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The current status of the muon anomalous magnetic moment (AMM)
problem is briefly presented. The corrections to the muon AMM coming
from the effects of hadronic light-by-light (LbL) scattering due to light
quark—antiquark exchange in pseudoscalar and scalar channels are esti-
mated within the nonlocal chiral quark model (NxQM). Within this ap-
proach the full kinematic dependence on the photon and meson virtualities
are taken into account. As a result, the meson exchange contributions to
the muon AMM calculated within NyQM are, in general, smaller than the
contributions obtained within other models. The contribution from the
scalar channel is positive and small, but stabilizes the combined with pseu-
doscalar channel result with respect to variation of the model parameters.
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1. Muon AMM: theory vs. experiment

The anomalous magnetic moment of the muon is known to an unprece-
dented accuracy. The latest result from the measurements of the Muon
(g — 2) Collaboration at Brookhaven is [1]

ag"" =11 659 208.0(6.3) x 10717, (1)
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which is a 0.54 ppm uncertainty over combined positive and negative muon
measurements. Using ete™ annihilation and inclusive hadronic 7 decay data,
the standard model predicts [2]

M _ [ 11659 180.2(4.9) x 10719 [ete], 2
BT 11659 189.4(5.4) x 10719 [7].

The difference between the experimental determination of a, and the Stan-
dard Model using the eTe™ or 7 data for the calculation of the hadronic
vacuum polarization (HVP) contribution is 3.60 and 2.4c, respectively.

The Standard Model prediction for a,, consists of quantum electrodynam-
ics, weak and hadronic contributions. The QED and weak contributions to
a, have been calculated with great accuracy [5]

a?®P = 11 658 471.8951(0.0080) x 10~'° (3)

and |[6]
a,V =15.4(0.2) x 10710 (4)

The theoretical errors in (2) are dominated by the uncertainties induced
by the HVP and LbL effects. Thus, to confront usefully theory with the ex-
periment requires a better determination of the hadronic contributions. In
the last decade, a substantial improvement in the accuracy of the contribu-
tion from the HVP was reached. It uses, essentially, precise determination
of the low energy spectrum of the total ete™ — hadrons and inclusive 7
lepton decays cross-sections. The HVP contributions at order o quoted in
the most recent articles on the subject are given in Table I.

TABLE I

Phenomenological estimates and references for the leading order HVP contribution
to the muon anomalous magnetic moment based on ete™ and 7 data sets.

ete™ |2 7 2] ete™ |3 ete™ 4]
alV? M 51010 | 6923442 T01.5+47 681.23+£4.51 694.91 +4.27
. N 3 HVP (2) .
The higher-order contributions at O(a”) level to a,, were estimated
in [4],
HVP (2 ~10
a2 = —9.84(0.07) x 10719, (5)

by using analytical kernel functions and experimental data on the ete™ —
hadrons cross-section. In addition, there exists the O(a?®) contribution to ay,
from the LbL diagram, aﬁLbL , that cannot be expressed as a convolution of



The Meson-exchange Induced Light-by-light Contribution . .. 159

experimentally accessible observables and need to be estimated from theory.
In some works [7], the value

ap™ =10.5(2.6) x 107" (6)

is considered as an estimate of the hadronic LbL contribution to the muon
AMM.

Assuming absence of New Physics effects, a phenomenological estimate
of the total hadronic contributions to a'1V¥ has to be compared with the
value deduced from the (g — 2) experiment (1) and known electroweak (4)
and QED (3) corrections

ap™t — a3 — aV = 1721.6(6.3) x 10717 (7)

Two new experiments on measurement of a, are proposed at Fermilab
(E989) [8] and J-PARC [9] which plan to improve the experimental uncer-
tainty by a factor of 4-5 with respect to the previous BNL experiment. In
that respect, theoretical predictions of HVP and LbL contributions to the
muon AMM should be at the same level or better than a precision of planed
experiments. In the next part, we discuss the hadronic LbL contribution
as it is calculated within the nonlocal chiral quark model (NxQM) of low
energy QCD and show that, within this framework, it might be possible
realistically to determine this value to a sufficiently safe accuracy. We want
to discuss how well this model (see, e.g., [10, 11]) does in calculating a};bL.

