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initiated by a b-quark, in proton-proton collisions are presented as a function of the transverse
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pT-balance among the jets. The data sample was collected in 2010 at a center-of-mass energy of
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ment, compared to predictions from different models, shows that the addition of parton showers
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1. Introduction

The production of jets with large transverse momenta pT in high energy proton-proton (pp) col-
lisions originates from a scattering of partons which is well-described within the theory of strong
interactions, Quantum Chromodynamics (QCD). The cross section of such a proton-proton colli-
sion process is factorized in a convolution of the cross section for a partonic subprocess and the
parton distribution functions (PDF). At the Large Hadron Collider (LHC), the inclusive cross sec-
tion for high pT jets has been measured by CMS and ATLAS [1, 2] and is in good agreement with
predictions obtained at next-to-leading order (NLO) QCD.

Multijet measurements allow further features of QCD to be investigated and studied. An
exclusive four-jet final state has been measured at CMS [3], where it has been shown that the present
calculations describe the data only in some regions of the phase space and might be improved
through the use of higher order matrix elements. By selecting jets originating from bottom quarks
(denoted as “b-jets”) in a multijet scenario along with other jets, the same calculations can be
tested in the heavy-flavour sector. The hard scattering produces a pair of partons at high pT, and
their evolution may result in additional jets at lower momenta. This partonic process, referred to
as single parton scattering SPS, is a crucial test for higher order QCD calculations as well as for
the description of high pT jets within a parton shower formalism, along the line of the studies
described in [3]. At high centre-of-mass energies the gluonic parton densities become large at low
values of longitudinal momentum fraction. Hence, the probability to have more than one partonic
interaction becomes non-negligible, leading to the production of pairs of different flavoured jets
via double parton scattering (DPS). Resulting in different distributions of angular correlations, SPS
and DPS processes can be disentangled as discussed in [4]. In fact, a final state arising from SPS
tends to have strongly correlated configuration in the azimuthal angle and pT-balance between the
two jet systems, while a DPS event has a preferred back-to-back topology. The measurement of
the correlation observables is a crucial baseline for future investigations of DPS contributions.
The measurement of differential cross sections is presented in the following as a function of the jet
pT and as a function of the jet correlation observables in an inclusive four-jet final state.

2. Event selection, definition of the observables and systematic effects

The inclusive production of two b-jets and two other jets for pT > 20 GeV is measured [5]
at
√

s = 7 TeV using an integrated luminosity of 3.03 pb−1 recorded with the CMS detector at the
LHC. The jets are reconstructed with the anti-kT algorithm [6] with a distance parameter R of 0.5
in the pseudorapidity range of |η | < 4.7. Events with at least four jets with pT > 20 GeV are
selected; two of them are the highest transverse momentum (leading) jets classified as originated
by b-quarks, while the other two are the remaining highest pT jets, regardless of their flavour. The
former two jets are associated in the “b-quark jet pair” (bottom), while the latter two ones compose
the “light-quark jet pair” (light). About 60,000 events are selected after the four-jet requirement in
the data. The jets have been reconstructed with the Particle-Flow algorithm [7], which combines
information from several sub-detectors. A jet pT correction was applied to both data and simulation
at the reconstruction level to account for the non-linear response of the calorimeters to the particle
energies and other instrumental effects.
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The b-jets are identified by using information about the secondary decay vertex of the b-
hadrons, impact parameter significance of the tracks and jet kinematics [8] through the so-called
“Combined Secondary Vertex” (CSV) discriminant. A loose selection has been chosen for the b-tag
algorithm which assures a high b-tagging efficiency, of the order of 75-85%, and a jet misidentifi-
cation efficiency of 20, 10 and 15% for, respectively, pT ∼ 20, 75 and 300 GeV, increasing up to
35% for jets in 2.0 < |η | < 2.4. The b-jet purity, namely the percentage of selected events where
both tagged jets originate from b-quarks, is of about 12%. Relative differences in b-jet purity of the
order of 2-7% have been obtained between data and simulation and they have been corrected in the
simulation by means of scale factors (SFb-purity), depending on the true flavour of the b-tagged
jets. Additional scale factors (SFb-tag) have been also applied to the simulation in order to match
the b-tag efficiencies in data and MC [8]. They depend on the jet pT, η and flavour and range
between 1.1 and 0.9.

