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Abstract

A search for resonances in the mass range 12-70 GeV produced in association with a
b quark jet and a second jet, and decaying to a muon pair, is reported. The analy-
sis is based on data from proton-proton collisions at center-of-mass energies of 8 and
13 TeV, collected with the CMS detector at the LHC and corresponding to integrated
luminosities of 19.7 and 35.9 fb~ !, respectively. The search is carried out in two mu-
tually exclusive event categories. Events in the first category are required to have a
b quark jet in the central region (77| < 2.4) and at least one jet in the forward region
(In] > 2.4). Events in the second category are required to have two jets in the cen-
tral region, at least one of which is identified as a b quark jet, no jets in the forward
region, and low missing transverse momentum. An excess of events above the back-
ground near a dimuon mass of 28 GeV is observed in the 8 TeV data, corresponding
to local significances of 4.2 and 2.9 standard deviations for the first and second event
categories, respectively. A similar analysis conducted with the 13 TeV data results in
a mild excess over the background in the first event category corresponding to a lo-
cal significance of 2.0 standard deviations, while the second category results in a 1.4
standard deviation deficit. The fiducial cross section measurements and 95% confi-
dence level upper limits on those for a resonance consistent with the 8 TeV excess are
provided at both collision energies.
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1 Introduction

The discovery of a Higgs boson [1-3] with a mass near 125GeV [4, 5] provided new motiva-
tion to search for an extended Higgs sector at the CERN LHC. These searches are focused
not only on additional Higgs bosons at high mass, but also on possible light states below
125 GeV, which may have eluded earlier detection. Light (pseudo)scalar bosons are predicted
in a number of beyond the standard model (SM) theories, e.g., in two Higgs doublet mod-
els (2HDM) [6] and next-to-minimal supersymmetric SM (NMSSM) [7]. Despite an extensive
program of searches for such resonances by the CERN LEP experiments [8H12], and by the
ATLAS [13H17], CMS [18-H25], and LHCDb [26] Collaborations, the present experimental limits
on the product of production cross sections and branching fractions do not yet exclude the
existence of such particles [27].

As numerous searches for heavy particles at the LHC have thus far produced only null results,
searches for low-mass resonances with suppressed couplings to SM particles have received
increased interest. Examples include extending dijet resonance searches to low masses [28-
31], and searches for dark photons and dark Z bosons [16} 32, 33]. Such low-mass resonances
are predicted in a number of models, including those [34, 35] providing possible explanations
for the host of recently observed flavor anomalies [36] 37] via Z’' bosons with nonuniversal
couplings to quarks and leptons. The cross section of the associated production with bottom
quarks of a new light boson (scalar or vector), times the dimuon branching fraction of its decay,
can be large in proton-proton (pp) collisions at the LHC, e.g., in 2HDM [38] or in Z' [34] models.
Previous searches in this channel were performed by CMS using /s = 7 and 8 TeV data [19}25].

In the course of detailed studies related to a search [25] for a (pseudo)scalar boson produced
in association with bottom quarks and decaying into opposite-sign (OS) muon pairs, pp —
bbA, A — utu~, performed by CMS at a center-of-mass energy of /s = 8TeV in 2012, an
enhancement in the dimuon spectrum near 28 GeV was observed in events containing a b quark
jet ("b jet”) in the central pseudorapidity region (|| < 2.4) and another jet in the forward
region (|| > 2.4). The excess is vanishing in the published analysis [25], being diluted by
much more inclusive selections applied to data. As a cross-check, a complementary sample of
events with two OS muons, a central b jet, an additional central jet, no forward jets, and low
missing transverse momentum was studied. An excess of events above the SM background
was observed also in this independent sample. Extensive studies related to various features of
the observed excess and its possible origin did not reveal any significant systematic biases or
problems with the background estimation methods or with the analysis technique. A similar
analysis has now been performed using data collected in 2016 at /s = 13 TeV. It results in a
mild excess over the background in the first event category corresponding to a local significance
of 2.0 standard deviations (s.d.), while the second category results in a 1.4 s.d. deficit.

