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1 Introduction

Searches for resonant particle pair production in accelerator experiments have played a
significant role in the development of the standard model (SM). The observation of resonant
production of electron-positron pairs and muon-antimuon pairs signaled the discovery of the
charm [1, 2] and bottom [3] quarks, respectively. The Z boson was discovered through the
observation of resonant production of both electron-positron and muon-antimuon pairs [4].
More recently, findings of resonant production of photon pairs and Z boson pairs were
central to the discovery of the Higgs boson at the CERN LHC by the ATLAS [5] and
CMS [6, 7] Collaborations. Searches for new particles at the TeV scale are an important
component of the LHC physics program. Resonant searches in dilepton channels are a
large part of this effort, however, they have so far yielded results consistent with SM
predictions [8, 9]. Interest has therefore grown in extending resonance searches to explore
the phase space of lower masses and very small effective couplings to SM particles, which is
becoming possible thanks to the large amount of data delivered by the LHC. The GeV scale
is particularly interesting because a new vector boson in that mass range could provide an
explanation for several astrophysical observations [10].

This paper describes a search for production of a narrow resonance that decays
promptly to a pair of oppositely charged muons using proton-proton (pp) collision data
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recorded by the CMS experiment. The explored mass ranges are 1.1–2.6 GeV and 4.2–
7.9 GeV. These ranges exclude the regions around the J/ψ, ψ(2S), and Υ(1S) resonances.
Previous limits on dimuon resonance production in these mass ranges have been set by
the BaBar [11] and LHCb [12–14] Collaborations. The latter also probes the mass range
below 1 GeV and searches for long-lived particles, which are not covered in this paper. This
search is an extension of a previous CMS analysis for higher masses [15], with trigger selec-
tion and muon identification optimized for the very low-mass region. It assumes that the
natural width of the resonance is much smaller than the detector dimuon mass resolution
(≈1.3%), and that its decay is consistent with originating from the primary pp collision
vertex within the instrumental resolution. The sensitivity of this analysis is enhanced by
the use of high-rate (“scouting”) triggers [16] that select a larger fraction of signal-like
events as compared with the standard CMS triggers, by recording only a small part of the
event information, consisting of trigger objects as opposed to the full detector readout.
The previous CMS analysis at higher masses utilized both the standard CMS triggers and
the scouting triggers, while this search uses the scouting triggers exclusively.

We also provide an interpretation of the result in the context of two specific beyond
the SM scenarios. The first scenario involves the introduction of a new gauge field U(1)D
that undergoes kinetic mixing with the SM hypercharge gauge field U(1)Y [17, 18]. Such
mixing, controlled by the parameter ε, results in a dark photon (ZD), a possibly massive,
neutral vector boson. In the mass ranges probed by this search, it is coupled dominantly
to the electric charges of SM particles with a coupling strength suppressed by a factor ε.
It is assumed to be produced via the Drell-Yan (DY) mechanism, which is the dominant
production mechanism in the mass range of interest [19]. The second scenario is a two
Higgs doublet model with an extra complex scalar singlet (2HDM+S) [20]. For certain
model parameters [21], this scenario can accommodate a light pseudoscalar boson (a) that
can decay into a dimuon pair. In this model, the couplings of the light pseudoscalar a to
the SM particles are determined by its mixing with the Higgs doublets and parameterized
by the mixing angle (θH) and the ratio of the Higgs doublet vacuum expectation values
(tanβ). It is assumed that the light pseudoscalar a is predominantly produced via gluon-
gluon fusion (ggF). The interpretation is provided in the specific 2HDM+S scenario of type
IV with tanβ = 0.5 given the enhanced coupling to the up-type quarks, predicted in this
model. The same model is targeted by the LHCb experiment [14] because it represents
the most sensitive one in experiments at pp colliders and allows meaningful bounds to be
set on the sine of the mixing angle θH . Example Feynman diagrams for the production of
both particles are presented in figure 1.

