PUBLISHED FOR SISSA BY 4) SPRINGER

RECEIVED: July 29, 2024
REVISED: September 30, 2024
ACCEPTED: October 28, 202/

PUBLISHED: December 28, 2024

Model-independent search for pair production of new

bosons decaying into muons in proton-proton collisions
at /s = 13 TeV

CMS

The CMS collaboration

E-mail: cms-publication-committee-chair@cern.ch

ABSTRACT: The results of a model-independent search for the pair production of new bosons
within a mass range of 0.21 < m < 60 GeV, are presented. This study utilizes events with a
four-muon final state. We use two data sets, comprising 41.5 b~ and 59.7fb ! of proton-
proton collisions at /s = 13 TeV, recorded in 2017 and 2018 by the CMS experiment at
the CERN LHC. The study of the 2018 data set includes a search for displaced signatures
of a new boson within the proper decay length range of 0 < ¢7 < 100mm. Our results
are combined with a previous CMS result, based on 35.9 bt of proton-proton collisions at
Vs = 13 TeV collected in 2016. No significant deviation from the expected background is
observed. Results are presented in terms of a model-independent upper limit on the product of
cross section, branching fraction, and acceptance. The findings are interpreted across various
benchmark models, such as an axion-like particle model, a vector portal model, the next-to-
minimal supersymmetric standard model, and a dark supersymmetric scenario, including those
predicting a non-negligible proper decay length of the new boson. In all considered scenarios,
substantial portions of the parameter space are excluded, expanding upon prior results.

KEYWORDS: Beyond Standard Model, Hadron-Hadron Scattering

ARX1v EPRINT: 2407.20425

OPEN AccEss, Copyright CERN,

for the benefit of the CMS Collaboration. https://doi.org/10.1007/JHEP12(2024)172
Article funded by SCOAP?.


mailto:cms-publication-committee-chair@cern.ch
https://doi.org/10.48550/arXiv.2407.20425
https://doi.org/10.1007/JHEP12(2024)172

Contents

1 Introduction 1
2 The CMS detector 3
3 Benchmark signal models 4
4 Event selection 5
5 Signal shape modeling and signal region definition 7
6 Background estimation 8

6.1 Background below the Y resonances 9

6.2 Background above the Y resonances 11
7 Systematic uncertainties 12
8 Results 16
9 Summary 19
The CMS collaboration 28

1 Introduction

Although the standard model (SM) [1-3] of particle physics provides a multitude of high-
precision predictions consistent with decades of experimental results, it does not explain the
existence of dark matter [4, 5]. Many models have been proposed that predict new bosons as
dark matter candidates [6-8]. To date, no direct experimental evidence has materialized for
particles beyond the SM (BSM), and in that context the idea of new bosons with non-negligible
proper decay length [9] is of increasing interest. In this paper, we present a model-independent
search for the pair production of a new boson that decays into a pair of oppositely charged
muons. This can happen in proton-proton (pp) collisions as pp — 2a+ X — 4u + X, where
a is the new neutral boson and X are possible spectator particles [10]. The new boson, a,
can be produced via various “portals” connecting to a hidden sector, such as a Higgs boson
portal (either SM or non-SM) or a vector boson portal [8, 11, 12]. Here, the production
vertices of dimuons, i.e., pairs of oppositely-charged muons in the final state, can be either
prompt or displaced. The displaced case results from the decays of long-lived BSM bosons.
This generic signature enables us to set a model-independent limit on the product of the
new boson production cross section, branching fraction to muons squared, and acceptance.
With this model-independent limit, further interpretation is possible in models with four
muons in the final state.

We interpret the model-independent results in the context of several BSM benchmarks,
including an axion-like particle (ALP) model [7, 13-16], a vector portal model with a dark
scalar boson sp [17-22], the next-to-minimal supersymmetric standard model (NMSSM) [6, 23—
30], and supersymmetry (SUSY) models with hidden sectors (dark SUSY) [8, 22, 31]. In the
ALP model [15], the SM-like Higgs boson, h, decays to the ALP, a, via h — 2a. The ALP
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Figure 1. The Feynman diagrams of the benchmark signal models in the s-channel. Time moves
from left to right.

then promptly decays into a dimuon. In the vector portal model, a massive dark vector boson
Zp decays to two new scalar bosons sp, via Zp — spSp, where we assume that the sp is
not self-conjugate, i.e., it is not equal to its antiparticle. The dark scalar boson sp promptly
decays to a dimuon. In the NMSSM, two of the three charge parity (CP) even, neutral Higgs
bosons h; or hy (generically denoted h; ,) can decay to one of the two CP-odd neutral Higgs
bosons a; via h; 5 — 2a;. The CP-odd boson a; promptly decays to a dimuon. In the dark
SUSY scenario, the breaking of a new U(1)p symmetry gives rise to a massive dark photon
Yp- This dark photon can couple to SM photons via a small kinetic mixing parameter,

€. The proper decay length of the dark photon depends on its mass, m., _, and €. We use

a signal topology where an SM-like h decays to the lightest non-dark ggutralino, ng, via
h — 2n;. These neutralinos then decay via n; — np + yp, where np is an undetectable dark
neutralino. The dark photon 7y then decays to a dimuon. Figure 1 displays the Feynman
diagrams of the benchmark signal models.

The search presented in this analysis improves upon the previous result published by
the CMS collaboration in ref. [32]. Compared to this study, we add more data and add two
new benchmark models, the ALP and vector portal models, and probe a larger mass range
of the new, neutral boson a (0.21 < m, < 60GeV, compared to 0.25 < m, < 8.5GeV in
ref. [32]). Other searches at the LHC for h — 2a include the 4y [32-35], 47 [36, 37], 4¢ [38-42],
4b [43, 44], 4 [45], 2b 2T [46, 47], 2u 27T [48, 49], 6q [50], and collimated fermions [51, 52]
final states. This model-independent analysis considers both promptly-decaying and long-lived
(e < 100 mm) bosons, and it is complementary to those studies exploring ¢ in models with
promptly-decaying [53, 54] and long-lived [55, 56] bosons that decay to a dimuon.



