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Rare decays with dimuon and multimuon final states provide clean tests of the Standard Model
at the LHC. This proceeding summarizes recent ATLAS and CMS results on 𝐵0

(𝑠) → 𝜇+𝜇− ,
including branching-fraction measurements and effective-lifetime information, together with the
first Run 3 search for 𝐷0 → 𝜇+𝜇− and the full Run 2 angular analysis of 𝐵0 → 𝐾∗0𝜇+𝜇− . The
overview also includes the observations of 𝐽/𝜓 → 4𝜇, 𝜂 → 4𝜇, and Λ0

𝑏
→ 𝐽/𝜓 Ξ−𝐾+. These

results define the current experimental picture for rare-flavour studies at ATLAS and CMS.
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1. Introduction

Rare heavy-flavour decays, such as flavour-changing neutral-current (FCNC) transitions and
radiative multilepton decays of neutral mesons, are highly suppressed in the Standard Model (SM).
This makes them excellent probes for New Physics (NP), which can significantly modify branching
fractions and angular observables. Although general-purpose 𝑝𝑝 colliders provide immense cross
sections for all 𝑏-hadron species, exploiting this potential requires overcoming high pileup, restricted
low-𝑝𝑇 acceptance, and limited particle identification compared to the dedicated experiment (like
LHCb). To overcome these challenges, ATLAS [1] and CMS [2, 3] rely on their excellent muon
spectrometers and highly efficient dimuon triggers thus focusing their efforts on rare decays involving
muons in the final state.
This proceeding reviews selected recent ATLAS and CMS results exploiting these rare processes.

2. 𝐵0
(𝑠) → 𝜇+𝜇−: branching fractions and effective lifetime

Rare 𝐵0
(𝑠) → 𝜇+𝜇− decays are highly suppressed in the SM by loop-level constraints, helicity,

and CKM factors. Nevertheless, their theoretical predictions are exceptionally clean, since non-
perturbative uncertainties are limited to lattice QCD decay constants. This allows for highly
precise SM branching fraction estimates of B(𝐵0

𝑠 → 𝜇+𝜇−)SM = (3.66 ± 0.14) × 10−9 and
B(𝐵0 → 𝜇+𝜇−)SM = (1.03 ± 0.05) × 10−10 [4, 7]. Consequently, these decays provide a robust
probe for NP, particularly regarding recent 𝑏 → 𝑠ℓℓ anomalies [18].

The CMS and ATLAS collaborations employ similar analysis strategies [4, 5] in 𝑝𝑝 collisions
at
√
𝑠 = 13 TeV, utilizing Multivariate Analysis techniques to suppress the dominant combinatorial

backgrounds. The CMS results are based on the full Run 2 dataset (140 fb−1), while current ATLAS
branching fraction results rely on a partial Run 2 sample (26.3 fb−1). Signal yields are extracted
through unbinned fits to the dimuon invariant mass, as shown in Figure 1, and are normalized to
the abundant 𝐵+ → 𝐽/𝜓𝐾+ channel.

Figure 1: Mass-fit distributions for 𝐵0
(𝑠) → 𝜇+𝜇− from CMS and ATLAS analyses [4, 5].

A complementary observable is the 𝐵0
𝑠 → 𝜇+𝜇− effective lifetime. In the SM, assuming

no 𝐶𝑃 violation in mixing, only the heavy mass eigenstate (𝐵𝑠,𝐻) decays into two muons. NP
contributions can alter this, providing a measurable deviation from the expected ∼ 0.193 ps lifetime
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difference between the heavy and light eigenstates. To estimate this lifetime, CMS performs a 3D
maximum-likelihood fit to the mass, decay time, and decay time uncertainty [4]. ATLAS instead
extracts the background-subtracted proper decay-time distribution using the sPlot technique and fits
it with MC templates [6] (see Figure 2).

