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Abstract

A search for a light pseudoscalar Higgs boson (A) produced in association with bot-
tom quarks and decaying into a muon pair is reported. The search uses 19.7 fb−1 of
proton-proton collisions at a center-of-mass energy of 8 TeV, collected by the CMS ex-
periment. No signal is observed in the dimuon mass range from 25 to 60 GeV. Upper
limits on the cross section times branching fraction, σ(pp → bbA)B(A → µµ), are
set.
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1 Introduction
The CMS and ATLAS experiments at the CERN LHC have made clear observations of a particle
compatible with the standard model (SM) Higgs boson [1–4]. While the observation serves as
a powerful affirmation of the SM mechanism for generating particle masses, the discovery
does not rule out the existence of a more complex theory with an extended Higgs sector. The
discovery of additional scalar or pseudoscalar bosons may be evidence of such a scenario.

A number of well-motivated models extending the SM predict the existence of new Higgs
bosons. One well studied scenario is the Two Higgs Doublet Model (2HDM) [5, 6] predicting
the existence of additional elementary Higgs particles. The 2HDM includes a CP-odd Higgs
boson, A, that could be light and produced in association with bottom quarks at the LHC.
In some schemes, with a negatively-signed Yukawa coupling to the down-type fermions, the
associated bbA production cross section times branching fraction into muons can be very large
for an A boson with a mass below about 60 GeV, i.e. less than half of the mass of the observed
SM-like Higgs boson [7]. It can vary from 1000 to 35 fb for A boson masses in the range from
25 to 60 GeV at a center-of-mass energy of 8 TeV in proton-proton collisions.

We present a search for muon pairs, in the mass range from 25 to 60 GeV, produced in associa-
tion with bottom quarks in the context of the 2HDM. The search uses 19.7 fb−1 of data collected
by the CMS experiment in proton-proton collisions at a center-of-mass energy of 8 TeV. The
analysis of the µµ final state complements the CMS searches for a low-mass A boson decaying
into τ lepton pairs by the CMS Collaboration [8, 9]. Despite the significantly lower branching
fraction, the µµ final state profits from much better dilepton mass resolution as well as higher
trigger and lepton identification efficiencies. This is the first time associated production with b
quarks in the dimuon decay channel has been searched for in the low dimuon mass range.

In the following, Sections 2 and 3 describe the CMS detector, the data, and simulated samples.
The event reconstruction and selections are presented in Section 4. In Section 5, the result of
the search for the bbA process is presented. The paper is summarized in Section 6.

2 The CMS detector
The central feature of the CMS apparatus [10] is a superconducting solenoid, 13 m in length
and 6 m in diameter, which provides an axial magnetic field of 3.8 T. Within the field volume
there are several particle detection systems. Charged-particle trajectories are measured by sili-
con pixel and strip trackers, covering 0 ≤ φ ≤ 2π in azimuth and |η| < 2.5 in pseudorapidity.
A lead tungstate crystal electromagnetic calorimeter (ECAL) surrounds the tracking volume.
It is comprised of a barrel region |η| < 1.48 and two endcaps that extend up to |η| = 3. A
lead and silicon-strip preshower detector is located in front of the ECAL endcaps. A brass and
scintillator hadron calorimeter surrounds the ECAL and also covers the region |η| < 3. Steel
forward calorimeters with quartz fibers, read out by photomultipliers, extend the calorimetric
coverage up to |η| = 5. Muons are identified and measured in gas-ionization detectors embed-
ded in the steel flux-return yoke outside the solenoid. The detector is nearly hermetic, allowing
energy balance measurements in the plane transverse to the beam direction.

3 Data and simulated samples
A two-tier trigger system selects collision events of interest. For this analysis, events are first se-
lected by requiring a single muon (µ) or two muons within the detector acceptance and passing
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loose identification and kinematic requirements. For the single-muon trigger, the muon must
have |η| < 2.1. The muon is required to be isolated and must have transverse momentum (pT)
greater than 24 GeV. The dimuon trigger requires two muons with pT greater than 17 GeV for
the leading muon and 8 GeV for the sub-leading muon. The dielectron trigger requires two
electrons with pT greater than 17 GeV for the leading electron and 8 GeV for the sub-leading
electron and the electrons are required to be isolated.

The analysis uses opposite-sign dimuon events with additional jets, with at least one of them
being identified as originating from b quark fragmentation (“b jet”). The invariant mass of
the opposite-sign lepton pair (mµµ) is required to be greater than 12 GeV to reject low-mass
resonances and remove poorly-modeled backgrounds.

The Monte Carlo (MC) simulation is used to optimize the event selection to give the best sen-
sitivity for signal discovery. Predictions for the yields of background processes, which are also
based on simulation, are validated using data in appropriate control regions. The pp → bbA
signal events are simulated with PYTHIA (v6.4.26) [11]. The signal samples have been gener-
ated for A masses in intervals of 10 GeV. The natural width of the A boson has been set to a
value of less than 50 MeV, which is much smaller than the dimuon mass resolution in the mass
range from 25 to 60 GeV (σµµ = 0.45 GeV for mA = 30 GeV).