This paper is organized as follows. We begin with the CMS detector description in
section 2 and elaborate on the relevant triggers (section 3) and the simulated data samples
used in the analysis (section 4). Sections 5 and 6 detail the event selection and the signal
and background modeling, respectively. Section 7 explains the systematic uncertainties
and the results are presented in section 8, followed by a summary in section 9. Tabulated
results are provided in the HEPData record for this analysis [22].
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Figure 1. Expected dominant production modes for beyond-SM particles: a dark photon ZD (left)
and light pseudoscalar boson a (right).

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, and both a lead tungstate crystal electromagnetic and a brass/scintillator
calorimeter, which consist of a barrel and two endcap sections. Forward calorimeters extend
the pseudorapidity η 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. A more detailed description of the CMS detector, together with a definition of
the coordinate system used and the relevant kinematic variables, is given in ref. [23].

Muons are measured in the pseudorapidity range |η| < 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 (pT) resolution of 1% in the barrel and 3% in the endcaps, for muons with pT
up to 100 GeV.

3 Triggers and data sets

Events of interest are selected using a two-tiered trigger system [24], the level-1 (L1) and
high-level (HLT) triggers. The L1, composed of custom hardware processors, uses informa-
tion from the calorimeters and muon detectors to select events at a rate of around 100 kHz.
The HLT consists of a farm of CPU processors running a version of the CMS full event
reconstruction software optimized for fast event data processing. Events passing the full set
of HLT selection criteria are saved for permanent storage at an overall rate of about 1 kHz.

A set of four different L1 trigger algorithms are utilized in this analysis, defined by
requiring the presence of at least two muons with various additional requirements. The
simplest of these (1) only requires two muons with pT > 15 GeV and > 7 GeV, respectively.
The remaining three triggers all share the requirement that the two muons be oppositely
charged, together with the additional conditions: (2) each muon has |η| < 2.0 and pT >

4.5 GeV, and that the dimuon mass (mµµ) is between 7–18 GeV; or (3) each muon has
pT > 4.0 (4.5) GeV in 2017 (2018) and the two muons must have an angular separation
∆R =

√
(∆η)2 + (∆ϕ)2 < 1.2 and ϕ is the azimuthal angle; or (4) both muons have
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L1 path pT [GeV] |η| ∆R mµµ [GeV] Charge
(1) >15/7 — — — —
(2) >4.5 <2.0 — 7–18 Opposite sign
(3) >4.0 (2017)/4.5 (2018) — <1.2 — Opposite sign
(4) — <1.5 <1.4 — Opposite sign

Table 1. The set of dimuon L1 requirements applied in the high-rate triggers.

|η| < 1.5 and are separated by ∆R < 1.4, with no restriction on pT. These criteria are
summarized in table 1.

At the HLT, our analysis makes use of the CMS high-rate data scouting trigger sys-
tem [16] in which the information associated with the selected events is much reduced,
permitting the recording of larger data samples. This technique has been used in pre-
vious resonant searches performed by the CMS experiment including dimuon [15] and
hadronic [25] final states. Events are directly reconstructed in the HLT and are required
to have at least two muons with pT > 3 GeV. The dimuon events selected by the data
scouting trigger are written to disk with an event size of about 4 (8) kB for data taken
in 2017 (2018). The stored information includes tracking hits, calorimeter clusters, muon
hits, and trigger primitives, along with their reconstructed quantities. By contrast the
size of a standard raw event is closer to 1 MB. These dimuon scouting triggers were fully
commissioned during 2017 [26] and recorded events at a rate of approximately 2 kHz at the
peak instantaneous luminosity of 2 × 1034 cm−2s−1, whereas the standard dimuon triggers
recorded approximately 0.45 kHz at the same instantaneous luminosity. Data correspond-
ing to an integrated luminosity of 96.6 fb−1 were collected with these triggers in 2017–2018.
Figure 2 shows the efficiency of the dimuon scouting triggers in conjunction with the four
L1 triggers for both data periods. This is measured using an independent CMS data set
collected with a trigger requiring large energy deposits in the electromagnetic calorimeter.
This data set is agnostic to the presence or absence of muons in the event and therefore is
not correlated with the activation of the dimuon scouting trigger. By sampling this data
set for events that contain pairs of muons, we assemble an unbiased set of dimuon events to
gauge the performance of the dimuon scouting trigger. For this sample of unbiased muon
pairs, we count the number that also triggered the dimuon scouting path and at least one
of the four L1 triggers, and compare the result to the total number of reconstructed dimuon
events in that data set that pass our fiducial selections. The ratio of these two counts is the
efficiency of our trigger. The trigger efficiency in 2018 is higher than that of 2017, due to
updates in the HLT muon reconstruction algorithm for the 2018 data and efficiency loss in
the later part of 2017 caused by a powering problem affecting part of the pixel detector [27].

