
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2018-344
2019/09/30

CMS-SMP-17-009

Azimuthal separation in nearly back-to-back jet topologies
in inclusive 2- and 3-jet events in pp collisions at√

s = 13 TeV

The CMS Collaboration∗

Abstract

A measurement for inclusive 2- and 3-jet events of the azimuthal correlation be-
tween the two jets with the largest transverse momenta, ∆φ12, is presented. The
measurement considers events where the two leading jets are nearly collinear (“back-
to-back”) in the transverse plane and is performed for several ranges of the leading
jet transverse momentum. Proton-proton collision data collected with the CMS ex-
periment at a center-of-mass energy of 13 TeV and corresponding to an integrated
luminosity of 35.9 fb−1 are used. Predictions based on calculations using matrix el-
ements at leading-order and next-to-leading-order accuracy in perturbative quan-
tum chromodynamics supplemented with leading-log parton showers and hadron-
ization are generally in agreement with the measurements. Discrepancies between
the measurement and theoretical predictions are as large as 15%, mainly in the region
177◦ < ∆φ12 < 180◦. The 2- and 3-jet measurements are not simultaneously described
by any of models.

”Published in the European Physical Journal C as doi:10.1140/epjc/s10052-019-7276-4.”

c© 2019 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

∗See Appendix A for the list of collaboration members

ar
X

iv
:1

90
2.

04
37

4v
2 

 [
he

p-
ex

] 
 2

7 
Se

p 
20

19

http://dx.doi.org/10.1140/epjc/s10052-019-7276-4
http://creativecommons.org/licenses/by/4.0




1

1 Introduction
Collimated streams of particles (jets) can be produced in highly energetic parton-parton interac-
tions in proton-proton (s ) collisions, and their properties are described by the theory of strong
interactions, quantum chromodynamics (QCD). In the lowest order perturbative QCD (pQCD),
two jets with high transverse momenta pT are produced “back-to-back” in the transverse plane.
Higher order corrections lead to deviations from this configuration. Experimentally, this can
be investigated by the measurement of the azimuthal separation, ∆φ12 = |φjet1− φjet2|, between
the two leading pT jets in the transverse plane. Within the framework of pQCD, a final state
with three or more partons is required for significant deviations from ∆φ12 = 180◦. However,
when deviations of ∆φ12 from 180◦ are small, a pQCD calculation at a fixed order in the strong
coupling αS becomes unstable and a resummation of soft parton emissions to all orders in αS
has to be performed. This resummation is approximated through the use of parton showers in
Monte Carlo (MC) event generators.

Azimuthal correlations in inclusive 2-jet events have been measured previously by the D0 Col-
laboration in pp collisions at a center-of-mass energy of

√
s = 1.96 TeV [1, 2], in pp collisions

by the ATLAS Collaboration at
√

s = 7 TeV [3], and by the CMS Collaboration at
√

s = 7, 8,
and 13 TeV [4–6], but none of the measurements considered in detail the region close to the
back-to-back configuration. A detailed study of azimuthal correlations close to the back-to-
back configuration allows a more precise test of different resummation strategies, and it is a
first step towards an improved understanding of the effects of soft initial and final state gluons
[7, 8]. The leading- and next-to-leading-logarithm contributions to the dijet azimuthal angular
correlation have been investigated in [9–11]. The effects of applying a transverse momentum
dependent parton showering to the dijet azimuthal angular correlation were studied in [12].

In this article measurements are reported of the normalized inclusive 2-jet distribution as a
function of the azimuthal separation ∆φ12 between the two leading pT jets (jets 1 and 2),

1
σpmax

T

dσ

d∆φ12
, (1)

in several intervals of the leading jet pT (pmax
T ) within the rapidity range |y| < 2.5. The total

dijet cross section σpmax
T

is measured within each range of pmax
T integrated over the full range in

∆φ12. The binning of the measurement presented here is much finer than that of Ref. [6]. We
consider ∆φ12 in the range 170◦ < ∆φ12 ≤ 180◦.

The inclusive 3-jet distributions, differential in ∆φ12 and pmax
T , with the pT of third highest pT jet

typically being 1-2 orders of magnitude smaller than pmax
T , are also suitable to test resummation

effects arising from the presence of multiple scales in the interaction. Measurements of the
inclusive 3-jet distribution normalized to σpmax

T
are also presented, for several ranges of pmax

T ,
and within |y| < 2.5.

The measurements are performed using data collected from p p collisions at
√

s = 13 TeV
during 2016 with the CMS experiment at the CERN LHC, corresponding to an integrated lu-
minosity of 35.9 fb−1.

