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1 Introduction

In high-energy proton-proton (pp) collisions at the Large Hadron Collider (LHC), semi-

hard parton-parton scattering, producing particles with transverse momenta pT of a few

GeV, dominates the inelastic cross section. In such processes longitudinal momentum

fractions, given by x ∼ 2pT/
√
s, of values down to O(10−3) are probed. At these values of

x, the parton densities are large causing a sizable probability for two or more parton-parton

scatterings within the same pp interaction [1]. Such multi-parton interactions (MPI) at

semi-hard scales of a few GeVs have been observed in high-energy hadronic collisions [2].

Conversely, the evidence for hard double parton scattering (DPS) processes in the same

pp collision at scales of a few tens of GeV is still relatively weak. In processes where a W

and two jets are produced, the x values are larger, x ∼ 10−2, and the parton densities are

lower. However, a sizable contribution to DPS can still be expected if the second scattering,

yielding two jets, occurs at a high rate. The study of DPS processes is important because it

provides valuable information on the transverse distribution of partons in the proton [3] and
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Figure 1. Feynman diagrams for W + 2-jet production from (left) double parton scattering and

(right) single parton scattering.

on the multi-parton correlations in the hadronic wave function [4]. DPS also constitutes a

background to new physics searches at the LHC [5–7].

Various measurements in pp and pp collisions at
√
s = 63 GeV [8], 630 GeV [9], and

1.8 TeV [10] are consistent with DPS contributions to multijet final states, as well as to γ +

3-jet events at
√
s = 1.8 TeV [11] and 1.96 TeV [12]. Additional searches for DPS have been

proposed via double Drell-Yan, four jet, and same-sign WW production, as well as in W

production associated with jets [13–20]. This paper presents a study of DPS based on W

+ 2-jet events in pp collisions at 7 TeV. DPS with a W + 2-jet final state occurs when one

hard interaction produces a W boson and another produces a dijet in the same pp collision,

as sketched in figure 1(left). The W + 2-jet process is attractive because the muonic decay

of the W provides a clean tag and the large dijet production cross section increases the

probability of observing DPS. Events containing a W + 2-jet final state originating from

single parton scattering (SPS) constitute an irreducible background (figure 1(right)). The

ATLAS collaboration has carried out a similar DPS measurement using W + 2-jet events

at
√
s = 7 TeV [21].

The outline of this paper is as follows. Section 2 describes DPS in terms of effective

cross section and defines the relevant observables. Section 3 presents a brief description

of the Compact Muon Solenoid (CMS) detector, the data and the simulated samples,

as well as the event selection criteria. Section 4 summarizes the unfolding of the DPS-

sensitive observables, the systematic effects, and the comparison of data and simulation.

The method to extract the DPS fraction is discussed in section 5. Section 6 presents the

extraction of the DPS fraction from the data and corresponding systematic uncertainties.

The measurement of the effective cross section is described in section 7.

2 Effective cross section

The effective cross section, σeff, is a measure of the transverse distribution of partons inside

the colliding hadrons and their overlap in a collision. The effective cross section involves

the cross section for two processes to occur simultaneously and the cross sections for the
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individual processes. If A and B are two independent processes, whose production cross

sections are σA and σB, respectively, σeff can be written as:

σeff =
m

2

σA · σB

σDPS
A+B

, (2.1)

where “m” is a symmetry factor for indistinguishable (m = 1) and distinguishable (m = 2)

final-states and σDPS
A+B is the cross section of the two processes to occur simultaneously.

According to various phenomenological studies [22–24], the above cross sections should

be inclusive. This requirement makes the determination of σeff independent of the spe-

cific mechanisms of the first and second interactions, as well as of the parton distribution

functions (PDF). Inclusive σDPS
A+B also includes contributions from higher number of par-

ton scatters.

However, in the present analysis an exclusive selection is performed by considering the

events with one W boson and exactly two jets with pT > 20 GeV/c and pseudorapidity, η,

within ±2. The pseudorapidity is defined as η = − ln[tan(θ/2)], where θ is the polar angle

measured with respect to the anti-clockwise beam direction. This sample should have a

significant contribution from events where one interaction produces only a W boson and

no jet with pT > 20 GeV/c within |η| < 2.0 and the other interaction produces exactly two

jets with pT > 20 GeV/c and |η| < 2.0.

Experimentally, the exclusive selection is necessary to identify the jets from the second

interaction. In this case, DPS-sensitive observables can be defined based on the back-

to-back topology of the two jets. From a sample of simulated events generated with

MadGraph 5 [25, 26] followed by hadronization and parton showering (PS) using the

4C tune [27] of pythia 8 [28], it is found that σeff changes by only 2–3% if an inclusive

selection is applied.

In order to account for missing contributions of a larger number of parton scatterings,

corrections [22–24] were proposed to a previous DPS measurement of CDF [11]. However,

in the kinematic region of the present study, due to the requirement of having exactly 2

jets, the contribution of triple and higher number of scatters is expected to be small and is

estimated, with the same sample of simulated events as mentioned above, to be less than

1% of the DPS contribution. Therefore, for the present analysis no additional correction

is required for the exclusive selection.

Assuming independent interactions from DPS, σeff can be rewritten in terms of the

cross sections at the stable particle level (defined as lifetime, cτ > 10 mm) within the

detector acceptance. For the case of the W + 2-jet process, σeff becomes:

σeff =
σ′W+0j

σ′DPS
W+2j

· σ′2j, (2.2)

where the prime indicates that the cross sections are obtained at particle level. The σ′W+0j

and σ′2j are the particle-level cross sections for W-boson production associated with zero-jet

and for dijet events, respectively. The particle-level cross section for DPS events producing

a W + 0-jet from the first interaction and exactly two jets from the second interaction is

denoted by σ′DPS
W+2j. The cross sections σ′W+0j and σ′DPS

W+2j are extracted from the same data
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sample; therefore σeff can be reformulated in terms of the yield of W bosons associated

with zero jets and the yield associated with DPS:

σeff =
N ′W+0j

N ′DPS
W+2j

· σ′2j. (2.3)

If we define the DPS fraction as

fDPS =
N ′DPS

W+2j

N ′W+2j

, (2.4)

σeff can be written as

σeff =
N ′W+0j

fDPS ·N ′W+2j

· σ′2j, (2.5)

or

σeff =
R

fDPS
· σ′2j, (2.6)

where R = N ′W+0j/N
′
W+2j. Thus, the determination of the effective cross section reduces

to a measurement of R, σ′2j, and fDPS.

For the extraction of the DPS fraction, fDPS, observables that can discriminate between

SPS and DPS are needed. For DPS events, the W and the dijet system are independent

of each other, while for SPS events they are highly correlated. It is thus possible to define

several observables that discriminate between DPS and SPS events. The present analysis

uses the following observables, which were also considered in previous DPS measurements

at the LHC and the Tevatron:

• the relative pT-balance between the two jets, ∆rel pT, defined as:

∆rel pT =
|~pT(j1) + ~pT(j2)|
|~pT(j1)|+ |~pT(j2)|

. (2.7)

Here ~pT(j1) and ~pT(j2) are the transverse momentum vectors of the leading (in pT)

and subleading jets. In DPS events, at leading order (LO), the two jets balance each

other and ∆rel pT is small, which is not the case for SPS events.

