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Abstract The apparent tensions emerging from the com-
parison of experimental data of the anomalous magnetic
moments of the muon and electron to the Standard Model
predictions (Aay, .) could be interpreted as a potential signal
of New Physics. Models encompassing a light vector boson
have been known to offer a satisfactory explanation to Aay,,
albeit subject to stringent experimental constraints. Here we
explore a minimal extension of the Standard Model via a
leptophilic vector boson Z’, under the hypothesis of strictly
flavour-violating couplings of the latter to leptons. The most
constraining observables to this ad-hoc construction emerge
from lepton flavour universality violation (in Z and t decays)
and from rare charged lepton flavour violating transitions.
Once these are accommodated, one can saturate the tensions
in Aay, but Aa, is predicted to be Standard Model-like.
We infer prospects for several observables, including lep-
tonic Z decays and several charged lepton flavour violating
processes. We also discuss potential signatures of the con-
sidered Z' at a future muon collider, emphasising the role of
the ut = — 7~ forward-backward asymmetry as a key
probe of the model.

1 Introduction

In recent years, numerous tensions between the Standard
Model (SM) expectations and observation have emerged,
many (if not most) in relation with high-intensity flavour
observables. In addition to the various “anomalous” behaviours
associated with B-meson decays, the anomalous magnetic
moment of charged leptons (both muons and electrons, albeit
the latter to a smaller degree) have been the object of inten-
sive dedicated studies. The anomalous magnetic moment of
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a charged lepton ¢, defined as

1
ag = 5(85—2), (e))

allows probing numerous aspects of the SM, and is also
instrumental in determining some of its fundamental quanti-
ties.

Following the disclosed results from the “g-2” E989
experiment at FNAL [1], which are in good agreement with
the previous findings of the BNL E821 experiment [2], the
current experimental average for the muon anomalous mag-
netic moment [1] is given by

a® = 116592061 (41) x 107", 2

which should be compared to its SM expectation. Prior to the
most recent lattice QCD based computation of the hadronic
vacuum polarisation contribution by the BMW collaboration
[3], the SM prediction — as compiled by the “Muon g — 2
Theory Initiative” [4] (see also [5—24] — was found to be

ai™ = 116591810 (43) x 107", 3)

When compared, the experimental average and the latter SM
prediction lead to the following 4.2 o tension between theory
and observation'

— ,SM €xp
Aay, =a," — ay

= 251(59) x 107", ©)
Under the assumption of a significant tension between theory
and observation, as given by Eq. (4), the need for new physics
(NP) capable of accounting for such a sizeable discrepancy

! In what follows we will rely on Aa,, as obtained from the SM value
as given in Eq. (3); the value obtained taking into account the BMW
collaboration computation (ay™ = 116591954 (57) x 10~ '!) would
suggest Aa, = 107 (70) x 10~!1, corresponding to a 1.5¢ tension
between theory and observation.
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is manifest; several minimal, as well as more complete NP
models, have been thoroughly explored in the light of recent
experimental results (for a review see, for example, [25] and
references therein).

The magnetic moment of the electron has also been at
the origin of possible new tensions, upon comparison of the
experimental value

al® = 1159652180.73 (28) x 10712, (5)

to the SM prediction (depending on the value of «, that is
used for the computation of the latter): using «, as extracted
from measurements using Cs atoms [26,27], one is led to

AaSS =aS™MS — ¢ = —0.88(0.36) x 10712, (6)

corresponding to a —2.5 o deviation; in [28], a more recent
estimation of «, was obtained, this time relying on Rubid-
ium atoms, and the new determination of «, (implying an
overall deviation above the 5o level for «,) now suggests
milder discrepancies between observation and theory pre-
diction, Aafb = 0.48(0.30) x 107!, corresponding to
O(1.7 o) deviation.

Other than (possibly) signalling deviations from the SM
expectation, it is interesting to notice the potential impact of
both Aafs and Aa,: other than having an opposite sign, the
ratio Aa, / Aa, does not exhibit the naive scaling ~ mi/mg
(expected from the magnetic dipole operator, in which a mass
insertion of the SM lepton is responsible for the required chi-
rality flip [29]). This behaviour renders a common explana-
tion of both tensions quite challenging, calling upon a depar-
ture from a minimal flavour violation (MFV) hypothesis,
or from single new particle extensions of the SM (coupling
to charged leptons [30-32]). Notice that the pattern in both
AaES and Aay, can be also suggestive of a violation of lepton
flavour universality (LFU).

Several new physics constructions have been put for-
ward to simultaneously explain the tensions in a, and a,
(see, for example, [30-58]). Among the most minimal mod-
els, extensions of the SM gauge group via additional U (1)
groups have been intensively explored, as these offer sev-
eral appealing features. The new (vector) boson (as well as
other potentially present states) and new associated neutral
currents can open the door to extensive implications both for
particle and astroparticle physics, across vast energy scales
[59]. In addition to their potential in what concerns well-
motivated dark matter mediators (see, for instance [60-63]),
Z' extensions of the SM have been considered in the context
of flavour physics, in particular in what concerns B-meson
decay observables (especially b — s¢¢ transitions) [60,64—
79].

The most minimal SM extensions leading to a (light) Z’
boson have mostly been oriented towards constructions fea-
turing flavour-conserving couplings of the new vector boson
to matter (quarks and leptons). Models in which the Z’ cou-
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ples to hadrons have a severely constrained parameter space
due to conflict with numerous bounds from meson decays
and oscillations, as well as from atomic parity violation
experiments [80-82]. Likewise, and despite their potential
to address the B-meson decay “anomalies” (and/or tensions
in a,), lepton flavour conserving (although not necessarily
lepton flavour universal) leptophilic Z’ extensions have also
been strongly constrained, as a consequence of the extensive
implications for (Iepton) flavour observables, high- and low-
energy neutrino observables, LHC phenomenology, as well
as dark matter direct detection experiments [64,76,83—104].

A NP construction relying on the addition of a new vector
boson usually calls for the extension of the SM gauge group
by at least an additional U (1). Likewise further states must
be added, for instance to explain the origin of a massive vec-
tor or to provide a rationale for the peculiar flavour structure.
However, as a first step to evaluate the phenomenological
viability of SM extensions via leptophilic flavour violating
(light) Z’ bosons, one can rely in a minimal, ad-hoc approach.
In this work, we consider a toy-model construction in which
only new interactions with the leptons are added to the SM
Lagrangian, allowing for left-handed and right-handed cou-
plings (gi‘.9 Rfaﬁ gZ'"). No assumption is made on the under-
lying gauge group, nor on the actual mechanism leading to
its breaking. Motivated by an explanation to Aa, ,,, we only
hypothesise the existence of a massive (albeit light) vector
boson, and investigate the constraints on its gzﬂ r couplings:
in addition to addressing whether or not it can simultane-
ously saturate the tensions for both the electron and the
muon anomalous magnetic moments, we consider numer-
ous constraints arising from electroweak precision observ-
ables (EWPO), rare (lepton) flavour violating transitions and
decays, as well as LFU tests in Z and tau-lepton decays, pro-
viding in most cases a full computation (beyond renormali-
sation group (RG) approximation) of the relevant quantities
(see also [105—-109], albeit in the context of effective theory
studies). As we proceed to discuss, the latter bounds lead to
very stringent constraints on the Z’ parameter space: pertur-
bativity of the couplings allows inferring an upper limit for
its mass (mz/), and the flavour constraints on the couplings
suggest that Aa, (and Aay) should be SM-like. Interestingly,
several charged lepton flavour violating (cLFV) observables
could be within future experimental sensitivity.

Our analysis is further complemented by investigating
the prospects of such a leptophilic Z’' in what concerns a
future muon collider. Muon colliders have received increas-
ing attention in recent years [110-113] and offer promising
testing grounds for beyond the SM (BSM) constructions with
preferred couplings to leptons. In line with recent studies
(see, e.g. [90]), in this work we also discuss the #-channel
Z' contribution to di-tau pair production, wrpn= — e,
comparing the deviations with respect to the SM expectation
regarding the production cross section, and the associated



Eur. Phys. J. C (2022) 82:844

Page 3 of 27 844

forward-backward asymmetry (App). As discussed here, our
findings suggest that a muon collider could indeed offer good
testing (and discovery) grounds for a leptophilic Z’ capable
of explaining the tension in Aay, or conversely being capa-
ble of falsifying the proposed explanation for the tension in
the anomalous magnetic moment of the muon.

We emphasise that in this work we have focused on study-
ing the low-energy effects induced by the presence of a new
neutral vector boson exhibiting distinctive couplings exclu-
sively to the lepton sector. This is but a first step towards the
model-building of ultraviolet (UV)-complete SM extensions
whose particle content would feature such a neutral vector
boson, in addition to other new states (scalars, fermions, ...).

The manuscript is organised as follows: in Sect. 2, we
describe the minimal (ad-hoc) construction we will explore,
subsequently describing the most stringent constraints on
flavour violating Z' couplings to leptons in Sect. 3, stem-
ming from complying with relevant bounds — from both
cLFV transitions and from observables sensitive to lepton
flavour universality violation (LFUV). In Sect. 4 we address
the possibility of saturating Aa, ;, while complying with the
considered bounds. In Sect. 5 we discuss the impact that the
latter constraints might have on the prospects for the maximal
predictions of a number of charged lepton flavour violating
observables. This is followed by a discussion of the prospects
of such a state at a future muon collider (Sect. 6). We then
present our summarising conclusions and a brief overview.

2 Leptophilic cLFV Z’: a minimal model

As mentioned in the Introduction, we consider here a minimal
extension of the SM via a single neutral vector boson Z’
(without specifying the underlying gauge group). Generic
7' extensions of the SM, especially those in which the new
mediator is lighter than the electroweak (EW) scale, Agw,
are subject to stringent constraints, both from direct searches
and from electroweak precision observables.

Beyond the SM constructions in which the Z’ couples to
hadrons are constrained from light meson decays, 70 —
yZ'(Z' — ee) and K* — nTZ/(Z' — ee), as searched
for at the NA48/2 [80] experiment, as well as by searches
for 7 — nTZ'(Z' — ee) at KLOE-2 [81]. Likewise, rare
meson decays (e.g. By — £7¢7), neutral meson oscilla-
tions (K — K9 and B — B(S) mixing), and atomic par-
ity violation [82], all play an important role in constraining
hadrophilic Z’ extensions of the SM. Most of these con-
straints can be avoided by considering specific extensions
in which the Z’ only couples to the lepton sector (neutri-
nos and charged leptons)”. Nevertheless, flavour conserv-

2 Notice that higher order processes — typically at the one-loop level
—, arising from gauge kinetic mixing can still lead to new contributions

ing Z’ couplings to leptons, i.e. Z'¢y¢,, also lead to NP
contributions that are potentially in conflict with numerous
observables: notice that the non-observation of a Z’ at elec-
tron beam dump experiments (SLAC E141, Orsay, NA64
[114,115]), in dark photon production searches (KLOE-2
experiment [81], BaBar [116]) or at parity-violation experi-
ments (SLAC E158 [117]), set severe bounds on Z’ee cou-
plings. The other diagonal couplings (second and third gener-
ation, as well as to left-handed neutrinos) are also constrained
by v-electron and v, -electron scattering, in particular from
the data of the TEXONO [118] and CHARM-II [119] exper-
iments, respectively. Diagonal couplings to muons are fur-
ther severely constrained from neutrino trident production
(vuN — vy Nt ™) [120].

