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Perspective

Introduction

Eversincethe discovery of the weak nuclear force inradioactive decays
more than100 years ago, thisinteraction has continued tobe asource of
intrigue and new insights into fundamental particles and their interac-
tions at the smallest distances. Among other surprises, the weak nuclear
force taught us that nature distinguishes between particles and their
mirror images (the so-called parity violation, see ref.1and references
therein), and that fundamental particle masses are emergent properties
arising from their interaction with the constant, non-zero value of the
Higgs field in the vacuum®®,

The Wboson, asone of the carriers of the weak nuclear force (Fig.1),
hasaspecialroleinthe well-developed theory of fundamental particles
referred to as the Standard Model (SM)° ™. Despite certain conceptual
limitations™, the SM continues to be extraordinarily successful in pre-
dicting the properties of fundamental particles and their interactions
as witnessed by the spate of results obtained from experiments at the
Large Hadron Collider (LHC)"™.

However, in the past few years, the high-precision measurement
of the mass of the W boson" was found to differ significantly (7o)
from its calculated value in the SM'*"*®, becoming the latest surprise
in fundamental physics that points towards inadequacies of the SM
and opening doors for further revelations. This measurement confirms
the trend that almost all previous measurements have also been higher
thanthe SM expectation (Fig.2) andis the first to achieve the requisite
precision to create a sharp inconsistency with the SM.

This Perspective article recaps the role of the Wboson mass, M,,,
inthe SMand its extensions, compares and contrasts M,, measurement
techniques and discusses prospects and future directions.

Historical overview

The direct observation of the W (refs. 19,20) and Z (refs. 21,22)
bosons, the mediators of the weak interaction, at the CERN SppSS col-
liderin1983 was a major milestone in the understanding of fundamen-
tal particlesand theirinteractions. Since then, the precise measurement
oftheir masses hasbeen one of the priorities of the subfield of particle
physics that focuses on precision measurements. In afew years follow-
ing the discovery of the Wand Zbosons, their masses were measured
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Fig.1|Illustration of W (or Z) boson production owing to quark (g)-antiquark
(q) annihilation in pp collisions at the Tevatron. The initial-state g (7) are
predominantly intrinsic to the proton p (antiproton p). Quarks associated with
the annihilation toaZboson are indicated in parentheses. Initial-state gluon (g)
radiation and final-state photon (y) radiation are also shown. The initial-state
quantum chromodynamics radiation fragments into a spray of hadrons. At the
Large Hadron Collider, theinitiating ¢ arises from g~ qq splitting. Figure reprinted
with permission fromref. 51, APS.

with a precision of 2-0.5% (refs. 23-27). In the following two decades,
thelarge electron-positron (LEP) collider at CERN**** and the Tevatron
proton-antiproton collider at Fermilab® * advanced these measure-
ments. They surpassed 0.1% precision in the W boson mass*” and
achieved 23 parts per million precision in the mass of the Zboson'®.
With the precise measurements of the Zboson mass, the lifetime of
the muon and the coupling strength of the electromagneticinteraction,
as well as the masses of the top quark and the Higgs boson, within the
SMitis possible to calculate the expected mass of the Wboson to an
accuracy better than 0.01% (ref. 16).

Between 1995 and 2000, the Tevatron collider was upgraded to
deliver a factor of 100 more data than its 1992-1995 run. This second
runoperated between2000 and 2011. Along with many other physics
goals, improving the precision of the W boson mass measurement
to test the SM was a priority for the Tevatron experiments CDF and
D@. Using the steadily increasing data sets, both CDF**~*! and D@°**
produced multiple measurements of the Wboson mass with increasing
precision, reaching 0.02%in 2012 (ref. 55). In parallel, the LHC started
data collection in 2009 and some of these data have been analysed to
publish M,, measurements by the ATLAS***” and LHCb*® experiments,
achieving precisions of 0.02% and 0.04%, respectively. The latest result
from CDF in 2022 uses the complete Tevatron data set and achieves
a precision of almost 0.01% (ref. 15). This measurement reveals a 70
tension with the SM expectation, prompting a flood of speculations
about the implications for new physics.

The measurement of the Wboson mass is substantially more com-
plicated thanthe Zbosonmass, even thoughboth particles have clean
two-body decay modes containing electrons or muons. Most of these
complications arise from the presence of the neutrino in the Wboson
decay, which is undetectable yet carries away half of the rest-mass
energy of the boson. The inference of the latter from the partial
information available in the final state is one of the reasons that each
iteration of the data analysis has required many years. Wbosons also
decay to quark-antiquark pairs. This mode has never been used to
make a precise measurement of M, at ahadron collider, because this
mode is swamped by non-W background processes and because the
measurement of the net four-momentum of the daughter particles is
not sufficiently precise or accurate.

Theoretical motivation
Themass ofthe Wbosonis avery interesting observable because there
isa strong theoretical connection between the masses of the Wand Z
bosonsin the SM. To understand this connection, one canimagine an
inaccurate, yet simplest, version of the weak interaction based purely
ontheSU(2) gauge group. Inthe SM, the principle of gauge symmetry
of the fermionic wave functions isinvoked, under which the fermions
undergo transformations in an internal space while maintaining the
invariance of the theory. The transformation is referred to as a gauge
transformation when it is a smooth (but otherwise arbitrary) func-
tion of spacetime. The manifold of these symmetry transformations is
described by achosenLiegroup, whichisreferred to as the gauge group.
The simplest gauge group is U(1) whose manifold is a circle;
therefore, this gauge transformation changes the phase of the wave
function smoothly with respect to spacetime. The principle of gauge
symmetry states that the equation of motion of the fermion should be
invariant under these arbitrary transformations. Thisis accomplished
by corresponding changes in theinduced vector potential by the spa-
cetime derivative of the arbitrary phase function. The theory with
this choice of gauge group describes fermions with electromagnetic
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SM Fig.2| Wboson mass measurements and the
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interactions. The generators of the Lie group are identified with the
vector bosons that mediate the interaction; the U(1) generator is
identified with the photon.

When the gauge group is SU(2) (whose manifold is the unit
three-sphere $°), the fermions are described in the internal space by
two components that transforminto each other under the action of the
symmetry. As agauge transformation, itisagain local, meaning that it
isamatrix-valued function of spacetime. Therefore, the induced vec-
tor potential is also matrix-valued and couples the two components of
the fermion wave function to each other. For the weak interaction, the
vector bosons thus mediate transformations between the electronand
the electron-neutrino, between the up and down quarks andingeneral
between the two components of the weak-SU(2) doublet of fermions.

Theinfinitesimal SU(2) group transformations have a correspond-
ence with infinitesimal rotations of a sphere. The basis vectors of a
two-component fermionic wave functionmay be visualized as the poles
of the sphere. (This analogy captures some of the properties of the
SU(2) action, but not all of them. The precise mathematical discussions
can be found in refs. 59,60.) This correspondence is in analogy with
SU(2) being used to describe rotations of electronsin space, where the

components of the spinors of SU(2) describe the spin-up and spin-down
states of electrons. Continuing this analogy, the weak interaction
transforms a fermion doublet from one component to the other by
the emission or absorption of a Wboson. This description requires the
existence of a third transformation that can be visualized as a rotation
along the equator of the sphere. Thus, the SU(2) gauge group predicts
three gauge bosons, which mathematically serve as the generators
of group transformations and physically mediate all possible weak
interactions. In this simplest picture, the three types of interactions
associated with the weak force must be exactly symmetric because
they arerelated by the rotational symmetry.