• The azimuthal angle between the W-boson and the dijet system, ∆S, defined as:

∆S = arccos

(
~pT(µ,ET/ ) · ~pT(j1, j2)

|~pT(µ,ET/ )| · |~pT(j1, j2)|

)
, (2.8)

where ~pT(µ,ET/ ) and ~pT(j1, j2) are the combined transverse momentum vectors of

(µ,ET/ ) and the two jets, respectively, with ET/ as the missing transverse energy in

the event, which is a measure of the transverse energy carried away by the neutrino

from the W-boson decay. In DPS events, the W and dijet momentum vectors are

randomly oriented, whereas in SPS events the W and the dijet momenta vectors tend

to be back-to-back at LO.
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3 Experimental methods

In the present analysis a sample of W + 2-jet events is selected from a data sample of

pp collisions at
√
s = 7 TeV with the CMS detector. The data sample corresponds to an

integrated luminosity of 5 fb−1. The distributions are fully corrected for detector effects

and efficiencies. These distributions are used for the extraction of the DPS fraction and

the determination of the effective cross section. The dijet production cross section required

for the determination of the effective cross section is measured with a pp data sample

collected in 2010 also at
√
s = 7 TeV. This sample corresponds to an integrated luminosity

of 35 pb−1.

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal

diameter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume

are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter

(ECAL), and a brass/scintillator hadron calorimeter (HCAL). Muons are measured in

gas-ionization detectors embedded in the steel flux return yoke outside the solenoid. In

addition, CMS has extensive forward calorimetry. The CMS experiment uses a right-

handed coordinate system, with the origin at the nominal interaction point, the x axis

pointing to the centre of the LHC ring, the y axis pointing up (perpendicular to the plane

of the LHC ring), and the z axis along the anticlockwise-beam direction. The polar angle

θ is measured from the positive z axis and the azimuthal angle φ is measured in the x-y

plane. A more detailed description of the CMS apparatus can be found in ref. [29].

3.1 Simulated samples

Samples of W + jets events are generated with MadGraph 5 followed by hadronization and

parton showering using the Z2 tune [30] of pythia 6 (version 6.4.25) [31]. The MadGraph

event generator produces parton-level events with a W boson and up to four partons in

the final state on the basis of matrix element (ME) calculations. The ME/PS matching

scale µ is taken to be 20 GeV, and the factorization and renormalization scales are set to

q2 = M2
Wc

2 + (pW
T )2, where MW and pW

T are the mass and transverse momentum of the W

boson, respectively.

Samples of Z/γ* + jets and tt events are also simulated with MadGraph 5. Single-

top-quark samples are generated with powheg 2 [32]. Samples of WW and WZ events

are generated with the pythia 6 Monte Carlo (MC) event generator. Contributions of

multijet events from QCD interactions are estimated from data, as discussed later. The

inclusive cross sections for simulated processes are normalized to the next-to-leading-order

(NLO), next-to-NLO (NNLO), or next-to-next-to-leading-log (NNLL) order calculations.

Table 1 gives the values of the cross sections of the simulated processes and their theoret-

ical uncertainties. Theoretical uncertainties have dominant contributions from the PDF

uncertainties and the dependence on the renormalization and factorization scales. All sim-

ulations are inclusive in terms of final-state partons. Whenever needed, exclusive samples

of W + 0-jet and W + 2-jet events are obtained from the inclusive samples by applying

selections on the jet multiplicity at the particle and detector levels.
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Process Cross section (pb)

W→ µν 10500 ± 5% (NNLO) [33]

W→ τν 10500 ± 5% (NNLO) [33]

tt 160 ± 7% (NNLL) [34]

Single top quark 85 ± 5% (NLO) [35–37]

Drell-Yan 3050 ± 4.3% (NNLO) [33]

Diboson (WW + WZ) 61 ± 10% (NLO) [38]

Multijet Estimated from data by fitting

ET/ distribution in control region

Table 1. Cross sections of the various processes and their uncertainties.

The simulated samples are processed and reconstructed in the same manner as the col-

lision data. The detector response is simulated in detail by using the Geant4 package [39].

The samples include additional interactions per beam crossing (the so-called pileup), which

match the corresponding distribution in data.

In addition to these fully simulated samples, various simulations at particle level are

compared with the fully corrected DPS-sensitive observables.

• MadGraph 5 + pythia 8: W + jets events are generated by means of MadGraph

5 (as discussed before) followed by hadronization and parton showering using the

4C tune of pythia 8. The MPI [1] are simulated with the pythia 8 event genera-

tor. In order to see the effects of MPI, events are also produced without the MPI

contribution by pythia 8. For the systematic studies, hadronization and parton

showering of MadGraph 5 events are performed with pythia 6 tune Z2* [40], with

and without MPI.

• powheg 2 + pythia 6 (herwig 6): W + 2-jet events are also produced up to NLO

accuracy with the powheg 2 event generator with the “Multi-scale improved NLO”

(MiNLO) method [41]. The W + 2-jet samples simulated with the powheg 2 +

MiNLO describe satisfactorily the inclusive W + jet production data as well [42].

Hadronization and parton showering is carried out with pythia 6, tune Z2*. To

assess the effect of angular-ordered showering, herwig 6 (version 6.520) [43, 44] is

also used for the parton showering.

• pythia 8: W + jets events are generated with the 4C tune of the pythia 8 event gen-

erator, which produces hard subprocesses with a W boson and either zero or one addi-

tional parton in the final state. It also performs hadronization and parton showering.

The MPI model is similar in pythia 6 and pythia 8, with the free parameters tuned to

the underlying event data obtained at the LHC. The key features of the model are:

• the ratio of the 2→2 partonic cross section, integrated above a transverse momentum

cutoff scale, to the total inelastic pp cross section, which is a measure of the amount

– 6 –
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of MPI. A factor with a free parameter, pT0, is introduced to regularize an otherwise

divergent partonic cross section,

α2
s(p

2
T + pT0

2)

α2
s(p

2
T)

·
p4

T

(p2
T + pT0

2)2
, (3.1)

with

pT0(
√
s) = pT0(

√
s0)

( √
s

√
s0

)ε
. (3.2)

Here
√
s0 = 1.8 TeV and ε is a parameter characterizing the energy dependence of pT0.

• A Poisson distribution for the number of MPI in an event, with a mean that depends

on the overlap of the matter distribution of the hadrons in impact parameter space.

The impact parameter profile gives a measure of σeff. The present model uses the

convolution of the matter distributions of the two incoming hadrons as an estimate

of the impact parameter profile. The overlap function is of the form e−bZ , where b is

the impact parameter and Z is a free parameter.

The MPI model used here [31] includes parton showers for the MPI processes as well as

MPI processes interleaved with initial state radiation.