Differential cross sections as a function of the transverse momenta of each of the four jets
are presented in absolute value. In addition, the differential cross section normalized to the total
number of selected events is measured as a function of correlation variables, defined from the
bottom and light pair of jets. The considered correlation observables are very similar to the ones
measured for the four-jet scenario [3] and are defined as:

• the azimuthal angular difference between the jets belonging to the light-jet pair:

∆φ
light = |φlight1−φlight2 | (2.1)

• the balance in transverse momentum of the two light jets:

∆
rel
light pT =

|~p light1
T +~p light2

T |
|~p light1

T |+ |~p light2
T |

(2.2)

• the azimuthal angle ∆S between the two dijet pairs, defined as:

∆S = arccos
(

~pT(bottom1,bottom2) ·~pT(light1, light2)
|~pT(bottom1,bottom2)| · |~pT(light1, light2)|

)
(2.3)

where bottom1 (bottom2) and light1 (light2) are respectively the leading (subleading) jets of the
bottom and light jet pairs. With ~pT(bottom1,bottom2) and ~pT(light1, light2) are indicated the vector
sum of the two bottom and of the two light jets. All measured cross sections are unfolded to the
stable particle level.

The jet cross sections are well described at detector level by predictions obtained with PYTHIA [9]
and HERWIG [10] in the whole jet pT spectrum and in the central region [5]; they exhibit differ-
ences of up to 20–40% at the most forward pseudorapidities (|η |> 3).

The kinematic variables as well as the correlation observables are corrected for selection ef-
ficiencies and detector effects. The data are corrected to stable particle level applying an iterative
unfolding. Particles are considered stable if their mean path length cτ is greater than 10 mm. Jets
are identified as “b-jets” at the stable particle level if evidence of a b-quark is found within a cone
of radius R =

√
(∆η)2 +(∆φ)2 equal to 0.3 around the jet axis. The unfolding to stable particle
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level includes corrections for jet resolution, flavour misidentification and pileup effects.

Various systematic uncertainties have been investigated and the corresponding uncertainty has
been calculated for each of the distributions. The total uncertainties have been obtained by sum-
ming quadratically the single contributions. The systematic effects are shown in Table 1.

Table 1: Systematic and statistical uncertainties affecting the absolute and the normalized cross-section dis-
tributions for each presented observable. The 4% uncertainty from the luminosity measurement is included
in the total uncertainty affecting the absolute cross sections. This is obtained by summing the individual
uncertainties quadratically.

Measured Model JES JER SFb-tag SFb-purity Trigger Stat. Total

observable efficiency incl. luminosity

Absolute cross sections
b-tagged jet pT 20% 25% 4% 15% 4% 6% 4% 35%

light-jet pT 10% 25% 4% 15% 4% 6% 4% 32%
Jet |η | ≤ 3 10% 25% 4% 15% 4% 5% 4% 32%
Jet |η | > 3 20% 35% 4% 15% 4% 5% 4% 44%

Normalized cross sections
∆φ light 13% 5% 1% 2% 1% 1% 4% 15%
∆rel

lightpT 13% 5% 7% 2% 1% 1% 4% 16%

∆S 20% 5% 10% 2% 2% 1% 4% 23%

3. Results and comparison to various predictions

The cross section for an inclusive four-jet scenario with heavy-flavour jets has been measured
to be σ (pp→ 2 b + 2 j + X) = 64.6 ± 2.4 (stat.) ± 21.6 (syst.) nb [5]. Predictions from different
event generators at the stable particle level have been considered for comparison (see Table 2).
While predictions from PYTHIA 8 Tune CUETP8S1 are above the measured cross section, the
best agreement is achieved by HERWIG ++ Tune UE-EE-5C, POWHEG+PYTHIA 6 Tune Z2’,
and PYTHIA 6 Tune CUETP6S1, which are compatible with the data. Predictions obtained with
MADGRAPH+PYTHIA 6 Tune Z2* tend to underestimate the measured cross section.

