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1 Introduction1

Important standard model (SM) and new physics (NP) processes at the LHC are expected to2

produce final states with a vector boson (VB=W, Z) and multiple jets. The VB+jets associated3

production has been used at the Tevatron both as a stringent test of perturbative QCD predic-4

tions and as a handle on the accurate description of backgrounds to NP [1–3].5

We present a data-driven strategy to study Z+jets production in final states with dielectrons6

and dimuons. We focus on the LHC startup and assume O(100) pb−1 of data collected with the7

CMS detector [4] at a center-of-mass energy
√

s =10 TeV. We use two independent jet defini-8

tions: one based on calorimetry deposits (calo-jets) and one based on tracks (track-jets) to test9

the jet counting with different detector effects and to allow sampling of different parts of the10

phase space. We further validate the results with corrected calo-jets and Particle Flow (PF) jets11

(PF-jets) [5].12

Within the SM the Z+n jets cross section is O(αn
s ). The Z+n jets over Z + (n+1) jets yield ratio13

is then nearly constant as a function of n for pp̄
√

s = 630 GeV and pp̄
√

s = 1.8 TeV both at14

the parton level and in data [6–9]. The purpose of this analysis is: i) to measure the ratio at15

different jet multiplicities at pp
√

s = 10 TeV and investigate to what extent the ratio is in fact16

independent of jet multiplicity, ii) to develop an analysis strategy that increases the available17

statistics of the signal using track-jet counting (and, by extension, PF-jet counting), iii) to select18

a pure Z+jets sample than can be used for detector and physics commissioning at the LHC19

startup and iv) to investigate the Z+n jets over Z + (n+1) jets ratio as a probe of new physics20

processes with multijets and real Z bosons in the final state ( e.g. [10]). In the absence of any21

excess the comparison of the measured and computed power-law coefficients for the ratio will22

provide a benchmark for validation and tuning of QCD phenomenological models and provide23

a reference for comparisons of the data with higher order calculations [6–9] when these become24

available.25

2 The CMS detector26

A detailed description of the Compact Muon Solenoid (CMS) experiment can be found else-27

where [11]. The central feature of the CMS apparatus is a superconducting solenoid, of 6 m28

internal diameter. Within the field volume are the silicon pixel and strip tracker, the crystal29

electromagnetic calorimeter (ECAL) and the brass-scintillator hadronic calorimeter (HCAL).30

Muons are measured in gas chambers embedded in the iron return yoke. Besides the barrel31

and endcap detectors, CMS has extensive forward calorimetry.32

3 Signal and background samples33

The Z(→``) + n-jets events (` = e, µ) are studied with Monte Carlo simulation, using the34

MADGRAPH [12] event generator, based on a leading-order calculation of the matrix element35

(ME). ME calculation is performed for final states with at most four primary partons, requiring36

that the parton pT exceeds 10 GeV/c. PYTHIA [13] is used for the parton shower, hadronization37

and the underlying event description. Parton shower matching is applied to avoid double38

counting of emissions in overlapping phase space regions. The MLM [14] matching algorithm39

with kT clustering is used with matching threshold 15 GeV/c. The lepton pair invariant mass40

is required to be m`` > 50 GeV/c2 at the generator level. The CTEQ6L1 [15] parton distribution41

functions are used.42

The largest background component for this analysis comes from multi-jet production. This43
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is studied using a sample of Monte Carlo events generated with PYTHIA. Using a filter that44

selects electron and muon enriched QCD samples, the generation includes bb̄, cc̄, decays of45

long-lived light mesons as sources of muons and loosely isolated hadrons or jets with an in-46

creased electromagnetic fraction as a source of electrons. The filter also requires an outgoing47

parton with pT > 20 GeV/c. The Z(→τ+τ−)+ jets events contribute to the background and48

are generated as part of the full Z(→``)+ jets samples. The W(→`ν)+ n-jets (with ` = e, µ, τ)49

background processes are generated with MADGRAPH and PYTHIA and the same phase space50

requirements and parton shower matching settings as the signal. The tt̄+jets are generated with51