Events simulated with LO event generators, i.e. MadGraph 5, pythia 6, and

pythia 8, use the CTEQ6L [45] PDF set, whereas in the NLO event generation with

powheg 2 the CTEQ6M [45] PDF set is used.

3.2 Event selection

Events were selected online when at least one muon candidate was found. A muon candidate

consists of a track with hits in the muon system and a transverse momentum greater than a

threshold. The threshold was increased with increasing instantaneous luminosity in order to

keep the rate within the allocated trigger bandwidth for muon triggers. The offline selection

requires exactly one muon reconstructed in the muon detector and the silicon tracker. Muon

candidates are required to satisfy identification criteria based on the number of hits in the

muon detector and the tracker, their transverse impact parameter with respect to the beam

axis, and the goodness of the global fit χ2/(number of degree of freedom) [46] for the tracks

in the tracking system and the muon chambers. The background from jets misidentified as

muons and from semileptonic decays of heavy quarks is suppressed by applying an isolation

condition on the muon candidates. The muon candidate is considered to be isolated if the

isolation variable [47], I, is smaller than 0.1.

The selected muon is required to have pT > 35 GeV/c and |η| < 2.1. The trigger

efficiency for the selected muon is larger than 90% and the muon selection efficiency is

about 95% [46]. The muon candidate is retained only if associated with the primary vertex

identified as the signal vertex. The selected signal vertex is required to be within ±24 cm

of the nominal interaction point along the z direction. At least five tracks are required to

be associated with the signal vertex, and the transverse displacement of the signal vertex

from the beam axis is required to be less than 2 cm.
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Jets and ET/ are reconstructed with the particle-flow (PF) algorithm [48], which com-

bines information from several sub-detectors. The jet reconstruction is based on the anti-kT

clustering algorithm [49–51] with a distance parameter of 0.5. Jets are required to have

pT > 20 GeV/c and |η| < 2.0 to ensure that they are well reconstructed and fall within

the tracker acceptance. Jets are required to satisfy identification criteria that eliminate jet

candidates originating from noisy channels in the hadron calorimeter [52]. Jet energy scale

(JES) corrections are applied to account for the non-linear response of the calorimeters to

the particle energy and other instrumental effects. These corrections are based on in-situ

measurements using dijet, γ + jet, and Z + jet data samples [53]. Pileup and the under-

lying event can contribute additional energy to the reconstructed jets. The median energy

density due to pileup is evaluated in each event and the corresponding energy is subtracted

from each jet [54]. Jets are rejected if they overlap with selected muons within a cone of

radius 0.5. In order to reject additional jets from pileup interactions, a pileup mitigating

variable β is utilized, defined as:

β =
Σ
(
psignal vertex

T

)
Σ
(
pall

T

) , (3.3)

where Σ(psignal vertex
T ) is the sum of the pT of all charged constituents in a jet associated

with the signal vertex and Σ(pall
T ) is the sum of the pT of all charged constituents in a jet.

Jets are required to have β > 0.4 .

The W transverse mass (MT) is defined as:

MT =

√
2 · pµT · ET/ ·

(
1− cos

(
∆φ[µ,ET/ ]

))
. (3.4)

The ET/ is defined as the negative vector sum of the transverse momenta of all re-

constructed particle candidates in the event, ET/ = −Σi~pT(i). The reconstructed ET/ is

corrected for the non-compensating nature of the calorimeters and detector misalignment

using the procedure described in ref. [55]. This procedure uses all corrected jets which have

pT > 10 GeV/c and less than 90% of their energy in the ECAL. The ET/ is also corrected for

the effect of the azimuthal variation of the tracker acceptance and the calorimeter align-

ment. The correction factor is calculated as a function of the number of reconstructed

vertices and also as a function of ΣET, where ΣET is the total transverse energy measured

in the calorimeter. The angle ∆φ[µ,ET/ ] is measured between the muon µ and the ET/

direction in the azimuthal plane.

Events are required to have exactly one muon with pT > 35 GeV/c, |η| < 2.1, and

ET/ > 30 GeV. The transverse mass is required to be greater than 50 GeV/c2. Selected

events are required to have exactly two jets with pT > 20 GeV/c and |η| < 2.0. The criteria

used in the selection are summarized in table 2.

The kinematic distributions of the jets in the selected events are reproduced by the

MC simulations as shown in figure 2. Figure 3 shows the comparison of data with MC

simulations for ∆rel pT (left) and ∆S (right) at the detector level. Data and MC simulation

are in good agreement except for a 10–20% difference at large pT. This difference is not
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W → µν selection Jet selection

Single-muon trigger Anti-kT PF jet with R = 0.5

Muon ID and isolation pT > 20 GeV/c, |η| < 2.0

Exactly one muon pT > 35 GeV/c, |η| < 2.1 β > 0.4

ET/ > 30 GeV/c ∆Rj,µ > 0.5

W-boson transverse mass > 50 GeV/c2 exactly two jets

Table 2. Summary of the W + 2-jet event selection and reconstruction criteria at the detector

level.

Process Number of events

W→ µν (2.3 ± 0.12) × 105

W→ τν (3.7 ± 0.20) × 103

Top quark (9.4 ± 0.69) × 103

Drell-Yan (5.3 ± 0.26) × 103

Diboson (2.6 ± 0.26) × 103

Multijet (1.1 ± 0.34) × 103

Total expected events (2.5 ± 0.14) × 105

Data (2.4 ± 0.0049) × 105

Table 3. Expected yields for various processes for 5 fb−1 and observed number of events in the data.

The top production background is the sum of the single-top-quark and tt processes. The estimated

event yields from the simulated samples include uncertainties in the respective cross sections.

a concern for the present analysis because the contribution of events having large pT jet

is very small, e.g., only 3% of the W + 2-jet events have a jet pT larger than 100 GeV/c,

where the description starts to deviate from the data. There is a small level of background

contamination in the selected W + 2-jet samples. The dominant background contribution

comes from top-quark production (single top-quark and pair production) and Drell-Yan

processes. The contribution of the multijet background is less than 0.5%. This contribution

is estimated by defining a control region with the requirement of a non-isolated muon, with

I > 0.1. A template of the ET/ distribution for the multijet background is constructed by

using events in this control region. This template is then used to estimate the contribution

of the multijet background by fitting the ET/ distribution in the signal region, with I < 0.1.

Table 3 summarizes the expected number of events for the processes listed in table 1, for

an integrated luminosity of 5 fb−1. The total contribution from the background events is

about 10% but the effect on the shape of the DPS-sensitive observables is less than 1%.

4 Unfolding and comparison with simulations

The sample of W + 2-jet events is selected as discussed in the previous section. The con-

tributions of all backgrounds are subtracted from the data distributions before unfolding.
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Figure 2. Detector-level comparison of data with MC simulations for the multiplicity (top left) of

jets (Nj) with pT > 20 GeV/c and |η| < 2.0. Data and simulations for the sample with exactly two

jets are plotted as a function of the pT of the leading (top right) and subleading (lower left) jets, as

well as of the magnitude of the vector sum of the muon pT and ET/ (lower right). The background

distribution represents the sum of the contributions of Drell-Yan, W → τν, diboson, multijet,

tt, and single-top-quark processes. The bottom panels show the ratio of the data and simulated

distributions. The band shows the total uncertainty, with the contributions of the jet energy scale

uncertainty and the statistical uncertainties of the MC samples added in quadrature. The error bars

on the ratio histogram represent the statistical uncertainty of the data and the simulated samples

added in quadrature.

