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We present a time-domain search strategy for resonances with periodically varying masses in high-
energy collider data. Conventional resonance searches rely on time-integrated event samples and are
therefore insensitive to signals whose properties evolve during data taking. To address this limitation, we
developed a two-dimensional unbinned likelihood framework in invariant mass and event time, allowing
time-dependent resonances to be identified through characteristic trajectories in the ðm; tÞ plane rather than
as stationary peaks in the invariant-mass distribution. As a benchmark scenario, we consider a Z0 boson
arising from a gauged Uð1ÞB−L extension of the Standard Model and introduce a phenomenological model
in which the mediator mass undergoes periodic temporal modulation. The resulting signal produces
distinctive correlations between invariant mass and event time that are not accessible to conventional time-
integrated analyses. The method is applied to dimuon events from the CMS Open Data corresponding to
the Run G data-taking period at

ffiffiffi
s

p ¼ 13 TeV, with an integrated luminosity of 7.54 fb−1. No statistically
significant excess above the background-only hypothesis is observed for any of the benchmark time-
dependent signal scenarios considered. Accordingly, 95% confidence level upper limits are derived on the
signal production cross section and the corresponding gauge coupling gZ0 as a function of the Z0 mass for
several benchmark values of the modulation amplitude. The resulting limits demonstrate that incorporating
temporal information can enhance sensitivity relative to conventional time-integrated searches, particularly
in the low- and intermediate-mass regions where sufficient signal statistics are available.

DOI: 10.1103/w7cw-b316

I. INTRODUCTION

The Standard Model (SM) of particle physics has
achieved remarkable success in describing fundamental
particles and their interactions. Nevertheless, it does not
account for several established phenomena, including the
nature of dark matter, the origin of neutrino masses and
oscillations, the hierarchy problem, and the matter-anti-
matter asymmetry of the Universe [1–3]. Among these
open questions, the nature of dark matter remains one of the
central challenges in modern physics. Its existence is firmly
established through multiple lines of astrophysical and
cosmological evidence, including Galactic rotation curves,

gravitational lensing, large-scale structure formation, and
precision measurements of the cosmic microwave back-
ground [4]. However, its particle identity remains
unknown, and no experiment to date has achieved a
definitive direct or indirect detection. A broad experimental
program has been developed to probe possible interactions
between dark matter and the SM, including underground
direct-detection experiments, beam-dump and fixed-target
facilities, astrophysical observations, and high-energy col-
lider searches [5–17]. In particular, collider and intensity-
frontier experiments have explored a wide range of portal
scenarios connecting dark matter to visible matter, yet no
confirmed signal has been observed. This persistent
absence of evidence motivates the exploration of alter-
natives beyond the traditional weakly interacting massive
particle (WIMP) paradigm, including axions, sterile neu-
trinos, and particles residing in hidden or dark sectors
[18–22].
Among these possibilities, ultralight bosonic dark matter

has attracted significant interest due to its distinctive
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wavelike behavior on macroscopic scales [23]. For suffi-
ciently small masses, the large occupation number allows it
to be described as a coherent classical field rather than a
collection of individual particles. This field undergoes
oscillations with a frequency set by its mass and can
remain coherent over astrophysical timescales. Such behav-
ior arises naturally in scenarios where the dark matter
abundance is generated via the misalignment mechanism.
A direct consequence is the possibility of inducing time-
dependent effects in particle physics observables, leading to
signatures that are not captured by conventional time-
integrated searches. These time-varying phenomena pro-
vide a complementary avenue for probing dark matter
interactions. The possibility that ultralight scalar dark
matter induces time-dependent modulations of collider
observables has been explored in previous studies
[24–26]. In the present work, we consider the specific
scenario in which the coherent oscillation of the scalar field
induces a periodic modulation of the effective mediator
mass, giving rise to characteristic time-dependent signa-
tures at collider experiments.
In this work, we extend this framework to the case of a Z0

