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Ratio of W+N jets to Z% y* +N jets versusN as a precision test of the standard model
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We suggest replacing measurements of the individual cross sections for the produdfibhNfiets and
Z+N jets in searches for new high-energy phenomena at hadron colliders by the precision measurement of the
ratios (W+0 jet)/(Z+0jet), W+1jet)/(Z+1jet), W+2jets)/Z+2jet9,...,(W+N jets)/(Z+ N jets),
with N as large as 6the number of jets int_H). These ratios can also be formed for the case where one or
more of the jets is tagged asbeaor ac quark. Existing measurements of the individual cross sectiong\Vfor
—ev+N jets at the Fermilab Tevatron have systematic uncertainties that grow rapidlyNwitbing domi-
nated by uncertainties in the identification of jets and the jet energy scale. These systematics, and also those
associated with the luminosity, parton distribution functiGRBF'’s), detector acceptance and efficiencies, and
systematics of jet finding anlltagging, are expected to substantially cancel in calculating the ratié tofZ
production in eacliN-jet channel, allowing a greater sensitivity to new contributions in these channels in run Il
at the Tevatron and at the CERN LHC.
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[. INTRODUCTION cross sections for these channels has long been recognized
[25-38; the development of sophisticated Monte Carlo pro-

The signatures of the leptonic decays of the heavy gauggrams capable of handling more particles in the final state at
bosonsW or Z° accompanied by jet&V— € v+jets andZ®  leading order(LO), or in some cases, next-to-leading order
— "¢~ +jets, are among the preeminent search channels itNLO), now enables us to contemplate much more precise
very high energy particle collisions for “new physics,” i.e., tests in the upcoming Fermilab Tevatron run Il and at the
interactions or particles that are not part of the standar€€ERN Large Hadron CollidefLHC).
model (SM) [1-4]. Many extensions of the SM predict new  However, direct measurements of the production cross
particles which have electrowe@kW) couplings and.decay sections ofW+N jets or Z%y* +N jets signatures suffer
into the SM gauge boson#/, Z°, and y, accompanied by  from inherent theoretical and experimental uncertainties as-
jets. For example, searches have been made iWtiog Z°  sociated with the definition and measureméand hence
+jets channels for supersymmetric partidigss], technicol- ¢4 nting of jets. Among the dominant experimental uncer-
ored hadron$7], heavyW' andz’ bosong8-10 that might iainties are the energy response of the detector to ‘gat

arise in extended gauge groups or from excitations in extra, . B
e . ' gy scale’), additional energy contributions from the under-
spatial dimensions, charged Higgs bosits 12, and lepto- lying event (that part of thepp collision not directly

quarks[lS—lq, among o_thers. I\_/Iore generally, any prOdUC'involved in the hard parton-parton collision that produces the
tion of new heavy particles with quantum numbers cony o 7). backgrounds from misidentified nonelectroweak
served by the strong interaction and EW couplings is likely or £), backgrounds 1ro sidentified nonelectrowea

events, and jet acceptance. These effects and others can

to contribute to signatures with one or more EWK gauge . . .
bosons: additional jets will always be present at some levef2nge the number of jets measured in a given event. Uncer-

from initial-state radiation, and may also be created in cast@inties in the thzeoretical SM predictions are dominated by
cade decays of new heavy particles or from the decay o€ choice of Q” scale, the parton distribution function
associated heavy particles. (PDB), initial or final state radiatiotlSR/FSR, and the non-

Within the SM, the top quark was discovered and its mas$erturbative evolution of partons into on-shell particles that
measured in th&V+ 3/4 jets channel in which at least one jet Would then be detected. All of these effects combined mean
was identified as & quark[17—20. The W+ 2 jets channel that the measurement of a specific exclusN4et channel
with b-quark identification has been used to search for théuch asV+4 jets will be completely dominated by system-

Higgs bosor(21] and for single topt(H) production in the atic uncertainties at the Tevatron in run Il and at the LHC

