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Phase space veto method for next-to-leading order event generators in hadronic collisions
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A method for organizing next-to-leading order QCD calculations using a veto which enforces the cancella-
tions between virtual and real emission diagrams is applied to hadronic collisions. The method employs phase
space slicing with the slicing parameter determined dynamically event-by-event. It allows for the generation of
unweighted events and can be consistently merged with a parton shower. The end product is more intuitive for
the end user, as it is probabilistic, and can be easily interfaced to general purpose showering and hadronization
programs to obtain a complete event description suitable for experimental analyses. As an example an event
generator for the proceﬁBHZJrX at next-to-leading order is presented and interfaced consistently to the
PYTHIA shower and hadronization package.
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[. INTRODUCTION are excellent theoretical tools for predictions of distributions,
but it limits their usefulness for producing events to be simu-
Computer simulations of higher-order quantum chromo-ated in the detector environment. The primary aim of the
dynamics(QCD) corrections in high-energy physics colli- method presented in this paper is to improve the usefulness
sions typically rely on one of two methods: the partonof NLO calculations for experimental applications by inter-
shower[1,2] or numerical integration of next-to-leading or- preting the result in a manner which is well suited for inter-
der (NLO) distributions. Both methods have proven ex-face to showering and hadronization generators and subse-
tremely useful, but each has a limited—thoughquent detector simulation.
complementary—region of applicability. The pursuit of techniques for combining NLO calcula-
Programs which employ the parton shower approachtions with the parton shower is a natural direction for the
such a®YTHIA [3], HERWIG [4], andISAJET[5], have enjoyed evolution of event generators. Two primary challenges stand
widespread use by experimentalists. These programs begin the way: overlaps between phase-space volumes of differ-
with a leading-order hard subprocess. Higher-order effecting dimensionality need to be accounted for in a manner
are added by evolving the event using the parton showeryhich does not double count or neglect any region, and the
which provides an all orders description of parton emissionsesult needs to be interpretable in a probabilistic W@pb-
valid in the soft and collinear regions, but is not accurate forabilities should be everywhere positive defihit8ignificant
well-separated particles. The partons are then grouped t@dvances towards the resolution of the former challenge have
gether into color-singlet hadrons, resonances are decayedeen achieved by Collingg] using a subtractive approach,
and the underlying structure of the evdbeam remnants, but this approach does not address the issue of negative
multiple interactions, etgis added. These programs are ableprobability events.
to describe the exclusive structure of the event, and so pro- The issue of unweighted event generation has been ad-
vide a useful input for subsequent detector simulation. dressed by the author for the special case of diboson produc-
NLO integration programs go one order beyond in thetion in Ref.[7], then further developed to include a consis-
prediction of the cross section, have a reduced dependentent merging of the parton shower in RE8]. In the present
on arbitrary scale choices, and provide a good description aftudy, these techniques are generalized and a veto method
hard well-separated emissions. They are able to predict diproposed by Piter [9] is incorporated. This allows for the
tributions of events, but are unable to produce events witlorganization of NLO event generators in an elegant and
the frequency predicted by the thedhecause the cancella- simple manner which competes with leading order event
tions between Feynman diagrams are usually achieved byenerators in terms of efficiency and computer time.
allowing a fraction of phase-space points to have negative To illustrate the methods discussed in this paper, an event
probability). These programs are used to generate samples generator for the proce$spﬂl *I~+X is constructed and
weighted events, which individually have no physical inter-used to generate event distributions relevant to the Fermilab
pretation but provide accurate predictions of event distribuTevatron Collider and the CERN Large Hadron Collider
tions when many such weighted events are combined intdLHC). A precise knowledge of the Drell-Yan lepton pair
histograms. Lacking individual events to evolve further, it isproduction process is particularly important at hadron collid-
difficult to add subsequent event features like hadronizatiomrs. It will be used to probe new physiés.g., large extra
or the underlying event. This has meant that these prograndimensions, extra neutral gauge bosomerform precision
measurements of electroweak parameters, constrain the par-
ton density functions, and calibrate the detector. The latter is
*Electronic address: matt.dobbs@cern.ch perhaps most important to the physics program because it
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FIG. 1. Feynman graphs contributing nx(ﬁ—>Z°+X atNLO. N
The wavy line represents eitherZf or y*, and the vector-boson Unresolved Emissions Smin
decay products are not shown. |Q2 |

