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10.1 Introduction

The Standard Model of the electroweak interactions (SM) [1-4] is a renormalizable gauge quan-
tum field theory based on the group SU(2) x U(1), with gauge bosons W;;, i=1,2,3, and B, for
the SU(2) and U(1) factors, respectively, and the corresponding gauge coupling constants g and
¢’. The quantum numbers of the two subgroups are known as weak isospin and weak hypercharge,
respectively. The left-handed lepton and quark fields of the i*® fermion family transform as doublets
v, = (Zi> and (Zf ) under SU(2), respectively. Here we assume a flavor basis where the lepton and
up-quark fields are aligned with the physical basis, whereas for the down-type quarks the interac-
tion and mass bases are related by the Cabibbo-Kobayashi-Maskawa mixing [5,6] matrix V¢KM:
di =35 VSKM d;. The right-handed fermion fields transform as SU(2) singlets. From Higgs and
electroweak (EW) precision data it is known that there are precisely three sequential fermion fam-
ilies. Constraints on VKM and tests of universality are discussed in Ref. [7] and in Section 12
on the “CKM Quark-Mixing Matrix” in this Review. The extension of the formalism to allow for
an analogous leptonic mixing matrix is discussed in Section 14 on “Neutrino Masses, Mixing, and
Oscillations” in this Review.
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2 10. Electroweak Model and Constraints on New Physics

A complex scalar Higgs doublet, ¢, is added to the model for mass generation through sponta-
neous symmetry breaking with potential given by

2 +
V(g) = i*oo+ %(qb%)z ,  ¢= @0) : (10.1)

For 2 negative, ¢ develops a vacuum expectation value, (¢) = (0,v/y/2)", where v = v/2|u|/\ ~
246 GeV, breaking the EW symmetry down to the remaining U(1)en symmetry of Quantum Elec-
trodynamics (QED). After this, only one neutral Higgs scalar, H, remains in the physical particle
spectrum. The three remaining degrees of freedom in the doublet ¢ correspond to would-be Gold-
stone fields, which open up longitudinal polarizations of the W /Z bosons, but do not correspond to
additional particles. In the following we assume the use of the unitary gauge, in which the would-be
Goldstone fields formally vanish and the vector fields for the W/Z bosons directly describe three
physical polarizations. In non-minimal models there are additional charged and neutral scalar Higgs
particles. Higgs-boson physics is reviewed in Section 11 on the “Status of Higgs Boson Physics” in
this Review.
After symmetry breaking the Lagrangian for the fermion fields, v, is

_ H _ R
r= Y0 (ia—mi—mv) b= 5 ST (L= )T W+ T W)
—ed Qi i Ay - mz& V(g — 9a°) Vi Zy - (10.2)

Here 0y = tan~1(¢’/g) is the weak mixing angle and e = gsin fy is the positron electric charge.
Furthermore,

A, = B, cos by + W;’ sin Oy (10.3a)

Zy = —Bysin by + W cos Oy (10.3b)
Wl Fiw?

wt = Ju T (10.3¢)

g V2

are the photon field (A) and the neutral (Z) and charged (W*) weak boson fields, respectively.
The Yukawa coupling of H to v; in the first term in %, which is flavor diagonal in the minimal
model, is gm;/2Myy. From the bosonic interaction Lagrangian,

1 2 2 12 2 )\2
Zay =5+ HE|Swiwe + 28z zn By P - S+ B, (104)

one obtains the EW boson masses (at tree level, i.e., to lowest order in perturbation theory)

My =V2|u| = v, (10.5a)
. % . ev
2 2sinfy

v ev
Mo = /a2 2 2 _ 10.5
Z g t9 2 2sinfy cosby (10.5¢)
M, =0. (10.5d)

My (10.5b)
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3 10. Electroweak Model and Constraints on New Physics

The second term in .Zr represents the charged-current weak interaction [8-10], where TF =
(01ti02)/2 are the weak isospin raising and lowering operators, with o, denoting the Pauli matrices.
For example, the coupling of a W to an electron and a neutrino is

&
B 2\@8111 GW

For momenta small compared to My, this term gives rise to the effective four-fermion interaction
with the Fermi constant given by Gr/v2 = 1/(2v%) = ¢?/(8M3,). CP violation is incorporated
into the EW model by a single observable phase in Vl?KM

The third term in £ describes electromagnetic interactions [11,12], and the last is the weak
neutral-current interaction [9,10,13]. The vector and axial-vector couplings are

(W, e (1= + W vy (1= 47)e] (10.6)

gl = T2 —2Q;sin’ Oy , (10.7a)
gy=T?, (10.7b)

where T = 03/2 is the third component of the weak isospin of fermion 4 (41/2 for left-handed wu;
and v;; —1/2 for left-handed d; and e;; zero for right-handed fields), and Q; is the charge of v; in
units of e. The weak hypercharge Y; is related to weak isospin and electric charge according to the
Gellman-Nishijima relation, Q; = T + Y;/2.

The first term in Eq. (10.2) also gives rise to Dirac fermion masses. In the SM, for the case of
the neutrinos, the absence of the corresponding right-handed fields prevents the existence of such
terms. Furthermore, the requirements of gauge invariance and renormalizability prevents writing
Lagrangian terms with the SM fields that can give rise to Majorana neutrino masses after EW
symmetry breaking. We refer to Section 14 on “Neutrino Mass, Mixing, and Oscillations” in this
Review for a discussion on the possible origin of neutrino masses.

This review is organized as follows: In Section 10.2 we cover several theoretical aspects that
are fundamental for the understanding of the SM at the quantum level and the calculation of
the phenomenology of the EW sector. Section 10.3 describes several low-energy observables that
are key inputs for the SM description of EW interactions, such as the electromagnetic and Fermi
constants. We also comment on the latest updates in the experimental status of the determination
of the muon anomalous magnetic moment; however, this section has been substantitally simplified
with respect to previous editions of the Review. Section 10.4 focuses mostly on the description
of the so-called EW precision observables that are used in the global EW fit, whose results are
presented and discussed in Section 10.5. Finally, in Section 10.6 we move our focus to scenarios of
physics beyond the SM and discuss the implications of the global EW fit from the point of view of
constraining new physics.

10.2 Renormalization and radiative corrections

Before going into detail in the confrontation of the EW theory with experimental results, we
clarify some notions and concepts that are essential in the perturbative evaluation of quantum field
theories.

10.2.1 Ultraviolet and infrared divergences and regularization

Perturbative calculations in quantum field theories are typically plagued with different types
of divergences. Ultraviolet (UV) divergences originate from the high-momentum regions in loop
diagrams, while singularities resulting from finite momentum transfer are known as infrared (IR)
divergences. Before eliminating the various divergences from predictions, it is necessary to map
them to finite quantities in a mathematically consistent way, a step called reqularization. This step
embeds the whole theory into a wider class of theories parametrized by some new parameter d,

1st December, 2025



4 10. Electroweak Model and Constraints on New Physics

and the original theory corresponds to a specific value dg. Quantities that diverge in the original
theory are finite for 6 # dg, but diverge for & — o, typically like In(é6 — dp) or some power of
1/(d —do). The most common regularization scheme is dimensional reqularization, where the whole
theory is formulated in D-dimensional flat space—time and both UV and IR divergences take the
form of poles in the parameter € = (4 — D) /2, which is consistently treated as a complex parameter.
Other regularization schemes are possible as well, such as the use of small mass parameters for
regularizing IR singularities, but dimensional regularization has the advantage of maximal simplicity
and preserving gauge and Lorentz invariance.

While the IR divergences are eliminated from physical predictions upon properly designing
observables in such a way that IR singularities cancel by virtue of the Kinoshita—Lee-Nauenberg
(KLN) theorem [14,15],! UV singularities are dealt in the context of the renormalization of the
quantum field theory, as described in the next section.

Since symmetries are central in the construction of successful quantum field theories, regular-
ization schemes should respect symmetries as much as possible. However, it might happen that a
specific symmetry is necessarily broken by any regularization scheme. In this case the symmetry is
anomalous, and the underlying theory is in danger of developing an anomaly in the sense that the
quantized theory is less symmetric than the corresponding classical theory. Anomalies seriously
jeopardize the cancellation of UV divergences, even if the cancellation existed in the presence of the
considered symmetry. In this context, one of the most important symmetries is the chiral symmetry,
which rules the relation between right- and left-handed fermions, because there is no regularization
scheme that fully respects all algebraic properties of the Dirac matrix v5 as well as Lorentz and
gauge symmetry simultaneously—a fact known as the 75 problem (see, e.g., Ref. [16] for general
facts and Refs. [17-20] for more recent developments and further literature). In spite of the exis-
tence of chiral couplings in the standard EW theory, the model does not develop a corresponding
anomaly owing to special relations among the quantum numbers within the fermion spectrum. In
practice, this means that chiral symmetry might be broken in intermediate steps of calculations,
a fact that can seriously complicate higher-order calculations, but complete predictions do respect
the symmetry.

10.2.2 Renormalization procedure and renormalization schemes

In the SM briefly outlined above, the mass parameters m; have been identified such that the
squared masses correspond to the locations of the poles of the lowest-order propagators of the cor-
responding fields. In the full theory, however, m; does not have this property owing to higher-order
corrections. Similarly, coupling parameters ¢; appearing in the Lagrangian determine certain pro-
cesses, such as decay rates, in lowest-order, but the relation between c¢; and observables are modified
by perturbative corrections as well. Finally, the fields encoding particle creation and annihilation
are typically canonically normalized (to produce normalized states) in lowest order, but lose this
property owing to corrections. The intended physical meaning of model parameters (e.g. masses
and couplings) and the normalization of quantum fields of an underlying theory, generically denoted
p and F' in the following, can be restored by proper redefinitions, a step known as renormalization.

Marking the initial bare parameters and fields with subscript “0”, pp and Fp, the renormalized
parameters and fields p and F' can be introduced by the renormalization transformation

po=Zpp=p+9p, Fo=ZpF, (10.8)

'The KLN theorem states that singularities cancel in predictions for observables that are “sufficiently inclusive”
with respect to the selected initial and final states, a property called IR safety. If IR safety cannot be achieved,
IR singularities often exhibit universal factorization properties allowing for their absorption into non-perturbative
quantities, such as parton distribution or fragmentation functions in the theory of strong interactions (see Section 9
on “Quantum Chromodynamics” in this Review).
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where Z,, dp and Zp are parameter and field renormalization constants, which have to be deter-
mined by imposing appropriate renormalization conditions on field-theoretical quantities or physical
observables. Assuming that the leading-order quantities pg and Fy already fulfill the conditions,
the deviations §Z; = Z; — 1 are due to higher-order corrections. Substituting the bare quantities
in favor of the renormalized quantities in the original Lagrangian £(po, Fy) according to (10.8),
the leading-order parts of Z; reproduce the original Lagrangian, £(p, F'), but now parametrized in
terms of renormalized quantities p and F', and the parts containing all §Z; dependence form the
counterterm Lagrangian

5£<p7 F7 5Zp76ZF) = ‘C(p(];FO) - ‘C(pa F) = ‘C(prv ZFF) - ‘C(pa F)7 (109)

which implies Feynman rules for counterterm contributions to Green functions. In other words, the
step of renormalization just represents a reparametrization of the original theory.

The choice of renormalization conditions defines the renormalization scheme, which, thus, gives
the model parameters their physical meaning. The details of the field renormalization, on the other
hand, are merely a matter of convenience without any influence on predictions for observables.
In order to avoid mixing between asymptotic states used in the calculation of scattering ampli-
tudes, matrix-valued field renormalization constants Zp are necessary in general. The form of the
renormalization transformation (10.8) corresponds to the multiplicative renormalization of a the-
ory, which might not be general enough in the presence of anomalies, which appear if symmetries
observed for a classical Lagrangian do not survive the step of quantization. On the other hand,
the use of multiplicative (Z,) or additive (dp) renormalization constants for parameters is a mere
question of taste.

Theories that allow for the complete elimination of UV divergences from predictions are called
renormalizable, otherwise they are non-renormalizable. Note that even UV-finite theories require
the step of renormalization to define the precise meaning of input parameters, i.e. renormalization
is more than eliminating UV divergences. In spite of the fact that predictions of non-renormalizable
theories are not free of UV divergences, such theories can often still be exploited in the framework of
effective field theories which involve a cutoff scale A that sets the order of the maximal energy up to
which predictions can be made; for energies above A, effects of a more comprehensive UV-complete
theory are expected to restore renormalizability.

Giving the model parameters their physical meaning, the renormalization scheme determines
the parametrization of predictions for physical observables in terms of the renormalized input pa-
rameters p. The actual scheme choice might depend on various factors, such as the accessibility
or precision to which a parameter can be determined by experiment, the perturbative stability
of predictions, i.e. whether the size of higher-order corrections show the necessary decrease with
increasing orders, or the transportability of the input parameters to predictions of observables that
are connected to very different energy scales. In practice, a confrontation of a very comprehen-
sive theory, such as the EW SM, with experimental results requires the use of different schemes
adapted to different observables, so that a conversion of parameters and fields between different
renormalization schemes is necessary. To this end, the renormalized parameters and fields in one
scheme have to be expressed in terms of the ones in another scheme. For EW physics two different
types of schemes are in use: (i) on-shell (OS) renormalization and (ii) renormalization based on
modified minimal subtraction (MS). Some schemes also mix these types of conditions, i.e. differ-
ent parameters might employ different types of schemes. However, it is crucial that independent
renormalization conditions are posed only for truly independent parameters, and that one and the
same condition is consistently used for each independent input parameter within a given scheme.

In OS schemes, the renormalization conditions are entailed on S-matrix elements, i.e. on (at
least in principle) measurable quantities. Typical examples are OS conditions for masses that tie
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mass parameters to the locations of the poles in full propagators, which might be experimentally
reconstructed from event kinematics. On-shell conditions for coupling parameters can, e.g., be tied
to specific decay widths of particles or specific scattering cross sections in certain kinematic regimes.
The advantage of OS schemes often lies in the accessibility of input parameters by experiment and
the fact that predictions are rather safe against the introduction of artificial gauge dependences
in predictions. On the other hand, MS renormalization has the advantage of maximal simplicity,
because MS conditions reduce all renormalization constants to the UV-divergent contributions that
are necessary to render all Green functions of the underlying theory UV finite in the framework of
dimensional regularization. Moreover, the necessity of keeping all input parameters and fields at
their canonical mass dimension introduces an arbitrary renormalization scale jiyen in the MS scheme,
so that Green functions obey renormalization group equations (RGEs) which rule the behaviour
of input parameters, fields, and Green functions under the change of piyen, while keeping (all-order)
predictions for physical observables fixed. The RGEs can, thus, be used to transport the input
quantities from one scale to another, and the residual pen-dependence of predictions, which occurs
because the perturbative series is necessarily truncated somewhere, offers a convenient device for
estimating (at least part of) the theoretical uncertainty due to missing higher-order corrections.

The concept for renormalization and explicit schemes have been worked out in the 1970s to 1990s
for the EW SM in different variants. The idea of EW OS renormalization dates back to Ref. [21]
and has, e.g., been worked out in Refs. [22-25]. Electroweak renormalization in the MS scheme is,
for instance, described in Ref. [26]. A detailed review and more original references can be found
in Ref. [27]. Most formulations are restricted to the one-loop level, a complete renormalization
framework for the EW SM at the two-loop level is laid out in Refs. [28-30]. The renormalization
of the EW SM is considerably more involved than for Quantum Electrodynamics and Quantum
Chromodynamics; major issues are:

e Any solution to the 75 problem actually goes beyond pure multiplicative renormalization. For
instance, in dimensional regularization one of the defining algebraic properties of 5 valid in
four dimensions has to be abandoned, and counterterms involving evanescent operators have
to be fixed to restore symmetries. For more details and possible solutions, see, Ref. [16].

e Most particles of the EW SM are unstable, and experimental analyses of W/Z bosons, the
Higgs boson, and the top-quark have to be based on event signatures of their decay prod-
ucts. Predictions for resonance processes necessarily go beyond any fixed perturbative order,
since lowest-order propagators involve a pole, which diverges, instead of a proper resonance
structure, which remains finite. Perturbation theory solves this problem by an infinite power
series, known as Dyson series, of propagator corrections that shifts the pole into the complex
k? plane for four-momentum transfer k, leading to a Breit-Wigner-like resonance structure
with the total decay width of the unstable particle delivering the finite width of the resonance.
Identifying the mass square of an unstable particle with the location of the propagator pole,
renders the mass of an unstable particle a complex quantity, posing a challenge for the renor-
malization of the input mass parameter, which is a real quantity. Moreover, the Dyson
summation of propagator corrections has to be done with great care, since it necessarily leads
to perturbative orders that are only partially included. This jeopardizes the mathematical
consistency in predictions, as further discussed at the end of Sec. 10.2.4.

e Non-vanishing vacuum expectation values (vevs) in quantum field theories lead to the appear-
ance of tadpole graphs, which are subdiagrams with exactly one external field leg. It is very
convenient to eliminate such diagrams by generating a corresponding tadpole counterterm
in the renormalization transformation. It is a matter of choice, defining the tadpole scheme,
to generate the tadpole counterterm in the context of parameter renormalization [24,25, 31]
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or field renormalization [28,32], or both [33]. While predictions within pure OS renormal-
ization schemes do not depend on this choice, predictions employing MS-renormalized mass
parameters in general do depend on the tadpole scheme. Since some tadpole schemes are
prone to lead to very large higher-order corrections and others introduce gauge dependences
in predictions, care is needed in applications, especially in the context of MS-renormalized
masses, see, e.g., Ref. [33].