2 The CMS Detector
The central feature of the CMS detector is a superconducting solenoid, 13 m in length and 6 m
in inner diameter, providing an axial magnetic field of 3.8 T. Within the solenoid volume are
a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL)
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and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Charged-particle trajectories are measured by the tracker with full azimuthal
coverage within pseudorapidities |η| < 2.5. The ECAL, which is equipped with a preshower
detector in the endcaps, and the HCAL cover the region |η| < 3.0. Forward calorimeters extend
the pseudorapidity coverage provided by the barrel and endcap detectors to the region 3.0 <
|η| < 5.2. Finally, muons are measured up to |η| < 2.4 by gas-ionization detectors embedded
in the steel flux-return yoke outside the solenoid. A detailed description of the CMS detector
together with a definition of the coordinate system used and the relevant kinematic variables
can be found in Ref. [13].

3 Theoretical predictions
Simulations from leading-order (LO) and next-to-LO (NLO) MC event generators are inves-
tigated. Among the LO event generators, both PYTHIA 8 [14] (version 8.219) and HERWIG++
[15] (version 2.7.1) are used for predictions because they feature different parton showering
(PS) algorithms for soft and collinear parton radiation at leading-log accuracy. In PYTHIA 8
the PS emissions cover a region of phase space ordered in x (fraction of the proton momen-
tum carried by the parton) and the pT of the emitted parton, whereas in HERWIG++ the parton
emissions are ordered in x and the angle of the radiated parton (angular ordering). The Lund
string model [16] is used for hadronization in PYTHIA 8 [14], whereas in HERWIG++ the cluster
fragmentation model [17] is applied. Multiparton interactions (MPI) are simulated in PYTHIA

8 (tune CUETP8M1 [18] with the parton distribution function (PDF) set NNPDF2.3LO [19, 20])
and in HERWIG++ (tune CUETHppS1 [18] with the PDF set CTEQ6L1 [21]) with parameters
tuned to measurements in p p collisions at the LHC and pp collisions at the Tevatron.

The MADGRAPH5 aMC@NLO [22] version 2.3.3 event generator (labelled as MADGRAPH in
the following) interfaced with PYTHIA 8 with tune CUETP8M1 is also used in the analysis.
Processes with up to 4 final-state partons at LO accuracy are calculated using the NNPDF2.3LO
PDF set. The kT-MLM matching procedure [23] is used with a matching scale of 10 GeV.

Among the NLO event generators, predictions obtained using the POWHEG BOX library [24–26]
(version 2) with the PDF set NNPDF3.0NLO [27] are considered. The event generators PYTHIA

8 (tune CUETP8M1) and HERWIG++ (tune CUETHppS1) are used to simulate PS, hadroniza-
tion, and MPI. The POWHEG generator in dijet mode [28], referred to as PH-2J, provides an NLO
dijet calculation, which is accurate to LO for the azimuthal correlation between the leading jets.
The POWHEG generator in three-jet mode [29] (using the MiNLO scheme [30, 31]), referred to as
PH-3J, provides an NLO 2→ 3 calculation. For the PH-2J matrix elements (ME), a minimum pT
of 100 GeV is required on the partons in the Born process, while for the PH-3J ME the minimum
is lowered to 10 GeV to ensure coverage of the full phase space. These thresholds are applied
to optimize the generation of events in the phase space of interest. The matching between the
POWHEG matrix element calculations and the PYTHIA 8 underlying event (UE) [18] simulation
is performed by using the shower-veto procedure (UserHook option 2 [14]). The matching be-
tween the POWHEG matrix element calculations and the HERWIG++ UE [18] is performed by
using a truncated shower [24].

Events generated by PYTHIA 8 (tune CUETP8M1), HERWIG++ (tune CUETHppS1), and MAD-
GRAPH interfaced with PYTHIA 8 (tune CUETP8M1) are passed through a full detector simula-
tion based on GEANT4 [32]. The simulated events events are reconstructed with standard CMS
programs.

Table 1 summarizes the theoretical predictions used in the present analysis.
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Table 1: Monte Carlo event generators, parton densities, and underlying event tunes used for
comparison with measurements.

Matrix element generator Simulated diagrams PDF set Tune

PYTHIA 8.219 [14] 2→2 (LO) NNPDF2.3LO [19, 20] CUETP8M1 [18]

HERWIG++ 2.7.1 [15] 2→2 (LO) CTEQ6L1 [21] CUETHppS1 [18]

MADGRAPH [22, 23]+ PYTHIA 8.219 [14] 2→2, 2→3, 2→4 (LO) NNPDF2.3LO [19, 20] CUETP8M1 [18]

PH-2J [24–26] + PYTHIA 8.219 [14] 2→2 (NLO) NNPDF3.0NLO [27] CUETP8M1 [18]

PH-2J [24–26] + HERWIG++ 2.7.1 [15] 2→2 (NLO) NNPDF3.0NLO [27] CUETHppS1 [18]

PH-3J [24–26] + PYTHIA 8.219 [14] 2→3 (NLO) NNPDF3.0NLO [27] CUETP8M1 [18]

4 Jet reconstruction and event selection
The measurements are based on data samples collected with single-jet high-level triggers [33,
34]. The five single-jet triggers require at least one jet in the event with pT > 140, 200, 320, 400,
or 450 GeV within the full rapidity coverage of the CMS calorimetry. Table 2 shows the various
pmax

T regions accessed by the various triggers and the integrated luminosity for each trigger in
the analysis. Each trigger is fully efficient for jets in the corresponding pT range in Table 2.