Two data sets are used for this analysis, which include data collected using multiple
triggers in 2017 and 2018. These data sets correspond to integrated luminosities of 41.5
and 59.7fb ™" of pp collisions at a center-of-mass energy of /s = 13 TeV, respectively. The
results of the 2017 and 2018 data sets are first combined, corresponding to a total integrated
luminosity of 101 fb~!. For the search mass range below 9 GeV, we also combine these two
data sets with a previously published analysis that examined the 2016 data-taking period [32],
leading to results in the search mass range up to 9 GeV that correspond to a combined
integrated luminosity of 137 fb~!. Due to triggers using a primary vertex constraint in 2017,
only 2018 data are used for the displaced signatures searches.

The CMS detector is improved in this data run with a new silicon pixel tracking
detector [57] installed and commissioned in 2017 [58]. It features a larger detector volume
with four layers in the barrel and three layers in the endcaps. Compared to the previous
pixel detector, the innermost layer is positioned closer to the interaction point (IP) and the
outermost layer is located farther from the IP. The new pixel detector can cope with a higher
particle rate, improves impact parameter resolution, and increases the tracking efficiency.
The performance of the hardware trigger algorithms for muons is also improved [59]. The
analysis criteria are modified to accommodate the search in an extended model parameter
space as compared to ref. [32]. New benchmark models are added to further test the model
independence and diversify the interpretation.

This paper is organized as follows: first, we discuss the layout and operation of the CMS
detector in section 2. Next, we review the simulation of signal samples in section 3, event
selection criteria in section 4, and signal shape modeling in section 5. We then present the
processes of background estimation in section 6, followed by a discussion of the systematic
uncertainties in section 7. Finally, we provide the results of this analysis in section 8, which
is followed by a brief summary in section 9. Tabulated results are provided in the HEPData
record for this analysis [60].

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, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator 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 reconstructed in gas-ionization detectors embedded in
the steel flux-return yoke outside the solenoid.

Muons are measured in the pseudorapidity range |n| < 2.4, with detection planes made
using three technologies: drift tubes, cathode strip chambers, and resistive plate chambers.
The single muon trigger efficiency exceeds 90% over the full  range, and the efficiency to
reconstruct and identify muons is greater than 96%. Matching muons to tracks measured in
the silicon tracker results in a relative transverse momentum (pr) resolution of 1% in the
barrel and 3% in the endcaps, for muons with pp up to 100 GeV. The pr resolution in the
barrel is better than 7% for muons with pp up to 1TeV [61].



Events of interest are selected using a two-tiered trigger system [62]. The first level (L1),
is composed of custom hardware processors, and uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz within a fixed time interval
of about 4 us. The second level, known as the high-level trigger (HLT), consists of a farm
of processors running a version of the full event reconstruction software optimized for fast
processing. The HLT further reduces the event rate to around 1kHz before the data are
sent for permanent storage [62].

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. [63].

3 Benchmark signal models

Simulated signal events are generated with Monte Carlo (MC) simulations and are used to
determine the effect of the data selection criteria (described in section 4) on the various
signal models. In the ALP model, production of the SM-like h via gluon-gluon (gg) fusion
and its subsequent decays are simulated at next-to-leading order (NLO) with the matrix-
element generator MADGRAPH5 aMC@NL02.4.2 [64, 65]. The mass of the SM-like h is
fixed to 125 GeV and masses between 0.5 and 30 GeV for the ALP are simulated. For the
vector portal model, production of the spin-1 Zp and its subsequent decays are simulated
at NLO with MADGRAPHS5_ aMC@QNL02.6.5. Masses of the Zp between 85 and 200 GeV are
simulated, thereby including the maximum Zp production cross section [11]; the masses of
the scalar boson sp are simulated from 5 to 55 GeV depending on the kinematic constraints
set by the Zp mass.

For the NMSSM, production of the CP-even h, , via gg fusion and its decay to the
CP-odd a, is carried out at leading order with PYTHIA8.230 [66]. Since the h; o might not
be the observed SM Higgs boson [67-69], mass values of my, between 90 and 150 GeV are
simulated. This range is motivated by constraints set by the relic density measurements
from WMAP [70], Planck [71], and searches at LEP [72-77]. The mass of the boson a; is
set to vary between 0.5 and 3 GeV as motivated in ref. [78].

In the dark SUSY model, production of the SM-like Higgs boson via gg fusion and its
decays are simulated at NLO with MADGRAPH5_ aMC@N1.02.4.2. The masses of the SM-like
Higgs boson, the neutralino n;, and the dark neutralino np are fixed to 125, 60, and 1 GeV,
respectively. Dark photon masses m,, ~are simulated between 0.25 and 58 GeV and only the
decays to oppositely charged muons are considered. Since the dark photon interacts weakly
with SM particles, its decay width is negligible compared to the dimuon mass resolution.

Discussed in greater detail in section 4, we consider displaced tracks and vertices for
the case of long-lived mediators in the 2018 analysis only. This is because the 2017 data set
lacks triggers that are comparable to those used in the 2018 analysis for displaced signatures.
When considering muon displacement for the 2018 analysis, we model the displaced vertices
in the lab frame via an exponential distribution with ¢ty between 0 and 100 mm. This
proper decay length of 0 to 100 mm is required to achieve a uniform distribution of €p,1/®qen
(see section 4) and to ensure that the displaced signal decays within the pixel detector volume
so that at least one pixel hit can be required in the dimuon selection.



For all benchmark samples, pp collisions at 13 TeV are simulated using a set of parton
distribution functions (PDFs) provided by NNPDF3.1 [79]. The parton shower, underlying
event activity, and hadronization processes at the LHC are modeled with the MC event
generator PYTHIA8.230 using the CP5 tune [80]. Pileup (PU), or additional collisions, are
added to these events, which are run through the full CMS detector simulation based on
GEANT4 [81]. These events are then reconstructed with the same algorithms that are used
for the data.

