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Probing new physics with the leptonic g-2
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Abstract

We present a concise review of the new physics sensitivity of leptonic dipole moments
and their interrelationship. In particular, focusing on the current muon g-2 anomaly, we
analyse both high-energy and low-energy tests to confirm or to falsify it.
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1 Introduction

The anomalous magnetic moment of the muon, a, =(g,—2)/2, has provided an enduring hint
of new physics (NP) for many years. The recent a, measurement by the Muon g —2 collabora-
tion at Fermilab [1] has confirmed the earlier result by the E821 experiment at Brookhaven [2],
yielding the average a;" = 116592061(41) x 1071, The comparison of this result with the

Standard Model (SM) prediction a})' = 116591810(43) x 107! of the Muon g — 2 Theory
Initiative [3] leads to an intriguing 4.20 discrepancy [1]

Aay, = a;® — a3 =251(59) x 1071, 1)

u
On the theory side, the only source of sizable uncertainties in aZM stems from the non-
perturbative contributions of the hadronic sector, which have been under close scrutiny for
several years. The SM prediction aZM in Eq. (1) has been derived using (az‘”’ o> the leading
hadronic vacuum polarization (HVP) contribution to the muon g — 2 based on low-energy
eTe” —hadrons data obtained by the Muon g — 2 Theory Initiative [3]. Alternatively, the HVP
contribution has been computed using a first-principle lattice QCD approach [3]. Recently,
the BMW lattice QCD collaboration (BMWc¢) computed the leading HVP contribution to the
muon g — 2 with sub per-cent precision, finding a value, (a;“’P)BMW, larger than (azVp v 4]
If (az‘”’)BMW is used to obtain aZM instead of (az"P oo the discrepancy with the experimental

result is reduced to 1.60 only. The above results are respectively
(™) =6931(40) x 10711, (" Yy = 7075 (55) x 107 2)

u Jete~
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The difference between these two values has been referred to as the new muon g — 2 pugz-
gle [5]. In [5], it was investigated the possibility to solve this tension invoking NP in the
hadronic cross-section. It was argued that the most plausible scenario requires the presence
of a light NP mediator that modifies the experimental cross-section o},4. However, this non-
trivial setup, where NP hides in ete™ — hadrons data, is excluded by a number of experimental
constraints [5]. Alternative confirmations of the ete™ determinations of the HVP contribution
to the muon g — 2, based on either additional lattice QCD calculations or direct experimen-
tal measurements, as proposed by the MUonE experiment [6-8], will be crucial to solve this
intriguing puzzle. Interestingly, the muon g — 2 discrepancy of eq. (1) can be solved by a NP
effect of the same order as the SM weak contribution ~ 2x 10~ [3]. In principle, NP scenarios
entailing weakly coupled particles at the electroweak scale could provide a natural explanation
of eq. (1), see e.g. [9]. In practice, however, the experimental bounds by LEP and LHC highly
disfavours this possibility. Therefore, the scenarios preferred by data include either very light
and feebly coupled particles, see e.g. [12], or very heavy and strongly coupled particles.
Heavy NP contributions to the muon g—2 stem from the dipole operator (aL O'W,uR) HF®Y

where H=v + h/+/2 contains both the Higgs boson field h and its vacuum expectation value
v =174 GeV while F*” is the electromagnetic field strenght tensor. After electroweak sym-
metry breaking, Aaﬂ" ~ (glfp /16m2) x (m,v/ A?), where g, is a representative NP coupling.
Therefore, the chiral enhancement v/m,, ~ 102, together with the assumption of a new strong
dynamics (g, ~ 47), bring the sensitivity of the muon g—2 to NP scales of order A ~ 100 TeV.

A direct detection of new particles at a so high scales is beyond the capabilities of any
foreseen collider. Furthermore, the discovery of new particles by their direct production [14]
couldn’t be unambiguously associated to Aa,,. In other words, we need to test the muon g —2
anomaly model-independently. The goal of this work is to outline possible directions for such
a model-independent test.

2 High-energy tests of the muon g-2 anomaly

In ref. [16], it was argued that a muon collider (MC) running at energies E of several TeV
would represent the only machine able to probe NP in the muon g — 2 model-independently.
In fact, the same dipole operator generating Aa,, unavoidably induces also a NP contribution
to the process u"u~ — hy. Focusing on the leptonic g — 2, the relevant effective Lagrangian
reads

CZB _ CEW _ wa Y .
£ = ﬁ (ﬂLo-WeR)HBW + —;2 (ELO-'uveR)TIHWIiv + F(eLo-uveR)gab(QLoﬂuvuR) + h.C. , (3)

where A 2 1 TeV is assumed. In figure 1, we show the Feynman diagrams contributing to the
leptonic g — 2 as well as to correlated high-energy processes. An explicit one-loop calculation
of Aa, provides the following result

2 _ .2 {q
4myv 3a Cjy—s A 4mgmg C A
Aa; ~ 62 (ny — =W W sz log —) — E —Zq—T2 log —, “4)
eA 27T Ssyew my = T A my

where sy, (cyy) is the sine (cosine) of the Weinberg angle while C,, and C, are linear combi-
nations of C,5 and C,;;. From eq. (4), one can find [16]

250 TeV')?
~ —9 ut e u
A, ~3x 10 (T) (ct —o0.2¢k* —0.001C4° —0.05CL, ) .

030.2


https://scipost.org
https://scipost.org/SciPostPhysProc.16.030

SC|| SciPost Phys. Proc. 16, 030 (2025)

lr, lr, R
Cez
ol
(g lp
lr lr, 7 U q

N

0o tq

Cez s Cr
.

