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A model-independent search for low-mass resonances decaying into pairs of oppositely charged

muons is presented. The analysis uses proton–proton collision data corresponding to an

integrated luminosity of 140 fb−1, recorded by the ATLAS detector at the Large Hadron

Collider between 2015 and 2018. The search targets hypothetical dimuon resonances in the

invariant mass range from 35 GeV to 75 GeV. The modelling of this mass region is particularly

challenging for conventional analytic background parameterisations. To address this, a

Gaussian process regression technique is used to model the background. The dimuon mass

spectrum is analysed for potential signals, and no statistically significant excess is observed.

Upper limits at the 95% confidence level are set on the fiducial production cross-section of

new resonances decaying promptly into muons, ranging from 20 fb to 110 fb, depending on

the resonance mass. These results are further interpreted in the context of dark-photon and

dark-matter-mediator models, leading to new constraints on their parameter spaces.
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1 Introduction

Many strategies are employed to search for physics beyond the Standard Model (BSM), motivated by the

open questions that remain in particle physics. Model-independent searches for low-mass resonances

are of considerable interest due to their potential to reveal new phenomena, such as possible dark-matter

interactions. Among the possible final states, the dimuon channel provides a clean and well-understood

signature, offering high sensitivity to a broad class of BSM scenarios.

BSM scenarios involving dark matter (DM) provide a compelling motivation for such searches. While

there is convincing cosmological evidence for the existence of dark matter [1–4], its fundamental nature

remains one of the most pressing open questions in both particle physics and cosmology. Although no

interactions between DM and Standard Model (SM) particles beyond gravity have yet been observed, many

theoretical models predict that DM could interact very weakly with SM particles [5]. These scenarios

often introduce a hidden sector of particles, with interactions mediated by a new vector or axial-vector

boson. If such interactions exist, these mediators could be produced in proton–proton (??) collisions at the

Large Hadron Collider (LHC) [6] and subsequently decay into SM particles.

While the search presented in this paper is designed to be model independent, two benchmark theoretical

scenarios are used for interpretation, illustrating possible DM realisations leading to low-mass dimuon
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resonances. A standard benchmark for LHC DM searches [7] involves extending the SM with an additional

U(1) gauge symmetry, under which the DM particle carries a charge. If certain SM particles are also

assumed to carry charges under this new gauge group, a new gauge boson, commonly denoted as / ′, could

mediate interactions between SM and DM particles. Within the framework of a simplified B-channel

exchange model, these interactions can be described by the following Lagrangians, incorporating both

vector and axial-vector couplings:

L+ ⊃ 1

2
<2

/ ′+`+
` − 6@+` @̄8W

`@8 − 6;+` ;̄8W
`;8 − 6j+` j̄W

`j (1)

L� ⊃ 1

2
<2

/ ′+`+
` − 6@+` @̄8W

`W5@8 − 6;+` ;̄8W
`W5;8 − 6j+` j̄W

`W5j (2)

where </ ′ is the mass of the / ′ boson (+`). The couplings 6@ and 6; are taken to be universal across all

quark and lepton flavours, respectively, and 6j represents the coupling between the mediator and the DM

particle (j).

An alternative, theoretically well-motivated framework introduces kinetic mixing between a dark Abelian

gauge symmetry, UD(1), and the SM hypercharge, U. (1) [8]. The relevant gauge terms in the Lagrangian

are:

L ⊃ −1

4
�`a�

`a − 1

4
/D`a/

`a

D
+ 1

2

n

cos \
/D`a�

`a + 1

2
<2

/D,0
/
`

D
/D` .

where the U. (1) and UD(1) field strengths are defined as �`a = m`�a − ma�` and /D`a = m`/Da − ma/D`,

respectively, and \ is the Weinberg mixing angle. In this model, the resonance, referred to as a dark photon,

/D, has a mass </D
, denoted as </D,0 before mixing with the SM. While the dark photon has no direct

couplings to SM particles, the kinetic mixing parameter n induces an effective coupling between the two

sectors.

This analysis searches for new resonances decaying into pairs of muons, using the dimuon invariant mass

as the primary discriminating variable. Benchmark signal models include a / ′ and a /D, which could be

directly produced via the Drell–Yan (DY) mechanism in ?? collisions and subsequently decay promptly

into a pair of oppositely charged muons, as illustrated in Figure 1. These benchmark signals serve as

representative scenarios for evaluating the sensitivity of the search.

/ ′

@

@̄

`+

`−

6@ 6;

(a)

//W∗ //W∗

@

@̄ `−

`+

n /D
n

(b)

Figure 1: Feynman diagrams for Drell–Yan production of (a) a generic resonance / ′ and (b) a kinetically mixed dark

photon /D.

