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The Standard Model (SM) of particle physics has been extremely successful in describing

the interactions of electromagnetic, weak nuclear, and strong nuclear forces. Yet, there are both

unexplained phenomena and experimentally observed tensions with the SM, motivating searches

for new physics (NP).

Collider experiments typically perform two kinds of analyses: direct searches for new

physics and precision measurements of SM observables. For example, experimental collabora-

tions use collider data to search for NP particles like the heavy superpartners of the SM particles,

whose observation would be clear evidence of supersymmetry (SUSY). These direct searches

often consider kinematic regions where the SM background is small. This strategy is unable to

probe regions of the NP parameter space where the SM background is dominant.

The same collaborations also measure the masses of SM particles, which not only serve

as consistency tests of the SM, but can also probe effects of NP. In 2022, the Collider Detec-



tor at Fermilab (CDF) collaboration published the most precise measurement of the W boson

mass: mW = 80433.5 ± 9.4 MeV. This measurement is in 7σ significance tension with the SM

prediction via the electroweak (EW) fit, mpred.
W = 80354 ± 7 MeV. Many extensions to the SM

can affect the prediction of mW with indirect effects of heavy NP. However, in 2023, the ATLAS

re-measurement of the W boson mass, mW = 80360 ± 16 MeV, was found to be consistent with

the SM prediction. Both collaborations found a high-precision agreement between the measured

kinematic distributions and the SM prediction of the kinematic distributions for their correspond-

ing extracted mW .

We propose using the precision measurements of mW to directly probe NP contributing to

the same final state used to measuremW : a single charged lepton ℓ and missing transverse energy

/ET . This strategy is independent of modifying the EW fit, which tests indirect effects of NP on

the predicted value ofmW . Any NP producing ℓ+ /ET which modifies the kinematic distributions

used to extract mW can be probed with this method. With this strategy, since these distributions

are used to search for NP while measuring mW , a simultaneous fit of NP and SM parameters is

required, thus unifying searches and measurements. This simultaneous fitting can induce a bias

in the measured mW , but only to a limited extent for our considered models.

We consider three categories of NP which can be probed: (i) modified decay of W bosons;

(ii) modified production of W bosons; and (iii) ℓ + /ET scenarios without an on-shell W boson.

We also show that models whose signals extend beyond the kinematic region used to measure

mW can be probed in an intermediate kinematic region. Our results highlight that new physics

can still be discovered at the LHC, including light new physics, via SM precision measurements.

Additionally, anticipated improvements in precision SM measurements at the High Luminosity

LHC further enables new searches for physics Beyond the Standard Model (BSM).
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Chapter 1: Introduction

The field of particle physics is at an interesting crossroads. While the Standard Model (SM)

of particle physics has been extremely successful in describing three of the four fundamental

interactions, specifically the electromagnetic, weak nuclear, and strong nuclear forces, there are

limitations of the SM and hints of new physics (NP). The motivations for extensions to the SM

are discussed further.

Ultimately, the SM is an effective field theory description of nature, not the complete pic-

ture. In particular, the SM currently does not contain a renormalizable theory of gravity. Further-

more, the scale at which quantum gravitational interactions become important, the Planck mass

mPl ∼ 1019 GeV, is at a vastly different scale than the electroweak scale mEW ∼ O(100) GeV,

creating a hierarchy problem. There also exists the flavor hierarchy between masses of different

flavors of quarks. While these hierarchies are not necessarily inconsistencies of the model, there

are theories of physics beyond the Standard Model (BSM) such as supersymmetry (SUSY) or

Randall-Sundrum models which attempt to resolve these hierarchy problems, but no clear signs

of NP have been observed at experiments like the Large Hadron Collider (LHC).

Additionally, there are phenomena unexplained by the SM: dark matter, dark energy, neu-

trino masses, and matter-antimatter asymmetry are a few notable examples. While gravitational

effects of dark matter (DM) have been observed, there are many models which predict non-

1



gravitational interactions of DM with the SM. The ability to probe such models is an aspect of

the work described in this thesis.

Direct searches for NP particles have found nothing definitive thus far. However, there

are experimental observations which could be in tension with SM predictions. For example, the

2022 Run 2 measurement of the W boson mass mW by the Collider Detector at Fermilab (CDF)

experimental collaboration is 7σ away from the SM prediction of mW [4], the measurement of

the anomalous precession frequency of the muon (g − 2)µ at Fermilab is also in tension with the

SM prediction [15–18].1

Many physicists considered introducing some heavy new physics which modifies the elec-

troweak (EW) fit prediction of the W boson mass to more closely match CDF’s measured value

of mW , seen in [19, 20] for example. Within the SM electroweak theory, mW and other observ-

ables can be predicted in terms of the precisely measured quantities: GF ,mZ , and αQED, taken

as input parameters. The EW fit then compares these predictions to measurements of these ob-

servables [21, 22]. However, the story is further complicated by the ATLAS re-measurement of

their Run 1 data, published a year later in 2023, which was found to be consistent with the EW

fit prediction [3]. A summary of the measurements of mW and the EW fit prediction is shown in

Fig. 2.7.

My collaborators and I instead propose harnessing the precision of these W boson mass

measurements to probe direct effects of NP which could contaminate the distributions of observ-

ables used to extract mW . Since the precision measurements of mW consider the leptonic decay

of theW boson (ℓ+ /ET ), where /ET is missing energy in the transverse plane, shown in Fig. 2.5b,

1The theoretical predictions of (g − 2)µ are a bit murky at this time. Lattice calculations disagree with the data-
driven predictions of the (g − 2)µ theory initiative. The measurement is in > 5σ tension with the theory initiative
prediction, but less so with the lattice prediction.

2



the events are not fully reconstructible since the neutrinos appear as missing energy to the detec-

tors. Thus, such a final state is a good hideout for invisible NP, such as particles coupled to dark

sectors. However, since experimental collaborations have found that the measured kinematic dis-

tributions agree very well with SM predictions, any NP which produces the same final state yet

modifies the kinematics could be excluded.

Probing NP with this procedure requires a simultaneous fit of NP and SM parameters, often

floating the NP particle mass and coupling simultaneously with mW extracted from a fit to the

kinematic distributions. This simultaneous fit can also induce a bias in the extracted mW to

compensate for allowed nonzero NP in the sample.

Ultimately, we find that precision measurements of mW can place competitive or even

exceed bounds on NP models which produce ℓ+ /ET while either (A) modifying W boson decay,

(B) modifying W boson production, or (C) not requiring an on-shell W boson. The concrete

examples of NP we consider are (A) the leptophilic Lµ − Lτ Z
′ boson, neutrinophilic scalar ϕ,

and heavy neutrino ν4, (B) hadrophilic Z ′ boson, and (C) slepton-sneutrino production in the

Minimal Supersymmetric Standard Model (MSSM).

We consider two kinematic regions to search for new physics in ℓ + /ET , which are shown

in Fig. 1.2. Before going into the details of each region we propose to search for NP, it is im-

portant to understand the current landscape of searches and measurements. Generally, searches

are often conducted in kinematic regions where the background from the SM is small. This is

intuitive since an excess of events found in these regions are clear signs for some heavy new

physics. However, this search strategy can only probe effects of heavy new physics. This is

shown schematically in Fig. 1.1. To probe light new physics whose signals are too faint to probe

in this high energy regime, we must consider searching in SM-dominant regions. The modeling

3



Figure 1.1: Sketch of the searches and measurements regions in the usual approach. In black, we
show a schematic distribution of the transverse momentum of the lepton from the SM decay of
the W boson, with the Jacobian peak at 1/2mW . The blue region shows where the measurements
of SM parameters take place, like mW and ΓW . The red region shows where searches for heavy
new physics like W ′ and SM Effective Field Theory (SMEFT) operators occur. The red line
shows roughly where the distribution would change with the inclusion of heavy BSM physics.

of SM backgrounds must be precise enough to be sensitive to changes in the shapes of measured

distributions by NP. This is exactly what the recent W mass measurements can do for us.

The first region where we propose searching for light NP is near the Jacobian peak atmW/2

in transverse momentum of the lepton, which we call the sub-electroweak (sub-EW) region. This

kinematic region is highly sensitive to the W boson mass, since this is where events used to

extract mW lie. Any new physics which modifies the kinematic distributions below or near the

Jacobian peak can be probed here, but the sub-EW strategy requires the simultaneous extraction

of NP parameters withmW . Category (A) of NP models which modifies the decay of theW boson

will often soften the charged lepton’s momentum distribution, and thus the sub-EW strategy is

the clear option. However, even NP which affects the kinematics at higher pT , such as those

in categories (B) and (C), can also be probed in the sub-EW region. Since the sub-EW region

overlaps strongly with the W boson mass measurement, we aim to analyze the NP using the

mW measurement as guidance for cuts on events, etc. We will propose small extensions to the

4



Figure 1.2: 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 [5] at 1

2
mW of the

SM W boson distributions, and is therefore used to measure mW : the systematic uncertainties
here can reach the per-mill level [2–4]. The supra-electroweak region contains the high-pT tails
of the distributions and is often used for heavy BSM physics searches, like for W ′ [6], where the
systematic uncertainties are usually ∼ 10%. In between these regions, just above the Jacobian
peak, we identify a circa-electroweak region, which holds opportunity for BSM discovery for
per-cent level systematics.
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kinematic region to increase the sensitivity to NP.

However, it turns out we can increase the sensitivity to NP in categories (B) and (C) which

modify the kinematics well above the Jacobian peak. In the transverse momentum space, this

corresponds to the kinematic region ≥ mW , which we call the “circa-electroweak” (circa-EW)

region. This region is different from the standard search region in Fig. 1.1 because it does not

extend to TeV-scale energies. Instead, we propose a more targeted search for NP whose kine-

matics can significantly modify the measured distributions in this intermediate region. There are

a number of additional factors to consider in this region which are different from the sub-EW

analysis. In particular, we must now consider which set of cuts to impose to isolate events in this

region, additional backgrounds, uncertainties on the luminosity, and larger per-bin systematics

for the fit.

Lastly, there is a third region beyond the circa-EW region, denoted the “supra-electroweak”

(supra-EW) region. This is analogous to the usual search strategy in Fig. 1.1, where effects of

heavy NP are searched for in a relatively SM-background-free environment [23]. Since we are

probing light new physics, the signals from the models we consider will not produce enough

signal events in the supra-EW region to probe. Therefore, we only search for NP in the sub- and

circa-EW regions.