This paper describes in detail both the 8 and 13 TeV analyses, corresponding to integrated lu-
minosities of 19.7 and 35.9 b, respectively, and is organized as follows. The CMS detector
is briefly described in Section Data and simulated samples, as well as the event reconstruc-
tion, are presented in Section 3] The event selection is described in Section [4 followed by a
statistical characterization of the observed dimuon mass distributions in Section 5l Results are
summarized in Section [6l

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip



tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

In the region || < 1.74, the HCAL cells have widths of 0.087 in pseudorapidity and 0.087
in azimuth (¢). In the y—¢ plane, and for |;7| < 1.48, the HCAL cells map on to 5 x 5 arrays
of ECAL crystals to form calorimeter towers projecting radially outwards from close to the
nominal interaction point. For || > 1.74, the coverage of the towers increases progressively to
a maximum of 0.174 in Ay and A¢. Within each tower, the energy deposits in ECAL and HCAL
cells are summed to define the calorimeter tower energies, subsequently used to provide the
energies and directions of hadronic jets.

Muons are measured in the pseudorapidity range |1| < 2.4, with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive-plate chambers. Matching
muons to tracks measured in the silicon tracker results in a relative transverse momentum (pr)
resolution for muons with 20 < pr < 100GeV of 1.3-2.0% in the barrel and better than 6%
in the endcaps. The pr resolution in the barrel is better than 10% for muons with pr up to
1TeV [39].

The reconstructed vertex with the largest value of summed charged-particle track (physics-
object) p% is taken to be the primary pp interaction vertex in the 8 (13) TeV analysis. The physics
objects are the jets, clustered using the jet finding algorithm [40, 41], with the tracks assigned
to the vertex as inputs, and the associated missing transverse momentum, taken as the neg-
ative vectorial sum of the pr of those jets. Events are required to have at least one primary
vertex, with the position along (transverse to) the direction of the beams within 24 (2) cm of the
geometrical center of the detector.

Events of interest are selected using a two-tiered trigger system [42]. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a time interval of less than 4 us. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [43].

3 Data, simulation, and event reconstruction

Online, the events were selected by requiring a single-muon trigger with a pt threshold of
24 GeV, loose isolation requirements, and a fiducial requirement of |7| < 2.1 for the muon. The
trigger efficiency for the events selected for the analysis (Section [) is 95% for both center-of-
mass energies.

The particle-flow (PF) algorithm [44] aims to reconstruct and identify each individual parti-
cle in an event, with an optimized combination of information from the various elements of
the CMS detector. The energy of muons is obtained from the curvature of the corresponding
track. The energy of photons is directly obtained from the ECAL measurement. The energy
of electrons is determined from a combination of the electron momentum at the primary in-
teraction vertex, as determined by the tracker, the energy of the corresponding ECAL cluster,



and the energy sum of all bremsstrahlung photons spatially compatible with originating from
the electron track. The energy of charged hadrons is determined from a combination of their
momentum measured in the tracker and the matching ECAL and HCAL energy deposits, cor-
rected for zero-suppression effects and for the response function of the calorimeters to hadronic
showers. Finally, the energy of neutral hadrons is obtained from the corresponding corrected
ECAL and HCAL energy. The missing transverse momentum vector in the event ps* is de-
fined as a negative vectorial sum of the pr of all PF candidates in an event; its magnitude is
referred to as piiss.

