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Anomalous contributions to the electric and magnetic dipole moments
of the τ lepton from new physics scenarios have brought renewed interest
in the development of new CP-violating signatures in the τ -pair production
at Belle II energies, and also at higher energies of the LHC and the Fu-
ture Circular Collider. We discuss the effects of spin correlations, including
transverse degrees of freedom, in the τ -pair production and decay. The
effects of the dipole moments are introduced on top of precision simula-
tions of e−e+ → τ−τ+, qq̄ → τ−τ+, and γγ → τ−τ+ processes, involving
many-body final states and radiative corrections, in particular, electroweak
box contributions of WW and ZZ exchanges. Extensions of the Standard
Model amplitudes and the reweighting algorithms are implemented into the
KKMC Monte Carlo, which is used to simulate τ -pair production in e−e+

collisions, and the TauSpinner program, which is used to reweight events
with τ pair produced in pp collisions.
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1. Introduction

The electric dipole moment of the τ lepton is sensitive to the violation of
fundamental symmetries, such as CP violation [1–3]. Recent measurements
of dipole moments of the τ lepton at the Belle experiment [4], as well as
observation of γγ → τ−τ+ production at the hadron colliders [5, 6], have
brought renewed interest in the phenomena of electric and magnetic dipole
moments of the τ lepton.

∗ Presented at the 30th Cracow Epiphany Conference on Precision Physics at High
Energy Colliders, Cracow, Poland, 8–12 January, 2024.

(5-A20.1)

https://www.actaphys.uj.edu.pl/findarticle?series=sup&vol=17&aid=5-A20


5-A20.2 A.Yu. Korchin

Deviation of measured values of the magnetic moment of the muon [7]
from predictions of the Standard Model (SM), and possible contributions
from new physics (NP) to the magnetic moment of the τ lepton, makes
these studies of contemporary interest. The NP contributions to magnetic
moments are expected to be proportional to the square of the mass of the cor-
responding lepton. Several NP scenarios introduce dark weakly-interacting
scalars or vector states accompanying production of heavy fermions, e.g.
τ leptons. New virtual particles through the loop corrections can be sources
of additional contributions to the magnetic and/or electric dipole moments
of the τ lepton, as mentioned in [8, 9].

In this contribution, we concentrate on the effects of the magnetic and
electric dipole moments, or corresponding form factors at q2 ̸= 0, on spin
correlations in the τ -pair production and decay. Presented results are based
on Ref. [10].

The KKMC Monte Carlo (MC) has been used to generate events of the
SM e−e+ → τ−τ+ process for several decades, and is now enriched with sev-
eral additional processes to describe NP effects potentially observable at the
e−e+ collider and the Belle II experiment [11]. In particular, recent develop-
ment in Ref. [12] allows one to include anomalous contributions to electric
and magnetic dipole moments of the τ lepton in the case of low-energy τ -pair
production. In KKMC, all spin correlations are implemented, also in the case
of configurations where an arbitrary number of hard bremsstrahlung pho-
tons can be present. It can provide valuable benchmarks for spin effects in
the e−e+ → τ−τ+ process, with τ decays included.

The TauSpinner program is a convenient tool to study and prepare ob-
servables sensitive to the NP effects at hadron colliders. Its purpose is to
introduce, with the help of weights, small effects on top of event samples
of the SM content. It is imperative, as in the case of KKMC, to evaluate if
the precision of the SM simulation is sufficient for the user’s needs. Then,
TauSpinner may be used to introduce NP and/or spin effects. The samples
may be generated with the help of MC generators like PYTHIA or Sherpa.

Firstly, we consider the SM case, because it determines the interfering
contributions for analysis of the dipole moments. The SM amplitude is
evaluated in the Improved Born Approximation (IBA), the theoretical basis
of which is formulated in Refs. [13, 14]. Secondly, the dipole moments are
taken into consideration. These studies include calculation of the analytical
formulas and building semi-realistic observables sensitive to transverse spin
correlations induced by the dipole moments. Technically, the effect of the
dipole moments can be introduced on top of precision simulations of e−e+ →
τ−τ+, qq̄ → τ−τ+, and γγ → τ−τ+ processes, involving many-body final
states and correlations between τ -decay products. The MC techniques using
event-by-event weights are convenient for this purpose. The KKMC MC is



Spin Effects in tau-lepton Pair Induced by Anomalous Magnetic . . . 5-A20.3

used for simulating spin-correlation effects in the τ pair produced in e−e+

collisions, while the TauSpinner program is used for reweighting events, where
τ pairs are produced in pp collisions.