The rest of this thesis is structured as follows: the theoretical and experimental history

of the W boson and its mass are presented in Chapter 2, followed by a description of the new

purpose of precision measurements of mW . Then, in Chapter 3, the categories of new physics

models are stated, with motivations and descriptions of each model. Then the analysis for probing

NP in the sub-electroweak and circa-electroweak regions are presented in detail in Chapter 4 and

Chapter 5, respectively, followed by concluding remarks in Chapter 6.
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Chapter 2: Prediction and Measurements of the W Boson Mass

In this chapter, a review of the Standard Model of particle physics will be presented, lead-

ing up to the prediction of the W boson mass after electroweak symmetry breaking (EWSB).

Then, the focus shifts to experimental observations of the W boson and in particular, the most

recent measurements of the W boson mass by the CDF and ATLAS collaborations. Finally,

with the necessary background, I will present our idea to probe light new physics using precision

measurements of mW .

2.1 A Review of the Standard Model

The SM of particle physics is a quantum field theory which describes the fundamental par-

ticles and their interactions, not including gravitational interactions. The particles in the SM are

categorized by their spin: matter fields are spin-1/2 particles called fermions. The fermions are

further categorized into quarks and leptons, each of which contains six particles grouped into

three generations. The first generations of leptons and quarks make up the lightest matter fields,

which are stable. The second and third generations contain heavier, unstable quarks and lep-

tons, which can decay to the lighter generations. The force carriers are spin-1 particles which

allow quarks and leptons to interact. Gluons are the massless force carrier of the strong nuclear

force, confining quarks into composite states like hadrons (protons, neutrons) and mesons (pi-
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ons, Kaons, etc.). Photons are the massless force carrier of the electromagnetic force, allowing

interactions between electrically charged particles. The W and Z bosons are the massive force

carriers of the weak nuclear force, which can produce charged (W±) or neutral (Z) currents be-

tween quarks and leptons. Lastly, a spin-0 particle called the Higgs boson corresponds to the

Higgs field, which gives quarks, leptons, and the weak force carriers their mass. The particle

content of the SM is visually depicted in Fig. 2.1.

The SM is a non-Abelian gauge theory with interactions obeying the symmetry group

SU(3)C × SU(2)L × U(1)Y . Each gauge group corresponds to one of the forces described

by the theory: SU(3)C is the gauge group of quantum chromodynamics, and SU(2)L×U(1)Y is

the gauge group for the electroweak interactions, with L denoting left-handed particles in weak

isospin doublets and Y denoting weak hypercharge. These interactions connect quarks to lep-

tons, but the symmetry group on its own predicts massless gauge bosons, in disagreement with

observations of weak interactions. Spontaneous symmetry breaking through the Higgs mecha-

nism [24] breaks SU(2)L × U(1)Y → U(1)EM , leaving only the photon to be massless among

the electroweak gauge bosons.

The SM accurately predicted the existence of particles which have been experimentally

observed such as the W and Z bosons. One of the achievements of the standard model is the uni-

fication of the weak nuclear force with the electromagnetic force into the theory of electroweak

interactions under the symmetry group SU(2)L × U(1)Y . This symmetry is spontaneously bro-

ken by the Higgs mechanism, reducing the symmetry to U(1)EM with a massless photon, while

making the W and Z bosons massive. The discovery of the Higgs boson at the Large Hadron

Collider in 2012 [25, 26] experimentally validated both the Higgs mechanism of spontaneous

symmetry breaking and the Standard Model itself. In this chapter, I will briefly summarize the
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Figure 2.1: A visual representation of the Standard Model of particle physics [7]. The fermion
matter fields are on the outside, with quarks on the top half and leptons on the bottom half. The
gauge bosons which mediate the forces and interactions among leptons and quarks are inside,
with the Higgs boson at the center.

relevant aspects of the SM leading up to the prediction of the W boson and its mass. Then I will

discuss the experimental observations of the W boson and the recent measurements of its mass

mW . Finally, I will describe the new purpose of the precision measurements ofmW to probe light

new physics (NP), which is the main focus of this thesis.

2.1.1 QED Lagrangian

We begin with a brief description of quantum electrodynamics (QED). It is historically

the first defined relativistic quantum field theory (QFT) The model of electrodynamics should

describe interactions of electrically charged particles with the corresponding force carrier: the

photon. QED is an Abelian gauge theory with a symmetry group U(1), with local gauge trans-
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formations given by

ψ(x) → ψ′(x) = ψ(x)eiα(x). (2.1)

In the above equation, ψ is a Dirac fermion field of mass m, which satisfies the Dirac equation:

(iγµ∂µ −m)ψ(x) = 0, (2.2)

where γµ are the well-known gamma (or Dirac) matrices. The Lagrangian of quantum electrody-

namics is given by

LQED = ψ̄(iγµDµ −m)ψ − 1

4
FµνF

µν , (2.3)

where Dµ = ∂µ + ieAµ is the gauge covariant derivative, e is the electric charge, Aµ is the

electromagnetic (EM) or photon field, and Fµν = ∂µAν − ∂νAµ is the EM field strength tensor.

This Lagrangian combines the free Dirac equation for the electron, the Maxwell equations for

the EM field, and the interaction between them. In particular, the interaction term between the

fermion and the EM field is contained in the gauge covariant derivative.

One of the most remarkable aspects of QED is its renormalizability, a way of handling

infinities that arise in QFT calculations. By redefining the parameters of the theory, such as the

charge and mass of the electron, renormalization gives the ability to make finite and accurate pre-

dictions. QED has been vigorously tested experimentally, for example, with measurements of the

electron’s anomalous magnetic moment. However, it alone does not describe other interactions

observed in nature, such as neutron decay. Such processes are interactions of the weak nuclear

force.
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(b) β Decay in EW theory

Figure 2.2: Feynman diagrams of β decay, converting a neutron into a proton, electron, and
electron-antineutrino, (a) as a contact interaction in Fermi theory and (b) through a W− boson in
EW theory. The observations of β decay was one of the first signs of the weak nuclear force.

2.1.2 Electroweak Lagrangian

In the 1930s, Enrico Fermi constructed an effective field theory description of the weak

nuclear force to describe beta decay. Fermi proposed a four-fermion effective interaction to

model β decay shown in Fig. 2.2a, coupling the neutron to a proton, electron, and anti-neutrino

through a contact interaction: n0 → p+e−ν̄e. However, the Fermi effective interaction coupling

GF is dimensionful, [GF ] = [m−2], making the theory non-renormalizable.

Then in the 1960s, Sheldon Glashow, Abdus Salam, and Steven Weinberg developed the

gauge theory of electroweak interactions [27–29]. This gauge theory predicts that processes like

β decay are mediated by a massive gauge boson as shown in Fig. 2.2b. In the low energy limit,

this interaction reduces to the contact interaction in Fermi theory. Furthermore, this gauge theory

is renormalizable like QED if the masses of the gauge bosons arises from the Higgs mechanism

of spontaneous symmetry breaking (SSB), as described in the following section.

The gauge group describing the weak nuclear force also includes the gauge group of elec-
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trodynamics, hence a Lagrangian which unifies the electromagnetic and weak nuclear forces into

the electroweak (EW) theory. The EW Lagrangian is given by

LEW = Lg + Lf + Lh + Ly, (2.4)

where Lg contains the gauge boson interactions, Lf contains the fermion kinetic terms, Lh de-

scribes the Higgs field and its interactions with the gauge bosons, and Ly describes the Yukawa

interactions between the Higgs and the fermions.

Expanding each of these Lagrangian terms and describing them in more detail:

Lg = −1

4
W a

µνW
aµν − 1

4
BµνB

µν (2.5)

describes the interactions between the three W bosons and the B boson. The W and B here are

the field strengths for weak isospin and weak hypercharge gauge fields, respectively. A linear

combination of W 1 and W 2 will result in the W± bosons, and a combination of W 3 and B will

give the Z boson and photon γ.

Next the fermion Lagrangian is given by

Lf = ψ̄Liγ
µDµψL + ψ̄Riγ

µDµψR, (2.6)

where ψL and ψR are the left- and right-handed fermion fields in the SM. In particular, psiL

contains Q and L, representing the left-handed doublets of quarks and leptons. The right-handed

singlets u, d, and e for up, down, and charged leptons are contained in ψR. The gauge covariant

12



derivative D is modified in electroweak theory to

Dµ = ∂µ − i
g′

2
Y Bµ − i

g

2
TjW

j
µ, (2.7)

where Y is the weak hypercharge and Tj are the components of weak isospin.

The Higgs part of the Lagrangian is given by

Lh = |Dµh|2 − λ

(
|h|2 − v2

2

)2

, (2.8)

where v is the vacuum expectation value (VEV) of the Higgs field. The VEV becomes nonzero

after spontaneous symmetry breaking (SSB), which will provide some of the gauge bosons with

a mass term.

Lastly, there is the Yukawa interaction between the Higgs boson and fermions, given by

Ly = −
(
yeL̄heR + ydQ̄ΦdR + yuQ̄Φ̃uR + h.c.

)
. (2.9)

These interactions are what give leptons and quarks their masses once the Higgs VEV becomes

nonzero after SSB. For a more thorough description of electroweak theory, the Higgs mechanism,

etc., the book [30] covers it.

2.1.3 Electroweak Symmetry Breaking

At high energies well above ∼ 100 GeV, the electromagnetic and weak nuclear forces are

unified in an electroweak force as described earlier. However, below that energy scale, observa-
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Figure 2.3: A visual depiction of the Higgs potential in which the minimum is no longer at
|ϕ|2 = 0. The figure is taken from [8].

tions show that these forces behave separately. In other words, the symmetry group that describes

the unified electroweak interactions is spontaneously broken. This happens when the Higgs field

acquires a nonzero VEV because the Higgs potential has a shape that has a minimum at a nonzero

value, as shown in Fig. 2.3.