Searches for low-mass dimuon resonances have been performed by the CMS [9, 10] and LHCb [11]

Collaborations, covering mass ranges of 1.1–7.9 GeV, 11.5–75 GeV and 110–200 GeV for CMS, and
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0.214–70 GeV for LHCb. Building on similar strategies, this analysis employs a data-driven approach

to estimate the dominant, smoothly varying background from //W∗ induced dimuon production and to

search for new resonances appearing as localised deviations on top of this background spectrum using

ATLAS data [12]. The mass region from 35 to 75 GeV is investigated. This range is selected based on

signal-extraction capability and is explored for the first time in a resonance search with ATLAS data.

A key innovation of this study is the use of Gaussian process regression (GPR) [13–15], a flexible

non-parametric method that is novel in the context of modelling the background shape in resonance

searches. This replaces the traditional analytic functions used, for example, in Refs. [9–11, 16–18], to

describe the background in simultaneous signal-plus-background fits, and provides a robust description of

the full mass range accessible with standard, unprescaled muon triggers.

The signal is extracted through a binned simultaneous profile likelihood fit to the signal and background

components observed in data. In the absence of a significant excess, upper limits are set on the fiducial

production cross-section times branching ratio to the dimuon final state of a new resonance, as a function

of its mass. These model-independent fiducial cross-sections are then parameterised into the coupling

parameters of the DM mediator and dark photon models, described above, from which upper limits on

these theoretical parameters are derived.

The structure of this paper is as follows. Section 2 provides a brief description of the ATLAS detector.

Section 3 presents the data and Monte Carlo (MC) simulation samples used in the analysis. The event

reconstruction and selection criteria are detailed in Section 4. Section 5 discusses the modelling of the

signal and the associated systematic uncertainties. The background estimation and signal extraction based

on GPR are described in Section 7. Section 8 outlines the statistical interpretation and limit-setting

procedure. The results and their interpretations in the context of benchmark models are presented in

Section 9, and the conclusions are summarised in Section 10.

2 ATLAS detector

The ATLAS detector [12] at the LHC covers nearly the entire solid angle around the collision point.1 It

consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic

and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting air-core

toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle

tracking in the range of |[ | < 2.5. The high-granularity silicon pixel detector covers the vertex region and

typically provides four measurements per track [19, 20]. It is followed by the semiconductor tracker (SCT),

which usually contributes eight measurements per track. These silicon detectors are complemented by

the transition radiation tracker (TRT), which extends track reconstruction capabilities to a radial distance

corresponding to |[ | = 2.0. The TRT also provides electron identification information based on the

fraction of hits (typically 30 in total) above a higher energy-deposit threshold corresponding to transition

radiation.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points upwards.

Polar coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity is

defined in terms of the polar angle \ as [ = − ln tan(\/2) and is equal to the rapidity H =
1
2

ln
(
�+?I
�−?I

)
in the relativistic limit.

Angular distance is measured in units of Δ' ≡
√
(ΔH)2 + (Δq)2.
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The calorimeter system covers |[ | < 4.9. Within |[ | < 3.2, electromagnetic calorimetry is provided by

barrel and endcap high-granularity lead/liquid-argon (LAr) calorimeters, with an additional thin LAr

presampler covering |[ | < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic

calorimetry is provided by the steel/scintillator-tile calorimeter within |[ | < 1.7, and two copper/LAr

hadronic endcap calorimeters in 1.5 < |[ | < 3.2. The solid angle coverage is completed with forward

copper/LAr and tungsten/LAr calorimeter modules optimised for electromagnetic and hadronic energy

measurements, respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring

the deflection of muons in a magnetic field generated by the superconducting air-core toroidal magnets.

The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. Three layers

of precision chambers, each consisting of layers of monitored drift tubes, cover the region |[ | < 2.7,

complemented by cathode-strip chambers in the forward region, where the background is highest. The

muon trigger system covers the range |[ | < 2.4 with resistive-plate chambers in the barrel, and thin-gap

chambers in the endcap regions.

Events were selected by the first-level trigger system implemented in custom hardware, followed by

selections made by algorithms implemented in software in the high-level trigger [21]. The first-level trigger

accepted events from the 40 MHz bunch crossings at a rate close to 100 kHz, which the high-level trigger

further reduced in order to record complete events to disk at about 1.25 kHz.

A software suite [22] is used in data simulation, in the reconstruction and analysis of real and simulated

data, in detector operations, and in the trigger and data acquisition systems of the experiment.

3 Data and Monte Carlo samples

3.1 Data sample

The data were recorded by the ATLAS detector during the period 2015–2018. After selecting data-taking

periods corresponding to good detector conditions [23] and applying standard data-quality requirements,

the total integrated luminosity amounts to 140 fb−1 [24, 25]. Events were selected using unprescaled

single-muon and dimuon triggers [26].