The measured absolute differential cross sections as a function of the jet pT, along with the
normalized cross sections as a function of the jet correlation observables are presented in the fol-
lowing. In Figure 1, the differential absolute cross sections as a function of the pT of the selected
jets are shown. The pT of the jets is rapidly decreasing over 5-6 orders of magnitude up to 500
GeV. The measured differential cross sections have been compared to predictions of various Monte
Carlo event generators. Predictions obtained with PYTHIA 8 overestimate the data in the low pT

region. Instead, predictions of MADGRAPH and POWHEG, interfaced with the parton shower
and UE simulation provided by respectively PYTHIA 6 tune Z2* and PYTHIA 6 tune Z2’, and
predictions of PYTHIA 6 are closer to the measurement in the whole pT spectrum. The HER-
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Table 2: Cross sections for MC predictions and measured data for pp→ 2b+2j+X.

Sample PDF Cross section (nb)
PYTHIA 6 Tune CUETP6S1 CTEQ6L1 76.66

HERWIG ++ Tune UE-EE-5-CTEQ6L1 CTEQ6L1 47.39
PYTHIA 8 Tune CUETP8S1-CTEQ6L1 CTEQ6L1 95.58

POWHEG+PYTHIA 6 Tune Z2’ CT10 54.91
MADGRAPH+PYTHIA 6 Tune Z2* CTEQ6L1 39.33

DATA - 64.6 ± 2.4 (stat.) ± 21.6 (syst.)

WIG ++ event generator is not able to reproduce the observed cross sections at pT > 50 GeV, by
underestimating the measurement by up to 40-50%.

Figure 2 shows the differential normalized cross sections as a function of the correlation ob-
servables between the selected jets. The ∆φ variable is rather flat with a small increase towards
high values (∼ π rad) corresponding to a back-to-back configuration for the jet pairs. A small
peak at values around ∆φ ∼ 0.5-0.8 is present for both distributions: this is due to collinear jet
emission which starts to be resolved at ∆φ > 0.5 because of the width of the jet clustering cone.
The ∆rel pT increases towards 1, which corresponds to a configuration where the jets are emitted
collinearly. The ∆S variable, which is the most DPS-sensitive observable, has a falling distribution
from correlated configurations at high values, down to uncorrelated jet topologies at low values.

The differential cross sections as a function of the correlations observables have been also
compared to the previously considered MC predictions. A comparison with predictions from
PYTHIA 8 without the simulation of the MPI is also provided. A good agreement between all
the predictions is observed for ∆φ light . For low values of the ∆rel

light pT observable, the predictions
from PYTHIA 8 without the simulation of the MPI are far below the data; this is a clear indica-
tion for the need for MPI contributions, since this is the region where a DPS signal is expected. In
these regions, the data are in agreement with the predictions from PYTHIA 8 with MPI and MAD-
GRAPH+PYTHIA 6. The POWHEG event generator interfaced with the parton shower provided
by PYTHIA 6, tune Z2’, also underestimates the data. ∆S is not well described by any prediction:
in particular, all of them, except HERWIG ++ and PYTHIA 8 in a lesser extent, underestimate
the region at values of ∆S < 2, and do not well follow the decreasing shape towards lower values.
This study shows the need for MPI contributions in the simulation in order to describe correlation
observables between jets. However, the considered models which implement a simulation of the
UE tuned to soft MPI, are not able to describe at a good level measurements sensitive to the harder
part of the MPI spectrum. This outcome has been observed also in [11] and might be an indication
that a better simulation of the hard part of the UE needs to be implemented.

4. Conclusions

A measurement of the production cross section of events with at least four jets, two of which
originated from a b-quark, has been performed using data collected with the CMS experiment in
2010. The cross section has been measured to be σ (pp→ 2 b + 2 j + X) = 64.6 ± 2.4 (stat.) ±

5



P
o
S
(
D
I
S
2
0
1
5
)
1
6
5

Measurement of four-jet production in the heavy-flavour sector with CMS Paolo Gunnellini

ηJet 

-4 -3 -2 -1 0 1 2 3 4

 (
pb

)
η

/dσd

310

410

510

610

710

810

910

1010

1110

1210

1310

1410

1510

1610

1710

 2b+2j+X→ (7 TeV), pp -13 pb

 > 20 GeV
T

p

 b-jet:nd, 2st1

| < 2.4η|

 jet:th, 4rd3

| < 4.7η|

CMS
Preliminary

MADGRAPH+P6 Z2*

POWHEG+P6 Z2'

