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The standard model describes a vast number of particles and their decays, including those of the W

and Z bosons. Even though a large fraction of such decays have been known for a long time and the

respective branching fractions have been measured with great accuracy, there remain several rare

processes that have never been observed or even experimentally probed. Their observation could

help validate the theoretical frameworks commonly used to calculate their branching fractions,

but also provide viable alternatives to measure fundamental properties of the vector bosons,

and possibly offer hints of new physics beyond the standard model. The two general-purpose

experiments at the LHC cover a rich program of rare decay searches. This report focuses on those

in the electroweak sector, including the search for W± → π±γ and W± → π±π±π∓, performed by

the CMS Collaboration, the measurement of the Z → 4ℓ branching fraction, and the search for

lepton flavor-violating decays Z → e/µτ, performed by the ATLAS Collaboration. Such searches

and measurements exploit either partially or fully the integrated luminosity collected by the two

experiments in the 2015–2018 data-taking period, and in some cases represent the state of the art

in the respective fields.
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1. Rare W boson decays

Exclusive hadronic decays of the W boson are predicted by the standard model (SM), but their

branching fractions (B) are strongly suppressed. Large theoretical uncertainties generally affect

their estimates: B(W → πγ) is expected in the range 10−9 − 10−7 [1], whereas no calculation of

B(W → πππ) is known to date. The observation of such decays would help to validate and improve

the QCD factorization method, commonly used to perform these calculations. In addition, at future

hadron colliders these decays might offer an alternative way to measure the W boson mass that is

based solely on visible single-particle decay products.

The high energy thresholds for single photon triggers in 2016–2018 make an inclusive search

for W → πγ [2] unsuitable at CMS [3]. Therefore, a novel search strategy is adopted in Ref. [4],

focusing on top quark-antiquark pairs (tt̄). The muon or the electron emerging from one of the

W bosons from t decay is used to select events at trigger level, whereas the rare decay topology,

characterized by an isolated pion and a photon of large transverse momentum (pT), is looked for

from the other W boson. The presence of b quark jets helps to reduce the background from the

hadronization of light-flavor quarks and gluons.

The analysis exploits the minimal amount of jet activity expected in the vicinity of the pion,

which is produced via electroweak processes, to reject background pions. Thus, a pion-isolation

variable is implemented, based on the sum of the pT of all the particles contained in a cone around

the pion itself. Such variable provides an outstanding signal discriminations against all the main

background sources, including tt̄ processes, Drell–Yan, and associated production of a W boson

and a photon or jets.

Events are classified in a muon and an electron channel, depending on the flavor of the triggering

lepton. A set of variables with good signal/background discriminating power, including the lepton,

pion and photon momenta, the number of b jets, and the pion isolation, is then used to train one

boosted decision tree (BDT) per lepton channel. Upon the output of these BDTs, a signal- and a

background-enriched regions of the pion-photon invariant mass (mπγ) are defined. The latter is

fitted in the signal region (see Fig. 1) to measure B(W → πγ). No significant excess is observed

above the expected background. An upper limit at 95% confidence level B(W → πγ) < 1.50×10−5

is set.

A different strategy is adopted in the search for W → πππ [5], exploiting both at trigger and

at reconstruction level an algorithm primarily designed for the reconstruction of τ hadronic decays

(τh) [6, 7]. τh identification is seeded by energy deposits in the calorimeters, and then uses a

combination of tracks in the silicon strip detector with charged particles in the jet. At trigger level,

two τh candidates are required. Offline, the two pion candidates that match the trigger objects must

be reconstructed in the 1-prong decay mode of τh, and a third candidate with lower pT requirements

is searched for, still as a 1-prong τh. The isolation of the pions is performed through discriminants

implemented in the τh reconstruction algorithm, without making use of the vertex displacement

information typically exploited in the identification of τ leptons.

A 40 GeV lower threshold is set on the reconstructed W boson pT. This requirement provides a

large efficiency for signal, while rejecting about two thirds of the background. The main contribution

to the latter are QCD multijet events, fully estimated using data-driven methods. The normalization

of other major background sources (Drell–Yan and tt̄) is taken from simulation, whereas their
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Figure 2: Observed and best-fit predicted distributions of the combined NN output in the SR (left), and

of the lepton system invariant mass in the CR Z → ττ (right) [11]. The expected signal is normalized to

an arbitrary B(Z → ℓτ) = 3 × 10−4. Lower panels: ratios of the observed yield (dots) and the best-fit

background-plus-signal yield (solid line) to the best-fit background yield.

cross section is dominant. The estimate must be corrected for the contribution of sources other than

qq̄ → 4ℓ and relies on simulation to estimate the fraction of qq̄ → 4ℓ events coming from single

Z boson production, and that of events where no leptons originate from τ decays. This result is the

most precise to date.

3. Lepton-flavor-violating Z boson decays

The large dataset collected at 13 TeV by ATLAS in 2015–2018, corresponding to an integrated

luminosity of 139 fb−1, offers a vast sample of ∼ 8 billion Z boson decays to be analyzed. The

Z → eτ and Z → µτ decays represent an interesting physics case, in that there exist no stringent

indirect constraints to these processes, in contrast with the Z → eµ case [10]. The observation of

any of such lepton-flavor-violating processes would be an unambiguous indication of new physics.

The search in Ref. [11] considers only those events where the τ decays contain a lepton ℓ′ , ℓ,

with ℓ the prompt lepton from the Z boson decay. The exclusion of events with same-flavor lepton

pairs helps suppressing the Z → ℓℓ background. A signal is expected to be characterized by two

opposite-charge, back-to-back light leptons and a missing pT that tends to be collinear with one of

the charged leptons. Events containing τh decays are vetoed: these were analyzed in a previous

search [12] and are thus used for combination.

Neural networks are trained to discriminate signal and background events, which are then

classified in specific signal (SR) and control regions (CR). The branching fractions of the rare

decays are extracted with a simultaneous fit to the neural network output in the SR (subdivided

by lepton channel and by pT-range of the sub-leading lepton), the lepton system invariant mass

(mcoll) in the CR dominated by the Z → ττ background (see Fig. 2), and the event yield in

the top quark-dominated CR. No significant excess is observed, and 95% confidence level upper

limits are calculated for all the τ polarization scenarios. The combination with the τh results

yields the most stringent limits to date for these processes, that is, for the unpolarized scenario

B(Z → eτ) < 5.0 × 10−6 and B(Z → µτ) < 6.5 × 10−6.
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