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Abstract: We develop the idea that the unprecedented precision in Standard Model (SM)
measurements, with further improvement at the HL-LHC, enables new searches for physics
Beyond the Standard Model (BSM). As an illustration, we demonstrate that the measured
kinematic distributions of the ℓ + /ET final state not only determine the mass of the W boson,
but are also sensitive to light new physics. Such a search for new physics thus requires a
simultaneous fit to the BSM and SM parameters, “unifying” searches and measurements at the
LHC and Tevatron. In this paper, we complete the program initiated in our earlier work [1].
In particular, we analyze (i) novel decay modes of the W boson with a neutrinophilic invisible
scalar or with a heavy neutrino; (ii) modified production of W bosons, namely, associated with
a hadrophilic invisible Z ′ gauge boson; and (iii) scenarios without an on-shell W boson, such
as slepton-sneutrino production in the Minimal Supersymmetric Standard Model (MSSM).
Here, we complement our previous MSSM analysis in [1] by considering a different kinematic
region. Our results highlight that new physics can still be directly discovered at the LHC,
including light new physics, via SM precision measurements. Furthermore, we illustrate that
such BSM signals are subtle, yet potentially large enough to affect the precision measurements
of SM parameters themselves, such as the W boson mass.
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1 Introduction

As we proceed through Run-3 of the LHC and the High Luminosity (HL-LHC) era is just
around the corner, we have access to an unprecedented and increasing amount of high-quality
data. All this information presents an invaluable stepping stone to a better understanding of
nature. Needless to say, we must take advantage of every opportunity to test our knowledge
of the Standard Model (SM) and perhaps discover any footprint of new physics Beyond
the Standard Model (BSM).

The conventional approach to new physics (NP) searches involves categorizing data
into two distinct regions: i) the SM region, where the SM prevails, primarily reserved for
measuring SM parameters, and ii) the BSM region, characterized by minimal SM backgrounds
and therefore optimal target for BSM searches. This approach, however, does not always
work. In some cases, the BSM signals populate the SM region and we have no other option
than looking for new physics there, where the SM dominates. Even so, we can test the
relevant new physics parameter space, provided we have sufficient control of the theory and
well-understood data to deal with a small signal-to-background ratio (S/B). Examples of
this kind of searches include new physics hiding behind the top decay [2–8] and di-sleptons
hiding behind WW events [9, 10]. Moreover, this paradigm was the core of a recent work [1]
of ours, where we have shown that the outstanding precision of the recent W -boson mass
measurements can be repurposed to directly probe new physics in the ℓ + /ET final state.

In the present paper, we follow this path to complete and extend our analysis in [1].
More precisely, taking the case of lepton plus missing transverse energy ( /ET ) final state

pp(p̄) → ℓ + /ET , (1.1)
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Figure 1. Sketch of the various analysis regions considered in this paper. In black, we show a
schematic distribution of the transverse momentum of the lepton from the SM decay of the W boson.
The colored lines show roughly where the distribution would change with the inclusion of various BSM
physics. The sub-electroweak region contains the Jacobian peak [11] at 1

2 mW of the SM W boson
distribution, and is therefore used to measure mW : the systematic uncertainties here can reach the
per-mil level [12–14]. We proposed in [1] that the sub-electroweak region extends the mW analysis
range to further improve sensitivity to BSM. The supra-electroweak region contains the high-pT tails
of the distributions and is often used for heavy BSM physics searches, like for W ′ [15], where the
systematic uncertainties are usually ∼ 10%. In between these regions, above the Jacobian peak,
we identify a circa-electroweak region, which holds opportunities for BSM discovery with percent
level systematics. The boundaries of the circa-electroweak region are not sharply defined, as they
depend on the control of systematics and the sensitivity to new physics. Furthermore, models we
considered like hadrophilic Z ′ and MSSM slepton-sneutrino production can populate both the sub-
and circa-electroweak regions.

we show that the entire (lepton) pT (and similarly mT ) spectrum represents a competitive
probe for new physics, not only at the well-exploited TeV region but also down to a few
GeV, i.e., closer to the peak of SM events. To represent this situation, we give a sketch of
the regions for possible new search strategies in figure 1.

In the figure, we define a “supra-electroweak” region that covers the high-pT tail (≳TeV)
of the process eq. (1.1). This is already the main target of many searches for new particles,
e.g., [15], and searches for new interactions, see for instance, refs. [16–18]. In this regime,
systematic uncertainties are generally large, O(10%), but they benefit from a very favorable
S/B ratio.

On the contrary, in the region of pℓ
T and mT where the SM production is copious, we are in

the opposite situation: S/B is generally very small, but we can take advantage of remarkable
control over not only statistical but also systematic (both theoretical and experimental)
uncertainties up to sub-percent level. We call this region of the pℓ

T and mT distribution the
“sub-electroweak” region, i.e., 2pℓ

T , mT ≲ mW . The small uncertainties in this region are the
result of a large SM production cross-section that allows to have small statistical uncertainties
and enables refined calibration methods relying on the abundance of events from SM processes.

– 2 –



J
H
E
P
0
2
(
2
0
2
5
)
1
3
9

The exact extent of the “sub-electroweak” region depends on the process and on the
observable under examination. In our case, a main driver for the precision of the measured
spectra comes from the possibility of using pp(p̄) → Z → ℓ+ℓ− events to calibrate the
predictions of the Monte Carlo codes. Therefore, we can loosely define the sub-electroweak
region of the pT and mT from zero to the features in these distributions due to the Jacobian
peak of ref. [11].

The sub-electroweak region is suitable for searches for a variety of BSM scenarios, as we
already described in [1] and as we will show in the rest of the paper. Moreover, as the same
data employed for BSM searches are used for the determination of the SM parameters, i.e.,
mW in the present study, the search for new physics in the sub-electroweak region requires a
simultaneous fit of the BSM and the SM parameters. Indeed, the case of mW is a rather rare
example of a SM parameter measurement that can be modified directly by the presence of
new physics. In some sense, this sort of “unification” leads to a possible nontrivial interplay
between “search” and “measurement” activities.

Finally, we will show that also the region in-between sub-electroweak and supra-electroweak
regions, henceforth denoted by the “circa-electroweak” region as shown in figure 1 (i.e.,
mW ≲ pℓ

T , mT ≲TeV), holds a great opportunity for discovery. We will see this through the
example of slepton-sneutrino production in the Minimal Supersymmetric Standard Model
(MSSM). In particular, we will argue that dedicated measurements in this region, with
sufficient control of the systematics at few percent level, can cover unexplored parameter
space of the MSSM. Surprisingly, this channel is somehow overlooked by the present literature
on slepton searches [19, 20].