means our knowledge of this process will feed into the sys- k|G, 2. A projection of thep'p— Z°j phase space onto tiievs
tematic errors for most physics measurer_nents: t_he Iepton €@ plane is shown, wheré=(p,— p))?= ,ng and f=(|0rpj)2
ergy ﬁ”? momentum scale may be calibratedsitu with =—QJ,, andp;, p,, p; are the momenta of the forward colliding
Z°—171" events, the jet energy scale may be determinegyarion, backward colliding parton, and real emission. The area
using events with Z° decaying to leptons recoiling against anhove (below the s,;, boundary is the region of resolvednre-
a high transverse momentum jet, and the Drell-Yan evengolved real emissions. WheB,=S,ero, it denotes the boundary
rate may be used to determine the absolute luminosity. Theefining the region inside of which the thebody and @i+ 1)-body
NLO QCD corrections to the process have been available fotontributions sum to zer6.e., the cross section integrated over the
some time[10]. Recently the complete first order elec- unresolved region is zero
troweak corrections have been calculafgtl], and will play
an important role for precision measurements. . . .
In the following section, background information relevant term O_f Eq.(l? is leading order éqep) and contains par-
to the NLO calculation is presented. A description of theliles in the final state. The phase-space volulewhich

phase-space veto method, numerical results, and shower evigfines the configuration of the four-vectors is referred to as
lution are presented in the next sections. n-body and specified by 4 degrees of freedom: Zienass,

Z° boost, and twaZ® decay angles. The second term of Eq.
(1) is first order @qepas) and is also described bybody
kinematics. The third term of Eq(l) is also first order
The NLO cross section receives contributions from the(aqepes) and the final state contains the vector bogamits
square of the Born graphs, the interference of the Bormiecay productsand a colored partofe,g_,zog, Zoq, Zoa)_
graphs with the one-loop graphs, and the square of the redhis final state is described by ¢ 1)-body kinematics with
emission graphs which contain an extra colored parton in thg degrees of freedom: the system mass, system baBst,

Il. BACKGROUND

final state, mass, twaz® production angles, and tw® decay angles.
5 ) For a particular choice of theé-body kinematics, the
Mio=Mzomt Meom® Mone 100p phase spacé , ; which specifies the kinematics of the real
+ M2, amicsion (1)  emission is a plane ifi=(p,—p;)* vs t=(p;—p;)* space,

shown in Fig. 2, wherg, and p, are the four-momenta of

The second and third terms of E@) diverge when treated the massless colliding partons, andis the massless colored
separately, and so numerical integration calculations emplo§mission(the azimuthal degree of freedom is unimportant
a regularization scheme which effectively combines piece@nd not showh Then-body kinematics occupy a point at the
of these terms to obtain finite results everywhere in phas€rigin of this plane. Ther{+1)-body kinematics span ttie
space. vs t plane and the corresponding differential cross section

Commonly used schemes include the “subtractiondiverges as the origin or either axis of the plane is ap-
method”[12], “dipole method”[13], and “phase-space slic- proached, i.e., when the emission becomes soft or collinear.
ing” (PSS methodg14-18. All methods give identical re- The PSS methods regulate the singularities by partitioning
sults when used appropriately. For the purposes of this studyhe phase space into a region of resolved emissions, and a
features of the PSS methods are convenient. Variations of theegion of unresolved soft and collinear emissions. The re-
PSS method include the “two-parameter P$$4] (see Ref.  solved part is integrated numerically. The contribution from
[15] for an accessible review“one-parameter PSS[16],  the unresolved soft and collinear emissions is calculated ana-
and “sp, slicing” [17,18. lytically and included with then-body squared matrix ele-

To illustrate the PSS method, consid9§6—>20+x at  ment such that the net result is finite, though not necessarily
NLO. The Feynman graphs are presented in Fig. 1. The firgbositive. For the case o, slicing, the boundary of the
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unresolved region is defined by a single parameter with diseparately using numerical techniques, and then added to-
mension energy squared. An emission is considered to bgether.
unresolved anytime the invariant mass squared of any parton For thed-space Veto method, the integration is organized
pair is less than the,, resolution parameter differently. Only the q+1)-body volume is integrated, and
the n-body matrix elements are used to test on which side of
the s,¢oboundary each phase-space point lies. An event can-
where the partons k may be either initial or final state. ~ didate sampled in theunrestrictedl (n+1)-body phase
The cross section for the entifee vs t plane of Fig. Space represents a point in thevs t plane shown in Fig. 2.
2—which corresponds to the cross section for a particulalf the point lies below thes,., boundary, the event is vetoed.

n-body kinematic configuratios , , integrated over the extra If it lies above the boundary, it is assigned the event weight
degrees of freedom which define the real emission—is a corfrom the (+1)-body differential cross section. Since the

Isik| <Smin (unresolved region 2)

stant, schematically location of thes,,, boundary depends on both the factoriza-
tion and renormalization scales, the reduced scale depen-
(D, ,Smm)+J' oD, D, )dD 4 dence of the NLO calculgtion is maintained.
Sik>Smin A few comments are in order about the use of the term
NLO in this paper. For thé-space Veto method, the physics
=const®,). (3 of the unresolved region belos,e,, is integrated. In this

region of very smalP., the behavior of the distributions is
plete description 0§, slicing refer to[17,18. being “hidden” by the veto. This means that in the limit