. . . . — [39].
W+ bb signaturg22]. Associated Higgs production viaH

, ‘ i _ In this paper we use the Monte Carlo programs
is expected to produce/+6 jets, of which 4 areb quarks; \\pcraPH [40,41 andMcFM [42—44 to explore using the

associatedN and Z production viattW or ttZ will also measured ratios o+ N jets toZ% y* + N jets at each value
produceW+6 jets, of which two will beb quarks. of N to provide a much more precise test of the SM than can
Precise measurements of té+Z jets [23] andZ°/y*  be made by measuring the cross sections thems@his
+N jets [24] channels, wher& is the number of jets, for The W bosons are assumed to be identified by the leptonic
values ofN between 0 and at least 6, including the casesiecay W"—e+ v, and theZ%y* intermediate state by
where pairs of the jets are eithkeb or cc, would thus pro- Z% y* —e*e”. In most of the above models of new physics
vide a broad search in a number of possible signatures dhe production of new particles decaying intoand z% y*
physics beyond the SM. The importance of calculating thet jet final states would change the ratio from its SM predic-
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TABLE |. The cross sections times branching ratios\r + N jets andZ% y* + N jets production in pifirst two columng extracted
from the CDF measurements versus the number of jets/sat1.8 TeV. These are used to calculate the ratios ofWhe+ N jets to
Z%y*+N jets jet cross section times branching ratibird column. Also shown are théless robustratios of o(W+ N jets)/o(W-+ N
+1 jets) ando(Z%/y* +N jets)/o(Z°%/y* + N+ 1 jets). The first uncertainty given is the uncorrelated uncertainty, while the ségond
parenthesess the correlated uncertainty. These uncertainties are derived as discussed in the text.

N (TW++NJ. (pb) 0’z+Nj (pb) 0'W++NJ-/U'Z+Nj (TW+NJ-/0'W+N+1j UZ+Nj/UZ+N+1j
0 1010+ 54 (34) 185.811.1(6.7) 5.430.44(0.27) 5.46:0.78(0.53) 5.230.87(0.60)
1 185+25 (17) 35.5-5.5(3.9) 5.211.06(0.75) 4.46:1.10(0.81) 4.551.26(0.93)
2 41.5+8.7 (6.5) 7.8:1.8(1.34) 5.321.65(1.23) 5.42-1.98(1.30) 4.881.97(1.46)
3 7.7-2.3(1.4) 1.6:0.53(0.39) 4.782.14(1.46) 5.284.48(3.77) 3.721.92(1.73)
4 1.45+1.15(1.00) 0.430.17(0.17) 3.3%2.99(2.68) - -

tion. The uncertainties listed above, except the misidentifica- The CDF W selection required an electron witBy

tion backgrounds, are expected to cancel to a large degree,20 GeV and 5| <1.0, and missing transverse enefgy|

and the backgrounds can themselves be made to partiall>25 GeV. TheZ selection required one electron satisfy-
cancel by deriving the/v and ¢ "¢~ event samples from a ing the same charged lepton requirements, and a second elec-
common inclusive higlpr lepton sampld46]. We use data tron with E;>20 GeV for |5|<1.0, E;>15 GeV for 1.1

from the CDF[47] Collaboration from run | at the Fermilab <|7|<2.4, andE+>10 GeV for 2.4<| 5| <3.6. Jet identifi-
Tevatron to estimate the sensitivity to contributions fromcation[50] was made with a cone size ¢ space ofAR

non-SM processes using ther(W+N jets)/o(Z% v* =0.4, a threshold oE;>15 GeV, and any range of| 7|
+N jets) ratio method. <2.5. Multiple jets were required to be separated from each
other in 7-¢ space by a distanc®R>0.52; the requirement
Il. EXPERIMENTAL UNCERTAINTIES that the electron be “isolated” from other clusters of energy
IN o(W+N jets)/ (2% y* +N jets) in the calorimeter also corresponds to requirihg>0.52

between the electron and each [j&7].

The CDF Collaboration has published comprehensive The individual (exclusive cross sections extracted from
studies of inclusive[48] W—ev+N jets and Z%y*  the inclusive cross sections measured by CDF/ok N jets
—ete"+N jets production inpp collisions at s and Z%y* +N jets versus the number of jetdl, are dis-
=1.8 TeV[47]. The D@ Collaboration has measured the ra-played in Table | and Fig. 1, after being modified for com-
tio of cross sectionsW+ 1 jet)/(W+0 jet) [49]; as the D@  parison withMADGRAPH'S W' predictions by dividing the
measurements are less extensive in the number of(lgts CDF cross sections fovV* +W~ by two. The uncertainties
and do not include measurementszZ8f+ jets, we focus here have been calculated in two ways: assuming no correlations