Table 2: The integrated luminosity for each trigger sample in the analysis, and trigger used for
each pmax

T range.

HLT pT threshold (GeV) 140 200 320 400 450
L (fb−1) 0.024 0.11 1.77 5.2 36
pmax

T region (GeV) 200–300 300–400 400–500 500–600 >600

Particles are reconstructed and identified using a particle-flow (PF) algorithm [35], which uti-
lizes an optimized combination of information from the various elements of the CMS detector.
Jets are reconstructed by clustering the four-vectors of the PF candidates with the infrared-
and collinear-safe anti-kT clustering algorithm [36] with a distance parameter R = 0.4. The
clustering is performed with the FASTJET package [37]. To reduce the contribution to the re-
constructed jets from additional p p interactions within the same bunch crossing (pileup), the
charged-hadron subtraction technique [38] is used to remove tracks identified as originating
from pileup vertices. The average number of pileup interactions per single bunch crossing ob-
served in the data is about 27. The pileup contribution from neutral hadrons is corrected using
a jet-area-based correction technique [39].

For this analysis, jets with rapidity |y| < 5.0 are reconstructed. For both the inclusive 2- and
3-jet samples, the events are selected by requiring the two highest pT jets to have |y| < 2.5
and pT > 100 GeV. For the inclusive 3-jet events a third jet with pT > 30 GeV and |y| < 2.5 is
required. Contributions from pileup are negligible because the pileup removal algorithm has
an efficiency of ∼99% for jets with 30 < pT < 50 GeV and |y| < 2.5 [40].

5 Measurements of the normalized inclusive 2- and 3-jet distribu-
tions

The normalized inclusive 2- and 3-jet distributions as a function of ∆φ12 are corrected for de-
tector resolution. We achieve this by unfolding the observables to the level of stable final-state
particles. In this way, a direct comparison of these measurements to results from other exper-
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iments and to QCD predictions is possible. Particles are considered stable if their mean decay
length is larger than 1 cm.

The unfolding procedure is based on the D’Agostini algorithm [41], which is implemented in
the ROOUNFOLD package [42], by using a response matrix that maps the generated jets onto
the jets reconstructed by the CMS detector. The regularization (number of iterations) of the
unfolding procedure is chosen by comparing the difference in χ2 between data and MC at
detector level to that between data and MC at particle level. The consistency of the unfolding
procedure is checked against the alternative TUNFOLD package [43, 44], which uses a least
square minimization with Tikhonov regularization. Both methods provide equivalent results.
The unfolding is performed in ∆φ12. The response matrices are obtained using simulated events
from the PYTHIA 8 event generator with the tune CUETP8M1. The difference between the
unfolded distributions and the distributions at detector level range from ∼1% for the low pmax

T
regions up to ∼5% for the high pmax

T regions.

The sources of systematic uncertainties arise primarily from the jet energy scale calibration
(JES), the jet energy resolution (JER), the ∆φ12 resolution, and the model dependence of the
unfolding matrix. The effect of migrations between pmax

T regions is very small because of the
normalization of the cross sections in each pmax

T range and therefore is neglected.

The ∆φ12 resolution is ∼0.5◦, as obtained from fully simulated event samples from PYTHIA 8
and MADGRAPH. A bin size of 1◦ is a compromise between the ability to study the back-to-
back region and the impact of the unfolding correction of ∼2%. In Ref. [6] the study is focused
on a different ∆φ12 region, and a coarser bin size is chosen to account for the smaller size of the
data sample.

Alternative response matrices are obtained by using the ∆φ12 resolution determined from fully
simulated events. This resolution is varied by ±10%, an amount that is motivated by the ob-
served difference between data and simulation. The resulting uncertainty is estimated to be
below 1%.

An additional systematic uncertainty is caused by the dependence of the response matrix on
the choice of the MC generator. Alternative response matrices are built using the HERWIG++
and MADGRAPH + PYTHIA 8 event generators. Because this analysis uses a finer binning com-
pared with that of Ref. [6], the sensitivity to the uncertainty in the unfolding is increased. The
observed effect from bin migration is less than 2%.

The JER and shifts in the JES can cause events to migrate between the pmax
T regions. The JES

uncertainties on the energy measurement are estimated to be 1–2% [38]. The resulting JES un-
certainties in the normalized inclusive 2-jet distributions due to bin migrations are less than
2%, whereas for the normalized inclusive 3-jet distributions they are less than 3%. The effect
of the JER uncertainties [38] is estimated by varying the JER parameters by one standard devi-
ation up and down and comparing the results before and after the changes. The JER-induced
uncertainties are less than 0.2% for the inclusive 2-jet ∆φ12 measurement and below 0.4% for
the normalized inclusive 3-jet measurement.

