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Abstract

The anomalous magnetic moment of the tau lepton, aτ , represents a fundamental test
of the Standard Model (SM) and a high-sensitivity probe for New Physics in the third
generation of leptons. Due to the tau’s extremely short lifetime, traditional spin-precession
measurements remain inaccessible, necessitating innovative experimental strategies at
high-energy colliders. This review provides a comprehensive overview of the current
experimental landscape, highlighting the recent paradigm shift from LEP-era constraints
to the unprecedented precision reached at the LHC. We emphasize the importance of
Ultra-Peripheral Heavy-Ion Collisions (UPCs), which act as a “photon-photon collider”
of extreme intensity. By leveraging the Z4 enhancement of the coherent photon flux in
Lead–Lead (PbPb ) interactions, these collisions provide a theoretically robust “quasi-static”
environment. To interpret these developments, we first establish the general theoretical
framework within the Standard Model Effective Field Theory (SMEFT). This allows us
to critically compare the UPC results with the latest measurements from proton–proton
collisions—including the recent CMS observation of the γγ → ττ process and the ATLAS
constraints from the high-mass Drell–Yan tail—evaluating their complementarity and
the challenges related to Effective Field Theory validity at the TeV scale. Finally, we
outline the future prospects for aτ at Belle II and the Future Circular Collider (FCC) stages.
While FCC-hh in PbPb mode provides a theoretically clean environment, its sensitivity
remains limited to O(10−2). Conversely, the next generation of lepton facilities, specifically
Belle II and FCC-ee, aims for the O(10−5) level, required to probe SM electroweak loop
corrections. Long-term projections for a high-energy Muon Collider suggest a potential
reach of O(10−6).

Keywords: SM precision; collider physics; heavy ion collisions; SMEFT; tau properties

1. Introduction and Theoretical Framework
The anomalous magnetic moment of the tau lepton, aτ = (gτ − 2)/2, represents an

important probe of the Standard Model and its extensions. While the electron and muon
anomalies have been measured with staggering precision, the tau remains comparatively
less constrained experimentally due to its short lifetime (≈290 fs), which prevents the use
of traditional storage ring techniques. However, the tau’s large mass (mτ ≈ 1777 MeV)
provides a unique advantage: it can enhance the sensitivity to certain classes of New
Physics. Since many Beyond the Standard Model (BSM) effects scale with the square of
the lepton mass, in scenarios where the chirality flip is proportional to the lepton mass, aτ

is potentially more sensitive by a factor of m2
τ/m2

µ ≈ 280. Although this naive scaling is
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model-dependent, it makes aτ a primary candidate for testing Lepton Flavor Universality
and New Physics in general.

The electromagnetic properties of the tau lepton are fundamentally encoded in the
vertex function Γµ(q), which describes the interaction between the leptonic current and
the photon field. In the simplest case of the Dirac theory, the tau is treated as a point-like
particle, leading to the tree-level prediction of the gyromagnetic ratio gClassic

τ = 2. However,
quantum field theory implies that this “bare” vertex is modified by radiative corrections,
necessitating a more general parametrization.

The structure of Γµ is constrained by the U(1)Q gauge symmetry of the Standard
Model. For an on-shell tau lepton with incoming momentum p and outgoing momentum
p′, the momentum transfer is defined as q = p′ − p. Gauge invariance requires the
electromagnetic current to be conserved, leading to the Ward identity qµΓµ(q) = 0 for
on-shell external fermions. This identity restricts the allowed Lorentz structures. By
applying the Gordon decomposition and respecting Lorentz covariance, the most general
vertex function for a spin-1/2 on-shell lepton can be expressed through four independent,
dimensionless form factors Fi(q2):

Γµ(q) = −ie
[

F1(q2)γµ +
iσµνqν

2mτ
F2(q2) +

σµνqνγ5

2mτ
F3(q2) +

FA(q2)

m2
τ

(q2γµ − qµ
/q)γ5

]
(1)

where σµν = i
2 [γ

µ, γν]. The last term in Equation (1) defines the anapole form factor FA(q2),
which is associated with a parity-violating but time-reversal conserving interaction. Its
Lorentz structure, proportional to (q2γµ − qµ/q)γ5, is uniquely fixed by electromagnetic
gauge invariance and ensures current conservation, qµΓµ = 0. Unlike the Dirac and Pauli
form factors, the anapole contribution vanishes for on-shell photons (q2 = 0), and therefore
does not contribute to static electromagnetic properties such as the electric charge or the
anomalous magnetic moment. Instead, it parameterizes momentum-dependent effects
that can only be probed in processes involving off-shell photons. For this reason, it will
not be relevant for the extraction of aτ discussed in this work. In some conventions, an ex-
plicit factor 1/q2 is introduced in the definition of the anapole term so that FA(0) directly
represents a static anapole moment. In the present work, we adopt the convention of
Equation (1), where the form factor remains regular, and the anapole contribution vanishes
in the static limit.

The physical interpretation of the form factors is obtained in the static limit (q2 → 0):

• F1(0) = 1: This is the Dirac form factor. Its value is fixed by the renormalization of
the electric charge. It represents the minimal coupling where the lepton interacts as a
point-like charge e.

• F2(0) = aτ : This is the Pauli form factor, defining the Anomalous Magnetic Moment.
Since F2 is identically zero at tree-level in the Dirac equation, any non-zero value arises
exclusively from loop-level radiative corrections.

• F3(0) = 2mτ
e dτ in the commonly adopted convention: This factor defines the Electric

Dipole Moment (EDM). Unlike the previous terms, F3 is associated with an operator
that violates both parity (P) and time-reversal (T) symmetries. Under the assumption
of CPT conservation, this term is a direct probe of CP violation in the leptonic sector.