on the CDF measurements. (giving an upper bound for the uncertaiptgnd assuming
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FIG. 1. (Color onlin® (a) The measured cross sections for the signatwéé—e* v)+N jets andz® y* (—e*e™)+N jets versus the
number of jetsN, in W* andZ% y* production inpp collisions atys=1.8 TeV. The data are from the C[}&7] Collaboration and were
originally reported as inclusive cross sections. In computing exclusive cross sections from these, the uncertainties have been calculated in
two ways. The dotted error bars were calculated assuming no correlégigimgy an upper bound for the uncertaingnd the solid error bars
were calculated assuming complete correlatigiving a lower boung (b) the percent uncertainty in th&/* +N jets andZ%y* +N jets
cross sections. The uncertainties shown are the lower bduodgsponding to the solid error bars(@]. The figure shows the rapid growth
of the uncertainties wittN, the number of jets.
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TABLE II. The systematic uncertaintiém percent on the measured CDF inclusi¥&+ N jet production
cross sections foN=1 to N=4 (column 1 [47]. The successive columns are the uncertainties in the cross
sections due to uncertainties in the calorimeter jet energy scale, the underlying event, QCD backg¥gund to
identification, multiplepp interactions in a single event, the value of the maximum allojwgtbr jets to be
counted, th&V acceptance, “obliteration” of an electron by the superposition of a jet, and contributions from
the top quark. The larger error bar is quoted in the case of asymmetric uncertainties.

N (Jets Et; scale Und Ev QCD Bkgd Mult Int 73 Acc Oblit Top
=1 6.8% 5.8% 5.2% 3.2% 1.9% 0.8% 0.2% 0.05%
=2 11% 9.8% 5.4% 7.2% 3.7% 1.0% 0.3% 0.3%
=3 17% 16% 9.1% 9.8% 4.8% 1.8% 0.6% 1.3%
=4 23% 21% 15.8% 14% 5.5% 3.5% 1.3% 0.5%

complete correlatior{giving a lower bounyl The uncorre- ing the number of jets in the event. Similarly, multiple inter-
lated uncertainties at each valuedhave been calculated by actions from separafep collisions in the same bunch cross-
subtracting the uncertainties of higher valuesNah quadra- ing [51] can contribute energy in the jet cone. There are
ture, and are reported first in the table. This overestimates themaller contributions from uncertainties in the acceptance for
uncertainties, but as theN( 1)th channel is typically only the leptons, for the “obliteration” of a lepton by a jéf a jet
20% of theNth channel the overestimate is not large. Thelands close to a lepton the lepton can fail the identification
correlated uncertainties at each valueNbhave been calcu- criterig), and uncertainties in the contribution from decays of
lated by subtracting the uncertainties of higher valuedliof the top quark. Lastly, the uncertainty due to backgrounds
these uncertainties are reported second in the table. from processes other than vector boson productf@CD

The estimated CDF systematic uncertainties are brokehackground’) grows with the number of jets.
down according to the source of each uncertainty in Table Il The largest uncertainty is from the jet energy scale. This
versus the inclusive number of jets. One can see that in gemmncertainty will cancel in the production oiV+jets and
eral the quoted systematic uncertainties grow rapidly With  Z% vy* +jets events to the extent that the spectr&in the
as described in detail in Rd#7]. This is due to the difficul- distribution in 7, and the compositiorie.g., quark versus
ties of counting jets given the rapidly falling spectrumBiR  gluon) of the jets in the two processes are the sd&®@.
and the uncertainties in measuring the energy of a jet, and, teigure 2 shows the spectra imand E; generated with the
a lesser extent, uncertainties in the position of the jet withmADGRAPH Monte Carlo progranmi41] at LO. Using the dif-
respect to the limit iny in the jet selection. In addition, ference of the ratio of the fitted slopes of the distributions
energy deposited in the calorimeter from the fragments of théor W andZ production in Fig. 2 times a typical uncertainty
collision not directly produced by the “hard” interaction that in the E; scale of 209447] at 20 GeV gives an estimate of
produced the boson, called the “underlying event,” contrib-the uncertainty in the ratio of 2%. The effect of the finite
ute to the total energy measured in the jet cone, and caacceptance iny for jets depends on the difference in the
promote jets from below threshold to over threshold, changelistributions in % of jets in W or Z production; taking the
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FIG. 2. The plot on the lefta) shows thenormalized jet # distributions forW* (—e*»)+ 1 jet (dashedlandZ% y* (—e*e ) +1 jet
(solid) events satisfying the selection criteria described in the text. The plot on the(ligslhows the corresponding j&t; distributions,
log(dN\/dE;) versusN. Both plots are predictions at LO usingabGRAPH [41]. Uncertainties in the ratios(W" + N jets)/o(Z%/ y*
+N jets) due to the uncertainty in the jet rapidity cutsgt2.5 are estimated from the shapes in the left-hand plot, and those due to the
uncertainty in the jet energy scale from the right-hand plot.
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o]