The Lagrangian after electroweak symmetry breaking (EWSB) is much more complex than

prior to the breaking. The relevant aspect of EWSB for the prediction of the W boson mass is

that the gauge bosons, which are contained in the covariant derivative coupled to the Higgs field

in Lh, acquire masses after expanding the term [1]:

|Dµh|2 =
1

8

∣∣∣∣∣∣∣∣
 gW 3

µ + g′Bµ

√
2gW−

µ

√
2gW+

µ −gW 3
µ + g′Bµ


 0

v


∣∣∣∣∣∣∣∣
2

=

(
1

2
gv

)2

W+
µ W

−
µ +

1

8
v2(W 3

µ Bµ)

 g2 −gg′

−gg′ g′2


 W 3

µ

Bµ

 . (2.10)

From the first term in the expansion, there is now a mass term for W±
µ , given by mW =

gv/2. The masses of Aµ and Zµ can also be obtained by obtaining the coefficients of the eigen-
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states of the neutral term [1]:

Aµ =
gBµ + g′W 3

µ√
g2 + g′2

: mA = 0

Zµ =
gW 3

µ − g′Bµ√
g2 + g′2

: mZ =
v

2

√
g2 + g′2 (2.11)

The relationship between the Z boson mass andW boson mass can be parameterized by the weak

mixing angle cos θW = g√
g2+g′2

, also called the Weinberg angle [27]:

mW

mZ

= cos θW . (2.12)

2.1.4 The prediction of the W Boson Mass

The combination of electroweak theory and Higgs mechanism to generate electroweak

symmetry breaking provides a prediction of the masses of the heavy weak force carriers in terms

of the coupling constants of the theory and the Higgs VEV: mZ = v
2

√
g2 + g′2 and mW = gv/2.

Furthermore, this prediction of mW can be reparameterized in terms of other well-measured con-

stants in the SM: GF , mZ , and αQED. With the predictions in hand, experimentalists sought

out to observe the existence of these heavy gauge bosons as verification of electroweak inter-

actions. The W and Z bosons were discovered at CERN using the Super Proton Synchrotron

(SPS), which collided protons and anti-protons. The UA1 and UA2 collaborations [31, 32] both

observed events consistent with W boson decay.
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Figure 2.4: One possible Feynman diagram of pair production of W bosons from electron-
positron collisions, with hadronic decays used to fully reconstruct the W bosons, as was done
at LEP [9]. There is another process which produces a pair of W bosons, through a t-channel
exchange of an electron-neutrino.

2.2 A Brief History of W Boson Mass Measurements

After the discovery of the W boson, measurements of the W boson mass were made at the

Large Electron-Positron (LEP) collider at CERN [9] and at the Tevatron at Fermilab. Initially,

LEP used the hadronic decay of W bosons to fully reconstruct the pair produced W bosons, and

found mW = 80412 ± 42 MeV, already achieving a 0.5% uncertainty. Fig. 2.4 shows the diagram

for hadronic decay of pair produced W bosons at an electron-positron collider.

The mW experimental value is extracted from the simultaneous fit of different measured

kinematic distributions (see below) in leptonic decays of singly-produced W bosons to the SM

predictions. Both ATLAS and CDF find perfect agreement with their best-fit SM distributions.

In the following sections, I will describe in more detail the most recent measurements of

the W boson mass, and then I will explain how the precision of such measurements allows us to

probe new physics which could directly affect the sample of events used to measure mW .
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(a) Hadronic Decay
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νℓ

(b) Leptonic Decay

Figure 2.5: The two possible SM decay channels for the W boson, produced at hadron colliders.
The production of the W boson requires one up-type quark and one down-type quark, resulting
in either a positive or negatively charged W boson. When the W decays hadronically, the quarks
will form jets, whose energies can be measured at detectors. However, the measurement of jet
energies contains large uncertainties. Instead, experiments use the leptonic decay of the W to
measure its mass, but this channel is not fully reconstructible since the neutrino is invisible to the
detectors. Kinematic distributions like the transverse momentum of the charged lepton pℓT and
the transverse mass mT are measured precisely. Then, a fit of the SM template of the distribution
of the observable O to the measured distribution of O is performed. The SM template varies with
the input parameter mW , and mW is obtained from the best fit.

2.2.1 The CDF Measurement of the W Boson Mass

The Tevatron at Fermilab collides protons and anti-protons at a center-of-mass energy

√
s = 1.96 TeV, which can singly produce W± bosons. The CDF experiment analyzed a sample

of ∼ 4 million W boson candidate events from a dataset of L = 8.8 fb−1 integrated luminos-

ity [4].

CDF considers only the leptonic decay channel to electrons or muons and their anti-matter

counterparts, with the associated neutrinos, as shown in Fig. 2.5b. In the case of W−, the final

state would be e ν̄e or µ ν̄µ. The leptonic channel provides cleaner measurements since hadronic

final states (Fig. 2.5a) suffer from jet energy scale uncertainties. However, the leptonic decay is

not fully visible and therefore not fully reconstructible. Instead, the W boson mass is extracted

from fits to kinematic observables, with decays to electrons and muons considered separately.

Before fitting templates to the data, the experiment must impose selection cuts to prop-
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Figure 2.6: Fits of templates of the kinematic observables to the measurements by the CDF
collaboration. The blue points are the measured data, and the red line is the template fit to the
data, withmW as a parameter extracted from the fit. The shaded gray regions in each plot indicate
the expected number of background events, and the arrows indicate the fitting range.
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erly identify events corresponding to leptonic W boson decay. These cuts are summarized in

Table 4.1. Candidate events are only selected if there is one electron or muon with a minimum

transverse momentum pℓT > 18 GeV. Then analysis cuts are imposed, requiring the candidate

muon to have at least 30 GeV in pT , measured in the central region with pseudorapidity |η| < 1.

Any events containing two leptons of the same flavor are rejected, as those events could be back-

ground from leptonic Z decays [4]. To further isolate background and purify the event sample to

extract mW , there are additional requirements on the lepton transverse momentum 30 < pℓT < 55

GeV, missing transverse momentum 30 < pνT < 55 GeV, hadronic recoil |u⃗| < 15 GeV, and trans-

verse mass 60 < mT < 100 GeV. Events corresponding to leptonic Z boson decays (Z → e+e−,

Z → µ+µ−) are also collected for calibration purposes.

The three kinematic observables used are the transverse momentum of the charged lepton

pℓT , the missing transverse momentum corresponding to the neutrino pνT , and the transverse mass

mT . Templates are constructed to model the distributions expected to be seen from SM produc-

tion and decay of the W boson, with the template changing based on the input value of mW . The

templates are generated using a custom Monte Carlo simulation with mW as an input to vary the

shapes of the templates. Further details of construction of the templates are given in [4]. The

measured distributions agree with the shapes of the templates using a binned likelihood analysis,

as seen in Fig. 2.6.

The kinematic observables used to extract mW provide complementary systematics. In the

rest frame of the W boson, the lepton and neutrino from its decay are back-to-back. This causes

the pT of the lepton and neutrino to have sharp Jacobian peaks at mW/2. The transverse mass,

given by

m2
T = (Eℓ

T + Emiss
T )2 − (p⃗ ℓ

T + p⃗miss
T )2, (2.13)
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Figure 2.7: A comparison of the W boson mass measurements from LEP, Tevatron, and LH,
taken from [3]. The total uncertainty of each measurement is shown in darker blue, with the
precision of the measurements improving to ∼ 10− 15 MeV for the most recent results by CDF
and ATLAS. The SM prediction via the electroweak fit is shown in the shaded gray vertical band.
All but the CDF Run 2 measurement ofmW are consistent with the SM prediction, though CDF’s
measurement has the smallest uncertainty among them.

has a Jacobian peak at mW . In the case of SM decay, p⃗miss
T is only the transverse momentum

of the neutrino. However, these distributions undergo detector smearing, and the W bosons are

not produced at rest in the lab frame. Initial state radiation (ISR) of gluons can boost the W

bosons in the transverse direction in the lab frame. The measurement of pℓT is clean since it is

not significantly affected by detector smearing, but it is sensitive to non-zero pWT . The effect of

boosted W bosons in the sample can be mitigated by including a cut on the allowed hadronic

recoil in the event, focusing on W bosons with minimal boost. On the other hand, the transverse

mass mT distribution is not shifted by nonzero pWT at leading order in QCD, but it is affected by

detector smearing. Hence, mT and pℓT provide complementary systematics [33].

To properly model the templates, a careful study of detector effects like smearing and

pileup is required. The CDF collaboration in the supplemental material to [4] details the effects

considered. Pileup, or “spectator interactions” as they are referred to in the CDF supplemental
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material, is the addition of soft processes recorded by the detector to the hadronic recoil which are

not part of the parimary event which produces the W boson. Pileup effects are more significant

for larger instantaneous luminosity since there are more bunch crossings. Ideally, low pileup runs

would be used to mitigate pileup effects, but this strategy suffers from limited statistics.

Combining the results of the fits to these kinematic observables, CDF obtained a measured

value of mW = 80433.5 ± 9.4 MeV, the most precisely measured W boson mass to date to 0.01%

uncertainty. This measurement is also in tension with the SM prediction from the EW fit ofmpred.
W

= 80354 ± 7 MeV, to 7σ statistical significance.

2.2.2 LHC Measurements of the W Boson Mass

In 2017, the ATLAS experiment at CERN published their Run-1 measurement of the W

boson mass. ATLAS collects data from the Large Hadron Collider, which collides two proton

beams at center-of-mass energy
√
s = 7 TeV for Run-1. The collaboration measured the W

boson mass mW = 80370 ± 19 MeV with a dataset corresponding to an integrated luminosity

L = 4.6 fb−1, containing ∼ 14 million reconstructedW boson events after imposing all selection

cuts [2].

Then in March 2023, ATLAS presented a remeasurement of the W boson mass, obtaining

mW = 80360±16 MeV, with a central value 10 MeV lower and 16% more precise than the 2017

measurement [3]. This updated measurement agrees with the SM prediction, unlike the CDF

measurement.

There are a few notable differences between the ATLAS measurement and the CDF mea-

surement. As mentioned earlier, the center-of-mass energy and statistics are higher for the AT-
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(b) mT fit, e+ channel
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Figure 2.8: Distributions of the kinematic observables pµT , mT for decays of W± to electrons.

LAS measurement as expected for the more recent LHC compared to the Tevatron. For selecting

events, ATLAS imposes a different set of cuts, as summarized in Table 4.1. In particular, the

ranges in pℓT and mT are slightly different, but the biggest difference is the cut on hadronic re-

coil. CDF has a much tighter cut on hadronic recoil, only allowing events with recoil < 15 GeV,

whereas ATLAS allows events with recoil < 30 GeV. This difference is in part due to the higher

energies ATLAS accesses as well as higher pileup due to a larger instantaneous luminosity.