4 Event simulation

The analysis employs an estimation of the SM background based on recorded data. How-
ever, simulations of certain SM processes are used for the validation of selection criteria,
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Figure 2. The measured 2017 (left) and 2018 (right) efficiencies of the dimuon scouting trigger
and logical OR of all L1 triggers using 2017–2018 data. Each cell value represents the probability
that a pair of muons meeting the trigger requirements will activate the dimuon scouting trigger.
The x-axis shows the dimuon mass and includes the entire relevant range for this analysis. The
y-axis shows the angular separation, ∆R, between the two muons. Statistical uncertainty on the
value of each cell is less than 5%.

corrections to data driven efficiency measurements, as well as the corresponding systematic
uncertainties in the signal predictions. These processes include DY production of dimuon
pairs in the low mµµ region (1 < mµµ < 10 GeV), as well as resonant dimuon production
via J/ψ and Υ(1S) mesons. These processes are simulated at leading order (LO) in pertur-
bative quantum chromodynamics with pythia 8.230 [28]. In the 2HDM+S scenario, the
production of a BSM pseudoscalar Higgs via ggF, with modified couplings to the up-type
and down-type quarks, is simulated at LO with pythia 8.230 and is used as a proxy for
the production of a light pseudoscalar of the type IV model. The ZD signal is simulated
at next-to-LO in perturbative quantum chromodynamics using the hidden Abelian Higgs
model [19, 29, 30] implemented in the MadGraph5_amc@nlo v3.4.1 generator [31], with
up to two additional partons in the matrix element calculations. The parton distribution
function (PDF) set is NNPDF3.1 in the four-flavor scheme [32].

For all simulated samples, the parton showering and hadronization processes are per-
formed with pythia 8.230 using the CP5 underlying event tune [33]. Events are passed
through a full detector simulation performed with Geant4 [34]. The simulated samples
include additional pp interactions per bunch crossing, referred to as “pileup”. The effect
of pileup is taken into account by generating minimum-bias collision events with pythia.
The simulated events are weighted such that the distribution of the number of pileup
interactions matches that in data.

5 Event selection

A complete event reconstruction is performed by the HLT. The muons in the scouting data
stream are reconstructed by combining the information from the silicon tracker and muon
systems, and their momentum is determined from the curvature of the muon track. The
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muon momentum obtained with the HLT event reconstruction agrees with that obtained
with the full CMS offline event reconstruction within 1–2%.