The transition from the general vertex structure to the observable anomalous magnetic
moment is established in the static limit. By mapping the effective interaction onto the
non-relativistic Hamiltonian for a generic spin-1/2 particle of mass m in a magnetic field,
the gyromagnetic ratio g, which relates the magnetic moment and the particle spin as
µ⃗ = g

( e
2m

)
S⃗, is found to be:

g = 2[F1(0) + F2(0)] (2)
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Given that F1(0) = 1 due to charge renormalization, the Dirac equation’s prediction of
g = 2 is modified by the Pauli form factor F2(0). This defines the anomalous magnetic
moment as

a = (g − 2)/2 = F2(0) (3)

Thus, aτ encapsulates all radiative corrections that shift the tau lepton from its point-
like behavior (Figure 1).

γ

τ+

τ−

= γ

τ+

τ−

+ γ

τ+

τ−

+ . . .

Figure 1. Decomposition of the dressed ττγ vertex. The physical vertex (left) is the sum of the Dirac
tree-level contribution and the 1-loop Schwinger correction (with internal photon and fermion lines)
plus higher-order terms.

The anomalous magnetic moment aτ thus arises exclusively from quantum fluctuations
beyond the tree-level Dirac prediction. The dominant contribution is the universal first-order
1-loop QED correction, calculated by Schwinger in 1948 as a(1)τ = α/2π ≈ 1161.4 × 10−6. How-
ever, a full Standard Model assessment requires the inclusion of higher-order QED terms,
electroweak loops, and hadronic effects.

According to the comprehensive assessment by Eidelman and Passera [1], the current
SM prediction is:

aSM
τ = 117 721 (5)× 10−8 (4)

The total value is decomposed into the following primary sectors:

• QED Contributions (aQED
τ ): This sector accounts for the largest fraction of the total

value, estimated at 117,324 ×10−8. It includes all loops involving photons and leptons.
While the QED terms for the electron and muon are known to extremely high orders,
the aτ precision is dominated by the leading-order diagrams, with the uncertainty
being negligible compared to the hadronic sector.

• Electroweak Contributions (aEW
τ ): These corrections involve loops with W±, Z,

and Higgs bosons, contributing 47.4 (0.5) × 10−8. The large mass of the tau lep-
ton enhances these effects; specifically, the EW contribution to aτ is roughly 400 times
larger than its counterpart for the electron and significantly more prominent than for
the muon, making the tau an ideal probe for New Physics (NP) scales coupled to the
mass of the leptons.

• Hadronic Contributions (aHad
τ ): Estimated at 350.1 (4.8) × 10−8, this sector is the

dominant source of theoretical uncertainty. It is subdivided into:

– Hadronic Vacuum Polarization (HVP): aHVP
τ = 348.6 (4.7)× 10−8.

– Hadronic Light-by-Light (LbL): aLbL
τ = 1.5 (1.0) × 10−8. While we quote the

baseline value traditionally referenced in the literature, we note that recent disper-
sive and lattice QCD evaluations suggest a larger central value of ∼2 × 10−8 with
reduced uncertainties; see, e.g., [2].

These terms involve non-perturbative QCD effects. The HVP contribution is typ-
ically evaluated using experimental data from e+e− → hadrons cross-sections via
dispersion relations.
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The total theoretical uncertainty of ±5 × 10−8 is almost entirely dictated by the
hadronic sector. This theoretical precision provides a well-defined reference prediction for
current experimental searches. Any significant deviation observed in collider data would
indicate the presence of physics beyond the Standard Model.

aτ could indeed increase significantly if we consider Beyond the Standard Model
(BSM) physics, as the tau lepton acts as a natural amplifier for heavy-scale interactions.

A key motivation for this hypothesis lies in the chirality-flip nature of the dipole
operators. A common feature of many New Physics scenarios—including Supersymmetry,
leptoquark models, and theories with additional gauge bosons—is that dipole operators
are generated with a chirality flip proportional to the lepton mass. As a result, the cor-
rection to the anomalous magnetic moment scales with the square of the lepton mass,
∆aτ ∝ (mτ/ΛNP)

2, where ΛNP is the scale of New Physics. This mass-scaling law implies
that the tau is approximately 280 times more sensitive than the muon to high-energy sec-
tors, potentially allowing aτ to reach values far beyond the SM prediction if new particles
circulate in the radiative loops. Among the most compelling scenarios are Supersymmetric
models, where one-loop corrections involve sleptons (τ̃) and neutralinos (χ̃0) [3]. In these
models, large values of tan β can significantly enhance the coupling, leading to a mea-
surable shift in aτ . Similarly, the introduction of Leptoquarks (LQ) or new neutral gauge
bosons (Z′) can generate sizable contributions depending on the model parameters. These
BSM effects on aτ are illustrated in the diagrams in Figure 2.

The theoretical urgency for measuring aτ is also deeply rooted in the persistent tension
observed in the muon sector. Currently, the experimental world average for the muon
magnetic anomaly, dominated by the Fermilab E989 results, shows a discrepancy with
the Standard Model prediction. While the 2020 Theory Initiative White Paper (based
on dispersive methods) points to a 5.1σ tension, recent Lattice QCD calculations—most
notably by the BMW collaboration—suggest a larger hadronic vacuum polarization (HVP)
contribution, which would significantly reduce this gap.