4 Event selection

Several triggers were used to collect the data used in this study, all exhibiting a total efficiency
that exceeds 90% for all signal benchmarks described in section 3. For the 2017 data set,
we employ a double muon trigger with pp thresholds of 23 and 12 GeV. Three additional
triggers with lower pp thresholds are implemented to further improve the trigger efficiency for
potential signals: a double muon trigger requiring muons of the same sign, with p thresholds
of 18 and 9 GeV, a triple muon trigger with pt thresholds of 12, 5, and 5 GeV, and a triple
tracker muon trigger with pp thresholds of 12, 10, and 5 GeV. This last trigger requires
“tracker muons” for which the tracker muon algorithm matches candidate muon segments
from the tracker to segments from the innermost muon station [61].

The 2018 data set retains the last three triggers used in the 2017 data set but replaces the
first trigger by one that is sensitive to displaced signatures. The so-called “double standalone”
(SA) muon trigger requires at least two muons reconstructed using the muon detectors
only [61], with a transverse momentum and pseudorapidity of pr > 23GeV and |n| < 2,
respectively. This trigger was operated in 2018 and is used in the 2018 analysis. This double
SA muon trigger does not rely on a primary vertex (PV) constraint for the track fit and is
sensitive to both the prompt and displaced muons probed in this search. The PV is taken
to be the vertex corresponding to the hard scattering location of the original pp collision,
evaluated using tracking information alone [82]. There was no equivalent trigger in 2017;
a study on 2017 data of the comparable double SA muon triggers available in 2018 either
showed poor efficiencies for displaced muons in the pixel volume of the CMS experiment or
negligible effective luminosities, thereby eliminating the possibility of investigating displaced
track and vertex signatures in the 2017 analysis.

For both the 2017 and 2018 analyses, we require at least four offline reconstructed
muons in each event. Among these muons, the 2017 analysis requires all muons to be
reconstructed with the particle-flow (PF) algorithm [83], which performs a global fit that
combines information from each subdetector, while the 2018 analysis requires at least three
muons to be reconstructed with the PF algorithm and at most one SA muon reconstructed
using only the information from the muon system. Selecting one possible SA muon in the
2018 analysis mitigates the efficiency lost for displaced muon reconstruction in the tracker
by roughly 30%. Additional offline selection criteria are as follows: each muon in the 2017
and 2018 analyses must have pp > 8 GeV and |n| < 2.4. For the 2017 analysis, we require at
least two “high-pp muons”, i.e., muons with pp > 13 GeV. In the 2018 analysis, we require a
higher threshold for these two “high-pt muons”, with pp > 24 GeV. For both the 2017 and
2018 analyses, we also require that these “high-pr muons” are located in the region |n| < 2.



For both the 2017 and 2018 analyses the following selections are made: any two oppositely
charged muons in the event are paired as long as their invariant mass is below 60 GeV. The
decay vertices of each dimuon in each event are reconstructed using the Kalman filtering
(KF) technique [84], and only those vertices with a valid fitted vertex are retained. We
then select the two dimuons closest in invariant mass. These two dimuons must not have
any muons in common with each other. A dimuon that does not contain a high-pt muon
is labeled a low-pp dimuon (denoted as py,), while the other dimuon, which includes at
least one high-pp muon, is called a high-p dimuon (denoted as pp,). In the scenario where
both dimuons contain a high-pp muon, the dimuons are randomly labeled to prevent bias
in the kinematic distributions. All single muons not included in the two dimuons are called
orphan muons. No requirements are applied to the orphan muons. We require that each
of the two dimuons contain at least one muon that has at least one valid hit in any of the
layers of the pixel detector. This requirement ensures the selected dimuons originate from
the signal bosons that decay in the pixel detectors.

To further ensure that the signal muons in each dimuon decay from the same boson, we
require a limit on the Kalman-fitted dimuon vertex probability, P, . For the 2017 analysis,
this level is set to 15%. As the dimuon transverse displacement (L,,) and the opening angle

of the two muons (AR = V/(An)® + (A¢)?) increases, the fitted vertex probability decreases.
As the 2018 analysis considers displaced signals, we account for this difference by defining
a probability threshold that is a function of L,,, AR, and the number of SA muons, Ngy,
and select valid fitted vertices based on the criterion Py, > P(L,,, AR, Ngy).

The model independence of the results in this search is confirmed by verifying that the
ratio of the full reconstruction efficiency ep,; over the generator level acceptance age, is
independent of all signal benchmarks. The acceptance age, is defined as the fraction of
MC-generated signal events that pass the generator-level kinematic and geometric selection
criteria. The parameter ep, is defined as the fraction of MC-generated events that pass the
trigger and full event selection criteria. The valid-vertices criterion is particularly important,
as this selection contributes to the overall uniformity of the distribution in epy;/@gen. The
ratio epyn/Qqen is found to be insensitive to variations in all signal benchmark parameters:
over all of the MC samples, an average value of 0.403 £+ 0.001 (0.418 £ 0.001) for epu/@gen is
obtained for the 2017 (2018) analysis, along with its statistical uncertainty.

Finally, we place a selection on the transverse displacement of L,, < 16 cm and on the
longitudinal displacement of L, < 51.6cm. The upper bounds on L,, and L, correspond
to the dimensions of the outermost layers of the CMS pixel system and define the volume
in which the decay of a new boson can be probed by this analysis.

We also require that each dimuon is sufficiently isolated by having a total isolation
sum of less than 2.3 GeV. This isolation sum, Iso,, = > .k Pr(track), is calculated as
the scalar sum of the transverse momenta of all reconstructed tracks with pp > 0.5 GeV in
the vicinity of the dimuon, i.e., within AR < 0.4 and |2yack — 2up| < 0.1cm. Here, 2o is
defined as the z coordinate of the point of closest approach of the track to the primary vertex

along the beam axis, while z,, is the z position of the vertex associated with the dimuon

Hu
propagated back to the beamline along the dimuon direction vector. Tracks included in the

dimuon reconstruction are excluded from the isolation calculation. Requiring Iso,, < 2.3 GeV



Additional Requirement

Selection . ]
information 2017 2018
ignal >3 PF 1
Slgne? fuon All 4 signal muons 4 PF loose muons =23 OOSE HIHIonS
candidates and <1 SA muon
(In) All 4 signal muons  pp > 8GeV (|n| < 2.4) pr > 8GeV (|n] < 2.4)
pr (N
2 signal muons pr > 13GeV (|n| < 2.0) pr > 24GeV (|n| < 2.0)
Invariant mass Each dimuon My, < 60 GeV My, < 60 GeV
1,2 1,2
Fitted dimuon .
vertex probability Each dimuon PH#LQ > 0.15 PWL2 > P(Ly,,, AR, Ngy)
I < 2.3GeV I < 2.3GeV
Dimuon isolation  Each dimuon SO, ¢ SO, ¢
(AR < 0.4) (AR < 0.4)
L 16.
Fiducial volume Each dimuon — zy < 16.0cm
L, <51.6cm

Table 1. The event selection requirements for the 2017 and 2018 analyses. In the signal muon
selection row, the particle-flow loose muons refer to those muons that have tracks in both the tracker
and the muon system, which is contrasted with the standalone (SA) muon selection, which only
requires tracks in the muon system.

effectively removes about 72% of the quantum chromodynamic (QCD) background radiation.
For a comprehensive and compact representation of all selection criteria, see table 1.