For eachn-body phase-space point, there exists a Speciﬁggﬁo, the distributions will not give the exact first-order
value ofs,, referred to here as,.,o, for which the sum of ehavior. The description is NLO in the sense that both the
min » eros

the n-body and unresolvedné+ 1)-body contributions is Mormalization and the region away from sm@fl are simul-
zero. Knowing the location of this,e,, boundary on an taneously N.LO—WhICh are_the desirable features of the
event-by-event basis, one may calculate the NLO cross seflLO calculation. The approximate treatment of the srigil-
tion and distributions by sampling only then{1)-body regionis not of concern, because the goal is to use the parton
phase space, restricted to that region which lies above thehower for a description of this region. However, it means

S,er0b0OUNdary(resolved partons Thuso™(®,,,S,e,) =0 and  the term NLO is being used rather loosely, since the distri-
the constant of Eq(3) is butions are not everywhere described exactly by a perturba-

tive series truncated at the first order.
i1 B There are at least two possibilities for determining on
L 7 (P, ®11)dP,;=constPp). (4)  which side of thes,,, boundary a phase space point lies.
™ zero (1) The location of thes,,, boundary can be calculated
The analytic expression for"(®,,,syin) is given in Ref. analytically. Then-body cross section is a quadratic equation
[18], and the analytic expression fsge, is derived in the iN INSyiy, with the smaller of the two roots corresponding to
Appendix of the present paper. the correct solution. This is the method proposed in Réfs.

A variant of the idea was originally proposed by Baer and[20], where thes,, equations for single jet production in
Reno in Ref[19], who approximated ths,,, boundary as electron-proton scattering are derived. In the Appendi>((_())f the
constant and evaluated it by trial and error for single vectorPresent paper, the correspondisg,, equations forpp
boson production in hadronic collisions using the two-—Z°/y* at NLO are derived.
parameter PSS method. However, the location of the bound- (2) Without knowing the location of the,e,, boundary in
ary varies event-by-event with thebody kinematics. This the unresolved region explicitly, it is possible to test on
was demonstrated by Rer [9], who formulated techniques Which side of the boundary a phase-space point lies by pro-
for evaluating thes,.,,boundary dynamically event by event. jecting the +1)-body kinematics onta-body kinematics
The idea has been implemented for jet production in dee@gnd simply evaluating the sign of timebody matrix element
inelastic scattering in Ref20], and good agreement is found With the s, boundary adjusted to sit on top of the point in

This constant is independent of tBg;, choice. For a com-

with the Hera data. thell vst plane. It is not necessary to keep track of Jacobians
from the projection nor overall normalization factors, since
IIl. THE PHASE-SPACE VETO METHOD only the sign of the matrix element is of interest. One must

To illustrate the phase-space vegt_glspace Vetp method
for hadronic collisions, the procegsp —Z°+ X171 +X  Inote that this approximate description in the snigll+egion is
!S chosen._A_s for the PSS methods, the phase space is d'V'dggo true for the PSS methods, which define an unresolved region
into two distinct volumes. The-body volume encompasses it a slicing parametés). For these methods, the exact NLO be-
the phase space with no resolved emissignp—Z°  havior is recovered only for the limit where the slicing
—1717 kinematicg, while the (+1)-body volume de- parameteis)—0. The difference is that for the PSS methods, the
S((:_r)ibes the phase space with an extra parton in the final statgarameters can be chosen very small, though not precisely zero. For
pp—2Z°%—I1"1"j, wherej denotes a gluon ofantjquark.  the ®-space Veto, the freedom to choose the slicing parameter is
For the PSS method, the two volumes would be integrateéemoved.
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FIG. 3. The two roots of the quadraticbody differential cross FIG. 4. The dependence af., as a function of lepton-pair

section presented in E(A1) are plotted as a function of the lepton- rapidity at several choices of parton the center-of-mass er@rigy
pair rapidity, evaluated at parton center-of-mass energy equal to théhown for thepp collisions at 2 TeV(Tevatron, top and for pp
Z° mass forpp collisions at 2 TeV(Tevatron, top and for pp  collisions at 14 TeV(LHC, bottom). The s, function does not
collisions at 14 TeMLHC, bottom). The smaller solution is th&,.;,  depend strongly on the vector-boson decay angles.
function of interest, the larger solution should not be interpreted
physically. . . .