The principle of symmetry under gauge transformations (called
gaugeinvariance) predicts that these transformations must beinduced
by massless gauge bosons in the relativistic quantum theory. This
principle has served to beautifully explain the massless photon as the
gauge mediator of the electromagnetic interaction and the massless
gluons as the mediators of the strong nuclear force when probed at
high energies.

The weak interaction, however, appears to be mediated by very
massive bosons, which explains why this interaction appears to be
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‘weak’ at low energies. This mystery led to the postulate of the Ander-
son-Brout-Englert-Higgs-Guralnik-Hagan-Kibble mechanism?*¢,in
whichthe Lorentz-invariant Higgs field develops a constant, non-zero
valueinthe vacuum. Theinteractions of all particles experiencing the
weak force with this Higgs condensate impart the emergent property
of mass to them as alow-energy manifestation.

In this simplest description of the weak-interaction group, the
three gauge bosons will acquire the same mass because of their mutual
rotational symmetry — the two Wbosons and the third would-be Z
boson. From this starting point, one can sequentially incorporate
the known principles of nature that modify the original rotational
symmetry. The biggest effect is the quantum-mechanical mixing
between the third SU(2) generator and another, electromagnetism-like
U(1) interaction called hypercharge, yielding the observed Zboson
and the photon (y) as the mixed states’. The Higgs field is an SU(2)
doublet. The quantum numbers of its condensate are such that one
of the mixed states remains massless; this state is identified as the
photon'®". In other words, although the condensate (the true vacuum)
is charged under SU(2) .., and under U(1)y ercharge- the linear combina-
tion of these charges thatisidentified as electric charge is zero for the
condensate. Therefore, the vacuumis electrically neutral, gauge invari-
anceismaintained for electromagnetism, electric currentis conserved
andthe photonis massless. However, the weak charge and hypercharge
of the Higgs condensate ensure that the Wand Zbosons acquire masses
whose values are proportional to their respective dimensionless cou-
plingtothe condensate and the energy-dimensioned value of the latter.
This meansthat the weak current and the hypercharge current are not
separately conserved after the Higgs condensate forms'®",

The electromagnetic fine structure coupling a, the Fermi coupling
constant G (extracted from lifetime of the muon) and the Zboson mass
are the most precisely measured observables™ related to the three
parameters of the theory; the SU(2) and U(1) gauge couplings and the
value of the Higgs condensate. With the tight constraints on the param-
eters from these measurements, the theoryisrendered predictive for
M,,.Inother words, the theory predicts M,,when a, G; and the Zboson
mass M, are fixed to their measured values®%

2 _Mj)_ ma
UMz )26

(1+Ar), 1)

in which Ar denotes the quantum-mechanical radiative corrections
(explainedin the next paragraph) and classical physics predicts Ar=0.
The mixing between one of the SU(2) generators and the U(1) generator
violates the original rotational symmetry (called custodial symmetry)
between the three SU(2) generators; the Zboson mass differs from
the Wboson mass, with M, > M,, as the photon mass M, = 0. M,,is thus
a probe of such custodial symmetry-violating effects, which makes
its precise measurement of high importance to check for a deviation
from the calculated value®.

The SU(2) x U(1) mixing effect is within the realm of classical phys-
ics. Inthe 1990s, the precision of the M,, measurement became suffi-
cienttodiscern the small quantum effects denoted by Ar; these are due
tovacuum fluctuations wherein particle-antiparticle pairs appear and
disappear over very short time intervals, consistent with the Heisen-
berg uncertainty principle and special relativity. The gauge bosons
experience quantum fluctuations into fermion-antifermion pairs®*.

From the perspective of the Wboson mass, the most interesting
fluctuationsinvolve the top quark and the bottom quark, members of
aweak-SU(2) doublet. However, their interaction with the Higgs field is

very different, resulting inalarge difference in their massesand alsoa
large violation of the custodial symmetry that tries to maintain the simi-
larity of the Wand Zboson masses. Hence, quantum fluctuationsin the
gauge boson propagatorsinvolving weak-SU(2) doublet components
with different masses induce a calculable modification of M, for afixed
M_; this modification is dominated by fluctuations into top-bottom
quarks, which have by far the largest mass difference among all SU(2)
doublets.In other words, mass differences between weak-SU(2) doublet
fermions represent another violation of the custodial symmetry and
therefore induce a shiftin M, through quantum effects®.
Historically, an estimate of the top quark mass was inferred from
such quantum corrections®. Since the top quark discovery by the
CDF* and D@°® experiments at the Tevatronin1995, its mass has been
measured directlyand included as aninputin the calculation'. Finally,
quantum corrections involving the Higgs boson also induce a shift
in the expected value of M,, (ref. 69), and this became a method for
inferring the Higgs boson mass before the latter was directly observed.
This history illustrates how the Wboson mass, in conjunction with
other measurements, has beenaharbinger of fundamental principles
of nature. Looking towards the future: with increasing precision, M,
can probe additional laws of physics that may follow this pattern of
custodial-symmetry violationbetween the Wand Zbosons. Hypotheses
include a new, weak force (which might mediate an interaction with
dark matter) that mixes with the photonand the Zboson, the existence
ofadditional Higgs-like bosons that interact differently with Wversus
Zbosons and heavy, weakly-interacting fermion or boson pairs that
have alarge mass difference akin to the top-bottom mass difference.
Apopular hypothesis thataccommodates the latter is supersym-
metry, in which all SM particles have supersymmetric partners whose
intrinsic spin differs by /#/2 from their respective SM counterparts.
(The reduced Planck’s constant i = h/(2m) is the fundamental unit of
angular momentum.) Such heavy particles may also arise as composite
states owing to substructure and a new strongly-confining interac-
tion at the TeV energy scale. This new interaction and substructure
may provide a dynamical explanation for the formation of the Higgs
condensate, and the Higgs boson may be abound state rather than the
fundamental scalar of the SM. Conceivably, this new dynamical sector is
connected with dark matter particles, or with the mystery of the excess
of matter over antimatter inthe Universe, or both. Both supersymmetry
and compositeness allow for a new conserved quantum number that
stabilizes one or more of the new particles, which, if interacting very
weakly with SM particles, can constitute the dark matter.
These are some of the hypotheses being investigated as explana-
tions of the difference between the CDF measurement and the SM
expectation of M,,.

Measurement of the Wboson mass

The Wboson mass has been measured both at proton-(anti)proton
colliders and electron-positron colliders. It is healthy for the scientific
development of the field to perform measurements under different
experimental circumstances and with different techniques.

The largest samples of Wand Zbosons are produced at proton-
(anti)proton colliders. The bosons are mostly produced singly from
the annihilation of a quark and an antiquark, respectively, from the
collidingbeam particles (Fig. 1). These initial-state particles are strongly
interacting, that is, the principle of gauge symmetry with the gauge
group SU(3) explains the ‘strong’ interactions between quarks as
being mediated by gluons. Analogous to the electric charge asso-
ciated with particles that interact electromagnetically, the ‘charge’
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quantum number associated with the strong interaction is called
colour. When a coloured quark and antiquark collide to produce
a colourless electroweak boson, they are decelerated, which causes
them to radiate gluons. Thus, electroweak gauge boson production
is accompanied by multiple radiated gluons, which further split into
quark-antiquark pairs. This shower of coloured particles coalesces
into a spray of colour-neutral bound states called hadrons, owing to
the colour-confining nature of the strong interaction.

The decay products of the Wboson provide insufficientinforma-
tion to fully reconstruct the quark-antiquark collision, owing to the
invisible momentum carried away by the neutrino. The measurement
of the net momentum carried by the accompanying spray of hadrons
is therefore necessary to recover as much of the missing information
aspossible.