5 Signal shape modeling and signal region definition

The target new boson is presumed to be weakly coupled to SM particles with a narrow width;
therefore, the shape of the dimuon invariant mass distribution is fully determined by the
detector resolution and final-state radiation (FSR) from the muons.

The signal region (SR), defined by the signal mass window in the two-dimensional (2D)
plane of My, and My, 18 determined by fitting the prompt signal shape distributions of
the MC signal samples with a double-sided Crystal Ball (CB) function (modified from [85] to
include a tail on each side of the Gaussian function). The fitting results for the displaced
signal show no significant difference within the statistical fluctuations. This composite
function consists of a Gaussian core and two power-law tails. The sigma parameter of the CB
function describes the width of the Gaussian fit to the signal and, consequently, the signal
resolution. To set the mass window size across the signal mass phase space, we extract the
sigma parameter from the mass fit for each simulated mass point and plot it as a function of
the invariant dimuon mass. To create a continuous signal mass window, we use the values
obtained by linearly interpolating the plotted data points.

Because the two dimuons originate from identical bosons, the signal mass window
selection is motivated by the requirement of consistent invariant masses of the dimuons. This



CMS Simulation (13 TeV)
3 | + Masswindow size ra
S, | ---- Linear interpolation
] 4
N o
n 100 . / =
2 ¥ o 1
o s
2
= »
=
A s
©
E 10—1 | // _
© #
c "
9 [ ,(/
(I) \\._-_0/

I . |
10° 10!
myy [GeV]

Figure 2. The mass window size as a function of invariant dimuon mass. It is derived from a Crystal
Ball function fitting to MC signal events to contain 90% of events. The wider mass window size
around my,, < 0.4 GeV is due to the deteriorating mass resolution for near-collinear dimuons in the
decays of low-mass bosons.

requirement is displayed in equation (5.1) below,

g, = Mg, < WM, + 1m0,)/2) (5.1)

where W is a function of the dimuon invariant masses m and m and is based on the

1 9
interpolation of the sigma parameters previously discuségé. To deyt?rmine the best signal
significance, S/v/S + B, where S is the signal and B is the expected background in the
SR, thereby maximizing the discovery potential of this work, we examine the effect of four
different signal efficiencies for prompt signals: 80%, 85%, 90%, and 95%.

For all signal efficiencies chosen, the signal significance decreases as the dimuon mass
up < 60GeV, a signal

mass window providing a 90% efficiency on signal events yielded the best signal significance.

increases. However, over the entire mass range probed, 0.21 < m

Figure 2 displays the size of the signal mass window as a function of invariant dimuon mass
(green dots) with the line derived from linear interpolation (dashed, purple line). Thus, given
the combination of the mass window size and placement in the (mwl, mWQ) mass phase
space, we achieve the optimal balance of signal significance and efficiency across the entire
signal mass range, which we use to define the signal region (SR). This selection ultimately

carves out the signal region in the 2D plane of My, and m as illustrated by the dashed

Hioo
lines in figures 3 and 4.

6 Background estimation

To estimate the background, we first divide the mass range into regions below and above
the Y resonances and then split the range below the Y further at the location of the J/i
resonance. We exclude the mass ranges that contain the J/{ (2.72-3.24 GeV) and the Y
(9-11 GeV) resonances. For the following discussion, we estimate the background in each
region using fully data-driven methods based on data collected with the CMS detector.



6.1 Background below the Y resonances

The major background contribution below the Y resonances originates from QCD multijet
processes. The QCD multijet background is dominated by events in which two b quarks
decay to 2u + X or decay through low-mass meson resonances such as w, p, ¢, and (2S).

A two-dimensional template T'(m is constructed in the plane of the two dimuon

iy Mgy
invariant masses to estimate the QCD background.

For both the 2017 and 2018 analyses the template is constructed over several steps.
First, a control sample is selected from the data. FEvents are required to have only one
dimuon, at least one orphan muon, and pass the event selection criteria as applied to signal
candidates, including the vertex probability and isolation selection on the only dimuon, the
pixel hit requirements, and all of the signal triggers. The primary HLT used in this study is
a high-pp, double muon trigger; consequently, the three muon selection requirement must
contain two high-pt muons. If an event includes more than one orphan muon, the muon
with the highest pt is selected. Depending on where the high-pt muons are, these events
are separated into two categories. The first category corresponds to events where both
muons in the only dimuon are high-pT muons, the mass of this dimuon system is used to

model the m,,,, template. The second category contains events where the orphan muon is

HHy
a high-pr muon and the dimuon contains another high-pt muon, the mass of the dimuon

defines, in that case, the m,,,, variable. This procedure ensures that kinematic differences

between signal events that quyafve exactly two high-pt dimuons or just one high-pt dimuon
are accounted for. For the 2018 analysis, the only dimuon in the event is required to have
at most one SA muon, pass the selection on fitted vertex probability, and have at least one
hit in the pixel system as explained in section 4.

Next, two one-dimensional (1D) dimuon mass templates, Tj(my,, ) and Ty(my,, ), are
obtained from the control sample. Each distribution is fitted with a function comprised of
a Gaussian distribution for each light meson resonance and a set of sixth-degree Bernstein
polynomials for the continuum background shape. The 2D template T(mwl,mwz)) is
obtained by taking the tensor product of the 1D templates, Tl(mwl) ® TH(mM,Q).

