:007680 � 0:265565) GeVClmax (4:170320 � 0:589504) GeV (3:664004 � 0:639504) GeVClpow 5:734681 � 1:006965 5:687022 � 0:869322Clsmr 4:548755 � 2:350193 3:115744 � 2:436793Psplit 0:765173 � 0:074008 0:771329 � 0:074248Table 2. Parameters for LO and NLO �ts to LEP data.Parameter LO NLO�IR;FI (0:796205 � 0:333340) GeV (0:718418 � 0:210448) GeV�soft;FI (1:355894 � 0:432515) GeV (1:003714 � 0:252398)GeVTable 3. Parameters for LO and NLO �ts to HERA data.Parameter LO NLO�IR;II 0:367359 GeV 0:275894 GeV�soft;II 0:205854 GeV 0:254028 GeV�?;valen
e 1:68463 GeV 1:26905 GeV�?;sea 1:29001 GeV 1:1613 GeVTable 4. Parameters for LO and NLO �ts to the CDF Drell-Yan data.

3 This parameter was predi
ted negative by Professor though 
onsistent with zero and has thus been �xed.
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