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Incorporating next-to-leading order matrix elements for hadronic diboson production
in showering event generators
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A method for incorporating information from next-to-leading order QCD matrix elements for hadronic
diboson production into showering event generators is presented. In the hard centralhiggiget transverse
momentum where perturbative QCD is reliable, events are sampled according to the first-order tree level
matrix element. In the soft and collinear regions next-to-leading order corrections are approximated by calcu-
lating the differential cross section across the phase space accessible to the parton shower using the first-order
(virtual graphs includedmatrix element. The parton shower then provides an all-orders exclusive description
of parton emissions. Events generated in this way provide a physical result across the entire jet transverse
momentum spectrum, have next-to-leading order normalization everywhere, and have positive definite event
weights. The method is generalizable without modification to any color singlet production process.
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[. INTRODUCTION emission. However, these programs frequently generate
As high energy collider physics moves towards the TeVevents with negative weights in certain phase space regions,
frontier, the simulation of collision events at higher ordersdo not address multiple emission, and give a ptodeed
becomes increasingly important. For the case of hadronisometimes unphysicaldescription in the region of very
diboson production, higher order corrections are largest ismall jet transverse momentum where perturbative QCD is
the regions where the physics is most interesting. Event ratenreliable. In this small transverse momentum region, the
enhancements at next-to-leading or@étO) in QCD have a  effects of multiple emissions can be resummédst pro-
spoiling effect on the confidence limits for anomalous tripleposed by[14]) giving a better prediction of inclusiveuan-
gauge boson couplings, wash out the radiation zer@/in  tities. However, the standard resummation formalism does
production[1] and approximate radiation zero WZ pro-  not describe the exclusive set of partons in the event. In Ref.
duction[2], and contribute to the background rate for new[15] a resummed treatment of hadroriepair production
physics channels including heavy Higgs boson searches anmh—ZZ, is given and a comparison is made with thaHIA
supersymmetry signatures. showering event generator. In the region of |@vpair trans-
Until recently, general purpose event generators have inverse momentumP;Z, the resummed spectrum agrees rea-
cluded leading-ordefLO) matrix elements only. An exclu- sonably well with the results from the parton shower ap-
sive (meaning all of the parton emissions are explicitly enu-proach.
merated in the event recordall-orders description of The combination of NLO matrix elements with parton
multiple emissions is provided by the parton shower apshowering algorithms is a natural way to proceed and would
proach[3,4], which is valid in the regions of soft or collinear provide an exclusive Monte Carlo description of collision
emissions, but is not accurate for well-separated partons. Thevents. This goal has two primary challeng@s:A probabi-
shower occurs with unit probability and so does not alter thdistic interpretation of NLO matrix elements is difficult to
cross section which remains leading-order. Two of the genaccomplish because of the delicate cancellations that occur
eral purpose showering Monte Carlo prograrerwiG [5]  between the virtual and real emission graphs. This generally
and PYTHIA [6] have implemented matrix element correc- results in event weights that may be both positive or nega-
tions[7-9] to the parton shower algorithms using the first-tive. (2) The parton shower algorithm can generate emissions
order tree level matrix elemeiithe one-loop virtual graphs that are harder than the firftixed ordej emission resulting
are not includell The corrections are successful in improv- in a double counting of hard emissions. Both of these draw-
ing the agreement with data in distribution shapes, especiallpacks are accentuated in the region of small inclusive jet
at high transverse momentum. The normalization, howevetransverse momentum.
is everywhere leading-order and the overall event rate is usu-
ally obtained by normalizing to the data or applying a con-
stant factor obtained from NLO calculations. . 1An example of an inclusive quantity is the color singlet system
In contrast, next-to-leadinffixed) order Monte Carlo in-  ancverse recoil against all parton emissioRg 4 for the case of
tegration programs such as the NLO calculations availablgyz production. Inclusive means the contribution from individual
for WZ production[10-13 provide a first-order prediction emjssions is not available, only the contribution summed over all
of the cross section and a good description of the hardegmissions is known. A LO cross section is an inclusive prediction of
the event rate. After applying a parton shower algorithm to a LO
event, the description becomes exclusive because the enumeration
*Electronic address: matt.dobbs@cern.ch of each parton emission is contained in the event record.
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Referenc¢ 16] addresses the first challenge for the special=91.187 GeV, Cabibbo angle a@siyne=0.975 with no
case of hadroni®VZ production with leptonic decays. For 3rd generation mixing, and the factorization sc@lés taken
each event, a volume of low transverse moment®)( o pe the hard process mas&. Vector boson branching
parton emissiongdefined by aP" cutoff and assumed to be ratios to leptons are taken as Br-lT17)=3.36%,
unobservable by a detecids integrated numerically keep- Br(W*—|~v)=10.8%. ThecTEQ4M [18] structure func-
ing the observable quantiti€ghe charged lepton momenta tions are used with the quark contribution taken as zero.
and the missing transverse momenjdixed. The integration Matrix elementgLO and NLO are evaluated with the Baur-
volume is generated by allowing the missing transverse moHan-Ohnemu$BHO) packagd 10] andHERWIG is employed
mentum to arise from any combination of invisible neutrinofor the parton cascade, hadronization, and decays.
and low PT emission. Such an integration ensures one In the section that follows, the implementation of matrix
doesn't “look into” the region of small inclusive jet trans- €lément corrections for diboson production in therwIG
style are presented and a comparison is made between LO