Additionally, ATLAS only uses pℓT and mT kinematic distributions to extract mW , whereas

CDF includes pνT . The fits of the templates to the data for electrons and muons are shown in
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Figs. 2.8 and 2.9, respectively. In the lower panel of these distributions, ATLAS shows the

combined statistical and systematic uncertainty across the kinematic regions to be ≲ 0.5% per-

bin uncertainty. This will motivate our choices of systematics considered in Chapter 4.
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Figure 2.9: Distributions of the kinematic observables pµT , mT for decays of W± to muons.

Finally, while ATLAS has produced this remeasurement with better precision than their

2017 result and somewhat comparable precision to the CDF result, the collaboration has not yet

produced a measurement of mW with the Run-2 dataset, at higher center-of-mass energy and

integrated luminosity. The CMS collaboration also has not yet announced a measurement of

mW , which could add more to the story. Hence, when discussing prospects of sensitivity to NP
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at the LHC, we will be referring to ATLAS.

2.3 A New Purpose for the W Boson Mass Measurement

With an understanding of how experiments measure mW , we can now describe what kinds

of new physics (NP) this measurement can probe, providing a new purpose for theW boson mass

measurement. Since the final state of leptonic decay of the W boson is a charged lepton and a

neutrino, appearing as missing transverse energy in the detector, any new physics which produces

the same final state ℓ+ /ET in the same kinematic region could contaminate the distributions used

to measure mW . However, since the measured distributions of the kinematic observables match

the SM predictions of these distributions with great precision, any NP which modifies the shape

of the kinematic distributions can be constrained.

There is a subtle point here regarding the tension between measurements of mW by CDF

and ATLAS. The SM prediction of the kinematic distribution depends on an input parameter,mW ,

which is obtained from a fit to the measured distributions. Both CDF’s and ATLAS’s templates

for the kinematic distributions agree with their respective extracted values of mW , hence why

either measurement can be used to probe direct effects of NP without any inconsistency.

The idea to probe new physics using precision measurements has been implemented before.

For example, measurements of the top quark mass have been used to close the gap in searches

for the supersymmetric stop, the superpartner of the top quark [34–36]. However, the precision

of top quark mass measurements is not at the level of W boson mass measurement precision, at

O(10−4), and the W mass measurement can be sensitive to NP charged only under electroweak

interactions. We categorize the types of new physics and give examples of specific models we
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will consider in Chapter 3.
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Chapter 3: Categorizing the New Physics Models

With the ability to probe light new physics using precision measurements of mW , we now

categorize the kinds of new physics that can produce the required ℓ + /ET final state. There are

three categories of new physics which can be probed: (A) modified decay of the W boson, (B)

modified production of the W boson, and (C) producing ℓ+ /ET without an on-shell W boson. In

the following sections, each of these categories will be described in more detail, with descriptions

of specific examples of models which fit in each category and the relevant channels considered.

3.1 Modified W Decay

In this section, I will introduce the models under this category that we will probe using the

mW measurement. Since the W boson decays leptonically for the event selection considered by

CDF and ATLAS for the most precise measurements of mW , the modified decay NP models will

coupled to charged leptons or neutrinos in some way. The examples of NP we consider are the

Lµ − Lτ Z
′ boson, neutrinophilic scalar ϕ, and heavy neutrino ν4.
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3.1.1 Lµ − Lτ Leptophilic Z ′ Model

The first model that we consider is the Lµ − Lτ leptophilic Z ′ [37]:

Lint = gZ′Z ′
ρJ

ρ
µ−τ + gDZ

′
ρJ

ρ
D , (3.1)

where gZ′ and gD are the couplings of Z ′-boson to SM and dark-sector states, respectively. The

U(1)Lµ−Lτ current reads

Jρ
µ−τ = (ν̄µγ

ρνµ + µ̄γρµ− ν̄τγ
ρντ − τ̄ γρτ). (3.2)

The term Z ′
ρJ

ρ
D describes the interaction of the Z ′-boson with some invisible, unspecified dark-

sector states. The key assumptions, that gD ≫ gZ′ and the dark sector contains states sufficiently

lighter than mZ′ , guarantee that the Z ′-boson decays predominantly invisibly.

This model has been extensively studied as a possible portal to dark matter or as an exten-

sion to SM. The 2-dimensional parameter space (gZ′ ,mZ′) is tested by a variety of searches, from

K-/B-factories, g − 2, to neutrino beam-dump experiments [10, 38].1 In this model belonging to

category (A), the W -boson has a 3-body decay into µ νµ Z ′ (Fig. 3.1), modifying the kinematic

distributions of ℓ+ /ET final state.2

1Additional constraints arise when mZ′ is of Stueckelberg origin [39].
2Additional signal events come from τ → Z ′µ νµ ντ . For simplicity we don’t include them in our analysis.
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νℓ

Z ′

Figure 3.1: Feynman diagrams of modified W boson decay with a leptophilic Z ′ boson.

3.1.2 Neutrinophilic Scalar ϕ Model

Another example of modified decay that we study is the “neutrinophilic” scalar model

of [11, 40, 41]. Neutrinophilic mediators are well-motivated messenger particles that can probe

some of the least known sectors of fundamental physics involving nonstandard interactions of

neutrinos with themselves and potentially with dark matter. 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 . (3.3)

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. (3.3) produces a new interac-

tion between the SM neutrinos and this new scalar

Lint ⊃
∑

α,β=e,µ,τ

1

2
λαβνανβϕ , (3.4)
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q̄

q

W ±

ℓ±

νℓ
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Figure 3.2: Feynman diagrams of modified W boson decay with a neutrinophilic scalar boson ϕ.

where λαβ parameterizes the effective coupling of ϕ to neutrinos. In fact, Eq. (3.4) opens the new

decay channel via radiative emission of ϕ from ν

W → ℓ ν∗ → ℓ ν ϕ . (3.5)

Since ϕ is invisible by construction, this decay mode gives ℓ+ /ET (see Fig. 3.2), directly affecting

the W boson mass measurement.

We refer to [11, 40, 41] 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. (3.4).

3.1.3 Heavy Neutrino ν4 Model

Another scenario to which our sub-electroweak new physics search strategy is sensitive

is the so-called “heavy neutrino” scenario [42]. 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
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Figure 3.3: Feynman diagram of modified W boson decay with a heavy neutrino ν4.

active neutrinos are defined as superpositions

να =
4∑

i=1

Uiανi , for α = e, µ, τ . (3.6)

This framework is typical, for instance, of models where the heavy neutrino acts as the portal to

the dark sector [12, 43]. 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. (3.6) are of interest

Lint ⊃
∑

ℓ=e,µ,τ

U4ℓW
+
µ ν̄4γ

µℓ−L + h.c. . (3.7)

Assuming that the heavy neutrino is effectively invisible, one can see that the above interactions

allow an anomalous W decay (see Fig. 3.3)

W → ℓ ν4 , (3.8)

which contributes to the ℓ+ /ET final state.

One interesting aspect of the heavy neutrino scenario which differentiates it from the other
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NP models in the modified decay category is the 2-body decay like the SM process, but now to

a massive invisible particle. It is still expected to produce a softer lepton spectrum, though not

necessarily in the same way that a 3-body decay would.

3.2 Modified W Production

3.2.1 U(1)B Hadrophilic Z ′ Model

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 interaction

is described by

Lint = gZ′
B
q̄ /Z

′
Bq , (3.9)

with q spanning over all the SM quarks.3 We denote the mass of this additional gauge boson

by MZ
′
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 [44, 46–49] and references therein). Like the previous models, we only focus on the

collider phenomenology of Eq. (3.9), 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

3We remark that as the baryon number has an anomalous current, Eq. (3.9) is to be understood only as effective
theory supported by an additional Wess-Zumino term. As pointed out, for instance, in [44], this may lead to very
strong constraints. Yet these effects are not completely model-independent, as discussed, for instance, in [44, 45],
and we, therefore, do not pursue any further discussion.
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Figure 3.4: Feynman diagrams of modified W boson decay with a hadrophilic Z ′ boson.

with this gauge boson as shown in Fig. 3.4:

pp→ W (ℓν)Z
′

B ,

which produces a ℓ+ /ET signature.

3.3 ℓ+ /ET without an on-shell W

The final category of models we consider is rather broad, considering the production of

ℓ + /ET without the inclusion of an on-shell W boson. Many models can produce such a signal,

from Standard Model Effective Field Theory (SMEFT) operators of a heavyW ′ boson to slepton-

sneutrino production in the Minimal Supersymmetric Standard Model (MSSM). Here I’ll briefly

discuss the different kinds of models in this category before introducing in more detail the MSSM.

Similar to the Z ′ models already discussed, there are ongoing searches for a W ′ boson,

though usually at higher energy scales than the SMW boson. These kinds of searches are looking

for signs of SMEFT operators at high energy with ℓ+ /ET final state [23]. Some concrete examples

of models which predict a heavy W ′ boson are extra dimensional models predicting a Kaluza-

Klein mode of the W , or in R-Parity-Violating (RPV) supersymmetry, a τ slepton.

Searches for heavy W ′ bosons are performed in the tails of the kinematic distributions,
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and therefore do not have much overlap with the measurement of mW . However, other models

producing ℓ+ /ET can produce signals near the Jacobian peak of the SM W . For this purpose, we

will be focusing on slepton-sneutrino production in the MSSM, whose kinematic distributions of

the lepton in the compressed region of the parameter space mimics that of the lepton emitted by

the SM W boson.

3.3.1 The Minimal Supersymmetric Standard Model: Slepton-Sneutrino Pro-

duction

Supersymmetry (SUSY) is a theoretical framework in particle physics that extends the SM,

aiming to address several of its limitations. It was arguably one of the most popular extensions to

the SM due to its ability to solve the hierarchy problem and provide a dark matter candidate by

introducing a new symmetry between bosons and fermions. SUSY posits that every fundamental

particle in the SM has a corresponding superpartner with differing spin properties. Specifically,

for each boson, there exists a fermion superpartner and vice versa through the following super-

symmetric transformation [50–54]:

Q|Boson⟩ = |Fermion⟩, Q|Fermion⟩ = |Boson⟩. (3.10)

For example, the superpartner of the charged leptons (fermions) are “sleptons”, and the super-

partner of a photon (boson) is a photino (fermion). For a review, see [55, 56].