In order to evade these severe bounds one can envisage
NP models in which the new Z’ has no flavour conserv-
ing couplings to leptons; in our analysis, we thus consider
a strictly leptophilic flavour violating (light) Z’, leading to
the presence of the following new terms in the interaction
Lagrangian:

£o =32z Lay* (gi(‘ﬁ PX) Lp+He.. )
P

In the above, the indices runovera, 8 = ¢, u, T, witha # ;
Px = Py g are the chiral projectors and gy = giﬂ » are
the new coupling hermitian matrices. Notice that thfough—
out the study, and for simplicity, we will always consider
real couplings. In the “toy-model” here considered, we do
not extend the lepton sector to account for massive neutri-
nos; only left-handed (LH) neutrinos are present and, due to
SU(2);, gauge invariance, they couple to the Z’ through the
same LH charged lepton couplings, leading to

,Clél,t = Z Z:L [anli (g;ﬂ Px) 7
o,f

iyt <gjﬂ PL) vﬂ] +He.. 8)

Despite the simplicity of this BSM realisation, it is clear from
the structure of the Lagrangian in Eq. (8) that the leptonic cou-
plings of the new neutral gauge boson can potentially lead to
extensive contributions to several leptonic and EW precision
observables — including the desired sizeable contributions to
the charged lepton anomalous magnetic moments.

Before proceeding to discuss this in the following sec-
tions, a few comments are in order concerning formal aspects
related to possible UV completions for this ad-hoc phe-
nomenological construction, especially regarding anomaly

to the “hadronic” observables. Furthermore, as we proceed to discuss,
we will only consider flavour-violating couplings to leptons and thus
gauge-kinetic mixing between the photon and the Z’ only arises at the
two-loop level. Kinetic mixing (ekin) is therefore strongly suppressed, of
the order ey, =~ eg®*g°T g"* /(256m*) log(uz/mZZ,). In what follows,
these effects will not be taken into account.

@ Springer
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cancellations. Without attempting a full discussion, let us
briefly consider the new gauge anomalies emerging in this
context, possibly in association with the presence of a new
U (1)'. First, the simplest ones are the Z' — W12 — W12 and
Z' — B— B one-loop triangle diagrams involving SU (2), and
U (1)y gauge fields. The vanishing of these anomalies respec-
tively requires Tr(gz) = 0 and Tr(gg) = 0. Our peculiar
hypothesis of purely off-diagonal leptonic Z’ couplings pro-
vides the simplest solution, which in turn also partly justifies
this assumption. Concerning the vanishing of the Z' —Z'— 7’
triangle anomaly, this requires 2Tr(gz) = Tr(g%). This can
be achieved by setting one of the three off-diagonal cou-
plings of each chirality to zero, as this trivially ensures the
equality of the traces (identical to zero). This choice can also
further prevent the appearance of flavour-conserving Z’ ver-
tices at the one-loop level. Finally, the Z’' — Z’ — W3 triangle
is proportional to Tr(g%) (a positive definite quantity), and
also to the vanishing sum of the Iepton and neutrino isospins.
The only difficulty then lies in association with the triangle
Z'—Z7'— B anomaly (orequivalently Z'—Z’—y), whose van-
ishing would require Tr(g%) = Tr(g%e), in conflict with the
results of the subsequent phenomenological analysis.> New
fields should thus be added: on top of a new scalar respon-
sible for symmetry breaking and for giving a mass to the Z’
boson, additional (heavy) charged fermions will be needed
to properly cancel the above gauge anomaly, and to provide
arealistic origin of the (strictly) flavour violating couplings.

3 Constraining flavour violating Z’ couplings to leptons

In addition to the stringent constraints that have been obtained
for the lepton flavour-conserving (LFC) couplings of a new
Z' boson [81,114-120], there is an extensive array of bounds
on its flavour-violating couplings to leptons, as a conse-
quence of the associated experimental limits. In particular,
the bounds on the giﬂ & couplings (with a # B) stem from
both lepton flavour violating transitions and decays, as well
as processes sensitive to the breaking of LFU (the latter being
an indirect consequence of the former in the present case).
Thus, and before addressing the ultimate requirement that
should be fulfilled by this class of simplified leptophilic Z’
extensions (i.e. the tensions in (g — 2)¢), in this section we
address the constraints on gz  arising from cLFV and LFUV
limits, including Z decays, as well as several leptonic pro-
cesses.

3 This will be extensively discussed in Sect. 4; nevertheless, we quickly
draw the attention to, for example, Eqs. (56, 57), which encode some
key-features of the Aa,, preferred regimes for the cLFV Z’ couplings.

@ Springer

3.1 Constraints from Z decays

The presence of the new Z’ can lead to new (higher order)
contributions to both lepton flavour conserving and lepton
flavour violating (LFV) Z decays.*

Concerning flavour conserving Z decays, the new Z’-
mediated loops (and the non-negligible interferences between
the SM-like processes and the NP ones) will lead to new con-
tributions to the individual decay widths and, as expected,
to modifications of the effective Z£¢ couplings. In order to
assess the impact of the current experimental measurements,
we consider the following ratios of decay widths, which fur-
ther have the advantage of allowing the cancellation of quan-
tum electrodynamics (QED) corrections in the theoretical
predictions. Moreover, these ratios are also probes of the
lepton flavour universality of Z-boson couplings. We thus
consider the ratios

I(Z — ¢te) .
VA oo
= Wlthot;éﬁ =e, u, T. 9
7z > deg) ©)

The SM prediction for these ratios (at 2-loop accuracy) are
[124]

NZ— ptp—)M

=1,
['(Z — ete)SM
NZ—tre )™M -
FZ D A ay™ = 0.9977,
['(Z— tte)SM
=0.9977, (10)

['(Z — ete™)SM

with negligible associated uncertainties. These should be
compared with the corresponding experimental values [125],

D(Z — phu)oP
['(Z — ete™ )P
N(Z — tre)eP
[(Z — ptu=)ep
[(Z— tHhe)ep
I'(Z — ete)exp

= 1.0001 £ 0.0024 ,

= 1.0010 £ 0.0026,

= 1.0020 £ 0.0032.. an

As can be seen, the experimental measurements are in good
agreement with their respective SM predictions, thus placing
strong bounds on any NP contribution. In what concerns the
NP contributions, we estimate the modified individual partial
widths as

I(Z— 707) ~ SMeun [SMuee—2' n rz 7 a2

4 From aformal point of view, in both cases of lepton flavour conserving
and lepton flavour violating Z decays, one has to consider loop diagrams
which are UV-divergent and must thus be renormalised. We have carried
out the self-energy renormalisations (for diagonal and off-diagonal con-
tributions) following [121-123]. The remaining divergences are then
taken into account through the vertex counterterms in the MS scheme.
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where I'SMall g given in [124] at 2-loop accuracy, [SMuee—Z'
is the interference term between the SM tree-level contribu-
tion and the Z’-mediated 1-loop diagrams and rz purely
consists of the Z’-mediated 1-loop diagrams. In particular,
the interference term between the SM tree-level diagrams and
the Z’ contributions is at the source of important corrections
to the Z-boson leptonic partial widths, which in turn leads to
stringent constraints on the Z’ couplings to SM leptons. The
amplitude of the Z’ contributions is given by

/

M%—)E;Z; = Ugy [C}g y* Px +CL o g, PX] va €,,(q) ,
(13)

where uy, vy denote the £, spinors, eji (g) the Z-boson polar-

isation vector, ¢ is the Z momentum and C )‘(/’T are the vector
and tensor coefficients computed from the decay “triangle”
diagram (i.e. one-loop vertex correction), which are given
in Appendix A.1. (These calculations were done relying on
Package-X [126].)

In view of the structure of the couplings of the Z’ to
leptons — cf. Eq. (8) —, even in the absence of a specific
mechanism of neutrino mass generation, new contributions
to the so-called invisible Z decay width are expected: these
are fuelled by the non-vanishing Z'v,vg couplings (o gzﬁ ).
However, due to the observed smallness of m,, (or zero, in
the strict SM limit of massless neutrinos) the Z’-mediated
1-loop contributions turn out to be always negligible. More-
over, notice that the Z’ can also mediate loop decays lead-
ing to cLFV Z-decays,” Z — Kfﬁg. The relevant expres-
sions of the associated cLFV Z decay amplitude are col-
lected in Appendix A.2. The current limits from ATLAS on
Z — e*u¥F[127],0PALon Z — e*rFandonZ — p*r¥
[128] (see Table 1) are not sufficiently strong to constrain
the different Z’ couplings; in fact, it turns out that the NP
contributions to the decay rate are very small: at most one
has BR(Z — Z;EZ?;) ~ O(10~'%) (throughout the model’s
parameter space which will be numerically explored in sub-
sequent sections).

3.2 Leptonic processes: rare decays and transitions

Lepton decays offer numerous probes of the potential con-
tribution of a light leptophilic Z’, and lead to extensive con-
straints on its flavour-violating couplings. Among these pro-
cesses one finds cLFV muon and tau three-body decays
(W — 3e,7 — 3e, 1 — 3u, t° +
wetu=, 17 — e utpu” and 1= — e~ putTe), most
of them mediated by Z and photon-penguins, and radiative

— nete , T —

5 We also estimated effects of the Z’ on lepton flavour universality vio-
lation and lepton flavour violation in Higgs decays; due to the smallness
of the lepton Yukawa couplings these effects are however negligible and
hence we neglect them in our analysis.

decays (u — ey, T — ey and T — uy). As mentioned
in the Introduction, we present here a full calculation of the
one-loop contributions to LFV operators beyond leading-log
approximations (see e.g. [108]).° In the muon sector, the Z’
can also mediate Muonium oscillations as well as u — e con-
version. Finally, one must also consider the impact of the Z’
on T — fvv decays, and on the associated ratios of decay
rates.

3.2.1 cLFV 3 body decays: £y — g Zy Ls

Depending on the mass of the decaying lepton, and as illus-
trated in Fig. 1, several final-state flavour configurations are
possible.

The (effective) Lagrangian governing these transitions can
be written as [145]

Lerv = Logy + Lag, with Ly = L7 + Ligee, (14)

in which Ly, includes photon exchanges (dipole and
anapole), and L4, encodes the interactions relevant for Z-
penguins and tree-level decays. The former (Lz) can be cast
as

Lz = FgiPtg[y"Px] e x & [yuPr]€, +He., (15)
with {X, Y} = {L, R} and

Z, V,ap . T,ap VA
FZ __anﬂg)% _ (FX +lmaFX )gY
Xy 2 - 2

mz mz

. (16)

In the above, the vector and tensor form factors, F' )‘(/ ’T, are
computed from cLFV Z decays in the limit of vanishing
external fermion masses (mq, mg — 0) and of vanishing
momentum transfer (i.e. g.g — 0); moreover one has X =
R, L (for X = L, R). One thus finds

Fred — 3 iglgn " (sF +g%)
L i 1672m 4
v (x3 4+ 3x; — 6x; log(x;) — 4) an
4(x; — 1)3 ’
A gigl (¢ — g%
L 1672

i

. 2
X |:ﬁ (10g< ZL ) + As)
2 my, X

(2 _ Ry .
X (x7 — 8x; + 6log(x;) + 7)i| 7 a8)
4(x; — 1)?