The SU(3)-gauge theory of strong interactions called quantum
chromodynamics (QCD) has made enormous progress over the past
five decades. In one of its great insights, the combined effect of quan-
tum fluctuations involving quarks and gluonsis toreduce the effective
colour charge as the energy of the scattering process increases’®”".
This property of asymptotic freedom of QCD makes it possible to
calculate high-energy QCD-radiative processes in the perturbation
theory. However, the perturbation theory becomes progressively inac-
curatewhentherelevant process energy decreases to the GeV level and
the effective QCD coupling is no longer small enough.

Sensitivity to QCD calculations

The inference of the neutrino momentum is aided by the use of
theoretical calculations of Wboson production and decay, which take
into account the effects of the strongly interacting QCD radiation.
Over the decades, these calculations have progressed in accuracy by
including quantum-mechanical amplitudes at higher order in the
perturbation theory.

An important theme in the M, measurement is the ability to
improve the accuracy of these calculations by applying constraints
fromthe data. In this respect, the Tevatron has some advantages over
the LHC. First, at the Tevatron, antiprotons already contain antiquarks,
whereas antiquarks have to be generated through the strong inter-
action radiative processes when using proton beams at the LHC***".
Second, the fractional momenta of the (anti)quarks with respect to
the (anti)protons at the Tevatron are larger, and their probability dis-
tributions are better measured and less affected by QCD radiation, in
comparison to the corresponding distributions at the LHC®, Third, W
boson production at the Tevatron is minimally induced by the heavy
bottom, charm and strange quarks, which do contribute substantially
atthe LHC*** and whose effects are difficult to calculate.

Within the general theme of constraining the QCD modelling of
Wboson production with measurements of the accompanying QCD
radiation, there are differences between the methodologies used by the
Tevatron experiments (CDF and D@) and the LHC experiments (ATLAS
and LHCb, with the first measurement from the CMS experiment to
be expected).

The Tevatron experiments have consistently used a calculation of
vector boson production thatincludes the effects of multiple soft-gluon
radiation and gluon splitting into quark-antiquark pairs, coupled to
an exact calculation of a single energetic gluon emission or gluon
splitting”>”. There has been discussion of this boson production and
decay calculationin the context of the highest-precision measurement
of the Wboson mass by the CDF experiment”. (The CDF 2022 meas-
urement uses the latest version of the ResBos program, colloquially

referred to as ResBos2, with next-to-next-to-leading logarithm resum-
mation and next-to-leading order accuracy in QCDin the vector boson
production and decay.) One of the discussion points is the effect of dou-
ble gluonradiation or gluon splitting with high transverse momentum
(pr). Three facts shed light on this particular point.

First, the phase space of the W bosons selected for this analysis
is confined to small p;, in which the ‘resummation’ of multiple gluon
emission and splitting is the most relevant description of the boson
production process. The so-called fixed-order calculation of indi-
vidual emissions is already a minor correction in this phase space.
Second, the calculationis tuned on the observed p; spectrum of the Z
boson, which constrains the QCD parametersthat are largely identical
between Zand Wboson production. All hadron-collider experiments
follow this strategy.

Third, a unique feature of the CDF measurement is the direct
application of the Wboson p; data as an additional constraint on the
corresponding calculation. The perturbative QCD calculation of the W
boson p;spectrum may not be sufficiently accurate even after the
calculation hasbeen adjusted so that the calculated and the measured
Zboson p;spectra agree. The residual variation in the calculated pTW
spectrum owing to unconstrained degrees of freedom has animpact
onthe M, measurement. However, no other experimental analysis has
constrained the calculation of the W boson p; spectrum with the
corresponding observed distributionin the signal sample, as CDF has.

This constraint would be difficult to apply to the LHC experiments
because of the degraded resolution on pTW owingtothe large number
of additional beam-beam interactions occurring simultaneously
(called pile-up events) at the LHC. The Tevatron experiments have the
advantage of running with lower pile-up, which permits CDF to measure
pTW with adequate resolution to apply this constraint.

In this context, the details of Wversus Zboson production merit
further discussion. For massless initial-state quarks (avalid approxima-
tion at the Tevatron), CDF has used the byqT calculation’’® to confirm
that the p|” and p/ spectra would be identical if the bosons had the
same mass. Therefore, the difference between the Wand Zbosons in
the flavour composition of the initial-state quarks does not impact
perturbative-QCD processes. The differencein the boson mass scales,
however, does change the phase space available for QCD radiation and
impacts the pTW/pTZ ratio of the spectra. The variation in this ratio can
be parameterized in terms of the renormalization, factorization and
resummation scales (inincreasing order of sensitivity), which capture
the perturbative inaccuracy of the QCD calculation. CDF constrained
this parameterization using the measured Wboson p;spectrum. In the
context of perturbative QCD, the concern that the tuned Zboson pro-
duction model may not be portable to Wbosons has been addressed
directly only by the CDF analysis.

Inthe ATLAS analysis®**, an attempt was made to check the theo-
retical pTW/pTZ spectrum ratio against a low-precision measurement
made with O(1%) of the M,,-measurement data set. Calculations were
also compared with the tail of the observed distribution of the
component oprW along the charged-lepton direction. This quantity
was presented as a kind of proxy for pTW and used to reject certain
calculations of the p}'/p 7 spectrum ratio.

In the LHCD analysis®®, a measurement oprW was not possible
because the detector does not surround the beam collision point.
An attempt was made to gain sensitivity to the pTW spectrum by float-
ing an additional nuisance parameter in the fit to the g*/p f spectrum
of muons (of charge ¢*) from W* > y*vdata. This parameter converges
to a different value from the one that best fits the pTZ data. If they are
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constrained toacommon value, the inferred M, increases by 39 MeV,
although the quality of the fit degrades. This situation illustrates why
adirect constraint from pTW data, as obtained by CDF, is preferable to
the use of a proxy or multivariate fits with hidden dependencies that
are difficult to control.

At very low boson p;, the effective strong-interaction coupling
becomes large enough that non-perturbative QCD processes domi-
nate, which may differentiate between Zand Wbosons. In the limit of
massless quarks, this possibility is considered in the CDF analysis by
including amass dependence in the non-perturbative parameters. One
parameter is constrained with the CDF dataonthe Zboson, and a pub-
lished globalfitis used for the second parameter. The globalfitincludes
the measured p; spectraof low-mass vector bosons™. As this global fit
was performed about 20 years ago, it would be useful to repeat it with
new dataonlow-mass boson production and with newer computational
tools, to help confirm the robustness of the CDF analysisin this respect.

In summary, all hadron-collider analyses of M,, tune parameters
of the QCD calculation of boson production to match the observed pTZ
distribution. Other than CDF, all other analyses assume that the tuned
calculation automatically describes Wboson production accurately,
although additional parameters are known to differentiate between W
and Zboson production. What sets the CDF analysis apart is its use of
the observed pTW distribution to constrain the mostimportant of these
parameters, demonstrating its reliability in this respect.

Theoretical issues in non-perturbative QCD. The preceding dis-
cussion of electroweak boson production, framed in the context of
massless quarks, suggests the following investigation. A fraction of W
bosons are produced witha charm quarkintheinitial state, whose mass
of ~1.3 GeV may induce a non-perturbative effect that differentiates
W from Zboson production and spoil the portability of the Zboson
production model to Wbosons. At the Tevatron, only a small percent-
age of Wboson productionis induced by charm quarks, whereas this
fractionis many times larger at the LHC. The effect of the charm quark
mass is expected to be negligible at the Tevatron; a definitive con-
firmation requires a QCD calculation that includes the charm quark
mass. Such a calculation would be a welcome addition in the domain
of high-accuracy QCD calculations of electroweak boson produc-
tion. Similar considerations apply for bottom quark-induced Zboson
production at the LHC. As heavy-quark mass effects are a source of
systematic uncertainty at the LHC, M,, measurements at the LHC would
benefit from this calculation.