Finally, the 2D template is normalized to unity in the dimuon-dimuon mass space for the
region below and above the J/ip resonance. The template is represented as a smooth function
of the Cartesian product of My, and My, and is shown by the greyscale colormap in
figure 3. Here, the SR defined in section 4 is bounded by the dashed lines. The region of the
mass space outside the SR represents the control region (CR) for the QCD background. The
ratio between the integral of the template in the SR (Igg) and the CR (IcRr), or R = Isg/IcR,
is calculated for both the region below and above the J/ip. For the 2017 analysis, the ratios
in the region below and above the J/i are 0.046 and 0.096, respectively. Similarly, the ratios
obtained for the 2018 analysis below and above the J/ are 0.044 and 0.093, respectively. The
same figure also displays the events found in the data that pass all selection criteria except
the consistent mass requirement, thus falling outside of the SR (represented as white dots).

For the 2017 (2018) analysis, there are in total 49 and 2 (98 and 66) events in the CR
below and above the J/ resonance, respectively. We then estimate the number of background
events in the SR below and above the J/i using the ratio R. In 2017, these values are
2.26 £0.32 (stat) and 0.19 +0.14 (stat), below and above the J/i, respectively. In 2018, these



My, [GeV]
3

Events/(0.04 GeV x 0.04 GeV)

>
b
Events/(0.04 GeV x 0.04 GeV)

2

05 1 15 2 25
My, [GeV]

59.7 o (13 TeV)

— AT —

> 4 S

2, 10 O]

O, O,

o = = s

= [ =3 Y

£ o £ 10°60
< <
< <
o o
x >
> >
[} fol
(O] S
< <
= =
=5 e
) )
< c
[ [
> >
w w

1072

Figure 3. Two-dimensional distribution of the invariant masses my,, vs. my,, below (left) and above

(right) the J/¢ resonance, for the 2017 (top row) and 2018 (bottoin row) analyses. The greyscale
heatmaps show the normalized QCD background templates, and the black vertical and horizontal
bands correspond to the regions around the 7, w(783), ¢(1020), and §(2S) resonances. The white
dots represent data events that pass all selection criteria but fall outside the SR m,, w, My, (outlined
by dashed lines), and the red triangles represent data events passing all selection criteria. As discussed
in section 6.1, the paucity of events in the CR for the 2017 analysis, particularly the region above J/i,
is a result of the triggers selected for this data-taking period.

values are 4.34 +0.44 (stat) and 6.16 +0.76 (stat), below and above the J/i, respectively. The
statistical uncertainty is calculated as the product of the ratio R with the square root of the
number of CR events, or RV Ncg. Since R effectively normalizes this value, it is also referred
to as the normalization uncertainty. These values are also listed in table 2 for convenience.

This method of estimating the QCD background is further validated by performing a
Baker-Cousins (BC) x? test [86] for the data in the CR and the constructed template. Both
the 2D template T(mwl,mwz) and data events in the CR are projected into 1D histograms.
The template integral is then scaled to the data entries. To calibrate the statistical test we
randomly generated one million sets of pseudo-data based on the template. The X2 statistic
of the BC test is calculated for each pseudo-data set and the template to obtain a distribution
of the X2 values. The final calibrated p-value is obtained by calculating the X2 between the

— 10 —



actual data and the template and quoting the fraction above the observed X2 statistic in the
X2 distribution. Because we are considering a total mass phase space trifurcated by the J/
and Y resonances in two separate analyses (2017 and 2018), we perform the BC test for each of
these regions and for both analyses. All p-values for My, are contained in [0.043, 0.924], and
all p-values for m,,  are contained within [0.164, 0.889] for both the 2017 and 2018 analyses
in the region below the Y resonances. Note that the lower range of p-values results from the
paucity of background events in the 2017 data set. For a complete list of p-values, see table 4.

6.2 Background above the Y resonances

Electroweak processes with two Z bosons, the tt process, and the Drell-Yan (DY) process
all contribute to the background above the Y resonances. Additionally, we consider the
possibility of a radiated photon in the DY process that converts into a dimuon. Such an event
could become a non-negligible background when a photon-converted muon is paired with
an oppositely charged muon from the DY process. Most of these events, however, fail the
requirement of consistent dimuon masses and reside in the CR. The limited number of such
events in the data makes it difficult to model the shape of their distribution. To veto these
events, the trailing mass m?rlgﬂing and trailing opening angle AR?ﬁgmng from the alternative
pairs are used. These variables are calculated as follows: once two dimuons are obtained from
the normal muon pairing algorithm mentioned in section 4, we alternatively pair these muons
by taking one muon from each dimuon and pairing it with the oppositely charged muon in
the other dimuon; the smaller invariant mass of alternative pairs is m?rlgﬂing and the smaller
opening angle of two muons in alternative pairs is ARﬁgﬂing. This alternative pairing restores
dimuons that come from the DY process and the radiated photon. Compared to the dimuon
from the DY process, the photon-converted dimuon usually has a smaller invariant mass and
a smaller opening angle between the two muons. A final requirement of mi‘i;ﬂmg > 3GeV,
or AR?rl;ihng > (.2, is used to veto these background events.

The selection of events with at most one SA muon in two dimuons also causes extra
background that is hard to model with MC samples. For example, in the tt process, one SA
muon from the b quark decay can be paired with an oppositely charged muon from the W
boson decay to form a dimuon. These dimuons are almost exclusively prompt. However, in
the signal MC data, events that contain one SA muon often happen when the signal boson is
displaced. To minimize the contamination of the actual data with these background events,
we reject two-dimuon events containing one SA muon if both dimuons are prompt-like with
L,, <0.1cm. Also, SA muons in background events are usually caused by underlying event
activity or punch-through effects. Such SA muons have fewer reconstructed muon segments
in the muon detector than those from signal events. We require the SA muon to have at least
two valid muon segments, which further rejects the background caused by the SA muon.