MADGRAPH interfaced with PYTHIA with the associated parton pT >20 GeV/c and matching52

threshold 30 GeV/c. Other potential backgrounds such as single top and diboson production53

are not considered since they are found to be negligible (cf also [16]).54

4 Event reconstruction and selection55

4.1 Trigger selection56

The events are selected by the CMS Level-1 (L1) and High-Level (HLT) single electron and57

muon triggers with no requirement on the lepton isolation. The trigger pT thresholds are those58

determined in CMS for the low luminosity running (L=1032cm−2s−1). The trigger paths used59

here are the HLT single non isolated muon and electron with thresholds 15 GeV/c and L160

thresholds 12 GeV/c and 10 GeV/c for electrons and muons respectively.61

4.2 Lepton reconstruction and selection62

Muons are reconstructed using the algorithm combining the information from muon chambers63

and the silicon tracker [17], and very loose muon isolation is imposed by considering a cone64

around the muon defined as ∆R =
√

∆η2 + ∆φ2 ≤ Rcone = 0.5 and requiring that the sum of the65

pT of the tracks in the cone, excluding the muon track, is less than 30% of the muon transverse66

momentum. Electrons are reconstructed as single tracks matched to electromagnetic energy67

deposits in the ECAL. Electron identification is based on a standard set of criteria including68

various track-matching and shower shape variables in the electromagnetic calorimeter barrel69

and end-cap regions. In addition, a loose tracking electron isolation criterion is applied by70

requiring the sum pT of the tracks compatible with the electron vertex and pT > 1.5 GeV/c71

around the electron candidate track in a cone of size Rcone = 0.4 to be less than 15% of the72

electron candidate momentum.73

The lepton selection is driven by the general requirements of i) retaining high efficiency for74

the Z+jets signal, ii) avoiding trigger and other threshold effects and iii) establishing a robust75

procedure to extract the signal. The pT requirement of the leading lepton is 20 GeV/c. The76

muons are selected with |η| < 2.1 and the electrons with |η| < 2.5.77

4.3 Z boson reconstruction and selection78

The event reconstruction and selection is based on forming the Z boson candidates using79

all combinations of muon or electron pairs in the event. The candidates are selected with80

60 < m`` < 110 GeV/c2. After the Z selection is applied, the fraction of events with mul-81

tiple Z candidates is found to be very small. In the presence of multiple Z candidates, the82

combination with the highest pT leptons is found almost always to match the true candidate.83

The reconstructed vertex closest to the best Z candidate is taken as the primary vertex of the84

event and it is found to be the highest ∑ pT vertex. The primary vertex is used to project the85

calorimeter towers and to select the tracks when jets are formed.86
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4.4 Jet reconstruction and selection87

The event selection is based on the leptons of the Z-boson and the counting of the associated88

jets. The expectation (validated by the results presented here) is that any jet definition can be89

used to construct the Z+n jets over Z + (n+1) jets ratio without altering the analysis strategy;90

the exception would be jets that are so inclusive that the first few jet clusterings use up all the91

available phase space, as discussed in [18].92

We consider two scenarios based on the expected understanding of detector effects on the jet93

clustering and jet counting: i) At LHC start-up we consider the calorimetric response as not yet94

fully understood. In this scenario we use “raw” calo-jets and track-jets [19] reconstructed from95

calorimeter towers and tracks respectively using the Seedless Infrared Safe Cone (SISCone) jet96

algorithm [20] with a cone size Rcone = 0.5 in the (η × φ) space. The two sets of jets allow for97

probing different parts of the phase space and are independent in terms of detector effects. ii)98

The second scenario assumes enough understanding of the detector to allow fully corrected99

calo-jets and PF-jets; this scenario would allow a quantitative direct comparison with parton-100

level QCD predictions (as they become available).101

Events are selected with one or more calo-jets (track-jets) within |η|<3.0 (|η|<2.4) and pT>30102

GeV/c (pT>15 GeV/c). Track-jets are reconstructed from tracks with |η|<2.4 consistent with103

the event primary vertex.PF-jets are clustered within |η|<3 with best performance within |η|<2.4.104

The detailed description of Particle Flow jet reconstruction at CMS can be found elsewhere [5]105

The leptons from the best Z candidate in the event are not considered as jets.106