Another aspect of non-perturbative QCD is worth exploring. The
wave functions of up and down quarks in nucleons are governed by
non-perturbative QCD dynamics. Asthereis a net oftwo up quarks and
onedown quarkinthe proton, Fermi-Dirac statistics suggests a differ-
encebetween the up-quark and down-quark wave functions and their
intrinsic p;. As the mix of up and down quarks differs between Wand Z
bosons, the intrinsic p; difference may lead to small differences inthe
Wand Zboson p; spectra at small p;. (We thank D. Soper, ). Collins and
T.Hanfor this suggestion.) Thisis another example of non-perturbative
effectsthat can spoil the portability of the pTZspectrum parametersto
the pTW spectrum. The quark-flavour dependence of the intrinsic p; is
not known; its theoretical investigation would benefit all
hadron-collider analyses of M,,,.

Thus, improvements in the theoretical understanding of heavy
quarks and of the flavour-dependent non-perturbative aspects of
proton structure would help to port the Zboson model to Wbosons
atvery low p;.

Momentum calibration of the experiment

One ofthe mostimportantaspects of the M,, analysis is the calibration
ofthe momentum of the charged lepton (electron or muon) emittedin
the Wboson decay. Charged-particle momenta are measured using a
magnetic tracker, consisting of position-measuring sensors arranged
inaconcentriccylindrical configuration and immersed in an axial mag-
netic field. The position measurements along the helical trajectories
are used to infer the curvature, the direction and, in conjunction with
the magnetic field, the momentum vector. Electrons and photons are
measured using electromagnetic calorimeters that convert the energy
ofthe particleinto ashower of soft photons and electron-positron pairs
inthenuclear electric field of a dense material. As this cloud of charges
traversesinstrumented active material, it creates scintillation light or
ionization, which is converted to a proportional electrical signal as a
measure of the incident electron/photon energy.

The momentum calibration philosophies followed by the
hadron-collider experiments fallinto two categories: one followed by
the ATLAS, D@ and LHCb experiments and the other followed by the
CDF experiment.

The ATLAS and D@ experiments make no attempt to calibrate the
magnetic tracker from first principles. Instead, they calibrate solely on
the Zboson mass, thatis, they adjust the detector response functions
until the Zboson mass measured using the adjusted lepton momenta
agrees with the previously measured precise value from the LEP
collider. Atfirst glance, this procedure seems sound as M,=91.19 GeVis
similartoM,, = 80.4 GeV and the calibration has tobe ported over afrac-
tion of the relevant momentum range. However, the difference between
M,,and M,is 11 GeV; when the M,, measurement reaches the precision
level of 107, there is no a priori proof that porting the M,-based cali-
bration to M,, is fundamentally understood at the 10~ level. In more
than three decades of M,, measurements at hadron colliders, the sole
reliance on M, for calibration has never been formally proven to be
sufficiently accurate.

The M, analysis from the complete Tevatron Run 2 dataset by the
D@ experimentis aninstance in which the M,-based calibration strategy
did not ultimately succeed. The D@ experiment has not analysed the
latter 40% of Run 2 data, apparently owing to tracker degradation.
(Private communication from the D@ Collaboration.) The larger impli-
cation is that calibration on M, alone is insufficient for the requisite
accuracy and robustness, owing to adependence on tracker informa-
tion. This operational experience andits relevance for M,,measurement
would be useful to document.

Conscious of potential weaknesses of asolely M-based calibration,
allthree CDF publications from Run 2 dataemphasized a more robust
calibration and analysis strategy from the beginning. In contrast with
the other analyses, the CDF procedure for charged-lepton momentum
calibrationrelies on fundamental principles of operation of the sensor
technologies. Thefirst stepis the alignment and calibration of the drift
chamber”, whichyields the calibrated track momentum of all charged
particles. CDF has developed aspecial technique using cosmic rays”®to
pin down the positions of the 30,240 sense wires in the drift chamber
toaprecision of -1 um, eliminating many biases in the measurement of
track parameters’’. The procedure was refined over three iterationsin
the past two decades, eachiteration requiring between1and 2 years.

Cosmic rays provide the most direct and transparent method of
aligning the position-measuring sensors. As these muons rain down on
the detectors from the atmosphere, they traverse the tracking sensors
diametrically across their cylindrical geometry. This trajectory builds
inapowerful redundancy because the same muon is measured twice,
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on opposite sides of the beam axis. In the CDF procedure, a single
helical fit is performed to this double-sided trajectory’®. This fit is
immune to many of the deformations of the tracker that bias collider
tracks; the latter are prone to bias because they propagate outwards
from the beam axis. Owing to this intrinsic rigidity, the double-sided
fitted trajectory of the cosmic ray provides the most robust reference
withrespecttowhichthe sensors canbealigned, thus eliminating the
deformation-induced bias’. Given the large size of the cosmic-ray
sample at CDF, different sensors overlap sufficiently that they are all
anchored with respect to each other with a precision of -1 pm.

The CDF procedure emphasizes the importance of control; the
observable (observables) chosen for calibrating any parame-
ter (parameters) should: first, be a strong function of the parameter
(parameters) of interest, and second, be as independent as possi-
ble of other variables. The latter is a crucial consideration because it
minimizes the chance of being misled in the parameter inference. Both
requirements are strongly satisfied by the CDF cosmic-ray alignment
procedure —itisolates the degrees of freedom of the sensor positions
and is almost independent of other variables. It is then possible for
CDF to analytically identify the remaining modes of displacement that
cannot be measured by the cosmic-ray method; these are pinned down
using complementary techniques®. These features distinguish the CDF
tracker alignment from the procedure published by, for example, the
LHCb experiment™,

The next step in the CDF procedure is the calibration of the mag-
netic field and its spatial non-uniformity using the reconstructed
invariant mass of the J/y particle, whose mass is precisely known, in
its dimuonic decay channel. This large sample enables a fine-grained
spatial scan of the drift chamber. These muons also cover awide range
intrack curvature, the quantity directly measured by the drift chamber,
and enable the calibration of momentum-dependent effects such as
theionization energy loss in the passive material™>**',

Additionally, CDF uses a large sample of Y particles decaying
to dimuons to demonstrate the consistency and robustness of the
tracker calibration. First, Ys with a higher (and again precisely known)
mass than the J/¢ cover the phase space closer to Wbosons. Second,
the muon tracks used for the Y - u*u™ mass calculation can be recon-
structed with two variants of the track reconstruction algorithm.
The consistency of the measured Y mass between these variants is
anotherimportant demonstration of the robustness of the momentum
calibration™***,

Instead of a purely empirical calibration of the electromagnetic
calorimeter, CDF performs a detailed first-principles simulation
of electron and photon detection®® based on the knowledge of the
calorimeter geometry and electromagnetic showering calculations
encoded in the GEANT program®-*2, Next, CDF uses the electrons ema-
nating from Wboson decay, with their calibrated momenta from the
tracker, as an in situ test beam to measure the calorimeter thickness,
nonlinear energy response owing to scintillator ageing, spatial and
temporal variations in response and the amount of passive radiative
material upstream of the tracker. Almost all tuned parameters are
causally related to the principles governing electron and photon
interactions with various materials™**",

The ultimate confirmation of these calibration procedures is the
independent measurement of the Zboson mass by CDF in both elec-
tron and muon channels, using the same ‘blinded’ procedure as used
for the M,, measurement and demonstrating consistency with the
LEP value. Among all hadron-collider measurements of the Wboson
mass, the three CDF measurements published from the Tevatron Run

2 data are unique in pursuing these high-precision calibrations and
cross-checks from first principles®***, All other hadron-collider meas-
urements have been based solely on rescaling various observables
based on the reconstructed Zboson mass.