Because the template method [32] fails to describe the background above the Y resonances
accurately, we use the kernel density estimate (KDE) method [87] to model the background in
the region above the Y for both the 2017 and 2018 data sets. The KDE method is specifically
chosen because it is a non-parametric method that operates on unbinned data, thereby
eliminating the reliance on the input parameters typically used in the template method. The
2D probability density function (pdf) is built via the KDE method in two steps: first, the
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Figure 4. Two-dimensional distribution of the invariant masses My VS. My, above the Y resonances
for the 2017 analysis (left) and the 2018 analysis (right). The greyscale heatmaps represent the
normalized 2D probability density function of the background data. White dots represent data events
that pass all selection criteria but fall outside the SR My My, (outlined by dashed lines), and
the red triangles represent data events passing all selection criteria.

1D pdf, using a Gaussian kernel with an adaptive bandwidth, is taken for both My, and
My, - The 2D pdf is then formed via the outer product of the pdfs for My, and My, 1-€.,
f(mwl,mwz) = filmyy, ) ® fu(my,,), where fiy(my,,) are the 1D pdfs. Figure 4 displays
the 2D pdfs in the form of greyscale colormaps for the 2017 analysis (left) and the 2018
analysis (right). The dashed lines bound the SR, i.e., SR(le ~ mWQ), and the white
dots represent data events that fall outside this SR. The number of events in the CR above
the Y resonances is 212 and 143 for the 2017 and 2018 data sets, respectively. In the mass
region above the Y resonances, the ratio R is 0.085 (0.097) for the 2017 (2018) analyses. We
then estimate the number of expected background events in the SR. For 2017, we expect
18.10 & 1.23 (stat) events, and for 2018, we expect 13.81 + 1.16 (stat) events. The systematic
uncertainties are explained in detail in section 7. For comparison across years and mass
regions, these values and those from the low-mass regions are listed in table 2 and a summary
of the background estimation and mitigation method across mass regions is listed in table 3.

To assess the goodness-of-fit of the pdfs produced via the KDE method, we perform
the BC X2 test. Just like the template method, the 2D pdfs are separated into the 1D pdfs
individually representing My and My, - The BC test is then performed on each 1D pdf
in the same manner as described in section 6.1, the results of which yield p-values in the
range of [0.513,0.974] for both invariant dimuon masses and both analyses. For completeness,
we tabulate all p-values for both my, and my, in all three mass regions for both the
2017 and 2018 analyses in table 4.

7 Systematic uncertainties

The leading source of experimental uncertainty in the signal prediction comes from the
measurement of the integrated luminosity recorded by the CMS detector: during the 2017
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Year

Region Quantity 5017 9018
Obs. events in CR 49 98
Below J/  Exp. events in SR 2.26 £ 0.32 (stat) & 0.14 (syst)  4.34 £ 0.44 (stat) &+ 0.18 (syst)
Obs. events in SR 2 4
Obs. events in CR 2 66
g:l‘;;e ;/ ¥ Exp. ovents in SR 0.19 + 0.14 (stat) + 0.01 (syst)  6.16 £ 0.76 (stat) = 0.09 (syst)
Obs. events in SR 0 6
Obs. events in CR 212 143
Above Y Exp. events in SR 18.10 & 1.23 (stat) + 4.49 (syst) 13.81 4 1.16 (stat) £ 5.39 (syst)
Obs. events in SR 24 20

Table 2. The number of observed events in the CR and the expected and observed number of events
in the SR in the three mass regions considered in this analysis.

Region Method Selection

Below Y  Template Signal-like three-muon events
KDE CR events

Above Y

Background mitigation Veto m?gﬂing > 3GeV or ARﬁgﬂmg > 0.2 events

Table 3. The background estimation and mitigation method are divided into two mass regions
below and above the Y resonance. The region below the Y uses the template method to estimate the
background PDFs with signal-like three-muon events, which include only one dimuon and one orphan
muon. The region above the Y uses the KDE method with events in the control region and involves
further event selection for background mitigation.

p-value
Region 2017 2018
My, Mupy Mppy - Mppy
Below J/i 0.333 0.889 0.186 0.164
Above J/ip, below Y 0.043 0.172 0.924 0.375
Above Y 0.974 0.695 0.768 0.513

Table 4. Results of the Baker-Cousins X2 test for goodness-of-fit between the modeled background
and the actual background events in the control regions. For background below the Y resonances, the
2D background templates are projected into one dimension, and the test is conducted, comparing
background data and template values, yielding two p-values per region per data set. A similar
procedure is followed for background above the Y resonances: the 2D pdfs are projected into one
dimension and the BC test is conducted, yielding two p-values for each dimuon invariant mass for
both 2017 and 2018. Note that the low p-values for the mass region above J/p and below Y for the
2017 data set result from the low number of background events in the data.
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(2018) data-taking period, this uncertainty was 2.3% [88] (2.5% [89]). Other experimental
uncertainties include the uncertainty on the final signal efficiency at high PU conditions (2.3%
in 2017 and 1.8% in 2018), the selection of consistent masses of the two dimuons (0.24%
for both 2017 and 2018), the uncertainty in the signal trigger scale factor that corrects for
different trigger efficiencies in the data and MC simulation (0.9% in 2017 and 0.6% in 2018),
and the uncertainty in the modeling of the PU distribution (0.1% in 2017 and 0.05% in 2018).
The uncertainty on the reconstruction of displaced tracks and vertices contributes to the
total systematic uncertainty of the 2018 analysis only, and is quoted at 1.0%, with 0.5%
contributing from each displaced dimuon vertex fit [90]. The experimental uncertainties due
to muon identification, dimuon isolation, and reconstruction of close muons in the tracker
and the muon system can be found in ref. [32], and are reproduced in table 5. The theoretical
uncertainties include the uncertainty in the PDFs, knowledge of the strong coupling constant
ag, the renormalization and factorization scales, and the production cross section of the
Higgs boson and its branching fractions — all of these uncertainties can be found in ref. [32]
as well, and are also reproduced in table 5.

We also consider systematic uncertainties for the estimated background. The dimuon
isolation threshold described in section 4 is varied by 5% around the threshold to achieve
a total variation of 10%; the final number of expected background events in the SR is
recomputed. The changes in the expected background events are quoted as a systematic
uncertainty for the region below J/{ (6.6% in 2017 and 4.1% in 2018), between J/p and Y
(5.9% in 2017 and 1.5% in 2018), and above Y (1.2% in 2017 and 2.3% in 2018).