gauge boson associated with a gauged Uð1Þ0 symmetry, in
which the mediator couples directly to a conserved SM
current. While the underlying mechanism of mass modu-
lation remains similar, the phenomenology differs due to
the distinct coupling structure and production channels. In
particular, we focus on a Z0 boson arising from a gauged
Uð1ÞB−L extension of the SM, which provides a well-
motivated benchmark [27–29]. A key feature of this
scenario is that the signal does not appear as a stationary
resonance in invariant mass, but instead evolves in time,
tracing a trajectory in the ðm; tÞ plane. As a result,
conventional analyses that rely on time-integrated invariant
mass distributions may significantly dilute the signal,
especially for large modulation amplitudes. To address
this, we develop a time-domain search strategy based on a
two-dimensional likelihood in invariant mass and time.
This approach retains the correlation between these observ-
ables and allows for the direct reconstruction of the time-
dependent signal.
Although the analysis is presented in the context of the

B − L model, the methodology is formulated at the level of
collider observables and is therefore applicable to a broader
class of scenarios involving time-dependent mediator
properties. The analysis is performed using dimuon events
from the CMS Open Data corresponding to an integrated
luminosity of 7.54 fb−1 collected during the 2016 Run G
data-taking period [30,31]. Run G spans approximately
26.5 days and provides event-by-event GPS timestamps,
allowing the likelihood to be constructed directly as a
function of the event time. The observed event-time
distribution is incorporated explicitly through the time-
dependent normalization procedure described in Sec. II,
thereby accounting for the nonuniform detector exposure

and data-taking rate throughout the run. Run G was
selected because it provides a substantial integrated lumi-
nosity together with an observational window sufficiently
long to probe the benchmark oscillation periods considered
in this work. Although the proposed methodology is, in
principle, applicable to multiple CMS data-taking periods,
extending the analysis beyond a single period introduces
additional experimental and statistical considerations. In
particular, successive data-taking periods may be separated
by substantial intervals with no recorded collisions, even
though the hypothesized signal evolves continuously
in time.

A. Model

We consider an extension of the SM by an additional
Abelian Uð1Þ0 gauge symmetry with gauge boson Z0

μ. The
present analysis is formulated within a low-energy effective
field theory in which the heavy degrees of freedom
responsible for the spontaneous breaking of the Uð1Þ0
symmetry have been integrated out. Consequently, the Z0
mass is treated as an effective low-energy parameter
originating from the heavy symmetry-breaking sector,
while the present work focuses on the collider phenom-
enology arising from its time-dependent modulation.
Although renormalizable portal interactions between the
heavy symmetry-breaking scalar and the dark matter field
are generally allowed, we consider the regime in which
such couplings are sufficiently suppressed that their con-
tributions to the low-energy phenomenology can be
neglected.
The effective Lagrangian is given by

L ¼ −
1

4
Z0
μνZ0μν þ 1

2
m2

0Z0Z0
μZ0μ þ gZ0Z0

μJ
μ
Z0 ; ð1Þ

where Z0
μν ¼ ∂μZ0

ν − ∂νZ0
μ, gZ0 denotes the Uð1Þ0 gauge

coupling, and JμZ0 is the corresponding fermionic current.
The dark matter sector consists of a complex scalar field ϕ
carrying Uð1Þ0 charge Qϕ. The ultralight scalar mass mϕ is
treated as an effective low-energy parameter, while its UV
origin and stabilization mechanism are assumed to arise
from physics above the effective theory. Accordingly, the
present analysis should be regarded as an effective descrip-
tion valid at the energy scales relevant to collider phenom-
enology. The homogeneous dark matter field evolves
according to

ϕ̈þ 3Hϕ̇þm2
ϕϕ ¼ 0; ð2Þ

where H is the Hubble expansion rate. At late times, the
field undergoes coherent classical oscillations with the
approximate solution

ϕðtÞ ≃ ϕ0 cosðmϕtþ δÞ; ð3Þ
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where ϕ0 is the oscillation amplitude and δ is the phase of
the oscillation. The interaction between the dark matter
field and the Uð1Þ0 gauge boson arises through the
covariant derivative