This “HVP puzzle” reinforces the importance of aτ as an independent probe. In many
BSM scenarios where New Physics couples to the lepton masses, the NP contributions are
expected to scale as:

∆aℓ ∝
m2

ℓ

Λ2
NP

=⇒ ∆aτ

∆aµ
≃ m2

τ

m2
µ
≈ 280 (5)

Under this naive scaling, the muon anomaly (∆aµ ∼ 10−9) would translate into a shift
∆aτ ∼ 10−7 [4]. This scaling behavior typically arises in scenarios where the chirality
flip occurs on the external lepton line. However, it is important to note that this relation
is not universal. In models where the chirality flip is realized internally (e.g., through
heavy fermion mixing or loop-induced mechanisms), or in the presence of non-minimal
flavour structures, the scaling with m2

ℓ can be significantly modified. Therefore, while
the naive scaling ∆aℓ ∝ m2

ℓ provides a useful benchmark, it should not be regarded as a
model-independent prediction.

Furthermore, in models involving Leptoquarks or Z′ bosons designed to explain
B-physics flavor anomalies (see [5–7] and references therein), the couplings to the third
generation can be significantly enhanced beyond this scaling. In such cases, ∆aτ could
reach values as high as 10−5 or 10−4, making it a decisive laboratory for distinguishing
between different NP explanations of the muon’s discrepancy.
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Figure 2. Representative one-loop BSM corrections that could induce a significant shift in aτ compared
to the SM value.

When the energy scale Λ of the New Physics affecting aτ is significantly higher than
the tau mass, its influence is most effectively captured using the Standard Model Effective
Field Theory (SMEFT). This framework allows us to parameterize potential deviations in
a model-independent way, translating experimental constraints on aτ into bounds on the
Wilson coefficients of higher-dimensional operators.

EFT Parameterization

At energies below the electroweak scale v, the anomalous magnetic moment (aτ) and
the Electric Dipole Moment (dτ) can be parameterized through a dimension-5 effective
Lagrangian that preserves U(1)Q gauge invariance:

Ld=5
e f f = − e

4mτ
aτ(τ̄σµντ)Fµν +

i
2

dτ(τ̄σµνγ5τ)Fµν (6)

While the low-energy properties of the tau lepton can be phenomenologically de-
scribed by dimension-5 effective operators, a consistent theoretical framework must respect
the full electroweak Standard Model gauge symmetry at energies (Λ) above the electroweak
scale v. In the context of the Standard Model Effective Field Theory (SMEFT), dipole mo-
ments arise at leading order from two independent dimension-6 dipole operators that
couple the leptonic fields to the Higgs doublet Φ, preserving the SM SU(2)L × U(1)Y

symmetry [8,9]. The relevant terms in the SMEFT Lagrangian are given by:

Ld=6
SMEFT =

CBτ

Λ2 (L̄τσµντR)ΦBµν +
CWτ

Λ2 (L̄τσµντ IτR)ΦW I
µν + h.c. (7)

where Lτ is the left-handed SU(2)L doublet (for the tauonic flavor), τR the right-handed
singlet, τ I are the Pauli matrices, and Bµν, W I

µν are the field strength tensors for U(1)Y and
SU(2)L, respectively. After Spontaneous Symmetry Breaking (SSB), with ⟨Φ⟩ = (0, v/

√
2)T ,

the gauge fields (B, W I) rotate into the physical basis (A, Z, W±) giving rise to the following
effective interactions:

Lint =
v√
2Λ2

(τ̄LσµντR)
[
Cγτ Fµν + CZτZµν

]
+

v
Λ2 CWτ

[
(ν̄τσµντR)W+

µν

]
+ h.c. + . . .

(8)

where Fµν and Zµν are, respectively, the photon and the Z boson field strengths and
W+

µν ≡ ∂µW+
ν − ∂νW+

µ . The dipole couplings in the broken phase are matched to the Wilson
coefficients in the unbroken phase via:

Cγτ = cWCBτ − sWCWτ , CZτ = −sWCBτ − cWCWτ (9)

with sW(cW) denoting the sine (cosine) of the Weinberg angle.
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By matching the effective dipole interaction onto the general vertex structure in
Equation (1), one finds that the SMEFT contribution directly gives the Pauli form factor
F2(0), leading to the relation:

aτ =
4mτv√

2eΛ2
Re(Cγτ), dτ =

√
2v

Λ2 Im(Cγτ) (10)

This derivation highlights that aτ is a direct probe of the real part of the Wilson
coefficient of the photon dipole, while dτ is related to the imaginary part.

According to the matching relations in (9), we see that, while CBτ and CWτ are inde-
pendent coefficients, Cγτ and CZτ are not independent. The SMEFT framework reveals an
intrinsic correlation between the photon and the Z, W-boson dipole moments. Crucially,
the CZτ term generates an anomalous Z-tau-tau dipole vertex, which implies that devia-
tions in aτ are intrinsically correlated to physics observable at the Z-pole. This correlation
allows for powerful synergistic constraints between low-energy or UPC measurements
and LEP/SLC data or future measurements at the FCC-ee [10]. The term involving W+

µν

demonstrates that the EFT framework intrinsically links the neutral dipole moments to
charged current interactions (ν̄τσµντR)W+

µν, a correlation that can be tested in W production
channels. Furthermore, while we focus here on the single gauge boson vertex, the SU(2)L

invariant dimension-6 operator also generates contact interactions (the dots in Equation (8))
involving the tau lepton and two gauge bosons (e.g., ττWW, τνWγ or τνWZ ). Specifically,
these terms read:

L2−bos
int = ig

v
Λ2 CWτ (ν̄τσµντR)W+

µ (sW Aν + cW Zν) + ig
v√
2Λ2

CWτ (τ̄LσµντR)W+
µ W−

ν + h.c. (11)

Although these terms are negligible for current aτ extractions, these contributions can
grow with energy (∼ ŝ/Λ2) and could represent a critical frontier for futuristic high-energy
experiments such as FCC-hh or a multi-TeV Muon Collider [11,12].

This comprehensive gauge structure underscores why aτ is not merely a precision
constant, but a key to unlocking the full symmetry structure of New Physics.