In the Z+n jets over Z + (n+1) jets ratio systematic errors due to the mapping from partons107

to jets, the parton distribution functions, and other corrections substantially cancel [21]. Given108

the CMS high precision silicon tracker that offers a very good momentum resolution, track-109

jets and PF-jets can probe a part of the phase space where the calorimeter response is low and110

provide higher statistics Z+jets samples despite the limited η acceptance compared to calo-jets.111

4.5 Maximum likelihood fit112

To determine the number of Z+jets events for each jet multiplicity bin we perform a one dimen-
sional unbinned extended maximum likelihood (ML) fit based on the dilepton invariant mass
(m(µµ) or m(ee))

L =
e−(NS+NB)

(NS + NB)! ∏
i
{NS · PS(m(``)i) + NB · PB(m(``)i)} (1)

where NS (NB) is the number of signal (background) events in the selected samples and PS(m(``)i)113

(PB(m(``)i)) is the signal (background) probability density function (PDF) for the variable114

m(``) and the event i.115

In Tables 1 and 2 the event yields are shown for signal and background events in the Z(→µµ)+jets116

and Z(→ee)+jets selection for calo-jet and track-jet counting for 100 pb−1 of integrated lumi-117

nosity. The quoted errors are statistical only, related to the size of the available datasets. Tables118

3 and 4 show the signal event yields in the Z(→ee) and Z(→µµ) + jets selection at
√

s = 10 TeV119

with 100 pb−1 as a function of PF-jet multiplicity and with PF-jets of |η| < 3 and pT threshold120

15 GeV/c compared to the yields obtained with the track-jet and calo-jet selection (both uncor-121

rected and corrected as per discussion in Section 5). With PF-jets the candle analysis produces122

a candle sample with more than double the statistics compared to using the track-jet selection,123

due to the lower pT threshold for jets. The dimuon channel is always statistically more power-124

ful that the dielectron channel despite the muon acceptance being lower than the electron one,125
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Z+jets Z other W+jets tt̄+jets QCD
≥ 1 jets 4007± 37 (9305± 56) 11± 2 (14± 2) 44± 4 (34± 3) 109± 2 (119± 2) 900± 70 (1000± 80)
≥ 2 jets 555± 14 (1741± 24) 2± 1 (2± 1) 17± 2 (18± 2) 66± 2 (90± 2) 450± 50 (450± 50)
≥ 3 jets 72± 5 (338± 11) 1± 1 (1± 1) 7± 2 (16± 2) 25± 1 (43± 1) 90± 25 (160± 30)
≥ 4 jets 11± 2 (66± 5) -(-) -(1± 1) 4± 1 (8± 2) 17± 10 (35± 15)

Table 1: Expected signal and backgrounds yields in the Z(→ µµ) + jets selection at
√

s = 10
TeV with 100 pb−1 as a function of the number of jets. Shown are the calo-jet counting yields
and in parentheses the track-jet counting ones.

Z+jets Z other W+jets tt̄+jets QCD
≥ 1 jets 3135± 32 (7106± 49) 9± 2 (18± 2) 15± 2 (26± 3) 70± 1 (78± 1) 1500± 500 (2000± 900)
≥ 2 jets 411± 11 (1334± 21) 1± 1 (3± 1) 4± 1 (9± 2) 34± 1 (55± 1) 200± 100 (900± 600)
≥ 3 jets 58± 4 (268± 9) − (2± 1) 1± 1 (3± 1) 9± 1 (23± 1) - (200± 200)
≥ 4 jets 7± 2 (52± 4) − (−) − (1± 1) 2± 1 (7± 1) - (100± 100)

Table 2: Expected signal and backgrounds yields in the Z(→ ee) + jets selection at
√

s = 10 TeV
with 100 pb−1 as a function of the number of jets. Shown are the calo-jet counting yields and in
parenthesis the track-jet counting ones.

due the higher muon reconstruction efficiency.