come comparable to each of the above. The backgrounds in
the Z% y* channel are at the few percent level, and are mea-
surable (and hence subtractabléoy counting same-sign
events. Previous studies of the backgrounds to inclugive
production by CDHF55] for selection criteria similar to those
used here have shown that the background is dominated by
il approximately equal contributions from leptons from heavy
v flavor production and misidentified hadrons. How well these
— -« — can be measured with the new run Il detectors is not yet
known; the former can be measured with the silicon vertex
A MadCGroph LO detectors, and the latter can be measured by conventional
= ﬁg';g‘;fl_g ki background techniques.
OT v MadGraph LO bb The next largest systematic uncertainty in the run | CDF
5 ] 5 3 y cross section, contributions from multipfgp interactions,
Number of jets N should cancel identically in the ratio, as it is uncorrelated
with the hard scattering. The remaining uncertainties due to
FIG. 3. (Color onling A comparison of CDF datécircles with  acceptance, “obliteration” of a lepton by a jet, and contribu-

MADGRAPH leading order prediction@riangleg andMcFMm next-to-  tions from top decay, are at most at the few percent level
leading order predictionsquaresfor the ratio of production cross [47).

sections times leptonic branching ratios for the signatwé
+N jets to the signature 2% y* +N jets, a(W*

(2]
T
I

a
T

Ratio (W'+Njets)/(Z+Njets)

[
T
I

+N jets)/o(Z°% y* +N jets), versus the number of jets, in W* lIl. MONTE CARLO PROGRAMS AND EVENT

and z%y* production at\s=1.8 TeV for the data and at/s SELECTION CRITERIA

=1.96 TeV for the predictions. The case where two of the jets are

b-quark jets are also showinverted triangles The statistical un- We have explored th&/" to Z° ratios inpp collisions at
certainties on the predictions are smaller than the symbols. the Tevatron energy of's=1.96 TeV using the Monte Carlo

programs MADGRAPH [41] and MCFM [44]. Samples of

difference shown in Fig. 2 times the estimated variation withW " (—€" »)+N jets andZ®% y*(—e"e")+N jets, forN up
rapidity in jet respons¢53] gives an estimate of the uncer- 0 4, were produced at LO USIMADGRAPH. MCFM was used
tainty in the ratio of 1%. to explore the ratios for up to 2 jets at NLO, and to under-

The second largest systematic uncertainty is from the efStand the dependence of the ratios on@escale and on the
fects of energy from the under]ying event, which can “pro_ parton distribution functions for up to 4 jets at LO. Jets are
mote” a 3-jet event to being a 4-jet event, for example, bytreated at the “parton level” with kinematic selections ap-
boosting a lower-energy jet above the jet-counting thresholdlied to the 4-vectors with no fragmentation or detector
in E+. We expect that the underlying events\Wiand inz ~ Simulation. o
events should be very similar; studies of the underlying event We consider only the production in first-order electroweak
in jet event54] predict that the contribution from the beam Processes of th&/+jets andZ + jets channels—i.e., the pro-
fragments, which could be different due to the differentduction of bosortjets from theWW WZ, andZZ channels
quark diagrams iW and inZ production, are a small portion are excluded. We also excludé and tb production; the
of the total. However, the energy per tower contributed bymethod proposed here should allow a more precise determi-
the underlying event, and hence the effect on the “promo-ation of the nontojWV+ jets production, the dominant back-
tion” of jets, can be directly measured W+ N jets and ground in the top channel, and hence should allow more
Z% y* +N jets events. We consequently assume that this unprecise measurements of the top quark mass and cross sec-
certainty will be negligible in the ratio. tion.

For higher(=4) jet multiplicities QCD backgrounds be- The selection criteria and strategy fov* and Z% y*

TABLE 1ll. MADGRAPH leading order predictions of cross sections times branching ratioor
+N jets and z%y* +N jets production in pb(first two column$ versus the number of jets, afs
=1.96 TeV, which are used to calculate the ratios of Wé+N jets to Z% v* +N jets jet cross section
times branching ratidthird column. Also shown are théless robugt ratios of o(W+N jets)/o(W+N
+1 jets) ando(Z%o* +N jets)/o(Z% y* +N+1 jets) (last two columns