The event candidate is required to have at least one primary vertex (PV) reconstructed
by the HLT system and to contain a pair of oppositely charged muons originating from
this vertex. The absolute transverse distance of the PV to the beam axis, referred to as
the vertex transverse displacement Lxy, is required to be less than 0.2 cm. Both muons are
required to have pT > 4 GeV and |η| < 1.9. The restriction on η is imposed to ensure opti-
mal dimuon mass resolution without incurring a significant loss in acceptance. The muons
are required to satisfy a muon identification based on multivariate analysis (MVA) tech-
niques. Two MVA discriminants are used depending on the reconstructed mµµ , optimized
for the signal kinematic properties in each mass range. The MVA identification utilizes
information on the quality of the muon tracks, the relative isolation of the muon, and the
vertex that the muons are associated with. The muon track quality parameters include the
number of hits in the pixel detector, number of contributing layers in the strip tracker, and
χ2 of the muon track fit. The relative isolation of the muon is computed as the scalar pT
sum of reconstructed tracks in a cone of ∆R = 0.3 around the muon candidate, divided by
the muon pT. The dimuon vertex information includes the χ2 of the common vertex fit and
Lxy. These parameters are combined into a single discriminator using a boosted decision
tree (BDT) [35]. The choice of input parameters to the BDT and the requirement on the
discriminator are optimized to achieve the highest expected sensitivity to signal-like events.

The mass range 2.6–4.2 GeV is excluded because of the presence of the J/ψ and ψ(2S)
resonances. The MVA identification for mµµ < 2.6 GeV is trained using a partial J/ψ
sample, whereas the identification for mµµ > 4.2 GeV is trained using an Υ(1S) sample.
The efficiency of the muon MVA identification is determined from J/ψ and Υ events using
the “tag-and-probe technique” [36]. Background samples enriched with nonprompt and
misidentified muons for the BDT training are extracted from the data events with only one
pair of same-sign muons and a mass of 3 < mµµ < 10 GeV.

At smaller values of mµµ , the dimuon system is more Lorentz boosted and the muons
become more collinear, resulting in larger uncertainties in the reconstructed PV position.
The Lxy distribution becomes broader, whereas the distribution of the vertex displacement
significance remains stable. Therefore, we employ different displacement criteria depending
on the mass value. For events with mµµ < 2.6 GeV we further require that Lxy divided by
its uncertainty (σLxy

) be less than 3.5, and the Lxy value is not used in the BDT. Events
with mµµ > 4.2 GeV are required to have Lxy < 0.015 cm to further suppress nonprompt
backgrounds. Figure 3 shows the mµµ distribution obtained from the dimuon scouting trig-
gers. The average efficiency of the Υ(1S) (J/ψ)-trained muon MVA identification is around
85 (90)% estimated from the Υ(1S) (J/ψ) resonance. The Υ(1S)-trained muon MVA iden-
tification exhibits better performance for mµµ > 4.2 GeV, as it suppresses more background
events, while maintaining high signal efficiency. Compared with the simple cut-based se-
lection used in the previous CMS search [15], the MVA identification provides a higher
efficiency while still keeping the misidentification rate low, resulting in improvements to
the final limits on the cross section by about 30%. We refer to this as the inclusive selection.
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Figure 3. The mµµ distribution obtained with the muon scouting data collected during 2017–
2018 with two sets of selections: the Υ(1S)-trained muon MVA identification with Lxy < 0.015 cm
(blue, solid), and the J/ψ-trained muon MVA identification with Lxy/σLxy

< 3.5 (red, dashed).
The J/ψ-trained and Υ(1S)-trained selections are used in the mass range 1.1–2.6 and 4.2–7.9 GeV,
respectively.

Preselection Lxy < 0.2 cm, |ηµ| < 1.9, Opposite sign
Signal selection Inclusive high-pT

Mass mµµ < 4 GeV mµµ > 4 GeV mµµ < 4 GeV mµµ > 4 GeV
pµ

T >4 GeV >5 GeV
Muon J/ψ ID Υ ID J/ψ ID J/ψ ID
Vertex Lxy/σLxy

< 3.5 Lxy < 0.015 cm Lxy/σLxy
< 3.5 Lxy/σLxy

< 3.5
pµµ

T — — >35 GeV >20 GeV

Table 2. Summary of all selection criteria for an event to enter the analysis in inclusive and high-pT
search categories.