PF-jets (15 GeV/c) track-jets (15 GeV/c) calo-jets (30 GeV/c) calo-jetscorr (58 GeV/c)
≥ 1 jets 16750± 23 7106± 49 3135± 32 3098± 32
≥ 2 jets 5865± 44 1334± 21 411± 11 411± 12
≥ 3 jets 1928± 25 268± 9 58± 4 57± 4
≥ 4 jets 581± 14 52± 4 7± 2 6± 1
≥ 5 jets 151± 71 7± 6 – –

Table 3: Expected signal event yields in the Z(→ ee) + jets selection at
√

s = 10 TeV with
100 pb−1 as a function of PF-(15 GeV/c), track-(15 GeV/c), calo-(uncorrected 30 GeV/c) and
corrected calo-(58 GeV/c) jet multiplicity.

126

4.5.1 Signal and background parameterization127

The m(``) signal distributions are parameterized by a Gaussian-like function with asymmetric
widths and non-Gaussian tails:

f (x; m, σL, σR, αL, αR) = Ns · e
− (x−m)2

2σ2+α(x−m)2 (2)

where σ=σL and α=αL (σ=σR and α=αR) for x < m(x > m). Within the precision of the tar-128

geted luminosity we find that the fit parameters are independent of the jet multiplicity. The129

background in both electron and muon final states is dominated by the QCD component. The130

shape of the background is studied in the “anti-lepton” sample, obtained by inverting the track-131

ing lepton isolation requirement in the lepton enriched QCD sample. The m`` distributions for132

Monte Carlo events are shown in Figure 1 for the events selected by the Z+ ≥ 1 track-jet anal-133

ysis and those falling in the anti-lepton sample. In the case of electrons the selection is looser134

than the nominal in order to obtain adequate statistics to extract the shape and perform the135

comparison. The yields are normalized to the ones shown in tables 2 and 1. The anti-lepton136

sample provides the control data sample for the validation of the analytical function describing137

the multijet background in the fit. The presence of the other background is accounted for in the138
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PF-jets (15 GeV/c) track-jets (15 GeV/c) calo-jets (30 GeV/c) calo-jetscorr (58 GeV/c)
≥ 1 jets 24409± 90 9305± 56 4007± 37 3693± 35
≥ 2 jets 8725± 54 1741± 24 555± 14 493± 12
≥ 3 jets 2889± 31 338± 11 72± 5 58± 4
≥ 4 jets 885± 17 66± 5 11± 2 11± 2
≥ 5 jets 243± 9 11± 8 – –

Table 4: Expected signal event yields in the Z(→ µµ) + jets selection at
√

s = 10 TeV with
100 pb−1 as a function of PF-(15 GeV/c), track-(15 GeV/c) calo-(uncorrected 30 GeV/c) and
corrected calo-(58 GeV/c) jet multiplicity.

fit by floating the shape parameters. Using the PYTHIA [13] and GEANT4 [22] modeling of the139

QCD background in the CMS detector, we expect the mll distributions to be well-described by140

either an exponential or a second-order polynomial as shown in Figure 1 for track-jets. Similar141

distributions are obtained for the other jet definitions.
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Figure 1: m(µµ) (left) and m(ee) (right) for track-jet counting in the lepton enriched QCD
sample (points) and the control “anti-lepton” QCD sample (histogram). Similar results are
obtained using other jet definitions.

142

4.5.2 Fit results and tests143

By performing a set of pseudo-experiments for each jet multiplicity, we estimate the expected144

statistical error on the signal yield for 100 pb−1. The fits are performed on Monte Carlo samples145

generated from the distributions obtained from the full simulation. This allows to perform the146

fit with un-weighted events and to properly compute the statistical error of the fit result. We147

obtain for both dielectron and dimuon channels a precision of∼2% for Z+ ≥ 1 calo-jets (∼16%148

for Z ≥ 3 calo-jets) . The corresponding values for track-jets are smaller due to the larger149

statistics. These Monte Carlo tests demonstrate that the ML fit is unbiased and that the 68%150

confidence interval computed using the likelihood ratio correctly covers the true number of151

events. In Figures 2 and 3 the result of the fit is shown for the dimuon+jets and dielectron+jets152

final states with track-jets.153

5 The Z+n jets over Z + (n+1) jets yield ratio154

With the ML fit to the four different jet multiplicity samples we measure the yields of Z+n jets155

as a function of jet multiplicity. Defining C as the Z+n jets over Z + (n+1) jets yield ratio, we156