integration using one of the PSS methods can be recast as
be careful because well above thg,, boundary(and after ~ €vent generators with minimal effort. . . .
the syi-slicing approximation has broken dowthen-body ~ Regardless of which of the above techniques is chosen, it
cross section turns negative once agairresponding to the S necessary to project seven-dimensiont-(L)-body kine-
second solution of the quadratic equation insjp, dis- Matics onto the four-dimensiambody ones. This is accom-
cussed above In practice this happens only at large P“Shed by requiring the Iepton—palr malsttsl_qf_, and rapid-
(~10° Ge\?) values ofs,,;,;>100 Ge\? (see Fig. 3 This Ity Y,+,_f, to remain unchanged in the projection. To perform
strategy is simple to implement, and works &, slicing, ~ the projection, the center-of-mass frame lepton momenta are
one parameter PSS, and two parameter PBShis manner, Poosted into the vector-boson rest frataich is the “new

processes which have already been coded as a numeric@nter-of-mass frame; and then boosted longitudinally
such that the pair regains its original rapidi¥,-.

In Fig. 4 the s, boundary for the Tevatron and LHC
2The two parameter PSS method must first be expressed in ternf@llider energies are shown as a function of the lepton-pair
of a single parameter, for example by definifig= 0.165 where &, rapidity for several parton center-of-mass choices. The de-
and &, are the collinear and soft parameters of the method. Thd€ndence of the,¢,, boundary on the choice of renormaliza-
author has tested this fqup—Z°+X at NLO and found good tion and factorization scales is shown in Fig. 5.
agreement both with the unaltered two parameter PSS method, and Though thes,,,boundary always exists, there is no guar-
also with thed-space Veto distributions presented in this paper. antee that the boundary lies within the region of validity for
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§ T e Q=M je=im=i0 Smin-Slicing method. The cross section calculated usinglthspace
° R Veto event generator is superimposed and is in good agreement. The
10

Born-level cross section is also shown.

X (1) Upper and lower limits ors,,, can be evaluatetsee
Fig. 4). For phase-space points that lie outside of these lim-
its, then-body matrix element need not be evaluated to de-
termine whether or not the point is vetoed. For Tevatron
energy,s,er, fanges from about 1 Gé\to about 100 Ge¥/
(2) Since event generation is normally implemented using
the hit-and-misgi.e., acceptance or rejectipMonte Carlo
technique, the majority of event candidates will be rejected
1.7 '_'2' = '1 = '(')' = 1' - ; = '3 anyway. Thed-space Veto need be applied only to those
Rapidity (I' I') event candidates which are accepted whenever an event
candidate violates the maximum event weight against which
FIG. 5. The scale variation of thg,,, function evaluated at the acceptance or rejection is taking placgince the effi-
parton center-of-mass energy equal to Memass is shown fopp  ciency of event generators is typically about 25% or lower, it
collisions at 2 TeV(Tevatron, top and forpp collisions at 14 TeV ~ means that the-body matrix element needs to be evaluated
(LHC, bottom). The s, function encodes information about the rarely. Further, when the event candidates are sampled from
factorization and renormalization scale choices into dhepace  an adaptive integration gritsuch as for the implementation
Veto method, preserving the NLO calculation’s reduced scale depresented in this papetthe adaptive integration will “learn”
pendence. the location of the boundary, and will bias the sampling away

the PSS methods. This has not been a problem for the IimitefcﬁOm the region below the boundary.

set of processes to which the method has been applied. How-
ever, a hybrid of the PSS and subtraction metH@ig has o
been proposed in Ref9] to deal with the situation, should The pp—Z°+X—171"+X event generator is imple-
the need arise. mented using the squared matrix elements of R&d] cast

For each phase-space sample in the above algorithm, bothto the s,,,-slicing method[18] (which employs special
the (n+1)-body andn-body matrix elements are evaluated. “crossed” structure functions The matrix elements include
This means that the event generation will be slower than thatoth theZ® andy* diagrams with decay to massless leptons,
for tree-level events by the amount of computer time it takesuch that the branching ratio to one lepton flavor is automati-
to evaluate then-body matrix elements which are used to cally included. This means finite width effects, lepton decay
perform the veto. Though this appears to be the minimatorrelations, and forward-backward asymmetries are every-
computation necessary for performing a calculation whichwhere taken into account. The generator is writtercn:
incorporates the full NLO information, this is not the case.using modern object-oriented design patterns. A new proto-
There are ways in which the performance, in terms of comiype c++ version of the Bases-Spring progrd@8] is used
putational time, can be improved. Two of these are discussefibr adaptive integration and event generation. Special care
below. has been taken to make the program user friendly, and it is