Figure 2: Effective-lifetime distributions for 𝐵0
𝑠 → 𝜇+𝜇− from CMS and ATLAS measurements [4, 6].

A summary of the main numerical results obtained by the two collaborations is reported in
Table 1. Currently, the CMS full Run 2 analysis achieves a precision forB(𝐵0

𝑠 → 𝜇+𝜇−) comparable
to LHCb [8], and sets the most stringent single-experiment upper limit for the 𝐵0 → 𝜇+𝜇−

channel. A full LHC combination awaits the ATLAS full Run 2 measurement. Regarding the
effective lifetime, both ATLAS and CMS measurements remain statistically compatible with the
SM prediction of 𝜏𝑆𝑀 = 1.624 ± 0.009 ps.

Experiment Dataset Observable Result

CMS Run 2 (140 fb−1)
B(𝐵0

𝑠 → 𝜇+𝜇−) [3.83+0.38
−0.36 (stat)+0.19

−0.16 (syst)+0.14
−0.13 ( 𝑓𝑠/ 𝑓𝑢)] × 10−9 [4]

B(𝐵0 → 𝜇+𝜇−) < 1.9 × 10−10 (95% C.L.) [4]

𝜏(𝐵0
𝑠 → 𝜇+𝜇−) 1.83+0.23

−0.20 (stat) ± 0.04(syst) ps [4]

ATLAS 2015–2016 (26.3 fb−1)
B(𝐵0

𝑠 → 𝜇+𝜇−) (3.2+1.1
−1.0) × 10−9 [5]

B(𝐵0 → 𝜇+𝜇−) < 4.3 × 10−10 (95% C.L.) [5]

𝜏(𝐵0
𝑠 → 𝜇+𝜇−) 0.99+0.42

−0.07 (stat) ± 0.17(syst) ps [6]

Table 1: Summary of the main 𝐵0
(𝑠) → 𝜇+𝜇− measurements from CMS and ATLAS.

3. Run 3 search for 𝐷0 → 𝜇+𝜇−

The FCNC transition 𝑐 → 𝑢𝜇+𝜇− is strongly GIM-suppressed. The SM expectation for
𝐷0 → 𝜇+𝜇− is of order O(3 × 10−13) [9], making this mode a clean null test for several new-
physics scenarios.

CMS performed a dedicated search with 64.5 fb−1 of 2022–2023 data at
√
𝑠 = 13.6 TeV.

The dataset was collected using a newly developed inclusive dimuon trigger with low transverse
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momentum thresholds of 4 and 3 GeV [10]. The signal channel is reconstructed through 𝐷∗+ →
𝐷0𝜋+ decays with 𝐷0 → 𝜇+𝜇−, while 𝐷0 → 𝜋+𝜋− events from zero-bias triggers are used for
normalization.

After a common preselection, a Boosted Decision Tree discriminator trained on simulated
signal and data sidebands is applied [9]. The signal yield is extracted with a two-dimensional
unbinned maximum likelihood fit to the dimuon invariant mass 𝑚𝜇𝜇 and the mass difference
Δ𝑚 = 𝑚(𝐷∗+) −𝑚(𝐷0). The fit model accounts for the signal, the combinatorial background, and
misidentified backgrounds from 𝐷0 → 𝜋+𝜋− and 𝐷0 → 𝜋−𝜇+𝜈 decays.

No significant excess is observed, and the resulting upper limit is

B(𝐷0 → 𝜇+𝜇−) < 2.4 × 10−9 (95% C.L.). (1)

This is the most stringent upper limit set on any flavor-changing neutral current decay in the charm
sector to date, providing a significant improvement over the previous best published LHCb limit
(3.5 × 10−9 at 95% C.L.) [9, 11].

Figure 3: Fit projections for the dimuon invariant mass 𝑚𝜇𝜇 (left) and the mass difference Δ𝑚 (right) in the
𝐷0 → 𝜇+𝜇− signal region [9].