6 Comparison to theoretical predictions
In this section the measurements are compared with different theoretical predictions intro-
duced in Section 3. In all figures displaying ratios, the solid band indicates the total exper-
imental uncertainty and the error bars represent the statistical uncertainties from the simula-
tion. In the figures displaying the normalized distributions, the error bars on the data represent
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the total experimental uncertainty and the error bars on the predictions represent the statistical
uncertainty of the simulation. The uncertainties are often so small that the bars are not visible.
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Figure 1: Normalized inclusive 2-jet distributions as a function of the azimuthal separation of
the two leading jets ∆φ12 for different pmax

T regions. The data are represented by the markers
and the theory by histograms. Overlaid with the data are predictions from the HERWIG++
event generator (solid lines) and PYTHIA 8 (dotted lines). The total experimental uncertainty is
depicted as error bars on the measurement.

The unfolded normalized inclusive 2-jet distribution as a function of ∆φ12 is shown in Fig. 1,
and compared with the predictions from HERWIG++ (solid lines ) and PYTHIA 8 (dotted lines)
for different pmax

T regions. The distributions are strongly peaked at 180◦ and become steeper
with increasing pmax

T . The ratio of the PYTHIA 8, HERWIG++, and MADGRAPH + PYTHIA 8
event generator predictions to data are depicted in Fig. 2 for the inclusive 2-jet distributions
in the nine pmax

T ranges. Among the event generators, PYTHIA 8 and HERWIG++ show the
largest deviations from the measurements for the pmax

T < 800 GeV regions in the inclusive 2-jet
case, and the MADGRAPH + PYTHIA 8 event generator gives the best description in the same
regions. The three generators show large deviations from the measurements in the pmax

T >
800 GeV regions. The nonperturbative corrections are estimated to be small (below 1.5%) by
comparing the predictions from PYTHIA 8 without the simulation of multi-parton interactions
and hadronization (dashed blue curve) to the predictions from PYTHIA 8 when these effects are
included (solid blue curve). The nonperturbative correction factors are available in HepData.

The ratios of the NLO predictions to data for the unfolded normalized inclusive 2-jet distribu-
tions for the different pmax

T regions are shown in Fig. 3. The NLO calculations considered are
PH-2J + PYTHIA 8, PH-2J + HERWIG++, and PH-3J + PYTHIA 8. Among these NLO predictions
PH-3J + PYTHIA 8 agrees better with the data. The PH-2J + HERWIG++ prediction is similar to
the one of PH-3J + PYTHIA 8, except for the lowest pmax

T region.

In Fig. 4 the unfolded normalized inclusive 3-jet distribution as a function of ∆φ12 are compared
with the predictions from HERWIG++ (solid lines) and PYTHIA 8 (dotted lines) for different pmax

T
regions. The ratios of the normalized inclusive 3-jet distributions for the PYTHIA 8, HERWIG++,
and MADGRAPH + PYTHIA 8 predictions to data are shown in Fig. 5 for the different pmax

T
regions. In contrast to the 2-jet case, MADGRAPH + PYTHIA 8 shows the largest deviations from
the measurements close to 180◦, whereas PYTHIA 8 and HERWIG++ give a good description of
the data.
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Figure 2: Ratios of the normalized inclusive 2-jet distributions for the PYTHIA 8, HERWIG++,
and MADGRAPH + PYTHIA 8 predictions to data as a function of the azimuthal separation of the
two leading jets ∆φ12, for all the pmax

T regions. The solid band indicates the total experimental
uncertainty and the error bars on the MC points represent the statistical uncertainty of the
simulated data.

The ratios of the NLO predictions from PH-2J + PYTHIA 8, PH-2J + HERWIG++, and PH-3J +
PYTHIA 8 to data for the normalized inclusive 3-jet distributions are shown in Fig. 6. All the
considered NLO+PS predictions fail to describe the measurements close to 180◦. The predic-
tions from PH-3J and MADGRAPH (Fig. 5) behave very differently, in contrast to their similar
trend in the inclusive 2-jet case.

Since PYTHIA 8, PH-2J + PYTHIA 8, PH-3J + PYTHIA 8, and MADGRAPH + PYTHIA 8 use the same
parton shower, the observed differences in the predictions can be attributed to the treatment of
the additional partons present in the POWHEG and MADGRAPH ME.

In general we observe that the ∆φ12 region close to 180◦ is not well described by the predictions.
The predictions agree better with the measurements for increasing pmax

T and moving further
away from the back-to-back region in ∆φ12, where the contribution of resummation effects
becomes smaller [10]. The fact that none of the generators is able to describe the 2- and 3-jet
measurements simultaneously suggests that the observed differences (of the order of 10%) are
related to the way soft partons are simulated within the PS. The observed differences between
pT and angular ordered PS for the LO generators PYTHIA 8 and HERWIG++ are small (Figs. 2
and 5) compared to the MADGRAPH predictions, which can be attributed to the presence of
higher order ME.

