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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 association 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
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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 silicon 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 embedded 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 selected by requiring a single muon (µ) or two muons within the detector acceptance

and passing 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 sensitivity 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 generated 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).
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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)

generator [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 MadGraph generation includes up to four partons in the matrix element calculations

and a procedure 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 computed with fewz (v3.1) [17]. The W+jets sample is simulated and nor-

malized 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 normal-

ized 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 gen-

erated signal and background samples. The presence of multiple pp interactions (pileup)

in the same or adjacent bunch crossings is incorporated by simulating additional interac-

tions (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.

4 Event reconstruction and selection

Events are required to have at least one vertex, with the reconstructed longitudinal posi-

tion (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 p2T 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 analysis [3].
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The electron selection criteria are optimized using a multivariate approach, and have a

combined 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 multivariate 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

(predominantly arising from decays of b hadrons), a relative isolation is defined for each

lepton candidate. 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 direction 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 reconstruction.

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 reconstructed tracks (PF candidates), while the JPT algorithm does not re-

quire cluster separation as it starts from the reconstructed calorimeter jets (calojet) and

track matching is done with respect 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 cal-

orimeter thresholds and tracking inefficiency in the case of the JPT algorithm. These jet

reconstruction algorithms are affected differently by detector effects, like tracker misalign-

ment 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 asso-

ciated 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 chan-

nels 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 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 multivari-

ate analysis [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 successively 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
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45% and a misidentification 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 pµ1T
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 identification conditions. The optimization procedure selects the thresholds on the

subleading pT muon (pµ2T ), the leading b jet pT (pb jet
T ), and pmiss

T , where an approximate

estimate of signal significance, 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:

• pµ1T > 25 GeV, |ηµ1 | < 2.1;

• pµ2T > 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 figure 2 shows the pT of the leading b jet (left) and the pmiss
T (right) for the events pass-

ing 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 cor-

rected using 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 back-

ground processes take into account the following sources of systematic uncertainty, where

the range of variations of each source was determined in dedicated studies with appropriate

data control samples or, if relevant, from the theory uncertainty affecting the prediction:

• luminosity uncertainty, 2.6% [51];
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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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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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• 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 evalu-

ated. 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 repre-

sents only '15% of the total cross-section. The gluon-gluon luminosity uncertainty is com-

pared 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 uncertain-

ties 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 pre-

sented in figure 3 (left) together with the expected signal for mA = 30 GeV assuming a

– 7 –
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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.

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

simulation 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 suppressed 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 analysis, except the threshold on the second leading pT electron, which

is taken higher than in the dimuon analysis (pe2T > 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 figure 3 (right).

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.

The experimental uncertainties considered above for the background are also taken

into account 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

– 8 –
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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.

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 renormalization and factorization scale, and the PDF uncer-

tainties, varies from −16% to +18%. The difference 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 figure 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 figure 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 figure 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.

In the 2HDM, the B(A → µµ) and B(A → ττ) are related through the ratio of the

Yukawa couplings, and thus are proportional to the square of the lepton masses, i.e.

B(A→ ττ)

B(A→ µµ)
=

(
mτ

mµ

)2

. (5.1)

The open circles in figure 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
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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. (5.1).

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

luminosity 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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Principado de Asturias; the Thalis and Aristeia programs cofinanced by EU-ESF and the

Greek NSRF; the Rachadapisek Sompot Fund for Postdoctoral Fellowship, Chulalongkorn

University and the Chulalongkorn Academic into Its 2nd Century Project Advancement

Project (Thailand); and the Welch Foundation, contract C-1845.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1] ATLAS collaboration, Observation of a new particle in the search for the standard model

Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1

[arXiv:1207.7214] [INSPIRE].

[2] CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS

experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [INSPIRE].

[3] CMS collaboration, Observation of a new boson with mass near 125 GeV in pp collisions at√
s = 7 and 8 TeV, JHEP 06 (2013) 081 [arXiv:1303.4571] [INSPIRE].