10.2.3 FElectroweak input parameter schemes

Starting from its original form, the Lagrangian of the EW SM contains the following free pa-
rameters: the couplings g and ¢’ from the gauge interactions, the parameters u2, A from the Higgs
potential, and three complex 3 x 3 matrices ¢, y*, y% from the Yukawa interactions of charged lep-
tons and quarks to the Higgs field—there is no such interactions for neutrinos, which are massless
in the SM. Owing to possible reparametrizations of the fermion fields that have no effect on ob-
servables, not all coefficients of the matrices y/ (f = ¢, u, d) are “physical”: Only the nine fermion
masses my¢;, with i = 1,2, 3 labelling the fermion generations, and four independent variables (three
angles and one phase) parametrizing the unitary CKM matrix VKM describing quark mixing are
“physical” and have to be taken from experiment. In total, this makes a set of 17 free parameters
of the EW model, which are completed to the full SM input by the strong coupling constant ag
and possibly a non-zero parameter  quantifying strong CP-violation.

The choice of the input parameters for the fermionic sector is widely independent from the input
in the bosonic sector. The use of OS-renormalized lepton masses is uncontroversial and common
practice. If perturbative predictions sensitively depend on the masses of light quarks, this is a sign
of significant non-perturbative effects and mostly connected to strong interactions. In such cases,
an input scheme for the perturbative part of a prediction should be chosen to avoid mass-singular
contributions from light quarks; if non-perturbative contributions are unavoidable (such as in the
running of the electromagnetic coupling at low energies, in parton distribution, or fragmentation
functions) these require dedicated additional input from experiment or non-perturbative calcula-
tions. Concerning input and renormalization schemes for heavy quarks (top, bottom, etc., in detail
depending on the considered observables), the aspects relevant for EW physics are discussed in
Sec. 10.4.3; more details can be found in the “Quantum chromodynamics” and “Heavy-quark and
soft-collinear effective theory” sections of this Review. The determination and use of the CKM
parameters is discussed in the section “CKM Quark-Mixing Matrix”.

The original set g, ¢, i, X of free parameters of the bosonic sector, in practice, is replaced by an
equivalent set of four parameters that are more directly accessible by experiment. Candidates for
such parameters are the electromagnetic coupling a = e?/(4r), the weak mixing angle fyy, the weak-
boson masses My, Mz, My, and the Fermi constant Gg. The ideal choice of four input parameters,
which aims at minimal uncertainty in predictions, depends on actual applications. However, it is
crucial to consistently stick to one choice for the set of four parameters within a prediction for an
observable, in order to guarantee the self-consistency of the result (finiteness, gauge invariance).
Apart from the selection of the set of input parameters, the choice of renormalization scheme for
each input parameter matters as well. Below we describe the most important choices of input sets
and renormalization schemes, also known as EW input schemes that are used in calculations of
EW precision observables and EW corrections to particle processes. All of these schemes take the
(OS-renormalized) Higgs-boson mass My as direct input, but differ in the choice or scheme of the
other three EW parameters (see, e.g., Refs. [27,34,35] for more details):

e LEP scheme with input parameters «(0), Gr, Mz. The W-boson mass My can be calculated
to high precision in this scheme, exploiting the prediction for muon lifetime 7, including
radiative corrections, which are encoded in the quantity Ar [22]. In most applications the
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masses My and My, are renormalized on-shell, but MS masses can be used as well, proper
scheme conversion assumed. The evaluation of Ar requires non-perturbative input in terms
of the running effect of a(Q?) from Q2 = 0 to the EW scale, which is quantified in terms
of the quantity Aa(Q?), which in turn is obtained from the R-ratio in e*e~ annihilation
via dispersion relations or from lattice calculations. Since My, ey = cos 098 = My, /My,
and sy = sin 98/8 enter the prediction for 7, in a rather complicated way, technically My is
obtained by solving the experimental 7,, constraint numerically. Calculations for observables
other than the W-boson mass, then best proceed in one of the following schemes employing
the calculated value for My, and dropping a(0) or G from the input set.

a(0)-scheme with input parameters «(0), My, Mz. The electromagnetic coupling is directly
fixed by the fine-structure constant a(0)~! = 137.035999084(21) (see below), and the weak
mixing angle by the on-shell relation cy = cos H%S = My /M. Radiative corrections to most
processes at and above the GeV energy range involve the running effect Aa(M %), which then
has to be taken as additional non-perturbative input.

a(M2)-scheme with input parameters a(M3%), My, Mz. This scheme takes the running cou-
pling constant a(M2%) = «(0)/[1 — Aa(M2)] as input instead of a(0) as in the a(0)-scheme.
For many processes at and above the EW energy scale, this absorbs the non-perturbative run-
ning effects of « into the coupling constant and, thus, into lowest-order predictions, so that
no additional non-perturbative input beyond the value of a(M%) is required in the radiative
corrections.

Gr-scheme with input parameters Gg, My, Mz. In this scheme the electromagnetic coupling
a, called ag, in the following, is derived from the lowest-order prediction for 7, (i.e. Gp) in
the a(0) scheme. This procedure effectively absorbs the correction Ar [22] to muon decay
into the electromagnetic coupling, which can be expressed by

agp = V2GR M5 (1~ My, /M) = a(0)[1 + Ar]. (10.10)

™

Since muon decay is a charged-current process, the G g-scheme effectively absorbs the univer-
sal corrections related to the transition from the electromagnetic to the weak charged-current
interaction into the lowest-order coupling. These universal corrections are intrinsically con-
nected to the p-parameter [36,37], which relates the ratio of neutral- to charged current-
current interactions to the corresponding gauge-boson mass ratio and is discussed in more
detail in Sec. 10.2.5 below. Similarly, and although not completely, the G p-scheme also ab-
sorbs into the lowest-order weak neutral-current couplings a large part of corrections to the
p-parameter.

EW input parameter schemes with the leptonic effective weak mizing angle sin’ Qéff as free pa-
rameter [38] (for the precise definition of sin? 6%, see Sec. 10.4.5). Such schemes are motivated
by an analysis of neutral-current processes, such as Drell-Yan production, to fit sin? Héﬂ to ex-
perimental data and can be obtained from the a(0)-, a(M%)-, or G p-schemes upon replacing
My by sin® 9£H in the list of input parameters. Using sin? 9£H as input, the renormalized mass
Myy is derived from sin? 9£H and My via their LO relation, and the renormalization constant
6 M2, contains the EW corrections contained in the difference sin? 8% — (1 — M32,/M2) from
the renormalization scheme change. The schemes should not be used to predict processes
where Myy enters already at LO apart from its indirect appearance via gauge couplings, since
the derived LO value for Myy is not in line with precision data. Although this mismatch is
cured in higher orders, the scheme would be prone to large corrections, e.g., in predictions

for charged-current processes.
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9 10. Electroweak Model and Constraints on New Physics

From the above, it is clear that a judicious choice of the EW input scheme can be used to absorb the
universal effects from the running of o and the p-parameter into lowest-order predictions, which
systematically helps to minimize EW corrections and, thus, to stabilize predictions. Processes
dominated by charged- or neutral-current weak interactions at the EW scale or somewhat above
are best described in the Gp-scheme, while processes dominated by the electromagnetic interaction
are best described by the a(0) or (M%) schemes. Which of the two is more appropriate depends
on the number of external photons involved that are truly identified as photons, i.e. that are
distinguishable from low-virtuality photons splitting in ff pairs. True on-shell photons effectively
couple with strength «(0), while photons that include splittings v* — f f up to some scale Q
effectively couple with strength a/(Q?).

Note that there are many particle processes for which none of the EW input schemes directly
absorbs all universal corrections from Aa and Ap (where p = 1/(1 — Ap)) because neither weak
nor electromagnetic interactions are dominating all involved couplings. In many cases, however,
uniformly? rescaling cross-section contributions that are proportinal to some power o according
to a(0)ka(M %)lagF with N = k+ 1+ m can help to absorb these universal corrections into lowest-
order predictions. Finally, note that any change in the input value of a comes along with some
additive contribution from A« and/or Ar to the EW corrections. More details on optimal scheme
choices and the necessary modifications in the renormalization procedure can be found in Ref. [27].

10.2.4 Particle masses

The masses of the SM particles are a cornerstone in the phenomenological input of the EW SM
and its extensions. The masses of the leptons are most uncontroversial in this context: The masses
of the charged leptons are measured to very high precision, and the instability of the p and the
7 leptons does not entail any problems owing to their long lifetimes (with ratios of width over mass
~ 107! and ~ 107!2, respectively). We note that, despite the knowledge from neutrino oscillations,
which imply that said particles posses non-vanishing masses, neutrinos are treated to be massless
in the SM. However, because of the smallness of neutrino masses compared to the energy scales in
collider experiments, this approximation is valid to high precision in collider physics.

The situation with quarks is rather different and more complicated: Because of quark confine-
ment, the masses of the quarks u, d, s, ¢, and b are not directly experimentally accessible; their
role in EW physics is described in Sec. 10.4.3 below and more generally in Section 60 on “Quark
Masses” in this Review. The top-quark is special, since it decays before hadronization. Its mass is
directly accessible via kinematical reconstruction in collider experiments or through cross section
measurements of processes involving top-quarks; see the above-mentioned sections as well.

The masses of the EW gauge bosons Z and W play a key role in EW precision physics. Due to
the large ratio of total decay width over mass, Iy /My ~ 3% with V = Z, W, and the experimental
accessibility of their decay signatures, the masses Mz and My, can be extracted from the analysis
of differential cross sections featuring resonance structures, i.e. via kinematical reconstruction. On
the other hand, the significant ratio Iy /My implies theoretical subtleties in the calculation of
predictions for EW observables, as discussed in the subsequent section.

Since the total decay width I'y is rather small (~ 4 MeV in the SM), the resonance lineshape
of the Higgs boson cannot be resolved at the LHC, and Iy is accessible only indirectly with the
caveat of model-dependent assumptions. On the other hand, the smallness of I'y /My ~ 3 x 1075
implies that there are no subtleties in theory predictions for a SM-like Higgs boson originating from
its instability.

Up to higher-order corrections, resonances of an unstable particle P are of Breit—Wigner type,

2Uniformly, in this context means that contributions of a given perturbative order are not taken apart, in order
to avoid any disturbance in the cancellation of divergences or gauge dependences.
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i.e. the scattering matrix elements involve contributions enhanced by propagator factors of the form

1

= ; 10.11
p? — M3 +iMpI'p(p?) ( )

Pp(p?)

where p is the momentum transferred by the propagator. If the experimental resolution is of the
order of the decay width I'p, cross-section predictions featuring this resonance, such as invariant-
mass distributions of decay products of P, can be fitted to experimental data with fit values for the
mass Mp and I’ p(Ml%). In detail, the fit result depends on the assumed or predicted momentum
dependence of I'p(p?). Fitting the resonance structure for a constant width, Fp(MI%) = I'p,
produces the location

p% = Mo —iMplp (10.12)

of the propagator pole in the complex p*-plane, and the resulting masses pp and M p are called
complezr and real pole masses of P, respectively. Note, however, that most of the existing results
on the Z- and W-boson masses My (V = Z, W) have been based on the parametrization I'y (p?) =
p? /MPQ, x Iy with constant Iy, which parametrizes the momentum dependence of propagator
corrections near the resonance (p? ~ M‘%) for the decay of V = Z, W into massless particles. The
corresponding mass and width values, My and [y, are known as LEP masses and LEP widths,
owing to their first use in the analysis of LEP precision data. The two sets of mass and width are
related by [39]

— M — I
My=—oY— Typ=——nV (10.13)
V14 T2/ M2 1+ T2/ M2
in particular implying
MW — MW ~ 27 MGV, Mz — MZ ~ 34 MeV, (1014)

i.e. the scheme differences are much larger than the corresponding experimental uncertainties on
the W and Z masses (see next section).

To make use of the masses obtained via fitting resonances, it is necessary to identify renormal-
ization schemes that lead to the parametrizations of the resonances employed in the fit:

e In OS renormalization schemes that identify the renormalized (squared) mass with the real
part of the location u% of the complex pole of the propagator GFrr T, the renormalized mass
directly corresponds to M p. The location of the propagator pole is identical to the complex
position of the zero in the (physical part) of the corresponding inverse propagator, also known
as two-point vertex function PP = —i(GPPT)*l. Since the location of the propagator pole
is an intrisinc (and measurable) property of the S-matrix, adopting M p as independent
input quantity of the theory does not induce any gauge dependences in predictions [40,41].
The OS renormalization for Mz and My is worked out in Ref. [30,42] at the two-loop
level. The complex-mass scheme [43] (see also [27,44]), which is employed in most EW NLO
calculations for resonance processes at the LHC, is an OS renormalization scheme with the
complex renormalized mass pp based on M p and the (measured or calculated) value of I'p.

e Tying the OS renormalized mass to the real zero in Re{I""'P} (which is the prescription in the
real OS scheme, see e.g. Refs. [22,24,25]), instead of taking the real part of the complex zero
of 'P'P , is equivalent at NLO, but not beyond. For the Z and W masses, these differences
have, e.g., been worked out in Refs. [27,30,42,45,46], revealing that the Z and W masses in
the real OS scheme (based on the zeroes of Re{I'V'V}, V = Z W) correspond to the LEP

1st December, 2025



11 10. Electroweak Model and Constraints on New Physics

masses Mz and Myy introduced above that result from the fit to Breit—Wigner distributions
with running widths (at least in the 't Hooft—Feynman gauge). As already pointed out in
Ref. [45], using renormalized masses of this real OS scheme to parametrize predictions leads
to gauge dependences starting at the two-loop level.? For predictions beyond NLO precision,
the use of M p is, thus, preferable over the use of Mp.

e MS-renormalized masses are not directly related to parameters appearing in any form of
Breit—Wigner-like resonances. To extract them from data, one either has to make use of
precision calculations for measured observables (such as cross sections or decay widths) with
complicated mass dependences, or to convert measured OS masses into the MS scheme. For
the Z and W bosons this scheme conversion is carried out in Refs. [47-50].

e Extracting the top-quark mass from kinematical distributions is impeded by strong-interaction
effects, limiting the concept of long-distance top-quark masses such as OS-renormalized masses.
Perturbative predictions are more stable if a short-distance top-quark mass is employed, such
as provided by the MS scheme. More details on this subject can be found section “Top Quark”
of this Review.

We finally emphasize that the issue of calculating higher-order corrections to processes with
unstable particles goes far beyond a proper definition of mass and width of the unstable particle, and
beyond parametrizing resonance patterns and identifying resonance parameters with renormalized
parameters of the underlying field theory. Issues with gauge invariance, unitarity, UV and IR
divergences, and the embedding of resonances into full off-shell processes concern the complete
underlying matrix elements. These issues are due to the fact that the identities ruling gauge
invariance (Ward and Slavnov-Taylor identities) and finiteness are typically working order by order
in perturbation theory, but the inclusion of finite-width effects in resonance propagators originates
from a Dyson summation of propagator corrections, necessarily resulting in perturbative orders
that are taken into account only partially in predictions. Different solutions to these problems have
been described in the literature, targeting at different kinematical situations and different levels of
sophistication: If resonances need not be resolved, variants of narrow-width approximations based on
production and decay subprocesses might be sufficient (depending on the experimental precision).
The neighborhood of resonances can be described via dedicated pole expansions [51,52] of matrix
elements leading to pole approximations, as described for single resonances in Refs. [35, 53-58].
The concept of leading pole approximations has also been successfully applied to processes with
multiple resonances, see, e.g., Refs. [59-63]. Many modern analyses of many-particle processes even
require precision in resonant and non-resonant regions of phase space , as, e.g., provided by the
complex-mass scheme [43,44] at NLO. Descriptions of these concepts as well as further references
can be found in Ref. [27].

10.2.5 Radiative corrections to electroweak processes

Radiative corrections, in particular the ones induced by the EW interactions, play an integral
role in the simulation of EW processes and predictions for corresponding observables analyzed at
particle colliders. For instance, for a proper analysis of data collected at the LHC [64-67], most
precision calculations have reached the standard that QCD and EW corrections are known at NLO
for virtually all EW key processes and even at next-to-next-to-leading order (NNLO) QCD for the
2 — 2 processes [68-70]. The underlying modern methods for calculating radiative corrections
are very well advanced and implemented in public tools that make (semi-)automatic calculations
possible, depending on their complexity (see, e.g., Refs. [27,71] and references therein). Predic-
tions for specific kinematic configurations, such as low-pp production of W/Z production, might

3This means that all higher-order calculations beyond NLO (including the ones used to extract Mz and My
from data) would have to be carried out in the same gauge, or proper parameter conversions would have to be made
when changing the gauge.
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call for improvements beyond fixed perturbative orders; details and references on the correspond-
ing QCD resummation and parton-shower techniques can be found in Section 9 on “Quantum
Chromodynamics” in this Review. Event simulations typically require additional improvements on
particle emission effects in QCD and QED via matching fixed-order predictions, as provided by
dedicated precision Monte Carlo programs or MADGRAPH/MADEVENT [72,73], with parton show-
ers and merging them with corrections for higher jet multiplicities based on matrix elements. This
matching and merging is provided in different variants within the multi-purpose Monte Carlo event
generators HERWIG [74,75], PYTHIA [76], and SHERPA [77-79]. For the analysis of high-precision
EW observables (see, e.g., Ref. [80]) even NNLO EW corrections and the dominant effects beyond
the two-loop level are relevant.