The following background processes have been considered: Drell–Yan (DY), W+jets, tt, single
top quark, and diboson production.

The DY events are simulated at leading order (LO) using the MADGRAPH (v5.1.3.30) gen-
erator [12, 13] interfaced to PYTHIA (v6.4.26) for parton showering and hadronization. The
CTEQ6L1 [14] parton distribution functions (PDFs) are used to generate the events. The MAD-
GRAPH generation includes up to four partons in the matrix element calculations and a proce-
dure to properly merge jets from the matrix element calculations and parton shower [15, 16].
The DY sample is normalized to the next-to-next-to-leading order (NNLO) cross section com-
puted with FEWZ (v3.1) [17]. The W+jets sample is simulated and normalized in a similar way
to the DY+jets sample. The `` (`ν) production in association with b and c quarks is included in
the DY+jets (W+jets) samples.

Top quark pair events are generated with MADGRAPH, including up to three extra partons, and
the simulated sample is normalized to the NNLO+NNLL (next-to-next-to-leading-logarithmic)
inclusive cross section [18]. Single top quark processes (t, s, and Wt channels) are modeled at
next-to-leading order (NLO) with POWHEG [19–21] and normalized to the approximate NNLO
cross sections [22, 23]. Diboson production processes (VV) WW, WZ/γ∗ and Z/γ∗Z/γ∗ are
generated with MADGRAPH and normalized, respectively, to their NLO cross sections [24, 25].
The WZ/γ∗ and Z/γ∗Z/γ∗ processes are generated with mγ∗ > 10 GeV.

The PYTHIA parameters for the underlying event are set according to the Z2* tune [26, 27], an
update of the Z1 tune described in Refs. [28, 29].

A detector simulation based on GEANT4 (v.9.4p03) [30, 31] is applied to all the generated signal
and background samples. The presence of multiple pp interactions (pileup) in the same or ad-
jacent bunch crossings is incorporated by simulating additional interactions (both in-time and
out-of-time with the collision) with a multiplicity distribution that matches the one observed in
data. The average number of pileup events is estimated as 21 interactions per bunch crossing.
The observed jet energy resolution and jet energy scale measurements [32], b tagging efficiency
and b tagging discriminator distributions [33] in data are used to correct the simulated events.
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4 Event reconstruction and selection
Events are required to have at least one vertex, with the reconstructed longitudinal position (z)
within 24 cm of the geometric center of the detector and the transverse position within 2 cm
of the beam interaction region. In the case of multiple reconstructed vertices associated with
additional pp interactions, the one with the highest scalar sum of the p2

T of its associated tracks
is chosen as the primary vertex. Muons are required to originate from the same primary vertex
by requiring the longitudinal and transverse impact parameters with respect to the primary
vertex to be less than 0.5 cm and 0.2 cm, respectively.

Muon candidates are reconstructed with a global trajectory fit using hits in the tracker and
the muon system [34]. The efficiency for muons to pass both the identification and isolation
requirements is measured to be more than 95% for the kinematic region studied in this analy-
sis [3].

The electron selection criteria are optimized using a multivariate approach, and have a com-
bined identification and isolation efficiency of approximately 60% at low pT (≈10 GeV) and 90%
at high pT (>50 GeV) for electrons from W or Z boson decays [35]. The training of the multi-
variate electron reconstruction is performed using simulated events, while the performance is
validated using data.

In the interest of distinguishing between prompt and nonprompt lepton candidates (predom-
inantly arising from decays of b hadrons), a relative isolation is defined for each lepton candi-
date. The muon isolation variable is computed as the sum of the transverse momenta of the
charged particles inside a cone of radius ∆R ≡

√
(∆η)2 + (∆φ)2 = 0.3 around the lepton di-

rection divided by the muon pT. The isolation is required to be smaller than 0.1. If the signal
muons are within a distance of ∆R < 0.3 of each other the pT of one lepton is subtracted from
the isolation value of the other lepton.

The anti-kT clustering algorithm [36, 37] with a distance parameter of 0.5 is used for jet recon-
struction.

Two types of jets are used in the analysis, “jet-plus-track” (JPT) [38] and particle-flow (PF) [39]
jets. The two algorithms combine the information from all subdetectors. However, the PF
algorithm separates deposits in the calorimeter into clusters and matches clusters with recon-
structed tracks (PF candidates), while the JPT algorithm does not require cluster separation as
it starts from the reconstructed calorimeter jets (calojet) and track matching is done with re-
spect to the calojet area at the surface of the calorimeter. Also the algorithms have a different
approach to the calibration of the constituents: cluster calibration from simulation in the case
of the PF algorithm; and corrections due to calorimeter thresholds and tracking inefficiency in
the case of the JPT algorithm. These jet reconstruction algorithms are affected differently by
detector effects, like tracker misalignment or the calibration of the calorimeter, and thus serve
as an important cross-check of each other. The two types of jet, JPT and PF, provide similar jet
energy resolution. The final results are presented with PF jets.