This paper is organized as follows. We start in section 2 where, partially reviewing
our previous work [1], we classify the various BSM scenarios producing the ℓ + /ET final
state into three categories. In this section, we also describe our general procedure and
all the technicalities common to the rest of the paper. In section 3 and section 4, we
present sensitivity projections for different models whose kinematic distributions populate
the sub-electroweak region. In particular, in section 3 we discuss two further examples of
anomalous W boson decay in category (A), namely, emission of a light invisible scalar from
the neutrino and two-body W boson decay involving a heavy neutrino. Whereas, in section 4,
we study the new category (B) of anomalous W boson production instead, illustrating it by
initial-state radiation of hadrophilic invisible Z ′ in this process. In section 5 we focus on
the aforementioned supersymmetry (SUSY) example in the circa-electroweak region, which
constitutes the third category (C) of a process with no on-shell W boson. This section
completes and extends our previous analysis in [1] where we considered the same process
but focusing only sub-electroweak region. We conclude in section 6.

2 Scope and methods of our analysis

2.1 Classification of new physics in ℓ + /ET

As mentioned in the introduction, this basic signal is already the main target of a plethora
of BSM searches: from new “on-shell” particles, which can be directly produced, to heavy
new physics, which can only be tested indirectly through new interactions within the SM.
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(a) Hadrophilic Z ′ (b) MSSM slepton-sneutrino

(c) Neutrinophilic scalar (d) Heavy neutrino

Figure 2. New physics contributions to ℓ + /ET for the different models that we consider.

A model-independent analysis that encompasses all this new physics would definitely be
interesting, but it is beyond the scope of this paper, at least for the direct production of
new particles. Given that the case of heavy new physics affecting the supra-electroweak
region of the kinematic distributions is already covered extensively (e.g., in refs. [15, 16]),
we proceed to classify all the relevant sub-electroweak and circa-electroweak new physics
into three categories ([1]):

(A) Anomalous W -boson decay

The first category collects all the new physics models where the decay of the W boson
is different from the SM

pp(p̄) → W → ℓ + X (invisible) , (2.1)

where X stands for the set of (collider-)invisible final-state particles. We investigated a
well-motivated example of this sort in our previous work [1]: the so-called Lµ−Lτ gauge
boson Z ′. Under this scenario, the W boson is allowed to have an exotic three-body
decay mode, namely X ≡ νµ + Z ′ with Z ′ possibly decaying further into an invisible
final state. We will study two more examples belonging to this category in section 3: a
new boson radiated from SM neutrinos and a fourth neutrino coupled to the W boson,
as displayed respectively in figures 2(c) and 2(d). As we have shown in [1] and as we
will show in section 3, in general, new physics of this sort renders the pT spectrum of
the lepton softer, populating the low pT region below the mW /2 peak (see for instance,
figure 3). As a result, models in category (A) are studied in the sub-electroweak region
as shown in figure 1, using the same parameter space as the mW measurement, with
proposed extensions to lower pℓ

T and mT to improve sensitivity to new physics.

(B) Anomalous W -boson production

The second possibility is to modify the (single) W production to the one in association
with new invisible particle(s)

pp(p̄) → X(invisible) + W (→ ℓ νl) . (2.2)

– 4 –
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Figure 3. Normalized kinematic distributions for the models presented in section 3.1, 3.2, and
section 4. The reference points in the new physics parameter space are (λµµ = 1, mϕ = 10 GeV) for
the “neutrinophilic scalar” (blue lines), (|Uµ4| = 0.04, mν4 = 30 GeV) for the “heavy neutrino” (green
lines), and (gZ′ , mZ

′
B

= 10 GeV) for the hadrophilic Z
′

B (red lines). Vertical dashed lines delimit
the region used by ATLAS for its latest W boson mass measurement [12, 13]. The kinematic ranges
shown here correspond to the sub-electroweak region shown in figure 1.

In this case, the final state consists of a real (on-shell) SM W boson and extra invisible
particle(s). A reference Feynman diagram for this category is displayed in figure 2(a).
We will study this category in section 4 through the example of an invisible Z ′ coupled
to quarks (see for instance, ref. [21]). Here X ≡ Z ′ with the Z ′ produced in association
with the W . Another study in a similar direction can be found in [22]. In general, in
this category, X recoils against the W , making the pℓ

T spectrum harder than in pure
SM production, as shown, for instance, in figure 3. As a result, models in category (B)
can populate both the sub- and circa-electroweak regions as shown in figure 1.

(C) ℓ + /ET not from an on-shell W boson

Finally, the third possibility is that new physics directly mediates the production of
ℓ + /ET , without the production of any on-shell W boson. A simple but well-motivated
example arises in any models featuring an extra charged gauge boson (often denoted
by W ′) decaying into ℓν [23–26]. Another example is ℓ + /ET from slepton-sneutrino
production in the MSSM, as in figure 2(b), which was already discussed in [1] and will
be further analyzed in section 5. In addition, new interactions among the SM particles,
e.g., new dimension-6 quark-lepton interactions, also belong to this category. Unlike
the previous two categories, there is no generic expectation for the pT and mT spectra,
which may change from model to model. As the region for supra-electroweak momenta
is well covered by new physics searches at the LHC experiments, in the spirit of our
paper to pursue BSM signals in SM-rich regions of parameter space, we will focus on
sleptons contributing to the sub-1 and circa-electroweak pT regions (see figures 1 and 7).
The slepton masses of interest are just above the LEP bounds and in some cases are
not yet probed by the LHC.

1The sub-electroweak region has been already studied by us in [1].
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While we believe that this classification is rather comprehensive, it is not intended to
describe all of the phenomenology; various new physics models in a given category can give
rise to different signals and may require distinct dedicated analyses. We believe, though,
that through the various aforementioned examples, we are able to capture the qualitative
phenomenological features of all the new physics in ℓ + /ET not covered by the majority of
the literature, that mostly deals with supra-electroweak scale pT .

2.2 Sensitivity to new physics

Our sensitivity projections are based on analyses of kinematic distributions. As to profit
as much as possible from measurements that have been already carried out, we choose the
distributions of lepton pℓ

T and the transverse mass mT of the ℓ + /ET system for our LHC
projections. We take as reference the W boson mass measurements from ATLAS [12, 13]. For
CDF projections, we also include the missing transverse momentum pmiss

T distribution, as it
was done by the experiment itself in their W boson mass measurement [14]. As pointed out
in [1], there is a remarkable interplay between new physics searches and SM measurements,
so that the two must be considered part of the same analysis. Concretely, this entails that the
interpretation of the data in these models requires the simultaneous fit of mW and the new
physics parameters. Analogously, a fair SM measurement for mW should take into account
possible BSM effects as nuisance parameters in the likelihood.