Different types of radiative corrections to particle processes have to be combined with care in
order to avoid double-counting of effects, to respect gauge invariance, and to guarantee a proper
cancellations of IR singularities.

e Complicated processes, such as vector-boson scattering, often receive LO contributions from
different perturbative orders oc aj'a”, so that already NLO corrections lead to a tower of
mixed orders formed by contributions oc a™*'a™ or oc a™a™!. In such cases, a strict

classification of corrections into QCD and EW contributions is not generally possible, but

separating the various orders is possible and often instructive.

e Single perturbative orders o< af'a™ can be further split into gauge-invariant subcontribu-
tions by considering contributions featuring closed fermion loops or the emission of fermion—
antifermion pairs.* These fermionic corrections can be further classified according to their
multiplicity factor N ]’f, where Ny is the number of light fermion flavors. Isolating such subcon-
tributions often helps to locate dominant corrections that warrant the inclusion of higher-order
corrections with similar enhancements.

e Since photonic corrections can be potentially large, their separation from the remaining EW
corrections is desirable, but this is not always possible in a gauge-invariant way. For pro-
cesses that feature only neutral-current interactions at LO, this separation can be achieved,
however. Arguments for this gauge-invariant separation of QED effects, which can be fur-
ther decomposed into photonic and fermionic parts as described in the previous item, can
be based on the observation that the charged-current sector can be removed from the SM in
such a way that a fully consistent “neutral-current theory” with gauge group U(1)zXxU(1)em
results [27]. The separation of photonic corrections was extremely useful in precision calcula~
tions for Z production via e*e~ annihilation at LEP and SLC, ete™ — Z/v* — ff, so that
the inclusion of higher-order photonic corrections to the Z lineshape was possible without
knowing the full EW corrections beyond NLO [34, 35, 54].

The analysis of the Z resonance in ete™ — Z/v* — f f is a cornerstone of EW precision
physics. The separation of the large photonic corrections from the remaining weak corrections to
the Z lineshape, in combination with the smallness of the irreducible (box) weak corrections near
the Z resonance, is the basis of the parametrization of the cross section and its asymmetries in
terms of pseudo-observables, such as the Z peak cross section, the total and partial Z decay widths,
forward-backward (FB) as well as polarization asymmetry variables, effective Z couplings, and the
effective weak mizing angle for each fermion f quantified by E? = sin? Ggﬂr, etc. (see Section 10.4 for
a precise definition of these quantities). The Z-pole pseudo-observables can be predicted to high
precision, independent of the full prediction of the Z-boson lineshape, and play a key role in the
global SM fit to data:

4This is due to the fact that adding or removing fermion generations to or from the SM respects gauge invariance.

(Working in a field basis corresponding to mass eigenstates, the added/removed generations should not mix with the
other generations.)

1st December, 2025



13 10. Electroweak Model and Constraints on New Physics

e EW corrections to the Z-pole pseudo-observables comprise (flavor-dependent) Zff vertex

corrections (see, e.g., Refs. [24,81]) as well as (flavor-independent) contributions to the 7+,
~Z, ZZ, and WW gauge-boson self-energies (i.e.vacuum polarization diagrams), the latter
entering via EW renormalization constants (see, e.g., Refs. [24, 25]).
While being gauge dependent in general, there are several distinct and important contribu-
tions from gauge-boson self-energies that lead to gauge-invariant corrections to EW precision
observables, in particular contributions from closed fermion loops and the corresponding QCD
corrections. For instance, the mixed QCD-EW contributions to gauge-boson self-energies of
orders aaym? [82,83], aa?m? [84,85], and aadm? [86-88] increase the predicted value of
my by 6%.° The sub-leading aay corrections [89-93] are also included in the predictions for
the Z-pole pseudo-observables. Further three-loop corrections of order aa? [94,95], a®m},
a?agmi} 96,97, a? and a}as [98,99] are rather small (here oy denotes EW corrections with
a closed fermion loop).

e Z-pole pseudo-observables are among the still very few examples for which complete NNLO
EW corrections are known. The EW two-loop corrections for the relation between 53 and 5124/
are given in Refs. [100-105], the ones to E} (f # top), the effective couplings of fermions f to
the Z boson, and the partial and total Z decay widths in Refs. [58,106-110].

e All EW observables that depend on the weak mixing angle 0y in LO receive contributions
from its renormalization, in particular significant corrections from the p parameter [36,37],
= 1/(1 — Ap), as defined from the neutral-to-charged-current cross-section ratio at low
energies, 17.e.
2E2(0)  2F(0)
M Mg,
where XYV (0) is the (transverse part of the) Z/W boson self-energy at zero momentum
transfer, following the notation of Refs. [24,25,27]. The largest contribution Ap; to Ap,

Ap =

(10.15)

3G pm? m?
— 0.00934 X ————rl___
8212 * (172.61 GeV)?

results from one-loop diagrams with closed fermion loops involving the top-quark. Two-loop
corrections involving the top-quark modify Ap; by

Apy = (10.16)

APt

The function R(Mg,m;) can be described as an expansion in M%/m3, for which the leading
mi/M% [111,112] and next-to-leading m?/M% [113,114] terms are known. Beyond the two-
loop level leading top- Inass enhanced contributions to Ap have been calculated to the orders
aZam? [84,85,95], asa?mi and o®mf [96,97], and alam? [86-88).

The extraction of the W-boson mass My from the measured muon decay lifetime (or Fermi
constant) is another cornerstone in the fit of the SM to precision observables. In detail, My,
is obtained by solving the implicit equation (10.10) for My, where the Fermi constant G is
extracted from the measured muon lifetime (see Section 10.3.2) and the quantity Ar [22] represents
the radiative corrections to muon decay. At NLO, the correction Ar receives sizeable contributions
from Aa and Ap of ~ +6% and ~ —3%, respectively, leaving only a small remainder Aryen, of

~ 1%7

2
C
Art) = Aq — TW Ap + Ariem - (10.18)
Sw
5This is, however, almost entirely an artifact of using the pole mass definition for m;. The equivalent corrections
when using the MS definition m.(m:) increase m; by less than 0.5%.

1st December, 2025



14 10. Electroweak Model and Constraints on New Physics

The complete two-loop calculation of Ar in the OS renormalization scheme has been performed
in Refs. [42,115-118]. The two-loop QCD correction of order ars and the fermionic® electroweak
two-loop correction of order a? amount to about 10% of the one-loop correction to Ar, both with
the same sign, ~ +0.4% and ~ 0.3%, respectively. The three-loop QCD correction, aa?, amounts
to ~ 0.07% while the bosonic two-loop electroweak correction is very small (~ 0.006%). Taking
into account leading higher-order effects from Ap, the theoretical uncertainty from unknown higher-
order corrections is estimated to 4 MeV for the prediction of My, [119]. In an alternative approach,
Ref. [120] obtained the MS quantities A7 and p to two-loop accuracy, confirming the prediction
of My in the OS scheme from Refs. [42,119] within about 4 MeV. More recently, Ar has been
calculated within an alternative (“tadpole-free”) version of EW MS renormalization at the two- and
three-loop levels in Refs. [121,122], respectively, the latter in the approximation of the “gauge-less
limit”; the calculations within this scheme, however, have not yet been applied to predictions for
the OS-renormalized W-boson mass.

Throughout this Review we utilize predictions for EW precision observables including the rele-
vant EW radiative corrections from the programs Gfitter [123-126] and HEPfit [127-131]. Both
Gfitter and HEPfit follow the OS renormalization scheme in their implementations of the radia-
tive corrections for EW precision observables, in contrast to the GAPP package [132], used in the
fits presented in previous editions of this Review, which works entirely in the MS scheme. Ob-
servables including corrections beyond NLO, such as the W-boson mass, the effective weak mixing
angle(s), and the pseudo-observables at the Z resonance are implemented via the semi-analytical
approximations provided in Refs. [105,106,110,119]. The uncertainties from missing higher-order
corrections on the different (pseudo-)observables are also taken into account, using the estimates
given in those references, in the computation of the SM predictions. The W-boson decay width is
computed at the one-loop level, using the expressions in Refs. [55,133,134] (in agreement with the
independent results of Ref. [135]). This observable is currently known with comparatively lower
precision than those at the Z pole, but the corresponding theory uncertainty is still smaller than
the experimental precision.

Several other tools are available in the literature for the calculation of EW corrections to the
considered (pseudo-)observables and to perform the EW fit. The package GRIFFIN [58] provides
a framework for the calculation of 2 — 2 fermion processes which, in its current version provides
the full NNLO and the leading higher-order corrections for processes at the Z pole. Among the
different codes for calculating EW precision observables available in the literature, ZFITTER has
a prominent place [136,137], due to its key role in the original studies of the LEP Electroweak
Working Group [138,139)].

After this overview of the practical aspects relevant to SM calculations in the EW sector, we
next discuss some of the most important observables that validate the SM description of EW
interactions.

10.3 Low-energy observables
10.3.1 The electromagnetic coupling

As in pure QED, the coupling constant e is identified with the electromagnetic coupling strength
of physical (on-shell) electrons in the limit of low-energy transfer (Thomson limit), i.e., e is the
electric unit charge of classical electrodynamics.” This OS renormalization of e in the Thomson

SFermionic contributions at NNLO denote contributions from diagrams with closed fermion loops, whereas bosonic
contributions are all remaining two-loop diagrams.

" Thirring’s QED theorem [140], which is valid in the EW theory as well [141], makes this link between quantum
field theory and classical electrodynamics very explicit, as it states that the Compton scattering cross section turns
into the classical Thomson cross section in the low-energy limit, i.e., the radiative corrections to Compton scattering
vanish in the Thomson limit to all perturbative orders.
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limit ensures the property of charge universality, i.e. it guarantees that, in this limit, one can
renormalize e via the electromagnetic interaction of any fermion (actually any charged particle),
obtaining the same result as for electrons.

The fine structure constant a(0) = e?/(47) can be extracted from the anomalous magnetic
moment of the electron, a. = (1159652180.59 £ 0.13) x 1072 [142]. Application of QED cor-
rections up to five-loop order [143-145] produces the value a(0)~! = 137.035999 166(15). Here,
the number in parentheses denotes the uncertainty in the last digits shown. This determination
of a(0)~! from a. has recently been re-evaluated [146], updating the tenth-order QED term of
ae and the evaluation of the hadronic vacuum polarization (HVP) contribution, finding a slightly
smaller value o(0)~! = 137.035999 163(15). Another approach combines measurements of the
Rydberg constant and atomic masses with interferometry of atomic recoil kinematics. Applied
to 87Rb [147] and 133Cs [148], this method implies the results a(0)~! = 137.035999206(11) and
a(0)~! = 137.035999 046(27), respectively. These two measurements differ by 5.5 o, where the ori-
gin of this discrepancy is currently not understood. While it is not advisable to combine measure-
ments with such a tension, it is worth pointing out that the absolute magnitude of this discrepancy
is at a level where it has no significant impact on the EW fit. We use the value quoted in Section 1
(“Physical Constants”) in this Review,

a(0)™! = 137.035999 084(21), (10.19)

which is a combination of the results from a. and atomic interferometry.

As explained in Section 10.2.3, in EW higher-order calculations it can be convenient to define a
running o dependent on the energy scale of the process, with a(0)~! ~ 137.036 appropriate at very
low energy, i.e. close to the Thomson limit. The L3 [149] and OPAL [150] collaborations at LEP
could also observe the running directly in small and large angle Bhabha scattering, respectively.
For scales above a few hundred MeV the low-energy hadronic contribution to the electromagnetic
vacuum polarization introduces a theoretical uncertainty in «, so that it is often convenient to use
the value

a(0)

D=1 2a0m3)

(10.20)

as phenomenological input, where Aa(M2) contains the running effects of a(Q?) from Q? = 0
to Q* = M2%. In particular, the hadronic contribution Aaﬁi)d(M%), corresponding to five active
quark flavors (i.e. without top-quark contribution) driving the running, is a non-perturbative input
obtained from measurements of the R ratio in eTe™ annihilation at low energies, and perturba-
tive QCD predictions of R at medium and large energies. Various evaluations of Aal(li)d (M%) are

summarized in Table 10.1.

The quantity a(Q?) is closely related to the running electromagnetic coupling @(Q?) in the
MS scheme® [26] used in previous editions of this Review. With as(M2) = 0.1187 £ 0.0017 we
have @ (m2)~! = 133.450 + 0.006 and a® (M2)~! = 127.930 4 0.008 for four and five active
quark flavors, respectively. The precise relation between a(M%) and a(M %) is determined by the

8In this Section we denote quantities defined in the MS scheme by a caret; the exception is the strong coupling
constant, as, which will always correspond to the MS definition and where the caret will be dropped. Furthermore,
a™ and agn) denote the running couplings with n active quark flavors.
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Table 10.1: Evaluations of the on-shell Aaﬁz)d(M%) by different groups. For better comparison we
adjusted central values and errors to correspond to a common and fixed value of as(M%) = 0.120,
except for Ref. [155], for which a; is not an explicit input. References quoting results without the
top-quark decoupled are converted to the five flavor definition. Ref. [156] uses Aqcp = 380+£60 MeV;
for the conversion we assumed o (M%) = 0.118 4 0.003.

Reference

Result

Comment

Krasnikov, Rodenberg (1997) [157]
Kiithn & Steinhauser (1998) [158]
Groote et al. (1998) [156]

Martin et al. (2000) [159]

de Troconiz, Yndurain (2001) [160]
Burkhardt, Pietrzyk (2011) [161]
Erler, Ferro-Hernandez (2017) [162]
Jegerlehner (2019) [163]

Davier et al. (2019) [164]
Keshavarzi et al. (2019) [165]

0.02737 £ 0.00039
0.02778 £ 0.00016
0.02787 £ 0.00032
0.02741 + 0.00019
0.02754 £ 0.00010
0.02750 £ 0.00033
0.02761 £ 0.00010
0.02755 £ 0.00013
0.02761 £ 0.00010
0.02761 + 0.00011

pQCD for /s > 2.3 GeV

full O(a?) for /s > 1.8 GeV

use of QCD sum rules

incl. new BES data

pQCD for s > 2 GeV?

pQCD for /s > 12 GeV

conv. from MS scheme

Euclidean split technique

pQCD for /s = 1.8-3.7 & > 5 GeV
pQCD for /s > 11.2 GeV

Ce et al. (2022) [155]

0.02773 = 0.00015

LQCD for Euclidian Q? < 5 GeV?

difference in Aa(M%) (obtained using Refs. [151,152]),°

AG(M3) - Aa(M3) = & [100 S fjjv 2 (5% He)
0 (T o) - ety + 2oces))
—%4(7) - %g(z)((:&) + f‘g‘%g(:&)?)] = 0.007122(2)(5) , (10.21)

where the first part of the lowest-order term is from fermions and the other two are from W= loops,
which are usually excluded from the OS definition. Fermion mass effects and corrections of O(a?)
contributing to Eq. (10.21) are small, partly cancel each other and are not included here. The first
error in Eq. (10.21) is parametric from a, and the second is from the truncation of the perturbative
expansion.

The most recent results of Aal(li)d(M 2) [162-165] typically assume the validity of perturbative
QCD (pQCD) at scales of about 2 GeV and above for the continuum contribution and are in good
agreement with each other. In regions where pQCD cannot be trusted, one can use e"e™ — hadrons
cross-section data (for a list of references see, e.g., Ref. [164]) and isospin rotated information
derived from 7 decay spectral functions [166], where the latter derive from ALEPH [167], Belle [168],
CLEO [169], and OPAL [170]. More recently, new results at low energy (77 ~) have been published
from the CMD-3 experiment [171] at the eTe™ collider VEPP-2000. There is noticeable spread

%a(M3%) is directly evaluated in the MS scheme using the FORTRAN package GAPP [132], including the QED

contributions of both leptons and quarks. The leptonic three-loop [153] and four-loop [154] contributions in the OS
scheme are known as well.
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in the existing results, with lattice QCD [155] and CMD-3 suggesting a stronger running than
KLOE data. While VEPP-2000 and VEPP-4M scanned center-of-mass (CM) energies up to 2 GeV
and between about 3 and 4 GeV, respectively, the BABAR collaboration studied multi-hadron
events radiatively returned from the 7°(4S5), reconstructing the radiated photon and normalizing
to uTp v final states. A discrepancy in the eTe™ — 77~ data from BABAR and KLOE has
been taken into account in Ref. [164] as an additional uncertainty. The new results from CMD-3

cannot be included in determinations of Aag)d (M%) without introducing additional uncertainties
to accomodate for the discrepancy with KLOE data or taking into account small p-values. We
use the value Aalgz)d(M%) = 0.02760 £ 0.00010 from Ref. [164] in our fit, which has been obtained
for as(M%) = 0.1193 4 0.0028. The dependence on as(M3) is taken into account in the fit. The
uncertainty on Aagd(M 2) is dominated by systematic effects in the cross-section data and the
uncertainty in the pQCD prediction.