The distributions of the DPS-sensitive observables for the selected events are corrected

for selection efficiencies and detector effects. The trigger efficiency does not bias the shape

of the DPS-sensitive observables; this was checked by comparing simulated samples with

and without the trigger requirement. The selected events are mainly SPS events and the

sample contains only a few percent of DPS events. However, in the DPS-sensitive region,

at low ∆rel pT and ∆S, the DPS contribution is relatively large (a few tens of percent).
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Figure 3. Comparison of data with MC simulations at detector level for the DPS-sensitive ob-

servables ∆rel pT (left), and ∆S (right). The background distribution represents the sum of the

contributions of Drell-Yan, W → τν, diboson, multijet, tt, and single-top-quark processes. The

bottom panels show the ratio of the data and simulated distributions. The band shows the total

uncertainty, with the contributions of the jet energy scale uncertainty and the statistical uncertain-

ties of the MC samples added in quadrature. The error bars on the ratio histogram represent the

statistical uncertainty of the data and the simulated samples added in quadrature.

1 µ : pT > 35 GeV/c and |η| < 2.1

ET/ > 30 GeV and MT > 50 GeV/c2

Exactly 2 jets : pT > 20 GeV/c and |η| < 2.0

Table 4. Phase space definition for the visible cross section at the particle level.

Thus, the shape of the distribution of ∆rel pT and ∆S is more important than the absolute

normalization in the extraction of the DPS fraction. Therefore, the unfolding and the

systematic studies are carried out for the shapes of the ∆rel pT and ∆S distributions. The

measured distributions are unfolded to the level of stable particles (lifetime cτ > 10 mm)

within the phase space given in table 4.

Unfolding is performed with an iterative Bayesian method [56] that properly takes into

account bin-to-bin migrations. A response matrix is created with simulated events pro-

duced with the MadGraph 5 + pythia 6 Monte Carlo event generator. The unfolding

is cross-checked by using the singular value decomposition (SVD) [57] approach. Itera-

tive Bayesian and SVD approaches give consistent results within uncertainties. Various

systematic effects are considered and are listed below:

• Model dependence: the sensitivity to the model dependence of the simulations used

for the unfolding is estimated by comparing the results unfolded with different MCs.

The main effect is due to the simulation of MPI, and is estimated by comparing

the detector-level distributions of ∆rel pT and ∆S unfolded by using MadGraph 5

+ pythia 6, with and without MPI. The effect of removing MPI is about 3–4%,

– 11 –



J
H
E
P
0
3
(
2
0
1
4
)
0
3
2

independent of ∆rel pT and ∆S. This is taken as an estimate of the systematic

uncertainty due to the model dependence of the simulations.

• Background subtraction: the contribution from various backgrounds is estimated with

simulated samples that are subtracted from data before applying any corrections. In

order to estimate the systematic uncertainties, the cross sections of the background

processes are varied within their uncertainties. The shape of the background distri-

bution is affected by the jet energy scale and ET/ uncertainties. The total effect of all

these uncertainties on the final distribution is less than 0.5%.

• Jet Energy Scale (JES): the four momentum of each jet is varied by the JES uncer-

tainty. This variation gives a systematic bias of 1–3%.

• Jet Energy Resolution (JER): the JER is different between data and simulation by

3–8% for |η| < 2.0. A variation of the JER by this amount in the simulation affects

the distribution by less than 1%.

• Resolution of ET/ : the ET/ resolution differs in data and simulation [55]; this affects

the ∆S distribution by at most 3.7%. The effect on the ∆rel pT distribution is less

than 1%.

• Pileup: in order to take into account the uncertainty in the luminosity measure-

ment [58] and the total inelastic cross section, an uncertainty of 5% is assigned to the

mean value of the pileup distribution. This uncertainty affects the ∆S distribution

by at most 3.7%, whereas the effect on the ∆rel pT distribution is less than 1%.

Table 5 summarizes the systematic uncertainties for the ∆rel pT and ∆S distributions.

The absolute cross section of W + 2-jet events is not important for the extraction of the

DPS contribution. However, for completeness the W+ 2-jet production cross section is

also corrected to the particle level. The total cross section for the W + 2-jet production

(including the DPS contribution), within the region defined in table 4, is measured to be

53.4 ± 0.1 (stat.) ± 7.6 (syst.) pb. This is consistent with the particle-level prediction by

MadGraph 5 + pythia 8, scaled by the ratio of the NNLO and LO cross section for

inclusive W production, yielding 55.6± 2.8 pb. Various systematic effects, arising from the

sources discussed above, are also evaluated for the total W + 2-jet cross section. In addition

to these, the cross section has a systematic uncertainty of 2.2% due to the luminosity

measurement [58]. There is a further uncertainty of 1% in the trigger efficiency and 2% in

the muon identification and selection efficiencies [46]. A summary of the various systematic

uncertainties for the W + 2-jet cross section is given in the last column of table 5.

A comparison of various simulations for inclusive W production with the corrected

distributions is shown in figure 4. The ∆rel pT and ∆S distributions are properly described

by MadGraph 5 + pythia 8. MadGraph 5, with hadronization and parton showering

carried out with pythia 6, also describes the measurements well. The NLO predictions

for W + 2-jet production obtained with powheg 2 + pythia 6 also satisfactorily describe

the data. Measurements are also well reproduced by powheg 2, with hadronization and

parton showering carried out with herwig 6.
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Source ∆relpT ∆S Cross section

Model dependence ≤ 3.2 ≤ 3.9 11

Background normalization ≤ 0.2 ≤ 0.3 1.0

JES ≤ 1.4 ≤ 2.9 7.4

JER ≤ 0.5 ≤ 0.7 1.3

ET/ scale ≤ 0.5 ≤ 3.7 3.3

Pileup ≤ 0.8 ≤ 3.7 2.3

Muon ID and trigger — — 2.2

Luminosity — — 2.2

Total ≤ 3.7 ≤ 7.2 14

Table 5. Summary of the systematic uncertainties (in %) for different observables. Uncertainties

in integrated luminosity, muon identification (ID), and trigger efficiency only affect the W + 2-jet

cross section measurement.

The pythia 8 simulation underestimates the measurements by a factor of 1.5–2.0.

This discrepancy is due to the fact that pythia 8 generates only 2→1 and 2→2 processes

and most of the additional jets are produced during parton showering, and have a softer

pT spectrum than that measured in data. The difference is mainly in the DPS-sensitive

region. Therefore, event generators used to define SPS backgrounds must include a proper

implementation of additional hard radiation. If it is not included, the effect of missing

hard radiation might be interpreted as a DPS contribution. Without MPI, the LO and

NLO predictions from MadGraph 5 + pythia 8 and powheg 2 + pythia 6 are unable

to describe the data shown in figure 4. The importance of including MPI, for both LO

and NLO simulations in the description of W + 2-jet events, is conclusively shown by the

comparisons of data with simulations with and without MPI. In the following sections the

contribution of hard MPI is extracted.