Dμϕ ¼ ð∂μ − igZ0QϕZ0
μÞϕ; ð4Þ

which generates the interaction

jDμϕj2 ⊃ ðgZ0QϕÞ2jϕj2Z0
μZ0μ: ð5Þ

Within the effective theory, the coherent oscillating dark
matter background modifies the effective mass of the Z0
according to

m2
Z0 ðtÞ ¼ m2

0Z0 þ ðgZ0QϕÞ2jϕðtÞj2: ð6Þ

Substituting the oscillatory solution into Eq. (6) gives

m2
Z0 ðtÞ ¼ m2

0Z0 þ ðgZ0QϕÞ2ϕ2
0 cos

2ðmϕtþ δÞ: ð7Þ

Factoring out the constant mass scale yields

m2
Z0 ðtÞ ¼ m2

0Z0

�
1þ ðgZ0QϕÞ2ϕ2

0

m2
0Z0

cos2ðmϕtþ δÞ
�
: ð8Þ

It is therefore convenient to define the dimensionless
modulation parameter

κ ≡ ðgZ0QϕÞ2ϕ2
0

m2
0Z0

; ð9Þ

which measures the amplitude of the dark-matter-induced
mass modulation. The effective Z0 mass can then be written
compactly as

m2
Z0 ðtÞ ¼ m2

0Z0 ð1þ κ cos2ðmϕtþ δÞÞ: ð10Þ

Equation (10) forms the basis of the phenomenological
analysis presented in this work. The four parameters
fm0Z0 ; κ; mϕ; δg completely specify the time-dependent
evolution of the resonance mass within the effective
description considered here. Interference between the
time-dependent Z0 signal and the SM background is not
considered in the present phenomenological treatment. A
consistent treatment of such effects, including their possible
time dependence arising from the varying Z0 mass, requires
a dedicated amplitude-level theoretical analysis and is left
for future work.

II. METHODOLOGY

In this work, we develop a time-dependent search
strategy for a neutral vector boson Z0 in scenarios where
its effective mass is modulated by a coherently oscillating

ultralight scalar background. This leads to a phenomenol-
ogy that differs substantially from conventional resonance
searches, where the signal is assumed to appear as a
stationary peak in invariant mass distributions. In the
present scenario, the resonance mass evolves in time,
producing a signal with a nontrivial structure in the joint
invariant mass-time plane. Consequently, analyses based
solely on time-integrated invariant mass spectra can sig-
nificantly dilute the signal, particularly when the modula-
tion amplitude is large and the resonance sweeps across a
broad mass range. To retain sensitivity to this behavior, we
construct a two-dimensional likelihood in the observable
space ðm; tÞ, where m≡mμμ is the dimuon invariant mass
and t is the event time. The signal probability density
function (PDF) is explicitly defined in this two-dimensional
space, allowing the correlation between invariant mass and
time to be treated directly within the likelihood. Unlike
standard bump hunts, where sensitivity arises from local-
ized excesses in invariant mass, the signal considered here
appears as a time-dependent trajectory in the ðm; tÞ plane.
Preserving this structure is therefore essential, motivating
the use of a fully unbinned likelihood that maximizes the
information retained from the data.

A. Signal and background probability distribution
function

The analysis is performed in the two-dimensional
observable space defined by the invariant mass m and
event time t. Figure 1 shows the invariant mass distribution
of the selected dimuon events together with the fitted
background model. Good agreement is observed over the
full mass range considered in the analysis, including both
the resonant Z-boson peak and the nonresonant Drell-Yan
continuum at higher masses.

FIG. 1. Invariant mass distribution of dimuon events together
with the fitted background model. The data are well described
across the full mass range, including the Z-boson resonance and
the smoothly falling high-mass tail. The fit is performed using an
extended unbinned likelihood.
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The signal PDF is constructed to describe the time-
dependent evolution of the Z0 resonance mass induced by
the oscillating scalar-field dark matter background. At a
fixed time, the reconstructed invariant-mass distribution is
modeled by a Gaussian function,

Sðm; tÞ ¼ 1ffiffiffiffiffiffi
2π

p
σres

exp

�
−
ðm − μðtÞÞ2

2σ2res

�
; ð11Þ

where σres denotes the detector mass resolution. The
resulting two-dimensional signal PDF in the invariant mass
and time variables is illustrated in Fig. 2, while the
corresponding time-integrated signal PDF is shown in
Fig. 3. Throughout this analysis, the resolution is para-
metrized as σres ¼ 0.01m0. For the low-mass region,