In the search for a light pseudoscalar particle (the 2HDM+S scenario), the signal is
produced via the ggF process, which results in a harder pT distribution compared to the
DY process, due to the enhanced probability for a jet to scatter off of an initial state
gluon. Higher values of muon pT are thus required to further improve the sensitivity for
the pseudoscalar signal. The muons are required to have pT > 5 GeV and the muon pair
is required to have pT > 20 (35) GeV for mµµ > 4.2 GeV (< 2.6 GeV). The J/ψ-trained
muon MVA identification and Lxy/σLxy

< 3.5 are required for both mµµ < 2.6 GeV and
mµµ > 4.2 GeV. We refer to this as the high-pT selection. All selection criteria for both
categories are summarized in table 2.
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Figure 4. The signal acceptance and reconstruction efficiency are extracted from the dark photon
(purple, dark) and pseudoscalar (cyan, light) simulations. The region at 2.6–4.2 GeV is excluded
because of the presence of the J/ψ and ψ(2S) resonances.

The muon reconstruction and identification efficiency measured from data and the
acceptance extracted from signal simulations are shown in figure 4. The efficiency of the
vertex displacement requirement of the signal is corrected using the J/ψ and Υ(1S) samples
from data and simulation. The total identification efficiency of the event is the product of
the identification efficiencies of the two muons.

6 Signal and background model

The signal is extracted by performing simultaneous signal plus background maximum like-
lihood fits to the mµµ distribution. For each mass hypothesis, the fit is performed over a
mass window spanning ±5 times the mass resolution around the nominal resonance mass.
The mass resolution is determined from data to be roughly 1.3% across the entire mass
range. This window size ensures sufficient sidebands for the background model fit, such
that it will not be influenced by the presence of a signal at the central value. When fitting
the mass distributions in the high-pT selection category, the size of the window is increased
to ±8 times the mass resolution, to offset the fact that the number of events in the side-
band is significantly reduced by the high pT requirements. The probability density function
(pdf) chosen to model the signal distribution is the sum of a double Crystal Ball [37, 38]
and a Gaussian distribution. We limit the search to the case of narrow resonances with an
intrinsic width much smaller than the experimental resolution. Since this same approxi-
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mation holds for charmonium and Υ resonances, the shape parameters for the signal pdf
are determined from least square mass fits for the J/ψ, ψ(2S), and Υ((1S), (2S), and (3S))
resonances. The signal pdf parameters, including the mass resolution, are found to have
little dependence on the resonance mass or the selection categories. The only free param-
eter of the signal pdf in the final fit is the overall normalization, which is proportional to
the production cross section of the new particle.

Several possible functions to model the background are investigated. We use empiri-
cal functions because the shape of the background in the search region is complicated by
the presence of multiple known resonances and by the acceptance of the various triggers.
The families of functions considered are Bernstein polynomials [39], a polynomial times
an exponential, a sum of exponentials, and a sum of a Bernstein polynomial and a power
law function. The optimal order for each function family is chosen by performing a Fisher
F -test [40] with background-only fits to the dimuon mass distribution for each mass hypoth-
esis. The order of the function family is chosen as the lowest one that keeps the number of
fits with an F value above the critical value below the false-rejection probability (α < 0.05).
Across all the considered families, the optimal order for the polynomial component is always
4th order or lower. For the sum-of-exponentials function, the optimal number of terms is
found to be 7. The potential bias of each function family is evaluated using simulations
assuming either no signal or the presence of a small hypothetical signal. The bias for each
function type, defined as the difference between the assumed and measured signal strength,
is less than ≈20% of the statistical uncertainty in the signal strength. Therefore, the added
uncertainty due to the bias of the background function is negligible and is not included in
the final fit. The discrete profiling method [41] is used to further suppress the bias, which
arises from the choice of the background function, by allowing the signal shape to vary be-
tween the options listed above during the maximum likelihood fit. The background model
fit of the mass distribution becomes unreliable when the tails of J/ψ and ψ(2S) resonances
enter the mass window, so the mass range 2.6–4.2 GeV is excluded from the search.