2. Experimental Probes at Particle Colliders
The direct measurement of the tau anomalous magnetic moment aτ is significantly

more challenging than that for the electron or muon due to the tau’s extremely short lifetime
(≈2.9 × 10−13 s). Unlike muons, which can be stored in magnetic rings to observe their
spin precession, tau leptons must be studied through scattering processes at high-energy
colliders, where aτ affects the production cross-section and the angular distributions of
the decay products. More specifically, sensitivity to aτ arises through the contribution
of the form factor F2(q2). It is important to note that, in general, collider observables are
sensitive to F2(q2) evaluated at non-zero momentum transfer. The extraction of the static
quantity aτ = F2(0) therefore requires either an extrapolation to the limit q2 → 0 or an
interpretation within a theoretical framework, such as SMEFT, relating measurements at
different energy scales. This distinction is crucial when comparing results obtained in
different kinematic regimes.

Historical Constraints from LEP: The DELPHI Measurement

The longest-standing experimental bound on aτ was established by the DELPHI
collaboration at the Large Electron–Positron (LEP) collider [13]. The measurement utilized
the e+e− → e+e−τ+τ− process, where the tau pair is produced via photon–photon fusion
(γγ → τ+τ−), as illustrated in Figure 3.
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e− e−

e+ e+

τ−

τ+

γ

γ

τ

Figure 3. Feynman diagram for the e+e− → τ+τ−e+e− process at LEP via photon–photon fusion.
The shaded circles at the γττ vertices represent the effective interaction where the anomalous
magnetic moment aτ modifies the standard QED vertex.

In this framework, the presence of a non-zero aτ modifies the electromagnetic vertex
Γµ = γµ + iσµνqν

2mτ
aτ , leading to an enhancement of the total cross-section. The cross-section

can be analytically parameterized as:

σ(aτ) = σSM + aτσ1 + a2
τσ2 (12)

In this expansion, the linear term σ1 represents the interference between the Standard Model
tree-level amplitude and the amplitude contribution from the anomalous magnetic moment
operator. The quadratic term σ2 accounts for the pure anomalous magnetic contribution.
By comparing the observed event yields with the SM expectation, DELPHI established the
95% C.L. limit [13]:

−0.052 < aτ < 0.013 (13)

The asymmetry in the limit arises because the interference term dominates, making the
constraint tighter in one direction. While this result provided a fundamental constraint for
nearly two decades, its precision (O(10−2)) is still limited by the available luminosity and
the clean but relatively low-energy environment of LEP compared to the LHC’s runs.

3. LHC Probes via Photon–Photon Fusion
The experimental strategy for determining aτ at high-energy colliders relies on measur-

ing the cross-section and analyzing the kinematic properties of the photon–photon fusion
process, γγ → τ+τ−. At the LHC, this process is studied by exploiting the electromagnetic
fields generated by the ultra-relativistic beams in two primary regimes: proton–proton (pp)
collisions and Heavy-Ion Ultra-Peripheral Collisions (UPCs).

3.1. The Proton–Proton (pp) Channel

In pp collisions, the production of tau pairs via photon exchange is a rare but powerful
probe. The primary challenge compared to the LEP environment arises from the composite
nature of the proton. As illustrated in Figure 4, three distinct interaction topologies are
defined by the momentum transfer and the resulting integrity of the final-state protons:

• Elastic: Both protons emit a quasi-real photon and remain intact, escaping the in-
teraction point through the beam pipe. Experimentally, these events are uniquely
clean, characterized by a rapidity gap (a lack of hadronic activity surrounding the tau
production vertex).

• Semi-elastic (Single-Dissociative): One proton remains intact while the other, due to
the photon emission’s recoil, dissociates into a low-mass hadronic system X.

• Inelastic (Double-Dissociative): Both protons dissociate into hadronic fragments.
While this channel provides the highest raw statistics, it introduces significant system-
atic uncertainties related to the modeling of the proton’s internal structure (photon
PDFs) and the “survival probability” of the central exclusive signature.
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p X
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τ+

γ

γ
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Figure 4. Feynman diagrams for τ+τ− production in pp collisions. The shaded circles represent the
aτ-sensitive effective vertices.

Recent observations by CMS (2024) [14] in this channel (ATLAS [15] and previous
CMS [16] studies, focused on searches for a Higgs to τ+τ− signal, have also analyzed this
channel.) have demonstrated that despite the challenging background environment, pp
data can yield very competitive constraints on aτ :

CMS (2024) : aτ ∈ [−0.0022, 0.0041] ,

improving the LEP bound by almost an order of magnitude. This analysis combines all
three topologies (elastic, semi-elastic, inelastic) and relies on advanced track-counting
algorithms to suppress hadronic backgrounds and isolate the electroweak signal, effectively
turning the LHC into a high-energy photon–photon collider. More detailed considerations
on this result will be expressed in Section 5.

3.2. The Ultra-Peripheral Collision (UPC) Channel

Ultra-Peripheral Collisions (UPCs) of heavy ions, specifically Lead (208Pb), provide
a particularly clean and theoretically controlled environment at the LHC for probing the
tau anomalous magnetic moment. These interactions occur when the impact parameter b
exceeds the sum of the nuclear radii (b > R1 + R2), ensuring that the short-range strong
force is suppressed and the interaction is mediated by the coherent exchange of quasi-
real photons.

The theoretical foundation for calculating the production of tau pairs in UPCs is
the Method of Equivalent Photons, originally proposed by Fermi in 1924 [17] and later
refined by Weizsäcker and Williams [18,19]. In this framework, the electromagnetic fields
of ultra-relativistic ions are treated as a beam of nearly on-shell photons. The leading-order
process for this interaction, where two photons from the colliding nuclei fuse into a tau pair
(γγ → τ+τ−), is illustrated in Figure 5.