verse recoilP},,, where the fixed order calculation is unre- th part h NLO. and matrix el " ted di
liable. The resultant events can be interpreted probabilisti‘-’vI parton Shower, » and maifix element corrected ais-

. - . tributions. The method for incorporating the full NLO matrix
cally (event weights are positive definiteand the NLO ; . .
- o element in theHERWIG showering event generator is pre-
predictions for observable distributions are preserved. Th

drawback is that by int tina th | ¢ iots th Sented in Sec. IIl and is compared with the matrix element
rawback 1s that by integrating the volume of JetS € SPe+,ected and NLO distributions. Conclusions are given in
cific jet configuration is lost—determining which configura-

S : *~ the final section.
tion is most probable brings back the problem of negative

weights. This, and the discontinuity caused by Becutoff,
makes the subsequent application of a parton shower algo-
rithm difficult. The parton level Born process for hadromi¢Z produc-

In the present paper, the positive features of the Rl tion is qq’—WZ The kinematics describing this process are
algorithm are combined with the matrix element correctionsgiven the label h-body” and the label “0+1)-body” is

approach. The phase space is divided into two complemeq—eserved for the first-order tree processgg —WZg qg
tary regions: the region accessible to the parton shower wzq andga WZH’

“parton shower regiony and the hard central region thatis ~— ) ) .
Cp giony g Given the kinematics of an-body event as input, a show-

not accessible to the parton show@dead zone regionyj. . .
b w giony £ring Monte Carlo program uses backwards evolution to

The treatment of the dead zone region in this paper followt the hard tteri ; back f the hard vert
Ref.[8], wherein matrix element corrections to single vector'race the hard scattéring partons back from the hard vertex

boson production are applied within the framework of the!™© Fhe priginal inpoming hadrons while keeping track of the
HERWIGppI’Ogram. The ee(E:ension to diboson production iSdlstrlbutlon of emitted partongefer to Ref[19] for a good

trivial, the vector boson mass and momentum in R&fare review). For the case Of theiErwWIG program, the phase
everywhere replaced by the diboson system mass and mgPace faccessmle to the parton showae parton shower
mentum. The parton shower region serves as a phase sp &9'00 is a subset of the fullr(+ 1)-pody 'phase space. The
volume over which emissions can be integrated in a treat= oundary of the dea_d Zone region inaccessible to the
ment that closely follows Ref16]. This provides a means of HERWIG parton shower is defined ]