CUETP6S1

CUETP8S1-CTEQ6L1

)6 b-jet (x 10st1

)4 b-jet (x 10nd2

)2 jet (x 10rd3

 jetth4
Total Uncertainty

 (GeV)
T

Jet p

0 100 200 300 400 500

 (
pb

/G
eV

)
T

/d
p

σd

-310

-110

10

310

510

710

910

1110

1310

1510

1710

1910

2010

 2b+2j+X→ (7 TeV), pp -13 pb

 > 20 GeV
T

p

 b-jet:nd, 2st1

| < 2.4η|

 jet:th, 4rd3

| < 4.7η|

CMS
Preliminary

MADGRAPH+P6 Z2*

POWHEG+P6 Z2'

CUETP6S1

CUETP8S1-CTEQ6L1

)8 b-jet (x 10st1

)6 b-jet (x 10nd2

)2 jet (x 10rd3

 jetth4
Total Uncertainty

 > 20 GeV
T

p

 b-jet:nd, 2st1
| < 2.4η|

 jet:th, 4rd3
| < 4.7η|

 2b+2j+X→ (7 TeV), pp -13 pb

MADGRAPH+P6 Z2*
POWHEG+P6 Z2'
CUETP6S1
CUETP8S1-CTEQ6L1
HERWIG++ UE-EE-5-CTEQ6L1
Total Uncertainty

 > 20 GeV
T

p

 jet:nd, 2st1
| < 2.4η|

 jet:th, 4rd3
| < 4.7η|

 2b+2j+X→ (7 TeV), pp -13 pb

MADGRAPH+P6 Z2*
POWHEG+P6 Z2'
CUETP6S1
CUETP8S1-CTEQ6L1
HERWIG++ UE-EE-5-CTEQ6L1
Total Uncertainty

Jet #pt
50 100 150 200 250 300 350 400 450 500

50 100 150 200 250 300 350 400 450 500

M
C

/D
at

a 
 

0.5

1

1.5

2

2.5

 b-jetst1
Preliminary
CMS

Jet #pt
50 100 150 200 250 300 350 400 450 500

50 100 150 200 250 300 350 400 450 500

M
C

/D
at

a 
 

0.5

1

1.5

2

2.5

 b-jetnd2

Jet #pt
50 100 150 200 250 300 350 400 450 500

M
C

/D
at

a 
 

0.5

1

1.5

2

2.5

Third jet

 (GeV)
T

Jet p
50 100 150 200 250 300 350 400 450 500

M
C

/D
at

a 
 

0.5

1

1.5

2

2.5
Fourth jet

Figure 1: (a) Differential cross sections unfolded to the stable particle level as a function of the jet transverse
momenta pT. Scale factors of 108, 106 and 102 are applied to the measurement of the leading, subleading
and third jet, respectively. (b) Ratios of predictions of POWHEG, MADGRAPH, PYTHIA 6, PYTHIA 8
and HERWIG ++ to data unfolded to the stable particle level as a function of the jet transverse momenta pT

for each specific jet. The yellow band represents the total uncertainty, including the statistical and systematic
components added quadratically.

21.6 (syst.) nb. The differential cross sections as a function of the pT of each of the four jets
together with the cross section as a function of correlation variables have been presented and com-
pared to several theoretical predictions. A correct estimation of the total cross section is provided
only by some models. The NLO dijet calculation (POWHEG) and the LO 2→4 matrix element
(MADGRAPH) matched with parton showers describe well the shape of the differential cross sec-
tions as a function of pT in the whole region of the phase space. The differential cross sections as a
function of the correlation observables between the jets of the final state are not optimally described
by any of the considered theoretical models, which use a simulation of the UE tuned to soft MPI.
The fully unfolded distributions of the correlation observables may serve for further tuning of the
simulation, as described in [11]. Results from tuning in the heavy-flavour sector, compared to the
light-flavour scenario, might also indicate a possible flavour dependence of the DPS contribution.
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Figure 2: Normalized cross sections unfolded to the stable particle level as a function of ∆φ light (a),
∆rel

light pT (b) and ∆S (c), compared to predictions of POWHEG, MADGRAPH, PYTHIA 6, PYTHIA 8
and HERWIG ++. A comparison with the PYTHIA 8 CUETP8S1-CTEQ6L1 predictions without the sim-
ulation of the MPI is also shown. The lower panel shows the ratios of the predictions to the data. The yellow
band represents the total uncertainty, including the statistical and systematic components added quadrati-
cally.
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