Pb Pb

Pb Pb

τ−

τ+

γ

γ

τ

Figure 5. Photon–photon fusion in the PbPb UPC. The Z4 enhancement of the cross-section allows
for a high-precision study of the γττ vertex.
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The total cross-section for the process PbPb → PbPbτ+τ− is expressed as a convolu-
tion of the photon fluxes from the two colliding nuclei:

σ(PbPb → PbPbτ+τ−) =
∫

dx1dx2 n(x1)n(x2) σγγ→τ+τ−(Wγγ) (14)

where xi = ωi/Ebeam is the fraction of the beam energy carried by the photon, n(x) is the
equivalent photon flux, and σγγ→τ+τ− is the elementary cross-section for the fusion process
at the invariant mass Wγγ =

√
x1x2s.

The photon flux n(x) represents the intensity of the electromagnetic field surrounding
the lead nucleus (Z = 82). While the general expression depends on the nuclear form factor
F(q2) [20,21], for a relativistic nucleus the flux can be expressed in terms of modified Bessel
functions of the second kind of the first and second order (K0, K1) for a point-like charge
approximation at a given impact parameter b:

N(ω, b) =
Z2α

π2β2b2

[
ξ2K2

1(ξ) +
ξ2

γ2
L

K2
0(ξ)

]
(15)

where ξ = ωb/γLβh̄c is a dimensionless variable and γL represents the Lorentz factor of
the nucleus. The integrated flux n(x) is calculated by imposing the exclusivity condition
b > 2R to avoid hadronic overlap:

n(x) =
∫ ∞

2R
2πb db N(xEbeam, b) (16)

By performing the integration over the impact parameter b from Rmin = 2R to infinity,
the equivalent photon flux n(x) can be expressed in the closed analytical form typically
employed in recent LHC studies [22,23]:

n(x) =
2Z2α

πβ2x

[
ζK0(ζ)K1(ζ)−

β2ζ2

2

(
K2

1(ζ)− K2
0(ζ)

)]
(17)

where the dimensionless scaling variable is now defined as ζ = xEbeamRmin/γLβh̄c. This
expression properly accounts for the finite size of the nuclei through the cutoff Rmin,
ensuring that the measurement remains in the ultra-peripheral regime. The cross-section in
Equation (14) can be also expressed in terms of an effective γγ luminosity ( dLeff

dWγγ
) as

σ(PbPb → PbPbτ+τ−) =
∫

dWγγ
dLeff
dWγγ

σγγ→τ+τ−(Wγγ) . (18)

This treatment highlights the Z4 enhancement of the total cross-section, which pro-
vides a significant enhancement of the signal rate, while the requirement of “exclusivity”
ensures the “clean” environment necessary to isolate the aτ contribution from hadronic
backgrounds. An important advantage of the UPC framework is the relative suppression
of nuclear effects. As discussed in [22–24], for the kinematic regions relevant to τ-pair
production, the impact of nuclear shadowing and the transition from coherent to incoherent
photon emission are well-constrained. Specifically, the large impact parameters required for
ultra-peripheral events ensure that hadronic interactions are negligible, while the coherent
nature of the photon flux, which scales with Z2, remains the dominant and theoretically
clean production mechanism. This allows for the treatment of the lead ions as quasi-real
photon sources, with nuclear form factor uncertainties contributing only marginally to the
overall systematic budget.

Transformation of the LHC into a high-intensity photon collider to probe aτ was
first proposed in [22,24]. These studies identified Ultra-Peripheral Collisions as the ideal
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environment to break the precision barriers set by LEP, highlighting the sensitivity of the
γγ → ττ cross-section to aτ at the LHC energies.

On the experimental front, the ATLAS Collaboration in 2022 provided the first mea-
surement of aτ in this channel using Run 2 PbPb data, observing the process with a
significance of 5.0σ [25]. This milestone demonstrated that the UPC environment allows
for a significant suppression of backgrounds, yielding a significant constraint on aτ . This
was followed by the CMS Collaboration [26], which utilized similar UPC techniques and
further refined the measurement, approaching the sensitivity of the combined LEP results.
The current 95% CL exclusion limits for these experiments are as follows:

ATLAS (2022): aτ ∈ [−0.057, 0.024]; CMS (2022): aτ ∈ [−0.030, 0.017] (19)

The current research landscape is characterized by several key developments:

• Advanced Analysis Strategies: Recent studies, such as [23], focus on optimizing
the experimental selection through Multivariate Analysis (MVA) and BDT-based
discrimination to separate the ττ signal from the µµ background.

• Higher-Order Corrections: To match the increasing experimental precision, the-
oretical efforts have addressed electroweak and QED corrections to the UPC
τ+τ− production [27].

• Quantum Observables: New frontier studies suggest probing aτ and dτ through
quantum tomography and spin correlations in the final state [28,29].

Looking forward, the integration of larger datasets and the potential use of forward
proton detectors in pp collisions [30] will provide a complementary dataset to the PbPb
UPC measurements, as discussed in the following section.

4. Complementarity Between pppppp and UPC Channels
The investigation of aτ at the LHC relies on a strategic synergy between proton–proton

(pp) and Heavy-Ion Ultra-Peripheral Collisions (PbPb UPCs). While both channels exploit
the γγ → τ+τ− process, they probe fundamentally different kinematic regimes due to the
disparate spatial scales and luminosities of the colliding species, as illustrated in Figure 6.