Jets with a significant fraction of energy coming from pileup interactions or not associated with
the primary vertex are rejected [38, 40]. The remaining pileup energy in jets is subtracted using
a technique that relies on information about the jet area [37, 41, 42]. Jets are required to satisfy
identification criteria that remove jets originating from noisy channels in the calorimeters [43,
44]. Calibrated jets [32, 45] are required to have pT > 20 GeV, |η| < 4.7 and to be separated by
at least 0.5 in ∆R from muons passing the selection requirements described above.

The missing transverse momentum (pmiss
T ) is defined as the modulus of the vector sum of the
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transverse momenta of all reconstructed PF candidates in the event. The calibrations applied
to jets are propagated to the pmiss

T .

Jets originating from the hadronization of b (or c) quarks are identified by a multivariate anal-
ysis [46] based on a secondary vertex b tagging algorithm described in Refs. [33, 47]. The
algorithm combines information on track impact parameter significance, secondary vertices,
and jet kinematics. Several working points are available; these are designed to yield succes-
sively higher purity at the cost of reduced efficiency for identifying b jets. The working point
used in this analysis corresponds to a b tagging identification efficiency of 45% and a misiden-
tification rate of 0.05% for light-flavor (u, d, s, g) jets with pT > 30 GeV. The misidentification
rate for c jets is '6%.

Selections are optimized using simulated events for the signal model pp→ bbA, A→ µµ with
mA = 30 GeV and simulated backgrounds. The threshold on the leading muon pµ1

T is fixed
to 25 GeV. This choice is determined by the single-muon trigger pT threshold of 24 GeV. The
rapidity requirements on the muons and b jets are driven by the trigger and particle identifica-
tion conditions. The optimization procedure selects the thresholds on the subleading pT muon
(pµ2

T ), the leading b jet pT (pb jet
T ), and pmiss

T , where an approximate estimate of signal signifi-
cance, defined as Z = 2(

√
S + B−

√
B) [48] reaches its maximal value. The pmiss

T requirement
is used to suppress the tt background. The presence of a second jet (b tagged or not) is not
required since in the bbA production process the second b jet is often at high η or has too low
pT.

Optimization in this way gives rise to:

• pµ1
T > 25 GeV, |ηµ1 | < 2.1;

• pµ2
T > 5 GeV, |ηµ2 | < 2.4;

• pb jet
T > 20 GeV and |η| < 2.4;

• pmiss
T < 40 GeV.

The optimization of the selections was repeated for an A boson mass of 60 GeV and similar
values were obtained. The signal selection efficiency is 0.013 for mA = 30 GeV.

5 Results and systematic uncertainties
Figure 1 shows the transverse momentum of the leading (left) and subleading (right) muons,
and Fig. 2 shows the pT of the leading b jet (left) and the pmiss

T (right) for the events passing the
selection requirements for the other variables. The histogram labeled as MC(Top) shows the
sum of the single top and top quark pair production processes.

The upper limits on the signal contribution in the mass range of 25 < mµµ < 60 GeV have
been extracted using a fit of the binned background and signal templates to the dimuon mass
distribution in the region 12 < mµµ < 70 GeV. The mass intervals of [12–25] and [60–70] GeV
have been used for a verification of the background expectation obtained from the simulation.

The signal and background templates are obtained from simulation rescaled and corrected us-
ing information from data. To obtain signal mass shapes in 1 GeV steps we perform a linear
interpolation between histograms as a function of the mass using the algorithm described in
Ref. [49] and implemented in the ROOT package [50]. The W+jets and VV background event
yields are found to be negligible. The predicted yields for the background processes take into
account the following sources of systematic uncertainty, where the range of variations of each
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Figure 1: The transverse momentum of the leading (left) and the subleading (right) muon
for data (dots) and simulation (histograms). The histograms for simulated backgrounds are
stacked. The histogram labeled as MC(Top) shows the sum of the single top and top quark
pair production processes. The expected signal is shown assuming a signal cross section times
branching fraction of 350 fb. The background is normalized to the number of events expected
from simulation. In the lower panel, the ratio of the number of events in data and background
simulation is shown.
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Figure 2: The transverse momentum of the leading pT b jet (left) and the missing transverse
momentum (right) for data (dots) and simulation (histograms). The histograms for simulated
backgrounds are stacked. The histogram labeled as MC(Top) shows the sum of the single top
and top quark pair production processes. The expected signal is shown assuming a signal
cross section times branching fraction of 350 fb. The background is normalized to the number
of events expected from simulation. In the lower panel, the ratio of the number of events in
data and background simulation is shown.
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source was determined in dedicated studies with appropriate data control samples or, if rele-
vant, from the theory uncertainty affecting the prediction:

• luminosity uncertainty, 2.6% [51];

• muon identification and isolation efficiency uncertainty, 3%;

• top quark background normalization uncertainty, 7%;

• jet energy scale uncertainty, 3% for the DY+jets and 0.2% for top quark backgrounds;

• jet energy resolution uncertainty, 0.3% for DY+jet and 0.1% for top quark back-
grounds;

• pileup modeling uncertainty, 2% for DY+jets and 1% for top quark backgrounds;

• Emiss
T measurement uncertainty, 2% for DY+jets and 4% for top quark backgrounds.