The theoretical calculations have an intrinsic uncertainty arising from the freedom of choice
of the renormalization and factorization scales (µr and µ f ), the choice of the PDF and αS(mZ),
and the modeling of nonperturbative effects and PS. The total theoretical uncertainty is the
quadratic sum of the uncertainties from the scale, PDF, αS, and PS variations. Despite the
better agreement of PH-3J, the PH-2J event generator is used instead for the estimation of the
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Figure 3: Ratios of the normalized inclusive 2-jet distributions for the PH-2J + PYTHIA 8, PH-3J +
PYTHIA 8, and PH-2J + HERWIG++ predictions to data as a function of the azimuthal separation
of the two leading jets ∆φ12, for all the pmax

T regions. The solid band indicates the total experi-
mental uncertainty and the error bars on the MC points represent the statistical uncertainty of
the simulated data. The PH-3J prediction is not shown for the highest bin in pmax

T because of
the large statistical fluctuations.

scale, PDF, and αS uncertainties, because of the larger event sample. For the estimation of the
PS uncertainty PYTHIA 8 is utilized. The following four sources of theoretical uncertainties are
analyzed:

• The uncertainties due to the renormalization and factorization scales of the hard pro-
cess are evaluated by varying the default choice µr = µ f = pT of the underlying Born
configuration between pT/2 and 2pT. The envelope of the following seven combina-
tions is considered: (µr/pT, µ f /pT) = (0.5, 0.5), (0.5, 1), (1, 0.5), (1, 1), (1, 2), (2, 1),
and (2, 2).

• The PDF uncertainties are evaluated according to the prescriptions for the NNPDF3.0
NLO PDF set. There are 100 replicas of the NNPDF3.0 NLO PDF set. For each replica
the cross section is calculated and the uncertainty is taken as the envelope from all
the replicas.

• The uncertainty due to the value of the strong coupling αS is obtained by a variation
of αS(mZ) by ±0.001, as recommended in Ref. [45].

• The uncertainty due to PS is evaluated with the PYTHIA 8 event generator by varying
the default renormalization scale choice µr = pT of the branching in initial state
(ISR) and final state radiation (FSR) between µr/2 and 2µr. The envelope of the
following nine combinations is considered: (ISR µr/pT , FSR µr/pT) = (0.5, 0.5),
(0.5, 1), (0.5, 2), (1, 0.5), (1, 1), (1, 2), (2, 0.5), (2, 1), and (2, 2).

The nonperturbative contributions (MPI and hadronization) are included in the calculations
above. The uncertainty from these contributions are estimated from the different choices of the
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Figure 4: Normalized inclusive 3-jet distributions as a function of the azimuthal separation of
the two leading jets ∆φ12 for different pmax

T regions. The data are represented by the markers
and the theory by histograms. Overlaid with the data are predictions from the HERWIG++
event generator (solid lines) and PYTHIA 8 (dotted lines). The total experimental uncertainty is
depicted as error bars on the measurement.
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Figure 5: Ratios of the normalized inclusive 3-jet distributions for the PYTHIA 8, HERWIG++,
and MADGRAPH + PYTHIA 8 predictions to data as a function of the azimuthal separation of the
two leading jets ∆φ12, for all the pmax

T regions. The solid band indicates the total experimental
uncertainty and the error bars on the MC points represent the statistical uncertainty of the
simulated data.

UE tune and found to be negligible.

The uncertainty from PS dominates for the normalized inclusive 2-jet distributions. It is one
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Figure 6: Ratios of the normalized inclusive 3-jet distributions for the PH-2J + PYTHIA 8, PH-3J +
PYTHIA 8, and PH-2J + HERWIG++ predictions to data as a function of the azimuthal separation
of the two leading jets ∆φ12, for all pmax

T regions. The solid band indicates the total experimental
uncertainty and the error bars on the MC points represent the statistical uncertainty of the
simulated data. The PH-3J prediction is not shown for the highest bin in pmax

T because of the
large statistical fluctuations.

order of magnitude larger than the rest of the sources near ∆φ12 = 180◦. On the other hand,
for the normalized inclusive 3-jet distributions, the main contributions come from PS and PDF
uncertainties. The predictions from PH-2J + PYTHIA 8 and PH-2J + HERWIG++ (Fig. 3) show the
differences from using different PS models together with different matching procedures.

Figs. 7(8) show the ratios of the PH-2J predictions to data for the normalized inclusive 2(3)-jet
distributions for the different pmax

T regions. The solid beige band indicates the total experimen-
tal uncertainty, and the hatched band represents the total theoretical uncertainty.

For the inclusive 2-jet distributions, the theoretical uncertainty is larger than the experimental
one in the region close to ∆φ12 = 180◦ (Fig. 7). This is because the contribution from PS dom-
inates in this region, and its uncertainty is large. For the inclusive 3-jet distributions (Fig. 8),
the theoretical uncertainty is smaller in the region close to 180◦. In this case, the region close to
180◦ is not filled by the partons from the PS, but by the third parton from PH-2J, leading to a
smaller PS uncertainty.