Figure 6. Effective photon–photon luminosity as a function of the invariant mass Mγγ ≡ Wγγ as
defined in Equation (18). The plot highlights the Z4 dominance of PbPb at low masses, where the
measurement of aτ is more direct, and the superior reach of pp collisions towards the TeV energy
frontier. The dashed curves in the pp case refer to different proton tagging configurations. Figure
adapted from [31].

The complementarity of these two environments can be summarized across these
main axes:
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• Energy Reach and Nuclear Radius: The maximum energy of the equivalent photons
is inversely proportional to the radius R of the charge distribution (ωmax ≈ γL h̄c/R).
The large radius of the Lead nucleus (RPb ≈ 7 fm) restricts UPCs to Wγγ ≲ 100 GeV,
while the small proton radius (Rp ≈ 0.8 fm) allows pp collisions to reach the TeV scale.

• Directness of the aτ Measurement: By definition, the anomalous magnetic moment
is a static property derived from the effective γττ vertex in the limit of zero photon
momentum (q2 → 0). Since UPCs occur predominantly near the kinematic threshold
(Wγγ ≈ 2mτ), they provide a more direct measurement of aτ that is less dependent on
the energy-running of the coupling. In contrast, pp measurements at high Wγγ probe
the dipole form factor at large momentum transfer, requiring an interpretation within
an EFT framework to relate high-energy measurements to the static limit.

• Statistics and Integrated Luminosity: Although PbPb collisions benefit from the Z4

enhancement of the photon flux, they are limited by the lower integrated luminosity
delivered during heavy-ion runs (nb−1 scale). pp collisions compensate for the lack
of Z-scaling by leveraging the full high-intensity phase of the LHC (100 fb−1 scale),
resulting in a significantly larger total dataset for tau pair production.

• Experimental Environment and Systematics: UPCs offer an exceptionally clean
environment with almost zero pile-up, where the primary challenge is the modeling
of the nuclear form factor and photon flux uncertainties. Conversely, pp collisions are
characterized by high pile-up, requiring advanced experimental techniques such as
track-counting and vertex isolation to identify the exclusive signal.

From a theoretical perspective, the different experimental strategies do not probe a
single observable, but rather different kinematic regimes of the same underlying form
factor F2(q2). UPCs access the near-static limit, while high-energy pp collisions probe the
ultraviolet behavior of the effective interaction. This complementarity is therefore not only
experimental, but intrinsically linked to the momentum dependence of the electromag-
netic vertex.

This dual approach ensures that any potential deviation from the Standard Model
observed in one channel can be validated in a completely different kinematic and experi-
mental environment. However, the interpretation of high-energy pp data requires a careful
assessment of the theoretical framework, particularly regarding the validity of the EFT
expansion as the collision energy approaches the scale of New Physics. The dual approach
serves thus as a consistent theoretical framework to properly combine different experi-
mental techniques rather than intrinsically boosting the statistical sensitivity of a single
high-energy dataset.

5. Recent Experimental Results and Outlook
The experimental determination of the tau anomalous magnetic moment (aτ) has

recently undergone a paradigm shift. While traditionally confined to low-energy e+e−

colliders, the LHC has emerged as a powerful tool for probing the γττ vertex across diverse
kinematic regimes. The current experimental landscape, summarized in Table 1, highlights
a clear distinction between measurements performed in the quasi-static limit and those
probing the vertex at high virtualities.

Interpretation of high-energy constraints. It is important to stress that, at high
energies, collider measurements do not directly probe the static anomalous magnetic
moment aτ = F2(0). Instead, they are sensitive to the momentum-dependent form factor
F2(q2) at large momentum transfer, q2 ∼ ŝ.
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Table 1. Current 95% CL constraints on aτ . The Standard Model prediction is aSM
τ ≈ 117, 721 × 10−8.

For PbPb collisions,
√

sNN denotes the energy per nucleon pair.

Experiment Channel
√

s or
√

sNN Dataset Exclusion Limit (95% CL)
DELPHI (LEP) e+e− → e+e−τ+τ− 183 − 208 GeV 650 pb−1 [−0.052, 0.013]
ATLAS (2022) PbPb UPC 5.02 TeV 1.44 nb−1 [−0.057, 0.024]
CMS (2022) PbPb UPC 5.02 TeV 1.34 nb−1 [−0.030, 0.017]
CMS (2024) pp Exclusive [14] * 13 TeV 138 fb−1 [−0.0022, 0.0041]
ATLAS (2025) pp High-Mass [32] ** 13 TeV 140 fb−1 [−0.0024, 0.0047]

* Measurement performed in an intermediate energy regime (Wγγ ∈ [50, 500] GeV). ** Value derived within the
SMEFT framework at a scale Λ = 1 TeV.

In this regime, experimental constraints are more rigorously interpreted as bounds
on the Wilson coefficients of higher-dimensional operators within the SMEFT framework.
The commonly quoted limits on aτ are therefore derived quantities, obtained under the
assumption of EFT validity and truncation at dimension-6.

Strictly speaking, these measurements constrain combinations of operator coefficients
rather than a single static observable.

5.1. From Quasi-Static Probes to High-Energy pp Collisions

Before discussing the latest results in proton–proton (pp) collisions, it is essential to
consider the role of Ultra-Peripheral Collisions (UPCs) in heavy-ion (PbPb) runs. As shown
in Table 2, these measurements are performed in a kinematic regime where the photon
virtuality is extremely low (q2 ≈ 0). Consequently, UPCs provide the most “robust” mea-
surements of aτ in the sense that they are the closest experimental equivalent to a static
limit probe at a hadron collider. Although UPCs probe very small photon virtualities,
corresponding to a near-threshold configuration for τ-pair production, they do not corre-
spond exactly to the static limit, but rather to a regime where the momentum transfer is
minimal and theoretically well controlled. By minimizing the energy transfer to the ττ

system (Wγγ < 50 GeV), these analyses remain largely independent of the complexities
associated with High-Dimension operators in the Effective Field Theory (EFT) expansion.