For the region above the Y resonances, we determine a systematic uncertainty on the
pdf background shape by examining the number of estimated events for two scenarios in
which the number of CR events is reduced by half. This is accomplished by applying
selections to the events in the CR, which reduce their number by 50% and comparing the
estimated number of events in the SR resulting from these selections. For all selections
placed, we first keep the SR constant and then impose two different linear inequalities that
eliminate roughly half of the events in the CR, which are given by 0 < Cle — Gmw2 and
0= em}’ﬂl
50% reduction of CR events is achieved.

— meg’ where ( and 6 are arbitrary parameters chosen such that the desired

We use these inequalities to exclude data to determine how the number of expected
events in the SR changes, which provides a measure of the uncertainty on the background pdf
shape. To produce this result, we consider two scenarios for both the 2017 and 2018 analyses:
for the first scenario, we set the parameters ¢ = 1.6 and # = 1, and determine the number
of expected events in the SR. For the second scenario, we swap the values of ( and 6 and
again determine the number of events in the SR. The ratio of the SR and CR background
yields, i.e., Isg/Icr, are computed and the expected background yields are compared to the
nominal case where no selection is applied. The uncertainty on the background pdf shape
is then taken as the largest percent difference, resulting in a 23.6% and 36.7% uncertainty
for 2017 and 2018, respectively. Note that we do not include uncertainty on the background
shape below the Y resonances because this region was estimated using the template method.
Table 5 presents all uncertainties used in this analysis.

During the 2017 and 2018 data-taking periods, an issue affecting the L1 trigger was
detected [59, 91], affecting muon candidates’ bunch crossing assignment. Here, the limited
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Source of uncertainty Value

2017 2018
Experimental signal uncertainties
Integrated luminosity 2.3% 2.5%
Muon ID 4%x0.6% 4x0.6%
Dimuon isolation 2x0.1% 2x0.1%
Reco. of close muons in tracker (signal mass < 9 GeV) 2x1.2% 2x1.2%

Reco. of close muons in muon system (signal mass < 9GeV) 2 x 1.3% 2 x1.3%

Muon HLT 0.9% 0.6%
Reconstruction of displaced track/vertex — 2x0.5%
PU distribution 0.1% 0.05%
PU effect on signal efficiency 2.3% 1.8%
Dimuon mass consistency 0.24% 0.24%

Experimental background uncertainties below J/p (0.21-2.72 GeV)

Normalization 14.2% 10.1%
Systematic 6.6% 4.1%
Experimental background uncertainties above J/{ and below Y (3.24-9 GeV)
Normalization 73.5% 12.3%
Systematic 5.9% 1.5%
Experimental background uncertainties above Y (11-60 GeV)

Normalization 6.9% 8.4%
Systematic 1.2% 2.3%
Shape 23.6% 36.7%
Theoretical signal uncertainties

PDF + ag + QCD scales 8% 8%
Higgs cross-section and BR* 3.8% 3.8%
NNLO Higgs p re-weighting” 2% 2%

“Uncertainty is not used in the vector portal model.

Table 5. The systematic uncertainties for the 2017 and 2018 analyses, including the experimental
uncertainties on the signal and background, as well as the theoretical uncertainties. The experimental
uncertainties on the muon identification (ID), the dimuon isolation, and the reconstruction of close
muons in both the tracker and the muon system have been reproduced from [32]. Additionally, all
theoretical uncertainties have been reproduced from [32].
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time resolution of the muon detectors could erroneously register a hit and fire the L1 trigger.
To assess the impact of this L1 trigger issue, we re-weight the signal MC samples by the
muon pr and 7 and obtained a corrected value of ep,;. From this re-weighting, we conclude
that this L1 trigger issue has a negligible effect on ep);, causing an impact of less than 1%.

8 Results

After applying all selection criteria to the data sample, 26 (30) events are found in the
full mass range in SR for the 2017 (2018) analysis. Their distribution in the m,
My, phase space is shown in figures 3 and 4. This result is consistent with the sum of all

and

background estimates described in section 6. Model-independent observed upper limits at a
95% confidence level (CL) are set on the product of the production cross section of pairs of
new bosons, the square of the branching fraction to dimuons, and the acceptance. Limits
are set using the CLg method [92, 93]. The test statistic used is based on the logarithm
of the likelihood ratio [94]. The systematic uncertainties and their correlations have been
accounted for by profiling the likelihood with respect to the nuisance parameters for each
value of the signal strength. The following results have been determined using the CMS
statistical analysis tool COMBINE [95].

The limit is shown as a function of m, in figure 5 over the range 0.21 < m, < 60 GeV for
the 2017 and 2018 analyses (top left and top right, respectively), for the combined 2017 and
2018 data set over the range 0.21 < m, < 60 GeV (bottom left), and for the combined 2016,
2017, and 2018 data set over the range 0.21 < m, < 9 GeV (bottom right), where the analysis
presented in ref. [32] provides the input data for the 2016 data set. Overall, the limit for the
2018 data set, the combination of the 2017 and 2018 data sets, and the combination of the
2016, 2017, and 2018 analyses varies between 0.049 and 0.247 fb for the model-independent
interpretation. We now interpret this result in the context of the signal benchmark models.

For the ALP scenario, the model-independent limit in figure 5 can be used to set the limit
on the ratio of the effective coupling between the ALP and the SM Higgs boson, C’ZE , and the
square of the new-physics energy scale, A, or ng / A% The partial width of the Higgs boson
decay to two ALPs can be found in ref. [15]. We assume the Higgs boson mass is 125 GeV, the
partial width of Higgs boson decay to SM particles is 4.1 MeV, the production cross section
of the SM H via gg fusion at the LHC is 48.93 pb at a center-of-mass energy of 13 TeV [96],
the vacuum expectation value of the Higgs field is 246 GeV, and the branching fraction of
the ALP to muons is 100% (or 10%). The observed 95% CL upper limit on C<N /A% as a
function of the ALP mass m, is shown in figure 6 (left). Through this analysis, we achieve
further reach and greater sensitivity than Run 1 LHC searches [36, 97, 98] (summarized in
ref. [15]). Similarly, with different choices of ce JA? (1TeV ™2, 0.1 TeV~ 2 and 0.01 TeV~?),
and a decay width of the ALP to leptons as presented in ref. [15], we set limits on the ratio
of the effective coupling between the ALP and SM leptons, C’lelﬁ, to the new-physics energy
scale, or C{T /A, as shown in figure 6 (right). The limit on C§i' /A depends directly on the
value assumed for the total ALP width. We fix the ALP total width to a constant reference
point of 107° GeV for all mass points.