6 Notice that in certain scenarios (depending on the symmetry breaking
mechanism) there can be sizeable Z — Z’ mixing, leading to effectively
flavour violating Z-vertices already at the tree-level.

@ Springer
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Table1 Current experimental bounds and future sensitivities on cLFV observables considered in this work. All limits are given at 90% C.L. (notice
that the Belle II sensitivities correspond to an integrated luminosity of 50 ab™")

Observable Current bound Future sensitivity
BR(u — ey) <42 %1071 (MEG [129]) 6 x 10~1%  (MEG II [130])
BR(zt — ey) <33 x107% (BaBar [131]) 3x 1079  (Belle I [132])
BR(T — uy) <44 x107% (BaBar[131]) 107°  (Belle I1 [132])
BR(1 — 3e) < 1.0 x 10712 (SINDRUM [133]) 1071310 (Mu3e [134])
BR(t — 3e) <27 %1078 (Belle [135]) 5x 10710 (Belle 11 [132])
BR(t — 3u) <33 %1078 (Belle [135]) 5% 10710 (Belle IT [132])
5 x 10~ (FCC-ee [136])
BR(t™ — e putu™) <2.7 %1078 (Belle [135]) 5% 10710 (Belle IT [132])
BR(t~ — p~ete) <1.8x 1078 (Belle [135]) 5x 10710 (Belle I1 [132])
BR(t~™ — ¢ pute) < 1.5%x 1078  (Belle [135]) 3 x 10710 (Belle IT [132])
BR(t~ — pu~etp) < 1.7x 1078 (Belle [135]) 4 x 10710 (Belle 11 [132])
CR(u — ¢, N) <7x10713  (Au, SINDRUM [137]) 10714 (SiC, DeeMe [138])

BR(Z — e*pu¥)
BR(Z — e*1¥F)
BR(Z — p*t¥)

< 4.2 x 1077 (ATLAS [143])
<52 x107% (OPAL [144])
<5.4x107° (OPAL [144])

2.6 x 1077 (Al, COMET [139-141])
8 x 10717 (Al Mu2e [142])
O(1071%)  (ECC-ee [136])

O(1071%)  (FCC-ee [136])

O(1071%)  (ECC-ee [136])

A Z'
lo lg 4, 05
Z[y 7, Z/y 7,
ls ‘,

(a) [a — f[j?ﬂfﬂ

(b) Lo — Lsl- L,

ly b, ‘,
/ _ ! _

Z , z 7,

ls ‘,

(©) la— Ly Lgly

Fig. 1 Feynman diagrams contributing to cLFV three-body decays: from left to right, photon and Z penguins, and tree level Z’ exchange

in which ¢; is the internal lepton (¢; # €4 , £g),x; = ml.z/mzz,
and the right-handed (RH) coefficients are given by the
exchange (L <> R). The divergence A, with

1
Ay = S T VE +log(4m), (19)

is minimally substracted (MS-scheme) and the remnant
’t Hooft scale set to u> = m2. The tree-level interaction
(encoded in L) is given by

5 -
Liree = F;/?/y 7 [VMPX] Ly
X L [yMPy] ¢, +Hc.,
affx yé
with FeBr? = _8X 8y 20)
m7,

One thus finds for the “effective” 4-lepton interactions:

@ Springer

Lo = C T [ Px) e
x £ [yMPy] ¢, +H.c.,

with Cgy/® = F? + P @1)

in the above notice that F ffﬁ only contributes in the case

of ¢, = {5, see Eq. (15). Concerning the photon-exchange
contributions to the cLFV 3-body decays, one has

Loy = el [y“(KffPL + K% pp)

ima™ qu (KS) Py + KSR PR) | ta A + He.,

(22)
in which e is the electric charge, ¢ denotes the photon 4-
momentum and the anapole coupling K ‘lx)’? = ¢*F;' }’? with

F f‘ )’? defined below. In turn, this leads to the following photon-
penguin amplitude:
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2
e” _
My—penguin = _61_2 u(pg) [QZV”(Fl Pr + F PR)

+imgo™ qv(KZLPL—I—K PR)]u(pa)

x u(ps) Qs yu v(py) — (pp <> ps), (23)

with Qs the electric charge of ¢5. Taking for simplicity
(and clarity) the limit of vanishing external lepton masses,
my, mg — 0 (notice however that we keep all terms in the
numerical computation of the decay rates), the anapole form
factors entering the above equation are given by

g glﬂ*
of L 5L
it - 2 L
1
lﬁ*
af gR 8R i
Fix = 2—16 R, (24)
1
in which ¢; denotes the internal lepton, x; = m2 / m2 7 and
with f(x) defined as
Foy = _4438x — 6327 4 1427 4 7t — 6(4 — 16x + 9x%) log(x) . (25)

36(x — D*

In the limit mg, g% — 0 (again, we emphasise that in the
numerical computations we do take into account mg # 0),
the dipole coefficients are given by

giﬂ*Q'
Tz, (27 [#4ma=2simi] €4
o 7/

K3l =2
i

+ I:glLamS

g’f‘mzm, + 4gR mamZ, — 4gL mimzz,] C

+ [g’LO[m3 —4gL m; mZZ, - gR mam +2gR mamZ ] Cs

o2

— gimm | + Cial}
(26)

+ [ZgR mamZ, —I—gR magm

where Cpy = va(m 0,0, mz/, ml.z) are the Passarino-
Veltman functions’ (with PV =0, 1, 2,11, 12),and Kgl‘z =
K (L < R) (see Eq. (23)).

After considering the most general case for the 3-body

decays, we proceed to address some simpler realisations,
Ea — eﬁﬁlgﬂﬁ and Za — Elg@yey, ﬂa — Eyeﬁﬂ,,.

3.2.2 cLFV 3-body decays: 4 — eﬁZﬂeﬁ

This subset of processes receives contributions from Z- and
photon-penguins, as can be seen in Fig. 1a. The associated
branching ratio is given by:

md Ty

ap
5121 3[ <|K2L

7 In our study we adopt the LoopTools convention and notation, see
[146,147].

BR(£, — 30p) =

2+ 1K5RP)

1AY 7 +14Y L|2)
——( 5 Akn+ KSR AL +cc.)

(Kalg AV* +K“ﬂ AV* +CC)1|

27

3

in which t; denotes the lifetime of the decaying fermion, and
where we have introduced the vector contribution, A;Y =
F ;;‘5 +¢20 g F f‘ f The relevant form factors have been

defined in the previous subsection.
3.2.3 cLFV 3-body decays: £, — Zﬁfyﬁy

Another relevant case is that of £, — £ ,Jyey (with B # y),
corresponding to the processes T — eup and T — pee.
In the model under consideration these decays can occur at
loop-level (penguin diagrams) and at tree-level, see Fig. 1b.
The corresponding branching ratios are given by:

R
BR(Ly — L0y ) = 575 [ (|K %+ IKSP| )

16
X (— log Po 8)
3 mg
1
+5 (14512 + 145, 2)

1
+3 <|A‘L/L|2 + |AxR|2)

1
+3 (14Lel +145.)

2¢? B AV B AV
=5 (K3 Ak KR AL

\4
+K3) ARD + KSR ALk +ec)] .
(28)

As before we define distinct vector contributions (for X X =
LL, RR):

AYy = FP + FEP + 20, FY, (29)

thatinclude tree-level, Z- and y -penguin mediated exchanges,

and
A;y - FZ b +e Qy lX s (30)

which does not include any tree-level contributions.®

8 The latter will be taken into account in the scalar contributions of the
type A‘)g(y = —ZF?;,W} that stem from the Fierz-transformed tree-level
operators to match the penguin ones.
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3.2.4 cLFV 3-body decays: £y, — Z,,Z/;Ey

Finally we consider the decay £, — EleﬂZV (with 8 # y),
that can only arise from tree-level Z’ exchanges, see Fig. 1c.
The physical processes corresponding to this type of decay
are T — ejte and T — pepu, and the corresponding branch-
ing ratio is given by:

= mg To |2 Vo2 vV 2
BR(ly — £y €pty) = 31977 13 <|ALL| + [AgRl )

1
+5 (1AL + |A,ZL|2)] .6
with AV, = F27P7 defined in Eq. (20).

3.2.5 cLFV radiative decays: £, — Lgy

These correspond to higher order processes, mediated by the
light Z’ in the loop, and the associated branching ratios are
given by [148]

5
Te 2 (KSR IKSRE) . 6D

BR({y — Lgy) = 160

in which all the quantities have been already defined.

3.2.6 Neutrinoless muon-electron conversion in nuclei

The cLFV Z’ interactions can also lead to contributions to
[ — e transitions in muonic atoms. Following [149], the
(coherent) conversion rate can be cast as

2 .5
ZGqu

CR(u —e, N) = AR D+ Qgrva + grvay) V7P

capt

2
+(gLva +28va) V™
+{L,R< R,L}, (33)

with D, V(P v the overlap integrals (see [149]). Here

[capt is the muon capture rate, and G f is the Fermi constant.

The relevant quantities entering the above equation are given
by

N K (34)

with Kg Le /R defined in Eq. (26) and

V2 e Z.e Z
XV = 5o (€ Qq FiY + Fyit“ gy

(X=L,R). (35)

In the above, Q, is the electric charge of the quark g, and

@ Springer

V,ue . T,ue
FZ’W _ FVX +1m“Fv5(
vx — m2
V4

(X=L,R and X=R,L), (36)

with F“,}T given in Eq. (18) and we clarify that in the
above g‘Z,’q denotes the vector coupling of the Z-boson to a
quark ¢.

3.2.7 Muonium oscillations

Another relevant observable to consider are spontaneous
Muonium-antimuonium oscillations. Muonium is a bound
state of an electron and an antimuon, Mu = pTe~. In the
presence of cLFV interactions, this system can oscillate into
antimuonium Mu = p~et.

In the model under consideration Mu — Mu conversion
can occur at tree-level (as shown in Fig. 2), from both s — and
t-channel Z’ exchange. The relevant effective Lagrangian for
the oscillations can be cast as [150]:

-y Yo, (37)

= Lyy—vu

where Q; are the four-fermion operators responsible for the
Mu — Mu transitions

Q1) =4 (ve PLrye) (Ry® Prye),
Q3 =4y Pre) (Wy® Pre),
Qu5) =4(F PLwy ) (EPLrye) - (38)

Moreover, notice that the presence of an external magnetic
field also induces an energy splitting, further contributing to
Mu — Mu mixing. In the present LFV leptophilic Z’ model,
the transition probability can be written as

2
2.57 x 1075 G+ Gy —1G;
P="— ool |-Gs + ——=2—
Gy V1+X?
Gi+Gy— LG, [

1 2—5G3
Herol? |Gy + ————2"] ¢, (39)

J1+ X2

where |cF |2 denote the population of Muonium states and
the factor X encodes the magnetic flux density [150]. Notice
that in the above we have only considered vector couplings
(so that Q4, Qs = 0). For Hermitian couplings gi“ r (we
recall that in our study we work with real couplings), one
finds

181> Ga  lgd')?