10.3.2 The Fermi constant

Owing to its extraordinarily high experimental precision, the Fermi constant G g is often taken
as input in the EW model, e.g., replacing the electromagnetic coupling « or the W-boson mass
My in the list of input parameters. The parameter G is derived from the muon lifetime 7, =
2196981.1 + 2.2 ps, obtained in the Particle Listings in this Review. The average is dominated by
the result of the MuLan Collaboration [172,173] at the PSI that reduced the uncertainty by an
order of magnitude compared to previous results. The Fermi constant is derived from 7, according
tol0

h G%mi a(m?) a%(m?) a3(m?)
— = F(p) |1+ H P +H P+ H. £ 10.22
o = Too (p) |1+ Hi(p) +Hy(p)—5— + Hs—5—| (10.22)
where p = m?2/m2, a(Q?) is the electromagnetic coupling in the MS scheme, and
F(p) =1—8p+8p> — p* —12p?In p = 0.99981295 , (10.23a)
25 72
Hi(p) = ~ % — (9+47% +12Inp) p+ 167%p%2 + O(p?) = ~1.80793 , (10.23b)
156815 518 895 67 53
Hy(p) = — -t = —((3) + ot + —nIn2
20 = Fmg ~w" e tapt feT
5
— (0.042 % 0.002)paq — Z7r2\/§ +0O(p) =6.64 (10.23¢)
1
am2)yt=a"t+ 3-Inp+O(a) = 135.901 . (10.23d)

Hy, Hs, and Hs capture the QED corrections within the Fermi model. The results for p = 0 have
been obtained in Refs. [174] and [175,176] for H; and Hy, respectively, where the term in parentheses
is from the hadronic vacuum polarization [175]. The mass corrections to H; and Hy have been
calculated in [177] and [178], respectively. Notice the term linear in m. in Hs whose appearance
was unforeseen and can be traced to the use of the muon pole mass in the prefactor [178]. The
coefficient H3 = —15.3 & 2.3 has been estimated in Refs. [179-181].
The estimation of H3 reduces the uncertainty from missing higher orders significantly, resulting
in
Gr = 1.1663785(6) x 107° GeV 2, (10.24)
where the remaining uncertainty in Gy is mostly from experimental sources in the measurement of
Tu-

%Tn the spirit of the Fermi theory, the small propagator correction, 3/5 mi/Mgv, is included into the correction
Ar (see below). This is also the convention adopted by the MuLan collaboration [172]. While this breaks with
historical consistency, the numerical difference was negligible in the past.
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10.3.3 The muon anomalous magnetic moment

In 2025 the Muon g—2 Collaboration at Fermilab has released a new measurement [182] of the
muon anomalous magnetic moment a, = (g, — 2)/2, based on theirs Runs 4-6, which combines
with their previous result from Runs 1-3 [183,184] to

ay VA = (116592070.5 + 14.8) x 1071 . (10.25)

Combining the FNAL result with the result from the BNL E821 collaboration [185], which is
compatible with all FNAL results on a,, leads to the world average

aS® = (116592071.5 + 14.5) x 10711 . (10.26)

This experimental result is in good agreement with the SM prediction released in the 2025 White
Paper (WP25) [146],
a™M = (116592033 + 62) x 107", (10.27)

which contains a significant upward shift with respect to the previous SM prediction reported in the
2020 White Paper (WP20) [186], resolving a long-standing tension of ~ 2—4 ¢ between experiment
and theory.

The by far dominating contribution to aEM is due to QED corrections, which have been calcu-
lated to five loops [143, 145, 187-189] (fully analytic to three loops [190-194]). The SM EW con-
tribution [195-200], reported in [146] to a;;" = (154.4 +4.0) x 107, includes two-loop [201-205]
and leading three-loop [206,207] corrections and is roughly an order of magnitude larger than the
current experimental uncertainty. The major part of the theory uncertainties result from HVP
effects, which were entirely taken from lattice-QCD calculations in WP25 (see references therein).
The small, but non-negligible NLO and NNLO HVP contributions are taken from mixing data from
ete”™ — hadrons with perturbative QCD predictions, with the corresponding uncertainties. The
switch from the previously used experimental HVP results from eTe~ — hadrons cross sections to
lattice results accounts for the significant change in afLM from WP20 to WP25. This paradigm shift
was justified in WP25 in part by the great consolidation of lattice HVP results in recent years and
in part by the increasing tension among the relevant experimental e™e™ — 77~ cross-section data
after including recent measurements by CMD-3 [171,208]. The second largest uncertainty in alS;M
is due to effects from hadronic light-by-light (HLbL) scattering. In the step from WP20 to WP25,
the predictions for HLbL effects, both on the lattice and data-driven side (see WP25 for references)
have increased in precision and show good mutual agreement. Further reducing the theory uncer-
tainty in aEM and resolving the tension between lattice and data-driven HVP determinations will
be an important goal for future work. For more details and references, see Section 56 on the “Muon
Anomalous Magnetic Moment” in this Review.

The results on a, have not been taken into account in the SM fit to data below, because they
do not influence the fit significantly. The sensitivity of aEM to the EW parameters is way below the
remaining theory uncertainty. On the other hand, predictions for a, are sensitive to new physics
effects, such as in supersymmetric models with large tan 8 and moderately light superparticle
masses [209], or a dark Z boson [210].

10.4 Electroweak precision physics
10.4.1 Z- and W-boson masses and widths

The most precise measurement of the mass of the Z boson has been obtained by a combination
of the ALEPH, DELPHI, L3, and OPAL data from LEP 1 [138],

Mz =91.1876 £ 0.0021 GeV . (10.28)
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The uncertainty in this result is dominated by the knowledge of the LEP beam energy. Recently,
new results from hadron colliders have been obtained. The CDF Collaboration determined My from
fits to the dimuon and dielectron mass distributions [211], resulting in Mz = 91.1920 £ 0.0075 GeV
and 91.1943 £ 0.0158 GeV, respectively. The CMS Collaboration used Z — pu*u~ decays and
obtained Mz = 91.1858 £ 0.0048 GeV [212], with an uncertainty only about two times larger
than the LEP 1 combination. We note that this result is not independent of the previous My
determinations, as these were included to define the systematic uncertainty in the muon momentum
scale calibration. The LHCb Collaboration used Z — u*pu~ decays only and obtained a value of
91.1842 £ 0.0093 GeV [213], which will be included in future combinations of Mz. We use the
current world average

Mz = 91.1880 + 0.0020 GeV, (10.29)

in the fit, obtained from the LEP I average and the CDF result.

The values above correspond to a definition based on a Breit—Wigner shape with an energy-
dependent width, which differs from M 7 derived from the complex location of the propagator pole
as given in Eq. (10.14).

The LEP 1 results also include a determination of the total Z-boson decay width with a precision
of one per-mil [138,214],

I'y = 2.4955 + 0.0023 GeV. (10.30)

Among the most important LEP 2 results were the measurements [215] of the W-boson mass,
My, which were dominated by kinematic reconstruction, but included the complementary albeit
statistics limited and thus much less precise determination from a WW threshold cross-section mea-
surement.'’ The kinematic method was also employed at the Tevatron [216] and by ATLAS [217]
and LHCb [218] at the LHC. A combination [219] of all My, measurements available until 2023,
using a careful calibration of simulation tools and PDFs, obtained the world average,

My = 80.395 + 0.012 GeV . (10.31)

However, the x? probability of this combination is 0.5% or less, depending on the chosen PDF
set, which is mostly due to the W-mass measurement by CDF from Run II at the Tevatron [211],
My = 80.432 £ 0.016 GeV (adjusted to the common PDF set CT18 [220] in Ref. [219]). It differs
by almost 40 from the other measurements of My, while the latter agree well among each other,
with the average [219]

My, = 80.369 + 0.013 GeV (10.32)

without CDF II. In 2024, the ATLAS result has been updated [221], resulting in a significant
downward shift of My,. Most recently, the CMS collaboration has presented their first determi-
nation of My in Ref. [212]. Adjusted for the same CT18 PDF set used in Eq. (10.32) they find
My = 80.3618 £ 0.010 GeV. This value is in agreement with both the SM and previous determi-
nations from LEP 2, D@, ATLAS, and LHCb, and increases the tension of the latest CDF value of
Ref. [211] with other existing measurements. For the global fits presented later in this review, in
absence of an official combination of the different values of My, we will use the value in Eq. (10.32),
i.e. without the CDF result, as recommended by the authors of Ref. [219] and consistent with what
is reported in Section 54 on the “Mass and Width of the W Boson” in this Review. Again, these

HLEP 2 [215] ran at several energies above the Z pole up to ~ 209 GeV. Measurements were made of a number
of observables, including the total production cross sections of ff pairs for f = p, 7, and ¢ (hadrons), of four-fermion
final states, of vy, ZZ, WW and WW~. The differential cross sections for all three lepton flavors, and the leptonic
and hadronic W branching ratios were also extracted, as discussed in Section 10.4.7. The measurements of single-
and di-boson production were also used to set constraints on anomalous triple and quartic gauge couplings. These
anomalous interactions have also been studied in hadron collisions at the Tevatron and the LHC. We refer the reader

to the “Extraction of Triple Gauge Couplings (TGCs)”, “Anomalous W/Z Quartic Couplings (QGCs)” notes in the
W particle listing and the “Anomalous ZZ~, Z~v, and ZZV Couplings” note in the Z particle listing for details.
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values on Myy correspond to an energy-dependent W width in the resonance propagator and differ
from My, from the complex location of the propagator pole as given in eq. (10.14).

The ATLAS update in [221] also included the first LHC measurement of the W-boson width,
Iy = 2.202 + 0.047 GeV, the most precise single measurement of this quantity. When derived
simultaneously with My, the two measurements show a 30% anticorrelation. Although consistent
with the LEP 2 determination [215], the new and more precise ATLAS Iy value differs by about
20 from the Tevatron result [222] and the SM prediction.

For more details and references, see Section 54 on the “Mass and Width of the W Boson” in
this Review.

10.4.2 Higgs-boson mass and width

After their discovery of the Higgs boson [223,224], the LHC experiments ATLAS and CMS
have performed high precision measurements of its mass, My. We average the results, My =
125.11 £ 0.09gtat. £ 0.06gyst. GeV from ATLAS [225] and My = 125.04 4 0.11 gpa¢. + 0.05 5yt GeV
from CMS [226], by treating the smaller systematic error as common among the two determinations,
and arrive at,

My = 125.08 = 0.07 gt £ 0.05 55, GeV (LHC) . (10.33)

Measurements of the Higgs-boson width I’y at the LHC are based on the comparison between off-
shell and on-shell Higgs boson production rates assuming the validity of the SM. The most precise
results are I'y = 3.0722 MeV from CMS [226] and 'y = 4.3727 MeV from ATLAS [227]. Both
measurements are compatible with the SM prediction 'y = 4.10 £ 0.06 MeV [228]. Owing to the
smallness of I’y /My ~ 3 x 107°, there is no significant difference between the two variants of OS
masses and widths (My, I'y versus Mg, I'g) at the current (and most likely also future) level of
precision.

For further references and more details on Higgs-boson properties, see Section 11 on the “Status
of Higgs Boson Physics” in this Review.

10.4.3 Quark masses

The top-quark mass my, being the largest mass in the SM, plays a prominent role in the descrip-
tion of the EW sector, inducing some of the largest fermionic radiative corrections to EW precision
observables. As in the case of the other SM parameters that can be obtained indirectly from the
EW precision fit, it is important to have direct determinations of m; to perform consistency tests
of the SM. The top-quark mass has been measured in top quark decays by directly reconstructing
the decay products, also known as “direct measurements”, by the Tevatron collaborations, CDF
and D@, in leptonic, hadronic, and mixed channels with the result [229],

my = 174.30 £ 0.35 gpat. = 0.54 5yt GeV (Tevatron) . (10.34)

Likewise, using data from CM energies /s = 7 and 8 TeV (Run 1), ATLAS and CMS (including
alternative technique measurements) at the LHC obtained [230],

my = 172.52 & 0.14 a1, £ 0.30 445, GeV (LHC Run 1) . (10.35)

In addition, there are results derived from /s = 13 TeV data (Run 2). The CMS collaboration
obtained my = 171.77 &+ 0.3710t. GeV [231] in the lepton+jets channel with a kinematic fit of
the decay products combined with a profile likelihood method. Using the same channel, CMS
measured my = 173.06 £ 0.244tat. = 0.804yst. GeV [232] using a template fit to the jet mass in
hadronic decays of highly boosted top quarks. In addition, CMS reports m; = 172.33 & 0.14 4t =
0.69gyst. GeV [233] in the dilepton channel, m; = 172.34 % 0.20 gat4 358 £ 0.705ys. GeV [234] in
the all-jets channel, and m; = 172.13 £ 0.324ar. & 0.704ys. GeV [235] in t-channel single top
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events (leptonic decays), where the uncertainty named stat+JSE denotes the combination of the
statistical uncertainty and the uncertainty in the jet energy scale. A comprehensive summary of
the CMS measurements of the top-quark mass is given in Ref. [236]. ATLAS measured m; =
174.41 £ 0.39 spat. = 0.71ys. GeV [237] in the lepton+jets channel by identifying soft leptons from
the semileptonic decays of b-hadrons assigned to the leptonically decaying top quark, m; = 172.95+
0.53 GeV [238] in the lepton+jets channel with boosted hadronically decaying top quarks, and m; =
172.21 +0.20 1. £0.78 5yst. GeV [239] in the dilepton channel. There is some ambiguity in relating
these measurements to the top-quark pole mass [240], which we discuss below. Alternatively,
the experimental collaborations have determined the top-quark mass from inclusive cross-section
measurements [241-247]. While these determinations represent unambiguous measurements of the
top-quark pole mass, they have larger uncertainties than the direct measurements presently. For
the fits discussed later we will use the average value of direct measurements reported in the Top
Quark Listings in this Review, which is based exclusively on fully published results. It must be
noted that this combination assumes vanishing correlations between the different measurements
and across experiments.'? We take

my = 172.56 & 0.31 GeV + Amyc (10.36)

where the term Amyic has been added to account for any difference between the top-quark pole
mass, my, and the mass parameter implemented in the Monte Carlo event generators employed
by the experimental groups. Amyic is expected to be of order a4(Qp)Qo with a low scale Qg ~
O(1 GeV) [248], but its value is unknown in hadron collider environments so that we will treat it as
an uncertainty instead,'® and choose for definiteness Qo = Iy = 1.42 GeV to arrive at Amyc = 0+
0.52 GeV. We further assume that an uncertainty [251] of 0.32 GeV in the relation [252] between my
and the MS definition, ¢ (M%), entering EW radiative correction libraries, including the renormalon
ambiguity [253], is already included in Amyic, as m; merely serves as an intermediate bookkeeping
device in Ref. [248]. A complementary direction to arrive at a competitive independent constraint
on my is to analyze differential top-quark pair production cross sections at NNLO QCD [254,255].
Extractions of m; using fixed-order perturbative calculations can remove the Amyc uncertainty and
benefit from the recently increased experimental precision of differential measurements [256-259].
We note that m; determinations from cross sections assume the validity of the SM within the energy
range accessible to the LHC. For more details and references, see Section 61 on the “Top Quark”
and the Quarks Listings in this Review.

The charm and bottom quark masses play a minor but non-negligible role in the EW fit. We
consider the running MS masses for these quarks, evaluated at a scale equal to the quark mass
itself, mq(m2):

me(me) = 1273.0 £ 2.8 MeV,  my(my) = 4183 + 4 MeV. (10.37)

To improve the precisions in m.(m2) and 7, (7M7) in the future it would help to remeasure the

threshold regions of the heavy quarks, as well as the electronic decay widths of the narrow cc and
bb resonances. It would also be important to obtain data on the R-ratio in eTe™ annihilation
for center-of-mass energies 2 11.2 GeV, as in this region QCD perturbation theory cannot be
sufficiently relied upon for b quarks [260].

The masses of the light quarks play a subordinate role in the calculation of EW observables.
Indeed, in order to minimize non-perturbative effects in the predictions of high-energy observables,
these observables are typically defined to be infrared safe, i.e. insensitive to energy scales near the
QCD parameter Aqcp, allowing to neglect the light-quark masses. In cases where these masses

12 As pointed out in previous versions of this Review, we note that there exists some tension at the 2o level between
the Tevatron and LHC measurements of m;.

BHowever, see Refs. [249,250] for proposed procedures to calibrate the Monte Carlo mass parameter at hadron
colliders.
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are relevant, they are typically defined in the MS scheme. As further explained in Section 60 on
“Quark Masses” in this Review, a fit for the u, d, and s masses gives

my, = 2.16 £0.04 MeV, my =4.70£0.04 MeV, ms;=93.5+0.5 MeV, (10.38)

where these running MS masses are evaluated at the scale u = 2 GeV.

10.4.4 The strong coupling constant

The strong coupling constant is one of the key parameters of the SM, setting the strength of
QCD interactions. While not contributing to the EW precision observables at the leading order, it
enters in the EW precision fit via radiative corrections, most notably to hadronic observables at the
one-loop order or to the W mass and the weak mixing angle starting at two loops. From the point of
view of EW precision observables, in particular measurements of the Z-lineshape, the relevant scale
is Q? ~ MZ%, and the SM EW precision fit provides a determination of as(M2). It is important to
complement the information from the EW fit on this input with additional measurements at lower
and higher energy scales. Alternative determinations, both from low- and high-energy observables
are available, and reduce the dependence of the extraction of as(M%) on potential new physics
effects. These determinations differ in statistical precision, experimental systematic uncertainties,
and uncertainties from theoretical considerations. Considering the total uncertainty, some of these
determinations are more precise than the one from the EW fit, e.g., from lattice QCD, PDF fits,
LHC data, or from 7 decays. However, the EW fit provides a determination of as(M%) with
the smallest uncertainty from missing higher orders or nonperturbative effects compared to other
measurements, making it an important element in the combination with other determinations. We
refer to Section 9 on Quantum Chromodynamics in this Review for more details on the different
methods to obtain ag and probe its energy dependence.

While measurements of the Z-lineshape have the power to determine as(Mé) without further
experimental input, the most precise test of the EW sector of the SM is obtained by including
external information on as(M%). Following the methods reported in the Review on Quantum
Chromodynamics, we consider the average of ozs(M%) excluding information from the EW fit, and
before combining it with the lattice QCD results,

as(M2) = 0.1171 £ 0.0011  (PDG 2025 average without EW fit), (10.39)

and perform an unweighted average of this value with the FLAG 2024 estimate, combining the best
results from lattice QCD, as(M%) = 0.1183 4 0.0007 [261]. This results in

as(M%) = 0.1177 £ 0.0009 , (10.40)

which we use as a constraint in our fits.