For the vector portal benchmark model, we set a 95% CL upper limit on the product
of the production cross section of the Zp, the branching fraction of the decay of Zp to sp
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Figure 5. The model-independent 95% CL expected and observed upper limits set on
o(pp = 2a+ X)B*(a — 2p)agen over the range 0.21 < m, < 60 GeV for the 2017 and 2018 analyses
(top left and top right, respectively), over the range 0.21 < m, < 60 GeV for the combined 2017 and
2018 analyses (bottom left), and over the range 0.21 < m, < 9 GeV for the combined 2016, 2017, and
2018 analyses (bottom right). Mass ranges that overlap with J/ip and Y resonances are excluded from
the search.

and Sp, and the squared branching fraction of the decay of sp to two oppositely charged
muons: o(pp — Zp)B(Zp — spsp)B>(sp — 2p) as a function of the dark scalar mass mg
and the dark vector boson mass myz_. This limit is subsequently translated to the limit on
the product of the square of the kinetic mixing parameter, 52, times the branching fraction
of the decay of Zp to a pair of dark scalar bosons sp, times the squared branching fraction
of the decay of the sp to a dimuon: 528(ZD — sD§D)Bz(sD — 2u). As the sp may also
decay into SM particles other than dimuons, the branching fraction of its decay into dimuons
must be taken into account in this limit, for various mg_ and mgz_, which is shown in figure 7
for various mg_  and mg_.
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Figure 6. Left: the 95% CL observed upper limits on the effective coupling C’EE/A2 of the ALP to

the SM Higgs assuming the branching fraction
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Figure 7. The 95% CL observed upper limits on 2B(Zp — sp3p)B>(sp — 2u) for the vector portal
model as a function of the dark scalar mass m,_ and dark vector boson mass my_.

For the NMSSM scenario, the 95% CL observed upper limits are derived for
o(pp — hy o — 2a,)B*(a; — 2u) as a function of mg, with my = 90GeV (figure 8 left)
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Figure 8. The 95% CL observed upper limits for o(pp — h; 5 — 2a,)B*(a; — 2p) for the NMSSM
as a function of m, for three choices of My, - The left and middle plots have my,  fixed to 125 GeV
and the right plot has my, fixed to 125GeV. The data presented here reflect the results of the 2017
and 2018 data sets combined with the previously published results of the 2016 data set in [32].

and my = 125GeV (figure 8 middle), with my,  fixed at 125GeV; and my,, = 150 GeV
(figure 8 right) with my, fixed at 125GeV. It is assumed that all contributions come from
either h; or hy; there is no case in which both h; and h, decay to the a;. The branching
fraction of the a; decay to a dimuon is dependent on the a; mass [78].

For the dark SUSY scenario, a 95% CL observed upper limit is set on the product
of the h production cross section and the branching fractions of the h decay to a pair of
dark photons. The limit set by this experimental search is presented in figure 9 as areas
excluded in a two-dimensional plane of & and m.,_ . Here, the Higgs boson mass is taken
to be 125 GeV, and the production cross section of the Higgs boson via gg fusion at the
LHC is 48.93pb at 13 TeV [96].

For this search, limits are shown for the branching fraction of the h decay to two dark
photons in the range 0.05-10%. The kinetic mixing parameter, €, the mass of the dark photon
m.,_, the branching fraction of the yp, decays to a dimuon, and the proper decay length of
the dark photon cT,,, are related via an analytic function that is solely dependent on the
dark photon mass [99]. The proper decay length of the dark photon is allowed to vary from 0
to 100 mm and m,, = can range from 0.25 to 58 GeV. With the extended ranges in dimuon
mass (0.21-60 GeV), this analysis excludes a previously unexplored area in the parameter
space of € and m., ~ compared to the previous model-independent search (0.25-8.5 GeV) [32].

9 Summary

A search for pairs of new bosons a that subsequently decay to pairs of oppositely charged
muons is presented. This search is performed using data samples collected by the CMS
experiment in 2017 and 2018, corresponding to 41.5 fb~! for the prompt signal in 2017 and
59.7fb~! for both the prompt and displaced signals in 2018, for proton-proton collisions
at /s = 13TeV. The results are also combined with a similar analysis performed by the
CMS collaboration [32], which analyzed a smaller data set collected in 2016 corresponding
to 35.9fb ™! of proton-proton collisions at /s = 13 TeV. Additionally, both the mass range
of the boson ¢ and the maximum possible displacement of its decay vertex are extended
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Figure 9. The 95% CL observed upper limits (black solid curves) from this search as interpreted in
the dark SUSY scenario for the process pp — h — 2n; — 2yp + 2np — 4p + X, with m,, = 60 GeV
and m, = 1GeV. The limits are presented in the plane of ¢ and m., . The color gradient represents
different branching fraction assumptions for B(h — 2n; — 2y + 2np), ranging from dark orange
(0.05%) to light orange (10%). The degradation of the limit around 1 GeV is attributed to the drop in
the dimuon branching fraction B(yp — 2u) due to the dimuon resonance of the ¢ meson [99].

compared to the previous version of this analysis. The distribution of events in the signal
region is consistent with standard model expectations. Model-independent 95% confidence
level upper limits on the product of the production cross section of pairs of new bosons,
the square of the branching fraction to dimuons, and the acceptance are set over the mass
range 0.21 < m, < 60 GeV and are found to vary between 0.049 and 0.247 fb. These model-
independent limits are then interpreted in the context of an axion-like particle model, a vector
portal model, a next-to-minimal supersymmetric standard model, and a dark supersymmetry
scenario with non-negligible boson proper decay length of up to ¢ = 100 mm.
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