One of the main motivations for introducing the superpartners is to solve the Planck-weak

hierarchy problem, which involves the large discrepancy between the electroweak scale and the

Planck scale, where gravitational effects become significant. Without SUSY, the Higgs boson
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Particles/superparticles spin 0 spin 1/2 SU(3)C × SU(2)L ×U(1)Y

leptons, sleptons (L) (ν̃, ẽL) (ν, eL) (1, 2,−1/2)
(in 3 families) (Ec) ẽ∗R ecL (1, 1, 1)

quarks, squarks (Q) (ũL, d̃L) (uL, dL) (3, 2, 1/6)
(in 3 families) (U c) ũ∗R ucL (3̄, 1,−2/3)

(Dc) d̃∗R dcL (3̄, 1, 1/3)

Higgs, higgsinos (Hu) (H+
u , H0

u) (H̃+
u , H̃0

u) (1, 2, 1/2)
(up, down types) (Hd) (H0

d , H
−
d ) (H̃0

d , H̃
−
d ) (1, 2,−1/2)

Particles/superparticles spin 1 spin 1/2 SU(3)C × SU(2)L ×U(1)Y

gluon, gluino g g̃ (8, 1, 0)
W bosons, winos W±,W 0 W̃±, W̃ 0 (1, 3, 0)

B boson, bino B0 B̃0 (1, 1, 0)

Table 3.1: A table of the particle content of the MSSM. Superpartners are marked by a “tilde”
over the particle. This table was taken from [1].

mass would require fine-tuning to remain at the observed value since there are large quantum

corrections to m2
H from any particles that couple to the Higgs. Notably, the Higgs mass is

quadratically sensitive to high mass scales, so regularization of quadratic divergences does not

alone solve the hierarchy problem. The addition of superpartners helps stabilize the Higgs mass

through the loop contributions of superpartners, canceling out the quantum corrections to keep

the Higgs mass small.

The Minimal Supersymmetric Standard Model (MSSM) is the simplest extension of the

SM that incorporates SUSY. It introduces the minimal number of new particles and interactions

required to include SUSY, aiming to address the same issues as SUSY while remaining as close

as possible to the SM [56]. The particle content of the MSSM is shown in Section 3.3.1.
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Additionally, the MSSM provides a potential candidate for dark matter. This is achieved

through R-parity, which distinguishes SM particles from their superpartners. SM particles have

R-parity +1, while the superpartners have R-parity -1. The conservation of R-parity implies that

the lightest supersymmetric particle (LSP) is stable. In many scenarios, it also interacts weakly

with regular matter, fitting the profile of dark matter particles. The LSP is often a neutralino,

which is a mixture of the superpartners of the photon, Z boson, and neutral Higgs bosons.

Thus far it has been assumed that the superpartners have the same properties as their SM

counterparts except for their spin. However, if this was the case, the superpartners would have

already been discovered. Therefore, supersymmetry must be broken in such a way that the su-

perpartners are much heavier than their SM counterparts. Naively one would think that since the

Large Hadron Collider has reached ∼ 13 TeV center-of-mass energy that all superpartners have

been ruled out to multi-TeV mass scales, but there are gaps in searches for some superpartners

because there are regions of parameter space where the SM background is dominant. This is the

region where a unification of searches for MSSM with measurements of SM observables could

be sensitive to the effects of new physics.

There are many additional details of the MSSM such as gauge coupling unification at high

energies, two Higgs doublets instead of one as in the SM, etc., but the main focus is on how

the MSSM can produce a signal which W boson mass measurements can probe. For that, the

important interactions in the MSSM are slepton-sneutrino production through an off-shell W

boson and the slepton decays to a SM lepton and a neutralino χ̃0
1 and the sneutrino ν̃. The full

processes are shown in Fig. 3.5 for two scenarios: Fig. 3.5a shows when the neutralino is the

LSP, and Fig. 3.5b shows when the sneutrino is the LSP.

Additionally, there are other SUSY scenarios which produce ℓ+ /ET exist without requiring
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Figure 3.5: Feynman diagrams of MSSM slepton-sneutrino production, leading to a ℓ+ /ET final
state.

the MSSM relation between slepton and sneutrino mass, for example [57], where the sneutrino

is the LSP. In this model, the neutralino can be very heavy, forbidding the process in Fig. 3.5a

and suppressing channels like Fig. 3.5b, but allowing for the slepton to decay to sneutrino and W

boson, which decays leptonically: ℓ̃ → ν̃ℓW → ν̃ℓℓνℓ. The difficulty in probing such a process

comes from the effective 3-body decay of the slepton. The softer spectrum of the lepton from

3-body decay in this process vs. 2-body decay in Fig. 3.5a reduces the sensitivity to such signals

since, as shown later, the MSSM processes modify the kinematics above the Jacobian peak of the

W boson.

3.4 Search Strategies for New Physics

In this current approach by experiments, shown in Fig. 1.1, searches and measurements are

separated in the phase space of measured distributions. SM measurements are at lower energies

using precisely measured distributions with sub-percent systematics. With this strategy, searches

for new physics at high energy colliders are not sensitive to light NP. If the NP sensitivity is

dominant in the SM-rich region, then a unification of searches and measurements is required to

probe such NP. This is what we propose in the sub-electroweak and circa-electroweak regions in
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Fig. 1.2.

The sub-EW and circa-EW strategies are independent of the electroweak fit prediction of

mW , and they are not the usual SMEFT approach of probing effects of heavy NP. These models

described above would directly affect the measured sample used to extract mW . Thus we also

do not consider any supra-EW analyses, since these are the usual W ′ searches already done by

CMS [23]. Furthermore, while the NP models described could affect the EW fit prediction of

mW , this does not change our ability to be sensitive to these models from measurements of mW

alone.

In the following chapters, I will describe in more detail the search strategies for the sub- and

circa-electroweak analyses, and provide sensitivity projections for each of the models compared

to the current strongest constraint on each model.
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Chapter 4: Sub-Electroweak Analysis

We now focus on searching for new physics with ℓ + /ET final state whose sensitivity

is near the region used to measure mW . Thus a proper analysis requires unifying the search

for new physics with the measurement of mW , resulting in a simultaneous fit of SM and NP

parameters. The chapter begins with an overall description of the analysis in this kinematic

region. In particular, details of the binned likelihood shape analysis are provided, as well as the

general prescription applied to each model.

4.1 A general overview of the Sub-Electroweak Analysis

As to profit as much as possible from measurements that have been already carried out, we

choose the distribution of lepton pℓT and the transverse massmT of the ℓ+ /ET system for our LHC

projections. We take as reference theW boson mass measurements from ATLAS [2,3]. 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 [4]. As pointed out in [58], there is

a remarkable interplay between new physics searches and SM measurements, so much 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
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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
)
, (4.1)

where N̄i is the observed and N i(∆mW
, θNP) is the expected number of events for observable O

in the the bin i as function of mW . In the sub-EW region, following experimental procedure,

the distributions are normalized, meaning the number of events predicted by the template Ni

will match the number of events in the data N̄i. Hence, the χ2 calculated is sensitive to the

shape of the distribution of the template, unlike a typical cut-and-count search for new physics.

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

we use as substitute for the data from the actual experiment. Notably our χ2 depends and the NP

parameters θNP , whose nature will differ for each model we will consider 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 . (4.2)

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 compo-

nents, 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 , (4.3)
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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.

We will perform two different types of analyses targeting sub-electroweak scale new physics

or circa-electroweak scale new physics. For these targets we will adopt, respectively, two base-

line analysis setups: i) the sub-electroweak analysis described in Chapter 4, 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

Chapter 5, 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 MAD-

GRAPH5 AMC@NLOv3.42 [59] + PYTHIA8.212 [60] + DELPHESv3.4 [61] (ATLAS card).

Regarding the parton distribution functions (PDFs), we employ LHAPDF [62] with PDF ID:244800

[63]. 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 [4] (see the Appendix of Ref. [58] for

details). The rest of the CDF setup matches what is done for the LHC. 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
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Eq. (4.1) because these backgrounds can be estimated from MC and are only a few percent [2–4]

of the SM W boson events in our analysis range. Indeed, for our analyses in the sub-electroweak

region (in Section 4.2 and Section 4.3), we consider analysis ranges similar to those of AT-

LAS [2,3] and CDF [4]; we slightly enlarge the ranges to maximize the sensitivity to new physics,

as shown in Table 4.1). On the other hand, for our analysis in Section 5.1, we substantially modify

the analysis range from the W -boson mass measurement to the circa-electroweak region. How-

ever, even in this case, we expect backgrounds to be only marginally relevant, as we comment in

detail in Section 5.1.

As shown from the kinematic distributions and the associated S/B ratios in Figs. 4.1

and 4.5, a great deal of the sensitivity to new physics comes from the pT and mT spectra near

the SM Jacobian peak [5]. Therefore, we design our analysis as much as possible around the

currently published W -boson mass measurements [2–4]. For reference we give in Tab. 4.1 a

summary of the event selection used for the current measurements of the W boson mass and in

our sub-electroweak analysis.

For the sub-electroweak analyses, we only use the shape of the distribution for the search of

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. (4.1) to the pseudo-data in each computation of the χ2 between pseudo-data 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.
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pℓT pmiss
T mT |u⃗T | mT range pℓT range

ATLAS [2, 3]
(W → µ νµ)

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

Sec. 4.2.1 (W → µνµZ
′) > 20 > 20 > 40 < 30 [40, 100] [20, 50]

Sec. 4.2.2 (W → µνµϕ) > 20 > 20 > 40 < 30 [40, 100] [20, 50]
Sec. 4.2.3 (W → µν4) > 20 > 20 > 40 < 30 [40, 100] [20, 50]
Sec. 4.3 (pp→ WZ ′) > 30 > 30 > 60 < 30 [60, 140] [30, 70]

Sec. 4.4 (pp→ ℓ̃ν̃) > 30 > 30 > 60 < 30
[60, 120]∗
[60, 140]

[30, 60]∗
[30, 70]

CDF (µ) [4] [30, 55] (analysis)
> 18 (trigger)

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

Sec. 4.2.1 (W → µνµZ
′) [20, 55] [20, 55] [60, 100] < 15 [40, 90] [20, 48]

Sec. 4.2.2 (W → µνµϕ) [20, 55] [20, 55] [60, 100] < 15 [40, 90] [20, 48]
Sec. 4.2.3 (W → µν4) [20, 55] [20, 55] [60, 100] < 15 [40, 90] [20, 48]

Table 4.1: Kinematic cuts and analysis ranges considered in the latest W -mass measurements
[2–4] and in our sub-EW analyses. All the numbers are in units of 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 pℓT [3], unless otherwise specified. For the CDF projections, we construct 0.5 GeV bins
for mT and 0.25 GeV bins for pℓT , pmiss

T [4]. The analysis ranges of pℓT apply also to pmiss
T in the

CDF analyses.