N Tw* N, (pb) Oz+4N, (pb) 0'w++Nj/(Tz+Nj 0’W+Nj/UW+N+1j UZ+Nj/UZ+N+1j
0 341.5-0.5 67.0:0.2 5.10£0.02 8.11-0.06 6.41-0.02
1 42.1+0.3 10.45-0.01 4.03:0.03 5.08:0.05 4.910.07
2 8.28+0.05 2.13:0.03 3.89:0.06 4.93-0.07 4.75-0.09
3 1.68+-0.02 0.448-0.006 3.75:0.07 4.710.09 5.15-0.09
4 0.3570.005 0.087%0.001 4.16:0.07 - -
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FIG. 4. (Color onling The ratio of cross sections times branching ratie$\W" + N jets)/o(W* +N+1 jets) (left-hand ploj and
(2% y* +N jets)lo(Z% y* + N+ 1 jets) (right-hand plo} versus the number of jetdl, in W andZ production atys=1.8 TeV for the data
and at\/s=1.96 TeV for the predictions. The dafzircles are from the CDF47] and D@[49] Collaborations; the predictions are at leading
order frommADGRAPH [41] (triangles and next-to-leading order fromcrFm [44] (squares The MADGRAPH cross sections for when the jets
are from gluons or light quarks are shown with triangles, while inverted triangles represent when two of the jets hrgeuaoks. Note that
the statistical uncertainties on the predictions are smaller than the symbols.

events used in the Monte Carlo studies were previously detake a full analysis of the run Il data set; in lieu of this we
veloped for the measurementRf the ratio of cross sections have made some simple assumptions to get an estimate of
R=a(W)/a(Z°% v*) [56]. To minimize systematic uncer- the sensitivity in cross section for non-SM physics in each of
tainties in the ratio due to the trigger and lepton selectionthe N-jet channels in run Il of the Tevatron. We assume that
both W and Z% y* events are selected from a commonthe jet energy response of the calorimeter will largely cancel
sample of inclusive central high transverse momenfd6]  for jets in Z% y* events andW events as discussed below.
(p7) leptons, with transverse energ¥+{) greater than 25 We also assume the effects of the underlying eve@in*
GeV and pseudorapiditff7]) less than 1.0. The second lep- andW events will similarly cancel. These are the two largest
ton from the boson decay, either another charged leptonontributors to the systematic uncertainties quoted in Ref.
(from Z%y* decay or a neutrino(from W decay, is re-  [47].

quired to haveE{>25 GeV; in the neutrino case this is

implemented by requiring the missing transverse energy
(Et) to be greater than 25 GeV. v T'__:_E P,REDK:TE?_ RiTIQS
Jets are required to havwer>15 GeV and to be within "(\év N jets)/ o (W 2‘ Liets)
AND o (Z° y*+N jets)/ o(Z° y* +N+1 jets)

| 7| <2.5. Our MC studies are at parton level, so that there
are no considerations of cone size, energy scale, or accep- While the ratios of cross sections(W-+ N jets)/o(W
tance corrections in the Monte Carlo humbers. +N+1jets) and o(Z%y* +N jets)/o(Z° y* + N+ 1 jets)
are much more difficult to measure precisely than the
IV. THE PREDICTED RATIOS o(W*'+N jets)lo(Z°% y* +N jets) rqtiqs, we include the
o (W*+N jets)/ (2% y* +N jets) MADGRAPH generator;level LO pr(_edlctl_ons for_them here as
they are often used in extrapolationshhto estimate back-
The MADGRAPH predicted LO ratios o(W* grounds at larg&\, and also to measure the strong interaction
+N jets)/o(Z% v* +N jets) are presented in Fig. 3 and in coupling. These are reported in Table Ill, and shown in
Table Ill. To determine the final uncertainty on this ratio will Fig. 4.

TABLE IV. McFM next-to-leading order predictions of cross sections times branching ratigVfor
+N jets and Z%y* +N jets production in pb(first two column$ versus the number of jets, afs
=1.96 TeV, which are used to calculate the ratios of Wié+ N jets to Z% y* +N jets jet cross section
times branching ratidthird column. Also shown are thdless robust ratios of o(W+N jets)/o(W-+N
+1 jets) ando(Z% y* +N jets)lo(Z% y* + N+ 1 jets) (last two columns

N Tw* N, (pb) Oz+N, (pb) UW++Nj/U'z+Nj 0'W+Ni/0'W+N+1j Uz+Nj/U'z+N+1j
0 3881 77.4-0.3 5.0%0.02 6.97:0.04 5.93:0.04
1 55.7+0.3 13.06:0.07 4.270.03 4.04-0.04 3.79:0.06
2 13.8£0.1 3.45-0.05 4.00:0.06 - -
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TABLE V. Mmcrm predictions for the ratiodV" +N jets andZ%y* +N jets with differentQ? scales
(columns one and twe and the ratioR" with different Q% scales.R" is o(W" +N jets)/o(Z%/ y*
+N jets), andQ,? corresponds t®Q*=M,?, while Q,? corresponds t®@?= M2+ Pr,?.