50 ≤ m0 ≤ 120 GeV, a value of σres ¼ 0.02m0 is adopted.
In the vicinity of the Z-boson resonance, the large Standard
Model background, together with a narrow signal para-
metrization, makes the evaluation of the expected upper
limits numerically challenging. The broader signal para-
metrization is therefore adopted only in this mass region to
ensure a stable likelihood evaluation.
The time-dependent mean of the resonance is para-

metrized as

μðtÞ ¼ m0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ κ cos2

�
πt
τ
þ δ

�s
; ð12Þ

where m0 is the nominal resonance mass, κ controls the
modulation amplitude, τ is the oscillation period, and δ is
an arbitrary phase offset. This parametrization provides a
minimal phenomenological description of a resonance
whose mass undergoes periodic modulation due to the
coherent oscillation of the scalar dark matter field.
Consequently, the signal exhibits a nonfactorizable corre-
lation between invariant mass and event time, which
constitutes the characteristic experimental signature
exploited in the present analysis.
Throughout this work, we consider a benchmark scalar

mass of mϕ ≃ 10−19 eV, corresponding to an oscillation
period of τ ≃ 20660 s (≈5.7 hours). This benchmark is
particularly well suited for the present analysis because the
modulation is neither sufficiently rapid to be washed out by
the finite event statistics nor sufficiently slow to sample
only a small fraction of an oscillation cycle during the data-
taking period. Instead, multiple oscillation cycles are
expected to occur over the CMS Run G dataset while
retaining adequate statistics within each cycle to recon-
struct the evolving resonance structure. Furthermore, the
coherence time of an ultralight scalar field with this mass is
expected to greatly exceed the duration of the dataset,
allowing the modulation to be treated as a coherent periodic
signal throughout the analysis. To account for variations in
detector exposure throughout the data-taking period, the
signal probability density function is multiplied by a time-
dependent acceptance function TðtÞ, as follows:

Psigðm; tÞ ¼ Sðm; tÞTðtÞ: ð13Þ

The background contribution is modeled as the sum of
two components corresponding to resonant Z-boson pro-
duction and the nonresonant Drell-Yan continuum,

Pbkgðm; tÞ ¼ PZðm; tÞ þ PDYðm; tÞ: ð14Þ

The resonant Z-boson contribution is modeled using a
double-sided Crystal Ball (DCB) function, which describes
the Gaussian core together with asymmetric non-Gaussian
tails arising from detector resolution effects and final-state
radiation. The DCB shape parameters are fixed using CMS

FIG. 2. Time-dependent evolution of the mass component of
the signal PDF, Sðm; tÞ, for the benchmark point m0 ¼ 300 GeV,
κ ¼ 3, and τ ¼ 20660 s. The Gaussian resonance follows the
time-dependent mean μðtÞ. The time-dependent acceptance
function TðtÞ is applied separately in the full signal PDF used
in the likelihood.

FIG. 3. Time-integrated signal mass probability density func-
tion obtained by integrating the two-dimensional signal template
Sðm; tÞ over the full Run G data-taking period. The distribution is
shown for the benchmark point m0 ¼ 300 GeV and κ ¼ 3.
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Open Data simulation samples [32]. The nonresonant
Drell-Yan contribution is modeled using a log-curved
power-law function,

BDYðmÞ ∝ m−ðnþb logmÞ; ð15Þ

which provides a flexible parametrization of the smoothly
falling invariant-mass spectrum over the full search region.
Both background components are multiplied by the

common time-dependent acceptance function TðtÞ, shown
in Fig. 4. The acceptance function is constructed from
individual CMS run numbers, where each run corresponds
to a contiguous data-taking period during which the
detector configuration, calibration constants, trigger menu,
and operating conditions remain approximately stable. For
each run i, spanning the time interval ½tmin