For each event, hadronic jets are clustered from PF candidates using the infrared- and collinear-
safe anti-kT algorithm [40] with a distance parameter of 0.5 (0.4) for the 8 (13) TeV analysis, as
implemented in the FASTJET package [41]. The jet momentum is determined as the vectorial
sum of all particle momenta in the jet, and is found from simulation to be within 5 to 10% of the
true momentum over the entire pr spectrum and detector acceptance. Additional pp interac-
tions within the same or nearby bunch crossings (pileup) can contribute additional tracks and
calorimetric energy depositions to the jet momentum. To mitigate this effect, tracks identified
to be originating from pileup vertices are discarded and an offset correction [45] is applied to
correct for remaining contributions. Jet energy corrections are derived from simulation to bring
the measured response of jets to that of particle-level jets on average. In situ measurements of
the momentum balance in dijet, multijet, photon+jet, and leptonically decaying Z+jet events
are used to account for any residual differences between the jet energy scales in data and sim-
ulation [46]. The jet energy resolution amounts typically to 15% at 10 GeV, 8% at 100 GeV, and
4% at 1 TeV. Additional selection criteria are applied to remove jets potentially dominated by
anomalous contributions from various subdetector components or reconstruction failures [47].
Jets identified as likely coming from pileup [48] are also removed.

Jets originating from b quarks are tagged by using multivariate analysis (MVA) algorithms.
The CSVMVA [49, 50] (cMVAv2 [51]) algorithm is used in the 8 (13) TeV analysis. The MVA
algorithms take as inputs the impact parameters of jet constituents and secondary vertices re-
constructed within the jet [52]. We use the “tight” working point of the b tagging algorithms at
both collision energies, which corresponds to approximately 50% b jet tagging efficiency and
0.1% light-quark or gluon jet mistag rate for the jets within the kinematic range used in the
analysis. The misidentification rate for ¢ quark jets is 2%.

Muons are reconstructed using a simultaneous global fit performed with the hits in the silicon
tracker and the muon system. They are required to pass standard identification criteria [53} 54]
based on the minimum number of hits in each detector, quality of the fit, and the consistency
with the primary vertex, by requiring the longitudinal and transverse impact parameters to
be less than 0.5 and 0.2 cm, respectively. Muons must be isolated from other activity in the
tracker by requiring the pr sum of other charged PF candidates within a cone of radius AR =
V(A)? 4+ (A$)?> = 0.3, centered on the muon candidate, to be less than 10% of the muon
candidate pr. If the two muons with the highest pt in an event are within the isolation cone of
one another, the other muon candidate is removed from the isolation sum for each muon.

Simulated event samples are used to study the backgrounds. The following background pro-
cesses were considered: Drell-Yan (DY), W+jets, tt, single top quark, and diboson (VV) produc-
tion. The DY background includes the associated production of {*¢~ (¢ = e, y, T) pairs with
c and b quarks. Monte Carlo (MC) simulation of these processes in the 8 TeV analysis is de-
scribed in detail in Ref. [25]. Events are generated either at leading order (LO) with the MAD-
GRAPH v5.1.3.30 generator [55] or at next-to-leading order (NLO) with POWHEG 1.0 [56H58].
The CTEQS6 [59] parton distribution functions (PDFs) are used in the matrix element calcula-



tions. The parton shower and fragmentation are described by PYTHIA v6.426 [60] with the Z2*
underlying event tune [61}62]. In the 13 TeV analysis, we use MADGRAPH5_aMC@NLO v2.2.2
or higher [63] and POWHEG v2.0 with NNPDF3.0 PDFs [64], followed by PYTHIA v8.212 [65]
with the CUETP8M1 underlying event tune [62]. The cross sections of generated samples are
normalized to the highest order theoretical calculations available, NLO or higher.

A detector simulation based on GEANT4 (v.9.4p03 for 8 TeV and v.10.02.p02 for 13 TeV analy-
sis) [66] is applied to all generated samples. The effect of pileup is accounted for by super-
imposing simulated minimum bias events on the hard scattering process, with a multiplicity
distribution that matches the one observed in data. The b tagging and muon reconstruction
efficiencies, as well as the jet energy scale and resolution in simulation, are corrected to match
the corresponding values measured in data.