including information from the full NLO matrix elemefin- 7-\17
cluding one-loop graphsuch that the normalization is NLO
and the distributions reproduce the NLO shapes in the re- 2
gions where the NLO prediction is expected to be reliable. In

the low inclusive jet transverse momentum region, whereand
multiple emissions are important and the fixed order predic- M?2
tion becomes unreliable, the distribution shapes are domi- 3—\/1+8=
nated by the all-orders parton shower providedHBRWIG |co§9~|<1— _ )
(though the normalization remains NILOn this way, events ' S

generated with the algorithm described here provide an ex- W‘l

clusive description of the jet structure while giving a physi-

cal result across the full jet transverse momentum spectrufareM is the mass of the color singlet objedV/g system

and providing NLO normalization. . . \/r .
The algorithm bears some resemblance to the proposil tiS casé Vs is the mass of the color singlet and parton

suggested in Ref17]. emission systemWZj), \/s is the machine energy, ar%qi is

The method described in this paper applies to any hadthe angle of the emission with respect to the beam in the
ronic color singlet production process. The specific proces§enter of mass frame. The partition of phase space in the
of pp—W"Z production with vector boson decays to s/M2 vs co§9j plane is shown in Fig. 1. The parton shower
electron/muon-type leptons at the Large Hadron Colliderand dead zone regions are precisely complementary, so there
(LHC) energy of 14 TeV is chosen to illustrate the method.can be no double counting when sampling the regions sepa-
The input parameters for this study agsgy,(M,)=1/128, rately. The dead zone is the region of hard central emissions
sirf4,=0.23, a4(M;)=0.1116, M,=80.396 GeV, M;  and can be populated by sampling the first-order tree level

II. MATRIX ELEMENT CORRECTIONS

M2<s<s )
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» A e S N S — FIG. 2. Example of a first-ordeWZ production graph with a

1 \%-smﬁsncing ot ° 2* 2B gg " Jo gluon anchored to an internal line.
wz

parton shower that traces only external lines. In contrast to
FIG. 1. Thes/M?2 vs co§9j plane is shown with the boundary the other emission graphs, these graphs do not have any col-
between the complimentary parton shower and dead zone regiotigiear singularities. This means that their relative contribu-
denoted with a solid line. The phase space slicing region is a subséibn to the cross section is largest in the central regisitece
of the parton shower region and is denoted with a dashedfime other emission graphs dominate in the collinear regions
the specific phase space slicing parameigrs0.055,=0.01). Thus, the relative effect of these graphs in the parton shower
region is small, and it is more important to account for them

matrix element within the boundaries defined in Eq3.and  in the dead zone region where the physics of these graphs
(2). Adding the dead zone phase space in this manner to thH8ay become important.
showering event generator simulation is termed “hard matrix The present study uses the soft matrix-element corrections
element corrections.” For single boson production the im-already implemented iRERWIG for single boson production.
provement in the boson recoil transverse momentum spe&ince the emission cross section enters only as a ratio to the
trum [8] is remarkable, particularly at higFIT. Born.cross section, thl&ERWlG implementatiop accounts for
“Soft matrix element corrections[7,8] refers to correct- the first-order emission from an external line of Feynman
ing emissions generated by the parton shower algorithm ugiraphs for color singlet production to good approximation,
ing the first-order tree level matrix element. Since HER- but does not account for emissions from arj-lnternal line.
WIG parton shower ordering variable is an energy-weightedmplementing the soft corrections for the specific case/af
angle that does not necessarily imply ordering in transversBroduction would require intrusive changes to .‘hER\.N'G
momentum, it is necessary to apply the correction to everparton shower code. By accepting this approximation, the
emission that has the higheBl so far. The soft corrections HERWIG code is kept unmodified and modular. Nevertheless
are described for the single boson production case in[BEf. itis .recognlzed that explicit d|boso.n soft mairix element cor-
and were noted to have a small effect in comparison to th&ections would be a useful extension to this study.
hard matrix element corrections for single boson production, 1he HERWIG soft matrix element correctionsvhich are
The main advantage of the soft corrections is in providing2PProximate for the diboson caseave very little impact on

for a smooth transitichbetween the parton shower and the the distributions presented in this paper. It is expected that

dead zone regions—though in practice it is difficult to find tN€ exact soft matrix element correctiof. explicitly in-

observables sensitive to this transition. The primary differ-cluding all diboson graphsvould not change the situation in

ence with regards to soft corrections for diboson productiorf @PPreciable way.