10

IV. NUMERICAL RESULTS

094011-5



MATT DOBBS PHYSICAL REVIEW D 65 094011

NLO ®-space Veto
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- Born
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p; (N [GeV] 1 10
pr(2) [GeV]
g
S10°E 2 FIG. 8. The kinematics ofP-space Veto method event candi-
3 f S0f dates which have been vetoed because they lie belowsihe
o [ 8 boundary are plotted in thlé} VS \/Smin plane. The Iargesﬁ’% of a
§10 3 vetoed candidate event is 5.5 GeV. The procespps-Z°+ X
- —1*17+X at 2 TeV with the lepton-pair mass restricted to 66—116
3L il GeV.
0z 4 e 8 10 2 14 %6 18 2
o pr(2") [Gev] .
] 0.1:_ be tabulated for any structure functjorror all calculations
the renormalization and factorization scales have been set
C equal to the vector-boson magsg=ug=M;+,-, and the
10°F MS factorization scheme is used. The input parameters are
AL St e 1Got? chosen to coincide with those ®¥THIA 6.200 the Z° mass
16° . NLO Slicing with Sy,,= 10 GeV® and width areM >=91.188 GeV and“z= 2.47813 GeV, the
NLO Siling with Suu=100 GV | |,y \ 1, 10l i dis, electroweak mixing angle is $i,=0.232, and the elec-

0 20 40 60 80 100 120 140 160 180 200
Pr(Z°) [GeV] troweak coupling istqep(Mz) =1/128.8. The two- Ioopvls

expression foras is used with A*MS=0.239 GeV. Using

FIG. 7. The transverse momentum of the electftwp) and  these input parameters, thk-space \Veto event generator
vector-boson(bottom) are shown for the procespp—Z%+X predicts 239.Z0.6 pb for the inclusive cross section at
—ete +X at 2 TeV with the lepton-pair mass restricted to 66— Tevatron Run II.
116 GeV(no parton showering is usedistributions derived from In Fig. 6 the inclusive cross-section prediction from the
numerical integrations at NLO usirsg, slicing for various choices  d-space Veto event generator is compared to the predictions
of the sy, parameter are compared to the distributions from thefrom thes,,-slicing calculation using several choices of the
NLO ®-space Veto event generator Agreement is excellent everys _ narameter. The results are consistent, indicatingsthe

where, except in the Iova region (inse) where fixed order per- boundary lies within the region where ttss,-slicing ap-
turbative QCD is unreliable. The Born level prediction is also su- proximation is valid.

perimposed for th@ distribution(top). The Born level prediction In Fig. 7 distributions produced with th&-space Veto

for the vector- boson transverse momentum ig function atPT event generator are compared to those derived from numeri-
=0. cal integrations usingq, slicing. Thed-space Veto method
faithfully reproduces the NLO transverse momentum of the
available upon request from the author. electron. The transverse momentum of the vector boson also
All of the distributions and cross sections presented in thisagrees well with thes,,, slicing everywhere that the NLO
paper are fopp collisions at 2 TeMTevatron Run Ij or pp  calculation is valid.
collisions at 14 TeMLHC), with the Z° decaying toe e" In the smallP; region, multiple gluon emission becomes
and the lepton-pair mass restricteth the range 66—116 important and fixed order perturbation theory is unreliable.
GeV. CTEQ3M [24] parton density functions are used This is evident in the inset of Fig. 7. In this region the results
(chosen because the “crossed” versions of the structure funaepend on the specific choice of thg;, parameter. This is
tions[18] are readily available, though in principle they can also the region where thé-space Veto method becomes
unreliable because the minimum jet scale is coupled to the
n-body kinematics. This effect is visible in Fig. 8, where the
Hence the vector boson is denoted B, even though they*  kinematics of the vetoed event candidates fromdhspace
contribution is included. Veto method for a typical event generation run are plotted in
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FIG. 9. The transverse momentum of the elecitop) and vector-bosobottorm) are shown for the procegp—Z°+X—ee +X at
NLO using the®-space Veto methotho parton showering is usgtbr different choices of the renormalization and factorization scales. The
spread in the distributions is an indication of the theoretical error from neglected higher-order terms. The distributions on the left are for 2
TeV pp collisions at the Tevatron, and the ones on the right are for 14pfetbllisions at the LHC. The lepton-pair mass is restricted to
66—116 GeV, and the three curves use the same event sample.