10.4.5 The weak mixing angle

The quantities sin® 6y and My can be calculated from My, oz(M%), and G, when values for
m; and My are given, or conversely, My can be constrained by sin? 6y, and My,. The value of
sin? Ay depends on the renormalization prescription. There are a number of popular schemes [9]
leading to values which differ by small factors depending on m; and M. The notation for these
schemes is shown in Table 10.2.

(i) Asproposed in Ref. [22], the OS scheme promotes the tree-level formula sin? 6y = 1— M3, /M2
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Table 10.2: Notations and numerical values of the weak mixing angle sin® y discussed in the

text.

The effective weak mixing angle 57 is obtained using the two-loop results of Ref. [106] with the
(5)

direct experimental measurements of ag(M %), Aahad(M%), Mz, my, and My as input parameters,

2

given in Table 10.5 below. The on-shell and MS quantities are derived from 57. The uncertainties
induced by the imperfectly known input parameters and unknown higher orders [106] are also given.

Scheme Notation Value Uncertainty
On-shell sty 0.22342 +0.00009
Effective angle 57 0.23154 £0.00006
MS 52 0.23122 +0.00006
MS (ND) 52p 0.23140 +0.00006

to a definition of the renormalized sin? Ay to all orders in perturbation theory, i.e.,
2

My
P

Mz

AO o MW

_— Mz = 10.41
SW(]_—AT)l/2 ; Z cw ) ( 0 b)

sin? Oy — sty =1 — (10.41a)

My =

where ¢y = cos Oy, Ag = (1a(0)/v/2GF)"/? = 37.28038(1) GeV, and Ar includes the radia-
tive corrections relating «(0), a(M%), Gr, My, and My (see Sect. 10.2.5).

Other definitions are motivated by the tree-level coupling constant definition fy = tan='(g’/g):
In particular, the MS scheme introduces the quantity,

9'(?)?
g(u?)?+g'(1?)?
where the couplings g and ¢’ are defined by modified minimal subtraction and the scale y is
conveniently chosen to be My for many EW processes. The value of §% = sin? @W(M%) is
less sensitive than s¥, to m; (by a factor of tan® 6y ), and is less sensitive to most types of
new physics. It is also useful for comparisons with the predictions of grand unification. There
are several definitions of sin? 0y, (M32), which differ in whether and how finite a In(m;/My)
terms are decoupled (i.e. subtracted from the couplings). One cannot entirely decouple these
terms from all EW quantities because m; > my, breaks SU(2) symmetry. The scheme adopted
in the EW fits presented in the previous editions of this Review decouples the aln(m;/Mz)
terms from the y—Z mixing [26,262], essentially eliminating any In(m;/Myz) dependence in

the formulae for asymmetries at the Z pole when written in terms of $2. (A similar definition
is used for @.) The OS and MS definitions are related by

sin? Oy (112) (10.42)

52 = c(my, Mpg)s¥, = (1.0349 + 0.0003)s%, . (10.43)

The quadratic m; dependence is given by ¢ ~ 1+ Ap;/tan? fy,. The expressions for My, and
My in the MS scheme are

Ao My

My = : My =
VT 51— Arg)1 2 7

: 10.44

and one predicts A7y = 0.06937 4+ 0.00006. A7y has no quadratic m; dependence, because
shifts in My are absorbed into the observed G, so that the error in Ary is almost entirely
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due to Arg = 1—a(0)/@(M2). The quadratic m; dependence has been shifted into p ~ 14+Apy,
where including bosonic loops, p = 1.01016 4 0.00009.

(iii) A variant MS quantity $2p (used in the 1992 edition of this Review) does not decouple the
aln(my/Mz) terms [263]. It is related to 5% by

9 9 a 1/1 8) K ozs) my 150,
= 1+ —d d==-=— = 1+— ) In— — i 10.4
°ND SZ<+7r>’ (§2 3 TR, T e (1045)

Thus, 52 — $%, = —0.00018.
(iv) Another very useful definition of the mixing angle, known as the effective weak mizing an-

gle [264,265] E? = sin? Gé}, is based on effective couplings of a fermion f to the Z boson on
the Z pole, as discussed in detail in Sec. 10.4.6 below.

(v) In previous versions of this Review, special attention was dedicated to EW precision observ-
ables obtained at low momentum transfers [266], i.e., |Q?| < M2, in particular those measured
in neutrino and electron scattering experiments, namely v—hadron, v—e, as well as parity vio-
lating e-hadron and e—e neutral-current processes. Within the SM, these are sensitive to the
weak mixing angle at almost vanishing momentum transfer 3¢ = sin? gw(O) [162, 267-269].
Similarly, new physics effects contributing to the EW neutral-currents interactions or new
particle exchanges in the form of additional four-fermion interactions could be tested in these
types of processes.

A precise determination of the OS quantity s, which depends only very weakly on m; and
My, is obtained from deep inelastic scattering (DIS) of neutrinos [270,271] from (approx-
imately) isoscalar targets. The ratio R, = UZJ,V]\? /O'S}g of neutral-to-charged-current cross
sections has been measured to 1% accuracy by CDHS [272] and CHARM [273] at CERN.
CCFR [274] at Fermilab has obtained an even more precise result. The NuTeV collaboration
found s%, = 0.2277 £ 0.0016, which was ~ 30 higher than the SM prediction [275]. However,
since then several groups have raised concerns about the interpretation of the NuTeV result,
which could affect the extracted value of s3,. A detailed discussion and a list of references can
be found in the 2016 edition of this Review. Similarly, experiments of parity violation electron
scattering can probe the weak mixing angle by measuring the parity violating left-right (LR)
asymmetry Ajr = gi%gg. This was determined by the SLAC polarized electron-deuteron DIS
(eDIS) experiment [276] and improved by the Jefferson Lab Hall A collaboration [277,278],
measuring the weak mixing angle to 2% precision, 82 = 0.2299 + 0.0043. Apgr can also
be measured in fixed target polarized Mgller scattering, and has been determined at low
Q% = 0.026 GeV? in the SLAC E158 experiment [279], yielding $2(161 MeV) = 0.2403+0.0013,
and, as shown in Fig. 10.1, established the scale dependence of the weak mixing angle at the
level of 60. Finally, measurement of the nuclear weak charge, Qw (Z, N), in experiments of
atomic parity violation, in particular for Cesium, when interpreted in terms of the SM lead
to value of the weak mixing angle $2(2.4 MeV) = 0.2349 4 0.0018 [280-287]. We refer to the
review article by M. A. and C. Bouchiat [288] and to previous editions of this Review for a
much more in-depth description of these types of low-energy probes of the weak mixing angle.

The scale dependence of the weak mixing angle defined in the MS scheme [162,268] is shown in
Fig. 10.1.

10.4.6 Z-pole physics
If the CM energy \{E is large compared to the fermion mass my, the unpolarized Born cross
section for ete™ — ff, including v exchange, Z-boson exchange, and y—Z interference can be
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Figure 10.1: Scale dependence of the weak mixing angle defined in the MS scheme [162,268] (for
the scale dependence in a mass-dependent renormalization scheme, see Ref. [267]). The minimum
of the curve corresponds to u = My, below which we switch to an effective theory with the
W+ bosons integrated out, and where the S-function for §2(u?) changes sign. At My, and each
fermion mass there are also discontinuities arising from scheme dependent matching terms, which
are necessary to ensure that the various effective field theories within a given loop order describe
the same physics. However, in the MS scheme these are very small numerically and barely visible in
the figure provided one decouples quarks at pu = ﬁlq(ﬁzg). The width of the curve exceeds the theory
uncertainty from strong interaction effects which at low energies is at the level of 2 x 107° [162].
The Tevatron and LHC measurements are strongly dominated by invariant masses of the final-state
di-lepton pair of O(My) and can thus be considered as additional Z pole data points. For clarity
we displayed the Tevatron and LHC points horizontally to the left and right, respectively. Figure
taken from the previous edition of this Review, which we refer to for more details [289)].

written as [290]

do ma(s)

Toosd - 2% [Fl(l + cos® ) + 2 cos 9} + B, (10.46a)
Fy = Q?QF — 2xQeQ; 5591, cos 6r + X*(at + 350) (01 + g%) . (10.46b)
Fy = —2xQcQ 347" cos or + 4335 34309 | (10.46¢)
where
— = 2
tan o = J\AZQZI:Z , X = 2\/;2(5) — SMQZ —— (10.47)
7= (M7 — s)? + M,T]
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Here, B accounts for box graphs involving virtual Z and W bosons, and the g‘f; 4 are defined in

Eq. (10.48) below. Mz and I'z correspond to mass and width definitions based on a Breit—Wigner
shape with an energy-independent width (see Sec. 10.2.4 and Section 55 on the “Z Boson” in
this Review). The differential cross section receives important corrections from QED effects in
the initial and final states, and interference between the two [291]. For ¢¢ production, there are
additional final-state QCD corrections, which are relatively large. Note also that the equations
above are written in the CM frame of the incident e*e™ system, which may be boosted due to the
initial-state QED radiation.

Some of the leading virtual EW corrections are captured by the running QED coupling a(s)
and the Fermi constant Gp. The remaining corrections to the Zff interactions are absorbed by
replacing the tree-level couplings in Eq. (10.7) with the s-dependent effective couplings [138],

9 = v (th — 2Qkysin® Oy ) (10.48a)
7h = Vortly . (10.48b)

In these equations, the effective couplings are to be taken at the scale /s, but for notational
simplicity we do not show this explicitly. At tree level, p; = ky = 1, but inclusion of EW radiative
corrections leads to py # 1 and sy # 1, which depend on the fermion f and on the renormalization
scheme. In the OS scheme, the quadratic m; dependence is given by,

Apy
~1+A ~1l4+— 10.49
pr~1+Ap, pp Lt g (10.49)
while in MS, py ~ Ky ~ 1, for f # b, and
. 4 N 2
pp~1— gAPt , Ry~ 1+ gA,Ot , (10.50)

which account for the non-flavor-universal effects arising from diagrams where a virtual top quark
couples to a W boson inducing a correction to the Zbb vertex. In the MS scheme the normalization
is changed according to GpM2/2+v/21 — @/452¢% in the second Eq. (10.47).

As reviewed in Sec. 10.2.5, for the high precision Z pole observables discussed below, many
additional bosonic and fermionic loop effects, vertex corrections, and higher order contributions,
etc., must be included. For example, in the MS scheme one then has p, = 0.9977, &, = 1.0014,
oy = 0.9867, and Kp = 1.0068.

To connect to measured quantities, it is convenient to define the effective angle

57 =sin® 0wy = RySz = kysiy (10.51)

in terms of which g{? and gﬁ are given by ,/py times their tree-level formulae. One finds that the
Ky (f # b) are almost independent of m; and Mpr, and thus one can write,

57 = 52 +0.00032 , (10.52)

while the sy for the OS scheme are m; dependent.

High-precision measurements of various Z pole (y/s &~ M) observables [9,301,302] have been
performed at LEP 1 and SLC [138,298,299,303,304], as summarized in Table 10.3. These include
the Z mass and total width, I'z, and partial widths Fff for Z — ff, where f = e, p, T, light
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Table 10.3: Principal Z-pole observables and their SM predictions. The first Mz is from
LEP 1 [138] and the second from CDF [211]. The first 57 is the effective weak mixing angle
extracted from the hadronic charge asymmetry at LEP 1 [138], the second is the combined value
from the Tevatron [292], and the third is from the LHC [293-297]. The values of A, are (i) from
Arr for hadronic final states [298]; (ii) from A for leptonic final states and from polarized Bhabha
scattering [299]; and (iii) from the angular distribution of the 7 polarization at LEP 1 [138]. The
A, values are from SLD [299], the total 7 polarization from LEP [138] and from CMS [300], re-
spectively. The SM predictions are obtained using the values of the first five parameters listed in
the second column of Table 10.5. Note that the SM errors in Iz, the Ry, and opaq are largely

dominated by the uncertainty in as.

Quantity Value Standard Model
Mz [GeV] 91.1876 + 0.0021

91.192 + 0.007
I'; [GeV] 2.4955 + 0.0023 2.4942 4+ 0.0005
Ohad [0D] 41.4802 4+ 0.0325 41.492 4+ 0.008
R, 20.804 + 0.050 20.747 4+ 0.006
R, 20.784 4+ 0.034 20.747 + 0.006
R; 20.764 £+ 0.045 20.794 £+ 0.006
Ry 0.21629 + 0.00066 0.21588 + 0.00003
R, 0.1721 4+ 0.0030 0.17220 + 0.00003
Afp 0.0145 £ 0.0025 0.01618 + 0.00006
ARg 0.0169 4+ 0.0013
Afp 0.0188 +0.0017
Ab g 0.0996 4+ 0.0016 0.1030 4 0.0003
Afp 0.0707 4+ 0.0035 0.0736 4+ 0.0002
Afp 0.0976 £ 0.0114 0.1027 4+ 0.0002
57 0.2324 +0.0012 0.23154 + 0.00006

0.23148 + 0.00033
0.23145 + 0.00028

A, 0.15138 + 0.00216 0.1469 + 0.0004

0.1544 + 0.0060

0.1498 4+ 0.0049
Au 0.142 £ 0.015
A 0.136 £ 0.015

0.1439 4+ 0.0043

0.144 £ 0.015

Ay 0.923 + 0.020 0.93474 + 0.00003
A 0.670 + 0.027 0.6678 + 0.0002
A 0.895 + 0.091 0.9357 4+ 0.00004
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hadrons, b, and c¢. It is convenient to use the variables, also called “pseudo-observables” because
these need to be determined from cross-section measurements,

120L s, Tia _Twe g T

My, Iy Ohad = Ry = =
’ ’ Z2 Z2 ’ +o— ’ had ’

(10.53)

for £ = e,u, or 7, and ¢ = b or ¢, where I},.q is the partial decay width into hadrons. 4 Most
of these are weakly correlated experimentally. These quantities have been obtained by the LEP
collaborations from fits to the measured cross sections around the Z pole in eTe™ collisions. Initial-
state radiation reduces the peak cross section by more than 25%, where O(a?®) QED effects and the
dependence on I'z induce an anti-correlation of about —30% between I'y and opaq, and correlations
of about 10% between op,q and Re, Ry, and R,. Newer calculations of beam-beam effects on the
luminosity measurement at LEP [305] and an improved Bhabha cross section [214], which was
underestimated by 0.048% when the measurements were done, result in updated values

I'z = 2.4955 £+ 0.0023 GeV and Ohad = 41.480 £ 0.033 nb. (10.54)

The anti-correlation between R, and R, amounts to —18% [138]. The Ry are insensitive to my
except for the Z — bb vertex, final-state corrections, and the implicit dependence through sin? 6y .
Thus, they are especially useful for constraining as(M2).

Very important constraints follow from measurements of various Z-pole asymmetries. These
include the FB asymmetry Appg, and the polarization or LR asymmetry Argr, defined by

f_ S ;o
Aly=T" App = LR (10.55)
op +0p o1, T or

Here, 01{:(]3) are the cross sections to produce a fermion in the forward (backward) hemisphere,

defined with respect to the direction of the electron beam, and UI]:(R) are the total cross sections
for left-handed (right-handed) incoming electrons. The LR asymmetry was measured precisely by
the SLD collaboration at the SLC [298] using a polarized electron beam, and has the advantages of
being very sensitive to E% and that systematic uncertainties largely cancel. After removing initial-
state QED corrections and contributions from photon exchange, v—Z interference, as well as the
EW boxes in Eq. (10.46a), one can use the effective tree-level expressions,
3 Ac+ P,
Arg = AP, A=Ay 2 2C 10.56
LR ele B 4f1+PeAe’ ( )
where,
26 af 1 —4|Q |52
Af = *f2gvgi4f2 - 1—4 L f’ ! 2:4 ¢ (10'57)
gy + 94 - |Qf|8f+8Qf5f

P, is the initial e~ polarization. The Z-pole FB asymmetries at LEP 1 (P, = 0) are given by

A{;B = %AeAf for f = e, p, 7, b, ¢, s [138], and ¢, and where Al refers to the hadronic
charge asymmetry. Corrections for t-channel exchange and s/t-channel interference cause Afp
to be strongly anti-correlated with R, with a coefficient of —37%. The my-dependence [306] of the
O(a?) QCD correction [307], affecting the reference axis of the b-quark asymmetry [308], increased
the extracted A%y by about 0.20. The correlation between A%y and A%y amounts to 15%.

1411 this review, we only consider Z-pole observables corrected for radiative effects, photon exchange, v—Z inter-
ference, and EW boxes. These are denoted with a superscript ’0’ in the original LEP literature, e.g. or,q, but here
we drop the ’0’ from the superscript.

1st December, 2025



29 10. Electroweak Model and Constraints on New Physics

m 0.022 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T

S D ]

0.02 7/ N o

- 7 \‘ -

0018~ O -

- N ~N i

ool T M AN

- 68%CL L A

0014 — (70 Y V]

- N €+€7 \\ i -

i e N ]

F e ‘1/[ ]/l \\ -

0012~ il . / -

O 01 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
206 2065 207 2075 20.8 20.85 20.9

Ry

Figure 10.2: Contour lines at 68% confidence level for the LEP 1 measurements of R, and Afy
for eTe™, ptpu~, 777~ final states, and all leptons combined. The value of R, has been corrected
for mass effects, shifting the measurement by —0.047. The SM prediction for massless leptons is
shown as a black star.