The LHCb experimentusesamixof//¢ > p'y", Y > 'y andZ-> p'y
data to understand the tracker. Misalignments are parameterized by
correctionstothetrack curvature and the parameters are fitted using a
proxy for thereconstructed Zboson mass in the data. The momentum
scale and resolution parameters are fit simultaneously to the /¢, Y
and Zboson data; however, the mutual consistency of the momentum
calibration fromindependent data sets was not demonstrated*.

For the M,, measurement, the CDF strategy benefits from unique
features of its drift chamber geometry and construction, features
that are lacking in the trackers of the other hadron-collider experi-
ments. First, the CDF drift chamber is a single gaseous volume with
embedded sense wires. Groups of 12 wires (cells) are mounted on
precision-installed cards at each end of the cylindrical chamber, sub-
stantially reducing the number of alignment degrees of freedom””.
Incomparison, the LHC experiments use silicon sensor-based trackers,
which consist of many tens of thousands of small modules, leading to
anexplosioninthe alignment degrees of freedom and a corresponding
increase in tracker complexity for fundamental understanding.

The second advantage conferred by the CDF drift chamber is that,
as a charged particle traverses 96 sense wires radially, there are no
gapsor discontinuities in the instrumented volume. All particles must
pass through 96 drift regions in which their positions are recorded,
without exception. In particular, for incremental changes in the cur-
vature or direction of the particle, the relevant active regions change
continuously and smoothly, with a handful of transitions between
adjacentdrift cells. Thisisthe reason the curvature response function
for this drift chamberis analytic, thatis, the measured track curvature
is asmooth function of the true curvature and can be expressed as
a polynomial function. Pinning down the few relevant polynomial
coefficientsis at the heart of the CDF tracker calibration.

In comparison, silicon trackers provide a factor of ten fewer
(but substantially more precise) measurements, with many more
boundaries betweeninstrumented regions. Itis more difficult to guar-
antee ananalytic curvature response with few measurements along the
track and a highly tiled detector geometry, which is inevitable when
covering a large area with numerous small planar sensors.

Silicon trackers provide considerably higher performance than
drift chambersin terms of precision, rate capability, granularity, radia-
tion hardness and the ability to operate in high-flux environments.
They are also uniquely suited to be placed close to the beaminteraction
point and measure the track impact parameters with high precision.
Itis the geometrical complexity and segmentation of silicon trackers
that the curvature measurement is particularly sensitive to, because
curvatureis related to the second radial derivative of position, whereas
impact parameter is related to the first derivative. In addition, for the
M, measurement, it is the track curvature thatis crucial for the accurate
inference of the transverse momentum, whereas theimpact parameter
isirrelevant because the daughter leptons are prompt.

This discussion motivates further studies of tracker geometries
and an exploration of geometrical deformations that lead to a
non-analytic curvature response at small curvature. It behooves the
experiments to conduct such studies to fully understand and exploit
magnetic trackers for precision measurements. It would be natural for
CDF tolead these studies as they are most advanced in the systematic
understanding of tracker-based momentum calibration.
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In the spirit of making the most reliable measurement possible,
itis crucial that the M,, analysis is based on fundamental principles,
which are transparent and are in the public domain. The strategy of
CDF for calibrating the charged-lepton momentum exemplifies this
philosophy.

Event selection

The upside of Wboson production at hadron colliders is that the pro-
duction rate is substantially higher than that at electron-positron
colliders (such as LEP II); the complication is that this rate is less than
one-millionth of the total hadron-hadron interaction rate. Real-time
filtering to record events of interest while rejecting 99.99% of the
uninteresting collisions is a crucial aspect of the experimental tech-
niques at hadron colliders. In the offline analysis of the recorded
data, further requirements are placed on the event information to
suppress high-rate backgrounds from QCD-induced non-W events
that mimic high-p; electrons/muons along with a p;imbalance owing
toresolution, faking a neutrino signature.

Itisimportant to minimize the selection bias on W-boson events
while also minimizing the mis-identification backgrounds. Both effects
alter the shape of the kinematic distributions fromwhich M, is inferred.
The larger the bias, the more accurately it must be estimated from
control samples of data or high-quality simulation.

Among the hadron-collider experiments, CDF has the highest
charged-lepton trigger efficiency and the smallest mis-identification
backgrounds; for Wboson events selected with the charged-lepton
pT" >30GeV fortheanalysis, the trigger efficiency is essentially 100%
with no dependence on pT/ As shown in Supplementary Fig. 40 of
ref. 15, the inferred M, is stable with respect to the pr requirement;
no correction for trigger inefficiency is needed here. This is a sub-
stantial simplification compared with the p;-dependent trigger
inefficiencies in the ATLAS, D@ and LHCb experiments, which must
be estimated and corrected for to prevent biasing the inferred M,,.
The dependence of the selection bias on event topology is also the
smallestin the CDF analysis, in which the simplest selection require-
ments are sufficient to achieve charged-lepton mis-identification
backgrounds <0.4%.

Both the amount of QCD radiation accompanying the Wbosons
and the number of pile-up events are much smaller at the Tevatronthan
atthe LHC.Small pile-upimpliesthat theresolution ontheinferred p;
oftheneutrino p.’is much better at the Tevatron. Both circumstances
force the Wboson selection to be pTW <30GeV in the ATLAS analysis,
which is suboptimal compared with the pTW <15GeV requirement in
the CDF and D@ analyses. The former admits more mis-identification
background, more QCD radiation, more corrections for efficiency-
related biases and considerable smearing of the kinematic distributions
sensitive toM,,, all of which increase the experimental and theoretical
complications associated with LHC measurements of M.

One concludes that the CDF experiment requires the smallest
corrections for trigger-induced and selection-induced biases among
the hadron-collider experiments. This is an intrinsic advantage in
favour of CDF in terms of robustness of the analysis.

Hadronicrecoil measurement

The p ' vector is inferred by measuring the p_ vector of all detectable
particles and imposing p-balance assuming a single neutrino in the
event. In addition to the charged lepton (leptons) from W(Z) boson
decay, theinitial-state QCD radiation which fragmentsinto a spray of
hadrons must also be measured (Fig. 1). The vector sum u of the P;

vectors of these hadronsis referred to as the hadronicrecoil vector, as
it represents the measurement of —pTW(Z) using the hadrons. The
response and resolution functions that characterize theumeasurement
aremore complicated than those for electrons and muons; fortunately,
therequiredaccuracyisin parts per thousand rather thantens of parts
per million for the charged leptons.

At a hadron collider, most of the energy of the beam particles is
transferred to collision fragments that propagate at small angles along
the beam pipe and cannotbe detected. Hence, energy and momentum
conservation cannot be used to infer the longitudinal momentum of
the neutrino; one can work withits p_ vector only.

Three kinematic quantities are sensitive to M,,; the distributions
of p; of the charged lepton and the neutrino, and the transverse mass
my, whichisakin to theinvariant mass butuses the p_.vectors of leptons.
The maximum value of the p; of leptons (the approximate end point
of distributions) islinearin M, butis also linearinboson p;. The latter
isincorporated from anaccurate calculation, as discussed before, and
measured as u. Bothinputs areimportant because neither is sufficient.
The special property of the m; distribution is that its end point does
not depend on the boost of the boson, while still being linear in M,,..
This linear dependence on M, isused to infer the value of M,, fromthe
shape of these distributions.