2. Amplitudes and spin correlations

In the previous paper [12], formulas for including anomalous magnetic
and electric dipole form factors in the e−e+ → τ−τ+ process were discussed.
The consideration there was limited to low energies, where the contribution
of the Z-boson exchange can be neglected.

For higher energy e−e+ → τ−τ+ and for qq̄ → τ−τ+ parton-level pro-
cesses at the LHC, inclusion of the contribution of the Z-boson exchange is
necessary. For a very high τ -pair invariant mass of more than 160 GeV, the
contributions from doubly resonant WW and ZZ boxes need to be taken
into account as well, following for example, Refs. [14, 15], where electroweak
loop corrections installation is documented. In Ref. [10], we extend the
results of [12] by including Z and γ exchanges and their interference. In
addition, we consider the γγ → τ−τ+ process, which recently became of
high interest in the analysis of heavy-ion beam collisions at the LHC [5, 6].

Let us consider the fi f̄i → τ−τ+ process, where i = e−, u, d or γ (for
the γγ initial state, the symbol f̄i refers to the second incoming photon)

fi(k1) + f̄i(k2) → τ−(p−) + τ+(p+) . (1)

In the center-of-mass (CM) frame, the components of the four momenta are

p− = (E, p⃗ ) , p+ = (E, −p⃗ ) , p⃗ = (0, 0, p) ,

k1 =
(
E, k⃗

)
, k2 =

(
E, −k⃗

)
, k⃗ = (E sin θ, 0, E cos θ) , (2)

so that the ẑ axis is along the momentum p⃗, the reaction plane x̂ẑ is defined
by the momenta p⃗ and k⃗, and the ŷ axis is along p⃗ × k⃗. Here, E =

√
s/2,

s = q2, where q = k1 + k2 = p− + p+, and p = βE, where β is the τ ve-
locity. The mass of the initial lepton or quark is neglected hereafter. The
quantization frames of τ− and τ+ are connected to this reaction frame by
the appropriate boosts along the ẑ direction.

2.1. The fif̄i → τ−τ+, i = e−, u, d case

The γττ electromagnetic vertex has the following structure:

Γµ
γ (q) = −ieQτ

{
γµ +

σµνqν
2mτ

[iA(s) +B(s)γ5]

}
, (3)
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where e is the positron charge, Qτ is the charge of τ lepton in units of e, mτ is
the τ -lepton mass, A(s) = F2(q

2) is the Pauli form factor, and B(s) = F3(q
2)

is the electric dipole form factor, which depends on s. At the on-shell photon
point, A(0) is an anomalous dipole moment a, and B(0) is related to the
CP-violating electric dipole moment d

A(0) = a =
1

2
(g − 2) , B(0) =

2mτ

eQτ
d , (4)

where g is the gyro-magnetic factor. To separate the SM contribution from
NP, we explicitly include the QED correction to A(s) in the first order in
α = e2/(4π) (see [12]).

The Zττ vertex is chosen to have the following structure:

Γµ
Z (q) = −i

gZ
2

{
γµ(vτ − γ5aτ ) +

σµνqν
2mτ

[iX(s) + Y (s)γ5]

}
, (5)

where gZ = e/(sWcW) = 2MZ(
√
2GF)

1/2, sW ≡ sin θW, cW ≡ cos θW, θW
is the weak mixing angle and GF is the Fermi constant. The vector and
axial-vector couplings for the τ lepton are vτ and aτ , respectively, X(s) is
the weak anomalous magnetic form factor, and Y (s) is related to the CP-
violating weak electric form factor1.

We consider production of the polarized τ leptons, which are character-
ized by the polarization three-vectors in their rest-frames: s⃗− = (s−1 , s

−
2 , s

−
3 )

for τ−, and s⃗+ = (s+1 , s
+
2 , s

+
3 ) for τ+. We also add unity as the 4th compo-

nents, so that s− = (s−1 , s
−
2 , s

−
3 , 1) and s+ = (s+1 , s

+
2 , s

+
3 , 1).

The corresponding cross section can be written in the form

dσ

dΩ

(
f f̄ → τ−τ+

)
=

dσ

dΩ

(
f f̄ → τ−τ+

) ∣∣∣
unpol

×1

4

1 +
3∑

i=1

ri,4 s
−
i +

3∑
j=1

r4,j s
+
j +

3∑
i,j=1

ri,j s
−
i s

+
j

 , (6)

in terms of the “normalized” spin-correlation matrix ri,j = Ri,j/R4,4, the
τ−, τ+ polarizations ri,4 = Ri,4/R4,4, r4,j = R4,j/R4,4 (where i, j = 1, 2, 3),
and unpolarized cross section (for details, see [10]).