The six measured values of R, and A%B are consistent with lepton universality'® within their
68% confidence level contours, as shown in Fig. 10.2. The value of R; has been corrected for mass
effects [110] to be comparable to R. and R,. In our global SM fit, we use the combined values

Ry = 20.767 + 0.025 , Abp = 0.0171 +0.0010 , (10.58)

obtained for massless leptons with an anti-correlation of —5.6% [138].
The SLD collaboration extracted the final-state couplings Ap, A. [138], As [303], A;, and
A, [299], from left-right forward-backward asymmetries, using

O S A
AR () = The =%k~ Ohr +"§;B =24y, (10.59)
OLp T 0L T Orp +ORB

where, for example, a{ s the cross section for a left-handed incident electron to produce a fermion

f traveling in the forward hemisphere. We note that A is equal to AIJ;B in Eq. (10.56) for P, = 1.
Similarly, A, and A, were measured at LEP 1 [138] (A, also very recently by CMS [300]) through
the 7 polarization, P;, as a function of the scattering angle 6, which can be written as,

__AT(1+C0829)+2A6C089 (10.60)
T (1+cos?0)+ 24, A.cos0 ’

The average polarization, (P;), obtained by integrating over cos # in the numerator and denominator
of Eq. (10.60), yields (P;) = —A,, and A, can be extracted from the P, angular distribution. The

15Tests of lepton universality of the neutral current are also available from hadron collider data. The ratio
of branching fractions for Z bosons decaying into ete™ relative to pu*u~ final states has also been measured by
ATLAS [309], obtaining R.;, = 1.0026 & 0.0050, in perfect agreement with lepton universality. Similar tests have
also been performed with Z — 77~ decays by the LHCb collaboration, finding also good agreement with lepton
universality at the percent level: R, /. = 1.02+0.06, R,,, = 1.01 £ 0.05 [310].
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initial-state coupling, A., was also determined through the LR charge asymmetry [304] and in
polarized Bhabha scattering [299] at the SLC. Because gf/ is very small, not only Argr = A, A%B,
and P-, but also Al for ¢ = b, ¢, and s, as well as the hadronic asymmetries are mainly sensitive
to §§. The leptonic results are compatible with lepton universality and can be combined into [138]

Ay(SLD) = 0.1513 + 0.0021 , Ay(LEP) = 0.1465 + 0.0033 , (10.61)

where the first value is obtained from SLD data and the second one from LEP. The two values are
statistically compatible within 1.2 standard deviations and are compatible with the CMS determi-
nation [300]

A, (CMS) = 0.144 + 0.015 . (10.62)

The combination of all LEP and SLC asymmetries (but excluding other observables such as Ry)
yields [138]
57 = 0.23151 £+ 0.00016 (LEP + SLC) . (10.63)

As for hadron colliders, the FB asymmetry, Agg, for ete™ and ptp~ final states (with invariant
masses restricted to or dominated by values around My) in pp collisions has been measured by
the CDF [311] and D@ [312] collaborations, and the values 57 = 0.23221 + 0.00046 and 57 =
0.23095 + 0.00040 were extracted, respectively. The combination of these measurements (which
differ by more than 2 o) yields [292],

57 = 0.23148 + 0.00033 (Tevatron) . (10.64)

By varying the invariant mass and the scattering angle (and assuming the electron couplings),
information on the effective Z couplings to light quarks, g@;‘i, could also be obtained [313,314], but
with large uncertainties, mutual correlations, and not independently of E% above. Similar analyses
have also been reported by the H1 [315] and ZEUS [316] collaborations at HERA and by the LEP
collaborations [138]. This kind of measurement is harder in the pp environment due to the difficulty
to assign the initial quark and antiquark in the underlying Drell-Yan process to the protons, thus
requiring excellent control of uncertainties from parton distribution functions. ATLAS obtained
5; = 0.2308 £ 0.0012 using 7 TeV data [293] and a preliminary result 55 = 0.23140 4 0.00036 at
8 TeV [294], while CMS measured 57 = 0.23101 4 0.00053 at 8 TeV [295]. The LHCb collaboration
measured 57 = 0.23142 £ 0.00106 using 7 and 8 TeV data, analyzing u*pu~ final states [297]. The
PDG combination of LEP, Tevatron, and LHC results is still mostly dominated by the lepton
collider measurement and gives

57 = 0.23148 + 0.00013 (collider average) . (10.65)

Since this average includes 57 determinations from asymmetry measurements at LEP and SLC,
it cannot be used in a global EW fit that already includes these measurements. Instead, we
use a combination of hadron collider measurements, obtained from the above Tevatron average,
Eq. (10.64), the ATLAS, CMS, and LHCb results, and recent results from 13 TeV data by CMS,
57 = 0.23152 £ 0.00031 [317], and LHCb, 57 = 0.23147 £ 0.00050 [318]. Assuming that the PDF
uncertainties are fully correlated between the ATLAS and CMS measurements and 50% correlated
between all other measurements, results in a hadron collider (HC) value of

57 = 0.23152 4 0.00023 (HC) . (10.66)

Variations of the PDF correlations lead to small shifts in the central value that have been included
in the total uncertainty.
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10.4.7 W and Z decays

The partial widths of weak gauge boson decays into massless fermion pairs f; fa (the numerical
values include the small EW radiative corrections and final-state mass effects) are given by,

M3,G
F(WH = etre) = = W2E — 92629 + 0.04 MeV | (10.67a)
6127
- M3,G
W+ = udy) = =2V PRY = (705.3 + 0.4 MeV)| V)2 (10.67D)
627
n_ MyGr g 2 f g2
Iz — 1= [R{gl? +RA5Y] (10.67¢)

where the result for the latter are shown in Table 10.4. Final-state QED and QCD corrections [319]
to the vector and axial-vector form factors are given by,

3 NZ —1a;
1+4<Q?a7(f)+ N af)>+~~] : (10.68)

R{/,A = Nc

where No = 3 (1) is the color factor for quarks (leptons) and the dots indicate finite fermion mass
effects proportional to m? /s which are different for 72(, and RQ, as well as higher-order QCD cor-
rections [320], which are known to O(a?) [321]. For the Z boson, these include singlet contributions
starting from two-loop order in QCD that are large, strongly top-quark mass dependent, family
universal, and flavor non-universal [322-326]. The O(a?) self-energy corrections from Ref. [327] are
also taken into account.

For the W decay into quarks, Eq. (10.67b), only the universal massless part (non-singlet and
mg = 0) of the final-state QCD radiator function in Ry from Eq. (10.68) is used, and the QED
corrections are modified. Expressing the widths in terms of G FME’V 4 incorporates the largest
radiative corrections from the running QED coupling. EW corrections to the Z widths are then
taken into account through the effective couplings g%}? - Hence, in the OS scheme the Z widths
are proportional to p; ~ 1+ Ap;. There is additional (negative) quadratic m; dependence in the
Z — bb vertex corrections [328,329] which causes I v to decrease with m;. The dominant effect is
to multiply I; by the vertex correction 1+ dp,5, where dp,p ~ 10_2(—%m%/M% + %) In practice,
the corrections are included in p; and Ky, as discussed in Sec. 10.4.

Starting at O(aas), the factorized form indicated in Eq. (10.67) is violated and corrections need
to be included [330-332]. They add coherently, resulting in a sizable effect, and shift (M%) when
extracted from Z lineshape observables by about +0.0007. Similar non-factorizable corrections are
also known for mixed QED-EW corrections [106,108,109].

For three fermion families, the total widths of the Z [53,333-336] and W [25,135] bosons are
predicted to be

I'yz = 2.4944 + 0.0006 GeV Iy =2.090 + 0.001 GeV . (10.69)

The uncertainties in these predictions are almost entirely induced by the parametric error from
the strong coupling constant, aS(M%) = 0.1177 4+ 0.0009, from the average in Eq. (10.40). These
predictions can be compared with the experimental results, I’y = 2.4955 + 0.0023 GeV [138,214]
and the average from LEP, Tevatron and ATLAS, I'y = 2.14 4+ 0.05 GeV presented in the Gauge
& Higgs Bosons Particle Listings in this Review. The different leptonic branching fractions of the
W boson, B(W — (uvy) have been measured at high precision by the LEP 2 experiments [215].
The measurements of the total and partial widths are generally in good agreement with the SM.
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Table 10.4: SM predictions for the partial and total Z decay widths [in MeV]. The results are
derived from Table 10.3 and the corresponding covariance matrices [138,214]. In the (second) third
column lepton universality is (not) assumed.

Quantity Value Value (universal) Standard Model
It 83.87 £ 0.12 83.942 £ 0.085 83.983 £ 0.018
Lyt - 83.95 4+ 0.18 83.941 £+ 0.085 83.982 £+ 0.018
I'v - 84.03 £ 0.21 83.759 £ 0.085 83.793 £ 0.018
Liny 498.9 +£2.5 500.5 =£1.5 501.605 £ 0.048
Ly — — 299.88 £0.16
Iz 300.3 +5.3 300.0 +5.2 299.80 +0.16
[y Tis — — 382.82 +0.12
I 3774 £1.3 377.0 +1.2 375.90 +0.20
Iag 17448 £2.6 17432 +£1.9 1741.21 +0.65
I'y 24955 +2.3 24955 +£23 2494.56 £0.73

The exceptions are [y, which is 1.30 larger than the SM prediction, and the branching fraction
W — 7 + v, from LEP 2, which is 2.60 larger than the electron—muon average [215]. However, a
measurement from ATLAS more precise than LEP 2 on the ratio of branching fractions W — 7+ v,
to W — p + v, using top quark decays, shows good agreement with the SM prediction and
lepton universality [337]. Additional measurements from ATLAS, CMS, and LHCb, on ratios of
branching fractions for W decays into different lepton flavors are also in agreement with lepton
universality [309, 337-340].

The invisible decay width, liny = I’z — I+~ — I+~ — I+ -~ — Ihad, can be used to determine
the number of neutrino flavors, N,,, much lighter than M /2. The hadronic peak cross section, and
therefore the extracted I},,q, relies on the precise knowledge of the LEP luminosity measured by each
experiment using small-angle Bhabha scattering. However, the earlier prediction for the Bhabha
cross section was found to be overestimated, and consequently the luminosity underestimated [214].
An updated analysis led to a significant reduction in oy,q and a small increase in 'z, as given in
Eq. (10.54). The resulting value, N, = 2.9963 4+ 0.0074 [214], is in agreement with the observed
number of three fermion generations N, = 3.

10.5 Global fit results

In this section, we present the results of global fits, subject to the experimental data and
theoretical predictions discussed in Sections 10.2—10.4. For earlier analyses and other recent global
fits, see Refs. [80,126,130,131,138,341-344] and previous editions of this Review. We recall that the
latter have been obtained with the GAPP package [132], which consistently employs MS-renormalized
quantities. For the results given here, we use the observables summarized in Table 10.5. This
includes non-Z-pole observables such as the values of m; (see Sec. 10.4.3), My [345,346], My [219,
221], Ty [215,221,222], and BR(W — (1) [215,338]. We also use the values of as(M2), Al (M2),
and the heavy-quark masses as inputs, as explained in the previous sections. The heavy-quark
masses, other than m;, have a negligible impact on the fit and are omitted in Table 10.5. The
principal Z-pole observables from the LEP 1 averages of the ALEPH, DELPHI, L3, and OPAL
results include the corresponding correlations [138,214]. We assume lepton universality throughout
this section, as confirmed by the measurements discussed above. In the SM fit, we use as inputs the
combinations of leptonic observables obtained under this assumption. The recent 7-polarization
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Table 10.5: Electroweak precision observables included in the SM fit. The first column gives the
experimental input, the second the result of the full fit, the third shows the value of the parameter
in this line if the respective parameter is not included in the fit, and the last column gives the pull
of the parameter. The pull is defined as the difference between the experimental value and the
value of the indirect determination, divided by the total uncertainty, given by the quadratic sum of
experimental uncertainty and uncertainty in the prediction. The first set of five parameters consists
of the SM input parameters in the LEP input scheme, where Gr and «(0) are fixed. These five
input parameters are constrained by the observables included in the fit, also encompassing their
direct experimental measurements. The other three sets of parameters are measurements related to
the W boson, leptonic Z-pole observables together with 'z, on,q and the hadron collider average
of 52 from Eq. (10.66), and asymmetries of heavy quarks.

Parameter Experimental value SM fit Indirect determination  Pull
as(M32) 0.1177 £ 0.0009 0.1179 £ 0.0009 0.1201 £ 0.0028 —0.8
Aa}(lz)d(M%) (2) 0.02758 £ 0.00010  0.02757 & 0.00009 0.02734 £ 0.00037 +0.6
My [GeV] 91.1880 £ 0.0020 91.1883 + 0.0020 91.1979 + 0.0093 —1.0
my [Gev)(V) 172.56 4 0.61 172.70 4 0.58 174.36 7308 -0.8
My [GeV] 125.140.1 1251101 104.57233 +1.0
My [GeV] 80.369 + 0.013 80.359 + 0.006 80.356 £ 0.006 +0.9
Iy [GeV] 2.140 £ 0.050 2.090 £ 0.001 2.090 £ 0.001 +1.0
BR(W — () 0.1088 £ 0.0006 0.10838 + 0.00002 0.10838 £ 0.00002 +0.7
52 = sin? 0% (HC) 0.23152 £ 0.00023  0.23152 4+ 0.00006 0.23152 £ 0.00006 0.0

52 = sin? 0% (Qrp) 0.2324 + 0.0012 0.23152 =+ 0.00006 0.23152 £ 0.00006 +0.7
Ay(LEP) 0.1465 £ 0.0033 0.1470 £ 0.0004 0.1470 £ 0.0004 —0.2
Ay(SLD) 0.1513 £ 0.0021 0.1470 £ 0.0004 0.1468 £ 0.0004 +2.1
I'y [GeV] 2.4955 + 0.0023 2.4945 4+ 0.0005 2.4944 4+ 0.0006 +0.5
Ohad [nb] 41.480 + 0.033 41.490 + 0.008 41.491 £ 0.008 —0.3
Ry 20.767 + 0.025 20.749 + 0.006 20.748 + 0.006 +0.8
A%B 0.0171 £ 0.0010 0.01621 £+ 0.0001 0.01620 £ 0.0001 +0.9
Ry, 0.21629 + 0.00066  0.21587 + 0.00003 0.21587 £+ 0.00003 +0.6
R, 0.1721 £ 0.0030 0.17220 + 0.00003 0.17220 £ 0.00003 0.0

Al 0.0996 + 0.0016 0.1031 £ 0.0003 0.1032 + 0.0003 —2.2
Afp 0.0707 £ 0.0035 0.0736 £ 0.0002 0.0736 £ 0.0002 —0.8
Ap 0.923 +0.020 0.93475 + 0.00003 0.93475 £ 0.00003 —0.6
Ac 0.670 + 0.027 0.6679 + 0.00019 0.6679 £ 0.00019 +0.1
As 0.895 4+ 0.091 0.9357 + 0.00004 0.9357 + 0.00004 —0.5

(#)Rescaled due to as dependency. (V)Combination of experimental (0.31 GeV) and theory uncertainty (0.52 GeV).

measurement from CMS [300] (10.62) is not included in the fit, because of its negligible impact

due to its large uncertainty compared to the LEP and SLD measurements.

The heavy-flavor

results [138,306] of LEP 1 and SLD are based on common inputs, and are thus correlated as well.
For the effective weak mixing angle, we use the value extracted from the hadronic charge asymmetry

at LEP 1 [138] and the hadron-collider (HC) average from Eq. (10.66).
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Next to the experimental values in Table 10.5, we report the SM predictions from the EW fit. In
the column labelled “SM fit”, the result is shown from a fit with all experimental inputs included.
The next column, labelled “indirect determination”, shows the result of the fit where the observable
in the given line is excluded from the fit. This column can be understood as the unbiased prediction
for a given observable, obtained from the current best theoretical knowledge for the given observ-
able, combined with the best experimental and theoretical knowledge of all observables relevant
for the corresponding prediction. The fits presented in this Review have been performed using the
HEPfit [127] and Gfitter [123] codes. The HEPfit results are derived following a Bayesian sta-
tistical analysis of the data and hypotheses, whereas Gfitter follows a frequentist approach with
a global least-squares (x?) fit. Experimental uncertainties of all input observables are treated as
one standard deviation of a Gaussian function. For simplicity, theoretical uncertainties estimating
the size of missing higher-order contributions are also treated as Gaussian. However, we note that,
this assumption that is not strictly fulfilled. This choice is justified by the fact that current theory
uncertainties are smaller by more than a factor of two than the experimental uncertainties, so that
the fit result is driven by the experimental uncertainties. The main uncertainties associated with
missing higher-order corrections are given by [110]

SnMy = 4MeV ,  Ssin20lg =4.7-1075, 6,1z = 0.4MeV,  §ip0maa = 6pb,  (10.70)
SinRe = 0.006, SumRe = 0.00005, &Ry = 0.0001.

The reported uncertainty for each parameter is defined from the 68.3% probability range, upon
profiling or marginalizing (depending on the approach) over the other parameters. These un-
cerainties are, in general, well approximated by the 1o errors obtained from the values satisfying
Ax? = x? — X2, = 1. For the two-dimensional figures presented here, we show contours corre-
sponding to the 68.3% and 95.5% confidence levels.

All results presented here have been obtained with both fit programs, HEPfit and Gfitter. We
cross-checked these against each other and found excellent agreement between the numerical results
from the two programs, with differences typically smaller than 10% of the quoted uncertainties in the
predictions. In the Bayesian approach of HEPfit, the shapes of most of the posterior distributions
follow Gaussian functions to a good approximation, such that the uncertainties from the two fit
programs agree very well.