For single-muon triggers, two types of trigger were employed, one with an isolation requirement and one

without. The single-muon trigger with the isolation condition selected muons with transverse momentum

?T > 26 GeV that satisfied medium identification and isolation criteria [27]. To enhance acceptance for

high-momentum muons, an additional non-isolated single-muon trigger requiring ?T > 50 GeV was also

used, avoiding the isolation requirement whose efficiency decreases at high ?T.

Two dimuon triggers were employed, one with symmetric and the other with asymmetric ?T requirements

on the two muons. The symmetric trigger required two muons with ?T > 14 GeV, while the asymmetric

configuration required one muon with ?T > 22 GeV and the other with ?T > 8 GeV. Neither of the dimuon

triggers applied isolation requirements to the muons.
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3.2 Simulation of signal processes

Dedicated MC samples were produced for the benchmark signal models involving the / ′ and dark photon

(/D) resonances. These samples are used to model the signal acceptance, efficiency, and invariant-mass

distributions. The simplified DM model was used for the MC production of the / ′ signal samples, in

which the / ′ boson couples to SM and DM particles through either vector or axial-vector interactions, as

defined in Eqs. (1) and (2). The two interaction types are denoted as / ′
+

and / ′
�
, respectively. To study

one of the most commonly considered scenarios [5], the mass of the DM particle is set to 10 TeV, thereby

kinematically forbidding the decay of the / ′ boson into DM particles.

The simulations are based on a Universal FeynRules Output (UFO) [28, 29] implementation of the DMsimp

model [30], generated using FeynRules [29]. The original model was modified to include couplings to

leptons [31]. Signal events were generated at leading order (LO) using MadGraph 5 [8] with the A14 set

of tuned parameters (tune) [32] and the NNPDF2.3lo [33] parton distribution function (PDF) set, followed

by parton showering with Pythia 8 [34]

The differences in acceptance and mass shape modelling between the / ′
�

and / ′
+

models are found to

be negligible. Therefore, signal sample production focuses on the axial-vector interaction case, while

results for the vector case can be obtained by reinterpretation, using the relationship between couplings and

cross-sections.

To explore different regions of parameter space, MC samples were generated over a range of / ′ masses and

intrinsic widths. For mass modelling, benchmarks were set between 35 GeV to 75 GeV, in 5 GeV intervals,

with both 6; and 6@ set to 0.1. To study intrinsic width effects, two representative mass points (45 GeV and

65 GeV) were chosen, and the coupling strength was varied from 0.1 to 0.3, maintaining 6; = 6@. This

corresponds to intrinsic-width ratios of Γ/</ ′ ≈ 0.4% − 4%.

The spacing between simulated mass points is validated as sufficient for interpolating the signal modelling,

enabling a continuous parameterisation across the mass and width ranges of interest. The upper range of

the coupling scan is chosen such that the intrinsic width becomes comparable to the detector resolution,

allowing an evaluation of width effects on the analysis sensitivity. The intrinsic width Γ used is calculated

according to theoretical predictions for / ′
�

[31], which account for contributions from decays into leptons,

quarks, and neutrinos, given by:

Γ
@@̄

=

62
@ </ ′

4c

(
1 − 4I@

)3/2
,

Γ
ℓℓ̄

=
62
ℓ
</ ′

12c
(1 − 4Iℓ)3/2 ,

Γ
aā

=
62
ℓ

24c
</ ′ ,

where I8 = <2
8 /<2

/ ′ with 8 = @, ℓ.

LO /D samples were generated between 35 GeV to 75 GeV, in 5 GeV intervals, using the hidden Abelian

Higgs model (HAHM v3) [8] implemented in MadGraph 5, in order to quantify the results in terms of

the dark-photon interpretation. The input parameters for MadGraph 5 were derived from the chosen /D

mass (</D
), together with the corresponding width (Γ/D

) and branching ratio (Bℓℓ), calculated including

three-loop quantum chromodynamics (QCD) corrections as reported in Ref. [8]. In the (HAHM v3)

configuration used in this analysis, no hidden-sector states lighter than the /D are assumed, and therefore
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the /D decays exclusively into Standard Model fermions. The NNPDF2.3lo [33] PDF set was used for the

matrix-element calculation. Parton showering and hadronisation were performed by Pythia 8 [35], using

the A14 tune and the NNPDF2.3lo [36] PDF set. Signal samples for both models were simulated using the

ATLAS fast simulation framework (AtlFast-II) [37].

For both the / ′ and /D signals, cross-sections were evaluated at LO and corrected to next-to-next-to-leading

order (NNLO) using a common k-factor [38].

The effect of multiple interactions in the same and neighbouring bunch crossings (pile-up) for all simulated

signal and background (described below) samples was modelled by overlaying the simulated hard-scattering

events with inelastic ?? events generated with Pythia 8.186 [35], the NNPDF2.3lo PDF set and the A3

tune [39]. Simulated events were reweighted to match the pile-up conditions in data. All samples were

reconstructed and processed with the same trigger and reconstruction algorithms as used in data.