If τ decays are taken into account, the vectors defining τ− and τ+ density
matrices, s−i and s+j in (6), are replaced, respectively, by the polarimetric
vectors h−i and h+j , depending on the τ -decay matrix elements.

1 Sometimes these form factors are defined with the additional factor (2cWsW)−1

[16–18].
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The radiative corrections are included in the framework of the Improved
Born Approximation (IBA) following Refs. [13, 14]. For energies below and
around the Z-boson peak, one can use results without radiative corrections,
as they can be there safely neglected (incorporated into a redefinition of
constants). For higher energies, the phenomenological picture would be more
complicated, also due to experimental detection/reconstruction criteria, and
possibly initial-state bremsstrahlung photons of transverse momenta pT ∼
mτ getting lost in the beam-pipe. This regime remains out of scope of the
present work.

As an example of the spin-correlation matrix ri,j , in Fig. 1 we present
the transverse–transverse elements r11 and r22 in the process fi f̄i → τ−τ+

(where fi = e−, u, d) in the framework of the SM. Results are shown as
functions of the invariant mass of the τ -lepton pair at two values of the
angle between fermion fi and τ− lepton. Other elements of ri,j are not
shown as being very small (except for the τ mass effects).
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Fig. 1. Transverse spin-correlation components r11 (solid lines) and r22 (dashed
lines) for e−e+ (top), quarks u ū (middle), and d d̄ (bottom). The angle θ is chosen
π/3 for the left plots and 2π/3 for the right plots.
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The pattern of the transverse spin correlations in Fig. 1 depends on
the quark flavor and scattering angle and, as a consequence, in the case of
qq̄ initial state, it is parton distribution function (PDF)-dependent. The
electron–positron case is more straightforward in terms of the definition of
a suitable observable, as the incoming state is always e−e+.

2.2. The γγ → τ−τ+ case

In the description of the γ(k1)+γ(k2) → τ−(p−)+ τ+(p+) reaction with
the on-shell photons (k21 = k22 = 0), we separate the contribution of NP
from the SM contribution A(0)SM = 1.17721(5)× 10−3 [9], and then define
A(0) = A(0)SM + A(0)NP and B(0) = B(0)NP. We assume that for the
on-shell photons, the dipole moments are real.

The matrix element of this reaction is calculated in order e2. The differ-
ential cross section

dσ

dΩ

(
γ γ → τ−τ+

)
=

dσ

dΩ

(
γγ → τ−τ+

) ∣∣∣
unpol

1

4

1 +
3∑

i,j=1

r
(γγ)
i,j s−i s

+
j

 (7)

is expressed through the spin correlation matrix r
(γγ)
i,j = R

(γγ)
i,j /R

(γγ)
4,4 (i, j =

1, 2, 3) and the cross section for unpolarized τ leptons [10].

3. Observable at Z-boson pole

In Ref. [12], the observables sensitive to the dipole form factors in the
e−e+ → γ∗ → τ−τ+ reaction at Belle II energies were discussed. We found
that transverse spin correlations of the τ -pair production, combined with
τ± → π±π0ντ decays, may be useful for that purpose. For these energies,
the transverse spin correlations weakly depend on the CM energy. Trans-
verse spin correlations in the direction perpendicular to (aligned in) the reac-
tion plane are of the opposite sign. Therefore, the corresponding kinematic
configurations are easy to separate, and the initial-state bremsstrahlung
(ISR) emissions do not contribute sizably to the transverse momenta of the
e−e+ → τ−τ+nγ events. The transverse momenta of unobservable photons
pT are much smaller than mτ and, as a consequence, also smaller than the
transverse momenta of the τ -decay products.

At the Z-boson peak, the spin-correlation pattern is different from that
at low energies. At these energies, we choose an observable for the case when
both τ leptons decay to a pion and a neutrino, τ− → π−ντ and τ+ → π+ν̄τ .
Choosing the CM energy of the τ−τ+ pair equal to the Z-boson mass, in re-
alistic conditions, should reduce the size of the initial-state bremsstrahlung,
even though the width of the Z-boson is larger than the mass of τ lepton.
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This aspect will require care and a detailed understanding of detector con-
ditions in the future experiments at the Future Circular Collider (FCC-ee)
at the Z-boson peak.