5 Strategy for the extraction of the DPS fraction

The fraction of W + 2-jet events produced by DPS is extracted by performing a template

fit to the fully corrected distributions of ∆rel pT and ∆S using a binned likelihood method.

Here, the strategy to extract the DPS fraction is discussed, including the definition of the

signal and background templates and the corresponding systematic uncertainties.

5.1 DPS signal template

In this analysis, DPS events are required to have one W boson with zero jets from the first

interaction and two jets from an independent second interaction, where the jets are required

to have pT > 20 GeV/c and |η| < 2.0. In present analysis, the two interactions are assumed

to be independent of each other and a DPS template is produced by randomly mixing W

and dijet events. The DPS template is produced by mixing dijet events simulated with
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Figure 4. Fully corrected data distributions, normalized to unity, for the DPS-sensitive observables

∆rel pT (left) and ∆S (right). The second panel in both plots shows the ratio of data over Mad-

Graph 5 + pythia 8 with and without MPI, whereas in the third panel the ratio with powheg

2 + pythia 6 is shown. The ratio of the data and pythia 8 is shown in the fourth panel of both

plots. The band represents the total uncertainty of the data (cf. table 5).

pythia 8 and W + 0-jet events. These W + 0-jet events are selected as a subsample of the

W + jets inclusive sample simulated with MadGraph 5 + pythia 8. The DPS templates

produced with simulated events are in good agreement with the templates obtained by

mixing W + 0-jet and dijet events in the data.

5.2 Background template

In order to construct the background template, inclusive W + jets events are used which

are produced with MadGraph 5 followed by hadronization and parton showering with

pythia 8. The background template cannot be obtained by simply switching off MPI,

because only the MPI events that satisfy the DPS signal definition as discussed above need

to be excluded. This requires the tagging of the MPI partons and is achieved, in the case

of parton showering with pythia 8, by using the status codes 31–39, which are assigned to

partons produced from MPI. The background template is constructed by taking inclusive

W + jets events that contain exactly two jets with pT > 20 GeV/c and |η| < 2.0 and by

removing those with two MPI tagged partons with |η| < 2.0. It has been argued [21] that

the templates for signal and background must be disjoint and that an additional cutoff on

the transverse momentum, pcut
T , must be applied to the tagged MPI partons. By applying

the pcut
T , events having MPI partons with pT > pcut

T are removed from the background
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Figure 5. The extracted value of the DPS fraction in W + jets events, simulated with MadGraph

5 + pythia 8, using different background templates obtained by varying the transverse momentum

cutoff (pcut
T ) for the second hard interaction. The DPS fractions obtained by performing both

simultaneous and individual fits to the ∆rel pT and ∆S observables are shown. The DPS fraction,

f evt
DPS, for the simulated W + jets events is shown by a dashed black line. The error bars/bands

represent the statistical uncertainty added in quadrature to the systematic uncertainty of the DPS

template (as discussed in section 6).

template. The effect of applying such a cutoff is studied by comparing at simulation level

the fitted and true DPS fraction in the MadGraph 5 + pythia 8 sample as a function

of pcut
T (figure 5). We observe that, for pcut

T < 12 GeV/c, the fitted DPS fraction does not

depend on pcut
T and therefore we do not apply any cut on pT of the MPI partons. The

true DPS fraction in MadGraph 5 + pythia 8 simulation is obtained by counting events

containing a W boson and exactly two jets within the acceptance at particle level. The two

MPI-tagged partons must also be within the acceptance (|η| < 2.0) and there must be no

parton with |η| < 2.0 from the first interaction. This fraction, f evt
DPS, is determined to be

f evt
DPS = 0.046± 0.001 (stat.). (5.1)

Because of the different sensitivities of ∆rel pT and ∆S to DPS, the DPS fraction

obtained by fitting only the ∆S observable underestimates f evt
DPS, whereas the fitted result

with ∆rel pT overestimates the fevt
DPS. However, the fitted DPS fractions are compatible

with each other within their systematic uncertainties. In these simulation studies, the

main source of systematic bias is the model dependence of the signal templates (a detailed

discussion is given in section 6) used for the DPS extraction. If a simultaneous fit of the

∆rel pT and ∆S observables is performed, the fitted fraction is consistent with f evt
DPS.

The two observables ∆rel pT and ∆S are not correlated for signal events; conversely

a 40% correlation is present for the background events. The simultaneous fit does not

take into account the correlation between the two observables. The possible effect of the

correlation is studied with a simulated sample, by extracting the DPS fraction from a fit
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Figure 6. Fit results for the DPS-sensitive observables ∆rel pT (left) and ∆S (right) using signal

and background templates. The distributions of the simulated W + 2-jet events are fitted with

signal and background templates. The bottom panels show the ratio of the distributions to the fit

results. Here, the term “inclusive” means the simulation also includes the DPS contribution.

to the 2-dimensional distribution of ∆rel pT and ∆S. The result differs by 4% from that

obtained by simultaneously fitting the two one-dimensional distributions. This effect of the

correlation on the DPS fraction is small as compared to the total systematic uncertainty

of 26% (as discussed in section 6).

Figure 6 shows the results of fitting the ∆rel pT and ∆S observables for simulated W

+ 2-jet events with signal and background templates. The extracted DPS fraction in the

simulated events is

fMC
DPS = 0.045± 0.002 (stat.), (5.2)

which is consistent with the f evt
DPS value predicted by the default MPI model present

in the MadGraph 5 + pythia 8 simulation. This closure test also works well

when fitting pseudo-data obtained by mixing simulated signal and background events in

different proportions.

To summarize, we perform a simultaneous fit of the ∆rel pT and ∆S observables to

utilize their different sensitivities and to reduce the uncertainties. The signal template is

obtained by randomly mixing independently produced W and dijet events, whereas the

background template is produced from the W + 2-jet sample simulated with MadGraph

5 + pythia 8, in which events with MPI-tagged partons within the acceptance (|η| < 2.0)

are removed.

6 The DPS fraction in data

The ∆rel pT and ∆S distributions are simultaneously fitted by using the signal and back-

ground templates defined in section 5. The fitted value of the DPS fraction (fDPS) is:

fDPS = 0.055± 0.002 (stat.)± 0.014 (syst.). (6.1)
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Figure 7. Fit results for the DPS-sensitive observables ∆rel pT (left) and ∆S (right). Corrected

data distributions are fitted with signal and background templates (as discussed in section 5).

The MC predictions using the fit results are shown in figure 7 and compared to data.

The following sources of systematic uncertainties are investigated:

• the signal template is generated by randomly mixing W + 0-jet and dijet events from

simulated events. The systematic uncertainty in the signal template is calculated

by using different simulations for dijet events, i.e. pythia 8, powheg 2, and her-

wig++ [59]. In this signal definition, the first and second interactions are assumed to

be completely independent of each other. In order to study possible effects of colour

reconnection and energy conservation between the first and the second interactions,

an additional cross-check is performed by using the pythia 8 event generator for

producing W bosons from the first interaction and the dijet from the second interac-

tion. From figure 4 it has been concluded that pythia 8 fails to describe W + 2-jet

measurement due to missing contributions from 2→3 and higher order processes.