3.3 Simulation of background processes

To validate the statistical analysis for the data-driven background estimation, simulated SM background

processes are used. The dominant contribution arises from DY //W∗ → `+`− production, with smaller

contributions from //W∗ → g+g−, top-quark pair (CC̄) production, and diboson processes. Background

events from the DY //W∗ → `` and //W∗ → gg process were simulated with Sherpa 2.2.1 [40] employing

next-to-leading-order (NLO) accurate matrix elements for up to two partons, and LO-accurate matrix

elements for up to four partons. These were calculated with the Comix [41] and OpenLoops [42, 43]

libraries and used the NNPDF3.0NNLO PDF set [44]. Parton showering was performed using the

Sherpa parton shower [45] with MEPS@NLO matching [46–49]. Diboson processes (,, , ,/ , and

//) were simulated with a similar set-up in Sherpa 2.2.1. The CC̄ samples were generated at NLO using

Powheg Box [50, 51] with the NNPDF3.0NLO PDF set interfaced to Pythia 8 for parton showering and

hadronisation with the A14 tune. All background MC samples were processed by the full ATLAS detector

simulation based on Geant4 [52].

Typically, the equivalent integrated luminosity of the fully simulated background samples is 5–20 times

higher than that of the data. To validate the signal extraction procedure with a smooth background

template, an additional large DY sample was produced using a generator-smearing technique, following

the method used in the ATLAS � → `` analysis [53]. In this technique, generator-level muons are

smeared using parameterised detector resolutions that include non-Gaussian tails to emulate reconstruction

effects. The generator-smearing simulation was performed with Pythia 8.244. Only / → `` and / → gg

decays were enabled. To speed up event generation without affecting the final-state muon kinematics,

multi-parton interactions and hadronisation were disabled. The A14 tune, together with the NNPDF2.3LO

PDF set, was used as the baseline. Final-state radiation photons were simulated using the default Pythia 8

QED parton shower. The equivalent integrated luminosity of the generator-smearing sample corresponds

to approximately 30 ab−1. Residual mismodelling in the generator-smearing sample was corrected by

reweighting its mass spectrum to match that of the fully simulated DY sample, using a high-order polynomial

to avoid propagating statistical uncertainties from the fully simulated sample.
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4 Object and event selection

Proton–proton interaction vertices are reconstructed from events containing at least two tracks associated

with the ID, each with transverse momentum ?T > 0.5 GeV. Track reconstruction in the ID is performed

using a combinatorial Kalman filter algorithm, seeded by hit triplets in the pixel and silicon microstrip

detectors, with additional recovery of tracks formed from segments in the TRT. The primary hard-scatter

vertex is defined as the vertex with the largest
∑

?2
T

of its associated tracks [54].

Most muon candidates are reconstructed using a combined track from the ID and the MS. To increase

the muon reconstruction efficiency within the region |[ | <1, where the MS coverage is limited, additional

muon candidates are reconstructed by matching an ID track to either calorimeter hits consistent with a

minimum-ionising particle or to a single MS track segment.

Corrections are applied to the reconstructed muon momentum in simulation to ensure precise agreement

with data. These corrections to the simulated momentum scale and resolution are parameterised as an

expansion in powers of the muon ?T, with each coefficient determined as a function of [ and q [55].

Muon candidates are required to satisfy medium identification criteria [27]. To reduce the contribution

from fake muons originating from light-jet misidentification, a particle-flow-based isolation criterion [56]

is applied. In addition, to suppress muons from non-prompt heavy-flavour hadron decays, muon candidates

must satisfy |30/f30
| < 3 and |I0 sin \ | < 0.5 mm, where 30 is the transverse impact parameter measured

relative to the measured beamline position, f30
is its uncertainty, and I0 is the longitudinal distance between

the point of closest approach in the transverse plane and the primary vertex. Muon candidates are required

to have ?T > 3 GeV and |[ | < 2.4.

Events are selected if they contain at least two muon candidates. The two muons with the highest ?T are

chosen to form the dimuon pair and are required to have opposite electric charges. To ensure that the

trigger operated in its efficiency plateau region, dedicated selection criteria on ?T are applied to the muons

matched to the corresponding trigger objects. These requirements are summarised in Table 1.

The overall trigger matching [26] is performed by applying a logical OR of the criteria listed for the various

trigger types in Table 1. An event is considered matched if it satisfies the requirements of at least one

trigger type. The signal region is defined by the invariant mass of the dimuon pair being within the range

30–80 GeV.

Table 1: Summary of matching criteria ensuring the events are in the trigger efficiency plateau.