Niets oW (Q1A)/ e W' (Qz%) 0Z%(Q1%)10Z%(Qz%) R*(Q:)/R*(Q;)
0 0.999+0.001 1.006:0.001 0.999:0.001
1 1.0170.003 1.0180.002 0.999:0.002
2 1.075-0.002 1.066:0.002 1.0090.002
3 1.153-0.004 1.1340.002 1.01%0.004
VI. THE PREDICTED RATIOS AT NEXT-TO-LEADING due to choice 0fQ? scale and parton distribution function
ORDER (PDF). We investigate the dependence of the ratio on these

. . . two choices usingiCFMm.
MCFM is capable of calculating cross sections for bosons

plus up to 2 jets at next-to-leading order. The scale used was
the mass of th&V boson(for W™+ N jets) orZ boson(for
Z%y* +N jets), and the PDF was CTEQ5M. These predic- The effect of the choice o®? scale is expected to par-
tions and the corresponding results for the ratio@V™* tially cancel inW+ N jets andZ% y* +N jets production, as
+N jets)/o(Z% y* +N jets), o(W+N jets)/o(W+N both proceed through a Drell-Yan-like process. We define
+1jets) ando(Z%y* +N jets)/o(Z% y* +N+1jets) are W, (Q¥)=cW*+N jets evaluated aQ? and, similarly,
shown in Table IV. To allow comparison of thesecFm Zn(QH)=0Z% y* +N jets. The ratios ofV andZ cross sec-
next-to-leading order results to tMADGRAPH leading order  tions evaluated atQ?’=M,? and at Q>=M,?+ P2,
results, the ratioso(W" +N jets)/o(Z°% y* +N jets) are Wy (M 2)/W§(Pt2+ M?), and ZN(MZ)/ZN(Pt2+ M?), ‘are
plotted in Fig. 3, and the ratios"(W+N jets)/loc(W+N  given in Table V and shown in Fig. 5. Changing & scale
+1jets) anda(Z%y* +N jets)lo(Z°% y* +N+1jets) are affects theW cross sections by as much as 15% and affects
plotted in Fig. 4. The NLO predictions are close to the LOthe 7 cross sections by as much as 12%. However, changing
predictions for the ratios o(W"+N jets)/oc(Z%y*  the Q2 scale has much less effect on the predicted ratio
+N jets) and have a similar shape to the LO predictions for(W* +N jets)/o(Z°% y* +N jets), which changes less than
the ratios o(W+N jets)/o(W+N+1jets) and o(Z%y* 29, as shown in Fig. 6 and in Table V, where INéZ ratios

+N jets)/o(Z% y* +N+1jets). evaluated at the two different values ©f also are listed.

A. Dependence on theQ? scale

VII. THEORETICAL UNCERTAINTIES B. Dependence on the choice of parton distribution function

IN o(WF+N jet Z% y*+N jet .
o ey o(Zy jets) We have used theicFM generator and a selection of par-

The two largest uncertainties in the predicted M@  ton distribution functions to investigate the dependence of

+N jets andz®/ y* + N jets cross sections are expected to bethe cross sections in tha/* + 2 jets andz®+ 2 jets channels.
The cross sections calculated with the CTEQ3L, CTEQA4L

. » P [57], MRST98[58], and MRSG9559] distributions were
;; ® ow(02=M' ) / Oq(Q =My ‘|'Pw)
i 1.2F & 0,(QP=M) / 0 Q=M +P;,’) 1.04
“, o
| A & 1.020 i
(! = +
3 1.1t 1 o ¢
~ ° =
— A 5 1t ]
2 < Tt
" - &
:g 1 e 1 |§i
= :C:”; 0.98- 7
0 i ; 3 ©
N jets
. . + . 2 2 096 6 JI 2‘ 3
FIG. 5. (Color onling The ratiosa(W™" +N jets atQ“=M") N jets
to  o(W"+N jets atQ?=M,*+Pr,?) and  o(Z%y*
+N jets atQ?=M,?) to o(Z%y* +N jets atQ?=M,2+Pr?). FIG. 6. The ratios R* at Q*=M,?) to (R at Q*=M,?