7 Summary
Measurements of the normalized inclusive 2- and 3-jet distributions as a function of the az-
imuthal separation ∆φ12 between the two jets with the highest transverse momentum pT, in
the collinear back-to-back region, are presented for several pmax

T ranges of the leading jet. The
measurements are performed using data collected with the CMS experiment at the LHC, cor-
responding to an integrated luminosity of 35.9 fb−1 of p p collisions at a center-of-mass energy
of 13 TeV.
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Figure 7: Ratios of the normalized inclusive 2-jet distributions for the PH-2J + PYTHIA 8 pre-
dictions to data as a function of the azimuthal separation of the two leading jets ∆φ12, for all
pmax

T regions. The solid beige band indicates the total experimental uncertainty and the hatched
band represents the total theoretical uncertainty.
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Figure 8: Ratios of the normalized inclusive 3-jet distributions for the PH-2J + PYTHIA 8 predic-
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The measured ∆φ12 distributions generally agree with predictions from PYTHIA 8, HERWIG++,
MADGRAPH + PYTHIA 8, PH-2J + HERWIG++, and POWHEG (PH-2J and PH-3J) matched to
PYTHIA 8. Discrepancies between the measurement and theoretical predictions are as large as
15%, mainly in the region 177◦ < ∆φ12 < 180◦. The predictions agree better with the measure-
ments for larger pmax

T and smaller ∆φ12, where the contribution of resummation effects becomes
smaller. The 2- and 3-jet measurements are not simultaneously described by any of models.

The tree-level multijet event generator MADGRAPH in combination with PYTHIA 8 for show-
ering, hadronization, and multiparton interactions, shows deviations from the measured ∆φ12
for the inclusive 2-jet case, and even larger deviations for the 3-jet case. The PYTHIA 8 and HER-
WIG++ predictions show deviations (up to 10%) for the 2-jet inclusive distributions, whereas
their predictions are in reasonable agreement with the inclusive 3-jet distributions.

The next-to-leading-order PH-2J + PYTHIA 8 prediction does not describe the data and a differ-
ent trend compared to PYTHIA 8 and HERWIG++ towards ∆φ12 = 180◦ is observed. The PH-3J

+ PYTHIA 8 predictions agree with the measurements except for the last bin in the low pmax
T

intervals. The PH-2J + HERWIG++ prediction agrees well with the measurement in the highest
pmax

T ranges. For the inclusive 3-jet case, PH-2J + PYTHIA 8 performs similarly to PYTHIA 8 and
HERWIG++ in the whole ∆φ12 range for high pmax

T intervals. MADGRAPH + PYTHIA 8, PH-3J +
PYTHIA 8, and PH-2J + HERWIG++ show deviations from the measurements of up to 15%.

The measurement of correlations for collinear back–to–back dijet configurations probes the
multiple scales involved in the event and, therefore, the differences observed between predic-
tions and the measurements illustrate the importance of improving the models of soft parton
radiation accompanying the hard process.
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[15] M. Bähr et al., “Herwig++ physics and manual”, Eur. Phys. J. C 58 (2008) 639,
doi:10.1140/epjc/s10052-008-0798-9, arXiv:0803.0883.

[16] B. Andersson, “The Lund model”, Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol. 7 (1997)
1, doi:10.1016/0375-9474(87)90510-0.

[17] B. R. Webber, “A QCD model for jet fragmentation including soft gluon interference”,
Nucl. Phys. B 238 (1984) 492, doi:10.1016/0550-3213(84)90333-X.

[18] CMS Collaboration, “Event generator tunes obtained from underlying event and
multiparton scattering measurements”, Eur. Phys. J. C 76 (2016) 155,
doi:10.1140/epjc/s10052-016-3988-x, arXiv:1512.00815.

[19] NNPDF Collaboration, “Parton distributions with QED corrections”, Nucl. Phys. B 877
(2013) 290, doi:10.1016/j.nuclphysb.2013.10.010, arXiv:1308.0598.

[20] NNPDF Collaboration, “Unbiased global determination of parton distributions and their
uncertainties at NNLO and at LO”, Nucl. Phys. B 855 (2012) 153,
doi:10.1016/j.nuclphysb.2011.09.024, arXiv:1107.2652.

[21] J. Pumplin et al., “New generation of parton distributions with uncertainties from global
QCD analysis”, JHEP 07 (2002) 012, doi:10.1088/1126-6708/2002/07/012,
arXiv:hep-ph/0201195.

[22] J. Alwall et al., “The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations”, JHEP 07
(2014) 079, doi:10.1007/JHEP07(2014)079, arXiv:1405.0301.

[23] J. Alwall et al., “Comparative study of various algorithms for the merging of parton
showers and matrix elements in hadronic collisions”, Eur. Phys. J. C 53 (2008) 473,
doi:10.1140/epjc/s10052-007-0490-5, arXiv:0706.2569.

[24] P. Nason, “A new method for combining NLO QCD with shower Monte Carlo
algorithms”, JHEP 11 (2004) 040, doi:10.1088/1126-6708/2004/11/040,
arXiv:hep-ph/0409146.