4 Event selection

The candidate event selection follows closely that of Ref. [25]. We require an OS muon pair
with both muons passing the pr > 25GeV and |y| < 2.1 requirements. The dimuon invariant
mass 11, is required to exceed 12GeV in order to remove low-mass resonances and poorly
modeled backgrounds. We require at least two jets with pt > 30GeV and |17| < 4.7 in an event,
with at least one of them found in the central region || < 2.4 and being b tagged. We further
define two search regions (SRs): one with no other central jets (SR1) and one with a second
jet found in the central region, no jets in the forward region (7| > 2.4), piss < 40GeV, and
the azimuthal angle between the direction of the dimuon and dijet systems A¢(up,jj) > 2.5
radians (SR2). Table[l|summarizes the event selection described above.

Table 1: Event selection in the two search regions. A dash means that the variable is not used
for selection.

Event SR1 SR2
category Additional forward jet Additional central jet
Muons OS, pr > 25GeV, || < 2.1
Myy myy > 12GeV
b-tagged jet pr > 30GeV, || <24
Additional jet pr > 30GeV,24 < || < 4.7 pr > 30GeV, || <24
Jet veto No other jets pr > 30GeV, |57| <24 Nojets pr > 30GeV,2.4 < || < 4.7
pniss — <40GeV
AP(pp,jj) — >2.5rad

The m,, distribution for events selected in the 8 TeV data set with the SR1 requirements is
shown in Fig. [1| (upper left) compared with a simulation-based estimate of the background,
dominated by the top quark events at low, and DY production at high dimuon mass. There is
good agreement between data and simulation in the mass range between 12 and 24 GeV and
above 34 GeV. An excess in data over the predicted background is seen in the mass range of
~26-32 GeV, which is broader than that expected from a narrow resonance.

To investigate the origin of the observed excess, we also study the dimuon mass spectrum in
a complementary phase space region, SR2. It was defined from basic considerations, testing if
the production process is dominated by the electroweak or the strong interaction. In the latter
case the second jet may be present not in the forward but rather in the central pseudorapid-
ity region. To compensate for an otherwise significant increase in the tt background in SR2,
we use additional p and A¢(up,jj) requirements, which are not needed in SR1. This com-
plementary selection is also shown in Table [I| The dimuon mass distribution in SR2 for the
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Figure 1: Upper row: the dimuon mass distribution in SR1 (left) and SR2 (right) in the
8 TeV analysis, with the simulation-based background expectations superimposed. Lower row:
the dimuon mass distribution in SR1 (left) and SR2 (right) in the 13 TeV analysis, with the
simulation-based background expectations superimposed.

8 TeV analysis is shown in Fig. [I| (upper right) together with the background expectations from
simulation. An excess is present in SR2, too, at a similar mass and with similar width.

The analysis is repeated using 13 TeV data with approximately twice the integrated luminosity
of the 8 TeV sample. The m,, distribution for events selected with the SR1 and SR2 require-
ments is presented in Fig. [I| (lower left and right), together with the background expectations
from simulation, and show no significant excess over the background-only hypothesis in the
entire mass spectrum studied.



5 Characterization of the dimuon mass spectra

The my,, spectrum is fit using a convolution of Breit-Wigner and Gaussian functions to model
a possible signal where the excess is seen. The Breit-Wigner function describes the intrinsic
resonance line-shape, while the Gaussian part describes the experimental mass resolution of
0.45 GeV for a dimuon system with a mass of 28 GeV. Because of a low event count in simulated
background samples, a smooth polynomial function for the description of the background is
used, with the parameters allowed to vary freely in the fit.