The agreement between the measurements and the predictions is generally very good. Despite
the few discrepancies addressed in the following, the global EW fit describes the data very well,
with a x?/d.o.f. = 14.4/16, corresponding to a p-value of 57%. The largest tensions are only at
the 20 level, which correspond to A,(SLD), A%y from LEP 1, and Iy (ATLAS). Also, there is
currently no understanding as to why the My, value reported by the CDF collaboration [211] is
significantly larger than the measurements by other experiments. We also emphasize that there
are a number of discrepancies among individual measurements of certain quantities, as discussed in
previous sections, but these are not reflected in the overall x? of the fit as only the corresponding
combinations are used as constraints.

There is still a long-standing tension in the EW fit with the combined measurement of the
bottom-quark asymmetry A%B that is below the SM prediction by 2.20, despite a slight improve-
ment in recent years thanks to developments in related theory calculations [306]. The value of
Ay can be extracted from A%B when A, = 0.1501 4+ 0.0016 is taken from a fit to leptonic asym-
metries. The result, A, = 0.885 + 0.017, is 2.90 below the SM prediction'® and also 1.40 below
Ap = 0.923 £ 0.020 obtained from AFE(b) at SLD. Thus, it seems that at least some of the tension
in Ay is due to a statistical fluctuation. We note that the uncertainties in A%B from LEP 1 and Arr

16 Alternatively, one can use Ay = 0.1481 4 0.0027, which is from LEP 1 alone and in excellent agreement with the
SM, and obtain A, = 0.897 & 0.022, which is 1.70 low.
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Table 10.6: Contributions to the parametric uncertainties in the SM predictions of different EW
precision observables. The contribution from the uncertainty in M is negligible and is omitted
here. The last column shows the present experimental precision in the respective observable for
comparison.

Contribution to parametric uncertainty Total Total
QS(M%) Aal(li)d(M%) My me param. unc. exp. unc.
My [GeV] 0.0006 0.0018 0.0025 0.0036 0.0048 0.013
Iy [GeV] 0.00036 0.00014 0.00020  0.00028 0.00052 0.050
BR(W — fyy) 2.1-107° - 2.0-1077 2.2-1077 2.1-107° 6-10~*
52 =sin?0%  3.0-107¢ 3.5.107° 1.4-107% 1.8-107° 4.2-107° 2.3-107*
Iz [GeV] 0.00044 9.5-107° 0.00020  0.00014 0.00052 0.0023
Ohad [1b] +0.0044  0.00018 0.0019 0.00041 0.0048 0.033
Ry 0.0055 0.00061 0.00026  0.00026 0.0056 0.025
Abp 51-107%  6.1-107° 2.5-107° 3.1-107° 7.3-107° 0.0010
Ay 2.3-107°  0.00027 0.00011  0.00014 0.00033 0.0021
Ry 9.9-107% 1.1-10°6 55-1077 2.0-107° 2.3.107° 6.6-107%4
R, 1.7-107° 2.0-1076 71-1007 6.9-1076 1.9-107° 0.0030
Abg 1.6-107°  0.00019 8.0-107° 9.6-107° 0.00023 0.0016
Ay 1.3-107°  0.00015 6.2-107° 7.8-107° 0.00018 0.0035
Ay 1.6-1076 22.107° 9.1-107% 4.0-10° 2.5-107° 0.020
A, 1.1-107°  0.00012 49-107° 6.6-107° 0.00015 0.027
Ag 1.8-107¢ 22.107° 9.0-107% 1.2.107° 2.7-107° 0.091

from SLD are dominated by the statistical component. The combined value, A, = 0.901 + 0.013
deviates by 2.60 from the SM prediction.

The left-right asymmetry A)p = 0.15138 & 0.00216 [298], obtained by counting hadronically
decaying Z bosons for each electron-beam polarization at SLD, differs by 2¢ from the SM fit value
of 0.1470 £ 0.0004. The combined value of Ay = 0.1513 £ 0.0021 from SLD is also 2.10 above the
SM prediction; but there is experimental agreement between this SLD value and the LEP 1 value,
Ay = 0.1481 £ 0.0027, obtained from a fit to Abg, Ac(P,), and A, (P,).

The third and fourth columns in Table 10.5 reveal that the results from the full fit, including
the Higgs-boson mass [345,346], do not deviate from the indirect determinations by more than 1o.
Except for the input parameters, each parameter can be predicted with a precision better than
the experimental precision. The indirect determinations of the input parameters My and m; have
uncertainties of about Jj% GeV and +2.1 GeV, compared to experimental precisions of 0.1 GeV
and 0.31 GeV, respectively. The logarithmic dependence of the SM predictions on My results in
an uncertainty much larger than the experimental precision from the kinematic reconstruction of
the Higgs boson. The precision of the indirect determination of m; is strongly influenced by the
uncertainty in the My measurement. In the full fit in column three, no input parameter is pulled
from its measured value by more than 1o, with small correlations among the input parameters.
Moreover, because the SM parameters entering the predictions of the EW observables are measured
with high precision, the parametric uncertainties in the predictions are currently smaller than the
corresponding experimental uncertainties. This is shown in Table 10.6, indicating the contribution
from the experimental measurements in each of the input parameters to the total uncertainty in a
given observable.
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Table 10.7: Values of the SM input parameters from a simultaneous indirect determination from
the SM fit to all other EW precision measurements. We also show the correlations from the fit.

My [GeV] 91.209 + 0.040 1.00

my [GeV] 179.819; —0.64  1.00

My [GeV] 521320 0.24 046  1.00

(M) 0.1194+0.0043 —0.74 057 —0.12 1.00
Aal®) (M) 0.02729 +0.00093  0.02 —0.36 —0.67 0 1.00

Despite the high precision of the direct measurements of the chosen set of SM input parameters,
My, My, my, Aaﬁz)d(M%), and as(M%), it is interesting to note that the data allow for a simul-
taneous determination of these parameters from the global EW fit without constraints from direct
measurements. Excluding the direct measurement of the SM input parameters from the fit, the
resulting values for each of these inputs and their correlations are shown in Table 10.7. Whereas
My and aem(M%) enter the predictions of most observables at the tree level, the dependence on
Mp, my, and (M%) is solely through radiative corrections. We note the consistency between the
values in Table 10.7 and the actual measurements in Table 10.5.

From the EW precision observables, the strong coupling constant aS(M%) is determined mainly
through Ry, I'z, ohad, but Iy and the W branching fractions also have an impact. When including
only the most sensitive observables in the fit, together with the experimental constraints on the
input parameters but leaving (M%) unconstrained, we obtain the following values:

Ry : ag(M%) = 0.1211 £ 0.0042, (10.71)
I'y:ag(M%) =0.1214 £ 0.0049, (10.72)

Ohad © as(M%) = 0.1199 4 0.0068 , (10.73)

all three : o (M%) = 0.1210 + 0.029. (10.74)

The values of as(M%) are compatible with each other within the uncertainties. The corrections
from beam-beam effects on the luminosity measurement at LEP [305] and the improved Bhabha
cross section [214] result in an upwards shift in as(M%) from opaq and as a consequence the fit with
all three observables gives a very small x2/d.o.f. = 0.03/2. The full EW fit gives

as (M%) = 0.1201 + 0.0028, (10.75)

with a central value very close to the one from the reduced fit to Ry, I'z, and opaq, and only a
slightly smaller uncertainty. This value is compatible at about 1o with the averages obtained from
7 decays (as(M%) = O.ll?lfg:gg}?), heavy quarkonia spectroscopy (0.1181+0.0037), DIS and global
PDF fits (0.1161 + 0.0022), hadronic final states of eTe™ annihilations (0.1189 + 0.0037), hadron
colliders (0.1168 £ 0.0027), as well as lattice QCD simulations (0.1184 + 0.0008). For more details,
other determinations, and references, see Section 9 on “Quantum Chromodynamics” in this Review.

The loop-level sensitivity of the EW fit to My and m; comes mainly from My, and E%. The
dependence of My, on my is illustrated in Fig. 10.3. The EW fit result, including all observables
except My and my, approaches the precision of the direct measurements. Without My, included
in the fit, the uncertainty in the predicted value of m; is +4.1 GeV. Without an experimental
constraint on My, the allowed range for m; is significantly larger, increasing to J_rgjff GeV. The
measurements of Ay, 57, and Al result in a determination of m; with an uncertainty of about 47,
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Figure 10.3: Determination of the W-boson and top-quark masses from the EW fit, compared to
the experimental values. Shown are the 68% and 95% confidence level contours, together with the
SM prediction of My as a function of m;, where the other input parameters are given in Table 10.5.
The grey contours show the EW fit without using the measured My as input.

+7.5, and £8 GeV, respectively. The strongest constraint on m; comes from the measurement of
My, resulting in m; = 174.7+ 2.4 GeV. The slight preference for a larger value of m; compared to
the experimental measurement is correlated with the equally slightly larger observed value of My,
compared to the prediction, see Table 10.5 and Fig. 10.3. The result is, in any case, compatible
with the direct constraint at less than 1o, illustrating again the good agreement of the SM with
data.

In Fig. 10.4, we compare the predictions of My, and E% with the experimental measurements.
The largest uncertainties in the prediction of My, are the parametric uncertainties in m; and
as(M2) and the theoretical uncertainties 44 MeV from missing higher orders and Amyic from
Eq. (10.36). In the prediction of 5%, the largest uncertainties are the parametric uncertainties
in Aag?d(M%), myg, and Mz, which are of similar size as the uncertainty from missing higher
orders, 4.7 -107°. The experimental uncertainty in My comes from a combination of results from
the LEP, Tevatron, and LHC experiments. The experimental uncertainty in E% is still dominated
by the precise asymmetry measurements from LEP 1, but hadron-collider measurements start to
become relevant. In hadron-collider measurements, the uncertainty in §% is currently dominated
by PDF uncertainties, but with a prospect of reduced future uncertainties because PDFs can be
simultaneously constrained with E? using large data sets. When the experimental value of My is not
included in the fit, but Z-pole observables are included instead, the uncertainty in the prediction
increases by a factor of about 2.5, matching the experimental precision in My, but the fit result for
§§ is still more precise than its direct hadron-collider value. Without My and no Z-pole observables,
the prediction becomes undetermined in the E}MW plane.

The sensitivity of the EW fit to M is substantially increased when including the measurements
of the other SM input parameters, as illustrated in Fig. 10.5. Despite the very precise determinations
of these observables, the sensitivity to the actual value of My is diminished by the fact that the
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Figure 10.4: Prediction of the W-boson mass and 57 in the EW fit (blue contours), obtained with
the input values from Table 10.5, compared to the world average of My, and the collider average
of 52 (10.65) (green contours). Shown are the 68% and 95% confidence level contours. The orange
contours show a fit result without My, but including Z-pole data, while the grey contours show
the fit result without My and without Z-pole data.

leading contributions to the predictions of EW observables is logarithmic. Removing the direct LHC
measurements of My from the EW fit results in a loop-level determination of My from precision
data, given in the fourth column in Table 10.5. At 68% confidence level,

85 GeV < My < 128 GeV, (10.76)

which encloses the observed value in Eq. (10.33). The measurements of 5%, My, Ay, and A%B show
the highest sensitivity to M. Including only one of these observables at a time, the value of My
is determined to be

57 My = 123775 GeV, (10.77)

My : My = 10073 GeV, (10.78)
Ay(SLD) : My = 36.6734 5 GeV, (10.79)
A¢(LEP) : My = 14073 GeV, (10.80)
Abp s My = 4877375 GeV. (10.81)

The obtained values agree well within the uncertainties, except for the values from A%B and

A¢(SLD), which are apart by about 2.20. The predicted value from the full EW fit,
My =104.51355 GeV, (10.82)

agrees with the individual values and the direct measurement, evidencing the excellent internal
consistency of the SM and its capability of predicting observables to very high precision.
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In summary, the remarkable agreement between SM predictions and experimental EW precision
data, which is reached only after including radiative (meaning gquantum) corrections, impressively
confirms the model as a quantum field theory, while tree-level predictions (without quantum cor-
rections) are away from data by many standard deviations.

10.6 Constraints on new physics

The precise measurements of EW observables available at different energies and their overall
agreement with the SM predictions can be used to set strong limits on new physics modifying, in
particular, the properties of the EW gauge bosons. Since the LEP era, the limits from EW precision
measurements have typically been interpreted in terms of the so-called oblique new physics, which
assumes only modifications in the gauge-boson self-energies coming from new particles (e.g., heavy
particles with masses A > My ), and have been traditionally parametrized in terms of the Peskin-
Takeuchi S, T, and U parameters [347].17 Denoting the contributions of new physics to the various
self-energies by II7*", we have

Mg (0) 1135 (0)

a(MA)T = A2 vz (10.83a)
OZ(M%) HHeW(M%) HHGW(O) CW o SW Hnew(M%) H}yl'eyW(M%)

73 0= 5 — — =, (10.83b)
4SWCW MZ CW SW MZ MZ
o(M}) (g 4y = TR ME) — TR (0) _ ew 7M7) IDRV(MZ) (g a

4 SI?V M 3[, Sw M 2 M %
The S, T, and U parameters are defined with a coupling factor proportional to «, so that they
are expected to be of order unity in the presence of new physics. The S parameter measures the
momentum dependence of custodial-symmetric new-physics effects modifying the neutral-current
interactions. On the other hand, the parameter 7" only receives contributions from custodial SU(2)
breaking new physics, measuring the difference between contributions to neutral and charged-
current processes at low energies. Finally, the momentum dependence of such contributions is
probed by the U parameter. Note that the full SM contributions to S, T, and U are gauge depen-
dent, which is the reason that the gauge-boson self-energies are restricted to their non-standard
contributions I3 (¢?), with SM parts subtracted for a given input scenario.

The STU formalism was also the approach taken in previous versions of this Review, and its
results can be translated into bounds of a large class of new-physics models, as long as the leading-
order effects are oblique in the previous sense, and therefore also flavor universal. The available EW
precision data does, however, allow to test a larger type of new-physics effects beyond the one of
oblique nature. For instance, new physics that couples directly to ordinary fermions cannot be fully
parametrized in the STU framework. Such examples include heavy Z’' bosons [352], mixing with
exotic fermions [9,353,354], leptoquark exchange [215,355,356], supersymmetric models, strong EW
dynamics [357], Little Higgs models [358,359], and TeV-scale extra spatial dimensions [360-363]
(for more details and references, see Section 84 on “Extra Dimensions” in this Review). These
types of new-physics scenarios, and more, can be described within the more general framework of
Effective Field Theories (EFTS).

Under the assumptions that new physics is heavy compared to the scale of energies explored
so far, and that at those energies the symmetries and field content are those of the SM, with
the Higgs field being part of an SU(2) doublet ¢ like in the SM,'® the so-called Standard Model

'"We note that other parametrizations exist, see for example Refs. [348-351].
'8 A more general type of EFT, known as Higgs Effective Field Theory (HEFT) [364-366], relaxes this assumption

by allowing the physical Higgs field to be a gauge singlet and including the Goldstone fields as SU(2) triplet in some
non-linear field representation.

1st December, 2025



40 10. Electroweak Model and Constraints on New Physics

68% and;95% probability contours

220 — Fit without M, m, and Z pole

Fit without M, m, and W obs.

D:D Fit without M,, and m,
200 [[T7 tFit without M,

m; [GeV]
i

! | IExperimental measurements

180

160 9
[Her I

200 400 600

My [GeV]

Figure 10.5: Bayesian probability contours at 68% and 95% for the Higgs-boson and top-quark
masses from EW fits excluding different sets of input measurements. The grey bands indicate the
experimental precision of the direct measurements of the two parameters. The width of the vertical
band, corresponding to the precision in My, is not visible on the scale of the plot.

Effective Field Theory (SMEFT) [367,368] provides a rather general description of new-physics
effects, parametrized in terms of an expansion in higher-dimensional operators, suppressed by the
cut-off of the EFT, A > v, where new physics is expected to complete the SM:

L=Lom+ D> Y. %O : (10.84)
d>4 i

In this 1/4 expansion, the observable effects of each higher-dimensional operator are suppressed by
increasing powers of E/A, with E < A the typical energy of a physical process. For a given level
of experimental precision §, one can then truncate the EFT expansion as long as (E/A)* <« §
and work with a finite number of operators. In this regard, although the EFT is technically non-
renormalizable in the strict sense, at each order in the EFT expansion only a finite number of
counterterms is needed, and the theory remains predictive at the desired level of experimental
precision. In Eq. (10.84) the specific information about the new physics is encoded in the values
of the Wilson coefficients C;. These can be computed in terms of the masses and couplings of the
new particles in a given model by, e.g., matching the EFT and model results for a representative
set of amplitudes.

