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The W boson, one of the two mediators of the weak interaction, has been broadly studied at both
e*e™ and hadron colliders since its discovery. Despite the increasing accuracy in the measurement
of its properties, it still remains relatively poorly known if compared to the other mediator, the Z
boson, due to the bigger experimental challenges in the reconstruction of the W boson decays. The
CMS experiment at the CERN LHC covers a vast program in the electroweak physics sector, with
numerous analyses aiming at measuring the W boson properties with high precision. Some of the
latest results from the CMS Collaboration are presented in this report. These include measurements
of the multi-differential W boson production cross sections, polarization and charge asymmetry,
the first search for the rare decay of the W boson into a pion and a photon at the LHC, and the first
evidence for WW production via double-parton scattering. Such measurements exploit, either
partially or fully, the integrated luminosity collected by CMS during the LHC Run 2 (2016-2018),
and allow us to further increase our knowledge of this fundamental piece of the standard model of
particle physics.
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1. W boson rapidity, helicity, and differential cross sections

Several properties of the W boson are measured in Ref. [1] using data collected with the
CMS detector [2] in proton-proton (pp) collisions at v/s = 13 TeV, corresponding to an integrated
luminosity of about 36 fb~!. These include the W boson rapidity and helicity, differential and
double-differential production cross sections, and charge asymmetry. The polarization of the W
boson is a cornerstone in the determination of its production mechanism, and a precise knowledge of
the W boson rapidity (yw), helicity, and charge asymmetry may help to constrain the uncertainties
on the parton distribution functions (PDFs) of the proton, which strongly affect the precision of the
measurements of the W boson mass at hadron collider experiments.

The W boson candidates are reconstructed through their leptonic decays into a muon or an
electron plus a neutrino. Two-dimensional (2D) templates in the charged-lepton pseudorapidity
(%) and transverse momentum (pf}) are built for each W boson polarization state, and then fitted to
the observed 2D distributions in data. The rapidity-dependent cross sections do-/dyw are measured
separately for the two charge signs of the W boson and for its left and right helicity states, whereas
the longitudinal polarization component is fixed to the prediction of the MADGRAPHS_amMc@NLO
Monte Carlo (MC) generator [3] with a 30% normalization uncertainty. The electron and muon
channels are combined, and a ratio is performed to the fitted total inclusive W production cross
section, so that a partial cancellation of the uncertainties correlated among the rapidity bins is
achieved. The W boson charge asymmetry for each polarization (pol) state is derived from the
| yw|-dependent cross section, following
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Figure 1: Differential W* boson production cross section as a function of its rapidity and normalized to
the total production cross section (left); W boson charge asymmetry as a function of its rapidity (right) [1].
The results are split in the left and right polarization states of the W boson, with the blue and orange bands
representing the theoretical prediction obtained using the MADGRAPH5_amMc@NLoO generator.
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Figure 2: Normalized double-differential cross section as a function of pr' and ||, unrolled in a one-
dimensional histogram along |5| for the negative charge [1]. The lower panel shows the ratio of the observed
and expected cross sections. The red bands represent the prediction from MADGRAPHS_aMc@NLoO.

For the first time, this quantity is unfolded in rapidity bins and split in the right and left helicity
states. The rapidity-dependent W* production cross section and the measured W boson charge
asymmetry are shown in Fig. 1.

Double-differential production cross sections are measured for each charge of the W boson,
in very fine bins of |5’| and pé. The underlying templates are unfolded to the generated lepton
kinematic properties using a procedure in which electroweak radiation is added back to the charged-
lepton momentum within a cone of AR = V(A7) + (A¢)* < 0.1. Such measurements represent a
rigorous test of the most recent predictions obtained from theoretical calculations at next-to-next-to-
leading order accuracy in perturbative quantum chromodynamics (QCD), and a direct comparison
with the prediction of MADGrRAPHS_amc@nro (Fig. 2) shows an agreement at the level of 1%
in the central part of the lepton acceptance (|5¢| < 1). Similarly to the |yw|-dependent case, the
double-differential W boson charge asymmetry is computed as well.

Finally, a test is performed to evaluate the statistical power of the fit in constraining the PDF
uncertainties. For this purpose, the cross sections are fixed to their expected values, and several
parameters corresponding to NNPDF3.0 [4] replicas are floated. A mean post-fit constraint of
~90% of the pre-fit values is observed. This is a proof of principle that the PDF uncertainties can
be reduced to target a measurement of the W mass with a precision at the MeV level.