The My extraction fromthe p. distribution is by far the most sensi-
tive to the imperfections of u. Contrary to popular misconception, the
use of the charged-lepton pr distribution is far from immune to u.
The m-based extraction has yet another set of correlated dependencies
onthevariousinputs. One of the strengths of the Tevatron analyses is
that the benefits of the m; variable are fully exploited, because the small
pile-up maintains good resolution on u. In fact, as shown in the CDF
and D@ analyses, the u-resolution is good enough to permit a
reasonably precise extraction even from the p." distribution™".

The pT”vector has the sameroleinall three kinematic distributions;
they differ onlyinthe usage of u. Hence, the consistency of the M, values
inferred fromthese three distributionsis the most powerful cross-check
onthevalidity of the umeasurement and the associated uncertainties.
The covariances of these M, values with respect to the response and
resolution functions of uare used to quantify their mutual consistency.
These consistency checks have been published by CDF****', An addi-
tional check to examine the consistency of M,, measurements in bins
of pile-up would be useful for CDF to investigate.

Unfortunately, theuresolutionis quite degraded at the LHC owing
to the larger pile-up, to the extent that the m-based and p'-based
extractions are almost powerless in providing a validation of the u
measurement. Yet, the pr -based extraction, which s essentially the sole
method of M, inference at the LHC, is sensitive to a mis-measurement
of uthrough the event-selection criteria. As such, the LHC measure-
ments of M,, lack the ability to demonstrate their robustness with
respect to the hadronic recoil measurement in the same way that CDF
has demonstrated. The alternatives pursued in the ATLAS analysis are
not as powerful’*”’. For example, the W-like reconstruction of the Z
boson mass (Fig.16 of ref. 56) isinconclusive at best.

This weakness can be rectified by the analysis of the low pile-up
datarecorded at the LHC for the M, measurement. In the CDF analysis,
them;: pr : py-based extractions contributein the proportion 64:26:10
in the combined final answer, whereas in the ATLAS analysis the pT’/’-
based extraction provides 95% of the final answer®’, Even the p;-based
extraction at CDF is more impactful than the m;-based extraction at
ATLAS. These weightsillustrate the usefulness of the low pile-up data
attheLHC.
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Onarelated note, the component of uparallelto the charged-lepton
directionisimportant;it contributes linearly to the p; of leptons. Inthe
CDF analysis, special attention is devoted to the understanding of this
componentand itsimplications, as documented extensively in each of
the three CDF publications from the Tevatron Run 2 data. A correspond-
ing expositioninfuture ATLAS publications would be welcome, asthere
is currently little discussion of this key issue.

The point to emphasize is that the lower pile-up confers a signi-
ficant advantage to the Tevatron over the LHC, which CDF has fully
exploited to show cross-checks of the hadronic recoil measurement.

Likelihood fitting

Theinference of parameters of interest (POI) from data is the domain
of statistical analysis. The accurate description of the datais also con-
trolled by many other ‘nuisance’ parameters; so named because they
need tobe constrained to extract the POI, but are not the motivation for
the analysis. When the POl is M,,, the nuisance parameters are related
to the boson production and decay physics, the detector response
and resolution functions and the non-W processes contaminating the
data sample. The typical method of statistical inference is likelihood
maximization, in which the likelihood function depends on the POI(s)
and the nuisance parameters.

There is a divergence on the choice whether to float the POl and
the nuisance parameters separately or simultaneously. Two schools of
thought have emerged. The traditional, conservative and time-tested
methodology in precision measurements is to float them separately.
The first step is to constrain all nuisance parameters from independ-
ent control samples of data, selected to be strongly constraining on
the nuisance parameters while being independent of M,,. For each
nuisance parameter,a causal and explainable logicis developed, whose
reasoning canbe debated and improved, leading to scientific learning
and progress. Likelihood maximization on these control data with
respect to the nuisance parameters provides well-understood con-
straints on the latter. In the next step, the likelihood with respect to
M,, is maximized on the m; or the lepton p; distributions of the data,
whereas the nuisance parameters are fixed to their respective values
determined from the causal analysis of the control data. The covari-
ance of M, in the nuisance parameter space is estimated by varying the
nuisance parameters by their a priorijustified uncertainties and noting
theinducedshiftinthefitted value of M,,. The covariance is determined
from the model of the data so that it does not suffer from data-driven
statistical fluctuations. This methodology, applied by the Tevatron
experiments, has steadily advanced our fundamental understanding
of the nuisance parameters and their impact on the M,, extraction,
as documented in a set of detailed publications!>?783941434546495154
Itis considered a robust, interpretable and transparent method of
data analysis because it clearly demarcates between the POl and the
nuisance parameters and maintains their meaning.

The newer school of thought approaches precision analysis as a
machine-learning exercise. The a priori constraints on nuisance param-
eters from control dataare sometimes weak. Inanattempt toimprove
these constraints, amulti-parameter likelihood functionis constructed
that incorporates the nuisance parameters and the POl on an almost
equalfooting. Inthis high-dimensional parameter space, the likelihood
ismaximized on the m;or pr distributions of the Wboson data.In the
ATLAS re-analysis® of M, the number of nuisance parameters is
initially in the hundreds.

This method appears sophisticated and increases the accuracy
with which the nuisance and the interesting parameters together

describe the m; and pr distributions. However, the interpretation of
theinferred M,, and its uncertainties is now opaque as it is mixed with
hundreds of other parameters. The causal interpretation of the nui-
sance parameters may be lostif all parametersincluding M,,are reduced
to mere smoothing knobs to fit a set of kinematic distributions. This
raises the concern that M,, is getting tuned to smooth out internal
inconsistencies, thereby losing its rigorous interpretation as a meas-
ured quantity. Similar concerns arise in the context of ‘over-fitting’in
the parametric modelling of data®*®,

These issues worsen as the dimensionality of the nuisance param-
eter spaceincreases; eveniftheinitial choice of hundreds of parameters
ispruned to 218, asin the ATLAS analysis, the post-fit likelihood func-
tionisstillimpossible to visualize and scrutinize. Mathematically, there
is no guarantee that a 218-dimensional likelihood function is well
behavedinthe entire domainbounded by the a prioriuncertainties on
the nuisance parameters; meaning that thereis astable global minimum
without the existence of local minima, under-constrained ‘valleys’ and
saddle points, which can lead to chaotic paths in the numerical mini-
mization. Such issues may lead to a ‘random walk’ of M,, of O(-/N 6)
amounting to tens of megaelectronvolts (MeV), in which Nis the (large)
number of nuisance parameters floated simultaneously in the likeli-
hood function and §is a typical M,, deviation of afew MeV induced by
each ofthem. Canonea priori defend the hypothesis-testing ability of
amethod which relies on a single POI that is susceptible to a random
walkin ahuge, 200+-dimensional parameter space?

Ifthe nuisance parameters are not correlated with the POI, there
is no need to float them simultaneously with the POL. If they are cor-
related with the POI, thenitis dangerous to float them simultaneously
with the POL. In either case, the more robust procedureis to determine
nuisance parameters from control samples of data, not the data used
to determine the POL.

The purpose of high-dimensional machine-learning models is to
provide a reproduction of training data, that is, a method of mimick-
ing data rather than a method of learning fundamental principles
governing the data. There is a rapidly growing forum in computer
science related to interpretability and explainability of black-box
machine-learning models. Explainable models allow human users to
comprehend how the model is extracting information from the data
andtodebate whether the model and itsresults can be trusted. Explain-
ability is a requirement when a parameter that has a fundamental
meaningisinferred fromthe data. CDF has maintained this philosophy
of explainability for all its M,, measurements and will continue to do
sointhe future.