We thus construct a χ2 for each model and for each binned distribution of the observable O

χ2
O(∆mW , θNP) =

NBins∑
i, j=1

(
N i(∆mW , θNP) − N

i
)

Σ−1
ij

(
N j(∆mW , θNP) − N

j
)

, (2.3)

where N̄ i is the observed number of events and N i(∆mW , θNP) is the expected number
of events for observable O in the bin i as a function of mW . The actual value of mW

will not matter, since we track the mW dependence in our calculations through the mass
difference ∆mW = mW − mW , where mW is the W mass in the MC sample that we use
as a substitute for the data from the actual experiment. Notably, our χ2 depends on the
new-physics (NP) parameters θNP , whose nature will differ for each of the models under
consideration in the following. Here, Σ−1

ij denotes the inverse of the covariance matrix Σij

including various uncertainties

Σij = Σstat
ij + Σunc

ij + Σcor
ij . (2.4)

The first term accounts for the statistical uncertainties while the second and the third terms
model the systematic uncertainties through completely uncorrelated and completely correlated
components, respectively, common for all the bins:

Σstat
ij = N

i
δij , Σunc

ij = (N i
ϵunc)2δij , Σcor

ij = N
i
N

j(ϵcor)2 , (2.5)

where δij is the usual Kronecker delta while ϵunc and ϵcor are fractional factors parameterizing
the uncorrelated and correlated systematics, respectively. The pseudo-data sets are generated
assuming the SM with W -boson mass mW , hence the χ2 is minimized at ∆mW = θNP = 0.

As anticipated in the introduction, we will perform two different types of analyses
targeting sub-electroweak scale new physics or circa-electroweak scale new physics. For these
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targets we will adopt, respectively, two baseline analysis setups: i) the sub-electroweak analysis
described in section 2.2.1, in which we try as much as possible to study distributions obtained
under event selection closely following the ATLAS and CDF W boson mass measurements;
ii) the circa-electroweak analysis, described in section 2.2.2, in which we allow for larger
deviations in the event selection, and in particular, in the range of pT,ℓ, mT , and pmiss

T , as
to maximize the reach in the search for new physics.

All our LHC projections are based on Monte Carlo (MC) simulations produced via
MadGraph5_aMC@NLOv3.42 [27] + PYTHIA8.212 [28] + Delphesv3.4 [29] (ATLAS
card). Regarding the parton distribution functions (PDFs), we employ LHAPDF [30] with
PDF ID:244800 [31]. Pileup of collisions, with average number of pileup events per bunch
crossing ⟨µ⟩ = 50, is simulated through the dedicated Delphes ATLAS card. In our results,
pileup is always included unless indicated otherwise. For the CDF projections, we simulate
detector effects through a custom MC code package, implementing the results of [14] (see
appendix of ref. [1] for details). The rest of our emulation of the CDF detector matches our
emulation of the ATLAS detector. For concreteness, we only simulate the cases resulting in
muons in the final state. Nevertheless, we expect that completely analogous results will apply
to the cases involving electrons in the final state. In the following, we analyze the muon final
state without performing any combination with the electron final state unless noted otherwise.

We do not include any backgrounds to the W boson mass measurement in the χ2

of eq. (2.3) because these backgrounds can be estimated from MC and are only a few
percent [12–14] of the SM W boson events in our analysis range. Indeed, for our analyses in
the sub-electroweak region (in section 3 and section 4), we consider analysis ranges similar
to those of ATLAS [12, 13] and CDF [14]; we slightly enlarge the ranges to maximize the
sensitivity to new physics (see table 1). On the other hand, for our analysis in section 5, we
substantially modify the analysis range from the W -boson mass measurement (see table 2)
to the circa-electroweak region. Yet, even in this case, we expect backgrounds to be only
marginally relevant, as we comment in detail in section 5.

2.2.1 Sub-electroweak analysis

As shown in our earlier work [1] and expanded in later section 3 and section 4, a great
deal of the sensitivity to new physics comes from the pT and mT spectra near the SM
Jacobian peak [11]. Therefore, we design our analysis as much as possible around the
currently published W -boson mass measurement [12–14],2 just slightly extending the range
for improved sensitivity to new physics. For reference purposes, we give in table 1 a summary
of the event selection used for the current measurements of the W boson mass and in our
sub-electroweak analyses.

For the sub-electroweak analyses, we only use the shape of the distribution for the search
for new physics and the simultaneous determination of mW . The same approach is used by
ATLAS in their W mass measurements. Therefore, we normalize the expected number of
events N i

ev in eq. (2.3) to the pseudo-data in each computation of the χ2 between pseudo-data
2After we submitted our paper, CMS released their first measurement of the W boson mass [32]. While

our paper is aligned with the previous ATLAS analysis, we emphasize that our set-up and uncertainties are in
line with the CMS measurement which, however, uses only the pT spectrum.
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pℓ
T pmiss

T mT |u⃗T | mT range pℓ
T range

ATLAS [12, 13]
(W → µ νµ)

> 30 (analysis)
> 18 (trigger) > 30 > 60 < 30 [60, 100] [30, 50]

section 3.1 (W → µνµϕ) > 20 > 20 > 40 < 30 [40, 100] [20, 50]
section 3.2 (W → µν4) > 20 > 20 > 40 < 30 [40, 100] [20, 50]
section 4 (pp → WZ ′) > 30 > 30 > 60 < 30 [60, 140] [30, 70]

CDF (µ) [14] [30, 55] (analysis)
> 18 (trigger)

[30, 55] [60, 100] < 15 [65, 90] [32, 48]

section 3.1 (W → µνµϕ) [20, 55] [20, 55] [60, 100] < 15 [40, 90] [20, 48]
section 3.2 (W → µν4) [20, 55] [20, 55] [60, 100] < 15 [40, 90] [20, 48]

Table 1. Kinematic cuts and analysis ranges considered in our fit and in the latest W -mass
measurements [12–14]. All the number are measured in GeV. The hadronic recoil vector is denoted
by u⃗T . For our LHC projections, we construct 2 GeV bins for mT and 1 GeV bins for pℓ

T [12], unless
otherwise specified. For the CDF projections, we construct 0.5 GeV bins for mT and 0.25 GeV bins for
pℓ

T , pmiss
T [14]. The analysis ranges of pℓ

T apply also to pmiss
T in the CDF analyses.

and the expected distribution. Because of this normalization, we do not include any correlated
components in the systematics (i.e., ϵcor = 0). For the uncorrelated components, we consider
a few benchmark scenarios; we consider ϵunc = 0%, 0.1%, and 0.5% for the LHC projections
and ϵunc = 0% and 1% for the CDF ones.3

2.2.2 Circa-electroweak analysis

As will be discussed in detail later in section 5, some sensitivity to BSM comes from the pT

range beyond the SM Jacobian peak [11]. Therefore, we consider the possibility to perform
the search for BSM physics in a different range than what was considered in the measurement
of mW . We focus, in particular, on new physics appearing at a mass scale around the weak
scale, and thus, we denote the associated region and strategy as “circa-electroweak.”

We will use the example of sleptons in the MSSM immediately above the LEP limits
to display one instance of this type of search. In this context, we will illustrate how the
proposed search strategy can fill the gaps in current searches.