i ; tmax
i Þ, the

acceptance is assigned the value

TðtÞ ¼ NðiÞ
Z

Δti
; t∈ ½tmin

i ; tmax
i Þ; ð16Þ

where NðiÞ
Z denotes the number of reconstructed Z → μþμ−

candidates satisfying

80 GeV < mμμ < 100 GeV; ð17Þ

and

Δti ¼ tmax
i − tmin

i ð18Þ

is the duration of the corresponding CMS run. Since the
inclusive Z-boson production cross section is expected to

remain constant during data taking, the observed Z-boson
event rate provides a data-driven estimate of the effective
detector exposure. Consequently, the acceptance function
incorporates the combined effects of the average luminosity
during each CMS run, detector acceptance, and data-taking
efficiency, thereby providing a piecewise-constant descrip-
tion of the slowly varying detector exposure throughout the
data-taking period.
The run-based construction of the acceptance function

represents a physically motivated compromise between
detector stability and statistical precision. Because detector
configuration, calibration, trigger settings, and operating
conditions are expected to remain approximately stable
within a given CMS run, constructing the acceptance
function on a run-by-run basis naturally preserves these
periods of stable detector operation. In contrast, arbitrary
fixed-width time intervals may span multiple CMS runs,
thereby mixing data collected under different detector
configurations or operating conditions into a single accep-
tance estimate. Conversely, substantially finer intervals,
such as individual luminosity sections, contain significantly
fewer Z-boson events and consequently lead to larger
statistical fluctuations in the estimated detector exposure.
Each CMS run therefore provides sufficient Z-boson
statistics to obtain a stable and physically meaningful
estimate of the relative detector exposure.
The acceptance function serves only as a normalization

correction and does not determine the time resolution of
the signal model. For each event, the signal probability
density function is evaluated using the exact event time-
stamp through the time-dependent mean μðtÞ defined
in Eq. (12), while the corresponding value of TðtÞ is

FIG. 4. Piecewise-constant time-dependent acceptance function derived from the CMS Run G Open Data. For each CMS run, the
acceptance is computed asNZ=Δt, whereNZ is the number of reconstructed Z → μþμ− candidates satisfying 80 < mμμ < 100 GeV and
Δt is the duration of the corresponding run. The resulting function provides a data-driven estimate of the effective detector exposure,
incorporating the combined effects of the average luminosity, detector acceptance, and data-taking efficiency, and is applied as the
common time-dependent acceptance function for both the signal and background probability density functions.
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determined solely by the CMS run in which the event was
recorded. Consequently, the temporal evolution of the
signal is treated continuously on an event-by-event basis,
whereas the acceptance function corrects only for the
slowly varying detector exposure and does not affect the
continuous time evolution described by Eq. (12).
The background probability density functions are there-

fore written as

PZðm; tÞ ¼ ZðmÞTðtÞ;
PDYðm; tÞ ¼ BDYðmÞTðtÞ: ð19Þ

The complete likelihood is constructed as an extended
model in which the signal and background yields are
determined simultaneously from the fit. While the SM
background factorizes into independent invariant-mass and
time components through the common acceptance func-
tion, the signal remains intrinsically nonfactorizable owing
to the time-dependent mean defined in Eq. (12). This
correlation between invariant mass and event time con-
stitutes the principal discriminating feature of the analysis,
enabling a periodically varying resonance to be distin-
guished from SM backgrounds. The overall structure of the
background model together with the observed event dis-
tribution in the ðm; tÞ plane is illustrated in Fig. 5.

B. Statistical analysis

Statistical inference is performed using a modified
frequentist approach based on the profile likelihood method
[33,34]. The analysis employs an extended unbinned
likelihood constructed in the two-dimensional observable
space of invariant mass and event time, thereby preserving
the full event-by-event information while comparing the
signal and background hypotheses. The parameter of
interest is the signal yield, Nsig. The background normal-
izations, NZ and Npow, are treated as nuisance parameters