Trigger type Matching criteria ?T [GeV ]

Single muon At least one muon matched to a single-muon trigger > 27

Asymmetric dimuon Leading muon matched to the high-?T trigger object > 23

Subleading muon matched to the trigger low-?T object > 10

Symmetric dimuon Both muons matched to the two trigger objects > 15

5 Signal modelling

Building on the event selection outlined in the previous section, the expected signal contribution is modelled

to assess the sensitivity of the analysis to possible new resonances. The modelling of the signal shape, and

the evaluation of the acceptance and efficiency within the fiducial region are presented in this section.
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5.1 Acceptance and efficiency

Following the detector-level selection, the signal production cross-section is evaluated within a fiducial

volume defined by applying the muon selection criteria at particle level, as summarised in Table 2. These

criteria are defined after final-state radiation and are designed to reflect the acceptance of the corresponding

trigger matching applied at the reconstruction level. Three overlapping categories, single-muon, asymmetric-

dimuon and symmetric-dimuon are defined to emulate the respective trigger requirements. An event

is considered to be within the fiducial region if it satisfies the conditions of at least one of these three

categories.

Table 2: Definition of fiducial regions. Each event is required to contain two muons (labelled as `1 and `2) that

satisfy all listed selection criteria.

Fiducial categories ?
`1

T
[GeV ] ?

`2

T
[GeV] |[`1 | |[`2 |

Single muon > 27 > 3 < 2.4 < 2.4

Asymmetric dimuon > 23 > 10 < 2.4 < 2.4

Symmetric dimuon > 15 > 15 < 2.4 < 2.4

The fiducial regions, defined in Table 2, provide the framework for evaluating signal acceptance and

selection efficiency. The acceptance (A) is defined as the fraction of all generated signal events that satisfy

the fiducial selections at particle level. The efficiency (Y) is defined as the probability that a fiducial event

also passes the full reconstruction-level selection, including all object- and event-level requirements. These

quantities are used to extrapolate the measured signal yield to the fiducial phase space and to interpret the

results in terms of theoretical parameters.

The overall acceptance and efficiency of the signal depend strongly on the mass of the new resonance.

Figure 2 presents both the acceptance times efficiency (A × Y) and the standalone efficiency as a function

of the new resonance mass. To model their mass dependence, a second-order polynomial is fitted to A × Y,

while a third-order polynomial is used to describe Y. As the acceptance and efficiency are found to be

similar for the / ′ and /D signals, a common parameterisation is adopted for both cases.
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(b)

Figure 2: Parameterisation of the acceptance and efficiency for the new resonance. (a) The product of acceptance

and efficiency (A × Y) as a function of the resonance mass, fitted with a second-order polynomial. (b) The detector

correction factor (efficiency, Y) as a function of the resonance mass, fitted with a third-order polynomial.
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5.2 Parameterisation of the dimuon invariant mass

The invariant mass (<``) distribution of the signal resonance is modelled using a Breit–Wigner (BW)

function convolved with a double-sided Crystal Ball (DSCB) function [57–59]. The generator-level

lineshape of the signal is described by the BW function, as:

5 (G) ∝ 1

(G − <-)2 +
(

1
2
Γ

)2

where <- is the new resonance mass and Γ is the intrinsic width, which is described in Section 3. The

DSCB function is used to model the detector resolution, featuring a Gaussian distribution core with

power-law tails on both sides.

In the dark photon model, the intrinsic width is expected to be sufficiently small to be negligible [8].

Therefore, the narrow width approximation (NWA) is used to test this model.

The parameters of the DSCB function are extracted by fitting simulated signal samples. The width of

the Gaussian core (f), which reflects the detector resolution, varies from approximately 0.6 GeV to

1.3 GeV, depending on the new resonance mass. To enable a smooth scan over the full mass range

from 35 GeV to 75 GeV, a continuous signal model is constructed by interpolating the fitted parameters

obtained from a set of discrete mass point simulations, as shown in Figure 3(a). Figure 3(b) presents a

representative comparison between the simulated dimuon mass distribution and the parameterised signal

shape, demonstrating the accuracy of the signal modelling.
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Figure 3: (a) Width of the DSCB Gaussian core as a function of the new resonance mass (solid markers), with a

linear fit overlaid. (b) Simulated dimuon mass distribution for a hypothetical / ′ resonance with a mass of 55 GeV

and a width Γ = 0.21 GeV (solid markers), overlaid with the signal model, defined as a Breit–Wigner distribution

convolved with a DSCB function and obtained from a parametric fit to the signal template. The lower panel displays

the relative difference between the MC simulation and the signal model.
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6 Systematic uncertainties

Systematic uncertainties affecting both the fitted signal yield and shape are considered. These include

theoretical, experimental, and background-modelling uncertainties. The latter play a dominant role in the

analysis and are discussed in detail in Section 7.2.