However, the DPS signal definition only includes W + 0-jet from the first interac-

tion and exactly two jets from the second interaction, which are essentially 2→1

and 2→2 processes, respectively. Therefore, pythia 8 gives a reliable simulation of

the DPS signal events. There is a significant contribution from the combinatorial

background at particle level, i.e. at least one of the two jets is not from the sec-

ond interaction. For systematic studies, this combinatorial background is removed

by performing jet-parton matching. The variation in the signal template introduces

a systematic uncertainty of 9% in the extracted DPS fraction. MPI effects are in-

cluded in both sets of events used for constructing the signal template; the effect of

double counting is studied by switching off MPI in both sets of events, and found

to be negligible.

• The background template is generated with MadGraph 5 events followed by hadron-

ization and parton showering with the pythia 8 event generator. In order to study
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the corresponding systematic uncertainty, the background template is obtained from

various simulations and parton showering models, i.e. MadGraph 5 + pythia 8,

MadGraph 5 + pythia 6 tune Z2*, and powheg 2 + herwig 6. The MPI partons

cannot be tagged in pythia 6 and herwig 6. The background template is therefore

obtained by switching off MPI. The systematic uncertainty is evaluated by comparing

the DPS fractions using different background templates with MPI off. In this proce-

dure, the systematic uncertainty might be overestimated because of the construction

of the background templates with simulations in which MPI are turned off. These

variations in the background template introduce a systematic uncertainty of 17% in

the DPS fraction.

The systematic uncertainty related to the missing higher order diagrams in Mad-

Graph 5 is estimated by varying the QCD renormalization and factorization scales

simultaneously up and down by a factor of two. This variation gives a systematic

effect of 10% on the extracted value of the DPS fraction.

The ME/PS matching scale is 20 GeV for the MadGraph 5 + pythia 8 simulation.

This pT-threshold controls the matching of partons produced from the matrix element

and that from parton showering. Systematic effects related to the matching scale are

estimated by varying the pT-threshold from 15 GeV/c to 25 GeV/c. This variation

gives a systematic uncertainty of 8% in the DPS fraction.

The total systematic uncertainty on the background template is estimated to be 21%.

• The effect of the uncertainty in PDFs used for the simulated sample is studied by

using the PDF reweighting method and the prescription given in ref. [60]. The PDF

reweighting only affects the hard scatterings and not the MPI and parton showers.

The PDF uncertainties have little effect on the signal template but the variations in

the background template result in an uncertainty of 5% in the extracted DPS fraction.

• The systematic uncertainty due to the limited number of simulated events for the

background template is obtained by varying the template within its statistical un-

certainty. This gives a systematic uncertainty of 5% in the extracted DPS fraction.

• The corrected measured distributions have various systematic uncertainties, as dis-

cussed in section 4. The effect of these systematic biases is evaluated by varying the

shape of the measured distributions within uncertainties. This variation affects the

DPS fraction by 10%.

Table 6 summarizes the various systematic uncertainties in the extracted value of the

DPS fraction.

7 Determination of the effective cross section

As discussed in section 2, the effective cross section can be written as

σeff =
R

fDPS
· σ′2j. (7.1)
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Source Uncertainty (%)

Signal template 9

Background template 21

PDFs 5

Limited MC statistics 5

Uncertainty in corrected data 10

Total 26

Table 6. Systematic uncertainties in the DPS fraction determination.

Source Uncertainty (%)

Model dependence 9

JES 7

JER 2

Background 2

Pileup 1

Total 12

Table 7. Systematic uncertainties in the measurement of R.

To calculate the effective cross section, in addition to fDPS, the measurements of the dijet

cross section and R are also necessary. They are discussed below.

7.1 Measurement of R

The ratio, R, of the yield of events with a W boson in the final state and no jets to the

yield of events with a W boson and exactly two jets with pT > 20 GeV/c and |η| < 2.0 is

25.9±0.2 (stat.) at detector level. After subtracting the background contributions from the

data, this ratio becomes 27.0± 0.2 (stat.). The ratio R is unfolded to particle level with a

correction factor, (Rgen/Rreco), of 1.03 is calculated with MadGraph 5 + pythia 6. The

corrected value of R is 27.8 with a statistical uncertainty of 0.7%. The measurement of R

has a total systematic uncertainty of 12% due to various sources, as listed in table 7. The

measured value of R is:

R = 27.8± 0.2 (stat.)± 3.3 (syst.). (7.2)

7.2 Measurement of σ′
2j

The cross section for dijet production with pT > 20 GeV/c and |η| < 2.0 (σ′2j) is measured

with pp collision data at a centre-of-mass energy of 7 TeV collected during 2010. A combi-

nation of minimum bias and single-jet triggers is used, as for the inclusive jet cross section

measurement [61]. For each trigger, the offline jet pT threshold is chosen such that the

trigger is 100% efficient.
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Source Uncertainty (%)

Model dependence 8

JES 13

JER 2

Total 15

Table 8. Uncertainties in the measured value of the dijet cross section.

fDPS 0.055 ± 0.002 (stat.) ± 0.014 (syst.)

R 27.8 ± 0.2 (stat.) ± 3.3 (syst.)

σ′2j 0.0409 ± 0.0004 (stat.) ± 0.0061 (syst.) mb

Effective cross section 20.7 ± 0.8 (stat.) ± 6.6 (syst.) mb

Table 9. Measured value of fDPS, R, σ′2j, and the effective cross section.

At detector level, the cross section for events with exactly two jets with pT > 20 GeV/c

and |η| < 2.0 is measured to be 0.046 mb. This is corrected to particle level with a cor-

rection factor of 0.89 calculated from the pythia 6 simulation. The 8% uncertainty in the

correction factor is due to the model dependence, estimated by comparing the corrections

obtained from the pythia 6 and herwig++ samples. There are further systematic un-

certainties of 13% and 2% due to the JES and JER uncertainties, respectively. Table 8

summarizes the various sources of systematic uncertainties. The production cross section

σ′2j at particle level is:

σ′2j = 0.0409± 0.0004 (stat.)± 0.0061 (syst.) mb. (7.3)

With the values of fDPS, R, and σ′2j in eq. (7.1), the effective cross section is determined

to be:

σeff = 20.7± 0.8 (stat.)± 6.6 (syst.) mb. (7.4)

The results of the measurements of R, the DPS fraction, the dijet cross section, and

the effective cross section are summarized in table 9. Figure 8 shows a comparison of the

effective cross sections obtained using different processes at various centre-of-mass ener-

gies. In some theoretical models [22], σeff is expressed as a simple geometrical integral

that is independent of the collision energies. Conversely, pythia predicts an increase of

σeff with centre-of-mass energy because of the parameter pT0(
√
s), which depends on the

collision energy. From the experimental results, a firm conclusion on the energy depen-

dence of σeff cannot be drawn because of the large systematic uncertainties. The CMS

measurement is consistent with previous measurements performed at the Tevatron and by

the ATLAS Collaboration at the LHC. The CMS measurement is also consistent with pre-

dictions from pythia of 20–30 mb, depending on the tune. The measured effective cross

section is also consistent with that obtained by fitting the underlying event data [62] with

the herwig++ simulation.
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Figure 8. Centre-of-mass energy dependence of σeff measured by different experiments using

different processes [8–12, 21]. These measurements used different approaches for extraction of the

DPS fraction and σeff. The “Corrected CDF” data point indicates the σeff value corrected for the

exclusive event selection [23].