and are profiled during the likelihood maximization. All
remaining model parameters are determined through aux-
iliary studies prior to the final hypothesis test and are
subsequently fixed. The tail parameters of the double-sided
Crystal Ball function (αL, nL, αR, and nR) are first
determined from CMS Open Data simulation. These
parameters are then fixed in a preliminary fit to the
invariant-mass distribution of the data, in which the Z-
boson peak position (μZ), detector mass resolution (σZ), the
Drell-Yan shape parameters (npow and bpow), together with
the background normalizations (NZ and Npow), are allowed
to vary. The resulting best-fit values define the background
model used in the subsequent statistical analysis.
For each benchmark signal hypothesis, a preliminary

two-dimensional fit is subsequently performed to determine
the best-fit value of the signal phase δ. The fitted value of δ,
together with the calibrated background shape parameters
and the benchmark signal parameters (m0, κ, and τ), is then
fixed in the final profile likelihood. Consequently, the final
statistical inference contains only three free parameters: the
parameter of interest, Nsig, and the nuisance parameters, NZ

and Npow. This reduces the dimensionality of the likelihood
optimization while preserving the independently calibrated
signal and background models. The profile likelihood ratio
test statistic is defined as

qμ ¼ −2 ln

�
Lðμ; ˆ̂θÞ
Lðμ̂; θ̂Þ

�
; ð20Þ

where μ denotes the signal strength parameter, μ̂ and θ̂ are
the values of the signal strength and nuisance parameters

that globally maximize the likelihood function, and ˆ̂θ
denotes the conditional maximum-likelihood estimator of
the nuisance parameters for a fixed value of μ.
In the absence of a statistically significant deviation from

the background-only expectation, upper limits are derived

FIG. 5. Illustration of the background structure in the ðm; tÞ plane.
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using the CLs prescription. Exclusion limits at the 95% con-
fidence level (CL) are obtained for the signal hypothesis
parametrized by μ, which in the present analysis corre-
sponds to the product σðpp → Z0Þ × BRðZ0 → μþμ−Þ.
Signal hypotheses satisfying CLs < 0.05 are considered
excluded at the 95% CL. In the event of a significant
excess, the corresponding global significance would be
evaluated while accounting for the look-elsewhere effect
associated with the scan over the mass and modulation
hypotheses considered in the analysis.

C. Determination of the ðMZ0 ; gZ0 Þ exclusion limits

The exclusion limits in the ðMZ0 ; gZ0 Þ parameter space
are obtained by translating the expected 95% CL upper
limits on the signal production cross section into constraints
on the gauge coupling. For each benchmark mediator mass,
the upper limit on σðpp → Z0Þ × BRðZ0 → μþμ−Þ is first
determined using the CLs procedure described in the
previous section.
To convert these cross-section limits into limits on the

coupling, Monte Carlo samples are generated for each
mediator mass using MadGraph5_aMC@NLO [35]. The
same generator-level requirements adopted in the signal
efficiency determination are applied to ensure consistency
between the simulated signal acceptance and the efficiency
used in the statistical analysis. The coupling gZ0 is then
varied while keeping the mediator mass fixed until the
predicted production cross section multiplied by the dilep-
ton branching ratio matches the corresponding expected
upper limit obtained from the CLs analysis. Repeating this
procedure for all considered mass hypotheses yields the
exclusion contour in the ðMZ0 ; gZ0 Þ plane.

III. RESULT AND DISCUSSION

The analysis is performed using the CMS Open Data
corresponding to the Run G period of the 2016 proton-
proton collision dataset at

ffiffiffi
s

p ¼ 13 TeV. Events are
selected from the DoubleMuon primary dataset and are
required to satisfy at least one double-muon high-level
trigger. The trigger menu consists of dimuon triggers
requiring two reconstructed muons with transverse momen-
tum thresholds of 17 and 8 GeV, including standard and
tracker-muon configurations, variants requiring compati-
bility with a common longitudinal interaction vertex (Δz),
and isolated dimuon triggers for the leading muon within
jηj < 2.1. Since the offline analysis requires both muons to
satisfy pT > 25 GeV, the selected events are well within
the trigger efficiency plateau. For each event, a unique
dimuon candidate is constructed from the reconstructed
muons. The muon with the highest transverse momentum
satisfying pT > 25 GeV and jηj < 2.4 is identified as the
leading muon. Among the remaining reconstructed muons,
the highest-pT muon with opposite electric charge satisfy-
ing the same kinematic requirements is selected as the