In order to characterize quantitatively any potential event excess, we perform an unbinned
maximum likelihood fit to the dimuon mass distribution m,,, in the 12-70 GeV range using the
following expression for the likelihood:

(Ns + No)™ _(no-ni) I—N[ Ns

B
1
NI NS~I—N NN Pi a,a2)l, (1)

N
L(mx, Ty, a1, 02) = mx, Tyup) + NSTBNBpi (

i=1
where N is the number of observed events in data, Ng is the number of the signal events, Ng
is the number of the background events, and p? and p? are the probability density functions
for the signal and the background, respectively, to have a measured dimuon mass 1, in the
event i. The free parameters of the fit are Ns, N, the signal mass mx and the width ', and the
parameters a; and a of the polynomial function of the background model. The optimal choice
of the order of the polynomial function for the background model (second-order for both SRs
and at both center-of-mass energies) was based on the same criteria as used in the CMS SM
H — 77 analysis [3].

The results of the fit in the 12 < my, < 70GeV range of SR1 and SR2 for the 8 TeV analysis
are shown in Fig. 2| (upper left and right). The solid line corresponds to the fit with the signal-
plus-background hypothesis, while the dashed line shows the fit with the background-only
hypothesis.

The statistical significance of the excess and the upper limits are evaluated using a frequentist
approach. A profile likelihood ratio test statistic is calculated [67] as:

L(rix, Ty, 01,0
ga = —21n (AX Ayy Al AZ)
L(mX1r}ly/u1/a2>

)

where A, miy, IA’W, 41, and 4, are the values that maximize the likelihood L given the data, and
41, by are the values that maximize the likelihood for a fixed arbitrary value of A. If A <0,
then g4 is set to zero. The evaluation of the significance of an excess is based on gg, while the
evaluation of an upper limit on the signal cross section is based on g4 with g4 = 0if A > A.
The g distribution for the fixed values of my and I';;, tends to conform to a x? distribution with
one degree of freedom, from which the p-values can be calculated [67]; the values obtained are
verified by a large number of pseudo-experiments.

The local significance of the excess found in SR1 at 8 TeV is 4.2s.d. A global significance of
3.0s.d. is evaluated by taking the look-elsewhere effect (LEE) [68] into account for the given
dimuon mass range and the range of the signal width 0.5-2.0 GeV. The global significance we
quote does not take into account the choice of all event selection criteria, and therefore should
be considered only as a partial accounting for the LEE. The local significance of the excess
observed in SR2 at 8 TeV is 2.9 s.d. The best fit values of the hypothetical signal mass myx and its
width I, obtained from the fit to the 8 TeV data are listed in Table

The relative uncertainties in the muon pr scale (~0.2%) and in the dimuon mass resolution
(~10%) have a negligible effect on the p-values, and the mass and width measurements.
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Figure 2: Upper row: the 12 < my, < 70GeV range in SR1 (left) and SR2 (right) in the 8 TeV
analysis. Lower row: the 12 < m,,, < 70GeV range in SR1 (left) and SR2 (right) in the 13 TeV
analysis. The results of an unbinned maximum likelihood fit for the signal-plus-background
(solid lines) and background-only (dashed lines) hypotheses are superimposed.

We further perform the combined fit to the two SRs at 8 TeV to reduce the uncertainties in the
extraction of the mass and the width of a hypothetical resonance. The number of the signal and
background events, Ng and Ng, and the parameters of the background functions, a; and a4y, in
the two SRs are varied independently in the fit, while the common signal mean and width are
used in both SRs. The mean and the width of the signal extracted from the combined fit are
my = 283+04GeVand I, =1.8+0.8GeV.

Several cross-checks are performed to evaluate the stability of the observed excess in the 8 TeV
analysis. The analysis is repeated using an alternative jet reconstruction algorithm [69]; us-
ing a double-muon, instead of the single-muon, trigger; with alternative kinematic selections
targeting a reduction of the dominant tt background (increased pss requirement, the use of



Table 2: The mass and width of the event excess obtained in the 8 TeV analysis.

Event SR1 SR2
category  Additional forward jet Additional central jet
mx (GeV) 28.44+ 0.6 282+ 0.7
[y (GeV) 1.94+1.3 1.9+1.1

the variable mp = V/ (PE)2 + (P1%)2 + (p™is%)2 instead of the piss selection, and a change in

the jet veto threshold). In all cases we observe a statistically significant excess with the local
significance within 0.5s.d. of that for the nominal selections. We also checked that the event
excess is observed with relaxed or tighter b tagging selections and after dropping either the
muon isolation or pileup jet identification criteria.