8m22, ’ «/E 8m22/ ’
287" g%
_ L
SmZ,

(40)

SIS §le
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_l’_

L e

p et

Fig. 2 Feynman diagrams for Muonium-antimuonium oscillations (tree-level Z’ mediated, s and ¢ channel exchanges)

The new contributions to the transition probability P (see
Eq. (39)) should be compared with the bound set by the PSI
experiment [151]

P <83x107', (41)

3.3 Constraints from LFU in 7 decays

The comparison of the SM-allowed t — {fv, v, decays
(mediated at tree-level by W-boson exchange) allows to con-
struct the following ratio, which can be used as a probe of
LFU in lepton decays:

L™ = pnvevy)

R, = “2)

Mt~ = e v ,)
The measured 7 leptonic decay ratio R}, exp from ARGUS
[152], CLEO [153] and BaBar [154] is found to be consis-
tent with the SM prediction R;e|SM = 0.972564 £ 0.00001
[155]; the HFLAYV collaboration reports the following global
fit [156]:

LT~ — vy

R lexp = = 0.9761 £0.0028 . (43)

I'(t= — e v,

Experimentally, it is not possible to disentangle the different
neutrino flavours, so any LFV tree-level decay (t — £v, Vs,
with y, § = e, u, ) will contribute to this observable; tree-
level contributions from the new light Z’ can thus potentially
compete with the SM processes, leading to deviations from
the observed R; < lexp- The relevant contact interactions at the
source of the new contributions to the decays (generically
cast for £, — £gv,, Vs) can be written as:

£ = C;""" gy PLta) By v" Prvy)

O B v Pr€a) Gy v PLvY) (44)
where we have introduced Czﬁvw‘; = CM + NP and

Czﬁvy "= CRF; after Fierz-transforming the SM charged

current operator, one has

CI™ (g i Prvp) (b v** PL L)
= CM (g v PLto) (Do y™ PL vg) . (45)

The SM contribution, only defined for the process £, —
Lgvyvg, reads

eff
_4GF

V2

with G}ff the effective Fermi constant in the presence of NP
in u — ev,v, decays; in fact, and as a consequence of the
modification of the muon lifetime, a comparison of the new

rate of u — ev,v, decays with the SM prediction allows
defining G‘;ﬁ as

= BRSM =
G ~ Gp | on U= elevy) 47)
BRON (1 — ebevy,)

cM = (46)

The tree-level NP contribution to the decay £, — £gv,, Vs is
given by

g 8y’

NP L(R

Cow=—",37 (48)
Z/

thus leading to the following expression for the t — £fvv
decay width

5

m
I'(t — ¢vv) = —r
(r = £vp) 2. 192 27)3
y,0=e,u,T
% [4CZZUVV5 T C;Evyu,s g(XZ)
¢ ¢
—(1E P ICETR) feo ] e
(49)
m2
with xp = —g and the associated functions defined as
m

F(x) = —1+8x —8x> +x* + 12x2 log(x)
g(0) = Vx[—1 = 9x +9x% + x> — 6x(1 + x) log(x)] .
(50)
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Further QED corrections and effects from the non-local struc-
ture of the W-boson propagator are included in rﬁé:g

25
it e (3]
2 m2
x[1+§m—;‘+9—f] (51)

where o, (my) is the running electromagnetic fine-structure
“constant” (at my).

Generally, the above corrections to the Fermi constant G ¢
due to the presence of New Physics in the Michel decay of the
muon should be propagated to other electroweak observables
such as the invisible Z-decay and the mass of the W-boson.
However, as discussed in detail in the following sections,
experimental data constrains the g®* couplings to be very
small and thus corrections to G ¢ are negligible for all prac-
tical purposes.

4 Implications for the anomalous magnetic moments

We now address whether or not the model under considera-
tion (a light, leptophilic, cLFV-interacting Z’ boson) allows
to account for the observed a, ,, while complying with the
numerous bounds from boson decays as well as rare leptonic
processes presented in the previous section. We first discuss
the new contributions mediated by the (light) Z’, and then
(numerically) explore the model’s parameter space (spanned
by new boson’s mass, and by its left-handed and right-handed
cLEV couplings, g).

The new physics contribution to ay from the additional Z’
boson arises at one-loop (see Fig. 3) and, following [158—
160], it can be expressed as:

|gZi|2 m2
Aag = 2[4;2 3 FO.e)

i z'
|g€i|2 m2
+ o e PO e | (52)
Z/

with gy, g4 = (g1 = gr)/2 denoting the vector and axial-
vector couplings. The sum runs over the internal leptons
(whose flavour is necessarily distinct from that of the external
legs), and the loop function F (A, €;) is defined as:

1 1 2x(1 — x)[x —2(1 —€)]
F(h €)= E/(; dx |:(1 “ 00 — 22 +6i2)‘2x

A2x2(1 — €)2(1 + € —x):| 53

(1 —x)(1 — 22x) + €2A2x

9 One can also take higher-order EW corrections to the W-boson prop-
agator [157] into account, but since these are flavour universal, they will
cancel in the ratio here considered.

@ Springer

Z/

Fig. 3 New contributions to the anomalous magnetic moment of
charged leptons, ay,; notice that the internal lepton flavour is neces-
sarily different from the external one (¢; # £4)

in which ¢, = m;/m¢, m; being the mass of the internal
fermion and A = my¢/my . Notice that the opposite sign
between vector and axial-vector loop functions leads to par-
tial cancellations, thus potentially opening the door for an
explanation of both Ag,, and Aa,.

Throughout this section, in what concerns constraining
the model’s parameter space, we will fix the Z' mass to
mz = 10GeV (unless otherwise stated); this is a simplifying
approach, which allows to evade the numerous constraints
which would otherwise arise from the extensive searches
at low-energy experiments such as indirect signals at B-
factories [161], and flavour violating T — wZ’ decays [105—
107]. At the end of the discussion (Sect. 4.4), we will revisit
this working hypothesis, and explore a wider range for m .

Before carrying out the numerical study, let us briefly clar-
ify some points regarding the associated statistical analysis.
Leading to the (best-fit) contours presented in several of the
plots of this section, we note here that contours of a single
observable correspond to model predictions within the 1o
region of the experimental measurements; for combinations
of observables (e.g. the Z-decay LFU ratios and the global
contours), we construct a combined likelihood as a product
of the experimental probability distribution functions (pdf)
of the observables O;, evaluated at a point of the model’s
predictions given a set of input parameters p:

£ = [Tpat; (077, O"3)) - (54)

For the observables here considered, theoretical uncertainties
due to SM input parameters are negligible and we approxi-
mate the observables’ probability density functions as uncor-
related gaussians. Thus, the relative (log)-likelihood function
can be approximated as a simple y >-function given by

(OM(p) — O]*P)?
(0,72
l

—2Mlog L(p) ~ x*(p) = )

i

SN GR))

in which OieXp and oieXp respectively denote the mean value
and the 1 o (gaussian) uncertainty of the O; observable mea-
surement. The x2-function is then minimised in terms of the
model’s parameters.
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Fig. 4 Constraints on Z’ couplings, gZIR, and prospects for (g —2),,.

On the left, allowed regimes for Aa,, in the same-sign (g7 " -g%") param-
eter space, in agreement with the experimental bounds on LFU Z decay

We further consider the test statistic Ax> = x2(p) — x2.,
in order to establish confidence intervals; in particular we
assume that this quantity is distributed as a x> random vari-
able with n = 2 degrees of freedom. The combined con-
tours then correspond to the k o thresholds where the 2-
dimensional cumulative x2 distribution reaches the proba-
bility Py, (for 1o Ax? ~ 2.3, for20 Ax? ~ 6.2), defined
as the probability for a gaussian random variable to be mea-
sured within k standard deviations from the mean.

4.1 Accommodating the anomalous magnetic moment of
the muon

We begin by discussing the regimes for the Z'¢ £ g couplings
(i.e. gzﬁ r) which allow to alleviate the current tension in
Aay,, see Eq. (4), taking into account the impact regarding the
numerous cLFV and LFU observables discussed in Sect. 3.
The NP contributions to (g — 2),, can be associated with the
exchange of either an electron or a tau lepton in the loop.
The first possibility is strongly disfavoured, as it would lead
to a negative shift in Aa,,. Let us then consider the second
possibility: in Fig. 4, we present two representations of the
plane spanned by the u — 7 couplings, (g)" — gk ). As
already mentioned, we set mz = 10 GeV. On the left panel
of Fig. 4 we display the Aa,-favoured regimes relying on
u — 7 cLFV Z’ couplings (all others being set to zero), as
well as the most important associated constraints, which in
this case arise from conflicts with the LFU-probing ratios,
R}, and Rfﬁ. Notice that the constraining role of R}, is
much more important than that of R fﬁ ; the latter can be easily
accommodated in wide regions of the parameter space (the
only exception being large values of g;'", = 3 x 107").

~

The other cLFV observables discussed in Sect. 3 play a far

0.08

0.06

0.04

0.02

S
5000

—0.02

—0.04

—
Aay,

***** Global

—0.06

—0.08
—0.006 —0.004

—0.002 0.000 0.002 0.004 0.006
nr

I

ratios (light orange) and R}, (purple); the dark orange region denotes
the 10 Aa, favoured regime. On the right, detailed (linear) view of

the viable g’LL " vs. gzr parameter space, with the dashed curves now

corresponding to the 1 o and 2 o global fits (see text)

less restrictive role, and we do not discuss them here. For
completeness, let us notice that corrections to the invisible
Z decay width due to one-loop contributions are negligible,
AT(Z — inv.) < 1 keV, throughout the model’s parameter
space.

As can be seen, all experimental observations (i.e. Aay,
and the LFU constraints) can be accommodated for gz T~
O(1073), and gzr ~ O(1072). For clarity, this region has
been expanded in the right panel of Fig. 4, where we have
also displayed the corresponding regimes with negative val-
ues of the couplings (notice however that one must have
same-sign couplings). In addition to Ag,, and R}, we also
display the 1 o and 2 o contours of the global fit to the observ-
ables. Finally, also visible from the right panel of Fig. 4 is
the apparent relation emerging for the left- and right-handed
Z’ couplings: the best-fit regions to saturate Aa,, lie around
g’ ~ O(15) x gi'".

4.2 Accounting for the anomalous magnetic moment of the
electron

We now consider how the new Z’ contribution(s) can further
help addressing the recently identified tension in AaES (and
Aa?b), firstly studying it independently of Aa,,. In Fig. 5 we
thus display the viable regimes in the plane spanned by e —
couplings, (g7 — g% "), again setting mz = 10 GeV (and
fixing the remaining couplings to zero). As can be readily
seen from the left panel, the current tension arising from the
determination of aecs cannot be accounted for with same-
sign couplings due to conflict with the experimental bounds

on LFU Z decays (i.e. Rfﬂ). While the latter bounds still

allow for alight Z’ explanation of Aafb, the preferred regime
of g;"¢ is incompatible with the current upper bounds on

@ Springer
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100
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1073

10~

10724 ;
107° 10 1073 1072 107! 10°

Fig. 5 Constraints on gzﬂ & couplings and prospects for (g — 2).. On

the left, allowed regions in the same-sign (g;"-g %) parameter space, in
agreement with the experimental bounds on LFU Z decay ratios (light

cLFV Muonium oscillations. The most promising regions
identified in the left panel of Fig. 5 (logarithmic scale) are
presented in detail in a linear scale in its right panel, in which
we omitted the Rfﬂ constraints (but highlight that these are
indeed satisfied in all the regions displayed).