second muon. Events for which no such opposite-sign
partner exists are rejected. Consequently, exactly one
dimuon candidate is retained per event, avoiding multiple
entries from events containing more than two recon-
structed muons.
The selected dimuon candidate is subsequently required to

satisfy an invariant mass of mμμ > 50 GeV. To ensure a
high-purity sample of promptly produced muons, both
muons are required to satisfy the CMS medium muon
identification working point, together with the impact param-
eter requirements jdxyj < 0.05 cm and jdzj < 0.10 cm. The
muon identification, impact parameter, and isolation require-
ments are based on the CMS prescription described in
Ref. [36]. Backgrounds from nonprompt muons originating
from heavy-flavor decays and hadronic activity are further
suppressed by requiring both muons to satisfy the particle-
flow relative isolation criterion I0.4rel < 0.15. The complete set
of offline event selection requirements, including the kin-
ematic acceptance, invariant mass requirement, muon iden-
tification criteria, impact parameter cuts, isolation
requirement, and transverse momentum threshold, are sum-
marized in Table I.
The two-dimensional event distribution in the ðm; tÞ plane

exhibits the expected structure associated with the time-
dependent normalization function incorporated into the
likelihood model. As shown in Fig. 5, the observed
variations in event density primarily reflect changes in the
data-taking conditions, including variations in luminosity
and run duration, rather than genuine physical modulations.
These temporal features are well reproduced by the back-
groundmodel, demonstrating that the normalization function
provides an adequate description of the time dependence of
the dataset. The excellent agreement between the observed
data and the background prediction therefore validates the
treatment of detector acceptance and data-taking conditions
adopted in the time-dependent likelihood analysis.
As shown in Fig. 6, the expected signal production rate

decreases rapidly with increasing mediator mass owing to

TABLE I. Summary of the trigger requirements and offline
event selection used in the analysis.

Category Requirement

Invariant mass mμμ > 50 GeV
Muon identification Both muons satisfy the CMS medium

identification working point.
Muon acceptance Both muons satisfy jηj < 2.4.
Transverse momentum Both muons satisfy pT > 25 GeV.
Transverse impact
parameter

Both muons satisfy jdxyj < 0.05 cm.

Longitudinal impact
parameter

Both muons satisfy jdzj < 0.10 cm.

Muon isolation Both muons satisfy the particle-flow
relative isolation requirement
I0.4rel < 0.15.
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the falling production cross section. Consequently, the
number of expected signal events decreases, reducing
the statistical sensitivity of the search in the high-mass
region. This trend is reflected in the expected upper limits
on σ × BR for all values of κ, although the time-dependent
scenarios consistently retain improved sensitivity relative to
the time-independent case (κ ¼ 0).
The observed improvement in sensitivity can be under-

stood from the properties of the signal model. As illustrated
in Fig. 3, a nonzero modulation amplitude (κ > 0) gives
rise to a characteristic double-peaked time-integrated signal
distribution. As the modulation amplitude increases, the
separation between the two peaks becomes larger, shifting
the upper peak toward higher invariant masses where the
smoothly falling Drell-Yan background is substantially
reduced. Consequently, a larger fraction of the signal
populates a region with a more favorable signal-to-back-
ground ratio. At the same time, larger values of κ produce
a more pronounced time-dependent structure in the
two-dimensional ðm; tÞ space, providing additional dis-
criminating information beyond that available from the
invariant-mass distribution alone. The two-dimensional
likelihood is therefore able to exploit both the modified
signal shape and the temporal information to improve the
separation between the signal and the Standard Model
background, resulting in enhanced sensitivity without
requiring an increase in the total number of signal events.
The agreement between the observed data and the

background model in the ðm; tÞ plane indicates that no
statistically significant deviation from the SM expectation
is observed for any of the benchmark time-dependent signal
hypotheses considered in this work. Consequently, the data
are found to be consistent with the background-only
hypothesis, and 95% CL upper limits are derived on the
signal production cross section times branching ratio and