4.2 Probing Modified W Decay in the Sub-EW Region

In this section, we focus on probing NP modifying the W boson decay. In two of the sce-

narios presented, the modified decay is now a 3-body decay, which softens the lepton transverse

momentum distribution compared to the 2-body decay in the SM. This softening of pℓT motivates

a sub-electroweak analysis as the sensitivity to NP will be below the Jacobian peak.

4.2.1 Lµ − Lτ Leptophilic Z ′

The first model we consider is the Lµ−Lτ leptophilic Z ′, which couples to muons and taus.

This model is motivated theoretically as one of the possible gauge-anomaly-free symmetries in

the SM. Details of the model specifics are provided earlier in Section 3.1.1. The softer pT andmT

distributions of the NP, as seen in Fig. 4.1 for a benchmark value of (mZ′ , gZ′) = (10 GeV, 0.12).1

1NP also modifies W -boson total decay width. This effect is expected to be negligible given the projected bound
on the NP parameters. Therefore we fix the width to its SM value. The effect of the width on the mW determination
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Figure 4.1: Normalized transverse mass distributions for µ + /ET at the LHC. Blue line: mZ′ =
10GeV, gZ′ = 0.12). Red line: mµ̃ = 115GeV, mν̃ = 83GeV, mχ̃0

1
= 70GeV. The dashed gray

lines indicate the ATLAS analysis region of mT used to measure mW .

As shown in Fig. 4.1, for gZ′ ∼ O(0.1), the expected S/B ratio is O(10−3). Sensitivity

to these effects strongly relies on the various sources of uncertainties, which is exactly the main

target for the experimental collaborations that reached percent [4] and even sub-percent uncer-

tainties [2, 3], aimed at measuring mW . Also backgrounds are extensively studied and they are

only a few% in the region of interest. In this letter we will not attempt a complete study of the

various sources of uncertainties in the presence of NP. We just comment on the possible effect

of our NP hypothesis on the sample of Z → ℓℓ events which are heavily used for detector cali-

bration [2, 4] and for tuning the boson production model on data [64]. Thus a contamination of

NP in the Z → ℓℓ sample might affect the calibration of the MCs, “calibrating away” signs of

NP [65]. However, by isolating pure Z-boson events with appropriate kinematic cuts, such as

those imposed by ATLAS [2]: 80 < mℓℓ/GeV < 100, the possible contamination of NP in the

within the SM is only a few MeV. [3, 64].
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(a) pp → µ νµ Z
′

(b) pp → µ̃ ν̃µ

Figure 4.2: LHC 95% CL projected sensitivity to (a) Lµ − Lτ . All the lines include detector
simulations. Pileup (⟨µ⟩ = 50), simulated through the dedicated DELPHES ATLAS card, is
included unless indicated otherwise. Present bounds are obtained from [10].

calibration sample is limited to O(10−4), still for gZ′ ∼ O(0.1).

We estimate the sensitivity and the impact of our NP hypothesis on the mW measurement

through a binned χ2 analysis for the pℓT and mT distributions. Our analysis is aligned as much

as possible with the ATLAS measurement [2, 3], only slightly extending the fit range aiming at

maximal sensitivity, shown in Table 4.1. We then compute the χ2 as shown in Section 4.1. We

stress that we are testing the New Physics hypothesis with no prior on mW , as both ∆NP and mW

are floated.

On the contrary, the authors of [66] fixed mW in the hypothesis to the EW fit prediction.

The simultaneous fit to mW and NP that we perform here is thus a more general test of NP and

has the added value to be independent of the EW fit results and the assumptions therein.

The qualitatively new aspect of ∆mW
being a floated parameter in Eq. (4.1) implies that

with the same analysis we extract mW and test NP. The 2-dimensional fit in the (∆mW
,∆NP) is
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reported in Fig. 4.2b for mZ′ = 10 GeV. By assuming 0.5% per-bin uncorrelated systematics and

including the effect of pileup through DELPHES, the ATLAS measured uncertainty is roughly

reproduced.2 Pileup has an impact on the mT distribution and on the resulting mW sensitivity.

The pℓT distribution, on the contrary, is largely insensitive to pileup, hence we use it to draw more

firm conclusions on features of our 2D-fit.

The systematics on the kinematic distributions shown in [3] are below 0.5%. Therefore,

we also consider per-bin systematics of 0.1%. The expected sensitivity to mW (at zero gZ′) is

slightly stronger than the current ATLAS 7 TeV L = 4.6 fb−1 measurement [3]. This is mainly

because we are not including any source of correlated systematics, and we are assuming much

larger statistics from a 13 TeV run with L = 300 fb−1.

The distortion of the pℓT exclusion line (blue) at large values of gZ′ implies a preference

towards positive ∆mW
. This suggests that NP might in principle impact the sensitivity to mW ,

possibly producing a shift in the extracted value and/or affecting the estimate of the associated

uncertainty on mW . Yet, the effect shown in Fig. 4.2b is limited to only ∼ 10 MeV. However, a

quantitative assessment of this effect requires the inclusion of the proper experimental setup and

is beyond the scope of this letter. The sensitivity to gZ′ at ∆mW
= 0 is only marginally affected

by pileup, showing the robustness of the sensitivity to NP.

For completeness, we report in Section 4.2.1.1 an analogous study for CDF [4]. In this

case, the effect of the NP in the mW determination is less pronounced, due to a sharper Jacobian

peak related to the better control of the hadronic activity at CDF which anchors the mW fit more

robustly. However, the sensitivity to NP is statistics-limited, with no prospect for improvements

as CDF is no longer collecting data.

2The average number of pileup events per bunch crossing is ⟨µ⟩ = 50.
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Figure 4.3: Feynman diagram of the neutrino trident production via Coulomb interactions probed
by the CCFR experiment. The diagram is taken from [10].

We now turn to the test of the NP hypothesis. Assuming no prior knowledge on mW ,

the correct procedure to put bounds on NP is to marginalize on ∆mW for each value of the NP

parameters. This is shown in Fig. 4.2a for LHC (L = 300 fb−1) sensitivity projection. Prior

knowledge on mW (either from other measurements or from theory predictions) might impact

the sensitivity to NP, as shown in Fig. 4.2b.

For this analysis, positively and negatively charged-muon events are added together, and

χ2 for pℓT and mT are combined without correlation. Here, the sensitivity projections for CDF

are also reported. The reach for mZ′ ≃ 10 GeV is competitive with the best probe for this

model from a dedicated experiment: Chicago-Columbia-Rochester-Fermilab (CCFR) [10, 67].

The experiment probes neutrino trident production through Coulomb interactions, as shown in

Fig. 4.3.

Yet, it is remarkable that for a 10 GeV Z ′-boson, the mW measurement has the power to

probe couplings ∼ few × 0.01, provided sufficient control of the systematics. Interestingly, less

constrained models such as the “neutrinophilic scalar” of [11] or the “Dirac neutrino portal” [68]

fall in category (A). For the neutrinophilic scalar, we expect the mW measurement to be the best
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(a) CDF 2D fit (b) CDF projected sensitivity

Figure 4.4: (a) 2D fit with 68% CL projected sensitivity to Lµ − Lτ for mZ′ = 10 GeV and (b)
95% CL projected sensitivity to Lµ − Lτ combining pℓT , pmiss

T , and mT at CDF. The solid lines
and dashed lines represent the results when detector effects are included and when they are not
included, respectively.

probe [69].

4.2.1.1 The Lµ − Lτ gauge boson at CDF

We describe the CDF analysis for the Lµ − Lτ Z
′-boson model [37]. The cuts are slightly

modified from those imposed by CDF for the measurement of mW , shown in table 4.1. The SM

and the NP events, without detector effects, are simulated using MADGRAPH5 AMC@NLOV3.42

[59] + PYTHIA8.212 [60]. We simulate detector effects such as smearing of lepton momentum

and hadronic recoil, including pileup, following Ref. [4], such that the distributions resemble

those published by CDF.

The simultaneous fit of ∆mW
and gZ′ is then performed for mT , pℓT and pmiss

T distributions.

The 1σ contours for mT and pℓT are reported in Fig. 4.4a for mZ′ = 10 GeV. The correlation

between gZ′ and the measured mW for both mT and pT contours in the presence of detector

effects. When detector effects are not present, this correlation is absent for mT . This suggests

that the detector effects are responsible for larger gZ′ preferring positive ∆mW
for the fit using
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(a) Lepton transverse momentum distributions (b) Transverse mass distributions

Figure 4.5: Distributions of kinematic observables pℓT and mT for modified W boson decay
and the SM W decay in black. The dashed lines indicate the regions used to extract mW by
ATLAS [3].

mT . This correlation is small compared to that of ATLAS (in Fig. 3 of the main text) because the

pileup effects are much smaller at CDF. This holds true for pℓT as well since the Jacobian peak

is sharper at CDF. These observations may change with a different treatment of the pileup in our

simulation.

Next, for CDF, projected sensitivity to the NP parameters are obtained by marginalizing

over ∆mW
. The χ2 from pℓT , mt, and pmiss

T are combined (without correlation) to obtain exclusion

contours. Fig. 4.4b shows a sensitivity which is comparable to the ATLAS projections for this

model. Since the NP signal populates the SM-dominated region, the reach at ATLAS is limited by

systematics. Hence, even with lower statistics, CDF is competitive. However, CDF’s sensitivity

is unable to improve since no more data is being collected to lower the statistical uncertainties.
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4.2.2 Neutrinophilic scalar ϕ

Next we consider the sensitivity of mW to a neutrinophilic scalar ϕ, whose model details

are described in Section 3.1.2.