as compared to the single boson case are the real emission

graphs involving a gluon anchored to an internal line, such as A. Matrix element corrected results

the one shown in Fig. 2. These graphs are absent for the | 5 and matrix element corrected distributions for had-

single boson case and are in no way approximated by thg,nic\wz production are obtained by implementing the Born
level n-body process and tree levei{ 1)-body processgre-
stricted to the dead zohes external processes HERWIG

2A small normalization discontinuity approximately equal to the using the BHO matrix elements. For diboson production, the
overall k factor will remain at the dead zone boundary due to thedistribution corresponding to the single vector boson produc-
LO normalization used in the parton shower region. tion transverse recoil studied in R¢8] is the diboson sys-
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FIG. 3. The transverse momentum distribution of WéZ sys- FIG. 4. The transverse momentum distribution of théoson

tem (inclusive recoil against emissio)néﬁ\,Z is compared at NLO, P\T\,Z is compared at NLO, LO with parton shower, first-order tree
LO with parton shower, first-order tree level in the dead zone, andevel in the dead zone, and at LO with soft and hard matrix element
at LO with soft and hard matrix element corrections. An enhancectorrections. An enhanced view of the first Id®,, bin is shown in
view of the first lowP},,, bin is shown in the inset and the ratio of the inset and the ratio of the NLO distribution to the LO and matrix
the NLO distribution to the LO and matrix element corrected dis-element corrected distributions is shown at bottom.
tributions is shown at bottom.

a very different result in this regioh.

LT . _ A disadvantage of the matrix element corrected distribu-
tgm .rec.0|l P\!VZ' A comparison to the NLO resglt for this tions is the LO normalization in the parton shower region.
distribution is shown in Fig. 3 for the LO with parton gjnce the total matrix element corrected cross section is the
shower, first-order tree level in the dead zone, and matrixym of the Born level and the integrated dead zone cross
element corrected results. Away from the I&®% region, the  sections, it depends explicitly on the dead zone boundary
shape of the matrix element corrected result agrees well witbefined by Eqs(1) and(2). A change in the boundary would
the NLO prediction from the stand-alone BHO integrationresult in a change in the total cross section. The use of NLO
package, demonstrating the effectiveness of hard matrix elezalculations everywhere would remove this dependence and
ment corrections. There is no contribution from the deadprovide a more accurate prediction of the total cross section,
zone in the very IowPJ\,Z region, so the Born and matrix particularly for multi-TeV colliders where the contribution
element corrected results coincide in this regifig. 3, in-  from the gluon(anti-)quark initial state is substantial. A sec-
sed. The soft matrix element corrected LO result is indistin- ond drawback of the matrix element corrections is the inabil-
guishable from the LO curve and is not shown. ity to model NLO shape effects in the parton shower region.

It is more common in the literature to study tﬁé distri- The approximate radiation zero, which is partially filled in

: . . . by NLO corrections, is an example of a distribution that is
bution, for example in probing the triple gauge boson Vertexsensitive to these effects. Observation of this as yet unseen

for anomalgus cpuplmgs. This distribution |s.alsg sensitive toghenomenon will be a goal of future hadron colliders. This
hard emissions in the dead zone, as shown in Fig. 4 where, as

for the P}, spectrum, the shape of the matrix element cor-
rectedP} distribution is a good approximation to the NLO _
The BHO matrix elements employ the two parameter phase space

result. - R o .
Drawbacks in the matrix element corrections approachsncmg method 20] as regularization scheme. The specific choice of