Inthe M, context, itisimportant to understand the causal source
of information in multi-parameter fitting, such as the reduction of the
M,,uncertainty owing to the proton structure in the ATLAS analysis
from a priori 28 MeV to 8 MeV after the multi-parameter fit®*, Which
aspectsofthe m;and pT” distributions are constraining which degrees
of freedom pertaining to the protonstructure? Are these constrained
degrees of freedom consistent with other world data describing the
proton structure?

It would be interesting to understand the stability of multi-
parameter fitting and to compare what one seems to learn from
such fitting with what one expects to learn based on first-principles
reasoning. The Fisher information is a measure of how much
information about any model parameter is carried by the data. Evalu-
ating the Fisher information for the nuisance parameters can help
understand whether multi-parameter fitting is resulting in legitimate
or spurious constraints.
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Table 1| Comparisons of the W boson mass M, analyses
performed by various experiments at hadron colliders

Criterion CDF D@ ATLAS LHCb
Sensitivity to proton structure Low Low High High
Sensitivity to heavy quark effects Low Low High High
Electron channel analysed Yes Yes Yes No
Muon channel analysed Yes No Yes Yes
Check of p# model with data Yes Yes Yes Yes
Check of py¥/p# ratio with data Strong No Weak  No
Emphasis on tracker alignment Yes No No No
Momentum calibration using Yes No No Partial
Jlyand Y

Independent M, measurement and Yes No No No
confirmation

Event selection bias corrections Small  Large Large Large
Recoil validation with m;, p{ and p{ fits Strong Modest Weak  No
M,-independent nuisance parameter Yes Yes No No
constraints

Dimensionality of M,,-inference 1 1 218 8
likelihood

Explainability of M,, inference High High Low Low

procedure

Using simulated datain which the ground truthis known by design,
thelikelihood-fitting approaches used by the Tevatron and LHC experi-
ments could be compared. Among other insights, such a study could
help understand why re-fitting the same data published in 2018
(refs.56,57) by ATLAS withidentical calibrations caused a16 MeV shift®
in the extracted M,, — the only change was that nuisance parameters
were floated during M, extraction. Similarly, M,,changes by 39 MeVin
the LHCb analysis when an additional parameter ascribed to the pTW
spectrumis floated simultaneously*®. Could these shifts be asymptom
of fitting instability in the black-box approach? The spectre of jump-
ing between local minima in the loss function haunts the use of
multi-parameter fitting.

Comparisons of My, analyses at hadron colliders

The preceding sections discussed key aspects of M, analyses and com-
parisons between how different experiments addressed them. Table 1
summarizes these comparisons.

Experience of M, measurements

The prerequisite for higher precision measurements of M, is the
increase of the data set size. It is also a learning experience because
reducing the statistical error is only useful if the uncertainties owing
to nuisance parameters (systematic uncertainties) are also reduced,
andthisrequires adeeper and more informed analysis. In other words,
achieving precisionisas much dependent onclimbing alonglearning
curve, ason having more data.

The progress on both fronts is notable in Fig. 2. Starting with the
UAland UA2 experiments at the CERN SppS collider, hadron colliders
have reduced the uncertainties from all sources by two orders of
magnitude. During these decades, abetter understanding of measure-
ment procedures and nuisance parameters has occasionally shifted
the value of a new measurement by more than the estimated

uncertainty on the previous measurement. For example, the CDF meas-
urement from the first quarter of the Tevatron Run 2 data set appears
tobe shifted low by 33 MeV compared with their high-precision meas-
urement from the full data set”. As their analysis techniques improved
substantially together witha quadrupling of the data, it would be useful
for CDF to investigate whether there is a causal explanation for the
shift, which would contribute to scientific learning. In the same vein,
the shift of 16 MeV in the ATLAS measurement owing solely to an
updated likelihood estimator and the shift of 39 MeV in the LHCb
measurement owing to an additional floated parameter ascribed to
the pTW spectrum are worth understanding at a deeper level.

Measurements of M, have also been performed at the LEP col-
lider at CERN using two different methods. In the first method, M,, is
inferred from the rise of the WIW pair-production cross-section when
the electron-positron beam energies are scanned across the Wi
pair-mass threshold® . These measurements were limited by the
datasetsize, but this threshold-scan techniqueis arobust and accurate
method of measuring M,,. It could be repeated with extreme precision
(-0.5MeV) at a future electron-positron collider designed to run at
much higher luminosity®. The threshold-scan measurement of M, is
aprime motivator for such a future collider.

The second method of measuring M,, at LEP used the recon-
structed four-momenta of the final-state hadrons and charged leptons
emanating from the decay of the pair-produced Wbosons. Whenboth
Wbosons decay hadronically, strong interactions between the decay
products fromthe two Wbosons create abiasintheinferred M,,, which
is corrected on the basis of hadronization models* . Methods of
attributing the momenta of measured particles to the respective W
bosons evolved, as did the hadronization models®* . Between 2003
and2006-2008, all four LEP experiments updated their measurements
by ~75MeV or zlo each, as seen in Fig. 2 and refs. 36,87,88. In prepara-
tionforanew electron-positron collider, revisiting the origin of these
rather substantial shifts would be educational.

The lesson learnt is that understanding and control of nuisance
parameters is crucial in all M,, analyses, both at lepton and hadron
colliders.

Prospects
The experiments running at the LHC are technologically advanced and
canbe calibrated with careful analysis of in situ control samples of data.
They have already collected two orders of magnitude larger datasam-
ples than the Tevatron, and another order of magnitude increase is
expected from future running. However, these samples will suffer from
alargerate of pile-up events because they have been or will be collected
with a high beam luminosity, which enables the large signal sample
rate. Ironically, the requirements of the M,, measurement from the
perspective of precision and robustness are better served by a lower
beam energy to simplify the Wboson production dynamics and alower
beam luminosity to reduce pile-up. Although the technical and scien-
tific cost to the rest of the LHC physics programme may outweigh the
benefit of alower beam energy, a short-term reduction in the beam
luminosityisanattractive option. Data collected at low luminosity will
reduce the number of additional proton-proton collisions that com-
plicate the inference of the neutrino momentum. Among other ben-
efits, low-luminosity data will provide the built-in consistency check
of M, extracted from the my, pT" and p_ distributions, which is only
possible when the p_ resolution is not degraded by pile-up.

In the longer term, an electron-positron collider that serves
as a Higgs and electroweak factory will be the ultimate precision
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machine for the measurement of W, Zand Higgs boson properties®* %,

Thebeam-energy scan at the Wi pair-production threshold is the most
robust method of confirming the difference between the measured
M,, and its SM-calculated value®. This difference is most striking in
therecent CDF measurement, but Fig. 2 shows the historical trend for
this difference to be positive.

The M,, measurement at an electron-positron future collider
complements an extensive programme of precision measurements of Z
bosons, which canimprove upon the precisionachieved at LEP by afac-
tor of 20-100 (ref. 92). Similarly, certain properties of the Higgs boson
canbe measured with precision ranging from1%to 0.2%, exceeding the
capability of the LHCin these respects’’. As with M,,, the motivation for
making extremely precise measurements of such observables is that
they canbe calculated with commensurately high precisionin the SM.
A pattern of deviations between measured and calculated values may
emerge that guides us to develop a deeper theory that subsumes and
supersedes the SM.