Assuming lepton and baryon number conservation and a SMEFT-type new physics scenario, the
leading-order new-physics effects in the 1/4 expansion are given by dimension-six operators, and we
restrict the discussion to this level of approximation in the following.!” The full set of all possible
new-physics effects can be parametrized in a widely model-independent way specifying a basis for
the SMEFT at each order in the 1/A4 expansion and, to dimension six, several bases have been

9From the point of view of observables measuring the W and Z boson properties, with experimental precision in
some cases at the per-mil level, this truncation is justified if new physics is not present well below the TeV scale, in
which case effects of dimension-eight operators are suppressed by M, /(1 TeV)* ~ O(107*).
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proposed [366-369]. In particular, the so-called Warsaw basis [368] presented the first complete
set of physically independent dimension-six interactions which, assuming individual conservation
of baryon and lepton number, contains a total of 59 operator structures, and 2499 interactions for
three generations of fermions. Despite this large number of operators, at the (leading) order of
1/A only a relatively small number of operators modify the SM predictions for the EW precision
observables measuring the properties of the W and Z bosons. For instance, assuming fermion-
universal new-physics effects, in the Warsaw basis only 10 operators modify the SM predictions at

order 1/42 and tree level. These are:2
Osp = (6" Dyd)* (6T D"9), Osws = (¢'0ad) (BW},), (10.85)
(O00)ij = (61 Dud) (FIA"FY), (OS2 = i(d! D) (Fir"FY),
(Ogf)ij = i(chme) (Fi™ £, F=1q f=eu,d, (10.86)
(Ou)r221 = (ul3) (BAME). (10.87)

The effects of the operators Oswp and Ogp can be described in terms of the oblique S and
T parameters introduced above, respectively. To be more precise, the S and T parameters can
be directly associated to linear combinations of these two dimension-six bosonic operators and
fermion-universal contributions from the interactions (’)((;}’(3) and Ogr in Eq. (10.86) [370]. These
operators also describe cases where new physics couples to the different SM fermion generations in
a non-universal manner. These induce modifications to the EW couplings to the Z and W bosons
parameterized by:

1 1 3 v? 1 v?
(Agi)ij D) (C(;F) + C‘;F))ij 2 (Ag{g)ij = _§(C¢f)ijﬁ, (10.88)
/ (3), v°
(AUL)i; = (C¢>F)z'jﬁ- (10.89)

In Eq. (10.88), Ag}j and Ag{z, give the corrections to the left-handed and right-handed neutral cur-
rents, respectively, and the plus (minus) sign corresponds to fermions of weak isospin —1/2 (+1/2).
On the other hand, Eq. (10.89) denote the modifications of the (left-handed) charged currents. For
simplicity, for the quark interactions we have ignored the CKM effects that would be introduced
when rotating to the physical basis. Finally, the operator (Oy)i221 in Eq. (10.87) contributes to
the muon decay and, therefore, the determination of the Fermi constant. In recent years, NLO
calculations including the complete dimension-six effects in EW precision observables have become
available [371,372], including also calculations in different input schemes [373]. More details can
be found in the original references.

The EFT formalism also gives additional context to the description of EW precision observables
via oblique parameters and the connection to new physics generating these effects. For instance,
while the S and T parameters arise from contributions of dimension-six operators, the U parameter
is a dimension-eight effect, and it is therefore expected to be parametrically suppressed with respect
to S and T by a factor M%/A2. Furthermore, additional oblique effects coming from the ¢* terms
of the expansions of the gauge-boson self-energies also contribute to EW observables at the level
of dimension-six EFT operators. Their inclusion leads to the so-called W and Y parameters [351],
which, however, also generate universal four-fermion interactions whose effects are expected to be
better constrained at high-energy 2 — 2 fermion processes.

R <~ <~ — > “—
20The hermitian covariant derivatives D and D ® appearing below are defined as D,, = D, —D,,,D? = 04D, —D,.04,

i
with o, the Pauli matrices.
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Result Correlation Result Correlation
S || 0.026 £0.075 | 1.00 0.021 + 0.096 1.00
T || 0.047£0.066 | 0.90 1.00 0.04 +£0.12 0.91 1.00
U 0 — — || 0.008 £0.092 | —0.62 —0.83 1.00

Table 10.8: Results of the global fit of the oblique parameters to all EW precision observables. The
left half of the table presents the results assuming U = 0, whereas this parameter is an independent
degree of freedom in the fit in the right half of the table.

As in previous editions of this Review, in this section we update the results coming from the
interpretation of the EW precision measurements in terms of the STU formalism, and the implica-
tions for several types of new-physics models. These results are then extended beyond the case of
fermion-universal theories with the interpretation within the SMEFT formalism, where we discuss
the bounds from EW precision observables on the leading interactions in the dimension-six effective
Lagrangian, keeping the discussion at a more model-independent level.

The results of the EW fit extending the SM with the S, T, and U parameters are presented
in Table 10.8. We present the cases where U = 0, as a proxy for the case of heavy decoupling
new physics where |U| < |S],|T|, and a scenario where all three parameters are freely floating.
Regardless of whether U is assumed to be zero or not, the results from the EW fit to the oblique
parameters is fully consistent with the SM hypothesis.?! The impact of the different EW observables
in the S-T plane, assuming U = 0, is shown in Figure 10.6. The shape of these regions can be
understood from the fact that, in the LEP scheme used in this figure, I’z only depends on the
combination

—10(3 — 85%,)S + (63 — 12653, — 40s73;,)7T,

the U parameter only contributes to the W mass and width via
2 2
Ciy — S
S —2c, T — XY,
287y
and the corrections to all other EW precision observables can be written in terms of
S —4ck, sty T.

From the results in Table 10.8 one can also derive individual limits on each parameter (i.e.
assuming all the other oblique parameters are zero). We obtain the following 95% probability
individual bounds,

T,U=0: —0.088<5<0045; S>-0082 (5<0); S<0054 (S>0); (10.90a)
S U=0: —0.032<T <0084 T>-0043 (T<0); T<0078 (T>0); (10.90b)
S,T=0: —0047<U <0.120; U >-0062 (U<0); U<0110 (U>0); (10.90c)

where the numbers in each row are obtained assuming the corresponding parameter can have any
sign, or is restricted to be negative or positive, respectively.

As mentioned above, the STU results can be used to set constraints on a relatively large class
of new physics models inducing universal corrections to the SM predictions. For instance, the T’
parameter modifies the p parameter according to

Ap=a(M2)T . (10.91)

21For a discussion of the impact of the My CDF measurement [211] on the EW fit, we refer the reader to, e.g.,
Refs. [131,374-377] and to the previous edition of this Review.
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Figure 10.6: EW precision constraints on the S and 7" plane (assuming U = 0). The boundaries
of the dark and light regions correspond to the 68% and 95% probability contours, respectively.
We also show the constraints imposed by different sets of EW precision measurements. See text
for details.

In this way, T' can be connected to new physics violations of custodial symmetry. These can be
generated by additional sources of SU(2) breaking not induced by Higgs doublets, via

(T(Ts + 1) = T2]|v;|?
p— 2l T(Ti + g 232”1)"’ ’ (10.92)
2515 vi

where v; is the expectation value of the neutral component of a Higgs multiplet with weak isospin T;
and third component T3;. Thus, the limits on T can be translated into constraints on higher-
dimensional Higgs representations, such that their vacuum expectation values can only be less than
a few percent of those of the doublets.

Similarly, the bounds on 71" can be used to set constraints on non-degenerate multiplets of heavy
fermions or scalars, since these break the vector part of weak SU(2) and lead to a decrease in the

value of My /Myy. Each non-degenerate SU(2) doublet (}E) yields a positive contribution to p (and

therefore T') [37,378,379] of
NC GFA 2

YOI A2 10.93
8272 ( )
where
2 2 2 4m%m% mi 2
Am* =mi+m;y — —5——5In— > (m1 —ma)”, (10.94)

and No =1 (3) for color singlets (triplets). The limit on the 7" parameter (assuming 7' > 0) taken
together with Eq. (10.91) and Eq. (10.93) implies the following constraint on the mass splitting at
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the 95% probability,

]\;C Am? < (44 GeV)? | (10.95)

>

i
where the sum runs over all new-physics doublets, for example fourth-family quarks or leptons, (g,)

or <£’,’L), vector-like fermion doublets (which contribute to the sum in Eq. (10.95) with an extra

factor of 2), and scalar doublets such as (g) in supersymmetry (in the absence of L-R mixing).

Non-degenerate multiplets usually imply Ap > 0 (T > 0). Similarly, heavy Z’ bosons decrease
the prediction for Mz due to mixing and generally lead to Ap > 0 (T > 0) [352]. On the other hand,
extra Higgs doublets participating in spontaneous symmetry breaking [380-382] or heavy lepton
doublets involving Majorana neutrinos [383], both of which have more complicated expressions,
and the v; of higher-dimensional Higgs representations can contribute to p with either sign.

The effects of non-standard Higgs representations cannot be separated from heavy non-degenerate
multiplets unless the new physics has other consequences, such as vertex corrections. Most of the
original papers defined T to include the effects of loops only. However, the way 1" has been defined
here includes all new sources of SU(2) breaking, including non-standard Higgs bosons.

A multiplet of heavy degenerate chiral fermions yields

S = % (1 - T?ff)Q : (10.96)

(2

where Tz,ﬁ’R is the third component of weak isospin of the left-(right-)handed component of fermion i.
For example, a heavy degenerate ordinary or mirror family would contribute 2/(37) to S. Therefore,
the S parameter can also be used to constrain the number of fermion families, under the assumption
that there are no other contributions to 1" or U, and therefore that any new families are degenerate.
Then an extra generation of SM fermions is excluded with more than 7o confidence, corresponding
to Np = 2.90 £ 0.16. Allowing T" to vary as well, the constraint on a fourth family is weaker [384].
However, a heavy fourth family would increase the Higgs production cross section through gluon
fusion by a factor of about nine [385,386], which has been excluded by ATLAS and CMS at the
LHC [387]. Combining the limits from EW precision data with the measured Higgs production
rate and limits from direct searches for heavy quarks [388], a fourth family of chiral fermions is
now excluded by more than five standard deviations [389,390]. Similar remarks apply to a heavy
mirror family [391] involving right-handed SU(2) doublets and left-handed singlets. In contrast, new
doublets that receive most of their mass from a different source than the Higgs vacuum expectation
value, such as vector-like fermion doublets or scalar doublets in supersymmetry, give small or no
contribution to S, T', U, and the Higgs production cross section and are therefore still not excluded.
Partial or complete vector-like fermion families are predicted in many Grand Unified Theories [392]
(see Section 92 on “Grand Unified Theories” in this Review), and many other models including
supersymmetric and superstring inspired ones [393-396].

In models with warped extra dimensions [397], sizeable corrections to the S parameter are
generated through mixing between the SM gauge bosons and their Kaluza-Klein (KK) excitations,
and one finds S = 30 ’UQM;(%( [398], where M is the mass scale of the KK gauge bosons. Large
positive values of S can also be generated in models with dynamical EW symmetry breaking, where
the Higgs boson is composite. In simple composite Higgs models, the dominant contribution stems
from heavy spin-1 resonances of the strong dynamics leading to S = 47rv2(M‘7 2+M22), where My, 4
are the masses of the lightest vector and axial-vector resonances, respectively [399]. From the results
in Table 10.8 one obtains S < 0.18 at 95% probability, which puts the constraint Mgk = 3.2 TeV on
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the masses of KK gauge bosons in warped extra dimensions. In minimal composite Higgs models,
the bound on S requires My = 3.8 TeV, which is obtained from the one-sided 95% probability
bound on S > 0 for 7" = 0 and using Weinberg sum rules [400]. However, this constraint can
be relaxed, e.g., if the fermionic sector is also allowed to be partially composite [357,401] and in
soft-wall models [402].

Negative values of S are possible, for example, in composite Higgs models with larger gauge
group representations [403,404], or from loops involving scalars or Majorana particles [405-407].
The simplest origin of S < 0 would probably be an additional heavy Z’ boson [352]. Supersymmetric
extensions of the SM [408,409] generally give very small effects. For more details and references,
see Refs. [410-419] and Sections 87,88 on “Supersymmetry” in this Review. Most simple types of
new physics yield U = 0, although there are counter-examples, such as the effects of anomalous
triple gauge vertices [420].

We conclude this section by moving beyond fermion-universal extensions of the SM and pre-
senting the results of a SMEFT fit to electroweak precision observables. In this case, we adopt
the Gp-scheme (with Gp, Mz, My as input), which has become the standard in SMEFT combi-
nations of different observables with LHC measurements [421].22° We assume all the operators in
Egs. (10.85)—(10.87) can be generated by new physics. On the lepton side we allow new-physics
corrections to be non-universal. Because of this, and contrary to what was done for the SM fits, for
the fits in the SMEFT formalism we use as experimental inputs for leptonic observables, such as
the ratios R, ;- and asymmetries A, -, the values reported in [138,214,215,338] without assuming
lepton flavor universality. For quarks, we impose a U(2) flavor symmetry on the first two families to
avoid large contributions to flavor-changing neutral currents. The third family is defined in flavor
space along the direction of the top-quark. The operators in Eqgs. (10.85)-(10.87) are the interac-
tions that enter in EW precision observables at leading EFT order and tree level. Although many
other operators contribute at NLO, we restrict the fit to this setup, as a full global analysis taking
into account the constraints on all interactions would require combining with numerous additional
data sets, which is beyond the scope of this Review. Finally, in the calculation of new-physics
effects, we work consistently with the truncation of the SMEFT Lagrangian to dimension six, i.e.
up to O(1/42), and keep only corrections of this order in the observables.

It is well known that in the Warsaw basis the EW fit has two blind directions [422,423]. In
Table 10.9 we present the central values and 1o uncertainties from this EW SMEFT fit, in terms
of the following combinations of Wilson coefficients at the EW scale [422]:

o Gy Yy Cop

= A2 4 A2 f:lvq’eauada

L C8 2
o® _Sof o cw Cop  cw Cows f=lq

_ , 10.97
of A2 48124/ A2 sw A2 ( )

o _1(Cu)izzn + (Cu)onz _ (Cu)izar

"7 A2 VR
For the case of left-handed quarks, we further consider the combination (éd();r))gg = ((C’é?)gg +

(ééz))gg) /2, which modifies the Z — bpby, vertex, whereas the orthogonal combination modified
the corresponding top-quark coupling and does not enter in the fit at the tree level. (In the previous
expressions, sy, ¢y are the tree-level values of the sine and cosine of the weak mixing angle and
Y denotes the fermion hypercharge.) In order to resolve the blind directions of this SMEFT EW

220ne of the main reasons is practical, since including the EW gauge-boson masses reduces the SMEFT depen-

dences in propagators, but any choice for the EW input scheme will lead to equivalent fit results within theoretical
uncertainties.
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(€5 (€522 (C5)ss (€ (C)2s (€ Codti (Co)r (Coo)ss
0.29 +£0.21 0.26 +0.21 0.25+0.21 —-0.91+0.717 -0.904+0.71 —-0.884+0.71 0.52+0.41 0.51+041 0.49+0.41

(C5)aa (C)aa (€5 )33 (Coa)aa (Coa)ss (Cou)aa (Ci)1am
—-0.094+0.15 —-0.95+0.72 —-054+0.39 —-0.35+0.81 —-0.54+0.30 —0.24+£0.32 0.47 +0.41

Table 10.9: Results from the global SMEFT fit discussed in the text, in terms of the combinations

of Wilson coefficients in Eq. (10.97). All the operators in those combinations as well as the SM

input parameters are taken as free parameters in the fit. The coefficients (é&{;ff))u,gg’gg denote

interactions with each of the three lepton generations. For quarks, interactions with the light two

families are assumed to be flavour universal, denoted by ( Aélq)éi)d)d)aa, but independent of the ones

with the third family. Results in units of TeV 2.

Sg7° g7 Sq7 595 st 597 9% gk 9%
033+046 —0.07+042 002+063 0.066+009 —0.09+039 0.00£020 —020+012 —0.01+059 0.25+027

d=s

39— og1— 39y, 095" 098 395,
—-0.54+092 -05+£12 —-0.77£0.37 2.2+3.5 22+ 35 31+£12

Table 10.10: Projection of the results in Table 10.9 in terms of relative modifications of the neutral-
current effective EW couplings of the different SM fermions dget = Aget/gsm- The numbers are
given in percent.

fit, one would need to add additional observables, e.g. Higgs observables or measurements from
diboson processes [422]. These, however, introduce further dependences on operators not entering
in the EW fit and, in general, extra flat directions that need to be resolved including additional
data. Eventually, this leads to the study of global SMEFT analyses that are becoming more
popular in the literature, both from the theory and experimental sides, and that combine many
types of observables from the EW, Higgs, top, and flavor sectors, to constrain as many directions
in the SMEFT parameter space as possible. Some examples of these studies, with different levels
of completeness in terms of both the scope of experimental observables included and the number
of new-physics interactions considered, are presented in Refs. [424-434].

The presence of flat directions in the SMEFT fit is, however, not an impediment to derive
interesting conclusions about the physics in the EW sector. For instance, the results in Table 10.9
can be translated into the space allowed for the modifications of the effective EW couplings of
the fermions to the neutral currents in the SMEFT formalism, Ages, defined such that the tree-
level relations between the EW pseudo-observables and couplings are preserved in the presence of
new-physics effects. The corresponding values are shown in Table 10.10.

In general, the results of the fit show again good agreement with the SM, with the data suggest-
ing that new-physics modifications of the leptonic couplings must be below a few per-mil, whereas
the bounds are significantly weaker for quarks. There is one notable exception to this good agree-
ment with the SM predictions. As discussed in Sec. 10.5, there is a 3.6 £ 1.4% deviation in the
asymmetry parameter Ap. This becomes manifest in the results in Table 10.10 in terms of a pref-
erence for a non-SM value of the Z — brbg vertex with right-handed b quarks (equivalently, in
a non-zero value for the coefficient (é’¢d)33 in Table 10.9). Similarly, the Z — bpby vertex with
left-handed b quarks also shows a tension with the SM prediction, and both corrections are highly
correlated. This is due to the fact that Ry is in good agreement with the SM, and is also much
better determined than A,. Given the size of the correction to the Zbb interactions required to
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account for the deviation in Ay, it is difficult to attribute this solely to new physics entering through
radiative corrections. Thus, if new physics is responsible, it is most likely of tree-level origin and
affects preferentially the third generation. Examples include the decay of a scalar neutrino reso-
nance [435], mixing of the b quark with heavy exotic particles [436], and a heavy Z’' with family
non-universal couplings [437,438]. It is difficult, however, to simultaneously account for R;, without
tuning, which has been measured on the Z peak and off-peak [439] at LEP 1. Measurements at
future ete™ colliders will help to test different scenarios modifying the Zbb interaction [440].
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