To estimate theoretical uncertainties in the signal yield, systematic variations are applied to account

for uncertainties in the choice of QCD renormalisation (`R) and factorisation (`F) scales, as well as in

the PDFs. The QCD scales are varied independently by factors of 0.5 and 2.0 relative to their nominal

values, with the largest observed deviation taken as the systematic uncertainty. Following PDF4LHC

recommendations [60], PDF uncertainties are estimated by using the envelope of variations across different

PDF sets.

As discussed in Section 3, the signal cross-section is normalised to the NNLO prediction, and uncertainties

from Ref. [38] are used to estimate cross-section uncertainties. The NNLO cross-section uncertainty,

together with the effects of QCD scale and PDF variations on the acceptance, is considered only when

interpreting the cross-section limits as constraints on the coupling parameters.

Experimental systematic uncertainties related to the reconstructed physics objects also affect expected yields.

In addition, uncertainties in the muon momentum scale and resolution impact the signal mass distribution.

The experimental uncertainties considered include muon reconstruction and identification efficiencies,

efficiencies related to the trigger, isolation and impact-parameter requirements, and the muon momentum

scale and resolution [26, 27, 61]. The uncertainty in the combined 2015–2018 integrated luminosity is

0.83% [24], derived using the LUCID-2 detector [25] for the primary luminosity measurements. The

overall relative experimental uncertainty in the dimuon event selection efficiency is estimated to be below

1%, while the total uncertainty in the dimuon mass resolution is approximately 3.5%.

All systematic uncertainties impacting the final dimuon invariant mass distribution are implemented as

nuisance parameters, constrained by Gaussian likelihood terms in the statistical analysis described in

Section 7.1.

7 Background modelling and signal yield extraction

The analysis adopts a bump-hunting strategy, fitting the mass spectrum using a data-driven estimation

of the background. However, as shown in Figure 4, the mass spectrum exhibits a non-trivial structure,

including threshold effects from the muon triggers that are most visible in the 30–45 GeV region. This

complexity makes it difficult to model the background using traditional analytic functions typically used

for smoothly falling spectra.

To overcome these challenges, GPR is employed. GPR, a well-established machine-learning technique

typically used for smoothing procedures [16], provides a flexible yet robust framework for background

modelling. In this analysis, it is used innovatively to model the background within a simultaneous

signal-plus-background (S+B) fit, enabling signal extraction.

The GPR assumes that bin-to-bin correlations in the background <`` spectrum follow a multivariate

Gaussian distribution. Under this assumption, the background distribution is modelled as a Gaussian

random process, with the covariance matrix determining the degree of correlation between bins.
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Figure 4: The dimuon mass, <``, distribution in the range 30–80 GeV, after applying the selections described in

Section 4.

The flexibility of the GP is governed by the covariance matrix, derived from the chosen kernel function,

and the prior mean function. The radial basis function (RBF) kernel is selected for its simplicity and its

clear interpretation, with the correlation decreasing as a function of the distance between bins:

�8 9 = 2(G8 , G 9) = : exp

(
−
(G8 − G 9)2

ℓ2

)
, (3)

where : and ℓ are the covariance strength and length scale, respectively. The tuning of these hyper-

parameters, aimed at optimising sensitivity and minimising bias, is detailed in Section 7.2. The prior mean

is parameterised by a ninth-degree polynomial function fitted to the generator-smeared samples. As the

prior mean is determined before any reweighting of these samples, as described at the end of Section 3.3,

the resulting bias in the uncertainty estimation from background modelling (Section 7.2) is negligible and

does not artificially improve the agreement between the background model and the data.

7.1 Signal extraction procedure with GPR-based background modelling

The GPR is applied to the <`` distribution, binned as (<8 , #8) for 8 = 1, . . . , =, where <8 is the bin

centre and #8 is the observed yield. Signal extraction is incorporated into the fit through the following

likelihood:

! (data|`, \) =
( ∏
8∈bins

�

(
#

background

8
(`, \)

�� #GP
8 ,

√
#GP
8

))

× (� (TGP | b0,I0))

× ©­
«

∏
8∈systematics

� (\8 | \aux
8 , f(\aux

8 ))ª®
¬

where the background yield in bin 8 is given by

#
background

8
= #data

8 − #
signal

8
(`, <-, Γ, \)
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Here, #data
8

is the observed data yield in bin 8, #
signal

8
(`, <-, Γ, \) denotes the expected signal yield for

the given signal hypothesis and ` is the signal strength, relative to a reference signal yield. The first term

in the likelihood compares the GP background model (#GP
8

) to the observed background (#
background

8
)

across different bins. The second term, introduced by the GPR, constrains the background prediction to

the prior mean function (b0) through the covariance matrix (I0) determined by the kernel function in

Eq. (3), where NGP denotes the binned vector of the predicted yields from GP. The third term applies

Gaussian constraints to the nuisance parameters \8, each associated with an auxiliary measurement \aux
8

and its corresponding uncertaintyf(\aux
8

). These constraints incorporate systematic uncertainties into the

likelihood and enable a simultaneous fit to signal and background within a data-driven framework, ensuring

a statistically well-defined treatment of all sources of uncertainty. Based on this likelihood, the best-fit

mean and covariance functions, derived from the GP using the input histogram, define the background

shape.