Changing theQ? scale significantly changes the cross sections, by+ P1\?), where R* =o(W* +N jets)/a(Z% y* +N jets). Chang-
up to approximately 15%. However, the ratio\dfto Z cross sec-  ing the Q? scale affects this ratio by-2% while the individual
tions changes much legsee Table V. cross sections change by more than 15%.
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TABLE VI. McrMm predictions for the ratiodV* +2 jets and
Z%+ 2 jets with different PDF's. The PDF'’s that were compared and
CTEQ3L, CTEQA4L, CTEQ5L, MRSG95, MRST98. Column one
gives the ratio ofc(W*+2 jet) at one of the PDF’s tar(W"
+2 jets) at CTEQS5L. Column two is the analogdfsinformation.
The third column is the ratio dR*(2) at a specific PDF tR*(2)
at CTEQSL, whereR™ (2)=a (W' + 2 jets)lo(Z% y* + 2 jets).

1.02r b

-
T
1

PDFX (oW)/(oW))  (0Zx)/(0Z)  (ROI(R)

1.00a-0.000
1.103-0.002
1.105-0.002
1.268:0.002
0.932:0.001

1.006:0.000
1.096-0.002
1.0940.002
1.2490.002
0.922-0.001

1.006:0.000
1.01#*0.003
1.00<0.003
1.015:0.003
1.0110.002

CTEQSL
CTEQ3L
CTEQA4L
MRSG95
MRST98

(6 PDF X) / (g, CTEQSL)
(=]
©
(o]

6 L L L L
cteq3l cteg4l mrs95¢ mrs98z1

FIG. 8. The ratiosR for PDF X to R for CTEQ5L, whereR
compared to the results calculated with CTEQS5L, the defaulE o(W+N jets)/o(Z% y* +N jets). Changing the PDF affects this
PDF. The results of the comparison are reported in Table V|ratio_much less—by at most 2%—than it affects the individual cross
Figure 7 gives the ratio ofr(W" +2 jets for PDFx) to  Sections.
o(W™' + 2 jets for CTEQ5L), while Fig. 8 shows the ratio of
a(W" +2 jets) too(Z+ 2 jets) for a given PDF. For the four Cross section, the sensitivity will be larger by a factor of
PDF’s we chose, the changes in #&andZ cross sections about 10[61]).
themselves range from-27% to —7% for the W's and The estimates above of the systematic uncertaintid\pn
+25% to —8% for theZ’s, while the range of the change in are on the order of several percent; an estimate based on the
the ratio is from+1.5% to zero, a factor of-20 smaller run I CDF experience in measurifgjis that 1% in that ratio
[60]. may be achievablgs5]. Statistical uncertainties would then
be expected to dominate over systematics in run Il at the
Tevatron forN greater than 2.

Making the assumptions that the new contributions are to
the W cross section and not that of thethat the systematics

A nonstandard model source W+ jets orZ+jets would  on the ratio can be reduced with a much larger datd6ajt
result in a measured deviation from the expected SM valugrom several percent to 1%, and that one uses only the elec-
of the Ry=o(W+N jets)/o(Z% y* +N jets). Assuming tron modes oW and Z decays, we find the 1-sigma cross-
that the contribution is tdV+ jets, we car(crudely estimate  section uncertainties on new physics shown in Table VII. The
the sensitivity to new physics in each of té+ N-jet chan-  muon channel would be expected to double the stati&dicd
nels by multiplying the uncertainty on the ratio(W  hence lower the uncertainties b9).
+N jets)/lo(Z% v* +N jets) by the exclusiveW+N jets
cross sectiorif instead the source feedst jets at the same

VIIl. SENSITIVITY TO NEW CONTRIBUTIONS TO THE
o(W+N jets)/ o:(Z% v* +N jets) RATIO

TABLE VII. The cross section corresponding to a 1-sigma un-
certainty in theW/Z ratio in 2 fo ! and in 15 f65'X. The bins up
‘ throughN=4 use the cross sections [@f7]; the N=5 and higher
2 bins have been extrapolated using an exponential, with a factor of
4.8 for each successive jet. Note that the numbezZ%fe"e™
events in each bin will be approximately a factor of 10 smaller than
the corresponding number &Y events. Using the dimuon channel
one can gain a factor of approximate/y on these uncertainties.