We calculate vector products of the particle momenta: v⃗1 = p⃗ × k⃗,
v⃗2 = p⃗π− × p⃗ντ , and v⃗3 = p⃗ × v⃗1, and normalize these three vectors to the
unit length: v̂i = v⃗i/|v⃗i| (i = 1, 2, 3). Here, p⃗π− and p⃗ντ are the momenta of
π− and ντ from the τ− → π−ντ decay. Then the acoplanarity angle between
the plane spanned on the vectors k⃗ and p⃗, and the plane spanned on the
vectors p⃗π− and p⃗ντ , is determined from the relations: cos(φ) = v̂1 · v̂2,
sin(φ) = v̂2 · v̂3. This angle spans the range from 0 to 2π.

The number of events with and without dipole moments included versus
acoplanarity angle is calculated for

√
s = MZ . In these conditions, the Z

exchange plays the dominant role and the γZ interference gives a minor
contribution. The results of the calculations are presented in Fig. 2.
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Fig. 2. Ratio of number of events with and without weak dipole moments included,
as a function of the acoplanarity angle φ at

√
s = MZ . The backward angles θ are

selected, i.e. cos(θ) < 0. The top left plot is the calculation for Re(X) = 4× 10−4,
the top right plot — Re(Y ) = 4 × 10−4, the bottom left — Im(X) = 4 × 10−4,
and the bottom right — Im(Y ) = 4 × 10−4. For the imaginary form factors,
the constraint Eπ+ > Eν̄τ

is applied on the τ+ side. We choose here A(M2
Z) =

B(M2
Z) = 0.
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It is seen from Fig. 2 that the real and imaginary parts of the form factors
X(M2

Z) and Y (M2
Z) generate quite different distributions. The magnitude

of the form-factors effects in all distributions is about 8× 10−3, which may
seem too large in view of the chosen very small value of 4 × 10−4. The
observed enhancement is due to the large Lorentz factor γ ≈ 25.7 at the
Z-boson peak.

Constructing observables sensitive to dipole moments in the pp collisions
is far more difficult. Contrary to the e+e− case, the choice of the direction
of the ẑ axis in the reference frame to be used can be ambiguous. Also,
defining pT of the hard reaction system does not seem straightforward.

Finally, the signatures of anomalous dipole moments in the γγ → τ−τ+

parton-level process cannot be separated from the qq̄ collisions. Important
contribution from the Drell–Yan qq̄ → τ−τ+ processes with various quark
flavors should also be included. Although in the conditions of peripheral
collisions, the contribution from the Drell–Yan processes should be reduced.
This impact of spin correlations on dipole moment phenomenology offers
an interesting starting point for further work with more details of hadron
collider conditions taken into account.

4. Summary and outlook

The results presented are based on Ref. [10] in which more details are
provided. Effects from the anomalous magnetic and electric dipole moments
of the τ leptons on the spin correlations in the τ -pair production and decay
have been discussed. Analytic formulas for the spin-correlations matrices
for e−e+ → τ−τ+, qq̄ → τ−τ+, and γγ → τ−τ+ processes are obtained.
In the case of the s-channel fi f̄i → τ−τ+ processes (where fi = e−, u, d),
including photon and Z-boson exchanges, and radiative corrections in the
framework of IBA [13, 14], makes those formulas applicable for a range of
τ -pair invariant mass from Belle II energies up to above WW - and ZZ-pair
production thresholds.

The analytical formulas are embedded into algorithms for generated
events reweighting to be used with the KKMC generator for events pro-
duced in e−e+ collisions and the TauSpinner program for pp collisions. A
semi-realistic observable at around the Z-boson peak is considered. This
observable, the acoplanarity angle of decay products of τ -lepton pairs, sur-
vives upgrade to high energies after minor modifications, provided the effects
of photon radiation can be ignored, as in the case of

√
s ≃ MZ . Thus, the

tools for further studies of more experimental details are prepared and may
be useful not only at the FCC, but also for the evaluation of potential biases
in the Belle II precision measurements.
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Presently, the program can be used for studies with no bremsstrahlung
events or events of rather soft photons with energy and/or pT sizably smaller
than half of the τ mass. This is suitable for the Belle II energies, where
bremsstrahlung photons lost in the beam pipe cannot have large pT. Re-
liability of reweighting at high energies requires attention, but that can be
postponed to further studies. For high-energy applications, such as at the
FCC, further work on selection cuts due to bremsstrahlung is needed. At
the FCC, the bremsstrahlung photons lost in the beam pipe may have trans-
verse momenta pT comparable to the τ -lepton mass, and therefore additional
studies are needed for such configurations. At high energies, the so-called
Mustraal frame [19–21] for weight calculation may need to be used.
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