KH éR - h ZR q

Figure 1: Upper row: Feynman diagrams contributing to the leptonic g — 2 up to
one-loop order in the Standard Model EFT. Lower row: Feynman diagrams of the
corresponding high-energy processes. Dimension-6 effective interaction vertices are

denoted by a square (from [16]).
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Figure 2: 95% C.L. reach on Aa,, as a function of /s, from the processes utu~ — hy
(black), u"u~ — hZ (blue), utu~ — tt (red), and u*u~ — c¢ (orange) from [16].

The main contribution to Aq, comes from the coefficient C,, related to the photonic dipole
operator which also induces a contribution to the process u*u~ — hy (see figure 1). In par-
ticular, the total cross-section of u*u~ — hy is given by [16]

|C.U |2 2 Aa 2
OhY:L ANPY O.7ab( /s ) ( K ) , (5)
481 A4 30TevV /\ 3 x1079

where we kept only the dominant Cﬁ‘Y contribution to Aa,,. In figure 2, we show as a black
line the 95% C.L. reach from u*u~ — hy on Aa,, as a function of the collider energy.

Thanks to the growth with energy of o, as well as of the reference integrated luminosity
L = (4/5/30TeV)? x 10ab™ !, we see that a muon collider with /s = 30 TeV would have the
sufficient sensitivity to test the muon g —2 anomaly.
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3 Low-energy tests of the muon g-2 anomaly

The dipole operators of eq. (3) generally have a non-trivial flavour and CP structure. As a
result, a NP contribution to Ag,, is typically accompanied by lepton flavor violating (LFV) and
CP violating effects [18]. Below the electroweak scale dipole transitions { — £’y in the leptonic
sector are described by the effective Lagrangian

m Y Y *
£=e7e (CrousAeerl] + 17040 Lr) P, (6)
where {,{’ = e, u, T. Starting from eq. (6), we can evaluate LFV processes, such as u — ey,

BR({ —l'y)  487a
BR(Z i E/Ve T/g/) N G}%

(JAge 1> + 1Ag]?) . )

The effective Lagrangian of eq. (6) generates also flavor conserving processes such as the
anomalous magnetic moments of leptons, Aa,, as well as the leptonic electric dipole moments
(EDMs, d;) which read

d
Aay =2m? Re(Ay), ?‘ =m, Im(4y,). (8)
In concrete NP scenarios, one would generally expect that Aay, d; and BR({ — £’y) are cor-
related. However, these connections depend on the unknown flavor and CP structures of the
underlying NP sector and therefore are model-dependent.

Parametrizing the amplitude Ay, as Ay = ¢/ A2, where A refers to the NP scale, we can
evaluate which are the values of A probed by u — ey. We find that

5 (500 TeV\*
BR(u — ey) ~ 10 12(T) (leyel® +leeul?) - )

Combining Aa, and BR({ — £’y), one can find that

A 2r 9 2
BR(,u—>eY)~10_12( Tu )( - )

3x10°9 2x 105
Aa 2 0 2
BR ¢ ~10—8( al ) ( lr ) ) 10
(r =41 3x109) \5x1032 (10)

where 60y = +/[cgp/|? + |12/ cyy,- As aresult, it is found that the solution of the muon g —2
anomaly requires highly suppressed flavor mixing angles 6, [20]. We also find that

Aau

10 (o
¢ 3x 109

) Pep ecm, (11)

and therefore also the electron EDM exceeds the current experimental bound by several orders
of magnitudes unless the CP violating phase ¢, = [Im(c,.)/Re(c,,)] S 107> [20].

4 Conclusion
The muon g — 2 discrepancy is one of most interesting hints of new physics emerged so far in
particle physics, which has recently been reinforced by the E989 experiment at Fermilab. How-

ever, the low-energy determination of Aq,, requires that systematic and hadronic uncertainties
are under control at the level of Aa,, ~ 107°. Needless to say, an independent test of Aay,
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not contaminated by the above uncertainties, would be very desirable. Interestingly, a multi-
TeV muon collider can achieve this goal, providing a model-independent test of new physics
in the muon g — 2 through the high-energy processes u*u~ — hy,hZ,qq. These results rely
on measurements with (1) accuracy, therefore not requiring a precise control of systematic
or theoretical uncertainties. These findings are model-independent, as they are formulated
in terms of the same effective operators controlling the lepton dipole moments. Should the
muon g — 2 anomaly be confirmed in the future, this would constitute a no-lose theorem for a
multi-TeV muon collider, guaranteeing the discovery of new physics in high-energy collisions.

From the low-energy side, the same dipole operator generating a new physics contribu-
tion to Aa,, is expected to generate also other low-energy processes including lepton flavour
violating (LFV) decays such as u — ey and CP violating processes like the electron EDM.

We hope that, with the expected sensitivities of next-generation experiments, NP will show
up in some of the processes analysed in this contribution. In this case, the interrelationship
among leptonic g — 2, EDMs and LFV will be of outmost importance to disentangle among
different NP scenarios.
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