A similar analysis of the dimuon mass spectrum in 13 TeV data shows no significant excess
near 28 GeV in either SR1 or SR2. Figure (lower left) shows the dimuon mass spectrum in the
12 < my, < 70GeV range for events in SR1, with the fit result superimposed. The fit yields a
mild excess corresponding to a local significance of 2.0s.d., with a fitted mass of 27.2 £ 0.6 GeV
and a width of 0.7 = 1.0 GeV. Figure [2] (lower right) shows the dimuon mass spectrum in SR2
together with the fit result, which yields a negative signal yield with a significance of 1.4 s.d.

We provide a measurement of the fiducial cross sections and upper limits at 95% confidence
level (CL) on those for a potential signal. The limits are obtained under the background-only
hypothesis and using an asymptotic approximation [67] of the CLs method [70, 71]. The quoted
values take into account the reconstruction efficiency £, which includes the muon trigger,
identification, and isolation efficiency, as well as the b tagging efficiency. It was obtained from
simulation using the tt sample with the dimuon decays of the top quark pairs, which is the
dominant background in the mass region of the search. In the absence of a reliable model
predicting a hypothetical signal, it is not possible to include the efficiency of the kinematic
selections. Consequently, the fiducial cross section is reported, defined as:

Ns
Ufid = 7 greco” 3)

where Ns is the number of the signal events extracted from the fit, £ is the integrated lumi-
nosity, and ™ is the reconstruction efficiency. The relative uncertainties in the muon trigger,
identification, and isolation efficiency (3%), the b tagging efficiency (1.6% at 8 TeV and 1.0% at
13 TeV), and the integrated luminosity measurement (2.6% at 8 TeV [72] and 2.5% at 13 TeV [73]])
are taken into account in the fit as nuisance parameters. For 8 TeV data a combined fit in the two
SRs is performed and these uncertainties are considered as fully correlated between SR1 and
SR2. The effect of the systematic uncertainties is negligible compared to the statistical uncer-
tainty. The values of the signal mass and the width, and their associated uncertainties obtained
from the combined fit to the 8 TeV data in the two SRs, are used in the fit of the 13 TeV data,
which is performed separately for each SR.

Table 3| shows the local significances, the measured fiducial cross sections with +1s.d. uncer-
tainties, and the upper limits on the number of signal events and fiducial signal cross section
at 95% CL, together with the best fit Ng values for the two SRs at \/s = 8 and 13TeV. The
reconstruction efficiencies and the integrated luminosities are also listed.

Figure 3| presents a summary of the measured fiducial cross sections and the 95% CL upper
limits on those in SR1 (left) and SR2 (right). The expected (observed) upper limits are shown
as vertical dashed (solid) lines, together with the 68 and 95% CL uncertainties in the expected
limits. Also shown in the plot are the expected cross sections and their uncertainties at /s =



Table 3: The local significances, the measured fiducial signal cross sections with £1s.d. uncer-
tainties, and the upper limits at 95% CL, together with the values of Ng for the two SRs and
two collision energies. The reconstruction efficiencies and the integrated luminosities are also
listed.

Vs (TeV) 8 13
Event category SR1 SR2 SR1 SR2
Local significance (s.d.) 4.2 2.9 2.0 1.4 deficit
Ng 22076 228+95 145+93 —-149+10.1
Ns observed upper limit at 95% CL 40.4 44.7 36.9 32.2
Ns expected upper limit at 95% CL 18.3 27.6 27.6 35.6
grece 0.27+0.01 0.28 +0.01
Integrated luminosity, £ (fb~!) 19.7£0.5 359+09
0riq (fb) 41+14 424+£17 14=£09 -1.5+1.0
Observed upper limit at 95% CL (fb) 7.6 8.4 3.7 3.2
Expected upper limit at 95% CL (fb) 3.4 5.2 2.7 3.5