the PJ vs sy, plane. The largesP; of a vetoed candidate dence is identical to that from th&,,-slicing method, be-
event is 5.5 GeV, indicating the NLO calculation is unable tocause thes,., boundary encodes information about the scale
provide a useful prediction in the region belews.5 GeV. It ~ choices(Fig. 5. The change in the distributions resulting
is worth stressing that this does not make dhespace Veto from the variation of the scales is an indication of the theo-
method less useful thas,,, slicing since any NLO calcula- retical error arising from neglected higher-order terms. The
tion is unreliable here. This is the region where the distribuimportance of the reduced scale dependence is demonstrated
tions are better modeled with the parton shower, and a suiin Fig. 10, where the variation in the prediction at Born level
able treatment which removes this minimum jet scaleand at NLO of the transverse momentum of the electron for
coupling will be provided in the next section. Tt&., pp—Z°+X—e'e +X at LHC energy is shown. The com-
boundary represents a lower limit to the usefulness of ouparison is restricted to that region where the Born level pre-
fixed order perturbative approximation. As such,, is @  diction is meaningful. The same comparison is shown for the
useful concept as an approximate measurement of the frotepton-pair mass distribution in Fig. 11. The change in the
tier of the validity of our perturbative calculation. scale at the Born level results in more than a 25% variation
In Fig. 9 the factorization and renormalization scale de-in the distributions, whereas the prediction from the NLO
pendence of the transverse momentum of the electron anfl-space Veto generator reduces this variation to about 7%.
vector-boson distributions are shown using dhspace Veto  The scale dependence arising in predictions from event gen-
method for Tevatron and LHC energies. The scale depererators which use leading-order subprocesg¢gsch as
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FIG. 10. The reduced scale de-
pendence of the NLO®-space
Veto calculation as compared to
the Born one is demonstrated. The
transverse momentum of the elec-
tron (top) for the processpp
—Z%+X—ete +X with the

F lepton-pair mass restricted to 66—
B PO TOPTPOT OOt PO POPOE FOVOT PO TOVOT PO _116 GeV at LHC energy14 TeV)
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 is shown(the vector-boson trans-

pPr() [GeV] Pr(N) [GeV] verse momentum is not shown be-

cause the Born level calculation
does not provide a prediction for
PJ). The renormalization and fac-
torization scales are varied by a
factor two in the Born level calcu-
lation (left) and the NLO®-space
Veto calculation(right). The per-
cent variations of the distributions
are shown at bottom. The varia-
tion is about a factor 4 smaller for
the NLO ®-space Veto. The effect

10 10F is smaller at Tevatron energy in
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PYTHIA, HERWIG, andISAJET) will resemble that of the Born scale at which the parton shower is terminated, and the simu-
level prediction. lation turns to the nonperturbative hadronization model for a
description of the physics. This partition is shown in Fig. 12.
Events which lie below thep g boundary are first projected
onto n-body kinematics(i.e., the point int vs { space is

At the present stage, each event consists of the vectomoved to the origin and the parton shower is allowed to
boson decay products and exactly one colored emission iavolve the event out into the plane. The projection is per-
the final state. The energy scale of the emission is at leasbrmed keeping the lepton-pair mass and rapidity fixed, ex-
JS,ere Unweighted events are provided by the Bases-Springctly as described in Sec. Ill. The parton shower is invoked
algorithm, and the normalization is NLO. A coupling be- with the scale set tq/sps, which ensures the evolution does
tween the minimum emission scal,., and the kinematic not move the event out into a region of phase space which
configuration exists in the very sma?PI; region. has already been counted using the first-order tree level ma-

The next step is a consistent interface to a parton showsfix elements.
algorithm. The goal is to have the parton shower dominate A reasonable choice for thés, s parameter is a few times
the prediction in the soft and/or collinear regitin particu-  the minimum jet scaley/s,e, This ensures the first-order
lar, it should preserve the parton shower’s prediction oftree level matrix element is reliable above e, boundary.
Sudakov suppressidi25]), and the first-order tree level dia- The distributions have very little sensitivity to the choice of
grams dominate in the region of hard-well separated partons, .
This does not compromise the integrity of the prediction; it For events which lie above thg,s region, the parton
merely highlights that different approaches are well suited tahower is also invoked, this time with a scale equal to the
different regions. minimum invariant mass of any parton-pair

To accomplish this, a parametgss is introduced to par-
tition a region oft vs i space which is exclusively the do-
main of the parton shower. This parameter may be thought of Qparton shower MIN[Qqq, Qqq. Qqql. 5
as separating the fixed-order regime from the all-orders par-
ton shower region, in the same way thabél GeV) param-
eter in the showering and hadronization programs defines th&hich ensures no double counting can occur.