the corresponding gauge coupling. The resulting exclusion
limits on gZ0 are shown in Fig. 7, where the time-
independent scenario (κ ¼ 0) is represented by the dashed
curve and the time-dependent cases with κ ¼ 8 and κ ¼ 24
by the solid curves. A clear and systematic improvement in
sensitivity is observed as the modulation amplitude
increases, allowing progressively smaller couplings to
be excluded for a fixed mediator mass. At higher
mediator masses, the limits become weaker for all values
of κ, primarily because the rapidly decreasing production
cross section reduces the available signal statistics.
Consequently, the separation between the different κ
scenarios gradually decreases in the high-mass region.
Nevertheless, even with the limited integrated luminosity
of the CMS Run G Open Data, the present analysis
demonstrates that time-domain resonance searches using
event-by-event timing information are experimentally fea-
sible. The sensitivity of this approach is expected to
improve with larger datasets, particularly in the high-mass
region where the current reach is primarily limited by
statistical precision. Cosmological and astrophysical con-
straints on the underlying time-dependent dark-sector
scenario have not been investigated in this work and
provide an interesting direction for future study.

IV. SUMMARY AND CONCLUSION

In this work, we have developed a time-dependent search
strategy for vector mediators whose masses are modulated
by a coherently oscillating ultralight scalar dark matter
field. As a benchmark scenario, we considered a Z0 gauge
boson arising from a gauged Uð1ÞB−L extension of the SM,
in which the interaction with the scalar field induces a
periodic variation of the effective mediator mass. Unlike
conventional resonance searches that rely solely on the

FIG. 6. Expected cross section times branching ratio as a
function of the mediator mass for different values of the
modulation parameter κ. The signal rate decreases rapidly with
increasing mass.

FIG. 7. Upper limits on the coupling gZ0 as a function of the
mediator mass mZ0 for different values of the modulation
parameter κ. The dashed curve corresponds to the time-indepen-
dent case (κ ¼ 0), while solid curves show the time-dependent
results.
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invariant-mass spectrum, such a signal produces a charac-
teristic trajectory in the joint invariant mass-time ðm; tÞ
space, providing an additional observable that can be
exploited in the statistical analysis.
To capture this distinctive signature, we constructed a

two-dimensional extended unbinned likelihood in invariant
mass and event time and applied the method to dimuon
events from the CMS Run G Open Data corresponding to
an integrated luminosity of 7.54 fb−1 at

ffiffiffi
s

p ¼ 13 TeV. A
data-driven background model, together with a time-
dependent acceptance function derived from the observed
Z-boson yield, was used to account for variations in
detector conditions and instantaneous luminosity through-
out the data-taking period. No statistically significant
deviation from the SM expectation was observed, and
upper limits at the 95% CL were established on the
production cross section times branching ratio and the
corresponding gauge coupling.
The resulting exclusion limits demonstrate that incor-

porating temporal information systematically improves the
sensitivity relative to the time-independent scenario
(κ ¼ 0). This improvement can be understood from the
properties of the signal model. As the modulation ampli-
tude increases, the time-integrated signal distribution
develops enhanced probability density near the turning
points of the oscillation, shifting a larger fraction of the
signal toward higher invariant masses where the smoothly
falling Drell-Yan background provides a more favorable
signal-to-background ratio. At the same time, the periodic
modulation gives rise to a characteristic correlation
between invariant mass and event time that is absent in
the Standard Model background, providing additional
discriminating information beyond that contained in the
invariant-mass distribution alone. Consequently, the great-
est improvement is achieved in the low- and intermediate-
mass regions, whereas at higher masses the sensitivity
becomes increasingly limited by the rapidly decreasing
signal yield and the corresponding statistical uncertainty.

Overall, this work establishes a framework for incorpo-
rating event time as an additional observable in collider
searches for time-dependent new physics. Although dem-
onstrated here for a time-varying Z0 boson using a subset of
CMS Open Data, the methodology is formulated at the
level of collider observables and is readily applicable to a
broader class of scenarios involving time-dependent media-
tor properties. Future analyses using larger datasets and
higher integrated luminosities are expected to further
extend the discovery potential of this approach.
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