The analysis has some slight differences compared to the “sub-electroweak” analysis.
First of all, it differs by the range of kinematic quantities that we use in our likelihood
computations from SM templates and pseudo-data from BSM signals. For illustration of the
selection we will use, we refer the reader to table 2. Furthermore, in this analysis, part of
the sensitivity stems from the overall number of events. Thus, unlike for the sub-electroweak
analysis, we do not normalize the predicted SM distributions to the pseudo-data. For this
reason, we include a correlated error ϵcor = 2%, a conservative estimate based on LHC
Run-2 analyses [19, 33]. We consider a few benchmark points for the uncorrelated per-bin
systematics: ϵunc = 0%, 2%, 5%, and 10% for the LHC projections. Unlike for the sub-
electroweak analysis, the CDF projections are not included, as the final-state particles are

3These choices are compatible with the recent CMS measurement [32]. Yet in [32] they reach precision
even below 0.1% on the pT distributions.
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heavy enough (mℓ̃ ≳ 100 GeV) to render the cross-sections at CDF negligible. Finally, a very
important point is that in the circa-electroweak analysis, the exact value of the W -boson
mass is not a crucial input. This is because the majority of the sensitivity to new physics
comes from regions of the kinematic distributions in which the SM processes are relatively
rare, thus a moderately large S/B is typical for this search strategy. Thus, after careful
testing of this step, we assume mW to be a known parameter from other experiments or
other analyses, or both, and set ∆mW = 0 in eq. (2.3).

3 Anomalous W decay

In this section, we complete the analysis of [1] and present two additional scenarios that
modify the W -boson decay.

3.1 Emission of a neutrinophilic scalar

The first example that we study is the “neutrinophilic” scalar model of [34–36]. The new
ingredient of this model is an effective interaction between the SM and a new “invisible”
scalar ϕ of the form

L ⊃ cαβ

Λ2 (LαH) (LβH) ϕ . (3.1)

This new particle ϕ is a SM singlet with mass Mϕ and it is assumed to be lighter than the
Higgs boson. At low energies, after electroweak symmetry breaking, eq. (3.1) produces a
new interaction between the SM neutrinos and this new scalar

Lint ⊃
∑

α,β=e,µ,τ

1
2λαβνανβϕ , (3.2)

where λαβ parameterizes the effective coupling of ϕ to neutrinos. In fact, eq. (3.2) opens
the new decay channel via radiative emission of ϕ from ν

W → ℓ ν∗ → ℓ ν ϕ . (3.3)

Since ϕ is invisible by construction, this decay mode gives ℓ + /ET (see figure 2(c)), directly
affecting the W boson mass measurement. We refer to [34–36] for any general aspects of the
phenomenology and the modeling of this scenario. Here, we simply focus on the sensitivity
of the W boson mass measurement to the interaction in eq. (3.2).

We show in figure 3 the pℓ
T and mT distributions of this anomalous decay (blue lines),

compared to the SM (black lines) for a benchmark point in the new physics parameter space.
As expected, the net effect is that both distributions become softer, populating the region
below the Jacobian peak from on-shell W production. The softening of these spectra is
expected, as it is unavoidable that a certain fraction of the W energy is taken away by
ϕ. For this analysis, we thus focus on the sub-electroweak strategy, mostly following the
ATLAS [12, 13] and CDF [14] analyses. We depart from the exact selection of ATLAS
and CDF in that we slightly enlarge the analysis ranges of each observable (see table 1 for
details). The use of slightly larger analysis ranges is not crucial to bound new physics with
our method, but there is a clear improvement from using the proposed analysis ranges in
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our analysis described in section 2.2. We remark that in this analysis, we use the same
recoil uT , thus leaving the QCD aspects of the analysis substantially unchanged. Most of
the gain comes from including softer mT and pℓ

T , which appears safe from the systematics
point of view. In any case, the final assessment of the optimal range for this search needs
to be determined by the experiments themselves.

Before describing the sensitivity projections from the sub-electroweak strategy to this
model, we first investigate the impact of this scenario on the determination of mW . We focus
on the µ + /ET final state. In principle, the electron final state can be equally sensitive, but
we do not pursue it as it involves different detector effects. We fix the value of the new scalar
mass to Mϕ = 10 GeV and study the χ2

O in eq. (2.3) in the (|λµµ|, ∆mW ) plane. The result is
reported in the left panel of figure 4 for mT and pℓ

T , LHC and Tevatron colliders, and several
possible choices of systematics. For this analysis, we adopt the setup and the parameters
described in section 2.2 and table 1. Here we do not report any additional constraints on the
new physics parameter space, aiming to show the correlation between mW and the latter.

Remarkably, there is a nontrivial interplay between the best-fit value for mW (via ∆mW )
and |λµµ|. For a non-zero |λµµ|, ∆mW slightly prefers a positive value. That can be understood
by noticing that three-body decay makes the pℓ

T spectrum softer compared to the SM.
Assuming “SM-like” data with a given mW , the best fit prefers a shift toward mW > mW

(∆mW > 0), as a compromise to partially compensate for the softening of the pℓ
T spectrum

from the three-body decay. This is completely analogous to what we have found for the
invisibly decaying Lµ − Lτ scenario in [1]. We remark that this effect is present for both
pℓ

T and mT , thus seems not to be linked to pile-up and detector responses, which are very
different for these two distributions. Comparing results for different degrees of systematics,
the effect does not change significantly, as can be observed in figure 4. A similar effect is
observable, but quantitatively milder, for the CDF. A main difference between the CDF and
ATLAS selections is related to the fact that CDF requires smaller hadronic activity (see
table 1). This results in sharper kinematic distributions4 on which it is harder to hide the
soft lepton contribution for the three-body decay of this model.

In the right panel of figure 4, we give the sensitivity projections on the (Mϕ, |λµµ|)
plane. The 95% CL value for |λµµ| is obtained for each Mϕ from a combined χ2 summing
independent χ2 values of the form eq. (2.3) for each distribution. For LHC, we minimize
χ2 = χ2

mT
+ χ2

pℓ
T

, and for CDF we minimize χ2 = χ2
mT

+ χ2
pℓ

T
+ χ2

pmiss
T

. We remark that
this choice can overestimate our sensitivity reach since it considers each distribution as a
statistically independent information. Yet, this inflates χ2 at most of a factor of 2 for the
LHC and 3 for CDF, resulting in a very mild factor, of less than a factor of 2, on the limit in
the NP parameters. Within this uncertainties the strength of our bounds remain competitive
with other searches that we report in the same plane in figure 4. In the same plane, we also
report the main constraints from other searches. In particular, masses below Mϕ ∼< 0.5 GeV
are heavily constrained by meson decay spectra [35]. We omit this bound by only showing the
parameter space for Mϕ > 0.5 GeV. Larger masses are well tested by the precise measurement
of the Z-boson invisible decay width and will be better tested by invisible Higgs decays.