[25] S. Frixione, P. Nason, and C. Oleari, “Matching NLO QCD computations with parton
shower simulations: the POWHEG method”, JHEP 11 (2007) 070,
doi:10.1088/1126-6708/2007/11/070, arXiv:0709.2092.

[26] S. Alioli, P. Nason, C. Oleari, and E. Re, “A general framework for implementing NLO
calculations in shower Monte Carlo programs: the POWHEG BOX”, JHEP 06 (2010) 043,
doi:10.1007/JHEP06(2010)043, arXiv:1002.2581.

[27] NNPDF Collaboration, “Parton distributions for the LHC Run II”, JHEP 04 (2015) 040,
doi:10.1007/JHEP04(2015)040, arXiv:1410.8849.

[28] S. Alioli et al., “Jet pair production in POWHEG”, JHEP 11 (2011) 081,
doi:10.1007/JHEP04(2011)081, arXiv:1012.3380.

[29] A. Kardos, P. Nason, and C. Oleari, “Three-jet production in POWHEG”, JHEP 04 (2014)
043, doi:10.1007/JHEP04(2014)043, arXiv:1402.4001.

[30] K. Hamilton, P. Nason, C. Oleari, and G. Zanderighi, “Merging H/W/Z + 0 and 1 jet at
NLO with no merging scale: a path to parton shower + NNLO matching”, JHEP 05
(2013) 082, doi:10.1007/JHEP05(2013)082, arXiv:1212.4504.

http://dx.doi.org/10.1140/epjc/s10052-008-0798-9
http://www.arXiv.org/abs/0803.0883
http://dx.doi.org/10.1016/0375-9474(87)90510-0
http://dx.doi.org/10.1016/0550-3213(84)90333-X
http://dx.doi.org/10.1140/epjc/s10052-016-3988-x
http://www.arXiv.org/abs/1512.00815
http://dx.doi.org/10.1016/j.nuclphysb.2013.10.010
http://www.arXiv.org/abs/1308.0598
http://dx.doi.org/10.1016/j.nuclphysb.2011.09.024
http://www.arXiv.org/abs/1107.2652
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://www.arXiv.org/abs/hep-ph/0201195
http://dx.doi.org/10.1007/JHEP07(2014)079
http://www.arXiv.org/abs/1405.0301
http://dx.doi.org/10.1140/epjc/s10052-007-0490-5
http://www.arXiv.org/abs/0706.2569
http://dx.doi.org/10.1088/1126-6708/2004/11/040
http://www.arXiv.org/abs/hep-ph/0409146
http://dx.doi.org/10.1088/1126-6708/2007/11/070
http://www.arXiv.org/abs/0709.2092
http://dx.doi.org/10.1007/JHEP06(2010)043
http://www.arXiv.org/abs/1002.2581
http://dx.doi.org/10.1007/JHEP04(2015)040
http://www.arXiv.org/abs/1410.8849
http://dx.doi.org/10.1007/JHEP04(2011)081
http://www.arXiv.org/abs/1012.3380
http://dx.doi.org/10.1007/JHEP04(2014)043
http://www.arXiv.org/abs/1402.4001
http://dx.doi.org/10.1007/JHEP05(2013)082
http://www.arXiv.org/abs/1212.4504


References 15

[31] K. Hamilton, P. Nason, and G. Zanderighi, “MINLO: multi-scale improved NLO”, JHEP
10 (2012) 155, doi:10.1007/JHEP10(2012)155, arXiv:1206.3572.

[32] GEANT4 Collaboration, “GEANT4—a simulation toolkit”, Nucl. Instrum. Meth. A 506
(2003) 250, doi:10.1016/S0168-9002(03)01368-8.

[33] CMS Collaboration, “The CMS high level trigger”, Eur. Phys. J. C 46 (2006) 605,
doi:10.1140/epjc/s2006-02495-8, arXiv:hep-ex/0512077.

[34] CMS Collaboration, “The CMS trigger system”, JINST 12 (2017) P01020,
doi:10.1088/1748-0221/12/01/P01020, arXiv:1609.02366.

[35] CMS Collaboration, “Particle-flow reconstruction and global event description with the
CMS detector”, JINST 12 (2017) P10003, doi:10.1088/1748-0221/12/10/P10003,
arXiv:1706.04965.

[36] M. Cacciari, G. P. Salam, and G. Soyez, “The anti-kT jet clustering algorithm”, JHEP 04
(2008) 063, doi:10.1088/1126-6708/2008/04/063, arXiv:0802.1189.

[37] M. Cacciari, G. P. Salam, and G. Soyez, “FastJet user manual”, Eur. Phys. J. C 72 (2012)
1896, doi:10.1140/epjc/s10052-012-1896-2, arXiv:1111.6097.

[38] CMS Collaboration, “Jet energy scale and resolution in the CMS experiment in pp
collisions at 8 TeV”, JINST 12 (2017) P02014,
doi:10.1088/1748-0221/12/02/P02014, arXiv:1607.03663.