8 Summary

A study of double parton scattering in W + 2-jet events in pp collisions is presented. The

data correspond to an integrated luminosity of 5 fb−1 collected in pp collisions at a centre-

of-mass energy of 7 TeV. Events with a W boson, reconstructed from the muon and ET/

information, are required to have exactly two jets with pT > 20 GeV/c and |η| < 2.0. The

DPS-sensitive observables ∆rel pT and ∆S are corrected for detector effects and selection

efficiencies. Simulations of W + jets events with MadGraph 5 + pythia 8 (or pythia 6)

and NLO predictions of powheg 2 + pythia 6 (or herwig 6) provide a good description

of the observables and describe the data only if multiple parton interactions are included.

The fraction of DPS in W + 2-jet events is extracted with a DPS + SPS template

fit to the distribution of the ∆rel pT and ∆S observables. The obtained value of the DPS

fraction is

fDPS = 0.055± 0.002 (stat.)± 0.014 (syst.), (8.1)

and the effective cross section, characterizing the effective transverse area of hard partonic

interactions in collisions between protons, is calculated to be

σeff = 20.7± 0.8 (stat.)± 6.6 (syst.) mb. (8.2)

The measured value of the effective cross section is consistent with the Tevatron and

ATLAS results.
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[31] T. Sjöstrand, S. Mrenna and P.Z. Skands, PYTHIA 6.4 physics and manual, JHEP 05

(2006) 026 [hep-ph/0603175] [INSPIRE].

[32] K. Hamilton and P. Nason, Improving NLO-parton shower matched simulations with higher

order matrix elements, JHEP 06 (2010) 039 [arXiv:1004.1764] [INSPIRE].

[33] K. Melnikov and F. Petriello, Electroweak gauge boson production at hadron colliders through

O(α2
s), Phys. Rev. D 74 (2006) 114017 [hep-ph/0609070] [INSPIRE].

[34] N. Kidonakis, Next-to-next-to-leading soft-gluon corrections for the top quark cross section

and transverse momentum distribution, Phys. Rev. D 82 (2010) 114030 [arXiv:1009.4935]

[INSPIRE].

[35] N. Kidonakis, NNLL resummation for s-channel single top quark production, Phys. Rev. D

81 (2010) 054028 [arXiv:1001.5034] [INSPIRE].

[36] N. Kidonakis, Next-to-next-to-leading-order collinear and soft gluon corrections for t-channel

single top quark production, Phys. Rev. D 83 (2011) 091503 [arXiv:1103.2792] [INSPIRE].

[37] N. Kidonakis, Two-loop soft anomalous dimensions for single top quark associated production

with a W− or H−, Phys. Rev. D 82 (2010) 054018 [arXiv:1005.4451] [INSPIRE].

[38] J.M. Campbell, R.K. Ellis and C. Williams, Vector boson pair production at the LHC, JHEP

07 (2011) 018 [arXiv:1105.0020] [INSPIRE].

[39] GEANT4 collaboration, S. Agostinelli et al., GEANT4: a simulation toolkit, Nucl. Instrum.

Meth. A 506 (2003) 250 [INSPIRE].

[40] CMS collaboration, Study of the underlying event at forward rapidity in pp collisions at√
s = 0.9, 2.76 and 7 TeV, JHEP 04 (2013) 072 [arXiv:1302.2394] [INSPIRE].

[41] K. Hamilton, P. Nason and G. Zanderighi, MINLO: Multi-scale Improved NLO, JHEP 10

(2012) 155 [arXiv:1206.3572] [INSPIRE].

[42] J.M. Campbell, R.K. Ellis, P. Nason and G. Zanderighi, W and Z bosons in association with

two jets using the POWHEG method, JHEP 08 (2013) 005 [arXiv:1303.5447] [INSPIRE].

[43] G. Marchesini et al., HERWIG: A Monte Carlo event generator for simulating hadron

emission reactions with interfering gluons. Version 5.1 — April 1991, Comput. Phys.

Commun. 67 (1992) 465 [INSPIRE].

[44] G. Corcella et al., HERWIG 6: an event generator for hadron emission reactions with

interfering gluons (including supersymmetric processes), JHEP 01 (2001) 010

[hep-ph/0011363] [INSPIRE].

[45] J. Pumplin et al., New generation of parton distributions with uncertainties from global QCD

analysis, JHEP 07 (2002) 012 [hep-ph/0201195] [INSPIRE].

[46] CMS collaboration, Measurement of the inclusive W and Z production cross sections in pp

collisions at
√
s = 7 TeV, JHEP 10 (2011) 132 [arXiv:1107.4789] [INSPIRE].

[47] CMS collaboration, Measurement of the underlying event in the Drell-Yan process in

proton-proton collisions at
√
s = 7 TeV, Eur. Phys. J. C 72 (2012) 2080 [arXiv:1204.1411]

[INSPIRE].

– 25 –

http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://inspirehep.net/search?p=find+J+JINST,3,S08004
http://arxiv.org/abs/1010.3558
http://inspirehep.net/search?p=find+EPRINT+arXiv:1010.3558
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0603175
http://dx.doi.org/10.1007/JHEP06(2010)039
http://arxiv.org/abs/1004.1764
http://inspirehep.net/search?p=find+EPRINT+arXiv:1004.1764
http://dx.doi.org/10.1103/PhysRevD.74.114017
http://arxiv.org/abs/hep-ph/0609070
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0609070
http://dx.doi.org/10.1103/PhysRevD.82.114030
http://arxiv.org/abs/1009.4935
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.4935
http://dx.doi.org/10.1103/PhysRevD.81.054028
http://dx.doi.org/10.1103/PhysRevD.81.054028
http://arxiv.org/abs/1001.5034
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.5034
http://dx.doi.org/10.1103/PhysRevD.83.091503
http://arxiv.org/abs/1103.2792
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.2792
http://dx.doi.org/10.1103/PhysRevD.82.054018
http://arxiv.org/abs/1005.4451
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.4451
http://dx.doi.org/10.1007/JHEP07(2011)018
http://dx.doi.org/10.1007/JHEP07(2011)018
http://arxiv.org/abs/1105.0020
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.0020
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://inspirehep.net/search?p=find+J+Nucl.Instrum.Meth.,A506,250
http://dx.doi.org/10.1007/JHEP04(2013)072
http://arxiv.org/abs/1302.2394
http://inspirehep.net/search?p=find+EPRINT+arXiv:1302.2394
http://dx.doi.org/10.1007/JHEP10(2012)155
http://dx.doi.org/10.1007/JHEP10(2012)155
http://arxiv.org/abs/1206.3572
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.3572
http://dx.doi.org/10.1007/JHEP08(2013)005
http://arxiv.org/abs/1303.5447
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5447
http://dx.doi.org/10.1016/0010-4655(92)90055-4
http://dx.doi.org/10.1016/0010-4655(92)90055-4
http://inspirehep.net/search?p=find+J+Comput.Phys.Commun.,67,465
http://dx.doi.org/10.1088/1126-6708/2001/01/010
http://arxiv.org/abs/hep-ph/0011363
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0011363
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0201195
http://dx.doi.org/10.1007/JHEP10(2011)132
http://arxiv.org/abs/1107.4789
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.4789
http://dx.doi.org/10.1140/epjc/s10052-012-2080-4
http://arxiv.org/abs/1204.1411
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.1411