V. SHOWER EVOLUTION
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Born NLO ®-space Veto

FIG. 11. The reduced scale de-
pendence of the NLO®-space
Veto calculation as compared to
the Born one is demonstrated. The
lepton-pair mass in the vicinity of
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Veto calculation(right). The per-
cent variations of the distributions
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tion is about a factor 3 smaller for
the NLO ®-space Veto. The effect
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The effect of the projection and subsequent parton showwhich precludes the use of any other showering progtam.
ering is shown in Fig. 13. Initially the distributions are pro- ~ The full event generator is now complete. Adaptive
vided by thed-space Veto, solid line. The projection is ap- integration and phase-space generation is provided by

plied to events that sit below theg s boundary, which effects Bases-Spring. The event weights are evaluated using the

only the smaIIP; region, and is shown as a dashed line and‘(b_—space Veto method, which discards those event candidates

; . : ing below thes,.,, boundary. When the program is ex-
does not correspond to anything physical. Finally the parto he bh is fi . .
shower is applieddotted ling, and has the largest effect on cuted, the phase space is first mapped onto a grid using an

) . initialization pass with the adaptive integrati¢performed
those events which have been projected. _ by the “Bases” part of the Bases-Spring packag&he

In Fig. 14 the®-space Veto event distributiorigcluding “Spring” part of the Bases-Spring package then provides
parton shower evolutionare shown for several choices of unweighted events, by sampling candidate events from the
the spg parameter. The dependence on Hyg parameter adaptive integration grids and accepting events according to
choice is small, indicating discontinuities which might exist the differential cross section using the acceptance-rejection
at thesps boundary are also small. algorithm. After removing the emission from those events

For the distributions presented here, events from th&vhich are soft, or collineafas defined by theps param-
d-space Veto generator have been evolved with th&ten, the events are transferred to theTHIA package using
PYTHIA 6.200 parton showerPYTHIA is attached using the theHEPUPInterface.PYTHIA performs the parton shower, and

HEPUP interface [26], which is a generic standard for the subsequent event evolution including hadronization, etc.
communication between event generators. Having evolved

the events through the parton showerTHIA provides other . .
features of the event structure such as hadronization *For the case of Ehe'ERW'G parton shower, there is a region or
resonance decays, beam remnants, and multiple interactiong€2d zone” in thet vs & plane of Fig. 2 where emissions never
occur. The boundary of the dead zone is a natural choice for the

The showered event disiributions presented in this paper in;:Eartition which separates the parton shower region from the region
clude all of these features. The use of HEruP interface

e populated directly by the first-order matrix element when using
allows for the parton shower program to be easily inter-eqyc This is the prescription employed in R§R7] for “hard

changed. The choice @fyTHIA is arbitrary; there is nothing matrix element corrections” to single vector-boson production.
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FIG. 12. A projection of thep(b)—>Z°j phase space onto tlievs . 3
t plane is shown, wheré=(p,—p;)?=—Q3 andt=(p;—p;)? %‘10 E 2ol
= —ij, andpq, p,, p; are the momenta of the forward colliding 2 F 3 H
parton, ba_ckward colliding parton, and the hardest emission. _Events %_10 L
in the region of hard well-separated partons are sampled with the = E
first-order matrix element, then evolved further by the parton o F 1t
shower. Events in the region between #)g,andspg boundaries 1 e
are projected ontm-body kinematics(i.e., onto the origin of the E A A
plane and then evolved with the parton shower to a point which Al
may lie anywhere below th& g boundary. The region belogy,,,is 10 3
never sampled, but may be reached by the projected and showered r
events. 102k
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FIG. 14. The effect of the parton shower on tkespace Veto
distributions is shown for several choices of thgs parameter
which partitions the phase space into the region populated by the
parton shower, and the region populated directly by the first order
matrix elements. The transverse momentum of the elediim)
and vector-bosortbottom) are plotted for the procegsp— Z°+ X
—e*e +X at 2 TeV with the lepton-pair mass restricted to 66—

10 Hi

-
o
T
do  [pbl.5 GeV]

[pb/2 GeV]

1p

N T 116 GeV. There is very little dependence on the specific choice of

(Z’) [GeV]
o the sps parameter.

TABLE |. A comparison of computer processing time for the
®-space Veto method and ferTHIA. In each case 10000 events are
generated for the procepp—Z°+X—ete™ + X at 2 TeV and the
: events are evolved through tleTHIA shower and hadronization
romerans NLO 9-gpace Velo w/ 25 GeV Projectionand PS- | |\ | |\ | |} program. Theb-space Veto event generator requires some time to
0 20 40 60 80 100 120 140 160 180 200 initialize the Bases-Spring grid6.e., “learn the phase spacg”

pr(2°) [GeV] whereas no initialization time is required fevTHiA processes. The
processing time per event and efficiency are similar. The computer
is a 650 MHz Pentium lII.