While the above uncertainties only affect the expected total event yield, others can have an
impact both on the total event yield and on the shape of the predicted mµµ distribution. The
following set of systematic uncertainties in the mµµ background shape and the normalization
have been taken into account:

• b tagging scaling factor uncertainty [47];

• renormalization and factorization scale, and PDF uncertainties;

The renormalization and factorization scale uncertainties are particularly important for the
modeling of the shape of the DY+jets background, which after the final selections is dominated
by the µµbb process. The scale uncertainty in the µµbb prediction, taken from simulation, has
been evaluated as a function of the dimuon mass using the pp→ µµbb process implemented in
MADGRAPH5 aMC@NLO v2.3.0 in a four-flavor production scheme with massive b quarks [52].
The renormalization and factorization scales (µR and µF) have been varied simultaneously by
factors of 0.5 and 2.0. The uncertainty on the differential cross-section as a function of the
dimuon mass varies from 20 to 15% in the dimuon mass region of 12 < mµµ < 70 GeV. It
is applied to the total DY+jets background, motivated by the fact the DY plus light-flavor jets
background after the b tagging requirement is much smaller than the µµbb background, and
the scale uncertainty for the µµcc process is expected to be similar to that for the µµbb process.

Uncertainties related to the imprecision in our knowledge of the PDFs are also evaluated. The
uncertainty in the gluon-gluon luminosity is considered, since in the four-flavor scheme the
dominant LO production process is gg → µµbb. The qq → µµbb process represents only
'15% of the total cross-section. The gluon-gluon luminosity uncertainty is compared for three
PDF sets, CT10NLO [53], MSTW2008NLO [54], and NNPDF2.3NLO [55]. In the mass region of
'30–70 GeV the CT10NLO uncertainty envelope covers the uncertainties of the other two PDF
sets, therefore the CT10NLO gluon-gluon luminosity uncertainty is used in the analysis. This
PDF uncertainty is applied as a function of the dimuon mass to the total DY+jets background
after b tagging has been applied. It is motivated by the fact that the µµcc and µµbb processes
are both initiated by gluon-gluon interactions in the four-flavor scheme at LO.

The dimuon mass spectrum, the expected background, and its uncertainty are presented in
Fig. 3 (left) together with the expected signal for mA = 30 GeV assuming a signal cross section
times branching fraction of 350 fb. The PF jet reconstruction algorithm is used. There is a fair
agreement between data and background.

To cross-check the background estimation technique that relies on the accuracy of the simu-
lation for the background, we consider data where instead of requiring the presence of two
muons, we require two opposite-sign electrons. Since the dielectron final state would be sup-
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pressed by (me/mµ)2 in the pseudoscalar Higgs decay, we do not consider it for our search.
Kinematic thresholds and all other requirements are kept exactly the same as in the main anal-
ysis, except the threshold on the second leading pT electron, which is taken higher than in the
dimuon analysis (pe2

T > 10 GeV) to reduce the QCD multijet background. The data are found
to be in good agreement with the background model prediction, as illustrated in Fig. 3 (right).
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Figure 3: Left: the dimuon mass distribution with the pre-fit expected background event yield
and its uncertainty, and the expected signal for mA = 30 GeV assuming a signal cross section
times branching fraction of 350 fb. Right: cross-check with the e+e− final state showing the
dielectron mass spectrum with the expected background event yield and its uncertainty.

To cross-check the effect of event migration on the exclusion limits due to the choice of jet
reconstruction algorithm we use the JPT algorithm as an alternative and repeat the full analysis
chain. Figure 4 shows the dimuon mass spectrum for events selected by both the main (PF)
and alternative (JPT) jet reconstruction methods as well as for events selected by only the JPT
algorithm. The two reconstruction methods select slightly different events. The fraction of
migrated events due to the choice of jet algorithm is of the order of 20% and almost independent
of the dimuon mass. The expected and observed upper limits obtained using PF or JPT jets are
very similar. The final results presented use PF jets.
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Figure 4: The dimuon mass distribution with the pre-fit expected background event yield for
events selected by both the main (PF) and alternative (JPT) jet reconstruction methods as well
as events selected by only the JPT algorithm.

The experimental uncertainties considered above for the background are also taken into ac-
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count for the signal. In addition, the uncertainty in the signal acceptance due to the signal
modeling is evaluated using a MADGRAPH5 aMC@NLO+PYTHIA 8 particle level simulation of
the pp → bbA, A → µµ process in the four-flavor production scheme [56–58]. It includes
the uncertainty in the shower scale parameter, α (an upper scale allowed for the shower in
PYTHIA) [13] , the renormalization and factorization scales, and the PDFs. In the evaluation
of the uncertainties we follow the recommendations of LHC Higgs Cross Section Working
Group [59]. The renormalization and factorization scales are varied with two constraints such
that 0.5µ0 ≤ µR, µF ≤ 2µ0 varies while requiring 0.5 ≤ µR/µF ≤ 2 (µ0 is the recommended
central scale value [59]); the shower scale parameter is varied as α ∈ [1/(4

√
2),
√

2/4]. The
PDF uncertainty is obtained with the PDF4LHC15 nlo nf4 30 set [60–63]. The total theoretical
uncertainty on the signal acceptance, taken as the linear sum of the shower scale, the renormal-
ization and factorization scale, and the PDF uncertainties, varies from −16% to +18%. The dif-
ference in the signal acceptance between the PYTHIA 6 and MADGRAPH5 aMC@NLO+PYTHIA

8 particle level simulation is less than the total theoretical uncertainty discussed above.