Weak mixing angle
Inthe third section, we discussed how the SM predicts the value of M,,
when other key parameters are fixed by measurements. We mentioned
the weak mixing angle that describes the superposition of two
generators of the SU(2)yeo and U(Dpypercharge GaUZE groups, respectively.
The SMalso predicts the weak mixing angle when the aforementioned
parameters are fixed”; thus, a precise measurement of the weak mixing
angle provides a stringent test of the SM, along the same lines as and
independent of M,,.

The two most precise measurements of the weak mixing angle have
been performed in the 1990s by the LEP experiments and by the SLD
experiment at the SLAC SLC accelerator, respectively’. The measure-
ments were based on different properties of Zbosons; the SLD observ-
able dependsonleptonic couplings only, whereas the LEP observable
involves b-quark couplings. The measurements differ by 3.20. The SLD
measurement relies on beam polarization and the LEP measurement
reliesonidentification of b-quarks produced from the Zboson decay.

This discrepancy has not been resolved; nevertheless, the two
measurements have been averaged. Additional measurements have
been made in atomic parity violation, electron and neutrino scat-
tering and at the Tevatron and LHC (reviewed elsewhere'®). Analysis
of the available LHC data may yield a precision similar to that of the
SLD measurement. New experiments®™ i

including those at a future
electron-positron collider®~* plan to improve upon the precision of
this parameter.

Inthe meantime, the status of this discrepancy in the weak mixing
angle is similar to the ~30 difference between the CDF and ATLAS
measurements of M,,. Per precedence, the scientific approach is to
combine the M,, measurements using established statistical methods
while continuing investigations. This approach has been used when
even larger differences, such as the 5.50between measurements of the
fine structure constant a using cesium and rubidium atoms, have been
found®. An alternate, biased approach has been presented in ref. 98.
Unless scientific concerns on any published result are documented, it
isnotgood scientific practice to isolate any measurement as an outlier
and remove it from aworld average. The Particle Data Group (PDG) has
maintained a time-tested procedure for combining measurements
that are not in perfect agreement — the PDG review is replete with
examples'.

Itisinteresting to note that the SLD measurement of the weak mix-
ing angle and the CDF measurement of M,, each point towards the same

new physics, qualitatively and quantitatively. This concurrence (Fig.3)
has been pointed outinref. 99, in which it was shown that both meas-
urements favour asimilar violation of the WZ custodial symmetry that
we discussed in the third section as an approximate feature of the SM.

Muon magnetic moment

Analogous to M,, and sin?6,g, the magnetic moments of the electron
and themuon are precisely measurable and their values are predicted
by the SM. The magnetic moment is proportional to theintrinsic spin,
the charge/massratio and the g-factor,inwhich g=2in Dirac’s theory
oftheelectron. Inthe quantum field theory, this predictionis modified
by quantum fluctuations, which are calculable as a perturbation series
with the electromagnetic fine structure constant a as the expansion
parameter. A measurement of (g — 2) is a stringent test of the SM and
has been pursued for both electrons and muons for many decades,
along with increasing accuracy of its calculations.
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Fig. 3 |Illustration of the two most precise measurements of the weak mixing
angle 0, (shown conventionally as sin?6,¢ on the vertical axis) from the large
electron-positron (LEP) experiments and the SLD experiment, respectively®,
and their average'. The CDF experiment’s measurement of the Wboson mass is
shown on the horizontal axis. The Standard Model (SM) expectation is shown as
the orange cross. The SLD experiment’s measurement of sin26, and the CDF
measurement of M,, concur on a set of new-physics scenarios shown as the line of
coloured points. Although a non-supersymmetric framework with additional
Higgs bosons (N2HDM) is used inref. 99, the common feature between these and
other modelsis the violation of WZ custodial symmetry mentioned in the third
section. A g refers to the measurement of the weak mixing angle derived from the
cross section asymmetry between left-handed and right-handed polarizations of
the electron beam, as performed by the SLD experiment. Both techniques apply to
electron-positron annihilation at the Z-boson pole. PDG refers to the Particle Data
Group. Figure reprinted from ref. 99, Springer Nature Limited. A°°; refers to the
measurement of the weak mixing angle derived from the forward-backward
asymmetry of b-quark production, as performed by the LEP experiments.
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Inthe past few years, a difference between the measured and cal-
culated values of muon (g - 2) hasbeen reported'*'**, The most recent
measurement from Fermilab'® improves the precision of the experi-
mental world average by a factor of two. Simultaneously, the SM
calculation of this quantity is being revisited'** owing to improved
inputs from QCD calculations on the lattice'®'°° and from a new
measurement of the e'e” > m'm” cross section near threshold'”’. This
information changes the hadronic vacuum polarization and the result-
ing update to a would bring the SM value of the muon (g - 2) closer to
the measured value.

The effect of low-energy hadronic quantum fluctuations on a
propagates to M,, and to the muon (g - 2) in opposite directions'*s.
Inotherwords, if the discrepancy between the measured and calculated
values was to reduce for the muon (g - 2) owing to an adjustment of
a, the discrepancy must increase for all M, measurements and vice
versa. Thereis noway to reconcile both discrepancies simultaneously
by adjusting this hadronic quantum correctionona.

The interesting conclusion is that the combination of these two
measurements makes a striking case for new physics. Whether the
new physics manifests in the magnetic moment of the muon, or the W
boson mass, or both, these two measurements are hinting at a future
beyond the Higgs boson.

Summary

Developed over acentury, the SMis one of the crowning achievements
of science. It is built on a remarkable set of axioms of local quantum
field theory, special relativity and group theory and has been both
strongly guided by and predictive of a vast set of experimental
observations. The theoretical structure of the SM and past consist-
ency withexperimental datatogetherled to the prediction of the Higgs
boson, which was spectacularly confirmed by its observationat the LHC
in2012.

Nevertheless, the SMis not expected to be the most fundamental
theory of matter and forces. First, the Higgs sector of the SMis not as
axiomatic as therest of the theory; the fermionicinteractions and the
self-interactions of the Higgs field are parametrized phenomenologi-
cally without a fully dynamical construction. Second, the parameter
describing the Higgs boson mass receives large quantum corrections
that are very sensitive to unknown physics at arbitrarily high-energy
scales. The small observed value of the Higgs boson mass raises the
concern of ‘naturalness’ of the Higgs sector, because it requires an
extremely tuned set of conditions at higher energies. Such ‘fine-tuning’
is prevented in other sectors of the SM by its symmetry structure'® and
canbealleviated for the Higgs mass parameter as well by extending the
field content and symmetries of the theory. The fine-tuning associated
with the Higgs mass increases quadratically with the energy scale of
new physics, which creates an expectation that the new physics could
be around the corner.

Another set of deficienciesin the SMrelates to crucial facts of cos-
mological significance — the observed excess of matter over antimatter
in the universe, neutrino mass, dark matter, dark energy and cosmic
inflation, all of which are beyond the scope of the SM. Finally, the force
of gravity cannot be accommodated into the quantum field-theoretic
framework of the SM.

For these reasons, physics beyond the SMis expected to show up.
A priori there is no definitive prediction for the energy scale at which
new physics may berevealed. Nevertheless, these considerationsjustify
current and future particle physics experiments that are designed to
observe phenomena not explainable by the SM.

We discussed the theoretical reasoning for the Wboson mass to
be a sensitive probe of certain aspects of new physics, which explains
why its measurement has been pursued with increasing precision
(progressing by two orders of magnitude) over the past three decades.
Finally, we have an M,, measurement that shows a significant tension;
itis the largest deviation observed from a prediction of the SM. The
most exciting possibility is that the new physics that this deviation
points towards will reveal itself as new particles in the near future.

Published online: 31 January 2024
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