expect C to be independent of n, within errors. Under the assumption that C is a constant, the157

ratio of inclusive Z+n jets (≥ n jets ) over inclusive Z + (n+1) jets (≥ n + 1) is identical to158

the ratio of exclusive Z+n jets (= n) over exclusive Z + (n+1) jets (=n + 1). Thus physically C159

represents the cost of adding an extra jet to Z+n jet production at some fixed order in αs. The160
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Figure 2: Projection of the likelihood at maximum on mµµ for Z(→ µµ)+ ≥ 1 track-jets (top-
left), Z(→ µµ)+ ≥ 2 track-jets (top-right), Z(→ µµ)+ ≥ 3 track-jets (bottom-left), and Z(→
µµ)+ ≥ 4 track-jets (bottom-right). The “data” sample corresponding to 100 pb−1 statistics is
overlaid. The error bars correspond to the expected precision.

extracted value of C depends on the jet definition: e.g. increasing the jet pT threshold for a fixed161

cone size increases C, while decreasing the cone size for a fixed jet pT threshold also increases162

C. Indeed, the difference in the C values extracted from the calo-jet counting versus track-jet163

counting is largely due to the fact that track-jets probe a lower pT region of the phase space.164

By using both track-jets and calo-jets counting, the prediction of a constant C can be verified165

in different regions of the phase space and using independent detector elements. Additionally,166

by using corrected calo-jets or PF-jets a detailed quantitative comparison with the parton-level167

QCD predictions could eventually be made. The loose selection used in this analysis allows us168

to confirm the expected behavior already with a data sample 100 pb−1, directly accessing Z+jets169

events up to the four jets inclusive bin. The fit of the measured yields to an exponential, shown170

in Figure 4, confirms the validity of the constant ratio assumption, returning fit probabilities171

between 75% and 94%. Here the errors reflect the expected statistical precision on data, as172

estimated from toy Monte Carlo tests. We expect a similar picture to emerge from the first LHC173

data.174

The overall selection efficiency εS within each jet multiplicity bin, as estimated from Monte175

Carlo simulation, is constant as a function of the number of jets. We obtain εS = (41.4± 0.5)%176

(εS = (42 ± 11)%) for Z(→ ee)+ ≥ 1 (Z(→ ee)+ ≥ 4 ) calo-jets and εS = (47.5 ± 0.5)%177

(εS = (48± 4)%) for Z(→ µµ)+ ≥ 1 (Z(→ µµ)+ ≥ 4 ). The stability of εS is a consequence of178

the loose Z selection. We verify that the efficiency correction of the yields has a small impact179

on the results, inducing a shift in the slope C smaller than the expected precision in 100 pb−1.180

The use of different jet definitions demonstrates the robustness of the results. The output of the181

fit results shown in Figure 4 is i) Cµµ
cj =7.3 ± 0.3 for the Z(→µµ)+ calo-jets and Cµµ

tj =5.2 ± 0.1182

for the Z(→µµ)+ track-jets and ii) Cee
cj =7.6 ± 0.4 for the Z(→ee)+ calo-jets and Cee

tj =5.3 ± 0.2183

for the Z(→ee)+ track-jets. The results are consistent with lepton universality (Cµµ

c(t)j/Cee
c(t)j is184

compatible with 1).185

The value of C``
cj for calo-jets corresponds to the value obtained for generator-level jets in the186
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Figure 3: Projection of the likelihood at maximum on mee for Z(→ ee)+ ≥ 1 track-jets (top-left),
Z(→ ee)+ ≥ 2 track-jets (top-right), Z(→ ee)+ ≥ 3 track-jets (bottom-left), and Z(→ ee)+ ≥ 4
track-jets (bottom-right). The “data” sample corresponding to 100 pb−1 statistics is overlaid
(points). The error bars correspond to the expected precision.

same rapidity range for pT threshold 58 GeV, in agreement with the expected calorimeter re-187

sponse. With understood data, the slope, as extracted from corrected calo-jets and PF-jets,188

could be directly compared to QCD predictions, represented here by the generator-level jets189

from leading order QCD Monte Carlo with jet-parton matching. We validate that this is the190

case taking a 58 GeV/c pT threshold for both corrected calo-jets and PF-jets. We obtain for cor-191

rected calo-jets Cee(µµ)
cor−cj= 7.5 (7.6) ± 0.5 and for PF-jets Cee(µµ)