The dimuon mass distribution in Fig. 3 (left) is used in the evaluation of the limits on the cross
section times branching fraction, σ(pp → bbA)B(A → µµ). The limits have been extracted
using a test statistic based on the profile likelihood ratio and asymptotic formulae, along with
the constraint of a positive signal, as proposed in Refs. [64, 65]. Systematic uncertainties are
included in the form of nuisance parameters. The dimuon mass spectrum and the post-fit
background event yield and its uncertainty given by the fit is presented in Fig. 5 (left), along
with the expected signal for mA = 30 GeV assuming a signal cross section times branching
fraction of 350 fb.

We scan over A masses from 25 to 60 GeV. The expected and observed upper limits at 95%
confidence level (CL) on σ(pp→ bbA)B(A→ µµ) are shown in Fig. 5 (right). Due to the good
agreement between the data and the expected background before and after the fit the limits for
all mass points in the mass interval of 25 < mµµ < 60 GeV are within two standard deviations
of the expected limit.
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Figure 5: Left: the dimuon mass distribution with the post-fit background event yield and its
uncertainty given by the fit, and the expected signal for mA = 30 GeV assuming a signal cross
section times branching fraction of 350 fb. Right: expected and observed upper limit at 95% CL
on σ(pp → bbA)BA → µµ) as a function of mA. The open circles show the limits obtained in
the CMS analysis of the A→ ττ final state [8] when translated into limits for the A→ µµ final
state using Eq.( 1).

In the 2HDM, the B(A → µµ) and B(A → ττ) are related through the ratio of the Yukawa
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couplings, and thus are proportional to the square of the lepton masses, i.e.

B(A→ ττ)

B(A→ µµ)
=
(mτ

mµ

)2
. (1)

The open circles in Fig. 5 show the upper limits on σ(pp → bbA)B(A → µµ) obtained from
the limits on σ(pp → bbA)B(A → ττ) evaluated in the CMS analysis of the A → ττ final
state [8]. One can see that upper limits evaluated from the direct search for the A → µµ decay
in bbA associated production are comparable with those from the A → ττ search using the
same production process.

6 Summary
A light pseudoscalar Higgs boson, produced in association with a pair of b jets and decaying
into two muons, has been searched for in pp collisions at

√
s = 8 TeV with an integrated lu-

minosity of 19.7 fb−1. This is the first time associated production with b quarks in the dimuon
decay channel has been looked for in the low dimuon mass range. No signal has been observed
in the dimuon mass range from 25 to 60 GeV. Upper limits on the cross section times branching
fraction, σ(pp → bbA)B(A → µµ), have been set. Despite the significantly lower branching
fraction, the limits evaluated from the direct search for the A → µµ decay in bbA associated
production are comparable with those from the A → ττ search using the same production
process.
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[11] T. Sjöstrand, S. Mrenna, and P. Z. Skands, “PYTHIA 6.4 physics and manual”, JHEP 05
(2006) 026, doi:10.1088/1126-6708/2006/05/026, arXiv:hep-ph/0603175.

[12] J. Alwall et al., “MadGraph 5: going beyond”, JHEP 06 (2011) 128,
doi:10.1007/JHEP06(2011)128, arXiv:1106.0522.

[13] 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.

[14] 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.

http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://www.arXiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://www.arXiv.org/abs/1207.7235
http://dx.doi.org/10.1007/JHEP06(2013)081
http://www.arXiv.org/abs/1303.4571
http://dx.doi.org/10.1103/PhysRevLett.114.191803
http://www.arXiv.org/abs/1503.07589
http://dx.doi.org/10.1016/j.physrep.2012.02.002
http://www.arXiv.org/abs/1106.0034
http://dx.doi.org/10.1103/PhysRevD.91.075019
http://www.arXiv.org/abs/1412.3385
http://dx.doi.org/10.1016/j.physletb.2016.05.003
http://www.arXiv.org/abs/1511.03610
http://www.arXiv.org/abs/1701.02032
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://www.arXiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1007/JHEP06(2011)128
http://www.arXiv.org/abs/1106.0522
http://dx.doi.org/10.1007/JHEP07(2014)079
http://www.arXiv.org/abs/1405.0301
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://www.arXiv.org/abs/hep-ph/0201195


12 References

[15] M. L. Mangano, M. Moretti, F. Piccinini, and M. Treccani, “Matching matrix elements and
shower evolution for top-quark production in hadronic collisions”, JHEP 01 (2007) 013,
doi:10.1088/1126-6708/2007/01/013, arXiv:hep-ph/0611129.

[16] 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.