Building upon this foundation, the CMS Collaboration [14] recently observed the
γγ → ττ process in pp collisions for the first time. This analysis leverages the full Run
2 integrated luminosity (138 fb−1) to isolate tau pairs produced via photon fusion. As illus-
trated in Figure 4, the signal includes contributions from elastic, semi-elastic, and inelastic
proton scattering. To separate these events from the overwhelming Drell–Yan background,
CMS employs a selection based on the acoplanarity of the tau decay products and the
absence of charged tracks at the production vertex. This allows the measurement to probe
an intermediate kinematic window (Wγγ ∈ [50, 500] GeV) where the EFT expansion is
expected to remain under control, provided the relevant energy scales remain below the
cutoff (Wγγ ≪ Λ), yielding a limit nearly an order of magnitude more precise than LEP.

A complementary approach, proposed in [33], is provided by the ATLAS Collab-
oration [32], which investigates the high-mass tail of the inclusive Drell–Yan process
(qq̄ → τ+τ−). Unlike photon-fusion, this channel probes the ττV vertex through s-channel
exchange of virtual photons and Z bosons (see Figure 7).

The sensitivity of this analysis relies on the energy-dependent enhancement of SMEFT
operators, where the BSM contribution scales as ŝ/Λ2. ATLAS sets limits on the Wilson
coefficient Cγτ/Λ2, which is matched to aτ via the relation:

aτ =
4mτv√

2eΛ2
Re(Cγτ) (20)

For Λ = 1 TeV, ATLAS obtains aτ ∈ [−0.0024, 0.0047].

https://doi.org/10.3390/sym18061050

https://doi.org/10.3390/sym18061050


Symmetry 2026, 18, 1050 13 of 17

However, as summarized in Table 2, the interpretation approaches the regime where
the validity of the EFT expansion may become questionable: the sensitivity is driven by
events where

√
ŝ reaches the TeV scale, challenging the assumption of scale separation

(
√

ŝ ≪ Λ). At these energies, the aτ contribution is inextricably linked to both γ∗ and
Z∗ exchanges.

q

q̄

τ+

τ−

γ∗, Z∗

Figure 7. Feynman diagram for the Drell–Yan process qq̄ → τ+τ− in pp collisions. The shaded circle
represents the effective vertex modification probed by ATLAS.

Table 2. Kinematic regimes and theoretical robustness of LHC aτ probes.

Channel Typical Wγγ or
√

ŝ Photon State EFT Validity

PbPb UPC <50 GeV Quasi-real (q2 ≈ 0) Robust (Static)
pp Exclusive (CMS) 50–500 GeV Moderate virtuality Safe (Wγγ ≪ Λ)
pp High-Mass (ATLAS) 500–2000 GeV Highly virtual Borderline (Wγγ ≈ Λ)

A crucial subtlety indeed arises in the interpretation of high-energy Drell–Yan measure-
ments. While the anomalous magnetic moment aτ is defined in the static limit q2 → 0, the
processes probed at the LHC involve momentum transfers in the TeV range, q2 ∼ ŝ ≫ m2

τ .
In this regime, the SMEFT dipole operators induce a momentum-dependent modifica-

tion of the γ∗ττ and Z∗ττ vertices, effectively probing the form factor F2(q2) away from the
static limit. As a result, the extracted constraints do not correspond to a direct measurement
of aτ , but rather to bounds on the Wilson coefficient Cγτ/Λ2 under the assumption of
EFT validity.

Moreover, at high energies, the dipole contribution interferes with both photon- and
Z-mediated amplitudes, and can be accompanied by additional contact interactions arising
from the same dimension-6 operators. This implies that the interpretation in terms of a
single parameter aτ becomes model-dependent, especially in the regime

√
ŝ ∼ Λ. In this

regime, the validity of the EFT expansion becomes non-trivial. When the typical energy
scale of the process approaches the cutoff, higher-dimensional operators (e.g., dimension-8)
may give non-negligible contributions.

Moreover, the truncation of the EFT expansion at dimension-6 may lead to incon-
sistencies, including potential violations of perturbative unitarity (e.g., [11,12]). For this
reason, a consistent EFT interpretation requires either restricting the analysis to

√
ŝ ≪ Λ or

adopting more refined approaches, such as including higher-order operators or performing
validity-driven event selections.

5.2. Future Facilities and Projections

The quest for aτ is set to advance along two complementary paths: the precision frontier,
dominated by e+e− lepton colliders, and the energy frontier, explored at hadron and ion
facilities and at a multi-TeV Muon Collider. The analysis of recent projections reveals a
highly nuanced landscape where sensitivities vary by several orders of magnitude.

5.2.1. The Precision Frontier: Belle II and FCC-ee

Lepton colliders offer the cleanest environment for aτ determination.
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• Belle II (SuperKEKB):
Belle II exploits the massive production of τ+τ− pairs from e+e− collisions at the Υ(4S)
resonance (

√
s = 10.58 GeV) [34]. Current analyses [35] leverage spin correlations

in hadronic decays (e.g., τ± → π±ντ), where the decay products act as effective
spin polarimeters. While these measurements set stringent direct limits, the ultimate
sensitivity is expected from a future longitudinally polarized electron beam, where
measuring left-right asymmetries (ALR) could reach a precision of O(10−5) [36]. This
would potentially enable the first observation of the Standard Model value and provide
sensitivity to New Physics contributions, provided that systematic uncertainties are
controlled below the 0.5% level. However, reaching this level requires a rigorous
control of theoretical uncertainties. Recent studies highlight that matching the high
experimental precision aimed at Belle II necessitates precise radiative corrections
beyond the one-loop level [37,38]. Furthermore, while most constraints rely on an
EFT interpretation to relate form factor modifications to aτ , recent evaluations have
addressed these concerns by examining the impact of light New Physics scenarios on
the dipole moment interpretation [39,40].