The parameter of interest extracted from the likelihood fit is the signal strength `, which serves as a scaling

factor for the total event yield predicted by the signal model. This is subsequently converted into the

fiducial cross-section using a correction factor for the detection efficiency.

7.2 Hyper-parameters tuning of GPR

The GP kernel function captures the correlation structure across bins in the likelihood fit. The choice

of kernel hyper-parameters is critical, as it controls the flexibility and smoothness of the background

modelling. In the RBF kernel used in this analysis, the hyper-parameter : defines the correlation strength

across bins, while ℓ characterises the correlation length scale, i.e., how far neighbouring bins influence

each other.

The choice of hyper-parameters is guided by their ability to model the background shape reliably while

maintaining a balance between flexibility and robustness. The values of : and ℓ are selected to achieve

a smooth yet accurate background model, following the procedure outlined below. The optimisation

is performed on mass-spectrum templates reweighted from the generator-smearing sample to the fully

simulated sample, as described in Section 3.3. The criteria for choosing suitable hyper-parameters include

the requirement that only hyper-parameter sets yielding a j2 probability greater than 1% when fitting the

simulation template are retained. For the final choice of parameters, the background-only fit j2 probability

is in the range of 5–20% when evaluated in a ±3f mass window around each tested mass point, where f is

the detector resolution at that mass.

To validate the signal extraction procedure, a series of signal injection tests is performed. These include

scenarios with varying injected signal strengths as well as a null injection case. The response to a null signal

injection, referred to as a spurious signal (SS) [62], is evaluated by fitting signal-plus-background models

to background-only templates. Any non-zero fitted signal yield in this context indicates an intrinsic bias in

the background modelling in the absence of a true signal. The magnitude of the SS is treated as a systematic

uncertainty associated with the background model. Following recommendations for smooth background

modelling [63], the background model is optimised to ensure that the SS yield satisfies #SS < 0.5ffit,

where ffit is the statistical uncertainty in the fitted signal yield. This criterion ensures that any potential

bias remains within the range covered by the modelling uncertainty controlled via nuisance parameters.

Additional validation tests are conducted by injecting signals of varying strengths on top of the background-

only template. The linearity between the injected and extracted signal yields is verified by fitting the

response curve, and the fitted slope is required to remain within 3% of unity during hyper-parameter

13



optimisation. Any residual deviation is treated as an additional systematic uncertainty associated with the

signal extraction procedure.

Among the hyper-parameter configurations meeting the established criteria, the final choice is made by

selecting the set that minimises the total uncertainty in the extracted signal yield. This total uncertainty is

defined as the quadrature sum of the statistical uncertainty from the fit and the systematic contribution

from the SS, thereby ensuring optimal overall sensitivity.

Different hyper-parameter configurations are used for distinct resonance mass ranges, as summarised in

Table 3. The optimal values depend on the resonance mass, reflecting variations in the background shape

and signal resolution; consequently, no single set of hyper-parameters provides an adequate description

across the entire mass range. The parameter : correlates with the behaviour of the spectrum shown in

Figure 4. Larger : values are used near the rapidly varying edges of the mass range to constrain the GP

prediction around the prior mean, while smaller values in the central region allow greater flexibility. The

correlation length ℓ is primarily driven by the signal resolution and generally increases with the resonance

mass, except in the few GeV at the upper edge of the mass range, where smaller ℓ values are required to

capture the steeply varying spectrum. The resulting SS values after optimisation are shown in Figure 5 as a

function of the resonance mass. The envelope of the SS distribution is obtained as the magnitude of the

analytic signal constructed from the quadrature sum of the original signal and its Hilbert-transformed [64]

counterpart, and is subsequently smoothed with a Savitzky–Golay filter. This envelope defines the final

systematic uncertainty associated with the background model, and its symmetrised band is taken as the

systematic uncertainty in the background modelling.

Table 3: RBF kernel hyper-parameter sets optimised for different <- mass hypotheses, tuned using spurious signal

and linearity tests.