– 11 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7214
https://doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7235
https://doi.org/10.1007/JHEP06(2013)081
https://arxiv.org/abs/1303.4571
https://inspirehep.net/search?p=find+EPRINT+arXiv:1303.4571


J
H
E
P
1
1
(
2
0
1
7
)
0
1
0

[4] ATLAS and CMS collaborations, Combined measurement of the Higgs boson mass in pp

collisions at
√
s = 7 and 8 TeV with the ATLAS and CMS experiments, Phys. Rev. Lett. 114

(2015) 191803 [arXiv:1503.07589] [INSPIRE].

[5] J.F. Gunion et al., The Higgs hunter’s guide, Frontiers in Physics volume 80, Perseus Books,

U.S.A. (2000).

[6] G.C. Branco et al., Theory and phenomenology of two-Higgs-doublet models, Phys. Rept. 516

(2012) 1 [arXiv:1106.0034] [INSPIRE].

[7] J. Bernon, J.F. Gunion, Y. Jiang and S. Kraml, Light Higgs bosons in two-higgs-doublet

models, Phys. Rev. D 91 (2015) 075019 [arXiv:1412.3385] [INSPIRE].

[8] CMS collaboration, Search for a low-mass pseudoscalar Higgs boson produced in association

with a bb̄ pair in pp collisions at
√
s = 8 TeV, Phys. Lett. B 758 (2016) 296

[arXiv:1511.03610] [INSPIRE].

[9] CMS collaboration, Search for light bosons in decays of the 125 GeV Higgs boson in

proton-proton collisions at
√
s = 8 TeV, JHEP 10 (2017) 076 [arXiv:1701.02032] [INSPIRE].

[10] CMS collaboration, The CMS experiment at the CERN LHC, 2008 JINST 3 S08004

[INSPIRE].
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R. Lopes De Sá, J. Lykken, K. Maeshima, 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, U.S.A.

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, U.S.A.

Y.R. Joshi, S. Linn, P. Markowitz, J.L. Rodriguez

Florida State University, Tallahassee, U.S.A.

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

– 29 –



J
H
E
P
1
1
(
2
0
1
7
)
0
1
0

Florida Institute of Technology, Melbourne, U.S.A.

M.M. Baarmand, V. Bhopatkar, S. Colafranceschi, M. Hohlmann, D. Noonan, T. Roy,

F. Yumiceva

University of Illinois at Chicago (UIC), Chicago, U.S.A.

M.R. Adams, L. Apanasevich, D. Berry, R.R. Betts, R. Cavanaugh, X. Chen, O. Evdoki-

mov, 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, U.S.A.

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, U.S.A.

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, U.S.A.

A. Al-bataineh, P. Baringer, A. Bean, S. Boren, J. Bowen, J. Castle, S. Khalil, A. Kropivnit-

skaya, D. Majumder, W. Mcbrayer, M. Murray, C. Royon, S. Sanders, E. Schmitz,

R. Stringer, J.D. Tapia Takaki, Q. Wang

Kansas State University, Manhattan, U.S.A.

A. Ivanov, K. Kaadze, Y. Maravin, A. Mohammadi, L.K. Saini, N. Skhirtladze, S. Toda

Lawrence Livermore National Laboratory, Livermore, U.S.A.

F. Rebassoo, D. Wright

University of Maryland, College Park, U.S.A.

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, U.S.A.

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, U.S.A.

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, U.S.A.

J.G. Acosta, S. Oliveros

– 30 –



J
H
E
P
1
1
(
2
0
1
7
)
0
1
0

University of Nebraska-Lincoln, Lincoln, U.S.A.

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, U.S.A.

M. Alyari, J. Dolen, A. Godshalk, C. Harrington, I. Iashvili, D. Nguyen, A. Parker,

S. Rappoccio, B. Roozbahani

Northeastern University, Boston, U.S.A.

G. Alverson, E. Barberis, A. Hortiangtham, A. Massironi, D.M. Morse, D. Nash, T. Ori-

moto, R. Teixeira De Lima, D. Trocino, D. Wood

Northwestern University, Evanston, U.S.A.

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, U.S.A.

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, U.S.A.

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, U.S.A.

A. Benaglia, S. Cooperstein, O. Driga, P. Elmer, J. Hardenbrook, P. Hebda, S. Higgin-

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