4. Angular analysis of 𝐵0 → 𝐾∗0𝜇+𝜇−

Compared to simpler decay modes such as 𝐵0
(𝑠) → 𝜇+𝜇−, the rare flavor-changing neutral-

current decay 𝐵0 → 𝐾∗0(892)𝜇+𝜇− offers a much richer kinematic structure. This provides access
to a large set of angular observables that are highly sensitive to deviations from SM expectations.
Measurements of these observables are particularly motivated by the persistent tensions with the
SM observed in recent years.

To investigate these anomalies, CMS performed a comprehensive angular analysis using the
full Run 2 dataset of 𝑝𝑝 collisions at

√
𝑠 = 13 TeV, corresponding to an integrated luminosity

of 140 fb−1 [12]. Candidate events are collected employing displaced dimuon-plus-track triggers.
The decay rate is expressed in terms of the dimuon invariant mass squared (𝑞2) and three decay
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angles (cos 𝜃𝐾 , cos 𝜃𝑙, 𝜙), and is parameterized by a set of optimized 𝐶𝑃-averaged observables
(𝑃 (′)
𝑖

). These observables are specifically constructed to minimize form-factor uncertainties and
are directly related to the underlying Wilson coefficients, following the theoretical framework
established in Ref. [13].

The observables are extracted through a simultaneous four-dimensional unbinned maximum-
likelihood fit to the 𝐾𝜋𝜇𝜇 invariant mass and the angular distributions. The measurement is
performed independently in six different 𝑞2 bins, covering the kinematic range 1.1 < 𝑞2 < 16 GeV2.

Although the precision of the results is currently still statistically limited, this measurement
provides some of the most precise constraints to date. When comparing the measured observables
with various SM calculations, the main discrepancies are observed in the 𝑃′

5 and 𝑃2 parameters at
low 𝑞2 (see Figure 4). These deviations are consistent with the anomalies previously reported by
other experiments, reinforcing the interest in this specific decay channel [18].

Figure 4: Measurements of the 𝑃2 (left) and 𝑃′
5 (right) angular observables as a function of 𝑞2 [12].

5. Other rare channels with multimuon and baryonic final states

In addition to 𝐵 and 𝐷 meson decays, recent CMS analyses also include channels beyond the
FCNC benchmarks, probing exotic multimuon transitions and complex baryonic final states. These
searches exploit the large Run 2 dataset and highly specialized trigger strategies, leading to several
first observations.

𝑱/𝝍 → 𝝁+𝝁−𝝁+𝝁−. The rare decay 𝐽/𝜓 → 𝜇+𝜇−𝜇+𝜇− provides a clean signature to probe
beyond-SM scenarios, such as the presence of new gauge bosons or dark photons replacing the
virtual photon or 𝑍 boson in the transition. Using 33.6 fb−1 of data collected in 2018 through a
dedicated “B Parking” trigger strategy [10] (high-rate trigger with delayed reconstruction to bypass
bandwidth limits), CMS observed this decay for the first time [14]. A peak is observed, with a
statistical significance exceeding 7𝜎, in the 4𝜇 mass spectrum (Figure 5 (left)). The signal yield is
extracted via an unbinned mass fit and normalized to the abundant 𝐽/𝜓 → 𝜇+𝜇− channel to reduce
trigger and reconstruction systematics. The measured branching fraction is

B(𝐽/𝜓 → 4𝜇) =
(
10.1+3.3

−2.7(stat) ± 0.4(syst)
)
× 10−7, (2)
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which is in excellent agreement with the SM prediction of (9.74 ± 0.05) × 10−7.