Although we will return to this in the following subsection,
the regimes of gi“ » favoured by an explanation of Aa, would
also contribute to the muon (g — 2), in fact leading to a
negative shift in its value, and thus worsening the discrepancy
with respect to the SM prediction.

Similar to what was done for (g — 2),,, one can also rely
on Z' — et couplings (i.e. g7* ); the prospects for Aaecs’ Rb
are shown in Fig. 6, which displays a view of the (57 — g%
plane, with all other couplings set to zero. As clearly seen
from the plots, in order to saturate AaecS the couplings must
have opposite signs (or one of them be zero); analogous to
what was observed for Aa,, Aa‘l}b can be explained relying
on a combination of same-sign g7* , couplings. Although all
relevant cLFV and LFU observables were taken into account,
the most constraining limits arise from R,

Interestingly, notice that such non-vanishing values of
g}f r also lead to contributions to Aay; these are negative,
and typically ©@(10~7) (in fact much smaller than the uncer-
tainty associated with the SM prediction for (g — 2);).

4.3 A joint explanation for Aa,, and Aa,?

After having independently considered the new contributions
to the muon and to the electron anomalous magnetic moments
(taking non-vanishing individual couplings at a time), one
must now address the possibility of a joint explanation to
both tensions.

@ Springer
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orange) and Muonium oscillations (blue); the red and the green regions
respectively denote the 1o (g — 2)$* and (g — 2)R® favoured regimes.
On the right, detailed (linear) view of the viable gz“ g parameter space

In order to do so, and in view of the very restricted regimes
for the g} ", couplings which allowed explaining Aay,, we
thus fix gZ’TR as to comply with (g—2),, (we set g,’ft = 0.0024

and gzr = 0.036, see Fig. 4), and vary gz‘fl(;). The prospects

for a joint explanation of Aa,, and Aa, are depicted in Fig. 7:
on the left (right) panel we explore the viable regimes for the
g7"» (87 ) couplings. In addition to the constraints already
identified in Figs. 5 and 6, the simultaneous presence of
8'r # 0 (or g7 # 0) and g/, # 0 opens the door
to sizeable contributions to cLFV processes: in the left panel
of Fig. 7, it is visible how the previously most stringent pro-
cess (i.e. Muonium oscillations) is now strikingly superseded
by various cLFV tau decays. In particular, 7 — epu and
T — pép directly exclude any regime with g7, > 1075,
Similar results are obtained when jointly coﬁsidering the
effects of ¢;"p # 0 and g;"p # 0: as displayed in the
right panel of Fig. 7, the constraints arising from rare cLFV
muon decays are significantly more restrictive than those
arising from R/ ,. Three-body muon decays already constrain
glef( R) < 10793, with the muon cLFV radiative decay fur-

ther imposing g7% ) < 10787
In summary, for mz = 10 GeV, an excellent fit to the
data (saturating Aa,, and complying with Rfﬁ, RT ) can be

found for

T
e

gt~ (24+05) x 1072, gh? ~0.036 +£0.013; (56)

the bounds from r — pep and u — ey then respectively
imply the following upper limits for the combinations of cou-

plings,

V&I + (g¥H2 <1072,

(85)2 + (g5)2 <4 x 1078, (57)
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Fig. 6 Constraints on gi’ r couplings and prospects for (g — 2),: the

red and the green regions respectively denote the 1o (g — 2)5s and
(g — 2)5b favoured regimes. On the left, allowed regions in the same-
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Fig. 7 Constraints on the g;" (left) and g{*; (right) couplings and
prospects for (g — 2), for fixed values of gZTR. On the left, allowed

. . e en . . .
regionsinthe (g, -g, ) parameter space, in agreement with constraints
from cLFV t decays (t — 3e in brown, T — ey in orange, T — el
in light blue and T — pep in pink) and Muonium oscillations (blue);

The above discussion strongly suggests that a joint expla-
nation' to the tensions in the light charged leptons anoma-
lous magnetic moments is clearly precluded in view of the
cLFV constraints.

Should the current hypothetical model of a light Z’ with
flavour violating couplings to charged leptons be indeed an
explanation to Aa,, then one is led to mostly SM-like sce-
narios to both (g — 2), and (g — 2);.

10 We have also considered complex couplings as a means to evade
certain cLFV constraints. While in certain new physics models this is
indeed possible (see e.g. [162]), the suppression/enhancement by CP
violating phases relies on interference effects, and such effects are not
present in this BSM construction.
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sign (g{*-g% ) parameter space, in agreement with the experimental
bounds on LFU Z decay ratios (light orange) and R}, (purple). On the
right, detailed (linear) view of the viable g7" » parameter space
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the red and the green regions respectively denote the 1o (g — 2)8Cs
and (g — 2)';b favoured regimes. On the right, allowed regions in the
(g57-g% ) parameter space, in agreement with R, (t — £vD) (purple),
n — 3e (brown), 4 — ey (orange) and . — e conversion in Gold
(turquoise); the red and the green regions respectively correspond to
the lo (g — Z)ecs and (g — Z)eRb favoured regimes

4.4 Heavier mediator regimes

For simplicity, we have so far considered an illustrative value
for the mass of the Z’. In order to complete the study, it is
important to discuss to which extent the conclusions of the
previous subsections hold for other regimes of m 2.

We thus explore regimes for the Z’ couplings allow-
ing to account for Aa, (i.e. g} "), for varying masses of
the mediator. Relying on the ﬁridings of Sect. 4.1, we set
g%r ~ 15 x gZT, now for my € [2 GeV, 1 TeV] (the lower
bound allowing to escape the constraints that emerge for very
light states below the m, threshold, especially T — uZ’
[105-107], as discussed at the beginning of this section). In
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Fig. 8 Preferred regions by (g — 2),, in the (gzr — my) parameter
. 734 Wt
space, under the assumption g~ ~ 15 x g; . The colour scheme

denotes regions in agreement with the experimental bounds on LFU Z
decay ratios (light orange) and R, (purple). The dashed curves corre-
spond to the 1 o and 2 o global fits (see text). The dotted horizontal line
denotes the perturbativity limit for the g&" couplings

Fig. 8 we display information similar to that summarised in
Fig. 4, presenting the best global fit regions (1 and 2 o) in
the model’s parameter space now spanned by g%r and my.
As before, we colour-code the regimes in agreement with
the most constraining bounds (for gZTR couplings, the LFU

ratios R, and Rfﬁ). The results displayed suggest that light
Z' mediators, with masses mz € [10 GeV, 200 GeV], with
associated couplings 0.01 < g}ét < 1 offer the best prospects
to account for the current tensions in Aa,.

Another insight on the best-fit regimes of the model’s
parameter space, favoured by an explanation to (g — 2),
is presented in Fig. 9, in which gZ ,TR are independently fitted
for varying values of my (for details on the fit procedure,
see the beginning of this section).

On the left panel of Fig. 9, we present the results
of the best-fit for g}, taking mz to lie in the range
[2 GeV, 200 GeV]. As can be seen, and despite having taken
independent input values for the couplings, the fit leads to a
correlation between g * and gi", strengthening the original
findings (and underlying assumption leading to Fig. 8). For
completeness, we present in the right panel of Fig. 9 a simi-
lar study, but now including a much wider interval for mz/,
up to 10 TeV. However, for mediator masses O(1 TeV), one
clearly runs into a scenario for which no satisfactory fit can
be achieved (as the couplings become non-perturbative); in
turn this allows to infer a “soft” limit for the validity of the
model, mz ~ O(1 TeV).

@ Springer

S Prospects for cLFV probes

Interestingly, one can also estimate the (theoretical) upper
bounds for several observables, arising from regimes of gﬁ tR
and mz saturating Aa,,, while in agreement with all other
constraints. The most relevant predictions are collected in
Fig. 10, in which we display the projections for the maximal
values of several observables as a function of m /. The curves
are obtained by fitting the ;© — t couplings for the different
Z' masses, to account for Aa,, and respecting the constraints
from the ratios Rfﬂ and R),,. We then fit the other couplings,

4" » and g;" . in order to drive the value of the most stringent
cLFV proceéses (i.e. 4 — ey and T — pep) to their current
experimental upper bounds (see Table 1).

These illustrative theoretical predictions (which do not
take into account effects of operator mixing due to RG evo-
lution for large mz > Agw) should be compared with the
future sensitivity of the associated dedicated searches, see
Table 1.

As can be seen on the left panel!! of Fig. 10, and while
the maximal predictions for the cLFV tau decays'? in general
lie beyond experimental sensitivity (at best, BR(t — eee)~
O(10713)), one has very good prospects for the observation
of certain rare muon decays. This is the case of both u — ey,
and muon-electron conversion in nuclei: the former maximal
branching ratio is fixed to its current experimental upper limit
(4.2 x 10_13), and the maximal conversion rate for Alu-
minium nuclei ~ O(10~17716), potentially within future
experimental sensitivity. The current experimental limit for
BR(u — ey) also precludes sizeable rates for u — eee
(within future sensitivity), such that a future observation of
both 4 — ey and u — eee at comparable rates would
falsify Z’ models under discussion.!? Also notice that the
(full) lines for 4 — ey and T — pep appear superimposed
with the corresponding dashed lines denoting the associated
experimental bound; this is a consequence of maximising
the couplings to be within 1o of the current experimental
bounds.

For illustrative purposes, we also display the prospects
for the maximal contributions to the cLFV Z decays; as

T For larger values of mz, the behaviour of the predictions for & —
eee and muon-electron conversion is due to numerical instabilities of
the fit maximising the contributions to © — ey (that is the couplings
g{* ) and not a physical effect.

12 The maximal predictions for T — ) decays appear to be constant
(i.e., independent of my/) since the relevant couplings are those also
responsible for t — pep. Since the latter rate is fixed at its current
limit for each value of m 7/, one recovers the observed behaviour.

13 Notice that the cLFV observables discussed, and in particular their
falsifying role, generically probe the presence of a new leptophilic Z’
with flavour violating couplings (combinations of g"* with either g"¢
or g7), and not directly the potential of such constructions to offer an
explanation to Aa,.
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Fig. 10 Illustrative theoretical upper limits for several cLFV decays
(left) and predictions for LFU in Z decays (right) for a wide range of
Z' masses. On the left, full (dahed) lines denote the predicted upper
limits (current experimental bounds) for the distinct cLFV observables.

can be seen, and for mz = 500 GeV, one has BR(Z —
eTtF)~ 10719 marginally at future FCC-ee sensitivity
[136]. Although not included here, let us notice that the
maximal expected rates for the other cLFV Z decays are
BR(Z — pu*tF)~ 10712 and BR(Z — e*uF)~ 10710,

On the right-handed panel of Fig. 10 we display the
prospects of the maximal expected deviations in what con-
cerns LFUV ratios of Z — ¢¢ decay widths, together with
the SM predictions and the experimental data. It is important
to notice that, with the exception of RTZH , the Z-decay univer-
sality ratios are generically predicted to be slightly smaller
than in the SM. This is due to sizeable interference effects
between the Z’-loop contribution and the SM tree-level dia-
grams.
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On the right panel, the coloured full (dotted) lines denote the model’s
expected upper limit (SM prediction), while the dashed lines and shaded
regions correspond to the central experimental values and associated 2 o
uncertainties

6 A (light) flavour violating Z’ at a future muon collider

In addition to the vast array of indirect (and direct, low-
energy) searches for a new Z’ boson, its presence has also
been the object of dedicated programmes at high-energy col-
liders, from LEP [163] to current efforts at the LHC [164—
168]. Likewise, extensive work had been done in what con-
cerns the prospects for the discovery of such a NP mediator in
the (near) future, in particular at (HL)-LHC [107,169], Belle
II [161] and FCC-ee [107]. In recent years, an increasing
interest for future muon colliders has been put forward by the
high-energy particle physics community [110,113,170,171],
and the prospects for the discovery of a Z’ in such facilities
have been also considered (see [90]).