. . . L cutoff parameters used for Fig. 3 are large<£0.055.=0.01 see
and f'Xe.d o-rder calgulathn are ewdentTln F!g. 3. The NLORef. [10] for a definition of the cutoffs A smaller choice of param-
calculation is not reliable in the very loR" region shown in  eters would move events out of the zero histogram bin of the Fig. 3
the inset of Fig. 3. The NLO prediction shows a dip justinset towards regions of highé", until eventually the zero bin
below 5 GeV and a very large contribution at zero. Thesevould become negative. The use of the subtraction mefbidfor
features are not physical and reflect the specific choices dhe Py, distribution in the inset of Fig. 3 also yields an unphysical
the regularization scheme used in the matrix elements. Aegative first histogram bin. This effect serves as a reminder that

different choice of scheme or scheme parameters would y|e|a)(ed order perturbation theory is not well suited for predictions of
small inclusiveP .
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= — Fixed NLO (no Parton Shower) = 2 D\ — ; : :
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"""" ad Zohe wi arton Shower H H 5
i s A ElETERt CofSSta Wit PRBH SHowWaE (n+1)-body kinematics and may populate the ensf#
6 | vs cogj plane. A regularization scheme is necessary to

handle the soft, collinear, and ultraviolet divergences that
appear when any of the first-order contributions are treated
alone. The BHO matrix elements use the phase space slicing
(PSS method[20] wherein a small portioiidenoted on Fig.
1) of the (n+ 1)-body phase spadeefined by soft and col-
linear cutoff parameterds,s.) is included in then-body
contribution by means of the soft gluon and leading pole
approximations.
One way of achieving NLO normalization while gaining
[~ sensitivity to the effect of NLO corrections on th€Z sys-
0 PRt i eSS tem configuration s to assign an event weight for the hard
process that is the average NLO cross sediiociuding vir-
tual graphg across the entire region accessible to the parton
shower for a particular choice of th&Z system configura-
tion. Since all of the divergent regions are contained within
the parton shower region, this number is well behaved and
Rapidity(W) - Rapidity(Z) positive definite—but is difficult to calculate analytically.
FIG. 5. The rapidity separation distribution of tvé¢" and Z This average cross section can be obtained by means of a

bosons is compared at NLO, LO with parton shower, first-order tre«.znd ?tage integration as outllned_ In R.[éfﬁ]' Itis also_ noted_
level in the dead zone, and at LO with soft and hard matrix elementhat it is not necessary to obtain this number with a high
corrections. The dip in the zero separation region is the approximatd€dree of accuracy—so long as the average of many such
radiation zero. The ratio of the NLO distribution to the LO and integrations(i.e. eventy converges to the correct cross sec-
matrix element corrected distributions is shown at bottom. tion, which is automatic using the Monte Carlo method.

For the present algorithm the jet volume has a simple
distribution is shown in Fig. 5, together with the ratior k  definition[Eqgs. (1) and(2)] with the convenient feature that
factorg of the NLO distribution to the matrix element cor- the phase space slicing method jet volume is a subset of this
rected and Born distributions. Thefactors are largest in the Vvolume. This means the phase space slicing method can be
central radiation zero region and the matrix element correcuSed to achieve a large portion of the jet volume integration
tions are successful in greatly reducing this effect. Howeverand that the result is not sensitive to the specific choice of
a small variation irk factors in the zero rapidity separation PSS cutoff parameters that specify the PSS boundary. As
region remains after applying the matrix element correctionsSuch, the maximal PSS cutoffsvhich remain within the

range of validity of the soft gluon and leading pole approxi-
IIl. INCORPORATING THE FULL NLO MATRIX mationg may be used §;=0.055,=0.01 have been used,
ELEMENT see Ref[10] for a definition of the cutoffs This is a signifi-
cant advantage because the subset occupied by the PSS vol-