2. The rare decay W — ny

The rare decay W — m7y, like any other exclusive hadronic decay of the W boson predicted by
the standard model (SM) of particle physics, has never been observed. The theoretical predictions
for its branching fraction () have large uncertainties, and set it in the range 10~ — 1077 [5].
Nevertheless, this rare decay represents an interesting probe of the strong interaction at the boundary
between the perturbative and nonperturbative domains of QCD, and its observation would offer
insights into factorization and meson form factors at large energy scales. Furthermore, at future
colliders it could be used for a measurement of the mass of the W boson that is based solely on
visible single-particle decay products.
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Figure 3: Event distribution as a function of the pion-isolation variable Zpt/pf [6]. The simulated MC
distribution for the signal is given by the dashed red line and corresponds to a 1% branching fraction for the
W — 7y decay. The statistical uncertainties in the data are small and thus not visible.

Given the high energy thresholds for single photon triggers, which make an inclusive search
unsuitable at CMS, a novel search strategy is adopted in Ref. [6], focusing on W boson production
from top quark-antiquark pair (tf) events, using an integrated luminosity of 137 fb~!. The muon or
electron emerging from the leptonic decay of one of the two W bosons from the tt pair is used to
select events at the trigger level, and the presence of b quark jets is used to reduce the background
from the hadronization of light-flavor quarks and gluons. Finally, the other W boson in the event is
employed to search for the rare decay topology, characterized by an isolated photon of high pr, and
a high-pr isolated track.

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 pr of all the particles contained in a cone with
radius 0.02 < AR < 0.5 around the pion, divided by the pion pr (Ept/pT). Figure 3 shows the
distribution of the pion-isolation variable for signal events, which appear to be highly isolated,
while background events indicate a clear presence of jet activity.

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 (my,) are defined. The latter is
used to extract the background lineshape directly from collision data, whereas the signal functional
form is described using simulated events. The distribution of m,,, is fitted in the signal region (see
Fig. 4) to measure B(W — my). No significant excess is observed above the expected background.
An upper limit at 95% confidence level B(W — 7y) < 1.50 x 107 is set. This result demonstrates
the feasibility of a search for such rare decays of the W bosons at the LHC and defines a suitable
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Figure 4: Eventdistribution as a function of m,,, for the combination of the lepton channels [6]. The simulated
MC distribution for the signal is given by the dashed red line and corresponds to a B(W — my) = 10™*. The
blue line represents the best fit to the data.

search strategy.

3. WW production from double-parton scattering

A double-parton scattering (DPS) occurs when two hard parton-parton interactions take place
within a single pp collision. A particularly promising way to search for DPS events at CMS is when
both hard scatterings lead to the production of same-sign W bosons, observed via their leptonic
decay. In such a scenario, the single hard scattering (SHS) production of same-sign W bosons is
suppressed at matrix element level, and the absence of jets in DPS W*W# production at leading
order in perturbation theory can be used to suppress other SHS backgrounds; furthermore, two
same-sign leptons provide a somewhat clean final state in the detector and can be reconstructed
with high accuracy.

The analysis in Ref. [7] exploits an integrated luminosity of about 77 fb~! and uses a combi-
nation of dilepton and single-lepton triggers to select events of interest. The dilepton final states
considered are pu and ey, whereas the ee final state is not examined because of the higher level
of background in this channel. The event selection proceeds through two BDTs, trained to sepa-
rate the signal from the dominant background contributions: the WZ associated production, and
those processes that generate nonprompt leptons (W+ jets, QCD multijet etc.). The two multivari-
ate classifiers are then combined and mapped into the one-dimensional classifier that exhibits the
largest expected significance. A maximum likelihood fit is performed simultaneously on the four
independent distributions of this classifier, given by the two lepton flavor and charge configurations,
and the DPS W*W# cross section is extracted. The values obtained are then extrapolated to the
inclusive WW phase space, and compared with the predictions obtained with pyTHiA 8 [8] and with
the factorization approach, used by several MC generators (see Fig. 5).
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Figure 5: Observed cross section values for inclusive DPS WW production from the two lepton charge

configurations and their combination [7].

With an observed significance of 3.9 standard deviations, these results represent the first

evidence for WW production from DPS. These measurements will help to validate the factorization

approach and will permit a more precise determination of the contribution of WW production from

DPS in searches for new physics.
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