In general, lepton flavour violating Z’ bosons can be pro-
duced at colliders in processes such as f f — ufurFcT,
with the striking final state signature of two same-sign lepton
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pairs [107,161,169]. In order to complement the discussion,
we now address the possible smoking guns of a leptophilic
flavour violating Z’ at muon colliders. In this section we
thus explore possible off-resonance signatures arising from
the presence of acLFV Z’ at u* ™ colliders, discussing both
the associated production cross sections, as well as forward-
backward asymmetries.

Here, we neglect the initial muon masses and therefore
Higgs-exchange diagrams. Furthermore, effects of initial and
final state radiation corrections are not taken into account as
they are beyond the scope of the present study. For a detailed
discussion of the importance of these effects see e.g. [172]
and references therein.

6.1 cLFV Z' production at a muon collider

In what follows, we consider distinct scenarios, both con-
cerning the operating centre of mass energy (i.e. 4/s) and
my . In each case, the couplings are determined as to com-
ply with the best-fit regimes for the flavoured observables so
far considered: saturating Aa,, and complying with all the
relevant cLFV and LFUV bounds. In view of the discussion
of the previous sections, the very stringent associated con-
straints lead to tiny Z’ — e — £ couplings (with £ = u, 7); we
thus focus on tau-pair production at a future muon collider.

In the present model, the process u™pu~ — thr~
receives contributions from SM y and Z boson exchanges
(s-channel) as well as from 7-channel Z’ exchange, leading
to the following matrix element:

M =M, +Mz— My, (58)

in which we highlight the sign difference between the SM
(s-channel) contributions and the Z’ t-channel one. The dif-
ferential cross section is given by

do 1 m?
= ——/1-4=—TZ M, 5
dcos6 327 s s M (59

with M defined in Eq. (58), and the details of the computa-
tion being collected in Appendix A.3. In the above, 6 is the
final state lepton angle with respect to the colliding muon
direction in the di-tau centre of mass frame. Concerning the
phase space integration, we employ a (realistic) angular cut
of —0.99 < cosf < 0.99 to account for the finite detec-
tor volume. We stress here that 6 does not correspond to a
reconstructed angle from a detector simulation and t identi-
fication.

The results concerning the production cross section
o(utu~™ — t71t7) as a function of /s are presented in
Fig. 11, for different values of m . The SM predictions are
separately displayed — we notice that the computation of the
latter is done only at leading order and that we neglect the
muon mass.
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Fig. 11 Prospects for Z’ production at a muon collider: o (utpu~ —
77 77) cross sections (in pb) as a function of /s, for different values of
my . A black dashed line denotes the SM prediction (at leading order),
while the coloured solid lines correspond to distinct values of m /. The
finite width of the coloured bands reflects the uncertainty associated
with the fitting of the g’LL ,TR couplings (see text for additional details)

In all cases, the values of the couplings g} ' are deter-
mined by fitting them to the likelihood containiﬁg (& —2)us
the Z-decay LFU ratios Rfﬂ and the 7-decay LFU ratio R} ,.
The results of these fits, for selected values of m 7/ are shown
in Table 2. Subsequently, for a fixed mass myz and /s, we
sample the couplings around the best fit point according to
the likelihood, in order to estimate the uncertainty of our pre-
dictions for 40~ — 7~ processes. In the following, the
shaded regions denote the uncertainty corridor correspond-
ing to the interval between the 16™ and 84 quantiles of the
samples.

While for light Z’ mediators (such as those considered in
most of the numerical analysis of the previous section) the
behaviour of the current BSM construction hardly deviates
from the SM expectation, the situation becomes visibly dif-
ferent for heavier states. This is a direct consequence of fitting
the gﬁ TR couplings (which thus vary for every value of m ),
and these — as seen from Fig. 9 — significantly increase for
mz 2 30 GeV, especially the right-handed couplings gh"
(see Table 2 below). The latter also present the largest uncer-
tainty in the fit, especially for mz < 150 GeV, as visible
from Fig. 9, and this accounts for the spread in the different
(shaded) regions associated with the coloured curves.

Studies of heavy Z’ resonances (mz ~ O(TeV)) at the
LHC have been recently pursued, also emphasising the con-
straining role of the forward-backward asymmetry [173];
however, due to s-channel exchange, the studied angular dis-
tributions exhibit a resonant behaviour at the pole of the
new boson mass, while deviations for lower /s, e.g. at
around the Z-pole, are negligible. In contrast, and as we
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Fig. 12 Tau-pair production cross sections, o (u*u~ — tFr7) asa
function of my for different values of /s. The shaded regions corre-
spond to the fit uncertainty, while the dashed lines denote the corre-

Table 2 Best fit values and associated uncertainties of the . — 7 cou-
plings for different Z’ masses; the fit includes (g — 2),., Rfﬁ and R},
constraints

mz (GeV) gt s

10 0.0024 4 0.0005 0.0360 4+ 0.0129
20 0.0045 4 0.0009 0.0725 4+ 0.0284
30 0.0067 & 0.0014 0.1076 4+ 0.0431
50 0.0113 4 0.0025 0.1699 4 0.0667
100 0.0237 4+ 0.0055 0.2969 4+ 0.1025
150 0.0337 4 0.0083 0.4143 £ 0.1311
200 0.0498 +0.0112 0.5288 +0.1587

will subsequently discuss in the present study, deviations in
the forward-backward asymmetry App are quite significant
already at lower energies, and considerably depart from the
SM predictions at large /s, due to the f-channel exchange
of the new boson. The forward-backward (muon) asymmetry
has also been explored in context of lepton flavour violating
(ew) axion-like particles aiming at explaining Aa,; these
light mediators are also responsible for new #-channel con-
tributions in eTe™ — T scattering, searched for at the
Belle II experiment [174].

Complementary insight can be obtained by considering
the dependency of the o (™ — 71 7) production cross
section on my/, for different values of the centre of mass
energy, +/s. This is displayed on the panels of Fig. 12, in
which we again compare the SM predictions with those of
the Z’ extension under consideration.

As manifest from Fig. 12, for sufficiently “heavy” Z’
bosons (i.e. mz = 30 GeV) one has a clear departure from
the SM prediction; for most choices of /s, and as already
seenin Fig. 11, o (u™u™ — t+t7) = O(l pb), rendering

V5 =0.5TeV
V5 =1TeV
V5 =3TeV
V5 =10TeV

10°

107!

ol = Tt7) (ob)

1072

1072

mz (GeV)

sponding SM predictions (at leading order). The right panel offers a
detailed view of the light regime for the Z’' (mz < 50 GeV)

Table 3 Predicted cross sections (pb) for different energies /s and Z’
masses, with —0.99 < cosf < 0.99

Cross section for the process ™ — 7~ (pb)

s (TeV) 0.5 1 3 10

SM 047 0.2 0014  0.0013
my =10 GeV 043 0.1 0013  0.0012
my =20 GeV 044 0.2 0013  0.0012
my =30 GeV 0.60 020 0025  0.0023
my =50 GeV 135 072 0118  0.0112
my =100GeV 338 324 0982  0.1074
my =150GeV 522 643  3.080  0.4075
my =200GeV  6.84 984 6488  1.0581

this observable highly sensitive to the presence of heavier Z’
bosons; even with low statistics, a strong signal in conflict
with the SM prediction could be expected. This information
is summarised in Table 3, in which we collect the predic-
tions for the ut ™ — ¢~ production cross section'* for
several values of mz and \/s.

The benchmark values for /s = 0.5, 1, 3, 10 TeV
have been chosen in agreement with recent muon col-
lider design proposals [111,113,170,171]. With the antici-
pated integrated luminosity of O(ab~1) [113,170,171], the
uwT~ — tTT cross section can be expected to be pre-
cisely measured at such a facility.

14 We have also investigated the lepton flavour violating production
cross section utp~ — t+eT. However, our estimates show that at
most one can reach ©(1079~8) pb for o(utu~ — tte™) for an
energy around /s ~ O(10%) GeV, thus most likely eluding future
observation.
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T~ as a function of /s for different values of m 2 . On the left panel, general view for

/s < 3 TeV; on the right panel, detailed view around the Z-pole. Line code as in Fig. 11

A more extensive study making use of the usual Monte-
Carlo “tool-chain” and detector simulation is left for subse-
quent studies.

6.2 Forward-backward asymmetry Arp

The forward—backward asymmetry, Agpg, has been exten-
sively used a powerful probe for the presence of NP in associ-
ation with numerous production modes. At LEP-1 and LEP-
2, scans of /s around the Z-pole have been performed, in
which different final states were studied [175]. Most of the
results have been found to be in excellent agreement with the
SM predictions.

Relying on several simplifying assumptions, we have eval-
uated how the cLFV Z’ boson under study could lead to a
departure from the SM predictions concerning the forward-
backward asymmetry associated with the utpu= — t+z~
process at a future muon collider. We re-iterate that ours is
strictly a simple (naive) tree-level calculation, without taking
into account potentially relevant initial and final state radia-
tion (ISR and FSR). Likewise, the results for Agg around the
Z-pole mass are displayed strictly for illustrative purposes.
The forward-backward asymmetry is defined as

OfF — O]
App = — 2 (60)
OfF + OB
with
max 0 d
UF:/ g dcos6, op :/ i dcosf,
0 dcos6 min d cos 0
(61)

in which the upper (lower) integral limits, “max (min)”,
denote the extreme values of cos 6 considered.

The prospects for Apg(u*u™ — 717) as a function of
the centre of mass energy are presented in Fig. 13, for several
values of m s, and compared to the SM expectation. As can
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be seen, there is a clear difference between the SM and the
Z' predictions, increasing with larger ./s. Leading to these
plots, we have followed the same procedure as in the previous
subsection — considering for every value of mz the best-fit
intervals for the couplings g7 ", (to comply with cLFV and
LFUYV bounds, and saturate Aa ). As previously mentioned,
in our study we have also imposed (realistic) cuts on the
integration limits (which also indirectly reflect finite detector
effects), see Eq. (61): we have taken —0.99 < cos6 < 0.99.

Although Apg(utu~ — t+r7) is significantly larger
(and distinguishable from the SM expectation) for /s =
200 GeV, the predictions for different m, values become
indistinguishable for /s ~ 1 TeV; also recall that, as shown
inFig. 11, the Z’-induced flavour violating rates become very
small for high energies (as a consequence of the associated
t-channel event topology). Further — more detailed — compu-
tations might be required in this case.