Among all the known resonances, the D0 meson contributes an apparent peak in the
mµµ continuum in the search range. When the pions and kaons from the D0 → K+K−

or D0 → K−
π

+ decays are misreconstructed as muons, the mµµ distribution exhibits an
enhancement at 1.72 or 1.58 GeV, respectively. The contamination of these processes in the
signal region is estimated from a control region by a simultaneous fit to both regions. The
control region is defined by requiring an Lxy/σLxy

to be within 3.5–11.0. The pdf of the
D0 → K+K−(K−

π
+) dimuon peak is derived from simulation. The normalization is a free

parameter that is constrained by a transfer factor between the signal and control regions
from the simulation. The uncertainty in the transfer factor includes the statistical uncer-
tainty of the simulated samples and the mismodeling of Lxy/σLxy

, which is quantified using
the J/ψ peak in both data and simulation. The J/ψ events in the data are determined by
subtracting the contribution from background and nonprompt J/ψ production, estimated
through extrapolation from the distribution, where 8 < Lxy/σLxy

< 20. The contribution
from the D0 → π

+
π
− process is not modeled because pions are much less likely to be

misidentified as muons compared to kaons and there are insufficient D0 → π
+

π
− yields in

the control region to properly constrain the process.
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7 Systematic uncertainties

The signal extraction in this analysis is affected by several sources of systematic uncertain-
ties. The measured integrated luminosity has an uncertainty of 2.3 (2.5)% for data collected
in 2017 (2018) [42–44]. Roughly half of these values are attributed to correlated systematic
effects between the years, and the remaining portion is uncorrelated, giving a combined
uncertainty of about 2.0% between the two years. The uncertainty in the efficiency of the
PV displacement requirement is 3% for mµµ > 4.2 GeV and is negligible for mµµ < 2.6 GeV.

The efficiency of the dimuon scouting triggers is measured with respect to fully recon-
structed muons using events selected with independent standard triggers. The uncertainties
in the trigger efficiency depend on the dimuon mass and vary from 1–16%, as determined
from the difference between the trigger efficiency in data and simulation in each mass bin.

The efficiency of muon identification is measured with respect to trigger requirements.
The uncertainties in the identification efficiency of the two muons vary from 4–20%, and
include the statistical uncertainty of the measurement sample and the uncertainty associ-
ated with the modeling in the input parameters of the muon MVA identification between
the data and simulation. The uncertainty is largest for muons with low pT and low ∆R
because of the reduced number of muons in this region in the simulated samples.

The per muon identification efficiency is applied to calculate the total reconstruction
efficiency. The identification efficiency is measured from the resonances produced mainly
through the gluon splitting process, though the signal production may proceed via other
mechanisms. The identification efficiencies between the two muons are correlated because
event observables are used in the MVA identification, whereas the efficiencies are treated
as uncorrelated when calculating the total efficiency. To account for the efficiency varia-
tion caused by these effects, an additional 4 (8)% systematic uncertainty is assigned for
mµµ > 4.2 GeV (< 2.6 GeV). The uncertainty in the transfer factor that connects the nor-
malizations between the signal and control regions of the D0 → K+K−(K−

π
+) backgrounds

is 20 (25)%.
The mass resolution of the signal is measured using different resonances in data.

The variation in the observed mass resolutions is around 20% and is assigned as the
systematic uncertainty. The signal shape uncertainty, which varies from 1.3–2.7%, is
derived by using a double Gaussian as the signal template in the fit. As described in
section 6, the uncertainty due to the bias of all of the candidate background functions is
negligible. The implicit bias associated with having chosen empirical functions to model
the background is accounted for via the implementation of the discrete profiling method.
This methodology introduces an additional discrete nuisance parameter, associated with
the choice of background function, into the maximum likelihood fit. Table 3 summarizes
the systematic uncertainties in the search.