[17] K. Melnikov and F. Petriello, “Electroweak gauge boson production at hadron colliders
through O(α2

S)”, Phys. Rev. D 74 (2006) 114017, doi:10.1103/PhysRevD.74.114017,
arXiv:hep-ph/0609070.

[18] M. Czakon, P. Fiedler, and A. Mitov, “The total top quark pair production cross-section at
hadron colliders through O(α4

S)”, Phys. Rev. Lett. 110 (2013) 252004,
doi:10.1103/PhysRevLett.110.252004, arXiv:1303.6254.

[19] 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.

[20] 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.

[21] 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.

[22] N. Kidonakis, “Differential and total cross sections for top pair and single top
production”, in Proceedings of the XX International Workshop on Deep-Inelastic Scattering
and Related Subjects. Bonn, Germany, 2012. arXiv:1205.3453.
doi:10.3204/DESY-PROC-2012-02/251.

[23] N. Kidonakis, “Top quark production”, in Proceedings, Helmholtz International Summer
School on Physics of Heavy Quarks and Hadrons (HQ 2013), p. 139. JINR, Dubna, Russia,
July, 2014. arXiv:1311.0283. doi:10.3204/DESY-PROC-2013-03/Kidonakis.

[24] T. Gehrmann et al., “W+W− production at hadron colliders in next to next to leading
order QCD”, Phys. Rev. Lett. 113 (2014) 212001,
doi:10.1103/PhysRevLett.113.212001, arXiv:1408.5243.

[25] J. M. Campbell and R. K. Ellis, “MCFM for the Tevatron and the LHC”, Nucl. Phys. B
Proc. Suppl. 205-206 (2010) 10, doi:10.1016/j.nuclphysbps.2010.08.011,
arXiv:1007.3492.

[26] 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, doi:10.1007/JHEP04(2013)072,
arXiv:1302.2394.

[27] CMS Collaboration, “Event generator tunes obtained from underlying event and
multiparton scattering measurements”, Eur. Phys. J. C 76 (2016), no. 3, 155,
doi:10.1140/epjc/s10052-016-3988-x, arXiv:1512.00815.

[28] R. Field, “Min-bias and the underlying event at the LHC”, Acta Phys. Polon. B 42 (2011)
2631, doi:10.5506/APhysPolB.42.2631, arXiv:1110.5530.

http://dx.doi.org/10.1088/1126-6708/2007/01/013
http://www.arXiv.org/abs/hep-ph/0611129
http://dx.doi.org/10.1140/epjc/s10052-007-0490-5
http://www.arXiv.org/abs/0706.2569
http://dx.doi.org/10.1103/PhysRevD.74.114017
http://www.arXiv.org/abs/hep-ph/0609070
http://dx.doi.org/10.1103/PhysRevLett.110.252004
http://www.arXiv.org/abs/1303.6254
http://dx.doi.org/10.1007/JHEP06(2010)043
http://www.arXiv.org/abs/1002.2581
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://www.arXiv.org/abs/1205.3453
http://dx.doi.org/10.3204/DESY-PROC-2012-02/251
http://www.arXiv.org/abs/1311.0283
http://dx.doi.org/10.3204/DESY-PROC-2013-03/Kidonakis
http://dx.doi.org/10.1103/PhysRevLett.113.212001
http://www.arXiv.org/abs/1408.5243
http://dx.doi.org/10.1016/j.nuclphysbps.2010.08.011
http://www.arXiv.org/abs/1007.3492
http://dx.doi.org/10.1007/JHEP04(2013)072
http://www.arXiv.org/abs/1302.2394
http://dx.doi.org/10.1140/epjc/s10052-016-3988-x
http://www.arXiv.org/abs/1512.00815
http://dx.doi.org/10.5506/APhysPolB.42.2631
http://www.arXiv.org/abs/1110.5530


References 13

[29] CDF Collaboration, R. Field, “Studying the ’underlying event’ at CDF and the LHC”, in
Proceedings, 1st International Workshop on Multiple Partonic Interactions at the LHC (MPI08),
p. 12. Perugia, Italy, October, 2009.

[30] J. Allison et al., “Geant4 developments and applications”, IEEE Trans. Nucl. Sci. 53 (2006)
270, doi:10.1109/TNS.2006.869826.

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

[32] CMS Collaboration, “Determination of jet energy calibration and transverse momentum
resolution in CMS”, JINST 6 (2011) 11002, doi:10.1088/1748-0221/6/11/P11002,
arXiv:1107.4277.

[33] CMS Collaboration, “Identification of b-quark jets with the CMS experiment”, JINST 8
(2013) P04013, doi:10.1088/1748-0221/8/04/P04013, arXiv:1211.4462.

[34] CMS Collaboration, “Performance of CMS muon reconstruction in pp collision events at√
s = 7 TeV”, JINST 7 (2012) P10002, doi:10.1088/1748-0221/7/10/P10002,

arXiv:1206.4071.

[35] CMS Collaboration, “Performance of electron reconstruction and selection with the CMS
detector in proton-proton collisions at

√
s = 8 TeV”, JINST 10 (2015) P06005,

doi:10.1088/1748-0221/10/06/P06005, arXiv:1502.02701.