-
2
1

Event andw properties W/Z ratio method reach

—_
T
|

(vs2 POF X) / (ov,, CTEQSL)

° N (jets) ow Tnew2 ot Onew15 bt
0 1896 pb 20 p1.09% 20 pb(1.0%
08l ® (Owsz PDF X) / (0,2 CTEQSL) | 1 370 pb 4.4 pH1.2% 3.7 pb(1.0%
“' A (04,2 PDF X) / (02,, CTEQSL) 2 83pb  15ph1.8% 0.9 pb(1.1%
: ' ‘ ; 3 15pb  0.5ph3.5% 240 fb(1.6%
cteg3l cteg4l mrs95g mrs98z1 4 3.1 pb 230 f(7.5% 95 b (2.9%
FIG. 7. (Color onliné The ratiosa(W+ 2 jets for PDFX) to 5 650 fb 100 fh(16%) 40 b (6%)
o(W+2 jets for CTEQ5L) ando(Z+2 jets for PDFX) to o(Z 6 140 fb 50 fh(36%) 18 b (13%)
+2 jets for CTEQ5L). Changing the PDF affects the cross sections 7 28 fb 20 fb(78%) 8 fb (29%)
quite significantly, by up to approximately 25%. However, the ratio 8 6 fb — 4 fb (63%)

of Wto Z cross sections changes much lésse Table V).
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TABLE VIIl. Ratios of the cross sections faN* + N jets (that include nob quarks to W*+N jets (that include twob quarks, and
ratios of Z%y* + N jets (that include nob quarks to Z%y* +N jets (that include twob quarks. Also given are the ratioV* +bb
+N jets toZ% y* +bb+N jets.

(N jets)[bb+(N—2) jets| for W* or z% y* W+ +bb+N jets/(Z% y* +bb+N jets)
W+ +2j/W*bb+0j:90.29+0.96 Z+2j/Zbb+0j:58.84+0.89 W*bb+0j/Zbb+0j: 1.53+0.03
W*+3j/W*bb+1j:54.72+0.84 Z+3j/Zbb+1j:33.94+0.69 W*bb+1j/Zbb+1j: 1.61+0.04
W* +4j/W*bb+2j:37.58+1.30 Z+4j/Zbb+2j:22.83+0.40 W*bb+2j/Zbb+2j: 1.65+0.06

Additional sensitivity can come from comparing observedand statistical uncertainties than the individual cross sec-
with expected kinematic distributions or by looking for ad- tions. In particular, the ratios are more robust for large values
ditional objects in the events. In particular, the production ofof N, where the experimental uncertainties in the energy
a pair ofb quarks suppresses the cross section over that fgscale and contributions from the underlying event and mul-
light quark production by a large factor, in principle allowing tiple interactions lead to a rapid growth in the cross section
a corresponding increase in sensitivity. Table VIII shows thelncertainty withN. _ o
ratio of the QCD cross section for producing jets that With respect to the theore_t|cal uncertalnnesl\_la% 2, for
include nob quarks toN jets that include twd quarks, fow  €xample, we find the uncertainty due to the choice of@ie
or Z production. However, standard model top productionSc@lé is a factor of~8 smaller in the ratio o(W

. 0 . . . PR
will provide a large background for nonstandard model phys-~ N i€t8)/o(Z°/y* + N jets) than in the individuaW or Z
ics in these signatures. cross sections. Similarly, the uncertainty due to the choice of

PDF, largely driven by thei/d quark ratio, is smaller in the
ratio by a factor of~20.

The experimental uncertainties in the cross sections,

The measurement of the production cross sections of thdominated by the uncertainty in the jet energy scale and con-
vector bosondV= andz° in association with a numbégN)  tributions from the underlying event, are greatly diminished
of jets is now a standard way of looking for the production ofby focusing on the ratio of th&/ andz% y* cross sections
new particles or processes that are not described by the staf@tio than the cross sections themselves. In particular, the
dard model. With the expected increased luminosities of rutincertainty due to uncertainties in the jet energy scale, the
Il and the LHC,N can be quite large; processes such as th&ontributions from the underlying event, multiple interac-

associated production of a Higgs boson witlitapair can  10ns in one event, etc., cancel to a high degree. We have
produceW-+ 6 jets(four of which areb quarks, for instance. here made estimates at the parton level; a full determination

Increasing the precision of the comparison with standar®f these will require the new data and a full analysis; our
model predictions is necessary, as there are truly difficull”'t'al estimates are that the ratios can be determined at the

problems, both theoretical and experimental, in predictin everal percent Ievgl. _This is a significant ir_nprovement over
the cross sections fal-+N jets andz%y* + N jets whenN he present uncertainties on the cross sections themselves.

IX. CONCLUSIONS
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