4In the limit that the hadronic recoil u⃗T → 0, W bosons are produced at rest, and the resulting kinematic
distributions pℓ

T and mT have a sharp Jacobian peak with a steep edge.
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Figure 4. Sensitivity projections for the neutrinophilic scalar model. Left panel: 68% CL reach on
the (|λµµ|, ∆mW ) plane with Mϕ = 10 GeV, with integrated luminosity L = 300 fb−1. Right panel:
95% CL reach on the (Mϕ, |λµµ|) plane. Current constraints from invisible Z decays and projected
constraints from invisible Higgs decays are taken from [35]. In the constraint from invisible Z decays,
the gray band gives a rough measure of the uncertainty related to higher order corrections. For the
solid and dashed lines of our projections we adopt the benchmark setup described in section 2.2 and
we marginalize on mW . The dotted lines assume an “optimistic” setup and set ∆mW = 0. See main
text for details.

The latter will be mostly effective at the High Luminosity stage of the LHC. Additional
constraints on the region of interest are expected from DUNE and by a direct test of the
interaction in eq. (3.1) (see [35] for a comprehensive list of constraints). These cover only a
few corners of the parameter space in figure 4, hence we omit them for the sake of clarity
of the figure. Regarding the bound from Z-boson decays to invisible extracted from [35], in
figure 4 we report a band rather than a line. The reason is that in [35] no loop corrections
to Z → νν decays, induced by loops of ϕ, are considered. Consequently, the Z decay to
invisible gets an unphysical divergence for low masses Mϕ of the form log mZ

Mϕ
[34] and this

strengthens the corresponding bound. Thus, we obtain the band in figure 4 from the line
of [35] and assuming the corresponding bound to become insensitive to Mϕ below 10 GeV.
We believe that this provides a conservative, yet realistic, estimate.

In figure 4, we report 9 different lines corresponding to the expected bounds from the
proposed analysis for variations of systematics, statistical treatment, and assumed luminosity.
Specifically, for all the solid and dashed lines, we follow the benchmark setup described in
section 2.2 and table 1 with various luminosities and systematics indicated in the figure.
Furthermore, aiming at a conservative result, we obtain these lines marginalizing over ∆mW .
We also follow the same procedure for the CDF projections. The dotted lines show “optimistic”
projections for our methods applied at the HL-LHC. These projections are valid for different
degrees of systematic uncertainties, negligible effect of pile-up, finer bin size of 0.25 GeV for
pℓ

T and 0.5 GeV for mT , and, finally, assuming prior knowledge of mW , i.e., fixing ∆mW = 0.
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All in all, figure 4 suggests that the same data currently employed for the W boson
mass measurement can be repurposed to provide a competitive probe of this model. As in
many cases with precision physics analyses, this method can yield very remarkable results,
complementing and even superseding the other proposed probes of the neutrinophilic scalar
if one keeps the systematic uncertainties under good control.

3.2 Two-body decay into a heavy neutrino

Another scenario to which our sub-electroweak new physics search strategy is sensitive is
the so-called “heavy neutrino” scenario [37]. The main novelty is that the three active SM
neutrinos in the flavor basis are a linear combination of four mass eigenstates, that we denote
ν1,2,3 for the massless neutrinos and an additional sterile “heavy” neutrino ν4 of mass mν4 .
The active neutrinos are defined as superpositions

να =
4∑

i=1
Uiανi , for α = e, µ, τ . (3.4)

This framework is typical, for instance, of models where the heavy neutrino acts as the portal
to the dark sector [38, 39]. We do not elaborate on this aspect any further and instead focus
on the collider phenomenology of models of this sort. The following interactions induced
by the mixing in eq. (3.4) are of interest

Lint ⊃
∑

ℓ=e,µ,τ

U4ℓW
+
µ ν̄4γµℓ−L + h.c. . (3.5)

Assuming that the heavy neutrino is effectively invisible, one can see that the above interactions
allow an anomalous W decay (see figure 2(d))

W → ℓ ν4 , (3.6)

which contributes to the ℓ + /ET final state.
The resulting mT and pℓ

T distributions are shown in figure 3 (green lines). Both spectra
get softer than what is expected in the SM, as it is expected on general ground for models
that affect the decay of real W bosons. We therefore slightly extend the analysis ranges
compared to the ATLAS and CDF measurements, as to include softer pℓ

T and mT . In table 1
we give the exact ranges that we find to maximize the sensitivity to this model from the
analysis described in section 2.2. As in the case of the neutrinophilic scalar, the use of slightly
larger analysis ranges is not crucial to bound new physics with our method, but again a clear
improvement is expected by using the proposed analysis ranges. As we have commented
already, systematic uncertainties play a great role in our strategy thus a final assessment of
the optimal range for this search needs to be determined by the experimental collaborations.

In figure 5 we present our results for this scenario. We focus on the µ + /ET final state.
In principle, the electron final state can be equally sensitive, but we do not pursue it as it
involves different detector effects. The impact of this model on the determination of mW

on the (|U4µ|2, ∆mW ) plane is presented in the left panel of figure 5. The figure is obtained
taking the baseline setup described in section 2.2 and setting mν4 = 10 GeV and studying
each χ2

O as indicated by the labels in the figure. Interestingly, a nontrivial correlation between
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Figure 5. Sensitivity projections for the heavy neutrino scenario. Left panel: 68% CL reach on the
(|U4µ|2, ∆mW ) plane for mν4 = 10 GeV, with integrated luminosity L = 300 fb−1. Right panel: 95%
CL reach on the (mν4 , |U4µ|2) plane. Present constraints are extracted from [39]. Our constraints are
expected to be roughly the same for electrons (U4e), where the CKM unitarity bound does not apply.

the mixing U4µ and ∆mW exists in both CDF and LHC projections, which shows again how
new physics can effectively bias the extraction of mW . Yet, we see that the overall effect in
this scenario is quite mild, considering the values of U4µ for which we find a sizeable ∆mW

shift are well tested by other experiments, for which we refer to the right panel of figure 5.
Sensitivity projections for our method and other experiments, taken from [39], are

presented on the (mν4 , |U4µ|2) plane in the right panel of figure 5. We stress that for this
analysis we employ the baseline setup of section 2.2 and give bounds on U4µ marginalizing on
∆mW . This gives conservative bounds on this new physics mixing parameter. Our bounds
complement nicely the existing ones. Specifically, in the sub-GeV region, the most stringent
constraints come from high-intensity meson decay studies. We do not show this bound since
figure 5 considers mν4 > 0.5 GeV. In the region from few GeV to mW , main constraints are
either from electroweak precision tests or from the test of the CKM unitarity [39] in the
same ballpark as the projected constraints from our method. For heavier ν4 our bounds
are particularly effective as the change in the shape of the kinematic distributions is most
evident. We remark that CKM unitarity bounds apply only to the muonic final state, as they
come from meson decays, which produce mostly muon flavor. Bounds from our method can
be applied equally well to electrons and muons. Therefore, we expect that the constraints
from the measured spectrum of the mW distribution can be particularly competitive for
ν4 coupled mostly to electrons.