NLO d~gpace Veto (no Projection, no P.S.)
== NLOd-space Veto w/ 25 GeV Projection only

FIG. 13. TheP’ distribution is shown after different stages of
the event generation fp—Z°+X—ete™ +X at 2 TeV with the
lepton-pair mass restricted to 66—116 GeV. The solid line is the
®-space Veto NLO distribution without any projection or parton Method
shower. The dashed line is thaonphysical distribution for the

Time for Time for
grid initialization 10000 events  Efficiency

same event sample, after applying the projection wifsps d-space Veto 140 s 70.3 s 28%
=25 GeV. The dotted line is the distribution after subsequent evopyTHIA - 68.6 s 27%

lution through the showering and hadronization program.
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NLO @-space Veto w! Parion Shower events which are accepted in the event generation algarithm
e o . oo for PYTHIA and the®d-space Veto are similar, indicating the

d-space Veto method is successful in encoding the extra in-
formation without affecting the overall time performance of
event generation.

In Fig. 15 the®-space Veto distributionésolid line, in-
cludes evolution with theyTHIA showering and hadroniza-
tion packaggare compared to the predictions framTHIA.

In PYTHIA there are two strategies implemented for single
vector-boson production. For both strategies the hard subpro-
cess is chosen according to the Born level matrix element,
such that the normalization is always leading order. For the
. “old” PYTHIA implementation of the process, the event is
10 e e 100 i 14 then evolved with the standard parton shower beginning at a
p; (1) [GeV] scale equal to the vector-boson mass. For the new “matrix-
element- (ME) corrected” implementation of the process
[31], the shower is initiated at a scale equal to the machine
energy and is corrected according to @+ jet first-order
tree level matrix element, which results in a considerable
improvement of the higtP; region modeling. The virtual
one-loop contribution is not included anywhere in the
PYTHIA implementations. The dotted line in Fig. 15 is from
F the “old” PYTHIA process, and the dashed line is from the
AR ME PYTHIA process. Theb-space Veto distribution and ME-
P(E) (50 correctedPYTHIA shapes are rather similar, indicating the
matrix element corrections iPYTHIA are having the desired
effect. Thed-space Veto distributions have the advantage of
NLO normalization and a reduced dependence on the factor-
ization and renormalization scales.

[pb/2 GeV]
=
T T TTT4 T 1 IIIIII|

do  [pbl.5 GeV]
3

[y
o
T 1L

10

NLO @-space Veto w/ Parton Shower
--- Pythia w/ M.E. Corrections

107
NN N FEEE

0 20 40 60 80 100 120 140 160 180 200 VI. CONCLUSIONS
Pr(Z7) [GeV]

Pythla (no M.E. Corrections)

The ®d-space Veto method for organizing NLO calcula-

FIG. 15. Distributions for the procegsp—Z°+X—ete +X tions into event generators is demonstratedZdproduction
at 2 TeV from theP-space Veto event generafgolid line, includes  in hadronic collisions. The method is based loosely on the
evolution through theeyTHIA shower and hadronization program ideas proposed in Reff9] for deep inelastic scattering. The
are compared with theyTHIA internal process distributions. The primary motivation for the method is to move numerical
dashed line is the “matrix-element-correctedYTHIA prediction  NLO calculations beyond the status of “event integrators” to
and the dotted line is the “old’no matrix-element-corrections  «eyent generators,” making them suitable for interface to
PYTHIA prediction. The lepton-pair mass is restricted to 66_1165h0wering and hadronization programs and subsequent de-
GeV. tector simulation.

The general features of thk-space Veto method are as

While the end result in terms of physics does not differfollows.
significantly from that obtained by the author in Rigd] for (1) Event weights are positive definite, meaning the stan-
WZ production, the method presented here is simpler, easigfard methods for event generation can be applied, providing
to implement, faster in terms of computer time, and may bea prediction which is well suited for experimental applica-
generalized to a broad range of processes. Improved methotiens.
for invoking the parton shower from parton level event con- (2) In the soft or collinear region, the results are domi-
figurations are being develop§®8,29, and are suitable for nated by the parton shower. In particular the IBW region
application to theb-space Veto events. exhibits Sudakov suppression.

A comparison of the computer time for generating the (3) In the region of hard well-separated partons, the dis-
events is presented in Table I. The processing time per evetributions are dominated by the first-order matrix element.
and generation efficiencipercentage of candidate weighted  (4) The normalization is NLO and the reduced scale

dependence afforded by the NLO calculation is maintained.
The method has been implemented as an event generator
SThe Apacic++ [30] showering program employed in Rg2g8]  (available from the authorfor PP—Z0% Y+ X—1 17 +X,
does not yet include initial state showers, but an implementation isvith showering and hadronization provided by theTHIA
expected soon. package.
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APPENDIX: THE S,e0 FUNCTION FOR pp—2Z°+X AT
NLO
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where the sum runs over all flavors of initial stzéamt)quarks Nc=3 is the number of quark colors/s is the vector-boson
mass, M, is the Born level matrix element fqu, q J—>Z fp_ (X, u¢) is the parton density function evaluated at Bjorken
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