𝜼 → 𝝁+𝝁−𝝁+𝝁−. Similarly, the double-Dalitz decay 𝜂 → 𝜇+𝜇−𝜇+𝜇− is highly suppressed in the
SM. Its measurement constitutes a stringent SM test and contributes to constraining the hadronic
light-by-light scattering component of the muon anomalous magnetic moment. To bypass standard
trigger rate limitations for low-mass resonances, CMS exploited a “Scouting” stream [10] collecting
101 fb−1 of data in 2017 and 2018. This technique uses high-rate dimuon triggers that save only
partial, event-level information. The signal yield is extracted with a binned likelihood fit of 𝑚4𝜇

(Figure 5 (right)), and the branching fraction is measured relative to 𝜂 → 𝜇+𝜇− in (𝑝𝑇 , 𝑦) bins to
control acceptance and efficiency effects. CMS reported the first observation of this channel with a
significance well above 5𝜎, yielding

B(𝜂 → 4𝜇) =
(
5.0 ± 0.8(stat) ± 0.7(syst) ± 0.7

(
B2𝜇

) )
× 10−9. (3)

Here, B2𝜇 ≡ B(𝜂 → 𝜇+𝜇−) is the normalization channel branching fraction. This result, although
limited by uncertainties, is consistent with the theoretical expectation of (3.98 ± 0.15) × 10−9.

Figure 5: Invariant mass distributions and fits for the 𝐽/𝜓 → 4𝜇 (left) and 𝜂 → 4𝜇 (right) observations [14,
15].

𝚲0
𝒃 → 𝑱/𝝍 𝚵−𝑲+. Beyond rare leptonic final states, CMS explores heavy baryon decays to

search for exotic multiquark states. Following the LHCb discovery of hidden-charm pentaquark-
like structures in Λ0

𝑏
→ 𝐽/𝜓𝑝𝐾− decays [17], investigating channels with heavier hyperons, such

as the Ξ−, could unveil doubly or triply strange pentaquarks. In the full Run 2 data (140 fb−1),
CMS observed the Λ0

𝑏
→ 𝐽/𝜓Ξ−𝐾+ decay for the first time with a significance above 5𝜎 [16].

Experimentally, the reconstruction is extremely challenging due to the full three-vertex cascade
topology. The selection is optimized with sidebands and wrong-sign combinations, and yields are
extracted with unbinned mass fits (Figure 6). Normalization to Λ0

𝑏
→ 𝜓(2𝑆)Λ elegantly reduces

common trigger and reconstruction systematics. The relative branching fraction is measured as

B(Λ0
𝑏
→ 𝐽/𝜓 Ξ−𝐾+)

B(Λ0
𝑏
→ 𝜓(2𝑆) Λ)

= [3.38 ± 1.02(stat) ± 0.61(syst) ± 0.03] %, (4)

providing a crucial new input for spectroscopy studies in strange-baryon systems.
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Figure 6: Invariant mass distribution and fit for the Λ0
𝑏
→ 𝐽/𝜓 Ξ−𝐾+ observation [16].

6. Summary and prospects

Rare-decay studies at ATLAS and CMS provide stringent constraints on NP through comple-
mentary observables, including branching fractions, effective lifetimes, and angular distributions.
Relying primarily on Run 2 datasets, both collaborations have reached experimental sensitivities
comparable to dedicated flavor experiments like LHCb.

To further extend the physics reach, dedicated Run 3 dimuon trigger strategies, such as high-
rate “Scouting” and “B Parking” streams, have been deployed. Their effectiveness is already
demonstrated by the recent CMS 𝐷0 → 𝜇+𝜇− search [9]. Upcoming full Run 3 analyses will be
crucial to overcome current statistical limitations in 𝐵 and 𝐷 meson decays, as well as in angular
measurements.

For the High-Luminosity LHC (HL-LHC) era, the planned Phase-2 detector upgrades will
play a pivotal role. The deployment of new all-silicon inner trackers is expected to improve the
invariant mass resolution by a factor of∼1.5 in both experiments. This will substantially enhance the
combinatorial background rejection, ensuring that low-𝑝𝑇 multimuon final states remain a highly
competitive probe for indirect NP searches.
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