4 Anomalous W production: hadrophilic Z ′

As an example of anomalous W boson production, we consider the case of the so-called
hadrophilic Z ′, i.e., a new gauge boson coupled to the baryon number. The effective
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interaction is described by

Lint = gZ′
B

q̄ /Z
′
Bq , (4.1)

with q spanning over all the SM quarks.5 We denote the mass of this additional gauge boson
by M

Z
′
B

. Interactions of the Z
′
B of this form have been widely studied in the literature, either

in the context of a simple extension to the SM or as a possible portal to dark matter (see for
instance [40, 42–45] and references therein). Like the previous models, we only focus on the
collider phenomenology of eq. (4.1), under the assumption that the Z

′
B or its decay products

do not leave observable traces in collider experiments, hence the Z
′
B contributes to the /ET .

This model belongs to category (B), since the SM W boson can be produced in association
with this gauge boson as shown in figure 2(a):

pp → W (ℓν) Z
′
B ,

which produces a ℓ + /ET signature. As anticipated, the resulting kinematic distributions
give harder spectra than those in the SM, which are shown in figure 3 for pℓ

T and mT . This
motivates us to slightly extend the analysis ranges toward higher pℓ

T and mT compared to
the existing ATLAS measurements (see table 1) in the sub-electroweak region. This model
could also be studied in the circa-electroweak region, but for this paper, we only focus on the
sub-electroweak strategy aimed at showing the interplay between the W -mass measurement
and relatively light new physics. In the high-end part of these extended ranges, the SM
production gets less and less copious for larger and larger values of pℓ

T and mT . This makes
the sensitivity of CDF drop significantly compared to previous new physics models. Therefore,
we do not include CDF in this analysis.

To determine the sensitivity of the observables used in the W mass measurements, we
study the χ2 computed as described in section 2.2. At variance with the models studied
above, we explicitly simulate only the final state µ + /ET and take into account electrons
as a doubling of the rates in each bin. This gives a fair estimate of the sensitivity of our
method in the case in which systematics are negligible. This is quite accurate as most of the
sensitivity in this model comes from the extended analysis ranges described above.

Unlike in the previous models, the emission of Z
′
B can affect other processes, including the

production of Z bosons, which is used as calibration for the MC used to obtain data-driven
predictions, and especially for the reduction of systematic uncertainties in [13]. The Z

′
B can

in principle impact the calibration of MC prediction, and can thus remove part or all the
sensitivity of the ℓ + /ET channel. Such an effect can be mitigated by imposing a /ET cut
in the selection of the events used for the calibrating from the process pp → Z → ℓℓ that
can effectively remove pp → ZZ

′
B. In the following, we do not provide a detailed discussion

about this effect, as it is beyond the scope of our work. Rather, we only emphasize that
such an effect should be assessed appropriately by the experimental collaborations when
implementing the analysis for this model.

5We remark that as the baryon number has an anomalous current, eq. (4.1) is to be understood only as
effective theory supported by an additional Wess-Zumino term. As pointed out, for instance, in [40], this may
lead to very strong constraints. Yet these effects are not completely model-independent, as discussed, for
instance, in [40, 41], and we, therefore, do not pursue any further discussion.
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Figure 6. Sensitivity projections for the hadrophilic Z ′ scenario. Left panel: 68% CL reach on
the (gZ′

B
, ∆mW ) plane with MZ′

B
set to be 10 GeV, with integrated luminosity L = 300 fb−1. Right

panel: 95% CL reach on the (MZ′
B

, gZ′
B

) plane. Solid and dashed colored lines represent the sensitivity
reach when combining the sensitivity from pℓ

T and mT distributions, while the dotted lines represent
the sensitivity from pℓ

T alone. Existing constraints from mono-jet and mono-photon are obtained by
recasts of [46, 47] (see the text for more details).

Under the provisions explained above we show the projected sensitivity to the hadrophilic
Z

′
B in figure 6. The impact of this model on the mW measurement is reported in the (g

Z
′
B

,
∆mW ) plane, for a fixed value M

Z
′
B

= 10 GeV. Interestingly, also in this model there is some
correlation between the preferred value for ∆mW and g

Z
′
B

. In contrast to the previously
discussed scenarios with modified decays (see figures 4 and 5), the preferred mass difference
∆mW is negative. The possible effect on the mW value appears to be limited to few MeV.

The sensitivity projections on the (MZ′
B

, gZ′
B

) plane are presented in the right panel
of figure 6 together with constraints on this scenario from other searches. The solid and
dashed lines are obtained combining mT and pl

T distributions, while the dotted lines consider
only pl

T distribution. The main constraints arise from the Run-2 mono-photon and mono-jet
searches at the LHC [46–48] with an integrated luminosity 138 fb−1. These searches report
their results in the context of a simplified model in which a new gauge boson A′ (dubbed
“mediator”) couples to dark matter χ and to the quarks. We must adapt the bounds provided
in this model to fit our needs. In particular, there are no public results for a new gauge
boson lighter than 50 GeV decaying into dark matter.6 Therefore, we recast the results of
these analyses to estimate a bound on the coupling g

Z
′
B

in the region of interest for our work
M

Z
′
B
∈ [0.5, 50] GeV, assuming Mχ = M

Z
′
B

/3. For lighter Z
′
B we expect our recast to not be

sensitive to the exact mass M
Z

′
B

. Lighter Mχ would also not significantly change our recast,
as the kinematics of the decay Z

′
B → χχ is controlled by β2 = M2

Z
′
B

/(4M2
χ).

6We stress that the absence of these light new physics spectra in the publicly available limits is a delicate
point. As a matter of fact, we find that these spectra have significantly relaxed bounds on the new physics
coupling, thus potentially indicating a loophole of the standard searches.
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For our recast, we simulate at LO the process pp → A′ + X for X = jet, γ with
MadGraph5_aMC@NLO v3.42 [27] using a UFO [49] implementation of the model DM-
simp_s_spin1 used by the experiments [50, 51]. We pick as recast bound the strongest bound
obtained among the several inclusive signal regions considered by the relevant experimental
works [46–48]. We checked the accuracy of this method for choices of MA′ and Mχ as close
as possible to our case and we find that we reproduce the results of the mono-photon search
up to a factor 25% in the coupling g

Z
′
B

. For the mono-jet recast, we need to adjust our
result, strengthening the constraint by a factor of 2. We observe that these adjustment
factors are quite close to a constant for mono-jet, within 10% in our set of spectra, and
have a stronger variability than for mono-photon. Thus, we consider our mono-jet recast
to have a 10% uncertainty due to the lack of accuracy of our recast. For the mono-photon
bound, we do not need to adjust the results, and we conservatively ascribe a 25% uncertainty.
The origin of these mismatches is not investigated further, as we intend to only obtain a
ballpark value for the bound that the experimental collaboration might put on this scenario
if they use traditional mono-X searches.

The bound from the recasting of the mono-jet and mono-photon searches and the bounds
that we find with our method are shown in the right panel of figure 6. All in all, we find that
the recast mono-jet bounds are comparable with those from the precision study of the ℓ + /ET

final state. We remark that for our method we present bounds on the new physics coupling
marginalizing on ∆mW in our χ2, which results in conservative bounds on new physics.