2. LbL contribution to the muon AMM due to light
quark—antiquark exchanges in pseudoscalar and scalar channels

The uncertainties of the SM value for a, are dominated by the uncer-

e . I St . . .
tainties of the hadronic contributions, a;, °"#, since their evaluation involve

quantum chromodynamics (QCD) at long-distances for which perturbation
theory cannot be employed. Below, we discuss with some details theoretical
status of hadronic LbL contribution to the muon AMM due to exchange by
light mesons within NyQM.

NxQM is an effective model that has a numerous applications for descrip-
tion of low energy hadronic dynamics. We mention only those applications
that are related to the problem of hadronic contributions to the muon AMM.
The two-point VV correlator has been calculated in [11] and used for cal-
culations of the HVP contribution to the muon AMM [12]|. The three-point
VAV correlator has been calculated in 13, 14| and used for calculations of
the photon-Z-boson interference contribution to the muon AMM |[15].
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More recently, the LbL contribution due to exchange of pseudoscalar
(P) and scalar (S) mesons (Fig. 1) was elaborated in [16-18]. The vertices
containing the virtual meson M with momentum p and two photons with
momenta qi 2 and the polarization vectors €12 can be written as [19]

A (7&1751)7(*(12762) — M(*p)) = QQE?EZAK/I[/ (P, q142) (8)
with
A (0, q1,42) = —ieppedids Fre (05 a7, 43) (9)
and
AL (p.ar a2) = As (0547, 63) PE" (a1, 02) + BS (0% a1 63) Pp/ (a1, Q2)(,
10)
where

PV (@1, ¢) = (" (@) —dd) ,
w (4l — (ae)d)) (B — (0192)35)
PB/ (q17QZ) - 2 5 9 P
(192)* — 41 g5

and p = q1 +¢2. The subject of model calculations' are the (P/S)VV vertice
functions Fp, Ag, Bg.

(a) (b) (c)

Fig. 1. Hadronic LbL scattering contribution due to quark—antiquark exchanges.

The expression for the LbL contribution to the muon AMM from the
light meson exchanges can be written as

o) o) 1
a, "M = —;170‘; dQ%/dQ%/dt 1—t2$§
0 0 -1
xz[MM( 103,08 | NGO Q3. Q)]
— | Q3+ My, 2(Q3 + My
N3 (Q1,Q3,Q3) = Fp (Q3:Q3,0) Fp (Q3:QF,Q3) Tp1,2,
NP5 (Q1,Q3,Q3) = (A(Q%Q%,0) + 1B (Q%03,0))
x (A(Q3:Q7,Q3) Tsis + 3B (Q5: Q7. Q3) Ts1'5)

_'_

! For details see [18].
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where Q3 = — (Q1+ Q2) and Bs = B{/((q1¢2)* — ¢}q3). The kinematic
factors T'p; and T's; can be found in [20] and [18], respectively.

3. The results of model calculations

The total contribution of pseudoscalar (7%, 7,7n') exchanges is estimated
as
a;”" = (5.85+£0.87) x 10717, (11)

and the combined value for the scalar (o, ag, fo) and pseudoscalar contribu-
tions is [18]
a; PP S = (6.25 £ 0.83) x 10717, (12)

We found that within the NyQM the pseudoscalar meson contributions
to the muon AMM are systematically lower then the results obtained in the
other works. The full kinematic dependence? of the vertices on the pion vir-
tuality diminishes the result by about 20-30% as compared to the case, where
this dependence is neglected. For 1 and 7’ mesons the results are reduced
by factor about 3 in comparison with the results obtained in other models,
where the kinematic dependence was neglected (see Fig. 2 and discussion
in [17, 18]). The scalar mesons contribution is small positive and partially
compensates model dependence of the pseudoscalar contribution (Fig. 3).

040 |Fpear (970, 0)] |Fpees (0% 0°,0)]
035 | % \\
0.30 |
025
0.20
0.15 |
0.10 | ~
0.05 | I
0.00

1.0 -0.5

P’ [GeV?]

Fig.2. Plots of the 7°, 7 and 7’ vertices Fp*w(p2; 0,0) in the timelike region and
Fpsr«y(p?;p%,0) in the space-like region in NxQM model (thick lines) and VMD
model (thin lines). The points with error bars correspond to the physical points
of the meson decays into two photons. The VMD curves for 7 and 7 are almost
indistinguishable.

2 This dependence also recently studied in [21].
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Fig. 3. LbL contribution to the muon AMM from the neutral pion and ¢ exchanges
as a function of the dynamical quark mass. Bunch of three lower lines correspond
to the o contribution, the 7% contribution is in the middle, and the upper lines are
the combined contribution.
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