In the dead zone the square of the real emission graphsme is the region where delicate cancellations between the
(M3 a1 emisd iS the only contribution to the cross section andn-body and @+ 1)-body graphs occur and also where the
the divergent regions of the real emission phase space apeoss section is peaked.
excluded. Outside of the dead zone the parton shower is The 2nd stage integration, which is performed once for
better suited at predicting event shapes and exclusive distreach event in the parton shower region, is accomplished as
butions, though it provides no information on the normaliza-follows. A WZ event withn-body kinematics is generatéél
tion, which in showering event generators is normally de-degrees of freedom specify timebody configuration assum-
rived from the LO cross section only. In this region it is ing the vector bosons are taken on shell; e.g\ih& system
preferable to obtain the normalization from the full NLO massMy,;, WZ system rapidityy,yz, the 2 angles defining
cross section while preserving the exclusive event structurthe vector boson production, and 2 angles for each of the
from the parton shower. vector boson decaysnd defines th&/Z system configura-

In the parton shower region the square of the Born graphgjon and boost. For a LO showering Monte Carlo event, the
the interference of the Born graphs with the one-loop graphsBorn level cross section would be evaluated and constitute
and the square of the real emissions graphs contribute @te event weight. Instead, the aim is to evaluate the average
NLO, cross section of the phase space into which the parton shower

may evolve the event.
M3 o= M%emt M gom® M gne loopt M2 eaiomiss. () The NLO n-body cross section is calculated using the
BHO matrix element that requires a further 4 degrees of
The first two terms on the right hand side of H) are  freedom to specify the soft and collinear corrections arising
described byn-body kinematics and occupy a point at in the PSS method. Thus by integrating over these 4 degrees

80

60
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TABLE I. The integrated cross section ff* Z production with decays to electron/muon-type leptons at
LHC evaluated using the BHO matrix elements is tabulated. The (@tiofactor of the NLO calculation to
the Born is about 1.48, which improves to 1.32 when the dead zone region is added to the Born result. The
ratio for the NLO calculation to the sum of the 2nd stage integration and the dead zone is unity by construc-

tion.

Born 288.2:0.3 fb

Dead zone regioNLO) 34.43+0.02 fb

2nd stage integration over parton shower redihO) 391.8:0.3 fb

NLO (all phase space included 426.0-0.5 fb
of freedom, the averagebody weight{da"?°® is obtained A. Results

and accounts for the region inside the PSS boun@amythe
left side of the dashed linegn Fig. 1. This number may be

The cross sections for the regions of interest are enumer-
ated in Table | forw*Z production at LHC with decays to

negative. For the integration of the remainder of the parto%lectron/muon-type leptons. The total Born level cross sec-

shower region an emission is explicitly sampled using 3 adsj, is almost a k)

ditional degrees of freedorte.g. theWZj system mass and
the 2 angles specifying the emission direcliomhese 11
degrees of freedon8 plus 8 from then-body configuration

factor 1.5 down from the NLO result.

The dead zone accounts for about 8% of the total cross sec-
tion. The sum of the integrated parton shower region cross

section and the dead zone cross section agrees with the total

specify the (1+1)-body kinematics. It is necessary t0 Use N o cross section, which serves as a cross check that the

the appropriate overall boost, so as to span the identicals 1o shower region contribution is correctly evaluated with
phase space theERWIG parton shower is able to reach from o ong stage integration.

the n-body kinematicsHERwWIG applies a conformal boost to

In Fig. 6 the transverse recoil of thWZ system is shown

the hard process that keeps the hard process mass and rapig- this 2nd stage integration methédhich also includes

ity fixed. For the 6+ 1)-body case th&/Zj system rapidity
is thus

VM 2+ Py

Y(n+1)-body= IN .
Ewz"+Pwz"

) + Yn—body (4)

where y,_poqy is identified as theWwzZ system rapidity and
P wz* is the WZ system 4-vector in th&VZj frame. The
Jacobian for the transformation,_pody— Y (n+1)-body IS UNity.