<- [GeV] range : ℓ [GeV]

35≤<- < 38 4 × 109 4.4

38≤<- < 40 2 × 108 8.0

40≤<- < 55 2 × 108 7.1

55≤<- < 68 2 × 108 8.7

68≤<- < 71.5 5 × 108 12.1

71.5≤<- < 75 5 × 108 11.4

8 Statistical interpretation and limit setting

Hypothesis testing of the signal strength ` is based on the profile likelihood ratio [65], with the test statistic

for the limit-setting:

@` =




−2 ln
! (data |`, ˆ̂\ (`) )
! (data |0, ˆ̂\ (0) )

, ˆ̀ < 0

−2 ln
! (data |`, ˆ̂\ (`) )
! (data | ˆ̀ , \̂ ) , 0 ≤ ˆ̀ ≤ `

0. ˆ̀ > `

(4)

Here, ˆ̀ and \̂ denote the unconditional maximum-likelihood (ML) estimators of the signal strength and

nuisance parameters, while ˆ̂\ (`) and ˆ̂\ (0) are the corresponding conditional estimators obtained under

the signal-plus-background and background-only hypotheses, respectively. The likelihood function !
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a potential resonance is carried out within the narrower range of 35–75 GeV to avoid potential edge effects

from the fit boundaries. The dimuon mass distributions, overlaid with signal-plus-background fits using

various GP hyperparameter configurations, are shown in Figure 6 for several representative resonance mass

hypotheses.

The ?0 values and local significance, corresponding to the background-only hypothesis, are scanned across

a range of hypothesised new resonance masses, as shown in Figure 7. The methodology for this calculation

is detailed in Section 8. The minimum ?0 value is observed at a mass of 57.5 GeV, corresponding to a local

significance of 2.3 f, while the global significance is negligible. The ranking of systematic uncertainties is

dominated by the SS contribution, followed by theoretical and experimental sources.

The observed and expected 95% confidence level (CL) upper limits on the production fiducial cross-section

times branching ratio, ffid × B(- → ``), as a function of the resonance mass are shown in Figure 8.

The limits are derived under the narrow-width approximation (Γ = 0). The results remain valid for

resonances with relative intrinsic widths Γ/<- < 1%, covering a broad class of new-physics scenarios

with perturbative couplings. The primary factors limiting the sensitivity are the size of the recorded data

sample and uncertainties associated with the background modelling. Discontinuities in the limit curve

reflect transitions between different sets of hyper-parameters used in the GP background modelling.

Assuming a coupling of 0.1 between the / ′ and quarks, an upper limit on the coupling (6;) between / ′ and

leptons is derived by varying the intrinsic signal width as described in Section 3.2. As shown in Figure 9(a),

the limits on 6; range from 4 × 10−4 to 1.4 × 10−3, depending on the assumed / ′ mass.

A similar search strategy can be applied to models involving dark photons, where the coupling to SM

particles is characterised by the kinetic mixing parameter n . In such models, the production cross-section

scales as n2. The experimental sensitivity is thus expressed as an upper limit on n2. The resulting limits,

shown in Figure 9(b), range from 1 × 10−6 to 9 × 10−6. As noted in Section 5.2, the narrow-width

approximation is applicable to these models.

The search sets stringent constraints on the dark-photon kinetic mixing in the mass range 35–75 GeV,

complementing results from CMS [9] and LHCb [11]. An improvement in sensitivity is achieved in the

35–45 GeV region, where the CMS results [9] were obtained using a scouting data acquisition scheme.

This improvement is driven by the mass-shape modelling capability provided by GPR, which enables

the use of standard, unprescaled muon triggers together with the standard offline ?T selection, thereby

suppressing backgrounds.
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Figure 6: Fit results for various new resonance mass hypotheses. Each plot shows the m`` distribution in data overlaid

with the fitted signal-plus-background model. The lower panels display the data-minus-background residuals (points),

obtained by subtracting the estimated background component of the fit model from the data, and the extracted signal

component (line). The NS in the plots refers to the extracted signal yield. The fits are performed in the range of

30 GeV to 80 GeV, but only the region around the signal hypothesis is shown. The plots correspond to different

resonance mass hypotheses: (a) 35 GeV, (b) 40 GeV, (c) 50 GeV, (d) 60 GeV, (e) 70 GeV, and (f) 75 GeV.
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10 Conclusions

A search for new resonances in the dimuon invariant mass spectrum between 35 GeV and 75 GeV is

performed using 140 fb−1 of Run-2 proton–proton collision data at
√
B = 13 TeV, collected with the ATLAS

detector at the LHC. This study constitutes the first ATLAS search targeting this mass region, extending

the sensitivity of previous dimuon resonance analyses to lower masses.

A novel background-modelling technique based on Gaussian process regression is employed, providing a

flexible and accurate description of the rapidly varying Drell–Yan continuum and enhancing sensitivity

to narrow resonances. The largest excess occurs near 57.5 GeV, with a local significance of 2.3 standard

deviations, while the corresponding global significance is negligible.

Upper limits are set on the fiducial production cross-section times branching ratio, defined within a fiducial

region closely matching the detector-level selection. The observed limits range from 20 fb to 110 fb,

depending on statistical fluctuations and variations in the background modelling configurations. The

results are additionally interpreted in terms of constraints on theoretical parameters in both a simplified

dark-matter mediator model and a dark-photon model.
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