The theoretical uncertainties in the signal models are not considered in the model-
independent search since the propagated kinematic variations exert a negligible influence
on the reconstruction efficiencies. Likewise, these uncertainties are not included in the
model-dependent limits, to factorize the theoretical and experimental uncertainties.
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Effect mµµ < 2.6 GeV mµµ > 4.2 GeV
Integrated luminosity 2.3–2.5%
Mass resolution 20%
Signal shape 1.3–2.7% 1.4–1.7%
Trigger efficiency 1–16%
Muon ID efficiency 4–9% 12–20%
Vertex selection — 3%
Efficiency application 8% 4%
D0 meson normalization 20–25% —

Table 3. Summary of the experimental systematic uncertainties for a signal model in the model
independent search for a dimuon resonance.

8 Results

The data are consistent with the continuum dimuon production. Limits at 95% confidence
level (CL) are set on the product of the signal cross section, the branching fraction to
a muon pair, and fiducial acceptance of a hypothetical resonance with a mass from 1.1–
2.6 GeV or from 4.2–7.9 GeV. The computation of exclusion upper limits is performed
using the CLs criterion in the asymptotic approximation [45–47]. A profile likelihood ratio
test statistic is built including the systematic uncertainties presented above as nuisance
parameters. A log-normal pdf is used to describe each constrained nuisance parameter.

Figure 5 shows the expected and observed model independent limits for the inclusive
and high-pT selections. The 95% confidence level (CL) upper limit for the inclusive
selection is of order 0.10 (0.15) pb in the mass range 1.1–2.6 (4.2–7.9) GeV. The 95%
CL upper limit for the high-pT selection is about 0.015 (0.024) pb in the mass range
1.1–2.6 (4.2–7.9) GeV. The discontinuities in the expected limits arise from the discrete
profiling method applied when different background functions are favored during the
fitting process. The upward deviations in the expected limits below 2 GeV are due to
the peaking background associated with D0 meson decays. The excess at 1.867 GeV in
the inclusive selection may correspond to the D0 → π

+
π
− or D0 → µ

+
µ
− processes.

Distinguishing between these two possibilities is beyond the scope of this paper. The
observed limits exhibit oscillatory structures within some mass ranges, which result from
statistical fluctuations modulated by the sliding mass window. No significant excess is
observed beyond 2.6 (0.6) standard deviations local (global) significance from the SM
background expectation in the high-pT category. The model independent limits are
exploited to constrain the dark photon [17, 18, 48] and 2HDM+S [20] scenarios.

In the first case, limits on the squared kinetic mixing coefficient ε2 are extracted as a
function of the dark photon mass (mZD

) according to the following relation:

σpp→ZD
ε2BA = σlimit, (8.1)
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Figure 5. Left: expected and observed model-independent upper limits at 95% CL on the product
of the signal cross section (σ), the branching fraction to a pair of muons for the inclusive dimuon
selection (B), and fiducial acceptance (A). Right: the model-independent limits for the high-pT
selection. The mass region dominated by the J/ψ and ψ(2S) resonances is excluded from the search.

where σpp→ZD
is the dark photon cross section with ε = 1, B is the branching fraction

of ZD → µ
+

µ
−, σlimit is the model independent limit, and A is the acceptance. We use

the numerical software DYTurbo [49] to generate the DY process at next-to-next-to-LO
(NNLO) with the renormalization and factorization scales set to µ = 0.5

√
m2

µµ + pT
2
µµ and

to correct the dark photon cross section and extract the acceptance, because the dark pho-
ton is produced through the DY-like process. The interpretation of the cross section limit
as a limit on the mixing coefficient ε2 is subject to theoretical uncertainties. Uncertainties
in the theoretical cross section are found by varying the renormalization and factorization
scales up and down by a factor of 2, and the uncertainty in the acceptance is found by
comparing the results between the DYTurbo and MadGraph5_amc@nlo generators.
The scale variations are between 3.5 and 9.7%, whereas the difference in acceptance is up
to 31%. Upper limits at 90% CL on the mixing coefficient ε2 are presented in figure 6,
together with the LHCb and BaBar limits reinterpreted by DarkCast [50]. The sensi-
tivity becomes better at low masses because of the larger DY production cross section at
lower energy scale. The kinetic mixing coefficient ε reflects the degree of mixing and the
strength of the coupling of dark photon to other SM particles. The mixing coefficient ε2

above 2 (9)×10−7 is excluded at mZD
= 2 (7) GeV. These results complement the previous