It is worth noting that, even for small systematic uncertainties around 0.1%, improvements
are to be expected going from the LHC to the HL-LHC. This behavior is not observed in
the previous analyses in section 3, where the reach is dominated by systematics already
at the LHC. This difference can be ascribed to the fact that new physics in the decay of
the W boson affects the soft part of the distribution, where the highest-rate backgrounds
populate the phase-space. On the contrary, in the case of production of W associated with
new physics, the effects on the kinematic distributions extend to the regions of phases-space
that are not so copiously populated by SM processes, on which the higher statistics of the
HL-LHC is expected to bring the most benefits.

5 ℓ + /ET not associated with the W boson

New physics producing ℓ + /ET unrelated to on-shell W -boson production can be constrained
by our method. There are a variety of models belonging to this category, as emphasized
in section 2. The example that we study is:

pp → ℓ̃ ν̃ℓ , (5.1)

that is slepton-sneutrino production in the MSSM with ℓ̃ → ℓ χ̃0
1 (see figure 2(b)). This

analysis completes and extends our previous results in [1].
More precisely, in ref. [1] we focused on the sub-electroweak strategy, showing that the

same data responsible for the W boson mass measurement are particularly sensitive to the
MSSM compressed region mµ̃ − mχ̃ ≲ mW via ℓ̃ ν̃ℓ. In the present work, we reconsider
this channel to assess the sensitivity of data at higher-pT considering the circa-electroweak
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Figure 7. Distributions of SUSY slepton-sneutrino production as signal and Drell-Yan as background
for pℓ

T on the left and mT on the right. The bottom panels show S/B and S/
√

B for L = 300 fb−1.
The selections for both panels are inspired by the CMS W ′ search and are summarized in table 2. The
binning is described in the text. The vertical dashed lines delimit the range we use for our analysis.
The SUSY distributions are taken from a benchmark point of (mµ̃L

= 115 GeV, mν̃L
= 83 GeV,

mχ̃1
0

= 70 GeV). The kinematic ranges shown here correspond to the circa-electroweak region shown
in figure 1.

strategy as well. The main reason for bringing our attention to this region is that more
canonical analyses, e.g., standard W ′ searches [15], have focused mostly on very large pT

values, ending up pursuing new physics in the supra-electroweak regime.
As it can be inferred from the S/B ratio shown in figure 7, valuable sensitivity to new

physics arises at moderate pT not far from the typical values used in the analysis devoted to
high-precision mW measurements. To pursue such new physics we adopt the selection reported
in table 2. For comparison, we also report in the table the selection used by W ′ searches of
CMS. We stress that the selection criteria are largely borrowed from the W ′ search and not
optimized to isolate slepton-sneutrino production. However, the survival rate of the SUSY
signals is large enough to give us sensitivity to explore the compressed region of the parameter
space that is currently beyond the reach of conventional dislepton searches [19, 33, 52].

The main difference of our strategy from the W ′ search is that we pursue a more refined
analysis of the shape of the kinematic distributions with finer bins. For reference, we recall
that near the Jacobian peak of the pℓ

T distribution, a bin width of 1 GeV is used by CDF and
ATLAS. Beyond the Jacobian peak the SM rate decreases, thus larger bins are desirable to
keep the statistical uncertainty low enough. For our analysis, we find a good balance using
5 GeV bin width for pℓ

T ∈ [75, 90] GeV and exponentially growing bins7 for 90 < pℓ
T < 250 GeV.

For mT , the bin widths are twice those of pℓ
T , as the associated analysis range is doubled

from that of pℓ
T . The resulting distributions of pℓ

T and mT for MSSM sleptons and SM
background pp → µν are shown in figure 7.

7The exact formula to obtain the edges of the pℓ
T bins is the following: bin edges are given by b = ex, where

x ranges from ln(pmin
T /GeV) to ln(pmax

T /GeV), with ∆x = [ln(pmax
T /GeV) − ln(pmin

T /GeV)]/n, where n = 20 is
the number of bins. This gives n + 1 bin edges, corresponding to n bins.
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W ′ (µ) [15] MSSM
pℓ

T minimum (GeV) > 50 > 50
pℓ

T /pmiss
T > 0.4 & < 1.5 > 0.4 & < 1.5

mT minimum (GeV) > 120 > 120
∆ϕ(p⃗ ℓ

T , p⃗ miss
T ) > 2.5 > 2.5

pℓ
T range (GeV) [50, 4000] [75, 250]

mT range (GeV) [120, 7000] [150, 500]
pℓ

T bin width (GeV) 80 5−14
mT bin width (GeV) 98 10−28

Table 2. Kinematic cuts, analysis ranges, and bin widths considered for our MSSM slepton-sneutrino
analysis, compared to those used in the W ′ search by CMS.

The data at large pT is not used in our analysis, as the mass scale of the new physics
that we are after implies no new physics effects to be expected there. Indeed, we cap the
analysis ranges for our analysis by looking at the S/

√
B and S/B distributions for the signal

of interest, aiming to include the peak of the S/
√

B and some padding around it, see for
example, figure 7. We remark that our results depend only mildly on the exact location of
the end-point of the analysis range around the values indicated in table 2.

In our projections, we only consider Drell-Yan (DY) W boson production as background,
and we do not include other possible sources of SM backgrounds such as single top production,
top quark pair production tt̄, diboson production WW and WZ, τ , and mistagged Z. After
imposing our cuts, we find that these subdominant backgrounds only contribute less than
4% of DY and therefore are ignored for the rest of the analysis.

In the spirit of complementing our work in [1], which was focused on the repurposing
the mW measurement, in this work we consider an analysis range that does not include the
Jacobian peak of SM W boson production. For this reason, we expect that the sensitivity
of this analysis to variations of the measured mass of the W boson is negligible. Therefore,
when obtaining the χ2 for a choice of SUSY parameters, mW is not a marginalized parameter.
Instead, mW is fixed to the measured ATLAS value throughout. The χ2 that we study is
χ2

pT
+ χ2

mT
. We compute its values comparing the LO theory SM prediction, assumed to be

the measured data, with templates in which we vary the slepton and neutralino masses mℓ̃

and mχ̃0
1
. The sneutrino mass is a dependent parameter, that we obtain from the slepton

mass saturating the D-term relation in the MSSM [1, 53].
In figure 8, we show 95% CL sensitivity projections for the LHC current luminosity

139 fb−1, assuming a 2% correlated systematics on the luminosity, and additional uncorrelated
per-bin systematics as per the color code ranging from 0 to 10%. Additionally, the dotted
colored lines show the sensitivity using only the pℓ

T distribution with per-bin systematics
ranging from 0 to 10%. It is worth noting that the benchmark uncorrelated systematics that
we employed are quite smaller compared to the W ′ search [15]. Our choice seems tenable,
however, because we focus our analysis on the region between 200−400 GeV, whereas [15]
insists on much larger values of pT and mT on the TeV tail of the kinematic distributions.
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Figure 8. The 95% CL projected sensitivity to SUSY slepton-sneutrino production at LHC, using
pℓ

T and mT distributions beyond the Jacobian peak of the SM W boson DY production. Solid colored
lines represent the sensitivity reach when combining the sensitivity from pℓ

T and mT distributions,
while the dotted lines represent the sensitivity from pℓ

T alone. The analysis is summarized in table 2.