PF−j = 7.5 (7.6) ±0.5 as expected. For192

track-jets, the Cee
tj value that corresponds to the value obtained with generator-level jets, within193

the rapidity region |η| <2.4, is obtained for a pT threshold of 30 GeV; this is compatible with the194

expectation of the jet charged fraction. With PF-jets the measurement can be performed with a195

threshold as low or lower that 15 GeV/c, producing a optimally larger statistics candle sample.196

The slope linearity test with PF-jets of 15 GeV/c is shown in Figure 5. There are known QCD197

effects that can cause deviations from a constant slope. The first is that the nth jet has associated198

a factor of αs(Qn) whose physical scale Qn can be substantially lower than the scale Q of the199

original hard subprocess, thus reducing the cost of this jet by αs(Q)/αs(Qn). The second is the200

Sudakov suppression of the extra hard branching needed to produce an extra jet. These two201

effects, which work in opposite directions, are included in the MADGRAPH matching, and the202

net effect on the slope is small. Another effect is from higher order virtual contributions not203

included in the MADGRAPH matrix elements; an estimate of this effect awaits a full NLO cal-204

culation of Z+3 jets production. Given the results we present here using the high statistics Z+1205

jets and Z+2 jets multiplicity bins (using either calo-jet or track-jet counting), we can estimate206

the Z+3 jets rate to within less than ∼ 10%. This is about equal to the precision expected from207

NLO calculations in the coming years. Further studies of Z+jets as a function of the boson or208

jet pT would be required to test the predictions in the high pT part of the phase space, where209

also larger integrated luminosity is required.210
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Figure 4: The (dN/dnjet) distributions and exponential fit for Z(→ µµ)+ ≥ 1 calo-jets (top left)
and track-jets (top right) and Z(→ ee)+ ≥ 1 calo-jets (bottom left) and track-jets (bottom right).
The resulting constant ratio Z + n jets over Z + (n + 1) jets values for all cases is given in the
text.
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Figure 5: The (dN/dnjet) distribution and exponential fit for Z(→ ee)+ ≥ 1 (left) and Z(→
µµ)+ ≥ 1 (right) PF-jets.

6 The Z boson as a “candle”211

Some examples that appear in the literature of the Z boson used as a “candle” include i) Z+jets212

as a normalization reference for the estimate of the Z invisible decays after tuning the MC to213

data [23] ii) Z as a handle for measuring trigger efficiencies (e.g. “tag-and-probe”) or extracting214

jet energy corrections (e.g. Z-jet balancing [24]) and iii) Z as a reference for characterizing the215

MET [25].216

6.1 Candle derived MET corrections for W+jets and MET characterization217

An example is shown here of how the Z(→µµ)+jets selected data sample can be used as a218

calibration reference process for the missing transverse energy in W+jets events that profits219

from the effective background subtraction technique offered by the sPlot formulation [26].220

Due to the similarities between Z+jets and W+jets topologies the Z(→µµ)+jets sample can be221

used to calibrate the MET in W(→µν)+jets events. The MET is decomposed into two orthog-222

onal components, denoted U‖ and U⊥, that correspond respectively to the MET components223

perpendicular and parallel to the muon associated with the W boson candidate. Analogously, a224

“W-like” view of Z(µµ)+jets events can be considered by treating one of the muons from the Z225

decay as an escaping neutrino. This is a reasonable approximation given the small magnitude226
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of expected calorimetric depositions from the muons. Using this approach the candle is the227

selected Z(→µµ)+jets sample after the effective background subtraction using the m``-based228

sPlots technique. The U‖ and U⊥ are calculated in this sample using both the fully measured Z229

boson kinematics (the ”real” dimuon specific values) and independently using the calorimetric230

MET (the ”measured” values). The former are then used to calculate corrections for the latter.231

The corrections for U‖/U⊥ are derived in bins of pµ
T and U‖/U⊥. The W transverse mass is232

shown before and after the corrections in W(→ µν)+ ≥ 1 jets in Figure 6. After the corrections233

the characteristic Jacobian edge of the W is recovered.
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Figure 6: The W transverse mass in W(→ µν)+ ≥ 1 jets before and after the Z candle derived
MET corrections.