CMS search at larger masses [15].
In the 2HDM+S scenarios, the limits from the high-pT selection are converted to an

upper limit on the mixing angle θH as a function of the light pseudoscalar-boson mass.
The recasting of the limit is performed under the assumption of tan β = 0.5 according to
the following relation:

σpp→a sin2(θH)BA = σlimit, (8.2)

where σpp→a is the production cross section of the light pseudoscalar a, σlimit is the model
independent limit, B is the branching fraction of a → µ

+
µ
−, and A is the acceptance.

The σpp→a is computed from the higlu generator at NNLO using the NNPDF3.0 PDF
set [32] and assuming renormalization and factorization scales µ = 0.5ma, as in the LHCb

– 12 –



J
H
E
P
1
2
(
2
0
2
3
)
0
7
0

2 3 4 5 6 7
mZD [GeV]

10 8

10 7

10 6

10 5

10 4

2
96.6 fb 1 (13 TeV)CMS

BaBar
CMS

LHCb

Minimal dark photon model

Figure 6. Observed upper limits at 90% CL on the square of the kinetic mixing coefficient ε in
the minimal model of a dark photon from the CMS search in the mass ranges of 1.1–2.6 GeV and
4.2–7.9 GeV (pink). The CMS limits are compared with the existing limits at 90% CL provided by
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Figure 7. Observed upper limits at 90% CL on the mixing angle θH for the 2HDM+S scenario from
the CMS search in the mass ranges of 1.1–2.6 GeV and 4.2–7.9 GeV (pink). The CMS limits are
compared with the existing limits at 90% CL provided by LHCb [14] (blue) and BaBar [11] (gray).

search [14]. Uncertainties in the theoretical cross section for pseudoscalar production via
ggF are found by varying the renormalization and factorization scales by a factor of 2.
These uncertainties are around 90% at ma = 1.18 GeV and gradually reduce to 10% at
ma > 4.2 GeV. The uncertainty in the ggF acceptance is estimated by comparing the
values obtained with MadGraph5_amc@nlo and pythia, and is about 30%.

Observed upper limits at 90% CL are presented in figure 7. Values of sin(θH) above
≈0.01 (0.02) are excluded at ma = 2 (7) GeV with fixed tan β = 0.5. The limits derived
from this search in the low-mass region are competitive with recently reported results from
the LHCb experiment [14] below the charmonium peaks and better above them.
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9 Summary

A search for direct production of a narrow resonance decaying to a pair of muons has
been presented using proton-proton collision data recorded by the CMS experiment at√
s = 13 TeV in 2017–2018. The search is performed in the dimuon mass regions of 1.1–

2.6 GeV and 4.2–7.9 GeV using data collected in a dedicated high-rate trigger stream, cor-
responding to an integrated luminosity of 96.6 fb−1. A multivariate analysis method is used
to identify muons to achieve a higher sensitivity. No significant excess of events above the
expectation from the standard model background is observed. Model-independent limits
on production rates of dimuon resonances within the experimental fiducial acceptance are
set. Competitive or world’s best limits are set at 90% confidence level for a minimal dark
photon model and for a scenario with two Higgs doublets and an extra complex scalar
singlet (2HDM+S). Values of the squared kinetic mixing coefficient ε2 in the dark photon
model above 10−6 are excluded over most of the mass range of the search. In the 2HDM+S,
values of the mixing angle sin(θH) above 0.08 are excluded over most of the mass range of
the search with a fixed ratio of the Higgs doublets vacuum expectation tan β = 0.5.
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