By sampling the 3 degrees of freedom that specify the ex-

pansion fromn-body to (h+ 1)-body kinematics and evalu-
ating the NLO matrix element each tinfalways a positive
numbej, an integration over the remainder of the parton
shower region is achieved giving the average-()-body
weight (dg("+1)-body,

The cross section for the specific choiceWZ configu-
ration averaged over the parton shower region at NLO is

do part. show. reg_ <d0_n-body> + <d0_(n+ 1)-bod)>

©)

and constitutes the event weight. The input to the parton

shower algorithm is the-body kinematic configuration. The
parton shower algorithrfwith guidance from the soft matrix
element correctionsdetermines which exclusive emission
structure is chosen for the event.

Event generation for the NLQVZ process consists of

matrix element correctionsThe normalization is the same
as the NLO normalization by construction. The NLO and
matrix element corrected results from Fig. 3 are superim-
posed. In the region of moderate to higt,, the result
agrees well with the NLO prediction. In the region of smaller
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generating a sample of events in the parton shower region g 6. The transverse momentum distribution of WéZ sys-
using the 2nd stage integration method discussed above aggh, (inclusive recoil against emissionBy,, is compared at NLO,

a second sample of events in the dead zone, as already d

L0 with soft and hard matrix element corrections, and using the

cussed in Sec. II. The event weights for both types of eventsng stage integratiorwhich also employs soft and hard matrix

are positive numberéunlike for the NLO integration pack-

element correctionsAn enhanced view of the first lo®y,, bin is

ages which produce events with both positive and negativehown in the inset and the ratio of the NLO distribution to the
weight9 so the usual event generator strategy of hit-andmatrix element corrected and 2nd stage integration distributions is

miss may be used to obtain unweighted event samples.

shown at bottom.
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FIG. 7. The azimuthal vector boson separatipfW*) — ¢(2)
distribution is compared at NLO, at LO with soft and hard matrix
element corrections, and using the 2nd stage integratibich also
employs soft and hard matrix element correctjons

FIG. 8. The transverse momentum distribution of thé&oson
PJ is compared at NLO, at LO with soft and hard matrix element
corrections, and using the 2nd stage integratiwhich also em-
ploys soft and hard matrix element correctipsn enhanced view
of the first lowPJ bin is shown in the inset and the ratio of the NLO
distribution to the matrix element corrected and 2nd stage integra-

PJ,;. events with low transverse momentum receive extrd " distributions is shown at bottom.
recoil from multiple emissions and are pushed towards
slightly higher P},,. At very small P, (insej the shape integration is in good agreement with the NLO prediction
agrees very well with the parton shower distribution andthroughout, with a very slight enhancement visible in the
goes smoothly to zero with no dependence on the NLO reguradiation zero region due to multiple emissions. The ratio of
larization scheme. The ratio of the fixed NLO distribution to the NLO result to the 2nd stage integration distribution is
the 2nd stage integration distribution is slightly flatt€ig.  unity and almost constant throughout, whereas the NLO ratio
6, bottom) than for the NLO ratio to the matrix element to the matrix element corrected result is about 1.3 with a
corrected distribution. small variation in the zero separation region. The 2nd stage
A second distribution that is sensitive to the region ofintegration has accounted for the effects of the first-order
small inclusive jelPT is the azimuthal separation of the vec- corrections on thaVzZ system Conﬁguratiominduding the

tor bosons shown in Fig. 7. As the separation approaehes separation in rapidity and so this small variation is not
the inclusive jetP" goes to zero and the fixed order predic- present in that distribution.