[39] M. Cacciari and G. P. Salam, “Pileup subtraction using jet areas”, Phys. Lett. B 659 (2008)
119, doi:10.1016/j.physletb.2007.09.077, arXiv:0707.1378.

[40] CMS Collaboration, “Pileup Jet Identification”, CMS Physics Analysis Summary
CMS-PAS-JME-13-005, 2013.

[41] G. D’Agostini, “A multidimensional unfolding method based on Bayes’ theorem”, Nucl.
Instrum. Meth. A 362 (1995) 487, doi:10.1016/0168-9002(95)00274-X.

[42] T. Adye, “Unfolding algorithms and tests using RooUnfold”, (2011). arXiv:1105.1160.

[43] S. Schmitt, “TUnfold: an algorithm for correcting migration effects in high energy
physics”, JINST 7 (2012) T10003, doi:10.1088/1748-0221/7/10/T10003,
arXiv:1205.6201.

[44] S. Schmitt, “Data unfolding methods in high energy physics”, Eur. Phys. J. Web Conf. 137
(2017) 11008, doi:10.1051/epjconf/201713711008, arXiv:1611.01927.

[45] H.-L. Lai et al., “Uncertainty induced by QCD coupling in the CTEQ global analysis of
parton distributions”, Phys. Rev. D 82 (2010) 054021,
doi:10.1103/PhysRevD.82.054021, arXiv:1004.4624.

http://dx.doi.org/10.1007/JHEP10(2012)155
http://www.arXiv.org/abs/1206.3572
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1140/epjc/s2006-02495-8
http://www.arXiv.org/abs/hep-ex/0512077
http://dx.doi.org/10.1088/1748-0221/12/01/P01020
http://www.arXiv.org/abs/1609.02366
http://dx.doi.org/10.1088/1748-0221/12/10/P10003
http://www.arXiv.org/abs/1706.04965
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://www.arXiv.org/abs/0802.1189
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://www.arXiv.org/abs/1111.6097
http://dx.doi.org/10.1088/1748-0221/12/02/P02014
http://www.arXiv.org/abs/1607.03663
http://dx.doi.org/10.1016/j.physletb.2007.09.077
http://www.arXiv.org/abs/0707.1378
http://cds.cern.ch/record/1581583
http://dx.doi.org/10.1016/0168-9002(95)00274-X
http://www.arXiv.org/abs/1105.1160
http://dx.doi.org/10.1088/1748-0221/7/10/T10003
http://www.arXiv.org/abs/1205.6201
http://dx.doi.org/10.1051/epjconf/201713711008
http://www.arXiv.org/abs/1611.01927
http://dx.doi.org/10.1103/PhysRevD.82.054021
http://www.arXiv.org/abs/1004.4624


16



17

A The CMS Collaboration
Yerevan Physics Institute, Yerevan, Armenia
A.M. Sirunyan, A. Tumasyan

Institut für Hochenergiephysik, Wien, Austria
W. Adam, F. Ambrogi, E. Asilar, T. Bergauer, J. Brandstetter, E. Brondolin, M. Dragicevic, J. Erö,
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C.F. González Hernández, M.A. Segura Delgado

University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval
Architecture, Split, Croatia
B. Courbon, N. Godinovic, D. Lelas, I. Puljak, T. Sculac

University of Split, Faculty of Science, Split, Croatia
Z. Antunovic, M. Kovac

Institute Rudjer Boskovic, Zagreb, Croatia
V. Brigljevic, D. Ferencek, K. Kadija, B. Mesic, A. Starodumov6, T. Susa

University of Cyprus, Nicosia, Cyprus
M.W. Ather, A. Attikis, G. Mavromanolakis, J. Mousa, C. Nicolaou, F. Ptochos, P.A. Razis,
H. Rykaczewski

Charles University, Prague, Czech Republic
M. Finger7, M. Finger Jr.7

Escuela Politecnica Nacional, Quito, Ecuador
E. Ayala

Universidad San Francisco de Quito, Quito, Ecuador
E. Carrera Jarrin

Academy of Scientific Research and Technology of the Arab Republic of Egypt, Egyptian
Network of High Energy Physics, Cairo, Egypt
A. Ellithi Kamel8, M.A. Mahmoud9,10, E. Salama10,11

National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
A. Carvalho Antunes De Oliveira, R.K. Dewanjee, K. Ehataht, M. Kadastik, M. Raidal,
C. Veelken

Department of Physics, University of Helsinki, Helsinki, Finland
P. Eerola, H. Kirschenmann, J. Pekkanen, M. Voutilainen



19

Helsinki Institute of Physics, Helsinki, Finland
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A. Rosowsky, M.Ö. Sahin, M. Titov

Laboratoire Leprince-Ringuet, Ecole polytechnique, CNRS/IN2P3, Université Paris-Saclay,
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Université de Lyon, Université Claude Bernard Lyon 1, CNRS-IN2P3, Institut de Physique
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