In the figure, we also show the part of the plane currently probe by ATLAS searches for
MSSM production of smuons. Notably, the method that we propose is sensitive to regions
of the slepton-neutralino mass plane not covered by present searches.

Finally, we remark that the present analysis is independent of the analysis presented
in [1], as the ranges of pT and mT used in the two analyses are disjoint. Thus the present
result provides a further complementary new probe to close the gap in the SUSY compressed
region, described by our earlier paper.

6 Conclusions

The aim of this paper is to assess the sensitivity of high-precision collider data to new physics.
We specifically examine the case of ℓ + /ET and focus on new physics signals producing typical
lepton pT softer than the EW scale, O(100) GeV for which reliable calibration data is available,
or slightly harder scale where the SM predictions and detector modeling are still under control.
We refer to these two regions as sub-electroweak and circa-electroweak, as illustrated in
figure 1. Unlike the high-pT region (referred to as supra-electroweak) which has been heavily
exploited in conventional new physics searches, the sub- and circa-electroweak regions are not
the typical target for BSM. In this paper we demonstrate that, provided sufficient control of
the various sources of uncertainties, at a per-mil level in the sub-electroweak or at a percent
level in the circa-electroweak, these regions can serve as optimal probes for relatively light
new physics, offering complementary tests to other experiments.

Furthermore, as previously noted in [1], BSM searches conducted in regions heavily
overlapping with SM measurements exhibit a notable interplay between BSM and SM physics.
Specifically, since the same dataset is used for both BSM searches and SM measurements, it
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necessitates a simultaneous fit of BSM and SM parameters. Consequently, we observe that
new physics can bias the extraction of the SM parameters, as we show for the case of the
mW mass measurement, even if only to a limited amount (see figures 4, 5, and 6).

We find that it is in the sub-electroweak search that the above-mentioned simultaneous
fluctuation of SM and NP parameters in the measurements is a key step for unlocking the
discovery potential strategy, thus obtaining a measurement combined with limit-setting.
The determination of SM parameters is more decoupled from new physics searches in the
circa-electroweak strategy. Still, the circa-electroweak strategy benefits hugely from knowing
the SM accurately. In fact, the region of phase-space where new physics is expected to
appear, though not overlapping with that used for measurements of SM parameters, is
influenced by the tails of SM processes. Thus in both cases, there is a nontrivial meshing
of SM measurements and searches for new physics.

The list of possible new physics models to which the precision ℓ + /ET can be sensitive
is vast. Thus we proceed to identify a few models that can serve as axes of the map of the
space of models. The models are chosen for their underlying value as models of new physics
as well as for their feature to induce specific modification of the kinematic distributions
under study. We present sensitivity projections for (HL-)LHC and CDF to BSM physics
belonging to three categories: anomalous W -production (section 3), anomalous W -decay
(section 4) and new physics producing ℓ + /ET without the propagation of a (nearly) on-shell
W (section 5). Each category is illustrated by concrete examples in the corresponding
section. The results in this paper, joint with our previous illustrative results [1], cover a
large enough set of possibilities that demonstrates the potential to carry out new physics
searches in the sub- and circa-electroweak regions by exploiting the highly “curated” data
used in precision measurements.

For each scenario, we obtain the following concrete results. We investigate anomalous
W boson decays through two examples: the radiative emission of a neutrinophilic scalar
(section 3.1) and the two-body decay of the W into ℓ plus a heavy neutrino (section 3.2). The
generic characteristic of these decays is to make the lepton pT spectrum softer, populating the
sub-electroweak region (see figure 3), the same region responsible for the mW measurement.
In both these examples, we find a nontrivial correlation between the extracted mW and the
new physics parameters as shown in the left panels of figures 4 and 5. Specifically, we find
that a positive mW shift can partially compensate for the effect of new physics and this
might result in a smaller extracted mW in the presence of the latter. This bias turns out to
be smaller at CDF than at LHC. This is due to a different selection for the hadronic recoil
and, to a smaller extent, to a different impact of pile-up. For the models considered the
possible bias is limited to a fraction of the measurement uncertainty from ATLAS. Still these
results highlight that more precise measurements in the future may be hindered by bias due
to NP and even cause disagreement between LHC and Tevatron results. Regardless of a
possible bias in the measurements, we find that the (HL-)LHC can provide a competitive
bound for these models, assuming a setup as close as possible to the present W -boson mass
measurement (see right panels of figures 4 and 5).

An example of anomalous W production is presented through the initial state radiation
of a relatively light (1−50 GeV) hadrophilic Z ′ (section 4). In this case the W -boson recoils
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against the initial state radiation Z ′, making the pT spectrum harder. Like the previous
example, we find that in the range of interest, the sub-electroweak region can be a sensitive
probe for this model. We limit this analysis to the LHC, as CDF statistics is too low to
provide a competitive bound. On the one hand, we find that the same dataset employed for
the measurement of mW in the ℓ + /ET final state can provide a probe competitive to present
Z ′ sensitivity from LHC searches in mono-jet or mono-photon. Yet on the other hand, we
find again that this kind of BSM can potentially bias mW with the opposite trend to what
is discussed for the anomalous W -decay. Although we have not pursued it in this work, a
search in precision data in the circa-electroweak region can be sensitive to this model and
could help to disentangle a possible effect on the measurement of mW .

Finally, we provide a study of new physics populating the circa-electroweak region
via slepton-sneutrino production in the MSSM (section 5). This case study was already
investigated in [1], but there, the analysis was limited to the sub-electroweak region. On the
contrary, in the present paper, we show that extending the analysis to the circa-electroweak
region provides further sensitivity and improves our earlier result, provided control of the
systematic uncertainty at a few percent level can be attained in the circa-electroweak region.
We remark that this channel was somehow ignored by present LHC searches and has the
potential to cover wholly new regions of parameter space of the MSSM (see figure 8).

With upcoming ℓ + /ET data from the LHC, we foresee opportunities for new physics
searches using new observables, such as a doubly differential distribution in lepton pT and η.
This data could potentially be unfolded to the particle level for wider accessibility beyond
experimental collaborations, or it could be published together with full information on
correlated uncertainties on the kinematic distributions, allowing a more careful re-use and
limit-setting from the procedure described above. Furthermore, constraints will strengthen
as statistics increase and precision improves at HL-LHC.

We anticipate that as these methods are perfected, testing new physics with a nearly
model-independent method becomes possible, enabling the pursuit of elusive models, such
as the so-called “inert doublet” [54–56] or other SUSY scenarios [57], which can produce
ℓ + /ET but are too faint [58] for present sensitivity.

We believe this strategy to be a novel and promising way to look at present and future
collider data, ultimately applicable to a variety of BSM searches and SM measurements.
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