It is also interesting to notice that there is a clear deviation
from the SM expectation for /s below the Z-boson pole:
this is manifest from inspection of the right panel of Fig. 13,
where one can easily have sizeable deviations in such a /s
regime.

Similarly to what was done in the previous subsection, in
Fig. 14 we offer a complementary view of Apg(u™pu~ —
77177), now as a function of mz, considering different val-
ues of /s. As visible, comparatively low values of /s,
O(100 GeV — 200 GeV) ofter the possibility of identifying
the presence of the 7-channel NP mediator, especially for
myz < 100 GeV. The expected difference in the asymmetry
compared to the SM expectation can be very large, and we
recall that for these regimes one expects a sizeable production
cross section, see Fig.11, in general above 1 pb.

Notice that for intermediate regimes of /s, the expected
Apg(utu™ — tTT7) comes closer to its SM prediction
for large mz /. This can be understood from the Aa,, driven
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Fig. 14 Apg(utu~ — t717) as a function of my for different val-
ues of /s. Line code as in Fig. 12

fit, due to which the couplings do not grow proportionally
to the mediator’s mass. Thus, for large m and compar-
atively “small” /s, the new contributions are sufficiently
suppressed.

The striking differences with respect to the SM expecta-
tion are summarised in Fig. 15, in which we compare the
prospects for the production cross section and Arg, consid-
ering

o(uru= —tte)
o(urpu= — t+r7)sm
App(ntu” = Tt — Am(utu” = T )sm.
(62)

and

As can be seen, our results show that even for comparatively
small /s the relevant regions of the model’s parameter space
can be falsified as an explanation to Aa,, at a future muon
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collider. Atlarger /s, precise measurements of the u ™1~ —
7717~ production cross section may be used to constrain the
mediator mass, even in the absence of a resonance in the
spectrum.

7 Further discussion and outlook

Motivated by a minimal framework to address the tensions
between theory and experiment in the anomalous magnetic
moments of (light) charged leptons, we have considered a
SM extension via a Z’ model. These well-motivated con-
structions have been extensively investigated in the literature
(also in view of their potential interest in relation with the
so-called LFUV anomalies in B-meson decays), and their
flavour conserving couplings to fermions are very strongly
constrained by a vast array of experimental measurements
and searches. In our study, we have thus considered an ad-
hoc (toy) model of a leptophilic light Z’, which only couples
in a flavour-violating manner to leptons.

As we have argued here, AaR® and AaS* can be sepa-
rately accounted for (for example, respectively relying on
a same-sign or opposite-sign combination of the gi’ r cou-
plings); however, a simultaneous explanation of Aa, (either
AaR® or Aa$®) and Aa,, is precluded due to having excessive
contributions to numerous cLFV (and also LFUV) observ-
ables. In particular, the most stringent bounds emerge from
cLFV © — péu decays (for g;"p), and from u — ey
decays (gif r); for g’L"TR couplings, the LFU-probing ratios,
Rgﬂ (¢ # B) and R;, play the most constraining roles.

Thus, and focusing on an explanation to the current ten-
sion in the muon anomalous magnetic moment, one is led
to Aay-favoured regimes, both for the relevant couplings
and for the mass of the new mediator. In all cases, the latter
regimes - and the strong constraints from cLFV and LFUV

— 5 =05TeV
— 5=1TeV
— /5=3TeV
— /5=10TeV

10t

10°

10t

ol =77 ) ot = 7

0 100 200 300 400 500
my (GeV)

Fig. 15 Comparison of Apg(u™ ™ — t+77) (left panel) and of the production cross section o (u™ =~ — t+77) (right panel) with the SM

expectation, as a function of mz: for different values of /s
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observables - strongly suggest that in this class of models one
expects SM-compatible values for Aa,. For the tau magnetic
moment, one predicts values compatible with 0, typically
Aa; ~ [-1076,—1077].

In what concerns cLFV observables, and in spite of their
very constraining role, one has good prospects for the obser-
vation of certain rare muon decays in the regimes favoured
by an explanation of Aay,, in particular for 4 — ey, and
muon-electron conversion in nuclei. Interestingly, in these
Aay,-favoured regimes, the stringent constraint imposed by
the current experimental limiton BR(i« — ey) leads to a the-
oretical upper limit for BR(u — eee) that is smaller than the
sensitivities of next-generation experiments. Thus, a future
observation of the latter two cLFV observables would con-
tribute to falsify these Z’ models.

We have also emphasised the role of a future muon col-
lider in probing the model’s regimes which are preferred by
Aay, for a wide range of Z’ masses. Relying on a simple
estimation of the production cross-section, we have pointed
out that one should have sizeable o (u™u~ — t¥t7), for
various choices of the centre of mass energy. In addition to
deviations from the SM regarding o (ut ™ — t717), the
forward-backward asymmetry Apg(u+pu~ — 7t 7)isalso
expected to exhibit distinctive features, which can be used to
put this minimal construction to the test.

In the future, a more precise determination of a,efp, possi-
ble in view of the expected reduction in the FNAL measure-
ment uncertainty (ten-fold improvement in statistics [176]),
together with improved SM predictions, will further allow
to constrain the present model’s parameter space. Likewise,
clarifying the situation in what concerns the electron (g — 2)
would also contribute to further test (or falsify) the model.

The toy model here considered — and despite not succeed-
ing in providing a simultaneous explanation to the apparent
tensions in Aa, ;, — offers an interesting starting point to the
analysis of complete SM extensions vianew U (1)’ mediators.
As pointed out, new fields should be added —as is the case of a
new scalar responsible for symmetry breaking and for giving
amass to Z’ boson, and additional (heavy) fermions to prop-
erly cancel gauge anomalies and provide a realistic origin of
the (strictly) flavour violating couplings. In turn, one expects
that new interactions of the scalar with SM matter (i.e. the
new Yukawa couplings) will then contribute to the many pro-
cesses described above; one must then explore if in this case it
is possible to account for both (g —2),,, without conflict with
the relevant cLFV and LFUV observables which so far pre-
clude an simultaneously explanation of the tensions. Further
extensions are also possible concerning the fermion (mat-
ter) sector, such as introducing right-handed neutrinos,and
considering potential neutrino mass generation mechanisms.
Likewise, one can also envisage considering the role of the
new fields and couplings in what concerns an explanation to
the dark matter problem.
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A: Appendix
A.1: New contributions to LFC Z — £1£~ decays

In this appendix we summarise the most relevant details
concerning the new contributions to the Z — £} ¢, decay
(same-flavour charged lepton pair), arising from a Z’ in the
loop. The matrix element can be written as

/

M7 iy = U [J/“ (CZ PL+Cy PR)
0" qu (CT PL+Ck Pr) | va (@) (63)

where u,, vy denote the £, spinors, €, (¢) the Z-boson polar-

isation vector with ¢ the Z momentum, and C )‘; T are the vec-
tor and tensor coefficients (computed from the decay triangle
diagram). For Hermitian (real in our case) Z’ couplings, these
are given by:

i Lo -
CT — _ ’2[ o Lotk Zm 4 gid Lo, Zm
L 16n2m22, 81 81, 8LMa T 8Rr 8r 8RrMa

io o,

—g el (gf + g%)mi] m%,Co

+ [4g2“g2a’*ggmamzz,
—l—g%”g'lg’*g%ma(mi —m? + 2mZZ,)

i dor,*

+8; 8r
—|—g1%(—m§ + m,2 — 2m22,))] Ci

m,-(—ZgngZ,
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i ia* 7 2
+ [4gR 8r &RrMaMmz
i iox 7 2 2 2
+e gy T grma(my —m; +2m7,)
io ot

+817 g *mi(—2gFm3,
—|—gf(—m§ + m,2 — 2m22,))] Cy

+my [gégg;Zema (g';'*ma - gle*mi)

8l (— (g ghmam;)

+g’L°”*g1%m,-2 + 2g’La’*ggm22,)] Ci
io,*

+my, [gf’gfma (& my — g my)

gk (— () gFmam;)
+gigfm? + Zg?’*gﬁmzzl)] C»
+ilg [—(gf"*g? (8f + g&)mam;)
—gi gk (gf + gfymami

io o,

+gi* gl (g&m? + gF (m2 +2m%,))

i do,*

+8r &g (gfmiz + 85("13 + 2mzzr))] C12} ,

(64)

1
2
16ﬂ2mz,

{—asisi"gtm? B

- [gié”glzgma (8 Tmy — g/ my)
+gi (— (g ghmam;)

i ghm? = 25"l m3) | B

+ [gié’g}?’*gﬁmimzz/ — gl el (2gF + ghymimam?,
—gi g gl + ghymamim3,

el (shmimd -+ f ond -+ — P,

—2mZ(m} — 2m%,) + 2m%,(m%, +m%)))] Co
g 418 gl ghmam?,

+281 81" g mamg, — i+ 4my)

+ (sisk + gl gi)

mi(=2ggm7, + g (—=my +m; — 2’"22’))] G+ Gl
g [~ g &+ gRomam)
—81 8% " (8f + gRImam

gl (¢Em? + gh(m? +2m))

el gl (efm? + ghm? +2m ) |

x [C11 + Cay +2C13]

+2 [g’)é’gzzem gk " ma — g1 mi)

el mam)

e ghm? + 28?’*5’5"122/)] Coo} ,

(65)

Intheabove, B = Bo(mZ, m?%,, m?), B{ = Bo(q*, m?, m})

and Cpy = Cpy (md.q% m’, m%,, m? m?) denote the
Passarino-Veltman functions (with PV = 0, 1,2,00, 11,
12, 22) and m; the mass of the internal lepton. Notice that the
dimensions of the vector and tensor coefficients are respec-
tively [C‘L/] = mY and [CZ] = m~! (recall that certain
Passarino-Veltman functions are dimensionful quantities).
Finally, the RH coefficients can be obtained by exchanging
L < R in the expressions for CX’T. We further set ¢> = mZZ
for the on-shell decays. Moreover, and as already discussed
in the main part of this work, we treat the divergences appear-
ing in the By and Cyp functions in the MS-scheme and set
the *t Hooft scale to u? = mZZ

The contributions to the leptonic Z decay width (SM-like,

7' and interference terms) can be cast as

F(Z - £+E_) ~ FSMfull + FSeree—Z/ + FZ/ ’ (66)
with
, )\I/Z(m My my) 2
SMiree — _ Z> ) 2 )
Pt = 2B 2 (-l ) (e of i 6k)
zZ

+6m?2 (CZ 81 +Ck 85)
— 3imgm% [CZ (gf +85> +Ck (gf +g5)]} ’
(67)

v A2 Gng, my, mg) 1 2 2 2 2
o A s o) (et i)

+om? (cf e+ cey”)
+(m +2m2m) (1] P +1ck )
+om2m (CCR™ + Cke] ")
+3imgm ] (e} +cf)
+ep (el +ck) - c.c.]} ,
(68)

and ['SMunl js given in [124] at 2-loop accuracy. In the above,
the Killén-function is defined as

Aa, b, c) = (a*> — b* — ) — 4b>?. (69)