13 TeV, which were obtained by scaling the measured 8 TeV cross sections by a factor of 1.5
or 2.5, indicative of an expected cross section increase from /s = 8 to 13TeV for the qq or
gg production mechanism, respectively, for the invariant mass of the produced system in the
mass range between 30 GeV and the top quark mass [74, 75]. The choice of the lower edge of
this range is motivated by the measured mass of a hypothetical dimuon resonance. The upper
edge was taken assuming that a hypothetical resonance could be produced in a top quark
decay. In the absence of a realistic signal model, both the mass range and the scaling should
be considered only as simple benchmarks; in particular, the scaling does not take into account
possible changes in the signal acceptance between the two collision energies; hence we can not
exclude that the signal kinematics seen with the 8 TeV selections are disfavored in 13 TeV data.
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Figure 3: The measured fiducial signal cross sections and the 95% CL upper limits on those in
SR1 (left) and SR2 (right). The expected (observed) upper limits are shown as vertical dashed
(solid) lines, together with the 68 and 95% CL uncertainties in the expected limits (under the
background-only hypothesis). Also shown are the expected 13 TeV cross sections and their
uncertainties obtained by scaling the measured 8 TeV cross sections by the factors of 1.5 and
2.5, as discussed in the text.

We note that the event excess at 8 TeV cannot be explained by a light pseudoscalar Higgs
boson produced in association with a b quark pair, pp — bbA, A — u*u~. Even assum-
ing c(bbA)B(A — T777) as large as 100pb for my = 30GeV, attainable in the wrong-
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sign Yukawa coupling scenario in the 2HDM [38], the expected number of signal events af-
ter the selection is too small if the A — u~u™ branching fraction is obtained as B(A —
puput) = (my/me)*B(A — t717). Neither can the event excess be explained by the pro-
cesses gg — H(125) — AA — utu~bb or gg — hy — hih; — u*u~bb in 2HDM or NMSSM
(in the case where hy is identified with the H(125) boson), which also yield too low cross sec-
tions when taking into account various existing theoretical and experimental constraints. We
note that the above statement also holds when the (potentially negative) interference effects
between these two processes are taken into account, as well as all possible additional contribu-
tions from qq — u "y ~bq + c.c. electroweak and QCD diagrams (where q can be either ab or a
light quark), none of which yields a significant cross section enhancement.

6 Summary

We report on a search for resonances in the mass range 12-70 GeV, produced in association
with a b quark jet and another jet, and decaying to a muon pair. The analysis is based on data
from proton-proton collisions at center-of-mass energies of 8 and 13 TeV, collected with the
CMS detector at the LHC and corresponding to integrated luminosities of 19.7 and 35.9 fb ™",
respectively. The search is carried out in two mutually exclusive event categories. Events in
the first category are required to have a b quark jet in the central region (|| < 2.4) and at
least one jet in the forward region (57| > 2.4). Events in the second category are required to
have two jets in the central region, at least one of which is identified as a b quark jet, no jets
in the forward region, and low missing transverse momentum. An excess of events above the
background near a dimuon mass of 28 GeV is observed in both event categories in the 8 TeV
data, corresponding to local significances of 4.2 and 2.9 standard deviations, respectively.

A mild excess of data over the background in the first event category is observed in 13 TeV data
and corresponds to a local significance of 2.0 standard deviations, while the second category
results in a deficit with a local significance of 1.4 standard deviations.

We provide a measurement of the fiducial cross sections and the upper limits on those at 95%
confidence level, evaluated for the mass and the width values obtained from the combined fit
to the two event categories in /s = 8 TeV data. In the lack of a realistic signal model, the 13 TeV
results are not sufficient to make a definitive statement about the origin of the 8 TeV excess.
Therefore, more data and additional theoretical input are both required to fully understand the
results presented in this paper.
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