J
H
E
P
0
3
(
2
0
1
4
)
0
3
2

[48] CMS collaboration, Particle-flow event reconstruction in CMS and performance for jets, taus

and MET, CMS-PAS-PFT-09-001 (Particle-Flow Event Reconstruction in CMS and

Performance for Jets, Taus and MET).

[49] M. Cacciari, G.P. Salam and G. Soyez, The anti-kt jet clustering algorithm, JHEP 04 (2008)

063 [arXiv:0802.1189] [INSPIRE].

[50] M. Cacciari, G.P. Salam and G. Soyez, FastJet user manual, Eur. Phys. J. C 72 (2012) 1896

[arXiv:1111.6097] [INSPIRE].

[51] M. Cacciari and G.P. Salam, Dispelling the N3 myth for the kt jet-finder, Phys. Lett. B 641

(2006) 57 [hep-ph/0512210] [INSPIRE].

[52] CMS collaboration, Identification and filtering of uncharacteristic noise in the CMS hadron

calorimeter, 2010 JINST 5 T03014 [arXiv:0911.4881] [INSPIRE].

[53] CMS collaboration, Determination of jet energy calibration and transverse momentum

resolution in CMS, 2011 JINST 6 P11002 [arXiv:1107.4277] [INSPIRE].

[54] M. Cacciari and G.P. Salam, Pileup subtraction using jet areas, Phys. Lett. B 659 (2008) 119

[arXiv:0707.1378] [INSPIRE].

[55] CMS collaboration, Missing transverse energy performance of the CMS detector, 2011

JINST 6 P09001 [arXiv:1106.5048] [INSPIRE].

[56] G. D’Agostini, A multidimensional unfolding method based on Bayes’ theorem, Nucl.

Instrum. Meth. A 362 (1995) 487 [INSPIRE].

[57] A. Hocker and V. Kartvelishvili, SVD approach to data unfolding, Nucl. Instrum. Meth. A

372 (1996) 469 [hep-ph/9509307] [INSPIRE].

[58] CMS collaboration, Absolute calibration of the luminosity measurement at CMS: winter 2012

update, CMS-PAS-SMP-12-008 (2012).

[59] M. Bähr et al., HERWIG++ physics and manual, Eur. Phys. J. C 58 (2008) 639

[arXiv:0803.0883] [INSPIRE].

[60] S. Alekhin et al., The PDF4LHC working group interim report, arXiv:1101.0536 [INSPIRE].

[61] CMS collaboration, Measurement of the inclusive jet cross section in pp collisions at
√
s = 7

TeV, Phys. Rev. Lett. 107 (2011) 132001 [arXiv:1106.0208] [INSPIRE].

[62] M.H. Seymour and A. Siodmok, Constraining MPI models using σeff and recent Tevatron

and LHC underlying event data, JHEP 10 (2013) 113 [arXiv:1307.5015] [INSPIRE].

– 26 –

http://cds.cern.ch/record/1194487
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.1189
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://arxiv.org/abs/1111.6097
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.6097
http://dx.doi.org/10.1016/j.physletb.2006.08.037
http://dx.doi.org/10.1016/j.physletb.2006.08.037
http://arxiv.org/abs/hep-ph/0512210
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0512210
http://dx.doi.org/10.1088/1748-0221/5/03/T03014
http://arxiv.org/abs/0911.4881
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.4881
http://dx.doi.org/10.1088/1748-0221/6/11/P11002
http://arxiv.org/abs/1107.4277
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.4277
http://dx.doi.org/10.1016/j.physletb.2007.09.077
http://arxiv.org/abs/0707.1378
http://inspirehep.net/search?p=find+EPRINT+arXiv:0707.1378
http://dx.doi.org/10.1088/1748-0221/6/09/P09001
http://dx.doi.org/10.1088/1748-0221/6/09/P09001
http://arxiv.org/abs/1106.5048
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.5048
http://dx.doi.org/10.1016/0168-9002(95)00274-X
http://dx.doi.org/10.1016/0168-9002(95)00274-X
http://inspirehep.net/search?p=find+J+Nucl.Instrum.Meth.,A362,487
http://dx.doi.org/10.1016/0168-9002(95)01478-0
http://dx.doi.org/10.1016/0168-9002(95)01478-0
http://arxiv.org/abs/hep-ph/9509307
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9509307
http://cds.cern.ch/record/1434360
http://dx.doi.org/10.1140/epjc/s10052-008-0798-9
http://arxiv.org/abs/0803.0883
http://inspirehep.net/search?p=find+EPRINT+arXiv:0803.0883
http://arxiv.org/abs/1101.0536
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.0536
http://dx.doi.org/10.1103/PhysRevLett.107.132001
http://arxiv.org/abs/1106.0208
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.0208
http://dx.doi.org/10.1007/JHEP10(2013)113
http://arxiv.org/abs/1307.5015
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.5015


J
H
E
P
0
3
(
2
0
1
4
)
0
3
2

The CMS collaboration

Yerevan Physics Institute, Yerevan, Armenia

S. Chatrchyan, V. Khachatryan, A.M. Sirunyan, A. Tumasyan

Institut für Hochenergiephysik der OeAW, Wien, Austria

W. Adam, T. Bergauer, M. Dragicevic, J. Erö, C. Fabjan1, M. Friedl, R. Frühwirth1,
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M. Biasinia,b, G.M. Bileia, L. Fanòa,b, P. Laricciaa,b, G. Mantovania,b, M. Menichellia,

F. Romeoa,b, A. Sahaa, A. Santocchiaa,b, A. Spieziaa,b
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M.T. Grippoa,28, A. Kraana, F. Ligabuea,c, T. Lomtadzea, L. Martinia,b, A. Messineoa,b,

C.S. Moona,29, F. Pallaa, A. Rizzia,b, A. Savoy-Navarroa,30, A.T. Serbana, P. Spagnoloa,

P. Squillaciotia,28, R. Tenchinia, G. Tonellia,b, A. Venturia, P.G. Verdinia, C. Vernieria,c

INFN Sezione di Roma a, Università di Roma b, Roma, Italy
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