[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, “Performance of jet-plus-tracks algorithm in Run I”, CMS Physics
Analysis Summary CMS-PAS-JME-14-005, 2014.

[39] CMS Collaboration, “Particle-flow reconstruction and global event description with the
CMS detector”, (2017). arXiv:1706.04965. Submitted to JINST.

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

[41] 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.

[42] M. Cacciari, G. P. Salam, and G. Soyez, “The catchment area of jets”, JHEP 04 (2008) 005,
doi:10.1088/1126-6708/2008/04/005, arXiv:0802.1188.

[43] CMS Collaboration, “Missing transverse energy performance of the CMS detector”,
JINST 06 (2011) P09001, doi:10.1088/1748-0221/6/09/P09001,
arXiv:1106.5048.

[44] CMS Collaboration, “Identification and filtering of uncharacteristic noise in the CMS
hadron calorimeter”, JINST 5 (2010) T03014,
doi:10.1088/1748-0221/5/03/T03014, arXiv:0911.4881.

http://dx.doi.org/10.1109/TNS.2006.869826
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1088/1748-0221/6/11/P11002
http://www.arXiv.org/abs/1107.4277
http://dx.doi.org/10.1088/1748-0221/8/04/P04013
http://www.arXiv.org/abs/1211.4462
http://dx.doi.org/10.1088/1748-0221/7/10/P10002
http://www.arXiv.org/abs/1206.4071
http://dx.doi.org/10.1088/1748-0221/10/06/P06005
http://www.arXiv.org/abs/1502.02701
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://cds.cern.ch/record/2057602
http://www.arXiv.org/abs/1706.04965
https://cds.cern.ch/record/1581583
http://dx.doi.org/10.1016/j.physletb.2007.09.077
http://www.arXiv.org/abs/0707.1378
http://dx.doi.org/10.1088/1126-6708/2008/04/005
http://www.arXiv.org/abs/0802.1188
http://dx.doi.org/10.1088/1748-0221/6/09/P09001
http://www.arXiv.org/abs/1106.5048
http://dx.doi.org/10.1088/1748-0221/5/03/T03014
http://www.arXiv.org/abs/0911.4881


14 References

[45] 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.
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Alvarez

University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval
Architecture, Split, Croatia
B. Courbon, N. Godinovic, D. Lelas, I. Puljak, P.M. Ribeiro Cipriano, 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

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
Y. Assran8,9, S. Elgammal9, A. Mahrous10

National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
R.K. Dewanjee, M. Kadastik, L. Perrini, M. Raidal, A. Tiko, C. Veelken

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

Helsinki Institute of Physics, Helsinki, Finland
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Université de Lyon, Université Claude Bernard Lyon 1, CNRS-IN2P3, Institut de Physique
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L. Alunni Solestizia,b, M. Biasinia,b, G.M. Bileia, C. Cecchia,b, D. Ciangottinia,b, L. Fanòa ,b,
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N. Magini, J.M. Marraffino, S. Maruyama, D. Mason, P. McBride, P. Merkel, S. Mrenna, S. Nahn,
V. O’Dell, K. Pedro, O. Prokofyev, G. Rakness, L. Ristori, B. Schneider, E. Sexton-Kennedy,
A. Soha, W.J. Spalding, L. Spiegel, S. Stoynev, J. Strait, N. Strobbe, L. Taylor, S. Tkaczyk,
N.V. Tran, L. Uplegger, E.W. Vaandering, C. Vernieri, M. Verzocchi, R. Vidal, M. Wang,
H.A. Weber, A. Whitbeck

University of Florida, Gainesville, USA
D. Acosta, P. Avery, P. Bortignon, D. Bourilkov, A. Brinkerhoff, A. Carnes, M. Carver, D. Curry,
R.D. Field, I.K. Furic, J. Konigsberg, A. Korytov, K. Kotov, P. Ma, K. Matchev, H. Mei,
G. Mitselmakher, D. Rank, D. Sperka, N. Terentyev, L. Thomas, J. Wang, S. Wang, J. Yelton

Florida International University, Miami, USA
Y.R. Joshi, S. Linn, P. Markowitz, J.L. Rodriguez

Florida State University, Tallahassee, USA
A. Ackert, T. Adams, A. Askew, S. Hagopian, V. Hagopian, K.F. Johnson, T. Kolberg,
G. Martinez, T. Perry, H. Prosper, A. Saha, A. Santra, R. Yohay

Florida Institute of Technology, Melbourne, USA
M.M. Baarmand, V. Bhopatkar, S. Colafranceschi, M. Hohlmann, D. Noonan, T. Roy,
F. Yumiceva

University of Illinois at Chicago (UIC), Chicago, USA
M.R. Adams, L. Apanasevich, D. Berry, R.R. Betts, R. Cavanaugh, X. Chen, O. Evdokimov,
C.E. Gerber, D.A. Hangal, D.J. Hofman, K. Jung, J. Kamin, I.D. Sandoval Gonzalez, M.B. Tonjes,
H. Trauger, N. Varelas, H. Wang, Z. Wu, J. Zhang