tion becomes unreliable, as evidenced by the sharp increase
in differential cross section very ne&(\W) — ¢(Z)= . The
2nd stage integration and matrix element corrected results do ] ) o
not suffer from this discontinuity and give a smooth, physical For all of the 2nd stage integration method distributions
prediction across the full range, which is higher than the(Figs. 6-9 the integration over the parton shower region
NLO result away from¢(W)— ¢(Z)=m. This is an ex- (performed once per everis accomplished with 50 samples
ample of a distribution where the NLO prediction is not ac-O0f the 3 degrees of freedom that define the expansiomto (
curate. +1)-body phase space and 10 samples of the 4 degrees of
The Z transverse momentum is shown in Fig. 8 for thefreedom that define the-body PSS corrections. The 2nd
2nd stage integration method, the matrix element correction$tage integration increases the computer time required to
and the NLO calculation. The 2nd stage integration is indenerate one weighted event with therwiG showering
good agreement with the NLO prediction throughout, while€vent generator by a factor 1'3[his is due mostly to the
the matrix element corrections suffer from normalizationintegration, but also to the added number of mathematical
problems. The NLO calculation is accurate in the |64 operations necessary to evaluate the NLO matrix element as
region for this observable since an integration over a largéompared to the LO one.
range of inclusive jeP" is automatic for the lowP) bins.
The rapidity separation of the vector bosons is shown in
Fig. 9 for the 2nd stage integration method, the matrix ele- “The computation time will increase significantly when generating
ment corrections, and the NLO calculation. The 2nd stagenweighted events.

B. Complications due to negative weights
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F —— Fixed NLO (no Parton Shower) The effect of decreasing the samples in this way is to in-
-~ -~ Matrix Element Corrected with Parton Shower i i i i
120 - NLO 2 Stage Integration and Dead Zone with Parton Shower crease the frequency of negative weight events—in this case
the bias increases to 1%, which represents a maximum ceil-
ing for the bias.
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80 IV. CONCLUSIONS

Matrix element corrections for hadronic diboson produc-
tion have been implemented following the procedure out-
lined in Ref.[8] and are interfaced to theéERwIG showering
event generator. The corrections are significant in the high-
PT regions where the agreement in shape with NLO calcu-
lations is significantly improved.

A new method for incorporating the full NLO matrix el-
- | | | LN ement is presented. The inclusive recoil against emissions is
5 e T Ty dominated by the parton shower for events in the soft and
Rapidity(W) - Rapidity(2) collinear regions where the parton shower is expected to give
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214 f e e a good description of the physics, and is dominated by the
e L L first-order matrix element for events in the hard central re-
2 0; E . o T | | | gion where perturbation theory provides a reliable predic-

T T tion. The normalization is everywhere NLO. Events gener-

Rapidity(W) - Rapidity(2) ated with this method have positive definite event weight,
FIG. 9. The rapidity separation distribution of thé* andz ~ such that unweighted events can be easily produced by
bosons is compared at NLO, at LO with soft and hard matrix ele-neans of Monte Carlo hit-and-miss. The method is general-
ment corrections, and using the 2nd stage integratidich also  izable to any color singlet production process.
employs soft and hard matrix element correctioie dip in the The numerical implementation of the method is straight-
zero separation region is the approximate radiation zero. The ratiforward providing a NLO matrix elementemploying the

of the NLO distribution to the matrix element corrected and 2ndPSS regularization scheinis available. )
stage integration distributions is shown at bottom. The difference in distribution shapes between the matrix

element correction approach and the 2nd stage integration
Since then-body contribution can be negative, the total incorporating the full NLO matrix element is small—though
event weighfEqg. (5)] can be within statistical precision of noticeable for example in distributions such as the diboson
zero if the integration statisticenumber of samplgsare  rapidity separation. The 2nd stage integration approach has
small enough and the cancellatigietweenn-body and @ the further advantage of providing NLO normalization that
+1)-body contributionkare large enough. This means that removes any dependence of the total cross section on the
negative events can very occasionally oc@udiscussion of |ocation of the dead zone boundary while ensuring no nor-
2nd stage integration negative weighted events is given imalization discontinuities exist across the boundary.
Ref. [16]°). Negative events of this type are simply dis-  Diboson event samples from hadron colliders to date are
carded. The bias introduced by discarding these negativemall and insensitive to QCD corrections, so a meaningful
events is easy to evaluate. The absolute value of the digomparison to data will have to await Fermilab Tevatron run
carded negative weight events is superimposed on Figs. 6-49and CERN Large Hadron CollidgitHC).
as a shaded histogram. These histograms are 5 orders of
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