• FCC-ee: Operating at the Z pole, FCC-ee will produce approximately 1.3 × 1011 τ-pairs
(roughly a factor of three larger than the final expected sample at Belle II of
∼4.6 × 1010 events). Recent global analyses [41,42] indicate that by utilizing τ-
polarization observables and analyzing the e+e− → τ+τ−γ radiative process, FCC-ee
is expected to reach a precision of O(10−5). This level of sensitivity would allow for a
model-independent test of the SM electroweak loop corrections for the first time.

5.2.2. The Energy Frontier: FCC-hh and High-Energy Lepton Colliders

While high-energy environments provide high photon fluxes, their sensitivity to aτ is
notably different:

• FCC-hh (PbPb UPC): Detailed studies of Ultra-Peripheral Collisions at
√

sNN = 39 TeV
show that, despite the Z4 enhancement of the photon flux, the 95% C.L. exclusion
limits on the anomalous magnetic moment are projected at |aτ | ≤ 0.0102 [43]. This
sensitivity, in the order of 10−2, is significantly less competitive than the lepton collider
projections, though it provides a theoretically robust and independent test.

• Muon Collider: On a longer time horizon, the high-energy Muon Collider is emerging
as a high-interest R&D project [44]. As highlighted in [41,45,46], a facility operating at
3–10 TeV could leverage Drell–Yan µ+µ− → τ+τ−(γ) and Vector–Boson–Fusion (VBF)
processes to reach sensitivities of O(10−5–10−4). Notably, the study of the radiative
SM Higgs decay h → ττγ at a Muon Collider offers a novel and powerful probe,
potentially reaching a resolution of O(10−6) [41], which would represent the ultimate
frontier in testing the electromagnetic properties of the third-generation leptons.

In this context, it is important to highlight that at high energies, as previously
demonstrated for neutrino dipole interactions [11,12], the effective interactions involv-
ing two gauge bosons (Equation (11)) generated by SU(2)L-invariant operators—which
are typically neglected in low-energy or near-threshold studies—offer a powerful and
highly effective way to probe magnetic dipole moments through VBF channels. This
approach, adopted for the tau lepton, could significantly enhance the sensitivity of both
high-energy Muon Colliders and the FCC-hh to aτ , effectively exploiting the multi-TeV
reach of these facilities.

6. Conclusions
The anomalous magnetic moment of the tau lepton represents a unique probe of the

Standard Model and its possible extensions in the third lepton generation. Unlike the
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electron and muon, its extremely short lifetime prevents direct measurements, making
collider-based approaches essential.

A key message emerging from this review is the complementarity between different
experimental strategies. The experimental landscape has recently undergone a major
transformation, breaking the long-standing limits set by LEP. A key driver of this progress
has been the exploitation of Ultra-Peripheral Collisions (UPCs) at the LHC. By acting as
high-intensity photon–photon colliders, and thanks to the Z4 enhancement of the photon
flux in PbPb runs, UPCs have provided among the most theoretically robust and clean
environments, operating close to the static limit [25,26]. In parallel, new techniques in
pp collisions—such as the CMS measurement in exclusive γγ → ττ [14] and the ATLAS
analysis of the Drell–Yan tail [32]—have pushed the experimental precision to the O(10−3)

level. Currently, all experimental results remain fully consistent with the Standard Model
prediction, as the current resolution is not yet sensitive enough to directly probe the SM
loop baseline. While pp data offer superior statistics, they require a careful evaluation
of EFT validity when probing the TeV scale. From a theoretical perspective, the SMEFT
approach highlights that aτ is not an isolated observable, but part of a broader structure
dictated by electroweak gauge symmetry. Correlations with Z and W interactions imply
that future constraints will benefit from global analyses combining multiple processes.

Looking ahead, significant progress is expected from Belle II and future facilities such
as the FCC. These experiments will extend both precision and energy reach, bringing
us closer to the Standard Model prediction of aSM

τ = 117 721 (5) × 10−8. Belle II and
the proposed FCC-ee are the most immediate candidates to reach sensitivities in the
10−5 range [35,41,42]. In the longer term, the high-energy Muon Collider represents a
further ambitious frontier that could push the resolution towards O(10−6) [41,46], provided
its preliminary design challenges are overcome. In contrast, the FCC-hh stage in PbPb
mode, while providing a unique UPC environment, is projected to yield more moderate
exclusion limits at the O(10−2) level [43].

Crucially, while reaching the SM baseline remains a long-term challenge, the current
and upcoming experimental windows are already highly complementary to direct searches
for New Physics. Given the potential chiral enhancement in the third lepton generation,
current O(10−3) constraints already cut into the parameter space of specific BSM scenarios,
such as light Leptoquarks or modified Higgs–lepton couplings [4,38,41]. Moving towards
the O(10−5)–O(10−6) frontier will allow future facilities to probe BSM scenarios like multi-
TeV scale composite Higgs models or uncolored New Physics that may escape direct
detection at hadron colliders [39,41].

In conclusion, the study of aτ is transitioning from a largely unconstrained observable
to a quantitatively accessible one. The synergy between the clean environment of UPCs
and the high-energy reach of pp and future colliders will be essential to determine whether
the tau lepton reveals signatures of New Physics or confirms the Standard Model with
unprecedented precision.

The measurement of aτ thus represents a unique bridge between the precision and
energy frontiers, with UPCs and high-energy pp collisions providing complementary and
necessary information on the structure of the tau electromagnetic vertex.
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