We show in Fig. 4.5 the pℓT 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 [2, 3] and CDF [4]

analyses. We depart from the exact selection of ATLAS and CDF in that we slightly enlarge the

analysis ranges of each observable (see Table 4.1 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 our analysis described in Sec. 4.1. We remark that

in this analysis, we use the same cut on recoil uT , thus leaving the QCD aspects of the analysis

substantially unchanged. Most of the gain comes from including softermT and pℓT , 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. (4.1) in the (|λµµ|,∆mW ) plane. The result is reported in
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Figure 4.6: Sensitivity projections for the neutrinophilic scalar model. Left panel: 68% CL reach
on the (|λµµ|,∆mW ) plane with Mϕ = 10 GeV. 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 [11]. 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 4.1 and we marginalize on
mW . The dotted lines assume an “optimistic” setup and set ∆mW = 0. See main text for details.

the left panel of Fig. 4.6 formT and pℓT , LHC and Tevatron colliders, and several possible choices

of systematics. For this analysis, we adopt the setup and the parameters described in Section 4.1

and Table 4.1. 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 pℓT 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 pℓT spectrum

from the three-body decay. This is completely analogous to what we have found for the invisibly
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decaying Lµ − Lτ scenario in Section 4.2.1. We remark that this effect is present for both pℓT

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 Fig. 4.6. 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 4.1). This results in

sharper kinematic distributions3 on which it is harder to hide the soft lepton contribution for the

three-body decay of this model.

In the right panel of Fig. 4.6, 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. (4.1) for each distribution. For LHC, we minimize χ2 = χ2
mT

+ χ2
pℓT

,

and for CDF we minimize χ2 = χ2
mT

+ χ2
pℓT

+ χ2
pmiss
T

. 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 [11]. 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. 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. (3.3)

(see [11] for a comprehensive list of constraints). These cover only a few corners of the parameter

space in Fig. 4.6, hence we omit them for the sake of clarity of the figure. Regarding the bound

from Z-boson decays to invisible extracted from [11], in Fig. 4.6 we report a band rather than

3In the limit that the hadronic recoil u⃗T → 0, W bosons are produced at rest, and the resulting kinematic
distributions pℓT and mT have a sharp Jacobian peak with a steep edge.
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a line. The reason is that in [11] 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
[40] and this strengthens the corresponding bound. Thus,

we obtain the band in Fig. 4.6 from the line of [11] and assuming the corresponding bound

to become insensitive to Mϕ below 10 GeV. We believe that this provides a conservative, yet

realistic, estimate. The most up-to-date bound on invisible Z decays is provided in [70], where

the cancellation effect was confirmed with explicit 1-loop calculations and intereference with the

tree-level SM decay.

In Fig. 4.6, 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 Sec-

tion 4.1 and Table 4.1 with various luminosities and systematics indicated in the figure. Further-

more, 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” projec-

tions 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 pℓT and 0.5

GeV for mT , and, finally, assuming prior knowledge of mW , i.e., fixing ∆mW = 0.

All in all, Fig. 4.6 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.
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4.2.3 Two-body decay into a heavy neutrino ν4

Finally in the modified decay category, we consider the sensitivity of mW to the heavy

neutrino model, described in Section 3.1.3. As done with earlier models, the resulting mT and

pℓT distributions are shown in Fig. 4.5 (green lines). Both spectra get softer than what is ex-

pected 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 pℓT and mT . In Table 4.1 we give the exact ranges that we find

to maximize the sensitivity to this model from the analysis described in Section 4.1. 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 Fig. 4.7 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 in-

volves 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 Fig. 4.7. The figure is obtained taking the

baseline setup described in Section 4.1 and setting mν4 = 10 GeV and studying each χ2
O as in-

dicated by the labels in the figure. Interestingly, a nontrivial correlation between 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
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Figure 4.7: Sensitivity projections for the heavy neutrino scenario. Left panel: 68% CL reach
on the (|U4µ|2,∆mW ) plane for mν4 = 10 GeV. Right panel: 95% CL reach on the (mν4 , |U4µ|2)
plane. Present constraints are extracted from [12]. Our constraints are expected to be roughly the
same for electrons (U4e), where the CKM unitarity bound does not apply.

other experiments, for which we refer to the right panel of Fig. 4.7.

Sensitivity projections for our method and other experiments, taken from [12], are pre-

sented on the (mν4 , |U4µ|2) plane in the right panel of Fig. 4.7. We stress that for this analysis

we employ the baseline setup of Section 4.1 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 Fig. 4.7 considers

mν4 > 0.5 GeV. In the region from few GeV to mW , main constraints are either from elec-

troweak precision tests or from the test of the CKM unitarity [12] 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
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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.

4.3 Probing Modified W Production in the Sub-EW Region

As anticipated, the resulting kinematic distributions give harder spectra than those in the

SM, which are shown in Fig. 4.5 for pℓT and mT . This motivates us to slightly extend the analysis

ranges toward higher pℓT and mT compared to the existing ATLAS measurements (see Table 4.1)

in the sub-electroweak region. This model could also be studied in the circa-electroweak region,

but for this work, 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 pℓT

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 theW mass measurements, we study

the χ2 = χ2
mT

+ χ2
pℓT

computed as described in Section 4.1. 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
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predictions, and especially for the reduction of systematic uncertainties in [2]. 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.

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

Z
′
B in Fig. 4.8. The impact of this model on the mW measurement is reported in the (gZ′

B
, ∆mW )

plane, for a fixed value MZ
′
B
= 10 GeV. Interestingly, also in this model there is some correlation

between the preferred value for ∆mW and gZ′
B

. In contrast to the previously discussed scenarios

with modified decays (see Figs. 4.6 and 4.7), 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

Fig. 4.8 together with constraints on this scenario from other searches. The main constraints

arise from the Run-2 mono-photon and mono-jet searches at the LHC [6,13,71] 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.4 Therefore,

we recast the results of these analyses to estimate a bound on the coupling gZ′
B

in the region of

4We 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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Figure 4.8: Sensitivity projections for the hadrophilic Z ′ scenario. Left panel: 68% CL reach on
the (gZ′

B
,∆mW ) plane withMZ′

B
set to be 10 GeV. Right panel: 95% CL reach on the (MZ′

B
, gZ′

B
)

plane. Existing constraints from mono-jet and mono-photon are obtained by recasts of [6,13] (see
the text for more details).

interest for our work MZ
′
B
∈ [0.5, 50] GeV, assuming Mχ = MZ

′
B
/3. For lighter Z ′

B we expect

our recast to not be sensitive to the exact mass MZ
′
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).

For our recast, we simulate at LO the process pp → A′ + X for X = jet, γ with

MADGRAPH5 AMC@NLO v3.42 [59] using a UFO [72] implementation of the model DM-

SIMP S SPIN1 used by the experiments [73, 74]. We pick as recast bound the strongest bound

obtained among the several inclusive signal regions considered by the relevant experimental

works [6,13,71]. 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 gZ′
B

. For the mono-jet recast, we need to adjust our result, strength-

ening 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
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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 inves-

tigated 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 Fig. 4.8. 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 4.2, 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.
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4.4 Probing ℓ+ /ET without on-shell W in the Sub-EW Region

We now turn to the minimal supersymmetric standard model (MSSM) [55], which offers

a simple irreducible “background” for the mW measurement: “left-handed” SU(2)L doublet

slepton-sneutrino production, with subsequent decay into lepton plus only invisible particles (see

Fig. 3.5),

pp→ ℓ̃(→ ℓ χ̃0
1) ν̃ℓ . (4.4)

In this scenario, both the sneutrino and neutralino are invisible, and either one could be the light-

est stable particle (LSP).5 More details For simplicity, we assume that the other superpartners,

including SU(2)L singlet – or right-handed sleptons – are heavy, thus having negligible cross-

sections at the LHC.

Sleptons lighter than 100 GeV are excluded by LEP [75–79]. Sleptons heavier than the LEP

bound have negligible cross-section at the Tevatron so we do not consider CDF in this section.

LHC searches for di-sleptons [14, 80] are sensitive to sleptons above the LEP bounds but suffer

when the sleptons and χ̃0 are close by in mass. In particular, when the mass gapmℓ̃−mχ̃0 ∼ mW ,

the lepton pT resembles that of the lepton from SM W -boson decay. This compressed region of

parameter space is dominated by SM events and requires a dedicated analysis. In [81, 82] it

has been proposed to use precision measurements to disentangle WW events from di-slepton

production. Yet, there is still some uncovered gap in the parameter space in the experimental

results (see our summary of present constraints in Fig. 4.9). Addressing this shortcoming of the

5When the lightest neutralino χ̃0
1 is the LSP, ℓ̃ → ℓ χ̃0

1, and ν̃ → ν χ̃0
1, as illustrated in Fig. 3.5, produces the

ℓ+ /ET final state. If the sneutrino is the LSP (not shown), then χ̃0
1 → ν̃ ν also maintains the ℓ+ /ET final state.
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Figure 4.9: LHC 95% CL projected sensitivity to MSSM slepton-sneutrino production from our
proposal. All of our projections include detector simulations. Pileup (⟨µ⟩ = 50), simulated
through the dedicated DELPHES ATLAS card, is included unless indicated otherwise. Present
bounds (gray and orange shaded areas) from the ATLAS experiment are adapted from Ref. [14].
Our results are the green shaded area, for the present L = 139 fb−1 integrated luminosity and
0.1% systematics. We also present results under several different pile-up and integrated luminos-
ity options in colors and dashed or dotted lines, as indicated in the plot.

present searches by filling this gap is a main result of this letter.

The phenomenology of the process in Eq. (4.4) belongs to category (C), since no on-shell

W -boson is produced (see Fig. 3.5). As shown in Fig. 4.5, NP produces a rather flat and extended

mT distribution with a rising S/B ratio at highermT , since the process is not initiated by the decay

of a resonance. The contamination in the Z-boson sample due to pp → ¯̃ℓℓ̃ → ℓ̄ℓχ̃0χ̃0 is limited

to O(10−5).

For this model, we follow the same procedure as described in Section 4.1 of marginalizing

on ∆mW
for varying NP parameters. For each point on the mℓ̃ −mχ̃0

1
plane, mW is varied as an

input in the template, and the minimum χ2 is obtained from the fit. The mW determination is

largely governed by the peak positions of pℓT and mT spectra. Therefore, the rather flat kinematic
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distributions of NP contributions make a milder impact on the mW measurement than what is

shown in, for example, Fig. 4.2b. Sensitivity projections are reported in Fig. 4.9 as functions of

(mℓ̃,mχ̃0). The sneutrino mass is fixed at the lowest allowed value in the MSSM, assuming the

large tan β limit [55].