The University of Iowa, Iowa City, USA
B. Bilki64, W. Clarida, K. Dilsiz65, S. Durgut, R.P. Gandrajula, M. Haytmyradov, V. Khristenko,
J.-P. Merlo, H. Mermerkaya66, A. Mestvirishvili, A. Moeller, J. Nachtman, H. Ogul67, Y. Onel,
F. Ozok68, A. Penzo, C. Snyder, E. Tiras, J. Wetzel, K. Yi

Johns Hopkins University, Baltimore, USA
B. Blumenfeld, A. Cocoros, N. Eminizer, D. Fehling, L. Feng, A.V. Gritsan, P. Maksimovic,
J. Roskes, U. Sarica, M. Swartz, M. Xiao, C. You

The University of Kansas, Lawrence, USA
A. Al-bataineh, P. Baringer, A. Bean, S. Boren, J. Bowen, J. Castle, S. Khalil, A. Kropivnitskaya,



29

D. Majumder, W. Mcbrayer, M. Murray, C. Royon, S. Sanders, E. Schmitz, R. Stringer, J.D. Tapia
Takaki, Q. Wang

Kansas State University, Manhattan, USA
A. Ivanov, K. Kaadze, Y. Maravin, A. Mohammadi, L.K. Saini, N. Skhirtladze, S. Toda

Lawrence Livermore National Laboratory, Livermore, USA
F. Rebassoo, D. Wright

University of Maryland, College Park, USA
C. Anelli, A. Baden, O. Baron, A. Belloni, B. Calvert, S.C. Eno, C. Ferraioli, N.J. Hadley,
S. Jabeen, G.Y. Jeng, R.G. Kellogg, J. Kunkle, A.C. Mignerey, F. Ricci-Tam, Y.H. Shin, A. Skuja,
S.C. Tonwar

Massachusetts Institute of Technology, Cambridge, USA
D. Abercrombie, B. Allen, V. Azzolini, R. Barbieri, A. Baty, R. Bi, S. Brandt, W. Busza,
I.A. Cali, M. D’Alfonso, Z. Demiragli, G. Gomez Ceballos, M. Goncharov, D. Hsu, Y. Iiyama,
G.M. Innocenti, M. Klute, D. Kovalskyi, Y.S. Lai, Y.-J. Lee, A. Levin, P.D. Luckey, B. Maier,
A.C. Marini, C. Mcginn, C. Mironov, S. Narayanan, X. Niu, C. Paus, C. Roland, G. Roland,
J. Salfeld-Nebgen, G.S.F. Stephans, K. Tatar, D. Velicanu, J. Wang, T.W. Wang, B. Wyslouch

University of Minnesota, Minneapolis, USA
A.C. Benvenuti, R.M. Chatterjee, A. Evans, P. Hansen, S. Kalafut, Y. Kubota, Z. Lesko, J. Mans,
S. Nourbakhsh, N. Ruckstuhl, R. Rusack, J. Turkewitz

University of Mississippi, Oxford, USA
J.G. Acosta, S. Oliveros

University of Nebraska-Lincoln, Lincoln, USA
E. Avdeeva, K. Bloom, D.R. Claes, C. Fangmeier, R. Gonzalez Suarez, R. Kamalieddin,
I. Kravchenko, J. Monroy, J.E. Siado, G.R. Snow, B. Stieger

State University of New York at Buffalo, Buffalo, USA
M. Alyari, J. Dolen, A. Godshalk, C. Harrington, I. Iashvili, D. Nguyen, A. Parker, S. Rappoccio,
B. Roozbahani

Northeastern University, Boston, USA
G. Alverson, E. Barberis, A. Hortiangtham, A. Massironi, D.M. Morse, D. Nash, T. Orimoto,
R. Teixeira De Lima, D. Trocino, D. Wood

Northwestern University, Evanston, USA
S. Bhattacharya, O. Charaf, K.A. Hahn, N. Mucia, N. Odell, B. Pollack, M.H. Schmitt, K. Sung,
M. Trovato, M. Velasco

University of Notre Dame, Notre Dame, USA
N. Dev, M. Hildreth, K. Hurtado Anampa, C. Jessop, D.J. Karmgard, N. Kellams, K. Lannon,
N. Loukas, N. Marinelli, F. Meng, C. Mueller, Y. Musienko35, M. Planer, A. Reinsvold, R. Ruchti,
G. Smith, S. Taroni, M. Wayne, M. Wolf, A. Woodard

The Ohio State University, Columbus, USA
J. Alimena, L. Antonelli, B. Bylsma, L.S. Durkin, S. Flowers, B. Francis, A. Hart, C. Hill, W. Ji,
B. Liu, W. Luo, D. Puigh, B.L. Winer, H.W. Wulsin

Princeton University, Princeton, USA
A. Benaglia, S. Cooperstein, O. Driga, P. Elmer, J. Hardenbrook, P. Hebda, S. Higginbotham,



30 A The CMS Collaboration

D. Lange, J. Luo, D. Marlow, K. Mei, I. Ojalvo, J. Olsen, C. Palmer, P. Piroué, D. Stickland,
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