234

6.2 The Z+jets candle and new physics235

Z bosons and jets produced through a new mechanism at the LHC could induce a large devi-236

ation from a constant slope in jet counting. This is the case for example (and without loss of237

generality) in SUSY models with real Z production and high jet multiplicity in the final states238

[27]. This kind of production mechanism could induce an excess of events at high jet multiplic-239

ity and a discrepancy between the observed yield and the predicted one, obtained from Z+ ≥ 1240

jets and Z+ ≥ 2 jets yields. The presence of NP events could also bias the prediction, since the241

jet counting is inclusive and the NP events will be “contaminating” all the jet multiplicity bins.242

To show the sensitivity of the analysis to a breaking in linearity, we consider an mSUGRA
benchmark SUSY point that includes production of Z bosons in decays of the neutralinos (LM4
[27]). For a given number of NP events in the Z+ ≥ 1 jets sample, we perform a set of toy
Monte Carlo experiments using the SM signal and backgrounds as described in Section 4.5,
while NP events are generated separately. We consider both the events with real Z bosons and
events with fake Z candidates from leptons produced from the decay chains of SUSY particles.
The ML fit can distinguish between fake and true Z candidates, but it cannot separate NP
events from SM ones. This results in a discrepancy between the observed yields at high jet
multiplicities and the predicted values using the scaling at lower jet multiplicities.

NPREDICTED
≥3j =

(NOBSERVED
≥2j )2

NOBSERVED
≥1j

; NPREDICTED
≥4j =

(NOBSERVED
≥2j )3

(NOBSERVED
≥1j )2

. (3)
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This is shown in Figure 7 as a function of the total number of NP events (including both events243

with real and fake Z candidates) added to a 100 pb−1 of SM events. A simultaneous departure244

from the prediction in calo-jet and track-jet counting could not easily be attributed to systematic245

effects. If a similar discrepancy is seen in data, beyond what the QCD effects discussed in Sec 5246

could induce, one could use the sPlots to characterize the excess events, by studying effects of247

stable weakly interacting dark matter candidates in the MET distribution.
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Figure 7: (Left) Comparison of the Z(→ µµ)+ ≥ 4 track-jets measured yields (filled dots) and
the prediction from Eq. 3 (empty dots) as a function of the number of new physics events in
the Z+ ≥ 1 jets sample. The LM4 point [27] is taken as a benchmark for the jet multiplicity
in NP events. (Right) MET Distribution of Z(→ νν)+ ≥ 1 calo-jets events (histogram) for
events with MET > 50 GeV. The Z(→ νν)+ ≥ 1 calo-jets events are compared to the sPlots
distribution of Z(→ µµ)+ ≥ 1 calo-jets. The filled (empty) points correspond to the measured
sPlot distribution (the distribution after scaling for the selection efficiency and the cross-section
ratio).

248

The Z+jets candle analysis can also provide a measurement of the Z(→νν)+jets irreducible249

background to MET-based New Physics searches in hadronic final states. This is shown in250

Fig. 7 where we compare the expected distribution of MET for Z(→νν)+jets with the sPlots of251

Z(→µµ)+jets events. The distributions are normalized to 100 pb−1.252

7 Conclusions253

We have demonstrated the possibility of measuring the Z+n jets over Z + (n+1) jets ratio,254

and verifying its constancy in n as predicted by QCD within the expected uncertainties of 100255

pb−1 of data collected at pp
√

s = 10 TeV. In measuring this ratio systematic uncertainties256

related to the jet definition and counting are suppressed. The cancellation of systematic257

uncertainties is predominantly due to the correlation in the jet counting uncertainties (and jet258

energy corrections and uncertainties) between the numerator and denominator. The analysis259

with track-jet counting requires less integrated luminosity at startup, while the optimally260

largest statistics candle sample can be obtained using the Particle Flow jet counting. We have261

shown how the validated Z+jets samples can serve as a reference for the initial commissioning262

of the MET and as a probe for New Physics if an excess from SM predictions is observed at263

large jet multiplicities.264
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