A.2: Lepton flavour violating Z decay amplitude and
coefficients

We now consider the effects arising from the presence of the
new Z' boson in what concerns cLFV Z — K;rﬁlg decays.
Analogously to the previous appendix, the matrix element
can be cast as:
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Mz»e;zlg =up [V“ (’CZ P+ Ky PR) —gi gl m2 + mym;
if i 2 2 2

2 _Am2,

+o" g, (IC{ P+ Kk PR>] Ve €5(9). +8r &L mplmg +mi —4mz)

(70)

ia,x i

+gr &5 ma(mlzg +mi2—4mzz,):|
. . x Bo(mz,m-z,mz/)—Bo(mz,m-z,mz/)]
already explicitly cast in terms of the vector and tensor coef- [ oz prn Tz

. V.T . Z o
ficients, C; *~ . In the above, ug, vy denote the £g, £, spinors 8 Ma . [—Zgl,fg’La’*mam,smi

respectively, €,(¢g) is the Z-boson polarisation vector, with m2 —m ]
v, T o
q the Z mOI'nentum.. As before, X can be comp.u.ted from _ gzléx,* gz‘f (mi + m/zS ym;
the decay triangle diagram and are given, for hermitian (real) o
ia,x I8 2 2 2 2
Z' couplings, by: +8g T grmp(my +myi +2m7,)

‘ o o e g ma (m + m? + 2m2Z,)]
KT — v [2 [gm,*gzﬂgzm + gta,*gtﬁgzmﬂ
L 16”2’"22/ L 8L 8LMa R 8RER XB1(mi,miz,mZZ,)
i iax, 7 7z ) 2 Zm ' '
a6l + ghom iy Co ol [2g e mampmi
. . 2 —m}
+ |:4g2“’*g’Lﬁggmam2Z’ iB g, 2 )
ik i —8r 8L (mg +mpgm;
+gla,*g:ﬁg2mﬂ (m2 _ m2 + 2m2/) n ip ) , )
Rﬂ s ) za 2 I z +g; g mp(my +mj +2m7,)
iB _io,x
+g) gl mi (—2gfm,

; ) i +gi§"*g3§m“(m/29 —{—ml-2 —|—2mZZ,)]
+g1%(—ma +mj — 2mZ,)):| Cy 5 9
X Bi(mg, m;, mz)

+[4 tek o8 0 Z i a2, ; j
-gR .gRgR Mz —l—[g;?’*ma(g',fg,%mﬁ
a8l gfma(m] = m +2m3) —¢" (¢% + 287 miym?,
+giﬁgia'*mi(—2g1%m22/ iax i, Z VA 2
Lok —g," gk (8% + 287 )mpmim7,
gl (—m +m? — 2m22,))] Cs g P,
e [ 850" gk glmp — g mi) +ei"glf g om} — 4mPm,
. . 4 2 2 2 2 2 2
+gi " (— (g gRmpmi) +2’"§' - mﬁ(’;’i A 2mz:) + mg (mg — m;
i i +2m=,)) + 2m>,,m C
+gl ghm? + 2g'fgfmzz/)] Ci 70+ 2mzmz)] Co

+ [4gi§"*g;§g,€mamlgmzz,

mp 5" g ma(g) mp — gigmi) L
+ i Y g (—2 Z 12
n ia,*(_( iB 7 )+ iB 7 2 8r 8L Mmpmi SrMz
8R 8 8LMpMi) T &g ELM; +gf(—m2 +m2 —2m2))
R o i z'
+2 i Zm2/ ]sz i i
S 8RM2) e g mami (—285m?,
+ [—g'L"”*gﬁf (gf + gfymampm; +gf (—m% +m? —2m)
—g gl (ghm2 + gfmYm; +ei " e et (—(m3m? —2m%))
+8 " ey (eFm? + gh(m2 + 2m2,) +my,(2my — m} + 6m22,))] Ci
o, % i Z,2 Zo 2 2 . .
+glLa *gL mot(ng[ +gL(mﬂ +2mZ’))] CIZ} El (71) —|—|:4gllg’*g%5g1%mamﬂmzz/
1 ; : iB _iax (neZ 2
K = r |21 sl sfmy [Bond. m3.m) TersL mami =28y
7 +g7 (=my +m; —2m7,))
2 2 2 o
+Bo(mpg, mz,, m; )] +g'1§"*gfmami(—2g,%m%/
; i Z, 2 2 2
+ [g',?’*g%ma(—(g',fmﬂ) +gp (=mp +mi —2mz,))
: . . ik B Z. 2. 2 2
gl mi) + gl (g gEmpm; +eL 8y 8L (—(mp(mi — 6m7))
; ; 252 2 2
—g ghm? + 2823851"22/)] Bo(g?, m?, m}) g (2mp —mj + 2’"2/”] G
gfmi ia ip +mg [—(g}fgf’*(g% + gFymampm;)
T 5 | =28k &g Mammpm;
mg —myg
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—gi el (gBm? + gFmbym;

+gk g mp(gl m} + gk (mg +2m7))

g8 maghm? + gF (m} +2m% )] €
iox i

+mpg [—(gR 81 (gk + gl ymampm;)

i io,x

—gk & (@l me + gfmy)m;

+g," g mp(ekm? + gf (mg +2m3)
+ei gl ma (g m? + g (mp + 2m22/))] C»
+ [~ el mp gfmd + ghm? + mipm)

—gi g ma2gFm}

+gR mg, +mp))m;

+gk g mamp (25 m?

+gZ(m? + m% + 4m22/))
ia,x If

+e, " g (8 (my + mp)m?
+2¢7 (m3m, +ml(m3 + m’g)))] Cip

+2 [g’}?’*g,%ma(gifmﬂ — ¢l mp)
el (—(gl gFmgmy)
+g'L’3gIngl<2 —+ ngggmzz,)] Coo} . (72)

As in the previous appendix, Cpy = Cpy (mg , qz, m/zg , mZZ,,
ml.z, ml.z), are the Passarino-Veltman functions, ¢; is the inter-
nal lepton, and the RH coefficients are obtained by exchang-
ing (L <> R). As before, the dimensions of the vector
and tensor coefficients are respectively [ICX] = m" and
[IC{] = m~!. As before, we treat the divergences appearing
in the By 1 and Cqo functions in the MS-scheme and set the
’t Hooft scale to u2 = mzz

Finally, the partial width for the decay Z — Zjﬂlg reads:

M2mz, me, 1
r = (”1162 m;x mg) — {[2m‘§ —m?, (mf, —i—m,zg)
T[mZ mZ

~(m2 - mé)z} (It P2 + 1Kk )

+ [mﬁz + m‘é (mg + m%)

—om? (m2 - m;g)z} (K77 + KR PR)
+6m5mymg (ICXICX’* + c.c.)
+6mYymympg (ICZICITQ’* + c.c.)
+3im22m,3 [mlzg - mi - mzz]

X <ICZIC{’* + /CXICITQ’* - c.c.)

+3im5mg [mi — m% — mzz]

x (KURR™ + KRl —ce )} (73)

in which “c.c.” denotes the complex conjugate.

A.3: Tau-pair production at a muon collider: matrix
elements for u~put — vttt

The matrix element for the u~u™ — 7t process, con-
sidering s-channel Z and y exchange, as well as #-channel
Z' contributions (and neglecting the muon mass) is given by

M = My, + Mz = Mz, (74)
as introduced in Eq. (58), with
1
t— mzz, +ilzmy
* [vu e (81" PL+gk" Pr) vc]

x [ue v (177" P+ gR"" Pr)uy]

2
T

CmL,(t —m%, +iTzmyz)

x [ (g%" PL+ 8" Pr) ve]

x [ue (877" P+ 8" Pr)upu] . (75)
g

cyw (s — mZZ +ilCzmyz)

X [vp Ve (8V — 84 ¥5) uy]

x [ucy® (8v —gavs)ve] (76)

Mz/ =

m

Mz =

2
M, = % [vp Vo up] [ue y* ve] (77)

The matrix elements squared (and interference terms) are
accordingly given by:
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2 wra ot (goao 40 )2
41ghT (mgfu) 81T PIgly” s (s 2m2) + 4lgh" 1 (m2 — )’ (LT + 1R (4mrs+mr (m2=1) )

2
Myl = : - . (78)
4 (I‘Z,mZ, + (m t) ) 4mZ, (FZ,mZ, + ( t) )
204
IMz? = 8 5 {gﬁ (2n1172m%(x+t+u)+t2+u2)
Cw (lenz + (mZZ — s) )
+2gig‘2/ (Zm;‘ + Zm%(t —3u) — 2+ 3u2) + é/ (Zmi + Zm% (s—t—u)+ 2+ uz) ], (79)
4( 4 2 2 2
e (2m7 +2mz(s —t —u) + 1 +u)
2 T T
(My|= = 2 . (80)
2( 2 HT2 BT 2
es(m7, —t)(g; |~ +Igp I9)
ZRCMZ,MI/ = ( 4 ) L R ) I:m? +mé <2mzz, +s5— 2[) +m% (ZmZZ, (s —2u) +1t ) + 2;712,142] (81)
mz,s (Fz,n12, + (mz, - r) )
VA VAA VA
4ezg2 s —m?2
+ z
2Re./\/lzj\/l};/ = ( ) 3 [g%(z —u) (Zm% —t— u) + g%/ (2m;‘ + Zm%(s —t—u)+ 2+ uz)] R (82)
c%,s (F%mzz + (mzz - s) )
+ (FZFZ/mZmZ/ + (mzz s) ( 22, - r))
2ReM M, = — {gV(|gL “+ |gR | )[mr +m, (ZmZ/ + 5 72t)
clzvm (Fzmz )(I‘ /me —t) )
+m% (2m22,(s —2u) +t )+2mZ,u ] gA(IgL | + \g%rlz) [mr —m7 (ZmZ, +s +2t)
+mz <2mz/(s+2u)+t )—Zmz,u :|+2gAgV(|g |g‘”| )[ A{(Zmz/ +s)—4m mZ,u+2mZ/u2:|], (83)

where e is the electric charge, %g A(v) are the axial (vector)
couplings of the Z boson to charged leptons, I'y denotes
the width of the vector boson, with V. = Z,Z’ (see
Appendix 1 for details). The Mandelstam variables, s, ¢, u,
can be expressed in function of the energy +/s and the angle
0 (the final state lepton angle with respect to the colliding
muon direction in the di-tau centre of mass frame) as:

s m2 m?
t=——1|1—,/1—4—cosO@ —2— |,
2 K )

s m2 m?
Uu=—1—|1+,/1—4—cosf —2—
2 s )

(84)

A.4: Width of the Z’

The Z’ boson width can be estimated from its tree-level
decays to charged leptons and neutrinos. The decay rate of
a vector boson V to two fermions F7 > is given by (see, for
example [177]):

)\41/2(}"\/5 mer, sz)

Lvrr = 3
487 my,

[qbuz + |bR|2><2m2V —mj,

2 2\2
2 (mF] sz)
Mg — 2

) + 12mp, mp, Re(by b})i| . (85)

my
in which A(a, b, c) is the Killén-function already defined in
Eq. (69). For Z' — Lolg decays, the couplings by g are
= gzﬁ z» Whereas for Z' — v,vg decays
¢ (with bg = 0). The total width ['z is

given by by g

one has by =

@ Springer

then determined by the sum over all possible leptonic final
states, neutral and charged, flavour conserving and/or flavour
violating.
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