Two sets of expected sensitivities are reported in Fig. 4.9, corresponding to the inclusion

or not of pileup. In both cases, the fitting range (see Table 4.1) is chosen to cover part of the

unexplored parameter space. Extending the range to higher mT , still keeping sufficient control

of the systematics, might improve the sensitivity, as shown in Fig. 4.5. However, far from the

“mW ” region, systematics becomes more challenging. This is caused, for instance, by the limited

Z-boson sample available for calibrations, or by the increasing backgrounds. The study of sys-

tematics outside of the range presently used for each kinematic distribution employed in the mW

measurement can only be carried out by the experimental collaborations. Here we are pointing

out the huge gain in sensitivity to NP that can be obtained by enlarging the fitting range. Ideally

ATLAS and CMS experiments will find the best range of each kinematic variable for which the

experiment can keep systematics under control so as to maximize the sensitivity to NP.

A significant result of ours is that the same analysis used for the mW measurement, with

only a slightly extended fitting range, can put new bounds and potentially discover new physics

in an unexplored parameter space of MSSM. Additionally, the increasing S/B ratio for MSSM

slepton-sneutrino production motivates a search at higher pℓT and mT , which is the circa-EW

strategy shown in the following chapter.
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Chapter 5: Circa-Electroweak Analysis

We now shift away from the Jacobian peak of the SM W , considering a different region of

pℓT and mT . Now the background is dominantly offshell Drell-Yan production of ℓ + /ET , which

has very little dependence on the precise value of mW . Hence, this analysis does not require a

simultaneous fitting of SM and NP parameters. However, this search strategy is not identical to

the usual search strategy in the high energy (supra-EW) regime > TeV. This strategy is a more

targeted search for NP whose kinematic distributions lie between the sub-EW region where mW

is measured and the supra-EW region.

As discussed in detail later in Section 5.1, some sensitivity to BSM comes from the pT

range beyond the SM Jacobian peak [5]. Therefore, we consider the possibility to perform the

search for BSM physics in a different range than what 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 again use the example of sleptons in the MSSM right above the LEP limits to

display one instance of this kind of search. In this context, we will illustrate how the proposed

search strategy can fill gaps of current searches. This analysis does not overlap with the sub-

electroweak analysis, and can therefore be considered an independent study.

The analysis has some slight differences compared to the sub-EW analysis. First of all, it
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differs for 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 5.1. 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 [14, 80]. 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 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. (4.1).

5.1 MSSM Slepton-Sneutrino Production in the Circa-EW Region

This analysis completes and extends our previous results in Section 4.4. More precisely, in

the previous chapter,we focused on the sub-electroweak strategy, showing that the same data re-

sponsible for theW 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 strategy as well. The main

63



Figure 5.1: Distributions of SUSY slepton-sneutrino production as signal and Drell-Yan as back-
ground for pℓT 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 sum-
marized in Tab. 5.1. 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 Fig. 1.2.

reason for bringing our attention to this region is that more canonical analyses, e.g., standard W ′

searches [23], 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 Fig. 5.1, 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

Tab. 5.1. 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 [14, 80, 83].
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W ′ (µ) [23] MSSM
pℓT minimum (GeV) > 50 > 50

pℓT/p
miss
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

pℓT range (GeV) [50, 4000] [75, 250]
mT range (GeV) [120, 7000] [150, 500]
pℓT bin width (GeV) 80 5− 14
mT bin width (GeV) 98 10− 28

Table 5.1: 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 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 pℓT 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 pℓT ∈ [75, 90] GeV and exponentially growing bins1 for 90 < pℓT < 250 GeV. For mT ,

the bin widths are twice those of pℓT , as the associated analysis range is doubled from that of pℓT .

The resulting distributions of pℓT and mT for MSSM sleptons and SM background pp → µν are

shown in Fig. 5.1.

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, Fig. 5.1. We

remark that our results depend only mildly on the exact location of the end-point of the analysis

1The exact formula to obtain the edges of the pℓT 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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Figure 5.2: The 95% CL projected sensitivity to SUSY slepton-sneutrino production at LHC,
using pℓT and mT distributions beyond the Jacobian peak of the SM W boson DY production.
The analysis is summarized in Table 5.1.

range around the values indicated in Tab. 5.1.

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 shown in Section 4.4, which was focused on the

repurposing the mW measurement via sub-EW analyses, 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
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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 [55, 58].

In Fig. 5.2, 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 sys-

tematics as per the color code ranging from 0 to 10%. It is worth noting that the benchmark un-

correlated systematics that we employed are quite smaller compared to the W ′ search [23]. Our

choice seems tenable, however, because we focus our analysis on the region between 200− 400

GeV, whereas [23] insists on much larger values of pT and mT on the TeV tail of the kinematic

distributions. 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

Section 4.4, 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 sub-EW analysis in Section 4.4.
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Chapter 6: Conclusion

The aim of our work 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 Fig. 1.2. 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, BSM searches conducted in regions heavily overlapping with SM measure-

ments exhibit a notable interplay between BSM and SM physics. Specifically, since the same

dataset is used for both BSM searches and SM measurements, it 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 Figs. 4.6, 4.7, and 4.8).
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We find that it is in the sub-electroweak search that the above-mentioned simultaneous fluc-

tuation 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 (Sections 3.1 and 4.2), anomalous W -decay (Sections 3.2

and 4.3) and new physics producing ℓ + /ET without the propagation of a (nearly) on-shell W

(Sections 3.3, 4.4 and 5.1). Each category is illustrated by concrete examples in the corresponding

section. The results we have shown in Chapters 4 and 5 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 three examples: the radiative emission of a leptophilic gauge boson

(Section 4.2.1), the radiative emission of a neutrinophilic scalar (Section 4.2.2) and the two-

body decay of the W into ℓ plus a heavy neutrino (Section 4.2.3). The generic characteristic of
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these decays is to make the lepton pT spectrum softer, populating the sub-electroweak region (see

Figs. 4.1 and 4.5), the same region responsible for themW 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 Figs. 4.6 and 4.7. Specifically, we find that a positive mW shift can

partially compensate for the effect of new physics and this might result in a smaller extractedmW

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 Figs. 4.6 and 4.7).

An example of anomalous W production is presented through the initial state radiation of

a relatively light (1 − 50 GeV) hadrophilic Z ′ (Section 4.3). In this case the W -boson recoils

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-
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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 sub- and circa-electroweak region

via slepton-sneutrino production in the MSSM (Sections 4.4 and 5.1). We show that extending

the analysis to the circa-electroweak region provides further sensitivity and improves our sub-EW

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

Figs. 4.9 and 5.2).

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 ex-

perimental 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” [84–86] or other SUSY scenarios [57], which can produce ℓ + /ET but are

too faint [87] 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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[42] André de Gouvêa and Andrew Kobach. Global Constraints on a Heavy Neutrino. Phys.
Rev. D, 93(3):033005, 2016.

75



[43] Bridget Bertoni, Seyda Ipek, David McKeen, and Ann E. Nelson. Constraints and conse-
quences of reducing small scale structure via large dark matter-neutrino interactions. JHEP,
04:170, 2015.

[44] Jeff A. Dror, Robert Lasenby, and Maxim Pospelov. New constraints on light vectors cou-
pled to anomalous currents. Phys. Rev. Lett., 119(14):141803, 2017.

[45] Luca Di Luzio, Marco Nardecchia, and Claudio Toni. Light vectors coupled to anomalous
currents with harmless Wess-Zumino terms. Phys. Rev. D, 105(11):115042, 2022.

[46] Christopher D. Carone and Hitoshi Murayama. Realistic models with a light U(1) gauge
boson coupled to baryon number. Phys. Rev. D, 52:484–493, 1995.

[47] Pavel Fileviez Perez and Mark B. Wise. Baryon and lepton number as local gauge symme-
tries. Phys. Rev. D, 82:011901, 2010. [Erratum: Phys.Rev.D 82, 079901 (2010)].

[48] Philip Ilten, Yotam Soreq, Mike Williams, and Wei Xue. Serendipity in dark photon
searches. JHEP, 06:004, 2018.

[49] Jens Boos, Christopher D. Carone, Noah L. Donald, and Mikkie R. Musser. Asymptotically
safe dark matter with gauged baryon number. Phys. Rev. D, 107(3):035018, 2023.

[50] J. Wess and B. Zumino. A Lagrangian Model Invariant Under Supergauge Transformations.
Phys. Lett. B, 49:52, 1974.

[51] J. Wess and B. Zumino. Supergauge Invariant Extension of Quantum Electrodynamics.
Nucl. Phys. B, 78:1, 1974.

[52] J. Wess and B. Zumino. Supergauge Transformations in Four-Dimensions. Nucl. Phys. B,
70:39–50, 1974.

[53] D. V. Volkov and V. P. Akulov. Is the Neutrino a Goldstone Particle? Phys. Lett. B, 46:109–
110, 1973.

[54] Yu. A. Golfand and E. P. Likhtman. Extension of the Algebra of Poincare Group Generators
and Violation of p Invariance. JETP Lett., 13:323–326, 1971.

[55] Stephen P. Martin. A Supersymmetry primer. Adv. Ser. Direct. High Energy Phys., 18:1–98,
1998.

[56] Csaba Csaki. The Minimal supersymmetric standard model (MSSM). Mod. Phys. Lett. A,
11:599, 1996.

[57] Linda M. Carpenter, Humberto B. Gilmer, and Junichiro Kawamura. New Bounds on Light
Sneutrino Masses: Rare SUSY Signals. Phys. Rev. D, 103(9):095014, 2021.

[58] Kaustubh Agashe, Sagar Airen, Roberto Franceschini, Doojin Kim, Ashutosh V. Kotwal,
Lorenzo Ricci, and Deepak Sathyan. A new purpose for the W -boson mass measurement:
searching for New Physics in lepton+MET . 10 2023.

76



[59] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H. S. Shao,
T. Stelzer, P. Torrielli, and M. Zaro. The automated computation of tree-level and next-to-
leading order differential cross sections, and their matching to parton shower simulations.
JHEP, 07:079, 2014.

[60] Christian Bierlich et al. A comprehensive guide to the physics and usage of PYTHIA 8.3.
3 2022.

[61] J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V. Lemaı̂tre, A. Mertens, and M. Sel-
vaggi. DELPHES 3, A modular framework for fast simulation of a generic collider experi-
ment. JHEP, 02:057, 2014.

[62] Andy Buckley, James Ferrando, Stephen Lloyd, Karl Nordström, Ben Page, Martin Rüfe-
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